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Effects of adrenochrome on rat heart sarcolemmal 
ATPase activities 


Inhibition of hepatic microsomal lipid peroxidation 
by drug substrates without drug metabolism 


Plasma protein binding and interaction studies with 
diflunisal, a new salicylate analgesic 


7-Ethoxycoumarin O-deethylase induction § by 
phenobarbitone and 1,2-benzanthracene in primary 
maintenance cultures of adult rat hepatocytes 


Effects of some common inducers on the hepatic 
microsomal metabolism of androstenedione in 
rainbow trout with special reference to cytochrome 
P-450-dependent enzymes 


The inhibition of dihydrofolate reduc’--e by folate 
analogues: structural requirements fu. slow- and 
tight-binding inhibition 


Ototoxicity of aminoglycosides correlated with their 
action on monomolecular films of polyphospho- 
inositides 

Characteristics of monoamine oxidase in mito- 
chondria isolated from chick brain, liver, kidney and 
heart 


Characterization of 
5-azacytidine in mice 


the urinary metabolites of 


Antilipolytic action of insulin in the perifused fat 
cell system 


Mechanisms of inhibition of phospholipase A; 


Effects of chlorpromazine and imipramine on rat 
heart subcellular membranes 
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Effects of low level administration of dichlorvos on 
adrenocorticotrophic hormone secretion, adrenal 
cholesteryl ester and steroid metabolism 


Adrenergic receptor of the alpha,-subtype mediates 
the activation of the glycogen phosphorylase in 
normal rat liver 


Relationship between in vivo nitroglycerin metabolism 
and in vitro organic nitrate reductase activity in rats 
Effects of methotrexate esters and other lipophilic 
antifolates on methotrexate-resistant human leukemic 
lymphoblasts 


Inhibition of tubulin polymerization by nitrosourea- 
derived isocyanates 

Effects of lithium chloride on the cholinergic system 
in different brain regions in mice 

Half-lives of salsolinol and tetrahydropapaveroline 
hydrobromide following intracerebroventricular in- 
jection 

Morphine-induced depression of the hepatic micro- 
somal drug-metabolizing enzyme—effect on the lipid 
component 

Stimulation and inhibition of cyclic AMP formation 
in isolated rat fat cell by prostacyclin (PGI2) 


Structure of two hydroxylated metabolites of ftorafur 


Activation of tryptophan hydroxylase from slices of 


rat brain stem incubated with N°,O?’-dibutyryl 
adenosine-3’ :5’-cyclic monophosphate 
Effects of PG E, and PG I, on the adenylate cyclase 
activity in rat intestinal epithelial cells 
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Effects of ethinyl estradiol on bile secretion and liver 
microsomal mixed function oxidase system in the 
mouse 

Prostaglandin E, inhibition of glucagon-induced 
hepatic gluconeogenesis and cyclic adenosine 3’,5’- 
monophosphate accumulation 

Differential effects of ethanol and other inducers of 
drug metabolism on the two forms of hamster liver 
microsomal aniline hydroxylase 

Isolation and characterization of metallothionein 
dimers 

Levels of 5-hydroxytryptophol in cerebrospinal 
fluid from alcoholics determined by gas chromato- 
graphy—mass spectrometry 

Effects of 3-methylcholanthrene on oxidized nico- 
tinamide—adenine dinucleotide phosphate-dependent 
dehydrogenases and selected metabolites in perfused 
rat liver 
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Biochemical alterations of dopamine receptor re- 
sponses following chronic L-dopa therapy 


Inhibition in vitro of the enzymes of the oxidative 
pathway of tryptophan metabolism and of nicotina- 
mide nucleotide synthesis by benserazide, carbidopa 
and isoniazid 


Sodium-dependent inhibition of amino acid and 
dipeptide transport by harmaline in monkey small 
intestine 


Calcium-dependent modulation of guanosine 3’,5’- 
monophosphate in renal cortex. Possible relation- 
ship to calcium-dependent release of fatty acid 


Isolation of a homogeneous preparation of human 
thymidylate synthetase from HeLa cells 


Metabolism of monochlorobiphenyls by hepatic 
microsomal cytochrome P-450 


Effects of dihydroquinidine on in vitro and in vivo 
quinidine disposition 

Properties of hydrogen peroxide-induced histamine 
release from rat mast cells 


Calculation of competitive inhibition of substrate 
binding to cytochrome P-450 illustrated by the 
interaction of d,/-propranolol with d,/-hexobarbital 
Metabolic activation and covalent binding of 
benzo[uJpyrene to deoxyribonucleic acid catalyzed 
by liver enzymes of marine fish 

Oxidation of 2-r-butyl-4-methoxyphenol (BHA) by 
horseradish and mammalian peroxidase systems 


Involvement of the lipid and protein components of 
(Na* + K*)-adenosine triphosphatase in the inhibi- 
tory action of alcohol 


B-Phenylethylamine and benzylamine as substrates 
for human monoamine oxidase A: a source of some 
anomalies ? 

Breath and blood acetaldehyde concentrations and 
their correlation during normal and calcium car- 
bimide-modified ethanol oxidation in man 

Effect of chlorpromazine on the cytoplasmic phos- 
phatidate phosphohydrolase in rat liver 

Cardiac é-aminolevulinic acid synthetase activity. 
Effects of fasting, cobaltous chloride and hemin 


Effect of chlorpromazine on plasma adenosine 
3’,5’-cyclic phosphate level 


Cytidine and deoxycytidylate deaminase inhibition 
by uridine analogs 


Stimulation of p-nitroanisole O-demethylation in 
perfused livers by xylitol and sorbitol 
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Effect of the chronic administration of ethinyl 
estradiol and norgestrel on biogenic amine(s) level 
and monoamine oxidase enzyme activity in rat brain 


The effect of a SHT agonist on cyclic guanosine 
monophosphate in rat cerebellum 


Stimulation of gluconeogenesis by adenosine in renal 
cortical tubule fragments from fed rats 


Inhibition of cytidine deaminase by 2-oxopyrimidine 
riboside and related compounds 


Structural relationships in the inhibition of [*H]sero- 
tonin binding to rat brain membranes in vitro by 
1-phenyl-piperazines 

Increased total and high density lipoprotein choles- 
terol with apoprotein changes resembling streptozo- 
tocin diabetes in tetrachlorodibenzodioxin (TCDD) 
treated rats 


Effect of oxamniquine on Schistosoma mansoni: 
some biological and biochemical observations 


Release of noradrenaline from cat cerebral arteries 
by different drugs and potassium 


Enhancement by transition metals of chromosome 
aberrations induced by isoniazid 


Hepatic mitochondrial cholesterol hydroxylase 
activity—a cytochrome P-450-catalyzed mono-oxy- 
genation refractory to cobaltous chloride 


Thermotropic properties of brain lipids in the 


presence and absence of local anesthetics 


15 MARCH 


853 


Binding energy and the activation of hormone 
receptors 


Characterization and localization of catecholamine 
susceptible Na-K ATPase activity of rat striatum: 
studies using catecholamine receptor (ant)agonists 
and lesion techniques 


Effect of gold sodium thiomalate on proliferation of 
human rheumatoid synovial cells and on collagen 
synthesis in tissue culture 


Interaction of liposomes with cultured cells: effect of 
serum 


In vitro effects of lithium chloride on ATPases of 
rabbit cerebral synaptic membranes 


The turnover of the A- and B-forms of monoamine 
oxidase in rat liver 
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Solubilization and characterization of [*H]spiro- 
peridol binding sites from subcellular fractions of 
the calf striatum 


Studies on the effects of the antitumor agent campto- 
thecin and derivatives on deoxyribonucleic acid. 
Mechanism of the scission of deoxyribonucleic acid 
by photoactivated camptothecin 


The effects of ammonium ions and chloroquine on 
uptake and degradation of '?*I-labeled asialo-fetuin 
in isolated rat hepatocytes 

Specific inhibition of receptors for angiotensin II and 
angiotensin III in adrenal glomerulosa 
N,N-dimethyl-a-[2-(p-tolyloxy )ethy!]-benzylamine hy- 
drochloride (LY 125180). Effects on serotonin uptake 
and serotonin synthesis in rat brain in vitro and 
in vivo 

Effect of an alpha-blocking agent, nicergoline, on the 
interaction between blood platelets, elastin and 
endothelial cells 


Induction of aryl hydrocarbon hydroxylase activity 
in embryos of an estuarine fish 


Comparative effects of mixed function oxidase 
inhibitors on adrenal and hepatic xenobiotic metab- 
olism in the guinea pig 

GABA depletion and behavioural changes produced 
by intraventricular putrescine in chicks 

Effects of depressant drugs and sulfhydryl reagents 
on the transport of calcium by isolated nerve endings 


Comparison of the effects of Enovid and a-naphthyl- 
isothiocyanate on bromosulphophthalein excretion 
in Syrian golden hamsters 


Reversible and irreversible alterations of lysosomes 
in ischemic rat liver. Effects of chlorpromazine 


Ether-O-oxidase 


First International Conference on Immuncpharma- 
cology 


APRIL 


Prereplicative error-free DNA repair 


In vitro analysis of drug-induced stimulation of renal 
tubular p-aminohippurate (PAH) transport in rats 


A subcellular study of the clofibrate-induced increase 
in coenzyme A concentration in rat liver 


Mutagenic potential of allyl and allylic compounds. 
Structure-activity relationship as determined by 
alkylating and direct in vitro mutagenic properties 


xii 
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Research Papers 
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Lipophilicity of acceptor substrate as a factor in “‘late 
foetal” rat liver microsomal UDP-glucuronosyl- 
transferase activity 


The effect of an equimolar mixture of carbon tetra- 
chloride and carbon disulphide on the liver of the rat 


Sex difference in the O-dealkylation activity of 
7-hydroxycoumarin O-alkyl derivatives in liver 
microsomes of rats 

Transport of organic anions into liver cells and bile 


Concentration-dependent ethanol metabolism in 


perfused liver 


Comparative studies of the accumulation of 
doxorubicin and doxorubicin-DNA in various cell 
lines 


Cumulative effects of repeated doses of compounds 
transformed into reactive metabolites 


Metabolism of the hallucinogen N,N-dimethyl- 


tryptamine in rat brain homogenates 


Inhibition of nucleoside phosphorylase cleavage of 
5-fluoro-2’-deoxyuridine by  2,4-pyrimidinedione 
derivatives 


Effects of two biodegradable 1,!,1-trichloro-2,2- 
bis(p-chlorophenyl)ethane (DDT) analogs on cock- 
roach ATPases 


Metabolism of d-limonene by hepatic microsomes to 
non-mutagenic epoxides toward Salmonella typhi- 
murium 
B-Diethylaminoethyldiphenylpropylacetate(SKF 525- 
A) and 2,4-dichloro-6-phenylphenoxyethylamine-H Br 
(DPEA) inhibition of fatty acid conjugation to 11- 
hydroxy-A®-tetrahydrocannabinol by the rat liver 
microsomal system 


Effects of compound 48/80 on dextran-induced paw 
edema and histamine content of inflammatory exudate 


Binding of muscimol and GABA in sub-fractions of 
a crude membrane fraction of rat brain 


Cross resistance between actinomycin-D, adriamycin 
and vincristine in a murine solid tumour in vivo 
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Regulatory role of adenosine in antigen-induced 
histamine release from the lung tissue of actively 
sensitized guinea pigs 
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Salicylate reverses in vitro aspirin inhibition of rat 
platelet and vascular prostaglandin generation 


The deamination of isoamylamine by monoamine 
oxidase in mitochondrial preparations from rat liver 
and heart: a comparison with phenylethylamine 
Monoamine oxidase inhibitors and liver metabolism: 
studies with isolated rat hepatocytes 


Influence of carbamazepine 10,1l-oxide on drug 
metabolizing enzymes 

Generation of carbon monoxide during the micro- 
somal metabolism of methylenedioxyphenyl com- 
pounds 

The effect of isoproterenol and B-sympathomimetic 
drugs on human placental glycogen metabolism 

In vivo administration of hydroxylated phenobarbital 
metabolites: effect on rat hepatic cytochromes P-450, 
epoxide hydrolase and UDP-glucuronosyltransferase 


Effects of bepridil on mitochondrial ATPase reactions 


Enhancement by cyanide of aniline p-hydroxylation 
activity in rat liver microsomes 


Inhibition of deoxyribonucleic acid polymerases of 
human leukemic leukocytes by 2’,3’-dideoxy- 
thymidine triphosphate 


Dose-dependent effects of medroxyprogesterone 
acetate on the hepatic drug-metabolizing enzyme 
system in rats 

Species differences in stimulation of intestinal and 
hepatic microsomal mixed-function oxidase enzymes 
Drug interactions with acetaminophen. Effects of 
phenobarbital, prednisone and 5-fluorouracil in 
normal and tumor-bearing rats 

The effect of lipophilic compounds upon the activity 
of rat liver mitochondrial monoamine oxidase-A 
and-B 


The effect of sonication upon monoamine oxidase-A 
and -B in the rat liver 


N-Deacetylase activity in subcellular fractions of 
mouse liver 


Induction of the hepatic cytochrome P-450-dependent 
mono-oxygenase system in young and geriatric rats 


Identification with potassium and vanadate of two 
classes of specific ouabain binding sites ina (Na* + 
K*)ATPase preparation from the guinea-pig heart 
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Circadian rhythm of the inhibitory effect of actino- 
mycin D on cytochrome P-448 induction by 3- 
methylcholanthrene 


Binding of ethacrynic acid to hepatic glutathione 
S-transferases in vivo in the rat 


Hemolysis in mice treated with deoxycoformycin, an 
inhibitor of adenosine deaminase 


Fourth Colloquium on Hormones and Cell Regulation 


1 MAY 


Serotonin oxidation by type B MAO of rat brain 
Purine inhibition of [*H]-y-aminobutyric acid re- 
ceptor binding to rat brain membranes 
Development of benzylamine oxidase and mono- 
amine oxidase A and B in man 


Effects of a hormone-supplemented medium on 
cytochrome P-450 content and mono-oxygenase 
activities of rat hepatocytes in primary culture 


Mediation of the antilipolytic and lipogenic effects 
of insulin in adipocytes by intracellular accumulation 
of hydrogen peroxide 


Binding and dissociation of Hageman factor, pre- 
kallikrein and high molecular weight kininogen in 
human plasma during contact activation 


Synthesis of cytochrome P-450 heme in ascorbic 
acid-deficient guinea pigs 

Enhanced ary! hydrocarbon hydroxylase activity after 
interaction between solubilized cytochrome P-448 
and microsomes low in endogenous cytochrome 
P-450 


The effect of adrenergic agents and theophylline on 
sodium fluxes across the rabbit colon in vitro 


Effect of various iron chelating agents on DNA 
synthesis in human cells 


Biochemical gastroprotection from acute ulceration 
induced by aspirin and related drugs 

Hepatic transport of indocyanine green in rats 
chronically intoxicated with carbon tetrachloride 


Biliary excretion and enterohepatic circulation of 
aniline mustard metabolites in the rat and the rabbit 


Exocytotic release of noradrenaline from synapto- 
somes 


Biological fate of butylated hydroxytoluene (BHT )— 
Binding of BHT to nucleic acid in vivo 
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1307 Proposed structures of the pyrrolo(1,4)benzodiaze- 


1311 


pine antibiotic—-deoxyribonucleic acid adducts 


Similarities in the binding sites of the muscarinic 
receptor and the ionic channel of the nicotinic 
receptor 


International Congress on Drugs and Alcoho! 


International Symposium on Branched Chain Amino 
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ascites tumor cells treated with dactylarin 
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Ethanol oxidation by isolated hepatocytes from fed 
and starved rats and from rats exposed to ethanol, 
phenobarbitone or 3-amino-triazole. No evidence for 
a physiological role of a microsomal ethanol oxi- 
dation system 

A comparative study on the effects of a-hexachloro- 
cyclohexane and its metabolite 8-pentachloro- 
cyclohexene on growth and monooxygenase activities 
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liver microsomes 
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Inhibition of high affinity choline uptake. Structure 
activity studies 


Non-selective decrease of collagen synthesis by cul- 
tured fetal lung fibroblasts after non-lethal doses of 
ethanol 


Effect of the catecholamine-depleting agent 1-phenyl- 
3-(2-thiazolyl)-2-thiourea(U-14,624) on drug metab- 
olism in the rat 


Oxidation of sodium sulphide by rat liver, lungs and 
kidney 


Effects of chlordiazepoxide on depolarization-induced 
calcium influx into synaptosomes 


Serotonin-sensitive adenylate cyclase and [*H]sero- 
tonin binding sites in the CNS of the rat—I. Kinetic 
parameters and pharmacological properties 


Serotonin-sensitive adenylate cyclase and [*H] sero- 
tonin binding sites in the CNS of the rat—lII. Re- 
spective regional and subcellular distributions and 
ontogenetic developments 


Irreversible inhibition of aromatic-L-amino acid 
decarboxylase by a-difluoromethyl-DOPA and metab- 
olism of the inhibitor 


Use of the fluorescent probe 1-anilino-8-naphthalene 
sulfonate to monitor the interactions of chlorophenols 
with phospholipid membranes (liposomes) 


Regional inhibitory effect of ethanol on monoamine 
synthesis regulation within the brain 


In vitro effects of substituted toluenes on mitochondria 
isolated from rat liver 


Tight binding inhibitors—VIII. Studies of the inter- 
actions of 2’-deoxycoformycin and transport inhibitors 
with the erythrocytic nucleoside transport system 


Absence of cytosol effects on the rates of microsoma! 
drug metabolism in alloxan and streptozotocin dia- 
betic rats 

Inhibition of liver-microsome calcium pump by 


in vivo administration of CCl,, CHCl; and 1,1-di- 
chloroethylene (vinylidene chloride) 


Effect of oxamniquine therapy on kynurenine metab- 
olism in liver homogenates of normal and S. mansoni 
infected mice 


Effects of dipyridamole on human blood lymphocytes 
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Biliary excretion of melphalan by control and anuric 
rats 


Stimulation of phosphatidylcholine breakdown by 
isoproterenol in rat liver plasma membranes 


Effects of acute and chronic phencyclidine on neuro- 
transmitter enzymes in rat brain 


Inhibition of the incorporation of [>H]DOPA in 
Mycobacterium leprue by desoxyfructo-serotonin 


5’-Methylithioadenosine and 2’,5’-dideoxyadenosine 
blockade of the inhibitory effects of adenosine on 
ADP-induced platelet aggregation by different mech- 
anisms 


Effects of misonidazole on purine metabolism in 
Ehrlich ascites tumor cells in vitro 
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Regulation of contraction by myosin phosphoryla- 
tion. A comparison between smooth and skeletal 
muscles 


Stimulation of the secretion of plasminogen activator 
from activated murine macrophages by microtubule 
disrupting agents and deuterium oxide 


The effect of monoamine oxidase inhibitors on 


‘first-pass’ metabolism of tyramine in dog intestine 


Action of the antidepressant pridefine (AHR-1118) 
on biogenic amines in the rat brain 


Inhibition of the biosynthesis of rat testicular heme 
by 1,2-dibromo-3-chloropropane 


Relationship of the single-electron reduction potential 
of quinones to their reduction by flavoproteins 


Transport rates of hepatic uptake and biliary ex- 
cretion of an organic cation, acetyl procainamide 
ethobromide 


Microsomal conversion of SKF 525-A and SKF 
8742-A 


Metabolism and biliary excretion of sulfobromo- 
phthalein in vitamin A deficiency 
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Adenosine 5’-triphosphate-citrate lyase activity in 
mammalian spermatozoa. A new radiometric method 
and characterization of the enzyme in spermatozoa 


Molecular weight differences between human platelet 
and placental monoamine oxidase 


Differential effects of chloramphenicol and _ its 
nitrosoanalogue on protein synthesis and oxidative 
phosphorylation in rat liver mitochondria 


Structure-activity relationship in halogen and alkyl 
substituted allyl and allylic compounds: correlation 
of alkylating and mutagenic properties 


An analogue of thyrotropin releasing hormone with 
improved biological stability both in vitro and in 
vivo 


Long-term exposure of isolated pancreatic islets to 
mannoheptulose: evidence for insulin degradation 
in the 8 cell 


Sex differences in stimulatory actions of cofactors on 
prostaglandins synthetase in microsomes from rat 
kidney medulla 


Mechanism of action of the nitrosoureas—IV. 
Reactions of bis-chloroethyl nitrosourea and chloro- 
ethyl cyclohexyl nitrosourea with deoxyribonucleic 
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Effect of pyrrolizidine alkaloids from tansy ragwort 
(Senecio jacobaea) on hepatic drug-metabolizing 
enzymes in male rats 


Interaction of drugs with a model membrane pro- 
tein. Effects of four local anesthetics on cytochrome 
oxidase activity 


Specific binding for opiate-like drugs in the placenta 


Characterization of N-methylphenylethylamine and 
N-methylphenylethanolamine as substrates for type 
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Catecholamine secretory response to calcium re- 
introduction in the perfused cat adrenal gland 
treated with ouabain 


Vinyltoluene induced changes in xenobiotic-meta- 
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content in various rodent species 


Interaction of oxypertine with rat brain monoamine 
receptors 
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riboflavin-deficient rats 


Lack of effect of phenobarbitone administered in vivo 
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Actions of chlorpromazine, haloperidol and pimo- 
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[*H]quinuclidinyl benzilate binding to muscarinic 
receptors and {*HJWB-4101 binding to alpha- 
adrenergic receptors in rabbit iris. Comparison of 
results in slices and microsomal fractions 


Comparison of inhibitory activity of various organo- 
phosphorus compounds against acetylcholinesterase 
and neurotoxic esterase of hens with respect to delayed 
neurotoxicity ' 


Methylation-like reaction of [*H-methyl]-N-5-tri- 
methyllysine (TML) to chromatin components 


Sodium-linked transport of ethacrynic acid by rat 
liver: possible significance for choleretic action 


Target and non-target metabolic effects of amino- 
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mouse cells 


Concentration-dependent effects of AY-9944 and 
U18666A on sterol synthesis in brain. Variable 
sensitivities of metabolic steps 
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anthiomaline 
effect on feglucuronidase in liver, <925 
anthrawycin-DNa adduct, 
structure, 1307 
antialdosterones 
importance of 
353 
anticancer agents, 
drug metabolism interactions in mice, 131 
antidepressant drugs, 
effect on feadrenerzic receptor binding 
in guinea pig brain, 2595 
anticholinergic activity, <149 
effect on ectoexaT?ase in leukocytes, 
=<O7 
possible involvement of 5-hydroxy- 
tryptamine receptors in action of,27C09 
antidiabetic drugs, 
effect on glucose kinetics in blood,1441 
antidiuretic hormone, 
stimulated renal adenylate cyclase, 
effect of alamethicin, 51 


lactone ring in activity of, 


antigen, 

induced histamine release from lung, 

effect of adenosine, 1085 
Antiinflammatory drugs, 

biochemical gastroprotection from 
acute ulceration, 1281 

effect on chemotactic factor-elicited 
release of granule-associated 
enzymes from neutrophils, 2389 

role of prostaglandins in cytostatic 
action of, 311 

Antimonial drugs, 

effect on B-glucuronidase in liver, 

2925 
Antipyrine 
penetration of preimplantation 
blastocyte, 1663 
Antitumour antibiotics, 
reactions with DNA in vitro, 521 
Anuric rats, 
biliary excretion of melphalan, 2518 
Aorta cells, 

elevation of cyclic AMP by histamine 

and 5Sehydroxytryptamine, 3155 
Apomorphine, 

effect on cyclic nucleotides in 
brain and pituitary in vivo, 369 

stimulation of Nat+,K+-ATPase in 
striatum, 857 

9-8-D-Arabinofuranosyladenine 

metabolism in yeast cells, 3081 

Arachidonic acid, 

inhibition of angiotensin receptors 
in adrenal glomerulosa, 927 

metabolism in hepatoma cells, effect 
of anti-inflammatory drugs, 311 

metabolism in platelets, effect of 
onion and garlic oils, 3169 
Arachidonic acid releasing substance, 
—- in anaphylactic fluid, 
9 
Arginine esters, 

hydrolysis in mast cells exposed to 

adrenaline, 419 
Aroclor 1254, 

effect on activation of cyclo- 
phosphamide to a mutagen, 256 

effect on aniline hydroxylase in 
hamster liver microsomes, 685 

induction of arylhydrocarbon 
hydroxylase in F.heteroclitus 
eggs, 9 
induction of dimethylnitrosamine 
demethylase in liver, 1375 
Aromatic L-amino acid decarboxylase, 
~~ by a-difluoromethyl-DOPA, 
o 
Arteparon, 

inhibition of elastase from human 

polymorphonuclear leukocytes ,1723 
Arteries, 

Beadrenergic receptors in, deoxy- 
corticosterone-salt hypertensive 
rats, 1465 

cerebral, noradrenaline release by 
drugs and potassium, 840 

coronary, guanylate cyclase in,2943 

Aryl hydrocarbon hydroxylase 

in cultured cells, stimulation by 
human and animal sera, 271 

in embryo of esturine fish, induction 
of, 949 

in liver microsomes, 

ffect of cumene hydroperoxide, 
1261 
inhibition by ellipticine, 89 
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Aryl hydrocarbon hydroxylase 
in liver microsomes (contd. 
obese rats, 289 
effect of pyrrolizidine alkaloids 
from tansy ragwort, 264 
Ascorbic acid, 
effect on benzo[a]pyrene and (-)trans- 
7,S8-dihydrodiol oxidation, 16 
— of deficiency on heme metabolism, 


distribution in gastrointestinal tract, 
effect of barbiturate, 1839 
induced lipid peroxidation in liver 
microsomes, substrate inhibition, 565 
Asialo-fetuin, 
effects of ammonium ions and chloroquine 
on uptake and degradation in 
hepatocytes, 917 
L-Asparagine, 
role in immune response to N-acetyl-3- 
ee methyl ester, 
1767 
L-Asparagine aminohydrolase, 
inhibition by L-alanosine, 227 
Aspartate, 
effect of alanosine on transport by 
lymphoblasts, 227 
release from brain slices, effects of 
pentobarbital and Ca¢+, 2189 
sina in brain, effect of morphine, 
777 
Aspartate aminotransferase, 
inhibition by L-alanosine, 227 
Aspartate transcarbamylase, / 
inhibition by L-alanosine, 2¢7 
L-Aspartyl txNA syathetase, 
inhibition by L-alanosine, 227 
aspirin, 
induced ulceration, biochemical 
gastroprotection, 1281 
reversibility of effect on vascular 
prostaglandin generation, 1093 
Astiban, 
effect on Beglucuronidase in liver, 2925 
astrocytoma cells, 
dexawethasone increases f-adrenoceptor 
density, 2151 
Aurothiomalate, 
sulphydryl dependence of inhibition of 
mitogen-induced human lymphocyte 
proliferation, 3333 
avocado fruit extracts, 
destruction of cytochrome P=450, 3253 
AY-9944, 
concentration dependent effect on sterol 
synthesis in brain, 2751 
6-Azaadenosine, 
effect on synthesis and methylation of 
naNA in L1210 cells, 1459 
5-Aazacytidine, 
urinary metabolites in mice, 609 
5eiza-2'=deoxycytidine, 
transformation and metabolic effects in 
mice, 2929 
Azathiopurine, 
intetabolism in human liver, inhibition by 
furosemide in vitro, 1439 
6-Azauridine, 
innibition of cytidine deaminase, 807 
inhibition of inosinate dehydrogenase, 
2261 
2'= or 3'-A4zido deoxyaucleosides, 


antiviral, antimetabolic and antineoplastic 


activities, 184 
5(l-ariridinyl )2,4-dinitrobenzamide, 
inhibition of ribonucleotide reductase 


5(l-Aziridinyl )-2,4-dinitrobenzamide 
(contd. ) 
in tumours, 2845 
Azo dyes, 
modification of acceptance of tRNA 
for some amino acids, 2301 
Azo mustards, 
isomers, activity towards human 
tumour xenografts, 2919 


Barbital, 
penetration of preimplantation 
blastocyte, 1663 
Barbiturates, 
effect on calcium induced loss of 
respiratory control in beef 
heart mitochondria, 1455 
effect on distribution of ascorbic 
acid in gastrointestinal tract, 
1839 
Basolateral membrane vesicles, 
effects of phenolphthalein and 
harmaline on transport functions, 
2307 
Beagles 
caffeine metabolism in puppies, 1909 
sencyclane, 
protection of oxidative phosphoryl- 
ation, 1 
Benserazide, 
inhibition of tryptophan-niacin 
metabolism, 707, 2099 
substrate of catechol-0-methyl- 
transferase, 3123 
benzamides, 
effect on in vivo binding of 
spiroperidol in brain regions ,267 
senzanthracene, 
induction on 7-ethoxycoumarin 
oe in rat hepatocytes, 
77 
setamethasone, 
activation of hepatic microsomal 
hydroxylation, 2345 
3enz[ajanthracene 5,6-oxide, 
glutathione S-transferase activity 
towards in monkey tissues, 1589 
3enzimidazoles, 
anthelmintic activity, 1981 
Benzocaine, 
—— cytochrome oxidase activity, 
<6 


senzodiazepines 
anticonvulsant mechanism, 1703 
'H=NMR investigations of a Hamnet. 
type substituent effect on hydrogen 
bond interaction of, 137 
7,8=3enzoflavone, 
effect on benzo[a]pyrene and 
(-)trans-7,8-dihydrodiol oxidation, 
1693 


oar on drug metabolism in adrenal, 
1 
Benzo{ajpyrene, 
DNA binding of metabolites, inhibition 
by ellipticine, 89 
inhibition of lipid peroxidation in 
liver microsomes, 565 
metabolism and binding to DNA in 
fish, 753 
metabolism in embryo of Fundulus 
heteroclitus, 949 
metabolism in liver microsomes, 
effect of cimetidine, 3075 
effect of disulfiram and 
diethyldithiocarbamate, 1517 
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Benzo[a] pyrene, 
metabolism in liver microsomes (contd, ) 
after interaction between cytochrome 
P=4+48 and microsomes, 1261 
effect of modifiers, 1693 
metabolism by purified cytochrome P=450, 
effect of modifiers, 1693 
metabolism by small intestine, effects 
of disulfiram and diethyldithio- 
carbamate, 1517 
eae mee > aaa activity 
towards, +95 
senzo(ajpyrene hydroxylase, 
in adrenal, 
effect of inhibitors, 951 
effect of steroid hormones in vitro, 
2373 
in intestinal microsomes, species 
differences in stimulation of, 1161 
in liver microsomes, 
inhibition by ellipticines, 3<31 
effect of medroxyprogesterone 
acetate, 1155 } 
effect of trans-stilbene oxide, 3245 
trout, sex differences, 553 
-Jgenzoyl-arginine-ethyl-ester, 
hydrolysis in mast cells exposed to 
adrenaline, 419 
u-Jenzoyl-tyrosine-ethyl-ester, 
hydrolysis in mast cells exposed to 
adrenaline, 419 
Senzphetamine, 
demethylation by adrenal microsomes, 
effect of steroid hormones, 2373 
demethylation in liver microsomes, 
effect of bleomycin, 3239 
effect of hydroxylated phenobarbital 
metabolites, 1127 
induction in young and geriatric 
rats, 1191 
demethylation in lung microsomes, effect 
_. of bleomycin, 3239 
3,4-3enzpyrene hydroxylase, 
in liver microsomes, effect of ethinyl 
estradiol, 677 
senzyl alcohol, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
senzylamine, 
as substrate for Hwman monoamine 
oxidase-a, 777 
senzylamine oxidase, 
in human tissues during development, léel 
sepridil, 
erlect on mitochondrial ATPase reactions, 
1135 
sile, 
excretion of aniline mustard metabolites, 
1299 
trans;ort of organic anions, 1023 
Bile flow, 
effects of ethinyl estradiol in mice ,677 
in hamsters, effect of mnovid, 960 _ 
stimulation by ethacrynic acid, 2733 
Bilharcid, 
effect on P-glucuronidase in liver, 2925 
Biliary tree, 
glucese transport demonstrated by 
segmented retrograde intrabiliary 
injection tecanique, 213 
mode of drug transfer evaluated by 
segmented retrograde intrabiliary 
injvetion technique, 205 
3iphenyl 4-nydroxylase, 
in liver microsomes, obese rats, 289 
in primary hepatocyte culture, effect 


a\ 


Biphenyl 4-nydroxylase(contd. ) 
of hormone-supplemented medium, 
1231 
Biphenyl hydroxylation, 
activation by betamethasone and 
asnaphthoflavone, 2345 
4-(Bis-(2-bromopropyl )amino]-2'- 
carboxy -2-methylazobenzene, 
separation of isomers, 2919 
Bis-1,3-@-chloroethyl )-l-nitrosourea, 
innibition of tubulin polymerization, 
reaction with DNA, 2639 
Bis(4-cyanophenyl )phosphate, 
— of liver carboxylesterases 
1927 
Bismuth-binding proteins, 
in kidney, 2613 
Bis(4-nitrophenyl )phosphate, 
— of liver carboxylesterases, 
1927 
Bisphosphoglyceromutase, 
in human erythrocytes, effect of 
thyroid hormones and other Kinetic 
modifiers, 517 
sladder, 
o-euamsoni infected mice, effect of 
— on £-glucuronidase in, 


3lastocyst, 
Se drugs that penetrate, 
166 


Bleomycin, 
effect on oxidative metabolism in 
lung and liver microsomes, 3239 
reaction with DNA in vitro, 521 
Blood pressure, 
role of angiotensin converting enzyme 
in regulation of, 1871 
Blood vessels, 
effect of propranolol on prolyl 
hydroxylase in, 3093 
Blood viscosity, +79 
sone marrow progenitor cells 
toxicity of showdomycin and 
maleimide, 2199 
bordetella pertussis, 
depression of drug metabolism, 1483 
sorneol, 
inhibition of hepatic cholesterol 
synthesis, 2125 
orachial plexus stimulation, 
evoked release of acetylcholine from 
sensory motor cortex, 2179 
3sradykinin, 
receptor-like oindin; studied with 
iodinated analogues, 175 
Breath, 
acetaldehyde concentrations during 
ethanol oxidation in man, 783 
3romobdenzene , 
cumulative effects of reactive 
metabolites, 1041 
5 -sromodeoxyuridine 
inhibition of cytidine deaminase ,807 
Bromo-lasalocid ethanolate, 
effect on cyclic AMP in human 
mononuclear leukocytes, 1991 
p-3romophenacyl bromide, 
effect on lysosomal enzyme release 
ee saad leukocytes, 





Brown fat cells, 
aj-adrenergic activetion of 
gies mates cadeaain labeling, 
0 
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Brush border vesicles, 
effect of phenolphthalein and harmaline 
on transport functions, 2307 
pumetanide, 
effect on calcium uptake and release by 
kidney microsomes, 2339 
a-Bungirotoxin 
binding in Limulus 
choline uptake, 1 
Burimamide, 
antagonism of histamine action on 
cyclic AMP in granulation tissue ,103 
Butan-l-ol, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Butylated hydroxytoluene, 
effect on benzo[a]pyrene and (-)trans- 
7,8-dihydrodiol oxidation, 16 
binding to nucleic acid in vivo, 1304 
t-3utyl hydroperoxide, 


ganglia, effect on 
03 


restriction or hexobarbital metabolism by 


perfused rat liver, 3112 
n-3utylisocyanide spectra, 
of liver microsomes of genetically 
hyperglycaemic and streptozotocin-~ 
treated mice, 4959 
2-t-3utyl-4+-methoxyphenol , 
oxidation by horseradish and mammalian 
peroxidase systems, 763 
§-3uty rolactone 
effect on striatal dopamine, 1432 


Cadmium, 
effect on ATPase activity and choline 
uptake in brain synaptosomes, 141 
effect on metals and isometallothionein 
levels in rat tissues, 2407 
transfer from liver to kidney after 
aflatoxin-induced liver damage, 1852 
cadmium acetate, 
effest on uptake and degradation of 
1“OI1-HSA in vitro, 3103 
caffeine, 
metabolism in beagle pupvies, 1909 
penetration of preimplantation 
blastocyte, 1663 
Salciun, 
binding by heart subcellular membranes, 
effects of chlorpromazine and 
imipramine, 629 
effect on coronary arterial guanylate 
cyclase, 2 
dependent modulation of cyclic GMP in 
renal cortex, role of fatty acids,717 
denolarization induced influx into 
synaptosomes, effect of chlordiaz- 
epoxide, 2439 
effect on frequency-dependent release of 
noradrenaline, 3029 
2ffect on 5-nydroxytryptamine inducea 
release of noradrenaline from 
cerebral arteries, 840 
induced exocytosis in fluoride treated 
PMNs, 3051 
induced loss of respiratory control in 
beef heart mitochondria, effect of 
barbiturates, 1455 
influence on wheat germ agglutinin 
stimulation of histamine secretion 
from mast cells, 455 
influx into synaptosomes, effect of 
ethanol, 1903 
improvement of tissue perfusion with 
inhibitors of flux, 479 
ionophore-mediated transport, effect of 
sulfonamides, 1879 


Calcium(contd. ) 


effect on neurotransmitter release 
from midbrain slices, 2189 
effect on prostacyclin and cortico- 
tropin modulation of cyclic AMP 
and steroid production in 
adrenocortical cells, 2213 
pump in liver microsomes, effect 
of hepatotoxins, 2505 
regulation in synaptosomes, effect 
of heptachlor epoxide, 1815 
replacement by cationic amphiphilic 
drugs from lipid monolayers, 2969 
source of in excitation-contraction 
coupling in skeletal muscle4,2399 
transport in sarcoplasmic reticulum, 
effect of halothane on stability 
of , 375 
transport by synaptosomes, effect 
of devressant drugs and 
sulfhydryl reagents, 957 
effect on tyrosine hydroxylase in 
caudate nucleus homogenates, 1593 
uptake and release in renal micro- 
somes, effect of diuretics, 2339 
Cadcium antagonists, 
verapamil and DOGO, interactions 
with brain receptors, 155 
valcium carbimide, 
effect on acetaldehyde in breath 
and blood, 783 
Calcium chloride, 
effect on aspirin-induced hypo- 
insulinemia in rats, 1627 
Calcium-sodium exchange, 
in adrenal, relationship with 
catecholamine secretory 
mechanism, 2669 
camptothecin, 
photolysis with DNA, 905 
cancer chemotherapy, 
hypoxic tumour cell, l 
Cancrenoate, 
effect on digitoxin metabolism by 
rat liver microsomes, 405 
Cannabichromene, 
inhibition of testosterone production 
by Leydig cells, 2153 
vannabicyclol, 
inhibition of testosterone production 
by Leydig cells, 2153 
cannabidiol, 
blood disappearance and tissue 
distribution, 462 
inhibition of testosterone production 
by Leydig cells, 2153 
Cannabinol 
inhibition of testosterone production 
by Leydig cells, 2153 
vanrenone , 
activity in vivo and in vitro, 353 
vaptopril, 
antihypertensive action, 1871 
inhibition of angiotensin I convert- 
ing enzyme in intestine, 1525 
carbachol, 
binding in ileum, effect of DFP,1391 
Carbamazepine 10,11l-oxideée, 
effect on drug metabolizing enzymes, 
1109 
Carbamyl phosphate synthetase II, 
inhibition by L-alanosine, 227 
Carbidopa, 
effect of chronic therapy on 
dopamine receptors, 701 
inhibition of tryptophan-niacin 
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Carbidopa(contd. ) 
metabolism in liver, 707, 2099 
as substrate of catechol O-methyl- 
transferase, 3123 
p-Carbmethoxyphenyldimethyltriazene, 
effect on drug metabolism in mice, 131 
Carbohydrates, 
— of mixed-function oxidation, 
1 
Carbon disulphide, 
protection against effects of carbon 
tetrachloride in rats, 1007 
Carbon monoxide, 
formation from carbon tetrachloride by 
cytochrome P=450, 2855 
generation during microsomal metabolism 
of methylenedioxyphenyl compounds ,1113 
effect on metabolism of SKF 525-A and 
SKF 8742-a, 2577 
Carbon tetrachloride, 
aaa potentiation of hepatotoxicity, 
1 
effect on hepatic transport of indocyanine 
green, 1291 
— of microsomal calcium pump, 
0 
mechanism of chloroform and carbon 
—" formation by cytochrome P=450, 
2 
Carbon tetrachloride - carbon disulphide, 
equimolar mixture, effect on rat liver, 
1007 
Carbonyl compounds, 
originating from peroxidation of liver 
microsomal lipids, induction of 
foot edema, 121 
Carbonyl reductases, 
in liver, 1503 
Carboxylesterases, 
in liver, inhibition by organophosphorus 
diesters in vivo and in vitro, 1927 
Carboxyphosphamide, 
formation in vitro, 2903 
Cardiolipin 
complex with adriauwycin derivatives, 3003 
Carmustine, 
effect on drug metabolism in mice, 131 
Carrageenin 
induced edema of rat paw, effect of 
Peres biosynthesis stimulators, 
1 
Carrageenin granuloma, 
effects of prostaglandin Fo,, 147 
Castration, 
a tha alcohol dehydrogenase in liver, 
17 
effect on hepatic drug metabolism, 
3133, 3139 
effect on progesterone-stimulated 
hepatic cortisol sulfotransferase, 
3181 
Catalase, 
interdependence of hemoglobin and 
oa metabolism in red blood cells, 
2351 
Catecholamines, 
secretory response to calcium reintro- 
duction in perfused adrenal treated 
with ouabain, 2669 
susceptible Nat,K*-aTPase in striatum, 


57 
synthesis in hippocampal and olfactory 
tubercle slices, effect of ethanol, 
2477 
transport by chromaffin granules ,1883 
Catechol-Q-methyltransferase, 
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Catechol-Q-methyltransferase, 
benserazide and carbidona as 
substrates, 3123 
in human brain, 3119 
Celiec ganglion, 
oe of dopamine metabolism in, 
11 
cephalothin, 
inhibition of glutathione organic 
nitrate ester reductase, 1807 
Cerebellun, 
cyclic GMP in, effect of 5-methoxy- 
dimethyl-tryptamine, 827 
cerebrospinal fluid, 
effect of chronic L-DOPA therapy on 
biogenic amine metabolites, 7Cl 
from alcoholics, 5-hydroxytryptophol 
in, 693 
Cesium, 
effect on sodium transport in skin 
epithelial cells, 2265 
Chemotactic peptide, 
elicited release of granule- 
associated enzymes from neutrophils, 
pharmacological modulation, 3389 
Chick embryo kidney, 
induction of S-aminolevulinic acid 
synthetase, 458 
chick, 
monoamine oxidase in liver, kidney 
and heart, ‘603 
chloral hydrate, 
hypnotic effect and metabolism 
in vivo and in vitro, interaction 
with ethanol, 3011 
Chlorambucil, 
metabolism in rats, 2039 
Chloramphenicol, 
and its nitroso analogue, effect on 
protein synthesis and oxidative 
phosphorylation in liver 
mitochondria, 2605 
effect on uptake, distribution and 
macromolecular binding of 
3 '=methyl-4-dimethylaninoazo- 
benzene and metabolites in liver, 
2252 
Chlordiazepoxide, 
effect on depolarization-induced 
calcium influx into synantosomes, 
2439 
p-Chloroamphetamine , 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
effect on protein synthesis in 
newborn rats, 335 
2-, 3-,and 4-chlorobinhenyls, 
metabolism by hepatic microsomal 
cytochrome P=450, 727 
1-(2-Chloroethyl )-3-cyclohexyl-1- 
nitrosourea 
inhibition of 
© 
Shloroethyl cyclohexyl nitrosourea, 
reaction with DnA, 2639 
Chloroform, 
formation from carbon tetrachloride 
by cytochrome P=450, 2855 
induced glutathione depletion end 
toxicity in hepatocytes, 3059 
inhibition of microsomal calcium 
pump, 2505 
mechanism of metabolic activation by 
rat liver microsomes, 3271 
p-Chloromercuribenzene sulfonic acid, 
effect on gastric H+ and kt 


tubulin polymerization, 
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p-Chloromercuribenzene sulfonic acid(contd. ) 


transport, 27 
p-Chloro-N-methylaniline, 
demethylation in hepatocyte primary 
cultures, 2117 
Chloroolefins, 
correlation of alkylating and 
mutagenic properties, 2611 
Chlorophenols , 
interaction with liposomes, monitored 
with ANS, 2471 
a a lg lho shar eb ip deer 
effect on 5-hydroxyindol concentration 
and monoamine oxidase activity in 
brain, 3328 
p-Chlorophenylethylamine, 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
1-(3-Chlorophenyl )-l-me thyl-2-phenyl-2- 
(2-pyridine )ethanol 
— of hepatic tipia biosynthesis, 
07 
Chloroquine, 
inhibition of insulin production of 
isolated pancreatic islets, 1729 
effect on uptake and degradation of 
asialo-fetuin in hepatocytes, 917 
Chlorozotocin, 
effect on drug metabolism in mice, 131 
Chlorpromazine 
effect on alterations in . alata in 
ischaemic rat liver, 9 
antagonism of noradrenaline activation 
of synaptic Nat,K+-ATPase, 111 
effect on calcium uptake by synaptosomes, 


957 
effect on catecholamine transport by 
chromaffin granules, l 
effect on cerebral energy state and 
glycolytic metabolism, 15 
comparison with effects of 7-hydroxy- 
chlorpromazine in perfused brain, 63 
effect on cyclic AMP in plasma, 801 
effect on cytoplasmic phosphatidate 
phosphohydrolase in rat liver, 789 
aia on heart subcellular membranes, 


ottect on in vivo binding of spiroperidol 
in brain regions, 267 

effect on lipid metabolism in brain : 
Slices, 2097 

— and efflux from liposomes, 
2 


Sholecalciferol 25-nydroxylase, 
in liver microsomes, effect of 
pnenobarbital administration on 
Kinetics of, 441 
Cholestasis 
effects of Gnovid on bromosulpho- 
phthalein excretion in hamster, 960 
cholesterol, 
in ome effect of ethinyl estradiol, 
77 
biosynthesis in liver, effect of 
1-(3-chlorophenyl )-1l-methy1-2-phenyl- 
2-(2-pyridine )ethanol, 3207 
inhibition of phospholipase A2, 623 
modulation of serotonergic receptors in 
synaptosomal plasma membrane, 3325 
in plasma, total and high density 
lipoprotein, effect of tetrachloro- 
dibenzodioxin, 835 
screening method for agents affecting 
absorption, 1475 
synthesis in liver, inhibition by 
mono= and bicyclic monoterpenes ,2125 


Cholesterol (contd. ) 
effect of Triton WR-1339 on 
esterification of, 2879 
Cholesterol ester hydrolase, 
in adrenal, effect of dichlorvos ,635 
Cholesterol hydroxylase, 
in liver mitochondria, effect of 
cobaltous chloride, 845 
Cholestryamine, 
meal-feeding model for effect on 
lipid absorption, 1475 
Choline, 
accumulation and metabolism by brain 
subcellular fractions, mg 
in brain, effect of lithium, 654 
synaptosomal uptake, 
effect of Cd@+, Mn2@+ and als+,141 
inhibition by analogues, 2413 
uptake by Limulus ganglia, effect of 
a=-bungarotoxin, 1603 
Choline acetyltransferase, 
in bea effect of phencyclidine, 
2 


in Limulus ganglia, 1603 
Cholinergic agents, 
effect on cyclic GMP accumulation 
and renin release by kidney 
slices, 1933 
cholinergic system, 
in Limulus polyphemus CNS, insularity 
of, 1503 
Cholinesterase, 
effect of chronic inhibition on 
muscarinic receptor sensitivity 
in ileum, 1391 
Chromaffin cells, 
Na-Ca exchange, relationshin with 
—, secretory response, 
9 
chromaffin granules, 
effect of drugs on monoamine 
transport, 188 
Chromatin, 
reaction of N-5-trimethyllysine to, 
2729 
chromochelatin, 
kidney, 2913 
Chromosome aberrations, 
induced by isoniazid, enhancement 
by transition metals, 842 
Cimetidine 
binding fn cerebral cortex 2269 
effect on drug metabolism dn vivo 
and in vitro, 1971, 3075, 
Cineole, 
inhibition of henatic cholesterol 
synthesis, 2125 
Cinerubin, 
complex with cardiolipin, 3003 
Circadian rnytna 
inhibitory effect of actinonycin D 
on cytochrome 2-448 induction by 
3—-methylcholanthrene, 1201 
citrate, 
formation of acetyl-CoA in 
spermatozoa, 2589 
role in acetylcholine synthesis in 
synaptosomes, 167 
Clanobutin, 
inhibition of gluconeogenesis in 
isolated perfused liver, 1649 
clofibrate, 
effect on CoA in liver subcellular 
fractions, 987 
metabolism in the rat, 3143 
Clomiphene isomers 
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Clomiphene isomers, 
inhibition of liver microsomal 
oxidative metabolism and substrate 
binding, 1583 
Clomipramine, 
effect on cerebral energy state and 
glycolytic metabolism, 15 
Clonazepam, 
anticonvulsant mechanism, 1703 
Clonidine, 
multiple binding sites in human brain, 
1869 
Clophen A, 
effect on androstenedione metabolism in 
trout liver microsomes, 
Clorgyline, 
effect on 
2763 
effect on 
3067 
effect on hepatic metabolism, 1103 
effect on 5<nydroxytryptamine oxidation 
by brain monoamine oxidase, 1213 
iuhibition of monoamine oxidase in brain, 
effect of amphetamine, 2781 
inhibition of monoamine oxidase in 
chick organs, 603 
inhibition of monoamine oxidase in 
circumventricular structures of 
brain, 2371 
inhibition of monoamine oxidase in 
placenta, lung and liver, 777 
inhibition of monoamine oxidase in 
2049 
effect of lipid substitution of 
mitochondrial membrane, 3211 
riboflavin-deficient rats, 2693 
effect on isoamylamine wnetabolism by 
heart and liver, 1097 
effect on turnover of monoamine oxidases 
ia rat liver, og1 
Clotting factor, 
synutuesis in radvoit, effect of warfarin, 
Lool 
cobalt protoporphyrin Ia, 
formation in vivo following cobalt 
administration to rats, 219 
cobaltous chloride, 
effect on S-awinolevulinic acid 
synthetase in heart, 795 
microsomal and 
mitochondrial cytochrome P=450, 345 
vocaine, 
effect of in vivo administration on 
Sppeptosount uptake of noradrenaline, 
13861 


affant on henrstir 
elicet on nepatic 


kroach, 
et of two biodegradable DDT analogues 
on ATPases, 1065 
soenzyme A, 
in liver subcellular fractions, effect 
of clofibrate, 987 
Jolchicine, 
stimulation of secretion of plasminogen 
activator from macrophages, 2545 
Solchicine derivatives, 
effect on lysosomal enzyme release from 
polymorphonuclear leukocytes and 
levels of cyclic AMP after phago- 
cytosis of monosodium urate, 2146 
Colestipol, 
meal-feeding model for effect on 
linid absorption, 1475 
collagen, 


amine transport in synaptosomes, 


dopamine uptake in synaptosomes, 


Collagen, 
synthesis by cultured fetal lung 
fibroblasts, effect of ethanol, 
2417 
synthesis in cultured human synovial 
cells, effect of gold sodium 
thiomalate, 869 
synthesis in granulation tissue, 
effect of prostaglandin Fog, 147 
Colon, 
effect of adrenergic agents and 
theophylline on sodium fluxes 
in vitro, 1271 
Colon carcinomas, 
5-fluorouracil metabolism in, effect 
of hypoxanthine and allopurinol, 
2077 
Colon carcinoma bearing rats, 
drug > certs with acetaminophen, 
1167 
Compound 48/80, 
effect on dextran-induced paw edema 
and histamine content of inflamm- 
atory exudate, 1073 
contraceptive steroids, 
effect on brain amine levels, 821 
interaction with imipramine on effect 
on gamma-glutamyltransferase in 
female rat liver, 2874 
sopper, 
biliary excretion, effect of diethyl- 
maleate, selenite and diethyl- 
dithiocarbamate, 2129 
in rat tissues after cadmium loading, 
2407 
copoer=binding protein, 
in kidney, 2913 
Copoer-glycine, 
effect on chromosome aberrations 
induced by isoniazid, 842 
copoer=Salicylate complex 
effect on metabolic activation in 
phagocytizing granulocytes, 3105 
Coronary artery, 
guanylate cyclase in, activators and 
inhibitors, 2943 
corticosteroids, 
effect on adrenal xenobiotic metabol- 
ism, 2373 : 
effect on chemotactic factor-elicited 
release of granule-associated 
enzymes from neutrophils, 2389 
cortisol 
production by adrenocortical cells, 
effect of prostanoids, 1919 
Cortisol sulfotransferase, 
in liver, effect of progesterone ,3181 
cortisone, 
effect on fructose bisphosphatase in 
liver, 2891 
Creatine kinase 
in muscle, salicylate inhibition,2113 
cross-resistance, 
between actinomycin D, adriamycin 
and vincristine in a murine solid 
tumour in vivo, 1081 
Cultured cells, 
stimulation of aryl hydrocarbon 
hydroxylase by serum, 271 
Cumene nydroperoxide, 
effect on pyridine nucleotide 
reduced cytochrome bs steady 
state, 1605 
cyanate, 
possible role in albumin binding 
defect in uremia, 1598 
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(+)Cyanidanol, 
protective effect on inhibition of 
protein synthesis and secretion after 
galactosamine injection, 2258 
Cyanide 
effect on aniline hydroxylation by 
liver microsomes, 1141 
role of gastrointestinal microflora in 
amygdalin induced toxicity, 301 
Cyanophos 
inhibition of acetylcholinesterase and 
neurotoxic esterase in brain, 2721 
16a-Cyanopregnenolone, 
effect on androstenedione metabolism in 
trout liver microsomes, 583 
Cyclic nucleotide phosphodiesterase, 
in brain, 
effect of hypoxanthine, inosine and 
inosine 5'-:zonophosphate, 277 
inhibition by phenylbutenolides ,115 
in oot hl inhibition by phenylbutenolides 
11 
cyclohexyl isocyanate, 
ae of tubulin polymerization, 
cyclo-oxygenase, 
in seminal vesicle microsomes, effect 
of prostaglandin biosynthesis 
stimulators, 1863 
Cycloventhiazide, 
effect on ee transport 
in rat kidney, 98 
Cyclophosphamide, 
characteristics of activation to a 
mutagen by rat liver, 256 
metabolism in vitro, 2903 
effect of phenobarbital and f-naphtho- 
flavone on activation in vitro, 2051 
effect on RCS tumour and actinomycin 
resistant subline, 1081 
cyproterone, 
effect on digitoxin metabolism by 
rat liver microsomes, 405 
5-S-cysteinyldopa, 
distribution and metabolism in mice, 
3277 
Cytidine deaminase, 
inhibition by uridine analogues, 807 
in kidney, inhibition by 2-oxopyrimidine 
riboside and related compounds, 630 
sy tochrome BS 
in liver microsomes, 
effect of cumene hydroperoxide on 
+ oS en nucleotide redox state of, 
1605 
effect of ethinyl estradiol, 677 
cytochrome be reductase, 
quinone reduction by, 2567 
cytochrome c reductase, 
in liver microsomes, 
distinction from Nav?k-cy tochrome 
p=-450 reductase, 89 
effect of ethinyl estradiol, 677 
induction in young and geriatric rats, 
1191 
effect ot medroxyprogesterone acetate, 
1155 
Cytochrome oxidase, 
effect of local anaesthetics on 
activity of, 2o51 
Cytochrome P4148, 
enhanced aryl hydrocarbon hydroxylase 
activity after microsomal interaction 
with, 1261 
enhanced biotransformation in rats after 
induction with 3-methylcholanthrene 


Cytochrome P-4+48(contd. ) 
and B-naphthoflavone, 263 
in liver microsomes, circadian rhythm 
of inhibitory effect of actinomycin 
D on induction by 3-methylcholan- 
threne, 1201 
Cytochrome P=450, 
catalysed metabolism of monochloro- 
biphenyls, 727 
catalysed eee in liver 
mitochondria, 845 
tes gins by acetylenic compounds, 


estimation of inhibition of 
substrate binding, 747 
form(s) involved in activating 
cyclophosphamide to a mutagen, 256 
in hepatocytes, 577 
effect of ethanol administration, 
1741 
in hepatocyte culture, 
effect of hormone-suy lemented 
medium, 1251 
effect of nicotinamide analogues, 
1773 
interaction with aliphatic nitro 
compounds, 341 
in intestinal microsomes, species 
differences in stimulation of,1161 
in kidney, trout, sex differences ,553 
in liver cell culture, formulation 
of media to maintain in vivo 
concentrations, 3<15 
liver microsowes, 
— of 3Bepertussis components, 
Z 
effect of carbamazepine oxide,llc9 
effects of carbon tetrachloride 
plus carbon disulphide, 1007 
catalyzing 7-propoxycoumarin 
o-depropylation, sex differences 
in rats, 1015 
effect of cumene hydroperoxide ,1261 
degradation by allyl-iso-propyl- 
acetaiaide and fluroxenc, <805 
effect of etainyl estradiol, 677 
genetically hyperglycaemic mice 
and stre; tozotocin-treated mice, 


ect of hydroxylated phenobarbital 
metabolites, 1127 
interaction with 
interaction with 
interaction with 
ethylene, 2203 
interaction with 
1583 
iateraction with 
433 
isocytcchrome involved in digitoxin 
netabolisa, 405 
effect of medroxyprogesterone 
acetate, 1155 
effect of mornhine, 658 
obese rats, 239 
effect of phenoberbitone, 3319 
effect of l-phenyl-3-(c-thiazolyl)- 
é2-tniourea, 2425 
effect of pyrrolizidinse alkaloids 
from tansy ragwort, <vk5 
e:fect of repeated doses of 
bromobenzene, trichloroctuylene 
and vinyl chloride, loll 
role in toxicity of fluorinated 
etner taetics, 5257 
trout, effect of inducers, 5&3 


cinetidine, 307 
ellipticines ,3<-31 
tetrachloro- 
triarylethylenes, 


trichloroethylene, 
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Cytochrome ?=450, 
in liver microsomes (contd. ) 
trout, sex differences, 553 
effect of vinyl toluene, 2675 
young and geriatric rats, 1191 
mechanism of chloroform and carbon 
monoxidé formation from carbon 
tetrachloride, 2855 
— reduction of indicine N-oxide, 
7 
wicrosomal conversion of oF 525-4 and 
SKF 8742-4, 2577 
purified forms from liver licrosomes, 
benzo[a]pyrene and (-)trans-7,8- 
dihydrodiol oxidation, 1693 
cuinone reduction oy, <507 
role in carbon monoxide formation from 
methylene dioxybenzenes, 1113 
synthesis in ascorbic acid deficient 
guinea pigs, 1255 
in testes, effect of 1,2-dibromo-3- 
chloropropane, 2563 
vytochrome P] 45Q,_ 
in hepatocytes, 577 
cytochrome ?-450 reductase, 
in liver microsomes, preferential 
inhibition by ellipticine, 89 
cytosine arabinoside, 
deamination in vitro, inhibition by 
uridine analogues, 807 


Dacarbazine, 
effect on drug metabolism in mice, 131 
Dactylarin, 
effect on ATP catabolism in shrlich 
ascites tumour cells, 2155 
vantrolene, 
effect on adrenal cortical function,1669 
Darkness 
nai i cyclic AMP in pineal gland, 
1 


Daunorubicin, 
ares 1 reductases in rabbit liver, 
150 
uptake, storage and release in 
fibroblasts, 1687 
N-beacetylase, 
in liver subcellular fractions, 1189 
veacetylcolchicine, 
effect on lysosomal enzyme release from 
polymorphonuclear leukocytes and 
levels of cyclic AMP after -phago- 
cytosis of monosodium urate, 2146 
l-veaza-4-amino-4-deoxypteroate, 
— of dihydrofolate reductase, 
9 
3-veazauridine 
inhibition of cytidine deaininase, 807 
vecamethoniun, 
influence on tryptophan side chain 
chromophores, 397 
vemecolcine, 
effect on lysosomal enzyme release from 
oolymorvhonuclear leukocytes and 
levels of cyclic AMP after phago- 
cytosis of monosodium urate, 2146 
stimulation of secretion of plasminogen 
activator from macrophages, 2545 
Lental puln cells, 
diphenylnydantoin induction of 
S-glucuronidase and alkaline 
phosphatase, 2143 
2'=yeoxycoformycin 
effects of infusion on mouse phospho- 
ribosyl pyrophosphate synthetase ,2888 


2'-Deoxycoformycin(contd. ) 
inhibition of adenosine deaminase 
in vivo, 187 
interaction with erythrocyte nucleo- 
side transport system, 2491 
effects on mouse erythrocytes, 1209 
veoxycorticosterone-salt hypertensive 
rats 
reduced vascular peadrenergic 
receptors in, 146 
Deoxycytidine deaminase, 
inhibition by uridine analogues, 807 
5*aDeosy51 3h) ~teabaty? thid-aaniesinn » 
metabolism in rats and mice, 1963 
Deoxyribonucleic acid 
benzo[a]pyrene binding in marine 
fish, 753 
cleavage by camptothecin and 
derivatives, 905 
interaction with nordihydroguaiaretic 
acid, 3299 
orereplicative error-free repair,977 
proposed structure of pyrrolo(1,4)- 
benzodiazepine-adducts, 1307 
reactions with bleomycin and 
tallysomycin, 521 
reaction with nitrosoureas, 2639 
synthesis in human cells, effect of 
iron chelating agents, 1275 
synthesis in liver, effect of 
mitomycin C and fumaric acid, 2839 
synthesis in uterus, stimulation by 
O50 '=DDT, 1469 


Deoxyribonucleic acid glycosylases, 


977 
Deoxyribonucleic acid polymerases, 
in human leukemic leukocytes, 
inhibition by 2',3'-dideoxy- 
thymidine triphosphate, 1149 
Deoxyribonucleosides, 
2'= or 3'-amine or azido substituted, 
antiviral, antimetabolic and 
antineoplastic activities, 1849 
Deprenyl, 
effect on amine transport in 
synaptosomes, 2763 
effect on dopamine uptake in 
synaptosomes 067 
effect on hepatie metabolism, 1103 
effect on 5-hydroxytryptamine 
oxidation by brain monoamine 
oxidase, 1213 
inhibition of monoamine oxidase in 
chick organs, 603 
inhibition of monoamine oxidase in 
circumventricular structures of 
brain, 2871 
inhibition of monoamine oxidase in 
guinea pig liver mitochondria,2049 
inhibition of monoamine oxidase in 
human placenta, lung and liver,777 
Depressant drugs 
effect on calcium transoort by 
synaptosomes, 957 
vesipramine, 
effect on P-adrenergic receptor 
binding in guinea pig brain, 2895 
binding sites in developing fetal rat 
cerebral cells, 1755 
— on naloxone binding in brain, 
@) 
effect on noradrenaline stimulated 
Nat,Kt-aTPase of synaptic 
membranes, 111 
Desmethylimipramine, 
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Desmethylimipramine, 
ie on cyclic AMP in pineal gland, 
ai 


Desoxyfructo-serotonin, 
inhibition of DOPA incorporation in 
M.leprea, 2526 
Deuterium oxide, 
effect on secretion of + sapcecngge > 
activator from macrophages, 2545 
Development 
amine oxidases in human tissues, 122] 
sai metabolism in beagle puppies, 
909 
desipramine binding sites in fetal rat 
cerebral cells, 1755 
S-hydroxytryptamine-sensitive adenylate 
cyclase and juhy Groxy tryptanine 
binding sites in brain, 2455 
— neurotransmission in heart, 


Dexamethasone, 
effect on B-adrenoceptor density in 
human astrocytoma cells, 2151 
effect on misonidazole metabolism and 
toxicity in mice, 2769 
effect on thrombonlastin activity in 
human monocytes, 9 
Dextran, 
induced paw edema, effect of compound 
48/30, 1073 
Diabetic rats, 
absence of cytosol effects on microsomal 
drug metabolism, 2491 
Diacetyl tetramethyl tetralin, 
— of oxidative phosphorylation, 
1 


Diamine oxidase, 
inhibition by impromidine, 2897 
in thymus, inhibition by guanethidine, 
11 
2,4-Diamino-5-(3',4'-dichlorophenyl )-6- 
methylpyrimidine, 
resistant L1210 leukemia cells, 2241 
Diazenes, 
glutathione and mitochondrial reduction 
of, 331 
Diazepam, 
anticonvulsant mechanism, 1703 
binding to brain membranes, purine 
inhibition, 1217 
effect on cerebral energy state and 
glycolytic metaholism, 15 


metabolism by liver, postnatal develooment 


of sex-dependent differences, 447 
Diazoxide, 
effect on ionophore-mediated calciun 
transport, 1879 
Dibenzepine, 
effect on naloxone binding in brain, 460 
1,2-Dibromo-3-chloropropane, 
inhibition of testicular heme 
biosynthesis, 2563 
1,2-Dibromoethane 
role of glutathione conjugation in 
mutagenicity of, 2975 
Dibucaine, 
oa on cytochrome oxidase activity, 
1 
effect on pyruvate and ketone body 
transport in heart mitochondria ,2877 
effect on thermotropic properties of 
brain lipids, 849 
Dibutyryl cyclic AMP, 
activation of tryptophan hydroxylase in 
brain stem slices, 669 


vibutyryl cyclic Alp (contd. ) 
effect on H+ and K* transport in 
gastric mucosa in vitro, 2755 
effect on thromboplastin activity 
in human monocytes, 9 
3 ,5-vicarbethoxy-1,4-dinydrocollidine, 
induction of S-aminolevulinic acid 
synthetase in chick embryo 
kidney, 458 
1,1-bichloroethylene, 
inhibition of microsomal calciun 
pump, 2505 
2,4-Dichloro-6-phenylphenoxyethylamine, 
inhibition of fatty acid conjugation 
to ll-hydroxy-Aj-tetrahydro- 
cannabinol by rat liver microsomes, 
1071 
Dichlorvos, 
effect on plasma ACTH and adrenal 
steroid metabolisa, 
2',5'=-Dideoxyadenosine 
blockade of effect of adenosine on 
ADP-induced platelet aggregation, 
2529 
2',3'=-Dideoxythymidine tripnhosohate, 
inhibition of DLIN4 nolymerases of 
human leukemic leukocytes, 1149 
Diethylcarbazine, 
antihelmintic action, 1981 
biethyldithiocarbamate, 
effect on benzo[a]pyrene metabolism 
in small intestine and liver,1517 
effect on biliary excretion of 
copper and zinc, 2129 
effect on oxygen toxicity, involve- 
ment of glutathione enzymes ,1367 
viethyl ether, 
wicrosomal metabolism, 247 
viethylaaleate, 
effect on biliary excretion of 
copoer and zinc, <1<9 
Jifluaisal, 
plasma protein binding, 571 
a-LDifluoromethyl1-DOPA, 
inhibition of aromatic L-amino acid 
decarboxylase and metabolism of 
the inhibitor, <405 
vigitalis glycosides, 
a by liver microsomes, 
1497 
vigitoxin 
metabolism by isolated hepatocytes, 
3023 
metabolism by liver microsomes, 
effect of in@ucers and inhibitors 
of mono-oxygenases, 405 
Linydroalprenolol, 
binding to a-adrenergic receptor in 
heart, effect of phospholinids, 
2791 
binding in guinea pig brain, effect 
of antidepressants, 2895 
examination of P-edrenergic 
receptors, 1517 
bihydrocanrenone, 
activity in vivo and in vitro, 353 
Dinydroergocryptine, 
assay for u-adrenergic recevtor 
subtypes, 452 
binding to liver ovlasma membranes, 
correlation with glycosen 
phosphorylase activation in 
hepatocytes, 1653 
characterization of c-adrenergic 
receptor in liver, 643 





16 BIOCHEMICAL PHARMACOLOGY 


Dihydrofolate reductase, 
inhibition by folate analogues, 589 
in L-cells, effect of antifolates, 2741 
in L1210 cells, analogue specific 
— in antifolate inhibition, 
29 
in methotrexate resistant human 
leukemic lymphoblasts, 648 
7 ,8-Dihydromethotrexate 
inhibition of dihydrofolate reductase, 


9 
Dihydromorphine, 
binding to human leukocytes, 1361 
Dihydroguinidine, 
effects on in vitro and in vivo quinidine 
disposition, 737 
(-)trans-7,8-bihydroxy-7,8-dihydrobenzo[a] 
pyrene, 
= to DNA binding metabolites, 
169 
trans-4+,5-binydroxy-1,2-dithiane, 
effect on coronary arterial guanylate 
cyclase, 2943 
3,4-Dihydroxyphenylacetic acid, 
in striatun, 
effect of amphetamine, 1347 
effects of haloperidol or mornhine, 
1432 
Diisopropylfluorophosphate, 
effect on sensitivity of muscarinic 
receptor in ileum, 1391 
4-Dimethylaminoazobenzene, 
carcinogenic derivatives modify 
acceptance of tRNA for some amino 
acids, <50l1 
+-Limethylaminoohenol, 
effect on cellular intermediary 
metabolism, implications for 
toxicity, 1747 
1,2-Dimethylhydrazine, 
prenatal induction of ATPase in hamster 
intestine, 251 
Dimethylnitrosamine demethylase, 
in liver microsomes, induction by 
volychlorinated biphenyls and 
3-methylcholanthrene, 1375 
3 ,7-Dimethyl-1-(5-oxyhexyl )-xanthine, 
carbonyl reductases in rabbit liver,1503 
N4li'-Dimethylphenobarbital, 
N-demethylation in isolated hepatocytes, 
effect of vehicle, 2073 
N ,N-Dimethyl-a-[ 2-(p-tolyloxy )ethy1]- 
benzylaminehydrochloride, 
effects on 5-hydroxytryptamine uptake 
and synthesis in brain in vivo and 
in vitro, 935 
N,N-Dimethyltryptamine, 
metabolism in rat brain homogenate ,1049 
3 ,5-Dinitro-4-chloro-a,c,c-trifluorotoluene, 
effect on liver mitochondria in vitro, 
24.35 
Dipalmitoyl-lecithin, 
hydrolysis induced by phospholipase 22, 
Oc) 
Dipeptides, 
i, by intestine, effect of harmaline, 
71 
3,4-viphenylacetic acid, 
in sympathetic ganglia as indicator of 
small intensley fluorescent cell 
participation in g 
mission, 118 
vinhenylhydantoin, 
effect on calciun uptake by synaptosomes, 


957 


Diphenylhydantoin(contd. ) 
induction of B-glucuronidase and 
alkaline phosphatase in cultured 
dental pulp cells, 2143 
2,5-Diphenyloxazole hydroxylase, 
in liver microsomes, effect of 
medroxyprogesterone acetate,1155 
Dipyridamole, 
effect on adenosine deaminase 
inactivation by 2'-deoxycoformycin 
2491 
effect on adenosine uptake into 
human platelets, ¥ 
effect on human blood lymphocytes, 
2515 
Diquat, 
effect on acetylcholinesterase in 
lung, 
Diaulfiran, 
effect on acetaldehyde in brain and 
blood, 411 
effect on aldehyde dehydrogenases 
in rat liver, 3026 
effect on benzofa]pyrene metabolism 
in small intestine and liver,1517 
Dithiothreitol 
effect on metabolism of SKF 525-A 
and SKF 8742-a, 2577 
Diuretics, 
effect on calcium uptake and release 
in renal microsomes, 2339 
L=DOPA, 
effect of chronic therapy on 
dopamine receptors, 701 
incorporation into M.leprae, 
inhibition by desoxyfructo- 
serotonin,2526 
LOPA decarboxylase inhibitors 
in Parkinson's disease, 3123 
Dopamine, 
effect on action of chlorpromazine 
and haloperidol on phospholipid 
synthesis, 2697 
in brain 
effect of 
821 
effect of 
formation in 
reserpine 
amfonelic 
295 
metabolism in celiac ganglion, 
modulation by receptor agonists 
and antagonists, 118 
metabolism in isolated perfused 
brain, effect of chlorpromazine 
and 7-hydroxychlorvromazine, 63 
metabolism in striatum, mechanism 
of morphine action, 1432 
release from ¥-glutamyl dopamide by 
kidney, 69 
sensitive adenylate cyclase in 
striatum, connection with high 
affinity spiperone binding sites, 
1331 
soluble binding sites in striatun, 
2009 
— of ATPase in striatum, 
7 ‘ 
storage pools in brain, 3045 
synaptosomal uptake, 
effect of clorgyline and 
deprenyl, 2763, 3067 
effect of L¥125180, 935 
synthesis in olfactory tubercle 


contraceptive steroids, 


pridefine, 2557 
synaptosomes, effect of 
on stimulation by 

acid and amphetamine, 
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Dopamine (contd. ) 
Slices, effect of ethanol, 2477 
Dopamine B-hydroxylase, 
release from synaptosomes, 1302 
Dopamine receptors, 
in brain, 
blockade in vivo by neuroleptics ,267 
calf striatum, solubilization, 897 
effect of chronic L=DOPA therapy ,701 
human and rat, 1621 
effect of oxypertine, 2681 
use af thiopropazine as a ligand, 
in vitro, _ 
In vivo, 2939 
Dopamine receptor D3, 
in human and rat brain, 1621 
Doxepin, 
effect on naloxone binding in brain, 460 
Doxorubicin 
accumulation in cell lines, 1035 
Doxorubicin-DNA, 
accumulation in cell lines, 1035 


Ecto-5 '=nucleotidase 
in glioma cells, stimulation by 
chronic ethanol treatment, 
Bdema, 


2279 


induced by carbonyl compounds originating 


from peroxidation of liver microsomal 
lipids, 121 
Ehrlich ascites tumour cells, 


effect of dactylarin on ATP catabolism in, 


2155 
effect of misonidazole on purine 
metabolism in, 2533 
Ricosatetraynoic acid, 
inhibition of angiotensin receptors in 
adrenal glomerulosa, 927 
effect on lysosomal enzyme release by 
polymorphonuclear leukocytes, 533 
Blastase, 
from human pvolymorphonuclear leukocytes, 
inhibition by Arteparon, 1723 
secretion in peritoneal macrophages, 
effect of rifampin, 3039 
Plastin, 
interaction with platelets, effect of 
nicergoline, 
Electroconvulsive shock, 
effect on feadrenergic receptor binding 
in guinea pig brain, 2895 
Electron transfer, 
in liver microsomes, effect of 
anaesthetics, 27 
vLectrosnock-induceu convulsions, 
effect of benzodiazenines, 1705 
Sllisticines, 
preferential inhibition of NAb?a- 
cytochrome P=45C reductase, 29 
structure-activity relationshins in 
inhibitory effects of, 3231 
Eaclomiphene, 
inhibition of liver microsomal 
oxidative metabolism and substrate 
binding, 1583 
wadocytosis, 
effegy or cacmiua acetate on uptake of 
1257 ion ia vitro, 5101 
sadometriun, 
effect of nrogestercne on monoemine 
: oxidase in, 1857 
prsndorohin, 
in human nlacental villus, 475 
inhibition of angiotensin J convertin 
enzyme in lung, 3115 


Endothelial cells, 
interaction with platelets, effect 
of nicergoline, 
Endotoxin, 
ae of hepatic zinc-thionein, 
0 


induced thromboplastin activity in 
human monocytes, 9 
&uergy state, 
in brain, effect of psychotropic 
drugs, 15 
Enflurane, 
— on hepatic stearate desaturase, 


mechanism of defluorination in rat 
liver microsomes, 1623 
Enkephalins, 
inhibition of angiotensin I converting 
enzyme in lung, 3115 
Snovid, 
effect on bromosulphophthalein 
excretion by hamsters, 960 
Snvironmental factors 
effect on amphetamine metabolism in 
rats, 221 
Epidermis, 
identification of fo-adrenergic 
receptor, 97 
ipoxide hydrase, 
in liver microsomes, effect of 
pyrrolizidine alkaloids from 
tansy ragwort, 2645 
in mammalian tissues, distribution 
and properties, 386 
s20xide hydratase, 
in liver microsomes, selective 
induction, 3245 
in liver mitochondria, effect of 
carbamazevine oxide, 1109 
=poxide hydrolase, 
in liver microsomes, effect of 
hydroxylated phenobarbital 
_ metabolites, 1127 
2,3-s90xypropyl 2,2,2-trifluoroethyl 
ether, 
role of cytochrome 2-450 in toxicity, 
3257 
arythrocytes, 
effect of deoxycoformycin, 1209 
effect of ethanol ingestion on 
antioxidant defence systems, 
inhibition of adenosine deaminase 
Z2'-deoxycoformycin in vivo, 157 
effect of inhibitors of Ca flux on 
deformability, 479 
interdependence of hemoglobin, 
catalase and glucose metabolism, 
255i. 
role of membrane lipid yeroxidation 
in hemolysis due to phenylhydrazine, 
1555 
urythroleukemic cells 
effects of succinylacetone, 1925 
ustradiol-173, 
innibition of absoroxtion in rat 
intestine by ecetylsalicylic acid, 
3017 
istrogen=j-2-nydroxylas 
distribution and res. 
maninulation in 
atnacrynic acid, 
binding to henatic zlutathione 
S-transferases in vivo, 12¢ 
effect of caicium uptake and release 
by kidney microsomes, 59 


¢ 
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Ethacrynic acid(contd. ) 
chloretic action of, 2733 
effect on =" cyclase in coronary 
artery, 2 
sodium-linked _ by rat liver, 
2733 
Ethanol 
acetaldehyde in breath and blood during 
oxidation in man, 783 
ee on acetaldehyde in brain in vivo, 
11 
effect on amphetamine metabolism in rats, 
221 


effect on aniline hydroxylase in hamster 
liver microsomes, 685 
ffect on calcium uptake by syneptosomes, 
957, 1903 

effect on collagen synthesis by cultured 
fetal lung fibroblasts, 2417 

concentration dependent metabolism in 
verfused liver, 10<9 

effect on drug metabolism in isolated 
hepatocytes, 1741 

elimination in rats, effect of castration 
and testosterone administration, 3175 

effect on erythrocyte antioxidant 
defence systems in rats, 1737 

effect on free proline and glutamate in 
intact rat liver, 1435 

effect on glycyl-vrolyl dipneptidyl- 
aminopeptidase in pancreas and liver, 
3210 

5-hnydroxytryptophol on Css 
intoxication, 6935 

induced alteration in male reproductive 
function  e 

eae Patty live 


during 


effect of adenosine, 


: 
1709 

induced fluidization of 
bilayers, 16075 | 

inhibition of Nat, a*-Al2ase, invoivemeat 
of lipid and protein components of, 
771 

inhibition of glycoprotein secretion in 
liver slices, 35 

interaction with chloral hydrate 
in vivo and in vitro, 3011 

interaction with other hepatotuxic 
agents, L445 

ietabolism in alcohol dehydrogenase 
negative rerouyscus, 1l<5 

effect on monoamine Syathesis regulation 
in brain regions, 2477 

oxidation by isolated hepatocytes, 

effect on phosoholivid turnover in 
brain, 2515 

4 Ona=propyine~tiiourac il on 

metabolic rate, « “YL 

stimulation of vv gliomz. 
meleoctidase , 2279 

ée*fect on syatnesis of ornithi 
decarboxylase and t;'rosine 
transferase senerating 
2799 


brain lipid 


2161 


ecto<5! 


re 
| rez 


Sthanolesucr se 
effect on liver »olysomal poly (+. \auila 
content aad uridine pth oe bert 
into mita, <993 
uthanolamine U-sulnnate, 
off ect on GABA metabolism in brein,1451 
ne liver “microsomes, 9617 
athinyl estradiol, 
effect on bile secretion and liver 
microsomal mixed function oxidase 
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Ethinyl estradiol(contd. ) 
system in mice, 677 

effect on biogenic amines and 

monoamine oxidase in brain, 821 
Ethoxybenzamide, 

deethylation by aaa dia and liver 
microsomes, 2825 

7-Lthoxycoumaria, 

Q-deethylation in liver microsomes, 
induction in young and geriatric 
rats, 1191 
effect of bgp mie crse e 2675 

7-Sthoxycoumaria O-deethylase, 

induction in rat hepatocytes, 577 

in intestinal microsomes, species 

differences in stimulation of,1161 
liver microsomes, 

effect of earbamazepine oxide,1109 
genetically hynerglycaemic and 
streptozotocin treated rats, 1959 
effect of hydroxylated phenobarbital 
metabolites, 1127 

effect of medroxyprogesterone 
acetate, 1155 

effect of phenobarhitone, 3319 
primary hnenatocyte culture, effect 
of horiaone supplemented medium, 

12 

7-athoxyresorufin O-deethylase, 

in orimary hepatocyte culture effect 
of hormone supplemented medium, 
1231 

5-Rthyl-deoxyuridine 5'-monophosphate, 

antiviral properties, 2853 

gthylnorphine, 

inhibition of lipid peroxidation in 
liver microsomes, 565 

netabolism by liver microsomes , 
effect of castration, 3133, 313 
effect of triarylethy] lenes, 158 

gthylmorphine demethylase 

in adrenal, effect of inhibitors,951 

in py bot microsomes , 

fect of 3.dertussis components , 
1453 
inhibition by ellinticine, 89 
ithyl 4enitrophenyl phenylonosshono- 
thionate, 

ichibition of acetylcholinesterase 

wa esterase in brain, 
7 
athyl 2,2,2-trifluoroethyl ether, 

role of eytochrome Pe450 in toxicity 

3257 
ithynyl substituted compounds, 

destruction of cytochrome 22h50, 3253 

itorphine, 

binding in placenta, 2657 

atrenol, 
effeat on 
2925 
axcitation-contrection coupling, 
in skeletal muscle, source of 
trigger calcium, 2399 
sxoeytosis , 

in nolynorzhonuclear leukocytes , 

induction by fluoride, 3051 


in 


feglucuronidase in liver, 


Pastin, 

effect on $<aminolevulinice 2cid 
Synthetase in heart, 795 

rat cells, 

antilinolytic action of 

effect of prostec 
formati LON, 661 


insulin, 617 
yelin on eyelie AvP 
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fatty acids, 
ca“+-dependent release in kidney, 
correlation with cyclic GMP 
accumulation, 717 
composition of serum lipids, effect of 
friton ijx-1339, 2879 
conjugation by liver microsomal system, 
inhibition by SKF 525-A and DPEA,1071 
oxidation in liver, effect of adenosine, 
1709 
Fatty acid oxygenases, 
inhibition by onion and garlic oils ,3169 
Feminizing factor, 2759 
Fenbendazole 
anthelmintic activity, 1981 
Fenfluramine, 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
effect on protein synthesis in 
newborn rats, 335 
Fenitrothion, 
inhibition of acetylcholinesterase and 
neurotoxic esterase in brain, 2721 
Fenproporex, 
effect on genetically lean and obese 
rats, 1612 
ferrous ions, 
inactivation of phosphoenolpyruvate 
carboxykinase, protection by 
3-aminopicolinie acid, 325 
Fetus , 
aaine oxidases in tissues, 1221 
collagen synthesis by cultured Lung 
fibroblasts, effect of ethanol,2417 
Fibroblasts, 
daunorubicin uptake, storage and 
release, 16 
doxorubicin and doxorubicin-DNA 
accumulation, 1035 
fetal lung, effect of ethanol on 
collagen synthesis, 2417 
interaction with liposomes, 877 
Fish(fundulus heteroclitus), 
induction of 7 hydrocarbon hydroxylase 
in embryo, 949 
fish(Platichthys stellatus and Onchorhynchus 








isutch), 
benzolajoyrene metabolism and DNA 
binding, 753 
Flavin mononucleotide, 
— reduction of nitroimidazoles, 


2 


?lavoproteins, 
quinone reduction, 2567 
Flunarizine, 
prevention of vascular spasms, 479 
fluoride, 
interaction with polymorphonuclear 
leukocytes, 3051 
Fluorinated ether anaesthetics, 
ea cytochrome P-450 in toxicity of, 
257 
5-Fluorodeoxyuridine 
inhibition of cytidine deaminase, 807 
inhibition of phosphorolysis by 
2,4-pyrimidinedione derivatives ,1059 
resistant hepatoma cells, increased 
thymidylate synthetase in, 1549 
5-Fluorouracil, 
effect on acetaminophen metabolism in 
normal and tumour-bearing rats, 1167 
in combination with hypoxanthine and 
allopurinol, toxicity and metabolisa 
in human colonic carcinomas in mice, 


2077 


Fluoxetine, 
comparison with effects of Ly125180, 


ro on naloxone binding in brain, 
0: 
Fluphenazine, 
partitioning and efflux from 
liposomes, 2361 
Flurazepam, 
anticonvulsant mechanism, 1703 
Fluroxene, 
degradation of cytochrome P=450,2805 
ss cytochrome P=450 in toxicity, 
7 


Folate 
binding in milk and serum, effect of 
methotrexate, 3109 
Folate analogues, 
inhibition of buttermilk xanthine 
oxidase, 2135 
— of dihydrofolate reductase, 
289 
Food 


effect on amphetamine metabolism in 
rats, 221 
Formaldenyde, 
metabolism during in vitro drug 
demethylation, 2023 
formycin, 
effect on synthesis and methylation 
of nxNA in L1210 cells, 1459 
i-formyl-methionyl-leucyl-phenylalanine, 
induced enzyme release, effect of 
prostaglandins, non-steroid anti- 
inflammatory drugs and 
corticosteroids, 2389 
é-formylpyridine thiosemicarbazone, 
reductive removal of tron from 
transferrin, 1833 
Forayltetrahydrofolate synthetase, 
in L-cells, effect of antifolates, 
2741 
Fosazepam, 
anticonvulsant mechanism, 1703 
Fructose bisphosphatase, 
in liver, radioimmunoassay, effect 
of hormones, 2891 
Fftorafur, 
structure of two hydroxylated 
metabolites, 665 
Fumaric acid, 
reduction of side effects of 
witouayeia 3, 2339 
furosemide, 
effect on calcium uptake and release 
by kidney microsomes, 2339 
inhibition of azathioprine metabolism 
in human liver in vitro, 1439 


G=418, 
ototoxicity and action on poly- 
phosphoinositide films, 597 
galactosamine, 
inhibition of protein synthesis and 
secretion in liver, protective 
effect of (+)cyanidanol, 2258 
p-Galactosidase 
release from liver lysosomes, effects 
yo cae and chlorpromazine, 


Ganglionic transmission 
role of small intensely fluorescent 
cells, 118 
Garlic oils, 
inhibition of fatty acid oxygenases, 
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Garlic oils(contd. ) 
3169 
Gastric mucosa, 
H+ and Kt transport in vitro, 2755 
Gastrointestinal microflora 
role in amygdalin metabolism and 
toxicity, 301 
Gastrointestinal tract, 


effect of barbiturate on distribution of 


ascorbic acid, 1839 
Gastroprotection 
biochemical, 1281 
Gentamicin Cys, 
ototoxicity and action on polyphospho- 
inositide films, 597 
Geriatric rats, 
induction of hepatic mixed function 
oxidase enzyme system, 1191 
Germ free rats, 
—" and metabolism of auygdalin, 
Ol 
Gliclazide, 
effect on ionophore-mediated calcium 
transport, 1879 
Glioma cells C-6, 
inhibition by methylmercuric chloride 
of prostaglandin Ej -sensitive 
adenylate cyclase, 201 
effects of methylmercuric chloride ,539 
stimulation of ecto-5'-nucleotidase by 
chronic ethanol treatment, 2279 
Glucagon, 
effect on bisphosohoglyceromutase in 
erythrocytes, 517 
effect on fructose bisphosphatase in 
liver, 2891 
induced hepatic gluconeogenesis, effect 
of PGE, 681 
stimulated lipolysis, inhibition by 
insulin, 617 
Glucocorticolds, 
effect on fructose bisphosphatase in 
liver, 2891 
in serum, effect of dantrolene, 1669 
Glucocorticoid sulfotransferase, 
in liver, effect of progesterone, 3181 
Gluconeogenesis, 
in isolated perfused liver, effect of 
clanobutin, 1649 
in Kidney, effect of pirogliride, 1421 
in hepatocytes, effects of monoamine 
oxidase inhibitors, 1103 
in liver, 
effect of pirogliride, 1421 
effect of prostaglandin Eo, 681 
in renal cortical tubule fragments, 
stimulation by adenosine, 525 
Glucase, 
acetylcnoline synthesis from in 
synaptosomes, 107 
effect on aspirin-induced ulceration, 
1281 
in blood, 
effect of insulin and oral 
antidiabetics, 1441 
effect of phenformin, 2291 
in = effect of psychotropic drugs, 
1 
consumption by isolated perfused rat 
brain, effect of morphine and 
methadone, 1608 


consumption by L1210 cells, relationship 


with proliferation, 2690 
metabolism in red blood cells, inter- 


dependence of hemoglobin and catalase, 


Glueose (contd. ) 
2351 
in serum, effect of aspirin and 
calcium, 1627 
transyvort in biliary tree demonstrated 
by segmented retrograde intra- 
biliary injection technicue, 213 
utilization in adipocytes, effects of 
insulin and hydrogen peroxide ,1239 
utilization by nancreatic islets, 
eftect of mannoheptulose, 2625 
Glucose 6-phosphate dehydrogenase, 
in lung, effect of diethyldithio- 
carbamate and 0s, 1367 
N-Glucosidation, 
of amobarbital in vitro, 2085 
p-Glucuronidase, 
in cultured dental pulp cells, 
diphenylhydantoin induction, 2143 
in liver, effect of scnistosomicidel 
drugs, 2925 
modulation of chemotactic factor- 
elicited release fron reutroohils, 
2389 
release from nolymorphosuclear 


eicosatetraynoic acid and 
phenacyl bromide, 533 
after pnhosgcytosis of monosodium 
urate, effect of colchicine 
derivatives, 2146 
tissues of J-chistosona mansoni- 
infected mice, effect of 
oxamniquine, 429 
Glucuronidation 
in isolated iiver cells, 2963 
relevance of accentor substrate 
lipophilicity in ‘late fetal' 
UpP-glucuronosyl transferase, 999 
Glutamate , 
effect of alanosine on metabolizing 
enzymes, 227 4 
in liver, effect of ethanol, 1435 
release from brain slices, effects 
of pentobarbital and Cast, 2189 
release in brain, effect of morvhine, 
2777 
release from synaptosomes, effects 
of hentachlor enoxide, 1815 
Glutamate decarboxylase, 
in brain 
effect of ethanolamine O-sulnhate, 
1451 
effect of intraventricular 
putrescine, 954 
effect of phencyclidine, 2524 
inhibition by alanosine, 227 
in striatal synaptosomes, tetrodotoxin 
inhibition of protoveratridine A 
activation, 3034 
Glutaminase, ‘ 
activity of L-asparaginase, inhibition 
by Lealanosine, <27 
dig brain, purification of soluble 
form, 359 
Glutanine synthetase, 





imipramine and contraceptives ,2s74 
Glutathione, 
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Glutathione, 
in hepatocytes, chloroform induced 
depletion, 3059 
in 


— cells, effect of vinblastine, 
2333 


in liver 
effect of acetaminophen and its 
antagonists, 1968 
effect of repeated doses of bromo- 
benzene, trichloroethylene and 
vinylchloride, 1041 
effect of vinyltoluene, species 
differences, 2675 
en reduction of diazenes, 
1 
role of conjugation in mutagenicity of 
1,2-dibromoethane, 2975 
stimulation of prostaglandin synthetase 
in ktdney, sex differences, 2635 
synthesis by liver supernatants effect 
of phenobarbitone in vivo, 2695 
Glutathione S-aryltransferase, 
in liver, 
obese rats, 289 
effect of vitamin A deficiency, 2583 
Glutathione organic nitrate ester 
reductase, 
in liver, 1807 
Glutathione peroxidase, 
in erythrocytes, effect of ethanol 
ingestion, 1737 
in liver 
effect of ethanol ingestion, 1737 
sex differences in effect of 
selenium deficiency, 39 
in lung, effect of diethyldithiocarbam- 
ate and 02, 1367 
Glutathione reductase 
in lung, effect of diethyldithio- 
carbamate and 02, 1367 
Glutathione 5-transferase 
activity towards benz{ ajanthracene 5,6- 
oxide in monkey liver, lung and 
kidney, 1589 
in erythrocytes, effect of ethanol 
ingestion, 1737 
in human placenta, 1677 
in liver, 
binding of ethacrynic acid in vivo, 
12C5 
effect of carbamazenine oxide, 1109 
effect of pyrrclizidine alkaloids 
from tansy ragwort, <0k5 
sex differences in effect of 
selenium deficiency, 39 
Glycerol, 
incorporation into lipids in brain, 
effect of chlorpromazine, haloperidol 
anc pimozide, <079 
Glyceryl trinitrate 
extension of blood half-life, 1807 
alycine, 
release from brain slices, effects of 
pentobarbital and Ca“t+, 2139 
Glycineamideribotide, 
effect of vyrazole derivatives on 
synthesis of, 163 
Glycogen, 
metabolism in human placenta, effect 
of isoproterenol and f-sympatho- 
minetic drugs, 1123 
3lycogen phosphorylase, 
in heart, effect of acetylcholine 
followimg exposure to anoxia or 
isoproterenol, 1681 


Glycogen phosphorylase(contd. ) 
in hepatocytes, correlation between 
activation of and dihydroergo- 
cryptine binding to plasma 
membranes, 1653 
in liver, activation mediated by 
a, -adrenergic receptor, 
in otacenta, effect of isoproterenol 
and B-sympathomimetic drugs, 1123 
Glycogen synthase, 
in placenta, effect of isoproterenol 
and B-sympathomimetic drugs, 1123 
Glycoprotein 
secretion in liver slices, effect 
of ethanol and acetaldehyde, 35 
Glycosaminoglycan polysulfate, 
inhibition of elastase from human 
polymorphonuclear leukocytes, 1723 
Glycyl-leucine 
uptake by intestine, effect of 
harmaline, 713 
Glycyl-proline 
uptake by intestine, effect of 
harmaline, 713 
Glycyl-prolyl diveptidyl-aminopeptidase, 
in liver and pancreas, effect of 
ethanol, 3210 
Gold, 
binding to cytosolic proteins in 
liver and kidney, 2017 
Gold compounds » 
inhibition of nitogen-induced human 
lymphocyte proliferation, 3333 
Gold sodium thiomalate, 
effect on human synovial cells, 869 
Gonadectomy , 
effect on imipramine and lidocaine 
metabolism by liver of male and 
female rats, 2759 
Granulation tissue 
effect of histamine on cyclic AMP in, 
10 
effect of prostaglandin Fa,, 
Granule associated enzymes, 
modulation of chemotactic factor- 
elicited release from neutrophils, 
2389 
Granulocytes, 
ecto-ATPase in, 2235 
muscarinic acetylcholine and opiate 
receptors in, 1361 
suuanethidine, 
inhibition of S-adenosyl methionine 
decarboxylase, 113 
Guanosine-3',5'-monoohosphate , 
in brain, effect of apomorphine and 
RO 20-1724 in vivo, 369 
in brain regions and pituitary, effect 
of anaesthesia, 1891 
Cact+-denendent accumulation in renal 
cortex, relationship with release 
of fatty acids, 717 
in cerebellum, effect of 5-methoxy- 
dimethyl-try»tamine, 827 
nydrolysis by brain phosphodiesterase 
inhibition by hypoxanthine, 
inosine and IMP, 277 
effect on renin celease by renal 
cortex slices, 1933 
role in action of acetylcholine in 
heart, 1681 
role in vascular smooth muscle 
relaxation, 2943 
wuanosine triphosphate, 
effect on agonist interactions with 


147 
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Guanosine triphosphate(contd. ) 
Beadrenergic receptors, 1317 
effect on 5-hydroxytryptamine-sensitive 
adenylate cyclase and pongarcay ~ 
tryptamine binding in brain, 2 48 
in regulation of adenylate cyclase, 33 
effect on spiperone binding sites, 1331 
Guanylate cyclase, 
in coronary aoneey activators and 
inhibitors, 29 3 
Gunn rat 
abolition of deficiency of 2-aminophenol 
glucuronidation in liver by 
pentan-3-one, 3204 
inherited deficiency of hepatic UDP- 
giucuronyltransferase, in vitro 
stimulators ,2369 


H*, 
gastric transport in vitro, 2755 
Hageman factor 
binding and dissociation in human 
plasma during contact activation,1247 
Yaloolefins, 
correlation of alkylating and mutagenic 
properties, 2611 
Haloperidol, 
effect on catecholamine transport by 
chromaffin granules, l 
effect on dihydroxyphenylacetic acid 
in striatum, 1432 
effect on lipid metabolism in brain 
slices, 2697 
in vivo blockade of brain dopaminergic 
receptors, 267 
Halothane, 
effect on cyclic nucleotides in brain 
regions and pituitary, 1891 
effect on stability of calcium 
transport system in isolated 
sarcoplasmic reticulum, 375 
Hamster, 
differential induction of liver aniline 
hydroxylase, 685 
Harmaline, 
effect on amino acids and dipepntide 
uptake by monkey intestine, 713 
inhibition of monoamine oxidase in 
guinea vig liver mitochondria, 2049 
inhibition of monoamine oxidase 
in vivo, 2781 
effect on transport functions of 
isolated brush border and basoleteral 
membrane vesicles, 2307 
darmine, 
oxidation in hepatocytes, effect of 
ethanol, 1741 
HB 419, 695, 180, 
effect on glucose kinetics in blood,1441 
deart, 


acetylcholine, inotropy and phosphorylase, 
1 


681 

effects of adrenochrome on sarcoleiuinal 
ATPase activities, 559 

S-aminolevulinic acid synthetase in, 
effects of fasting, cobaltous chloride 
end hemin, 795 

cardiac glycoside receptor, aTPase and 
force of contraction, 3219 

effects of cnlorprowazine and imipramine 
on subcellular membranes, 6<9 

deamination of iscamylamine, 1097 

effect of dibucaine on pyruvate and 
ketone body transvort in mitochondria, 


2877 


Heart(contd. ) 

identification of ouabain binding 
sites of Nat+,Kt-aTPase, 1195 

effect of phospholipids on dihydro- 
alprenolol binding to a-adrenergic 
receptor, 2791 

effect of propranolol on biochemical 
modifications induced by a 
ren drug during ischaemia, 


effect of SKF 
function, 2 
effect of vanadate on cyclic AMP in 
papillary muscle, 1429 
HeLa cells, 
ae of thymidylate synthetase, 
7 
Hemachatus haemochatus, 
phospholipase AZ in venom, 1555, 1565 
Heme, 
biosynthesis in testes, effect of 
1,2-dibromo-3-chloropropane, 2563 
Gogenenseee in rat brain, 1590 
effects of depletion on growth, 
protein synthesis and respiration 
of Friend cells, 1825 
metabolism in ascorbic acid-edeficient 
guinea pigs, 1255 
deme oxygenase, 
in liver, sex differences in effect 
of selenium deficiency, 39 
Hemicholiniun-3 
devleted acetylcholine levels in 
brain, effects of lithium, 654 
Hemin, 
effect on S-aminolevulinic acid 
synthetase in heart, 795 
Hemoglobin 
interdependence of catalase and 
hexose mononhosphate shunt in red 
blood cells, 2351 
Hemolysis, 
in —— treated with deoxycoformycin, 
1209 
role of red cell membrane livid 
peroxidation, 1355 
Heparin, 
absence of effect on binding of 
prazosin and phenytoin to plasma 
proteins, 3337 
Hepatobiliary function 
evaluation by segmented retrograde 
intrabiliary injection 
technique, 205, 213 
Hepatocytes, 
alphaxolone metabolism, 248 
effect of ammonium ions and chloro- 
guine on protein dezgradation,917 
chloroform-induced glutathione 
depletion and toxicity, 3059 
correlation between activation of 
glycogen phosphorylase in and 
dihydroergocryntine binding to 
olasma membranes, 1653. __ 
digitoxin metabolism by, 3023 
effect of drug vehicles on 
Nedemethylase activity, 2073 
effect of ethanol administration on 
drug metabolism, 1741 
ethanol oxidation by, 2161 
ethoxybenzamide deethylation, 2825 
formulation of culture media which 
maintain cytochrome 2-450 at 
in vivo concentrations, 3215 
induction of 7-ethoxycoumarin 


a5°74 on mitochondrial 
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Hevatocytes (contd. ) 
Q-deethylase, 577 
maintenance of cytochrome P-450 by 
pyridines, 1773 
effect on monoamine oxidase inhibitors 
on metabolism of, 1103 
primary culture, effect of hormone- 
supplemented medium on mono-oxygenase 
activities, 1231 
primary cultures for studying the 
metabolism of foreign chemicals, 2117 
Hepatoma cells, 
effect of disulfiram on aldehyde 
dehydrogenase in, 3026 
doxorubicin and doxorubicin-DNA 
accumulation, 1035 
5-f luorodeoxyuriaine resistant, increased 
thymidylate synthetase in, 15%9 
prostaglandins and cytostatic action 
of anti-inflamnuatory drugs, 311 
a and disposition of indomethacin, 
2055 
nal vinblastine on glutathione in, 
2 
253,53',4,4',5,5'-Hentachlorobiphenyl, 
nixed induction capability, 259 
Hevtachlor enoxide, 
effects on calsium mediated transmitter 
release from synaptosomes, 1815 
Herpes simplex, 
antiviral properties of 5-aonophosphate 
of 5-propyl- and 5-ethyl-2'-deoxy- 
uridine, 2833 
Hexachlorobenzene, 
lobes of rat liver respond at different 
rates, 3127 
a-HZexachlorocyclohexane, 
effect on rat liver growth and 
monosoxygenase activities, 2169 
1,2,3 »+59, 9-Hexachloro-1 gt 45D Le) 97 55,5a= 
octahydro-6 ,7=dimethy1-6 ,7-epoxy= 
1,4-ethanonaphthalene, 
testicular neonatal imprinting of sex 
ail differences in metabolism, 
1 


primary role of pituitary in sex dependent 


differences in hepatic metabolism, 
3139 
dexainethylmelamine , 
effect on drug metabolism in mice, 131 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Nexestrol analogues, 
induction of uterine veroxidase, 3031 
4exobarbdital, 
interaction with cytochrome P-450, 747 
metabolisn by verfused liver, effect 
of t-butyl hydroperoxide, 3112 
Sleeving time, effect of cimetidine, 
3075 
Yexose monoohosohate shunt, 
in red blood cells, interdenendence of 
_ hemoglobin and catalase, 25351 
HI-0, 
reactivation of soman-inhibited 
acetylcholinesterase, 2379 
Ainvocampus, 
effect of ethanol on azonoamine 
synthesis in slices of, 2477 
distamine, 
antigen-induced release frou lung, 
effect of adenosine, 1085 
calcium-denendént secretion frou mast 
cells, effect of wneat germ 


Histamine (contd. ) 


agglutinin, 455 
effect on cyclic AMP in granulation 
tissue, 103 
in exudate from dextran-induced paw 
os effect of compound 48/80, 
A 
effect on H+ and <* transport in 
gastric mucosa in vitro, 2755 
hydrogen peroxide Induced release 
from mast cells, 741 
Histamine methyltransferase, 
gastric mucosa, methylation of 
imidazole comounds, 1399 
in a? inhibition by impromidine, 
9 
Histamine receptors, 
in aorta cells, association with 
adenylate cyclase, 3155 
Histamine-sensitizing factor, 
3B.pertussis, effect on hepatic drug 
metabolism, 1483 
Histaminic drugs, 
separate binding sites in cerebral 
cortex, 2269 
Histidine decarboxylase, 
inhibition by impromidine, 2897 
Homocholine, 
accumulation and metabolism by brain 
subcellular fractions, 1949 
Homovanillic acid, 
in osF, effect of chronic L-DOPa 
therapy, 701 
in striatum. effect of chlorpromazine 
and 7-hydroxychlorpromazine, 63 
Hormone receptors, 
binding energy and activation of, 353 
Hs-3 and HS-6, 
interaction with brain muscarinic 
receptor, 483 
Human drug metabolism, 
new in vitro approacn, <71 
Hycanthone, 
antischistosomal activity, 1981 
Hydrallazine, : 
effect on vitamin 36 function in 
rats, 3097 
dydrazine, 
prenatal induction of Nat+,X*t-ATPase 
in hamster intestine, 351 
Hydrogen veroxide, 
as a messanger of insulin, 1239 
generation in lung microsomes, 
effect of bleomycin, 3239 
effect on hemoglobin, catalase and 
glucose metabolism in red blood 
cells, 2351 
induced histamine release from 
mast cells, 741 
Jydrogen sulfide, 
role of thicl 5-aethyltransferase 
in detoxication, 2855 
uydrosamic acid derivatives, 
effect on UNA synthesis in human 
cells, 1275 
Nesiydroxyacetaminopnen, 
lack of evidence for reactive 
metabolite of acetaminophen 
in vitro, 1617 
Nenydroxy-¢c-acetylasinofluorene , 
reduction by liver :aicrosomes, <183 
sor'ydroxy-antnranilate oxidase, 
in liver, effects of Benserazide, 
_. varbidopa and isoniazid, 707 
1<5[-Hydrocybenzylpindolol, 
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1<5]-~ iydroxybenzylpindolol, 
binding in astrocytoma cells, effect of 
dexanetnasone, <151 
3-ydroxybutyrate, 
transport in heart mitochondria, effect 
of dibucaine, <877 
N-Hydroxychlorphentermine, 
fate in tne rat, 13<5 
7-~iiydroxycnlorpromazine, 
comparison with effects of chlorpromazine 
in verfused vrain, 03 
o=4ydroxycortisol, 
urinary excretion in marmoset monkey. 
effect of phenobarbitone, 3519 
7-Hydroxycoumarin (-alkyl derivatives, 
sex differences in Q-deal<ylation 
activity in rat microsomes, 1015 
4~{Tydroxycyclophos phamide/aldophosvhamide , 
metabolism in vitro, 2903 
O-ilydroxydonvamine, 
eft'iect on desipramine binding in fetal 
rat cerebral cells, 1755 
effect on hemoglobin, catalase and 
glucose metabolism in red blood 
cells, 2351 
12-4ydroxyeicosatetraenoic acid, 
effect of timegadine on formation of, 
; 3265 
5-Hydroxyindoleecetic acid, 
in brain, effect of 24(p-chloropheny1l )- 
cyclopropylamine, 3328 
Hydroxyindoles, 
microassay in biological materials ,3020 
lydroxylation, 
by liver microsomes, activation by 
rh la and a=-nanohthoflavone, 
) c 
& 2 
16-iydroxylation 
of androstenedione in trout liver 
microsomes, 583 
3-3-uydroxy-3-methylglutaryl-CoA reductase, 
in liver, inhibition by mono- and 
bicyclic-monoterpenes, 2125 
p- and m-'ydroxyphenobarbital, 
efrects of in vivo administration, 1127 
17-Hydroxyorogesterone, 
on” adrenal xenobiotic metabolism, 
237: 
11-4y droxy-A?-tetrahydrocannabinol, 
fatty acid conjugation by liver micro- 
somes, inhibition by SiF 525=A and 
DPA, 1071 
j—iy droxytryptauwine, 
accumulation by platelets, action of 
immobilized neuraminddase, 3189 
effect of an agonist on cyclic GHP 
in cerebellum, 827 
Dinding to rat brain membranes, 
inhibition by l-phenyl-piperazines, 
933 
binding sites in brain, 
proverties, 2445 
regional and subcellular distribution 
and ontogenetic develooment, 2455 
in brain, 
effect of 2=(n-chlorophenyl )cyclo- 
nropylamine, 332 
effect of contraceptive steroids, 821 
effect of oridefine, 2557 
effect on free amino acid composition of 
stomach and plasma and on protein 
synthesis in stomach, 1855 
induced release of noradrenaline from 
cerebral arteries, 940 
aetabolism in brain, effect of releasing 


5-Hydroxytryptamine (contd. ) 
agents, 
metabolism in nervous system, effect 
of ethanol, 693 
microassay in biological materials, 
3020 
oxidation by monoamine oxidase B of 
rat brain, 1213 
release from brain slices, effects 
of pentobarbital and Cac+, 2189 
sensitive adenylate cyclase in brain, 
properties, 2445 
regional and subcellular distrib- 
ie and ontogenetic development, 
2455 
synaptosomal uptake, effect of 
clorgyline and deprenyl, 2763 
uptake and synthesis in brain, 
effect of LY125180 in vivo ana 
in vitro, 335 
5-iydroxytryptamine receptors, 
in aorta cells, associatior with 
adenylate cyclase, 3155 
in brain, 
effect of oxypertine, 2681 
solubilization, 3341 
involvement in antidepressant drug 
action, 2709 
in synaptosomal plasma membrane, 
effect of cholesterol, 3325 
5-4ydroxy tryptamine releasing agents, 
comparative effects in mice, 3163 
5-Hydroxytryptophol, 
in CSF from alcoholics, 693 
Hyverglycaemic mice 
mono-oxy genase activities in, 1959 
Hypertension, 
angiotensin-converting enzyme 
inhibitors for treatment of ,1871 
Hypertensive rats, 
vascular f-adrenergic receptors in, 
1465 
Hyperthermia, 
sensitivity of hypoxic cells, l 
Hypophysectony, 
effect on hepatic drug metabolism, 
3139 
effect on imipramine and lidocaine 
metabolism by liver of male and 
female rats, 2759 
dypoxanthine 
inhibition of cyclic nucleotide 
phosphodiesterase in brain, 277 
inhibition of GABA binding to brain 
membranes, 1217 
Hypoxic tumour cell, 
chemotherapy, 1 


Ileun, 
muscarinic receptor sensitivity 
after DFP, 1591 
Imidazole compounds, 
methylation by gastric histamine 
methyltransferase, 1399 
Imipramine, 
effect on Y-glutamyltransferase in 
liver of female rats, interaction 
with contraceptives, 2874 
effect on heart subceliular 
membranes, 629 
metabolism by liver of make and 
female rats, effects of gonade 
ectony and hynophysectomy, 2759 
effect on naloxone binding in brain, 


n" 
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laiuune complexes, 
induced thromboplastin activity in 
human monocytes, 9 
Immunosuppressants, 
activity of li-acetyl-3-sulphonamoyl-L- 
alanine methyl ester in vitro and 
in vivo, 1767 
Impromidine, 
inhibition of histamine methyltransferase 
histidine decarboxylase and diamine 
oxidase, 2897 
Indicine N-oxide, 
pyridine nucleotide cofactor requirement 
for microsomal reduction of, 347 
Indocyanine green, 
hepatic transport in carbon tetrachloride 
intoxicated rats, 1291 
Indomethacin, 
binding to human serum albumin 
microspheres, 1759 
cytostatic activity, role of 
prostaglandins, 311 
effect on lysosomal enzyme release by 
polymorphonuclear leukocytes, 533 
reaction with singlet molecular 
oxygen, 1337 
effect on thromboplastin activity in 
human monocytes, 9 
uptake and disvosition in cell 
cultures, 2055 
Inflammation, 
dextran induced, effect of comoound 
48/80, 1073 
effect of prostaglandin biosynthesis 
svimulators, 186 
effect of penicillamine on macrophage 
phagocytosis, 2273 
role of carbony1 compounds originating 
from peroxidation of liver microsomal 
lipids, 121 
Inosinate dehydrogenase 
inhibition by 6-azauridine, 2261 
Inosine 
inhibition of cyclic nucleotide 
phosphodiesterase in brain, 277 
inhibition of GABA binding to brain 
membranes, 1217 
Inosine 5'-monopvhosphate, 
inhibition of cyclic nucleotide 
phosnhodiesterase in brain, 277 
Insulin 
antilipolytic action in perifused fat 
cell system, 617 
degradation in f cell 
mannoheptulose, 2635 
hydrogen peroxide as a messanger of, 1239 
and oral antidiabetics, effect on 
glucose kinetics in blood, 1441 
production by isolated pancreatic islets, 
inhibition by chloroquine, 1729 
in serum, effect of aspirin and ealcium 
chloride, 1027 
Intestinal contents, 
formation of free radical intermediates 
during nitrous oxide metabolism,3037 
Intestinal epithelial cells, 
effects of prostaglandins #5 and Io on 
adenylate cyclase in, 6 3 
Intestinal flora, 
role in metabolism of misonidazole,3281 
Intestine, 
angiotensin I converting enzyme of 
brush border, man and vig, 1525 
effect of barbiturate on ascorbic acid 
distribution, 1839 


effect of 


Intestine(contd, ) 


effects of disulfiram and diethyl- 
dithiocarbamate on benzola]vyrene 
metabolism, 1517 
effect of harmaline on untake of 
dipeptides, 713 
inhibition of estradiol-17B absorption 
by acetylsalicylic acid, 3017 
effects of phenolphthalein and 
hatmaline on transport functions 
of brush border and basolateral 
membrane vesicles, 2307 
prenatal induction of Nat ,K*+-ATPese 
251 
role in metabolic inactivation of 
tyramine, 2551 
role of thiol S-methyltransferase 
ir. Jetoxication of hydrogen 
sulfide, 28? 
screening method for agents affecting 
lipid absorption, 1475 
spvecies differences in stimulation 
of mixed-function oxidases, 1161 
Todobradykinins 
recevtor binding, 175 
Iodohydroxybenzylpindolol, 
binding in artery membranes from 
deoxycorticosterone-salt 
hypertensive rats, 1465 
examination of P-adrenergic receptors 
1317 
Ionophore 422137, 
effect on cyclic AMP in human 
mononuclear leukocytes, 1991 
induced histamine release fron 
peritoneal mast cells, effect of 
adenosine, 1085 
induced thromboplastin activity in 
human monocytes, 9 
mediated calcium transport, effect 
of sulfonamides, 1879 
Ionophore X537A, 
induced release of noradrenaline 
from cerebral arteries, 84¢ 
Iproniazid, 
effect on N,li-dimetayltryptamine 
metabolism in brain, 1049 
effect on hepatic metabolisa, 1103 
Iris, 
muscarinic and a-adrenergic recentors 
in, 2713 
Iron, 
inactivetion of phosynhoenolpyruvate 
carboxykinase, protection by 
3-aminopicolinic acid, 325 
in rat tissues after cadmium 
loading, 2407 
reductive removal frou transferrin, 
1833 
stimulated linid veroxidation in 
liver microsomes, substrate 
inhibition, 565 
Iron chelating agents 
effect on DNA synthesis in human 
cells, 1275 
Iron-EDTA, 
effect on chromosome aberrations 
induced by isoniazid, 842 
Ischaemia, 
alteration in liver lysosomal 
—, effect of chlorpromazine, 


Islets of Langerhans, 
effect of chloroquine on insulin 
production, 1729 
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Isoazinylamine 
deamination by monoamine oxidase in rat 
liver and heart mitochondria, 1097 
3-Isobdutyl-l-mnetaylxanthine, 


effect on histanine action on cyclic AIP 


in granulation tissue, 103 
Isocarboxazid 
metabolism 2n vitro by nanxey liver 
uicrosowal Carboxylesterase, 1491 
Tsoleucine 
effect of isonrenaline infusion on 
disnosition of, 509 
Tsometallotnioneins , 
in rat tissues after cadmium loading, 
2407 
Isoniazid, 
induced chromosone aberrations, 
enhancement by transition metals ,342 
penetration of preimplantation 
lastocyte, 163 
inhibition of tryotophan-niacia 
metabolism, 107, : 2099 
TIsoprenaline 
effect of infusion on distribution of 
tryptoohan, tyrosine and isoleucine 
between brain ond other tissues, 509 
Isopropylantipyrine, 
new inetabolites in the rat, 2705 
isoproterenol, 
effect of acetylcholine on response to, 
1681 
biochemics1 odifications in ischaemic 
heart, effect of pronranolol, 2657 


effect on labelling of brown fat cell 


phosnholinids, 3330 

wah +S placental glycogen metabolisn, 
112: 

effect on sodium fluxes across 
colon in vitro, 1271 

stimlation of phosyhatidylcholine 
breakdown in liver plasma membrenes, 
2521 
*feet on thyroid adenylate cyclase ,1966 

reosuleeides 


rabbit 


effect on in vivo binding of spiroperidol 


in brain regions, 267. 
Isoxsuprine, 
effect on glycozen metabolisa in human 
placenta , 1123 


sainiec acid, 
effect on "(3 Sf )<,vlN binding 
1649 
effect on Nat,it-ATPase in striatun,357 
effect on 5-hydroxy tryptanine-sensitive 
adenylate cyclase and 5-hydroxy- 
tryptanine binding sites in brain, 
Bu55 
allixreins, 
in acetone-ectivated human plasas, 77 
Dinding in olasma to keolin surface 
during contact activation, 1247 
KXananyein A.and B, 
ototoxicity and action on nolypnos»dho- 
inositide films, 597 
wetone-body, 
trangsyort in heart mitochondris, 
of dibucaine, 2877 
:idney, 
adenylate cyclase in, effect of 
alanethicin on hormonal activation, 
51 
adenosine stimiation of zluconeozenesis 
in cortical tubule fragnents, 628 
Deaininohipourate transport, 983 


in striatum, 


effect 


uidney (contd. ) 
Cact-denendent accumlation of 
cyclic GuP, 717 
chick enbryo, induction of $-amino- 
levulinic acid synthetase, 458 
effect of diuretics on calcium 
uxtake and release in maicrosomesj 
2339 
identity of bismith-binding proteins, 
2913 
metabolisu of Ye-zlutamyl dopamide 309 
metal content and isonetallothionein 
levels after cadmium loading ,2407 
nonikey, glutathione 3-trensferase 
setivity towards Denzfajanthracene 
5 ,6-oxide, 1589 
ovidation of saaee sulphide, 2431 
effects of nnenolnnthalein and 
harmaline on transport functions 
of brush border and basolateral 
membrane vesicles, 2307 
renin release by cortex slices, 
effect of cholis iergic agents and 
cyclic GP, 193 
aNa polymerase in corticel and 
medullary nitochondria, effect 
of aldosterone, 1575 
sex differences in stimulatory action 
of cofactors on prostaglandin 
synthetase, 2635 
eff rect of vinyltoluene on 
glutathione in, 2675 
sidney cells, 
effect of ethanol on paracetamol 
activation, 1741 
xininases, 
in human polymorphonuclear 
leukocytes, 2235 
sinin receptor, 
binding of iodinated analogues of 
bradyiinin, 175 
.ininogen, 
binding and dissociation in human 
plasma during contact activation, 
1247 
synureninase, 
in liver, effects of 3enserazide, 
Jarbidova and isoniazid, 707 
aynurenine 
metabolisi in liver of normal and 
geuansoni infected mice, effect 
of oxnanicuine ther B29 2513 
aynurenine aminotransfera 
in kidney, effect of ieavaliacine 
and puenelzine, 3097 
Lactzete, 
in blood, effect of phenfor:i 
formation in heart, effects 
ischaenia, isoproterenol 
oropranolol, 2637 
Lactate dehy drog yenase y 
in eee ats effect of antifolates, 
2741 
Leaathamia, 
effect én guanylate cyclase in 
coronary artery, 2943 
L-cells, 
terzet and non-target, 
aminofolates, 2741 
Lectins 
effect on thronboplastin activity of 
human monocytes, 9 
Leishiuania donovani, 


resvonse to 





effect of alloxrinol and its ribo- 
nucleoside on intracellular forms, 
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Leishmania donovani(contd. ) 
2397 
Leptophos, 
inhibition of acetylcholinesterase ind 
neurotoxic esterase in brain, 2721 
Leukemia cells £1210, 
effects of adenosine analogues on 
methylation of nkNA, 1459 
analogue snecific aberrané¢es in 
antifolate inhibition of dihydro- 
tolate reductase, 3293 
2,4-diamino-5-(3',4'!-dichlorooheny! )-6- 
nethylpyrinidine resistance, 2241 
doxorubicin and doxorubicin-DNA 
accululation, 1035 
extracellular recovery of methotrexate- 
oolyglutamates following efflux, 2701 
inhibition of adenosine deaminase by 
2'-~deoxycofornycin in vivo, 187 
interaction with liposomes, 877 
relationship between glycolysis and 
proliferation, effect of 44-233, 2690 
effect of sangivajaycin and thniosangi¥a- 
= on nucleic acid synthesis in, 
0 
toxicity of showdomycin and “aleimide, 
2199 
Leukemic lymphoblasts, 
methotrexate resistant, effect of 
linvophilic antifolates, 648 
Leukocytes , 
drug-sensitive ecto-ATPase in, 2285 
inhibition of DNA polymerases by 
2',3'-dideoxythyiidine triphosphate, 
1149 
muscarinic acetylcholine and opiate 
recentors in, 1361 
Levimasole, 
anthelmintic action, 1931 
Leydig cells, 
inhibition of testosterone oroduction 
by cannabinoids, 2153 
Lidocaine, 
interaction with brain a-adrenergic 
and muscarinic receptors, 155 
metabolism by liver of male and female 
rats, effects of gonadectomy and 
hynophysectomy, 2759 
Lignocaine, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Lilly 31641, 
inhibition of monoamine oxidase in 
guinea nig liver mitochondria, 2049 
Limonene, 
inhibition of nrepatic cholesterol 
Synthesis, 21¢5 
metabolism by liver microsomes to 
non-autagenic enoxides, 1068 
Lisulus volyohemus, 
nsularity of cnolinergic components 
in CNS, 1603 
Lipase, 
in adipocytes, mediation of effects of 
insulin by hydrogen peroxide, 12359 
Lipid, 
in brain, thermotropic oroperties in 
the presence and absence of local 
anaesthetics, 849 
inhibition of hepatic biosynthesis by 
1-(3-chlorophenyl )-1l-methyl-2- 
phenyl-2-(2-pyridine )ethanol, 3207 
metabolism in brain slices, effect of 
chlororomazine, haloperidol and 
pimozide, 2697 





Lioid(contd. ) 
screening metnoa for agents affecting 
aosorption, 1475 & 
in serum, effect of Triton «R-1339 
on fatty acid composition, 2879 
substitution of liver mitochondrial 
aembrene, effect on monoamine 
oxidase in, 3211 
Lipid bilayers, 
ee fluidization, 


Livid monolayers, 
Cas+ renlacement by cationic 
amphiphilic drugs, 2969 
complex between adriamycin derivatives 
and cardiolipin, 3003 
Lipid veroxidation, 
effect of carbonyl compounds on 
inflemaation, 121 
liver microsomes, 
effect of bleomycin, 3239 
substrate inhibition, 565 
lung microsomes, effect of 
bleomycin, 3239 
red cell membranes, role in 
hemolysis due to phenylhydrazine, 
1355 
Linogenesis, 
in adivocytes, mediation of effects 
of insulin by hydrogen peroxide, 
1239 
Lijsophilic cpmpounds, 
effect on monoamine oxidase in liver 
mitochondria, 11'77 
Livolysis, 
inhibition by insulin in perifused 
fat cell system, 617 
Livogrotein, 
tetrachlorodibenzodioxin induced 
changes, 835 
Liposodes , 
cowplex between adriamycin derivatives 
and cardiolipin, 3003 
interaction with chloronhenols, 
monitored with ANS, 2471 
interaction with cultured cells, 
effect of serun,877 
partitioning and efflux of »vheno- 
thiazenes, 2361 
Lipoxidase, 
in seminal vesicle microsomes, effect 
of vrostaglandin biosynthesis 
stimulators, 1863 
Linoxygenase 
in platelets, inhibition by 
timegadine, 3265 
Lithiun 
effect on ATPases in cerebral 
synaptic membranes in vitro, 927, 
effect on cholinergic system in 
brein regions, 05% 
dietary, effect oa at,xt-aTPase in 
brain, 2819 
effect on sodium transport in skin 
epithelial cells, 2265 
Lomustine, 
effect on drug metabolism in mice,131 
Lorazevam, 
anticonvulsant mechanism, 1703 
Lung , 
acetylcholinesterase in, effect of 
+ ae and related herbicides, 


adenosine votentiation of antigen. 
induced histamine release, 1085 
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Lung (contd. ) 

effect of bleomycin on oxidative 
metabolism in microsomes, 3239 

fetal, collagen synthesis by cultured 
fibroblasts, effect of ethanol, 2417 

human, monoamine oxidase A in, 777 

inerease in antigen-induced release of 
slow reacting substance of anaphylaxis 
by sodium fluoride, 1843 

inhibition of angiotensin I converting 
enzyme by opoid peptides, 3115 


monkey, glutathione S-transferase 
activity towards benz[a]anthracene 
5 ,O-0xide, 1589 

oxidation of sodium sulphide, 2431 

phenol conjugation in vivo, 471 

died * sai aeests uptake and metabolism, 


prediction of mescaline clearance from 
enzyme kinetic data, 253 
thromboxane A2 release, 319 
Luteinizing hormone, 
in serum, effect of norlaudanosoline- 
Carboxylic acid, 57 
Lymphocytes 
effects of dipyridamole, 2515 
ecto-ATPase in, 2c 
effect of iron chelating agents on 
DNA synthesis in, 1275 
effects of polychlorinated biphenyls 
oh membranes, 3311 
sulphydryl dependence of inhibition of 
mitogen-induced proliferation, 3333 
Lysolecithin, 
solubilization of serotonin receptors 
from rat frontal cortex, 3341 
Lysosomal enzymes, 
release from polymorphonuclear leuco- 
cytes, 535 
Lysosomes, 
alterations in ischaemic rat liver, 
effect of chlorpromazine, 963 
Lysozyme, 
modulation of chemotactic factor elicited 
release from neutrophils, 2389 
secretion in macrophages, effect of 
rifampin, 3039 


Macrophages, 
effect of D-penicillamine on phagocytosis 
in vitro and in vivo, 2275 
effect of rifampin on elastase and 
lysozyme secretion, 3039 
stimulation of secretion of plasminogen 
activator by microtubule disrupting 
agents and deuterium oxide, 2545 
xanthine oxidase increase in pathological 
situations, 1945 
Magnesium, 
effect on coronary arterial guanylate 
cyclase, 2943 
Manganese, 
effect on ATPase activity and choline 
uptake in brain synaptosomes, 141 
effect on chromosome aberrations induced 
by isoniazid, 842 
effect on coronary arterial guanylate 
cyclase, 29435 
Maleimide, 
toxicity and mechanism of action 
in vitro, 2199 
Malic enzyme, 
in liver, effect of 3-methylcholanthrene, 
697 
Mannoheptulose, 


Mannoheptulose, 
ws on pancreatic islet function, 
262 
Mast cells, 
effect of adrenaline on hydrolysis of 
arginine and tyrosine esters, 419 
properties of hydrogen peroxide- 
induced arginine release, 741 
protease in, 1715 
MD 780515, 
effect on tyramine metabolism in 
intestine, 2551 
Mebendazole, 
anthelmintic activity, 1961 
Medroxyprogesterone acetate, 
dose-dependent effects on hepatic 
drug metabolism, 1155 
Melphalan, 
biliary excretion by control and 
anuric rats, 2515 
Membrane protein, 
drug interaction, 2651 
Menthol, 
inhibition of hepatic cholesterol 
synthesis, 2125 
Menthone, 
inhibition of hepatic cholesterol 
synthesis, 2125 
Mepyramine, 
antagonism of histamine action on 
a AMP in granulation tissue, 
10 
binding in cerebral cortex, 2269 
Mequitazine, 
Se and efflux from liposomes, 
1 


(48 )=3[ (2S )-3=Mercapto-2-methylpropanoyl ] 
~-4-thiazolidine carboxylic acid, 
inhibition of angiotensin I converting 
enzyme, 1543 
Mersalyl acid, 
effect on caleium uptake and release 
by kidney microsomes, 2339 
Mescaline, 
prediction of clearance by rabbit 
lung and liver from enzyme 
kinetic data, 253 
Mestranol-Norethynodred, 
interaction with imipramine on effect 
on §-glutamyltransferase in female 
rat liver, 2874 
Metallothioneins, 
gold binding to cytosolic proteins, 
2017 
in liver and kidney of cadmium- 
treated rats, effect of aflatoxin, 
1852 
in rat tissues after cadmium loading, 
2407 
Metallothionein dimers, 
in liver, isolation and characteriz- 
ation, 689 
Methadone, 
effect on isolated perfused rat 
brain, 1608 


d-Methamphetamine, 


inhibition of monoamine oxidase, 2071 
Methionine, 
effect on hepatic glutathione after 
acetaminophen overdose, 1969 
transport in Walker carcinoma, effect 
of n007=7957, 501 
Methionine enkephalin, 
in human placental villus, +75 
Methionine synthetase, 
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Methionine synthetase, 
in L-cells, effect of antifolates, 2741 
Methotrexate, 
effect on folate binding in milk and 
serum, 3109 
— of dihydrofolate reductase, 
9 
resistant human leukemic lymphoblasts, 
effect of methotrexate esters and 
other lipophilic antifolates, 648 
Methotrexate-polyglutamates, 
extracellular recovery following efflux 
from L1210 cells, 2701 
p-Methoxyamphetamine, 
— of monoamine oxidase in vivo, 
751 
5-Methoxy-dimethyl-tryptamine, 
effect on cyclic GMP in cerebellum, 827 
Methoxyflurane, 
effect on hepatic stearate desaturase, 27 
3=-Methoxy-4-hydroxyphenylethyleneglycol, 
in CSF, effect of chronic L=DOPA 
therapy, 701 
3-Methoxy -4+-hydroxy phenylethyleneglycol 
sulfate, 
in brain, single-dose tolerance to 
effects of morphine, 2249 
p-Methoxyphenylethylamine, 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
Methoxyverapamil, 
interaction with brain a-adrenergic 
and muscarinic receptors, 155 
Methyl 4-amino-4-deoxy-10-methylpteroate, 
inhibition of dihydrofolate reductase, 


589 
3-Methylcholanthrene, 

effect on androstenedione metabolism 
in trout liver microsomes, 583 

effect on aniline hydroxylase in 
hamster liver microsomes, 685 

effect on capacity of liver to form 
NADPH, 697 

enhanced biotransformation of nitro- 
furantoin in rats, 263 

sais i on estrogen-2-hydroxylase in rats, 


induction of cytochrome P-448, circadian 
rhythm of the influence of actinomycin 
D, 1201 
induction of dimethylnitrosamine 
demethylase in liver, 1375 
induction of UbP-glucuronyl transferase 
in rat tissues, 495 
effect on metabolism and hepatotoxicity 
of acetaminophen, effect of fasting, 
2219 
mutagenicity, effect of ellipticines ,3231 
stimulation of mixed-function oxidases, 
species differences, 1161 
3'-Methyl-4-dimethylaminoazobenzene, 
upteke, distribution and macromolecular 
binding of metabolites in liver, 
effect of chloramphenicol, 2252 
Methylenedioxybenzenes, 
carbon monoxide generation during 
microsomal metabolism, 1113 
4-Methyl-c-ethyl-m-tyramine, 
effect on brain 5-hydroxytryptamine 
metabolism, 316 
yt0-Methylfolate, 
methotrexate impurity, inhibition of 
folate binding in milk and serun, 
3109 
Methylmercuric chloride, 


Methylmercuric chloride, 
effect on gene expression in neural 
cells, 539 
inhibition of PGE -sensitive 
alata cyclase in glioma cells, 
20 
Methylneobiosamine, 
ototoxicity and action on poly- 
phosphoinositide films, 597 
Methylparathion, 
inhibition of acetylcholinesterase 
and neurotoxic esterase in brain, 
2721 
N-Methylphenylethylamines, 
aS monoamine oxidase substrates , 2663 
4-N-Methyl piperidyl benzilate, 
effect of bis-pyridimium oximes in 
brain, 48 
2-Methyl-2-propanol, 
effect on synthesis of ornithine 
decarboxylase and tyrosine 
aminotransferase in regenerating 
liver, 2799 
4-Methylpyrazole, 
effect on ethanol oxidation by 
isolated hepatocytes, 2161 
5-Methylquinazoline antifolate Cc33703, 
metabolic effects in mouse cells, 
2741 
5'-Methylthioadenosine 
blockade of effect of adenosine on 
ADP-induced platelet aggregation, 
2529 
Methylumbelliferone, 
conju _ in isolated liver cells, 
2 


Metrifonate, 
antischistosomal activity, 1981 
Metronidazole, 
radiosensitization, hypoxic 
cytotoxicity, l 
Metyrapone, 
effect on androstenedione metabolism 
in trout liver microsomes, 583 
eat reductases in rabbit liver, 
150 
effect on drug metabolism in 
adrenal, 951 
effect on P=$450 reductase and 
cytochrome c reductase in liver 
microsomes, 89 
Mevalonate, 
incorporation into sterols in brain, 
effect of AY-9944 and U18666a, 
2751 
Mezilamine, 
effect on in vivo binding of 
mearupnesees in brain regions, 
207 
Mianserin, 
binding in calf caudate, 2709 
a on naloxone binding in brain, 
0 
Microtubule disrupting agents, 
stimulation of secretion of 
plasminogen activator from 
macrophages, 2545 
Misonidazole, 
metabolism, brain penetration and 
toxicity, effect of dexamethasone, 
2769 
effect on purine metabolidm in 
Ehrlich ascites tumour cells, 
2533 
radiosensitization, hypoxic 
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Misonidazole(contd. ) 
cytotoxicity, l 
relationship between cytotoxicity and 
base composition of DNA, 2095 
role of intestinal flora in metabolism 
of, 3281 
Mitochondria, 
heart 
effect of barbiturates on calcium 
gaan loss of respiratory control, 
1 
effect of dibucaine on pyruvate ketone 
body transport, 2877 
protection of oxidative phosphoryl- 
ation by bencyclane, l 
= of SKF 525A on function of, 
2 
kidney, effect of aldosterone on RNA 
polymerase in, 1575 
liver, effect of amytal on membrane 
permeability, 2325 
Mitomycin C, 
hypoxic tumour cell chemotherapy, l 
reduction of side effects by fumaric 
acid, 2839 
MMB-4, 
interaction with brain muscarinic 
receptor, 483 
Monkey (Callothrix jacchus), 
effect of phenobarbitone on urinary 
6-hydroxycortisol excretion and 
hepatic enzyme activity, 3319 
Monoamine oxidase, 
in brain, 
effect of re ae 
propylamine, 3328 
in circumventricular structures, 
inhibition by clorgyline and 
deprenyl, 2871 
effect of contraceptive steroids ,821 
a oxidation by 
type 3, lal 
inhibition by d-methamphetamine, 2071 
N-methylphenylethylamines as 
substrates, 2603 
effect of portocaval shunt, 2831 
in striatum, in vivo inhibition by 
d-amphetamine, 1347 
subcellular localization of types 
A and B, 3067 
chick organs, 603 
= tract, effect of progesterone, 
7 
heart, isoamylamine deamination, 1097 
human placente, lung and liver, 
substrates and inhibitors, 777 
human placenta and platelets, 
molecular weight differences, 2595 
human tissues during development, l2¢l 
liver, 
guinea pig, 2049 
isoamylamine deamination, 1097 
effect of lipid substitution of 
mitochondrial membrane, 3<ll 
effect of lipophilic compounds, 1177 
effect of portocaval shunt, 2831 
riboflavin-deficient rats, 2693 
effect of sonication, 1185 
substrate-selective interaction with 
oxygen, 2225 
turnover of A and 3 forms, 891 
Monoamine oxidase inhibitors, 
sage amine upteke by synaptosomes, 
7 
effect on 'first-pass' metabolism of 





Monoamine oxidase inhibitors (contd. ) 
tyramine in 496 intestine, 2551 
in human urine, 467 
reversible, assessment of potency, 
2781 
Monochlorobiphenyls, 
metabolism by ogeste microsomal 
cytochrome P=450, 727 
Monocytes, 
effect of drugs on thromboplastin 
activity of, 9 
muscarinic acetylcholine and opiate 
receptors in, 1361 
Mononuclear leukocytes, 
effect of ionophores on cyclic AMP 
in, 1991 
Morfamquat, 
effect on acetylcholinesterase in 
lung, 465 

Morphine, 

N-demethylation in liver microsomes, 
effect of oral tobacco and 
nicotine, 3087 

effect on hepatic drug-metabolizing 
enzymes and phospholinid, 658 
effect on isolated perfused rat 
brain, 1608 
mechanism of action on striatal 
dopamine metabolism, 1432 
single-dose tolerance of brain 
SO Or amen Sry Ae 
glycol sulfate, 2249 
suppression of in vivo release of 
neurotransmitters, 2777 
Muscarinic receptors, 
in brain, 
interaction with bis-pyridinium 
oximes, 483 
interactions of D600 and local 
anaesthetics, 155 
in human leukocytes, 1361 
in ileum, subsensitivity after DFP, 
1391 
in iris, 2713 
similarities with nicotinic ionic 
channel binding sites, 1311 
Muscimol, 
binding in subfractions of brain 
synaptic membrane fraction, 1077 
Muscle, 
effect of halothane on stability of 
Cact+ transport in sarcoplasmic 
reticulum, 375 
newborn rats, effect of halogenated 
amphetamines on protein synthesis 
in, 335 
skeletal, 
regulation of contraction by 
myosin phosphorylation, 2537 
salicylate inhibition of 
creatine kinase, 2113 
source of trigger calcium in e-c 
coupling, 2399 
smooth, regulation of contraction 
by myosin phosphorylation, 2537 
Mutagenicity, 
of allyl and allylic compounds, 993 
Mycobacterium leprae, 
inhibition of DOPA incorporation by 
desoxyfructo-serotonin, 2526 
Myosin 
regulation of muscle contraction by 
phosphorylation, 2537 





NADH, 
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NADH, 
carbohydrate stimulation of mixed- 
function oxidation, 813 
support of cytochrome P-450 mediated 
indicine N-oxide reduction, 347 
NADPH, 
formation in liver, effect of 3-methyl- 
cholanthrene, 697 
induced lipid peroxidation in liver 
microsomes, substrate inhibition,565 
Naja nigricollis, 
phospholipase A2 in venom, 1555, 1565 
Naloxone 
effect of antidepressant drugs on 
binding in rat brain, 460 
binding in brain membranes, effect of 
norlaudanosoline carboxylic acid,57 
carbonyl reductases in rabbit liver, 1503 
effect on neurotransmitter release 
in vivo, 2777 
Naltrexone, 
carbonyl reductases in rabbit liver, 1503 
a-Naphthoflavone, 
activation of hepatic microsomal 
hydroxylation, 2345 
effect on androstenedione metabolism in 
trout liver licrosomes, 583 
B-Naphthoflavone, 
effect on activation of cyclophosphamide 
to a mutagen, 256, 2031 
enhanced biotransformation of nitro- 
furantoin in rats, 
induction of mixed-function oxidase 
system in young and geriatric rats, 
1191 
a=-Naphthylisothiocyanate, 
effect on bromosulphophthalein excretion 
by hamsters, 960 
1,4-Naphthoquinone-=2-sulfonic acid, 
effect on hemoglobin, catalase and 
glucose metabolism in red blood cells, 
2351 
Neamine, 
obtotoxicity and action on polyphospho- 
inositide films, 597 
Neomycin B, 
ototoxicity and action on polyphospho- 
inositide films, 597 
Neostigmine, 
and metabolites, effect of phenobarbitone 
on elimination in bile, 2256 
Neothramycins A and B = DNA adducts, 
structure, 1307 
Nerve stimulation, 
release of purine compounds, 1635 
Neuraminidase, 
immobilized on macrobeads, effect on 
5-hydroxytryptamine accumulation by 
platelets, 3189 
Neuroblastoma cells, 
—s effects of methylmercuric chloride, 
Ol, 539 
Newroleptic drugs, 
blockade in vivo of brain dopaminergic 
receptors, 207 : 
effect on lipid metabolism in brain,26097 
Neuroleptic receptors, 
use of thioproperazine as a ligand, 
in vitro, = rg 
2939 





in vivo, 
Neurotoxic esterase, 
in brain, inhibition by organophosphorus 
compounds with respect to delayed 
neurotoxicity, 272i 
Neurotransmission, 
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Neurotransmission, 
modulation by purine nucleotides and 
nucleosides, 1635 
Neurotransmitters, 
effect of pentobarbital on release 
from midbrain slices, 2189 
suppression of in vivo release by 
morphine, 2777 
Neutrophils, 
modulation of chemotactic factor- 
elicited release of granule 
associated enzymes, 2389 
Niacin, 
urinary excretion of metabolites, 
effect of benserazide, carbidopa 
and isoniazid, 2099 
Nicergoline, 
effect on interaction between blood 
platelets, elastin and 
endothelial cells, 943 
Nicotinamide analogues, 
effect on cytochrome P-4+50 in 
cultured hepatocytes, 1773 
Nicotinamide nucleotides, 
effect of hydrazine derivatives on 
enzymes of synthesis, 707 
metabolism in rat, effect of benser- 
azide, carbidopa and isoniazid, 
2099 
Nicotine, 
effect on hepatic microsomal 
Nedemethylases, 3987, 3087 
Nicotinic ionic channel binding sites, 
aes 5 ited with muscarinic receptor, 
1 
Nitrate esters, 
extension of half-life in blood,1807 
Nitrazepan, 
anticonvulsant mechanism, 1703 
Nitric acid, 
activation of coronary arterial 
guanylate cyclase, 2 
p-Nitroanisole 
Q-demethylation in perfused liver, 
stimulation by xylitol and 
sorbitol, 813 
p-Nitroanisole Q-demethylase, 
in liver microsomes, 
effect of anticancer agents, 131 
effect of hydroxylated phenobarbital 
metabolites, 1127 
effect of l-phenyl-3-(2-thiazolyl )- 
2-thiourea, 2425 
6-[ (4=Nitrobenzyl )thio]-9-B8-D-ribo- 
furanosyl purine, 
effect on adenosine deaminase 
inactivation by 2'-deoxycoformycin, 
2491 
Nitrochlorphentermine 
fate in the rat, 1325 
Nitrocyclohexane, 
microsomal metabolism, 341 
Nitrofurantoin, 
enhanced biotransformation in rats 
after induction with 3-methyl- 
:s imaadaaaas or B-naphthoflavone, 
2 
4-(5-Nitro-2-furyl )thiazole, 
reductive metabolism to 1-(4-thiazolyl) 
-3-cyano-l-propanone by liver 
subcellular fractions, 3285 
Nitroglycerin 
metabolism 


da vivo, relationship with 
in vitro organic nitrate reductase 
activity in rats, 646 
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Nitroimidazoles, 
anaerobic reduction by reduced flavin 
mononucleotide and by xanthine 
oxidase, 2684 


radiosensitization, hypoxic cytotoxicity, 
1 


Nitromethane, 
microsomal metabolism,341 
p-Nitrophenol, 
conjugation in isolated liver cells,2963 
2-Nitrophenyl-phenyl-phosphate, 
inhibition by liver carboxylesterases, 
1927 
4-Nitrophenyl-phenyl-phosphate, 
inhibition of liver carboxylesterases, 
1927 
p-Nitrophenylphosphatase, 
in brain, effect of lithium, 2819 
2-itropropane, 
microsomal metabolism, 341 
Nitroprusside, 
activation of coronary artery 
guanylate cyclase, 2943 
Nitrosoacetoxymethylmethylamine, 
stability in vitro and in vivo, 383 
Nitroso-chloramphenicol, 
effect on protein synthesis and 
oxidative phosphorylation in liver 
mitochondria, 2605 
Nitrosoguanidine, 
activation of coronary arterial 
guanylate cyclase, 2943 
Nitrosourea-derived isocyanates, 
~~ of tubulin polymerization, 
Nitrosoureas, 
reaction with DNA, 2639 
w-Nitrostyrene, 
microsomal metabolism, 341 
Nitrous oxide 
formation of free radical intermediates 
during metabolism by human intestinal 
contents, 3037 
Nocodazole, 
stimulation of secretion of plasminogen 
activator from macrophages, 2545 
Nogalamycin, 
complex with cardiolipin, 3003 
interaction with polyadenylic and 
polyuridylic acids, 2081 
Non-parenchymal cells, 
liver, effect of cadmium acetate on 
uptake and degradation of 1¢51-ysa, 
3101 
Noradrenaline, 
in brain, 
effect of contraceptive steroids ,821 
effect of pridefine, 2557 
calcium and frequency-dependent release 
from spleen, 3029 
effect on dihydroergocryptine binding 
in liver, 1653 
exoc — release from synaptosomes, 
130 
inhibition of release by adenosine and 
adenine nucleotides, 1635 


effect on phosphatidylinositol metabolism, 


blockade by chlorpromazine and 
haloperidol, 2697 

release from cerebral arteries by drugs 
and potassium, 840 

role in level of cyclic AMP in pineal 
gland, 1341 

stimulation of Nat+,k*-ATPase in 
striatum, 857 


Noradrenaline(contd, ) 


stimulation of Na*,X*-ATPase in 
synaptic membranes, effect of 
desipramine, 111 
stimulation of prostaglandin 
synthetase in kidney of male and 
female rats, 2635 
storage pools in brain, 3045 
synaptosomal uptake, 
effect of clorgyline and deprenyl, 
2763 
effect of cocaine administration, 
1861 
developmental changes in reserpine 
inhibition, 1595 
effect of LY125180, 935 
role of Nat+,x*=aTPase, 2105 
=” by chromaffin granules, 
1 


Nordinydroguaiaretic acid 
interaction with DNA, 3399 
Norgestrol, 
effect on biogenic amines and 
monoamine oxidase in brain, 821 
Norlaudanosolinecarboxylic acids, 
opiate-like effects on hypothalamic- 
pituitary-gonagal axis, 57 
Nortrjptyline, 
wisi = on naloxone binding in brain, 
1@) i 
Nucleic acids, 
trans-membrane alkylation, 449 
Nucleoside phosphorylases 
inhibition of 5-fluoro-2' -deoxy- 
uridine cleavage by 2,4-pyrimidine 
dione derivatives, 1059 
Nucleoside transport system, 
in erythrocytes, interaction of 
2'-deoxycoformycin and transport 
inhibitors, 2491 
5'-Nucleotidase, 
in glioma cells, effect of ethanol, 
2279 
inhibition by polychlorinated 
biphenyls, 3311 


Obese rats, 
hepatic drug metabolism and 
a enzyme induction in, 
259 
thyroid function, 1612 
Octan-l-ol, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Octylamine, 
effect on metabolism of SKF 525-A 
and SKF 8742-a, 2577 
effect on P-450 reductase and 
cytochrome c reductase in liver 
microsomes, 89 
Olfactory tubercle, 
effect of ethanol on monoamine 
synthesis in slices, 2477 
Olivetol, 
inhibition of testosterone production 
by Leydig cells, 2153 
Onion oils, 
= of fatty acid oxygenases, 
169 
Opiate-like drugs, 
norlaudanosolinecarboxylic acids, 


37 
specific binding in placenta, 2657 
Opiate receptors, 
in human leukocytes, 1361 
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Opiate receptors(contd. ) 


interaction with tricyclic antidepressants 


460 
Opoid peptides, 
inhibition of angiotensin I converting 
enzyme in lung, 3115 
Organic cation, 
hepato-biliary transport rate, 2573 
Organophosphorus compounds 
inhibition of acetylcholinesterase and 
neurotoxic esterase in brain with 
respect to delayed neurotoxicity, 
2721 
Organophosphorus diesters, 
inhibition of liver carboxylesterases 
in vivo and in vitro, 1927 
Ornithine decarboxylase, 
in liver during regeneration, effect of 
aliphatic alcohols, 2799 
Ornithine transaminase, 
in Schistosoma mansoni, effect of 
oxamniquine, 535 
Ototoxicity, 
of aminoglycosides, correlated with 
action on polyphosphoinositide 
films, 597 
Quabain, 
binding in heart in relation to ATPase 
and force of contraction, 3219 
binding sites in ATPase from heart 
microsomes, 1195 
interaction with ATPase, effect of 
chemical modification, 1995 
involvement of tropomyosin on ATPase 
sensitivity, 297 





—- of preimplantation blastcyte, 
1 


treated adrenal, effect of calcium on 
catecholamine secretory response, 
. 2609 
Ovary, 
effect of progesterone on monoamine 
oxidase in, 1857 
Oxamniquine, 
effect on B-glucuronidase in liver,2925 
effect on B-glucuronidase in tissues 
= Schistosoma mansoni infected mice, 
29 
effect on kynurenine metabolism in liver 
of normal and Schistosoma mansoni 
infected mice, 2515 
effect on Schistosoma mansoni, 838 
7-0xa-l13-prostynoic acid, 
inhibition of angiotensin receptors in 
adrenal gomerulosa, 927 
Oxazepam, 
anticonvulsant mechanism, 1703 
N-Oxidation 
reversibility in vivo, 1325 
Oxidative phosphorylation, 
in heart mitochondria, 
protection by bencyclane, 1385 
effect of SKF 525-A, 283 
liver mitochondria, 
effects of chloramphenicol and its 
nitroso analogue, 2605 











uncoupling by acetyl ethyl tetramethyl 


tetralin, 1531 
Oximes, 
reactivation of soman-inhibited 
acetylcholinesterade, 2379 
Oxisuran, 
wee reductases in rabbit liver, 
150 
2-Oxopyrimidine riboside analogues, 


2-Oxopyrimidine riboside analogues, 
inhibition of cytidine deaminase ,830 
Oxotremorine, 
binding in ileum, effect of DFP, 1391 
Oxygen, 
role of glutathione-related enzymes 
in tolerance development by 
diethyldithiocarbamate, 1367 
Oxypertine 
interaction with brain monoamine 
receptors, 2681 


Pancreas, 
effect of ethanol on amylase and 
glycyl-propyl dipeptidyl- 
aminopeptidase in, 3210 
effect of mannoheptulose on islet 
function, 2625 
Pancreatic islets, 
effect of chloroquine on insulin 
production, 1729 
mediated calcium one, mig effect 
of sulphonamides, 1379 
Pantothenic acid, 
incorporation into CoA in liver, 
effect of clofibrate, 987 
Papillary muscle, 
effect of vanadate on cyclic AMP 
levels, 1429 
Paraoxon, 
inhibition of liver carboxylesterases, 
1927 
Paraquat, 
effect on acetylcholinesterase in 
lung, 46 
Parathyroid hormone, 
stimulated renal adenylate cyclase, 
effect of alamethicin, 51 
Pargyline, 
binding to monoamine oxidase in 
human platelets and placenta,2595 
effect on hepatic metabolism, 110 
inhibition of monoamine oxidase in 
guinea pig liver mitochondria, 
2049 
effect on turnover of monoamine 
oxidases in rat liver, 891 
Parkinson's disease, 
7 —— inhibitors in, 
1: 


Pellegra, 
effect of isoniazid on tryptophan- 
niacin metabolism in rats, 2099 
D-Penicillamine, 
effect on macrophage phagocytosis 
in vitro and in vivo, 2273 
effect on vitamin Bg function in 
rats, 3097 
Penicillic acid, 
inhibition of Nat,k*t-aTPase, 19 
Penicillin G, 
inhibition of glutathione organic 
nitrate ester reductase, 1807 
renicilloyl residues, 
bound to albumin, enzymatic 
unmasking for antibodies of, 195 
B-Pentachlorocyclohexane, 
effect on rat liver growth and 
monooxygenase activities, 2169 
Pentagastrin, a 
effect on H* and K” transport in 
gastric mucosa in vitro, 2755 
Pentan-3-one, 
abolition of 2-aminophenol glucuron- 
idation deficiency in perfused 
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Pentan-3-one(contd. ) 
Gunn rat liver, 320% 
Pentobarbital, 
effect on Ay comigg or transport 
in rat kidney, 9 
effect on calcium induced loss of 
respiratory control in beef heart 
mitochondria, 1455 
effect on calcium uptake by 
synaptosomes, 957 
effect on cyclic nucleotides in brain 
regions and pituitary, 1891 
effect on neurotransmitter release from 
midbrain slices, 2189 
sleeping time, effect of 1-phenyl-3- 
(2=thiazolyl )-2-thiourea, 2425 
Pentobarbitone, 
effect on distribution of ascorbic 
acid in gastrointestinal tract, 1839 
sleeping time, effect of cimetidine, 
1971 
Pepsin, 
inhibition by pepstatin analogues, 2205 
Pepstatin analogues, 
inhibition of pepsin, 2205 
Perhydrohis*“rionicitoxin, 
binding to ionic channels of nicotine 
receptors, effect of muscarinic 
antagonists, 1311 
Peromyscus maniculatus, 
alcohol dehydrogenase negative animals, 
ethanol metabolism in, 125 
Peroxidase, 
| wane of 2-t-butyl-4+-methoxyphenol, 
7 
in uterus, induction by hexestrol 
analogues, 3031 
Perphenazine, 
partitioning and efflux from liposomes, 
2361 
Pethidine, 
N-demethylation in liver microsomes, 
effects of oral tobacco and nicotine, 
3087 
Phagocytes, 
xanthine oxidase increase in pathological 
situations, 1945 
Phagocytosis 
induced metabolic activation tn PMN, 
— of salicylate-copper complex, 
.@) 
ae gg penicillamine on macrophages, 
227 
release of kininases from polymorpho- 
nuclear leukocytes, 2235 
Phencyclidine, 
aa on calcium uptake by synaptosomes, 
957 
effect on neurotransmitter enzymes in 
rat brain, 2524 
Phenelzine, 
effect on Beadrenergic receptor binding 
in guinea pig brain, 2895 
effect on hepatic metabolism, 1103 
inhibition of monoamine oxidase in 
brain, effect of d-amphetamine, 
1347, 2781 
effect on vitamin By function in rats, 
3097 
Phenformin, 
dose-dependent toxic effects in rats, 
2291 
Pheniprazine, 
inhibition of monoamine oxidase in brain, 
effect of amphetamine, 2781 





Phenobarbital, 

effect on acetaminophen metabolism 
in normal and tumour-bearing 
rats, 1167 

effect on activation of cyclophosph- 
amide to a mutagen, 256, 2031 

effect on androstenedione metabolism 
in trout liver microsomes, 583 

effect on aniline hydroxylase in 
hamster liver microsomes, 685 

effect on butylated hydroxytoluene 
binding to liver macromolecules, 
1304 

effect on digitoxin metabolism by 
rat liver microsomes, 405 

effect on estrogen-2-hydroxylase in 
rats, 

effect on glucuronide and sulphate 
conjugation in isolated liver 
cells, 2963 

hydroxylated metabolites, effect of 
in vivo administration, 1127 

induction of epoxide hydratase, sex 
and age dependence, 3245 

induction of UDP-glucuronyl trans- 
ferase in rat tissues, 495 

effect on kinetics of cholecalciferol 
Yoana in liver microsomes 

1 


—- induction in obese rats, 
2 
effect on mixed function oxidase 
enzyme system in liver of 
young and geriatric rats, 1191 
stimulation of intestinal mixed 
function oxidases, species 
differences, 1161 
Phenobarnitone 
effect on biliary excretion of 
= and its metabolites, 
9: 
effect on ethanol oxidation by 
isolated hepatocytes, 2161 
effect on glutathione synthesis in 
liver, 2695 
induction of 7-ethoxycoumarin 
Q-deethylase in hepatocytes, 577 
effect on urinary 6f-hydroxycortisol 
excretion and hepatic enzyme 
activity in marmoset monkey ,3319 
Phenol, 
conjugation by lung in vivo, +71 
Phenolphthalein, 
effect on transport functions of 
isolated brush border and baso- 
lateral membrane vesicles, 2307 
Phenothiazines, 
effect on dopamine metabolism of 
perfused brain, 6 
— on ecto-ATPase in leukocytes, 
2 
partitioning and efflux from 
liposomes, 2361 
Phenoxy benzamine, 
effect on spiperone binding in 
striatum, 1331 
Phentolamine, 
antagonism of noradrenaline 
activation of synaptic ATPase,1ll 
effect on sodium fluxes across 
rabbit coleon in vitro, 1271 
Phenylalanine, 
synaptosomal dopamine formation, 2957 
Phenylbutazone, 
cytostatic activity, role of 
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dattag  gh 
prostaglandins, 31l 
Phenylbutenolides, 
inhibition of brain and heart cyclic AMP 
phosphodiesterases, structure-activity 
relationships, 115 
Phenylephrine, 
effect on sodium fluxes across rabbit 
colon in vitro, 1271 
B-Phenylethylamine, 
as substrate for human monoamine 
oxidase A, 777 
metabolism by monoamine oxidase in rat 
heart and liver mitochondria, 1097 
uptake by isolated lung, 489 
Phenylhydrazine, 
role of red cell membrane lipid 
peroxidation in hemolysis, 1355 
Phenylnitromethane, 
microsomal metabolism, 341 
1-Phenyl-piperazines, 
inhibition of 5-hydroxytryptamine 
binding to rat brain membranes, 833 
1-Phenyl-3-(2-thiazolyl )-2-thiourea, 
we a drug metabolism in the rat, 


Phenytoin, 
binding to plasma proteins, absence of 
effect of heparin, 3337 
Phlorizin, 
ae on biliary retention of glucose, 
21 


Phosphatidate phosphohydrolase, 
in liver, effect of chlorpromazine,789 
rPhosphatidylcholine, 
stimulation of breakdown by isoproterenol 
in rat liver plasma membranes, 2521 
aa in brain, effect of ethanol, 
281 
Phosphatidylcholine liposomes, 
oe ere and efflux of phenothiazenes, 
61 
Phosphatidylethanolamine, 
ae ta in brain, effect of ethanol, 
Phosphatidylinositol, 
aj-adrenergic activation of labelling 
in isolated brown fat cells, 3330 
Phosphatidylinositol/phosph=tidylserine, 
turnover in brain, effect of ethanol, 
2815 
Phosphoenolpyruvate carboxykivase, 
in liver, effects of 3-amirnopicolinic 
acid, 325 
6=-Phosphogluconate Senpperogmnees » 
in eee s effect of 3-methylcholanthrene, 
97 
Phospholipase A2, 
mechanisms of inhibition, 623 
from snake venoms, 
activity on free and membrane bound 
substrates, 1555 
pharmacological properties in 
relation to enzymatic activity, 1565 
Phospholipids, 
in brain, 
effect of chlorpromazine, haloperidol 
and pimozide on synthesis of, 2697 
effect of local anaesthetics on 
thermotropic properties, 849 
effect on dihydroalprenolol binding to 
a-adrenergic receptor in heart, 2791 
in liver microsomes, effect of 
morphine, 058 . 
in serum, effect of Triton wk-1339 on 


Phospholipids (contd. ) 
fatty acid composition, 2879 
turnover in brain, effect of ethanol 
treatment, 2815 
Phospholipid membranes, 
interaction with chlorophenols, 
monitored with ANS, 2471 
Phospholipid monolayers, 
Cas+ replacement by cationic 
amphiphilic drugs, 2969 
Phosphoribosyl pyrophosphate synthetase 
in mouse tissues, effect of 
2'-deoxycoformycin infusion, 2888 
Pial arteries, 
noradrenaline release by drugs and 
potassium, 840 
Pimozide, 
effect on lipid metabolism in brain 
slices, 2697 
Pineal gland, 
effect of darkness and desmethyl- 
imipramine on cyclic AMP in, 1341 
5-hydroxytryptemine in, 3020 
Piperazine, 
anthelmintic action, 1981 
Pirogliride, 
effect on gluconeogenesis, 1421 
Pituitary, 
effect of anaesthesia on cyclic 
nucleotides in, 1891 
effects of ee and Ro20-1724 
in vivo, 369 
role in drug metabolism, 2759, 3139 
Pituitary - adrenal axis, 
effects of dichlorvos on diurnal 
changes, 635 
Placenta, 
glutathione S-transferase in, 1677 
effect of isoproterenol and 
B-sympathomimetic drugs on 
glycogen metabolism, 1123 
methionine enkephalin in villus 
tissue, 475 
monoamine oxidase A and B in, 777 
monoamine oxidase in, molecular 
So of active site subunits, 
259 
specific binding for opiate-like 
drugs, 2657 
Plasmalemmal microsomes 
conformation of proteins, 397 
Plasminogen activator, 
stimulation of secretion from 
activated macrophages, 2545 
Platelets, 
ADP induced aggregation, 
effect of adenosine analogues and 
adenine nucleotides, 1799 
5'-methylthioadenosine and 2',5'- 
dideoxyadenosine blockade of 
—— effect of adenosine, 
2 


9 

5-hydroxytryptamine accumulation, 
action of immobilized 
neuraminidase, 3189 

inhibition of adenosine uptake, 43 

inhibition of fatty acid oxygenases 
by onion and garlic oils, 3169 

interaction with elastin and 
endothelial cells, effect of 
nicergoline, 943 

monoamine oxidase in, molecular 
weight of subunits, 2595 

prostaglandin I> receptors in, 2297 

reversal of sapiein inhibition of 
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Platelets(contd. ) 
prostaglandin generation, 1093 
Pluronic L-10l, 
meal-feeding model for effect on 
lipid absorption, 1475 
Polyadenylic acid, 
interaction with nogalamycin, 2081 
trans-membrane alxylation, 449 
Poly(A)*t=- and poly(A)"-KNA, 
inhibition of synthesis by aflatoxin By 
in vivo, 2247 
Poly(A)mRNA, 
in liver polysomes, effect of chronic 
ethanol and sucrose ingestion, 2993 
polyamines, 
in superior cervical ganglia, effect of 
guanethidine, 113 
2olychlorinated biphenyls, 
effects on biological membranes, 3311 
effect on glucuronide and sulphate 
— in isolated liver cells, 
2 


hepatic microsomal metabolism of 
catalan ie as a model for, 
727 
induction of dimethylnitrosamine 
demethylase in liver, 1375 
Polychlorinated biphenyl isomer, 
mixed induction capability, 259 
Polyglutamates-methotrexate 
efflux from L1210 cells, 2701 
Polymorphonuclear leukocytes, 
effect of colchicine derivatives on 
lysosomal enzyme release and cyclic 
AMP in after phagocytosis of 
monosodium urate crystals, 2146 
effects of indomethacin, 5,8,11,14- 
eicosatetraynoic acid and B-bromo- 
phenacyl-bromide on lysosomal enzyme 
_— and superoxide generation, 
5 
inhibition of elastase by Arteparon,1723 
interaction with fluoride, 3051 
kininases in, 2235 
role of xanthine oxidase in killing 
properties, 1945, 3018 
effect of salicylate-copper complex on 
metabolic activation, 3105 
Polyphosphoinositides, 


involvement in aminoglycoside ototoxicity, 


597 
Polyuridylic acid, 
interaction with nogalamycin, 2081 
Porphyria, 
lobes of rat liver respond at different 
rates to challenge by dietary 
hexachlorobenzene, 3127 
portocaval shunt, 
Sapereee monoamine oxidase in dog liver, 
1 


Potassiun, 
gastric transport in vitro, 2755 
induced release of noradrenaline from 
cereoral arteries, 840 
effect on sodium transport in skin 
epithelial cells, 2265 
stimulated release of neurotransmitters 
from midbrain slices, 2189 
praziquantel, 
anthelmintic activity, 1981 
Prazosin, 
assay of a-adrenergic receptor subtypes 
using dihydroergocryptine, 452 
binding to plasma proteins, absence of 
effect of heparin, 3337 


Prednisone, 
effect on acetaminophen metabolism in 
normal and tumour-bearing rats, 
1167 
pregnenolone-l6a-carbonitrile 
effect on digitoxin metabolism by 
rat liver microsomes, 405 
effect on glucuronidation of digitalis 
glycosides by liver microsomes, 
1497 
Preimplantation blastocyst, 
drugs that penetrate, 1663 
Prekallikrein, 
binding and dissociation in human 
plasma during contact activation, 
1247 
Pridefine, 
effect on biogenic amines in rat 
brain, 2557 
Probenecid, 
effect on indomethacin binding to 
human serum albumin, 1759 
inhibition of glutathione organic 
nitrate ester reductase, 1807 
Procainamide, 
effect on monoamine oxidase in liver 
mitochohdria, 1177 
Procaine, 
ae} on cytochrome oxidase activity, 
2651 


effect on monoamine oxidase in liver 
mitochondria, 1177 
Procarbazine, 
effect on drug metabolism ih mice,131 
Prochlorperazine, 
partitioning and efflux from 
liposomes, 2361 
Progesterone, 
effect on adrenal xenobiotic 
metabolism, 2373 
effect on cortisol sulfotransferase 
in liver, 3181 
effect on monoamine oxidase in female 
genital tract, 1857 
Proline, 
incorporation into protein in 
granulation tissue, effect of 
prostaglandin F2,, 147 
in liver, effect of ethanol, 1435 
Prolyl hydroxylase, 
in blood vessels, effect of 
propranolol, 3093 
promazine, 
partitioning and efflux from 
liposomes, 2361 
Promethazine, 
partitioning and efflux from 
liposomes, 2361 
effect on thromboplastin activity of 
human monocytes, 9 
l- and 2-Propanol, 
effect on synthesis of ornithine 
decarboxylase and tyrosine 
aminotransferase in regenerating 
liver, 2799 
Propranolol, 
effect on biochemical modification 
induced by an B-adrenergic drug 
in ischaemic hearts, 2687 
effect on calcium uptake by 
synaptosomes, 957 
influence on effect of histamine on 
+ AMP in granulation tissue, 
10 
interaction with cytochrome P=-450,747 
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Propranolol (contd. ) 
effect on labelling of brown fat cell 
Phospholipids, 3330 
effect on prolyl hydroxylase in rat 
blood vessels, 3093 
5-Propyl-2'-deoxyuridine 5'-monophosphate, 
antiviral properties, 2883 
6-n-Prolyl-2-thiouracil, 
effect on ethanol metabolism in rats, 
2951 
Prostacyclin, 
effect on adenylate cyclase in intestinal 
epithelial cells, 673 
modulation of cyclic AMP and steroido-— 
gegesis in adrenal cells, effect of 
Gast, 2213 
receptors in platelets, 2297 
stimulation and inhibition of cyclic AMP 
formation in isolated fat cells, 661 
Prostaglandins, 
effect on chemotactic factor-elicited 
release of granule associated 
enzymes from neutrophils, 2389 
generation in platelets, salicylate 
reversal of aspirin inhibition of, 
1093 
role in cytostatic action of anti- 
inflammatory drugs, 311 
role in human polymorphonuclear 
leukocytes, 533 
Prostaglandin §£], 
sensitive adenylate cyclase in glioma 
and neuroblastoma cells, effect of 
methylmercuric chloride, 201 
Prostaglandin Eo, 
effect on adenylate cyclase in intestinal 
epithelial cells, 673 
inhibition of glucagon induced hepatic 
gluconeogenesis and cyclic AMP 
accumulation, 681 
Prostaglandin Faq, 
effect on granulation tissue, 147 
Prostaglandin biosynthesis stimulators, 
effect on carrageenin-induced paw 
edema, 186 
Prostaglandin synthetase, 
in kidney microsomes, sex differences 
= action of cofactors, 
2 
in rabbit and rat tissues, inhibition 
by timegadine, 3265 
in seminal vesicie, inhibition by 
onion and garlic oils, 3169 
Prostanoid structures, 
on adrenocortical cells, steroidogenic 
properties, 1919 
Protease, 
in mast cell granules, 1715 
Protein, 
an algorithmic —— to sequence- 
reactivity, 2089 
synthesis in liver mitochondria, effect 
of chloramphenicol and its 
nitrosoanalogue, 2605 
synthesis in newborn rats, effect of 
halogenated amphetamines, 335 
synthesis in stomach, effect of 
5-hydroxytryptamine, 1855 
Protein protease inhibitors, 
2090 
Prothrombin complex, 
in rabbit plasma, effect of warfarin, 
1601 
Protoveratridine A, 
activated glutamate decarboxylase in 


Protoveratridine A(contd. ) 
synaptosomes, inhibition by 
tetrodotoxin, 3034 

Psychotropic drugs, 

effect on cerebral energy state and 
glycolytic metabolism, 15 
effect on noradrenaline-stimulated 
ATPase in synaptic membranes, lll 
Purine 
inhibition of GABA binding to brain 
membranes, 1217 
inhibitory effect of pyrazole 
derivatives on biosynthesis of,163 
metabolism in Ehrlich ascites tumour 
cells, effects of misonidazole, 
2533 
Purine nucleosides, 
modulation of neurotransmission, 1635 
Purine nucleotides 
effect on adenosine uptake into 
human platelets, 48 
modulation of neurotransmission, 1635 
Putrescine, 
effect on behaviour and GABA in brain 
in chicks following intraventric- 
ular administration, 954 
Pyrazole derivatives, 
mechanism of inhibition of purine 
biosynthesis, 163 
Pyridines, 
effect on cytochrome P-450 in 
cultured hepatocytes, 1773 
effect on cytochrome P-+50 reductase 
and cytochrome c reductase in 
liver microsomes, 89 
pyridine nucleotide, 
reduced cytochrome b 
microsomes, effec 
hydroperoxide, 1605 
bis-Pyridinium oximes, 
interaction with mouse brain 


in liver 
of cumene 


muscarinic receptor, 483 
Pyridoxal 5'-phosphate, 
in liver, effect of drugs affecting 


vitamin Bg function, 3097 
6-(B-Pyridyl )-3-hydroxy-pyrazol(3,4b)- 
piridine, 
effect on carrageenin-induced 
inflammation, 1863 
2,4-Pyrimidinedione derivatives, 
inhibition of nucleoside phosphorylase 
cleavage of 5-fluoro-2'-deoxy- 
uridine, 1059 
Pyrinidine nucleoside phosphorylase, 
inhibition by 2,4-pyrimidinedione 
derivatives, 1059 
Pyrimido pyrimidines, 
inhibition of adenosine uptake into 
human platelets, 43 
pyrrolizidine alkaloids, 
from tansy ragwort, effect on hepatic 
drug metabolizing enzymes in rats, 
2645 
Pyrrolo(1,4)benzodiazepines, 
antibiotic-DNA adducts, proposed 
structures, }307 
pyruvate, 
transport in heart mitochondria, 
effect of dibucaine, 2877 


quinidine, 
effects of dihydroquinidine on 
in vitro and in vivo disposition, 
_e oe 


quinones, 
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Quinones, 
hypoxic tumour cell chemotherapy, 1 
reduction by flavoproteins, 2567 
Quinuclidinyl benzilate, 
binding in brain, 
aa of D600 and local anaesthetics 
1 
effect of nicotinic antagonists ,1311 
binding in hippocampus, effect of 
tricyclic antidepressants, 21 
ar to human phagocytic leukocytes, 
1361 


binding in ileum after treatment with 
DFP, 1391 

binding to muscarinic receptors in 
rabbit iris, 2713 


RA-233, 
effect on glycolysis and proliferation 
of L1210 cells, 2690 
Radiosensitization, 
nitroheterocyclic compounds, l 
Reactive metabolites, 
cumulative effects, 1041 
Receptors, 
binding energy and activation, 853 
Renal ligation, 
effect on melphalan in plasma and bile, 
2518 
Renin, 
release by refal cortex slices, effect 
of cholinergic agents and cyclic GMP, 
1933 
Reserpine, 
effects on amfonelic acid and 
amphetamine stimulation of synaptosomal 
dopamine formation, 2957 
effect on catecholamine transport by 
chromaffin granules, 1853 
inhibition of noradrenaline uptake into 
synaptic vesicles, developmental 
changes, 1595 
neuber 8-35 hepatoma bearing rats, 
drug —_—. with acetaminophen, 
1167 
Rheumatoid synovial cells, 
effect of gold sodium thiomalate on 
—— and collagen synthesis, 
9 
Rhodomycin, 
complex with cardiolipin, 3003 
Riboflavin deficiency, 
effect on monoamine oxidase in liver, 
2693 
Ribonucleic acid 
synthesis in i210 cells, effect of 
ee and thiosangivamycin, 
0 
Ribonucleic acid polymerase, 
in kidney microsomes, effect of 
aldosterone, 1575 
miibonucleic acid, 
in liver polysomes, effect of ethanol 
Serer on uridine incorporation, 
99 
nRibonucleic acid, 
in L1210 cells, effects of tubercidin, 
formycin and 8-azaadenosine on 
synthesis and methylation, 1459 
tRibonucleic acid, 
carcinogenic azo'‘dyes modify the 
acceptance for some amino acids,2301 
tkibonucleic acid methylase, 
in walker carcinoma, effect of 
ROO7=7957, 501 


Ribonucleotide reductase, 
in human lymphocytes, effect of iron 
chelators, 1275 
in tumours, inhibition by 5(l-azirid- 
inyl)-254-dinitrobenzamide, 2845 
Ribostamicin, 
ototoxicity and action on poly- 
phosphoinositide films, 597 
7-Ribosyl-3-deazaguanine, 
mechanism of antibacterial action, 
1791 
Ridgway osteogenic sarcoma, 
cross resistance between actinomycin 
D, adriamycin and vincristine ,1081 
Rifampin, 
inhibition of elastase and lysosomal 
secretion in mouse peritoneal 
macrophages, 3039 
effect on cyclic nucleotides in 
brain and pituitary in vivo, 369 
RO7=5205, 
anticonvulsant mechanism, 1703 
Rubidazone, 
complex with cardiolipin, 3003 
Rubidiun, 
effect on sodium transport in skin 
epithelial cells, 2265 


Saccharomyces cerevisiae, 
9-f-D-arabinofuranosyladenine 
metabolism, 3081 
SAD-128, 
interaction with brain muscarinic 
receptor, 483 
Salbutamol, 
effect on glycogen metabolism in 
human placenta, 1123 
identification of Bo-adrenergic 
receptor in epidermis, 97 
Salicylanilides, 
anthelmintic activity, 1981 
Salicylate, 
effect on aspirin inhibition of 
rad prostaglandin generation, 
109, 
Se of muscle creatine kinase, 
211 
penetration of preimplantation 
blastocyte, 1663 
Salicylate-copper complex, 
effect on metabolic activation in 
phagocytizing granulocytes, 3105 
Salmonella typhimurium 
Mutagenic activity of halogen and 
alkyl substituted allylic 
compounds, 2611 
Salsolinol, 
half-life following intracerebro- 
ventricular injection, 657 
Sangivamycin, 
effect on RNA and DNA synthesis in 
L1210 cells, 305 
Sarcolemma, 
heart, 
effects of adrenochrome on 
ATPase activities, 559 
effects of chlorpromazine and 
imipramine on calcium binding 
and ATPase, 629 
Sarcoma 180 cells, 
resistant to 6-thioguanine, external 
localization of alkaline 
phosphatase on surface of, 1859 
Sarcoplasmic reticulum, 
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Sarcoplasmic reticulum, 
effect, of halothane on stability of 
Ca“+ transport, 375 
Schistosoma mansoni, 
nfected mice, 
effect of oxamniquine on f-glucuronid- 
ase in tissues, 429 
effect of oxamniquine on kynurenine 
metabolism in liver, 2513 
effect of oxamniquine, 83 
Schistosomiasis 
anthelmintic therapy, 1981 
Schistosomicidal drugs, 
effect on B-glucnronidase in liver,2925 
Schmidt-Ruppin sarcoma cells, 
doxorubicin and doxorubicin-DNA 
accumulation, 1035 
Segmented retrograde intrabiliary injection 
technique 
evaluation of hepatobiliary function, 
205, 213 
Selenite, 
effect on biliary excretion of copper 
and zinc, 2129 
Seleniun, 
in erythrocytes, effect of ethanol 
ingestion, 1737 
Selenium deficiency, 
sex-differences in biochemical 
manifestations, 39 
Semicarbazide, 
protection of formaldehyde from 
metabolic degradation, 2023 
Serine hydroxymethyltransferase, 
in L-cells, effect of antifolates, 2741 
Serine proteinases, 
Se of protein inhibitors of, 
059 
Serotonin receptors, 
solubilization from frontal cortex ,3341 
in synaptosomal plasma membrane, effect 
of cholesterol, 3325 
Serotonin syndrome, 
comparative effects of 5-hydroxytryptamine 
releasing agents in mice, 3163 
stimulation of aryl hydrocarbon 
hydroxylase in cultured cells, 271 
Sex difference, 
in activation of cyclophosphamide 
in vitro, 2031 
biochemical manifestations of 
selenium deficiency, 39 
cytochrome P-450 and mixed-function 
oxygenase in trout, 553 
Q-dealkylation activity of 7-hydroxy- 
coumarin O-alkyl derivatives in rat 
liver microsomes, 1015 
diazepam metabolism by rat liver, 
post natal development, 447 
drug metabolism, 
primary role of pituitary, 3139 
testicular neonatal imprinting ,3133 
hepatic metabolism of imipramine and 
lidocaine, 2759 
effect of progesterone on gluco- 
corticoid sulfation, 3181 
prostaglandin synthetase in kidney 
microsomes, 2635 
Showdomycin, 
toxicity and mechanism of action 
in vitro, 2199 
Sialosyl residues, 
on platelets, function, 3189 
Sibiromycin-DNA adduct, 


in 
in 
in 


in 


in 


in 
in 
in 


Sibiromycin-DNA adduct, 
structure, 1307 
Singlet molecular oxygen, 
reaction with indomethacin, 1337 
SKF 525<A, 
effect on androstenedione metabolism 
in trout liver microsomes, 58 
effect on benzodiazepine protection 
against electroshock induced 
convulsions, 1703 
binding in liver microsomes, effect 
of triarylethylenes 1583 
“a on drug metabolism in adrenal, 
9 
effect on heart mitochondrial 
function, 283 
inhibition of fatty acid conjugation 
to ll-hydroxy-A/-tetrahydro- 
—- by rat liver microsomes 
071 
inhibition of lipid peroxidation in 
liver microsomes, 565 
microsomal conversion, 2577 
SKF 8742-a, 
microsomal conversion, 2577 
Skin 
idéntification of Bo-adrenergic 
receptor in epidermis, 97 
effect of Lit, K*, kb+ and Cs* on 
po transport in epithelial cells, 


Slow reacting substance of anaphylaxis, 
separation from arachidonic acid 
releasing substance, 319 
effect of sodium fluoride on antigen- 
induced release, 184 
Small intensely fluorescent cells, 
participation in ganglionic 
transmission, 118 
Social interaction, 
effect on amphetamine metabolism in 


dependent inhibition of dipeptide 
transport by harmaline in 
intestine, 713 
dependent transport mechanisms, 
effect of phenolphthalein and 
harmaline, 2307 
fluxes across rabbit colon in vitro, 
effect of adrenergic agents and 
theophylline, 1271 
transport in skin epithelial cells, 
effect of Lit, Kt, Rb* and Cst, 
2265 
Sodium-calcium exchange, 
in adrenal, relationship with 
catecholamine secretory 
mechanism, 2669 
Sodium dichloroacetate, 
effect on phenformin-induced hypo- 
glycaemia and hyperlactataemia, 
2291 
Sodium fluoride, 
increase in antigen-induced release 
of slow reacting substance of 
anaphylaxis, 1843 
Sodium sulphide, 
oxidation by rat liver, lung and 
kidney, 2431 
Sonication, 
effect on monoamine oxidase in 
liver mitochondria, 1185 
Sorbitol, 
stimulation of mixed-function 
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Sorbitol (contd. ) 
oxidation, 813 
Spermatozoa, 
ATP-citrate lyase in, radiochemical 
determination, 2589 
Spiperone, 
binding in rat frontal cortex, . 
solubilization by lysolecithin, 3341 
Spironolactone, 
effect on digitoxin metabolism by rat 
liver microsomes, 405 
effect on glucuronidation of digitalis 
glycosides by liver microsomes, 1497 
importance of lactone ring in activity 
of, 353 
Spiroperidol, 
binding in brain regions, effect of 
neuroleptics in vivo, 267 
binding in striatum, 2009 
effect of chronic L-DOPA therapy ,70l 
connection with dopamine-sensitive 
adenylate cyclase, 1331 
effect of oxypertine, 2681 
sOlubilization and characterization 
of sites, 897 
Spleen, 
metabolism of 5-aza-2'-deoxycytidine, 
2925 
Squalene, 
mevalonate incorporation in brain 
effect of AY-9944 and U18666A, 2751 
Stearate desaturase, 
in liver microsomes, effect of enflurane 
and methoxyflurane, 27 
Steffimycin 
complex with cardiolipin, 3003 
Steroid, 
enzymatic sulphation, 3181 
metabolism in adrenals, effects of 
dichlorvos, 635 
Steroid hormones, 
“a adrenal xenobiotic metabolism, 
257 
Steroidogenesis, ; 
in adrenal cells, effect of Ca°+ on 
— by prostacyclin and ACTH, 
22l 
Steroidogenic activity, 
of prostanoid structures on adrenocortical 
cells, 1919 
Sterol, 
synthesis in brain, concentration 
my ge effects of AY-9944 and 
U18666A, 2751 
Stibophen, 
effect on B-glucuronidase in liver,2925 
trans-=Stilbene oxide, 
induction of epoxide hydratase, sex and 
age dependence, 3245 
Stomach, 
effect of barbiturate on ascorbic acid 
in, 1839 
effect of 5-hydroxytryptamine on free 
amino acid composition and protein 
synthesis, 1855 
Streptolydigin analogues, 
inhibition of terminal deoxyribonucleo- 
tidyltransferase, 2001 
Streptozotocin diabetirc rats, 
absence of cytosol effects on microsomal 
drug metabolism, 2491 
Streptozotocin-treated mice, 
monooxygenase activities in, 1959 
Stress, 
effect on amphetamine metabolism in rats, 


Stress(contd. ) 
221 


Striatun, 
characterization and localization of 
catecholamine-susceptible 
Nat,Kt+-aTPase, 857 
connection between high affinity 
spiperone binding sites and 
dopamine-sensitive adenylate 
cyclase, 1331 
effect of kainic acid on 
binding, 1645 
solubilization of spiroperidol 
binding sites, 897 
Strophanthidin, 
interaction with Nat+,K*-aTPase, 
effect of chemical modification, 
1995 
Succinylacetone, 
effect on Friend cells, 1825 
Sulfamethoxypyridazine, 
effect on Senay — transport 
in rat kidney, 9 
Sulfobromophthalein, 
excretion in hamsters, effects of 
Enovid and a-naphthylisothio- 
cyanate, 960 
metabolism and biliary excretion in 
vitamin A deficiency, 2583 
transport into liver cells and bile, 
1023 
Sulfonamides, 
effect on ionophore-mediated calcium 
transport, 1879 
Sulphate conjugation, 
in isolated liver cells, 2963 
Sulphide, 
oxidation by rat liver, lung and 
kidney, 2431 
Sulphydryl, 
reactivity of aurothiomalate in 
inhibition of mitogen-induced 
lymphocyte proliferation, 3333 
Sulphydryl reagents, 
effect on calcium transport by 
synaptosomes, 957 
Sulpiride, 
effect on in vivo binding of 
spiroperidol in brain regions ,267 
Superoxide dismutase, 
in erythrocytes, effect of ethanol 
ingestion, 1737 
superoxide oxide, 
generation in polymorphonuclear 
leukocytes, inhibition by | 
B-bromophenacyl bromide, 533 
Suxamethonium, 
influence on tryptophan side chain 
chromophores, 397 
Sympathetic neurotransmission, 
in heart, developmental changes in 
reserpine inhibition of 
noradrenaline uptake, 1595 
B-Sympathomimetic drugs, 
effect on placental glycogen 
metabolism, 1123 
Synaptic membranes, 
effect of cholesterol on serotonergic 
receptors, 3325 
effect of desipramine on noradren- 
aline stimulated ATPase, 111 
effect of kainic acid lesions on 
(-H)-ADIN binding in striatum, 
1045 
effect of lithium chloride on 


(3H)-ADTN 
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Synaptic membranes (contd. ) 
ATPases in, 887 


muscimol and GABA binding in sub-fractions 


1077 
Synaptic vesicles, 
developmental changes in reserpine 
inhibition of noradrenaline uptake, 
1595 
Synaptosomes 
acetylcholine synthesis from (ual 
glucose, 167 
calcium transport, 
chlordiazepoxide inhibition of, 2439 
effect of depressant drugs and 
sulphydryl reagents, 957 
effect of ,ethangl 190 
effect of Cd<+, Mn“+ an A1l3+ on ATPase 
activity and choline uptake, 141 
dopamine upteke, inhibition by 
clorgyline and deprenyl, 3067 
ethanol-induced fluidization of 
lipid bilayers, 1673 
exoc — release of noradrenaline, 
130 
heptachlor epoxide effect on transmitter 
release, 1815 
inhibition of high affinity choline 
uptake, 2413 
effect of monoamine oxidase inhibitors 
on amine transport, 2763 
noradrenaline uptake, 
effect of cocaine administration,1861 
role of Na*,K+t-aTPase, 2105 
effect of pridefine on amine uptake 
and release, 2557 
effects of reserpine on amfonelic acid 
and amphetamine stimulation of 
dopamine formation, 2957 
tetrodotoxin inhibition of protovera- 
trine A-activated glutamate 
decarboxylase, 3034 
Synovial cells 
human, effect of gold sodium thiomalate 
on proliferation and collagen 
synthesis, 869 


Tallysomysin 
reaction with DNA in vitro, 521 
Tamoxifen 
inhibdition of liver microsomal oxidative 
metabolism and substrate binding ,1583 
metabolism by liver microsomes, 1977 
Tansy ragwort, 
effect of pyrrolizidine alxaloids on 
hepatic a | metabolizing enzymes 
in rats, 2645 
Tartar emetic, 
effect on B-glucuronidase in liver, 2925 
Teprotide, 
antihypertensive action, 1871 
Terminal deoxynucleotidyl transferase, 
inhibition by streptolyldigin analogues, 
2001 
Terpenes 
inhibition of hepatic cholesterol 
synthesis, 2125 
Testes, 
alterations in morphology induced by 
ethanol, 1409 
inhibition of heme biosynthesis by 
1,2-dibromo-3-chloropropane, 2563 
role in neonatal imprinting of sex 
dependent differences of drug 
metabolism, 3133 
Testosterone, 


Testosterone, 
effect on adrenal xenobiotic 
metabolism, 2373 
effect on alcohol dehydrogenase in 
hiver, 3175 
in plasma, effect of ethanol, 1409 
production by Leydig cells, effect 
of cannabinoids, 2153 
in serum, effect of norlaudanosoline- 
carboxylic acids, 57 
Tetrabenazine, 
effect on catecholamine transport 
by chromaffin granules, 1883 
Tetracaine, 
wae on cytochrome oxidase activity, 
1 


interaction with brain a-adrenergic 
and muscarinic receptors, 155 
effect on monoamine oxidase in liver 
mitochondria, 1177 
effect on thermotropic properties 
of brain lipids, 849 
Tetrachlorodibenzodioxin, 
effect on plasma total and high 
+ aed lipoprotein cholesterol, 


Tetrachloroethylene, 
metabolism by hepatic microsomal 
cytochrome P-+50 system, 2863 
Al-Tetrahydrocannabinol, 
inhibition of testosterone production 
by Leydig cells, 2153 
Tetrahydropapaveroline 
half-life following {ntracerebro- 
ventricular injection, 657 
Tetrahydrouridine, 
effect on 5-azacytidine metabolism 
in mice, 609 
Tetramisole 
anthelmintic activity, 1981 
Tetrodotoxin, 
inhibition in vitro of protoveratrine 
A-activated glutamate decarboxyl- 
ase in synaptosomes, 3034 
Theophylline, 
effect on adenosine potentiation of 
antigen-induced histamine 
release from lung, 1085 
effect on sodium fluxes across 
rabbit colon in vitro, 1271 
Thiabendazole, 
anthelmintic activity, 1981 
Thiamytal, 
effect on calcium induced loss of 
respiratory control in beef 
heart mitochondria, 1455 
Thiocyanate, 
a gastric H+ and Kt transport, 
7 
5-Thio-D-glucose, 
hypoxic cytotoxicity, 1 
6-Thioguanine , 
resistant Sarcoma 180 cells, external 
localization of alkaline 
phosphatase, 1859 
Thiol S-methyltransferase, 
role in detoxication of intestinal 
hydrogen sulfide, 2885 
Thiopental, 
effect on calcium induced loss of 
respiratory control in beef 
heart mitochondria, 1455 
penetration of preimplantation 
blastocyte, 1663 
Thioperazine, 
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Thioproperazine, 
use as a ligand for neuroleptic receptors 
in vitro, 2 
in vivo, 2939 
Thiosangivamycin, 
effect on RNA and DNA synthesis in 
L1210 cells, 305 
Thiosemicarbazone, 
chelation and removal of iron from 
transferrin, 1833 
Thromboplastin, 
activity of human monocytes, effect of 
drugs, 9 
Thromboxanes , 
induced release from perfused lungs, 319 
role in human ee 
leukocytes, 53 
Thymidine, 
incorporation into DNA in human cells, 
effect of iron chelators, 1275 
Thymidylate synthetase, 
increase in 5-fluorodeoxyuridine 
— cultured hepatoma cells, 
1549 
isolation from HeLa cells, 723 
in Lecells, effect of antifolates, 274k 
Thyroid gland, 
effect of catecholamines and a-adrenergic 
— on adenylate cyclase in, 
1 
Thyroid hormones 
role in ethanol metabolism in rats, 2951 
Thyroid status 
effect of 3,3,3'=triiodothyroacetic 
acid and Fenproporex in genetically 
lean and obese rats, 1612 
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COMMENTARY 


THE HYPOXIC TUMOR CELL: A TARGET FOR SELECTIVE CANCER 
CHEMOTHERAPY 


KATHERINE A. KENNEDY,* BEVERLY A. TEICHER,* SARA ROCKWELL? and ALAN C. 
SARTORELLI* 


Departments of *Pharmacology and *Therapeutic Radiology and the Developmental Therapeutics 
Program, Comprehensive Cancer Center, Yale University School of Medicine, New Haven, CT 
06510, U.S.A. 


The therapy of cancer is a multi-disciplinary prob- 
lem, which involves the use of surgery, radiotherapy 
and chemotherapy as major treatment modalities. 
Each of these approaches has limitations. Surgery, 
which is a major curative modality for localized 
disease, cannot alone cure neoplasms which are 
widely disseminated or which have invaded critical 
normal structures. Radiotherapy, although useful in 
curing localized neoplasms and eradicating micro- 
scopic metastases, cannot be employed to control 
widely disseminated disease. Furthermore, there are 
certain clinical situations in which the success of 
radiotherapy is limited either by an extremely radio- 
resistant neoplasm or by a tumor invading a very 
radiosensitive normal tissue. In either of these situ- 
ations, it may be impossible to deliver a curative 
dose of radiation to the tumor without causing 
unacceptable damage to critical normal tissues. Sig- 
nificant advances toward the cure of human cancer 
by chemotherapy have been achieved, primarily with 
cytotoxic agents directed toward proliferating cells. 
Certain rapidly growing cancers, such as childhood 
tumors and Hodgkin’s disease, respond dramatically 
to existing chemotherapy, and both localized and 
disseminated malignancies are frequently cured. 
However, these relatively responsive neoplasms rep- 
resent only a small proportion of the malignancies 
that occur in man. Relatively slow-growing solid 
tumors, such as carcinomas of the lung, colon, and 
breast, constitute the majority of human cancers. 
These neoplasms, in general, respond poorly to 
existing chemotherapeutic agents, and curative treat- 
ment by any therapeutic modality or combination 
of modalities is uncommon in patients presenting 
with extensive disease. Slow-growing solid tumors 
constitute the major cause of mortality from cancer 
[1] and are responsible for many of the socioeco- 
nomic problems _ associated with human 
malignancies. 

Considerable effort has been expended to identify 
biochemical characteristics unique to malignant cells 
which could be exploited in a therapeutic attack. 
Although a variety of metabolic differences between 
normal and neoplastic cells have been reported, few, 
if any, have proven to be either unique to cancer 
cells or useful in developing selective chemotherapy. 
The hypoxic cells in solid tumors are an obstacle to 
effective cancer treatment. Residual malignant cells, 
protected from radiotherapy or chemotherapy by 
hypoxia, may be capable of proliferating and causing 
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the tumor to recur. This commentary examines the 
evidence for the occurrence of hypoxic cells in solid 
tumors and describes a conceptual approach for 
developing chemical agents which exploit the meta- 
bolic characteristics unique to cells in hypoxia, 
enabling selective destruction of these therapeuti- 
cally resistant cells. 


Importance of hypoxic cells in cancer therapy 


Hypoxia has long been known to protect cells from 
the cytotoxic effects of radiation. Radiation dose- 
response curves for mammalian cells irradiated in 
air have slopes which are three times as steep as 
dose-response curves, for cells irradiated under 
severely hypoxic conditions [2, 3] (Fig. 1). Solid 
neoplasms are known to contain deficient vascular 
beds, areas of severe vascular insufficiency and, 
often, regions of frank necrosis [4, 5], and therefore 
would be expected to contain hypoxic cells (Fig. 2). 
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Fig. 1. Survival of EMT6 tumor cells irradiated in vitro 
under normal aeration (O) and severe hypoxia (@). 
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Fig. 2. Diagramatic representation of a solid tumor. This 
neoplasm is well vascularized on the surface by blood 
vessels extending from nearby normal tissues, and oxygen 
gradients exist within the tumor. Cells on the edge of the 
necrotic area, located in the center of the tumor, are remote 
from blood vessels, and are thought to be severely hypoxic, 
but viable. Both aerated and hypoxic cells are capable of 
progressing through the cell cycle, but more hypoxic cells 
than aerobic cells may be quiescent (Q) or may have 
prolonged cell cycle times. 


In 1955, Thomlinson and Gray [5] analyzed the dis- 
tribution of blood vessels, viable tumor tissue, and 
necrosis in pathologic specimens from human bron- 


chogenic carcinoma in terms of the distribution and 
utilization of oxygen within the tissue. They con- 
cluded that the viable cells on the edge of necrotic 
regions in these tumors were probably severely 
hypoxic. The presence of hypoxic cells in solid 
tumors was first demonstrated radiobiologically by 
Powers and Tolmach [6] in 1963 using a transplant- 
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able mouse lymphosarcoma. Since that time, the 
oxygenation of several autochthonous and trans- 
planted neoplasms in rodents has been studied. It 
now appears certain that the vast majority of these 
cancers contain hypoxic cells, which frequently con- 
stitute 10-20 per cent (and occasionally over half) 
of the total viable tumor cell population [7-9]. In 
fact, some solid rodent neoplasms contain as many 
hypoxic cells as cells in the S phase of the cell cycle 
[9-11]. 

Very small tumors, as well as large necrotic tumor 
masses, may contain hypoxic cells. Hypoxic cells 
have been shown to be present in transplantable 
mouse mammary carcinomas as small as 1 mm in 
diameter [10, 12, 13]. In culture, cells grown as 
spheroids (i.e. small balls of tightly packed cells) 
show central necrosis and radiobiologic evidence of 
hypoxia when they grow to sizes greater than0.35 mm 
in diameter [14]. It is therefore quite probable that 
most occult metastases, too small to be detected by 
standard diagnostic techniques, contain foci of 
hypoxic cells, and that these hypoxic tumor cells are 
of major importance in determining the outcome of 
therapy for metastatic and microscopic disease (Fig. 
3). 

It has been shown repeatedly [3, 6-8, 11-13, 16- 
19] that the hypoxic cells in solid murine tumors limit 
the responses of these neoplasms to treatment with 
ionizing radiation delivered as a single fraction, and 
that the hypoxic cells surviving large doses of radia- 
tion are capable of either reestablishing the tumor 
in situ [11-13, 16-19] or producing tumors in other 
animals upon transplantation [3, 6, 11, 18, 19]. Frac- 
tionated radiotherapy of animal tumors results in a 
more complex situation because “reoxygenation” 
may occur between treatments [7, 8]. During reoxy- 
genation, the tumor cells that were hypoxic at the 
time of irradiation reacquire the radiosensitivity 
characteristic of aerobic cells. As a consequence, the 
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Fig. 3. Dose of X-rays necessary to give a 90 per cent chance of curing tumors of different diameters 

(as indicated below each mass). Top: all cells assumed to be well oxygenated. Bottom: all cells assumed 

to be hypoxic. Middle: 99 per cent of the cells assumed to be well oxygenated; | per cent, hypoxic. The 

presence of even a small proportion of hypoxic cells dramatically increases the radiation dose necessary 
to cure the tumors. (Redrawn from Ref. 15 with the permission of the author.) 
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sensitivity of the tumor to subsequent irradiation is 
increased. However, patterns of reoxygenation in 
animals vary with the dose and conditions of irra- 
diation, and with the tumor line examined [7, 8, 20- 
24]. In some cases, tumors reoxygenate rapidly and 
extensively. However, in other instances, reoxygen- 
ation is relatively slow, and hypoxic cells continue 
to be a problem during fractionated radiotherapy. 

Two other observations illustrate the importance 
of hypoxic cells as a source for tumor regrowth after 
treatment. First, it has been found that transplan- 
tation of tissue from necrotic regions of tumors can 
produce malignancies with a relatively high fre- 
quency [25]. Second, fragments of Walker 256 car- 
cinosarcoma which had been perfused for 56 hr with 
medium low in oxygen were shown to grow as well 
as transplants from well-oxygenated tumor tissue 
[26]. These observations are consistent with experi- 
ments demonstrating that cells in culture remain 
viable, and may even continue to proliferate for 
considerable periods of time under conditions of 
moderate or severe hypoxia [27, 28]. 

Techniques for the direct measurement of the 
proportion of hypoxic cells in human tumors are not 
yet available; only indirect evidence has been 
obtained for the presence of hypoxic cells in these 
neoplasms. Measurements of oxygen concentrations 
in human tumors and normal tissues using an O2 
electrode have revealed that the oxygen concentra- 
tions in solid human tumors are lower than those in 
normal tissues [29]. However, because of technical 
limitations of the methodology, these experiments 
measured average oxygen concentration on a macro- 
scopic scale and could not establish whether human 
tumors possess regions of severe hypoxia containing 
viable celis. Dose-response curves for therapy of 
superficial skin carcinoma with large single doses of 
radiation suggest the presence of hypoxic cells in 
human tumors [30], as do the results of irradiation 
of certain human malignancies with short courses of 
high dose radiotherapy combined with either hypoxic 
cell sensitizers [31-33] or hyperbaric oxygen [34, 35]. 

The importance of hypoxic cells in limiting the 
sensitivity of human tumors to conventional, frac- 
tionated radiotherapy regimens is still debated exten- 
sively. Some clinical data [30, 35] and extrapolations 
from some animal tumors in which reoxygenation 
occurs quite slowly [8, 21, 22] suggest that hypoxic 
cells probably limit the curability of certain types 
of human cancer by conventional, fractionated 
radiotherapy. 

The selectivity of many chemotherapeutic agents 
in current clinical use for the treatment of cancer 
appears to derive from the toxicity of the drugs to 
those cells which are actively transversing the cell 
cycle. The toxicity of such agents to proliferating 
cells of normal tissues limits the clinical usefulness 
of these drugs. Cycle-active agents are relatively 
ineffective against quiescent tumor cells which are 
not actively cycling at the time of treatment but are 
capable of commencing proliferation at a later time 
and causing the tumor to regrow. Quiescent cells 
(Fig. 2) exist in both non-human animal and human 
tumors [8, 9], and the quiescent cells of non-human 
animal tumors are “clonogenic” (i.e. capable of 
indefinite proliferation) [8, 36]. Hypoxic cells are 


resistant to conventional chemotherapy. These cells 
may have prolonged cell cycle times [28] or may be 
blocked in their progression through the G: phase 
[27]. Thus, hypoxic cells would be expected to be 
relatively resistant to any chemotherapeutic agent 
directed toward proliferating cells. Hypoxic tumor 
cells also may be resistant to chemotherapeutic 
agents due to pharmacodynamic considerations. For 
example, appropriate concentrations of drugs that 
have physico-chemical properties not conducive to 
diffusion into tumor tissue, or that are unstable or 
metabolized rapidly may not reach chronically 
hypoxic tumor cells located in regions of severe vas- 
cular insufficiency. 


Bioreductive activation as a basis of selective 
cytotoxicity 

In 1972, it was hypothesized that hypoxic cells 
remote from the vascular supply of a tumor mass 
might have a greater capacity for reductive reactions 
than their normal well-oxygenated counterparts [37]. 
It had been demonstrated in the 1930’s that anaerobic 
cultures of microbes had a lower half-wave potential 
(i.e. a greater capacity for reduction) than did aero- 
bic cultures. As cultures under either aerobic or 
anaerobic conditions grew and became more 
crowded, the redox potential of the microbial cul- 
tures decreased [38, 39]. By analogy, hypoxic cells 
in solid tumors may exist in an environment con- 
ducive to reductive processes. It was thought that 
this characteristic of hypoxic cells might be exploited 
by developing chemotherapeutic agents which 


became cytotoxic after reductive activation [37]. 


Two classes of agents are presently known which 
exhibit preferential cytotoxicity toward hypoxic cells 
through reductive activation: (a) the quinone bio- 
reductive alkylating agents, a naturally occurring 
prototype of which is mitomycin C, and (b) the 
nitroaromatic heterocyclic hypoxic cell sensitizers, 
such as misonidazole ard metronidazole. The first 
bioreductive alkylating agents designed and syn- 
thesized by Lin et al. [37, 40-45] were a series of 
benzo- and naphthoquinones. These compounds 
were hypothesized to be activated preferentially by 
hypoxic cells to produce highly reactive quinone 
methides which would a!kylate cellular elements. 
The nitroheterocyclic radiosensitizers were first 
examined by radiobiologists because of their ability 
to sensitize hypoxic cells preferentially to the cyto- 
toxic effects of ionizing radiation [33]. It was later 
discovered [46-53] that these compounds were also 
selectively toxic to hypoxic cells and that the toxic 
metabolites were the result of reductive activation 
by these cells [54]. 


Mitomycin C and other quinones 


Bioreductive activation may well be important to 
the expression of cytotoxic activity by several existing 
antineoplastic agents. It is conceivable that quinones, 
such as mitomycin C, adriamycin, daunorubicin and 
streptonigrin, produce reactive species upon reduc- 
tion of the quinone moiety [55-61]. We have inves- 
tigated this possibility with the mitomycins, a group 
of structurally related antibiotics which are toxic to 
both bacterial and mammalian cells. 

Early studies demonstrated that mitomycin C and 





K. A. KENNEDY et al. 


ie) 
i] 
CH, - OCNH, 


OCH 


NH 








enzyme 
reduction 


> 
3 a 
( CH,OH) 














Fig. 4. Activation of mitomycin C to an alkylating agent. After enzymatic reduction of the quinone 
group, the elimination of the methoxy and carbamyl groups and the opening of the aziridine ring occur 
spontaneously to generate the hypothesized quinone-methide intermediate, which is extremely reactive. 


its analogs act as bifunctional alkylating agents, 
which can form DNA-DNA and DNA-protein 
crosslinks. Reduction of the benzoquinone ring of 
the mitomycin molecule (as shown in Fig. 4) is a 
prerequisite for alkylation of DNA [59]. Studies of 
the structural requirements of mitomycin molecules 
have suggested that the carbamyl and aziridine moie- 
ties were not strictly essential for activation [62, 63] 
and that antineoplastic activity was correlated with 
low redox potential [64]. The results of these studies 
suggested that simple benzo- and naphthoquinones 
containing one or two sites open to nucleophilic 
attack after reduction of the quinone moiety might 
function as bioreductive alkylating agents [55, 56, 
65, 66]. Several such compounds were synthesized 
and shown to have significant activity against Sar- 
coma 180 [40-44, 65, 67, 68]. Studies on the rela- 
tionship between the oxidation-reduction potential 
of these benzo- and naphthoquinone derivatives and 
their effectiveness as antitumor agents revealed a 
positive correlation between redox potential and 
antineoplastic activity [41, 68, 69]; agents having the 
lowest redox potentials were the most efficacious. 
It is probable that an optimal oxidation—reduction 
potential exists, at which the antitumor activity of 
bioreductive alkylating agents is maximal. Because 
mitomycin C, the most efficacious of the quinone 
bioreductive alkylating agents tested by this labora- 
tory to date, also has the lowest redox potential, the 
design and the preparation of new compounds with 
even lower redox potentials are warranted. 


Early studies on the biotransformation of mito- 
mycin C demonstrated that an NADPH-dependent 
enzyme system located in liver microsomes was 
involved in the metabolism of the drug [57] and that 
in bacterial lysates an NADPH-dependent 
enzyme(s) was essential for the activation of mito- 
mycin C to an alkylating species [59]. Studies in our 
laboratory have confirmed and extended the original 
observations of Schwartz [57] and Iyer and Szybalski 
[59]. We found that mitomycin C was bioactivated 
under hypoxic conditions in liver microsomes and 
nuclei by an NADPH-dependent enzyme(s) [70]. 
The enzyme system was inhibited both by oxygen 
and by carbon monoxide. Furthermore, using 4-(p- 
nitrobenzyl)pyridine as a trapping agent for activated 
drug, we found that manipulations which inhibited 
the metabolism of mitomycin C also interfered with 
the generation of alkylating species. The metabolism 
of mitomycin C in two tumor cell lines, Sarcoma 180 
and EMT6 carcinoma, was examined using tech- 
niques similar to those employed for studying the 
liver-dependent metabolism of the drug [71]. Both 
of these neoplastic cell lines were able metabolically 
to activate mitomycin C to an alkylating agent under 
hypoxic conditions; the enzyme system appeared to 
be similar to that in the liver. 

Although mitomycin C is selectively activated to 
an alkylating species under hypoxic conditions, the 
clinical use of this agent has been limited by its 
severe toxicity to normal tissues. Presumably, tox- 
icity to well-oxygenated tissues is the result of dif- 
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ferent activation mechanisms, one of which involves 
single electron reduction followed by reoxidation of 
mitomycin C by molecular oxygen to give the parent 
compound and the superoxide radical [72-74]. The 
superoxide free radical can dismute to hydrogen 
peroxide and to other radicals, such as the hydroxyl 
radical, which are cytotoxic. The toxic manifestations 
of superoxide radicals, hydroxyl radicals, and hydro- 
gen peroxide have been reviewed elsewhere [75, 76]. 
Preliminary experiments in our laboratory have dem- 
onstrated that mitomycin C at relatively low con- 
centrations is more cytotoxic to chronically hypoxic 
cells than to cells maintained under oxygenated con- 
ditions [71, 77]. These findings suggest that the clin- 
ical employment of mitomycin C at maximum tol- 
erated doses will result in a loss of specificity of this 
antibiotic for hypoxic cells, and that mitomycin C 
could be given to cancer patients at low doses to 
selectively damage hypoxic cells with minimal induc- 
tion of oxygen-dependent cytotoxicity. Such treat- 
ments might be extremely valuable in combination 
with radiotherapy or chemotherapy directed against 
well-oxygenated tumor cells. It is also possible that 
compounds could be developed which can be enzy- 
matically bioactivated by hypoxic cells but which are 
not amenable to the aerobic reduction that leads to 
the superoxide-mediated toxicity observed with 
mitomycin C in well-oxygenated cells. Such agents 
would be toxic exclusively to hypoxic cells. Experi- 
ments to study this possibility are in progress. 
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Nitroheterocyclic compounds as hypoxic cell specific 
agents 

The nitroheterocyclic radiosensitizers, such as 
metronidazole and misonidazole, increase the sen- 
sitivity of hypoxic cells to ionizing radiation. Radia- 
tion produces a variety of lesions in DNA, including 
scissions, crosslinks, adducts and chemical altera- 
tions of the bases and sugars. Damage to DNA 
results directly, from the interaction of the radiation 
with DNA, or indirectly, from chemical reactions 
between DNA and superoxide or other radicals pro- 
duced by the interaction of the radiation with water 
and other cellular components [78]. Oxygen alters 
the number and character of the free radical reac- 
tions, and therefore increases the DNA damage pro- 
duced by a given dose of radiation. As a result, the 
slope of the cell survival curve for aerobic cells is 
increased by a factor of approximately 3 compared 
with that for severely hypoxic cells (Fig. 1). Radi- 
Osensitization occurs at relatively low concentrations 
of oxygen: a concentration of 0.25% oxygen moves 
the dose-response curve half-way toward the fully 
aerated condition, while essentially identical dose- 
response curves are obtained for cells in 2, 20, or 
100% oxygen. The nitroimidazole compounds are 
thought to sensitize hypoxic cells to radiation by 
interacting with electron excess or free radical 
centers [79] to form nitroxyl free radical anions (Fig. 
5). As a consequence, these compounds sensitize 
hypoxic cells to radiation; they do not sensitize aero- 
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Fig. 5. Activation of the radiosensitizer, misonidazole. The first step in either radiation-induced activation 
or metabolism by nitroreductases leads to the production of a nitro radical anion. 
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bic cells, which are already fully radiosensitive. 

The nitroimidazole radiosensitizers have been 
shown recently to be selectively toxic to hypoxic cells 
in vitro, whereas well-oxygenated cells were pro- 
tected from misonidazole-induced cytotoxicity [47, 
48]. The severity of the hypoxia determined the 
susceptibility of cells to misonidazole-induced cyto- 
toxicity, as assayed by colony formation [47]. In 
addition, the metabolism of misonidazole was dif- 
ferent in oxic and hypoxic cells. Relatively large 
amounts of N-hydroxy and amine metabolites were 
produced in hypoxic cells (Fig. 5); indicating that 
reduction of the nitro group occurred [47, 48, 80]. 
Few metabolites were found in oxic cells [48]. The 
selective cytotoxicity of misonidazole to hypoxic cells 
appeared to be the result of the generation and 
retention of misonidazole metabolites [48, 80-82]. 
These findings indicate that cells maintained in vitro 
metabolize misonidazole to reactive forms, and that 
the metabolic pathways are dependent on the state 
of cellular oxygenation. 

Studies employing chemical reduction of misoni- 
dazole or metronidazole have substantiated the con- 
cept that reduction of the nitro group can lead to 
reactive species capable of interacting with macro- 
molecules [83, 84]. Chemical reduction of metroni- 
dazole in the absence of oxygen produced inter- 
mediates that reacted with calf-thymus DNA [83, 
84]. Sulfhydryl reagents, such as cysteamine, pro- 
tected against the cytotoxic effects of these com- 
pounds, supporting the hypothesis that reactive 
intermediates (i.e. the nitro radical anion or the 
nitroso intermediate) were the cytotoxic species [85]. 
In support of these findings, incubation of CH2B2 
cells with metronidazole or misonidazole under 
hypoxic conditions resulted in substantial time- 
dependent damage of DNA, measured as alkali 
labile lesions, which were interpreted as single strand 
breaks [86]. Electrolytic reduction of metronidazole 
under anaerobic conditions in the presence of calf- 
thymus DNA caused a loss of the helical content of 
DNA as well as strand breakage [87]. 

Although the enzymatic systems responsible for 
the reduction of nitroimidazoles in mammalian 
tumor cells have not been well characterized, much 
has been learned about nitro group reduction in liver 
microsomes. Nitro-reductase activity in hepatic 
microsomes is dependent upon either NADH or 
NADPH, inhibited by oxygen, and stimulated by 
flavins [88-90]. Complete reduction of the nitro 
group requires a six-electrcn transfer from pyridine 
nucleotides and results in the formation of a primary 
amine [89]. Because microsomal flavins and cyto- 
chromes are one-electron donors, the first step in 
the reduction would be the formation of the nitro 
radical anion [91] (Fig. 5). Many aromatic and ali- 
phatic nitro compounds interact with dithionite 
reduced hepatic microsomal cytochrome P-450- 
Fe(II), and an unstable intermediate (most likely the 
nitroso compound which is isoelectronic with diox- 
ygen) is produced in situ during reduction of the 
nitro compound [92, 93]. The formation of these 
nitroso complexes is not limited to cytochrome P- 
450; complexes can occur with other hemoproteins 
presenting access to the heme pocket, such as cyto- 
chrome P-420, hemoglobin and myoglobin [93]. Fur- 


ther reduction of the nitroso and hydroxylamine 
compounds could also occur. Studies on the reduc- 
tion of N-hydroxyphentermine have shown that this 
material is reduced by at least two enzyme systems, 
one of which is inducible by phenobarbital, requires 
NADPH, and is sensitive to carbon monoxide [94]. 
It is probable that similar enzyme systems exist in 
tumor cells that allow the cells to reductively activate 
the nitroimidazoles to reactive, cytotoxic 
compounds. 


Other approaches for attacking hypoxic cells 


Hypoxic tumor cells and the well-oxygenated cells 
of both tumors and normal tissues probably differ 
in many other features of their physiology and 
metabolism, and it may be possible to employ these 
differences in selective therapeutic attacks. For 
example, cells in vitro are more susceptible to the 
cytotoxic effects of hyperthermia when rendered 
hypoxic by crowding and metabolic depletion than 
when growing normally in suspension or monolayers 
[95]. The increased sensitivity of hypoxic cells to 
hyperthermia is probably related to alterations in 
environmental pH [96] and nutritional status [97] 
and is thought to be mediated through changes in 
the structure and interactions of the cell membrane 
[98]. 

The glucose analogue, 5-thio-p-glucose, is more 
toxic to P185-X2 mastocytoma cells in vitro during 
hypoxic incubation than during aerobic incubation 
[99]. Differences in the energy metabolism of the 
cells under hypoxic and aerobic conditions may be 
responsible for this increased sensitivity. The growth 
of P815-X2 mastocytoma in vivo [99] is also inhibited 
by 5-thio-b-glucose. 

Such findings suggest that physiologic, metabolic, 
and environmental alterations accompany hypoxia 
in solid neoplasms. A systematic examination of the 
characteristics of hypoxic cells in solid cancers should 
be undertaken to determine whether other metabolic 
characteristics specific to hypoxic cells are amenable 
to manipulation in a therapeutic attack on solid 
tumors. 


Conclusions 


Hypoxic cells may limit the response of tumors 
to conventional radiotherapy because of their inher- 
ent radioresistance. Furthermore, the hypoxic cells 
of solid neoplasms may be unresponsive to conven- 
tional chemotherapy. The proliferation patterns of 
hypoxic tumor cells probably differ from those of 
their well-oxygenated counterparts, in that many 


“hypoxic cells are non-cycling or are cycling with 


prolonged and abnormal cell cycle times. Such cells 
would have reduced sensitivities to cycle-active 
chemotherapeutic agents. Moreover, hypoxic cells 
are found in regions of vascular insufficiency and, 
therefore, may not be exposed to appropriate con- 
centrations of agents which have limited diffusion 
through tissue or which are rapidly degraded to 
inactive species. Agents active against hypoxic cells 
would be expected to attack malignant cell popu- 
lations which are not adequately destroyed by exist- 
ing therapeutic modalities. Because hypoxic cell 
populations occur even in very small solid tumors, 
while normal body tissues are generally well oxy- 
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genated, such agents would be valuable in treating 
both primary and metastatic disease. 

Hypoxic cells in solid tumors exist in an environ- 
ment conducive to reductive processes and are dif- 
ferentially sensitive to the cytotoxic actions of drugs 
which require prior reductive activation. The pre- 
sently available bioreductive alkylating agents rep- 
resent a first step toward the development of drugs 
directed against hypoxic cells. One agent of this 
class, mitomycin C, may have increased clinical util- 
ity if employed in regimens in which low dose therapy 
with mitomycin C to achieve selective kill of hypoxic 
cells is combined with concurrent radiotherapy or 
chemotherapy designed to eradicate well-oxygen- 
ated cells. It is possible that bioreductive alkylating 
agents could be developed which would lack the 
aerobic cytotoxicities of existing compounds, which 
probably result from metabolic processes different 
from those leading to cytotoxicity in hypoxic cells. 
Therefore, these drugs should exhibit minimal tox- 
icities to normal body tissues, which are, for the 
most part, well oxygenated. It is also possible that 
new nitroaromatic heterocyclic agents could be 
developed which maintain the selective metabolic 
reduction and differential cytotoxicity of the nitroim- 
idazoles, but which are more cytotoxic and, there- 
fore, more useful as chemotherapeutic agents. 
Results obtained with bioreductive alkylating agents, 
glucose analogues, hyperthermia, and hypoxic cell 
radiosensitizers indicate the need for further research 
to elucidate the biological properties of hypoxic cells 
in solid neoplasms; this may ultimately lead to the 
development of new agents capable of a selective 
chemotherapeutic attack on solid tumors. 
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Abstract—Thromboplastin activity was induced in isolated human monocytes in vitro by lectins, 
immune complexes, endotoxins and the ionophore A 23187. The effect of promethazine, dexamethasone, 
cyclic AMP analogues, indomethacin and acetylsalicylic acid on the activity increase induced by the 
various stimulating agents was investigated. Dexamethasone had a significant inhibitory effect on 
endotoxin- and lectin-induced increase of thromboplastin activity. Cyclic AMP analogues inhibited the 
increase induced by immune complexes and also had a small but significant inhibitory effect on the 
endotoxin-induced increase. Promethazine enhanced the activity induced by endotoxin and by lectins. 
Indomethacin and acetylsalicylic acid had no effect at the concentrations used. Cytotoxiz and generally 
activating effects of the compounds tested were monitored by determining the release of lactate 


dehydrogenase, lysozyme and #-glucuronidase. 


Several lines of evidence suggest that monocyte pro- 
coagulant activity may be clinically important in cer- 
tain types of disseminated intravascular coagulation 
[1-7], although direct proof is lacking. Monocytes 
isolated from peripheral blood of healthy persons 
have very low procoagulant activity. A substantial 
increase of procoagulant activity is seen after expo- 
sure of the cells to one of several stimuli, either 
endogenous such as activated complement (C3b) [5] 
or immune complexes [2,7], or exogenous such as 
endotoxins [4, 8, 9], lectins [10], or ionophores [11]. 
The monocyte procoagulant is immunologically and 
functionally indentical to human brain thrombo- 
plastin [4], which consists of a specific integral mem- 
brane glycoprotein, apoprotein III, of molecular 
weight about 52,000 [12, 13], forming a complex with 
phospholipids [13, 14]. The activity increase is com- 
pletely inhibited by cycloheximide and to a lesser 
extent by actinomycin D [4, 5, 7], but it is presently 
unclear if actual synthesis de novo of apoprotein III 
is involved. In a series of experiments to find effective 
and clinically useful inhibitors of this development 
of thromboplastin activity, we have studied the effect 
in vitro of the prostaglandin synthesis inhibitors 
indomethacin and acetylsalicylic acid, the antihis- 
taminic (Hi-receptor blocking) promethazine, the 
glucocorticoid dexamethasone and analogues of 
cyclic AMP on the procoagulant activity of human 
monocytes cultured in the presence of various stimu- 
lating agents. Promethazine renders partial protec- 
tion against endotoxin-induced shock in mice (Fer- 
luga, personal communication). Cortisone acetate 
was shown by Thomas and Good [15] to substitute 
for the first of the two endotoxin doses which provoke 
the Shwartzman phenomenon in rabbits, and Robin- 
son et al. [16] recently reported that sonicated per- 
itoneal macrophages from rabbits had increased pro- 
coagulant activity after in vivo administration of 
endotoxin and cortisone acetate. Maynard et al. on 
the other hand, reported that dexamethasone 


inhibited the procoagulant activity increase induced 
by subculturing of WISH amnion cells [17]. To mon- 
itor general activating and cytotoxic effects of the 
compounds used we have also determined the release 
of lactate dehydrogenase, lysozyme and B-glucuron- 
idase from the monocytes. 


MATERIALS AND METHODS 


Promethazine was kindly given by Weider Phar- 
maceuticals, Oslo, indomethacin by Dumex, Copen- 
hagen, and A 23187 by Dr. R. L. Hamill, Lilly 
Research Corporation, Indianapolis. Indomethacin 
and A 23187 were dissolved in ethanol and diluted 
150-400 fold in medium before use. Concanavalin 
A (Con A), wheat germ agglutinin (WGA), cyclic 
AMP, N°, 2-O'-dibutyryl-cyclic AMP (dbcAMP), 8- 
bromo-cyclic AMP (brcAMP), sodium pyruvate, 
B-NADH, dried Micrococcus lysodeicticus cells, 
phenolphtalein glucuronate, dexamethasone and 
acetylsalicylic acid (ASA) were obtained from 
Sigma, St. Louis, MO. Purified phytohaemagglutinin 
(PHA) HA 16 was obtained from Wellcome 
Research Laboratories, Beckenham. Endotoxin was 
E. coli 0111:B4 or E. coli 055:B5 obtained from 
Difco Laboratories, Detroit. 

Human monocytes were isolated from leukocyte 
preparations obtained from healthy donors -by the 
use of a cell separator (Haemonetics Blood Cell 
Processor Model 30) operated to separate *hrom- 
bocytes and leukocytes. The isolation procedure and 
culture conditions have been described previously 
[4, 7]. The yield was regularly 0.9-3.6 x 10° mono- 
nuclear cells and 2-10 x 10’ cells were plated per 
tissue culture dish in various experiments. About 8—- 
15 per cent of these cells adhered to the dish under 
the conditions used; of the adherent cells more than 
90 per cent (usually more than 95 per cent) were 
monocytes as evidenced by phagocytosis and non- 
specific esterase staining. Differential counting of 
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May—Grtinwald—Giemsa stained preparations con- 
firmed that regularly more than 95 per cent of the 
cells had monocyte morphology. After incubation 
the cultures were rinsed ten times with ice cold saline 
and scraped off into 1 ml barbital-buffered saline, 
pH 7.35. The preparations were frozen and thawed 
and homogenized with ten strokes in a Teflon—glass 
homogenizer before testing for thromboplastin in 
triplicate in a one stage Quick system [14] and for 
marker enzyme activity. Thromboplastin coagula- 
tion times were converted to units/ml by using ref- 
erence curves established with dilutions of standard 
human brain thromboplastin, arbitrarily chosen to 
contain 100 units/ml. Lactate dehydrogenase (LDH, 
EC 1.1.1.27) was assayed as described [18]. Lyso- 
zyme (EC 3.2.1.17) and #-glucuronidase (EC 
3.2.1.31) were assayed according to Gordon et al. 
[19] and Gianetto and de Duve [20], respectively. 
Lysozyme is given as egg white lysozyme equivalents 
(ug/mg cell protein) and 6-glucuronidase as phenol- 
phtalein released (ug/mg cell protein). 

Protein [21] and deoxyribose [22] were estimated 
using bovine serum albumin (Sigma) and deoxyri- 
bose (Sigma) as standards. Human serum albumin 
and transferrin (Sigma) and the corresponding anti- 
sera (Dakopatts, Copenhagen) were mixed to allow 
formation of immune complexes at antigen/antibody 
equivalence for 90 min at room temperature. 


RESULTS 


Unstimulated human monocytes in vitro have very 
low procoagulant activity [4, 5, 8, 9]. We used lectins 


(PHA, WGA, Con A) [10], endotoxin [4, 8], the 
divalent ionophore A 23187 [11], and immune com- 
plexes (transferrin—antitransferrin and albumin— 
antialbumin) [7] as stimulants. The antigens and 
antibodies were screened for absence of stimulatory 


activity by adding them separately to monocyte cul- 
tures. The final concentration of Ca** in the medium 
was 1.2 mM. There were great variations in response 
to the same inducer among different monocyte prep- 
arations (cf. Tables 1 and 2). Each experimental 
culture was therefore matched with control cultures 
from the same batch of cells. None of the potential 
inhibitors used had any significant effect on the 
thromboplastin activity of unstimulated monocytes 
in the doses applied. 


Promethazine 


Promethazine at a final concentration of 0.1 mM 
had a moderate further enhancing effect on the 
increase of thromboplastin activity observed in the 
presence of various endotoxin preparations (Table 
1). At a final concentration of 0.2 mM the response 
to endotoxin was even more enhanced, but under 
these conditions a cytotoxic effect, i.e. release of 
LDH to the culture medium, was observed. 

A similar enhancing effect of promethazine on 
thromboplastin activity was seen when cultures were 
stimulated with lectins (Table 1). The mean activity 
increase induced by lectins alone was about 10 fold 
[1052 per cent + 87 (S.E.M.)] whereas the combi- 
nation of a lectin and promethazine enhanced the 
response about 18 fold (1896 per cent + 362) (Table 
1). The lectins were used at a final concentration of 
25 ug/ml, at which Con A and WGA give a slight 
inhibition of the test system [10]. The present data 
suggest that WGA + promethazine is the most pow- 
erful combination tested. Essentially no effect was 
seen at the same promethazine concentrations when 
immune complexes or A 23187 were used as stimu- 
lants. The mean observed activities were 91 per cent 
and 95 per cent of the mean activities of cultures 
with the respective stimulant without promethazine 
(Table 1). 


Table 1. Effect of promethazine on increase of monocyte thromboplastin activity in vitro 





Promethazine 
(final concentration) 


Stimulant 0.1 mM 


Number 
of Thromboplastin activity 
cultures 


(% of unstimulated control + S.E.M.) 





PHA 


WGA 


Con A 


Endotoxin 


* 


Immune 
complexes 


~ 


A 23187 


* 


++ 1 ¢+14¢+4+14+14+ 141 


1037 + 110 
1534 + 489 
1290 + 269 

2771 + 864 
836 

1186 


NHLHENHLWHONMNNHAADAOS |, 





The final concentrations were lectins 25 wg/ml, endotoxin 25-50 g/ml, and A 23187 0.25 ug/ml. 
Immune complexes (transferrin—antitransferrin) corresponding to 3.7 wg antigen/ml (final concen- 


tration) were used. 
* Final concentration 0.2 mM. 
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Table 2. Effect of dexamethasone on increase of monocyte thromboplastin activity in vitro 





Dexamethasone 


Stimulant (10 g/ml) 


Number of 
cultures 


Thromboplastin activity 
(% of unstimulated control + S.E.M.) 





PHA 
Con A 
A 23187 
Immune 


complexes 
Endotoxin 


a oe te Te 


278 + 38 
199 +4 
418 + 48 
234 + 19 
310 + 68 
310 + 76 
436 + 61 
419 + 52 
315 + 24 
218 + 19 





The final concentrations of stimulants were as in Table 1, except for immune complexes where 
the amount added corresponded to 7.5—15 yg of antigen/ml. 


Dexamethasone 


Dexamethasone at a final concentration of 
10 ug/ml inhibited the activity induced by endotoxin 
(to 69 per cent + 5) and that of the lectins used 
(PHA and Con A) (to 65 per cent + 6) (Table 2). 
Triamcinolon had a similar effect when tested against 
Con A. 

Dexamethasone had no effect on the increase 
induced by immune complexes or A 23187 (Table 
2). Promethazine counteracted the inhibitory effect 
of dexamethasone on the activity increase induced 


by endotoxin (data not shown). 


Cyclic AMP and analogues 


Dibutyryl-cyclic AMP at a final concentration of 
1 mM caused a marked reduction in thromboplastin 
activity of monocytes stimulated with immune com- 
plexes (Table 3). A moderate inhibitory effect on 
endotoxin-induced thromboplastin increase was also 
seen. No effect was seen when cultures were stimu- 
lated by lectins (PHA and Con A) or A 23187. A 
similar pattern was obtained with 8-bromo-cyclic 
AMP. 


Cyclic AMP (final concentration 1 mM) had no 
significant effect on the thromboplastin activity of 
monocytes stimulated by immune complexes or PHA 
(data not shown). 


Indomethacin and acetylsalicylic acid 


Indomethacin at 0.1mM was without significant 
effect on the increase of thromboplastin activity 
regardless of the stimulant used (data not shown). 
In a more limited series of experiments ASA 
(0.1 mM) was equally ineffective. 


Effect of stimulants and drugs on release of cellular 
enzymes 


Culture supernatants and cell homogenates were 
assayed for lysozyme, LDH and #-glucuronidase. A 
marked increase in release of both lysozyme and 
B-glucuronidase was seen in cultures stimulated with 
immune complexes (Table 4). A 23187 increased 
slightly the release of B-glucuronidase. A moderately 
increased release of lysozyme was seen in cultures 
stimulated with A 23187 and endotoxin, whereas 
lectins caused no release significantly above the con- 


Table 3. Effect of cyclic AMP-analogues on increase of monocyte thromboplastin activity in 
vitro 





Stimulant* Additionst 


Number of 


Thromboplastin activity 


cultures (% of stimulated control+) 





dbcAMP 
brcAMP 
dbcAMP 
brcAMP 
dbcAMP 
brcAMP 
dbcAMP 
brcAMP 
dbcAMP 


Endotoxin 

Immune complexes 
A 23187 

PHA 


Con A 


NNN ENAN NV 





* The final concentrations of stimulants were as in Table 1, except for immune complexes 
(albumin-antialbumin) where the amount added corresponded to 9-12 yg of antigen/ml. 

+ The final concentration of analogues was 1 mM. 

¢ The stimulation with endotoxin was 1.9-3.7 -fold, immune complexes 3.3-8.0 -fold, A 


23187 2.4-3.1 -fold and lectins 1.7-2.6 -fold. 
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trol level. When immune complexes and A 23187 
were used as stimulants the total content of lysozyme 
per culture was raised after 8-10hr to 230 per 
cent + 24 (S.E.M.) and 136 per cent + 13 (S.E.M.) 
of that of incubated, unstimulated controls. In cul- 
tures stimulated with endotoxin or lectins the total 
content of lysozyme was not significantly different 
from that of the controls. 

Promethazine caused additional release of lyso- 
somal enzymes with all three types of stimulants 
tested (Table 5). The total lysozyme content per 
culture was also increased (1.8—2.4-fold) irrespective 
of whether the concomitant stimulant by itself caused 
increased lysozyme synthesis or not. The total 
amount of {#-glucuronidase per culture was 
unchanged in all of these short-time experiments. 
Dexamethasone in most cases exerted an inhibitory 
effect on release of B-glucuronidase, but had essen- 
tially no effect on lysozyme release (data not shown). 
Prostaglandin synthesis inhibitors (indomethacin and 
ASA) had no significant effect on release of either 
enzyme. 

DbcAMP inhibited lysosomal release induced by 
immune complexes, endotoxin and lectins (Table 5). 
BrcAMP was less effective in this respect. The slight 
to moderate increase in the release of lysozyme and 
B-glucuronidase caused by A 23187 alone was further 
enhanced 2-3 fold by dbcAMP (Table 5). 

Release of the cytosol marker LDH above control 
levels was only seen when cells were exposed to both 
endotoxin and promethazine (0.2 mM final concen- 
tration), and under all other experimental conditions 
used more than 95 per cent of the cells excluded 
trypan blue. 


DISCUSSION 


Various compounds which interact with the plasma 
membrane of monocytes induce the increase of 
thromboplastin activity which is mainly localized in 
this membrane. The process is inhibited by cyclo- 
heximide and may involve de novo synthesis of 
apoprotein III, the protein component of tissue 
thromboplastin. An increased amount of apoprotein 
III antigen is found in homogenates of stimulated 
monocytes (Lyberg and Prydz, in preparation), sug- 
gesting again that apoprotein III is synthesised or 
made available from a precursor. The absence of 
any significant effect of indomethacin and ASA‘ on 
this process indicates that the prostaglandin system 
is not involved in the response to any of the four 
classes of stimulants used. The doses applied were 
sufficient to inhibit platelet and endothelial cell cyclo- 
oxygenase [23]. 

In contrast, dexamethasone and promethazine 
showed an interesting difference with regard to 
action and a similarity with regard to specificity for 
the inducers (Tables 1 and 2). Dexamethasone 
inhibited the stimulation by lectins (PHA and Con 
A) and by endotoxin (Table 2). Promethazine 
enhanced markedly the effect of lectins and also the 
endotoxin effect (Table 1). Dexamethasone coun- 
teracted the enhancing effect of promethazine in 
endotoxin-induced cultures. Neither dexamethasone 
nor promethazine had any significant effect on the 
activity increase induced by immune complexes or 


A 23187. The effect of dexamethasone is consistent 
with the observations by Maynard et al. [17], but is 
apparently contrary to the effect of cortisone acetate 
in rabbits [16]. Steroid pretreatment for 4 days in 
vivo increased the procoagulant activity induced in 
peritoneal macrophages by a subsequent intravenous 
endotoxin injection one hour prior to macrophage 
isolation [16]. Difference in species, type of com- 
pound, and way of exposure to the drug may explain 
the varying results. The dexamethasone effect in our 
experiments may be mediated via an increase of 
cAMP [24]. 

The stimulatory, inhibitory or enhancing effects 
described here occurred without any consistent cor- 
responding pattern of enzyme release, except that 
evidence for cytotoxicity (LDH release and trypan 
blue uptake) was only found when 0.2 mM pro- 
methazine was combined with endotoxin. The effects 
of immune complexes [25,26], glucocorticoids 
[27,28] and exogenous cyclic AMP [29-32] on 
release of lysosomal enzymes are well documented 
and our observations are essentially confirmatory, 
although cyclic AMP itself at 1 mM concentration 
had no effect in our system and the analogues 
dbcAMP and brcAMP had to be used. A 23187 has 
been reported to cause a more pronounced release 
of lysosomal enzymes from macrophages [33] than 
observed in the present experiments. In those experi- 
ments [33] a 40-fold higher concentration of the 
ionophore was used, which probably explains the 
differing results. 

Based on the different effects of the inhibitors on 
the various inducing agents, multiple mechanisms 
for triggering the thromboplastin increase may be 
a possible interpretation. Other results (Lyberg and 
Prydz, in preparation) support the same hypothesis: 
1. The response to endotoxin and lectins is appar- 
ently independent of serum, whereas the response 
to A 23187 and immune complexes is greatly 
enhanced by serum [7]. 

2. The kinetics of the responses differ. Lectins give 
a maximum thromboplastin response within 4-6 hr. 
Monocytes require 6-8 hr to respond maximally to 
endotoxin and 10-16 hr to reach maximum activity 
when stimulated by A 23187 and immune complexes. 

The results may, however, also be explained by 
a sequential mechanism for the induction of throm- 
boplastin activity. The initial membrane perturba- 
tion by the various inducing agents (lectins, endo- 
toxins) may be followed by an internal signal 
(Ca’*?) which triggers the protein synthesis- 
dependent [4, 5,7, 10] events. 

If Ca** were a common second messenger in this 
process, one might have expected a different kinetic 
result, i.e. A 23817 might be expected to induce the 
rise of thromboplastin activity more rapidly, since 
its effect would be to by-pass the normal Ca’*-releas- 
ing or uptake processes triggered by the other mem- 
brane-perturbing agents. It is possible therefore that 
the effect of immune complexes and A 23187 is 
indirect, e.g. mediated via a time-consuming syn- 
thesis or release of enzyme(s) contributing to the 
activation of thromboplastin or induction of apo- 
protein III synthesis. 

In any case, increased thromboplastin activity is 
a common end point for processes triggered by a 
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number of compounds interacting with the monocyte 
plasma membrane. These processes occur without 
obligatory coupling to increased release of lysosomal 
enzymes (“activation”) or LDH (cytotoxicity). 

The present observations may have a bearing on 
the treatment of the coagulation disorders which 
frequently accompany (and aggravate) disease states 
where endotoxin or immune complexes are involved. 
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Abstract—Phosphocreatine (PCr), *ATP, ADP, AMP, glucose, glucose-6-phosphate (G-6-P), lactate, 
and pyruvate were measured with the cerebral cortex tissues frozen in situ by liquid nitrogen after the 
intravenous administration of psychotropic drugs in rats, i.e. diazepam (0.25 mg/kg), clomipramine 
(2.0 mg/kg), and chlorpromazine (0.5 mg/kg). There were no significant changes in the levels of cerebral 
high energy phosphates or energy charge potential (ECP). There were also no significant changes in 
the levels of glycolytic intermediates or the lactate/pyruvate ratio (L/P ratio), except for an increase in 
glucose after the administration of chlorpromazine. Thus, none of these drugs appeared to impede the 


cerebral energy state in a therapeutic dose 


A decrease in the cerebral metabolic rate for oxygen 
(CMROz) and a concomitant decrease in cerebral 
blood flow (CBF) with psychotropic drugs have been 
reported in our previous study [1]. Diazepam, 
clomipramine, and chlorpromazine of therapeutic 
doses decreased CMRO? by 16, 13 and 10 per cent, 
respectively, in the dog. Carlsson ef al. [2] also 


reported that diazepam decreased CMRO> and CBF 
to about 60 per cent that of control when it was 
administered during 70 per cent nitrous oxide anaes- 
thesia in the rat. From our study on the oxygen- 
glucose index and the cerebral venous oxygen ten- 
sion, no evidence could be obtained for proceeding 
of anaerobic metabolism in cerebral tissue. In addi- 
tion to these metabolic studies for oxygen consump- 
tion, it seems necessary to determine concentrations 
of metabolites in the cerebral tissue to evaluate the 
intracellular state of metabolism. As far as chlor- 
promazine is concerned, studies along this line have 
been done using rats or mice [3-6]. We are, however, 
unaware of any information on the cerebral levels 
of high energy phosphate compounds and glycolytic 
intermediates and end-product with diazepam or 
clomipramine. This paper described the results of 
determination of the above metabolites in the cer- 
ebral tissue frozen in situ by liquid nitrogen in rats 
after the administration of the psychotropic drugs 
under well controlled physiological conditions. 


MATERIALS AND METHODS 


Twenty unstarved male rats, weighing 300-410 g 
were anesthetized with 0.2% methoxyflurane, and 
70% nitrous oxide in oxygen during the operation. 
The rats were ventilated with an animal ventilator 
(Rodent respiration pump 681, Harvard Apparatus 





*Abbreviations: PCr, phosphocreatine; G-6-P, glucose- 
6-phosphate; ECP, energy charge potential; L/P, lactate— 
pyruvate ratio; CMROz, cerebral metabolic rate for oxy- 
gen; CBF, cerebral blood flow. 
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Co., U.S.A.) through the tracheostomized catheter 
under the muscle relaxant d-tubocurarine, 0.5 mg/kg 
initially and 0.25 mg/kg following every 30 min. 
Catheterization of right femoral artery and vein were 
performed for monitoring direct arterial blood pres- 
sure, blood sampling, and the injection of fluid and 
drugs. The skin was reflected from the skull and the 
EEG was recorded from the fronto-pariental lead, 
using bipolar silver silver-chloride electrodes. After 
the completion of the operation, methoxyflurane was 
discontinued and the rats were ventilated with 70% 
nitrous oxide in oxygen, and thereafter, at least 
30 min was allowed to elapse to obtain stable blood 
pressure, blood gas values, and body temperature. 
Arterial blood was sampled anaerobically in glass 
capillaries for micro analysis of blood gases and pH 
(BMS 2 MK 2 blood micro system and PHM 72 MK 2 
digital acid-base analyzer, Radiometer Ltd., Den- 
mark). The blood sample for gas analysis was taken 
at frequent intervals, including a sample immediately 
before the freezing. Blood loss due to sampling was 
replaced by fresh heparinized blood. Body temper- 
ature was kept at 37 + 0.1° by warming blanket and 
hematocrit was maintained at 45 + 1 per cent. The 
rats were randomized into four groups of five rats 
each, i.e. control (saline), diazepam (0.25 mg/kg), 
clomipramine (2.0mg/kg), and chlorpromazine 
(0.5 mg/kg) groups. Five minutes after the admin- 
istration of diazepam and 15min after saline, 
clomipramine or chlorpromazine, the brain was 
frozen in situ following Pontén’s method [7] by pour- 
ing liquid nitrogen into a funnel over the intact skull 
bone. Brain tissue samples were obtained by dissec- 
tion in liquid nitrogen and were kept —196° until 
analysis. The cerebral tissue was extracted with HCI- 
methanol perchloric acid below 0° after weighing. 
The techniques of Lowry and Passonneau [8] were 
used for determination of PCr, ATP, ADP, AMP, 
glucose, G-6-P, lactate, and pyruvate concentrations 
in brain tissue. The ECP was calculated as suggested 
by Atkinson [9]. All enzymes and co-enzymes for 
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Table 1. The physiological parameters of control and psychotropic drug groups 





PaQ2 
(mmHg) 


PaCO2 
(mmHg) 


MAP 


pH (mmHg) 





110+ 4 
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107 +3 
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Diazepam 
Clomipramine 
Chlorpromazine 
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143 +4 
126° 3 
136 +5 
116* +4 


7.401 + 0.022 
7.421 + 0.013 
7.385 + 0.018 
7.364 + 0.014 





* Significantly different from control (P<0.05). PaO2= 
Arterial carbon dioxide tension; MAP = Mean arterial blood pressure. 


PaCO2 = 


the assays were commercially available (Boehringer 
Mannheim GmbH, West Germany). All enzymatic 
analysis were duplicated by a Hitachi spectropho- 
tometer (124, Hitachi Ltd., Tokyo, Japan) with an 
attached linear-log recorder except glucose and lac- 
tate. Statistical differences were compared between 
control and drug groups using the unpaired /-test. 
P <0).05 was considered to be significant. 


RESULTS 


Table 1 shows mean arterial pressure, oxygen ten- 
sion, carbon dioxide tension and pH of arterial blood 
before the brain sampling. There were no statistically 
significant differences in these physiological par- 
ameters between control and drug groups, except 
for MAP of the diazepam and chlorpromazine 
groups. Tables 2 and 3 shows the effect of three 
drugs on the high energy phosphate compounds, 


glycolytic intermediates and end-product. There 
were no statistical differences in the levels of these 
compounds between control and drug groups except 


Arterial oxygen tension; 


for a significant increase in the glucose with chlor- 
promazine. Figure 1 shows representative EEG 
changes with three drugs. Each drug produced slow 
wave activity. 


DISCUSSION 


The present study clearly indicates that the levels 
of high energy phosphate compounds are stably 
maintained after the administration of three psycho- 
tropic drugs. Sari et al. [1] reported the decrease in 
CMRO) with diazepam, clomipramine, and chlor- 
promazine in dogs. Carlsson et al. [2] observed that 
CMRO>» decreased with diazepam during 70% 
nitrous oxide anesthesia in rats. It is apparent from 
our results that the reported decreases in CMRO> 
are not accompanied by any significant changes in 
cerebral concentrations of adenine nucleotides and 
glycolytic intermediates, except glucose with chlor- 
promazine. The reduction in CMRO> may be a sec- 
ondary effect of the drugs. Slow wave activity in 
EEG as shown in Fig. 1 is probably an indication of 


Table 2. Effects of psychotropic drugs on cerebral energy states 





PCr 
(uwmoles/g 
wet wt.) 


ATP 
(umoles/g 
wet wt.) 


ADP 
(uwmoles/g 
wet wt.) 


AMP 
(umoles/g 
wet wt.) 


ECP 


Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. 





0.03 
0.04 
0.04 
0.06 


0.281 
0.290 
0.288 
0.306 


0.005 
0.007 
0.012 
0.012 


0.057 
0.054 
0.049 
0.053 


0.939 
0.939 
0.941 
0.936 


0.002 
0.001 
0.002 
0.003 


5.05 0.09 
0.08 
0.10 


0.05 


0.008 
0.003 
0.009 
0.008 


Control 
Diazepam 3:13 
Clomipramine 5.23 
Chlorpromazine 5.16 
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* Significantly different from control (P < 0.05). PCr = ECP = 


potential. 
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Table 3. Effects of psychotropic drugs on cerebral glycolytic metabolism 





G-6-P 
(umoles/g 
wet wt.) 
Mean S.E. 


Lactate 
(umoles/g 
wet wt.) 
Mean __S.E. 


Pyruvate 
(umoles/g 
wet wt.) 
Mean SE. 


Glucose 
(umoles/g 
wet wt.) 


Mean S.E. S.E. 





2.93 
2.66 
2.90 
3.82 


0.26 
0.14 

0.15 
0.21* 


0.137 
0.138 
0.151 
0.129 


0.010 
0.009 
0.005 
0.023 


0.10 
0.08 
0.08 
0.07 


0.106 
0.107 
0.102 
0.112 


0.008 
0.006 
0.004 
0.005 


1.6 
0.5 
0.9 
0.9 


Control 
Diazepam 
Clomipramine 
Chlorpromazine 





* Significantly different from control (P < 0.05). G-6-P = Glucose-6-phosphate; L/P = Lactate-pyruvate 
ratio. 
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Fig. 1. Representative EEG pattern before and after the administration of diazepam, clomipramine or 


chlorpr 


depression of neuronal firing through neurotrans- 
mitter mechanisms [10,11]. Under these circum- 
stances, Na*—K*-ATPase which supports the trans- 
membrane potential across neuronal membranes will, 
be reduced. The decrease in the energy consumption 
will lead to the increase in ATP levels, which will, 
in turn, inhibit the rate of energy producing systems 
such as glycolysis and oxidative phosphorylation. 
Therefore, oxygen consumption will be reduced. 

It has been reported that chlorpromazine inhibited 
oxidative phosphorylation [12]. The ratio of the 
moles of inorganic phosphate per atom of oxygen 
consumption in the brain slice in vitro , was decreased 
with chlorpromazine [12]. Diazepam inhibits oxi- 
dative phosphorylation and appeared to be a true 
uncoupler [13]. In spite of these observations in vitro, 
there was no change in vivo in the steady-state level 
of ATP, ADP, AMP and PCr with chlorpromazine 
and diazepam as shown in Table 2. Thus, the pos- 
sibility arises as pointed out by Siesjé [14] that alter- 
ations in adenine nucleotide concentrations are con- 
fined to the microenvironment of the energy- 
producing system and that tight coupling with a high 
gain operates between energy producing and con- 
suming systems. 

The increase in glucose with chlorpromazine 
observed in this study is in agreement with the other 
reports [4-6], although they gave a large dose of this 
drug either intraperitoneally or subcutaneously. Gey 
et al. reported a decrease in concentrations of G-6- 
P, fructose-6-phosphate, and pyruvate, an increase 
in glucose, and no change in ATP [6]. Their results 
were interpreted either by a reduction in glycolytic 
flux rate [15] or an increased transport of glucose 


BP 29:1—B8 


omazine. 


from the blood to the brain [4, 5]. The increase in 
cerebral glycogen and glucose concentrations has 
also been reported during anesthesia, although the 
mechanism is not fully understood. Recently, from 
the analysis of glycolytic intermediates at short time 
intervals following intravenous infusion of thiopen- 
tal, Siesj6 [14] demonstrated inhibition at the 
phosphofructokinase step. In order to obtain further 
insight into the intracellular metabolism, determi- 
nation of flux rate of glucose metabolism is necessary 
in addition to the analysis of the steady-state levels 
of the metabolites. 

In summary, diazepam (0.25 mg/kg), clomipra- 
mine (2.0 mg/kg), and chlorpromazine (0.5 mg/kg) 
did not cause any significant changes ‘n the cerebral 
cortical energy state in rats. 
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Abstract— Penicillic acid, a cardioactive mycotoxin produced by various Penicillium molds, is a potent 
and selective inhibitor of membrane (Na*-K*)-adenosine triphosphatase (ATPase). A broad range of 
inhibition of activity by the toxin was demonstrated with a half-maximal concentration equal to 1.8 
x 10~°M. Inhibition was time and pH dependent and complete after 20-30 min preincubation within 
a narrow range of physiological pH. Kinetic evaluation of cationic substrate activation of (Na*-K*?- 
ATPase indicated competitive inhibition with regard to Na* concentration and noncompetitive inhibition 
with regard to K* concentration. Also K*-dependent p-nitrophenyl phosphatase activity was not 
significantly altered by penicillic acid, and uncompetitive inhibition with regard to ATP activation of 
the enzyme was demonstrated. Preliminary binding studies indicated that inhibition of ATPase activity 
could be partially restored by repeated washing and by incubation with dithiothreitol and cysteine. 
Penicillic acid (high concentrations) impaired [*H]ouabain binding to membrane preparations but this 
effect was noncompetitive, indicating different sites of action for the two inhibitors. A significant linear 
correlation between reactive enzyme sulfhydryl content [SH] and ATPase activity in the presence of 
varying concentrations of toxin also was noted. It is postulated that penicillic acid inhibition of (Na*- 
K*)-ATPase occurs via critically accessible membrane thiol receptors regulating Na*-dependent phos- 


phorylation of the transport enzyme. 


Penicillic acid, a tautomeric mycotoxin (Aaf-y- 
hydroxylactone or open ring substituted y-keto hex- 
enoic acid), was first isolated from the mold Peni- 
cillium puberulum by Alsberg and Black in 1913 [1]. 
It possesses antimicrobial and antitumor properties 


(lethal dose, 50 per cent) values in the range of 80— 
100 mg/kg. It also is carcinogenic in rats, with doses 
as low as 0.1 mg. initiating tumor development [4]. 
Specific biological effects of penicillic acid have not 
been studied, although Murnaghan [5] indicated that 
penicillic acid has “digitalis-like” action on frog 
heart, rabbit auricle, perfused cat heart and canine 
heart-lung preparation. Penicillic acid also had a 
dilator action on coronary and pulmonary vessels 
and produced a significant rise in blood pressure 
when injected into the whole animal. These findings 
were of interest since we recently showed that 
penicillic acid inhibited membrane (Na‘*-K*)- 
ATPase in vitro and in vivo [6]. The toxin was 
selective in that mitochondrial Mg’* ATPase (oli- 
gomycin-sensitive and insensitive) activity was not 
affected at concentrations which significantly 
inhibited (Na*-K*)-ATPase. As is the case with 
many cardioactive steroids which also are porent 
inhibitors of (Na*—-K*)-ATPase, the in vivo effect 
of penicillic acid on this enzyme system may be 
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involved in observed toxicity. It also is possible that, 
since this mycotoxin is a selective inhibitor of (Na*- 
K*)-ATPase, it will be useful as a probe in under- 
standing the mechanism of the (Na*—-K*)-ATPase 
transport enzyme. Thus, the present study was initi- 
ated to characterize and to elucidate the inhibitory 
action of penicillic acid on this enzyme complex. 


EXPERIMENTAL PROCEDURES 


Penicillic acid was obtained from Makor Chemi- 
cals, Jerusalem, Israel. Toxin purity (99.8 per cent) 
was established by melting point, thin-layer chroma- 
tography, and infrared and mass spectra. The 
mycotoxin was stored in the dark at room temper- 
ature. Fresh solutions of the toxin were prepared for 
each experiment using double-distilled deionized 
water. [°"H]Ouabain (sp. act. 14.4 Ci/mmole) was 
purchased from New England Nuclear, Boston, MA. 
Fluoralloy TLA, BioSolv BBS-3 and scintillation 
grade toluene were from Beckman Instruments, Inc, 
Irving, CA. All other chemicals were purchased 
from the Sigma Chemical Co., St. Louis, MO. 

Enzyme. Highly specific (Na*—K*)-activated 
ATPase from swine brain cerebral cortex micro- 
somes (ATP phosphohydrolase, EC 3.1.6.3) (Sigma 
Chemical Co., St. Louis, MO), prepared according 
to the method of Nakao et al. [7], was used as the 
enzyme source. Enzyme preparations (pH 7.5) con- 
taining 0.32 M sucrose, 10 mM imidazole and 1.0 mM 
EDTA were quick frozen in liquid nitrogen, were 
stored in the dark at —80° until used for ATPase 
analysis, and were discarded after 25 per cent of the 
original activity was lost. These preparations were 
demonstrated consistently to be highly specific as to 
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(Na*-K*)-ATPase activity (approximately 99.5 to 
100 per cent of the total activity was ouabain sen- 
sitive). The average specific activity of the (Na*- 
K*)-activated component of enzyme preparations 
was 35.5 pmole/mg of protein/hr (APj), and, 
although somewhat lower than that reported by 
Nakao et al. [7], was consistently reproducible. The 
remaining activity (when present) was the basal Mg”* 
component. 

ATPase determination. Adenosine triphosphatase 
activity was determined using endpoint phosphate 
analyses and methods described previously [8,9]. A 
one-ml reaction mixture contained in final concen- 
tration: 5.0mM ATP (vanadium free), 5.0mM 
Mg?*, 100mM Na*, 20mM K*, 135mM imid- 
azole/HCI buffer (pH 7.5) and 540 wg of enzyme 
protein. Total cationic ligand-stimulated ATPase 
activity of enzyme aliquots was measured with Na’, 
K* and Mg”** present in reaction mixtures. The basal 
Mg?* component was measured by omitting both 
Na* and K*. Delineation of the (Na*—K*)-activated 
component was obtained from the difference 
between total ATPase (Na* + K* + Mg?*) and basal 
Mg”* activity (Mg’* only). When present in reaction 
mixtures, penicillic acid was added in water (5 pl) 
to tubes containing either Na*, K*, and Mg’* or 
Mg’* only. The (Na*-K*)-ATPase activity was 
determined by the difference between the two. 
Water (5 wl) only was added to control reaction 
mixtures. Treated and control preparations, reagent 
and enzyme blanks were incubated simultaneously 
at 37° for various intervals prior to initiation of the 
hydrolysis reaction with ATP. Incubation was 
stopped after 10-20 min with the addition of tri- 
chloroacetic acid (5%, w/v) to the reaction mixture. 
Then samples were assayed for inorganic phosphate 
using the modified method of Lowry and Lopez [10]. 
Protein was determined by the method of Lowry er 
al. [11], using bovine serum albumin as the standard. 
Maintenance of ionic strength and osmolarity in 
reaction mixtures was achieved by adding inert cho- 
line chloride when either Na*, K* or Mg** concen- 
trations were varied from optimal experimental 
concentrations. 

Analysis of p-nitrophenyl phosphatase. The K*- 
stimulated phosphatase activity of enzyme prep- 
arations was measured utilizing hydrolysis of the 
substrate p-nitrophenyl phosphate (5.0 mM) in the 
presence of 5.0 mM Mg’*, 10 mM K*, 100 mM Tris— 
HCl buffer (pH 7.4) and 40 ug of microsomal protein 
at 37° in a final volume of 1.0 ml [12,13]. After 
incubation, aliquots of reaction supernatant fluids 
were diluted with 1M Tris (pH 10.4), and the optical 
density was determined at 410 nm against a suitable 
blank. K*-stimulated phosphatase activity was 
expressed as nmoles Pi/mg of protein/min in the 
presence of Mg** + K* minus activity in the presence 
of Mg’* only. Penicillic acid was added to reaction 
mixtures as described earlier. 

Kinetic evaluation. Methods of analysis, with 
minor variations in substrate ligand concentrations, 
incubation times and protein content, were as 
described previously by Ahmed et al. [14], Phillips 
and Hayes [8] and Phillips et al. [9]. Two inhibitor 
(toxin) concentrations, in most cases the concentra- 
tions which produced 50 per cent inhibition (Iso) and 


25 per cent inhibition (I2s), were plotted against the 
control. Variations in toxin concentration, as well 
as mean apparent Km and Vmax values for indepen- 
dent studies, are listed under Results or in the figure 
legends. 

Reactive membrane sulfhydryl [SH] group deter- 
mination. Sulfhydryl reactivity for toxin-membrane 
protein was determined utilizing a lead mercaptide 
reaction and analysis of free thiol groups as described 
by Pasto and Johnson [15]. Total sulfhydryls per mg 
of protein also were determined by the method of 
Ellman [16] utilizing the reaction of enzyme prep- 
aration with DTNB [5,5’-dithiobis-(2-nitrobenzoic 
acid)]. Absorbance of the liberated reaction product 
(5-thio-2-nitrobenzoic acid) was monitored against 
a Suitable blank to correct for protein and imidazole 
using a Beckman Acta III recording spectrophoto- 
meter. The incubation medium consisted of 50- 
100 xg of enzyme protein/ml in 135 mM imidazole 
buffer (pH 7.5). Penicillic acid was added to reaction 
mixtures as described previously but prior to addition 
to DTNB. Fully reactive membrane thiol was cal- 
culated using cysteine-HCl as a standard and 
expressed in terms of nanoequivalents [SH]/mg of 
enzyme protein (n-equiv.). The free sulfhydryl con- 
centration also was estimated from the molar extinc- 
tion coefficient of the p-nitrothiophenol anion 
(13,600 M~'cm~'). 

Assay of (*H]ouabain-A TPase binding. The bind- 
ing of [‘H]ouabain to microsomal (Na*—K*)-ATPase 
was carried out under experimental conditions favo- 
urable for rapidly saturable “Complex I” formation, 
as described by Van Winkle er al. [17]. Binding 
medium consisted of 1.25mM Na*-ATP, 1.25 mM 
MgCh, 50mM NaCl, 1mM EDTA, 50 mM Tris- 
HC! (pH7.4) and various concentrations of 
PH]ouabain (0-700nM), in a volume of 2- 
10 ml/tube. Binding experiments were initiated with 
enzyme (50-100 g/ml of binding medium) in tubes 
prewarmed to 37° in a water bath and were termi- 
nated using the rapid millipore filtration technique 
described by Van Winkle et al. [17] and Wallick et 
al. [18]. Aliquots (1.0 ml) taken at specific intervals 
were suctioned rapidly through Millipore filters 
(0.45 pore size) followed by three rapid washes of 
5 ml of deionized water. Filters were removed care- 
fully and placed in scintillation vials containing 10 ml 
of 10% BBS-3 Fluoralloy TLA/toluene scintillation 
medium and counted in a Beckman LS-250 liquid 
scintillation spectrometer using appropriate blanks 
and standards. External channel ratio (calibrated 
with internal standards) was used to monitor count- 
ing efficiency. Ouabain-receptor binding was 
expressed in terms of pmoles [*H]ouabain bound/mg 
of enzyme protein and was determined from satur- 
able, specific binding in all experiments. Nonspecific, 
nonsaturable binding (<2.0 per cent of total binding) 
was determined by preincubation of the enzyme with 
10-7M unlabeled ouabain for 10 min prior to 
initiation of binding or by using a heat inactivated 
enzyme preparation. 

Expression of results. Kinetic data were trans- 
formed to double reciprocals and plots were con- 
structed according to the method of Lineweaver and 
Burk [19]. Data were subjected to regression analysis 
and also analyzed by Student’s ¢-test. Differences 
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from controls were considered significant at P<0.05. 
Other methods or modifications of a described pro- 
cedure are detailed in the appropriate figure legend 
or Results. 


RESULTS 


Inhibition of (Na*-K*)-ATPase. Penicillic acid 
significantly inhibited microsomal (Na*-K”*)- 
ATPase activity in a concentration-dependent man- 
ner with an Iso of 1.8 x 107° M (Fig. 1). Impairment 
of enzyme activity also was observed over a broad 
toxin concentration range with inhibition still present 
at 5 x 10°” M penicillic acid. Inhibition of enzyme 
activity was specific for (Na*—-K*)-ATPase; the basal 
Mg?*-activated ATPase activity of preparations was 
not affected by penicillic acid at the concentrations 
tested. 

Inhibition during preincubation of penicillic acid 
with (Na*—-K*)-A7TPase was time and concentration 
dependent, approaching steady state after 10-30 min 
reaction time (Fig. 2). No further inhibition of 
activity occurred. 

Time course. Inhibition of (Na*—-K*)-ATPase by 
penicillic acid was independent of incubation time 
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Fig. 1. Effect of penicillic acid on (Na*—-K*)-stimulated 
ATPase activity. Each point represents the X + S.E. per- 
cent inhibition of activity (umoles Pi/mg of protein/hr) of 
three independent replicate experiments each assayed in 
triplicate. Toxin was preincubated for 30 min at 37° with 
enzyme (40 yg) in the incubation mixture before initiation 
of the reaction. 
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Fig. 2. Time course of inhibition of (Na*—-K*)-ATPase by 
penicillic acid. Toxin was preincubated for different time 
intervals at 37° with enzyme (40 wg) prior to ATPase assay. 
Data, expressed as a fraction of the initial control rate of 
ATP hydrolysis, represent ¥ activity from three indepen- 
dent replicates, each assayed in triplicate. (Na*-K*)- 
ATPase was expressed as activity in the presence of 
Na* + K* + Mg** minus activity in the presence of Mg** 
Key: (A) 5 x 107° M toxin; (O) 1.8 x 107° M toxin; (@) 
2.0 x 10°° M toxin. 
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Fig. 3. Time course of incubation reaction with and without 
penicillic acid in reaction mixtures. Pi represents activity 
(moles) in the presence of optimal concentrations of Na”, 
K* and Mg** minus that in the presence of Mg’* alone. 
Forty ug of enzyme protein (@, control; and O, 1.8 x 10~* 
M penicillic acid). Ten wg of enzyme protein (™, control; 
0, 1.8 x 10-°M penicillic acid). Each point represents the 
X activity from duplicate experiments assayed in triplicate. 


and enzyme concentration (after 30 min preincuba- 
tion prior to initiation) (Fig. 3). Linear rates of ATP 
hydrolysis were observed with 10 and 40 yg of 
enzyme protein through 40 and 20 min of incubation 
time, respectively, with and without penicillic acid. 
Linearity at the highest protein concentration was 
maintained until 0.6 to 0.7 umole P; was formed in 
the reaction mixture, which suggests product inhi- 
bition or negative feedback of the ATPase system 
by ADP at these levels [8,9,14]. 

Effect of pH on inhibition of (Na*-K*)-ATPase 
by penicillic acid. The pH of separate incubation 
mixtures was varied from 6.0 to 9.0 by using a mixture 
of Tris/imidazole/HCl buffers (30mM) [8,9,14]. 
Under the experimental conditions employed, opti- 
mal (Na*-K*)-ATPase activity was observed at 
pH 7.5 (Fig. 4). Inhibition by penicillic acid varied 
with pH. Maximal inhibition of (Na*—-K*)-ATPase 
activity occurred between pH 7.0 and 8.0, with sig- 
nificant impairment of inhibitory potency at both 
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Fig. 4. Effect of pH on penicillic acid inhibiton of (Na*- 
K~)-ATPase. Various pHs were obtained using mixtures 
of imidazole/Tris—HCI buffers. Protein (40 zg) was present 
in reaction mixtures, and (Na*-K*)-ATPase was expressed 
as activity in the presence of Na* + K* + Mg** minus 
activity in the presence of Mg* alone. Key: (@) control; 
(A) 1.8 x 10*° M penicillic acid; and (O) 5.0 x 10°*M 
penicillic acid. Each point represents X activity of duplicate 
experiments assayed in triplicate. 
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Fig. 5. Reversibility of penicillic acid inhibition of (Na*- 
K*)-ATPase with washing. Three enzyme preparations 
were appropriately diluted in sucrose solution (0.32 M 
sucrose, 10 mM imidazole and 1.0 mM EDTA, pH 7.5); 
after removing an aliquot (containing 35 yg protein/S50 
ul) for control assay the remaining protein was treated with 
5 x 10-* M penicillic acid and aliquots were removed for 
treated analysis. Control and treated protein suspensions 
were diluted 10-fold with ice-cold sucrose solution and 
centrifuged at 70,000 g for 1 hr at 4°. The pellets were 
resuspended in suitable volumes, and control and treated 
aliquots were removed and assayed for (Na*-K*)-ATPase 
activity. This procedure was repeated twice. Data represent 
X +S.E. activity of triplicate assays from three different 
enzyme preparations. Key: (0) control; (M@) treated; and 
(*) statistically significant from the control, P<0.05. 
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acid and alkaline pH ranges. For example, at pH 
7.5, 1.8 107-8 and 5x 10~° M toxin inhibited 
activity by 51 per cent and 72 per cent respectively, 
while at the pH extremes of 6.0 and 9.0 inhibition 
was insignificant even at the higher toxin 
concentration. 

Reversibility of inhibition by washing. A slow 
recovery of activity of penicillic acid-treated (Na*- 
K*)-ATPase was demonstrated by repeated washing 
of enzyme preparations with 0.32 M ice-cold sucrose 
solution (containing 10mM imidazole and 1.0 mM 
EDTA, pH 7.5). No significant recovery of control 


0.20 


1 


025 050 075 


1/ATP (mM~') 


Fig. 6. Effect of penicillic acid on the kinetics of activation 
of (Na*-K*)-ATPase by ATP. The concentration of ATP 
was varied from 1.2 to 3.3 mM while maintaining optimal 
concentrations of Na*, K* and Mg?*. APi represents specific 
activity (umoles Pi/mg of protein/hr). The incubation 
reaction was carried out for 10 min. Key: (O) control; and 
(@) 1.8 x 10°°M penicillic acid. Data represent X activity 
from three independent replicate experiments assayed in 
triplicate. 








activity was achieved through three washes, but after 
the third dilution, centrifugation, and resuspension 
of treated and control enzyme aliquots, approxi- 
mately 33 per cent of the control activity was restored 
(Fig. 5), suggesting tight binding to preparations. 

Kinetic analysis. The effects of penicillic acid on 
various cationic and substrate activation parameters 
of (Na*—K*)-ATPase were examined to determine 
the site of inhibitory action. 

Effects of penicillic acid on ATP and Mg?* acti- 
vation kinetics. Activation of (Na*-K*)-ATPase by 
ATP (low affinity) was demonstrated by varying 
ATP concentrations from 1.2 to 3.3 mM while main- 
taining otherwise optimal reaction conditions. Dou- 
ble-reciprocal plots of ATP-stimulated (Na*-K*)- 
ATPase activity demonstrated a reduction in the 
apparent Vmax from 29.4 to 14.7 uwmoles Pi/mg of 
protein/hr in the presence of 1.8 x 10~* M penicillic 
acid (Fig. 6). A change in the K» also was observed, 
resulting in parallel lines suggesting uncompetitive 
or coupled inhibition with ATP. The Mg’* concen- 
tration in reaction mixtures also was varied from 0.5 
to 7.0mM while maintaining all other conditions 
optimal. These conditions did not significantly affect 
the inhibition of (Na*—K*)-ATPase by 1.8 x 10~* or 
5.0 x 10-'" M penicillic acid, suggesting that the 
action of the toxin on (Na*—K*)-ATPase was inde- 
pendent of Mg** (data not shown). 

Effects of variation in Na* and K* concentrations. 
Initial studies of the toxin effects on cationic acti- 
vation of (Na*-K*)-ATPase involved changing the 
concentrations of either Na* or K* in reaction mix- 
tures while maintaining all other conditions optimal 
and constant. At optimal Na* (100mM), the K* 
concentration was varied from 1 to 20 mM, while at 
optimal K* (20mM), the Na* concentration was 
varied from 5 to 100 mM. A significant and concen- 
tration-dependent difference in percent inhibition of 
ATPase (relative to specific activity) was observed 
at lower Na*/K* ratios (72 per cent at Na*/K* = 
0.25 vs 48.7 per cent at Na*/K* = 5.0). No difference 
in inhibition was produced by changing the K* con- 
centration (Table 1). These results indicated possible 
inhibitor interaction at Na* sites. To determine the 
kinetic nature of this interaction, the effects of pen- 
icillic acid on Na* and K* activation kinetics of 
(Na*-K*)-ATPase (in the presence of low, nonin- 
terfering concentrations of the cation held constant) 
were studied. Results from these experiments follow. 

Na* activation of (Na*K*)-ATPase. Due to a 
strong cooperative interaction between Na*® sites, 
linear plots of Na* activation data at limiting K* 
concentration (1.0 mM) were demonstrated by tak- 
ing the square root of the reciprocal of AP; and 
replotting these data against the reciprocal of the 
Na* concentration in the reaction mixture, thus 
accounting for two available Na* activation sites 
[20,21]. Activation of (Na*-K*)-ATPase was 
observed by varying the Na* concentration between 
0.5 and 2.0mM (Fig. 7 inset). Double reciprocal 
plots of the data demonstrate that penicillic acid 
competitively inhibited the (Na*-K*)-ATPase, 
resulting in a slope change of the inhibited plot 
without change in the intercept or apparent Vinax 
(Fig. 7). Kinetic parameters were significantly 
affected in the presence of two concentrations of 
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Table 1. Inhibition of (Na*-K*)-ATPase by penicillic acid 
at various cationic activity states 





(Na*-K* )-adenosine 
triphosphatase 
activity 
(% inhibition) 
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* Cationic concentrations of Na* and K* were varied in 
reaction mixtures while maintaining all other conditions 
constant. Enzyme protein (40 wg) was incubated in the 
presence and absence of penicillic acid (1.8 x 10~* M) at 
the various concentrations of Na* and K*. 

+ Specific activity (umoles Pi/mg of protein/hr) refers to 
activity in the presence of (Na* + K* + Mg**) minus 
activity in the presence of (Mg”*) only. Control and treated 
activities were determined at each activity state tested. 
Optimal ionic strength was maintained using choline chlor- 
ide in reaction mixtures. 

+ Data represent the ¥.+S.E. percent inhibition of 
duplicate independent studies assayed in triplicate. 


penicillic acid. A change in the apparent K» from 
0.53 to 0.91 and 1.7 mM in the presence of 1.8 x 
10-" M toxin, respectively, was observed. These 
results indicate that the inhibitory effect of penicillic 
acid was dependent on Na’*. 

K* Activation of (Na*—K*)-ATPase. K* activation 
of (Na*—-K*)-ATPase was demonstrated by varying 
the K* concentration at 10 mM Na‘ to avoid inter- 
action at K* sites (Fig. 8, inset). Double reciprocal 


Na*(mM) 
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Fig. 7. Effect of penicillic acid on Na* activation of (Na*- 
K*)-ATPase. Membrane protein (40 wg) was incubated for 
a duration of 20 min upon initiation with ATP, and the 
concentration of Na* was varied from 0.5 to 2.0 mM while 
maintaining the K* concentration at 1.0 mM (inset). AP; 
represents activity in the presence of Na*, K* and Mg?* 
minus that in the presence of Mg”* only. Key: (O) control; 
(A) 5 x 107" M penicillic acid; and (@) 1.8 x 10°°M 
penicillic acid. Data represent X activity from three inde- 
pendent replicates assayed in triplicate. 
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plots of the data demonstrate noncompetitive inhi- 
bition kinetics as evidenced by no change in the 
apparent K» (2.0 mM) with decreasing apparent Vinax 
values in the presence of 1.8 x 10~* and 5.0 x 107" 
M penicillic acid (Fig. 8). These results suggest that 
the inhibitory action of penicillic acid was indepen- 
dent of K* 

Effect of penicillic acid on p-nitrophenyl phospha- 
tase activity. K*-stimulated p-nitrophenyl phospha- 
tase represents a model for the phosphatase step in 
the overall (Na*-K*)-ATPase reaction [12,22,23]. 
The mean specific activity of enzyme p-nitrophenyl 
phosphatase (at optimal conditions) was 70.9 nmoles 
Pi/mg of protein/min and was only slightly inhibited 
(16.4 per cent) by penicillic acid at 5 x 10-* M, 
suggesting an indirect action on this component of 
the enzyme-—complex (data not shown). The same 
concentration inhibited total (Na*—K*)-ATPase 
activity by more than 90 per cent. 

Alteration of penicillic acid inhibition by sulfhy- 
dryls. Protection from the inhibitory effect of pen- 
icillic acid on (Na*—K*)-ATPase was demonstrated 
in the presence of the sulfhydryl reagents cysteine 
and dithiotrietol. These compounds were added sep- 
arately to incubation mixtures prior to the addition 
of penicillic acid, and then tubes were preincubated 


‘at 37° for 30 min prior to initiation of the reaction 


with ATP. Cysteine and dithiothreitol reduced 
inhibition of ATPase in a dose-dependent manner. 

Preincubation of equimolar concentrations of cys- 
teine or dithiothreitol with penicillic acid reduced 
the amount of lead mercaptide formed. Loss of free 
thiol was time and pH dependent (extremely slow 
reaction at acidic pH), suggesting a correlation 
between inhibition of the enzyme by penicillic acid 
and involvement with sulfhydryls (data not shown). 

Effect of penicillic acid on reactive membrane 
sulfhydryl [SH]: correlation with ATPase inhibition. 
The average free reactive sulfhydryl in control 
enzyme preparations from three separate experi- 
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Fig. 8. Effect of penicillic acid on K* activation of (Na*- 
K*)-ATPase. The concentration of K* was varied from 
0.40 to 0.80 mM while keeping the Na* concentration 
constant at 10 mM (inset). Membrane protein (40 ug) was 
incubated for 15 min upon initiation with ATP. AP; rep- 
resents specific activity of (Na*-K*)-ATPase. Key: (O) 
control; (A) 5 x 10° M penicillic acid; and (@) 1.8 x 
10-* M penicillic acid. Data represent X activity from three 
independent replicates, assayed in triplicate. 
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Fig. 9. Effect of penicillic acid on free reactive sulfhydryl 
content of membrane protein enzyme. Total free sulfhydryl 
[SH] is expressed as n-equiv./mg of enzyme protein. Key: 
(@) control; (@) 5x 10°'’ M penicillic acid; (A) 
1.8 x 107° M penicillic acid; (O) 5 x 10-°M penicillic acid; 
and (0) 2 x 107* M penicillic acid. Data represent X [SH] 

from three studies each assayed in triplicate. 
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ments was 55 + 2.8 n-equiv./mg of membrane pro- 
tein (Fig. 9). Formation of the reaction product, 5- 
thio-2-nitrobenzvic acid, stabilized after 5-10 min 
and was reduced (in a concentration-dependent man- 
ner) in the presence of 5 x 107", 1.8 x 107%, 
5 x 10~° and 2 x 10°* M penicillic acid. A 70 per 
cent reduction in total reactive [SH] was observed 
at the higest toxin concentration. 

The relationship between reduction in reactive 
enzyme sulfhydryl and inhibition of (Na*—K”*)- 
ATPase at different toxin concentrations if illus- 
trated in Fig. 10. A significant linear correlation of 
the data (r = 0.973, b = 14.5) indicates that inhibi- 
tion of (Na*-K*)-ATPase by penicillic acid and 
reaction with accessible membrane sulfhydryls are 
related. Extrapolation of the regression line suggests 
that 14.5 n-equiv. [SH]/mg of protein (or 26.4 per 
cent of the total [SH]) were not affected by penicillic 
acid at concentrations which completely inhibit 
(Na*—-K*)-ATPase activity. 
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Fig. 10. Effect of penicillic acid on (Na*-K*)-ATPase 

activity and free membrane sulfhydryls. Each data point 

represents the X of triplicate assays from a separate experi- 

ment. Key: (@) control; (O) 5 x 10-'° M toxin: (A) 

1.8 x 107° M toxin; (0) 5x 10-° M toxin; and (M8) 

2x 10-* M toxin. Linear regression analysis indicated 
r= 0.973, a= 1.3, b= 14.5. 





(] (Na*K*) ATPase Activity 
{A (3H)Ouabain Binding 
* 


+ 


x 
ie) 


4 


fo) 
oO 


eS 
oO 


* 


‘ 


5x107!0 5xi0-@ 5xlO-& 5x1075 
PENICILLIC ACID CONC. (M) 


Fig. 11. Effect of penicillic acid on (Na*-K*)-ATPase 

activity (open bars) and [*H]ouabain binding to the enzyme 

(hatched bars). Data represent X¥ + S.E. percent of control 

activity. Values statistically significant from control levels 

(P <0.05) are marked by an asterisk. For details see 
Experimental Procedures. 
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Penicillic acid interaction with ouabain binding. 
Conditions favourable for “Complex I” formation 
[17], as described in Experimental Procedures, were 
used for binding studies. Incubation of enzyme with 
penicillic acid produced a decrease in the amount of 
[*H]ouabain (3.5nM) bound after 60 min reaction 
time. Control binding, 15.86 pmoles [*H]ouabain/mg 
of protein, was reduced to 7.80 pmoles [*H]ouabain 
bound/mg of protein (50.8 per cent inhibition) by 
5.0 x 10-* M penicillic acid. Nonsaturable binding 
was only 1.95 per cent of the total. Quabain binding 
was not impaired except in the presence of high 
concentrations of penicillic acid (Fig. 11). Also, at 
5 x 10-* M toxin more than 90 per cent (Na*—K*)- 
ATPase activity was inhibited whereas only a 50 per 
cent reduction in ouabain binding occurred, sug- 
gesting that the two inhibitors of ATPase act at 
independent sites. Saturable ouabain binding to 
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Fig. 12. Effect of penicillic acid on [*H]cuabain binding to 
microsomal (Na*—K*)-ATPase preparation. Key: (@) con- 
trol; (O)5 x 10~*M penicillic acid. Data represent X + S.E. 
specific [*HJouabain binding from three independent rep- 
licates. Nonspecific, nonsaturable binding was substracted 
from total binding for each point. For details see Experi- 
mental Procedures. 
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enzyme over a concentration range of 7.0 to 700 nM 
labeled ouabain was demonstrated both with and 
without toxin (1 x 10~* M) (Fig. 12). Regression 
analysis of double-reciprocal plots of the data indi- 
cates noncompetitive interaction of the toxin with 
ouabain binding (data not shown). These results 
further support the suggestion that the two inhibitors 
do not act at the same site. 


DISCUSSION 


This study indicates that penicillic acid is a potent 
inhibitor of brain microsomal (Na*-K*)-ATPase, as 
evidenced by an Iso of 1.8 x 10~* M. At least two 
classes of critical sulfhydryls are essential for (Na*— 
K*)-ATPase activity [24-27]. Protection of the 
enzyme from the inhibitory effects of penicillic acid 
in the presence of the sulfhydryl reagents dithioth- 
reitol and cysteine and direct reduction of lead mer- 
captide in the presence of added thiol suggest that 
penicillic acid acts at membrane sulfhydryl sites. 
Penicillic acid also reacted with (Na*—-K*)-ATPase 
and concomitantly reduced the amount of free 
reactive enzyme sulfhydryl [SH]. A significant cor- 
relation at different toxin concentrations suggests a 
cause-effect relation. Our results indicate that pen- 
icillic acid reacted with 73.6 per cent of the total free 
sulfhydryls. Our data also indicate that 26.4 per cent 
of these sulfhydryl groups were not reactive to pen- 
icillic acid (at concentrations which totally inhibit 
ATP Fydrolysis) and were thus unrelated to ATPase 
inhibition. Akera and Brody [27] have shown that 
chlorpromazine free radical, another sulfhydryl- 
ATPase inhibitor, was unreactive to 26 per cent of 
the 64 n-equiv. [SH]/mg of protein in their enzyme 
preparation. 

Although a cardioactive agent and a selective 
inhibitor of (Na*-K*)-ATPase, penicillic acid did 
not inhibit the enzyme at ouabain sites. The binding 
of [H]ouabain was disrupted by penicillic acid, but 
only at high penicillic acid concentrations and the 
effect was noncompetitive. Chlorpromazine free rad- 
ical also failed to inhibit ouabain binding significantly 
[27]. Ouabain has no effect on enzyme sulfhydryls, 
further suggesting separate receptor sites for the two 
inhibitors of (Na*—K*)-ATPase. The observed 
reduction of ouabain binding by penicillic acid might 
be a consequence of conformational changes in the 
ouabain receptor site resulting from penicillic acid— 
sulfhydryl interaction at other sites. 

Inhibition of enzyme activity by penicillic acid was 
pH dependent. Maximal inhibition of the toxin was 
attained at physiological pH, whereas, at pH 
extremes, inhibition was reduced greatly. Reduction 
in inhibition at acidic pH might be the result of a 
slower reaction rate and concurrent reequilibration 
of the cyclic lactone tautomer (stabilized by neutral 
to alkaline pH) biased in favour of the open ring 
y-keto hexenoic acid. Penicillic acid has been shown 
to react much slower with sulfhydryls, such as cys- 
teine and glutathione, at acidic pH than at neutral 
to alkaline ranges [28]. Disappearance of inhibition 
at pH 9.0 is not as easily explained, although this pH 
may exert effects on the conformation of critically 
reative enzyme thiols, either stabilizing or rendering 
them unreactive to the toxin. 


The mechanism of inhibition of ATPase by pen- 
icillic acid can be explained by illustrating the partial 
reactions of the enzyme system: 


Step 1:E, + ATP =“ E p+ ADP 
Step 2: E,.P = E,.P 
Step 3: E,.P > £48 


In the presence of free dephosphoenzyme (£1), ATP, 
Na* and Mg”* activate the formation of E) phos- 
phoenzyme (transphosphorylation) (Step 1). The 
£\.P complex then undergoes a change in confor- 
mation to form an E2 phosphoenzyme complex (Step 
2) which is sensitive to hydrolysis in the presence of 
K* [29], and subsequently undergoes 
dephosphorylation. 

Kinetic evaluation showed that penicillic acid com- 
petitively inhibited (Na*—K*)-ATPase with respect 
to Na* but was uncompetitive with respect to ATP. 
Inhibition was independent of K* concentration. K*- 
dependent phosphatase activity was not inhibited 
significantly by penicillic acid. These results suggest 
that penicillic acid primarily affected Step 1 in the 
reaction sequence, possibly at a Na*-phosphoen- 
zyme regulatory site(s). This conclusion is reinforced 
by the lack of significant inhibition of the phospha- 
tase step (Step 3). These effects may be due to 
conformational changes in the enzyme complex 
affecting the affinity of ATP and Na* receptor sites 
or to specific binding at essential ATPase-thiol 
receptors by penicillic acid. More definite conclu- 
sions await further work with a highly purified 
enzyme and radiolabeled toxin. 

Additional preliminary evidence from our labora- 
tory indicates that the mode of action of penicillic 
acid and membrane thiol may involve nucleophilic 
addition across the conjugated a, B unsaturation to 
the carbonyl or addition across the exocyclic meth- 
ylene functionality resulting in intermediates which 
labilize to the respective S-alkylated derivatives 
(unpublished data). 

The potency of penicillic acid to the membrane 
(Na*—-K*)-ATPase system, both in vivo and in vitro, 
suggests a high affinity for ATPase sites. The rather 
broad range of inhibition demonstrated in vitro is 
somewhat inconsistent with this conclusion, since a 
range of concentration on the order of 10° higher 
than the Iso was required for total inhibition. This 
observation may indicate a mixed or complex type 
of binding to the membrane preparation. However, 
preliminary ['*C] penicillic acid-(Na*-K*)-ATPase 
binding data suggest the possibility of intermolecular 
H-bonding of the cyclic dimer type or self-association 
of toxin in solution which might adequately explain 
this effect (unpublished data). 
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Abstract—The effects of the volatile anesthetic agents enflurane (CCIFHCF2OCF2H) and methoxy- 
flurane (CCl2HCF2OCHs3) on hepatic microsomal electron transfer components and stearate desaturase 
are reported. Both enflurane and methoxyflurane stimulated electron flow from NADH and NADPH 
through hepatic microsomal cytochrome bs. The stimulation of electron flow from cytochrome bs by 
the anesthetic agents was not inhibited by metyrapone or CO, but was inhibited by 0.5 mM KCN. The 
effects of enflurane and methoxyflurane were influenced by the diet and pretreatment of the rat prior 
to death. A high-carbohydrate diet enhanced the effects, while fasting with or without phenobarbitone 
treatment diminished them. The anesthetic agents did not affect the rate constant for the autoxidation 
of purified trypsin-cleaved cytochrome bs or the activity of hepatic microsomal NADH- and NADPH- 
cytochrome c reductase, except that enflurane slightly increased the activity of NADH-cytochrome c 
reductase. The values of the equilibrium constants (Keq) for the stimulation of the oxidation of hepatic 
microsomal cytochrome bs by enflurane and methoxyflurane were determined to be 1.2 and 0.5 mM, 
respectively. The Keq for enflurane differed from the Ks and Km values for the interaction of this 
anesthetic agent with cytochrome P-450, whereas the Keq for methoxyflurane differed from the Km for 
NADPH oxidation by cytochrome P-450, but not from the Ks for binding to cytochrome P-450 or the 
Km for fluoride ion production from this anesthetic agent by cytochrome P-450. The Ki values of 0.08 
and 0.11 mM obtained for cyanide inhibition of the enhancement of the oxidation of cytochrome bs by 
enflurane and methoxyflurane, respectively, are within experimental error of the Ki for cyanide inhi- 
bition of stearate desaturase. Enflurane and methoxyflurane, however, did not inhibit the conversion 
of stearoyl CoA to oleate by hepatic microsomal stearate desaturase. It is concluded that enflurane and 
methoxyflurane stimulate hepatic microsomal electron flow from NADH and NADPH through cyto- 
chrome bs in vitro, apparently by interacting with stearate desaturase. 


NADH -~ NADH~-cytochrome bs (c)--Cytochrome bs 


The cytochrome P-450 mixed function oxidase of the 
hepatic endoplasmic reticulum catalyzes the primary 
step in the metabolism of many xenobiotics [1]. The 
first steps in the metabolism of the volatile anesthetic 
agents enflurane (CCIFHCF2OCF?2H) and methoxy- 
flurane (CClhHCF2OCH3) involve dehalogenation 
and ether cleavage reactions mediated by hepatic 
microsomal cytochrome P-450 [2-4]. Detailed path- 
ways for metabolism of these anesthetic agents in 
vivo have been proposed, but the pathways have 
not, as yet, been fully established, particularly for 
enflurane which is not metabolized extensively in 
vivo [2-6]. 

Stearate desaturase participates in another major 
electron transfer pathway of hepatic endoplasmic 
reticulum membranes. The physiological role of 
stearate desaturase appears to be to convert stearoyl 
CoA to oleate. This reaction can be supported by 
either NADH or NADPH and requires flavoprotein 
reductases and cytochrome bs as obligate inter- 
mediate electron carriers [7-11] as shown in Scheme 
1. 





* This research was supported by grants from the Medical 
Research Council, the Nellie Atkinson Bequest, the 
Atomic Energy Board, and Anglo-American/De Beers. 


27 


reductase WA | 
S 


NADPH ~NADPH- cytochrome tearate desaturase > O, 


P-450 (c) reductase 


Stearoy| Oleate 


CoA 


Scheme 1. Electron transfer to stearate desaturase. Straight 
arrows indicate electron flow. 


Stearate desaturase also exhibits mixed function 
oxidase activity in the oxidation of methyl sterols 
[12, 13]. Both the oxidase and desaturase activities 
are inhibited by cyanide (Ki=0.1mM) [10, 12]. 
Stearate desaturase has not been widely investigated 
with regard to its ability to interact with xenobiotics. 
It has, however, been reported to interact with phe- 
nolic xenobiotics [11] and with the volatile anesthetic 
agent halothane (CF;CHBrCl) [14]. In an attempt 
to clarify further the metabolism and the physio- 
logical effects of the volatile anesthetic agents, 
enflurane and methoxyflurane, we have investigated 
their interaction with hepatic microsomal electron 
transfer proteins and with stearate desaturase. In the 
following investigation, in order to alter the levels 
of stearate desaturase, advantage was taken of the 
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fact that the enzyme is under dietary control. The 
levels of stearate desaturase are negligible in fasted 
rats, measurable in fed rats, and elevated by feeding 
semi-purified high-carbonate diets [8, 15, 16]. 

The data indicate that enflurane and methoxy- 
flurane enhance hepatic microsomal electron flow 
through cytochrome bs at clinically achievable 
anesthetic concentrations. The observed stimulation 
of electron transfer appears to arise from the inter- 
action of enflurane and methoxyflurane with hepatic 
microsomal stearate desaturase. 


EXPERIMENTAL 


Materials. NADH and NADPH were obtained 
from Miles Laboratories, Cape Town, South Africa. 
Stearoyl CoA and [1-"“C]stearoyl! CoA were 
obtained from Sigma Chemicals, Poole, England, 
and from New England Nuclear, Boston, MA, 
U.S.A., respectively. Dextrin was supplied by Merck 
Chemicals, Darmstadt, Germany, and by Sigma 
Chemicals. 

The vitamin mixture used in the diet was consti- 
tuted from vitamins received as a gift from Roche 
Pty. Ltd., Isando, Transvaal, South Africa. Choline 
chloride, sodium dithionite and cellulose were 
obtained from B. D. H. Chemicals Ltd., Poole, 
England. Casein was obtained from Merck Chemi- 
cals. Sodium phenobarbitone was supplied by May- 
baker, Port Elizabeth, E. P., South Africa. Halo- 
thane (fluothane) was obtained from Halocarbon 
Laboratories Inc., Hackensack, NJ, U.S.A. Enflur- 
ane (ethrane) and methoxyflurane (penthrane) were 
obtained from Abbott Laboratories, Aeroton, 
Transvaal, South Africa. Trypsin-cleaved cyto- 
chrome bs was purified from rat liver microsomes by 
the method of Omura and Takesue [17]. 

Treatment of animals. In all experiments, male 
Long Evans rats weighing 250-300 g were used. Rats 
were fed on a normal laboratory diet of Epol Lab- 
oratory Chow, manufactured by Epol Ltd., Good- 
wood, Cape Town. This diet is referred to through- 
out as the normal diet, and is composed of protein 
(min. 20%), fat (2.5%), fibre (max. 6%), calcium 
(1.4%), and phosphorus (0.7%). Hepatic micro- 
somal stearate desaturase was routinely induced by 
feeding rats a high-carbohydrate semi-purified diet 
of the following composition: dextrin, 126 g; sucrose, 
30 g; cellulose, 4 g; casein, 30 g; NaCl, 4g; KCI, 2 g; 
vitamin mixture, 6 g; and choline chloride, 0.2 g [8]. 
The vitamin mixture comprised the following: vit- 
amin A, 2.5g (325,0001.U./g); vitamin D, 2.0g 
(200,000 I.U./g); vitamin Bz (Riboflavin), 500 mg; 
niacin, 7.5 g; and pantothenic acid, 1 g, made up to 
a total of 500 g with dextrin. This diet is referred to 
throughout as the high-carbohydrate diet. Rats were 
fed this diet for 2 days, fasted on day 3 and were re- 
fed the diet for 2 days [16]. The rats were killed and 
experiments were performed on day 6. 

Isolation of hepatic microsomes. Rat hepatic 
microsomes were isolated by differential centrifu- 
gation, as described earlier [4]. The protein concen- 
tration of the microsomes was determined by the 
method of Lowry et al. [18], as modified by Chaykin 
[19]. Hepatic microsomes from rats fed a high-carbo- 
hydrate diet, suspended at a protein concentration 


of 1.5 mg/ml in 0.05 M Tris-HCl, pH 7.4, were used 
for all experiments unless indicated otherwise. 

Cytochrome P-450 determination. Cytochrome P- 
450 concentrations were determined from measure- 
ments of the difference spectrum of CO-ferrocyto- 
chrome P-450 versus ferrocytochrome P-450, accord- 
ing to the method of Omura and Sato [20]. An 
extinction coefficient of 91cm ~'mM™' for the dif- 
ference in absorbance between 450 nm and 490 nm 
was utilized [20]. 

Re-oxidation of NADH-reduced cytochrome bs. 
Hepatic microsomal cytochrome bs was reduced with 
a slight excess of NADH, and the first order re- 
oxidation of ferrocytochrome bs, which occurs on 
exhaustion of the NADH, was monitored spectrally 
at 424 nm and 409 nm, using the method of Oshino 
et al. [8]. 

Redox steady-state of cytochrome bs in the presence 
of NADPH. The steady-state redox status of 
NADPH-reduced hepatic microsomal cytochrome 
bs was determined from the change in absorbance 
between 424 nm and 409 nm by the method of Oshino 
et al. [8]. The results are expressed as the percentage 
reduction of hepatic microsomal cytochrome bs by 
NADPH relative to dithionite. For both the reoxi- 
dation of NADH-reduced cytochrome bs and the 
NADPH steady state assays, the anesthetics, when 
present, were added to 3 ml of microsomal suspen- 
sion and vortex mixed prior to the addition of 
NAD(P)H and cyanide. 

NAD(P)H-cytochrome c reductase assays. The 
activities of NADPH-cytochrome c reductase and 
NADH-cytochrome c reductase were determined by 
the method of Omura and Takesue [17]. The anesth- 
etic agent was suspended in 2.10 ml of Tris-HCl, pH 
7.4, by vortex mixing, prior to the addition of the 
NAD(P)H, cytochrome c and hepatic microsomes. 
The increase in the absorbance of ferrocytochrome 
c at 550nm (¢€ = 21.1 cm ~'mM_~') was recorded. 

Oxidation of purified trypsin-cleaved ferrocyto- 
chrome bs. Purified trypsin-cleaved cytochrome bs 
was reduced by a modification of the method of 
Smith [21]. Purified ferricytochrome bs was bubbled 
with N2 for 20 min, and 5% Palladium on asbestos 
(2% w/v, final concentration) was added to the 
cytochrome solution. The suspension was then bub- 
bled with H2 for 1-2 hr to convert the cytochrome 
bs to the ferrous form. Aliquots of ferrocytochrome 
bs were then removed from the reducing suspension, 
filtered through an 8 yw millipore filter, and 30 ul of 
the resultant solution (ca. 25 uM cytochrome bs) 
were added to 1.25 ml of air equilibrated 0.1 M Tris— 
HCl, pH 7.4, in the presence or absence of the 
anesthetic agents. The oxidation of purified trypsin- 
cleaved ferrocytochrome bs was monitored spectrally 
at 424 nm. 

Stearate desaturase assay. The activity of stearate 
desaturase was assayed via the conversion of 
['*C]stearoyl CoA to [C]oleate, essentially by the 
method of Oshino er al. [10]. Incubation mixtures 
contained hepatic microsomes (1.0 mg protein), 1 
mM NADH, and 40 mM ["C]stearoyl CoA (12 «Ci) 
in 0.5 ml of 0.1 M Tris-HCl, pH 7.25. Incubations 
were for 4min with shaking at 37°. At the end of 
the incubation period, 2 mg each of carrier oleate 
and stearate were added to the reaction mixture just 
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prior to methylation. The fatty acids were methylated 
with BF; - CH3OH by the method of McIntosh et al. 
[22], and the methyl esters were separated by argen- 
tation thin-layer chromatography on silica gel plates 
(25 cm xX 25 cm X 0.25 mm), according to Berman 
et al. [14]. Scrapings from the thin-layer chromato- 
grams were assayed for radioactivity in 7 ml of 
Instafluor scintillation mixture (Packard), using a 
Beckman model LS 8100 liquid scintillation counter. 
The results of the assay were expressed as the per- 
centage of radioactivity in oleate/radioactivity in 
oleate + stearate [10]. 

Spectrophotometry. All spectral measurements 
were performed at 25° in a Unicam SP 1800 recording 
spectrophotometer using the thermostatically con- 
trolled compartment which is designed to accom- 
modate turbid samples. 

Calculations and statistical analyses. The observed 
first order rate constants (k1) for the re-oxidation of 
NADH-reduced hepatic microsomal cytochrome bs 
in air saturated buffer were calculated from the 
slopes of plots of In (A; — Ax) versus time, where 
A; and Ax are the absorbance changes between 
424nm and 409nm at time ¢ and at infinity, 
respectively. 

The observed first order rate constants (k:) for the 
oxidation of purified trypsin-cleaved cytochrome bs 
were calculated from plots of In (A424, — Aaz4,.) versus 
time. In all cases, the absorbance at infinite time was 
determined after approximately ten half-lives. Stu- 
dent’s ¢-test for unpaired data was utilized to assess 
statistical significance, with P < 0.05 being probably 
significant, P < 0.01 being significant, and P < 0.001 
being highly significant. 


RESULTS 


NADPH steady-state of hepatic microsomal cyto- 
chrome bs. In the presence of enflurane, halothane 
and methoxyflurane, the redox status of NADPH- 
reduced cytochrome bs of hepatic microsomes from 
rats with elevated levels of stearate desaturase was 
shifted toward the ferric form of the hemoprotein 
(Table 1). 


Table 1. Effects of anesthetic agents on the NADPH steady- 
state of hepatic microsomal cytochrome bs* 





NADPH steady-state 


Additions (mM) (% reduction) 





None 

Enflurane (14) 
Halothane (18) 
Methoxyflurane (1) 


a Ov a 
—-OO- 
It 1+ 1+ I+ 


whywun 





* Values reported are means + S.D. for assays in dupli- 
cate for three to seven separate preparations of hepatic 
microsomes from rats fed a high-carbohydrate diet. The 
reaction mixture contained 3 ml of hepatic microsomes 
(1.5 mg protein/ml), 15 4M NADPH, and additions as 
indicated, at 25°. 

+ Differs significantly from no additions, P < 0.01. 


Effects of anesthetic agents and inhibitors on the 
re-oxidation of hepatic microsomal ferrocytochrome 
bs. For all studies of the re-oxidation of hepatic 
microsomal ferrocytochrome bs, unless indicated 
otherwise, hepatic microsomes were from rats in 
which the levels of stearate desaturase were elevated 
by feeding a high-carbohydrate diet (see Experi- 
mental). That the levels of stearate desaturase in 
these microsomal preparations were elevated was 
demonstrated by the ability of stearoyl! CoA to 
enhance the rate constant for the re-oxidation of 
cytochrome bs [8] (Tables 2-4). 

The anesthetic agents, halothane, enflurane and 
methoxyflurane, stimulated the re-oxidation of 
microsomal cytochrome bs (Table 2), as was reported 
earlier for halothane [14]. The rate constants for the 
re-oxidation of cytochrome bs in the presence of 
stearoyl CoA or the anesthetic agents were decreased 
by 0.5 mM KCN (P < 0.01) (Table 2). The inhibitors 
of cytochrome P-450, namely metyrapone and car- 
bon monoxide, had no effect on the re-oxidation of 
cytochrome bs in the presence or absence of stearoyl 
CoA or any of the anesthetic agents (P > 0.1) (Tables 
3 and 4). 

NAD(P)H-cytochrome c reductase activities. The 
effects of enflurane and methoxyflurane on the 


Table 2. Effect of cyanide on the enhancement of the rate constants for the re- 
oxidation of cytochrome bs by stearoyl CoA and anesthetic agents* 





Additions (mM) 


First order rate constant for 
oxidation of ferrocytochrome bs 
10° ki (sec ') 





None 

KCN (0.5) 

Stearoyl CoA (0.012) 

Stearoyl CoA (0.012) + KCN (0.5) 
Halothane (18) 

Halothane (18) + KCN (0.5) 
Enflurane (14) 

Enflurane (14) + KCN (0.5) 
Methoxyflurane (1) 
Methoxyflurane (1) + KCN (0.5) 





* Values reported are means + S.D. for assays in duplicate on each of three 
separate preparations of hepatic microsomes from rats fed a high-carbohydrate 
diet. Reaction mixtures contained 3 ml of hepatic microsomes (1.5 mg pro- 
tein/ml), 1-5 4M NADH, and additions as indicated, at 25°. 

+ Differs significantly from no additions, P < 0.01. 
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Table 3. Effect of metyrapone on the enhancement of the rate constants for the re- 
oxidation of cytochrome bs by stearoyl CoA and anesthetic agents* 





First order rate constant for the 
oxidation of ferrocytochrome bs 
Additions (mM) 10° ki (sec™') 





None 1.09 + 0.22 
Metyrapone (2.3) 1.17+ 0.18 
Stearoyl CoA (0.012) 4.19 + 0.597 
Stearoy! CoA (0.012) + metyrapone (2.3) 4.15 + 0.337 
Halothane (18) 1.68 + 0.157 
Halothane (18) + metyrapone (2.3) 
Enflurane (14) 

Enflurane (14) + metyrapone (2.3) 
Methoxyflurane (1) 

Methoxyflurane (1) + metyrapone (2.3) 


mre NNN 





* Values reported are means + S.D. for assays in duplicate on each of three 
separate preparations of hepatic microsomes from rats fed a high-carbohydrate diet. 
Reaction mixtures contained 3 ml of hepatic microsomes (1.5 mg protein/ml), 1-5 uM 
NADH, and additions as indicated, at 25°. 

+ Differs significantly from no additions, P < 0.01. 


Table 4. Effect of carbon monoxide on the enhancement of the, rate constants for the re- 
oxidation of cytochrome bs by stearoyl CoA and anesthetic agents* 





First order rate constant for the 
oxidation of ferrocytochrome bs 
Additions 10° ki (sec™') 





None 0.97 + 0.15 

CO-O2 (80:20, v/v) 1.04 + 0.22 

Stearoyl CoA (0.012 mM) 3.26 + 1.057 
Stearoyl CoA (0.012 mM) + CO-Oz2 (80:20, v/v) 3.31 + 0.387 
Halothane (18 mM) 1.35 + 0.284 
Halothane (18 mM) + CO-Od2 (80:20, v/v) 1.10 + 0.30 

Enflurane (14 mM) 1.49 + 0.087 
Enflurane (14 mM) + CO—Od2 (80:20, v/v) 1.62 + 0.207 
Methoxyflurane (1 mM) 1.69 + 0.317 
Methoxyflurane (1 mM) + CO-Oz2 (80:20, v/v) 1.56 + 0.427 





* Values reported are means + S.D. for assays in duplicate on each of three separate 
preparations of hepatic microsomes from rats fed a high-carbohydrate diet. Reaction 
mixtures contained 3 ml of hepatic microsomes (1.5 mg protein/ml), 1-S ~«M NADH, and 
additions as indicated, at 25°. 

+ Differs significantly from no additions, P < 0.01. 

t Probably differs from no additions, P < 0.05. 


Table 5. Effect of anesthetic agents on hepatic microsomal NADPH- and NADH-cytochrome c 
reductase and on the oxidation of purified trypsin-cleaved cytochrome bs* 





Autoxidation of purified NADPH-cytochrome c NADH-cytochrome c 
ferrocytochrome bs reductase reductase 
Additions (mM) 107 ki (sec) (units/mg protein) (units/mg protein) 





None 0.85 + 0.15 0.051 + 0.005 0.95 + 0.10 
Enflurane (14) 0.89 + 0.16 0.053 + 0.005 1.34 + 0.144 
Methoxyflurane (1) 0.97 + 0.05 0.057 + 0.001 1.09 + 0.14 





* For the NADPH- and NADH-cytochrome c reductase assays, 100 yl and 20 wl of hepatic microsomes 
(1.5 mg protein/ml) from rats fed a high-carbohydrate diet were added to 2.10 ml of 0.1 M Tris-HCl, 
pH 7.4, containing 20 uM cytochrome c, 0.1mM of either NADPH or NADH, and additions as 
indicated. For the oxidation of purified, trypsin-cleaved ferrocytochrome bs, the reaction mixtures 
contained 1.25 ml of 0.1 M Tris-HCl, pH 7.4, 30 wl of purified ferrocytochrome bs, and additions as 
indicated. Reported values are means + S.D. 

+ Differs significantly from no additions, P < 0.01. 
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Table 6. Effect of anesthetic agents and KCN on the rate constants for the re-oxidation of NADH-reduced hepatic 
microsomal cytochrome bs in differently pretreated rats* 





10° ki (sec™') 





Fed a 


normal 
diet 


Additions (mM) 


Fasted, 
phenobarbitone-induced 





None 

KCN (0.5) 

Stearoyl CoA (0.012) 

Stearoyl CoA (0.012) + KCN (0.5) 
Enflurane (14) 

Enflurane (14) + KCN (0.5) 
Methoxyflurane (1) 
Methoxyflurane (1) + KCN (0.5) 


1.56 + 0.17 
1.48 + 0.20 
2.09 + 0.12+ 
1.73 + 0.30 
2.28 + 0.26+ 
2.08 + 0.15 
1.90 + 0.274 
1.73 + 0.28 


2.65 + 0.07 
2.03 + 0.43 
2.78 + 0.17 
2.17 + 0.25 





Cytochrome P-450 
(nmoles/mg protein) 


0.98 + 0.05 


1.24 + 0.33 





* Values reported are means + S.D. for assays in duplicate with each of three separate preparations of hepatic 


microsomes. Experimental details are as in Table 2. 


+ Differs significantly from no additions for similarly pretreated rats, P < 0.001. 
¢ Probably differs from no additions for similarly pretreated rats, P< 0.05. 


Table 7. Effect of anesthetic agents and KCN on the re-oxidation of NADH-reduced hepatic microsomal cytochrome 
bs from differently pretreated rats* 





Per cent increase in first order rate constant (k1) 





High-carbohydrate diet 


Normal diet 


Phenobarbitone- 


Fasted induced and fasted 





Additions 


—KCN +KCN —KCN 





+KCN —KCN +KCN —KCN +KCN 





Stearoyl CoA 100-800 50-200 34 
Halothane 40 0 587 
Enflurane 97 30 46 
Methoxyflurane 60 31 22 


16 12 17 5 7 
107 19+ 22+ 22+ 

40 37 24 36 32 
11 14 7 13 6 





* Percentage increases were calculated from the values presented in Tables 2 and 4. Percentages are relative to the 
corresponding value for NADH alone 
+ Calculated from data in Ref. 14. 


ot 





i 4 J 
1.0 2.0 3.0 


Anesthetic, mM 


Fig. 1. Effects of enflurane (@) and methoxyflurane (@) 

on the rate constants (k1) for the re-oxidation of NADH- 

reduced hepatic microsomal cytochrome bs. The first order 

rate constant ki is in units of 10~* sec™'. Experimental 
conditions are as given in Table 2. 





activities of NADPH- and NADH-cytochrome c 
reductase are shown in Table 5. Neither enflurane 
nor methoxyflurane had a statistically significant 
effect on NADPH-cytochrome c reductase. Enflur- 
ane slightly enhanced the activity of NADH-cyto- 
chrome c reductase, whereas methoxyflurane did 
not. 

Autoxidation of trypsin-cleaved ferrocytochrome 
bs. The rate constants for the autoxidation of purified 
trypsin-cleaved ferrocytochrome bs in the presence 
of enflurane and methoxyflurane are given in Table 
5. As can be seen, the rate constant for the autox- 
idation of purified ferrocytochrome bs is not altered 
in the presence of enflurane or methoxyflurane 
(P >0.1). 

Re-oxidation of hepatic microsomal ferrocyto- 
chrome bs from fasted, fed or phenobarbitone-pre- 
treated rats. The rate constants for the re-oxidation 
of NADH-reduced cytochrome bs in microsomes 
from fasted, fed or phenobarbitone-induced rats are 
shown in Table 6, and the data are summarized in 
Table 7. Stearoyl CoA and enflurane increased the 
ki in fed rats, but not significantly in fasted rats 
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Table 8. Equilibrium constants for the interaction of anesthetic agents with hepatic microsomal enzymes 





K;* (mM) 
for binding to 


Keg (mM) 
for cytochrome 


Compound bs re-oxidation 


cytochrome P-450 


Kn* (mM) 
for fluoride ion 
production by 

cytochrome P-450 


Kn* (mM) 
for oxidation of NADPH 
by cytochrome P-450 





0.46 + 0.15 
0.48 + 0.13 


1.18 + 0.16 
0.48 + 0.14 


Enflurane 
Methoxyfiurane 


0.36 + 0.07 
0.40 + 0.127 
4.9+0.9 


0.15 + 0.10 
0.10 + 0.01 





* Data for hepatic microsomes from fasted, uninduced male rats from Ref. 4. 
+ Two Km values were calculated from biphasic Eadie—Hofstee plots for this process. 


pretreated or not with phenobarbitone. Cyanide 
inhibited the ability of stearoyl CoA to enhance the 
re-oxidation of cytochrome bs in microsomes from 
rats fed a normal diet (P < 0.001), but not in micro- 
somes from fasted or phenobarbitone-treated rats 
(P > 0.1). Cyanide had no significant effect on the 
oxidation of cytochrome bs in the presence of enflur- 
ane or methoxyflurane in hepatic microsomes from 
fed, fasted or phenobarbitone-treated rats. The 
activity of stearate desaturase (as assessed by the 
stimulation of the re-oxidation of cytochrome bs by 
stearoyl CoA [8]) and the abilities of enflurane and 
methoxyflurane to stimulate the cyanide sensitive re- 
oxidation of NADH-reduced cytochrome bs 
decreased in the order of rats fed a high-carbohy- 
drate diet > rats fed a normal diet > fasted rats = 
fasted, phenobarbitone-treated rats (Table 7). 
Determination of the equilibrium constants (Keq) 
for the stimulation of hepatic microsomal electron 
transfer by enflurane and methoxyflurane. The effects 
of increasing concentrations of enflurane and 
methoxyflurane on the rate constants for the re- 











0.4 
KCN, mM 


0.2 


Fig. 2. Effect of cyanide on the rate constants (k1) for the 

reoxidation of NADH-reduced hepatic microsomal cyto- 

chrome bs in the presence of (@) 1.4mM enflurane and 

(@) 0.6 mM methoxyflurane. Experimental conditions are 
as given in Table 2. 


oxidation of NADH-reduced cytochrome bs were 
utilized to calculate the equilibrium constants (Keq) 
for the stimulation of microsomal electron transfer 
by these anesthetic agents (Fig. 1, Table 8). The 
value of Keq for enflurane differed from the K; and 
K,», values for the binding and metabolism of enflur- 
ane by hepatic microsomal cytochrome P-450 (Table 
8) (P < 0.01). The Keg calculated for methoxyflurane 
differed (P < 0.01) from the K» for NADPH oxi- 
dation and the high K» for fluoride production by 
cytochrome P-450, but did not differ significantly 
from the K; for binding to cytochrome P-450 or the 
low K» for the production of fluoride ion from 
methoxyflurane by cytochrome P-450 (P > 0.1). 
Inhibition of the re-oxidation of hepatic micro- 
somal cytochrome bs by KCN—Determination of Ki. 
The effects of increysing concentrations of cyanide 
on the stimulation of the rate constants for the re- 
oxidation of NADH-reduced microsomal cyto- 
chrome bs by enflurane and methoxyflurane are 
shown in Fig. 2. The Ki values for cyanide were 
found to be 0.08 + 0.01 mM for enflurane and 0.11 
+ 0.02 mM for methoxyflurane. These constants 
compare well with the Ki of 0.14 mM determined for 
the cyanide inhibition of the stimulation of re-oxi- 
dation of hepatic microsomal cytochrome bs by hal- 
othane reported by Berman et al. [14] and with the 
value of Kjof 0.1 mM for cyanide inhibition of the 
conversion of stearoyl CoA to oleate by stearate 
desaturase reported by Oshino et al. [10]. 
Stearate desaturase assay. The effects of halothane, 
methoxyflurane and enflurane on the activity of 
stearate desaturase, as assayed via the conversion 


Table 9. Effect of anesthetic agents on the stearate desa- 
turase mediated conversion of stearate to oleate* 





Oleate 





Additions (mM) (oleate + stearate) 





0.34 + 0.16 
0.38 + 0.14 
0.36 + 0.12 
0.35 + 0.16 


None 

Halothane (18) 
Enflurane (14) 
Methoxyflurane (1) 





* Values are means +S.D. for three separate assays 
using microsomes from rats fed a high-carbohydrate diet. 
See Experimental Section for details. 
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of [*C]stearoyl CoA to [“C]oleate, are shown in 
Table 9. None of the anesthetic agents had any effect 
on this reaction (P > 0.1). 


DISCUSSION 


Enflurane and methoxyflurane appear to stimulate 
microsomal electron transfer from NADPH and 
NADH via cytochrome bs, as shown by the ability 
of these anesthetic agents to shift the redox status 
of NADPH-reduced cytochrome bs toward the ferric 
form of the protein and to increase the rate constants 
for the reoxidation of NADH-reduced cytochrome 
bs (Tables 1 and 2). Since enflurane and methoxy- 
flurane did not decrease the activity of microsomal 
NADH- and NADPH-cytochrome c_ reductase 
(Table 5), it would appear that these anesthetic 
agents probably do not decrease the rate of reduction 
of cytochrome bs but rather enhance the rate of 
oxidation of this heme protein. 

The oxidation of ferrocytochrome bs can proceed 
via an autoxidation reaction or via the transfer of 
electrons to other microsomal proteins such as cyto- 
chrome P-450 or stearate desaturase. In the absence 
of added substrates for cytochrome P-450, stearate 
desaturase, or other microsomal enzymes which 
accept reducing equivalents from ferrocytochrome 
bs, the oxidation of microsomal cytochrome bs in 
vitro is thought to arise in large part from the autox- 
idation of this hemoprotein [14, 23-26]. The autox- 
idation reaction involves the transfer of reducing 
equivalents from ferrocytochrome bs directly to 
oxygen to produce ferricytochrome bs and super- 
oxide [23, 26]. 

Purified trypsin-cleaved cytochrome bs, a heme 
peptide of approximately ninety residues which dif- 
fers from the intact hemoprotein only in that the 
hydrophobic tail which attaches the protein to the 
membrane is lacking, was used as a model to assess 
the effects of enflurane and methoxyflurane on the 
autoxidation of ferrocytochrome bs. Trypsin-cleaved 
cytochrome bs was chosen as a model system because 
it does not aggregate in water, as does cytochrome 
bs prepared by detergent solubilization, and the 
structure of the heme crevice and the rate of autox- 
idation of the hemoprotein are not altered following 
tryptic digestion of cytochrome bs [14, 27]. The first 
order rate constant for the autoxidation of purified 
trypsin-cleaved cytochrome bs reported herein 
(Table 5) is identical to values reported elsewhere 
[14] and is similar to the first order rate constant for 
the oxidation of membrane-bound hepatic micro- 
somal ferrocytochrome bs in the absence of sub- 
strates for cytochrome P-450 and stearate desaturase 
[14,23] (Tables 2 and 5). Since the rate constants 
for the autoxidation of trypsin-cleaved ferrocyto- 
chrome bs were not affected by enflurane and 
methoxyflurane, it would appear that these com- 
pounds probably do not affect the autoxidation of 
ferrocytochrome bs. This conclusion is supported 
further by the observation that the autoxidation of 
cytochrome bs is not inhibited by KCN [14] (Table 
2), while the effects of enflurane and methoxyflurane 
on hepatic microsomal electron transfer are. It would 
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be anticipated, therefore, that enflurane and 
methoxyflurane may stimulate electron transfer from 
ferrocytochrome bs to another microsomal protein. 

From several lines of evidence, it would appear 
that the microsomal electron acceptor in question 
is not cytochrome P-450. NADH, which does not 
effectively support cytochrome P-450-dependent 
reactions, supported the phenomenon as effectively 
as did NADPH (Tables 1 and 2). Neither prior 
induction of cytochrome P-450 with phenobarbital 
nor the presence of the inhibitors of cytochrome P- 
450—metyrapone and CO (see e.g. Refs. [28] and 
[29]}—in the reaction mixture had any effect on the 
enhanced oxidation of cytochrome bs seen in the 
presence of enflurane and methoxyflurane (Tables 
3, 4 and 6). In contrast, cyanide, which is not an 
effective inhibitor of cytochrome P-450, inhibited 
the process with a K;which was well below the range 
of Ki values of 2.5 to 10mM reported for the inhi- 
bition of cytochrome P-450 by cyanide [30, 31]. 
Finally, the Keq for the stimulation of the re-oxica- 
tion of cytochrome bs by enflurane differed signifi- 
cantly from the K; and K» values for the interaction 
of enflurane with cytochrome P-450 [4] (Table 8). 

It would appear that the microsomal 6-desaturase 
is not involved in the stimulation of microsomal 
electron transfer by enflurane and methoxyflurane, 
since its levels are not elevated by the feeding of a 
high-carbohydrate diet [15] which enhances the 
effects of the anesthetic agents (Tables 6 and 7). It 
is also possible to exclude catalase—a microsomal 
contaminant—as having an important role in mediat- 
ing the effects of enflurane and methoxyflurane, 
because, although this enzyme is cyanide-sensitive, 
the Ki for cyanide inhibition of this enzyme (approx- 
imately 8 uM [32]) is 10-fold lower than the Ki cal- 
culated for cyanide inhibition of the re-oxidation of 
cytochrome bs. 

The results presented herein are consistent with 
the proposal that the transfer of electrons to stearate 
desaturase is responsible for the enflurane- and 
methoxyflurane-mediated enhancement of micro- 
somal electron transfer through cytochrome bs. The 
magnitude of the observed effect parallels the dietary 
induction of stearate desaturase; for example, the 
feeding of a high-carbohydrate diet, which induces 
stearate desaturase, results in maximal enhancement 
of electron transfer, while fasting, which reduces 
stearate desaturase to negligible levels [8, 15, 16], 
eliminates the effects of the anesthetic agents (Tables 
6 and 7). In addition, the enhanced re-oxidation of 
cytochrome bs is inhibited by cyanide (Table 2), as 
is stearate desaturase. The K; values calculated for 
cyanide inhibition of the stimulation of electron 
transfer by enflurane and methoxyflurane are within 
experimental error of the K;of 0.1 mM reported for 
cyanide inhibition of the conversion of stearoyl CoA 
to oleate by stearate desaturase [10]. 

The lack of effect of enflurane and methoxyflurane 
on the conversion of stearoyl CoA to oleate is not 
inconsistent with the above proposal since the 
anesthetic agents may not bind to the substrate bind- 
ing site of the enzyme. Other compounds which have 
been reported to interact with stearate desaturase, 
namely halothane and p-cresol, also do not inhibit 
the conversion of stearoyl CoA to oleate [11, 14]. 
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In conclusion, it would appear that enflurane and 
methoxyflurane, at concentrations achieved in 
physiological fluids [33, 34], stimulate hepatic micro- 
somal electron flow from NADH or NADPH by 
enhancing the oxidation of cytochrome bs. The 
autoxidation of cytochrome bs and the transfer of 
electrons from cytochrome bs to catalase, to the 6- 
desaturase or to cytochrome P-450 appear not to be 
involved in the stimulation by these agents of micro- 
somal electron transfer. That the enhancement of 
microsomal electron transfer by enflurane and 
methoxyflurane parallels the dietary induction of 
stearate desaturase and that the K; for cyanide inhi- 
bition of the effect of enflurane and methoxyflurane 
equals the K; for inhibition of stearate desaturation 
strongly suggest that the effects of enflurane and 
methoxyflurane are mediated via stearate desatu- 
rase. The nature of the interaction of enflurane and 
methoxflurane with stearate desaturase and the 
physiological and pathological effects thereof are 
under investigation. 
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Abstract—The effects of ethanol and its metabolites on glycoprotein secretion were investigated in rat 
liver slices. A pulse-chase system was used to study the influence of these agents on glycoprotein 
secretion independently of their effects on synthesis. When ethanol (10mM) was present in the 
incubation medium, the secretion of ['*C]leucine- and ['*C]glucosamine-prelabeled proteins into the 
medium was inhibited. The secretion of glycoproteins, that were prelabeled in the terminal positions 
of the oligosaccharide side chain with [‘*C]fucose or ['*C]galactose, was also inhibited by ethanol. When 
low concentrations of acetaldehyde, similar to levels generated during in vivo ethanol oxidation, were 
maintained in the medium by infusion, the secretion of ['*C]leucine-, ['*C]glucosamine- and ['*C]fucose- 
prelabeled glycoproteins was impaired. Acetate (1 and 5 mM) did not affect the secretion of prelabeled 
glycoproteins. Colchicine (50 4M), an agent known to block the secretion of completed glycoproteins, 
behaved in a manner similar to ethanol in inhibiting the secretion of glycoproteins in our system. These 
results indicate that ethanol via its metabolite, acetaldehyde, impairs the secretion of glycoproteins by 
the liver and suggest that this impairment follows the attachment of the terminal monosaccharides in 


the Golgi membrane. 


The majority of plasma proteins, with the exception 


of albumin, are synthesized and secreted by the liver 
in the form of glycoproteins [1, 2]. The protein back- 
bone of glycoproteins is synthesized on polysomes 
attached to the rough endoplasmic reticulum [3-5]. 
The carbohydrate moieties are subsequently added 
as the secretory proteins traverse the channels of the 
rough and smooth endoplasmic reticulum with ter- 
minal glycosylation occurring in the Golgi apparatus 
[2, 6-8]. The completed glycoproteins are packaged 
into secretory vesicles which fuse with the plasma 
membrane, and these macromolecules are then dis- 
charged into the circulation [9-11]. 

Many studies have demonstrated that acute 
ethanol administration impairs general protein syn- 
thesis [12-16]; however, we have recently reported 
that ethanol can also modify secretory glycoprotein 
metabolism at sites beyond the synthesis of the pro- 
tein backbone [12, 17]. The presence of ethanol or 
its metabolite, acetaldehyde, in a liver slice system 
impairs the release of ['C]leucine- and 
['*C]glucosamine-prelabeled glycoproteins into the 
medium, suggesting a post-ribosomal modification 
of glycoprotein metabolism that follows the incor- 
poration of glucosamine into the macromolecules 
[17]. This impairment could include further attach- 
ment of terminal monosacchazide units to the grow- 
ing oligosaccharide chain at the Golgi membrane or 
could involve the final steps of secretion of the com- 
pleted glycoproteins [17]. The purpose of this study 
was to investigate whether ethanol and its metab- 
olites, acetaldehyde and acetate, interfere with the 
final steps of secretion which follow the attachment 
of the terminal sugars to the glycoproteins at the 
Golgi region. 


METHODS 


Materials. Cycloheximide, D-glucosamine hydro- 
chloride, a-L-fucose, D-galactose and colchicine were 
obtained from the Sigma Chemical Co., St. Louis, 
MO. p-[1-"C]Glucosamine hydrochloride (8-10 
mCi/mmole), .-[U-“C]leucine (300-325 mCi/ 
mmole), p-[1-'*C]galactose (5-10 mCi/mmole), L- 
[1-'*C]fucose (40-55 mCi/mmole) and scintillation 
fluid, Aquasol, were purchased from New England 
Nuclear, Boston, MA. Acetaldehyde was purchased 
from the Eastman Kodak Co., Rochester, NY. Gas 
chromatographic analysis of acetaldehyde [18] 
showed a purity of greater than 99.98 per cent with 
the only detectable impurity being acetic acid. All 
other chemicals used were of reagent grade quality. 

Measurement of protein and glycoprotein secretion 
by liver slices. A pulse-chase system was used, as 
described previously in detail [17, 19], to determine 
macromolecular secretion which was independent of 
synthesis. Liver slices were prepared from nonfasted 
male, Sprague-Dawley rats (250-300 g). The incu- 
bation medium consisted of 2.5 ml of Krebs—Ringer 
phosphate buffer (pH 7.4) containing 0.54 mM cal- 
cium. All incubations were conducted at 37° in the 
presence of 95% O2/5% COn. Slices were first incu- 
bated for either 15 or 30 min with the appropriate 
radioactive monosaccharide precursor in the 
medium. After this initial prelabeling period, the 
slices were removed, rinsed with buffer, and placed 
in a fresh medium containing the corresponding 
unlabeled monosaccharide (20 mM) and no radio- 
active label. The diluent effect of the non-radioactive 
monosaccharide minimized further labeling of gly- 
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coproteins in the chase medium. The secretion of 
the prelabeled glycoproteins was then determined 
by precipitating the medium proteins with trichloro- 
acetic acid at various time periods during incubation 
in the chase medium. The resulting trichloroacetic 
acid precipitates were washed three times with cold 
trichloroacetic acid and delipidized with three washes 
of methanol-ether—chloroform (1:1:1). The purified 
precipitates were then dissolved in 1 N NaOH and 
aliquots were taken for radioactive and protein 
measurements so that specific activities (d.p.m./mg 
of protein) could be determined. The secretion of 
prelabeled proteins was studied in the same manner 
as glycoproteins except that the slices were first 
pulsed with [*C]leucine and then transferred to a 
chase medium containing cycloheximide (1 mM). 
Cycloheximide, by inhibiting protein synthesis [20], 
minimized further labeling of proteins in the chase 
medium. 

Additions to the liver slice medium. Acetaldehyde 
was added to the medium by constant infusion 
(0.25 wmole/min), employing a Harvard model 935 
infusion pump (Harvard Apparatus, Millis, MA). 
The infusions of acetaldehyde, as well as the cor- 
responding control infusions (Krebs-Ringer phos- 
phate buffer), were conducted in the presence of 
pyrazole (4mM) in order to block the reduction of 
acetaldehyde to ethanol [21]. Initial test experiments 
showed that pyrazole had no effect on either protein 
or glycoprotein synthesis or secretion. All other test 
substances (e.g. ethanol, acetate and colchicine) 
were added directly to the chase medium prior to 
incubation. Slices from the same liver were used for 
each appropriate set of experimental conditions. 

Analytical methods. Protein was determined by 
the method of Lowry ef al. [22]. Whenever acetal- 
dehyde concentrations were determined in the total 
incubation system, the incubations were terminated 
by the addition of ice-cold perchloric acid containing 
thiourea (25mM). Acetaldehyde was then deter- 
mined in the perchloric acid extracts by headspace 
gas chromatography by the method of Eriksson ef 
al. [23]. When acetaldehyde levels were determined 
in the liver slices, the slices were quickly removed 
from the medium and freeze-clamped with alu- 
minium tongs precooled in liquid nitrogen. After 
pulverization and perchloric acid extraction, acetal- 
dehyde was determined as indicated above. 

Statistics. The results are expressed as means + S.E. 
Comparisons were evaluated by using Student’s t- 
test. 


RESULTS 


Since ethanol administration is known to affect 
hepatic protein synthesis [12-16], a pulse-chase sys- 
tem was employed to study glycoprotein secretion 
independent of synthesis. In this way, it was possible 
to focus on the post-ribosomal effects of ethanol and 
its metabolites on the secretion of glycoproteins by 
the liver. In accordance with our previous findings 
[17], the presence of ethanol (10 mM) in the chase 
medium markedly inhibited the release of both 
['*C}leucine- and ['*C]glucosamine-prelabeled pro- 
teins into the medium (Fig. 1). To determine whether 
ethanol blocked the secretion of glycoproteins fol- 
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Fig. 1. Effects of ethanol on protein and glycoprotein 
secretion by rat liver slices. Slices were first pulse labeled 
for 30 min with ['*C]leucine (A) or ['*C]glucosamine (B) 
and then incubated in the corresponding chase medium 
containing 1 mM cycloheximide (A) or 20 mM glucosamine 
(B). During a 2-hr incubation in the chase medium with 
or without ethanol, the specific activities of the medium 
proteins (d.p.m./mg of protein) were determined. Results 
of four to six sets of such experiments have been averaged 
(+S.E.). Values significantly different from controls are 
indicated by the following symbols: (*) P<0.05; (+) 
P< 0.02; and (#) P< 0.01. 


lowing the addition of the terminal sugars in the 
Golgi complex, we tested the effects of ethanol on 
the secretion of glycoproteins which were prelabeled 
with ['*C]galactose and ['*C]fucose, the pentultimate 
and terminal sugars, respectively, of the oligosac- 
charide side chains of secretory proteins. In this case, 
ethanol also impaired the secretion of these ter- 
minally prelabeled glycoproteins (Fig. 2). 

Since it has been demonstrated that colchicine 
inhibits the secretion of proteins by rat liver after 
the addition of the terminal sugars to the secretory 
proteins has taken place in the Golgi [24], the effect 
of colchicine on glycoprotein secretion with our sys- 
tem was investigated. The presence of colchicine in 
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Fig. 2. Effects of ethanol on glycoprotein secretion by rat 
liver slices. Slices were first pulse labeled for 30 min with 
['*C]fucose (A) or for 15 min with ['*C]galactose (B) and 
then incubated in the corresponding chase medium con- 
taining 20 mM fucose (A) or 20 mM galactose (B). During 
a 90-min incubation in the chase medium with or without 
ethanol, the specific activities of the medium proteins 
(d.p.m./mg of protein) were determined. Results of five 
to eight sets of such experiments have been averaged 
(+S.E.). Values significantly different from controls are 
indicated by the following symbols: (*) P<0.05; (+) 

P<0.01; and (#) P< 0.001. 
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Fig. 3. Effects of colchicine on protein and glycoprotein 
secretion by rat liver slices. Slices were first pulse labeled 
for 30 min with ['*C}leucine (A) or ['*C]fucose (B) and then 
incubated in the corresponding chase medium containing 
1 mM cycloheximide (A) or 20 mM fucose (B). During a 
90-120 min incubation in the chase medium with or without 
colchicine, the specific activities of the medium proteins 
(d.p.m./mg of protein) were determined. Results of four 
to seven sets of such experiments have been averaged 
(+S.E.). Values significantly different from controls are 
indicated by the following symbols: (*) P<0.02; (+) 
P< 0.01; and (#) P< 0.001. 


the chase medium markedly impaired the release of 
both ['*C]leucine- and ['*C]fucose-prelabeled pro- 
teins into the medium (Fig. 3), indicating that col- 
chicine and ethanol similarly decreased the secretion 
of glycoproteins. 

Our previous studies [12, 13, 17] have shown that 
the alterations of glycoprotein metabolism induced 
by ethanol were a consequence of ethanol metab- 
olism and may be attributable to acetaldehyde for- 
mation. In view of this, the effects of the immediate 
metabolites of ethanol oxidation, acetaldehyde and 
acetate, on glycoprotein secretion were examined. 
In experiments identical to those conducted to inves- 
tigate the effects of ethanol, the presence of acetate 
(1 mM and 5 mM) in the mediuin did not alter sig- 
nificantly the secretion of either ['C]leucine-, 


| a 


8 ep, 


= 


DPM/mg PROTEIN 
































0 0 0 
Control  Acetoldehyde Control Acefaldehyde Control Acetaldehyde 


Fig. 4. Effects of acetaldehyde infusion on the secretion 
of proteins and glycoproteins by rat liver slices. Slices were 
first pulse labeled for 30min with ['*C]leucine (A), 
['*C]glucosamine (B) or ['*C] fucose (C) and then incubated 
in the corresponding chase mediums containing 1mM 
cycloheximide (A), 20mM glucosamine (B) or 20mM 
fucose (C). Acetaldehyde was infused into the chase 
medium at a rate of 0.25 wmole/min for 1 hr. Controls were 
treated identically except that an equivalent volume of 
buffer was infused. Specific activities of the medium pro- 
teins were determined after a 1-hr incubation in the chase 
medium. The results are expressed as means + S.E. for 
five to eight sets of experiments. Values that were signifi- 
cantly different from appropriate controls are indicated by 
the following symbols: (*) P < 0.05; and (+) P< 0.01. 


['*C]glucosamine- or ['*C]fucose-prelabeled proteins 

(data not shown). These results would appear to 

indicate that the impairment of glycoprotein secre- 

tion by ethanol is not due to acetate formation. 

Acetaldehyde was added to the chase medium by 

infusion to avoid exposure of the liver to initial high 

aldehyde concentrations and to maintain levels com- 

parable to those generated during ethanol oxidation 

[21, 25, 26]. As was the case with ethanol, the infu- 

sion of acetaldehyde (0.25 zmole/min) also impaired 

the secretion of [*C]leucine-, ['*C]glucosamine- and 

['*]fucose-prelabeled glycoproteins (Fig. 4). The con- 

centration of acetaldehyde in the total incubation 

medium ranged from 0.34 + 0.05 to 
0.58 + 0.06 umole/ml when samples were analyzed 
at 15-min intervals during the infusion; however, 
when acetaldehyde levels were determined in the 
liver slice alone, the levels were significantly lower, 
ranging from 0.068 + 0.004 to 0.085 + 0.005 umole/g 
(P < 0.001). On the other hand, when acetaldehyde 
was measured during ethanol (10 mM) oxidation by 
liver slices, the levels were slightly higher in liver, 

ranging from 0.021 + 0.002 to 0.023 +0.002 umole/g 
compared to0.015 + 0.001 to0.016 + 0.001 umole/ml 
in the total medium (P < 0.05). 


DISCUSSION 


It is evident from this study that ethanol admin- 
istration profoundly influences the metabolism of 
plasma glycoproteins. Previous studies [12-16] have 
demonstrated that acute alcohol administration 
inhibits general peptide synthesis including the for- 
mation of the protein moiety of secretory proteins. 
The results of this study, as well as our previous 
work [17], show that ethanol, in addition, also 
impairs later events in the complex sequence of 
glycoprotein synthesis and secretion. The ability of 
ethanol to inhibit the release of galactose- and 
fucose-prelabeled glycoproteins into the incubation 
medium by liver slices (Fig. 2) indicates that ethanol 
interferes with the final steps of secretion which 
occur following the attachment of the terminal sugars 
to glycoproteins. Furthermore, the observation that 
colchicine, an agent known to block the secretion 
of completed glycoproteins [24], behaved in a man- 
ner similar to ethanol in blocking the secretion of 
prelabeled glycoproteins in our system (Fig. 3) fur- 
ther supports this conclusion. Thus, it appears that 
ethanol can impair the process of glycoprotein syn- 
thesis and secretion in at least two separate and 
distinctive ways. The first is at the level of the syn- 
thesis of the protein moiety, and the second involves 
the final stages of secretion of the completed 
glycoproteins. 

Our previous studies [12] have shown that the 
ethanol-induced alterations in glycoprotein metab- 
olism were the result of the oxidation of ethanol; 
therefore, the effects of the metabolites of alcohol, 
acetate and acetaldehyde, were investigated. Acet- 
ate concentrations of 1 and 5 mM, which are within 
the range of values reported to occur during ethanol 
oxidation [27], had no effect on the secretion of 
prelabeled glycoproteins. Acetaldehyde, however, 
did mimic the effects of ethanol in blocking glyco- 
protein secretion (Fig. 4). Acetaldehyde was added 
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to the liver slice system by infusion at a rate 
(0.25 zmole/min) which approximated the rate that 
ethanol was oxidized per flask of liver slices. This 
infusion rate resulted in concentrations of acetal- 
dehyde in the total system (incubation medium plus 
slices) of about 300-600 4M; however, acetaldehyde 
levels in the liver slices alone were much lower, 
ranging from 70 to 85 uM. This difference in ace- 
taldehyde levels would indicate that the rate of ace- 
taldehyde oxidation in the liver exceeded its rate of 
entry into the liver. A contributing factor to this 
occurring is that at 37° acetaldehyde, because of its 
volatility, probably exists in the vapor phase which 
would limit its availability to the liver. On the other 
hand, acetaldehyde levels generated during ethanol 
oxidation by the liver slices were somewhat lower. 
In the liver the levels were slightly over 20 uM, 
whereas in the total system they were about 15 uM. 
Hepatic levels of acetaldehyde during ethanol oxi- 
dation, reported in the literature, vary considerably, 
ranging from about 3 to 200 uM [21, 26, 28], and are 
influenced by many factors including methods of 
analysis and composition of the diet [29-31]. 

Several implications of impaired secretion of 
plasma glycoproteins are evident. Plasma glycopro- 
teins carry out numerous physiological functions 
including lipid transport, hemoglobin binding, hor- 
mone transport and blood coagulation [1]. There- 
fore, many homeostatic mechanisms of the organism 
could be perturbed as a result of an ethanol-induced 
inhibition of glycoprotein secretion. In addition, 
retained secretory proteins may be a contributing 
factor to liver enlargement observed in alcoholics as 
well as in rats chronically fed ethanol [32]. Baraona 
et al. [32] have suggested that the hepatic retention 
of export proteins attributable to faulty secretion 
could contribute to the hepatomegaly observed in 
rats chronically fed alcohol. These authors further 
suggest that impaired microtubule formation may be 
responsible for this decrease in secretion. However, 
the mechanism of the ethanol-induced inhibition of 
glycoprotein secretion still remains to be established. 
Future goals of our laboratory are to investigate the 
mechanism by which acute ethanol administration 
impairs glycoprotein secretion and to determine 
whether similar mechanisms of impaired secretion 
are operative in animals treated chronically and 
acutely with ethanol. 

In conclusion, the results of this study indicate 
that ethanol via its metabolite, acetaldehyde, impairs 
the secretion of glycoproteins by the liver and suggest 
that this impairment follows the attachment of the 
terminal sugars in the Golgi region. 
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Abstract—In addition to its well-known effect on giutathione peroxidase, selenium deficiency causes: 
(1) a defect in hepatic heme metabolism characterized by a phenobarbital-mediated increase in micro- 
somal heme oxygenase activity, and (2) an increase in hepatic glutathione S-transferase activity. Since 
these effects were reported in selenium-deficient male rats, and since female rats have a lower selenium 
requirement than males, we examined whether these effects were sex-dependent. Weanling male rats, 
female rats, castrated male rats, and testosterone-treated female rats were fed either a selenium-deficient 
or a control diet. After 8 weeks, selenitum-dependent hepatic glutathione peroxidase activity was 1 per 
cent of respective control values in each of the selenium-deficient groups. Hepatic glutathione S- 
transferase activity was doubled by selenium deficiency in normal, unoperated males but was unaffected 
in the other groups. In control diet fed rats phenobarbital given as a single injection caused either no 
significant change or a decrease in the activity of hepatic microsomal heme oxygenase, the rate-limiting 
enzyme in heme degradation. In contrast, microsomal heme oxygenase activity was stimulated by 
phenobarbital in all selenium-deficient rats. The stimulation was greatest in males and least in females 
with intermediate values in castrated males and testosterone-treated females. These results demonstrate 
a marked effect of sex, castration of males, and testosterone treatment of females on the response of 
hepatic heme metabolism to phenobarbital and on glutathione S-transferase activity in selenium defi- 
ciency even though glutathione peroxidase was reduced to the same extent by selenium deficiency in 


all groups. 


Recently, some changes in hepatic enzymes other 
than the well-known decrease in glutathione per- 
oxidase activity [1] have been reported in selenium 
deficiency. We have demonstrated that a defect in 
heme metabolism occurs in the selenium-deficient 
tat liver which, under some conditions, results in 
increased synthesis and degradation of heme along 
with decreased heme availability for formation of 
hemoproteins such as cytochrome P-450 [2, 3]. The 
primary biochemical manifestation of this defect is 
a rapid stimulation by phenobarbital of the hepatic 
activity of microsomal heme oxygenase, the rate- 
limiting enzyme in the heme catabolic pathway [4]. 
No such stimulation occurs in selenium-adequate rat 
liver. 

Another hepatic enzyme alteration found in selen- 
ium deficiency is an increase in glutathione S-trans- 
ferase activity [5]. The glutathione S-transferases, 
comprising 5-10 per cent of the cytosolic protein, 
catalyze the conjugation of glutathione with a wide 
variety of compounds, detoxifying many of them [6]. 
They also bind many compounds which are not sub- 
strates, including bilirubin, and, it has been postu- 
lated, may serve as temporary storage sites for them 
[7]. Some of these enzymes can also function as 
glutathione peroxidases [5]. These findings have 
implications for toxicity studies which employ selen- 
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ium-deficient rats as an “antioxidant-deficient” 
group. 

Most studies of selenium deficiency have been 
conducted using male rats. However, since females 
are more resistant to developing selenium deficiency 
[8], and since in preliminary studies we had noted 
milder abnormalities of heme metabolism in female 
selenium-deficient rats that in males, we examined 
the altered hepatic activities of the enzymes of heme 
metabolism elicited by selenium deficiency in rela- 
tion to sex. Our aims were to compare the biochemi- 
cal manifestations of selenium deficiency in male and 
female rats and to determine the effects of castration 
of males and of testosterone treatment of females. 


METHODS 


Animals. Weanling rats, 3 weeks of age, purchased 
from the Holtzman Co. (Madison, WI) were fed the 
Torula yeast-based diet described previously [9] and 
given tap water ad lib. The diet was supplemented 
with 1001.U. of vitamin E/kg as dl-a-tocopheryl 
acetate and 0.3% dl-methionine. Control and selen- 
ium-deficient diets were identical except for the 
addition of 0.5 mg selenium/kg as Na2SeQOs; to the 
control diet. 

One week after receipt, ten selenium-deficient and 
ten control male rats were castrated under light ether 
anesthesia. Thereafter, they were caged separately 
from the unoperated males. At the same time, tes- 
tosterone injections were begun in ten selenium- 
deficient and ten control female rats which were 
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caged separately from the uninjected female rats. 
Each rat received 2 mg testosterone subcutaneously 
5 days a week for the next 7 weeks until it was killed. 
The testosterone injection solution was composed 
of 1 g testosterone in 100 ml triolein and 5 ml benzyl 
benzoate. 

Experimental. Rats were studied 8 (Fig. 3 and 
Table 1) or 12 (Figs. 1 and 2) weeks after the experi- 
mental diets were begun and 7 weeks after castration 
or initiation of testosterone treatment. Phenobar- 
bital (80 mg phenobarbital sodium/kg) was given 
intraperitoneally in 0.15 M NaCl 6 hr before death. 
Animals were fasted for 24 hr and weighed before 
being killed. 

Rats were stunned by a blow to the neck and 
exsanguinated. Livers were perfused with 
1.15% KCl, and 20% (w/v) homogenates were pre- 
pared with a motor-driven Teflon pestle and glass 
homogenizing vessel. The microsomal fraction was 
prepared as described previously [2]. The 18,000 g 
supernatant fraction was obtained by centrifuging 
the homogenate for 10 min, and the 105,000 g super- 
natant fraction was prepared by recentrifuging the 
18,000 g supernatant fraction for 60 min. 

Assays. 5-Aminolevulinic acid synthetase was 
assayed as described previously [3]. Microsomal 
heme oxygenase activity was measured in the 18,000 
g supernatant fraction [3], and microsomal cyto- 
chrome P-450 was determined by the method of Raj 
and Estabrook [10] using a DW-2 UV-VIS spectro- 
photometer (American Instrument Co., Silver 


Springs, MD). Glutathione peroxidase activity of the 
105,000 g liver supernatant fraction was measured 


with 0.25 mM H2O: as substrate using the coupled 
assay previously employed [11]. Glutathione S-trans- 
ferase activity was also measured in the 105,000 g 
liver supernatant fraction with 1-chloro-2,4-dinitro- 
benzene (1-CDNB) and 1,2-dichloro-4-nitrobenzene 


ALA synthetase activity (pmol ALA formed/mg protein/30 min) 








a 6 


hours after phenobarbital injection 


Fig. 1. Hepatic 5-aminolevulinic acid (ALA) synthetase 
activity after phenobarbital administration to selenium- 
deficient (@——®) and control (O——O) female rats. 
Each point represents the mean of three animals except 
for the 1 and 8 hr points of the control group which are the 
means of two animals. The half brackets are 1$.D 
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microsomal heme oxygenase activity 
(nmol bilirubin formed/mg protein/10 min) 








hours after phenobarbital injection 


Fig. 2. Hepatic microsomal heme oxygenase activity after 

phenobarbital administration to selenium-deficient 

(@——®) and control (O——©) female rats. Each point 

represents the mean of three to five animals and the half 
brackets are 1S.D. 


(1,2-DCNB) as substrates, using conditions 
described by Habig et al. [12]. Protein was deter- 
mined by the method of Lowry et al. [13]. Student’s 
unpaired t-test was used for statistical analysis. 

Materials. Sodium phenobarbital was purchased 
from the Mallinckrodt Chemical Works, St. Louis, 
MO. Glutathione, glutathione reductase (yeast type 
Ill), EDTA and NADPH were from the Sigma 
Chemical Co., St. Louis, MO; 1-CDNB and 1,2- 
DCNB were from Eastman Organic Chemicals, 
Rochester, NY; and H2O2 was from the J. T. Baker 
Co., Phillipsburg, NJ. Diet constituents were pur- 
chased from ICN Pharmaceuticals, Inc., Cleveland, 
OH, except for Torula yeast which came from St. 
Regis, Rhinelander, WI. 


RESULTS 


6-Aminolevulinic acid synthetase activity in female 
rat liver rose in response to phenobarbital (Fig. 1). 
There was a greater and more prolonged increase 
in selenium-deficient rats than in controls. Hepatic 
microsomal heme oxygenase activity increased in 
selenium-deficient female rats after phenobarbital 
treatment but not in controls (Fig. 2). Maximal 
activity was reached 4-6hr after phenobarbital 
administration. These results are similar to those 
obtained previously with male rats [3} except that 
the magnitude of the increase in heme oxygenase 
activity was less in female rats. Since, in both male 
and female selenium-deficient rats, hepatic micro- 
somal heme oxygenase activities had been stimulated 
6hr after phenobarbital, this time was chosen to 
study the effects of castration of males and of tes- 
tosterone treatment of females. Six hr after phen- 
obarbital administration there was a small decrease 
in microsomal heme oxygenase activity in all rats fed 
the control diet, regardless of sex or whether they 
were castrated or testosterone-treated (Fig. 3). In 
contrast, the activity rose in all selenium-deficient 
rats after phenobarbital, with the greatest increase 
observed in the noncastrated males and the least in 





Sex-related heme metabolism and selenium deficiency 


MICROSOMAL HEME OXYGENASE ACTIVITY (nmol bilirubin formed /mg/10 min) 





Vy) 
DIET ————e DEFICIENT CONTROL DEFICIENT 


TREATMENT ———» NORMAL O” 
GRouP 


CONTROL DEFICIENT 


NORMAL & 


n UNTREATED 


| PHENOBARBITAL TREATED 


+ 


CONTROL DEFICIENT CONTROL 


CASTRATED O” —_—TESTOSTERONE Q 


Fig. 3. Effects of sex, castration of male rats, and testosterone treatment of female rats on the 

phenobarbital-mediated stimulation of hepatic microsomal heme oxygenase activity in selenium defi- 

ciency. Rats treated with phenobarbital (80 mg/kg, i.p.) were studied 6 hr after injection. Values are 

means of four to six animals except for the phenobarbital-treated control male and castrated male rats 

which represent three animals each. Half brackets represent 1 S.D. Stars indicate significant differences 
(P <0.05). 


the untreated females. The rise was intermediate in 
the castrated males and _ testosterone-treated 
females. 

Several other enzymes, known to be influenced 
by selenium status, were measured in the livers of 
the rats which did not receive phenobarbital (Table 
1). Microsomal cytochrome P-450 content was 
unaffected by selenium status in these rats. The 
selenoenzyme glutathione peroxidase was virtually 
undetectable in the livers of all selenium-deficient 
rats. Its activity was twice as high in normal females 
as in normal males. Testosterone treatment of female 
rats lowered the glutathione peroxidase activity to 
levels observed in unoperated males, whereas cas- 
tration of male rats had no effect on it. Glutathione 
S-transferase activities, which were measured with 
1-CDNB and 1,2-DCNB, were unaffected by cas- 
tration of male rats or testosterone treatment of 
female rats fed a control diet. Selenium deficiency 
caused a rise in glutathione S-transferase activity in 
unoperated males but not in other groups. 


DISCUSSION 


These results indicate that selenium-deficient 
female rats, selenium-deficient castrated male rats 
and selenium-deficient testosterone-treated female 
rats all have a defect in hepatic heme metabolism 
similar to the one described in selenium-deficient 
male rats [3]. Based on the relative increase in 
hepatic microsomal heme oxygenase activity due to 
phenobarbital treatment, this defect appears to be 
much less severe in selenium-deficient females than 
in selenium-deficient males. Castration of selenium- 
deficient males seems to lessen the defect. Testos- 
terone-treatment of selenium-deficient females 


seems to worsen it. The cause of this sex-dependent 
effect is unknown, although there are several plau- 
sible explanations. It could be due to a greater heme 
turnover rate in male rat liver than in female rat 
liver, although we know of no data suggesting such 
increased turnover in males. A quantitative differ- 
ence in response to phenobarbital is another possible 
explanation for our observations. 

It seems likely that the sex-dependent effect is 
more related to selenium requirement and metab- 
olism than to heme metabolism. All the animals in 
the present study that were fed the selenium-defi- 
cient diet had very low but comparable glutathione 
peroxidase activities (Table 1). However, our pre- 
vious study suggested that the effect of selenium 
deficiency on heme metabolism is not mediated by 
glutathione peroxidase but by an as yet uncharac- 
terized factor with a rapid turnover [3]. Thus, the 
known higher selenium requirement of male rats 
than of females could have resulted in a more severe 
selenium deficiency in males, with a consequently 
greater effect on the factor affecting heme 
metabolism. 

Activity of glutathione peroxidase in the rat liver 
105,000 g supernatant fraction is twice as high in 
females as in males [14] (Table 1). The reason for 
this is unknown, but it seems to be related to the 
presence of female hormones since castrated males, 
and females whose endogenous sex hormone pro- 
duction has been suppressed by testosterone treat- 
ment, have levels of glutathione peroxidase similar 
to those in unoperated males. 

When we first made the observation that gluta- 
thione S-transferase activity increases in male rat 
liver in selenium deficiency, we postulated that the 
increase compensated for the fall in the selenium- 
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dependent glutathione peroxidase activity [5]. How- 
ever, in spite of dramatic decreases in glutathione 
peroxidase activity in livers of females, castrated 
males, and testosterone-treated females due to selen- 
ium deficiency, no increase in glutathione S-trans- 
ferase activity occurred (Table 1). This casts doubt 
on our hypothesis that the increased activity 
observed in males is related to the fall in selenium- 
dependent glutathione peroxidase activity. 

The results presented here demonstrate the influ- 
ence of sex on the effect of selenium deficiency on 
a number of rat hepatic enzyme activities. Most of 
the effects of selenium deficiency on these activities 
are more prominent in male rats than in female, 
castrated male, or testosterone-treated female rats. 
This suggests that the male rat is likely to be the 
most sensitive model for the study of biochemical 
changes in selenium deficiency. 


203 + 20 


-DCNB 
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0.07 + 0.01 
0.04 + 0.01 
0.03 + 0.01 
0.05 + 0.01 
0.04 + 0.01 
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es were measured in livers of rats not receiving phenobarbital (n = four to six per group) 


Glutathione peroxidase 
(uwmoles NADPH oxidized/mg/min) 
0.003 + 0.0014 
0.28 + 0.033 
0.005 + 0.0019 
0.63 + 0.034 
0.004 + 0.00 
0.28 + 0.0 
0.005 + 0.001++ 


2 


0.93 + 0.2 
0.86 + 0.10 


Microsomal 
cytochrome 
P-450 
(nmoles/mg) 
0.65 + 0.10 
0.72 + 0.19 
0.52 + 0.08 
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+ Weights of all rats (n = seven to ten per group) whether given phenobarbital 6 hr before being killed or not. 


t, §, ||, 9, **, tt Values with the same superscript are significantly different, P < 0.05. 
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* Values are means +§$.D. Cytochrome P-450 and enzyme activiti 


whose microsomal heme oxygenase values are shown in Fig. 3. 
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Control 
Castrated male 
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Abstract—Adenosine transport into human blood platelets is mediated by two independent systems 
with different affinities. Both systems transport only purine nucleosides and no pyrimidine nucleosides. 
In experiments with differently substituted purine nucleosides, purines and analogues, differences in 
carrier specificity could be shown. For both uptake systems an intact purine ring system is required. 
Substituents at position 6 are of importance for the low affinity carrier. The more bulky this substituent, 
the less is the affinity. Double substitution, position 2 being an amino group and position 6 either being 
an amino, hydroxyl or mercapto group gave opposite effects for both carriers: the high affinity system 
being less inhibited, the low affinity system being more inhibited in changing from amino to mercapto. 
The 2’ and 3’ position of the ribose ring appeared to be of importance for both high and low affinity 
carriers. The requirement of a 2’ hydroxyl group oriented opposite the purine ring with respect to the 
ribose ring is suggested for the low affinity system. This, together with an appropriate substituent at 
position 6 of the ring system, is typical for a substance being a substrate for the low affinity carrier. On 
the other hand, the presence of a hydroxyl group at the 2’ position is of less importance for the high 
affinity carrier: here the 3’ position appears to be the more important one. The effects of dipyridamole 
(RA 8) and some related drugs (RA 233, RA 433, VK 744 and VK 774) upon adenosine uptake were 
investigated. Only the pyrimido pyrimidine compounds RA 8, RA 233 and RA 433 had an effect upon 
adenosine transported through the high affinity system. RA 8 appeared to be a competitive inhibitor 
of adenosine uptake by the high affinity system. 


Adenosine plays an important role as building block 
for purine nucleotides in all living species. It also has 
vasodilator properties in mammals [1]. Myocardial 
cells release adenosine into the blood [2, 3] and it 
may than be degraded by adenosine deaminase [4] 
or taken up into various cells in or in contact with 
blood. The transport processes involved in uptake 
of adenosine have been described in detail [S—9]. 
Adenosine is transported into almost all of these 
cells by a carrier mediated high affinity uptake system 
(Km near 10 wm) and one or several uptake systems 
of low affinity [6-9]. Rabbit polymorphonuclear leu- 
kocytes form a notable exception in that only the 
high affinity system was observed [5]. In these cells 
and in dog myocardium [10] the steric requirements 
for the adenosine high affinity carrier molecular have 
been studied. 

In our previous study on the uptake and metab- 
olism in human blood platelets, we observed specific 
inhibition by papaverine of the high affinity system 
but also of the single low affinity transport system 
for adenosine present in these cells [8]. We thought 
it of interest to compare the steric requirements for 
inhibition of both uptake systems. 

Inhibition of adenosine uptake has been a guiding 
principle [11] in the development of a series of pla- 
telet function inhibitors [12,13], the pyrimido 


* For names and structural formules of the used sub- 
stances see Tables 1, 2 and 3. The names adenine xyloside 
and psicofuranine refer to adenine-9-8-D-xylofuranoside 
and adenine-9-B-D-ribo-hex-2-ulofuranoside. All other 
compounds shown in Table 1 belong to the 9(H) purinyl- 
B-D pentofuranosides. 
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pyrimidines. In the present study we include some 
data on inhibition caused by these agents. 


MATERIALS AND METHODS 


[2.8--H]Adenosine, sp. act. 30Ci/mmole, was 
purchased from New England Nuclear Corp, Boston, 
U.S.A. High voltage electrophoresis of the adeno- 
sine showed that at least 92 per cent was adenosine. 
It was diluted with non radioactive adenosine before 
use and made up to 300mOsmol by adding solid 
sodium chloride. All purines and purine ribosides* 
used were from Sigma Chemical Co., St. Louis, 
MO U.S.A., with the exception of 4-amino-5-imid- 
azole carboxamide, 4-amino-5-imidazole carbox- 
amide riboside, formycin, adenine arabinoside which 
were from Calbiochem. San Diego, CA, U.S.A. 
Psicofuranine and adenine xyloside were a gift from 
Dr. H. Holmsen, Specialized Center for Thrombosis 
Research, Temple University, Philadelphia, PA. 

Blood from donors who had used no drugs during 
the preceding 5 days, was collected into 
0.027 M EDTA in 0.15 M NaCl, pH 7.4 (1 vol. to 9 
vol. blood), in polyethylene tubes. After centrifu- 
gation (275 gmax for 10min at room temperature), 
the platelets in the supernatant platelet rich plasma 
were washed twice with a buffer containing 
0.103 M NaCl, 0.04 M NaH2POs, 0.0047 M KH2PO. 
0.005 M glucose and 0.005 M EDTA, and adjusted 
to pH 7.6, according to Gaintner et al. [14]. Bovine 
albumin (5 mg/ml) was added to this buffer [15]. 
Centrifugation during the washing procedure was 
carried out at 1000 gmax for 10min at 4°. Platelet 
numbers were determined with the aid of a Coulter 
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Counter (Coulter Electronics, Harpenden, Eng- 
land). Adenosine uptake was measured with the 
pellet technique as described previously [8] with 
adaptation of the volumes for addition of the inhib- 
itor: 0.9 ml platelet suspension and 0.1 ml inhibitor 
in buffer (final concentration of inhibitor: 1 mM) 
together with 0.25 ml radioactive adenosine solution. 
The inhibitor was preincubated for 5 min with the 
platelets at 37°. The uptake of adenosine was 
expressed as pmoles/min/10” platelets and calculated 
as initial rate from the linear part of the time course 
curve. 

In Tables 1, 2 and 3 given values designate mean 
percentage of control, of four experiments with 
S.E.M., adenosine uptake without inhibitor being 
100 per cent. 

The effect of most inhibitors on the high affinity 
system was studied at an adenosine concentration 
of 5 uM. For calculation of the amounts of adenosine 
transported through the high affinity system at 5 uM 
and 5 mM, use was made of previously determined 
Km and Vmax values for the low affinity system [8] 
while for the Km and Vmax values of the high affinity 
system 9.8 uM and 398 pmoles/min/10” platelets were 
used. These last two values were calculated for the 
pellet technique [8] utilized in the present study. 

On the basis of these calculations, 70 per cent of 
total transport at 5 uM adenosine is through the high 
affinity uptake system while at 5 mM adenosine, 99 
per cent of transport is through the low affinity 
uptake system. Significance of differences was cal- 
culated with Student’s ¢ test for paired observations. 


RESULTS 


The effects of various nucleosides on adenosine 


400—p moles [min /499 


platelets 


350— 





transport are shown in Table 1 (a-c). Most nucleo- 
sides at the concentration of 1 mM were powerful 
inhibitors (P < 0.001) in the 5 uM adenosine experi- 
ments. It should be remembered that 30 per cent of 
the transport at this concentration is through the low 
affinity system. Complete inhibition of the high 
affinity system without effect on the low affinity 
system would lead to a transport of 30 per cent of 
control. 

Guanosine (Table la), 5’-deoxyadenosine and 
adenine xyloside and 3’-deoxyadenosine (Table 1b) 
were not only powerful inhibitors of the low affinity 
system (P<0.0005) but also of the high affinity 
system (P < 0.001). 

Three of the most interesting substances, 2-chlo- 
roadenosine, 6-nitrobenzylthioguanine riboside and 
6-nitrobenzylthioinosine were studied in more detail. 
All three were competitive inhibitors of the high 
affinity system. The data for 2-chloroadenosine are 
shown in Fig. 1. The Ki value’ was 
75.3 + 23.2 uM(mean + S.E.M., n=7). For the 
other two compounds similar curves were found (not 
shown). The K; value for 6-nitrobenzylthioguanine 
riboside was 21.7 + 9.1 uM(mean + S.E.M.,n = 4) 
and that for 6-nitrobenzylthioinosine 9.2 + 6.2 uM 
(mean + S.E.M., n= 4). The pyrimidines (uracil, 
cytosine, thymine) had no and the pyrimidine 
nucleosides (uridine, cytidine, thymidine) had little 
inhibitory effect on adenosine transport through both 
uptake systems (not shown). 

Various purines were also tested. They showed 
little inhibition of the high affinity system (Table 2 
a,b) as demonstrated by the small decrease caused 
by these substances, in a concentration of 1 mM at 
an adenosine concentration of 5M. Relatively 
more potent inhibition was seen at high adenosine 
concentration. The most powerful inhibitor was 











' 
20 


Adenosine (pM) 


Fig. 1. Influence of 2-chloroadenosine on the uptake of adenosine in the micromolar range. @——® 

Adenosine control uptake; x——x adenosine uptake in the presence of 75 uM 2-chloroadenosine. In 

this figure, total adenosine uptake has been corrected for the low affinity uptake, by subtraction of the 

rectilinear part (for details see ref. [8]). Inset: Lineweaver—Burk plot of both curves show a competitive 
relationship. A representative experiment is shown. 





Inhibition of adenosine uptake 


Table 2. Purines used for the study of inhibition of adenosine uptake 





(a) Changes in groups attached to the purine ring 


J06 


NH2 
NHCH3 
N(CHs)2 
NH? 
NH2 
SH 

OH 

H 

OH 

SH 
NH2 


jens ye oye pc ome see oge oe ~ 


Purine 
Guanine 


ZZzZz 
Stor 


Inhibitor (concentration 1mM) 


Adenine 6-N-Methylaminopurine 
6,6-N,N- Dimethylaminopurine 
Adenine-N'-oxide 
8-Bromoadenine 
6-Mercaptopurine 

Hypoxanthine 


6-Mercaptoguanine 
2,6-Diaminopurine 


Adenosine concentration 
5 uM 5mM 
% of control + S.E.M. 


S23: 7.2" 
54.9 + 2.4* 
$i.t22.9" 
64.8 + 8.8 
49.0 + 9.1* 
82.6 + 3.0 
87.3 + 0.7 
82.4 + 4.4 
84.3 + 7.1 
Tia es 22 
71.4+4.4 


68% 1.1°* 
27.6 + 0.4** 
56.4 + 2.1* 
28.5 + 2.0** 
31:2 + 3.0°* 
Si.247.2° 
59.4 + 8.8* 
61.8 + 1.0* 
40.1 + 5.8** 
41.02+2.4" 
75.6 2.7° 





(b) Changes in the purine ring itself 





NH, 
N 
‘Oe 


(4-Amino-5-imidazole) carboxamide 


8-Azaadenine 


93.5 + 2.0 T14253 


76.0 + 4.0* VPATZEzZ2 





Values shown are mean percentages of control + S.E.M. (n = 4). 
* 0.005 < P< 0.05, **P < 0.005, with respect to control as determined with /-test. 


adenine, it was shown to be a competitive inhibitor 
with the low K; of 5.8 + 2.9 uM (mean + S.E.M., 
n = 3) [8]. 

The results obtained with the pyrimido-pyrimi- 
dines are summarized in Table 3. Of these substances 
only the pyrimido-pyrimidines were inhibitory at 
5 uM adenosine, while the thienopyrimidines had no 
effect on adenosine transport. Dipyridamole, the 
best known substance of these series was studied in 
detail. It appeared to be a competitive inhibitor of 
the high affinity uptake system (Ki 47.2 + 28.7 uM, 
mean + S.E.M., n = 3). 


DISCUSSION 


In our previous paper on adenosine uptake and 
metabolism in human blood platelets [8] we 
described that adenosine is taken up by two inde- 
pendent, carrier mediated transport systems, one of 
which had a high affinity for adenosine (Km 9.8 4M) 
while the other had a much lower affinity (Km 
9.4mM). We previously reported that the low affin- 
ity adenosine uptake system is different from the 
uptake system for adenine [16]. 

In this paper we present further evidence for dif- 


ferences in both adenosine uptake systems. This 
evidence is based on differences in steric require- 
ments for both carrier molecules. 


Specificity of the high affinity system 

The nucleosides shown in Table 1 are grouped 
according to structural differences in groups attached 
to the purine ring (la), differences in the ribose 
moiety (1b) or differences in the purine ring itself 
(1c). The purines in Table 2 are also grouped in the 
order of variations in the attached groups (2a) or in 
the purine ring (2b). 

Gross comparison between Tables 1 and 2 indi- 
cates that the high affinity system is inhibited by 
nucleosides but not by purines. Changes in position 
6 due to the presence of hydrogen, a negatively 
charged mercapto group, a non charged methyl- 
amino or dimethyl-amino or even a bulky nitroben- 
zylthio group did not influence the inhibitory poten- 
tial. Introduction of an amino-group at position 2 
increased the sensitivity for the electronegativity of 
the charge at position 6, as shown by the decrease 
in inhibition obtained by 2,6 diaminopurine 2'- 
deoxyriboside compared with 6-mercaptoguanosine 
(P < 0.005; Table 1a and b). 
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The lack of inhibition by 8-bromoadenosine is also 
of interest. The bulky bromide at position 8 probably 
hinders the free rotation around the N-9-C-1’ bond 
and forces adenosine into the syn-conformation [10] 
instead of the usual anti-conformation. 

The furanose ring seems required for inhibition 
of the high affinity system. The 5’-carbinol group is 
of no importance for substrate recognition as dem- 
onstrated by the powerful inhibition by 5’-deoxy- 
adenosine. More important are the 2’ and 3’ hydroxyl 
groups, although the 2’ hydroxyl group itself is not 
crucial, as demonstrated by the inhibition caused by 
several 2’deoxyribosides. The moderate inhibition 
by adenine arabinoside in comparison with adenine 
xyloside indicates that the orientation of the 2’ 
hydroxyl group with respect to the 2’-3’ carbon bond 
may be of importance. 

The replacement of the 3’ hydroxyl group by either 
a hydrogen (3’ deoxyadenosine) or an amino group 
(puromycine amino nucleoside) causes a loss of 
inhibitory potential, indicating the importance of this 
hydroxyl group. 

Our experiments allow no definite conclusions as 
to the importance of the erythro versus the threo 
configurations, although it should be mentioned that 
adenine xyloside is a powerful inhibitor. 

A bulky carbinol group attached to the 1’ carbon 
atom (psicofuranine) causes a complete loss of 
inhibition. This may indicate that this 1’ carbon atom 
is of importance but steric hindrance for position 2’ 
cannot be excluded (Table 1b). 

Changes in the purine ring system show that the 
only tolerated change is at position 7 (tubercidin). 
When position 8 and 9 are involved, as in formycin, 
there is much less inhibition. That changes at the 9 
position are more important might be concluded 
from the inhibition by 8-bromoadenine (Table 2a). 
This compound, although it is not a very powerful 
inhibitor at low adenosine concentration, is at least 
as strong as adenine itself, in inhibiting the high 
affinity system. The pyrimidine ring of the purine 
ring must be intact for substrate recognition ot both 
uptake systems, as shown by the absence of effect 
of (4-amino-5-imidazole) carboxamide and its ribo- 
side (Table 1c and 2b). 


Specificity of the low affinity system 

Comparison of Tables 1 and 2 shows that the low 
affinity adenosine uptake mainly is influenced by 
purines. This raises the question whether the low 
affinity transport system represents a purine trans- 
port system. In our earlier report on adenosine 
uptake and metabolism in human blood platelets 
[8] we presented evidence suggesting that this is not 
the case, as far as adenine is concerned. The pos- 
sibility that guanine or hypoxanthine are handled by 
this transport system needs to be elucidated. 

The substituents attached to position 6 of the 
purine ring play an appreciable role in substrate 
recognition of the low affinity system. The import- 
ance of an amino group (adenine) is stressed by the 
difference in inhibition found for a mercapto or 
hydroxyl group or a hydrogen atom: there is a 
decrease in inhibition. The bulkiness of the group 
at position 6 is also important. 6-Aminopurine 
(adenine) inhibits more than 6-N-methylaminopu- 


BP 29:1——b 


rine and this in turn more than 6,6-N,N-dimethy- 
laminopurine (P < 0,001 for both with respect to 
adenine). Purines with substitution at the 2 and 6 
position show more inhibition, when the group at 
position 6 is more electronegative, e.g. guanine and 
6-mercaptoguanine are more powerful inhibitors of 
the low affinity system than 2,6-diaminopurine 
(Table 2a). The importance of the purine ring itself 
is shown by the lack of inhibition by compounds with 
changes in the purine ring (azaadenine, (4-amino-S- 
imidazole)-carboxamide, formycin and tubercidin; 
Tables 1c and 2b). 

Purines are stronger inhibitors than nucleosides, 
but changes in the riboside ring can also play a role. 
Presence of the 2’-hydroxyl group seems essential. 
Only nucleosides with a hydroxyl group in this pos- 
ition (5’-deoxyadenosine, adenosine  xyloside, 
3'deoxy adenosine and guanosine) were inhibitory. 

Substitution at the 1’ position by a carbinol group 
as in psicofuranine abolished inhibition, either 
because the 1’ hydrogen atom is essential or due to 
a steric effect at the 2’ position. 

The substituent at the 3’ position is less important: 
3'deoxyadenosine and adenine xyloside are rela- 
tively good inhibitors (P < 0.0005) (Table 1b). 

The observations, described in this paper, 
regarding the carrier specificity of both adenosine 
uptake systems correspond to a large extent to the 
adenosine uptake system described for rabbit poly- 
morphonuclear leukocytes, [5] and a membrane car- 
rier for adenosine in canine heart [10]. Although in 
the leukocytes pyrimidines could also be transported, 
substitution on the purine ring caused a decrease in 
affinity and the 3’ hydroxyl appeared to be the most 
important place of the furanose ring. In canine heart, 
the same holds true for the purine ring, but the 2’ 
and 3’ hydroxyls of the furanose ring were equally 
important. The finding that purines may be impor- 
tant for substrate recognition has recently been dem- 
onstrated [9]. 

In rabbit erythrocytes an intracellular adenine 
analogue binding protein has recently been dem- 
onstrated [16]. Although the existence of such a 
protein in human platelets is doubtful, the possibility 
cannot be excluded that adenine displaces adenosine 
from this protein, thus diluting the specific radio- 
activity of the added adenosine and consequently 
mimicking inhibition of adenosine transport. How- 
ever, it should be mentioned that no efflux of once 
taken up radioactive adenosine was ever observed 
[8]. Another argument against adenine displacing 
adenosine from intracellular binding sites may be 
derived from adenine transport investigations 
[17, 18]. No evidence of free adenine inside the pla- 
telets was found in these studies. 

Some of the compounds tested are inhibitors or 
substrates for adenosine metabolizing enzymes [19]. 
One of these enzymes, adenosine kinase, might be 
directly involved in transport of adenosine [8]. How- 
ever, the Km found of this enzyme (2 uM, ref. [20] 
differs from the Km found for transport (9.8 4M) 
indicating that transport of adenosine is rate limiting. 
Other adenosine metabolizing enzymes are probably 
located intracellularly [20] and consequently play no 
role in inhibition of transport. 

One might speculate about the physiological 
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importance of two different adenosine uptake sys- 
tems, one of which is probably of minor relevance, 
since at physiological adenosine concentrations 
(0.3 uM, ref [21]) only a small part ( < 10 per cent) 
of total adenosine taken up is transported by the low 
affinity uptake system. This uptake system is unlikely 
to be involved in adenine uptake taking into account 
the mutual differences in Km values for uptake and 
Ki values for inhibition [8, 18,22]. The actual role 
of the low affinity adenosine uptake system in human 
blood platelets needs further investigation. 

Dipyridamole is a drug originally developed as a 
coronary vasodilator [23]. In the course of time sev- 
eral mechanisms were offered to explain its action. 
Among these are influence on deamination of adeno- 
sine in blood [24], inhibition of phosphodiesterase 
from human platelets [25, 26], and inhibition of the 
elimination of adenosine from blood by uptake in 
different cells. 

It was shown that adenosine uptake was inhibited 
by dipyridamole in human red cells (6, 11], in human 
blood platelets [27, 28] and in cultured pig endoth- 
elial cells [9]. The site of interaction of dipyridamole 
with platelets was suggested to be located at the 
platelet membrane [28-30]. The inhibition of adeno- 
sine uptake by dipyridamole and some related sub- 
stances, as described in this paper, is a confirmation 
of an earlier report [28]. However, only one adeno- 
sine concentration was used in this study. We have 
found that the pyrimido-pyrimidines inhibit only the 
high affinity component of adenosine uptake. The 
thienopyrimidine compounds VK 744 and VK 774 


(Table 3) had no effect on either high and low 
affinity adenosine uptake. Of special interest is the 
finding that dipyridamole is a competitive inhibitor 
of the high affinity adenosine uptake system. This 
is a further [28-30] confirmation that the site of 
interaction of dipyridamole with human platelets 
probably is located at the platelet membrane. 
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Abstract—The effects of the peptide antibiotic, alamethicin, on hormonally stimulated adenylate cyclase 
were studied in the rat kidney. In the medullary 100,000 g fraction, antidiuretic hormone-stimulated 
adenylate cyclase activity was observed only in the presence of alamethicin. Alamethicin augmented 
the stimulatory effect of parathyroid hormone in the cortical 100,000 g fraction. Lubrol PX solubilized 
adenylate cyclase activity but, in contrast to alamethicin, did not increase PTH stimulation of adenylate 
cyclase. Alamethicin had little effect in 1,000 g fractions. Therefore, the effects of this antibiotic do not 
appear to be due to direct stimulation of adenylate cyclase. In addition, the results cannot be explained 
by inhibition of phosphodiesterase by alamethicin. Alamethicin is known to increase ionic conductance 
in membranes by the formation of channels. The effects of alamethicin on adenylate cyclase in the 
100,000 g fraction could be due to the formation of channels which increase the permeability of vesicles 
and thereby increase accessibility to substrate and/or hormones. Different physiochemical properties 
of renal cortical and medullary plasma membranes are suggested by differences observed in the 
responsiveness of adenylate cyclase to hormones and to alamethicin. The presence of latent antidiuretic 


hormone-stimulated adenylate cyclase was observed in the outer medullary 100,000 g fraction. 


Alamethicin, a peptide antibiotic, has been studied 
extensively with respect to its ability to increase ionic 
conductance in lipid membranes by the formation 
of channels [1-3]. Studies of lecithin bilayer vesicles 
demonstrated that alamethicin produced channels 
and permitted the outward passage of europium ions 
in the presence of a potassium gradient [4]. Although 
the majority of studies on alamethicin have been on 
model lipid membrane systems, alamethicin has been 
reported to increase calcium permeability in sarco- 
plasmic reticulum vesicles [5]. In addition to increas- 
ing ionic permeability, alamethicin has been dem- 
onstrated recently to uncover latent basal and sodium 
fluoride adenylate cyclase activity in vesicles of sar- 
coplasmic reticulum [6]. 

Adenylate cyclase is thought to be a vectoral 
plasma membrane enzyme, with hormonal receptors 
located on the outside surface and the catalytic unit 
on the inside surface of the membrane. If membranes 
were in an impermeable vesicular conformation, 
alamethicin could render substrate (ATP) or stimu- 
lator (fluoride) more accessible to critical sites, thus 
enhancing adenylate cyclase activity [6]. In addition, 
hormonal activation of adenylate cyclase should 
depend upon both the accessibility of the hormone 
to the receptor site and of substrate to the catalytic 
unit. Vesicles have been observed in electron micro- 
graphs of renal cortical and medullary membrane 
preparations [7-10]. The presence of adenylate 
cyclase within impermeable renal membrane vesicles 
could alter the interpretation of experimental results. 
However, a channel-forming antibiotic like ala- 
methicin might be expected to uncover latent hor- 
monally stimulated adenylate cyclase activity by 
increasing vesicular permeability. The present study 


was designed to evaluate the effects of alamethicin 
on hormonal activation of adenylate cyclase in the 
1,000 g and 100,000 g fractions of the renal cortex 
and medulla. 


MATERIALS AND METHODS 


Cyclic [7H—GJ]AMP (38.9Ci/mmole) was 
obtained from New England Nuclear, Boston, Mass. 
[a—*P]ATP (25 Ci/mmole) was obtained from the 
International Chemical and Nuclear Corp., Irvine, 
CA. Synthetic arginine vasopressin [antidiuretic hor- 
mone (ADH), 1001.U./ml], parathyroid hormone 
(PTH, 218 units/mg), Dowex SOW-X4 (200-400 
mesh), neutral alumina, Lubrol PX, ATP, GTP and 
cyclic AMP were obtained from the Sigma Chemical 
Co., St. Louis, MO. Scintillation fluid (ACS) was 
purchased from Amersham-Searle, Arlington 
Heights, IL. PGE2 and alamethicin were gifts from 
Dr. John Pike and Dr. George Whitfield, respec- 
tively, The Upjohn Co., Kalamazoo, MI. PGE2 was 
dissolved in absolute ethanol, 20 mg/ml, and stored 
at —20°. PGE? solutions were prepared by diluting 
the stock with 0.02% NazCOs. Alamethicin was dis- 
solved immediately prior to use in absolute ethanol 
and diluted 1:10 with 0.02% NazCOs;. All other 
chemicals were of the highest grade available. Male 
Sprague-Dawley rats, weighing 300-350g, were 
obtained from Eldridge Laboratory Animals, Barn- 
hart, MO. 

Preparation of renal fractions. Rats were anesth- 
etized with ether, and the kidneys were immediately 
removed, bisected, and sliced with a Stadie—Riggs 
microtome. Tissue slices (0.5 mm thick) from cortex 
and outer medulla were collected separately, 
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minced, and homogenized. Homogenization was 
accomplished with six strokes from a Teflon—glass 
homogenizer at 1400 rev/min in buffer containing 
10mM Tris-HCl (pH 7.6), 1mM EDTA, 3mM 
MgSOs, and 0.25 M sucrose (0.1 g tissue/ml). Hom- 
ogenates were filtered through gauze and centrifuged 
at 1,000 g for 10 min. The resultant supernatant frac- 
tion was then centrifuged at 40,000 g. The super- 
natant fraction from the 40,000 g centrifugation was 
centrifuged at 100,000 g for 1 hr, and the pellet was 
homogenized in 10% of the starting volume and 
quick-frozen in aliquots. The original 1,000 g pellet 
was washed twice in 40% of the original volume of 
buffer without sucrose and centrifuged each time at 
1,000 g for 10min. The final pellets were resus- 
pended in 30% of the original volume of buffer and 
the suspensions were quick-frozen in aliquots, and 
stored at —70°. No significant change in enzyme 
activity was observed during several months of stor- 
age [11]. 

Assay of renal adenylate cyclase activity. The stan- 
dard reaction mixture for determining adenylate 
cyclase activity contained 2 mM ATP (Lot no. 125C- 
7250), 4-8 cpm/pmole [a—*”P]ATP, 1.3 mM cyclic 
AMP, 40,000 cpm [*H]cyclic AMP, 8 uM GTP, 5 mM 
MgSOs, 20 mM caffeine, 20 mM creatine phosphate, 
93 units/ml creatine phosphokinase, 0.4 mg/ml bov- 
ine serum albumin. Previous studies have deter- 
mined the dose-response curves for PGE2, PTH and 
ADH in the renal cortical and outer medullary 1,000 g 
fractions [12-14]. Additional studies have shown that 
10 units/ml PTH and 8 x 10~* M PGE? are also max- 
imally stimulatory concentrations in the 100,000 g 
fractions. The maximal stimulatory concentration of 
ADH (10~’M) in the outer medullary 1,000 g frac- 
tion was 300 times the lowest effective concentration 
[14]. The final assay volume was 0.075 ml. Lubrol 
PX and alamethicin concentrations were expressed 
on a weight basis relative to the protein concentration 
or as per cent of solution (w/v). The incubation was 
for 5 min at 30°, unless otherwise indicated, and was 
initiated by the addition of the homogenate and 
terminated by the addition of 0.020 ml of 0.5 N HCl 
and heating for 60sec. Adenylate cyclase activity 
was linear with time between 5 and 15 min of incu- 
bation at the protein concentrations used in these 
experiments (120-135 ug). The cyclic [*P]AMP 
product was isolated using a two-step column chro- 
matographic procedure [15]. Recoveries of cyclic 
AMP ranged from 80 to 90 per cent, with the *P 
blank usually undetectable. Adenylate cyclase 
activity was corrected for recovery and expressed as 
pmoles cyclic AMP produced/5 min/mg of protein. 
Basal (non-stimulated) adenylate cyclase activity was 
determined in the presence of the diluent control 
for alamethicin or PGE? (ethanol). The diluent did 
not affect the basal activity. Using methods described 
previously [16], there was no measurable cyclic 
nucleotide phosphodiesterase activity with the stan- 
dard reaction mixture for adenylate cyclase. Mem- 
brane protein concentrations were estimated by the 
method of Lowry et al. [17], using bovine serum 
albumin as a standard. Differences between mean 
values of three determinations from representative 
experiments were analyzed for significance using 
Student’s t-test for unpaired values (P < 0.05). 
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Fig. 1. Effects of alamethicin on 100,000 g outer medullary 

adenylate cyclase activity. The per cent of alamethicin in 

the 0.4:1 solution was 0.064%. An asterisk (*) indicates 

P <0.05, compared with the corresponding control value 
in the absence of alamethicin. 


Solubilization experiments. Cortical 100,000 ¢ 
membranes were incubated with diluent (control), 
Lubrol PX or alamethicin for 5 min at 30° in a total 
volume of 0.5 ml. The membranes were then cen- 
trifuged for 60 min at 100,000 g in 0.4-ml microfuge 
tubes placed in water-filled tubes of a SW 50.1 rotor. 
The pellets were resuspended in 0.4 ml of buffer. 
The pellets and supernatant fractions were analyzed 
directly for adenylate cyclase activity. 


RESULTS 


The presence of ADH sensitive adenylate cyclase 
activity in the 100,000 g outer medullary fraction was 
revealed by alamethicin (Fig. 1). When alamethicin 
to protein ratios were increased from 0.1:1 to 0.4:1, 
ADH (10~’M)-stimulated activity increased. NaF 
(10 mM) activity was similarly increased. In contrast, 
neither PGE (8 x 10-*M)-stimulated nor basal 
activities increased until the alamethicin to protein 
ratio was 0.2:1. In the presence of alamethicin 
(0.4:1), maximal stimulatory concentrations of 
PGE, and ADH were additive (940 + 38 pmoles 
cyclic AMP/5 min/mg of protein). At this alamethicin 
concentration, hormonal and NaF-stimulated adeny- 
late cyclase activities were increased more than 3- 
fold. The medullary 100,000 g fraction contained 
approximately 41-55 per cent of the total corre- 
sponding basal, PGE:, and NaF activities in the 
1,000 g fraction. 

In the 100,000 g cortical fraction, PTH, basal, and 
NaF-stimulated adenylate cyclase activities all 
increased with alamethicin to protein ratios of 0.1: 1 
to 0.3: 1 (Fig. 2). Higher ratios of alamethicin abol- 
ished hormonal activation but continued to increase 
NaF-stimulated activity. The basal, PTH, and NaF- 
stimulated adenylate cyclase activities recovered in 
the cortical 100,000 g fraction represented approxi- 
mately 30-36 per cent of the total sac att 
activities in the 1,000 g fraction. 

The effects of Lubrol PX on basal, NaF and nen: 
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Fig. 2. Effects of alamethicin on 100,000 g cortical adenylate 

cyclase activity. The per cent of alamethicin in the 1:1 

solution was 0.18%. An asterisk (*) indicates P < 0.05, 

compared with the corresponding control value in the 
absence of alamethicin. 


monal stimulation were compared to those of ala- 
methicin (Fig. 3). Lubrol PX increased both basal 
and NaF-stimulated activities. However, PTH 


(10 units/ml) stimulation was not increased by low 
concentrations of Lubrol PX and was abolished at 
high concentrations (1:1). 

The capacity of Lubrol PX and alamethicin to 


solubilize adenylate cyclase was examined (Table 1). 
In control membranes, all of the adenylate cyclase 
activity remained in the 100,000g pellet. This 
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Fig. 3. Effects of Lubrol PX on 100,000 g cortical adenylate 

cyclase activity. The per cent of Lubrol PX in the 1:1 

solution was 0.18%. An asterisk (*) indicates P < 0.05, 

compared with the corresponding control value in the 
absence of Lubrol PX. 


enzyme was stimulated by PTH and NaF. After 
centrifugation of alamethicin-treated membranes 
(0.3:1 and 1:1), all the detectable adenylate cyclase 
activity remained in the pellet, a finding similar to 
that noted with control membranes. With 0.3: 1 ala- 
methicin, membranes demonstrated enhanced basal, 
PTH and NAF-stimulated activities, while mem- 
branes incubated with the higher ratio of alamethicin 
to protein were not stimulated by PTH. Addition of 
Lubrol PX resulted in the appearance of basal and 


Table 1. Effects of treatment with alamethicin or Lubrol PX on adenylate cyclase 
activities in the cortical 100,000 g fraction* 





Pellet 


Supernatant fraction 


(pmoles cyclic AMP/5 min/mg protein) 





Control 
Basal 
PTH 
NaF 
0.3:1 Alamethicin 
Basal 
PTH 
NaF 
:1 Alamethicin 
Basal 
PTH 
NaF 
:1 Lubrol PX 
Basal 
PTH 
NaF 


a3 7 
94+3 ND 
111+ 14 ND 


ND?# 


74+6 ND 
185+8 ND 
406 + 26 ND 


107 + 11 ND 
102 + 1 ND 
629 + 29 ND 


92 + 13 
74+3 
199 +2 





* Membranes were incubated with alamethicin diluent (control), alamethicin, 
or Lubrol PX for 5 min. The membranes were centrifuged at 100,000 g for 1 hr. 
Pellets were resuspended in their original volume of buffer. The pellets and 
supernatant fractions were analyzed directly for adenylate cyclase as described in 
Materials and Methods. Concentrations used were: PTH, 10 units/ml, and NaF, 
10 mM. The per cent of alamethicin and Lubrol PX in solution was 0.3:1 ala- 


methicin, 0.05%; 1:1 alamethicin, 0.18%; and 1:1 Lubrol PX, 0.18%. 


are expressed as means + S.E. 
+ ND = not detected. 


Values 
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Table 2. Effects of alamethicin on 1,000g adenylate cyclase activities 
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* 





Cyclic AMP 
(pmoles/S min/mg protein) 





Control 


Alamethicin: Protein ratio 





0.1:1 0.3:1 





Cortex 
Basal 127+9 
PTH 344 + 24 
NaF 329 + 29 


Outer medulla Control 


Basal 204 + 10 
ADH 692 + 53 
PGE2 769 + 58 
ADH and PGE2 943 + 31 
NaF 610 + 12 


117+ 10 107 + 10 
351+8 285 + 23 
333 + 21 25 = ii 


O33 62:1 


216 + 24 234 + 15 
777 + 34 884 + 467 
806 = 47 770 + 28 
1121 + 16+ 1155 + 697 
679 + 44 -927 + 24+ 





* Concentrations used were: PTH, 10 units/ml; NaF, 10 mM; ADH, 10~’ M; and 
PGE2, 8 x 10°*M. The per cent of alamethicin in solution was: cortex 0.1:1, 
0.018% and 0.3: 1, 0.054% while in the medulla 0.1: 1, 0.0164% and 0.2:1, 0.032%. 

+ Significantly different (P <0.05) than the corresponding control value. 


NaF-stimulated adenylate cyclase activity in the 
supernatant fraction. No stimulation by PTH was 
observed in the supernatant fraction. Lubrol PX- 
solubilized basal and NaF-stimulated activity rep- 
resented 63 and 30 per cent, respectively, of the 
corresponding activity present in control. 

The effect of alamethicin on 1,000 g cortical and 
outer medullary adenylate cyclase is shown in Table 
2. Alamethicin did not alter cortical activities. Ala- 
methicin (0.2:1) increased ADH (30 per cent) and 
NaF (50 per cent) stimulation in medullary fractions, 
but had no effect upon either basal or PGE2-stimu- 
lated activities. ADH and PGE>-stimulated adeny- 
late cyclase activities were additive in control and 
alamethicin-treated membranes. 


DISCUSSION 


These results demonstrate that, in the outer med- 
ulla, expression of ADH-stimulated adenylate 
cyclase activity in the 100,000 g fraction (homogenate 
which sediments between 40,000 and 100,000 g) was 
observed only in the presence of alamethicin. Pros- 
taglandin E2 stimulation could be observed in the 
absence of alamethicin. In the cortex, PTH stimu- 
lated adenylate cyclase in 100,000 g fractions in the 
absence of alamethicin. Alamethicin and the deter- 
gent, Lubrol PX, increased both basal and NaF- 
stimulated activities. In contrast to alamethicin, 
treatment with Lubrol PX abolished PTH stimula- 
tion and solubilized adenylate cyclase. Lubrol PX 
has also been shown to abolish ADH stimulation 
and to solubilize adenylate cyclase in rat renal med- 
ulla [18,19]. Cyclic nucleotide phosphodiesterase 
activity is not measurable using these assay condi- 
tions, i.e. inclusion of (1) 20 mM caffeine, (2) 1.3 mM 
cyclic AMP, and (3) [*H]cyclic AMP in the reaction 
mixture. Therefore, these results cannot be 
explained on the basis of inhibition of phosphodi- 
esterase by alamethicin. A separate effect of ala- 
methicin on phosphodiesterase cannot, however, be 


excluded. The lack of effect of alamethicin on 1,000 g 
adenylate cyclase activities suggests that alamethicin 
is not acting as a general stimulator or potentiator 
(i.e. NaF) of adenylate cyclase. Previous studies 
suggest that both the 100,000 g and the 1,000 g frac- 
tion adenylate cyclase activities are associated with 
plasma membranes [20]. Electron micrographs of 
renal cortical and medullary membrane preparations 
have demonstrated the presence of vesicles [7-10]. 
Membranous vesicles observed in renal cortical 
microsome preparations are thought to be the site 
of PTH-stimulated calcium uptake [21]. 

Effects of alamethicin could be explained by the 
presence of relatively impermeable vesicles in the 
100,000 g fractions. The permeability of these ves- 
icles may be increased by alamethicin, facilitating 
the accessibility of the hormone to the receptor site 
or of ATP to the catalytic unit, and resulting in 
increased adenylate cyclase activity. This interpret- 
ation is consistent with the known ability of ala- 
methicin to form channels in membranes [1-4] and 
the reported increased permeability produced by 
alamethicin in sarcoplasmic reticulum vesicles [5, 6]. 
Low concentrations of alamethicin caused a pref- 
erential increase in ADH compared to PGE>-stimu- 
lated adenylate cyclase activity. Furthermore, in the 
presence of alamethicin (0.4:1), ADH and PGE2- 
stimulated adenylate cyclase activities were additive. 
These results suggest that ADH and PGE? may be 
stimulating distinct adenylate cyclases. In the case 
of ADH, all the 100,000 g vesicles appear to be 
impermeable or unresponsive. By contrast, medul- 
lary PGE2 and cortical PTH-responsive adenylate 
cyclases appear associated with both permeable 
(responsive) and impermeable vesicles. In the med- 
ullary 1,000 g fraction, alamethicin elicited a pref- 
erential increase in ADH compared to PGE>-stimu- 
lated adenylate cyclase activity. However, the 30 per 
cent increase in ADH stimulation was quite modest 
compared to the 3-fold increase seen in the 100,000 g 
fraction. These results suggest that the adenylate 
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cyclase systems in the 1,000 g fractions, particularly 
cortical, are more accessible to both hormone and 
substrate. 

The presence of adenylate cyclase within 
impermeable membrane vesicles may explain results 
observed in previous experiments. Homogenization 
of red blood cells in buffers with different concen- 
trations of cations results in orientation of ghosts 
which can be right-side-out or inside-out [22]. In 
addition, homogenization of tissues with different 
buffers has resulted in the localization of adenylate 
cyclase into different subceMular fractions [23]. Cer- 
tain cations have also been shown to alter adenylate 
cyclase activity [24,25]. Furthermore, adenylate 
cyclase has been shown to be altered in certain 
disease states [26,27]. It is possible that these 
changes in adenylate cyclase activity could be 
explained by membrane alterations resulting in dif- 
ferences in membrane vesicularization in vitro. Ala- 
methicin is a potential agent for testing the presence 
of impermeable vesicles which maintain hormonal 
responsiveness. 
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Abstract—Norlaudanosolinecarboxylic acid (NLCA), a condensation product of dopamine and 3, 4- 
dihydroxyphenylpyruvic acid, has been found to exhibit opiate- -like effects both in vitro and in vivo. 
The ability of NLCA to displace [°H] naloxone was measured in the presence and absence of 100 mM 
NaCl (icso values = 2 x 10° M and 7.8 x 107 7M respectively). This large “Na* shift” suggested that 
NLCA was a relatively pure opiate agonist. Two analogs of NLCA, 3’-O-methyl NLUCA (MNLCA) and 
3’, 4'-deoxy-NLCA (DNLCA), that have been shown to accumulate during L-dopa chemotherapy of 
Parkinsonism and phenylketonuria, respectively, also behaved as opiate agonists, but the concentrations 
required were higher than for NLCA. In addition, NLCA, like many opiates, decreased serum luteinizing 
hormone (LH) levels by approximately 50 per cent in both castrated and normal rats, 1-2 hr after its 
subcutaneous administration. Similarly, in normal males, serum testosterone levels were markedly 
depressed (60 per cent) after treatment with NLCA. The NLCA-induced depression in serum LH was 


naloxone reversible. 


The norlaudanosolinecarboxylic acids (NLCAs, 
Fig. 1) are a group of tetrahydroisoquinoline alka- 
loids (TIQs) which can accumulate in phenylketon- 
uric (PKU) humans and in Parkinsonian patients 
maintained on L-dopa chemotherapy [1,2]. In an 
attempt to assess the biological significance of these 
compounds, it seemed reasonable to test NLCAs for 
their possible opiate properties. NLCA, a conden- 
sation product of dopamine (DA) and 3, 4-dihy- 
droxyphenylpyruvic acid, has been implicated in the 
biosynthesis of morphine in plants [3-5]. Moreover, 
liver homogenates can catalyze phytomimetic trans- 
formations of related TIQs into compounds with the 
morphinandienone skeleton in vitro [6]. More 
importantly, an inspection of Dreiding atomic 
models of NLCAs suggests that these TIQs can 
assume conformations with a juxtaposition of key 
groups similar to that required for the opiate activity 
of morphine and methionine-enkephalin, as deter- 
mined by computer generated models [7]. 

The possibility that TIQs may have opiate-like 
properties has also been suggested by other lines of 
evidence. First, a TIQ derived from L-dopa and 
acetaldehyde, 3-carboxysalsolinol, elicited analgesia 
alone and potentiated morphine-induced analgesia 
in the rat [8]. Second, relatively high concentrations 
of aldehyde-derived TIQs, and related tetrahydro- 
protoberberine alkaloids, competed with naloxone 
for binding sites in whole brain homogenates [9]. 
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NLCA R =R'=OH 

MNLCA R = OH, R' = OCH3 
NCCA R =OH, R'=H 
DNLCA R=R'=H 


Fig. 1. Synthesis of norlaudanosolinecarboxylic acids. 


Finally, intracranially administered salsolinol, the 
acetaldehyde—dopamaine condensation product, 
enhances the analgesia produced by subcutaneously 
injected morphine [10]. 

In the studies described in this paper, the possi- 
bility that the NLCAs have opiate-like properties 
was evaluated in an in vitro preparation and in vivo. 
For the in vitro studies, the ability of NLCAs to 
displace [*H] naloxone from binding sites in rat brain 
membranes was assessed [11-13]. This assay has 
provided a sensitive means of characterizing opiate- 
like compounds. In addition, since 100 mM sodium 
favors the binding of opiate antagonists, relative to 
agonists, this so-called “sodium shift” can be used 
to predict whether a given compound will behave as 
an opiate agonist or antagonist in vivo. As an in vivo 
assay, we have employed the opiate-induced changes 
in serum luteinizing hormone (LH) and testosterone 
[14, 15]. It has been found that these two hormones 
are markedly sensitive to opiate agonists and antag- 
onists (decreasing and increasing, respectively, after 
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treatment) and this technique has been used to assess 
structure—activity relationships [16]. Using these in 
vivo and in vitro techniques, we have established 
that the NLCAs behave like opiate agonists. 


MATERIALS AND METHODS 


Materials. Catecholamines, a-ketoacids, and most 
other biochemicals (except where noted) were pur- 
chased from the Sigma Chemical Co., St. Louis, 
MO. (+)-NLCAs were prepared as described pre- 
viously [17]. 3,4-Dihydroxyphenylpyruvate was syn- 
thesized from (+)-3, 4-dihydroxyphenylalanine [18]. 

(°H (G)] Naloxone (23 Ci/mmole) and [1,2,6,7"H 
(N)] testosterone (105 Ci/mmole) were purchased 
from New England Nuclear, Boston, MA. Levor- 
phanol and naloxone were gifts from the Roche 
Laboratories, Nutley, NJ and Endo Laboratories, 
Garden City, NY, respectively. 

Opiate binding assay Brains (without cerebella) 
were obtained from 150 to 200 g male Sprague-Daw- 
ley rats and were sectioned into four parts for con- 
venient handling during homogenization. Each por- 
tion was homogenized in 40 ml of 0.05 M Tris, pH 
7.5, before centrifuging at 10,000 g for 10 min at 3°. 
After decanting the supernatant fraction, the pellet 
was resuspended in 50 additional ml of 0.05 M Tris 
and recentrifuged at 10,000 g. The resulting pellets 
were combined, resuspended in a total of 10 ml of 
0.05 M Tris, and stored at —20° until needed. These 
membrane preparations were rehomogenized, using 
4-5 strokes in a glass homogenizer, prior to use to 
assure uniform consistency. 

Incubations were performed in an ice bath for 2.5 
hr. Each tube contained 200 yl of 0.05 M Tris, 50 pl 
of 10~° M bacitracin (to inhibit peptidase activities), 
50 ul of drug solution (dissolved in 0.05 M Tris), 50 
ul of [*H]naloxone (10~’ M), and 100 wl of mem- 
branes representing 18 mg wet weight of tissue. Fifty 
ul of 1 M NaCl were added when required, or 50 
ul of 0.05 M Tris, to make a final incubation volume 
of 500 yl. Following incubation, the tubes were 
centrifuged at 1600 g at 3° for 30 min. The super- 
natant fraction was aspirated, and the pellet was 
washed twice with 1 ml of 0.05 M Tris (centrifuging 
after each wash). The resulting pellet was solubilized 
with 200 yl of NCS (Amersham Searle, Chicago, IL) 
and transferred to scintillation vials with 3 x 1 ml 
washes of Scintiverse (Fisher Scientific, St. Louis, 
MO). The final volume of the scintillation mixture 
was 10ml. All points represent specific binding 
defined as total number of counts ({*H]naloxone) 
minus the number of counts of [*H]naloxone bound 
in the presence of 10°° M levorphanol [11]. 

LH assay. Rats were injected subcutaneously with 
either drug or vehicle and were decapitated at 
selected intervals. Blood was collected from the car- 
casses and allowed to stand for 1-3 hr before cen- 
trifuging at 1000 g for 30 min. All sera were stored 
at —20° until assayed. 

LH was assayed by the double-antibody radio- 
immunoassay (RIA) originally described by Niswen- 
der et al. [19]. Reagents for the radioimmunoassay 
were provided by the Rat Pituitary Hormone Dis- 
tribution Program of the NIAMDD. The anti-LH 
sera were provided by Dr. Gordon Niswender 


(Colorado State University) and the LH used for 
iodination (LER-1056C2) was supplied by Dr. Leo 
Reichert (Emory University). Castration and sham 
operations were performed under nembutal anes- 
thesia, and the animals were injected with NLCA 
24 hr later. 

Serum testosterone assay. Plasma testosterone lev- 
els were determined by a highly specific radio- 
immunoassay utilizing an antibody generated in 
sheep to an 11-a-succinyl testosterone-BSA hapten 
supplied by Dr. W. Weist, Department of Obstetrics 
and Gynecology, Washington University. Serum was 
extracted with a mixture of benzene—petroleum ether 
(2:5). After drying the organic phase under N2 at 
45°, samples were taken up in 300 yl of 0.05 M Tris 
buffer (pH 8.0), and heated at 60° to dissolve them; 
they were then transferred to 10 x 76mm culture 
tubes in which the RIA took place. Unbound steroid 
was removed by adsorption to dextran coated char- 
coal. The standard curve was linear upon plotting 
the logit transform of bound—unbound radioactivity 
against the log of testosterone concentration. 


RESULTS 


Effects of NLCAs on [*H]naloxone binding in 
brain. The effect of (+)-NLCA in displacing stereo- 
specific binding of [*H]naloxone to rat brain mem- 
branes is shown in Fig. 2. The 1Cso was determined 
graphically by plotting the concentration of NLCA 
versus the percent inhibition of [*H]naloxone binding 
in a log-probit analysis. The tcso of NLCA in the 
presence of 100 mM NaCl was higher than that in 
the absence of salt. This marked shift in binding 
affinity is characteristic of opiate agonists. In fact, 
the 1Ccso (+NaCl)/icso (-NaCl) ratio of 25.6 is in the 
same range as that of similar morphine-like com- 
pounds [20]. 

Table 1 shows the effects of two NLCA analogs, 
DNLCA and MNLCA, on [*H]naloxone binding. 
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Fig. 2. Inhibition of naloxone binding to brain membranes 
by NLCA. Values shown represent the average of three 
trials. 
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Table 1. Effects of DNLCA and MNLCA on stereospecific 
naloxone binding to brain membranes 





% Inhibition 
Without 
NaCl 


Concentration 


(MC) With 100 mM NaCl 





DNLCA 5 x 10-* 11 
19 

34 

41 

68 

70 


84 





DNLCA and MNLCA binding above 10~* M could 
not be determined because of the limited solubility 
of these compounds in the Tris buffer used as vehicle, 
and, hence, accurate ICso values could not be esti- 
mated in the presence of NaCl. Methanol—HCl] is a 
considerably better solvent for the NLCAs, but will, 
by itself, reduce binding. Estimations of 1Cso values 
in the absence of NaCl, however, indicated that the 
relative potency of MNLCA was an order of mag- 
nitude lower than NLCA, while DNLCA was some- 
where between the two. DNLCA and MNLCA did, 
however, exhibit comparable sodium shifts (26.8 and 
25 respectively). 

Effect of (+)-NLCA on serum LH and testosterone 
levels. Figure 3A shows the time course of the effect 
of NLCA (10 mg/kg) on serum LH levels. The 
vehicle in this case was acidified methanolic-saline. 
NLCA produced a 40-50 percent decrease in serum 
LH 1-2 hr after its injection. This effect was mirrored 
closely by a decrease in serum testosterone levels 
which occurred 1-2 hr after the initial LH depression 
(Fig. 4). The rate of decline in LH was similar to 
that reported for morphine [16], but the effects of 
morphine were much more prolonged (4-5 hr); in 
addition, this opiate virtually reduced LH to non- 
detectable levels. The shorter duration of the NLCA 
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Fig. 4. Effect of NLCA on serum testosterone levels of 
male rats. Values shown are the means + S.E.M.; N = 6. 


effect is consistent with turnover studies of a 3’- 
deoxy-NLCA, NCCA (Fig. 1) (B. Roth and C. J. 
Coscia, unpublished observations). NCCA is con- 
verted rapidly to its 6-O-methyl ether in liver and 
kidney. Four hr after intraperitoneal injection of 
NCCA into mice, over 90 per cent of the label that 
was initially detected in liver and kidney had been 
cleared from these organs. 

Figure 3B shows that, regardless of the dose 
administered, maximal inhibition of serum LH with 
NLCA did not exceed 50 per cent. The dose- 
response curve shown in this figure indicates that 
doses up to 20 mg/kg produced reductions in serum 
LH, but that with doses in the 30-50 mg/kg range, 
LH levels inexplicably rose to control levels or above 
(Fig. 3B). 

Reversal of NLCA-induced LH depressions (Fig. 
5) was observed after simultaneous injection of 
naloxone (2 mg/kg) and NLCA (7 mg/kg). The con- 
centrations of both drugs used were the lowest dos- 
ages necessary to produce a maximum effect. Nalox- 
one itself elevates LH levels in a dose-dependent 
manner [21]. 

Effect of NLCA on castrated rats. In an attempt 
to show more pronounced depressions in serum LH, 
rats were castrated to remove the negative feedback 
control of testosterone, and were injected with var- 
ious amounts of NLCA 24 hr later. Figure 6 shows 
that, after castration, there was a large increase in 
serum LH over shams. NLCA was able to decrease 
this response in a dose-dependent fashion, with a 53 
per cent inhibition achieved at 50 mg/kg, the largest 
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Fig. 3. Effect of NLCA on serum LH levels of male rats. Panel A: time course. Panel B: dose response. 
Values shown are the means + S.E.M.; N = 6. 
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Fig. 5. Naloxone reversal of the effect of NLCA on serum 


LH levels in male rats. Values shown are the 
means + S.E.M.; N = 10. 


dose tested. The larger dose required to produce a 
comparable ICso in the castrates, as opposed to the 
normal male rat, is in agreement with the results 
obtained with morphine (T. J. Cicero, unpublished 
observations). 


DISCUSSION 


The data presented in this paper indicate that 
NLCAs behave like opiate agonists both in vivo and 
in vitro- In our in vitro studies, we found that NUCA 
inhibited naloxone binding by 50 per cent (ICso) at 
a concentration of approximately 7.8 x 10~’ M, in 
the absence of NaCl. Comparing this with the 1Cso 
for other opiate agonists, it appears that NLCA is 
about as potent as codeine and propoxyphene, but 
is two orders of magnitude less effective than mor- 
phine [20, 22]. These data suggest that NLCA is a 
relatively modest, but nevertheless effective, opiate 
agonist under these in vitro conditions. DNLCA and 
MNLLCA also appear to be opiate agonists, but are 
less effective than NLCA. The conclusion that 
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NLCA and its structurally related analogues are 
opiate agonists is supported by the observation that 
there was a substantial sodium shift in the 1Cso values 
which is characteristic of all opiate agonists. Indeed, 
the magnitude of the sodium shift observed with the 
NLCAs is comparable to that observed with other 
opiate agonists [20]. 

The opiate-like properties of NLCA inferred from 
these in vitro studies were confirmed in an in vivo 
assay as well. Cicero et al. [14, 15] have described 
an in vivo assay, based upon the testosterone and 
LH-depleting properties of the narcotics, which can 
be used effectively to assess structure—activity rela- 
tionships and other receptor-mediated actions of the 
narcotics. Moreover, it has also been shown recently 
that, whereas opiate agonists depress serum LH and 
testosterone, opiate antagonists increase the serum 
levels of both hormones [21, 23]. Hence, this tech- 
nique permits an assessment of structure—activity 
relationships and a differentiation of opiate agonists 
and antagonists. Our results with this technique dem- 
onstrate that NLCA is, under in vivo as well as in 
vitro conditions, an opiate agonist, since LH and 
testosterone levels were substantially reduced sub- 
sequent to its administration. 

Several questions might be raised concerning the 
dose-response curve for NLCA with respect to 
depressions in serum LH levels. First, an inspection 
of the data presented in this paper (Fig. 3B) indicates 
that no dose of NLCA in the normal male animal 
suppressed serum LH levels by more than 50 per 
cent. This is somewhat perplexing, since other opiate 
agonists are fully able to depress serum LH levels 
below this level. While the reasons for this are not 
entirely clear, one explanation seems plausible. In 
the normal male rat, the hypothalamic-pituitary-gon- 
adal axis is massively suppressed by the negative 
feedback control of testosterone. For example, if 
this negative feedback control is removed by castra- 
tion, serum LH levels rise more than fifteen to twenty 
times, indicating that basal levels of serum LH are 
under very rigid control by testosterone (Fig. 6; Ref. 
[15]). The induction of any further statistically sig- 
nificant decreases in serum LH might be extremely 
difficult to achieve under these conditions. This con- 
clusion appears to be valid in the case of the potent 
opiate agonist, morphine, and its structurally related 
analogues, and would certainly seem to be equally 
valid for the modest opiate agonist NLCA. It may 
be that had we been able to inject higher doses of 
NLCA (greater than 70 mg/kg), we might have been 
able to reduce serum LH levels somewhat further, 
but this was not possible because of the limited 
solubility of the compound. A further difficulty with 
the dose-response curve shown in Fig. 3B is that LH 
levels were depressed by doses of NLCA up to 
30 mg/kg, but inexplicably they rose to control levels 
between 30 mg/kg and 50 mg/kg. We have no simple 
explanation for this paradox, but it may be that the 
NLCAs exert opiate-like effects at low doses because 
of their relatively high affinity (as compared to other 
receptors) for opiate receptors, whereas at some 
higher doses they may bind to receptors for which 
they have less affinity but nevertheless exert some 
action. In this connection, the possibility that these 
substances have weak catecholamine-like properties, 





Opiate-like effects of NLCAs 


and an affinity for catecholamine-uptake mechan- 
isms, has been demonstrated [24]. It seems plausible 
that this weak catecholamine-like activity may pre- 
dominate at higher NLCA concentrations, and thus 
override the opiate-like effects of the drug. This 
conclusion is supported by the fact that, at least in 
some studies, dopamine has been found to lead to 
increases in luteinizing hormone releasing hormone 
(LHRH) [25]. These observations, however, are 
entirely speculative at this point and more definitive 
studies are required. 

On the basis of the results presented in this paper, 
it seems reasonable to conclude that NCLAs exert 
opiate-like activities both in vivo and in vitro. The 
principal question raised by these observations is 
whether NLCAs play a normal role in the function 
of the hypothalamic-pituitary-gonadal axis in the 
male rat or human. Although the substances have 
been found to occur in the normal rat and human 
brain [1,2], it is not clear whether they occur in 
sufficient abundance to have a meaningful impact 
upon the neuroendocrine control of this axis. On the 
basis of the doses required to inhibit both naloxone 
binding to rat brain membranes or serum LH levels, 
it might be predicted from these studies that under 
normal conditions these substances would be rela- 
tively ineffective. However, it should be recognized 
that NLCA was administered systemically, and, 
hence, significant metabolism more than likely 
occurred. In addition, we have not ascertained how 
much NLCA actually penetrated the blood brain 
barrier and reached target regions in brain. It is 
difficult by simply measuring the tissue content of 
the NLCAs to determine its concentration at critical 
sites within the brain and within the neurons 
involved. However, even if the normal levels of these 
substances are insufficient to modulate activity in the 
hypothalamic-pituitary-gonadal axis, it might be 
speculated that the higher levels of these compounds 
found under phenylketonuric-like conditions or in 
Parkinsonian patients on L-dopa chemotherapy 
might, in fact, influence neuroendocrine systems. 
There is some evidence, in fact, which indicates that 
L-dopa chemotherapy alters serum levels of a variety 
of hormones [26-28], but there has been an absence 
of good systematic studies. Clearly, future research 
should be directed at examining the neuroendocrine 
status of PKU patients and those Parkinsonian 
patients maintained on L-dopa chemotherapy. Fur- 
thermore, the formation of NLCAs in areas of 
dopaminergic innervation (e.g. the striatum) might 
have an influence on dopamine synthesis and release, 
has been suggested for other opiates [29-31]. 

In conclusion, we have demonstrated that NLCA 
and, to a lesser extent, MNLCA and DNLCA are 
opiate-like compounds. Studies are currently under 
way to characterize further their opiate-like 
properties. 
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Abstract—Chlorpromazine (CPZ), 7-hydroxychlorpromazine (7-OH-CPZ), 8-hydroxychlorpromazine, 
3,7-dihydroxychlorpromazine, and chlorpromazine sulfoxide were investigated. Isolated rat brains were 
perfused for 30 min with 100 ml of a perfusion medium containing approx 30 per cent bovine red cells 
(v/v), 2 g bovine serum albumin, 14 mM glucose and one of the phenothiazines in a concentration of 
5-100 4M (10 uM for comparative studies). The main dopamine metabolite, homovanillic acid (HVA), 
was measured fluorimetrically in the striatum of the isolated brain. The EEG was recorded with two 
symmetrical bipolar leads from the parietal regions at various times and was stored on a magnetic tape. 
The recordings were evaluated visually and quantitatively by automatic analysis. CPZ and 7-OH-CPZ 
changed the EEG and increased the striatal HVA level significantly but CPZ seemed to be more active. 
The other phenothiazines studied did not produce clear effects. The increase of the HVA level in the 
striatum was correlated with the increase of the EEG amplitude and of the percentages of theta and 


delta waves as well as with the decrease in the percentage of beta waves. 


The biotransformations of chlorpromazine (CPZ) 
result in a prodigious number of metabolites. Both 
the CPZ nucleus and the dimethylaminopropyl side 
chain undergo substantial metabolic pathway. 7- 
Hydroxychlorpromazine (7-OH-CPZ) is one of the 
important metabolites as it has been demonstrated 
to reach blood levels in man comparable to those of 
the parent drug CPZ and it seems to be a better 
predictor of clinical response than the levels of the 
parent drug [1]. Furthermore, Creese et al. [2] have 
reported a considerable affinity of 7-OH-CPZ to the 
dopamine receptor. 

However, it is difficult to compare exactly the 
central activity of CPZ in intact animals with that 
of its metabolites because CPZ as well as its metab- 
olites are further transformed predominantly in the 
liver. Therefore, it is an intriguing possibility to use 
the isolated perfused rat brain for studying the cen- 
tral activity of the phenothiazines. In previous work 
we have already found chlorpromazine-N-oxide to 
be at least as active as CPZ in the isolated rat brain 
[3]. The purpose of this study was to compare the 
effects of CPZ and particularly 7-OH-CPZ on the 
EEG and on the dopamine metabolism of the iso- 
lated perfused rat brain. 


MATERIALS AND METHODS 


Materials. Bovine serum albumin (quality: dry, 
pure) was purchased from Behring-Werke (Mar- 
burg), and homovanillic acid from Roth (Karlsruhe). 
The drugs used in this study were chlorpromazine 
= CPZ (Bayer, Leverkusen), chlorpromazine sulf- 
oxide = CPZ-SO (Rhéne-Poulenc, Paris), 7-hydrox- 
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ychlorpromazine = 7-OH-CPZ (I.S. Forrest, Vet- 
erans Administration Hospital, Palo Alto, U.S.A.), 
8-hydroxychlorpromazine = 8-OH-CPZ, 3,7-dihy- 
droxychlorpromazine = 3,7-di-OH-CPZ (A.A. 
Manian, N.I.H., Bethesda, U.S.A.). All other 
chemicals were of reagent or ultrapure grade. Male 
Sprague-Dawley rats weighing 180-250 g were used. 
The animals had free access to food (standard diet 
Altromin®) and tap water until they were used. 

Preparation of the isolated perfused rat brain. Prep- 
aration of the isolated rat brain [4] was performed 
under urethane anesthesia (1.2 g/kg, i.p.). A closed- 
circuit perfusion with 100 ml of a simplified blood 
was carried out under subdued light as standardized 
in our laboratory [5,6] using apparatus I described 
by Fleck et al. [7]. Arterial pressure was maintained 
between 100 and 120 mg/Hg, as monitored with a 
pressure transducer. The perfusion rate was 3-5 
ml/min. At the end of the perfusion period of 30 min 
the brains were quickly removed. The striata were 
separated as described by Glowinski and Iversen [9] 
and were stored in liquid nitrogen until further 
analysis. 

Artificial blood. The artificial blood used for per- 
fusion consisted of washed bovine red cells, bovine 
serum albumin, and Krebs—Henseleit solution to give 
a final haematocrit value of about 30%, an albumin 
concentration of 2 g % and a glucose concentration 
of 14mM. One of the drugs was added to the sim- 
plified blood to give a final concentration of 10 uM. 
In control experiments no drug was added. 

Recording of the EEG. Four electrodes were 
placed as two symmetrical bipolar leads on the par- 
ietal regions [8]. The EEG could be watched con- 
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tinuously on an oscilloscope and was recorded at 
various times on paper and on magnetic tape. The 
tape recordings were made 10, 20 and 30 min after 
the beginning of perfusion for a duration of 4 min 
for each recording period. 

Determination of homovanillic acid (= HVA). The 
corpus striatum was homogenized in 4.0 ml of ice 
cold 0.4 N perchloric acid in a 5 ml glass homogenizer 
(Potter-Elvehjem). HVA was separated by small 
Sephadex-G 10 columns and was measured fluori- 
metrically according to Anden et al. [10]. The recov- 
ery of HVA was tested by adding amounts of the 
authentic compound ranging from 50 to 250 ng to 
tissue homogenates. The mean recovery was 
70.2 + 2.4% (mean + S.E.M.) in eight tests. 

Thin layer chromatography (TLC). In order to 
rule out metabolism of the phenothiazines tested, 
a small amount of the albumin solution obtained by 
centrifugation of the simplified blood was examined 
by TLC. The albumin solution was extracted twice 
with dichlormethane/n-propanol (7 + 3). The com- 
bined extracts were evaporated and the residue was 
chromatographically analysed (TLC plate: 
20 x 20cm, 500 wm thick, Merck Silica Gel F 254; 
solvent system: methanol—acetone-NHs, 25%, 
50:50:1). The spots were observed under u.v. light. 

Evaluation of the EEG. The EEG stored on mag- 
netic tape was reproduced on paper for visual evalu- 
ation. For quantitative estimation of amplitude and 
frequency properties the biosignal apparatus Nicolet 
1070 N was used with plug-ins for amplitude and 
interval histography. 

For the evaluation of the amplitude we used the 
method described by Saunders [11]. After 
analog/digital conversion, the EEG amplitudes were 
ranged automatically in 25 classes. Measurements 
were performed with a sampling frequency of 5 kHz 
and were stopped after 2.10° measures. A standard 
amplitude was calculated, i.e. standard deviation of 
amplitudes with respect to the average of the EEG 
which equals 0 nV. 

The frequency composition of the EEG was esti- 
mated by interval histography [12]. By this method 
the duration of the time interval between successive 
baseline-crossings of the EEG was measured auto- 
matically. The observed intervals were ranged in 256 
interval classes between 4 and 1024 msec. The data 
processing stopped automatically when 5000 inter- 
vals were stored in the memory. The time resolution 
used was 4 msec. The resulting distribution (interval 
histogram) was related to the frequency content of 
the EEG. The frequency spectrum of the histogram 
was subdivided into four frequency bands: 

beta: 13.2-32 c/sec 

alpha: 7.6-13.2 c/sec 

theta: 4-7.6 c/sec 

delta: 0.984 c/sec 

Statistical analysis. The data obtained from ampli- 
tude and interval histography were examined stat- 
istically using the Kruskal and Wallis test [13] in 
order to discover any global differences between the 
experimental series. When this test was proved sig- 
nificant, multiple bilateral comparisons between 
each group were performed by means of the Nemenyi 
test [13]. In order to detect any correlations between 
the EEG data and the striatal HVA level, rank 


correlations according to Spearman [13] were cal- 
culated. The HVA values (Table 3) were analysed 
by the U-test [13]. 


RESULTS 


Visual evaluation of the EEG 


The visual evaluation of the EEG of the isolated 
perfused rat brain revealed a dominant beta activity 
in control experiments. Isolated spikes rarely 
appeared (Fig. 1). 

CPZ added to the simplified blood produced dose- 
dependent EEG effects (Fig. 1). Whereas 5 uM CPZ 
did not clearly change the EEG, distinct effects were 
seen after 10 uM CPZ. The standard amplitude as 
well as the percentage of theta and delta waves 
increased. Isolated or grouped spikes or spike and 
wave phenomena frequently appeared. These EEG 
modifications were still more pronounced with 50 uM 
CPZ. When CPZ concentration was raised to 
100 uM, intermittent low voltage periods and bursts 
of spikes, sharp and slow waves could be observed 
in the EEG. In preliminary experiments the effects 
of the hydroxylated CPZ metabolites and CPZ-SO 
on the EEG of the isolated rat brain were examined. 
No substantial changes were found after administra- 
tion of 3,7-diOH-CPZ, 8-OH-CPZ and CPZ-SO 
(10 uM in each experiment), whereas 10 uM 7-OH- 
CPZ altered the EEG significantly. Isolated and 
grouped spikes and high-voltage sharp waves similar 
to the CPZ effects appeared in the EEG. Therefore, 
more extensive experimental series were performed 
with CPZ and 7-OH-CPZ as well as CPZ-SO which 
is probably an uneffective metabolite (Fig. 2). 


Quantitative EEG analysis 


The interval histography confirmed the visual 
impression that the fast waves in the beta range 
predominated in the EEG of the isolated perfused 
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Fig. 1. Dose-dependent EEG effects of CPZ in the isolated 
perfused rat brain. EEGs were recorded after a perfusion 
period of 20 min. Note the reduction of activity when the 
drug concentration is increased in ‘the artificial blood. For 
comparison a control recording is given. 
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Fig. 2. EEG recordings from the isolated rat brain as influenced by CPZ, 7-OH-CPZ and CPZ-SO. 

Drug concentration in the artificial blood was 10 uM. Control EEG was obtained by omitting the drug. 

Since tracings were usually symmetrical and synchronous, the EEG of only one hemisphere is shown 
recorded after a perfusion period of 20 min. 


control brain (Fig. 3). Perfusing CPZ the high fre- 
quency activity was significantly reduced and the 
theta and delta frequencies increased (Fig. 4). The 
changes in the frequency percentages produced by 
7-OH-CPZ showed the same tendency but were not 
statistically significant. The percentage of alpha 
waves remained unchanged in all experiments. CPZ- 
SO did not produce significant shifts in the percent- 
ages of the EEG frequencies. 

The amplitude increase indicated by amplitude 
histography was most pronounced after CPZ and 
was still statistically significant after 7-OH-CPZ (Fig. 


CONTROL 


CPZ -SO 


7-OH-CPZ 


PERCENTAGE OF BETA WAVES 








10 20 30 
MINUTES OF PERFUSION 
Fig. 3. Percentages of beta waves obtained from the interval 
histograms. Note the low initial level of beta activity during 
CPZ and 7-OH-CPZ treatment. No substantial change in 
controls. The points represent means of seven experiments. 
Statistical comparisons in Table 1. 


5). CPZ-SO did not influence the EEG amplitude. 
The results of the statistical analysis of the EEG 
effects are summarized in Table 1. 


HVA 


The striatal HVA content of the isolated rat brain 
did not significantly differ from that in the rat brain 
in vivo (Table 2). The HVA level of the isolated 
brains increased markedly (P < 0.01) after perfusion 
with CPZ and, less pronounced, after 7-OH-CPZ. 
It was not significantly changed by CPZ-SO. 
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Fig. 4. Percentages of delta waves obtained from the inter- 
val histogram. Note the increase of delta activity produced 
by CPZ and 7-OH-CPZ. No substantial change during 
perfusion can be seen after administration of CPZ-SO and 
in controls. Each point represents the mean of seven 
experiments. Statistical comparison in Table 1. 
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Fig. 5. Standard amplitude of the EEG as influenced by 
CPZ, 7-OH- CPZ and CPZ-SO. Drug concentration in the 
artificial blood was 10 uM. The standard amplitude was 
calculated from data of the amplitude histography after a 
perfusion period of 20min. Means of seven perfusion 
experiments + S.D. Statistical comparison in Table 1. 


Correlation between the effects on the EEG and on 
the HVA level 


Considering all experiments performed in this 
study, strong correlations were found between EEG 
data and the striatal HVA level in the isolated rat 
brain. With an increase in the HVA content there 
was a corresponding increase in the EEG amplitude 
and the percentages of the slow waves (theta and 
delta) and a decrease in the percentage of the beta 
waves. These correlations were highly significant 
(Table 3). 


TLC 


At the end of a perfusion experiment the pheno- 
thiazines were extracted from the simplified blood 
and were analyzed by TLC. Besides the agents 
applied, only traces of the corresponding sulfoxides 
could be detected. 


DISCUSSION 


As indicated by TLC the phenothiazines used are 
hardly metabolized in the isolated rat brain. Thus, 
we can start from the fact that the central effects 
analysed were actually produced by the agents 
applied and not by metabolites formed during 
perfusion. 


Table 2. HVA levels in the striatum of the isolated perfused 
rat brain as influenced by CPZ, 7-OH-CPZ and CPZ-SO 





HVA 


Drug (ug/g wet tissue) 





0.336 + 0.064 
0.385 + 0.062 
0.581 + 0.100+ 
0.439 + 0.154* 
0.425 + 0.061 


Control in vivo 
Control perfused 
CPZ 

7-OH-CPZ 
CPZ-SO 





The drugs were added to the artificial blood to give a 
final concentration of 10 uM. Perfusion time 30 min. Con- 
trols in vivo were brains of untreated rats killed by decap- 
itation. Perfused controls were obtained by adding no drug 
to the artificial blood. The values are given as means of 
seven experiments + S.D Significance of difference from 
the perfused control * P< 0.05, + P< 0.001. 


Table 3. Correlation coefficients between EEG data and 
HVA levels in the striatum of the isolated rat brain 





EEG parameter Correlation coefficient 





+ 0.757 
0.531* 
0.025 

0.552* 
0.583* 


Standard amplitude 
Beta % = 
Alpha % = 
Theta % + 
Delta % + 





The EEG was recorded after a perfusion period of 20 min, 
HVA was determined at the end of perfusion (30 min 
perfusion period). The data of all perfusion experiments 
(controls and drug perfusions) were used to calculate the 
values which are presented as Spearman rank correlation 
coefficients. * P< 0.01, + P< 0.001 


Although 8-OH-CPZ is able to cross the blood- 
brain barrier [14,15], only moderate EEG changes 
were found when the isolated brain was perfused 
with this metabolite. Neither 3,7-diOH-CPZ nor 
CPZ-SO significantly altered the control EEG. On 
the other hand, clear EEG effects were caused by 
7-OH-CPZ and CPZ. The EEG profiles of these 
agents showed close similarities but with more 
marked changes after CPZ. These quantitatively 
different EEG effects were in accordance with the 
results of the HVA determination. The striatal HVA 
level in the isolated brain was most clearly increased 
after CPZ. The increase was less pronounced after 


Table 1. Multiple bilateral comparisons of the EEG data 





Standard 


Comparison amplitude 


frequency band 


beta alpha theta delta 





Control vs CPZ | i 
Control vs 7-OH-CPZ t 
Control vs CPZ-SO n.s. 


i | n.s. 
n.s. n.s. 
n.s. n.s. 


tt 


n.s. 





Statistical significance was tested by the Nemenyi method [13]. f TP<0.01, t P<0.05, 
(7t)P<0.1, n.s. = not significant. Direction of arrows gives direction of change. The differ- 
ences were calculated on the values of the second recording periods (20 min of perfusion). 





Effects of chlorpromazine and 7-hydroxy-chlorpromazine 


7-OH-CPZ and was no longer significant after CPZ- 
SO. These results obtained from the isolated per- 
fused rat brain are in accordance with the findings 
of several authors who demonstrated in various phar- 
macological and behavioral tests that 7-OH-CPZ 
possesses central activity similar to its parent com- 
pound CPZ [16-20]. 7-OH-CPZ seems to be the 
most active one out of the hydroxylated metabolites. 
The oxidation of the sulfur atom to form CPZ-SO 
obviously abolishes central activity. 

Hornykiewicz [21] has reviewed evidence indicat- 
ing that dopamine has an EEG activating action. In 
later reports the relationship between the dopamine 
system and the EEG has also been pointed out [22, 
23]. If dopamine is actually important for maintain- 
ing arousals, it seems likely that a blockade of the 
dopamine receptors would result in EEG depression 
or synchronization. The slow wave patterns and the 
increase of the striatal HVA level caused by CPZ 
and 7-OH-CPZ in the isolated rat brain tend to 
support this idea. 

As established by strong correlations calculated 
statistically from the data presented (Table 3), the 
acceleration of dopamine turnover in the striatum 
indicated by an increase of the HVA level is 
obviously accompanied by an increase in the EEG 
amplitude, the percentage of theta and delta waves 
as well as by a decrease in the percentage of beta 
waves. 

In conclusion, it seems that 7-OH-CPZ is the most 
active hydroxylated metabolite of CPZ but is less 
active than its parent compound. Striatal dopami- 


nergic neurons may be involved in the EEG effects 
caused by phenothiazines. 
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Abstract—The release of dopamine (DA) from L-y-glutamyl dopamide (GDA) during incubation with 
renal homogenates from the dog was catalyzed by y-glutamyltranspeptidase. This was shown by the 
increased release in the presence of glycylglycine, by the formation and isolation of glutamylglycylglycine, 
and by the complete inhibition of release by a combination of serine and tetraborate. Cleavage was 
localized predominantly in the renal cortex. Carboxylic acid esters of GDA were extremely effective 
prodrugs for DA, as measured by the increased renal DA level following their intragastric or intra- 
peritoneal administration to rats. There was a close correlation between the in vitro susceptibility of 
the esters to hydrolysis by hepatic esterase and the renal level of DA following their intragastric 
administration; the n-amyl, n-hexyl and benzyl esters were very active in both tests. Hydrolysis of the 
ester bond appeared to be the most decisive step among those that occur during the transport of DA 
in the form of a GDA ester in the intestine to unbound DA in the kidney. When esters were administered 
intraperitoneally, renal DA levels were approximately 100 times higher than after intragastric admin- 
istration, and the largest increases were produced by the n-heptyl and n-octyl esters; little correlation 
existed between the rate of ester hydrolysis and renal DA level. Because of the intensive renal activity 
of y-glutamyltranspeptidase, it is likely that most of the DA appearing in kidney from GDA and its 
carboxylic acid esters is released within the kidney itself and does not originate in other body organs. 


A specific receptor for dopamine (DA) that causes 


both a dilatation of the renal vasculature and an 
increased renal blood flow was demonstrated in the 
kidney by Goldberg er al. [1]. Because circulation 
through the kidney is frequently decreased in car- 
diovascular disorders such as congestive failure and 
hypertension, a derivative of DA that remains intact 
during intestinal absorption and subsequently 
releases unbound DA to the kidney could be of value 
in the therapy of such conditions. It is for this purpose 
that many amides of DA with naturally occurring 
amino acids have been synthesized in these labora- 
tories and their metabolism and pharmacology 
investigated. 

Mammalian kidney is characterized by two 
enzymes having high activities relative to other body 
organs, aminoacylarylamidase (EC 3.4.1.2) and 
y-glutamyl transpeptidase (GTase). It has now been 
demonstrated that each of these enzymes can release 
DA from amides with specific amino acids. Details 
of the hydrolysis by arylamidase of the amides of 
DA with neutral a-amino acids were reported pre- 
viously [2]. The present investigation is concerned 
with the metabolism of L-y-glutamyl-DA (GDA), a 


dopamide that is shown here to be cleaved by GTase. 


It was found, following their intragastric adminis- 
tration, that this particular amide and its carboxylic 
esters transport DA into the animal body more 
effectively than the dopamides of the neutral a- 
amino acids. 





* This paper was a part of a discussion on y-glutamyl 
amides as prodrugs which was presented at the 172nd 
Meeting of the American Chemical Society, San Francisco, 
CA, August, 1976. Abstracts MEDI 18. 
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MATERIALS AND METHODS 


To establish the formation of y-glutamyl peptides 
during enzymatic cleavage of GDA, a partially 
purified preparation of GTase was prepared from 
canine renal cortex according to the method of 
Orlowski and Meister [3]. Purification was carried 
through Step 2 of their procedure, and the resulting 
material was stored as a frozen suspension in 0.9 per 
cent saline. The ratios of arylamidase activity [2] to 
GTase activity [3] (respective substrates were L- 
alanyl-DA and L-y-glutamyl-p-nitranilide) for the 
initial and final preparations were 18.2 and 0.08, 
respectively, showing the relative loss of arylamidase 
activity during the purification procedure. This sus- 
pension of GTase contained 2.4 units of activity/mg 
of protein when measured as described [3]. 

The final concentrations in the 2.0m] incubation 
mixture were: GDA, 12mM; amino acid or peptide 
acceptor, 120mM; Tris, 100mM; magnesium chlor- 
ide, 10 mM; above suspension of GTase, 2.4 units. 
After 3hr of incubation at pH 9.0 and 37°, the 
mixture was centrifuged at 10,000g for 5 min at 0° 
to sediment the particulate material. The resulting 
supernatant fraction was passed over a 0.65 cm 
diameter X 25 cm length column of cation exchange 
resin Dowex 1 X 8 (200-400 mesh, acetate form), 
and after washing the neutral amino acids and pep- 
tides through the column with 40 ml of water, glu- 
tamic acid and glutamyl peptides were sequentially 
eluted with an increasing gradient of acetic acid 
(100 ml of water in a mixer and 1.0 N acetic acid in 
the reservoir). Eluates were collected as 3.0 ml frac- 
tions and analyzed by the ninhydrin reaction adapted 
to the AutoAnalyzer. Peptides were hydrolyzed for 
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15 hr at 110° in constant boiling hydrochloric acid, 
and the resulting amino acids were separated by 
sequential elution from a standardized cation 
exchange resin column and also were measured by 
the ninhydrin reaction. 

The effects of glycylglycine and tetraborate-serine 
upon DA release from GDA were demonstrated by 
the addition of 0.5 ml of a homogenate of canine 
renal cortex to 10.0 ml of a solution containing reac- 
tants and buffer in a water bath at 37°. Each mixture 
was gassed with nitrogen before and during incu- 
bation to prevent the oxidation of DA by monoamine 
oxidase. Final concentrations were: GDA, 2 mM; 
Tris, 100 mM; and magnesium chloride, 10 mM; pH 
9.0; other conditions were as indicated. Two-ml ali- 
quots were removed at 5, 40,80 and 120 min and 
passed directly over columns (0.8cm diameter xX 
3.0cm length) of BR-70 resin (100-200 mesh, Bio- 
Rad Laboratories, Richmond, CA) previously equi- 
librated to pH 6.0. Each column was washed with 
2 < 10 ml of water, and DA was eluted with 2 x 
5 ml of 2% boric acid solution. Aliquots (0.5 ml) of 
each 10.0 ml eluate were used for the measurement 
of DA by the I2-trihydroxyindole method described 
by Welch and Welch [4]. Details of the isolation 
method for DA have been described previously [5]. 

In order to demonstrate the relative release of DA 
from GDA by homogenates and cellular fractions 
of canine renal cortex and medulla, 0.25 ml of tissue 
preparation was added to 5.0 ml of a solution con- 
taining the reactants and buffer in a water bath at 
37°. The final mixture contained 2mM GDA and 
10mM magnesium chloride in 100 mM Tris buffer 
(pH 9.0) and, when included, 20mM glycylgly- 
cine. A nitrogen atmosphere was used to prevent 
oxidation of the released DA. Aliquots of 2.0 ml 
were removed at 1 and 61 min and were chroma- 
tographed and analyzed for DA according to the 
preceding methods. 

The ability of rat plasma and tissue homogenates 
to release DA from GDA was determined, in the 
absence of added glycylglycine, by the incubation of 
1.0 ml of tissue sample with 20 ml of a solution con- 
taining 2.0mM GDA in Krebs-Ringer phosphate 
buffer (pH 6.9). Pargyline (1.0mM) was included 
to inhibit monoamine oxidase. Aliquots of 10 ml 
were removed at | and 61 min, treated with 0.72 ml 
of 60% perchloric acid in ice, centrifuged, and the 
supernatant fractions were adjusted to pH 6.0 with 
cold potassium hydroxide. The entire extracts were 
passed over columns of BR-70 as described above, 
and DA was measured in the boric acid eluates. 

To measure the hydrolysis of GDA esters toGDA 
itself, 0.5 ml of a rat liver homogenate was added 
to 10.0 ml of a solution of an ester in sodium phos- 
phate buffer (pH 6.9). The final concentrations were: 
ester, 2.0 mM; and phosphate, 50 mM. Two-ml ali- 
quots were removed at 2, 20, 40 and 60 min and 
were passed directly over 0.8 x 3.0 cm columns of 
BR-70 resin. Dopamine and the esters of GDA were 
retained on the column while GDA was in the 





* P. H. Jones, C. W. Ours, J. H. Biel, F. N. Minard, 
J. Kyncl, Y. C. Martin and L. I. Goldberg, manuscript in 
preparation. 


effluent; traces of GDA were washed through with 
2 x 2ml of water. Aliquots of each 6.0 ml effluent 
were analyzed for GDA by the ninhydrin assay 
adapted to the AutoAnalyzer. Initial hydrolysis rates 
were obtained graphically. 

Homogenates of canine renal cortex and medulla 
and of rat organs were prepared with a motor-driven 
glass-Teflon homogenizer in a proportion of 1.0 g 
tissue/4 ml of 0.9% saline, and they were centrifuged 
at 33 g for 5 min to remove gross particulate matter. 
Where indicated in Table 1, a canine cortical hom- 
ogenate in saline was also centrifuged at 100,000 g 
for 1 hr to separate the particulate and supernatant 
fractions; the sediment of particulate matter was 
resuspended in fresh saline equal to the original 
volume prior to incubation. 

For the measurement of DA in rat kidney, non- 
fasted animals were decapitated and pairs of kidneys 
were homogenized in 7.0 ml of 0.4 M perchloric 
acid. The centrifuged extracts were neutralized to 
pH 6.0 with KOH, again centrifuged, and then 
passed over 0.65 x 3.0 cm length columns of BR-70 
(100-200 mesh). DA was eluted with 7.0 ml of 2% 
boric acid solution as described previously [5] and 
was measured with the I2-trihydroxyindole method. 
GDA and its esters do not fluoresce by this method. 

All of the dopamides were synthesized at Abbott 
Laboratories, North Chicago, IL.*. They were 
administered to animals as solutions of their hydro- 
chloride salts in 0.9% saline. Male Long—Evans rats 
(150-200 g, Simonsen Laboratories) and male beagle 
dogs served as test animals and sources of tissue. 
Crystalline porcine renal aminoacylarylamidase was 
purchased from the Boehringer—-Mannheim Corp., 
New York, N.Y. 


RESULTS 


Cleavage of GDA by renal GTase. The involve- 
ment of GTase in the cleavage of GDA was estab- 
lished by the following experiments. 

During the incubation of GDA with a homogenate 
of canine renal cortex, DA release was stimulated 
250 per cent by the inclusion of 20 mM glycylglycine 
(Fig. 1A), a known acceptor for the y-glutamyl 
moiety in reactions mediated by GTase [6]. 

DA release was similarly stiraulated by glycylgly- 
cine during an incubation of GDA with a purified 
preparation of canine renal cortical GTase under 
conditions identical to the above (data not included). 
Furthermore, glutamyl glycylglycine was isolated 
from a 3-hr incubation (see Materials and Methods) 
of GDA and glycylglycine with this purified GTase; 
a preparation such as this was needed to produce a 
sufficient quantity of peptide for characterization. 
After isolation of the tripeptide by ion exchange 
chromatography and its acid hydrolysis, the ratio of 
constituent amino acids was found to be the nearly 
theoretical value of 1.98 moles glycine/mole of glu- 
tamic acid. The assumption was made that this newly 
synthesized tripeptide contained a y-glutamyl link- 
age and not an a-linkage. A significant quantity of 
glutamic acid was released simultaneously with the 
formation of glutamyl glycylglycine during the incu- 
bation, and the molar ratio of tripeptide 
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Fig.1. Effects of glycylglycine (20 mM), sodium tetraborate 

(50 mM) and DL-serine (50mM) upon DA release from 

GDA (2 mM) by a homogenate of canine renal cortex in 

a Tris (100mM)—magnesium chloride (10 mM) buffer (pH 

9.0). In panel B, all incubations contained glycylglycine 
(20 ml). 


formed/glutamic acid released was 2/1. Glutamyl 
peptides were also isolated and characterized from 
incubations in which glycine and leucine were 
acceptors. 

Further evidence that GDA is cleaved by the 
GTase in renal homogenates was provided by an 


experiment in which sodium tetraborate and pDL- 
serine (each at 50mM) were simultaneously included 
in an incubation; a complete inhibition of DA release 
resulted (Fig 1B). In contrast, when they were added 
individually, there was little inhibition. A combi- 
nation of these two substances was shown previously 
to exert an inhibition of GTase that is competitive 
to the y-glutamyl substrate [7]. 

Subsequent experiments with homogenates of dis- 
sected areas of canine kidney showed that the cleav- 
age of GDA occurred mainly within the cortex; renal 
medulla exhibited only 1 per cent of the cortical 
activity when compared on the basis of DA released 
per g of tissue (Table 1). Moreover, the releasing 
activity was entirely in the material sedimented by 
high-speed centrifugation of cortical homogenates 
(Table 1). This distribution of releasing activity for 
DA is consistent with the observed localization of 
renal GTase in the proximal tubules and the loop 
of Henle [8]. 

Null hydrolysis of GDA by crystalline arylamidase. 
Amides of DA with the carboxyl group of a-amino 
acids were shown previously to be hydrolyzed at 
varying rates by crystalline porcine arylamidase [2]. 
L-Alanyl-DA was the dopamide most rapidly hydro- 
lyzed in this series of amides, and it served as the 
reference substrate for expression of hydrolysis rates 
at pH 6.9 under standardized incubation conditions. 
When GDA was incubated under these same con- 
ditions with the crystalline enzyme from hog kidney, 
the release of less than 0.1 wg DA could be detected 
during 60 min. Because 85 1g DA were released 
from L-alanyl-DA during this time period by the 
same solution of enzyme, GDA was considered to 
be non-hydrolyzed by arylamidase. 

Relative rates of DA release from GDA and alanyl- 
DA by a homogenate of canine renal cortex. To 
illustrate the relative release of DA from these two 
types of dopamide, each amide was incubated with- 
out added glycylglycine under the previously 
described conditions with a cortical homogenate 
from dog kidney. The arylamidase activity in this 
particular homogenate hydrolyzed L-alanyl-DA at 
a rate of 0.69 pmole/min, while the GTase activity 
in this same homogenate cleaved GDA at only 
0.00012 ymole/min. 


Table 1. Release of DA from GDA by a renal cortical homogenate from dog* 





No addition 


DA released 
(ug DA/60 min/g tissue) 
Plus glycylglycine 





Renal homogenate 
Cortex 
Medulla 

Renal cortical homogenate 
particulate fraction 
supernatant fraction 


488 
6 


104 450 
17 ? 





* Tissue preparations were incubated at 37° under a nitrogen atmosphere 
with 2mM GDA and 10 mM magnesium chloride in 100 mM Tris buffer at pH 
9.0 and in the presence and absence of 20 mM glycylglycine. The particulate 
and supernatant fractions were prepared by centrifugation at 100,000 g for 1 hr. 


Data are from single experiments. 
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In vitro cleavage of GDA by body organs of the 
rat. The relative cleavage of GDA by homogenates 
of various body organs and plasma of the rat was 
measured by the total DA released during incubation 
in Krebs-Ringer phosphate buffer for 1 hr in the 
absence of added glycylglycine acceptor. Without 
this addition, the rate of cleavage depends upon the 
activity of endogenous glutamyl acceptors in addition 
to that of GTase. Pargyline (1.0mM) was present 
during each incubation to protect the newly released 
DA from degradation by monoamine oxidase. 

The data in Table 2 show that the kidney was by 
far the most active of the seven tissues tested, 
although each of the other organs exhibited some 
activity. Kidney was also the most active organ when 
slices were incubated with GDA in Krebs-Ringer 
phosphate under 100% oxygen (data not presented). 

Hydrolysis of esters of GDA by rat liver hom- 
ogenate. The initial rates of hydrolysis of GDA esters 
by rat liver homogenate were determined by their 
incubation as described in Materials and Methods. 
These esters ranged in chain length from the methyl 
to the hexadecyl and included the isopropyl, isobutyl, 
and benzyl esters. Liver was chosen as the source 
of tissue in preference to kidney or duodenum mainly 
because its homogenate produced a much lower 
blank in the ninhydrin assay; the specificities of 
hepatic, duodenal, and renal esterases are probably 
similar [9]. 

As may be seen in Fig. 2, a plot of the enzymatic 
hydrolysis rate of each aliphatic ester versus the 
number of carbon atoms in the alcohol moiety of the 
ester revealed a parabolic relationship with a max- 


imum rate occurring with C-4, C-5, C-6. The iso- 
propyl and isobutyl esters were hydrolyzed more 
slowly than the corresponding straight-chain esters, 
while the benzyl ester was hydrolyzed at a faster rate 
than any of the aliphatic esters (6.3 times that of the 
ethyl ester). 

Renal levels of DA after administration of GDA 


and its esters to rats. Rats received GDA and its 
esters by either the intragastric or the intraperitoneal 
route, and each substance was given as a solution 
in 0.9% saline at a dose of 0.3 mmoles/kg body 
weight corresponding to 96 mg/kg of GDA itself. 


Table 2. Release of DA from GDA by plasma and hom- 
ogenates of rat organs* 





DA released 


Tissue (wg DA/60 min/g organ or /ml plasma) 





1860 + 180.0 (4) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 


Kidney 

Brain 

Heart 

Liver 

Small intestine 
Stomach 
Plasma 


I+ 1+ 1+ I+ I+ I+ 


CS 
N > 





* Tissues were incubated at 37° with 2.0 mM GDA and 
1.0 mM pargyline in Krebs—Ringer phosphate buffer at pH 
6.9 and in the absence of added glycylglycine. Values are 
means + S.E.M. with the number of determinations in 
parentheses. 
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Fig.2. Variation of initial hydrolysis rates of GDA esters 
with chain length of ester moiety (GDA ester, 2mM; 
phosphate buffer, 50mM; pH 6.9; homogenate of rat liver). 
The hydrolytic rate of GDA ethyl ester was assigned a 
value of unity and other rates were expressed as ratios to 
it. The broken line connects values for isopropyl and iso- 
butyl esters; other esters are with n-alcohols. Replicate 
values are means + S.E.M. of two to three determinations. 


Renal levels of DA were determined at 0.5 hr fol- 
lowing intraperitoneal administration and at 1.0 hr 
following intragastric administration, because maxi- 
mum levels of DA occurred at these times (data not 
included) following the administration of GDA 
(intraperitoneal) and its ethyl ester (intragastric). 

Esters of intermediate chain length produced the 
highest levels of renal DA when given by either 
route. After their intragastric administration, the 
peak level of DA occurred with esters having chain 
lengths of 5 and 6 (Fig. 3A), while after intraperi- 
toneal administration the peak level occurred with 
chain lengths of 7 and 8 (Fig. 3B). This latter level 
was two orders of magnitude greater than that pro- 
duced by intragastric administration. Furthermore, 
a comparison of panels A and B of Fig. 3 shows that 
there is considerable loss of these esters during gas- 
trointestinal absorption because they then produced 
only 1 per cent of the DA level found after their 
intraperitoneal administration. Levels of DA from 
GDA itself were relatively low and were plotted in 
Fig. 3, panels A and B, corresponding to “0” num- 
ber of carbon atoms. The elevated DA levels found 
after the intraperitoneal administration of GDA 
octyl ester, as measured by the trihydroxyindole 
fluorescence assay, were confirmed by a previously 
published chromatographic-native fluorescence 
method [5]. 

A scatter plot of the renal levels of DA after 
intragastric administration of the various esters ver- 
sus their rates of hydrolysis by hepatic esterase 
revealed a distinct correlation (r = 0.825; P< 0.001); 
higher levels were produced by esters having faster 
hydrolysis rates (Fig. 4A). However, a comparable 
plot of renal levels of DA resulting from intraperi- 
toneal administration of the esters versus their rates 
of hydrolysis by hepatic esterase (Fig. 4B) clearly 
shows that, in this situation, factors other than the 
relative ease of ester hydrolysis determine the level 
of renal DA. 
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Fig. 3. Variation of the level of renal DA with chain length 
of GDA ester moiety after administration of esters 
(0.3 mmoles/kg) to rats. Panel A: intragastric administra- 
tion; kidneys removed 1.0 hr later. Panel B: intraperitoneal 
administration; kidneys removed 0.5 hr later. The value 
for GDA is at “0” chain length. The broken line connects 
values for isopropyl and isobutyl esters; other estefs are 
with n-alcohols. Values are expressed as means + S.E.M. 
for groups of four animals. 


In order to demonstrate the relative effectiveness 
of these esters as DA precursors, renal levels of DA 
following the intragastric and intraperitoneal admin- 
istration of a variety of precursors to rats were 


determined (Table 3). The greater activity of GDA 
octyl ester as a source of renal DA in comparison 
with that of L-alanyl-DA and with DA itself is clearly 
seen. L-DOPA and GDA octyl ester were similar in 
potency upon intragastric administration, but the 
ester was considerably more active in raising the 
renal level following intraperitoneal administration. 


DISCUSSION 


It is clear from the data presented that DA can 
be released from GDA by the action of GTase and 
that GTase is apparently the only enzyme in kidney 
which cleaves the amide. This unexpected action of 
GTase was demonstrated by the stimulation of cleav- 
age by glycylglycine, by the isolation of glutamyl 
glycylglycine from the incubation mixture, and by 
the complete inhibitiom of both the non-stimulated 
and the glycylglycine-stimulated cleavages with a 
mixture of tetraborate and serine. The absence of 
cleavage activity from the supernatant fraction of a 
renal homogenate indicates that GDA is not cleaved 
by y-glutamyl cyclotransferase, a soluble enzyme 
that cleaves y-glutamyl peptides to pyrrolidone 
carboxylic acid and amino acids [10]. In addition, 
crystalline arylamidase did not attack GDA even 
though it rapidly hydrolyzed many amides of DA 
with neutral a-amino acids [2]. 

The observation that the kidney is able to entrap 
DA, whether it is derived from perfusing blood (as 
after administration of DA itself) or after release 
within the kidney (as after GDA and its esters), 
offered a convenient method for quantifying DA 
release from GDA esters and a variety of other 
precursors. The times required to produce maximum 
DA levels were undoubtedly different for these 
agents. However, as noted previously, they were 
assumed to be sufficiently near 0.5 and 1.0 hr, when 
maximum levels occurred after treatment with GDA 
(intraperitoneal) and GDA ethy] ester (intragastric), 
to permit valid comparisons of efficacy. 

All of the esters of GDA were more effective than 
GDA itself in their ability to increase renal DA after 
intragastric administration. In addition, their relative 
effectiveness was almost a linear function of their 
rate of hydrolysis by esterase as shown by the con- 
tinuous-line relationship between these rates and 
renal DA, i.e. hydrolysis of the ester bond is the 


Table 3. Ability of substances to increase the level of renal DA in the rat* 





Substance 


Intragastric administration 


Renal DA (g/g kidney) 
Intraperitoneal administration 





Saline (24) 

DA (4) 
L-DOPA (4) 
L-Alanyldopamide 
L-Isoleucyldopamide (4) 
GDA (4) 
GDA-n-octyl ester 


2.86 
(4) 0.24 
0.38 
0.31 


(12) ye 


0.035 + 0.003 
+ 0.89 
+ 0.03 
+ 0.05 
+ 0.06 
+ 0.19 


0.027 + 0.008 

0.31 
2.1 
0.25 
0.27 
2.89 

23.0 


I+ 1+ I+ I+ I+ 44 





* Animals received the test substances (0.3 mmoles/kg) as solutions of hydrochloride salts in 
0.9 per cent saline; kidneys were removed at 1.0 and 0.5 hr, respectively, after intragastric and 
intraperitoneal administrations. Values are expressed as means + S.E.M.; the number of animals 
is given in parentheses. Values for intragastric and intraperitoneal administrations of saline were 


treated as one group. 
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Fig. 4. Variation of level of renal DA after administration of GDA esters to rats with the relative rate 
of hydrolysis by rat liver esterase. Panel A: intragastric administration. Panel B: intraperitoneal 
administration. Values are from Figs. 2 and 3. 


most important step among those that occur between 
gastrointestinal administration and the appearance 
of DA within the kidney. Moreover, there was a 
pronounced lack of correlation between renal DA 
levels and the lipophilicity of the esters because those 
producing the highest levels were in the middle of 
the range from low to high lipophilicity, and the 
longer chain esters produced lower levels of DA. 

Similar comparisons following intraperitoneal 
administration of the esters show that a factor(s) 
other than the rate of esterolytic hydrolysis deter- 
mines the renal level of DA, and that again there 
is a lack of correlation between DA levels and 
lipophilicity. 

These esters obviously provide an effective vehicle 
for transporting DA from the gastrointestinal tract 
into the animal body and the kidney. Even so, there 
was /a considerable loss of both parent amide and 
ester during the transport process because the levels 
of renal DA following the intraperitoneal adminis- 
tration of GDA and its octyl ester were, respectively, 
133 and 88 times greater than those following their 
intragastric administration. Furthermore, it appears 
likely that most of the DA appearing in the kidney 
from GDA and its esters is released within the kidney 


itself and does not originate in other organs. This 
is indicated by the findings that GDA was consider- 
ably more effective than DA and L-DOPA in its 
elevation of renal DA following intraperitoneal 
administration, and that it stimulated the canine 
heart to a lesser extent than did an equimolar quan- 
tity of DA when administered intravenously [11]. 
Moreover, when given orally to the dog, a significant 
level of GDA, together with an insignificant level 
of DA, was found in plasma, whereas a large amount 
of DA was recovered from urine [11]. Such findings 
are consistent with a kidney-specific release of DA 
from y-glutamyl amides as a consequence of the high 
renal activity of GTase. 
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Abstract—Four enzymatically active fractions were isolated from acetone-activated human plasma. 
These four esterases were termed KI, KII, KIII and KIV. KI, KII, KIII and KIV were found to 
represent free kallikrein, kallikrein—a2-macroglobulin (a2M) complex, kallikrein-a2M-high molecular 
weight (HMW) kininogen complex and kallikrein-HMW kininogen complex, respectively. KI, KII, 


KIII and KIV showed Km values 2.27 x 107°, 


7.14 x 1073, 7.69 x 1073 


and 3.59 x 10°>M for TAMe 


hydrolysis, respectively. Kininogenase activity in KII and KI was much less than in KI and KIV. Soy 
bean trypsin inhibitor completely inhibited the esterase activity in KI and KIV but not in KII and KIII. 


Several recent studies suggest that human plasma 
contains more than one kallikrein. In 1961, the pos- 
sibility of the existence of two kallikreins was dem- 
onstrated by Webster and Pierce [1]. They reported 
that acetone activates not only plasma kallikrein but 
also other proteolytic enzyme(s) which attack argi- 
nine esters and are not inhibited by soy bean trypsin 
inhibitor (SBTI). An anionic kallikrein was 
described during the course of purifying the cationic 
kallikrein [2,3]. Two serum kallikreins were sep- 
arated by ion exchange chromatography by Eisen 
and Glanville [4]. Vogt postulated two kinin forming 
systems, on the basis of functional analysis of in- 
trinsic plasma kinin formation [5], although this 
hypothesis was not confirmed by Nakahara [6].Using 
Cohn fraction IV, threeplasma kallikreins have been 
demonstrated by Colman et al. [7]. Their kallikreins, 
termed kallikrein I, II, and III, did not contain any 
a2-macroglobulin (a2M). Asghar et al. also noticed 
three plasma kallikreins in Cohn fraction IV [8]. 
Many resemblances were noted between the results 
obtained by Colman et al. [7] and Asghar et al. [8]. 
Recently Vogt and Dugal have separated two kal- 
likreins in acetone-activated human serum; one is 
free kallikrein and the other is a kallikrein-a2M 
complex which is not inhibited by SBTI [9]. In this 
paper the author demonstrates four enzymatically 
active kallikreins isolated from acetone-activated 
human plasma and some properties of the four 
kallikreins. 


MATERIALS AND METHODS 


Plasma. Human venous blood was collected in 0.1 
volume of 3.1% sodium citrate using siliconized 
needles and plastic syringes, and was centrifuged at 
3000 rev/min for 30 min at 4°. This freshly separated 
plasma was used for the experiment. 

Acetone activation. Acetone activation was carried 
out by adding 16 or 25% (v/v) acetone to plasma, 
with stirring, in a siliconized glass vessel. The mixture 
was allowed to stand at room temperature for 3.5 hr. 


77 


The acetone was immediately evaporated in a rotary 
evaporator after activation. 

Column chromatography. The fresh plasma (15 ml) 
activated with acetone was diluted three-fold with 
deionized water and concentrated to the original 
volume using an Amicon Ultrafiltration Chamber 
with a UM-10 membrane. This plasma was subjected 
to column chromatography on a 3.5 x 49cm poly- 
ethylene column (LKB) of diethylaminoethyl 
(DEAE) cellulose (DE 52) which was equilibrated 
with 0.05 M NaCl containing 0.0075 M phosphate 
buffer, pH 8.0. The column was eluted with a linear 
gradient of increasing concentrations of NaCl (0.05- 
0.70 M) using a mixing chamber. The u.v.-absorption 
at 280nm, tosyl-arginine methyl ester (TAMe) 
hydrolysis, benzoyl-prolyl-phenylalanyl-arginine-p- 
nitroanilide (PPAN) cleavage, and kininogenase 
activity of the effluent fractions were measured. 

Gel filtration. The acetone-activated plasma 
(15 ml) was also subjected to gel filtration on a 
2.3 X 128cm column of Sepharose 4 B which was 
equilibrated with 0.15M NaCl containing 0.02 M 
Tris buffer, pH 7.4. The column was eluted with 
0.15 M NaCl containing 0.02 M Tris buffer, pH 7.4. 
On the other hand, each of the four esterases eluted 
from the DEAE cellulose column was pooled and 
dialyzed overnight at 4° against 0.15 M NaCl con- 
taining 0.02M Tris buffer, pH 7.4. The dialyzed 
esterase was concentrated to about 10 ml and applied 
to gel filtration on Sepharose 4 B. 

Assay of kallikrein. Kallikrein activity was meas- 
ured by release of kinin from kininogen and cleavage 
of synthetic substrates. The kininogenase activity 
was estimated using kininogen by the method pre- 
viously described [6]. The hydrolysis of TAMe was 
estimated according to Colman ef al. [7]. The 
hydrolysis of benzoyl-arginine-ethyl ester (BAEe) 
was measured by the spectrophotometric method of 
Schwert and Tanaka [10]. The assay of PPAN for 
kallikrein was performed by the method of Claeson 
et al. [11]. The amount of enzyme giving hydrolysis 
of 1 zmole TAMe per min at 37° was taken as 1 unit. 
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Assay of prekallikrein. Prekallikrein was activated 
with trypsin by the method of Wuepper and Coch- 
rane [12]. An aliquot of fraction eluted from Sephar- 
ose 4 B and trypsin 10 wg were incubated at 37° for 
15 min. At the end of incubation, lima bean trypsin 
inhibitor was added to inhibit the trypsin activity. 
The activated prekallikrein was measured by TAMe 
hydrolysis. 

Measurement of «2M. a2M was measured by radial 
immunodiffusion on M-Partigen plates. 

Immunodiffusion. Immunodiffusion analysis of 
HMW kKininogen was carried out on an Ouchterlony 
agarose plate. Anti-human HMW kininogen serum 
was kindly supplied by Dr. Nagasawa, Faculty of 
Pharmaceutical Sciences, Hokkaido University, 
Japan. 

Chemicals. TAMe, BAEe and bradykinin were 
obtained from the Protein Research Foundation, 
Osaka, Japan; PPAN from A B KABI, Sweden; 
bovine pancreas trypsin (2 X crystalline) from NBC, 
U.S.A.: SBTI and lima bean trypsin inhibitor from 
Sigma Chemical Co., U.S.A.: agarose and M-Par- 
tigen from Behring Institut, Germany; trans-ami- 
nomethyl-cyclohexene-carboxylic acid (t-AMCHA) 
from Daiichi Seiyaku, Co., Ltd., Japan. 
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RESULTS 


Chromatography on DEAE cellulose of acetone- 
activated plasma 


A typical eluation pattern from column of DEAE 
cellulose of acetone-activated plasma revealed six 
distinct protein peaks as shown in Fig. la. Four 
esterase fractions (KI-KIV) containing the activity 
of TAMe hydrolysis and kininogenase were 
observed. The kininogenase activity was much higher 
in KI and KIV than in KII and KIII in relation to 
esterolytic potency, as shown in Fig. 1b. These 
esterases also cleaved p-nitroaniline from PPAN as 
shown in Table 1. 

Each of these four esterase fractions was rechro- 
matographed on DEAE cellulose. The esterase in 
KI and KII was not separated and the esterase in KI 
was not absorbed on DEAE cellulose. The esterase 
in KIII was separated into two esterase fractions; 
one which corresponds to about 80 per cent of the 
amount of rechromatographed sample remained in 
the KIII region and the other appeared in the KII 
region. The esterase in KIV was also separated into 
two esterase fractions; one which corresponds to 
about 70 per cent of the amount of rechromato- 
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Fig. 1. DEAE cellulose chromatography of acetone-activated plasma. Fifteen ml of plasma were 
activated with 16% (v/v) acetone. Five ml fractions were collected at flow rate of 25 ml/hr. a: absorbance 
at 280 nm, b: TAMe hydrolysis, kininogenase activity and a2-macroglobulin. 
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Table 1. TAMe hydrolysis and PPAN cleavage of four 
esterases in acetone-activated plasma 





KI KII KIT KIV 





PPAN cleavage 1.80 
TAMe hydrolysis ratio ~~ 
TAMe hydrolysis* 
PPAN cleavage* 


0.75 0.74 0.91 


0.040 0.056 0.140 0.024 
0.072 0.042 0.104 0.022 








* TAMe hydrolysis and PPAN cleavage were expressed 
in pmoles/ml/min. 


graphed sample remained in KIV region and the 
other appeared in KI region. When plasma was 
activated with 25% (v/v) acetone, most of the ester- 
ase activity appeared in KI and relatively small 
esterase activity was revealed in KII and KIII as 
shown in Fig. 2. 
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Gel filtration on Sepharose 4 B of acetone-activated 
plasma 


The acetone-activated plasma was also subjected 
to a column of Sepharose 4 B as shown in Fig. 3. 
Fractionation revealed one major esterase peak and 
two minor esterase peaks. Occasionally these minor 
esterase peaks were negligible, but significant kini- 
nogenase activity was always detectable at the cor- 
responding regions. Most prekallikrein coincided 
with the distribution of the major esterase peak. A 
trace of another prekallikrein was observed in the 
late descending limb of the major protein peak. 
These results suggest that the first prekallikrein rep- 
resents the prekallikrein—kininogen complex and the 
second prekallikrein represents free prekallikrein. 
Mandle et al. have described that prekallikrein and 
high mol. wt. (HMW) kininogen circulate in plasma 
as a noncovalently linked complex [13]. 

When each of the four esterases obtained by 
DEAE cellulose chromatography was applied to a 
Sepharose 4 B column, KIII was first eluted, KII 
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Fig. 2. DEAE cellulose chromatography of acetone-activated plasma. Fifteen ml of plasma were 
activated with 25% (v/v) acetone. Five ml fractions were collected at flow rate of 25 ml/hr. 
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Fig. 3. Gel filtration of acetone-activated plasma. Ten ml of plasma were activated with 16% (v/v) 
acetone. Three ml of fractions were collected at a flow rate of 12 ml/hr. O——O: TAMe hydrolysis by 
esterase generated after acetone-activation of plasma; @----@: TAMe hydrolysis by esterase generated 
after trypsin treatment of effluent (prekallikrein). Esterase activity of activated prekallikrein was 
obtained by substracting the acetone-activated esterase activity from the activity obtained after incubation 
with trypsin. 
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came second, next order were KIV and KI without 
any separation of the esterase activity. From the 
behaviour of the four esterases on gel filtration, it 
is reasonably conceivable that the major esterase 
peak, the first minor esterase peak, and the second 
minor esterase peak represent KIT + KIII, KIV and 
KI, respectively. 


Properties 


The four esterases from acetone-activated plasma 
are considered kallikreins from the findings that 
these esterases have the abilities such as cleavage of 
PPAN, hydrolysis of TAMe and kinin generation 
from kininogen. The ratio of PPAN cleavage to 
TAMe hydrolysis in Table 1 indicates that PPAN is 
the most cleavable substrate for the esterase in KI. 
The mol. wt. of the esterase in KI was estimated to 
be about 100,000 by gel filtration on a Sephadex G- 
200 column. The mol. wt. is agreement with various 
other plasma kallikrein described in previous reports 
[7, 14, 15]. The esterase in KII and KIII coincided 
with the distribution of a2M as shown in Fig. 1b. 
Ammonium sulphate [16] failed to separate a2M 
from the esterase activity in KII and KIII. In 
immunodiffusion of human HMW kininogen, KIII 
and KIV formed precipitation lines with human 
HMW kininogen antibody but not in KI and KIV 
as shown in Fig. 4. The alternations induced by 
protease inhibitors on TAMe hydrolysis were shown 
in Table 2. Table 2 indicates differences in behaviour 
between a2M-free kallikreins and kallikreins linked 
with a2M. Km values of the four kallikreins were 
determined by the Lineweaver—Burk plot. The Km 
values of KI, KII, KIII and KIV were 2.27 x 10°, 


Se 


7.14 x 1073, 7.69 10-? and 3.59 x 10-°M for 
TAMe hydrolysis, respectively and 0.22 x 10~°, 
1.93 x 10-3, 2.21 x 107? and 0.29 x 10-*M for 
BAEe hydrolysis, respectively. Kinin generation by 
the kininogenase activity in KI progressively 
increased with incubation time, reaching a plateau 
in 10 min. A similar pattern of kinin generation was 
seen with the kininogenase activity in KIV but the 
maximum levels were less as shown in Fig. 5. 


DISCUSSION 


The four esterase preparations isolated in this 
paper are considered to be identical with plasma 
kallikreins. The following lines of evidence have 
been obtained to support this conclusion. (1) The 
preparations have kininogenase activity. (2) PPAN 
is cleaved by these preparations. The kallikrein in 
KI is not absorbed by DEAE cellulose. These find- 
ings indicate that the kallikrein in KI represents free 
kallikrein. The coincidence of a2M with the distri- 
bution of esterase activity on chromatography and 
gel filtration, the potent esterase activity with slight 
kininogenase activity, and the ineffectiveness in 
inhibiting esterase activity by SBTI indicate that the 
kallikrein in KII and KIII represents a kallikrein— 
a2M complex. SBTI is ineffective in inhibiting kal- 
likrein esterase activity when kallikrein binds with 
a2M [16, 17]. The HMW kininogen in KIII and KIV 
coincided with the distribution of the esterase activity 
on gel filtration on Sepharose 4 B. But it was partially 
separated on chromatography on DEAE cellulose. 
These properties resemble the prekallikrein— 
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Fig. 4. Double immunodiffusion analysis of KI, KIT, KIII, KIV and human high molecular weight 
(HMW) kininogen. The center well contains rabbit anti-human HMW kininogen serum. 
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Table 2. Inhibition of TAMe hydrolysis by various kallikrein preparations 





Kallikrein—a2M 


Inhibitor Concentration Kallikrein complex 


Inhibition (%) 
Kallikrein-a2M-HMW __ Kallikrein-HMW kininogen 
kininogen complex 





SBTI 


Trasylol 


DFP 


AMCHA 1x10°°M 





The enzymes eluted from DEAE cellulose column were separately applied to Sepharose 4 B column, and used for 


the experiments. 
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Fig. 5. Kininogenase activity of kallikrein and kallikrein- 

high molecular weight (HMW) kininogen complex. Fifty 

units of kallikrein or kallikrein-HMW kininogen complex, 

which was isolated by DEAE cellulose chromatography 

and Sepharose 4 B, was used for the experiment. 

@—®@: kallikrein, 0——©: kallikrein-HMW kininogen 
complex. 


HMW kininogen complex described by Mandle et 
al. [13]. These facts indicate that the kallikrein in 
KIII and KIV is probably a kallikrein-HMW kini- 
ogen complex. The evidence that the kallikrein in 
KIV is linked with HMW-kininogen alone was sup- 
ported by the behaviour of kallikrein-HMW kini- 
nogen complex preparation on Sephacryl S-200 or 
Sepharose 4 B (unpublished data). From the above 
conclusion, it is probably demonstrated that KII is 
kallikrein-a2M complex and KIII is kallikrein-a2M-— 
HMW kininogen complex. 

Two forms of kallikrein [1-5, 9] and three forms 
of kallikreins [7, 8] have been described in human 
plasma. Free kallikrein, aggregation or dimer for- 
mation of kallikrein, and kallikrein-a2M complex 
have been included in these reports. Prekallikrein 
is complexed with HMW kininogen in plasma [13]. 
Therefore, it is likely to produce kallikrein-HMW 
kininogen complex by the activation of plasma. But 
no report has been demonstrated on the kallikrein— 
HMW kininogen complex such as the kallikrein com- 
plex in KIII and KIV. 


BP 29:1—F 


The predominant production of kallikrein—a2M— 
HMW Kkininogen complex may reflect that the gen- 
erated kallikrein-HMW kininogen complex reacts 
with naturally occurring plasma kallikrein inhibitors. 
HMW kininogen might gradually dissociate from 
the kallikrein-HMW kininogen complex and kalli- 
krein-a2M-HMW kininogen complex in plasma 
resulting in the production of kallikrein and kalli- 
krein-a2M complex, although investigation is 
required for the process of HMW kininogen 
dissociation. 
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Abstract—Estrogen-2-hydroxylase activity in various rat tissues was surveyed. While the liver, followed 
by brain, had the highest enzyme activity, nearly all tissues investigated in the male rat possessed 2- 
hydroxylase activity. Neither the ovary nor the virgin uterus, however, could synthesize 2-hydroxy- 
estrogens in vitro. Enzyme activities in the male brain and liver were higher than in corresponding 
female tissues. In the male rat, cytochrome P-450 inducers did not alter brain estrogen-2-hydroxylase 
activity, but castration caused a fall in enzyme activity in both the brain and liver. Liver estrogen-2- 
hydroxylase activity was decreased in both hyperthyroid and hypothyroid rats. 


The catecholestrogens have been shown recently to 
be major metabolites of estrogen, both in laboratory 
animals and in humans [1]. Although their precise 
physiologic role is not known, catecholestrogens 
have been detected in brain, pituitary, liver and 
ovary [2], and have been shown to exhibit both 
estrogenic and antiestrogenic properties [1]. While 
assays for blood and urine catecholestrogens have 
been complicated by the instability of the compound, 
there have been reports of elevated 2-hydroxyestro- 
gen levels in urine in thyroid disease [3] and in 
anorexia nervosa [4], a psychosomatic disorder 
accompanied by altered neuroendocrine homeosta- 
sis. The formation of 2-hydroxyestrone and 2- 
hydroxyestradiol, the principal catecholestrogens, is 
catalyzed by estrogen-2-hydroxylase, a microsomal 
cytochrome P-450-dependent mono-oxygenase [5— 
7]. In this report, we examine the tissue distribution 
of estrogen-2-hydroxylase in the rat and describe the 
effects of cytochrome P-450 enzyme inducers and 
various hormones on the activity of the enzyme. This 
study was made possible by an exceedingly sensitive 
radioenzymatic assay for the estrogen-2-hydroxylase 
[6]. 


MATERIALS AND METHODS 


Chemicals 


Estradiol-17B, testosterone, 3-methylcholan- 
threne, phenobarbital, nicotinamide adenine dinu- 
cleotide phosphate reduced form (NADPH), 
catechol-o-methyltransferase (COMT) (chromato- 
graphically pure), 2-methoxyesterone and 2-meth- 
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oxyestradiol were purchased from the Sigma Chem- 
ical Co., St. Louis, MO. Dithiothreitol was obtained 
from Bethesda Research Laboratories, Inc., Rock- 
ville, MD. L-Thyroxine was purchased from Nutri- 
tional Biochemicals, Cleveland, OH. L-Ascorbic acid 
and n-heptane were from the Fisher Scientific Co., 
Fair Lawn, NJ. [°H]S-adenosylmethionine (sp. act. 
11.2 Ci/mmole) was purchased from the New Eng- 
land Nuclear Corp., Cambridge, MA. Tris base was 
purchased from Schwartz/Mann, Orangeburg, 
NY. 


Preparation of COMT 


COMT was purified from rat liver according to 
the procedure of Axelrod and Tomchick [8] as modi- 
fied by Nikodejevic et al. [9]. Rat livers were hom- 
ogenized in 4 vol. (w/v) of isotonic KCI in a glass 
homogenizer equipped with a loose-fitting motor- 
driven Teflon pestle. The homogenate was filtered 
through cheesecloth and centrifuged at 14,000 g for 
30 min. The supernatant fraction was then centri- 
fuged for 60 min at 105,000 g. After filtering through 
glass wool to remove fat particles, the high speed 
superantant fraction was adjusted to pH 5.3 with 1 M 
acetic acid. The suspension was centrifuged at 
14,000 g, and the pH of the resulting supernatant 
fraction was readjusted to pH 7.0. Fractionation and 
backwash with ammonium sulfate was carried out 
according to the procedure of Nikodejevic er al. [9]. 
The final precipitate was dissolved in 40 ml of 0.001 M 
phosphate buffer (pH 7.0) and dialyzed overnight 
against three changes of 0.01 M phosphate buffer 
(pH 7.0) containing 0.001 M dithiothreitol. Follow- 
ing dialysis the enzyme preparation was re-centri- 
fuged for 2 hr at 105,000 g to remove a yellow-brown 
precipitate. The enzyme preparation was stored at 
— 20° with no loss of activity for at least 1 year. 

Chromatographically pure enzyme, obtained com- 
mercially, was found to be unstable and of variable 
activity. Therefore, all assays were performed with 
enzyme prepared in our laboratory. In contrast to 
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a previous report [10], no detectable estrogen-2- 
hydroxylase activity was present in this soluble 
enzyme preparation. 


Preparation of tissues 


Adult male and female Sprague-Dawley rats (150- 
250 g, Zivic-Miller Laboratories, Allison Park, PA) 
were housed under diurnal lighting conditions with 
free access to food and water. In the experiments 
with 3-methylcholanthrene and phenobarbital, 80- 
100 g male rats were used. Rats were acclimated to 
the NIH animal room for at least 1 week and were 
decapitated. Tissues were removed rapidly and then 
homogenized in 4 vol. of ice-cold isotonic sucrose 
or KCl. Entire fetuses from female rats who were 
17 days pregnant were homogenized in the same 
manner as other tissues. The mitochondrial, micro- 
somal and soluble fractions were prepared by dif- 
ferential centrifugation, and the particulate fractions 
were resuspended in 10mM Tris-HCl buffer (pH 
7.4). All assays were performed the same day that 
the animals were killed. 


Enzyme assay 


Estrogen-2-hydroxylase was assayed by the 


method of Paul et al. [6] in which the hydroxylation 
of estradiol is coupled with rapid O-methylation by 
COMT. The specificity of this method has been 
established by subjecting the reaction products to 
thin-layer chromatography, direct probe mass spec- 
trometry [6], and recrystallization to constant specific 
activity [10]. In the present study, the incubation 


mixture consisted of 50 ul of 10 mM Tris-HCl buffer 
(pH 7.4), 10 wl of 1M MgCh, 5 pl of [*H]S-adeno- 
sylmethionine (sp. act. 11.2 Ci/mmole), 50 yg of par- 
tially purified COMT, 5 yl of 10 mM L-ascorbic acid, 
substrate consisting of 50 nmoles of estradiol-17£ in 
2 ul absolute ethanol, 0.06 umole NADPH, and 
microsomal protein in a total volume of 150 wl. 
Reactions were started by placing the tubes in a 
shaking water bath at 37°. A portion of the enzyme 
preparation was analyzed for protein concentration 
by the method of Lowry et al. [11]. Blanks consisted 
of heat-treated enzyme including substrate and 
enzyme without substrate, and were not significantly 
different from each other. After incubation for 10 min 
at 37°, the reaction was stopped by the addition of 
0.5 ml of 0.5 M borate buffer (pH 10.0). The radio- 
active O-methylated catechol] estrogens were 
extracted into 6 ml of n-heptane by shaking vigor- 
ously for 30 sec, followed by separation of the organic 
phase by centrifugation. Two ml portions of the 
organic phase were transferred to scintillation vials, 
evaporated to dryness in a chromatography oven 
(80°), and counted for radioactivity directly in 10 ml 
Aquasol (New England Nuclear Corp. , Cambridge, 
MA). 

Product identification was confirmed in this study 
by subjecting the remaining organic phase containing 
the reaction products (approximately 3.5 to 4.0 ml 
reduced by evaporation under N2) to thin-layer 
chromatography (t.l.c.) in two different solvent 
systems. Authentic 2-methoxyestrone and 2-meth- 
oxyestradiol were added as nonradioactive carriers. 
Thin-layer chromatography was performed on silica 
gel 125mm 60 F-254 precoated plates (E. Merck, 


Germany). The solvent systems used were chloro- 
form—methanol-acetic acid (96:3:1), and benzene— 
ethanol (9:1). Following development and drying of 
the plates, 1 cm sections were scraped individually 
into 12 ml conical glass-stoppered centrifuge tubes 
and 3ml of absolute ethanol were added. After 
vortexing for 30 sec, the tubes were centrifuged and 
the clear ethanolic supernatant fractions were trans- 
ferred to scintillation counting vials containing 10 ml 
Aquasol. 


Thyroxine assay 


Serum thyroxine levels were determined by radio- 
immunoassay [12]. 


Drug and surgical treatments 


3-Methylcholanthrene (3-MC) and phenobarbital 
(PB) treatment. Young male rats were injected sub- 
cutaneously with 3-MC (20 mg/kg) in sesame oil once 
each day for 2 days or with PB (50 mg/kg) in pro- 
pylene glycol twice daily for 5 days. Each experi- 
mental group also received injections of the other 
vehicle. Control animals were injected with both 
vehicles. 

Castration. Adult male rats were castrated or sub- 
jected to sham-operation under ether anesthesia at 
Zivic—Miller Laboratories. They were killed a mini- 
mum of 4 weeks after surgery, at which time veri- 
fication of orchiectomy was made. 

Thyroidectomized animals. Adult male rats under- 
went thyroparathyroidectomy at the laboratory of 
the breeder. At the same operation, the parathyroid 
glands were autotransplanted into contiguous neck 
muscles. Hypothyroid and sham-operated animals 
were killed 4-6 weeks after surgery. Severe hypo- 
thyroidism was confirmed by the absence of detect- 
able serum thyroxine at the time of death. 

Hormone treatment. Testosterone (2 mg in 0.25 ml 
sesame oil) was injected subcutaneously once daily 
for 14 days, and the animals were killed on the 
following day. Thyroidectomized animals were made 
euthyroid by daily subcutaneous injections of 5 ug 
L-thyroxine [dissolved in methanol-ammonium 
hydroxide (3:1) and then diluted with 0.9% NaCl] 
in 0.10 ml vehicle. Hyperthyroidism was induced by 
injecting 100-500 wg L-thyroxine in 0.10 ml vehicle 
subcutaneously for 7-10 days. Serum Ts levels on 
the S00 pug/day regimen were 7.8 + 0.3 wg/dl, 
significantly higher than the control values 
(3.1 + 0.2 g/dl). All control animals received injec- 
tions of vehicle alone. 


RESULTS 

Tissue distribution of estrogen-2-hydroxylase 

Several endocrine and nonendocrine tissues were 
examined for estrogen-2-hydroxylase activity (Table 
1). Although the liver had far more activity than any 
other organ, nearly every tissue studied had detect- 
able enzyme activity. After the liver, the brain had 
the highest specific activity, followed by the kidney, 
testis, adrenal and lung. Measurable amounts of 
enzyme were also present in the pituitary, heart, 
placenta and fetus, but no activity could be detected 
in the uterus, an estrogen target tissue, or in the 
ovary, the major site of estrogen production. The 
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Table 1. Distribution of estrogen-2-hydroxylase in 8-* to 
10-week-old rats 





Activity* (+ S.E.M.) 





Organ Female 





1500 + 200+ 
8.7 + 1.64 
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Liver 
Brain 
Kidney 
Testis 
Adrenal§ 
Lung 
Pituitary|| 
Heart 
Placenta (17 days) 0.5 + 0.04 
Uterus q 
Ovary q 
Pineal 

Fetus (17 days) 


_ 


SN EMD 


o 
co) 


0.6 + 0.04 





* Activity is expressed in pmoles of 2-methoxyestradiol 
formed/mg of microsomal protein/10min incubation. 
N = 4. 

+ P<0.001, different from male. 

+ P< 0.05, different from male. 

§ Activity of mitochondrial protein was undetectable. 

|| Activity is expressed in mg of soluble protein. 

4 Activity was undetectable. 
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Fig. 1. Lineweaver—Burk kinetics for liver (A) and brain 

(B) estrogen-2-hydroxylase. The Km for liver is 11 4M and 

for brain, 95 4M. V = pmoles of product formed/mg pro- 
tein/10 min for brain (B). S = uM estradiol-17B. 


estrogen-2-hydroxylase activity in the male brain and 
liver were higher than in the corresponding female 
tissues (Table 1). 

Since cytochrome P-450-dependent mono-oxygen- 
ases in the adrenal gland are found in the mito- 
chondria as well as in the microsomes [13], the 
subcellular distribution of estrogen-2-hydroxylase 
was examined in this tissue. No detectable enzyme 
activity was found in the crude mitochondrial or 
soluble fractions. All of the activity in the adrenal 
gland was found in the microsomal fraction. 

Substrate kinetics for estrogen-2-hydroxylase in 
brain and liver were studied using estradiol-176 as 
substrate. The apparent Km values (Fig. 1) of the 
brain (95 uM) and the liver (11 uM) enzymes differ 
by nearly one order of magnitude, suggesting that 
the enzymes responsible for estrogen-2-hydroxyla- 
tion in these organs have different properties. 


Effects of enzyme inducers 


The effects of the microsomal enzyme inducers 
phenobarbital and 3-methylcholanthrene on the 
newly described cytochrome P-450-dependent 
enzyme in the brain [6] were examined. There was 
no change in brain enzyme activity after treatment 
with either phenobarbital or 3-methylcholanthrene 
(Table 2). Liver enzyme activity was also unchanged 
after phenobarbital [14] or 3-methylcholanthrene 
(data not shown). 


Effects of hormones 


The effects of various hormones upon the enzyme 
activity in the male brain and liver were studied next. 
High doses of testosterone had no effect on the 
enzyme activity, but castration resulted in significant 
decreases of enzyme activity in both brain and liver 
in male rats (Table 3). In both the hyperthyroid and 


Table 2. Effect of P-450 inducers on brain estrogen-2- 
hydroxylase activity in the male rat* 





Drug Activity (+ S.E.M.) 





Control 
3-Methylcholanthrene 
Phenobarbital 


www 
NN 
i+ I+ I+ 
oo © 
NN bh 

+ 





* Activity is expressed in pmoles of 2-methoxyestradial 
formed/mg of microsomal protein/10-minincubation. N = &. 
+ Not significantly different from control value. 


Table 3. Effects of sex hormones on brain and liver estro- 
gen-2-hydroxylase activity in the male rat* 





Hormonal 


manipulation N Brain Liver 





7700 + 900 
3100 + 400+ 
7400 + 800 
5140 + 700 


15.6222 
8.8 + 0.87 
14.0 + 2.3 
13.9 + 1.0 


Control 13 
Castrated 13 
Control 5 
Testosterone 5 





* Activity is expressed in pmoles of 2-methoxyestradiol 
formed/mg of microsomal protein/10-min incubation. 

+ P<0.01, different from control. 

+ P<0.001, different from control. 
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Table 4. Thyroid hormone and estrogen-2-hydroxylase 
activity in the male rat* 





Thyroid status N Brain N Liver 





5900 + 700 
3000 + 4007 


Euthyroid 
Hyperthyroid 


4900 + 200 
1500 + 200+ 
4800 + 400 


Euthyroid 
Hypothyroid 
Thyroid replacement 





* Activity is expressed in pmoles of 2-methoxyestradiol 
formed/mg of microsomal protein/10-min incubation. 

+ P<0.01, different from control. 

+ P< 0.001, different from control. 


severely hypothyroid rats, estrogen-2-hydroxylase 
activity declined in the liver (Table 4). Replacement 
doses of L-thyroxine in the thyroidectomized animals 
restored the hepatic enzyme levels to the normal 
range. 


DISCUSSION 


While estrogen-2-hydroxylase appears to be 
widely distributed among various tissues in the male 
rat, most of its activity is localized to the liver. In 
the mature female rat, enzyme activity was not 
detectable in the ovary or in the virginal uterus, 
although the placenta and fetus have measurable 
estrogen-2-hydroxylase activity. The wide range of 


enzyme activity seen in the various experiments in 
brain may be partially explained by the fact that in 
brain this enzyme increases with age (unpublished 
observations). Barbieri et al. [10], in an independent 
study, also found widespread distribution of the 
enzyme, and noted minimal activity in ovarian 
microsomes. In our previous paper [6], we reported 
higher levels of brain estrogen-2-hydroxylase than 
we now find. Our earlier calculations were in error 
because of a systematic underestimation of micro- 
somal protein content, and our current values are 
in close agreement with those of Barbieri et al. [10]. 

Estrogen-2-hydroxylase activity has been reported 
previously in the rat brain [7, 15, 16], human placenta 
[17], human neoplastic breast tissue [18], and human 
fetal brain and pituitary [19]. Estrogen receptors 
have been shown to be present in numerous tissues, 
including brain [20], pituitary [20], liver [21], heart 
[22], lung [23], placenta [23] and kidney [24]. Since 
these tissues are able to convert estrogen to the 
catechol derivative in vitro, it is possible that 2- 
hydroxyestrogens are involved in modulating the 
effect of estrogen in these various target organs. 
Moreover, microsomal enzymes can bind catechol- 
estrogens and convert them into reactive, possibly 
toxic, intermediates [25]. 

Unlike some other microsomal P-450-dependent 
enzymes, estrogen-2-hydroxylase activity in brain 
and liver could not be induced by 3-MC, PB, or 
testosterone. The activities of the brain and liver 
enzymes, however, are dependent upon testoster- 
one, since castrated males showed dramatic falls in 
enzyme activity. Barbieri et al. [10] also showed a 
loss of hepatic enzyme activity with castration, and 


demonstrated that testosterone replacement 
restored enzyme activity to normal. No change in 
brain enzyme activity was noted with castration by 
these investigators. The female liver has significantly 
less activity than the male, a common dimorphism 
in hepatic steroid-metabolizing enzymes [26-28]. 
When the animals are matched for age, the males 
also have higher brain estrogen-2-hydroxylase 
activity. 

Hypothyroidism and hyperthyroidism had identi- 
cal effects, decreasing the enzyme activity in liver 
but not in brain. The divergent response of the brain 
and liver enzymes is not unexpected, since their 
different apparent K,, values indicate that they have 
different properties. The finding that both a deficit 
and a surfeit of L-thyroxine decrease rat hepatic 
enzyme activity has been reported for other 
androgen-dependent microsomal enzymes [29]. 
Benzo[a]pyrene hydroxylase activity, for example, 
is halved in hypothyroid rats and decreased by one- 
third when supraphysiologic doses of L-thyroxine are 
given [30]. While the explanation for this phenom- 
enon is unclear, the decreased hepatic enzyme 
activity may represent a nonspecific response to ill- 
ness per se. In thyroxine-treated rats total cyto- 
chrome P-450 may have increased activity, however, 
and other routes of metabolism may be stimulated 
at the expense of 2-hydroxylation. 

In a small series of women with thyroid disease, 
urinary 2-hydroxyestrogen levels were found to be 
low in hypothyroidism and increased in hyperthy- 
roidism [3]. The discrepancy with our results in 
hyperthyroidism may be due to sex or species dif- 
ferences, or to possible alterations in renal clearance 
in thyroid disease. An association between hypo- 
thyroidism and breast cancer has been postulated 
for many years [31]. Since many breast neoplasms 
are estrogen sensitive and in light of the observation 
that catecholestrogens act as anti-estrogens [1, 32] 
in certain systems, a decrease in total estrogen-2- 
hydroxylation seen in thyroid disease may provide 
a clue to the link between thyroid disease and breast 
cancer. 
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Abstract—Ellipticine (5,11-dimethyl-[6H]-pyrido[4,3b]carbazole) binds with an affinity greater than 
most other compounds known to interact with P-450. Control and 3-methylcholanthrene-induced aryl 
hydrocarbon (benzo[a]pyrene) hydroxylase (EC 1.14.14.2) and acetanilide 4-hydroxylase and control 
and phenobarbital-induced ethylmorphine N-demethylase activities are all markedly inhibited by ellip- 
ticine to about the same extent. Ellipticine and other Type II compounds (metyrapone, octylamine-1, 
pyridine and aniline) preferentially inhibit NADPH-cytochrome P-450 reductase activity, while affecting 
NADPH-cytochrome c reductase activity very little. Butanol-1, a compound having pure Reverse Type 
I character, does not block P-450 reductase activity like these Type II compounds. These data suggest 
that Type II compounds bind to P-450 ferric iron in the sixth coordinate position in such a way as to 
impede transfer of the first electron from the hydrophobic binding site of the reductase to the P-450- 
substrate complex, while leaving unencumbered any transfer of electrons from the hydrophilic binding 
site of the reductase to soluble electron acceptors such as cytochrome c. These data indicate that 
ellipticine may be very useful in attempting to understand the mechanism by which electrons are 
transferred from the reductase to the cytochrome(s) P-450. 


Ellipticine (5,11-dimethyl-[6H]-pyrido[4,3b] car- the potential importance of (one or more forms of) 


bazole) (Fig. 1) and its 9-methoxy derivatives are 
plant alkaloids from the genus Ochrosia that have 
strong antineoplastic activity against murine leuke- 
mia L1210 and several solid tumors [1,2]. The 9- 
methoxy derivative has been partially successful in 
treating human acute myeloid leukemia [3]. The 9- 
hydroxy and 7-hydroxy derivatives appear to be more 
active against murine leukemia L1210 than ellipticine 
or the 9-methoxy parent compound [4], implicating 


CH3 


6 
N 
H 


Ellipticine 


Fig. 1. Chemical structure of ellipticine. 





¢ Address reprint requests to: Dr. Daniel W. Nebert, 
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Bethesda, MD 20014, U.S.A. 


cytochrome P-450 in producing the active antitumor 
metabolite. 

Ellipticine and some of its derivatives bind strongly 
to P-450, eliciting typical Type II difference spectra 
with apparent K; values of less than 1 4M [5]. More- 
over, these chemicals block aryl hydrocarbon 
(benzo[a]pyrene) hydroxylase activity, the covalent 
binding of benzo[a]pyrene metabolites to DNA, and 
benzo[a]pyrene mutagenesis in the Salmonella/liver 
assay in vitro [5]. The apparent K; (approximately 
0.43 uM) for ellipticine bound to control rat liver 
microsomal P-450 is surprisingly lower than that for 
ellipticine bound to liver microsomal P-450 from rats 
treated with benzo[a]pyrene, Aroclor 1254, or 
phenobarbital. Further, ellipticine is a better inhib- 
itor (by more than 10-fold) of aryl hydrocarbon 
hydroxylase activity than metyrapone or 7,8-ben- 
zoflavone in liver microsomes from rats regardless 
of pretreatment: control untreated, or 
benzo[a]pyrene, Aroclor 1254, or phenobarbital [5]. 
These data suggest to us a somewhat unique inter- 
action between ellipticine and many (or all) forms 
of P-450. This report, therefore, extends those stud- 
ies by Lesca and coworkers. Through the use of this 
very potent inhibitor of P-450 reduction, we were 
able to extrapolate our findings to many other Type 
II compounds having poorer affinity for the P-450 
reductase than ellipticine and to arrive at a general 
concept for distinguishing between ‘““NADPH-cyto- 
chrome P-450 reductase activity” and “NADPH- 
cytochrome c reductase activity”. 
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MATERIALS AND METHODS 


Materials. Benzo[a]pyrene, 3-MC,* NADPH, 
octylamine-l, and cytochrome c (Type III, horse 
heart) were purchased from the Sigma Chemical Co, 
(St. Louis, MO); NADPH from Boehringer-Mann- 
heim Biochemicals (Indianapolis, IN); pyridine from 
the Baker Chemical Co. (Phillipsburg, NJ); metyr- 
apone from the Aldrich Chemical Co. (Milwaukee, 
WI); aniline and acetanilide from the Eastman 
Kodak Co. (Rochester, NY); ethylmorphine and 
sodium phenobarbital from Merck & Co. (Rahway, 
NJ); [*C]acetanilide (uniformly labeled in the ring, 
11 mCi/mmole) from California Bionuclear (Sun 
Valley, CA); generally tritiated 4-hydroxyacet- 
anilide[*H] (400 mCi/mmole) from New England 
Nuclear (Boston, MA); and generally tritiated 
[*H]benzo[a]pyrene (20 Ci/mmole) from the Amer- 
sham/Searle Corp. (Arlington Heights, IL). Ellip- 
ticine was a gift from Mr. Leonard H. Kedda, Drug 
Synthesis and Chemistry Branch, National Cancer 
Institute, National Institutes of Health (Bethesda, 
MD). The remainder of the materials was obtained 
from sources cited previously [6,7]. Benzo[a]pyrene, 
acetanilide, and 4-hydroxyacetanilide[*H] were 
recrystallized prior to use [8,9]. B6 and D2 mice 
were obtained from the Veterinary Resources 
Branch, National Institutes of Health Animal Supply 
(Bethesda, MD). All animals were weanlings of 
either sex. 

Treatment of mice and preparation of microsomes. 
3-MC in corn oil was administered as a single intra- 
peritoneal dose (200 mg/kg) 2 days before killing. 
Phenobarbital in 0.85, NaCl was given as intraper- 
itoneal doses of 30 mg/kg the first day and 60 mg/kg 
the second and third days; the mice were killed 24 
hr after the third dose. Untreated controls received 
either corn oil (50 ml/kg) or 0.85%, NaCl (25 ml/kg) 
within the same time frame; in several experiments, 
no differences in the properties of either microsomal 
reductase were found under either control condition. 
Liver microsomes in 30‘, glycerol-0.25 M potassium 
phosphate buffer, pH 7.25, were prepared exactly 
as described in detail [10]. Freezing the microsomal 
pellet at —80° for 1 week or longer before use did 
not affect the results. 

Enzyme assays. Aryl hydrocarbon hydroxylase 
[8], acetanilide 4-hydroxylase [9], ethylmorphine N- 
demethylase [11], NADPH-cytochrome P-450 
reductase [12], and NADPH-cytochrome c reductase 
[13] activities were determined by the methods 
described in the references cited. An Aminco- 
Chance DW-2 recording spectrophotometer was 
used with the dual-beam mode for the P-450 reduc- 
tase (450 vs 490 nm) and the cytochrome c reductase 
(550 vs 557.2 nm) assays. 

Spectrophotometry. Total P-450 content was deter- 
mined as usual [14], with an extinction coefficient 
of 91 mM~'cm~! for the difference in absorption 
between the Soret maximum around 450 nm and the 
baseline at 490 nm. Difference spectra were 
obtained by the original method described by Rem- 
mer et al. [15]. 





* Abbreviations used are: 3-MC, 3-methycholanthrene; 
B6, the inbred CS7BL/6N mouse strain; and D2, the inbred 
DBA/2N mouse strain. ; 


Binding of radiolabeled benzo{a|pyrene metab- 
olites to DNA. The techniques for (i) incubation of 
liver microsomes with NADPH, deproteinized 
salmon sperm DNA, and [*H]benzo[a]pyrene, (ii) 
reisolation of the DNA, (iii) digestion of the DNA 
with DNase I, phosphodiesterase type II, and alka- 
line phosphatase type II, and (iv) the purification of 
benzo[a]pyrene metabolite—nucleoside complexes 
eluted by Sephadex LH20 column chromatography 
were all performed exactly as described previously 
[7]. 
Addition of inhibitors to enzyme assays. Ellipticine 
in dimethylsulfoxide, and metyrapone, octylamine- 
1, or pyridine in acetone, and aniline HCl in water 
were added in minimal amounts to the enzyme 
assays. Control 100 per cent starting activity denotes 
in all cases the enzyme activity to which the minimal 
amount of vehicle alone had been added. Each 
experiment was performed three times to ensure 
reproducibility; a typical experiment is illustrated. 


RESULTS 


Inhibitory effect of ellipticine on three mono-oxy- 
genase activities. Ellipticine markedly inhibited, to 
about the same extent, aryl hydrocarbon hydroxyl- 
ase, acetanilide 4-hydroxylase, and ethylmorphine 
N-demethylase activities (Fig. 2). The unusual aspect 
of this finding is that there was no preferential 
inhibition by ellipticine of control versus 3-MC- 
induced aryl hydrocarbon hydroxylase or acetanilide 
4-hydroxylase activity. Moreover, it is unusual that 
control and phenobarbital-induced ethylmorphine 
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Fig. 2. Effects of ellipticine in vitro on three liver micro- 
somal mono-oxygenase activities from control, 3-methyl- 
cholanthrene-treated (MC), or phenobarbital-treated 
(PhBarb) B6 mice. The initial “100 per cent activity” for 
aryl hydrocarbon hydroxylase was 470 and 2280 pmoles of 
3-hydroxybenzo[a]pyrene formed/min/mg of protein in 
control and 3-methylcholanthrene-treated mice respec- 
tively. The “100 per cent activity” for acetanilide 4- 
hydroxylase was 610 and 2900 pmoles of 4-hydroxyacetan- 
ilide formed/min/mg of protein in control and 3-methyl- 
cholanthrene-treated mice respectively. The “100 per cent 
activity” for ethylmorphine N-demethylase was 11 and 
38 nmoles of formaldehyde formed/min/mg of protein in 
control and phenobarbital-treated mice respectively. The 
appropriate amount of ellipticine was added in 10 pl 
dimethylsulfoxide to the usual 1-ml reaction mixture, and 
the mixture was incubated at 37° for 1 min prior to addition 
of the substrate to start the reaction; samples not containing 
ellipticine received 10 ul dimethylsulfoxide alone. 





Distinction between NADPH-P-450 and NADPH-cytochrome c reductases 
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Fig. 3. Effects of ellipticine on benzo[a]pyrene metabolites covalently bound to DNA, as shown by a 
Sephadex LH20 column chromatogram of enzymically digested DNA. Microsomes (4 mg protein) from 
six combined livers of 3-methylcholanthrene(MC)-treated B6 (panel A) or D2 (panel B) mice were 
incubated for 30 min at 37° in a total volume of 10 ml containing NADPH and an NADPH-regenerating 
system, 20mg of deproteinized salmon sperm DNA, and 60 nmoles of [*H]benzo[a]pyrene [7]. The 
DNA was then reisolated and digested to nucleosides by the method described in detail [7]. Peaks A 
(most polar) through I (least polar) were eluted by a 30-100% methanol in water gradient, and those 
benzo[a]pyrene metabolites known to contribute to each of these nine peaks have been tentatively 
identified [7, 17]. The nucleoside(s) component in each peak is unknown, except that peak E is known 
to contain principally benzo[a]pyrene 7,8-diol-9,10-epoxide bound via the 7N of guanine [18; reviewed 
in Ref. 19]. The possible sources of the radioactivity eluted prior to fraction No. 40 are not understood 
and have been discussed elsewhere [7]. 





N-demethylase activities were inhibited as much as 
the aryl hydrocarbon hydroxylase and acetanilide 4- 
hydroxylase activities. Control aryl hydrocarbon 
hydroxylase activity and 3-MC-induced aryl hydro- 
carbon hydroxylase activity are catalyzed by different 
forms of P-450, and this fact appears to be true also 


Apparent K, Values: 


MC 0.42 uM 

Control 0.21 uM 

PhBarb 0.98 uM 
600 


for control and 3-MC-induced acetanilide 4- 
hydroxylase activity (discussed in detail in review, 
Ref. [16]). 

Inhibition of DNA binding of benzo|alpyrene 
metabolites by ellipticine. Since ellipticine had been 
shown [5] to block total covalent binding of 
benzo[a]pyrene metabolites to DNA, we wondered 
if any metabolite—nucleoside peaks would be pref- 
erentially inhibited (Figs. 3A and 3B). Peaks A 
through F and H and I comprise metabolites pre- 
dominantly formed by 3-MC-inducible Pi-450 com- 
plexed with one or more nucleosides and, therefore, 
are much greater in the 3-MC-treated genetically 
responsive B6 mouse than the 3-MC-treated genet- 
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Fig. 4. Lineweaver—Burk plot of the peak-to-trough height 
(4Aa428-412) of the Type II difference spectrum as a function 
of ellipticine concentration in liver microsomes from con- 
trol, 3-methylcholanthrene-treated (MC), or phenobarbi- 
tal-treated (PhBarb) B6 mice. Between 10 and S0Ouwul 
dimethylsulfoxide containing ellipticine were added to the 
2.5 ml in the sample cuvette, and a corresponding amount 
of dimethylsulfoxide alone was added to the reference 
cuvette. The same maximal spectra effect was obtained by 
the noncumulative addition of a highly concentrated sol- 
ution of ellipticine in dimethylsulfoxide. The microsomal 
protein concentration was between 0.5 and 1.0 mg/ml. 


ically nonresponsive D2 mouse [17]. Peak G rep- 
resents metabolism by one or more forms of control 
P-450; this is principally the 4,5-oxide bound to one 
or more nucleosides [7] and thus is much greater in 
the D2 than in the 3-MC-treated B6 mouse [17]. 
Ellipticine appeared to block preferentially Pi-450- 
mediated metabolites which bind to DNA more than 
reactive metabolites catalyzed by control forms of 
P-450. Ellipticine blocked all benzo[a]pyrene metab- 
olite formation to some extent, however. Therefore, 
it appears that ellipticine is acting at a site prior to 
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Fig. 5. Effects of ellipticine (top) or metyrapone (bottom) 
on the P-450 reductase (left) and the cytochrome c reduc- 
tase (right) activities in liver microsomes from control, 3- 
methylcholanthrene-treated (MC), or phenobarbita!- 
treated (PhBarb) B6 mice. For the P-450 reductase assay, 
ellipticine in 20 yl dimethylsulfoxide or metyrapone in 20 pl 
acetone was added to the reaction mixture prior to addition 
of the NADPH to initiate the 3-ml reaction in the experi- 
mental cuvette. For the cytochrome c reductase assay, 20 pl 
dimethylsulfoxide containing ellipticine and 20 ul acetone 
containing metyrapone were added to the reaction mixture 
prior to starting the 3-ml reaction by the addition of 
NADPH. After an appropriate preincubation time at room 
temperature (about 10-15 min, i.e. the same amount of 
time required to obtain anaerobic conditions for the P-450 
reductase assay), the cytochrome c reduction rates were 
determined. At these concentrations of Type II compounds 
and during these time periods, it was determined that 
spectral changes caused by Type II compounds complexed 
with reduced P-450 did not interfere significantly with either 
reductase assay. Reference cuvettes received appropriate 
volumes of these solvents alone. Each symbol represents 
the mean of three experiments, with standard deviations 
of + 15 per cent or less. The typical “100 per cent activity” 
for control, 3-methylcholanthrene-induced, and phenobar- 
bital-induced P-450 reductase activity was 4.4, 5.0 and 
8.0 nmoles P-450 reduced/mg of microsomal protein respec- 
tively. The typical “100 per cent activity” for control, 3- 
methylcholanthrene-induced, and phenobarbital-induced 
cytochrome c reductase was 42, 45 and 63 nmoles cyto- 
chrome c reduced/mg of microsomal protein respectively. 


the oxygenation of various substrates by the different 
forms of P-450. 

Apparent binding constant between ellipticine and 
P-450. As had been true with rat liver microsomes 
[5], the apparent K; value for control mouse liver 
microsomes (Fig. 4) was lower than that for 3-MC- 
induced microsomes, and both of these values were 
lower than that for phenobarbital-induced micro- 
somes. These data indicate that certain differences 
do exist in the specific interaction between ellipti- 
cine and the numerous forms of control or inducible 
P-450. 
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Fig. 6. Effect of octylamine-1 (top), pyridine (middle), or 

aniline (bottom) on the P-450 reductase (left) and the 

cytochrome c reductase (right) activities in liver microsomes 

from control, 3-methylcholanthrene-treated (MC), or 

phenobarbital-treated (PhBarb) B6 mice. Additional 

experimental details are provided in the legend to Fig. 5 
and under ‘Materials and Methods.’ 


Effects of ellipticine and other Type II compounds 
on P-450 reductase and cytochrome c reductase activ- 
ities. Ellipticine at increasing concentrations in vitro 
blocked equally the P-450 reductase activity from 
control, 3-MC-treated, and phenobarbital-treated 
mice (Fig. 5), whereas cytochrome c reductase 
activity remained unaffected at these concentrations. 
Metyrapone inhibited the P-450 reductase activity 
from 3-MC- and phenobarbital-treated mice more 
so than that from control mice, but this difference 
was not significantly (P > 0.05) different statistically. 
The cytochrome c reductase activity was only slightly 
affected by these concentrations of metyrapone. 

Three other commonly used Type II compounds— 
octylamine-1, pyridine and aniline—displayed (Fig. 
6) the same preferential inhibition of the P-450 
reductase activity, compared with little or no effect 
on the cytochrome c reductase activity. We also 
examined butanol-1, a compound having pure 
Reverse Type I character [20]: 40mM _ butanol-1 
inhibited the P-450 reductase activity only 15.7 + 7.9 
per cent (mean + standard error from three experi- 
ments), and the cytochrome c reductase activity 
remained 100 per cent of normal (data not 
illustrated). 


DISCUSSION 


The findings in this report are consistent with the 
following hypothesis (Fig. 7). Evidence now exists 
from several laboratories [21-24] that one electron 
is transferred anaerobically from the reductase to 
cytochrome P-450 before atmospheric oxygen can 
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Fig. 7. Heuristic diagram of the reduction of P-450 ferric iron by electrons provided via one or more 

flavoprotein-containing reductases. After the entrance of one electron into the enzyme, molecular 

oxygen is able to bind, and the substrate (R-H) can receive the second electron and become oxygenated. 

The postulated point at which ellipticine and the other Type II compounds appear to interact is 
illustrated. 


bind. Ellipticine (and other Type II compounds 
which bind with less avidity to P-450) thus appears 
to block the transfer of the first electron from the 
NADPH-reduced reductase(s). A very recent paper 
[25] indicates that electron transfer from the FAD 
to the FMN moiety of the reductase molecule is 
thermodynamically favorable. Therefore, the FMN 
is probably very close to, or may comprise, the site 
which binds to P-450 and passes the first electron to 
P-450. Whereas the electron transfer from the reduc- 


tase to the P-450—substrate complex can be largely 
blocked by ellipticine and other Type II compounds, 
the electron transfer from the reductase to soluble 
cytochrome c remains relatively unaffected. 
Trypsin treatment of the 76,000 dalton reductase 
molecule [24] yields an enzyme of about 69,000 dal- 


HYDROPHILIC SITE 


CYTOCHROME 
c 


ECT 


CYTOCHROME 
c 


tons, which retains the hydrophilic binding site 
(capacity to reduce cytochrome c) yet loses its 
hydrophobic binding site (capacity to reduce P-450). 
In combination with that finding, the data in the 
present report suggest (Fig. 8) that the hydrophobic 
binding site of the reductase interacts favorably with 
the P-450-substrate complex in the presence of the 
Type I substrate or a Reverse Type I compound such 
as butanol. With the strong nitrogenous ligand of 
ellipticine and other Type II compounds, however, 
the P-450-substrate complex does not interact well 
with the hydrophobic binding site of the reductase. 
Whether the P-450 ferric iron is high spin (Type I) 
or 6-coordinated with a weak ligand (Reverse Type 
I) or 6-coordinated with a strong ligand (Type II) 
does not affect, moreover, the hydrophilic binding 
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Fig. 8. Hypothetical diagram illustrating the hydrophobic (P-450 reductase) and the hydrophilic (cyto- 

chrome c reductase) binding sites on the flavoprotein reductase. High spin P-450 ferric iron with bound 

substrate (left) and low spin P-450 ferric iron coordinated with an oxygen in the sixth position as derived 

from butanol-1 (BuOH) (middle) are both able to bind and receive reducing equivalents from the 

reductase. Low spin P-450 ferric iron caused by Type II compounds (R-NHz) (right), however, is unable 
to bind and receive in the usual manner the first electron from the reductase. 
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site of the reductase and its transfer of an electron 
to soluble cytochrome c. Previous reports [26,27] 
have indicated that Type II compounds cause a 
slower reduction of P-450 than do Type I compounds, 
but to our knowledge this is the first report which 
compares in the same liver preparation the effects 
of Type II compounds (and a Reverse Type I com- 
pound) on the P-450 reductase activity and the 
cytochrome c reductase activity. 

Growing evidence implicates an ever increasing 
number of individual forms of P-450 [28-32]. “‘P-450 
reductase activity” most likely represents the sum 
of numerous forms of P-450 being reduced at dis- 
tinctly different rates. 

It should be appreciated [20] that a single drug 
may have properties of “pure Type I character,” 
“pure Reverse Type I character’, and/or ‘‘pure Type 
II character” all within the same molecule (Fig. 9), 
and that each of these moieties may interact with 
the various forms of P-450 with varying Ks values. 
A barbiturate or a sex steroid is an example of a P- 
450 substrate having more than one type of binding 
within the same molecule; the difference spectrum 
of a sex steroid, for example, may therefore be Type 
I at low substrate concentrations and change to 
Reverse Type I at higher substrate concentrations. 
In this study we used octylamine-1, pyridine and 
aniline because they are compounds having predom- 
inantly Type II character; butanol-1 has relatively 
pure Reverse Type I character. 

We have shown here that ellipticine binds to P- 
450 with an affinity greater thai. rast other com- 
pounds known to interact with P-45U and that con- 
trol, 3-MC-induced, and _ phenobarbital-induced 
mono-oxygenase activities known to be associated 
with numerous different forms of P-450 are all mark- 
edly inhibited by ellipticine to about the same extent. 
Metyrapone, for example, has an apparent K; value 
of about 0.7 uM [33], yet preferentially binds to 
certain forms of P-450 other than P1-450 [34] and 
preferentially inhibits mono-oxygenase activities 
associated with such forms of P-450. 1-(2-Isopro- 
pylphenyl)imidazole behaves similarly to metyra- 
pone both in its high affinity for P-450 and in its 
preferential inhibition of the same types of mono- 
oxygenase activity [reviewed in Ref. 16]. a- 
Naphthoflavone preferentially binds to 3-MC-indu- 
cible forms of P-450 and preferentially blocks mono- 
oxygenase activities associated with such forms [35, 
reviewed in Ref. 16]. Why does ellipticine behave 
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differently from such compounds as metyrapone, 1- 
(2-isopropylphenyl)imidazole, or a-naphthofla- 


vone? Perhaps a second ellipticine molecule binds 
to the reductase in a site other than the sixth coor- 
dinate position which is shared with P-450 ferric iron. 
Further stoichiometric studies with purified reduc- 
tase and purified forms of P-450 are indicated. 
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Abstract—The presence of a beta2-adrenergic receptor in the epidermis has been demonstrated, based 
on the following pieces of information: (1) the addition of salbutamol, a beta2-agonist, to slices of 
epidermal tissue increased the levels of cyclic AMP in the tissue above control levels in a dose-dependent 
manner with a maximum response after 5 min of incubation in 5 x 10° M salbutamol, (2) the addition 
of butoxamine, a beta2-antagonist, in conjunction with isoproterenol or salbutamol reduced the epidermal 
cyclic AMP levels when compared to levels obtained with agonist alone, (3) practolol, a betai-antagonist, 
had little effect on the salbutamol-induced increases in the cyclic AMP levels and further elevated the 
levels of cyclic AMP obtained by the addition of isoproterenol, (4) the addition of propranolol to the 
tissue in conjunction with isoproterenol or salbutamol reduced the levels of cyclic AMP to near control 
values, and (5) Ro 20-1724, a cyclic nucleotide phosphodiesterase inhibitor, maintained the salbutamol- 
elevated cyclic AMP levels for a longer period of time. 


Cyclic AMP has been implicated as an important 
modulator or control component in cellular prolifer- 
ation [1, 2] and/or differentiation [3, 4] in a number 
of systems. The epidermis appears to be a suitable 
system for investigating the possible regulatory role 
for this compound since the epidermis is a tissue 
undergoing constant renewal wherein the cells nor- 
mally progress through a differentiative process 
before sloughing into the environment. The presence 
of a beta-adrenergic responsive system in the epi- 
dermis has been established [2, 5, 6]. Since beta- 
adrenergic receptors have been subdivided further 
into B: and B2, based on the response elicited from 
a series of sympathomimetic amines with respect to 
cardiac stimulation or bronchodilation and vaso- 
pressor activities [7], the further establishing of the 
B: or B2 nature of the receptors in the epidermis was 
of interest from a scientific as well as a practical 
point of view. If cyclic AMP does have an important 
role in the control of proliferation or differentiation 
in the epidermis, then the type of receptor present 
in the epidermis would be important from the point 
of view of treating skin disease. It would seem to be 
advantageous to the patient to be able to alter the 
cyclic AMP levels in the epidermis with minimal 
involvement of cardiac function. Therefore, a Bi and 
Bo-agonist, isoproterenol (IPR) [7], a 62-agonist, sal- 
butamol [8, 9], a 6: and f2-antagonist, propranolol 
[10], a Bi-antagonist, practolol [11], and a B2-antag- 
onist, butoxamine [10-12], were utilized in an 
attempt to delineate the nature of the receptor pres- 
ent in the epidermal tissue. 


MATERIALS AND METHODS 


Hairless mice (HRS/J) were obtained from Jack- 
son Laboratories (Bar Harbor, ME), the Castroviejo 





* Part of this work has been presented in abstract form 
at the Federation of American Societies for Experimental 
Biology in April, 1977. 
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keratome from the Storz Instrument Co. (St. Louis, 
MO), and isoproterenol, norepinephrine and pro- 
pranolol from the Sigma Chemical Co. (St. Louis, 
MO). The following compounds were received as 
gifts: butoxamine from the Burroughs Wellcome Co. 
(Triangle Park, NC), papaverine hydrochloride from 
Eli Lilly & Co. (Indianapolis, IN), practolol from 
Ayerst Laboratories Inc. (New York, NY), QH-25B 
from Pharmacia As (Hiller@d, Denmark), Ro 20- 
1724 from Hoffmann-LaRoche Inc. (Nutley, NJ), 
and salbutamol (albuterol) from the Schering Co. 
(Kenilworth, NJ). 

Young adult male mice were killed by cervical 
dislocation, and epidermal strips were immediately 
removed with a Castroviejo keratome, adjusted to 
a depth of 0.1 mm. These epidermal strips were cut 
into small pieces and placed in beakers containing 
a Krebs-Ringer bicarbonate solution with added 
glucose. One mouse yields approximately 60-80 mg 
wet weight of epidermis, which is sufficient material 
for at least one time point. 

Slices were preincubated for 20 min at 37° in a 
shaking water bath. At zero time the test compounds 
were added to the experimental beakers and buffer 
was added to the control beakers. At the designated 
time points, tissue samples were removed and 
immediately placed in liquid nitrogen. The samples 
were weighed, pulverized under liquid nitrogen, and 
homogenized in 6% trichloroacetic acid containing 
tracer amounts of tritiated adenosine 3’,5’-cyclic 
monophosphate ([*H]-cyclic AMP). The homogen- 
ates were centrifuged at 18,000 g for 20 min at 4°. 
The supernatant fractions containing cyclic AMP 
were extracted three times with 6 vol. of water- 
saturated ethyl ether. The pellets from the centrifu- 
gation step were saved for the DNA determination 
[13], using salmon sperm DNA as the standard, and 
for the protein determination [14], using crystalline 
bovine serum albumin as the standard. 

The cyclic AMP present in the ether-extracted 
supernatant fractions was partially purified by col- 
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Fig. 1. Salbutamol-induced increases in cyclic AMP levels 
in incubated mouse epidermal slices. Keratomed mouse 
epidermal slices were preincubated for 20 min at 37° prior 
to drug addition. Tissue aliquots were removed at the time 
points indicated and immediately frozen in liquid nitrogen. 
Methods for cyclic AMP determination are given in 
Materials and Methods. The numbers in parentheses indi- 
cate the number of individual experiments represented at 
each data point. 


umn chromatography of Bio-Rad AG 1-X2 resin in 
the chloride form. After application of the samples, 
the columns were washed with water, followed by 
elution of the cyclic AMP from the resin with a 
solution of 0.01 N HCI. The fractions containing the 
cyclic AMP were lyophilized, and subsequently the 
samples were resuspended in sodium acetate buffer, 
pH 4.4. An aliquot of the resuspended samples was 
counted to determine the percentage of the cyclic 
AMP recovered for assay. The amount of cyclic 
AMP in the samples was determined by the protein 
binding method [15] with each sample assayed in 
duplicate at three dilutions. 

The human biopsy samples were obtained with a 
keratome setting of 0.1 mm from uninvolved areas 
and 0.25 to 0.45 mm for areas with lesions. The areas 
to be keratomed were infiltrated with 1% lidocaine 
without epinephrine just prior to the removal of the 
epidermis. All other procedures were identical to 
those listed for mouse tissue. 


RESULTS 


The curves shown in Fig. 1 indicate the levels of 
cyclic AMP obtained in the epidermal slices in 
response to increased concentrations of salbutamol 
in comparison to control samples after 5 and 10 min 
of incubation. The maximum accumulation of cyclic 
AMP (3.8-fold increase) occurred at a concentration 
of approximately 5 x 10~° M salbutamol after 5 min 
of incubation, with a slightly lower accumulation 
(3-fold increase) after 10 min of incubation in 10~4 
M salbutamol. The absence of a cyclic nucleotide 
phosphodiesterase (PDE) inhibitor in the experi- 
ment may account for the decrease in cyclic AMP 
levels after 10 min of incubation in comparison to 
the levels of cyclic AMP after 5 min of incubation. 

In data not shown, the antagonists (practolol, pro- 
pranolol or butoxamine) have no significant effect 
on the basal level of 6.9 + 1.1 pmoles cyclic AMP/mg 


of protein present in the epidermal slices after 5 or 
10 min of incubation. The effects of adding each of 
these antagonists to the epidermal slices in conjunc- 
tion with salbutamol are demonstrated in Table 1. 
The addition of 5 x 10~° M salbutamol to the slices 
resulted in a 3.8-fold increase in the cyclic AMP 
levels; this increase was reduced to control levels by 
the addition of 10~° or 10~* M propranolol to the 
tissue just prior to the addition of salbutamol. 

The results obtained by incubating the epidermal 
slices with a betai-antagonist practolol, in addition 
to the agonist salbutamol, are given in Table 1. The 
addition of 10~° M practolol to the epidermal slices, 
in addition to salbutamol, resulted in a slight (12 per 
cent) decrease in the cyclic AMP levels in comparison 
to the values obtained in the presence of salbutamol 
alone. At a 10-fold higher concentration of practolol, 
a 49 per cent decrease in the amount of cyclic AMP 
accumulation occurred in comparison to salbutamol 
alone after 5 min of incubation. The increased accu- 
mulation of cyclic AMP in the epidermal slices after 
5 min of incubation with salbutamol was decreased 
60 per cent by the addition of 10~° M butoxamine 
to the tissue. A 10-fold increase in the concentration 
of this antagonist resulted in a slight but significant 


Table 1. Effects of propranolol, butoxamine and practolol 
on salbutanol-increased cyclic AMP levels in mouse epi- 
dermal tissue* 





cAMP? 

(pmoles/ 
mg 

protein) 


Additions p valuet 





7.5+0.4 
28.1 + 7.1 


None 
5 x 107° M Salbutamol 
5 x 107° M Salbutamol 


0.021 
+ 7.1+0.4 0.010 
1 x 10~° M Propranolol 


5 x 10~° M Salbutamol 
0.015 


+ 
1 x 10°* M Propranolol 
5 x 107° M Salbutamol 
+ 
1 x 1075 M Butoxamine 
5 x 107° M Salbutamol 
rt 0.022 
1 x 10~* M Butoxamine 


5 x 107° M Salbutamol 
24.8+ 6.5 0.445 


oa 
1 x 107° M Practolol 


5 x 107° M Salbutamol 
14.4+3.2 0.296 


+ 
1 x 107* M Practolol 





* Epidermal tissue slices were preincubated for 20 min 
at 37° in buffer. The antagonists and salbutamol were added 
simultaneously at zero time. 

+ Data are expressed as the mean + standard error of 
the mean. 

+ The P value for salbutamol alone is in comparison to 
control. All other P values compare the salbutamol plus 
antagonist to salbutamol alone. Because of the interrelated 
nature of the three tests, a multiple comparison procedure 
should be employed. Using an overall a-level of 0.1, the 
three treatment comparisons are significant. 





Beta2-adrenergic receptor in epidermis 


Table 2. Effects of a cyclic nucleotide phosphodiesterase 
inhibitor in the presence of salbutamol on cyclic AMP 
levels in mouse epidermal tissue* 





cAMP? 


Additions (pmoles/mg protein) 





10.4 + 2.5 
17.6 + 2.8 
24.1 + 2.7 


None 

5 x 10~* Ro 20-1724 

5 x 107° M Salbutamol 
5 x 107° M Salbutamol 
74.8 + 9.3 


~ 
5 x 10°* M Ro 20-1724 





* Epidermal tissue slices were preincubated for 20 min 
in buffer at 37°. At zero time Ro 20-1724 and/or salbutamol 
were added to the various beakers containing tissue. After 
5 min of incubation the tissue slices were removed and 
immediately frozen in liquid nitrogen. 

+ Data are expressed as the mean + standard error of 
the mean; N = three experiments. 


additional decrease in the cyclic AMP levels. Similar 
results were observed after 10 min of incubation. 
In an attempt to obtain further information con- 
cerning the effectiveness of the betaz-agonist sal- 
butamoi, the PDE inhibitor Ro 20-1724 was added 
to the incubation mixture in addition to the agonist. 
The addition of Ro 20-1724 (10° to 5 x 10-* M) to 
the epidermal tissue slices resulted in a maximum 
increase of 84 per cent in the cyclic AMP levels 
above control values after 5 min of incubation (data 
not shown). As shown in Table 2, salbutamol 
increased the cyclic AMP levels 2.3-fold above con- 
trol levels after 5 min of incubation. The addition of 
the PDE inhibitor and the agonist resulted in a 
synergistic 7.2-fold increase in the cyclic AMP levels. 
The results obtained with the addition of the beta: 
and beta2-agonist (IPR) to the epidermal tissue slices 
are given in Table 3. The samples were also treated 


Table 3. Effects of butoxamine and practolol on cyclic 
AMP levels elevated by a B1 and B2-agonist* 





cAMP? 


Additions (pmoles/mg protein) 





75+ 0.9 
09 = 7.1 


None 
10~° M Isoproterenol 
10° M Isoproterenol 
+ 82.4 + 15.5 
10~° M Practolol 
10~° M Isoproterenol 
+ 36.6 + 7.0 
10~* M Practolol 
10~° M Isoproterenol 
; + 40.0 + 10.2 
10-° M Butoxamine 
10°°M Isoproterenol 
+ Z3 st 41 
10-* M Butoxamine 





* Keratomed epidermal slices were preincubated at 37° 
for 20 min in buffer solution. At zero time isoproterenol 
and/or antagonist were added to the tissue in the various 
beakers. After 5 min of incubation the tissue samples were 
removed and immediately frozen in liquid nitrogen. 

+ Data are expressed as the mean + standard error of 
the mean; N = eight experiments. 
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Fig. 2. Dose-response curves obtained by incubating mouse 
epidermal tissue slices with various concentrations of iso- 
proterenol or norepinephrine. Keratomed mouse epider- 
mal slices were preincubated for 20 min at 37° prior to the 
addition of isoproterenol (IPR) or norepinephrine (NE). 
Tissue samples were removed after 5 min of incubation and 
immediately frozen in liquid nitrogen. The procedures for 
cyclic AMP determination are given in Materials and 
Methods. Each data point represents the mean of two 
separate experiments. 


with the specific antagonists to determine the effects 
that these compounds have on the stimulation of 
cyclic AMP accumulation by IPR. IPR increased the 
levels of cyclic AMP in the tissue 6.8-fold after 5 min 
of incubation. After 10min of incubation in the 
absence of a PDE inhibitor, this decreased to 2.9- 
fold. If the betai-antagonist was added to the tissue 
just prior to the addition of the IPR, there was an 
increase in cyclic AMP accumulation to almost 10- 
fold by the addition of 10~° M practolol. A 10-fold 
higher concentration in the practolol levels decreased 
the initial elevation to 4.9-fold. In contrast, the 
addition of 10~° M butoxamine to the tissue samples 
just prior to the addition of IPR resulted in a decrease 
in the levels of cyclic AMP accumulation to 5.3-fold. 
A 10-fold increase in the beta2-antagonist levels 
reduced cyclic AMP accumulation to 2.2-fold. 

The dose-response curves obtained by the addi- 
tion of a series of concentrations of IPR or norepi- 
nephrine (NE) to epidermal slices are shown in Fig. 
2. IPR is more potent in that 10~* M IPR produced 
an 8.3-fold increase in the cyclic AMP levels in the 
epidermal slices, while 5 x 10~*M NE is required 
to produce a 6.5-fold increase in the cyclic AMP 
levels. 

The results obtained with human biopsy samples 
are shown in Table 4. The addition of QH-25B (10° 
M), a putative beta2-agonist, to involved psoriasis 
tissues or normal-appearing uninvolved tissues 
resulted in a 2-fold increase in the amount of cyclic 
AMP accumulated in the tissue samples compared 
to control samples. The same results were obtained 
whether DNA or protein content was used as the 
data base for expressing the cyclic AMP 
concentrations. 
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Table 4. Effect of lipophilic 62-agonist on cyclic AMP levels in human psoriatic 
and uninvolved epidermis* 





cAMP 
(pmoles/pg 
DNA) 


cAMP? 
(pmoles/mg protein) 





0.04 
0.04 


0.12 
0.07 


15.2 + 0. 
30.0 + 1. 


Uninvolved epidermis 0.7 
+ 10°° M QH-25B 1.5 


10.6 + 2. 
oa.8 % 3. 


Psoriatic epidermis 0.7 
+ 10°° M QH-25B 





* Both involved (lesional) and uninvolved epidermal areas were removed with 
a keratome from each patient. The epidermal strips were cut into 3 mm squares 
and preincubated for 20 min in Krebs-Ringer bicarbonate buffer. At zero time 
QH-25B was added to the experimental beakers containing tissue. After 5 min 
of incubation the tissue samples were removed and immediately frozen in liquid 


nitrogen. 


+ Data are expressed as the mean + standard error of the mean; N = three 
separate patient biopsies from involved and uninvolved areas. 


DISCUSSION 

The presence of a functional beta-adrenergic 
receptor in the epidermis has been demonstrated, 
as determined by an increase in the levels of cyclic 
AMP in the epidermis in response to the addition 
of IPR or epinephrine to the tissue [2, 5, 6]. What 
effect such an increase in the levels of cyclic AMP 
may have with respect to the control of proliferation 
or differentiation in this tissue remains an area of 
active research. 

There are clinical data that suggest that beta 
antagonists can alter epidermal proliferation and 
differentiation [16-18]. Experimentally, the intra- 
dermal injections of propranolol can _ induce 
increased rates of proliferation in uninvolved skin 
of psoriatic patients in comparison to control popu- 
lation [16]. The data can be interpreted to indicate 
that a blockade of the beta receptor and a possible 
decrease in cyclic AMP levels may lead to increased 
proliferation. Practolol (a betai-antagonist), when 
administered clinically, can induce psoriasiform 
lesions [17, 18] in individuals. These data are more 
difficult to interpret in light of the data presented in 
this paper which indicate that the receptor in the 
epidermis is beta2 in nature. The practolol effects 
may be non-specific or an indirect effect via a dermal 
component that alters the epidermal cyclic AMP 
system. 

In the isolated epidermal system employed in this 
study, the keratomed epidermal strips contained less 
than 10 per cent dermal contamination. The epider- 
mal strips responded to the beta2-antagonist salbu- 
tamol with an increase in the levels of cyclic AMP 
in the tissue. The increase in cyclic AMP could be 
diminished by the addition of the beta2-agonist 
butoxamine but not by the betai-antagonist practo- 
lol. Similar results were obtained with IPR, in that 
the increased levels of cyclic AMP were lessened 
with butoxamine addition, but the control levels 
were not achieved. Practolol did not decrease the 
IPR-induced increase in cyclic AMP levels; in fact, 
the cyclic AMP levels were increased. Also isopro- 
terenol is a better agonist than norepinephrine in 
increasing the levels of cyclic AMP in the epidermal 
slices. From previous experiments, epinephrine is 
known to be a weak agonist. These data would also 


suggest that a beta2 receptor occurs in the epidermis. 
Thus, in the isolated system relatively free of dermis, 
the receptor appears to correspond to the beta2- 
adrenergic receptor. The beta receptor may have a 
significant input into the regulation of epidermal 
proliferation and differentiation by regulating the 
levels of cyclic AMP in the tissue. 

The incubation of the patient material with the 
lipophilic beta-agonist QH-25B indicates that the 
compound is capable of increasing the levels of cyclic 
AMP in human tissue and may be efficacious clini- 
cally, due to its lipophilic nature. Ro 20-1724 and 
papaverine are both inhibitors of the cyclic AMP 
PDE activity that is present in the epidermis [19]. 
In vitro, these compounds increase the levels of cyclic 
AMP in involved and uninvolved epidermal tissue 
obtained from psoriasis patients. The topical appli- 
cation of a cream containing either of these com- 
pounds, but not cream alone, improves lesional areas 
of psoriasis [20, 21]. These data support the conten- 
tion that cyclic AMP may be a critical component 
in the control of proliferation and differentiation in 
epidermal basal cells. 

Additional information in the literature which 
relates to the role of cyclic AMP in the epidermis 
is obtained from tissue culture systems. In primary 
epidermal basal cell cultures obtained from neonatal 
mice, the addition of 8-bromo-cyclic AMP or cholera 
toxin to the cultures results in an intracellular 
increase in the cyclic AMP levels and an increase in 
the rate of proliferation without apparent loss of 
differentiative function [22]. In the adult guinea pig 
epidermal cell cultures, the addition of dibutyryl 
cyclic AMP or isoproterenol to the cultures inhibited 
cell proliferation, as determined by DNA synthesis 
[23]. In a G2 assay system, the addition of dibutyryl 
cyclic AMP, isoproterenol, or other compounds 
capable of increasing cyclic AMP levels in human 
epidermal cultures inhibited epidermal mitosis [24]. 
Recent studies utilizing adult human primary epi- 
dermal cell cultures indicated that cyclic AMP at 
very low concentrations stimulated epidermal cell 
proliferation as measured by tritiated thymidine 
incorporation into DNA, but at moderate or high 
levels cyclic AMP inhibited cell proliferation [25]. 

Consequently, the beta-adrenergic system in the 
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epidermis and skin from various age groups and 
species needs to be defined more closely to determine 
the effects that this system may have on the main- 
tenance of normal rates of proliferation and 
differentiation. 
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EFFECT OF HISTAMINE ON ADENOSINE 3’, 5’-CYCLIC 
MONOPHOSPHATE LEVELS IN GRANULATION TISSUE 
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Abstract—The effect of histamine on cyclic AMP levels in rat granulation tissue was examined in vivo 
and in vitro. Granulomas formed by subcutaneous implantation of formalin-soaked filter paper disks 
were used as granulation tissue. Histamine injection (5 mg/kg, i.p.) produced a significant increase in 
the cyclic AMP levels for 10-30 min after injection. Administration of either burimamide or mepyramine 
at 1 mg/kg, s.c., 30 min before histamine administration blocked the cyclic AMP increase induced by 
5 mg/kg histamine. Burimamide was more effective than mepyramine. Neither of these histamine 
antagonists at 1 mg/kg blocked the cyclic AMP increase induced by adrenaline (1 mg/kg, i.p.). Pro- 
pranolol at 1 mg/kg, s.c., reversed the cyclic AMP increase due to adrenaline but partially blocked a 
similar effect of histamine. Histamine (1 mM and less), added alone to the incubation medium in which 
the chopped granulation tissue was immersed, had little or no effect on cyclic AMP levels in the 
granulation tissue. However, when histamine (1 and 10 mM) was added concomitantly with 3-isobutyl- 
1-methylxanthine (IBMX) (1mM), a significant increase in cyclic AMP occured, compared to the 
addition of IBMX alone. IBMX (1 mM) alone caused a significant increase in cyclic AMP compared 
to controls in which the drug was omitted. 2-Methylhistamine (5 mM) induced a cyclic AMP increase 
in the presence of IBMX (1 mM). Metiamide (0.01 mM) partially blocked the cyclic AMP increase 
caused by histamine (1 mM) in the presence of IBMX (1mM). Mepyramine (0.01 mM) completely 
blocked this histamine effect. Propranolol (0.01 mM) markedly inhibited the effect of histamine (1 mM). 
These data suggest that histamine causes the cyclic AMP increase partly by the activation of H2-receptors 
on the cells of granulation tissue and partly through the B-receptor action of catecholamines released, 


although the involvement of Hi-receptors cannot be excluded. 


Although it is well known that most of the histamine 
in connective tissue is contained in mast cells [1], the 
role of histamine in the proliferation and function 
of the cells of this tissue is poorly understood. 

In other tissues, histamine markedly stimulates 
gastric acid secretion and has positive inotropic and 
chronotropic effects on a variety of cardiac prep- 
arations [2]. Interaction of histamine with H2-recep- 
tors in gastric mucosa [3-5] and cardiac muscle [6- 
8] results in increased intracellular levels of adeno- 
sine 3',5’-cyclic monophosphate (cyclic AMP) 
through the stimulation of adenylate cyclase. It has 
been proposed that such an increase in cyclic AMP 
levels leads, in turn, to the emergence of pharma- 
codynamic effects via intermediate steps [3-8]. 

Granulation tissue is the site of cell proliferation 
and the active synthesis of intercellular substances. 
It is formed as a connective tissue response to the 
later stages of inflammation [9]. If H2-receptors exist 
on cells in this granulation tissue, activation of such 
receptors may be important in cellular functions 
because of the intermediate effect of elevated cyclic 
AMP levels. In this respect, we have already 
reported the Ho-receptor-mediated inhibition of 
growth of granulation tissue around subcutaneously 
implanted formalin-soaked filter paper disks. This 
inhibition was caused by exogenously administered 
histamine [10]. 

In the present study, the effect of histamine on 
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cyclic AMP levels in granulation tissue was studied 
in an attempt to clarify the role of this amine in the 
patho-physiology of connective tissue. 


MATERIALS AND METHODS 


Materials 


Histamine dihydrochloride, theophylline, 3-iso- 
butyl-1-methylxanthine (IBMX), 2-mercaptoethanol 
and activated charcoal (80-100 mesh, for column 
chromatography) were purchased from Nakarai 
Chemicals (Kyoto, Japan); 2,5-diphenyloxazole 
(PPO), 1,4-bis[2-(5-phenyloxazolyl)]benzene 
(POPOP), toluene and Triton X-100 from Wako 
Pure Chemical Industries (Osaka, Japan); dextran 
T-70 (mean mol. wt = 70,000) from Pharmacia Fine 
Chemicals (Uppsala, Sweden); bovine serum albu- 
min (fraction V) from the Armour Pharmaceutical 
Co. (Kankakee, IL); cyclic AMP from the Sigma 
Chemical Co. (St. Louis, MO); adrenaline hydro- 
chloride from the Sankyo Co. (Tokyo, Japan); pro- 
pranolol hydrochloride from the Sumitomo Chem- 
ical Co. (Osaka, Japan); and mepyramine maleate 
from ICN Pharmaceuticals (Plainview, NY). Buri- 
mamide, metiamide, 2-methylhistamine and 4-meth- 
ylhistamine were gifts from Dr. W. A. M. Duncan 
(The Research Institute, Smith, Kline and French 
Laboratories, Welwyn Garden City, Herts). [8- 
‘H]Adenosine 3’,5’-cyclic monophosphate (cyclic 
(H]AMP; 27.5 Ci/mmole) was obtained from the 
Radiochemical Centre (Amersham, Bucks). 
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Formalin-soaked filter paper granuloma 


Male Wistar rats weighing about 210 g were used. 
Granulomas were induced by subcutaneous implan- 
tation of formalin-soaked filter paper disks, accord- 
ing to a method reported previously [10]. 


In vivo effect of drugs 

The drugs to be tested were administered to rats 
7 days after implantation of filter paper disks. At a 
given time after drug administration, the animals 
were exposed to 40-sec whole body microwave irra- 
diation to rapidly inactivate adenylate cyclase and 
phosphodiesterase, according to the procedure of 
Schmidt et al. [11]. For this purpose, a microwave 
oven (Sharp, model R-1501; 1.3 kW microwave out- 
put) was used. The temperature of the subcutaneous 
tissue rose to above 80° during this procedure. 

Immediately after microwave irradiation, granu- 
lomas were excised, and the weight was measured 
after removing the enclosed filter paper disks. Each 
granuloma was homogenized in a glass homogenizer 
with cold 7% (w/v) trichloroacetic acid added in the 
ratio of 0.9 ml to 100 mg tissue. Twoml of the 
homogenate were pipetted into each of two test tubes 
and used for the cyclic AMP assay. A portion of the 
remainder was saved for protein determination. 

‘ Drugs were dissolved in 0.9% saline. Histamine 
and adrenaline were injected i.p. and the other drugs 
s.c. The-injection volume was 0.1 ml/100 g body wt. 
When testing the influence of other drugs on either 
the histamine or the adrenaline effect, the relevant 
drug was administered 30 min before histamine or 
adrenaline. The dose of histamine was expressed as 
the base, and the dose of adrenaline, propranolol 
or mepyramine as the salt. Control animals received 
0.9% saline. 


In vitro effects of drugs 


Preparation of tissue pieces. Rats were bled to 
death by decapitation on day 7 after implantation 
of filter paper. Granulomas were removed immedi- 
ately and cut, in the cold, into cuboid pieces, each 
side of which was less than 2 mm. 

Incubation of tissue pieces. Pieces of granulation 
tissue (granuloma) were incubated in 10-ml glass 
homogenizers to speed up later processing. About 
500 mg of tissue were suspended in 4.5 ml of modified 
Krebs—Henseleit Ringer bicarbonate solution (NaCl, 
118mM; KCl, 4.7mM; CaCh, 2.5mM; KH2POs, 
1.2mM; MgSOs, 1.2mM; NaHCOs, 25 mM; and 
glucose, 11.7 mM) and incubated for 30 min at 37° 
with adequate oxygenation achieved by bubbling a 
mixture of 95% Oz and 5% COd. 

At the end of the 30-min preincubation, the sus- 
pension medium was discarded and replaced by 
4.5 ml of fresh 37° modified Krebs—Henseleit sol- 
ution, which contained the test drugs and which had 
been aerated with 95% O25% COn. Incubation at 
37° with adequate bubbling was recommenced. At 
the end of incubation, the suspension medium was 
removed, 4.5 ml of cold 7% trichloroacetic acid were 
added, and the mixture was homogenized in an ice 
bath. Further procedures were the same as those 
described for the in vivo experiments. 


Preparation of cyclic AMP samples 


To each of two 2-ml aliquots of homogenate, 0.045 
pmole (about 2700 dis./min) of cyclic [7H]AMP was 
added for a recovery check. Each sample was cen- 
trifuged at 2000 g for 15 min at 4°, following the 
addition of 0.2 ml of 1 N HCl. The supernatant frac- 
tion was transferred into a 10-ml glass-stoppered 
centrifuge tube, shaken for 30 sec with 6 ml of water- 
saturated ether, and centrifuged. The ether layer 
was removed by aspiration. The extraction with ether 
was repeated another four times. Any ether remain- 
ing in the aqueous phase was removed by immersing 
the centrifuge tube in 90° water for 3 min. 

Using the method of Otten et al. [12], the entire 
aqueous phase was applied to a column (0.7 x 3 cm) 
of Dowex 50W-X8 (200-400 mesh, H*-form) which 
had been equilibrated with 0.1 N HCl. After the 
column had been washed with 3 ml of 0.1 N HCi and 
then with 2 ml of deionized water, cyclic AMP was 
eluted with 4 ml of deionized water. The eluate was 
lyophilized and stored in a refrigerator until use in 
the cyclic AMP assay. 


Cyclic AMP assay 


The method of Brown et al. [13] was modified 
slightly. The lyophilized sample was dissolved in 
0.5 ml of 50 mM Tris-HCl buffer, pH 7.4, containing 
8mM theophylline and 6mM 2-mercaptoethanol. 
This buffer was used for all subsequent procedures 
except for the preparation of the charcoal suspen- 
sion. This redissolved sample was pipetted into two 
12 x 105 mm glass test tubes (0.05 ml in each tube) 
and used for the cyclic AMP assay. Of the remainder, 
0.25 ml was used for the recovery check. 

Cyclic AMP was assayed in the following way. 
Each 0.05-ml sample was mixed with 8 nCi cyclic 
[SHJAMP, contained in 0.05 ml buffer. To this 
mixture, 0.1 ml of a 1:24 dilution of cyclic AMP 
binding protein was added, and the final volume was 
adjusted to 0.35 ml with the buffer. The test tubes 
were left at 0° for 90 min. Subsequently, a 1 ml ice- 
cold suspension of activated charcoal was pipetted 
into each tube. The contents were mixed well and 
centrifuged at 2000 g for 15 min at 4°. The charcoal 
suspension was prepared as follows. Immediately 
before use, 10 mg/ml activated charcoal, 1.5 mg/ml 
dextran T-70 and 2.0 mg/ml bovine serum albumin 
were thoroughly suspended or dissolved in 50 mM 
Tris-HCI buffer, pH 7.4, without theophylline and 
2-mercaptoethanol. 

One ml of the supernatant fluid was pipetted into 
a vial containing 10 ml scintillator, which had the 
following composition: PPO (4 g) and POPOP 
(0.1 g) [in a mixture of toluene (667 ml) and Triton 
X-100 (333 ml)]. After shaking the vial, the radio- 
activity was counted in a liquid scintillation spec- 
trometer (Aloka, model LSC-653). 

Each value was corrected against a blank lacking 
binding protein. Standard curves were obtained with 
authentic cyclic AMP in the concentration range of 
0.5 to 20.0 pmoles/tube. Each 0.25-ml sample for 
the recovery check was pipetted into a vial containing 
0.75 ml water and 10 ml scintillator. The cyclic AMP 
contents of original samples were calculated by the 
direct isotope dilution method. 





Histamine effect on cyclic AMP in granulation tissue 


Table 1. Effects of intraperitoneally injected histamine on cyclic AMP levels in formalin-soaked filter 
paper granulomas in the rat* 





Cyclic AMP concentration 
(pmoles/mg protein) 


Time of injection 
(min before microwave irradiation) 


Histamine 


(mg/kg) 


1 Control 
0.05 20 
0.5 20 
0.5 30 
Control 
5 10 
5 15 
5 20 
5 30 
Control 
5 60 


Expt. 





1.70 + 0.08 
1.89 + 0.09 
2.01 + 0.16 
1.81 + 0.17 
1.49 + 0.15 





* On day 7 after subcutaneous implantation of filter paper, histamine was administered to the animals 
and they were exposed to microwave irradiation at different periods thereafter. Histamine level is 
expressed as the base. Control groups received 0.9% saline. Immediately after microwave irradiation, 
two to four granulomas were removed from each rat and duplicate determinations of the cyclic AMP 
content of each granuloma were made. The numbers of such determinations are given in the table. 


Values represent the means + S.E.M. 


+ Significantly different from respective control groups by t-test, P< 0.01. 


Protein determination 


The protein content of a homogenate was deter- 
mined by the method of Lowry et al. [14] using 
bovine serum albumin as standard. 


RESULTS 


In vivo effects of drugs on the cyclic AMP levels in 
granulomas 


Effect of histamine. Histamine injected intraper- 
itoneally caused increased cyclic AMP levels in the 
granulomas. The effect was dose-dependent (Table 
1). At a level of 0.05 and 0.5 mg/kg, the effects were 
not significant, compared to the cyclic AMP levels 
in granulomas of control animals. At a level of 
5 mg/kg, histamine produced a significant increase 


in cyclic AMP levels for 10-30 min after injection. 
This effect reached a maximum at 20 min after injec- 
tion, but the cyclic AMP value had returned to 
control levels by 60 min after injection. 

Antagonism of histamine effect by burimamide and 
mepyramine. To study the influence of other drugs 
on the effect of histamine, a 20-min interval was 
chosen because at this time the histamine effect was 
maximal. As shown in Table 2, the effect of 5 mg/kg 
histamine was almost completely suppressed by pre- 
treatment of the rats with 1 mg/kg burimamide, a 
histamine H2-receptor antagonist [15]. When 5 mg/kg 
histamine was administered to rats which had been 
treated with 5 or 10 mg/kg burimamide, granuloma 
cyclic AMP levels decreased to below those of the 
animals who received burimamide alone. This 
reverse histamine effect was more marked at a level 
of 10 mg/kg than at 5 mg/kg. 


Table 2. Antagonism by drugs of histamine action on cyclic AMP levels in formalin-soaked filter 
paper granulomas in the rat* 





Cyclic AMP concentration 
(pmoles/mg protein) 





Drug pretreatment Control 


(mg/kg, s.c.) 


Histamine (5 mg/kg, i.p.) 
B 


B-A 





Control 
Burimamide (1) 
Burimamide (5) 
Burimamide (10) 
Mepyramine (1) 
Mepyramine (5) 
Propranolol (1) 


0.12 (13) 0.92+ 
0. 0.09 
-0.21 

~0.38 

0.50 

—0.24 

0.36+ 


Propranolol (5) .34 + 0.06 (8) —0.24 





* On day 7 after subcutaneous implantation of filter paper, histamine was injected 20 min 
before microwave irradiation, and test drugs were administered 30 min before histamine injection. 
Control groups received 0.9% saline. Histamine level is expressed as the base and those of 
mepyramine and propranolol as the salts. Values are the means + S.E.M. for the numbers of 
granulomas indicated in parentheses. 

+ Significant difference between control (A) and histamine-treated (B) group, P < 0.01. 
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Table 3. Antagonism by drugs of adrenaline action on cyclic AMP levels in formalin- 
soaked filter paper granulomas in the rat* 





Cyclic AMP concentration 
(pmoles/mg protein) 





Drug pretreatment Control 
(mg/kg, s.c.) A 


Adrenaline 
(1 mg/kg, i.p.) 
B 


B-A 





Control 7 
Propranolol (1) 
Propranolol (5) 


Burimamide (5) 
Mepyramine (1) 
Mepyramine (5) 


57 + 0.13 (8) 
42 + 0.15 (8) 


4 

3 

3 
Burimamide (1) .76 + 0.13 (8) 

5 

4 

.36 + 0.08 (10) 


2.46 + 0.16 (4) 
1.10 + 0.09 (8) 
1.07 + 0.08 (8) 
2.51 + 0.15 (8) 
2.32 + 0.23 (7) 
2.15 + 0.17 (8) 
2.49 + 0.19 (7) 


0.97+ 
—0.29 
=O.27 
0.75¢ 
0.75§ 
0.734 
1.13} 





* On day 7 after subcutaneous implantation of filter paper, adrenaline was injected 
20 min before microwave irradiation; test drugs were administered 30 min before adrenaline 
injection. Control groups received 0.9% saline. Adrenaline, propranolol and mepyramine 
are expressed as the salts. Values are the means + S.E.M. for the numbers of granulomas 


indicated in parentheses. 


+ Significant difference between control (A) and adrenaline-treated (B) group, P < 0.05. 
t Significant difference between control (A) and adrenaline-treated (B) group, P < 0.01. 
§ Significant difference between control (A) and adrenaline-treated (B) group, P < 0.02. 


—O— CONTROL 

—f— HISTAMINE (1 mM) 

—®— |BMX (i mM) 

—O— HISTAMINE (0.1 mM) + IBMX (1 mM) 
—O— HISTAMINE (1 mM) + I1BMX (I mM) 

—@— HISTAMINE (10 mM)+1BMX (1 mM) 


(pmoles/mg protein) 





INCUBATION TIME (min) 


Fig. 1. Effects of histamine and IBMX on cyclic AMP 
levels in chopped granulation tissue. Granulomas were 
removed from rats on day 7 after subcutaneous implan- 
tation of filter paper and immediately chopped into small 
pieces. Granulation tissue was incubated for periods indi- 
cated on the abscissa in modified Krebs-Henseleit Ringer 
bicarbonate solution with or without test drugs. Each point 
is the mean for the number of experiments given in par- 
entheses, and the vertical bar represents the S.E.M. The 
asterisk indicates values significantly different from 
corresponding values in the presence of IBMX alone: 
*P < 0.005, and **P < 0.001. 


Burimamide administered alone had no significant 
effect on granuloma cyclic AMP levels at any level 
tested. 

Pretreatment with 1 mg/kg mepyramine, a classical 
Hi-receptor antagonist, inhibited the cyclic AMP- 
increasing effect of S5mg/kg of histamine. The 
increase was 45.7 per cent less than the increase 
obtained without mepyramine pretreatment, but this 
inhibition was weaker than the inhibitory effect of 
the same dose of burimamide. When the level of 
mepyramine used for pretreatment was increased to 
5 mg/kg, granuloma cyclic AMP levels of animals 
receiving the combined treatment decreased to 
below the levels of the group given 5 mg/kg mepyr- 
amine alone. 

Mepyramine administered alone had no significant 
effect on granuloma cyclic AMP levels at 1 and 
5 mg/kg. 

Influence of propranolol on the effect of histamine. 
The cyclic AMP-increasing effect of 5 mg/kg hista- 
mine was inhibited by pretreatment with 1 mg/kg 
propranolol, a B-adrenergic blocker. The increase 
was 60.9 per cent less than the increase obtained 
without propranolol pretreatment. When 5 mg/kg 
propranolol was used for pretreatment, granuloma 
cyclic AMP levels in the propranolol and histamine- 
treated group were lower than those in the group 
which received only propranolol (Table 2). 

Propranolol administered alone at 1 and 5 mg/kg 
had no significant effect on granuloma cyclic AMP 
levels. 

Effect of adrenaline and the influences of a B- 
blocker and histamine-receptor antagonists on it. As 
shown in Table 3, 1 mg/kg adrenaline administered 
i.p. had a cyclic AMP-increasing action in granu- 
lomas comparable to that of 5 mg/kg histamine when 
these effects were determined 20 min after injection. 
This adrenaline effect was completely blocked by 
pretreatment with 1 mg/kg propranolol. Moreover, 
the group receiving the combined treatment of 
1 mg/kg propranolol and 1 mg/kg adrenaline had 
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Table 4. Effects of metiamide, mepyramine and propranolol on the increase in cyclic AMP levels in chopped granulation 
tissue induced by histamine and its analogues in the presence of IBMX in vitro* 





Cyclic AMP concentration P 
(pmoles/mg protein) (vs. Expt. group) 


™ 
* 
ao) 


Drugs (mM) 





7.90 + 0.73 
24.61 + 2.92 
15.89 + 4.43 
13.50 + 1.82 

9.98 + 0.91 
14.61 + 2.08 

8.51 + 0.73 

6.84 + 0.37 

8.16 + 1.03 
13.25 + 1.09 
11.34 + 0.88 
13.32 + 0.56 

7.40 + 0.62 

9.85 + 0.70 


Control 

His (1) 

4-MeH (5) 

2-MeH (5) 

Met (0.01) 

His (1) + Met (0.01) 
Mep (0.01) 


6 
6 < 0.001 (a) 
6 
6 
6 
6 
6 
His (1) + Mep (0.01) 6 
6 
0 
6 
7 
6 
6 


NS+ (a) 
< 0.02 (a) 


<0.02 (b), NS (e) 


< 0.001 (b) 
Pro (0.01) 

His (1) + Pro (0.01) 

4-MeH (5) + Pro (0.01) 

2-MeH (5) + Pro (0.01) 

Pro (0.01) + Met (0.01) 

His (1) + Pro (0.01) + Met (0.01) 


< 0.01 (i), <0.001 (b) 
< 0.05 (i), NS (c) 
< 0.001 (i), NS (d) 


B53 °Rro "pre oad ef 


<0.05 (j), <0.05 (m) 





* Granulomas were removed from rats on day 7 after subcutaneous implantation of filter paper and immediately 
chopped into small pieces. Granulation tissue was incubated for 5 min in modified Krebs-Henseleit Ringer bicarbonate 
solution containing IBMX (1 mM) and test drugs. Abbreviations: Histamine (His), 4-methylhistamine (4-MeH), 2- 
methylhistamine (2-MeH), metiamide (Met), mepyramine (Mep) and propranolol (Pro). The numbers of duplicate 


determinations are given in the table and each value represents the mean + S.E.M. 


+ NS = not significant. 


lower granuloma cyclic AMP levels than the group 
given 1 mg/kg propranolol only. When 5 mg/kg pro- 
pranolol was used for pretreatment, a similar result 
was obtained. Neither burimamide nor mepyramine 
at 1 and 5 mg/kg had any marked influence on the 


veffect of 1 mg/kg adrenaline. 


In vitro effects of drugs on the cyclic AMP levels in 
granulation tissue 


Effects of histamine and IBMX. As shown in Fig. 
1, when pieces of granulation tissue were incubated 
in the presence of 1 mM histamine alone, no sig- 
nificant increase in the cyclic AMP levels in this 
tissue was observed 5-15 min after the start of incu- 
bation. However, in the presence of 1 or 10mM 
histamine and 1 mM IBMxX (a potent phosphodi- 
esterase inhibitor [16]), the cyclic AMP levels were 
always significantly higher than those in the presence 
of IBMX alone. IBMX (1 mM) alone always sig- 
nificantly increased the cyclic AMP levels above 
those of the control without drug (P < 0.001). His- 
tamine at concentrations of up to 0.1 mM was with- 
out effect, regardless of whether IBMX (1 mM) was 
present. 

Effects of 2-methylhistamine and 4-methylhistam- 
ine. As shown in Table 4, in the presence of 1 mM 
IBMX, 2-methylhistamine (5 mM) increased the 
cyclic AMP levels in granulation tissue (the effect 
of 4-methylhistamine was not statistically sig- 
nificant). At 1 mM, 4-methylhistamine was slightly 
effective, but 2-methylhistamine was completely 
ineffective. 

Influences of metiamide and mepyramine on the 
effect of histamine. As shown in Table 4, the effect 
of 1 mM histamine in the presence of 1 mM IBMX 
was largely blocked by 0.01 mM metiamide, another 
H2-receptor antagonist [17]. The inhibition 
amounted to 72 per cent. On the other hand, 0.01 


mM mepyramine completely inhibited the histamine 
effect. 

Influence of propranolol on the effects of histamine 
and its analogues. Propranolol at 0.01 mM blocked 
the effect of 1 mM histamine in the presence of 1 mM 
IBMX as potently as 0.01 mM metiamide (Table 4). 
Propranolol also showed a tendency to block the 
cyclic AMP increase induced by 5 mM 4-methylhis- 
tamine, but it was almost ineffective in inhibiting the 
effect of 5 mM 2-methylhistamine. 

The combination of 0.01 mM propranolol and 
0.01 mM metiamide had a more pronounced inhibi- 
tory action on the histamine effect than when each 
was tested separately. 


DISCUSSION 


An almost complete blockade by 1 mg/kg buri- 
mamide of the cyclic AMP-increasing effect of 
5 mg/kg histamine in granulomas indicates that this 
histamine effect is produced mainly through the 
activation of H2-receptors. However, 1 mg/kg of 
mepyramine also had a definite inhibitory effect on 
the histamine-induced cyclic AMP elevation, 
although the mepyramine effect was weaker than 
that of the same dose of burimamide. Therefore, it 
appears that the activation of Hi-receptors in vivo 
may be related to the histamine-induced cyclic AMP 
elevation to some extent. 

The specificity of the blocking actions of Hi and 
H2-receptor antagonists on the histamine-induced 
effect of cyclic AMP elevation is indicated by the 
fact that these antagonists had no inhibitory action 
on the adrenaline-induced cyclic AMP elevation. 

It has been shown that histamine releases cat- 
echolamines from the adrenal medulla [18] and sym- 
pathetic nerve endings [19] through the stimulation 
of Hi-receptors. In the present experiments, the 
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cyclic AMP-increasing action of histamine in granu- 
lomas was inhibited in vivo by both mepyramine and 
propranolol. Therefore, it is probable that the B- 
receptor action of catecholamines released by his- 
tamine may be involved in the cyclic AMP-increasing 
action of histamine on the cells of granulomas. This 
indirect component, however, does not seem to be 
the major factor in the histamine-induced cyclic 
AMP elevation in vivo, since propranolol, at a dose 
sufficient for complete blockade of the adrenaline 
action, only partially inhibited the histamine action. 

It is not clear why the granuloma cyclic AMP 
levels of groups treated with the combination of large 
doses of Hi- or Ho2-antagonist and histamine fell 
below those of the groups given either antagonist 
alone. However, the phosphodiesterase stimulation 
by histamine [20] may be related to this 
phenomenon. 

Since in vivo experiments failed to clarify whether 
there are histamine receptors on the cells of granu- 
lomas, in vitro examination of pieces of granulation 
tissue was performed. In the in vitro experiments, 
burimamide increased granuloma cyclic AMP levels 
in the presence of IBMX (data not shown). The 
burimamide effect was more marked than the his- 
tamine effect, and this may be due to a potent 
catecholamine-releasing action of burimamide [21]. 
Moreover, burimamide is less active than metiamide 
as an H-antagonist [22]. Therefore, in the in vitro 
studies we used metiamide instead of burimamide. 

4-Methylhistamine is a_ selective H2-receptor 
agonist [15]. The 4-methylhistamine-induced cyclic 
AMP elevation in granulation tissue in the presence 
of IBMX indicates that there are H2-receptors on 
the cells of this tissue. This is also supported by a 
marked blockade by metiamide of the histamine- 
induced cyclic AMP elevation. Because 2-methyl- 
histamine, a relatively selective Hi-receptor agonist 
[15], also produced an increase in cyclic AMP levels 
in granulation tissue, some degree of involvement 
of Hi-receptors in the in vitro histamine effect cannot 
be excluded. Therefore, the possibility must be taken 
into account that the specific blockade of Hi-recep- 
tors may also contribute to the in vitro inhibition by 
mepyramine of the histamine-induced increase in 
cyclic AMP, in addition to the non-specific blockade 
of the H2-receptor action. The in vivo significance 
of these findings on the Hi-receptor action obtained 
with chopped tissue is not clear, because mepyramine 
was less effective than burimamide in intact animals, 
and because the Hi-receptor-mediated component 
of the histamine effect in vivo may be explained by 
catecholamine release. 

Propranolol, a B-blocker, markedly inhibited the 
effects of histamine and 4-methylhistamine on cyclic 
AMP levels in granulation tissue. This shows that 
histamine and its 4-methyl analogue probably release 
catecholamines from sympathetic nerve endings in 
granulomas in vitro and that the histamine-induced 
cyclic AMP increase in the chopped tissue is partly 
producec by the B-receptor action of the catechol- 
amines released. 

We have found that granuloma formation in 
response to subcutaneously implanted formalin- 
soaked filter paper was markedly inhibited by daily 
s.c. injections of histamine [10]. There have been 


J. YOKOYAMA, et al. 


many findings suggesting a causal relation between 
the increase in intracellular cyclic AMP levels and 
the inhibition of cell proliferation. For example, 
cyclic AMP and its analogue inhibit growth of cul- 
tured tumor cells [23,24] and transformed cells [25]; 
prostaglandins that stimulate adenylate cyclase sup- 
press growth of cultured tumor cells [24] and fibro- 
blasts [26]; and there is an inverse correlation 
between growth rate and levels of cyclic AMP in 
cultured transformed and untransformed fibroblasts 
[27]. Therefore, the histamine-induced inhibition of 
granuloma growth might be mediated by an increase 
of cyclic AMP in the cells of this tissue [10]. In the 
present experiments, histamine did indeed have such 
an action on granulation tissue. 

The histamine-induced inhibition of granuloma 
growth was blocked by burimamide, but not by 
mepyramine [10]. However, the cyclic AMP-increas- 
ing action of histamine in granulomas was inhibited 
not only by burimamide but also by mepyramine. 
If intracellular cyclic AMP accumulation is causally 
related to the suppression of the granuloma growth, 
the reason why only the H2-receptor stimulation was 
effective in inhibiting granuloma growth remains 
unclear. One possible explanation is that two kinds 
of histamine receptors and B-adrenergic receptors 
are located on different kinds of cells in granulation 
tissue, but that only the growth of cell populations 
possessing H2-receptors is affected by cyclic AMP 
accumulation. Another possibility is that the respec- 
tive receptor—adenylate cyclase complexes for dif- 
ferent agonists are located in functionally distinct 
cellular compartments and mediate different effects 
on cell growth. 

The histamine-induced rise of cyclic AMP levels 
in granulomas may be important in the regulation 
of such cell functions as the synthesis and secretion 
of intercellular substances by fibroblasts, as well as 
in inhibition of cell proliferation. 
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SHORT COMMUNICATIONS 


The effect of desipramine on the noradrenaline stimulated Na-K ATPase of 
rabbit synaptic membranes 


(Received 13 July 1979; accepted 7 September 1979) 


Sodium, potassium-activated adenosine triphosphatase 
(Na-K ATPase, EC 3.6.1.3) is thought to be an enzymic 
representation of the sodium-potassium pump [1]. Several 
investigators have reported that Na-ATPase in brain tissue 
was stimulated by biogenic amines such as dopamine, nor- 
adrenaline and serotonin [2-6]. At present we do not know 
the physiological significance of the biogenic amine stimu- 
lation of synaptic membrane Na-K ATPase, although a 
few possibilities are discussed in connection with biogenic 
amine transport [5] and slow inhibitory postsynaptic poten- 
tials generated by biogenic amines [7]. This paper examines 
the effects of inhibitors of noradrenaline uptake on the 
noradrenaline stimulation of Na-K ATPase. 

Albino male rabbits were stunned and decapitated. The 
brain was rapidly exposed and removed to ice-cold isotonic 
sucrose (0.32 M). The cerebral cortex was removed and 
homogenized in 10% w:v ice-cold isotonic sucrose, by six 
thrusts of a power-driven (25 mm diameter) Teflon pestle 
(clearance 0.18 mm). The speed of the motor was 900 r.p.m. 

The homogenate was centrifuged at 1000 g for 20 min in 
a Sorvall Model SS1 centrifuge with an 8 x 50 ml angle 
head. The pellet was discarded and the supernatant cen- 
trifuged at 20,000 g for 30 min. The supernatant was dis- 
carded and the pellet was washed once and re-suspended 
in isotonic sucrose. The resultant suspension was centri- 
fuged at 30,000 g for 30 min. The pellet was re-suspended 
in isotonic sucrose and laid onto a discontinuous density 
gradient (15 ml of 1.2 M sucrose, 10 ml of 0.8M sucrose) 
in a 50 ml centrifuge tube and centrifuged at 30,000 g for 
2 hr on an 8 X 50 ml angle head of the MSE SS 40 centri- 
fuge. The synaptosomal fraction was collected at the 
0.8/1.2 M sucrose interphase. The isotonicity was restored 
by slowly adding 41% vol. of 0.16 M sucrose. The suspen- 
sion was centrifuged at 30,000 g for 30 min and the pellet 
re-suspended in isotonic sucrose. Synaptic membranes were 
prepared by osmotically rupturing the synaptosomes using 
distilled water and centrifuging the resultant suspension at 
50,000 g for 1 hr. Synaptic membranes which are rich in 
Na-K ATPase are pelleted by this procedure. 

ATPase were assayed by determination of the rate of 
release of inorganic phosphate (Pi). Membranes were 
incubated at 37°, unless otherwise stated, in a 50 mM his- 


tidine HCI buffer, pH 7.4 (unless otherwise stated). Total 
ATPase activity was assayed in a medium containing 
150 mM Na, 10mM K, 3mM Mg and 3 mM ATP. The Mg 
ATPase was assayed in a medium containing 3 mM Mg and 
3mM ATP. All data presented here was obtained using 
Boeheringer disodium ATP. The membranes were added 
to a final concentration of 100 ug/ml and the incubation 
was commenced by the addition of ATP. 

The incubations were stopped by adding 4 ml of colour 
solution prepared by dissolving 10 g of ammonium molyb- 
date and 10g of Lubrol WX in 11 of 0.9M H2SOs. The 
colour was left to develop and was stable for 3 hr at room 
temperature. Noradrenaline (10~*M) affects the estima- 
tion of Pi by this method. When possible this was overcome 
by using noradrenaline at concentrations not greater than 
20 uM. However, if the concentration of noradrenaline 
greater then 20 4M were required, standard Pi graphs were 
prepared for each noradrenaline concentration used. The 
drugs also affected the estimation of Pi. Standard graphs 
were prepared for each drug. 

Protein estimation was performed by the method of 
Lowry et al. [8]. 

Noradrenaline did not affect the degree of inhibition of 
Na-K ATPase by harmaline. Phentolamine 10 uM, an 
adrenoreceptor antagonist, and chlorpromazine 10 uM, 
which has both adreno and dopaminergic receptor antag- 
onist properties, did not affect Na-K ATPase; however, 
both were potent inhibitors of noradrenaline induced stimu- 
lation of Na-K ATPase (Table 1). The drug concentration 
required to inhibit the noradrenaline stimulation of enzyme 
by 50 per cent was calculated from a plot of percentage 
inhibition of the stimulation of Na-K ATPase by 10°°M 
noradrenaline against the logarithm of the drug concen- 
tration. Phentolamine was the most potent; ICso values 
phentolamine, 2.0+0.9x10°°M, chlorpromazine, 
3.5+0.610°’M, desipramine, ‘1.2 x 0.1 x 10°°M 
(mean +S.D.). The antagonism of the noradrenaline 
response by phentolamine could be reversed by increasing 
the concentration of noradrenaline. However, desipramine 
was a non-competitive inhibitor of the noradrenaline stimu- 
lation of Na-K ATPase (Fig. 1). 

The reuptake of noradrenaline into presynaptic terminals 


Table 1. Effects of psychotropic drugs on Na-K ATPase of rabbit cerebral synaptic 
membranes 





Na-K ATPase 
umoles Pi/mg/hr 


[NA] =0 


Net increase* 
in Na-K 


[NA] = 10°°M ATPase 





18.7+ 0.9 
19.1+1.5 
18.9+0.9 
18.8 + 1.4 
18.9+ 1.1 


Control 
Phentolamine 
Chlorpromazine 
Desipramine 
Imipramine 


6.7 + 0.95 
1.50.22 
1.8 + 0.54 
3.3 + 0.67 
5.0 + 0.87 


NM NM NY NY 
BVSsh 
SwWwWn Ww 
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* Mean difference in Na-K AtPase activity + S.D. produced by 107°M nora- 
drenaline. Data obtained from 11 experiments. 

+ P<0.01. 

+ P<0.001. 
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Fe: 


Net increase in (Na + K*) ATPase (umoles Pi.mg'h') 








Noradrenaline conc. (uM.) 


Fig. 1. The net increase in Na-K ATPase activity plotted 

as a function of the noradrenaline concentration, -@- con- 

trol and in the presence of -O- phentolamine (IDso = 10°’M) 
or -(- desipramine (IDso = 10° M). 


is ouabain sensitive, suggesting that the presynaptic mem- 
brane Na-K ATPase is involved in the amine uptake mech- 
anism. The possibilities are that Na-K ATPase may gen- 
erate the correct ionic environment for the operation of 
the amine pump of the enzyme may have a more direct 
role in the transport of noradrenaline. The former sugges- 
tion is supported by the requirement of the amine pump 
for a high external [Na’]. However, the noradrenaline 
uptake system of cerebral nerve endings is unique among 
amino acid and sugar transport mechanisms found in neural 
tissue in that the affinity of the carrier is not affected by 
[Na* ]o [9] and further, an inward directed sodium gradient 
is not necessary for the re-uptake of noradrenaline [10]. 

The amine may have an allosteric interaction with the 
enzyme to increase its rate of working, thus providing more 
energy for the transport mechanism. However, there was 
no evidence from the studies on the effect of noradrenaline 
concentration on the increase in Na-K ATPase activity to 
suggest that there was such an allosteric interaction. It is 
not inconceivable that the amine could compete with one 
of the monovalent ions for occupancy of a site on the 
enzyme; however, the optimum conditions for noradren- 
aline stimulation of the Na-K ATPase were the same as 
the optimum conditions for Na-K ATPase, and further 
increasing the [K* Jo or [Na*]o did not decrease the effects 


of noradrenaline on the Na-K ATPase activity. Phento- 
lamine, a competitive inhibitor of the amine activation of 
Na-K ATPase (IDso 107° M) had no effect on the activity 
of the Na-K ATPase at drug concentrations in excess of 
10~°M. The possibility of the existence of a specific species 
of ATPase requiring noradrenaline for its activity is 
invalidated by the observation that the increase in Na-K 
ATPase in the presence of noradrenaline does not show 
affinity saturation kinetics with respect to [ATP]. 

The order of potency of drugs inhibiting the uptake of 
noradrenaline by synaptosomes is desipramine > imipra- 
mine > chlorpromazine [11]. Phentolamine is a very weak 
inhibitor of NA uptake. In this study, the order of potency 
of drugs antagonising the noradrenaline activation of Na— 
K ATPase was quite the reverse; phentolamine > chlor- 
promazine > desipramine. Indeed, desipramine is 
10° x more potent as a competitive inhibitor of noradren- 
aline uptake than as a non-competitive antagonist of nor- 
adrenaline stimulation of Na-K ATPase. These results 
indicate that the characteristic noradrenaline stimulation 
of Na-K ATPase is not identical with the characteristics 
of the presynaptic noradrenaline uptake system. 

To summarise, the activation of Na-K ATPase by nor- 
adrenaline was antagonised by phentolamine > chlorpro- 
mazine > desipramine. Phentolamine was a competitive 
antagonist and desipramine was a non-competitive antag- 
onist of the noradrenaline effect on the enzyme. 
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Inhibition of S-adenosyl methionine decarboxylase by guanethidine* 
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Guanethidine is a clinically used guanidinium adrenergic 
neuron-blocking agent. When administered chronically to 
rats at high doses, guanethidine is selectively incorporated 
into sympathetic neurons and destroys the sympathetic 
nervous system, thus producing a permanent chemical sym- 
pathectomy [1-3]. As part of an effort to determine the 
mechanism of this cytotoxicity, we examined the possibility 
that guanethidine might inhibit polyamine biosynthesis. 
The polyamines (putrescine, spermidine and spermine) are 
broadly linked to cell proliferation and growth, although 
their exact mode(s) of action and role in these processes 
are not clear [4, 5]. In this paper, we report that guaneth- 
idine is a potent inhibitor of S-adenosyl-L-methionine 
decarboxylase (SAM DC), one of the rate-limiting steps 
in polyamine biosynthesis [4, 5]. The characteristics of this 
inhibition are compared to those of the most widely studied 
inhibitor of SAM DC, methylglyoxal bis(guanylhydrazone) 
(MGBG), and the effects of guanethidine on polyamine 
levels in sympathetic ganglia and adrenal medulla are 
determined. 

The effects of guanethidine sulfate (kindly supplied by 
Ciba Pharmaceutical Co., Summit, NJ) on the rate-limiting 
enzymes in polyamine biosynthesis, /-ornithine decarboxyl- 
ase (EC 4.1.1.17) and SAM DC (EC 4.1.50), were deter- 
mined in extracts of rat prostate. Rat ventral prostates 
[3.1 g] from approximately fifteen Sprague-Dawley rats 
were homogenized in 15 ml of cold (4°) buffer (25 mM 
potassium phosphate, 0.3mM EDTA and 1 mM dithio- 
threitol, pH 7.0), using a Brinkman polytron. The hom- 
ogenate was centrifuged at 10,000 g for 20 min. The result- 
ing supernatant fraction was centrifuged at 100,000 g for 
75 min, the pellet discarded, and the supernatant fraction 
dialyzed at 4° for 20hr against 2 litres of buffer. The 
dialysate was centrifuged at 500 g for 5 min and aliquots 
of the dialyzed supernatant fraction were frozen at —10° 
for subsequent assay. Partially purified rat thymus diamine 
oxidase was prepared essentially as described by Holtta er 
al. [6]. 

Enzyme assays. L-Ornithine decarboxylase and SAM DC 
were assayed by a CO>-trapping method described by 
Beaven et al. [7]. SAM DC was measured in the presence 
of 100 mM potassium phosphate (pH 7.0), 1 mM dithio- 
threitol and at varying concentrations of S-adenosyl-L-[car- 
boxyl-'“C]methionine (Amersham/Searle, Arlington 
Heights, IL) and putrescine (Sigma Chemical Co., St. 
Louis, MO), as described in the legends to the figures. 
The decarboxylase reactions were carried out at room tem- 
perature under conditions linear with time (60 min) and 
enzyme concentration. Diamine oxidase activity was deter- 
mined by the method of Tryding and Willert [8], using 
putrescine as substrate. 

Polyamine (putrescine, spermidine and spermine) levels 
were determined in pairs of superior cervical ganglia (SCG) 
or single adrenal medullae which were homogenized in 
cold water, and an aliquot was removed for protein analysis 
by the method of Lowry et al. [9]. The homogenates were 
acidified to 0.3 N HCIOs and centrifuged. To 50 yl of the 
extract was added 25 wl of saturated Na2CO3 and 100 ul of 
dansyl chloride (5 mg/ml in acetone); this mixture was 
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allowed to stand in the dark at room temperature overnight. 
Excess dansyl chloride was removed by adding 25 jul proline 
(250 mg/ml) and incubating the extract for 3hr at room 
temperature. The dansylated polyamines were extracted 
with 250 yl toluene. Aliquots (180 ul) were taken, evap- 
orated to dryness in a rotary vacuum centrifuge, and 
redissolved in 20 ul toluene; 10 ul were spotted on silica 
gel plates. Separation of the dansylated polyamines was 
achieved by chromatography in ethyl acetate—cyclohexane 
(2:1). After drying, the fluorescent spots were scraped 
from the plates and eluted into 1.4ml methanol-25% 
NHsOH (99:1). Fluorescence was determined on an 
Aminco—Bowman spectrophotofluorometer at wavelengths 
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Fig. 1, Panel A: Effects of guanethidine on the activity of 
SAM DC from rat prostate at varying concentrations of 
putrescine. The assay was carried out as described in the 
text in the presence of 55 uM ['“C]SAM. Panel B: Line- 
weaver-Burk plot of the effect of guanethidine on putres- 
cine-stimulated SAM DC activity (nmoles CO2 formed/mg 
of protein/hr) from rat prostate at varying concentrations 
of SAM (uM). The assay was carried out as described in 
the text in the presence or absence of 1 mM putrescine. 
The Ki of guanethidine calculated from this data is 25 uM. 
The Km of SAM is approximately 20 uM. 
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of 365nm and 520nm (excitation and emission, uncor- 
rected), and the polyamines were quantitated by compar- 
ison with standards. 

The formation of ['*C]CO2 from ['*C]SAM (carboxyl 
labeled) in tissue extracts is greatly increased in the pres- 
ence of putrescine. The ['*C]CO2 formation in the absence 
of putrescine is not due to the direct decarboxylation of 
SAM (SAM DC activity), but rather appears to be the 
result from the ultimate end products of the demethylation-— 
transulfuration pathways [10]. The effect of guanethidine 
on the formation of ['C]CO2 from ['*C]SAM by rat prostate 
extracts is shown in Fig. 1A. In this experiment, carried 
out in the presence of 55 uM SAM, putrescine increased 
the formation of ['*C]CO2 from ['*C]SAM approximately 
5-fold, with maximal CO2 formation achieved in the pres- 
ence of 30 uM putrescine. Guanethidine had little or no 
effect on the formation of ['*C]CO2 in the absence of 
putrescine, but markedly depressed the putrescine-stimu- 
lated activity (SAM DC activity) in a concentration-depen- 
dent manner. Increasing the concentration of putrescine 
up to 1 mM did not prevent the guanethidine inhibition, 
clearly showing that guanethidine is not competitive with 
putrescine. 

The data in Fig. 1B demonstrate that the inhibition of 
SAM DC by guanethidine is competitive with SAM. The 
Kmof SAM is approximately 20 uM and the Ki of guaneth- 
idine in this experiment was 25 uM. The results of several 
experiments using guanethidine concentrations up to 
400 4M always resulted in competitive inhibition with a K; 
of guanethidine between 25 and 60 uM. The inhibition of 
SAM DC by guanethidine is reversible by dialysis and is 
not reversed by the addition of pyridoxal phosphate (data 
not shown). Guanethidine produced a similar inhibition of 
SAM DC in extracts from SCG or adrenal medulla (data 
not shown). In contrast to the potent inhibition of SAM 
DC, Guanethidine was found not to inhibit the other rate- 
limiting enzyme in polyamine biosynthesis, ornithine 
decarboxylase, or to inhibit the methylating enzymes, phe- 
nethanolamine-N-methyltransferase, catechol-O-methyl- 
transferase or hydroxyindole-O-methyltransferase, at con- 
centrations up to 1.6mM (data not shown). 

The ability of guanethidine to inhibit putrescine-stimu- 
lated SAM DC activity competitively with SAM is similar 
to that of MGBG, although the Km of MGBG is lower 
(1 uM, [6]). MGBG has been widely used as an experi- 
mental tool to probe the role of polyamines in biological 
processes. Therefore, we compared guanethidine with 
respect to some of the known properties of MGBG: (a) 
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Fig. 2. Lineweaver-Burk plot of the inhibition of rat thymus 
diamine oxidase by guanethidine. Substrate concentrations 
are expressed as mM ['*C]putrescine and V as nmoles of 
product formed/mg of protein/hr. The Ki of guanethidine 
was 90 4M and the Km of putrescine was 130 uM. 


the ability in vivo to stabilize SAM DC [6] and thereby 
increase tissue levels of the enzyme; and (b) the ability of 
MGBG to inhibit diamine oxidase [6]. 

Five-day-old rats were treated for 3 days with a single 
daily injection of guanethidine sulfate (50 mg/kg, s.c.) or 
MGBG (Sigma; 25 mg/kg/day, s.c.). These times were cho- 
sen because maximal concentrations of guanethidine are 
achieved by 2 days [11] and maximal increases in SAM DC 
activity in other tissues by MGBG are also produced within 
2 days [6]. SAM DC activity in SCG (expressed as nmoles 
CO2 formed/pair/hr in the presence of 25 uM SAM and 
1 mM putrescine) was not different in guanethidine-treated 
animals (0.53+0.04, N=3) compared to controls 
(0.45 + 0.05, N = 3), whereas a 6-fold increase in activity 
was observed in ganglia of MGBG-treated animals 
(2.81 + 0.14, N=3). Therefore, guanethidine does not 
produce a stabilization of SAM DC such as that produced 
by MGBG. 

Guanethidine does share, however, the property of 
inhibition of diamine oxidase (Fig. 2). The inhibition of 
rat thymus enzyme, as with MGBG (Ki = 1 uM; [6)]), is 
noncompetitive and the calculated Ki of guanethidine is 
about 90 uM. 

Despite the fact that MGBG is a potent inhibitor of 
SAM DC, it has been found to produce only a modest 
decrease in spermidine content of tissues in vivo at tolerated 


Table 1. Effects of guanethidine or MGBG treatment on the levels of polyamine in the superior 
cervical ganglia of neonatal rats* 





Treatment No. of injections 


Putrescine 


Polyamine (nmoles/mg protein) 
Spermidine Spermine 





Guanethidine 
Control (4) 
Guanethidine (5) 
Control (5) 
Guanethidine (5) 
Control (5) 
Guanethidine (5) 

MGBG 
Control (10) 3 
MGBG (10) 3 


-PWWNNDY 


2.40 + 0.17 
4.79 + 0.44+ 


8.69 + 0.93 
9.37 + 1.19 


5 11.21 + 0.96 
3 

36 + 0. 9.08 + 0.81 

2 

3 

8 


10.00 + 1.32 
10.55 + 0.88 
11.29 + 0.83 
10.12 + 0.78 
11.87 + 1.70 


9.97 + 0.95 

8.66 + 0.94 
.80 + 0.194 11.99 + 1.91 
8.16 + 0.43 
6.37 + 0.614 


7.97 + 0.53 
5.19 + 0.604 





“In separate experiments, rats were treated with guanethidine (50 mg/kg, s.c.) or MGBG 
(25 mg/kg, s.c.) daily starting the day after birth. The treated animals and the saline-treated controls 
were killed 24 hr after the last injection, and polyamine levels in SCG were determined as described 
in the text. Each value represents the mean + S.E.M. of the number of pairs of ganglia shown in 


parentheses. 
+ P<0.01 (two-tailed Student’s f-test). 
+ P<0.05. 
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doses. Since guanethidine treatment results in high con- 
centrations (about 0.5 mM) in ganglia of both adult and 
neonatal rats [11, 12] and in adrenal medulla [13], it was 
expected that guanethidine would produce a significant 
decrease in polyamine levels in these tissues. The data in 
Table 1 show that treatment of neonatal animals with 
guanethidine for up to 4 days produces only a modest rise 
in putrescine and no decrease in spermidine and spermine 
levels in SCG. In contrast, MGBG (Table 1) produced a 
doubling of putrescine levels and a modest, but statistically 
significant, decrease in spermidine (22 per cent) and sperm- 
ine (35 per cent) concentrations in ganglia. Similarly, treat- 
ment of adult rats for up to 10 days with guanethidine 
(40 mg/kg/day, i.p.) caused no decrease in spermidine or 
spermine levels in adrenal medulla (data not shown). These 
results suggest that inhibition of polyamine synthesis is not 
involved in the cytotoxic effects of guanethidine. This con- 
clusion is also supported by our failure to overcome the 
cytotoxic effects of guanethidine with maximally tolerated 
doses of spermidine, spermine, combinations of the two, 
or by exogenous administration of SAM at doses which 
produce marked increases in SAM levels in the ganglia 
(data not shown). In addition, MGBG administration, at 
doses which decrease spermidine and spermine levels 
(Table 1), is not cytotoxic in vivo to sympathetic neurons. 

It is unclear why guanethidine fails to lower polyamine 
levels in ganglia and adrenals. It is present in these struc- 
tures at total concentrations which are far in excess of the 
K; for in vitro inhibition. Inhibition of diamine oxidase is 
probably of no consequence since ganglia do not contain 
detectable amounts of the enzyme (data not shown). This 
may suggest that much of the guanethidine is bound (per- 
haps in storage vesicles) and that the free concentration in 
the cytoplasm is much smaller. Alternatively, it may indi- 
cate that polyamines turn over very slowly in sympathetic 
neurons, which accumulate guanethidine selectively and 
which are almost all post-mitotic by birth in the rat [14]. 
The decrease in the levels of spermidine and spermine that 
is produced by MGBG may result from an ability of 
MGBG to accumulate equally well in glial cells in the 
ganglia which are proliferating postnatally and which would 
be expected to have higher turnover rates of polyamines 
[4, 5]. It is possible that guanethidine might inhibit increases 
in polyamines after a stimulus (e.g. nerve growth factor) 
which increases ornithine decarboxylase and presumably 
polyamine biosynthesis. 
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In summary, guanethidine has been shown to be a potent 
competitive inhibitor (Ki = 25 uM) of SAM DC from sev- 
eral tissues and a moderately potent non-competitive 
inhibitor of thymus diamine oxidase (Ki = 90 uM) in the 
rat. Polyamine levels, however, are not decreased in tissues 
(sympathetic ganglia, adrenal medulla) in which guaneth- 
idine accumulates to a high concentration. Although it does 
not appear that the ability to inhibit either of these enzymes 
explains the cytotoxic effects of the drug on sympathetic 
neurons, inhibition of these enzymes may be important in 
other pharmacologic and toxicologic properties of this agent 
which is widely used clinically and as an experimental tool. 
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Quantitative structure—activity relationships for the inhibition of heart and brain 
cyclic AMP phosphodiesterases by some phenylbutenolides 


(Received 19 March 1979: accepted 26 July 1979) 


Cyclic AMP phosphodiesterase (PDE) is ubiquitously dis- 
tributed in mammalian tissues [1] and exists under a wide 
variety of multiple forms. This particularity partly explains 
the differential sensitivities to drugs of the tissues and 
makes phosphodiesterase a suitable target for the devel- 
opment of specific new drugs. The therapeutic interest of 
inhibiting specifically the PDE in a given tissue has been 
recently emphasized by Weiss and Hait [2]. We previously 
described a new class of synthetic potent inhibitors of 
phosphodiesterases acting preferentially on the heart PDE 
[3], and exhibiting cardiotonic properties. These com- 


pounds (Fig. 1) are phenylbutenolides differently substi- 
tuted in the 4 position of the phenyl ring by complex groups 
of a large size (AP 10:R = Glucose—O—CsHs—CO— 
CH2—; IP 24:R = Glucose—O—CsHs—CO—NH—-, IP 
17:R = HOOC—CH2—O—CsHs—_CO—CH2—). The 
present study considers more simply substituted phenyl- 
butenolides (Table 1) synthetized in our laboratory by 
Prigent et al. [4,5]. The aim of this report was to answer 
the following questions. (i) Is the presence of a complex 
aromatic group in the 4 position a prerequisite for the 
inhibition of PDE? (ii) Does the nature of substituent R 
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Fig. 1. General formula of the phenylbutenolides studied. 
The NMR chemical shifts 6 of meta HeHe’, protons are 
given in Table 1. 


affect the heart PDE and the brain enzyme in the same 
way? (iii) Is it possible to modify the tissue-specificity of 
the inhibition by changing the nature of the substituent? 

Inhibitory potencies were investigated both on cyclic 
AMP phosphodiesterase of a rat brain preparation, and on 
a beef heart commercial enzyme. 

Compounds tested. The synthesis of compounds I-11 
(Fig. 1, Table 1) studied in this report and the related NMR 
data were already reported [4, 5]. He and He’ protons (Fig. 
1) were found to be equivalent and gave a single signal. 

Materials. [8-*H]Adenosine 3’,5' monophosphate was 
supplied by the Radiochemical Centre, Amersham. Unla- 
beled cyclic AMP, 5’ nucleotidase from Ophiophagus han- 
nah venom were purchased from Sigma Chemical Co. 
Anion-exchange resin Bio-Rad AG | xX 2 (200-400 mesh) 
was obtained from Bio-Rad Labs. 

Enzyme preparations. The beef heart PDE (Sigma 
Chemical Co) was a lyophilized preparation. The rat brain 
PDE was prepared as described by Brooker er al. [6]. 

Enzyme assay. Cyclic AMP phosphodiesterase activity 
was assayed by the two step radio-isotopic procedure of 
Thompson and Appleman [7]. Substrate cyclic AMP was 
0.25 uM. All test compounds were solubilized in dimethyl- 
sulfoxide (Me2SO) and brought to the adequate concen- 
tration with the incubation buffer. Final Me2SO concen- 
tration was 12.5 per cent. This Me2SO amount slightly 
inhibited PDE activity, but did not modify the percentuel 
inhibition found with water-soluble drugs. Test compounds 
and Me2SO were examined to ensure that they did not 
interfere with the assay. The biological activities of the test 
compounds on heart and brain enzymes were expressed as 
the logarithm of per cent inhibition at 1 mM concentration. 

Physico-chemical parameters and biological activities 


Table 1. Experimental biochemical activities and 


relationships. The lipophilic parameter of the compounds 
used in this study is the logarithm of n-octanol—water par- 
tition coefficient (log P) calculated by means of Rekker’s 
hydrophobic fragmental constant f [8]. The electronic 
effects of the substituents R were characterized by the 
Hammet constant om [9], which traduces the electronic 
influence of R on the meta position (with respect to this 
substituent) of the phenyl ring. Some o7m values were taken 
from literature [9], (R = —H, —NOz, —NH2, —CN, — 
COOH and —NH—CO—CHs). The lacking data were 
calculated as follows (i) We found a close correlation 
(equation 1, Table 2) between 6 (chemical shift of the He 
proton (Fig. 1) in the NMR spectrum) and om for the 
above substituents; so, an experimental 5 permitted the 
calculation of a lacking om value from equation | (data 
obtained for the carboxylic substituents concerned their 
protonated forms). (ii) om for carboxylic substituents in 
their anionic form were approximated by supposing that 
the same deviation exists between protonated and anionic 
forms as between the om of —COOH (0.37) and —COO™ 
(0.10) taken from [9]. Graphical determination of the pKa 
of compounds 2, 3, 7, 10 from titration curves in the 
presence of 12.5% Me2SO, and examination of u.v. spectra 
of compound 9 at different pH, established that, in the 
assay medium (pH 8), compounds 7, 9, 10 are in the non- 
ionic form. 

All the data (log P, am, 5) used in the correlations are 
presented in Table 1. Assignments of NMR signals for 
lactonic or aromatic Ha protons, and electronic effect con- 
tants for substituents R such as op (commonly used for 
para or ortho electronic effects), A and 4, taken from 
[9], were also used in the research of structure-activity 
relationships, but without significant correlations, however. 

Simplified phenylbutenolides taken into account in this 
report were found inhibitors of both heart and brain cyclic 
AMP phosphodiesterases (Table 1). They were less potent 
than the parent compounds which inhibited bovine heart 
enzyme by more than 90 per cent at | mM [3]. As parent 
compounds, they were more efficient on the heart enzyme 
than en the brain enzyme, with the exception of compound 
“3 

For the heart enzyme, the inhibitory potency of the test 
compounds showed a correlation with the electronic effect 
constant om of substituent R (equation 2, Table 2). This 
relation, however, only explained 67 per cent of the vari- 
ations in activity of all the test compounds. Equation 3, 
which does not include compound 9 was able to explain 85 


physico-chemical parameters of phenylbutenolides 





Nature of 


Compound 
substituent R 


No. 


Experimental biochemical 
activity (log per cent 
inhibition of 
PDE) + S.D. 

(n = 3) 


Bovine heart Rat brain 


dt log Pt 





—H 
—CH2—COOH 


| 
CH3—CH2—CH—COOH 
—CH2—COO—CH3 


| 
CH3—CH2—CH—COO—CH3 
—NH—CO—CH3 
—NH—CO—CH2—CH2—COOH 
—NO?2 
—NH2 
—COOH 
—CN 


1.18 + 0.04 
0.95 + 0.09 


1.45 + 0.08 
1.30 + 0.05 


1.49 
—3.18 


1.00 + 0.06 
1.52 + 0.05 


—2.14 
1.28 


1.41 + 0.08 
1.60 + 0.01 


1.75 + 0.02 
1.43 + 0.08 
1.34 + 0.02 
1.52 + 0.01 
1.41 + 0.04 
1.56 + 0.04 
1.53 + 0.03 


1.65 + 0.01 
1.59 + 0.02 
1.72 + 0.03 
1.85 + 0.01 
1.76 + 0.08 
1.81 + 0.01 
1.89 + 0.01 


D2 
0.72 
0.70 
1.26 
0.47 
1.24 
1.14 


7.67 
7.90 
7.46 
7.78 
7.94 





* om: 


section. 


electronic effect constant, taken from reference 9 or calculated as indicated under experimental 


+ 6: NMR chemical shift of proton e, taken from [4, 5]. 
¢ P: n-octanol-water partition coefficient, calculated by means of Rekker fragmental constants [8]. 
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Table 2. Correlation between two physico-chemical parameters, and correlations between biochemical 
activities and physico-chemical parameters of phenylbutenolides 





Equation 


st F§ af 





6 = 7.59 + 0.52 + 0.07 om 

All (Bov. heart) = 1.58 + 0.41 + 0.10 om 
A (Bov. heart) = 1.55 + 0.47 + 0.07 om 
A (rat brain) = 1.32 + 0.13 + 0.02 logP 
A (rat brain) = 1.35 + 0.14 + 0.01 logP 


0.054 
0.116 
0.080 
0.129 
0.055 


49.97 
18.07 
46.65 
27.31 
180.75 


<0.01 

<0.005 
<0.001 
<0.001 
<0.001 





* Number of compounds considered. 

+ Correlation coefficient. 

+ Standard error of the estimate. 

§ Fischer—-Snedecor criterion observed value. 
{ Level of significance. 

|| Biochemical activity. 


per cent of the variations in activity of the ten other com- 
pounds. From these relationships it appears clearly that the 
biochemical activity of substituted phenylbutenolides is 
directly dependent upon the influence of the electronic 
effects of the substituent R on the meta position of the 
phenyl ring. The inhibitory potency of these drugs increases 
with increasing electron withdrawing potency of R. Never- 
theless, a clear-cut explanation of all the variations in 
biochemical activity would require an additional hitherto 
unidentified physico-chemical parameter of non-electronic 
and non lipophilic nature, since the introduction of op or 
log P failed to provide any statistical significance to the 
correlation. ° 

For the brain enzyme, the inhibitory potency was in a 
very good correlation with the lipophilicity of the test 
compounds. Equation 4 (Table 2) explained 75 per cent 
of the variations in biochemical activity, but did not reflect 
the activity of compound 1. Equation 5, which does not 
include compound 1, entirely described the variations in 
activity of the ten other compounds (7° = 0.96). Thus, the 
inhibitory potency of the investigated drugs increases with 
increasing lipophilicity of R. An additional parameter 
seems to be required for a complete description of all 
observed variations. This parameter is not dependent on 
the electronic effects of the substituents R since the intro- 
duction of om or gp in the correlation abolished its stat- 
istical significance. A lateral incumbrance of substituents, 
expressed in A by Verloop index B [10] might be involved. 
Unfortunately, the Verloop table does not give all data 
required to test such an hypothesis. 

It should be noted that a non-negligible correlation exists 
between om and log P for the substituents considered in 
this report. So, though the regression analysis of the data 
did not allow the simultaneous introduction of the two 
parameters in the same equation, we cannot exclude that 
the unconsidered parameter may occur, but at a lesser 
extent, in the explanation of a given enzyme inhibition. 

From our result, it appears firstly that the replacement 
of the large substituent (R = Glucose—O—CsHs—CO— 
CH2—) of AP 10 by smaller groups does not suppress PDE 
inhibiting potency. The most efficient simplified phenyl- 
butenolides are in the range of potency of theophylline and 
pentifylline [11]. The interest of such molecules is that they 
are simple enough to permit a quantification of their phys- 
ico-chemical parameters and a better analysis of the struc- 
tural requirements for PDE inhibition. Thus, the substi- 
tuent R seems to be a factor influencing in a large way the 
affinity of the molecule for the enzyme without being pre- 
requisite for this affinity. Furthermore, the He proton of 
the phenyl ring seems to be especially involved in drug- 
enzyme interaction. 

An important point is the difference in structural require- 
ments for the inhibition of the two considered PDE prep- 
arations. The rat brain enzyme inhibition is mainly depen- 
dent on the lipophilicity of substituent R, and in contrast, 


the main parameter responsible for the bovine heart 
enzyme inhibition is the electronic influence of this sub- 
stituent on the meta position of the phenyl ring. This 
difference in sensitivity might be explained by species dif- 
ference, tissue difference and by differences in the pro- 
cedure of preparation. According to Thompson and 
Appleman [12], commercially available PDE prepared 
from beef heart [13] is mainly representative of one of the 
predominant forms of PDE, soluble and of cytoplasmic 
origin, referred to as the “high Km” form, with a greater 
affinity for CGMP than for cAMP. In contrast, crude brain 
preparations contain a large proportion of a particulate 
form and also a soluble form with an affinity for the mem- 
brane, both exhibiting a low Km for cAMP [12]. So, brain 
enzyme which seems, in this preparation, to be more 
involved with the membrane lipidic environment is more 
sensitive to the lipophilicity of the substituent than to its 
electronic effects. The reverse is true for the heart enzyme. 
Although the preparations studied are not representative 
of a single purified isoenzyme, this study constitutes an 
approach of the problem. Until now, several authors varied 
substitutions in different series of xanthine derivatives [14— 
16]. From their results, no clear relationship shows up 
between the various physico-chemical parameters of con- 
sidered substituents and PDE inhibition. In some cases, 
however, the selectivity towards one isoenzyme was 
enhanced [15, 16]. Our results raise the possibility to design 
the substituents in such a way that the resultant structure 
will be able to act more specifically on a PDE form. This 
aim is partially reached with compound 5; it is more active 
on brain enzyme than on heart enzyme, as contrasted with 
all other compounds tested. Furthermore some of these 
phenylbutenolides present a potential additional interest 
for the purification of PDE:compounds with structural 
functional groups such as —COOH, —NH2, —CN, could 
be useful ligands for covalent coupling to an insoluble 
matrix. Such columns of immobilized inhibitors might allow 
affinity chromatography of PDE (this work is in progress 
in our laboratory). 

Different correlations between physico-chemical par- 
ameters of substituted phenylbutenolides and phosphodi- 
esterase inhibition have been found with bovine heart and 
rat brain enzymes. These different structural requirements 
for drug affinity raise a possibility of improving the speci- 
ficity of drug action. 
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3,4-Dihydroxyphenylacetic acid content of sympathetic ganglia as a possible 
biochemical indicator of small intensely fluorescent cell participation in ganglionic 
transmission 


(Received 7 May 1979; accepted 26 July 1979) 


Dopamine (DA) in the small intensely fluorescent (SIF) 
cells of sympathetic ganglia [1], is thought to be released 
onto sympathetic neurons as a result of stimulation of 
muscarinic receptors on the SIF cells by preganglionic 
cholinergic neurons [2]. The concentration of 3,4-dihy- 
droxyphenylacetic acid (DOPAC) within the ganglia is a 
relative measure of DA formation and metabolism [3]. 
Presently there is no biochemical technique to evaluate 
sympathetic ganglionic transmission in freely moving rats. 
It may be possible, however, to monitor the participation 
of the SIF cells in ganglionic transmission by analyzing the 
content of DOPAC in the ganglion. In a model proposed 
by Libet (4], DA released from ganglionic SIF cells in 
response to preganglionic cholinergic neuronal activation 
might produce at least three actions: (a) elicit a direct 
hyperpolarization of the principal neurons; (b) produce a 
long-lasting modulatory change in the muscarinic response 
of the principal neurons to acetylcholine; and (c) reduce 
the release of acetylcholine from preganglionic neurons. 
In this report we demonstrate that drugs that interact with 
cholinergic, adrenergic and dopaminergic receptors alter 
the metabolism of DA in the celiac ganglion of the rat. 
The celiac ganglion was chosen for study because it appar- 
ently has the highest rate of DA metabolism of the rat 
sympathetic ganglia [5]. 

DA and DOPAC were analyzed in a single celiac gan- 
glion by gas chromatography—mass spectrometry, as 
described previously [3]. The doses of the drugs and the 
time of killing are shown in Table 1. Our previous studies 
have shown that the doses of the drugs administered altered 
brain biogenic amine metabolism. Celiac ganglia were 
removed under a dissecting microscope after rats (male, 
Sprague-Dawley, 150-180 g, obtained from Zivic Miller 
Laboratories, Allison Parks, PA) were decapitated. 


The content of DA in the ganglion remained essentially 
normal after each of the drug treatments (Table 1). In 
contrast, DOPAC content changed in a manner which 
suggested that the drugs had activated or inhibited specific 
receptors. As reported previously, treatment with the mus- 
carinic agonist oxotremorine induced a rise of DOPAC in 
the ganglion, a rise that was antagonized by atropine pre- 
treatment [5]. Atropine treatment alone resulted in a fall 
of DOPAC content, suggesting that normally there is tonic 
activation of SIF cell muscarinic receptors by preganglionic 
cholinergic neurons. 

The B-adrenergic receptor agonist isoproterenol had no 
effect on the content of DOPAC in the celiac ganglion. In 
contrast, the a-adrenergic receptor agonist phenylephrine 
decreased the content of DOPAC, and prior treatment 
with phenoxybenzamine prevented the fall of DOPAC. 
Moreover, phenylephrine could partially antagonize the 
rise of DOPAC after oxotremorine treatment. 

The administration of the DA agonist apomorphine had 
not effect on the content of DOPAC, but the DA antagonist 
haloperidol, administered alone, significantly increased 
DOPAC. The increase was not blocked by administering 
haloperidol together with apomorphine, but it appeared 
to be blocked by treatment with atropine. The apparent 
blockade, however, may be the algebraic sum of the fall 
normally induced by atropine and the rise induced by 
haloperidol. Phenylephrine treatment reversed the elev- 
ated levels of DOPAC induced by haloperidol as well. 
The blockade of the haloperidol-induced rise of DOPAC 
by atropine and phenylephrine probably represents physio- 
logical antagonism rather than competitive blockade at a 
common receptor. Whether the haloperidol-induced 
increase of DOPAC in the ganglia is the consequence of 
release of DA metabolism from the constraints of a negative 
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Table 1. Modulation of dopamine metabolism in the celiac ganglion of the rat 
by receptor agonists and antagonists* 





Dopamine DOPAC 
(nmoles/mg protein + S.E.M.) 


Treatment 





I Saline 
Oxotremorine 
Atropine 
Atropine + oxotremorine 
Oxotremorine + phenylephrine 
II Saline 
Isoproterenol 
Phenylephrine 
Phenoxybenzamine 
Phenoxybenzamine + phenylephrine 
III Saline 
Apomorphine 
Haloperidol 
Haloperidol + apomorphine 
Atropine + haloperidol 
Haloperidol + phenylephrine 
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* Drug dosage and min to killing: oxotremorine sesquifumarate, 0.2 mg/kg, 
s.c., 15 min; phenylephrine HCl, 10 mg/kg, s.c., 10 min; + isoproterenol HCl, 
5 mg/kg, s.c., 20 min; apomorphine HCl, 5 mg/kg, i.p., 45 min; haloperidol, 1 
mg/kg, i.p., 90 min; phenoxybenzamine HCl, 20 mg/kg, i.p., 60 min; and atropine 


sulfate, 20 mg/kg, i.p., 120 min. N = 5-10. 
+ P < 0.05, when compared with saline-treated rats. 
+t P < 0.05, when compared with oxotremorine-treated rats. 


neuronal feedback loop in the ganglia, as has been pos- 
tulated for striatum [6], remains to be investigated. Sym- 
pathetic ganglia may, indeed, be simple model systems for 
investigating negative neuronal feedback loops. 

Our finding that phenylephrine reduced DA metabolism 
suggests a model for further study. Perhaps norepinephrine 
released from the cell bodies or dendrites of sympathetic 
neurons onto SIF cells inhibits DA release and metabolism 
by acting on a-adrenergic receptors. The inhibitory a-adre- 
nergic receptor appears to be rather efficient at antagon- 
izing the increase of DA metabolism induced by activating 
muscarinic receptors as well as that induced by adminis- 
tering haloperidol. A reciprocal system could serve to mod- 
ulate information transfer between SIF cells and sympath- 
etic neurons. 

In our study, the drugs were administered to the rats and 
the metabolism of DA was evaluated thereafter. Thus, the 
drugs might interact with receptors on SIF cells or receptors 
associated with other peripheral and/or central structures, 
consequently altering sympathetic ganglionic transmission. 
Muscarinic receptors were shown to be associated with SIF 
cells of sympathetic ganglia by electrophysiological [2] and 
pharmacological techniques [3]. There is also evidence for 
nicotinic receptors playing a role in SIF cell DA metabolism 
[3]. 
The model proposed by Libet [4] predicts that ganglionic 
transmission would be altered by the release of DA from 
SIF cells onto principal neurons. Our studies suggest that 
DA acting via a negative neuronal feedback loop and nor- 
epinephrine released from the principal neurons might alter 


the release and metabolism of DA by the SIF cells. More- 
over, they suggest that drugs that alter DOPAC content 
in ganglia might be identified for further study on ganglionic 
transmission. These drugs might interact with receptors on 
the SIF cells or at sites other than the ganglia to alter 
transmission. 
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The possibility that peroxidized lipids, or final products of lipid peroxidation, play a 
role in the inflammatory process has been suggested by several authors (1-4). Lipoperoxides 
are formed in the pathway leading to the production of prostaglandins. Prostaglandins from 
arachidonic acid and peroxidized arachidonic acid were found to cause platelet aggregation 
(5). Evidence has been presented according to which oxygen radicals are involved in the 
production of foot-edema in rats (6). Also it has been demonstrated (1) that superoxide 
anions are involved in the production of carrageenan foot-edema, It has been suggested (1) 
that superoxide anions formed by macrophages may interact with membrane arachidonic acid to 
produce prostaglandins or lipid peroxides which may increase vascular permeability. The role 
of superoxide anions in the initiation of lipid peroxidation has been demonstrated (7). 

Previous studies from our laboratory (8-10) showed that during the course of the 
peroxidation of rat liver microsomal lipids products are formed which have the capacity of 
inducing cytopathological effects. The cytotoxic products are dialysable and can be recovered 
in extracts (10) obtained from the dialysate. They have the capacity of damaging cellular 
membranes (hemolytic effect) and of impairing the activity of membrane bound enzymes 
(inhibition of microsomal enzymes), A partial separation of the products present in the 


dialysate extract was obtained (10) by thin layer chromatography (TLC). When the lipid 


materials eluted from the various chromatographic bands were tested for their toxicological 


activity, it was found that the highest toxicological activity occurs in a well resolved band 
which contains most of the carbonyl functional groups detectable in the unfractionated 
dialysate extract (10). Studies concerned with the molecular characterization of the products 
contained in this chromatographic band showed (11) that these products consist of 
4-hydroxyalkenals, almost entirely of 4-hydroxy trans 2,3 nonen-1l-al (with minor amounts of 
4-hydroxyoctenal, 4-hydroxydecenal and 4-hydroxyundecenal),. 

That a number of aldehydes originate from the peroxidation of unsaturated fatty acids has 
been known for a long time (12), Aldehydes have been shown to produce many biological effects 
(13). Recently it has been suggested that aldehydes are produced by inflammatory cells during 
phagocytosis (14). It seemed therefore of interest to investigate whether the above referred 


carbonyl compounds originating from the peroxidation of liver microsomal lipids exhibit an 
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inflammatory activity. Preliminary studies demonstrating that these carbonyl compounds are 
capable of inducing foot-edema in the rat, are reported in this communication. 

The carbonyl compounds tested for their capacity to induce foot-edema were prepared as 
described in a previous paper (10). The carbonyl compounds [300 or 150 nmoles, determined as 
previously done (10)] were resuspended in 0.05 ml of sterile saline containing 0.0005% (w/v) 
Tween 80 and injected into the plantar surface of the hind paw of the rat (male Sprague-Dawley 
rats, 150-160 g, Nossan, Correzzana, Milan, Italy). The controlateral paw (left) was injected 
with the proper control sample fi.e. the sample obtained from the TLC plate to which the 
dialysate extract derived from the control flask (plus microsomes, minus NADPH) was applied 
(see ref. 3)]. Immediately before and after the injection (0 time), the volume of the foot 
was measured with a volume differential meter apparatus (U. Basile, Milan, Italy). The volume 


was then measured at various times after the injection. 
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Fig. 1. A — Time-course of foot-edema induced by carbonyl compounds derived from the 
peroxidation of liver microsomal lipids. (O———O) 300 nmoles of carbonyl 
compounds; (O----0) 150 nmoles of carbonyl compounds; (O -O) control 


samples, 


Time-course of foot~edema induced by serotenin or carregeenan. (O———O) 
Serotonin; (O-----O) carrageenan; (O ©) saline without serotonin or 
carrageenan, The amounts of serotonin and carrageenan injected into the foot 


of the rat were 2.8 nmoles and 0.5 mg (in 0.05 ml of saline) respectively. 


Fig. 1A shows the time-course increase in foot volume after the injection of either 300 or 


150 nmoles of carbonyl compounds originating from the peroxidation of liver microsomal lipids. 
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In either case the foot-edema reached maximum in 1 h and decreased thereafter. When the 
higher level of carbonyl compounds was used, the increase in foot volume was still evident at 


24 h. The small increase in the volume of the foot injected with the control sample, did not 


* 
exceed the volume of the injected material (0.05 ml). Synthetic pReteiigiedmonn’® ) injected 


in equimolar amounts (300 nmoles) produced the same increase in foot volume as that produced 
by biogenic carbonyl compounds derived from lipid peroxidation. 

The time-course increase in foot volume produced by the carbonyl compounds derived from 
lipid peroxidation resembled, for its rapid onset (peak at 1h), that produced by the 
serotonin (Fig. 1B). However the foot-edema due to the carbonyl compounds (300 nmoles) was 
still evident at the later stages (10-24 h) as in the case of the foot-edema produced by 
carrageenan (Fig. 1B). 

The increased permeability caused by the carbonyl compounds originating from the 
peroxidation of liver microsomal lipids might be related to the increase in the water content 
of the liver cell following carbon tetrachloride poisoning, that is, in a situation in which 
the peroxidation of membrane lipids of liver endoplasmic reticulum has been unequivocally 
demonstrated (15-17). 

The fact that carbonyl compounds derived from the peroxidation of membrane lipids are 
active on vascular permeability could be of interest in studies concerned with the possible 


relationships between lipid peroxidation and the inflammatory process. 
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Abstract—Ethanol metabolism was compared in two strains of the deermouse, Peromyscus maniculatus. 
Animals of the Adh’/Adh’ strain, which lack liver alcohol dehydrogenase (ADH) activity, eliminated 
ethanol at a signficantly slower rate (P < 0.0005) than those of the Adh*/Adh* strain, which have normal 
liver ADH activity. However, a comparison of the blood ethanol elimination rate (BEER) in the two 
strains indicated that, at high blood ethanol concentrations, non-ADH mediated pathways may account 
for as much as two-thirds of normal ethanol elimination in this species. Chronic ethanol consumption 
induced an elevated BEER in Adh*/Adh* mice but not in Adh‘/Adh® mice. This strain difference in 
response to ethanol feeding suggests that increases in BEER are mediated primarily via the ADH 
pathway. A microsomal ethanol-oxidizing system (MEOS), independent of ADH and catalase, was 
shown to exist in microsomal preparations from both strains of P. maniculatus. MEOS activity of naive 
Adh’/Adh® mice was 2.3-fold higher than that of naive Adh"/Adh* animals. Both strains had a 3-fold 
greater MEOS activity following chronic ethanol consumption. Contrary to similar investigations in 
ethanol-fed rats, the alteration in MEOS activity was not accompanied by significant changes in 
cytochrome P-450, NADPH-cytochrome c reductase or phospholipid. Most importantly, the elevated 
in vitro MEOS activity of ethanol-fed Adh/Adh’ mice had no significant effect upon BEER. These 
results suggest caution in attaching physiological significance to the simultaneous, ethanol-induced 
increase of the in vitro MEOS and of BEER in experimental animals with normal liver ADH activities. 


The mammalian liver is responsible for 95 per cent 
of blood alcohol elimination. The metabolic path- 
ways utilized by the liver for alcohol oxidation have 
been subject to extensive investigation in the past 
10 years. It is generally recognized that, at low blood 
ethanol concentrations (<0.2%), at least 80 per cent 
of alcohol oxidation proceeds via a two-step pathway 
in which the initial reaction is catalyzed by alcohol 
dehydrogenase (ADH, alcohol: NAD oxidoreduc- 
tase, EC 1.1.1.1). However, at high blood ethanol 
concentrations, only 50 per cent of in vivo alcohol 
oxidation can be suppressed by the potent ADH 
inhibitor pyrazole or its alkyl derivatives. 


Pyrazole-insensitive ethanol oxidation has been 


attributed to a peroxidative activity of catalase and/or 
a microsomal ethanol-oxidizing system (MEOS) 
which bears some relation to the microsomal drug- 
metabolizing system. There is little doubt that at 
least some portion of in vivo alcohol oxidation is 
suppressed by the catalase inhibitors sodium azide 
and aminotriazole. Jn vitro microsomal ethanol- 
oxidizing activity is also partially suppressed by these 
inhibitors. However, there is a sodium azide and 
aminotriazole insensitive ethanol-oxidizing activity 
in microsomes which has been attributed to ADH 
contamination [1] or to a distinct MEOS [2]. Still 
other workers have shown that the endoplasmic 
reticulum does not participate in ethanol oxidation 
in vivo [3]. 

Teschke et al. [4, 5] have reported the separation 
of MEOS activity from ADH, catalase, and NADPH 
oxidase activities by DEAE cellulose chroma- 
tography. They have reconstituted MEOS-like 
activity from partially purified cytochrome P-450, 
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NADPH-cytochrome c reductase and L-a-dioleoyl 
lecithin [2]. The isolation of the MEOS and its 
reconstitution from components of the microsomal 
electron transport pathway have been confirmed by 
Miva et al. [6]. Chronic ethanol feeding of rats [2] 
was also shown to induce quantitative and qualitative 
alterations in the cytochrome P-450 of hepatic 
microsomes, in addition to stimulating an increase 
in the overall blood ethanol elimination rate. The 
elevation of the ethanol clearance rate in response 
to chronic ethanol consumption or metabolic toler- 
ance is a well-established phenomenon [7-9]. 

These studies of mammalian alcohol metabolism 
have been hampered by the inflexibility of experi- 
mental animals which require the use of inhibitors 
to study specific aspects of ethanol elimination. A 
unique animal model has been developed recently 
which circumvents the requirement for pyrazole to 
study in vivo non-ADH mediated alcohol oxidation. 
Two deermouse strains which are genetically defined 
for liver ADH variants have been derived from lab- 
oratory populations of Peromyscus maniculatus. The 
Adh*/Adh* strain has a normal liver ADH activity, 
while the Adh‘/Adh\ strain has no liver ADH activity 
which could be detected on zymograms or in spec- 
trophotomeiric assays of the reverse reaction [10]. 
Moreover, Adh‘/Adh’ animals exhibit no antigeni- 
cally crossreacting material in immunochemical tests 
employing monospecific anti-ADH antisera [11]. 
These strains of P. maniculatus were used in the 
present work to examine the relative importance of 
non-ADH mediated pathways in ethanol metabolism 
and to confirm the existence of an in vitro MEOS 
activity independent of catalase and ADH. 
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EXPERIMENTAL 


Genetic stocks. Animal stocks used in the current 
studies were recently derived from laboratory popu- 
lations of P. maniculatus maintained by Dr. Wallace 
Dawson, Mammalian Genetics Laboratory, Univer- 
sity of South Carolina, and have the following gen- 
otypes for liver alcohol dehydrogenase: Adh*/Adh* 
and Adh‘/Adh* [12]. 

Ethanol-induced sleep time. Ethanol-induced sleep 
times were determined by the technique of Belknap 
et al. [13]. All tests were performed between 9:00 
a.m. and 3:00 p.m. and utilized animals 30- to 40- 
days-old. Deermice of both strains were injected 
intraperitoneally in the lower abdomen with 
0.015 ml/g body weight of 30% ethanol in isotonic 
saline. The time of initial injection was noted. Each 
animal was restrained until the righting response was 
lost (<1 min) and then placed upside down in a V- 
shaped trough. Sleep time was defined as the length 
of time required, following ethanol injection, for an 
animal to regain the righting response, measured as 
the ability to right three times in 30 sec. 

Ethanol elimination rate. The blood ethanol elim- 
ination rate (BEER) was determined for each strain 
of P. maniculatus which had been maintained on 
water (control) or an ethanol drinking regime. 
Ethanol consumption was initiated in 1- to 2-month- 
old animals and was continued for 6 weeks. The 
ethanol-feeding regime consisted of 10% ethanol in 
drinking water along with solid food (Wayne Lab 
Blox) available ad /ib. until 24hr prior to BEER 
measurement. 

All animals were maintained on a 16:8 light versus 
dark cycle, and blood ethanol elimination rates were 
determined between 9:00 a.m. and 3:00 p.m. For 
these tests, animals (2.5- to 3.5-months-old) were 
injected intraperitoneally with a hypnotic dose of 
30% ethanol in isotonic saline, as described above. 
Preliminary experiments showed that maximum 
blood ethanol concentrations were reached 30 min 
after injection; the linear decrease had begun by 1 hr 
post-injection. At two of four selected time intervals 
after injection (0.5, 2.5, 4.0 and 6.0 hr), blood (20 pl) 
was drawn from the suborbital sinus of each animal, 
added to 0.5 ml of 400 mM perchloric acid in a plastic 
vial, capped tightly, and refrigerated at 4° until all 
samples were collected. The vials were then centri- 
fuged at 13,000 g for 20 min and assayed for ethanol 
by an enzymatic technique [14]. BEER was calcu- 
lated as the change in blood ethanol content per 
hour over the portion of each elimination curve 
above 200 mg ethanol/100 ml blood, where clearance 
is essentially a linear function. 

MEOS assay. Microsomes of naive and ethanol- 
fed animals from both P. maniculatus strains were 
prepared by homogenizing freshly excised liver 1:3 
(w/v) in 50 mM sodium phosphate-0. 15 M potassium 
chloride (pH 7.5), and centrifuging for 30 min at 
10,000 g. The resulting supernatant fraction was lay- 
ered on isotonic sucrose and the microsomal fraction 
pelleted by centrifugation at 105,000 g for 30 min. 
The microsomes were washed free of sucrose, and 
then resuspended in 0.1M _ potassium phosphate 
(pH 7.5). MEOS was assayed as described by Lieber 
and DeCarli [7] in 30 ml Warburg flasks with rubber 


stoppers, using 1-3 mg of microsomal protein per 
flask. Except where otherwise indicated, the alcohol 
substrate was at 50 mM, and 0.1 mM sodium azide 
was added to each assay. Reactions were stopped 
by the addition of 0.5 ml of 70% trichloroacetic acid 
(TCA) from the sidearm. Aldehyde produced during 
the reaction was trapped in the center well with 
0.4 ml of 15 mM semicarbazide—HCl in 0.1 M potas- 
sium phosphate (pH 7.4) by diffusion overnight at 
23°. The contents of the center well were added to 
1.6 ml of distilled water and absorbance was read at 
224 nm. This value was converted to nmoles alde- 
hyde, using standard curves generated for acetal- 
dehyde and propionaldehyde over a range of 225- 
1350 nmoles/flask. 

Other assays. ADH activity was measured in the 
reverse reaction as described previously [10]. Cata- 
lase was assayed by the method of Luck [15], with 
one unit equal to one AA2s/min at 23°. NADPH- 
cytochrome c reductase was assayed as by Masters 
et al. [16], with one unit defined as one AAsso/min 
at 23°. NADPH-oxidizing activity was measured by 
following the decrease in absorbance at 340 nm [17]. 
Cytochrome P-450 was quantified by the method of 
Omura and Sato [18], and phospholipid as described 
by Dittmer and Wells [19]. Protein content was 
determinec by the method of Lowry er al. [20] using 
bovine serum albumin as a standard. 

Statistical analysis. The average (+standard devia- 
tion) was determined for each experimental condi- 
tion. The significance of the difference between an 
experimental and control value was assessed by Stu- 
dent’s paired (-test. 


RESULTS 


Chronic ethanol-induced sleep times were meas- 
ured in mice of both ADH genotypes. Following 
injection of a weight-specific hypnotic dose of 30% 
ethanol, Adh‘/Adh’ animals required a significantly 


Table 1. Individual blood ethanol elimination rates for 
naive and ethanol-fed individuals of both P. maniculatus 
strains* 





Regimen Adh*/Adh* — Adh/Adh 





63.9 + 19.5 
(44) 
59.5 + 18.8 
(38) 


94.9 + 24.9 
(32) 
114.3 + 26.9 
(43) 


Naive 


Ethanol-fed 





* Rates are expressed as the change in blood ethanol 
content (mg ethanol/100 ml of blood) per hour for the time 
interval during which blood ethanol content remained 
greater than 200 mg ethanol/100 ml of blood. No significant 
difference was found between the blood ethanol elimination 
rates of male and of female P. maniculatus at these high 
blood ethanol concentrations. Values given are the average 
of pooled male and female blood ethanol elimination 
rates + one standard deviation. The number of individual 
determinations is given in parentheses. In comparing the 
two genotypes, whether naive or ethanol-fed, the values 
are significantly different (P < 0.0005). Ethanol feeding 
does not significantly alter the blood ethanol elimination 
rate in Adh/Adh’ animals, but does in Adh*/Adh* animals 
(P < 0.005). 





Ethanol metabolism in ADH-negative animals 127 


longer time than Adh‘/Adh* mice to regain the right- 
ing response. Adh‘/Adh* sleep times averaged 138.2 
(+9.4S.E.) min (N = 48); Adh*/Adh* sleep times 
were 76.1 (+3.8S.E.) min (N = 89). These values 
are significantly different (P < 0.0005). 

This difference in ethanol-induced sleep time may 
represent a real difference in the ethanol elimination 
rate or result from differential nervous system sen- 
sitivity to ethanol. Therefore, blood ethanol content 
was measured directly at several points following 
administration of the same hypnotic ethanol dose. 
Calculated blood ethanol elimination rate (BEER) 
values are given in Table 1 for mice of both strains 
which were either naive or chronically fed 10% 
ethanol for 6 weeks prior to these tests. Both groups 
of Adh'/Adh™ mice showed significantly lower 
BEERs when compared to Adh‘/Adh* animals on 
the same drinking regime (P < 0.005). Liver ADH- 
negative mice eliminated ethanol at 67.3 per cent of 
the rate in Adh*/Adh* animals when naive blood 
ethanol! elimination rates were compared. Ethanol 
feeding failed to increase BEER in Adh‘/Adh* mice, 
while the same regime induced a small (20.4 per 
cent) but significant (P<0.005) increase in 
Adh*/Adh* BEER. Ethanol-fed Adh*/Adh’ animals 
eliminated ethanol at about one-half the rate found 
in Adh*/Adh* mice. 

Activities of ADH, catalase and MEOS in naive 
and ethanol-fed mice of both strains are given in 
Table 2. As expected, Adh‘/Adh* mice on both con- 
trol and ethanol diets had no liver ADH activity. 
Ethanol-feeding did not significantly alter ADH 
activity in Adh‘/Adh* animals. Catalase activities in 
crude liver 30,000 g supernatant fractions were not 
significantly different for any of the four experi- 
mental groups. No significant difference was 
detected in the level of catalase contamination of 
microsomal preparations from animals of either 
strain on control and ethanol diets. However, MEOS 
activities in Table 2, which are values with propanol 
substrate in the presence of 0.1 mM sodium azide, 
show striking differences among the four groups 
when the activities are expressed per mg of micro- 
somal protein. MEOS activity of naive Adh*/Adh™ 
mice was at least 2-fold more than in Adh‘/Adh* 
animals. Ethanol consumption induced approxi- 
mately a 3-fold increase in MEOS of both strains, 
such that the activity of ethanol-fed Adh‘/Adh* mice 
remained at least 2-fold more than in Adh*/Adh* 
animals on the same regime. Similar changes are 
seen in MEOS activity expressed per 0.25 g liver wet 
weight. 

The relationship of MEOS activity with propanol 
in the presence of sodium azide to other assay con- 
ditions is demonstrated in Table 3 for microsomes 
of both P. maniculatus strains. MEOS has much 
higher activity with ethanol than with propanol, yet 
while ethanol-oxidizing activity is markedly 
depressed in the presence of azide, the propanol 
oxidation rate remains virtually unchanged in the 
presence of this catalase inhibitor. These results are 
not surprising, because catalase, which contaminates 
most preparations of microsomes, has a marked sub- 
strate specificity for methanol and ethanol over 
longer chain alcohols. Rat liver catalase-H2O2 oxi- 
dizes propanol at only 1.5 per cent the rate at which 


(units/0.25 g liver) 
64.22 + 11.19 


MEOS (propanol + azide) 


gnificantly different in any of the four groups of 
animals. Ethanol feeding significantly alters MEOS 


19.35 + 5.38 


(units/mg liver 
microsomal protein) 
25.46 + 6.60 
55.57 + 7.53 


MEOS (propanol + azide) 
Values presented here are the averages + S.D. of six to ten animals. 


animals, nor is catalase activity si 


Catalase 
(units/mg liver 
microsomal protein) 
0.38 + 0.14 
0.38 + 0.10 
0.55 + 0.27 


0.46 + 0.31 


Catalase 
(units/mg 
liver protein) 


8.08 + 2.09 
8.02 + 3.52 
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ADH 
(units/mg 
liver protein) 
0.22 + 0.07 
0.28 + 0.12 


fed) 


Adh'/AdhN 


(naive) 
* No significant difference was observed between males and females for these activities. 


Ethanol feeding does not significantly alter ADH activity in Adh*/Adh' 











animals. MEOS activity is significantly different (P < 0.0005) between naive Adh§/Adh® and Adh*/Adh* 


values in both strains (P < 0.0005). 


Adh*/Adh* 
(naive) _ 
Adh*/Adh* 
Adh/AdhN 
(ethanol-fed) 


(ethanol- 
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Table 3. Relative activities of the liver microsomal ethanol-oxidizing system of 4- to 6-month-old 
females from two strain of P. maniculatus under four assay conditions* 





(nmoles aldehyde/min/mg 
microsomal protein) 


Assay condition Adh*/Adh* 


(nmoles aldehyde/min 
0.25 g liver) 


Adh’/Adh*® Adh*/Adh* Adh’/Adh* 





55.8 + 8.9 
(3) 
14.6+ 4.3 
(5) 
Ethanol (50 mM) + BA EZS 
sodium azide (0.1 mM) (5) 
Propanol (50 mM) + 11.8 + 1.2 
sodium azide (0.1 mM) (4) 


Ethanol (50 mM) 


Propanol (50 mM) 


88.5 + 17.9 122.4 + 12.0 263.0 + 32.5 
(2) (3) (2) 
23.1 23:4 26.8 + 5.9 68.0 + 4.9 
(4) (5) (4) 
74.0 + 14.1 $1.0 + 1.4 212.5 + 30.0 
(4) (5) (4) 
18.1+4.3 30.5 +2.1 52.0 + 15.0 
(4) (4) (4) 





* There is no significant difference between MEOS activity with propanol and propanol plus 
azide. MEOS (propanol plus azide) activity in the two genotypes is significantly different (P < 0.005). 
Numbers in parentheses are the number of determinations. 


it oxidizes ethanol, and ethanol oxidation by catalase 
is maximally inhibited by 0.1 mM azide [21]. The use 
of propanol as substrate in the presence of azide 
assures a reliable measure of MEOS activity inde- 
pendent of catalase peroxidation. 

Measurements of several microsomal components 
which have been implicated in MEOS and shown to 
increase in rats following chronic ethanol adminis- 
tration are presented in Table 4. Cytochrome P-450, 
NADPH-cytochrome c reductase and phospholipid 
were not significantly different for any of the P. 
maniculatus control or ethanol-fed groups. Further, 
the NADPH-oxidizing activity of microsomes, which 
may provide rate-limiting quantities of hydrogen 
peroxide for catalase peroxidation of alcohols, was 
actually significantly lower (P <0.05) in hepatic 
microsomes of ethanol-fed Adh*/Adh* mice than in 
any of the other groups, despite a much higher 
MEOS activity. Thus, these large increases in MEOS 
activity cannot be attributed to quantitative altera- 
tions in major components of the microsomal elec- 
tron transport pathway, nor to changes in the catalase 
or ADH-mediated ethanol oxidation rate. And, in 
Adh’/Adh® mice, elevated MEOS activity was not 
accompanied by increased BEER. 


DISCUSSION 


The Adh’/Adh’ strain of P. maniculatus provides 
a unique animal model for studies of non-ADH 
mediated alcohol oxidation in mammals. These 
animals have been used in this report to study several 
parameters of ADH and non-ADH mediated 
ethanol metabolism. A significant finding of the cur- 
rent study is that ethanol consumption, under the 
conditions imposed, does not alter BEER in 
Adh*‘/Adh* animals but does increase BEER in 
Adh*/Adh* animals. The drinking regime of the pres- 
ent studies, which provides ethanol in drinking water 
for ad lib. consumption, results in a 20.4 per cent 
increase of BEER in Adh*/Adh* mice. Korvula and 
Lindros [8] reported an 11-19 per cent BEER 
increase with chronic ethanol consumption in rats 
on a completely liquid diet with isocaloric substitu- 
tion of other carbohydrates for ethanol in the control 
diet. However, Lieber and DeCarli [7] and Tobon 
and Mezey [9] have reported larger increases in 
BEER following chronic ethanol consumption by 
rats on liquid diets. 

These results suggest that ethanol consumption 
may induce an increase only in the ADH pathway 


Table 4. Measurements of selected microsomal components of naive and ethanol-fed P. maniculatus from Table 2* 





NADPH-cytochrome c 
reductase 
(units/mg 

microsomal protein) 


Cytochrome P-450 
(nmoles/mg 
microsomal protein) 


NADPH-oxidizing activity 
(4A 340/5 min/mg 
microsomal protein) 


Phospholipid 
(umoles/mg 
microsomal protein) 





Adh*/Adh* 1.65 + 0.57 
(naive) _ 
Adh*/Adh* 
(ethanol-fed) 
Adh®/Adh® 
(naive) 
Adh/Adh*® 
(ethanol-fed) 


1.32 + 0.21 


1.40 + 0.28 


2.12 + 0.56 


0.34 + 0.18 
0.42 + 0.26 
0.31 + 0.11 2.52 + 0.74 


0.26 + 0.05 


3.00 + 0.69 0.54 + 0.28 


2.95 + 0.43 0.48 + 0.18 
0.30 + 0.06 


2.56 + 0.30 0.21 + 0.03 





* The value for NADPH oxidase in ethanol-fed Adh‘/Adh’ mice is significantly different from the naive Adh*/Adh* 
values (P <0.1) and from ethanol-fed Adh*/Adh* (P < 0.05) and naive Adh/Adh’ (P < 0.05). All other component 
values are not significantly different in the four groups of animals. Values are average + S.D. of six to ten animals. 
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of alcohol oxidation or that the contribution of non- 
ADH pathways to in vivo ethanol elimination may 
be maximally elevated in naive Adh‘/Adh’ mice, but 
not in their Adh*/Adh* counterparts. That the adap- 
tive increase in ethanol utilization requires alcohol 
dehydrogenase activity is supported by the work of 
Thurman et al. [22-24] on liver slices which dem- 
onstrated that the adaptive increase was inhibited 
by 4-methylpyrazole, an inhibitor of alcohol dehy- 
drogenase _ activity. However, _ ethanol-fed 
Adh'/Adh'* animals have no higher ADH levels than 
controls, confirming the work of Tobon and Mezey 
[9] and Korvula and Lindros [8] but conflicting with 
other reports (e.g. Ref. 25). Ethanol oxidation via 
the ADH pathway is normally modulated not by 
ADH activity, but rather by the reoxidation rate of 
NADH, and by the rate of electron flux in the 
mitochondrial respiratory chain. In support of this 
hypothesis are several experimental observations. 
Uncouplers of oxidative phosphorylation, such as 
dinitrophenol, increase the rate of mitochondrial 
oxidation and these agents are known to increase 
the rate of ethanol metabolism in liver slices [26]. 
Chronic ethanol treatment not only increases the 
rate of ethanol metabolism but also increases the 
rate of oxygen utilization by the liver in vitro [27, 28]. 
An increased utilization of adenosine triphosphate 
(ATP) by the Na* + K*-activated ATPase system 
and the resulting drop in ATP/ADP + Piratio appear 
to be responsible for the increased oxygen con- 
sumption [28,29] and ethanol metabolism [30] in 
livers of animals chronically treated with ethanol. In 
addition, ouabain, an inhibitor of the Na* + K*- 
activated ATPase, can block completely the 
increased ethanol metabolism stimulated by chronic 
ethanol treatment [30]. The observation that ethanol 
consumption increases BEER in Adh‘/Adh* mice, 
but not in Adh’/Adh’ animals strongly suggests that 
the hypermetabolic state of mitochondria in hepa- 
tocytes increases in vivo ethanol elimination pri- 
marily by the ADH pathway, and exerts no effect 
on in vivo ethanol clearance when ADH is absent. 

However, Cederbaum ef al. [31] report that after 
pyrazole treatment, ethanol-fed rats still have 
ethanol clearance rates higher than controls. They 
calculate that 40 per cent of the BEER increase is 
not blocked by this ADH inhibitor. If the inhibitor 
were completely effective in blocking ADH 
mediated ethanol oxidation, their study suggests that 
ethanol consumption would increase in vivo ethanol 
elimination by ADH and alternate pathways. In this 
case, an explanation must be offered for the 
unchanged BEER in ethanol-fed Adh‘/Adh* mice 
which completely lack ADH activity but do possess 
these alternate pathways for ethanol oxidation. It is 
possible that some rate-limiting component of non- 
ADH mediated alcohol clearance is maximally elev- 
ated in naive Adh‘/Adh* animals, but not in naive 
Adh'/Adh* mice. Supporting this contention are the 
measurements of hepatic MEOS in naive P. mani- 
culatus of both strains, where the propanol-oxidizing 
activity is 2.3-fold higher per mg of microsomal pro- 
tein in Adh‘/Adh* than in Adh‘/Adh* mice. How- 
ever, ethanol feeding further increases in vitro 
hepatic MEOS of both strains approximately 3-fold, 
but this alteration is not reflected in Adh‘/Adh* 
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BEER. Jn vivo MEOS may be further rate-limited 
by a second factor which is present in excess in in 
vitro MEOS assay. 

Since a definite pathway for MEOS has not been 
established, the nature of possible in vivo rate-lim- 
iting factors is not known. The observation that 
cytochrome P-450, NADPH-cytochrome c reductase 
and phospholipid increase in hepatic microsomes of 
ethanol-fed rats [32, 33] has not been confirmed in 
P. maniculatus in the present work, despite elevation 
of in vitro MEOS in ethanol-fed Adh‘/Adh* animals 
to levels at least 2- to 3-fold higher than previously 
reported in the literature. It is unlikely, then, that 
any of these components of the drug-metabolizing 
system limit the hepatic MEOS. In fact, Cederbaum 
et al. [34] have demonstrated dissociation of MEOS 
from drug metabolism by the use of potent hydroxyl 
radical scavengers which inhibit alcohol oxidation 
without affecting aniline hydroxylase or aminopyrine 
demethylase activity. This suggests that rate-limiting 
factors which may be explored further with MEOS 
activity in vitro and in vivo are the rate of generation 
of hydroxyl radicals by the microsomal electron 
transport pathway and the supply of NADPH for 
oxidation by this pathway. 

An interesting aspect of MEOS activity with 
ethanol is that azide inhibits the Adh*/Adh* animals 
by 50 per cent, whereas microsomes from 
Adh’/Adh* animals retain more than 80 per cent of 
their ethanol-oxidizing activity in the presence of 
this catalase inhibitor (Table 3). Microsomes of 
Adh*/Adh* animals do not contain significantly elev- 
ated catalase (Table 2). These results suggest that 
a greater proportion of ethanol oxidation due to 
noncatalase-mediated oxidation is found in micro- 
somes of Adh*/Adh’ animals than in microsomes of 
Adh'/Adh* animals. Although ethanol elimination 
in Adh‘/Adh\ animals in the presence of azide is 3- 
fold greater than in Adh*/Adh* animals, the increase 
in propanol oxidation is less than 2-fold. This sug- 
gests that some portion of the elevated MEOS 
activity in Adh/Adh’ animals may operate specifi- 
cally, or at least preferentially, on ethanol and not 
on propanol. This result requires further experi- 
mentation for clarification. 

These studies in P. maniculatus demonstrate that, 
at high blood ethanol concentrations, non-ADH 
mediated pathways may account for as much as two- 
thirds of the elimination of ethanol. The presence 
of catalase and ADH-independent MEOS activity 
in vitro is not accompanied by significant quantitative 
alterations in the major components of the micro- 
somal electron transport pathway. Further, when 
ethanol-fed, both strains of P. maniculatus have 
increased in vitro MEOS activities, but BEER 
increases only in the Adh'/Adh* strain and remains 
unchanged in ADH-negative mice. This result 
strongly suggests that BEER increases, following 
chronic ethanol consumption, are mediated primar- 
ily via the ADH pathway. However, the higher 
MEOS activity in naive Adh‘/Adh‘ mice than in 
their Adh*/Adh* counterparts indicates that non- 
ADH mediated ethanol elimination may already be 
induced in the ADH-negative strain. Further, 
ethanol-induced MEOS increases might not be 
reflected in Adh‘/Adh’ BEER due to other, non- 
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inducible factors which may be rate limiting for 
MEOS in vivo. It is evident, though, that simulta- 
neous increases in BEER and in vitro MEOS activity 
cannot be taken as evidence in favor of a contribution 
of non-ADH mediated pathways to the induction of 
ethanol clearance rates by ethanol consumption. 
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Abstract—The effects of seven antineoplastic agents (dacarbazine, procarbazine, hexamethylmelamine, 
carmustine, lomustine, chlorozotocin, p-carbmethoxyphenyldimethyltriazene) on oxidative drug metab- 
olism were studied. With the exception of dacarbazine and chlorozotocin they inhibited p-nitroanisol 
O-demethylase in vitro in liver 9000 g supernatant of CBALac mice. The inhibition mode was mixed 
for procarbazine and hexamethylmeldmine, apparent Ki values for these drugs were 1.9 and 0.8 mM. 
Carmustine and p-carbmethoxyphenyldimethyltriazene (CMPDT) showed uncompetitive inhibition. 
Procarbazine inhibition is mediated by a metabonate and the inhibition by CMPDT is reduced by non- 
specific binding. The administration of these agents at tumour curative doses in vivo lead only to weak 
to negligible depression of O- and N-demethylase activities 10 min, 1 day and 3 days after cessation of 


drug administration. 


Mixed function oxidase enzymes localized in the 
endoplasmic reticulum (i.e. microsomal fraction) of 
the hepatocyte mediate the catabolism of many 
antineoplastic agents. Some of these drugs, like 
cyclophosphamide, require oxidative metabolism for 
activity. Also the intensity and duration of their 
cytotoxicity may be determined by the rate at which 
the cytotoxic species generated is metabolically 
detoxified. Many antineoplastic drugs, e.g. cyclo- 
phosphamide [1] and 5-fluorouracil [2] have been 
demonstrated to depress drug biotransformation of 
the liver by direct or indirect inhibitory actions on 
cytochrome P-450 related functions. As these drugs 
are frequently administered repeatedly as single 
agents or as part of a combination regime with other 
drugs, their ability to interfere with drug metaboliz- 
ing enzyme activity may have clinical consequences. 
If drug induced reduction in metabolizing capacity 
of the liver occurs, then levels of active metabolites 
may be too low to cause sufficient tumour cell kill 
or the sustained presence of cytotoxic species may 
result in non-selective toxicity to the host. 

Unlike in the case of cyclophosphamide and other 
classical antineoplastic drugs, it is not known whether 
the cytotoxic drugs which have been introduced into 
therapy more recently interfere with hepatic drug 
metabolism. We therefore have investigated the 
potential of some of them (dacarbazine, hexame- 
thyimelamine and the nitrosoureas carmustine, 
lomustine and chlorozotocin) to inhibit mixed func- 
tion oxygenase activity in mouse liver in vitro. These 
drugs are known or suspected to require oxidative 
activation. In order to detect chronic effects on the 
metabolizing capacity of the liver by the treatment 
with these drugs, we have also studied enzyme 
activity after administration of doses which have 
been shown to achieve maximal increase in survival 
time in tumour bearing mice. In addition, procar- 
bazine and p-carbmethoxyphenyldimethyltriazene 
(CMPDT) were included in the study. Procarbazine 
given as single doses of 100 mg/kg or more has been 


shown to inhibit drug metabolizing enzymes [3, 4]; 
in this study we investigated the effect of a lower 
dose which inhibits tumour growth. The experi- 
mental triazene CMPDT is a derivative of dacar- 
bazine and, though more toxic than dacarbazine, is 
highly active against rodent tumours [5]. We have 
studied drug metabolism interactions with this agent 
as it has been used in biochemical and pharmaco- 
logical investigations into the mode of action of 
antineoplastic dimethyl-triazenes [6]. 


MATERIALS AND METHODS 


A. Drugs. Procarbazine, lomustine (CCNU), car- 
mustine (BCNU) and chlorozotocin were supplied 
by Dr Harry B. Wood, Drug Synthesis and Chem- 
istry Branch, Division of Cancer Treatment, 
National Cancer Institute, Bethesda, U.S.A. Hex- 
amethylmelamine, CMPDT and its monomethyl and 
hydroxymethyl derivatives were synthesized by Drs. 
Stevens and Simmonds in our laboratories according 
to published methods [7, 8]. Doxepine was provided 
by Pfizer Ltd. and dacarbazine (DTIC) by Dome 
Laboratories Ltd. All other drugs and chemicals 
were commercially available. 

B. Drug administration. Three to four-week old 
male CBALac mice were used throughout the study. 
The cytotoxic agents were administered i.p. in saline 
or acetone/arachis oil 1:5 either as five daily doses 
of 40 mg/kg (dacarbazine, procarbazine, hexa- 
methylmelamine, CMPDT) or as a single dose of 40 
mg/kg (lomustine, carmustine, chlorozotocin). 
According to published reports [5, 9] and our results 
[10] these regimes cause a maximum increase in 
survival time in mice inoculated with experimental 
tumours sensitive to these compounds. The livers 
were excised from untreated animals or 10 min, 1 day 
or 3 days after cessation of drug administration and 
mixed function oxidase activities measured 
immediately. 


131 





132 A. E. GREEN and A. GESCHER 


C. Incubations. 9000 g liver fractions were pre- 
pared by differential centrifugation of a 10% homo- 
genate in 0.25M sucrose. Microsomes were pre- 
pared according to Schenkman and Cinti [11]. 
Incubations were carried out with 9000 g supernatant 
equivalent to 80 mg of liver in case of the p-nitroan- 
isol O-demethylations and 100 mg in case of the N- 
demethylations. Substrate concentrations ranged 
from 0.03 to 0.2 mM for p-nitroanisol and were 5 mM 
for aminopyrine, 1 mM for doxepine and 0.5 mM for 
CMPDT. Concentrations of cytotoxic drugs ranged 
from 0.025 to 3mM. The incubation mixtures in 
Earl’s buffer were fortified with cofactors which gen- 
erated 1mM NADPH in a final volume of 2.5 ml. 
All incubations were performed in duplicate. After 
30 min shaking under air the mixtures were depro- 
teinized with 0.6 ml 20% trichloroacetic acid solution 
or, in the presence of triazenes, 0.6 ml of a 20% 
ZnSOsz solution followed by 0.6 ml of a saturated 
Ba(OH)) solution. 

D. Assay procedures. P-Nitroanisol O-demethyl- 
ation was determined according to Netter and Seidel 
[12] by measuring p-nitrophenol spectrophotome- 
trically. N-Demethylations of aminopyrine, doxe- 
pine and CMPDT were determined by measuring 
formaldehyde (and N-hydroxymethyl intermediate) 
with the Nash reagent [13]. The cytotoxic agents 
used did not themselves interfere with the deter- 
mination of p-nitrophenol and formaldehyde. Rates 
of p-nitrophenol production were linear with time 
for 30 min at p-nitroanisol concentrations <1 mM in 
the presence and absence of inhibitors. N-Demethyl- 
ation rates were also linear with time for aminopyrine 
and doxepine but not for CMPDT. In all cases 
metabolic demethylations were proportional to pro- 
tein concentration in pilot experiments in which 
microsomes were used. At the p-nitroanisol concen- 
tration of 0.03 mM the amount of substrate disap- 
pearing during the 30 min incubation period was 
great enough to alter the initial substrate concentra- 
tion. However, changed rates were not observed. 
Apparent K; values were determined using the 
method described by Dixon [14]. Intercepts, slopes 
and points of intersection were calculated from linear 
regressions for each experiment. The apparent Ki 
and Km values given in the results are the 
mean + S.E.M. of at least four observations. Due 
to the heterogeneity of the enzyme source these 
values are of an indicative rather than a defining 
nature [15]. 
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Fig. 1. Inhibition of p-nitroanisol O-demethylase by pro- 
carbazine. S; and S2 represent respectively p-nitroanisol 
substrate éoncentrations of 0.03 and 0.1 mM. Inhibitor 
concentrations (I) are given in mM. Velocities (V) are 
given as nmoles of p-nitrophenol formed per 80 mg of liver 
during a 30 min incubation period. Each point shows the 
mean of at least four observations. Details of the incubation 
conditions under Methods. 


Duration of pentobarbital anaesthesia (sleeping 
time) was measured as the interval between the loss 
and the voluntary recovery of the righting reflex. 
Pentobarbital sodium was injected i.p. at the dosage 
of 60 mg/kg and mice were placed in dorsal recum- 
bancy during the period they were anaesthetised. 
The mean duration of anaesthesia in 30 untreated 
mice was 66 + 12 min. 


RESULTS 
In vitro interactions 


The O-demethylation of p-nitroanisol is a well 
investigated model reaction of oxidative metabolism 
[12]. We determined the influence of different con- 
centrations of cytotoxic agents on the rate of p- 
nitroanisol biotransformation in 9000 g fractions of 
liver preparations. Dacarbazine and chlorozotocin 
did not inhibit the reaction at concentrations <3 mM. 
The other agents interfered with mixed function 
oxygenase activity. This was supported by pilot 
experiments in which they inhibited aniline p- 
hydroxylase to a similar extent. On the assumption 
that the drugs undergo metabolic oxidation similarly 
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Fig. 2. Inhibition of p-nitroanisol O-demethylase by hexamethylmelamine. Explanation of symbols, see 
caption of Fig. 1. 
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Fig. 3. Inhibition of p-nitroanisol O-demethylase by carmustine. Explanation of symbols, see caption 
of Fig. 1. 








Fig. 4. Inhibition of p-nitroanisol O-demethylase by p- 
carbmethoxyphenyldimethyltriazene (CMPDT). Explana- 
tion of symbols, see caption of Fig. 1. 





to p-nitroanisol competing for the same binding sites 
on the enzymes the reciprocal of the rate of p- 
nitroanisol O-demethylation at two substrate con- 
centrations was plotted against cytotoxic drug con- 
centration [14]. Different inhibition profiles were 
obtained. Procarbazine exhibits a biphasic profile 
with an app. K; value for the inhibition data below 
1 mM of 1.9 + 1.1 x 10-°M (Fig. 1). The profile for 
hexamethylmelamine (Fig. 2) at concentrations 
>0.5 mM also levels off, indicating a change in the 
nature of the type of inhibition. The app. K; for 
hexamethylmelamine is 7.6 + 2.8 x 10°*M. From 
these plots one cannot ascertain whether the mode 
of inhibition is competitive or of a mixed type. Cor- 
nish-Bowden plots (s/v vs /) used in conjunction with 
the Dixon plots [16] revealed that the mode of 
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Fig. 5. Inhibition of p-nitroanisol O-demethylase by two metabolites of CMPDT. Explanation of 
symbols, see caption of Fig. 1. 
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Fig. 6. Influence of preincubation of antineoplastic agents 
with 9000 g liver supernatant on their ability to inhibit p- 
nitroanisol O-demethylation in vitro. 

Drugs (0.4 mM SKF 525-A and procarbazine, 0.2 mM 
lomustine, carmustine and hexamethylmelamine) were 
incubated with 9000 g supernatant and cofactors 15 min 
prior to the addition of p-nitroanisol (0.1 mM). p-Nitro- 
phenol formation was determined after 30 min incubation 
according to the details outlined under Methods. Results 
are expressed as per cent of control p-nitroanisol O- 
demethylase activity which was 118 + 17 nmoles p-nitro- 
phenol/80 mg liver/30 min in 46 experiments. Open bars 
represent enzyme activities in the presence of drugs without 
preincubation, hatched bars after preincubation. They are 
the mean + S.E.M. of at least six experiments. A significant 
difference in degree of inhbition between the two incu- 
bation modes is denoted by x (p < 0.05) and x x (p < 0.01). 
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Fig. 7. Influence of preincubation of triazenes (0.2 mM) 

with 9000 g mouse liver supernatant on their ability to 

inhibit p-nitroanisol O-demethylation. Details, see caption 
of Fig. 6. 


inhibition by both drugs is mixed. Carmustine (Fig. 
3), lomustine, and CMPDT (Fig. 4) showed uncom- 
petitive inhibition. Two active metabolites of 
CMPDT, the monomethyltriazene and the N- 
hydroxymethyltriazene (Fig. 5) inhibited p-nitroan- 
isol O-demethylation more strongly than CMPDT 
and by a different mode, namely of a mixed type. 
The app. Ki values for the metabolites are 
2.8+0.9x10-*M for the monomethyl- and 
1.2 + 0.8 x 10°*M for the hydroxymethyltriazene. 
By comparison the app. Km for p-nitroanisol O- 
demethylation was determined as7.0 + 1.9 x 107°M. 
The marked inhibition shown by the triazene metab- 
olites is in accordance with the finding that the rate 
of dimethyltriazene N-demethylation in vitro is linear 
only for several minutes after which it decreases 
dramatically [17]. 

In order to elucidate whether metabolites or the 
unchanged compounds were involved in the inhibi- 
tion of demethylase activity the agents were exposed 
to liver homogenate at a concentration of 0.2 mM 
or 0.4mM 15 min prior to the addition of 0.1 mM 
p-nitroanisol (Fig. 6). Procarbazine showed marked 
inhibition only after preincubation, like SKF 525-A, 
2 diethylarninoethyl 2.2-diphenylvalerate, a standard 
inhibitor of mixed function oxygenases [18]. Prein- 
cubation of the chemically unstable procarbazine 
[19] with buffer alone also lead to an increase in 
inhibition by 24 per cent. This indicates that the 
inhibition is mediated by a procarbazine metabonate. 

Carmustine and lomustine exhibited decreased 
inhibition after preincubation with liver homo- 
genate, so did CMPDT and its two metabolites 
(Fig. 7). Preincubation of CMPDT with microsome 
free liver cytosol or with a 0.3% bovine serum 
albumin solution 15min before the addition of 
microsomes, cofactors and substrate also resulted in 
decreased inhibition (Table 1). Apparently, this 
inhibition is partly abolished by non-specific binding 
of triazene rather than by biotransformation to non- 
inhibitory metabolites. 


Enzyme activity after drug administration 


Body and liver weight of the animals were not 
affected by the administration of the drugs at tumour 
inhibitory doses. Three days after cessation of cyto- 
toxic drug administration hepatic mixed function 
Table 1. Influence of different preincubations on the inhi- 
bition of microsomal p-nitroanisol O-demethylation by 

CMPDT 





% of control O- 
demethylase activity 


Conditions of 
CMPDT preincubation 





No preincubation 
Buffer 

Liver cytosol 
BSA 0.3% 





CMPDT (0.2 mM) was incubated with 2 ml of buffer, 
20% liver homogenate microsomal supernatant or 0.3% 
buffered bovine serum albumin solution prior to the addi- 
tion of microsomes, cofactors and 0.1 mM _p-nitroanisol. 
Incubation details under Methods. O-Demethylase activ- 
ities are expressed as per cent of enzyme activity in the 
absence of CMPDT, which was 123 + 12 nmoles p-nitro- 
phenol/80mg_iliver/30min. (n=8), and are _ the 
mean + S.E.M. of at least 4 experiments. 
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Fig. 8. Mouse hepatic N-demethylase activities 3 days after 
the administration of antineoplastic agents. 

N-Demethylations were measured with aminopyrine 
(open bars) doxepine (hatched bars) and CMPDT (black 
bars) as substrates. Incubation conditions and doses of 
antineoplastic agents are given under Methods. Results are 
the mean of at least six animals and are expressed as per 
cent of N-demethylations in control animals, which were 
311 + 51 nmoles HCHO for aminopyrine, 81 + 18 nmoles 
HCHO for doxepine and 385 + 62 nmoles HCHO for 
CMPDT per 100 mg liver formed during 30 min incubation 
in 18 experiments. Stars indicate that N-demethylations 
were significantly different (P< 0.05) from 100 per cent 
values. 





oxygenase activity was assessed by measuring ami- 
nopyrine, doxepine and CMPDT N-demethylase 
(Fig. 8) and p-nitroanisol O-demethylase activities 
(not shown) in 9000 g liver fractions. Enzyme activ- 
ities were significantly depressed only by pretreat- 
ment with dacarbazine and CMPDT. Dacarbazine 
administration caused a decrease in N-demethylase 
activities of 17% (aminopyrine), 20% (doxepine), 
and 12% (CMPDT); treatment with CMPDT lead 
to a depression of 24% (aminopyrine), 29% (dox- 
epine), and 23% (CMPDT). The administration of 
hexamethylmelamine, procarbazine and chlorozo- 
tocin did not show an effect and lomustine and 
carmustine exhibited weak depression of 11-20 per 
cent which was not significant. The pattern of enzyme 
activities observed 10 min and | day after adminis- 
tration and the values obtained with p-nitroanisol as 
substrate were similar to those shown in Fig. 8. 

None of the drugs caused a significant prolongation 
of pentobarbital induced sleeping time in these mice 
at several time intervals after cessation of drug 
administration. 


DISCUSSION 


Zubrod recently put the view forward that com- 
bination chemotherapy in the treatment of malig- 
nancies has a number of serious drawbacks, among 
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them are complexity, expense, induction of second- 
ary tumours and other toxicities [20]. Therefore, he 
questioned if cure rates can be increased by empirical 
combinations of current drugs. However, combi- 
nations based on cell kinetics and pharmacological 
data may represent a more promising approach and 
may lead to decreased toxicity. Pharmacologically 
rationalized drug combinations should take drug 
metabolism interactions of the components into 
account, especially when drugs requiring activation 
are used. The results reported here show that hex- 
amethylmelamine, procarbazine, lomustine, car- 
mustine and the experimental triazene CMPDT and 
its active metabolites are capable of inhibiting 
hepatic mixed function oxygenases and thus oxida- 
tive bioactivation or detoxification reactions in vitro. 

Compounds that are effective inhibitors of metab- 
olism in vitro often fail to act as inhibitors in vivo. 
A drug has to possess several pharmacokinetic 
properties to render it capable of inhibiting the 
metabolism of another drug in vivo [21]. The inhib- 
itor must exert its effects at therapeutic levels. 
Absorption and distribution of the inhibitor should 
favour its accumulation in sufficient quantity to com- 
pete with the substrate in the liver. The metabolism 
of the inhibitor should be sufficiently slow so as to 
maintain its presence at the metabolic site. Non 
microsomal and extrahepatic pathways of metab- 
olism should play a minor role in the disposition of 
the inhibitor. The information available on the clin- 
ical pharmacokinetics of most of the drugs tested 
here do not suggest that they accumulate in the liver, 
that their metabolism is particularly slow or that 
metabolic pathways other than oxidative microsomal 
ones contribute considerably to their activation or 
detoxification. The apparent inhibitor constants of 
four of these agents for p-nitroanisol-O-demethylase 
measured in vitro are in the order of 10~*to2 x 10-°M 
and appreciably above the apparent K,, of p-nitroan- 
isol O-demethylation. This already indicates that 
mixed function oxidase activities are probably not 
affected by the inhibitory protential of these cyto- 
toxic agents when they are present at therapeutic 
levels. Of all the drugs tested here hexamethylme- 
lamine has the longest biological half life, between 
5 and 10hr as measured in patients with ovarian 
malignancies [22]. A long half life may be a predis- 
posing factor for drug metabolism interactions in the 
liver. However, when given in tumour inhibitory 
doses to mice in this study hexamethylmelamine and 
the other antineoplastic agents did not notably influ- 
ence oxidative metabolism measured shortly after 
administration. 

The chronic administration of the dimethyltri- 
azenes dacarbazine and CMPDT lead to a significant, 
even though not dramatic depression of mixed func- 
tion oxidase activities after three days. Marinello et 
al. [23] recently showed that the depression of metab- 
olism by cyclophosphamide is due to the denatura- 
tion of microsomal cytochrome P-450 by cyclophos- 
phamide metabolites. It remains to be seen if other 
cytotoxic drugs have a similar effect on the hepa- 
tocyte. This study indicates however that inhibitory 
drug metabolism interactions involving hexamethyl- 
melamine; dacarbazine, procarbazine, carmustine, 
lomustine and chlorozotocin may not be of major 
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importance in the chemotherapy of patients with 
malignancies. 
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Abstract—The hydrogen bond formation between some 1,4-benzodiazepines, differently substituted in 
positions 1 and 7, and the nucleobases 1-ethyl-2,4-dihydroxy-5-methylpyrimidine (e'Thy) and 2,4- 
dihydroxy-1,3- -dimethylpyrimidine (m'm*Ura) has been investigated by means of proton magnetic 
resonance technique in chloroform solution. It has been shown that the substituents influence the 
thermodynamic parameters AH’, AS’, and AG*2s of this interaction. The standard free energy 4G"s 

correlates linearly with the Hammet substituent constant o” of the substituent in position 7 of the 
benzodiazepine molecule. Moreover, a correlation between the free energies of the hydrogen bond 
interaction and the pharmacological activities of the drugs not methylated at N-1 was found. This may 
indicate a possible contribution of hydrogen bonds to the molecular interaction of the 1,4-benzodiaze- 


pines at their endogenous receptor(s). 


Since brain specific benzodiazepine receptors havé 
been identified and characterized recently [1-6] it 
seems to be possible to elucidate the molecular mech- 
anism of the interaction of these drugs. Recently the 
hydrogen bond formation between the two benzo- 
diazepines diazepam and nitrazepam and nucleo- 
bases has been reported [7]. The results obtained 
support the assumption that hydrogen bond inter- 
actions are not responsible for the chromosomal 
anomalies obtained with diazepam [8,9]. Neverthe- 
less, this non-covalent interaction might be part of 
the binding of the drugs to their receptor(s) or to 
carrier molecules. 

Various binding mechanisms of the 1,4-benzodi- 
azepines have been discussed: Mueller and Wollert 
[10] studied their binding to human serum albumin 
and suggested that the A-benzene ring is the main 
binding group. Lucek and Coutinho [11] concluded 
from their results on the binding of the 1,4-benzo- 
diazepines to plasma protein that the strength of the 
interaction can be correlated to the Hansch lipophilic 
constant and to the Hammet substituent constant. 
They observed that the plasma protein binding varied 
considerably with regard to the nature of the sub- 
stituent in position 7 and concluded that the binding 
was mainly lipophilic. They pointed out, that an 
increase in the electrophilic character of the substi- 
tuent might cause a reduced availability for hydrogen 
bonding of the lone pair electrons in positions 1 and 
2 of the benzodiazepine molecule. Blair and Webb 
[12] computed the charge densities and dipole 
moments of 59 differently substituted benzodiaze- 
pines on the basis of CNDO/2 calculations and 
obtained direct correlations between the known 
pharmacological activities of the drugs [13] and their 
carbonyl oxygen charge density and their dipole 
moments. 





* Part of the PhD. thesis of H. -H. P. (D26). 


In order to elucidate the influence of the substi- 
tuents in positions 1 and 7 of the benzodiazepine 
molecule on the hydrogen bond formation between 
1,4- -benzodiazepines and the nucleobase derivatives 

e'Thy and m'm’Ura, this interaction has been inves- 
tigated by means of proton magnetic resonance ('H- 
NMR) spectroscopy in chloroform solution. 


MATERIALS AND METHODS 


The 1,3-dihydro-5-phenyl-2H-1 ,4-benzodiazepin-2- 
ones (I-VII) shown in Table 1 were kindly donated 


by Hoffmann-La Roche, Grenzach Whylen. 2,4- 
Dihydroxy-1-ethyl-5-methylpyrimidine (e'Thy) and 
2,4-dihydroxy1,3-dimethylpyrimidine — (m'm*Ura) 


Chemical formulae of the 1,4-benzodiazepines 
used 


Table 1. 





No. Substance 





Ro 05-2921 

Ro 05-2180 
Desmethyldiazepam 
Ro 05-2904 
Nitrazepam 
Diazepam 

Ro 05-4528 

Ro 05-3453 
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were purchased from Cyclo Biochemicals, Tucson, 
U.S.A. Deuterated chloroform (Sharp & Dohme, 
Muenchen) was kept on molecular sieves (4A Riedel- 
de Haén, Seelze-Hannover). All substances were 
used without further purification. 

The proton magnetic resonance spectra were 
recorded on a Varian HA-100 spectrometer, locked 
on an internal reference of 3 per cent tetramethyl- 
silan. Chemical shifts were determined to an accu- 
racy of + 0.002 p.p.m. The sample temperature was 
regulated with an accuracy of + 1° by a Varian var- 
iable temperature system and calculated from the 
methanol chemical shift of a separate sample [14]. 

The spectroscopic changes due to molecular 
associations were analyzed by means of the dimer 
model of self- and mixed associations, in which case 
the latter one also considers the self-association of 
both interacting molecules [7]. All calculations were 
carried out on the Cyber 174 computer of the Hoch- 
schulrechenzentrum der Universitaet Giessen. 


RESULTS AND DISCUSSION 


The 'H-NMR resonance lines of the (N-1)-H proton 
of the drugs I-IV shifted downfield with increasing 
concentration. This can be attributed to the for- 
mation of dimeric self-associates of the 1,4-benzo- 
diazepines. The thermodynamic (standard entropy 
AS°, standard enthalpy AH°, and standard free 
energy 4G*2s*) and spectroscopic parameters (mon- 
omer shift 5m and association shift of self-association 
A2*) of the association were obtained from the con- 
centration- and temperature- dependence of the (N- 
1)-H signal by means of the methods described pre- 
viously [7]. The results are shown in Table 2. For 
the 1-methyl-1,4-benzodiazepines used, no concen- 
tration dependent shifts of resonance signals could 
be observed. As in the case of self-association, the 
(N-1)-H signals of the compounds I-IV shifted down- 
field after addition of e'Thy and, vice versa, the (N- 
3)-H resonance line of e'Thy shifted downfield after 
addition of the drugs. 

The addition of m'm’Ura to compounds I-IV 
results in downfield shifts of the (N-1)-H resonance 
of the drugs at high temperatures and low benzo- 
diazepine concentrations and, furthermore, to 
upfield shifts at lower temperatures and high drug 
concentrations, as has been reported previously for 
the interaction of nitrazepam with m'm*Ura [7]. This 
behaviour can be explained by the small value of the 





*For a definition of the parameters see ref. [7]. 


complex shift 4: of mixed association as compared 
with the complex shift 42 of self-association. 

Assuming that the drugs form dimers with e'Thy 
and m'm*Ura, the data of Tables III and IV have 
been obtained by applying the dimer model of mixed 
association [7]. For these calculations the self-associ- 
ation data of the pyrimidines [7] and of the drugs of 
Table 2 have been used. 

The (N-3)-H resonance of e'Thy exhibited only 
small downfield shifts when the N-methylated drugs 
V-VII were added. Therefore, the thermodynamic 
and spectroscopic parameters of the interaction 
could not be calculated separately from a least square 
fit. The complex shift of mixed association was 
estimated to be 3.5 p.p.m., which is in good agree- 
ment with the complex shifts of e'Thy in the case of 
mixed association with compounds I-IV. With this 
assumption the data included in Table 3 have been 
calculated. In all cases, the spectroscopic parameters 
showed a temperature dependence of 107° to 10~° 
p.p.m.fdeg. The values of 5m, 42, and A: reported 
in Tables 2-4 correspond to a temperature of 0°. 

The observation that the standard enthalpy 4H° 
of the self-association of the 1,4-benzodiazepines I- 
IV and of their interaction with e'Thy is about twice 
as large as that one obtained for their complexation 
with m'm*Ura or for the interaction between the N- 
l-methylated compounds V-VII with e'Thy, sup- 
ports our earlier suggestion that cyclic dimers are 
formed in the case of self-association of the non- 
methylated 1,4-benzodiazepines and of their associ- 
ates with e'Thy. Moreover, the amide group (N-1)- 
H, (C-2)=0 seems to be the binding site of the 1,4- 
benzodiazepines for the hydrogen bonds [7]. From 
the data in Tables 2-4 it can be seen that the sub- 
Stituent in position 7 seems to have a profound 
influence on the thermodynamic parameters of the 
interactions of the non-methylated benzodiazepines. 
A systematic effect on the spectroscopic parameters 
does not seem to exist. They seem to be rather 
distributed around a mean value. 

In Fig. 1 a plot of AG%s of the different inter- 
actions investigated vs the Hammet substituent con- 
stant 0” [15] of the para-substituent is shown. As can 
be seen, the interaction is getting stronger with 
increasing electronegativity of the 7-substituent in 
the case of the non-methylated drugs. A methylation 
at position 1 results in an independence of the free 
energy on electronegativity. Furthermore, in this 
case, the AG%2s-values are positive. The parameters 
of a linear regression were calculated on the basis 
of the equation AG°2:s = AG2s + pj: a" where p; is 
the Hammet reaction constant and AG™2s is the 


Table 2. Data of self-association of non-methylated 1,4-benzodiazepines obtained from the concentration 
and temperature dependent shift of the (N—1)-H proton 





~AS° 


Compound [J/mol/deg]} 


—AH® 
[kJ/mol] 


—AG"2s 
[J/mol/deg] 5m 
[KJ/mol] [ppm] 





Nitrazepam 
Ro 05-2904 
Ro 05-2180 
Ro 05-2921 


9.74 + 0.28 
9.17+ 0.49 
8.27 + 0.34 
6.74 + 0.31 


8.09 + 0.10 
7.79 + 0.21 
7.95 + 0.14 
7.86 + 0.10 


3.16 + 0.08 
3.36 + 0.18 
3.09 + 0.12 
3.35 + 0.08 








Hydrogen bonds of substituted 1,4-benzodiazepines 


Table 3. Data of mixed association of the 1,4-benzodiazepines with e'Thy 





Proton —AS° 
[J/mol/deg] 


Compound R7 observed 


—AH® —AG*2s 
[kJ/mol] [kJ/mol] 





(N—3)-H e'Thy 
Nitrazepam NO2 (N-—1)-H drug 
(N-3)-H e'Thy 
Ro 05-2904 (N-—1)-H drug 
(N—3)-H e'Thy 
Ro 05-2180 (N-1)-H drug 
(N-3)-H e'Thy 


Ro 05-2921 (N-1)-H drug 


7.11 + 0.68 
7.96 + 0.18 


18.6 + 0.1 





(N—3)-H e'Thy 
(N-3)-H e'Thy 
(N—3)-H e'Thy 


Ro 05-3453 
Ro 05-4528 
Diazepam 





* Estimated value (see text). 


standard free energy of the unsubstituted molecule. 
The Hammet reaction constant pj is very similar 
(—3.0 to —3.8) for the different interactions of the 
non-methylated benzodiazepines I-IV and is about 
0.3 in the case of the (N-1)-methylated drugs V-VII. 
On the other hand, the AG2s-values seem to be 
characteristic for the interacting molecule, indicating 
differences in electronic and sterical properties of 
the complexes. 

From the results obtained the following conclu- 
sions might be drawn: With increasing electrone- 
gativity of the substituent in position 7 of the ben- 
zodiazepine molecule the hydrogen bond involving 
(N-1)-H becomes stronger (—4AG*%2s5 increases) 
whereas that one involving (C—2)=0 remains almost 
unchanged, as can be seen from the interaction of 
the drugs V-VII with e'Thy. If both binding sites are 
involved, the effect of the (N—1)-H group domi- 
nates. This reflects a diminished electron density in 
the amide group as caused by an enhanced electro- 
negativity of the para-substituent. The effect is the 
stronger, the nearer the atoms are located to the 
aromatic A-ring, i.e. it is more efficient for N—1 
than for (C—2)=0. This agrees well with the assump- 
tion [11] that the electron density at positions 1 and 
2 is reduced with an enhanced electrophilic character 
of the substituent in position 7. In accordance with 
the Hammet theory [16], the results obtained might 
be interpreted more generally: the observation, that 
pj is similar for self-associates of the benzodiazepines 
I-IV as well as for their mixed complexes with e'Thy 
and m'm*Ura, suggests thatp; will be about the same 
as obtained in the present investigation for other 
molecules interacting at (N—1)-H and (C—2)=0 via 
hydrogen bonds. A comparison of the strength of 


the hydrogen bond interactions investigated with the 
pharmacological activities of the drugs as have been 
reported by Sternbach ef al. [13], reveals that the 
free energy of the interaction increases with increas- 
ing pharmacological activity of the substances I-IV. 
This is demonstrated in Fig. 2. The free energy of 
the mixed association of the drugs I-IV with e'Thy 
is plotted vs the dose applied in the footschock test. 
This test determines the taming activity of the drugs 
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Fig. 1. Correlation of the free energies of the interactions 

investigated with the Hammet substituent constant o”. 

(O-self-association of cpds. I-IV, O-mixed association of 

cpds. I-IV with e'Thy, A-mixed association of cpds. I-IV 

with m'm*Ura, @-mixed association of cpds. V-VII with 
e'Thy) 


Table 4. Data of mixed association of the non-methylated 1,4-benzodiazepines with m'm*Ura 





—AS° 


drug 


[J/mol/deg]} 


—AH® —AG"2s 


[kJ/mol] [kJ/mol] 





Nitrazepam 
Ro 05-2904 
Ro 05-2180 
Ro 05-2921 


20.7 23.7 
12.2 + 3.6 
8.2 + 4.5 
19.0 + 6.4 


4.23 + 0.18 
3.42 + 0.19 
2.83 + 0.22 
1.83 + 0.40 


10.4 + 0.9 
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Fig. 2. Correlation of dose applied in the footschock test 
[13] with the free energy of mixed association of the non- 
methylated 1,4-benzodiazepines I-IV with e'Thy. 


[13]. Similar correlations were obtained with three 
other pharmacological tests: inclined screen test, 
metrazol test, and behaviour of cats. In the case of 
the (N—1)-methylated 1,4-benzodiazepines V-VII, 
no such correlation could be established, although 
these drugs are slightly more active than their |- 
desmethyl-derivatives [13]. 

From these findings one might conclude that the 
interactions involving the amide group of the 1,4- 
benzodiazepines might not be important for the in 
vivo activity of the drugs. However, it has been 
demonstrated that most of the benzodiazepines of 
current interest are metabolized to their desmethyl- 
derivatives shortly after administration [17]. In this 
way, drug and metabolite, containing the amide 
structure, can equally be responsible for their in vivo 
activity. In this context it seems to be of interest that 
hypoxanthine and inosine have been shown to func- 
tion as competitive inhibitors for the [*H]diazepam 
binding in isolated bovine brain. [18,19]. These two 


substances, which are supposed to be endogenous 
neuromodulators, also possess an amide group in 
their purine ring system. Thus, one might conclude 
that this group might play an important role for the 
binding of the benzodiazepines at their receptor(s). 
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Abstract— The effects of Cd?*, Mn** 


and Al’* on rat brain synaptosomal sodium-potassium-activated 


and magnesium-activated adenosine triphosphatase (Na-K-ATPase and Mg-ATPase) activity and 
choline uptake were studied. All three types of metal ions inhibited Na~K-ATPase activity more 


markedly than Mg-ATPase activity. The rank order of inhibition of Na-K-ATPase was: Cd°* 
(1Ccso = 8.3 mM). The rank order of inhibition of Mg-ATPase 
(icso = 5.5 mM)>Al* 
inhibiting sy naptosomal choline uptake (iCso = 24 4M in the absence of Ca?* 
(Icso = 363 uM) was a more effective inhibitor of choline uptake than Mn~~* 

did not alter choline uptake, nor did it antagonize 


= 5.4 uM)>Mn** 
was: Cd°* (1cso = 316 u.M)>Mn** 


(1Cs0 = 955 uM) > >Al* 


of 1 mM Ca**). Cd?* 
(1cso = 1.2-1.5 mM). The presence of 1 mM Ca** 


the inhibitory actions of the three metals. Our observations that Cd** 


(1Cso0 
(1cso = 21.9 mM). AP* was most potent in 


and 123 uM in the presence 


and Al** inhibited synaptosomal 


choline uptake, but did not show parallel inhibitory effects on Na-K-ATPase activity directly contradicts 
the ionic gradient hypothesis. These results are also discussed in reijation to the in vivo neurotoxicity 


of cadmium, manganese and aluminium. 


The sodium—potassium-activated adenosine triphos- 
phatase [ATP phosphohydrolase, EC 3.6.1.3 (Na- 
K-ATPase)] has been considered to be an integral 
part of the sodium pump and is responsible for the 
transport of potassium into and sodium out of a 
variety of cell types (for reviews see Rf. [1, 2]). In 
the ionic gradient hypothesis, it has been postulated 
that the energy available from the inward-directed 
sodium electrochemical gradient, which is main- 
‘tained by the Na-K-ATPase, may be coupled to the 
different synaptosomal uptake systems [3]. Recently 
several studies have shown that certain divalent 
metal ions of toxicological interest are potent inhibi- 
tors of brain Na-K-ATPase [4-6]. Furthermore, the 
results of Prakash et al. [5] appear to lend additional 
support to the ionic gradient hypothesis, in that they 
found that metal ions (particularly Hg’*, Cu** and 
Zn’*), which inhibited synaptosomal Na-K-ATPase 
activity, showed parallel inhibitory effects on the 
synaptosomal uptake of choline and noradrena- 
line. Trace metals may have diverse roles in modu- 
lating brain function and behaviour, although the 
underlying biochemical mechanisms have not yet 
been elucidated [7]. We have investigated the effects 
of Cd’*, Mn** and Al** on the synaptosomal Na- 
K-ATPase and Mg-ATPase activity and choline 
uptake. We present evidence that all three metals 
(in their ionic forms) show selective effects on the 
inhibition of synaptosomal Na-K-ATPase and Mg-— 
ATPase activity as well as choline uptake. 





* To whom communications should be addressed. 
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MATERIALS AND METHODS 


Where possible analytical grade (AR) chemicals 
were used and obtained from either BDH Chemicals 
Ltd., Baird Rd., Enfield, Middlesex, U.K. or from 
Sigma (London) Ltd., Fancy Rd., Poole, Dorset, 
U.K., or from Bochringer Corporations (London) 


Ltd., Bell Lane, Lewes, East Sussex, U.K. Ficoll- 
400 was obtained from Pharmacia, Uppsala, Sweden, 
and dialysed against deionized glass-distilled water 
for at least 4 hr before use. [Methyl-*H]-choline 
chloride (sp. act. 8.4 Ci/mole, final concentration 
10-’M) was obtained from the Radiochemical 
Centre, Amersham, Buckinghamshire, U.K. Acid- 
washed and deionized-glass-distilled water-rinsed 
glassware was used. All solutions were prepared with 
deonized glass-distilled water. 


Subcellular fractionation 


Four adult male Wistar rats (Porton Strain) (150— 
180g, aged 40-55 days) were usually employed for 
the isolation of the synaptosomal fraction. Animals 
were decapitated. The brain was trans-sected at the 
level of the superior and inferior colliculi, and the 
part rostral to this trans-section (except the olfactory 
bulbs) was taken for the subcellular fractionation. 
The subcellular fractionation procedure was essen- 
tially the same as that of Lai and Clark [8, 9] except 
that the density gradient used for separating syn- 
aptosomes from ‘free’ mitochondria and myelin con- 
sisted of 3 ml of 0.32 M sucrose, 10 mM Tris-HCl, 
pH 7.4 overlaid on 6 ml of 7.5% (w/w) Ficoll, 0.32 M 
sucrose, 10 mM Tris—Hcl, pH 7.4 overlaid on a 
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suspension of the crude mitochondrial fraction in 10 
ml of 12 per cent (w/w) Ficoll, 0.32 M sucrose, 10 
mM Tris-HCl, pH 7.4. This gradient was modified 
from the procedure of Booth and Clark [10]. None 
of the media used contained EDTA. 


Choline uptake 


The procedure for determining synaptosomal cho- 
line uptake was basically that of Nicklas et al. [11]. 
Sets of tubes were set up containing Krebs—Ringer 
phosphate (135 mM NaCl, 5 mM KCI, | mM 
MgCh.6H20, 10 mM b-glucose, 1 mM sodium phos- 
phate buffer pH 7.4 and 1 mM Tris-HCl, pH 7.4, 
with or without 1 mM CaCl), 10~’M[*H]choline 
chloride and the snyaptosomal preparation, in the 
absence or presence of CdCl, or MnCh, or AlCl. 
Uptake was carried out at 37° for 4 min (with a 3- 
min pre-incubation) in a shaking water-bath. The 
content of each tube was then filtered through a 
Millipore filter (pore size 0.65 um). The filter was 
washed three times with | ml of ice-cold 0.15 M 
NaCl. The radioactivity on each filter was deter- 
mined by liquid scintillation counting after solubil- 
ization with 2 ml of ethoxyethanol. The difference 
between the counts in the zero-time sample and the 
counts retained by subcellular particles after the 4- 
min incubation was usually used for computing the 
uptake rates. 


ATPase AND OTHER ASSAYS 


The assays of Na-K-ATPase and Mg-ATPase 
activity were performed according to the method of 
Bonting [1]. The final concentrations of reagents 
were as indicate in Table 1. The synaptosomal frac- 
tion was suitably diluted with 6 mM Tris-HCl, pH 
7.4 to give 35 wg of protein per assay tube. Assay 
tubes (final volume 1 ml per tube) were set up as 
shown in Table 1 with or without the addition of 
CdCl, or MnCl, or AlCl. Two tubes containing 
medium A were set up in each group of tubes. The 
tubes were pre-incubated at 37° for 10 min and, after 
the addition of ATP, the tubes were incubated for 
a further 10 min. The reaction was stopped with the 
addition of 2 ml of ice-cold 10 per cent (w/w) tri- 
chloroacetic acid. Then 1 ml from each tube was 
used for phosphate determination. To 1 ml of the 
sample was added | ml of acid molybdate solution 


Table 1. Composition of incubation media for ATPase 
assays 








ATP(diNa salt) 

MgCl 

KCl ’ : 5 
NaCl — 60 
Tris—HCl,pH7.4 2 ‘ 2 92 
QOuabain ! é — 





All concentrations are in mmole/I. Each tube contains 
35 wg of synaptosomal protein. The average activity in 
media B, C, D and E is the Mg-ATPase activity; the 
difference between activity in medium A and the Mg- 
ATPase activity is the Na-K-ATPase activity [1]. 

Medium F acts as the blank. 
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per cent of control activity 


re) 
re) 





Na-K-ATPase, 
°o 





oO 


per cent of contro! activity 
3 





te} 


A. 
6 5 
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Fig. 1. Effects of Cd?* on rat brain synaptosomal Na—K- 
ATPase and Mg-ATPase activity. (a) The activity of Na- 
K-ATPase was determined in the presence of various con- 
centrations of CdCl2 and expressed as per cent of control 
(i.e. in the absence of Cd?*) values as described in the 
Methods section. Data were Mean + S.D. of at least six 
experiments. Synaptosomal Na-K-ATPase activity in the 
absence of Cd°* was 397 + 76 nmol Pi/min/mg protein 
(Mean + S.D. of 16 experiments). (b) The activity of Mg- 
ATPase was measured in the presence of different con- 
centrations of CdCl2 and expressed as per cent of control 
(i.e. in the absence of Cd-* values as described in the 
Methods section). Data were Mean + S.D. of at least six 
experiments. Synaptosomal Mg-ATPase activity in the 
absence of Cd°* was 389 + 61 nmol Pi/min/mg protein 
(Mean + S.D. of 16 experiments). (Only the S.D.s greater 
than the heights of the symbols were drawn). 


[from Sigma (London) Ltd.], followed by 0.25 ml 
of Fiske and Subbarow Reducer [from Sigma (Lon- 
don) Ltd.], and the optical density of the resultant 
mixture was read at 660 nm after incubating for 10 
min at room temperature. KH2POs; (20 wg Pi/ml) 
was used to construct the standard curve of inorganic 
phosphate. 

Protein was determined by the method of Lowry 
et al. [12]. 

Statistical analyses of significance of differences 
were done with non-paired f-test. 


RESULTS 


Effects of Cd°* and Al** on synaptosomal Na-K- 
ATPase and Mg—ATPase 

In 16 rat brain synaptosomal preparations the 
activity of Na-K-ATPase was 397 + 76 nmol Pi/min 
per mg of protein (Mean + S.D.) and that of Mg- 
ATPase was 389 + 61 nmol Pi/min per mg of protein 
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(Mean + S.D.). These values are comparable to 
those quoted in the literature [5, 16]. 

Figure 1 shows the effects of Cd’*. Cd** at 
100 — 200 nM significantly (P < 0.05) stimulated Na— 
K-ATPase activity (by 20-40 per cent). At 1 uM, 
Cd** clearly inhibited the activity of this enzyme, 
and at 10 wm, Cd’* virtually completely inhibited 
its activity (Fig. 1a). The concentration of Cd** which 
gave rise to 50 per cent inhibition of Na-K-ATPase 
activity (ICso) was 5.4 wM. However, the inhibitory 
effect of Cd?* on Mg—ATPase was much less marked 
ICso = 316 uM; see Fig. 1b). Significant inhibition 
of Na-K-ATPase activity by Mn** (icso = 955 uM; 
see Table 2) was achieved at concentrations greater 
than 1 mM (data not shown). Similarly Mg—-ATPase 
was inhibited by Mn** (1cso = 5.5 mM; see Table 2) 
at concentrations exceeding 1 mM (data not shown). 

Al** was a very poor inhibitor of Na-K-ATPase 
(ICcso=8.3mM; see Table 2) and Mg—ATPase 
(I1Cso = 21.9 mM; see Table 2). 

The synaptosomal Na-K-ATPase activity was 
more sensitive to inhibition by all three metal ions 
in comparison with the synaptosomal Mg-ATPase. 
The rank order of inhibition of both types of ATPase 
activities was: Cd?* > Mn** > Al** (see Table 2). 


Effects of Cd**, Mn** and Al** on the time-course 


of rat brain synaptosomal choline uptake. 


The effects of the metals on synaptosomal choline 
uptake were examined in the presence or absence 
of 1 mM Ca’* with a view to ascertaining whether 
Ca’* antagonized the inhibitory effects of heavy 
metals (see [13] for discussion). 

In the absence of calcium. Without addition of the 
metals, the time-course of synaptosomal choline 
uptake appeared to be biphasic: it increased linearly 
for the first 4 min followed by a further period of 
11 min of linear increase but at a reduced rate (see 
Fig. 2A). In the presence of 500 uM Cd?* (a con- 
centration around its ICso value), the time-course of 
choline uptake was markedly affected in that the 
initial rate of increase of uptake was much reduced 
over the first 4min and the more gradual increase 
(seen in the control) was abolished. With the addition 
of 1.5mM Mn”*, the biphasic nature of choline 


Table 2. Summary of ICso values 





ICs0 


Cd?* Mn?* AP* 





Synaptosomal Without 363 uM 1.5mM 224uM 
choline Ca** 
uptake With 


1 mM Ca?* 


363 uM 1.2mM_= 123 uM 





Synaptosomal 
Na-K- 
ATPase 

Synaptosomal 
Mg- 
ATPase 


5.4uM 9554M 8.3mM 


316uM 5.5mM 21.9mM 





Some ICso values were determined from the data shown 
in Figs. 1 and 3. The others were derived from the data of 
six experiments where 6-7 different concentrations of metal 
ions were employed in each experiment. 


uptake was maintained but the relative increases in 
uptake were greatly reduced (Fig. 2A). From Fig. 
2A, it was apparent that Al**, at 200 uM, shortened 
the initial period of linear uptake from 4 to 2 min 
and thereafter inhibited the linear increase of choline 
uptake. 

In the presence of 1 mM calcium. In the absence 
of added metal ions, the inclusion of 1 mM Ca’* i 
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Fig. 2. A. Effects of Cd?*, Mn?* and Al** on the time- 
course of [*H]-choline uptake by rat brain synaptosomes 
in Krebs-Ringer phosphate without calcium. Choline 
uptake was determined in the presence of either 
500 uM Cd** (A), or 1.5mM Mn** (@), or 200 uM 
Al*(@), or in the absence of these three metal ions (i.e. 
the control, @) in Krebs-Ringer phosphate without calcium 
at various times of incubation as described in the Methods 
section. The data were means of 6-8 determinations derived 
from 2 to 3 separate experiments. 

B. Effects of Cd?*, Mn** and Al** on the time-course of 
(*H]-choline uptake by rat brain synaptosomes in Krebs- 
Ringer phosphate with 1mM CaCl. The experimental 
procedure was as described in the legend to A, except that 
the concentrations of metal ions used were: 400 uM Cd?* 
(A), or 2mM Mn?*(@), or 200 uM Al**(). Control val- 
ues (@) were means of three experiments; the others were 
means of 6-8 determinations derived from two to three 

experiments. 
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the medium seemed to prolong the initial linear 
phase of choline uptake from 4 to 10 min; thereafter 
the uptake rate decreased considerably (compare 
Figs. 2A and 2B). The addition of Cd’*, or Mn?*, 
or Al’*, at concentrations around their 1Cso values 
(see Table 2), resulted in inhibition of choline uptake 
in similar ways to that observed in media containing 
no calcium (compare Figs. 2A and 2B). 


Effects of varying concentrations of Cd°*, Mn** and 
Al**on synaptosomal choline uptake 


Since the uptake of choline by the synaptosomal 
fraction in the presence or absence of 1 mM Ca** 
was linear for at least the first 4 min (see Figs. 2A 
and 2B), all subsequent uptake studies were carried 
out with a 4-min incubation time. 

In the absence of Ca**, the rate of choline uptake 
by synaptosomes was 2.00 + 0.22 pmol/min per mg 
of protein at 37° (Mean + S.D. of 13 experiments), 
whereas in the presence of 1 mM Ca’* the choline 
uptake rate was slightly lower, at 1.94+0.12 
pmol/min per mg of protein at 37° (Mean + S.D. of 
9 experiments). However, the difference between 
these rates was not statistically significant (P > 0.05). 

Under conditions described for high affinity cho- 
line uptake (choline at 10~’ M; see [13]) cadmium 
significantly inhibited, in a dose-dependent manner, 
the uptake of choline into synaptosomes in Krebs— 
Ringer phosphate medium without calcium (1Cso for 
Cd?* = 363 uM; see Fig. 3A). However, the inclu- 
sion of 1 mM Ca** in the medium did not overcome 
this inhibition (1Cso for Cd** = 363 M; see Fig. 3A). 
In fact the inhibition of choline uptake by 1 mM 
Cd?* was more pronounced in the presence of 1 mM 
Ca’* than in its absence (see Fig. 3A). 

In the absence of Ca**, the inhibitory effect of 
manganese was not observed until the Mn** con- 
centrations exceeded 1 mM (iCso = 1.5 mM; see Fig. 
3B). However, with 1 mM Ca** in the medium, 
some inhibition of choline uptake by Mn** was 
evident even when its concentration was as low as 
10-* M (icso = 1.2 mM; see Fig. 3B). 

Without the inclusion of Ca’* in the medium, Al** 
appeared to inhibit choline uptake in a dose-depen- 
dent fashion (1Cso = 2.24 x 10~*M; see Fig. 3C). The 
addition of 1 mM Ca** to the medium did not antag- 
onize the inhibitory effect of Al’*: in fact the pres- 
ence of Ca** seemed to slightly enhance this inhi- 
bition (ICs = 1.23 x 10~*M; see Fig. 3C). Thus it is 
reasonable to conclude that the rank order of inhi- 
bition of choline uptake was: Al’* >Cd** > Mn’*. 
Although Al** was the most potent inhibitor of cho- 
line uptake, it was still a relatively ineffective inhib- 
itor in view of the comparatively high Icso (123- 
224 pM). 


DISCUSSION 


It is widely accepted that the sodium-potassium- 
activated adenosine triphosphatase (Na-K-ATPase) 
is an integral part of the mechanisms involved in 
conduction and synaptic transmission within the 
nervous system [1-6]. The functional activities of 
this enzyme may be coupled to the sodium-depen- 
dent active transport system present in the synaptic 
membranes for the uptake of neurotransmitters and 
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Fig. 3. Effects of varying concentrations of Cd** , Mn** and 
Al’* on rat brain synaptosomal choline uptake in Krebs- 
Ringer phosphate with or without 1 mM CaCl. 

A. Effects of different concentrations of Cd°* on syn- 
aptosomal choline uptake were examined in Krebs-Ringer 
phosphate in the presence (@; Mean+S.D. of three 
experiments) or absence (O; Mean + S.D. of 6-8 deter- 
minations derived from two separate experiments) of 1 mM 
CaClz as described in the Methods section. 

B. Synaptosomal choline uptake was determined in the 
presence of different MnClz concentrations in Krebs— 
Ringer phosphate without calcium (0; Mean + S.D. of 
6-8 determinations derived from two separate experiments) 
or with 1 mM CaCl2 (™; Mean + S.D. of three experiments) 
as described in the Methods section. 

C. Synaptosomal choline uptake in Krebs-Ringer phos- 
phate without calcium (A; Mean + S.D. of 6-8 determi- 
nations derived from two experiments) or with 1 mM CaCl2 
(A; Mean + S.D. of 3 experiments) as described in the 
Methods section. All values were expressed as per cent of 
control (i.e. in the absence of Cd**, Mn** and AI’*). 
Control synaptosomal choline uptake rates were 
2.00 + 0.22 pmol/min/mg protein (Mean+S.D. of 13 
experiments) in the absence of Ca** and 1.94 + 0.12 
pmol/min/mg protein (Mean + S.D. of nine experiments) 
in the presence of 1mM CA**. (Only the S.D.s greater 

than the heights of the symbols were drawn). 


their precursors [3-5]. The inhibitory actions of 
metals on the activity of this enzyme have been 
extensively examined in brain microsomal prep- 
arations [6, 14]. These studies indicate that at a 
concentration of 10~°M, metal ions (Cu**, Zn’*, 
Fe** and Pb**) inhibit brain microsomal Na—K- 
ATPase activity competitively (Fe?* and Pb**) and 
non-competitively (Cu** and Zn**) [6, 14]. Further- 
more, Donaldson et al. [4] have found a good cor- 
relation between the ability of divalent metals (Zn** , 
Cu**, Mn?* and Fe?*) to induce convulsions in vivo 
and their potency as an inhibitor of brain microsomal 
Na-K-ATPase in vitro. However, little is known 
about the effects of metals on the structure and 
function of synaptosomes and how these effects may 
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be related to the overall neurotoxicity of metals 
observed in vivo [13]. Inhibition of the high affinity 
uptake of choline and dopamine into synaptosomes 
is observed in rodents which have been chronically 
fed with lead, and studies using the in vitro model 
of neurotransmission produce similar results [13, 15]. 
In addition, the work of Silbergeld and Adler [15] 
indicates that the effects of lead on the neurotrans- 
mission of acetylcholine and dopamine may be the 
consequence of its interfering with the interactions 
of calcium with the synaptosomal as well as the 
mitochondrial membranes. An alternative explana- 
tion of their results [13, 15] may lie in the obser- 
vations of Prakash et al. [5], who showed that several 
divalent metals (Cu**, Zn** and Hg?*) inhibited 
synaptosomal choline uptake and that these effects 
were apparently associated with inhibition of Na—K— 
ATPase by these ions. 

We examined the effects of Cd?*, Mn?* and Al** 
on synaptosomal Na-K-ATPase and Mg-ATPase. 
Apart from Mn**, the other two metals were not 
studied by Prakash et al. [5], nor did they report 
results on the effects of metals on synaptosomal Mg— 
ATPase. We found that all three metals (Cd?*, Mn** 
and Al**) inhibited the activity of the synaptosomal 
Na-K-ATPase to a much greater extent than the 
activity of synaptosomal Mg-ATPase (see Fig. 1 and 
Table 2). Our findings are consistent with the obser- 
vations of Donaldson et al. [4], who found that 
transition metals, other than those studied by us, are 
poor inhibitors of brain microsomal Mg-ATPase. 
From our data it is evident that Cd** is as potent an 
inhibitor of synaptosomal Na-K-ATPase as Cu** 
and Hg** (compare the results of Prakash er al. [5] 
with ours). 

In order to test the ionic gradient hypothesis, 
which maintains that the activity of the Na—-K- 
ATPase may be coupled to the synaptosomal uptake 
of neurotransmitters and their precursors [3], we 
have also examined the effects of Cd**, Mn** and 
Al** on synaptosomal choline uptake. 

The inhibitory actions of these three metals on 
choline uptake in the presence or absence of 1 mM 
Ca** appear to be virtually identical (compare the 
results in Figs. 2 and 3 and Table 2) suggesting that 
Ca’* (at 1 mM) apparently does not antagonize the 
inhibitory effects of Cd**, Mn?* and Al’*. Our results 
contrast with those of Silbergeld [13], who found 
that reduced Ca** inhibited synaptosomal choline 
uptake and Ca’* partially counteracted the inhibition 
of choline uptake by lead. The discrepancy between 
our findings and hers could be attributable to our 
employing a fairly purified synaptosomal fraction 
containing less than 5 per cent of mitochondrial 
contamination (see [8-10]), whereas Silbergeld [13] 
used the post-nuclear supernatant, which was grossly 
contaminated with non-synaptosomal material, 
including all the ‘free’ mitochondria. 

All three metals (Cd?*, Mn?* and Al**) inhibit 
synaptosomal choline uptake in a concentration- 
dependent and time-dependent manner (see Figs. 
2 and 3) with Al** being the most potent. However, 
Al’* is the least effective amongst these metals in 
inhibiting the synaptosomal Na-K-ATPase activity 
(see Table 2). Furthermore, it is worth noting that 
at 10-5 M, Cd?* completely inhibits the activity of 
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synaptosomal Na-K-ATPase and yet, at the same 
concentration, it appears to have no marked effect 
on synaptosomal choline uptake (see Fig. 3A). Since 
Cd** and Al** inhibit synaptosomal choline uptake 
but do not show parallel inhibitory effects on the 
synaptosomal ATPase activity, it follows that the 
electro-chemical potential gradient maintained by 
the Na-K-ATPase activity cannot be the sole driving 
force responsible for the uptake of choline by syn- 
aptosomes. Essentially the same conclusions may be 
deduced from the work of Hexum [6], who found 
that, at 10~* M, lead vitrually completely inhibited 
brain microsomal Na-K-ATPase activity and the 
studies of Silbergeld [13] where she showed that 
synaptosomal choline uptake and dopamine uptake 
were only partially inhibited by lead at concentra- 
tions between 10~° and 2.5 x 10~*M. Our results as 
well as those of Hexum [6] and Silbergeld [13, 15] 
appear to contrast with those of Prakash er al. [5]. 

In conclusion, our investigations on the in vitro 
effects of Cd’*, Mn** and Al** demonstrate that 
Cd** is a potent inhibitor of synaptosomal Na—K- 
ATPase but it is far less effective as an inhibitor of 
synaptosomal choline uptake. Like Cd** (but unlike 
Mn?*), Al’* is also moderately effective as an inhib- 
itor of synaptosomal choline uptake. Furthermore, 
we have also observed that Cd**, Mn?* and Al** 
show some selective inhibitory effects on the syn- 
aptosomal uptake of dopamine, noradrenaline and 
5-hydroxytryptamine (Lai, Lim & Davison, in prep- 
aration). However, despite the fact that all three 
metals are toxic to the nervous system in vivo [17, 
19-21], it is exceedingly difficult to relate our in vitro 
observations to their in vivo toxic effects. Neverthe- 
less, our results suggest that metal ions, such as Cd** 
and Al**, may be useful and selective tools for elu- 
cidating the structure and function of not only the 
synaptosomal membranes but also other types of 
biological membranes as well. 
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Abstract—Administration of PGF2« at doses of 50 and 250 jg into pouch fluid (calculated concentration 
of PGF2a was about 4 and 14 ug/ml of pouch fluid, respectively) of 7-day-old carrageenin granuloma 
in rats depressed vascular permeability, as measured by leakage of radioiodinated human serum albumin 
into the pouch fluid. However, 3 hr after PGF2a treatment at a dose of 50 wg, the vascular permeability 
had recovered to control level; 3 hr after a dose of 250 ug PGF2a, the vascular permeability had not 
recovered completely. The uptake of [*H]proline into collagen hydroxyproline and noncollagenous 
protein of carrageenin granuloma tissue was also examined. It was found that the first injection of 
PGF 2a at a dose of 50 or 250 ug depressed the uptake of [*H]proline into both protein fractions, but 
3 hr after the first injection of PGF2a, there was no significant difference in uptake between the control 
and the PGF2a-treated group. A study of the metabolism of PGF2« in a homogenate of granulation 
tissue and in pouch fluid showed little activity in the former and very little activity in the latter. In the 
homogenate, about 70 per cent of the originally added [*H]PGF2a remained unmetabolized after 3 hr 
of incubation. In the inflammatory fluid, less than 20 per cent of the radioactivity present at 35 min 
after the injection had dissappeared from the pouch fluid at 3 hr after the PHJPGFoa injection; all the 
remaining radioactivity was found to be unmetabolized [° 7H]PGF2. Consequently, it was suggested that 
the tissue became desensitized to the injected PGF2«. To confirm this suggestion, another 50 or 250 yg 
of PGF2a was injected 3 hr after the first PGF2a injection. However, a decrease in vascular permeability 
and in uptake of [° H]proline into both protein fractions after the second injection of PGF2a were not 
observed. It was concluded that, 3 hr after the first PGF2« treatment, the sensitivity of the carrageenin- 
induced granulation tissue to PGF2a had decreased. 


During a series of investigations of drug action on 
chronic granulomatous inflammation [1-5], we found 
that a single local administration of prostaglandin 
Frat (PGF2a) significantly diminished vascular 
permeability, as well as collagen and noncollagenous 
protein synthesis of preformed chronic granuloma- 
tous tissue provoked by carrageenin in rats [6]. These 
inhibitory effects caused by PGF2a are similar to 
those caused by the anti-inflammatory steroid, 
hydrocortisone [5]. It is generally accepted that 
PGF2a, as well as PGE is rapidly metabolized in 
tissue first by 15-hydroxyprostaglandin dehydrogen- 
ase (PGDH), and that the effects of these prosta- 
glandins are not persistent [7, 8]. With these obser- 
vations in mind, we have made an effort in the 
present investigation to determine if we could obtain 
a continuous decrease in vascular permeability, and 
a depression of collagen and noncollagenous protein 
synthesis in the granuloma tissue by the repeated 
administration of PGF2a 





* This paper is a part of the doctoral thesis of H.S. A 
part of this paper was presented at the Annual Meeting of 
the Japanese Biochemical Society at Sapporo in 1976. 

+ Abbreviations used are: PG, prostaglandin; HSA, 
human serum albumin; PGDH, 15-hydroxyprostaglandin 
dehydrogenase; DPO, 2,5-diphenyloxazole; and POPOP, 
1 ,4-bis-[2-(methyl-5-phenyloxazolyl) ]benzene. 
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These studies show that the inhibitory effects of 
a single local administration of PGF2a to chronic 
granulomatous tissue are brief, although there is 
little metabolic activity of PGF2. A second treat- 
ment with PGF2a, after alleviating the inhibitory 
effects of the first treatment with PGFra, failed to 
reproduce the inhibitory effects. These findings led 
us to conclude that the sensitivity of chronic granu- 
lomatous tissue to PGF2. was decreased by the first 
treatment with PGF2. We suggest that the combined 
application of PGF2« and a specific inhibitor to 
PGDH, or the application of PGF2. analogs which 
are resistant to PGDH, would not be of use in 
suppressing granuloma tissue development. 


MATERIALS AND METHODS 


Carrageenin granuloma pouch. A carrageenin 
granuloma pouch was made according to a procedure 
described previously [5, 6]. Male rats of the Donryu 
strain (6-weeks-old), weighing 150-180g, were 
injected with 8ml of air on the dorsum, sub- 
cutaneously, to make an air-pouch, in which, 24 hr 
later, 4ml of a 2 per cent (w/v) solution of carra- 
geenin (Seakem No. 202, Marine Colloid Inc., 
Springfield, NJ, U.S.A.) in 0.9 per cent NaCl were 
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injected. The carrageenin solution was sterilized, by 
autoclaving at 120° for 15 min, and injected after 
cooling to within the temperature range of 40—45°. 
Immediately before the injection, penicillin and 
streptomycin were added to the carrageenin solution. 
Seven days after the carrageenin injection, a gran- 
uloma pouch, producing af inflammatory exudate, 
with a volume of 15-20 ml had developed and was 
used in the following experiment. 

Vascular permeability measurement in the granu- 
loma pouch. Vascular permeability in the granuloma 
was measured according to the procedure of Tsu- 
rufuji et al. [5]. In brief, a 1Ci aliquot of purified 
['*I]HSA (Iodinated ['*I]Human Albumin Injec- 
tion, 173 wCi/uM, Kaken Kagaku Co. Ltd., Tokyo, 
Japan) in 0.2 ml of 0.9 per cent NaCl was injected 
into the right femoral vein of the rat bearing the 
granuloma pouch. After 30 min, 1.0 ml of the inflam- 
matory fluid in the granuloma pouch was withdrawn, 
through a syringe attached with a 1/3 mm needle, to 
measure the leakage of ['*IJHSA into the pouch 
fluid through the local vascular networks. Immedi- 
ately after the sampling of the pouch fluid, PGF2a 
(Prostaglandin Fra, Fuji Yakuhin Kogyo Co. Ltd., 
Tokyo, Japan) solution or its vehicle in a volume of 
0.2 ml was injected locally into the pouch fluid. At 
5 min or 2.5 hr after the PGF2a injection, a 1 wCi 
aliquot of the purified [''IJHSA [Radioiodinated 
Serum Albumin (RISA), 345 wCi/uM, Dainabot Co. 
Ltd., Tokyo, Japan] in 0.2 ml of 0.9 per cent NaCl 
was injected into the femoral vein, and after 30 min, 
1.0 ml of the pouch fluid was again taken out and 
served as a sample to measure the leakage of 
[S'IJHSA. The animals were killed just after the 
second sampling of the pouch fluid, and all the fluid 
in the pouch was collected to measure its volume. 
The radioactivities of '*I and ''I were measured in 
an automatic well-type scintillation counter, Aloka 
JDC-751 (Aloka Co. Ltd., Mitaka, Japan). The 
radioactivity of '~I was counted in the operation 
mode adjusted for counting the pulses from the 
photoelectric effect of the 35 KeV gamma rays of 
'51. The radioactivity of '*'l was measured by selec- 
tive counting of pulses which correspond to the 360 
KeV gamma rays of '*'I, separated from the radiation 
of coexisting '*I. The radioactivity of ['*I]JHSA and 
['"IJHSA in all the pouch fluid of each rat was 
calculated and expressed in terms of the percentage 
of the particular radioactivity injected into the rats. 
The percentages of ['*I]HSA radioactivity and of 
{“'IJHSA radioactivity which leaked into the gran- 
uloma pouch fluid were used as indices of vascular 
permeability in the granuloma pouch before and 
after PGF2. treatment respectively. The ratio of the 
control groups was almost unity. Therefore, a ratio 
was determined in order to express the change in 
vascular permeability which occurred under the 
influence of PGF2a treatment. 

Incorporation of [*H]proline into collagen 
hydroxyproline. Rats were injected subcutaneously 
with [*H]proline (generally labeled L-[*H] proline, 
63.0 Ci/mmole, Daiichi Pure Chemicals Co. Ltd., 
Tokyo, Japan), 10 wCi/0.1 ml/100g body weight, 
5 min or 2.5hr after treatment with PGF2. or its 
vehicle, into the pouch fluid. Thirty min later, the 
rats were killed by cutting the carotid artery, and 
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the granuloma tissue was carefully dissected free 
from the surrounding fat, muscle and nongranulom- 
atous subcutaneous tissue. The granuloma tissue was 
washed with ice-cold 0.9 per cent NaCl and minced 
with scissors. A portion of it was autoclaved twice 
with distilled water at 120° for 1 hr to obtain the 
collagen fraction as gelatin, which was then hydro- 
lyzed with 6 N HCl in a sealed glass tube at 105° for 
16hr. The hydrolysate was evaporated to dryness 
and [*H]hydroxyproline was determined according 
to the procedure of Juva and Prockop [9]. The results 
were expressed as disintegrations per min per yg of 
collagen hydroxyproline. 

Incorporation of [*H]proline into noncollagenous 
protein. A portion of minced granuloma tissue was 
homogenized by a Vir-Tis 45 homogenizer in ice- 
cold water for 5 min, mixed with an equal volume 
of 10 per cent trichloracetic acid (TCA) and centri- 
fuged at 1000g for 5 min. The pellet was washed 
twice with ice-cold 5 per cent TCA containing 1 per 
cent L-proline and then boiled for 15 min at 90° to 
solubilize the collagen. The resultant insoluble frac- 
tion was washed twice with ice-cold 5 per cent TCA 
and dissolved in 1 N NaOH. A portion of it was used 
for the determination of protein by the method of 
Lowry et al. [10]. Another portion of it was mixed 
with 10 ml of a Triton-toluene scintillation mixture 
(7 g DPO, 0.1g POPOP, in 667 ml toluene and 
333 ml Triton X-100) and the radioactivity was meas- 
ured in a Packard Tri-Carb model 3380 liquid scin- 
tillation spectrometer, correcting for quenching by 
external standardization. The results were expressed 
as disintegrations per min per yg protein. 

Metabolism of PGF in the granuloma. Carra- 
geenin granulation tissue was homogenized by a Vir- 
Tis 45 homogenizer in 0.05 M phosphate buffer (pH 
7.4) containing 4 mM NAD* in a volute of 1 ml/g 
wet tissue. Two ml of granuloma homogenate were 
incubated with 0.5 mCi of [SH]PGF2. ({9°H 
(n)]prostaglandin Fra, 9.2 Ci/mmole, New England 
Nuclear, Boston, MA, U.S.A.) at 37° for 1 hr and 
3hr. Lung and liver homogenates were also incu- 
bated with [(*H]PGF2. at 37° for 1 hr. Incubation was 
terminated by the addition of 9 vol. of 95 per cent 
EtOH. After filtration, the ethanol fraction was 
evaporated to a small volume, and the resultant 
solution was extracted with ethylacetate after acidi- 
fication to pH 3 with 0.1 N HCl. The extracted 
radioactive substances were subjected to thin-layer 
chromatography (T.L.C.). Thin-layer chromato- 
graphic plates of silica gel 60 (layer thickness, 
0.25 mm, E. Merck, Germany) were developed in 
the solvent system (chloroform—methanol-acetic 
acid—water, 90:8.5:1:0.65, by vol.) described by 
Pace-Asciak and Miller [11]. Zones of the radioactive 
substances on each thin-layer plate were detected by 
a thin-layer chromatoscanner (Aloka Co. Ltd., 
Mitaka, Japan) and scraped off the plate for 
measurement of radioactivity by the liquid scintil- 
lation counter. When 0.5 Ci of (*H]PGF2a with 50 
or 250 wg of cold PGF2a were locally injected into 
the granuloma pouch fluid, total amounts of the 
pouch fluid were withdrawn at 35 min or 3 hr after 
PGFra injection. An aliquot of the exudate was 
counted for radioactivity by the liquid scintillation 
counter. The radioactive substance was extracted 
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Table 2. Effect of PGF2. on [*H]proline incorporation into collagen hydroxyproline* 





Time after 
PGFra 
treatment 


Treatment of rats 


Specific activity 


(d.p.m./ug of Hyp) Per cent of control 





First injection 

5-35 Control 
PGFa (50 ug) 

2.5-3.0 hr Control 
PGF2a (50 pg) 

Second injection 

5-35 min Control 
PGF2a (50 ug) 


0.78 + 0.09 100 
0.36 + 0.037 46.7 
0.62 + 0.08 100 
0.47 + 0.09 73.1 


0.84 + 0.11 100 
0.73 + 0.13 86.9 





* Results are given as means + S.E.M. 


+ Indicates a statistically significant difference (P< 0.01) between the PGF2a-treated group and the 


corresponding control group. mi eae 
+ Rats were injected with 50 ug PGF2a into the pouch fluid. Three hr after the first injection, 50 ug 
~ “ ; 3 ; ; ‘ ’ © r , 
PGF2a were again injected into the pouch fluid and the ["H]proline incorporation into collagen hydroxy- 
proline was examined during 5-35 min after the second injection PGF2a. 


from another aliquot of the exudate and subjected 
to T.L.C. and scanned in a manner similar to that 
described above. 
RESULTS 

Changes in vascular permeability of carrageenin 
granuloma after the first injection of PGF. The 
changes in vascular permeability of the granulation 
tissue by PGF2. treatment are summarized in Table 
1. The first injection of PGF2. at doses of 50 and 
250 wg decreased the vascular permeability during 
5-35 min after the PGF2. treatment to 62.5 per cent 
(P < 0.005) and 39.8 per cent (P < 0.005) of the 
control level respectively. However, 3 hr after the 
PGF». injection, the decreased vascular permeability 
caused by 50 wg PGF2. had recovered almost to the 
control level and there was no statistically significant 
difference between the PGF2.-treated group and the 
control group. At a dose of 250 ug PGFia, the 
decreased vascular permeability was still observed 
3 hr after the treatment, but the level was only 75.0 
per cent of the control (P < 0.005). 

Changes in |*H]proline incorporation into collagen 


hydroxyproline and noncollagenous protein after the 
first injection of PGF2ra. As shown in Table 2, at a 
dose of 50 ug PGFra (first injection), [*H]proline 
incorporation into collagen hydroxyproline was 
decreased to 46.7 per cent (P < 0.01) of the control 
during 5-35 min after PGF2 treatment. However, 
at 3 hr after the PGF2. injection, incorporation had 
recovered almost to the control level. There was no 
statistically significant difference between the control 
and the PGF2.-treated group. Table 3 summarizes 
the effect of PGF2 on the incorporation of 
[°H]proline into noncollagenous protein. At a dose 
of 50 wg PGF (first injection), [*H]proline incor- 
poration into noncollagenous protein was decreased 
to 65.9 per cent (P < 0.005) of the control. However, 
at 3 hr after the PGF2a treatment, incorporation had 
recovered almost to the control level (not sig- 
nificant). At a dose of 250 wg PGF2a (not shown), 
the uptake of [*H]proline into collagen hydroxypro- 
line and noncollagenous protein was also inhibited 
significantly (P < 0.005), 37.4 and 33.8 per cent of 
the control, respectively, during 5-35 min after the 
first injection of PGF2ra. However, 3hr after the 


Table 3. Effect of PGF2« on [*H]proline incorporation into noncollagenous protein* 





Time after 
PGFra 


treatment 


Treatment No. of rats 


Specific activity 


(d.p.m./ug of protein) — per cent of Control 





First injection 
Control 
PGF 2a (50 ug) 
2.5-3.0 hr Control 
PGFra (50 wg) 
Second injection? 
5-35 min Control 
PGFia (50 wg) 


0.65 + 0.05 
0.43 + 0.037 
0.62 + 0.03 
0.50 + 0.07 


0.81 + 0.04 
0.68 + 0.07 


100 
65.9 
100 
80.2 


100 
84.2 





* Results are given as means + S.E.M. 


+ Indicates a statistically significant difference (P < 0.005) between the PGF2e-treated group and the 


corresponding control group. 


¢ Rats were injected with 50 wg PGF2a into the pouch fluid. Three hr after the first injection, 50 ug 
PGF2a were again injected into the pouch fluid and the [*H]proline incorporation into noncollagenous 
protein was examined during 5-35 min after the second injection of PGF2a. 
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Fig. 1. Thin-layer radiochromatogram of PH]PGF2a and its metabolites after incubation with lung (a) 
liver (b) and granuloma (c) homogenate. Each tissue was homogenized by a Vir-Tis 45 homogenizer 
with 0.05 M phosphate buffer (pH 7.4) containing 4mM NAD* in a volume of | ml/g wet tissue. Two 
ml of homogenate were incubated with 0.5 wCi of (PH]PGFa (9.2 Ci/mmole) at 37° for 1 hr (a, b and 


c) and for 3 hr (c’). Incubation was terminated by adding 9 vol. of 95 per cent EtOH. After filtration, 
the ethanol fraction was evaporated to a small volume, and the resultant solution was extracted with 
AcOEt after acidification to pH 3 with 0.1 N HCI. The extracted radioactive substances were subjected 
to thin-layer chromatography. Thin-layer chromatographic plates of silica gel 60 (0.25 mm in thickness) 
were developed in the solvent system (chloroform—methanol-acetic acid—water, 90:8.5:1:0.65, by vol.) 
described by Pace-Asciak and Miller [11]. Peaks I, II and III represent PGF2a, 15-keto-PGF2a and 
13,14-dihydro-15-keto-PGF2a respectively. 
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Fig. 2. Thin-layer radiochromatogram of [*H]PGF2a at 35 min (a) and at 3hr (b) after injection into 
the pouch fluid. [‘H]PGF2a (0.5 Ci, 9.2 Ci/mmole) was injected into the pouch fluid with carrier PGF 2a 
(50 wg). After 35 min (a) or 3 hr (b), total pouch fluid was withdrawn and added to 9 vol. of 95 per cent 
EtOH solution. After filtration, the ethanol fraction was evaporated to a small volume and the resultant 
solution was acidified to pH 3 with 0.1 N HCl. The acid solution was extracted with AcOEt. The 
extracted radioactive substances were subjected to T.L.C. and developed in the same solvent system 
shown in Fig. 1. The recovery of (PH]PGF2a during the extraction procedure was reproducible and 
more than 95 per cent. 
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injection, the uptake was 87.8 per cent (not sig- 
nificant) and 76.1 per cent (P < 0.005) of the control, 
respectively, the inhibition of uptake having 
decreased. 

Metabolism of PGF2a in carrageenin granuloma. 
Figure 1 shows the radiochromatograms of 
((H]PGF2. (1) and its metabolites, 15-keto-PGF2a 
(II) and 13,14-dihydro-15-keto-PGF2a (III), after 
incubation with homogenates of lung, liver and gran- 
uloma. Lung homogenate showed the most active 
PGF2. metabolism (Fig. 1a). The greater part of the 
original [7H]PGF2a (peak I) was metabolized to 15- 
keto-PGFia. Slight metabolic activity was observed 
in the liver homogenate (Fig. 1b). In carrageenin 
granuloma, PGF2a metabolism was greater than in 
liver, but 75 per cent of the original [*H]PGF2. was 
not metabolized after 1-hr incubation (Fig. 1c), and 
even after 3 hr of incubation, about 70 per cent of 
[‘H]PGF2. remained unmetabolized (Fig. 1c’). 

Figure 2 (panels a and b) shows the radiochro- 
matogram of the granuloma exudate 35 min and 3 hr 
after [“H]PGF2. injection with 50 ug of cold PGFra 
respectively. One single peak with an R; value that 
coincided with authentic PGF2a was observed; no 
peak of the metabolite of [*H]PGF2a was seen. The 
radioactive peak was scraped off the plate and the 
radioactivity was counted. After correcting for 
recovery, it was calculated that only 18 per cent of 
the radioactivity at 35 min after the [*H]PGFra injec- 
tion had disappeared during the following 2 hr and 
25 min. When [*H]PGF2a was injected into the gran- 
uloma pouch with 250 ug of cold PGF2a, only 15 per 
cent of the radioactivity present at 35 min had dis- 
appeared during the 3 hr (Table 4). The decrease in 
the total radioactivity during 35 min to 3 hr was only 
6 per cent of the injected [’H]PGFra. 

Changes in the vascular permeability of carrageenin 
granuloma and the incorporation of (*H]proline into 
collagen hydroxyproline and noncollagenous protein 
after a second injection of PGF2a. Three hr after the 
first injection of PGF2a, when the decrease in vas- 
cular permeability and in the uptake of [*H]proline 
into both protein fractions had disappeared or 
diminished, 50 or 250 ug of PGF2a were again 
injected locally into the pouch fluid (second injec- 
tion). However, as shown in Table 1, no decrease 
in vascular permeability was observed after 50 ug 
PGFr.. At a dose of 250 wg, the decrease was 25.7 
per cent (P < 0.005), which was almost the same as 
at 3 hr after the first injection (25.0 percent). These 
results show that the second injection of PGF2a 
caused no decrease in vascular permeability. As to 
the uptake of [*H]proline into collagen hydroxypro- 
line and noncollagenous protein, the second injec- 
tion of PGF. at a dose of 50 wg did not cause a 
decrease (Tables 2 and 3). Also, at a dose of 250 ug 
PGF2. (not shown), no further decrease was 
observed after a second injection. 


DISCUSSION 


The carrageenin-induced granulomatous tissue 
employed in this investigation displays the two 
pathological hallmarks of inflammation, the devel- 
opment of a wall of proliferative tissue and the 
exudation of inflammatory fluid inside the wall. 
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Table 4. Radioactivity of [7H]PGF2a in granuloma exudate* 





Time after 
(PH]PGFa 
injection 


Total radioactivity 
in exudate per 


Exudate (ml) (x 10°> c.p.m./ml) cent 





35 min 15. 
15; 


te 
3 hr 1.1 


5 
0 





* Results are given as mean+S.E.M. [*H]PGF2a 
(0.5 wCi) with 250 wg of cold PGF2« were locally injected 
into the granuloma pouch fluid, and total amounts of the 
pouch fluid were withdrawn at 35 min or 3hr after the 
PGF 2a injection. An aliquot of the pouch fluid was counted 
for radioactivity by the liquid scintillation counter. 


Around day 7 after carrageenin injection (chronic 
phase), the inflammatory exudate and the surround- 
ing tissue are still in a stage of active development. 
We have shown in a previous report [6] that PGF2., 
when injected locally into the pouch fluid, suppressed 
vascular permeability and collagen and noncollagen- 
ous protein synthesis of the chronic carrageenin- 
induced granulomatous tissue in rats. These effects 
of PGF2. are similar to those of hydrocortisone, a 
potent anti-inflammatory drug. 

The anti-inflammatory activity caused by local 
administration of PGF2. may have relevance for 
possible clinical application if rapid metabolism in 
vivo and the large number of possible side effects 
can be overcome by the development of PGF2. ana- 
logs. It is widely accepted that PGF2a as well as PGE 
is rapidly metabolized in the tissue first by PGDH 
[7,8]. If this is the case, the effect by exogenously 
injected PGF2. cannot be persistent. As shown in 
Tables 1-3, at 3 hr after the first injection of PGFra, 
the depressive effects on vascular permeability and 
collagen and noncollagenous protein synthesis, 
observed during 5—35 min after the PGF 2. treatment, 
were diminished. By the application of reversed 
phase partition chromatography, we have shown in 
a previous report [12] that there is very little activity 
of PGDH in the exudate of carrageenin-induced 
granulation tissue. This finding was reconfirmed in 
the present experiment. As shown in Fig. 2, no 
detectable peak of [*H]PGF2. metabolites in the 
exudate was observed at 35 min or at 3 hr after the 
injection of [SH]PGF2a into the pouch fluid. Accord- 
ingly, it was expected that the proliferative wall of 
the granuloma tissue, but not the exudate, had strong 
PGDH activity since, as mentioned above, at 3 hr 
after the injection of PGF2r., the effects of PGF2.a 
were diminished. When [*H]PGF2a was incubated 
for 1 hr with the homogenate of the granuloma tissue 
in the presence of NAD*, only 30 per cent of the 
originally added [*H]PGF2. was metabolized into 15- 
keto-PGF2. and 13, 14-dihydro-15-keto-PGFra (Fig. 
lc), and no further prominent degradation was 
observed during the next 2 hr (Fig. 1c’). About 70 
per cent of the added [*H]PGF2a remained unme- 
tabolized. Consequently, the metabolic activity of 
PGF2. in the granuloma was not as great as we had 
expected. 

Another possible explanation for the decrease in 
the effect of PGF2. during the 3hr is the rapid 
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disappearance of injected PGF2a from the tissue 
through the local circulation system. Three hr after 
the local injection of [H]PGF2a with 50 or 250 ug 
of cold PGF2«, only 18 or 15 per cent of the total 
radioactivity at 35min had disappeared, respec- 
tively, during 2 hr 25 min. These results show that 
the disappearance rate of injected PGF2a was very 
low between 35 min and 3 hr after the PGF 2a injec- 
tion. Consequently, the rapid disappearance of 
PGF2. from the tissue could not be the cause of the 
decrease in the effect of PGF2a during 3 hr. The most 
plausible explanation is that the sensitivity of the 
granulation tissue to exogenously added PGF2a is 
decreased for 3 hr after the first injection of PGFra. 
To confirm this possibility, 50 and 250 wg of PGFra 
were again injected locally into the pouch fluid at 
3 hr after the first injection of PGF2«. As shown in 
Tables 1-3, no changes in vascular permeability or 
in uptake of [*H]proline into protein fractions were 
observed. From these results, we have reached the 
conclusion that continuous  anti-inflammatory 
activity of PGF2a on preformed rat carrageenin-gran- 
ulation tissue is not to be expected, since the sen- 
sitivity of this tissue to exogenously added PGFra 
appeared to diminish within 3hr after the local 
injection and no further response could be observed 
by the second injection of PGF2a. 
Anti-inflammatory activity of PGF2. has already 
been reported by several investigators who focused 
mainly on acute inflammation [13-16], but no 
efforts have been made to examine whether the anti- 
inflammatory activity of PGF2. was long-lasting. In 
chronic granuloma tissue, no anti-inflammatory 


activity of PGF2a was reported, except in our pre- 
vious report [6]. Chang and Tsurufuji [3] reported 
that local injection of PGF2a caused no statistically 


significant decrease of vascular permeability, 
although there was a tendency to suppress 7-day-old 
carrageenin-induced granulation tissue in rats 
employing the single ['*'IJHSA tracer technique. By 
the application of the double isotope tracer method, 
which is more accurate than the single radioisotope 
method, as described in previous papers [5, 6], it was 
found that PGF2a did depress vascular permeability 
[6]. According to Glenn et al. [17], local injection 
of PGF2a twice each day for 7.5 days, on a chronic 
basis into croton oil or d-a-tocopherol-induced gran- 
uloma pouches of rats (6.5 to 52 uwg/pouch) showed 
no effect. DiPasquale et al. [18] also reported no 
effects of PGF2a on croton oil pouch exudation. 
Repeated injection of PGF2a into chronic inflam- 
matory tissue is of no use in showing cumulative 
anti-inflammatory activity of PGF2a, since, as clari- 
fied in the present investigation, continuous anti- 
inflammatory activity cannot be expected. The tissue 
quickly reaches the desensitized stage to exogenously 
injected PGF2.. We are now investigating how long 
it takes tissue to be restored to PGF2a sensitivity 
after the first treatment by PGF. 

The existence of a receptor for PGF2. has been 
reported in stomach [19], corpus luteum [20, 21], 
adrenal [22], thyroid [23], uterus [24], liver [25], 
thymocytes [26] and fat cells [27]. Provided that 
granulation tissue has receptors to PGF2a, all the 
receptors might be occupied by the first injection of 
PGF2a, followed by a brief decrease in vascular 


permeability and in uptake of [*H]proline into both 
of the protein fractions. A second injection of PGFra 
could cause no further binding of PGF. to receptors 
as all of the receptors would have been occupied by 
the first injection of PGF2.. The mechanism of the 
effect of PGF2a on vascular permeability and protein 
synthesis remains to be shown. When the granulation 
tissue was minced into small pieces (less than 1 mm’) 
and incubated in a medium containing [*H]proline 
with or without PGF2a, the uptake of [*H]proline 
into both protein fractions was inhibited significantly 
by PGF2. (H. Sato, K. Ohuchi and S. Tsurufuji, 
manuscript in preparation). 

Contradictory to our results obtained in the pres- 
ent experiments, there is one report which shows 
anti-inflammatory activity of PGF2. on chronic 
inflammation. According to Aspinall et al. [28], 
PGF. actively suppressed the development of adju- 
vant arthritis of Mycoplasma-induced arthritis. We 
assume that the anti-inflammatory activity of PGF2. 
on chronic arthritis inflammation reported by them 
may be due to the stimulation of the adrenal cortex 
by PGF. injection, as pointed out by Louis et al. 
[29]. 

Although there was little PGF2. metabolism in 
granulation tissue, the anti-inflammatory activity of 
PGF». was not long-lasting. The application to gran- 
ulation tissue of PGF2a together with an inhibitor of 
PGDH or PGF2. analogs which are resistant to 
PGDH, would not be of use in maintaining the anti- 
inflammatory activity for long periods of time, judg- 
ing from the results obtained in this investigation. 
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AND MUSCARINIC RECEPTORS 


ALAN S. FAIRHURST, MICHAEL L. WHITTAKER and FREDERICK J. EHLERT* 


Department of Medical Pharmacology and Therapeutics, University of California, 
Irvine, CA 92717, U.S.A. 


(Received 14 April 1979; accepted 2 July 1979) 


Abstract.—D600 (methoxyverapamil) was found to inhibit the specific binding assayed in rat brain homo- 
genates of the antagonist agents [*H]WB 4101 and [7H ]QNB to the a-adrenergic and muscarinic receptors 
respectively. The 1c, concentrations of D600 in standard binding experiments were 1.7 x 10~° M and 
1.4 x 10~> M, with calculated K, values of 0.98 x 10~° Mand 8.83 x 10° ° M. Scatchard analyses showed 
these inhibitions to be competitive. Lidocaine and tetracaine also inhibited radioligand binding to these 
receptors, with K, values of 5.25 x 10~* M and 4.85 x 10~° M for the a-receptor and 8.2 x 10°° M and 
6.94 x 10~°M for the muscarinic receptor; these inhibitions also appeared to be competitive. Increasing 
the Ca?* concentration in the assays to 10 mM did not influence the effects of D600 or the anesthetics. 
Analyses of inhibitions of muscarinic receptor binding produced by D600 and lidocaine over a range of pH 
indicated that the inhibitory species of D600 is the uncharged form, whereas the charged form of lidocaine is 
inhibitory. Interactions of D600 and lidocaine with the agonist site on the muscarinic receptor were 
studied by measuring the effects of these agents on the displacement of [*H ]QNB by the muscarinic agonist 
carbachol. Comparison of these results with a theoretical model indicates that carbachol, [*H]QNB, and 
D600 or lidocaine competitively displace one another at the same agonist site. The binding of labeled 
naloxone to the opiate receptor was also inhibited by D600, the 1c, being 4 x 10~° M. These inhibitory 
effects of D600 and the local anesthetics on different receptors suggest that these agents may act by a 
common mechanism, namely by perturbing membrane structures. These results suggest caution in inter- 
preting experiments in which D600 and verapamil are used analytically as Ca antagonists to assess the 


involvement of Ca in a biological system. 


Verapamil and its methoxy derivative, D600, are 
members of a group of compounds which have been 
termed “calcium-antagonists”, since at low concen- 
trations they inhibit transmembrane calcium fluxes 
[1, 2]. Electrophysiological studies with mammalian 
cardiac fibers have demonstrated [3] that these agents 
at concentrations of 10~° M block, selectively, the 
inward current carried by calcium and that this effect 
can be antagonized by increasing the extracellular 
calcium concentration. Experiments by Nayler and 
Krikler [4] which explore the cellular locus of action 
of verapamil have shown that at 10°° M this drug 
interferes with the superficially located cardiac cell 
membrane storage sites for calcium, while Williamson 
et al. [5] have demonstrated, directly, interference by 
10~° M verapamil with *°Ca binding to isolated car- 
diac sarcolemmal preparations. This inhibition of 
calcium binding at the cell membrane appears to 
account for the negative inotropic effect of these com- 
pounds in cardiac muscle, and for the peripheral and 
coronary vasodilation resulting from effects on smooth 
muscle. 

Because of their effectiveness in inhibiting calcium 
influx into cardiac and smooth muscle, verapamil and 
D600 have been used in various laboratories as diag- 
nostic tools in assessing the role of calcium in several 
processes, although often at drug concentrations 
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greatly in excess of those which produce cardiac effects. 
Van der Kloot and Kita [6], for example, attempted to 
use verapamil and D600 at a concentration of 5 x 
10°-*M as specific inhibitors of stimulated calcium 
influx in crustacean muscle, but concluded that the 
expected specificity was not attainable, since these 
agents depressed conductance changes underlying 
inward and outward movements of sodium and potas- 
sium. Also, Golenhofen and Hermstein [7] employed 
D600 in a study of vascular smooth muscle activation 
and concluded that two calcium-activation mecha- 
nisms exist, one of which was inhibited by D600 at 
concentrations of up to 2 x 10~° M, but that non- 
specific depression of activation occurred at much 
higher D600 concentrations and was due to a local 
anesthetic-type effect. Further, at concentrations which 
are orders of magnitude higher than those required 
for inhibition of calcium influx, verapamil has been 
shown to affect other systems; it has an ED, of 3.7 x 
10°-*M for local anesthesia in frog sciatic nerve [8], 
and at concentrations of up to 6 x 10>? M verapamil 
affects excitation—contraction coupling in frog 
sartorius muscle [9]. Thus, depending on the concen- 
trations used, verapamil and D600 are capable of 
producing several actions in addition to their Ca- 
antagonist effects. During an investigation of the in- 
fluences of various agents on rat brain muscarinic 
and a-adrenergic receptors, we have found that D600 
at concentrations of 10~ °-10~ ° M interferes markedly 
with the specific binding of selected radioligands to 
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the receptors. This report describes the interactions of 
D600 with these receptors and indicates that caution 
should be used when interpreting experiments in 
which D600 or verapamil is used analytically to 
establish the involvement of calcium in biological 
systems. 


METHODS 


Radioligand binding assays. a-Adrenergic receptor 
binding was determined in rat brain cortex prepara- 
tions essentially as described by Greenberg et al. [10]. 
Cortex was homogenized in 20 vol. of ice-cold Tris— 
HC] buffer (pH 7.7 at 25°) with a Brinkmann Polytron 
PT 10 for | min at a setting of 5.2, then centrifuged at 
37,000 for 10 min, resuspended in the Polytron, and 
again centrifuged. The pellet was resuspended in 
buffer at a concentration representing approximately 
30 mg of original cortex per ml of buffer. The tritium- 
labeled a-antagonist WB 4101 with a specific activity 
of 25.4 Ci/mmole was purchased from the New England 
Nuclear Corp., Boston, MA. The standard binding 
assays were run in triplicate in disposable glass test 
tubes, and contained approximately 1.0 mg of cortex 
protein plus 0.25nM [*H]WB4101 and 50mM 
Tris-HCl at pH 7.7 in a total volume of 2 ml; parallel 
triplicate assays additionally contained 10~*M I- 
norepinephrine. Incubations were carried out in a 
Dubnoff shaking incubator for 30 min at 25°, at which 
time the incubation mixtures were filtered rapidly 
through Whatman GFB glass fiber filters and rapidly 
washed with 15 ml of ice-cold buffer, using a Millipore 
filter manifold. The filters were placed in vials con- 
taining 13 ml of Beckman Ready-Solv EP, shaken 
mechanically for 30 min to disintegrate the filter, then 
counted in a liquid scintillation counter. Specific 
[3H]WB 4101 binding was defined as the difference 
in binding between incubations carried out in the 
presence and the absence of 10~ * M norepinephrine. 

Muscarinic receptor binding was measured in rat 
brain striatal preparations essentially as described by 
Yamamura and Snyder [11]. In the standard assay 
approximately 100 yg of striatal homogenate protein 
were incubated for 45 min at 25° in a final volume 
containing 50mM _ phosphate, pH 7.4, with the 
concentrations of [*H ]quinuclidinyl benzilate (QNB) 
of specific activity 16.4 Ci/mmole (Amersham Corp., 
Arlington Heights, IL) and D600 or local anesthetics 
indicated in Results; parallel experiments also con- 
tained 10°° M atropine. Incubation mixtures were 
then filtered through GFB glass fiber filters which were 
rapidly washed with 10 mlofice-cold buffer, transferred 
to counting vials, disintegrated and counted. Specific 
[3H]QNB binding was defined as the difference in 
binding between incubations carried out in the pre- 
sence and the absence of 10° ° M atropine. In experi- 
ments investigating inhibitory activities of charged 
and uncharged forms of D600 and lidocaine on the 
muscarinic receptor, the pH of the incubation medium 
was controlled over the range pH 6.3 to 8.2 by substi- 
tuting 100mM _ Tris—maleate or N-Tris(hydropy- 
methyl)methyl-2-aminoethane sulfonic acid (TES) 
buffers for the standard phosphate, as described in 
the legend of Table 2; the filters were washed at the 
same pH at which the incubation was conducted. In 
experiments exploring the interactions of D600 and 
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lidocaine with the agonist binding site of the musca- 
rinic receptor, [7H]QNB binding was measured at a 
radioligand concentration of 0.8 nM in the presence 
of various concentrations of carbachol to establish 
displacement of the [7H]QNB binding isotherm by 
this agonist. The percentage displacement of [*H] 
QNB binding by 100 uM carbachol was then deter- 
mined in the presence of various concentrations of 
D600 or lidocaine, as calculated for the two inter- 
action models described below and in the Appendix. 
The dissociation constants of D600 and the local 
anesthetics for the receptors were calculated from the 
relationship, 


aS =< 
. (1 . radioligand smeeereetee 
K 





radioligand 


where IC,, is the concentration of D600 or local 
anesthetic producing 50 per cent inhibition of specific 
radioligand binding and K,, jiciigana 1S the dissociation 
constant determined in separate experiments de- 
scribed in Results. Protein was determined by the 
method of Lowry et al. [12], using a bovine 
albumin standard. D600, «-isopropyl «(N-methyl- 
N -homoveratryl)-«-aminopropyl -3,4,5-trimethoxy- 
phenylacetonitrile, was donated by the Knoll Pharma- 
ceutical Co., Whippany, NJ. Tetracaine and lidocaine 
hydrochlorides were purchased from the Sigma Chemi- 
cal Co., St. Louis, MO. 


RESULTS 


Effects on the brain a-receptor. When the specific 
binding of [7H] WB 4101 to rat brain cortex prepara- 
tions was assayed at various initial concentrations of 
[°H] WB 4101, it was found that non-specific binding 
increased linearly with the [>H] WB 4101 concentra- 
tion, was non-saturable, and that specific binding 
reached a maximum at approximately 2nM [*H]WB 
4101. The influence of D600 on specific binding of 
[°H]WB 4101 was then studied, using [7H]WB 4101 
at a standard concentration of 0.25 nM. Since some 
effects of D600 in other systems have been ascribed to 
local anesthetic actions [6, 7], the effects of the local 
anesthetics lidocaine and tetracaine on «-receptor 
binding were also studied and compared with those 
of D600. Also, Fleisch and Titus [13] had shown that 
these local anesthetics altered contractile responses of 
isolated rat aortic and tracheal smooth muscles to 
norepinephrine and carbachol, and they had postu- 
lated that the anesthetics altered the affinity with which 
such agonists interact with their receptors. Thus, it 
was of interest here to establish directly any local 
anesthetic—receptor interactions by using the radio- 
ligand binding assays. Figure 1 shows the dose— 
response curves for the inhibition of specific binding 
of [7H]WB 4101 to the a-receptor by D600, lidocaine 
and tetracaine with an 1c,, of 1.7 x 10~° M for D600 
and for lidocaine and tetracaine of 9.1 x 10°* M and 
8.4 x 10°°M respectively. 

An analysis of the mechanisms of binding inhibition 
was made by assaying specific [*H]WB 4101 binding 
at radioligand concentrations of 0.125, 0.25, 0.5 and 
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Fig. 1. Inhibitory effects of D600, lidocaine and tetracaine on 
specific binding of [3H ]WB 4101 by the rat brain a-adrenergic 
receptor. Specific binding was determined as described in 
Methods at a radioligand concentration of 0.25nM. Key: 
D600 (@); lidocaine (@); and tetracaine (a). The curves 
represent the means of data from five separate experiments. 


1.0nM in the presence and the absence of approxi- 
mately IC,, concentrations of D600, lidocaine and 
tetracaine. The Scatchard analyses [14] of these 
data are shown in Fig. 2, in which the slopes represent 
—1/K,, where the K, is the apparent dissociation 
constant of the radioligand—receptor interaction and 
the intercepts on the abscissa represent the number of 
binding sites per unit protein. [7H]WB 4101 binds, 
in the absence of inhibitors, to a single population of 
binding sites (Fig. 2, curve 1) with a K, of 3.64 x 
10-'°M, and there are 0.135 pmoles of [7H]WB 
4101 bound per mg of protein in the brain cortex 
preparations. It can also be seen that D600, lidocaine 
and tetracaine all increase the apparent K , for [7H]WB 
4101 (i.e. decrease the affinity), but do not significantly 
alter the number of radioligand binding sites. Thus, 
all three drugs appear to act as reversible competitive 
inhibitors of [*7H]WB 4101 binding. Calculations 
using the equations described in Methods give a K, 
value for D600 of 0.98 x 10°°M and of 5.25 x 
10-*M and 4.85 x 10°°M for lidocaine and tetra- 
caine respectively (Table 1). 
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Fig. 2. Scatchard analyses of the inhibitions of specific binding 
of [7H]WB 4101 by the a-adrenergic receptor produced by 
D600, lidocaine and tetracaine. Specific binding was deter- 
mined at [7H]WB4101 concentrations of 0.125, 0.25, 0.5 
and 1.0 nM in the absence of other drugs, curve 1, and in the 
presence of 1 x 10°°M D600, curve 2; 1 x 10~3M lido- 
caine, curve 3; and 1 x 107~*M tetracaine, curve 4. All 
experiments were repeated 3—5 times, and the plots were 
drawn from the linear regression analyses of these data. 
Statistical analysis shows that the intercepts on the x axis 
are not significantly different. 


Effects on the brain muscarinic receptor. In order to 
differentiate further the actions of D600 and the local 
anesthetics, the effects of these three drugs on the 
muscarinic receptor were studied by measuring the 
specific binding of the muscarinic antagonist [*H]- 
QNB to rat brain striatal homogenates. Figure 3 
shows the inhibition of binding produced by various 
concentrations of these agents, assayed at a standard 
[?H]QNB concentration of 0.2 nM. The 1c,,, concen- 
trations obtained from these plots were: D600, 1.4 x 
10-°M; lidocaine, 1.3 x 10°*M; and tetracaine, 
1.1 x 10~° M. Analyses of the mechanisms of inhibi- 


Table 1. Comparison of effects of D600, lidocaine and tetracaine on rat brain «-adrenergic and muscarinic 
receptors 





Drug 


Receptor 





a-Adrenergic 


Muscarinic 





ICco K, 
(M) (M) 


K K, a-adrenergic 


I 
(M) K, muscarinic 





D600 
Lidocaine 
Tetracaine 


1.7. x :4075 
9.1 x 1074 
8.4 x 1075 


0.98 x 107° 
5.25 x 10-¢ 
4.85 x 1075 


8.83 x 10~° 0.11 
8.2 x 1075 6.4 
6.94 x 107° 6.98 





K, lidocaine 


a 10.82 
K, tetracaine 
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Fig. 3. Inhibitory effects of D600, lidocaine and tetracaine on 
specific binding of [*H]QNB by the rat brain muscarinic 
receptor. Specific binding was determined as described in 
Methods at a radioligand concentration of 0.2nM. Key: 
D600 (@); lidocaine (™); and tetracaine (a). The curves 
represent the means of data from five separate experiments. 


tion were made by assaying binding at [7>H]QNB 
concentrations of 0.1, 0.2, 0.4 and 0.8nM in the 
presence and the absence of approximately Ic., 
concentrations of D600, lidocaine and tetracaine. 
Scatchard plots of these data are shown in Fig. 4, 
where it can be seen that [7H]QNB binding occurs 
at a single population of binding sites with a K, 
of 3.41 x 10°'°M and that each of the drugs 
decreased the slope and, therefore, decreased the 
apparent affinity of the receptor for [*>H]QNB, 
with no significant change in the number of [7H ]QNB 
binding sites. Thus, D600, lidocaine and tetracaine 
all appear to act as reversible competitive inhibitors 
of the [*H]QNB binding function of the muscarinic 
receptor. K, values for these drugs were calculated 
using the 1c,, data from Fig. 3 and the K, for 
[*H]QNB obtained in the control experiments of 
Fig. 4, as described above. The K, for D600 was 
8.83 x 10 ° M: for lidocaine, 8.2 x 10~° M: and for 
tetracaine, 6.94 x 10°°M. Comparison of these 
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Fig 4. Scatchard analyses of the inhibitions of specific binding 
of [*H]QNB by the muscarinic receptor produced by D600, 
lidocaine and tetracaine. Specific binding was determined at 
[3H]QNB concentrations of 0.1, 0.2, 0.4 and 0.8 nM in the 
absence of other drugs, curve 1, and in the presence of 
1.4 x 107° M D600, curve 4; 1.3 x 10~*M lidocaine, curve 
2: 1.1 x 107° M tetracaine, curve 3. These experiments were 
repeated 3—5 times and the plots drawn from linear regression 
analyses of these data. Statistical analysis of these data 
indicates that the intercepts on the x axis are not significantly 
different. 


values with corresponding data from experiments 
with the #-receptor (Table |) shows that the muscarinic 
receptor is about 9 times less sensitive than the a- 
receptor to D600, but is more sensitive than the a- 
receptor to both of the local anesthetics. 

Aronstam et al. [15] have shown that the specific 
binding of [*H]QNB to the rat brain muscarinic 
receptor has an unusually broad pH optimum, so 
that it is possible to study the effect of varying the pH 


Table 2. Effect of pH on inhibition of radioligand binding to muscarinic receptor produced by D600 and 


lidocaine* 


D600 (2 x 107° M total) 


Control 
binding 
(pmoles/mg) 


uncharged observed 
(x 1075 M) 


Concentration, Inhibition Inhibition 





Lidocaine (1.3 x 10~* M) 
Concentration, Inhibition Inhibition 
charged observed expected 
(x 10°+M) 





expected 








*Specific binding of [3H ]QNB to rat striatal homogenates was measured as described in Methods at a 
radioligand concentration of 0.2 nM, but with the following buffers substituted for the standard phosphate. 
These buffers were all present at a final concentration of 100 mM; at pH 6.3 Tris-maleate was used, and at 
pH 6.8, 7.4 and 8.2, TES-HCI. The observed inhibitions were determined at constant total D600 and lido- 
caine concentrations at the different pH levels; the mean values from four separate experiments are shown. 
The expected inhibitions were obtained by calculation of the concentration of uncharged or charged 
forms of the drugs present at a given pH, taking the pK, of D600 to be 6.6 and of lidocaine 7.9, as described 


in the text. 





Methoxyverapamil, local anesthetics and receptors 159 


on the inhibition of binding to this receptor produced 
by lidocaine and D600 to determine whether the 
charged or uncharged forms of these drugs are the 
active species. Table 2 shows the results of these 
experiments. The control specific binding activity 
was more sensitive to a decrease in pH than Aron- 
stam et al. [15] had found, with a marked decrease 
observed at pH 6.3. However, as the pH was increased, 
there was an increasing inhibition produced by a 
constant total D600 concentration of 2 x 10°°M 
(from 39 per cent inhibition at pH 6.3 to 65 per cent 
inhibition at pH 8.2). If we assume that the pK, of 
D600 is altered insignificantly by the additional 
methoxy group and is thus, 6.6, as for verapamil [9], 
then the concentration of uncharged D600 would be 
0.67 x 10°°M at pH63 and 1.95 x 10°°M at 
pH 8.2. With the assumption that only the uncharged 
form of D600 exerts inhibitory effects, the inhibitions 
to be expected from these concentrations were cal- 
culated from the dose-response curve in Fig. 3 and 
are shown in Table 2. The close similarities between 
the observed and the expected inhibitions seen in 
Table 2 strongly suggest that the uncharged form of 
D600 is the active species inhibiting [*H]QNB bind- 
ing to this receptor. Similar experiments were per- 
formed with lidocaine (pK, = 7.9) at a constant total 
lidocaine concentration of 1.3 x 10~* M. In contrast, 
decreasing inhibition was found as the pH was 
increased. Table 2 shows the comparison of the ob- 
served and expected inhibitions, as calculated for the 
charged species from the lidocaine dose-response 
curve of Fig. 2; the reasonably close correlation sug- 
gests that with lidocaine the inhibition is produced by 
the charged form of the local anesthetic. 
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Since the cholinergic antagonist QNB is known to 
interact with accessory sites adjacent to, and in 
addition to, the Ach binding region of the muscarinic 
receptor [15, 16], it is conceivable that D600 and the 
local anesthetics could displace [*H]QNB binding 
by interacting with an accessory receptor region, 
while having no effect on the binding of agonists to the 
receptor. The interactions of D600 and lidocaine with 
the agonist site on the muscarinic receptor were, 
therefore, studied by measuring the effects of these 
agents on the displacement of [*H]QNB by the 
muscarinic agonist carbachol. These experiments were 
designed to differentiate between two theoretical 
models, designated cases 1 and 2, the equations for 
which are presented in the Appendix. In case | it was 
assumed that [7H]QNB, carbachol, and D600 or 
lidocaine all bind to the same site according to the 
first order mass action law described by equations 1-3. 
In case 2 it was assumed that carbachol and D600 or 
lidocaine bind to different sites, although both sites 
have regions in common with the antagonist binding 
site and hence both carbachol and the two drugs 
displace antagonist ([*H]QNB) binding; equations 
describing these interactions are also shown in the 
Appendix. 

Figure 5 shows the percentage inhibition of 0.8 nM 
[>H]QNB binding produced by 100 uM carbachol in 
the presence of various concentrations of D600 and 
lidocaine. Maximum (100 per cent) binding was de- 
fined as the specific binding that occurred in the 
presence of both 0.8nM [*H]QNB and a given 
concentration of D600 or lidocaine, these being 
1, 3, 10 and 20 times their respective K, concentra- 
tions as determined above. It can be seen that the 
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Fig. 5. Influence of D600 and lidocaine on the inhibition produced by carbachol of the specific binding of 

[?H]QNB to the rat brain muscarinic a-receptor. The radioligand concentration was 0.8 nM. All experi- 

ments contained striatal homogenate, 0.8 nM [3H]QNB and 100 uM carbachol, together with D600 or 

lidocaine at concentrations 1, 3, 10, and 20 times their respective K, concentrations. In these experiments, 

maximal binding was defined as specific binding occurring in the presence of [3H ]QNB and the indicated 

concentration of D600 or lidocaine. Also shown are the theoretical inhibitions of specific binding predicted 
from the case 1 and 2 interaction models described in the text and the Appendix. 
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inhibition produced by carbachol in the presence of 
D600 was very similar to the theoretical displacement 
expected from an interaction described in case 1. These 
data, therefore, are consistent with the hypothesis 
that [>H]QNB, carbachol and D600 all competitively 
displace one another at the same, agonist site. Lido- 
caine also decreased the inhibition of [7H]QNB 
binding produced by carbachol, although the inhibi- 
tion of carbachol binding produced by the high con- 
centrations of lidocaine was not as great as predicted 
by the case | model. 


DISCUSSION 


A significant finding of the present study is that 
D600 at concentrations often used to produce “cal- 
cium antagonism”, additionally affects brain mus- 
carinic and «-receptors. From the data summarized 
in Table 1, it is clear that D600 has a significantly 
greater effect on the a-receptor than the muscarinic 
receptor (K, = 0.98 x 10~° vs 8.8 x 10°° M) and, 
from Figs. 2 and 4, that the inhibition appears to be 
competitive in both cases. The nature of the inhibition 
suggests that D600 exerts its effects here either by 
interacting at the binding sites of the two receptors, or 
at other nearby sites which influence the radioligand 
binding sites in an allosteric manner. Since the bind- 
ing sites of the two receptors must be quite different, 
in that they accept structurally dissimilar a-adrenergic 
or muscarinic agents, it would seem less likely that 
D600 interacts with the actual binding sites than by 
affecting these sites via adjacent allosteric loci. In 
considering the mechanisms of attachment of QNB 
and acetylcholine to the muscarinic receptor, both 
these molecules contain esteratic and cationic sites, 
but QNB additionally possesses aromatic groups 
capable of hydrophobic interaction with lipids and 
the hydrophobic areas of membranes [16]. Since the 
active species of D600 inhibiting this receptor is the 
uncharged form, as was found by Bondi [9], for the 
release of Ca in skeletal muscle, it is possible that 
D600 may be acting here by competing with QNB 
for hydrophobic areas of the receptor. The data of 
Fig. 5 show that D600 competes with carbachol and, 
therefore, acts also to influence the agonist binding 
site of the muscarinic receptor; thus, the binding of 
D600 must affect the binding of both agonists and 
antagonists to the receptor. Verapamil has high 
lipid affinity [17] and D600, with an additional 
methoxy group, would be similarly lipophilic and 
thereby expected to distribute well into membrane 
structures. Thus, the speculation could be made that 
the spectrum ofeffects produced by the Ca-antagonists, 
ranging from inhibition of Ca influx at low concentra- 
tions to the receptor effects described here and to local 
anesthetic effects at much higher concentrations, may 
result from a continuum of perturbations of membrane 
structure associated with increasing drug concentra- 
tion. Although no studies have been reported on 
membrane perturbation by Ca-antagonists, we have 
shown recently that receptor binding functions are 
inhibited by those concentrations of alkanols and 
halothane which also increase membrane fluidity.* 


*4. S. Fairhurst and P. Liston, manuscript submitted for 
publication. 


While the present study does not identify the 
mechanisms underlying receptor inhibition, it does 
establish that D600, at concentrations employed 
by some workers to implicate Ca in various pro- 
cesses, additionally inhibits receptor binding activity, 
so that receptor-D600 interactions must be considered 
when interpreting the results of such experiments. 
From these findings it may be anticipated also that 
other types of receptors will be found to be sensitive 
to D600, and we have preliminary data indicating that 
the rat brain opiate receptor is also inhibited, with an 
IC,, Of approximately 4 x 10~° M for D600. How- 
ever, it would seem that inhibition of the muscarinic 
receptor plays little part in the inhibition of Ca influx 
in smooth muscle produced by D600, since this latter 
inhibition occurs at D600 concentrations <10~’ M 
and also in tissues stimulated by K* wherein the 
muscarinic receptor is bypassed [18, 19]. 

Although some effects of high concentrations of 
D600 have been ascribed to local anesthetic effects 
[6, 7], and indeed verapamil with an ED,, of 3.7 x 
10-*M is 1.6 times more potent than procaine in 
blocking conduction in frog sciatic nerve preparations 
[8], the receptor inhibition data presented here show 
distinct differences between D600 and lidocaine or 
tetracaine. First, the inhibitory form of lidocaine 
acting on the muscarinic receptor appears to be the 
charged species, whereas for D600 it is the uncharged 
species, indicating that the interaction of this local 
anesthetic with some membrane component influenc- 
ing radioligand binding is different from that of D600. 
A cationic group is a well known requirement of 
cholinergic ligands so that the observation that the 
protonated form of lidocaine is the active species also 
suggests that lidocaine produces a competitive inhibi- 
tion of [7H]QNB binding. However, this interaction 
may be more complex since deviations from com- 
petitive inhibition were observed at high concentra- 
tions of lidocaine (Fig. 5). Local anesthetics produce a 
wide variety of effects on biological membranes, 
although the molecular events underlying these 
effects are largely unknown. These drugs have been 
shown to compete with Ca in the lobster neuron [20], 
so that interaction with a Ca-binding site on the 
muscarinic and a-receptors was considered as a 
possible mechanism of action here. However, the 
IC, for the local anesthetics for both receptors was 
not changed by the addition of 10mM Ca to the 
incubation media; the 1c,,, for D600 for the receptors 
was similarly unchanged by 10 mM Ca. 

A second difference found here between the actions 
of local anesthetics and D600 on the receptors is that, 
in contrast to the relative sensitivities of the receptors 
to D600, the muscarinic receptor is more sensitive to 
these local anesthetics than is the a-receptor. The 
ratio of K, lidocaine to K, tetracaine is very similar 
for both receptors (Table 1), suggesting that these 
anesthetics bind to a common site associated in some 
manner with each receptor, but that the influence of 
such an anesthetic binding site on the radioligand 
site is different for the muscarinic and «-receptors. 
Since the ED,, for lidocaine in blocking conduction 
in the frog sciatic nerve is 3.8 x 10°3M and for 
tetracaine acting on the giant squid axon is 1 x 
10°*M [21], it is clear from Table 1 that inhibition 
of receptor binding occurs at similar or lower con- 
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centrations than produce classical local anesthetic 
effects. Papahadjopoulos et al. [22] have suggested 
that the effects of local anesthetics on membranes 
may be mediated via membrane fluidity changes 
associated with phospholipid interactions, so that it 
is conceivable that local anesthetic effects and the 
inhibition of receptor binding functions produced by 
D600, lidocaine and tetracaine may have, as a com- 
mon basis, the perturbation of membrane structure. 
However, the molecular events underlying any such 
perturbations must be different because the active 
species of the D600 and local anesthetic molecules 
affecting the receptors are different. 
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APPENDIX 


Equations are derived below which describe the binding of 
a radiolabeled antagonist in the presence of a non-labeled 
agonist and another non-labeled ligand. These equations 
are based on two different theoretical models designated as 
case | and case.2, and establish the theoretical basis necessary 
for determining whether a ligand interacts with the agonist 
binding region of the muscarinic receptor. 

Case 1. Radiolabeled antagonist and the other two non- 
labeled ligands all bind to the same site according to the law 
of mass action as described by equations 1-3. 


(A)(R) _ K, 
(AR) 


(A) + (R) = (AR) 


(B)(R 
cee - K, (2) 


B R)= = 
(B) + (R) = (BR) (BR) 


(C)(R)_ 


Cc R)= = 
(C) + (R) = (CR) (CR) 


K. (3) 


(R;) = (R) + (RA) + (RB) + (RC), (4) 


where (R) is the concentration of free receptors, (R,) is the 
total receptor concentration, (A) is the concentration of 
radiolabeled antagonist, (B) is the concentration of non- 
labeled agonist, and (C) is the concentration of a non- 
labeled ligand. (RA), (RB) and (RC) are the concentrations of 
receptor complexes and K,, K, and K, are dissociation 
constants. The solution to this system of equations is given 
below and is a special case of the general solution given by 
Feldman [23]. 


_ (AR) _ (A) 


= = — 
(R,) (A) + K,l + (BK, +(O)K | ) 





Ipc 


where f,- represents the fractional occupancy of A in the 
presence of B and C. When B is equal to its Ic,, concentration 
(B = B,,), then: 


Sac = 35e: (6) 


where f. is the fractional occupancy of A in the presence of 
C. It follows from equation 6 that: 


(A) 
(A) + K (1 + (B,.)/Kz > (C)/K,) 





(A) 
= ~ ee (7) 
(A) + K,(1 + (C)/K,) 





By rearrangement: 
B,,. = K,(1 + (A)/K, + (C)/K,). (8) 


Equation 8 illustrates that, if all three ligands bind to the 
same site, the 1c,, of B for half maximal displacement of A 
will increase with increasing concentrations of another ligand 
C. Thus, if the binding of A is expressed as a percentage of the 
maximum amount of binding that occurs in the presence of A 
and C only, then the percentage inhibition of binding pro- 
duced by the agonist B will decrease with increasing concen- 
trations of C. 

Case 2. Non-labeled agonist and another non-labeled 
ligand bind to different sites; however, both sites have regions 
in common with the antagonist binding site and hence both 
ligands displace antagonist binding. All ligands bind 
according to the law of mass action as described by equations 
1-3. In addition, the following equations apply: 


(B)(CR) _ K, 
(BCR) 


(C) (BR) 
(ocr) Ke 9) 


R, =(R) + (AR) + (BR) + (CR) + (BCR), 


(B) + (CR) = (BCR) (9) 


(C) + (BR) = (BCR) 


(11) 


where (BCR) represents the tertiary receptor complex of B 
and C. Since B and C bind at distinct non-interacting sites 
on the same receptor, equations 9 and 10 imply: 
(B)(R) _ (B)(CR) _ 
(BR) (BCR) * 


(C)(R) _(C)(BR) _ 
(CR) (BCR) 


(12) 





(13) 





Cc’ 
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The analytical solution to equations 1-3 and 9-13 is: 


f (AR) 
jae (R,) 


(A) 
~ (A) + K,(1 + (BK, + (©)/Ke + (B(O/K,K,) (14) 
At the 1c,,, concentration of B(B = B,,): 
Siac the 
(A) Sota) Oe 
(A) + K,(1 + (Byo)/K,y + (C)/Ke + (Bso)(C)/K Ke) 
= oe 
~ 7(A) + K,(1 + (©/K,) 
By rearrangement: 
1 + (A)/K, + (C)/Ke 
ae a 4 , We) 
1 + (C)/K, 


Two extreme conditions of equation 17 are worthwhile to 
consider. In the absence of C, equation 17 reduces to: 


B,,. = K,{1 + (A)/K,)- 


However, as the concentration of C becomes large such 
that (C)/K, > (A)/K,, then equation 17 reduces to: 


Bs = K,. 


According to the conditions of case 2, as the concentration 
of C increases, the displacement binding isotherm of B 
shifts to the left and asymptotically approaches the true 
binding isotherm of B. Consequently, the per cent inhibition 
of radiolabeled ligand binding produced by B will increase 
with increasing concentrations of C. These results are exactly 
opposite to the consequences of case 1. 
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Abstract—The inhibitory effect of some pyrazole derivatives on GAR synthesis was studied. It was 
found that nonalkylating analogues and chloroethyltriazeno analogues inhibited GAR synthesis. A 
possible mechanism of action of triazeno derivatives on purine biosynthesis de novo was shown. 


In previous studies we found that some pyrazole 
analogues of 4(5)-aminoimidazole-5(4)-carboxamide 
inhibited purine biosynthesis de novo in the pigeon 
liver cell-free system [1]. It was demonstrated that 
unsubstituted at ring nitrogen analogues as 3-amino- 
4-carbethoxypyrazole (ACEP), 3-amino-4-carboxy- 
pyrazole (ACP) were more active in the cell-free 
system as well as on micro-organisms. The alkylating 
analogues 3-(3’,3’-bis-B-chloroethyl-1'-triazeno)-4- 
carbethoxypyrazole (bis-chloroethyltriazeno-CEP) 
displayed almost equal activities as ACEP, while on 
bacteria all triazenes were considerably more active 
than nonalkylating derivatives. 

Some purine bases and nucleotides as well as their 
analogues are known to inhibit the first steps of 
purine biosynthesis up to FGAR (5'-phosphoribosyl- 
N-formylglycineamide, N-formylglycineamideribo- 
tide) formation. These steps are the first level where 
metabolic control of purine biosynthesis de novo 
takes place. In order to discover the main step 
inhibited by the compounds tested, we investigated 
them on pigeon liver cell-free system treated with 
ion-exchange resin to remove the folic acid deriva- 
tives. This allows us to stop purine biosynthesis up 
to FGAR synthesis. 

Preussman ef al. [2,3] found that 1-aryl-3,3- 
dialkyltriazenes underwent enzymatic dealkylation 
by rat liver microsomal fraction in two steps: to 
corresponding monoalkyltriazenes and then to cor- 
responding amines. Other authors have suggested 
another mechanism of alkylating action via diazon- 
ium salts [4-6]. To verify these hypotheses with our 
triazenes we tested several dialkyl- and bis-chloro- 
ethyltriazenopyrazoles and corresponding diazon- 
ium salts. 


MATERIALS AND METHODS 


The inhibitors 3-amino-4-carbethoxypyrazole 
(ACEP), 3-amino-4-carboxypyrazole (ACP), N- 
hydroxyethyl-3(5)-amino-4-carbethoxypyrazole (N- 
hydroxyethyl-ACEP) were obtained by the method 
of Druey and Schmidt [7] and Schmidt et al. [8]. The 
triazenes 3-(3' ,3'-bis-B-chloroethyl-1'-triazeno)-4- 
carbethoxypyrazole (bis-chloroethyltriazeno-CEP), 
N-methyl-3-(5)-(3’,3'-bis-B-chloroethyl-1'-triazeno)- 


4-carbethoxypyrazole (N-methyl-bis-chloroethyl- 
triazeno-CEP), N-hydroxyethyl-3(5)-(3'3’-bis-p- 
chloroethyl-1’-triazeno)-4-carbethoxypyrazole (N- 
hydroxyethyl-bis-chloroethyltriazeno-CEP), 3{3’ ,3’- 
dimethyl-1’-triazeno)-4-carbethoxypyrazole (dime- 
thyltriazeno-CEP), 3-(3' ,3'-diethyl-1'-triazeno)- 
4-carbethoxypyrazole (diethyltriazeno-CEP), and 
N-hydroxyethyl-3(5)-(3’ ,3’-diethyl-1'-triazeno)-4- 
carbethoxypyrazole (N-hydroxyethyl-diethyltri- 
azeno-CEP) were synthesized as described pre- 
viously [9]. The diazonium salts 3-diazonium-4-car- 
bethoxypyrazole (diazonium-CEP), N-methyl-3 
(5)-diazonium-4-carbethoxypyrazole (N-methyl- 
diazonium-CEP) and N-hydroxyethyl-3(5)-diazo- 
nium-4-carbethoxypyrazole (N-hydroxyethyl-diazo- 
nium-CEP) were synthesized by diazotizing the 
corresponding aminocarbethoxypyrazoles [10]. 

['*C]Formate was purchased from Isocommerz, 
[1-'*C]glycine from Amersham, glutamine, ribose-5- 
phosphate, ATP, 3-phosphoglyceric acid, glycine 
from Sigma, D,L-homocysteine was obtained ex tem- 
pore {1}. All other substances used were analytical 
grade reagents. 

The preparation of pigeon liver acetone powder, 
enzyme solution and the measuring in vitro incor- 
poration of ['*C]formate into inosinic acid were 
described previously [1]. The incubation mixture 
contained in a final volume of 2.3 ml the following 
compounds in wmoles/ml: glutamine, 4.3; ATP, 2.2; 
ribose-5-phosphate, 2.2; 3-phosphoglycerate, 3.2; 
MgCh, 2.2; D,L-homocysteine, 2.2; glycine, 2.2; 
inhibitors, 4.4; 2.2; 1.5; 0.43; 0.22 resp.; veronal 
buffer, 22 (pH 7.5); boiled extract of pigeon liver, 
0.20ml; enzyme extract, 0.50 ml; ['C]formate, 
0.5 wCi. 

The action of analogues on GAR (5’-phosphori- 
bosylglycineamide, glycineamideribotide) synthesis 
was tested by measuring in vitro incorporation of 
[1-"C]glycine into GAR using the technique of 
Goldthwait et al. [11]. The enzyme system was iso- 
lated before use by extraction of acetone powder 
with 0.05 M KHCOs. The extract was passed through 
a Dowex-1 (bicarbonate form, 4 per cent cross link- 
age) column, dialyzed overnight against 0.05 M 
K2HPOs and lyophilized. This enzyme preparation 
gave about 1 per cent incorporation of [1-'"C]glycine 
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Table 1. Inhibitory effect of pyrazole derivatives on GAR synthesis at 4 uwmoles/ml 


R3 
Oy 
/ 
Re N/R 


I 


! 





Number 
Pyrazole derivatives Inhibition of exp. 





Ri = H, R2 = NH2, R3 = COOC2Hs (ACEP) 3 
Ri =H, R2 = NH2, R3 = COOH (ACP) 3 
Ri = CH2CH20H, R2 = NH2, R3 = COOC2Hs 3 
(N-hydroxyethyl-ACEP) 

Ri = H, R2 = N=N—N(CH2CH2Cl)2, R3 = COOC2Hs 

(bis-chloroethyltriazeno-CEP) 

Ri = CH3, R2 = N=N—N(CH2CH2Cl)2, R3 = COOC2Hs 
(N-methyl-bis-chloroethyltriazeno-CEP) 

Ri = CH2CH20OH, R2 = N=N—N(CH2CH2Cl)2, R3 = COOC2Hs 
(N-hydroxyethyl-bis-chloroethyltriazeno-CEP) 

Ri = H, R2 = N=N—N(CHs3)2, Rs = COOC2Hs 

(dimethyltriazeno-CEP) 

Ri = H, R2 = N=N—N(C2Hs)2, R3 = COOC2Hs 

(diethyltriazeno-CEP) 

Ri = CH2CH20H, R2 = N=N—N(C2Hs)2, R3 = COOC2Hs 
(N-hydroxyethyl-diethyltriazeno-CEP) 





* The results were expressed as mean + S.E.M. three or four experiments in which the c.p.m. 
were in the range 4000-5000 for the controls (taken as 100 per cent) and 50-100 for the blank 
sample. 

+ The same analogues were not active on IMP biosynthesis. 





into GAR in the controls under the conditions 
described below. 

The incubation mixture contained in a final volume 
of 0.7 ml the following compounds in pmoles/ml 
glutamine, 14.3; ribose-5-phosphate, 57; ATP, 7; 3- 
phosphoglycerate, 20; MgCl, 7; inhibitors, 14, 7, 
3.5, 1.4, 0.7 resp.; [1-'*C]glycine, 2 wCi; lyophilized 
extract, 20mg; K2HPOs, 0.05M, 0.10ml. The 
samples were incubated at 38° for 30 min, then 0.5 ml 
of 20% CClsCOOH was added, the precipitates were 
removed by centrifugation at 5000 g for 15 min, and 
aliquots of 0.1 ml of 1M K2HPOs were added to 
each sample. The residual [1-"C]glycine was 
removed by decarboxylation with ninhydrin, 1 ml of 
0.2 mM (30 mg/ml) to a boiling water bath for 30 min. 
The aliquots were aerated with CO: for 15 min and 
diluted with water to 10 ml. Two millilitres of aliquots 
were mixed with 10 ml of toluene—Triton X-100 scin- 
tillation liquid and counted with a Nuclear-Chicago 
4643 liquid scintillation counter. 


per cent 


Inhibition, 














25 30 35 40 


Concentration, pmoles/mi 


St Fig. 1. Inhibition of GAR synthesis by pyrazole analogues. 


I—bis-chloroethyltriazeno-CEP. 
II—ACEP. 
III—N-methyl-bis-chloroethyltriazeno-CEP. 


The inhibitory effect of pyrazole derivatives on 
GAR synthesis at 4 wmoles/ml is given in Table 1. 
As shown there, the compounds tested inhibited this IV—N-hydroxyethyl-bis-chloroethyltriazeno-CEP. 
step to a varying extent. None of the dialkyl- V—ACP. 

(dimethyl- and diethyl-) triazeno compounds were VI—N-hydroxyethyl-ACEP. 





Inhibitory effect of some pyrazole derivatives 


Table 2. Inhibitory effect of pyrazole diazonium salts on IMP biosynthesis at 
4 umoles/ml 


H.C>00C 





Diazonium salts 


Number 


Inhibition of exp 





R = H (diazonium-CEP) 
R = CH (N-methyldiazonium-CEP) 


R = CH2CH20H (N-hydroxyethyl-diazonium-CEP) 


100 3 
57+6 3 
92+2 3 





active, and they did not inhibit inosinic acid biosyn- 
thesis. The other derivatives ACEP, ACP and all 
bis-chloroethyltriazeno compounds inhibited GAR 
synthesis. 

The dose-dependence of the inhibitory action is 
shown in Fig. 1. As seen from the results given in 
this paper and in the previous one [1] the inhibitory 
effect of nonalkylating analogues (ACEP, ACP) and 
bis-chloroethyltriazenopyrazoles on GAR synthesis 
correlated with their effect on IMP biosynthesis. The 
data showed that they inhibited stronger (77-91 per 
cent) IMP [1] than GAR synthesis (10-40 per cent). 
We suggested that because of the structural resem- 
blance of the analogues with several precursors in 
this metabolic pathway as AICR (5’-phosphoribosyl- 
5-amino-4-imidazolecarboxylate, aminoimidazole- 
carboxylateribotide) and AICAR (5’-phosphoribo- 
syl-5-amino-4-imidazolecarboxamide, aminoimida- 








per cent 


Inhibition, 








| | 
2 3 


Concentration, 





pmoles/ ml 


Fig. 2. Inhibition of IMP biosynthesis by pyrazole diazon- 
ium salts. 
I—diazonium-CEP. 
II—N-hydroxyethyl-diazonium-CEP. 
III—N-methyl-diazonium-CEP. 


zolecarboxamideribotide) they could interfere with 
some other enzymes taking part in purine biosyn- 
thesis de novo after GAR. This could explain their 
stronger inhibitory effect on IMP biosynthesis. 

In order to clarify the mechanism of inhibitory 
action of triazenopyrazoles, we tested the corre- 
sponding diazonium salts. The inhibitory effect of 
the salts on inosinic acid biosynthesis is given in 
Table 2 and the dose-dependence in Fig. 2. The data 
obtained showed that the diazonium salts inhibited 
at 4 umoles/ml (55-100 per cent) the incorporation 
of [*C]formate into IMP. This correlated well with 
the results obtained with bischloroethyltriazenopyr- 
azoles (40-95 per cent) at the same concentration 
[1]. This allows us to suggest that in the in vitro 
system for purine nucleoside monophosphate bio- 
synthesis de novo, the inhibitory action of bis-chloro- 
ethyltriazenopyrazoles is via their corresponding 
diazonium salts. The dialkyltriazenopyrazoles (di- 
ethyl- and dimethyl-, respectively) are not active 
under the conditions described. To clarify this dif- 
ference in the biological activity of the two types of 
triazenes, we studied their rates of decomposition 
in aqueous solution. In Fig. 3 are given, for example, 
u.v. spectra of N-methyl-bis-chloroethyltriazeno- 
CEP, dimethyltriazeno-CEP and the corresponding 
diazonium salts in distilled water and in the presence 
of HCl (pH 1) after 1 and 24 hr. In neutral solutions 
both (bis-chloroethyl- and dimethyl)triazenopyra- 
zoles are stable. In the presence of HCl they both 
slowly decompose. N-Methyl-bis-chloroethyltri- 
azeno-CEP gives a breakdown product with a u.v.- 
spectrum, similar to the spectrum of the correspond- 
ing diazonium salts (Fig. 3A), while the spectrum 
of dimethyltriazeno-CEP breakdown product is dif- 
ferent (Fig. 3B). The same results were obtained 
with the other triazenes. It is known that the decom- 
position of some triazenoimidazoles is light catalysed 
[11]. Since all our experiments were performed in 
light, we do not discuss its effect. 

The difference in the inhibitory action of the two 
types of triazenopyrazoles is evidently not due to a 
difference in spontaneous breakdown of the com- 
pounds under the conditions described. We suggest 
that they follow different mechanisms of enzyme 
degradation, which is going to be the subject of our 
further studies. 
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Fig. 3. u.v. Spectra of triazenopyrazoles at different pH. 

A—N-methyl-bis-chloroethyltriazeno-CEP. 

in dist. H2O; after 24hr at room temperature the spectrum was unchanged. 
—-— in the presence of HCI (pH 1). 
-—-— in the presence of HCl after 24 hr. 
---- N-methyldiazonium-CEP. 
B—dimethyltriazeno-CEP. 
—— in dist. H2O; after 24hr at room temperature the spectrum was unchanged. 
—— in the presence of HCl (pH 1). 

in the presence of HCI after 24 hr. 

-—---— diazonium-CEP. 
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Abstract—Glucose and pyruvate are the most effective precursors of the acetyl moiety of acetylcholine 
in mammalian brain; the metabolic intermediates between pyruvate and acetylcholine, however, are 
unknown. The following data suggest that citrate is not the sole intermediate of the acetyl group for 
acetylcholine synthesis in rat brain slices or synaptosomes: (1) 2.5mM (—)-hydroxycitrate decreased 
acetylcholine synthesis from [U-"'C]glucose by only 25 per cent; (2) inhibition of citrate transport out 
of mitochondria by n-butylmalonate or 1,2,3-benzenetricarboxylate variably affected acetylcholine 
synthesis; and (3) high concentrations of nonradioactive citrate decreased the synthesis of acetylcholine 
but did not decrease the specific activity of the acetylcholine synthesized from [U-'C]glucose, even 
though the uptake of citrate into the synaptosomes under these experimental conditions was approxi- 
mately five times greater than the uptake of glucose. Other possible acetyl donors altered acetylcholine 
synthesis. Acetylcarnitine stimulated synthesis in brain slices, and carnitine stimulated synthesis by 
synaptosomes. The specific activity of the acetylcholine synthesized from [U-'*C]glucose by synaptosomes 
was decreased by N-acetyl-L-aspartate (10 mM), acetyl CoA (1 mM), and acetyl phosphate (10 mM) 
which is consistent with these compounds acting as direct acetyl donors. Acetate (10 mM) did not affect 
either the amount or specific activity of the acetylcholine synthesized. Further evidence of compart- 
mentation of cytoplasmic acetyl CoA is presented. The cytoplasmic acetyl CoA for acetylcholine 
synthesis is distinguishable from the cytoplasmic acetyl CoA for lipid synthesis. (—)-Hydroxycitrate 
inhibited acetyicholine synthesis without inhibiting lipid synthesis from [U-'*C]glucose. However, when 
3-hydroxy[3-'"C]butyrate was used as substrate, (—)- hydroxycitrate inhibited incorporation into lipids 
twice as much as incorporation into acetylcholine. [U-'“C |Glucose metabolism by infant brain slices was 
more sensitive than adult brain slices to (—)-hydroxycitrate. However, the response to the other 
compounds which interfere with citrate metabolism was similar in slices from adult and infant brains. 


Acetylcholine is synthesized from acetyl CoA and 
choline in the cytoplasm. Glucose [1, 2] and pyruvate 
[3] are the preferred precursors of the acetyl carbons 
of acetylcholine in adult mammalian brain. Glucose 
is converted to pyruvate by glycolysis in the cyto- 
plasm. The pyruvate is transported into the mito- 
chondria and converted to acetyl CoA by pyruvate 
dehydrogenase. Acetoacetate [4] and 3-hydroxybu- 
tyrate [5] are good precursors of the acetyl group of 
acetylcholine in infant brain. 3-Hydroxybutyrate is 
converted to acetoacetate in the mitochondria. In 
the mitochondria, acetoacetate is converted to two 
acetyl CoAs. The acetyl moiety is then transported 
out of the mitochondria in an unknown molecular 
form and converted back to acetyl CoA which is 
used for lipid and acetylcholine synthesis [6]. Direct 
leakage of acetyl CoA occurs from ether-treated 
mitochondria [7] or from mitochondria contaminated 
with choline acetyltransferase, but not from normal 
mitochondria [8]. Citrate [9-11], carnitine [9, 12], 
and acetate [9,13,14] are all potential, but 
unproven, transport forms. 

These studies, previously reported in abstract form 
[15, 16], examine acetylcholine synthesis from [U- 
'C]glucose in synaptosomes and tissue slices after 
addition of compounds known to inhibit citrate trans- 
port out of the mitochondria, or cleavage, in a dose- 
dependent manner. The effect of adding nonradioac- 
tive potential acetyl group donors is also presented. 
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If a compound is a donor, then the specific activity 
(d.p.m./nmole) of the acetylcholine synthesized from 
[U-"C]glucose or 3-hydroxy[3-"C]butyrate should 
be reduced after addition of a nonradioactive acetyl 
donor compound. This approach is analogous to the 
methods used by Watson and Lowenstein [17] for 
studying fatty acid synthesis by liver, except that 
their studies were done with liver mitochondria and 
acell free supernatant solution. This approach allows 
glucose to be added to the incubation medium to 
help maintain tissue integrity and still evaluate the 
role of these donors in acetylcholine synthesis. In 
some studies on the evaluation of citrate and acetate 
as potential donors, glucose was not added [2, 18]. 
High concentrations of the potential acetyl donors 
were added to dilute all of the various metabolic 
pools, including the small, rapidly turning-over pool 
of acetylcholine [19]. Since acetylcholine metabolism 
varies with age [5], slices from infant and adult brains 
were used. 


MATERIALS AND METHODS 


Materials. Unless specified, reagents were as 
described previously [5, 20-22]. The trisodium salt 
of (—)-hydroxycitrate was a gift from Dr. A. C. 
Sullivan, Roche Research Center, Hoffman- 
LaRoche, Inc., Nutley, NJ. n-Butylmalonate and 
1,2,3-benzenetricarboxylate were from the Aldrich 
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Chemical Co., Inc., San Leandro, CA. Citric acid 
(trisodium salt), N-acetyl-L-aspartic acid, N-acetyl- 
glycine, N-acetyl-DL-aspartic acid, N-acetyl-DL- 
methionine, N-acetyl-L-glutamic acid, N-acetyl-L- 
methionine, acetyl phosphate, acetyl CoA, CoA, 
carnitine and acetylcarnitine were from the Sigma 
Chemical Co., St. Louis, MO. Reagents for the gas 
chromatography—mass spectrometry measurement 
of acetylcholine were described previously [23]. [U- 
'*C]Glucose (230 mCi/mmole) was from Amersham- 
Searle, Chicago, IL, and_ [1,5-'C]citrate 
(100 mCi/mmole) and pt-3-hydroxy[3-'*C]butyric 
acid (SmCi/mmole) were from New England 
Nuclear, Boston, MA. 

Male Sprague-Dawley rats, weighing 180-220 g, 
were from the vivarium in the Department of Biology 
at the University of California at Los Angeles. Infant 
rats were 19-days-old and were obtained from the 
laboratories of Dr. Steven Zamenhof at the Uni- 
versity of California at Los Angeles. 

Methods. All incubations were in a modified 
Krebs—Ringer phosphate buffer (pH 7.4) exactly as 
described previously [4, 21, 22], containing 141 mM 
NaCl, 31 mM KCl, 2.3 mM CaCh, 1.3mM MgSOs, 
10.3mM Na2HPOs, 504M choline chloride and 
40 uM paraoxon as the cholinesterase inhibitor. The 
31 mM K* is used to maximally stimulate acetylcho- 
line synthesis [1]. The substrate was 5 mM glucose 
in a final volume of 3 ml for the slice experiments, 
and 1.5 mM glucose in a final volume of 1 ml for the 
synaptosome experiments. In the synaptosomal 
experiments, the specific activity of the [U- 
'4C]glucose was increased from the 0.3 mCi/mmole 
used in the slice experiments to 4.7 mCi/mmole. This 
was necessary to get adequate incorporation into 
acetylcholine. The two anomers of glucose were 
allowed to equilibrate overnight. All inhibitors were 
added only after the media containing them were 
adjusted to pH 7.4 by the addition of either HCI or 
NaOH. Incubations with slices were for 1 hr at 37° 
and incubations with synaptosomes were for 30 min 
at 37°. All incubations were under 95% O2/5% CO? 
to assure full oxygenation of the tissue. Incubations 
were terminated by the addition of HC1Os to a final 
concentration of 0.2N. Incorporation of [U- 
'C]glucose into “COn, lipids, proteins and nucleic 
acids was determined as described previously [20— 
22, 24]. The “C in acetylcholine was determined as 
described previously for whole brain [19], except 
that the neutralization of the tissue extract was omit- 
ted. The acetylcholine was determined by gas 
chromatography—mass_ spectrometry (g.c.—m.s.) 
[19]. Acetylcholine specific activity was calculated 
by dividing the d.p.m. in acetylcholine from [U- 
'SC]glucose by the nmoles of acetylcholine measured 
by g.c.—m.s. 

Rat brain slices were prepared and incubated 
exactly as described previously [5, 20-22]. Rat brain 
synaptosomes were prepared by the method of Ver- 
ity [25]. After removal from the sucrose-ficoll gra- 
dient, the synaptosomes were rinsed twice with the 
Krebs—Ringer phosphate buffer except that the KCI 
was 5mM. Incorporation of [U-"C]glucose into 
acetylcholine and CQO? was proportional to the time 
of incubation and to the amount of tissue added. 

Uptake of glucose and citrate by the synaptosomes 


was determined after 1,2 or 4 min of incubation. 
Synaptosomes were incubated with 1.5 mM glucose 
and 10 mM citrate. Either [U-'"C]glucose (1 wCi) or 
[1,5-'C]citrate (1 wCi) was added to each flask. 
Incubation flasks were removed at appropriate time 
intervals and swirled for 20sec in an ice—ethanol 
bath at —10°. The synaptosomes were immediately 
transferred to microfuge tubes (Eppendorf micro- 
fuge, Brinkman Instrument Co., Westbury, NY) and 
spun for 20 sec (16,500 g). The buffer was removed 
by suction and the synaptosomes were immediately 
resuspended in 1 ml of the incubation medium with- 
out “C. The spin and rinse were repeated. The final 
synaptosome pellet was dissolved in 0.5 ml hyamine 
hydroxide, and the entire tube was placed in a liquid 
scintillation vial with 15 ml of counting mixture. The 
uptake of both isotopes was linear with time (1, 2 
and 4min), and synaptosomal protein was added. 
If the synaptosomal pellet was washed with water 
instead of buffer, all of the radioactivity was released. 
Blanks were determined by adding the isotope at the 
end of the incubation or by incubating the samples 
on ice. Since the incubation conditions for measuring 
uptake of glucose and citrate were identical except 
for the isotopes added, swelling of the synaptosomes 
would not influence the comparison of citrate and 
glucose. The nmoles taken up were calculated by the 
following equation: 


nmoles taken up = 


nmoles substrate 
d.p.m. substrate 





(d.p.m. in synaptosomes) 


RESULTS 


High concentrations of compounds which interfere 
with citrate metabolism caused relatively small 
changes in acetylcholine synthesis. This was true in 
tissue slices and in synaptosomes where the glial 
contribution is minimized. (—)-Hydroxycitrate at 
concentrations (2.5 mM) 2500 times the K; for iso- 
lated citrate lyase (0.8 uM) [17, 26, 27] diminished 
acetylcholine synthesis by tissue slices from adults 
or infants (Fig. 1) or by synaptosomes (Table 1) by 
only 20-30 per cent, whether the precursor was [U- 
4C]glucose or 3-hydroxy[3-'C]butyrate. The total 
nmoles of acetylcholine produced by slices from adult 
rat brains (1.39 + 0.07 to 1.07 + 0.08 nmoles/mg of 
protein/hr) or by synaptosomes (Table 1) declined 
in the presence of (—)-hydroxycitrate. If ATP (5 mM) 
was added to activate citrate lyase [27], acetylcholine 
synthesis from glucose was reduced by 32.6 + 3.6 
per cent (N = 10) and the quantity as measured by 
g.c.—m.s. was reduced by 32.7 + 3.5 percent (N = 4). 
(—)-Hydroxycitrate affects the incorporation of [U- 
'SC]glucose and 3-hydroxy[3-'*C]butyrate into lipids 
in different ways. Although (—)-hydroxycitrate did 
not inhibit [U-'*C]glucose incorporation into lipids 
in slices from adult rats, lipid synthesis utilizing 3- 
hydroxy[3-'*C]butyrate was far more sensitive than 
acetylcholine synthesis to inhibition by (—)-hydroxy- 
citrate (Fig. 1). 

High concentrations of compounds which block 
different aspects of citrate transport out of mito- 
chondria interfered with acetylcholine synthesis. 
1,2,3-Benzenetricarboxylate inhibits mitochondrial 
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Fig. 1. (—)-Hydroxycitrate (2.5 mM) and the utilization of [U-'*C]glucose and 3-hydroxy[3-'*C]butyrate 
by brain slices. Slices were prepared and incubated as described under Methods. Slices were incubated 
either with 5 mM [U-'C]glucose (0.3 wCi/umole) or 5 mM glucose + 2 mM 3-hydroxy[3-'*C]butyrate 
(1 wCi/umole; Refs. 19-21), and the incorporation of radioactivity into acetylcholine (FF), lipid 

), CO2 & ), nucleic acids ((__]), and protein (W) was determined. Each value is the 
percentage of control + S.E.M. of at least two experiments in triplicate. Significate difference from 
control is indicated by an asterisk (*) (P < 0.05) or a cross (+) (P < 0.01). The following control values 
(nmoles of the '*C compound incorporated mg of protein/hr + S.E.M.) with at least six determinations 
were obtained: adult slices utilizing [U-'*C] glucose, acetylcholine (0.51 + 0.02), lipid (2.15 + 0.08), CO2 
(111.4 + 4.3), nucleic acids (0.64 + 0.03) and protein (1.05 + 0.03); infant slices utilizing [U-'*C]glucose, 
acetylcholine (0.43 + 0.01), lipid (4.18 + 0.10), CO2 (80.8 + 2.9), nucleic acids (0.48 + 0.05) and protein 
(3.5+0.4); adult slices utilizing 3-hydroxy[3-'C]butyrate, acetylcholine (0.118 + 0.004), lipid 
(0.33 + 0.01), CO2 (50.4 + 2.0), nucleic acids (0.028 + 0.002) and protein (0.103 + 0.006); infant slices 
utilizing 3-hydroxy[3-"C]butyrate, acetylcholine (0.23 + 0.03), lipid (1.54 + 0.14), COz (62.2 + 1.8), 
nucleic acids (0.024 + 0.002) and protein (0.32 + 0.03). To convert the d.p.m. in acetylcholine to nmoles 
of acetylcholine produced, the [U-"C}glucose values should be multiplied by 3 and the 3-hydroxy[3- 

*C]butyrate values by 2 [2, 20, 28, 29]. 


Table 1. Citrate metabolism and acetylcholine synthesis by synaptosomes* 





Acetylcholine Acetylcholine Acetylcholine 
from by g.c.-m.s. specific 'CO> from 
[U-'C]glucose (nmoles) activity [U-C]glucose 





Control 100.0 + 0.9 100.0 + 2.5 100.0 9 100.0 + 0.7 
#. 


Citrate 76.0 + 1.87 85.3 + 1.9F 94.6 + 2. 126.4 + 8.77 
Hydroxycitrate 74.9 + 2.5+ 66.4 + 12.47 126.2 + 19.3 127.0 + 10.9% 
1,2,3-Benzene 

tricarboxylate p ; 78.7 + 4.9% 97,352 7.0 88.4 + 3.27 
n-Butylmalonate 4.5 +2. IZ7.2=5.7F 90.9 + 4.7 116.6 + 6.27 





* Synaptosomes were prepared and incubated as described in Methods. The media glucose was 
1.5mM and contained 7 wCi [U-'C]glucose. Citrate (10 mM), hydroxycitrate (2.5 mM), n-butyl- 
malonate (5 mM) and 1,2,3-benzenetricarboxylate (10 mM) were added only after careful adjust- 
ment of the pH to 7.4. Acetylcholine specific activity was calculated by dividing the d.p.m. in 
acetylcholine from [U-'*C]glucose by the nmoles of acetylcholine measured by g.c.-m.s. Each value 
is the percentage of control + S.E.M. of at least two experiments in quadruplicate. The following 
control values + S.E.M. of at least three experiments in quadruplicate were obtained: 0.51 + 0.03 
nmoles acetylcholine/mg of protein/30 min from [U-'*C]glucose; 0.54 + 0.04 nmoles acetylcho- 
line/mg of protein/30 min, as measured by g.c.—m.s.; 1178 + 51 d.p.m./nmole of acetylcholine; 
21.8 + 0.6nmoles of [U-"C]glucose converted to CO2/mg of protein/30 min. 

+ Significantly different from control (P < 0.05). 
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Fig. 2. 1,2,3-Benzenetricarboxylic acid (10 mM) and the utilization of [U-'C]glucose and 3-hydroxy[3- 
'4C)butyrate by brain slices. Slices were prepared and incubated as described under Methods and in the 


legend to Fig. 1. 
triplicate for acetylcholine (GF ). lipid ( 


Each value is the percentage of co 
), Ce ¢ 


1+ S.E.M. of at least two experiments in 


nucleic acids ({__]), or protein (WS ). 


Significant difference from control is indicated by an asterisk (*) (P < 0.05) or a cross (+) (P <0.01). 


Citrate transport by inhibiting the tricarboxylate 
exchange system [30,31] without affecting other 
mitochondrial exchange systems. It was added at 
10 mM (Ki = 0.16 mM in liver mitochondria [31] or 
0.37 mM in brain mitochondria [30]). Incorporation 
of [U-"C]glucose into acetylcholine and all other 
fractions declined 25-45 per cent in the presence of 
10mM _ 1,2,3-benzenetricarboxylate (Table 1, Fig. 
2). No change in the specific activity of acetylcholine 
occurred (Table 1). n-Butylmalonate inhibits mito- 
chondrial citrate transport by inhibiting only the 
malate permease system [12, 31,32]. With [U- 
'C]glucose as precursor, n-butylmalonate (5 mM) 
either caused a slight stimulation (synaptosomes, 
Table 1) or no change (tissue slices, Fig. 3) in incor- 
poration into acetylcholine. Specific activity was 
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unchanged. Higher concentrations of n-butylmalon- 
ate (25 or 50mM) inhibited incorporation of [U- 
'C]glucose into acetylcholine by synaptosomes. In 
contrast to these results with glucose, incorporation 
of 3-hydroxy[3-“C]tutyrate into acetylcholine by 
brain slices was inhibited by 5mM butylmalonate. 
Incorporation into lipids was depressed whether [U- 
'C]glucose or 3-hydroxy[3-'*C]butyrate was used as 
substrate. 

The specific activity of the acetyl moiety of ace- 
tylcholine derived from [U-"C]glucose by synapto- 
somes or tissue slices did not change in the presence 
of 10 mM citrate; both synthesis from [U-"C]glucose 
(Fig. 4 and Table 1) and total acetylcholine from 
tissue slices (1.39 + 0.007 to 0.99 + 0.10 nmoles/mg 
of protein/hr) and in synaptosomes (Table 1) 
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Fig. 3. n-Butylmalonate (5 mM) and the utilization of [U-'*C]glucose and 3-hydroxy[3-'*C]butyrate by 
brain slices. Slices were prepared and incubated as described under Methods and in the legend to Fig. 


1. Each value is the percentage of control 
acetylcholine (FF), lipid ( —_), COr (#8 


-S.E.M. of at least two experiments in triplicate for 
nucleic acids ((_]) or protein (QQ). Significant 


difference from control is indicated by an asterisk (*) (P < 0.05) or a cross (+) (P< 0.01). 
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Fig. 4. Citrate (10 mM) and the utilization of [U-'*C]glucose and 3-hydroxy[3-C]butyrate by brain 
slices. Slices were prepared and incubated as described under Methods and in the legend to Fig. 1. 
Each value is the percentage of control + S.E.M. of at least two experiments in triplicate for acetylcholine 


(Yd). \ipid (). CO? 


, nucleic acids ((_]) or protein (QV). Significant difference from 


control is indicated by an asterisk (*) (P < 0.05) or a cross (+) (P < 0.01). 


declined. McLennan and Elliott [33] also found 
inhibition of acetylcholine synthesis by citrate. The 
results with tissue slices were similar whether experi- 
ments were done with [U-"“C]glucose or 3- 
hydroxy[3-C]butyrate or with slices from adult or 
infant rats. Chelation of calcium has qualitatively 
similar effects on acetylcholine metabolism, but dif- 
ferent effects on glycolysis. EDTA (2 mM) inhibited 
CO? production by 24.1 + 0.8 per cent and acetyl- 
choline production from [U-"“C]glucose by 46.6 + 8.2 
per cent, but did not affect the specific activity of 
the acetylcholine (99.6 + 4 per cent of control). Since 
CO» production was stimulated by citrate (Table 
1), it is unlikely that the effect of citrate on acetyl- 
choline metabolism was due to a simple effect on 
glycolysis. Citrate does enter synaptosomes. The 


uptake of glucose and of citrate was determined as 
described in Methods. The uptake of [1,5-'*C]citrate 
was 10.7 + 1.4 nmoles/mg of protein and the uptake 
of [U-"“C]glucose was 1.8 + 0.2 nmoles/mg of pro- 
tein. Values are the means of three experiments in 
quadruplicate + S.E.M. after a 1-min incubation 
under the conditions in Table 1. 

Other compounds which are known to be active 
acetyl group donors in other biochemical processes 
altered acetylcholine synthesis. With tissue slices 
(Table 2), acetylcarnitine stimulated [U-"C]glucose 
incorporation into acetylcholine by 38 per cent but 
did not decrease the specific activity. The data were 
also consistent with the hypothesis that N-acetyl-L- 
aspartate, acetyl CoA and acetyl phosphate are 
direct acetyl donors, since the specific activity of 


Table 2. Possible acetyl-group donors and the synthesis of acetylcholine from 
lpn 
Cc 


[U- 


]glucose by tissue slices* 





Acetylcholine 
from [U-'*C]glucose 
(nmoles/mg protein/hr) 


[U-'*C]glucose 
converted to “CO? 
(nmoles/mg protein/hr) 





Control 
N-Acetyl-L-aspartic acid 
N-Acetylglycine 
N-Acetyl-DL-aspartic acid 
N-Acetyl-DL-methionine 
N-Acetyl-L-glutamic acid 
N-Acetyl-L-methionine 
Acetyl phosphate 
Acetylcarnitine 

Carnitine 
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I+ I+ I+ I+ I+ 1+ 14+ I+ 14+ H+ 





* Slices were prepared and incubated as described in Methods and in the legend to Fig. 
1. All compounds listed were at 10 mM. Each value is the percentage of control + S.E.M. 


of at least two experiments in quadruplicate. 


+ Significantly different from the control (P < 0.05). 
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Table 3. Metabolism of the acetyl group of acetylcholine by synaptosomes* 





Acetylcholine 
from 
[U-C]glucose 


Acetylcholine 
by g.c.—m.s. 


Acetylcholine 
specific 
activity 


CO) from 
[U-C]glucose 





Control 100.0 + 1.2 
N-Acetyl-L- 
aspartate 
N-Acetyl-DL- 
aspartate 
N-Acetylglycine 
N-Acetyl-L- 
methionine 
N-Acetyl-L- 
glutamate 
Acetyl CoA 
CoA 
Acetyl phosphate 
Acetylcarnitine 
Carnitine 
Acetate 


110.1 + 3.77 


104.0 + 4.0 
108.8 + 3.67 


105.6 + 3.7 


I+ I+ I+ 14+ 1+ I+ I+ 
WO Wo Wo BD bo 


100.0+ 4.6 


130.3 + 


85.5+ 9.4 
160.4 + 21.77 
107.4 + 3.0 


100.0 + 3.0 


10.77 101.5 + 1.7 


116.0%: 7.7 
104.6+ 3.9 


2.3 


+ 8.4 
= 9.3t 
= 25 

7.0 
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I+ I+ I+ I+ H+ I+ H+ 
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* Incubation conditions were the same as those given in legend of Table 1. The final concentration 
of all compounds was 10mM except for acetyl CoA (1mM). Each value is the percentage of 
control + S.E.M. of at least two experiments in quadruplicate. 


+ P<0.05, compared to the control. 


acetylcholine decreased when they were added to 
the medium (Table 3). Acetate did not affect the 
synthesis or the specific activity of the acetylcholine 
synthesized by synaptosomes (Table 3). 


DISCUSSION 


Acetylcholine synthesis is linked to mitochondrial 
and cytoplasmic metabolism. Several approaches 
have been used to study cytosolic mitochondrial 
interaction (cf. Refs. 21 and 22), but all of these 
require some compromise (e.g. if mitochondria are 
isolated before they are studied, their metabolic state 
and their bathing medium are altered). One com- 
promise we have chosen in these studies is to assume 
that an inhibitor [(—)-hydroxycitrate] of an isolated 
enzyme (citrate lyase) acts similarly whether the 
enzyme is isolated or in the synaptosome. In order 
to minimize the compromise, we added the inhibitor 
at concentrations three orders of magnitude higher 
than the Ki. An analogous approach has been used 
for the studies with inhibitors of mitochondrial 
transport. 

Glucose and pyruvate are the most effective pre- 
cursors of the acetyl moiety for acetylcholine syn- 
thesis in adult mammalian brain [1, 2, 34]. Ketone 
bodies [4,5] are also effective precursors, particu- 
larly in the infant. Although acetate is a good pre- 
cursor in lobster nerve [14] and corneal epithelium 
[35], it is a poor precursor of acetylcholine in mam- 
malian brain [Table 3; Refs. 2, 7, 9, 18, 36, 37]. The 
metabolic pathway which furnishes the acetyl moiety 
from these precursors for acetylcholine synthesis is 
unknown. Lefresne et al. [38, 39] have suggested that 
cytoplasmic conversion of pyruvate to acetyl CoA 
provides the acetyl moiety for acetylcholine syn- 
thesis. Their evidence is indirect and, as they suggest 
[39], is equally compatible with mitochondrial com- 
partmentation. A cytoplasmic pyruvate dehydrogen- 


ase coupled to acetylcholine synthesis is difficult to 
reconcile with four observations: (i) the close coup- 
ling of acetylcholine synthesis and mitochondrial 
metabolism [21,22], (ii) the inability of synapto- 
plasmic fractions to synthesize acetylcholine [8], (iii) 
experiments showing that solubilization of mito- 
chondria increase acetylcholine synthesis by synap- 
tosomes [40], and (iv) the utilization of ketone bodies 
for acetylcholine synthesis [5] (Figs. 1-4) not occur- 
ring via a cytoplasmic pyruvate dehydrogenase. 
Citrate has generally been regarded as the trans- 
porter of acetyl groups from the mitochondria by 
analogy with the liver [17, 41]. Experiments in which 
brain slices were incubated with glucose in carbon- 
6 labeled with both *H and “C gave the same labeling 
pattern in citrate and acetylcholine—the *H/"C ratio 
was reduced by a third [10, 11]. However, this ratio 
may vary in the presence of (—)-hydroxycitrate or 
n-butylmalonate [11]. The level of citrate lyase also 
appears to be adequate to maintain acetylcholine 
synthesis [18, 42]. However, most other results [9], 
including those reported in this paper, are incon- 
sistent with citrate being the sole donor. Our results 
demonstrate that the interference with citrate metab- 
olism does affect acetylcholine metabolism under 
extreme conditions. The relatively small effect of 
high concentrations of (—)-hydroxycitrate (2.5 mM; 
Ki for citrate lyase is 0.8 uM; Refs. 17 and 42) and 
the variable effects of the citrate transport inhibitors 
both support this conclusion. Although it is difficult 
to evaluate directly the effects of these compounds 
in the presence of both mitochondria and synapto- 
plasm, the concentrations are excessive for either 
the isolated enzyme or purified mitochondria respec- 
tively. Szutowicz et al. [27] were unable to show 
citrate accumulation in the presence of hydroxyci- 
trate unless citrate lyase was activated by adding 
ATP: Mg. Although many of their incubation con- 
ditions were different than ours (i.e. they used 
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pyruvate as substrate), if this is also true in our 
synaptosomes, considerable acetylcholine synthesis 
occurs in the absence of activated citrate lyase. Fur- 
thermore, 10 mM citrate did not decrease the specific 
activity of acetylcholine from [U-"C]glucose even 
though citrate readily penetrated the synaptosome. 
If citrate is an intermediate, it is not rate limiting, 
since high levels did not increase acetylcholine levels. 
Inhibition of the malate permease component of 
citrate transport by n-butylmalonate did not inhibit 
synthesis. High concentrations (60 times Ki) of the 
citrate transport inhibitor 1,2,3-benzenetricarboxy- 
late decreased total acetylcholine and synthesis from 
[U “C]glucose by 25-45 per cent; it had no effect 
on pecific activities. Moreover, the changes in 
activ.‘y of citrate lyase with development do not 
correlate with changes in choline acetyltransferase 
or acetylcholine biosynthesis [43,44]. Tucek and 
Cheng [9] showed citrate to be a poor precursor of 
acetylcholine in vivo, even though it was incorpor- 
ated into lipids and demonstrated the same subcel- 
lular distribution as [2-'C]pyruvate. In their studies, 
only trace amounts of radioactive compounds were 
injected. Since exogenous compounds are metab- 
olized in metabolic pools different from those of 
endogenous compounds [45], we attempted to flood 
all of the pools by adding high concentrations of 
potential acetyl donors. The data indicate citrate is 
not the sole intermediate. Walter and Soling [46] 
also concluded that citrate was not the sole transport 
form of acetyl groups for fatty acid synthesis in liver. 
Patel and Owen [26] concluded that extramitochon- 
drial citrate is only one of at least two sources of 
acetyl groups for lipid synthesis in infant rats. These 
results with citrate and (—)-hydroxycitrate also 
suggest that the oxogluturate or glutamate shunt is 
not important in acetylcholine synthesis, since the 
final step in such a pathway is citrate [47-49]. 

Carnitine and acetylcarnitine variably affect ace- 
tylcholine metabolism. Acetylcarnitine did not 
appear to be a direct donor or transport form of 
acetyl groups. It stimulated synthesis of acetylcholine 
from giucose in slices, but did not decrease the 
specific activity. It was without effect on acetylcho- 
line synthesis in synaptosomes. Carnitine was with- 
out effect in slices, but stimulated synthesis in syn- 
aptosomes from non-glucose sources (i.e. the specific 
activity decreased). Carnitine decreases incorpora- 
tion of acetate into acetylcholine in vivo [9]. It may 
act by stimulating fatty acid conversion through 
acetoacetate to acetyl precursors. Acetylcarnitine 
stimulates acetylcholine synthesis in acetone pow- 
ders from mammalian brain [40]. Acetylcarnitine is 
released from mitochondria supplemented with car- 
nitine, but it is not coupled with acetylcholine syn- 
thesis [31]. 

N-Acetyl-L-aspartate and acetyl phosphate appear 
to donate acetyl groups (i.e. they increase the syn- 
thesis of acetylcholine and decrease the specific 
activity); this probably includes the transfer of the 
acetyl group to CoA. N-Acetyl-L-aspartate may be 
a source of acetyl groups for fatty acid synthesis 
[48, 49]; it has been disregarded as a precursor of 
acetylcholine in vivo because of its charge and large, 
slowly turning-over pool [37]. It is the only com- 
pound added in near physiological concentrations. 
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Acetylaspartate and the other N-acetylated amino 
acids tested can be utilized by acetone powders of 
brain for acetylcholine synthesis [50], but have not 
been examined previously in brain slices or synap- 
tosomes. Although acetyl phosphate has received 
considerable attention in microbial chemistry [51], 
its role in mammalian biochemistry, including ace- 
tylcholine synthesis, has not been clarified. Although 
it has not been identified in mammalian tissues, high 
levels of acetyl phosphatases make its isolation dif- 
ficult [51]. Utilization of acetyl phosphate by the 
nervous system has been established [52]. 

Cellular acetyl groups exist in at least two com- 
partments; one labels lipids and one labels acetyl- 
choline [3, 5, 16, 19, 21, 22, 37, 53]. In vivo, exog- 
neously added citrate labels lipids, but not 
acetylcholine [9]. In these studies, incorporation into 
lipid and acetylcholine was affected differentially by 
inhibitors. (—)-Hydroxycitrate did not affect incor- 
poration of [U-'*C]glucose into lipids by slices from 
adult brains. Hydroxycitrate decreases incorporation 
of 3-hydroxy[3-"C]butyrate into lipids by 50 per 
cent, whereas incorporation of either precursor into 
acetylcholine is inhibited by only 20 per cent. The 
inhibitors do not affect incorporation of 3-hydrox- 
ybutyrate and glucose similarly. n-Butylmalonate 
inhibits incorporation of [U-'*C]glucose into lipids 
but not into acetylcholine. However, n-butylmalon- 
ate inhibits incorporation of 3-hydroxy(3- 
C}butyrate into lipids and acetylcholine. In vivo, 
carnitine increases the incorporation of label from 
[1-"C]acetate into brain lipids, but lowers its incor- 
poration into acetylcholine [9]. 

Although (—)-hydroxycitrate and citrate inhibit 
the metabolism of [U-'*C]glucose by the infant brain 
more than by the adult brain, the metabolism of the 
infant and adult brain slices responds similarly to the 
other perturbations, even though the contribution 
of 3-hydroxybutyrate to acetylcholine synthesis is 
much greater in the infant brain [4, 5]. 

There is a close link between oxidative metabolism 
and acetylcholine synthesis [1, 16, 20-22, 53, 54]. A 
decrease in acetylcholine synthesis accompanies a 
decrease in oxidative metabolism. The decrease is 
linearly related to a decrease in the transmitochon- 
drial membrane potential [21,53]. The molecular 
basis of the linkage between acetylcholine synthesis 
and oxidative metabolism may be that the transport 
of the acetyl moiety for acetylcholine synthesis from 
mitochondria is linked to the transmitochondrial 
membrane potential [21, 53]. This hypothesis cannot 
be tested until the transport form of the acetyl moiety 
is established. 
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Abstract— The biological potencies of iodinated derivatives of Tyr' kallidin, Tyr? bradykinin, and Tyr 


8 


bradykinin were determined on isolated rat uteri and bovine uterine strips. Monoiodotyr' kallidin was 
the most potent of the derivatives (0.9 times as active as bradykinin on rat uterus). Monoiodotyr® 
bradykinin was 0.2 and iodotyr’ bradykinin was less than 0.001 times as active as bradykinin. Using 
mono-[!*I]-Tyr' kallidin as a receptor probe, we demonstrated receptor-like binding in a subcellular 
fraction from bovine myometrium. Binding of bradykinin showed an apparent Kassoc. of 10'° M~', and 
was highly specific. The optimum pH for saturable binding of ['"I]-Tyr' kallidin to the homogenized 
myometrium was 6.0 to 6.5. Several cations inhibited binding, with calcium the most effective 
(IDso = 20mM), and potassium the least effective (IDso = 220mM). The problems encountered in 

using radioactive bradykinins to search for and study receptors in bradykinin target tissues are discussed. 


Potent hormones like bradykinin§ that are site-spe- 
cific and act at very low concentrations are assumed 
to initiate or regulate events in target cells by inter- 
acting with specialized molecules called receptors. 
The interaction with receptors presumably includes 
a binding reaction or association. From what is 
known of its kinetics, bradykinin probably exerts its 
characteristic effects by interacting with a small num- 
ber of receptors at each target cell. 

If the above assumptions are true, then an experi- 
ment designed to find and study kinin receptors must 
meet several requirements. First, the chemical probe 
used to detect receptors, such as a radioactive 
analogue, must be “recognized” by the receptor. 
This implies that it must have biological activity as 
an agonist or specific antagonist. The probe must 
also be experimentally detectable in small quantities, 
such as the low concentrations of bradykinin that are 
biologically effective and the small quantities of 
responsive sites that are probably involved in its 
actions. Finally, the experiments must be designed 
to permit the probe to interact with the receptor, 
yet enable differentiation between that interaction 
and others such as transport or degradation. 

Peptide hormones (e.g. angiotensin, oxytocin, glu- 
cagon, ACTH and insulin) labeled with '*I have 
been used successfully to study their interactions 
with receptors [1]. The high specific activity of '*I 
(2200 Ci/milliatom) and the efficiency with which its 
gamma radiation can be detected make it possible 
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to measure picogram quantities of peptides labeled 
with this atom. 

Bradykinin does not contain a readily iodinated 
amino acid. To prepare potential receptor probes 
that incorporate '~I, we used the analogues Tyr' 
kallidin, Tyr* bradykinin, and Tyr* bradykinin. In 
this paper, we report the biological potencies of 
these analogues and their iodinated derivatives, and 
their use in direct binding studies of the kinin 
receptor. 


MATERIALS AND METHODS 


Materials 

Bradykinin and methionyl-—lysyl—bradykinin were 
purchased from Schwarz/Mann, Orangeburg, NY. 
Kallidin, i.e. lysyl-bradykinin, and (des—Arg', des— 
Arg’)-bradykinin were the gift of Dr. E. D. Nico- 
laides, Parke, Davis & Co., Ann Arbor, MI. All 
other bradykinin analogues used in this investigation 
were prepared by the Merrifield solid phase method 
[2]. Protease inhibitors were purchased from the 
following companies: a nonapeptide from Bothrops 
jararaca venom, BPP», that inhibits angiotensin I- 
converting enzyme (kininase II) was supplied as SQ 
20881 by Squibb Pharmaceuticals, Inc., Princeton, 
NJ; the chymotrypsin inhibitor, L-1-tosylamide-2- 
phenylethyl-chloromethyl ketone (TPCK), from 
Sigma Chemical Co., St. Louis, MO; e-aminocaproic 
acid (EACA), an inhibitor of kininase I, from 
CalBiochem, La Jolla, CA; sodium iodide-125 from 
New England Nuclear Corp., Boston, MA; and CM- 
Sephadex C-25 from Pharmacia Fine Chemicals, 
Inc., Piscataway, NJ. All other reagents were of the 
highest quality available and were obtained from 
commercial sources. 


Methods 

Bovine uteri from pregnant cows were removed 
and placed on ice at the Oscar Mayer Co., Madison, 
WI, within 1hr of the death of the animal. The 
endometrium was separated from the myometrium 
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and discarded. The myometrium was washed five 
times with an ice-cold, calcium-free buffered salt 
solution (115 mM NaCl, 4.6 mM KCl, 22 mM 
NaHCOs, 10 mM NaH2POs, 1.0 mM MgSOs.-7 H20, 
5.5 mM glucose, and 13.4mM Na? EDTA, pH 6.7), 
minced with scissors, and then weighed. Four 
hundred g (wet weight) of tissue were homogenized 
at top speed in a Waring blendor (model 5011) for 
0.5 min. Four hundred ml of buffer were added to 
the homogenate, and the homogenization was con- 
tinued for an additional 2min. The crude hom- 
ogenate was centrifuged for 10 min at 1000 g at 4°, 
and the supernatant fraction was stored overnight 
at —20°. The supernatant fraction was thawed and 
rehomogenized for 2 min. The homogenate was cen- 
trifuged for 20 min at 20,000 g at 4°, and the pellet 
was discarded. The supernatant fraction was centri- 
fuged at 50,000 g for 1 hr at 4°. The resulting pellet 
was stored at —70° and was the subcellular fraction 
used in most of the binding experiments described 
in this paper. A freeze-thaw step at any point before 
the final homogenization clearly increased the yield 
of receptor-like binding sites from the myometrium. 

Iodinations. Tyr' kallidin, Tyr’ bradykinin, and 
Tyr® bradykinin were iodinated with '”’I and a trace 
of '*I according to the method of Simpson and 
Vallee [3]. A freshly prepared solution (0.2 ml) of 
iodine (0.1 wg) in KI (0.5 M) was added to a glass- 
scintillation vial containing 3.0 ml of sodium veronal 
(0.02 M)—NaCl (2 M) buffer, pH 8.5, 5.0 mg of pep- 
tide, and 5 x 10° cpm of '*I. The reaction mixture 
was magnetically stirred for 4 hr at 4°. The reaction 
was terminated by adding sufficient sodium thiosul- 
fate (0.1 M) to decolorize the brown solution. 

Peptides were isolated from reaction mixtures by 
saturating the mixture with NaCl, adjusting it to 
pH 1.5 with 2N HCl, and then extracting it four 
times with 3-ml aliquots of n-butanol [4]. The butanol 
extracts were frozen and lyophilized. Then, they 
were taken up in 4.5 ml of water, and the pH was 
adjusted to 8.0 with concentrated ammonium 
hydroxide. The samples were applied to columns of 
CM-Sephadex C-25 and eluted with ammonium ace- 
tate buffer, 0.05 M, pH 8.0. The column dimensions 
were 1 X 40 cm with a bed volume of 25 ml. They 
were eluted at 10° at a flow rate of 20 ml/hr. Three- 
ml fractions were collected. Separate columns were 
prepared for each iodinated bradykinin analogue. 
Fractions that contained the iodinated derivatives 
were pooled, lyophilized, taken up in water, and 
stored at —20°. Amino acid composition was deter- 
mined after hydrolysis for 72 hr at 105° in 6 N HCl 
containing 1 mg/ml of phenol and 1 mg/ml of 2-mer- 
captoethanol. Analyses were performed on a Spack- 
man-Stein—Moore apparatus [5]. 

Carrier-free ‘I-labeled derivatives of Tyr' kalli- 
din, Tyr® bradykinin, and Tyr* bradykinin were pre- 
pared, purified, and stored as described previously 
[6]. The monoiodo derivatives of the kinin analogues 
were used in the direct binding assays described in 
this paper. 

An alternate method of iodination was to use 
solid-phase lactoperoxidase-glucose oxidase as sup- 
plied by Bio-Rad Laboratories, Richmond, CA [7]. 
A more rapid method of purification after iodination 
was passage over anion exchange resin [8]. These 


two modifications were used to iodinate Tyr’ kallidin 
for the experiments measuring affinity by Scatchard 
analysis. Specific activities of the iodinated peptides 
were determined by the self-displacement method 
using antibody or the subcellular fraction from bov- 
ine myometrium [9]. 

Biological assays. Biological potencies of the '”’I- 
labeled derivatives were determined on the isolated 
estrus rat uterus [10] and on a bovine uterine strip 
preparation. Bovine myometrium from uteri that 
contained fetuses ranging in crown-rump length 
from 30 to 50cm was dissected free from endo- 
metrium and washed three times with ice-cold de 
Jalon’s solution (154 mM NaCl, 5.6 mM KCI, 
5.9 mM NaHCOs, 0.5 mM CaCh, and 2.8 mM glu- 
cose). It was refrigerated overnight in de Jalon’s 
solution. The next day, strips of myometrium (about 
0.5 x 2.0 cm) were cut. 

Muscle was suspended in 10 ml of de Jalon’s sol- 
ution which was aerated with 95 per cent O2, 5 per 
cent CO at 25°. The bovine uterus strips or rat 
uterus horns were stretched under 1 g of tension, 
with frequent changes of solution, until spontaneous 
contraction ceased and no further stretching 
occurred (1-2 hr). Isometric contractions were meas- 
ured for 2 min each, with a Grass strain gauge (model 
FT03), and the maximum response was recorded on 
a Beckman Dynograph (Type R). Five min elapsed 
between sample applications. Standard bradykinin 
doses were interspersed between unknowns. 

Binding assays. Binding reactions were performed 
at 4° in polypropylene test tubes (Nalgene 3110, 
3.5 ml capacity). To prevent adsorption of peptide, 
the tubes were coated for 1 hr at 25° with a freshly 
prepared, boiled solution of 0.1 per cent casein 
(Hammersten) in 0.01 M sodium phosphate buffer, 
pH 7.6, and then rinsed with water. The assay buffer 
in initial experiments was the buffered saline solution 
described above for preparation of uteri. It was 
supplemented with 14 4M TPCK and 6.3 uM SQ 
20881. After the experiments with cations described 
below, the buffer was modified to contain only 
K2HPOs, 0.025 M, pH 6.3, and the two enzyme 
inhibitors. 

An aliquot of buffer with or without unlabeled 
peptide, followed by a radioactive kinin (approxi- 
mately 20 pg), and an aliquot of subcellular particles 
(0.5 to 1.0 mg protein) were added to each tube. 
The final volume was 0.7 ml. After 15 min of incu- 
bation at 4°, the tubes were centrifuged for 1 hr at 
27,000 g at 4°. The supernatant fractions were aspir- 
ated and the tubes were rinsed gently with 3.5 ml 
of ice-cold incubation buffer to remove any radio- 
active polypeptide adhering to the test tube walls, 
taking care not to dislodge the pelleted subcellular 
particles. The radioactivity bound to the particles 
was counted in a well-type gamma counter. 

When frozen particles were used in our binding 
assays, they were first thawed at room temperature, 
suspended with a Teflon-glass homogenizer, and 
dispensed into reaction tubes within 10 min. An 
alternate method of resuspending frozen particles 
was to homogenize them in a chilled Waring blendor, 
and then allow the suspension to stand at 4° for 30 
min. This method resulted in greater binding than 
simple homogenization and immediate incubation. 





Bradykinin receptor-like binding studied with iodinated analogues 


Tubes were prepared in triplicate. In all binding 
experiments, one set of tubes was included to control 
for non-saturable binding. This set contained the 
radioactive polypeptide, subcellular particles, and 
an excess (5 wg) of native bradykinin. The amount 
of radioactivity bound under these conditions was 
subtracted from the amounts of radioactivity bound 
when lesser amounts of unlabeled peptide were pres- 
ent. The difference represented “saturable binding”. 

Protein was measured by the method of Lowry et 
al. [11]. The method of Scatchard [12] was used for 
kinetic analysis of binding data. 


RESULTS 


Purification and characterization of iodobradykinins. 

Figure 1 shows the elution profile obtained when 
the products of an iodination reaction mixture that 
contained Tyr® bradykinin, '’I and a trace of “I 
were passed over a CM-Sephadex C-25 column. A 
similar pattern was observed with iodination reac- 
tions involving the other analogues. Four peaks of 
coincident radioactivity and optical density were 
observed, along with a fifth peak of optical density 
that did not have an associated peak of radioactivity. 

Because cation-exchange columns retain basic 
compounds, and the dissociation of the phenolic 
proton of tyrosine is favored by the addition of iodine 
in the ortho positions, we believe that the first peak 
of radioactivity was free iodide, the second small 
peak was an unknown compound, the third peak 
was diodinated peptide, and the final radioactive 
peak was the monoiodinated derivative. Since con- 
ditions were chosen to favor complete conversion of 
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analogues to iodinated derivatives, only a small peak 
of optical density corresponding to unreacted peptide 
was obtained. The identity of the peaks was studied 
in experiments described below, and the results sup- 
ported the proposed assignments. 

Peaks I and II were not active when tested on the 
isolated rat uterus preparation. Material in these 
peaks did not inhibit the binding of '*I-labeled 
bradykinin to bradykinin antibody, and no amino 
acids could be detected. Finally, when a mock iodi- 
nation was performed, omitting the bradykinin 
analogue, peaks I and II were obtained but none of 
the other peaks were detected. 

Peaks III and IV were biologically active when 
tested on rat uterus and bovine uterine strip prep- 
arations. Peak III was less potent than IV. Material 
in these peaks inhibited the binding of '*I-labeled 
bradykinin to bradykinin antibody, with peak III less 
potent than peak IV. Amino acid analyses of peaks 
III and IV revealed that each peak contained the 
same amino acid composition as the initial peptides. 

Iodotyrosine is converted to tyrosine by the acid 
hydrolysis we employed, so amino acid analyses 
could not characterize the iodinated peptides unam- 
biguously. To test the extent of iodination, '**I- 
labeled derivatives of Tyr’ kallidin and Tyr* brady- 
kinin that eluted in the region corresponding to peak 
IV in Fig. 1 were hydrolyzed by purified aminopep- 
tidase or carboxypeptidase respectively. The radio- 
activity that was isolated co-chromatographed with 
monoiodotyrosine in a descending paper chroma- 
tography system capable of separating monoiodo- 
tyrosine, diodotyrosine and free iodide (Whatman 
3 MM paper, 0.2 M acetic acid adjusted to pH 5.0 
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Fig. 1. Column chromatographic purification of 271-labeled Tyr® bradykinin. The column contained 

CM-Sephadex C-25 cation exchange resin and was | cm in diameter and 40 cm long. It was eluted at 

20 mV/hr at 10° with ammonium acetate buffer, 0.05 M, pH 8.0. Three-ml fractions were collected. The 

solid line represents the radioactivity from a trace amount of '51 added to the original iodination 
mixture. 
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Fig. 2. Dose-response curves of bovine uterine strips contracting in the presence of bradykinin and 

non-radioactive monoiodo-bradykinins. Two strips of bovine uterine myometrium, 0.5 x 2.0 cm, from 

pregnant cows were suspended in de Jalon’s solution aerated with 95 per cent 02-5 per cent CO2. The 

contractile responses to bradykinin (@), iodotyr' kallidin (4) iodotyr® bradykinin (™@) and iodotyr’ 

bradykinin (QO) were measured. The data plotted in this figure were obtained in one experiment with 
two uterine strips. The symbols represent the individual data points. 


with pyridine). The specific activities of the proposed 
mono-'*°[-labeled derivatives of Tyr' kallidin, Tyr° 
bradykinin, and Tyr” bradykinin ranged between 1.2 
and 2.2 Ci/umole. The theoretical maximum specific 
activity obtainable by incorporating one atom of 
carrier-free iodine per molecule of peptide is 2.2 
Ci/ymole. 


Biological potencies of iodobradykinins 

The relative biological potencies of the synthetic 
polypeptides were determined by comparing the 
steep portions of each dose-response curve to that 
for bradykinin. Figure 2 depicts the results of an 
experiment with three iodinated bradykinin ana- 
logues and bradykinin itself in two bovine uterine 
strips. The mean relative potencies found in two 
experiments on a total of four strips appear in Table 


1. Table 1 also lists the results of experiments on 
isolated rat uteri in which a total of nine bradykinin 
analogues were tested. Tyr’ kallidin, Tyr*® bradyki- 
nin, and the monoiodinated derivatives of these two 
analogues were far more potent than Tyr bradykinin 
and its iodinated derivatives. Diiodinated derivatives 
of all analogues were less potent than the corre- 
sponding monoiodinated forms. This difference was 
most apparent with the Tyr® bradykinin analogue, 
and least apparent with Tyr’ kallidin. The results 
also show that rat and bovine uteri reacted similarly to 
bradykinin and the other analogues we tested. 


Binding reactions with bovine uterus 

Subcellular particles prepared from bovine uterine 
myometrium from pregnant cows were exposed to 
each of the three bradykinin analogues that con- 


Table 1. Relative biological potencies of iodinated bradykinins* 





Mean relative biological potency + S.E.M. 


Polypeptide 


Rat uterus N 


Bovine uterine strip 





Bradykinin 

Tyrosine! kallidin 
Monoiodotyrosine! kallidin 
Diiodotyrosine’ kallidin 
Tyrosine’ bradykinin 
Monoiodotyrosine” bradykinin 
Diiodotyrosine® bradykinin 
Tyrosine® bradykinin 
Monoiodotyrosine® bradykinin 
Diiodotyrosine® bradykinin 


1.00 

1.02 + 0.10 

0.88 + 0.13 

0.62 + 0.07 

0.006 + 0.002 
0.0008 + 0.00006 
0.00003 + 0.0000002 

0.24 + 0.04 

0.20 + 0.02 
0.0008 + 0.0001 


1.00 


0.69 + 0.08 


0.0009 + 0.0003 


0.15 + 0.03 


DAMN FHLNAIDAD 





* The responses of two different uterine preparations to the administration of bradykinin and its 
iodinated derivatives were measured. N refers to the number of uterine horns or uterine strips upon 


which the polypeptide was assayed. 
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Fig. 3. Binding of three radioactive iodobradykinins to 
subcellular particles from bovine uterine myometrium. 
Twenty pg (20,000 cpm) of radioactive monoiodotyr! kal- 
lidin, monoiodotyr bradykinin, and monoiodotyr” brady- 
kinin were incubated with subcellular particles from uterine 
myometrium from pregnant cows. See Methods for details 
of the binding assay. The amounts of radioactive polypep- 
tides bound to the particles in the absence of native bra- 
dykinin (total bar) and with 5.0 wg of native bradykinin in 
the incubation media (hatched area) were expressed as 
percentages of the total radioactivity added to each of the 
incubation mixtures. 
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tained radioactive monoiodotyrosine. In all experi- 
ments, non-saturable binding was determined by 
binding reactions to which unlabeled bradykinin 
itself was added in a relatively large amount (5 pg). 
The results are shown in Fig. 3. In the absence of 
native bradykinin, particles bound more of the ['*I]- 
Tyr' kallidin than either of the other iodinated pep- 
tides followed by ['*I]-Tyr* bradykinin and then 
{'*I]-Tyr? bradykinin. Non-saturable binding, meas- 
ured in the presence of excess native bradykinin, 
was roughly the same for the three radioactive 
analogues. Saturable binding of ['*I]-Tyr' kallidin 
was greater than that of ['*°I]-Tyr* bradykinin, while 
['*I]-Tyr? bradykinin showed no saturable binding 
at all. 

Monoiodo derivatives of bradykinin analogues 
that contained non-radioactive iodine were tested 
for their ability to inhibit bindiing of ['*I]-Tyr' kal- 
lidin to bovine uterus particles. The results are shown 
in Fig. 4. Similar experiments were done with many 
other bradykinin analogues. The analogues and their 
relative binding inhibitory activities, expressed as 
IDso concentrations, are summarized in Table 2. This 
table also shows the relative biological potencies of 
the analogues. These data were obtained either in 
our laboratory using rat uterus and bovine uterine 
strip preparations or by other investigators using rat 
uterus or guinea pig bronchus preparations. 

The comparison between biological activity and 
binding inhibition gran in our study is depicted 
graphically in Fig. 5. The line in Fig. 5 is the line on 
which analogues would lie if they were equally active 
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Fig. 4. Inhibition of the binding of radioactive monoiodotyr' kallidin to bovine uterine subcellular 


particles. Serial dilutions of bradykinin (@), mono['”’ I|Tyr! kallidin (A), monof!” 


‘TTyr" r° bradykinin 


(@), and monof!?’I]Tyr° bradykinin (O) were incubated with radioactive monoiodotyr' kallidin and 

subcellular particles from bovine uterine myometrium, as described in the text. The amounts of 

radioactivity bound to the particles in the presence of competing non-radioactive peptides are expressed 

as percentages of the maximum radioactivity bound to the particles. All data were corrected for the 

amount of radioactivity bound in the presence of 5 wg of unlabeled bradykinin. The symbols represent 

the individual data points. The curves were computer-fitted and represent the results of weighted 
analyses of the data. 
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Table 2. 


Relative biological and binding activities of bradykinin analogues 





Biological activity 


Polypeptide (smooth muscle) 


Reference 
for biological 
activity data 


Binding activity 


(bovine uterine particles) Code* 





5,8-Dithienylalanine bradykinin 
8,Thienylalanine bradykinin 
5-Thienylalanine bradykinin 
2-Hydroxyproline bradykinin 
8-Parafluorophenylalanine 
bradykinin 
Bradykinin 
1-Monoiodotyrosine kallidin 0.69 
Kallidin 0.5 
Acetyl-bradykinin 0.5 
Methionyl-lysyl—bradykinin 0.25 
8-Monoiodotyrosine bradykinin 0.15 
6-Threonine-5 ,8-di(O-methyl- 
tyrosine bradykinin 
2-D-Proline-8-(O-methyl- 
tyrosine )bradykinin 
7-D-Proline bradykinin 
9-Desarginine bradykinin 
1-Lysine bradykinin 
2-D-Proline bradykinin 
1-Ornithine bradykinin 
6-Phenylalanine bradykinin 
3-D-Proline-8-(O-methyl- 
tyrosine )bradykinin 
5-Monoiodotyrosine bradykinin 
7-D-Proline-8-(O-methyl- 
tyrosine bradykinin 
3-D-Proline bradykinin 


0.0333 


0.02 
0.0133 
0.01 
0.002 
0.002 
0.0017 
0.001 


0.001 
0.0009 


0.00033 
0.0001 


THS.8 
TH8 
THS 

H2 


0.0066 


0.029 
0.0089 
0.00047 
0.001 
0.0026 
0.00085 
0.0028 


0.008 
0.005 


0.0008 
0.003 





* The code is the abbreviation for each analogue used in Fig. 5. 

+ Biological activity was determined in guinea pig bronchus. 

¢ Biological activity was measured in our laboratory in the bovine uterine strip. 
§ Biological activity was measured in our laboratory in isolated rat uterus. 


in the biological and binding assays. With few excep- 
tions, rank orders in the two assays matched. 

Several compounds with biological activity in 
smooth muscle but structurally unrelated to brady- 
kinin were tested in the uterine particle binding 
assay. Angiotensin I, angiotensin II, oxytocin, and 
serotonin at concentrations of 7 ug/ml did not inhibit 
binding of ['*I]-Tyr' kallidin to the particles. Bio- 
logically inactive elision analogues of bradykinin 
were also inactive in the binding assay. These 
included peptides with the bradykinin sequence lack- 
ing the following amino acids: 1 and 2; 1, 2, and 3; 
1, 2, 3, and 4; 1 and 9; 1, 2, and 9; and 8 and 9. 

Experiments were performed to determine opti- 
mum conditions for receptor-like binding in bovine 
uterus particles. We tested effects of pH and ionic 
composition on the saturable and non-saturable 
binding of the biologically active analogue, ['*I]- 
Tyr' kallidin, and compared these results to those 
obtained with the biologically inactive analogue 
['*I]-Tyr® bradykinin. We sought reaction conditions 
that would maximize saturable binding of ['*°I]-Tyr' 
kallidin while minimizing its non-saturable binding 
and the total binding of ['*I]-Tyr’ bradykinin. 

The optimum pH for the saturable binding of ['**I]- 
Tyr' kallidin was 6.0 to 6.5 (Fig. 6). The optimum 
pH for non-saturable binding was lower. The pH did 
not affect the binding of ['*I]-Tyr? bradykinin until 
pH 7.0 and then binding decreased with increasing 
pH. 


Cations inhibited binding with varying effective- 
ness. These results are summarized in Fig. 7. Cal- 
cium, with an IDso of 20mM, was most effective in 
inhibiting ['*I]-Tyr' kallidin binding. Potassium was 
least effective, with an IDso of 220 mM. Sodium 
inhibited (*1-Tyr’ bradykinin binding more than 
it inhibited ['*°I]-Tyr' kallidin binding. The inhibitory 
effects of ions could not be duplicated by adding 
sucrose Or mannitol at concentrations as high as 250 
mM. 

Varying the length of incubation between 5 and 
30 min at 4° caused no significant change in the 
amount of ['*I]-Tyr' kallidin saturably bound by 
bovine uterus particles. For our convenience, we 
chose an incubation time of 15 min. 

In forty-seven separate experiments, bovine uter- 
ine myometrial particles, sedimenting at 27,000 g 
for 1 hr, bound 11.5 + 1.7 per cent of the radioactive 
iodotyr' kallidin added to assay tubes. Of the radio- 
activity bound, 62.3 + 1.8 per cent was displaced by 
unlabeled bradykinin. 


Binding reactions with other tissues 

Employing optimal buffer and incubation condi- 
tions for receptor-like binding in bovine 
uterine myometrium particles, we surveyed other 
bovine tissues. We sought binding sites with two 
characteristics: a preference for ['*I]-Tyr' kallidin 
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Fig.5. Comparison of the oxytocic potencies of bradykinin analogues with their potencies as inhibitors 
of ['*I]Tyr’ kallidin binding to subcellular particles from bovine uterine myometrium. Logarithmic 
transformations of the data from Table 2 for twenty-three bradykinin analogues were used to construct 
this figure. The individual analogues are designated according to the code in Table 2. The relative 
oxytocic potency of each analogue (ordinate) is plotted against the relative potency of the analogue as 
an inhibitor of ['*°I]Tyr' kallidin binding to bovine uterine myometrium particles (abscissa). The line 
drawn through the origin represents the “line of identity”. An analogue having the same oxytocic and 
binding inhibitory potency would be on this line. The bracketed symbols represent the means of two 
values and the brackets indicate the range of the values. 


Table 3. Saturable binding of (>? 1]Tyr' kallidin by homogenates of bovine tissues* 





No. of Saturable binding 

prepa- of [°°] Tyr' kallidin Saturable binding 

rations (% of total radio- as a proportion of 
Tissue tested activity added) total binding (%) 





Myometrium 4 
Esophagus (mucosa) 

Ductus arteriosus (fetal) 

Heart (left ventricle) 

Lung (parenchyma) 

Bronchi 


=m in dO 
call all At eh aia 
CcoUMNN Ow 


I+ + + I+ Ht I+ 


mM oe ~1 





* Organs were homogenized in a Waring blendor, filtered through cheesecloth, and divided 
into two particulate fractions by centrifugation at 1,000 g and 40,000 g. Aliquots containing 
approximately 1 mg protein were exposed to approximately 100 pg of labeled peptide in the 
absence or presence of unlabeled bradykinin (5 wg). The radioactivity bound in the absence 
of bradykinin was called “total binding”, and the difference caused by unlabeled bradykinin 
was called “saturable”. Details of the incubation procedure are described in the text. Data 
are expressed as mean + S.E.M. Organs without saturable binding included adrenal cortex, 
spleen, thymus and testis. 
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Fig. 6. Effect of pH on binding of ['*I]}Tyr' kallidin to 
subcellular particles from bovine uterine myometrium. All 
points have been corrected for non-saturable binding. 


over ['*°I]-Tyr° bradykinin, and saturability by native 
bradykinin. 

Tissues were homogenized in 4 vol. of 0.02 M 
potassium phosphate buffered saline, pH 6.3. Crude 
homogenates were centrifuged, and particles sedi- 
menting between 1,000 and 40,000 g x 20 min were 
incubated with radioactive and native bradykinin in 
the same way as with bovine uterine particles. The 
incubation buffer contained 20 mM potassium phos- 
phate buffer (pH 6.3), 1 mM EDTA, 14 uM TPCK, 
and 6.3 uM SQ 20881. Incubations were for 15 min 
at 4°. The results are shown in Table 3. The most 
consistent sources of saturable, specific binding sites 
for the biologically active kinin analogue, ['*°I]-Tyr' 
kallidin, were the pregnant uterus and the mucosal 
layer of the esophagus. 
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Fig. 8. Effect of BPPoa (SQ 20881), a potent kininase II 
inhibitor, on the binding of ['*I]Tyr* bradykinin to sub- 
cellular particles from pig kidney medulla and the binding 
of ['*I]Tyr' kallidin to subcellular particles from bovine 
uterine myometrium. The radioactive polypeptides were 
incubated with subcellular particles either with (hatched 
area) or without (total bar) 5 ug/ml of native bradykinin, 
and with or without 5 ug/ml of BPPoa. 


Effects of kininase II inhibitor 

Figure 8 shows that SQ 20881 increased the satu- 
rable binding of ['*I]-Tyr' kallidin to a subcellular 
fraction from bovine myometrium. By contrast, this 
enzyme inhibitor decreased the saturable binding of 
['*I]-Tyr® bradykinin to a subcellular fraction of 
porcine renal medulla [16]. 


Kinetic analysis 
Experiments were performed to measure the 
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Fig. 7. Effects of cations on binding of ['*I]Tyr' kallidin to subcellular particles from bovine uterine 
myometrium. All points have been corrected for non-saturable binding. 
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Fig. 9. Scatchard plot of binding of ['*°I]Tyr' kallidin to subcellular particles from bovine myometrium. 
Serial dilutions of labeled peptide were added to aliquots of particles, and incubated for 15 min in a 
final volume of 0.55 ml. Each aliquot of particles contained 0.27 mg protein. The incubation was 
terminated by centrifugation, and the bound and the free radioactivity were counted. The specific 
activity of the labeled peptide was determined by comparing the effects of labeled and unlabeled peptide 
on the bound/free ratio [9]. Calculations assume that the iodinated tyrosine analogue and the native 
peptide had identical effects on the bound/free ratio. The data presented are the composite of four 
separate experiments and each point is the mean of six assay tubes. Graphic analysis is according to 
the method suggested by Scatchard [12]. 


affinity of binding sites for kinins in bovine myo- 
metrium. Optimum conditions were employed 
as defined above, with low ionic strength and en- 
zyme inhibitors in the buffer. The final volume was 
0.55 ml. Pooled results of four experiments are dis- 
played in Fig. 9. Two types of binding are suggested, 
one with an apparent association constant of 
10'°M~', and one with an affinity 200 times less avid. 
The number of the more avid sites in our preparation 
of bovine myometrium was 1.6 x 10~' moles/mg of 
protein. 


DISCUSSION 


These experiments show that a molecule containing 
the amino acid sequence of bradykinin with tyrosine 
added to its amino terminus was as potent as bra- 
dykinin on the isolated rat uterus. Furthermore, 
addition of a single iodine atom to this tyrosylated 
peptide did not impair its activity significantly. When 
it contained '*I, this analogue was found to bind 
avidly, saturably and specifically to targets of bra- 
dykinin, notably myometrium. We believe that ['*I]- 
Tyr' kallidin is a useful probe of kinin receptors. By 
contrast, iodinated derivatives of Tyr’ bradykinin 
were essentially inert in bioassays, and did not bind 
saturably to bovine myometrium. ['*I]-Tyr* brady- 
kinin was intermediate in biological activity and satu- 
rable binding. 

The presence of potent kininases is likely to com- 
plicate studies of bradykinin receptors, and undoubt- 
edly confused the interpretation of our own early 


work in which we employed the ‘I-labeled deriva- 
tive of Tyr® bradykinin [16,17]. We found high affin- 
ity binding sites in porcine renal medulla, presumably 
the site of kinin-stimulated prostaglandin production 
[18]. However, the specificity of binding differed 
from that expected of receptors. For example, most 
of the saturable binding of ['*I]-Tyr* bradykinin to 
pig kidney medulla particles was inhibited by SQ 
20881, a competitive inhibitor of kininase II (Fig. 8). 
This result suggested that most of the binding we 
observed was to a kininase. Chiu ef al. [19] then 
reported that ['*°I]-Tyr* bradykinin was a good sub- 
strate of kininase II in cultures of pulmonary endoth- 
elial cells. The evidence supports the conclusion that 
binding of ['*°I]-Tyr® bradykinin to crude homogen- 
ates of porcine medulla in large part reflected binding 
to degradative enzymes (presumably, binding of 
[*I]-Tyr? bradykinin would exclusively reflect sites 
different from receptors). 

The results of our initial experiments with enzyme 
inhibitors suggested that some reagents, such as che- 
lating agents, can allow binding of bradykinin to 
enzymes even though they may inhibit hydrolysis. 
We then tested more specific inhibitors of three 
bradykininases: SQ 20881, a competitive inhibitor 
of kininase II; epsilon-aminocaproic acid, an inhib- 
itor of kininase I; and TPCK, an irreversible inhibitor 
of chymotrypsin-like enzymes. 

In contrast to its effects on binding of Tyr* bra- 
dykinin to pig kidney, SQ 20881 increased binding 
of Tyr' kallidin to bovine myometrium (Fig. 8). This 
suggested that the inhibitor protected the peptide 
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without inhibiting its binding to receptors in that 
tissue. a competitive inhibitor of kininase II was 
added in all subsequent experiments. Epsilon-ami- 
nocaproic acid increased non-saturable binding with- 
out affecting saturable binding. It was not used there- 
after. TPCK had no effect on binding of Tyr’ kallidin 
to one preparation of bovine myometrium, but it 
was included in subsequent experiments to inhibit 
chymotrypsin-like enzymes that might occur in other 
specimens. 

Two other enzymes that might confuse studies of 
bradykinin receptors are kinin-converting amino- 
peptidase, the enzyme that cleaves kallidin to bra- 
dykinin, and collagen proline hydroxylase, an 
enzyme that can hydroxylate position 3 of bradyki- 
nin. Since purified kinin-converting aminopeptidase 
does not possess bradykinin-hydrolyzing activity 
[20], and since bradykinin is not known to inhibit or 
enhance enzyme activity, bradykinin should not be 
bound by this aminopeptidase. Although collagen 
proline hydroxylase has greater affinity for Tyr’ kal- 
lidin than for bradykinin (2 x 10° M~! vs 1 x 10° 
M~') [21], these affinities are seven orders of mag- 
nitude less than those displayed by the uterine par- 
ticles. Thus, the binder we studied probably is not 
collagen proline hydroxylase. 

Specificity of the putative receptors was tested by 
measuring inhibition of binding of ['*I]-Tyr' kallidin 
to bovine myometrium. Table 2 and Fig. 5 show that 
there was a direct correlation between the potencies 
of most analogues as inhibitors of binding and as 
stimulators of smooth muscle contraction. 

A comparison of the activities of substances in 
binding assays and bioassays can be a useful screen 
for potential receptor antagonists [22]. Antagonists 
would be expected to have activity in a binding assay, 
but little or no stimulatory activity in bioassays. We 
found that 3-p-proline bradykinin had this combi- 
nation of properties. However, Stewart [23] did not 
observe bradykinin antagonism by this peptide. 3-p- 
Proline bradykinin may be a partial agonist whose 
antagonistic activity is obscured by its agonistic 
effects. 

9-Desarginine bradykinin was less active as a bind- 
ing inhibitor in bovine myometrium than as an 
agonist in rat uterus. There are several possible 
explanations for this finding: (1) the desarginine 
analogue may have easier access to the receptor as 
it exists in the intact organ than would be predicted 
from its binding to broken cells; (2) the desarginine 
analogue may be less readily degraded by intact 
tissue than the parent peptide, giving it increased 
relative potency; and (3) the receptors in rat uterus 
may be different from the receptors in bovine myo- 
metrium. In reference to the third possibility, Regoli 
et al. [24] reported that 9-desarginine bradykinin was 
six times more potent than bradykinin in the isolated 
rabbit aorta, in contrast to its weak activity in rat 
uterus. 

Our finding of a bradykinin binding site in bovine 
uterus homogenates with an apparent Kassoc. of 10'° 
M~' is consistent with data obtained by Reissmann 
et al. [25]. They used tritium-labeled acetyl brady- 
kinin analogues to study binding to plasma mem- 
branes purified from rat uterus and reported that 
[°H] acetyl-(8-erythro-amino-B-phenylbutyric acid)- 


bradykinin was bound to these membranes at a site 
with an apparent Kassoc. of 3.6 x 10° M~'. The com- 
parable value obtained for [3H]acetyl-(1,9-di-norar- 
ginine)-bradykinin was 2.2 x 10'° M~'. Lower affin- 
ity sites with apparent Kassoc. of 10° M~' were also 
found. Specificity of the binding was not described. 

The fact that saturable ['*I]-Tyr' kallidin binding 
was optimal at a slightly acid pH is interesting in 
view of the acid pH optimum of enzymes that form 
kinins and of inflamed areas where they are pur- 
ported to act. 

Our experiments demonstrate the existence of spe- 
cific, saturable binding sites for bradykinin and 
related polypeptides. The location of the binding 
sites in known target cells, their specificity for active 
polypeptides, and their high affinity were consonant 
with properties expected of receptors. However, we 
did not prove that these binding sites include recep- 
tors that transduce binding of certain concentrations 
of kinins into visible responses. Such proof awaits 
discovery of specific binding inhibitors that also 
inhibit kinin responses, elucidation of the intimate 
mechanism of hormone action and association of the 
mechanism with the binding site, or isolation of 
binding sites that can confer responsiveness on 
unresponsive systems. 
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Abstract— Adenosine deaminase (ADA) activities in mouse whole blood, washed erythrocytes and 
L1210 cells were 0.48, 0.93 and 4.76 units/ml respectively. Methods were developed to determine the 
second-order association rate constant (k1) of a tight-binding ADA inhibitor, deoxycoformycin (DCF), 
and ADA in mouse blood and L1210 cells in vivo. After i.v. injection of DCF, the inhibition of the 
enzyme was of a monophasic pseudo-first-order nature in blood and biphasic (with an initial lag of 3- 
5 min) in L1210 cells. In contrast, i.p. injection of DCF produced the opposite pattern, monophasic 
in L1210 cells and biphasic in blood. The apparent k; values determined from the linear portions of 
these curves were compared with the ki values obtained in vitro. The mean ki values in vivo were: 
4.2 x 10° and 1.4 x 10*M7! sec”! in blood after i.v. and i.p. injections, respectively, and 2.6 x 10° and 
2.2 x 10*M™' sec”! in L1210 cells after i.v. and i.p. injections respectively. The ki values with either 
whole blood or L1210 in vitro (3.1 x 10* and 5.5 x 10° M7! sec™', respectively) were of the same order 
of magnitude as those obtained with these tissues in vivo. In contrast, the ki values were about 150 to 
1400-fold higher when either blood hemolysates (4.8 x 10°M™7! sec™') or homogenized L1210 cells 
(7.5 x 10°M~! sec™') were used. The 150 to 1400-fold higher k: values for blood hemolysates and 
homogenized L1210 cells than for intact cell samples (whole blood or whole L1210 ascitic fluid) suggest 
that the cell membrane plays a role in the interaction of DCF and ADA in these cell lines. The similarity 
of the rates of association of DCF and ADA in vivo and in vitro for mouse blood and ascites L1210 
cells suggests that data obtained in vitro may be used to estimate the ki values in in vivo conditions. 


Deoxycoformycin (DCF)? is a tight-binding inhibitor 
of adenosine deaminase (ADA) with a Kj value of 
2.5 x 10-'* M[1]. The theoretical approaches of Cha 
and our studies [1-4] with partially purified human 
erythrocytic ADA suggested that the association of 
a tight-binding inhibitor and the enzyme occurs 
slowly and that it is therefore possible to measure 
directly the second-order velocity constant of the 
association reaction (ki) between ADA and DCF. 
The ki value determined with partially purified 
human erythrocytic ADA was 2.5 x 10°M~! sec”! 
[1]. Similar values (1.4 x 10°M™~' sec~') were found 
with hemolyzed human erythrocytes [5]. However, 
k; values were much lower with intact human eryth- 
rocytes in vitro, suggesting that the human eryth- 
rocytic membrane interferes with the inhibition of 
ADA by DCF. Studies in which a nucleoside trans- 
port-inhibitor was used further supported this 
hypothesis and provided evidence that DCF shares 
the transport system used by other nucleosides in 
this tissue [5, 6]. 

Reports from several laboratories have demon- 
strated that the presence of DCF or another ADA 
inhibitor markedly increased the incorporation of 
adenosine analogs into the intracellular nucleotide 
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pools and enhances their chemotherapeutic effec- 
tiveness [7-13]. These findings have generated a 
surge of interest in DCF as a chemotherapeutic tool 
and the drug may soon be available for Phase I 
clinical trials. Therefore, it is important to examine 
the effects of DCF on ADA in vivo. This paper 
describes a study of this nature and examines the 
association rate constants of DCF and ADA in 
mouse blood and L1210 cells in vivo. The ki values 
determined in vivo are compared with those obtained 
in vitro. Preliminary reports of these studies have 
been presented [14, 15]. 


MATERIALS AND METHODS 


Deoxycoformycin was provided by the Drug 
Development Branch, Developmental Therapeutic 
Program, Division of Cancer Treatment of the 
National Cancer Institute, Bethesda, MD. 


Collection and preparation of cells 

Blood was collected in heparinized (sodium salt) 
capillary tubes by retro-orbital puncture of CDF 
mice. The blood either was used directly or the 
plasma and erythrocytes were separated by centrifu- 
gation at 600 g for 5 min. The plasma was collected 
and the buffy coat was removed carefully and dis- 
carded, then the erythrocytes were suspended in an 
equal volume of the standard medium (potassium 
phosphate buffer, 50mM, pH 7.4; NaCl, 75 mM; 
MgCh, 2mM; glucose, 10mM; penicillin, 10,000 
units/l; streptomycin, 10 mg/l; and heparin, 50 
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units/ml) and the hematocrit was determined. These 
cell suspensions were used either directly or after 
hemolysate preparation. The hemolysates were pre- 
pared by adding 4 vol. of 5 mM potassium phosphate 
buffer (pH 7.4) to the erythrocytic pellet obtained 
by centrifugation. The pH and salt concentrations 
of the mixtures were adjusted to conditions identical 
with those used for intact erythrocytes by adding 1 
vol of 10-fold concentrated standard medium to 9 
vol. of hemolysate. The hemolysate was centrifuged 
at 18,000 g for 30 min and the supernatant fluid was 
used for ADA activity measurement. 

L1210 leukemia cells were maintained in CDF 
mice by i.p. injection of 10° cells. On day 6, ascitic 
fluid withdrawn directly from the peritoneal cavity 
was used for cell counts and for determination of 
ADA activity in whole ascitic fluid and in cell-free 
ascitic fluid. Where washed intact L1210 cells and 
their homogenates were used, the cells were har- 
vested by rinsing the peritoneal cavity with Hanks’ 
balanced salt solution and then washed twice with 
normal saline. Contaminating erythrocytes, when 
present, were removed by hypotonic shock as 
described earlier [16]. The cells were suspended in 
about 1 vol. of normal saline, and the hematocrit 
and the cell number (by hemacytometer) were 
determined. These cell suspensions were used either 
directly or after homogenization for determination 
of ADA activity as described below. L1210 hom- 
ogenates were prepared by grinding cells for 2 min. 
in a glass homogenizer. The supernatant fluid 
obtained after centrifugation at 12,000 r.p.m. for 
30 min was used for determination of ADA. 

All preparations were maintained on ice during 
processing, unless mentioned otherwise. 


Determination of adenosine deaminase activity 

Adenosine deaminase activity in whole blood, 
washed intact erythrocytes, hemolysates, blood 
plasma, whole ascitic fluid, washed L1210 cells, cell- 
free ascitic fluid and cell homogenates was deter- 
mined by an ammonia liberation method essentially 
as described earlier [5] except that the reactions were 
carried out at 37°. The activity in the L1210 hom- 
ogenates was also determined spectrophotometri- 
cally at 265 nm [17]. Protein concentrations were 
determined by the method of Lowry et al. [18]. 

One unit of the enzyme activity is defined as the 
amount of enzyme catalyzing the deamination of 
1 umole adenosine/min. 


Determination of the association rate constant (ki) of 
deoxycoformycin and adenosine deaminase 

Studies in vitro. For the determination of k; values 
in blood hemolysates and L1210 cell homogenates, 
blood from ten to fifteen mice was collected in hep- 
arinized tubes and was pooled. In experiments where 
washed erythrocytic hemolysates were used, the 
erythrocytes were collected by centrifugation and 
were hemolyzed by adding 24 vol. of 5 mM potassium 
phosphate (pH 7.4) to 1 vol. of packed cells. Whole 
blood hemolysate was prepared by adding 12 vol. 
of 5mM potassium phosphate buffer to 1 vol. of 
whole blood. The cell debris was removed by cen- 
trifugation at 18,000 g for 30 min and the supernatant 
fluid (corresponding to a 4 per cent concentration 


of packed cells) was used for k; determination. 

Hemolysates (4.3 ml) were incubated at 37°. An 
aliquot of 0.5 ml was withdrawn for determination 
of ADA activity (0 time, 100 per cent). To the 
remaining hemolysate (3.8 ml), deoxycoformycin 
solution (10-20 ul), was added to obtain final con- 
centrations of DCF of 1.34 to 5.40 nM. After incu- 
bation with DCF for various time intervals at 37°, 
aliquots were withdrawn for determinations of 
remaining ADA activity by the NHs liberation 
method. 

Supernatant fluid from L1210 cell homogenates 
(10 wl) and DCF (0 to 0.82 nM) were incubated in 
50mM phosphate buffer, pH7.4 (total volume 
0.99 ml), in a spectrophotometric cuvette. After 
incubation at 37° for various time intervals, the 
activity was determined by measuring the decrease 
in absorbance at 265 nm after the addition of 10 ul 
of 10 mM adenosine (final concentration, 0.1 mM), 
as described earlier [17]. 

For the determination of k; values in whole blood 
and whole ascitic fluid heparinized mouse whole 
blood was collected by retro-orbital puncture, and 
L1210 ascitic fluid (from a day 6 mouse) was collected 
by making a small peritoneal incision. Whole blood 
or ascitic fluid (180 wl) was incubated at 37° with 
DCF solution (20 wl) to obtain a final DCF concen- 
trations of 0-130 nM. Twenty ul samples were with- 
drawn at various time intervals after incubation at 
37°, and the remaining ADA activity was determined 
by adding the aliquots to the standard medium (total 
volume 1.5 ml) containing 1 mM adenosine. The ki 
values were calculated from T, values (time taken 


for 50 per cent inhibition) from the following rela- 
tionship [2]: 


_ 0.693 
(Ty) (D 


where I is the DCF concentration. 

Studies in vivo. Various concentrations of DCF 
solution in isotonic saline (0.2 ml) were injected 
either i.v. in the tail vein or i.p. into day 6 mice. 
The k; values in blood were determined in non- 
tumor-bearing mice. The tissue concentration of 
DCF was estimated by assuming uniform distribution 
to a volume equivalent to 60 per cent of the body 
weight. 

Blood and ascitic fluid were collected at time 
intervals after DCF injection, and the remaining 
ADA activity was determined. The blood or ascitic 
fluid taken before DCF injection served as controls. 
The blood (20 yl) was collected in heparinized gradu- 
ated tubes by retro-orbital puncture, whereas ascitic 
fluid (10 xl) was collected directly from the perito- 
neal cavity using a 22-gauge needle. 


ki 


RESULTS 


Adenosine deaminase activity in mouse blood and 
L1210 ascitic fluid 

Tables 1 and 2 present ADA activities in various 
components of mouse blood and L1210 ascitic fluid. 
The ADA activity in whole blood (hematocrit 51 per 
cent) was 0.48 units/ml of whole blood, while in the 
washed erythrocytes it was 0.95 units/ml of packed 
cells. Plasma had very low activity (0.005 units/ml 
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Table 1. Adenosine deaminase activity in mouse blood 





Tissues Activity 





Blood 
Washed erythrocytes 
Washed erythrocytic 
hemolysate 
Whole blood 
Whole blood-hemolyzed 
Blood plasma 


0.93* + 0.15+ (4) 


0.88* + 0.10 (15) 
0.48+ + 0.07 (15) 
0.48+ + 0.12 (23) 
0.0058 + 0.006 (2) 





* Units/ml of packed cells. 

+ Mean+S.D.; number of estimations is given in 
parentheses. 

+ Units/ml of whole blood. 

§ Units/ml. 


of plasma). The activity in the hemolyzed blood was 
similar to that of the non-hemolyzed blood (Table 
1). 

Table 2 presents the ADA activity and L1210 cell 
concentration in day 6 ascitic fluid. The mean ADA 
activity in washed L1210 cells was 4.8 units/ml of 
packed cells, while that in cell-free ascitic fluid was 


0.06 units/ml. Based on these values and a packed 
cell volume of 18.77 per cent, the calculated ADA 
activity in whole ascitic fluid should have been 0.95 
units/ml of ascitic fluid. This value is within one 
standard deviation of the observed mean value of 
1.08 units/ml of whole ascitic fluid (Table 2). The 
data above indicate that the ADA activity in whole 
blood and whole ascitic fluid represented activity 
due principally to erythrocytes and L1210 cells, 
respectively, and that the presence of plasma or cell- 
free ascitic fluid made an insignificant contribution 
(less than 5 per cent) to the total activity. Therefore, 
whole blood or whole ascitic fluid was used in the 
following studies, unless mentioned otherwise. 


Association rate constant (ki) of deoxycoformycin 
and adenosine deaminase in mouse blood and L1210 
ascitic fluid 

Studies in vitro. Figure 1 presents semilogarithmic 
plots of the remaining ADA activity after incubation 
of mouse blood with DCF at various concentrations. 
The patterns were similar with hemolysates, whole 


Table 2. Adenosine deaminase activity and the concentration of L1210 
cells in day 6 ascitic fluid 





Packed cell volume (%) 


L1210 cells/ml whole ascitic fluid 
Number of cells/ml packed cells* 


ADA activity 
Whole ascitic fluid 
Washed L1210 cells 
Cell-free ascitic fluid 
L1210 cell homogenate 


18.77 + 1.37* (9) 
2.49 x 10° + 0.36 (13) 
1.32 x 10° 


1.08¢ + 0.18 (25) 
4.768 + 0.59 (3) 
0.063¢ + 0.004 (3) 
4.87§ + 0.23 (2) 





* Mean + S.D.; number of determinations is given in parentheses. 


+ Calculated value. 
+ Units/ml. 
§ Units/ml of packed cells. 
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Fig. 1. In vitro determination of the association velocity constant (k1) of deoxycoformycin and adenosine 
deaminase in mouse blood. See Materials and Methods for details. 
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Table 3. Association rate constants (k1) of deoxycoformycin and adenosine 
deaminase in mouse blood and L1210 cells 





Tissues 


ki (M7! sec!) 





Blood 
In vitro whole blood 
hemolysate 
In vivo whole blood (DCF, i.v.) 
whole blood (DCF, i.p) 
L1210 cells 
In vitro whole ascitic fluid 
L1210 cell homogenate 
In vivo whole ascitic fluid (DCF, 
whole ascitic fluid (DCF, 


3.1 x 10‘ + 0.7* (3) 
4.8 x 10°+ 1.4 (4) 
4.2 x 10° + 3.4 (4) 
1.4 x 10° +0.7 (3) 


5x 10°+ 0.6 (4) 
x 10° + 1.3 (4) 
x 10° + 0.4 (5) 
x 10°+0.5 (4) 


i.v.) 


i.p.) 


a 
6 
2 





* Mean + §.D.; number of determinations is given in parentheses. 


ascitic fluid, and L1210 cell homogenates. From T, 
values, the ki values were estimated as presented in 
Table 3. The ki values for whole blood and whole 
ascitic fluid, in vitro, were similar, i.e. 3.1 x 10° and 
5.5 x 10°M~' sec™', respectively. In contrast, the 
ki values were much higher for hemolysate 
(4.8 x 10°M~! sec~') and L1210 cell homogenates 
(7.5 x 10°M~' sec~'). The 150-1400-fold increase 
in k; values with hemolysates and L1210 cell hom- 
ogenates above that found in the samples containing 
intact celis (whole blood and whole ascitic fluid) 
suggests that the cell membrane interferes in the 
interaction of DCF and ADA in these tissues. 
Studies in vivo. In vivo inhibition patterns of mouse 
blood ADA after i.v. and i.p. injections of DCF are 
presented in Fig. 2 and 3. After i.v. injections of 
DCF, the inhibition was linear, with a mean apparent 
k; value of 4.2 x 10* M7! sec™'. On the other hand, 


i.p. DCF injection produced a biphasic inhibition 
curve (Fig. 3) in blood. After an initial lag of about 
2-5 min, inhibition was linear. The mean k; value 
estimated from the linear portions of these curves 
was 1.4 x 10*M™' sec’. It appears from these data 
that the drug distribution was rapid in blood after 
i.v. injection, whereas 2-5 min were required for 
distribution to erythrocytes after i.p. injection. In 
contrast, the inhibition patterns were reversed with 
L1210 ascitic fluid, i.e. biphasic after i.v. injections 
(Fig. 4) and monophasic after i.p. injection (Fig. 5), 
suggesting that drug distribution to ascitic fluid was 
more rapid after i.p. injection than after i.v. injec- 
tion. The mean k; values were estimated to be 
2.6 x 10° and 2.2 x 10*M™' sec™' respectively. It is 
interesting to note that, with intact cells of either 
tissue type, the k; values obtained in vitro and in 
vivo did not differ by more than a factor of 10. 
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Fig. 2. Jn vivo determination of the association veloc 


ity constant (k;) of adenosine deaminase in mouse 


blood and deoxycoformycin given by i.v. injection. One animal was used for each concentration of DCF 
in all in vivo experiments. See Materials and Methods for details. 
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Fig. 3. In vivo determination of the association velocity constant (ki) of adenosine deaminase in mouse 
blood and deoxycoformycin given by i.p. injection. See Materials and Methods for details. 
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Fig. 4. In vivo determination of the association velocity Fig. 5. In vivo determination of the association velocity 
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DISCUSSION 


Earlier we reported in vitro determination of the 
second-order association rate constant (ki) of DCF 
and ADA in intact and hemolyzed human erythro- 
cytes [5]. This paper describes methods for in vivo 
determination of k; values in mouse blood and L1210 
ascitic fluid. In this method, the blood or L1210 cell 
ADA activity was monitored serially before and after 
DCF injection. Thus, each animal served as its own 
control. Comparisons of k; values estimated with 
hemolysates, homogenates, and intact cells revealed 
that the cell membrane plays a role in the interaction 
of DCF and ADA in these tissues. 

Several unique properties of the animal model 
used made these studies possible. These 
are: relatively high ADA activity in erythrocytes and 
L1210 cells, compared to low activity and lack of 
interference from the plasma and cell-free ascitic 
fluid; ease with which the blood and ascitic fluid 
could be withdrawn in small volumes for serial 
activity measurement from a single animal; and an 
assay method that allowed use of whole blood for 
whole ascitic fluid for the determination of ADA. 

In both tissue types, the k; values obtained in vitro 
and in vivo were similar. However, the inhibition 
patterns in vivo differed for different routes of 
administration. As expected, the distribution of DCF 
was rapid in blood after i.v. injection and in L1210 
ascitic fluid after i.p. injection, producing linear 
inhibition patterns (Fig. 2 and 5). On the other hand, 
2-5 min were required for distribution of DCF to 
erythrocytes after i.p. injection and to L1210 cells 
after i.v. injection, as is evident from the lag period 
prior to linear inhibition (Fig. 3 and 4). These dif- 
ferences in drug distribution time are also reflected 
in small differences between the k; values estimated 
after i.v. and i.p. injection. For example, the ki 
values in blood were about 3-fold higher after i.v. 
injection (4.2 x 10*M™~' sec~') than after i.p. injec- 
tion (1.4 x 10*M™~! sec~'), whereas in L1210 cells 
the values after i.p. injection were 10-fold higher 
(2.2 x 10*M™! sec™') than after i.v. injection 
(2.6 x 10° M7! sec™'). The ki values presented here 
should be regarded as approximate rather than exact 
values. These values were estimated assuming rapid 
distribution of DCF to a volume equivalent to 60 per 
cent of the body weight. This assumed volume of 
distribution falls within the range of values (54-74 
per cent) reported recently for deoxycoformycin in 
BDF mice [19]. The T, values for the a- and B-phase 
of elimination of DCF from mouse plasma after i.v. 
injection are 10.4 and 33.2 min respectively [19]. 
Therefore, the deviation from linearity seen in Fig. 
2 may be attributable to changes in plasma DCF 
concentrations at longer time points. However, the 
similarity of the in vivo estimated k; values to those 
determined in vitro indicates that one can estimate 
these values in vivo with a reasonable degree of 
accuracy. 

In hemolysates and L1210 cell homogenates, the 
ki values were, respectively, 140- and 1500-fold 
higher than those found in the corresponding intact 
cells. These observations are similar to those 
obtained with hemolyzed and intact human eryth- 
rocytes in vitro [5] and further emphasize the role 


of the cell membrane in the interaction of DCF and 
ADA in all tissues studied. In the studies with human 
erythrocytes, it was demonstrated that DCF shares 
the transport system used by other nucleosides and 
that its entry into cells can be affected by specific 
transport inhibitors [5, 6]. The lower ki values 
obtained with intact mouse erythrocytes and L1210 
cells may be due to the involvement of such a trans- 
port mechanism. This transport system has been 
demonstrated in many cell types including mouse 
erythrocytes and L1210 cells [20, 21]. Another pos- 
sible hypothesis has yet to be explored with mouse 
erythrocytes and L1210 cells: ADA might be phys- 
ically associated with the membrane in intact cells, 
as was postulated for human erythrocytes [22]. If 
this is true, the associated enzyme might have a 
conformation different from the free enzyme. Such 
a conformational difference might affect the inter- 
action with DCF. 

It is interesting to note that all the tissues exam- 
ined—mouse blood, L1210 cells (presented here) 
and Sarcoma-180 cells and human erythrocytes [5]— 
have similar k; values. This indicates that the enzyme 
in these various tissues may be similar. If this were 
the case, then one would expect the rates of disso- 
ciation of the ADA-DCF (enzyme-inhibitor) com- 
plex also to be similar. However, we have reported 
recently that the in vivo recovery of the DCF- 
inhibited enzyme in mouse blood and L1210 cells is 
markedly different [16]. The in vivo recovery of 
DCF-inhibited enzyme also differs in other mouse 
tissues, such as spleen, liver and intestine (unpub- 
lished results). The differences in recovery observed 
suggest that the apparent recovery of the enzymic 
activity in individual tissues will depend on factors 
other than the enzyme dissociation constant, such 
as cell proliferation rate and the rate of new enzyme 
synthesis. Differences among tissues in the rate of 
recovery of the enzyme from this tight-binding 
inhibitor is a factor to be considered in the future 
chemotherapeutic trials of DCF. Of important clin- 
ical application is the similarity of the ki values 
determined in vivo and in vitro for both tissues (blood 
and L1210 cells). This suggests that data obtained 
in vitro may be used to estimate the ki values in in 
vivo conditions. 
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Abstract—After penicillino-therapy, penicilloyl groups, derived from penicillin by rupture of the B 
lactam ring, are covalently bound to serum albumin to form compounds that have lost all antibiotic 
activity but possess an allergenic potential. Most of these groups, buried inside the albumin molecule, 
are non accessible to specific anti-penicilloy! antibodies. After an enzymatic degradation of the albumin, 
they are unmasked for antibodies recognition which permits their detection. This enzymatic unmasking 
of penicilloyl groups conjugated to albumin reveals two forms of penicilloyl restdues different by their 
accessibility to antibodies and by their amount and their kinetic of elimination. It raises the problems 
of the site and mode of the in vivo fixation of penicilloyl on albumin and of the pharmacological and 
toxicological significance of the penicilloyl groups buried inside the albumin molecule. 


Allergenic accidents in Man may occur after peni- 
cillino-therapy [1] or consumption of products from 
penicillin-treated animals [2]. Numerous studies [3, 
4] underline the major role of penicilloyl-protein 
conjugates as antigenic determinant. The conju- 
gates, derived from various penicillins by rupture of 
the B-lactam ring and then covalent binding to pro- 
teins, have lost all antibacterial activity but possess 
immunogenic potential (Fig. 1). Their preparation 
is quite easy in vitro, and used to obtain antigenic 
derivatives to immunize rabbits for anti-penicilloyl 
antibodies production. When carrying out this con- 
jugation reaction, then measuring penicilloyl using 
either chemical methods, isotopic dilution tech- 
niques or radioimmunoassay (RIA), authors found 
several penicilloyl groups bound per molecule of 
albumin [5-7]. 

Using a specific radioimmunoassay [7], evidence 
of in vivo formation of minute amounts of such 
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conjugates has been shown previously in Man [8], 
and animals [9]. However, the concentration of such 
residues (less than 0.01 penicilloyl group conjugated 
per molecule of albumin) is very low when compared 
with in vitro fixation. 

On the other hand, an abnormal electrophoretic 
band of “faster” albumin used to appear in human 
serum of patients receiving high dosage of Penicillin 
G [8, 10]. In such bisalbuminemia induced by pen- 
icillino-therapy, the separation and isolation of the 
two types of albumin is thus possible. In order to 
check if the difference of mobility could be due to 
the fixation of a ligand (i.e. negatively charged pen- 
icilloyl group) on e. NH2 groups, determinations 
of bound penicilloyl have been performed on both 
fast and normal albumins isolated from treated 
patients sera. In this hypothesis a minimum of one 
penicilloyl group bound per molecule of isolated fast 
albumin was to be expected. Actually fast albumin 
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Fig. 1. Formation of the penicilloyl-protein conjugate. 


I 


95 





a 
° 


BOUND pe. 100 Bo 








03 1 255 10 100 1000 
HAPTEN CONCENTRATION (NG/ML) 


Fig. 2. RIA standard curves obtained with: 

O Benzyl penicillinate of Na (Penicillin G); 

A D Benzyl penicillamine; 

O DL Penicillamine; 

Y Benzyl penicillenic acid; 

@ Penicilloy! groups in penicilloyl-serum albumin con- 
jugate form. 

Similar standard curves are obtained when using an uni- 
valent hapten (e.g. penicilloyl ¢ amino-caproate) for the 
inhibition of the reaction. 

Same standard curves are obtained either in PBS, in 
albumin solutions (10, 1 or 0.1 mg/ml) or in enzymatically 
degraded albumin solutions (after heating or 

neutralization). 


molecules contained bound penicilloyl groups in a 
much greater amount than the normal ones but the 
number of penicilloyl groups bound per molecule of 
fast albumin could never be found higher than 0.1, 
which was too low to explain the faster mobility 
observed [8]. 

These observations suggested that this mechanism 
of in vivo fixation of penicilloyl on albumin, could 
involve more bound penicilloyl groups than those 
really determined, and that they would be masked 
inside the albumin molecule. From this hypothesis 
the idea has been developed that a degradation of 
the albumin molecule would unmask these penicil- 
loyl groups and make them detectable. 


METHODS 


Experiment was carried out in pig. After an intra- 
muscular injection of 10 M I.U Penicillin G, blood 
samples were collected from the carotid artery by 
a catheter during 8 days. Albumin was precipitated 
from the serum with a solution of 1% trichloroacetic 
acid (TCA) in ethanol [11], then purified on a G 50 
Sephadex Column. 

Penicilloyl groups fixed to albumin were measured 
with the radioimmunoassay previously described [7]. 
The antisera were obtained from rabbits by immu- 
nization with penicilloyl-bovine y-globulin (BGG). 
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The sera were tested for antibody titer and the 
strongest antiserum was cleared of anti-BGG anti- 
bodies with glutaraldehyde cross-linked bovine 
serum albumin (BSA)-BGG immunoadsorbent. The 
tracer was obtained by coupling the penicilloyl 
groups to BSA previously labelled with '*°I. The 
specific activity of the '*I-BSA-penicilloyl conjugate 
was about 70 mCi/mg of benzyl-penicilloic acid. Its 
immunoreactivity ranged between 90 and 95 per cent 
of the total radioactivity. The competition reaction 
between labelled antigen, unlabelled hapten and 
antiserum was carried out overnight at room tem- 
perature in phosphate buffer (pH 7.4) containing 
0.5% human serum albumin. After 4 hr incubation 
at 4° with anti-rabbit sheep serum, the labelled 
antibody—(penicilloyl-iodinated BSA) complex was 
completely precipitated. After centrifugation, the 
supernatant was discarded and the radioactivity of 
the pellet was measured with a y-scintillation spec- 
trometer. However, in order to have standard pen- 
icilloyl under the same form as those of the experi- 
mental samples, a _ standard penicilloyl-serum 
albumin conjugate was prepared and used as unla- 
belled antigen instead of the penicilloyl ¢ aminoca- 
proate as in the original RIA. Standard curve 
obtained with this conjugate (Fig. 2) shows the bind- 
ing inhibition measured vs logarithm of unlabelled 
penicilloyl added. In fact, identic results are obtained 
whether the inhibition is realized with penicilloyl 
groups conjugated to albumin or with an univalent 
hapten (e.g. penicilloyl! ¢ amino caproate) which 
confirms our first observations [7]; moreover it can 
be seen that the anti-serum is specifically anti-pen- 
icilloy! and that no cross reaction occurs with peni- 
cillin G and other derivatives. The non specific bind- 
ing obtained with normal rabbit serum is lower than 
2 per cent of the total activity introduced. The 
detection limit is sufficient for the intended appli- 
cations, and we purposely prepared a tracer of mod- 
erate specific activity to increase its reliability and 
shelf-life. The different biological materials have no 
effect on the assay. Determination of penicilloyl 
groups can thus be made directly in these biological 
samples without previous extraction, after suitable 
dilution. 

Albumin fractions and their dialysates (after 48 
hr dialyse against distilled water) were tested for the 
presence of Penicillin. The method used was the 
classical diffusion on agar plates with Bacillus stear- 
othermophilus as test organism. 

Microbiological and radioimmunological assays 
were both performed in solutions containing 10, 1 
and 0.1 mg of albumin per ml. Each determination 
was made using a standard curve established at the 
same albumin concentration. For RIA, it was 
observed that within this range, the albumin con- 
centration did not interfere with the determination. 
In the conditions used the lowest quantities measur- 
able were about 3 ng of Penicillin with the micro- 
biological assay and 0.5 ng of penicilloyl with the 
RIA. 

Degradations of isolated albumin fractions were 
realized either by Pronase (B grade-Calbiochem) or 
subtilisin Carlsberg (Sigma), both bacterial pro- 
teases, or by rabbit Cathepsin D prepared according 
to Lapresle and Webb [12]. Incubation with pronase 
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PENICILLOYL BOUND TO ALBUMIN (NG/MG) 








Fig. 3. Concentration of penicilloyl groups covalently bound to pig serum albumin after one I.M. 
injection of 10 MI.U. Penicillin G (ng of penicilloic acid per mg of albumin): 


A—before degradation of albumin; 


B—after unmasking by complete enzymatic degradation of albumin molecule using either pronase 


or subtilisin Carlsberg. 


n.d.—non detectable. The limit of detection of the RIA used is 0.5 ng of penicilloyl group per mg 


of albumin. 


or subtilisin was allowed to set 5 hr at 37° in 0.01 
M phosphate buffer pH 7.4-0.15 M NaCl (PBS), 
containing 1 mg of albumin and one protease unit 
of enzyme per ml. The reaction was stopped by 
immersing the tubes in boiling water for two minutes. 

Incubation with cathepsin D was allowed to set 
6 hr at 37° and pH 3.5 in 0.15 M NaCl containing 
10 mg of albumin and five proteolytic units per ml. 
The reaction was stopped by neutralizing the 
solution. 

RIA of penicilloyl groups is carried out before and 
immediately after degradation of albumin samples, 
in the same tubes or after convenient dilutions in 
PBS. Besides, aliquots of each sample were precip- 
itated by 2% TCA before and after hydrolysis. The 
degradation rate was estimated from the ratios of 
the two pellet protein contents measured with the 
biuret reagent [13]. 


RESULTS 


Concerning albumin degradation, it appears that, 
in conditions used, no material can be precipitated 
by 2% TCA after proteolysis either by pronase or 
subtilisin. After Cathepsin D hydrolysis, the ratio 
material precipitated by 2% TCA vs total amount 
of albumin present before degradation is approxi- 
mately 20 per cent. It can be considered that, with 
this criterion, degradation by pronase or subtilisin 
is “complete” or at least more complete than degra- 
dation by cathepsin D. 

Penicilloyl determinations show (Fig. 3A, B) that 
after complete degradation of albumin either by 
pronase or subtilisin, penicilloyl concentration meas- 
ured is about 10 times greater than in non degraded 
samples. 

A limited degradation of albumin, such as splitting 


by rabbit cathepsin D, liberates penicilloyl groups, 
but at a twice lower rate. The unmasking of peni- 
cilloyl groups for RIA determination is thus related 
to albumin degradation. On the other hand it appears 
that the “unmasking” procedure reveals not only an 
increase of the amount of penicilloyl groups detected 
all along the depletion time, but also a much longer 
persistance of these residues after penicillino-ther- 
apy. Two days after injection no penicilloyl could 
be detected at levels as low as 0.5 ng/mg albumin 
while after enzymatic degradation of albumin, pen- 
icilloyl residues are still present 8 days later at levels 
higher than 20 ng/mg albumin. It thus appears that 
this unmasking of penicilloyl groups for RIA deter- 
mination does not only increase the sensitivity of the 
method but it permits to detect two different types 
of residues, the ones directly accessible to antibodies 
and rapidly eliminated, the others persisting in much 
greater quantities and revealed only after albumin 
degradation. 

Interferences on RIA determinations can occur 
from a proteolysis of antibodies by the remaining 
pronase or subtilisin, as RIA incubation and proteo- 
lysis are both performed at pH 7.4 whereas Cathepsin 
D has no enzymatic activity at this pH. Slight false 
positive results are, indeed, observed on control 
blank samples of albumin isolated from untreated 
animals sera and degraded by pronase or subtilisin. 
Heating samples 2 mn at 100° before the RIA destroy 
remaining proteases. 

Using this mode of operation, the RIA specificity 
for penicilloyl determination in degraded albumins 
has been confirmed by several control tests in dif- 
ferent conditions. Determinations were performed 
on control blank samples of albumin from untreated 
animals and on the same samples after enzymatic 
degradations. In albumin solutions as well as in the 
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heated hydrolysates after pronase or subtilisin degra- 
dation or in the neutralized hydrolysate after cath- 
epsin degradation, negative results were obtained. 
That is to say that no inhibition of the antigen anti- 
body binding reaction occurs and no false positive 
appear in the RIA determination due to the degra- 
dation process. On the other hand, samples of con- 
trol blank albumin or of its different hydrolysates 
have been fortified with determined quantities of 
standard pencilloyl (from 0.5 to 50 ng of penicilloyl 
per mg of albumin). Penicilloyl has been added either 
as penicilloyl-albumin conjugate or as penicilloyl e 
amino-caproate. In every case the total penicilloyl 
added has been recovered with the RIA determi- 
nation. Enzymatic degradation of albumin brings no 
interference, and no cross reaction can then be 
observed in albumin hydrolysates samples even if 
the inhibition of the reaction is realized with a 
univalent hapten as penicilloyl ¢ amino-caproate 
which can thus be used in this case too as unlabelled 
antigen for the specific determination of penicilloyl 
groups. 

On the other hand, neither before nor after degra- 
dation did microbiological assays show any antibiotic 
activity in albumin samples. Moreover after dialyse, 
no antibiotic activity was found in the dialysate. 


DISCUSSION 


This RIA using high-affinity and specific antipen- 
icilloyl antibodies has permitted to demonstrate the 
presence of trace amounts of penicilloyl-albumin 


conjugates in serum after penicillino-therapy. The 
absence of antibiotic activity in experimental albu- 
min fractions and in their dialysates shows that they 
contain neither free, nor uncovalently bound peni- 
cillin. This kind of binding studied concerns only 
covalently bound penicilloyl groups and thus differs 
from the classically described reversible fixation of 
penicillin to albumin [14, 15] where, after treatment, 
larger amounts of penicillin are bound and then 
gradually released in keeping the whole antibiotic 
activity. 

The “masking phenomenon” observed for in vivo 
fixation of penicilloyl into albumin can of course be 
due to the method of detection that involves reaction 
of penicilloyl groups with antibodies. Steric limita- 
tions could permit only few antibody molecules to 
bind with penicilloyl regardless of how many peni- 
cilloyl groups the albumin conjugate would contain. 
After degradation into fragments, more opportuni- 
ties for binding to antibody exist. At this stage, it 
must be underlined that our immuno-detection of 
bound penicilloyl is a well adapted tool. The bio- 
logical mechanism, e.g. the recognition of a peni- 
cilloyl antigenic site by a specific antibody, used for 
the determination, is the same as occurs in vivo in 
an allergenic reaction of the organism to penicilloyl 
conjugates. Therefore, either accessibility or non- 
accessibility of penicilloyl antigenic sites, located in 
the interior of the albumin molecule, can be sup- 
posed to be the same whether the antibodies are 
rabbit anti-penicilloyl prepared for the assay, or 
human secreted by the organism after a previous 
antigenic agression. The masking of penicilloyl 
groups for antibodies, observed with rabbit antibod- 
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ies in the determination process, would occur in the 
same way with human IgG or especially IgE anti- 
bodies in the recognition of penicilloyl deeply bound 
to foreign proteins entering the organism. The mask- 
ing observed has thus a real pharmacological or 
clinical significance and is not a failure of the method; 
moreover it raises the problem of the allergenicity 
of penicilloyl groups buried inside protein molecules. 

On the other hand, the present work indicates 
that, in such formation of penicilloyl-albumin con- 
jugates, a previous complete degradation of albumin 
is necessary to determine all the penicilloyl groups 
covalently bound. The fact that most of the penicil- 
loyl groups are, in vivo, deeply fixed inside the 
albumin molecule suggested the hypothesis that fix- 
ation might happen on reactive lysine residues of the 
native albumin molecule. The masking of the pen- 
icilloyl thus fixed would appear later on either when 
the molecule folds to get its tertiary structure or 
would result from protein—protein interactions. 

Confirmation of this observation and of this 
hypothesis has been brought by study on bisalbu- 
minemia [8] and by the work of Knight and Green 
[16] published since then. Enzymatic degradation of 
fast albumin molecules has increased the amount of 
bound penicilloyl groups detected to one penicilloyl 
group per molecule so that it became confirmatory. 
On the other hand Knight and Green, studying the 
interaction of dinitrophenyl groups bound to Bovine 
Serum Albumin with univalent fragments of anti- 
dinitro phenyl antibody, have described the same 
phenomenon and checked a similar hypothesis. They 
demonstrated that Dnp groups bound to albumin 
were largely unaccessible to univalent anti-Dnp 
antibodies. Their availability was much increased 
after proteolytic cleavage by digestion with pepsin. 
Moreover they have shown that the availability of 
Dnp groups bound to albumin was markedly 
increased when the albumin molecule was unfolded 
at acidic PH values. They suggested that the hin- 
drance to the binding of antibody by Dnp-albumin 
would arise from protein-protein interactions after 
fixation on reactive lysine residues located in clefts 
between the globular sub-domains of the albumin. 
Moreover these authors have observed the same 
limited degree of binding with Dnp as we measured 
with penicilloyl (1 group per molecule of albumin) 
even at high concentration of reactants. This limi- 
tation observed in both cases after proteolytic cleav- 
age suggests that the same mechanism is involved. 

As the amount of penicillin involved in the for- 
mation of penicilloyl-albumin conjugate is extremely 
small, it affects a very low proportion of the admin- 
istered drug and should have no appreciable effect 
on the bio-availability of the antibiotic. 

On the opposite such a formation of penicilloyl- 
protein conjugates, even in trace amounts, after 
Penicillino-therapy, may have implications for 
human health. These metabolites whose allergenic 
action is well known, may be responsible for the 
anaphylactic accidents observed. In the case of vet- 
erinary medicine, they constitute the true active resi- 
due present in the tissues of penicillin treated ani- 
mals, that is potentially dangerous for human 
consumers. On the other hand the masking for the 
antibodies of most of the penicilloyl groups of the 
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conjugate, into the albumin molecule, modifies the 
pharmacokinetic profile of these metabolites. Two 
forms of penicilloyl residues are thus observed: one 
form directly accessible to antibodies and rapidly 
eliminated, the other revealed only after albumin 
degradation, that remains in much greater quantities 
for several weeks. The existence of such a com- 
partment increases the implications of veterinary 
penicillino-therapy. The risk of ingestion of penicil- 
loyl residues in animal products exists if a sufficient 
withdrawal time of several weeks is not respected 
between treatment and slaughtering. 

Concerning the pharmacological and toxicological 
implications of these residues, the masking phenom- 
enon raises the problem of the significance of buried 
and hidden penicilloyl groups. The classical aller- 
genic action of penicilloyl-protein conjugates as it 
is described [3, 4] may be, in fact, different if the 
penicilloyl groups are fixed on the outside of the 
molecule and therefore accessible to IgG and IgE 
antibodies, or masked inside. Nevertheless, in the 
case where anaphylactic accidents would not result 
from bound penicilloyl hidden into albumin mol- 
ecules, the allergenic risk persists as long as these 
penicilloyl groups are gradually unmasked for anti- 
bodies and by in vivo release, i.e. during the albumin 
turn-over. 

This masking phenomenon may be of a general 
interest in biochemical pharmacology or in clinical 
chemistry. The metabolic study of a drug and the 
determination of its pharmacokinetic profile require 
specific and sensitive analytical methods for the par- 
ent compound but also for its main active metab- 
olites. In the case of penicillin, the allergenic peni- 
cilloyl groups cannot be detected by the classical 
microbiological assay of Penicillin; that is why a 
specific RIA was prepared for their detection. RIA 
because of its specificity and sensitivity is one of the 
best analytical methods for studying ligands bound 
on proteins; in the case of penicilloyl groups, it is 
the only one available. However, this example shows 


that this method needs to be used with much pre- 
cautions as ligands can be located in places not 
accessible to antibodies, and are thus not detected 
unless a previous degradation of the protein carrier 
is made. 
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Abstract—The responses of prostaglandin E; (PGE1)-sensitive adenylate cyclase activity in glioma 
(C-6) and neuroblastoma (NBP2) cells in culture after acute (5 days) and chronic (6-7 weeks) treatment 
with low concentrations (0.1 4M) of methylmercuric chloride (CH3HgCl) were investigated. The sen- 
sitivity of adenylate cyclase activity to PGEi, as measured by the rise in the intracellular level of cyclic 
AMP, was markedly reduced in chronically treated glioma cells, but it was not affected in chronically 
treated NB cells. Acute treatments of glioma and NB cells with CH3HgCl did not modify the effect of 
PGE) on the intracellular level of cyclic AMP. The responses of dopamine- and norepinephrine-sensitive 
adenylate cyclases in actuely treated neuroblastoma (NBA 1)) cells and norepinephrine-sensitive adeny- 
late cyclase in acutely or chronically treated glioma cells did not change. 


It is well established that methylmercuric chloride 
(CH3HgCl) causes a neurological disorder which is 
referred to as Minamata’s Disease [1,2]. CHsHgCl 
accumulates in the central nervous system in large 
proportions after ingestion or after intravenous or 
intraperitoneal administration [3-6]. To understand 


the cellular and molecular mechanisms of CH3HgCl- 
induced damage to tissue of the nervous system, we 
used monolayer cultures of rat glioma and mouse 
neuroblastoma (NB) cells as experimental models. 
Our previous studies have shown that (a) glioma 
cells are more sensitive than NB cells to CH3HgCl 
using criteria of cell death and inhibition of cell 
division [7]; (b) the intracellular levels of cyclic AMP 
increase after treatment of glioma cells (0.3 4M) and 
NB cells (1 4M) with CH3HgCl [8]; and (c) chronic 
treatment of glioma cells with low concentrations 
(0.05 to 0.1 4M) of CH3HgCl produces alterations 
in gene expression, as evidenced by changes in the 
amounts and phosphorylations of specific proteins 
[9]. The response of PGE:-sensitive adenylate 
cyclase activity of the central nervous system tissue 
to CH3HgCl had not been investigated. We now 
report that the sensitivity of adenylate cyclase activity 
to PGE: was markedly reduced in glioma cells 
treated chronically with low concentrations of 
CH3HgCl, but that no such effect occurred in chron- 
ically treated NB cells. 


MATERIALS AND METHODS 


Mouse neuroblastoma clone (NBP2) [10], which has 
both tyrosine hydroxylase and choline acetyltrans- 
ferase, and clone (NBA2)) [10], which contains 
tyrosine hydroxylase but no choline acetyltransfer- 
ase, were used in this study. Rat glioma cells (C-6) 
[11] of passages 30-36 [12] were used in this study. 
Neuroblastoma cells were grown in F12 medium 
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containing 10 per cent agammaglobulin newborn calf 
serum, whereas glioma cells were grown in F12 con- 
taining 10 per cent fetal calf serum. Both types of 
media contained penicillin (100 units/ml) and strep- 
tomycin (100 ug/ml). Cells were maintained at 37° 
in a humidified atmosphere of 5 per cent CO2. For 
chronic CH3HgCl treatment, cells were grown in 75 
cm? flasks for 6-8 weeks in the continuous presence 
of CH3HgCl. Glioma cells were treated with 0.05 
and 0.1 4M CH:HgCl, whereas NB cells were 
treated with 0.1 and 0.2 uM. Cells were subcultured 
every 5 days. CH3HgCl treatment routinely started 
24 hr after plating, because the cells were in the 
exponential phase of growth at this time. However, 
in chronically treated cells which required replating 
every 5 days for a period of 6-7 weeks, it was necess- 
ary to add CH3HgCl at the time of replating for the 
experiment, beacuse CH:3HgCl-induced damages 
may recover if CHsHgCl is not present in the culture 
for any time interval between addition of CH3HgCl 
and experimentation. Acute treatment did not 
require replating of the cells; therefore, it was not 
necessary to add CH3HgCl at the time of plating. 
The medium and drug were changed 3 and 4 days 
after plating in both acute and chronic treatments. 
The effect of PGE:, norepinephrine and dopamine 
on the intracellular level of cyclic AMP was meas- 
ured 5 days after plating. Although dopamine and 
norepinephrine-sensitive adenylate cyclases are 
demonstrable [13] in homogenates of neuroblastoma 
clone NBAx), they do not increase the cyclic AMP 
level until the activity of cyclic AMP phosphodi- 
esterase is inhibited [14]. Therefore, the effect of 
dopamine and norepinephrine on the intracellular 
level of cyclic AMP was measured in the presence 
of 4-(3-butoxy-4-methoxybenzy])-2-imidazolidinone 
(R020-1724), a cyclic nucleotide phosphodiesterase 
inhibitor [15]. Norepinephrine increases the intra- 
cellular level of cyclic AMP in glioma cells in the 
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Table 1. Effects of methylmercuric chloride (CH3HgCl) on prostaglandin E1-sensitive 
adenylate cyclase in glioma and neuroblastoma cells in culture* 





Cyclic AMP level 
Glioma (C-6) 


(pmoles/mg protein) 


Treatment Neuroblastoma (P2) 





21 +2" 
53 +6 
30 +3 
Sist7 
20+5 
29+4 


20 + 3 
36+5 
25 
36+4 
20+ 4 
36+5 


Control 

PGE; (10 ug/ml) 

CH3HgCl, 0.1 4M (acute) 
PGE; + CH3HgCl (acute) 
CH3HgCl, 0.1 uM (chronic) 
PGE; + CH3HgCl (chronic) 





* Plating densities were: for NB cells, 0.5 x 10° in control, PGE, and 0.1 46M CH3HgC! 
groups, and 1 x 10° in the 0.2 uM CH3HgCl group, for glioma cells, 1 x 10° in control, 
PGE), and 0.05 «4M CH3HgCl groups, and 2 x 10° in the 0.1 uM CH3HgCl group. Cells 
were treated with CH3HgCl either immediately after plating (chronically treated cells) 
or | day after plating (acutely treated cells). After 5 days in culture, fresh growth medium 
and CH3HgCl were changed 30 min before the addition of PGE). The cells were incubated 
in the presence of PGE; for 10 min and then harvested for cyclic AMP assay. Each 
value is the mean of eight samples + standard error of the mean. The values of cyclic 
AMP levels in control and prostaglandin E; (PGE1)-treated glioma and NB cells were 
different at P = 0.001. The values of cyclic AMP levels in control glioma cells after 
treatment with PGE; and in chronically treated glioma cells after treatment with PGE; 


were different at P = 0.058. 


absence of an inhibitor of cyclic nucleotide phospho- 
diesterase [16]. PGE; and R020-1724 were dissolved 
in 50 per cent ethyl-alcohol, whereas dopamine and 
norepinephrine were dissolved in ascorbic acid sol- 
ution (1 mg/ml). Dopamine and norepinephrine are 
autoxidized in solution; therefore, it was necessary 
to dissolve these neurotransmitters in ascorbic acid 
solution. Fresh growth medium and CH3HgCl were 
added 30 min prior to the addition of cyclic AMP- 
stimulating agents (PGE,-10 ug/ml; /-dopamine, 
10 uM; /-norepinephrine, 10 4M). Cells were incu- 
bated in the presence of drugs for 10 min. An equiv- 
alent volume of ethanol (final concentration, 0.5 per 
cent) or an equivalent amount of ascorbic acid (final 
concentration, 10 ug/ml) was added to another set 
of cultures as a control. The level of cyclic AMP was 
determined according to the method of Gilman [17], 
and protein was determined according to the method 
of Lowry et al. [18]. 


RESULTS AND DISCUSSION 


PGE: significantly increased the intracellular level 
of cyclic AMP in both glioma and NB cells (P = 0.001, 
3-way analysis of variance) 10 min after treatment; 
however, this effect of PGE: was markedly reduced 
(P = 0.058) in chronically treated (0.1 uM) glioma 
cells, but not in chronically treated (0.1 and 0.2 uM) 
NB cells (Table 1). Chronic CHsHgCl treatment at 
0.05 «M in the glioma cells also reduced the PGE; 
response, but to a lesser extent than treatment at 
0.1 uM. The addition of an equivalent volume of 
ethanol did not affect the level of cyclic AMP in 
control or chronically treated cells. The response of 
PGE:-sensitive adenylate cyclase did not change 
after acute treatment with methylmercuric chloride 
in either glioma or NB cells. 

Dopamine (10 4M) and norepinephrine (10 uM) 


in the presence of R020-1724 (a cyclic nucleotide 
phosphodiesterase inhibitor) increased the intra- 
cellular level of cyclic AMP by about 2-fold more 
than that produced by R020-1724. RO20-1724 by 
itself increased the cellular cyclic AMP by about 
3 to 4-fold. The responses of dopamine- and nor- 
epinephrine-sensitive adenylate cyclases in neuro- 
blastoma cells (NBAz)) did not change after treat- 
ment with 0.5 4M CH:HgCl (data not shown). 
Norepinephrine (10 4M) by itself increased the 
intracellular level of cyclic AMP in glioma cells by 
about 8- to 10-fold, and this effect of norepinephrine 
remained unaltered in acutely and chronically 
treated glioma cells (data not shown). 

The reasons for a decreased response of PGE:- 
sensitive adenylate cyclase in chronically treated 
glioma cells are unknown. The following possibilities 
can be mentioned: (a) chronic treatment of glioma 
cells with CH3HgCl may cause an increase in cyclic 
AMP phosphodiesterase activity, which may become 
the limiting factor in the accumulation of cyclic AMP 
after treatment of cells with PGE:; (b) the number 
of PGE; receptors may be decreased after chronic 
treatment with CH3HgCl; and (c) a modification of 
the plasma cell membrane may result in a lessened 
affinity of PGE; to the cyclase receptors. The present 
data cannot be extrapolated to an in vivo condition. 
However, one can question whether one of the bio- 
chemical lesions of CHsHgCl-induced damage to 
nervous tissue might not be a reduction in the sen- 
sitivity of adenylate cyclase to PGE; in glial cells. 
The dopamine- and _ norepinephrine-sensitive 
cyclases were unaffected by acute or chronic treat- 
ment of cells with CHsHgCl. 
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Abstract—The mode of transfer of solutes across the biliary tree epithelium in the reabsorptive direction 
was studied by the segmented retrograde intrabiliary injection (SRII) technique. The principle of the 
SRII is to deliver an initial ‘“‘segment” of solution containing a radioactive marker compound into the 
biliary system through the bile duct cannula and to wash this marker in with 0.9% saline solution in 
excess of the biliary capacity. Immediately following the SRII, bile flow is restarted and bile is collected 
to determine the quantity of the marker recovered. The marker compound which was recovered in bile 
represented that fraction of the solute which was trapped by the biliary epithelium (canaliculus), thus 
leading to recovery of the compound in bile with the peak concentration located at a position corre- 
sponding to the distended biliary tree capacity. With the compounds used, little re-excretion of the 
systemically absorbed fraction occurred. The filtration process was found to be dependent on the 
molecular weight of the marker compound, with larger compounds being recovered in bile (retained 
in the biliary tree) to a greater extent than smaller ones. The equivalent pore radius for this process 
appeared to be the same as that reported by others for biliary excretion in the orthograde direction. 
Additional factors such as the volume of the saline wash and the SRII rate were also shown to influence 
the retention of the marker compound in the biliary system. Another mode of transfer of solutes also 
took place in the SRII, because even for large molecular weight compounds over 50 per cent was lost 
from the biliary tree. There was no evidence of any process for excluding this fraction by the biliary 
tree epithelium. A further study of glucose transport in the biliary tree was suggested. 


Even though biliary excretion is an important path- MATERIALS AND METHODS 


way for the excretion of many drugs and xenobiotics 


[1-3], the mechanisms involved in the transfer of Chemicals. The various compounds administered 


compounds from liver to bile are poorly understood. 
For instance, filtration, secretion and reabsorption 
are well defined processes in the kidney, while rela- 
tively little is known about such processes which may 
exist in the liver. This lack of information, in part, 
arises from the lack of appropriate techniques to 
apply to the liver. 

In a series of earlier papers, Forker et al. [4-7] 
reported that certain metabolically inert solutes, such 
as mannitol and erythritol, are excreted in bile by 
osmotic filtration produced by the osmotic effect of 
bile salts. Furthermore, Forker [6] suggested that 
the osmotic filtration which occurs at the canalicular 
membrane takes place across pores with equivalent 
radii of 5-10 A. In this paper, we describe a method 
called the segmented retrograde intrabiliary injec- 
tion (SRII) technique, which we believe can be 
applied to study several modes of transfer of drugs 
across the biliary tree epithelium in the reabsorptive 
direction. We will present evidence that, in the SRII 
technique, molecular sieving plays a part in the trans- 
fer process. 





* Present address: Center in Environmental Toxicology, 
Department of Biochemistry, Vanderbilt University School 
of Medicine, Nashville, TN 37203. 
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by SRII were: [1-*H]-p-mannitol (24 Ci/mmole), 
[methyl-*H]-3-O-methyl-p-glucose (3.62 Ci/mmole), 
[1,2-*H]polyethylene glycol (PEG, 0.7 mCi/g), 
[*H]inulin (100 mCi/g), ['*I]}bovine serum albumin 
(1.12 mCi/mg) (New England Nuclear Corp., Bos- 
ton, Ma); [U-"“C]erythritol (18.1 mCi/mmole), [6,6’- 
(n)-*H]sucrose (2.0 Ci/mmole), [*H]water 
(5 mCi/ml), [*H]dextran (33.6 mCi/g) 
(Amersham/Searle Corp., Arlington Heights, IL); 
and [U-"“C]-p-glucose (10.98mCi/mmole) (ICN 
Pharmaceuticals, Inc., Irvine, CA). All compounds 
were administered in 0.9% saline. 

Animal preparation. Male Sprague-Dawley rats 
(ARS Sprague-Dawley, Madison, WI), weighing 
295-414, were anesthetized with pentobarbital 
sodium (45 mg/kg, i.p.). The femoral vein was can- 
nulated with PESO tubing and, following laparotomy, 
the common bile duct was cannulated with PE20 
polyethylene tubing. The proximal end of the bile 
duct cannula, 10 cm long with a 27 gauge steel tube 
at the distal end, was positioned just below the 
bifurcation of the common bile duct near the liver 
hilus [8]. After surgery, a thermistor probe was 
inserted into the rectum and temperature was mon- 
itored with a Tele-Thermometer (Yellow Springs 
Instrument Co., Yellow Springs, OH). The rats were 
then placed near incandescent lamps to maintain 
body temperature at 37 + 0.5°. 
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SRII technique. The principle of the SRII is to 
deliver an initial ‘“‘segment” of solution containing 
a radioactive marker compound into the biliary sys- 
tem through the bile duct cannula and wash this 
marker in with excess 0.9% saline solution. Figure 
1A shows a rat set up for an SRII. The bile duct 
cannula is connected to the infusion apparatus. The 
latter consists of a segment of polyethylene tubing 
(PE20) filled with 40 ul of the marker solution and 
attached to a syringe (5 ml) on a Harvard infusion 
pump (Harvard Apparatus Co., Dover, MA). Once 
the bile duct cannula is connected to the infusion 
apparatus, the infusion pump is turned on to deliver 
a 40-pl segment of solution containing the radio- 
active marker (5-10 wCi/ml 0.9% saline), followed 
by a wash in with 110 wl of 0.9% saline. Immediately 
following the SRII, the apparatus was detached from 
the bile duct cannula (taking less than 5 sec), and 
bile drops 1 to 10 and even-numbered drops 12 to 
20 were collected serially in separate liquid scintil- 
lation vials containing 5 ml of scintillation medium. 
The radioactive content of each bile drop was 
expressed as the percentage of the total counts 
administered by SRII, and the data were plotted as 
a function of the cumulative volume of bile recol- 
lected (Fig. 1B). The area under the curve in Fig. 
1B thus measures the percent recovery of the marker 
compound in bile. All animals received a total SRII 
volume of 150 pl (40 ul radiochemical + 110 pl 
saline) with the exception of one experiment, in 
which a group of animals received eight different 
SRII volumes. (A 10-min interval was allowed 
between each SRII procedure in a given animal.) 


ta 


Radiochemical - 





Pump 
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Analytical procedures. The radioactive content of 
bile samples for *H and 'C was estimated by counting 
in a liquid scintillation spectrometer (model 3310, 
Packard Instruments, La Grange, IL), as described 
previously [9]. The scintillation medium consisted 
of 4g of 2,5-diphenyloxazole (PPO) and 50 mg of 
1 ,4-bis[2-(5-phenyloxazolyl)|benzene (POPOP) dis- 
solved in 1.0 liter toluene and 0.5 liter Triton X-100. 
Bile samples containing '*I were assayed in an auto- 
matic gamma counting system (model 1195, Searle 
Analytic Inc., Des Plaines, IL). 

Statistical analysis. A one-way analysis of variance, 
followed by Dunnett's test [10], was used to evaluate 
the results in Fig. 4. Other results were evaluated 
by the Student’s unpaired f-test [11]. For all statistical 
analysis, significance was set at P< 0.05. 


RESULTS 


The results shown in Fig. 1B serve as an example 
to illustrate the SRII approach. The marker, 
[*‘H]mannitol, was given by SRII at a rate of 
11.3 pl/sec. The mean (N=6) content of 
[*H]mannitol in each bile drop was expressed as a 
percentage of the total dose of radioactivity admin- 
istered. The first few drops collected contained little 
[*H]mannitol. The content then increased to a max- 
imum in drop numbers 5 to 8 and fell off rapidly. 
Thus, a curve of distribution develops with the peak 
concentration of [*H]mannitol corresponding to a 
recollected bile volume of about 45 wl. Since the 
total volume of the SRII was 150 wl, the first 40 pl 
of the SRII solution containing the [*H]mannitol 


oooougovoovuvd 


[3H J Mannitol 
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% total dose 
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Fig. 1. Illustration of the segmented retrograde intrabiliary injection (SRII) method for the rat. Panel 
A: the injection apparatus consists of an infusion pump connected to tubing which is filled with 40 ul 
of solution containing a radioactive marker compound ([ ‘H]|mannitol). The injection apparatus is shown 
attached to the bile duct cannula of the rat. An SRII is given by the infusion pump which delivers the 
40 ul segment of radioactive solution and 110 ul of 0.9% saline wash into the bile duct of the rat. 
Panel B: within 5 sec following SRII, the injection apparatus is detached from the bile duct cannula and 
individual drops of bile are collected in scintillation Vials. The illustration shows bile drops falling from 
the bile duct cannula of the rat liver. The content of [*H]mannitol in each bile drop was expressed as 
the percentage of the total counts administered by SRII, and the data are shown plotted as a function 
of the cumulative volume of bile recollected. The resulting SRII recollection curve for [‘H]mannitol 
was the mean of six rats. 
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Fig. 2. Mean SRII bile recollection curves obtained through varying the saline wash in volume from 

60 to 210 wl. In this experiment, each of six rats received eight different SRIIs at a rate of 11.3 pl/sec. 

In panel A, the initial segment of the SRII consisted of the standard 40-yl solution of [*H]mannitol, 
while in panel B the segment contained 10 ul of {‘H]mannitol solution. 


should have gone deep into the liver as a result of 
the 110 yl saline wash in; however, the peak content 
of mannitol in bile occurred at a cumulative volume 
of about 45 wl. Subtracting the bile duct cannula 
dead space of 11.3 wl from this value gave a volume 
of 34 wl which corresponded to the mean distended 
biliary tree capacity of the rat [12]. It is deduced 
from the results that mannitol recollected in bile 
must have been retained at the border lining the 
biliary tree (possibly including the canalicular mem- 
brane), and that mannitol which crossed this border 
entered the systemic circulation and was not re- 
excreted effectively into bile [13]. 

Another measurement was the area under the 
SRII recollection curve, a value which indicated the 
percentage of the administered dose of mannitol 
recovered in bile. In Fig. 1B, the area under the 
curve corresponded to a recovery in bile of 18.8 + 2.2 
per cent (mean+S.E.) of the administered 
[*H]mannitol. In other words, 18.8 per cent of the 
mannitol was retained in the biliary system, while 


81.2 per cent of the administered dose escaped into 
the liver parenchymal tissue and the sinusoidal 
circulation. 

Figure 2 shows what effect the volume of the SRII 
solution has on the per cent recovery of the radio- 
active marker compound (area under SRII curve) 
and the position of the peak of the SRII curve. In 
this experiment each of six rats received eight dif- 
ferent SRIIs at a rate of 11.3 yl/sec. Figure 2 gives 
the mean SRII curves obtained through varying the 
saline wash in volume from 60 to 210 wl. In panel 
A, with the segment containing 40 yl of [*H]mannitol 
solution, recoveries of 45.3+2.1, 19.1 +2.4, 
8.9 + 1.3 and5.5 + 1.0 per cent (mean + S.E.) were 
obtained with saline wash in volumes of 60, 110, 160 
and 210 wl respectively. In panel B, the segment 
contained 10 wl of [*H|mannitol solution, and recov- 
eries of 60.2+3.1, 25.7+3.2, 12.4+1.5 and 
6.9 + 0.9 per cent were obtained with saline wash 
in volumes of 60, 110, 160 and 210 yl respectively. 
At each wash in volume larger than 60 yl, the peak 
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Fig. 3. Relation of molecular weight of the marker compound administered by SRII to its recovery in 
bile (area under SRII recollection curve). Each point on the graph represents the per cent recovery 
(mean + S.E.) obtained from separate groups of at least six rats each. The standard SRII procedure 
consisting of 40 ul of a radioisotope solution followed by a 110 wl saline wash in was used in all cases. 
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Fig. 4. Effect of SRII rate on the per cent recovery (area under SRII recollection curve) of seven 

different marker compounds. In each graph, one of the marker compounds was given to a group of at 

least four rats at the eight different SRII rates shown. The bars represent the mean + S.E. per cent 

recovery of the marker in bile, following its administration by the standard SRII procedure (150 sl total 

volume). For each marker compound, the asterisk indicates those rates which gave significantly different 
recoveries from that obtained at an SRII rate of 22.7 ul/sec (stippled bars). 
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position of the SRII recollection curve was similar. 
Thus, increasing the saline wash in volume decreased 
the per cent recovery in bile or biliary retention of 
the marker compound without affecting peak pos- 
ition of the curves, although the recoveries in panel 
B did tend to be slightly larger than the correspond- 
ing values in panel A. 

The relation of the molecular weight of the marker 
compound administered by SRII to its recovery in 
bile is shown in Fig. 3. Each point on the graph 
represents the area under the SRII curve, or the per 
cent recovery (mean + S.E.) for different marker 
compounds, obtained from separate groups of at 
least six rats each. The standard SRII procedure 
consisting of an initial 40 wl containing the radio- 
active marker followed by 110 wl saline wash in was 
given at 11.3 yl/sec. [‘H]Water has a very low recov- 
ery in bile following SRII, indicating that most of 
the dose passed readily out of the biliary system, 
leaving very little remaining in the biliary tree. As 
the molecular weight of each compound increased, 
there was an increase in the per cent recovery in 
bile, indicating that more was retained in the biliary 
tree. Interestingly, the recovery values did not seem 
to increase for compounds larger than [*H]sucrose. 
With the exception of [*H]water, each of the marker 
compounds in Fig. 3 produced an SRII recollection 
curve having peak positions similar to the curves 
shown in Fig. 1 and 2. The results in Fig. 3 dem- 
onstrate the direct relation of per cent recovery to 
the molecular weight of the marker compound. 
[*H]Mannitol and [°H]-3-O-methyl glucose gave very 
similar per cent recoveries. A significantly lower per 
cent recovery was found for D-glucose, even though 
its molecular weight was in the same range as those 
of mannitol and 3-O-methyl glucose. This result 
indicates that D-glucose was taken up from the 
hepatobiliary system more rapidly than the other 
two marker compounds. A possible explanation for 
this finding and a resulting application for the SRII 
method will be presented in the Discussion. 

The relation of per cent recovery of various marker 
compounds to the rate at which the SRII was given 
is shown in Fig. 4. The standard SRII procedure 
(150 yl total volume) was performed on seven groups 
of at least four rats each. Each rat in a given group 
received eight different SRIIs of the same radioactive 
marker compound, administered at infusion rates 
from 0.23 to 45.3 ul/sec. Within each group, the 
mean + S.E. per cent recovery of the marker com- 
pound was shown at each of the eight different SRII 
rates. For each of the marker compounds, Dunnett’s 
test was then used in each group to compare the per 
cent recovery obtained at a rate of 22.7 ul/sec with 
the recoveries measured at each of the other rates. 
An asterisk marks those rates in each group which 
gave significantly different recoveries from that 
obtained at a rate of 22.7 wl/sec. With this analysis 
it was evident that significantly lower recoveries were 
obtained for each marker compound at an SRII rate 
of 0.23 ul/sec. Additional changes in recovery at 
SRII rates from 0.57 to 45.3 ul/sec were obtained 
with [C]erythritol and [*H]mannitol, while the 
remaining compounds showed little change in recov- 
ery values over this range of rates. 

A final experiment was performed to assess 
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whether damage might be produced by the SRII 
procedure. From the results given in Table 1, it was 
seen that the percentage of administered dose of 
sulfobromophthalein (BSP) recovered in the bile was 
the same before and after the SRII by either the 
paired or unpaired f-test. Furthermore, the shape of 
the BSP biliary excretion curve was the same before 
and after the SRII (data not given). We could obtain 
no evidence of damage, at least by this test. 


Table 1. Biliary excretion of sulfobromophthalein in rats 
before and after five SRIIs with 0.9% sodium chloride 
solution* 





% BSP recovered 





Animal Before SRII After SRII Change 





88.9 
100.1 
92.4 
88.3 
85.8 
91.9 
91.2 + 2.0 


—2.3 
—7.8 
—1.2 
+3.7 
+8.0 
+2.4 


ean + S.E. 91.7+1.1 





* Sulfobromophthalein (BSP) sodium (0.5 mg) was given 
into the femoral vein. With a Gilson fraction collector, 2 
drops of bile were collected per tube up to 100 drops. 
Then, a series of five SRIIs of 150 yl each of 0.9% sodium 
chloride solution was given to each rat over a 2.5 hr period. 
Within 15 min after the fifth SRII, the BSP administration 
was repeated and the bile collected. Each tube contained 
3.5 ml of alkaline buffer, and the optical densities were 
read at 580nm on a Gilford spectrophotometer. The 
amount of BSP in each tube was calculated from the stan- 
dard curve. 


DISCUSSION 


Previously the SRII procedure was presented as 
one of the three methods of estimating the capacity 
of the distended biliary tree of the rat [12]. There, 
sucrose was used as the marker compound. The idea 
was developed that, if part of the labeled sucrose 
was retained at the canalicular membrane and the 
volume of the saline wash exceeded the distended 
biliary tree volume, then the peak content of 
[*H]sucrose in the bile recollection curve should 
mark the limit (canaliculus) of the biliary tree vol- 
ume. Thus, in the SRII method, the [*H]sucrose was 
administered in a 40 ul volume, followed by a saline 
wash in volume well in excess of the anticipated 
distended biliary tree capacity. The rationale for the 
use of sucrose in the SRII capacity determination 
was that sucrose should, in part, be retained at the 
canalicular membrane [6, 14]. Therefore, with this 
limited excretion of sucrose in bile, it was not sur- 
prising that a similar restriction was imposed for the 
passage of sucrose from bile to sinusoidal blood in 
the SRII procedure. In the present experiment with 
[*H]mannitol as the marker compound, the SRII 
recollection curve in Fig. 1B gave a peak point at 
about 45 wl. When the bile duct cannula dead space 
of 11.3 wl was subtracted from the 45 ul, a volume 
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of about 34 yl was obtained. This value corresponded 
to our previous estimates of the distended biliary 
tree capacity by the sucrose SRII method [12]. As 
we studied the SRII procedure more, it became 
evident that it could be used for other purposes. One 
of the findings in the present work was that the 
biliary tree, and by inference the canalicular mem- 
brane, appeared to partially retain mannitol and 
restrict its absorption. This latter conclusion is based 
on the finding that the mannitol content in the re- 
collected bile always peaked at what we considered 
the distended biliary tree capacity, for all saline wash 
in volumes in excess of 60 yl (Fig. 2). The bile duct 
cannula dead space plus the distended biliary tree 
volume was about 50 wl (Fig. 2, peaks); thus the 
wash in volume of 60 ul was not large enough to 
push the mannitol to its limiting filtration site within 
the biliary tree. Even though wash in volumes of 
110 wl or more of saline did not affect the location 
of the peak, the area under the curve, i.e. the per 
cent recovery, fell when the volume of saline was 
increased from 110 to 210 wl. This per cent recovery 
represented in our thinking the portion of the marker 
compound which was held at the site where the 
filtration was occurring, and the decrease in recovery 
represented the decrease in the amount of mannitol 
retained at this site as the wash in volume was 
increased. 

If filtration were the process responsible for the 
retention of mannitol, there should be a relation 
between the molecular weight of the marker com- 
pound and the degree of retention or molecular 
sieving which occurred. Such a relation was sug- 
gested by the results in Fig. 3. The recovery in bile 
(retention) increased as the molecular weight of the 
marker compound increased. However, this state- 
ment requires further clarification. There was a por- 
tion of the solution which appeared to pass into the 
liver by hydraulic flow without filtration. This frac- 
tion is exemplified in Fig. 3 by the solutes with 
molecular weights above sucrose. Since a plateau 
was reached in recovery (near 50 per cent) and the 
increase in molecular weight of the solutes did not 
increase the recovery further, it was evident that this 
fraction which was not recovered in bile was lost 
from the biliary tree through large pores (or through 
a process such as pinocytosis) which did not exclude 
the solutes. As indicated earlier, this fraction was 
not trapped in the liver or biliary tree since that 
portion of the solute which was not recovered in bile 
was recovered quickly and quantitatively in the per- 
fusate of the in situ isolated perfused rat liver [13]. 
On the other hand, those portions that were 
recovered in bile depended on the molecular weight 
of the solute. 

In the SRII system, the following description for 
transfer of water and solutes crossing from the biliary 
tree into the liver seems appropriate: 


Water flow = hydraulic flow + osmotic flow 
Solute flow = ultrafiltration + diffusion. 


These equations are from House [15]. During an 
SRII, loss of water from the biliary tree was most 
likely due to hydraulic flow generated by the SRII; 
net osmotic flow was probably nil. Solute was ultra- 
filtered by the hydraulic water flow and diffusion of 
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solute would probably be relatively small during the 
SRII. If hydraulic flow with ultrafiltration were the 
main driving force for the solute transfer, this trans- 
fer should be restricted by molecular sieving. Forker 
developed the idea that molecular sieving of the 
solute occurred through 5-10 A pores in the canal- 
icular membrane. Even though flow through the 
canalicular membrane would be in a retrograde 
direction in our SRII experiments, the relation 
between the per cent recovery in bile and the mol- 
ecular weight of the solute suggested to us that, in 
the SRII, molecular sieving occurred through the 
same size pores as designated by Forker [6]. That 
is, the change in per cent recovery was possibly an 
indication of the reflection coefficient [15] for the 
solutes. The critical change in reflection coefficient 
occurred in the molecular weight range between 
erythritol and sucrose, the same range as involved 
in Forker’s experiment. Our results in Fig. 4 also 
support this concept. At the higher rates (1.1 to 
45.3 ul/sec) of SRII of sucrose, polyethylene glycol, 
inulin, albumin and dextran, the per cent recovery 
was not sensitive to increased rates of infusion. Over 
this same range of rate of infusion, the per cent 
recoveries of erythritol and mannitol were depen- 
dent on the rate of infusion. This dependency, we 
feel, is analogous to the situation where Forker took 
the mean rate of change of clearance which occurred 
with change in bile flow and equated it to the coef- 
ficient of molecular sieving. Put in another way, we 
would expect that the occurrence of molecular siev- 
ing would be detected as a change in per cent recov- 
ery when the infusion rate was changed. In support 
of this argument, we have taken the results at infu- 
sion rates faster than 1.1 ul/sec. At slower infusion 
rates, we believe that hydraulic flow was slow so that 
diffusion of the solute (rather than solvent drag) 
appeared to become a significant factor. This belief 
was based on our previous finding [16] that solutes 
diffused from the biliary tree into the liver when left 
in contact with the biliary tree for several minutes 
under conditions where net hydraulic fluid flow was 
zero (by occlusion of the bile duct). 

Finally, we wish to point out an important obser- 
vation which relates to glucose transport. In Fig. 3 
the per cent recoveries of [*H]mannitol and [*H]-3- 
O-methyl glucose were found to be similar. How- 
ever, ['“C]-p-glucose which had a molecular weight 
near that of mannitol and 3-O-methyl glucose gave 
a recovery which was significantly less than that of 
the latter two compounds. These data indicate that 
D-glucose was taken up from the biliary tree more 
rapidly than the other two compounds. This obser- 
vation served as the basis of a subsequent study [17] 
in which a transport system for glucose was dem- 
onstrated. Also, a preliminary study on the use of 
the SRII technique to demonstrate an amino acid 
uptake system in the biliary tree was reported [18]. 
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Abstract—Using the segmented retrograde intrabiliary injection (SRII) technique, a 40-1 segment of 
radioactive D-glucose solution was washed into the biliary tree with 100 yl saline. The total volume 
exceeded the distended biliary tree capacity of the rat; nevertheless, about 18 per cent of the administered 
dose of glucose was retained by the membranes of the biliary tree and was recovered in recollected bile. 
Changes in this retained fraction were used to demonstrate the presence of a glucose transport system 
in the hepatobiliary system of the rat. The intraportal administration of phlorizin enhanced the biliary 
retention of ['*C]-p- -glucose and [' *C|methyl- a-D-gluc opyranoside given by SRII. Phlorizin treatment 
had no effect on the biliary retention of [*H]mannitol, [°H]-3-O-methy! glucose or [*H]sucrose. The i.v. 

administration of a large loading dose of D-glucose also produced an increase in the hepatobiliary 
retention of ['*C]-p-glucose given by SRII. Furthermore, if D-glucose or methyl-a-D-glucopyranoside 
was added to the SRII solution of ['*C]-p-glucose, the retention of labeled glucose was enhanced. 

Mannitol and 3-O-methyl glucose had no such effect. Therefore, the experimental results demonstrated 
that, in the biliary tree of the rat, there existed a system which shows high selectivity for transferring 


D-glucose from bile to liver. 


Intracellular concentrations of free glucose in liver 
have been found to parallel plasma concentrations 
[1,2]. In contrast to this relation, glucose concentra- 
tions in bile were far less than that in plasma [3-5]. 
In an attempt to explain this latter finding, Jenner 
and Symth [3] studied the biliary excretion of p- 
glucose in dogs treated with phlorizin, an inhibitor 
of D-glucose transport in the gastrointestinal mucosa 
and the proximal tubule of the kidney [6-8]. Fol- 
lowing treatment with phlorizin, the concentration 
of glucose in bile rose to a value approaching the 
plasma concentration. They proposed that phlorizin 
might be blocking a transport process which reab- 
sorbed glucose from bile. In a more recent study, 
Guzelian and Boyer [5] reported a similar increase 
in bile glucose concentration following the intrapor- 
tal administration of phlorizin or methyl-a-p-glu- 
copyranoside. These results, along with some experi- 
ments with a biliary stop flow system, indicated that 
glucose was reabsorbed from bile. 

The purpose of this paper was to provide further 
insight into the existence of a system which reabsorbs 
glucose from bile, using a new technique called seg- 
mented retrograde intrabiliary injection (SRII). The 
general approach in the use of SRII has been pre- 
sented [9]. The preliminary results described in that 
paper indicate that ['*C]-p-glucose, in contrast to 
[(°H]-3-O-methyl glucose and [*H]mannitol, was 
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taken up from bile more rapidly than expected. The 
present study expands and builds upon those pre- 
liminary results. 


METHODS 


Isotopes and chemicals. The following compounds 
were administered by the SRII procedure: [1-*H]-p- 
mannitol (24 Ci/mmole), [methy/-*H]-3-O-methyl-p- 
glucose (3.62 Ci/mmole), [p-glucose-'*C-(u)]methyl- 
a-D-glucopyranoside (275 mCi/mmole) (New Eng- 
land Nuclear Corp., Boston, MA); [6,6’-(n)- 
*H]sucrose (2.0 Ci/mmole) (Amersham/Searle 
Corp., Arlington Heights, IL); and [U-"C]-p-glu- 
cose (10.98 mCi/mmole) (ICN Pharmaceuticals, 
Inc., Irvine, CA). Phlorizin, 3-O-methyl glucose and 
methyl-a-D-glucopyranoside (Sigma Chemical Co., 
St. Louis, MO) were administered along with the 
radioactive compounds in other experiments. 

Animal preparation. Male Sprague-Dawley rats 
(ARS Sprague-Dawley, Madison, WI), weighing 
298-410 g, were anesthetized and surgically prepared 
with a femoral vein and common bile duct cannula, 
as described previously [9]. The rats were maintained 
at 37 + 0.5°. 

Segmented retrograde intrabiliary injection (SRII) 
procedure. The general procedure for SRII was 
described previously [9]. The details specifically per- 
tinent to the present experiment were as follows. 
The SRII consisted of a retrograde intrabiliary injec- 
tion of an initial 40 wl “segment” of solution con- 
taining a given radioactive marker compound (5-10 
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uCi/ml in 0.9 per cent saline), followed by a 110 
ul wash in with 0.9 per cent saline. The SRIIs were 
given at rates of 2.3, 5.7, 11.3 or 22.7 ul/sec. Within 
5 sec after the SRII injection, individual bile drops 
were collected and the radioactivity was counted as 
before. The radioactive content in each drop of bile 
was expressed as the percentage of the total counts 
administered by SRII. 

Treatment. All but one group of rats received 
several SRIIs prior to (control) and following treat- 
ment with 30 mg phlorizin. The phlorizin was dis- 
solved in propylene glycol. This solution (0.1 ml) 
was slowly injected into the portal vein through a 
30 gauge needle. Following injection and withdrawal 
of the needle, gentle pressure was applied upon the 
vessel for about 30 sec to prevent bleeding. For each 
rat control, SRIIs were made 10 min after the intra- 
portal injection of 0.1 ml propylene glycol, and then 
the SRIIs were repeated 10 min after phlorizin treat- 
ment. A period of 10 min was allowed between 
collection of the last sample of bile and initiation of 
the next treatment. 

One group of rats was given three SRIIs prior to 
and following the systemic administration of D-glu- 
cose. In this experiment, an aqueous solution of p- 
glucose (0.8 g) was injected into a femoral vein 
cannula (PE 50). Ten min after glucose loading, the 
three SRIIs were repeated. 

Competition experiments. In two experiments, the 
40 ul volume with the initial ['"C]-p-glucose for the 
SRII was dissolved in a solution containing a non- 
radioactive sugar or sodium chloride. These solutions 
contained 300 mosmolal mannitol, methyl-a-p-glu- 
copyranoside, D-glucose, 3-O-methyl glucose or 
sodium chloride. The experiments were designed to 
determine what effect a nonradioactive sugar would 
have on the recovery of ['"C]-p-glucose in bile, when 
both were given by SRII. 

Analytical procedures. The *H and “C contents of 
bile samples were estimated by counting in a liquid 
scintillation spectrometer (ISOCAP 300, Searle 
Analytic Inc., Des Plaines, IL). The scintillation 
medium consisted of 4 g of 2,5-diphenyloxazole 
(PPO) and 50 mg of 1,4-bis[2-(5-phenyloxazoly])|- 
benzene (POPOP) dissolved in 1.0 liter toluene and 
0.5 liter Triton X-100. 

Statistical analysis. The paired t-test [10] was used 
in Figs. 1, 2. 5 and 6 to compare control results with 
those after treatment with phlorizin. One-way analy- 
sis of variance and Dunnett’s test [11] were used to 
compare recoveries in Figs. 3 and 4. For both tests 
significance was set at P < 0.05. 


RESULTS 


Figure | shows the mean SRII recollection curves 
for labeled p-glucose, methyl-a-p-glucopyranoside 
and 3-O-methyl glucose that were obtained from 
groups of rats before and after treatment with phlor- 
izin. The structural formula of the sugar in each 
panel designates the radioactive marker compound 
which was given by SRII. In the top panel, a 17.6 
+ 2.0 per cent (mean + S.E.) recovery of ['*C]-p- 
glucose in bile was obtained for the control. This 
value corresponded to the area under the control 
SRII recollection curve. Also, this recovery value 
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represented that portion of the administered dose 
which was retained within the biliary system follow- 
ing administration by SRII. Following treatment with 
30 mg phlorizin, the same [""C]-p-glucose SRII gave 
a significantly larger per cent recovery. Thus, treat- 
ment with phlorizin increased the amount of ['*C]- 
D-glucose that was retained in the biliary tree and 
thereby recollected in the bile. This sensitivity to 
phlorizin indicated the presence of a glucose carrier 
system. In the middle panel, the marker compound 
given by SRII was ['*C]methyl-a-p-glucopyrano- 
side, the 1-methyl derivative of D-glucose. The SRII 
recollection curves for the 1-methyl derivative were 


D-Glucose 


” Phiorizin (28.6 + 2.1%) 


a (17.6 20%) 





ae, 
‘+ Phlorizin (30.8 + 2.15) 


ian (2184135) 





Control (264 + 3.0%) 
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Fig. 1. Mean SRII recollection curves of radioactivity 
recovered in bile drops after SRII. An SRII rate of 23 
ul/sec was used in the three groups of five or more rats 
each. Each group was given an SRII of ['*C]-p-glucose (top 
panel), ['*C]methyl-a-p-glucopyranoside (middle panel), 
or [*H]-3-O-methyl glucose (bottom panel), before (con- 
trol) and 10 min after the intraportal administration of 30 
mg phlorizin. The values in parentheses are the mean + 
S.E. per cent recovery of each marker compound, obtained 
from calculating the area under the respective SRII 
recollection curve. 
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Fig. 2. Effect of phlorizin treatment and increasing occlusion time on the recovery of four radioactive 

marker compounds given by SRII (23 yl/sec). Each panel gives the mean + S.E. per cent recovery of 

a marker compound before (control, open bars) and after administration of 30 mg phlorizin (hatched 

bars) to a group of four rats each. The asterisks (*) indicate the phlorizin treatments which produced 
a significant alteration from the control recovery value (t-test). 


similar to that for D-glucose in the top panel. Phlor- 
izin treatment again increased the amount of the 
marker retained within the biliary system. On the 
other hand, the SRII recollection curves of [*H]-3- 
O-methyl glucose in the bottom panel gave results 
which were different from D-glucose in two ways. 
First, the control recovery for this derivative, 26.4 
+ 3.0 per cent was significantly greater than the 
control recovery of labeled D-glucose (17.6 + 2.0 
per cent). Second, phlorizin treatment did not 
increase significantly the recovery of this derivative 
in contrast to the above sugars. It should be noted 
that phlorizin treatment increased the recovery of 
['*C]-p-glucose (and also of ['*C]methyl-a-p-gluco- 
pyranoside) to a value coincident to that of [*H]-3- 
O-methyl glucose. 

The experiment shown in Fig. 2 was designed to 
assess the effect of increasing the period of biliary 
occlusion on the recovery of four marker com- 
pounds. Increase in occlusion time, after the SRII, 
was accomplished by increasing the usual time inter- 
val of 5 sec between completion of the SRII and 
start of the recollection of bile drops to 30 and 60 
sec. In this experiment, groups of rats were given 


SRIIs of either labeled mannitol, sucrose, 3-O- 
methyl glucose or D-glucose at the three occlusion 
times, before and after treatment with 30 mg phlor- 
izin. With all four of the marker compounds, an 
increase in occlusion time from 5 to 30 and 60 sec 
produced a decrease in the per cent recovery both 
during the control and the phlorizin treatment situ- 
ations. This decrease in recovery arose from the 
increase in duration of contact of the SRII solution 
with biliary tree, which was produced by prolonging 
the occlusion time. With labeled mannitol, sucrose 
and 3-O-methyl glucose as the marker compounds, 
no differences were found at the three occlusion 
times between each of the controls and phlorizin 
treatments. Phlorizin had no effect on these marker 
compounds. In contrast, phlorizin treatment signifi- 
cantly increased recoveries at the three occlusion 
times when D-glucose was the marker compound in 
the SRII. 

As seen from the results in Figs. 1 and 2, the 
phlorizin sensitive sugars were D-glucose and methyl- 
a-D-glucopyranoside. Therefore, these two sugars 
were studied further in Fig. 3 to assess the effect of 
changing another variable of the SRII, the rate of 
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Fig. 3. Effect of the rate of administration of the SRII of ['*C]-p-glucose and ['*C]methyl-a-p-gluco- 
pyranoside in relation to phlorizin treatment. Each panel gives the mean + S.E. of recoveries in six 


rats before (control) and after treatment with 30 


mg phlorizin. In each panel, one-way analysis of 


variance followed by Dunnett’s test, using the response at 23 pul/sec as the standard, showed a significant 
difference in the control recoveries obtained at the other two SRII rates, while no significant differences 
were obtained with the different rates after phlorizin treatment. 


administration of the SRII. The control SRII recov- 
eries of both compounds increased as the rate was 
increased from 5.7 to 23 pl/sec, while the recoveries 
within the phlorizin treatment groups showed no 
significant changes with increase in SRII rate (one- 
way analysis of variance). This experiment was 
instructive in showing that the greatest difference 
between control and phlorizin treatment could be 
obtained by using the slower rate of SRII 
administration. 
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Figure 4 shows the results obtained from com- 
petition experiments which were done at an even 
slower SRII rate of 2.3 sl/sec. In this study, the 
initial 40-41 segment of the SRII contained [“C]-p- 
glucose in a 300 mosmolal solution of nonradioactive 
NaC] (saline), mannitol, methyl-a-p-glucopyrano- 
side, D-glucose or 3-0-methyl glucose. Panel A gives 
the results from one experiment, where the control 
['*C]-p-glucose recoveries were very similar, with 
sodium chloride and mannitol in the 40-yl segment. 
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Fig. 4. Effect of adding various sugars to ['"C]-p-glucose in the SRII. An SRII rate of 2.3 yl/sec was 
used. The initial 40 ul segment of the SRII contained ['*C]-p-glucose in a 300 mosmolal solution of 
nonradioactive NaCl (saline), mannitol, methyl-a-p-glucopyranoside, D-glucose or 3-O-methyl glucose 


(indicated on abscissa). Each panel gives the mean 


+ §.E. (N = 6) recovery for ['*C]-p-glucose in the 


SRII experiments before (control) and after the intraportal administration of 30 mg phlorizin. The 


respective responses in the Saline groups 


served as the standard in Dunnett’s test. 
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Fig. 5. Recovery of [*H]sucrose, [*H]mannitol and ['*C]-p- 
glucose given by SRII before (control, open bars) and after 
(stippled bars) the femoral vein administration of 0.8 g of 
D-glucose. The recoveries are the mean + S.E. of a group 
of six rats. The SRIIs were given at a rate of 2.3 l/sec. 
An asterisk (*) indicates that the treatment was significantly 
different from the corresponding control value (t-test). 


In contrast, the control ['*C]-p-glucose recovery 
increased significantly when methyl-a-D-glucopyr- 
anoside was included in the 40-ul segment with the 
['*C]-p-glucose. Results from another experiment 
are given in panel B. The control ['*C]-p-glucose 
recoveries with sodium chloride and 3-O-methyl glu- 
cose were similar to the results for sodium chloride 
and mannitol in panel A. A significant increase in 
control ['"C]-p-glucose recovery was seen when non- 
radioactive D-glucose was placed in the 40 ul segment 
with ['*C]-p-glucose. Thus, the addition of non- 
radioactive D-glucose or methyl-a-D-glucopyrano- 
side to the 40-4] segment resulted in a significant 
increase in the control ['*C]-p-glucose per cent 
recovery. Now examine the effect of phlorizin treat- 
ment. Because the inclusion of glucose and methy]- 
a-D-glucopyranoside had already raised the recovery 
of ['*C]-p-glucose, phlorizin treatment in this situ- 
ation had little effect in raising the recovery further. 
In the case of 3-O-methyl glucose, mannitol and 
sodium chloride, which did not alter ['*C]-p-glucose 
recovery, the intraportal administration of phlorizin 
had the expected effect of raising ['*C]-p-glucose 
recovery. The magnitude of the effect of phlorizin 
treatment appeared to be the same at this 2.3 pl/sec 
rate, as the 5.7 yl/sec results in Fig. 3. 

The experiments in Fig. 5 illustrate further the 
competitive processes for the biliary uptake of D- 
glucose. The biliary uptake of three marker com- 
pounds was studied by SRII before and after femoral 
vein administration of 0.8 g of D-glucose. The SRII 
recovery of [*H]sucrose and [*H]mannitol was unaf- 
fected by systemic loading with D-glucose. On the 
other hand, the recovery of ['C]-p-glucose was 


increased significantly following D-glucose. Thus, 
loading with D-glucose produced a specific effect. 

Additional factors in the action of phlorizin were 
considered in the experiment in Fig. 6. The bile flow 
rate and SRII per cent recovery of ['*C]-p-glucose 
and [*H]sucrose are shown following intraportal 
injections of 0.1 ml saline, 0.1 ml propylene glycol 
(PG) and 30 mg phlorizin. The control results indi- 
cated that propylene glycol, the solvent for phlorizin, 
had no effect on the variables measured. Phlorizin 
treatment significantly increased bile flow rate during 
the initial 60 min following administration. During 
this period the characteristic effect of increased ['*C]- 
D-glucose SRII recovery was obtained. Furthermore, 
at 150 min following treatment, when the choleretic 
effect was gone, the effect of phlorizin of increasing 
['*C]-p-glucose recovery still persisted. Over the 
duration of the experiment, phlorizin treatment pro- 
duced no effect on [*H]sucrose SRII recovery. Thus, 
the effect of phlorizin on ['C]-p-glucose recovery 
was not directly related to the choleretic effect, and 
it was probable that the nonresponsiveness of sugars, 
such as sucrose, to phlorizin was unrelated to the 
choleresis. 


DISCUSSION 


The preceding paper [9] presented the SRII method 
as an approach for assessing the filtering properties 
of the rat biliary tree. It was proposed that, during 
the SRII, a portion of the administered marker com- 
pound was retained at filtration sites of the biliary 
tree, which may include the bile canaliculi. The SRII 
recollection curve represented the distribution of the 
radioactive marker which was retained in the biliary 
tree, prior to its recovery in bile. The area under 
this curve corresponded to the per cent recovery of 
the compound in bile. Studies with compounds of a 
similar molecular weight range indicated that man- 
nitol and 3-O-methyl glucose had very similar SRII 
per cent recoveries, while D-glucose had a signifi- 
cantly lower recovery. Thus, D-glucose appeared to 
be taken up from the biliary tree more rapidly than 
other compounds of similar molecular weight. 

The results in Fig. 1 confirm and extend these 
findings. The control SRII per cent recoveries (area 
under curve) of ['*C]-p-glucose and ['*C]methyl-a- 
D-glucopyranoside (1-methyl glucose) were signifi- 
cantly less than the per cent recovery for [*H]-3-O- 
methyl glucose. The SRIIs were then repeated fol- 
lowing the intraportal administration of 30 mg phlor- 
izin, a competitive inhibitor of glucose transport. 
Phlorizin treatment significantly increased the 
amounts of D-glucose and methyl-a-D-glucopyran- 
oside recovered, while having no effect on the recov- 
ery of 3-O-methyl glucose. In fact, the phlorizin- 
induced block resulted in similar SRII per cent 
recoveries for all three marker compounds. Thus, 
it appears that phlorizin blocked the uptake of pD- 
glucose and methyl-a-p-glucopyranoside from the 
hepatobiliary system to a point where the recoveries 
were like those of 3-O-methyl glucose and mannitol 
(nontransported sugars). This finding indicates that 
phlorizin specifically blocked a carrier system for b- 
glucose and methyl-a-D-glucopyranoside. 

Further support of the specificity of inhibition of 
D-glucose uptake by phlorizin is illistrated in Fig. 2. 
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Fig. 6. Effect of phlorizin on bile flow rate in relation to the percent recovery of [*H]sucrose and ['*C]- 

D-glucose given by SRII. The sugars were given by SRII at a rate of 22.7 wl/sec. Each rat was given 

the sequence of treatments shown on the abscissa, consisting of the intraportal administration of 0.1 

ml saline, propylene glycol (PG) and phlorizin (30 mg). The results represent the mean + S.E. of a 

group of seven rats. An asterisk (*) indicates that the phlorizin result was significantly different from 
the propylene glycol control (t-test). 


Phlorizin treatment produced no change in the 
recovery of [*H|mannitol, [*H]sucrose and [*H]-3-O- 
methyl glucose given by SRII, while it significantly 
increased the recovery of ['"C]-p-glucose. Further- 
more, these results indicate that, even with pro- 
longed occlusion time or increased biliary contact 
time, the effect of phlorizin remained specific for D- 
glucose. 

The larger difference between control and phlor- 
izin groups at the slower SRII rate in Fig. 3 could 
be due to the longer duration of the slower SRII. 
The slower SRII rate may have allowed more time 
for the glucose to ‘e transported and a greater block- 
ing effect of phlorizin to be manifested than at the 
fast SRII rate. Similarly, the results in Fig. 2 may 
indicate that the blocking effect of phlorizin was 
relatively greater (ca. 50 per cent) at the longer 
occlusion time than at the shorter occlusion time 
(ca. 25 per cent). That is, the longer contact time 
between the glucose and the biliary tree in both sets 
of experiments leads to a relatively greater blocking 
effect of phlorizin on glucose transport. However, 
this conclusion is tenuous because it could be argued 
that in the occlusion time experiments (Fig. 2) the 


absolute effect of phlorizin was no greater at 60 sec 
than at 5 sec of occlusion. 

The experiments in Fig. 4 were designed to assess 
what effect various nonradioactive sugars would have 
on the recovery of ['*C]-p-glucose when both were 
given together in the same SRII solution. From the 
control SRIIs it appears that methyl-a-D-glucopyr- 
anoside and D-glucose interfered with the hepato- 
biliary uptake of ["C]-p-glucose and produced a 
significantly larger recovery of ['*C]-p-glucose. In 
Fig. 5, the intravenous administration of nonradioac- 
tive D-glucose produced an increase in the recovery 
of [“C]-p-glucose given by SRII, while having no 
effect on the recovery of [*H]sucrose_ or 
[*H]mannitol. Thus, it was possible to arrive at the 
same kind of specificity for labeled D-glucose, 
whether the blocking agents were given along with 
the labeled p-glucose in the SRII solution, or 
whether the blocking agent was given systemically. 

Whenever enhanced labeled D-glucose recoveries 
were produced by the different blocking agents, the 
recoveries approached, but never surpassed, values 
found for nontransported sugars, such as mannitol. 
Thus, the drug-induced block in the biliary absorp- 
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tion of [C]-p-glucose had no effect on the glucose 
which entered the liver by solvent drag. 

In addition to blocking the hepatobiliary uptake 
of p-glucose and methyl-a-p-glucopyranoside, 
phlorizin is shown in Fig. 6 to produce a moderate 
increase in bile flow rate of rats. Phlorizin has been 
shown previously by Jenner and Smyth [12] to have 
a choleretic effect in the dog, while Guzelian and 
Boyer [5] reported no choleretic effects in rats 
treated with phlorizin. Regardless of these divergent 
findings, our results in Fig. 5 indicate that phlorizin 
continued to specifically block the uptake of D-glu- 
cose long after the bile flow rate returned to the 
control level. Thus, the initial phlorizin-induced 
choleresis was not responsible for its effects on SRII 
D-glucose recovery. 

The results reported in the present paper support 
the concept that there exists in the hepatobiliary 
system of the rat a specific system for absorbing D- 
glucose from bile. The specificity of phlorizin in 
increasing D-glucose recovery in these experiments 
was similar to that reported for phlorizin in the dog 
kidney [8]. Silverman and Black [8] found that p- 
glucose and methyl-a-p-glucopyranoside demon- 
strated very high affinity for the phlorizin receptors 
on the brush border of the proximal tubule in vivo 
and in vitro, while 3-O-methyl glucose demonstrated 
no significant affinity. They further concluded that 
these phlorizin receptor sites were either in close 
proximity or identical to the glucose transport 
receptor. 

We believe that the results of the present experi- 
ments demonstrate the kind of utility the technique 


of SRII has in studying hepatobiliary function. In a 
broader sense, the present SRII approach should be 
applicable to studying other transport processes in 
the hepatobiliary system [13]. 
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Abstract—Rats fitted with chronically indwelling Silastic tubing catheters in the right jugular vein were 
given orally a low dose (0.067 mg/kg) of d-amphetamine sulfate (A) alone or in combination with other 
chemicals or environmental conditions. In general, A levels increased slowly over 1 hr, peaked and 
declined during the 4-hr test period. Levels of metabolites (M) were already appreciable at 15 min, 
slowly increased to 1 hr, and remained constant over the rest of the testing period. A variety of chemicals 
and environmental conditions that were meant to mimic some human situations (social interaction, 
food, stress, alcohol, bicarbonate and ammonium chloride) selectively affected the half-lives, the areas 
under the time-curve, and the levels of A and M at different times during the experiment. In two cases, 
individual differences in A and M blood levels were found in these rats, which belong to a genetically 


homogenous group. 


The pharmacokinetics of amphetamine (A) have 
been studied in rats [1-3]. However, these studies 
have usually employed i.p. administration, much 
higher doses than those used in man, and blood 
collection by decapitation which requires a large 


number of animals and permits data collection only 
once in an animal. In addition, this method of blood 
collection does not allow for the detection of small 
variations, which can only be observed if the animal 
is used as its own control, and of individual differ- 
ences that are known to exist [4,5]. Furthermore, 
these data are difficult to extrapolate to the human 
situation where smaller quantities of the drug are 
usually taken orally, often in conjunction with other 
drugs or foods, and where the drug is subjected to 
individual genetic influences. 

For this reason, we modified and improved an 
existing animal model with an indwelling catheter 
[6] for successive blood drawings. This model 
requires a much smaller number of animals and 
allows for the detection of small and individual dif- 
ferences. We then used this model to study the effects 
of some environmental and nutritional factors on the 
pharmacokinetics of A and its metabolites (M) under 
some conditions which perhaps more closely resem- 
ble human situations. 


METHODS 


Male Wistar rats weighing 275-375 g (Perfection 
Breeders, Douglasville, PA) were anesthetized with 
pentobarbital (40 mg/kg, i.p.), and fitted with a 
Silastic tubing catheter in the right jugular vein as 
described previously [6]. 
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Modifications of this procedure were as follows: 
(1) the tubing was extended to a total length of 85 cm 
to allow more freedom of movement for the animal 
and for blood drawings without disturbance of the 
rat, (2) the tubing was shielded by spring steel 
(3/16 in. i.d.; 80 turns/in.) which was attached to the 
skin by at least four stitches and cemented (dental 
acrylic) to the skin as one unit, and (3) the spring 
steel containing the catheter was supported by a 
small swivel pulley allowing vertical and circular 
movements while being counterbalanced by a small 
weight (about 10 g). 

These modifications protected the catheter and 
the animals did not seem to be affected; with this 
procedure we have kept animals for up to 3 weeks. 

After a post-surgical recovery period of at least 
5 days, animals were given by gavage the human 
equivalent of about 5 mg/70 kg or 0.067 mg/kg d- 
amphetamine sulfate (Sigma Chemical Co., St. 
Louis, MO) containing 2 x 10° cpm [*H]d-amphet- 
amine sulfate (15-30Ci/mmole, New England 
Nuclear, Boston, MA) in 0.5 ml water alone or in 
combination with Nutrament, 43 mg/kg NHsCl, 
29 mg/kg NaHCOs [7], or 0.2 ml of 100% ethanol 
[8]. Amphetamine was also given by intraperitoneal 
injection at the beginning of a restraint stress [9] 
period done by taping the animals to a wooden table 
for the first 60 min of the study and in the presence 
of a second, non-experimental animal [4]. Each 
animal was used for these experiments with 2 days 
rest between experiments. The types of experiments 
were rotated to avoid possible influences of previous 
exposure on following tests. 

Sampling syringes were 1 ml insulin syringes with 
23 gauge X 1 in. needles containing 100 units/ml hep- 
arin in saline. Blood sampling was initiated by with- 
drawing the heparinized saline from the catheter 
until blood could be seen entering the syringe. The 
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syringe was removed and a sample of approximately 
0.25 ml blood was drawn into a second syringe. The 
first syringe was then re-attached and the total fluid 
withdrawn was replaced with heparinized saline. 

The sampling syringe without a needle was used 
to obtain the plasma. The syringe was cut with strong 
scissors to remove the flanges and plunger top so 
that the cut syringe could be placed in an inverted 
position inside a centrifuge trunion.The plastic case 
that surrounds new needles was positioned over the 
cut plunger so that the plunger would not be 
depressed on centrifugation. The syringe was spun 
immediately after blood sampling to obtain plasma. 
Once separated, the plasma was pumped out of the 
syringe into a test tube. The exact plasma weight 
(g) was obtained by subtracting the weight of the 
syringe after plasma removal from the weight of the 
syringe filled with whole blood. At the end of the 
experimental period, the red blood cells were given 
back to the animal. 

Amphetamine was isolated by alkaline extraction 
into an organic solvent [10]. Two hundred pl of 
plasma were made alkaline with 200 ul of 0.1N 
NaOH to which 3 ml of toluene-isoamyl alcohol 
(97:3) were added. The tubes were vortexed, cen- 
trifuged at 1000 rev/min for 3 min, and the aqueous 
phase was quick frozen by placing the tubes in a 
—70° freezer for 4 min. The top organic phase was 
decanted into a scintillation vial. This was repeated 
with an additional 3 ml of organic solvent. To the 
vials were added 10 ml of scintillation fluid (16.5 g 
PPO,* 0.5g POPOP, and 500 ml Triton X-100 in 
2.51. of toluene) and the radioactivity was deter- 
mined. Verification of isolation of A was done by 
radiochromatography using n-butanol—acetic acid— 
water (25:4:10); only one radioactive spot was found 
in the organic phase corresponding to the R; of 
externally applied amphetamine. 

The remaining aqueous phase was thawed and 





* PPO =2,5-diphenyloxazole; and POPOP = 1,4-bis-[2- 
(4-methyl-5-phenyloxazolyl)|benzene. 


ng. 
g. plasma 


poured into a scintillation vial; the test tube was 
washed twice with Sml Biofluor (New England 
Nuclear) and then the Biofluor aliquots were added 
to the vial. Radioactivity was counted and assumed 
to be present from the metabolites. Chromatography 
(see above) of the aqueous phase showed no radio- 
activity in the area where externally added amphet- 
amine was found. 

To assure proper functioning of the catheter, seven 
animals received orally 0.067 mg/kg of A. After 1 hr, 
blood was obtained from four rats through the cath- 
eter and from three rats by decapitation. No sig- 
nificant difference was found between the two 
groups; A levels were 2.4 + 0.7 and 2.8 + 0.6 ng/g 
and M levels were 11.1 +3.1 and 9.3 + 0.3 ng/g, 
respectively. 

Statistical evaluations were performed by using 
the paired t-test and Student’s (-test. 


RESULTS 


During our studies we found that plasma levels of 
A and M varied among animals after oral intubation, 
with some animals showing low and other animals 
showing higher A and M levels. To see whether or 
not the same animal would show the same pattern 
on a different day, two rats were selected which 
exhibited low and high blood levels of A and M. 
These rats received a second dose of A 2 days later. 
Figure 1 shows that the blood levels of A and M 
were similar in each rat on both occasions, indicating 
individual differences in this genetically quite hom- 
ogenous population. 

Figure 2 shows data on the pharmacokinetics of 
A and M alone, and when influenced by the co- 
administration of food and chemicals as well as social 
interactions and stress. 

Generally, rats dosed orally with A showed 
already appreciable levels of A and M at 15 min. 
Levels of A increased only slightly over the next 
hour before a decrease could be seen. Levels of M 
increased for the first 2 hr and then remained con- 
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Fig. 1. Amphetamine and metabolite levels after oral administration of two doses of 0.067 mg/kg D- 
amphetamine sulfate which were given 2 days apart. 
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Fig. 2. Amphetamine and metabolite levels in rats after 
oral amphetamine (0.067 mg/kg) administration. Amphet- 
amine was given alone (a), in 0.5 ml Nutrament (b), with 
43 mg/kg NHsCl (c), during and after 60 min of restraint 
stress (d), as a single intraperitoneal dose (e), with 0.2 ml 
of 100% ethanol (f), with 29 mg/kg NaHCOs (g), or in the 
presence of another rat (h). Results were obtained from 
fifteen rats. Each rat was used three times and each value 
is the mean + standard deviation of four to five determi- 
nations. Statistical analysis was done by Student's f-test 
where * = P <0.05, ** = P< 0.01, and *** =P < 0.001. 
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stant for the rest of the test period. Not shown in 
the graph are the 24-hr values; at this time no A was 
detectable and M had declined to about 10 per cent 
of the 4-hr values. 

The simultaneous administration of Nutrament 
was without effect except at 2 and 4 hr when A was 
increased and at 4 hr when M was increased. 

The co-administration of a dose of ammonium 
chloride comparable to the human dose changed 
urinary pH from 6.5 to 5.8 in our rats and resulted 
in an increase in A levels at 2 and 4hr without 
significant effects on M levels. This increase is some- 
what surprising since NHsCl decreases A levels in 
humans by increasing urinary excretion. In our case, 
NH.:Cl and A were given simultaneously and elev- 
ated levels can perhaps be explained by increased 
absorption into the blood stream which is greater 
than the increase in urinary excretion. 

Rats restrained during the first hour of the experi- 
ment showed lower levels of A at 15 min and higher 
levels over the last 2 hr. Levels of M were lower at 
15 min and higher at 4 hr. 

A comparison of oral and intraperitoneal admin- 
istration shows the expected higher levels of A and 
M during the first 30 and 60 min respectively. Later 
on, levels of A and M are similar to controls except 
for 4 hr when M is again significantly elevated. 

The simultaneous administration of ethanol was 
generally without effect on the A levels, but sig- 
nificantly depressed M levels at 1 hr. 

Co-administration of sodium bicarbonate at the 
human dose, to alkalinize the urine, changed urinary 
PH from 6.5 to 7.4 in our rats and increased levels 
of A and decreased levels of M only at 15 min; no 
effects were seen at other times. 

It is interesting that placing another rat in the cage 
of the experimental rat during the 4-hr experiment 
resulted in higher A levels at 2 hr with no effects on 
the levels of M. 

The half-life of A in our rats was found to be 
63 min which is in agreement with others who gave 
higher doses and found half-lives of 52 and 75 min 
respectively [5,11]. Nutrament, NHsCl and social 
interaction significantly (P < 0.05) increased half- 
lives to 147, 140 and 108 min respectively. 

A calculation of the area under the curve 
(ng/g X 4hr) for A and M levels resulted in values 
of 5.1 and 33.1 respectively. The value for A was 
significantly (P < 0.05) increased by NHsCl (8.8) and 
Nutrament (10), and the value for M was significantly 
changed by ethanol (22.2), i.p. administration (51.6), 
and NH,Cl (44.4). 


DISCUSSION 


The animal model reported in this paper requires 
only minor surgery, inexpensive equipment, and can 
be learned readily by the experimenter. The modi- 
fications allow the animal to move freely over pro- 
longed periods of time and the experimenter to draw 
blood without touching or disturbing the rat. Our 
animals behave normally, as judged by gross obser- 
vations, and appeared not to be encumbered by the 
catheter. Drawing of 0.2 ml of blood five times during 
a l-hr period did not change the hematocrit, and 
values for corticosterone and catecholamines were 
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at basal levels (unpublished observation). The ani- 
mals did not try to bite or remove the catheter after 
the first 24 hr, and a second animal placed into the 
cage paid no unusual attention to the catheter. The 
latter observation allows the study of the effects of 
social interactions on drug kinetics in individual 
animals, and our results show that such interactions 
can indeed influence the half-life of A and, possibly, 
of other drugs as well. 

The use of the catheter reduced the number of 
animals drastically, since one animal can be used for 
more than one blood sampling or dose of A. We 
used a total of 15 rats, and each rat was dosed three 
times with A alone and in combination with the 
conditions studied; however, more experiments 
could have been performed. This schedule gave us 
four to six determinations for each time point. In 
contrast, blood sampling by decapitation would have 
required five determinations X eight experimental 
conditions (a—h) X six times (15 min to 4 hr) = 240 
rats. 

More important than the decreased cost is the 
detection of small and/or individual differences 
which cannot be observed with the traditional studies 
using trunk blood. Although blood levels of A and 
M after a given dose were within a relatively narrow 
range, we found in one experiment two animals 
which were consistently low or high in A or M levels. 
Implantation of the catheter and the repeated use 
of the same rat is one important feature of this 
model, since it allows us to detect and study indi- 
vidual differences in a genetically homogenous popu- 
lation. Furthermore, using the same rat as its own 
control eliminates individual variations and allows 
the detection of more subtle changes. Such changes 
became apparent during our studies, as mentioned 
later. 

Although the blood levels of A and its metabolites, 
as well as their interactions with other agents, have 
been studied, no information is available in rats 
about the pharmacokinetics of A after oral admin- 
istration of the drug at a dose which is comparable 
to that used in man (about 5 mg/70 kg) and its inter- 
action with other substances or environmental con- 
ditions. In general, A is rapidly absorbed after oral 
administration and peak levels are present after 
about 15min. The level of A reaches a plateau, 
declines after 1 hr and decreases to about one-tenth 
after 4 hr. Levels of M are already appreciable after 
15 min, slowly increase until 1 hr and then remain 
fairly constant for up to 4 hr. 

The effects of various chemicals and conditions on 
A and M were evaluated by using blood level deter- 
minations at different times, and calculations of half- 
lives and areas under the curve. Since the same 
animal was used in these comparisons, individual 
variations were eliminated and small differences 
became statistically significant. All of the chemicals 
and conditions produced changes in one or the other 
evaluation procedure. The half-life of A was affected 
by Nutrament, NHsCl and social interaction. The 
areas under the curves for A and M were altered by 
NH:Cl and Nutrament, and by ethanol, i.p. admin- 
istration and NH,Cl respectively. Differences in A 
and M levels at various times were usually not 
marked and were seen only at some time(s) during 
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the period of study. Such small changes became only 
significant in our model since the animal served as 
its own control, and suggest that blood levels of A 
and M (and probably other drugs) do not follow a 
smooth curve but can be slightly affected at any time 
during an experiment. 
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Abstract—A comprehensive analysis has been made of the manner in which L-alanosine [L-2-amino-3- 
(N-nitroso, N-hydroxy) aminopropionic acid] interacts with the enzymes responsible for the metabolism 
of the dicarboxylic amino acids and their amides. The drug impedes the transport of L-aspartic acid 
and, to a lesser degree, of L-glutamic acid, L-asparagine and L-glutamine by lymphoblasts, in vitro; in 
each of these instances, inhibition is apparently competitive in type. Of the enzymes involved in the 
metabolism of L-aspartic acid, adenylosuccinate synthetase (EC 6.3.4.4), SAICAR synthetase (5-amino- 
4-imidazole-N-succinocarboxamide ribonucleotide synthetase) (EC 6.3.2.6), L-aspartyl tRNA synthetase 
(EC 6.1.1.12), L-aspartate transcarbamylase (EC 2.1.3.2) and L-aspartate aminotransferase (EC 2.6.1.1) 
were inhibited by L-alanosine; moreover, each of these enzymes except L-aspartyl tRNA synthetase 
accepted the antibiotic as substrate, although at substantially diminished rates. Of the enzymes involved 
in the metabolism of L-glutamic acid, L-alanosine inhibited only L-glutamine synthetase (EC 6.3.1.2) 
and L-glutamate decarboxylase (EC 4.1.1.15) to a prominent degree; this last enzyme was also capable 
of decarboxylating L-alanosine. Of the enzymes metabolizing L-asparagine and/or L-glutamine, only the 
L-glutaminase activity of L-asparagine amidohydrolase (EC 3.5.1.1) (with L-glutamine as substrate) and, 
to a lesser degree, carbamyl phosphate synthetase II (EC 2.7.2.9) were inhibited by the antibiotic. 
Although L-alanosine provokes a rise in the concentration of inosinic acid (IMP) in vitro, pointing to 
the conclusion that the drug is capable of inhibiting adenylosuccinate synthetase under these circum- 
stances, no such rise was seen in vivo either in tumor or liver. However, | and 5 hr after administration 
L-alanosine depressed hepatic ATP and NAD pools, an effect which indicates that the drug is, in fact, 
restricting the intracellular concentration of adenine nucleotides. Of the metabolites of L-alanosine 
formed in vitro, a-decarboxy alanosine, a-keto alanosine, a-hydroxy alanosine, alanosyl IMP and N- 
carbamyl L-alanosine did not inhibit adenylosuccinate synthetase to any prominent degree, whereas the 
metabolite generated by SAICAR synthetase powerfully inhibited this enzyme, with a Ki of 0.3uM. 
Parenteral therapeutic doses of L-alanosine produced striking increases in the concentrations of L- 
aspartic acid in tumor and liver as well as of L-aspartic and L-glutamic acids in urine. It is concluded 
that the N-hydroxy, N-nitroso functionality of L-alanosine is analogous in structure to the B-carboxyls 
of L-aspartic and L-glutamic acids, respectively; this analogy permits L-alanosine to be anabolized and 
catabolized via several of the enzymatic routes which ordinarily operate on these dicarboxylic amino 
acids. 


or [3-“C]Alanosine (specific radioactivities 7.1 or 
9.06 mCi/mmole, respectively) was supplied by Stan- 
ford Research Institute, Menlo Park, CA. L-[4- 


One recurrent theme in the literature on L-alanosine 
[L-2-amino-3-(N-nitroso, N-hydroxy) aminopro- 
pionic acid], an amino acid antibiotic elaborated by 
Streptomyces alanosinicus, is that the agent interferes 
with cellular metabolism by virtue of its similarity 
to L-aspartic or L-glutamic acid [1-4]. This interfer- 
ence involves inhibition of transport [1], anabolism 
[1-3], and catabolism of these amino acids in one or 


4C]Aspartic acid, .L-[U-"C]asparagine, 1-[U- 
4Cjaspartic acid, .-[U-“C]glutamic acid, 1-[1- 
'4C}glutamic acid and L-[U-"C]glutamine (specific 
radioactivities 17.4, 103, 231, 100, 23 and 270 
mCi/mmole, respectively) were obtained from the 


more systems and in one or more phyla [2, 5, 6]. To 
characterize this analogy more fully, a comprehen- 
sive analysis has been made of the interaction of L- 
alanosine with the enzymes acting on, or degrading, 
the dicarboxylic amino acids and their amides. 


MATERIALS AND METHODS 


L-Alanosine (NSC 153, 353) was obtained from 
the Drug Research and Development Branch of the 
National Cancer Institute, Bethesda, MD. pi[1-'*C]- 
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Amersham-Searle Corp., Arlington Heights, IL; 
[(°H]-methyl thymidine (specific radioactivity 1 
mCi/0.012 mg), and ['Cluridine-5’-triphosphate 
(specific radioactivity 350 mCi/mmole) were 
obtained from the New England Corp., Boston, MA. 
L-Glutamate oxaloacetate transaminase (GOT) (EC 
2.6.1.1) from pig heart (sp. act. 180 I.U./mg, 10 
mg/ml), L-glutamate pyruvate transaminase (GPT) 
(EC 2.6.1.2) (sp. act. 80 I.U./mg, 2 mg/ml), and L- 
glutamate dehydrogenase (GDH) (EC 1.4.1.3) from 
liver (sp. act. 120 I.U./mg, 10 mg/ml) were products 
of Boehringer, NY. Purified L-aspartate transcar- 
bamylase from Escherichia coli (sp. act. 266.7 
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I.U./mg) was a gift from Dr. E. R. Kantrowitz of 
Harvard University, Cambridge, MA. Purified car- 
bamyl phosphate synthetase from E. coli (sp. act. 
1.1 1.U./mg of protein) was donated by Dr. J. Vil- 
lafranca of Pennsylvania State University, University 
Park, PA. Crystalline L-asparaginase (EC 3.5.1.1) 
from E. coli (sp. act. 340 I.U./mg of protein) was 
a gift of Merck, Sharp and Dohme Research Lab- 
oratories, West Point, PA. L-Aspartase (EC 4.3.1.1) 
from Bacillus cadaveris (sp. act. 0.5 to 1 I.U./mg of 
protein) and ornithine carbamyl transferase from 
Streptomyces faecalis (sp. act. 600 I.U./mg of pro- 
tein) were purchased from the Sigma Chemical Co., 
St. Louis, MO. L-Aspartate-B-decarboxylase (EC 
4.1.1.12) from Alcaligenes faecalis (sp. act. 77 
1.U./mg of protein) was a gift of Dr. Suresh Tate of 
Cornell University School of Medicine. L-Aspartyl 
kinase (EC 2.7.2.4) was a partially purified prep- 
aration from E. coli. L-Asparaginase (EC 3.5.1.1) 
from Erwinia carotovora (sp. act. 500 I.U./mg of 
protein) was procured from the Microbiological 
Research Establishment, Porton Down, UK. L-Glu- 
taminase (EC 3.5.1.2) from Aerobacter aerogenes 
(sp. act. 5 I.U./mg of protein) was a gift from Dr. 
J. Wriston, University of Delaware. Adenosine-5’- 
triphosphate (ATP), argininosuccinate, N-acetyl L- 
aspartate, L-citrulline, nicotinamide adenine dinu- 
cleotide (NAD), its reduced form (NADH), guan- 
osine-5'-triphosphate (GTP), inosinic acid (IMP), 
a-ketoglutaric acid (a-KG), phosphoribosyl pyro- 
phosphate (PRPP), xanthosine-5’-monophosphate 
(XMP) and oxaloacetic acid weie all products of the 
Sigma Chemical Co. Fructose-6-phosphate (F-6-P), 
acetyl CoA and carbamyl phosphate were products 
of Boehringer, NY. Adenylosuccinate and dithio- 
threitol (DTT) were purchased from the CalBiochem 
Co., Gaithersburg, MD. Desamido-NAD was 
donated by Dr. A. Berg of A. D. Little, Inc., Cam- 
bridge, MA. Dowex | x 8, 200-400 mesh, formate 
form was a product of Bio-Rad Laboratories, Rich- 
mond, CA. DEAE-cellulose was obtained from 
Whatman, Inc., Maidstone, UK. Anion exchange 
resin HA-X4 was a product of the Hamilton Co., 
Reno, NV. Glass fiber filters (Whatman 34-AH) 
were obtained from the Arthur Thomas Co., Phila- 
delphia, PA. Versilube F-50 silicon oil was purchased 
from the Harwich Chemical Corp., Cambridge, MA. 
Most of the microchemical and radiochemical analy- 
ses were carried out in Eppendorf 1600 yl polypro- 
pylene centrifuge vessels with secure snap-on lids 
procured from Brinkman Instruments, Inc., West- 
bury, NY. 


Animals 

Male BDF; mice, on an ad lib. diet of Purina 
mouse chow, were used in the majority of the studies 
reported here. 


Anion exchange column chromatography 


Chromatography of urine samples or reaction 
mixtures was carried out on an 8 X 150 mm column 
of Hamilton HA-X4 resin using a series of lithium 





* Discrepancies in the elemental analysis of AICOR may 
be attributable to the spontaneous decomposition of this 
compound in solution. 


citrate/HCI buffers of increasing ionic strength for 
elution [7]. 

Paper electrophoresis was carried out on Whatman 
3M paper moistened with sodium phosphate buffer 
(pH 7.2) at 2000 V for 1 hr. Ascending paper chroma- 
tography was carried out on Whatman 3M paper 
using butanol—acetic acid—water (2:1:1, by vol.) as 
solvent. 


Preparation of 5-amino-4-imidazole carboxylic acid 
ribonucleotide (AICOR) 


AICOR was prepared by alkaline hydrolysis of 5- 
amino-4-imidazole carboxamide ribonucleotide 
(AICAR). One mmole (338 mg) of AICAR (pre- 
pared essentially by the method of Shaw and Wilson 
[8] in the presence of triethyl phosphate [9]) in 6 N 
sodium hydroxide (1 ml of CO2-free solution) was 
refluxed for 4 hr, protected by a soda lime tube, then 
chilled in an ice bath and diluted with 20 ml of 
absolute ethanol. After vigorous stirring of the 
resulting mixture, the supernatant fraction was 
decanted. The syrupy residue became a solid after 
6 triturations with ethanol using 10 ml portions. The 
solid was dried in a vacuum desiccator over P2Os for 
1 hr followed by drying for 72 hr at room temper- 
ature; the yield was 168 mg (41 per cent); u.V.max 
(extinction x 10°): in 0.1N HCl, 245nm (8.28), 
265 nm (10.34); at pH 7.0, 250nm (9.59); at pH 
13.0, 252nm (10.46). This material when freshly 
dissolved was chromatographically and electrophor- 
etically homogeneous. 


Analysis 

Cale. for CoHi.N300P Nasz-8H20:C, 19.68; H, 
4.96; N, 7.65; P, 5.64. Found: C, 19.55; H, 3.42; N, 
7.39; P, 5.46.* 


Collection of urine for analysis of the excretory levels 
of the dicarboxylic amino acids 


BDF: mice, in groups of twenty, were given a 
single intraperitoneal injection of varying doses of 
L-alanosine (500, 200 or 125 mg/kg) or of saline, and 
were transferred to metabolism cages where urine 
was collected for various time intervals in receptacles 
chilled by dry ice. Measurements of the dicarboxylic 
amino acids and their amides were made by spec- 
trophotometric techniques [10] and checked by 
amino acid analysis [11]. 


Transport studies 


BDF; male mice were injected intraperitoneally 
with 1 x 10° cells of leukemia 5178Y. Seven days 
later, tumor cells were aspirated from the perito- 
neum, collected by centrifugation at 1000 g, washed 
twice with Dulbecco’s phosphate-buffered saline 
containing 2% glucose and 0.007% bovine serum 
albumin, and then suspended in the same medium 
to achieve a final concentration of 1 x 10° cells/ml. 
Transport studies were carried out at 37°. To 2 ml 
of the above cell suspension, 0.05 ml of the labeled 
amino acid (0.15 to 10.8 nmoles of L-[U-"*C]aspartic 
acid; 0.37 to 24.3 nmoles of L-[U-C]asparagine; 
1.61 to 10.8 nmoles of L-[U-“C]glutamic acid; or 
0.68 to 43.6 nmoles of L-[U-"C]glutamine) was 
added with constant agitation. At 0.3 min intervals, 
900 yl aliquots of the cell suspension were layered 
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over 700 yl of Versilube F-50 silicon oil in Eppendorf 
test tubes and immediately centrifuged at 12,000 g 
in an Eppendorf centrifuge for 1 min. The apex of 
the tube, containing the cell pellet, was cut off; the 
cell pellet was digested in 1.5 ml of 0.2 N NaOH, 
and then counted by scintillation spectrometry. To 
study the effects of L-alanosine on the transport of 
these amino acids, similar incubation mixtures con- 
taining 1 or 10 mM L-alanosine were constituted; 2 
ml of cell suspension were preincubated for 1 min with 
the designated concentration of L-alanosine, before 
the addition of labeled amino acids. 


Preparation of organ homogenates 

BDF: mice were killed by cervical dislocation, and 
organs were removed, flash frozen, and hom- 
ogenized (1:3, w/v) in 0.05 M Tris-HCI buffer (pH 
8.0) containing 1 mM dithiothreitol. Homogenates 
were centrifuged at 108,000 g and the supernatant 
liquid was dialyzed against three changes of the 
homogenization buffer for 6 hr at 4°. 

5-Amino-4-imidazole-N-succinocarboxamide __ri- 
bonucleotide synthetase (SAICAR synthetase) from 
chicken liver was prepared according to the method 
of Flaks and Lukens [12]; purification was carried 
up to the DEAE-cellulose chromatography step. 


Preparation of mouse liver tRNA and tRNA 
synthetases 

Mouse liver tRNA was prepared by phenol extrac- 
tion and further purified by DEAE cellulose column 
chromatography [13]. The aminoacyl tRNA synthe- 
tases were prepared by the procedure of Roe [14]. 


Analyses of enzymes acting on L-aspartic acid 

The assay measures the substrate-dependent 
enzymatic conversion of L-[4-'*C]aspartic acid to a 
product not susceptible to transamination by L-glu- 
tamate oxaloacetate transaminase. The unreacted L- 
aspartic acid is quantitatively dissipated by enzymatic 
means. Residual radioactivity in the vessel is, there- 
fore, a measure of enzyme activity. This radioactivity 
is analyzed by scintillation spectrometry; confirma- 
tory analysis by paper electrophoresis, anion 
exchange column chromatography, and paper 
chromatography established that the radioactive 
products co-migrated with authentic products of the 
reaction in every case. The compositions of the 
reaction mixtures are as follows. 

L-Aspartate transcarbamylase. In a total volume 
of 20 wl were admixed 250 nCi of t-[4-""C]aspartic 
acid, 5 ul of water or L-alanosine (3.0 to 120 mM), 
100 nmoles of carbamyl phosphate, and, to initiate 
the reaction, 5 ul of mouse spleen extract. 

Argininosuccinate synthetase. In a volume of 25 pl 
were admixed. 250 nCi of L-[4-'*C]aspartic acid, 50 
nmoles of citrulline, 50 nmoles of ATP-MgCh in 
0.05 M Tris-HCl, (pH 8) or buffer alone, 5 ul of 
water or L-alanosine (30-150 mM), and, to initiate 
the reaction, 5 wl of mouse kidney extract. 

Adenylosuccinate synthetase. In a total volume of 
25 wl were admixed 250 nCi of L-[4-'*C]aspartic acid, 
100 nmoles of IMP, 100 nmoles of GTP, 100 nmoles 
of MgCh, Sul of water or L-alanosine (15-70 mM) 
or inhibitor (concentrations bracketing those men- 
tioned in Table 2), and, to initiate the reaction, 5 
ul of mouse muscle extract. 


L-Aspartate N-acetylase. In a total volume of 25 
pl, were admixed 250 nCi of L[4-'*C]aspartic acid, 
50 nmoles of acetyl CoA, 5 yl of water or L-alanosine 
(50 mM), and, to initiate the reaction, 5 ul of mouse 
brain homogenate. 

SAICAR synthetase. In a total volume of 30 yl 
were admixed 250 nCi of L-[4-'"C]aspartic acid, 86 
nmoles of 5-amino-4-imidazole carboxylic acid 
ribonucleotide, 250 nmoles of ATP—MgCh, 500 
nmoles of sodium phosphate buffer (pH 7.3), 5 ul 
of water or L-alanosine (5-100 mM), and, to initiate 
the reaction, 5 ul of partially purified chicken liver 
enzyme. 

In every case, the reaction mixtures were incu- 
bated at 37° for 30 min (during which time a linear 
rate was verified) and then heated at 95° for 2 min. 
Decarboxylation of unreacted radioactive L-aspar- 
tate was carried out according to the methodology 
of Cooney et al. [15]. The vessels containing radio- 
active products were then immersed in scintillation 
fluid, and radioactivity was measured by scintillation 
spectrometry. To test whether L-alanosine could 
function as a substrate for these enzymes, appro- 
priate scaled-up reaction mixtures were constituted 
in which opt-{1-'C]alanosine replaced -[4- 
'SC]aspartic acid; appropriate controls were included 
and reaction times were extended to | hr. The prod- 
ucts were analyzed by paper electrophoresis, paper 
chromatography, or anion exchange column chroma- 
tography [7]. 


Aminoacyl tRNA synthetases (EC 6.1.1.X) 


Aminoacylation was carried out in a reaction mix- 
ture containing, in a total volume of 100 ul: 50 mM 
Tris-HCl (pH 7.2), 2mM MgCh, 15mM KCl, 
0.25mM EDTA, 5mM ATP-MgCh, 50 ug tRNA, 
0.25 wCi of L-[U-“C]amino acid and 50 wl of the 
enzyme preparation. After 30 min at 37°, 10% tri- 
chloroacetic acid (TCA) was added to arrest the 
reaction. The precipitated macromolecules were col- 
lected on glass fiber filters (Whatman 34-AH), 
washed three times with cold 5% TCA, once with 
95% ethanol, and dried; radioactivity was measured 
by scintillation spectrometry. 

Esterification of L-alanosine to mouse liver tRNA 
was attempted using a similar procedure, except that 
pi-[1-'*C]alanosine replaced the normal amino 
acids. 

L-Asparagine synthetase (EC 6.3.1.1) assay 
This enzyme from mouse pancreas and 


L5178Y/AR lymphoblasts was measured by a radio- 
metric technique [15, 16]. 


L-Glutamate oxaloacetate transaminase 


In a final volume of 25 ul were admixed: 5 pl of 
L-[U-“C]glutamic acid (0.25 wCi), 5 ul of 0.05 M 
Tris-HCl buffer (pH 7.6), 5 yal of 0.03 M oxaloacetic 
acid, 5 yl of L-alanosine (0.2 to 0.4 M) or water, and 
5 ul of L-glutamate oxaloacetate transaminase from 
pig heart. These reactants were incubated at 37° for 
30 min, and then heated at 95° for 2 min. The result- 
ant [C]a-ketoglutarate was decarboxylated with 
50 wl of 1% H2O2 in 1.0 N HCl, and any “CO> so 
formed was collected in drops of 40% KOH depos- 
ited on the underside of the lid. 
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L-Aspartic acid B-decarboxylase 

To measure the ability of L-alanosine to inhibit 
.the B-decarboxylation of L-aspartic acid, 5 yl 
(0.25 wCi) of L-[U-“C] aspartic acid were incubated 
with 5 yl (1 I.U.) of L-aspartate B-decarboxylase 
from A. faecalis in 0.66 M sodium acetate buffer 
(pH 4.8) in the presence or absence of 5 pl of 0.03 
M t-alanosine. The generation of '*CO2 was assessed 
as described above. The following reaction mixture 
was constituted to examine the interaction of L-alan- 
osine with this enzyme: 5 wl (0.25 wCi) of DL{3- 
4C]alanosine were admixed with 1 I.U. of L-aspar- 
tate-B-decarboxylase from A. faecalis in 0.66 M 
sodium acetate (pH 4.8). The reactants were incu- 
bated at 37° for 2hr and then subjected to high 
voltage paper electrophoresis. The electrophero- 
gram channels were cut into 8 mm strips, and radio- 
activity was measured by scintillation spectrometry. 


L-Aspartyl kinase 

L-Aspartyl kinase was measured radiometrically 
by determining the rate of formation of L-[4- 
'*C]aspartyl-6-hydroxamate in the presence of neu- 
tral hydroxylamine and ATP—MgCh:. In 1600 ul poly- 
propylene vessels, in a final volume of 20 ul were 
admixed. 5 ul (0.25 wCi) of L-[4-“C]aspartic acid, 
5 wl of freshly neutralized hydroxylamine (0.04 M), 
5 pl (0.2 umole) of ATP—-MgCh, and 5 ul of partially 
purified enzyme (1 mg/ml). These reactants were 
incubated at 37° for 1 hr, alkalinized by the addition 
of 5 wl of 1.0M Tris base, and then heated in open 
vessels at 95° for 10 min to destroy hydroxylamine. 
Residual L-aspartic acid was removed by adding 
100 ul of “decarboxylation reagent” described ear- 
lier [15]. After 16 hr at 25°, 2 I.U. of L-asparaginase 
were added to the reaction mixtures; at the same 
time, a 5 wl droplet of 40% KOH was deposited on 
the underside of the lid of the vessel. The lids were 
closed and the assemblies incubated at 37° for 3 hr, 
when the lids were removed, and any trapped “CO: 
was measured by scintillation spectrometry. 


L-Aspartase 

Crude L-aspartase from B. cadaveris was dissolved 
in 0.05 M Tris-HCl, (pH 8.4) to a final concentration 
of 1 mg/ml. To determine if L-alanosine was capable 
of inhibiting L-aspartase, 5 ul of the enzyme were 
incubated with 5 pl (0.25 wCi) of L-[U-'C]L-aspartic 
acid, 5 ul of 1 mM MgCh, and 5 wl of 0.05 M Tris— 
HCl (pH 8.4) or L-alanosine at final molarities rang- 
ing from 1 to 20mM. Fumaric acid was measured 
by paper electrophoresis. To determine if L-alano- 
sine could serve as a substrate for L-aspartase, 5 pl 
of enzyme were incubated at 37° with 5 yl (0.24 wCi) 
of pt-[1-'*C]alanosine and 5 wl of 1 mM MgCh for 
times ranging from 30 to 300 min. Aliquots of the 
incubation mixture were then either electrophoresed 
or subjected to high resolution column chroma- 
tography on Hamilton HA-X4 resin [7]. 


Preparation of perchlorate extracts of liver for the 
measurement of hepatic metabolites 


Male BDF; mice (normal or bearing subcutaneous 
L5178Y/AR tumors) were fasted overnight and given 
single intraperitoneal injections of saline (0.25 
ml/mouse) or of L-alanosine (500 mg/kg). One, three 
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and five hr later, the mice were killed by cervical 
dislocation, and liver and tumor were quickly 
removed and flash frozen under pressure between 
flat blocks of dry ice. The frozen tissue was hom- 
ogenized in 3 vol. (w/v) of 5% perchloric acid, and 
the resultant homogenates were centrifuged at 
12,000 g for 3 min. Aliquots of the supernatant 
fraction were neutralized with 40% KOH, and the 
precipitated potassium perchlorate was removed by 
centrifugation. ATP, NAD, L-aspartate and L-glu- 
tamate present in the clear yellow supernatant frac- 
tions were measured by enzymatic techniques 
[10,17-20]. An additional concentration step of 
lyophilization and reconstitution in one-half the 
starting volume was introduced for the measurement 
of IMP by anion-exchange chromatography on Ham- 
ilton HA-X4 resin [7], by a coupled enzyme assay 
using double beam spectrophotometry [2], or by high 
pressure liquid chromatography (as described 
below). 


Measurement of IMP by high pressure liquid 
chromatography 


High pressure liquid chromatography of the PCA 
extract of livers was carried out on wNH2 columns 
(Waters Associates, Milford, MA) developed with 
0.01 M ammonium phosphate buffer (pH 2.7); the 
effluent was monitored at 254nm. IMP eluted at 
23.8 min. A typical profile of liver extract is shown 
in Fig. 1. The area of the IMP peak was calculated 
by triangulation and compared with standards to 
compute the concentration of IMP in the unknown. 





ABSORBANCE 254 nm 

















ELUTION TIME (min) 





Fig. 1. Measurement of IMP by high pressure liquid 

chromatography. Details of the preparation of perchlorate 

extracts and of the chromatography are given in Materials 
and Methods. 
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Analysis of enzymes acting on L-glutamic acid 

L-y-Glutamyl-L-cysteine synthetase (EC 6.3.2.2). 
Flash-frozen kidneys from male BDF: mice were 
homogenized in 3 vol. (w/v) of 0.05 M Tris-HCl (pH 
8.4), and the homogenate was centrifuged at 105,000 
g for 30 min. Five pl aliquots of the resultant super- 
natant fraction were incubated with 5 ul of neutral- 
ized 0.05 M ATP-MgCl, 5 wl (0.25 wCi) of L-[U- 
'4C)glutamic acid, 5 yl of 0.05 M L-cysteine and 5 pul 
of 0.05 M L-alanosine or 5 wl of water. After 30 min 
at 37°, aliquots of the reaction mixtures were sub- 
jected to ascending paper chromatography using 
butanol-acetic acid—water (2:1:1, by vol.). The Ry 
values of L-glutamic acid and L-y-glutamyl-L-cysteine 
in this system were 0.5 and 0.66 respectively. 

L-y-Glutamyl transpeptidase (EC 3.4.13.7). A 
preparation of mouse kidney L-y-glutamyl transpep- 
tidase was made according to the first three steps of 
the method of Tate et al. [21] and stored frozen at 
—87°; before use, the enzyme was clarified by cen- 
trifugation at 12,000 g for 3 min. Five yl aliquots 
were incubated with 5 pl of 0.01 M neutral reduced 
glutathione, 5 wl (0.25 Ci) of L-[U-'C]glutamic 
acid and 5 wl of water or of 0.03 M L-alanosine. 
After 1 hr, aliquots of the reaction mixture were 
subjected to high voltage paper electrophoresis at 
pH 7.2. The electropherogram was cut into strips, 
and the radioactivity was measured by scintillation 
spectrometry. 

To test if alanosine could be substrate for this 
enzyme, similar reaction mixtures were constituted 
except that 0.25 wCi of pt-[3-'*C]alanosine replaced 
radioactive L-glutamine. 

L-Glutamine synthetase (EC 6.3.1.2). Mouse brain 
and liver were excised after cervical dislocation, 
chilled immediately and homogenized (1:4, w/v) in 
0.1 M Tris-HCl buffer (pH 7.6) containing 1 mM 
dithiothreitol. The homogenate was centrifuged at 
12,000 g for 12 min and the supernatant fraction was 
used as the source of enzyme. For kinetic analyses, 
substrate mixtures were prepared containing 0.13 to 
4.185 mM L-[U-“C]glutamic acid (specific radioac- 
tivity 270 wCi/umole) along with 0.02 M ATP-MgCl. 
and 0.5 M NHC in 0.1 M imidazole buffer, pH 7.6. 
In a total volume of 15 ul were admixed: 5 yl of 
substrate mixture, 5 ul of supernatant fluid, and 5 pl 
of L-alanosine to achieve a final concentration of 5.3 
or 10.6mM; the vessels were incubated at 37° for 
10 min, and then the reaction was stopped by heating 
at 95° for 10 min. The reaction mixture was centri- 
fuged at 12,000 g for 1 min, and 10 yl of supernatant 
fraction were loaded on to a 1.2 X 1.2 cm column of 
Dowex 1 X 8 formate, previously washed with dis- 
tilled water. Newly synthesized L-glutamine was 
eluted with 5 ml of 0.01 M L-glutamine in 0.05 M 
Tris-HCl! buffer (pH 8.4) and quantitated by scin- 
tillation spectrometry. 

To study the effect of L-alanosine on the specific 
activity of L-glutamine synthetase in vivo, ten BDF: 
mice were given L-alanosine intraperitoneally at a 
dose of 500 mg/kg. After 1 hr the animals were killed, 
and brain and livers were excised; extracts were 
prepared and L-glutamine synthetase activity was 
assayed as described earlier. 

L-glutamate pyruvate transaminase. In a final vol- 
ume of 25 ul were admixed 5 pl of t-[U-"C]glutamic 


acid (0.25 wCi), 5 wl of 0.05 M Tris-HCI buffer (pH 
7.6), 5 wl of 0.03 M pyruvic acid, 5 ul of L-alanosine 
(0.2 M to 0.4M) or water, and 5 ul of L-glutamate 
pyruvate transaminase from pig heart. These reac- 
tants were incubated at 37° for 30 min, and then 
heated at 95° for 2 min. The a-ketoglutarate that was 
formed was decarboxylated as described earlier. 

L-Glutamate dehydrogenase (EC 1.4.1.2). L-Glu- 
tamate dehydrogenase was measured spectropho- 
tometrically [10] in the direction: 

L-glutamate + NAD — a-ketoglutarate + NH3 
+ NADH in the presence and absence of L-alanosine 
at concentrations ranging from 1 mM to 20 mM. In 
parallel experiments, the ability of 0.01 M L-alano- 
sine to substitute for an equimolar concentration of 
L-glutamate in this reaction mixture was examined 
under similar conditions. 

L-Glutamate decarboxylase (EC 4.1.1.15). t-Glu- 
tamate decarboxylase was measured by the radio- 
metric method described in a companion paper [22]. 
Inhibition of this enzyme by L-alanosine was meas- 
ured in the presence of varying concentrations (1.25- 
125 mM final) of the drug. 


Analysis of enzymes acting on L-asparagine 

L-Asparaginase. L-Asparaginase was measured by 
a radiometric technique [23]. 

L-Asparagine transaminase (EC 2.6.1.14). The 
influence of L-alanosine on L-asparagine transamin- 
ase was studied by incubating various concentrations 
of L-alanosine (6.25 to 12.5mM) with oxaloacetic 
acid and an extract of mouse liver. A typical reaction 
mixture, in a total volume of 25 pl, consisted of: 5 pl 
of .-[U-“C]asparagine, 5 ul of 0.05 M Tris-HCl 
buffer (pH 8.4), 5 wl of L-alanosine in 0.05 M Tris— 
HCl, pH 8.4, or buffer alone, 5 ul of 0.03 M oxal- 
oacetate in 0.05 M Tris-HCl, pH 8.4, or 5 wl of 
buffer alone, and 5 wl of mouse liver extract. The 
reactants were mixed by centrifugation, incubated 
at 37° for 30min, and heated at 95° for 2 min. 
Decarboxylation of ['*C]a-ketocarboxylic acid was 
conducted as described above. 


Analysis of enzymes acting on L-Glutamine 


Amidotransferases. The following amidotransfer- 
ases were assayed by the technique given below: 
desamido NAD: L-glutamine amidoligase (EC 
6.3.5.1); XMP L-glutamine amidoligase (EC 
6.3.5.2); L-glutamine: D-fructose 6-phosphate 
aminotransferase (EC 5.3.1.19); ribosylamine-5’- 
phosphate: pyrophosphate phosphoribosy| transfer- 
ase (EC 2.4.2.14). This assay measures the substrate- 
dependent (acceptor-dependent) breakdown of L- 
[U-'C]glutamine to L-[U-"*C]glutamic acid. The fol- 
lowing were admixed in Eppendorf vessels in a final 
volume of 25yl: Spl (0.25 pCi) of L-[U- 
'4C)glutamine (final concentration 0.2 mM), 5 yl of 
neutralized acceptor (to achieve a final concentration 
of 0.01 M), 5 wl of neutralized ATP and MgCh (each 
at 0.02 M), and 10 pul of tissue homogenate to initiate 
the reaction. Blanks without ATP allowed an esti- 
mation of any ATP-independent amide transfer or 
L-glutaminase activity in the extracts. After 30 min 
at 37°, the reaction mixtures were heated at 95° for 
2min and then cooled. t-[U-'C]Glutamic acid 
formed in the incubation step was quantitated by 
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conversion via an exchange transamination at 50 per 
cent yield to a-ketoglutaric acid, as follows: 20 pl of 
a solution containing 1 mg of a-ketoglutaric acid and 
0.2 mg of L-glutamate oxaloacetate transaminase per 
ml of 0.5 M Tris-HCl (pH 8.4) were added to the 
reaction mixtures, and incubated at 37° for 60 min. 
Subsequently, 50 uw! of 1% H2O2 in 1 N HCl were 
added to each vessel; any '*CO2 formed was collected 
in drops of 40% KOH deposited on the lid. At the 
end of 1 hr, the lids were removed and the radio- 
activity was measured by liquid scintillation 
spectrometry. 

CTP synthetase (EC 6.3.4.2). This enzyme was 
assayed by measuring the radiolabeled CTP that is 
formed from radioactive UTP in the presence of 
ATP, L-glutamine, and enzyme. UTP and CTP were 
separated by paper electrophoresis using 0.2 M 
formic acid (pH 2.6). A typical reaction mixture 
consisted of the following in a total volume of 30 yl: 
5 wl of [U-“C]UTP (50 wCi/ml), 5 yl of 0.05 M ATP- 
MgCl, 5 ul of 0.003 M GTP—MgCh, 5 ul of a mixture 
containing 0.01 M L-glutamine and 0.01 M KCI in 
0.05 M Tris-HCl (pH 7.3), 5 ul of 0.06 M L-alanosine 
or water and 5 yl of enzyme (dialyzed 105,000 g 
supernatant of rat fetal liver, mouse brain or mouse 
thymus). After 30 min at 37°, the reaction was ter- 
minated by heating at 95° for 2 min; after centrifu- 
gation at 12,000 g for 3min, 10 ul aliquots were 
taken for paper electrophoresis. 

Carbamyl phosphate synthetase (EC 2.7.2.9). Car- 
bamyl phosphate synthetase was measured radi- 
ometrically. In a final volume of 15 xl were admixed 
1 wCi of H['*C]Os, 0.15 wmole of ATP-MgCh, 0.15 
umole of L-glutamine, 0.15 umole of citrulline, 0.1 
1.U. of ornithine carbamyl transferase and 0.15 
mole of Tris-HCl (pH 7.4) or L-alanosine. The 
reaction was initiated by the addition of either crude 
carbamyl phosphate synthetase from the mutant 
hamster ovarian cells described by Kempe et al. [24] 
or of purified carbamyl phosphate synthetase from 
E. coli. After 20 min at 37°, during which time the 
rate was verified to be linear, 50 wl of 1 N HCI were 
added and the reaction vessels were transferred to 
ovens maintained at 95°. After 20 min, the radio- 
activity of the residue was measured by scintillation 
spectrometry. 

L-Glutaminase. In a final vol of 15 ul were admixed 
5 ul of L-[U-“C]glutamine (specific radioactivity 57.3 
wCi/umole, 5 wl of neutral L-alanosine in 0.05 M 
Tris-HCl (pH 8.4) or buffer alone, and 5 yl of 
enzyme. The final concentration of L-alanosine was 
0.3 or 0.4 M in the studies with A. aerogenes L- 
glutaminase, 0.002 to 0.005M in the case of E. 
carotovora L-asparaginase, and 0.002 to 0.005 M in 
the case of E. coli L-asparaginase. In all cases, suf- 
ficient enzyme was added to hydrolyze more than 
10 per cent but less than 20 per cent of substrate. 
Vessels were incubated at 37° for 30 min, and then 
heated at 95° for 5 min. L-[U-'*C]Glutamic acid was 
quantitated by the method used for measuring ami- 
dotransferases (see above). 


DNA synthesis in P388 cells in vivo 
One million P388 cells were implanted intraperi- 


toneally in thirty CDF: mice. Six days later, twenty 
animals received a single intraperitoneal dose of L- 
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alanosine (500 mg/kg). At the designated time inter- 
val, groups of three animals were given an intra- 
peritoneal injection of 0.0015 umole (31 uCi) of 
[methyl-*H]thymidine. After a 30-min interval, they 
were killed and ascitic tumor cells were collected, 
washed and resuspended in cold 0.85% NaCl at a 
concentration of 10° cells/ml. Two million cells in 
triplicate were treated with cold TCA, and the pre- 
cipitated DNA was filtered on millipore filters, and 
washed five times with cold TCA followed by 95% 
ethanol. The filter was dried and the radioactivity 
was determined by scintillation spectrometry. A 
group of nine animals constituted the untreated 
controls. 


RESULTS 


The interaction of L-alanosine with each of the 
dicarboxylic amino acids and their amides will be 
examined first from the standpoint of transport, then 
of enzymology, and finally of metabolic effects. This 
last category will encompass changes in the concen- 
trations of these amino acids or of metabolites arising 
from them. In some cases, consideration will also be 
given to the net effect of L-alanosine on macromo- 
lecular syntheses. 


Interaction of L-alanosine with the L-aspartic acid 
transport system 


Graff and Plageman [1] showed that L-alanosine 
inhibited the uptake of L-aspartic acid because of its 
affinity for the system responsible for the transport 
of this amino acid. We have examined the effect of 
L-alanosine on the uptake of the dicarboxylic amino 
acids into murine lymphoblasts (L5178Y/AR). 
Figure 2, panel A, demonstrates that L-alanosine 
inhibited the uptake of L-aspartic acid by these cells 
and that the inhibition is apparently competitive in 
nature; Eadie-Scatchard plots of these results con- 
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Fig. 2. Influence of L-alanosine on the transport of dicar- 

boxylic amino acids and their amides by L5178Y/AR cells. 

Studies on the transport of amino acids were carried out 

by incubating L5178Y/AR cells at 37° with various con- 

centrations of amino acid in the presence (A) or absence 

(@) of 10mM L-alanosine, as described in Materials and 
Methods. 
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Fig. 3. Inhibition of adenylosuccinate synthetase of mouse muscle by L-alanosine. Adenylosuccinate 

synthetase activity was measured according to the radiometric method given in Materials and Methods, 

with L-aspartic acid as the variable substrate in the absence (O) or presence of 3.6 mM (A) or 5.5 mM 
(Q) L-alanosine. 


firm that the inhibition was competitive in type (data 
is not shown). The Km for L-aspartic acid in this 
system is 0.89 uM, and the Ki for L-alanosine is 
4.6mM. 

More specific examples of the interaction of L- 
alanosine with the enzymes metabolizing L-aspartic 
acid are presented in the following section. 

Adenylosuccinate synthetase (EC 6.3.4.4). Since 
L-alanosine inhibits the incorporation § of 
['*C]formate into adenine but not into guanine, Gale 
and Schmidt [2] suggested that either adenylosuc- 
cinate synthetase or adenylosuccinate lyase were 
likely to be its target enzymes. The finding that 
Novikoff rat hepatomas, treated with alanosine, 
accumulated IMP strongly suggested that adenylo- 
succinate synthetase was the principal site of action 
of the drug [1]. Although other workers report that 
L-alanosine, as such, does not inhibit adenylosuccin- 
ate synthetase [3, 5], we observed that the drug was 
capable of inhibiting a crude preparation of this 
enzyme from mouse muscle. This inhibition was 


Table 1. Effects of L-alanosine on adenylosuccinate syn- 
thetase activity in vivo in mouse skeletal muscle and 
L5178/AR* 





Adenylosuccinate synthetase 
activity 


(nmoles/mg protein/hr) 





Treatment 
% 


Inhibition 





Tissue Saline L-Alanosine 





40 
72 


136.78 + 61.147 
19.89 + 8.927 


231.75 + 6.95 
72.35 + 8.7 


Muscle 
Tumor 





* Male BDF: mice were injected subcutaneously with 
1 x 10° cells/mouse of LS178Y/AR. Ten days later, they 
were injected intraperitoneally with either saline or 500 
mg/kg of L-alanosine. One hr later tumor and skeletal 
muscle were removed and separately homogenized as 
described in Materials and Methods; a 12,000 g supernatant 
fraction was used for the assay of the enzyme activity. 


+ P>0.01. 


noncompetitive with respect to L-aspartic acid, the 
K; being 5.25 x 10~* M (Fig. 3); dialysis reversed it 
fully. Intraperitoneal administration of therapeutic 
doses of L-alanosine to mice bearing subcutaneous 
L5178Y/AR tumors which are sensitive to L-alano- 
sine therapy inhibited the activity of adenylosuccin- 
ate synthetase in muscle and tumor by 40 and 72 per 
cent, respectively (Table 1); this inhibition was also 
reversed by dialysis. 

In an attempt to demonstrate the mode of action 
of L-alanosine, Gale and Smith [3] incubated the 
antibiotic with radiolabeled IMP in the presence of 
adenylosuccinate synthetase from E. coli. Chro- 
matographic analysis of such reaction mixtures 
revealed the presence of a new radioactive species, 
which these workers postulated to be an adduct of 
L-alanosine and IMP. However, they neither isolated 
this adduct nor attempted to demonstrate its inhibi- 
tory activity against adenylosuccinate synthetase. 
Therefore we re-examined the interaction of L-alan- 
osine with this enzyme. Using a partially purified 
preparation of adenylosuccinate synthetase from 
rabbit muscle, it was possible to demonstrate that 
L-alanosine was a true but weak substrate for the 
enzyme [25]. The resultant product was desalted by 
absorption onto a column of acid-washed charcoal 
followed by elution with ammoniacal 60% ethanol. 
At the concentration used (~ 14M), the purified 
adduct failed to inhibit adenylosuccinate synthetase 
(Table 2). 

Argininosuccinate synthetase (EC 6.3.4.5). Argi- 
ninosuccinate synthetase is considered to be an 
important regulatory enzyme in the urea cycle of 
mammals [26]. Adenylosuccinate synthetase and 
argininosuccinate synthetase catalyze formally anal- 
ogous reactions, namely the transfer of the carbon 
skeleton and a-amino nitrogen of L-aspartic acid to 
the carbonyl group of a suitable receptor, utilizing 
the energy provided by the hydrolysis of a nucleotide 
triphosphate. In view of this similarity, it was antici- 
pated that L-alanosine would interfere with the bio- 
synthesis of argininosuccinate. When L-alanosine, at 
a concentration of 30 mM, was tested as an inhibitor 
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Table 2. Jn vitro inhibition of adenylosuccinate synthetase by L-alanosine and its metabolites* 


OH 


COOH 


ON-—N-—CH>-CH-NH 


ee. 


)H 


JN—N—CH»—-CH—N 


OH 


COOH 


0.0003 


* Metabolites and anabolites of L-alanosine were prepared as described earlier [25]. The metabolites 
and anabolites of L-alanosine were tested for inhibition of adenylosuccinate synthetase activity from 
rabbit muscle, according to the methodology detailed in Materials and Methods. The concentration of 
alanosyl IMP required to produce 50 per cent inhibition of adenylosuccinate synthetase was not 


determined. 


of the mouse kidney enzyme, the drug did exert 
substantial (50 per cent) inhibition. Therefore, we 
made an attempt to determine if L-alanosine could 
be metabolized by this enzyme. High-resolution 
anion and cation exchange chromatography [7] of 
reaction mixtures, wherein  1-[1-"C]alanosine 
replaced L-[4-"C]aspartic acid, failed to reveal the 
presence of any new radioactive species, a finding 
which tends to exclude the possibility of metabolism 
of the drug by this route [25]. 

L-Aspartate transcarbamylase (EC 2.1.3.2). One 
of the early and critical steps in the de novo synthesis 
of pyrimidines involves the condensation of L-aspar- 
tate with carbamyl phosphate to yield carbamyl-L- 


aspartate. Gale et al. [4] found that pyrimidine bio- 
synthesis in Candida albicans was repressed by L- 
alanosine, and that this effect could be antagonized 
by L-aspartic acid. Analogous antidotal effects, how- 
ever, could not be observed in rodent tumors [1]. 
When we examined the interaction of L-alanosine 
with L-aspartate transcarbamylase from mammalian 
spleen, we observed that high concentrations of the 
antibiotic (40 mM) were required to inhibit the 
enzyme by 50 per cent. This finding suggests that L- 
alanosine at therapeutic doses is unlikely to affect 
pyrimidine biosynthesis in mammals. Compared to 
purified L-aspartate transcarbamylase from E. coli, 
L-alanosine (40 mM) exerted only marginal inhibi- 
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tion, but, like PALA (N-phosphonacetyl-L-aspartic 
acid) and succinate, was able to stimulate this allo- 
steric enzyme by ~ 200 per cent when it was under- 
saturated with L-aspartic acid (5 x 10-*M). Rel- 
evant, too, is the observation that L-alanosine was 
susceptible to enzymic carbamylation catalyzed by 
purified L-aspartate transcarbamylase from E. coli 
as well as by a crude preparation of the enzyme from 
PALA-resistant Chinese hamster ovarian cells [25]. 
The Km and Vmax values of the former enzyme for 
L-alanosine were 12.5 mM and 7.6nmoles carba- 
mylated/mg of protein/hr; constants with the latter 
enzyme for the antibiotic were 16.7mM and 
1.2nmoles  carbamylated/mg of _ protein/hr 
respectively. 

SAICAR synthetase (EC 6.3.2.6). The finding that 
L-alanosine does not interrupt the biosynthesis of 
the purine ring points to the fact that the first of the 
two L-aspartate-utilizing enzymes of the purine bio- 
synthetic pathway are not affected significantly by 
the drug [1,2]. Hurlbert et al. [27], however, have 
made the observation that the active metabolite of 
L-alanosine is an analog of SAICAR; this analog 
presumably is formed by the condensation of L-alan- 
osine with AICOR. In the interest of completeness 
and with the goal of establishing the enzymatic basis 
for the formation of the inhibitory molecule, a more 
extensive study of this reaction was undertaken. 
SAICAR synthetase, partially purified from chicken 
liver, was found to be inhibited by L-alanosine, and 
the inhibition was formally competitive with respect 
to L-aspartic acid (Fig. 4), the Kibeing 1.61 x 107° M. 
Dialysis reversed it totally. 

When L-alanosine was tested as a substrate for 
SAICAR synthetase, replacing L-aspartic acid, anew 
product was formed which could be separated by 
chromatography on high-resolution anion exchange 
column [7]. A metabolite with identical chromato- 
graphic properties was formed irrespective of 
whether radioactive L-alanosine or radioactive 
AICOR was used [25]. This metabolite powerfully 
inhibits adenylosuccinate synthetase (K; 0.3 uM) 
(Table 2). 





Km = 7.69 x 10¢M 
Kj = 1.61 x 10°°M 
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Fig. 4. Interaction of L-alanosine with SAICAR synthetase 

from chicken liver. SAICAR synthetase activity was meas- 

ured according to the radiometric technique given in 

Materials and Methods, and with L-aspartic acid as the 

variable substrate in the absence (O) or presence of 1.43 mM 
(A) or 3.6 mM (QQ) L-alanosine. 
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Fig. 5. Inhibition of L-aspartyl tRNA synthetase from 

mouse liver by L-alanosine. The L-aspartyl tRNA synthe- 

tase reaction was carried out as described in Materials and 

Methods, in the absence (O) or presence of 1.65mM 
(@) or 3.3 mM (A) L-alanosine. 


L-Aspartyl tRNA synthetase (EC 6.1.1.12). Our 
earlier studies suggested that L-alanosine can be 
incorporated into protein [25]. For this reason, we 
chose to explore the interaction of L-alanosine with 
L-aspartyl tRNA synthetase. In fact, L-alanosine did 
inhibit the esterification of L-[4-"C]aspartic acid to 
tRNA in the reaction catalyzed by a partially purified 
preparation of mouse liver tRNA synthetases: 61 
per cent at 5 mM. This inhibition was formally com- 
petitive in type, with L-aspartic acid as the variable 
substrate (Fig. 5); the Ki was 1.9 x 107° M. Dialysis 
fully reversed this effect. Despite this evidence that 
L-alanosine could occupy the active site of L-aspartyl 
tRNA synthetase, it has not been possible to dem- 
onstrate directly that the antibiotic is esterified to 
tRNA [25]. 

L-Asparagine synthetase. L-Asparagine competi- 
tively inhibits the active uptake of L-alanosine by 
L5178Y/AR cells in vitro [22]. This finding and the 
steric similarity of L-alanosine to L-aspartic acid jus- 
tified the expectation that the antibiotic might inter- 
act with the enzyme systems responsible for the 
biosynthesis of L-asparagine. However, even at a 
concentration of 10 mM, L-alanosine failed to inhibit 
L-asparagine synthetase from leukemia 5178Y/AR 
or from normal mouse pancreas, regardless of 
whether L-glutamine or ammonia was the nitrogen 
donor. It is noteworthy, though, that HAPA [2- 
amino-3-(N-hydroxy-amino) propionic acid], an ana- 
log of L-alanosine, does inhibit these enzymes to a 
considerable degree (40 per cent at 10mM). This 
observation is of importance in light of the fact that 
HAPA has been suggested to be one of the metab- 
olites of L-alanosine [25]. 

L-Aspartyl-N-acetylase (EC 2.3.1.17). In mam- 
malian brain, a particulate enzymatic activity capable 
of acetylating L-aspartic acid is abundant [28]. This 
activity was not inhibited significantly by L-alanosine 
even at 12.5mM. Moreover, when  p1-[1- 
'C]alanosine was incubated with acetyl CoA and a 
crude preparation of the enzyme, no new product 
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Table 3. Activities of L-glutamate oxaloacetate transaminase and glutamate pyruvate transaminase in skeletal and cardiac 
muscle tissues of the mouse* 





Tissue Enzyme 


Activity 


Substrates (umoles/mg protein/hr) 





Skeletal muscle L-Glutamate oxaloacetate transaminase 


Cardiac muscle _L-Glutamate oxaloacetate transaminase 
Skeletal muscle L-Glutamate pyruvate transaminase 


Cardiac muscle L-Glutamate pyruvate transaminase 


0.067 
0.0125 
0.096 
0.017 
0.0496 
0.0108 
0.0721 
0.0132 


L-Glutamate and oxaloacetate 
L-Alanosine and oxaloacetate 
L-Glutamate and oxaloacetate 
L-Alanosine and oxaloacetate 
L-Glutamate and pyruvate 
L-Alanosine and pyruvate 
L-Glutamate and pyruvate 
L-Alanosine and pyruvate 





* GOT and GPT activities were measured in cardiac and skeletal muscle tissues of the mouse according to the details 


given in Materials and Methods. 


could be detected by anion exchange column 
chromatography; under the same conditions, L- 
aspartic acid was acetylated vigorously. 

In new born mice, L-alanosine causes severe hypo- 
thalamic lesions analogous to those caused by high 
doses of L-aspartic and L-glutamic acids [6]. On the 
basis of the negative results presented here, it can 
be concluded that the enzymatic basis for this lesion 
does not entail acetylation of the antibiotic. 

L-Aspartate aminotransferase. L-Aspartate amino- 
transferase, a pivotal enzyme in mammalian nitrogen 
metabolism, exhibits rather restricted substrate spe- 
cificity [29]. When the effect of L-alanosine on the 
conversion of t-[4-‘“C]aspartate (2mM) to [4- 
'SCloxaloacetate in the presence of a-ketoglutarate 
was tested with the mitochondrial enzyme from pig 
heart, it was observed that the antibiotic inhibited 
this transaminase in a formally competitive manner 
with a Ki of 500 mM. 

In the second paper of the present series [25], 
evidence was presented documenting the suscepti- 
bility of alanosine to catalytic attack by GOT. The 
product of that attack was shown to be an a-keto- 
carboxylic acid, susceptible to decarboxylation by 
acid hydrogen peroxide. Since cardiac and skeletal 
muscle, which together constitute ~ 30 per cent of 
the body mass, are rich in GOT, it was of interest 
to compare the metabolism of pt-[1-'*C]alanosine 
by extracts of these tissues. The results presented in 
Table 3 show that the transamination of L-alanosine 
with oxaloacetic acid catalyzed by crude extracts of 
cardiac and skeletal muscle proceeds at about one- 
fifth the rate seen with its physiologic substrate; both 
cardiac and skeletal muscle tissues are equally abun- 
dant in this activity. 


L-Aspartate-metabolizing enzymes unique to bacteria: 
L-aspartase, L-aspartic acid B-decarboxylase and L- 
aspartyl kinase 

Because L-alanosine possesses marked antibiotic 
properties, we examined its ability to interact with 
those enzymes of L-aspartate metabolism unique to 
bacteria. At a final concentration of 0.01 M, L-alan- 
osine neither inhibited the title enzymes nor was a 
substrate for them. 

Table 4 presents a recapitulation of the interaction 
of L-alanosine with the enzymes metabolizing L- 
aspartic acid; four of these are inhibited to a marked 


degree in vitro. In order to assess the consequences 
of such inhibition, we examined the ability of the 
antibiotic to disturb the concentration of L-aspartic 
acid in urine, liver and tumor. 


Production of aminoaciduria 


Previous studies showed that L-alanosine inhibited 
the active transport of several amino acids [22]. By 
analogy, it seemed possible that the drug might 
interrupt tubular resorption in the kidney. In fact, 
it was found that parenteral L-alanosine provokes a 
dose-related increase in the excretion of L-aspartic 
acid in the urine and that this effect lasts for at least 
5 hr (table 5). 


Alteration of amino acid concentration 


Hepatic pools of L-aspartate were measured after 
drug treatment. A 3 to 5-fold increase was demon- 
strated (Table 6). No such derangement was 
observed in nodules of leukemia 5178Y, a neoplasm 
sensitive to L-alanosine. 


Alteration of the concentration of IMP 


Inhibition of adenylosuccinate synthetase by L- 
alanosine or a metabolite thereof should result in 
the accumulation of IMP in vivo [1]. After thera- 
peutic doses of the drug, when hepatic as well as 
tumoral (L5178Y/AR) IMP pools were measured by 
spectrophotometric and by chromatographic tech- 
niques, no significant increase was noted at 1 or 5 
hr after drug treatment (Table 7). It is noteworthy 
that an apparently larger pool-size of IMP was found 
when high pressure liquid chromatography was used; 
this discrepancy might be due to the presence of 
closely eluting nucleotide species. 


Alteration of the concentration of ATP 


Since L-alanosine interferes with the biosynthesis 
of AMP, the concentration of this and related 
nucleotides should fall as a consequence of drug 
treatment. This effect has been observed in other 
systems [1]. One and five hours after the adminis- 
tration of L-alanosine to tumor-bearing mice, a sig- 
nificant decrease in the concentration of ATP was 
observed in liver and tumor (L5178Y/AR) (Table 
7). A modest depression in the concentration of 
nicotinamide adenine dinucleotide was also seen 5 
hr after administration of the drug (Table 7). 
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Table 5. Effects of L-Alanosine on the excretion of L-aspartic acid, L-glutamic acid and L- 
asparagine in urine* 





Amount excreted 
L-Alanosine treatment (nmoles + S.D./ml urine) 


Amino acid (mg/kg) 3 hr 5 hr 





304.5+ 43.5 
848.0+ 22.0 
1010.0+ 87.0 
2043.5 + 217.5 
174.0+ 43.0 
174.0+ 43.5 
130.5+ 43.5 
261.0+ 43.5 
250.0 + 0.5 
680.0+ 49.0 
5500.0 + 1426.0 
2640.0+ 63.5 


L-Aspartic acid Saline 348.0+ 43.5 
125 739.0+ 0.5 
250 2326.5 + 109.0 
500 2869.5 + 174.0 

Saline 196.0+ 65.5 
125 IS. O05 
250 174.0+ 43.5 
500 348.0+ 87.0 

Saline 141.5+ 13.0 
125 930.0 + 20.5 
250 3950.0 + 64.0 
500 3850.0 + 379.5 


L-Asparagine 


L-Glutamic acid 





* Amino acids were measured in clarified urine using techniques described in Materials 
and Methods. Due to interference from excessive ammonia present in the urine, L-glutamine 
could not be measured. Drug treatment did not cause any change in the volume of urine 
excreted; the net excretion of creatinine in the urine of treated mice was not altered 
significantly. 


Table 6. Influence of L-alanosine on the concentration of the dicarboxylic amino acids in vivo* 





Concentration 
(nmoles + S.D./g tissue) 





L5178Y/AR 





Time after 
treatment Saline L-Alanosine Saline 
Amino acid (hr) group group group 


L-Alanosine 





L-Aspartic 
acid 664.6 + 195.6 
692.4 + 138.0 


3413.6 + 849.27 522.4 + 98.8 


978.6+ 280.0 

L-Glutamic 

acid 1584.0 + 758.2 
1210.8 + 747.3 


964.4+ 863.4 : , 459.3 + 328.2 
1329.3 + 1025.4 747.3 + 376.6 





* Normal mice or mice bearing 1 cm subcutaneous nodules of leukemia 5178Y/AR were injected intraperitoneally 
with 500 mg/kg of L-alanosine or with saline. One and five hr later, liver and tumor were removed and processed as 
detailed in Materials and Methods. 

+P < 0.05. 


Table 7. Influence of L-alanosine on the concentrations of ATP, NAD and IMP in liver and tumor* 





Concentration (nmoles + S.D./g tissue) 





Liver L5178Y/AR 





Time after 
treatment Saline L-Alanosine Saline L-Alanosine 
Pools (hr) group group group group 





224.0 + 96.8 
93.0 + 36.8 


637.0 + 54.3 
945.5 + 41.3 
(P < 0.05) 
914.8 + 46.0 
889.5 + 35.0 
(P < 0.05) 
48.0 + 33.9 
124.08 + 16.08 


194.8 + 86.0 
151.2 + 86.0 


ATP l 942.0 + 53.0 
5 1511.0 + 64.8 


882.3 + 46.9 
1176 + 78.0 


NAD l 


85.9 + 24.6 19.05 + 11.7 


114.46 + 25 


IMP (spectrophotometric) 
IMP (anion exchange) 
chromatography) 


IMP (high pressure) 
liquid chroma- 


tography) 


667 + 148 
340 + 84 
372 + 88 


558 + 212 
340 + 128 
268 + 38 





* The pools of ATP, NAD and IMP were measured according to the procedures outlined in Materials and Methods. 
IMP measurements were made using the three different methods indicated. 





L-Alanosine and enzymes metabolizing dicarboxylic amino acids and amides 


DNA synthesis 

Since ATP synthesis was affected by L-alanosine 
both in normal liver and in tumors, it was expected 
that dATP and consequently DNA synthesis would 
be affected. P388 cells, which are sensitive to L- 
alanosine, were treated with the drug in vivo and 
the incorporation of thymidine was studied according 
to the procedures given under Materials and Meth- 
ods. Figure 6 illustrates the kinetics of DNA synthesis 
in these cells following treatment with L-alanosine; 
this process slows down to about 50 per cent of the 
control by 2 hr, totally stops by 4 hr, and remains at 
a negligible level for 24 hr. By 48 hr, DNA synthesis 
has rebounded. 


Interaction of L-alanosine with enzymes of L-gluta- 
mate metabolism 


Earlier studies by Gale and Atkins [30] docu- 
mented that L-alanosine was a competitive inhibitor 
of L-glutamate decarboxylase from E. coli without 
at the same time being susceptible to catalytic attack 
by the enzyme. Our own investigations showed that 
pL-[1-'*C]Jalanosine could, in fact, be a-decarboxyl- 
ated by L-glutamate decarboxylase [22]. In the fol- 
lowing section we propose to investigate how exten- 
sive is the analogy of L-alanosine to L-glutamic acid. 

Transport. Figure 2, panel B, shows the effect of 
L-alanosine on the uptake of L-glutamic acid by leu- 
kemia 5178Y/AR cells. The Km for L-glutamic acid 
transport is 40 4M; the Ki for L-alanosine is 6.6 mM. 
It is relevant to point out that L-glutamic acid has 
been found to impede the uptake of L-alanosine in 
a competitive manner [22]. Further specific examples 
of interaction of L-alanosine with enzymes metab- 
olizing L-glutamic acid are presented in the following 
section. 

L-y-Glutamyl-L-cysteine synthetase. In the pres- 
ence of ATP and magnesium ions, L-y-glutamyl-L- 
cysteine synthetase catalyzes the formation of a pep- 
tide bond between the y-carboxyl of L-glutamic acid 
and the a-amino group of L-cysteine. As the first 
step in glutathione synthesis, this reaction may be 
of profound importance to the transport of amino 
acids [21]. Jn vitro, L-alanosine did not inhibit L-y- 
glutamyl-L-cysteine synthetase, nor was it metab- 
olized by a crude preparation of this enzyme from 
rat kidney. 





% OF CONTROL (dpm/ 2 x 10° cells) 





n 


8 16 24 32 40 48 
PERIOD AFTER L-ALANOSINE ADMINISTRATION (hours) 














Fig. 6. Inhibition of DNA synthesis by L-alanosine in vivo. 
Incorporation of thymidine into DNA was studied by the 
procedures detailed in Materials and Methods. 


L-y-Glutamyl transpeptidase. Although the title 
enzyme is not, in the strictest sense, involved in the 
metabolism of L-glutamic acid, we explored its inter- 
action with L-alanosine for the following reason. 
Orlowski and Meister [31] have accumulated evi- 
dence that L-y-glutamyl transpeptidase participates 
in the active transport of L-amino acids. Inasmuch 
as our earlier studies demonstrated that L-alanosine 
was transported into murine lymphoblasts by a tem- 
perature- and energy-dependent process, it was of 
interest to determine if the y-glutamyl cycle might 
be responsible for this transport [22]. Using high- 
resolution anion exchange column chromatography 
in conjunction with paper electrophoresis at pH 7.2, 
we found no evidence for the conjugation of pL-[1- 
'*C]alanosine to the L-glutamyl moiety of glutathione 
by a solubilized preparation of the transpeptidase 
from mouse kidney. 

L-Glutamine synthetase. L-Glutamine synthetase 
plays an important role in the nitrogen metabolism 
of mammals. /n vitro, L-alanosine inhibits the 
enzyme from mouse liver (Ki 1.3 mM) and brain 
(Ki 4.0 mM) in a competitive way (Fig. 7). Dialysis 
reverses over 90 per cent of this inhibition. /n vivo, 
however, therapeutic parenteral doses of L-alanosine 





Km = 4x 10°M 
Kj = 4x 10°°M 








2 4 6 
1 
is} GLUTAMIC ACID (mM) 





anil 





Km = 3.3x 10°M 
Kj = 1.3x 10°°M 








2 4 
is GLUTAMIC ACID (mM) 








Fig. 7. Interaction of L-alanosine with L-glutamine synthetase from mouse brain and liver. L-Glutamine 
synthetase was measured in the presence of water (@) or L-alanosine, 5.3 mM (A) or 10.6mM (QO); 
the assay was conducted as described in Materials and Methods. Panel A represents studies carried out 
with mouse brain enzyme, and panel B represents the study carried out with the mouse liver enzyme. 
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L-Alanosine and enzymes metabolizing dicarboxylic amino acids and amides 


(400 mg/kg) produced negligible effects on the 
activity of L-glutamine synthetase in brain and liver 
at time periods up to 4 hr after administration. 

L-Glutamyl tRNA synthetase (EC 6.1.1.17). The 
same considerations which activated our study of the 
interaction of L-alanosine with L-aspartyl tRNA sy1- 
thetase prompted us to examine the corresponding 
enzyme involved in the acylation of L-glutamate. 
Concentrations of the antibiotic as high as 10 mM 
produced no inhibition of this enzyme in vitro. 

L-Glutamate pyruvate transaminase. L-Alanosine, 
at a final concentration of 0.01 M, failed to inhibit 
pig heart GPT and produced only 18 per cent inhi- 
bition at 0.1 M. Kinetic analysis showed that the 
antibiotic was an exceedingly weak competitive 
inhibitor versus L-glutamic acid (K; 0.299 M). Table 
3 documents that GPT is equally abundant in cardiac 
and skeletal muscle. The rate of the reaction with 
L-alanosine as a substrate (0.0108 umoles/mg/hr), 
although less than that observed with L-glutamic acid 
as substrate (0.0496 uwmole/mg/hr), is nevertheless 
brisk. 

L-Glutamate dehydrogenase. On the basis of the 
similarity to L-glutamic acid, it was anticipated that 
L-alanosine might be susceptible to catalytic attack 
by L-glutamate dehydrogenase. However, even at a 
concentration of 0.05 M, the antibiotic was neither 
a substrate nor an inhibitor of this pivotal enzyme. 

L-Glutamate decarboxylase. Using a radiometric 
technique and a partially purified preparation of L- 
glutamate decarboxylase from E. coli, it was 
observed that 125 mM L-alanosine inhibited this 
enzyme by 91 per cent. When L-glutamate was 
replaced by L-alanosine, the antibiotic was a-decar- 
boxylated actively; the Km for L-alanosine was ~ 20 
mM. These results are summarized in Table 8. 


Production of aminoaciduria 


It was also observed that parenteral L-alanosine 
was capable of deranging the urinary excretion of 
L-glutamic acid. Thus, after therapeutic doses of L- 
alanosine, the concentration of L-glutamic acid in 
the urine doubled. In contrast to the case with L- 
aspartic acid, parenteral L-alanosine failed to pro- 
duce an increase in the hepatic pools of L-glutamic 
acid (Table 6). 


Table 9. Summary of the effects of L-alanosine in vitro on the enzymes of L-asparagine metabolism 


241 


Interaction of L-alanosine with enzymes utilizing L- 
asparagine 

L-Asparagine interferes with the uptake of L-alan- 
osine competitively [22]. Since amino acid transport 
is most likely an enzymatic process, it was reasonable 
to determine whether L-alanosine would interfere 
with the transport of L-asparagine and whether it 
would inhibit other enzymes acting on L-asparagine. 

Transport. The effect of L-alanosine on the trans- 
port of L-asparagine is presented in Fig. 2, panel C. 
The K~», for L-asparagine transport is 67 4M, whereas 
the K; for L-alanosine is 12 mM. 

The interaction of L-alanosine with individual 
enzymes of L-asparagine metabolism is presented in 
the following sections. 

L-Asparaginyl tRNA synthetase. For convenience, 
a partially purified preparation of L-asparaginyl 
tRNA synthetase from mouse brain was used since 
that organ, and hence the enzyme prepared from it, 
is deficient in L-asparaginase. L-Alanosine did not 
inhibit this enzyme to any important degree at con- 
centrations up to 15 mM. 

L-Asparagine transaminase. At a concentration of 
12.5 mM, L-alanosine inhibited by 60 per cent the 
transamination of L-[U-'*C]asparagine with oxaloac- 
etate in a reaction system utilizing crude transamin- 
ase from adult mouse liver [5]. 

L-Asparaginase. L-Asparaginase is the mose widely 
studied enzyme involved in the metabolism of L- 
asparagine. Its catalytic capabilities are rather broad, 
encompassing the hydrolysis of amides, nitriles, 
hydrazides, and other moieties [32]. With L-aspar- 
agine as substrate, the L-asparaginases from E. coli 
and E. carotovora were not inhibited by L-alanosine, 
even at a 10 mM concentration (Table 9). Moreover, 
no degradation of L-alanosine ensued even after pro- 
tracted incubations with crystalline preparations of 
L-asparaginase from E. coli, E. carotovora, Vibrio 
succinogenes, Dasyprocta aguti, or with the crude 
amidohydrolase from mouse liver. 

The effect of L-alanosine on the enzymes metab- 
olizing L-asparagine are presented in table 9. The 
enzymes were not inhibited in vitro to any important 
degree. However, the urinary excretion of L-aspar- 
agine was increased after a therapeutic dose of L- 
alanosine (Table 5). In contrast, drug treatment 


* 





Source of 


Enzyme enzyme 


Maximum 
conc. 
tested 
(mM) 


Is alanosine 
an alternate 


% Inhibition substrate 





L-Asparaginyl Mouse brain 
tRNA 
synthetase 

L-Asparagine 
transaminase 

L-Asparaginase 


Mouse liver 


E. coli 


E. carotovora 


D. aguti 


15 


12.5 


10 
10 
10 





* The procedures used for enzyme assays are detailed in Materials and Methods. ND: not determined. 
The per cent inhibition is that seen at the maximum concentration tested. 
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caused no increase in the hepatic concentration of 
L-asparagine (data not shown). 


Interaction of L-alanosine with enzymes of \-gluta- 
mine metabolism 


Originally, L-alanosine was thought to be an 
antagonist of L-glutamine because of its structural 
similarity to this amino acid [2]. Our studies on 
transport of the antibiotic into murine lymphoblasts 
(L5178Y) showed that this process was inhibited by 
L-glutamine [22]. For this reason we elected to study 
the interaction of L-alanosine with select enzymes of 
L-glutamine metabolism, including those involved in 
the transport of this amino acid. 

Transport. The effect of L-alanosine on the trans- 
port of L-glutamine is presented in Fig. 2, panel D. 
The drug inhibits the transport of L-glutamine in an 
apparently competitive manner: the Km for L-glu- 
tamine transport is 12.5 uM, whereas the K; for L- 
alanosine is 16 mM. The interactions of L-alanosine 
with individual enzymes of L-glutamine metabolism 
are presented in the following sections. 

L-Glutaminase. Mammalian L-glutaminases pro- 
vide a portion of the ammonia needed for carbamy] 
phosphate synthesis in mitochondria [33]. Since L- 
alanosine produces L-glutamic aciduria, it was rel- 
evant to study its effect on a panel of L-glutaminases. 
Crude hepatic mitochondrial L-glutaminase from the 
mouse was unaffected by pharmacologically mean- 
ingful concentrations of L-alanosine (up to 0.05 M) 
in vitro, in the presence or absence of phosphate 
(0.01 M). The neutral L-glutaminase from Aerobac- 
ter was inhibited 50 per cent by 0.3 M L-alanosine. 
In the case of the L-asparaginases from E. carotovora 
and E. coli, 5mM t-alanosine inhibited their L-glu- 
taminase activity by about 50 per cent; double 
reciprocal plots of the kinetics of inhibitions of the 
last two enzymes are presented in Fig. 8. The Ki of 
L-alanosine for the enzyme from E. carotovora is 
1.6mM and that for the E. coli enzyme is 5.9 mM. 
As was mentioned earlier, no evidence was seen for 
the decomposition of alanosine by any of the above 
enzymes. 

L-Glutamine tRNA synthetase (EC 6.1.1.18). In 
vitro, L-glutaminyl tRNA synthetase from mouse 
liver was not inhibited by 10 mM L-alanosine. Ester- 
ification of L-alanosine to tRNA by L-glutaminyl 
tRNA synthetase was not examined. 

The amidotransferases. L-Glutamine donates its 
amide nitrogen to any of a dozen or more known 
acceptors, some of which are involved in the bio- 
synthesis of the purine and pyrimidine ring [34]. 
Table 10 documents the finding that of the amido 
transferases tested, only carbamyl phosphate syn- 
thetase was inhibited significantly by L-alanosine at 
10 mM. The absence of any effect of L-alanosine on 
5-phosphoribosylamine synthetase (an early enzyme 
in purine biosynthesis) or on GMP synthetase is in 
keeping with our present understanding of the select 
effect of L-alanosine on purine biosynthesis at the 
level of AMP in mammals [1, 2, 27]. 


DISCUSSION 


The weight of evidence presented here and else- 
where [25] supports the conclusion that L-alanosine 


enters cells, and is metabolized, on the basis of its 
close structural resemblance to the dicarboxylic 
amino acids or their amides. This metabolism can 
be viewed in two ways: that which is quantitatively 
important, and that which is qualitatively important. 

In quantitative terms, transamination of L-alano- 
sine and reduction of the resultant a-ketocarboxylic 
acid appears to be the principal metabolic fate of the 
antibiotic. Cardiac and skeletal muscles transaminate 
L-alanosine vigorously; this activity is very likely 
attributable to GOT and GPT. Although the velocity 
of transamination of L-alanosine by these enzymes 
is only one-fifth of that seen with L-glutamic acid, 
these muscle masses are so rich in GOT and GPT 
(0.08 I.U./g and 0.06 I.U./g, respectively), and rep- 
resent such a large fraction of the total mass (30 per 
cent), that 40 wzmoles (~ 6 mg) of the antibiotic, in 
theory could be decomposed by this route per hour, 
at such times (for example, during the first hour 
following dosing) as the enzyme is saturated (Km of 
GOT for L-alanosine is 0.625 mM). Support for the 
quantitative importance of transamination comes 
from the patterns of urinary excretion of the metab- 
olites of L-alanosine: the a-hydroxy derivative 
appears to be the most abundant excretory product, 
accounting for a major fraction (60-70 per cent) of 
the administered dose in several species [25]. The 
most likely source of this metabolite is via transa- 
mination and reduction of the resultant a-ketocar- 
boxylic acid. Inasmuch as this metabolite appears to 
be metabolically inert (Table 2), its production could 
be viewed as a kind of detoxification. 

In qualitative terms, with therapeutic, toxicologic 
and enzymologic actions as end points, the most 
important metabolic fate of L-alanosine is its con- 
densation with 5-amino-4-imidazole carboxylic acid 
ribonucleotide to yield a fraudulent anabolite 
capable of powerfully inhibiting adenylosuccinate 
synthetase (Ki~ 0.3 4M). The synthesis of this key 
metabolite, which was originally reported by Hurl- 
bert et al. [27], may be rather sluggish in vivo because 
DNA synthesis in P388 tumor cells does not begin 
to be affected until 2 hr after exposure to L-alanosine; 
(another interpretation of this lag is that, in the 
absence of de novo synthesis, it may take 2 hr to 
deplete the preformed AMP pool). Similarly, the 
finding that 24 hr elapse before restitution of DNA 
synthesis could be a direct reflection of the half-life 
of this inhibitory molecule. Also, none of the other 
metabolites or analogs significantly inhibited aden- 
ylosuccinate synthetase (Table 2). 

IMP dehydrogenase and adenylosuccinate synthe- 
tase share IMP as a common substrate, but IMP 
dehydrogenase has a 10-fold greater affinity for this 
nucleotide [35, 36]. When, after treatment with L- 
alanosine, IMP accumulates due to blockage of AMP 
synthesis, the pool size of XMP or GMP could 
increase commensurately. In fact, L-alanosine has 
been shown to produce an increase in the concen- 
tration of GMP in L1210 cells in vivo [3]. The fact 
that the present studies show no increase of the 
hepatic IMP level in mice up to 5 hr after parenteral 
administration of L-alanosine suggests that the sur- 
plus IMP is being utilized for XMP or GMP synthesis. 

In summary, the therapeutic and toxicologic 
implications of the findings reported here are clear. 
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Fig. 8. Inhibition of L-glutaminase activity of L-asparaginases from E. carotovora and E. coli by L- 

alanosine. In a final volume of 15 ul were admixed Syl of L-[U-'*C]glutamine at the concentrations 

shown, 5 yl of neutral L-alanosine [final concentration of 0.005 M (Q), 0.002 M (©) or water (@)], and, 
to initiate the reaction, 5 ul of L-asparaginase from E. coli (panel A) or E. carotovora, (panel B). 


Organs rich in GOT are likely to detoxify L-alanosine 
before it is anabolized. Tissues and tumors rich in 
SAICAR synthetase and poor in adenylosuccinate 
lyase (or other enzymes that would catabolize the 
inhibitor molecule) are likely to be susceptible to 


damage by the drug. It is the purpose of studies 
currently under way to test these inferences directly. 
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SHORT COMMUNICATIONS 


Microsomal metabolism of diethyl ether 


(Received 6 July 1979; accepted 6 August 1979) 


Throughout much of its long history as a general anesthetic, 
diethyl ether was believed to be expired unchanged fol- 
lowing administration. Recently, however, several inves- 
tigators have shown that diethyl ether is not 100 per cent 
recoverable [1-4] and that as much as 5 per cent is metab- 
olized [3]. The following pathway of diethyl ether metab- 
olism has been proposed [3,4]: 


CH3CH2-O-CH2CH3— CH3CH20H + CH3CHO-—> 
CH3COOH-— COz2, fatty acids, cholesterol, etc. 


Diethyl ether is cleaved to acetaldehyde and ethanol, which 
are rapidly oxidized to acetate by well-characterized 
enzymes [1]. The acetate subsequently enters the 2-carbon 
pool of intermediary metabolism. The initial step, ether 
cleavage, has not been well characterized despite its obvious 
importance in the above scheme. 

Diethyl ether has been shown to be an inducer of the 
hepatic cytochrome P-450-containing mono-oxygenase 
enzyme system [5,6]. Diethyl ether also appears to inhibit 
both drug clearance in vivo [7] and microsomal drug metab- 
olism in vitro [8]. Our own work has shown that diethyl 
ether also inhibits p-nitroanisole metabolism in isolated 
hepatocytes.* Microsomal preparations demethylate the 
ether methoxyflurane [9]. These observations prompted us 
to examine rate liver microsomes for the ability to metab- 
olize diethyl ether. 

Rats were treated with phenobarbital (80 mg/kg, i.p.) 
for 3 days prior to being killed (24 hr after final injection). 
Hepatic microsomes were prepared by the method of 
Kamataki and Kitagawa [10]. The incubations consisted of 
NADP* (0.15mM), MgCl2 (6.25 mM), glucose-6-phos- 
phate (2.5mM), EDTA (1.0mM), glucose-6-phosphate 
dehydrogenase (51.U.), microsomal protein (2 mg) and 
diethyl ether (4.8 mM, added by microsyringe) in 50 mM 
potassium phosphate buffer, pH 7.6. The final volume was 
2.0 ml, and incubations were conducted at 37° in stoppered 
25 ml Erlenmeyer flasks equipped with a centerwell. 

Acetaldehyde formation was determined as follows; the 
reactions were terminated by placing the flasks on ice and 
adding 0.1 ml of 46% perchloric acid. One ml of 0.2% 3- 





* Unpublished observation. 


methyl-2-benzylthiazolinone hydrazone hydrochloride 
(Aldrich Chemical Co., Milwaukee, WI) in 50 mM glycine 
buffer, pH 3.5, was added to the centerwell, and the flasks 
were stoppered and left overnight. Next, 0.5 ml of the 3- 
methyl-2-benzylthiazolinone hydrazone solution was with- 
drawn and combined with 0.5 ml of 0.2% freshly prepared 
ferric chloride. After 5 min, 2.0ml acetone were added 
and the color development was determined immediately 
at €63nm. This is a slight modification of a method 
described elsewhere [11], is sensitive to 5 nmoles, and is 
linear through 200 nmoles acetaldehyde. In each experi- 
ment, 100 nmoles acetaldehyde were added to the reaction 
mixture described above, which was then immediately 
deproteinized and carried through the assay procedure as 
a recovery standard. 

In experiments designed to characterize the reaction 
leading to the formation of acetaldehyde from diethyl ether, 
antibodies to rat cytochrome P-450 were prepared as 
described elsewhere [12] and added to the reaction mixture 
in a ratio (antibody protein/nmole of cytochrome P-450) 
of 5:1. Preimmune sera were added to separate reaction 
vessels as controls. In other experiments, the ability of 
carbon monoxide to inhibit microsomal diethyl ether 
metabolism was determined by performing the incubations 
under an atmosphere of oxygen and carbon monoxide. The 
CO/O2 ratio (80/20) was achieved with the use of flow 
meters. 

Preliminary experiments indicated that diethyl ether was 
metabolized to acetaldehyde by microsomes, and that this 
reaction was linear through 20 min. This reaction was char- 
acterized (Table 1) as requiring NADPH and was inhibited 
by both carbon monoxide and an antibody to rat liver 
cytochrome P-450. B-diethylaminoethyl diphenylpropyla- 
cetate (SKF 525-A) had no consistent effect on apparent 
ether metabolism, perhaps because as a diethylamine 
derivative, it also yields acetaldehyde upon microsomal 
oxidation. 

These data suggest that the microsomal metabolism of 
diethyl ether is catalyzed by a cytochrome P-450-containing 
mono-oxygenase system in a reaction analogous to the O- 
dealkylation observed for other compounds, i.e. ethoxy- 
coumarin [13]. Hence, it appears that simple aliphatic 
ethers should also be added to the list of microsomal mixed 
function oxidase substrates. 


Table 1. Diethyl ether metabolism to acetaldehyde by phenobarbital-induced rat hepatic microsomes* 





Condition 


(nmoles acetaldehyde/mg protein/10 min) 


Rate 
% Control 





Complete system 

Without NADPH generating system 
With preimmune serum 

With anti-P-450 antibody’ 

With CO* 





* Values are the means + S.D. of 3—4 experiments. Reaction conditions are described in the text. 
Boiled microsomes or the complete system minus ether produced no acetaldehyde. 


+ Prepared as described [12]. 
+ CO/O2 = 80/20. 
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The metabolism of alphaxalone by isolated rat hepatocytes 


(Received 1 August 1979; accepted 17 August 1979) 


Alphaxalone (3a-hydroxy-Sa-pregane-11,20 dione) is a 
steroid anaesthetic agent which is used clinically both for 
the induction and maintenance of anaesthesia. Indirect 
evidence obtained from in vive studies on rats [1] and 
rabbits [2] suggests that this drug is metabolized in the 
liver. No data relating to the rates of metabolism of alphax- 
alone by the liver in vivo or by liver preparations in vitro 
have been reported. Such data are of importance in assess- 
ing the ability of the liver to convert the drug to an inactive 
form under normal or pathological conditions. 

Isolated hepatocytes in suspension have been used as a 
convenient model system to study many aspects of liver 
metabolism [3] including drug detoxification [4,5]. In this 
communication, a method is described for the measurement 
of the degradation of alphaxolone by isolated rat hepato- 
cytes and the kinetic parameters of this process are 
reported. 

Collagenase for the preparation of isolated hepatocytes 
was purchased from C.F. Boehringer und Soehne, Mann- 
heim. Alphaxalone and 36-hydroxy-Sa-pregn-16-ene 11,20 
dione were kindly donated by Glaxo—Allenbury’s Research 
Ltd, Greenford, Middlesex, U.K. Bovine serum albumin 
was purchased from the Sigma Chemical Co., St Louis, 
MO, U.S.A. 

Hepatocytes were prepared from normally fed male 
Wistar albino rats of weight 250-300 g by the method of 
Berry and Friend [6], as modified by Krebs et al. [7]. The 
viability of the cells was > 90%, as assessed by Trypan 
Blue exclusion. Cells were suspended at the appropriate 
concentration in Krebs—Henseleit bicarbonate buffer [8] at 
pH 7.4 and 37° under a gas phase of 95% O2/5% CO2. The 
incubation medium also contained 2% w/v dialysed bovine 
serum albumin (fraction V). The reaction was begun by 
the addition of the appropriate concentration of alphax- 
alone. Samples were withdrawn at various times and 
deproteinised by the addition of perchloric acid (5% w/v 
final concentration). Denatured protein was removed by 
centrifugation at 10,000 g for 30 sec in a bench centrifuge 
(Eppendorf Zentrifuge Model 3200). The supernatant was 
stored at —20° until assayed. Cell protein was determined 
by a biuret method [9] using bovine serum albumin as a 
standard. Alphaxalone was added to the cells as a concen- 


trated solution in methanol. Control experiments showed 
that methanol at the concentrations used had no cytotoxic 
effects. 

Alphaxalone was assayed by a gas chromatographic tech- 
nique based on the method of Chambaz and Horning [10], 
as modified by Sear and Prys-Roberts [11] using 3£- 
hydroxy-5a-pregn-16-ene 11,20 dione as the internal stan- 
dard. Extraction and derivatisation of alphaxalone from 
suspensions of isolated hepatocytes gave a recovery of 
91 + 5% (mean + S.D. of five observations), and repeated 
assays of a single sample gave a coefficient of variance of 
< 10% (mean value 7.9%). 

Figure 1 shows gas chromatograph tracings obtained 
from a typical experiment in which cells were incubated 
with 0.54 mM alphaxalone for 20 min at 37°. At the start 
of the incubation there is a single peak chromatographically 
identical with alphaxalone with an Ry value of 0.79 relative 
to the internal standard (Fig. 1a). After a 20 min incubation, 
the size of this peak was reduced and a single additional 
peak appeared with an Ry value of 1.11 (Fig. 1b). This peak 
represents the sole metabolic product of alphaxalone 
detected by this technique. The identity of this metabolite 
was not determined in the present investigation. However, 
other workers have shown that the primary metabolite of 
alphaxalone in the rat is 2a-hydroxy alphaxalone [12]. 

The time of course of alphaxalone disappearance from 
the incubation medium in a typical experiment is shown 
in Fig. 2. Alphaxalone was added at an initial concentration 
of 0.136 mM. Fifty per cent of the alphaxalone disappeared 
in 6.5 min and the appearance of the metabolic product 
followed a similar time course. In Fig. 2 the apparent 
concentration of the metabolite was calculated, assuming 
a similar chromatographic response factor to that of 
alphaxalone. 

In order to use the isolated hepatocyte model to carry 
out quantitative studies on alphaxalone metabolism, it was 
necessary to establish that the initial rate of alphaxalone 
disappearance was proportional to cell protein concentra- 
tion. In a series of experiments, alphaxalone was added at 
a near saturating concentration (136 uM) to suspensions 
of hepatocyte containing between 2 and 8 mg cell pro- 
tein/ml. A linear relationship between initial rate of alphax- 
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Fig. 1. Gas chromatograph traces of the protein-free acid extract of an isolated hepatocyte suspension. 
Alphaxalone (0.54 mM) was added at zero time; the cell protein concentration was 4.4 mg cell protein/ml. 
Fig. 1(a), sample taken at zero time; Fig. 1(b), sample taken after 20 min incubation. 
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Fig. 2. The course of alphaxalone disappearance from a 

hepatocyte suspension. The initial concentration of alphax- 

alone was 0.136 mM and the cell protein concentration was 

10.8 mg/ml. The results are from a single representative 

experiment. Closed circles represent alphaxalone concen- 

tration; open circles represent apparent concentration of 
the metabolite calculated as described in the text. 


alone disappearance and cell protein concentration 
was observed (correlation coefficient = 0.971); the mean 
rate of alphaxalone metabolism was found to be 
1.37 nmole/min/mg under these conditions. 

The dependence of the initial rate of alphaxalone metab- 
olism on alphaxalone concentration is shown in Fig. 3. 
Alphaxalone metabolism appeared to follow normal 
Michaelis-Menten kinetics. From similar experiments on 
five separate cell preparations, the maximum rate of alphax- 
alone metabolism (Vmax) was found to _ be 
1.45 + 0.26 nmole/min/mg cell protein and the drug con- 
centration at half maximal velocity (apparent Km) was 
0.026 + 0.015 mM (mean + S.E.M.). 

It should be noted that alphaxalone at high concentra- 
tions has been shown to be toxic to isolated hepatocytes 
[13]. However, at the concentrations used in the experiment 
shown in Fig. 3, little or no cytotoxic effects were detected. 

The maximum rate of metabolism of alphaxalone by 
isolated hepatocytes (1.45 nmole/min/mg at 37°) is com- 
parable with the rate at which the glucuronidation of harmol 
occurs in the same system [14]. The maximum rates at 
which a large number of different xenobiotic molecules are 
degraded in hepatocytes are in the range 0.01- 
1.2 nmole/min/mg under similar conditions [4,5]. Since the 
liver is known to be the site of metabolism of many of these 
compounds and also of many steroids, these results are 
consistent with the suggestion that the liver is the major 
organ responsible for the inactivation of alphaxalone. 

The apparent Km value for alphaxalone metabolism in 
isolated hepatocytes is rather higher than the alphaxalone 
concentration measured in plasma of rat during recovery 
from a single sleep dose of althesin [12]. If the data obtained 
from the isolated hepatocytes reflect the properties of the 
intact liver, it appears that the rate of degradation of 
alphaxalone by the liver would be highly concentration 
dependent in the plasma concentration range observed 
during anaesthesia in the rat. 
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Fig. 3. Concentration dependence of alphaxalone disappearance as a function of alphaxalone concen- 

tration. The results shown are taken from five separate cell preparations, using cell concentration of 

between 2 and 8 mg/ml. Samples were taken at intervals over the first 5 min of incubation; the initial 

rates were evaluated from the first-order rate equation. Preliminary experiments similar to those in Fig. 
2 had previously established that alphaxalone disappearance followed first-order kinetics. 


Isolated hepatocytes appear to constitute a useful model 
system for the study of liver alphaxalone metabolism. A 
particular advantage of this preparation is that a large 
number of parameters can be varied using a single batch 
of cells, and also the reproducibility of results between 
different cell batches is high. However, insufficient data 
are at present available to establish adequately whether the 
rates of metabolism of alphaxalone in isolated hepatocyte 
are comparable with those in the isolated perfused liver or 
the whole animal. 

In summary, a model system for the measurement of 
liver alphaxalone has been described and the rates of 
alphaxalone metabolism in this system have been deter- 
mined. It is suggested that isolated hepatocytes may be of 
value in determining the pathway of alphaxalone metab- 
olism in the liver, and also assessing the effect of factors 
such as administration of other drugs and variations in diet 
on this process. A particular use of this system may be in 
the study of alphaxalone metabolism during liver disease. 
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Prenatal induction of Na,K-stimulated adenosine 5’-triphosphatase activity in 
hamster intestine 


(Received 15 June 1979; accepted 25 July 1979) 


Na,K-stimulated adenosine triphosphatase (EC 3.6.1.3) is 
found in the surface membranes and the brush borders of 
microvilli in animal cells. Recent studies indicate that high 
levels of ouabain-sensitive Na,K-ATPase activity have been 
isolated from fractions containing the basal and lateral 
plasma membranes of the intestinal epithelium [1]. Crane 
[2] documented evidence that the “sodium pump” mech- 
anism was situated at a locus lateral to the plasma mem- 
branes in the brush borders and that Na,K-ATPase was an 
intricate part of the mechanism. In intestinal tissue, espe- 
cially in the mucosal cells, Na,K-ATPase is recovered in 
high yields and can be measured easily from homogenates 
of a whole intestine or isolated mucosa [3,4]. Furthermore, 
intestinal Na,K-ATPase can be induced in young adult rats 
by steroids, gluco and mineralcorticoids [5], and by dietary 
adaptation [4]. 

This study shows the inducibility of Na,K-ATPase 
activity by carcinogenic compounds and further character- 
izes the subsequent altered state of the enzyme under these 
conditions. Hydrazine and 1,2-dimethylhydrazine are two 
environmentally hazardous compounds that are used as 
missile propellants. They are active components in jet fuel 
exhausts and have been considered a major concern of Air 
Force propellant toxicological research for many years [6]. 
Much recent work has centered around the effects of 
hydrazine and its methylated derivatives on the central 
nervous system. They have been shown to have toxic effects 
on amphibia and, in solution, these compounds caused 
teratogenic effects in Xenopus laevis embryos [7,8]. Hydra- 
zine metabolites have been shown to produce colorectal 
cancer. 1,2-Dimethylhydrazine produced tumors in rats 
after subcutaneous or oral administration [9,10]. Evidence 
has been presented indicating that exposure of fetal rats 
to hydrazine produced neoplastic growths in the jejunum 
and brain [11]. Hydrazine and 1,2-dimethylhydrazine pro- 
duced significant effects on the development of the brush 
border enzymes, lactase, sucrase and alkaline phosphatase, 
in hamster intestine [12]. 

In the present study, prenatal effects of hydrazine and 
1,2-dimethylhydrazine were examined in fetal hamsters 
aged 15 days of gestation and monitored during the neonatal 
and postnatal stages of development to establish long-term 
effects on Na,K-ATPase levels. Comparisons were made 
with normal intestines, and possible correlations with the 
normal metabolic functions of this membranous enzyme 
are presented. 

The hamsters were obtained as pregnant Syrian golden- 
hamster females, LVG-LAK strain, from Charles 
River/Lakeview, Wilmington, MA, U.S.A. The animals 
were specific-pathogen free and were fed ad lib. on Wayne 
Sterilizable Lab-Blox. The animals were dated from the 
time of observed breeding, assuming a 16-day gestation 
period. On day 12, the hamsters were assigned randomly 
to different groups, weighed, and injected. On day 15 (1 
day before birth), pregnancy was terminated (N = 4 for 
each group per day) by decapitation of the mother. Fetuses 
were extracted after caesarian section. Fetuses from each 
dam were pooled as one sample. After removal, each fetus 
was counted, cleaned and weighed. They were then decap- 
itated (all heads were saved in Bouin’s solution for tera- 
togenic observation), and intestines were removed, pooled 
from each litter and then kept cold in beakers on ice. 


Intestinal homogenates were prepared from whole intes- 
tines as a 10 per cent (w/v) solution using a Potter-Elvehjem 
homogenizer in 0.3 M Tris buffer, pH 7.4. Assays for Na,K- 
ATPase activity were performed within 2 hr after collection 
of tissue. Fetal hamsters from each group not used in 
prenatal experiments were allowed to grow and were 
delivered normally. Neonates from each group of litters 
were counted and decapitated (heads from all litters of 
newborns were saved for observation), and intestinal tissue 
was processed the same as for the fetal tissue. The sizes 
of the litters and individual weights of the pups were no 
different in each of the groups throughout the time studies. 

Hydrazine hydrate (85 per cent purified solution, Fisher 
Scientific Co., Fairlawn, NJ. U.S.A.) and 1,2-dimethyl- 
hydrazine dihydrochloride (97 per cent, Aldrich Chemical 
Co., Milwaukee, WI, U.S.A.) were injected intramuscu- 
larly at doses of 15 mg/100 g body wt and 20 mg/100 g body 
wt respectively. Controls were injected with doses of saline 
solution. All previously named solutions were prepared in 
doubly distilled water. 

Ouabain-sensitive Na,K-ATPase activity was assayed in 
a reaction mixture containing 2 mg of intestinal hom- 
ogenate, 6.7 mM ATP and 2.8 ml buffer (0.03 M Tris, 0.1 
M NaCl and 0.01 M KCI, pH 7.4) in the presence and 
absence of 2.1 mM ouabain (Boehringer-Mannheim, New 
York, NY, U.S.A.) ina final volume of 3.0 ml [3]. Exogen- 
ous additions of Mg (final concentration of 7.5 mM) were 
without effect on the assay when the whole homogenate 
was used as the enzyme source. Samples were incubated 
for 20 min at 37° after which the reaction was terminated 
by the addition of 1.5 ml of 10 per cent trichloroacetic acid 
(Fisher Scientific Co., Fairlawn, NJ. U.S.A.). Under these 
optimal conditions, the reaction was linear with time and 
protein concentrations up to 3 mg of protein per assay 
flask. The liberated inorganic phosphate was determined 
with the Fiske-Subbarow reagent [13]. In addition, a stan- 
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Fig. 1. Induction of Na,K-ATPase activity from control, 
hydrazine-treated and 1,2-dimethylhydrazine-treated ani- 
mals of varying developmental age. Each point represents 
the mean + S.E.M. of four separate determinations. The 
specific activity is expressed as nmoles/min-mg of intestinal 
protein. The stippled overlay indicates the mean + S.E.M. 
for Na,K-ATPase activity in the adult hamster (65 day), 
determined in four male and four female intestinal prep- 
arations. Key: (@) control; (A) hydrazine-treated; and 
(O) 1,2-dimethylhydrazine-treated. 
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Table 1. Effects of hydrazine and 1,2-dimethylhydrazine on Na,K-ATPase activities 
in total homogenates of fetal, neonatal and adult hamster intestines* 





Fetal Neonatal (sp. act.) Adult 





3.8 + 0.448§|| 
7.4+0.5]| 


2.0 + 0.3+4§ 
3.0 + 0.17|| 


Control 
Hydrazine 
1,2-Dimethyl 


hydrazine 3.4+0.3 


206.77 7.0 + 0.5]| 





* Values are given in nmoles/min-mg total protein and are expressed as the mean 
+ S.E.M. for the determinations on four separate preparations from —1 day, 10-day, 
and adult (65-day) hamster intestine. Symbols +-|| indicate statistically significant 
differences (2 P < 0.05) based on the two-sided U-test. 


+ Different from neonatal. 


t Different from hydrazine-treated animals. 
§ Different from 1,2-dimethylhydrazine-treated animals. 


|| Different from adult. 


dard curve was run with each experiment using sodium 
phosphate. All specific activities were expressed as nmoles 
of phosphorus liberated/min-mg of intestinal protein. Total 
protein concentrations in the intestinal homogenates were 
determined by the procedure of Lowry et al. [14], with 
bovine serum albumin (essentially fatty acid-free, Sigma 
Chemical Co., St. Louis, MO, U.S.A.) as the standard. 

The intestinal developmental patterns of Na,K-ATPase 
activities from control, hydrazine and 1,2-dimethylhydra- 
zine-treated hamsters are presented in Fig. 1. Throughout 
the range of —1 day to 24 days of age, Na,K-ATPase 
activities in the treated groups increased significantly in 
comparison to the control groups. Throughout these studies 
there was no statistically significant difference, 2 P < 0.05, 
between the specific activities of the adult male and female 
intestinal preparations. The adult value presented rep- 
resents the means of eight separate determinations, four 
with each sex. The general appearance of the offspring in 
all groups was not affected, i.e. litter size, weight and 
resorptions were minimal. Heads from all litters were 
screened for teratogenic effects. No abnormalities were 
found in the control animals or in either of the treated 
groups. Prenatal exposure to hydrazine and 1,2-dimethyl- 
hydrazine altered the normal developmental pattern of 
Na,K-ATPase activity. Elevation of the levels, in compar- 
ison to controls, was evident through the fetal, neonatal 
and adult stages. The neonatal peak levels in the hydrazine 
and 1,2-dimethylhydrazine-treated animals occurred at the 
10-day postnatal period. Fetal levels in the treatment groups 
were elevated in comparison to the normal adult levels, 
whereas the control level was approximately the same as 
the adult level during the fetal stage. The peak level for 
Na,K-ATPase activity in the control group was evident at 
the 6-day postnatal period; however, this value decreased 
to a value near the adult level at the 56-day period of 
development (Fig. 1). 

The results in Table 1 summarize data concerning the 
specific activities of Na,K-ATPase with control, hydrazine 
and 1,2-dimethylhydrazine-treated animals at three stages 
of development. As presented in Table 1, the fetal and 
neonatal values in both the hydrazine and the 1,2-dime- 
thylhydrazine-treated animals are significantly greater than 
the fetal and neonatal values in the control group. The 1,2- 
dimethylhydrazine-treated adult level of Na,K-ATPase 
activity is higher than both the hydrazine-treated and the 
control adult levels. 

The data demonstrate that the activity of Na,K-ATPase 
can be enhanced prenatally in hamster intestine by hydra- 
zine and 1,2-dimethylhydrazine. The stimulatory effect 
took place in less than 3 days after administration and 
continued through the fetal, neonatal and adult stages. The 
mechanism by which this effect occurs is not known. Trans- 
placental passage of carcinogenic compounds such as 
methylazoxymethanol, an active metabolite of 1,2- 


dimethylhydrazine, has been demonstrated in the hamster 
by thin-layer chromatography [15]. A direct effect on fetal 
tissues, therefore, is possible; however, changes in maternal 
concentrations of Na,K-ATPase could affect fetal tissues 
indirectly. This may be important in the pathogenesis of 
a malformation or tumor formation during intrauterine life. 

The present study has demonstrated that Na,K-ATPase 
is responsive to prenatal enhancement and that fetal intes- 
tinal cells are capable of reacting to a stimulation by 
hydrazine and 1,2-dimethylhydrazine. Altered enzyme 
levels are being used as indicators of toxicity in general 
toxicology studies [12,16-18]. This study has examined 
altered enzyme levels in a specific organ after prenatal 
exposure to a carcinogen specific for that organ. The results 
indicate that prenatal exposure to hydrazine and 1,2- 
dimethylhydrazine does evoke a significant alteration in 
the normal pattern of intestinal Na,K-ATPase 
development. 
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Prediction of mescaline clearance by rabbit lung and liver from enzyme kinetic 
data 


(Received 24 May 1979; accepted 9 August 1979) 


Although many organs metabolize drugs and other xeno- 
biotic agents, the liver is commonly accepted as the primary 
organ of drug metabolism in vivo since hepatic enzyme 
content is usually much greater than that of other organs. 
It has become evident, however, that enzyme content is 
not the sole determinant of drug clearance. Substrate 
delivery to a clearing organ, determined in part by the 
blood flow to the organ and by the extent of binding of the 
drug to plasma proteins, is also important [1]. 

In the rabbit, mescaline clearance is due to metabolism 
by an amine oxidase, the amount of which is much greater 
in liver than in other organs [2]. Although the lung contains 
less enzyme than liver, it receives the entire cardiac output 
while liver blood flow is only one-fourth of this value [3- 
6]. The higher blood flow to the lungs and, hence, greater 
substrate delivery may permit the lungs to contribute sig- 
nificantly to the clearance of mescaline in vivo. 

In the isolated, perfused liver [7] as well as in vivo [5,6,8], 
clearance of drugs which are eliminated by hepatic metab- 
olism has been shown to depend upon hepatic blood flow 
in the following manner: 


cp = —2feCin_ (1) 
Q + faClin 


where Q in the blood flow to the eliminating organ, fs is 
the fraction of drug unbound in the plasma, and Clint is the 
intrinsic metabolic clearance. At low flows, clearance, as 
defined in equation (1), is proportional to flow; that is, 
substrate delivery limits clearance. At high flows, clearance 
approaches the intrinsic metabolic clearance, which is the 
maximum clearance of which an organ is capable when 
drug delivery is not limiting. Rane et al. [7] have shown 
that the intrinsic clearance of drugs eliminated by hepatic 
metabolism can be predicted from enzyme kinetic par- 
ameters using the following relationship: 


Vinax ; (2) 


Clint = 
where Vmax is the maximum rate of metabolism and Km is 
the apparent Michaelis-Menten constant of the enzyme 
responsible for disposition. 

We have extended the above model to predict pulmonary 
drug clearance. Since mescaline is cleared rapidly by iso- 
lated rabbit lungs perfused at low flows [2], it was of interest 
to predict the role of lung relative to liver in the clearance 
of mescaline in vivo. In the present study we have deter- 
mined the kinetic constants for mescaline oxidase activity 
in vitro and have used the model of Rane et al. [7] to predict 
the relative clearance by rabbit lung and liver in vivo. 

Female rabbits (3-4.5 kg) were given 5000 units of hep- 
arin i.v. and anesthetized by subsequent administration of 
pentobarbital (30 mg/kg, i.v.); the organs were cleared of 
blood as described previously [2]. The liver and lungs were 
then removed, weighed and homogenized in 0.1 M phos- 
phate buffer containing 0.25 M sucrose (pH 7.4) ina Waring 
Blendor. Lungs and livers were homogenized in 12 and 6 
vol. of buffer, respectively, and the homogenates were 
centrifuged for 10 min at 600 g. The resulting supernatant 
fractions were used in determining mescaline metabolism. 
Protein was analyzed by the method of Lowry et al. [9]. 

Determination of mescaline oxidase activity has been 
described previously [2]. Briefly, reaction mixtures con- 
tained 1 uM [8—'*C]mescaline hydrochloride 
(22.8 mCi/mmole, New England Nuclear, Boston, MA), 
sufficient cold mescaline hydrochloride (Aldrich Chemical 
Co., Milwaukee, WI) to achieve concentrations of 25, 50, 
75, 100, 125 or 200 uM, 0.8 ml of phosphate buffer and 
0.2 ml of the 600g supernatant fraction of liver or lung 
homogenates. Reaction mixtures were incubated for 10 min 
at 37°. The reaction was stopped by the addition of 0.2 ml 
of 0.2 M ZnSOs followed by 0.2 ml of 0.2 M Ba(OH)2. The 


Table 1. Mescaline oxidase kinetics in 600 g supernatant fractions of rabbit lung and liver homogenates 





Vmax™* (nmole/min ) 


Predicted Clint 





Km* 


Organ (uM) (per g protein) 


(per g organ) 


(per organ) (ml/min) 





41.1+ 10.9 
48.7+ 6.1 
0.84 


Lung 
Liver 
Lung/liver 


142 + 36 
144+8 


56 + 17 
282 + 56 
0.20 


1847 + 432 
13,750 + 1,784 


0.99 0.13 





* Values represent means + S.E.M. for five animals. Mescaline oxidase kinetic constants were 


determined as described in the text. 


+ Intrinsic metabolic clearance was calculated as Clint = Vmax/Km. 
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Fig. 1. Double-reciprocal plot (Lineweaver-Burk) of mescaline metabolism in 600 g supernatant fractions 
of rabbit lung and liver homogenates. Velocity is expressed as nmoles mescaline oxidized/min and 
substrate concentration as uM. Points represent means + S.E.M., N =5. 


precipitate formed was removed by centrifugation at 3000 g 
for 10min. The amine and its deaminated metabolite(s) 
were separated by applying aliquots of the resulting super- 
natant fraction to columns (0.5 x 1cm) of Bio-Rex 70 
(sodium form, pH6.0) cation exchange resin (Bio-Rad 
Laboratories, Richmond, CA). Previous studies have 
shown that 3,4,5-trimethoxyphenylacetic acid is the only 
major metabolite produced by rabbit tissues in vitro [2]. 
The metabolite was removed with water, and then the 
amine was eluted with 0.2 N HCl. Radioactivity was deter- 
mined by liquid scintillation spectrometry, and the con- 
centrations of amine and metabolite were calculated from 
these values. The Km and Vmax values were calculated from 
the nmoles of mescaline metabolized per min by the method 
of Wilkinson [10]. Means were compared statistically using 
Student’s (-test with P<0.05 as the criterion for 
significance. 

Mescaline binding to plasma protein was determined by 
equilibrium dialysis of rabbit plasma, rat plasma, or 4.3% 
bovine serum albumin (Pentex Fraction V, Miles Labora- 
tories, Inc., Elkhart, IN) against a 0.01 M phosphate buffer 
in 0.15 M saline (pH 7.4) containing ['*C]mescaline hydro- 
chloride (1 uM). The rabbit plasma was treated with semi- 
carbazide (10~*M) to inhibit plasma amine oxidase activity. 
Dialysis was performed with continual agitation for 24 hr 
at 4°. Radioactivity of mescaline was measured in the 
dialysis bags (plasma) and surrounding buffer. After cor- 
recting for volume changes during dialysis the fraction of 
mescaline bound to plasma proteins was calculated as: 


% beved oe em 





plasma d.p.m./ml 


The results of mescaline oxidase kinetic studies in 600 
g supernatant fractions of liver and lung are presented in 
Fig. 1. The kinetic constants obtained from these experi- 
ments are summarized in Table 1. There was no difference 
between the Km values for lung and liver. The specific 
activity (activity/g of protein) of pulmonary mescaline 
oxidase was twice that of liver; however, when expressed 
on a whole organ basis the liver had more than seven times 


the metabolic capacity of the lung. This was due primarily 
to the greater mass of the liver. 

Equilibrium dialysis studies showed little binding (<3 
per cent) of mescaline to rabbit plasma, rat plasma or 4.3 
per cent bovine serum albumin. Therefore, subsequent 
calculations were performed using fs=1.0 (i.e. no 
binding). 

The intrinsic metabolic clearance (Clint) was estimated 
according to the model of Rane et al. [7] from the kinetic 
parameters (Table 1), and the relation between clearance 
and blood flow was predicted by substitution of these values 
into equation (1). These results are presented in Fig. 2. As 
mentioned above, the lung receives the entire cardiac out- 
put while liver blood flow is about one-fourth of this value 
[3-6]. Cardiac output in the rabbit is approximately 
350 ml/min [11,12]. The predicted clearance of each organ 
at its respective blood flow in vivo is summarized in Table 
2. The results predict that the rabbit lung is capable of 
clearing mescaline in vivo at a rate 72 per cent of that of 
liver. 

Implicit in this model is the assumption that the rate of 
drug entry into the cells and transport to the active site of 
the enzyme do not limit clearance. This is consistent with 
the assumption of the model that drug in the tissue is equal 
to and in equilibrium with drug in the effluent perfusion 


Table 2. Predicted clearance of mescaline in vivo 





Predicted Cl+ 
(ml/min) 


Blood flow* 


Organ (ml/min) 





Lung 350 
Liver 88 
Lung/liver 4 





* Rabbit cardiac output was approximated from Korner 
and Edwards [11] and from Boerboom and Boelkins [12]. 
Liver flow was approximated as one-quarter of cardiac 
output. 

+ Clearance was predicted according to the model of 
Rane et al. [7], as described in text. 
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Fig. 2. Predicted relation between mescaline clearance and blood flow in rabbit lung and liver. Curves 
were predicted from equation (1) and from kinetic data as described in the text. 


medium [13]. Thus, for drugs dependent upon a cellular 
transport mechanism to reach the active site of an enzyme, 
this model may fail to yield a reasonable prediction since 
the intrinsic clearance is predicted solely from kinetics of 
the enzyme involved in disposition. However, previous 
studies suggest that mescaline enters lung tissue by passive 
diffusion [2,14] and not by carrier-mediated transport. 

In a previous study of pulmonary mescaline clearance, 
isolated rabbit lungs were perfused at a flow of 20 ml/min 
[2]. To test the validity of our predictions of lung clearance, 
the clearance at this flow was predicted as described above 
and compared statistically to the clearance values reported 
in Ref. 2. The predicted clearance and the clearance 
observed in the perfused lung [2] were not significantly 
different (P> 0.10, Student’s t-test). This suggests that the 
model of Rane et al. [7] predicts adequately mescaline 
clearance by intact lung. 

Thus, despite the fact that the liver has seven times the 
mescaline oxidizing capacity of the lung, the lung may 
contribute substantially to the total body clearance of mes- 
caline. While these results need to be confirmed in intact 
organ preparations perfused at relevant flows, they suggest 
that the lung may be more important than has been rec- 
ognized in the total body clearance of certain xenobiotic 
agents. 
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Characteristics of the activation of cyclophosphamide to a mutagen by rat liver 


(Received 24 May 1979; accepted 31 July 1979) 


Cyclophosphamide is used extensively as an antineoplastic 
agent for the treatment of various cancers and as an 
immunosuppressive agent for certain non-malignant con- 
ditions. It has also been implicated in producing primary 
and secondary cancer [1-3]. Jn vitro, it is the active metab- 
olites of cyclophosphamide, rather than the parent com- 
pound, that have alkylating activity and cause cytotoxicity, 
oncogenic transformation and chromosomal aberrations. 
This activation of cyclophosphamide occurs primarily in 
the liver and is mediated by a mixed-function oxygenase 
system [4-17]. 

It is well established that there are multiple cytochromes 
P-450, each differing in substrate specificity, carbon mon- 
oxide difference spectrum, response to a variety of inducing 
agents, and sensitivity to different inhibitors [18-31]. The 
induction of sister chromatid exchanges by cyclophospha- 
mide has been reported recently to be associated with 
metabolism by the phenobarbital-induced cytochrome P- 
450 rather than by the polyclic aromatic hydrocarbon- 
induced cytochrome P-448 (also called cytochrome P-446 
or P;-450) [32]. Sladek [10] demonstrated a greater increase 
in the alkylating activity of cyclophosphamide in vitro after 
incubation with phenobarbital-induced liver fractions than 
with control or polycyclic hydrocarbon-induced liver 
fractions. 

In this study, the in vitro activation of cyclophosphamide, 
by male rat liver, to metabolites that are mutagenic to 
Salmonella typhimurium TA 1535 is characterized. Inducers 
and inhibitors of mono-oxygenase activity have been used 
in an attempt to determine which form(s) of cytochrome 
P-450 is (are) involved in activating cyclophosphamide to 
a mutagen or mutagens. 

Phenobarbital was a gift from Merck, Sharp & Dohme, 
Kirkland, PQ; Aroclor 1254 (Monsanto Chemical Co.) 
from Dr. D. J. Ecobichon, McGill University, Montreal, 
PQ, and SKF 525-A (2-diethylaminoethyl 2,2-diphenyl- 
valerate HCL) from Dr. H. A. Sheppard, Smith, Kline 
& French, Canada Ltd., Montreal, PQ. Cyclophosphamide 
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TA 1535 


was purchased from Koch-Light Laboratories Ltd., 
Colnbrook, England. B-Napthoflavone was purchased from 
ICN Pharmaceuticals Inc., Plainview, NY, and metyrapone 
(2-methyl-1,2-di-3-pyridyl-l-propanone) from Aldrich 
Chemical Co., Inc., Milwaukee, WI. a-Napthoflavone, 
NADP, glucose-6-phosphate, glucose-6-phosphate dehy- 
drogenase and bovine serum albumin were purchased from 
the Sigma Chemical Co., St. Louis, MO. 

Male Sprague-Dawley rats (175-200 g), obtained from 
the Canadian Breeding Laboratories (St. Constant, Que- 
bec), were housed on pine chips in the McIntyre Animal 
Center (McGill University, Montreal, Quebec) and given 
Purina rat chow and water ad lib. for at least 1 week before 
the initiation of treatments. Each group of animals con- 
sisted of five rats. Control rats were not treated. Induced 
rats were treated with phenobarbital, 6-napthoflavone or 
Aroclor 1254 according to established procedures for 
induction of the hepatic mono-oxygenase system [33]. The 
phenobarbital-pretreated rats received 0.1% of the drug 
in the drinking water for 1 week before being killed. Other 
groups of animals received B-napthoflavone intraperito- 
neally, 40 mg/kg, in corn oil (10 mg/ml) on day | and on 
day 2 before being killed on day 5, or Aroclor 1254 intra- 
peritoneally, 500 mg/kg, in corn oil (200 mg/ml) on day 1 
before being killed on day 5. 

Rats were decapitated. The excised livers from each 
group (five rats) were pooled and homogenized using a 
Potter-Elvehjem homogenizer in 3 vol. of ice-cold 0.15 M 
KCl (3 ml/g wet wt of liver). Homogenates were centrifuged 
for 10min at 9000 g and the pellet was discarded. The 
supernatant fraction (S-9) was distributed in 3 ml portions 
in small sterile polypropylene tubes, frozen in liquid nitro- 
gen, and stored at —80°. No loss of activity was observed 
after storage for up to 6 weeks; storage for longer time 
periods did result in a decrease in activity. To prepare the 
microsomal fraction, the S-9 fraction was centrifuged at 
105,000 g for 60 min and the pellet was resuspended in the 
original volume of cold 0.15 M KCl. 
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Fig. 1. Linearity with (A) cyclophosphamide and (B) enzyme concentration. Panel A: S. typhimurium 

TA-1535 or TA-98 (0.1 ml), and mix (0.5 ml) containing 9000 g supernatant fraction from control male 

rat liver (0.1 ml) and an NADPH-generating system were mixed rapidly with 0.1 ml of cyclophosphamide 

solution (of the appropriate dilution) and molten top agar and plated. Values are means + S.E.M. for 

three separate experiments performed in duplicate (N = 3). Panel B: Experiments with varying amounts 

of control male rat liver microsomes/plate were done at a cyclophosphamide concentration of 
500 yg/plate. 
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Cytochrome P-450 was assayed by its carbon monoxide 
difference spectrum after reduction with dithionite accord- 
ing to the procedure of Omura and Sato [34] with use of 
a Beckman Acta III spectrophotometer. An extinction 
coefficient of 91 mM~' cm™! between 450 and 490 nm has 
been assumed. The protein concentration was determined 
by the method of Lowry et al. [35] using bovine serum 
albumin as a standard. 

S. typhimurium strains TA 1535 and TA 98 (provided 
by Dr. Bruce Ames) were used to assay for mutagenic 
activity. TA 1535 is a histidine-requiring auxotroph which 
is reverted to prototrophy by mutagens that cause DNA 
base-pair substitutions, and TA 98 is sensitive to frame 
shift mutagens. The plate incorporation assay was per- 
formed as recommended by Ames et al. [33]. The NADPH- 
generating system contained (per ml) NADP (4 uwmoles), 
glucose-6-phosphate (5 wmoles) and glucose-6-phosphate 
dehydrogenase (2 units). Assays were done in duplicate on 
three separate occasions. After incubation for 2 days at 
37°, the colonies in both test and control plates (no cyclo- 
phosphamide) were counted. Spontaneous revertant col- 
onies on control plates (no cyclophosphamide, approxi- 
mately 20 colonies/plate) were subtracted from test plate 
colonies. This spontaneous reversion rate without mutagen 
is in agreement with that reported by Ames et al. [33] for 
TA 1535. 

Without the NADPH-generating system or control liver 
S-9 fraction, cyclophosphamide (500 ug/plate) induced 
some mutations in TA 1535. This rate was not changed by 
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the addition of an NADPH-generating system alone or S- 
9 fraction alone; however, the number of revertants per 
plate was significantly increased by the addition of both an 
NADPH-generating system and the S-9 fraction from con- 
trol male rat liver. The mutagenic response in TA 1535 
induced by cyclophosphamide in the absence of metabolic 
activation may represent spontaneous hydrolysis of cyclo- 
phosphamide under these assay conditions. This back- 
ground response has also been subtracted in subsequent 
experiments to permit measurement of the enzymatic 
activation of cyclophosphamide. 

The mutagenicity assay was linear with both cyclophos- 
phamide and enzyme concentration (Fig. 1). In the pres- 
ence of the S-9 fraction, increasing doses of cyclophospha- 
mide produced proportional increases in mutation rate in 
S. typhimurium TA 1535 (sensitive to base substitution 
mutagens) but not in strain TA 98 (sensitive to frame shift 
mutagens) (Fig. 1A). The ability of the S-9 fraction to 
activate cyclophosphamide to a mutagen was localized in 
the microsomes. At a cyclophosphamide concentration of 
500 g/plate, increasing amounts of control liver micro- 
somal fraction caused a linear increase in the aumber of 
revertant colonies per plate (Fig. 1B). 

To characterize the enzyme system activating cyclo- 
phosphamide to a bacterial mutagen, liver microsomes 
from control male rats were compared to microsomes pre- 
pared from rats pretreated in vivo with three drugs that 
induce hepatic mono-oxygenase activity (Fig. 2). Pheno- 
barbital induces predominantly cytochrome P-450, whereas 
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Fig. 2. Comparison of the activation of cyclophosphamide to a mutagen by control, phenobarbital-, 

B-napthoflavone- and Aroclor 1254-pretreated rat liver microsomes. S. typhimurium TA-1535 (0.1 ml), 

cyclophosphamide (500 wg in 0.1 ml) and mix (NADPH-generating system and varying amounts of 

resuspended microsomes from control or induced rat liver, 0.5 ml) were mixed rapidly with molten top 

agar at 45° and plated. Induced rats had been pretreated as described in the text. Values are means 
+ S.E.M. for three separate experiments performed in duplicate (N = 3). 
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B-napthoflavone induces cytochrome P-448 [18-22]. Aro- 
clor 1254 is a mixed-type of inducer, inducing both cyto- 
chrome P-450 and cytochrome P-448 [23, 24]. Pretreatment 
with phenobarbital increased cyclophosphamide activation 
by 1360 per cent (at a microsome concentration of 
50 ul/plate) and cytochrome P-450 concentration by 294 
per cent. Pretreatment with B-napthoflavone decreased the 
activation of cyclophosphamide to a mutagen(s) by 50 per 
cent while increasing cytochrome P-448 concentration by 
187 per cent. Pretreatment with Aroclor 1254 increased the 
activation of cyclophosphamide by 1030 per cent (at a 
microsome concentration of 50 ul/plate) and cytochrome 
P-450 and P-448 concentration by 338 per cent. When 
added in vitro at concentrations ranging up to 10~* M, none 
of the three inducers had any effect on cyclophosphamide 
mutagenicity with control microsomes. Unlike control 
microsomes, neither phenobarbital-induced nor Aroclor 
1254-induced activation of cyclophosphamide to a muta- 
genic metabolite was linear with microsome concentration. 
This decline in activation at high enzyme concentrations 
(150 ul of resuspended microsomes/plate) was especially 
noticeable with Aroclor 1254-induced microsomes. 

The results of the induction studies suggest that activation 
of cyclophosphamide to a mutagen is catalyzed by a phen- 
obarbital-responsive form of cytochrome P-450. For this 
reason, liver microsomes from phenobarbital-pretreated 
rats were used to test the effect of SKF 525-A, metyrapone 
and a-napthoflavone on the activation of cyclophosphamide 
to a mutagen. Inhibition by SKF 525-A or metyrapone has 
been interpreted as evidence for the involvement of a 
phenobarbital-inducible cytochrome P-450 [25-28]. Con- 
versely, inhibition by low concentrations of a-napthofla- 
vone has been interpreted as evidence for the involvement 
of a cytochrome P-448 mono-oxygenase [28-30]. Activation 
of cyclophosphamide to a mutagen could be inhibited by 
SKF 525-A, metyrapone or a-napthoflavone; however, sig- 
nificant differences in Iso were noted (Fig. 3). SKF 525-A 
was an extremely potent inhibitor with an Iso of 4 x 107’ M. 
Metyrapone and a-napthoflavone had Iso values of 
6 x 10°°M and 5 x 10°~° M respectively. In the absence of 
cyclophosphamide, none of these inhibitors altered the 
spontaneous reversion rate of TA 1535. 

The data presented above suggest that the production 
of mutagenic metabolites of cyclophosphamide is enhanced 
by a phenobarbital-inducible form of cytochrome P-450. 
Previous studies have demonstrated that, except for acro- 
lein, all cyclophosphamide metabolites were mutagenic 
[36-38]. Thus, the mutagenic activity of cyclophosphamide 
generated by biotransformation probably represents the 
cumulative effect of a variety of metabolites involving dif- 
ferent metabolic reactions. A decrease in cyclophospha- 
mide mutagenicity is observed in the presence of B-nap- 
thoflavone-induced microsomes. A decrease in the 
alkylating activity of metabolites of cyclophosphamide has 
also been reported when 3-methylcholanthrene-induced 
microsomes were compared with control [10]. This decrease 
in both mutagenicity and alkylating activity may indicate 
the existence of alternate metabolic pathways, mediated 
preferentially by cytochrome P-448, that compete with the 
mutagenic metabolite producing cytochrome P-450 path- 
way(s). This hypothesis can be tested because a cytochrome 
P-448-dependent pathway should be sensitive to inhibition 
by low concentrations of a-napthoflavone (10~°-1078M) 
[31]. However, 10°’ M a-napthoflavone does not alter the 
activation of cyclophosphamide by £-napthoflavone or by 
Aroclor 1254-induced microsomes (data not shown). 

The characteristics of inhibition and induction of the 
activation of cyclophosphamide to a mutagenic metab- 
olite(s) are concordant with the conclusion that this 
activation is catalyzed primarily or solely by a phenobar- 
bital-inducible cytochrome P-450. Phenobarbital-inducible 
cytochrome P-450 is also involved in the activation of 
cyclophosphamide to metabolites promoting alkylation [10] 





T 


T 
SKF 525 (M) 


REVERTANT COLONIES / PLATE 





mnr/as T T T 


METYRAPONE (Mm) 





ZL 
sr = T T T 
o 10° o> 04 
cL NAPTHOFLAVONE (M) 


Fig. 3. Inhibition of the activation of cyclophosphamide to 
a mutagen by phenobarbital-induced rat liver microsomes. 
(A) SKF 525-A. (B) Metyrapone. (C) a-Napthoflavone. 
S. typhimurium (0.1 ml), cyclophosphamide (500 ug in 
0.1 ml) and phenobarbital-induced microsome mix (con- 
taining 50 ul of resuspended microsomes/plate) were mixed 
rapidly with 0.1 ml of the inhibitor (of the appropriate 
dilution) and molten top agar at 45° and plated. Values are 
means + S.E.M. for three separate experiments performed 
in duplicate (N = 3). 





and sister chromatid exchange [32]. It would thus appear 
that the desirable effects of this drug as a cancer chemo- 
therapeutic agent (alkylating activity) are not dissociable 
from its undesirable side-effects (mutagenicity and pro- 
motion of sister chromatid exchanges). Further research 
in this field should be aimed at developing alternative drugs 
(perhaps structural analogues of cyclophosphamide) which 
make this dissociation possible. 
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Induction of both 3-methylcholanthrene- and phenobarbitone-type microsomal 
enzyme activity by a single polychlorinated biphenyl isomer 


(Received 5 April 1979; accepted 6 August 1979) 


Commercial mixtures of polychlorinated biphenyls (PCBs) 
are inducers of hepatic microsomal drug-metabolizing 
enzymes [1]. These enzymes, which include the microsomal 
mono-oxygenases, are involved in the metabolism of 
endogenous and exogenous chemicals and in metabolically 
mediated cellular toxicosis. 

Chemicals which induce the microsomal mono-oxygen- 
ases have been divided into two categories: one is typified 
by phenobarbitone (PB) which induces the formation of 
cytochrome P-450 hemoproteins and the other by 3-methyl- 
cholanthrene (3-MC) which induces the formation of cyto- 
chrome P-448 hemoproteins [2, 3]. The two induced micro- 
somal mono-oxygenase enzyme systems exhibit different 
spectral properties, substrate specificities and electropho- 
retic protein patterns [4]. 

The hepatic microsomal mono-oxygenases induced after 
pretreatment with a commercial PCB preparation, such as 
Aroclor 1254, exhibit properties consistent with a mixed 
induction pattern produced by the simultaneous adminis- 
tration of both PB and 3-MC. However, it has been shown 
recently that individual PCB isomers can be categorized 
on a structural basis into PB-type and 3-MC-type inducers 


of microsomal enzyme activity [5-7]. The structure—activity 
relationships indicate that PCB congeners, chlorinated in 
both the para (4,4’) and ortho (2,2’ or 2,2',6,6’) positions, 
are PB-type inducers of cytochrome P-450 activity. Con- 
geners chlorinated in both the para (4,4’) and meta (3,3’; 
3,3’,5 or 3,3’,5,5’) positions are 3-MC-type inducers of 
cytochrome P-448 activity, and any alteration in this sub- 
stitution pattern results in the loss of this induction activity. 

Recent work in our laboratory using a 4-chlorobiphenyl 
hydroxylase assay system has indicated that some PCB 
isomers may be mixed inducers [8]. This possibility is rein- 
forced by a report by Dannan et al. [9] which describes the 
simultaneous induction of cytochrome P-450 and cyto- 
chrome P-448 activity by 2,3’,4,4’,5,5'-hexabromobi- 
phenyl, isolated as a minor component of the commercial 
polybrominated biphenyl mixture, Firemaster BP-6. It was 
proposed that the single isomer possessed the structural 
requirements for a cytochrome P-448 inducer (3,3'4,4',5- 
substitution) and the addition of the single ortho bromo 
substituent did not eliminate this activity and was also 
sufficient to impart the capability of microsomal cyto- 
chrome P-450 induction. A test for this mixed induction 
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capability for a PCB isomer was performed using a highly 
purified (>99.5 per cent) synthetic PCB isomer, 
2,3,3',4,4’,5,5'-heptachlorobiphenyl (HCBP). 

The HCBP congener was prepared by the diazo coupling 
of 3,4,5-trichloroaniline in excess 1,2,3,4-tetrachloroben- 
zene, using amyl nitrate [10]. The crude product was pur- 
ified by a Florisil column chromatographic cleanup and 
thin layer chromatography (t.1.c.) on silicic acid, using hex- 
ane as solvent for both procedures. Crystallization from 
methanol gave a product which was >99.5 per cent pure 
as determined by gas chromatography, using a Hewlett- 
Packard model 5710 chromatograph equipped with a *’Ni 
electron capture detector and an 0.6cm X 1.2 m glass col- 
umn packed with 3 per cent OV 101 on Ultrabonded Car- 
bowax 20M, 80-100 mesh (RFR Corp., Hope, RI). Gas 
chromatographic analysis of HCBP did not show any minor 
peaks with retention times corresponding to 3,3’,4,4’- 
tetrachlorobiphenyl and 3,3’ 4,4’ ,5,5'-hexachlorobiphenyl. 
The 220 MHz nuclear magnetic resonance spectrum of the 
product (in CCls) gave singlet resonances at 7.40 (2H) and 
7.35 (1H) p.p.m. 

Each inducer was administered to five 1-month old male 
Wistar rats (average weight, 100-120g). HCBP was 
administered intraperitoneally at 30 u~moles/kg (low dose) 
or 150 wmoles/kg (high dose) in corn oil (0.5 ml) on days 
1 and 3 and killed by cervical dislocation on day 6. 3-MC 
(100 zmoles/kg) in corn oil (0.5 ml) and PB (400 wmoles/kg) 
in isotonic saline solution (0.5 ml) were administered 
individually and co-administered on days | and 2 to the 
groups of experimental animals which were then killed on 
day 3 by cervical dislocation. Microsomes from perfused 
livers were collected as a 100,000 g pellet from a 10,000 g 
supernatant fraction as described [11]. For both spectral 
and enzymatic assays, the final concentration of microsomal 
protein was 1.0 mg/ml. The carbon monoxide (CO)-differ- 
ence spectrum was determined as described [12] from the 
dithionite-reduced microsomes:CO complex minus 
dithionite-reduced microsomes spectrum. The peak or 
shoulder at 420nm was attributed to small amounts of 
contaminating hemoglobin as identified by the carbon mon- 
oxyhemoglobin minus oxyhemoglobin spectrum. The ethyl- 
isocyanide (EIC)-difference spectrum was determined in 
a manner similar to the CO-difference spectrum except 
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that EIC was added to the sample cuvette (final concen- 
tration 4.5 mM) instead of carbon monoxide. All spectra 
were recorded on a Cary 118C spectrophotometer with a 
repetitive scan accessory. Spectra were calibrated with hol- 
mium oxide. 

The rate of oxidative N-demethylation of 4-dimethylam- 
inoantipyrine (DMAP) was measured by quantifying the 
production of formaldehyde. The formaldehyde, trapped 
as the semicarbazone, was developed in double strength 
Nash reagent [13]. The rate of benzo[a]pyrene hydroxy- 
lation was measured by a radioassay [14] in which the base- 
soluble metabolites were quantified following hexane 
extraction to remove the benzo[a]pyrene starting material. 
The activity of NADPH-cytochrome P-450 reductase was 
measured by the reduction of cytochrome c [15]. The con- 
tent of cytochrome bs was measured spectrophotometrically 
from the NADH-reduced microsomes minus oxidized 
microsomes [15] using the corrected extinction coefficient 
of 185cm~' mM! [12]. Residues of HCBP in liver were 
determined as described [16]. 

The data summarized in Fig. 1 and Table | confirm that 
the spectral and kinetic properties of rats pretreated with 
heptachlorobiphenyl at 30 wmoles/kg are similar to those 
observed for non-induced animals. At higher dose levels 
(150 zmoles/kg) the results were consistent with a mixed 
induction pattern. Cytochrome P-450 levels increased and 
the reduced cytochrome P-450: CO binding spectrum peak 
shifted 1.5 nm downfield from 450.0 to 448.5 nm. The ethyl- 
isocyanide-difference spectrum 455/428 ratio increased 
from 0.48 to 1.22 with the 455.0 peak shifted downfield to 
452.4 nm and the 428.0 nm peak shifted upfield to 429.0 nm. 
Like the spectral characteristics of microsomes prepared 
from rats co-administered PB and 3-MC, the spectral 
characteristics of microsomes harvested from the HCBP- 
pretreated rats were intermediate to microsomes prepared 
from the PB-pretreated and 3-MC-pretreated rats. The 
activities of benzo[a]pyrene hydroxylase, 4-dimethylami- 
noantipyrine N-demethylase and NADPH-cytochrome c 
reductase were stimulated over controls by 11.3-, 2.5- and 
1.7-fold, respectively. The magnitude of the increases in 
these microsomal enzyme activities were commensurate 
with induction by both PB and 3-MC (Table 1). Residue 
analysis of pooled liver samples identified 5.1 and 59.4 wg 


Control 
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Fig. 1. Carbon monoxide (left panel)- and ethylisocyanide (right panel)-difference spectra of microsomes 
prepared from control (corn oil-pretreated), phenobarbitone (PB)-, 3-methylcholanthrene (MC)-, 
phenobarbitone plus 3-methylcholanthrene (PB + MC)- and 2,3,3’,4,4’,5,5’-heptachlorobiphenyl 

(HCBP)-pretreated rats. : 
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HCBP?g of liver in rats treated with the low and high dose, 
respectively. Although the residue levels were dispropor- 
tionally lower in the low dose animals, the failure of this 
dose to induce micosomal enzyme activity cannot be 
explained by the inability of the chemical to reach the liver. 

The synthetic isomer 2,3,3’,4,4’,5,5’-heptachlorobi- 
phenyl was chosen because it contains the structural 
requirements for a cytochrome  P-448 inducer 
(3,3',4,4’,5,5’-hexachloro substitution) plus one additional 
ortho chloro substituent. The HCBP has been tested pre- 
viously in female rats and shown at low doses (14 zmoles/kg) 
not to be an inducer of the microsomal mono-oxygenases 
[6]. The isomer was purified via chromatography and crys- 
tallization, and the Florisil chromatographic procedure was 
used to remove any possible chlorinated dibenzofuran 
contaminants. 

The results demonstrate that a single PCB isomer can 
induce both cytochrome P-448- and P-450-type spectral 
properties and enzyme activities. Although previous 
reports have indicated that a number of hexachlorobiphenyl 
isomers were mixed inducers [17, 18], it has been suggested 
that the observed 3-MC-type activity may have been due 
to highly active impurities [19]. This was illustrated by the 
identification of 2,3,7,8-tetrachlorodibenzofuran (TCDF) 
as a contaminant in a 99 per cent pure 2,2’,4,4’,5,5’-hex- 
achlorobiphenyl preparation [19]. The >99.5 per cent pure 
HCBP used in this study was chromatographed on a Florisil 
column to remove any possible TCDF and related polar 
contaminants, and was further cleaned up by t.l.c. This 
latter step readily separated the less polar HCBP from any 
possible contamination by the more polar 3-MC-type PCB 
inducers, 3,3’ ,4,4’,5,5'-hexachlorobiphenyl and 3,3’ ,4,4’- 
tetrachlorobiphenyl. It has been shown that commercial 
PCBs are also mixed inducers [1]; however, the PCB con- 
geners which induce 3-MC-like activity, 3,3’,4,4’-tetra- 
chlorobiphenyl, 3,3’,4,4',5,5’-hexachlorobiphenyl and 
3,3',4,4’ ,5-pentachlorobiphenyl, are only minor constitu- 
ents of these mixtures [20, 21]. It is conceivable that TCDF, 
a highly potent inducer of cytochrome P-448 hemoproteins, 
and the other chlorinated dibenzofuran congeners, which 
have been detected in trace amounts in commercial PCBs 
[22,23], may be partially responsible for the observed 
mixed induction activity. Although HCBP is a minor com- 
ponent of commercial PCB mixtures, a number of struc- 
turally related congeners which contain the 3,3',4,4’- 
tetrachloro and the 3,3',4,4',5-pentachloro substitution 
pattern plus one ortho chloro substituent (e.g. 2,3,3’ 4,4’ ,5- 
hexachlorobiphenyl, 2,3’,4,4',4,5'-hexachlorobiphenyl, 
2,3’ ,4,4',5-pentachlorobiphenyl and 2,3,3’,4,4’-pentach- 
lorobiphenyl) have been identified in commercial PCBs 
[17, 18]. The synthesis of these compounds is currently in 
progress and investigation of their effects as microsomal 
enzyme inducers will clarify their role in the commercial 
PCB mixtures. 

It has been suggested that some of the toxic properties 
of several classes of halogenated aromatics may be related 
to their induction of microsomal cytochrome P-448 activity 
[5] and, therefore, the biological effects, environmental 
occurrence and toxicity of the mixed inducers warrant 
further investigation. 
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ENHANCED BIOTRANSFORMATION OF NITROFURANTOIN IN RATS AFTER INDUCTION WITH 
3-METHYLCHOLANTHRENE OR 8-NAPHTHOFLAVONE 


H.G. Jonen and I. Kaufmann 
Department of Pharmacology, University of Mainz, D-6500 Mainz, Germany 


(fecetved 1 October 1979; accepted 24 October 1979) 


Hepatic biotransformation of nitrofurantoin (NF) is mainly due to reductive processes (1, 2). 
Oxygen leads to an almost complete inhibition of the reductive metabolism of NF (3) and 

does not promote any known oxidative metabolism of this antibiotic as catalyzed by liver 
tissues. Accordingly, identified metabolites of NF mainly confer to reduced products (2). 

An oxidized metabolite could only tentatively be identified in the urine of rats fed NF (4). 
In accordance with these results we previously found, that the elimination of NF in the iso- 
lated rat liver is rather low under aerobic conditions but is enhanced severalfold under an 


aneerobic atmosphere (5). 


In this study we want to report that pretreatment of rats with 3-methylcholanthrene (MC) 
or B-naphthoflavone (SNF) — but not with phenobarbital (PB) — leads to an enhanced hepatic 
clearance of NF in the isolated liver under aerobic conditions and to a decrease of the 
urinary excretion of unchangend drug after an oral dose of NF. The induction by MC of BNF 
also causes the formation of a yellow, polar metabolite of NF in perfusate as well as in 
urine which might prove as a suitable tm vivo-indicator of the cytochrome "P-448"-dependent 
induction state. Though the chemical structure of this metabolite is still unknown there are 
some similarities with the 4-hydroxy-5-nitrofuran derivative as described by Olivard et al. (4). 


The results reported hereinwere briefly presented at a national meeting (6). 


MATERIAL AND METHODS 


Male, Sprague-Dawley rats weighing 250-300 g were used in all experiments. Pretreatment 
with PB was accomplished by i.p. application of 3 x 80 mg PB/kg at 24 h intervals. For pre- 
treatment with MC 3 x 20 mg/kg were given i.p. at 12 h intervals. BNF was given i.p. as a 
single dose of 80 mg/kg in case of perfusion experiments; 2 x 100 mg BNF/kg were given in 
case of in vivo-experiments. The last injection was given 24 h before the perfusion experi- 
ment in case of PB and BNF and 36 h in case of MC. For in vivo-experiments the time interval 
between the last injection and the oral dosing of NF was 24, 36 and 12 h for PB, MC and BNF, 
respectively. The group of control animals consisted of untreated, saline- and 0i1-treated 
rats since no differences concerning the metabolism of NF could be detected. Rat liver per- 
fusion was performed as described earlier (7) in a recirculating mode at a constant flow of 
30 ml/min at 25 °C for a period of 40 min using a perfusion medium of 100 ml Krebs-Ringer 
bicarbonate buffer containing 400 mg glucose and 2 g of bovine serum albumin (Behringqwerke, 
Marburg) but omitting erythrocytes. NF (Sigma Chemical Co., St. Louis, MO) was used at an 
initial concentration of 0.1 mM. The content of NF in perfusate and urine was determined by 
the method of Conklin and Hollifield (8). The spectrophotometric determination is based on 
extraction of NF into nitromethane followed by the formation of a yellow complex with hyamine 
hydrochloride. An interference with metabolites of NF could be excluded. The hepatic clearance 
of NF was calculated according to Rowland (9). Formation of a yellow, polar metabolite of NF 
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was determined by the change of absorbance at 415 nm in the aqueous phase after extraction of 


perfusate or urine with nitromethane at acidic pH. 


Under tn vivo-conditions NF was given as a single oral dose of 33 mg/kg in a 0.5 % sus- 
pension of gum arabic. Animals were housed in metabolism cages and urines were collected for 


a 24 h period. 


Microsomes were prepared as described earlier (10). Benzo(a)pyrene hydroxylation was mea- 
sured according to Gielen et al. (11). Absorbance spectra of the perfusate were recorded on 


a Perkin-Elmer 356 spectrophotometer. 
RESULTS 


Under aerobic conditions NF metabolism is rather low in the isolated liver derived from 
control animals leading to a hepatic clearance of 0.9 ml/min (Table 1). Pretreatment with 
PB does not alter the hepatic elimination of NF in a significant manner. Accordingly, the 
urinary excretion of unchanged NF reaching 26 % of dose in 24 h urine under control condi- 
tions is not altered by PB (Table 1) as shown before by Veronese et al. (12). Pretreatment 
with MC or BNF, however, leads to a significant enhancement of hepatic elimination of NF. The 
excretion of unchanged NF in 24 h urine is significantly decreased by these inducers sugges- 


ting an enhanced metabolism also under zn vivo-conditions. 


When the hepatic clearance of NF was taken as a function of microsomal benzo(a)pyrene 
hydroxylase activity as determined in microsomes derived from the corresponding livers there 


is a strong correlation (Figure 1). 





Table 1: Influence of induction on the biotransformation of nitrofurantoin in the isolated 


perfused rat liver and tn vivo after an oral dose of nitrofurantoin to rats 





Liver Perfusion In vivo 
Formation of b Elimination® Formation of d 
polar metabolite polar metabolite 





Pretreatment Elimination® 


Control 0.9 + 0.2 
(8) 
Phenobarbital 42 6:3 


3-Me thy I - 
cholanthrene 


8-Naphthoflavone 3.1 - 
(3) 


Initial nitrofurantoin concentration was 0.1 m™ in rat liver perfusion experiments. For zn 

o-experiments nitrofurantoin was given as an oral dose of 33 mg/kg. Induction was achieved 
as given under Material and Methods. Unmetabolized nitrofurantoin was determined according to 
Conklin and Hollifield (8). Elimination in liver perfusion experiments is given as (a) the 
hepatic clearance of nitrofurantoin (ml x min7!). Under zn vivo-conditions the elimination is 
expressed as (c) the % of administered dose excreted as unchanged nitrofurantoin in 24 h urine. 
The formation of polar metabolite was calculated from the absorbance change at 415 nm in the 
aqueoys phase after extraction with nitromethane and is given as (b) OD. jo-3 x ml perfu- 
sate~+ x min-l for perfusjon experiments and as (d) OD. 103 x 24h urine7! x mg administered 
dose-!. Values are means = S.E.M. except one single determination. P (vs. Control; Stu- 
dent's t-test) *< 0.005; xx< 0.001. 





NF exerts an absorbance maximum at 388 nm in the visible region after addition to the per- 
fusion medium (Figure 2). After 40 min aerobic perfusion passing the liver of an untreated 
animal the wavelength of the absorbance maximum is not altered; the extent is slightly re- 
duced according to the minimal elimination of NF under these conditions. Anoxic liver per- 
fusion leads to the expected disappearance of the absorbance characteristics of NF as caused 
by the marked reductive metabolism of NF under anaerobic conditions. Aerobic liver perfusion 
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with NF after previous induction with MC, however, leads to the formation of a new absorbance 


maximum at 415 nm. 


uw 
3 


Figure 1: Hepatic clearance of 
nitrofurantoin as a function of 
AHH activity, ee 
Liver perfusions were 
performed at various induction 
states and hepatic clearance of 
nitrofurantoin was calculated as 
given by the ordinate. Afterwards 
microsomes were prepared from 
those livers and microsomal ben- 
zo(a)pyrene hydroxylase (BP) ac- 
tivity was determined. The corre- 
lation coefficient is given by 
“ r"' ‘ é 
0 T T T T 7 
600 900 1200 1500 1800 2100 


AHH activity(pmoles 3-OH BP x min™ x mg prot-!) 








nN w > 
i 1 rT 
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— Control 
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350 nm 


Figure 2: Absorbance spectra of perfusate after rat liver perfusion with nitrofurantoin un- 
der various conditions. Nitrofurantoin (0.1 mM) was added to the perfusion medium and the — 
absorbance spectrum was primarily recorded before entering the liver (Control). The other 
spectra of the perfusate were recorded at the end of a 40 min period of three different per- 
fusion experiments under the following conditions: aerobic perfusion using the liver of an 
untreated animal (09; untreated); anaerobic perfusion without previous induction (N2); aero- 
bic perfusion after induction with 3-methylcholanthrene (09; MC). The spectra were recorded 
at a nH of 7.8 in the split beam mode using perfusion medium without nitrofurantoin as the 
reference. 











Extraction of the perfusate with nitromethane separates NF from the material with the ab- 
sorbance maximum near 415 nm. NF is extracted into the organic phase, the metabolite remains 
almost completely in the aqueous phase exhibiting an intensive yellow color due to the ab- 
sorbance maximum at 415 nm. The formation of this metabolite in the perfusate is linear with 
time and can virtually only be detected after MC- or BNF-induction (Table 1). Pretreatment 
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with MC as well as BNF-but not with PB-leads also tn vivo to an enhanced formation of a 
yellow, polar metabolite in the urine after feeding of NF to rats (Table 1). 


DISCUSSION 


The results indicate that induction with MC or BNF leads to an enhanced oxidative biotrans- 
formation of NF in the isolated liver. Simultaneously, a yellow, polar metabolite with an ab- 
sorbance maximum at 415 nm is formed which is almost exclusively detectable after induction 
with MC or BNF but not in livers derived from untreated or PB-treated animals. This suggests 
a new hepatic pathway of NF-metabolism occuring only after induction with inducers of cyto- 
chrome "P-448" as indicated also by the strong correlation between hepatic NF-clearance and 
microsomal benzo(a)pyrene hydroxylase activity serving as a rather induction-specific para- 


meter (Figure 1). 


The increase of the urinary excretion of unchanged NF after an oral dose of NF in animals 
pretreated with MC or BNF also indicates an enhanced biotransformation of NF under in vtvo- 
conditions. The enhanced excretion of a yellow, polar metabolite after feeding NF zn vivo may 
prove as a Suitable zm vtvo-indicator of the cytochrome "P-448"-dependent induction state of 


the organism. 


Previous studies have shown a pathway of nitrofuran derivatives leading to the formation of 
bright yellow, polar metabolites absorbing near 415 nm which were found in the urine of ani- 
mals fed the nitrofurans (13, 14). Subsequently, those metabolites could be identified in the 
urine of rats fed NF as tautomeric mixtures of 4-hydroxy-5-nitrofurancarboxaldehyde deriva- 
tives and the corresponding aci-nitro form, indicating metabolic hydroxylation of the furan 
ring (4). 

Though the chemical nature of the induction-dependent metabolites in perfusate and urine 
iS not yet known, it appears possible that induction with MC or BNF leads to an enhanced 


hydroxylation at the furan ring in the 4-position. 
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Abstract—The effect of haloperidol, chlorpromazine, clozapine, benzamides (sulpiride and isosulpride), 
6-chloropyrimidines (mezilamine, UK 177) on the in vivo binding of [*H]spiroperidol to striatum, 
tuberculum olfactorium, frontal cortex and cerebellum in the rat brain was investigated. Since these 
neuroleptics of various chemical classes were able to prevent the selective retention of [*H]spiroperidol 
in the striatum and tuberculum olfactorium without modifying the level in the cerebellum, it has been 
assumed that [°H]spiroperidol is a suitable ligand to label dopaminergic receptors in the living animal. 
All the neuroleptics (except the benzamides) were able to displace ["H]spiroperidol from its receptors 
in the frontal cortex, suggesting a serotoninergic component in neuroleptic binding sites. Classical 
neuroleptics (haloperidol, chlorpromazine, UK 177) or atypical neuroleptics (clozapine, sulpiride, 
isosulpride, mezilamine) did not induce a selective blockade of dopaminergic receptors in the striatum 
or in the limbic system, respectively. These results indicate that there is no correlation between the 
selective regional stimulation of dopamine turnover after neuroleptics and the in vivo blockade of 


postsynpatic dopaminergic receptors. 


Since the initial observations that neuroleptics induce 
an accumulation of O-methylated [1] or acidic [2] 
dopamine (DA) metabolites in rodent brain, this 
increase has been related to a compensatory acti- 
vation of dopaminergic neurons subsequent to post- 
synaptic receptor blockade [3-6]. More recently, 
neuroleptics have been shown to increase DA turn- 
over within specific dopaminergic neuronal systems. 
Classical neuroleptics (haloperidol, chlorpromazine, 
etc.) with a high incidence of extrapyramidal side 
effects increase DA turnover in the nigrostriatal 
system more than in the mesolimbic and mesocortical 
systems, whereas atypical neuroleptics (clozapine, 
sulpiride, mezilamine) with a low incidence of extra- 
pyramidal side effects are more effective on DA 
turnover in limbic areas than in the striatum [7-13]. 

The activation of DA neurons by neuroleptics is 
thought to be mediated by a neuronal feedback 
mechanism triggered by the blockade of postsynaptic 
DA receptors. If this is so, the blockade of DA 
receptors by atypical and classical neuroleptics 
should vary from one region of the brain to another. 
To test this hypothesis we have studied the in vivo 
displacement of the binding of [*H]spiroperidol (an 
extremely potent neuroleptic which labels specific 
neuroleptic binding sites in vitro and in vivo [14, 15], 
by classical and atypical neuroleptics. No correlation 
between regional stimulation of DA turnover and 
the selective blockade of DA receptors has been 
found. 


MATERIALS AND METHODS 
We have used the method of Laduron et al. [15] 
with slight modifications. The neuroleptics were 


injected i.p. to male Sprague-Dawley rats (150+ 10g) 
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15 min before the i.v. injection of [*H]spiroperidol 
(2 wg/kg, specific activity 26.4Ci/mmole from 
N.E.N.). The animals were killed by decapitation 
2 hr after the administration of [*H]spiroperidol, the 
brains were removed, dissected and weighed. The 
radioactivity was determined in a liquid scintillation 
spectrometer (Packard Prias PLD Tricarb) after 
solubilization in Soluene (Packard). In control 
experiments, the radioactivity was extracted by hep- 
tane-isoamy] alcohol (8.5: 1.5) and analyzed by TLC 
(benzene-ethanol-NH;sOH 90: 10:1). Radioactivity 
was measured with a radiochromatogram reader 
(Chromelec 101) connected to a multichannel 
recorder (Interzoom). 


RESULTS 


Two hours after the intravenous injection of a low 
dose (2 g/kg) of [*H]spiroperidol, the radioactivity 
was found to be present preferentially in the dopa- 
minergic areas (Table 1). The order of retention of 
radioactivity in different parts of the brain was similar 
to that found by Laduron et al. [15]: 
striatum > tuberculum olfactorium > frontal cor- 
tex > cerebellum. Chromatographic studies revealed 
that 2hr after i.v. injection, at least 90% of the 
[3H]spiroperidol was found in the rat brain as the 
unchanged drug. All the neuroleptics used were able 
to prevent, in a dose dependent manner, the reten- 
tion of [*H]spiroperidol in the dopaminergic regions 
(striatum, tuberculum olfactorium, frontal cortex) 
without altering the level of [*H]spiroperidol 
recovered in the cerebellum. For this reason and the 
fact that the radioactivity found in the cerebellum 
is exactly that found in the other brain regions after 
pretreatment with cold drug, the radioactivity in the 
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Table 1. Regional in vivo binding of [*H]spiroperidol in the rat brain. (°H]Spiroperidol 
(2 g/kg) was injected i.v. and the animals were killed 2 hr later. N = 50 determinations 





Total binding 
(pmoles/g tissue) 


Brain regions 


Specific binding 
(total binding—cerebellum binding) 
(pmoles/g tissue) 





3.59 + 0.09 
2.64 + 0.07 
1.50 + 0.03 
0.70 + 0.02 


Striatum 

Tuberculum olfactorium 
Frontal cortex 
Cerebellum 


2.89 + 0.08 
1.94 + 0.06 
0.80 + 0.03 





cerebellum was chosen to represent nonspecific bind- 
ing, thus allowing the results to be expressed in terms 
of specific binding as a percentage of the control 
(total binding—-cerebellum binding) for the dose— 
response curves of the displacement of 
[°H]spiroperidol from dopaminergic regions by the 
neuroleptics (Figs. 1 A, B, C). The EDso for this 
prevention, i.e. the doses for which the difference 
between dopaminergic regions and cerebellum is 
half-maximal, are presented in Table 2. Haloperidol 
was the most potent in the tuberculum olfactorium 
and the striatum, whereas chlorpromazine was the 
most effective in the frontal cortex. Isosulpride [2- 
(1-ethyl-2-pyrrolidinyl)-N-(2-methoxy-5-sulfamoyl- 
phenyl) acetamide], a derivative similar to sulpiride, 
was the least active. Sulpiride in the tuberculum 
olfactorium and clozapine in the frontal cortex 
showed the greatest regional selectivity. All the neu- 
roleptics including classical (haloperidol, chlorprom- 
azine, UK 177) and atypical (clozapine, mezilamine, 
sulpiride, isosulpride) were more potent on the tub- 
erculum olfactorium than in the striatum (ratio: EDso 
in To/EDso in St = <1). All the compounds except 
chlorpromazine and clozapine were less effective in 
the frontal cortex (ratios: EDso in Fe/EDso in To and 
EDso in Fce/EDso in St = >1). 


DISCUSSION 


As already stated in previous publications on 
(°H]spiroperidol or [*H]pimozide [15, 16], it can be 
assumed that tritiated potent neuroleptics are able 
to label in vivo specific binding site receptors and 
that the difference between levels in frontal cortex, 
tuberculum olfactorium or striatum and cerebellum 
represents specific binding to multiple neuroleptic 


receptors. This is supported by the fact that neu- 
roleptics of various chemical classes such as butyro- 
phenone (haloperidol), phenothiazine (chlorprom- 
azine), dibenzodiazepine (clozapine), benzamides 
(sulpiride, isosulpride) and _ chloropyrimidines 
(mezilamine, UK 177) are able to prevent the selec- 
tive retention of [*H]spiroperidol in the tuberculum 
olfactorium or striatal area without modifying the 
level in cerebellum. 

Leysen et al. [17] have shown that spiroperidol 
and LSD label the same receptors in the frontal 
cortex and that these receptors are different from 
those labelled by spiroperidol in the striatum. The 
receptors in the frontal cortex are predominantly 
serotoninergic in nature [17] indicating a serotoni- 
nergic component in neuroleptic binding sites. Sim- 
ilar results have been obtained in limbic brain areas 
[18]. Our results comply with this suggestion, since 
all the neuroleptics were able to displace 
(H]spiroperidol from its receptors in the frontal 
cortex or the tuberculum olfactorium. 

Although it has been shown that increases in DA 
turnover occur preferentially in the mesolimbic 
region rather than the striatal one with atypical neu- 
roleptics and the reverse with classical neu- 
roleptics [7-13], we have been unable to demonstrate 
a selective blockade of dopaminergic receptors in 
the striatum by the classical neuroleptics or in the 
mesolimbic system by the atypical neuroleptics. Dif- 
ferent observations have provided evidence that 
there is no correlation between a preferential acti- 
vation of DA neurons and a selective blockade of 
postsynaptic DA receptors: (1) all the neuroleptics 
(classical and atypical) were more potent in the tub- 
erculum olfactorium than in the striatum; even 
though the atypical neuroleptic clozapine was more 


Table 2. EDso of the in vivo displacement of (°H]spiroperidol by different neuroleptics in the rat brain. 
Results were expressed in mg/kg i.p. EDso were obtained from the dose-response curves of Fig. 1 
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Fig. 1. Prevention of the binding of [*H]spiroperidol by different neuroleptics in the rat brain. The 

drugs were injected i.p. 15 min before the i.v. injection of [*H]spiroperidol (2 wg/kg). Rat brain was 

removed 2 hr after the administration of [*H]spiroperidol and the radioactivity was measured in the 

tuberculum olfactorium (A), striatum (B), frontal cortex (C) and cerebellum. The results were expressed 

in terms of specific binding as a per cent of the control (total binding-cerebellum binding). Each value 

represents the mean of 5—15 determinations (+S.E.M.). A Haloperidol; @ UK 177; @ Chlorpromazine; 
0 Mezilamine; A Clozapine; } Sulpiride; O Isosulpride. 
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effective in the frontal cortex than in the other 
regions, the same result was obtained with the classi- 
cal neuroleptic chlorpromazine relating such effects 
to the strong antiserotoninergic properties of these 
two compounds [17]; (2) in a new chemical class of 
potential anti-psychotics, mezilamine (2-methylam- 
ino-4-N-methylpiperazino-5-methylthio-6-chloro- 
pyrimidine) which has been related to the atypical 
neuroleptics [13] and UK 177 (2-benzylamino-4-N- 
methylpiperazino - 5 - methylthio - 6 - chloro - 
pyrimidine) which possesses a classical spectrum of 
neuroleptic with a high incidence of extrapyramidal 
side effects induce a similar regional blockade of DA 
receptors (To > St > Fc). 

Such a lack of correlation between the differing 
effects of neuroleptics on DA turnover in the three 
DA areas and the effect in vitro of these drugs on 
[*H]haloperidol binding [19] or DA sensitive adeny- 
late cyclase has previously been suggested [20-23]. 
Moreover, we have obtained similar results in vivo 
which allow us to rule out a difference in drug kinetics 
and/or metabolism leading to a regional preferential 
accumulation of these compounds which could 
explain a different effect on DA turnover. 

In conclusion, the selective regional stimulation 
of DA turnover after neuroleptics cannot be cor- 
related with variations in the blockade of postsynap- 
tic DA receptors. This suggests that the activation 
of DA neurons by neuroleptics is not exclusively 
mediated by a direct neuronal feedback mechanism 
triggered by the blockade of postsynaptic DA recep- 
tors. The possibility of a differential blockade of 
auto presynaptic (which could regulate DA syn- 
thesis) and postsynaptic DA receptors by neurolep- 
tics could be put forward, but the existence of such 
autoreceptors must first be definitively demon- 
strated. Another possible explanation should be the 
different onset for the pharmacological activity of 
different neuroleptics. 
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Abstract—Aryl hydrocarbon hydroxylase (AHH) activity in tissue culture cells is highly sensitive to the 
presence of animal sera in the culture medium. Quiescent cells, grown in the absence of serum for 4— 
5 days appear to be growth-arrested in the Go: phase of the cell cycle, with low AHH activity. 
Reintroduction of serum to these cells increases DNA synthesis, AHH activity and the accumulation 
of cell protein. Different sera from human and animal donors differ in their ability to stimulate these 
changes and activity is dependent upon the diet of donor animals. It is suggested that a system such 
as this may be used as a bioassay to investigate factors controlling human drug metabolism. 


Aryl hydrocarbon hydroxylase (AHH) is a cyto- 
chrome P448 linked microsomal monooxygenase 
activity. The reactions are probably catalysed by 
several hemoproteins and are usually measured by 
the formation of water soluble products of benzo 
[a] pyrene, mainly 3-hydroxy benzo [a] pyrene. 
Numerous xenobiotics, particularly polycyclic 
hydrocarbons, are metabolized by this pathway [1]. 
The relationship between AHH activity and cancer 
is unclear, but it is of considerable importance to 
find out whether individuals differ in sensitivity to 
chemical carcinogens as a consequence of variations 
in their metabolism. Considerable inter-individual 
variation has been observed in AHH activity using 
enzyme preparations from human liver [2], full-term 
placenta [3], skin [4], macrophages [5] and mitogen 
stimulated lymphocytes [6, 7]. 

Lymphocytes are an accessible tissue; they are 
generally cultured for 72 hr in the presence of mito- 
gens and AHH activity is measured after a further 
24 hr culture with and without an inducer such as 
methylcholanthrene. This induction ratio is charac- 
teristic for an individual and appears to be under 
genetic control [8-11]. 

However, the induction ratio seems to be influ- 
enced by the many factors that affect lymphocyte 
transformation [12], such as changes in the lympho- 
cyte membrane cholesterol composition [13, 14], and 
by elevated levels of a-globulin [15]. Complex sea- 
sonal changes have also been observed in AHH 
induction ratios [16]. In addition, one of the major 
problems appears to be that the mitogen stimulated 
lymphocyte assay for AHH activity is highly sensitive 
to medium composition and in particular to the batch 
of foetal calf serum [9]. Some batches of foetal calf 
serum appear to be unsatisfactory [11]. 

In this paper we describe a bioassay system which 
makes use of the sensitive response of AHH activity 
in a line of epithelial-like cells to various animal 
sera. Using this technique it is possible to investigate 
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inter-individual differences in serum activity and to 
relate these to environmental factors influencing 
hepatic AHH activity. 


MATERIALS AND METHODS 


A line of cells derived from adult rat liver pre- 
viously described by Montesano et al. [17], were 
grown routinely in Williams Medium E (Flow Lab- 
oratories, Irvine, Scotland) containing 10% v/v foetal 
calf serum (Gibco Biocult Ltd, Paisley, Scotland), 
100 i.u./ml penicillin, 100 ug/ml streptomycin and 
4mM L-glutamine. Cultures were maintained in a 37° 
humidified incubator with an air plus 3.5% CO: 
atmosphere. 

Cells were prepared for the serum ‘bioassay’ by 
subculture using a 0.1% trypsin solution in Hanks 
balanced salt solution. Cells were seeded at a density 
of 5 x 10° cells/64 cm? Nunc petri dish in medium 
containing 10% v/v foetal calf serum. After attach- 
ment to the surface of the dish overnight, the growth 
medium was changed and cells were maintained in 
serum-free medium for 4-5 days. Medium was 
replaced each day. Under these growth conditions 
several rounds of cell division occur, facilitating the 
dilution and removal of serum factors adhering to 
the cell surface [18]. 

Rat serum was prepared as follows. Animals were 
exsanguinated under anaesthesia; the pooled blood 
being collected in a plastic universal container. The 
sample was left at room temperature for 2 hr before 
centrifuging at 3000 r.p.m. for 10min in an MSE 
bench centrifuge. The serum was collected and 
passed through a sterile 0.224m _ millipore filter 
before freezing. 

Cultures were stimulated with prewarmed Wil- 
liams Medium E containing the appropriate quantity 
of serum. 1,2-Benzanthracene (17.54M) (Sigma) 
was included when induction studies were per- 
formed. Typically, cell monolayers were washed 
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three times with 0.15M NaCl and were then har- 
vested in 4ml of 0.15M KCl using a rubber scraper. 
Cells were homogenized by 30 strokes of a dounce 
glass homogenizer and AHH activity was assayed by 
measuring the formation of fluorescent oxygenated 
metabolites of benzo [a] pyrene [19, 20]. Protein was 
measured as described by Lowry et al. [21]. 

The degree of protein accumulation observed as 
a result of stimulation by a serum may be defined 
by dividing the total protein per dish after serum 
stimulation by the total protein content present at 
the time of stimulation. This ‘protein ratio’ describes 
the proportional increase in cell protein obtained as 
a result of serum stimulation. 

Incorporation of 6-*H-thymidine (20-30 Ci/ 
mmole, Radiochemical Centre, Amersham, Bucks) 
was measured over a 60 min period. Isotope 
(2.5Ci) was added to a 64 cm’ petri dish containing 
10m! of medium. Incorporation of label was then 
estimated in cell homogenates by the method of Clo 
et al. [22]. Alternatively, 0.5 «Ci of isotope was 
added to a7 cm’ petri dish containing 2ml of medium. 
After the appropriate time interval, medium was 
removed using a pasteur pipette, the cell monolayer 
was washed three times with saline and then 1ml of 
cold 4%v/v perchloric acid (PCA) was carefully 
added to the dish. The dish was then left for 1 hr at 
4° to extract PCA soluble counts before removing 
the PCA. The intact monolayer was then suspended 
in 0.Sml of 0.5M NaOH and digested at 37° for 30 
min. After neutralization with HCl, samples were 
counted in a Tri-carb scintillation counter using Per- 
mafluor II scintillation fluid. 

Efficiencies were calculated by comparing the 
automatic external standard (AES) ratio with that 
on a quench curve prepared using “H-n-hexadecane. 
These cultures were shown to be free of mycoplasma 
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Fig. 1. Incorporation of *H-thymidine into quiescent cul- 
tures stimulated by 30%v/v foetal calf serum. Cells were 
grown for 4 days in the absence of serum. Cell cultures 
were then stimulated with fresh medium containing serum, 
and 0.5uCi of label was added to each 7cm? petri dish at 
the appropriate time. Cells were harvested 60 min later. 
Each point represents the mean of estimations made from 
two separate dishes. 
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Fig. 2. The incidence of mitotic figures seen in cultures 

grown on glass coverslips. Cells were stimulated using fresh 

medium containing 30% v/v foetal calf serum, fixed in 

formol-saline and stained as described in Materials and 

Methods. The number of mitotic figures per field (400x 

magnification) were recorded and the arithmetic mean of 
5 fields calculated. 


contamination by Dr D. Taylor-Robinson, MRC, 
Northwick Park. 

Mitotic figures were estimated using cells grown 
on glass coverslips. Cells were fixed in formol-saline 
and stained by the Feulgen technique [23]. 


RESULTS 


Growth in the absence of serum results in reduced 
AHH levels and reduced enzyme inducibility [24]. 
After 4-5 days in the absence of serum, a confluent 
monolayer of quiescent or slowly growing cells is 
formed. These cells exhibit reduced DNA synthesis 
as judged by *H-thymidine incorporation into PCA 
insoluble material. 

Addition of fresh medium containing 30%v/v foe- 
tal calf serum is followed by a lag period of about 
10 hr, after which time a wave of DNA synthesis 
takes place (Fig. 1). The direct estimation of mitotic 
figures indicates that DNA synthesis occurs some 
hours before mitosis (Fig. 2). It may thus be con- 
cluded that serum deprived cells treated with fresh 
medium containing serum emerge from the quiescent 
growth state in a synchronous or partially synchron- 
ous (parasynchronous) manner. 

Table 1 shows the effect of stimulating serum 
deprived cells with medium containing 30% v/v foetal 
calf serum lot L/7030/D on several separate occa- 
sions. Both basal and induced AHH specific activity 
are stimulated whilst the total quantity of cell protein 
is also increased on each occasion. However, these 
parameters appear to be highly and separately vari- 
able from one experiment to another. Basal AHH 
specific activity measured 8 hr after the addition of 
serum ranges between 46 and 136 pmole/mg cell 
protein/30 min and between 43 and 58 pmole/mg cell 
protein/30 min at 24hr after stimulation. Induced 
AHH specific activity measured 24hr after the 
addition of serum varies between 325 and 512 
pmole/mg cell protein/30 min. 
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Table 1. Effect of a single batch of foetal calf serum on AHH activity and protein accumulation* 





Protein yg/plate — 
Final 


Treatment Initial 


Fi 


specific activity 
—serum +serum 


Total final 
AHH/plate 
—serum +serum 


Final AHH/mg 
initial protein 
—serum +serum 


nal AHH 





8 hr 
no inducer 
mean + 1.S.D. 


4470 
+650 


5450 
6 +1000 
24 hr 

no inducer 
mean + 1.S.D. 


4490 
+890 


6820 
5 +1620 
24 hr 

17.5uM 
Benzanthracene 
mean + 1.S.D. 


1.34 
+0.27 


6560 
+1450 


5000 


5 +1240 


15 
+5 


+29 


15 


2740 
+650 


429 
+190 


421 
+74 





* Separate p: 
seeded at 5 x 1 


a of cells were treated with the same batch of foetal calf serum at different times. Cells were 
per 64cm? Nunc petri dish in the presence of 10% v/v foetal calf serum. The next day, cells were 


transferred into fresh serum-free Williams Medium E and were cultured under these conditions for 4 days; medium was 
changed each day. Cells were then treated with fresh Williams Medium E containing 30% v/v foetal calf serum lot 
L/7030/D as described in the table, before harvesting the cells and determining protein content and AHH activity. Protein 
ratios were obtained by dividing final by initial protein values; specific activities for AHH are expressed as pmole/mg 


cell protein/30 min. 


Enzyme specific activity is a poor means of 
expressing enzyme activity in synchronized cells [25]. 
Total AHH activity per plate after stimulation by 
serum is proportional to initial cell protein content 
in these cultures (Fig. 3). If it is assumed that cells 
contain approximately equal quantities of total pro- 
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Fig. 3. The effect of initial protein density on total AHH 

activity per plate after serum stimulation. Cells were cul- 

tured and treated as described in Table 1. Determinations 

were made in duplicate 24 hr after the addition of serum. 

Duplicates generally differed by less than 10%. Correlation 

for basal and induced values are r=0.755 and 0.965, 
respectively. 


tein from one cell preparation to the next, then AHH 
activity after serum stimulation is directly dependent 
upon the total number of cells present at the time 
of stimulation. In support of this asumption, cells 
grown in different media until density or contact 
inhibited, exhibit very similar protein contents. After 
4days in serum-free medium, this value is 0.61 
mg/10° cells. Medium containing 10%v/v foetal calf 
serum gives 0.59 mg/10°, cells whilst 10%v/v human 
serum gives 0.63/10° cells. Consequently, in these 
experiments AHH activity is expressed as total 
activity per plate divided by the total protein present 
at the time of stimulation. 

When AHH activity is expressed in this manner, 
24hr basal activity is within the range 59 to 83 
pmole/mg initial protein/30 min and induced activity 
is between 502 and 582 pmole/mg _ initial 
protein/30 min. Basal activity measured 8 hr after 
stimulation still exhibits considerable variability; 
with a range of 65-143 pmole/mg _ initial 
protein/30 min. 

Thus, basal activity exhibits much greater varia- 
bility than induced activity. This may partly be a 
consequence of the time-course of the stimulation 
of basal AHH activity by serum. Although protein 
synthesis and accumulation continues for over 30 hr 
after the addition of fresh medium containing serum, 
AHH activity rises to a maximum by 8 hr, after which 
time total activity per plate slowly declines. We have 
also obtained evidence that cells on the G:/S border 
of the cell cycle exhibit reduced enzyme synthesis 
(unpublished results). Consequently, AHH activity 
will depend upon the number of cells stimulated to 
enter the cycle of cell division. Clearly, determina- 
tions made at 24 hr are less sensitive to these changes, 
because the period spend on the Gi/S border rep- 
resents only a small proportion of the total time 
during which enzyme synthesis takes place. 

Variation in the ‘protein ratio’ is also a striking 
feature of these results, and may be attributed to a 
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Table 2. The effect of various sera on AHH activity in liver cells* 





Foetal calf 
serum 
5% viv 30% viv 


Treatment No serum 


5% viv 


20% casein 41B 
serum serum 
S% VIN 30% VIV 5% VN 30% Viv 


3% casein 
serum 
30% viv 





8 hr AHH 
no 
inducer Protein 


ratio 


24 hr AHH 

plus +6 

inducer Protein 1.04 
ratio 


44 7 57 
+3 5 +? 
1.02 1.27 1.25 


552 279 669 276 755 
+20 +33 +30 +61 +78 
1.61 1.54 1.81 1.40 1.75 





* Cells were treated as described in Table 1. Each value represents the mean + standard deviation of 4 estimations 
taken from a single plate of cells. AHH activity is expressed as pmole/mg initial protein/30 min. Induction performed 


using 17.54M Benzanthracene. 


number of factors including culture conditions, the 
extent of cell synchronization, cell density and the 
type of serum used. 

Having established that a characteristic stimula- 
tion of AHH activity can be obtained with a single 
serum, especially using induced cultures, the effects 
of nutrition upon the activity of pooled rat sera were 
investigated. Rats were fed diets containing either 
high or low protein contents. Serum was also 
obtained from rats fed the standard 41B pellet diet. 


/30 min 


Pmol/ mg initial protein 








Serum, % 


Rats fed a low protein diet have significantly less 
hepatic cytochrome P450 when expressed on a wet 
weight basis compared with rats fed a high protein 
diet [26], although these differences are much 
reduced when expressed per g of liver protein. 
Hepatic AHH activity appears to be more sensitive 
to dietary protein content and large differences are 
found between high and low protein groups, irres- 
pective of how the activity is expressed. 

Cells were incubated in the presence of sera 


Pmol/mg initial protein 7/30 min 








10 
Serum, % 


Fig. 4. Dose-response curves of AHH activity against percentage serum concentration. Panel A: Basal 

AHH levels measured 8 hr after stimulation with (i) 3% casein serum, (ii) 20% casein serum, (iii) 41B 

serum. Panel B: Induced AHH levels measured 24 hr after stimulation with (i) 3% casein serum, (ii) 

20% casein serum, (iii) 41B serum. 17.5uM benzanthrazene used as inducer. AHH activity in rat liver 

homogenates from these donor animals was (i) 2444 + 660 (N = 5) for rats fed the 3% casein diet, (ii) 

4270 + 517 (N = 5) for rats fed the 20% casein diet and (iii) 4704 + 766 (N = 5) for rats fed the 41B 
pellet diet. Activity is expressed as nmoles/30 min/g protein. 
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Table 3. Kinetic constants obtained with sera from animals fed casein diets containing no fat* 





Apparent Vmax 


pmole/mg initial protein/30 min 
24 hr, plus inducer 


Serum 8 hr, no inducer 


Apparent Km 
% viv 


8 hr, no inducer 24 hr, plus inducer 





78(73-83) 
111(103-120) 


3% casein 
20% casein 


584(567-601) 2.4 
875(793-976) 2.1 





* Lineweaver—Burk transformations of dose-response curves using regression analysis of data points 
shown in Fig. 4. Apparant Vmax values are shown with the range of 1 standard deviation to either side 
of the mean estimate. The data has ‘goodness of fit’ coefficients of r = 0.997 and 0.998 for 3% and 20% 
casein serum, respectively, using induced cultures, where the difference in apparent Vmax is significant 


at P< 0.001. 


obtained from these rats. Induced AHH values were 
stimulated to a greater extent by sera from animals 
fed a high protein diet than from a low protein diet 
(Table 2). These effects appear to be more substan- 
tial at high serum concentrations. Basal enzyme 
activities measured at 8hr after serum stimulation 
show a similar trend, as do measurement at 24 hr in 
other experiments. Protein ratios are also generally 
greater after treatment with sera obtained from rats 
fed a high protein diet. 

Dose-response curves were constructed using each 
type of serum, prepared from a separate consignment 
of animals than from those used in the previous 
experiment. For each serum total AHH activity per 
plate divided by the total initial protein per plate 
was plotted against percentage serum concentration 
(Fig. 4). 

Sera obtained from rats fed either 3% or 20% 
casein diets both give similar shaped curves with 
induced cultures. The 20% casein serum is more 
active than serum obtained from animals fed the 3% 
casein diet. A similar pattern can be seen with basal 
activities measured 8 hr after the addition of serum. 
Sera obtained from animals fed the 41B pellet diet, 
however, exhibit a dose-response curve with induced 
cultures of a very different shape compared to the 
casein diets. This serum appears to have at least one 
component which is only significantly active at high 
serum concentrations. 

When these dose-response curves are transformed 
in the manner of Lineweaver—-Burk or Hofstee, 
apparent K» and Vmax values can be obtained to rep- 
resent extrapolation of data to infinite serum con- 
centrations. Both induced and basal dose-response 
curves approximate to a straight line under these 
conditions, with the exception of that obtained using 
serum from rats fed the 41B pellet diet, and con- 
sequently no constants could be calculated for this 
serum. 

Table 3 shows that only with induced cultures are 
the differences in AHH stimulation statistically sig- 
nificant. This may reflect the greater variation in 
results obtained with basal values. Although the 
exact meaning of these constants is open to question, 
it is clear that sera obtained from animals fed high 
protein diets stimulate AHH activity to a greater 
extent than sera obtained from animals fed low pro- 
tein diets. Thus the activity of these rat sera appears 
to depend upon the nutritional status of the donor 
animal. 


The demonstration of serum factors capable of 
stimulating drug metabolizing enzymes and the 
dependence of these factors upon the environment 
of the animals, leads to the question as to whether 
differences can be detected between normal human 
individuals in the ability of their sera to stimulate 
AHH activity in tissue culture cells. Blood was col- 
lected from 11 healthy volunteers and serum pre- 
pared as described in Materials and Methods. 

Both basal and induced AHH activities of cells 
stimulated by human sera appear to vary consider- 
ably, when expressed per mg of initial protein (Fig. 
5). Determinations were made only at 24 hr after the 
addition of 30% v/v serum. Compared to foetal calf 
serum (Table 1), both basal and induced values are 
low, whilst the corresponding protein ratios are also 
smaller. Basal values range between 20 and 50 
pmole/mg protein/30 min, whilst induced values 
range between 180 and 540 pmole/mg initial pro- 
tein/30 min. A strong correlation exists between 
basal and induced activity (r = 0.83, P < 0.01) after 
stimulation by human sera, indicating that both par- 
ameters may be controlled by the same set of serum 
factors (Fig. 5). 











l 1 
20 40 
Basal AHH pmol/mg initial protein / 30 min 





Induced AHH pmol/mg initial protein 7 30 min 


Fig. 5. Correlation of induced and basal AHH activity after 

stimulation of quiescent cells with different human sera. 

Cells were prepared as described in Table 1. All deter- 

minations were performed in triplicate 24hr after the 

addition of medium containing 30%v/v human 
sera + 17.5u4M benzanthracene. 





R. J. CHENERY and A. E. M. MCLEAN 


CONCLUSION 


The experiments reported in this paper suggest 
that tissue culture cells which metabolize benzpyr- 
ene, and are inducible by polycyclic hydrocarbons, 
can be used as a relatively rapid test system to 
investigate factors in blood that influence human 
drug metabolism. 

Under the conditions of culture described, AHH 
activity is a function of the total number of cells 
present and the type and concentration of serum 
used to stimulate these cells. The powerful effect of 
animal sera on AHH activity in tissue culture cells 
and lymphocytes has been described before 
[9, 11,27, 28]. The ability of serum to stimulate 
AHH activity in this test system exhibits inter-indi- 
vidual variability and appears to be sensitive to 
environmental factors such as nutrition. 

A strong relationship between hepatic enzyme 
activity and the ability of a serum to stimulate AHH 
activity in tissue culture cells has been demonstrated 
for rats. Human serum was also found to be. active 
in this system. Despite the very small number of 
individuals tested, considerable inter-individual vari- 
ation was observed, with a 2—3-fold range for both 
basal and induced activities. A similar range has 
been observed for the half-life of drugs such as 
phenacetin, acetanilide, theophylline and antipyrine 
[29]. It will therefore be of great interest to compare 
the half-lives of a number of drugs with the ability 
of serum from the same individuals to stimulate 
AHH activity in tissue culture cells. 

Stimulation of these cells with serum not only 
stimulates AHH activity but also protein and DNA 
synthesis as cells resume active growth. The effect 
of possible fluctuations in enzyme activity during the 
cell cycle may be responsible for the large degree of 
variation seen with basal activities. Thus the value 
of this assay may be improved by performing experi- 
ments under conditions where less cell growth 
occurs, either by using higher cell densities or per- 
haps by using blood plasma which contains fewer 
growth stimulating factors. Alternatively, a more 
careful choice of responsive cell may considerably 
improve the application of these methods to the 
study of human drug metabolism. 

Kellermann and other have studied the genetic 
potential for AHH synthesis of lymphocytes and 
other human cells. In contrast, the present assay is 
designed to examine the factors in the circulation, 
both endogenous and environmental in origin, that 
stimulate AHH activity in cells. 
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Abstract—A purified bovine brain cyclic nucleotide phosphodiesterase catalyzed the hydrolysis of both 
cyclic AMP and cyclic GMP. Alternative substrate inhibition experiments indicated that cyclic AMP 
and cyclic GMP were hydrolyzed by the same enzyme and that they shared a common binding site. 
Inosine, inosine 5'-monophosphate and hypoxanthine competitively inhibited the hydrolysis of cyclic 
AMP and cyclic GMP by bovine brain cyclic nucleotide phosphodiesterase. This inhibition of cyclic 
nucleotide hydrolysis by the purines was affected by the pH of the mixture. The inhibition constants 
of inosine, inosine 5'-monophososphate and hypoxanthine when inhibiting enzymatic hydrolysis of 
cyclic AMP were 0.36 + 0.05, 1.3 + 0.2 and 3.2 + 0.5 mM, respectively. With cyclic GMP as substrate, 
the inhibition constants were 0.50 + 0.09, 1.8+0.2 and 4.5 + 0.7 mM for inosine, inosine 5'-mono- 
phosphate and hypoxantine respectively. The per cent inhibition by inosine, inosine 5’-monophosphate 
or hypoxanthine of the cyclic nucleotide phosphodiesterase activity was not altered by the addition of 
calmodulin (calcium-dependent protein activator of cyclic nucleotide phosphodiesterase) to the enzyme. 
The effect of calmodulin was not changed by these purine inhibitors. These results suggest that the 
binding site of calmodulin differed from that of the inhibitors and from that of cyclic AMP and cyclic 


GMP. 


Cyclic AMP and cyclic GMP are intermediates for 
many vital cellular functions of hormones and bio- 
genic amines [1-4]. They also appear to regulate the 
growth and differentiation of cells [5-8]. Cyclic 
nucleotide phosphodiesterase (EC 3.1.4.17) is the 
only intracellular enzyme or enzyme system known 
to catabolize the cyclic nucleotides. Multiple forms 
of cyclic nucleotide phosphodiesterase which dif- 
ferentially hydrolyze either cyclic AMP or cyclic 
GMP have been found in a wide variety of tissues 
[9-15]. Thus, selective inhibition of cyclic nucleotide 
phosphodiesterase in particular cells (or tissues) may 
increase either cyclic AMP or cyclic GMP and affect 
cellular functions [16]. 

Several factors are known to modulate cyclic 
nucleotide phosphodiesterase activity in cells. The 
best understood of these is calmodulin, a calcium- 
dependent protein activator of cyclic nucleotide 
phosphodiesterase which is found in a variety of cells 
[17-22]. In the presence of Ca’*, this protein acti- 
vates certain forms of cyclic nucleotide phosphodi- 
esterase [23-26]. Recently, several proteins which 
inhibit the activity of cyclic nucleotide phosphodi- 
esterase have been isolated from tissues [27-32]. 
Thus, it appears that cyclic nucleotide phosphodi- 
esterase activity is subject to inhibitory regulators 
in the cells. 

We have recently isolated from bovine brain hom- 
ogenate a small molecular weight compound which 
inhibited the hydrolysis of cyclic AMP and of cyclic 
GMP by cyclic nucleotide phosphodiesterase. The 
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compound has been identified by thin-layer chroma- 
tography and high-pressure liquid chromatography 
as hypoxanthine.* In this report, we have further 
investigated the specificity and the relative potency 
of hypoxanthine, its nucleoside, inosine, and its 
nucleotide, inosine 5’-monophosphate (IMP), when 
inhibiting the activities of the bovine brain cyclic 
nucleotide phosphodiesterase, and have character- 
ized the modes of inhibition by enzyme kinetic 
analysis. 


METHODS 


Materials. Bovine brains were obtained freshly 
from the slaughterhouse, quickly frozen and stored 
at —20°; they were thawed immediately before use. 
UM-2 membranes were obtained from the Amicon 
Corp. (Lexington, MA). Diethylaminoethy! cellu- 
lose (DEAE-cellulose), inosine, IMP, hypoxan- 
thine, snake venom (Crotalus atrox), ethyleneglycol- 
bis-(B-aminoethyl ether) N,N’-tetra acetic acid 
(EGTA), cyclic AMP and cyclic GMP were obtained 
from the Sigma Chemical Co. (St. Louis, MQ). 
[H-G] adenosine 3’, 5’-cyclic phosphate, 
ammonium salt (cyclic [G--H] AMP; 41.1 Ci/mmole), 
[7H-G]guanosine 3’,5’-cyclic phosphate, ammo- 
nium salt (cyclic [G-*H]GMP; 9.8 Ci/mmole), and 
[8-'*C]adenosine 3’ ,5'-cyclic phosphate, ammonium 
salt (cyclic [8-"“C]AMP; 53.1 mCi/mmole) were 
obtained from New England Nuclear (Boston, MA) 
and shown to be >95 per cent pure by thin-layer 
chromatography on cellulose plates with isopropa- 
nol-ammonium hydroxide—water (7: 1:2, v/v) as sol- 
vent. The cellulose plates used were Eastman 
Chromagram Sheets (160m thick) and were 
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obtained from the Eastman Kodak Co. (Rochester, 
NY). Ion-exchange resin (Amberlite, IRP-58, 200- 
400 mesh) was obtained from the Chemical 
Dynamics Corp. (South Plainfield, NJ). The resin 
was washed successively with 0.5 N NaOH, glass- 
distilled water, 0.5 N HCl, and then thoroughly with 
glass-distilled water until the mixture was at pH 4.0. 
It was used as a slurry of one part resin to three parts 
water (v/v). 

Preparation of bovine brain cyclic nucleotide 
phosphodiesterase. Cyclic nucleotide phosphodi- 
esterase was purified from the bovine brain super- 
natant fraction by (NHs)2SOs fractionation, calcium 
phosphate absorption, and DEAE-cellulose chroma- 
tography [33]; the homogenous enzyme has been 
obtained by Klee er al. [34] and Mossill et al. [35]. 
The purified cyclic nucleotide phosphodiestérase had 
a specific activity of 900 pmoles cyclic AMP hydro- 
lyzed per min per mg of protein at a 1 ~M substrate 
concentration. The enzyme also degraded cyclic 
GMP and had a specific activity of 3000 pmoles cyclic 
GMP hydrolyzed per min per mg of protein at a 
1 uM substrate concentration. The activity of the 
enzyme with either cyclic AMP or cyclic GMP as 
substrate was increased more than 3-fold by the 
addition of saturating amounts of calmodulin. Cal- 
modulin was prepared as described previously [24]. 

Assay of cyclic nucleotide phosphodiesterase 
activity. The assay was a modification of that 
described by Thompson and Appleman [9]. The 
assay mixture contained 40 mM Tris-HCI (pH 7.8), 
3mM MgSOs, 50 uM CaCh, 1 uM unlabeled cyclic 
AMP and about 1 x 10°cpm cyclic [G--H]AMP. 
Appropriate amounts of calmodulin and enzyme 
were added along with water to make a total volume 
of 100 ul. After a 10-min incubation at 30°, the 
reaction was terminated by placing the tubes in boil- 
ing water for 45sec. Fifty micrograms of snake 
venom (Crotalus atrox) were added to convert 5’- 
AMP to adenosine. At the end of another 10-min 
incubation at 30°, 1 ml of the slurried anion-exchange 
resin (Amberlite IRP-58) was added to terminate 
the reaction. The mixture was centrifuged at 1000 g 
for 10 min and a fraction of the supernatant fluid 
which contained [G-*H]adenosine was counted by 
liquid scintillation spectrometry. The assay of cyclic 
GMP hydrolysis was the same as that of cyclic AMP 
except that the substrate was cyclic GMP and cyclic 
[G-H]GMP. The recovery of *H nucleosides was 
greater than 90 per cent. The phosphodiesterase 
inhibitors used in the experiments did not affect the 
conversion of nucleotides to nucleosides from pH 3 
to 10. 

Measurement of protein. Protein was determined 
according to the method of Lowry et al. [36], with 
bovine serum albumin as a standard. 

Enzyme kinetic analysis. The hydrolysis of cyclic 
nucleotides by bovine brain cyclic nucleotide 
phosphodiesterase followed Michaelis-Menten 
kinetics over a wide range of concentrations of either 
cyclic AMP (0.5 to 200 4M) or cyclic GMP (0.1 to 
40 4M). The kinetic parameters (e.g. Km, Ki and 
Vmax) were obtained according to the method of 
Cleland [37]. The alternative substrate experiments 
were studied by employing cyclic [8-'*C])AMP and 
cyclic [G--H]GMP to indicate their respective rates 
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Fig. 1. Panel A: double-reciprocal plot of the effect of cyclic 
AMP on the hydrolysis of cyclic GMP. The purified cyclic 
nucleotide phosphodiesterase (1.0 4g) was derived from 
the DEAE-cellulose step (see Methods). The data shown 
represent the means of the assays in triplicate. Panel B: 
Replot of apparent Michaelis constant (K’m) obtained from 
Fig. 1A vs the concentration of inhibitor, i.e. cyclic AMP. 


of hydrolysis. In the experiment, the amount of 
substrate hydrolyzed was limited to less than 30 per 
cent by using suitable amounts of enzyme and 
appropriate incubation times. The assay was per- 
formed in triplicate. 


RESULTS 


Hydrolysis of cyclic AMP and cyclic GMP by 
bovine brain cyclic nucleotide phosphodiesterase. The 
cyclic nucleotide phosphodiesterase, isolated from 
bovine brain in our laboratory, hydrolyzed both 
cyclic AMP and cyclic GMP. The enzyme had a 
Michaelis constant (Km) of 6.4 + 1.4 uM for hydroly- 
sis of cyclic GMP and of 55.0 + 8.7 uM for hydrolysis 
of cyclic AMP. The maximum velocity (Vmax) for 
hydrolysis of cyclic GMP was 36.8+ 
3.2 nmoles/min/mg of protein, approximately 54 per 
cent of that for cyclic AMP (68.4 + 4.1 
nmoles/min/mg of protein). Kinetic studies revealed 
that each cyclic nucleotide competitively inhibited 
the hydrolysis of the other (Fig. 1). The Ki value was 
103 + 22 uM for cyclic AMP and 4+ 0.8 uM for 
cyclic GMP. A simple explanation for these results 
is that these two substrates are hydrolyzed by one 
enzyme and share a common substrate site. It is also 
possible, however, that the isolated enzyme fraction 
contained two enzymes, each of which hydrolyzed 
one substrate, and that each hydrolysis was com- 
petitively inhibited by the other substrate. We 
employed an alternative substrate method, first 
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Fig. 2. Alternative substrate effect with cyclic AMP and 
cyclic GMP. The reciprocal of the sum of initial velocity 
of both cyclic AMP and cyclic GMP is plotted vs the 
reciprocal of the concentration of cyclic AMP. Cyclic 
[G--H]GMP and cyclic [8-'*C]AMP were used to indicate 
their respective rates of hydrolysis. The amount of cyclic 
nucleotide phosphodiesterase used was 1.7 wg. The data 
shown represent the means of the assays in duplicate. 


described by Ariéns et al. [38] in studying drug- 
receptor interactions and later modified by Reiner 
[39] and Cha [40] for enzymes, to differentiate 
between these two possibilities. Figure 2 is a double- 
reciprocal plot in which the initial velocity which was 
measured was the sum of the hydrolysis rates of 
cyclic AMP and cyclic GMP; the concentration of 
cyclic AMP was varied in the presence of two con- 
centrations of cyclic GMP. The pattern observed is 
typical of that seen with competing substrates which 
have significantly different Vmax values [40-42]. If the 
two substrates were hydrolyzed by two different 
enzymes, there should be no common point of inter- 
section [40]. Our results, therefore, clearly indicate 
that the same enzyme reacts with both cyclic AMP 
and cyclic GMP and that they share a common 
binding site. 

Effects of inosine, IMP and hypoxanthine on the 
activity of the bovine brain cyclic nucleotide phospho- 
diesterase. Inosine, IMP and hypoxanthine each 
inhibited the hydrolysis of cyclic AMP by the purified 
cyclic nucleotide phosphodiesterase. The concentra- 
tion-response curves obtained by plotting per cent 
inhibition of enzyme activity vs the logarithm of 
inhibitor concentration were sigmoidal (Fig. 3). The 
order of potency of inhibitors was: 
inosine > IMP > hypoxanthine. Both inosine and 
IMP caused more than 90 per cent inhibition at 
higher concentrations. The effect of hypoxanthine, 
however, was limited by its solubility; only a 57 per 
cent reduction in enzyme activity could be obtained 
at a concentration of 3.7 mM. 

We then examined the effects of inosine, IMP and 
hypoxanthine on the hydrolysis of cyclic GMP by 
cyclic GMP by cyclic nucleotide phosphodiesterase. 
The order of potency of the inhibitors was identical 
to that described for the inhibition of cyclic AMP 
hydrolysis. 
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Fig. 3. Inhibitory effects of inosine, IMP and hypoxanthine 
on the hydrolysis of cyclic AMP by cyclic nucleotide 
phosphodiesterase (cyclic nucleotide-PDE). The per cent 
inhibition of the enzyme activity by the inhibitor is plotted 
vs the concentration of the inhibitor on a logarithmic scale. 
Open symbols represent the effects of the inhibitors on 
cyclic nucleotide-PDE (2.1 wg) in the absence of calmo- 
dulin, whereas closed symbols represent the effects of the 
inhibitors on the enzyme in the presence of calmodulin 
(2.2 wg). The concentration of cyclic AMP used was | uM. 
The points plotted are the mean values of at least three 
experiments. Vertical lines indicate S.E. 


to that described for the inhibition of cyclic AMP 
hydrolysis. 

Influence of pH on the inhibitory effects of inosine, 
IMP and hypoxanthine. The activity of the purified 
bovine brain cyclic nucleotide phosphodiesterase was 
pH-dependent and had a pH optimum of 7.5. When 
the pH was changed by +0.3 pH units from pH 7.5, 
the hydrolysis of cyclic GMP by the enzyme 
decreased by only 10 per cent; greater changes in 
pH, however, caused a more dramatic decline of the 
enzyme activity, as noted for the other mammalian 
cyclic nucleotide phosphodiesterase  [43, 44]. 
Because of this phenomenon, we limited our study 
of the influence of pH on the inhibitory effect of 
purine derivatives to pH 7.2 to 7.8. When the pH 
of the reaction mixture was lowered from 7.8 to 7.2, 
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Fig. 4. Effect of pH on the inhibitory effect of IMP. The 

per cent inhibition of cyclic GMP hydrolysis by IMP is 

plotted vs the concentration of IMP on a logarithmic scale. 

Bovine brain cyclic nucleotide phosphodiesterase (cyclic 

nucleotide-PDE, 0.85 wg) was used. The concentration of 

cyclic GMP used was 1 uM. The points plotted are the 
mean values of two experiments. 
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Fig. 5. Effect of pH on the inhibitory effect of inosine. The 
conditions were the same as cited in the legend of Fig. 4. 
The points plotted are the mean values of two experiments. 





the potency of IMP when inhibiting the hydrolysis 
of cyclic AMP or cyclic GMP increased more than 
7-fold (Iso decreased from 2.6 to 0.35 mM, Fig. 4). 
On the other hand, the inhibitory potency of inosine 
decreased 2-fold when the pH was decreased from 
7.8 to 7.2 (Fig. 5). Thus, at pH 7.8, our regular assay 
pH, inosine was more potent than IMP (Fig. 3), 
whereas at pH7.2, IMP was more potent than 
inosine in inhibiting the activity of bovine brain cyclic 
nucleotide phosphodiesterase (Figs. 4 and 5). 

Modes of action of purine inhibitors. An enzyme 
kinetic approach was used to evaluate the modes of 
inhibition of bovine brain cyclic nucleotide phospho- 
diesterase by purine derivatives. Figure 6 is a double 
reciprocal plot showing the inhibition of cyclic AMP 
hydrolysis by IMP. The Km, but not the Vmax, 
changed with the changing IMP concentration, 
indicating that the mode of inhibition was competi- 
tive. The replot of apparent Km vs concentration of 
IMP produced a straight line which indicated a pure 
one-site competitive inhibition. Hypoxanthine and 
inosine also competitively inhibited the binding of 
cyclic AMP to the enzyme. Using the method of 
Cleland [37], we found K; values of 0.36 + 0.05, 
1.3+0.2 and 3.2 +0.5mM for inosine, IMP and 
hypoxanthine. 

Inosine, IMP and hypoxanthine competitively 
inhibited the hydrolysis of cyclic GMP by cyclic 
nucleotide phosphodiesterase. The K; values of 
inosine, IMP and hypoxanthine as inhibitors of cyclic 
GMP hydrolysis were 0.50 + 0.09, 1.8+0.2 and 
4.5 + 0.7 mM, respectively. 

Relationships between calmodulin, cyclic nucleo- 
tides and purine inhibitors. The calcium ion is an 
essential factor for the activation effect of calmo- 
dulin, a heat stable protein activator, on cyclic 
nucleotide phosphodiesterase [23-26]. Inhibitors 
which chelate Ca** should decrease the calmodulin- 
dependent activity of cyclic nucleotide phosphodi- 
esterase [45, 46]. We, therefore, evaluated the influ- 
ence of Ca** on the inhibitory effects of inosine, 
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Fig. 6. Double-reciprocal plot of the effect of IMP in 
inhibiting the hydrolysis of cyclic AMP. The enzyme 
(2.1 4g) was derived from the DEAE-cellulose step. The 
data shown represent the mean of the assays in triplicate. 


IMP and hypoxanthine on bovine brain cyclic nucleo- 
tide phosphodiesterase. Addition of 0.1 mM EGTA 
to our reaction mixture caused only about a 10 per 
cent decrease of the isolated bovine brain cyclic 
nucleotide phosphodiesterase activity. Since EGTA 
in the amount used was able to chelate all the Ca’* 
in the reaction mixture, the purified enzyme pre- 
dominantly displayed Ca**-calmodulin-independent 
activity (i.e. basal activity). The inhibitory effects of 
inosine, IMP and hypoxanthine on the cyclic nucleo- 
tide phosphodiesterase were not affected by the 
addition of EGTA, and were, therefore, Ca**- 
independent. 

The effect of calmodulin on cyclic nucleotide 
phosphodiesterase has received much attention [18- 
26], since its discovery by Cheung [17]. The influence 
of calmodulin on the kinetic parameters of cyclic 
nucleotide phosphodiesterase , however, shows many 
patterns. For example, calmodulin has been reported 
to increase the Vmax alone [47], decrease the Km 
alone [21], or increase the Vmax and decrease the Km 
[48]. These discrepancies may be due to the different 
sources and preparations of the enzymes and/or dif- 
ferent assay conditions. We found that calmodulin 
increased the Vmax but had little effect on the Km 
value of bovine brain cyclic nucleotide phosphodi- 
esterase as isolated in this study. Our results agree 
with those reported by Pitchard and Cheung [47]. 
The Hill plot for the hydrolysis of cyclic AMP by 
cyclic nucleotide phosphodiesterase gave a coeffi- 
cient equal to 1, with or without the addition of 
calmodulin.* This result suggests that calmodulin 
does not increase the enzyme activity by causing a 
positive cooperativity between multiple enzyme sub- 
strate sites. 

We found the potency of inosine, IMP and hypo- 
xanthine when inhibiting the activity of the cyclic 
nucleotide phosphodiesterase was not affected by 
the addition of calmodulin (Fig. 3). Furthermore, 
these purines did not prevent the activating effect 
of calmodulin on the cyclic nucleotide phosphodi- 
esterase (Fig. 7). These results suggest that the bind- 
ing site of inosine (or IMP and hypoxanthine) on the 
enzyme is different from that of calmodulin. 





Hypoxanthine, inosine, IMP on cyclic nucleotide phosphodiesterase 281 


w 


WITH CALMODULIN 
N 


CYCLIC NUCLEOTIDE-PDE ACTIVITY 
WITHOUT CALMODULIN 





CYCLIC NUCLEOTIDE-PDE ACTIVITY 





Us 
0.2 1.0 10 100 
CALMODULIN CONC.(yG/ML) 





Fig. 7. Influence of inosine on the activity of calmodulin. 
The effect of calmodulin on cyclic nucleotide phosphodi- 
esterase is plotted vs the concentration of calmodulin on 
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(@—B), or with 0.373 mM inosine (@——®). The con- 
centration of cyclic AMP used was 1 uM. These points 
plotted are the mean values of three experiments. Vertical 
lines indicate S.E. 


DISCUSSION 


Cyclic nucleotide phosphodiesterase, as first iso- 
lated by Butcher and Sutherland [43] from bovine 
heart, hydrolyzed both cyclic AMP and cyclic GMP 
[49, 50]. The observations that (1) cyclic AMP com- 
petitively inhibited the hydrolysis of cyclic GMP and 
vice versa, with K; values similar to the respective 
Km values [20,51], and (2) the cyclic nucleotide 
phosphodiesterase activities for cyclic AMP and 
cyclic GMP remain at a constant ratio throughout 
the purification process [20, 51] have been suggested 
as indications that a single enzyme catalyzes the 
hydrolysis of these two substrates. This proposal, 
however, required further experimental support. In 
this communication, we report the use of an alter- 
native substrate method to support the single enzyme 
theory. Our results (Fig. 2) strongly indicate that the 
hydrolysis of both cyclic AMP and cyclic GMP by 
bovine brain cyclic nucleotide phosphodiesterase is 
catalyzed by a single enzyme. This conclusion is 
further supported by the observation that each of 
several purine inhibitors shows a similar K; value 
regardless of whether cyclic AMP or cyclic GMP is 
used as a substrate. 

Inosine inhibited the hydrolysis of cyclic AMP by 
cyclic nucleotide phosphodiesterase from rat skeletal 
muscle [52], rat adipose epithelium [53] and toad 
bladder epithelium [54]. Our observation that ino- 
sine inhibited the hydrolysis of cyclic AMP by bovine 
brain cyclic nucleotide phosphodiesterase (Fig. 3), 
therefore, is consistent with these reports. Further- 
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more, we found that inosine also inhibited the 
hydrolysis of cyclic GMP and that this inhibition was 
competitive in nature. 

Lucacchini et al. [52] reported that hypoxanthine 
inhibited the hydrolysis of cyclic AMP by rat skeletal 
muscle phosphodiesterase. Huang and Kemp [44], 
on the other hand, found that hypoxanthine did not 
affect the activity of cyclic nucleotide phosphodi- 
esterase from rabbit skeletal muscle. Goren and 
Rosen [55] reported that IMP did not affect the 
activity of cyclic nucleotide phosphodiesterase from 
beef heart. We found that IMP and hypoxanthine 
inhibited the hydrolysis of both cyclic AMP and 
cyclic GMP by bovine brain cyclic nucleotide 
phosphodiesterase and the inhibition was calmodu- 
lin-independent (Figs. 3 and 7). The discrepancy may 
be due to different sources and preparations of the 
enzymes and/or different assay conditions. 

The mode of action of hypoxanthine or IMP on 
the cyclic nucleotide phosphodiesterase has not been 
reported previously. We found that these two pur- 
ines, like inosine, competitively inhibited the enzy- 
matic hydrolysis of cyclic nucleotides (e.g. Fig. 6). 
The observation that inosine was a more potent 
inhibitor than hypoxanthine (Fig. 3) may indicate 
that the binding between inosine and the enzyme 
substrate site(s) involves not only the purine nucleus 
but also the ribose moiety. The inhibitory effect of 
IMP was very dependent upon the pH of the reaction 
mixture; a small decrease in the pH (from 7.8 to 7.2) 
increased its inhibitory potency by more than 7-fold 
(Fig. 4). Under the same conditions, the activity of 
cyclic nucleotide phosphodiesterase was little 
affected, but the inhibitory effect of inosine 
decreased by about 2-fold (Fig.5). Although the 
significance of these findings requires more extensive 
studies, these investigations raise interesting possi- 
bilities for pH-dependent modulation of cyclic 
nucleotide phosphodiesterase by purines. 

In studying the protective effect of hypoxanthine 
on the toxicity caused by thiopurine cyclic nucleo- 
tides, Koontz and Wicks [56] observed that higher 
concentrations of hypoxanthine (>100 uM) 
inhibited the cellular growth of Reuber H 35 (rat 
hepatoma cell line). Since the pharmacologic inhi- 
bition of cyclic nucleotide phosphodiesterase activity 
can cause the inhibition of cell growth [6, 8], this 
finding could be explained by the inhibitory effect 
of the purines on cyclic nucleotide phosphodiester- 
ase. Recently, inosine has been demonstrated to 
increase coronary blood flow to the heart [57]. Noting 
that adenosine is a good coronary dilator as well as 
a cyclic nucleotide phosphodiesterase inhibitor, we 
speculate that the coronary dilating effect of inosine 
is related to the inhibition of cyclic nucleotide 
phosphodiesterase activity. 

Inosine, IMP and hypoxanthine are all naturally 
occurring purine derivatives. During exercise or 
ischemia, the plasma levels of hypoxanthine and 
inosine are elevated [58]. The intracellular levels of 
these purines can be even higher. The inhibitory 
effects of inosine, IMP and hypoxanthine on cyclic 
nucleotide phosphodiesterase are additive with each 
other.* It is possible that these intracellular purine 
derivatives, either individually or jointly, may regu- 
late the activity of cyclic nucleotide phosphodiester- 
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ase. Elevated hypoxanthine concentrations are 
found in the cerebrospinal fluid of people with 
Lesch-Nyhan syndrome [59], and it will be inter- 
esting to investigate whether the neurological dam- 
age of this syndrome is related to the effect of these 
purine derivatives on the cyclic nucleotide 


phosphodiesterase. 
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Abstract—The in vitro effect of B-diethylaminoethyl-diphenylpropylacetate HCI (SKF 525-A) on oxi- 
dative phosphorylation was examined using a canine heart mitochondrial preparation. The drug inhibited 
oxidative phosphorylation. The inhibition was dose- and protein-dependent. SKF 525-A at a concen- 
tration of less than 100 nmoles/mg of protein (100 4M) did not affect the state 3 rate, but increased the 
state 4 rate. At a concentration of more than 100 nmoles/mg of protein, SKF 525-A affected both state 
3 and state 4 rates. Energy production was inhibited as evidenced by the decrease in the respiratory 
control index (RCI) and the ADP:O ratio. Energy utilization, assessed by substrate-dependent energy- 
linked Ca** uptake by mitochondria, was also inhibited. SKF 525-A affected the integrity of the 
mitochondrial membrane, since it stimulated ATPase activity and caused swelling. The effects of SKF 
525-A on oxidative phosphorylation are discussed. 


B-Diethylaminoethyl-diphenylpropylacetate HCl 
(SKF 525-A) has diverse biological actions. It has 
an inhibitory action on hepatic microsomal drug- 
metabolizing enzymes. Several theories have been 
put forward to explain the mechanism of inhibition. 
Netter [1] proposed that, because, the NADPH- 
dependent oxidase system is common to all oxidative 
reactions, SKF 525-A may act as an uncoupling 
agent. Brodie et al. [2] have suggested that SKF 525- 
A may modify the microsomal membrane which 
would alter drug permeability. Hollunger [3] has 
reported that SKF 525-A binds to the enzymes per 
se and inhibits them, rather than binding to the 
membranes. Lee et al. [4] found that drugs, at low 
concentrations, stabilized erythrocyte membranes 
against hypo-osmotic shock and postulated that this 
membrane effect might be involved in the alteration 
of enzyme activity. 

SKF 525-A has been used as a tool to study con- 
traction of vascular smooth muscle from rabbits and 
rats[5—7]. Kalsner et al. [5] and Krishnamurty [6] 
observed that potassium induced, but not norepi- 
nephrine induced contraction was inhibited by SKF 
525-A. They concluded from their studies that SKF 
525-A specifically inhibits the movement of extra- 
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cellular and/or loosely bound calcium to the con- 
tractile proteins in response to membrane depolar- 
ization by potassium. However, it has little effect on 
the mobilization of firmly bound calcium which is 
utilized by norepinephrine. 

Wei etal. [8] have shown decreased calcium uptake 
by plasma membranes and endoplasmic reticulum 
of normotensive and spontaneously hypertensive rat 
mesenteric arteries in the presence of SKF 525-A 
(100 uM). 

We have observed complete inhibition of respir- 
atory substrate dependent calcium uptake by dog 
heart mitochondria in the presence of SKF 525-A, 
320-400 nmoles/mg of protein (400 4M). Since cal- 
cium uptake by mitochondria is an energy-dependent 
process, energy being supplied by either ATP 
hydrolysis or oxidation of the respiratory substrates 
[9], we studied the effect of SKF 525-A on energy 
coupling in dog heart mitochondria. 


METHODS 


Preparation of dog heart mitochondria. Dogs of 
either sex, weighing between 15 and 24 kg, were 
anesthetized with sodium pentobarbital (30 mg/kg, 
intravenously administered). A left thoracotomy was 
performed, the pericardium was opened and the 
heart was removed immediately. A portion (10-15 g) 
of the right ventricle was quickly dissected out and 
washed with ice-cold Hepes? buffer without Nagarse 
enzyme. About 10 g of tissue were finely minced and 
incubated for 15 min at 0° in SO ml solution containing 
250mM sucrose, 10mM Hepes (pH 7.4), 1mM 
EDTA and 50 mg Nagarse. After incubation, 50 ml 
of the above solution without Nargase were added, 
and the mixture was homogenized in a Potter- 
Elvehjem homogenizer fitted to an electric motor. 
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Centrifugation was carried out according to the pro- 
cedure of Tyler and Gonze [10]. The mitochondrial 
pellet obtained after centrifugation was washed twice 
in 250 mM sucrose, 10 mM Hepes (pH 7.4), 1 mM 
EDTA and 0.05% BSA, and finally suspended in a 
small volume of the above solution at a protein 
concentration of 30-40 mg/ml. Protein was estimated 
by the method of Lowry et al. [11] using crystalline 
BSA as the standard. 

Measurement of oxidative phosphorylation. Mito- 
chondrial oxidative phosphorylation was studied by 
a polarographic technique using a Gilson oxygraph 
at 25° [12]. Calculations of the respiratory control 
index (RCI), state 3 and state 4 rates, and ADP:O 
were done according to Estabrook [12]. The assay 
medium (2 ml) contained 0.25M sucrose, 10 mM 
KH2POs, 10 mM Tris HCl (pH 7.4) and 5 mM sub- 
strate. The substrates used in the studies were either 
glutamate or succinate. Whenever succinate was 
used, rotenone (5 uM) was used to block NADH 
oxidation [13]. State 3 respiration was initiated by 
the addition of ADP. 

Mitochondrial ATPase. Mitochondrial ATPase 
was assayed according to the procedure of Holton 
et al. [14]. The incubation mixture contained 50 mM 
Tris-HCI (pH 7.4), 75mM KCl, 50mM sucrose, 
5mM MgCh, 2.5mM ATP, and 0.32 mg protein, in 
a final volume of 1 ml. Other additions are mentioned 
in Table 3. The mixture was incubated at 37° for 5 
min. The reaction was stopped by the addition of an 
equal volume of cold 10% TCA. Phosphate in the 
supernatant fraction was assayed by the method of 
Ames and Dubin [15]. 


CaClo 
\(500 uM) 
ADP 
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Mitochondrial swelling. Energy-dependent low 
amplitude mitochondrial swelling was monitored by 
changes in absorbancy at 520 nm using a Beckman 
J25 spectrophotometer equipped with a recorder. 
The reaction mixture contained 10 mM Tris-HCl 
(pH 7.4), 5mM KHo2POs buffer (pH 7.4), 0.25M 
sucrose, 5mM Na-succinate, and 8.4 mg of mito- 
chondrial protein, in a total volume of 4 ml. 

Materials. The following materials were obtained 
from the Sigma Chemical Co., St. Louis, MO: ADP, 
L-glutamic acid, BSA, succinic acid, oligomycin and 
2,4-DNP persisted. When SKF 525 A, 320- 
Kline & French Co., Philadelphia, PA. It was dis- 
solved in water. When added to the reaction mixture, 
no change in pH was noted. Nagarse was purchased 
from the Enzyme Development Corp., Pennplaza, 
NY. Beef heart submitochondrial particles were pro- 
vided by Dr. Werringloer of our institute. 


RESULTS 


Effect of SKF 525-A on respiration-dependent 
Ca** uptake by dog heart mitochondria. Figure 1 
shows respiration-dependent Ca** uptake by tightly 
coupled dog heart mitochondria. When oligomycin 
was added to the assay medium, as expected, ADP- 
stimulated state 3 respiration was abolished, but 
the Ca** uptake and the uncoupling property of 
2,4-DNP persisted. When SKF 525 A, 320- 
400 nmoles/mg of protein (400 4M), was added to 
the assay medium, ADP-stimulated state 3 respira- 
tion, Ca** uptake and the uncoupling action of 2,4 
DNP were abolished. 
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Fig. 1. Effects of SKF 525-A on mitochondrial oxidative phosphorylation and energy-dependent Ca?* 
uptake. In each test the assay medium (see Methods) contained about 2-2.5 mg protein in a total volume 
of 2ml. Glutamate (5 mM) was used as a substrate. SKF 525-A, oligomycin, 2,4-DNP and calcium 
were added where indicated. The numbers next to the traces indicate the rate of oxygen consumption 
in n-atoms/min/mg of mitochondrial protein. M = mitochondria. (A) Oxygen electrode tracing showing 
normal ADP, CaCl and 2,4-DNP-induced oxygen consumption. (B) Oxygen electrode tracing following 
oligomycin addition. (C) Oxygen electrode tracing following SKF 525-A addition. 
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Fig. 2. Effects of SKF 525-A on mitochondrial oxidative phosphorylation. In each test the assay medium 
(see Methods) contained about 2-2.5 mg protein in a total volume of 2 ml. SKF 525-A was added where 
indicated. Glutamatate (5 mM) was used as a substrate. The numbers next to the traces indicate the 
rate of oxygen consumption in n-atoms/min/mg of mitochondrial protein. M = mitochondria. (A) 
Oxygen electrode tracing showing normal ADP-induced mitochondrial respiration. (B) Oxygen electrode 
tracing following SKF 525-A addition during ADP-induced state 3 respiration. (C) and (D) Oxygen 
electrode tracing following SKF 525-A addition during ADP-induced state 4 respiration. 


Effect of SKF 525-A on mitochondrial oxidative 
phosphorylation. Figure 2 shows tightly coupled 
oxidative phosphorylation of dog heart mitochondria 
in the presence of glutamate. When SKF 525-A at 
a concentration of 200-250 nmoles/mg of protein 
(250 4M) was added during state 3 respiration, state 
3 respiration decreased (58 percent), the state 4 rate 
increased (160 percent) and ADP:O decreased (24 
percent). Addition of 320-400 nmoles SKF 525- 
A/mg of protein (400 4M) completely abolished 
oxidative phosphorylation. Similarly, the addition 
of 160-200 nmoles SKF 525-A/mg of protein 
(200 uM) during state 4 respiration increased the 
state 4 rate (100 percent), decreased the state 3 rate 
(52 percent) and decreased the ratio of ADP:O (35 
percent). The addition of 320-400 nmoles SKF 525- 
A/mg of protein (400 4M) during state 4 respiration 
completely abolished oxidative phosphorylation as 
before. 

In Figs. 1 and 2, the inhibition of glutamate oxi- 
dation by SKF 525-A was compared with the effects 
of oliogomycin and DNP. Oligomycin inhibited state 
3 respiration and the inhibition was reversed by 2,4- 
DNP (Fig. 1B). The addition of 320-400 nmoles SKF 
525-A/mg of protein (400 uM) caused an increased 
rate of respiration, which is consistent with an 
uncoupling effect (Fig. 1C); however, the subsequent 
addition of ADP, Ca** or 2,4-DNP to SKF 525-A- 
treated mitochondria had no effect on the respiratory 
rate, suggesting inhibition of the respiratory chain 
directly (Figs. 1C and 2D). Also, the addition of 


2,4-DNP to mitochondria previously inhibited with 
400 uM SKF 525-A caused further inhibition of res- 
piration. These results suggest that SKF 525-A may 
act somewhat differently from a typical energy-trans- 
fer inhibitor (oligomycin), and that its blocking site 
is located on the respiratory chain side of the 2,4- 
DNP sensitive site which causes uncoupling of oxi- 
dative phosphorylation at low levels and respiratory 
chain inhibition at high levels. Similarly, in Figs. 2B 
(first trace) and 2C, the addition of 160-250 nmoles 
SKF 525-A/mg of protein (200-250 4M) caused an 
increase in the state 4 respiratory rate. Thus, un- 
coupling seems to be involved. 

Effect of SKF 525-A on the mitochondrial oxidative 
phosphorylation: dose dependence. Table 1 shows the 
dose-dependent effect of SKF 525-A on mitochon- 
drial oxidative phosphorylation utilizing glutamate 
as the substrate. SKF 525-A up to 100 nmoles/mg of 
protein (100 uM) had no inhibitory action on state 
3 respiration, but markedly increased state 4 respir- 
ation. When the concentration was increased above 
100 nmoles/mg of protein (100 4M), the state 3 rate 
decreased and the state 4 rate increased further. The 
ADP:O were significantly diminished by SKF 525- 
A at concentrations above 150 nmoles/mg of protein 
(150 uM). SKF 525-A at a concentration above 
240 nmoles/mg of protein (300 4M) completely abol- 
ished the oxidative phosphorylative process. 

Table 2 shows the dose-dependent effect of SKF 
525-A on mitochondrial oxidative phosphorylation 
utilizing succinate as the substrate. The ADP-depen- 
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Table 1. Effect of SKF 525-A on mitochondrial oxidative phosphorylation* 





O2 
(n-atoms min 


1 


protein” ') 





Concn State 


Addition (uM) 3 


RCI 
(State 3/State 4) 





None 

SKF 525-A 50 
100 
150 
200 
250 
300 
350 
400 


— ee NW DW 
wwnunwn 


——_~ = 
CoO © 





* Oxygen uptake was assayed as described under Methods, using glutamate as the substrate. 
The protein concentration was 2-2.5 mg/2 ml assay volume. State 4 respiration refers to the 
respiratory rate in the absence of ADP, while state 3 respiration refers to the respiratory rate 


in the presence of ADP. 


dent state 3 rate for succinate was unaffected by up 
to 100 nmoles SKF 525-A/mg of protein (100 uM), 
whereas the state 4 rate was significantly increased. 
When the concentration of SKF 525-A was increased 
above 100 nmoles/mg of protein (100 4M), the state 
3 rate decreased and the state 4 rate increased fur- 
ther. The ADP:O ratios were significantly dimin- 
ished by SKF 525-A at concentrations above 100 
nmoles/mg of protein (100 4M). 

Inhibition of state 3 respiration by SKF 525-A: 
protein dependence. The inhibition of state 3 respir- 
ation by SKF 525-A was protein-dependent. This 
was assessed by varying the protein concentration 
in the assay medium. Four different protein concen- 
trations, 0.45, 1.11, 2.23 and 4.46 mg per 2 ml, were 
used. The inhibition of state 3 respiration by SKF 
525-A decreased on increasing the protein concen- 
tration in the assay medium (Fig. 3). SKF 525-A 
concentrations for half-maximal inhibition of state 
3 respiration were 300, 210, 140 and 60 uM when 
the assay medium (2 ml) contained 4.46, 2.23, 1.11 
and 0.45 mg of protein respectively. Figure 3 also 


indicates that the minimum effective concentration 
of the drug depends on the protein concentration in 
the assay medium. For example, the minimum effec- 
tive concentration of the drug was 200 uM when the 
protein concentration of the assay medium was 4.46 
mg/2 ml assay medium. 

NADH oxidation. Figure 4 shows the effects of 
different concentrations of SKF 525-A on aerobic 
oxidation of NADH by submitochondria] particles 
of beef heart. NADH oxidation was inhibited by 
SKF 525-A in a dose-dependent manner. Fifty per- 
cent inhibition was seen with approximately 152 
nmoles SKF 525-A/mg of protein (175 uM). 

Mitochondrial swelling. Figure 5 shows the effects 
of SKF 525-A on low amplitude energy-dependent 
swelling of mitochondria. Ninety-five nmoles SKF 
525-A/mg of protein (200 4M) in the presence of 
phosphate and succinate induced rapid substantial 
swelling of mitochondria. 

ATPase activity. Table 3 shows the effects of SKF 
525-A on intact mitochondrial ATPase activity. 
ATPase activity was increased by 140 percent by 


Table 2. Effect of SKF 525-A on mitochondrial oxidative phosphorylation 





O2 
(n-atoms min- 


1 


protein ') 





Concn State 


Addition (uM) 2 


RCI 
(State 3/State 4) 





Control 148 
SKF 525-A 50 146 
100 147 
150 130 
250 101 
400 91 


3.0 
2.3 
2. 


1.0 





* Oxygen uptake was assayed as described under Methods, using succinate as the substrate. 
The protein concentration was 2-2.5 mg/2 ml assay volume. 
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Fig. 3. Effect of SKF 525-A on mitochondrial oxidative 

phosphorylation: protein dependence. In each test the assay 

medium (see Methods) contained various amounts of pro- 

tein (0.45—4.46 mg) in a total volume of 2 ml. The oxygen 

content of the medium was 1040 n-atoms. Glutamate 

(4mM) was used as a substrate. Vertical bars represent 
(+) standard deviation from 4-5 experiments. 
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Mg?*. On inclusion of 2,4-DNP in the incubation 
medium, ATPase activity was stimulated by 46 per- 
cent in the presence of Mg’* and by 274 percent in 
the absence of Mg’*. This activity was inhibited 
completely by sodium azide. SKF 525-A stimulated 
ATPase activity by 33 percent in the presence of 
Mg”* and by 54 percent in the absence of Mg’*. 
Stimulation was blocked by oligomycin. 
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Fig. 4. E‘fect of SKF 525-A on NADH oxidation by beef 
heart submitochondrial particles. The assay medium con- 
tained 0.25 M sucrose, 10 mM Tris-HCl (pH 7.4), 8.5 mM 
KH2POs4 buffer (pH 7.4), and 2.3 mg protein, in a total 
volume of 2 ml. Oxygen uptake was initiated by the addition 
of 0.5 mM NADH. The oxygen content of the medium was 
1040 n-atoms. Mean values (+ S.D.) from four experiments 
are shown. 
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Fig. 5. Effect of SKF 525-A on energy-dependent low 

amplitude mitochondrial swelling. The assay medium con- 

tained 10mM Tris-HCI! (pH 7.4), 5mM KH2POs buffer 

(pH 7.4), 0.25 M sucrose, 5 mM Na-succinate, and 8.4 mg 

mitochondrial protein, in a total volume of 4ml. The 

ordinate represents the O.D. of the suspension at 520 nm. 
SKF 525-A was added where indicated. 


DISCUSSION 


SKF 525-A has an inhibitory action on extracel- 
lular or loosely bound calcium movement to the 
contractile proteins [5-7]. Thus, it inhibits the potas- 
sium induced contraction of vascular smooth muscle 
more than the norepinephrine-induced contraction. 
This agent also inhibits calcium uptake by the plasma 
membranes and the endoplasmic reticulum of rat 
mesenteric arteries [8]. In the present communica- 
tion, we have reported the inhibitory action of SKF 
525-A on mitochondrial respiratory substrate-depen- 
dent calcium uptake. Since the uptake of Ca** by 
mitochondria is an energy-dependent reaction, the 
energy for which is derived either from ATP hydroly- 
sis or substrate oxidation [9], the inhibition of mito- 
chondrial Ca?* uptake by SKF 525-A is probably 
due to the inhibition of substrate oxidation. 

SKF 525-A inhibited substrate oxidation, as well 
as phosphorylation (ATP synthesis) of dog heart 
mitochondria using either glutamate or succinate as 
the substrate. The inhibition was concentration- and 
protein-dependent. SKF 525-A at a lower concen- 
tration (< 100 nmoles/mg of protein) affected state 
4 (resting) respiration, while at a high concentration 
(> 100 nmoles/mg of protein), both state 3 (energy- 
dependent) and state 4 respirations were affected. 

There may be one or more sites of action of SKF 
525-A on mitochondria. Inhibition of state 3 respir- 
ation and activation of state 4 respiration by SKF 
525-A may be explained by a number of possible 
mechanisms. Since the oxidation of both glutamate 
(NAD*-dependent) and succinate (flavoprotein- 
dependent) was affected by SKF 525-A, this agent 
may exert an inhibitory effect directly on the res- 
piratory chain complex I (NADH-ubiquinone oxi- 
doreductase) and complex III (reduced ubiquinone 
cytochrome oxidoreductase). However, inhibition 
of glutamate oxidation was more than that of suc- 
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Effect of SKF 525-A on ATPase activity of intact mitochondria* 





Addition 


ATPase activity 
(umoles phosphate mg pro- 
tein”! hr ~' at 
37°) 





Withou 
MgCl2 


With MgCl 
(5 mM) 





None 

2,4-DNP (0.5 mM) 

2,4-DNP (0.5 mM) + oligomycin 
(10 ug) 

SKF 525-A (100 uM) 

SKF 525-A (100 uM) + oligomycin 
(10 wg) 

Sodium azide (5S mM) 


14.3 
33.0 


12.8 
22.0 





* Enzyme was assayed as described under Methods, using 0.32 mg protein. 


cinate oxidation [half-maximal inhibition of state 3 
respiration for glutamate oxidation required 160- 
200 nmoles SKF 525-A/mg of protein (200 uM), 
compared to 480-600 nmoles SKF 525-A/mg of pro- 
tein (600 uM) for succinate oxidation]; hence, inhi- 
bition of primary dehydrogenases may also be one 
of the factors for inhibition of substrate oxidation. 
Rapid turnover of the primary dehydrogenases is 
required during state 3 respiration [16]. Inhibition 
of enzyme activity may result in inhibition of oxygen 
consumption. The stimulation of state 4 respiration 
by SKF 525-A may indicate that other factor(s) may 
be involved. The effect of SKF 525-A on mitochon- 
drial ATPase activity, a partial reaction of oxidative 
phosphorylation, was studied. SKF 525-A stimulated 
ATPase activity of intact mitochondria. However, 
the extent of stimulation was less when compared 
to the stimulation by 2,4-DNP (Table 3). Increased 
ATP hydrolysis to ADP and Pi by ATPase is possibly 
one of the factors responsible for the increased state 
4 rate observed in the presence of SKF 525-A. ADP 
formed from ATP hydrolysis is recycled, consuming 
oxygen and thus increasing the state 4 rate. 

Since intact mitochondria are impermeable to 
NADH, NADH oxidation was studied in submito- 
chondrial particles. SKF 525-A inhibited NADH 
oxidation in a dose-dependent manner. Thus, inhi- 
bition of NADH oxidase would directly affect the 
electron flow through the respiratory chain, which 
in turn would decrease the state 3 rate of glutamate 
oxidation [17]. 

The observed increase in the state 4 rate, in spite 
of the decreased state 3 rate, may also be due toa 
permeability factor. It has been suggested that the 
rate of substrate oxidation is regulated by the uptake 
of substrate into the mitochondria [18-19]. There- 
fore, SKF 525-A may enhance the uptake of sub- 
strates to their sites of oxidation by altering mem- 
brane permeability. Figure 5 shows that SKF 525-A 
increases mitochondrial swelling measured by light 
scattering at 520 nm in the presence of succinate and 
phosphate, which suggests an alteration in mem- 
brane structure. Swelling of mitochondria in the 
presence of SKF 525-A may also be responsible for 


the observed decrease in the state 3 rate and uncou- 
pled oxidative phosphorylation. 

Thus, besides inhibiting hepatic drug-metabolizing 
enzymes and decreasing calcium uptake by plasma 
membranes and the endoplasmic reticulum, SKF 
525-A also inhibits and uncouples oxidative phos- 
phorylation and energy (respiratory substrate)- 
dependent calcium uptake by mitochondria. 
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Abstract—Genetically obese Zucker-strain rats were used to determine if obesity produced alterations 
in in vitro drug metabolism in hepatic microsomes or cytosol. Adult homozygous obese rats of both 
sexes had significantly less active drug-metabolizing enzymes in vitro than homozygous lean Zucker rats 
or Sprague-Dawley rats. Specific activities of aniline hydroxylase, aminopyrine demethylase and aryl- 
hydrocarbon hydroxylase (AHH) from male obese rats were only 25-30 percent of control activities, 
while glutathione S-aryltransferase, biphenyl 4-hydroxylase, and cytochrome P-450 activities were 50- 
70 percent of control activities. Km and Vmax values for aminopyrine demethylation were significantly 
less in obese rats than in lean rats. Enzyme activities in weanling obese rats were nearly equivalent to 
activities in weanling lean rats. Pretreatment of obese and lean rats with 3-methylcholanthrene produced 
expected increases in activities of biphenyl 4-hydroxylase, AHH and cytochrome P-450. Phenobarbital 
(PB), however killed half of the PB-treated obese rats at 60 mg/kg, but killed no lean rats. At lower 
doses, PB pretreatment produced only marginal increases in specific activities of aniline hydroxylase, 
aminopyrine demethylase and cytochrome P-450 in obese rats, while producing larger increases in 
activities in lean controls. When genetically obese rats were pair-fed to body weights that were equal 
to lean rats, the deficiency in in vitro drug metabolism between lean and fat rats was qualitatively as 
great as in ad lib. fed rats. Testosterone treatment of obese rats produced no significant increase in in 
vitro drug metabolism. Heterozygous lean Zucker rats responded to all treatments in a manner similar 
to that of homozygous lean Zucker rats. The explanation for these results is complex and they cannot 


be accounted for by a simple increase in body weight. 


Although it is recognized that grossly overweight 
patients must receive different drug dosages than 
lean individuals [1-3], the relation between clinical 
obesity and drug metabolism, disposition and excre- 
tion is poorly characterized. Thus, Gal ef al. [1] 
related increased half-life of theophylline in obese 
patients to increased volume of distribution due to 
partitioning of the lipid soluble drug into the large 
fat stores, while Samuelson et al. [2] related apparent 
increased half-life of methoxyflurane to a different 
manner of handling of the drug by liver drug-metab- 
olizing enxymes. Young et al. [3] speculated that 
differences in serum F~ concentration in obese 
patients after the administration of fluorinated 
anesthetics were due to increased biotransformation, 
due possibly to increased mixed function oxidase 
activity in obese patients. In non-humans, meaning- 
ful studies of obesity and drug metabolism are rare, 
possibly because many studies have been compro- 
mised by drug, dietary or surgical intervention, leav- 
ing open to question the true cause of any observed 
change in drug metabolism. An uncompromised non- 
human model for studying the effect of obesity on 
drug metabolism has not been used to date. In an 
attempt to determine whether obesity might influ- 
ence hepatic drug-metabolizing enzyme activity, 
genetically obese Zucker rats were utilized in the 
following studies to examine the endogenous activity 
of the hepatic drug-metabolizing enzyme system and 
the response of this system to enzyme-inducing 
chemicals. 


METHODS AND MATERIALS 


Animals. Male or female Zucker rats were pur- 
chased as weanlings (Bird Memorial Laboratories, 
Stow, MA) and housed two per cage in clear plastic 
cages until use. Rats were used either immediately 
(following 3 days of acclimatization to laboratory 
conditions) in studies utilizing weanlings, or at 19 + 2 
weeks of age for all other studies. Three genotypes 
were studied: homozygous dominant lean rats 
(FaFa), homozygous recessive obese rats (fafa) and 
heterozygous lean littermates of the obese rats 
(Fa?). Where appropriate, sex- and age-matched 
Sprague-Dawley (SD) rats (Taconic Farms, Ger- 
mantown, NY) also were used. Ad libitum (ad lib.) 
access was provided to tap water and to Purina 
laboratory chow except where noted, and rats were 
fed ad lib. prior to enzyme studies. 

Animals were weighed, and then decapitated. 
Livers were removed, rinsed in cold 0.15 M KCl 
containing 50 mM Tris-HCl, pH 7.4 (KCI-Tris), 
blotted dry and weighed. All subsequent manipu- 
lations were performed at 04°. Livers were minced 
with scissors, and homogenized in 3 vol. of cold KCI- 
Tris in a Potter-type glass homogenizer with a motor- 
driven Teflon pestle. The homogenates were cen- 
trifuged for 20 min at 9000 g, after which the resulting 
supernatant fractions were further centrifuged for 
an additional 60 min at 105,000 g. The post-micro- 
somal supernatant fractions (cytosol) were carefully 
collected, and the microsomal pellets were sus- 
pended in KCI-Tris. 
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Analytical procedures. Protein was estimated as 
described by Lowry et al. [4]. All enzyme assays 
have been described in detail elsewhere [5]. Briefly, 
microsomes (1 mg protein/ml) were incubated aero- 
bically at 37° with substrates (aniline HCl, 10 mM; 
aminopyrine, 25 mM; p-nitrophenol, 0.5 mM; 
biphenyl, 16.7 mM; benzypyrene, 0.066 mM), Tris— 
HCl buffer (150 mM, pH 7.4), and appropriate 
cofactors in a total volume of 1.5 ml. The final 
concentrations of the components of the NADPH 
generating system were: NADP, 1.1 mM; glucose-6- 
phosphate, 11.5 mM; MgCh, 5 mM; and glucose-6- 
phosphate dehydrogenase, 1.0 unit/ml. N-Acetyl- 
transferase activity was determined by incubating p- 
aminobenzoic acid (PABA, 0.05 mM) with cytosol 
(2.0mg protein/ml) and acetyl Coenzyme A 
(0.2mM). Glutathione (GSH) _ S-aryltransferase 
activity was estimated using recrystallized 1, 2-dich- 
loro-4-nitrobenzene (1.0 mM), cytosol (0.1 mg pro- 
tein/ml) and glutathione (10mM). NADPH cyto- 
chrome c reductase activity was determined by the 
method of Williams and Kamin [6], as described by 
Gigon et al. [7]. Cytochrome P-450 was determined 
by its dithionite difference spectrum [8], and total 
heme was determined as described by Falk [9]. 
Incubations for the determination of the kinetic con- 
stants of aminopyrine N-demethylation were per- 
formed at a microsomal protein concentration of 1.0 
mg/ml, an incubation time of 10 min, and substrate 
concentrations ranging from 0.25 to 25 mM. Enzyme 
specific activity was plotted vs substrate concentra- 
tion, and a line of best fit was estimated using a least 
squares method. The fit of the line to the experi- 
mental data points and the subsequent estimation 
Of Vmax and Km were accomplished by the MLAB 
computer package established at the NIH by Knott 
and Reece [10]. 

Drug treatments. In studies to evaluate the possible 
effects of enzyme-inducing agents, male Zucker 
obese and lean rats and age-matched Sprague—Daw- 
ley controls were treated intraperitoneally (i.p.) with 
either Na-phenobarbital (PB; 45 mg/kg daily for 3 
days prior to use) or 3-methylcholanthrene (3-MC; 
25 mg/kg daily for 2 days prior to use). Weanling 
rats used in induction studies were approximately 5 
weeks of age and were treated with 45 mg/kg PB 
daily for 4 days prior to use. Sleeping times were 
monitored following i.p. injection of Na-hexobar- 
bital (125 mg/kg). Animals were considered con- 
scious when they could fully right themselves three 
times in a 10-sec time period. In order to determine 
if a deficiency in circulating androgen was responsible 
for decreased drug metabolism, male lean and obese 
Zucker rats and age-matched female Sprague—Daw- 
ley controls were treated i.p. with testosterone pro- 
pionate (2.5 mg/kg) twice weekly for 3 weeks prior 
to being killed. Vehicle controls (0.9% NaCl or corn 
oil) were run in all experiments. 

Controlled feeding studies. In studies designed to 
determine if drug-metabolizing enzyme activity was 
related to body weight rather than to a genetic defect, 
weanling obese and lean Zucker rats were divided 
into two groups. One group of each genotype was 
allowed free access to normal chow, and the daily 
consumption of food was measured. The second 
group of each genotype was fed daily an amount of 


food equal to that consumed by the ad Jib. fed lean 
rats on the preceding day. After 10 weeks, when the 
rate of food consumption appeared to plateau, con- 
sumption was adjusted every Monday based on the 
average daily consumption for the preceding week. 
Rats on the restricted diet regimens were given one- 
third of their daily ration at 8:00 a.m. and two-thirds 
of the daily ration at 5:00 p.m. each day. All pair- 
fed lean rats gained weight at rates similar to the ad 
lib. fed lean rats and rats of both genotypes appeared 
to be in good health at the time of use. On the night 
prior to death, ad lib. fed rats were allowed an 
amount of diet equal to that given to the pair-fed 
rats for that day. No attempt was made to control 
coprophagy by pair-fed obese rats, but none was 
apparent. 

Histologic evaluation. Sections of liver from obese 
rats and appropriate controls were fixed in 10% 
formaldehyde and stained with either Oil Red O or 
hematoxylin—eosin prior to histologic study. Electron 
microscopic evaluation was conducted on liver sec- 
tions that had been finely minced with a razor blade 
and fixed in ice-cold 2.5% glutaraldehyde in 0.1 M 
cacodylate buffer (pH 7.4). Details of the fixation, 
staining and electron microscopy have been pub- 
lished previously [11]. 

Lipid determination. In order to determine if dif- 
ferences in drug metabolism might be related to 
different lipid composition of the whole liver or the 
microsomal fraction, total lipids, phospholipids and 
free fatty acids were determined by standard clinical 
chemistry techniques. 


RESULTS 


Hexobarbital sleeping time in obese Zucker rats 
(fafa) was 73 + 8 min (mean + S.D.; N = 7), com- 
pared to 42 +4 min for the normal lean controls 
(FaFa). Plasma levels of hexobarbital at awakening 
were equal in both groups. Yields of microsomal and 
soluble protein were equal in obese and lean rats 
and comparable to those published previously for 
Sprague-Dawley rats [12]. As can be seen in Table 
1, activities of cytochrome P-450-dependent enzymes 
were greatly reduced in male obese rats, with activ- 
ities that were 25-75 percent of the activities in 
homozygous lean rats. Aniline hydroxylase, ami- 
nopyrine demethylase and  arylhydrocarbon 
hydroxylase activities were most significantly 
affected. Levels of cytochrome P-450 also were sig- 
nificantly less in obese rats, although levels of total 
heme were equal to those in the lean controls. 
NADPH cytochrome c reductase and UDP glucu- 
ronyltransferase activities were not decreased in 
obese rats. Heterozygous lean rats (Fa?) had enzyme 
activities that were like the homozygous lean controls 
(FaFa). 

When female obese rats were examined for in vitro 
drug-metabolizing ability, it was observed (Table 2) 
that enzyme activities were more nearly equal to 
lean controls than was seen with the obese males. 
Only aniline hydroxylase activity was as low as that 
seen in males. The decrease in aminopyrine 
demethylase activity was less dramatic in the obese 
females than in obese males (22 vs 74 percent 





Microsomal drug metabolism and obesity 


Table 1. Variables of in vitro drug metabolism in adult male obese (fafa) and lean (Fa?, FaFa) 
Zucker rats*. 





Variable 


Lean (FaFa) 


Lean (Fa?) 


Fat (fafa) 





Body wt (g) 

Liver wt (g) 

Total heme +§ 

Cytochrome P-450+ 

NADPH cytochrome c 
reductase|| 

Aniline hydroxylase || 

Aminopyrine N-demethylase|| 

UDP-glucuronyltransferase|| 

Biphenyl 4-hydroxylase|| 

Arylhydrocarbon 
hydroxylase] 

N-Acetyltransferase|| 

GSH S-aryltransferase§ , || 


377 7 
11.6+0.7 
1.20 + 0.14 
0.74 + 0.08 


131 + 21 
0.99 + 0.20 
5.47 + 0.89 
5.49 + 1.61 
0.82 + 0.06 


B2435 
1.07 + 0.14 
62.8 + 2.9 


424 + 33+ 
13.8+ 1.8 


0.65 + 0.03 
209 + 207 
0.85 + 0.18 


4.49 + 1.40 
3.86 + 1.32+ 


1.27 + 0.45 


0.26 + 0.157 
1.46 + 0.194 
6.03 + 1.30 

0.60 + 0.05+ 





* Data are the mean + S.D.; N = 4. 

+ Significantly different from the homozygous lean controls (FaFa), P < 0.05. 

+ Expressed in nmoles/mg of protein. 

§ Data from Table 3. 

|| Expressed in nmoles/mg of protein/min. 

4 Total benzpyrene metabolites are expressed in relative fluorescence units/mg of protein/min; 
activation 388 nm, emission 510 nm. 


Table 2. Variables of in vitro drug metabolism in adult female obese (fafa) and lean (Fa?, FaFa) 
Zucker rats* 





Variable 


Lean (FaFa) 


Lean (Fa?) 


Obese (fafa) 





Body wt (g) 

Liver wt (g) 

Microsomal protein (mg/g) 

Soluble protein (mg/g) 

Cytochrome P-450+ 

NADPH cytochrome c§ 
reductase 

Aniline hydroxylase§ 

Aminopyrine N-demethylase§ 

UDP-glucuronyltransferase§ 

N-Acetyltransferase§ 


0.51 + 0.04 
3.40 + 0.25 
7.05 + 0.77 
3.45 + 0.68 


22 hi 
14205 
27.0 + 1.4 
75.3 + 8.0 
0.93 + 0.11 


223 + 29 

0.58 + 0.13 
5514 SUSZ 
6.65 + 1.02 
2.89 + 0.50 


424 + 28+ 
13.8 + 0.97 
26.0 + 0.8 
67.5.+2.2 
0.91 + 0.07 


185 + 21 
0.27 + 0.30 
2.67 + 0.11+ 
6.94 + 0.92 
2.89 + 0.62 





* Data are the means + S.D.; N = 6. 

+ Significantly different from the homozygous lean control (FaFa), P = 0.05. 
+ Expressed in nmoles/mg of protein. 

§ Expressed in nmoles/mg of protein/min. 


[-] Adut 
Weanling 



































Cytochrome NADPH cytc Aniline AmPyr.  Glucuronyl Acetyl 
P-450 Reductase Hydroxylase Demethyl. Transfer. Transfer. 


Fig. 1. Effect of age on in vitro hepatic drug-metabolizing enzyme activity in male obese rodents. Bars 
represent the mean values (N = 4) from obese (fafa) rats expressed as a fraction of lean (FaFa) rat 
values for adult (&)) and weanlings (8). 
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Table 3. Jn vitro hepatic drug metabolism in ad lib. fed and pair-fed lean (FaFa) and obese (fafa) male 
Zucker rats* 





Variable 


Lean (FaFa) 


Obese (fafa) 








ad lib. 


pair-fed 


ad lib. 


pair-fed 





Liver wt (g) 


Cytochrome P-450+ 


Total hemet 


NADPH cytochrome c§ 


reductase 


14.4+ 1.4 
0.71 + 0.04 
1.20 + 0.14 


212 + 13 


9.1 + 1.2T 
0.77 + 0.06 
1.42 + 0.17 


201 + 16, 


2322.3 
0.48 + 0.03 
1.05 + 0.03 


161 +17 


10.5 + 0.9+ 
0.50 + 0.08 
1.05 + 0.12 


160 + 12 


Aminopyrine N- 
demethylase§ 
Aniline hydroxylase§ 
UDP glucuronyl 
transferase§ 
N-Acetyltransferase§ 
GSH S-aryltransferase§ 


6.15 + 0.31 
0.47 + 0.04 


2.27 + 0.78 
0.84 + 0.25 
62.8 + 2.9 


3.47 + 0.49 
0.60 + 0.117 


7.49 + 0.857 
0.68 + 0.077 


2.86 + 0.51 
0.26 + 0.05 


2.70% 1:53 
0.59 + 0.11 
46.7+7.8 


3.86 + 0.71 
0.77 + 0.19 
46.6 + 4.4 


2.86 + 1.16 
0.74 + 0.02 
50.0 + 4.17 





* Data are the means + S.D.; N = 4. 


+ Significantly different from the ad lib. fed rats P < 0.05. 


¢ Expressed in nmoles/mg of protein. 
§ Expressed in nmoles/mg of protein/min. 


decrease, respectively). Cytochrome P-450 levels 
were equal in obese and lean female rats. It can be 
further noted by a comparison of Tables 1 and 2 that 
lean female rats of the Zucker strain demonstrate 
the same sexual dimorphism with respect to in vitro 
microsomal drug metabolism that has been reported 
for other rat strains [13]. 

In order to investigate more fully the impaired 
drug metabolism in obese rats, weanling male rats 
were examined. As shown in Fig. 1, enzyme activities 
in weanling obese rats were reduced less than were 
enzyme activities in the adults. UDP glucuronyl- 
transferase activity, however, was greater in obese 
than in lean weanlings, although no difference in 
this enzyme was observed between lean and obese 
adults (Table 1). 

From a comparison of adult and weanling obese 
rat data, it appeared as if the impairment in drug 
metabolism might be related not to a direct genetic 
defect in the obese mutants, but to excessive body 
weight. In order to examine this possibility, rats of 
both lean and obese genotypes were put on a pair- 
feeding protocol, and body weight and food con- 
sumption were carefully monitored. At 19 weeks of 
age, body weight in pair-fed obese rats was 355 + 7 


g, compared to 626 + 40 g for ad lib. fed obese rats. 
Body weights in pair-fed and ad lib. fed lean rats 
were 353 + 14 and 335 + 41 g, respectively. Obese 
rodents that had been pair-fed appeared healthy. An 
unexpected finding, however, was large subcuta- 
neous and intraperitoneal fat deposits in the pair-fed 
obese rats. These fat deposits were smaller than in 
the ad lib. fed obese rats, but substantially larger 
than in Sprague-Dawley or FaFa rats of a similar 
body weight. In addition, serum lipid levels were 
comparable in the ad lib. fed and the pair-fed obese 
rats. Microsomal and soluble protein yields were 
equal in ad lib. and in pair-fed rats. It can be seen 
(Table 3) that restricting the weight gain in geneti- 
cally obese (fafa) animals by pair-feeding did not 
significantly affect the impairment in drug metab- 
olism normally seen in these animals. Accordingly, 
enzyme activities in ad lib. and pair-fed animals were 
generally similar and, in turn, were markedly lower 
than in lean (FaFa) rats. 

Table 4 presents some kinetic parameters of ami- 
nopyrine demethylase activity for male Sprague— 
Dawley (SD), obese (fafa) and lean (FaFa) Zucker 
rats. Data are presented separately and combined 
for high and low substrate concentrations. The Vinax 


Table 4. Kinetic parameters for adult male Sprague-Dawley (SD), lean (FF) and obese (ff) 
Zucker rats* 





Genotype 





Substrate 


Parameter concn SD 


°F ff 





Vmax 0.25-25 
1.5-25 

0.25-1.0 

Km 0.25-25 
1.5-25 
0.25-1.0 


6.78 + 0.33 
5.08 + 0.34 
7.87 + 0.07 
0.62 + 0.08 
0.34 + 0.02 
1.22 + 0.04 


2.89 + 0.02+ 
2.36 + 0.02+ 
2.90 + 0.027 
0.65 + 0.04 
0.27 + 0.017 
1.20 + 0.16 


1.45 + 0.084, § 
1.12 + 0.074,§ 
2.05 + 0.12¢ 
0.40 + 0.06¢,§ 
0.22 + 0.044 
0.67 + 0.034, § 





* Values are the means + S.D. of four separate determinations. 
+ Difference between FF and SD is significant at P < 0.05. 

¢ Difference between ff and SD is significant at P < 0.05. 

§ Difference between ff and FF is significant at P < 0.05. 
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Table 5. Effects of testosterone treatment on hepatic drug metabolism in male lean (FaFa) and obese 
(fafa) Zucker rats* 





Variable 


Lean (FaFa) 


Obese (fafa) 





Corn oil 


Testosterone 


Corn oil 


Testosterone 





Total hemet 


Cytochrome P-4507 
NADPH cytochrome c§ 


reductase 


Aniline hydroxylase§ 


Aminopyrine 


N-demethylase§ 


N-Acetyltransferase§ 
GSH S-aryltransferase§ 


1.36 + 0.08 
0.89 = 0.06 


233.215 
0.43 + 0.11 
5.25 + 0.76 
0.43 + 0.03 
5.54 + 0.70 


1.33 + 0.11 
0.82 + 0.06 


231 + 20 

0.51 + 0.13 
6.49 + 0.53 
0.37 + 0.08 
6.33 + 1.14 


0.99 + 0.10 
0.60 + 0.08 


194 + 34 
0.21 + 0.04 
2.79 + 0.50 
0.38 + 0.02 
4.14+ 0.40 


1.08 + 0.12 
0.78 + 0.044 


179 +6 
0.24 + 0.03 
3.04 + 0.18 
0.64 + 0.074 
4.13 + 1.06 





* Testosterone treatment: 25 mg/kg twice weekly for 3 weeks. Data are the means + S.D.; N = 4. 


+ Expressed in nmoles/mg of protein. 


¢ Significantly different from the corn oil-treated control, P < 0.05. 


§ Expressed in nmoles/mg of protein/min. 


for obese rats was only 20 percent of the comparable 
value for Sprague-Dawley rats and 50 percent of the 
value of lean (FaFa) Zucker rats. In addition, the 
Kmin the fat (fafa) rat was different from either the 
lean (FaFa) or the Sprague-Dawley rat. The 
biphasic kinetics seen with aminopyrine demethylase 
is a phenomenon which has been demonstrated pre- 
viously [14]. 

Because testosterone is responsible for the sexual 
dimorphism in rats [13], and obese (fafa) rats of both 
sexes are known to be sterile, the possibility was 
explored that the impaired drug-metabolizing 
enzyme activity in obese male rats might be related 
to deficient androgen levels. Serum testosterone in 
obese males was found to be 44 percent of the value 
in normal Sprague-Dawley males (0.8+0.3 vs 
1.9 + 0.6 ng/ml, respectively), but only slightly less 
than the lean (FaFa) Zucker rat (1.1 + 0.2 ng/ml). 
Seminal vesicle weights in obese rats were 30 per- 
cent lower than in lean (FaFa) controls, although 
there were no differences in testes weight between 
lean and obese rats. Table 5 shows in vitro drug 


Lean (FF) 
Obese (ff) 


TREATED AS % OF CONTROL 


metabolism in obese and lean (FaFa) male rats that 
had been supplemented with injections of testoster- 
one. No marked increases in drug metabolism were 
observed in either obese or lean rats as a result of 
testosterone administration. No increase in testes 
weight was noted in either lean or obese rats after 
testosterone, although 30-40 percent increases in 
both serum testosterone and in seminal vesicle 
weight were seen in both lean and obese rats after 
testosterone treatment. When the same testosterone 
treatment regimen was employed in female Sprague— 
Dawley rats, increases in enzyme activity were seen, 
indicating that the treatment regimen was sufficient 
to increase enzyme activity when testosterone defi- 
ciency was responsible for low enzyme activity. 
The question then arose as to the responsiveness 
of obese rats to microsomal enzyme inducers. Figure 
2 shows the response of cytochrome P-450, biphenyl 
hydroxylase and arylhydrocarbon hydroxylase in 
obese male rodents to an inducing regimen of 3-MC. 
All three parameters were greatly increased in both 
lean and obese rats. By contrast, when a standard 
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Microsomal Cytochrome NADPH cyt c Biphenyl 


Reductase Hydroxylase 


Fig. 2. Response of hepatic microsomal drug-metabolizing enzymes in jean (@) and obese (§§) male 
Zucker rats to treatment with 3-methylcholanthrene. Bars represent mean values (N = 4) for 3-MC- 
treated rats expressed as a percentage of control (corn oil-treated) values. 
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Weanling lean (SD) 


Adult obese (fafa) 


Adult lean (SD) 


Weanling obese (fafa) 














Control 


Control 


Control 


Control 


Variable 





+ $.0 


30.9 


30.2 =0:8 
0.79 + 0.05 


5.17 


1.87 + 0.17+ 


40.6 


16+2.1 
0.86 + 0.14 


alt 


5+ 1.9 
1.02 + 0.097 


25 


23.7 + 0.6 
0.61 + 0.04 


36.4 + 2.5t 


30.8 + 1.1 


Microsomal protein (mg/g) 


Cytochrome P-450¢ 


1.09 + 0.107 


1.91 + 0.217 


1.03 + 0.06 


141+ 11 


NADPH cytochrome c 


reductase§ 
Aminopyrine demethylase§ 


Aniline hydroxylase§ 


5.20 + 1.43+ 
0.38 + 0.06 


5 


2.60 + 0.3 

0.27 + 0.04 
3.16 + 0.84 
0.55 + 0.16 


9.35 + 0.76 
0.75 + 0.09 


.72 + 0.19 
0.73 + 0.07 
6.17 + 1.24 


5 


4.29 + 1.187 
0.23 + 0.07 


2.49 + 0.26 


15.9 + 2.3+ 


7.63 + 0.66 
0.65 + 0.04 
2.97 + 0.44 


5 


0.20 + 0.0 


0.83 + 0.11 


10.77 + 1.487 
27.4 + 3.3+ 


+ 1.40 


4.51 


3.71 + 0.49 


7.20 + 1.81+ 


UDP glucuronyltransferase§ 


N-Acetyltransferase§ 


0.44 + 0.15 


18.9+ 1.5 
53.8 + 6.0 


GSH S-aryltransferase§ 





* PB (45 mg/kg) was administered i.p. in 0.9% NaCl for 3 days to adults and for 4 days to weanlings. Data are means + S.D.; N = 4. 


+ Values from PB-treated animals differ significantly from control values at P < 0.05. 


+ Expressed in nmoles/mg of protein. 
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§ Expressed in nmoles/mg of protein/min. 


|| ND = not determined. 


enzyme-inducing regimen of PB (75 mg/kg daily for 
4 days) was administered to obese male rats, all 
treated animals were dead 8 hr after the second dose. 
When the dose was reduced to 60 mg/kg daily for 4 
days, half of the treated obese rats had died by the 
conclusion of the treatment regimen. No control 
(FaFa) rats died at either dose. Induction was then 
attempted using 30 mg/kg daily for 4 days and 
45 mg/kg daily for 3 days. The lower dose regimen 
produced no significant increases in enzyme activity 
in obese rats. The response produced by the higher 
dose regimen is shown in Table 6. This dose of PB 
produced a 20-60 percent increase in most par- 
ameters studied in the obese rats. Aniline hydroxyl- 
ase was nonresponsive to this dose of PB in all 
genotypes of rats. This dose of PB produced a 50- 
140 percent increase in enzyme activity in Sprague— 
Dawley controls, including an 18 percent increase 
in microsomal protein content. Although the Spra- 
gue—Dawley rats responded quantitatively more than 
the obese rats, the obese animals nonetheless dem- 
onstrated a mild response to PB at this dose. 

Weanling obese and lean rats were then treated 
with PB to determine if the sensitivity to PB and the 
minimal induction produced by this drug was a func- 
tion of the obese state or a secondary function of 
the genetic defect. Table 6 shows that the weanling 
obese rats responded to PB similarly to Sprague— 
Dawley weanlings, but with a less dramatic increase 
in cytochrome P-450, aminopyrine demethylase and 
UDP glucuronyltransferase. 

Histology. Histologic evaluation of livers from 
adult obese rats demonstrated a mild fatty infiltration 
that was present in some, but not all obese individ- 
uals. This occasional fatty infiltration is consistent 
with observations of other authors [15, 16], who 
report only some livers from grossly fat individuals 
to be moderately fatty. Livers in obese rats treated 
with PB showed no more significant increase in 
endoplasmic reticulum than was demonstrable in 
saline-treated controls. 

This variable increase in microscopically visible 
liver fat is consistent with the result of lipid deter- 
minations in liver, which showed no significant 
increases in total lipid, phospholipid or free fatty 
acids in livers of obese rats. The range of total lipid 
values in the analyzed livers was from normal to 
twice normal, indicating a large variation between 
individuals. 


DISCUSSION 


In addition to the well recognized adverse health 
effects of being overweight, empiric evidence sug- 
gests that obesity also may influence drug disposition 
and effects. Thus, obese rodents are more sensitive 
to development of both spontaneous and drug- 
induced tumors [17], and limited clinical experience 
shows a prolonged therapeutic effect of drugs in 
obese patients [1-3]. The underlying reason for the 
discrepant response of obese patients to some drugs 
is unknown. Among the hypotheses put forth to 
explain these responses were several relating to 
altered drug disposition and metabolism in obese 
patients [1-3]. In the present investigation, the use 
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of a genetically obese rat, uncomplicated by drug, 
dietary or surgical intervention, clearly shows that 
the cytochrome P-450-dependent microsomal 
enzyme system is dramatically deficient in obese rats 
of both sexes, and that the deficiency is less severe 
in weanlings than in adults, and in females than in 
males. This latter observation suggests that the 
enzyme deficiency may not be a primary effect of 
the genetic mutation, as has been shown for gluco- 
neogenic enzymes in obese rodents [16], but rather 
may be an adaptive response to obesity as concluded 
for obesity-induced changes in other hepatic enzymes 
[16]. In this same context, Bulfield [18] reported that 
enzyme changes in genetically obese mice are ident- 
ical to those in genetically unrelated mice made 
obese by injections of gold thioglucose, supporting 
the suggestion that enzyme changes in obesity are 
independent of genetic make-up or mutation. The 
restricted diet experiment (Table 3), however, dem- 
onstrated that, even when genotypically obese rats 
were not allowed to become obese, levels of drug- 
metabolizing enzymes were still low. Furthermore, 
activities of some drug-metabilizing enzymes from 
microsomes of lean genotype Zucker rats (FaFa) 
were different from corresponding activities from 
lean, age-matched Sprague—Dawley rats (Tables 1, 
4 and 6), suggesting the possibility of a minor strain 
difference in drug metabolism. Consequently, results 
of different experiments in this study provide con- 
flicting evidence as to the relationship between obes- 
ity and decreased drug-metabolizing enzyme activity, 
making it difficult to draw a conclusion regarding a 
possible mechanism for the lower enzyme activities. 

Activity of the hepatic microsomal drug-metab- 
olizing enzyme system has been related to various 
endocrine functions [19,20]. The possibility exists 
that the lower enzyme activities observed in the 
obese rodents could, therefore, be related to thyroid, 
testes, or some other endocrine malfunction. Unpub- 
lished observations from this laboratory that indicate 
normal serum levels of triiodothyronine and thyrox- 
ine in obese rats can be taken as presumptive evi- 
dence of normal function of the thyroid. Other 
authors, however, report decreased thyroid function 
in obese (fafa) rats when other parameters of thyroid 
function are utilized [21]. Although significant work 
has been done to document the hormonal status of 
obese female rats [22], no similar work has been 
done for the obese male, although most obese males 
are sterile [23]. The present observation that serum 
testosterone levels in male obese rats were 56 percent 
less than in normal Sprague-Dawley male rats con- 
firmed the suspicion that the obese males are at least 
partially hypogonadal. The failure of testosterone 
treatment to stimulate drug metabolism suggests, 
however, that androgen levels may be sufficient to 
support microsomal drug metabolism or that the 
testosterone-mediated mechanism for increasing 
enzyme activity is defective in the obese rats. 

[he sensitivity to PB was not entirely unexpected 
because hexobarbital sleep was found to be pro- 
longed in the obese rats. This prolonged sleep time 
is similar to the prolonged hexobarbital sleep time 
reported for starved rats [24], suggesting a possible 
relationship between the increased hexobarbital 
sleep times reported in this study and starvation. A 
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contributing factor in rodent obesity may be a partial 
protent starvation resulting from a defective ability 
to convert dietary calories into protein [25]. Lipid 
soluble barbiturates are known to distribute into fat 
stores, and plasma half-lives of barbiturates in obese 
animals are prolonged relative to lean controls [26]. 
The extremely large amounts of adipose tissue pres- 
ent in the peritoneal cavity of obese rats might be 
expected to provide a reservoir for the prolonged 
release of PB into the blood. Equal blood levels of 
hexobarbital at the time of awakening in both obese 
and lean rats suggest, however, that the sensitivity 
of the central nervous system to barbiturates is the 
same in obese and lean rats. 

Another explanation for the PB sensitivity, how- 
ever, might be related to the calculation of drug dose 
based on total body weight rather that on fat-free 
body weight [27]. In obese rodents, blood volume 
does not increase proportionally to increasing body 
weight [28], as is the case when increased body 
weight is made up of increased muscle mass. This 
would produce larger than expected blood concen- 
trations of PB and hence larger than necessary 
receptor concentrations, potentially leading to 
overdosing. The dose-response curve for PB lethal- 
ity in normal Sprague-Dawley rats, as determined 
in this laboratory, appears quite steep, with 4/4 rats 
treated i.p. at 300 mg/kg dying, but 0/4 dying at 200 
mg/kg, so that the additional amount of PB admin- 
istered to an obese rat because of the use of whole 
body weight might have been sufficient to produce 
lethal concentrations of PB in the brain. 

The diminished inductive response to PB in obese 
rats is unexplained. Although some authors suggest 
a decreased protein-synthesizing ability in obese rats 
[25], other authors [29] have shown that microsomal 
protein synthesis occurs at a greater rate in obese 
than in lean rats, and data in Table 2 show equal 
hepatic microsomal and cytosolic protein contents 
in obese and lean rats. Furthermore, obese rats 
responded normally to 3-MC, a prerequisite of which 
is increased protein synthesis. The differential 
response of obese rats to 3-MC and PB may suggest 
that the primary drug-metabolizing hemoprotein 
present endogenously in obese rats may be of the 
P-448 rather than the P-450 type. 

The relationship between lipids and microsomal 
drug metabolism is well established. A decrease in 
total dietary fat has been shown to cause a decrease 
in drug metabolism [30], while administration of 
linoleic acid to rats also has been shown to decrease 
drug metabolism [31]. Livers of obese rats have been 
shown to contain less linoleic acid than livers of lean 
rats [32], however, and results of the present study 
showed no significant change in free fatty acid con- 
tent of livers or microsomes from obese rats. Fur- 
thermore, phospholipid is recognized as being an 
integral part of the microsomal drug-metabolizing 
system [33], and Buchar er al. [34] correlated 
decreased pentobarbital metabolism with altered 
microsomal membrane phospholipid composition in 
rats treated with lipid. Again, in the present study 
no change was seen in phospholipid content of livers 
or microsomal suspensions between fat and lean rats. 
These results suggest that the decrease in drug 
metabolism is not due to dramatic shifts in free fatty 
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acid or phospholipid contents in the microsomes. 

In conclusion, genetically obese rats have been 
shown to be substantially deficient in in vitro hepatic 
drug-metabolizing enzyme activity, The deficiency 
is less obvious in females than in males and less 
obvious in weanlings than in adults. The deficiency 
is maintained when obese genotypes are pair-fed to 
body weights equal to lean genotype rats. Testos- 
terone administration produced no _ significant 
increase in enzyme activity, and 3-MC but not PB 
produced expected increases in enzyme activities. 
The most likely explanation for the decreased activity 
of drug-metabolizing enzymes in obese Zucker rats 
is probably a complex genetic relationship that may 
only coincidentally associate obesity with decreased 
drug metabolism. 
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Abstract— The Na*/K* ATPase sensitivity to ouabain was shown to be increased by 300 to 1000-fold 
after treatment of the plasma membrane by EDTA. Addition of proteins detached from the plasma 
membrane with Ca?* ions to EDTA treated membranes reconstituted the original Na*/K* ATPase 
resistance to ouabain inhibition. Tropomyosin with Ca** ions (not with Mg’* ions) induced the same 
effect. When suboptimal doses of tropomyosin were used for such a reconstitution, the dose-response 
curve indicated a full reconstitution of a given percentage of enzyme molecules. This observation led 


us to assume a direct or indirect effect of tropomyosin on Na*/K* ATPase functions. 


Cardiotonic steroids react with and inhibit the (Na* 
+ K*) stimulated Mg’* ATPase (Na* +K* ATPase 
E.C.3.6.1.3.) [1] in membranes. A remarkable fea- 
ture of the inhibitory effect of ouabain is the differ- 
ence in sensitivity to this inhibitor between species: 
as a general rule, rodent cells [2-4] are much more 
resistant to the drug than human [5] and pig [3] cells 
are. In some experiments on selected ouabain resist- 
ant cell lines, obtained by mutagenic agents, the 
difference in ouabain sensitivity of the enzyme has 
been related to mutation at the enzyme level [2, 5, 
6]. 

However, from murine plasmocytoma MOPC 173, 
ouabain resistant variant cell lines are characterized 
by an increased resistance to cAMP, Concanavalin 
A and theophylline [7], but with almost the same 
number of ouabain binding sites as in the wild type 
cells [8, 9]. 

Furthermore, the sensitivity to ouabain of a plas- 
mocytoma wild type MF2S was shown to be modified 
by proteins removed by EDTA treatments from the 
plasma membrane [10]. Indeed, we have shown these 
peripheral proteins to be located at the inner face 
of the plasma membrane and removed from inside- 
out vesicles leading to a 300 fold increase of the Na* 
+ K* ATPase sensitivity to ouabain [11]; moreover, 
such proteins, after being extensively dialysed 
against EDTA free medium, led to a complete 
recovery of the original resistance of the enzyme to 
ouabain, when added back to EDTA treated inside- 
out vesicles plus Ca’* ions [11]. 

Cell movements and other functions involved in 
the transfer of information through the plasma mem- 
brane were shown to be linked in some way to the 
cytoskeleton [12, 13]. Thus we put forward the 
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suggestion that proteins belonging to the microfila- 
ments and/or microtubules could be present in the 
EDTA treated membrane supernatant and involved 
in the shift of the ouabain sensitivity as described 
above [10, 11]. Proteins belonging to the microfi- 
laments such as actin, myosin, tropomysin and a 
actinin have been shown to retain similar structure 
and functions through the different species and 
organs [14~-16]. 

These observations prompted us to check the pos- 
sible effect of four rabbit muscle proteins on the 
sensitivity to ouabain of EDTA treated plasma- 
membrane bound Na* + K* ATPase. Actin (mol. 
wt 43,000 daltons), troponin C (mol. wt 18,000 dal- 
tons), troponin T (mol. wt 37,000 daltons) and tro- 
pomyosin (mol. wt 34,000 and 36,000 daltons) were 
used. 

These proteins were chosen either because they 
bind Ca’* or exhibit molecular weights close to those 
of the active proteins in the EDTA supernatant (mol. 
wt 30,000 — 40,000 daltons). 

In the following presentation, we demonstrate that 
only tropomyosin is able to modify the sensitivity of 
the Na* + K* ATPase to ouabain in the EDTA 
treated plasma membranes. 


MATERIALS AND METHODS 


Cells. MF2S cells derived from the MOPC 173 
murine plasmocytoma grown as ascites in mice [17] 
were used. 

Plasma membrane purification. Cells were lysed 
in a hypotonic medium and plasma membranes were 
purified on a discontinuous sucrose gradient and 
tested for purity as previously described [18]. In fact, 
these plasma membranes are mixtures of right side- 
out (RSO) and inside-out (IO) vesicles. RSO were 
shown to be permeable to ATP and IO to ouabain 
but both were impermeable to proteins [11]. Char- 
acterization of these vesicles have been previously 
published [19]. Protein composition, determined by 
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SDS polyacrylamide slab gel electrophoresis, has 
been shown to be the same for IO and RSO vesicles. 

EDTA treatment of purified plasma membranes. 
Plasma membranes (0.5 mg/ml proteins) were incu- 
bated for 15 min with magnetic stirring at 4° in a 
pH 6.8 buffer containing 250mM sucrose, 30 mM 
Imidazole chloride (IS buffer) and centrifuged for 
30min at 31,000g. The pellet was suspended 
(0.5 mg/ml proteins) in ISE buffer (1mM EDTA 
containing IS buffer) and incubated for 60 min at 4° 
with magnetic stirring. After centrifugation as above, 
the pellet was again suspended in ISE buffer and 
submitted to the same treatment. After centrifuga- 
tion, the pellet suspended in 60 per cent glycerol was 
stored at —20°. 

In all cases, centrifugation of EDTA treated mem- 
branes was necessary to affect the ouabain sensitivity 
[10]. 

Assay of Na* + K* ATPase. The activity was 
assayed according to Ottolenghi [20]. Kinetic studies 
(0 — 10 min) were performed by transfering aliquots 
at given times to test-tubes where reaction was 
stopped by an acidic molybdate solution and inor- 
ganic phosphate was determined according to Anner 
and Moosmayer [21]. 

The ATPase activity inhibited by 1 mM ouabain 
was similar to (Na* + K*) stimulation of ATP 
hydrolytic activity of the membranes. Thus we can 
assume that it represents the Na* + K* ATPase 
activity. 

The ouabain sensitivity of Na* + K* ATPase 
activity was tested with 10~*-10~* M ouabain (Cal- 
biochem) prepared daily. The mixture (membrane 
+ ouabain) was pre-incubated for 10 min at 37° in 
the assay medium. The reaction was initiated with 
the addition of prewarmed ATP and carried out over 
6 points to assess linearity (aliquots taken every 2 min 
during a period of 10 min). We excluded the possi- 
bility that inhibitory activity of ouabain is greatly 
underestimated at low concentration due to a lag 
time in the binding of the drug since either a 10 min 
or a 70 min assay in the presence of varying doses 
of the drug led to the same inhibition of the enzymatic 
activity. Furthermore, the amount of Pi liberated 
over these assays was linear with respect to time, 
suggesting that enzyme—ouabain equilibrium was 
reached in less than 2 min (the shortest time used) 
and that ouabain formed a reversible complex with 
Na* + K* ATPase as shown by Allen and Schwartz 
[22] with preparations from rat heart (insensitive 
species). 
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Fig. 1. Dose-response curve of Na*+K* ATPase activity 

vs ouabain concentration (logarithmic scale) in native 

membranes (@——@) and EDTA treated membranes 
(A—A). 
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The 50 per cent inhibition by ouabain of Na*+K* 
ATPase activity was symbolized as E 1/2 [23]. Figure 
1 represents the ouabain sensitivity of Na + K* 
ATPase activity in original membranes and in the 
ISE pellet (membranes treated successively 15 min 
by IS and twice 60 min by ISE). 

Reconstitution experiments. EDTA treated mem- 
branes (150 yg) were incubated for 30-90 min, at 4°, 
in 1 ml IS buffer plus CaCl(0.1mM) either with 
15 wg of dialysed EDTA supernatant proteins or 
with 10-20 yg of purified proteins, as stated below. 

It was shown that reconstitution was only possible 
with calcium (0.01-0.1 mM) and not magnesium ions 
and that Ca’*, in our experimental conditions, did 
not inhibit the enzyme nor modify its sensitivity to 
ouabain [24]. 

Each experiment was performed several times on 
3-5 membrane preparations and 3 different protein 
preparations. 

Purified proteins. All proteins were obtained from 
rabbit white muscle and checked for purity in poly- 
acrylamide slab gel electrophoresis according to Lae- 
mmili [25]. Actin was prepared according to Spudich 
and Watt [26], tropomyosin, troponin C and troponin 
T according to Harstshorne and Mueller [27]. Protein 
concentration was determined by the method of 
Lowry et al. [28]. 


RESULTS 


(1) Modification of Na* + K* ATPase sensitivity 
to ouabain by EDTA treatment. In native plasma 
membranes, the Na*+K* ATPase activity was found 
to be 50 per cent inhibited by 120 + 20 uM ouabain 
(symbolized as EF 1/2). After EDTA treatment, these 
plasma membranes, which are mixtures of right-side- 
out (RSO) and inside-out (IO) vesicles, exhibited 
a two step dose-response curve to ouabain; the first 
step is correlated to inhibition by ouabain of 
Na*+K* ATPase activity of IO vesicles : the E 1/2 
(0.1-0.3 ~M) of this Na*+K* ATPase population 
was 300 to 1000-fold lower than that of the native 
membranes. The second step reflects the inhibition 
of RSO vesicles (E 1/2 = 120 + 20 uM) (Fig. 1) [11]. 
Furthermore, EDTA treatment removes a consider- 
able fraction of the membraneous proteins. In case 
of RSO-vesicles, the protective proteins remain 
caught intravesicularly, thus keeping the ATPase 
insensitive against ouabain. In contrast the IO-ves- 
icles will be depleted of the protective proteins by 
dilution, thus becoming more sensitive to ouabain. 

(2) Recovery of the original sensitivity of Na* +K* 
ATPase to ouabain. It was shown previously that 
addition of 15g of proteins from the dialysed 
supernatants of EDTA-treated membranes and of 
0.1 mM Ca’* to 150 ug of EDTA treated membranes 
led to the reconstitution of the original Na*+K* 
ATPase sensitivity to ouabain [10]. Thus, in a first 
set of experiments, 150 ug of EDTA treated mem- 
branes were incubated in the presence of 0.1 mM Ca’* 
with 10-20 wg of one of the following purified pro- 
teins: actin, troponin C, troponin T and tropom- 
yosin. It can be seen in Fig. 2 that none of them 
was active except tropomyosin. While the E 1/2 for 
the first step was found to be 0.1-0.3 uM for the 
EDTA treated membranes either alone or incubated 
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Fig. 2. Dose-response curve of Na*+K* ATPase activity 

vs ouabain concentration (logarithmic scale) in EDTA- 

treated membranes (150 wg) + 0.1 mM CaCl2 + tropom- 

yosin (10 or 20 ug (O——O); and EDTA-treated mem- 

branes (150 wg) + 0.1 mM CaCl + either actin or troponin 
C or troponin T (10 or 20 wg) (O——D). 


with actin, troponin C, troponin T or Ca** ions 
alone, it increased to 120 + 20 uM with tropomyosin. 

In a second set of experiments, 150 ug of EDTA 
treated membranes were incubated with 10 ug of 
tropomyosin and either no ions or 0.1 mM Ca’* ions 
or 1 mM Mg?’* ions. It can be seen in Fig. 3 that only 
tropomyosin with Ca** ions was able to restore the 
original sensitivity of the enzyme to ouabain, while 
Mg”* ions are inactive in this phenomenon. In few 
cases, tropomyosin alone modified the E 1/2 from 
0.3 uM up to 2 uM, probably due to the presence 
of Ca’* ions in the tropomyosin solution, since 
replacement of IS buffer by ISE buffer in the incu- 
bation suppressed this partial modification. 

(3) Stepwise reconstitution of the ouabain binding 
site of the Na*+K* ATPase. In order to determine 
the reconstitution mechanisms induced by tropom- 
yosin, we looked for the restoration capacities of 
increasing amounts of tropomyosin. It can be seen 
on Fig. 4 that 

(i) amount of tropomyosin up to 0.075 wg are 
unable to induce any shift of the sensitivity of the 
enzyme to ouabain; 

(ii) doses of tropomyosin from 0.3 to 0.6 wg can 
modify the shape of the dose-response curve of 
Na*+K* ATPase to ouabain with a stepwise increas- 
ing height of the plateau; 

(iii) doses of tropomyosin from 1 to 20 ug lead to 
a complete restoration of the sensitivity of the 
enzyme to ouabain identical to original plasma mem- 
branes or to EDTA treated membranes reconstituted 
with Ca** ions by proteins from ISE supernatant. 
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Fig. 3. Dose-response curve of Na*+K* ATPase activity 
vs ouabain concentration (logarithmic scale) in EDTA- 
treated membranes (150 wg) + 0.1 mM CaCl2 + tropom- 
yosin (10 or 20 wg) (O——©); and EDTA-treated mem- 
branes (150 xg) + tropomyosin (10 or 20 wg) either with 
1mM MgCh or without CaCl: in ISE buffer (S——). 
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Fig. 4. Dose-response curve of Na*/K* ATPase activity 
vs Ouabain concentration (logarithmic scale) in EDTA- 
treated membranes (150 wg) + 0.1 mM CaCl + tropo- 
myosin (1-10 ug) (O——O); EDTA-treated membranes 
(150 wg) + 0.1 mM CaCl + tropomyosin (0.3 0.6 yg) 
(@——®); and EDTA-treated membranes (150 yg) + 0.1 
mM CaCl + tropomyosin (0.075 ug) (W——¥). 


During stepwise reconstitution, note that the E 
1/2 values of both steps are never modified (0.3 uM 
and 120 uM). 


DISCUSSION 


The susceptibility of the Na*+K* ATPase to oua- 
bain can be drastically increased by an EDTA treat- 
ment of purified plasma membranes. The total 
activity of the enzyme was unaffected by this treat- 
ment, in spite of the significant loss (30-40 per cent) 
of membrane associated proteins [10]. We have 
shown that the original resistance of the enzyme was 
recovered by addition of proteins from ISE super- 
natant together with Ca’*. This was also obtained 
by addition with Ca’* of rabbit muscle tropomyosin, 
while actin, troponin C and troponin T were revealed 
to be inactive even at higher doses. 

The stepwise reconstitution suggests that there are 
two populations of ATPase exhibiting a different 
sensitivity to ouabain (EF 1/2 = 0.3 uM and 120 uM 
respectively), the sensitive one being shifted by tro- 
pomyosin to a resistant one (without any interme- 
diate step). 

As proteins from ISE supernatant act only on IO 
vesicles [11], tropomyosin might be assumed to act 
at the inner face of the plasma membrane to induce 
the recovery of the original resistance of the enzyme 
to ouabain. Thus, the ouabain binding sites 
expressed at the external face would be modified by 
events occuring at the inner face. As yet we know 
nothing about the structure of the reconstituted oua- 
bain binding sites, whether it is similar or mimics the 
original structure. Until now, tropomyosin was 
known to bind actin in the microfilaments, but has 
never been described as a component of the plasma 
membrane. It is also important to stress the point 
that tropomyosins are not recognized to be Ca** 
binding proteins while here, Ca** ions are required 
for the shift experiments and Mg’* cannot substitute 
Ca’*: thus we might hypothetise that there is no 
direct interaction between Ca** and tropomyosin 
and that the way Ca”* is active on the reconstitution 
between tropomyosin and plasma membranes is 
indirect. 

Several membrane bound enzymes have already 
been shown to be modulated by proteins which can 
be removed by EDTA and/or are assumed to belong 
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to the cytoskeleton: Ca**+Mg’* ATPase activator 
protein can be released by EDTA treatment of 
human erythrocyte plasma membranes and recon- 
stitute the EDTA treated plasma membranes [29]. 
The ornithine decarboxylase activity is inhibited by 
colchicine and vinblastine [30], suggesting a regu- 
latory mechanism of the enzyme linked to the integ- 
rity of the cytoplasmic microtubules. Taken together 
with our data reported here and elsewhere [11], 
these results led us to conclude that proteins located 
at the inner face of the plasma membrane or belong- 
ing to the cytoskeleton may be modulators of mem- 
brane bound enzymes and modifiers of specific bind- 
ing sites located at the external face of the plasma 
membrane. 

The apparent discrepancy between the two steps 
of ouabain binding on intact cells and the homo- 
geneity of the dose-response curve of the Na*+K* 
ATPase vs increasing amounts of ouabain in purified 
plasma membranes is due to the different materials 
used: in cells the cytoskeleton is intact while in 
plasma membranes microfilaments disappeared. 
Thus if the two step phenomenon is due to an inter- 
action between the enzyme and a specific contractile 
protein of the intact cytoskeleton as suggested by 
our experiments, it is unlikely to be observed with 
plasma membranes. In intact cells, ouabain binding 
will at first stimulate a transmembrane signal leading 
to a change in the cytoskeleton structure, which in 
turn could modify the ouabain binding site structure 
through a change in the relationship between the 
cytoskeleton and the inner face plasma membrane: 
thus, we observed a two step binding of ouabain. 
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Abstract—When conventional rats were given single oral doses of amygdalin (600 mg/kg), they sometimes 
experienced lethargy and convulsions, and usually died within 2 to 5 hr. Rats affected in this way had 
high concentrations of cyanide in their blood (2.6-4.5 ug/ml). Germfree rats receiving the same dose 
of amygdalin did not exhibit these symptoms and had blood cyanide concentrations (< 0.4 ug/ml) 
indistinguishable from those of conventional rats which did not receive amygdalin. After a non-toxic 
oral dose (50 mg), the recovery of amygdalin was higher in germfree than in conventional rats and only 
germfree rats had amygdalin in their feces. Furthermore, the intestinal contents of conventional rats, 
but not of germfree rats, catalyzed the release of benzaldehyde from amygdalin. It is concluded that 
the gastriointestinal flora are obligatory for the reactions which lead to the release of toxic amounts of 


cyanide from amygdalin (laetrile). 


Amygdalin (mandelonitrile-B-p-glucosido-6-B-p- 


glucoside) is the major cyanogenic constituent of 
laetrile preparations [1,2], and is presumably the 
source of cyanide which is responsible for its toxicity 
[1,3,4]. In plant tissues, B-glucosidase-mediated 
hydrolysis of amygdalin yields glucose and mande- 
lonitrile; the latter forms benzaldehyde and hydro- 
cyanic acid either spontaneously or enzymically [5]. 


The fate of amygdalin and, hence, how cyanide is 
released has not been described in mammalian 
tissues. Cycasin (methylazoxymethanol-B-p-gluco- 
side), another B-glucoside of plant origin, depends 
on the presence of the gastrointestinal flora for its 
metabolism and toxicity [6], and thus it seems pos- 
sible that the release of cyanide from amygdalin in 
vivo may also require enzymes that are of bacterial 
rather than mammalian origin. If the release of 
cyanide from amygdalin were dependent on the 
flora, it would explain why mice are killed by rela- 
tively low oral doses of amygdalin and are resistant 
to much higher doses administered intraperitoneally 
[7]. 
This study compares the toxicity and metabolism 
of amygdalin when administered to germfree and 
conventional rats, and shows that neither cyanide 
release nor toxicity occurs in germfree rats. 


MATERIALS AND METHODS 


Materials. Amygdalin from apricot kernels (Lot 
97C-7410; approximately 99 per cent pure), 6-glu- 
cosidase (EC 2.2.1.21) from almonds and mande- 
lonitrile benzaldehyde-lyase (EC 4.1.2.10) from 
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almonds were obtained from the Sigma Chemical 
Co. (St. Louis, MO). 

Animals. Rats were of the Sprague-Dawley strain 
and weighed between 450 and 550 g. Conventional 
rats (Charles River Breeding Laboratories, Wil- 
mington, MA) and germfree rats (Charles River 
Breeding Laboratories or the Smith and Phillips 
Germfree Supply Co., Salem, NH) were housed 
individually in metabolism cages (Acme Research 
Products, Cleveland, OH) which permitted separate 
collection of urine and feces. Germfree rats were 
maintained within a sterile isolator (Standard Safety 
Equipment, Palantine, IL) as described previously 
[8]. Animals were allowed chow (sterilizable 7-RF 
diet, Agway Inc., Syracuse, NY) and water ad lib., 
and were maintained on a schedule of i2 hr of 
darkness and 12 hr of light. 

Animal experiments. Freshly prepared aqueous 
solutions of amygdalin were administered to rats by 
gastric intubation. For metabolism studies, feces and 
urine were collected continuously for 72 hr and 
stored at —20° until analyzed. Fecal extracts were 
prepared by homogenizing the feces collected during 
24 hr with 50 ml of water in a Sorvall Omni-Mixer 
(Sorvall Inc., Newtown, CT). The mixture was cen- 
trifuged at 31,000 g for 10 min and the supernatant 
solution retained for analysis. 

In vitro studies. Cecal and stomach contents 
(weighing approximately 1 g) were removed from 
either a conventional rat or asceptically from a germ- 
free rat and suspended by use of a Vortex Genie 
mixer (Fisher Scientific, Boston, MA) in 9 ml of 
sterile saline. Samples (0.1 ml) of this suspension 
were added to 10 ml of either Phenol Red Broth 
(BBL, Cockeysville, MD) or anaerobically sterilized 
Basal Medium-Peptone Yeast Extract [9], each con- 
taining amygdalin at a final concentration of 8 mg/ml. 
The reaction mixtures, and controls lacking the sus- 
pension of intestinal contents, were incubated at 37° 
either aerobically or anaerobically in an atmosphere 
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of 10 per cent hydrogen: 5 per cent carbon dioxide: 
85 per cent argon (Med-Tech Gases, Boston, MA) 
[8]. 

Measurement of amygdalin. Amygdalin was 
assayed in urine and fecal extracts by enzymic release 
of benzaldehyde which was determined by high pres- 
sure liquid chromatography (h.p.l.c.). Samples of 
urine (0.05—0.5 ml) or fecal extracts (0.5 ml) were 
incubated with B-glucosidase (7 units) and mande- 
lonitrile lyase (5 units) in a total volume of 1.0 ml 
which contained 0.1 M sodium acetate buffer at pH 
5.2. The reaction mixture was incubated at room 
temperature for 15 min and was then extracted with 
1.0 ml of ether by shaking the mixture for 30 sec. 
A sample of the ether extract (10 ul) was injected 
onto a reverse-phase pBondapak Cis column 
(Waters Associates, Milford, MA) and eluted using 
a solvent system of water—acetonitrile (70:30). Ben- 
zaldehyde was quantified by its absorption at 254 
nm. These assay conditions permitted stoichiometric 
recovery of benzaldehyde from solutions with con- 
centrations of amygdalin up to 2 mg/ml. The addition 
of as little as 2 mg amygdalin to a 24 hr sample of 
urine or feces was assayed quantitatively by this 
method which is similar to that of Flora et al. [10]. 
It should be noted that this assay does not distinguish 
between amygdalin and mandelonitrile-B-glucoside. 
Mandelonitrile was quantified by the release of ben- 
zaldehyde when incubated as above except that B- 
glucosidase was omitted. 

To determine the loss of amygdalin from bacterial 
incubations, samples (1.0 ml) of the reaction mix- 
tures were filtered through a 0.22 um filter (Millipore 
Corp., Bedford, MA), and 20 yl of the clear filtrate 
were injected onto a ~Bondapak/Carbohydrate col- 
umn (Waters Associates) for h.p.l.c. Chroma- 
tography was effected by a linear gradient in a solvent 
system of 10 mM phosphate buffer at pH 7.0 and 
tetrahydrofuran which extended from 5 to 20 per 
cent (v/v) buffer during 7 min at a flow rate of 2.0 
ml/min. 

Measurement of hippuric acid. Samples of urine 
(5.0 ml) were acidified with 0.2 ml of 10 N HCl and 
extracted three times with 5.0 ml of ether. The 
combined ether extracts were concentrated to dry- 
ness under a stream of nitrogen. The residue was 
dissolved in 1.0 ml of anhydrous acetonitrile and 
again concentrated to dryness after which it was 
redissolved in 1.0 ml of diazomethane in ether [11] 
and allowed to stand for 15 min at 0°. Samples (10 
pl) were analyzed by gas-liquid chromatography on 
an OV-17 column (Applied Science Laboratories 
Inc., State College, PA) maintained at 215°. Sali- 
cyluric acid (2.0 mg), added to each urine sample 
prior to acidification, served as an internal standard 
for the quantification of hippuric acid. 

Measurement of cyanide and thiocyanate. Cyanide 
and thiocyanate concentrations were determined in 
whole blood and in urine according to the method 
of Bruce et al. [12] using a Gilford spectrophotometer 
(model 240). 


RESULTS 


When conventional rats were given a single oral dose 
of amygdalin (600 mg/kg), they became increasingly 
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Fig. 1. Relationship between health status of rats and 
concentration of cyanide (CN) in blood at various times 
after the administration of amygdalin. Germfree (triangles) 
and conventional (circles) rats were given a single dose of 
amygdalin (600 mg/kg) by gavage. At the times indicated, 
their health status was noted. (Open circles denote healthy 
conventional rats while closed circles denote sick conven- 
tional rats.) No germ free rats were sick. The rats were 
then killed, and the concentration of cyanide in the blood 
was determined. 








lethargic and experienced respiratory difficulty and 
convulsions. Death usually occurred within 2 to 5 hr. 
Germfree rats, on the other hand, did not exhibit 
any visible signs of toxicity after receiving the same 
dose of amygdalin. The condition of the rats at 
various times after administration of amygdalin was 
noted and the rats were killed to determine the 
concentration of cyanide in the blood. The results 
(Fig. 1) show that rats exhibiting signs of toxicity 
had high blood cyanide levels (between 2.6 and 4.5 
ug/ml), while rats which were healthy even 4 hr after 
the administration of amygdalin had low or normal 
blood cyanide levels. Of particular interest is the 
observation that cyanide concentrations in germfree 
rats were less than 0.4 ug/ml and thus were indis- 
tinguishable from those of rats which had not 
received amygdalin. 

The higher blood cyanide in conventional rats after 
the ingestion of amygdalin might be explained by an 
obligatory role of the flora in the metabolism of 
amygdalin. Thus, the recovery of amygdalin in the 
urine and feces of germfree and conventional rats 
was compared. A 50 mg dose was used in order to 
avoid toxicity. As shown in Table 1, amygdalin was 
recovered in the feces of germfree but not of con- 
ventional rats. This observation, together with the 
significantly higher recovery of amygdalin from 
germfree rats, is compatible with a role for the flora 
in the metabolism of amygdalin. 

If the metabolites of amygdalin, in addition to 
cyanide, could be recovered in conventional but not 
in germfree rats, it would be additional evidence in 
favor of the role of the flora in amygdalin metab- 
olism. The data of Table 1 indicate that no more 
than an average of about 20 mg of the 50 mg dose 
of amygdalin is metabolized in conventional rats. 
This would be expected to yield approximately 16 
mg of glucose, 4.5 mg of benzaldehyde and 1.1 mg 
of cyanide [1]. The release of glucose and cyanide 





Metabolism of amygdalin (laetrile) in vivo 


Table 1. Recovery of amygdalin after oral administration 
to conventional and germfree rats* 





Amygdalin recovered (mg) 





Type of rat Urine Feces Total 





29.2 + 8.9 
41.5 + 7.04 


0.0 
2.6 + 1.0 


29.2 + 8.97 
38.8 + 7.4 


Conventional 
Germfree 





* Six rats of each kind were given 50 mg amygdalin by 
gavage, and urines and feces were collected during 48 hr. 

+ Mean value + S.D. 

t Significantly different from the conventional group 
(P <0.05). 


Table 2. Metabolism of amygdalin in vitro by intestinal 
contents from conventional rats* 





Recovery (%) 





Intestinal contents Amygdalin Benzaldehyde 





Cecum (aerobic) 62 
(anaerobic) 100 
Stomach (aerobic) 80 
(anaerobic) 100 





* Reaction mixtures containing either cecal or stomach 
contents were incubated together with amygdalin (8 mg/ml) 
for 24 hr under either aerobic or anaerobic conditions, as 
described in Materials and Methods. 


(measured as thiocyanate) in these amounts cannot 
be detected above normal background measure- 
ments. Benzaldehyde is converted to benzoic acid 
which is excreted as hippuric acid in the rat [13]. A 
single oral dose of at least 5 mg of benzaldehyde 
must be administered to see a significant elevation 
of urinary hippuric acid above the levels found in 
rats on the chow diet. 

Table 2 shows that amygdalin is lost and benzal- 
dehyde is released in aerobic but not in anaerobic 
incubations with either cecal or stomach contents of 
the conventional rat. With stomach or intestinal con- 
tents of germfree rats, the recovery of amygdalin is 
complete and no benzaldehyde is formed. The poor 
recovery of benzaldehyde in terms of the amygdalin 
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metabolized is explained by the observation that only 
30 per cent of benzaldehyde added to cecal contents 
is recovered under these conditions. Cyanide release 
is not detected in the experiments of Table 2 because 
the method of Bruce et al. cannot detect cyanide 
when it is bound to cysteine and iron salts which are 
present in the bacterial medium [14]. 

The capacity of the flora of the stomach and the 
cecum to metabolize amygdalin, together with the 
smaller recovery of amygdalin in conventional rats, 
supports the hypothesis of an obligatory role for the 
flora in the metabolism of amygdalin. It is puzzling, 
however, that amygdalin is not metabolized under 
anaerobic conditions, since this is the physiological 
environment under which most reactions attributed 
to the flora occur [15]. 

An alternative explanation for the high concen- 
trations of cyanide observed only in conventional 
rats is that the conventional rat may have a decreased 
ability to detoxify cyanide by converting it to thio- 
cyanate. This possibility is excluded, however, by 
measurements of blood thiocyanate concentrations 
(Table 3). Thiocyanate concentrations, like those of 
cyanide, remain normal in germfree rats exposed to 
amygdalin. In conventional rats, however, the con- 
centration of thiocyanate is elevated and tends to 
correlate with that of cyanide. There is no evidence 
that pathways known to detoxify cyanide are more 
active in germfree rats. 

Mandelonitrile is unstable and is converted spon- 
taneously to benzaldehyde [5]. We were unable to 
demonstrate an enhancement of the rate of this 
reaction in vitro with rat cecal contents. 


DISCUSSION 


The absence of either significant toxicity or cyanide 
release when amygdalin is administered to germfree 
rats in doses which are lethal to the conventional rat 
suggests that cyanide release is dependent on the 
presence of the gastrointestinal flora. Most likely the 
flora is obligatory for cleavage of the B-glycosidic 
bonds which release the aglycone, mandelonitrile. 
B-Glucosidase activity is present in cecal contents of 
the conventional rat as well as in several strains of 
bacteria which are indigenous to the gastrointestinal 
tract. Indeed, hydrolysis of amygdalin forms the 
basis of a biochemical diagnostic test for the iden- 
tification of several such strains [9]. 


Table 3. Concentrations of cyanide (CN ) and thiocyanate (SCN) in blood of conventional 
and germfree rats given amygdalin* 





Rat Health status 


Cyanide Thiocyanate 
Nt (ug/ml blood) 





Germfree controls 
Germfree 
Conventional 
Conventional 


Healthy 

Healthy 

Healthy 
Sick 


6 0.13 + 0.07+ 
12 0.27 + 0.08 
13 0.50 + 0.70 
12 3.59 + 0.66 


5.10 + 1.24 
6.54 + 2.18 
4.69 + 1.29 
15.85 + 8.94 





* All rats except those referred to as controls were given a single dose of amygdalin (600 
mg/kg) by gavage. Rats were killed at various times between | and 24 hr. After recording 
their health status, the concentrations of cyanide and thiocyanate in the blood were 


determined. 
+ Number of rats in the group. 
+ Mean value + S.D. 
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Although the intestine of the rat also contains 
B-glucosidase activity [16], it is unlikely that this 
activity contributes significantly to the in vivo metab- 
olism of amygdalin. This is not unexpected, however, 
since methylazoxymethanol, the carcinogenic agly- 
cone of the related B-p-glucoside, cycasin, is not 
released in the germfree rat. Thus, cycasin is metab- 
olized and is carcinogenic for the conventional rat 
whereas it is neither metabolized nor is it carcino- 
genic for the germfree rat [6,17]. 

When administered parenterally to man, amyg- 
dalin is excreted largely unchanged in the urine [18]. 
It is of interest, therefore, that cases of laetrile- 
induced cyanide toxicity have occurred after enteral 
administration of laetrile [1,19], even though much 
higher doses are routinely administered intra- 
venously. A recent report, for example, cites a case 
of acute cyanide toxicity which occurred when the 
customary dose of laetrile was given in the form of 
an enema rather than intravenously [20]. Thus, 
routes of administration which provide the most 
direct contact of the cyanide-containing glycoside 
with the gastrointestinal flora appear to maximize 
the possibility of cyanide release and subsequent 
toxicity. 
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Abstract—The molecular effects of the pyrrolopyrimidine analogs, sangivamycin and thiosangivamycin, 
on RNA and DNA synthesis were examined in L1210 cells in vitro. Pretreatment of cells for 30 min 
with either sangivamycin or thiosangivamycin resulted in a median inhibitory dose of 1 x 10-° M and 
2 x 107° M, respectively, for RNA synthesis. Sangivamycin did not inhibit DNA synthesis at comparable 
concentrations, while thiosangivamycin inhibited DNA synthesis by 20-35 per cent. Extending prein- 
cubation times with either drug to 1 hr resulted in decreased inhibition of RNA synthesis. Sangivamycin 
and thiosangivamycin also inhibited the transcription of nuclear RNA with *2P as precursor. Incorporation 
of *P into AMP was reduced by both drugs to a much greater extent that the labeling of GMP, CMP, 
or UMP of alkaline hydrolysates of total nuclear RNA. Thiosangivamycin also significantly reduced 
methylation in nuclear rRNA. Neither drug affected the concentration or specific radioactivity of S- 
adenosyl-L-methionine or UTP. Sangivamycin and thiosangivamycin inhibited the syntheses of nuclear 
rRNA, non-poly(A) heterogeneous RNA and poly(A) heterogeneous RNA to equal extents, but the 
potency of sangivamycin was approximately 10-fold less than that of thiosangivamycin. These results 
suggest that sangivamycin and thiosangivamycin act as adenosine analogs to inhibit the transcription 
of all forms of nuclear RNA in L1210 cells. 


Several adenosine analogs have proved to be effec- 
tive anticancer drugs against murine leukemias when 
administered with the adenosine deaminase inhibi- 
tor, 2'-deoxycoformycin [1-3]. However, it would 
be advantageous to utilize analogs whose activity 
would not be compromised by deamination, and thus 
eliminate the inconvenience of a two-drug regimen. 
Two such adenosine analogs are the pyrrolopyrim- 
idines, sangivamycin and thiosangivamycin (Fig. 1). 
Sangivamycin is readily phosphorylated by adeno- 
sine kinase in vitro [4] and is not deaminated [5]. 
This antibiotic is also incorporated into RNA and 
DNA of several normal tissues in mice [6] and 
inhibits de novo purine synthesis in L1210 cells in 
culture [7]. Moreover, in vitro studies with sangi- 
vamycin 5’-triphosphate have demonstrated that this 
metabolite can competitively inhibit amino acid 
activation, and hence, charging of tRNA [8], as well 
as substitute for ATP and inhibit the synthesis of 
RNA catalyzed by Escherichia coli RNA polymerase 
[9]. 

Since sangivamycin and thiosangivamycin are 
effective antitumor agents against several murine 
tumors (J. Plowman, personal communication), and 
the former drug is of clinical interest [10], studies 
were initiated to examine their mechanisms of action 
on nucleic acid synthesis. 


MATERIALS AND METHODS 


Materials. Sangivamycin (NSC 65346) and thio- 





* Abbreviations used are: rRNA, nuclear RNA; 
hnRNA, heterogeneous RNA; poly(A), polyadenylic acid; 
IDso, 50 per cent inhibitory dose; and Hepes, 4-(2-hydroxy- 
ethyl)-1-piperazine-ethanesulphonic acid. 


sangivamycin (NSC 105827) were provided by Dr. 
John Douros, Natural Products Branch, National 
Cancer Institute. [5,6-’H]Uridine (41.3 Ci/mmole), 
[U-“C]uridine (464 mCi/mmole),  [5-methyl]- 
thymidine (20 Ci/mmole), [*H-methy/]-L-methionine 
(80 Ci/mmole), [2,8-*H]adenosine (35.2 Ci/mmole) 
and *P as orthophosphoric acid in HCl-free water 
were obtained from the New England Nuclear Corp., 
Boston, MA. 

Animals. L1210 cells were maintained as described 
previously [11]. 

Incubations. Incubations were carried out at 37° 
in a shaking water bath at 100 rev/min and consisted 
of: 5ml RPMI 1630 medium, either 10 uCi 
[H]uridine (200mCi/mmole) or 10yCi_ [*H]- 
thymidine (200 mCi/mmole), drug and 1 x 10’ cells. 
When nRNA* was extracted, each assay was 
increased 5-fold with respect to the number of cells, 
volume of medium and amount of isotope. In the 
latter instance, S50pmCi [*H]adenosine (35.2 
Ci/mmole), 1 mCi *P (in phosphate-free RPMI 1630 
supplemented with 20 mM Hepes, pH 7.4) or 5 uwCi 


NH2 


| 
c=S 


NH2 d =O 
\Y : 


RIBOSE 


NH2 


RIBOSE 


SANGIVAMYCIN THIOSANGIVAMYCIN 


Fig. 1. Structures of sangivamycin and thiosangivamycin. 
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[*C]uridine (464mCi/mmole) plus 50 Ci [*H- 
methyl|methionine (80Ci/mmole) in Dulbecco’s 
medium supplemented with 0.25% glucose were 
used for labeling nRNA, depending on the experi- 
mental protocol. 

Measurement of total RNA and DNA syntheses. 
Incorporated [*H]uridine and [*H]thymidine into 
total RNA and DNA, respectively, was measured 
by precipitation and filtration of trichloroacetic acid- 
insoluble material on glass fiber filter discs [12]. 

RNA extraction. After incubation, cells were cen- 
trifuged at 400 g for 15 min at 4° and washed once 
with RPMI 1630 medium. Nuclei were prepared by 
the method of Daskal et al. [13] using Triton X-100. 
Total nRNA, as well as nuclear rRNA, non- 
poly(A )hnRNA and poly(A)hnRNA were extracted 
by the sodium dodecyl sulfate-phenol procedures 
described previously [11]. Poly(A)hnRNA was iso- 
lated by poly(U)Sepharose chromatography [14]. 
Poly(A) was isolated from poly(A)hnRNA by diges- 
tion with RNase A and RNase T; [11, 15]. 

High voltage electrophoresis. Total nuclear RNA 
was hydrolyzed with 0.3 N KOH overnight at 37°. 
Digests were neutralized with perchloric acid and 
lyophilized. Aliquots of the reconstituted RNA 
hydrolysate were spotted on flexible cellulose-coated 
thin-layer sheets (Eastman Kodak, Rochester, NY) 
and electrophoresed in an MRA Corp. (Clearwater, 
FL) high voltage electrophoresis apparatus with 5% 
(v/v) acetic acid (adjusted to pH 3.5 with NaOH) as 
the buffer and orange G and the tracking dye. 
Nucleotides were located by u.v. absorption using 
appropriate standards run in parallel. Thin-layer 
sheets were cut into 0.5cm strips and counted in 
10 ml Aquasol. 

DEAE Sephadex-urea chromatography. Mono- 
nucleotide, dinucleotide and oligonucleotide frac- 
tions of alkaline hydrolysates of total nRNA were 
separated as described previously [16]. 

S-Adenosyl-L-methionine and UTP analyses. The 
concentrations and specific radioactivities of UTP 
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Fig. 2. Dose-response of sangivamycin and thiosangiva- 

mycin on RNA and DNA syntheses. L1210 cells 

(10’ cells/flask) were preincubated for 30 min with either 

sangivamycin or thiosangivamycin and then labeled for 

30 min with either [?H]uridine or [°H]thymidine to measure 

RNA and DNA synthesis respectively. Each value is the 
mean + S.E. of four determinations. 


and S-adenosyl-L-methionine were measured in neu- 
tralized perchloric acid extracts of L1210 cells using 
assay conditions identical to those for double labeling 
with [*H-methyl|methionine and _ ['*C]uridine 
described above. S-Adenosyl-i-methionine was 
assayed by SP Sephadex chromatography as 
described previously [17], and UTP was assayed by 
Dowex chromatography [18]. 


RESULTS 


The initial experiments were designed to deter- 
mine the specificity of action and IDso of sangivamycin 
and thiosangivamycin on RNA and DNA syntheses 
(Fig. 2). Sangivamycin inhibited RNA synthesis by 
50 per cent at 1 x 10~°M, while not affecting DNA 
synthesis. The median inhibitory dose of the thio- 
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Fig. 3 Effects of drug preincubation time and labeling time on the inhibition of RNA synthesis by 

sangivamycin and thiosangivamycin. L1210 cells (10’ cells/flask) were either preincubated with drug for 

(A) 15, 30 or 60 min and then, labeled with [*H]uridine for 30 min or (B) preincubated with drug for 

30 min and then labeled with [*H]uridine for either 15, 30 or 60 min. Results are expressed as per cent 
of control. Each value represents the mean + S.E. of four determinations. 
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Fig. 4. High voltage electrophoresis of alkaline hydrolysates 
of total nRNA labeled with “P. L1210 cells 


(5 x 10’ cells/flask) were preincubated for 30min with 
either 5 x 10-*M sangivamycin or 5 x 10~’ M thiosangi- 
vamycin and then labeled for 30 min with 1 mCi of “P. 


sangivamycin was 50-fold lower than for sangiva- 
mycin; however, DNA synthesis also proved sensi- 
tive to this drug, but an IDso was not achieved at 
concentrations up to 5 x 10-° M. 

To assess the influence of drug preincubation and 
pulse-labeling times on the inhibition of RNA syn- 
thesis by the two pyrrolopyrimidines, temporal stud- 
ies were carried out (Fig. 3). A consistent reduction 
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in inhibitory potency was noted for both inhibitors 
during prolonged preincubation (Fig. 3A). This 
effect was particularly notable with sangivamycin; 
only 15 per cent inhibition was observed after 60 min 
of preincubation vs 50 per cent after 30 min. With 
thiosangivamycin, inhibition was diminished from 50 
per cent at 30 min to 35 per cent at 60 min. Varying 
the time of pulse-labeling, with 30 min of drug prein- 
cubation, did not produce significant differences in 
the degree of inhibition by the two drugs. Thus, 
these data suggest that sangivamycin is less metab- 
olically stable than thiosangivamycin prior to its util- 
ization for inhibiting transcription. 

In order to test whether or not sangivamycin and 
thiosangivamycin acted as adenosine analogs to spe- 
cifically impair the utilization of ATP for transcrip- 
tion, nRNa was labeled with *P. Alkaline hydroly- 
sates of total nRNA were subjected to high voltage 
electrophoresis, and the incorporated *’P in each of 
the four ribonucleotides was measured (Fig. 4, Table 
1). Both inhibitors reduced the incorporation of ’P 
into all four nucleotides, but labeling of AMP was 
significantly lower vs GMP, CMP and UMP (Table 
1). Although a new nucleotide peak resulting from 
drug incorporation was not apparent (Fig. 4), the 
sensitivity of the experiment was such that substi- 
tution of less than 1.0 per cent could not be detected, 
and thus, incorporation of low levels of the drugs 
into RNA is not completely ruled out. In addition, 
it is possible that electrophoretic migration of the 3’- 
phosphate of sangivamycin or thiosangivamycin 
could coincide with one of the four natural ribonu- 
cleotides and mask analysis of the drug. However, 
the results of Swart and Hodge [19], showing a 
different electrophoretic migration for the closely 
related pyrrolopyrrimidine, toyocamycin 3'-phos- 
phate, from the four ribonucleotides, would appear 
to make the latter possibility unlikely. 

Since transcription appeared to be reduced sig- 
nificantly by sangivamycin and thiosangivamycin, it 
was of interest to examine if the post-transcriptional 
process of methylation was equally impaired by these 


Table 1. Distribution of **P in alkaline hydrolysates of total nRNA from L1210 cells treated with sangivamycin and 
thiosangivamycin* 





Control 


Sangivamycin (5 x 10~° M) 


Thiosangivamycin (5 x 10~’ M) 





% Distribution 


Hydrolysate dis./min of radioactivity 


dis./min 


% Distribution 
of radioactivity 


% Distribution 


of radioactivity dis./min 





Cp 11,090 + 1,020 23.5222 

(100) (64) 

Ap 10,610 + 1,350 22.7 + 0.7 

(100) (34) 

Gp 14,380 + 1,780 30.3 + 1.4 

(100) (59) 

Up 11,300 + 1,150 23.9 + 0.3 

(100) (53) 
47,380 + 5,270 

(100) 
0.86 + 0.03 


Total 
(53) 
A+U 
G+C 


7,120 + 950+ 
3,630 + 4704 
8,500 + 1,050+ 
5,950 + 7807 
25,200 + 3,2407 


0.61 + 0.024 


27.8 + 0.7 6,500 + 6107 27.7+ 0.9 


14.6 + 0.7¢ 15.7 £336 


34.2 +0.7 7,620 + 780+ 32.0 + 1.7 
(53) 
5,940 + 640+ 
(53) 
23,690 + 4,530+ 
(50) 


0.68 + 0.034 


23.4+ 0.4 24.6 + 1.1 





* Values represent the means + S.E. of three determinations. Numbers in parentheses indicate percentages of control 
dis./min. 

+ Statistically significant difference (P < 0.05) vs control. 

t Statistically significant difference (P < 0.01) vs control. 
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Fig. 5. DEAE Sephadex-urea chromatography of alkaline 

hydrolysates of nRNA. L1210 cells (5 x 10’ cells/flask) 

were preincubated for 30 min with either 5 x 10~° M san- 

givamycin or 5 x 10~’ M thiosangivamycin and then labeled 

for 30 min with [*H-methyl|L-methionine and ['*C]uridine. 

The “inset” represents an expansion in scale of the —5 to 
—6 region of the chromatographic profile. 


drugs. Alkaline hydrolysates of total nRNA were 
chromatographed on DEAE Sephadex, and 
mono-, di- and oligonucleotide fractions were iso- 
lated by their net charges of -2, -3 and -5 to -6 
respectively (Fig. 5). It was found that there was a 
small reduction in methylation of total nRNA by 
only thiosangivamycin despite the extensive inhibi- 
tion of labeling with ['*C]uridine by both drugs. 
Further analysis of nRNA was carried out by its 
fractionation into rRNA, non-poly(A)hnRNA and 
poly(A)hnRNA (Fig. 6). Double-labeling experi- 


ments with [°H-methyl|methionine and ['*C]uridine 
indicated a dose-dependent reduction in [*C]uridine 
incorporation into all species of nRNA by sangiva- 
mycin and thiosangivamycin. In addition, thiosan- 
givamycin specifically reduced the methylation of 
rRNA at 5 x 10~’M but did not significantly affect 
the methylation of other fractions of nRNA. In all 
instances, inhibition of methylation by thiosangiva- 
mycin was considerably less that inhibition of 
['*C]uridine incorporation. 

In order to rule out artifactual changes in RNA 
synthesis and methylation via changes in the pool 
size and specific radioactivity of UTP and S-adenosyl- 
L-methionine, respectively, measurements of these 
metabolities in L1210 cells were performed (Table 
2). No significant alterations in either the concen- 
tration or specific radioactivity of S-adenosyl-L-meth- 
ionine or UTP were found as a result of inhibitory 
concentrations of sangivamycin and _ thio- 
sangivamycin. 

Analyses of nuclear rRNA, non-poly(A)hnRNA, 
and poly(A)hnRNA, as well as poly(A) labeled with 
[*H]adenosine in the presence of varying concentra- 
tions of sangivamycin and thiosangivamycin, are pre- 
sented in Fig. 7. The extent of inhibition produced 
by these drugs was similar to that with ['*C]uridine 
as a precursor (Fig. 6). No differential effects 
occurred except for a slightly lesser degree of sen- 
sitivity of poly(A)hnRNA and poly(A) to thiosan- 
givamycin vs rRNA and non-poly(A)hnRNA (Fig. 
7B). 


DISCUSSION 


The present study documents that the antibiotic, 
sangivamycin, and its synthetic analog, thiosangi- 
vamycin, are potent inhibitors of nRNA synthesis. 
They appear to be fairly specific in action since DNA 
synthesis was only slightly affected or unaffected by 
concentrations of drug which markedly impaired 
RNA synthesis. The present experiments also sug- 
gest that these pyrrolopyrimidines act as adenosine 
analogs since they reduced the labeling and incor- 
poration of adenosine in nRNA (Table 1). The latter 
effect appears to be a result of competition with 
adenosine for utilization by adenosine kinase [4], as 
well as impairment of transcription via the 5’-tri- 
phosphate metabolite [9]. 

Three differences between sangivamycin and 
thiosangivamycin were noted. First, sangivamycin 
was less stable than the thio analog with long prein- 
cubation times (Fig. 3) which may reflect differences 
in catabolism. Second, thiosangvamycin reduced the 
methylation of rRNA, whereas only slight inhibition 
was observed with sangivamycin. Third, thiosangi- 
vamycin, although a more potent inhibitor of RNA 
synthesis than of DNA synthesis, nevertheless 
impaired DNA synthesis throughout the concentra- 
tion range studied. It would appear from these 
observations that thiosangivamycin is less specific in 
its mode of action than sangivamycin. In addition, 
the greater potency of the thio analog is probably 
associated with its greater metabolic stability. 

Although sangivamycin and thiosangivamycin 
inhibited transcription, it is not known if this bio- 
chemical effect is responsible for their antitumor 
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Fig. 6. Effects of sangivamycin and thiosangivamycin on the methylation and synthesis of nRNA. L1210 
cells (5 x 10’ cells/flask) were preincubated for 30 min with either (A) sangivamycin or (B) thiosangi- 
vamycin and then labeled for 30 min with [°H-methy/]-L-methionine and [‘*C]uridine. Nuclear RNA 
was fractionated into rRNA, non-poly(A)hnRNA and poly(A)hnRNA as described under Materials 
and Methods. Results are expressed as per cent of control. Each value represents the mean + S.E. of 
three determinations. Asterisks (*) indicate statistically significant differences (P < 0.05) vs controls. 


Table 2. Effects of sangivamycin and thiosangivamycin on the concentration and specific radioactivity of S-adenosyl-L- 
methionine and UTP* 





S-adenosyl-L-methionine UTP 


Treatment 








nmoles/5 x 10’ cells 10° dis/min/nmole nmoles/5 x 10’ cells dis./min/nmole 





Control 


Sangivamycin 
(5 x 10-°M) 
Thiosangi vamycin 
(5 x 10°’ M) 


11.9+ 0.2 
(100) 
11.8 + 0.8 
(99) 
11.8 + 0.5 
(99) 


362.0 + 33.1 
(100) 
391.2 + 42.3 
(108) 
370.6 + 46.4 
(102) 


99.8 + 3.9 
(100) 
106.5 + 7.2 
(107) 
106.5 + 5.3 
(107) 


5780 + 280 
(100) 
5130 + 120 
(89) 
6100 + 230 
(106) 





* Values for control and drug-treated cells represent the means + S.E. of six determinations. Numbers in parentheses 
represent percentages vs control = 100 per cent. 
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Fig. 7. Effects of sangivamycin and thiosangivamycin on the incorporation of ° H]adenosine into nRNA. 

L1210 cells (5 x 10’ cells/flask) were preincubated for 30 min with (A) sangivamycin or (B) thiosangi- 

vamycin, and then labeled for 30 min with CP H]adenosine. Results are expressed as per cent of control. 
Each value represents the mean of three determinations. 
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effects. Inhibition of de novo purine synthesis by 
0.1-1 x 10-°M sangivamycin [7], as well as incor- 
poration of sangivamycin into RNA [5, 9], have been 
reported. Although we did not find evidence for the 
latter activity, we cannot completely rule out low 
levels (less than 1 per cent) of incorporation. 
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Abstract—The following evidence suggests that the cytostatic action of nonsteroidal anti-inflammatory 
drugs is not due to inhibition of prostaglandin synthesis. First, measured cytostatic activity was not 
related to the reported ability of the drug to inhibit prostaglandin synthetase. Indomethacin, for 
example, inhibited growth of rat hepatoma (HTC) cell cultures only at concentrations in excess of those 
reported to be required to inhibit prostoglandin (PG) synthetases. Compounds reported to have no or 
weak prostoglandin synthetase-inhibitory activity, such as salicylic acid and phenacetin, were cytostatic, 
whereas congeners of phenylbutazone, antipyrine and aminopyrine, which have been reported to retain 
some synthetase inhibitory activity, were not cytostatic. Second, the prostaglandins and arachidonic 
acid did not reverse the effects of indomethacin and, in high concentrations, also inhibited growth. The 
actions differed in that the inhibition by indomethacin was slow in onset (24 hr) and reversible, whereas 
that by PGA: and PGA2 was apparent within 60 min and was irreversible. Third, no detectable 
prostaglandin synthesis was observed with the HTC cell cultures. Indomethacin did interfere with the 
incorporation of labeled arachidonic acid into the phospholipid fraction of the cells, but this action was 


not shared by the other anti-inflammatory drugs. 


In previous papers, we showed that anti-inflamma- 
tory drugs arrested the growth of rat hepatoma 
(HTC) and human fibroblast cultures in the G: phase 
of the cell cycle [1, 2]. The effect was reversible, and 
upon removal of drug the cultures resumed growth 
in synchrony to produce a surge and decay in DNA 
synthesis and, after 24 hr, a sharp increase in mitotic 
index and cell number [2]. Of particular interest was 
the fact that the order of potency of these drugs in 
producing these effects paralleled their reported 
ability to inhibit prostaglandin (PG) synthesis [3]. 

In this paper, the possible role of the prostaglan- 
dins in this phenomenon was examined by several 
experimental approaches. Drugs were selected and 
tested for their cytostatic activity, either because 
they were reported to be weak inhibitors of the 
prostaglandin synthetases or because they were 
closely related to the drugs tested previously. The 
effects of the prostaglandins on culture growth in the 
presence and absence of indomethacin and the 
effects of indomethacin on prostaglandin synthesis 
were also investigated. 


MATERIALS AND METHODS 


Materials. L-Leucine[4,5-*H(N)], 5 Ci/mmole, was 
obtained from the New England Nuclear Corp., 


Boston, MA, and arachidonic acid{1-"“C], 
50 mCi/mmole, from the Amersham/Searle Corp.., 
Arlington Heights, IL. 

The prostaglandins were a gift from Dr. John Pike, 





*. Present address: Instituto de Biofisica, UFRJ, Centro 
de Ciencias da Saude, Bloco G, Ilha do Fundao, Rio de 
Janeiro, R.J., Brazil. 
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the Upjohn Co., Kalamazoo, MI, and arachidonic 
acid was purchased from the Sigma Chemical Co., 
St. Louis, MO. Antipyrine, aminopyrine and acet- 
aminophen were purchased from the Sigma Chem- 
ical Co., the Aldrich Chemical Co., Inc. , Milwaukee, 
WI, and the Eastman Kodak Corp., Rochester, NY, 
respectively. Other drugs were obtained from the 
sources described earlier [1]. The purity of the 
prostaglandins was checked by thin-layer chroma- 
tography (t.l.c.) by procedures described later. 

Drugs were dissolved in Eagle’s No. 2 medium 
supplemented with 10% fetal calf serum and neu- 
tralized by titration with 1N NaOH. The prosta- 
glandins were dissolved in absolute ethanol and 
added in volumes of up to 10 ul. The same volume 
of ethanol was added to control cultures. Media were 
prepared by the Media Unit, Division of Research 
Services, NIH. All solutions were sterilized by 
filtration. 

Cell cultures. Rat hepatoma cell cultures were 
maintained as described earlier [2, 3]. Suspensions 
of confluent cultures were prepared and diluted 1 : 20 
in Eagle’s No. 2 medium [1]. The diluted culture was 
distributed into individual wells (1000 wl, 
~30,000 cells/well) of Costar tissue culture cluster 
plates (16 mm diameter wells, Cat. No. 3524, Cam- 
bridge, MA). The plates were incubated in a 
National incubator (Heinicke Instr. Co., Hollywood, 
FL) at 37° under an atmosphere of 95% air and 
5% CO which was saturated with water. Under 
these conditions, the cultures entered exponential 
growth on day 2 and became confluent (1- 
1.2 x 10° cells/well) on day 5. The compounds or 
vehicle were added at the start or at later stages of 
culture growth as indicated in the text. 
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Determination of cell counts. The cultures were 
washed twice with 1.0ml of a Ca’*- and Mg’*- 
free Dulbecco’s solution before the addition (0.2- 
1.0 ml) of a 0.025% (w/v) trypsin solution in Ca’*- 
and Mg’*-free Dulbecco’s solution. The plates were 
incubated at room temperature, and when the cells 
had completely separated, soy bean trypsin inhibitor 
(0.15%, w/v) was added. The cell count was deter- 
mined by use of a Neubauer counting chamber. 

Measurement of [*Hjleucine incorporation. 
[°H]Leucine (20 wCi/20 pl aliquot) was added to each 
well. The culture plates were incubated at 37° for 
3 hr (unless stated otherwise), after which time the 
medium was removed and the cultures were rinsed 
twice with 0.5 ml of Locke’s solution, once with 
0.5 ml of ice-cold 10% trichloroacetic acid (TCA) 
solution, and finally with 1.0 ml ethanol. The TCA 
precipitate was dissolved in 0.2 ml Hyamine hydrox- 
ide (Packard Instrument Corp., Downers Grove, IL) 
and transferred to a glass scintillation vial. Each well 
was rinsed with 0.2 ml methanol. Radioactivity was 
assayed by liquid scintillation spectrometry (effi- 
ciency for *H, 23-25 per cent, and '*C, 85 per cent). 

Studies with arachidonic acid. Arachidonic acid{1- 
'C] (50 nCi/20 wl aliquot) was added to each well 
on day 3 and the cultures were incubated for a further 
20 hr. Aliquots (20 yl) of the medium were removed 
for assay of radioactivity and for chromatography. 
The medium from 72 wells (58 x 10° cells) was 
pooled and mixed with 40 wl of a mixture of unla- 
beled arachidonic acid and prostaglandins (100 ug 
of each) in ethanol. The medium was evaporated to 
dryness by lyophilization, and the residue was 
extracted three times with 10 ml of a mixture of ethyl 
acetate-isopropanol-0.2N HCl (3:3:1). The 
extracts were pooled and evaporated just to dryness 
under a stream of N2. This residue was dissolved in 
100 ul ethanol for chromatography. 

After removal of the medium, the cells were 
washed and treated with TCA, as described in the 
previous section. The TCA precipitate was washed 
twice with water (0.5 ml) and extracted with 1.0 ml 
ethanol. Aliquots (50 yl) of the ethanol extract were 


M. C. F. DE MELLO, B. M. BAYER and M. A. BEAVEN 


assayed for radioactivity, and the remainder was 
evaporated to dryness under a stream of N2. The 
residue and medium were each mixed with 20 yl of 
an ethanolic solution of unlabeled prostaglandins 
and arachidonic acid (50 wg of each). Ten microliters 
of this mixture were spotted onto t.l.c. silica gel 
plates (Quanta gram precoated 5 x 20cm plates, 
Quantum Industries, Fairfield, NJ), and the prosta- 
glandins were separated by chromatography in a 
benzene-—p-dioxane-glacial acetic acid (200:200: 10 
parts by volume) mixture [4]. The chromatograms 
were exposed to iodine to locate the prostaglandins 
and cut into segments, 2.5mm wide, for the assay 
of radioactivity. 

Identification of the arachidonic acid metabolite. 
One major metabolite of {['*C]-arachidonic acid was 
observed on the chromatogram. This compound was 
assumed to be a phospholipid on the following basis. 
The labeled metabolite was present exclusively in 
the particulate fraction of the cells and was precip- 
itated by 0.4 N perchloric acid. It was readily 
extracted from the perchloric acid precipitate into 
ethanol. When chromatographed in the solvent sys- 
tem described above, the metabolite remained at the 
origin. Mild alkaline hydrolysis (0.5 M NaOH, in 
75% methanol at 37° for 45 min), according to the 
procedure of Lands and Samuelsson [5], resulted in 
the dissappearance of the labeled metabolite and the 
reappearance of a material which migrated as arach- 
idonic acid. 


RESULTS 


Lack of correlation between cytostatic activity and 
reported ability to inhibit prostaglandin synthetase 
activity. Phenylbutazone inhibited the growth of 
HTC cell cultures in a dose-dependent manner (EDs0o, 
0.37 mM), whereas two other pyrazolone drugs, anti- 
pyrine and aminopyrine, had little effect on culture 
growth in concentrations up to 4 mM (Fig. 1). Acet- 
aminophen, like the parent compound phenacetin 
[3], inhibited growth completely in concentrations 
of 2.5—5 mM. As in previous studies [3], cell counts 
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Fig. 1. Effects of phenylbutazone (@), acetaminophen (0), aminopyrine (A) and antipyrine (O) on 

HTC culture growth. Cultures were grown in the presence of various concentrations of drugs added 

on day 2, and cell counts were determined on day 5. Values are means + S.E.M. for six cultures and 
are expressed as a percent of the mean cell count (932,800 + 61,000) of control cultures (no drug). 





Prostaglandins and anti-inflammatory drugs on culture growth 


and [*H]leucine incorporation into protein declined 
in parallel with increasing concentrations of drugs. 

When the cytostatic activity and the reported 
ability to inhibit prostaglandin synthetases are com- 
pared (Table 1), it is evident that meclofenamic acid 
and indomethacin inhibit growth only at concentra- 
tions far exceeding those required to inhibit pros- 
taglandin synthesis. Phenacetin and salicylic acid, 
which have little or no synthetase inhibitory activity, 
are cytostatic, whereas antipyrine and aminopyrine, 
which are weak inhibitors, are not cytostatic. Gen- 
tistic acid, the metabolite of salicylate, was reported 
by Flower et al. [6] to be inactive on dog spleen 
synthetase but to be more active than aspirin as an 
inhibitor of rabbit kidney prostaglandin synthetase 
[9]. This compound, however, has no cytostatic or 
anti-inflammatory activity (Table 1). There does 
appear to be a general correlation between the 
cytostatic and the anti-inflammatory activities of 
these drugs (Table 1). 

Failure of the prostaglandins to reverse the effects 
of indomethacin. Culture growth, as measured by 
[’H]leucine incorporation, was reduced when cul- 
tures were grown in the presence of indomethacin 
and was reduced further by the addition of PGE: 
(Fig. 2). PGE:, PGE2 and arachidonic acid were 
tested over a wide range of concentrations (0.01- 
100 wg/ml) and were found not to antagonize the 
effects of indomethacin and, in fact, inhibited culture 
growth (Fig. 3). All of the prostaglandins available 
to us inhibited growth to a varying extent, with those 
of the A and E series being the most potent in this 
respect (solid lines, Fig. 4). There was little differ- 
ence in the curves for cultures containing prosta- 
glandins and those containing indomethacin and 
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Fig. 2. Effects of various concentrations of indomethacin, 
alone (O——) or in the presence of 12.5 ug/ml pros- 
taglandin E: (@———®), on culture growth as measured 
by the incorporation of ["H]leucine into protein. The drugs 
were added on day 0, and [*H]leucine incorporation was 
determined on day 3. The values are calculated as a percent 
of the incorporation for control cultures (23,187 + 782 cpm) 
and are the means + S.E.M. for six cultures. 


prostaglandin when correction was made for the 
inhibition produced by indomethacin alone (dotted 
lines, Fig. 4). 

Thus, while indomethacin and the prostaglandins 
appear to inhibit growth in an additive fashion, their 
actions differed in several ways. The effects of 


Table 1. Effectiveness of anti-inflammatory drugs as inhibitors of HTC cell growth, prostaglandin synthetase activity and 
carrageenan-induced edema of the rat paw* 





Cell growth 
(EDso, 4M) 


Prostaglandin synthetase 


Rat paw edema 


(IDso, wM) (EDso, wmoles/kg) 





Drug Ref. 3 Ref. 6 


Ref. 7 


Ref. 8 Ref.9 Ref. 10 Ref. 6 Ref. 8 





Strongly cytostatic 


Meclofenamic acid 30 
Indomethacin ~140 
Phenylbutazone 3707 
Cytostatic 
Phenacetin 
Acetaminophen 
Salicylic acid 
Acetylsalicylic acid 
Non cytostatic 
Aminopyrine 
Antipyrine 
m-Hydroxybenzoic acid 
Gentisic acid 


1700 
10007 
1100 
1800 


>4000+ 
NAt+ 
9000 
NA 


20 
30 
1200 


NA (100) 
NA (100) 3900 
>16,000 


9000 


49008 


NA (700) 
NA (650) 


Active ” 


1.4 50 
4 18 6 
19 324 39 


¢ 
640 NA(1000)  ¢ 
70,000 


830 420 


NA (1000) 
NA (970) 





* Drugs are compared in terms of EDso (cell growth or edema inhibition) or 1Dso (prostaglandin synthetase inhibition). 
The prostaglandin synthetase systems used were from dog spleen [6], sheep seminal vesicle [7], rat platelets [8], bovine 
seminal vesicle [9] and rabbit kidney [9]. When tested for ability to inhibit carrageenan-induced edema of the rat paw, 
drugs were administered p.o. NA, not active; highest concentration tested is in parentheses. 


+ Present work. 
+ Equal in potency to aspirin. 
§ Ref. 10. 


" Reported [9] to be 32 times more active than salicylic acid and 50 per cent more active than aspirin. 
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Fig. 3. Effects of different concentrations of prostaglandin E: and E2 and arachidonic acid on growth 

of HTC cell cultures grown in the absence (@——®) or the presence (O———C) of 0.2 mM indo- 

methacin. Drugs were added on day 0, and [’H]leucine incorporation was determined on day 3. Values 

are expressed as a percent of that of control cultures (no drug) and are the means + S.E.M. of six 

cultures. Additional experiments (data not shown) with prostaglandin E; and E2 in concentrations of 
0.01—1 g/ml showed no significant difference from controls. 


indomethacin and phenylbutazone, but not those of 
PGA: and PGE2, were reversed by washing the 


cultures (Table2). Complete’ repression of 
[*H]leucine incorporation was noted within 3 hr upon 
addition of PGA: and PGA: but not of indomethacin 
or the other prostaglandins (Table 3). More detailed 
examination of the effects of PGA: and PGA: 
showed that the inhibition of [*H]leucine incorpor- 
ation was apparent within 45 min after the addition 
of the PG (Fig. 5) and that at this point washing of 
the cultures reversed the inhibition (Fig. 5, insert). 
These results indicate that the initial effect of PGA: 
and PGA: on [*H]leucine incorporation was reversi- 
ble but that prolonged exposure to the prostaglandins 





* The assays were performed for us by R. Zussman, 
NHLBI. 


led to irreversible changes and cessation of culture 
growth. 

Effects of the anti-inflammatory drugs on prosta- 
glandin synthesis and arachidonic acid metabolism. 
Prostaglandins A, E and F were not detected in the 
culture medium by radioimmunoassay during days 1- 
5 of HTC growth’, and no labeled prostaglandins 
were detected in cultures incubated with 
['*C]arachidonic acid (Fig. 6). By comparison, the 
presence of labeled prostaglandin E was apparent 
in cultures of rabbit renal interstitial cells (Fig. 6). 
The [*C]arachidonic acid was slowly incorporated 
(62-70 per cent by 24hr and 96 per cent by 48 hr) 
into a phospholipid fraction of the HTC cell, and 
free arachidonic acid could be recovered from this 
fraction by mild hydrolysis (Fig. 6). The incorpora- 
tion of ['*C]arachidonic acid into the phospholipid 
was inhibited by indomethacin but not by phenyl- 
butazone or sodium salicylate (Fig. 7). 





Prostaglandins and anti-inflammatory drugs on culture growth 
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Fig. 4. Effects of the various prostaglandins on HTC cell 
cultures grown in the absence (@——®) or the presence 
of 0.2 mM indomethacin (O———). The experimental 
design and graphical representation of data are identical 
to that shown in Fig. 2 except that the values for the 
indomethacin-containing cultures (O——-—©) are 
expressed as a percent of the incorporation observed in 
cultures containing indomethacin alone (5800 + 520 cpm). 
Values are means + S.E.M. of six cultures. 


DISCUSSION 


A variety of pharmacological actions of the anti- 
inflammatory drugs has been attributed to inhibition 
of prostaglandin synthesis [6, 9, 11, 12]. Our studies 
were designed specifically to see whether such inhi- 
bition might be responsible for the cytostatic proper- 
ties of these drugs. The findings suggest otherwise, 
since we found that (1) the abilities of the drugs to 
inhibit the cell growth and the reported inhibition 
of prostaglandin synthetase are poorly correlated; 
(2) prostaglandin synthesis was not detected at any 
stage of growth of the HTC cell cultures; and (3) 


B.P. 29/3—pD 
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Table 2. Reversibility of the effects of indomethacin and 
prostaglandins on HTC cell culture growth* 





[*H]Leucine incorporated 





Unwashed Washed 


Addition (% of control) 





S 


I+ I+ I+ I+ I+ 


Control (no drug) 
Phenylbutazone (0.5 mM) 
Indomethacin (0.2 mM) 
PGA: (10 ug/ml) 

PGE? (10 g/ml) 


— — 
-oOorn 





* Values are means + S.E.M. (N = 6). The amount of 
[’H]leucine incorporated in control cultures was for 
unwashed 82,800 + 1800 and for washed 
112,900 + 3000 dis./min/well. Drugs were added at the start 
of culture growth. On day 3 of growth, the cultures were 
left unwashed or were washed twice with fresh medium. 
The cultures were reincubated for an additional 4 days 
before measurement of [?H]leucine incorporation. 


exogenous prostaglandins did not reverse the effects 
of indomethacin. There is wide variability in the 
sensitivity of synthetase preparations, and since 
exogenous prostaglandins may not reproduce the 
effects of endogenous prostaglandins or of the 
unstable prostacyclin and endoperoxides, the lack 
of prostaglandin synthesis is perhaps the most com- 
pelling evidence against the involvement of 
prostaglandins. 
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Fig. 5. Inhibition of [*H]leucine incorporation by prosta- 
glandin Ai. Prostaglandin Ai, 10 ug/ml, and [*H]leucine 
(O———©) or [*H]leucine alone(@——®@) were added 
to 3-day-old HTC cell cultures. An additional set of cultures 
was incubated for 45 min with 10 wg/ul PGA: and washed 
twice with fresh medium before the addition of [*H]leucine 
(insert). Cultures were removed at the indicated times and 
the label incorporated into protein was determined. Values 
are means + S.E.M. for six cultures. 
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Table 3. Inhibition of [*H]leucine incorporation by indomethacin and prosta- 
glandins: short-term effects* 





(?H]Leucine incorporation 





With 
Without indomethacin 
indomethacin (0.2 mM) 
Prostaglandin (% of control) 





68 +3 
2+0.2 
§23 
5§2+4 
36+9 
68 + 3 
58+4 
60 + 2 


E 


I+ I+ + H+ It I+ H+ I+ 
CWNN DN — 


Control (no prostaglandin) 
Al 

A2 

Bi 

B2 

Ei 

E2 

Fra 


owoocn§9 ao 
COr,WWNAD 


_ 





* Values are means + S.E.M. (N = 6). Prostaglandins (50 ug/ml) alone or 
with indomethacin (0.02 mM) and [*H]leucine were added simultaneously to 
3-day-old cultures. The cultures were reincubated for 3 hr, and leucine incor- 
poration was measured. The incorporation for control cultures was 
9732 + 203 cpm/culture. 


Despite a wide range in the sensitivities of different even at high (4mM) concentrations. Salicylic acid, 
tissue synthetases (Table 1), the concentration at on the other hand, which does not inhibit prosta- 
which indomethacin inhibited growth was still 30- _glandin synthetase at levels up to 10-70 mM [9], 
500 times that required to inhibit prostaglandin syn- _ partially inhibited culture growth in concentrations 
thesis, and other synthetase inhibitors, such as ami- _ of 0.5-1.0mM [3]. A striking example of the dis- 
nopyrine [7] and gentisic acid [9], were not cytostatic _ tinction between cytostatic and prostaglandin syn- 
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Fig. 6. Thin-layer chromatograms of culture medium (A) and extracts of medium from 72 cultures 
(58 x 10° cells) (B) after incubation of HTC cultures with ['*C]arachidonic acid. For comparison, 
chromatograms of culture medium from renal cell cultures treated similarly are shown (C). Also shown 
are chromatograms of extracts of the washed hepatoma cells before (D) and after (E) hydrolysis with 
alkali. Three-day cultures were incubated for 24 hr with ['*C]arachidonic acid. The medium and extracts 
were mixed with unlabeled standards and chromatographed on silica gel plates as described in Materials 
and Methods. Prostaglandin F2. and F2g were separated in this system but not those of the A, B and 
E series. A acid = arachidonic acid. 
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Fig. 7. Effects of indomethacin (A), phenylbutazone (CQ) and sodium salicylate (™) on the incorporation 

of [C]arachidonic acid into the phospholipid fraction of HTC cell cultures. The drugs and 

[‘*C]arachidonic acid were added to 3-day-old cultures and the incorporation was measured after 24 hr. 
Values are means + S.E.M. of six cultures. 


thetase inhibitory activities was the difference 
between acetaminophen and antipyrine. Both drugs 
are equipotent inhibitors of bovine seminal vesicle 
prostaglandin synthetase [8], but only one, acet- 
aminophen, inhibited culture growth. In contrast to 
the wide variation in the sensitivity of synthetase 
preparations, the cytostatic activity of the anti- 
inflammatory drugs shows no such variation; both 
transformed and non-transformed cell lines appeared 
to be equally sensitive to inhibition by these drugs 
(unpublished data). 

‘here is no evidence that the prostaglandins have 
a general or essential role in the regulation of cell 
growth, but they do have a variety of effects on cell 
growth and differentiation. Those of the E series 
inhibit growth of several cell lines [13-18], although 
stimulation of cell proliferation by PGE2« [19, 20], 
and in two cell lines by PGE: and PGE; [21, 22], has 
been reported. Some of these effects may be 
mediated through activation of a prostaglandin-sen- 
sitive adenylate cyclase system. Prostaglandin E1, for 
example, suppresses transformation of blood lym- 
phocytes [23] but induces transformation of thymic 
lymphocytes [24]. In neuroblastomas [12], activation 
of adenylate cyclase by prostaglandin E: precedes 
morphological differentiation. In another cell line, 
3T3 mouse embryo fibroblast, prostaglandin E; 
potentiates the insulin-induced differentiation of this 
cell line into adipocytes but, at later stages, inhibits 
this reaction [25]. In high concentrations, however, 
the prostaglandins appear to be cytotoxic. Others 
have noted that inhibition of a mouse leukemic lym- 
phoblast culture by prostaglandins Ei, E2 and Fra in 
concentrations of 25—100 ug/ml was accompanied by 
a significant reduction in numbers of viable cells 
within 1 hr [15]. In our studies, all of the prosta- 
glandins, to a greater or lesser extent, inhibited 
culture growth, and inhibition was evident only with 
relatively high levels of the prostaglandins. The 
inhibition was irreversible and differed in several 
respects from that induced by the anti-inflammatory 


drugs. In the case of prostaglandins Ai and Ao, an 
immediate effect on [*H]leucine incorporation was 
observed, whereas the effects of indomethacin were 
apparent only after 1-2 days of culture growth. The 
inhibition by phenylbutazone, indomethacin (this 
paper) and salicylates [3] was reversed completely 
by washing the cultures, whereas growth did not 
resume upon removal of prostaglandin. 

The arrest of cell growth is not in itself a toxic 
action of the anti-inflammatory drugs, and these 
drugs may be useful tools to study the cell cycle. 
Both transformed and non-transformed cells can be 
arrested for prolonged periods (8 days) of time with- 
out detriment to their viability or ability to resume 
replication once drug is removed [1]. After removal 
of drug, 98 per cent or more of the cells resume 
growth with a considerable degree of synchrony [2]. 

An unaccountable factor in our comparison of 
cytostatic action and reported inhibition of prosta- 
glandin sythetase is that in tissue culture the anti- 
inflammatory drugs are partially bound to protein 
in the medium (53 per cent in the case of indo- 
methacin). With human diploid fibroblast, a cell line 
that, unlike the HTC culture, is capable of prolifer- 
ation in the presence of low serum concentrations, 
a 2-fold enhancement of the cytostatic activity of 
indomethacin was observed in the presence of the 
2% fetal calf serum instead of the 10% fetal calf 
serum (unpublished data). 

The anti-inflammatory drugs have, at high con- 
centrations, a variety of biochemical actions, but 
because inhibition of prostaglandin synthesis is the 
one consistent finding with therapeutic concentra- 
tions of these drugs [26] the effects on prostaglandin 
synthesis are the most likely explanation for their 
anti-inflammatory properties. However, alternative 
mechanisms have been proposed [27, 28], and the 
present studies suggest that the cytostatic action of 
these drugs, which might be one component of their 
therapeutic action, is not attributable to inhibition 
of prostaglandin synthesis. 
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Abstract—A method is described for the separation of Slow Reacting Substance of Anaphylaxis 
(SRS-A) from the other mediators of anaphylaxis. This method has the advantage of a high overall 
yield of biologically pure SRS-A, although chemical homogeneity is not obtained. Silicic acid chroma- 
tography of the material extracted by ethyl acetate revealed the presence of an arachidonic acid releasing 
substance (ARS). ARS is less polar than SRS-A and releases arachidonic acid and thromboxanes from 
perfused guinea-pig lungs. ARS can be distinguished from the peptide RCS-RF by its solubility in apolar 


solvents. 


Slow Reacting Substance of Anaphylaxis (SRS-A) 
is a substance of unknown structure, released during 
anaphylaxis [1]. The established procedures for the 
isolation of SRS-A aim at producing a chemically 
homogenous preparation of SRS-A which can be 
used for structural studies. These procedures have 
disadvantages in that the overall recovery of SRS-A 
is low or variable [2-4] and often little evidence is 
presented showing that a homogenous preparation 
has been obtained. Although SRS-A is a potent 
compound, the preparation of relatively large quan- 
tities of active material is necessary for the study of 
its biological actions. Since none of the existing meth- 
ods give consistently high yields, there is a need for 
a simple, high yielding method for the isolation of 
SRS-A. Such a preparation does not have to be 
chemically homogenous but it is necessary to estab- 
lish that the preparation is free from contamination 
with other biologically active substances, particularly 
RCS-RF and substances which have similar actions 
to SRS-A. 

SRS-A has been shown to release thromboxanes 
from perfused guinea-pig lung [5,6], a property 
which is also shown by Rabbit Aorta Contracting 
Substance-Releasing Factor (RCS-RF) [5], a peptide 
released from guinea-pig lungs by anaphylaxis [7]. 
Although RCS-RF has been partially purified [7], 
the only property by which it can be distinguished 
from SRS-A is its lability on boiling [7], SRS-A being 
unaffected by this procedure [1]. 

This paper describes a simple method for the pro- 
duction of large quantities of SRS-A which are not 
contaminated by prostaglandins or by RCS-RF. A 
novel substance is also described which releases 
thromboxanes from guinea-pig perfused lungs. 


MATERIALS 


Oyster glycogen (Type II), ovalbumin (Grade III), 
arylsulphatase (Type V), atropine sulphate and 
arachidonic acid were all purchased from Sigma. 
Prostaglandin E2 was obtained from the ONO Chem- 
ical Co. Ltd., amberlite XAD-2 was purchased from 


BDH Ltd, silicic acid (Bio sil A 100-200 mesh) from 
Bio Rad Ltd. and Whatman KC is thin layer chroma- 
tography plates from Uniscience Limited. Indo- 
methacin, mepyramine maleate and compound FPL 
55712 were donated by Merck, Sharpe & Dohme, 
May & Baker Ltd. and Fisons Ltd., respectively. All 
other solvents and reagents used were of analar 
grade. 


METHODS 


The production of anaphylactic fluid containing 
SRS-A 


Rat peritoneal anaphylactic fluid was prepared as 
described by Orange et al. [8] using male Wistar rats 
(200-300 g) pretreated with glycogen (20 ml 0.1% 
w/v i.p.) to increase peritoneal neutrophil levels. 
Rats were sensitized with 2 ml of a 4 dilution of an 
IgGa antiovalbumin prepared as described by 
Orange et al. [8]. All animals were pretreated with 
indomethacin (1 mg kg™' p.o.) 2 hr before challenge 
to inhibit prostaglandin synthesis [9] and to enhance 
SRS-A production [10, 12]. Two hours after sensi- 
tization the rats were challenged intraperitoneally 
with 5 ml ovalbumin (0.5 mg ml~') in heparinised 
Tyrodes’ solution at 37°. Fifteen minutes later the 
animals were killed with CO: and the peritoneal fluid 
harvested. 


Removal of protein from peritoneal fluid 


Intact cells were removed from the peritoneal fluid 
by centrifugation at 1400 g for 10 min. Four volumes 
of ethanol were added to the supernatant and the 
mixture left for 30 min at 5° to precipitate the protein. 
The precipitate was removed by centrifugation at 
38,000 g for 30 min. The supernatant was collected 
and evaporated to dryness under reduced pressure 
at 60°. 


Desalting and removal of histamine 


(a) Amberlite XAD-2. A column of amberlite 
XAD-2 resin was prepared as described by Orange 
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et al. [2]. The residue obtained from the procedure 
described above was dissolved in a small volume of 
distilled water and added to the column. The column 
was eluted with 250 ml distilled water followed by 
250 ml 80% ethanol in water. The ethanol was col- 
lected and evaporated to dryness at 60°. 

(b) Solvent extraction. Dried deproteinised peri- 
toneal anaphylactic fluid was dissolved in 10 ml dis- 
tilled water. Sodium hydroxide was added to a con- 
centration of 0.1M and the solution incubated at 37° 
for 30 min. The solution was then cooled, adjusted 
to pH 3.0 with 2M HCI and partitioned six times 
with two volumes of ethyl acetate. The ethyl acetate 
phase was collected and taken to dryness. After 
extraction the aqueous phase was neutralised and 
taken to dryness. 


Silicic acid chromatography 

Silicic acid was activated by heating at 160° for 
18 hr. 10 gram of silicic acid was slurried in n-hexane 
and poured into a column. Samples were dissolved 
in 1-2 ml 80% methanol and applied to the silicic 
acid column. The column was eluted sequentially 
with 80 ml of n-hexane ethyl acetate, acetone, n- 
propanol and finally with 100 ml ethanol: ammonium 
hydroxide (S.G. 0.88): water (60: 30: 10 by vol.). All 
fractions were collected and evaporated to dryness. 


KCis reversed phase thin layer chromatography 


SRS-A was applied to KCis thin layer plates in a 
small volume of 80% methanol. Plates were devel- 
oped in 100% methanol. After development each 
plate was divided into 1 cm bands which were scraped 
off and eluted with methanol. The eluate was taken 
to dryness and assayed for SRS-A activity. 

SRS-A was methylated by treatment with fresh 
ethereal diazomethane [11]. The resulting material 
was also subjected to KCis thin layer chroma- 
tography as described above. After development the 
plate was divided into 1 cm bands which were scraped 
off, eluted with methanol and hydrolysed in 0.1M 
NaOH at 37° for 30 min to regenerate biologically 
active SRS-A before being assayed on guinea-pig 
ileum [11]. 

In some experiments the developed thin layer 
plates were sprayed with 20% sulphuric acid in meth- 
anol and heated in an oven at 160° until compounds 
on the plate appeared as black or brown spots. 


Bioassay of material obtained 


(a) Guinea-pig isolated superfused ileum. Material 
obtained from the above procedures were assayed 
against prostaglandin E2 (PGE2) using the guinea- 
pig isolated superfused ileum preparation. Prep- 
arations were superfused at 5 ml min~' with a modi- 
fied Krebs solution, gassed with 95% Ovx/5% COQO2, 
containing atropine (10°-°M), mepyramine 
(3 x 10-°M) and indomethacin (3 x 10~°M). The 
Krebs solution was warmed to 37° before being 
superfused over the tissues. PGE2 and samples for 
assay were infused into the superfusion fluid in a 
volume of 10 wl over a period of 15 sec. 100 units of 
SRS-A is defined as the amount of material required 
to produce a contraction of guinea-pig ileum equiv- 
alent to that produced by 100 ng prostaglandin Eb. 
This quantification of SRS-A is essentially similar to 
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that used by other workers, except that prostaglandin 
E2 has been used instead of histamine [2, 12]. 

(b) Guinea-pig perfused lungs. Guinea-pig lungs 
were perfused in vitro with modified Krebs solution 
at a rate of 5.0ml min~'. The perfusate was made 
to superfuse a rabbit aortic strip, to detect throm- 
boxanes [6] and a guinea-pig ileum to detect SRS- 
A. To increase the specificity and sensitivity of these 
assay tissues the antagonists listed above were incor- 
porated into the superfusate between the lungs and 
the assay tissues. Samples were infused into the 
Krebs solution in a volume of 100 wl over a period 
of 15 sec. 


Aryl sulphatase inactivation of SRS-A 


SRS-A was dissolved in acetate buffer (pH 5.0) 
and incubated with Aryl sulphatase (type V) at 37° 
for 2hr. The ratio of SRS-A to enzyme was 7:1 
(unit: unit) [15]. Following incubation, 4 vol. of 
ethanol were added and the mixture left for 30 min 
at 5°. The resulting precipitate was removed by fil- 
tration and the supernatant evaporated to dryness 
at 60°. The residue was reconstituted in a small 
volume of Krebs solution and assayed for biological 
activity. 


RESULTS 


(1) Yields of SRS-A and removal of proteins 


In rats pretreated with glycogen and indomethacin 
and sensitized with an IgGa antiovalbumin prepared 
as described by Stechschulte er al. [14], yields of 
1349 + 518(N = 12) units SRS-A (mean + S.E.) per 
rat were obtained in the peritoneal anaphylactic 
fluid. These yields are comparable to those described 
by Stechschulte et al. [13] and Orange er al. [2]. 
Following removal of cellular material and protein 
from the crude peritoneal anaphylactic fluid by the 
addition of ethanol and centrifugation recoveries of 
SRS-A of 89 + 19.5% (N = 12) were obtained. 


(2) Desalting and removal of histamine 


When SRS-A was desalted by passage through 
amberlite XAD-2 resin, the recovery of SRS-A was 
found to vary from 0 to 83% (Table 1). These data 
are contrary to the high yields obtained by Orange 
et al. [2], however, low or variable yields have been 
reported by other workers who have used this tech- 
nique [14]. 

SRS-A behaves as an acid in that following aci- 
dification to pH 2-3, it can be extracted from aqueous 
solutions by apolar solvents such as diethyl ether 
[1,17]. Therefore, SRS-A was extracted into ethyl 
acetate from an acidified aqueous phase. This solvent 


Table 1. A comparison of the recoveries of SRS-A following 
desalting on Amberlite XAD-2 resin and by extraction with 
ethyl acetate at pH 3.0 





% recovery of SRS-A 
Amberlite XAD2 Ethyl acetate 





Mean recovery (%) 24 55 
S.E. 20 11 
N 4 7 








Slow reacting substance of anaphylaxis 


Table 2. The recovery of SRS-A from rat peritoneal fluid expressed as the mean recovery in 
units of SRS-A per animal and as the mean percentage of the amount of SRS-A in crude 
peritoneal anaphylactic fluid (mean + S.E. of 6 experiments) 





Stage of extraction u/rat 


Mean recovery of SRS-A 
+ S.E. 





Peritoneal fluid 1379 
After removal of protein 930 
After extraction into ethyl acetate 483 
After silicic acid chromatography 734 


280 

50 
114 
278 





extraction gives more consistent percentage recov- 
eries of SRS-A than Amberlite XAD-2, the mean 
recovery being 54.6+ 11.4% (N=7) (Table 1). 
When the ethyl acetate and aqueous fractions were 
assayed for histamine it was found that all of the 
histamine was in the aqueous phase. 


Silicic acid chromatography 


Solvent extraction of SRS-A as described above 
would also extract other acid lipids and apolar sub- 
stances. Of these prostaglandins, their precursor 
fatty acids and indomethacin (remaining from the 
peritoneal fluid) are pharmacologically active. Pre- 
liminary experiments revealed that indomethacin 
was eluted from silicic acid with n-hexane, prosta- 
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glandins and fatty acids with ethyl acetate or acetone 
and most phospholipids with n-propanol. 

SRS-A was eluted from silicic acid with ethanol; 
ammonium hydroxide; water (60:30:10 by volume) 
as described by Orange ef al. [2]. Yields of SRS-A 
of 80-100% were usually obtained following silicic 
acid chromatography. These yields are similar to 
those obtained by Orange et al. [2], but occasionally 
a yield greater than 100% was obtained (Table 2), 
which could be explained by the removal of factors 
which depress smooth muscle activity. 


Reversed phase thin layer chromatography 


SRS-A, prepared by solvent extraction and silicic 
acid chromatography, chromatographed as a single 
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3 % 
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Fig. 1. KCis thin layer chromatography of (a) SRS-A and (b) methyl SRS-A. Plates were developed 
in methanol and sprayed with 20% sulphuric acid in methanol. Compounds were revealed by heating 
at 160°. 





C. J. WHELAN 


Table 3. The effect of treatment with aryl sulphatase, compound FPL 55712 
and boiling on the ability of SRS-A to contract guinea-pig ileum and to release 


thromboxane A2 from perfused guinea-pig lung 





Treatment 


Activity (%) 


Ileum Perfused lung 





Control 


Aryl sulphatase pH 5.0 at 37° for 2 hr 


FPL 55712 10°°M 
Boiling at pH 8.0 for 10 min 
Boiling at pH. 5.0 for 10 min 





biologically active substance on Whatman KCis 
reversed phase thin layer plates. When plates were 
developed in methanol SRS-A had an R; of 0.83 
(N = 6), 70-100% of the biological activity being 
contained in this area of the plate. When chroma- 
tograms were sprayed with H2SO.:methanol 
(20: 80 v/v) and heated, no spot was obtained which 
corresponded to SRS-A (Fig. 1). However, sub- 
stances with R;’s of 0.14, 0.18, 0.3 and 0.67 were 
detected. 

Me-SRS-A also chromatographed as a single bio- 
logically active substance on Whatman KCis plates. 
This material had an R; of 0.74 (N = 4), indicating 
that Me-SRS-A is less polar than SRS-A. When 
chromatograms were stained with H2SOs: methanol, 
no spot corresponded to Me-SRS-A but substances 
with R's of 0.06, 0.11, 0.23 and 0.7 became visible 
(Fig. 1). 

This data indicates that although the ethanol— 


ammonium hydroxide—water fraction only contains 
one pharmacologically active substance—namely 
SRS-A—it contains at least four contaminants which 
probably constitute a greater proportion of the total 
amount of organic matter than does SRS-A. Fur- 
thermore, while SRS-A became less polar as a result 


of methylation, some of the contaminants also 
became less polar, indicating that these compounds 
may be methylated along with SRS-A. 


Biological activity of material recovered 

SRS-A was assayed against PGE: on the guinea- 
pig isolated superfused ileum preparation, in the 
presence of atropine, mepyramine and indometha- 








cin, at each stage of its isolation. Table 2 depicts the 
mean recovery of SRS-A from 6 experiments. It is 
seen that an overall yield of 50% SRS-A is obtained, 
amounting to 734 U per rat. 

The material isolated by the method described 
above has the properties of SRS-A in that its ability 
to contract the guinea-pig isolated ileum is destroyed 
following incubation with aryl sulphatase in pH 5.0 
buffer for 2 hr at 37° [15] and it is antagonised by 
the specific SRS-A antagonist 8-propyl-7-[3-(4 
acetyl-2 propyl-3-hydroxyphenoxy )-2-hydroxy- 
propoxy]-4-oxo-4H-benzopyran-2-carboxylic acid 
(compound FPL 55712) [16], as shown in Table 3. 
Purified material which had been characterized as 
SRS-A on guinea-pig isolated ileum also released 
arachidonic acid, measured as a release of the arach- 
idonic acid metabolite thromboxane Az (RCS) on 
rabbit aortic strip preparations, from guinea-pig per- 
fused lungs (Fig. 2). The ability of SRS-A to release 
thromboxane A2 was abolished by incubation with 
aryl-sulphatase. The release was blocked by the spe- 
cific SRS-A antagonist compound FPL 55712 (Table 
3). Furthermore, boiling SRS-A at pH 8.0 for 10 min 
had no effect on the thromboxane releasing action 
of this material, demonstrating that it did not contain 
RCS-RF (Table 3) [7]. 

An Arachidonate Releasing Substance (ARS) was 
also detected in the material eluted from silicic acid 
columns with ethyl acetate. Like SRS-A, this sub- 
stance released arachidonic acid metabolites from 
perfused guinea-pig lungs and contracted the guinea- 
pig isolated ileum. However, this substance appeared 
to be present in much smaller quantities than SRS- 
A, since relatively large amounts (usually the 
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Release of thromboxane A2 (TxA2) from guinea-pig perfused lung by SRS-A and ARS. The 


perfusate from the lungs was made to superfuse a rabbit aortic strip (Rb.A) and guinea-pig ileum 
(GP.I). SRS-A and ARS infused over the assay tissues (O) only contract the ileum, whereas when 
infused through the lung (A) both tissues contract, showing the release of TxAz. 
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material obtained from one rat dissolved in 100 pul) 
were required to show an effect (Fig. 2). 

ARS was found to be soluble in ether and ethyl 
acetate, unlike RCS-RF [7] or SRS-A [1]. ARS can 
also be distinguished from SRS-A on KCis reversed 
phase thin layer chromatography. When plates were 
developed with 100% methanol, ARS had an R; of 
0.6, whereas the more polar SRS-A had an R; of 
0.83. Furthermore, KCis thin layer chromatography 
demonstrates that ARS is not arachidonic acid, 
which also elutes from silicic acid columns with ethyl 
acetate, since in the thin layer system described 
above, arachidonic acid has an R; of 0.82. 


DISCUSSION 


All of the published procedures for the partial 
purification of SRS-A attempt to produce a chemi- 
cally pure sample from which the structure of this 
mediator can be determined [2-4]. In most cases the 
procedures are lengthy, overall yield is low [3, 4] and 
evidence that chemical purity has in fact been 
obtained is often lacking [2-4]. 

The method described above is technically simple 
and gives a relatively high overall yield of SRS-A 
which is free from other known biologically active 
substances. Such a method has advantages for work- 
ers wishing to study the biological properties of SRS- 
A or SRS-A antagonists rather than determine its 
structure. The high overall yields obtained are due 
largely to the increased efficiency of desalting by 
solvent extraction. Although extraction from acidi- 
fied aqueous solutions into ether have been reported 
before [17], yields are low when this procedure is 
attempted early in the extraction procedure [3]. Pre- 
liminary experiments with solvent extraction using 
ethyl acetate showed that the recovery of SRS-A 
became less variable and increased if the aqueous 
phase was subjected to alkaline hydrolysis before 
extraction. 

SRS-A isolated by ethyl acetate extraction and 
silicic acid chromatography is free of histamine and 
prostaglandins, since histamine is not extracted into 
ethyl acetate and the prostaglandins are separated 
from SRS-A by silicic acid chromatography. Neu- 
trophil chemotactic factor, (NCF-A) a protein, [18] 
and eosinophil chemotactic factor, (ECF-A) a tetra- 
peptide [19], are released from mast cells by ana- 
phylaxis. Neither of these agents is likely to be a 
contaminant of SRS-A isolated by the above pro- 
cedure, since NCF-A would be precipitated with 
other proteins by alcohol and ECF-A does not par- 
tition into ethyl acetate. 

Rabbit aorta contracting substance-releasing fac- 
tor (RCS-RF) is a polar substance, released by 
anaphylaxis, which releases prostaglandin precursors 
from perfused guinea-pig lungs [7], a property shared 
with SRS-A. RCS-RF is insoluble in ethyl acetate 
[7]; thus one would expect to find this substance in 
the aqueous phase following ethyl acetate extraction. 
No such activity was detected in the aqueous phase. 
The thromboxane releasing activity of SRS-A was 
not affected by boiling at alkaline pH, showing that 
it was not contaminated with RCS-RF since the latter 
mediator is destroyed by this procedure. 

ARS appears to be similar to RCS-RF and SRS- 
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A in that it releases thromboxanes from perfused 
guinea-pig lungs. However, it is not RCS-RF, since 
it is soluble in non-polar solvents, unlike RCS-RF 
[7]. Similarly, the less polar nature of ARS on silicic 
acid and KCis reversed phase thin layer chroma- 
tography enables it to be distinguished from SRS- 
A 


Recently SRS-A released by a calcium ionophore 
has been separated into two fractions by fluorosil 
HPLC [20]. Both fractions are eluted from the col- 
umns by polar mixtures making it unlikely that either 
fraction is ARS. However, the possibility that one 
of these fractions may be the material termed RCS- 
RF [7] remains a possibility worthy of investigation. 

In conclusion, the experiments described above 
show that slow reacting substance of anaphylaxis can 
be separated from other pharmacologically active 
substances released by anaphylaxis with high overall 
yields. Furthermore, a substance has been found in 
anaphylactic fluid, namely ARS, which releases 
arachidonic acid and its metabolites from perfused 
guinea-pig lung. This substance can be distinguished 
from anaphylactic mediators described by other 
workers, which have a similar profile of activity, on 
the basis of its physico-chemical properties. There- 
fore ARS appears to be a novel pharmacologically 
active substance released by anaphylaxis. 
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Abstract—Chelation by 3-aminopicolinic acid of Fe?*, Co** and Mn’* has been measured spectropho- 
tometrically. With Fe** or Co’*, 3-aminopicolinic acid inhibited phosphoenolpyruvate carboxykinase 
at low metal-ion concentrations. Activation was not observed. The enzyme appears not to bind 3- 
aminopicolinic acid. 3-Aminopicolinic acid protects phosphoenolpyruvate carboxykinase from inacti- 
vation by ferrous ions. Two models are suggested, which could account for activation of gluconeogenesis 
due to chelation of metal-ions by 3-aminopicolinic acid: (a) phosphoenolpyruvate carboxykinase may 
be in dynamic equilibrium between inactivation by ferrous ions and reactivation by thiol compounds; 
and (b) metal-ions may promote product-inhibition by phosphoenolpyruvate, which chelation could 


alleviate. 


Phosphoenolpyruvate (PEP)* carboxykinase [GTP: 
oxaloacetate carboxy-lyase (transphosphorylating), 
EC.4.1.1.32] is an important enzyme of gluconeo- 
genesis [1]. 3-Aminopicolinic acid (3AP) raises 
blood-glucose concentrations [2] and appears to 
activate gluconeogenesis at or near the PEP car- 
boxykinase step [3]. When PEP carboxykinase, 3AP 
and a divalent metal ion (Fe** or Mn’**) are prein- 
cubated before assay, 3AP can activate the enzyme 
[4]; this activation imitates the property of a protein, 
PEP carboxykinase ferroactivator [5, 6] which occurs 
in many tissues including liver and kidney [7]. 

I have shown recently that ferroactivator functions 
by protecting PEP carboxykinase from inactivation 
by ferrous ions during the preincubation [8], and has 
little or no influence on the catalytic properties of 
the enzyme. Ferrous ions, without preincubation, 
also activate the pure enzyme. Therefore, 3AP could 
be protecting the enzyme or changing its kinetic 
properties, or both. 


MATERIALS AND METHODS 


Substrates, nucleotides, dithiothreitol and coup- 
ling enzymes were supplied by Sigma (London) Ltd. 
or the Boehringer Corporation (London) Ltd. 3AP 
was synthesised and made available by the Wellcome 
Research Laboratories, Beckenham. Quinolinic acid 
was from Sigma, and 3-mercaptopicolinic acid was 
a gift from Dr. J. P. Larkin (Wellcome Research 
Laboratories, Berkhamsted). 

Rat-liver PEP carboxykinase was prepared and 
assayed as described previously [8,9]. Briefly, the 
enzyme was either from a crude 45-65% ammonium 
sulphate precipitate, or purified (to 1.5 or 6.7 
units/mg protein) to remove ferroactivator [10, 11]. 





* Abbreviations used: PEP, phosphoenolpyruvate; 3AP, 
3-aminopicolinic acid; Hepes, 4-(2-hydroxyethyl)-1-piper- 
azine ethanesulphonic acid. 


For routine assays at 25°, enzyme was added last to 
1 ml 0.1M imidazole—HCl buffer containing 1.5 mM 
PEP, 1.25mM IDP, 50mM NaHCOs, 5 units of 
malate dehydrogenase, 0.15mM NADH, 1mM 
dithiothreitol and 2mM MnCh (final pH 6.9-7.1); 
disappearance of NADH was measured spectro- 
photometrically at 340 nm. When testing metal-ions 
and 3AP, dithiothreitol was omitted; 3 mM MgCl. 
and other metal-ions as specified were added. PEP- 
synthesis assays at 25° [8, 12] used 1 ml of 50mM 
Hepes/NaOH, pH 7.5, containing 2 mM ITP, 1.5 mM 
oxaloacetate, 3 mM MgCh, 15 mM Naf, and other 
additions as specified. Preincubations, when per- 
formed, were at 0° and for 10 min unless otherwise 
specified; 0.1 ml of preincubation mixture was added 
to 0.9ml assay reagents (PEP-synthesis direction) 
or 50 pl to 0.95 ml (carboxylation direction). 

Binding of 3AP to Mn’*, Co** or Fe* increased 
the extinction at 340 nm. Metal salts were added to 
1 ml of 200 uM 3AP in 50 mM Hepes/NaOH buffer, 
pH 7.5, and the extinction recorded. 

Protein concentration was measured spectropho- 
tometrically by the method of Warburg and Chris- 
tian, as described in [13]. 


RESULTS 


Stabilisation of PEP carboxykinase. When PEP 
carboxykinase was preincubated with Fe** and 
inorganic phosphate, it was rapidly inactivated [8]. 
When 3AP was present (Fig. 1), it prevented inac- 
tivation very effectively. Without Fe** or phosphate, 
the enzyme lost a little activity [8]; with 3AP the 
enzyme was stable. Once inactivated by Fe** and 
phosphate (Fig. 1), 3AP could not reactivate. 

Preincubation mixtures which contained dithioth- 
reitol and ferrous ions were pink, due to metal-thiol 
complex-formation [6]; however, when 3AP was 
present, this colour was not formed. Therefore, com- 
plex-formation between 3AP and Fe** was suspected 
as a possible factor in protecting the enzyme in vitro. 
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Fig. 1. Effect of 3AP on inactivation of purified PEP 

carboxykinase by Fe** and phosphate. All preincubations 

were at 0° in 0.2 ml of 5mM Hepes/0.8 mM dithiothreitol 

buffer pH 7.5, containing 0.054 units of enzyme (1.5 u/mg), 

50 uM FeCl: and 1 mM sodium phosphate. A = no 3AP; 

@ = + 1 mM 3AP added after 7% min; O = + 1 mM 3AP, 
present throughout. 


In the presence of Mn**, or Mn** + Mg’*, 3AP did 
not protect the enzyme against heat-inactivation at 
48° (see below and Fig. 6). 

Kinetic effects on PEP carboxykinase. In the glu- 
coneogenic direction, 3AP alters the response to 
Fe** and Co** (Figs. 2A and B), but not to Mn’* 
(Fig. 2C). With Fe** and Co**, higher concentrations 
of metal-ions are needed to activate, but the optimal 
activation is not much affected. Chelation of these 
ions by 3AP would lower their effective concentra- 
tions. The apparent activation by 3AP at low con- 
centrations of Mn** is repeatable; however, its sig- 
nificance is uncertain because under these conditions 
the assay-rate increased with time [14] and 3AP may 
be decreasing this lag without increasing the final 
rate. Very similar results were given by crude enzyme 
(not shown). 

In the carboxylation direction, 3AP also shifted 
the responses to Fe** and Co** (Figs. 3A and B) 
towards higher metal concentrations, while that for 
Mn?* (Fig. 3C) was unaltered. 

Binding of 3AP to metal ions. 3-Aminopicolinic 
acid has a maximum absorbance at approximately 
320 nm (Fig. 4A). It was noticed fortuitously, when 
performing enzyme assays, that addition of Fe’*, 
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Fig. 2. Effects of 3AP on PEP-synthesis activity of PEP 

carboxykinase. A, with Fe**; B, with Co”*; C, with Mn’*. 

With purified enzyme (6.7 umg) and transition-metals as 
indicated. O without 3AP; A + 0.2 mM 3AP. 


Co** or Mn”* increased the absorbance at 340 nm. 
Figs. 4A—C show that the increase in absorbance is 
largest at or near 340 nm, and hence this wavelength 
was used for spectrophotometric titrations of 3AP 
with metal ions. Cobalt gave the largest absorbance 
change with rather tight binding (Fig. 5A); Mn** 
showed weaker binding. The titration-curve with 
Fe** was anomalous (Fig. 5A): when the concentra- 
tion of Fe** exceeded half the concentration of 3AP, 
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Fig. 3. Effects of 3AP on carboxylation activity of PEP Carboxykinase. A, with Fe**; B, with Co’*; 
C, with Mn?*. With purified enzyme (6.7 u/mg) and transition-metals as indicated. O = without 3AP; 
A + 0.2mM 3AP. 
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Fig. 4. u.v. absorption spectra of 3AP and effects of metal ions. A, with Fe**; B, with Co**; C, with 


Mn+ 


O=50mM Hepes-NaOH, pH 7.5+0.1mM metal salt; 


A = Hepes +0.2mM 3AP; 


V = Hepes + 0.2 mM 3AP + 0.1 mM metal salt (FeCl2, CoCl2 or MnCh, as appropriate). Hepes alone 
gave the same absorbance as Hepes + MnCl. 
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Fig. 5. Titration of 3AP with metal ions. A, absorbance 

vs metal-ion concentration: A = +Fe?*; @=Co**; 

O=+ Mn”. B, Scatchard plot of apparent binding of 

Mn”* to 3AP, where r represents the fractional saturation 
with Mn**. 


a further (time-dependent) increase in absorbance 
began. The Fe"~(3AP) complex may be readily 
oxidisable to Fe''-(3AP), while Fe!'"-(3AP)2 would 
appear to be stable. If FeCl: was diluted into the 
cuvette 5-10min before adding 3AP, the extra 
absorbance was only formed after adding the 3AP, 
and therefore Fe’*(H2O). was oxidised more slowly 
than Fe'!-(3AP). 

With Co** (Fig. 5A) the extrapolated end-point 
of the titration is at 60 wM CoCl2, which is nearest 
to three 3AP molecules complexing to each Co** 
ion. The linearity up to at least half-saturation sug- 
gests that each 3AP molecule in the complex has its 
u.v. absorbance altered identically. The cumulative 
dissociation-constant for all three molecules 
(K2 X K2 x K3) is roughly 2700 (uM)*. If each dis- 
sociation-constant was equal, their value would be 
14 uM. Alternatively, if the first two bound very 
much more strongly than the third, the value of Ks 
would be approximately 17 uM. 

With Mn?*, a Scatchard binding plot is shown in 
Fig. 5B. It is assumed that three-3AP molecules bind 
per Mn’*, each giving an equal absorbance change. 
The linearity of the plot indicates that, if these 
assumptions are justified, the 3AP molecules each 
have equal affinity for Mn’*; the slope gives a dis- 
sociation-constant of 85 uM. 

Binding of 3AP to enzyme. Quinolinate and 3- 
mercaptopicolinate are inhibitors of PEP carboxy- 
kinase, and they compete for PEP in the carboxy- 
lation reaction [9]. Their structural similarity with 
3AP suggests that 3AP might also alter the affinity 
of the enzyme for either of these inhibitors, or for 
PEP itself. Therefore K» for PEP was determined 
with 3AP present, and Ki for quinolinate and for 3- 
mercaptopicolinate (Table 1). There is no clear effect 
of 3AP on any parameter. Results must be inter- 
preted with caution; the concentrations of free metal- 
ions, and of their various complexes, are not the 
same in each experiment, although optimal metal- 
ion concentrations were used. 

The rate of heat-inactivation [15] at 48° was slightly 
increased by 0.8 mM 3AP (Fig. 6); this can be attri- 
buted to chelation of Mn”* (25 uM total) rather than 
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Table 1. Kinetic constants for PEP carboxykinase: effects of 3AP* 





Km (PEP) (uM) 


Km (uM ) 








Inhibitor Metal-ion 


No 3AP 


+ 3AP No 3AP + 3AP 





Mn-~ 


3-Mercaptopicolinate n 
Fe** 


Quinolate 


240 
140-385 


185 18 
250 





* Determined as described previously [9], with purified rat-liver enzyme (specific activity 
6.7 u/mg). Quinolinate, 1 mM; 3-mercaptopicolinate , 50 4M; Mn7* , 100 uM; Fe?* , 50 4M without 


3AP and 100 uM with 3AP. 
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Fig. 6. Effect of 3AP on thermal inactivation of PEP 
carboxykinase at 48°. Enzyme (0.053 units of dialysed 45- 
65% ammonium sulphate fraction) was incubated at 48° in 
50mM Hepes-NaOH buffer pH 7.5, and 50 ul samples 
were withdrawn for normal carboxylation assay. Circles, 
+ 254M MnCh only; triangles, 25 4M MnCh + 3mM 
MgCl. Filled symbols, without 3AP; open symbols, + 0.8 
mM 3AP. 


to enzyme-binding by 3AP, since Mn”* stabilised the 
enzyme under these conditions [15]. 


DISCUSSION 


Chelation of metal ions by 3AP. Binding of 3AP 
by Co**, Fe’* and Mn** is sufficiently strong to 
decrease the concentrations of the free ions in vivo. 
Furthermore, low concentrations of 3AP might cata- 
lyse the oxidation of Fe**. The concentrations in 
vivo of transition-metals are likely to be below 
optimal for PEP carboxykinase in normal liver: 
cytosolic Mn is 1.8 uM [5] and total cytosolic Fe is 
quoted as 185 uM [5], of which only a small pro- 
portion is likely to be Fe**; cobalt, at 0.07 p.p.m. 
in liver (see [15]) would be 1.2 uM if evenly distri- 
buted throughout the tissue. 

The binding of Mn** by 3AP was studied by 
MacDonald and Lardy [4], using electron paramag- 
netic resonance of Mn**. Their method complements 
that used here; they measured a change of the 
environment of Mn’*, while I measured a change in 
that of 3AP. Assumptions about stoichiometry were 
necessary in each case, but both methods yielded 


dissociation constants for 3AP of roughly 10~*M. 
The binding of 3AP to Mn* is clearly weaker than 
to Co** or Fe’*, and the effect on the enzyme activity 
is very much weaker. 

Since quinolinate and 3-mercaptopicolinate are 
well-characterised reversible inhibitors of PEP car- 
boxykinase, it was expected that 3AP would also 
bind to the enzyme. However, the experiments 
reported here do not support this idea: affinities for 
PEP, quinolinate and mercaptopicolinate are 
scarcely affected by 3AP; and 3AP does not protect 
the enzyme against heat-inactivation, but only 
against Fe**—induced inactivation. MacDonald and 
Lardy also reported that 3AP does not affect the Km 
for oxaloacetate [4], and have listed references to 
other iron-chelating agents which are hypergly- 
caemic or hypoglycaemic [17]. Iron-chelating agents 
which do not bind to PEP carboxykinase may be 
hyperglycaemic, while those that can bind to this 
enzyme may also inhibit it, neutralising or reversing 
the hyperglycaemic effect. Two models are suggested 
which may account for the activation of gluconeo- 
genesis mediated by lowering the concentrations of 
free transition-metal ions by chelation. One involves 
inactivation of PEP carboxykinase by ferrous ions, 
and the other involves product-inhibition by PEP. 

Protection of PEP carboxykinase from inactiva- 
tion. Ferrous ions inactivate PEP carboxykinase at 
0°, and 3AP effectively protects the enzyme. When 
3AP is added to partly-inactivated enzyme it is not 
reactivated, in accordance with a previous report 
[4]; oxidation of thiol groups in the enzyme is cata- 
lysed by Fe** [18]. Protection of existing enzyme, 
so that the rate of degradation was less than the rate 
of synthesis, would allow more enzyme to accumu- 
late. However this effect would be slow, as the half- 
life of the enzyme in rat-liver is normally about 6 hr 
[15], and yet 3AP begins to raise blood glucose within 
10 min [3]. 

Alternatively, PEP carboxykinase may always be 
in a partly inactivated state in vivo due to a dynamic 
equilibrium between inactivation by 02 and Fe** , and 
reactivation by thiols such as reduced glutathione or 
reduced thioredoxin [8]. Reactivation could be 
allowed to predominate if 3AP effectively lowered 
the concentration of Fe?*, probably by chelation. 
Quinolinate, although an inhibitor of PEP carboxy- 
kinase and of gluconeogenesis, gives a rapid increase 
in the assayable activity of the enzyme [19] after liver 
perfusion and can also chelate Fe’. Dithiothreitol 
prevents inactivation but does not activate the 
enzyme in supernatant fractions from rat livers [14]; 
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thiol compounds restore the activity of sub-active 
purified chicken-liver enzyme [20]. 

Possible kinetic effects of 3AP on PEP carboxy- 
kinase. The only kinetic effect shown here of 3AP 
on the activity of PEP carboxykinase is inhibition at 
low concentrations of Fe? and Co**. However, the 
concentrations of substrates, products and activators 
in liver cytoplasm are different from those used in 
assays in vitro. 

The K; for PEP has been estimated kinetically to 
be 40 uM with Mn” as activator [21], which is lower 
than Km when PEP is substrate; magnetic resonance 
gave evidence that the liver mitochondrial enzymes 
from pig [22] and the chicken [20], and the sheep 
kidney mitochondrial enzyme [23] bind PEP through 
a bridge with Mn**. The importance of a transition- 
metal for PEP-binding is also suggested by the lack 
of activity, with Mg’* alone, in carboxylating PEP; 
oxaloacetate is readily decarboxylated with Mg** 
alone. Since the concentrations of oxaloacetate, 
GDP and GTP are low in vivo, product-inhibition 
by PEP might be appreciable provided that divalent 
transition-metal ions were present to enable it to 
bind. A chelating agent such as 3AP, by reducing 
the concentration of transition-metal ions, could 
reduce PEP-binding and hence allow activation in 
the gluconeogenic direction. This needs to be exam- 
ined by direct kinetic studies at near-physiological 
concentrations of metabolites. 
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Abstract—Mitochondria reduce diazenedicarboxylic acid bis(dimethylamide) (diamide) and the cor- 
responding bis(N’-methylpiperazide) (DIP) but not the bis(N’-methyl iodide) salt (DIP**). Without 
added substrates, DIP, but not diamide or DIP**, depletes mitochondrial glutathione. The depletion 
is less in the presence of some Krebs acids, especially succinate, and these acids proportionately increase 
the rate of DIP reduction. The reduction is inhibited by antimycin, thiol reagents and uncouplers. The 
results suggest that DIP’* is impermeable, but that DIP enters mitochondria chiefly as a cation and at 


a more rapid rate than diamide. 


Diazenes were introduced as oxidants for intracellu- 
lar GSH [1].* One of them, diamide, has previously 
been shown to be reduced by rat liver mitochondria 
and evidence given that mitochondrial GSH, itself 
regenerated via NADPH? and glutathione reductase, 
is the immediate reductant [2]. The entry of diamide 
into mitochondria is slow and may be mediated by 
carriers of Krebs cycle intermediates [2]. As a result, 
there is very little depletion of mitochondrial GSH 
unless its regeneration from GSSG is also inhibited. 
These observations suggested that a comparison of 
the behaviour of diamide with that of other diazenes 
might yield more information about the mechanism 
of the reduction. 

In this paper, the properties of two other diazenes 
(RCON:NCOR), diazenedicarboxylic acid bis(N- 


, 
methylpiperazide) (DIP) (R, MeN N—) and its 

oa 
bis(N’-methyl iodide) salt (DIP**) (R, Mex N—) 


are compared with those of diamide (R, Mex2N—). 


MATERIALS AND METHODS 


DIP and DIP** were synthesized from diethyla- 
zodicarboxylate (Aldrich Chemical Co. Ltd., Gil- 
lingham, U.K.) as previously described [3]. The 
source of other reagents, the preparation of mito- 
chondria, conditions of incubation, composition of 
the suspension medium and assays for GSH and 
protein have been previously described [2]. Mito- 
chondrial pellets, sedimented from the suspension 
medium in an Eppendorf centrifuge, and the 
decanted supernatants were separately acidified with 
perchloric acid (final concentration, 2.4%) and used, 
respectively, for assays of GSH and diazene. 

Diazene assays. DIP and DIP** and diamide lose 
their absorption at 310 nm when reduced with GSH. 
From the fall after adding a known amount of GSH, 
e is 2.6+0.2 x 10° le. mol~'.cm™! for the three 
diazenes. Using these values, their concentrations 





* GSH, reduced GSSG, oxidised 


glutathione. 


glutathione; 


B.P. 29/3-—¢ 


were determined from measurements of absorption 
at 310 nm of acidified supernatants before and after 
incubation with mitochondria. DIP was dispensed 
from a concentrated solution in ethanol. DIP?* is 
insoluble in ethanol. It rapidly hydrolyses in neutral 
aqueous medium but is stable at low pH for several 
hours. A neutral solution was therefore made up 
immediately before use and the solution acidified 
within 8 min when hydrolysis did not exceed 5%. 


RESULTS 


The rates of reduction of three diazenes, diamide, 
DIP and DIP**, each added at the same initial con- 
centration (0.35 mM) to a suspension of rat liver 
mitochondria have been compared (Fig. 1A). In the 
absence of other added substrates, diamide is lost 
much more rapidly than DIP, and DIP** is not sig- 
nificantly depleted after 5min at 30°. Measure- 
ments of the concentration of mitochondrial GSH 
at intervals during the reductions (Fig. 2) show that 
the concentration remains unaffected by DIP**. As 
previously observed [2], it remains high with diamide 
after a small initial fall. In the presence of DIP, 
however, there is a substantial and sustained fall in 
the GSH concentration. The rate of reduction of 
diamide has been shown to be little affected by 
adding Krebs acids to supplement endogenous 
reductants. These acids do not induce any reduction 
of DIP?*, but some of them substantially increase 
the amount of DIP reduced after a short incubation 
(Table 1). Pyruvate, oxaloacetate and oxoglutarate 
are ineffective and succinate is much more effective 
than the other acids used. In the presence of suc- 
cinate the rate of reduction of DIP becomes much 
faster (about twice as fast) than the rate of reduction 
of diamide (cf. Figs. 1 and 2), thus reversing the 
order found without added substrates. When the 
initial concentration of DIP is lowered in the pres- 
ence of succinate, no change in the rate of reduction 
is observed down to an initial concentration of 
0.08 mM (the limits of sensitivity); this compares 
with the behaviour of diamide which shows a K» of 
0.075 mM [2]. Values for mitochondrial GSH in the 
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Fig. 1. Time course of reduction of diamide (0), DIP (O) and DIP?* (A) by mitochondria (A) and 

corresponding GSH concentration (B). Mitochondria (0.1 ml; ~4 mg protein) were added to the diazene 

(0.35 mM) in buffer medium (1.3 ml), the solutions incubated at 30° and centrifuged at the times 
indicated. 


Table 1. Mitochondrial reduction of DIP and the corre- 
sponding GSH concentration after incubation with Krebs 
acids (2.5 mM) 





Krebs acid Fall in DIP GSH 





Nil 100 

Pyruvate 127 + 10 
Oxaloacetate 35 + 35 
Citrate 200 + 25 
Isocitrate 170 + 40 
a-Oxoglutarate 100 + 25 
Succinate 400 + 30 
Malate 185 + 50 
3-Hydroxybutyrate 170 + 30 


58 + 20 





Conditions are as for Fig. 2. Incubation was for 5 min. 
GSH is given as a percentage of the value before incubation 
and DIP as a percentage of the fall obtained without added 
Krebs acid. Values are the means of two assays. 


Ya 4 —0 
g 8 
ae 





DIP REDUCED (n moles) 


r r 
1 2 3 
INCUBATION TIME (MIN) 





presence of DIP and Krebs acids show that acids 
increasing the rate of reduction of DIP also raise the 
concentration of GSH above the value found with 
the control. Under these conditions, however, there 
is no clear correlation between the two parameters. 
Thus, malate, which is much less effective than suc- 
cinate in increasing the reduction of DIP, raises the 
GSH level by the same amount. The reason for these 
discrepancies is not clear. However, a close corre- 
lation is found in the time courses of DIP reduction 
and GSH concentration in the presence of succinate 
or isocitrate (Fig. 2). Thus the rate with isocitrate 
falls off as the GSH concentration falls, while the 
rate with succinate remains linear and the GSH 
concentration is largely maintained. 

The effect of some inhibitors on DIP reduction in 
the presence of succinate has been studied (Table 
2). As with diamide reduction, the amount of reduc- 
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Fig. 2. Reduction of DIP (A) and the corresponding GSH concentration (B) in the presence of nil 

(C4), isocitrate (A) or succinate (O). Conditions were as for Fig. 1. Mitochondria were preincubated 

with the Krebs acid (2.5 mM) for 2 min before adding DIP. The control value (17.5 nmole) was obtained 
by sedimenting at once and without adding DIP. 
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Table 2. Effect of inhibitors on the reduction of DIP and GSH concentration with or 
without succinate (2.5 mM) 





Inhibitor 


Fall in DIP GSH concentration 





Nil 

N-ethylmaleimide (0.125 mM) 
p-hydroxymercuribenzoate (0.15 mM) 
Potassium cyanide (0.25 mM) 
Antimycin (1.3 uM) 

Rotenone (2.0 4M) 

FCCP (0.35 uM) 

FCCP less succinate 


100 82 +6 
20 + 11 38 +6 
+22 38 + 10 
97 +5 90 +5 
20 + 10 49 + 10 
77+8 91+5 
17+17 65 + 13 
1$.+5 30 + 10 





Mitochondria are preincubated for 2 min with inhibitor before adding DIP, then 
reincubated for 5 min. DIP reduction rate with succinate only is taken as 100%. GSH 
is given as a percentage of the value found before incubation. 


tion of DIP in the presence of succinate is little 
affected by cyanide or rotenone, but is inhibited by 
antimycin. Thiol reagents (N-ethylmaleimide and p- 
hydroxymercuribenzoate) are also effective inhibi- 
tors. In all these cases, inhibition is accompanied by 
a corresponding decrease in the mitochondrial GSH 
concentration. DIP reduction is also inhibited by 
uncouplers. The rate falls to about the same basal 
value with or without Krebs acids present and the 
inhibition is thus most marked with succinate. How- 
ever, as previously found with diamide, the con- 
centration of GSH is not much affected by 
the uncoupler, carbonylcyanide-p-trifluormethoxy- 
phenyl hydrazone (FCCP) in the presence of 
succinate. 


DISCUSSION 


The finding that DIP?*, which react readily in vitro 
with GSH, is not reduced by mitochondria nor able 
to deplete mitochondrial GSH shows that this sub- 
stance, despite the favourable membrane potential 
of coupled mitochondria, cannot penetrate into the 
matrix. Presumably this is because DIP**, an 
ethanol-insoluble dication, is insoluble in the mem- 
brane lipids. This substance has previously been 
found to be unable to penetrate into erythrocytes 
[4] and cultured chinese hamster cells [5]. In con- 
trast, DIP readily does so and it also probably pen- 
etrates into mitochondria more rapidly than diamide 
in conformity with the presence of lipophilic groups 
in its structure. Thus, unlike diamide, its rate of 
entry is fast enough to overwhelm the GSH regen- 
eration system and so deplete mitochondrial GSH 
unless an exogenous reductant is also added. The 
low rate of reduction of DIP, observed after an initial 
spurt, is attributed to toxic effects (e.g. on the GSH 
regeneration system) due to the accumulation of DIP 
within the matrix. This explanation is supported by 
considering the big increase in the reduction rate of 
DIP, but not of diamide, obtained when the reducing 
capacity of the mitochondria are supplemented with 
some exogenous Krebs acids, especially succinate. 
The rate then considerably exceeds that obtained 
with diamide. The corresponding elevation by these 
Krebs acids of the concentration of GSH is evidence 
that the reduction of DIP, like that of diamide, is 
mediated through GSH and that in uninhibited 
mitochondria the rate of reduction is roughly pro- 
portional to its concentration. The inability of pyru- 


vate and a-oxoglutarate to increase the rate of DIP 
reduction or to elevate the GSH concentration may 
be due in part to preferential oxidation by DIP of 
the SH group of coenzyme A required for their 
dehydrogenation. These acids and oxaloacetate were 
previously found to be unable to reduce GSSG in 
lysed mitochondria or in intact mitochondria when 
formed by incubation with tert-butylhydroperoxide 
[6]. An inhibition of oxygen uptake from pyruvate 
and a-oxoglutarate in the presence of diamide or 
butylhydroperoxide has also been reported recently 
7]. 
ited isocitrate can form NADPH required 
for the reduction of GSSG directly, it is less effective 
than succinate in supporting DIP reduction. NADPH 
formation from succinate involves reversed electron 
transport, which is known to be a rapid process, and 
this may explain the sensitivity of the reaction to 
antimycin, though the poor inhibition by rotenone 
is an anomaly. The effect of other inhibitors on DIP 
reduction in the presence of succinate is similar to 
their effect on diamide reduction. In particular, the 
severe inhibition obtained with FCCP can be attri- 
buted to a requirement for ATP equivalents for 
energy-dependent transhydrogenation. In the pres- 
ence of succinate, FCCP does not much deplete 
mitochondrial GSH, showing that penetration of 
DIP is restricted in the uncoupled state. It has been 
proposed that diamide has to be protonated before 
it can traverse the mitochondrial membrane and a 
similar requirement may also apply to DIP. 
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Abstract—The effects of p-chloroamphetamine and fenfluramine on protein synthesis in newborn rats 
was studied. Proteins from brain and limb muscles were analyzed by acrylamide SDS gel electrophoresis. 
Several major proteins detected by this procedure showed a reduced synthesis, induced by the drugs. 
The most noted effect was in a 34,000 dalton (34K)polypeptide that is more abundant in muscle than 
in brain. This polypeptide, as well as the adjacent 32,000 dalton (32K) polypeptide, is probably plasma 
membrane associated. However the synthesis of only one of these two polypeptides is affected by the 
halogenated amphetamines. Tropomyosin is similar in size to the 34K polypeptide, therefore a possible 
identity between these two proteins was investigated. A small difference in size, and a distinct pattern 
of the peptides resulting from these proteins, by partial digestion, excluded such identity. Additionally, 
an effect of a single dose of those drugs on the development of the newborn rats was noted. A dose 
of 10-20 mg/kg p-chloroamphetamine or fenfluramine cause a significant retardation in weight gain 
within three days after the treatment. Treated animals are unable to overcome this induced difference 
in weight even during the following four weeks. The possibility of similar effects in humans is discussed. 


d-Amphetamine sulfate and related compounds such 
as p-chloroamphetamine (PCA) or fenfluramine 
(Fen) have a wide range of effects on the central 
nervous system. The response is exhibited in 
heightened locomotor activity, catecholamine 
release, hypo- or hyperthermia and appetite depres- 
sion [1-4]. The halogenated derivatives also cause 
serotonine depletion [5,6]. Recent studies have 
demonstrated the effect of amphetamines on the 
disaggregation of brain polysomes [7]. The use of 
cell-free systems revealed their action as inhibiting 
the initiation of protein synthesis [8]. Additionally, 
with the utilization of the wheat germ cell-free sys- 
tem, it was possible to show a selective effect on 
viral RNA translation [9]. 

Recently we have demonstrated that d-ampheta- 
mine sulfate and its halogenated derivatives, PCA 
and Fen, inhibit specifically the synthesis of certain 
proteins in cultured myotubes [10]. Since this selec- 
tive effect was shown only in cell-free systems and 
tissue cultures, we undertook this study to determine 
whether such a selective effect exists in vivo. In order 
to label proteins of drug-treated animals to a high 
extent with a radioactive amino acid, we used new- 
born rats. The newborns have a small body weight 
and a high rate of protein synthesis. Thus it is possible 
to obtain in them proteins labeled to a high specific 
activity. The highly labeled proteins are essential for 
the detection of differences in the rate of synthesis. 
However, the disadvantage of newborn rats is their 
low sensitivity to the neurotoxic effects of the hal- 
ogenated amphetamines. While a single dose of 
7.5 mg/kg or more of PCA or Fen causes a long 
lasting serotonin depletion in adult rats, newborns 
recover within two weeks [11, 12]. Therefore, the 
effects of halogenated amphetamines exhibited in 
newborn rats are of a limited extent. Despite this 
limitation, the newborn rats demonstrate behav- 
ioural symptoms similar to adults immediately upon 
injection of the drugs. 


In this study we show that Fen and PCA affect 
synthesis of some proteins in the limb muscle of 
newborn rats similar to the effect observed in cul- 
tured muscle cells. Brain proteins show a more lim- 
ited effect. Since the most affected protein was a 
34,000 polypeptide, we have examined a possible 
identity between actomyosin and this polypeptide, 
as suggested in a previous study [10]. Additionally, 
the long lasting effects of these drugs on weight gain 
in developing rats was studied. 


MATERIALS AND METHODS 


Newborn rats and mothers were Sprague-Dawley, 
Fischer and Sabra strains from the Weizmann Insti- 
tute breeding center. Myotubes from chick chest 
muscle were prepared from 11—12 days embryos. p- 
Chloroamphetamine was from Sigma. Fenfluramine 
came from Avik, Israel. [**S]-L-Methionine (750- 
1200 Ci/mM) was purchased from the Radiochemical 
Center, Amersham. Staphylococcus aureus protease 
was from Miles. Gradient acrylamide SDS gels were 
prepared according to Laemmli [13] with the modi- 
fication described [10]. Autoradiography and the 
absorbancy scans of the autoradiograms were per- 
formed as described [10]. Actomyosin complex was 
isolated from rat muscle and chick cultured myotubes 
by the method of Carmon etal. [14]. Peptide mapping 
experiments were performed according to the 
method of Cleveland et al. [15]. 


RESULTS 


Newborn rats (immediately after birth, up to 6 hr 
later) were injected through the tail with 0-20 mg/kg 
PCA or Fen. Two or three animals from one litter 
were injected with each of the selected drug con- 
centrations. The animals were kept with the mother 
for an additional 12 hr. One hour before killing, each 
of the animals selected for the labeling experiment 
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was injected with 250-500 «Ci of *S-methionine (5- 
8 wCi/pl). The brain and limb muscles were removed 
and homogenized with the aid of an ‘Ultra Turrax’ 
homogenizer in 0.5 ml phosphate buffered saline 
(PBS). 100 microlitre samples of the homogenate 
were immediately mixed with 2 vol. of 62 mM Tris— 
HCl, ph 6.8, containing 5% 2-mercaptoethanol 3% 
sodium lauryl-sulfate (SDS) and 0.01% bromo- 
phenol blue (sample buffer) and boiled for 10 min. 
The organs from each animal were treated sep- 
arately. For sub-cellular fractionation, the hom- 
ogenate was centrifuged at 1000 g (10 min) to remove 
unbroken cells and tissue pieces, then it was further 
centrifuged at 10,000 g (10 min) to remove nuclei 
and mitochondria. Finally the 10,000 g supernatant 
was centrifuged at 100,000 g (60 min) to recover the 
membranous and particulate fraction which was des- 
ignated particulate fraction. The 100,000 g pellet was 
suspended in 150 ul sample buffer and the super- 
natant was mixed with 2 vol. of the same buffer and 
boiled. The incorporation of *S-L-methionine into 
these fractions was determined as hot trichloroacetic 
acid (TCA) insoluble radioactivity. 

Protein quantitation was performed on samples 
without detergent by the differential absorbancy 
method measurement at 228.5 nm and 234.5 nm [16]. 

The specific activity of *S-L-methionine incorpor- 
ated in vivo was 3-5 X 10° cpm/mg protein in brain 
extracts and 2-4 x 10° cpm/mg protein in muscle 
extracts. The specific activity of *S-methionine 
incorporation into proteins from drug treated ani- 
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mals was not reduced as compared to control 
animals. 

Figure 1 shows an autoradiogram of total proteins 
solubilized from brain and limb muscle of newborn 
rats labeled for 1 hr with 250 wCi *S-methionine. 
The first slot in both groups presents the proteins 
from control animal, while the others are from 
animals treated with increasing concentration of Fen 
as indicated. The last slot presents the labeled pro- 
teins from cultured chick embryo myotubes. 

The amount of radioactivity incorporated into cer- 
tain polypeptides may vary among the various ani- 
mals used for experimentation. However, such dif- 
ferences are difficult to attribute to drug effect, since 
they might be just an artifact of the varying amounts 
of radioactive amino acid injected. To overcome this 
difficulty, we have compared the ratio of radioactiv- 
ity in the various polypeptides from the same animal. 

To determine whether the synthesis of certain 
proteins was affected to a greater extent than others 
by the administration of Fen or PCA, the autora- 
diograms of the gels were scanned at 560 nm (Fig. 
2). By this procedure, a graphic demonstration of 
the amount of radioactivity in each polypeptide band 
is obtained, assuming a linear relationship between 
the amount of radioactivity and the darkening of the 
photographic film. The most abundant proteins— 
actin, tubulin and myosin—may incorporate large 
amounts of **S-methionine and thus darken the pho- 
tographic film to its full capacity. Therefore in such 
case the linear relationship between the amount of 
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Fig. i. An autoradiogram of newborn rats proteins labeled in vivo with *S-methionine. The first slot 

from left shows chick myotubes proteins followed by three samples of muscle extract and three from 

brain of Fen treated animals. The concentration of the drug in mg/kg is indicated under each run of 
the gel. 
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Fig. 2. A 560 nm absorbancy scan of autoradiograms of 
acrylamide gradient SDS gel, on which *S-methionine 
labeled proteins were separated by electrophoresis. The 
lines from top represent the radioactive amino acid incor- 
porated into control animal limb muscle, treated with 
5 mg/kg Fen and treated with 10 mg/kg Actin and tubulin 
serve as internal markers. The 34 and 32K polypeptides 
are indicated by arrows. Note the relative reduction in the 
34K as compared to the 32K. Such a comparison is unaf- 
fected by total amount of radioactivity applied to each gel 
run. 


radioactivity and dark grains in the photographic 
emulsion will not exist any more. Since we compare 
proteins other than those most abundant, we can 
consider the smaller peaks as in the linear range of 
response. From both Figs. 1 and 2 it is apparent that 
the synthesis of the 34,000 dalton (34K) polypeptide 
extracted from newborn rat limb muscle is affected 
more than any other major protein. The adjacent 
32,000 dalton (32K) polypeptide which is least 
affected serves as reference to this decline. In the 
brain extract such an effect can be noted, but it is 
less obvious (Fig. 1). Since the quantity of radio- 
activity in the 32 and 34 K bands in the brain extract 
was small relative to the other major proteins and 
to the amount found in muscle extract, the scanning 
of such an autoradiogram at 560 nm did not clarify 
the pattern and thus those results are not shown. An 
additional advantage to the use of the total hom- 
ogenate is to avoid the possibility of selective loss 
of certain fractions irom the tissue homogenate and 
creation of artifacts. However since the 34K poly- 
peptide is probably plasma membrane associated, 
purified fractions of this membranous structure may 
help to establish the biological role of this protein. 
Since the 34K was the most susceptible polypeptide 
in limb muscles as well as in myotube cultures, we 
used tissue cultures to examine a possible identity 
between this polypeptide and tropomyosin, a pos- 
sibility that was suggested in a previous work [10]. 
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Fig. 3. This figure shows an autoradiogram of §-meth- 
ionine labeled proteins from chick embryo cultured 
myotubes separated by gel electrophoresis. Total hom- 
ogenate (a). The proteins of the actomyosin complex (b). 
The difference in mobility between the 34K polypeptide 
from the total homogenate and the enriched band of ‘tro- 
pomyosin’ is apparent, and is estimated as 1500 dalton. 
The band of the 34K was completely missing from the 
actomyosin complex. CarMV RNA in vitro translated prod- 
ucts of 77,000, 38,000 and 30,000 with myosin heavy chain 
200,000, tubulin 55,000 and actin 44,000 served as mol- 
ecular weight markers. 


For this purpose, four day old cultures were labeled 
with *S-methionine 8 wCi/ml for 4 hr. A sample of 
the labeled cells was disrupted without any subcel- 
lular fractionation, while the bulk of the cells were 
used for separation of the actomyosin complex by 
the method of Carmon et al. [14]. The myotubes 
total homogenate and the actomyosin complex were 
further analysed by SDS acrylamide gel electropho- 
resis. The results of such a fractionation are dem- 
onstrated in Fig. 3. The 34K polypeptide is missing 
from the actomyosin complex, while the calculated 
mol. wt of the enriched band, assumed to be the 
tropomyosin, is 35,500 daltons. The 1500 dalton dif- 
ference in mol. wt between those two bands is 
apparent from the autoradiogram presented; this 
difference was reproduced in several experiments. 
Furthermore, since the difference in size is small, 
another experimental approach was used for com- 
paring these two proteins. The corresponding bands, 
as determined by stained gels and autoradiography, 
were excised from the dried gel and partially digested 
by S. aureus protease according to Cleveland er al. 
[15]. The resulting peptides were resolved by gel 
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Fig. 4. Peptide mapping of the 34K polypeptide and ‘tro- 

pomyosin’ 36K. The corresponding bands with actin and 

tubulin as markers were partially digested by S. aureus 

protease and separated by electrophoresis on 15-20% 

acrylamide gradient SDS gel. The autoradiogram of the 

*§-methionine resulting from A—actin, 34 K polypeptide, 
36 K polypeptide and T—tubulin is shown. 


electrophoresis and compared to each other (Fig. 4). 
Partial proteolytic digest yielded a different peptide 
profile for these two proteins, supporting the obser- 
vation based on size determination that these are 
two different and distinct proteins. 

Since only a few animals from each litter were 
used for the labeling of their proteins with *S-meth- 
ionine, the rest of each litter was kept with the 
mother for an additional four weeks to trace the long 
lasting effects of the drugs. During this period the 
animals were weighed daily for the first 10 days and 
then once every three days. The administration of 
high doses of PCA or Fen caused the treated new- 
born rats to gain significantly less weight than the 
controls or those treated with low doses of the drugs 
(Fig. 5). The difference in weight can be noticed 
within 48 hr after injection of the drug. Moreover 
the newborns which received 20 mg/kg Fen showed 
a significantly smaller weight even four weeks after 
the single injection (Fig. 5), although full recovery 
in serotonin level was reported by that time [12]. 
The results presented in Fig. 5 are based on one 
litter; additionally, three other experiments showed 
precisely the same weight gain pattern. To determine 
the significance of the effect of drugs on retardation 
of weight gain, a statistical analysis of variance was 
performed. This analysis showed the differences in 
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Fig. 5. This figure demonstrates the long-lasting effect of 
Fen on weight gain by newborn rats. Newborn rats were 
given a single injection of Fen—2.5, 5, 10 and 20 mg/kg. 
The control animals were injected with equal volume of 
phosphate buffered saline. @——@ control; A A 
10 mg/kg; B——@ 20 mg/kg. Note the equal initial weight. 


weight to be significant with P< 0.0001. A single 
injection of 2.5 or 5.0 mg/kg of the drug did not 
result in detectable differences in weight; however 
10 or 20 mg/kg had an observable effect within the 
first week following injection from which the animals 
were unable to recover during the following three 
weeks. 

Special attention was given to the initial size of 
the animals compared, since large differences in the 
birth weight obscure the drugs’ effect during later 
periods. 


DISCUSSION 


p-Chloroamphetamine and _ fenfluramine are 
known as appetite depressants to cause long lasting 
neurotoxic effects and to disaggregate polysomes in 
rat brain [7, 11, 12]. In addition, these drugs were 
shown recently to cause selective inhibition of pro- 
tein synthesis in cultured muscle cells [10]. Therefore 
it was of interest to learn whether this selective 
inhibition occurs only in cultured cells or if it is a 
general phenomenon occuring in vivo. However, a 
major difficulty encountered in such an in vivo study 
is the small amount of radioactive amino acid incor- 
porated into the proteins of the organs of treated 
animals. Moreover, to detect minute differences 
caused by a drug-reduced rate of protein synthesis, 
a high specific-activity radioactive label is essential. 
*§-Methionine provides a radioactive amino acid of 
very high specific activity and additionally it has 
limited pools in several tissues, including brain [17]. 
Therefore this radioactive amino acid can yield 
highly labeled proteins in vivo; in fully grown rats 
(even in young adults) the rate of protein synthesis 
is low as compared to embryonic tissues or newborns. 
Additionally, the size of such animals will result in 
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a dilution factor of 20-50 fold greater than in new- 
borns. Thus to achieve high specific labeling of pro- 
teins with a radioactive amino acid, very large quan- 
tities would be required, which makes such 
experimentation impractical. To overcome these 
difficulties, newborn rats were utilized, although 
PCA or Fen cause only limited neurotoxic effects in 
them [12]. The high specific labeling of proteins 
obtained by a short pulse of *S-methionine given to 
these animals enabled us to detect differences in 
protein synthesis in vivo. 

From the data on cultured cells it was anticipated 
that cellular proteins such as actin and tubulin would 
not be affected by the halogenated amphetamines. 
However, since the method employed for resolving 
cellular proteins in an unfractionated homogenate 
is not sensitive enough to trace proteins that comprise 
less than 0.1% of the tissue proteins, only differences 
in major proteins could be detected. A priori, this 
means that differences in rates of enzymes syn- 
thesized will not be detected by this procedure. 

Nevertheless, the procedure of autoradiography 
of SDS acrylamide gels was sufficiently sensitive to 
show a reduced rate of synthesis of a membrane 
associated protein, the 34K polypeptide (S. Paglin, 
Ph.D. thesis and personal communication). The con- 
tent of this polypeptide in brain extract is probably 
smaller than in muscle, therefore the results obtained 
by electrophoretic separation of brain extract did 
not show the same clear reduction as was observed 
in the limb muscle extracts. Reduced radioactivity 
in the 34K polypeptide as compared to adjacent 32K 
polypeptide was noticed in some of the brain 
extracts. Since the relative quantity of these two 
polypeptides is smaller in brain, their appearance on 
the autoradiogram was sometimes blurred. Attempts 
to enrich this fraction by centrifugation and removal 
of other subcellular components did not improve 
resolution. Therefore the fractionation approach was 
not pursued. A possibility exists that the drug treat- 
ment may alter membranous structures in the cells 
and thus fractionation may yield different quantities 
of a particular structure in drug treated animals. To 
avoid such a possible artifact, total homogenates 
were resolved. The most sensitive polypeptide, the 
34K, is similar in size to tropomyosin; thus we have 
examined a possible identity. However, size esti- 
mation by gel electrophoresis and peptide mapping 
indicated that these are two different and distinct 
proteins. One of the above-mentioned drugs (Fen) 
is widely used as an appetite supressant [4, 18] and 
commonly given to hyperactive children. Therefore 
it was of interest to examine whether Fen affects 
protein synthesis in vivo. The selective effect on the 
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synthesis of some major proteins may just be an 
indication to similar effects on some enzymes, thus 
further studies will be required to elucidate this 
point. The long-lasting retardation in weight induced 
in animals treated once with a high dose of the drug 
may as well result from repeated small doses [12]. 
Thus this observation indicates possible damage 
caused by the use of Fen and indicates the necessity 
of a new evaluation of its broad use. 
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Abstract—It was previously shown that liver microsomes from phenobarbital pretreated rats can convert 
2-nitropropane to acetone and nitrate in the presence of NADPH and dioxygen. The investigation was 
now extended to the compounds phenylnitromethane, w-nitrostyrene, nitrocyclohexane and nitrome- 
thane, which were also denitrificated but with weaker specific activities than 2-nitropropane. Untreated 
rats and 3-methylcholanthrene induced animals yielded microsomes with even lower activities. The 
observation that addition of nitromethane to an oxidized rat liver microsomal suspension did not result 
in a substrate binding difference spectrum like the other nitro compounds, but gave rise to a peak at 
437 nm, was unexpected. With the aid of e.p.r.-spectroscopy, this was interpreted as the formation of 
a cytochrome P450-NO complex. Parallel to this complex formation, oxidized rat liver microsomes 
catalyzed the production formaldehyde from nitromethane in an NADPH-independent reaction. In 
contrast, liver microsomes from phenobarbital pretreated pigs produced a normal substrate binding 
spectrum with nitromethane and were unable to release formaldehyde from nitromethane. Reduced 
liver microsomes from all sources yielded a cytochrome P450-ligand spectrum with peaks around 453 nm, 


which probably reflects the formation of a ferrous cytochrome P450-nitrosoalkane complex. 


Aliphatic nitro compounds are commonly used 
organic chemicals and solvents with more or less 
toxic effects in organisms. Some of their molecular 
interactions with cell constituents have been 
described only recently. Schnabel and Ullrich [1] 
reported that 2-nitropropane forms a ligand complex 
with microsomal cytochrome P450 in the presence 
of sodium dithionite, which is very likely a nitroso 
complex of the ferrous hemoprotein [2]. The same 
compound was found to undergo a denitrification 
when it was incubated aerobically with liver micro- 
somes and NADPH [3]. Nitrite and acetone were 
found as metabolites. Similarly, phenyl-acetone was 
a product of a microsomal incubation of 1-phenyl-2- 
nitropropane, but the formation of nitrite was not 
reported [4]. In view of the toxicity of aliphatic 
nitroalkanes and the reactivity of nitrite in the 
potential formation of nitrosamines, we were inter- 
ested in the microsomal metabolism of other ali- 
phatic nitro compounds. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (about 120 g body wt) 
were pretreated with either phenobarbital (Pb) 
(80 mg/kg body wt, for 3 days) or 3-methylcholan- 
threne (MC) (20 mg/kg body wt, for 2 days). The 
animals were starved 24 hr before decapitation and 
the microsomal fraction was prepared as described 
previously [5]. 

The methods and procedures for both nitrite 
determination and difference spectroscopy were 
published in the preceding paper [3], with the fol- 
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lowing additions. As substrates, phenylnitrome- 
thane, w-nitrostyrene (EGA-Chemie), nitrocyclo- 
hexane (EGA-Chemie), nitromethane (Fluka AG) 
and tetranitromethane (Fluka AG) were used, 
together with 2-nitropropane (Fluka AG). These 
compounds were added to the incubation mixtures 
as 1M methanolic solutions. When formaldehyde 
from nitromethane was determined, a suspension of 
the substrate in buffer was used. 

Formaldehyde was determined by the Nash 
reagent according to Cochim et al. [6]. Electron 
paramagnetic resonance spectra were obtained with 
a Varian E-9 spectrometer connected to a digital 
computer (Data General, Nova 820) for base line 
subtraction and spectra integration. g-Values were 
calculated from magnetic field values obtained from 
the ‘Fieldial’ with diphenylpicrylhydrazine as a g- 
marker. Spin concentrations were determined from 
the double integrals by means of a Cu (II)-EDTA 
standard [7]. 


RESULTS AND DISCUSSION 


When the commercially available compounds 
phenylnitromethane, w-nitrostyrene, nitrocyclo- 
hexane and nitromethane were incubated aerobically 
with liver microsomes from phenobarbital pretreated 
rats in the presence of NADPH, a linear formation 
of nitrite was observed. Relative to 2-nitropropane, 
the denitrification of these compounds was lower, 
as can be seen from Table 1. 

Besides nitrite the products of nitrocyclohexane 
and nitromethane were identified as cyclohexanone 
and formaldehyde, respectively. The stoichiometry 
of nitrite to formaldehyde formation in the case of 
nitromethan was exactly 1:1, as shown in Fig. 1. 

For the other two nitro compounds the corre- 
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Table 1. Denitrification activity of rat liver microsomal 
monooxygenases* 





Specific activity (+ S.E.M.) 


Substrates nmol/mg protein - min 





2-Nitropropane 
Phenylnitromethane 
Phenylnitromethane 
w-Nitrostyrene 
Nitrocyclohexane 
Nitrocyclohexane 
Nitromethane 


G0 ‘© 


KF somen 
NADNIS 
I+ I+ I+ I+ I+ I+ H+ 
cooocococ coc © 
KENNY 





* Specific activities were calculated from the values 
obtained after an incubation time of 8 min for each sub- 
strate. Four experiments with different microsomal prep- 
aration were run in duplicates. 

+ From rats pretreated with 3-methylcholanthrene 
(20 mg/b.w. for three days.) 


sponding formation of a keto group is also very 
likely, so that a complete analogy to the results 
obtained with 2-nitropropane is suggested. This also 
applies for the induction with 3-methylcholanthrene, 
which as with 2-nitropropane resulted in a decrease 
of the specific activities for phenylnitromethane and 
nitrocyclohexane. A_ similar low activity was 
observed in untreated control rats. One therefore 
can conclude that only the forms of cytochrome P450 
induced by phenobarbital exhibit appreciable activ- 
ities towards these substrates. To what extend other 
CH-bonds of these molecules were hydroxylated was 


nmol/mg Protein 
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not determined. This might be of interest to answer 
the question whether these nitro compounds are 
weak substrates in general, or whether only the 
sterical shielding of the CH-bond next to the nitro 
group causes the low denitrification rates. 

The denitrification of 2-nitropropane was com- 
pletely inhibited by carbon monoxide, indicating the 
exclusive dependence on cytochrome P450. This is 
important with respect to the previously reported 
participation of O2~ and OH-radicals in the oxidation 
of 2-nitropropane to nitrite and acetone [8]. In fur- 
ther support for the cytochrome P450 dependence 
of the microsomal denitrification, we have incubated 
microsomes with NADPH, dioxygen, nitropropane 
and inhibitors for O2~ , HxO2 and OH radicals (Table 
2). 

None of the inhibitors showed a significant effect 
in agreement with the postulated role of cytochrome 
P450 in the reaction [3]. 

Addition of nitrocyclohexane, w-nitrostyrene and 
phenylnitromethane to liver microsomes causes the 
formation of a substrate binding spectrum with 
cytochrome P450. This indicates that, like 2-nitro- 
propane, these compounds are typical substrates for 
cytochrome P450 and could be hydroxylated and 
denitrificated in the presence of NADPH and dioxy- 
gen (Table 3). In contrast to 2-nitropropane, the 
affinities as measured by the spectral dissociation 
constants (K;) are higher for the more lipid soluble 
compounds nitrocyclohexane, w-nitrostyrene and 
phenylnitromethane. 

Under reducing conditions achieved by addition 


x Nitrite 


© Formaldehyde 





time (min) 


Fig. 1. Stoichiometry of formaldehyde and nitrite formation from nitromethane by rat liver microsomes 
in the presence of NADPH and dioxygen. A final volume of 10 ml of a microsomal suspension from 
phenobarbital-pretreated rats (3.5 mg protein/ml) was incubated aerobically with 50 mM nitromethane, 
10°*M NADPH and an NADPH-regenerating system (1.5 x 10°-°M 5'AMP, 5 x 107°M isocitrate, 
1.25 U isocitrate-dehydrogenase) in 0.1 M Tris-HCl buffer pH 7.6. At the times indicated, 0.5 and 
1.0 ml of the mixture were used for the nitrite and formaldehyde determination, respectively. 


Table 2. Effect of inhibitors for OH-radicals, O2 radicals and hydrogen 
peroxide on the denitrification of 2-nitropropane 





Specific activity 


nmol/mg protein 


percent of control 





Control 

+ Mannitol (10-°M) 
+SOD (25 U/ml) 

+ Catalase 


0.92 
1.00 
0.80 
0.90 





* The normal incubation assay was supplemented with mannitol, superoxide 
dismutase (SOD) and catalase, respectively. Average values from two 


experiments. 
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Table 3. Differen.c spectra of rat liver microsomes from phenobarbital-pretreated rats with various 
nitro compounds* 





Absorbance 
min (nm) 


Compound State max (nm) 


AE (Max-min) 


x nmol Cyt. P450 Ks(M) 





Nitrocyclohexane Ox. 388 
red. 422,461 
Phenylnitromethane Ox. 387 
red. 423,451 
2-Nitropropane Ox. 385 
red. 425,455 
Nitromethane Ox. 437 
red. 424,453 
Tetranitromethane Ox. 354,435 
red. 424,454 


423 0.0067 3.4 x 107° 
439 

424 0.0043 
435 

422 0.0053 
433 
396,421 
432 

419 
432 


1,0 x 1073 
1.0 x 107? 
0.0043 8.3 x 10°77 


0.0038 





* The nitro compounds were dissolved in methanol and added in wl amounts. A E-values were taken 
from maxima to minima and used for Ks-determinations in Lineweaver-Burk plots. 


of dithionite, all compounds showed peaks between 
450 and 460 nm in the difference spectrum indicating 
a ligand binding under formation of a hyperpor- 
phyrin spectrum [9, 10]. It has been suggested 
recently that under these conditions aliphatic nitro 
compounds can be reduced to nitroso derivatives 
which show strong complexing properties with hem- 
oproteins [2, 11]. 


437 
+04- 





A Absorbance 


— Nitromethane added 
(increasing conc.) 
—— Dithionite added 





Fig. 2. Difference spectra of oxidized and dithionite 
reduced rat liver microsomes with nitromethane. The two 
cuvettes contained 6.0 mg of protein (2.2 nmol cytochrome 
P450/mg protein) from phenobarbital pretreated rats in 
3ml of 0.1M Tris-HCl buffer, pH 7.6. Solid lines: 
1,2,3,4,5,7 wl of 10M nitromethane (in methanol) were 
added to the sample cuvette and corresponding amounts 
of methanol to the reference cuvette. Dashed line: Further 
addition of 2 mg of sodium dithionite to both cuvettes. 


Another type difference spectrum appeared in the 
presence of nitromethane (Fig. 2). 

A peak at 437nm developed within seconds 
accompanied by the formation of weaker bands at 
540, 572 and 602 nm which must be attributed to a 
derivative of oxidized cytochrome P450 since no 
reductant was present and conversion of cytochrome 
P450 to cytochrome P420 abolished the spectrum. 
Addition of sodium dithionite to both cuvettes 
resulted in the usual difference spectrum of cyto- 
chrome P450 with other aliphatic nitro compounds 
exhibiting peaks at 453, 525 and 580 nm. 

This reduced spectrum very probably originated 
from a ligand reaction of nitrosomethane formed by 
reduction of nitromethane [2, 11]. 

The oxidized spectrum was more difficult to 
explain, since it resembled a ligand type spectrum, 
but nitromethane has no liganding properties unless 
it would undergo a chemical reaction under these 
conditions. This assumption was supported by the 
observation that during the incubation of nitrome- 
thane a continuous and linear formation of formal- 
dehyde was measured by the Nash-reaction (Fig. 3) 
at a rate of 0.2 nmol/mg microsomal protein X min. 

In contrast to the monooxygenase reaction per- 
formed with nitromethane in the presence of 
NADPH and dioxygen, the release of formaldehyde 
from this substrate was not paralleled by a release 
of nitrite as described in Fig. 1. Only a small amount 
was detected at the start of the reaction, but no 
further increase with time was observed. 

Obviously the C-N bond of the nitromethane 
molecule was cleaved and, besides formaldehyde, 
nitric oxide could have been formed. Indeed, the 
oxidized difference spectrum closely resembles that 
obtained with nitric oxide and cytochrome P450 [12]. 
Such a complex would not be detectable by its e.p.r.- 
spectrum because of the tight spin coupling between 
the ferric iron and the unpaired electron of nitric 
oxide. However, after addition of dithionite and 
immediate cooling down to the temperature of liquid 
nitrogen, a spectrum appeared with g-values at 2.089 
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product (nmol/mg protein) 





Ae Or Oo 


Formaldehyde 


Nitrite 





—— 1 
5 10 


time 
eons 


(min) 


Fig. 3. Time dependence of formaldehyde and nitrite formation in oxidized rat liver microsomes under 

nitrogen. Microsomal suspension from phenobarbital-pretreated rats (10 ml; 10 mg protein/ml) was 

incubated anaerobically under nitrogen with 5 x 10-°M nitromethane (added without solvent). At the 

times indicated, 0.5 and 1.0 ml of the mixture were used for the nitrite and formaldehyde determination, 
respectively. 


and 2.011 which are almost identical to the two g- 
values reported for the bacterial cytochrome P420-— 
NO complex [13]. 

Also the splitting constant of the g.-absorption 
was consistent with that of the cytochrome P420cam- 
NO complex. Integration of the spectrum and stan- 
dardization with a Cu-EDTA sample gave a value 
of 10% of microsomal cytochrome P450 being pres- 
ent as the NO complex. 

It is known that the reduced cytochrome P450- 
NO complex is highly unstable at room temperature. 
This would explain why the reduced difference spec- 
trum of microsomes shows the absorption bands of 
the nitrosomethane complex at 453 nm and not that 
of the nitric oxide complex which would have shown 
peaks at 443 and 586nm. The additional band at 
425 nm could correspond to a cytochrome P420-NO 


2.099 
| 


1 
2011 
3200 


t 
3000 


1 





j 
3400 G 
Fig. 4. EPR spectrum of rat liver microsomes after incu- 
bation with nitromethane and subsequent reduction by 
dithionite. Fifty-one milligrams microsomal protein/per ml 
in Tris-HCI buffer, pH 7.6, were supplemented with 10 yl 
of 10M nitromethane (in methanol) and 1 min later with 
1 mg of sodium dithionite at room temperature. Then the 
spectrum was recorded at —180° with 10 mW microwave 
power, 9.15 GHz frequency, 10 G modulation amplitude 

and gain 400. 


complex, which is formed from the reduced cyto- 
chrome P450-NO complex at room temperature. 
The calculated value of about 10% complex for- 
mation would be in rough agreement with the height 
of this peak. 

Tetranitromethane addition to microsomes 
resulted in the same difference spectra as with nitro- 
methane, but no formaldehyde was found. If the 
437 nm peak is indicative for the release of NO from 


Pig Liver Rat Liver 
7 7 





T 
450 


Wavelength (nm) 


415 


Fig. 5. Comparison of the nitromethane-induced difference 

spectra in microsomes from phenobarbital-pretreated rats 

and pigs. Ten microlitres of 10 M nitromethane (in meth- 

anol) were added to the sample cuvettes and 10 ul methanol 
to the reference cells. 





Monooxygenation of aliphatic nitro compounds 345 


the nitro group, then nitromethane and tetranitro- 
methane are unique in their reaction with cyto- 
chrome P450, since the other aliphatic nitro com- 
pound listed in Table 3 gave normal substrate binding 
spectra. The splitting of NO from the nitromethanes 
seemed to be even a characteristic feature of rat liver 
cytochrome P450, since no corresponding difference 
spectrum was seen in liver microsomes from phen- 
obarbital-pretreated pigs. 

Interestingly, these microsomes were also inactive 
in catalyzing the formaldehyde release from nitro- 
methane, which suggested that a specific interaction 
of the substrate molecule to a special form of cyto- 
chrome P450 was necessary to initiate the cleavage 
of the C—N bond. The simplest mechanism according 
to which this cleavage could have occurred would 
have been a migration of an oxygen atom from the 
nitrogen to the carbon atom. In view of the known 
properties of cytochrome P450 to catalyze the trans- 
fer of oxygen atoms, e.g. from iodosylbenzene to 
other acceptors [14], such an intramolecular rear- 
rangement in the following transition state is likely 
to occur. 

In the subsequent steps, the nitric oxide complex 
must be formed and a one-electron oxidation must 
take place, which also could be mediated by the 


| 
s° sO 
SFel= >Fel= 
7 | 
H-C= NX —» HjCO + NO 
So 


+ 
-H 
_—_—— 
qua 


+Ht 


ferric ion. Model studies are now carried out to 
verify this proposed mechanism. 

The interaction of cytochrome P450 with aliphatic 
nitro compounds and especially the nitromethanes 


represents a further interesting facet in the variety 
of catalytic reaction of heme-sulfur proteins. 
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Abstract—Indicine N-oxide is reduced to indicine under anaerobic conditions by rat hepatic microsomal 
fraction in the presence of either NADH or NADPH. CO completely inhibits reduction, indicating the 
involvement of cytochrome P-450. In contrast to cytochrome P-450-catalyzed oxidations, for which 
NADH is about 15 per cent as effective as NADPH, NADH is 80 per cent as effective as NADPH in 
supporting indicine N-oxide reduction. In the presence of 3mM NADH, the K» for indicine N-oxide 
is 0.37 mM, and the Vmax is 2.65 nmoles indicine formed/min/mg; with 3 mM NADPH the K»mis 0.51 mM, 
and the Vmaxis 3.00 nmoles/min/mg. NADH- and NADPH-dependent indicine N-oxide reduction appear 
to involve different pathways. NADH-supported reduction is inhibited 48 per cent by 0.5 mM KCN and 
45 per cent by 0.8 M acetone, while NADPH-supported reduction is inhibited 3 per cent by 0.5 mM 
KCN and stimulated 28 per cent by 0.8 M acetone. The ability of NADH and NADPH at saturating 
concentrations to support indicine N-oxide reduction is additive, although this effect is not seen with 
phenobarbital- or 3-methylcholanthrene-pretreated animals. Phenobarbital pretreatment produces a 
selective increase in the Vmax for NADPH-dependent reduction, to 5.75 nmoles/min/mg, but has no 
significant effect upon Km with NADPH or upon either the Km or the Vmax for NADH-supported indicine 
N-oxide reduction. Pretreatment with 3-methylcholanthrene has no significant effect upon the Km or 
Vmax for NADPH- or NADH-supported reduction. A possible explanation for the observations is a 
form of cytochrome P-450 which can accept electrons from NADH and catalyze indicine N-oxide 


reduction but which does not contribute to oxidative microsomal drug metabolism. 


The hepatic microsomal mixed-function oxidases 
exhibit a marked preference for NADPH as a source 
of reducing equivalents. NADH-supported micro- 
somal oxidative drug demethylation takes place at 
10-15 per cent of the rate seen with NADPH [1,2], 
and NADH is between 10 and 20 per cent as effective 
as NADPH in supporting the reduction of micro- 
somal cytochrome P-450 under anaerobic conditions 
[1,3]. NADH is, however, more effective at sup- 
porting the reduction of tertiary amine N-oxides by 
the hepatic microsomal fraction. The maximum rates 
of reduction of imipramine N-oxide, tiaramide N- 
oxide and N,N-dimethylaniline N-oxide are about 
50 per cent of those seen with NADPH [4,5]. Kato 
et al. [4,6] have shown that the microsomal reduction 
of tertiary amine N-oxides is mediated by cyto- 
chrome P-450. They proposed a reaction mechanism 
based upon the sequential two-electron reduction of 
cytochrome P-450, in a manner analogous to the 
reduction of cytochrome P-450 when it is acting as 
a mixed-function oxidase [4]. The rate-limiting step 
in the reduction of tertiary amine N-oxides has been 
suggested to be the reduction of cytochrome P-450 
[7]. Such a mechanism does not account for the 
relative effectiveness of NADH in supporting cyto- 
chrome P-450-dependent drug reduction. 

Indicine N-oxide is a pyrrolizidine alkaloid N- 
oxide currently undergoing clinical trial as an anti- 
tumor agent. It is reduced to indicine following 
intravenous administration in both experimental 
animals and man [8], although it is not yet clear 
whether indicine mediates the antitumor or toxic 
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effects of indicine N-oxide [9]. In this paper, we 
report that NADH is almost as effective as NADPH 
in supporting microsomal cytochrome P-450-depen- 
dent reduction of indicine N-oxide. Some charac- 
teristics of the microsomal reduction of indicine N- 
oxide supported by NADH and NADPH are 
presented. 


MATERIALS AND METHODS 


Animals and preparation of the microsomal frac- 
tion. Male rats of the Sprague-Dawley strain (Spra- 
gue Dawley, Madison, WI), weighing between 150 
and 200 g, were used. Animals were allowed free 
access to food and water at all times. Some animals 
were pretreated intraperitoneally with phenobarbi- 
tal, 80 mg/kg daily, in saline for 3 days or with 3- 
methycholanthrene, 20 mg/kg daily, in corn oil 
(Mazola, CPC International, Englewood Cliffs, NJ) 
for 2 days. Preliminary studies indicated that corn 
oil had no effect upon microsomal indicine N-oxide 
reduction, and untreated control animals were used 
throughout the study. Livers were removed 24 hr 
after the last dose of phenobarbital or 3-methyl- 
cholanthrene and flushed retrogradely with 50 ml of 
cold 0.9% NaCl, the hepatic microsomal fraction 
was prepared by ultracentrifugation following hom- 
ogenization in 0.25 M sucrose as described by Erns- 
ter et al. [10]. The microsomes were washed by 
resuspension in 20 vol. of 0.15 M KCI and then col- 
lected by ultracentrifugation before being suspended 
in 0.15 M KCl at aconcentration of 10 mg protein/ml. 
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Protein was determined by the method of Lowry et 
al. [11], using crystalline bovine serum albumin as 
a standard. 

Incubations and assays. The standard incubation 
(6ml) contained 6mg of microsomal protein, 
0.6mmole Tris-HCl buffer (pH 7.4), 30 umoles 
MgCh, up to 18 umoles indicine N-oxide, up to 
18 zmoles NADH, and up to 18 ymoles NADPH. 
Indicine N-oxide is readily soluble in water. Incu- 
bations were conducted at 37° for 10 min with shaking 
under O2, N2 or CO, unless otherwise stated. A 10- 
min preincubation under the appropriate gas phase 
was employed, and the reaction was initiated by the 
addition of reduced pyridine nucleotide in 10 ul of 
degassed buffer. High purity N2 or CO was passed 
through a deoxygenating solution described by 
Meites and Meites [12]. NADPH-cytochrome P-450 
reductase was measured by a modification of the 
method of Gigon et al. [13] described previously [14]. 
Indicine formed from indicine N-oxide was detected 
by a gas chromatographic method described pre- 
viously [15]. 

Drugs and chemicals. Indicine N-oxide was 
obtained from the Division of Cancer Treatment, 
National Cancer Institute, Bethesda MD, and was 
found to contain less than 0.33% indicine (by 
weight). NADPH and B-NADH were purchased 
from Boehringer Mannheim, Indianapolis, IN; crys- 
talline bovine serum albumin, a-NADH, phenobar- 
bital, hexobarbital and 3-methylcholanthrene were 
from the Sigma Chemical Co., St. Louis, MO. 

Statistical treatment of results. Groups of data were 
subjected to Student’s t-test [16] to determine if a 


significant difference existed between the means of 
the groups of data, at the 5 per cent level. 


RESULTS 


Indicine N-oxide was reduced to indicine by the 
hepatic microsomal fraction under anaerobic con- 
ditions with either NADPH or NADH as a source 
of reducing equivalents (Table 1). The rate of indi- 
cine formation was linear for at least 20 min (results 


G. Powis and L. WINCENTSEN 


not shown). B-NADH was more effective than a- 
NADH at supporting reduction with rates (+ S.E. 
of mean, N = 3 microsomal preparations, P < 0.05) 
of 2.26 + 0.07 nmoles/min/mg for B-NADH and 
1.29 + 0.23 nmoles/min/mg for a- NADH-supported 
reduction. Oxygen inhibited the reduction supported 
by either cofactor by 98 per cent, and carbon mon- 
oxide inhibited the reduction by at least 96 per cent 
(Table 1). Hexobarbital, a type I ligand, produced 
a 9 per cent inhibition of NADH-dependent reduc- 
tion but had no significant effect when NADPH was 
the cofactor. B-Diethylaminoethyl diphenylpropy- 
lacetate (SKF 525-A), also a type I ligand, and an 
inhibitor of the microsomal mixed-function oxidase, 
had no significant effect upon NADH- or NADPH- 
dependent reduction. Aniline, a type II ligand, 
inhibited both NADH- and NADPH-dependent 
reduction by 23 and 28 per cent respectively. NADH- 
dependent reduction was more sensitive to the 
inhibitory effects of 0.5mM KCN (48 per cent 
inhibition) than was the reduction supported by 
NADPH (3 per cent inhibition). Both NADPH- and 
NADH-dependent metabolism were inhibited 
almost 50 per cent by 5mM KCN. Acetone (0.8 M) 
stimulated NADPH reduction of indicine N-oxide 
by 20 per cent but inhibited NADH-dependent 
reduction 45 per cent. Nitrite (1mM) has been 
reported to be a potent inhibitor of microsomal azo 
reduction, although having no effect upon micro- 
somal oxidative metabolism [17]. Indicine N-oxide 
reduction in the presence of NADPH and NADH 
was inhibited up to 81 per cent by 1 mM KNO:. 
The effects of varying the cofactor concentration 
on the reduction of indicine N-oxide are shown in 
Fig. 1. The Vmax (+ S.E.M., N = 4) for indicine for- 
mation observed with NADH was 81 per cent of that 
observed with NADPH as cofactor, 2.17 + 0.15 and 
2.69 + 0.15 nmoles/min/mg respectively. The Line- 
weaver—Burk plot with NADH as cofactor showed 
an inflection at around 0.5 mM, suggesting that more 
than one process might be involved. This inflection 
was seen with four separate microsomal preparations 
but was not observed with NADPH as cofactor. 


Table 1. Hepatic microsomal reduction of indicine N-oxide* 





NADPH (3 mM) 
(%) 


Cofactor 
NADH (3 mM) 
(%) 





N2 100.0 + 5.2 (2.57) 


O2 

co 

N2 + hexobarbital (5 mM) 
N2 + SKF 525-A (0.5 mM) 
N2 + aniline (5 mM) 

N2 + KCN (0.5 mM) 

N2 + KCN (5 mM) 

N2 + acetone (0.8 M) 

N2 + KNO2 (1 mM) 


It + + + 1 it + 


SANWYNIWE 


100.0 + 1.6 (2.08) 
1.7 + 0.5+ 
4.2 + 0.6+ 
90.8 + 1.5+ 
121.7 + 16.9 
77.3 + 8.3+ 
51.8 + 2.9+ 
51.7 + 3.3+ 


= 
— 
a 





* Metabolism was determined by the formation of indicine under anaerobic conditions 
over a 10-min period as described in the text. NADH and NADPH were present at an 
initial concentration of 3 mM. Values are means + S.E.M. of four preparations, expressed 
as a precentage of the mean N2 control value. Figures in parentheses are the control 
rates of anaerobic metabolism in nmoles/min/mg of microsomal protein. 


+ P<0.05, compared to control value. 
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Fig. 1. Lineweaver-Burk plot of metabolism of indicine N- 
oxide (3 mM) with varying cofactor concentrations. Key: 
(OC) NADPH; and (@) NADH. 
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Fig. 2. Additive effects of NADPH and NADH in control 
and induced animals. Metabolism of indicine N-oxide was 
determined as described in the text with microsomes from 
C, control (3), Phb, phenobarbitone-induced (3) and MC, 
3-methylcholanthrene-induced (4) rats; values in parenth- 
eses are numbers of animals. Bars are S.E. of mean. Sub- 
strate and individual cofactor concentrations are 3 mM. 
The asterisk{*) denotes P< 0.01, compared to NADPH 
alone. 
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The kinetic constants for the reduction of indicine 
N-oxide by the hepatic microsomal fraction from 
control and induced rats are shown in Table 2. There 
is no significant difference between the Km value for 
indicine N-oxide with NADPH or NADH as the 
source of reducing equivalents in control, pheno- 
barbital-pretreated or 3-methylcholanthrene-treated 
rats. Similarly, there is no significant difference 
between the Vmax for indicine formation with 
NADPH or NADH in control or 3-methylcholan- 
threne-pretreated rats. Phenobarbital pretreatment 
led to a 92 per cent increase in the Vmax for indicine 
formation with NADPH as the source of reducing 
equivalents, but had no significant effect upon the 
Vmax With NADH as the source of reducing 
equivalents. 

The abilities of NADPH and NADH at near satu- 
rating concentrations to support the reduction of 
indicine N-oxide were additive using microsomes 
from untreated rats (Fig. 2). Pretreatment of rats 
with either phenobarbital or 3-methylcholanthrene 
abolished the additive effect, and there was no sig- 
nificant difference between the rate of reduction with 
NADPH alone or with NADPH and NADH 
combined. 

The effects of substrates upon the reduction of 
cytochromes P-450 by NADPH and NADH are 
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Fig. 3. Reduction of microsomal cytochtome P-450 by (A), 
NADPH and (B) NADH at 23°. Conditions: microsomal 
protein, 4 mg/ml; Tris-HCl buffer (pH 7.4), 0.15 M; MgCl, 
5 mM; and NADPH or NADH at an initial concentration 
of 3mM. Key: (—) control; (...) 5mM aminopyrine; 
(---) 5mM aniline; and (-'--) 5 mM indicine N-oxide. 


Table 2. Effects of inducing agents on reduction of indicine N-oxide* 





NADPH 


Km (nmoles/min/ Km 


Inducing agent N (mM) 


NADH 
Vmax 
Vmax 
(nmoles/min/mg) 


mg) (mM) 





2.65 + 0.59 
2.98 + 0.71 
217 £0.35 


3.00 + 0.68 
5.75 + 0.617 
2.71 + 0.58 


0.37 + 0.10 
0.61 + 0.17 
0.27 + 0.07 


0.51 + 0.17 
0.67 + 0.06 
0.25 + 0.03 


Control 4 
Phenobarbital 3 
3-Methylcholanthrene 3 





* Metabolism was determined as the formation of indicine under anaerobic conditions as described 
in the text. Pyridine nucleotide concentration was 3 mM. Km» relates to indicine N-oxide as the substrate, 
and Vmax to the rate of indicine formation. Values are means + S.E.M. of N different microsomal 
preparations, each from the pooled livers of three rats. 

+ P<0.05, compared to control value. 
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shown as a typical recording in Fig. 3. The effects 
of the type I ligand aminopyrine and the type II 
ligand aniline, which facilitate and inhibit cyto- 
chrome P-450 reduction, respectively [13], are shown 
for comparison. Indicine N-oxide produced an 
increase in the rate of cytochrome P-450 reduction 
over the first 10 min with NADPH as a source of 
reducing equivalents (+ S.E. of mean, N = 4 micro- 
somal preparations), from 3.79 + 0.41 to 4.78 + 0.42 
nmoles/min/mg (P < 0.05, paired t-test), and pro- 
duced a small but nonsignificant increase in the 
reduction of cytochrome P-450 by NADH, from 
0.43 + 0.02 to0.49 + 0.03 nmoles/min/mg (P > 0.05, 
paired f-test). 


DISCUSSION 


Indicine N-oxide is reduced to indicine by rat liver 
microsomes by a process which requires reduced 
pyridine nucleotide as a source of reducing equiv- 
alents and which is inhibited by oxygen and carbon 
monoxide. Although inhibition by carbon monoxide 
is not conclusive evidence for the involvement of 
cytochrome P-450 [18], it is highly suggestive of 
cytochrome P-450-dependent metabolism, particu- 
larly when considering the hepatic microsomal frac- 
tion. Cytochrome P-450 has been demonstrated to 
be responsible for the anaerobic reduction of other 
tertiary amine N-oxides [4,7] and Iwasaki et al. [6] 
have shown that a reconstituted system containing 
cytochrome P-450 and NADPH-cytochrome P-450 
reductase will reduce tiaramide N-oxide at a rate 
comparable to that with intact microsomes. The 
microsomal reduction of indicine N-oxide differs 
from the reduction of other tertiary amine N-oxides 
in not being stimulated by type I ligands [19], but 
is similar in its inhibition by aniline [4,5] and in being 
induced by phenobarbital but not by 3-methylchol- 
anthrene [4,5]. 

Sugiura et al. [5] have reported that NADH can 
effectively support the anaerobic cytochrome P-450- 
dependent microsomal reduction of imipramine N- 
oxide, tiaramide N-oxide and N, N-dimethylaniline 
N-oxide at rates about 50 per cent of those seen with 
NADPH [4]. The present works shows that NADH 
is even more effective compared to NADPH at sup- 
porting the cytochrome P-450-dependent reduction 
of indicine N-oxide. The Vmax for indicine formation 
with NADH as the cofactor is 2.6 nmoles/min/mg, 
and with NADPH it is 3.0 nmoles/min/mg. 

The microsomal reduction of indicine N-oxide with 
NADH as the cofactor appears to differ in important 
respects from reduction with NADPH as the cofac- 
tor. Low concentrations of KCN (0.5 mM) inhibit 
NADH- but not NADPH-dependent reduction. The 
K; of KCN for cytochrome P-450 is 2.5 mM [20], and 
microsomal mixed-function oxidase activity is not 
inhibited by 0.5 mM KCN [21]. Both NADH- and 
NADPH-dependent indicine N-oxide reduction are, 
however, inhibited by 5mM KCN. Acetone stimu- 
lates NADPH-dependent reduction of indicine N- 
oxide but produces a marked inhibition of NADH- 
dependent metabolism. Acetone is an enhancer of 
the oxidative metabolism of certain type II ligands, 
such as aniline, and promotes NADH synergism of 
NADPH-dependent oxidative metabolism which is 
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not normally seen with type II ligands [22]. Both 
NADPH- and NADH-supported indicine N-oxide 
reduction are inhibited by KNOn, an inhibitor of 
microsomal azo reduction [17]. Azo compounds are 
reduced by cytochrome P-450 [23] but also, unlike 
indicine N-oxide, by NADPH-cytochrome P-450 
reductase [24]. KNO2 inhibition probably represents 
an interaction of NO2 with cytochrome P-450 under 
anaerobic conditions. Dimethylamino azobenzene 
has been reported to inhibit the microsomal reduc- 
tion of imipramine N-oxide by both NADPH and 
NADH [4,5]. 

B-NADH is almost twice as effective as a-NADH 
in supporting the microsomal reduction of indicine 
N-oxide. This is suprising, since both forms of 
NADH have been reported to be equally effective 
at reducing cytochrome P-450 [25]. However, 
measuring cytochrome P-450 reduction by the for- 
mation of the reduced cytochrome P-450-CO com- 
plex probably only indicates the rate of introduction 
of the first electron to cytochrome P-450 and this 
may not be the rate-limiting step in tertiary amine 
N-oxide reduction. 

Sugiura et al. [4] have proposed a mechanism for 
the reduction of tertiary amine N-oxides based upon 
the sequential two-electron reduction of cytochrome 
P-450 analogous to the reduction of cytochrome P- 
450 when it is acting as a mixed-function oxidase. 
Kato et al. [7] have further proposed that the rate- 
limiting step in the reduction of tertiary amine N- 
oxides is the reduction of cytochrome P-450. This 
suggested mechanism has to be reconciled with the 
findings that, with indicine N-oxide as a substrate, 
NADH supports metabolism at 80 per cent of the 
rate found with NADPH, while NADH reduces 
cytochrome P-450 at only 10—20 per cent of the rate 
seen with NADPH, both in the presence and absence 
of added substrate. The ability of NADH to support 
indicine N-oxide reduction is difficult to explain in 
terms of a slow rate of metabolism since the Vinax, 
2.6 nmoles/min/mg, is similar to that seen during the 
oxidative microsomal metabolism of, for example, 
norcodeine or aniline where NADH is relatively 
ineffective at supporting metabolism [26]. 

Immunochemical studies have suggested that 
NADPH-cytochrome P-450 reductase is an essential 
component in the electron flow from NADH to 
cytochrome P-450 for microsomal drug oxidation 
[27], while NADH-cytochrome bs reductase and 
cytochrome bs participate in the NADH-supported 
oxidation of some, but not of all drugs [26]. NADH- 
cytochrome bs reductase and cytochrome bs have 
been reported to mediate the flow of electrons from 
NADH to cytochrome P-450 for the reduction of 
tertiary amine N-oxides [5]. A possible explanation 
for the ability of NADH to support the reduction 
of indicine N-oxide and other tertiary amine N- 
oxides is that these compounds stimulate the transfer 
of electrons from reduced cytochrome bs to cyto- 
chrome P-450. The results of the present study show, 
however, that indicine N-oxide does not significantly 
increase the rate of reduction of microsomal cyto- 
chrome P-450 by NADH. Interpretation of the 
effects of indicine N-oxide upon cytochrome P-450 
reduction, measured by the formation of the reduced 
cytochrome P-450-—CO complex, is complicated by 
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the fact that CO and tertiary amine N-oxides bind 
competitively to the heme iron of cytochrome P-450 
[4]. The presence of indicine N-oxide might thus 
affect the apparent rate of cytochrome P-450 reduc- 
tion by displacing CO from reduced cytochrome P- 
450. The rate-limiting step in tertiary amine N-oxide 
reduction may not be the introduction of the first 
electron to cytochrome P-450, and it is possible that 
indicine N-oxide stimulates the transfer of the second 
electron to cytochrome P-450. It has been suggested 
that, in the presence of a substrate which enhances 
the flow of electrons to cytochrome P-450, the rate- 
limiting step in oxidative drug metabolism is the 
introduction of the second electron [28]. 

An alternative explanation for the ability of 
NADH to support cytochrome P-450-dependent 
indicine N-oxide reduction but not oxidative drug 
metabolism is that there is a form of cytochrome P- 
450 normally present in the microsomes which will 
readily accept electrons from NADH-cytochrome bs 
reductase or cytochrome bs, but which will not func- 
tion in the presence of oxygen or carbon monoxide. 
Miki et al. [29] have recently reported the purification 
from rabbit liver microsomes of a cytochrome P-450 
with a high affinity for cytochrome bs, which, in a 
reconstituted system with NADH-cytochrome bs 
reductase, cytochrome bs, and detergent, is reduced 
by NADH. Evidence from the present study which 
lends support to the concept of two distinct pathways 
for the microsomal reduction of indicine N-oxide by 
NADH and NADPH is found in the different kinetic 
parameters, the different response to inhibitors and 
in the additive effects of NADH and NADPH at 
near saturating concentrations in supporting reduc- 
tion. Phenobarbital or 3-methylcholanthrene pre- 
treatment abolish the additive effects of NADH and 
NADPH, although phenobarbital _ selectively 
increases the maximal rate of reduction with 
NADPH as cofactor. 

In summary, NADH has been found to be almost 
as effective as NADPH in supporting cytochrome 
P-450-mediated indicine N-oxide reduction. NADH- 
dependent metabolism differs in several respects 
from NADPH-dependent metabolism, particularly 
in the effects of inhibitors and of inducing agents. 
Possible reasons for the enhanced ability of NADPH 
to support reductive as opposed to oxidative metab- 
olism are discussed, but the information currently 
available does not permit the unequivocal assign- 
ment of a mechanism to explain this difference. 
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Abstract—The in vivo pharmacological activity of several spirolactone compounds was tested in rats 
and compared to their ability to compete for [°H] aldosterone renal binding sites. Spironolactone,* 
canrenone, dihydrocanrenone and K-canrenoate were all active in vivo, but 17-O-methyl 5,6-dihydro- 
canrenoic acid, a derivative which cannot be lactonized, was inactive at doses up to 20 mg/kg. Competition 
experiments were performed on cytosolic renal aldosterone sites labelled with 5 x 10°"M (°H] aldo- 
sterone. Spironolactone, canrenone and dihydrocanrenone were almost equally potent, whereas K- 
canrenoate and its derivatives exhibited practically no affinity for aldosterone sites. These results 
strongly suggest that K-canrenoate is only active in vivo when converted into canrenone, a steroid 


possessing a y-lactone ring. 


Spironolactone, canrenone and potassium canren- 
oate (Fig. 1) are competitive inhibitors of mineral- 
ocorticoids in vivo in experimental animals [1, 2] and 
their pharmacological activity in man has been dem- 
onstrated [3-5]. However, recent studies in animals 
[6, 7] and in men [8-10] have shown that these drugs 
have a complex metabolism. This raises the problem 
of the pharmacological activity of these drugs and 





* Spironolactone: 3-(-3-oxo-7a-acetylthio-178-hydroxy- 
4-androsten-17a-yl) proprionic acid y-lactone; Canren- 
one: 3-(176-hydroxy-6,7-dehydro-3-oxo-4-androsten-17a- 
yl) proprionic acid y-lactone; Dihydrocanrenone: 3 (17f- 
hydroxy-68, 78 dihydro-3-oxo-4-androsen-17-a-yl) pro- 
prionic acid y-lactone; K-canrenoate: potassium 3-(17f- 
hydroxy - 6,7 - dehydro - 3 - oxo - 4 - androsten - 17a - yl) 
proprionate. 


Spironolactone 


0 


Dihydrocanrenone 


their metabolites. For instance, spironolactone in 
vivo is rapidly dethioacethylated into canrenone, 
which then reaches equilibrium with potassium can- 
renoate. The major difference between all these 
molecules is the presence of a lipophilic lactone ring 
in spironolactone and canrenone, and a polar 
hydroxycarboxylic acid group in K-canrenoate. Spi- 
ronolactone and K-canrenoate are equipotent in rats 
[2] and equivalent doses of these drugs produce 
similar levels of canrenone in plasma [8]. 

This study concerns the comparison between the 
in vivo pharmacological activity and the in vitro 
potency of these drugs in competing for aldosterone 
binding sites. Antialdosterone compounds have been 
shown to act by competing with aldosterone at 
receptor level [11-13]; thus they very probably 
inhibit the active sodium transport induced by 


Canrenone 


[CH,],- COOK 


K ~ Canrenoate 


Fig. 1. Formulas for spironolactone and its derivatives. 
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mineralocorticoids. However, it has never been 
definitively established whether or not the lactonic 
ring is essential to such activity. This is why, in 
addition, a canrenoic acid derivative which cannot 
be lactonized was synthetized and tested in the pres- 
ent work for in vivo and in vitro activity. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley and Wistar rats 
(180/200 g) were used, respectively, for in vivo and 
in vitro assays. Animals were adrenalectomized 48 hr 
before the experiments and maintained on normal 
saline ad libitum. 

Chemicals and radio-chemicals. Spironolactone, 
canrenone and K-canrenoate came from Searle, 
aldosterone -21- acetate from Ikapharm, and aldo- 
sterone from Sigma; 5,6 dihydrocanrenone (Fig. 1) 
was from Roussel—Uclaf; [1,2-‘H] aldosterone 
(52 Ci/mmole) was supplied by Amersham. All other 
chemicals and solvents were of analytical grade from 
Merck. 

Chemical synthesis of 17-O-methyl 5,6 dihydro 
canrenoic acid (Fig. 2). This compound (D) was 
obtained in 4 steps from the oxirane (A) [14] 
A-—-B—-C—D. 

B was prepared by condensing the acetonitril carb- 
anion group on the epoxy group of A according to 
Greger [15], followed by acidic hydrolysis in SN HCl. 
The crude product was purified by silica gel chroma- 
tography (benzene/ethylacetate, 7/3) and recrystal- 
lized from methylen chloride isopropylether 
(yield: 81%, m.p.: 154°). 


The B keto group was then protected by ketal 
formation and the 17-OH group methylated: p-tolu- 
ene sulfonic acid monohydrate (80 mg) was added 
to a stirred suspension of B (12 mM) in a mixture 
of ethylen glycol (12ml) and ethylorthoformate 


(8 ml) heated to 50°. After 1-2 min, dissolution of 
B was followed by crystallization of the ketal (Cl). 
The resulting suspension was cooled to 0° and after 
20 min, diluted with water containing pyridine 


_A(CH,), -C= N 


I,R=H 
2,R=CH, 


(8 ml/0.25 ml). The crude ketal was collected, 
washed with water and dried under vacuum (yield: 
86%). Analytical sample was prepared by recrys- 
tallization from ethanol (m.p.: 200°). Methylation 
of the 17-OH group was performed using methyl- 
iodide in the presence of potassium f-butoxide. The 
crude 17-OCHs; derivative (C2) was recrystallized 
from chloroform—isopropylether (yield: 84%, m.p.: 
166°). For synthesis of the final compound D, a 
mixture of C2 (2mM), KOH (0.56 g) and ethylene 
glycol (8 ml) was heated to reflux until the evolution 
of ammonia stopped (~1.5 hr). The cooled mixture 
was diluted with water, acidified with 2.5 ml of con- 
centrated HCl and extracted with ethylacetate. After 
removal of the solvent, the residue was kept for 2 hr 
at 20° in 20 ml of acetone containing 5 ml of 5 N HCl; 
after dilution with water and chloroform extraction, 
the organic layer was evaporated to dryness leaving 
the crude D which was further purified by silica gel 
chromatography (benzene/ethylacetate/acetic acid, 
80/20/1) and recrystallized from ethyl ether (yield: 
80%, m.p.: 199°). 

oe? = +54° (1% solution in ethanol on Roussel- 
Jouan electronic polarimeter). 

ir. (cm~'): 3500 and 1704 (COOH), 1660 and 1619 
(conjugated ketone). 

u.v. (240 nm): ¢ = 16,350. 

n.m.r. (ppm): 0.98 (s, 3H, CH318), 1.2 (s, 3H, 
CH319), 3.23 (s, 3H, OCHs), 5.78 (s, 1H, H4), 6.0 
(broad, CO2H). 

Melting points were determined on a Kofler—Heiz- 
bank apparatus. Infrared spectra were obtained in 
chloroform on a Spectromaster spectrometer. Ultra- 
violet spectra were measured in 95% ethanol using 
a Cary Model 14 instrument. Proton nuclear mag- 
netic resonance spectra were taken in deuterioch- 
loroform on a Varian Model A-60 spectrometer with 
TMS as an internal standard. 

In vivo experiments. In vivo determination of the 
antimineralocorticoid activity of the various spiro- 
lactones and derivatives was performed according 
to a method derived from Kagawa [1]. Adrenalec- 


HO _-(CH2)2 - CBN 
~ _- (CH,),-CO,H 


D 


Fig. 2. Structural formulas of the intermediates A [(3-ethoxy 17,20 epoxy) 17a-methyl androst 3,5- 

diene], B [3-oxo 17-hydroxy (17a) pregen 4-ene 21-carbonitrile], C [3,3-ethylenedioxy 17-hydroxy (17a) 

pregn 5-ene 21-carbonitrile], for the synthesis of the 17-O-methyl 5,6 dihydro canrenoic acid D (17f- 
methoxy 3-oxo androst 4-ene 17a-yl) propionic acid. 
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tomized rats were fasted for 17 hr before experi- 
mentation. The drugs to be tested were administered 
subcutaneously 1 hr before the animals were placed 
in metabolism cages. Just before caging they were 
given intraperitoneally an hydrosaline solution (5 ml 
NaCl 9%c/100 g body wt) together with a subcuta- 
neous injection of aldosterone acetate (1 ug/kg in 
2.5% ethanol/water). After a 4 hr period, urine was 
collected, the bladder of each animal was emptied 
by slight pressure and the pooled fractions were 
diluted to 50 ml with distilled water. Na* and K* 
were determined in the solution using a flame pho- 
tometer (Electro-synthese). Results are expressed 
as mEq/rat for the 4hr experimentation period. 
Na*/K* ratios were calculated and antimineralocor- 
ticoid activity was established as a percentage of the 
Na*/K* ratio increase compared with the Na*/K* 
ratio for the controls (animals injected with aldo- 
sterone only). 

In vitro experiments. In vitro competition experi- 
ments for [*H] aldosterone binding to kidney, recep- 
tor sites were performed as described in an earlier 
paper [16]. Adrenalectomized rat kidneys were hom- 
ogenized in Tris-HCl buffer (10 mM Tris HCI, 1 mM 
EDTA, 1 mM dithiothreitol, glycerol 10% v/v, pH 
7.4) and the homogenate was centrifuged at 1000 g. 
5 x 10~°M[°H] aldosterone, with or without increas- 
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ing concentrations of the various steroids to be 
tested, was added to the 1000 g supernatant and the 
solution centrifuged at 30,000g for 30min; the 
supernatant was collected and kept until the end of 
a total incubation period of 2 hr 30 (steady state); 
bound and free hormone were then separated by the 
charcoal dextran method [16] and samples were 
counted for radioactivity; results were expressed as 
the percentage of the maximal binding obtained by 
incubation with [°H] aldosterone alone. 


RESULTS 


Subcutaneously administered spironolactone, can- 
renone and K-canrenoate inhibited the mineralo- 
corticoid effects of aldosterone acetate (Fig. 3). K- 
canrenoate was less efficient than spirolactone and 
canrenone. 17-O-methyl 5,6-dihydro canrenoic acid 
was completely ineffective in blocking the antina- 
triuretic and kaliuretic effects of aldosterone acetate, 
even at doses as high as 20 mg. 

In a similar separate experiment (not shown), 
dihydrocanrenone exhibited nearly the same anti- 
mineralocorticoid activity than spironolactone (60% 
increase of the Na*/K* ratio compared to the aldo- 
sterone treated group, at a dose of 2 mg/kg). 

In vitro inhibition of aldosterone binding by the 


17-O- METHYL 
5,6 DIHYDRO 
CANRENOK ACID 
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K-CANRENOATE 
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Fig. 3. Antimineralocorticoid activity of spironolactone and its derivatives in vivo. Adrenalectomized 

rats were either not treated, or treated as indicated under Materials and Methods, i.e. with aldosterone 

alone or with aldosterone and the drugs to be tested. Urinary Na* (A) K* (B) and Na*/K* ratio (C) 

are given for the 4-hr period of the experiments. $.D. is mentioned (8-15 animals per group) and the 

P<0.05 (*) or P<0.01 (**) significance of the Dunett test [25] is indicated. Numbers in brackets 

under panel C indicate the percentage of increase in the Na’/K* ratio compared to the aldosterone- 
treated reference group. 
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various compounds tested is shown in Fig. 4. Spi- 
ronolactone, dihydrocanrenone and canrenone 
were, respectively, about 6, 10 and 40 times less 
efficient than aldosterone as regards 50% inhibition 
of [°H] aldosterone binding to its receptor sites. K- 
Canrenoate efficiency was much lower (~200 times) 
and there was practically no competition of 17-O- 
methyl 5,6-dihydrocanrenoic acid for aldosterone 
binding sites. Table 1 summarizes and compares the 
in vivo and in vitro results. 


DISCUSSION 

Spironolactone, the most common antialdosterone 
agent used in human therapy, is rapidly metabolized 
since it cannot be detected in plasma after oral 
administration [17]. Canrenone and K-canrenoate 
account for about 80% of this metabolism and sulfhy- 
dryl compounds for 20% [9, 10]. Conversely, potas- 
sium canrenoate is metabolized into canrenone after 
injection and both compounds have relatively com- 
parable plasma concentration in man [7, 17]. Similar 
metabolism has been found for spironolactone in 
rats [4] and in dogs [2]. All three compounds exhibit 
biological activity, although at the dose used (10 mg), 
the potency of K-canrenoate found in this study was 
somewhat lower than that of canrenone and 
spironolactone. 

Comparison between in vivo and in vitro results 
concerning competition for aldosterone receptor 
sites makes it possible to determine the pharmaco- 
logical activity of each compound. /n vitro studies 
have shown that spirolactones antagonize binding of 
aldosterone to its receptor sites [13, 18, 19], which 
is believed to be the first step in the aldosterone 
mechanism of action [20]. Recent studies [19, 21, 22] 
showed that various spirolactones could compete for 
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Table 1. Comparison of in vivo and in vitro activity of the 
various steroidal antialdosterones tested 





Activity 


Steroids In vivo* In vitrot 





5 mg/kg 24% 
96% 

5 mg/kg 
72% 

2 mg/kg 
60% 
10 mg/kg 
63% 
20 mg/kg 


0% 


Spironolactone 


Canrenone 2.5% 


Dihydrocanrenone 20% 


K-Canrenoate 0.06% 


17-O-methyl 5,6-dihydro 0% 


canrenoic acid 





* Data obtained from Fig. 2. Dose and corresponding 
activity (Na*/K* ratio increase) are indicated. 

+ Activity is expressed as per cent of the competitive 
power of aldosterone taken as a reference. 100% corre- 
sponds to the concentration ratio of unlabelled to tritiated 
aldosterone needed to obtain 50% inhibition of binding 
(see Fig. 3). 


aldosterone binding sites in the kidney and that there 
was in general a good correlation between in vitro 
competition and in vivo antimineralocorticoid 
activity. Since K-canrenoate [19] and K-prorenoate 
[21, 23], a new aldosterone antagonist with a similar 
structure, were poor competitors for [*H] aldoster- 
one binding sites, these authors suggested that a 
lactone ring was necessary to obtain biological 
activity. The use in this work of 17-O-methyl 5,6- 
dihydro canrenoic acid, a compound which cannot 
be lactonized, supports this hypothesis and implies 
that in all probability K-canrenoate is only active 
when converted into the lactonic form. No 
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Fig. 4. Competition experiments between unlabelled steroids and 5 x 10~? M [°H] aldosterone. Results 
are expressed as per cent of total binding obtained with ["H] aldosterone alone. The figure represents 
the mean of 3 separate experiments. 
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antimineralocorticoid effect was detected for the 17- 
O-methyl derivative, nor did it compete for [*H] 
aldosterone binding sites. This observation is further 
strengthened by the fact that dihydrocanrenone 
which does not possess a double-bond in the 5,6 
position as 17-O-methyl 5,6 dihydrocanrenoic acid 
exerts a potent antimineralocorticoid activity in vivo 
and binds to the mineralocorticoid receptor. 

The restricted in vitro competitive power of K- 
canrenoate found in the competition experiments 
could be due either to its minimal conversion into 
an active metabolite or to slight displacement of 
(?H] aldosterone from glucocorticoid binding sites 
[24]. From our experiments, it appears likely that 
part of the pharmacological activity of antialdoster- 
one compounds with a lactonic ring is lost in vivo 
because of their conversion into hydroxycarboxylic 
form. 
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Abstract—A relatively simple method for the purification of the soluble form of glutaminase from pig 
brain is described. Because the soluble and membrane-bound forms of the enzyme differ in their 
sensitivity to activation by phosphate ions and by preincubation in buffers containing phosphate and 
borate, the apparent yield and recovery of the purified enzyme varied with the assay and preincubation 
conditions. The recovery of the soluble enzyme was about 25 per cent and the purification was more 
than 49,000 fold, but the apparent yield and purification were about one order of magnitude less than 
this when glutaminase activity was assayed in the total absence of phosphate, because the activity of 
the soluble enzyme constitutes only some 10 per cent of the total activity present in pig brain homogenates 
as measured under these conditions. The purified enzyme appeared to be homogeneous by the criterion 
of polyacryamide gel electrophoresis in the presence of sodium dodecyl sulphate. The subunit molecular 
weight and amino acid composition of the purified enzyme are presented and studies of the specificities 


of the soluble and membrane-bound enzymes indicated that they are both specific glutaminases. 


The enzyme glutaminase (EC 3.5.1.2) catalyses the 
hydrolysis of L-glutamine to form L-glutamate and 
ammonium ions. A phosphate-activated glutaminase 
has been purified to homogeneity by Svenneby et al. 
[1], although in a very low yield. This procedure 
used the ability of the enzyme to aggregate in phos- 
phate-borate buffers, a process which was reversed 


by transferring the enzyme to Tris-HCl! buffer, to 
purify the enzyme by a series of centrifugation steps. 
A phosphate-activated glutaminase has also been 
purified from rat kidney by Curthoys ef al. [2] who 
also utilised the aggregation—disaggregation behav- 
iour in successive gel-filtration steps. The kidney 
enzyme has been reported to be immunologically 
identical to that from pig brain [3], although struc- 
tural differences between the enzymes from the two 
sources have also been observed [1,4]. 

The enzyme is believed to play an important, 
although as yet incompletely understood, role in the 
formation and transport of the neurotransmitters 
glutamate and y-aminobutyrate in the brain (see e.g. 
[28]). A regulatory function for glutaminase may be 
indicated by the sensitivity of its activity to activation 
or inhibition by a wide variety of endogenous and 
exogenous effectors, including phosphate, borate, 
thyroxine and bromothymol blue. The observation 
that the soluble and membrane-bound enzymes dif- 
fer in their subcellular distribution in brain, as well 
as in their responses to effectors [5], suggests that 
they may play different roles, but several studies on 
this aspect have been made difficult by failure to 
distinguish completely between them. In order to 
obtain a clearer understanding of the differences 
between these two forms, it is necessary to study 
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them in isolation and this paper describes the puri- 
fication of the soluble form to apparent homogeneity 
by a procedure based on a combination of those of 
Svenneby [6] and Curthoys et al. [2] and a deter- 
mination of some of its properties. 


MATERIALS 


Membrane-bound glutaminase was prepared from 
pig brain mitochondria by the method previously 
described [5]. 

Rabbit muscle aldolase (EC 4.1.2.13), beef liver 
catalase (EC 1.11.1.6), E. coli B-galactosidase (EC 
3.2.1.23), ox liver glutamate dehydrogenase (EC 
1.4.0.3), rabbit muscle pyruvate kinase (EC 
2.7.1.40), rabbit muscle lactate dehydrogenase (EC 
1.1.1.27), pig heart malate dehydrogenase (EC 
1.1.1.37), NADH, L-asparagine and 2-oxoglutarate, 
were obtained from C. F. Boehringer und Soehne, 
Mannheim GmbH, Germany. Bovine serum albu- 
min (Fraction V), dithiothreitol (DTT) and y-L-glu- 
tamyl 4-nitroanilide were obtained from BDH 
Chemicals Ltd., Poole, Dorset, England. L-2-amino 
3-ureido propionic acid (albizzin) (recrystallised 
twice from aqueous ethanol before use) and nitro- 
blue tetrazolium were obtained from Koch-Light 
Laboratories, Colnbrook, Bucks, England. L-glu- 
tamic acid y-mono-hydroxamate, D-glutamine, L- 
glutamine and phenazine methosulphate were 
obtained from Sigma (London) Ltd., London, Eng- 
land. L-glutamic acid was obtained from Serva 
GmbH and Co., Heidelberg, F.D.R. Amido black 
10B and coomassie brilliant blue were obtained 
from G. T. Gurr and Co. Ltd., High Wycombe, 
Bucks, England. Sepharose 4B was obtained from 
Pharmacia, Fine Chemicals Ltd., Uppsala, Sweden. 
Megathura crenulata hemocyanin was obtained from 
Mann Research Labs. Inc., New York, U.S.A. O- 
Diazoacetyl-L-serine (azaserine)recrystallised twice 
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from 90% ethanol before use) was obtained from 
Calbiochem, San Diego, CA, U.S.A. 
2-oxoglutarate dehydrogenase complex from E. 
coli (EC 1.2.4.2) and tobacco mosaic virus were gifts 
from Dr. R. A. Harrison. 
Lipids were extracted from pig brain by the 
method of Bligh and Dyer [7]. 


METHODS 


Glutaminase assay. Glutaminase was assayed by 
a modification of the method of Kvamme et al. [8]. 
The standard assay mixture contained, in a total of 
1 ml, 100 mM triethanolamine hydrochloride-NaOH 
buffer pH 7.4, 5 mM phosphate, 0.1 mM EDTA 3 
mM 2-oxoglutarate, 0.1 mM NADH, 10 U glutamate 
dehydrogenase (0.5 mg protein in 50 per cent gly- 
cerol) 5 mM glutamine and enzyme sample. The 
oxidation of NADH was monitored at 340 nm at 30°. 

Where the properties of soluble and membrane- 
bound glutaminase were compared, three sets of 
assay conditions were used: assay A—the glutami- 
nase sample was dialyzed into 100 mM Tris-HCl 
buffer pH 7.4 (30°), containing 1 mM EDTA and 
0.05% (v/v) 2-mercaptoethanol and was assayed in 
the standard assay mixture without phosphate; assay 
B—the glutaminase sample was dialyzed as for assay 
A and was assayed in the presence of 5 mM phos- 
phate; assay C—the glutaminase sample was dialyzed 
into 50 mM phosphate-15 mM_ borate-NaOH 
buffer, pH 7.4, containing 1 mM EDTA and 0.05% 
(v/v) 2-mercaptoethanol and was assayed in the pres- 
ence of 5 mM phosphate [5]. 

One unit (U) is defined as the amount of enzyme 
which catalyses the production of 1 zmole of product 
in 1 min. 

Protein estimation. Protein was estimated by the 
method of Lowry et al. [9] using bovine serum albu- 
min as a standard. The concentration of pure soluble 
glutaminase was estimated by measuring the absorb- 
ance at 280 nm and assuming that Es) was 10 in a 
1 cm path-length cuvette. 

Spectroscopic measurements. Fluorescence spectra 
were measured at 30° in an Aminco—Bowman spec- 
trofluorometer using 0.5 ml of 8.6 ug/ml soluble 
ghutaminase. u.v. spectra were measured in a Beck- 
man DKIIA ratio recording spectrophotometer 
using | ml of 0.188 mg/ml soluble glutaminase. 

Amino acid analysis. Samples of the enzyme were 
dialysed exhaustively against glass-distilled water 
and freeze-dried. They were then dissolved in 0.2 
ml 1.0 M Tris-HCl buffer, pH 8.2, 0.05 ml 0.1 M 
dithiothreitol, and 0.15 ml water containing 0.4 g 
recrystallised urea. The solutions were sealed under 
N2 and incubated at room temperature for 15 min. 
Urea (0.1 g) and 0.1 M iodoacetate (0.2 ml), neu- 
tralised with NaOH, were then added and the mix- 
tures were sealed under N2 and incubated in the dark 
at room temperature for 1 hr before the carboxy- 
methylation was terminated by the addition of 1 drop 
of 2-mercaptoethanol to each sample. The samples 
were then exhaustively dialyzed against distilled 
water and freeze-dried. Three 0.5 g samples were 
then hydrolyzed for 24, 48 and 72 hr at 150° with 
0.4 ml of 4.0 M methane sulphonic acid and a small 
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crystal of tryptamine in evacuated tubes and then 
analyzed in a Beckman automatic amino-acid 
analyzer. 

Calibration of Sepharose 4B columns. The follow- 
ing molecular weight markers were used: megathura 
crenulata hemocyanin mol. wts 7,500,000, 3,700,000, 
814,000 [10]; E. coli B-galactosidase, 540,000 [11]; 
rabbit muscle pyruvate kinase, 237,000 [12]; rabbit 
muscle lactate dehydrogenase, 140,000 [13]; pig 
heart malate dehydrogenase, 70,000 [14]. The void 
volume was measured using tobacco mosaic virus 
and a calibration curve was constructed by the 
method of Andrews [14]. 


Assays for other enzyme activities. 


The hydrolysis of L-asparagine was assayed at 30° 
in a total volume of 10 ml containing 100 mM Tris— 
HCI buffer, pH 7.4, 0.1 mM EDTA, 10 mM L-aspar- 
agine and enzyme sample. The liberation of NHé 
was followed using an ammonium electrode [5]. A 
similar method was used to assay for the hydrolysis 
of D-glutamine, L-albizzin and L-azaserine with a 
10 mM concentration of each of these compounds 
replacing asparagine. 

The hydrolysis of L-y-glutamyl-p-nitroanilide and 
L-y-glutamyl transpeptidase activity were assayed by 
a modification of the method of Orlowski and Meis- 
ter [15]. The assay mixtures contained in a total 
volume of 1.0 ml, 100 mM Tris-HCI buffer pH 9.0, 
0.1mM EDTA, 5 mM L-y-glutamyl-p-nitroanalide 
and enzyme sample, + 10 mM MgCl and + 20 mM 
glycylglycine. The release of p-nitroaniline was fol- 
lowed spectrophotometrically at 410 nm and at 30°. 

Hydrolysis of y-glutamyl hydroxamate was 
assayed by a modification of the method of Lipmann 
and Tuttle [16]. The assay mixture contained in a 
total volume of 1.0 ml, 100 mM Tris-HCI buffer, pH 
7.4, 0.1mM EDTA, 3 mM y-glutamyl hydroxamate 
and enzyme sample. The mixture was incubated at 
30° for 30 min before the reaction was stopped by 
the addition of 2 ml of 8% (w/v) FeCh, 10% (w/v) 
trichloroacetic acid in 0.5 N HCl. The solution was 
filtered and the absorbance was determined at 
535 nm. A standard curve was constructed using y- 
glutamylhydroxamate. 

The formation of y-glutamyl hydroxamate from 
glutamate or glutamine was assayed by a modifica- 
tion of the method of Ehrenfeld et al. [17], and the 
hydroxamate formed was estimated by the method 
of Lipmann and Tuttle [16]. The reaction mixture 
contained in a total volume of 1.0 ml, 100 mM Tris— 
HCl buffer, pH 7.4, 0.1 mM EDTA, 0.5 M hydroxyl- 
amine hydrochloride, 10 mM L-glutamine or L-glu- 
tamate and enzyme sample. The mixture was incu- 
bated at 30° for 30 min before the reaction was 
stopped by the addition of 2 ml of 8% (w/v) FeCls, 
10% (w/v) trichloroacetic acid in 0.5 N HCl. The 
mixture was filtered and the absorbance of the filtrate 
was measured at 535 nm. A standard curve was con- 
structed using y-glutamyl hydroxamate. 

Determination of the stoicheiometry of the L-glu- 
taminase reaction. Soluble or membrane-bound glu- 
taminase (0.1 U) which had been dialyzed into 
100 mM Tris-HCI buffer, pH 7.4, containing 1 mM 
EDTA and 0.05% (v/v) 2-mercaptoethanol, was 
incubated at 30° for 1 hr in a total volume of 1 ml 
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100 mM Tris-HCl buffer, pH 7.4, containing 0.1 mM 
EDTA and 10 mM t-glutamine. The reaction was 
stopped by placing the sample in a boiling water- 
bath for 3 min. In the case of assays involving the 
membrane-bound enzyme, the mixture was then cen- 
trifuged. Blanks were used in which the glutamine 
was incubated separately from the mixture and was 
added after boiling. Glutamine was assayed by 
hydrolysing it to pyrrolidone carboxylic acid, glu- 
tamate and NHf by boiling for 3 hr in 2 N HCI [18]. 
The sample was then brought to pH 7.4 by the 
addition of NaOH and the NHi concentration was 
determined. .-glutamate was assayed by the method 
of Bernt and Bergmeyer [19]. The assay mixture 
contained in a total volume of 1.0 ml, 0.5 M glycine— 
hydrazine buffer, pH 9.0, 2mg NAD* and 2 U of 
glutamate dehydrogenase. The change in absorbance 
at 340 nm on the addition of the glutamate-contain- 
ing sample was measured. NHi was measured by a 
modification of the method of Kvamme et al. [8]. 
The assay mixture contained, in a total volume of 
1.0ml, 100mM _ triethanolamine hydrochloride— 
NaOH buffer, pH 7.4, 0.1mM EDTA, 3mM 2- 
oxoglutarate, 0.1mM NADH and 2U glutamate 
dehydrogenase. The change in absorbance at 340 nm 
on the addition of the NHi-containing sample was 
measured. 

Polyacrylamide gel electrophoresis. Electropho- 
resis in 7% polyacrylamide gels was carried out by 
the method of Davis [20]. Glutaminase samples were 
loaded in 10mM phosphate-3 mM borate, 1mM 
EDTA, 0.05% v/v 2-mercaptoethanol adjusted to 
pH 7.4 with Tris. The gels were maintained at 5° 
during electrophoresis. Gels were stained for protein 
in 7% v/v acetic acid containing 1% (w/v) Amido 
black. Gels to be stained for glutaminase activity 
were washed twice in 20 ml 100mM _ phosphate- 
NaOH buffer, pH 8.0, for 10 min each at 30°. They 
were then incubated for 30 min at 30° in the dark in 
a mixture of 80mM phosphate-NaOH buffer pH 
8.0, 5 mM L-glutamine, 2 mg/ml NAD“, 4 U/ml glu- 
tamate dehydrogenase, 0.4 mg/ml nitro blue tetra- 
zolium, 0.04 mg/ml phenazine methosulphate. A 
similar stain has been used by Davis and Prusiner 
[21]. 

Polyacrylamide gel electrophoresis in the presence 
of sodium dodecyl sulphate was carried out by the 
method of Weber and Osborn [24] using half the 
normal amount of cross linking reagent. The follow- 
ing proteins were used as markers: E. coli B-galac- 
tosidase, subunit mol. wt 130,000 [11]; E. coli 2- 
oxoglutarate dehydrogenase complex 93,000, 
81,000, 59,000 [25]; bovine serum albumin, 68,000 
[26]; aldolase, 40,000 [13]; rabbit muscle lactate 
dehydrogenase, 36,000 [13]. 

Purification of soluble glutaminase. All steps were 
carried out at 04° except where stated. 

Step 1. Preparation of pig brain mitochondria. Pig 
brains were obtained from freshly slaughtered ani- 
mals, placed in ice and transported to the laboratory. 
The brains were defatted and homogenised in 150 g 
aliquots in 6vol. of 0.25M sucrose (adjusted to 
pH7.6 with K2HPOs) using a Kenwood Chef 
Liquidiser at full speed for 1 min. The homogenate 
was centrifuged at 500 g for 20 min and the nuclear 
pellet was reextracted with two volumes of sucrose 


and centrifuged again. The two supernatants were 
combined and centrifuged at 10,000 g for 30 min and 
the pellet of mitochondria and synaptosomes 
obtained was resuspended, so that mitochondria 
from 1 kg of brains were in a final volume of 11, in 
50 mM Tris-HCI pH 8.0 (at 0°), 1 mM EDTA, 0.05% 
v/v 2-mercaptoethanol (Buffer T). The mitochondria 
were stored frozen. 

Step 2. Extraction. One litre of pig brain mito- 
chondria was thawed and sonicated in 3 aliquots 
using a Dawe Soniprobe for four 15 sec bursts. The 
suspension was centrifuged at 20,000 g for 30 min. 
The supernatant was retained and the pellet was 
resuspended in 500 ml of Buffer T and sonicated and 
centrifuged as before. The two supernatants were 
combined. The pellets were resuspended in 500 ml 
of buffer T and stored frozen as a source of mem- 
brane-bound glutaminase [5]. 

Step 3. N:u2SOs precipitation. This step was carried 
out at room temperature. An equal volume of 2M 
Na25O4 was added to the supernatant from step 2 
and stirred for 30min. After centrifugation at 
20,000 g for 40 min, a floating cake was formed. This 
was collected by siphoning off and discarding the 
infranatant and was resuspended in 500 ml of 500 mM 
phosphate-15 mM _ borate-NaOH pH 8.0 (at 0°), 
1 mM EDTA, 0.05% v/v 2-mercaptoethanol (Buffer 
P-B) and frozen overnight. It was then thawed and 
centrifuged at 20,000 g for 30 min to remove insolu- 
ble material. 

Step 4. Removal of lipid using calcium phosphate. 
The cloudy supernatant from step 3 was mixed with 
an equal volume of 200mM Na2HPOs. The pH of 
the mixture was adjusted to 8.5-8.1 using 5 M NaOH 
and was kept in this range, while 4M CaCh was 
gradually added with stirring to give a final concen- 
tration of 40 mM. The solution was stirred for | hr, 
then the thick white precipitate of calcium phosphate 
was removed by centrifuging the solution for 5 min 
at 20,000g. 

Step 5. (NHs)2SOs; precipitation. 20% w/v solid 
(NHs)2SOs was added to the clear supernatant 
obtained from Step 4 which was stirred for 30 min. 
The precipitate was collected by centrifuging at 
20,000 g for 30 min and was resuspended in 15 ml 
of Buffer T and dialyzed against 2 litres of Buffer 
T for 34 hr. Any undissolved material was removed 
by centrifugation at 35,000 g for 20 min. 

Step 6. Gel filtration in Tris-HCl buffer. The 
material from step 5 was loaded onto a 3 x 85cm 
column of Sepharose 4B equilibrated in Buffer T. 
The flow rate was 30 ml/hr. The active fractions were 
pooled as indicated in Fig. 1(a) and concentrated 
solutions of sodium phosphate and sodium borate 
(each adjusted to pH 8.0 at 0° were added to give 
final concentrations of 50 and 15 mM, respectively. 
The protein was then precipitated with ammonium 
sulphate as described in Step 5 and was resuspended 
in 3 ml of Buffer P-B and dialysed against 1 litre of 
Buffer P-B for 3-4 hr before undissolved material 
was removed by centrifugation. 

Step 7. Gel filtration in phosphate—borate-NaOQH 
buffer. The supernatant from step 6 was loaded onto 
a 2 x 50 cm column of Sepharose 4B equilibrated 
in Buffer P-B. The flow rate was 7 ml/hr. The active 
fractions were pooled as indicated in Fig. 1(b). 
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Fig. 1. Gel filtration of soluble glutaminase on Sepharose 4B. The columns were run as described under 


Methods. The fractions between the arrows were pooled and used for the next step of the purification. 
(a) Step 6 of the purification: the column was equilibrated in 50 mM Tris-HCl, pH 8.0, 1mM EDTA, 
0.05% v/v 2-mercaptoethanol. (b) Step 7 of the purification: the column was equilibrated in 50 mM 
phosphate — 15 mM borate-NaOH, pH 8.0, 1mM EDTA, 0.05% v/v 2-mercapteothanol. O protein 
concentration (E280), A glutaminase activity (U/ml), ™ specific activity (U/mg). 


Table 1. Purification of soluble glutaminase 





Total Total Specific 
protein glutaminase activity 
Fraction Volume(ml) (mg) (U) (U/mg) Purification 





Homogenate 44,000 1500 0.034 
Step 1 11,000 0.105 
Step 2 : 2500 : 0.055 
Step 3 1100 2 0.025 
Step 4 400 0.067 
Step 5 81 ~ 0.31 
Step 6 3. 22 0.91 
Step 7 0.76 25 
Step 8 0.58 : 22 
Step 9 , 0.22 50 


27 
740 
650 

1500 


~ 
— pt et eh et WO) 


_ 


id : 
No Ww oe 





The starting material was 1 kg wet weight of brain. Fractions were dialyzed into 100 mM Tris-HCl 
pH 7.4, 1 mM EDTA, 0.05% v/v 2-mercaptoethanol before they were assayed for glutaminase activity 
in the presence of 5 mM phosphate (Assay B). 
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Step 8. Centrifugation in phosphate—borate— 
NaOH buffer. The material from step 7 was centri- 
fuged for 4hr at 160,000 g The pellets were resus- 
pended in <1 ml of 100mM Tris-HCl pH 7.4 (at 
30°), 0.1 mM EDTA and this solution was dialyzed 
overnight against 2 x 11 of the same buffer. 

Step 9. Centrifugation in Tris-HCl! buffer. The 
solution from Step 8 was centrifuged for 20 min at 
195,000 g and the pellet was discarded. DTT (1 mM) 
was added to the supernatant and it was stored at 
4. 


RESULTS 


The purification of soluble glutaminase is summar- 
ised in Table 1. The purpose of steps 1-5 was to 
obtain a reasonably lipid-free solution of protein in 
a small volume suitable for gel filtration. Most of the 
purification was obtained in steps 6 and 7. In step 
6, when the enzyme was gel filtered on Sepharose 
4B in the presence of Tris-HCI buffer, it was well 
retarded from the void volume of the column and 
appeared as a peak of protein corresponding to a 
mol. wt of 224,000 with a shoulder of mol. wt 759,000 
as shown in Fig. la. In step 7, when the enzyme was 
incubated in the presence of phosphate—borate— 
NaOH buffer, it aggregated and was eluted in the 
void volume of the second Sepharose 4B column 
with a shoulder of less aggregated material, as shown 
in Fig. 1b. Steps 8 and 9 gave a slight further puri- 
fication and concentrated the enzyme. 

Since the specific activity of soluble glutaminase 
was higher when the enzyme was preincubated in 
phosphate—borate-NaOH buffer than in Tris-HCl 
buffer [5,6], samples from each stage of the purifi- 
cation were dialyzed into Tris-HCI buffer in order 
to provide a meaningful measure of the recovery of 
activity during the purification (Table 1). The total 
recoveries of glutaminase activity from steps 2 and 
3 were very low because the soluble and membrane- 
bound forms of the enzyme are separated at these 
stages [5]. That the losses occurring were due to 
removal of the membrane-bound form of the enzyme 
was confirmed by the results shown in Table 2, in 
which the effects of different buffers on the glutam- 
inase activity present during the early stages of the 
purification are compared with the effects on pure 
soluble glutaminase and on membrane-bound glu- 
taminase which had been freed of soluble glutami- 
nase [5]. 

Step 3 appeared to give little purification of soluble 
glutaminase but it was found that if this step was 
omitted the solution was not clarified at step 4 and 
the ammonium sulphate pellet at step 5 did not 
redissolve satisfactorily. 

The purified enzyme was quite unstable and was 
found to be most stable in the presence of 1 mM 
EDTA and 1 mM DTT, in buffer containing 15 mM 
borate and 50 mM phosphate. It was not stabilised 
by 10 mM glutamate, 50 mM NH.Cl, 10 mg/ml bov- 
ine serum albumin, 50 mM phosphate, 1 mg/ml brain 
mitochondrial lipids, storage at — 10° in the presence 
of 50% (v/v) glycerol or storage in liquid nitrogen. 
The enzyme was more stable in concentrated solution 
than when diluted. The purified enzyme was rou- 
tinely stored at 4° in 50 mM phosphate, 15 mM bor- 


Fig. 2. Polyacrylamide gel electrophoresis of purified solu- 
ble glutaminase. The electrophoresis was carried out as 
described under Methods. (a) Gel stained for protein. (b) 
Gel stained for glutaminase activity. (The band at the 
bottom of the gel is the tracking dye bromophenol blue.) 
(c) Electrophoresis carried out in the presence of sodium 
dodecyl sulphate and the gel stained for protein. 


ate, 1mM EDTA, 1mM DTT, which had been 
adjusted to pH 7.4 (at 30°) by the addition of Tris. 
Under these conditions it had a half-life of about 
150 hr when stored at a protein concentration of 
0.8 mg/ml, but this value was lower at more dilute 
protein concentrations, the half-life at a protein con- 
centration of 0.03 mg/ml being about 60 hr under the 
same conditions. In Tris buffer the enzyme was even 
less stable, having a half-life of only 26hr when 
stored at 4° in 100mM, Tris-HCl buffer pH 7.4 
containing 1 mM EDTA and | mM DTT ata protein 
concentration of 0.8 mg/ml. 

When purified soluble glutaminase was subjected 
to electrophoresis in 7% polyacrylamide gels and 
stained for protein, one major band was detected 
which was in the same position as the rather diffuse 
band obtained on staining the gels for glutaminase 
activity. Typical gels are shown in Fig. 2. 

Only one band of protein was detected by poly- 
acrylamide gel electrophoresis in the presence of 
sodium dodecylsulphate (Fig. 2) suggesting that the 
preparation of soluble glutaminase is pure and con- 
tains a single type of subunit. The subunit molecular 
weight was estimated to be 73,000 + 4000 by com- 
parison with the standard markers (Fig. 3). 

The stoicheiometries of the reactions catalyzed by 
the membrane-bound and the purified soluble 
enzyme were determined in the manner described 
previously. Under these conditions the soluble 
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Fig. 3. Determination of the subunit molecular weight of glutaminase by polyacrylamide gel electro- 

phoresis in the presence of sodium dodecyl sulphate. The electrophoresis was carried out as described 

under Methods and the molecular weight marker proteins used were (a) B-galactosidase from E. coli, 

(b) 2-oxoglutarate dehydrogenase complex from E. coli, (c) bovine serum albumin, (d) catalase from 

beef liver, (e) aldolase from rabbit muscle, and (f) lactate dehydrogenase from rabbit muscle. The 

arrows represent the extreme values found for the mobility of soluble glutaminase in five experiments 
using three different preparations of the enzyme. 


enzyme catalyzed the disappearance of approxi- 
mately 4 mM glutamine and the formation of equiv- 
alent amounts of L-glutamate and NHi, whereas the 
membrane-bound enzyme catalyzed the disappear- 
ance of about 3 mM glutamine and the appearance 
of equivalent amounts of L-glutamate and NHi. The 
error between duplicate determinations was + 15%. 
Thus the reaction catalyzed followed the stoicheiom- 
etry of the glutaminase reaction: 
L-glutamine (+H2O)— L-glutamate + NH? 

in both cases. 

The ability of both the soluble and membrane- 
bound enzymes to catalyze a number of related 
reactions were determined using the methods 


described earlier and the results are shown in Table 
3, from which it can be seen that neither enzyme 
preparation has great catalytic activity in any of these 
reactions. 

The amino acid composition of soluble glutami- 
nase was determined as described in the Methods 
section and is shown in Table 4. The mean residue 
weight was calculated to be 111. 

The ultraviolet absorbance spectrum of soluble 
glutaminase in Tris-HCI buffer showed no unusual 
features. The absorbance of the enzyme at 260 and 
280 nm was increased by approximately 10 per cent 
in the presence of phosphate and borate, but was 
not altered by varying the concentration of Tris-HCl 


Table 3. Specificity of soluble and membrane-bound glutaminase 





Reaction 


Maximum % activity 


X bf Zz 





L-glutainine + H2O — L-glutamate + NHi# (phosphate absent) 100 100 


D-glutamine + H2O > p-glutamate + NHZ 
L-asparagine + H2O — L-aspartate + NH7 


L-y-glutamyl hydroxamate + H2O — L-glutamate + hydroxylamine 2 
L-y-glutamyl-p-nitroanilide + HzO 2, L-glutamate + p-nitroaniline 


100 
3 4 
0.5 3 
2 1.6 


0.03 


L-albizziin + HXO — COOH.NH.CH2.CH(NH2).COOH+NH# [27] 0.7 


L-azaserine + H2O > pyruvate + NH? 2 


L-y-glutamyl-p-nitroanilide + glycylglycine x glutamylglycylglycine + p-nitroaniline 
L-y-glutamyl hydroxamate + 2NHZ 0.2 


L-glutamine + hydroxylamine —“&*" 


0.5 
0.03 


L-glutamate + hydroxylamine —“-4™, | -y-glutamyl hydroxamate + NH? 0.2 





The assay methods used are described in the text. 


X — soluble glutaminase, preincubated in 50 mM phosphate-15mM borate-Tris buffer pH 7.4 (at 30°), ImM EDTA, 


ImM DTT. 


Y — soluble glutaminase, preincubated in 100mM Tris-HCl buffer pH 7.4 (at 30°), ImM EDTA, ImM DTT. 
Z — membrane-bound glutaminase, preincubated in 100mM Tris-HCl buffer pH 7.4 (at 30°), ImM EDTA, 0.05% 


(v/v) 2-mercaptoethanol. 
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Table 4. The amino acid composition of soluble glutami- 

nase. The amino acid composition was determined as 

described in Methods. The results are expressed as the 

number of residues per subunit, assuming a subunit mol. 

wt of 73,000. Each value is the mean of three 
determinations. 





Amino acid Number of residues 





Lysine 
Histidine 
Tryptophan 
Arginine 
Carboxymethylcysteine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tryosine 
Phenylalanine 





* Extrapolated to zero hydrolysis time to allow for the 
partial destruction of these amino acids. 

+ Only the 72 hr hydrolysis value was used to allow for 
the slow release of these amino acids. 


in the range 10-100 mM. Consequently, where E2s0 
measurements were used to estimate the protein 
concentration the enzyme was always dialyzed into 
Tris-HCl buffer before measuring the absorbance. 
The ratio of E2so/E26 was 1.25 for glutaminase in 
Tris-HCl buffer and was lower for enzyme in phos- 
phate—borate buffer. A similar behaviour has been 
reported by Kvamme et al. [22]. for the phosphate- 
actived enzyme from pig kidney. 

The fluorescence emission spectrum of glutami- 
nase in Tris-HCl buffer excited at 280 nm showed 
a peak at 360 nm. This fluorescence spectrum was 
not altered by the presence of 10 mM glutamate or 
100 mM borate. There was a small increase in flu- 
orescence but no shift of the maximum on the 
addition of 100mM phosphate. At concentrations 
greater than 8.6 ug/ml, self-quenching of the enzyme 
fluorescence occurred. 
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DISCUSSION 


This purification is based on a combination of the 
procedure used by Svenneby [6] to purify a phos- 
phate activated glutaminase from pig brain and that 
devised by Curthoys et al. [2] to purify the enzyme 
from rat kidney. It is apparent from the elution 
profiles shown in Fig. 1 that the specific activity and 
molecular weight of soluble glutaminase are higher 
in the presence of phosphate—borate-NaOH buffer 
than in the presence of Tris-HCl buffer and this 
property was used by Svenneby [6] to purify the pig 
brain enzyme by successive centrifugation steps in 
different buffers. Curthoys et al. [2] used successive 
gel filtration steps in different buffers to purify the 
rat kidney enzyme. With the pig brain enzyme we 
found that the use of centrifugation steps after the 
gel-filtration steps had the advantage of concentrat- 
ing the enzyme, and thus rendering it more stable, 
as well as yielding a small amount of further puri- 
fication. It is difficult to assess the homogeneity of 
the native enzyme because of its tendency to aggre- 
gate and disaggregate and this may account for the 
presence of the minor bands seen on polyacrylamide 
gel electrophoresis and for the somewhat diffuse 
appearance of the major band (Fig. 2). The presence 
of a single protein band after electrophoresis in 
sodium dodecyl sulphate does, however, suggest that 
the preparation is essentially homogeneous. The sub- 
unit mol. wt of 73,000 + 4000 estimated from the 
mobility of this band is somewhat larger than the 
value of 63,900 + 2300 reported by Svenneby et al. 
[1], and the results obtained in this study also differ 
from those of Sveaneby [6] in that she was unable 
to detect any enzyme activity after polyacrylamide 
gel electrophoresis in the absence of sodium dodecyl 
sulphate. However, despite these differences, it 
appears likely from the aggregation—disaggregation 
behaviour and the effects of different buffer ions on 
its activity that the soluble enzyme purified here 
corresponds to the phosphate-activated enzyme pre- 
viously purified by Svenneby [6]. Electrophoresis in 
the presence of sodium dodecyl sulphate of the 
enzyme from rat kidney purified by the method of 
Curthoys et al. gave a number of protein bands in 
the mol. wt range 57,000—75,000 which may have 
arisen as the result of partial proteolysis [23]. 
Calculation of the specific activity of the enzyme 
during purification is complicated by the effects of 
different buffer ions on its activity (see Table 2). 
These effects necessitated the transfer of all samples 
to the same buffer for activity measurements. The 


Table 5. Apparent yield of purified soluble glutaminase under different assay conditions 





Enzyme in Tris 
assayed without 
phosphate (A) 


Enzyme in Tris 
assayed with 
phosphate (B) 


Enzyme in phosphate- 
borate assayed with 
phosphate (C) 





Yield of glutaminase (%) 2 
Yield of glutaminase (U) Aa 
Final specific activity (U/mg) 33 
Overall purification (fold) 


- ; 4.4 
3 120 
550 

8700 


4900 





The assays A, B and C for glutaminase are described in more detail in the Methods section. 
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protein-concentration-dependent instability of the 
enzyme resulted in the final specific activity being 
dependent upon the conditions under which the 
enzyme was stored, although it was reproducible for 
preparations of the same protein concentration. The 
final specific activity of 50 U/mg (Table 1) for the 
purified enzyme in Tris-HCl buffer assayed in the 
presence of phosphate compares well with that of 
106 U/mg reported by Svenneby et al. (1973), since 
the latter preparation was stored at a higher protein 
concentration and was assayed at a more favourable 
pH value and phosphate concentration, although at 
a lower temperature. The entire purification pro- 
cedure could be completed in 5—6 days, the most 
time-consuming steps being those involving gel-fil- 
tration and dialysis, and was both simpler and 
quicker than that devised by Svenneby et al. [1]. In 
addition, the yield of enzyme activity per kg of brain 
was twice that obtained by the method of Svenneby 
et al. [1]. 

Since pig brain contains two forms of glutaminase, 
the soluble and membrane-bound enzymes which 
are activated to different extents by 5 mM phosphate 
and by preincubation in buffers containing phosphate 
and borate [5], the value for the final yield of the 
enzyme obtained, like that of the specific activity, 
will depend upon the assay conditions as shown in 
Table 5. The separation of the soluble and mem- 
brane-bound enzymes during the early stages of the 
purification procedure (see Table 2) results in the 
overall yield of total activity being low, whichever 
assay conditions are used. It has been estimated, 
however, that in pig brain no more than 10 per cent 
of the glutaminase activity determined in the absence 
of phosphate and without preincubation in phos- 
phate—borate-containing buffer is due to the soluble 
form of the enzyme [5]. Using this value it can be 
seen from the data in Table 5 that the total purifi- 
cation achieved is greater than 49,000 fold and that 
the recovery of the purified soluble enzyme is greater 
than 25 per cent. 

Since a number of enzymes, including amido trans- 
ferases, non-specific amidases and y-glutamyl trans- 
ferases, have some glutaminase activity [27], it was 
important to investigate the specificity of the purified 
glutaminase. As can be seen from Table 3, the pur- 
ified soluble enzyme and the membrane-bound prep- 
aration were both specific glutaminases having only 
small activities in the other systems. 
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ON CYCLIC NUCLEOTIDES IN RAT BRAIN AND 
PITUITARY 
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Abstract—The effect of apomorphine or of 4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone (RO 20- 
1724), a potent phosphodiesterase inhibitor, on levels of cyclic AMP and cyclic GMP in vivo was 
examined in the pituitary, cerebellum, corpus striatum and nucleus accumbens-olfactory tubercle. RO 
20-1724 was also tested in combination with apomorphine to determine whether this drug could 
potentiate the effect of apomorphine. Rats were injected with vehicle or RO 20-1724 (30 mg/kg) 30 min 
prior to an injection of saline or apomorphine hydrochloride (1 or 10 mg/kg). The animals were killed 
by microwave irradiation 7 min after the second injection. RO 20-1724 increased levels of cyclic AMP 
in all four regions, especially in the pituitary. RO 20-1724 increased levels of cyclic GMP in the 
cerebellum, but not in the pituitary. Apomorphine increased cyclic AMP in the pituitary, and cyclic 
GMP in all four regions. RO 20-1724 did not produce supra-additive effects with apomorphine. The 
system most responsive to either drug was cyclic AMP in the pituitary, where cyclic AMP increased 


approximately 10-fold after either apomorphine or RO 20-1724. 


The primary molecular sites of action of the drugs 
apomorphine and 4-(3-butoxy-4-methoxybenzyl)-2- 
imidazolidinone (RO 20-1724) are thought to be 
different, but the cyclic nucleotides, cyclic AMP and 
cyclic GMP, have been postulated to be involved in 
the mechanism of action of both drugs. 

Apomorphine is considered to be a dopamine 
(DA) agonist that directly stimulates the DA recep- 
tor {1,2]. Stimulation of dopamine receptors by 
dopamine or apomorphine may result in activation 
of dopamine-sensitive adenylate cyclases. Dopa- 
mine-stimulated adenylate cyclases have been dem- 
onstrated in many brain regions including the cau- 
date nucleus, nucleus accumbens, olfactory tubercle, 
substantia nigra, and frontal cortex [3-8]. In vivo, 
apomorphine has been shown to increase striatal 
cyclic AMP levels [9-12], as well as cerebellar cyclic 
GMP levels [13-15]. 

RO 20-1724 has been shown to be a potent 
phosphodiesterase inhibitor in vitro [16-21]. 

RO 20-1724 potentiates elevations in cyclic AMP 
in guinea pig cortical slices in response to adenosine, 
histamine, norepinephrine and glutamate [22-24]. 
RO 20-1724 also increases basal cyclic AMP levels 
in guinea pig cerebellar slices [25]. We were inter- 
ested in determining the in vivo cyclic nucleotide 
responses to RO 20-1724, and also whether RO 20- 
1724 could serve as a pharmacological amplifier for 
in vivo effects of a neurotransmitter receptor agonist 
such as apomorphine. 





* In conducting the research described in this report, the 
investigators adhered to the Guide for Laboratory Animal 
Facilities and Care, as promulgated by the Committee of 
the Guide for Laboratory Animal Facilities and Care of 
the Institute of Laboratory Animal Resources, National 
Academy of Sciences, National Research Council. 


Measurements of in vivo levels of cyclic nucleo- 
tides require rapid tissue inactivation methods to 
minimize post-mortem changes in these compounds 
[26]. Microwave irradiation is a rapid fixation tech- 
nique that leaves the brain in a condition suitable 
for regional dissection. Using this method, we have 
been able to measure in vivo levels of cyclic AMP 
and cyclic GMP from the same rat brain regions 
[27, 28]. 

In this report we describe the effects of apomor- 
phine and RO 20-1724 on in vivo levels of cyclic 
AMP and cyclic GMP in the pituitary and three 
regions of rat brain: cerebellum, combined nucleus 
accumbens-olfactory tubercle and corpus striatum. 


MATERIALS AND METHODS 


Animals. Male albino rats (275-312 g), WRC stock 
from the Walter Reed Army Institute of Research 
colony, were used in all experiments.* The animals 
had free access to food and water, and were main- 
tained in a 12-hr light-dark cycled room. For 1 week 
prior to death, animals were handled twice a day 
and habituated to entering an open-ended plexiglass 
cylinder similar to the microwave applicator cylinder. 

Solutions. Apomorphine hydrochloride was 
obtained from Merck & Co., Inc. (Rahway, NJ) and 
dissolved in isotonic saline with 1 mg/ml ascorbic 
acid. The dose was calculated as the hydrochloride. 
Animals were injected i.p. with apomorphine HCl 
at various doses, as described in the specific experi- 
ment, or with saline containing 1 mg/ml ascorbic 
acid. 

The phosphodiesterase inhibitor RO 20-1724 was 
a gift from Hoffman—La Roche, Inc. (Nutley, NJ). 
A 10 mg/ml solution was prepared by dissolving 75 mg 
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of RO 20-1724 in 0.3 ml of warm ethanol. Warm 
propylene glycol (2.25 ml) and warm saline (4.95 ml) 
were then added. A similar vehicle solution was 
prepared as above without RO 20-1724. The sol- 
utions were kept at 55° in a shaking water bath for 
the duration of the experiment. RO 20-1724 or 
vehicle was administered i.p. 30 min prior to apo- 
morphine or saline. 

Microwave death. Animals were killed by micro- 
wave irradiation at 2450 MHz. The rats were placed 
in a plexiglass holder and inserted in a hole in the 
short-circuiting endplate of a WR 430 waveguide 
exposure chamber, in such a manner that the lon- 
gitudinal axis of the head was perpendicular to the 
microwave E field. The power source and waveguide 
were modified to achieve greater uniformity and 
efficiency of inactivation [29,30]. Animals were 
exposed for 5 sec with 2.5 kW forward power (1-3 
per cent reflected). The power source was a Varian 
PPS-2.5, modified with electronic control for precise 
timing and leveling of output power. Frequency out- 
put was verified at 2440 + 20 MHz with a spectrum 
analyzer. Prior to exposure, each animal was imped- 
ance-matched over the range 2420-2460 MHz to a 
low power (10 mW/cm’) signal from a sweep gen- 
erator, using a double-stub tuner. 

Sample preparation. Following microwave irradia- 
tion, the heads were cooled briefly on dry ice for 
ease of handling. The brain was then removed care- 
fully and the desired regions were dissected as 
described previously [31]. The tissue pieces were 
weighed and then sonicated with a Heat Systems 
model 185 in 50 mM sodium acetate buffer (pH 6.2). 
The sonicates were then centrifuged at 25,000 g for 
15 min. The supernatant fractions were stored at 
—70° until assayed. 

Cyclic nucleotide assay. Cyclic AMP and cyclic 
GMP levels were determined by a slight modification 
of the radioimmunoassay described by Steiner et al. 
[32]. The reaction volume of 0.5 ml differed in that 
it contained 200mg of rabbit gamma _ globulin 
(Schwarz/Mann, Orangeburg, NY). After 16hr at 
4°, separation of free and bound cyclic nucleotides 
was accomplished by the addition of 1.5 ml of ice- 
cold 50 mM sodium acetate (pH 6.2) with 16% Car- 
bowax 6000 and 1 mg/ml rabbit gamma globulin, 
followed by centrifugation at 4° for 10 min at 2000 g 
with subsequent aspiration of the supernatant 
fraction. 

For measurement of the cyclic nucleotides in the 
smaller brain regions, a further modification of the 
method described by Harper and Brooker [33] was 
employed. Standards and brain samples were ace- 
tylated at the 2’0 position in 50 mM sodium acetate 
(pH 4.8), using a freshly prepared 2:1 mixture of 
triethylamine/acetic anhydride. Following the ace- 
tylation procedure, the radioimmunoassay pro- 
ceeded as noted above. 

The data were analyzed by computer, using a non- 
linear four-parameter logistic model weighted for 
non-uniformity of variance [34]. The respective sen- 
sitivities (minimal detectable amounts) for cyclic 
AMP and cyclic GMP were 0.10 = and 
0.025 pmole/assay tube for the routine assay, and 3 
fmoles for the acetylated assay. Phosphodiesterase 
treatment of tissue extracts reduced cyclic AMP and 
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cyclic GMP to undetectable levels, representing a 
reduction greater than 95 per cent for cyclic AMP 
and 80 per cent for cyclic GMP in each region. 


RESULTS 


Time course of apomorphine effects. Rats were 
injected with saline or 10 mg/kg apomorphine hydro- 
chloride and killed by microwave irradiation after 
1, 3, 5, 7 or 15S min. As shown in Table 1, apomor- 
phine rapidly elevated both cyclic AMP and cyclic 
GMP in all three brain regions. Significant increases 
in cyclic AMP were seen as early as 3 min after 
10 mg/kg apomorphine. Increases in cyclic AMP 
were maximal after 5 or 7min. While significant 
increases in cyclic GMP were seen as early as 3 min 
in all regions, the highest measured levels were seen 
15 min after 10 mg/kg apomorphine. 

Effect of RO 20-1724 and apomorphine on cyclic 
AMP and cyclic GMP in pituitary, cerebellum, 
nucleus accumbens-olfactory tubercle and corpus 
striatum. Rats were injected i.p. with RO 20-1724 
(30 mg/kg) or vehicle 30 min prior to a second injec- 
tion of saline or apomorphine hydrochloride (1 or 
10 mg/kg). Animals given RO 20-1724 were observed 
to be behaviorally depressed. The animals were 
killed by microwave irradiation 7 min after the sec- 
ond injection. 

As seen in Table 2, RO 20-1724 increased cyclic 
AMP levels in all four regions tested, but especially 
in the pituitary where cyclic AMP levels increased 
over 10-fold. The elevations were statistically sig- 
nificant (P < 0.05) in the pituitary, cerebellum and 
nucleus accumbens-—olfactory tubercle. Apomor- 
phine significantly increased cyclic AMP levels only 
in the pituitary where there was a greater increase 
seen after 10 mg/kg apomorphine than after 1 mg/kg 
apomorphine (P < 0.05). 

As shown in Table 3, RO 20-1724 significantly 
increased levels of cyclic GMP only in the cerebellum 
(P <0.05), although levels of cyclic GMP in the 
striatum and nucleus accumbens-olfactory tubercle 
were increased in all three RO 20-1724 treatment 
groups. Apomorphine (10 mg/kg) increased levels 
of cyclic GMP in all four regions. 

Inspection of the data in Tables 2 and 3 revealed 
that the effects of RO 20-1724 and apomorphine 
were approximately additive. 


DISCUSSION 


In vivo, the phosphodiesterase inhibitor RO 20- 
1724 increased levels of cyclic AMP in all four tested 
regions: pituitary, cerebellum, nucleus accumbens— 
olfactory tubercle and corpus striatum. The elevation 
was over 10-fold in the pituitary, which appears to 
have a very responsive cyclic AMP system. RO 20- 
1724 also increased cyclic GMP levels in vivo in 
cerebellum, nucleus accumbens-olfactory tubercle 
and corpus striatum, but not in the pituitary. Experi- 
ments performed in vitro with RO 20-1724 have 
suggested that the drug is a more effective inhibitor 
of cyclic AMP phosphodiesterase activity than cyclic 
GMP phosphodiesterase activity [16, 21]. Our results 
demonstrate that RO 20-1724 in vivo increases both 
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cyclic AMP and cyclic GMP in particular brain 
regions. The in vivo effects on cyclic GMP must also 
be considered in assessing the biochemical phar- 
macology of this drug. 

Apomorphine increased levels of cyclic AMP 
and/or cyclic GMP in some regions but not others. 
Cyclic GMP levels in vivo were increased by apo- 
morphine in substantia nigra (Table 1), in cerebellum 
and pituitary (Table 3), and in striatum and accum- 
bens-tubercle (Tables 1 and 3). Pituitary cyclic GMP 
levels were not increased by apomorphine in the RO 
20-1724 treatment groups. Seven minutes after 
10 mg/kg apomorphine, cyclic AMP levels were 
unchanged in cerebellum (Table 2), increased or 
unchanged in striatum and accumbens-tubercle 
(Tables 1 and 2), increased in substantia nigra (Table 
1), and greatly increased in pituitary (Table 2). The 
failure to find elevated cyclic AMP in striatum after 
apomorphine in the second experiment could be 
explained by the somewhat higher ‘control’ cyclic 
AMP levels in vehicle-saline injected rats (Table 2) 
vs the saline injected controls used in the experiments 
shown in Table 1. However, in other experiments 
in our laboratory (unpublished data), we have found 
that the cyclic AMP response to apomorphine in 
vivo in striatum is generally variable and not robust. 
This has also been observed by other investigators 
[35]. The major responses to apomorphine were 
increased cyclic GMP levels in cerebellum and 
nucleus accumbens-olfactory tubercle and a very 
large cyclic AMP increase in the pituitary. DA 
receptors have been demonstrated in the nucleus 
accumbens-—olfactory tubercle, but none are found 
in the cerebellum [36]. It has been postulated that 
the apomorphine-induced cyclic GMP elevation in 
the cerebellum might be mediated via a multi-syn- 
aptic pathway originating outside the cerebellum 
[13, 15]. 

Pituitary cyclic AMP was remarkably responsive 
to apomorphine or RO 20-1724. Levels of cyclic 
AMP increased approximately 8-fold after apomor- 
phine, and 12-fold after RO 20-1724. Pituitary cyclic 
GMP levels were slightly increased by apomorphine 
and unaffected by RO 20-1724. The turnover of 
cyclic AMP in the pituitary must be relatively high 
and the system very sensitive to demonstrate such 
large increases. 

The pituitary has been shown to contain DA 
receptors and it has been suggested that dopamine 
may act directly on the pituitary to inhibit prolactin 
release [37, 38]. The administration of apomorphine 
in vivo decreases prolactin [38, 39]. Schmidt and Hill 
[40] recently reported that adenylate cyclase activity 
in intact pituitaries in vitro was unaffected by apo- 
morphine, although striatal adenylate cyclase activity 
was stimulated under the same experimental con- 
dition. Mowles et al. [41] have shown that dopamine 
and apomorphine inhibit prolactin secretion but do 
not affect cyclic nucleotide levels in pituitary cell 
cultures. Our results, however, show that in vivo 
pituitary cyclic AMP is elevated by apomorphine. 
Either apomorphine is able to stimulate pituitary 
DA receptors in vivo but not in vitro, or possibly 
apomorphine affects pituitary cyclic AMP through 
activation of a system originating outside the 
pituitary. 
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Abstract—The effects of the inhalation anaesthetic agent, halothane (CF3CHBrCl), on the stability of 
the calcium transport system of isolated rabbit white skeletal muscle sarcoplasmic reticulum have been 
studied. Calcium transport activity was unaffected when suspensions of sarcoplasmic reticulum vesicles 
were preincubated at 37° and pH 6.8 at concentrations of halothane below 5 mM, but was progressively 
inactivated at higher concentrations. (Ca?* .Mg** )-ATPase activity was enhanced during inactivation of 
calcium transport. At pH 6.3 and 5.8, halothane increased the first order rate constants of inactivation 
and effects were noted in the anaesthetic range of concentration (1-2 mM). The inulin inaccessible 
space of membrane vesicles did not change appreciably during the period of treatment with halothane, 
excluding increased permeability as an explanation of the inhibition of calcium accumulation. Inactivation 
was irreversible and highly temperature dependent, with an activation energy of 52.7 kcal/mol. Calcium 
ions had a protective effect against inactivation (Ko.s (cazy = 1.5 X 107 ®M), as did ATP (Ko.s (at) = 
10~°M). It is concluded that mild acid conditions and halothane act synergistically during inactivation 
of the calcium transport system, of sarcoplasmic reticulum membranes. These studies suggest that 
halothane interacts with the (Ca**, Mg”*)-ATPase protein at the ATP-specific binding site or that it 
disrupts protein-lipid associations in the membrane. In either case the destabilizing effect of halothane 


may be modified by the conformational state of the protein. 


The interaction of both local and general anaesthetics 
with membranes is fundamental to the mechanism 
of anaesthesia. Interactions with both lipid [1-3] and 
protein [4,5] moeities of the membrane have been 
suggested. Consequently, anaesthetic agents may be 
used as probes of membrane function. Halothane 
(CF3;CHBrCl), a widely used general anaesthetic 
agent, initiates the condition of malignant hyperth- 
ermia in susceptible humans and pigs [6, 7]. 

addition to hyperthermia, the syndrome is charac- 
terized by rigor and severe lactacidosis. Jn vitro, 
halothane has been shown to potentiate contracture 
of muscle fibres from susceptible individuals [8]. It 
has been postulated that the triggering agent releases 
calcium from defective calcium-storing sarcoplasmic 
reticulum (SR)i membranes [9]. The resultant 
increase in cytoplasmic calcium concentration accel- 
erates glycogenolysis and glycolysis by activation of 
phosphorylase b kinase and myosin ATPase and 
inhibits troponin, permitting contractures to occur. 
Calcium would then accumulate in mitochondria, 
causing uncoupling of oxidative phosphorylation. 
These events could liberate sufficient heat to account 
for the rise in body temperature. However, in spite 
of this attractive hypothesis, definitive studies [10, 11] 
have failed to demonstrate a defect in ATP-depen- 
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dent active calcium transport by preparations of SR 
membranes isolated from malignant hyperthermia- 
susceptible individuals. 

Halothane is known to inhibit mitochondrial func- 
tion by blocking NADH-dependent electron transfer 
reactions [12, 13]. Mitchelson and Hird [14] have 
demonstrated that skeletal muscle mitochondria are 
especially sensitive to the effects of halothane under 
acid conditions. Mild acid conditions also irreversibly 
inactivate the calcium transport system of rabbit SR 
membranes [15]. In this study we have investigated 
the effects of halothane and acid conditions on the 
stability of the calcium transport system of rabbit 
white skeletal muscle SR in vitro. The findings sug- 
gest that halothane interacts with the (Ca’* ,Mg’*)- 
ATPase (EC 3.6.1.3, ATP phosphohydrolase) pro- 
tein which results in destabilization rather than direct 
inhibition of the transport system. 


METHODS 


Preparation of SR vesicles and treatment with hal- 
othane. Rabbits were stunned by sharp blows to the 
back of their necks. No anaesthetic agents were 
employed. SR vesicles were prepared from longis- 
simus dorsi muscle by differential centrifugation and 
purified by 0.6 M KCI extraction and centrifugation 
through a continuous sucrose density gradient [16]. 
Stock suspensions of SR, approximately 3—4 mg pro- 
tein/ml, were stored at 0° in 0.3 M sucrose, 10 mM 
imidazole, pH 7.4. The SR suspension, 0.1 ml, was 
diluted 30 fold into buffered ice-cold halothane sol- 
ution containing either 40 mM ammonium acetate 
or 20 mM histidine, and 50 mM KCI at the stated 
pH values. The diluted suspension was immediately 
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aspirated into a thick walled glass coil (2 mm internal 
diameter) with thermostat. This procedure mini- 
mized losses of halothane during the inactivation 
process and ensured rapid temperature equilibra- 
tion. Inactivation was studied at 37° unless otherwise 
indicated. Samples (50 wl) were delivered from the 
coil at timed intervals directly into either calcium 
uptake buffer (425 ul) for measurement of calcium 
transport or into the ATPase assay buffer (2.65 ml), 
both kept at 0°. Under these experimental conditions 
the residual transport or ATPase activity remained 
constant until assay (within 60 min). 

Assay of ATP-dependent calcium transport. Cal- 
cium transport in the presence of oxalate was deter- 
mined by the millipore filtration method of Marto- 
nosi and Feretos [17]. The reaction at 25° was 
initiated by adding 25 ul of 100 mM ATP to the test 
tube containing SR suspension in the uptake 
medium. The uptake medium consisted of 20 mM 
histidine, pH 7.4, 50 mM KCl, 5 mM MgCh, 0.5 
mM EGTA, 0.5mM *CaCh, and 5 mM potassium 
oxalate. Transport was measured over a 2 min 
period. The “Ca radioactivity remaining on the mil- 
lipore filter was determined in a Beckman LS 233 
scintillation spectrometer after: dissolving the filters 
in 4ml of Instagel (Packard Instruments). 

Assay of ATPase activity. Both Mg**-ATPase and 
total ATPase activity were measured spectropho- 
tometrically by monitoring the decrease in absorb- 
ance of NADH at 340 nm in the presence of an ATP 
regenerating system [18]. The (Ca** ,Mg**)-ATPase 
activity was calculated by deducting the Mg’*- 
ATPase from the total activity. 

Determination of membrane permeability. Mem- 
brane permeability was studied by measuring the 
inulin inaccessible space of packed vesicles according 
to the method of Duggan and Martonosi [19] using 
inulin 'C-carboxylic acid. This determination 
required relatively large amounts of purified SR. 
The method of Eletr and Inesi [20] was used in this 
case since it resulted in higher yields of SR vesicles 
than that of Boland et al. [16] employed for other 
experiments. Vesicles were used at a concentration 
of 15 mg protein/ml. 

Preparation of solutions of known free Ca** con- 
centrations. Calctum—EGTA buffers were made up 
by mixing varying amounts of 10 mM CaCh with a 
fixed volume of 10mM EGTA. Free calcium ion 
concentrations were calculated using a value of 
10~''M for the true dissociation constant K, of the 
Ca-EGTA complex [21] and an apparent dissocia- 
tion constant, K’. at pH 7.4 of 4.13 x 10~°M. 

Halothane solutions. Halothane in aqueous sol- 
ution was assayed by gas-liquid chromatography by 
the method of Gadsen et al. [22]. Buffer solutions 
were saturated with halothane at 30°. These were 
found to contain similar concentrations to halothane- 
saturated distilled water, previously determined to 
b. 21 mM [23]. The saturated solutions were diluted 
with buffer to the appropriate halothane concentra- 
tion immediately before use. 

Calcium-free ATP. Calcium-free ATP was pre- 
pared by passing 100 mM disodium ATP through a 
10 x lem Chelex 100 (K* form) column, equili- 
brated with ammonium acetate (10 mM) at pH 7.0. 

Chemicals. EGTA was obtained from Fluka AG, 


Switzerland; Halothane from Halocarbon Labora- 
tories Inc., Hackensack, NJ; ATP, PEP and pyruvate 
kinase from Sigma Chemical Co., St. Louis, MO 
and Chelex 100 cation exchange resin from Bio Rad 
Laboratories, Richmond, CA. “CaCl and inulin 
['*C]-carboxylic acid were purchased from The 
Radiochemical Centre, Amersham, England. The 
ionophore X 537A was a gift from Roche Products 
(Pty) Ltd., Isando, Republic of South Africa. All 
other chemicals were of Analytical Reagent grade. 


RESULTS 


Effect of halothane on the in vitro stability of Ca** 
transport and (Ca**,Mg?*)-ATPase activity of SR 
membranes. Figure 1 shows that over a 5 min period 
at 37° in the presence of 10 mM halothane, calcium 
transport by SR was abolished. Over the same time 
interval the (Ca**,Mg?*)-ATPase activity increased 
from 1.05 to approximately 3 wmoles/min/mg pro- 
tein, while the basal activity (Ca absent) remained 
constant at 0.3 wmoles/min/mg protein. The ATPase 
activities in the presence of the ionophore X537A 
were unaltered. The inclusion of a calcium specific 
ionophore in the assay ensured that the ATPase 
activity as measured represented the maximal cal- 
cium stimulated activity (cf. [24]). In the absence of 
an ionophore, accumulation of intravesicular calcium 
leads to inhibition of ATPase activity. 

In a separate experiment, the effect of halothane 
on the inulin inaccessible space of SR vesicles was 
determined. Incubation with 10mM halothane for 
15 min decreased the inulin inaccessible water space 
slightly from 4.0 to 3.7 ul/mg protein, indicating that 
the observed inactivation of nett calcium transport 
could not be accounted for by increased membrane 
permeability (cf. [19]). 

The inactivation of calcium transport activity of 
SR by halothane was shown to be irreversible. 
Incubation with 7 mM halothane for 5 min reduced 
the calcium transport activity from 1200 
nmoles/min/mg protein to 50 nmoles/min/mg pro- 
tein. Removal of the halothane by bubbling nitrogen 
through the suspension for 10 min did not restore 
the transport activity nor was recovery evident after 
storage of vesicles at 0° for up to 20 hr. In control 
experiments, bubbling of nitrogen through the 
vesicle suspension did not affect calcium transport 
activity. 

Halothane concentration dependence and the effect 
of pH on the stability of SR calcium transport. The 
effect of prior incubation of suspensions of SR ves- 
icles at various halothane concentrations was inves- 
tigated at three different pH values, viz. 6.8, 6.3 and 
5.8. In these and subsequent experiments, the 
decline in calcium transport was first order with 
respect to residual activity, as was previously shown 
for acid inactivation [15]. In Fig. 2, the first order 
rate constants of inactivation are shown as a function 
of halothane concentration. Preincubation of vesicles 
at pH 5.8 in the absence of halothane caused a sig- 
nificantly enhanced rate of inactivation as previously 
shown [15]. At pH 6.8, calcium transport was unaf- 
fected by concentrations of halothane below approx. 
5 mM. Between 5 and 10 mM, the transport of cal- 
cium was more rapidly inactivated. At the more 
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Fig. 1. Effect of preincubation of SR vesicles with halothane on calcium transport, (Ca** 
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and Mg” *-ATPase activities. Suspensions of SR vesicles (0.1 mg/ml) were preincubated at 37° in the 


presence of 10 mM halothane (see Methods) in 40 mM ammonium acetate, pH 6.8. At timed intervals 


samples were taken for the measurement of calcium transport at 26° (—™—™—), (Ca?* 
(—@—@—), Mg?*-ATPase (—A—A—) and (Ca?* 
(-O—O—). 
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Fig. 2. Halothane concentration dependence and effect of 
pH on inactivation of Ca?* transport by SR vesicles. Sus- 
pensions of SR vesicles (0.1 mg/ml) were incubated at 37° 
in 40 mM ammonium acetate buffers at pH 5.8, 6.3 and 6.8 
at halothane concentrations between 0 and 10 mM. Calcium 
uptake was assayed as described before at 26° and the rate 
constant for inactivation, k, at the various pH values and 
halothane concentrations was calculated (—@—@®—, 
pH 6.8; —A—A—, pH 6.3; —™—@—, pH 5.8). 


, Mg’*)-ATPase 
, Mg’*)-ATPase in the presence of X537A 


acidic pH values, 6.3 and 5.8, two effects could be 
noted: (a) the rate constants of inactivation were 
increased above the values obtained at pH 6.8 and 
(b) there was increased inactivation in the lower 
range (1-2 mM) of halothane concentrations. This 
is well within the concentration range reached in 
muscle during clinical anaesthesia [25]. Thus halo- 
thane and H”* ions appear to have a synergistic effect 
in inactivating the calcium transport mechanism of 
SR vesicles. 

The temperature dependence of halothane inacti- 
vation of calcium transport activity of SR. Inactiva- 
tion of calcium transport activity by halothane was 
measured at various temperatures between 25° and 
40°. The temperature dependence of the first order 
rate constants of inactivation, k, are shown in Fig. 3 
in the form of an Arrhenius plot. As can be seen, 
the plot was linear, indicating no gross change in 
thermodynamic parameters of the inactivation pro- 
cess within the temperature limits investigated. Fur- 
thermore, the process was highly temperature 
dependent with an activation energy Ea of 52.7 kcal 
mol’. 

Effect of free Ca’* and MgATP on halothane 
inactivation of Ca** transport activity of SR. The SR 
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Fig. 3. Temperature dependence of halothane inactivation 
of calcium transport by SR vesicles. Suspensions of SR 
vesicles (0.1 mg/ml) were incubated in 40 mM ammonium 
acetate, pH 6.8, with 7 mM halothane at various temper- 
atures. Aliquots were removed at intervals during a 2 min 
incubation period. Calcium uptake was assayed as 
described before at 26° and the temperature dependence 
of the first order rate constant of inactivation, k, in the 
form of an Arrhenius plot is shown where k is expressed 
as min~!. (Ea = 52.7 kcal mol™'.) 


vesicles were incubated at 37° at pH 7.4 in the pres- 
ence of 10 mM halothane with concentrations of free 
Ca** varying between 2 x 10-8M and 3 x 10~*M. 
The rate constant of inactivation, plotted against the 
free Ca** concentrations, is shown in Fig. 4. Calcium 
ions protected against halothane inactivation, with 
a half maximal effect Ko.s (cay, of 1.5 x 10~°M. 
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Fig. 4. The effect of free Ca”* on the halothane inactivation 
of calcium transport by SR vesicles. Suspensions of SR 
vesicles (0.1 mg/ml) were incubated with 10 mM halothane 
at pH 7.4 in 20 mM histidine, 50 mM KCLI and 10mM 
EGTA. Varying free calcium ion concentration was 
achieved by adding CaCl2 (see Methods). Calcium transport 
was assayed at 26°, as described previously, and the first 
order rate constant of inactivation, k, plotted as a function 
of the free Ca’* concentration. 
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Fig. 5. The effect of ATP on the halothane inactivation of 
calcium transport by SR vesicles. Suspensions of SR vesicles 
(0.1 mg/ml) were incubated at 37° in 20mM histidine, 
pH 7.4, 50mM KCl, 5mM MgCh, 4mM PEP, 3 units/ml 
PK in the presence or absence of 10mM halothane and 
concentrations of ATP indicated alongside the curves. 
Aliquots were taken at timed intervals and calcium trans- 
port immediately assayed by the millipore filtration method 
at 26°. 


Figure 5 shows the effect of incubating vesicles in 
the presence of 10 mM halothane and varying con- 
centrations of MgATP. In the presence of the 
PEP/PK ATP regenerating system, micromolar con- 
centrations of ATP significantly decreased the first 
order rate constant of inactivation of calcium uptake 
by SR vesicles. ATP, 1mM, almost completely 
blocked the effect of 10 mM halothane. ATP, 
1 x 10-°M, halved the rate constant of inactivation, 
indicating that the affinity of the ATP protective site 
has a dissociation constant Kp, of this order. 

Effect of ageing of SR vesicles on their susceptibility 
in inactivation of Ca**-transport by halothane. Sus- 
pensions of SR which had been aged at 0° were 
exposed to 10 mM halothane and the effects meas- 
ured (Fig. 6). Control preparations of SR aged for 
up to 102 hr, when incubated at pH 6.8 in the absence 
of halothane, showed no decline in transport activity. 
In the presence of 10 mM halothane, the degree of 
inactivation was related to the age of the preparation. 
An increasing degree of inactivation was noted after 
longer periods of ageing. 


DISCUSSION 


The mechanism whereby anaethetics act on mem- 
branes has been much debated in recent years. Bas- 
ically, the question is whether they react with the 
protein [4, 5] or lipid [1-3] components of the mem- 
brane. Seeman [26] has proposed that local and 
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Fig. 6. Effect of ageing on the halothane inactivation of 
calcium transport by SR vesicles. Suspensions of SR vesicles 
were stored at 0° in 300mM sucrose, 10mM imidazole, 
pH 7.4 at a concentration of 4.2 mg of protein/ml. Aliquots 
were diluted 30 fold with 40 mM ammonium acetate buffer 
pH6.8 at 30hr (—O—O—) (fresh preparation), 54 hr 
(—A—A—) and 102 hr (—O—O—-) after initial hom- 
ogenization of the muscle and calcium transport measured 
at 26° after preincubation of these aliquots at 37° in the 
presence of 10 mM halothane. Control suspensions of SR 
after 102 hr were incubated in the absence of halothane 
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general anaesthetics have a common mechanism of 
action and that both proteins and lipids are affected 
by anaesthetic molecules which attach by hydropho- 
bic bonding causing an expansion of the membrane 
and that the magnitude of the lipid expansion is less 
than that of the hydrophobic site within the mem- 
brane proteins. Franks and Lieb, however, using X- 
ray and neutron diffraction analysis, found no effect 
of general anaesthetics on lipid bilayers and have 
suggested that the primary site of action has both 
polar and nonpolar characteristics and probably 
involves protein [27]. 

Halothane, at anaesthetic concentrations, inter- 
acts with tissues causing a variety of biochemical 
changes. It has been shown that halothane affects 
hepatic microsomal electron transfer by interaction 
with the cyanide-sensitive factor of the stearate 
desaturase pathway [28]. Hepatic carbohydrate 
metabolism is affected by halothane [29] which 
inhibits mitochondrial electron transport at the stage 
of NADH dehydrogenase [12]. The depressant effect 
of halothane on myocardial contractility has been 
explained on the basis that halothane reversibly 
inhibits oxidation cf NADH-linked substrates by 
cardiac mitochondria, and decreases mitochondrial 
electron transfer and consequently ATP synthesis 
[13]. Volatile anaesthetic agents, including halo- 
thane, facilitate a structural transition of membrane 
bound acetylcholine receptor proteins of the electric 
organ of Torpedo californica and it has been sug- 
gested that the primary effect is a disruption of 
protein-lipid interactions [30]. 

Calcium ions have been implicated in the mech- 
anism of anaesthetic action. Papahadjopoulos [31] 
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has shown that the site of action of local anaesthetics 
on biological membranes involves acidic phospho- 
lipids and results in inhibition of their calcium bind- 
ing properties. Blaustein and Goldman [32] have 
demonstrated that calcium and procaine compete 
with one another with respect to their action on the 
conductance mechanism of lobster axons. Calcium 
competes in vitro with procaine and its analogues for 
binding to phospholipids [33]. Grist and Baum have 
suggested [34] that the molecular basis of the halo- 
thane dependent efflux of calcium from rat liver 
mitochondria involves the partition of the anaes- 
thetic in the apolar phase of the membrane causing 
its expansion and impairment of its binding capacity 
for calcium via the phospholipid membrane com- 
ponents. The data of Vanderkooi et al. [35] support 
Seeman’s concept [26] that the hydrophobic interior 
of proteins has similar physical characteristics to lipid 
bilayers and that anaesthetics can be expected to 
partition equally well in both proteins and lipids. 

We have shown (Fig. 4) that calcium ions have a 
protective effect against inactivation of calcium 
transport activity of SR vesicles by halothane with 
Ko.s(ca2) = 1.5 X 10~°M. This value is similar to that 
of a calcium site which protects against thermal 
inactivation and of a high affinity transport site 
located on the (Ca**,Mg’*)-ATPase component of 
the membrane [36]. If the protection were solely 
against a site on the lipid component of the mem- 
brane, one would have expected [37] a calcium con- 
centration of at least two orders of magnitude greater 
than that found in this study for conferring stability 
on the transport system. Changes of pH in the range 
5.8-6.8 have a marked effect on inactivation of cal- 
cium transport activity of SR [13]. The pKs of the 
ionizable groups of phospholipids are in the ranges 
3,7-4.5 and 7.5-8 [38]. Consequently, halothane, 
whose action on SR is potentiated between pH 5.8 
and 6.8, would appear to be interacting with the 
protein moiety. There is other evidence for the 
interaction of halothane with soluble proteins. It has 
been shown to bind to hydrophobic sites in haemo- 
globin [39] which are not on the surface of the 
molecule. In addition, Sachsenheimer ef al. have 
shown that halothane can bind within a hydrophobic 
pocket of crystalline adenylate kinase which has been 
identified by crystallographic means as the adenine- 
specific niche [40]. 

The present study on the effects of halothane on 
the stability of the (Ca’**,Mg’*)-ATPase does not 
allow us to differentiate between the two possibilities 
that halothane may be interacting either directly with 
a hydrophobic domain of the ATPase protein or at 
the protein-lipid interface. The results, however, 
indicate that the conformational state of the ATPase 
has an effect on this interaction. In this respect it is 
significant that ~M concentrations of ATP protected 
against inactivation of calcium transport, indicating 
that this protection is mediated via the substrate 
binding site. 

The mechanism of inactivation of transport would 
appear to be similar to that proposed for the acid 
[13] and EGTA [36] mediated uncoupling of trans- 
port. Increased permeability does not appear to play 
a role in halothane mediated uncoupling since direct 
measurements using inulin '*C-carboxylic acid did 
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not demonstrate any significant increase in perme- 
ability when transport, but not ATPase activity, was 
inhibited. These findings also indicate that the 
ATPase protein is primarily involved in the effect. 
Both ether [41, 42] and butanol [43] at relatively high 
concentrations abolished calcium transport, but their 
effects have been shown to be associated with 
increased membrane permeability. 

Several factors could have contributed to the 
apparently conflicting reports [8, 10, 11] on SR func- 
tion with respect to halothane and its role in the 
production of malignant hyperthermia. Firstly, as 
we show in Fig. 3, the inactivation of calcium trans- 
port by SR is highly temperature dependent with 
little inactivation below 25°. Consequently studies 
done at this temperature, which is usual in routine 
measurements of calcium transport, would create 
the impression that halothane does not in fact affect 
calcium transport by SR vesicles. Furthermore, in 
our studies we preincubated the vesicles prior to 
measuring calcium uptake. Other workers have 
equilibrated the uptake medium with halothane and 
performed the assays in the presence of halothane. 
The uptake medium contains free calcium ions 
(=50 uM) and ATP (1-5 mM). We have shown that 
these concentrations protect significantly against 
inactivation by halothane. 

The data in Fig. 6 suggest that ageing of SR vesicles 
did not decrease the absolute number of active mol- 
ecular species but rather caused an increased sus- 
ceptibility to halothane inactivation. This could 
imply progressive unfolding of the (Ca’*, Mg’*)- 
ATPase with the hydrophobic region of the protein 
becoming more readily accessible to halothane. The 
possibility exists that the sarcoplasmic reticulum of 
individuals who are predisposed to malignant 
hyperthermia has a similar increased susceptibility 
to halothane. The normal concentrations of ATP in 
sarcoplasm of skeletal muscle (~5 mM) would be 
expected to stabilize sarcoplasmic reticulum. The 
concentrations of calcium, however, fluctuate in the 
range 10~’-10-°M, which may confer instability. 
Mitchelson and Hird [14] have shown that muscle 
mitochondrial function is impaired in the presence 
of halothane if there is a predisposing intracellular 
acidosis. Increasing proton concentrations lower the 
affinity of the high-affinity calcium site which stabil- 
izes the SR membrane [36]. Here we have demon- 
strated a similar synergistic ettect of hydrogen ions 
and halothane on the inactivation of calcium trans- 
port. This synergism may be related to the devel- 
opment of the halothane sensitivity of malignant 
hyperthermia where intracellular acidosis could 
potentiate halothane inactivation of calcium trans- 
port. The resultant accumulation of sarcoplasmic 
calcium would promote glycogenolysis, lactate aci- 
dosis and myosin ATPase activity and thus constitute 
a vicious cycle. 

Malignant hyperthermia has not been described 
in rabbits and the results obtained here may not be 
directly extrapolated to situations arising in other 
species. Preliminary experiments in our laboratory 
on SR isolated from skeletal muscle of normal and 
malignant hyperthermia-susceptible pigs indicate 
inactivation of calcium transport similar to that 
observed in rabbit SR. 


E. M. DIAMOND and M. C. BERMAN 


Acknowledgements—We wish to acknowledge the expert 
technical assistance of Mr. D. G. Woolley, Mr. R. Alex- 
ander and Mr. J. Ferreira. 


REFERENCES 


. D. A. Haydon, B. M. Hendry, S. R. Levinson and J. 
Requena, Nature, Lond. 268, 356 (1977). 

. A. G. Lee, Nature, Lond. 262, 545 (1976). 

. A. G. Lee, Biochem. Soc. Trans. 6, 43 (1978). 

. J.M. Boggs, T. Yoong and J. C. Hsia, Molec. Pharmac. 
12, 127 (1976). 

. J. M. Boggs, S. H. Roth, T. Yoong, E. Wong and J. 
C. Hsia, Molec. Pharmac. 12, 136 (1976). 

. R. A. Gordon, in International Symposium on Malig- 
nant Hyperthermia (Eds. R. A. Gordon, B. A. Britt 
and W. Kalow), p. 5. Thomas, Springfield (1973). 

. M. C. Berman, G. G. Harrison, A. B. Bull and J. E. 
Kench, Nature, Lond. 225, 653 (1970). 

. W. Kalow, B. A. Britt, M. E. Terreau and C. Haist, 
Lancet 2, 895 (1970). 

. C. R. Stephen, A. Rev. Med. 28, 153 (1977). 

. M. C. Berman and J. E. Kench, in /nternational Sym- 
posium on Malignant Hyperthermia (Eds. R. A. Gor- 
don, B. A. Britt and W, Kalow), p. 287. Thomas, 
Springfield (1973). 

. H. Isaacs, in Second International Symposium on 
Malignant Hyperthermia (Eds. J. A. Aldrete and B. 
A. Britt), p. 351. Grune & Stratton, New York (1977). 

. R. A. Harris, J. Munroe, B. Farmer, K. C. Kim and 
P. Jenkins, Archs Biochem. Biophys. 142, 435 (1971). 

. M. C. Berman, C. F. Kewley and J. E. Kench, J. 
molec. cell. Cardiol. 6, 39 (1974). 

. K. R. Mitchelson and F. J. R. Hird, Am. J. Physiol. 
225, 1393 (1973). 

. M. C. Berman, D. B. McIntosh and J. E. Kench, J. 
biol. Chem, 252, 994 (1977). 

. R. Boland, A. Martonosi and T. W. Tillack, J. biol. 
Chem. 249, 612 (1974). 

. A. Martonosi and R. Feretos, J. biol. Chem. 239, 659 
(1964). 

. D. J. Horgan, R. K. Tume and R. P. Newbold, Analyt. 
Biochem. 48, 147 (1972). 

. P. F. Duggan and A. Martonosi, J. gen. Physiol. 56, 
147 (1970). 

. A. Eletr and G. Inesi, Biochim. biophys. Acta 282, 174 
(1972). 

. G. Schwarzenbach, H. Senn and G. Anderegg, Helv. 
chim. Acta 40, 1886 (1975). 

. R. H. Gadsen, K. B. H. Risinger and E. E. Bagwell, 
Can. Anaesth. Soc. J. 12, 90 (1965). 

. P. J. Snodgrass and M. M. Pirias, Biochemistry 5, 1140 
(1960). 

. U. Pick and E. Racker, Biochemistry 18, 108 (1979). 

. S. H. Ngai, Handb. exp. Pharmak. 30, 33 (1972). 

. P. Seeman, Anesthesiology 47, 1 (1977). 

. N. P. Franks and W. R. Lieb, Nature, Lond. 274, 339 
(1978). 

.M. C. Berman, K. M. Ivanetich and J. E. Kench, 
Biochem. J. 148, 179 (1975). 

. J. F. Biebuyck, P. Lund and H. A. Krebs, Biochem. 
J. 128, 711 (1972). 

. A. P. Young, F. F. Brown, M. J. Halsey and D. S. 
Sigman, Proc. natn. Acad. Sci. U.S.A. 75, 4563 (1978). 

. D. Papahadjopoulos, Biochim. biophys. Acta 265, 169 
(1972). 

. M. P. Blaustein and D. E. Goldman, J. gen. Physiol. 
49, 1043 (1966). 

. M. B. Feinstein, J. gen. Physiol. 48, 357 (1964). 

. E. M. Grist and H. Baum, Eur. J. Biochem. 57, 621 
(1975). 

. J. M. Vanderkooi, R. Landesberg, H. Selic and G. G. 
McDonald, Biochim. biophys. Acta 464, 1 (1977). 





Halothane and sarcoplasmic reticulum 381 


36. D. B. McIntosh and M. C. Berman, J. biol. Chem. 
253, 5140 (1978). 

37. D. Papahadjopoulos, G. Poste, B. E. Schaeffer and 
W. J. Vail, Biochim. biophys. Acta 352, 10 (1974). 

38. T. Seimiya and S. Ohki, Biochim. biophys. Acta 298, 
546 (1973). 

39. F. F. Brown, M. J. Halsey and R. E. Richards, Proc. 
R. Soc. Lond.(B) 193, 387 (1976). 


40. W. Sachsenheimer, E. T. Pai, G. E. Schulz and R. H. 
Schirmer, Fedn Eur. biochem. soc. Lett. 79, 310 (1977). 

41. G. Inesi, J. J. Goodman and S. Watanabe, J. biol. 
Chem. 242, 4637 (1967). 

42. W. Fiehn and W. Hasselbach, Eur. J. Biochem. 9, 574 
(1969). 

43. K. Hara and M. Kasai, J. Biochem. 82, 1005 (1977). 








Biochemical Pharmacology, Vol. 29, pp. 383-387. 0006—2952/80/0201-0383 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


STABILITY OF 
NITROSOACETOXYMETHYLMETHYLAMINE IN IN VITRO 
SYSTEMS AND IN VIVO AND ITS EXCRETION BY THE 
RAT ORGANISM 


NORBERT FRANK, CHRISTINE JANZOWSKI and MANFRED WIESSLER 


Institute of Toxicology and Chemotherapy, German Cancer Research Center, Im Neuenheimer Feld 
280, 6900 Heidelberg, G.F.R. 


(Received 18 April 1979; accepted 27 August 1979) 


Abstract—The stability of the carcinogen nitrosoacetoxymethylmethylamine (NAMM)* was determined 
in water, serum and blood as well as in an in vivo assay. The half lifes of NAMM in the different media 
show that the dominant enzymatic degradation occurs within a few seconds after intravenous application. 
Nevertheless NAMM is stable enough for a passage through the body. which is also indicated by the 
determination of traces of NAMM in urine and exhalation air. This could explain the carcinogenesis 


of NAMM away from the application site. 


Nitrosodimethylamine—a potent carcinogen [1, 2}— 
exerts its carcinogenic effects after activation by the 
liver monooxygenase system [3,4]. The resulting, 
highly reactive nitrosohydroxymethylmethylamine 
(III) itself, a degradation product or a conjugate, is 
responsible for the methylation of genetic material. 
The stable model compound nitrosoacetoxymethyl- 
methylamine (NAMM) (II) delivers nitrosohydroxy- 
methylmethylamine (III) after hydrolysis or attack 
of esterases without any further enzymatic activation 
by liver oxygenase system (see Fig. 1) 

The results of the experiments on the carcino- 
genesis of NAMM in the rat are summarized in 
Table 1. After intravenous, oral, subcutaneous and 





* Abbreviations: NAMM —Nitrosoacetoxymethylme- 
thylamine, GC—gas chromatography, MS—mass-spectro- 
metry, TEA—Thermal Energy Analyzer. 

+ M. Habs, personal communication. 

t H. R. Scherf, personal communication. 


Monooxygenase 


CH,~N-CH,OH 
| 


intrarectal application, local effects were observed. 
This could be explained by generation of the ultimate 
carcinogen from NAMM at the site of application. 
In addition to these local effects, systemic effects are 
also seen after intraperitoneal and subcutaneous 
application of the compound. Tumors were also 
found in fore-stomach, hematopoietic system, pros- 
tata and kidney after subcutaneous application. +t 
This systemic effect must be explained by a transport 
mechanism either of the intact NAMM or of a 
metabolite or its conjugate. It is not yet known 
whether the stability of NAMM is sufficient for trans- 
port of the intact substance to the target organ. 

We therefore studied the kinetics of the decom- 
position of NAMM in in vitro systems after chemical 
hydrolysis or enzymatic cleavage in serum and blood 
and compared these results to those of the corre- 
sponding in vivo assay. The urine excretion and 
exhalation rate of intact NAMM were also measured 
to complete the study. 


HO or 


Esterase 
—_—— —— — 


CH,-N-CH,OCOCH, 
| 
NO 


CH3-N == CH-N-H 


N-OH 


| 
N=O 


Methylation products 


Fig. 1. Comparative decomposition scheme of nitrosodimethylamine (I) and nitrosoacetoxymethyl- 
methylamine (II). 
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Nitrosoacetoxymethylmethylamine in in vitro systems 


MATERIALS AND METHODS 


NAMM and “C-labelled NAMM were syn- 
thesized as described previously [8, 9]. Solvents were 
of analytical grade. Extrelut®was purchased by Fa. 
Merck, Darmstadt, G.F.R. Heparin-Riker 5000® was 
used as anticoagulate. For gas chromatographic 
analysis, a Pye Unicam 104 gas chromatograph (Phi- 
lips GmbH, Kassel, G.F.R.) equipped with a flame 
ionization detector and a Thermal Energy Analyzer 
(TEA, Thermo Electron Corp., Waltham, U.S.A. 
were used. GC/MS analysis was performed on a LKB 
9000 mass spectrometer (Bromma, Sweden), 
coupled to a Pye Unicam 104 gas chromatograph. 
The radioscans were recorded with a Berthold 
scanner LB 242 k (Berthold, Wildbad, G.F.R.) 

Determination of the half life of NAMM in water. 
From a solution of about 1mg NAMM in 1.0 ml 
water maintained at 37°, aliquots of 1 ul were 
injected in the GC at different times compared to 
an external NAMM standard. Separations were per- 
formed on a glass column (2.2m Xx 0.4mm i.d.) 
packed with 3% Carbowax 20 M TPA on Gaschrom 
Q (80-100 mesh). Injector temperature was 200°, 
the detector temperature 300° and the oven tem- 
perature 160°. The carrier gas was nitrogen, at a flow 
rate of 30 ml/min. The amounts of NAMM were 
plotted against the time, and the half life was cal- 
culated as shown in Calculations. 

Determination of half life of NAMM in serum and 
in blood in vitro. Male SD rats weighing about 250 g, 
fasted overnight, were injected with 1000 I.E. hep- 
arin and exsanguinated. Suitable amounts of NAMM 
were added to 5-10 ml of blood (serum), stirred at 
37°, in order to obtain an inital concentration of 
0.2 mg NAMM /m1 in the reaction mixture. Aliquots 
of 100 wl were taken at different time intervals and 
pipetted into 2 ml of dichloromethane in a separating 
funnel. 

Water (900 yl) was added to each separating fun- 
nel, containing 100 wl of the reaction mixture and 
2 ml of dichloromethane. After shaking, the organic 
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phase was separated and filtered over a cotton wad. 
Extraction of the aqueous phase was repeated with 
2 ml of dichloromethane. The extracts were com- 
bined and concentrated to a volume of 0.2 ml in a 
graduated vial under a stream of nitrogen. The 
amounts of NAMM in the samples were determined 
gas chromatographically with a TEA detector. For 
confirmation of the results, two samples were exam- 
ined by GC/MS; the mass spectra of the eluting peak 
proved that the original NAMM was detected by the 
TEA detector (Fig. 2). 

In separate recovery experiments, defined specific 
amounts of NAMM (20 yg/20 wl H2O) were added 
to a mixture of 100 wl of blood, 900 wl of distilled 
water and 2 ml of dichloromethane. After isolation 
and gas chromatographic determination, the median 
recovery of NAMM was found to be 64% (from 9 
observations, ranging from 61 to 67%). This value 
was taken to correct for losses of NAMM during 
clean up of the samples. The half life was calculated 
as shown in Calculations. 

Determination of half life of NAMM in vivo. Male 
SD rats, weighing about 200 g, were injected with 
1000 I.E. heparin and anesthetized with diethylether. 
A cannule was introduced into the plexus orbitalis, 
while they were simultaneously injected with a sol- 
ution of NAMM (5 mg/0.5 ml water) into the tail 
vein. The end of the injection procedure was taken 
as fo. Periodically 4 drops of blood (approximately 
120 wl) were collected in a separating funnel con- 
taining 2 ml of dichloromethane. The clean up of 
the samples was performed according to the methods 
described for the in vitro experiments. The amount 
of NAMM in the samples was determined gas chro- 
matographically with the TEA detector. The half 
life was calculated as shown in Calculations. 

Gas chromatographic determination of NAMM 
with the TEA-detector. Gas chromatographic separ- 
ations were carried out on a glass column 
(1.2m X 2.0mm i.d.) packed with 10% Carbowax 
20 M — Therephthalic acid on Gas Chrom Q (80-100 
mesh). The temperature of the column oven was 
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Fig. 2. Mass spectra of NAMM. (a) shows the standard spectrum, and (b) the spectrum after isolation 
from blood and GC separation. 
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Fig. 3. Typical GC-TEA-chromatogram. a = standard: 4 wl 
containing 20 ng of NAMM (1). b = sample: 4 ul of a 
blood extract containing 31 ng of NAMM (1). 


150° for 10 sec and was then programmed to rise by 
10°/min to 200°. The injection port temperature was 
200° and the carrier gas was helium at a flow rate of 
30 ml/min. Aliquots of 4 ul were injected into the 
gaschromatograph. A _ typical chromatogram is 
shown in Fig. 3. 

Determination of the amount of NAMM exhaled. 
Two male SD rats of about 150 g fasted overnight 
were injected i.v. with 5 mg/kg NAMM in 0.9% 
NaCl. They were placed in a desiccator. The expired 
air was sucked for 7 hr through a trap with 100 ml 
dichloromethane and a trap with conc. H2SQs. (Con- 
trol experiments confirmed that NAMM completely 
remains in dichloromethane under the conditions 
applied.) After evaporation under a nitrogen stream 
to a volume of 1.0 ml, the residue was analyzed by 
GC/TEA and GC/MS. 

Determination of ‘““C-NAMM in urine. Sixteen 
male SD rats with an average weight of 130 g were 
injected i.v. with a solution of 10.4 mg '“C-NAMM 
(5 mg/693 wCi/kg) in 0.9% NaCl. The urine was col- 
lected in a vessel cooled with a dry ice/methanol 
mixture for a period of 30 hr. The yield of 55 ml was 
diluted with ethanol (500 ml), filtered and evapo- 
rated to a volume of 21.1 ml. This concentrate was 
extracted three times with dichloromethane (total 
75 ml) dried over Na2SOx and evaporated. A thin- 
layer chromatogram on silica gel (solvent: dichloro- 
methane 100; diethylether 70; n-hexane 50) shows 
seven points in the u.v.-light (254 nm) and two peaks 
in the radioscan. The peak with an rrvalue of 0.89 
corresponds to the peak of the origin compounds on 
the same plate. 





* In a control experiment, the half life of NAMM was 
measured in serum deactivated through heat pretreatment 
(100°, 5 min). The resulting value of 26 hr compares more 
to the half life in water (35 hr) than to the decomposition 
value of NAMM in serum (3.5 min). 


Table 2. Half life of NAMM in different media 





Medium Half life M* 





35 hr 
3.5 min 
1.6 min 
16 sec 


32 hr; 40 hr 

3.8 min; 3.0 min; 4.6 min 
0.8 min; 0.7 min; 2.7 min 
12 sec; 19 sec 


H20 

Serum 

Blood in vitro 
In vivo 





* M = weighted mean. 


Determination of NAMM in urine. 15 male SD 
rats with an average weight of 110 g were injected 
i.v. with a solution of 8.25 mg NAMM (5 mg/kg) in 
0.9% NaCl. The urine was collected in a vessel 
cooled with a dry ice/methanol mixture for a period 
of 24 hr. The yield of 90 ml was divided in 5 portions 
and poured over columns (120 x 25 mm) filled with 
Extrelut—an inorganic matrix for liquid/liquid par- 
tition chromatography—and extracted 5 times with 
30 ml dichloromethane. The combined organic 
phases were evaporated to 1.0 ml and analyzed for 
NAMM with GC/TEA. 


CALCULATIONS 


Assuming that the decomposition of NAMM in 
vitro follows an exponential law, we fitted a linear 
regression line for logarithms of concentration on 
time. From this the half life was estimated to be that 
time at which a reduction of concentration to the 
half had taken places. A confidence interval for the 
half life was derived through the usual confidence 
region around the fitted regression line. The in vivo 
assay needs a separate mode of calculation of the 
half life. As explained later, an increase and a 
decrease of the NAMM concentration in the blood 
can be observed simultaneously. This situation is 
usually described by a so called ‘Bateman’ function 
[10]. Thus the half life was calculated from the 
estimated parameters of a Bateman function. These 
estimates were derived by non-linear regression 
methods. 


RESULTS AND DISCUSSION 


The results on the half life of NAMM in various 
systems are shown in Table 2. The decomposition 
of NAMM in water due to spontaneous hydrolysis 
is relatively slow at pH 7.4. In contrast to the results 
in water, the half life in serum is much shorter. 
Therefore the spontaneous hydrolysis of NAMM can 
be neglected in the following discussion. 

It is probable that the accelerated cleavage in the 
serum is caused by esterases.* This correlates with 
the findings from Roller et al. [11], who describes 
the decomposition by hog liver esterase in phosphate 
buffer at pH 7.0 with a half life of 40.4 min at 21°. 

In blood the velocity of decomposition is twice as 
fast as in serum. This may be caused by a loss in 
activity during the preparation of the serum, which 
could be explained by the removal of the erythrocytes 
and the enzyme rich granulocytes, and also by deac- 
tivation during the preparation. 

In the in vivo experiment, the decomposition is 
overlapped by a distribution effect. We therefore 
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detect increasing amounts of NAMM within the first 
seconds after application. After 11 sec the maximal 
value was achieved (23% NAMM of theorie). There- 
fore the half life had to be calculated according to 
the Bateman function, as shown in Calculations. 
Since the calculated hydrolysis of NAMM in vivo is 
much faster than in vitro (ti2 = 16sec vs 96sec), it 
is unlikely that the non-specific esterases in the blood 
are solely responsible for this acceleration. 

Anether effect which must also be considered is 
the possibility of uptake of NAMM through organs 
and/or extracellular fluids other than blood. If the 
distribution of NAMM is similar to that of nitroso- 
dimethylamine [12,13], a rapid uptake can be 
expected. Therefore the value of 16 sec indicates the 
maximal decomposition velocity. The actual velocity 
could be slower and lie between 16 and 96sec, as 
was found for the in vitro decay in blood. 

The amounts of recovered NAMM in urine and 
exhalation air are extremely small (<0.01%) and 
NAMM was not found in all experiments. Never- 
theless, it is clear that NAMM is stable enough for 
a passage through the whole organism even in traces. 

The values obtained for the stability of NAMM 
demonstrate that the decomposition rate is slow 
enough to enable the distribution of small amounts 
of unchanged NAMM within the whole organism 
after an intravenous application.* This is supported 
by the fact that NAMM was found in the exhalation 
air and in the urine. The results could mean that the 
carcinogenic effects of a cleavage of NAMM do not 
only take place at the application site. It is therefore 
not cogent to require the transport of intermediates 





* The circulation time of blood in the rat is about 5 sec 
(Frank, Ivankovic, unpublished results). 


or conjugates. On the other hand we cannot exclude 
the transport of a stable intermediate or a conjugate 
to explain the organotropy after subcutaneous and 
intraperitoneal application. 
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Abstract—Two substrates, 1-(4'-ethylphenoxy)-3,7-dimethyl-6,7-epoxy-trans-2-octene and cis-epoxy- 
methyl stearate were used to determine the distribution of epoxide hydrase activity in mammals. The 
highest epoxide hydrase activity in liver subcellular fractions was found in the 100,000 g supernatant 
and the mitochondrial fraction, while activity in washed microsomes is lower. The 100,000 g supernatant 
epoxide hydrase activity is present in all organs studied. This soluble epoxide hydrase activity which 
is highest in the liver and kidney of mice and rabbits is also present in the duodenum, muscle, colon, 
lung and spleen in decreasing order of activity. The level of soluble epoxide hydrase activity, although 
present in all mammalian species studied, is highest in female rabbits and male mice and in comparison, 
significantly lower in male rats. The level of epoxide hydrase activity varies with the strain of mice used 
and is higher in male mice than female mice. Epoxide hydrase activity in both male and female mice 
increases with age particularly after mice are 5 weeks old. The soluble epoxide hydrase activity requires 
no cofactor and has a molecular weight of approximately 130,000 as estimated by gel filtration on 
Sephacryl S-200. This molecular weight is about 2.5 times that reported for the solubilized microsomal 
epoxide hydrase. The soluble epoxide hydrase is inhibited by inorganic ions, particularly Cu** and 
stabilized by the addition of diisopropyl fluorophosphate to the incubation mixture. Based on this data 
the presence of at least two epoxide hydrases in most mammalian tissues, one in the soluble fraction 


and the other in the microsomal fraction, is evident. 


Aromatic and olefinic compounds can be metab- 
olized by mammalian oxidases to give epoxides [1, 
2]. In addition, epoxide containing compounds are 
known to occur naturally [3, 4]. Some epoxides, 
whether naturally occurring or metabolically formed, 
are potentially toxic, mutagenic and/or carcinogenic. 
These epoxides can be metabolically transformed in 
mammals by conjugation with glutathione, a reaction 
often catalyzed by glutathione S-epoxide transfer- 
ases, or hydrated by epoxide hydrases to 1,2-diols 
[2, 5-7]. These investigative efforts, which have been 
directed to the role of membrane bound microsomal 
epoxide hydrases of mammalian liver, are based on 
studies first reported by Oesch and coworkers [8-10] 
in which epoxide hydrase activity was found to occur 
predominantly in the microsomal fraction of mam- 
malian liver using styrene oxide as a substrate. Sub- 
sequent studies utilizing other epoxides have rarely 
investigated the subcellular distribution of epoxide 
hydrase activity even when using a variety of differ- 
ent epoxide containing substrates [9-12]. 

In an investigation of the metabolism of a poten- 
tially useful insect juvenile hormone mimic, sig- 
nificant epoxide hydrase activity was observed in the 
100,000 g soluble fraction of mammalian liver [13, 
14]. A subsequent study [15] confirmed these 
initial findings that in contrast to all previous reports, 
significant epoxide hydrase activity is in the 100,000 
g soluble fraction. The present study designates some 
properties and the distribution of the soluble epoxide 
hydrase in various species of mammals, tissues and 
subcellular fractions. 


MATERIALS AND METHODS 

Chemicals. 1-(4'-Ethyl-""C-phenoxy)-3,7-di- 
methyl-6,7-epoxy-trans-2-octene (ethyl epoxide, 
0.63 GBq/mmol, >96 per cent trans) was obtained 
from Stauffer Chemical Company, Mountain View, 
CA, U.S.A. and was purified to >99 per cent as 
described earlier [14, 16]. Unlabeled ethyl epoxide 
and the corresponding ethyl diol were synthesized 
as reported earlier [13, 16]. Oleic acid (ICN, Irvine 
CA, 1—“C, 1.11 GBq/mmol) was esterified with 
diazomethane and oxidized with m-chloroperoxy- 
benzoic acid to yield cis-9,10-epoxymethyl stearate 
(epoxymethyl stearate). The radioactive product 
showed one radioactive spot on thin-layer chroma- 
tography (tlc) (Silica gel GF) in several solvent sys- 
tems including hexane-ethyl acetate—acetic acid 
(30:20:1) and it cochromatographed with authentic 
epoxymethy] stearate. All other chemicals used were 
either of analytical grade or nanograde. 

Animals. For routine studies, male Swiss-Webster 
mice (30-40 g, 9-10 weeks old, Hilltop Laboratories, 
Chatsworth, CA) were used. Alternatively, Swiss— 
Webster mice used for studies on the level of soluble 
epoxide hydrase activity in males and females with 
respect to age and male Sprague-Dawley rats (150— 
200 g) were obtained from Simonsen Laboratories, 
Gilroy, CA. Swiss-Webster, AKR, C57B1 and 
BALB mice used for studies of soluble epoxide 
hydrase activity in different strains were obtained 
from Jackson Laboratories, Bar Harbor, ME. 
Female New Zealand white rabbits (2-4 kg) were 
obtained from Vista, CA. 
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Enzyme preparation. Mice were killed by cervical 
dislocation, while rats and rabbits were killed by a 
blow on the head. Liver and other organs, if utilized, 
were removed immediately, washed with cold buffer 
and fat or other adhering tissue removed. The organs 
were weighed then minced and homogenized using 
sodium phosphate buffer (pH 6.8, ionic strength 
0.2 M) in a Potter-Elvehjem homogenizer to give 
a 10 per cent (w/v) homogenate. Differential cen- 
trifugation of the homogenate at 800 g for 10 min, 
the 800 g supernatant at 10,000 g for 10 min and the 
10,000 g supernatant at 100,000 g for 1 hr gave frac- 
tions referred to as the cell nuclei and debris, mito- 
chondria and microsomes, respectively. The 100,000 
g Supernatant was used as the crude soluble fraction. 
Mitochondria and microsomes were resuspended in 
buffer and recentrifuged for the appropriate times 
to give washed mitochondria and microsomes. The 
washed pellets were resuspended in sufficient buffer 
to give a 10 per cent homogenate as based on the 
initial homogenization. The various subcellular frac- 
tions were further diluted with cold buffer to give 
the appropriate protein concentrations before use. 
Protein concentration of the various fractions was 
determined by the method of Lowry et al. , [17] using 
bovine serum albumin as the standard. 

Assay of enzyme activity. Analysis of epoxide 
hydrase activity was performed with ethyl epoxide 
as the substrate by means of a partition assay [18]. 
The ethyl epoxide in ethanol (2-3 yl) was added to 
the enzyme (100 yl) and incubated at 37° for varying 
lengths of time. The incubation reaction was stopped 
by adding methanol (150 wl) and 2,2,4-trimethyl- 
pentane (250 ul), vortexed, centrifuged and the 
radioactivity in the organic phase (ethyl epoxide) 
and methanol-aqueous phase (ethyl diol) analyzed 
by liquid scintillation counting (Isc). Alternatively, 
diethyl ether (250 wl) was added to the incubation 
mixture, vortexed, centrifuged and the ether phase 
spotted on a tle plate. The plates were developed in 
benzene—propanol (10:1), the radioactive spots 
detected by autoradiography and tlc scanning (Bert- 
hold, W. Germany), the spots scraped and counted 
by Isc. Data from the partition and tle assay pro- 
cedures agreed closely. 

Unless otherwise stated, the ethyl epoxide con- 
centration used in the incubations was 7.4 x 10~°M 
and incubation times were of 10 min. The apparent 
Km and Vmax were determined by the Lineweaver-— 
Burk method [19] utilizing six substrate levels 
between 2.4 x 10~°M and 2.2 x 10-°M incubated for 
2-20 min with 0.05 per cent w/v crude soluble and 
5 per cent (w/v) microsomal fraction (substrate con- 
centrations do not exceed the critical micelle con- 
centration of the substrate). 

The hydrolysis of epoxymethyl stearate was sim- 
ilarly analyzed using radiolabeled material followed 
by tlc analysis using the hexane-ethyl acetate—acetic 
acid system. This procedure gives complete separ- 
ation of the substrate (R:=0.8), the diol (Rr=0.4), 
and the two acids (Ris=0.6 and 0.2) although ester 
cleavage was usually avoided by using diisopropyl 
fluorophosphate (DFP, 1 x 10-°M, see below). 
Esterase activity was determined with a-naphthyl 
acetate as the substrate using slight modifications of 
classical procedures [20]. 
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Filtration. The effect of low molecular weight fac- 
tors on epoxide hydrase activity was examined by 
passing the crude soluble fraction (1 ml) through a 
carbowax treated glass column (25 x 1.5 cm) filled 
with Sephadex G-25 and held at 4°. The effluent was 
monitored at 280 nm and 5.6 ml fractions were col- 
lected. Each fraction was then assayed for epoxide 
hydrase activity and the active (exclusion volume) 
fractions combined (3-5, 16.8 ml). The fractions 
comprising the inclusion volume (8-10) were simi- 
larly combined. One column was run using sodium 
phosphate buffer pH 6.8, [=0.2M and a second 
column was run after equilibration with the same 
phosphate buffer containing 3 per cent sucrose and 
1 mM mercaptoethanol. The exclusion volume from 
each column was diluted 1:1 with each of the two 
phosphate buffers and inclusion volumes. Similarly, 
the original crude supernatant was serially diluted 
with buffer and/or inclusion volumes. Each dilution 
was assayed in triplicate for epoxide hydrase activity 
within 1 hr of the column run and again 18 hr later. 

Several matrices were examined for use in the 
partial purification of the soluble epoxide hydrase 
by gel filtration. The matrices were packed as 
described by their manufacturers in a Glenco column 
(86 x 2.5cm, ID). After application of an aliquot of 
the crude soluble fraction of mouse liver hom- 
ogenate, the columns were eluted with pH 6.8, 
I = 0.2M phosphate buffer delivered at 17 ml/hr with 
an LKB pump. The columns were eluted in the 
upward direction with Sephadex G-150 and Ultragel 
AcA 34 to avoid compressing the gel while Biogel 
P150 and Sephacryl! S-200 were eluted by downward 
flow. After passing through a U.V. monitor (LKB 
Unicord II set at 280 nm), the column effluent was 
collected at 7 ml fractions (LKB Ultrorac). Each 
fraction was assayed for total protein, epoxide 
hydrase activity using the ethyl epoxide and epoxy- 
methyl stearate as substrate and a-naphthyl acetate 
esterase activity. The active fractions were then com- 
bined and serial dilutions of the original 100,000 g 
supernatant and the active fraction assayed for total 
and specific epoxide hydrase activity leading to the 
data reported in Table 1. 

Molecular weight estimation. The molecular weight 
of the soluble epoxide hydrase was estimated by 
using a column (86 X 2.5cm,ID) packed with 
Sephacryl S-200 and eluted with sodium phosphate 
buffer, using the system described above. Proteins 


Table 1. Effect of gel filtration medium on recovery and 
purification of the hepatic epoxide hydrase activity in the 
soluble fraction of male Swiss-Webster mice 





Purification factor 
(increase in 
specific activity) 


Gel filtration 
medium 


Recovery of 
enzyme activity 





Sephadex G-150* 
Biogel P-1507 

Ultragel AcA 34} 
Sephacryl S-200* 





* Pharmacia Fine Chemicals. 
+ Bio-Rad Laboratories. 
+ LKB-Produkter. 
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Fig. 1. Inhibition of the epoxide hydrase activity in the 

soluble fraction of male mouse liver by inorganic ions in 

Tris buffer. A number of other salts at 1 x 10-°M, namely 

NaF, MgChk, EDTA, Na2S203, CaCh, MnCl2 and KCN, 

did not cause any significant inhibition of epoxide hydrase 
activity after 10 min preincubation. 


of known molecular weight (6-galactosidase, cata- 
lase, y-globulin, bovine serum albumin, ovalbumin, 
ribonuclease and cytochrome c) were used as stan- 
dards according to the procedure of Andrews [21]. 

Enzyme stabilization. Aliquots (2 ml) of a 1 per 
cent soluble fraction were placed in each of several 
tubes. A potential protease inhibitor was added to 
each tube in 20 wl of ethanol or acetonitrile to give 
the following concentrations: N-a-p-tosyl-/-lysine 
chloromethyl ketone-HCl (TLCK, 2 x 10~*M), 
phenylmethyl sulfonylfluoride (PMSF, 1 x 10~*M), 
L-1-tosylamide-2-phenylethylchloromethyl ketone 
(TPCK, 1 x 10-°M), DFP (1 x 10-*M) and EDTA 
(added in buffer, 1 x 10~7M). The tubes were vor- 
texed and incubated with shaking at 37° and at 20 
min and each hour subsequently samples were taken 
for analysis of epoxide hydrase activity. 

Effects of inorganic ions. Several salts were dis- 
solved in distilled water at concentrations ranging 
from 2 x 10~' to 1 x 10-°M. Ten microliters of the 
salt solutions were placed in a 10 X 77 mm tube and 
90 ul of soluble fraction added. The tubes were 
incubated for 10 min at 37°, then substrate was added 
and epoxide hydrase assays carried out as usual using 
a 10 min incubation. The soluble fraction was passed 
through Sephadex G-25 before assay to remove low 
molecular weight materials and in some cases to 
change from sodium phosphate buffer (pH 6.8, 
I = 0.2 M) to Tris-HCI buffer (pH 7.0, I = 0.2M). 
In phosphate buffer a number of cations precipitated 
as their phosphate salts. Percent inhibition was 
determined from water treated controls or from assay 
of a serial dilution of the enzyme fraction. Both 
methods yielded identical results. The Iso’s were 
determined from a plot of percent inhibition vs log 
ion concentration (Fig. 1). 


RESULTS AND DISCUSSION 


Gel filtration. The inclusion volumes from gel fil- 
tration on Sephadex G-25 contained no detectable 
epoxide hydrase activity, and all detectable epoxide 
hydrase activity was in the exclusion volume. Recov- 
ery of enzyme activity from the column was 77-83 
per cent and the addition of the inclusion volume or 
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glutathione (0.1 mM) to the exclusion volumes of 
the whole enzyme had little effect on activity. The 
addition of sucrose and mercaptoethanol to the phos- 
phate buffer slightly decreased the enzyme activity 
and had little effect on the hydrase assay itself. The 
epoxide hydrase activity in the crude 100,000 g 
supernatant and in the exclusion volumes from 
Sephadex G-25 using either sodium phosphate buffer 
alone or with 3 per cent sucrose and 1mM mer- 
captoethanol was not observed to deteriorate after 
18 hr storage in ice. 

This evidence enforces the view that the soluble 
epoxide hydrase activity observed in mammalian 
liver is not due to artifacts involving glutathione S- 
epoxide transferases. The tri-substituted epoxide 
used as the substrate in this report was previously 
shown to react very slowly, if at all, with glutathione 
whether or not the reaction was catalyzed with the 
soluble fraction from liver preparations [14]. The 
results from this paper clearly indicate that gluta- 
thione does not stimulate the hydrolysis of ethyl 
epoxide by the mouse liver soluble fraction before 
or after gel filtration. It also shows that no low 
molecular weight cofactor which can be removed by 
rapid gel filtration is needed for enzyme activity. 

Of the four matrices examined, Sephacryl S-200 
yielded a combination of the best enzyme recovery 
and purification factor (Table 1). Ultragel gives good 
resolution of peaks, but the purification factor is low 
probably due to poor recovery of enzyme activity. 
Since a lipophilic substrate is used for analysis of the 
epoxide hydrase, it should be cautioned that nonen- 
zymatic proteins could affect the substrate’s distri- 
bution in the assay tube. These proteins could either 
increase or decrease enzyme activity resulting in 
misleading values for recovery and purification. 

The molecular weight of the soluble epoxide 
hydrase as estimated by means of a Sephacryl S-200 
column was found to be approximately 130,000 
assuming a close relationship between Stoke’s radii 
and molecular weight. This estimate of molecular 
weight for the soluble epoxide hydrase, though not 
strictly comparable since different methods were 
used in the estimation, is approximately 2.5 times 
the molecular weight of the artificially solubilized 
microsomal epoxide hydrase [22, 23]. Glutathione 
S-epoxide transferase from rat or guinea pig liver is 
also much smaller with an apparent molecular weight 
of 46,000 [24, 25]. The coincidence and sharpness 
of the elution profiles for epoxide hydrase activity 
acting on the ethyl epoxide and epoxymethy] stearate 
provide evidence that a single enzyme or enzymes 
of similar size are hydrolyzing these tri- and di-sub- 
stituted substrates (Fig. 2). Similar coincidence of 
elution was found when two tri-substituted epoxides, 
a di-substituted epoxide and a mono-substituted 
epoxide were used as substrates [26, 27]. The partial 
separation of the epoxide hydrase activity from the 
esterase activity hydrolyzing a-naphthyl acetate (and 
epoxymethyl stearate) indicates that gel filtration 
alone is not sufficient to obtain an esterase free 
preparation and that esterase inhibitors should be 
used with substrates containing an_ ester 
functionality. 

Gel filtration through Sephadex G-25 had no effect 
on the apparent Km and Vmax when the ethyl epoxide 
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Fig. 2. Elution profiles for epoxide hydrase activity acting 
on the ethyl epoxide and cis-epoxymethyl stearate and 
esterase activity acting on a-naphthyl acetate (upper trac- 
ing). The lower tracing indicates the total protein eluting 
from a Sephacryl S-200 gel filtration column (86 x 2.5 cm, 
ID) following application of 5 ml of mouse 100,000 g soluble 
fraction. The fractions (5.6 ml) were assayed for a-naphthyl 
acetate esterase and hydrase activity on the ethyl epoxide 
without dilution, but were diluted 20:1 with sodium phos- 
phate buffer for the epoxymethyl stearate assays. 


was used as substrate (4.5 x 10°-°M and 1.74 
nmol/min/mg protein, respectively). With both the 
crude soluble and soluble fractions partially purified 
by Sephacryl S-200 gel filtrations the Km was 
unchanged. The apparent affinities and velocities of 
the soluble epoxide hydrase compare favorably with 
those reported for the microsomal enzymes [28-32]. 

Enzyme stabilization. Over a period of 7 hr at 37° 
control homogenate and homogenate treated with 
ethanol or acetonitrile lost 35-40 per cent of their 
original epoxide hydrase activity. DFP treatment 


resulted in a rapid loss of about 17 per cent of the 
enzyme activity, but no further loss was detected 
after 7hr. TLCK and PMSF slowed the loss of 
activity to only 25—30 per cent after 7 hr, while PTCK 
inhibited the enzyme and over half of the activity 
disappeared after 7 hr. The EDTA treated enzyme 
lost activity slightly faster than any of the controls 
although it initially showed slightly higher activity. 
Subsequent studies indicated that if DFP (1 x 10~*M) 
was added to the buffer immediately before the livers 
were homogenized, slightly higher enzyme activity 
was found. 

Effects of inorganic ions. The results from the two 
buffer systems are generally comparable although 
solubility product constants would indicate greater 
confidence in data obtained with the Tris buffer. Of 
the ions tested (Fig. 1), the majority showed no 
effect in either stimulating or inhibiting epoxide 
hydrase activity. EDTA appears to slightly stimulate 
soluble epoxide hydrase activity while Fe** salts are 
weak inhibitors and Zn**, Cu* and Cu’* salts are 
strong inhibitors. Though there was some variation 
in the Iso’s, the Iso’s from four different enzyme prep- 
arations were between 3 x 10-°M and 2 x 10~*M for 
cr", 

Previous studies [14, 15] have shown that 1,1,1- 
trichloropropene oxide and cyclohexene oxide, 
potent inhibitors of the microsomal epoxide hydrase 
[10], do not inhibit the soluble epoxide hydrase even 
at very high levels. The present observation that 
inorganic salts, particularly Cu**, are good inhibitors 
further suggests that epoxide hydrases with different 
properties exist in the microsomal and soluble frac- 
tions of mammalian liver. The results also indicate 
that buffers contaminated with some inorganic ions 
could lead to a sharp reduction in the hydrase activity 
observed in the soluble fraction. 

Subcellular distribution of the epoxide hydrase 
activity in mouse liver. Epoxide hydrase activity in 
the subcellular fraction of male Swiss—Webster 
mouse liver using the ethyl epoxide as substrate is 
present in all fractions examined. The mitochondrial 
and soluble fractions demonstrated the highest 
enzyme activity (Table 2). The epoxide hydrase 
activity found in the mitochondrial fraction requires 
further study. It is possible that the mitochondrial 
epoxide hydrase activity results from contamination 
by other fractions since mitochondrial and micro- 
somal “marker” enzymes were not followed in this 


Table 2. Epoxide hydrase activity in the subcellular fractions of male Swiss-Webster mouse 
liver* 





Protein 


Subcellular fraction mg per assay 


Specific activityt 





pmoles min“! 


mg protein 


pmoles min™ 
mg tissue equiv. 





0.060-0.092 
0.005-0.010 
0.018-0.090 
0.014-0.076 
0.005—0.010 


Cell nuclei and debris 
Mitochondria 
Microsome, washed 
Microsomes, unwashed 
Soluble fraction 


297 + 3.6 
2860 + 402 
131 + 59 
337 + 182 
2990 + 192 


31+4.4 
21247 
2.4+1.1 
5.0 + 2.5 
270 + 66 





* Mice used were approximately 10 weeks old. 
+ Determined at a minimum of two protein concentrations done in triplicate from pooled 
livers of three mice. Experiment was repeated twice. Values reported are means + S.D. 
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study. The presence of high epoxide hydrase activity 
in the mitochondrial fraction concurs with work pre- 
viously reported [8] using styrene oxide as the sub- 
strate, although these workers were able to signifi- 
cantly reduce the mitochondrial epoxide hydrase 
activity by use of isotonic buffers [2]. 

The epoxide hydrase activity is much higher in the 
soluble than in the microsomal fraction. The level 
of epoxide hydrase in the protein rich soluble fraction 
is emphasized relative to the microsomal fraction if 
specific activity is determined on the basis of tissue 
equivalents. A significant proportion of the epoxide 
hydrase activity in the microsomal fraction is lost 
when microsomes are washed, indicating possible 
contamination of the microsomal pellet by the solu- 
ble fraction. However, some epoxide hydrase activity 
cannot be washed out of the microsomes. Possibly 
the microsomal fraction should then be reexamined 
for epoxide hydrases which have different properties, 
including substrate specificity and pH optima, than 
the styrene oxide metabolizing enzyme so intensively 
studied [8-12, 22, 23, 31-33]. Microsomal contam- 
ination in the soluble fraction is insignificant since, 
negligible hydration of styrene oxide or cis-stilbene 
oxide, two substrates which are readily hydrated by 
the microsomal epoxide hydrase, is observed in the 
soluble fraction. Further, the substrate specificity 
shown by the soluble and microsomal epoxide 
hydrases differs [26, 27]. 

The results in Table 2 demonstrate that the levels 
of epoxide hydrase present in the subcellular frac- 
tions are different from those reported by Oesch and 
coworkers [8] for liver and more recently by Sei- 
degard and others for lung [23]. The differences 
observed are apparently due, in part, to the differ- 
ence in substrated utilized [27, 34]. Therefore, stud- 
ies on epoxide hydrase activity utilizing differing 
substrates require studies on subcellular localization 
of epoxide hydrase activity, since utilization of either 
the 10,000 g soluble fraction or the unwashed micro- 
somal pellet as a source of “microsomal” epoxide 
hydrase could lead to erroneous results. The nuclear 
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epoxide hydrase activity monitored with styrene 
oxide or benzopyrene oxide appears to be due to the 
same enzyme that is present in the microsomal mem- 
branes [35]. However, the epoxide hydrase activity 
in the soluble and possibly the mitochondrial frac- 
tions is quite distinct from that in the microsomal 
and nuclear fractions. 

Organ distribution of soluble fraction epoxide 
hydrase. Epoxide hydrase activity that is present in 
the 100,000 g soluble fraction of mouse liver is also 
found in a number of other organs in mice. As 
observed with the liver, higher epoxide hydrase 
activity is observed in the soluble fraction than in 
the microsomal fraction in the kidney, lung, testes 
and spleen of mice with the ethyl epoxide as substrate 
(Table 3). The highest activity is found in the liver 
and kidney with the lung, testes and spleen showing 
significantly less activity. Similar tissue distribution 
was observed for the soluble and microsomal epoxide 
hydrase activity in rabbit organs (Table 4). As with 
mice, the highest levels are observed in the liver and 
kidney. Significant activity was also found in the 
duodenum and muscle. As with the mouse, the low- 
est activity was observed in the spleen. Thus, the 
soluble epoxide hydrase occurs in all tissues tested 
in both mice and rabbits. Oesch et al. [36] similarly 
reported the ubiquitous nature of the microsomal 
epoxide hydrase in rat organs. The high level of 
microsomal epoxide hydrase in the testes of the 
NMRI strain of mice in comparison to the liver [36] 
was not observed with Swiss—Webster mice. The high 
levels observed in the liver and kidney in comparison 
to the other tissues possibly indicate an important 
role for the enzyme in the metabolism and excretion 
of epoxide containing xenobiotics. A thorough study 
on the levels of the soluble epoxide hydrase in other 
organs is presently limited by the small differences 
observed between background and low enzyme 
activity. 

Variations in soluble epoxide hydrase levels in dif- 
ferent mammalian species and strains and sexes of 
mice. The highest level of soluble epoxide hydrase 


Table 3. Epoxide hydrase activity of the 100,000 g soluble and microsomal fractions 
in various organs of male Swiss-Webster mice* 





Organ Fraction 


Specific activity? 





; pmoles min™' 


mg tissue equiv. — 


pmoles min™ 


mg protein”! . 





microsomes 
soluble 
microsomes 
soluble 
microsomes 
soluble 
microsomes 
soluble 
microsomes 
soluble 


Liver 
Kidney 
Lung 
Testes 


Spleen 


130 + 58 
1200 + 350 
59+2.1 
670 + 93 
not detectable 
77 +26 
not detectable 
58 + 34 
not detectable 
12+9 


ont nN 
RIS 
+] tl el] wth 
aoe 


sd 
oO 
— 
> 


‘o 
yan 


a 
— 
ag 
a 





* Mice used were 7-8 weeks old. 


+ Determined at three protein concentrations in triplicate for all the soluble 
fractions and the microsomal fraction of liver and repeated once. Only one protein 
concentration was used for microsomes from the kidney, lung, testes and spleen 
with the experiment performed in triplicate at 10, 20 and 30 min. 
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Table 4. Soluble epoxide hydrase levels in various organs 
of female New Zealand white rabbits 
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Table 6. Hydration of ethyl epoxide by the soluble fraction 
of mouse liver in four strains of male mice 





Specific activity* 





pmoles min™' 


mg tissue equiv. — 


pmoles min™' 


mg protein”! : 


Organ 


Specific activityt 





pmoles min”! 


mg tissue equiv. 


pmoles min! 


mg protein™' : 


Strain* 





1400 + 270 130 + 18 
940 + 140 
120 + 36 
310 + 150 
150 + 6.3 
46 + 10 
250 + 47 


Liver 
Kidney 
Lung 
Duodenum 
Colont 
Spleen 
Musclet 


alma gle = 
RAWUNS 
I+ |+ I+ I+ I+ 
Scoowre 
WaARNI© 





* Determined at three protein concentrations in triplicate 
and repeated once. 
+ Homogenization not total due to muscular structure. 


is found to occur in male mice (Table 5). Relatively 
high activity is also observed in female rabbits and 
mice. In comparison, significantly lower levels are 
observed in male rats, although preliminary studies 
with other species indicate the ubiquitous nature of 
soluble epoxide hydrase activity in mammals. 
Clearly, the statement that rats have higher hepatic 
epoxide hydrase activity than mice must be qualified 
with a notation of the substrate used [36, 37]. 

The level of epoxide hydrase in the soluble fraction 
of mouse liver also varies with the strain of mice 
utilized in the experiments. Of the four strains util- 
ized, AKR and C57B1 showed higher epoxide 
hydrase activity when compared with Swiss—Webster 
and BALB (Table 6). Large variations in the level 
of soluble epoxide hydrase are also observed with 
the age and sex of the animal used. In Swiss-Webster 
mice the level of the hydrase remains essentially 
constant until 5 weeks at which time an increase in 
the level of epoxide hydrase is observed (Fig. 3). 
Increase in activity is more dramatic in males than 
in females. In males the major increase in soluble 


Table 5. Epoxide hydrase activity in the soluble fraction 
of rat, mouse and rabbit livers 





Specific activity 





pmoles min™' 
mg tissue equiv. 


pmoles min”! 
mg protein”! : 


Animal Sex 





4.3+0.8 
130 + 18 
210 + 53 
120 + 13 


462 7.1" 
1400 + 270+ 
2700 + 6304 
1200 + 3504 


Rat 
Rabbit 
Mouse 


male 
female 
male 
female 





* Determined at three protein concentrations in triplicate 
from pooled livers of three rats and repeated once. 

+ Determined at three protein concentrations in triplicate 
from a single rabbit and repeated once. 

¢ Determined at three protein concentrations in triplicate 
from pooled livers of 2-3 mice, 10 weeks in age and repeated 
twice. 





* S. S. Gill and B. D. Hammock, unpublished results 
(1979). 


130 + 4.7 
130 + 51 
180 + 30 
170 + 13 


1200 + 46 
1300 + 490 
1700 + 270 
1700 + 140 


Swiss—Webster 
BALB 

AKR 

C57B1 





* All mice used were approximately 7 weeks old. 
+ Determined at three protein concentrations in triplicate 
from pooled livers of two mice. Experiment repeated once. 
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Fig. 3. Epoxide hydrase activity in the soluble fraction of 


male and female Swiss—-Webster mouse livers removed from 
virgin mice of various ages. 


epoxide hydrase activity is observed between 6 and 
10 weeks of age (the oldest mice used in the study). 
In females, on the other hand, the epoxide hydrase 
activity remains constant after an increase is 
observed between 5 and 6 weeks. This pattern of 
increased soluble epoxide hydrase activity with age 
in male mice differs from the pattern observed by 
Oesch et al. [8] in male rats, supporting the experi- 
mental evidence of a distinct epoxide hydrase in the 
soluble fraction of mouse liver. Based on the data 
presented here, and substrate preference studies of 
the soluble epoxide hydrase reported elsewhere 
[18, 26, 27, 38] and unpublished studies,* it appears 
that an epoxide hydrase in the soluble fraction may 
contribute more to the hydration of some epoxides 
than the hydrases in the microsomal fraction. Since 
epoxide hydrase activity has been found in the solu- 
ble fraction of every organ of the mammals exam- 
ined, the potential role of the soluble epoxide 
hydrase should be considered when the metabolism 
of olefinic or epoxide containing xenobiotics is inves- 
tigated. Also the soluble epoxide hydrase is clearly 
in the “S9” fraction used in some mutagenicity 
assays, so its role as a deactivating factor should be 
carefully assessed [39]. 
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Abstract—The influence of decamethonium and suxamethonium on the conformation of skeletal plasma 
membrane proteins was investigated by means of circular dichroism measurements. The CD-spectra 
of native membranes from both innervated and denervated rat diaphragm resembled the characteristics 
of proteins containing substantial quantities of a-helix. The development of extrajunctional receptors 
after chronic denervation induced a change in the protein pattern of the plasma membrane; however, 
no difference in the overall conformation of the proteins could be detected compared to those of the 
innervated membrane. It is, therefore, suggested that the newly formed membrane bound acetylcholine 
receptor protein contains a particularly high content of ordered secondary structure in the same order 
of magnitude as the other proteins present in the membrane. Decamethonium and suxamethonium 
gave rise to a distinct change of the CD-spectra of plasmalemmal microsomes derived from denervated 
rat diaphragm: the occurrence of three additionally ellipticity bands at 235, 215 and near 192 nm. 
Position and sign of the bands coincided with those known for trytophanyl-N-acetylamide. The presence 
of this side chain chromophore was confirmed by measurements of the trytophan fluorescence of the 
membrane. The tryptophan fluorescence increased considerably with the time of denervation reflecting 
a rise in the tryptophan content of the denervated membrane by 55 per cent. Both the increase in 
tryptophan content and the effect of the neuromuscular agents on the circular dichroism spectra were 
related to the presence of extrajunctional acetylcholine receptors. No change in protein conformation 
of the innervated membranes could be detected. Furthermore, this effect could be exerted only when 
the inside of the microsomes were exposed to the neuromuscular agent during sonication, thus mani- 
festing the inside out nature of the microsomes, i.e. both agents induced a conformational alteration 
only if they had access to the former extracellular surface of the membrane now facing inwards. 
Experiments on the concentration dependency of the effect underlined the specifity of the conformational 
alteration. Suxamethonium induced a conformational alteration in the same concentration range 
(3 x 10-%-3 x 10-7 M) as acting upon the intact chronically denervated rat diaphragm. It is suggested 
that a trytophan side chain chromophore, which is in close vicinity to or part of the acetylcholine 
receptor, is held in an asymmetric environment, if decamethonium or suxamethonium is bound to the 
membrane. 


Upon binding of cholinergic agonists to isolated 
nicotinic receptors which are membrane-bound or 
incorporated into lipid bilayers, changes in the con- 
formation of the receptor protein are induced which 
mediate changes in the conductance of the Na and 
K ions [1-6]. The acetylcholine receptor protein is 
regarded as an integral membrane protein [7-8]. 
There exists strong evidence that the acetylcholine 
receptor protein is a transmembrane protein which 
is exposed at both the extracellular and cytoplasmic 
faces of the plasmalemma [9]. Underlying alterations 
of the conformation of the receptor protein, leading 
to changes in the ion-conductance of the membrane, 
have been elucidated by measuring changes in the 
affinity of the receptor binding site for the agonists 
[10-16]. It was, therefore, of interest to investigate 
directly whether neuromuscular agents induce con- 
formational alterations of the receptor protein pres- 
ent in the native membrane, leaving the local 


microenvironment of the binding site [17] intact as 
far as possible. 

One approach to yield direct information on the 
conformation of membranous proteins is obtained 
by measuring the circular dichroism spectra of iso- 
lated plasmalemmal microsomes [18-19]. Since ace- 
tylcholine receptors at the skeletal muscle membrane 
are restricted to their normal location in the end- 
plate region, a possible change of their conformation 
will probably remain undetectable. After denerva- 
tion, however, extrajunctional acetylcholine recep- 
tors are present over the entire length of the muscle 
fibre surface [20-21]. Under this condition an influ- 
ence of decamethonium and suxamethonium on the 
circular dichroism spectra of the skeletal muscle 
membrane enriched in extrajunctional acetylcholine 
receptors is described. For the sake of comparison 
the investigations were extended to microsomes 
obtained from innervated muscles. 
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MATERIALS AND METHODS 


All experiments were performed on male rats 
(Sprague-Dawley), weighing approximately 90 g. 
Under hexobarbital anaesthesia (100-150 mg/kg 
i.p.), the hemidiaphragm of one side was denervated 
by cutting the nervus phrenicus at the neck [22]. 
Twelve to sixteen days after denervation the animals 
were killed by a blow on the head, the denervated 
hemidiaphragm was removed and mounted in an 
organ bath containing tyrode solution (137 mM NaCl, 
2.7 mM KCl, 1.4 mM CaCh, 0.6 mM MgCh, 8.9 mM 
NaHCOs, 0.5 mM NaH>2POs, and 5.5 mM sucrose) 
which was maintained at 37° and aerated with 5% 
O2 in CO2. Mechanical responses induced by suxa- 
methonium were recorded by means of an isotonic 
recording system. The plasma membrane fraction 
was prepared after the same period of time after 
denervation, in which the contralateral innervated 
hemidiaphragm served as control. Two more prep- 
arations of diaphragms of animals not subjected to 
denervation served as additional controls. 

Fractionation of muscle. All operations were car- 
ried out in the cold (4°). The hemidiaphragms were 
excised and placed in 0.25M sucrose (imidazole 
buffer 10mM, pH 7.4). The weight ratio of wet 
muscle to sucrose solution was | : 3. Homogenization 
was effected twice for 7 sec at 90% full speed in a 
Virtis ‘45’ homogenizer with a time interval of 30 sec. 

Discontinous sucrose density gradient. Vesiculated 
plasma membrane fragments were obtained follow- 
ing the procedure given by Kidwai et al. [23] with 
modifications according to Liillmann ef al. [24]. 
Homogenate (3 ml) was layered on top of each dis- 
continuous sucrose gradient (0.4/0.6/0.8/1.0M 
sucrose, imidazole buffer 10mM, pH7.4). No 
EDTA was added. The samples were centrifuged 
for 50 min at 12,500 r.p.m. using the swinging bucket 
rotor SW 27 in the Spinco Model L ultracentrifuge 
(Beckman Instruments Co.). The microsomes of 
plasmalemmal origin, mainly floating at the interface 
between 0.25 and 0.4M sucrose, were drawn off 
from the gradient and re-centrifuged to form a pellet 
at 50,000 r.p.m. for 50 min with a 60 Ti rotor. The 
pellet was resuspended in 0.25 M sucrose and again 
centrifuged at 50,000 r.p.m. for 50 min. This washing 
procedure was repeated in order to obtain a prep- 
aration in which the supernatant was almost free of 
soluble proteins. The microsomal fraction, referred 
to as *. . .vesiculated plasma membrane fraction. . .’ 
was rehomogenized in sodium phosphate buffer 
(15 mM, pH 7.4) using a glass-Teflon homogenizer, 
divided into aliquots containing the protein content 
necessary for circular dichroism measurement (0.05- 
0.06 mg/ml) and stored at —20°C. Storage time did 
not exceed 5 days. 

Circular dichroism spectra. Circular dichroism 
spectra (CD) were recorded at room temperature 
on a CARY Model 60 spectropolarimeter with a 
Model 6002 attachment for circular dichroism or on 
a JASCO Model 40 A. The band width was set to 
15 A. All measurements were made in sodium phos- 
phate buffer (15 mM, pH 7.4) using quartz-cells of 
1mm path length. The Cary Model 60 spectropo- 
larimeter was periodically calibrated in its ORD- 
mode (optical rotatory dispersion) by analytical 


grade sucrose. The CD-mode of the Cary Model 
6002 attachment and the Jasco Model 40 A were 
then calibrated according to the calculated ratios of 
peak molecular ellipticity to peak and trough mol- 
ecular rotations of aqueous solution of d-10-campher 
sulfonic acid standard [25]. The specific ellipticities 
[WV] in deg cm? g~* were calculated from [VW] = 6/L 
x c where @ is the observed ellipticity, L denotes 
the optical path length in dm, and c equals the 
protein concentration in g cm~’, determined by the 
Folin-phenol method, using human serum albumin 
as a standard [26]. Since the average molecular 
weight of peptide residues present in the plasma 
membrane of rat diaphragm is not known, the ‘mean 
residue ellipticity’ could not be calculated. 

Vesicle disruption. Before running the CD-spectra, 
the microsomes had to be disrupted for reasons 
discussed in the results. Aliquots (0.5—1.0 ml) of the 
samples were sonicated at 4°C using the microtip of 
a Braun sonifier (Model Labsonic 1510). Intensity 
and time of sonication were 50 W and 2 min, respec- 
tively. Conditions were the same as previously 
applied for guinea pig cardiac plasmalemma [24] 
which proved to be sufficient to obtain the effects 
demanded without causing structural damage of the 
membranes from rat diaphragm. Before each 
measurement a time lapse of 15 min was necessary 
to equilibrate the samples to room temperature. 

Tryptophan fluorescence. Determination of tryp- 
tophan fluorescence was obtained by means of a 
Zeiss u.v. spectrophotometer (Model PMQ II), 
equipped with two monochromators for excitement 
and emission. The samples were excited at 286 nm 
at a band width of 6 nm. The fluorescence was 
measured at 340 nm, the emission maximum of tryp- 
tophan in globular proteins at a band width of 22 
nm. The fluorescence expressed in arbitrary linear 
units was calibrated by a series of dilution of tryp- 
tophan standard in 15 mM sodium phosphate buffer 
at pH 7.4. The fluorescence intensity of various 
samples is referred to the fluorescence of serum 
albumin as a standard in protein determination. 
Measurement of the tryptophan fluorescence and the 
protein determination according to Lowry et al. [26] 
was carried out subsequently on each sample. To 
obtain microsomes of homogenously small size, both 
the samples of innervated and denervated plasma- 
lemma were subjected to sonication. 


RESULTS 


The circular dichroism spectra (CD - spectra) of 
both plasma membrane suspensions obtained from 
innervated and denervated rat diaphragm resembled 
the characteristics of proteins containing substantial 
quantities of a-helix. Compared, however, with 
entirely solubilized model a-helical polypeptides, the 
ellipticity bands of the unsonicated samples at 225, 
210 and 195 nm (not shown) were shifted towards 
red and relatively low in amplitude, particularly at 
210 nm. These distortions of the suspension curves 
are mainly due to absorption flattening [27] and light 
scattering effects [28], i.e. optical artifacts depending 
on the particulate nature of the membranous system. 
In order to improve the shape of the CD-spectra by 
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Fig 1. Far u.v. circular dichroism spectra of vesiculated 

plasma membrane of rat diaphragm. Coinciding specific 

ellipticities [W] of plasma membrane derived from inner- 

vated (O—O) and chronically denervated (A—A) rat dia- 

phragm. All samples were sonicated for 2 min at 50 W in 
order to damp optical artifacts. 


decreasing the particle size, the samples were soni- 
cated (see Materials and Methods). After sonication, 
all bands became more pronounced, particularly at 
210 nm, and the spectrum was shifted to lower wave 
lengths yielding positions of the ellipticity bands at 
222, near 210 and at 192 nm (Fig. 1). After deep 
freezing there was a decrease in the ellipticity of the 
unsonicated sample, indicating an increase in absorp- 
tion flattening and light scattering. In freshly pre- 
pared membranes, measured prior to deep freezing, 
the increase of the ellipticity bands on sonication 
was rather small and detectable only at 210 nm. On 
sonication, however, the CD-spectra for both the 
native and frozen plasma membrane suspensions, 
stored up to 5 days, displayed identical amplitudes 
and positions of the ellipticity bands. All experiments 
were, therefore, performed with sonicated samples 
to ensure comparable conditions. 

Denervation of rat diaphragm for a period of 14 
days did not change the ellipticity of the vesiculated 
plasma membrane fraction to a measurable extent. 
The CD-spectra coincided with those obtained both 
from control animals and innervated hemidia- 
phragms of animals which underwent contralateral 
denervation (Fig. 1). 

Experiments carried out on the plasma membrane 
did not show any conformational changes as a result 
of decamethonium or suxamethonium up to a con- 
centration as high as 10-*M, when the drug was 
added either after sonication (Fig. 2) or to non- 
sonicated membranous vesicles, which were meas- 
ured in the non-sonicated state. It should be men- 
tioned that the plasma membrane fraction consists 
of sealed inside-out vesicles [29] which are imperme- 
able for hydrophilic compounds like decamethonium 
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Fig. 2. Effect of decamethonium on the circular dichroism 
spectra of plasma membranes isolated from chronically 
denervated rat diaphragm. (@—®) Specific ellipticities 
[w] of vesiculated plasma membrane fragments derived 
from chronically denervated diaphragm sonicated in the 
presence of 3 x 10~* M decamethonium. (A—A) Control 
spectrum without addition of decamethonium. ((—Q) CD- 
spectra of plasma membrane derived from innervated dia- 
phragm, sonicated in the presence of decamethonium. 


or suxamethonium. After disruption of the vesicles 
by sonication, the membrane sheets will reseal, yield- 
ing homogeneously small vesicles, the membrane of 
which remains impermeable for the hydrophilic com- 
pounds mentioned. It seems, therefore, likely that 
a lack of change in the CD-pattern might result from 
inaccessibility of binding sites. formerly facing the 
ECS, now situated at the interior surface of the 
membrane vesicles. Since the vesicles are only 
permeable during the time of sonication, the mem- 
brane fraction was sonicated in ‘. . .the presence of 
decamethonium. . .’. Under this condition a distinct 
alteration of the CD-spectra was produced by deca- 
methonium which had access to the internal surface 
of plasma membrane vesicles obtained from chron- 
ically denervated diaphragm (Fig. 2). In contrast, 
the CD-spectra of membrane fractions derived from 
innervated muscles remained uninfluenced by deca- 
methonium (Fig. 2). Taking into account the inside- 
out nature of the vesicles, it has to be concluded that 
decamethonium produced a conformational altera- 
tion only via binding sites located at the extracellular 
surface of chronically denervated rat diaphragm 
muscle. The same change of the CD-pattern was also 
detectable in the presence of suxamethonium. d- 
Tubocurarine could not be included in these experi- 
ments since the drug itself displayed a strong and 
overlapping CD-spectrum which made an analysis 
of the resulting spectra impossible. 
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Fig. 3. Difference spectra of the circular dichroism of 
plasma membranes derived from chronically denervated 
diaphragm sonicated without and in the presence of deca- 
methonium. Calculated differences of specific ellipticity 
A [| between control spectra (see Fig. 2) and those son- 
icated in the presence of 3 x 10-*M decamethonium. Each 
point represents the average of three different readings. 
The vertical dotted line indicates the wave length used for 
the experiments depicted in Fig. 5. 


As shown in Fig. 2, a new positive ellipticity band 
centered around 235nm appeared when decame- 
thonium was present during sonication. Simulta- 
neously there seemed to be changes in the region of 
230-190 nm. It was difficult to discern whether these 
changes were additionally evoked and independent 
from the main bands at 224, 210 and 192nm or 
whether they reflected a change in the ratio of the 
underlying secondary structure of the membrane 
proteins. In order to evaluate the effects qualita- 
tively, the difference spectrum between the control 
curve (sonicated vesicles without the drug) and the 
spectrum in the presence of decamethonium was 
calculated for each pair of experiments. An example 
of a difference spectrum thus obtained is depicted 
in Fig. 3. The resulting difference spectrum con- 
firmed the presence of the positive band at 235 nm. 
The changes between 230 and 190nm_ became 
apparent as two clearly separable negative bands 
with maxima at 215 and around 192nm. Position 
and sign of the bands allowed them to be distin- 
guished from the three bands commonly present in 
a-helical proteins, i.e. 224, 210 and 192 nm. Struc- 
tures which display CD-spectra similar to the dif- 
ference spectrum observed in the presence of sux- 
amethonium and decamethonium are known for 
synthetic amino acid derivatives [30]. The N-acetyl- 
amides of tyrosine, phenylalanine and tryptophan 
exhibit a positive ellipticity band in the region -of 
240-220 nm, but they differ in the shorter wave 
lengths. The CD-spectrum of tryptophanyl-N-ace- 
tylamide, however, closely resembles the two nega- 
tive peaks found at 215 and 192 nm in the difference 
spectrum (Fig. 3). The side chain chromophores of 
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Folin-Phenol tryptophan fluorescence 
Fig. 4. Tryptophan fluorescence of vesiculated plasma 
membrane fragments from innervated and chronically 
denervated rat diaphragm. Left ordinate: protein concen- 
tration determined according to the Folin—Phenol method 
[26]. The protein concentrations of samples from inner- 
vated (inn.) and denervated (den.) microsomes used for 
the determination of the tryptophan fluorescence are ident- 
ical with those of the CD-spectra (range 0.05—0.06 mg/ml, 
mean + S.E., N = 6). Right ordinate: Intrinsic tryptophan 
fluorescence, given in linear arbitrary units. The samples 
were sonicated to reduce possible artifacts resulting from 
differences in particle size between innervated (inn.) and 
denervated (den.) microsomes. The increase in intrinsic 
tryptophan fluorescence after denervation is statistically 

significant (+, P< 0.01, mean + S.E., N = 6). 


phenylalanine and tyrosine show, on the contrary, 
strong positive bands in this region. 

Consequently, the presence of tryptophan in the 
membrane was determined by its fluoresence. To 
ensure comparable conditions with the CD-spectra, 
the measurements were carried out with sonicated 
samples at a protein concentration of 0.05— 
0.06 mg/ml (Fig. 4). Under this condition the instrin- 
sic tryptophan fluorescence of the innervated mem- 
brane showed a considerable increase after dener- 
vation which amounted to 55 per cent (Fig. 4). 

In order to establish a dose-response curve, the 
effect of suxamethonium on circular dichroism was 
investigated in concentrations ranging from3 x 10~°- 
3 x 10°-* M. The amplitudes of the difference spectra 
at 215 nm (see Fig. 3) were plotted vs the concen- 
tration of the neuromuscular agent. The threshold 
concentration of suxamethonium influencing the 
CD-spectra lay at 3 x 10-°M. The half maximum 
effect was exerted at 2-3 x 10-° M, and the maxi- 
mum effect was reached at 3 x 10~* M (Fig. 5). The 
mechanical dose-response curve of the isolated 
denervated diaphragm stimulated by suxamethon- 
ium is included in Fig. 5. The concentration range 
was similar to that causing the observed changes in 
the circular dichroism pattern. In the case of deca- 
methonium, a congruence of the two dose-response 
curves could only be established for the lower con- 
centration range, since overproportional concentra- 
tions were required to evoke the maximal mechanical 
response. 
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Fig. 5. Dose-response cyrye of the changes in circular dichroism of plasma membrane derived from 
chronically denervated rat diaphragm and its relation to the mechanical response induced by suxa- 
methonium at the intact, isolated organ. Abcissa: molar concentration of suxamethonium. Right 
ordinate: Differences in specific ellipticity (A[w]) at 215 nm, between the control spectrum and the 
spectrum obtained in the presence of suxamethonium (O—©) (see Fig. 3). Each point is plotted as the 
mean of 3-4 readings. Vertical bars represent the range of the experimental data. Left ordinate: 
Mechanical response (E4/Em) (N = 6), (A—A). The maximal difference in specific ellipticity at 
3 x 10°*M suxamethonium is set equal to the maximum of the mechanical response possible for the 
organ (E4/Em = 1.0). 


DISCUSSION 


In the present study the circular dichroism spectra 
of plasmalemmal microsomes have been measured, 
derived from both innervated and chronically dener- 
vated rat diaphragm. In either case identical CD- 
spectra was obtained (see Fig. 1), although the 
plasma membrane in the denervated state is enriched 
in extrajunctional acetylcholine receptors [20-21]. 
Positions and magnitudes of the ellipticity bands of 
the skeletal muscles membrane place it into the 
general category of membranes with a high content 
of a-helical protein [31]. Since similar values have 
been reported for the purified receptor protein from 
Torpedo nobiliana [32], it is suggested that both the 
overall conformation of the membrane and the 
receptor protein show similar compositions in their 
secondary structure. 

A marked difference was, however, found 
between innervated and denervated muscle micro- 
somes, when decamethonium or suxamethonium 
were added to the microsomes and gained access to 
the intravesicular space by sonication. Whereas the 
spectrum of the microsomes obtained from inner- 
vated muscle remained unchanged, a distinct alter- 
ation of the CD-spectra of microsomes obtained 
from denervated muscle could be observed. It is well 
established that plasma membrane vesicles from car- 
diac [33-34] and skeletal [29] muscle consist of inside- 
out vesicles, the pre-existing structure of which is 
mainly the transverse tubular system of the plas- 
malemma. Accordingly, their former extracellular 
surface is oriented towards the vesicular lumen, the 
former intracellular surface now facing the incuba- 
tion medium. The presence of inside-out vesicles, 
the membrane of which is impermeable for hydro- 
philic compounds like decamethonium and suxa- 
methonium, demonstrated their sidedness of action. 


The cholinomimetics investigated produced a con- 
formational alteration of the denervated membrane 
only via binding sites accessible from the extracel- 
lular surface. 

The difference spectrum—sonicated microsomes 
from the denervated diaphragm, with and without 
the drug—revealed a pattern which closely 
resembled the CD-spectrum of tryptophanyl-N- 
acetylamide [30]. The similarity suggests that tryp- 
tophan might be present as a side chain chromophore 
which is influenced by the investigated drugs, both 
agonists of the acetylcholine receptor of the skeletal 
muscle. The presence of tryptophan in the amino 
acid composition of purified receptor protein has 
been reported by several groups [32, 35-37]. If tryp- 
tophan does play a role with respect to the alteration 
of the CD-spectrum induced by cholinomimetic com- 
pounds, and increase of the tryptophan content of 
the plasmalemma should be expected after dener- 
vation, since the number of acetylcholine receptors 
increases after denervation, probably as a result of 
a de novo synthesis of the receptor protein [38-40]. 
The denervated plasma membrane should, there- 
fore, be composed of a different pattern of proteins 
compared to the innervated membrane. As shown 
in Fig. 4, the intrinsic tryptophan fluorescence, 
expressed in linear arbitrary units, rose by 55 per 
cent after denervation. This suggests that a specific 
protein fraction within the total membrane proteins 
has increased during the time of denervation. It is 
recognized that the skeletal muscle membrane is 
more complex than a single protein in solution and 
that the observed changes in fluorescence could 
result from a change in protein lipid interactions 
and/or a specific difference in the conformation 
between junctional and extrajunctional receptors of 
the skeletal muscle membrane. Differences have 
been reported with respect to the rates of turnover 
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[41-42], the isoelectric point [43] and the ion channel 
associated with both types of receptor [44-45]. It is 
still uncertain whether these differences are related 
to a different type of receptor protein or not [46- 
49]. In the present experiments, however, the CD- 
spectra in the absence of neuromuscular agents did 
not reveal any distinct change in the conformation 
of membranous proteins between the innervated and 
denervated state (Fig. 1). It seems, therefore, jus- 
tified to attribute the increase in fluorescence to an 
increase in extrajunctional receptor density after 
denervation. 

Specific cholinergic inhibitors like venom a-toxins 
contain left handed a-helical structure as well as 
B-structure [50] and, therefore, interfere directly 
with the CD-spectra of membrane proteins. Also d- 
tubocurarine itself displayed a strong and overlap- 
ping CD-spectrum which made the resulting spectra 
difficult to interprete (see Results). No direct 
evidence,therefore, can be given whether the tryp- 
tophan residue is in close vicinity to or part of the 
acetylcholine recognition site and its associated ion 
conductance modulator [48, 51-53]. On the contrary, 
the dose-dependency of the observed changes of the 
CD-spectra (Fig. 5) seem to be of particular interest, 
since the cholinergic ligands exhibit affinities for this 
component consistent with their pharmacological 
effectiveness. Suxamethonium induced its effect in 
the same concentration range as acting upon the 
intact, isolated denervated muscle. 

The experimental data suggest that decamethon- 
ium and suxamethonium influence in a dose depen- 
dent manner the freedom of movement of a tryp- 


tophan side chain chromophore when binding to the 
acetylcholine receptor from the outer cell surface. 
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Abstract—In rats, microsomal mono-oxygenases are involved in the cleavage and hydroxylation of 
digitoxin (dt-3).+ Previous to hydrolytic cleavage the terminal digitoxosyl has to be oxidized to the 
corresponding dehydro-digitoxosyl. The microsomal formation rate of 15'-dehydro-dt-3 could be 
enhanced 3 to 7 fold by pretreatment with pregnenolone-16a-carbonitril, spironolactone, cancrenoate 
and cyproterone. Phenobarbital and polychlorinated biphenyls had no effect, whereas polyaromatic 
hydrocarbons caused a significant decrease of both C12-8-hydroxylation and sugar oxidation. The 
inducing effects of the steroids were less pronounced in the formation of 9’-dehydro-dt-2 and 3'-dehydro- 
dt-1. For the latter, phenobarbital evoked an inducing effect by factor 1.7. The sugar chain oxidation 
could be inhibited by metyrapone, spironolactone, cancrenoate and digitoxigenin when added in vitro. 
a-Naphthoflavone was a weak inhibitor only. The results indicate that the terminal digitoxosyl oxidation 
is due to a specific isocytochrome P450 (or pattern of isocytochromes) inducible by some synthetic 


steroids. 


In rats digitoxin is metablised by C12-B8-hydroxyla- 
tion, cleavage of the sugar chain and conjugation of 
predominantly the cleavage product dt-1 [1-5]. 
Excreted CHCls-soluble metabolites consist mainly 
of dt-2, dt-1 and dg-1. In addition, 15’-dehydro-dt- 
3 and 9’-dehydro-dt-2 are present in the CHCls 
extract of the bile [4, 6]. Only traces of dg-3, dg-1 


and unchanged dt-3 can be detected. The water- 
soluble fraction of dt-3 metabolites contains mainly 
glucuronosides and sulfates of dt-1. The excretion 
of water-soluble metabolites can be enhanced by 
pretreatment with PB or SP, whereas MC causes a 
decrease of the elimination rate [4, 7-9]. 

Previous studies suggested that not only the C12- 
B-hydroxylation but also the stepwise cleavage of 
the sugar chain is catalysed by microsomal mono- 
oxygenases [10]. Appartently, the essential step of 
this oxidative cleavage is the dehydrogenation of the 
axial OH-group of the terminal digitoxosyl [11]. The 
resulting dehydro-digitoxyosyl can be split off, pre- 
sumably by #-elimination, in the presence of 
microsomal protein. The purpose of the present 
investigation was: (1) to evaluate which mono-oxy- 
genase species is involved in the sugar chain cleavage, 
and (2) to find out whether the elimination rates 





* Some results of this work have been presented at the 
annual meeting of the Deutsche Pharmazeutische Gesells- 
chaft, Tiibingen, Germany, September, 1978, and at the 
spring meeting of the Deutsche Pharmakologische Gesells- 
chaft, Mainz, Germany, 1979 [A. Schmoldt, Naunyn- 
Schmiedeberg’s Archs. Pharmac. 305, 261 (1978) and ibid. 
306, R24 (1979)]. 

+ Abbreviations used in the text are as follows: ANF, 
a-naphtoflavone; BNF, B-naphthoflavone; CANR, can- 
renoate potassium; dg-0, digoxigenin; dg-1, dg-2, dg-3, 
digoxigenin mono-, bis-, tridigitoxoside; dt-0, digitoxi- 
genin; dt-1, dt-2, dt-3, digitoxigenin mono-, bis-, tridigi- 
toxoside; MC, 3-methylcholanthrene; PB, phenobarbital; 
PCN, 16-a-pregnenolone carbonitril; SP, spironolactone. 


after pretreatment with various inducers can be 
explained by changes of the mono-oxygenase 
activity. 


MATERIALS AND METHODS 


Materials. The following compounds were gen- 
erous gifts: PCN from Dr. Ronald E. Talcott, 
University of California (Riverside, CA), 
Benz{ajanthracene from Prof. Dr. G. Grimmer, 
Biochem. Inst. fiir Umweltcarcinogene (Ahrens- 
burg, Germany); PCB (Aroclor® 1254) from Mon- 
santo, Germany (Diisseldorf, Germany), SP from 
Boehringer (Mannheim, Germany), cyproterone 
from Schering (Berlin, Germany), metyrapone from 
Ciba (Switzerland, Basel), 20[22]-*H-digitoxin 
(660Ci/mole) from Dr. G. Haberland, Beiersdorf 
(Hamburg, Germany). 20[22]-*H-dt-2 and 20[22]- 
3H-dt-1 were prepared from 20[22]-*H-dt-3 by the 
method of Satoh and Aoyama [12]. 15’-dehydro-dt- 
3, 9’-dehyro-dt-2 and 3’-dehydro-dt-1 were syn- 
thesized as reported previously [13]. 

Digitioxosides of dt-0 and dg-0, isocitrate dehy- 
drogenase (E.C. 1.1.1.42), pyridine nucleotides and 
CANR postassium (Aldactone® pro injectione) were 
purchased from Beohringer (Mannheim, Germany). 
BNF and ANF (i.e. 7,8-benzoflavone and 5,6-ben- 
zoflavone, resp.) were from Roth (Karlsruhe, Ger- 
many); Instagel from Packard (Frankfurt, Ger- 
many); all other chemicals were of analytical grade 
from Merck (Darmstadt, Germany). 

Male Wistar rats were obtained from E. Jautz 
(Kiesslegg, Germany). 

Treatment of animals. Solutions for i.p. injections 
were 40 mg polyaromatic hydrocarbon or BNF/ml 
arachis oil, 200 mg PCB/ml arachis oil, 50 mg cypro- 
terone or PCN/2ml 5% Tween® 80 suspension, 
100mg SP/2ml 0.5%  carboxymethylcellulose, 
100 mg CANR/2 ml water, 80 mg PB/ml water. BNF 
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Table 1. Effect of inhibitors on microsomal dt-3 metabolism 





Variation of 
complete system 


Metabolites in per cent of controls + S.D. 
15'-dehy- 
dro-dt-3 





— (controls)* 

1. -ICDH, —IC, -NADPH 

. -ICDH, -—IC, -NADPH 

—NADH, + NADP, + NAD (0.3. mM) 

3. —air + N2 

. + air/CO (3 + 2, v/v) 
5. +NaN3 (0.2 mM) 

. +KCN (0.1 mM) 

. tethanol (22 mM) 

. t+EDTA (2.5 mM) 
9. +metyrapone (10 uM) 

. + ANF (75 uM) 

. +SKF-525A (0.1 mM) 

2. +PCB (150 uM) 

. +dt-0 (28 wM)+ 

(56 4M) 
. +SP (50 uM) 
. +CANR (50 uM) 


100 + 6 


7.4 + 3.6t 
$2+3.2F 
54 + 67 
102 + 15 
101 +17 





Variation no. 
ee 
4,11 

5, 9, 10 
6,7,8 
12, 14, 15 
13 


100% of controls correspond to 
metabolites/mg microsomal protein/15 min 


360 + 30 
606 + 74 
583 + 52 
424 + 60 
674+ 61 
275 


468 + 56 
904 + 55 
798 + 63 
573 + 17 
834 + 97 
284 


530 + 71 
874 + 164 
910 + 83 
819 + 32 
865 + 85 
452 


* The complete system taken as controls contained per ml:30 4M °*H-dt-3, 1.5 mg microsomal 
protein, 50 mM Tris buffer (pH 7.45), 0.15 M KCI, 5mM MgCh, 0.3 mM NADH, 0.5 mM NADPH, 
8 mM isocitrate (IC), 400 mU isocitrate dehydrogenase (ICDH). Values are means + S.D. of 3 


separate experiments. 


+ Significant difference to controls (P < 0.01). 
: 14 uM. 


t+ Means of 2 experiments; dt-3 concentration 


or polyaromatic hydrocarbon (40 mg/kg/day), SP or 
CANR (100 mg/kg/day) and PB (80 mg/kg/day) were 
given for 3 days; PCB (200 mg/kg) was adminstered 
once 4 days before killing. Control animals received 
the vehicle doses at the same times. The various 
vehicles had no different effects on the dt-3 metab- 
olism. Animals were fed ad lib. on a normal labora- 
tory diet. 

Preparation of microsomes and assays. Liver 
microsomes were prepared by the method of Kutt 
and Fouts [14]. Protein concentrations were deter- 
mined by the Lowry method and cytochrome P450 
contents by the method of Omura and Sato [15], 
except that Tris-HCI (pH 7.5) was used instead of 
phosphate buffer. Binding spectra with dt-3 (dis- 
solved in dimethylsulfoxide) were recorded using 
an Aminco-DW2 spectrophotometer (split-beam 
mode) as described by Schenkman et al. [16]. *H- 
digitoxosides (10-200 uM, [1-1.5 wCi]) were incu- 
bated in the total volume of 0.25 ml containing 150 
#M KCI, 5 mM MgCh, 50 mM Tris-HCl (pH 7.45), 
8 mM isocitrate, 0.3 mM NADH, 0.5 mM NADPH, 
400 mU isocitrate dehydrogenase and 0.38 mg micro- 
somal protein. Incubation was at 37° with shaking 
in air. After 15 min, aliquots of the incubation mix- 
ture were stopped by adding equal volumes of freshly 
distilled acetone. Thin layer chromatography (on 
silica gel plates, development in ethylacetate, 


CHCl:-methanol (92:8, v/v), or CHCl-acetone 
(65:35, v/v)) and counting of radioactivity were the 
same as previously described [10, 11]. Blank values 
were obtained by stopping the incubation at zero 
time, incubation without microsomes or by omission 
of NADPH and NADPH regenerating system. No 
significant differences could be found between these 
three procedures. 

Statistical significances were determined by 
Student’s t-test for independent values of two groups, 
and analysis of variance and Sheffé-test [17] for 
comparing more than 2 means. In any case absolute 
values were compared statistically even when pre- 
sented in percent of controls (Tables 1 and 2). 


RESULTS 


15’-dehydro-dt-3, dt-2 and dg-3 could only be 
formed in the presence of oxygen and NADPH (Fig. 
1, Table 1). Oxidized pyridine nucleotides and 
anaerobic conditions prevented 12-6-hydroxylation 
as well as oxidation and splitting off of the terminal 
digitoxose. There was no effect on the metabolism 
when catalase (by azide) or the cyanide sensitive 
factor (CSF) were inhibited. Since carbon monoxide 
inhibited the reaction, it can be concluded that both 
the 12-8-hydroxylation and the oxidation of the ter- 





Inducers and inhibitors of rat liver mono-oxygenases 


Table 2. Digitoxin metabolism by microsomes by variously pretreated rats 





Pretreatment cyt. P450 


Per cent of controls + S.D. 
metabolites 15’-dehy- 
dg-3 dt-2 dro-dt-2 





(a)t 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 


— (controls)* 

100 +9 
. PB 

205 + 30% 
. MC 

167 +27¢ 
. benzo[a]anthracene 

128 + 134 
. benzo[a]pyrene 

132 + 7¢ 
. PCB 

315 + 614 
. SP 

109+9 
. CANR 

108 + 6 
. PCN 

168 + 234 
. cyproterone 

112+5 


100 + 12 
100 + 13 
85 +19 
46 + 10% 
76 + 94 
46 + 6t 
72+ 112 
57 + 13¢ 
74 + 10+ 
57 + 12t 
136 + 38 
43 + 12+ 
223 + 22% 
201 + 21+ 
163 + 22% 
164 + 244 
550 + 924 
347 + 83+ 
209 + 22% 
186 + 19% 


100 + 11 

100 +9 

100 + 6 

51 + 9t 
46 + St 
30 + 3¢ 
61 + 6¢ 
46 + 8t 
§2:> 7 
40 + 114 
123 + 14 
39 + 7i 
530 + 144 
518 + 154 
426 + 12% 
414+ 31: 
592 + 60: 
327 + 29+ 
298 + 20% 
266 + 15+ 


100 + 10 
100+ 8 
106 + 6 
51 + 13¢ 
41 + 5t 
26 + 44 
59 + 10% 
44+ 11t 
49 + 7t 
37 + 6¢ 
122 +8 
39 + 4% 
598 + 66% 
551 + 36% 
384 + 534 
363 + 444 
690 + 75+ 
445 + 69% 
289 + 32: 
258 + 28t 





100% of controls correspond to nmoles cyt. P450 or pmoles metabolites 
per mg microsomal protein 


0.83 + 0.07 
0.68 + 0.09 
0.74 + 0.06 
0.64 + 0.07 
0.88 + 0.1 

0.69 + 0.05 


1539 + 290 
865 + 84 
1221 + 153 
878 + 69 
1320 + 161 
771+ 76 


738 + 70 
638 + 61 
771 + 54 
594 + 148 
602 + 82 
S17 = S7 


1019 + 226 
604 + 104 
824 + 95 
548 + 63 
792 + 80 
682 + 47 


30 uM 3H-dt-3 was incubated with liver microsomes and a NADPH regenerating system for 15 
min, as given in the legend to Table 1. Values are means + S.D. of 3-4 rats. 
+ (a) per mg microsomal protein; (b) per nmole cyt. P450. 


t Significant difference to controls. 


minal digitoxyosyl are cytochrome P450-linked 
reactions. 

In order to determine which of the P450 isocy- 
tochromes is involved in microsomal dt-3 metab- 
olism, some inhibitors were tested. The cyt. P450- 
specific inhibitor, metyrapone, caused an almost 
complete inhibition of the sugar oxidation at a con- 
centration of 104M. The 12-8-hydroxylation was 
less affected. The cyt. P 448 specific inhibitor ANF, 
however, was a weak inhibitor. About 40 percent 
inhibition was obtained for both 12-B-hydroxylation 
and sugar oxidation (and subsequent cleavage) at 
a concentration of 75 4M. High inhibition values 
could be observed also in the presence of 100 uM 
SKF-525A, 50 uM SP and CANR. The SP inhibition 
proved to be noncompetitive (Ki = 7 uM, estimated 
graphically from Lineweaver—Burk plots). 

The findings, inhibition by metyrapone, dt-0 and 
PCB, suggested that mainly cyt. P450 catalyses the 
dt-3 oxidation. In order to confirm this conclusion, 
microsomes of PB pretreated rats were tested. How- 
ever, no significant enhanced oxidation rates could 
be obtained (Table 2), in spite of a two-fold cyt. 
P450 increase. With regard to oxidation per nmole 


cytochrome, this means a significant decrease. A 
more pronounced decrease was seen with micro- 
somes of rats pretreated with MC and other poly- 


cyclic hydrocarbons (benz[a]anthracene, 
benz[a]pyrene), even when expressed as oxidation 
per mg microsomal protein. BNF caused no sig- 
nificant changes. Even PCB, known as inducer of 
both cyt. P450 and P448, caused only a slight increase 
due to the very high induction of total cytochromes. 

In contrast to that, pretreatment with SP, PCN, 
the SP metabolite CANR and cyproterone evoked 
a 3-7 fold formation rate of 15’-dehydro dt-3. Fur- 
thermore, after PCN, a fourfold increase of 12-8 
hydroxylation was found, whereas the other steroids 
were less active in this respect. The total cyt. P450 
concentration increased only slightly, this means a 
remarkable increase of the ‘specific activity’. Spectral 
binding studies with these microsomes revealed a 
type I spectrum for dt-3 with a peak at 338 nm and 
a trough at 420 nm (Fig. 2). 

In order to yield dt-1 or dt-0 as substrate for con- 
jugating enzymes in vivo, the dt-3 cleavage product 
dt-2 and its cleavage products dt-1 have also to be 
oxidized at their terminal digitoxyosyl. Therefore, 
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Fig. 1. Thin layer chromatography and *H-scanning after 

incubation of “H-dt-3 (30 4M) with rat liver microsomes 

(1.5 mg/ml) in the presence of NADPH (control, upper 

panel), without O2 (middle panel) and in the presence of 

CO (lower panel). Development in ethyl acetate together 
with reference compounds (U). St = start. 


these glycosides also were incubated under the same 
conditions (Table 3). In all cases, dt-2 was metab- 
olized at a slower rate than dt-3 or dt-1. The inducing 
effects of CANR were considerably lower for dt-1 
than for dt-3. Similar effects were obtained after 
pretreatment with SP [18] and PCN (10.5, 6.4 and 
8.3 times higher than control values for sugar oxi- 
dation (+ cleavage) of dt-3, dt-2 and dt-1, respec- 
tively). In contrast to that, PB caused an increase 
for dt-1, but was without effect in dt-3 or dt-2 metab- 
olism. Furthermore, Table 3 shows that dt-2 and dt- 
1 were better substrates for 12-8-hydroxylation than 
dt-3. 
DISCUSSION 


15’-dehydro-dt-3, 9-dehydro-dt-2 and 3’dehydro- 
dt-1 are metabolites of dt-3. They were identified by 
chromatographic and chemical comparison with the 
corresponding synthesized compounds. They are 
important for the metabolism because the terminal 
digitoxosyl can only be split off after formation of 
these dehydrodigitoxosides [11]. 

With reservation of experiments with purified 
components of the rat liver mono-oxygenase com- 
plex, the results of this study strongly suggest that 
microsomal P450 cytochromes are involved in the 
formation of these dehydro-digitoxosides. The dt-3 
oxidation rates were not influenced by inhibitors of 
catalase or the cyanide sensitive factor, but were 
markedly inhibited by typical mono-oxygenase 
inhibitors. The nature of this cyt. P450 linked oxi- 
dation remains unclear because the formation of an 
oxo-group at C15’ corresponds formally to a dehy- 
drogenation. However, that corresponds to the 
microsomal ethanol oxidation for which it is also 
shown to depend partially on cyt. P450 [19-21]. The 
ethanol oxidizing system itself seem not to be 
involved in dt-3 oxidation since ethanol could not 
inhibit the reaction (Table 2). 

With regard to the mono-oxygenase species, it is 
evident that one (or more) of those P450 isocyto- 
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Fig. 2. Dt-3 induced difference spectra in liver microsomes of SP-pretreated rats (0.01 nmole cyt. 
P450/ml Tris buffer). Dt-3 concentrations were 36, 72 and 108 uM. The reference cuvette contained 
the same concentrations of the solvent (dimethyl sulfoxide, final concentration: 5.5 pl/ml). 
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Table 3. Comparison of the metabolism of dt-3, dt-2 and dt-1 by microsomes of normal 
and pretreated rats 





Substrate 
(30 uM) 


Digitoxosyl oxidation 
and cleavage 
(pmoles/mg microsomal protein/15 min)* 


12-B-hydroxylation 
Pretreatment 





1738 + 180 
1929 + 114 
6432 + 282+ 


1182 + 83+ 
1360 + 142+ 
3425 + 8374 


1713 + 135 
2870 + 193++ 
3695 + 205tt 


dt-3 602 + 85 
dt-3 486 + 68% 
dt-3 872 + 744 


dt-2 911 + 907 
PB dt-2 888 + 847 
CANR dt-2 1372 + 175tt 


dt-1 981 + 87+ 
PB dt-1 1421 + 12174 
CANR dt-1 1216 + 113+t 





+ Values are means + S.D. of 3 experiments with pooled microsomes of 3-4 rats. 
Incubations were made as described in the legend to Table 1. Cyt. P450 concentrations 


(nmole/mg microsomal protein) were: 0.82 (controls) 1.75 (PB) and 0.93 (SP). 
+ Significantly different to corresponding dt-3 metabolites (P < 0.01). 
t Significantly different to controls (P < 0.01). 


chromes are involved in digitoxosyl oxidation which 
can be incuded by PCN, SP, CANR and cyproterone. 
The formation rate per nmole P450 rose up to 5 fold 
values, whereas phenobarbital and polycyclic hydro- 
carbons decreased it to 60 and 40 per cent, respec- 
tively, when compared to controls. The lower induc- 
ing effect of CANR on dt-1 oxidation can be 
explained possibly by a shift of the affinity to PB 
inducible cyt. P450. This view is supported by the 
effect of PB, which significantly stimulated dt-1 
oxidation and is known to enhance dt-0 metabolism 
as well as cyproterone and SP [22-24]. In vivo, 
however, the induction of dt-1 metabolism seems to 
be irrelevant, since dt-1 is conjugated as soon as it 
is formed [3, 4, 6]. 

Obviously, dt-2 cannot be metabolized at the same 
rate as dt-3. Therefore, one may speculate that not 
dt-3 oxidation, but dt-2 oxidation is the rate limiting 
step in dt-3 degradation in vivo. This hypothesis is 
supported by the observation that the CHCl:-soluble 
fraction of the bile contains preferably dt-2, although 
it is more lipophilic than dt-3. 

With regard to in vivo conditions, the results of 
this study suggest that PCN, SP and cyproterone 
enchance dt-3 elimination by a rather specific induc- 
tion of P450 cytochromes involved in dt-3- and dt- 
2 sugar oxidation. The comparable low effect of PB, 
however, could be explained by a proliferation of 
endoplasmic reticulum with a nearly constant specific 
activity. 

Finally, the impaired biliary dt-3 elimination rate 
of dt-3 metabolites after induction of cytochrome 
P448 is probably due to the low affinity of this cyto- 
chrome to dt-3. 
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Abstract—Ethanol, 4.5 g/kg, was administered intragastrically to rats to determine if acetaldehyde could 
be detected in brain interstitial fluid. Samples from both blood and brain were collected at half-hour 
intervals. Brain interstitial fluid samples were collected from both the caudate nucleus and the thalamus— 
hypothalamus region using the push-pull perfusion technique. The ethanol and acetaldehyde concen- 
trations in these samples were determined by a head space gas chromatographic technique. Blood 
ethanol levels typically ranged from 200 to 400 mg/100 ml, while acetaldehyde levels ranged from 15 
to 40 4M in blood and 5 to 20 uM in brain fluid. When disulfiram was given to the rats 20 hr prior to 
ethanol administration, blood acetaldehyde increased to 70-280 4M and brain interstitial fluid acetal- 
dehyde increased to between 25 and 120 4M. Whole brain acetaldehyde levels were also measured 
after an ethanol dose was given. No acetaldehyde could be detected in whole brain unless the animal 
had first been treated with disulfiram. These data demonstrate that acetaldehyde does enter the brain, 
coming into direct contact with the brain cells bathed in the interstitial fluid. The acetaldehyde 
concentration in the interstitial fluid is higher than that in the brain cells, probably due to its rapid 


oxidation in the cells catalyzed by aldehyde dehydrogenase. 


Though the presence of ethanol in the body could 
be responsible for many of the physiological effects 
associated with abusive drinking, it is conceivable 
that acetaldehyde, the first metabolite derived from 
ethanol, may also produce some of the adverse 
effects caused by ethanol drinking [1, 2]. The blood 


concentration of acetaldehyde averages between 20 
and 50 uM in humans after consumption of an intox- 
icating dose of ethanol [3], while in rats the level 
ranges between 10 and 100M after a dose of 
ethanol [2]. At mM levels acetaldehyde will inhibit 
Na*, K* and Mg’* activated ATPase [4], protein 
synthesis [5] and the release of biogenic amines [6], 
yet at lower, potentially physiological levels, it does 
not affect many biological reactions. 

The amount of acetaldehyde found in various 
organs and tissues, especially blood and brain, after 
ethanol is administered to the animal has been 
investigated by numerous workers [2,7]. Prior to the 
early 1970s it was reported that the concentration 
of acetaldehyde in brain was at least as high as in 
other organs [2]. It was shown later, however, that 
spontaneous, nonenzymatic formation of acetalde- 
hyde occurs when biological samples containing 
ethanol are heated [8], a step required in the gas 
chromatographic determination of the compound. 
Thus, it is thought that the high level of brain ace- 
taldehyde, earlier reported to exist in brain, was due 
not to endogenous acetaldehyde, but rather to its 
formation during the preparation of tissue for analy- 
sis. Thiourea has been shown to prevent this spon- 
taneous formation from occurring [8]. 
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Using thiourea in the analytical procedure, various 
workers have redetermined the concentration of 
acetaldehyde in brain after the administration of 
ethanol. However, in two recent studies the final 
conclusions differed. In one, no acetaldehyde was 
found in the brain of the rat until the blood level 
reached approximately 200 uM [9]. Such a high con- 
centration of acetaldehyde is not normally obtained 
during ethanol metabolism and was achieved in that 
study only by a supplemental dose of acetaldehyde 
given intraperitoneally. In the other study utilizing 
mice, the brain acetaldehyde level averaged 
6nmoles/g when the concentration in blood was 
approximately 70 uM [10]. 

Different theories have been presented to explain 
why the acetaldehyde level is lower in brain than in 
blood. Eriksson and Sippel [9] hypothesized that all 
of the acetaldehyde is metabolized in the capillaries 
and hence none actually enters the brain. Tabakoff 
et al. [10] argued that acetaldehyde entering the 
brain is metabolized so rapidly that it begins to 
accumulate in brain only when the blood level is so 
high that aldehyde dehydrogenase cannot metabolize 
it at the same rate as it passes through the blood— 
brain barrier. A study by Pettersson and Kiessling 
[11] indicated the importance of a low K» aldehyde 
dehydrogenase in maintaining the low level of brain 
acetaldehyde during ethanol metabolism. 

In the previous studies, brain acetaldehyde was 
measured after rapid removal of the brain, at inter- 
vals following the administration of a dose of ethanol 
to an animal. Inasmuch as it is possible that a low 
level of acetaldehyde might be detectable in the 
interstitial fluid of the brain, an alternative technique 
was used to determine the concentration of acetal- 
dehyde in the brain of a live animal. By employing 
the ‘push-pull’ perfusion technique [12], it is possible 
to remove a sample of the interstitial fluid which 
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bathes the cells of the brain. In this manner it is 
possible to determine whether there is acetaldehyde 
present in the brain of a conscious animal metab- 
olizing ethanol. 


MATERIALS AND METHODS 


Male and female Wistar rats from the Purdue Uni- 
versity Biochemistry Department Rat Colony, 
weighing between 275 and 425g, were used. The 
animals were given free access to Wayne Lab-blox 
and water until 12hr prior to surgery when they 
were deprived of both food and water. Before sur- 
gery, each rat was given 0.1 ml atropine (0.4 mg/ml) 
intramuscularly followed 10 min later by 40 mg/kg 
sodium pentobarbital intraperitoneally. After the 
head of the animal was shaved, it was positioned in 
a stereotaxic instrument. A 20 gauge stainless steel 
cannula guide was implanted as described by Myers 
[12] in either the caudate nucleus (AP 7.2; lat 3; hv 
4) or in the thalamus (AP 4.6; lat 1, hv 5.0) or hypo- 
thalamus (AP 5.0; lat 1, hv 7.5) [13]. The cannula 
was held in place by cranioplast cement packed 
around the stainless steel anchor screws inserted in 
the calvarium. The rats were allowed to recover for 
4-14 days prior to use. 


Push-pull perfusion procedure. Following the 


recovery period, the standard push-pull perfusion 
procedure [14] was utilized to minimize tissue dam- 
age. The concentrically positioned push and pull 
cannulae were connected by polyethylene tubing to 
calibrated 1.0 ml glass syringes (Hamilton) which 
were mounted on a Harvard perfusion pump. After 


the cannulae were lowered into the guide cannula 
of a rat, the perfusion was begun. The reciprocating 
pump was precalibrated to deliver the perfusate at 
a flow rate of 20 uwl/min. After the site had been 
perfused for 10 min, the push-pull cannulae were 
removed, and the 200-1 sample which had collected 
in the polyethylene tubing was immediately ejected 
into a glass vial. The vial was kept on dry ice to 
freeze the perfusate immediately. The vial was sealed 
with a Teflon septum. After 3-5 min elapsed, the 
diencephalic or caudate site was perfused again. The 
total volume of 400 ul, collected during the two 
perfusions, was pooled and considered as one 
sample. An additional 10 yl of a solution, consisting 
of 0.63 M methanol and 2 M thiourea, was added 
to each sample to provide an internal standard for 
the gas chromatographic analysis of acetaldehyde 
and ethanol as well as to prevent the spontaneous 
formation of acetaldehyde [8]. 

The perfusing solution was an artificial cerebro- 
spinal fluid (CSF) which consisted of the following 
salts: NaCl, 7.5 g/l; KCl, 1.9 g/l; MgCl, 0.19 g/l and 
CaCh, 0.14 g/l. The zero time sample of perfusate 
was used to determine the background in the gas 
chromatograph. The rat was then given ethanol 
intragastrically (25%, v/v), administered in a dose 
of 4.5 g/kg. Four additional samples were collected 
at 0.5, 1.0, 1.5 and 2.0 hr after injection. The rat 
was kept on a heating pad during each experiment 
so that its temperature could be maintained at 35— 
37°. In cases of blood contamination of the perfusate, 
the samples were discarded. 

Blood samples. After the first 200 ul of the brain 
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perfusate were collected, a 100-1 blood sample was 
taken from the tail of the rat in a heparinized glass 
capillary pipette. The blood sample was placed in 
a cold centrifuge tube along with 0.5 ml of an internal 
standard solution which was comprised of 50 mM 
thiourea and 32 mM methanol in water. The vial was 
sealed with a Teflon septum, and 0.2 ml of 0.3 M 
ZnSO, and 0.2 ml of 0.2 M Ba(OH): were added to 
the vial to precipitate the protein. The solution was 
kept on ice for up to 30 min and then subjected to 
centrifugation to remove the precipitated protein. 
A portion of the resulting supernatant fraction (0.4 
ml) was removed with a syringe and injected into a 
1-dram vial which was sealed with a Teflon septum. 

Administration of disulfiram. Recrystallized disul- 
firam was suspended in 1.0% carboxymethyl cellu- 
lose at a concentration of 200 mg/ml [15]. Each 
disulfiram-treated animal was given 600 mg/kg of the 
drug by gavage 12 hr prior to the administration of 
ethanol. 

Whole brain acetaldehyde determination. Each 
brain was removed rapidly from the animal | hr after 
administration of 4.5 g/kg ethanol. The cerebellum 
was dissected away and the remaining brain was 
placed in a preweighed vial, frozen at —78° and 
weighed. Approximately 5 ml of the internal stan- 
dard solution were added per g of brain. The solution 
was homogenized in a 4° cold room using an all glass, 
hand held homogenizer. A 600-ul sample of the 
homogenate was removed with a syringe and injected 
into a sealed centrifuge tube. To precipitate the 
protein, 0.2ml of 0.3M ZnSO; and 0.2m of 
0.2 M Ba(OH)2 were added to the tube which was 
then centrifuged for 5 min at 4°. A 0.4-ml portion 
of the resulting supernatant fraction was removed 
and placed into a 1-dram vial which was sealed with 
a Teflon septum. An additional portion of the brain 
homogenate was used to determine, by the method 
of Klein [16], the amount of blood contaminating 
the tissues. We estimate that less than 5 per cent of 
the brain acetaldehyde was lost by these procedures, 
as determined by adding a known amount of ace- 
taldehyde directly to a rat brain prior to 
homogenization. 

Gas chromatographic analysis of ethanol and ace- 
taldehyde. A modified method of the head space 
technique developed by LeBlanc [17] was used. The 
samples were heated to 40° for 30 min and 200 ul of 
the head space vapor were injected into a Varian 
3700 gas chromatograph equipped with flame ioni- 
zation detectors. A 6 ft glass column packed with 
0.2% carbowax 1500 on 80/100 Carbopak was used. 
The conditions for analysis were: 120° injector tem- 
perature, 40° column temperature and 150° detector 
temperature. Air flow was 100 cm*/min, hydrogen 
flow was 10 cm’/min and nitrogen flow was 10 
cm?/min. The attenuator setting was 1 x 10~” for 
acetaldehyde and 4 x 10°'' for methanol and 
ethanol. The chromatogram was recorded on a Lin- 
ear chart recorder and peak heights were used to 
calculate the concentration of the components. Rep- 
resentative tracings are shown in Fig. 1. The ratios 
of acetaldehyde and ethanol to the methanol internal 
standard were compared to ratios obtained from 
standard curves made under the same conditions. 
The sensitivity of the analysis allowed for accurate 
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Fig. 1. Representative gas chromatograph tracings of perfusate samples. Arrow indicates sample 
injection. Key: (O) air peak; (A) acetaldehyde; (M) methanol (internal standard) and (R) ethanol. 
Curve I: brain perfusate sample obtained prior to ethanol administration. A small peak with the same 
retention time as acetaldehyde was always found. Curve II: brain perfusate sample obtained 30 min 
after the administration of a 4.5 g/kg dose of ethanol. In this sample the acetaldehyde concentration 
was 0.45 uM and ethanol was 3.1 mM. These correspond to 10 uM acetaldehyde and 69 mM ethanol 
in brain fluid after correcting for perfusion exchange efficiency. Curve III: brain perfusate sample 
obtained 1 hr after a 4.5 g/kg dose of ethanol was administered to a rat previously treated with 
disulfiram. In this sample the acetaldehyde concentration was 5.4 uM and ethanol was 1.6 mM. These 
correspond to 155 uM acetaldehyde and 46.5 mM ethanol in the brain fluid. 


determinations of acetaldehyde concentrations as 
low as 0.3-0.5 uM. Due to the dilution factor, this 
corresponded to a level of approximately 5.0 uM in 
the blood or 5 nmoles/g in samples of whole brain. 
The accurate lower limit of detectability in the brain 
perfusate was calculated to correspond to 4-8 uM 
in the brain fluid itself. 

Histology. The anatomical position of the cannulae 
in the brain was verified by standard histological 
procedures for selected animals [18]. Upon comple- 
tion of the final push—pull perfusion, the rat was 
given an overdose of sodium pentobarbital after 
which 0.9% saline followed by 10% formalin was 
perfused through the heart. Following fixation, the 
brain was removed from the skull, kept in formalin 
for 1 day, and then blocked. The brain was washed 
and sectioned at 100 wm thickness, and then stained 
with cresyl violet. The anatomical location of the 
site was verified by light microscopy. 


RESULTS 


Spontaneous formation of acetaldehyde. When the 
artifical CSF was perfused through the brain tissue 
of the rat prior to the administration of ethanol, a 
small peak having the same retention time as ace- 
taldehyde was detected by means of gas chromato- 
graphy. The size of this presumed artifactual peak 
was found to be constant with repeated perfusions 
and was similar for all animals. To determine 
whether the mere passage of ethanol through the 
perfusion apparatus or through the brain tissue itself 
would produce acetaldehyde, the following experi- 


ments were performed and the height of this com- 
ponent peak was monitored. A 10 mg/100 ml ethanol 


solution in the perfusion medium, which would be 
comparable to the concentration ultimately 
recovered in perfusates obtained from an animal 
given ethanol, was perfused through different sites 
in the brain tissue of four rats. An analysis of the 
collected perfusates revealed that there was no 
increase in the height of this peak. This indicates 
that acetaldehyde was not being produced by the 
simple passage of ethanol through the brain or 
through the perfusion apparatus. Inasmuch as these 
perfusates were subjected to the head space ana- 
lytical technique, the lack of acetaldehyde pro- 
duction revealed that no spontaneous formation of 
acetaldehyde was occurring. 

Media exchange during perfusion. During any 
push-pull perfusion, approximately 5 per cent of the 
fluid recovered is actual brain fluid, the remainder 
being the perfusion fluid itself [12]. In order to quan- 
titate the concentration of acetaldehyde in the brain, 
it was necessary to determine the precise extent of 
this exchange of interstitial fluid with the perfusing 
medium. One method for determining this exchange 
is to measure the blood and perfusate concentrations 
of an administered compound which has free access 
to the brain. Following a period of equilibration, the 
concentration of the compound should be equal in 
both blood and brain fluids. By comparing the con- 
centration in perfusate vs blood, the percent of 
exchange can be measured. 

Ethanol is an excellent compound to use for 
measuring exchange since it (1) diffuses freely across 
the blood-brain barrier, rapidly reaching equilibrium 
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Fig. 2. Relationship between acetaldehyde concentrations 
in interstitial fluid collected from the caudate nucleus and 
from blood. Acetaldehyde was measured in rat brain per- 
fusate and blood by use of gas chromatography. The ace- 
taldehyde concentration in brain fluid was estimated by 
correcting for perfusion exchange efficiency. The bar 
indicates one standard deviation and the numerals indicate 
the number of individual measurements. Animals were 
given a 4.5 g/kg dose of ethanol intragastrically and samples 
were removed at time intervals ranging from 30 to 120 min. 


between blood and brain [19], and (2) is uniformly 
distributed in the brain [20, 21].* Thus, assuming 
that the concentrations of ethanol are equal in both 
brain fluid and blood, the calculated efficiency of 
exchange was found in all experiments to range 
between 1.5 and 8 per cent. This is in agreement 
with values reported by others using the push-pull 
perfusion technique [12]. Even though the degree 
of efficacy varied, the actual percent of ethanol 
exchange in push—pull perfusates was calculated for 
each animal under each experimental condition. By 
assuming that the acetaldehyde exchange efficiency 
was equal to ethanol exchange efficiency, the actual 
brain fluid concentration of acetaldehyde could be 
calculated. 

Acetaldehyde levels in the brain. The concentration 
of acetaldehyde in brain fluid was determined in both 
the caudate nucleus and in diencephalic regions 
(thalamus and hypothalamus); the data are pre- 
sented in Figs. 2 and 3. Most significant is the fact 
that, even with low concentrations of blood acetal- 
dehyde (5-20 4M), acetaldehyde can be detected in 
the brain. As the level of blood acetaldehyde 
increases, brain interstitial fluid acetaldehyde rises 
to a plateau of 10-15 uM. This occurred in both 
brain regions that were sampled. 





* Recently, experiments using a different perfusion tech- 
nique have provided some evidence to suggest that ethanol 
may not be distributed uniformly throughout the brain and 
that it may not even be distributed equally between blood 
and brain [22]. The in vivo exchange efficiency for indi- 
vidual perfusions was not calculated. This may be the cause 
for the different conclusions reached in this study as com- 
pared to the others [20, 21]. 
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Fig. 3. Relationship between acetaldehyde concentration 
in interstitial brain fluid collected from the diencephalon 
and from blood. Details as in the legend for Fig. 2. 


Effects of disulfiram on blood and brain acetal- 
dehyde levels. Disulfiram drastically inhibits the 
aldehyde dehydrogenase catalyzed oxidation of ace- 
taldehyde [23], resulting in higher blood acetalde- 
hyde levels after a dose of ethanol. In the disulfiram- 
treated animal, the level of acetaldehyde in a given 
region of the brain rose as the level of acetaldehyde 
in the blood increased. As shown in Fig. 4, the slope 
of the brain acetaldehyde vs blood acetaldehyde line 
is 0.34, with a correlation coefficient of 0.83. The 
elevated concentration of brain acetaldehyde could 
be due to two factors: (1) more acetaldehyde crossing 
the blood-brain barrier causing brain aldehyde 
dehydrogenase to become saturated, thus allowing 
acetaldehyde to accumulate; or (2) brain aldehyde 
dehydrogenase being inhibited by disulfiram. 
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Fig. 4. Brain and blood acetaldehyde concentrations in rats 
pretreated with disulfiram (600 mg/kg) 20 hr prior to the 
administration of ethanol (4.5 g/kg intragastrically). Ace- 
taldehyde concentrations in brain perfusate samples and 
blood collected simultaneously were measured by gas 
chromatography. Brain fluid acetaldehyde was estimated 
by correcting for perfusion exchange efficiency. Samples 
were collected between 30 and 120 min after ethanol treat- 
ment. Key: (A) time points from rats perfused in the 
caudate nucleus and (CD) time points from rats perfused in 
the diencephalon. 





Acetaldehyde in the rat brain 


Table 1. Acetaldehyde concentration in whole brain and blood of rats with and without 
prior disulfiram treatment* 





Blood 
acetaldehyde 


Brain 
acetaldehyde 
(nmoles/g) 


Blood ethanol 
(mg/100 ml) 


Disulfiram 
treatment 





CAIDUNPWNK 





* Disulfiram-pretreated (600 mg/kg) and untreated rats were given a 4.5 g/kg dose of 
ethanol and 1 hr later were killed, their brains removed, and ethanol and acetaldehyde 
levels in them determined by methods described in the text. Just prior to killing the 
animals, peripheral tail blood samples were obtained and blood levels of ethanol and 
acetaldehyde determined. 

+ In measuring these acetaldehyde concentrations, no acetaldehyde could be detected. 
Since our limit of accurate detectability of whole brain acetaldehyde was 5 nmoles/g, this 


can be considered to be the maximum concentration of brain acetaldehyde. 


Concentration of acetaldehyde in whole brain. 
From selected animals administered ethanol, the 
whole brain was rapidly removed to determine the 
concentration of both ethanol and acetaldehyde. The 
results are presented in Table 1 for rats with or 
without disulfiram pretreatment. The level of brain 
ethanol in nmoles/g was assumed to be essentially 
equal to the blood concentration in wzmoles/! [21] so 
that a comparison could be made between the levels 
of acetaldehyde in the brain and the blood. The 
brain acetaldehyde concentration was corrected for 
blood contamination, which averaged 23 wl/g in the 
samples. The results indicated that whole brain ace- 
taldehyde could be detected only in the presence of 
disulfiram where blood acetaldehyde levels greater 
than 50 uM were achieved. 


DISCUSSION 


Although it has been reported that the concentration 
of acetaldehyde in brain is equal to or greater than 
that found in blood [2], recent studies show that the 
acetaldehyde remains at zero or a low level when 
blood acetaldehyde is below 100-200 uM. Eriksson 
and Sippel [9] reported that acetaldehyde cannot be 
found in rat brain until the blood level increases 
above 200 uM. However, Tabakoff et al. [10] found 
low levels of brain acetaldehyde (6 nmoles/g) in mice 
during the course of normal ethanol metabolism. 
Both groups removed the brain from the animal to 
measure acetaldehyde; we have employed the push— 
pull perfusion technique to sample acetaldehyde in 
brain fluid. The advantages of this technique for 
collecting brain samples are that samples are 
obtained from the interstitial fluid of a live animal 
and that blood does not contaminate the sample as 
is the case when a whole brain is used. Because 
acetaldehyde levels can be high in blood, such con- 
tamination could constitute an artifact with respect 
to the concentration of acetaldehyde in brain. A 


disadvantage of the push-pull technique is the rela- 
tively low efficiency of exchange (1.5-8 per cent) of 
the perfusion solution with interstitial fluid. Thus, 
many samples of brain perfusate contained acetal- 
dehyde levels which approached the lower limits of 
detectability. 

Analysis of samples of whole brain revealed that, 
when the concentration of acetaldehyde in the blood 
ranged from 17 to 30 uM, no acetaldehyde could be 
detected. In contrast, the amount of acetaldehyde 
in brain fluid was typically between 5 and 25 uM 
when blood acetaldehyde was in the same 17-30 
LM range. Thus, not only can acetaldehyde cross 
the blood-brain barrier, but a higher concentration 
is apparently contained in the interstitial fluid of the 
brain than in the brain tissue (neurophil) itself. 

It appears that an effective aldehyde-metabolizing 
system exists in the brain which keeps acetaldehyde 
at a low level during ethanol metabolism. This is 
most likely due to the presence of aldehyde dehy- 
drogenase, although, conceivably, aldehyde oxidase 
could serve in some capacity in the metabolism of 
brain acetaldehyde. The K», for the enzyme involved 
must be relatively low since the metabolism occurs 
rapidly at these micromolar levels. Tabakoff et al. 
[24], as well as Erwin and Deitrich [25], have shown 
that a low Km aldehyde dehydrogenase is located in 
brain. When the concentration of acetaldehyde 
becomes so high that the activity of the aldehyde 
dehydrogenase system cannot remove it as rapidly 
as new acetaldehyde enters the brain, a build-up 
of the metabolite would occur. Pettersson and 
Kiessling [11] suggested that a high K,, brain enzyme 
exists, as is found in liver [7], which could then 
prevent the concentration of acetaldehyde from 
reaching the level found in blood. 

Although acetaldehyde is found in ventricular CSF 
[11], it is possible that it penetrates the blood—CSF 
barrier rather then entering by way of the brain— 
CSF barrier, thus never coming into contact with the 
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Table 2. Calculated concentration of acetaldehyde in brain cells* 





[Acetaldehyde] 





Whole 
brain 
(nmoles/g) 


Calculated brain 
cellular 
(uM) 


0-30 10 4 —_— 
(maximum)t+ 

70-120 44 23 

> 120 89 % 49 


Interstitial 
fluid 
(uM) 


Cell/interstitial 
fluid 


Blood 
(uM) 





0.52 
0.55 





* Cellular brain levels of acetaldehyde were calculated using data in Figs. 2-4, Table 1, 
and equation 1. Equation | assumes that interstitial fluids comprise 10 per cent of the 
brain volume, while cells comprise the other 90 per cent. 

+ Maximum calculations were made assuming that whole brain acetaldehyde was 
5 nmoles/g, the limit of accurate detectability. Thus, the calculated brain cellular acetal- 
dehyde concentration is somewhere between 0 and 4 uM. 


brain cells. Our findings that acetaldehyde does 
indeed exist in brain interstitial fluid, however, 
indicate that acetaldehyde could impinge upon the 
environment of the neuron and could thereby exert 
some physiological effects on neuronal tissue. 

Treatment of the animal with disulfiram causes a 
marked increase in blood acetaldehyde after the 
administration of ethanol, with brain fluid acetal- 
dehyde now increasing porportionately with blood 
acetaldehyde. This is similar to the results found by 
Kiianmaa and Virtanen [26], who reported that 
blood and CSF levels of acetaldehyde were signifi- 
cantly correlated (r = 0.681 to 0.976) after rats that 
had been fed a diet containing an aldehyde dehydro- 
genase inhibitor, cyanamide, were given ethanol. 
The increased amount of acetaldehyde found either 
in brain perfusates or in whole brain could result 
from the in vivo inhibition of brain aldehyde 
dehydrogenase. Recently, it was shown that approx- 
imately 50 per cent of the conversion of 3,4- 
dihydroxyphenylacetaldehyde, the aldehyde derived 
from the monoamine oxidase reaction on dopamine, 
was inhibited in animals given disulfiram [15]. In 
addition, the aldehyde dehydrogenase activity is dif- 
ferentially inhibited in vivo in different regions of 
the brain when the same substrate is assayed [27]. 
If this form of aldehyde dehydrogenase is the same 
isozyme that metabolizes acetaldehyde, it could be 
expected that the inhibition of acetaldebyde would 
occur in brain as it does in liver after disulfiram 
treatment. 

The finding that acetaldehyde is detectable in the 
extracellular fluid shows that acetaldehyde can cross 
the blood-brain barrier and is not totally metabolized 
in the capillaries as had been sugggested [9]. The 
brain itself seems to have the capacity to metabolize 
the bulk of the acetaldehyde that can diffuse into it. 
It has been demonstrated in mice that the activity 
of aldehyde dehydrogenase is sufficient to metabolize 
all acetaldehyde that enters the brain when the blood 
levels are below 70 uM [10]. A similar situation must 
exist in the rat. We observed that, even though 
acetaldehyde was present in interstitial fluid, essen- 
tially none was found in the whole brain. This implies 
that very little acetaldehyde is actually in the cell, 
perhaps because of the rapid metabolism occurring 
there. The difference in acetaldehyde in brain inter- 


stitial fluid and brain cells can be explained by dif- 
fusion rates of acetaldehyde from the blood to the 
interstitial fluid and then to the cells, as well as the 
metabolism rate in the cells. 

From the data obtained, the concentration of 
acetaldehyde, [AcH], in the brain of the rat can be 
estimated by the following equation, assuming a 
theoretical interstitial fluid content of 10 per cent, 
a value in the range often quoted [28]: . 


[AcH]totai = 0.1 [Ach]riuia + 0.9 [AcH]cens (1) 


Table 2 presents calculated cellular acetaldehyde 
levels using the above equation and data from Figs. 
2-4 and Table 1. At best, with normal metabolism 
of ethanol, the level of acetaldehyde found in the 
cell is between 0 and 40 per cent of that found in the 
interstitial fluid. Possibly, the level of acetaldehyde 
may be at the Km for aldehyde dehydrogenase (ca. 
AM). In the presence of disulfiram, when the total 
acetaldehyde level in the brain is augmented, the 
intracellular content becomes elevated, equaling 50 
per cent of that found in the interstitial fluid. During 
the normal metabolism of ethanol, the aldehyde 
dehydrogenases in the cell could be capable of main- 
taining the acetaldehyde level at an extremely low 
concentration. The physiological effect of acetal- 
dehyde on the cell would have to be exerted at a 
low micromolar level, if such an effect does exist. 
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Abstract—Acting in a dose-dependent fashion in vitro, l-epinephrine caused rat peritoneal fluid cells 
to hydrolyze substituted arginine (BAEE, TAME) and tyrosine (BTEE) esters. Cell activation was 
complete within 5 min; repeated washing of activated cells did not result in loss of their BAEE- 
hydrolyzing capacity. BTEE-hydrolyzing capacity fell to pre-activation levels within 10 min, even in the 
absence of washing. This loss may be the result of an interaction of BTEE-esterase with cell-borne 
inhibitory factors. 8-Br-cGMP or noradrenaline acted like epinephrine. diBu-cAMP was inactive but 
inhibited cell activation by epinephrine or cGMP. Neither epinephrine, 8-Br-cGMP nor diBu-cAMP 
released histamine. Exposure of peritoneal cells to a hypotonic salt medium caused histamine release 
but not activation of esterase. However, hypotonically pretreated cells responded to epinephrine in the 
same way as normal cells. Diisopropyl-fluorophosphate prevented esterase activity on TAME and 
BTEE. Following differential centrifugation of peritoneal fluid cells, epinephrine-sensitive esterase was 
found only in mast cells; eosinophils, lymphocytes and monocytes were inactive. Compound 48/80, 
although less active than epinephrine, was also able to activate mast cells. The concentrations required 
were ten times higher than those needed to cause substantial release of histamine. The appearance of 
esterase activity in epinephrine-treated rat mast cells seems to be the outcome of cGMP-dependent 


changes, associated with reversible morphological alterations, but not with the release of histamine. 


Much of the considerable research devoted to mast 
cells is due to the recognition that they are sites of 
origin of several mediators of allergic and inflam- 
matory responses of tissues [1]. Most of these agents 
are of low or intermediate molecular weight, and 
although they may trigger enzymatic processes, they 
have not been shown to have enzymatic activity of 
their own. Nevertheless, mast cells obtained from 
the peritoneal cavity of the rat have been shown to 
contain a chymotrypsin-like enzyme [2], a ‘chymase’ 
[3], which has been purified, characterized, and 
found to closely resemble pancreatic chymotrypsin 
[4,5]. No role has been found for this enzyme in 
histamine release in anaphylaxis [6] or by chemical 
mediators [7]. 

Although a trypsin-like enzyme, capable of hydro- 
lyzing substituted basic amino acid esters, has been 
found in rat circulatory basophils [8] and in skin mast 
cells of man and dog [9], a similar enzyme could not 
be demonstrated in rat mast cells. We have, in part, 
confirmed these findings, by showing that free mast 
cells, extracted from the peritoneal cavity of the rat, 
have only minimal hydrolytic activity on substituted 
arginine esters such as BAEE or TAME.* This 
activity, however, became clearly demonstrable fol- 
lowing exposure of the cells to epinephrine. Very 
significant increases in the ability of the ceil to 





* The following abbreviations are used in the text: 
BAEE, N-benzoyl-arginine-ethyl-ester; BTEE, N-benzoyl- 
tyrosine-ethyl-ester; TAME, JN-p-toluenesulfonyl-argi- 
nine-methyl-ester; BSA, bovine serum albumin; DFP, 
diisopropyl-fluorophosphate; diBu-cAMP, N°-2'-O-dibu- 
tyril-cyclic 3’,5’-adenosine monophosphate; 8-Br-cGMP, 
8 bromo-cyclic 3’ ,5’-guanosine monophosphate; and TCA, 
trichloroacetic acid. 
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hydrolyze substituted tyrosine esters, i.e. typical chy- 
motrypsin substrates, were also induced by the cat- 
echolamine. It was felt that characterization of a 
process leading to the activation, by an ubiquitous 
endogenous mediator, of latent tryptic and chymo- 
tryptic mast cell enzymes might open new views on 
the pathological and physiological roles of these cells. 
Presented here are results of studies on time and 
concentration dependence, cell specificity, relation- 
ship to the histamine-releasing process, and reprod- 
ucibility by cyclic nucleotides, of the activation of 
mast cell esterases by epinephrine. These studies 
complement previous results [10] showing that mast 
cell-containing rat peritoneal fluid cells, after stimu- 
lation by epinephrine and, to a lesser extent, by 
compound 48/80, become capable of causing the 
activation of a rat plasma arginine ester esterase with 
kallikrein-like properties, as evidenced by its ability 
to cause the consumption of plasma kininogen. 


MATERIALS AND METHODS 


Male, 180-250g Wistar rats were used in this 
study. Peritoneal fluid cells were collected by flushing 
the abdominal cavity with 10 ml of Krebs-Ringer 
phosphate buffer, pH 7.3, centrifuging (5 min, 900 g), 
and resuspending the cells in adequate volumes of 
buffer. Mast cells were separated from other peri- 
toneal cells using a 38% BSA solution as a density 
barrier against the penetration of such cells during 
controlled centrifugation [11]. Repeated washing of 
mast cells contained in the BSA layer led to a partial 
loss of their ability to respond to epinephrine. A 
single wash using the recommended MCS buffer [11] 
was, therefore, employed. Mast cells were quanti- 
tatively recovered; in fifteen experiments, they com- 
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prised 73 + 2 per cent of the cells of the albumin 
fraction and less than 0.1 per cent of the cells which 
collected at the albumin—buffer interface. The cells 
of this fraction were also recovered in quantitative 
yield. Upon differential count (Giemsa stain), they 
were found to contain lymphocytes, eosinophils and 
monocytes in the same relative distribution in which 
such cells existed in the original peritoneal cavity 
washings; this indicated that the fractionation pro- 
cedure employed segregated only mast cells. To gen- 
erate esterolytic activity, 5-10 x 10° purified or non- 
fractionated mast cells were incubated for 5 min at 
37° in 100 ul of Krebs-Ringer phosphate buffer, 
pH 7.3, under air, in a Dubnoff metabolic incubator 
at a shaking cycle of 125/min. To determine ester- 
olytic activity, 100 ul of a suspension of control or 
activated cells were added to 900 wl of 10 mM BAEE 
or TAME substrates in 0.15 M Tris buffer, pH 7.8, 
and were incubated for 30 min at 37° in the Dubnoff 
shaker. None of the activators used, i.e. epinephrine, 
48/80 or 8-Br-cGMP, affected the stability of the 
ester substrates, when tested in the absence of cells. 
Reactions were terminated by adding 10% TCA to 
a final concentration of 4%. The extent of hydrolysis 
was estimated by determining the percentage of sub- 
strate remaining after incubation. The colorimetric 
procedure recommended by Brown [12], based on 
the hydroxamate reaction, was followed. Preliminary 
trials using trypsin and chymotrypsin showed that, 
for up to 50 per cent substrate consumption, the 
extent of hydrolysis was a linear function of both 
enzyme concentration and time. Experiments 
employing cells were followed for a period yielding, 
at most, hydrolysis of 30 per cent of the substrate 
present. When BTEE was employed, incubation and 
assay mixtures contained 50% (w/w) methanol; con- 
siderable release of histamine, but no generation of 
chymotrypsin-like activity took place under the 
influence of this solvent. Histamine release was 
estimated from the values of histamine remaining in 
cells after incubation. The amine was quantitatively 
liberated from the centrifuged cells by heating for 
10 min at 90° in 0.1 M HCl, and was assayed on the 
atropinized guinea pig ileum. Mast cells were 
counted in a Neubauer chamber, after staining with 
1: 5000 toluidine blue in saline. 

Drugs. l-Epinephrine, compound 48/80, diBu- 
cAMP, 8-Br-cGMP, BAEE, TAME, BTEE, BSA 
(fraction V), trypsin (Type III), and a-chymotrypsin 
(Type II) were obtained from the Sigma Chemical 
Co., St. Louis, MO, and DFP from the Aldrich 
Chemical Co., Milwaukee, WI. Stock solutions of 
epinephrine (1 mg/ml) were prepared by dissolving 
the amine in 1 M HCl to pH 5-6. Appropriate dilu- 
tions were prepared just prior to use. BSA was stored 
in a vacuum dessicator in the presence of dry CaCl. 
Its protein concentration was periodically controlled 
by comparison with a standard of crystalline bovine 
serum albumin (Sigma), using the biuret method. 
DFP was dissolved in methanol and subsequently 
diluted to the desired concentration with buffer. 


RESULTS 


Figure ] shows that, within 2 min following the 
incubation of peritoneal fluid cells with /-epineph- 
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Fig. 1. Time course of the development of TAME and 
BTEE hydrolyzing activities in rat peritoneal fluid cells 
incubated in 2.7 x 10°°M l-epinephrine (@), or in buffer 
(O). Results are averages of four experiments. An asterisk 
(*) indicates a statistically significant effect of epinephrine. 
Following activation for the periods shown, cells were 
allowed to act on the substrates for 30 min. 


rine, a marked ability to hydrolyze both the substi- 
tuted arginine ester, TAME, and the substituted 
tyrosine ester, BTEE, developed in the cell suspen- 
sion. Both activities were maximal after 5 or 10 min 
of incubation, but thereafter followed a different 
course. While TAME-esterase remained unchanged 
for a period of 40 min, BTEE-esterase activity was 
lost within 10-20 min. 

Figure 2 shows that the effect of epinephrine- 
activated cells on either BAEE or BTEE followed 
a non-linear course over the time interval examined; 
cells not exposed to epinephrine were ineffective 
with either substrate. The exponential character of 
the lines describing hydrolysis by activated cells con- 
trasted with the linear pattern of hydrolysis observed 
(not shown) when trypsin and chymotrypsin were 
tested on their respective substrates. The 30-min 
period of activity of epinephrine-activated cells, 
chosen for the remaining experiments, represents 
the maximal time interval over which such activity 
could be demonstrated. 

Figure 3 compares the eificiency of epinephrine 
with that of the histamine releaser compound 48/80, 
in generating BAEE and BTEE hydrolysis in rat 
peritoneal fluid cell suspensions following a 5-min 
incubation period. The molarity units used for com- 
pound 48/80 correspond to the content of the mono- 
meric building unit, p-methoxyphenethyl methyl 
amine, of this compound. Epinephrine was consider- 
ably more effective as an esterase activator than 
compound 48/80 over the range of concentrations 
examined. 

To establish the nature of the cells contained in 
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Fig. 2. Time course of the action on BAEE and BTEE of epinephrine pre-activated (5 min, 2.7 x 10°°M 

catecholamine) rat peritoneal fluid cells. Key: (O——©) activity on BAEE (four experiments); and 

(A--- A) activity on BTEE (single experiment). Activities of cells preincubated 5 min in buffer (@) 
were uniformly zero. 


rat peritoneal fluid responsible for esterase genera- 
tion, the cells were submitted to differential cen- 
trifugation [11]. The results presented in Table 1 
show that only mast cells could generate arginine or 
tyrosine ester hydrolase activity following exposure 
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Fig. 3. Esterolytic activity on BAEE (panel a) and on 
BTEE (panel b) acquired by peritoneal fluid cells after 
5 min exposure to different concentrations of epinephrine 
(@), or compound 48/80 (OQ). Values shown are averages 
of four experiments; they have been corrected for activities 
shown by controls incubated in buffer, which were as fol- 
lows: 0.25 + 0.25 per cent (N = 8) for BAEE, and 1.81 per 
cent (N = 8) for BTEE. Concentrations of activators are 
expressed in terms of the log of the molarity x 10’ at which 
these substances were present during incubation. 


to either epinephrine or compound 48/80. Other 
peritoneal fluid cells, employed at the same concen- 
tration at which they had been present in incubates 
of non-fractionated cells, were not activated by either 
48/80 or epinephrine; differential counting had 
shown that their qualitative distribution was not dif- 
ferent from that prevailing prior to fractionation. A 
surprising, unexplained finding shown in Table | was 
the higher esterase activity with BAEE caused by 
compound 48/80 in purified mast cells, compared to 
corresponding activity in non-fractionated cells. It 
is not clear to what this may be due. Although, 
following fractionation, mast cells were washed to 
remove excess fractionation medium, traces of this 
fluid must have been added together with the cells 
to the substrates. The fractionation medium which 
was employed [11] contained bovine serum albumin 
and heparin, which are a potential source of esterases 
and a rat plasma esterase activator respectively [13]. 
Nevertheless, the enhanced activity of purified mast 
cells cannot be caused by esterolytic effects of con- 
taminating fractionation medium per se; additional 
experiments showed it to be devoid of esterolytic 
activity with either BAEE or BTEE. Also, had this 
medium been, by itself, the cause of the observed 
effect, one would expect it also to affect the control 
or epinephrine-activated cells. The results shown in 
Table 1 indicate that this was not the case, and one 
is led to conclude that the purification procedure, 
which was employed, specifically sensitized mast cells 
to the esterase-generating activity of compound 
48/80. 

The effects on BAEE and BTEE of epinephrine- 
treated peritoneal fluid cell suspensions bore a rela- 
tionship to their mast cell content. Figure 4 illustrates 
these findings and suggests that factors retarding the 
process appear at higher mast cell concentrations. 
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Table 1. Mast cell origin of the esterolytic activities generated by /-epinephrine or compound 48/80 in 
rat peritoneal fluid cells* 





Cells in incubates 
Content per ml x 10~° 


Source Mast cells 


Non-mast cells 


Activity (% hydrolysis) 


Treatment BAEE BTEE 





Non-fractionated 


peritoneal fluid 1287 + 60 


41.2+2.4 


Albumin layer $4.2=22 i$ 22 


Interfacial layer 0.0 1275+ 


0.0 
23.5 22.7% 
10.4 + 1.57 

TAX AA 
27.2 + 3.6t 
44.5 + 3.67 

1.3+0.5 
3.8+0.3 

7.4+ 1.07 


2.7+0.2 

14.6 +2.17 
6.9 + 1.94 
3.4+0.9 

22.5 + 1.07 
25.0 + 1.0+ 


Control 
Epinephrine 
48/80 
Control 
Epinephrine 
48/80 
Control 
Epinephrine 
48/80 


3.6+0.8 
3.8+0.7 
3.4+0.9 





* After centrifugation, the lower (albumin) layer was diluted 10-fold with MCM medium [11], and 
its cells were sedimented by a 5-min centrifugation at 60 g, washed once with fresh medium, and 
suspended in the desired amount of Krebs-Ringer phosphate buffer. Non-mast cells, collected at the 
interface between the albumin and buffer layers, were removed by careful aspiration, sedimented by 
centrifugation, washed and resuspended in buffer. Esterolytic activity was generated by incubating the 
different cell fractions for 5 min in the presence of epinephrine (2.7 x 10~° M) or compound 48/80 (5.0 
ug/ml). Results refer to averages of four experiments. 

+ Statistically significant (P < 0.05) effect of epinephrine or of compound 48/80. 


This effect appeared especially noticeable when the 
hydrolysis of BTEE was followed. In view of these 
results, and since epinephrine or 48/80-generated 
esterase activities had been found to be associated 
only with mast cells, further investigations were per- 
formed with non-fractionated suspensions of rat per- 
itoneal fluid cells. 

Figure 5 shows that, although some of the ester- 
olytic action on BAEE generated by epinephrine 
in mast cells was lost into the medium during incu- 
bation, the major part of it remained bound to the 
cells in a manner firm enough to withstand removal 
by repeated washing and centrifugation. The cen- 
trifugation conditions employed in the present study 


% Hydrolysis 








10 

Number of mast cells/ml x |O°° 

Fig. 4. Relationship between mast cell content and activity 
on BAEE (0) or BTEE (x) of peritoneal fluid cell sus- 
pensions which had been incubated for Smin with 
2.7 x 10°°M epinephrine. Mast cells comprised between 
2.3 and 8.3 per cent (mean 4.5 + 0.6; N = 12) of peritoneal 
fluid cells present. 


(5 min, 900g) were similar to those followed by 
Lagunoff [14], and it is quite possible that, as pro- 
posed by this author, mast cell esterases reside in 
granules contained either within or adhering to such 
cells. BTEE esterolytic activity in cells decreased 
after each washing; since it was not recovered in the 
supernatant fractions, it appeared to have been pro- 
gressively inactivated during incubation. A similar 
instability of this enzyme occurred in the absence of 
washing (Fig. 1). 

Figure 6 illustrates that, at concentrations capable 
of generating cell esterases, epinephrine failed to 
cause nistamine release from mast cells. Compound 
48/80, on the other hand, produced a high release 
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Fig. 5. Effect of washing by repeated centrifugation (5 min, 

900 g) and resuspension in fresh medium (1 ml) on the 

esterolytic activityon BAEE UO or BTEE G& of rat peritoneal 

fluid mast cells which had been incubated for 5 min with 
2.7 x 10°° M epinephrine. 
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Fig. 6. Histamine release from rat peritoneal fluid mast 
cells after a 10-min exposure to different concentrations of 
epinephrine (@), or compound 48/80 (©). Values presented 
are averages of four experiments. Controls incubated in 
the absence of activators failed to release measurable 
amounts of histamine. Concentrations are expressed in 
terms of the log of the molarity x 10’ at which the active 
substances were present during incubation. In the case of 
compound 48/80, they are based on the content of p-meth- 
oxyphenethyl methyl amine of the compound. 


of the amine at concentrations generating slight 
BAEE-esterolytic or BTEE-esterolytic activities. 

The presence of epinephrine failed to inhibit the 
histamine-releasing action of compound 48/80. 
Additional experiments showed that, while 1 ug/ml 
of 48/80 released 57.7 + 1.5 per cent of the amine 
from mast cells, the presence of epinephrine 
(2.7 x 10-°M) caused this release to amount to 
57.6 + 5.6 per cent (N = 7), a statistically non-sig- 
nificant difference. A 10-fold increase in the con- 
centration of the catecholamine did not change this 
result. 

Table 2 shows that osmotic injury of mast cells, 
caused by exposure to hypotonic medium (0.05 M 
Tris buffer), results in appreciable loss of histamine, 
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but the cells did not develop the capacity to hydrolyze 
BAEE. Similarly (Fig. 7), treatment of mast cells 
with amounts of compound 48/80, which caused 
intense release of histamine and modest activation 
of TAME esterase, did not prevent the cells from 
showing additional esterolytic activity following 
exposure to epinephrine. 

Sensitivity to DFP is a characteristic property of 
active serine-proteases such as trypsin and chymo- 
trypsin. As shown in Table 3, the esterolytic activities 
generated by epinephrine in rat mast cells were 
inhibited extensively by 5 x 10-* M DFP. 

Figure 8 shows that the bromine analogue of 
cGMP produced considerable activation of BAEE 
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Fig. 7. Generation of TAME-esterase and release of his- 
tamine in rat peritoneal fluid mast cells treated in succession 
with 5.0 ug/ml of compound 48/80 and 2.7 x 10°°M epi- 
nephrine. Bar 1: cells exposed only to 48/80; bar 2: cells 
exposed only to epinephrine; and bar 3: cells exposed first 
to 48/80 and then to epinephrine. Values are averages of 
two experiments. Each drug was allowed to act on cells for 
10 min. 


Table 2. Effect of the permanence of peritoneal fluid mast cells in a hypotonic medium on 
their histamine content and their esterolytic activity prior to and after subsequent incubation 
with epinephrine* 





Cells 


Pretreatment Treatment 


Histamine loss 
(%) 


Esterolytic activity 
(% BAEE consumed) 





Hypotonic medium,* 
10 min, 37° 
Hypotonic medium,t 
10 min, 37° 

Isotonic medium,§ 
10 min, 37° 

Isotonic medium,§ 
10 min, 37° 


Epinephrine 


Epinephrine 


46.0 + 8.0 1.6+0.7 
20.0 + 1.84 
2.5+0.8 


17:3 = 2.0% 





* Following pretreatment (10 min at 37°), cells were centrifuged, resuspended in Krebs— 
Ringer phosphate buffer, and incubated for 5 min at 37° in the presence or the absence of 
epinephrine (2.7 x 10~° M). Results are averages of six experiments. 


+ 0.05 M Tris, pH 7.8. 


t Statistically significant (P < 0.01) effect of epinephrine. 


§ 0.15 M Tris, pH 7.8. 
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Table 3. Sensitivity to DFP of TAME and BTEE esterase activities generated 
by epinephrine in peritoneal fluid cells of the rat* 





Incubation 


Activity 
TAME 
(% consumed) 





Epinephrine (2. 7 x 10°°M) 
DFP (5 x 10-* M) + epinephrine 


20.2 + 3.4 
4.9 + 1.44 





* Peritoneal fluid cells, suspended in Krebs-Ringer phosphate buffer, were 
incubated for 15 min at 37°. After triple centrifugation and washing, esterolytic 


activity was tested on each substrate. 


+ Statistically significant (P < 0.01) effect of DFP. Results are averages of six 


experiments. 


and BTEE peritoneal fluid cell esterases. In contrast, 
the dibutyryl analogue of cAMP, while incapable of 
generating such activities, inhibited their generation 
by either 8-Br-cGMP or epinephrine. As shown in 
Table 4, neither 8-Br-cGMP nor diBu-cAMP 
released histamine from rat peritoneal fluid cells. 
Additional experiments (not presented), employing 
the fractionation procedure described in Table 1, 
showed that esterase generation by 8-Br-cGMP was 
only found in the mast cell fraction of rat peritoneal 
fluid cells. Thus, the effect of 8-Br-cGMP on mast 
cell esterases resembles that of epinephrine, regard- 
ing both its independence from the histamine-releas- 
ing process and its sensitivity to inhibition by cAMP. 

Table 5 shows that, although capable of activating 
rat peritoneal fluid mast cells, neither /-norepineph- 
rine nor /-isoprenaline was as effective in this sense 
as /-epinephrine; d/-isoprenaline was less effective, 
even when employed at twice the concentration of 
the endogenous amines. 

No evidence identifying the action of /-epinephrine 
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Fig. 8. Effect of 8-Br-cGMP, epinephrine and diBu-cAMP 
on the generation of BAEE and BTEE esterase activities 
in rat peritoneal fluid cells. Bar 1: cells exposed to diBu- 
cAMP, 10~* M; bar 2: cells exposed to 8-Br-cGMP, 107* M; 
bar 3: cells exposed to epinephrine, 2.7 x 10~° M; and bars 
4 and 5: cells exposed to 8-Br-cGMP or epinephrine, 
respectively, in the presence of diBu-cAMP. Values are 
averages of four experiments. Each drug or pair of drugs 
was allowed to act on cells for 5 min at 37°. An asterisk 
(*) indicates a statistically significant effect of diBu-cAMP. 





as directed toward either alpha- or beta-adrenergic 
receptors on the mast cell was obtained. The results, 
shown in the second part of Table 5, indicate that 


Table 4. Histamine content of rat peritoneal fluid cells 
following incubation with 8-Br-cGMP, diBu-cAMP or com- 
pound 48/80* 





Histamine content? 


(ug/ml) 


4.0 + 0.4 (6) 
4.0 + 0.4 (3) 
1.8 + 0.3¢ (3) 
4.0 + 0.4 (6) 


Incubation 





8-Br-cGMP (10~4 7M) 
diBu-cAMP (10~* M) 
Compound 48/80 (1 ug/ml) 
Buffer 





* Incubations were performed in Krebs-Ringer phos- 
phate buffer, for 10 min at 37°. Figures in parentheses 
represent the number of experiments performed. 

+ Expressed in terms of histamine diphosphate; cell sus- 
pensions contained 2 x 107° + 15% mast cells/ml. 

t Statistically significant (P < 0.05) effect of compound 
48/80. 


Table 5. Effect of sympathomimetic agonists and antag- 
onists on the generation of BAEE esterase activity in rat 
peritoneal fluid cells* 





Concn 
(M) 


Activity 


Drug (% BAEE consumed) 





Control 1.9+0.5 (8) 


Agonists 
l-Epinephrine 
l-Norepinephrine 
l-Isoprenaline 

dl-Isoprenaline 


2.7 x 107° 
2.7 x 107° 
2.7 x 107° 
5.4x 107° 


Antagonists 
l-Epinephrine 2.7 x 10°° 

+ 3.5 + 0.5¢ (3) 
1.8x 10° 


Phenoxybenzamine 
2.7 x 10~° 


l-Epinephrine 
+ 6.2 + 0.64 (3) 


Propranolol 1.8 x 107° 





* Cells were incubated for 5 min with adrenergic agonists; 
antagonists were added 10 min prior to epinephrine. Figures 
in parentheses refer to the number of experiments 
performed. 

+ Statistically significant (P < 0.05) effect of agonists. 

+ Statistically significant (P < 0.05) effect of antagonists 
of epinephrine. 
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either phenoxybenzamine or propranolol at equi- 
molar concentration prevented the mast cell BAEE- 
esterase activating action of the catecholamine. 


DISCUSSION 


The present results refer to hitherto undescribed 
responses of rat peritoneal fluid cells to epinephrine 
and compound 48/80, consisting of esterolytic activity 
toward aromatic and basic amino-acid esters. Since 
the peritoneal cavity of the rat contains at least four 
cell types (lymphocytes, monocytes, eosinophils and 
mast cells), an early objective of this study was the 
identification of the cell or cells providing the acti- 
vated enzymes. For this purpose, mixed peritoneal 
cells were submitted to a fractionation procedure 
which segregates mast cells from other cells by evok- 
ing their selective sedimentation into a dense bovine 
serum albumin solution. It could be clearly shown 
that mast cells were responsible for the increased 
ability to hydrolyze the BAEE or BTEE, which was 
developed by peritoneal fluid cells in response to 
epinephrine or 48/80. Following fractionation in con- 
centrated bovine serum albumin medium, mast cells 
proved to be considerably more responsive in terms 
of esterase activation, especially to compound 48/80, 
than they had been prior to fractionation. Since this 
effect was not due to the direct action of components 
of the medium, alternative ways of explaining it have 
to be sought. Mast cells harvested from the perito- 
neal cavity of rats represent a mixture of pre-existing 
free cells plus cells dislodged from loose binding to 
the surface of the peritoneal membranes [15]. It is 
conceivable that such cells present vacant protein 
and/or heparin binding sites which, unless filled, 
prevent cells from full interaction with compound 
48/80. Exposure to the fractionation medium may 
replenish such sites, thus enhancing the sensitivity 
of the cells to the esterase-activating action of com- 
pound 48/80. This interpretation receives a certain 
amount of support from the observations of Uvnas 
and Thon [16], which show that, unlike non-frac- 
tionated cells, mast cells separated in a high density 
medium (Ficoll) can only react to compound 48/80 
with release of histamine when either cat serum or 
human serum albumin is incorporated into the cell- 
suspending medium. As in our experiments, the 
reason for the activating effects of such apparently 
quite unrelated proteins is unknown. Inhibitory 
influences from non-mast cell sources, present to a 
greater extent in non-fractionated peritoneal fluid 
cell suspensions, may also be contributing to the 
observed effects. 

The mast cells are the most important site of 
storage and release of histamine in the body. The 
generation of esterase activity by epinephrine 
occurred without a concomitant release of histamine. 
Cells which had lost a substantial part of their bound 
histamine after exposure to a hypotonic medium 
were not esterolytically activated; they preserved 
their esterases in a latent state. They could be acti- 
vated by secondary exposure to epinephrine. The 
esterases which are the subject of this study may 
reside in hydrophobically shielded structures, pos- 
sibly within lipoid membranes, unaffected by a 
hypotonic environment. This suggestion receives 
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support from results showing that, after activation 
by epinephrine, the esterases are not easily detached 
from the cell even by repeated washing. Unlike 
histamine, they are apparently fixed constituents of 
the mast cell. 

The relation between epinephrine-activated mast 
cell chymotrypsin and mast cell ‘chymase’ [3] has not 
been determined. The latter is predominantly con- 
tained in a granule-rich fraction of mast cell sonicates 
or lysates [3, 5] which also contain most of the bound 
histamine of the cell. Nevertheless, no evidence of 
a concomitant release of histamine and chymase 
from 48/80-treated or otherwise stimulated intact 
mast cells seems to have been reported. Our results 
clearly show that mast cell esterase activation and 
histamine release are independent events; since elec- 
tron-microscopic studies [17, 18] have suggested the 
existence of at least two types of granules in mast 
cells, the possibility that histamine and esterase 
reside in different granules deserves investigation. 
The release of histamine by compound 48/80 has 
been considered not to involve proteolytic mast cell 
enzymes, after it was shown [7] that DFP, a potent 
protease inhibitor, failed to block the process. Evi- 
dence of release of chymase from rat mast cells 
exposed to polymixin B, a histamine-releasing agent, 
has been reported [14]. The fraction of cell-bound 
enzyme released, however, was small in comparison 
to that of the histamine liberated. The release of 
these two mast cell components thus appeared not 
to be necessarily causally related. It has not been 
possible to determine whether the esterase activity 
arising in mast cells exposed to epinephrine, com- 
pound 48/80 or 8-Br-cGMP results from the gener- 
ation of enzymes from inactive precursors or from 
an uncovering of active enzymes which, in the non- 
stimulated cells, are masked or otherwise prevented 
from gaining access to the substrate. The latter 
alternative may be the more likely; recent results 
(unpublished) have shown that morphological 
changes evoked by epinephrine in rat mesentery 
mast cells [19,20] are reversible once the cell is 
removed from the influence of the catecholamine. 
It is possible that reversibility may explain the pro- 
gressive loss of esterase activity observed in certain 
instances in epinephrine-treated cells. However, 
inhibition by products of hydrolysis or by other fac- 
tors present in the incubates may also be occurring. 
It is of interest to note in this regard that mast cells 
seem to be the storage site of the Kunitz anti-protease 
also described under the name of Trasylol [21]. Fur- 
ther work will be required to clarify the reasons for 
the peculiar kinetic behavior of esterolytic factors 
arising from activated mast cells. Unless such data 
become available, results as clear-cut as those orig- 
inating from work with soluble, pure mast cell 
enzymes dispersed in a homogeneous medium [4, 5] 
will not be obtained. 

Although our results indicate the activation of a 
trypsin-like enzyme together with a chymotrypsin- 
like entity in rat mast cells, the existence of tryptic 
activity in such cells is not generally accepted [2]. 
This is to be expected; unstimulated peritoneal fluid 
cells do indeed have low to undetectable levels of 
arginine ester esterase. Darzynkiewicz and Barnard 
[22] have shown that tritiated DIP is preferentially 
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bound to sites located near or within the granules 
of the mast cell. These sites were considered to be 
the active centers of a chymotryptic enzyme, since 
considerable inhibition of labeling occurred in 
experiments in which DFP was employed together 
with chymotrypsin substrates such as BTEE or 
ATEE (N-acetyl-tyrosine-ester). Interestingly, the 
binding of DFP was also markedly reduced when, 
instead of these substrates, basic amino acid esters 
or amides, such as BAEE, TAME or BAA (N- 
benzoyl arginine amide), were used. Although these 
compounds are rather specific trypsin substrates, the 
findings did not lead the authors [22] to conclude 
that a trypsin-like enzyme exists in mast cells. 
Rather, they stated that the inhibitory effect of the 
substituted basic amino acid esters was due to the 
non-specific binding of substituted arginine sub- 
strates to the active center of mast cell chymase via 
the aromatic, N-benzoyl part of their molecules. 
Since in these experiments BAEE and TAME were 
more effective than either ATEE or BTEE in dis- 
placing labeled DFP, the binding of the basic amino 
acid esters must have been more intense than that 
of the chymotrypsin substrates proper. While this 
possibility cannot be disregarded, it seems equally 
valid to consider that the findings of Darzynkiewicz 
and Barnard [22], like ours, reflect the existence of 
tryptic enzymes in rat mast cells. 

The effects of epinephrine were not reproduced, 
but were rather inhibited by diBu-cAMP, a com- 
pound considered to substitute adequately for 
endogenous cAMP in cell systems [23]. Sullivan et 
al. [11] have shown that increased levels of cAMP 
are achieved only after exposure of peritoneal fluid 
mast cells to concentrations of epinephrine 10- to 
100-fold higher than those shown to be sufficient for 
the activation of mast cell esterases. Thus, although 
the most frequently described effect of epinephrine 
on cell metabolism is stimulation of adenyl cyclase 
[24], leading to increased levels of cell cAMP, this 
does not appear to be responsible for mast cell 
esterase activation. 

In contrast to the cAMP derivative, the 8-bromo 
analogue of cGMP, reported [23] to be an adequate 
substitute for endogenous cGMP, reproduced the 
effect of epinephrine on mast cell esterases; like the 
catecholamine, its action was inhibited by diBu- 
cAMP. Changes in mast cell levels of cGMP, or 
perhaps of cGMP/cAMP ratios [25], may initiate 
effects of epinephrine leading to esterase activation. 
Measurements of changes in mast cell cyclic nucleo- 
tide levels, accompanying the action of epinephrine, 
will be required to substantiate this hypothesis. 

Although changes in cyclic nucleotide-dependent 
enzymes seem to be involved in the histamine-releas- 
ing process [26], no report of an initiation of this 
event by exogenous cyclic nucleotides or their ana- 
logues has been published. The present results con- 
firm this by showing that neither diBu-cAMP nor 
8-Br-cGMP treatment of mast cells led to the release 
of histamine. These results emphasize the biochemi- 
cal differences existing between the esterase-acti- 
vating and histamine-releasing processes of the mast 
cell. 

Compound 48/80 was able to partially reproduce 
the esterase-generating effect of epinephrine or 8- 


Br-cGMP. Different authors [27, 28] have shown 
that, along with its histamine-releasing action, com- 
pound 48/80 induces a lowering of mast cell cAMP 
levels. It is possible that, by causing an imbalance 
of cGMP/cAMP ratios, compound 48/80 creates a 
condition to which the cell responds with activation 
of its tryptic and chymotryptic esterases. This effect 
is less complete than that of epinephrine, since cells 
pretreated with 48/80 were shown to generate addi- 
tional amounts of esterases following exposure to 
the catecholamine. 

l-Norepinephrine and /-isoprenaline were capable 
of activating mast cell BAEE esterase, although less 
efficiently than /-epinephrine; dl-isoprenaline was 
nearly inactive. The action of epinephrine was sen- 
sitive to inhibition by either phenoxybenzamine or 
propranolol. In previous studies [10] related to those 
presently reported, the action of epinephrine was 
examined in a system composed of rat plasma ren- 
dered reactive to the catecholamine by the presence 
of mast cell-containing peritoneal fluid cells. Epi- 
nephrine caused cell-mediated consumption of rat 
plasma kininogen and activation of plasma arginine 
ester hydrolase. These effects were partially repro- 
duced by norepinephrine, but not by d/-isoprenaline; 
they were inhibited by propranolol and, somewhat 
more effectively, by phenoxybenzamine. The 
absence of a clear-cut defintion of the alpha- or beta- 
adrenergic nature of mast cell receptors for epi- 
nephrine was considered to reflect the none-too- 
selective pharmacological activity of propranolol, 
which includes the ability to affect the alpha-adre- 
nergic receptors [29]. In view of the present results, 
it is probably best to admit that mast cell targets of 
the action of epinephrine behave like mixed alpha— 
beta receptors [30], presenting slight predominance 
of alpha-adrenergic properties. 

Newball et al. [31] reported recently that human 
peripheral leukocytes can be immunologically acti- 
vated to release a BAEE-splitting enzyme which 
cleaves bradykininogen yielding kinin. In a prelimi- 
nary report [32], we have shown that human whole 
blood acquires kininogen splitting activity following 
contact with epinephrine. Since blood basophils are 
in some respects the circulatory counterparts of tissue 
mast cells, it appears that the investigation of con- 
ditions leading to the activation of basophilic or mast 
cell esterases may reveal hitherto unknown functions 
of these cells, resulting not only from pathological 
stimuli, like the antigen—antibody reaction, but also 
from physiological influences, e.g. a catecholamine 
discharge. 
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Abstract—Oxamniquine therapy was accompanied by an elevation in B-glucuronidase enzyme activity 
in liver, spleen, kidney and bladder tissue homogenates of both controls and S. mansoni infected mice. 
This increase in enzyme activity is characterized by the observations that: (a) in control animals the 
effect on liver and bladder was more prolonged than that on spleen and kidney; (b) the effect of 
oxamniquine on liver B-glucuronidase was more prolonged than infection itself while the effect of 
infection was more evident; and (c) the effect of oxamniquine is much more pronounced in infected 


mice than in either treated or infected controls. 


Oxamniquine (6-hydroxymethyl-2-isopropylamino- 
methyl-7-nitrol ,2,3,4-tetrahydroquinoline) is a 
promising single-dose agent for the treatment of 
Schistosoma mansoni infection in man [1]. It is more 
effective than hycanthone, lucanthone and niridazole 
[2]. It is well tolerated and the only side-effect 
recorded was dizziness which was reduced by giving 
the drug after meals or before sleep [3]. 

The effect of oxamniquine on B-glucuronidase 
activity is important because indications have been 
obtained to suggest a link between an increased 
urinary excretion of the enzyme B-glucuronidase and 
the development of cancer of the bladder [4,5]. An 
increased B-glucuronidase activity has been reported 
in the urine of bilharzial patients [6-9], as well as in 
the whole tissue homogenate of liver and spleen of 
S. mansoni infected mice [10]. The origin of the 
increased enzyme activity in urine of bilharzial 
patients has not been definitely clarified. The blood 
and albumin usually present in the urine of the 
bilharzial bladder were blamed for the potentiation 
of the activity of the enzyme [11]. The increase in 
the amount of the enzyme was also attributed to its 
release from the excessive destruction of leucocytes 
usually increased in the urine of these patients [11]. 
Fripp [12] proposed the hypothesis that the increase 
of enzymatic activity in urine was due to cellular 
disintegration of the bladder mucosa. He found that 
the mucosal cells contained large amounts of B-glu- 
curonidase enzyme. It was also speculated that rup- 
ture of the mucosal cells which have been damaged 
by the passage of the ova and shed in the urine was 
the cause of the increased enzyme activity [12]. The 
schistosomicidal drugs are one of the important fac- 
tors which could not be ignored as affecting B-glu- 
curonidase activity. It was found that B-glucuroni- 
dase enzyme increased in the urine of bilharzial 
patients following treatment with tartar emetic [13]. 


MATERIALS AND METHODS 


Swiss albino mice, age 2 months, weight 15 g, were 
divided into four groups: Group 1, in which animals 
were neither treated nor infected, served as controls; 
Group II served to study the effect of the schisto- 
somicidal drug on uninfected animals; Group III 
served to study the effect of S. mansoni infection on 
B-glucuronidase and Group IV served to study the 
effect of the drug on B-glucuronidase in S. mansoni 
infected animals. Mice in Groups III and IV were 
infected by the paddling technique [14] with 100 
cercariae. Fifty days from infection, oxamniquine 
was given in a single oral dose (50 mg/kg) to animals 
of Groups II and IV. Mice were then killed at 10, 
40 and 70 days from treatment, i.e. 60, 90 and 120 
days from infection, respectively. Autopsies were 
performed on between 7 and 13 mice from each 
group on each occasion, and liver, spleen, kidney 
and bladder were quickly removed for B-glucuron- 
idase determination. Preparation of homogenates 
and determination of enzyme activity were carried 
out as previously reported [10]. 

Activity on B-glucuronidase was expressed in Fish- 
man units. One unit liberates 1 ug phenolphthalien 
per hr at 37° [15]. Statistical analyses were made to 
compare the values obtained from each group with 
the corresponding values of controls, using the stan- 
dard t-test [16]. A difference with probability value 
of less than 0.05 was considered significant. 


RESULTS 


The effect of oxamniquine on liver, spleen, kidney 
and bladder B-glucuronidase in both controls and 
S. mansoni infected animals was illustrated in Table 
1. In control mice, B-glucuronidase significantly 
increased in all organs after oxamniquine adminis- 
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Table 1. Effect of oxamniquine on B-glucuronidase activity in whole tissue homogenates of liver, spleen, 
kidney and bladder of the different groups of mice by duration of infection and treatment 





Group 


Mean values (+ S.E.) of B-glucuronidase 


Liver 


activity in Fishman units in 


Spleen 


Kidney 


Bladder 





Controls 

60 days from infection 
90 days from infection 
120 days from infection 
Controls treated 

10 days from treatment 
40 days from treatment 
70 days from treatment 
Infected mice 

60 days from infection 
90 days from infection 
120 days from infection 
Infected treated mice 
10 days from treatment 
40 days from treatment 


1429 (101) 
2448 (43) 
2969 (106) 


2835* (198) 
3600* (290) 
3546* (194) 


4260* (356) 
3797* (167) 
2917 (316) 


4906* (544) 
3420* (287) 
4473* (376) 


3028 (171) 
3837 (335) 
4216 (264) 


4561* (167) 
5041* (314) 
4773 (409) 


5583* (506) 
4836* (242) 
4709 (179) 


6719* (749) 
4643 (468) 
5382* (274) 


833 (87) 
1406 (170) 
1305 (90) 


1510* (116) 
1738 (143) 
1297 (67) 


1383* (99) 
1442 (190) 
1462 (146) 


1635* (120) 
1291 (52) 
1713* (158) 


871 (97) 
1140 (121) 
990 (91) 


1168* (120) 
1464 (174) 
1567* (113) 


2238* (208) 
1246 (92) 
1529* (178) 


2667* (418) 
1250 (132) 


70 days from treatment 


1597* (83) 





* Difference from the corresponding control value statistically significant. 


tration. This increase reached its maximum after 40 
days from treatment (Table 1, Group II), then it 
decreased to normal levels in spleen and kidney after 
70 days from oxamniquine administration, while sig- 
nificantly increased values for enzyme activities were 
observed in liver and bladder (3546 and 1567 units, 
compared with 2969 and 990 units for controls). 

Schistosoma mansoni infection was accompanied 
by a significant increase in B-glucuronidase activity 
which decreased gradually until normal enzyme 
activity levels were obtained in liver, spleen and 
kidney after 120 days from infection. 

A pronounced effect of oxamniquine in infected 
animals was also obtained. A maximum significant 
increase in B-glucuronidase activities was observed 
in all organs and from the 10th day of treatment. 
After 40 days the enzyme activities decreased to 
normal levels in all organs except in the liver (3420 
units compared with 2448 units in controls). After 
70 days from treatment, a significant rise in enzyme 
activity was again observed in all organs. 


DISCUSSION 


The effect of oxamniquine on liver and bladder B- 
glucuronidase activity was more prolonged than that 
on spleen and kidney (Group II). This was indicated 
by the enzyme activity levels achieved in the two 
latter organs 70 days after treatment (4773 and 1297) 
and which were statistically identical to the control 
values (4216 and 1305). Moreover, results of this 
study indicate that the effect of oxamniquine on liver 
B-glucuronidase is more prolonged than the infection 
itself, while the effect of infection is more evident 
than the effect of drug. In other words, although 
high enzyme activity levels (mean value of 4260 
units) of liver B-glucuronidase had been observed 
in infected animals 10 days from treatment, it 
decreased tc control levels at the end of this study 
(Group III), while the increase in liver enzyme 
activity observed in controls treated with oxamni- 
quine (mean value of 2835 units) did not decrease 
to the control levels after that (Group II). 


The effect of oxamniquine is much more pro- 
nounced in infected animals. The increase in the 
enzyme activity is higher than that observed in 
treated controls of S. mansoni infected animals. This 
increase in enzyme activity was observed in all organs 
and even after 70 days from treatment. This may be 
due to the combined effect of both infection and 
drug chemotherapy in increasing this enzyme 
activity. 

The increase in the enzyme activity either by 
infection or treatment may be attributed to the bio- 
chemical and metabolic disturbances of the paren- 
chymal cells [17]. Moreover, electron microscopic 
studies in murine hepatosplenic bilharziasis have 
shown an increase in the number of lysosomes in the 
parenchymal cells [18], which in turn increases the 
lysosomal enzyme B-glucuronidase [19,20]. The 
increased B-glucuronidase activity in the liver may 
as well be due to the intense cellular infiltration 
taking place with granuloma formation 6 weeks after 
infection [21]. 
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Abstract—The effects of inducing agents on the binding and metabolism of trichloroethylene by hepatic 
microsomal cytochrome P-450 are reported. The binding constant (Ks) for the interaction of trichlo- 
roethylene with hepatic microsomal cytochrome P-450 was not altered by induction with phenobarbital, 
3-methylcholanthrene or spironolactone, while the maximum extent of binding (AAmax) was increased 
only following phenobarbital induction. The Ks values (ca. 1 mM) obtained for the binding of tri- 
chloroethylene to cytochrome P-450 were similar whether the enzyme was partially purified or an 
integral part of hepatic microsomes. The Michaelis constant (Km) for the production of chloral hydrate 
from trichloroethylene by hepatic microsomal cytochrome P-450 was not altered by induction of different 
forms of cytochrome P-450. Vmax for the production of chloral hydrate and the rate of hepatic microsomal 
NADPH oxidation in the presence of excess trichloroethylene were increased by phenobarbital induction, 
but not by spironolactone or 3-methylcholanthrene induction. The artificial electron donors NaClO2 
and H2O2, but not NaIO, supported the metabolism of trichloroethylene by partially purified cytochrome 
P-450 from phenobarbital-induced rat liver microsomes. Incubation of hepatic microsomes with NADPH 
and trichloroethylene resulted in decreased levels of cytochrome P-450 and heme, but did not alter the 
levels of NADPH-cytochrome c reductase, cytochrome bs or glucose-6-phosphatase. The degradation 
of the heme moiety of cytochrome P-450 by trichloroethylene was not supported by NADH and was 
not inhibited by reduced glutathione (GSH). The inhibitors of cytochrome P-450—SKF 525-A, metyra- 
pone and CO— inhibited the binding and metabolism of trichloroethylene and the trichloroethylene- 
mediated degradation of cytochrome P-450. It is concluded that the form of cytochrome P-450 which 
is induced by phenobarbital, binds and metabolizes trichloroethylene, whereas other forms of the 
enzyme, such as cytochrome P-448, do not. Trichloroethylene appears to be activated by the pheno- 
barbital-induced form of cytochrome P-450 to a reactive species which can then chemically alter the 
heme moiety of cytochrome P-450. 


Trichloroethylene is extensively used in industry, 
primarily as a dry cleaning solvent and a metal 
degreasing agent. It is also in use as a general anes- 
thetic agent and analgesic. In addition, trichloro- 
ethylene has been utilized to decaffeinate tea and 
coffee [1, 2]. 

Exposure to trichloroethylene has been reported 
to result in a variety of disorders, including central 
nervous system depression, hepatotoxicity and neph- 
rotoxicity [1, 2]. Large doses of trichloroethylene are 
fatal to laboratory rodents (LDso = 2 ml/kg) [3] and 
have occasionally proved fatal to humans [1, 2, 4]. 
In addition, trichloroethylene becomes weakly 
mutagenic in the presence of liver activating enzymes 
and is carcinogenic in mice, but not in rats [1 and 
5, but see 6]. The deleterious effects of trichloro- 
ethylene may result from reactive metabolites of tri- 
chloroethylene, since there is a direct correlation 
between the extent of metabolism of trichloroethy- 
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lene and its hepatotoxity [7-9]. The reactive metab- 
olite presumed to be responsible for these effects is 
trichloroethylene oxide [7, 9, 10]. Interestingly, the 
existence of an epoxide metabolite of trichloroethy- 
lene was proposed by Powell [11] as early as 1945 
to explain the observation that urinary trichloroac- 
etate was produced from trichloroethylene in vivo. 

The enzyme system which catalyzes the primary 
oxidation of trichloroethylene to its first readily 
isolable metabolite, chloral hydrate, appears to be 
the hepatic microsomal cytochrome P-450 mixed- 
function oxidase system [9, 12, 13]. This reaction is 
presumed to proceed via an initial enzymic conver- 
sion of trichloroethylene to trichloroethylene oxide 
and a subsequent non-enzymic internal rearrange- 
ment of the epoxide to chloral hydrate [7, 12, 14]. 
The epoxide can undergo alternative reactions with 
cellular macromolecules, which might lead to toxic 
effects, or with small molecules, such as glutathione 
or water, in a detoxification reaction [7, 9]. 

We have attempted to clarify the roles of different 
forms of hepatic microsomal cytochrome P-450 in 
the metabolism and metabolic activation of tri- 
chloroethylene. This investigation represents a por- 
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tion of our ongoing studies of the hepatic metabolism 
and toxicity of chlorinated ethylenes. 


EXPERIMENTAL 


Materials. Trichloroethylene, 2,2,2-trichloro- 
ethanol and trichloroacetic acid were reagent grade 
from Merck, Darmstadt, Germany. Chloral hydrate 
was from B.D.H. Ltd., Poole, England. SKF 525-A 
(B-diethylaminoethyl-2,2-diphenylvalerate) and 
metyrapone (2-methyl-1,2-bis-(3-pyridyl)-1-pro- 
pane) were gifts from Smith, Kline & French Ltd., 
Isando, Transvaal, S.A., and from Ciba-Geigy Ltd., 
Basle, Switzerland, respectively. Partially purified 
cytochrome P-450 was isolated from the hepatic 
microsomes of phenobarbital-induced rats, as 
described by van der Hoeven and Coon [15]. 

Treatment of animals. Male Long-Evans rats (180- 
200 g) were used for all experiments. Animals were 
induced with 3-methylcholanthrene and phenobar- 
bital, as described earlier [16], and with spironolac- 
tone, as described by Menard et al. [17]. 

Preparation of hepatic microsomes. Hepatic micro- 
somes were isolated by differential ultracentrifuga- 
tion [18] and were suspended at a concentration of 
2 mg protein/ml of 0.02 M Tris-HCl (pH 7.4) for all 
experiments. 

Spectral assays. The binding of trichloroethylene 
to partially purified cytochrome P-450 (1.5—1.8 uM) 
was monitored in 0.02 M Tris-HCl (pH 7.4) or in 
0.1M_ Tris-acetate-KCl (pH7.4) containing 
20% glycerol. Difference spectra with partially pur- 
ified cytochrome P-450 and with hepatic microsomal 
cytochrome P-450 were measured at 25°, as described 
elsewhere [19]. The rates of NADPH oxidation by 
hepatic microsomes were measured at 30° in the 
presence of 7.5 mM trichloroethylene, as described 
earlier [19]. Incubations for assaying the metabolism 
of trichloroethylene or the effect of trichloroethylene 
on hepatic microsomal components were performed 
at 30° with shaking in a Gallenkampstat shaking 
water bath, as described earlier [41]. 

Cytochrome P-450 concentrations were deter- 
mined from measurements of the difference spec- 
trum of CO-ferrocytochrome P-450 vs ferrocyto- 
chrome P-450, according to the method of Omura 
and Sato [20]. An extinction coefficient of 91 cm™! 
mM ~' for the difference in absorbance between 450 
and 490 nm was utilized [20]. The levels of cyto- 
chrome bs were measured spectrally as the difference 
in absorbance at 424 and 409 nm of ferrocytochrome 
bs vs ferricytochrome bs [20]. The activity of 
NADPH-cytochrome c reductase was determined by 
monitoring the increase in absorbance of ferrocy- 
tochrome c at 550 nm (¢ = 21.1 cm~' mM~'), accord- 
ing to the method of Omura and Takesue [21]. 
Microsomal heme was determined spectrally as the 
reduced pyridine hemochrome (€557 nm-s7s nm = 32.4 
cm~' mM~'), according to Omura and Sato [20]. 
Glucose-6-phosphatase was assayed by the method 
of Nordlie and Arion [22]. Inorganic phosphate was 
determined by the method of King [23]. 

Chloral hydrate, trichloroacetic acid and 2,2,2- 
trichloroethanol were routinely assayed by the modi- 
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fied Fujiwara assay of Leibman and Hindman [24]. 
Chloral hydrate was identified and measured quan- 
titively by gas-liquid chromatography on a Packard 
model 428 gas-liquid chromatograph with electron 
capture detector, using a 3 m X 3 mm column of 
10% carbowax 20 M on chromosorb W (80/100 
mesh). Column, injector and detector temperatures 
were 160°, 220° and 230°, respectively. Peak areas 
were calculated by a Pye Unicam DP88 computing 
integrator. Standard solutions of halogenated com- 
pounds were routinely prepared in the presence of 
hepatic microsomes. 

The ability of artificial electron donors to support 
the metabolism of trichloroethylene by partially pur- 
ified cytochrome P-450 was assessed in incubation 
mixtures (3 ml) containing (where indicated) tri- 
chloroethylene (7.5 mM), partially purified cyto- 
chrome P-450 from phenobarbital-induced rat liver 
microsomes (ca. 2 uM), NaClO2 (5 mM), H2O2 (10 
mM) and NalOg (7.5 mM) in 0.02 M Tris-HCl, pH 
7.4. Incubations were carried out at 30° with shaking. 
Reaction mixtures were assayed at time zero and at 
10 min by method A of Leibman and Hindman [24]. 

Calculations and statistical analysis. Binding (Ks) 
and Michaelis (Km) constants, maximal extents of 
binding (AAmax) and maximal rates of metabolism 
(Vmax) were calculated from computerized Hanes 
and Eadie—Hofstee plots using linear regression 
analysis. Student’s f-test was utilized to calculate 
significant differences between means. A significant 
difference was taken as P < 0.01 with P < 0.05 being 
probably significant. All reported values are means 
+ standard deviations. 


RESULTS 


Binding of trichloroethylene to hepatic microsomal 
cytochrome P-450 in vitro. Trichloroethylene bound 
to hepatic cytochrome P-450 in uninduced and 
induced microsomes, resulting in the production of 
a type I difference spectrum (Ama = 386 nm; Amin 
= 416 nm), confirming an earlier report by Pelkonen 
and Vainio [25]. Trichloroethylene also bound to 
partially purified cytochrome P-450 from phenobar- 
bital-induced rats with the production of a type I 
difference spectrum (Amax = 388 nm; Amin = 419 nm). 

The effects of inducing agents for different forms 
of cytochrome P-450 on the binding constants (Ks) 
and the maximum extents of binding (AAmax) for the 
binding of trichloroethylene to hepatic microsomal 
cytochrome P-450 are shown in Table 1. The K; val- 
ues for the binding of trichloroethylene to hepatic 
microsomal cytochrome P-450 were not altered by 
prior induction with 3-methylcholanthrene, spirono- 
lactone or phenobarbital. The K; values calculated 
for the binding of trichloroethylene to phenobarbital- 
induced partially purified cytochrome P-450 were 
1.5+0.1 and 0.82 + 0.11 mM for the enzyme sus- 
pended in 0.02 M Tris-HCl (pH 7.4) and for the 
glycerol solubilized enzyme respectively. The AAmax 
values for the binding of trichloroethylene to hepatic 
microsomal cytochrome P-450 were increased fol- 
lowing phenobarbital induction (P <0.01), but not 
following 3-methylcholanthrene or spironolactone 
induction (P >0.1). 





Trichloroethylene and hepatic cytochrome P-450 


Table 1. Effects of induction on the binding of trichloroethylene with hepatic microsomal 
cytochrome P-450* 





Cytochrome P-450 
(nmoles/mg microsomal 
protein) 


Amax 


Induction (A386-A 416) 





0.69 + 0.39 
0.86 + 0.36 
0.54 + 0.28 
0.63 + 0.14 


0.034 + 0.008 
0.039 + 0.007 
0.032 + 0.012 
0.180 + 0.0437 


0.93 + 0.10 
1.40 + 0.04 
0.78 + 0.12 
2.54 + 0.69 


None 
3-Methylcholanthrene 
Spironolactone 
Phenobarbital 





* Values reported are means + S.D. for experiments performed in triplicate with three or 
more different preparations of hepatic microsomes. Experimental conditions are described 


in the text. 


+ Differs from uninduced microsomes, P <0.01. 


Metabolism of trichloroethylene by hepatic micro- 
somal cytochrome P-450. In the absence of an 
NADPH-generating system or trichloroethylene, 
measurable amounts of Fujiwara positive material 
were not formed in hepatic microsomal incubation 
mixtures. In the presence of trichloroethylene, an 
NADPH-generating system, EDTA and hepatic 
microsomes, the production of chlorinated metab- 
olites, as assayed by the modified Fujiwara method 
[24], was linear for 5min for microsomes from 
uninduced or induced rats. This incubation time was 
utilized in all further experiments in which the 
metabolism of trichloroethylene was monitored by 
this method. Measurable amounts of trichloroacetic 
acid or of 2,2,2-trichloroethanol were not produced 
from trichloroethylene in any incubation mixtures. 

Chloral hydrate was identified as the sole volatile 
metabolite of trichloroethylene by gas-liquid 
chromatography (see Experimental). The amounts 
of chloral hydrate produced by microsomes from 
phenobarbital-induced rats (6.2 + 0.3 nmoles chloral 
hydrate/min/mg of microsomal protein) are identical 
to the amounts of chloral hydrate produced from 
trichloroethylene, as measured by the modified 
Fujiwara assay (Table 2). The levels of chloral 
hydrate were assayed routinely using the latter 
method. 

The Km values for the conversion of trichloro- 
ethylene to chloral hydrate were unaffected by the 
induction of different forms of cytochrome P-450. 
For each type of induction, the Km value was within 
experimental error of the corresponding K; value 
(P > 0.05) (Tables 1 and 2). The Vmax value for tri- 
chloroethylene was unaffected by induction with spi- 
ronolactone or 3-methylcholanthrene (P > 0.1) but 
was increased following phenobarbital induction 
(Table 2). 

NADH (1 mM) was found to support the metab- 
olism of trichloroethylene by phenobarbital-induced 
hepatic microsomes to the extent of 0.39 nmole 
chloral hydrate formed/mg of microsomal 
protein/min, which represents approximately 13 per 
cent of the rate of production of chloral hydrate seen 
in the presence of trichloroethylene and an NADPH- 
generating system. 

The rate of NADPH oxidation of hepatic micro- 
somes was stimulated by trichloroethylene, and pre- 
sumably to some extent reflects the oxidation of 
NADPH which accompanies the metabolism of 
trichloroethylene by hepatic microsomal cytochrome 


P-450. Induction with phenobarbital resulted in sig- 
nificantly increased rates of trichloroethylene-stimu- 
lated NADPH oxidation, while induction with spi- 
ronolactone and 3-methylcholanthrene did not 
(P > 0.1) (Table 2). For each type of induction, the 
rate of NADPH oxidation in the presence of tri- 
chloroethylene did not differ significantly from the 
rate of production of chloral hydrate (P > 0.05 for 
phenobarbital induction, P > 0.1 for all other types 
of induction) (Table 2). Neither NADPH oxidation 
nor chloral hydrate production was corrected for 
CO: O2 (80:20) background rate, inasmuch as CO 
affected the two processes to different extents (see 
Table 4). 

Metabolism of trichloroethylene by partially puri- 
fied cytochrome P-450. Incubation of trichloroethy- 
lene for 10 min, with either H2O2, NalOs, NaClO2 
or cytochrome P-450, did not result in an appreciable 
increase of absorbance (0.00 + 0.04) in the modified 
Fujiwara assay, relative to zero time samples. Fol- 
lowing incubation of trichloroethylene, cytochrome 
P-450 and NaClO2 or H2O2, but not NaIOs, appreci- 
able conversion of trichloroethylene to a Fujiwara 
positive product was observed. Absorbances at 
530 nm of 0.12, 0.18 and —0.02, respectively, were 
obtained for these artificial electron donors, the val- 
ues of which are equivalent to 1.8, 2.8 and 0 nmoles 
chloral hydrate/10 min/nmole of cytochrome P-450. 

Effect of trichloroethylene on the levels of hepatic 
microsomal enzymes. The effects of trichloroethy- 
lene on the levels of hepatic microsomal cytochrome 
P-450, heme, cytochrome bs and NADPH-cyto- 
chrome c reductase are shown in Table 3. Incubation 
of trichloroethylene, hepatic microsomes, EDTA 
and an NADPH-generating system resulted in 
decreases in the levels of cytochrome P-450 and 
heme for each type of induction. No appreciable 
degradation of cytochrome P-450 or heme was 
observed in the absence of trichloroethylene or an 
NADPH-generating system. The losses of cyto- 
chrome P-450 were approximately equivalent to the 
losses of heme for each type of induction. Reduced 
glutathione plus liver post-microsomal supernatant 
fraction—which contains a mixture of glutathione 
transferases—did not inhibit the degradation of 
cytochrome P-450 in uninduced or phenobarbital- 
induced microsomes. NADH did not measurably 
support the degradation of cytochrome P-450 in 
phenobarbital-induced microsomes (Table 3). 

The levels of cytochrome bs and NADPH-cyto- 
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chrome c reductase were not altered following incu- 
bation of uninduced or induced microsomes in the 
presence of trichloroethylene and an NADPH-gen- 
erating system (Table 3). The activity of glucose-6- 
phosphatase in phenobarbital-induced microsomes 
was not significantly affected by incubation of hepatic 
microsomes (2 mg protein/ml), an isocitrate dehy- 
drogenase NADPH-generating system [26] and 
trichloroethylene (7.5 mM). The activity of glucose- 
6-phosphatase was 0.15 + 0.049 and 0.13 + 0.055 
umoles Pi/min/mg of protein at time zero and after 
15 min of incubation, whether or not trichloroethy- 
lene was present in the incubation mixture. 

Effects of inhibitors on the interation of trichlo- 
roethlene with hepatic microsomal cytochrome P-450. 
The effects of inhibitors of cytochrome P-450 on the 
interaction of trichloroethylene with this group of 
enzymes are shown in Table 4. Metyrapone and 
SKF 525-A were equivalent as inhibitors of the bind- 
ing and metabolism of trichloroethylene, and they 
inhibited each of these processes to a similar extent. 
Metyrapone and SKF 525-A inhibited the degrada- 
tion of cytochrome P-450 to a greater extent than 
the binding and metabolism of trichloroethylene. In 
contrast, CO inhibited the metabolism of trichlo- 
roethylene and the degradation of cytochrome P-450 
to about the same extent. 
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NADPH oxidationt 
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1.55 + 0.65 
2.00 + 0.57 
5.80 + 0.704 


microsomal protein) 
2.00 + 0.20 


DISCUSSION 


That the hepatic mixed-function oxidase of the 
post-mitochondrial supernatant fraction catalyzes 
the metabolism of trichloroethylene to chloral 
hydrate was first demonstrated by Leibman et al. 
[12, 13, 27]. Evidence later accrued which suggested 
that the enzyme system involved in this reaction is 
the cytochrome P-450 mixed-function oxidase system 
[8,28]. The ability of hepatic microsomal cyto- 
chrome P-450 to metabolize trichloroethylene is sup- 
ported further by results presented herein. The 
ability of inhibitors of cytochrome P-450—metyra- 
pone, CO and SKF 525-A [29]—to inhibit the binding 
and metabolism of trichloroethylene (Table 4), and 
the ability of phenobarbital, an inducing agent for 
cytochrome P-450, to stimulate these processes 
(Tables 1 and 2) support this proposal. Conclusive 
evidence for the ability of cytochrome P-450 to bind 
and metabolize trichloroethylene is provided by the 
demonstration that trichloroethylepe binds to the 
substrate binding site of partially purified cyto- 
chrome P-450 and that the artificial active oxygen 
donors NaClO2 and H2O2 support the metabolism 
of trichloroethylene by partially purified cytochrome 
P-450 (see Results). 

It appears that the form of cytochrome P-450 
induced by phenobarbital is the only form of the 
enzyme which binds and metabolizes trichloroethy- 
lene. This conclusion is drawn from the observation 
that the binding constants (K;) and Michaelis con- 
stants (Km) for the interaction of trichloroethylene 
with hepatic microsomal cytochrome P-450 are not 
altered by induction of different forms of cytochrome 
P-450, while the maximum extents of binding and 
metabolism (A4Amax, Vmax) of trichloroethylene are 
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* Values reported are means + S.D. for experiments performed in triplicate with three or more different preparations of hepatic microsomes. Experimental 


conditions are as described in the text. 
+ In the presence of 7.5 mM trichloroethylene. 


+ Differs from uninduced microsomes, P <0.01. 
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Table 4. Effects of inhibitors on the interaction of trichloroethylene with hepatic microsomal cytochrome 
P-450* 





Degradation of 
NADPH oxidation cytochrome P-450 


(%) 


Metabolite production 
(%) 


Binding 


Additions (%) 





None 100 100 100 
SKF 525-A (200 mM) ND 29 
Metyrapone (2.33 mM) z B 31 
CO: O2 (80:20 v/v) 31 14 





* Means + S.D. are reported for experiments performed in triplicate with 2-3 different preparations of 
hepatic microsomes. Experiments were performed with phenobarbital-induced microsomes as described 
in the Experimental section and Table 2. In all cases, the inhibitors were added before the addition of the 
trichloroethylene (7.5 mM, final concentration). For binding studies, the inhibitors were added to both the 
sample and the reference cuvettes. Values in the absence of inhibitors were as follows: binding, 
AA = 0.069/nmole of cytochrome P-450; NADPH oxidation, 1.75 nmoles/min/nmoles of cytochrome 
P-450; metabolite production, 2.52 nmoles/min/nmoles of cytochrome P-450; degradation of cytochrome 


P-450, 0.48 nmoles/mg of protein/15 min from initial levels of 2.36 nmoles/mg of protein. 


+ ND, not determined. 


increased fellowing phenobarbital induction but not 
following 3-methylcholanthrene or spironolactone 
induction (Tables 1 and 2). The lack of effect of 
induction with 3-methylcholanthrene on the par- 
ameters for the binding and metabolism of trichlo- 
roethylene by hepatic microsomes (Tables 1 and 2) 
indicates that cytochrome P-448 may not interact 
with trichloroethylene. 

The K; and Km values reported here for the inter- 
action of trichloroethylene with hepatic microsomal 
cytochrome P-450 are considerably greater (by 
approximately 10 to 90-fold) than the Km values 
reported for the conversion of trichloroethylene to 
chloral hydrate by the post-mitochondrial superna- 
tant fraction [13, 30]. This discrepancy may reflect 
the different liver preparations used or perhaps 
reflects the further metabolism of chloral hydrate to 
trichloroethanol and trichloroacetate which occurs 
with the post-mitochondrial supernatant fraction 
[13, 30], while chloral hydrate was the sole chlori- 
nated metabolite of trichloroethylene with isolated 
hepatic microsomes (see Results). 

The Km and Vmax values reported in this paper for 
the metabolism of trichloroethylene to chloral 
hydrate (Table 2) are similar to those reported by 
Traylor et al. [31] for the production of CO from 
trichloroethylene by hepatic microsomal cytochrome 
P-450, but a more recent report suggests that CO is 
not produced from the metabolism of trichloroethy- 
lene by hepatic microsomes [32]. 

That the K; value for the binding of trichloro- 
ethylene is equivalent to the Km value for the metab- 
olism of trichloroethylene for each type of induction 
indicates that the binding of trichloroethylene is 
rapid, compared to the rate-limiting step of the 
reaction. The inability of spironolactone, which 
elevates the levels of NADPH-cytochrome P-450 
reductase/mg of microsomal protein [33], to increase 
significantly the rate of metabolism of trichloroethy- 
lene (Table 2) (P >0.1) indicates that the rate-lim- 
iting step in the metabolism of trichloroethylene by 
cytochrome P-450 is subsequent to the reduction of 
the cytochrome P-450-substrate complex. 

It appears that trichloroethylene is, indirectly, 


capable of degrading hepatic microsomal cyto- 
chrome P-450 in vitro, without affecting the levels 
of other hepatic microsomal enzymes, viz. cyto- 
chrome bs, NADPH-cytochrome c_ reductase 
(Table 3) and glucose-6-phosphatase (see Results). 
Inasmuch as the levels of microsomal heme and 
cytochrome P-450 are decreased to similar extents 
by trichloroethylene (Table 3), it would appear that 
trichloroethylene is modifying the heme moiety of 
cytochrome P-450. 

The degradation of the heme of cytochrome P-450 
by trichloroethylene in vitro appears to require the 
metabolic activation of trichloroethylene by cyto- 
chrome P-450 since the reaction requires NADPH 
and is not supported by NADH (Table 3). Further- 
more, metyrapone, SKF 525-A and CO, which 
inhibit the metabolism of trichloroethylene, also 
inhibit the degradation of cytochrome P-450 by tri- 
chloroethylene (Table 4). In addition, each type of 
induction affects the metabolism of trichloroethylene 
by hepatic microsomal cytochrome P-450 and the 
degradation of the heme of cytochrome P-450 by 
trichloroethylene to similar extents (Tables 2 and 3). 
This is in contrast to the situation with fluroxene, a 
compound which is also known to degrade the heme 
moiety of cytochrome P-450 in vitro [34]. For flu- 
roxene, inducing agents for different forms of cyto- 
chrome P-450 differentially affect its metabolism by 
cytochrome P-450 relative to its degradation of 
cytochrome P-450 [35]. In addition to trichloroethy- 
lene and fluroxene, several other unsaturated com- 
pounds appear to require metabolic activation by 
cytochrome P-450 in order to degrade the heme 
moiety of the enzyme, viz. vinyl chloride [36], allyl- 
iso-propylacetamide and other allyl compounds [37, 
38, 41]. The most obvious reactive metabolites of 
these unsaturated compounds and of trichloroethy- 
lene which could mediate the degradation of cyto- 
chrome P-450 are epoxides. The epoxide of trichloro- 
ethylene—trichloroethylene oxide—has been pro- 
posed to be produced from trichloroethylene by 
hepatic microsomal cytochrome P-450. 

The effects of inducing agents on the metabolism 
and metabolic activation of trichloroethylene by 
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hepatic microsomal cytochrome P-450 in vitro com- 
pare well with their effects on the metabolism and 
hepatotoxicity of trichloroethylene in vivo. Pheno- 
barbital increases the metabolism of trichloroethy- 
lene, the degradation of cytochrome P-450 by tri- 
chloroethylene [13, 30] (Tables 2 and 3) and the 
binding of metabolites of trichloroethylene to 
macromolecules in vitro [7], as well as the metab- 
olism and toxicity of trichloroethylene in vivo and 
the degradation of cytochrome P-450 by trichloro- 
ethylene in vivo [7-9, 39, 40]. Induction by 
spironolactone or 3-methylicholanthrene has no 
effect, or only slightly increases the metabolism of 
trichloroethylene and_ the _ trichloroethylene- 
mediated degradation of cytochrome P-450 in vitro 
(Tables 2 and 3) and similarly affects the metabolism 
and hepatotoxicity of trichloroethylene in vivo [8, 
40]. The excellent correlation between the effects of 
inducing agents on the metabolism and the metabolic 
activation of trichloroethylene in vitro and in vivo 
indicates that the metabolism of trichloroethylene 
by the phenobarbital inducible form of cytochrome 
P-450 is the first and possibly the rate-limiting step 
in the metabolism of trichloroethylene in vivo and 
in the production of the toxic effects observed fol- 
lowing exposure to trichloroethylene. 
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Abstract—The kinetics of cholecalciferol 25-hydroxylase in vitamin D-depleted rat liver microsomes, 
before and after phenobarbital induction, were studied. Three days of pretreatment with phenobarbital 
altered significantly both the apparent Km and the Vmax of the hydroxylase. Untreated vitamin D- 
repleted rats had lower cytochrome P-450 content and aminopyrine demethylase activity than the 
vitamin D-depleted animals. Phenobarbital administration reversed this nutritional effect on aminopyrine 
demethylase but not on cytochrome P-450 content. Furthermore, vitamin D deficiency potentiated the 
phenobarbital inductive effect upon microsomal protein. No inhibition of aminopyrine demethylase 
could be elicited in the presence of cholecalciferol or 25-hydroxycholecalciferol either prior to or after 
phenobarbital treatment, suggesting that these two oxidases are different entities. 


Among the adverse effects of anticonvulsant drugs, 
when administered chronically, are low plasma levels 
of 25-hydroxyvitamin D,+ often associated with 
osteomalacia [1-6]. To explain this metabolic dis- 
turbance, Hahn et al. [4] postulated that the apparent 
vitamin D deficiency observed in some anticonvul- 
sant-treated patients was due to an induction of the 


vitamin D metabolism leading to more polar bio- 
logically inactive metabolites and to a depletion of 
the vitamin D pool. This hypothesis was logical, 
because the enzyme complex, cholecalciferol 25- 
hydroxylase, which converts cholecalciferol is 
mainly, although not exclusively [7], located in the 
microsomal fraction [8] and shares with other mixed 
function oxidases their requirements for an NADPH- 
generating system and molecular O2[8, 9]. However, 
the refractory response of some patients to vitamin 
D therapy which could be reversed by oral admin- 
stration of small quantities (50 I.U) of 25-hydroxy- 
cholecalciferol speaks against this hypothesis [10]. 
Our demonstration [11] of a low plasma 25-hydroxy- 
calciferol/calciferol ratio supports the clinical results 
and suggests an inhibition of the hepatic hydroxy- 
lation of vitamin D. To show whether or not the 
microsomal cholecalciferol hydroxylase is influenced 
by anticonvulsant treatment, we have studied, using 
rat liver as the source of enzyme, the effect of short- 
term phenobarbital treatment on the in vitro kinetics 
of cholecalciferol 25-hydroxylase and on aminopyr- 
ine demethylase activity as a marker for microsomal 
mixed function oxidases. 





* To whom reprint requests should be addressed. 

+ Calciferol and 25-hydroxycalciferol are generic terms 
for vitamin D and 25-hydroxyvitamin D, respectively. Cho- 
lecalciferol and 25-hydroxycholecalciferol refer specifically 
to vitamin D3 and 25-hydroxyvitamin D3. 
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MATERIALS AND METHODS 


Reagents. NADPH (sodium salt), glucose-6-phos- 
phate dehydrogenase (EC 1.1.1.49) type VII, cho- 
lecalciferol and semicarbazide HCl were obtained 
from the Sigma Chemical Co. (St. Louis, MO, 
U.S.A.). 25-Hydroxycholecalciferol was a gift of 
Roussel UCLAF (Paris, France). [la, 2a-(n)- 
*H]Cholecalciferol (12 Ci/mmole), purchased from 
Amersham-Searle (Oakville, Ontario, Canada), was 
periodically verified for its purity by high-pressure 
liquid chromatography by the method developed by 
Jones and DeLuca [12]. N,N’-diphenylphenylene- 
diamine, a lipid peroxidation inhibitor [18], was from 
the Eastman—Kodak Co. (Rochester, NY, U.S.A.). 
Phenobarbital (sodium salt) was purchased from 
Winthrop Laboratories (Aurora, Ontario, Canada) 
and aminopyrine from the Aldrich Chemical Co. 
(Milwaukee, WI, U.S.A.). 

Cholecalciferol 25-hydroxylase assay. Male wean- 
ling Holtzman rats (Canadian Breeding Farms, St. 
Constant, Quebec, Canada) fed, ad lib., a vitamin 
D-deficient diet (No. 170640, Teklad Test Diets, 
Madison, WI, U.S.A.) were kept in cages with 
maplewood shavings. After 4 weeks, they were 
injected intraperitoneally, on 3 consecutive days, 
with either phenobarbital sodium (100 mg/kg body 
wt) in 0.9% NaCl or the vehicle only. They were 
decapitated on day 4, after starvation overnight. The 
livers were excised at once, blotted and weighed, 
and then carefully perfused with cold 0.154 M KCI. 
They were homogenized with a Potter-Elvehjem 
homogenizer fitted with a Teflon pestel in ice-cold 
0.25 M sucrose containing 1 mM NaHo2POs buffer 
adjusted to pH 7.4 with 1 M NaOH. The combined 
microsomal-cytosol fraction, obtained as already 
described, was used for the cholecalciferol 25- 
hydroxylase assay [14]. 

Radioactivity was monitored in a Packard Tricarb 
3385 liquid scintillation spectrometer with AQUA- 
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SOL (New England Nuclear Canada, Montreal, 
Quebec, Canada) as scintillation fluid. 

Unless otherwise specified, the units of activity 
reported are pmoles of 25-hydroxycholecalciferol/ 
min/g wet weight of tissue. The supernatant fraction 
from the same individual liver provided the enzyme 
for each set of experiments. 

Aminopyrine demethylase assay. For these studies 
the animals were either fed, ad /ib., the vitamin D- 
deficient diet mentioned in the second paragraph 
or a normal rat chow (Raltston-Purina, Woodstock, 
Ontario, Canada) and injected intraperitoneally with 
either isotonic saline or phenobarbital sodium as 
described above. The perfused livers were hom- 
ogenized as described, and the microsomes were 
isolated according to the method of Schenkman and 
Cinti [15]. They were resuspended in 0.154M KCl 
buffered with 0.1 M NaH2POs adjusted to pH 7.4 
with 0.1M NaOH. Aminopyrine demethylase was 
assayed according to the method of La Du et al. [16] 
with the following modifications. To a 1.5-ml aliquot 
of the oxygenated cofactor (10 min with Oz) 
solution consisting of 1 mM NADPH, 16.7 mM glu- 
cose-6-phosphate and 15mM_ semicarbazide in 
0.5MNaH2POs, adjusted to pH 7.4 with 
0.1 M NaOH, were added: 0.25 ml of glucose-6- 
phosphate dehydrogenase (3 units) in 25 mM MgCh, 
0.25 ml of 1.2 mM aminopyrine, in 25 mM MgCh; 
and either 25 yl of 1,2-propanediol, 25 ul of 1 mM 
cholecalciferol or 25 4M 25-hydroxycholecalciferol 
in 1,2-propanediol. The mixtures were incubated for 
exactly 5 min at 37° after which time, at fixed inter- 
vals, 1 ml of the microsomal suspension, containing 
approximately 1.5 nmoles cytochrome P-450, was 
added to each flask. The incubations continued for 
5 min, and the reaction was stopped by the addition 
of 1 ml of 0.52 M ZnSOs followed by 1 ml of satu- 
rated Ba(OH)2. After centrifugation at 1000 g for 
20 min at 4°, 2.5 ml of the clear supernatant fluid 
were used for the formaldehyde measurement by the 
method of Nash {17]. The units reported are, unless 
otherwise specified, nmoles formaldehyde pro- 
duced/min/mg of microsomal protein. 

Cytochrome and protein measurements. Cyto- 
chromes P-450 and bs were measured spectropho- 
tometrically using the microsomal fraction resus- 
pended in buffered 0.154 M KCI solution according 
to the method described by Mazel [18]. The proteins 
were measured by the method of Lowry et al. [19] 
using human serum albumin (Connaught Medical 
Research Laboratories, Toronto, Ontario, Canada) 
as standard. 


RESULTS 


The effects of a rachitogenic diet and of pheno- 
barbital treatment on rat body and liver weights, on 
liver microsomal protein and cytochrome P-450 con- 
tents, and finally on the microsomal aminopyrine 
demethylase activity are summarized in Table 1. As 
already reported by Jones [20], the vitamin D defi- 
ciency coupled to the phosphopenia markedly 
reduced the body weights. The nutritional status had 
no effect on either the liver weight or the microsomal 


Table 1. Effects of vitamin D and phenobarbital treatment on body weight, liver weight,-microsomal protein content, cytochrome P-450 content and 


aminopyrine demethylase activity in 4-week-old rats* 





Cytochrome P-450 


Aminopyrine demethylase 
(nmole/mg protein/min) 


(nmoles/mg 
protein) 


Microsomal protein 
(mg/g liver) 


Body wt 
(g) 


Vitamin D 


Treatment 





49.2+ 4.5 
61.8 + 2.9 


mo 
aa! 
+ 4 


< 0.01 


125.6 + 8.8 
111.4 + 19.7 


oo 
— 


Sut 


Phenobarbital 


NS 





* Liver weights are expressed as g/100 g body wts. Microsomal proteins and cytochrome P-450 levels were measured as described in Materials and Methods. 
Aminopyrine demethylase was measured as described using 5mM aminopyrine as substrate, and the activity is expressed as nmoles formaldehyde/mg of 


microsomal protein/min. The significance levels for difference in means (P values) were calculated with Student’s t-test for independent observation (ina), 


d.f. = 4. Effect of PB treatment on: body weight (NS); liver weight (P < 0.01); microsomal proteins (P < 0.01); and cytochrome P-450 and aminopyrine 


demethylase (P < 0.001). All values are means + §.D. Abbreviations: D*; vitamin D-repleted rats; D~; vitamin D-depleted rats; d.f., degrees of freedom; 


and NS, not significant. 





Rat liver cholecalciferol 25-hydroxylase 


protein levels in untreated animals. However, vit- 
amin D deficiency potentiated the inductive effect 
of phenobarbital upon the microsomal protein 
content. Dietary vitamin D quantitatively decreased 
the cytochrome P-450 content and the aminopyrine 
demethylase activity in the control group. Pheno- 
barbital treatment diminished this effect only on the 
demethylase activity. Phenobarbital administration 
had no effect on body weight but statistically 
increased the liver weight, the cytochrome P-450 
levels and the aminopyrine demethylase activity. The 
cytochrome bs content was not enhanced by the 
anticonvulsant treatment (control, 0.44 + 0.02 
nmole/mg of protein; phenobarbital-treated, 0.60 
+ 0.10 nmole/mg of protein). 

The double-reciprocal plot of cholecalciferol 25- 
hydroxylase [21], shown in Fig. 1, reveals an appar- 
ent Michaelis constant (Km) of 0.18 uM and a 
maximum velocty (Vmax) of 32 pmoles/min/g of tissue 
for the control vitamin D-depleted animals. These 
data differ significantly from those observed in the 
phenobarbital-treated group (Fig. 1), which elicits 
a decrease in affinity for the substrate (higher Km) 
with an increase in the capacity to hydroxylate cho- 


(i i oad 


| (yM) (pmot/min/g tissue) 
lec = 0.18 20.04 =: 38.5 +7.0 
jePB = 0.38 +0.02 92.5 +18 
lee <0.02 <0.05 
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Fig. 1. Double-reciprocal plot of cholecalciferol 25- 
hydroxylase activity as a function of substrate concentration 
for vitamin D-depleted control and phenobarbital-treated 
rats. The 4ml incubation medium contained: 2 ml of a 
cofactor solution consisting of 0.025 MK2HPOs adjusted to 
pH 7.4 with 1MNaOH, 0.25mM NADPH, 1.25mM 
MgCh, 0.025 MKCI, 6.0 mM glucose-6-phosphate, 6 units 
of glucose-6-phosphate dehydrogenase (where 1 unit of 
activity is defined as the amount of enzyme required to 
convert 1 wmole of substrate/min) and 0.01mM N,N’- 
diphenyl-p-phenylenediamine in 10 yl ethanol. The amount 
of enzyme used was equivalent to 20 mg of liver and the 
cholecalciferol concentration varied from 0.02 to 0.5 uM. 
The regression lines were obtained from the pooled data 
of four control and four phenobarbital-treated animals, 
each assay at every substrate concentration being carried 
out in triplicate. The vertical bars represents + $.D. from 
the mean. Insert: the Km and Vmax were derived from the 
regression line of the double reciprocal plot [21] for each 
separate experiment. The means (+ S.D.) for the Km and 
Vmax were then calculated from each value obtained. The 
significant levels for the difference in means (P values) 
were calculated by Student’s t-test for independent obser- 
vations with 6 degrees of freedom. Abbreviations: C, con- 
trol; PB, phenobarbital-treated. 
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lecalciferol (higher Vmax). Since Cinti et al. [22] have 
reported that, in Sprague-Dawley rats, ergocalci- 
ferol and 25-hydroxycholecalciferol induced a type 
I spectral change of cytochrome P-450, and since 
aminopyrine induces similar spectral changes [23], 
we investigated the possible effects of cholecalciferol 
and 25-hydroxycholecalciferol upon the aminopyrine 
demethylase activity in our animal model. 25- 
Hydroxycholecalciferol and cholecalciferol were dis- 
solved in 1,2-propanediol, to obtain final concentia- 
tions in the incubation medium of 125 nmoles/| and 
5 umoles/l, respectively. These concentrations are 
higher than those reported by Cinti et al. [22] to 
obtain half-maximal spectral changes (K;). We 
assumed that the K; for cholecalciferol is of the same 
order of magnitude as that of ergocalciferol used in 
the former study [22]. From Fig. 2, it is clear that 
neither cholecalciferol nor 25-hydroxycholecalciferol 
interacts with aminopyrine demethylase both in con- 
trol and phenobarbital-treated vitamin D-deficient 
rats. Similar results were obtained from the vitamin 
D-repleted animals. 


DISCUSSION 


The data represented in this report provide evi- 
dence that short-term phenobarbital adminstration 
to rachitic rats lowers the affinity of the enzyme for 
cholecalciferol (higher K».) and increases its capacity 
of hydroxylation (higher Vmax). This finding explains 
the apparent inhibition of the enzyme by phenobar- 
bital reported by Sulimovici and Roginsky [24], since 
these workers measured the enzyme at a single sub- 
strate concentration well below the apparent 
Michaelis constant. On the other hand, it could 
explain, in part, the apparent phenobarbital induc- 
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Fig. 2. Effects of cholecalciferol and 25-hydroxycholecal- 
ciferol on aminopyrine demethylase activity in control and 
phenobarbital-treated vitamin D-deficient rats. The incu- 
bations were performed as described in Materials and 
Methods in the presence of 0.2 mM aminopyrine. Activity 
is expressed as nmoles formaldehyde formed/min/mg of 
microsomal protein (+ $.D.). The significance levels for 
the difference in means (N.S.) were calculated with Stu- 
dent’s t-test for independent observations (fina), d.f. = 4. 
Abbreviations R, incubation done in the presence of 
1,2,propanediol alone; + CC, incubation done in the pres- 
ence of 5.0 4M cholecalciferol in 1,2-propanediol; + 25- 
OH-CC, incubation done in the presence of 125 nM 25- 
hydroxycholecalciferol in 1,2-propanediol; and d.f., 
degrees of freedom, N.S., not significant. 
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tion of vitamin D3; metabolism reported by Rising 
[25]. However, this author studied the in vivo metab- 
olism vitamin D3 in D-repleted animals. Therefore, 
this model may include not only the microsomal but 
also the mitochrondrial enzyme complex, as reported 
by Bjorkhem and Holmberg [7]. 

Several reports strongly suggest that there is a 
molecular heterogeneity of cytochromes P-450 
depending upon the inducing subtance. Ingelman- 
Sundberg and Gustafsson [26] have resolved, from 
penobarbital-induced rabbit liver, four electrophor- 
etically different forms of cytochrome P-450, of 
which only one had 6-8-androstenedione hydroxyl- 
ase activity. Furthermore, Noshiro and Omura [27] 
have suggested the presence of multiple forms of 
cytochrome P-450 with different substrate specifici- 
ties by selective inhibition of the hydroxylation of 
various xenobiotics with antibody raised against 
cytochrome P-450. Also by inhibition studies of 
arylhydrocarbon hydroxylase, Dent et al. [28] have 
shown qualitative changes of these enzymes after 
induction with polybrominated biphenyls. Finally, 
Alvares and Kappan [29] have demonstrated that 
Aroclor 1254, a polychlorinated biphenyl mixture, 
induced the synthesis of some proteins which had 
the combined catalytic properties of those induced 
by phenabarbital and those induced by 3-methyl- 
cholanthrene. 

Since cholecalciferol 25-hydroxylase requires mol- 
ecular O2 and its activity depends upon the integrity 
of the cytochrome P-450 structure [9, 14], it belongs 
to the class of mixed function oxidases. The modi- 
fications of kinetics induced by phenobarbital treat- 
ment in the present study are, however, different 
from those observed for type I substrates [30]. The 
data presented may be another indication that phen- 
obarbital induced the synthesis of a new cytochrome 
P-450 apoprotein. 

The reduction in cytochrome P-450 content in 
vitamin D-repleted animals, concomitant with a 
decrease in aminopyrine demethylase, mimics the 
results obtained by Mackinnon et al. [31] for ethinyl 
estradiol-treated rats. However, in our hands only 
the aminopyrine demethylase activity is corrected 
after phenobarbital treatment. This, and the fact 
that vitamin D deficiency seemingly potentiates the 
inductive effect of phenobarbital on the microsomal 
protein synthesis, remain to be explained, but they 
also argue in favor of the heterogeneity of the pro- 
teins synthesized after induction by phenobarbital 
with a modulation of the functional properties of 
cytochrome P-450. 

Contary to the report of Cinti et al. [22], we could 
not elicit any inhibition of aminopyrine demethylase 
by either cholecalciferol or 25-hydroxycholecalci- 
ferol, although incubations were done with secos- 
teroid concentrations above the dissociation con- 
stants (K;) reported. Our model, however, differs 
from the earlier report in two respects. First, 
Sprague—Dawley rats were used in the first instances, 
whereas we used Holtzman rats. Secondly, studies 
were conducted after long-term phenobarbital treat- 
ment (21 days) compared to a 3-day induction for 
the present report. The latter point warrants com- 
ment, since the ages of the animals at the time of 
the in vitro studies differ in the two studies and an 
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age-dependent change in binding property has been 
reported in rats [32-34]. Thererore, it may be that 
vitamin D3 and 25-hydroxycholecalciferol in our par- 
ticular conditions did not act as type I substrates. 
This would then explain why they did not affect the 
aminopyrine demethylase activity and why amino- 
pyrine or phenobarbital did not affect vitamin Ds 
hydroxylation (data not shown). 

We have thus shown that phenobarbital modifies 
the kinetics of the microsomal vitamin D3; 25- 
hydroxylase. These results corroborate those of Nor- 
man et al. [35] who showed marginal changes in 
vitamin D3 metabolism in the phenobarbital-treated 
chicken. They also stress the importance of insuring 
an appropriate vitamin D intake in phenobarbital- 
treated individuals to prevent iatrogenic deleterious 
effects on bone and mineral homeostasis. 
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SHORT COMMUNICATIONS 


Postnatal development of sex-dependent differences in the metabolism of 
diazepam by rat liver 


(Received 19 September 1979; accepted 21 September 1979) 


It has been demonstrated in a number of studies [1-8] that 
the pharmacokinetics of some drugs exhibit sex-dependent 
differences. The nature and degree of these differences 
vary with the species and drug under investigation. The rat 
has been most extensively studied and sex-related differ- 
ences have been observed for a variety of substrates [1, 3, 4]. 
Recent evidence suggests that for certain drugs such differ- 
ences may also exist in the human [2, 5-8], e.g. MacLeod 
et al. [8] have found that the half-life of diazepam was 
significantly shorter in men than in women. The reasons 
for these differences are not known and could be caused 
either singly or in combination by the hepatic metabolism 
of diazepam, the excretion of the drug or additional factors. 

Since diazepam is extensively metabolized in the liver 
[9, 10], hepatic biotransformation could in this case play 
an important role in the sex-related difference observed. 
Diazepam is transformed in vivo [9, 10] and in vitro [11- 
13] in several animal species and in the human by two 
major pathways, 3-hydroxylation and N-demethylation 
(Scheme 1). To our knowledge no sex-related difference 
in the relative importance of these two pathways has been 
reported. As model system, we have therefore studied the 
metabolism of diazepam by the 6000 g supernatant of rat 
liver homogenate obtained from male and female rats at 
different ages and in two different strains. 

Drugs and internal standards. Diazepam, desmethyldi- 
azepam, 3-hydroxydiazepam and oxazepam were kindly 
donated by Dr. W. Vetter (Hoffman-La-Roche, Basel, 
Switzerland), and prazepam by Dr. K.-O. Vollmer 
Gédecke, Freiburg, G.F.R.). 

Chemicals. Ethyl acetate (Nanograde) was obtained from 
Byk-Mallinckrodt (Wesel, G.F.R.), absolute ethanol from 
Merck (Darmstadt, G.F.R.), NADPH from Boehringer 
(Mannheim, G.F.R.), and isocitrate and isocitrate dehy- 
drogenase from Sigma (Munich, G.F.R.). 

Animals and hepatic preparations. Male and female rats 
of the Wistar and BD-strains were killed by decapitation 
and the livers were quickly excised and placed into ice-cold 
Tris-KClI buffer, pH 7.4 (25 mM Tris, 0.15 M KCl). After 
chopping the livers and rinsing the fragments, homogenates 
were prepared by a polytron unit PT-10 (20sec of soni- 
cation) to a final concentration of 20% (w/v) in the same 
buffer. The 6000 g supernatants were prepared by centrifu- 
gation for 10 min. 


Incubations were carried out at 37° in 1.5 mi Eppendorf 
Micro-tubes in a shaking water bath under free access to 
air. The incubation mixture (final volume: 250 ul) con- 
tained NADPH (100 4M) and a NADPH-regenerating sys- 
tem (isocitrate, isocitrate dehydrogenase) in Tris-KCl 
buffer. The appropriate amount of diazepam (final con- 
centration between 1 and 600 uM) was added in 2.5 ul 
ethanol). This mixture was preincubated at 37° for 5 min 
and the reaction initiated by the addition of 25 wl of the 
appropriately diluted hepatic 6000 g supernatant. After a 
reaction time of 12 min, 200 yl of the incubate were trans- 
ferred into another Eppendorf reaction vessel containing 
1ml ethyl acetate and the internal standard (75 ng 
prazepam). 

Analysis of diazepam metabolites. Extraction was carried 
out on a reciprocal shaker for 20 min. After a 2 min cen- 
trifugation period (5012 Eppendorf centrifuge), the 
organic supernatant was transferred into a 1.5 ml glass vial 
and the solvent evaporated to dryness under a stream of 
nitrogen. The residue was dissolved in 60 ul ethyl acetate 
and 1 yl was injected into the electron capture gas chro- 
matograph (model 251 ECD on a Carlo-Erba 2300 gas 
chromatograph). A 2m glass column which was packed 
with 3% OV-17 on 120/140 Gas Chrom Q (Applied Science 
Lab.) was used. The oven temperature was maintained at 
290°, the temperatures of the injector and detector were 
300°. Argon-S% methane was used as carrier gas. Extrac- 
tion yields of metabolites were between 80 and 100 per 
cent, the variability coefficients between 3 and 5 per cent, 
and the lower limit of detection between 2 and 5 ng/ml 
(using 200 zl sample volumes). Calibration was achieved 
by the analysis of samples to which known amounts of 
metabolites had been added. Linear relationships between 
peak height ratios and amounts of metabolites added were 
found over a concentration range of three orders of 
magnitude. 

Gas chromatography-mass spectrometry (GC-MS). The 
identity of the metabolites present was confirmed by GC- 
MS-Computer analysis as described earlier [14]. Selected 
ion monitoring for low-level detection of the benzodiaze- 
pine metabolites was also used. 

For the in vitro measurement of diazepam metabolism, 
we have chosen to use the 6000g supernatant of liver 
homogenate instead of the ‘microsomal’ fraction, since 
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Table 1. Michaelis-Menten constants of the 3-hydroxyla- 
tion and demethylation reaction of diazepam by rat liver 
in vitro* (Wistar strain) 





Reaction products 
3-Hydroxydiazepam Desmethyldiazepam 





Vimax$ Km| Vinax$ Knll 





Neonatal rat+ 

Male 34 

Female 48 

Male/female 0.71 


9.1 110 
10.3 100 
0.88 1.1 


240 
310 
0.77 





Adult ratt 
Male 
Female 
Male/female 


103+8.5 265+ 43 
117+21 608+ 105 
0.88 0.44 


697+ 115 564+ 95 
135+ 26 259+ 30 
52 2.2 





* Supernatant (6000 g) prepared as 20% w/v liver in 
Tris/KCI buffer; total incubation volumes were 250 ul and 
contained 25 wl of neonatal or 2.5 ul of adult rat liver 
supernatant. Incubation time: 12 min; sample volume for 
GC-ECD analysis: 200 wl. 

+ Ten livers of each gender were pooled. The squares 
of the linear regression coefficients of the Michaelis—-Men- 
ten kinetics for the two metabolic reactions measured were: 
3-hydroxylation, male (r =0.98), female (r° = 1.00); 
demethylation, male (r= 0.96), female (r= 1.00). 

¢ Values given as mean + S.D. (N = 4). 

§ [nmole/g liver/min]. 

[eM]. 


significant losses of enzyme activity were observed if 
microsomes were prepared from fetal and neonatal livers 
[15]. The activities of the enzymes measured were calcu- 
lated on the basis of liver weight rather than protein 
content. 

For the adult Wistar rat the value of Vmax for the 
demethylation of diazepam was slightly lower for the male 
than for the female, however, for the 3-hydroxylation of 
diazepam the value of Vmax for the male exceeded that of 
the female by a factor of 5.2 (Table 1). The apparent Km 
values for the two reactions did not show such a large 
difference. 

The initial rates of the formation of the 3-hydroxydiaze- 
pam and N-desmethyldiazepam by the 6000g hepatic 
supernant of another strain of the rat (BD-strain) are shown 
in Table 2. The N-demethylating enzyme activities of the 
adult male exceeded those of the female by a factor of 2.6. 
An even larger difference was found for the formation of 
the 3-hydroxylated product, the adult male enzyme activity 
exceeded adult female activity by a factor of 10. This is a 
much larger factor than has been reported up to now for 
the sex difference of a drug metabolizing enzyme activity. 

The enzyme activity for the formation of both 3- 
hydroxydiazepam and N-desmethyldiazepam was found to 
be much lower in the newborn rat than in the adult rat 
(Table 1, Wistar rat). This was to be expected since it is 
well established that in most animal species the drug metab- 
olizing enzyme activities develop postnatally and are at 
very low levels pre- and perinatally [cf. 16]. In contrast to 
the adult rats, only very small sex-linked differences for 
the kinetic parameters of the two diazepam metabolizing 
reactions were found in neonatal rat liver (Table 1). 

Induction and inhibition studies indicate that diazepam 
is likely to be metabolized by a cytochrome P-450 depen- 
dent enzyme system. Thus, while the low content of this 
enzyme system in neonatal rat liver leads to low diazepam 





* Unpublished results from this laboratory. 
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Table 2. Initial rate of diazepam metabolite formation by 
adult rat liver in vitro*+ (BD-strain) 





Reaction products 
3-Hydroxydiazepam Desmethyldiazepam 





12:9: 2:1 
“4.9 + 0.32 
2.6 


74.5 + 9.6 
7.4+ 0.90 
10.1 


Adult male 
Adult female 
Male/female 





* Incubation conditions as in Table 1. 

+ Substrate concentration: 17.6 uM (5 ug/ml). 

t Values given as [nmole/g liver/min]; mean + S.D. 
(N = 10). 


metabolism in neonatal rat as compared to adult rat, the 
sex-related difference in the adult rat cannot be explained 
by different cytochrome P-450 contents since the level of 
this enzyme system is similar in adult male and female rat 
(0.6 and 0.5 nmole/mg microsomal protein, respectively). 

A much more likely explanation is that different forms 
of the cytochrome P-450 dependent monooxygenase system 
may be responsible for the N-demethylation and 3-hydrox- 
ylation of diazepam (cf. the kinetic constants shown in 
Table 1). These enzymes exhibit approximately the same 
activity at birth. Postnatally, the N-demethylating enzyme 
system develops at similar rates in the male and female rat, 
while the 3-hydroxylating enzyme system develops to reach 
far higher activity in the male than in the female rat. 

Further evidence for the apparent multiplicity [17, 18] 
of the cytochrome P-450 system includes: (a) the 3-hydrox- 
ylating activity rapidly decreased on repeated thawing and 
freezing of the liver 6000 g supernatant, while the N- 
demethylating activity was only slightly affected, suggesting 
different stabilities of the two enzyme systems;* (b) pre- 
treatment of the rat with phenobarbital strongly increased 
both the 3-hydroxylation and N-demethylation in vitro, 
while pretreatment with 3-methylcholanthrene decreased 
the 3-hydroxylation while the N-demethylation was 
increased, albeit less than after phenobarbital 
pretreatment. * 

Because of the ease, ‘specificity and sensitivity of the 
analytical procedures developed and the magnitude of the 
observed sex-differences, the in vitro hepatic metabolism 
of diazepam provides an interesting and convenient model 
for the study of sex-linked differences in drug metabolism. 

In conclusion, we have compared the diazepam metab- 
olizing enzyme activities of male and female rat liver. The 
rate of 3-hydroxylation of diazepam by the adult male rat 
exceeds that of the adult female rat by a factor of 10 (BD- 
rat) or 5.2 (Wistar rat). The rate of N-demethylation of 
diazepam showed much smaller differences. For the neo- 
natal rat, neither the 3-hydroxylating nor N-demethylating 
activities showed a sex-dependent difference. Evidence is 
presented that the two metabolic reactions are catalysed 
by different forms of the cytochrome P-459 system. 
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Trans-membrane alkylation: a new method for studying irreversible binding of 
reactive metabolites to nucleic acids 


(Received 11 June 1979; accepted 10 September 1979) 


Examination of metabolites capable of alkylating nucleic 
acids has become an important point in assessment of 
possibly carcinogenic compounds. Alkylation of nucleic 
acids by metabolites of carcinogens can be demonstrated 
in vivo [1], but application of such methods is hampered 
by the necessity of administration of very large quantities 
of expensive radioactive material [2]. On the other hand, 
many carcinogens are converted by microsomal mono- 
oxygenases in vitro to the reactive metabolites which 
covalently bind to macromolecules [3, 4]. It has been pro- 
posed to add a protein, e.g. albumin, to incubations of rat 
liver microsomes, NADPH, and the labeled compound in 
question [5]. Re-isolation of the protein component after 
the incubation allows measurement of irreversible protein 
binding to a well defined molecule. Similarly, nucleic acids 
are often added to microsomal incubations to provide tar- 
gets for alkylation [4, 5]. Besides DNA and RNA, the use 
of synthetic polynucleotides (polyadenylic acid, polycyti- 
dylic acid, etc.) gives invaluable insights into the type of 
nucleotide preferred for alkylation and into the possible 
mechanisms [6, 7]. A disadvantage of this method of using 
natural or artificial nucleic acids as trapping material for 
radioactive metabolites in vitro is the presence of nucleases 
in microsomal preparations, and the presence of ribosomal 
RNA in microsomes which often leads to difficulties in 
estimation, especially of DNA adducts. Also, nucleic acids 
re-isolated after incubations with microsomes may be con- 
taminated with proteins originating from the incubation 
system; in general, proteins, according to their content of 
free sulfhydryl groups, are alkylated by electrophilic metab- 
olites to a much higher degree than are nucleic acids. The 
presence of nucleases in microsomal incubations usually 
leads to unsatisfactory recoveries of nucleic acids on re- 
isolation from such incubations and to degradation of bio- 
active molecules. Especially if the alkylated re-isolated 
macromolecules are to be subsequently subjected to analy- 
ses using methods of molecular biology, a method is 
required which excludes direct action of microsomal 
enzymes on the macromolecule incubated. 

This report describes a new method for alkylating nucleic 


acids by metabolites of xenobiotics in rat liver microsomal 
incubations which overcomes these difficulties. In this sys- 
tem, microsomal biotransformation and the binding target 
are separated into two compartments, separated from each 
other by polyamide molecular sieves. [1,2-'C]Vinyl chlor- 
ide is used as substrate to demonstrate the practicability 
of the method; this compound is known [6-8] to be trans- 
formed by rat liver microsomes to an alkylating metabolite. 
As a chemically well-defined target for alkylation, poly- 
adenylic acid (poly-adenosine) is used because it gives a 
single well characterized alkylation product (1,N°-etheno- 
adenosine) on reaction with vinyl chloride metabolites 
[6, 8]. Results obtained by the conventional method 
(method A) are compared with those of the new ‘trans- 
membrane-alkylation’ method (method B). 


Microsomal incubations. Rat liver microsomal incuba- 
tions were carried out under an atmosphere containing 
[1,2-""C]vinyl chloride, using the all-glass incubation appar- 
atus previously described [9]. Conditions of substrate satu- 
ration were chosen [9], i.e. vinyl chloride in the gas phase 
exceeded a partial pressure of 1 torr (0.13 kPa). Micro- 
somes were prepared from livers of male Wistar rats accord- 
ing to standard procedures [9]. Incubations contained 1 mg 
microsomal protein/ml and an NADPH-regenerating sys- 
tem [9]. 


Method A_ (conventional). Polyadenylic acid 
(mol. wt = 100,000; Serva, Heidelberg) was directly added 
to the microsomal incubations, at a concentration of 
2 mg/ml. After 45 min of incubation at 37° the incubation 
vessels [9] were removed, chilled on ice, and the contents 
were transferred to ultracentrifugation tubes [6]. After 
centrifuging at 100,000 g for 1 hr, the supernatants con- 
taining the soluble components were dialyzed in dialysis 
bags at 4° for 36hr against 0.1 M ammonium acetate 
buffer, pH6.5. After dialysis, an aliquot was taken 
for determination of the remaining concentration on poly- 
adenylic acid by spectrophotometry at 260 nm [6]. Subse- 
quently, the whole was lyophilized and subjected to 
enzymic hydrolysis and chromatography. 
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microsomes 
NADPH 





lac - vinyl chloride 


buffer 


Fig. 1. Alkylation of nucleic acid by microsomal metabolites of ['*C]vinyl chloride (method B). (1) 
Introduction of the reaction components into the vessels. (2) Incubation under ['*C]vinyl chloride. (3) 
Diafiltration to remove the unbound material. 


Method B. Incubations were performed in the vessels 
shown in Fig. 1; these vessels were connected to our incu- 
bation apparatus [9]. Microsomal biotransformation and 
the binding reaction were separated by polyamide molecu- 
lar sieves. The ‘nucleic acid solution’ (2 mg polyadenylic 
acid per ml Tris/KCI buffer consisting of 4 parts 0.15M 
KCI and 1 part 0.25 M Tris-HCl, pH 7.4) was filled into 


dpm/2mg polyadenylic acid 
900 
4 


5007 
3004 
200 











capillary membrane fascicles (4ml jnner volume). The 
membranes used (interchangeable capillaries for minicon- 
centrator BMU, Fa. Berghof, Tiibingen-Lustnau) were 
asymmetric polyamide membranes pretreated with diazo- 
methane. The membrane’s skeleton was 200 «wm thick and 
the active separation membrane was 0-5 wm thick. Mem- 
brane surface at 4ml inner volume was 150.cm*, the 
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Fig. 2. lon exchange chromatogram of hydrolysate of polyadenylic acid, incubated with rat liver 

microsomes, NADPH and [1,2-'C]vinyl chloride (method A). Elution is photometrically recorded at 

254nm (~--) and 280nm (——). Absorbance is given in arbitrary scale units of the recorder. 

Radioactivity and optical peak of ‘carrier’ 1,N°-ethenoadenosine (at 186 ml) are superimposed. Non- 
radioactive adenine is eluted at 325 ml. 
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Fig. 3. Analysis of hydrolysate of polyadenylic acid after incubation according to method B. All other 
experimental details are as indicated in Fig. 2. 


exclusion limit was 10,000 daltons. The fascicles (see Fig. 
1) were bent around a perforated plastic ring which con- 
tained the stirring magnet [9] for the microsomal incuba- 
tion. The whole was placed in an Erlenmeyer flask of 100 ml 
vol. After introduction of the ‘nucleic acid solution’ (while 
chilling on ice), 40 ml of ice-cold microsomal incubation 
mixture, containing the NADPH-regenerating system (see 
method A), was given to the flask. After connecting the 
flask with the ['*C]vinyl chloride containing atmosphere 
[9], reaction was started by heating to 37°. By means of a 
syringe connected to one of the lateral outlets (Fig. 1), 
alternating positive and negative pressures could be applied 
to the fascicles, thus facilitating fluid exchange between 
both compartments. 

After 45 min of incubation the vessels were removed. 
Immediate diafiltration in the same system followed. The 
microsomal suspension was removed from the vessels and 
replaced by ice-cold dialysis buffer (0.2 M ammonium for- 
mate/0.02M formic acid, set to pH 7.0 with conc. 
ammonia). A peristaltic pump (Fig. 1) supplied the system 
with fresh buffer to wash out all the removable metabolites. 
After diafiltration (3 hr at 4°) the contents of the membrane 
fascicles were removed (Fig. 1). An aliquot of the solution 
thus obtained served for determination of the remaining 
polyadenylic acid (spectrophotometry at 260 nm); subse- 
quently, the whole was lyophilized and subjected to 
hydrolysis and to chromatography. 

The ‘nucleic acid’ (polyadenylic acid) was hydrolysed by 
a two-step procedure in which endonuclease and exonu- 
clease/phosphatase were used successively. This procedure 
has already been described in detail [6, 7]. After hydrolysis, 
50 ul 10mM 1, N°-ethenoadenosine (Serva, Heidelberg) 
was added as a non-radioactive optical marker for the 
expected radioactive 1,N’-ethenoadenosine. The subse- 
quent chromatography of the nucleosides using Aminex A- 


6 columns has been previously described [6, 7, 10]. As the 
present procedure of hydrolysis [6] transformed adenosine 
into adenine (but not 1,N°-ethenoadenosine into 1,N°-eth- 
enoadenine), the major peaks eluted from the column 
(Figs. 2 and 3) were 1,N’-ethenoadenosine (radiolabeled 
and optically monitored) and adenine (optically monitored, 
non-radioactive). 

Comparison of the chromatograms obtained using both 
methods of incubation (Figs. 2 and 3) shows that both 
procedures lead to formation of labeled 1,N°-ethenoad- 
enosine moieties in polyadenylic acid on rat liver micro- 
somal incubation with 'C vinyl chloride. Besides some 
radioactive material not completely hydrolysed by the 
enzymic procedure which appears in the breakthrough vol- 
ume, ethenoadenosine is the only major radioactive peak. 
However, the insertion of the semipermeable membrane 
between the metabolizing microsomes and the nucleic acid 
target leads to a reduced formation of the alkylation product 
(ethenoadenosine) which is about 10 per cent that obtained 
with method A. The real advantage of method B is that 
it rules out the problems of recovery of the alkylated nucleic 
acid after incubation. Whilst using method A only 45.6 + 5.7 
per cent (x + S.D.; 4 independent determinations) of the 
polyadenylic acid which was applied to the incubation could 
be recovered, with method B 86.0 + 1.7 per cent (N = 3) 
was re-isolated. Single experiments with polycytidine and 
with DNA as targets confirmed the doubling of recovery 
by using method B. As in the past we often faced con- 
siderable difficulties in analysing DNA adducts from in 
vitro experiments, we expect that the new method in some 
cases may offer an advantageous alternative. 

Also, this method presents a possibility to obtain alky- 
lated nucleic acids in their native form, without contami- 
nations, which may be suitable for further investigations, 
e.g. for translation experiments with alkylated RNA. The 
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use of in vitro methods to obtain nucleic acids alkylated 
with metabolites or labeled xenobiotics has a définite 
advantage over in vivo and organ per fusion methods, in 
that much lower amounts of radioactivity are necessary for 
an individual experiment. 


Acknowledgement—The financial assistance of the 
‘Deutsche Forschungsgemeinschaft’ (grant No. Bo 549/2) 
is gratefully acknowledged. 


REINHOLD J. LAIB 
HERMANN M. BoLt* 


Institut fiir Toxikologie, 

Universitat Tiibingen, 

Wilhelmstr. 56, D-7400 
Tiibingen 1, F.R.G. 





*Reprint requests should be directed to H.M.B. at his 
present address: Pharmakologisches Institut der 
Universitat, Abteilung Toxikologie, Obere Zahlbacher 
Str. 67, D-6500 Mainz, F.R.G. 


Short communications 


REFERENCES 


1. C. C. Irving, in Methods in Cancer Research (Ed. H. 
Busch), Vol. 7, p. 189-244. Academic Press, New York 
(1963). 

. W. K. Lutz and C. Schlatter, Arch. Tox., Suppl. 2, 411 
(1979). 

. P. Brookes and P. D. Lawley, Nature, Lond. 202, 781 
(1964). 

. P. L. Grover and P. Sims, Biochem. J. 110, 159 (1968). 

. H. M. Bolt and H. Kappus, J. Steroid Biochem. 5, 179 
(1974). 

.R. J. Laib and H. M. Bolt, Toxicology 8, 185 (1977). 

. R. J. Laib and H. M. Bolt, Arch. Tox. 39, 235 (1978). 

. A. Barbin, H. Brésil, P. Jacquignon, C. Malaveille, R. 
Montesano and H. Bartsch, Biochem. biophys. Res. 
Commun. 67, 596 (1975). 

. H. Kappus, H. M. Bolt, A. Buchter and W. Bolt, 
Toxic. appl. Pharmac. 37, 461 (1976). 

.R. J. Laib, G. Stéckle, H. M. Bolt and W. Kunz, J. 
Cancer Res. clin. Oncol. 94, 139 (1979). 





Biochemical Pharmacology, Vol. 29, pp. 452-454 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/0201-0452 $02.00/0 


An assay for alpha-adrenergic receptor subtypes using [*H]dihydroergocryptine 


(Received 1 June 1979; accepted 30 July 1979) 


In 1948, Ahlquist [1] made the initial demarcation between 
alpha- and beta-adrenergic receptors. Subsequently, two 
subtypes of beta [2] and alpha [3, 4] receptors have been 
identified. A number of drugs have been proposed to 
discriminate in physiological experiments between these 
two alpha receptor subtypes by virtue of a relatively greater 
affinity for one or the other alpha receptor subtype [5-7]. 
We have recently described a method for quantitatively 
determining the alpha-adrenergic receptor subtypes using 
computer modelling of competition curves of prazosin with 
the non-selective antagonist (*H]dihydroergocryptine 
(PH]DHE) [8]. Prazosin was found to be ~ 10,000-fold 
more potent at alpha: receptors, whereas yohimbine was 
~ 500-fold more potent at alphaz receptors in rabbit uterus 
8}. 

we now propose and validate a new and simpler method 
for quantifying the alpha-adrenergic receptor subtypes. 
This method has the advantage of not requiring complex 
computational techniques. 

Rabbit uterine membranes were prepared and binding 
assays were performed as described previously [9]. Prazosin 
was a gift from Pfizer Inc., New York, NY. In each experi- 
ment a competition curve of [*H)DHE (present at a con- 
centration of ~ 5 nM) by prazosin was constructed; in the 
same membrane preparation, (H]DHE saturation curves 
(1-15 nM) were performed in the presence and the absence 
of a fixed concentration of prazosin (10~’M). The data 
from the saturation curves were subjected to Scatchard 
analysis [10] to obtain estimates of the number of alpha 
receptor sites in the presence of prazosin (Raipha,) and the 
absence of prazosin (Rtotal). The difference between Rtotai 
and Raiphaz, (Rtotal — Raipha2), Was taken as an estimate of 
the number of alpha: receptors (Raipha,;). Independent 
estimates of the proportion of alpha: and alphaz receptors 
were also generated by the computer modelling of prazosin 
competition curves. The computer modelling has been 
described previously in detail [8]. 

Briefly, using a PDP 11/45 computer, data were analyzed 
by a nonlinear least squares curve fitting technique [11] 
using a generalized model for complex ligand-receptor 


interactions [12] to determine the proportion of alpha 
receptor subtypes present in the prazosin competition 
curve, and to determine the number of alpha receptors in 
each of the saturation curves. The deviation of the observed 
data points from the predicted values was weighted accord- 
ing to the reciprocal of the predicted variance [13]. The 
computer simulations were based on the above computer 
techniques. Ali experiments were performed in duplicate. 

The basic premises underlying the method to be 
described here include the following: (1) the affinity of 
prazosin for alpha: receptors (KDaipna; ~ 5 X 107'’M) is so 
much higher than its affinity for alphaz receptors (KDaipha, 
~ 5 x 10~°M) [8] that, when it is present at a concentration 
of 10~’M, essentially all the alpha: and virtually none of 
the alphaz receptors will be occupied by prazosin; (2) the 
binding of prazosin to the alpha: receptors is so tight that 
over the usual range of [*H]DHE concentrations used in 
constructing saturation curves (1-15 nM) prazosin will not 
be displaced from the alpha: receptors; and hence (3) in 
the presence of 10~’M prazosin, [*H]DHE saturation curves 
wili measure only the alpha2 receptors in uterine 
membranes. 

Computer simulations were done to test the validity of 
these premises. For the purposes of computer simulation, 
typical experimentally determined affinities of prazosin and 
["H]DHE were assumed: for prazosin these were KDaipha, 
= 5 x —'°M and KDaiphay = 5 X 10°~°M; and for the non- 
selective radioligand ["H]DHE [9] the affinities were 
KDaipha; = KDaipha, = 5 X 10~°M. Also, the proportions of 
alpha receptor subtypes were set at alphai = 20 per cent 
and alpha2 = 80 per cent. The simulations revealed that 
even at the highest [“H]DHE concentrations used in actual 
experiments (15 nM), prazosin filled more than 97 per cent 
of the alpha: sites and less than 5 per cent of the alphaz 
sites. Thus, the computer simulations substantiate the basic 
assumptions of the ‘double’ saturation curve or Scatchard 
plot technique proposed here. 

Fig. 1 illustrates the results of experiments with the same 
membrane preparation, wherein both a detailed prazosin 
competition curve (Fig. 1A) and [7H]DHE Scatchard plots 
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in the presence and the absence of 10~’M prazosin (Fig. 
1B) were made. The proportions of alpha: and alpha2 
receptors in the membranes were determined to be: (1) by 
computer modelling of the prazosin competition curve— 
alpha: = 24 per cent, alpha2 = 76 per cent and (2) by linear 
regression analysis of the Scatchard plots of saturation 
curves—alphai = 16 per cent, alphaz2 = 84 per cent. In a 
total of four such experiments using four different mem- 
brane preparations with varying proportions of alpha: and 
alpha2 receptors (Table 1), there was very close agreement 
between estimates provided by the computer modelling of 
prazosin competition curves and those obtained by routine 
linear regression analysis of the (7H]DHE saturation curves. 
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The marked variability in alpha-adrenergic subtype pro- 
portions from one membrane preparation to another has 
been a consistent observation and remains unexplained; it 
is not a result of estrogen or progesterone treatment (B. 
B. Hoffman and R. J. Lefkowitz, unpublished 
observations). 

It is also noteworthy that the Kp of [SHJ]DHE was 
unchanged by the presence or the absence of 10~’M pra- 
zosin, being 4.7+1.0 and 4.8+0.4nM, respectively 
(P < 0.48). This finding is consistent with several of the 
basic premises underlying our method. First, it confirms 
that [PH]DHE binds with equal affinity to alpha: and alphaz 
receptors. Second, it agrees with the notion that prazosin 
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Fig. 1. Estimates of the proportions of alpha-adrenergic receptor subtypes determined by (A) computer 
modelling of a prazosin competition curve and (B) Scatchard analysis of [‘H]DHE saturation curves. 
In panel (A), the concentration of [7H]DHE in the assay was 5 nM. The complex biphasic competition 
curve modelled to two classes of receptors with the alpha1 component = 24 per cent and the alphaz 
component = 76 per cent. In the same membrane preparation, (H]DHE saturation curves in the 
presence and the absence of prazosin (10~’M) were constructed and the derived Scatchard plots were 
fitted by linear regression analysis. In panel (B), the Scatchard plot of the control membranes indicated 
the presence of 147 fmoles/mg of protein (r = 0.93) of total alpha receptors, and the plot in the presence 
of 10-’M prazosin yielded alphaz = 124 fmoles/mg of protein (r = 0.89). Thus, the alpha receptor 
proportions were: alpha: = 16 per cent, and alphaz = 84 per cent, in good agreement with the results 
of the computer modelling. 
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Table 1. Comparison of quantification of alpha-adrenergic receptor subtypes by computer modelling 
of prazosin competition curves and Scatchard analysis of [* H]DHE binding* 





Proportion of alpha-adrenergic receptor subtypes 





Scatchard analysis of 
(SH]DHE saturation curves 


Prazosin competition 
curve analysis 





alpha2 = 84% 
alphaz = 88% 


alpha: = 16% 
alpha: = 12% 
alphai = 0% 
alphai = 41% 
alpha: = 17 + 9% 


alpha2 = 59% 
alpha2 


alpha2 = 100% 


83 + 9% 


alpha = 24% 
alpha: = 0% 
alpha: = 0% 
alphai = 43% 
alpha: = 17 + 10% 


alphaz = 76% 
alphaz = 100% 
alphaz = 100% 
alpha2 = 57% 
alpha2 = 83 + 10% 





* The proportions of alpha: and alphaz receptors in each experiment were determined as indicated 
in the text. The good agreement in the estimates of the proportions of alpha receptor subtypes in each 
experiment (and overall for the meaned data) for the two techniques is evident. A different membrane 


preparation was used for each experiment. 


at a concentration of 10~’M is not competitively interacting 
with the alpha2 receptors, since such an inter action would 
have decreased the apparent affinity of [‘H]DHE binding. 

In separate computer simulations, we assessed the feasi- 
bility of using an analogous technique with the alphaz 
selective antagonist yohimbine to measure directly alphai 
receptors in uterine membranes with the [° H|DHE satu- 
ration curve analysis as described above. These simulations 
revealed that over the range of [*H]DHE concentrations 
routinely employed in our assays (1-15 nM), there was no 
concentration of yohimbine which exclusively occupied 
most of the alphaz receptors but spared the alpha receptors. 
This reflects the fact that, while yohimbine has about a 500- 
fold higher potency at alpha2 than alpha: receptors [8], its 
discriminatory power is still inadequate for use in this 
fashion. 

It is important to have available reliable methods for 
determining the alpha-adrenergic receptor subtypes in tis- 
sues with a view to understanding their detailed regulation. 
We have demonstrated previously that computer modelling 
of detailed [*H]DHE competition curves of such selective 
antagonists as prazosin and yohimbine [8] could be used 
to define the proportions of alpha: and alpha2 receptors in 
membrane preparations. We have now demonstrated that 
traditional Scatchard plots may also be used to estimate 
reliably the proportions of alpha: and alpha2 receptors in 
membranes from rabbit uterus. This method is simpler and 
also provides estimates of receptor subtype proportions 
which are in good agreement with the values obtained from 
computer modelling of competition curves. The use of a 
similar ‘double’ Scatchard plot technique was proposed 
previously to determine alpha and alphaz receptor subtypes 
in brain membranes [6]. However, in that study no the- 
oretical justification was provided for the technique nor 
were the estimates compared with those obtained from 
competition curves. Indeed, it is necessary to be cautious 
in using this approach. Prazosin with about a 10,000-fold 
higher affinity at alpha: than alphaz sites was found to be 
adequate for this purpose, whereas yohimbine (~ 500-fold 
alpha2 selective in the uterus) was found by computer 
simulation to be inadequate. Thus, for other ligands in 
other tissues, the estimates obtained by the two techniques 
need to be compared to assure their equivalence. 
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Wheat germ agglutinin stimulates exocytotic histamine secretion from rat mast 
cells in the absence of extracellular calcium 


(Received 22 May 1979; accepted 31 July 1979) 


Secretagogues are generally thought to initiate secretion 
by mobilizing calcium from extracellular and/or cellular 
pools, as a consequence of their binding at the cell surface 
{1, 2]. How various secretagogues mobilize calcium, par- 
ticularly cellular calcium, is unclear, in part, because the 
cell membrane constituents to which secretagogues bind 
are unknown. Lectins, because of their ability to bind 
specifically with particular sugars, have become valuable 
tools for studying the role of the cell surface in many 
cellular functions [3-5]. Studies of secretion have primarily 
used concanavalin A (Con A), the lectin isolated from the 
jack bean which binds glucose and mannose residues. Con 
A evokes the release of ADP and serotonin from human 
platelets [6], causes specific granule discharge from human 
polymorphonuclear leukocytes (neutrophils) [7], and its 
addition to suspensions of human basophils [8-10] or ham- 


ster mast cells [11], results in the prompt release of his- 
tamine. However, in the non-sensitized rat mast cell, a cell 
that has been used extensively in recent years to study 
secretory events [12, 13], Con A by itself is not an effective 
stimulus for secretion [8, 14-16] even though it has been 
shown to bind to the cell surface [14,15]. Only in the 
presence of phosphatidyl serine [14,15], a potentiator of 
antigen [17, 18] mediated histamine release, or when mast 
cells obtained from rats infected with Nippostrongylus bra- 
ziliensis [16] are used, is a substantial secretory response 
to Con A achieved. Thus, for non-sensitized mast cells, the 
binding of glucose or mannose residues by Con A at the 
cell surface does not seem to be sufficient to trigger the 
release of histamine. Wheat germ agglutinin (WGA), the 
lectin isolated from Triticum vulgaris, binds specifically to 
N-acetylglucosamine (NAG) and N-acetylneuraminic acid 


Fig. 1. Mast cell responses to wheat germ agglutinin in the presence or absence of calcium. This figure 
shows peritoneal cells viewed through an inverted microscope by phase contrast. The large, highly 
refractile cells are mast cells. The horizontal bar represents 10 wm. (a) Mast cells in Ca-free Locke 
containing 2 mM EGTA. (b) The same cells 1 min after the addition of WGA (5 x 1074 g/ml) showing 
the classical degranulating response. Note the presence of many extruded granules. (c) A mast cell that 
has been incubated in 2mM EGTA for 3hr, resuspended in 0.4mM EGTA, and then exposed to 
WGA (5 x 10°~* g/ml) for 5 min showing the absence of degranulation (compare with a and contrast 
with b). (d) The same cell after the addition of Ca (2mM). Note the typical degranulating response. 
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(NANA) groups [19, 20], both common constituents of cell 
surfaces. We report here that WGA stimulates a calcium 
and energy-dependent histamine secretion and granule 
extrusion from non-sensitized rat mast cells and that this 
secretory response occurs in the absence of phosphatidyl 
serine and in the absence of extracellular calcium. 

Peritoneal mast cells were obtained from male rats (200- 
350 g), as described previous] [21], and incubated in Ca- 
Locke [150mM NaCl, 5mM KCl, 2mM CaCh, 10mM 
Hepes (N-2-hydroxethyl piperazine-N’-2-ethanesulfonic 
acid)] for 10 min. The cells were then washed twice with 
Ca-free Locke [CaClz was omitted and 2 mM EGTA (eth- 
ylene glycol-bis-(8-aminoethyl ether) N,N’-tetra acetic 
acid) added] and resuspended in Ca-free Locke. All sol- 
utions were adjusted to pH 7.2 and contained glucose 
(5.6 mM) and bovine serum albumin (BSA, | mg/ml) which 
control experiments showed did not affect the secretory 
response to WGA. WGA (Sigma Chemical Co., St. Louis, 
MO) was dissolved as a stock solution in Ca-free Locke 
and kept frozen until use. For light microscopy, suspensions 
of mast cells were pipetted into Sykes—Moore culture cham- 
bers, and the fields were observed and photographed as 
described previously [21]. 

Isolated rat mast cells bathed in Ca-free Locke solution 
containing EGTA and viewed by phase-contrast micro- 
scopy are typically spherical, highly refractile, with regular 
cellular outlines (Fig. 1a), and are indistinguishable from 
mast cells bathed in Ca-containing Locke [21-23]. Within 
a few seconds of the addition of WGA, such cells begin to 
extrude granules and undergo the classic degranulation 
response (Fig. 1b) which has been shown by electron micro- 
scopy to result from exocytosis [24-29]. Accompanying this 
granule extrusion is the release of histamine (Fig. 2). At 
a concentration of 2.5 x 10~° g/ml, WGA caused the 
release of some 10 + 1.7 per cent of the histamine, and this 
response increased as the concentration of WGA was raised 
(Fig. 2). When cell suspensions were purified to contain 
more than 90 per cent mast cells by differential centrifu- 
gation through BSA[31], histamine release and granule 
extrusion in response to WGA were the same as with the 
mixed peritoneal cell washings. In contrast, Con A (1.0- 
100 g/ml), in the presence or absence of glucose and with 
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Log [WGA] (gm/mi) 
Fig. 2. Histamine release from rat mast cells in response 
to wheat germ agglutinin. Suspensions of peritoneal cells 
were incubated in Ca-Locke at 37° for 10 min with varying 
concentrations of WGA. Histamine was assayed by the 
fluorometric method of Kremzner and Wilson [30], and 
histamine secretion is expressed as a percentage of total 
cell histamine. Each point represents the mean + S.E. of 
three experiments. 
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normal or reduced BSA (0.1 mg/ml), failed to elicit a 
secretory response in mast cells obtained from the same 
group of rats. Histamine release in response to Con A was 
never greater than 7.5 + 1.2 per cent which is not signifi- 
cantly different from basal release (4.8 + 1.0 per cent). 
This agrees with earlier work by Sullivan et al. [14]. These 
variations in the concentrations of glucose and BSA served 
as controls since Con A binds to glucose and mannose 
residues [3-5]. 

It is well known that calcium ions are required for secre- 
tion [1, 2]. When mast cells were incubated in Ca-free 
Locke containing EGTA (2.0mM), and WGA 
(5 x 10~° g/ml) was subsequently added, granules were 
extruded and histamine was released (23.1 + 2 per cent, 
N = 3). This secretory response is similar to that obtained 
from mast cells incubated in calcium containing Locke (Fig. 
2). The question arose as to whether the secretory response 
elicited by WGA in media free of calcium was an exception 
to the general requirement for calcium in secretion [1, 2]. 
Earlier experiments with mast cells using media with 
reduced sodium [32] or the secretagogue, compound 48/80 
(21, 27, 33, 34], in order to elicit histamine release in the 
absence of extracellular caicium have shown that treatment 
of mast cells with 2mM EDTA or EGTA for 3 hr at 37° 
can abolish the secretory response. The reintroduction of 
calcium restored the response [21, 32]. In the present 
experiments, treatment of the mast cells with chelating 
agent for 3hr at 37° abolished the histamine released in 
response to WGA (Fig. Ic and Fig. 3A). The subsequent 
reintroduction of calcium, but not magnesium, restored the 
response (Fig. 1d and Fig. 3A) and, if magnesium was 
included with the reintroduced calcium, histamine release 
was prevented (Fig. 3A). The reintroduction of calcium in 
the absence of WGA produced no increase in histamine 
secretion. 

Metabolic energy, in addition to calcium, is required for 
secretion [1, 2, 35]. In the present experiments, when mast 
cells were incubated for 10 min in glucose-free, Ca-Locke 
containing deoxyglucose (5 x 10°" M) and antimycin A 
(2 x 10-°M) before the addition of WGA (5 x 107° g/ml), 
little histamine secretion occurred (4.1 + 1.0 per cent, 
N = 3) as compared to that released from cells whose 
energy supply was intact (25.3 + 2.4 per cent, N = 3). 

In order to determine if the secretory response produced 
by WGA was due to the binding of NAG or NANA 
residues, these sugars were added to solutions containing 
WGA (5 x 107° g/ml). These combined solutions were then 
added to mast cells in Ca-Locke and the cells were incu- 
bated for 10 min. The sugars, NAG or NANA, inhibited 
the secretory response produced by WGA in a concentra- 
tion-dependent fashion (Fig. 3B), NANA being more 
effective in producing inhibition than NAG. This inhibition 
of the secretory response to WGA by these sugars was 
specific, for the addition of other sugars in similar amounts 
was without effect, and cells exposed to NAG or NANA 
in the absence of WGA still responded to the addition of 
compound 48/80 with a typical secretory response. Whether 
WGA initiates its secretory effect by binding to NAG or 
NANA or both is at the present time unknown. We have 
found, however, that incubation of mast cells with the 
enzyme neuraminidase (Sigma, 50 m-units/10° cells for 1 hr 
at 37°), a procedure that removes some 50 per cent of the 
neuraminic acid from isolated chromaffin cell granules [36], 
significantly reduces (by 19.8 + 0.2 per cent) the histamine 
released in response to WGA (5 x 10> g/ml) but has no 
effect on that released in response to compound 48/80 
(1 ug/ml) or the ionophore A23187 (0.5 ug/ml). 

The secretory response to WGA that we have observed 
is dependent on a source of calcium (Fig. 3) and metabolic 
energy and the granule extrusion seen via phase contrast 
microscopy (Fig. 1, panels b and d) is indistinguishable 
from that produced by such diverse secretagogues as anti- 
gen [29], compound 48/80 [21, 24-28], the ionophore 
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A23187 [21, 37], or “Na-lack” (32]—a response that has 
been shown to be the result of exocytosis [24-28, 32]. Our 
experiments suggest that this exocytotic release of hista- 
mine in response to WGA is most likely initiated by the 
binding of this lectin ts NANA and/or NAG residues at 
the cell surface. 

Two significant points are raised by our experiments and 
deserve further comment: (1) the clear difference between 
the abilities of WGA and Con A to elicit a secretory 
response from non-sensitized mast cells, and (2) the dif- 
ferent calcium requirements shown by these two lectins 
when they do initiate secretion. 

A clue to explaining these differences is the observation 
that Con A stimulates histamine secretion from sensitized 
human basophils by binding to IgE molecules at the cell 
surface [9, 10]. In the sensitized rat mast cell, antigen 
binding to cell surface IgE molecules elicits histamine 
secretion presumably by increasing the calcium permea- 
bility of the cell membrane [38, 39]. In this cell, Con A 
probably initiates secretion by a similar mechanism. The 
inability of Con A to stimulate histamine secretion from 
non-sensitized mast cells may reflect the inability of this 
lectin to sufficiently alter the calcium permeability of the 
cell membrane due to the lack of suitably bound IgE 
molecules. 

Our results show that WGA can elicit secretion from 
such non-sensitized mast cells; therefore, it probably acts 
by a different mechanism—one that may not involve bind- 
ing of cell surface IgE molecules. This conjecture is sup- 
ported by the observations that WGA and Con A show 
different calcium requirements for eliciting secretion (see 
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Fig. 3 and Sullivan et al. [14]). The secretory response 
initiated by WGA occurs in the absence of extracellular 
calcium while that produced by Con A does not [14, 15]. 
In the present experiments, prior treatment of the mast 
cells with a chelating agent abolished the response to WGA, 
and the subsequent reintroduction of calcium (but not 
magnesium) restored it. Earlier studies [21, 23, 27, 32] 
have suggested that the source of calcium removed by such 
chelation is cellular in location, perhaps the plasma mem- 
brane. WGA may, therefore, initiate secretion in the non- 
sensitized mast cell by displacing membrane calcium as a 
consequence of its binding with particular groups at the cell 
surface. Such displacement of membrane calcium has also 
been suggested to occur with stimulation of mast cells by 
compound 48/80 [21, 27] and ‘‘Na-lack”’ [32]. The release 
of calcium from the same membrane pool by structurally 
related but different stimuli has recently been directly dem- 
onstrated in chlorotetracycline-loaded neutrophils stimu- 
lated by synthetic or native chemotactic factors [40]. The 
inability of Con A to elicit secretion from non-sensitized 
mast cells, even though it has been shown to bind [14,15], 
suggests that its binding is either unable to displace mem- 
brane calcium or that additional perturbations required for 
secretion are produced by the binding of WGA and secret- 
agogues like 48/80 but not by the binding of Con A. 
Very recently, while this manuscript was in preparation, 
Lawson et al. [41] reported that soluble WGA, coupled to 
fluorescein or ferritin, bound to both sensitized and non- 
sensitized mast cells but in concentrations up to 100 ug/ml 
failed to induce significant histamine secretion from sen- 
sitized mast cells. These authors did find, however, that 
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Fig. 3. Histamine release from rat mast cells in response to WGA (5 x 10~° g/ml) showing its dependency 
on calcium and its inhibition by the sugars, N-acetylglucosamine (NAG) or N-acetylneuraminic acid 
(NANA). Each point is the mean + S.E. of three experiments. (A) Cells incubated in 2mM EGTA 
for 3 hr at 37° and resuspended in either Ca-Locke, Ca-Locke containing 10 mM magnesium, or Ca-free 
Locke containing 0.4 mM EGTA. Note the drastic reduction in WGA-evoked histamine release when 
calcium was absent or present with magnesium. (B) Mast cells in Ca-Locke and stimulated with WGA 
released some 27 + 1.8 per cent of their histamine (first column, from the left). As the concentration 
of the inhibitory saccharide was increased from 10” to 10~? g/ml, the amount of histamine released in 
response to WGA declined. The solid horizontal line in each column represents histamine release in 
the presence of N-acetylglucosamine and the dashed line the response in the presence of N-acetylneu- 
raminic acid. 
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when sensitized mast cells were incubated with WGA 
bound to Sepharose 6 B beads, some 30 per cent of the 
cells showed a generalized pattern of degranulation in the 
presence or absence of calcium. 

In summary, we have found that the lectin wheat germ 
agglutinin (WGA) stimulates granule extrusion and his- 
amine release from isolated rat mast cells. This secretory 
response occurs in the absence of extracellular calcium but 
is prevented by pretreating the mast cells with a chelating 
agent and restored by the reintroduction of calcium (but 
not magnesium) to the bathing medium. This secretory 
response to WGA is also prevented by energy deprivation 
or by the sugars, NANA or NAG, to which WGA specif- 
ically binds. Unlike the lectin, Con A, WGA is able to 
elicit this secretory response from non-sensitized mast cells 
in the absence of the cofactor phosphatidyl serine. It is 
suggested that WGA initiates secretion by mobilizing a 
“cellular” or bound source of calcium and thus resembles 
the mast cell secretagogue, 48/80 [27]. 
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Induction of 6-aminolevulinic acid synthetase in chick embryo kidney 


(Received 27 March 1979 


6-Aminolevulinic acid (ALA) synthetase is the rate-limiting 
enzyme of porphyrin and heme synthesis. Induction of this 
enzyme by porphyrinogenic agents is most marked in the 
liver. The response of this organ to various chemicals is 
the basis of in vivo or in vitro systems for assessing the 
induction potential of these agents [1-3]. Heme synthesis 
and turnover in kidney have rates and magnitudes com- 
parable to those of liver in some species [4]. However, 
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ALA synthetase induction in kidney has not been studied 
extensively. Barnes et al. [5] described the induction of 
ALA synthetase activity in kidney mitochondria in rats 
treated with allylisopropylacetamide (AIA). Schwartz et 
al. [6] were unable to induce ALA synthetase in Syrian 
hamster kidney with 3,5-dicarbethoxy-1,4-dihydrocollidine 
(DDC). We previously reported significant induction of 
ALA synthetase in the kidneys of 1-day-old chicks treated 
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with AIA. DDC failed to induce ALA synthetase in chick 
kidney, although marked induction occurred in the liver 
in this system [7]. Using a 20-day-old chick embryo system, 
we have now been able to document DDC-mediated induc- 
tion of ALA synthetase in kidney as well as in liver. 

ALA synthetase assay methods were modified because 
of the higher levels of ALA dehydratase in embryonal liver 
and kidney homogenates. To block ALA dehydratase 
activity, levulinic acid was added and the concentration of 
EDTA was increased. These modifications of the method 
of Hayashi et al. [8] yield higher levels of ALA synthetase 
in both embryonic and newly hatched chicks. 

Fertilized eggs of a strain of White Leghorns were 
obtained from the Poultry Department of the University 
of Manitoba. Drugs (6 mg DDC or 20 mg AIA) were dis- 
solved in 0.1 ml dimethylsulfoxide (DMSO) and introduced 
through the chorioallantois of eggs containing 20-day-old 
chick embryos. At intervals, livers and kidneys were 
removed and frozen at —20°. Control embryos were given 
only DMSO. Homogenates of frozen and thawed organs 
were made in 0.05 M Tris-HCl, pH 7.6, containing 0.1mM 
pyridoxal phosphate, and ALA synthetase activity was 
measured in the homogenates. The assay mixture contained 
in a final volume of 1 ml: 50 mM Tris-HCl, pH 7.7, 200 mM 
giycine, 10 mM succinate, 10 mM ATP, 0.05 mM CoA, 0.1 
mM pyridoxal phosphate, 6mM EDTA, 6mM MgCh, 
7.5 mM levulinic acid, succinyl CoA synthetase generating 
1.2 wmoles succinyl CoA/hr, and appropriate amounts of 
homogenate. The reaction was carried out in a test tube 
for 30 min at 37° in a shaking water bath and stopped by 
the addition of 0.25 ml of 12.5% trichloroacetic acid. The 
ALA formed was measured by a colorimetric method after 
condensation with acetylacetone [9]. Succinyl CoA syn- 
thetase was prepared from Escherichia coli [10]. Protein 
was measured by the biuret method [11], and the enzyme 
activity expressed as the generation of ALA per mg of 
protein per hr. AIA was a gift of Hoffmann-LaRoche Inc., 
Montreal, Canada. DDC was obtained from Eastman 
Organic Chemicals, Rochester, NY. 

Although porphyrin and heme synthesis occurs in most 
eukaryotic cells, little is known about the basal levels and 
inducibility of the rate-limiting enzyme, ALA synthetase, 
in most eukaryotes. The induction of ALA synthetase by 
drugs has been documented primarily in liver cells. This 
may be due to selective affinity of the drug or chemical for 
that organ, to cell permeability, or to transformation of the 
drug to a porphyrinogenic metabolite in the liver. There 
are several reports of the inability of porphyrinogenic 
agents to induce ALA synthetase in organs other than liver. 
AIA does not induce ALA synthetase in heart, brain [5] 
or adrenals [12]. DDC also failed to induce the enzyme in 
adrenals [12], spleen [13] or heart [14]. However, hormones 
may induce in their natural target organs, such as pro- 
gesterone inducing ALA synthetase in estradiol-primed 
chick oviduct [15], adrenocorticotropin in the adrenal [12], 
erythropoietin inducing ALA synthetase in mouse spleen 
[13], and certain 58-reduced steroids in cultured chick 
blastoderm [16]. Higher ALA synthetase activity was found 
in this experimental system than in earlier experiments 
using newly hatched chicks [7] or embryonal liver cells [17]. 
This is, in part, related to the change in methodology in 
utilizing levulinic acid and EDTA to block ALA dehydra- 
tase. The greater induction may also be related to the 
higher sustained concentrations of the inducers in the closed 
embryo system. 

We reported previously that ALA synthetase in kidney 
was not induced by DDC (6 mg) given as two injections 
12 hr apart to newly hatched chicks. That the drug was 
active in the kidney was documented by the drop in kidney 
ferrochelatase activity. Marked induction of liver ALA 
synthetase (16-fold) was obtained [7]. In the present experi- 
ment, administration of the same dose of DDC to 20-day- 
old embryos induced ALA synthetase in both kidney and 
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Table 1. Effects of DDC and AIA on chick embryo kidney 
and liver ALA synthetase activity* 





ALA synthetase* 
(nmoles ALA/mg protein/hr) 





Liver 





5.4+ 0.8 (8) 
7.6 1.8 (8) 
96.5 + 16.3§ (6) 
38.5 3.7§(12) 


Normalt 
Controlt 
DDC 
AIA 


I+ I+ I+ 1+ 





* DDC (6 mg) or AIA (20 mg) was dissolved in 0.1 ml 
DMSO and injected into the egg 18 hr prior to the removal 
of kidney and liver. 

+ Each value represents the mean + S.E.M. The figures' 
in parentheses represent the number of embryos. 

¢ Normal denotes untreated embryos, and control 
denotes embryos injected with the vehicle only (DMSO). 

§ Denotes significant difference from control values 
(P < 0.001) determined by Student’s /-test. 


liver. The magnitude of induction was 4-fold in kidney 
and 12-fold in liver (Table 1). Another inducing agent, 
AIA, known to induce both liver and kidney ALA syn- 
thetase [7], caused a 15-fold induction in kidney and a 5- 
fold induction in liver in this chick embryo system, though 
the absolute levels of the enzyme attained in the kidney 
were less than in liver. 

These findings are in contrast to those obtained in the 
newly hatched chick which is chronologically only 1-2 days 
older [7]. In previous experiments, 1-day-old chick kidney 
ALA synthetase was not induced by DDC, whereas the 
degree of its induction by AIA in liver was greater than 
that in the kidney (the reverse of that in the embryo) [7]. 
The present assay method yields values for the levels of 
ALA synthetase in the kidney of 1-day-old chicks which 
are twice as great as values obtained with the previous 
method [7]. Also, using the present more sensitive modi- 
fication of the assay for ALA synthetase, DDC was found 
to produce a small increase in ALA synthetase activity in 
1-day-old chick kidney. 

Differences in the perinatal period were observed by 
Song et al. [18] who found that ALA synthetase was refrac- 
tory to induction by AIA in the perinatal rat and postulated 
that this enzyme belongs to a group whose appearance, 
activity and inducibility are developmentally determined. 
The species, sex and developmental differences in chicken 
liver ALA synthetase inducibility were also discussed by 
Creighton and Marks [19], who found that hepatic ALA 
synthetase activity was readily induced by drugs in the 
livers of newborn chickens. 

The reason for the differences in inducibility of the 20- 
day-old chick embryo kidney and the 1-day-old chick kidney 
with DDC is not forthcoming from the present experiment. 
Developmental differences may exist in the embryos as 
compared with newly hatched chicks, or, higher concen- 
trations of the inducing drugs may be attained in the chick 
embryo system where the excretion of drug is absent. 

In summary, DDC has been demonstrated to induce 
ALA synthetase in kidney as well as liver when the 20-day- 
chick embryo is used as the test system. The magnitude of 
the induction of the enzyme per mg of organ protein by 
DDC was 4-fold in the kidney and 12-fold in the liver. By 
comparison, AIA produced a 15-fold induction in the kid- 
ney and a S5-fold induction in the liver as compared with 
controls. The characteristics of induction in this species are 
dependent on whether the embryo or the chick is used as 
the test system. 
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Interaction of tricyclic antidepressants with opiate receptors 


(Received 1 August 1979; accepted 7 September. 1979) 


Tricyclic antidepressants have been reported to have an 
analgesic effect [1,2] and some of them have been suc- 
cessfully used to alleviate chronic pain in man [3-6]. It is 
not, however, clear whether the analgetic effect of anti- 


depressants exists in animals, due to the fact that different 
methods were used to measure pain [7,8], nor is the mech- 
anism through which antidepressants exert their analgesic 
effects known [7]. We wish to report evidence for a direct 
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Fig. 1. Displacement of *H-naloxone binding by antidepressants. Female Wistar rats (3 months old) 
frorg the breeding colony of the Hormone Research Department of the Weizmann Institute of Science, 
were decapitated, their forebrains quickly removed, weighed and homogenized in 50 mM Tris-HCI 
Buffer, pH7.7, in a polytron homogenizer. The homogenate was spun at 30,000 g for 10 min, the 
supernatant decanted and the pellet resuspended in buffer, homogenized and incubated for 45 min at 
37°. Following a second centrifugation at 30,000 for 10 min, the pellet was resuspended in buffer and 
homogenized. A final volume of 200 ml per 3 of the original, weighed forebrains was used. Tissue 
suspension (2 ml) was added to test tubes containing 5nM *H-naloxone (N.E.N. specific activity 
15.2 Ci/mmole, 1 mCi/ml) together with (a) an unlabelled inhibitor (10°-°M naloxone or 5 x 10°°M 
morphine); or (b) the various antidepressants or buffer to a final volume of 2.3 ml. After incubating 
for 45 min at room temperature (25°) the contents of each test tube were filtered through GF’B filters 
and washed 4 times in 5 ml ice cold buffer. The filter papers were shaken with a toluene triton scintillation 
mixture in vials and counted in a Packard Tri-Carb Scintillation Counter. 
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interaction of tricyclic antidepressants with opiate recep- 
tors, which could account for their analgesic properties in 
both man and animals and also, perhaps, partially account 
for their antidepressive action. 

Recently, we have reported the specific binding of the 
tricyclic antidepressant 3H-desipramine (DMI) to brain tis- 
sue [9]. This binding was shown to be multireceptorial. 
Moreover, the opiate drugs naloxone and morphine were 
found to be capable of a small but consistent (about 15-30 
per cent) displacement of the specific binding of *H-DMI. 
This suggests that opiate receptors may be a target of 
antidepressant action. To examine this possibility, we have 
studied the ability of antidepressants to displace the specific 
binding of “H-naloxone in a crude membrane preparation 
from rat brain (Fig. 1). 

All of the antidepressants tested were capable of a com- 
plete displacement of the specific binding of naloxone 
(defined as the difference between total binding and the 
binding in the presence of 10°°M cold naloxone or 
5 x 10-°M morphine). All the tricyclic drugs have very 
similar ICso values, between 21 and 34 uM (Table 1). The 
non-tricyclic drugs, mianserine and fluoxetine, have lower 
affinity. We have shown that upon injection of 10-15 mg/kg 
DMI, the levels in the brain reach values equivalent to 20- 
40 uM [10]. Thus, although of low affinity, the interaction 
of antidepressants with opiate receptors is likely to occur 
in vivo. Interestingly, similar findings were reported for 
neuroleptic drugs, e.g. CPZ [11] which are structurally 
related to tricyclic antidepressants. 

In order to support these in vitro experiments, we have 
tested DMI and amitriptyline for their analgesic action in 
the rat. Adult female rats received increasing shock intens- 
ities until they began to jump and vocalize. On injecting 
either DMI (10 and 15 mg/kg, i.p.) or amitriptyline in 
similar doses, the pain threshold rose in proportion to the 
dose. The analgetic effect of these tricyclics was completely 
antagonized by an i.p. injection of naloxone, 2 mg/kg (Fig. 
2). It has been suggested that antidepressants act by the 
inhibition of monoamine re uptake [12]. It has also been 
reported recently that tricyclics interact with monoamine 
[13,14], acetylcholine [15] and histamine [16] receptors, 
though the involvement of these receptor interactions in 
the clinical efficacy of antidepressants is still obscure. How- 
ever, both endorphins and enkephalins have been suggested 
recently to be involved in the etiology of mental illness 
[17]. It may be, therefore, that the interaction of antide- 


Table 1. ICso values of antidepressants towards the specific 
binding of 3H-naloxone, 5nM. Each value is the mean + 
S.D. of 3-4 determinations. 





Compound TCso( 4M) 





DMI 
Amitriptyline 
Mianserine 
Fluoxetine 
Nortriptyline 
Imipramine 
Doxepin 
Dibenzepine 


— 


WWNHNWAY WN 
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pressants with the opiate receptors accounts not only for 
their analgesic effect, but also for part of their antidepres- 
sive action. 
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Fig. 2. The reversal of antidepressant-induced analgesia by naloxone. Adult female rats were placed 

in a transparent plastic cage with a grid floor, connected to a shock generator and scrambler. Footshock 

was delivered in 3 X 3 sec pulses in 30 sec at increasing intensities. The intensity was increased from 0.2 

to 3.0mA, until the animal jumped and vocalized. This procedure was repeated twice in order to 

establish the basal threshold of pain. The tricyclic antidepressant DMI (10 mg/kg), was injected, i.p. 

and the rats tested 20 min later. They were then injected with either saline or naloxone, 2 mg/kg i.p. 
and retested after 20 min.* Different from other DMI groups, P < 0.05, Student’s /-test. 
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Characterization of blood disappearance 


(Received 8 January 1979; 


Although cannabidiol (CBD), which is generally present 
in cannabis, does not possess the psychoactivity of A’- 
tetrahydrocannabinol (THC), it is not devoid of pharma- 
cological activity. For example, CBD can inhibit hepatic 
drug metabolism [1-4] and also possesses anticonvulsant 
properties [5, 6]. In view of the common use of marihuana, 
it is important to establish the time course during which 
an acute dose of CBD may be expected to exert its effects. 
Since the pharmacokinetics of CBD have not been exam- 
ined, these studies have evaluated the kinetics of canna- 
bidiol-1’,2’-[°H] ((°H]-CBD) disappearance from the blood 
of rats following intravenous (i.v.) and intragastric (i.g.) 
administration. The i.v. route of injection permitted an 
assessment of the rate of drug distribution, an observation 
not directly afforded by i.g. treatment. Since our previous 
studies [7] had demonstrated that tritiated water was an 
apparent product of the metabolism of A’-tetrahydrocan- 
nabinol-1’ ,2’-[°H] ((;H]THC), which could modify signifi- 
cantly the estimate of the rate of disappearance of THC 
metabolites, these experiments also evaluated the possi- 
bility that tritiated water was produced from [*H]CBD. 

Furthermore, in a previous study [3] we observed that 
pentobarbital-induced sleeping time was prolonged sig- 
nificantly in rats at 21.5, 40 and 63 hr following an acute 
dose of CBD (23.4 mg/kg) administered i.g. in a marihuana 
extract. Our experiments suggested that this effect resulted 
from an inhibition of hepatic pentobarbital metabolism by 
CBD. This conclusion was consistent with reports by Paton 
and Pertwee [1] and Fernandes et al. [2] that CBD inhibited 
the metabolism of phenazone and hexobarbital, respec- 
tively. However, a direct relationship between the long- 
lasting inhibition of pentobarbital metabolism and a pro- 
longed presence of unchanged CBD and/or its metabolites 
in the liver had not been established. We determined [3] 
that the CBD-induced prolongation of sleep was not due 
to an increase in the sensitivity of the braii to pentobarbital. 
In fact, animals which had received CBD, 21.5 hr before 
pentobarbital injection, recovered the righting reflex at 
higher blood pentobarbital concentrations compared to 
vehicle-treated controls, suggesting that CBD decreased 
the sensitivity of the brain to pentobarbital. Whether the 
latter effect was associated with the brain levels of CBD 
and/or its metabolites had also not been explored. Accord- 
ingly, the experiments described below determined the 
blood and organ concentrations of [‘H]CBD and its metab- 
olites at the time points studies previously [3]. 

Male Wistar rats, 215-235 g, were housed individually 
in stainless steel hanging cages, with Teklad pellets and 
water available ad lib. throughout all experiments. 
(SHJCBD and unlabeled CBD, each having a purity > 98 
per cent, were supplied by NIDA through the courtesy of 
Dr. M. C. Braude. 

The first experiment, initiated at 9:00 a.m., was carried 
out to characterize the disappearance of [* H]CBD and total 
-H from the blood during the first 24 hr following drug 
administration. In one group of rats (N = 8), [° HJC BD 
sp. act. 3.1 wCi/mg) was administered i.g. in olive oil sol- 
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ution (4 ml/kg) at a dose of 23.4 mg/kg. This dose had been 
used in the earlier CBD/pentobarbital interaction study 
[3]. Another group (N = 8) received [° H]CBD (sp. act. 
7.5 wCi/mg) in a 2% Tween-80-saline suspension (1 ml/kg) 
at a dose of 4mg/kg as an i.v. bolus injection [3]. The 
4 mg/kg dose of CBD was selected to be consistent with 
other cannabinoid interaction studies to be published 
elsewhere. 

Tail tip blood samples were collected serially with hep- 
arinized micropipets beginning at 1| hr following i. g. admin- 
istration, and at 1 min after i.v. injection of [*H]CBD, and 
continuing for 24 hr. Two 50 wl blood samples were trans- 
ferred to paper Combusto-Cones (Packard Instrument Co.., 
Downers Grove, IL) for oxidation in a Packard, model 
306, Sample Oxidizer in preparation for liquid scintillation 
counting (Searle Analytic, Isocap 300). One of these blood 
samples was oxidized immediately, but the other was air 
dried before analysis. The third blood sample (100 yl) was 
immediately mixed with 100 ul of sodium citrate solution 
(3.8% ,w/v) and was extracted with 2ml n-heptane to 
remove unchanged [*H]CBD for liquid scintillation spec- 
trometry, as described previously [8]. In pilot experiments, 
thin-layer chromatography and gas chromatography-mass 
spectrometry (Finnigan, 1015D, 6100 MS Data System) 
confirmed that > 95 per cent of the radioactivity present 
in n- heptane extracts of blood collected from rats 1-6 hr 
after i.v. [H]CBD treatment was unchanged [* H]|CBD; 
that is, n-heptane extracted only trace amounts of [7H]CBD 
metabolites. Also in preliminary experiments, 97-99 per 
cent of [7H]CBD added to blood was extracted by the 
procedure. Therefore, all [H]CBD concentration data 
were corrected to 100 per cent, using a 98 per cent recovery 
factor. 

The second experiment was designed to evaluate the 
disappearance of [*H]CBD and total °H from the blood, 
liver and brain from 21.5 to 84hr after [*H]CBD 
(23.4 mg/kg, i.g.) administration, a time period which 
coincided with that studied previously [3]. The time of drug 
treatment was selected so that all animals were killed 
between 9:00 and 10:00 a.m. Upon decapitation at 21.5, 
40, 63 and 84 hr (N = 8/time), three neck blood samples 
were collected and analyzed, as described above. The brain 
and liver were removed immediately and placed on ice. 
Two small segments (approximately 100-150 mg) were dis- 
sected at random sites from each organ. Fresh weights were 
taken, and one segment of each organ was oxidized 
immediately. The other was lyophilized before analysis for 


The remainder of the fresh brain and approximately lg 
of each liver were assayed for unchanged (H]JCBD. The 
tissues were homogenized in 2 vol. of 0.10M phosphate 
buffer, pH 7.0, and were extracted twice with 3 ml of n- 
heptane each time. The extracts were assayed for *H [8]. 
Pilot experiments showed that > 90 per cent of the radio- 
activity present in n-heptane extracts of organs of rats that 
had been treated i.g. with PHJCBD, 24hr earlier, was 
unchanged [*H]CBD. Furthermore, the procedure 
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extracted 85-90 and 87-91 per cent of the [*>H]CBD which 
was added to brain and liver tissue respectively. The 
[(HICBD concentrations in each of the organs were cor- 
rected to 100 per cent using the respective median extract- 
ability values. 

The organization and statistical analyses of the drug 
concentration data were carried out using the PROPHET 
System, a national computer resource sponsored by the 
National Institutes of Health. Pharmacokinetic analyses of 
the disappearance of unchanged [*H]CBD and total *H 
from the blood and organs were carried out according to 
Gibaldi and Perrier [9]. 

Intragastric administration of [7H]CBD resulted in a 
rapid appearance of unchanged [*H|CBD in the blood, 
with a maximum concentration occuring at 2 hr (Fig. 1). 
The Ti, (0.693/8) for the disappearance of unchanged 
(7H]CBD, based on the terminal portion of the calculated 
curve, was 11.2 hr. 

Maximum concentrations of total *H (expressed as ug 
of PH]JCBD equivalents/ml) were not reached until 4-6 hr 
whether the blood was analyzed fresh or after drying 
(Fig. 1). Thereafter, the rate of disappearance of *H was 
much greater when based upon the analysis of dried blood 
(T% = 5.3 hr relative to fresh blood (T12 = 12.3 hr). These 
results are closely comparable to those observed previously 
for PH]THC administered i.g. [7,10]. 

The disappearance of unchanged [*H]CBD from the 
blood following i.v. injection was described by a multi- 
exponential function (Fig. 2). The initial distribution phase 
was very rapid (Tz = 2.0 min), whereas the terminal dis- 
appearance from the blood occurred much more slowly 
(T= 10.9 hr), in agreement with the rate observed after 
i.g. treatment. Thus, the rate of dispositon for CBD was 
about two times greater than that reported previously for 
THC in the rat [11]. 

The apparent volume of distribution of unchanged 
[H]CBD [dose/AUC8, where AUC is the total area under 
the drug concentration-time (extrapolated to ~) curve] 
was 41.1 I/kg, and the volume of the central compartment 
[dose/Co, where Co is the calculated zero time blood con- 
centration] was 0.4 I/kg, suggesting that CBD was concen- 
trated in tissues other than the blood. This is consonant 
with the well-known lipid solubility of the cannabinoids 
and the previous observation that THC accumulates in fat 
[12]. 

Consistent with the i.g. experiment, the disappearance 
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Fig. 1. Disappearance of unchanged [*H]CBD and total 
“H based on the analysis of fresh and dried blood during 
the first 24 hr after intragastric [7H]CBD administration. 
Key: (A) unchanged [*H]CBD in fresh blood; (@) total 
°H in fresh blood; and (O) total *H in dried blood. The 
lines represent the weighted (1/variance) least squares best 
fits and are described by the following functions: 

(A): y = —4.72e71°°* + 1.70e~°™ + 0.1270. 

(@): y ion —7.61e~?:784* = 6.79e~ 0-056 

(O): y = —11.51e° *™ + 10.31e°°™. 
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Fig. 2. Disappearance of unchanged [*H]CBD and total 
3H based on the analysis of fresh and dried blood during 
the first 24 hr after intravenous [*H]CBD administration. 
Symbols are defined in Fig. 1. The lines represent the 
weighted (1/variance) least squares best fits and are 
described by the following functions: 

(A): y = 9.17e°7"™ + 0.29e°°™ + 0.0769 + 
0.04¢~°.0°* 

(@): y= 5.44e—16-995x “ 1.96e7 0-505 + ().94e7 ).028x 

(O): y= 5.20e—13-444* rs 1.83e 7963 ry 0.96e70-97**, 


of total “H was more rapid when based on the analysis of 
dried blood (Ti: =9.4hr) in comparison to fresh blood 
(T= 25.0hr). The reason for the slower disappearance 
of total °H from both dried and fresh blood after i.v. 
compared to i.g. treatment is not clear, but could be related 
to a more prominent first pass effect in the liver and/or 
metabolism in the gut following i.g. administration. 

In the second experiment, in which the disappearance 
of H]CBD was studied over a period of 84 hr after i.g. 
treatment, unchanged [*H]CBD was present in neck blood 
at a concentration of 20.2 + 5.0 (S.E.) ng/ml at 21.5 hr but 


rg) 


Concentrations of Total =H and 7H-CBD 
in Blood or Organs (ug/ml o 





Hours After °H-CBD Administration 
(23.4 mg/kg, i.g) 


Fig. 3. Disappearance of unchanged [*H]CBD and total 
3H (assayed in fresh and dried tissues) from the blood and 
organs after intragastric administration of [*H]CBD. Key: 
(A) unchanged [*H]CBD; (@) total °H in fresh blood or 
organs; and (QO) total *H in dried blood or organs. The 
lines represent the unweighted least squares best fits and 
are described by the following functions: 

Blood, (@): y = 1.78e~°” 

(O): y = 1.1870 

(@): y = 1.85e°°°"™ 

(O): y = 0.16e7°'™ 

(A): y =0.55e~°°°* + 0.07¢~ 001% 

(@): y —- 17.80e~ 2-5 < 2.37e9- 04x 

(Oh y= 23.55 + 2.55e° 9. 


Brain, 


Liver, 
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could not be detected at 40-84 hr. This observation is 
consistent with the previously determined 11-hr half-life 
for this cannabinoid. The concentration of total “H in the 
blood, which was analyzed without initial drying, declined 
very slowly from 1.6 ug/ml at 21.5hr to 1.1 ug/ml at 
84 hr (Fig. 3). In contrast, “H levels in dried blood samples 
were only about one-third of the concentration present in 
fresh samples at 21. 5 hr and decreased to negligible levels 
at 63 and 84 hr. °H could not be detected in the dry blood 
of four of the eight animals studied at 63 hr and in three 
of the eight rats at 84 hr. 

Although a low level (6.4 + 1.1 ng/g) of unchanged 
(H]CBD was detected in the brain at 21.Shr, the 
unchanged drug had disappeared by 40hr. However, 
unchanged [*7H]CBD was still present in the liver 
(20.8 + 2.9 ng/g) at 84hr, the liver having much higher 
drug levels than the blood and brain at all time points 
(Fig. 3). Drying the tissue samples before analysis clearly 
decreased the concentrations of *H in the brain and liver 
throughout the 84-hr experiment. However, metabolites 
were present in both organs up to 84 hr. 

It is likely that the hepatic concentrations of CBD plus 
its metabolites, which were 50- to 30-fold higher than those 
in the brain from 21.5 to 63 hr, were sufficient to cause the 
previously reported [3] inhibition of pentobarbital metab- 
olism. In support of this conclusion, the inhibition of pen- 
tobarbital metabolism in vitro was 2.5 times greater at 
21.5 hr than at 63 hr [3], in close correlation with a 3-fold 
decrease in the hepatic concentration of CBD metabolites 
over the same time interval in the present study. Since the 
K; of CBD for the inhibition of hepatic pentobarbital 
metabolism was found to be about 90 uM [3], it is not likely 
that the concentrations of unchanged CBD in the liver 
(<0.5 uM), as determined in this study, could have 
accounted for the inhibitory effect alone. Karler et al. [13] 
have also concluded recently that metabolites of CBD, 
rather than the parent cannabinoid, were responsible for 
prolonging hexobarbital-induced sleep in mice by means 
of a metabolic mechanism. 

Furthermore, since [*H]CBD was not detected in the 
brain from 40 to 84 hr, the previously observed [3] prolon- 
gation of pentobarbital-induced sleep (up to 63 hr following 
CBD treatment) could not have been dependent upon the 
presence of the unchanged cannabinoid in the brain. How- 
ever, it is possible that the amounts of CBD and/or its 
metabolites present in the brain at 21.5 hr could have been 
responsible for an apparent decrease in the brain sensitivity 
to pentobarbital [3]. Alternatively, acute tolerance to pen- 
tobarbital may have developed, irrespective of cannabinoid 
brain levels, in the 21.5-hr, CBD-treated animals during 
their prolonged duration of sleep (53 per cent longer than 
controls [3]. 

The more rapid disappearance of total “H from dried 
compared to fresh blood and organs is consistent with 
previously observed absorption and disappearance charac- 
teristics of [° HJTHC and its metabolites, in the rat [7,10]. 
As determined for [7H]THC, the higher *H concentrations 
in fresh relative to dried tissues were probably due to the 
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formation of tritiated water during the metabolic 
hydroxylation of the pentyl side chain of CBD-1’,2’-[°H]. 
Hydroxylation of CBD at the 1’ and 2’ positions has been 
observed in rat [14] and mouse [15] liver. Since the rate 
of body water turnover in the rat is about 7-10 per cent 
of the total body water per day [16], the formation of 
tritiated water from *H-labeled cannabinoids, such as 
(HJCBD and [H]THC, could contribute substantially to 
the apparent slow rate of disappearance of these com- 
pounds from the body. 
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Effects of paraquat and related herbicides on the acetylcholinesterase of rat lung 


(Received 20 December 1978; accepted 6 August 1979) 


Paraquat (1,1'-dimethyl-4,4’-bipyridinium dichloride) is a 


diquaternary nitrogen compound which is in common use 
as an herbicide. It is closely related (Fig. 1) to diquat and 
morfamquat, which are also herbicides. A general property 
of diquaternary amines, such as hexamethonium (Fig. 1), 
and of ring-contained quaternary nitrogen compounds, 
such as N-methylpyridinium, is the inhibition of acetylcho- 
linesterase [1]. Compounds which are congeners of N-meth- 
ylpyridinium are inhibitors of the anionic site of acetyl- 
cholinesterase [1]. Anticholinesterase potency is increased 
by linking two quaternary ammonium nuclei by a series of 
methylene groups, as in hexamethonium. The distance 
between the quaternary nitrogens in paraquat is approxi- 
mately the same as in hexamethonium. 

A further analogy between paraquat and anticholinester- 
ase agents is found in the fact that, in animals and in 
humans, the predominant toxic symptom produced by 
paraquat is pulmonary edema followed by interstitial pul- 
monary fibrosis [2]. Inhibition of acetylcholinesterase in 
the lung causes accumulation of tracheobronchial secre- 
tions, and bronchiolar secretion occurs after large doses of 
pilocarpine, a cholinergic agonist [3]. 

Paraquat warrants study since it is widely used in agri- 
culture and because it is a good tool for studying cellular 
proliferation and fibrosis in the lungs. It has the advantage 
of not readily being metabolized in vivo so that tissue 
concentration and cellular damage can be related to one 
chemical species rather than to a series of metabolites. We 
have considered the possibility that inhibition of acetyl- 
cholinesterase may contribute to the toxicity of the three 
bipyridinium herbicides. 


Paraquat 


CH; CH; 


| | 
CH, =N— (CHj)g—N=CH, 2Cr 
! 


CH; CH, 
Hexamethonium (C6) 


0-0 


Morfamquat 


The three bipyridylium herbicides tested for their inhi- 
bition of acetylcholinesterase were paraquat dichloride, 
diquat dibromide monohydrate (N,N’-ethylene,2,2'-bipyr- 
idylium dibromide), and morfamquat dichloride ({bis 
N - [(2,6 - dimethylmorpholin - 4 - yl)carbonylmethyl] - 
4,4’-bipyridylium}dichloride). All three compounds were 
supplied by Dr. Michael S. Rose, Imperial Chemical Ind., 
Ltd., Alderly Park, U.K. 

The 5,5’-dithiobis-(2-nitrobenzoic acid), acetylthiocho- 
line iodide and butyrylthiocholine chloride were purchased 
from the Sigma Chemical Co., St. Louis, MO. Neostigmine 
bromide was obtained from the K & K Co., Plainview, 
NY. 

Male Sprague-Dawley rats, 200-225 g were obtained 
from Taconic Farms, Germantown, NY, and were main- 
tained on commercial rat chow with water ad lib. While 
the rats were under halothane anesthesia, the lungs were 
excised, immersed in cold 0.2 M sodium phosphate buffer 
(pH 8.2), trimmed of connective tissue, blotted, weighed 
and placed in fresh buffer. Approximately 1 g of tissue was 
obtained from a 200 g rat. After the tissue was homogenized 
in a Servall Omnimixer at 10,000 r.p.m. for 15 sec, hom- 
ogenization was completed with a Brinkman polytron 
operated for 10sec at half speed. The volume of hom- 
ogenate was adjusted so that the final concentration was 
20 mg wet weight of tissue/ml. 

Acetylcholinesterase and butyrylcholinesterase were 
determined by a slight modification of the method of Ellman 
et al. [14]. All reactants were at room temperature, except 
the substrates, acetylthiocholine and butyrylthiocholine, 
which were kept at 0°. The reaction mixture consisted of 


2+ 
3 


3 


Fig. 1. Structural formulae. 
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1/R x 10° 
i ' : 6- 
| Acetylthiocholine | 


o——s 0.6 x 10°M 
o——o 0.3x 10°M 





i 4 


004 .006 





.002 


~.004 [mM] 


Fig. 2. Dixon plot of 1/R x 10° where R = moles of substrate hydrolyzed/min/g of tissue and [M] = 

molar concentration of inhibitor. Key: M = morfamquat; P = paraquat and D = diquat. These lines 

indicate that the bipyridinium herbicides are competitive inhibitors of acetylcholinesterase and the point 
where the curves cross = — Ki. 


5 ml of 0.1 M phosphate buffer (pH 8.0) and drug, 0.75 ml 
of the homogenate, 0.2 ml of 5,5’-dithiobis-(2-nitrobenzoic 
acid) (0.01 M in 0.1 M phosphate buffer, pH 7.0, contain- 
ing 15mg sodium bicarbonate in 10ml) and 0.04mi 
of the substrate (0.075M_ acetylthiocholine or 
butyrylthiocholine). 

The reaction mixture was mixed with a vortex mixer and 
centrifuged (1500 g/min). The optical denisty was read at 
420 nm after 7-10 min and was repeated at 10 min intervals 
until a greater than 0.100 change in optical density was 
obtained. Protein content was determined by the method 
of Lowry et al. [5] using human serum albumin as a stan- 
dard. The average amount of protein in the homogenate 
was 0.125 g/g wet wt of tissue. 

Butyrylcholinesterase activity was negligible in our rat 
lung homogenates in contrast to the results of Ellman et 
al. [4] who reported levels of butyryl ester hydrolysis which 
were one-third those of the acetyl ester. Neostigmine bro- 
mide (1 x 10°°M) inhibited the hydrolysis of acetylthio- 
choline iodine by more than 90 per cent. 

Inhibition studies were performed using two levels of 
acetylthiocholine substrate, 0.3 and 0.6mM. The results 
were plotted (Fig. 2) according to the method of Dixon 
which gives K; directly without calculation [6]. We also 
determined the slopes of the curves and the intercepts using 
a standard analysis of variance. The apparent Ki was 
2.9 10°° M for paraquat, 2.4 x 10-4M for diquat and 
1.4 x 10°* M for morfamquat. For comparison, the inhibi- 
tory constant, Ki, for hexamethonium on the electric eel 
enzyme was 4 x 10~* M, as reported by Changeux et al. 
[7]. 

Tissue levels for paraquat have been reported by Maling 
et al. [8] to be 15 nmoles/g of lung tissue 6 hr after 15 mg/kg 
of the base, i.p.: assuming all water in the tissue, the 
concentration of paraquat was 1.5-2.9 x 10~° M. Sharp et 
al. [9] have shown that the concentration of paraquat in 
lung is almost constant in the period of 1-7 hr after i.v. 
administration of 20 mg/kg of the dichloride. The concen- 
tration in rat lungs, which they reported, was about 8 ug/g 
of tissue (31 nmoles/g = 3.1 x 107° M) which is in the 
same range as our in vivo data [8]. 


If paraquat were to be toxic in the lung mainly through 
the mechanism of inhibition of acetylcholinesterase, it must 
be assumed that the compound is concentrated 100-fold in 
a compartment containing acetylcholinesterase. 

A preliminary report of this work has been presented 
[10]. 
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A MONOAMINE OXIDASE INHIBITOR IN HUMAN URINE 
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Enzyme inhibitors may be useful as drugs [1]. Although some endogenous enzyme inhibitors 
are well recognised, e.g. of dopamine g-hydroxylase [2], their possible in vivo roles as 
physiological regulators of enzyme activity have been little studied. Following an earlier 
and as yet unconfirmed report [3] that plasma from schizophrenics with low platelet mono- 
amine oxidase (MAO) (EC 1.4.3.4.) activity contains an MAO inhibitor not demonstrable in 
normal plasma, we have been able to demonstrate that normal human urine contains an inhibitor 
or inhibitors of both MAO A and B, and that this inhibition cannot be accounted for by the 
activity of the quantitatively main urinary constituents or by a large group of known mono- 
amine substrates or metabolites. 

The inhibitor was assayed by its effect on rat liver MAO. Except where specified other- 
wise, the test system contained 100 1 of 0.1 M sodium phosphate buffer, pH 7.4, 20 ul rat 
liver homogenate (2.5% w/v), 20 ul '*C-tyramine (150 uM, sp.act. 2.5 uCi/ymole) and 100 ul of 
urine, or potential inhibitory substances diluted in buffer or of buffer alone. The mixture 
was incubated at 37°C for 30 min, the reaction stopped with 0.1 ml of 2 M citric acid and 
the reaction products extracted into 3 ml toluene/ethyl acetate (1:1). A similar system was 
used with ?*C-5-hydroxytryptamine (5-HT) (sp.act. 2.5 uCi/umole) but when '*C-phenylethy1- 
amine (PEA) (sp.act. 12.5 upCi/umole) was used as substrate, 3 ml toluene alone was employed. 
Radioactive substances were obtained from the Radiochemical Centre, Amersham. Assays were 
carried out in duplicate, using reagents of analytical grade, from British Drug Houses 
(Poole, U.K.) or Sigma London Chemical Co.Ltd. (Kingston-upon-Thames. U.K.). 

All the human urine samples (random specimens from 14 normal subjects) tested showed 
varying degrees of inhibition ranging from 25-75%, with a mean of 49% + 7.1 (mean + S.D.). 
The degree of inhibition was similar when the pH of the urine was adjusted to pH 7.4, and 
whether a flocculent or clear portion of urine was tested. Human platelet (1 mg protein/m1) 
MAO was inhibited to a similar extent by the various samples, so that the effect does not 
depend on the generation of an inhibitor by rat liver. 

Fig.] shows the effect of diluting one urine sample serially in buffer using concen- 
trations suitable for selective oxidation of 5-HT, a substrate for MAO A, and PEA, a sub- 
strate for MAO B. The sample inhibited both forms of MAO and, in each case, the inhibitory 
effect was still detectable at a dilution of 1 in 32. The effect on PEA oxidation was some- 
what more potent than that on 5-HT oxidation at higher urine dilutions. The inhibitor or 
inhibitors apparently compete with 5-HT, but the interaction with PEA seems to be more com- 
plex. However, because the inhibitor can bind to MAO, as described below, a kinetic analysis 
which assumes reversibility may not be applicable. 
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Fig.]. Inhibition of rat liver MAO by urine. 

Rat liver homogenates, 2.5% and 0.5%, were used with 5-HT 
and PEA respectively (see text). The results of a single 
experiment are shown in the figure, but a second experiment 
gave similar results. 


oO 4 Oo = 50, 100, 200 uM 5-HT 
® a 5 2.5, 5, 10 uM PEA 


Table I shows the quantitatively major constituents of urine, and the effect of each at 
pH 7.4 and characteristic concentration [4] on rat liver MAO activity. Most showed no inhibi- 
tion and some had slight inhibitory effect only. One urine sample was analysed for certain 
constituents and the effect of an artificial combination of them in buffer at similar 
concentrations was determined independently. Table I shows that whereas the urine sample 
produced an inhibition of 57%, the combined constituents resulted in inhibition of only 6%. 
The authentic urine sample diluted 1 in 4 inhibited by 23%, whereas a similar dilution of 
artificial mixture of major constituents produced no inhibition. It may be concluded that 
most of the observed inhibition was not caused by any of the quantitatively major urinary 
constituents. The addition of EDTA (2% w/v) to the urine sample did not affect its inhibitory 
potency, which could not, therefore, be due to the action of divalent cations such as copper. 

The effects of certain monoamine metabolites were also studied; metadrenaline, 4-hydroxy- 
3-methoxyphenylglycol, 3,4-dihydroxyphenylacetic acid, DL-normetadrenaline, 4-hydroxy-3-meth- 
oxymandelic acid, m-hydroxyphenylacetic acid, p-hydroxymandelic acid, homovanillyl alcohol, 
phenylacetic acid, homovanillic acid and 5-hydroxyindoleacetic acid were all tested at a 
concentration of 4 mg/l, p-hydroxyphenylacetic acid at 20 mg/1 and phenylacetylglutamine 
at 100 mg/1. None caused any inhibition. 

One possibility to be considered is that the monoamine substrates present in urine cause 
the effect by direct combination or isotope dilution. Daily output values of p-tyramine, 
dopamine, noradrenaline, adrenaline and 5-HT are of the order of 420 [ref.5], 400 [ref.6], 


50 [ref.6], 25 [ref.6], and 100 ug [ref.5] respectively. Such concentrations would in each 


case represent less than 1% of the Km concentration in the assay mixture. teZe-Methylhist- 
amine, a substrate for MAO B [7] is excreted in amounts of up to 480 ug per day [8], and this 
is also only about 1% of its Km (about 130 uM, unpublished observation). It is apparent, 
therefore, that these particular amines are not present in sufficient concentration to 
account for the observed inhibition of MAO by urine. 

Some of the monoamines and their metabolites are present as conjugates. If these con- 
jugates themselves were responsible for the inhibition, it should decrease after their hydro- 
lysis. To test this possibility, each of a further series of urine samples treated at 37°C 
overnight with a sulphatase-glucuronidase preparation (sue d'Helix pomatia, Industrie Biolo- 
gique Francaise, Clichy, France ) (0.1 ml of extract added to 10 ml urine adjusted to pH 6) 
was assayed, 
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TABLE I. INHIBITION OF MONOAMINE OXIDASE BY A VARIETY OF URINARY CONSTITUENTS 





Constituent Conc. % Inhibition Constituent Conc. % Inhibition 
(mg/100m1 ) (mg/100m1 ) 


Urea 2000 
Uric acid 50 
Creatinine 100 
Ammonia N 50 
Inorganic S 40 





Glycine 44 
L-Histidine 40 
Hippuric acid 200 
Citric acid 400 
Formic acid 40 


Simulated urine 
sample Undiluted 


3 
4 


Creatine 20 
112 
225 
13 
170 
130 
300 


Authentic urine 
sample Undiluted 


4 
j 


oo wcodonoeoqooeoe=}W"c So ®& 





The actual concentration of urea, uric acid, creatinine, ammonia N, 
Na, Cl, Ca, K in the authentic urine sample was the same or less than 
that tested in the simulated urine sample. The concentrations in the 
latter were: urea, 1250; uric acid, 25; creatinine, 75; ammonia N, 
32.5; inorganic S, 44 (mg/100 m1). 


The inhibitory potency of control urine was not changed by 12 h at 37°C. A control 
sample of Helix extract in water was also incubated. The inhibition caused by hydrolysed 
samples, compared with HeZix extract control, was 71 2 3.98 (mean . S.E.) compared with 
the inhibition of 57 2 2.9% brought about by these samples before treatment. Hydrolysis 
therefore increased rather than decreased the inhibition. This result suggests that the con- 
jugates themselves do not inhibit MAO, and raises the possibility that the inhibitor is con- 
jugated and that treatment causes its release. However the HeZix preparation is very impure 
and further experiments would be needed to establish the nature of its effect on the 
inhibitor. 

An estimate of the molecular weight of the inhibitor was obtained by passing a urine 
sample through a Sephadex G 10 column. In two experiments, 0.5 ml was passed through a 15 cm 
column (12 ml) in 70 mM phosphate buffer, pH 7.4, and 32 x 0.5 ml fractions collected. In 
each run, full recovery of the inhibitor or inhibitors was obtained, in a broad band peaking 
just after dextrose (mol.wt.180), so that the size of the unknown was presumably of a 
similar order. 

Because of indirect evidence suggesting that some degree of MAO inhibition in chicks 
may derive from gut flora [9], we tested urine samples both from conventional and germ-free 
rats. All samples were adjusted to pH 7.4. The mean (= S.E.) inhibition by 24 h urine 


samples from 8 conventional rats was 79 : 2.1, and from 12 germ-free rats, 80 > 24, Thus, 


an inhibitor or inhibitors are present in rat urine with output values being unaffected by 
the state of the gut flora. 

Inhibitory activity appeared to be neither completely reversible nor irreversible. 
Dialysis (24 h) of a sample of 1 ml rat liver homogenate which had been incubated with 1 ml 
urine, showed similar activity to a 1 ml sample of the same rat liver homogenate plus 1 ml 
buffer. However, some binding of inhibitor to MAO may also occur. After 30 min preincubation 
of 0.5 ml of 2.5% rat liver homogenate with 2.5 ml urine at 20°C, centrifugation for 1 h at 
26,000 x g and resuspension of the precipitate in 2.5 ml buffer, the MAO remained 80% 
inhibited compared with a control with buffer instead of urine. Repeating the procedure 
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washed out most of the inhibitory principle, leaving only a 20% inhibition. 

If this MAO inhibitor derives from plasma or tissues, the manner in which the homo- 
genate is prepared might affect the proportion bound, and the MAO activity available for 
assay. It is of particular interest, in this context, that Berrettini and Vogel [3] in their 
report of a circulating small molecule inhibitor in schizophrenics with low platelet MAO 
activity found that adding platelet poor plasma from three subjects to normal platelets and 
centrifuging down the platelet plug caused a reduction in the Vmax and Km of normal plate- 
let MAO. The situation may be complex, however, for Yu et az. [10] have detected an acti- 
vating principle for MAO in human plasma, also a small molecule. Hormones such as oestrogen, 
progesterone [11], and thyroxine [12] can alter MAO activity in particular organs with a 
slow time course. It is tempting to speculate that further control may be exerted by smal] 
molecule inhibitors of the type discussed in this paper. Further evidence is obviously 
required to substantiate this hypothesis. 
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PHENOL CONJUGATION BY LUNG IN VIVO 
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Considerable attention has been focused in recent years on the role of extrahepatic 
biotransformation in the disposition and toxicity of drugs and other xenobiotics. Many 
studies have been carried out which compare the im vitro activity of the liver with that 
of other tissues, in particular the intestine, kidney and lung (for example - 1,2,3). Due 
to the methods involved in the enzyme isolation, semi-purification and incubation under 
optimal conditions, these studies provide only rough guides to the potential activity of 
the tissues in vivo. The importance of the intestine and kidney as sites for conjugation 
of xenobiotics has been confirmed under in vivo conditions (for example - 4,5). We have 
studied the ability of the lung to carry out conjugation reactions using a direct in vivo 


procedure. 


The model compound selected for investigation was (U - 14c)~phenol. In the rat 
this compound is essentially completely biotransformed to two conjugate species - phenyl 
glucuronide and phenyl] sulphate (6). Urinary and biliary excretion studies have shown 
that within two hours of phenol administration these two conjugates account for greater 
than ninety percent of the dose (7). Im vitro studies suggest that lung can form 
glucuronides readily however using isolated perfused lung preparations only minimal 


glucurony] transferase activity has been observed (8). 


We have taken advantage of the anatomical position of the lung to evaluate the 
importance of pulmonary glucuronyl transferase and sulphotransferase in vivo. Sprague- 


Dawley rats (male, mean weight 260g, anaesthetised with urethane) were surgically prepared 


with cannulae in the left jugular vein and left carotid artery. (u-'*c)-Phenol (1.5 


mg/kg; 10 wCi/kg) was administered intravascularly via one of these two cannulae. When 


given intravenously (IV) the compound enters the right atrium in a comparatively 
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undiluted form and it must cross the lung prior to reaching the general arterial system 


for distribution throughout the body. In contrast when given intra~arterially (1A) 


the compound is immediately available for tissue distribution. By comparison of the 
phenol blood concentration-time profiles following administration by both routes, it is 
possible to distinguish between systemic biotransformation (which presumably occurs 


mainly in the liver) and biotransformation which occurs during a single pass across the 


Blood concentration, yg. ml 








10 


Time, minutes 


FIGURE 1. Blood concentration-time profiles for intact phenol and phenol metabolites 

in a typical set of animals receiving phenol by intra-arterial (@,4) or intravenous (0,4) 
administration. Blood samples (100 ul, collected at -5, 2, 5, 8, 12, 16, 22, 30, 60, 90 
and 120 minutes) were diluted with heparinised saline, extracted with Scintillation 
Fluid 1 £5 mls, Toluene containing 0.5% 2,5-diphenyloxazole and 0.05% 1,4-di-2-(5-pheny!- 
oxazolyl)-benzenej] and 4 mls of the organic layer counted. The remainder of the organic 
phase was discarded and the aqueous layer (150 ul aliquot) removed, oxidised, bleached 
and counted in Scintillation Fluid 2 (Toluene:Triton X-100, 2:1 containing 0.4% 2,5- 
diphenyloxazole and 0.01% 1,4-di-2-(5-phenyloxazoly1l)-benzenej. It was established 

that the extraction procedure with Scintillation Fluid 1 was specific for phenol with 

an efficiency of 94.5%. The radioactivity in each blood sample was quantified as 

parent drug (Scintillation Fluid 1) and conjugates (Scintillation Fluid 2) with 


appropriate correction factors. 
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lung. Similar pharmacokinetic techniques have been used to assess presystemic 
biotransformation by intestinal mucosa and liver after oral administration of drugs 


(9, 10). 


A typical set of phenol blood concentration-time profiles is shown in the Figure |. 
Similar results were obtained for each of the IA (n = 7) and IV (n = 7) rats. 
Calculation of the area under the blood concentration-time curve between zero and 
infinity gave values of 6.13 + 1.83 and 2.35 + 0.94 ug.m1” |, minute. kg (significantly 
different p < 0.01 by t test) for intra-arterial and intravenous administration 
respectively. Thus approximately 60 percent of the phenol dose is extracted by the 


lung on the first pass following IV administration. 


The data is presented as a semi-logarithmic plot to stress the rapidity of phenol 
disposition. After IA administration an initial rapid distribution phase is observed. 
Presumably this phase is not apparent after IV due to a dampening effect of the 
pulmonary first pass. Terminal half-lives for phenol disposttion from the blood are not 
statistically different (by t test) for IA (5.0 + 0.9 minutes) and IV (5.2 + 0.7 
minutes) administration. Since these latter phases extend over a time period which 
exceeds 5 half-lives it is felt that this is the true terminal phase which reflects 
the rate of biotransformation. Consistent with this is the rapid attainment of high 
metabolite blood concentrations (see Figure 1) and the complete excretion of phenol 


conjugates from the body within 2 hours (7). 


The differences in the area under the blood concentration-time curves for the 
two routes are not due to differences in dose of phenol entering the body. Since the 
same phenol dose is administered, the extent of metabolism is irrespective of route 
of administration. Hence as shown in Figure 1, there is no difference between the 
total phenol conjugate concentrations achieved by either route. The area under the 
metabolite blood concentration-time curves between zero and 120 minutes are 39.74 + 
4.64 and 49.48 + 19.12 ug phenol equivalents. mi~', minute. kg (not significantly 
different by t test) for IA and IV administration respectively. Similarly the differences 


in blood concentration of phenol are not due to exhalation of intact compound. 


Further studies have been carried out administering phenol at different doses. 
At a lower dose (0.4 mg/kg) the areas under the phenol blood concentration-time curve 
between zero and infinity are 1.32 + 0.31 and 0.65 + 0.14 vo.nl” minute. kg 


(significantly different p < 0.01 by t test) for IA and IV respectively and at a higher 


dose (4.5 mg/kg) 14.11 + 4.71 and 9.76 + 0.75 (not significantly different) for IA and 
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IV respectively. These results indicate that the pulmonary first pass is linear in 


the dose range 0.4 - 1.5 mg/kg but becomes saturated at higher doses. 


The lungs occupy a unique position in the body as a protective organ. They could 
act very efficiently as a site of systemic biotransformation since 100 percent of cardiac 
output crosses this organ. In contrast, cardiac output to the liver is only 25 percent. 
In terms of presystemic biotransformation, the lung is the primary site by which 
atmospheric xenobiotics enter the body. Also the lung is the third in a series of 3 
potential biotransformation sites (the others being the intestinal mucosa and liver) 


which orally ingested xenobiotics must cross prior to entering the general circulation. 
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OCCURRENCE OF METHIONINE ENKEPHALIN IN HUMAN PLACENTAL VILLUS 
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Acetylcholine (ACh) occurs in high concentrations in human placental villus. It is 
released into the medium when placental villus tissue is incubated in Krebs-Ringer bicarbonate 
buffer (pH 7.2 to 7.4) at 37°. Human placenta is not innervated (1). However, the release of 
ACh from the human placental villus resembles that from the nerve in several respects (2-4). 

The discovery of the occurrence of two pentapeptides--methionine enkephalin and leucine 
enkephalin (5,6)--and g-endorphin in the brain and pituitary gland (7) has opened new avenues 
of research into the regulation of the functions of neurotransmitters and hormones (8). 
Generally, it is believed that enkephalins and endorphins may serve as neuromodulators and 
may regulate the neurotransmitter or hormone release by positive or negative feedback systems. 
More specifically, enkephalins may regulate neuronal release of acetylcholine and norepi- 
nephrine by negative feedback systems (9,10). Similarly, enkephalins may regulate ACh release 
in placenta. However, there is no evidence for the occurrence or role of enkephalins in human 
placenta. Therefore, human placental villus was extracted and investigated for enkephalins 
and endorphins. Our investigations indicate that human placental villus contains methionine 
enkephalin and g-endorphin. 


MATERIALS AND METHODS 


Methionine enkephalin and leucine enkephalin were used as standards in the bioassay. 
They were purchased from the Pierce Chemical Co., Rockford, IL. Rabbit anti-met-enkephalin, 
anti-leu-enkephalin, anti-g-endorphin, [1251}-methionine enkephalin, (1251 }-1eucine enkephalin 
and [125] }-g-endorphin were supplied by the Immuno Nuclear Corp., Stillwater, MN. 


Extraction of enkephalin- or endorphin-like peptides from human placenta. Full-term 
human placentae were collected from Vanderbilt University Hospital and kept at 4°, The two 
umbilical arteries were cannulated and perfused with 2 liters of cold isotonic saline con- 
taining heparin (0.5 units/ml) until the effluent from the umbilical vein was free of blood. 
The villus tissue was dissected from the chorionic and basal plates, umbilical cord, and 
amnionic sac as described previously (3). The villi (100 g) were diced into small pieces 
(0.5 to 1.0 cm longest axis) and homogenized in cold acetone (500 ml) containing hydrochloric 
acid (0.02%). The homogenate was filtered under vacuum, and the residue was rehomogenized 
in a cold acetone-water (80/20) medium (500 ml) and filtered. 

The combined filtrates (1000 ml), containing enkephalin-like peptides, were evaporated 
at 25° to about 100 ml to remove the acetone, and the aqueous extract was centrifuged at 
10,000 g for 30 min. 

The pellet was discarded and the supernatant fraction was evaporated to dryness under 
vacuum at 349. The residue was extracted with methanol (20 ml), and the methanol extract 
was filtered free of salts and protein. The methanol filtrate was evaporated. The waxy 
residue was resuspended in 2 vol. of distilled deionized water in a centrifuge tube, heated 
in a boiling water bath for 15 min, and centrifuged for 15 min at 4°, 100,000 g. The super- 
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natant fraction was lyophilized, and the resulting powder was analyzed by bioassay and radio- 


immunoassay or stored at -20°. 


Radioimmunoassay for enkephalins and g-endorphins. The radioimmunoassay for methionine 





enkephalin employed the simultaneous addition of placental extract (200 u1), rabbit anti-met- 
enkephalin antibody (100 1) and [1251 J-methionine enkephalin (100 u1; 50 pg/ml, 0.3 uCi/ml). 
The mixture was vortexed and incubated overnight at 4°. Phase separation was accomplished by 
the addition of an equal volume of saturated ammonium sulfate (500 11) in the presence of 
carrier gamma globulin (100 yl; 0.02%). The mixture was vortexed vigorously, allowed to stand 
for 15 min, and centrifuged at 760 g for 10 min. Both the supernatant fraction and the precip- 
itate were counted for 125]. Values for the methionine standard curve (0.4 to 12.5 ng/ml; 
% vs ng/ml) were determined at the same time. All solutions for this assay were made in boric 
acid (0.001 M)-NaOH buffer (pH 8.4) with boiled bovine serum albumin (0.01%) and merthiolate 
(0.0001%). 

There were significant differences between the assays for methionine enkephalin, leucine 
enkephalin and g-endorphin which will be described elsewhere. 


Characterization of the biological activity of enkephalin-like peptides from placental 





villus. Extracts were characterized for enkephalin-like activity on three preparations: 

(a) guinea pig longitudinal ileal muscle (11,12); (b) mouse vas deferens (13); and (c) rat 
vas deferens. The conditions of the assay for the rat vas deferens were similar to those 
used for the mouse vas deferens (13). The first two are classical preparations and respond 
to both enkephalins and morphine, which decrease the output of the chemical transmitter. The 
rat vas deferens was found to be sensitive to both enkephalins, which were partially antago- 
nized by naloxone (60 nM). 


RESULTS AND DISCUSSION 


Using highly sensitive and specific radioimmunoassays, the occurrence of methionine 
enkephalin and g-endorphin in human placental villus was demonstrated (Table 1). The content 
was variable from placenta to placenta. Part of the enkephalins and g-endorphins might have 
been released during labor and washing. Therefore, the figures in Table 1 should be consid- 
ered as minimal values. The presence of leucine enkephalin in human placental villus could 
not be demonstrated in our experiments. The occurrence of immunoreactive corticotropin, 
lipotropin and g-endorphin in whole placental extracts was demonstrated by Odagiri et al. 
(14). But, they did not demonstrate the presence of enkephalins. 

When the floating villi, chorionic plate and basal plate of the same human placenta were 
extracted and analyzed, the methionine enkephalin concentration was lower in the chorionic 
and basal plates. This suggests that the distribution of methionine enkephalin is similar to 
that of ACh (15). 

The occurrence of opioid peptides was further demonstrated by the biological activity of 
the placental peptides on the intramurally stimulated rat vas deferens, mouse vas deferens 
and longitudinal ileal muscle of the guinea pig. A biphasic response, an initial phase of 
facilitation followed by a second phase of the inhibition of transmission, was obtained when 
the placental extract was added to the intramurally stimulated longitudinal ileal muscle of 
the guinea pig. The initial phase of facilitation was not prevented by subjecting the pla- 
cental extracts to hydrolysis by cholinesterases prior to the test. Therefore, the initial 
facilitation was not due to acetylcholine-like esters but due to unidentified peptides or 
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other endogenous substances. The second phase of the inhibition of transmission was antagonized 
by naloxone (60 nM). Therefore, this phase of the inhibition of transmission was due to the 
occurrence of enkephalin- and endorphin-like peptides in the placental extracts. Placental 
extract inhibited the transmission in the mouse and rat vas deferens which was antagonized by 
naloxone (60 nM). 


Table 1. Methionine enkephalin and g-endorphin in human placental villus 





Placenta Methionine enkephalin 8-Endorphin 
number (ng/mg protein) (ng/mg protein) 





-17 
-70 


27 0 
-46 1 
49 1.22 
-22 0.44 
-54 1.07 
05 0.40 
14 0.34 
-60 0.49 
+ 0.12 0.73 +0.19 


oer OOo Oo O&O 


oO 
fea) 
oO 


mean + S.E. 





According to our investigations, the rat vas deferens is the most convenient tissue for 
the assay of placental extracts. Leucine enkephalin, methionine enkephalin and placental 
extracts inhibited transmission in rat vas deferens (Fig. 1). Naloxone blocked their effects 
by about 44-51 percent. The rat vas deferens contains presynaptic muscarinic receptors. 
Acetylcholine activated these presynaptic receptors and facilitated transmission. Full-term 
human placenta contains 5-7 times higher levels of acetylcholine than brain. Extracts of 
placenta which were contaminated with acetylcholine could also be analyzed by atropinized rat 
vas deferens. 

All of the above studies indicate that human placental villus contains biologically 
active opioid peptides. These peptides were identified as methionine enkephalin and g- 
endorphin. Methionine enkephalin and g-endorphin may exert negative feedback control on 
the placental release of acetylcholine. Or, the local release of methionine enkephalin and 
8-endorphin by placenta may regulate sensory transmission (or pain impulses) to the central 
nervous system from the distended uterus and vaginal tract during childbirth. 


Acknowledgements--This investigation was partially supported by United States Public 
Health Service Research Grants HD-08561, HD-10607, AG-02077 and RR-05424 and a grant from the 
Council for Tobacco Research, U.S.A. Inc. One of the authors (S.L.B.) is a Medical Student 
Research Fellow in Pharmacology-Clinical Pharmacology of the Pharmaceutical Manufacturers 
Association Foundation, Inc. A second author (0.S.T.) is a Fellow of The King Abdulaziz 
University, Saudi Arabia. 








Preliminary Communications 


Fig. 1. Effects of leucine enkephalin (LEK, 10 ug/ml), methionine enkephalin (MEK, 

10 ug/ml) and human placental extract (0.2 m1) on the rat vas deferens. All three 
inhibited transmission. The effects of all three were blocked partially (44-51 percent) 
by naloxone (60 nM). W, wash. 
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IMPROVEMENT OF TISSUE PERFUSION WITH 
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The normal functioning of the body cells requires 
an appropriate supply of oxygen and substrates, and 
the continuous wash-out of metabolites (e.g. carbon 
dioxide and lactate). This is achieved in the intact 
organism by continuous matching of the amount of 
blood delivered to the tissues with their metabolic 
needs. Thus, when the demands are increased, the 
arterioles branching into the capillaries subserving 
the active cells dilate, allowing for a greater blood 
flow. If this does not occur, tissue ischemia and 
dysfunction are unavoidable, and the symptoms of 
vascular insufficiency follow [25]. 

From Poiseuille’s work of rigid tubes we know 
that the flow (F) through such a tube is determined 
by the perfusion pressure (P) and the resistance to 
flow, according to equation (1) 

P=FXR. (1) 
The resistance (P) to flow is directly related to the 
length (L) of the tube and the viscosity (7) of the 
fluid flowing through it, but is inversely related to 
the fourth power of the radius (r) of the tube, accord- 
ing to equation (2) 


iB. 
as (2) 


R=5. 
7 


r 


If a tube is narrowed, its resistance increases and, 
for a given pressure along the tube, more energy will 
be required to overcome the increased resistance, 
and the pressure downstream of the constriction will 
be lower than if the tube was the same diameter over 
its total length. When extrapolated to the human 
cardiovascular system, Poiseuille’s work implies that, 
provided the pressure generated by the heart is main- 
tained at an appropriate level by the cardiovascular 
reflexes, the amount of blood delivered to each tissue 
will depend upon the resistance to flow it offers and 
thus mainly on the diameter of its blood vessels and 
the viscosity of the blood [25]. Both a decrease of 
diameter of the arteries and their branches and an 
increase in blood viscosity can result in insufficient 
perfusion of the tissues. 


Decrease in vascular diameter 


In normal conditions, the major determinant of 
vascular resistance is the degree of opening of the 
arterioles (resistance vessels). When a tissue 
becomes metabolically active or ischemic, the accu- 
mulation of metabolites causes dilatation of the 


arterioles both by inhibition of the myogenic activity 
of the vascular smooth muscle cells in their wall 
[4, 10, 14, 19, 24] and by prejunctional inhibition of 
the existing sympathetic tone [18]. If the distending 
pressure in the arterioles decreases at the same time, 
the reduced wall stress will enhance the vasodila- 
tation (autoregulation; e.g. [16,28]). There is no 
evidence that the potential of resistance vessels to 
dilate is curtailed in abnormal conditions. However, 
pathological decreases in diameter can occur in larger 
arteries. Such decreases can be due to mechanical 
obstruction, as is the case with thrombosis, embol- 
ization, occlusive disease (atherosclerosis) or exter- 
nal compression. They can also be provoked by 
spasms of the smooth muscle cells in the vessel wall, 
as evidenced best by the spastic episodes in patients 
with Raynaud’s disease [23], or by the coronary 
vasospasms in patients with variant angina [15]. In 
the latter case, it is likely that vasospasm occurs most 
frequently in partially occluded blood vessels and 
thus further impairs the limited blood supply [25]. 
Whether due to mechanical factors or to spasm, the 
decrease in arterial diameter results in an exagger- 
ated drop in pressure across the obstruction. Thus 
the perfusion pressure at the arteriolar level is lower 
than normal, and despite the normal response of 
their arterioles, the tissues past the obstruction can- 
not be provided with enough blood, particularly if 
their demands are augmented. This situation causes 
the typical symptoms of angina pectoris or inter- 
mittent claudication. 

Vasospasm is due to contraction of vascular 
smooth muscle cells. These are triggered either by 
the presence of higher than normal levels of 
endogenous vasoconstrictor substances (e.g. nor- 
epinephrine, 5-hydroxytryptamine, certain prosta- 
glandins, thromboxane A2), by the augmented 
breakdown of endogenous vasodilator substances 
(e.g. adenosine, bradykinin, prostacyclin) or by an 
abnormally high sensitivity of the smooth muscle 
cells to normal levels of vasoactive agonists (e.g. 
Raynaud’s disease). Thus vasospasms can be pro- 
voked by the imbalance between endogenous vaso- 
dilator and vasoconstrictor substances or by the 
interaction between such substances [2,30]. Sus- 
tained contraction of vascular smooth muscle cells 
can also be evoked in the presence of low concen- 
trations of vasoconstrictor substances by decreases 
in temperature or by tissue anoxia [31-33]. Ulti- 
mately, all stimuli causing vascular smooth muscle 
to contract, increase the cytoplasmic concentration 
of activator calcium ions (Ca**). In most arteries, 
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the influx of extracellular Ca** is also augmented 
since the cellular stores of this ion mediate only part 
of the contractile response [5, 6, 26, 27]. A number 
of substances, including cinnarizine, flunarizine, ver- 
apamil, lidoflazine, perhexiline and prenylamine. 
inhibit the influx of Ca** into vascular smooth muscle 
cells [12, 13, 34-36]. They also antagonize the con- 
tractions of vascular smooth muscle cells caused by 
anoxia ({31], Van Nueten, unpublished observa- 
tions). In pathological conditions where vasospastic 
episodes contribute to the tissue ischemia, inhibitors 
of Ca’*-influx must have a beneficial effect. Flunar- 
izine does not affect the myogenic activity of vascular 
smooth muscle but inhibits the stimulated Ca’*- 
influx in a variety of blood vessels at concentrations 
which have no negative inotropic effect on the myo- 
cardium [35, 36]. Hence, it is to be expected that 
substances such as flunarizine will be particularly 
effective in preventing vascular spasms due to the 
presence of abnormally high levels of vasoconstrictor 
substances. 


Blood viscosity 

In normal conditions, the apparent viscosity of the 
blood is determined mainly by the concentration of 
plasma proteins, in particular fibrinogen, and by the 
number of the red blood cells and their deformability 
[25]. Hyperviscosity of the blood has been proposed 
to be one of the major factors resulting in peripheral 
circulatory disturbances [9, 11,29]. The extreme 
example of increases in viscosity resulting in cessa- 
tion of capillary flow is provided by patients with 
high levels of cold agglutinins when they are exposed 
to low ambient temperatures [23]. The deformability 
of the red blood cell membrane is important in the 
larger arteries because it allows rotation of the red 
cells which changes the blood into an emulsion of 
low apparent viscosity, but is also of critical import- 
ance at the microcirculatory level where the red 
blood cells must travel through capillaries with a 
diameter smaller than their own [22, 25]. Hence a 
decrease in red blood cell deformability not only 
increases the apparent viscosity of the blood in the 
larger blood vessels and, thus, augments the total 
resistance to flow, but also reduces the ability of 
those cells to ensure proper oxygenation of the tis- 
sues at the capillary level. Metabolic deprivation 
markedly reduces red blood cell deformability 
[38, 39], and it is likely that this phenomenon is a 
major aggravating factor in the development of per- 
ipheral vascular insufficiency [20, 40]. 

Achieving a normal deformability of the red blood 
cell membrane requires ATP and _ oxygen 
[3, 17, 38, 39]. It is likely that part of the ATP pro- 
duced is used to pump Ca’* out of the cell, and that 
an increased cellular content of the ion decreases the 
deformability [21,39]. In hypoxic conditions, the 
augmented lactate production inhibits the glycolytic 
production of ATP and thus depresses the Ca** 
removal process. The intracellular content of Ca?* 
rises and the red blood cell deformability decreases 
because the influx of Ca** from the plasma is not 
balanced by the pumping action of the cell membrane 
in the outward direction. Calcium ion influx into 
erythrocytes is also enhanced by catecholamines and 
certain prostaglandins. Hence these vasoactive sub- 
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stances tend to reduce red blood cell deformability 
even further [1]. As a consequence, the resistance 
to flow increases because of the augmented viscosity 
of the blood, and the microcirculatory supply of 
oxygen is reduced because of the lesser permeation 
of the smaller capillaries by the stiffer red blood 
cells. Inhibitors of Ca** influx such as cinnarizine 
[8] and flunarizine [7] counteract the hypoxia- 
induced decreases in red cell deformability. 


Conclusion 


When the large blood vessels supplying a part of 
the body are narrowed because of mechanical 
obstruction, vasospasm or a combination of both, 
despite adequate dilatation of the resistance vessels, 
the blood flow becomes insufficient to provide 
enough oxygen to the tissues when they increase 
their activity. As a consequence the blood becomes 
hypoxic, which in turn decreases the deformability 
of the red blood cells. This results in augmented 
viscosity of the blood, increased peripheral resistance 
and further impairment of the blood flow through 
the narrowed vessel. The decreased deformability, 
combined with the reduced blood flow favors the 
occurrence of ‘rouleaux’ formation, which also 
increases blood viscosity and peripheral resistance. 
At the microcirculatory level, the hypoxic erythro- 
cytes cannot pass through smaller capillaries. This 
endarzers the oxygen supply of the tissues even 
further. We suggest that this vicious circle can be 
interrupted by inhibitors of Ca** influx at two levels: 
(1) by antagonizing the vasospastic components of 
the arterial occlusion, and (2) by decreasing the Ca’* 
content of the red blood cells (Fig. 1). This combi- 
nation of effects decreases the resistance to flow 
through the larger vessels and allows an improved 
supply of blood to the tissues. The available red 
blood cells can fulfil their function at the microcir- 
culatory level because they regain their normal flex- 
ibility. This interpretation explains the apparent con- 
tradiction between the observations that the 
resistance vessels dilate normally in patients with 
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Fig. 1. Proposed dual site of action to explain why inhibitors 

of Ca** influx such as flunarizine improve the blood supply 

in peripheral vascular disease associated with vasospasm 
and tissue hypoxia. 
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peripheral vascular disease, on the one hand, and 
that inhibitors of Ca?* influx have beneficial effects 
in such patients, on the other hand. Of the available 
inhibitors of Ca’* influx, it appears that drugs such 
as flunarizine, which is used for the treatment of 
peripheral vascular diseases [37] are potentially the 
most interesting, since they interfere little with the 
normal myogenic vascular tone but inhibit spastic 
vasoconstrictions, and improve red blood cell 
deformability in hypoxic blood. 
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Abstract—The bispyridinium oximes toxogonin [N, N’-oxydimethylene bis (pyridinium 4-aldoxim) dich- 
loride] and its structural analogs HS-3, HS-6, HI-6 and MMB-4, and the bispyridinium salt SAD-128, 
which serve as antidotes to certain types of organophosphorus poisoning, bind competitively to mouse 
brain muscarinic receptors. This was determined in vitro employing the potent and specific muscarinic 
antagonist 3H-4NMPB (° 3H-4- -N-methyl piperidyl benzilate). All the bispyridinium compounds also 
exerted a mild anti-acetylcholine activity (Ka = 10~*-107° °M) measured physiologically in the guinea 
pig ileum, which correlated well with the dissociation constants obtained from binding studies with 
mouse brain homogenate. The most potent muscarinic blocker was SAD-128 (K'a = (7.1 + 1.2) x 107 °M 
for whole mouse brain), whose remarkable therapeutic action against soman intoxication may be partly 
attributed to this antimuscarinic activity. 

The binding data are best fitted by a competitive model, and the deviation from the law of mass 
action observed here may be related either to the heterogeneity of muscarinic receptors in the mouse 
brain or to nonequivalency of the number of binding sites for bisquaternary pyridines and 4-NMPB. 


It was already established in the 1950's [1,2] that 
mono- and bispyridinium oximes such as 2-PAM-C] 
(2-pyridine-aldoxime methyl chloride) and toxo- 
gonin [N,N’-oxydimethylene bis (pyridinium 4- 
aldoxime) dichloride], which serve as potent reac- 
tivators of inhibited acetylcholinesterase (AChE), 
could be used as antidotes against organophosphorus 
poisoning. However, these oximes (in combination 
with atropine) proved to be ineffective in protecting 
against soman (O-pinacolyl methylphosphonofluor- 
idate) and other organophosphates that produce 
organophosphoryl-AChE conjugates which undergo 
rapid aging [3]. However, respiratory failure and 
neuromuscular blockade caused by soman in mice 
were successfully treated using atropine together 
with certain bispyridinium compounds HS-3, HS-6 
and HI-6 [3], first synthesized by Hagedorn et al. 
(see ref. [4]). 

It was later shown [5] that HS-6 administered to 
atropinized, anesthetized, soman-intoxicated rats 
delayed respiratory failure by one hour or more, and 
that HI-6 caused functional recovery of neuromus- 
cular transmission in rats even when given one hour 
after soman [6]. The bisoxime HS-3 increased the 
rate of survival in dogs [7]. However, it was also 
noted that protection against soman could be 
obtained with SAD-128, a bisquaternary analogue 
of toxogonin in which both oxime groups are 
replaced by tertiary butyl groups [3]. 

The therapeutic effect of these bispyridinium 
derivatives could not be attributed to reactivation 
of the phosphorylated cholinesterase [6]. However, 
HS-6 and SAD-128 reduced the aging rate of soman- 
ylyl-AChE in vitro [8] and showed some parasym- 
patholytic activity [9, 10]. It was suggested that both 
these activities might contribute to the protective 
potency of these oximes [8-10]. 


Since in vivo studies have shown that the quater- 
nary oximes are capable of penetrating the blood 
brain barrier [6, 11-14], it is not unlikely that their 
protective efficacy may be partly related to their 
interaction with the cholinergic receptor in the brain. 
It has recently been shown that the potent labeled 
muscarinic antagonist *H-4-N-methyl piperidyl ben- 
zilate ((H-4NMPB) is a useful tool for determining 
the characteristics of muscarinic receptor in the cen- 
tral [15-18] and peripheral [19, 20] nervous systems. 
Other potent labeled muscarinic antagonists have 
also been employed for this purpose [21-23]. In this 
study we used *H-4NMPB as a tool to demonstrate 
that the bisquaternary derivatives toxogonin, HS-3, 
HS-6, HI-6, MMB-4 and SAD-128 bind specifically 
to the muscarinic receptor in mouse brain. The 
potency of binding of the various antidotes was found 
to correspond well to their efficacy as antagonists of 
the muscarinic receptor as assayed physiologically 
in the guinea pig ileum. 


MATERIALS AND METHODS 


Materials 


*H-N-methyl-4-piperidyl benzilate (*H-4NMPB) 
(55.4 Ci/mmole) was prepared and tested for purity 
as described earlier [15, 16]. 

Toxogonin, HS-3 [1-(2-hydroxyiminoethyl pyri- 
dinium) 1-(4-hydroxyiminoethyl-pyridinium)-dime- 


thylether], HS-6 [1-(2-hydroxyiminoethyl-pyridi- 
nium) 1-(3-carboxy amido-pyridinium) dimethyl- 
ether], HI-6 [1-(2-hydroxyiminoethyl-pyridinium) 1- 
(4-carboxyamido pyridinium) dimethylether], SAD- 
128 [bis (1.1'-(4-tertbutyl pyridinium) dimethyl- 
ether] and MMB-4 [bis-(4-hydroxyiminoethyl-pyri- 
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dinium) methane] were prepared according to the 
methods described in ref. [4]. 


Methods 


Effects on isolated organ. The acetylcholine- 
induced contraction of isolated guinea pig ileum was 
measured as described elsewhere [24]. Dose ratios 
and dissociation constants were calculated from the 
dose-response curves for acetylcholine in the pres- 
ence of different concentrations of the drug tested, 
according to Arunlakshana and Schild [25]. 

Competition binding experiments. Binding assays 
were performed using *H-4NMPB and mouse brain 
homogenates, according to the technique described 
in detail in previous reports [15, 16]. Competition 
binding studies were carried out in two complemen- 
tary types of experiments: (1) the binding of *H- 
4NMPB at fixed concentration (2.0 nM) was meas- 
ured in the presence of different concentrations of 
the unlabeled drugs; (2) the binding of *H-4NMPB 
at different concentrations was measured in the pres- 
ence of fixed concentrations of the unlabeled drugs. 

The data were analysed assuming a model by which 
the labeled and unlabeled ligands compete for the 
same receptor binding sites, as previously described 
[15, 16]. 

Samples were assayed for radioactivity by liquid 
scintillation spectrometry (Packard Prias Model PL), 
and corrections for quenching were made by using 
a quench curve based on the external standard ratio 
method, using standard tritiated water and toluene 
(Packard). Specific binding was defined as the total 
binding minus binding in the presence of 5 x 10-°M 
unlabeled 4-NMPB or atropine. 


RESULTS 


The bis-pyridinium compounds tested exerted a 
mild anti-acetylcholine activity relative to that of 
atropine as measured by the contractile response of 
the smooth muscle. At the concentration range 
investigated (10-°-10-* M), the drugs did not pro- 
vide contraction of the muscle preparation. Rep- 
resentative dose-response curves of acetylcholine in 
the presence of SAD-128 and HS-3 are given in Fig. 
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Fig. 1. Antagonism of SAD-128 (panel a) and HS-3 (panel 

b) to the contractile response of guinea pig ileum to ace- 

tylcholine (@). SAD- 128 concentrations were (M): 1 x 107° 

(A);3 x 107°(O); 1 x 1074(0), 2 5x 10° *( A). HS-3 con- 

centrations were (M): 5x10 (A); 1x 107 iy (O); 
2.5 x 10°4(0); 1 x 1077 (A). Ordinate: response (%). 


1. The parallel shift of the dose-response curves of 
acetylcholine in the presence of the drugs, as well 
as the surmountable nature of the antagonism, 
indicate that SAD-128 and HS-3 acted as competitive 
antagonists. Similar results were obtained with all 
the drugs tested. The inhibitory effect curves of the 
bisquaternary pyridins plotted according to Arun- 
lakshana and Schild [25] yielded a straight line with 


Table 1. Apparent dissociation constants for bisquaternary pyridines determined in 
the guinea pig ileum and mouse brain 





Guinea pig ileum 
Drug Ka* (M) 


Nh 





SAD-128 (1.0 
HS=3 (3.2 
Toxogonin (6.2 
HS-6 (1.0 
HI-6 

MMB-4 (3.2 


0.7) x 107° 
1.2) x 107° 
1.4) x 107 
0.8) x 107 


a I+ I+ I+ 


2.0) x 10° 


0.8 

0.84 
0.85 
0.80 
0.88 
0.92 





* Ka values, expressed as the mean 
Arunlakshana and Schild [25]. 


+ §.E.M., 


were calculated according to 


+ K'avalues, expressed as the mean + S.E.M., were calculated assuming a com- 
petitive interaction between “H-4NMPB and the unlabeled drugs as described else- 


where [16]. 
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Fig. 2. Inhibitory effect curves of the bisquaternary pyri- 

dines: SAD-128 (A); HS-3 (A), toxogonin (O); MMB-4 

(@); HS-6 (@), in the guinea pig ileum preparation plotted 

according to Arunlakshana and Schild [25]. Dose ratio is 

the EDso ratio of acetylcholine in the presence and in the 

absence of the antagonist. Abscissa: Antagonist concen- 
trations (M). 


a slope of 45°, except for MMB-4 (Fig. 2), thus again 
indicating competitive antagonism. The dissociation 
constants (Ka) evaluated by the method of Arunlak- 
shana and Schild [25] are summarized in Table 1. 

The binding characteristics of the bisquaternary 
pyridines to the muscarinic receptors in mouse brain 
were examined by competition binding experiments 
using the potent and specific labeled muscarinic 
antagonist *H-4NMPB [15, 18]. Figure 3a demon- 
strates inhibition of specifically bound *H-4NMPB 
(fixed concentration) by various concentrations of 
the bisquaternary pyridines; the specific binding of 
the labeled antagonist is virtually suppressed by the 
unlabeled drugs. The data in Fig. 3a, when replotted 
according to Hill [26], yield straight lines with slopes 
of 0.8-0.9 (Fig. 3b, Table 1), indicating that the 
binding curves approach but do not exactly resemble 
simple mass action curves. However, the apparent 
dissociation constants measured in the binding 
experiments are similar to those measured by the 
antagonism to acetylcholine-induced contraction of 
guinea pig ileum (Table 1). 

The nature of the binding of the bisquaternary 
pyridines was further investigated through binding 
experiments in which different concentrations of the 
labeled antagonist were used. Figures 4 and 5 rep- 
resent double reciprocal plots for receptor binding 
of “H-4NMPB in the presence of various fixed con- 
centrations of toxogonin and SAD-128, respectively. 
Intersection of all curves at the point 1.0 on the 
1/y axis shows that the competing bound toxogonin 
or SAD-128 could be completely replaced by *H- 
4NMPB at sufficiently high *H-antagonist concen- 
trations. The straight lines show only a single class 
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of noninteracting binding sites for toxogonin or 
SAD-128. A plot of the apparent dissociation con- 
stants (calculated from the slopes in Figs. 4 and 5) 
as a function of the concentration of toxogonin or 
SAD-128 (Figs. 3 and 4, inserts) did not give a linear 
relationship. If a simple competition model is 
assumed, this would indicate that the number of 
binding sites for toxogonin or SAD-128 differs from 
that for “H-4NMPB [27]; otherwise a ternary com- 
plex comprising bisquaternary pyridine—receptor— 
*H-4NMPB should be assumed [16, 27]. 


DISCUSSION 


It has been found previously that HS-6 blocks the 
ganglion stimulating effect of excitatory nicotinic 
agonists [28] and also blocks the neuromuscular junc- 
tion [29]. Weak antimuscarinic activity measured 
physiologically with guinea pig ileum has been attri- 
buted to toxogonin [30], HS-6 [9] and SAD-128 [10], 
and it was suggested that the bispyridinium oximes 
are noncompetitive antagonists [9, 30]. The bisqua- 
ternary pyridines tested in the present study exert 
antimuscarinic activity, as shown by their blocking 
effect on the acetylcholine-induced response of the 
guinea pig ileum and by their inhibition of the binding 
of the specific muscarinic antagonist 4-NMPB [15] 
to mouse brain homogenates. In the light of previous 
findings [26, 27], it is not unlikely that some of the 
bisquaternary oximes might also block central nico- 
tinic receptors, a possibility which we are currently 
investigating. 

As shown in the case of other muscarinic antag- 
onists [15, 16, 20, 21], there is excellent agreement 
between the apparent dissociation constants deter- 
mined by employing these two methods. The most 
potent bispyridinium antagonists are SAD-128, HS- 
3 and toxogonin, while HS-6, HI-6 and MMB-4 are 
less potent. These results correlate well with pre- 
viously reported findings [9, 10, 30]. Hence, the most 
active antagonists are the dimethylether bisquater- 
nary pyridines having a substituent in position 4 of 
the pyridine ring, provided that the substituent at 
this position is not a carbamide group (HI-6). On 
the other hand, it is not essential that it should be 
an oxime group, since SAD-128 has two tertiary- 
butyl groups instead of the oxime moiety. 

The parallel shift of the dose-response curves for 
ACh in the presence of the bisquaternary pyridines, 
as well as the 45° slope of the inhibitory effect curves, 
point to competitive antagonism. Similar results were 
obtained by Kuhnen-Clausen for toxogonin [9, 30] 
and other bisquaternary pyridines at concentrations 
up to 1 mM. At higher toxogonin concentrations (up 
to 10 mM) this author has shown that the inhibitory 
effect curves do not follow a simple mass action law 
[30]. 

The binding of the bisquaternary pyridines to 
mouse brain muscarinic sites cannot be explained by 
a simple mass action model either. However, several 
lines of evidence support the assumption of purely 
competitive binding between *H-4NMPB and each 
of the bisquaternary pyridines: (1) The drugs inhibit 
almost all the binding of 2.0 nM *H-4NMPB. Under 
these experimental conditions the binding of the 
labeled drug in the absence of unlabeled drug yields 
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Fig. 3. Competition binding of bisquaternary pyridines and 2.0 nM 3H-4NMPB in mouse brain hom- 

ogenate. Panel a: Samples (0.05 ml) were incubated at 25° for 30 min in 2 ml modified Krebs solution 

containing 2.0 nM *H-4NMPB and the unlabeled drugs at the concentrations indicated. Specific binding 

was determined as described in Methods. “H-4NMPB binding site concentration was 0.2 nM and the 

binding in the absence of unlabeled drug was 0.17 nM. Each point represents the average of triplicate 

determinations. (A) SAD-128; (CO) HS-3; (@) toxogonin; (O) HS-6; (A) HI-6; (™) MMB-4. Panel b: 
Hill plot of the same data. % refers to per cent inhibition. 


an occupancy of more than 85 per cent. Therefore 
in the presence of the unlabeled drug most of the 
latter’s binding occurs at the expense of *“H-4NMPB 
binding; (2) The common intercepts of the double 
reciprocal plots indicate that the competing bound 
SAD-128 or toxogonin could be completely replaced 
by *H-4NMPB at sufficiently high concentrations; 
(3) The straight lines of the double reciprocal plots 
indicate that there is no possibility of cooperative 
binding of the bisquaternary pyridines; (4) Prelimi- 
nary kinetic binding studies (unpublished data) have 
shown that the apparent association and dissociation 
rate constants of *H-4NMPB do not change in the 
presence of SAD-128 or toxogonin. 


We conclude that the binding data presented are 
best fitted by a competitive model which describes 
the binding of the bisquaternary pyridines and the 
specific muscarinic antagonist 4-NMPB in mouse 
brain homogenate. The deviation from the law of 
mass action may be related either to the heterogen- 
eity of muscarinic receptors in the mouse brain 
[17, 18] or to nonequivalency in the number of bind- 
ing sites for the bisquaternary pyridines and for 4- 
NMPB. However, if the binding of *H-4NMPB and 
the bisquaternary pyridines is not mutually exclusive, 
that is, if the binding of the unlabeled drug does not 
coincide with the displacement of *H-4NMPB from 
its receptor binding sites, the existence of a ternary 
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Fig. 4. Double reciprocal plots of “H-4NMPB binding in the presence of SAD-128. Samples were 

incubated as described in Fig. 3 with various concentrations of “H-4NMPB in the absence (QO) and in 

the presence of SAD-128 at concentrations (mM): 0.02 (@), 0.05 (A), 0.1 (MH) and 0.2 (A). Specific 

binding was determined as described in Methods. Each point represents the average of triplicate 

determinations. Y is the fractional occupancy of the receptors by “H-4NMPB where the binding sites 

concentration was 0.2 nM. Insert: The apparent dissociation constants (a) calculated from the slopes 
of the double reciprocal plots, plotted as a function of SAD-128 concentration. 
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Fig. 5. Double reciprocal plots of “H-4NMPB binding in the presence of toxogonin. Samples were 

incubated as described in Fig. 3 with various concentrations of “H-4NMPB in the absence (©) and in 

the presence of toxogonin at concentrations (mM): 0.05 (@), 0.2 (A), 0.5 (M), 1.0 (CD) and 2.0 (A). 

Specific binding was determined as described in Methods. Each point represents the average of triplicate 

determinations. Y is the fractional occupancy of the receptors by *H-4NMPB, where the binding sites 

concentration was 0.20nM. Insert: The apparent dissociation (@), calculated from the slopes of the 
double reciprocal plots, plotted as a function of toxogonin concentration. 





488 


complex should be assumed [16]. In this case a kind 
of allosteric mechanism may be considered, as has 
been previously suggested [30]. 

These studies:of binding to mouse brain muscarinic 
receptors support the hypothesis that some of the 
bispyridinium compounds, especially SAD-128, may 
exert their therapeutic action by blocking central 
muscarinic receptors. The concentrations of the bis- 
quaternary pyridines used in this study are relevant 
to their therapeutic dosage. It is noteworthy that 
their low affinity towards the muscarinic receptors 
may be compensated by their relatively high levels 
in the blood (S0-S00 4M) [5, 28, 31]. It should be 
noted, however, that the bispyridintum compounds 
may exert different binding properties and physio- 
logical actions under conditions of organophospho- 
rus intoxication. 
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Abstract—'*C-8-Phenylethylamine (0.15-200 uM) infused through the pulmonary circulation of rat 
isolated lungs perfused with Krebs solution was metabolized by a saturable process. Metabolism at 
50 uM was inhibited by cold, anoxia, glucose lack or Na-lack, by amine oxidase inhibitors and by a 
number of other basic drugs taken up by lung. Uptake of PEN consisted of at least two components, 
a component directly related to concentration and a saturable process reaching Vmax at 50-100 uM. 
Uptake was inhibited following inhibition of monoamine oxidase action by deprenyl and other drugs. 
Inhibition of uptake without inhibition of the enzyme was caused by normetanephrine and dexametha- 
sone. These results lead to the conclusion that PEN metabolism is not limited by uptake and that its 
uptake resembles that of amphetamine and propranolol but is different from that of 5-hydroxytryptamine 


and noradrenaline. 


Previous studies on B-phenylethylamine (PEN) 
metabolism in lung [1-3] have shown that this process 
is unlike that of the two other best studied amines, 
5-hydroxytryptamine (5-HT) and_ noradrenaline 
(NA), in the same organ. For these amines, the rate- 
limiting step in metabolism is uptake into the cell 
[4-6], but the role played by the uptake system in 
the metabolism of PEN is not clear. In rabbit isolated 
lung, removal of PEN appears to be non-saturable 
[7], although in rat lung metabolism does approach 
saturation [3]. Furthermore, in perfused lung, 
metabolism of 5-HT, but not that of PEN, was 
inhibited by desmethylimipramine [3]. We have 
therefore undertaken a more detailed study of the 
kinetic and biochemical requirements of PEN uptake 
and metabolism in rat lung. 


MATERIALS AND METHODS 


Preparation of isolated lung and_ perfusion 
media.The lungs from male rats (Wistar strain, 150— 
250 g) were prepared as previously described [4]. 
The standard perfusion medium was warmed (37°) 
Krebs bicarbonate solution containing (mM): NaCl, 
118; KCl, 4.6; CaCh, 2.54; KH2POs, 1.2; NaHCOs, 
25 and glucose, 5, gassed with 95% oxygen and 5% 
carbon dioxide. The perfusion medium was pumped 
through the pulmonary circulation at a constant rate 
(8ml.min~'). After 10-15 min of perfusion, the 
effluent was free of blood and the lungs were either 
taken for homogenization or the perfusion 
continued. 

For a Na-free medium, NaCl was replaced by 
isotonic amounts of sucrose (0.25 M) and NaHCO; 
by Tris, the pH of the final solution being adjusted 
to 7.4 by adding 1N HCI. The only Na contamination 
was the presence of NaCl and NaHCO: in the stock 





* This work was supported by the Medical Research 
Council. 


489 


solution of PEN. Since the stock solution was diluted 
1000 times, the final Na concentration during an 
infusion of the amine was 0.15 mM. For a K-free 
medium, KH2POs; and KCI were replaced by the 
equivalent Na salts in equimolar amount. The pres- 
ence of KH2PO, and KCl in the stock solution of 
PEN was again diluted 1000 times. For a glucose- 
free medium, glucose was simply omitted from the 
standard Krebs solution. When ‘anoxia’ was 
required, the medium was gassed with 95% nitrogen 
and 5% carbon dioxide. ‘Hypothermia’ was pro- 
duced by filling the water bath with an ice—water 
mixture which was pumped to the heat exchanger, 
thus cooling the standard Krebs solution entering 
the pulmonary arterial cannula to 2—-4°. 

Metabolism and uptake in perfused lungs. After 
the initial perfusion, PEN metabolism was measured 
by collecting lung effluent for a total of 30 min, 
during and after a 3 min infusion (0.4 ml.min~') of 
'4C-PEN into the pulmonary arterial cannula. At the 
end of the 30 min collection time, radioactivity in 
the effluent had fallen to background levels and a 
second infusion of PEN was given, in the presence 
of test drug or medium. Infusion of drugs 
(0.2ml.min~') and perfusion of the lung with differ- 
ent media was started 20 min before and continued 
during the PEN infusion and collection of the lung 
effluent. 

To measure uptake of '“C-PEN, a 3 min infusion 
of PEN was given through the lungs and 30 sec later 
perfusion was stopped and the lungs removed from 
the perfusion system. The effluent from the lung was 
collected during this period. The lungs were dissected 
free of the trachea, the remainder of the heart and 
any extraneous tissue. They were then homogenized 
in cold (0°) 0.3M perchloric acid, using two 10 sec 
bursts of a Polytron homogenizer (PCU-2). The 
homogenate was centrifuged at 1000 g for 20 min 
and samples of the resulting supernatant, together 
with samples of lung effluent collected during the 
infusion, were taken for chromatographic analysis. 





490 


To check for breakdown of substrate during the 
extraction procedure, '*C-PEN was added to per- 
fused lungs immediately before homogenization in 
perchloric acid and the extraction and analysis car- 
ried out as usual. Recovery of '*C in the supernatant 
was 89% and in the effluent 100%. The procedures 
of homogenization and chromatography resulted in 
less than 5% breakdown of '“C-PEN. 

The PEN infused was a mixture of “C-PEN 
(0.25uCi per infusion) and unlabelled PEN to give 
a final concentration of PEN from 0.15 to 200 uM. 

In vitro assay of monamine oxidase. Once clear 
of blood, the lungs were homogenized and prepared 
as described previously [8]. Metabolism of PEN by 
the homogenate was assayed in an incubation mix- 
ture consisting of: 0.5 ml lung filtrate (approximately 
0.4 mg protein, ml~'); 0.5 ml “C-PEN (10-200 4M) 
containing approximately 50,000 dpm; and 4 ml of 
0.1M phosphate buffer, pH 7.4. The mixture was 
incubated at 37° in a shaking water bath for 60 min. 
In control experiments, buffer and enzyme were pre- 
incubated for 20 min before addition of the substrate 
to start the reaction and in test experiments the 
enzyme was pre-incubated with inhibitor (0.5 ml) 
and 3.5 ml buffer. The zero time sample (1 ml) was 
taken immediately after adding the substrate; the 0 
and 60 min samples were added to 0.5 ml of 1.5M 
perchloric acid at 0° to stop the reaction. Each sample 
was adjusted to pH 6-6.5 with 3 M potassium hydrox- 
ide. Enzyme activity bore a linear relationship to 
protein concentration and time of incubation. Pro- 
tein was estimated by the method of Lowry et al. 
[9] using bovine serum albumin as the standard. 

lon-exchange chromatography and measurement 
of radioactivity. Samples (0.5 ml) of the effluent and 
the neutralised supernatant from the lung and from 
the incubation mixtures were applied to columns of 
Amberlite CG-5S0 resin [10]. The metabolites of PEN 
were eluted from the column with water (2 ml) and 
radioactivity was measured after mixing with Triton— 
toluene scintillation fluid (PPO, 5g; DMPOPOP, 
0.25 g; toluene, 1 litre and Triton X-100, 0.5 litre) 
using a liquid scintillation counter (Packard 3375). 
Corrections were made for quenching using sample 
channels ratio. 
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Materials. Radioactive PEN, 1-'*C-phenylethyl- 
amine hydrochloride (51 mCi/mmole), was obtained 
from New England Nuclear, Frankfurt. The follow- 
ing unlabelled drugs were obtained from Sigma: B- 
phenylethylamine hydrochloride (PEN); normeta- 
nephrine hydrochloride; benzylamine hydrochlo- 
ride; dopamine hydrochloride; semicarbazide hydro- 
chloride; iodoacetic acid (sodium salt) and (+)- 
noradrenaline bitartrate. Other drugs used were: 5- 
hydroxytryptamine creatinine sulphate and hista- 
mine acid phosphate (B.D.H.); phenoxybenzamine 
hydrochloride and (+)-amphetamine sulphate 
(Smith, Kline & French); methylene blue 
(GURR’s); ascorbic acid (Analar). We acknowledge 
gratefully the gifts of (—)-deprenyl hydrochloride 
(Professor M.B.H. Youdim) and desmethylimipra- 
mine hydrochloride (DMI) (Geigy). Other chemicals 
used were of analytical reagent grade. In perfused 
lung experiments, drugs were dissolved in saline 
(0.9% NaCl, w/v) except phenoxybenzamine which 
was dissolved in a small volume of ethanol and then 
diluted with saline. For use with homogenates, drugs 
were dissolved in 0.1 M phosphate buffer, pH 7.4 
(B.D.H.). 

Statistical methods. The significance of differences 
between means was calculated by Student’s f-test for 
paired or unpaired samples and values of P < 0.05 
were accepted as significant. 


RESULTS 


Effect of different perfusion media and drugs on 
the metabolism of '‘*C-PEN. The metabolism of PEN 
was measured at two concentrations (0.15 and 
50 4M), collecting the lung effluent for a total of 
30 min. The low concentration (0.15 uM) used was 
comparable with concentrations of 5-HT and NA 
used previously [5,6], and the high concentration 
(50 uM) used was close to the Km for PEN metab- 
olism in perfused lung [3]. Table 1 shows the effect 
of metabolic inhibitors and cation concentration on 
PEN metabolism. To ensure that stores of endogen- 
ous glucose were depleted, the lung was perfused for 
60 min instead of the usual 20 min with glucose-free 
Krebs before testing; this procedure was also fol- 


Table 1. Metabolism of '“C-PEN by rat isolated lung under different conditions* 





0.15 uM PEN 
Inhibition (%) 


Treatment Metabolism (%) 


50 uM PEN 
Metabolism (%) Inhibition (%) 





(31) 
(4) 
(4) 
(3) 
(4) 
(3) 
(4) 


None (control) 
Cold (4°) 
Anoxiat + 
Glucose-freet 
Glucose-free + anoxiat 
K-free 

Na-free 


I+ I+ 


DK NNR ee 


' 


oo 
Ww OO 


I+ 1+ 1+ HH 


ons 


82 + 178 


ww 


It I+ I+ 


wr oo 


33 + 4+ 





* The values shown are means (+S.E.) of the number of experiments shown in parentheses. '*C- 
Phenylethylamine was infused at the concentrations shown for 3 min. Effluent was collected during and 
after the infusion for a total of 30 min. Effluent radioactivity was analysed by ion exchange chromatography 


as described in Materials and Methods. 


+ Significantly different from control values (P < 0.05). 
+ Lungs perfused with test drug for 60 min instead of 20min before infusion of amine. 
§ Test infusions made in different lung from controls and compared using unpaired /-test. 


| 100 4M PEN infused. 





B-Phenylethylamine uptake in lung 


Table 2. Metabolism of “C-PEN by rat isolated lung in the presence of amine oxidase inhibitors* 





0.15 uM PEN 
Metabolism (%) 


Treatment 


50 uM PEN 


Inhibition (%) Metabolism (%) Inhibition (%) 





None (control) 
Deprenyl 
Depreny! 
Semicarbazide 


0.5 uM 
5 uM 
1 mM 


— 59 + 3 (13) 

76 + 7+t — iam 
— 30 + 1 (3) 52 = 24 
0 43 + 4 (7) 28 + St 





* The values shown are means (+S.E.) of the number of experiments shown in parentheses. '*C-Phenylethylamine 
was infused at the concentrations shown for 3 min. Effluent was collected during and after the infusion for a total of 
30 min. Effluent radioactivity was analysed by ion exchange chromatography as described in Materials and Methods. 


+ Significantly different from control values (P < 0.05) 


+ Test infusions made in different lungs from controls and compared using unpaired /-test 


lowed for the ‘anoxic’ Krebs. Only Na -lack and cold 
inhibited metabolism at both concentrations. Other 
drugs tested at the lower concentration of PEN 
(0.15 4M) were iodoacetate (10mM), methylene 
blue (100 4M) [11] and ascorbic acid (100 uM) [12]. 
They were all without effect on PEN metabolism. 
Amine oxidase inhibitors were also investigated 
(Table 2). Deprenyl inhibited metabolism at both 
concentrations of substrate, but semicarbazide was 
effective only at the higher concentration. Table 3 
shows the effect of alternative substrates for mono- 
amine oxidase (MAO) and of inhibitors of amine 
uptake. Each treatment, except for dopamine, 
inhibited metabolism at the higher substrate con- 
centration (50 uM) as shown, but all were without 
effect at the lower concentration (0.15 uM). 
Uptake of '*C-PEN and the effect of drugs. Any 
drug which alters metabolism can act either on the 
uptake or on the intracellular enzyme and we have 
studied the effect of different drugs on the uptake 
system by measuring PEN uptake after a 3 min 
infusion. Uptake of PEN in the absence of drugs was 
calculated from the radioactivity still retained in the 
lung after the infusion, together with the radioactive 
metabolite in the effluent collected. Over a wide 
range of concentrations (0.15—200 4M), there was 
a decrease in the proportion of radioactivity taken 
up, but a plateau was not attained (Fig. 1). These 
results have been analysed as shown in Fig. 2 to 
provide a diffusion component of uptake and a satu- 
rable component with a Km 25 uM, graphically esti- 
mated. When the amount of metabolite in lung and 


effluent were added together and plotted as a func- 
tion of substrate concentration, saturation of metab- 
olism was evident (Fig. 3) and from these results, 
an apparent Km (674M) and Vmax (1066 
nmoles.lung~'.3 min~') could be calculated for 
metabolism as distinct from uptake. 





| 
50 100 


S, uM 





Fig. 1. Uptake of '“C-PEN by rat isolated lung. Uptake 
was measured as the sum of the radioactivity retained in 
the lung and the radioactive metabolite in effluent following 
a 3 min infusion of '*C-PEN and is expressed as nmoles.g 


lung-'. Each point represents the mean value of 4-8 

experiments. The standard error is shown by the vertical 

bars where this is larger than the symbols used. The con- 

centrations of PEN used were 0.15, 1.0 10, 50, 100 and 
200 uM. 


Table 3. Metabolism of '*C-PEN by rat isolated lung in the presence of other amines 





Treatment 


Metabolism (%) Inhibition (%) 





None (control) 
Desmethylimipramine 
Normetanephrine 
Dexamethasone 
Phenoxybenzamine 
Amphetamine 
Benzylamine 
Dopamine 
Propranolol 


1 mM 
1 mM 
10 uM 
100 uM 
1 mM 
1 mM 
1 mM 
1 mM 


WBQBDwWK ANYNNNWN 
SoS WwW wo 
Se 


wk oo wW 


I+ 1+ I+ I+ 1+ I+ 1+ I+ I+ 


m—WNe UW 
<I 
ALLL LOH 
—— SS ee “PO 





* The values shown are means (+S.E.) of the number of experiments shown in 
parentheses. The substrate ('4C-PEN: 50 uM) was infused for 3 min and the effluent 
collected during and after infusion for a total of 30min. Effluent radioactivity was 
analysed by ion exchange chromatography as described in Materials and Methods. 

+ Significantly different from control values (P < 0.05). 
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Fig. 2. Analysis of PEN uptake by rat isolated lung. (a) 
The dotted line through the 3 highest points represents the 
linear (diffusion) component of the total uptake. From the 
slope of this line a constant (Kp) was derived and used to 
calculate the diffusion component at the lower concentra- 
tions. Subtraction of the diffusion component from the 
observed values gave the points in (b). Here the diffusion 
component is represented by the broken line through the 
origin and the points joined by the solid curve represent 
the saturable component of uptake calculated by difference 
as described above. Note the change in scale of the vertical 
axis between (a) and (b). 


The drugs chosen for study on uptake were some 
of those which inhibited the metabolism of PEN at 
a concentration of 50 4M measured over 30 min. 
Deprenyl is known ‘¢o be an inhibitor of the type of 
MAO that preferentially metabolizes PEN in rat 
lung [3]. Accumulation of radioactivity in lung over 
the range of PEN concentrations was inhibited in 
the presence of deprenyl (5 uM) by 50-60 per cent 
(Fig. 4), and this corresponded with a 50-70 per cent 
reduction in the amount of 'C-metabolite present 
in the lung and effluent. The other drugs were tested 
against a single concentration of PEN (50 uM) and 
the results (Table 4) demonstrate that all decreased 
accumulation of radioactivity. However, three drugs, 
normetanephrine, semicarbazide and dexametha- 
sone, did not change the proportion of metabolite 
in the retained radioactivity, but the others, pro- 
pranolol, amphetamine, desmethylimipramine 
(DMI) and benzylamine, decreased the proportion 
of metabolite, suggesting an inhibition of MAO. 








| 
100 


S, uM 





Fig. 3. Metabolism of '“C-PEN by rat isolated lung. Metab- 
olism was measured as the sum of radioactive metabolite 
in lung and in effluent following a 3 min infusion of C- 
PEN and is expressed as nmoles metabolite.g lung ' formed 
over the 3 min period. The points shown are the means 
(with S.E. shown by the bars) of 4-8 experiments. Analysis 
of this saturable process gave apparent Km of 67 uM and 
Vinax Of 1066 nmoles.g lung °.3 min ~. 


Benzylamine is an alternative substrate for the 
type of MAO oxidizing PEN, but the other three 
drugs are not. We therefore examined their effect 
on rat lung MAO directly. 

MAO aactivity in lung homogenates. In order to 
determine MAO activity directly, the metabolism of 
'SC-PEN (10-200 uM) was measured with lung hom- 
ogenates. The results of these experiments, under 
control conditions and in the presence of DMI, 
amphetamine and propranolol, each at 1 mM, are 


Cj 
Depreny! 
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015 10 50 200 
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Fig. 4. Inhibition by deprenyl of '*C-PEN uptake in rat 
isolated lung. The open bars show the mean (+S.E.) uptake 
in untreated lungs and the stippled bars the uptake follow- 
ing deprenyl treatment. Deprenyl (5 uM) was infused 
before and during the infusion of “C-PEN (20 min). At 
each concentration of PEN, deprenyl decreased signifi- 
cantly (P<0.05) the uptake of PEN. Note the change of 
scale of uptake at the lowest concentration of PEN. The 
values are from 4-8 experiments at each concentration. 





B-Phenylethylamine uptake in lung 


Table 4. Effects of various drugs on uptake of 'C-PEN by rat isolated lung 





Metabolite 


Total “C uptake+ 
(per cent of total) 


Treatment (nmoles. g~') 





190 + 17 
81 + 5* 
70 + 4* 
83 + 3* 
58 + 13* 
93 + 11* 
105 + 15* 
152 = 29" 


None (10) 

Propranolol (4) 
Amphetamine (6) 
Desmethylimipramine (5) 
Benzylamine (4) 
Normetanephrine (4) 
Semicarbazide (8) 
Dexamethasone (5) 


* 


* 


WIE HARRIE 
I+ 1+ I+ t+ 1+ 1+ 14 1+ 
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DAONnrhNVwowsk an 
NN BK CO WW Ww 
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* Significantly different from control values (P < 0.05: unpaired t-test). 
+ Total uptake represents the sum of ('“C-PEN + metabolite) in lung after the 


3 min infusion. The values shown are the mean (+S.E.) from the number of 
experiments shown in brackets for each treatment. '*C-Phenylethylamine (50 uM) 
was infused for 3 min through the pulmonary circulation of rat lungs. At the end 
of this time perfusion was stopped and the lungs taken for analysis. The drugs 
used were infused, in a final concentration of 1 mM, for 20 min before and during 


the infusion of '“C-PEN. 


Control 





Propanolol 
DMI 


Amphetamine 











Fig. 5. Effect of amphetamine, desmethylimipramine 
(DMI) and propranolol on the metabolism of “C-PEN by 
rat lung homogenates. Metabolism is expressed as pmoles 
metabolite produced.min™'.wg protein-' and substrate 
concentration as ~M. Homogenates of rat lung were incu- 
bated with different concentrations of '*C-PEN and the 
reaction mixture analysed as described in Materials and 
Methods. The drugs, all at 1 mM, were pre-incubated with 
the homogenate for 30 min before adding substrate. The 
values are the means (+S.E.) of at least 4 experiments. 


shown in Fig. 5. Although all three drugs inhibited 
PEN metabolism, there were differences in the type 
of inhibition which were apparent on kinetic analysis 
of the results (Table 5). 

The apparent K» for PEN under control conditions 
was 27 uM and the Vinax was 35 pmoles.min™'.ug 
protein™'. In the presence of propranolol and 
amphetamine, both the apparent K» and the Vinax 


fell, indicating uncompetitive inhibition. Another 
feature of uncompetitive inhibition is that the ratio 
Km/Vmax is unchanged; this is clearly the situation 
with amphetamine and propranolol where the ratio 
remained at 0.7 or 0.8. In the presence of DMI, the 
Km remained the same but the Vmax was decreased; 
thus the Km/Vmax ratio was increased. 


DISCUSSION 


Our experiments have clearly shown that the 
metabolism of PEN in rat isolated lung was not 
limited by uptake. This and the nature of the uptake 
system itself differentiates pulmonary metabolism of 
this biogenic amine from that of its congeners, 5-HT 
and noradrenaline. 

The first difference, the non-limiting effect of 
uptake, was most apparent in the experiments with 
deprenyl. Here inhibition of the enzyme was 
accompanied by a decrease in the amount of radio- 
activity taken up by the lung. The finding is in direct 
contrast to the results obtained with 5-HT and NA 
where uptake was unaffected by MAO inhibition 
[5,6,13] and is more like prostaglandin E2 metab- 
olism in lung which is, under normal conditions, 
limited by the activity of intracellular prostaglandin 
dehydrogenase [14]. Three other drugs, ampheta- 
mine, propranolol and DMI, probably also inhibited 
uptake of radioactivity by inhibiting MAO, as dem- 
onstrated by their effects on the proportion of 
metabolite in perfused lung (Table 4) and more 


Table 5. Inhibition of rat lung MAO activity in vitro using '“C-PEN as substrate 





Treatment Km (uM) 


Vmax (pmoles . min! 


.eg')  Km/Vmax ratio —_— Character of inhibition 





None (control) (4) 
Desmethylimipramine (4) 
Amphetamine (4) 
Propranolol (4) 


I+ I+ I+ I+ 
* 


NK AWN 


* 


—- wr 
Ww ~a 


35.0+1 

17.8 + 2.0* 
3.6 + 0.3* 
19.4 + 1.1* 


Non-competitive 
Uncompetitive 
Uncompetitive 





* Significantly different from control values (P < 0.05). The values shown are the means (+S.E.) from the number 
of experiments shown in brackets for each treatment. Homogenates of rat lung were prepared as described in Materials 
and Methods and incubation carried out for 60 min with a range of PEN concentrations (10-200 uM). Drugs were added 
to the homogenate to yield a final concentration of 1 mM, 20 min before the addition of substrate to start the reaction. 


B.P. 29/4-—-B 
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directly by their effects on our preparation of MAO 
in vitro. Amphetamine [15] and DMI [16] are known 
to be inhibitors of MAO but inhibition by propran- 
olol has not yet been described. The effects of ben- 
zylamine on PEN uptake are more difficult to inter- 
pret, as this amine could compete both for MAO, 
for which it is a worse substrate than PEN (K»,135 uM 
vs 28 uM for PEN) [3], and possibly for the uptake 
process. ' 

[It was, however, possible to inhibit uptake without 
affecting MAO activity as shown with normetane- 
phrine, dexamethasone and semicarbazide. All three 
drugs decreased radioactivity in lung without affect- 
ing the proportion of metabolite in lung. The effects 
of dexamethasone and normetanephrine suggested 
that an Uptake2-like process was involved in the 
movement of PEN across the cell membrane. These 
results also show that although uptake was not nor- 
mally rate-limiting for metabolism of PEN, it could 
be made rate-limiting by decreasing uptake. A sim- 
ilar situation exists for prostaglandin metabolism in 
lung [17-20]. 

Although we have suggested the involvement of 
an Uptake2-like process in PEN uptake by lung, this 
can only be a part of the total uptake. Uptake was 
measured as radioactivity retained in the lung, 
together with that appearing as metabolite in the 
effluent. We added the latter component because, 
in order to be metabolized, the substrate must have 
entered the cell during the infusion time. Over the 
whole concentration range, uptake did not show 
saturation and we have shown in Fig. 2 one possible 
analysis of our results. This involves a diffusion com- 
ponent and a saturable component with a Km value 
comparable with that reported for Uptake in heart 
[21]. A similar analysis, i.e. a saturable component 
kinetically distinct at low concentrations and a lin- 
early related diffusion component which becomes 
rate-determining at higher concentrations, has been 
made for amphetamine [22]. It is perhaps relevant 
to point out that amphetamine is a-methyl phenyl- 
ethylamine and might therefore be the closest non- 
metabolized analogue of PEN. The uptake in rat 
lung of propranolol [23] and of oxprenolol [24] prob- 
ably also comprises two such components. 

The second difference between PEN and the 
monoamines 5-HT and NA is therefore that the 
uptake process for PEN was not only of higher 
capacity but that it included a considerable diffusion 
component. The latter characteristic probably 
reflects the less polar nature of PEN—it has no 
hydroxyl groups—and is compatible with the ability 
of PEN to cross the blood brain barrier—again in 
contrast to the hydroxylated monoamines [25]. 

The analogy between PEN uptake and basic drug 
uptake already drawn is strengthened by the fact 
that the same type of drugs inhibited uptake of both 
substrates, for instance, imipramine, DMI, amphet- 
amine and propranolol [22-24]. In the case of non- 
metabolized substrates like propranolol and amphet- 
amine, inhibition of uptake could only reflect an 
inhibition of the transfer from medium to tissue. 
Thus although we have demonstrated that decreased 
metabolism of PEN led to decreased uptake, we 


cannot rule out a direct inhibition of the transfer of 
PEN contributing to the overall effect. 

Another similarity between propranolol and PEN 
uptake was shown by the dependence of both on Na 
ions and on temperature and is in contrast with that 
of imipramine which was unaffected by either of 
these variables [5]. 

In conclusion, our experiments have shown that 
metabolism of PEN in lung is not limited by uptake 
and that uptake involves a considerable proportion 
of diffusion. Both properties contrast with the fate 
of 5-HT and noradrenaline. Uptake of PEN is closer 
in several characteristics to uptake of exogenous 
compounds like propranolol and amphetamine. 
However, we still do not know in which cells this 
uptake occurs, nor why the lung should have this 
large capacity to inactivate a substrate unlikely to 
be present in high concentrations. 
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Abstract—Tissue distribution of UDP-glucuronyltransferase was investigated using two substrate groups 
which were shown to be conjugated by two different forms of this enzyme in previous studies with rat 
liver. These enzyme forms were found to be differentially inducible by 3-methylcholanthrene (form 1) 
and phenobarbital (form 2). Group | substrates (conjugated by form 1) include 1-naphthol, N-hydroxy- 
2-naphthylamine and 3-hydroxybenzo[a]pyrene; group 2 substrates (conjugated by form 2) comprise 
4-hydroxybiphenyl, morphine and chloramphenicol. Group 1 substrates are conjugated in a number of 
tissues, for example, liver, kidney, small intestinal mucosa, lung, skin, testes and spleen. However, 
conjugation of group 2 substrates is detectable only in liver and intestine to an appreciable extent. It 
is concluded that enzyme(s) efficient in the conjugation of group 1 substrates is ubiquitous in the 
investigated organs, whilst only liver and intestine possess enzyme(s) efficient in the conjugation of 
group 2 substrates. 

In contrast to 3-hydroxybenzo[a|pyrene, benzo[a]pyrene 7,8-dihydrodiol cannot be clearly associated 
with only one of the 2 substrate groups. Glucuronidation of benzo[a]pyrene 7,8-dihydrodiol is enhanced 
by both phenobarbital and 3-methylcholanthrene in liver. Conjugation of the dihydrodiol is detectable 
in all tissues examined. However, enzyme activity towards the dihydrodiol is much lower than that 


towards 3-hydroxybenzo[a|pyrene. It is disproportionately low with skin microsomes. 


Conjugation with glucuronic acid catalysed by micro- 
soma! UDP-glucuronyltransferase (GT, EC 
2.4.1.17) is quantitatively the most important phase 
2 reaction of drug metabolism [1,2]. The enzyme 
converts a wide variety of lipid soluble drugs, envi- 
ronmental chemicals and endogenous compounds 
such as bilirubin and steroid hormones into biologi- 
cally inactive glucuronides which are easily elimin- 
ated from the organism. Many substrates of GT are 
metabolites of phase 1 reactions, some of which are 
highly cytotoxic, for example N-hydroxyarylamines 
and benzo[a]pyrene phenols. 

Primary metabolites can be further converted by 
recycling through a second monooxygenase-cata- 
lysed activation step to ultimate toxic metabolites as 
in the case of aryl hydrocarbons [3-6]. Glucuroni- 
dation (together with sulfation) may effectively pre- 
vent recycling and thus prevent the formation of 
ultimate carcinogens. In some instances glucuroni- 
dation may lead to chemically stable substances 
which are actively transported from the site of for- 
mation to the urinary tract or the intestine where 
they may be reactivated to electrophilic species [7, 8]. 
There are also examples of glucuronides which are 





+ The term induction is used in this study to denote an 
increase in enzyme content with no implications as to the 
underlying mechanism. The term “enzyme forms” is used 
in a broad sense as outlined in Nomenclature of multiple 
forms of enzymes [17]. The substrate groups are derived 
from the substrate specificity of two purified enzyme frac- 
tions separated by DEAE-cellulose chromatography [16]. 
However, characterization of these enzymes forms is still 
incomplete. 


reactive compounds themselves, for example N- 
hydroxy - 2 - acetylaminofluorene - N-O-glucuronide 
[9] and N-hydroxy phenacetin-N-O-glucuronide [10]. 

Tissue distribution studies of drug metabolizing 
enzymes may help to understand organ specificity 
of toxic reactions since very often a delicate balance 
between activating and inactivating enzymes in a 
given tissue may be decisive for the accumulation of 
reactive intermediates [11,12]. Although GT has 
already been found in many tissues [2, 13, 14], stud- 
ies on substrate specificity of GTs in extrahepatic 
tissues are rare. 

In this report we demonstrate functional hetero- 
geneity of tissue specific GTs towards two groups of 
substrates which in rat liver are conjugated by two 
different forms of GT [16]. These forms of GT have 
been recently separated and purified to apparent 
homogeneity [15, 16]. The two enzyme forms are 
differentially inducible by 3-methylcholanthrene 
and phenobarbital and are tentatively denoted GT; 
and GT», respectively. The results are discussed with 
regard to possible roles of glucuronidation in 
benzo[a]pyrene metabolism. 


MATERIALS AND METHODS 


Chemicals. | N-Hydroxy-2-naphthylamine was 
synthesized according to Willstatter and Kubli 
[18]. (+)-trans-7 ,8-Dihydroxy-7 ,8-dihydrobenzo- 
[a]pyrene was prepared as described by McCaustland 
and Engel [19] using the synthetic modification sug- 
gested by Fu and Harvey [20]. It was purified by 
preparative reversed phase high performance liquid 
chromatography. 
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1-(1-'C)naphthol, (N-methyl -'*C)morphine 
hydrochloride, p-threo-(dichloroacetyl-1-'"C)chlor- 
amphenicol, | UDP-D-(U-"“C)glucuronic —_acid 
ammonium salt were from The Radiochemical 
Centre, Amersham. Aroclor 1254 was kindly sup- 
plied by Monsanto Chemical Co, St. Louis, MO. 
Brij 58 (a condensate of hexadecyl alcohol with 
20 mol ethylene oxide/mol) was a gift of Atlas, Essen. 
Samples of 3-hydroxybenzo[a]pyrene were gen- 
erously provided by ITT Research Institute, Chi- 
cago, on behalf of the NCI Carcinogenesis Research 
Program. 

Preparation of organ homogenates and of micro- 
somal fractions. Male Wistar rats (200 g) were used. 
Organs were excised, homogenates and microsomal 
fractions were prepared as described for liver micro- 
somes [21]. The duodenum and small intestine (20 cm 
from the pylorus) was rinsed extensively with ice- 
cold 0.9% NaCl. The mucosa was scraped off with 
a spatula and homogenates (20%, w/v) were pre- 
pared in 0.25M sucrose [22]. After killing, the 
animals were shaved at the dorsal area (4 X 6cm) 
with an electrical clipper. The shaved areas were 
excised and cooled in 1.15% KCl containing 10 mM 
potassium phosphate buffer, pH 7.4. Adherent fat 
tissue was scraped off using a scalpel. The remaining 
skin preparation was minced and homogenized in 
1.15% KCl containing 10 mM potassium phosphate 
buffer, pH 7.4, using an Ultra-Turrax for 5 times 15 
sec at high speed as described previously [23]. 
Samples were cooled for 5 min between each Ultra- 
Turrax treatment. Microsomes were prepared as 
described above for liver tissue. 

Treatment of animals with inducing agents. Male 
Wistar rats (200 g) were used. 

Phenobarbital-treatment: An _ initial dose of 
100 mg/kg was given once i.p. and was followed by 
0.1% (w/v) in drinking water for 4 days. 

3-Methylcholanthrene-treatment: A dose of 
40 mg/kg, dissolved in olive oil, was given once i.p.; 
animals were killed 4 days after treatment. 

Treatment with Aroclor 1254: A dose of 500 mg/kg, 
dissolved in olive oil, was given once i.p.; animals 
were killed 7 and 14 days after treatment. 

Assays of UDP-glucuronyltransferase. Enzyme 
activity towards various substrates was assayed by 
the following aglycone concentrations by methods 
already described: 0.5 mM 1-naphthol [24], 0.05 mM 
3-hydroxybenzo[a|pyrene [25], 0.5 mM N-hydroxy- 
2-naphthylamine [7], 1.5 mM morphine [26], 1.5 mM 
chloramphenicol [27], 0.5mM 4-hydroxybiphenyl 
and 0.05mM benzo[a|pyrene 7,8-dihydrodiol (see 
below). For purpose of comparison and standard- 
ization assays were performed at 37° in the presence 
of 0.1 M Tris-HCl, pH 7.4, Brij 58 (0.05%, w/v) and 
5mM MgCh. Reactions were started by addition of 
3mM glucuronic acid. In blanks, UDP-glucuronic 
acid was omitted. When GT was assayed in hom- 
ogenates 10 mM saccharic acid-1,4-lactone was also 
present to inhibit B-glucuronidase. Assays were per- 
formed under conditions leading to linear reaction 
rates with time and protein concentration. Units of 
enzyme activity (U) represent nmol product formed 
per min. Glucuronidation of 3-hydroxybenzo- 
[ajpyrene, benzo[a]pyrene 7,8-dihydrodiol and 
of 4-hydroxybipheny! was studied fluorometrically 


using a Farrand spectrophotofluorometer, Mark I. 
3-Hydroxybenzo[a]pyrene-GT was assayed as de- 
scribed [25], except that emission was measured at 
425 nm with excitation at 378nm. The previously 
described method (measurement of emission at 
450 nm with excitation at 300nm) leads to the 
same reaction rates, but is less sensitive. 

UDP-glucuronyltransferase activity with 4- 
hydroxybiphenyl as substrate. The reaction mixture, 
specified above, was incubated in 0.5 ml. The reac- 
tion was stopped by the addition of 1 M trichloro- 
acetic acid (0.5 ml). More than 95 per cent of the 
excess substrate could be extracted with 1 ml chlo- 
roform. An aliquot of the aqueous phase (0.5 ml) 
was added to 1.0 ml 1.6M glycine buffer, pH 10.3, 
and fluorescence of the glucuronide was determined 
at 325 nm with excitation at 290 nm. Calibration of 
glucuronide fluorescence was done by comparing the 
increase of fluorescence with the disappearance of 
the phenolic substrate measured with the Folin- 
Ciocalteu reagent. 

UDP-glucuronyltransferase activity with benzo- 
[alpyrene 7,8-dihydrodiol as substrate. The substrate 
(50 nmol) dissolved in 10 wl acetone was added to 
the assay mixture (1.0 ml). At various times 0.25 ml 
aliquots were extracted with 6 ml dichloromethane 
to remove the substrate. A 0.1 ml portion of the 
aqueous phase was added to 0.5 ml methanol and 
1.0ml 1.5mM sodium citrate, pH 7.5, containing 
15mM NaCl. Fluorescence was determined at 410 
nm with excitation at 350nm. Fluorescence of 
benzo[a]pyrene 7,8-dihydrodiol glucuronide was cal- 
ibrated as follows. Similar incubations were per- 
formed in the presence of UDP-('*C)glucuronic acid. 
The radioactive nucleotide and benzo[a]pyrene 7,8- 
dihydrodiol-('*C)-glucuronide were separated by 
thin layer chromatography on silica gel (Merck, 
Darmstadt) with a solvent mixture of ethyl acetate— 
methanol—water—formic acid (100: 25:20:i, v/v). 
The glucuronide could be readily identified by both 
its strong fluorescence and radioactivity. The radio- 
active glucuronide was scraped off the plate into 
scintillation vials and counted for radioactivity. The 
assay was calibrated by comparing the amount of 
benzo[a]pyrene _7,8-dihydrodiol-('*C)glucuronide 
with fluorescence determined in an aliquot of the 
same incubation mixture. 

Protein was determined according to the method 
of Lowry et al. [28] using bovine serum albumin as 
standard. 


RESULTS 


As shown in Table 1, GT activity towards 1- 


naphthol, N-hydroxy-2-naphthylamine and 3- 
hydroxybenzo[a|pyrene (GT; substrates) was clearly 
detectable in all tissues examined. Enzyme activity 
towards 4-hydroxybiphenyl, morphine and chlor- 
amphenicol (GT? substrates) was found only in liver 
and intestine to an appreciable extent. Low enzyme 
activity towards 4-hydroxybiphenyl in tissues other 
than liver and intestine (1 per cent or less than the 
specific activity found in liver) may be due to some 
overlapping substrate specificity of GT; towards 4- 
hydroxybiphenyl. Chloramphenicol-GT was not 
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Table 1. Distribution of UDP-glucuronyltransferase activities towards various substrates in microsomal fractions from 
rat organs 





UDP-glucuronyltransferase activity (U/mg protein)* 





N-Hydroxy-2- 
naphthylamine 


3-Hydroxy- 


Organ 1-Naphthol 


benzo[a]pyrene 


4-Hydroxy- 


biphenyl Morphine Chloramphenicol 





tN 


1.35 + 0.02 
0.14 + 0.04 
0.20 + 0.07 
0.22 + 0.07 
0.08 + 0.01 
0.16 + 0.06 
0.12 + 0.04 


w 


5s ASBDUMD 


m+ & I+ I+ It I+ 


Liver 
Kidney 
Intestine 
Lung 
Skin 
Testes 
Spleen 


NR eRe Nd ~] 
&WWOWe 
te MWD 


I+ I+ I+ I+ I+ I+ I+ 


NU wWwnwoe 
nN 


1.0+0.5 
<0.2 
<0.2 
<0.2 
n.d. 
<0.2 
<0.2 


26+ 4 
0.3 + 0.1 
4+1 
0.10 + 0.05 
<0.08 
0.12 + 0.03 
<0.08 





* Values represent the mean + S.D. of at least 4 microsomal preparations. 


+ Not determined. 


detectable in microsomes from intestinal mucosa, 
possibly due to the low sensitivity of the assay. 

Low enzyme activities in extrahepatic tissues might 
become detectable after induction. Therefore 1- 
naphthol-GT and morphine-GT were studied after 
the administration of Aroclor 1254, a mixture of 
polychlorinated biphenyls containing approximately 
54% chlorine. Aroclor 1254 has been shown to pos- 
sess inducing properties of both phenobarbital and 
3-methylcholanthrene on the various cytochromes 
P-450 [29, 30]. It also induces hepatic epoxide hydra- 
tase [31], whereas no significant changes of epoxide 
hydratase activity were noted in 13 investigated 
extrahepatic tissues [31]. It also appears to be an 
inducer of both GT; and GT? in liver [32]. Moreover, 
due to its excellent penetration within the organism 
and long half life, Aroclor 1254 is well suited for 
induction studies of GT with extrahepatic tissues 
[33]. GT activities increased up to 14 days after a 
single dose of Aroclor 1254 (500 mg/kg, i.p). In 
microsomes obtained after 14 days, 1-naphthol-GT 
was induced 3.5-fold in liver (Table 2). It was also 
markedly enhanced in kidney, lung and spleen. Mor- 
phine-GT was induced 3.4-fold in liver. It was not 
enhanced in the intestinal mucosa (not shown) and 
remained undetectable in other tissues. 

There are obvious difficulties in comparing enzyme 
activities in microsomal fractions from various organs 
due to differing contamination of true endoplasmic 
reticulum elements with other membrane fragments. 
Therefore enzyme activity towards 1-naphthol was 
also determined in homogenates from different 
organs (Table 3). Enzyme activity per g organ allows 
a much better comparison of enzyme contents in 
various organs than enzyme activity per mg micro- 
somal protein. When enzyme activity per g tissue in 
the homogenate is divided by the enzyme activity 
per mg protein in microsomes (the ratio being 
operationally used as “microsomal protein” [34]), 
these ratios are different for various organs. For a 
given organ this ratio should be similar for different 
constituents of endoplasmic reticulum membranes. 
Similar ratios were found for cytochrome P-450 and 
glucose-6-phosphatase in rat liver [34]. Moreover, 
for enzymes with similar distribution, the enzyme 
content per g organ can be readily obtained by mul- 
tiplying the specific enzyme activity in microsomes 


with this factor. In all tissue homogenates, GT 
activity could be activated by the addition of Brij 
58, although to variable extents. This also holds true 
for homogenates from intestinal mucosa. In this tis- 
sue it is difficult to prevent spontaneous activation 
of GT during the isolation of microsomes [22]. 
Therefore GT activity in microsomes from intestinal 
mucosa was assayed both in the presence and absence 
of detergents since in the fully activated state of the 
enzyme detergents have inhibitory effects [21]. 

Glucuronidation of 3-hydroxybenzo[a]pyrene in 
liver is chiefly inducible by 3-methylcholanthrene 
[25]. In contrast, the glucuronidation of benzo[a]- 
pyrene 7,8-dihydrodiol was enhanced by both 
phenobarbital and 3-methylcholanthrene, and the 
degree of enhancement was similar with both 
inducers (Table 4). Reaction rates were much lower 
for the dihydrodiol than for the phenol, in agreement 
with the results of Nemoto and Gelboin [35]. Glu- 
curonidation of the phenol and the dihydrodiol was 
detectable in two non-target and two target tissues 
of benzo[a]pyrene carcinogenicity. However, con- 
jugation rates of the dihydrodiol were dispropor- 
tionately low with skin microsomes. 


DISCUSSION 


The substrate specificity of GT from various rat 
tissues was investigated using typical GT; and GT? 
substrates. It was found that GT activity towards 
GT; substrates was clearly detectable in all tissues 
examined (liver, kidney, small intestinal mucosa, 
lung, skin, testes and spleen), whereas enzyme 
activity towards GT2 substrates was only found in 
liver and intestine to an appreciable extent. This 
implies that the functional heterogeneity of our GT; 
and GT2 forms extends further than a differential 
response in adult rat liver to induction by pheno- 
barbital and 3-methylcholanthrene. Such a possibil- 
ity has already been suggested by the correlation of 
this response with development of GT and its peri- 
natal induction by glucocorticoids [36], e.g. our GT) 
substrates are included with those substrates dis- 
playing “late foetal” characteristics and our GT? 
substrates with those displaying “neonatal” charac- 
teristics [36]. Bilirubin and steroids (included in the 
“neonatal” group) are, however, probably not sub- 
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strates for our GT2 enzyme, since evidence indicates 
that bilirubin [37-39] and steroids [40-41] may be 
glucuronidated by other GT forms. Interestingly, 
some general differences in molecular configuration 
between GT; and GT? substrates are noticeable. GT; 
appears to be specific for planar molecules, whereas 
GT? accepts non-planar structures [16, 42]. Using a 
series of phenols with alkyl substituents of various 
chain length at different positions of the phenolic 
nucleus, Wishart and Campbell were able to define 
limiting configurations within which a substrate dis- 
played “late foetal” characteristics and outside of 
which it displayed “neonatal” characteristics [42]. In 
these studies no overlap was found. However there 
may well exist a number of overlapping substrates. 
4-Hydroxybiphenyl is in line with the general con- 
figuration of GT2 substrates, since the phenyl group 
in the para-position seems to be preferentially in the 
non-planar conformation. The dihedral angle 
between the two aromatic rings of 4-hydroxybiphenyl 
was estimated to be 33-40° [43, 44]. Probably an 
equilibrium between planar and nonplanar confor- 
mations exists. On this basis some overlapping 
activity with GT; may occur. This overlap is much 
greater using 2-hydroxybiphenyl as substrate for pur- 
ified GT; and GT? preparations from rat liver (Lil- 
ienblum and _ Preil, unpublished _ results). 
Benzo[a]pyrene 7,8-dihydrodiol also appears to be 
an overlapping substrate between GT; and other 
GTs. Its glucuronidation is induced by both 3- 
methylcholanthrene and phenobarbital to similar 
degrees (Table 4). The compound is conjugated by 
purified GT; (unpublished). However, conjugation 
of the dihydrodiol has not yet been studied with 
purified GT2. Compared with 3-hydroxy- 
benzo[a]pyrene, the dihydrodiol is a poor sub- 
strate of GT:. Although the conformation of the 
7,8-dihydrodiol is such that both hydroxyl groups 
occupy pseudoequatorial positions [45], the portion 
of the molecule which serves as substrate for GT is 
not planar. 

If some overlap in substrate specificity is taken as 
a realistic possibility, enzyme activity towards GT? 
substrates seems to be restricted to liver and small 
intestine in the rat, although, alternatively, the other 
extrahepatic tissues may possess GT? but only very 
low amounts. Similarly, testosterone—GT, like other 
“steroid group” substrates, was only found in rat 
liver [46], although our own results suggest that GT; 
may have some enzyme activity towards testosterone 
[16]. Functional heterogeneity of GT activity 
between various tissues may be explained by the 
existence of multiple enzyme forms which are dif- 
ferently distributed among tissues. Investigations 
with antibodies to purified rat liver GT) are currently 
under way to further resolve the molecular similarity 
of GTs in various tissues. Tissue distribution of GTs 
is probably different in other species. We observed 
high GT activity towards 4-hydroxybiphenyl and 
morphine in human kidney, in contrast to rat kidney 
(unpublished). 

GT; substrates include metabolites of toxic com- 
pounds such as the carcinogens benzo[a]pyrene and 
2-naphthylamine. Hence GT may have important 
implications for the tissue specificity of toxic lesions 
produced by these compounds. A few conclusions 


Benzo[a]pyrene 
7,8-dihydrodiol 
0.28 + 0.05 
0.41 + 0.02 
0.44 + 0.05 
0.028 + 0.006 
0.037 + 0.007 
0.003 + 0.001 


UDP-glucuronyltransferase activity (U/mg protein)* 


3-Hydroxy- 
benzo[a]pyrene 
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Treatment 
in vivo 
Phenobarbital 
3-Methylcholanthrene 


* Values represent the mean + S.D. of 4 experiments. 
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emerge from studies on the glucuronidation of 3- 
hydroxybenzo[a]pyrene and benzo[a]pyrene 7,8- 
dihydrodiol. Due to rapid conjugation in many tis- 
sues the phenol is probably not an ultimate carcin- 
ogen in the animal, although it is a mutagen in in 
vitro systems [47,48]. On the other hand, the 
dihydrodiol as a poor substrate for GT) is readily 
available for epoxidation to an ultimate carcinogen, 
benzo[a]pyrene 7,8-dihydrodiol 9,10-oxide [3-5]. 
Similarly benzo[a]pyrene 4,5-oxide as a good sub- 
strate for epoxide hydratase [23] is only a weak 
carcinogen in vivo [49]. Hence inactivating enzymes 
may be decisive for the selection of ultimate 
carcinogens. 
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Abstract—L-2-Amino-4-methoxy-trans-3-butenoic acid (Ro07-7957) is a structural analogue of meth- 
ionine with a potent tumour growth inhibitory activity in vitro. This agent is transported by the 
methionine carrier system in Walker carcinoma and causes an initial dose- related depression of the 
acid-soluble pool of methionine. The depression of the incorporation of L-[methyl-*H]methionine into 
acid- insoluble material in the presence of Ro07-7957 is greater than that of L-[2--H]methionine and L- 
[4,5(n)-*H]lysine, suggesting an inhibition of the methylation of macromolecules as well as an inhibition 
of protein synthesis. There is no effect of the drug on the incorporation of [* H]thymidine into acid- 
insoluble material during the first 24hr after treatment, while the incorporation of [5- *H]uridine is 
stimulated 40 per cent. The ratio of incorporation of L-[2-*H]methionine to L-[methyl-'*C]methionine 
into proteins increases with increasing drug concentration, suggesting an inhibition of protein methyl- 
ation. This effect is more prevalent at 24 hr than after 8 hr of treatment. The specific activity of tRNA 
methylase using E. coli MRE 600 tRNA as substrate is elevated more than two-fold within 24 hr after 
treatment, as is also the intracellular level of S-adenosyl-L-methionine (SAM). The effects of this agent 
on macromolecular metabolism is in some respects similar to that observed with the carcinogen ethionine, 
and suggests the initial formation of an inhibitor of methylation, which is followed by a later attempt 
by the cells to maintain homeostasis by production of increased amounts of tRNA methylating enzymes. 


The growth of a number of tumour and transformed 
cell lines appears to be highly dependent on the 
presence of L-methionine. Dietary depletion of L- 
methionine has an inhibitory effect on the growth 
of Walker carcinosarcoma 256 in rats [1], as does 
treatment of animals with the enzyme L-methioni- 
nase which degrades L-methionine to methanethiol, 
ammonia and a-ketobutyric acid [2]. Furthermore, 
several tumour cell lines have demonstrated a 
marked inability to grow in media in which meth- 
ionine has been replaced by homocysteine, folate 
and vitamin Bi2 [3-5], conditions which had little 
effect on the growth of normal cell lines. Although 
this concept is also applicable to some human malig- 
nant cells, a general discrimination between benign 
and malignant tissues on the grounds of their meth- 
ionine requirement is not possible for human cells 
[6]. Such methionine auxotrophs display high levels 
of endogenous methionine biosynthesis [5]. The 
inability of SV40-transformed BHK-21 cells to pro- 
liferate in methionine deficient media appears to be 
due to a lack of 5-methyltetrahydrofolate due to a 
low level of 5,10-methylenetetrahydrofolate reduc- 
tase (EC1.1.1.68) [4]. This defect does not seem 
to be responsible for the inability of Walker carci- 
noma to proliferate in media depleted of methionine, 
but supplemented with homocysteine, folic acid and 
vitamin Bi2 since neither 5-methyltetrahydrofolate 
or serine, a source of methyl groups for reduced 
folate, had any effect on growth rate under these 
conditions [7]. Furthermore, two revertants isolated 
from $V40-transformed cells, which had regained 
the ability to grow like normal cells in homocysteine 
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supplemented medium, had no substantial changes 


in methionine synthetase, methylenetetrahydrofol- 
ate reductase or in the uptake of methyltetrahydro- 
folate by intact cells [8]. 

The inability of some tumour cells to grow in 
media of low methionine content may be due to their 
increased demand for this amino acid. L-Methionine 
is converted into S-adenosyl-L-methionine (SAM) 
by the enzyme ATP: L-methionine S-adenosyl trans- 
ferase (EC2.4.2.13) and SAM is the sole methyl 
donor for all mammalian transmethylases except 
thése involved in the biosynthesis of methionine [9], 
as well as being a precursor of the polyamines sperm- 
ine and spermidine. These polyamines are linked to 
cellular growth processes and have been shown to 
stimulate DNA [10], RNA [11] and protein synthesis 
[12] and show a high correlation with cell replication 
[13]. The level of polyamines in the serum of a 
majority of patients with cancer Was found to be 
augmented [14]. An increased tRNA methylase 
activity, which catalyses the transfer of a methyl 
group from SAM to acceptor sites in tRNA, has 
been found in several experimental and human 
tumours [15]. Also a correlation appears to exist 
between the growth rate of tumours and the 


‘increased tRNA methylase activity [16]. Methylthio 


groups may also be required for cell division, since 
several malignant haematopoietic cells which require 
sulphydryl compounds and serum for proliferation 
in vitro grow well only if methylthio compounds are 
provided at appropriate concentrations [17]. 
L-2-Amino-4-methoxy-trans-3-butenoic acid (I) is 
an antibiotic produced by Pseudomonas aeruginosa 
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growing on n-paraffins as the sole source of carbon 
and energy [18]. The structure of I closely resembles 
that of the amino acid methionine (II), and in E. 
coli K12 it appears to inhibit the biosynthetic path- 
way of methionine at a step prior to formation of 
cystathionine by mimicking methionine in regulating 
the formation and activity of homoserine O-trans- 
succinylase [18]. In view of the increased methionine 
requirement of tumour cells, the effect of lon tumour 
cell growth and methionine metabolism was inves- 
tigated with Walker rat mammary carcinosarcoma 
cells in tissue culture. 


MATERIALS AND METHODS 


L-[Methyl-’H]methionine (sp.act. 12.0 Ci/mmole), 
.-[{methyl-'*C]methionine (sp.act. 57.2 mCi/mmole), 
L-[2-‘H]methionine (sp.act. 6.5 Ci/mmole), L- 
[4,5(n)-*H]lysine (sp.act. 97.5 Ci/mmole), [5-°H- 
methyi|thymidine (sp.act. 5.0Ci/mmole),  [5- 
*Hjuridine (sp.act. 28Ci/mmole), S-adenosyl-L- 
{methyl-"C]methionine (sp.act. 59 mCi/mmole), S- 
adenosyl-L-[methyl-*H]methionine (sp.act. 12 Ci/- 
mmole) and  3,4-dihydroxy[ring-G-*H]phenyl- 
ethylamine hydrochloride (sp.act. 5.0 Ci/mmole) 
were purchased from the Radiochemical Centre, 
Amersham, England. Dulbecco’s modified Eagle’s 
medium lacking methionine and folic acid and virus 
and mycoplasma screened foetal calf serum were 
from GIBCO Bio-cult, London, England. 
Amino-4-methoxy-trans-3-butenoic acid (Ro07- 
7957) was a kind gift from Dr. P. G. Philpott, Roche 
Products Ltd., Welwyn Garden City, Herts, Eng- 
land. S-Adenosyl-L-methionine and E. coli MRE 600 
tRNA were from Boehringer Corp. London, 
England. 

Cell culture. Walker carcinoma and TLX5 lym- 
phoma were routinely grown in Dulbecco’s modified 
Eagle’s medium containing 10% foetal calf serum 
under an atmosphere of 10% CO? in air. For growth 
experiments cells were grown in duplicate wells 
(3.5 ml) of a 24-well plastic plate (Flow Laboratories, 
Scotland). Cell number was enumerated using a 
Coulter counter, model Fs. Ro07-7957 was dissolved 
in culture medium for growth experiments. The 
mouse bladder carcinoma was treated with 0.025% 
trypsin, 10 mM EDTA prior to counting. 

Nucleic acid and protein synthesis. Walker cells 
were suspended at 2 x 10° cells per ml in Dulbecco’s 
modified Eagle’s medium containing 2.0 wCi per ml 
of either —_L-[methyl-*H]methionine, L-[2- 
*H]methionine or t-[4,5(n)-°H]lysine and incubated 
with the indicated concentrations of drug. At time 
intervals of 1 ml portions of the cell suspension were 
removed and placed on glass-fibre filter discs (What- 
man GF/C 2.5 cm) wetted with saline. The cells were 
washed with 10 ml of 0.9% NaCl, 10 ml cold 5% 
trichloroacetic acid, and 5 ml of absolute ethanol. 


L-2- 


After drying at 70° for 2 hr, the radioactivity on the 
filters was determined using a toluene, PPO, POPOP 
scintillation mixture. For the assay of DNA and 
RNA synthesis 1 ml, portions of treated and control 
cultures were withdrawn periodically and incubated 
at 37° for 1 hr with [methyl-*H]thymidine or [5- 
*‘H]uridine at an isotope concentration of 5 wCi/ml. 
The radioactivity incorporated into acid-insoluble 
material was determined as above. 

When the incorporation of radioactivity into 
nucleic acids and proteins was determined simulta- 
neously, cells (1.5 x 10° per ml) were incubated with 
the indicated concentrations of drug in the presence 
of 20mM sodium formate and at an isotope con- 
centration of 0.5 wCi/ml. For the simultaneous assay 
of incorporation of t-[methyl-“C] and -[2- 
‘H]methionine, the isotope concentrations were 0.5 
and 2.0 wCi/ml, respectively. Periodically, portions 
(10 ml) of the cell suspension were removed and 
sedimented by centrifugation at 300 g for 3 min, fol- 
lowed by washing in 0.9% NaCl and recentrifuga- 
tion. The cell pellet was treated with 1 ml of ice-cold 
0.5 M perchloric acid, and the precipitate was washed 
four times by resuspension and centrifugation in | ml 
of 0.5M perchloric acid. An aliquot of the acid 
supernatant after neutralization with SN KOH was 
counted in PCS scintillation fluid (Hopkin & Wil- 
liams) to determine the acid-soluble radioactivity. 
A nucleic acid-soluble fraction (DNA + RNA) was 
prepared by heating the acid precipitate at 70° for 
20 min in 1 ml of 1.0 M perchloric acid, cooling 
rapidly on ice and centrifuging at 600 g for 10 min 
at 4°. The 70° perchlorate hydrolysis was repeated 
on the remaining residue and after neutralization of 
a portion (1.6 ml) of the combined supernatant, the 
radioactivity was determined as above. The concen- 
tration of protein in the residue was determined by 
the method of Lowry et al. [19] using bovine serum 
albumin as a standard. 

Uptake of methionine. Cells (2 x 10’ per ml) were 
allowed to incubate at 37° in a calcium-free Krebs— 
Ringer phosphate solution for 5 min prior to the 
addition of t-[methyl-*H]methionine (0.2 wCi per 
mole; final concentration of methionine 2mM). 
The cells were shaken to avoid clumping and aliquots 
(2 ml) were taken out at time intervals. The samples 
were added to 3 ml ice-cold Krebs—Ringer solution, 
centrifuged, the supernatant was removed and the 
cells were resuspended in a further 5 ml of ice-cold 
Krebs-Ringer solution. The suspension was centri- 
fuged again, the supernatant removed, and the 
interior of the tubes was dried with paper tissue. To 
the washed cells was then added 2 ml 95% ethanol 
and a minimum period of 30 min was allowed for 
completion of extraction of alcohol-soluble 
materials. After centrifugation, 1.5 ml of the super- 
natant was counted in a toluene/PPO scintillation 
fluid. 

Analysis of SAM levels. Catechol-O-methyltrans- 
ferase (COMT) was purified from rat liver according 
to the method of Nikodejevic et al. [20]. The pro- 
cedure included homogenization of rat liver in 
aqueous KCl (1.1%) followed by centrifugation at 
17,000 g, acid precipitation at pH 5.2, ammonium 
sulphate precipitation (30-50 per cent saturation), 
elution from Sephadex G-25, addition of calcium 
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phosphate gel, concentration by vacuum dialysis and 
finally centrifugation at 100,000 g for 3 hr. 

Walker cells (about 10’) were washed with 0.9% 
NaCl and sonicated in 0.5 ml ice-cold 1.0 M perch- 
loric acid and [“C]SAM (4nCi) was added. The 
insoluble precipitate was removed by centrifugation 
at 2000g for 30min at 4°, the supernatant was 
adjusted to neutrality by addition of 5M KOH, and 
the insoluble potassium perchlorate was removed by 
centrifugation. 

The assay is based on the enzymatic transfer of 
a methyl group from SAM to an acceptor molecule 
[’H]dopamine, in the presence of COMT as 
described by Yu [21]. An aliquot of SAM or tissue 
extract (225 pl) was added to a COMT reaction 
mixture (100 yl) containing 50 wmol of Tris-HCl (pH 
8.6), 3 umol of dithiothreitol, 1.25 wmol of MgCh, 
0.25 wmol (1 wCi) of [H]dopamine and enzyme. 
After incubation at 37° for 40 min the reaction was 
terminated by adding 600 ul of 0.5 M borate buffer 
(pH 10). The labelled 3-methoxytyramine was 
extracted from the incubation mixture by shaking 
with 1 ml of toluene : isoamylalcohol (3:2 v/v). After 
centrifugation, 800 yl of the organic phase was trans- 
ferred to a clean tube containing 600 ul of 0.4N 
HCl, vortex mixed and centrifuged. The radioactivity 
in the aqueous HCI phase (500 wl) was determined 
in 5 ml of PCS scintillation fluid. A standard curve 
was performed for each experiment. 

Assay of protein methylation in vivo. Carboxy-O- 
methylation was measured by the method of Pike 
et al. [22] with modifications. Cells (2.5 x 10° per 
ml; 40 ml per treatment) after incubation with vary- 
ing concentrations of Ro07-7957 were sedimented 
by centrifugation at 300g for 3 min, washed once 
with 0.9% NaCl and recentrifuged. They were then 
resuspended in 40 ml of Dulbecco’s modified Eagle’s 
medium lacking folic acid and methionine, together 
with 80 wCi of L-[methyl-*H]methionine and rein- 
cubated for 3 hr at 37°. After this time the cells were 
again sedimented by centrifugation, washed with 
0.9% NaCl and the pellet treated with 100 yl of 1.0 M 
perchloric acid, and the precipitate was pelleted once 
more by centrifugation and washed once with 70% 
ethanol. The precipitated, washed protein was dis- 
solved in 0.4 ml of 1.0M sodium borate (pH 11), 
containing 0.7% methanol and incubated at 23° for 
45 min to hydrolyse methyl esters to methanol. The 
solution was then extracted with 6ml of 
toluene : isoamylalcohol (3 : 2 v/v) and 2.5 ml portions 
of the organic phase were transferred to each of two 
scintillation vials. Any [*H]methanol present was 
removed from one vial by evaporation at 70°, after 
which the radiolabel was measured in both vials after 
dissolution in 5 ml of PCS scintillation fluid. The 
difference in radiolabel before and after evaporation 
was taken as a measure of carboxy-O-methylation. 

Methylation of tRNA. After incubation with var- 
ious concentrations of Ro07-7957, the cells were 
sedimented by centrifugation at 300g for 3 min, 
washed with 0.9% NaCl and sonicated in 10 mM 
Tris-HCl, pH 7.4, containing 10 mM NaCl, 1.5mM 
MgCl. and 1 mM 2-mercaptoethanol. The superna- 
tant fraction obtained after centrifugation at 2000 g 
for 1 hr was used as a source of methylase. The 
reaction mixture (final volume 125 wl) contained 
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50mM_ Tris-HCl, pH7.8, 0.2M NaCl, 4mM 
dithiothreitol, 100 ug E. coli tRNA, 83 pmole S- 
adenosyl-t-[methyl--H]methionine and enzyme 
extract. After incubation at 37° for varying times, 
the reaction was stopped by the addition of an equal 
volume of 10% tricholoroacetic acid. The insoluble 
material was collected by filtration through glass 
fibre filters (Whatman GF/C 2.5 cm) after 10 min at 
4°. The filters were washed with ethanol and dried 
at 70° for 2 hr and the radioactivity was determined 
in a toluene, PPO scintillation mixture. 


RESULTS 


Toxicity. The LDso’s for inhibition of growth of 
Walker carcinoma, TLX5 lymphoma and a mouse 
bladder carcinoma by Ro07-7957 were 8.5, 9.5 and 
19 pg/ml, respectively. Thus the potency of this agent 
for inhibition of cell growth in vitro is similar to that 
of the alkylating agents and antimetabolites. 
Although no in vivo tumour growth inhibition 
experiments have been carried out so far, the LDso 
for mice (354 mg/kg i.p.; determined by Roche Prod- 
ucts Ltd.) is much higher than that for tumour cells 
in vitro, and thus this agent might be expected to be 
an effective antitumour agent. There is no correla- 
tion between the LDso’s to Ro07-7957 and the meth- 
ionine requirements of the cell lines. Surprisingly, 
in view of the structural similarity to methionine, 
there is a direct relationship between growth inhi- 
bition of the TLX5 lymphoma by Ro07-7957 and the 
methionine concentration in the medium (Fig. 1). 
Concentrations of methionine up to 100 yg/ml had 
no adverse effect on the growth of the TLX5 lym- 
phoma. It is also impossible to reverse the growth 
inhibitory effect of Ro07-7957 by methionine or 
homocysteine. 

Uptake. The sensitivity of the methionine trans- 
port system in Walker carcinoma to Ro07-7957 was 
investigated by its addition to cells previously equi- 
librated with methionine. There was a rapid efflux 
of methionine from the alcohol-soluble pool of the 
cells and the level of methionine fell by over 60 per 
cent (Fig. 2). Since two amino acids which are trans- 
ported by the same system should be capable of 
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Methionine concentration, pg/ml (log scale) 

Fig. 1. The effect of methionine concentration on the 

growth of TLXS lymphoma in the presence of 8 g/ml of 
Ro07-7957. 
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Fig. 2. The effect of Ro07-7957 on the steady state level of methionine in Walker carcinoma. Cells were 

incubated with 2 mM L-{methyl-’H]methionine (x x) in Krebs-Ringer phosphate solution at 37° 

and after 20 min Ro07-7957 (1 mM) (@——®) was added directly to the incubation medium. Samples 

were removed at intervals throughout and the alcohol-soluble radioactivity was assayed as described 
in Materials and Methods. 
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Fig. 3. The effect of Ro07-7957 on the initial uptake of methionine into Walker carcinoma. Cells were 

preincubated for 5 min in Krebs-Ringer solution at 37° before addition of 50 (O——O), 100 (@—— 

@) or 200 (A A) pg/ml of Ro07-7957. After a further 10 min, 1 mM L-methionine was added and 
the uptake into the alcohol-soluble pool was compared with cells receiving no drug (x x). 
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Fig. 4. The effect of Ro07-7957 (25 ug/ml) on precursor incorporation into acid-insoluble material. 
Cells were incubated with drug in media containing L-[methyl-‘H]methionine (x——x), L-[2- 
3H] methionine or L-[4,5(n)- *Hilysine (@——@) and the incorporation of radioactivity into acid- insoluble 
material was determined as in Materials and Methods. The incorporation of [methyl-*H]thymidine 
(V VY) or [5 *Huridine (QO——©) into acid-insoluble material was determined by a 1 hr pulse label. 
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exchange diffusion [23], this shows that Ro07-7957 
is transported by the methionine carrier system in 
Walker cells. This is also confirmed by the results 
in Fig. 3 which show that this amino acid prevents 
initial uptake of methionine into cells by an amount 
which is proportional to the _ extracellular 
concentration. 

Effect on nucleic acid and protein synthesis. The 
results presented in Fig. 4 show the effect of Ro07- 
7957 on the incorporation of precursors into proteins 
and nucleic acids of Walker cells. The effect on 
precursor incorporation is fairly rapid and apart from 
[5-*H]uridine, no effect was observed after the first 
9hr of incubation with drug. The most significant 
depressive effect is seen on the incorporation of L- 
[methyl-’H]methionine into acid-insoluble material. 
Since the incorporation of L-[2-*H]methionine and 
L-[4,5(n)*H]lysine into acid-insoluble material are 
depressed to the same extent, which is less than the 
extent of suppression of L-[methyl-*H]methionine, 
which can serve both as a precursor for proteins as 
well as incorporation of the methyl group into pro- 
teins and nucleic acids, this suggests that Ro07-7957 
exerts a suppressive effect on the methylation of 
macromolecules. There is no significant effect on the 
incorporation of [*H]thymidine into DNA up to 24 hr 
after treatment, suggesting that the drug has little 
effect on [*H]methyl group incorporation into the 
‘one carbon’ pool. The extent of RNA synthesis as 
measured by the incorporation of [5-*H]uridine into 
acid-insoluble material is increased after treatment 
of Walker carcinoma with Ro07-7957 and reaches 
a maximal 140 per cent of the control 24hr after 
drug addition. The stimulation of RNA synthesis by 
Ro07-7957 increased with increasing drug concen- 
tration (Fig. 5). The most pronounced depression 
of L-[methyl-*H]methionine incorporation into acid- 
insoluble material occurred at concentrations of 
Ro07-7957 near the IDso value. 

Effect on tRNA and histone methylases and SAM 
pools. The methylation of ‘methyl deficient’ E. coli 
MRE 600 tRNA by cytosolic extracts of Walker 


% contol 
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20 
Ro 07-7957, pg/ml 
Fig. 5. The effect of Ro07-7957 concentration on the incor- 
poration of L-[methyl-*‘H]methionine (x——x), L-[2- 
*H]methionine (@——®) and [5-*H]uridine (O——©) into 
acid-insoluble material measured 24 hr after drug addition. 
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carcinoma was linear with incubation time up to at 
least 30 min (Fig. 6). The specific activity of tRNA 
methylase was increased significantly within 24 hr 
after treatment with Ro07-7957 and remained elev- 
ated for a 48 hr period (Fig. 6 and Table 1). There 
was a concomitant, though smaller, elevation of the 
specific activity of histone methylase (Table 1), but 
a decrease in carboxy-O-methylation of proteins at 
low doses and a slight stimulation at higher doses of 
the drug (Table 2). There was an initial dose related 
increase in the intracellular level of SAM which 
was evident within 24 hr of drug treatment (Table 
2). At 48 hr post-treatment there was no difference 
between the level of SAM in Ro07-7957 and control 
cultures. 

Methylation of cellular proteins and nucleic acids 
in whole cells. The results in Table 3 show the effect 
of various concentrations of Ro07-7957 on the extent 
of incorporation of t-[methyl-“C]- and _  -[2- 
*H]methionine into the acid soluble pool, nucleic 
acids and proteins of Walker carcinoma. The drug 
causes an initial drop in the acid-soluble pool of 
methionine in Walker cells, evident within 4 hr of 
treatment, which is related to the extracellular con- 
centration of the drug. This initial drop in the meth- 
ionine pool size is probably due to competition of 
Ro07-7957 for uptake into the cell (Fig. 3) and is 
followed by an increase in the size of the acid-soluble 
pool to levels which exceed that of the control. No 
effect on the incorporation of label into proteins or 
nucleic acids is evident until 8hr after treatment. 
The effect on the incorporation of label into nucleic 
acids after 8 hr is dependent on the dose of Ro(7- 
7957. Up to 10 ug/ml there is a stimulation of the 
incorporation of both “C and *H into nucleic acids, 
followed by a decrease to below control values at 
concentrations of Ro07-7957 above 15 ug/ml. An 
inhibition of the incorporation of both labels into 


Pp mole methyl transferred/IOO yg tRNA/mg protein 








Time, min 


Fig. 6. The extent of methylation of E. coli tRNA by 
cytosolic extracts of Walker cells previously incubated for 
48 hr in the absence of drug (x———x) or in the presence 
of 5 (@—®), 10 (A—-A), 15 (O—~), 25 
(V——V) or 40 (A——A) pg/ml Ro07-7957. 
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Table 1. Effect of Ro07-7957 on the specific activity of tRNA and histone methylases* 





tRNA methylase 


pmole methyl 
transferred/100 pg 
tRNA/mg 
protein/min + S.E.M. 


Treatment 


Histone methylase 
pmole methyl 
transferred/mg 

histone/min + S.E.M. 





Time 24 hr 


48 hr 24 hr 





0.61 + 0.03 
.39 + 0.05 
52 + 0.04 
.30 + 0.06 
.25 + 0.07 


None 

Ro07-7959 10 ug/ml 
Ro07-7959 15 ug/ml 
Ro07-7959 25 ug/ml 
Ro07-7959 40 g/ml 


0.64 + 0.02 
0.71 + 0.03 
0.97 + 0.05 
1.49 + 0.04 
1.71 + 0.06 


0.95 + 0.05 
1.10 + 0.06 
1.20 + 0.04 
1.67 + 0.06 
1.33 + 0.1 





* Histone methylation was determined using 0.4mg histone as substrate and the 
incorporation of [methyl-"H] into acid insoluble material was measured as for methylation 


of tRNA. 


nucleic acids is seen at all concentrations of Ro07- 
7957 24 hr after treatment, and a small increase in 
the ratio of incorporation of *H/C. There is a dose- 
related inhibition of the incorporation of both *H 
and “C into proteins, which is evident 8 hr after 
treatment. There is also an increase in the ratio of 
incorporation of *H/"C with increasing drug con- 
centrations at 24 hr after treatment, suggesting that 
Ro07-7957 causes both an inhibition of methylation 
and biosynthesis of proteins. 


DISCUSSION 


The structural similarity of Ro07-7957 to meth- 
ionine and the presence of an unsaturated linkage 
suggested that it could act as an irreversible anti- 
metabolite of methionine. This agent exerts a strong 
growth inhibitory activity in vitro, indicating that it 
could possibly be a useful anti-tumour agent. A 
strong growth inhibitory activity of this amino acid 
antagonist has previously been shown towards E. 
coli K12 [18]. In this case growth inhibition was 
reversed by methionine, homocysteine and cysta- 
thionine, but the cytostatic effect towards eukaryotic 
cells shows no such reversal pattern. In fact, increas- 
ing methionine concentrations increase the growth 
inhibitory effect of Ro07-7957. This suggests that 
Ro07-7957 inhibits growth of tumour cells by a dif- 
ferent mechanism from that operating in bacteria, 
which is probably at a step prior to the formation 
of cystathionine [18]. Eukaryotic cells do not show 
de novo biosynthesis of methionine. Ro07-7957 


inhibits the transport of methionine into Walker 
carcinoma cells and also undergoes exchange dif- 
fusion with this amino acid. This suggests that these 
two amino acids are transported by the same system, 
whieh probably accounts for the initial fall in the 
acid-soluble pool of methionine when Ro07-7957 is 
added to cells. 

The tRNA methyltransferases, a family of 
enzymes that modify the structure of preformed 
tRNA by the insertion of methyl groups, have been 
shown to be elevated in all malignant neoplasms 
examined so far, but not in benign ovarian tumours 
[24]. From a study of the methylation patterns in 
Morris hepatomas, it has been concluded [25] that 
the increase in methylase activities in the tumours 
reflect an increase in the overall synthesis and degra- 
dation of RNA rather than an overmethylation of 
hepatoma tRNA. As a rule, tRNA cannot usually 
be methylated further by enzymes from the same 
cell and further methylation can only be achieved 
on a heterologous tRNA substrate from an organism 
lower on the evolutionary scale than that from which 
the methylase preparation originated, since tRNA 
from lower organisms is less methylated. The sub- 
strate used in the studies on Walker carcinoma tRNA 
methylase was E. coli tRNA. Using such a substrate, 
there was more than a two-fold elevation in the 
specific activity of tRNA methylase after Ro07-7957 
treatment, which was evident within 24 hr of drug 
addition. A similar, though smaller, elevation of 
histone methylase was also observed. Histone meth- 
ylase has been shown to be considerably less sensitive 


Table 2. Effect of Ro07-7957 on the intracellular level of SAM and on protein carboxy- 
O-methylation 





SAM ng/mg 
protein + S.E.M. 


Treatment 


Carboxy-O- 
methylation 
(% control) after 48 hr 





Time 24 hr 


48 hr 





None 216 + 30 
Ro07-7957 10 g/ml 315 + 40 
Ro07-7957 15 ug/ml 327 + 38 
Ro07-7957 25 ug/ml 393 + 36 
Ro07-7957 40 ug/ml 477 + 56 


320 + 42 
329 + 38 
329 + 18 
410 + 30 
270 + 30 
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Table 3. Extent of incorporation of L{methyl-"*C]- and L-[ 





Ro07-7957 (ug/ml) 








ay | 
| 


2 
1.8 


7585 2.8 1738 4685 2.7 1754 4807 


2758 


3883 9739 2.5 


2.8 


9460 


3626 


3378 
19,299 31,401 


HC10s4 soluble 
4 Nucleic acids 


3287 
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1.6 


20,518 32,113 


1.9 21,375 39,294 
3.5 


18,260 35,419 


1.8 
3.6 


19,908 37,183 


1.6 
3.6 


19,890 32,144 


1.6 


Proteins 


0 
5 - 
8 


3 
1 
1 


6117 18,361 


2849 
19,222 35,209 


17,195 32,305 
11,392 14,582 
27,244 28,304 


21,058 


7131 


21,592 


6132 


6266 22,657 


5560 20,081 


3.2 


532 
6095 


5368 17, 
5095 
,243 70,771 


35 


HCI1Qg4 soluble 
8 Nucleic acids 


3369 


25,437 41,641 1.6 


2.0 


30,577 60,477 
29,654 55,490 


43,240 66,818 1.5 


1.9 
1.6 
Lz 
0.7 


38,956 74,098 
32,178 51,767 
18,765 22,653 


2.0 


Proteins 


1.9 
1.3 
1.0 


1.6 
1.2 
0.95 


22,911 37,477 
13,226 15,979 


28,808 27,244 


1.9 


iS 


7 


26,320 45,756 
15,915 20,320 
35,219 49,089 


LS 


1.1 


0.7 44,704 3 


HC104 soluble 22,606 34,718 


24 Nucleic acids 


14,917 18,631 
“i 


KS 


1.4 


18,948 21,835 
48,136 32,099 


1.0 


4 


9,447 30,432 


,622 


5 
“ 


Proteins 





* Mean of three experiments. The experimental points did not deviate more than 5 per cent. 


than tRNA methylase to the inhibitory action of 3,4- 
dihydroxyphenylethylamine [26]. Administration of 
the carcinogens ethionine [27], dimethylnitrosamine 
[28] and N-nitrosomethylurea [29] has been shown 
to result in a similar elevation of the level of tRNA 
methylating enzymes. The reason for this elevated 
methylase activity is unknown, but may reflect the 
expression of foetal properties. 

A similar paradoxical situation exists after treat- 
ment of Walker carcinoma with Ro07-7957 as exists 
in animals treated with ethionine, i.e. although there 
is an increase in tRNA and histone methylating 
enzyme activity, there is incompletely methylated 
nucleic acids and proteins. Wainfan et al. [30] showed 
the presence of a low molecular weight material that 
inhibited tRNA methylation, which accumulated in 
rat liver shortly after ethionine administration. Sub- 
sequently, in the presence of inhibitor tRNA meth- 
ylase activity increased. Although the inhibitor has 
not been characterized it seems likely that S-aden- 
osylethionine is one of the components of the low 
molecular weight inhibitor fraction generated after 
ethionine administration. A similar formation of the 
S-adenosyl complex of Ro07-7957 seems less likely 
because of the lowered stability of oxonium ions. An 
experiment was performed to test such a possibility 
by incubating a cytosolic fraction of Walker carci- 
noma with E. coli tRNA and various concentrations 
of Ro07-7957 up to 80 ug/ml in the presence or 
absence of 6.5 wM ATP. Under such conditions there 
was no effect of Ro07-7957 on the incorporation of 
[*H]methyl groups from SAM into tRNA in the 
presence or absence of ATP. There was also no 
effect of Ro07-7957 on the formation of SAM from 
L-[methyl-*H]methionine in an in vitro assay using 
a crude cytosolic fraction of Walker carcinoma. 
These results argue against the possibility of the 
formation of an S-adenosyl derivative of Ro07-7957. 

A possible sequence of events following addition 
of Ro07-7957 to Walker cells could be (a) an initial 
efflux of methionine due to exchange diffusion fol- 
lowed by an increase in the size of the acid-soluble 
pool to levels which exceed that of the control, (b) 
production of an inhibitor of methylation, (c) reduc- 
tion in methylation of proteins and possibly nucleic 
acids, (d) derepression of the locus for tRNA and 
histone methylase synthesis, (e) nearly normal 
methylation due to excess enzyme. A similar increase 
in tRNA methylase activity is observed in Walker 
cells deprived of exogenous methionine and supple- 
mented with homocysteine, folic acid and vitamin 
Biz, conditions which rapidly lead to growth inhi- 
bition and eventual cell death, probably due to 
insufficient SAM to maintain the levels of methyl- 
ation required [7]. In the presence of Ro07-7957 the 
SAM levels are elevated within 24 hr, but not after 
48 hr of treatment, suggesting either an inhibition 
of the conversion of SAM to polyamines by SAM 
decarboxylase or of methylation reactions. In view 
of the importance of methylation reactions to tumour 
cell growth, the effectiveness of Ro07-7957 as an 
antitumour agent is to be further studied on a xen- 
ografted human tumour, the growth requirements 
of which can be studied in vitro. 
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Abstract—Intravenous infusion of anaesthetized rats with the B-adreno-receptor agonist isoprenaline 
decreased plasma total tryptophan concentration and increased both plasma free and brain tryptophan 
concentrations. Muscle tryptophan and also tyrosine concentrations showed moderate significant 
decreases, but concentrations in liver and kidney did not alter significantly. Plasma tyrosine concentration 
fell and brain tyrosine concentration rose, but these changes were less marked than those of tryptophan. 


Isoprenaline infusion considerably increased egress of 


C-tryptophan from plasma and moderately 


increased egress of '*C-isoleucine, but did not alter egress of *C-tyrosine. However, 5 min after pulse 
injection of any of the above “C-labelled amino acids, the isoprenaline-infused rats had higher brain 
counts than control animals. Results are consistent with previous evidence that increased availability 
of tryptophan to the brain can occur in stressful situations. 


Many factors can influence brain tryptophan con- 
centration and because tryptophan hydroxylase is 
unsaturated with substrate at physiological concen- 
trations [1,2], they can influence 5HT synthesis. 

For example, increased insulin secretion can lead 
to increased brain tryptophan concentration by 
decreasing the plasma concentration of neutral aro- 
matic and branched chain amino acids which com- 
pete with tryptophan for entry to brain [3]. However, 
the effects of drugs altering insulin secretion suggest 
that only large insulin changes comparable with those 
occurring after food intake alter the disposition of 
tryptophan (and other aromatic amino acids) 
between plasma and brain [4]. Another influence on 
brain tryptophan concentration results from most of 
the plasma tryptophan being bound to albumin [5]. 
Thus brain tryptophan concentration and SHT syn- 
thesis are increased by drugs which displace tryp- 
tophan from albumin [6] or which increase lipolysis 
because unesterified fatty acids decrease tryptophan 
binding to albumin [7]. 

Lipolysis may be increased by stimulation of adre- 
nergic B receptors in fat cells [8] and hence is influ- 
enced by sympathetic activity. It has been shown 
that disturbance caused by removal of 24 hr fasted 
rats from cages is sufficient to rapidly increase plasma 
unesterified fatty acid in remaining cage-mates and 
is associated with an increase of the percentage of 
plasma free tryptophan. Concurrently, plasma total 
tryptophan falls, suggesting a shift of tryptophan into 
cells and/or increased tryptophan catabolism [9]. In 
some experiments there is an associated increase of 
brain tryptophan [10]. These changes appear to 
depend on stimulation of 8 receptors as they are 
prevented by propranolol. Similar changes occur on 
injecting human subjects with adrenaline [11]. 


* Present address: Department of Pharmacology, Mar- 
shall University School of Medicine, Huntington, WV 
25701, U.S.A. 
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The purpose of the present study was to investigate 
the effect of B-adrenergic stimulation on the dis- 
position of tryptophan and other amino acids in more 
detail. Anaesthetized rats were infused with the B- 
adrenergic receptor agonist isoprenaline and changes 
of tryptophan concentration in plasma, brain and 
other tissues studied. The fate of intravenously 
injected tracer amount of labelled tryptophan was 
also determined. Similar investigations were also 
made on tyrosine and isoleucine disposition. 


METHODS 


Animals. Male Sprague-Dawley rats (Anglia Lab- 
oratory Animals, Huntingdon, England) were fed 
on ALGH diet (Grain Harvesters) and tap water ad 
lib. 

Isoprenaline infusion. Rats weighing 180-220 g 
were anaesthetized with Nembutal (60mg/kg i.p.) 
(Abbot Laboratories) and left for 15 min before 
commencing surgery. Cannulae were made from 
polythene tubing (Portex PPS0) with 23g x 1 3/16in. 
disposable needles (Gillette Sabre) inserted into one 
end and the other end drawn out. A cannula (length 
30 cm) was tied into the right jugular vein for infusion 
of isoprenaline (144 ug/ml at 0.0388 ml/min for either 
15min or 1hr) using a Harvard infusion pump. 
Another cannula (length 10cm) was tied into the 
left carotid for ,withdrawal of blood samples. 
Between samplings this was filled with 0.9 per cent 
sodium chloride w/v. At the end of the infusion 
period the rats were decapitated, tissues removed 
and stored at —20° until determinations were made. 

Tissue radioactivity. This was determined by 
extracting the labelled amino acids as previously 
described for tryptophan and tyrosine in brain [12]. 
Thus, after tissues were homogenized in 10 vol. of 
acidified butanol, the amino acids were back 
extracted into 0.1N HCl containing 0.1 per cent 
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Table 1. Effect of anaesthesia and surgery on plasma and brain tryptophan* 





Plasma tryptophan 


Total 


Treatment (g/ml) 


Brain 
tryptophan 
(ug/g) 


Free 
(%) 


Free 
(ug/ml) 





Unanaesthetized (6) 15.81 + 0.73 
Sagatal (60 mg/kg i.p.) 

15 min (6) 

Nembutal (60 mg/kg i.p.) 

15 min (6) 

Sagatal (60 mg/kg i.p.) 

25 min + sham operations (5) 


11.12 + 0.98§ 
10.88 + 1.627 


9.81 + 1.32§ 


6.22 + 0.32 39.62 + 2.26 2.80 + 0.12 


4.28 + 0.36§ 39.32 + 3.50 2.28 + 0.24 


4.28 + 0.554 40.59 + 3.55 2.53 + 0.12 


2.10 + 0.178 


4.68 + 0.47% 50.08 + 7.30 





* Results given as mean + 1 S.E. Nos. of determinations in brackets. See Methods section for details. 
§ Differences from values for unanaesthetized rats: +P < 0.05, tP < 0.02, +P < 0.01. 


cysteine. Samples (0.5 ml) of the HCI extract were 
transferred to scintillation vials and 0.5 ml 0.1N HCl 
added followed by 15 ml scintillant (6 g 2,5-diphenyl- 
oxazole (PPO), 1 litre toluene, 500 ml Triton X100) 
and counted in a scintillation counter (Packard 
Tricarb.). 

Packed cell volume. This was determined after 1 hr 
infusion using a haematocrit reader (Gelman-Hawk- 
sley Ltd., Lancing, Sussex, England). 

Blood and plasma volumes. These were deter- 
mined after 55 min of infusion with isoprenaline or 
0.9 per cent sodium chloride. ''I-Human serum 
albumin (50 uCi) in 0.1 ml saline (Radiochemical 
Centre, Amersham) was injected into the venous 
cannula followed by 0.2 ml of saline and the rats 
were killed 5 min later. Blood samples (0.1 and 
0.2 ml) were immediately removed for counting and 
the remainder used for the preparation of plasma 
from which samples were also taken for counting. 
Blood and plasma volumes (ml/100 g wt of rat) were 
calculated from the following equation: 


c.p.m. for 0.1 ml injected ''I-albumin 100 





c.p.m. for 0.1 ml blood or plasma ___ wt of rat. 


Egress of amino acids from plasma. The removal 
of labelled tryptophan, tyrosine or isoleucine from 
the plasma was determined following the intravenous 
injection of 1 wCi of the appropriate amino acid. L- 
Methylene-1-"C tryptophan s.a. 52 mCi/mmole; L- 
U-'C tyrosine s.a. 495 mCi/mmole and L-U-"C-iso- 


leucine s.a. 10 mCi/mmole were all obtained from 
the Radiochemical Centre, Amersham, England. 
Amino acids were injected in 0.1 ml 0.9 per cent 
sodium chloride followed by 0.2 ml 0.9 per cent 
sodium chloride. Total injection time was 35 sec. 

Blood samples were then withdrawn at intervals 
into heparinized syringes, centrifuged immediately 
in 0.75 ml polythene tubes (Sarstedt, Leicester) and 
plasma collected and prepared for scintillation spec- 
trometry [13]. Plasma samples (50 wl) were trans- 
ferred to scintillation vials and solubilized by 1.1 ml 
Soluene 350 (Packard) followed by 50 wl of glacial 
acetic acid to neutralize and prevent chemilumi- 
nescence. After adding 15 ml of scintillant (5 g 2,5- 
diphenyloxazole (PPO), 0.3 g 1, 4 bis 2 (4-methyl- 
5-phenyloxazolyl benzene) (dimethyl POPOP), 1 
litre toluene) samples were counted in the scintil- 
lation counter. 

Biochemical: determinations. After decapitation, 
brain, liver, kidney, muscle and plasma concentra- 
tions of tryptophan and tyrosine were determined 
as previously described [12]. Plasma free tryptophan 
was determined using ultrafiltration at pH 7.4 [14]in 
the experiment shown in Table 1, and Amicon CF50 
membrane cones without pH control [15] in the 
experiment shown in Table 4. 


RESULTS 


The influence of anaesthesia and surgery on plasma 
and brain tryptophan concentrations. Rats were 


Table 2. Effect of isoprenaline infusion on blood, plasma and packed cell volume* 





Infused Blood volume 


(ml/100g body wt) 


Packed cell volume 
(as % of blood volume) 


Plasma volume 





0.9% sodium chloride 
(1 hr) (6) 
Isoprenaline 

(1 hr) (6) 


% change 


5.10 + 0.16 


3.06 + 0.15 36.8 + 0.69 
3.28 + 0.18 

+7 

NS 





* Results given as means + 1 S.E. Nos. of determinations in brackets. See Methods section 


for details. 
+ NS: not significant. 





Effect of isoprenaline infusion Sil 


injected with Nembutal (60 mg/kg, i.p.) or Sagatal 
(60 mg/kg i.p.) (pentobarbitone preparations used 
in subsequent experiments) and killed 15 min later. 
An additional group of rats was subjected to sham 
operation in which carotid cannulae were inserted 
10 min after giving Nembutal and the rats killed 
15 min later. Table 1 shows the effects of these 
procedures on plasma and brain tryptophan. Anaes- 
thetized rats had significantly lower plasma total and 
free tryptophan concentrations than untreated ani- 
mals. Sham operation has no significant additional 
effect. Mean brain tryptophan concentrations in the 
anaesthetized groups were lower than in the unan- 
aesthetized group, but this difference was significant 
only for the anaesthetized and sham operated group. 

Effect of isoprenaline infusion on blood, plasma 
and packed cell volumes. Isoprenaline infusion might 
have affected blood or plasma volume by its car- 
diovascular action and hence altered concentrations 
of blood and plasma metabolites. However, results 
in Table 2 show that infusing rats with isoprenaline 
for 1 hr did not significantly alter blood, plasma or 
packed cell volumes. 

Effect of isoprenaline infusion on the rate of egress 
of tryptophan, tyrosine and isoleucine from plasma. 
Before investigating the effect of isoprenaline on 
removal of pulse injected labelled tryptophan from 
plasma, it was necessary to determine if the rate of 
binding of tryptophan to albumin (or other blood 
constituents) influenced its removal rate. Therefore, 
rates of removal of labelled tryptophan injected in 
0.9 per cent sodium chloride and injected after prein- 
cubation with blood were compared as follows: 
Blood (0.9 ml) was withdrawn from the carotid artery 
into a heparinized syringe containing 1 wCi of L- 
methylene-"C tryptophan in 0.1_ml 0.9 per cent 
sodium chloride and rapidly reinjected 5 min later 
through the venous cannula. Arterial blood samples 
(0.1 ml) were withdrawn at 15, 30, 45, 60 and 120 sec, 
plasmas collected and samples taken for radioactive 
counting. This procedure was followed using 3 rats 
and in 3 additional animals 0.1 ml tryptophan sol- 
ution was injected directly, followed immediately by 
0.2 ml 0.9% sodium chloride. Egress of tryptophan 
from plasma was essentially identical for both groups 
(Fig. 1a). Therefore, in subsequent experiments '*C- 
tryptophan in 0.9% sodium chloride was injected. 
It was noted that the logarithmic decrease of plasma 
radioactivity was linear for about 60sec and that 
subsequent egress rate was reduced. Therefore, 
samples for counting were taken at times up to 60 
sec after injection. The elimination half-life (4) 
was calculated from the slope of the egress curve 
[16]. 

The effects of isoprenaline infusion for 10 min on 
the egress of tryptophan and isoleucine from plasma 
are shown in Figs. 1b and d, respectively. Logarith- 
mic decreases of radioactivity were linear for 60 sec 
in both saline and isoprenaline infused rats. The 
infusion of isoprenaline significantly increased the 
slope of the regression line for tryptophan so that 
the elimination half life was significantly reduced, 
but isoleucine egress was not significantly altered. 

Longer periods of isoprenaline infusion (55 min) 
significantly increased the egress of tryptophan and 
isoleucine but not tyrosine (Figs. 1 c,e,f). The elim- 


ination of both tryptophan and isoleucine in rats 
infused with saline for 55 min was slower than in rats 
infused for 10 min. This is not readily explicable. 
Conceivably it may have been a consequence of the 
second injection of Nembutal given after 30 min to 
maintain anaesthesia. 

Tyrosine egress after 55 min infusion was not sig- 
nificantly altered by isoprenaline infusion. Although 
the intercept of the regression line on the y axis was 
somewhat lower for isoprenaline treated than for 
control animals, values were not significantly 
different. 

Effect of isoprenaline infusion on the accumulation 
of labelled tryptophan tyrosine and isoleucine by tis- 
sues. Results in Table 3 show that brain radio-activity 
5 min after intravenous injection of '“C-tryptophan 
was slightly, but significantly, increased by infusion 
of isoprenaline over the previous 15 min. Mean brain 
radioactivity was comparably increased after similar 
injection of 'C-isoleucine but not to a significant 
extent. After infusion of isoprenaline for 1 hr, brain 
radioactivities following intravenous injections of 
'sC-tryptophan, '*C-tyrosine and “C-isoleucine were 
more markedly increased and significantly so for all 
three amino acids. The percentage increase was 
greatest for tryptophan and least for tyrosine. Iso- 
prenaline infusion for | hr had little effect on radioac- 
tivities of other organs, except after '“C-tryptophan 
injection when liver radioactivity was significantly 
decreased. 

Effect of isoprenaline infusion on plasma and tissue 
concentrations of tryptophan and tyrosine. Isopren- 
aline infusion for both 15 min and | hr significantly 
reduced plasma total tryptophan concentration 
(Table 4). Plasma free tryptophan concentration was 
determined after 1 hr infusion only, and shown to 
be considerably and significantly increased. After 
15 min infusion brain tryptophan concentration was 
not significantly raised, but by 1 hr there was a con- 
siderable and significant increase approximately in 
proportion to that of plasma free tryptophan. Liver 
and kidney concentrations were not significantly 
altered, but muscle tryptophan was moderately but 
significantly reduced after 1 hr infusion. Plasma and 
brain tyrosine concentrations were not significantly 
altered after 15 min, but by | hr they were reduced 
and increased, respectively, although the magnitudes 
and significances of the changes were smaller than 
for tryptophan. Muscle tyrosine concentration was 
unaltered by 15 min infusion, but by 1 hr it was 
significantly reduced about in proportion to the tryp- 
tophan change. Liver tyrosine concentration was 
unaltered. 


DISCUSSION 


Preliminary experiments showing that anaesthesia 
decreased both plasma total and free tryptophan 
concentrations in the rat agree with results in man 
[17], though in the latter case only the change of 
total tryptophan was significant. The additional fall 
of plasma total tryptophan after infusing rats with 
isoprenaline for 1 hr is consistent with the effect of 
subcutaneous isoprenaline [18] when plasma total 
tryptophan concentration fell in association with rises 
of unesterified fatty acid concentration and of the 
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percentage of plasma tryptophan in the free state. 
Subcutaneous injection of adrenaline into human 
subjects had similar effects [11]. 

In the present work, isoprenaline caused a mod- 
erate fall of plasma tyrosine concentration as well 
as a larger fall of tryptophan. Furthermore, both 
amino acids were similarly redistributed between the 
tissues, inasmuch as there were comparable 
decreases of their concentrations in muscle and also 
increases in brain, though the latter change was more 
marked for tryptophan than for tyrosine. Results 
suggest that the changes in muscle are due to release 
of muscle amino acid stores and not to decreased 
transport of amino acids from plasma to muscle, as 
isoprenaline pretreatment did not significantly affect 
muscle radioactivity on intravenous injection of the 
SC amino acids. The increased brain tryptophan and 
tyrosine concentrations after isoprenaline infusion, 
however, probably reflect increased transport from 
plasma, as brain radioactivity 5 min after intravenous 
injection of the above '*C labelled amino acids (or 
isoleucine) was greater in isoprenaline treated than 
in control rats. 

The above brain tryptophan changes occured 
together with an increased rate of its egress from 
plasma, but brain tyrosine changes were smaller and 
not associated with altered egress from plasma. 
These differences may result from specific changes 
of plasma tryptophan binding, from different effects 
of isoprenaline on tryptophan and tyrosine metab- 
olism or from effects on their transport into other 
tissues. However, differences of transport are not 
indicated by any clear differences between the effects 
of isoprenaline on the radioactivities of liver, kidney 
or muscle. 

The rate of egress of '*C-tryptophan from plasma 
was essentially identical whether it was injected in 
sodium chloride solution or after pre-equilibrating 
with blood. This suggests either that the binding of 
tryptophan to plasma albumin is very rapid or that 
its rate of egress from plasma is unaffected by bind- 
ing. This is not the case for transport of tryptophan 
from plasma to brain, as recent work using a modified 
version of the Oldendorf method in which '*C-tryp- 
tophan uptake by brain was measured 6 sec after 


intracarotid injection indicates that uptake into brain 
is appreciably influenced by binding [19]. However, 
evidence is against a similar effect in other tissues 
(Tables 3 and 4). 

Results in general agree with the previous finding 
that in stress situations [10] the freeing of plasma 
tryptophan from binding to albumin results in 
increased availability of tryptophan to the brain, but 
that this is partly opposed, possibly by egress of 
plasma tryptophan to other unknown sites or by 
increased tryptophan metabolism. The slight 
increase of brain tyrosine concentration even though 
plasma tyrosine was decreased agrees with other 
experiments in which brain tyrosine values tended 
to be maintained even though plasma concentrations 
fell, e.g. after aminophylline [20] or amphetamine 
[21] injection. Rat brain tyrosine hydroxylase is 
reported to be normally unsaturated with tyrosine 
[22,23]. Therefore, mechanisms whereby brain tyro- 
sine concentrations are maintained could safe- 
guard against possible impairment of catecholamine 
synthesis. 
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Infusion 


Amino acid 


rats shown below in brackets. 

(a) Egress of '*C from plasma following intravenous injec- 
tion of 1 wCi “C-tryptophan A, after 5 min pre-equilibra- 
tion with blood (3); 0, in 0.9% sodium chloride (3). 


tr (sec) 





(b) O, 10 min sodium chloride (7) 
@, 10 min isoprenaline (6) 

(c) O, 55 min sodium chloride (5) 
@, 55 min isoprenaline (6) 

(d) O, 10 min sodium chloride (5) 
@, 10 min isoprenaline (5) 

(e) O, 55 min sodium chloride (7) 
@, 55 min isoprenaline (6) 

(f) O, 55 min sodium chloride (6) 
@, 55 min isoprenaline (6) 


'SC-tryptophan 
'4C-tryptohan 
'SC-tryptophan 
'SC-tryptophan 
'$C-isoleucine 
'4C-isoleucine 
'$C-isoleucine 
'$C-isoleucine 
'4C-tyrosine 
'$C-tyrosine 
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3221 
110 + 12 
60 +9 
36 +3 
34:22 NS 
44+4 
33 +2 
49 +3 
46+6 NS 
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<0.01 


<0.05 





Infusions were continued for 5 min after the '*C-amino acids were injected. Rats were 
then immediately killed and tissues removed and processed for scintillation counting. 
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Abstract—Bisphosphoglyceromutase (E.C. 2.7.5.4) is inhibited by thyroxine, tri-iodothyronine and di- 
iodothyronine and activated by glucagon. Several other hormones have no effect. The enzyme is 
activated by various thiols, but not by NADH, NADPH or ascorbic acid. The inhibition by a- and 
B-glycerophosphate and the activation by phosphoglycollic acid [1] have been confirmed. 2-Hydroxy- 
4-phosphobutyric acid, an isostere of B-glycerophosphate, has no effect on the kinetics. Nicotine is 
slightly inhibitory at concentrations much higher than the plasma level in smokers. 


As early as 1964, Tapley [2] documented the effect 
of thyroxine and tri-iodothyronine on over 50 
enzymes. Numerous studies since that time have 
appended this category of enzymes both in vivo and 
in vitro. Although the mechanism of action of the 
thyroid hormones remains unknown, their diversity 
of action suggests that effective structural analogues 
of the iodothyronines would have a wide range of 
possible pharmacological applications. 

The effects of hormones and other kinetic modi- 
fiers on the enzymes of the Rapoport—Luebering 
shunt have not received much study and some of the 
reported results disagree. Thus Snyder, Reddy and 
their co-workers [3-6] reported that thyroxine and 
tri-iodothyronine increase the amount of 2,3-bis- 
phosphoglycerate in the erythrocytes as a direct 
consequence of the activation of bisphosphoglycer- 
omatase (E.C. 2.7.5.4). These results were disputed 
by others [7-10]. Somewhat earlier, it had been 
reported [11] that thyroxine in the range 0.5—100 uM, 
when preincubated with bisphosphoglyceromutase 
from chicken breast muscle, caused substantial 
inhibition. 

There is also conflicting evidence on the influence 
of tri-iodothyronine from experiments in vivo. Injec- 
tion of rats with tri-iodothyronine (20 g/100 g body 
weight) during 10 days did not affect the level of 2,3- 
bisphosphoglycerate [12], whereas similar treatment 
of rats on a atherogenic diet caused an increase in 
the level of 2,3-bisphosphoglycerate in the eryth- 
rocytes [13]. 

The purpose of the work reported here was to 
study in some detail the effect of thyroid hormones 
and several other hormones on the steady-state 
kinetics of bisphosphoglyceromutase. In addition, 
the behaviour of the enzyme in the presence of other 
potential kinetic modifiers including thiols and nico- 
tine was examined. 


MATERIALS AND METHODS 


Purified bisphosphoglyceromutase was prepared 
from outdated human blood [2]. 1,3[1-’P] Bisphos- 
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phoglycerate was prepared from DL-glyceraldehyde 
3-phosphate [1] and the product was assayed spec- 
trophotometrically [14]. 2-Hydroxy-4-phosphono- 
butyric acid [15] was a gift from Dr. H. B. F. Dixon. 
Porcine glucagon was a gift from Professor K.D. 
Buchanan. 

Kinetic methods. Procedures for assaying 2,3-bis- 
phosphoglyceromutase using 1,3-[1-*P] bisphos- 
phoglycerate were based on those of Rose [1]. As 
a screening method to determine the effect of hor- 
mones and other modifiers, the following procedure 
was employed: Bisphosphoglyceromutase 
(2.2 x 107° U) was incubated in 17.5 mM glycylgly- 
cine—HC] buffer (0.1 ml), pH 7.8, which was 2mM 
with respect to 2-mercaptoethanol for 30 min at 26°. 
NaOH, 2 mM (0.2 ml), alone or containing the mod- 
ifier under test, was added and the incubation was 
carried out for a further 30 min. A buffer, pH 7.5 
(0.2 ml), containing 41.5 mM glycylglycine, 50 mM 
K2HPOs, 1.5mM 2-mercaptoethanol and either 
50 4M 3-phosphoglycerate or 50 4M 2-phospho- 
glycerate was added and the mixture was incubated 
for a further 30 min. 1,3-[1-*’P] Bisphosphoglycerate 
solution, 0.8 wM (0.5 ml), was added to give a final 
volume of 1.0 ml and aliquots (0.2 ml) were removed 
after 0.5, 6.0, 12.0 and 18.0 min for the determi- 
nation of the radioactive product. Each such aliquot 
was placed in a separate plastic tube (75 x 12 mm) 
containing 2 M H2SOsx (0.1 ml). The hydrolysis of 
the unreacted 1 ,3-bisphosphoglycerate was catalysed 
by the addition of 5% (w/v) ammonium molybdate 
(0.1 ml), then water (0.6 ml) and water-saturated 
isobutanol (2 ml) were added. The tubes were mixed 
vigorously and centrifuged (1200 g, Smin). The 
upper layer contained the phosphate from the 
unreacted and subsequently hydrolysed substrate 
extracted as phosphomolybdate in the isobutanol. 
An aliquot of the lower layer (1 ml) containing the 
acid-stable labelled 2,3-bisphosphoglycerate was 
assayed for radioactivity by liquid scintillation count- 
ing. In a separate experiment it was shown that the 
count-rate was proportional to the amount of 2,3- 
bisphosphoglycerate contained in the lower layer. 
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When this screening method was used to investigate 
the effects of reducing agents, 2-mercaptoethanol 
was omitted from the buffer used for the first incu- 
bation, i.e. 16 mM glycylglycine—HCl buffer, pH 7.8. 
For scintillation counting of aqueous samples (0.5— 
1.0 ml), solutions containing 0.5% (w/v) PPO and 
0.03% (w/v) 1,4 bis-2-(4-methyl-5-phenyloxazoylyl)- 
benzene in toluene followed by ethanol (7 ml) were 
added. Counting was carried out with a Packard 
Tricarb 3003 instrument. Chemiluminescence was 
observed, especially with standard solutions of 1,3- 
[1-*P]-bisphosphoglycerate. This complication was 
avoided by preparing the standard solutions in 0.2 M 
H2SOs. Both standard and test solutions were kept 
in the dark at 0° for 24 hr before counting. 

For the determination of Km and Vmax, the bis- 
phosphoglyceromutase was pre-incubated with 
iodothyronine for 30min, 9 concentrations (0.1- 
4.0 uM) of substrate were used and each of these 
sampled 7 times from 30sec to 18 min. For these 
kinetic experiments only, a second isobutanol extrac- 
tion was used. 

Initial velocities, Km and Vinax were computed using 
FORTRAN programmes based on published stat- 
istical procedures [16]. The initial estimates of Km 
and Vmax were refined by an interactive non-linear 
weighted least squares regression method [17]. 

For the determination of the effect of various 
reducing agents upon the time-course dependence 
of the bisphosphoglyceromutase reaction, an experi- 
mental method was devised in which 4 concentrations 
of a reducing agent could be tested concurrently. 

The steroids which were tested as kinetic modifiers 
were dissolved in either ethanol or dioxan and a 
small aliquot was added to the reaction mixture such 
that the final concentration of organic solvent did 


not exceed 1.25% (v/v). Control experiments showed 
that this concentration of organic solvent did not 
affect the kinetics of the system. 


RESULTS AND DISCUSSION 


Using the screening method, the iodothyronines 
were found to be inhibitory over a wide range of 
concentrations (see Fig. 1). 

Tri-iodothyronine proved to be the most potent 
inhibitor, diodothyronine was least effective and thy- 
roxine had intermediate activity. The effect of fixed 
concentrations of iodothyronine on the Km and Vmax 
values are summarized in Table 1. With either mon- 
ophosphoglycerate as cofactor, the Km value tended 
to increase and the Vmax tended to decrease with 
increasing concentration of iodothyronine. The 
inhibition appeared to be of the mixed type. When 
the slopes and ordinal intercepts from weighted least- 
squares Lineweaver—-Burk plots were replotted 
against inhibitor concentration, the resulting sec- 
ondary plots were linear. These results, therefore, 
based on the kinetic experiments as exemplified by 
Fig. 1 and the results shown in Table 1, contrast 
sharply with those of Snyder, Reddy and their col- 
leagues [3-6]. On the other hand, the results lend 
support to those of Joyce and Grisolia [10] obtained 
with bisphosphoglyceromutase from chicken breast 
muscle, and other workers who found no activation 
of erythrocyte bisphosphoglyceromutase by the thy- 
roxine and tri-iodothyronine at low concentrations. 
Since inhibition was observed only with iodothyron- 
ine concentrations above about 10 uM, it is doubtful 
if the effects of the iodothyronines on the kinetics 
of the action of bisphosphoglyceromutase have any 
physiological significance. 


Table 1. The effect of inhibitor concentration upon Michaelis constant (Km) and maximum 
velocity (Vmax) 
(a) In the presence of 10 uM 3-phosphoglycerate as cofactor 





Concentration 


Modifier (uM) 


10° Km + S.D. 10’ Vmax + S.D. 





None 

Thyroxine 
Thyroxine 
Thyroxine 
Thyroxine 
Tri-iodothyronine 
Tri-iodothyronine 


7.68 + 0.18 
6.20 + 0.15 
5.60 + 0.11 
4.97 + 0.13 


1.05 + 0.04 (18) 
1.14+0.06 (9) 
1.40+ 0.05 (9) 
1.69 + 0.07 (18) 
1.99+0.12 (9) 3.85 + 0.13 
1.47+ 0.07 (9) 7.00 + 0.20 
2.72+0.10 (9) 6.46 + 0.18 





(b) In the presence of 10 uM 2-phosphoglycerate as cofactor 
P phospnog!) 





Concentration 


Modifier (uM) 


10° Km + S.D. 10? Vinax + S.D. 





None — 
Thyroxine 12.5 
Thyroxine 25.0 
Thyroxine 50.0 
Thyroxine 75.0 
Tri-iodothyronine 12.5 
Tri-iodothyronine 25.0 


12.10 + 0.40 
9.92 + 0.42 
9.06 + 0.21 
7.42 + 0.24 
6.01 + 0.16 
11.70 + 0.30 
9.01 + 0.28 


0.99 + 0.06 (18) 
1.29+0.10 (9) 
1.34+0.05 (9) 
1.46 + 0.07 (18) 
1.76 + 0.06 (9) 
1.64 + 0.07 (9) 
3.04 + 0.13 (9) 





The figures in parentheses give the number of runs performed to determine Km and Vmax 
with substrate concentrations in the range 0.1-4.0 uM and with Eo = 1.94 x 10° units/ml of 
reaction mixture. One unit of enzyme activity converts one umole of 1 ,3-bisphosphoglycerate 
per min at 25° under the conditions of the radioactive assay. 





Kinetic modifiers and bisphosphoglyceromutase 


32 
% 2,3-(U- P) bisphosphoglycerate formed 








| J J 
25 50 75 


Inhibitor concentration 4M 





Fig. 1. The inhibition of bisphosphoglyceromutase activity 
by the iodothyronines. 1,3-[1-*P]-Bisphosphoglycerate 
(2.4 uM) was the substrate. The data from 9 experiments 
were normalized. Closed symbols represent results from 
single substrate concentration experiments. @, Di-iodo- 
thyronine; A, Thyroxine; 0, @, Tri-iodothyronine. 


It seems possible that structural analogues of thy- 
roxine and tri-iodothyronine could be effective at 
pharmacological levels for inhibiting 2,3 bisphos- 
phoglycerate production. Such compounds might be 
expected to offer a number of interesting possible 
applications, including control of the equilibrium 
between deoxy- and oxy-haemoglobin. For example, 
in patients with the haemoglobinopathy known as 
Hb. Kansas, a fall in the 2,3 bisphosphoglycerate 
level would cause a shift to the oxy-form which in 
this condition is inherently less stable than the deoxy- 
form. Thus a shift of this type would enhance the 
oxygen carrying capacity of these patients. Since 
thyroxine and tri-iodothyronine enhance the activity 
of certain enzymes while inhibiting the activity of 
others, pharmacologically effective analogues of the 
iodothyronine could also be expected to find appli- 
cation in controlling the rate of many other enzymic 
reactions. It is noteworthy that thyroid hormones at 
pharmacological levels stimulate transport of amino 
acids across cellular membranes (reviewed by Ster- 
ling [18]). Consequently, analogues of the iodothy- 
ronines might display anabolic activity without the 
side effects found with androgens. 

Using the screening method, both a-glycerophos- 
phate and B-glycerophosphate were found to be 
inhibitory, causing 50% and 5% inhibition, respec- 
tively, at a concentration of 200 «4M with initial sub- 
strate and 3-phosphoglycerate concentrations of 0.4 
and 2.0 uM, respectively. Although the degree of 
inhibition caused by B-glycerophosphate is small and 
probably close to the experimental error, neverthe- 
less a small difference was consistently observed 
between runs carried out in its presence and absence. 
In contrast, 60 4M phosphoglycollic acid caused 
260% activation with initial substrate and 3- 
phosphoglycerate concentrations of 0.4 and0.18 uM, 
respectively. These results are in general agreement 
with those reported in Rose [1]. 

2-Hydroxy-4-phosphonobutyric acid (J.1 mM) 
[15], an isostere of B-glycerophosphate, had no 
effect. Other compounds which had no effect 
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included aldosterone (0.005-50 uM), dehydroepian- 
drosterone (0.01-100 uM), hydrocortisone (0.0067- 
67 uM), insulin (0.0013-13 4M), DL-noradrenalin 
(0.0022-22 uM), 17 B-oestradiol (0.005—50 4M) and 
testosterone (0.005-50 4M). Glucagon was found to 
be an activator causing an acceleration of 10% at 
0.44 uM and 25% at 4.4uM with initial substrate 
and 3-phosphoglycerate concentrations of 0.4 and 
10 uM, respectively. The activation by glucagon is 
probably insignificant in vivo since it is unlikely to 
enter the red cell. The effect of nicotine was tested 
over the concentration range 0-4 mM, with substrate 
concentrations of 4.0 and 10 uM, respectively. The 
inhibitory effect is unlikely to be physiologically sig- 
nificant since the plasma level of nicotine in smokers 
is probably less than 1 uM [19]. 

Highly purified bisphosphoglyceromutase requires 
the addition of a reducing agent for optimal activity. 
In order to ascertain whether other reducing agents, 
particularly those of the thiol type, could substitute 
for 2-mercaptoethanol in enhancing the activity of 
the purified enzyme, two experimental procedures 
were employed. In the first, the effects of various 
reducing agents on the time-course of the bisphos- 
phoglyceromutase reaction were determined. Cys- 
teine, thioglycollic acid and 3-mercaptopropionic 
acid gave similar results to those obtained with 2- 
mercaptoethanol. The degree of enhancement was 
relatively greater at the beginning of a given incu- 
bation period than towards the end of it. In the 
second type of experiment, the enzyme was pre- 
incubated with various reducing agents as described 
under Materials and Methods. The following com- 
pounds were tested at a concentration of 1 mM and 
the initial velocities compared with those measured 
in the presence of 1 mM, 1,4-dithiothreitol are given 
in parenthesis: 2-mercaptoethanol (65%); L-cysteine 
(79%); dimercaptopropanol (65%); thioglycollic 
acid (65%); 3-mercaptopropionic acid (87%) and 
reduced glutathione (62%). 

It is likely that glutathione, which is probably 
about 2 mM in the red cell [20], is the natural acti- 
vator. It is possible that the enzyme contains a thiol 
group at or near the active centre which tends to 
undergo oxidation to disulphide in the absence of 
a protective thiol such as glutathione. NADH, 
NADPH and ascorbic acid were also tested, but had 
no effect on the kinetics. 

2,3-Bisphosphoglycerate plays several roles in the 
metabolism of erythrocytes. As an allosteric effector, 
it is partly responsible for controlling the equilibrium 
between deoxyhaemoglobin and haemoglobin [21- 
23]. There is evidence that 2,3-bisphosphoglycerate 
exerts some control on glycolysis by inhibiting 
hexokinase [24-27], phosphoglucomutase [26], 6- 
phosphofructokinase [26-28], glyceraldehyde—phos- 
phate dehydrogenase [26] and pyruvate kinase [28], 
as well as inhibiting its own production by bisphos- 
phoglyceromutase [1]. 2,3-Bisphosphoglycerate also 
helps to conserve adenine nucleotides in the eryth- 
rocyte by inhibiting AMP deaminase [29] and ribose 
phosphate pyrophosphokinase [30]. 

Consequently, there is considerable interest in 
identifying the factors which determine the concen- 
tration of 2,3-bisphosphoglycerate in the 
erythrocyte. 
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it might be expected that the Rapoport—Luebering 
shunt would contain a control mechanism for 2,3- 
bisphosphoglycerate turnover, but this remains to 


be 


l. 
2. 
3 


. L. M. Snyder and W. J. 


elucidated. 
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Abstract—Tallysomycin (TLM), an experimental glycopeptide antitumor antibiotic related to bleomycin 
(BLM), at a concentration of 4.8 x 10°° M sequesters Fe-* and nicks circular DNA to 75-80 per cent 
in 45 min. The DNA scission reaction which requires oxygen and is suppressed by other divalent ions 
and by EDTA is pH dependent and shows optima at 9.6 and 11.2. BLM under comparable conditions 
shows three pH optima at 9.3, 10.6 and 11.2. TLM binds to DNA more strongly than BLM, especially 
at pH 7.0 to 4.7. The three intermediates, O2*, H202 and OH’, are implicated in the DNA scission 
by tallysomycin as indicated by (1) inhibition by superoxide dismutase, (2) inhibition by catalase, and 
(3) e.s.r. detection of the spin-trapped PBN - OH nitroxide radical, respectively. The A,T-specific DNA 
binding agents, netropsin and distamycin, enhance the TLM-induced cleavage by 7 per cent and 9.5 
per cent, while G,C-specific agents, olivomycin and chromomycin-A3, enhance the scission by 15 per 
cent and 16 per cent, respectively. TLM and BLM suppress the extent of psoralen-photo- induced DNA 
cross-linking by 24 per cent and 53 per cent, respectively. TLM with the spermidine moiety truncated 
by spermidine oxidase binds to DNA with less efficiency (5.5 per, cent ) than does the parent antibiotic 
(19 per cent). However, the modified TLM also sequesters Fe** and nicks DNA with comparable 
efficiency to TLM under similar conditions. This suggests (1) that the spermidine moiety is not involved 
in binding Fe’* at the ‘active site’ of the antibiotic responsible for DNA cleavage, and (2) that in binding 
to DNA, at least of TLM - Fe’*, intercalation by the bithiazole moiety is more significant than electrostatic 
attraction by the spermidine chain. The results are in accord with a mode of action in which TLM 


sequesters Fe?" 
chemical mechanism i is suggested for this process. 


Tallysomycins (TLM) A and B (Fig. 1) are new 
glycopeptide antibiotics, produced by an unusual 
actinomycetes strain of Streptomyces-like morphol- 
ogy [1]. The structures of these antibiotics have been 
determined [2, 3]. They are closely related to bleo- 
mycin (BLM), differing only in the amino acid com- 
position and by the fact that they contain an addi- 
tional unique sugar, 4-amino-4,6-dideoxy-L-talose 
[2,4]. The antitumor activities of TLM-A and -B 
have been reported [1, 5]. Both TLM-A and -B were 
highly active against B16 melanoma, sarcoma 180 
ascites tumor and Lewis lung carcinoma and mod- 
erately active against P388 leukemia, but were inac- 
tive against lymphoid leukemia L1210. The antitu- 
mor activity of TLM-A was 2~3 times that of TLM- 
B and 3~17 times that of BLM. They exhibited 
significantly greater activity against a number of bac- 
teria and fungi than did BLM [1]. induction of lyso- 
genic bacteria Escherichia coli W1709 (A) by TLM 
occurred at concentrations 30-fold less than that 
for BLM [1]. On the other hand, TLM-A was about 
1.5 and 4 times more toxic for mice than TLM-B 
and BLM, respectively [5]. However, the most com- 
mon side effect in the clinical application of BLM 
is lung toxicity [6], and since TLM causes pneu- 
monitis/fibrosis in only half as many test animals as 
does BLM at equitoxic doses [4], it shows promise 





* Studies related to antitumor antibiotics—XX. 


, binds to DNA and produces OH’ radicals close to the duplex to cleave the latter. A 


in this regard. In common with BLM [6], TLM has 
the great potential clinical advantage of being only 
slightly myelosuppressive and immunosuppressive, 
due to high levels in bone marrow of the inactivating 
aminopeptidase enzyme bleomycin hydrolase [7]. 

The transition metal binding properties of both 
BLM [8, 9] and TLM [10] have been reported. TLM 
has been shown to have two metal binding sites 
whereas BLM has only one. One site is similar to 
that of BLM and sequesters Fe** or Cu** at the 
pyrimidine-imidazole portion of the molecule. A 
second thermodynamically less stable site utilizes the 
amino group of the L-talose moiety and the amino 
groups on the ‘tail’ portion of the antibiotic to bind 
metal ions such as Cu?* and Ni?* but not Zn’* (see 
Fig. 10). 

The affinity constants of BLM and TLM for salmon 
sperm DNA have also been determined [11]. They 
were 3.41+0.42 (S.D.)x10* M™'~ and 
8.47 + 1.06 x 10° M~' for BLM and TLM respec- 
tively. Thus, the affinity constant of TLM for DNA 
was significantly greater than for BLM. 

BLM has been shown to degrade DNA both in 
vivo and in vitro [12-16], producing both single 
strand and double strand breaks. DNA cleavage is 
enhanced in the presence of reducing agents and by 
the addition of Fe** and requires dissolved oxygen 
[12, 16-19]. The DNA cleavage is inhibited by Cu**, 
Zn?*, Co** [13], Mg?* [20] and by EDTA. The 
chemical mechanism of this BLM-induced cleavage 
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Fig. 1. Structures of the antitumor antibiotics TLM-A and TLM-B. 


of DNA has been examined [18] by the ethidium 
fluorescence assay in conjunction with PM2-CCC- 
DNA [21-23]. It has been shown that the reaction 
involves the intermediacy of O2*, H2O2 and 
OH produced by the low concentration of Fe?* in 
the BLM and oxygen. Additional support for the 
above mechanism comes from the fact that DNA- 
cleavage is inhibited by (1) superoxide dismutase, 
(2) catalase (and more efficiently by the two enzymes 
together) and (3) free radical scavengers, e.g. iso- 
propyl alcohol [18]. We decided to examine the 
reactions of TLM-A with PM2-CCC-DNA under a 
variety of conditions by the ethidium fluorescence 
assay with a view to elucidating the mechanism of 
its action and to establishing any similarities or dif- 
ferences between TLM-A and BLM in their reactions 
with DNA. While our work was in progress, a less 
extensive report on the cleavage of DNA by TLM- 
A employing alternative methods was published [11]. 


MATERIALS AND METHODS 


BLM-A:2 and TLM-A were obtained from Bristol 
Laboratories, Syracuse, NY. TLM-Ei: (Cu** com- 
plex) and TLM-Ew (Cu’* complex) were supplied 
by Dr. H. Kawaguchi, Bristol-Banyu Research 
Institute, Meguro-ku, Tokyo. The free modified 
antibiotics were prepared by precipitation of the 
copper with hydrogen sulfide and chromatographic 
purification on Amberlite XAD-4. Solutions were 
prepared in deionized water. Superoxide dismutase 
(EC 1.15.1.1) was from Miles Labs, Elkhart, IN, 
and catalase (EC 1.11.1.6) (beef liver) from the 
Aldrich Chemical Co., Milwaukee, WI. T4-DNA 
ligase (EC 6.5.1.1) was obtained from P.L. Bio- 
chemicals, Milwaukee, WI. Phenyl N-tert butyl 
nitrone (PBN) was purchased from the Aldrich 
Chemical Co. Ethidium bromide and disodium 
EDTA were purchased from the Sigma Chemical 
Co., St. Louis, MO. NADPH was purchased from 
CalBiochem, San Diego, CA. Netropsin hydrochlo- 


ride was from the American Cyanamid Co., Pearl 
River, NY. Distamycin A _ hydrochloride was 
obtained from Boehringer-Mannheim, West Ger- 
many. Olivomycin and chromomycin A; were pur- 
chased from CalBiochem. Psoralen (furo[3,2-g]-cou- 
marin) was obtained from Dr. M. J. Ashwood-Smith, 
Department of Biology, University of Victoria, Brit- 
ish Columbia, Canada. The A and PM2-CCC-DNA 
(87 per cent CCC, 13 per cent OC) were prepared 
as described before [24]. The calf thymus topoiso- 
merase was prepared as described by Pulleyblank 
and Morgan [25] and Herrick and Alberts [26]. The 
stock solution was stored in 50 per cent glycerol at 
—20°. The activity was such that 2 yl of this solution 
was sufficient to completely relax 2.5 wg of PM2- 
DNA in 15 min at 37°. 

Endonuclease VI was purified according to the 
method of Verly and Rassart [27] from E. coli 
BATCC 11303; after the phosphocellulose chroma- 
tography, the enzyme was stored in 0.15 M NaCl- 
0.04 M sodium phosphate (pH 6.5) with an equal 
volume of glycerol and kept at —20°. For the experi- 
ment, this preparation was diluted with a suitable 
buffer. 

Fluorescence determination of cleavage of PM2- 
CCC-DNA by BLM and TLM. The fluorometric 
method of measuring strand breakage of PM2- 
covalently closed circular DNA (CCC-DNA) and its 
inhibition by enzymes and free radical scavengers 
has been described [21-24]. By raising the pH to 
around 11.8, duplex DNA can still be detected very 
sensitively (as little as 0.1 wg) by the enhanced flu- 
orescence of ethidium bromide which specifically 
intercalates duplex DNA. At these high pH levels 
any short intramolecular base pairing of denatured 
DNA is destabilized and it assumes a true single- 
stranded conformation. At this high pH, CCC-DNA 
gives a quantitative return of fluorescence (at a lower 
pH a denatured form of CCC-DNA is obtained), 
and this has been exploited as a sensitive assay for 
measuring breaks introduced into CCC-DNA by 
either nucleases or chemical means [24]. 





Reactions of bleomycin and tallysomycin with DNA 523 


Ethidium bromide binds intercalatively to nega- 
tively supercoiled DNA and, in consequence, suffers 
an enhancement of fluorescence which is recorded. 
The conversion of PM2-CCC-DNA to nicked or 
open circular (OC) DNA results in the release of 
topological constraints allowing more ethidium to 
intercalate, and consequently a characteristic 30 per 
cent increase in fluorescence is observed in the pH 
11.8 ethidium assay solution (see below). After heat 
denaturation (96°, 4 min) and cooling to 22°, since 
the strands are now separable a loss of fluorescence 
is observed in contrast to the control CCC-DNA 
which, we have seen, returns to duplex register. 
Therefore, at any given time the loss of fluorescence 
after the heating and cooling cycle, compared to the 
control, is proportional to the percentage of DNA 
suffering single strand scission [21, 24]. 

All measurements were performed on a G.K. 
Turner and Associates model 430 spectrofluoro- 
meter equipped with a cooling fan to reduce fluc- 
tuations in the xenon lamp source. Wavelength cal- 
ibration was performed as described in the manual 
for the instrument. One-centimeter-square cuvettes 
were used. The excitation wavelength was 525 nm 
and the emission wavelength was 600 nm. The 30x 
and 100 scales of medium sensitivity were generally 
used and water was circulated between the cell com- 
partment and a thermally regulated bath at 22°. 

The reaction mixtures were buffered to the appro- 
priate pH with potassium phosphate. The reactions 
were carried out in a total volume of 100 pl at 37° 
in deionized water. The reaction solution contained 
approximately 1.50 Azo units of PM2-CCC-DNA 
(87 per cent CCC, 13 per cent OC), 50 mM buffer 
and the appropriate concentrations of BLM and 
TLM. At intervals, 10 ul aliquots were withdrawn 
and added to 2 ml of assay solution which contained 
20mM _ potassium phosphate (pH 11.8), 0.2mM 
EDTA and 0.5 pg/ml of ethidium bromide [28]. The 
fluorescence was measured using a blank without 
added sample. The solution was then heat denatured 
at 96° on a Temp-Blok for 4 min and cooled rapidly 
in an ice-bath and then in a thermostated water-bath 
at 22° for 5 min and the fluorescence was read again. 
In a control experiment, it was shown that none of 
the components interfered with the ethidium 
fluorescence. 

Effects of Fe** or reducing agents on the cleavage 
of PM2-CCC-DNA by TI.LM. The reactions were 
carried out on a 100 wl scale at 37° at the appropriate 
pH. The reaction mixtures contained approximately 
1.50 A260 units of PM2-CCC-DNA (87 per cent CCC, 
13 per cent OC), 50 mM potassium phosphate buffer, 
either 4.8 x 10-* M or 1.92 x 10°-° M TLM, and 
either 4 x 10~° M ferrous sulfate (reaction pH 7.0) 
or 1mM NADPH (reaction pH 9.0) or 2mM 2- 
mercaptoethanol (2-ME) (reaction pH 9.0). Aliquots 
of 10 uz! were withdrawn at intervals and assayed for 
DNA scission at pH 11.8 as described above. In 
separate control experiments it was shown that 
NADPH separately had no effect on DNA, and 2- 
ME nicks ~12 per cent DM2-CCC-DNA under sim- 
ilar reaction conditions. 

Assay for alteration of superhelical density of cir- 
cular DNA by BLM or TLM binding. The reaction 
was performed on a 100 yl scale in deionized water. 


The reaction mixture contained 50 mM potassium 
phosphate (pH 7.0), 1.50 Azo units of PM2-CCC- 
DNA, 0.2M sodium chloride and 2.66 x 10~° M 
BLM. The control did not contain any BLM. Both 
the sample and control were incubated at 37° for 
30 min. Five microliters of the calf thymus topoiso- 
merase were added to both the sample and the 
control, and incubation was continued at 37°. Ali- 
quots (10 ul) were withdrawn at intervals and 
assayed as described before. The basis of this assay 
is that intercalation into DNA base pairs is 
accompanied by relaxation of supercoiled PM2- 
CCC-DNA to a non-supercoiled form. Topoiso- 
merase also relaxes supercoiled PM2-CCC-DNA by 
a nicking—closing mechanism which produces a 33 
per cent decrease in ethidium fluorescence because 
of differences in topological constraints of the two 
forms of DNA [29]. Thus, the extent of fluorescence 
decrease in the PM2-DNA produced by an agent, 
relative to the enzyme control, is a measure of the 
extent of intercalative interaction. An additional 
control was performed by determining any gener- 
alized reduction in ethidium fluorescence produced 
by the drug with linear calf thymus DNA, and using 
this value to correct the fluorescence change 
observed with PM2-DNA. 

A similar assay was performed using 4.8 x 10~° 
M TLM with 20mM EDTA. 

Endonuclease V1 assay for possible depurination 
of relaxed PM2-CCC-DNA by TLM or BLM at pH 
7.0 and pH 9.6. The basis of the assay is that the 
enzyme cleaves apurinic PM2-CCC-DNA specifi- 
cally and thereby converts it into OC-DNA, which 
results in a change in ethidium fluorescence both 
before and after heat denaturation when measured 
at pH 8.0 [30]. The reaction mixture, which consisted 
of 1.50 Az units of PM2-CCC-DNA in 50mM 
potassium phosphate buffer, pH 7.0 or 9.6, and with 
either TLM or BLM at concentrations of 4.8 « 107° 
M and 6.66 x 107° M, respectively, was incubated 
at 37° for 3 hr. Aliquots (10 ul) of endonuclease VI 
were added and incubated at 37°. Further 10 yl ali- 
quots were withdrawn at intervals and analyzed by 
the pH 8.0 ethidium fluorescence assay. In addition, 
control experiments were performed to determine 
the extent of cleavage by TLM and BLM using the 
pH 11.8 ethidium fluorescence assay. Conversion of 
depurinated PM2-CCC-DNA to PM2-OC-DNA by 
the endonuclease VI would result in a characteristic 
30 per cent increase in fluorescence as a result of the 
release of topological constraints. After heat 
denaturation at 96°/4 min when the PM2-DNA is 
converted into single strands, followed by rapid cool- 
ing to 22°, the fluorescence was read again. A fraction 
active toward endonuclease VI is revealed by the 
loss of fluorescence after heat denaturation. The 
control for the assay consisted of a similar reaction 
substituting native PM2-CCC-DNA. 

Assay for effects of DNA-sequence specific binding 
reagents and ethidium on the cleavage of PM2-CCC- 
DNA by TLM-Fe** and BLM-Fe’*. The reactions 
were performed on a 100 ul scale. The reaction mix- 
tures contained 50 mM potassium phosphate buffer 
(pH 7.0), 1.48 Azo units of PM2-CCC-DNA (87 
per cent CCC, 13 per cent OC), 1 mM magnesium 
chloride for chromomycin A; and olivomycin, the 
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appropriate concentrations of netropsin, distamycin, 
chromomycin As, olivomycin or ethidium, 4.8 x 10~° 
M of TLM or 2.66 x 10°° M BLM and 4 x 10°° M 
FeSO. The DNA solutions were incubated with the 
drugs for 10 min at 37° before the addition of TLM, 
BLM and FeSOs.. After the addition of FeSOs, the 
solutions were stoppered and protected from light 
to prevent possible cleavage of the DNA by the drug 
[31], and incubated at 37°. Aliquots (10 wl) were 
withdrawn at intervals and analysed for the extent 
of single strand scission by the pH 11.8 ethidium 
fluorescence assay. 

Effects of TLM and BLM on the photo-induced 
cross-linking of A-DNA by psoralen. The reactions 
were carried out on a 100 ul scale. The reaction 
mixtures contained 1.50 A2« units of phage A-DNA, 
50mM _ potassium phosphate buffer (pH 7.0), 
4.80 x 10°°M TLM or 6.66 x 10°°M BLM and 
2 x 10-*M psoralen and 5 per cent (v/v) ethanol. 
The DNA solution was incubated with TLM or BLM 
for 10 min at 22° before adding psoralen. After the 
addition of psoralen, the solutions were irradiated 
at 22° with a Sylvania black light at 360 nm at an 
intensity of 17.50ergs/mm7/sec (determined by 
means of a 0.15 M potassium ferrioxalate chemical 
actinometer [32]). Aliquots of 10 ul were removed 
at intervals and analysed for the extent of cross- 
linking by the standard pH 11.8 ethidium fluor- 
escence assay. After the heat denaturation and sub- 
sequent cooling, only covalently linked complemen- 
tary (CLC)-DNA showed return of fluorescence 
since the covalent links provided a nucleation site 
for renaturation [23,33]. The ratio of the fluor- 
escence after heating to the fluorescence before heat- 
ing gave the extent of covalent cross-linking of the 
DNA. In a separate experiment, the extent of 
covalent cross-linking of A-DNA by psoralen in the 
absence of either TLM or BLM was determined 
under similar conditions as described before [34]. 

Effects of metal ions and EDTA on the cleavage 
of PM2-CCC-DNA by TLM-Fe**. The reactions 
were performed on a 100 yl scale in deionized water. 
The reaction mixtures contained 1.50 A2 units of 
PM2-CCC-DNA (87 per cent CCC, 13 per cent OC), 
50 mM potassium phosphate buffer (pH 7.0), 1 mM 
metal ion (Cu**, Ni**, Co**, Mg’*) or EDTA (1 mM 
or 20mM), 4.8 x 10°°M TLM and 4x 10-°M 
FeSOs. The solutions were incubated at 37° and 
analysed for the extent of single strand DNA cleav- 
age by the standard pH 11.8 ethidium fluorescence 
assay. 

Assay for inhibition of T4-DNA ligase by BLM, 
TLM and TLM-E\,. The basis of the assay is that 
the action of the ligase on PM2-OC-DNA converts 
it to PM2-CCC-DNA with consequent introduction 
of topological constraints so that less ethidium inter- 
calates and as a consequence the fluorescence value 
falls. In effect, the assay is the reverse of the nicking 
assay. The reactions were performed on a 50 ul scale 
at 30°. The solutions contained 20 M Tris—hydro- 
chloride buffer (pH 7.6), 10mM _ dithiothreitol, 
1 mg/ml of gelatin, 5mM adenosinetriphosphate, 
10 mM magnesium chloride, 1.00 A2 units of PM2- 
OC-DNA (100 per cent nicked by S:-nuclease from 
Aspergillus oryzoe), 2 units/ml of T4-DNA ligase 
and 0.64mM BLM, TLM or TLM-Eis. At 1-min 
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intervals, 10 ul aliquots were withdrawn and added 
to 2ml of the ethidium (pH 11.8) assay mixture 
described above. The fluorescence was read both 
before and after 96°/min heat denaturation. Ligation 
was evident from a fall in fluorescence before heat 
denaturation and a corresponding rise in fluor- 
escence after heat denaturation. The control reaction 
which consisted of the above mixture without added 
antibiotics showed 67 per cent ligation of the DNA 
after 5 min. 

Spin trapping and e.s.r. detection of radical species 
generated from TLM and BLM under atmospheric 
oxidation. Electron spin resonance spectra were 
obtained on a Bruker ER-400 ESR spectrometer 
fitted witha Varian V-3601 12inch(1inch = 25.4 mm) 
magnet with a VFR Hall effect controller. Hyperfine 
couplings were obtained by comparison with per- 
oxylamine disulfonate (spacing 13.0 G), and g values 
were obtained by direct Fieldial measurement. 

The reactions were carried out on a 315 ul scale. 
The solutions contained 1 mg (1.53 x 10-*M and 
2.12 x 10-* M, respectively) of TLM or BLM, 80 mM 
potassium phosphate buffer (pH 8.0), 80 mM PBN, 
1.5 mg (5.37 x 10°-*M) NADPH and 6.5 per cent 
(v/v) each of CH30H and CH:CN in water. The 
solutions were maintained at room temperature with 
free access to atmospheric oxygen for 16 hr and the 
e.s.r. spectrum of the spin-adduct was recorded. 
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Fig. 2. Cleavage of PM2-CCC-DNA by various concentra- 
tions of TLM in the presence of Fe~*. Reactions were 
performed in deionized water at 37° in 50 mM potassium 
phosphate buffer, pH 7.0, and contained 1.50 A260 units/ml 
of PM2-CCC-DNA (87 per cent CCC) and a constant 
concentration of 4 x 10°" M FeSOs. The before heat flu- 
orescence readings are shown as open symbols and the 
closed symbols are fluorescence readings after the dena- 
turation at 96° and rapid cooling. Additional components 
were: (O) none, (A) 9.6x10°°M TLM, (D) 
1.92 x 10° MTLM, (©) 2.88 x 10°°M TLM, and (V) 
4.8 x 10°’ TLM, (—--—-) control. 
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Fig. 3. Cleavage of PM2- CCC-DNA by various concentra- 
tions of FeSOs in the presence of TLM. The before heat 
fluorescence readings are shown as open symbols and the 
closed symbols are fluorescence readings after the dena- 
turation at 96° and rapid cooling. Reactions were performed 
using the conditions described in the legend { for Fig. 2 and 
with a constant concentration of 4.8 x 10-°M TLM but 
with the following additional components: (@) none, (the 
before heat denaturation readings are omitted for clarity), 
(A) 3.2 x 10°7M FeSOs, (0) 6.4 x 10°M FeSOs, (©) 
9.6x10°’M FeSOs, and (O) 4x10°°M FeSOs, 
(----) control. 


Inhibition of PBN- OH nitroxide radical generation 
by catalase and superoxide dismutase. The reactions 
were carried out as described before, but also con- 
tained 0.5 mg catalase and 1 mg superoxide dismu- 
tase. After keeping at room temperature overnight, 
the e.s.r. spectrum was recorded as described above. 


RESULTS 


A freshly prepared 4 x 10°°M FeSOs solution 
nicked 28.5 per cent PM2-CCC-DNA (87 per cent 
CCC, 13 per cent OC) in 45 min at 37° and pH 7.0. 
But the presence of 4.8 x 10-° M TLM enhanced 
the cleavage of DNA to 75-80 per cent within 45 min, 
whereas TLM alone was capable of nicking only 
~5 per cent under the same reaction conditions. It 
was also found that at a constant concentration of 
FeSO, (4 x 10~° M) the extent of cleavage of PM2- 
CCC-DNA was proportional to the concentration 
of TLM (Fig. 2). Similarly, at a constant concentra- 
tion of TLM (4.8 x 10~° M), the extent of cleavage 
of DNA was proportional to the concentrations of 
FeSOs (Fig. 3). 

A freshly prepared 4.8 x 10~° M solution of TLM 
in deionized water nicked 20-30 per cent PM2-CCC- 
DNA in 45 min at pH 9.0 and 37°, but only ~5 per 
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cent at pH 7.0. Also, the drug lost its nicking proper- 
ties on prolonged exposure to air. Addition of 
4 x 10-°M FeSOs to the inactivated TLM resulted 
in 96 per cent nicking of PM2-CCC-DNA in 45 min 
at 37° and pH 9.0. Alternatively, addition of 1 mM 
NADPH to 4.8 x 10-° M TLM produced 78 per cent 
nicking of PM2-CCC-DNA in 45 min at 37° and pH 
9.0, whereas NADPH separately had no effect on 
DNA under the same reaction conditions. 

Similarly, addition of 20mM 2-ME under the 
above conditions produced 82 per cent nicking, 
whereas 2-ME alone was capable of nicking only 12 
per cent PM2-CCC-DNA under the same conditions 
(Fig. 4). 

The efficiency of cleavage of DNA by both BLM 
and TLM depended on the pH of the medium. For 
BLM the efficiency of nicking increased from pH 4.7 
(no nicking) to higher pH values. Three pH optima 
were observed. They were 9.3, 10.6 and 11.2. For 
TLM the same pattern was seen from pH 7.0 to 
higher pH values. In this case only two pH optima 
were distinguished, 9.6 and 11.2 (Fig. 5). It was also 
found that, at lower pH values (pH 7.0 and below), 
TLM binds strongly to DNA to form a complex 
causing a decrease in the ethidium fluorescence of 
DNA before heat denaturation due to steric hin- 
drance of the approach of the ethidium to the DNA. 
This binding increased from pH 7.0 to pH 4.7. At 
pH 4.7, the complex precipitated. On the other hand, 
BLM caused no such reduction in the ethidium flu- 
orescence of DNA. 
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Fig. 4. Cleavage of PM2-CCC-DNA by TLM and its 
enhancement by reducing agents. Reactions were per- 
formed in deionized water at 37° in 50mM potassium 
phosphate buffer, pH 9.0, and contained 1.50 A260 units/ml 
of PM2-CCC-DNA (87 per cent CCC). The before heat 
fluorescence readings are shown as open symbols and the 
closed symbols are fluorescence readings after the dena- 
turation at 96° and rapid cooling. Additional components 
were: (O) 4.8 x 10°°M TLM, (Q) 4. 8 x 10°°M TLM and 
1 mM NADPH, (A) 4.8 x 107° M TLM and 20 mM 2-ME, 
and (©) 20 mM 2-ME, (----) control. 
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Fig. 5. Effects of pH on the cleavage of PM2-CCC-DNA 

by TLM and BLM-A2. Reactions were performed in deion- 

ized water at 37° in 50 mM potassium phosphate buffer and 

contained 1.50 A260 units/ml of PM2-CCC-DNA (87 per 

cent CCC) and 4.8 x 10° °M TLM or 6.66 x 107° BLM- 

A2. Key: (O) 4.8 x 10°°M TLM, and (A) 6.66 x 10°°M 
BLM-A2. 
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Fig. 6. Requirement of oxygen for the cleavage of PM2- 
CCC-DNA by TLM in the presence of Fe**. The before 
heat fluorescence readings are shown as open symbols and 
the closed ‘symbols are fluorescence readings after the 
denaturation at 96° and rapid cooling. Reactions were 
performed in deionized water at 37° in 50 mM potassium 
phosphate buffer, pH 7.0, and contained 1.50 A2¢0 units/ml 
of PM2-CCC-DNA (87 per cent CCC) and with a constant 
concentration of 4 x 10°° M FeSO but with the following 
additional components: (0) 1.92 x 10°°M TLM, (O) 
1.92 x 10°°M TLM and oxygen, (O) 4.8 x 10°°M TLM, 
and (A) 4.8 x 107° M TLM under argon, (——-—-—) control. 


As with BLM, dissolved oxygen appears to be 
necessary for the cleavage of PM2-CCC-DNA by 
TLM-Fe’*. In the presence of 4.8 x 10-°M TLM, 
4x 10-°M FeSOs nicked 77 per cent PM2-CCC- 
DNA in 45 min at 37° and pH 7.0. When degassed 
water was used and the reaction with DNA was 
performed in an atmosphere of argon, the cleavage 
was reduced to 55 per cent. On the other hand, 
saturating the reaction mixture with oxygen before 
the addition of FeSO: resulted in an increase in the 
extent of cleavage of PM2-CCC-DNA under similar 
reaction conditions. Thus, although 1.92 x 10-°M 
TLM and 4 x 10~° FeSOs were capable of nicking 
49 per cent PM2-CCC-DNA at 37° and pH 7.0, 
saturation of the reaction mixture with oxygen 
increased the nicking to 67 per cent (Fig. 6). 

There appears to be no difference in the reactivity 
of TLM-Fe** toward supercoiled and relaxed PM2- 
CCC-DNA. Thus, PM2-CCC-DNA, relaxed by 
treating with calf thymus topoisomerase (which acts 
by a nicking—closing mechanism), was cleaved to the 
same extent as native supercoiled PM2-CCC-DNA 
was by TLM-Fe** at TLM and FeSO. concentrations 
of 4.8 x 10-°M and 4 x 10~-°M, respectively. The 
complex between supercoiled PM2-CCC-DNA and 
TLM or BLM was relaxed by topoisomerase to the 
same extent as uncomplexed supercoiled PM2-CCC- 
DNA. 

In the above experiment with TLM, it was necess- 
ary to include an excess [20 mM] of EDTA to prevent 
DNA cleavage. When the EDTA concentration was 
reduced [1 mM] or completely omitted, the closing 
step (ligase action) of the topoisomerase was partially 
inhibited. Under the above reaction conditions (pH 
7.0), TLM did not produce any appreciable cleavage 
of DNA. BLM, TLM and TLM-E:, in independent 
assays at 0.64 uM all showed complete inhibition of 
T4-DNA ligase action. The inhibition of ligase action 
by BLM has been reported by Umezawa [12]. 

Both BLM and TLM are able to cleave depuri- 
nated PM2-CCC-DNA (prepared by incubating 
PM2-CCC-DNA at pH 3.05 [30]). With BLM, the 
process was very slow at a concentration of 
6.66 x 10°°M and took several hours for comple- 
tion. With TLM (4.8 x 10-°M), it was relatively 
faster. After 20 hr both produced the same extent 
of cleavage. 

Under conditions where TLM and BLM induce 
strand scission (4.8 to 6.6 x 10-°M), they did not 
excise detectable quantities of purine or pyrimidine 
bases, in contrast to the situation that obtains for 
nitrosoureas [30]. Depurination under these condi- 
tions would have been revealed by treatment of 
supercoiled or relaxed PM2-CCC-DNA treated with 
TLM or BLM with endonuclease VI. This enzyme 
specifically recognizes and cleaves apurinic PM2- 
CCC-DNA and thereby converts it into open circular 
DNA which results in a characteristic rise (100 per 
cent in the case of relaxed DNA) in ethidium flu- 
orescence before heat denaturation when measured 
at pH 8.0. Thus, incubation of relaxed PM2-CCC- 
DNA with BLM and TLM (6.66 x 10°°M and 
4.8 x 10°-°M, respectively) for 3 hr at 37° and pH 
7.0 and subsequent treatment with endonuclease VI 
did not cause an increase in fluorescence (assayed 
at pH 8.0) or any appreciable cleavage (assayed at 
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Fig. 7. Effects of TLM and BLM-A2 on the photo-induced cross-linking of A-DNA with psoralen. 
Reactions were performed in deionized water at 22° in 50 mM potassium phosphate buffer, pH 7.0, 
containing 1.50 A260 units/ml of A-DNA and 2 x 10-*M psoralen, and were irradiated at 360 nm at an 
intensity of 17.5 ergs/mm/7/sec. Fluorescence readings are those after the heat denaturation and cooling 
cycle. Additional components were: (O) none, (QO) 4.8 x 10°? M TLM, and (A) 6.66 x 107° M BLM- 


pH 11.8. A sample of BLM which produced ~30 per 
cent nicking of PM2-CCC-DNA in 10 min at a con- 
centration of 8.0 x 10~° at 37° and pH 9.6 did not 
produce more than 35 per cent cleavage after incu- 
bation for 23 hr under identical conditions. Treat- 
ment with endonuclease VI after 10 min of incuba- 
tion did not produce any increase in fluorescence. 
If there was depurination accompanying nicking, 
endonuclease treatment would have revealed it, 
since BLM is incapable of producing any appreciable 
cleavage of depurinated DNA after 10min (see 
above). Similarly, a sample of TLM solution which 
produced ca. 10 per cent cleavage after 10 min at a 
concentration of 4.8 x 10~° M at 37° and pH 9.6 did 
not produce more than 11 per cent cleavage after 
16.5 hr under identical conditions. Treatment with 
endonuclease VI after 10 min of incubation did not 
produce any increase in fluorescence. TLM does not 
cleave cepurinated DNA to any appreciable extent 
after 10min. These series of experiments were 
repeated with TLM and BLM solutions of varying 
DNA-nicking capabilities and in no case was any 
depurination detected. 

The effects of sequence specific reagents on the 
nicking of PM2-CCC-DNA by TLM-Fe** and BLM- 
Fe** were investigated. A slight enhancement of the 
rate of DNA cleavage was noticed in all cases. Oli- 
vomycin and chromomycin As, which in the presence 
of an equivalent of Mg** bind specifically to (G,C)- 
rich regions in the DNA, enhanced the nicking by 
15 per cent and 16 per cent for TLM-Fe** at con- 
centrations of 0.2 mg/ml. For BLM-Fe’*, the cor- 
responding figures are 5.5 per cent and 7 per cent, 
respectively. Netropsin and distamycin, which bind 
specifically to (A,T)-rich regions in the minor groove 
of DNA, enhanced the cleavage by 7 per cent and 
9.5 per cent for TLM-Fe** and 3.5 per cent and 7 
per cent for BLM-Fe** at concentrations of 
0.1 mg/ml. All the above reactions were carried out 
at constant concentrations of TLM (4.8 x 107° M), 
BLM (2.66 x 10-° M) and FeSOs (4 x 10-°M). 

Intercalated ethidium bromide has no influence 


A2. 


on_the nicking process produced by the antibiotics. 
Similarly, spermine (1 mM) and spermidine (1 mM) 
did not affect the extent of cleavage of PM2-CCC- 
DNA by either TLM-Fe** or BLM-Fe’*. 

The effects of TLM and BLM on the photo- 
induced cross-linking of A-DNA by psoralen were 
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Fig. 8. Cleavage of PM2-CCC-DNA by TLM in the pres- 
ence of Fe** and its selective inhibition. The before heat 
fluorescence readings are shown as open symbols and the 
closed symbols are fluorescence readings after the 
denaturation at 96° and rapid cooling. Reactions were 
performed using the conditions described in the legend for 
Fig. 2 and with a constant concentration of 4.8 x 10°" M 
TLM and 4 x 107° M FeSOs but with the following addi- 
tional components: (O) none, (0) 1 mM Cu**, (@) 1 mM 
Ni?* (the before heat denaturation readings are omitted 
for clarity), (V) 1 mM Co**, (A) 1 mM Mg” and (©) 1 
mM EDTA, (----) control. 
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investigated. Thus, the presence of 4.8 x 10°°M 
TLM and 6.66 x 10°°M BLM inhibited the cross- 
linking by 24 per cent and 53 per cent, respectively, 
at a psoralen concentration of 2 x 10~* M at 22° and 
pH 7.0 (Fig. 7). 

The cleavage of DNA by TLM-Fe’* is inhibited 
to a large extent by divalent metal ions and also by 
the metal ion complexing agent, EDTA. Thus, Cu’*, 
Mg?*, Co** and Ni** inhibited the nicking by 81 per 
cent, 51 per cent, 67 per cent and 85 per cent, 
respectively, at a concentration of 1 mM. Similarly, 
EDTA at concentrations of 1 and 20 mM inhibited 
the cleavage by 49 per cent and 92.5 per cent, 
respectively. None of the above agents separately 
had any effect on DNA. All the above reactions 
were performed at a constant concentration of TLM 
(4.8 x 10°° M) and FeSO: (4 x 107° M) at 37° and 
pH 7.0 (Fig. 8). 

The cleavage of DNA by TLM (4.8 x 107° M) in 
conjunction with Fe** (4 x 10~°M) at 37° and pH 
7.0 was inhibited by catalase (0.08 mg/ml), super- 
oxide dismutase (0.4 mg/ml) and the two enzymes 
in combination by 10 per cent, 17 per cent and 18 
per cent, respectively. In addition, the hydroxyl rad- 
ical scavenger sodium benzoate at a concentration 
of 20 mM inhibited the cleavage by 12 per cent and 
21.5 per cent, respectively, at TLM concentrations 
of 4.8 x 10°°M and 1.92 x 10°°M at a constant 
Fe?* concentration of 4 x 10~° M at 37° and pH 7.0. 
However, in contrast to the situation that obtains for 
BLM, the cleavage of DNA by TLM-Fe’* was not 
inhibited to any appreciable extent by the free radical 
scavenger isopropyl alcohol. 

TLM-Eia, in which the spermidine portion of the 
side chain of TLM-A has been degraded by sper- 
midine oxidase to a 1,3-diaminopropane grouping 
[2], was isolated and purified from its copper com- 
plex. The copper complex and free TLM-Ei. showed 
less binding to DNA compared with TLM-A-Cu** 
and TLM-A, respectively, as evidenced by suppres- 
sion of the ethidium fluorescence. Thus, TLM-A- 
Cu** and TLM-Ei.-Cu** suppressed the ethidium 
fluorescence of PM2-CCC-DNA by 18 per cent and 
5.5 per cent at pH 4.7 and 37° at a concentration of 
4.8 x 10°°M. Similarly, TLM-A and TLM-Ei. sup- 
pressed the fluorescence of PM2-CCC-DNA by 19 
per cent and 5.5 per cent under the above mentioned 
conditions. 

TLM-Ei+. did not cleave DNA at pH 9.0 in 
contrast to TLM-A. This was due presumably to the 
absence of traces of Fe** in the antibiotic, since 
deionized water was used in the purification. TLM- 
Ej, (1.92 x 10°° M) in the presence of 4 x 10°°M 
FeSO, nicked 86 per cent PM2-CCC-DNA at 37° 
and pH 7.0 in 30 min. Under the above conditions, 
TLM-A (1.92 x 10°°M) and FeSO: (4 x 10-° M) 
cleaved 83 per cent PM2-CCC-DNA. As in the case 
of the parent antibiotic, the cleavage of DNA by 
TLM-Ei, in the presence of Fe?* (1.92 x 10-° M and 
4x10°°M, respectively) was inhibited by 
0.08 mg/ml of catalase (13.5 per cent) and 0.4 mg/ml 
of superoxide dismutase (7 per cent) and by the two 
enzymes together (17 per cent). 

Finally, attempts were made to trap the postulated 
hydroxyl radicai with PBN. Thus, incubation of PBN 
with TLM, TLM-E:, or BLM in the presence of 
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NADPH for 16hr produced the spin adduct, 
PBN - OH, identified by its characteristic e.s.r. spec- 
trum [35]. The spectrum showed a triplet of doublets 
a’ = 16.0 G, ag’ =3.4G and g = 2.0061 (Fig. 9). 
The e.s.r. spectrum of PBN-QOH radical has been 
recorded after generation from a number of amino- 
quinone antibiotics [35] and also from the photo- 
irradiation of H2O2 in aqueous solution [37, 38]. 
Inclusion of catalase and superoxide dismutase in 
the reaction mixture almost completely suppressed 
the formation of the OH and thereby the spin 
adduct. In control experiments, it was established 
that, in the presence of NADPH, CH3:OH and 
CH3CN and buffer, the spin-trapping agent, PBN, 
did not give rise to radicals to an appreciable extent 
in the absence of the antibiotics. 


DISCUSSION 


TLM resembles BLM quite closely in its reactions 
with DNA. However, TLM binds much more 
strongly to DNA than does BLM [11] as evidenced 
in the present work by causing a greater suppression 
in the ethidium fluorescence of DNA. 

As in the case of BLM [17, 18], the cleavage of 
DNA by TLM can be considerably enhanced by the 
addition of traces of Fe** and to a greater extent 
than a mere additive effect. This indicates that, like 
BLM, traces of Fe** are sequestered by the antibiotic 
which binds to the DNA and thus brings Fe** close 
to the target. It has been reported that TLM contains 
12.4 wg iron per g as demonstrated by atomic absorp- 
tion spectroscopy [11]. 
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Fig. 9. Panel a: e.s.r. spectrum (microwave power 10 mW, 
modulation amplitude 2G, scan time 1000 sec) of PBN-OH 
radical obtained by incubating TLM-A and NADPH with 
80 mM PBN at pH 8.0 in aqueous CH30H and CH3CN. 
Hyperfine splitting constant (hfs) a} = 16.0 G; ali = 3.4G; 
g = 2.0061. The additional signals are due to tert-butyl 
hydronitroxide formed by slow hydrolysis of the PBN [36]. 
Panel b: e.s.r. spectrum (microwave power 10 mW, mod- 
ulation amplitude 2G, scan time 1000 sec) of PBN-OH 
radical obtained by incubating TLM and NADPH with 
80 mM PBN at pH 8.0 in aqueous CH30H and CH3CN. 
Hfs a‘ = 16.0 G; a}! = 3.4G; g = 2.0061. 
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Like BLM, TLM gradually loses its nicking 
potency on prolonged exposure to air [18]. This 
inactivation may be due to the oxidation of the traces 
of Fe** in the sample of the antibiotic. The nicking 
potency can be restored either by addition of traces 
of Fe** or by continuous re-reduction of the traces 
of Fe** in the antibiotics by a non-interfering reduc- 
ing agent such as NADPH. 

The dependence of the cleavage of DNA by TLM 
or TLM-Fe** on dissolved oxygen in the reaction 
mixture, the inhibition of the reaction by divalent 
metal ions such as Cu**, Mg?*, Co’* and Ni**, the 
inhibition by metal ion scavenging agents such as 
EDTA, the inhibition by radical scavengers such as 
sodium benzoate and also the fact that the reaction 
is inhibited by superoxide dismutase and catalase 
indicate the intermediacy of Or, H2O2, and OH’ 
species, respectively, in accord with the following 
suggested mechanism [33]: 


TLM + Fe?* 2 TLM -Fe?* (1) 
TLM:Fe?* + O, + TLM:Fe?* +0, (2) 


TLM-Fe?* + 0,* © 


TLM :Fe** + H,O, (3) 


20,7 + 2H* —=="--H.0,+0, 


dismutase 
2H,0, —*-2H,O + O, (5) 
TLM-Fe?* + H,O, > TLM:Fe** + OH: + OH-(6) 


The hydroxyl radicals thus generated by the 
TLM : Fe(II)-O2 complex are the most reactive 
species in this system and can produce nicking in 
DNA in accord with the observed electrophoretic 
pattern [11]. The formation of malondialdehyde, a 
product of the BLM-DNA reactions [16] which 
requires a C-C bond cleavage in deoxyribose, may 
be produced by the attack of reactive OH radical at 
the 4’ position of the deoxyribose in DNA. 

Additional proof for the above mechanism comes 
from spin-trapping studies on TLM and BLM. The 
observed e.s.r. spectrum of the PBN- OH nitroxide 
radical [37,38] and the fact that its generation 
together with the concomitant DNA nicking are 
suppressed by catalase and by superoxide dismutase 
are clear indications that hydroxyl radicals are 
implicated in the degradation of DNA by TLM and 
by BLM. Strictly speaking, observation of the 
PBN-OH adduct is not absolute proof of the inter- 
mediacy of OH in these processes, since it primarily 
indicates that the PBN has been oxidized. Never- 
theless the cumulative evidence for the OH radical 
is strong. 

Both BLM and TLM are more effective in cleaving 
DNA at higher pH values than at pH 7.0 (range pH 
7.0 to 11.2) (Fig. 5), although the reverse is true for 
Fe**. Thus, the previous interpretation for BLM [39] 
appears plausible for TLM also, that the higher pH 
optima reflect the existence of the unprotonated 
form of the a-amino group of the B-amino-—alanine 
carboxamide residue of the antibiotics which is util- 
ized in binding to the DNA and that, once bound, 
the sequestered Fe** generates radicals close to the 
DNA. 

There have been a number of reports that BLM 


[11, 40-43] and TLM [11] at rather high concentra- 
tions of antibiotics and reducing agents, e.g. 
100 g/ml (6.7 x 10-° M) BLM plus 50 mM dithio- 
threitol, cause the release of thymine bases [42] and 
at 12 mg/ml (8 mM) BLM plus 25 mM 2-ME cause 
the release of all four bases [40] from DNA and 
thereby renders it alkali-labile. However, under the 
conditions employed in the present study (i.e. anti- 
biotic concentrations of 4.8 x 10~° M and no added 
thiol), used to determine the characteristics of the 
DNA scission processes, there was no evidence for 
depurination either by TLM or BLM. The extremely 
sensitive assay employs endonuclease VI in con- 
junction with supercoiled and relaxed PM2-CCC- 
DNA which had been treated with the antibiotics at 
different pH values for different periods of time. 
This enzyme specifically recognizes and cleaves apu- 
rinic PM2-CCC-DNA and thereby converts it to 
open circular DNA which results in a characteristic 
rise in ethidium fluorescence (33 per cent for super- 
coiled PM2-CCC-DNA and 100 per cent for relaxed 
PM2-CCC-DNA), before heat denaturation when 
measured at pH 8.0 [30]. The present results point 
to the fact that release of free bases, rather than 
being an independent reaction, may be a secondary 
process caused by excessive degradation of DNA by 
very large concentrations of drug and reducing agents 
[40] (see Results). 

It has been reported by Strong and Crooke [11] 
that the rate of strand scission by TLM and BLM 
was twice as great after alkaline denaturation as after 
neutral denaturation. However, it is to be noted that 
this may be due to a lower rate of denaturation under 
neutral conditions rather than to the difference in 
the rate of strand scission. For example, A-DNA 
denatures at a slower rate under neutral conditions 
than under alkaline conditions. 

From the viewpoint of any sequence specificity 
there are two factors to consider which may or may 
not be related: (1) base or sequence specificity of 
binding of the glycopeptide antibiotics, and (2) base 
specificity of DNA scission. In terms of the former, 
both TLM and BLM, like netropsin and distamycin, 
inhibited the 360 nm light photo-induced interstrand 
cross-linking of DNA by psoralen. Since psoralen 
has been shown to cross-link (A,T)-rich regions in 
the DNA [4446], this may suggest a preference for 
binding to such regions by TLM and BLM which 
may then lead to the secondary and preferential 
release of thymine residues. It has been reported 
recently that, in the presence of ferrous ions, BLM 
promotes cleavage at G-T and G-C sequences [47] 
which suggests preferential binding in the major 
groove of DNA. As regards any base specificity for 
the DNA scission, however, both (A,T)-specific 
binders, netropsin and distamycin [48,49], and 
(G,C)-specific binders, olivomycin and chromomy- 
cin A; [50,51], alter the DNA scission to approxi- 
mately the same extent in accord with a random 
attack by reactive hydroxyl radicals. The slight 
enhancement in the extent of DNA scission produced 
by these DNA binding agents, however, suggests a 
dependence on the topological form of the DNA of 
either the binding of the glycopeptide antibiotics or 
the susceptibility of the DNA to radical-induced 
scission. 
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A model for the complex of BLM, DNA, Fe** 
and O2, which accounts for the observed facts of the 
mechanism, has been constructed [52]. The principal 
features of the model are a ferrous ion hexacoor- 
dinated to five nitrogens and one oxygen in one 
portion of the glycopeptide which are the five nitro- 
gens indicated in Fig. 10, with the carbonyl group 
of the sugar carbamate group occupying the sixth 
coordination position. Evidence for this structure 
rests on p.m.r., c.m.r. and c.d. spectral evidence but 
more particularly on the close analogy with the cor- 
responding hexacoordinate copper complex for 
which X-ray crystallographic analysis is available 
[53]. Binding of the carbamate carbonyl group is 
relatively weak, and it can be displaced by oxygen 
in the activated form of the antibiotic as shown in 
Fig. 10. The close similarity of the spectral infor- 
mation from this portion of the metal complexes for 
BLM and for TLM [10] leads one to expect a similar 
structure for the iron coordinated in TLM. Binding 
of the antibiotic to the DNA is due, in part, to 
intercalation of the bithiazole rings between base 
pairs in which one chain contains a G-T or G-C 
sequence. It has been shown by Povrik et al. [54] by 
fluorescence quenching that partial unwinding of 
DNA occurs during the binding process due to inter- 
caiation of the planar bithiazole moiety. Binding of 
the glycopeptide antibiotics to DNA may also be 
assisted through electrostatic interactions between 
the positively charged dimethylsulfonium moiety (in 
BLM-A2) or the spermidinium grouping (in BLM- 
As and TLM) and the negatively charged phosphate 
groups [52]. Another difference between TLM and 
BLM is that the former sequesters an additional 
metal ion by the four nitrogens of the B-lysine sper- 
midine side chain together with the amino-group of 
the talose group [10]. These assignments were based 
on c.m.r. evidence, which also suggested that the 
amide nitrogen of the spermidine chain is deproton- 
ated at pH 6-10 assisting in coordination to the metal 
[10]. 

It has been postulated that the electrostatic attrac- 
tion of the protonated spermidine in BLM-As or of 
the dimethyl sulfonium group in BLM-Aao, to the 
negatively charged phosphate groups on the DNA, 


Generation of OF,H,O, and OH’ 
HO 
and cleavage of DNA 


oO 


A 


Fig. 10. Depiction of molecular mechanism of action of TLM-A in binding to and degrading DNA. 
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assists in the binding of the glycopeptide antibiotics 
[52, 53]. Therefore, it seemed plausible that the pro- 
tonated spermidine grouping in TLM might assist in 
binding to DNA either directly or by using the per- 
manent positive charge of the second sequestered 
metal ion in which the spermidine chain is postulated 
to participate. To obtain some information on this, 
we examined the action on DNA of TLM-Ei1a (i.e. 
the antibiotic modified by spermidine oxidase from 
Serratia marcescens in which the spermidine grouping 
has been replaced by 1,3-diaminopropane). TLM- 
E,, and its copper complex bind to DNA with less 
efficiency than does TLM and the corresponding 
copper complex, as measured by ethidium fluor- 
escence suppression. This indicates that the sper- 
midine side chain contributes significantly to the 
DNA binding process of the metal-free antibiotic. 
However, in the presence of Fe**, the extent of 
DNA scission produced by TLM and the spermidine 
oxidase modified TLM-Ei, is comparable. This sug- 
gests that the spermidine side chain is not involved 
in binding Fe** at the ‘active site’ of the antibiotic. 
It is also likely that, at least in the case of the 
antibiotic—iron complex responsible for DNA degra- 
dation, of the two factors contributing to binding of 
the glycopeptide antibiotics to DNA, namely inter- 
calation of the bithiazole moiety and electrostatic 
binding of the spermidinium chain, the former is 
more significant. 

The model for the mechanism of action depicted 
in Fig. 10, in which binding of TLM to DNA brings 
the hexacoordinated iron close to the target where 
reaction with oxygen generates superoxide, hydro- 
gen peroxide and hydroxyl radicals, is in accord with 
our observations that the cleavage of DNA by TLM 
is inhibited by superoxide dismutase, by catalase, 
and by free radical scavengers. While the present 
results indicate a close similarity between the mol- 
ecular mechanisms of action of BLM and TLM on 
DNA, there are significant differences. For TLM 
there were definite but lower levels of inhibition of 
nicking by superoxide dismutase, catalase and 
sodium benzoate compared with BLM, but in con- 
trast to the latter case no inhibition by other free 
radical scavengers including isopropyl alcohol and 
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potassium iodide. In view of the evidence quoted 
above for the stronger binding of TLM than of BLM 
to DNA, this may account for the difficulty in com- 
plete suppression of cleavage by sodium benzoate. 
Our results confirm the findings of Strong and 
Crooke [11] that TLM is significantly less effective 
than BLM in producing strand breaks in DNA in 
vitro. The fact that TLM is a more effective antitumor 
agent in vivo may be due to its longer serum half- 
life compared with BLM [10]. 

In conclusion, steps 1-6 or their equivalent can 
account for the production, by DNA bound and 
activated TLM, of OH radicals which are known 
to degrade DNA [55]. Among the factors which may 
contribute to their selective action against neoplastic 
tissue are the more reducing environment of tumor 
tissue which activates the antibiotic-sequestered Fe** 
by reduction and the suppressed levels of superoxide 
dismutase and catalase in tumor cells [36, 56] which 
may account for preferential toxicity of the glyco- 
peptide antitumor antibiotics. 
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EFFECTS OF INDOMETHACIN, 5,8,11,14- 
EICOSATETRAYNOIC ACID, AND p-BROMOPHENACYL 
BROMIDE ON LYSOSOMAL ENZYME RELEASE AND 
SUPEROXIDE ANION GENERATION BY HUMAN 
POLYMORPHONUCLEAR LEUKOCYTES* 
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Abstract—Preincubation of cytochalasin B-treated, human polymorphonuclear leukocytes (PMN) with 
indomethacin (a _ cyclo-oxygenase inhibitor), 5,8,11,14-eicosatetraynoic acid (ETYA) (a 
lipoxygenase/cyclo-oxygenase inhibitor), or p-bromophenacyl bromide (BPB) (a phospholipase A2 
inhibitor) resulted in dose-dependent inhibition of lysosomal enzyme release elicited by the chemotactic 
peptide N-formylmethionylleucylphenylalanine (FMLP); 50 per cent inhibition was seen at approxi- 
mately 50, 12, 8 «M respectively. BPB also inhibited superoxide anion generation. The effects of 
indomethacin and ETYA were dependent upon the type of stimulus presented to the cells. Lysosomal 
enzyme release stimulated by zymosan-treated serum and serum-treated zymosan was relatively unaf- 
fected by these two inhibitors. Indomethacin and ETYA did not appear to exert their effects by specific 
inhibition of prostaglandin and thromboxane synthesis; the inhibition offered by both agents was 
reversible, and aspirin had no similar inhibitory capacity. Our results indicate not only that indomethacin 
may exert effects independent of its inhibition of the cyclo-oxygenase pathway but also that products 
formed via phospholipase and lipoxygenase may be mediators of lysosomal enzyme release and super- 


oxide anion generation. 


Human polymorphonuclear leukocytes (PMN), 
exposed to surface stimuli, respond by generation 
of superoxide anion radicals and by secretion of 
lysosomal enzymes, stable prostaglandins [1] and 
thromboxanes [2]. Stable prostaglandins, in turn, 
inhibit lysosomal enzyme release [3]. Since non-ster- 
oidal anti-inflammatory agents, such as indometha- 
cin, inhibit cyclo-oxygenase activity [4] and hence 
prostaglandin [1] and thromboxane [2] synthesis, it 
is conceivable that these drugs could modulate the 
degranulation process. Indeed, Northover [5] has 
reported that, at concentrations greater than 50 uM, 
indomethacin inhibits lysosomal enzyme release 
from rabbit PMN stimulated by calcium ions. Indo- 
methacin (100-200 uM) also inhibited the release of 
myeloperoxidase from human PMN in response to 
N-formylmethionylleucylphenylalanine (FMLP) and 
CSa [6]. Other non-steroidal anti-inflammatory 
agents modulated degranulation of guinea pig PMN 
in response to serum-treated zymosan [7]. In con- 





* Aided by grants (AM-11949, GM-23211, HL-19072 
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Foundation (76-05621) and the Arthritis Foundation. 
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+ Abbreviations: PMN, polymorphonuclear leukocytes; 
ETYA, 5,8,11,14-eicosatetraynoic acid; FMLP, N-formyl- 
methionylleucylphenylalanine; STZ, serum-treated zymo- 
san; BSA/anti-BSA, bovine serum albumin/anti-bovine 
serum albumin immune complex; ZTS, zymosan-treated 
serum; Con A, concanavalin A; O2-, superoxide anion 
radical and BPB, p-bromophenacyl bromide. 


trast, mouse macrophages, exposed to zymosan, 
degranulated normally in the presence of 30 uM 
indomethacin [8]. Similarly, human PMN, stimu- 
lated with serum-treated zymosan to produce super- 
oxide anions and to secrete lysosomal enzymes. were 
not affected by 50 uM indomethacin [2]. 

To examine the regulatory role of prostaglandins 
and thromboxanes in human PMN we studied the 
effects of indomethacin and the lipoxygenase/cyclo- 
oxygenase inhibitor 5,8,11,14-eicosatetraynoic acid 
(ETYA) [4] on lysosomal enzyme release and super- 
oxide anion generation elicited by several stimuli. 
Moreover, since indomethacin has been reported to 
inhibit phospholipase A2 in rabbit PMN [9], p-brom- 
ophenacyl bromide, another known phospholipase 
Az inhibitor [10], was also studied. Data reported 
below indicate that each of these agents can inhibit 
lysosomal enzyme release (depending upon the 
stimulus) and may share the property of inhibiting 
phospholipase A2 of granulocytes. 


MATERIALS AND METHODS 


Cytochalasin B and p-bromophenacyl bromide 
(BPB; a,p-dibromoacetophenone) were purchased 
from the Aldrich Chemical Co., Milwaukee, WI. 
Indomethacin, concanavalin A (Con A) and human 
albumin (Fraction V) were obtained from the Sigma 
Chemical Co., St. Louis, MO. FMLP was purchased 
from the Peninsula Laboratories, San Carlos, CA, 
and calcium ionophore A23187 was a gift from Eli 
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Lilly & Co., Indianapolis, IN. ETYA was a gift of 
Dr. Aaron Marcus. All other materials were reagent 
grade. 

Preparation of cell suspensions. Heparinized (10 
units/ml) venous blood was obtained from healthy 
adult donors. Purified preparations of PMN were 
isolated from this blood by means of Hypaque/Ficoll 
gradients [11] followed by standard techniques of 
dextran sedimentation and hypotonic lysis of eryth- 
rocytes [12]. This allowed studies of cell suspensions 
containing 98 + 2% PMN with few contaminating 
erythrocytes or platelets. The cells were suspended 
in a buffered salt solution consisting of 138 mM NaCl, 
2.7mM KCl, 8.1 mM Na2zHPOs, 1.5 mM KH2POs, 
1.0 mM MgCh and 0.6 mM CaCh, pH 7.4 (hereafter 
referred to as PiCM). 

Purified platelet suspensions were isolated accord- 
ing to the method of Hamberg et al. [13], except that 
the platelet pellet was washed and resuspended in 
pre-warmed (37°) phosphate-buffered saline, pH 7.4. 

Lysosomal enzyme release and enzyme assays. 
Washed PMN (5 x 10° in 0.9 ml PiCM) were prein- 
cubated for 5 min at 37° with cytochalasin B (5 ug/ml, 
plus 0.05% dimethylsulfoxide contributed by the 
stock solution) and with or without ETYA, indo- 
methacin or BPB. Since the inhibitors were added 
from stock solutions in ethanol, appropriate amounts 
of ethanol (usually 0.2%) were added to control 
samples. Lysosomal enzyme secretion was initiated 
by addition of 0.1 ml PiCM containing the concen- 
trated stimulus; final stimulus concentrations were 
10-’M FMLP, 2mg/ml serum-treated zymosan 
(STZ; zymosan from ICN Pharmaceuticals, Irvine, 
CA, opsonized with fresh serum for 30 min at 37°, 
then washed), 10°°M calcium ionophore A23187, 
150 g/ml bovine serum albumin/anti-bovine serum 
albumin (BSA/anti-BSA; prepared according to Ref. 
14, using anti-BSA IgG from Cappel, Cochranville, 
PA), 30 wg/ml concanavalin A and 10% zymosan- 
treated serum (ZTS; fresh serum was opsonized with 
1 mg/ml zymosan particles for 15 min at 37°; the 
zymosan particles were removed from the serum by 
centrifugation and the resulting ZTS was used 
immediately). After incubation at 37° for 5 min, the 
cell suspensions were centrifuged, and aliquots of 


J. E. SMOLEN and G. WEISSMANN 


Indomethacin 


B-Glucuronidase Release 
(% Control ) 


I 1 
40°° 10~* 
Inhibitor Concentration (M) 


Fig. 1. Effects of ETYA, indomethacin and BPB on B- 
glucuronidase secretion in response to FMLP. Purified 
PMN (6 x 10°) were preincubated for 5 min at 37° with 
cytochalasin B (5 ug/ml) and the indicated concentrations 
of inhibitors. FMLP was added to a final concentration of 
10~’M and the suspension was incubated for an additional 
5 min. Cell-free supernatant fractions were then obtained 
and assayed for B-glucuronidase activity. The data rep- 
resent averages of duplicate samples and are expressed as 
percentages of that quantity released by untreated control 
samples (48.6 per cent of total cellular enzyme for the 
indomethacin and ETYA series and 62.7 per cent for the 
BPB series). 





10° 


the medium were taken for standard determinations 
of B-glucuronidase [15], lysozyme [16] and lactate 
dehydrogenase [17] activities. Results were initially 
determined as the percentage of total cellular enzyme 
released into the medium. 

For superoxide anion (O2*) generation, the 
same procedure was followed, with the following 
exceptions: (1) PMN concentrations were 0.75 to 
2.5 X 10°/ml; and (2) ferricytochrome c (horse heart, 
Sigma Type III) and superoxide dismutase (Miles 
Biochemicals, Elkhart, IN) were added just prior to 
stimulation. Superoxide generation was determined 
by measuring superoxide dismutase-sensitive ferri- 
cytochrome c reduction, as specified in Ref. 18. 


RESULTS 


The cyclo-oxygenase inhibitor, indomethacin, and 
the cyclo-oxygenase/lipoxygenase inhibitor, eicosa- 
tetraynoic acid (ETYA), both proved to be potent 


Table 1. Effects of FMLP, ethanol, ETYA, indomethacin and BPB on the release of B- 
glucuronidase, lysozyme and lactate dehydrogenase 





Enzyme release (% of control levels) 





Additions 


B-Glucuronidase 


Lactate 


Lysozyme dehydrogenase 





None 

FMLP 

Ethanol; FMLP 

Indomethacin (+ ethanol); FMLP 
ETYA (+ ethanol); FMLP 

BPB (+ ethanol); FMLP 


0 
49.2 + 10.1 
46.4+ 6.0 
12.1+ 4.2 
122+ 19 
232 45 


cUbhERWOO 
I+ I+ I+ I+ I+ 14 


NERY wW 
NWANAS 
Mere n~I OS oO 





* PMN (5 x 10°) were preincubated with cytochalasin B (5 ug/ml) and ethanol (0.2%), indo- 
methacin (100 uM), ETYA (20 4M) or BPB (20 4M) for 5 min at 37°. After challenge with 
FMLP (1077 M, where indicated) for 5 min at 37°, the extracellular medium was obtained by 
centrifugation. The amounts of £-glucuronidase, lysozyme and lactate dehydrogenase secreted 
into the medium were determined and are expressed as percentages of the total cellular content. 
Each value represents the mean + S.D. of three or more experiments. 
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inhibitors of lysosomal enzyme release from cyto- 
chalasin B-treated human PMN. Pretreatment with 
cytochalasin B was used to maximize the amount of 
granule enzymes and superoxide anion released into 
the extracellular medium. As shown in Fig. 1, high 
micromolar concentrations of indomethacin and 
ETYA virtually blocked enzyme release effected by 
the chemotactic peptide FMLP. ETYA was a more 
potent inhibitor than indomethacin, and the con- 
centrations required to obtain 50 per cent inhibition 
of degranulation were 12 and 50 uM, respectively. 
Neither drug affected the enzyme assay within the 
concentration range shown. FMLP, indomethacin 
and ETYA apparently did not damage cell integrity, 
as extracellular lactate dehydrogenase levels were 
constant (Table 1). Inhibition of lysozyme release 
was similar to that seen for B-glucuronidase release. 

PMN, which were preincubated with indometha- 
cin and ETYA and then washed before challenge 
with FMLP, released normal amounts of B-glucu- 
ronidase (Table 2); thus, the effects of these agents 
were completely reversible. Furthermore, aspirin at 
concentrations up to 5 mM (titrated with NaOH to 
maintain pH 7.4) was without effect on B-glucuron- 
idase and lysozyme release (Table 3). These two 
observations suggested that inhibition of lysosomal 
enzyme release by ETYA and indomethacin was not 
mediated by specific inhibition of the cyclo-oxygen- 
ase or lipoxygenase systems. 

Because indomethacin is known to inhibit phos- 
pholipase Az [9] and since it is conceivable that 
ETYA could also interact with this enzyme, the 
effect of BPB, an inhibitor of phospholipase A: [10], 
was tested on the enzyme release system. BPB 
inhibited B-glucuronidase release, with 50 per cent 
inhibition observed at 6-10 uM (Fig. 1). BPB sim- 
ilarly inhibited lysozyme release (not shown) and did 
not affect either enzyme assay at the concentrations 
tested (Fig. 1). Unlike ETYA and indomethacin, 
BPB was irreversible in its effects: cells pretreated 
with 20 1M BPB released 0.4 per cent of control 
amounts of B-glucuronidase before washing and only 
0.5 per cent after washing (Table 2). Similar irre- 
versibility was seen with respect to lysozyme 
secretion. 

All three agents inhibited O2* generation by PMN 
in response to FMLP (Fig. 2). BPB was again the 
most potent; no O2~ was produced at inhibitor con- 


Table 2. Reversibility of ETYA, indomethacin and BPB 
inhibition of B-glucuronidase secretion* 





Enzyme release 


Pretreatment (% of control levels) 





33 + 16 
53 + 28 
0.4+ 0.6 
81 + 26 
102 + 12 
0.5+0.9 


ETYA (20 uM) 

Indomethacin (100 4M) 

BPB (20 uM) 

ETYA (20 uM), washed 
Indomethacin (100 4M), washed 
BPB (20 uM), washed 





* PMN (5 x 10°) were preincubated with cytochalasin B 
(5 ug/ml) and ETYA, indomethacin or BPB for 5 min at 
37°. They were then challenged with 10~’ M FMLP (upper 
three samples) or else washed once in PiCM before resus- 
pension in PiCM (with cytochalasin B) and subsequent 
FMLP challenge (lower three samples). The amounts of 
B-glucuronidase released into the extracellular medium 
were determined and are expressed as percentages of that 
released by stimulated cextrol cells exposed to appropriate 
amounts of ethanol. Each value represents the mean + S.D. 
of four experiments. 


centrations of 5 uM and above. At concentrations 
of 40 uM and above, BPB inhibited the O2*assay 
system itself. Both ETYA and indomethacin were 
relatively poor inhibitors of O2- generation, being 
generally more effective against lysosomal enzyme 
release (compare Fig. 1 with Fig. 2). This suggested 
that inhibition of enzyme release by ETYA and 
indomethacin was not due to general effects of these 
agents on the plasma membrane, where the O2= 
generating system is located. The inhibitors were 
similarly effective in the absence of cytochalasin B, 
which was normally included to maximize O2* 
release (data not shown). 

In view of the pronounced effect of ETYA, indo- 
methacin and BPB on enzyme release elicited by 
FMLP, it was of interest to see if these agents had 
similar effects when other stimuli were employed. 
Table 4 shows that the three agents were most effec- 
tive in inhibiting B-glucuronidase release when 
FMLP was used as the stimulus. BPB was a potent 
inhibitor when any of the five stimuli were presented. 
ETYA failed to produce inhibition when the cells 
were exposed to ZTS and was only partially effective 
when A23187 was employed; indomethacin failed 


Table 3. Effect of aspirin on lysosomal enzyme release* 





Enzyme release (% control) 





B-Glucuronidase Lysozyme 





Aspirin (5 mM) 
Aspirin (5 mM) + NaOH (5 mM) 


62 + 21 
100 + 11 


80 + 42 
109 + 19 





* PMN (5 x 10°) were preincubated with cytochalasin B (5 g/ml) and aspirin, 
or aspirin plus NaOH (to restore pH 7.4) for 5 min at 37°. In addition, control 
cells were preincubated with 0.5% ethanol, the concentration contributed by the 
aspirin stock solution. The PMN were challenged with FMLP (10~’) for 5 min 
at 37° and the cell-free medium was then assayed for B-glucuronidase and lyso- 
zyme. Release of granule enzymes is expressed as the percentage of the amount 
of enzyme released from control cells to which only ethanol was added. Each 
value represents the mean + S.D. of three experiments. 
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Fig. 2. Effects of ETYA, indomethacin and BPB on super- 
oxide generation in response to FMLP. Purified PMN 
(0.75 x 10°) were preincubated for 5 min at 37° with cyto- 


chalasin B (5 ug/ml) and the indicated concentrations of 


ETYA, indomethacin and BPB. Cytochrome c (0.9 mg) 
and superoxide dismutase (10 wg, to appropriate control 
samples) were then added, followed by stimulation with 
FMLP (10°’M). The samples were incubated for an 
additional 5 min after which cell-free supernatant fractions 
were isolated and cytochrome c reduction was determined. 
The results were compiled from three experiments and data 
are expressed as percentages of that activity found for 
untreated control cells (63+ 1/nmoles cytochrome c 
reduced/10° cells/5 min, N = 3). 


with both ZTS and STZ. A similar pattern was seen 
for lysozyme release in response to these various 
stimuli (Table 4). In addition, lysozyme secretion in 
response to the lectin Con A (which does not provoke 
B-glucuronidase release) was reduced by all three 
inhibitors. Because the small number of platelets in 


our PMN preparation might be responsible for some 
of these results, we repeated the experiments using 
PMN suspensions which were purposely supple- 
mented with ten times the number of platelets nor- 
mally found as contaminants. Inhibition of B-glu- 
curonidase and lysozyme release by BPB, ETYA 


and indomethacin was not significantly affected by 
these additional platelets when any of the stimuli 
were employed (data not shown). 

In view of the fact that less inhibition of enzyme 
release was seen for those stimuli which contributed 
large amounts of protein to the incubation mixtures 
(i.e. STZ and ZTS), we tested the effect of added 
protein on the inhibition produced by ETYA and 
indomethacin. As shown in Table 5, both ETYA 
and indomethacin profoundly inhibited B-glucuron- 
idase release in response to 10~’ M FMLP (A). This 
inhibition was partially blocked by the presence of 
0.3 mg/ml human albumin (B); more blocking was 
observed when the albumin concentration was 
increased to 3 mg/ml (C). Similarly, the presence of 
1% (D) and 10% (E) heat-inactivated serum blocked 
the effects of these two inhibitors. When samples of 
ETYA and indomethacin were treated with STZ 
(F) or BSA/anti-BSA (G) before addition of the 
drugs to PMN, partial blocking of inhibition was 
seen. It is apparent that addition of protein per se 
interferes with the effects of ETYA and indometh- 
acin, probably by non-specific adsorption of the 
drugs. Consequently, inhibition of enzyme release 
in response to BSA/anti-BSA would probably be 
greater than that depicted in Table 4 were it not for 
this interference; the smailer amount of inhibition 
of enzyme release seen when BSA/anti-BSA (as 
opposed to FMLP) was used as the stimulus can be 
largely ascribed to protein contributed by this stimu- 
lus (Table 5G). Similarly, the fact that inhibition of 
enzyme release by ETYA and indomethacin can be 
almost completely blocked by 10% heat-inactivated 
serum (Table SE) explains why no inhibition was 
seen when ZTS was used as the stimulus. However, 
preincubation with STZ did not completely block 
inhibition by indomethacin (Table 5F); thus, the 
failure of this drug to inhibit lysosomal enzyme 
release in response to STZ (Table 4) was most likely 


Table 4. Effects of ETYA, indomethacin and BPB on lysosomal enzyme release in response to various stimuli* 





Agent FMLP STZ 


A23187 


BSA/anti- 


BSA ZTS Con A 





B-Glucuronidase release (% control) 


ETYA 
Indomethacin 
BPB 


17+ 9+ (11) 
26 + 117 (11) 
6+9+ (3) 


68 + 35 (7) 
55 + 18+ (7) 
3+2+ (3) 


32 + 217 (8) 
62 + 27% (8) 
§=27 G) 


90+9 (4) 
93+11 (4) 
24 + 157 (3) 


Lysozyme release (% control) 


ETYA 
Indomethacin 
BPB 


17 + 10+ (7) 
16 + 12+ (7) 
9 + St 


65 + 134 (5) 
101 + 34 (5) 
5+ 8+ (3) 


84 +38 (7) 
66 + 12+ (7) 
6+ 6+ (3) 


45 + 36% (7) 
5120 (7) 
6+ 5t -G) 


95 +22 (4) 
90 +17 (4) 
7 + 12+ (3) 


45 + 16+ (6) 
67 + 17+ (6) 
1+2+ (3) 





* Washed PMN (5 x 10°) were preincubated for 5 min at 37° with cytochalasin B (5 ug/ml) and with ETYA (20 4M), 
indomethacin (100 uM) or BPB (20 uM). The cells were then stimulated by the addition of FMLP (107’), serum-treated 
zymosan (STZ, 2 mg), calcium ionophore A23187 (10> M), bovine serum albumin/anti-bovine serum albumin immune 
complex (BSA/anti-BSA, 150 wg), zymosan-treated serum (ZTS, 10%) or concanavalin A (Con A, 30 ug). These 
mixtures were incubated for an additional 5 min at 37°, after which the amount of B-glucuronidase and lysozyme released 
by the cells were determined. The results are given as mean percentages (+S.D.) of that amount of granule enzyme 
released by control samples to which no inhibitor was added and the number of experiments is given in parentheses. The 
control B-glucuronidase release values (percent of total cell enzyme released) were 49 + 15 for FMLP, 8.6 + 2.5 for 
STZ, 50 + 14 for A23187, 26 + 14 for BSA/anti-BSA and 33 + 5 for ZTS. The control lysozyme release values were 
33 + 11 for FMLP, 11 +5 for STZ, 43 + 17 for A23187, 25 + 6 for BSA/anti-BSA, 22 + 10 for Con A and 24 + 2 for 


ZTS. 
+ P<0.001. 
+ P<0.01. 
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Table 5. Effect of protein on inhibition of B-glucuronidase release elicited by FMLP* 





Enzyme release (% of control) 
after 
preincubation with: 


Additions ETYA Indomethacin 





27+ 24 
41 + 36 
104 + 16 
62 + 25 
107 +7 
82 + 16 
S24 


30 + 10 
42+ 19 
82+9 
40 + 10 
85+5 
63 + 18 
42+9 


(A) None 

(B) Human albumin (0.3 mg/ml) 

(C) Human albumin (3 mg/ml) 

(D) Heat-inactivated serum (1%) 

(E) Heat-inactivated serum (10%) 

(F) Drugs pretreated with STZ 

(G) Drugs pretreated with BSA/anti-BSA 





* Washed PMN (5 x 10°) were preincubated with cytochalasin B (5 ug/ml) and 
with ETYA (20 uM) or indomethacin (100 uM) for 5 min at 37° after which the cells 
were stimulated to release B-glucuronidase with FMLP (1077 M) as described pre- 
viously. Sample A was preincubated without added protein. The preincubation media 
in samples B and C contained, respectively, 0.3 and 3.0 mg/ml human albumin. 
Samples D and E contained, respectively, 1 and 10% heat-inactivated serum. The 
ETYA and indomethacin presented to sample F were pretreated with STZ; solutions 
of ETYA (100 uM in 1.0 ml) and indomethacin (500 uM in 1.0 ml) were incubated 
with 10mg STZ for 5 min at 37°. The STZ particles were centrifuged down and 
appropriate aliquots of the media were added to PMN during the preincubation 
phase. Sample G represents ETYA and indomethacin pretreated with BSA/anti-BSA 
as described above. Results are expressed as percentages of that amount of B- 
glucuronidase released by control samples to which no inhibitor was added. Each 


value represents the mean + S.D. of three experiments. 


specific to this stimulus (since it cannot be totally 
attributed to interference by protein). The patterns 
of inhibition seen for the soluble stimuli A23187 and 
Con A are unlikely to be attributable to similar 
interference since they contribute either little (e.g. 
Con A) or no (e.g. A23187) protein to the prein- 
cubation medium. 

Because 20 uM ETYA and 100 uM indomethacin 
did not profoundly inhibit O2* generation (Fig 2), 
the effect of BPB alone was tested on O2* generation 
elicited by various stimuli (Table 6). As can be seen, 
BPB (5 uM) significantly inhibited O2* generation 
in response to all stimuli. 


Table 6. Effect of BPB on superoxide anion generation in 
response to various stimuli* 





Stimulus O* generation (% of control) 





FMLP 

STZ 

A23187 
BSA/anti-BSA 
ZTS 

ConA 


— 
‘© 


oS 
m ON WY Oh 
~ 


I+ I+ I+ 14+ I+ I+ 


by re bt 





* Washed PMN (0.75 to 2.5 x 10°) were preincubated 
for 5 min at 37° with cytochalasin B (5 ug/ml) and BPB 
(5 uM), after which cytochrome c was added. Superoxide 
anion generation was initiated by addition of the indicated 
stimuli (see legend to Table 4). After incubation for 5 min 
at 37°, the cell-free media were obtained and O2* gener- 
ation was determined by measuring superoxide dismutase- 
sensitive cytochrome c reduction. The data represent the 
means and standard deviations of three experiments and 
are presented as the percentages of activities of control 
samples to which no BPB was added. The control values 
for O2* generation (nmoles cytochrome c reduced/10° 
cells/S min, N = 3) were 69 + 11 for FMLP, 36 + 11 for 
STZ, 19+5 for A23187, 13+4 for BSA/anti-BSA, 39 + 12 
for Con A and 1.5 + 0.7 for ZTS. 


DISCUSSION 


Pretreatment of human PMN with the cyclo- 
oxygenase inhibitor indomethacin resulted in a dose- 
dependent diminution of lysosomal enzyme release; 
inhibitory concentrations of this drug affected 
Ox" generation far less. Because indomethacin would 
be expected to inhibit prostaglandin and thrombox- 
ane synthesis, the lipoxygenase/cyclo-oxygenase 
inhibitor ETYA was also tested; this latter agent 
gave results similar to those seen for indomethacin. 
Indeed, the data indicate that these two agents did 
not inhibit lysosomal enzyme release through specific 
effects (i.e. by inhibition of prostaglandin synthesis), 
since their inhibition was reversible and aspirin was 
inactive. The phospholipase A: inhibitor BPB irrev- 
ersibly blocked enzyme release and was a potent 
inhibitor of O2° generation 

These results are in agreement with other reports 
indicating that non-steriodal anti-inflammatory 
agents inhibit lysosomal enzyme release from rabbit 
PMN in response to calcium ions [4], guinea pig 
PMN in response to serum-treated zymosan [7], and 
human PMN in response to FMLP and CSa [6]. Our 
results also show that the effects of indomethacin 
and ETYA on lysosomal enzyme release can be 
strongly dependent upon the nature of the stimulus. 
In fact, the reported failure of indomethacin to affect 
secretion from human PMN [2] can be attributed to 
the use of STZ as the stimulus. 

Lysosomal enzyme release in response to the solu- 
ble chemotactic peptide FMLP was greatly inhibited 
by both indomethacin and ETYA. When the soluble 
stimuli Con A and A23187 were used, far less inhi- 
bition was seen; thus, the effects of ETYA and 
indomethacin were not dependent upon the soluble 
or particulate nature of the stimulus presented. BPB 
was a potent inhibitor of lysosomal enzyme release 
and O2* generation when any of the stimuli were 
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employed. Inhibition of lysosomal enzyme release 
by indomethacin and ETYA was most noticeable 
when FMLP was the stimulus. The ineffectiveness 
of ETYA and indomethacin observed when cells 
were stimulated by ZTS or STZ could be partially 
attributed to inactivation or adsorption of the drugs 
by protein (Table 5); however, the complete lack of 
inhibition by indomethacin when STZ was employed 
was probably stimulus-specific. A similar stimulus- 
specific effect was the relative impotence of ETYA 
compared to indomethacin when A23187 was pre- 
sented to the cells. Unlike BPB, which is a powerful 
inhibitor when any stimulus is used, ETYA and 
indomethacin are not general inhibitors of degran- 
ulation. These results emphasize that the mechan- 
isms of specific receptor-secretion coupling are not 
identical for all stimuli. 

Although indomethacin and ETYA are generally 
considered to be specific inhibitors of prostaglandin 
and thromboxane synthesis, the effects reported here 
are unlikely to be due to such specific interactions, 
since (1) both drugs are reversible, (2) aspirin is 
without effect, and (3) inhibition of enzyme release 
by the drugs takes place at relatively high concen- 
trations (see review by Flower [4]). Non-specific 
effects of indomethacin have been reported. This 
drug inhibits cyclic AMP-dependent protein kinase 
in rabbit ileal mucosa [19] and phospholipase A2 in 
rabbit PMN [9]. Since phospholipase A activity has 
been reported in human PMN [20] and since ETYA, 
a reactive fatty acid-like molecule, could conceivably 
interact with the active site of the enzyme, the ‘spe- 
cific’ phospholipase A2 inhibitor BPB was examined 
in our system. Because all three agents inhibited 
lysosomal enzyme release, our results are consistent 
with the hypothesis that inhibition resulted from 
diminished phospholipase activity. It is possible that 
phospholipase activity is required for local pro- 
duction of lysophosphatides which could promote 
the fusion of lysosomes and plasma membranes 
necessary for degranulation. It is also possible that 
arachidonic acid released by phospholipase is 
required for PMN responses. For rabbit PMN, this 
fatty acid is sufficient to induce both degranulation 
[21] and aggregation (which has several properties 
and requirements similar to those for lysosomal 
enzyme release) [22]. Both responses were inhibited 
by ETYA, but indomethacin was not tested. Stimu- 
lated PMN also produce hydroxy [23] and dihydroxy 
[24] derivatives of arachidonic acid, which may be 
of significance for stimulation of PMN. The effects 
of inhibitors on production of the dihydroxy com- 
pounds was not tested [24]; however, neither ETYA 
nor indomethacin affected production of the hydroxy 
derivatives [23]. 

An interpretation such as this, which implicates 
phospholipase activity, must be tempered by the fact 
that BPB also appears to have non-specific effects 
(e.g. it inhibits O2~ generation) and that other 
interpretations are plausible. It should also be noted 


that the effects of the three inhibitors on phospho- 
lipase, cyclo-oxygenase and lipoxygenase activities 
were not tested in this work and that the conclusions 
we have reached regarding the mode of action of 
these agents are necessarily speculative. 

Our results demonstrate the pitfalls of assuming 
the specificity of such agents as indomethacin, ETYA 
and BPB. In addition, we have provided further 
evidence that the paths of stimulus-secretion coup- 
ling are not identical. Finally, our data indicate that 
indomethacin may owe some of its anti-inflammatory 
effects in vitro to actions which are probably unre- 
lated to its specific inhibition of prostaglandin and 
thromboxane syntheses. 
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Abstract—To understand the cellular and molecular mechanisms of methylmercuric chloride (CH3HgCl)- 
induced damage to nerve tissue, monolayer cultures of glioma cells (C-6) and of neuroblastoma cells 
(NBP2) were used in this study. Chronic (6-8 weeks) and acute (5 days) treatment of glioma cells with 
low concentrations (0.05 to 0.1 4M) of CHsHgCl produced marked increases and decreases in the 
amounts and net phosphorylation profiles of specific proteins. Chronic treatment of neuroblastoma cells 
(0.1 and 0.2 4M) did not produce any significant alterations in the amounts of specific proteins, but it 
caused marked changes in the phosphorylation levels of cellular proteins. The morphology and doubling 
time of chronically treated glioma and neuroblastoma cells did not change. Adenosine 3’,5'-cyclic 
monophosphate (cyclic AMP)-stimulating agents produced morphological changes in chronically treated 
glioma and neuroblastoma cells similar to those produced in untreated cells. . 


It is known that methylmercuric chloride (CHsHgCl) 
causes neurological disorders which are referred to 
as Minamata Disease [1,2]. CH3:HgCl has been 
reported to accumulate in the central nervous system 
in rather large proportions after ingestion or after 
intravenous or intraperitoneal administration [3-6]. 
In order to understand the cellular and molecular 
mechanisms of CH:3HgCl-induced neurotoxicity, 
monolayer cultures of glioma and neuroblastoma 
(NB) cells have been used as an experimental model. 
We have reported that glioma cells are more sensitive 
to CH3HgCl than NB cells [7], and changes in cyclic 
AMP metabolism may be one of the biochemical 
lesions of CH3HgCl on these cells [8]. Our prelimi- 
nary results [9] have shown that marked alterations 
in the amounts and net phosphorylation profiles of 
specific proteins are observed in chronically treated 
glioma cells with low concentrations of CH3HgCl. 
We now report the following: (a) chronic CH3HgCl 
treatment of NB cells does not produce changes in 
specific proteins, but causes marked alterations in 
net phosphorylation profiles of proteins; (b) acute 
CH:HgCl treatment of glioma cells produces changes 
in gene expression which are qualitatively different 
from those observed following chronic treatment; 
and (c) the morphology, doubling time and effect 
of cyclic AMP-stimulating agents on morphological 
differentiation do not change in chronically treated 
glioma cells and NB cells. 


METHODS 


Rat glioma cells [10] (clone C-6) of passages (30- 
42) [11] were used. Glioma cells were grown in F12 
medium containing 10% fetal calf serum. Mouse 
neuroblastoma cells (clone NBP2), which contain 
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both tyrosine hydroxylase and choline acetyltrans- 
ferase [12], were also used. Cells were grown in F12 
medium containing 10% agammaglobulin newborn 
calf serum. Both types of medium contained 
100 units/ml! penicillin and 100 ug/ml streptomycin. 
Cells were maintained at 37° in a humidified atmos- 
phere of 5% CO2. Glioma cells were subcultured by 
washing the cells twice with phosphate buffered 
saline (PBS), pH 7.0, and incubating them in the 
presence of 0.25% trypsin solution in calcium-free 
MEM for 40 min, whereas NB cells were sub- 
cultured by incubating them in the presence of 
0.25% pancreatin solution in calcium-free MEM for 
10 min. After incubation, the cells were removed 
from the flask surface, transferred into a centrifuge 
tube, and mixed well. An equal volume of growth 
medium was added to stop the action of proteolytic 
enzyme. Cells were centrifuged at 700r.p.m. for 
7 min, pellets were resuspended, and an aliquot was 
added to a new flask. For chronic treatment, the 
cells were grown in the presence of CH3HgCl for 6— 
8 weeks (0.05 and 0.1 4M for glioma cells; 0.1 and 
0.2 uM for NB). Cells were subcultured every 4— 
6 days. For the experiments, cells (2 x 10° glioma; 
0.25 x 10°NB) were plated in Lux tissue culture 
dishes (100 mm) and CH3HgCl (0.1 and 0.05 uM for 
glioma; 0.1 and 0.2 uM for NB) was added the same 
day. The medium (20ml) and CH3HgCl were 
changed at 2, 3 and 4 days after plating. For NB cells 
it was necessary to change the medium and the drug 
twice on day 4 because of increased production of 
lactic acid. For acute treatment cells were similarly 
plated, and CH3HgCl was added 24 hr after plating. 
The drug and medium were changed in the same 
manner as described for the chronic treatment 
studies. 
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The cells were harvested at confluency (5 days 
after plating) and washed twice with 10 vol. of PBS, 
pH 7.0 [9]. The subcellular fractions were prepared 
according to a method described previously [13]. 
The cell pellets were suspended in approximately 
2 vol. of ice-cold 0.05 M Tris-HCl, 0.25 M sucrose, 
3mM MgCh, 4mM 2-mercaptoethanol and 2mM 
phenylmethylsulfonyl fluoride (PMSF), pH 7.4, and 
homogenized at 5000r.p.m. for 3 min (5 strokes) 
using a Potter—Elvehjem tissue grinder [9]. The hom- 
ogenates were centrifuged at 800 g for 30 min at 4° 
in a Sorvall RC2-B centrifuge. The supernatant frac- 
tions were recentrifuged for an additional 30 min at 
800 g. 

Crude nuclear preparations. The appropriate 
nuclear pellets (800 g) from the two centrifugations 
were combined, dispersed in Svol. (2 ml) of the 
above Tris-HCI! buffer, and centrifuged at 800 g for 
30 min. The nuclear pellets were washed again by 
resuspending in 5 vol. of the Tris-HCl buffer and 
recentrifuging at 800 g for 30 min. The nuclei were 
dispersed in 1.0 ml of the Tris-HCI buffer at 4° and 
homogenized after 30 min in a Dounce tissue grinder 

9]. 
, _ The 800g supernatant fractions 
obtained at the initial step were centrifuged at 
100,000 g for 1.5 hr at 4° in a Beckman L3-40 ultra- 
centrifuge. The clear supernatant fractions, free of 
particulate materials, constituted the cytosol frac- 
tions [9]. 

Cytoplasmic particulates. The cytoplasmic parti- 
culates (100,000 g pellets) were washed by dispersing 
in 5 vol. of the Tris-HCI buffer and centrifuging at 
100,000 g for 1.5 hr at 4°. The pellets were suspended 
in 0.5 ml of the Tris-HCl buffer and homogenized 
in a Dounce tissue grinder [9]. 

The procedures for assaying endogenous protein 
phosphorylation have also been described previously 
[14]. 

Preparation of samples for phosphorylation. Pro- 
tein determinations were made on the crude nuclear, 
cytoplasmic, and particulate fractions by the method 
of Lowry et al. [15]. Aliquots containing 0.6 mg 
protein were transferred to 1.0 x 7.5cm_ plastic 
tubes, diluted to 0.2 ml with the Tris-HCI buffer and 
lyophilized [9]. 

Phosphorylation reaction. The phosphorylation 
reaction was carried out as outlined earlier [14, 16] 
with some modifications. The lyophilized protein 
samples were dissolved in 0.14 ml of 65 mM sodium 
acetate, 13mM magnesium acetate and 2mM 
PMSF, pH 6.5, and incubated for 10 min at 30° [9]. 
Cyclic AMP-independent (—) phosphorylation was 
initiated by the addition of 0.04ml of 18 uM [y- 
“PJATP (specific radioactivity: 4.5 x 10’ d.p.m. - 
nmole ATP). The _ phosphorylating reagent 
was prepared by diluting [y-"P]ATP (New 
England Nuclear, Boston, MA), with non-radioac- 
tive ATP (Sigma Chemical Co., St. Louis, MO). 
Cyclic AMP-dependent (+) phosphorylation was 
initiated by the addition of 0.04ml of 18 uM [y 
“P|ATP and 22.5 4M cAMP. The samples were 
incubated for an additional 10 min at 30° and the 
reaction was stopped by the addition of 0.06 ml of 
12% sodium dodecylsulfate (SDS), 20mM _ Tris 
(base), 4mM EDTA, 8% 2-mercaptoethanol, 
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40% sucrose, 2mM PMSF and 0.1% bromophenol 
blue, pH 8.0. The samples were heated for 3 min in 
a boiling water bath, cooled in ice, and frozen until 
needed for electrophoresis [9]. 

Polyacrylamide gel electrophoresis. The frozen 
samples for electrophoresis were thawed and 0.01-ml 
aliquots were applied to 7-18% linear gradient 
polyacrylamide SDS gels. The samples were elec- 
trophoresed using a discontinuous buffer system at 
100 V for 16 hr and at 150 V for an additional 8 hr. 
The gels were stained with 0.1% Coomassie brilliant 
blue, R-250 in 10% methanol and 7% acetic acid for 
1 hr at 37° and destained in the same solvent mixture 
overnight at 37°. The gels were dried and photo- 
graphed. Autoradiographs were prepared by expos- 
ing the dried gels to DuPont Chronex 4 X-ray films 
for 48-72 hr. It should be pointed out that the in 
vitro assays of endogenous protein phosphorylation 
provide the net phosphorylation profiles which are 
the result of protein kinase and phosphoprotein 
phosphatase activities [9]. 

To determine the doubling time, cells (10°) were 
plated in Lux tissue culture dishes (60 mm), the cell 
number was counted every other day for a period 
of 6 days, and the growth curve was constructed [9]. 
The doubling time was determined on the exponen- 
tial portion of the curve. Three separate determi- 
nations were made for each treatment. To study the 
effect of cyclic AMP-stimulating agents on mor- 
phological differentiation, cells from chronically 
treated cultures (glioma-10°, NB-50,000) were plated 
in Lux tissue culture dishes (60 mm) and CH3HgCl 
was added at the same day. Prostaglandin E: (PGE1) 
(10 g/ml for glioma and NB cells) and 4-(3-butoxy 
4-methoxybenzyl)-2-imidazolidinone (R020-1724, 
200 g/ml for NB) were added separately 24 hr after 
plating. Glioma cells were not treated with R020- 
1724, because this inhibitor of cyclic nucleotide 
phosphodiesterase produced minimal changes in 
morphology of glicma cells [8]. The drug and 
medium were changed 3 days after plating, and the 
number of morphologically differentiated cells was 
determined 4 days after plating. The cells with cyto- 
plasmic processes greater than 50 um in length were 
considered morphologically differentiated. A total 
of 300 cells was counted and the percentage of mor- 
phologically differentiated cells was determined in 
the various groups. 


RESULTS 


Changes in growth rate, morphology and effect of 
cyclic AMP. The morphology and the doubling time 
(24-35 hr for glioma; 18-20 hr for NB) of chronically 
treated (0.05 and 0.1 4M) glioma cells [9] and NB 
cells (0.1 and 0.2 wM) were similar to those of 
untreated cultures. We did not select any specific 
type of cells during chronic treatment, since the 
concentrations of CH3HgCl used in this study did 
not cause cytotoxicity or affect the growth rate [9]. 
PGE: produced an 85 per cent morphological dif- 
ferentiation in glioma cells which were not treafed 
with CH3HgCl. A similar effect of PGE: was 
observed in chronically treated glioma cells. PGE; 
and R020-1724 caused 45 and 75 per cent morphol- 
ogical differentiation, respectively, in NB cultures 
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Fig. 1. Polyacrylamide gel electrophoresis of the cytosol fraction of glioma cells. The approximate 

molecular weights of proteins are expressed as multiples of 1000 (K). The observed change in the 

phosphorylation of a protein species represents a steady state situation and is the sum of phosphorylation 
and dephosphorylation reactions. 
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Fig. 2. Polyacrylamide gel electrophoresis of the particulate fraction of glioma cells. See the legend of 
Fig. 1 for additional information. 
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Fig. 3. Polyacrylamide gel electrophoresis of the crude nuclear fraction of glioma cells. See the legend 
of Fig. 1 for additional information. 
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Table 1. Effects of methylmercuric chloride on changes in the amounts and phosphoryl- 
ation of cytosol proteins of glioma cells* 





Mol. wt Acute Chronic Chronic 
(x 1000) Control (0.1 wM) (0.1 u~M) (0.05 uM) 





Coomassie blue stained protein bands 
Detectable Unchanged + Unchanged 
Detectable + - - 
Detectable + + + 
Detectable Unchanged - - 
Net phosphorylation profiles 
Undetectable + Unchanged Unchanged 
Undetectable Unchanged Unchanged 
Undetectable F Unchanged Unchanged 
Detectable _ + 
Undetectable Unchanged - 
Undetectable Unchanged Unchanged 
Detectable + + 





* From radioautographs, changes in the relative quantities and levels of phosphoryl- 
ation of specific proteins in the acutely and chronically treated glioma cells are presented 
as increased (+), decreased (—) or unchanged with respect to the corresponding proteins 
in the untreated cells. The observed change in the level of phosphorylation of a protein 
species represents a steady state situation and is the sum of phosphorylation and dephos- 
phorylation reactions. 

+ Refers to cyclic AMP-dependent phosphorylation. 


Table 2. Effects of methylmercuric chloride on changes in the amounts and phosphoryl- 
ation of proteins of particulate fraction of glioma cells* 





Mol. wt Acute Chronic Chronic 
(x 1000) Control (0.1 wM) (0.1 «M) (0.05 uM) 





Coomassie blue stained protein bands 

Detectable — 

Detectable Unchanged 
Detectable Unchanged 
Detectable - 

Detectable + 

Detectable Unchanged 

Net phosphorylation profiles 

Detectable Unchanged 
Detectable Unchanged 
Detectable Unchanged 
Detectable Unchanged 
Detectable Unchanged 
Detectable Unchanged 
Detectable Unchanged 





* From radioautographs, changes in the relative quantities and levels of phosphoryl- 
ation of specific proteins in the acutely and chronically treated glioma cells are presented 
as increased (+), decreased (—) or unchanged with respect to the corresponding proteins 
in the untreated cells. The observed change in the level of phosphorylation of a protein 
species represents a steady state situation and is the sum of phosphorylation and dephos- 
phorylation reactions. 

+ Refers to cyclic AMP-dependent phosphorylation. 
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Table 3. Effects of methylmercuric chloride on changes in the amovnts and phosphoryl- 
ation of crude nuclear proteins of glioma cells* 





Mol. wt 


(« 1000) Control 


Acute 
(0.1 uM) 


Chronic 
(0.05 uM) 


Chronic 
(0.1 uM) 





Coomassie blue stained protein bands 


59 Detectable 
49 Detectable 
32 Detectable 
22 Undetectable 
18 Undetectable 
14 Detectable 


75 Detectable 
56 Detectable + 
49 Undetectable 
40-45 Detectable aa 
37+ Undetectable 
32-25 Detectable - 
22 Detectable + 
13.2+ Detectable 


Unchanged + 


Unchanged 


Unchanged 
Unchanged 
Unchanged 
Unchanged 
Unchanged 
Unchanged - ~ 
Net phosphorylation profiles 
+ 


Unchanged 
Unchanged 


Unchanged 
Unchanged 
Unchanged 
+ + 


Unchanged _ - 





* From radioautographs, changes in the relative quantities and levels of phosphoryl- 
ation of specific proteins in the acutely and chronically treated glioma cells are presented 
as increased (+), decreased (—) or unchanged with respect to the corresponding proteins 
in the untreated cells. The observed change in the level of phosphorylation of a protein 
species represents a steady state situation and is the sum of phosphorylation and dephos- 


phorylation reactions. 


+ Refers to cyclic AMP-dependent phosphorylation. 
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Fig. 4. Densitometeric tracings of Fig. 1. A—C represent 
Coomassie blue stained bands; a-f represent radioauto- 
graphed bands. 


which were not treated with CHsHgCl. A similar 
effect of cyclic AMP-stimulating agents was observed 
in chronically treated NB cultures. 

Changes in the relative amounts of proteins. There 
were dramatic increases and decreases in the intens- 
ities of specific proteins of the cytosol (Fig. 1), par- 
ticulate (Fig. 2) and crude nuclear fractions (Fig. 3) 
of acutely (0.1 4M CHsHgCl) and chronically 
(0.05 1M CH3HgCl) treated glioma cells. The qual- 
itative changes in the relative amounts of proteins 
and their phosphorylation levels have been sum- 
marized in Tables 1-3. The relative changes with 
intensities of specific proteins of the cytosol (Fig. 4), 
particulate (Fig.5) and crude nuclear fractions of 
glioma cells (Fig. 6) have been also measured by 
densitometry. Marked alterations in the amounts of 
proteins were seen in glioma cells chronically treated 
with as little as 0.05 uM (12.5 ng/ml) CH3HgCl. In 
addition, there were marked differences in the rela- 
tive amounts of proteins in acutely and chronically 
treated glioma cells. The staining intensities of most 
bands (all bands of the nuclear fraction, and half of 
the bands of the cytosol and particulate fractions) 
in acutely treated glioma cells were similar to those 
found in the untreated glioma cells. However, the 
intensities of all bands presented in Tables 1-3 
showed marked alterations in the chronically 
(0.1 4M) treated glioma cells. There were mostly 
quantitative differences between concentrations of 
0.05 and 0.1 4™M CH3HgCl in chronically treated 
glioma cells. The degrees of changes were greater 
in cells treated with higher concentrations of 
CH3HgCl. 

In contrast to the chronically treated glioma cells, 
NB cells did not show any significant change in the 
amounts of proteins in the cytosol (Fig. 7), parti- 
culate (Fig. 8) and crude nuclear fractions (Fig. 9) 
after chronic treatment with CH3HgCl (0.1 and 
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Fig. 5. Densitometeric tracings of Fig. 2. See the legend 
of Fig. 4 for additional information. 


0.2 uM). The relative changes in the intensities of 
specific proteins of the cytosol (Fig. 10), particulate 
(Fig. 11) and crude nuclear (Fig. 12) fractions of NB 
cells have been measured by densitometry. 
Changes in phosphorylation levels. The phos- 
phorylation activities of proteins of untreated glioma 
cells and NB cells were highest in the particulate 
(Figs. 2 and 8) and lowest in the cytosol fractions 
(Figs. 1 and 7). The phosphorylation levels of most 
proteins in the particulate and cytosol fractions were 
cyclic AMP-dependent in both glioma and neuro- 
blastoma cells (Tables 1, 3 and 4), whereas two bands 
in nuclear fraction of NB cells (mol. wt 67 and 79 K) 
or two bands in nuclear fraction of glioma cells (mol. 
wt 13.2 and 32 K) were cyclic AMP-dependent. It 
should be pointed out that confluent cells were used 
in these experiments, and this, in part, may account 
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Fig. 6. Densitometeric tracings of Fig. 3. See the legend 
of Fig. 4 for additional information. 


for a low phosphorylation level in the cytosol. How- 
ever, the overall phosphorylation levels of cytosol 
proteins of NB cells were greater than those of glioma 
cells; the reverse was true for particulate and nuclear 
fractions. 

Chronic treatment of glioma and NB cells pro- 
duced marked alterations (increases and decreases) 
in net phosphorylation profiles of specific proteins. 
Increases and decreases in the levels of phosphoryl- 
ation were observed in the cytosol fractions of NB 
cells (Table 4) and glioma cells (Table 1). However, 
the direction of the changes in the phosphorylation 
levels of the particulates of glioma cells was opposite 
to that of NB cells. For example, the phosphorylation 
levels of the particulate fraction decreased in chron- 
ically treated glioma cells (Table 2), whereas they 
were increased in similarly treated NB cells (Table 4). 
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Fig. 7. Polyacrylamide gel electrophoresis of the cytosol fraction of neuroblastoma cells. See the legend 
of Fig. 1 for additional information. 
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Fig. 8. Polyacrylamide gel electrophoresis of the particulate fraction of neuroblastoma cells. See the 
legend of Fig. 1 for additional information. 
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Fig. 9. Polyacrylamide gel electrophoresis of the crude nuclear fraction of neuroblastoma cells. See the 
legend of Fig. 1 for additional information. 
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Fig. 10. Densitometeric tracings of Fig. 7. See the legend 
of Fig. 4 for additional information. 


The direction of changes in the phosphorylation 
levels of crude nuclear proteins was different in both 
cell types. For example, the proteins of the crude 
nuclear fraction of chronically treated glioma cells 
showed increases and decreases in the levels of phos- 
phorylation (Table 3), whereas in chronically treated 
NB cells, they showed only decreases in the phos- 
phorylation levels (Table 4). 

The phosphorylation levels of acutely treated 
glioma cells were different from those of chronically 
treated glioma cells. For example, the phosphoryl- 
ation levels of several proteins were increased in the 
cytosol of acutely treated cells (Table 1), whereas 
the phosphorylation of these proteins in the cytosol 
of chronically treated glioma cells either showed no 
significant change or showed increases and 
decreases. The phosphorylation levels of several pro- 
teins remained unchanged in the acutely treated 
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Fig. 11. Densitometeric tracings of Fig. 8. See the legend 
of Fig. 4 for additional information. 


glioma cells, whereas they decreased in the chroni- 
cally treated glioma cells (Table 2). The phosphoryl- 
ation levels of crude nuclear proteins either remained 
unchanged or increased in the acutely treated glioma 
cells, but the phosphorylation levels of these proteins 
remained unchanged, increased or decreased in the 
chronically treated cells (Table 3). The changes in 
phosphorylation levels of acutely treated NB cells 
have not been studied. 


DISCUSSION 


The present study shows that the morphology, 
doubling time and cyclic AMP-induced morphol- 
ogical differentiation do not change in glioma or NB 
cells chronically treated with CH3HgCl. However, 
the relative amounts of specific proteins change 
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markedly (increase and decrease) in the chronically 
treated glioma cells, but not in the chronically treated 
NB cells. The reason for this difference is unknown. 
Since glioma cells are more sensitive to CH3sHgCl 
than are NB cells by the criterion of growth inhibition 
[7], it is possible that changes in the relative amounts 
of proteins in NB cells may be observed at concen- 
trations higher than those used in this study. The 
exact reasons for the higher sensitivity of glioma cells 
to CH3sHgCl are unknown; however, it has been 
shown [13] that CHsHgCl accumulates in the cytosol 
and lipoprotein fractions of glioma cells in greater 
proportions than in the corresponding fractions of 
NB cells which may, in part, account for the above 
phenomenon. 

The levels of phosphorylation of specific proteins 
appear to be very sensitive to CH3HgCl in both 
glioma and NB cells. However, the direction of 
changes in phosphorylation levels of proteins of the 
cytoplasmic particulate was different in these cell 
types. For example, the phosphorylation levels of 
particulate proteins decrease in chronically treated 
glioma, whereas they increase in chronically treated 
NB cells. The reasons for the high sensitivity of the 
phosphorylation mechanism to CH:HgCl are 
unknown. The biological significance of these 
changes is unknown. However, it is interesting to 
note that the morphology, doubling time and the 
effect of cyclic AMP-stimulating agents on mor- 
phological differentiation remained unchanged in the 
chronically treated glioma cells and NB cells. 

As stated earlier [9], the changes of gene expres- 
sion in chronically treated cells have been studied 
using cells of the confluent phase of growth. If similar 
alterations are observed in chronically treated cells 
in the exponential phase of growth, it is possible that 
cells require very little phosphorylation activity for 
maintaining the growth rate, morphology and certain 
biological responses. The mechanism of CH3HgCl- 
induced alterations in gene expression is unknown. 
However, it should be pointed out that 2-3 per cent 
of added radioactive CH3HgCl binds to the chro- 
matin fraction [13], and this amount may be enough 
to change the gene expression. The alterations in 
gene expression in chronically treated cells may also 
be due, in part, to the effect of CHsHgCl at the 
translational level [9]. In fact, treatment of rats with 
methylmercuric chloride has been reported to cause 
disorganization of the ribosomal structures in spinal 
ganglion neurons [17]. 

Our results show that cyclic AMP-dependent and 
-independent phosphorylations of specific proteins 
are very sensitive to CH3HgCl in both glioma and 
NB cells. Therefore, this biological system can be 
used to evaluate the effects of other environmental 
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pollutants which are known to possess, or have 
potential to exhibit, neurotoxic effects. It is now well 
established that the phosphorylation of neuronal 
proteins is an important biological event associated 
with a variety of neuronal functions. If CH3HgCl 
produces a similar change in the phosphorylation 
levels of neuronal proteins of the central nervous 
system in vivo, it is possible that changes in cyclic 
AMP-dependent and -independent protein phos- 
phorylation are important biochemical lesions which 
could account, in part, for the expression of abnor- 
mal neurological symptoms, including alterations in 
behaviour. 
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Abstract—Levels of microsomal cytochrome P-450 and aminopyrine demethylase activity in liver and 
of cytochrome P-450 in kidney of gonadally mature rainbow and brook trout were markedly greater 
in males than in females. Similar differences appeared in hepatic microsomal NADH- but not in 
NADPH-cytochrome c reductase activity or cytochrome bs content. When normalized to cytochrome 
P-450 content, benzo[a]pyrene hydroxylase activity in both liver and kidney was greater in females. In 
liver, there was a pronounced sex difference in the response of this activity to 7,8-benzoflavone, 
suggesting cytochromes P-450 of different catalytic function. Electron paramagnetic resonance spectra 
of hepatic microsomal cytochromes P-450 in mature brook trout were not demonstrably different 
between males and females, and crystal field parameters indicate that axial ligands to the heme are the 
same in these as in other cytochromes P-450. Mixed-function oxygenase activities in liver of gonadally 
immature brook trout differed from those in mature fish, and there was no sex difference. The 
appearance of seasonally dependent sex differences suggests that fish may provide interesting models 


for studying regulation of sex-specific forms of cytochromes P-450. 


It is established that microsomal cytochrome P-450- 
dependent mixed-function oxygenase (MFO) are 
present in fish and that fish MFO, like mammalian 
MFO, are involved in the metabolism or biotrans- 
formation of endogenous compounds such as steroid 
hormones [1] and xenobiotics such as polynuclear 
aromatic hydrocarbons [2]. Variation in mammalian 
hepatic cytochrome P-450 is associated with differ- 
ences in numerous biological and environmental fac- 
tors [3]. MFO activity in fish also shows variation 
with species [4], strain [5], size [6] and chemical 
treatment or environment [6-9]. There are, however, 
no detailed reports treating sex-linked differences 
of MFO in fish,§ although some studies with trout 
[5, 11] have alluded to a predominant lack of such 
differences. 

Most fish species are subject to annual reproduc- 
tive cycles with periods of gamete development and 
spawning followed by periods of gonadal regression 
and inactivity. These annual cycles are generally 
accompanied by the appearance of extremes in 
metabolic and biochemical differences between 
males and females [12]. It is reasonable to expect 
that if sex differences in hepatic MFO do occur in 
fish, they would be most pronounced during periods 
of peak gonadal activity. In this report, we describe 
aspects of cytochrome P-450 and its catalytic func- 
tions, along with other characteristics of microsomal 
electron tiansport systems, in both gonadally mature 
(spawning) and gonadally immature (quiescent) 
brook trout and in mature rainbow trout. 





+ To whom reprint requests should be addressed. 
§ A preliminary version of this report has appeared [10]. 


MATERIALS AND METHODS 


Chemicals. Benzo[a|pyrene (BP; Gold Label), 
aminopyrine (AP) and 7,8-benzoflavone (7,8-BF) 
were obtained from the Aldrich Chemical Co. (Mil- 
waukee, WI). NADP, NADPH, NADP, glucose-6- 
phosphate, glucose-6-phosphate dehydrogenase, 
horse heart cytochrome c, Tris and 4-(2-hydroxy- 
ethyl)-1-piperazine-ethanesulphonic acid (HEPES) 
were obtained from the Sigma Chemical Co. (St. 
Louis, MO). 

Animals. Brook trout (Salvelinus fontinalis) and 
rainbow trout (Salmo gairdneri) were obtained from 
the Sandwich Fish Hatchery, Massachusetts Division 
of Fisheries and Game. All fish had been spawned, 
hatched and reared at the Sandwich hatchery until 
sampling, and all members of given species were of 
the same genetic stock. After hatching, fish had been 
fed edible beef liver for 2 months until transfer 
to raceways. Fish in the raceways fed actively on 
Rangins Production Pellets (Zeigler Brothers, Gard- 
ners, PA) and Strike Pellets (Agway) twice daily at 
about 1.5 1b food/100 Ib fish. The water supplying 
the hatchery is from artesian wells located within 
100 yards of the raceways. The water temperature 
is a constant 10° at the source, but varies seasonally 
in the raceways between 5° and 11°. 

Mature fish were pair-sampled in 1975, 1976 and 
1978 between 25 October and 15 November, and 
quiescent brook trout were sampled in March and 
June of 1977. Brook trout were sampled in groups 
of small (100-260 g; 15-month to 2-year-old) and 
large (450-970 g; 4+years old) animals. Rainbow 
trout were all larger fish (400-770 g). The larger fish, 
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whether gravid or quiescent, had spawned at least 
twice at the hatchery. Small gravid fish were in their 
first or second season, and small quiescent fish were 
functional adults approaching their first season. 
Maturity of gametes in gravid fish was determined 
by stripping eggs and sperm prior to killing, and 
fertilizing eggs in the laboratory according to routine 
methods. Fertilization was judged as better than 98 
per cent. Eggs were incubated in flowing well water 
at 11° until hatching, and the production of progeny 
was an absolute measure of gonadal maturity. 

Fish were transported to the laboratory alive and 
maintained in their own water at 9° until use (within 
24 hr). Fish were decapitated and liver and kidney 
were immediately excised and placed in ice-cold 
buffer. Tissues were homogenized in 5 vol. of 0.065 
M phosphate buffer, pH 7.0, containing 3 uM MgCh 
and 1.15% KCl, using a Potter-Elvehjem tissue 
grinder. Microsomal fractions, prepared as described 
previously [13], were resuspended in 0.1 M phos- 
phate buffer, pH 7.3, to a concentration of 7-9 mg 
protein/ml. 

Enzyme assays. NADPH-cytochrome c reductase 
was assayed at 25° by a modification of the method 
of Phillips and Langdon [14], with a reaction mixture 
containing 0.175mM NADPH and 80 uM horse 
heart cytochrome c in 0.2 M potassium phosphate 
buffer, pH 7.7. Microsomal NADH-cytochrome c 
reductase was assayed using the conditions for 
NADPH-cytochrome c reductase, with 0.25 mM 
NADH replacing 0.175 mM NADPH. Reduction of 
cytochrome c was followed at 550 nm. 

BP hydroxylase was assayed in a 1.0 ml reaction 
mixture containing 0.7 to 1.0 mg microsomal protein 
and an NADPH-generating system [6] in either 0.1 M 
phosphate or 0.1 M Tris-HCl with a final pH of 7.3. 
BP, with or without 7,8-BF, was added in 40 yl 
methanol to a final concentration of 60 uM, and 
incubated in a shaking water bath at 29° for i5 or 
30 min. Products were assayed with a procedure 
similar to that of Nebert and Gelboin [15] with 3- 
OH-BP as a reference standard. 

AP demethylase was assayed in a 1.5 ml reaction 
mixture containing an NADPH-generating system 
and microsomal protein as above in 0.166 M HEPES 
buffer, final pH 7.6. Reactions were initiated by add- 
ing 2X recrystallized AP in HEPES in a final con- 
centration of 15 mM incubated as above. The for- 
maldehyde generated was determined according to 
the method of Nash [16], as modified by Cochin and 
Axelrod [17]. Blanks for both BP hydroxylase and 
AP demethylase consisted of reactions without 
NADPH; the conditions for assay of both were 
determined to be optimal in this laboratory. 

Microsomes were diluted to 0.6 to 1.0 mg pro- 
tein/ml in 0.1M phosphate buffer, pH 7.3, and 
cytochrome P-450 was analysed optically using a 
Cary 118-C recording spectrophotometer. CO- 
treated, Na2S2Os-reduced microsomes occupied 
sample cuvettes; reference cuvettes held only CO- 
treated microsomes. Cytochrome bs was analysed in 
similar preparations, without CO, and sample 
cuvettes were reduced with 0.034mg NADH/ml. 
Cytochrome content was estimated with the extinc- 
tion coefficients of Omura and Sato [18]. 

Protein was determined according to the method 


of Lowry et al. [19], using bovine serum albumin as 
a standard. Analyses were performed in triplicate 
on individual animals or pooled samples, and data 
were analysed using standard f-tests performed on 
variance estimates [20]. 

Electron paramagnetic resonance (e.p.r.) analysis. 
Freshly prepared microsomal pellets containing 60- 
85 nmoles of cytochrome P-450 were frozen and 
stored in e.p.r. cavities in liquid nitrogen until analy- 
sis. The e.p.r. spectra were recorded at 1.6K ona 
super-heterodyne spectrometer first described by 
Feher [21], using cavities first described by Berzofsky 
et al. [22]. Magnetic fields were recorded simulta- 
neously with the e.p.r. spectrum using a digital Hall 
probe that had been calibrated against the proton 
resonance of water. Apparent g values were deter- 
mined as described previously [23]. Using Griffith’s 
crystal field analyses [24] adapted to the comparative 
study of low-spin ferric hemoproteins by Blumberg 
et al. [25, 26], the three g values were used to deter- 
mine coefficients of two crystal field components, 
one of tetragonal symmetry, 4, and the other of 
orthorhombic symmetry, V, relative to the spin orbit 
coupling constant, A. The ratio of these coefficients 
(A and V, respectively) to spin orbit coupling energy 
(A) determined two symmetry parameters, the tetra- 
gonality (4/A) and the rhombicity (V/A) of the heme. 


RESULTS 


The gonad—body weight ratios presented in Table 
1 clearly describe the status of the gonadally mature 
and immature fish, and these ratios did not vary 
between large and small fish. Liver—body weight 
ratios were slightly higher in females than males, 
especially in gonadally immature fish. Liver hyper- 
trophy in female fish is related to vitellogenesis [27], 
and the significant difference seen in immature fish 
may be due to the period of sampling, reflecting 
changes in metabolism necessarily preceding obvious 
gonadal development. 

Reduced, CO-ligated cytochrome P-450 had a 
Soret peak at 450nm in all female fish and in 
immature male fish, but in mature males the maxi- 
mum occasionally appeared close to 449nm. All 
male fish, however, had significantly greater content 
of cytochrome P-450 than did corresponding female 
fish (Table 1). When the data were normalized to 
body weight the sex differences remained highly 
significant in the mature animals but not in the gon- 
adally immature brook trout. Neither cytochrome 
bs nor NADPH-cytochrome c reductase differed 
between the sexes in either species but NADH- 
cytochrome c reductase activity was significantly 
greater in males than in females of both. 

Levels of hepatic AP demethylase in spawning 
males exceeded those in females by at jieast a factor 
of two (Table 1). However, a rough estimate of the 
turnover number (activity per nmole cytochrome P- 
450) was not different between male and female 
brook trout, but in rainbow trout there was a trend 
to a greater turnover number in moles. BP hydroxyl- 
ase activity in mature fish was the same in both sexes, 
yet because of the differences in cytochrome content, 
the turnover number for BP hydroxylation in females 
was twice that in males. In gonadally immature fish, 
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Table 2. Cytochrome P-450 and benzo[a]pyrene h 
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ydroxylase activity in kidney microsomes of gonadally 


mature trout* 





Rainbow trout 


Character Male (3) 


Brook trout 


Female (3) Male (4) Female (4) 





Microsomal protein 
mg-g tissue’ 

Cytochrome P-450 
picomoles-mg protein 

BP hydroxylase 
units-mg protein | 


1 


units-nmole P-450 


0.61 + 
14.1 


4.0 5 6.2 


l 


24.0 + 3.0 86.0 + 8.0 59.0 + 4.0 


0.80 + 0.4 
33.6 


0.82 + 0.3 
9.5 


1.03 + 0.2 
17.5 





* Data represent mean of triplicate assays on samples of kidney pooled from three or four animals 


+ §.D. of the assay. 
+ Number of animals. 


¢ Units are picomoles 3-OH-BP equivalents produced per minute. 


there was no significant difference between males 
and females in either activity, whether normalized 
to microsomal protein or cytochrome P-450. The 
levels of hepatic microsomal electron transport com- 
ponents and MFO activities with both substrates, 
which were quite low in all fish, were higher in 
mature brook trout than in mature rainbow trout. 
Yet when normalized to cytochrome P-450, the MFO 
activities in mature fish were remarkably similar 
between the species. The levels of hepatic BP 
hydroxylase activity in quiescent fish were lower than 
those in the spawning fish. 

Kidney tissue of mature fish was examined for sex 
differences in cytochrome P-450 content and BP 
hydroxylase activity (Table 2). Cytochrome P-450 
in this tissue has a reduced, CO-bound Soret absorp- 
tion maximum at 450 nm, and the levels of cyto- 
chrome P-450 appeared to be greater in males than 


in females. The levels of BP hydroxylase, based on 
microsomal protein, were extremely low in these 
samples, and a difference on this basis between the 
sexes could not be demonstrated. In both species 
there was a clear trend toward a greater turnover 
number in females, like that seen in liver. 

The influence of 7,8-BF on hepatic BP hydroxylase 
in vitro [28] was assessed in mature males and females 
of both species (Table 3). In males, this activity was 
increasingly inhibited by increasing concentrations 
of 7,8-BF, up to about 50 per cent at 1 x 10-*M. 
The latter concentration caused a similar inhibition 
in female brook trout, but there was no significant 
inhibition at lower concentrations of 7,8-BF. BP 
hydroxylase activity in rainbow trout females, on the 
other hand, was markedly stimulated by both 
5 x 10°°M and 1 x 10°*M 7,8-BF. 

These results suggest that the complement of 


Table 3. Influence of 7,8-benzoflavone in vitro on hepatic microsomal benzo[a]pyrene hydroxyl- 
ase in gonadally mature trout 





7,8-Benzoflavone 


Activity remaining (%) 





concentration 


(M) Male (3)* 


Mature rainbow trout 
Female (3) 


Mature brook trout 
Male (10) Female (10) 





0 
1.25 x 107’ 
5.0 x 107° 
16x 10° 


100+ 
87.3 + 3.04 
70.1 14.0 
49.0 11.0 


5 


1 


100 
89.1 + 12.0 
19.0 + 64.0 
34.0 + 17.0 


100 


+ 


100 
92.7 + 14.0 
102.2 + 14.0 
40.0 + 2.0 


82.2 + 12.0 
73.4 + 13.0 
50.0 + 21.0 


+ 





* Number of individuals. 
One hundred per cent in each case appro 
mi 


Table 4. Electron paramagnetic resonance char 
from gonadally 


ximates the activity presented in Table 1. 


S.D. of triplicate assays on one (rainbow) or two (brook) pooled samples. 


acteristics of hepatic microsomal cyctochrome P-450 
mature brook trout* 





N 


Sample I 
(pooled) 


microsomes 


Absorption 
maximum (nm)+ 


Cytochrome P-450¢ 





mg microsomal 


protein Low-spin g values 





Male 
Female 


8 
6 


450 
450 


0.381 
0.179 


2.409 2.244 1.911 
2.408 2.246 1.915 





* Separate fish from those used for catalytic < 
+ Absorption maximum of reduced, CO-treat 
¢ Nanomoles of cytochrome P-450. 


Assays. 
ed microsomes. 





Sex differences in trout MFO 














A/» 


Fig. 1. Crystal field analyses of e.p.r. spectra of hepatic 
microsomal cytochromes P-450 from fish. The crystal field 
parameters, V/A and A/A (rhombicity and tetragonality), 
are defined in Materials and Methods. Domains for cyto- 
chrome P-450 and other domains are as defined previously 
[26]. Numbers 1 and 2 are for brook trout males and females 
respectively. Numbers 3-8 are from data in Chevion et al. 
[9] for the marine fish Stenotomus versicolor. Key: (3) 
untreated; (4) corn oil-treated; (5) tricaine methanesulfon- 
ate-treated; (6) 3-methylcholanthrene-treated; (7) 5,6-ben- 
zoflavone-treated; and (8) 5,6-BF plus 3-methylcholan- 
threne-treated. 


cytochromes P-450 was different in male and female 
trout liver. Electron paramagnetic resonance spec- 
troscopy is very sensitive to changes in the spatial 
geometry and/or the electronic distribution around 
paramagnetic centers, like ferric iron in cytochrome 
P-450, and an alteration in the structure of the pro- 
tein, even when originating far from the paramag- 
netic center, can be detected. Hepatic microsomes 
prepared from adult brook trout were analysed by 
e.p.r. spectroscopy, and the results are presented in 
Table 4. The principal features of e.p.r. spectra were 
essentially identical for males and females, with low- 
spin (s = 1/2) g values near 2.41, 2.245 and 1.91. 
There was no discernible high-spin (s = 5/2) cyto- 
chrome P-450 in either of these samples. The low- 
spin g values analysed in terms of crystal field par- 
ameters gave values for tetragonality (4/A) near 5.4 
and rhombicity (V/A) near 0.95 (Fig. 1). 


DISCUSSION 


It is quite clear from the present results that hepatic 
MFO in salmonid fish can differ between the sexes, 
and that the nature and extent of this difference are 
linked to gonadal maturity. The higher levels of 
hepatic cytochrome P-450 and AP demethylase 
activity in mature male, as compared to female, 
brook and rainbow trout are like the sex differences 
in these characters observed in post-pubertal rats of 
various strains [29-33]. In some strains [29], the 
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activity of AP demethylase normalized to cyto- 
chrome P-450 content was also higher in males, a 
condition we found,true as well for rainbow but not 
brook trout. 

In rats, sex differences in hepatic BP hydroxylase 
activity are like those seen in AP demethylase; the 
activity in males is greater than in females whether 
normalized to protein or cytochrome P-450 [34, 35]. 
However, in mature trout, the sex difference in 
estimated turnover number for BP hydroxylation 
was not like AP demethylase. This discrepancy in 
sex-linked patterns of metabolism of different sub- 
strates in trout is nevertheless reminiscent of similar 
discrepancies in metabolism of Type I and other 
Type II substrates, such as aniline [29], in rats. 
Interestingly, the limited sex differences in rainbow 
trout MFO noted in passing by Pedersen et al. [5] 
concerned females in two of six strains that had 
greater hepatic aniline hydroxylase activity. How- 
ever, the gonadal status of those animals was not 
indicated. The similarity between the patterns of sex 
differences in trout liver and kidney is also incon- 
sistent with the situation in rats, which have a sex 
difference in renal BP hydroxylase activity opposite 
to that in the liver [35], and no sex difference in 
cytochrome P-450 content [33]. 

Much of the difference seen in hepatic demethyl- 
ase activity between spawning male and female trout, 
in particular brook trout, might be explained by the 
quantitative differences in cytochrome P-450. How- 
ever, the differences in BP hydroxylase turnover 
number and response to 7,8-BF argue persuasively 
that the cytochromes P-450 in males and females are 
not catalytically equivalent. NADPH-cytochrome c 
reductase activity did not differ between the sexes 
in trout, a condition also seen in rats [33], and 
consequently the ratios of reductase to cytochrome 
P-450 reflected the differences in turnover of BP. 
The reduction of cytochrome P-450 might thus be 
invoked as determining BP metabolism, but if there 
were not catalytic differences in the cytochromes we 
might expect AP demethylase to reflect this as well, 
which it clearly does not. 

In a recent study [26], it was shown that all cyto- 
chromes P-450 exhibit very similar e.p.r. spectra 
leading to almost identical crystal field parameters 
indicative of the same structure; the heme is bound 
to histidine and mercaptide, presumably from cys- 
teine. Such similarities notwithstanding, careful 
examination of e.p.r. spectra reveals some structure 
of the e.p.r. lines suggesting different heterogenous 
populations of cytochromes P-450 in mature male 
and female rats.* Unfortunately, analysis of the 
e.p.r. data here failed to reveal conclusively any 
differences between cytochromes P-450 in micro- 
somes from male and female brook trout, the species 
with the most significant difference in cytochrome 
P-450 content. Our results do, however, demonstrate 
a similarity of hepatic microsomal low-spin ferric 
cytochrome P-450 from mature male and female 
trout with other cytochromes P-450 [26], including 
those from another teleost fish (Fig. 1) [9]. The 
crystal field parameters determined here suggest that 
mercaptide and imidazole are the axial ligands to the 
heme in fish cytochromes P-450 as well. 

The sex differences in hepatic microsomal enzymes 
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in mammals have been attributed principally to the 
action of testosterone [36], apparently mediated by 
some pituitary factor [37, 38]. In rats, testosterone 
is stimulatory, resulting in greater MFO activity in 
males [36], and in some mice it is inhibitory, resulting 
in lower activity in males [39]. Testosterone is the 
most common Cy steroid in fish, and levels of cir- 
culating testosterone in some species have been 
found to fluctuate seasonally with gonadal cycles, 
peaking with spawning [40]. This can be regulated 
by the pituitary [41]. Thus, circulating steroids and 
possibly pituitary function may well be involved both 
in sex differences in MFO seen in fish, as they 
apparently are in mammals, and in the regulation 
of seasonal differences. 

The results here also pertain to questions concer- 
ing the chemical environment and levels of hepatic 
MFO in fish. While several studies have reported 
very high levels of BP hydroxylase activity in trout 
species [5,42], the activities seen here were quite 
low. The water in which fish in the present study 
lived until death was artesian, ostensibly pristine, 
and the low hydroxylase activity may reflect this. 
The results argue than that the high BP hydroxylase 
activities in some trout [42] and some marine fish 
species [13] might be environmentally induced. 
Nevertheless, the activity in these male trout was 
inhibited by 7,8-BF, although the inhibition was not 
as great as seen with BP hydroxylase from some 
other untreated trout [42,43]. The 50 per cent 
inhibition seen with rainbow males was, however, 
like that seen with certain other untreated rainbow 
trout [44]. The appearance of 7,8-BF inhibition of 
BP hydroxylase activity in fish might be construed 
as indicative of partial induction by environmental 
chemicals. The same activity in mammals treated 
with aromatic hydrocarbon-like inducers is generally 
lower than in controls, and often inhibited, in the 
presence of 7,8-BF [28, 45]. It is clear, however, that 
not all fish show this characteristic, as the activity 
in rainbow females was stimulated by 7,8-BF. Thus, 
the origin of the strong inhibition in some fish, even 
those with low hydroxylase activity, remains 
uncertain. 
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Abstract—Effects of adrenochrome on rat heart sarcolemmal ATPase, calcium binding and adenylate 
cyclase activities were studied in vitro. Adrenochrome (1-100 g/ml) did not affect calcium binding 
activity. Significant decreases in adenylate cyclase and Ca** ATPase activities were seen only at a 
concentration of 100 ug/ml adrenochrome. Adrenochrome depressed Na*-K* ATPase activity in a 
dose-dependent manner. The inhibitory effect on Na*-K* ATPase of adrenochrome was also observed 
in sarcolemmal membranes washed with a buffer after treatment with adrenochrome. The percentage 
inhibition of the enzyme activity was independent over a wide range of pH (6.6-7.8) and concentrations 
of NaCl/KCI (40/4-100/10, mM/mM). A study on the combined effects of adrenochrome and either 
ouabain or CaCl2 showed that, unlike ouabain, calcium produced additive inhibition with adrenochrome. 
Depression of Na*-K* ATPase activity was also observed in sarcolemma isolated from the heart 
perfused with adrenochrome. Since adrenochrome has been demonstrated to produce myocardial cell 
damage and contractile failure in the perfused heart, the present experiments provide a possible 


explanation for the genesis of adrenochrome-induced cardiotoxicity. 


It has been demonstrated that catecholamines in high 
doses produce myocardial necrosis and disturbance 
of heart function and metabolism [1-5]. Several 
theories have been proposed to explain this myocar- 
dial lesion; these include increased cardiac work and 
peripheral vasodilation [1,6], mobilization of free 
fatty acids [7], intracellular calcium overload [8], 
high-energy phosphate store depietion [8,9] and 
imbalance of electrolytes in the cell [10,11]. 
Recently, it has been suggested that oxidation prod- 
ucts of catecholamine such as adrenochrome rather 
than catecholamines per se, produce myocardial cell 
damage [12-16]. Although plasma and tissue levels 
of adrenochrome in patients with cardiovascular dis- 
eases have not been measured, several pathways for 
the formation of adrenochrome from epinephrine, 
including catalysis by cardiac muscle enzymes and 
mitochrondria, are known [17-24]. 

Adrenochrome and oxidized isoproterenol in con- 
centrations from 10 to 100 ug/ml have been reported 
to produce cell damage and contractile failure in the 
isolated perfused rat heart [12-15]. However, the 
subcellular mechanisms of the actions of adreno- 
chrome on the heart remain unclear. Adrenochrome 
and related oxidation products have been shown to 
affect mitochrondrial oxidative phosphorylation 
[13,25], tissue oxygen consumption [26], various 
aspects of glucose metabolism [27-29], and micro- 
somal calcium uptake [13]. Sarcolemma, by virtue 
of its ability to control cation movements, is thought 
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to play an important role in regulating heart function 
and metabolism [30, 31]. This regulatory role of sar- 
colemma has been attributed to the presence of 
several membrane-bound enzymes, such as adeny- 
late cyclase, Na*-K* ATPase, Mg’* ATPase and 
Ca?*+ ATPase, in addition to its calcium binding 
ability. The present experiments were undertaken 
therefore, to investigate the influence of adrenoch- 
rome on sarcolemmal ATPase, adenylate cyclase 
and calcium binding activities under in vitro condi- 
tions. The biochemical activities were also monitored 
in sarcolemma isolated from hearts perfused with 
adrenochrome. 


Male albino rats weighing 300-400 g were decap- 
itated, and the hearts were quickly removed and 
placed in a cold buffer solution. The heart sarcolem- 
mal fraction was isolated by the hypotonic shock— 
LiBr treatment method and purified as described 
elsewhere [32]. The electron microscopic and marker 
enzymatic studies [33] revealed minimal contami- 
nation by cytoplasmic organelles. Isolation of the 
myofibrillar fraction was carried out according to the 
method of Solaro et al. [34]. 

Ca** ATPase activity of the heart sarcolemmal 
fraction was measured by incubating approximately 
50 ug/ml of membrane protein in a medium con- 
taining 50mM Tris-HCl, 4mM CaCh and 4mM 
Tris-ATP, pH 7.4, in the absence or presence of 
1mM EDTA. The results for Ca** ATPase activity 
with or without EDTA were not different from each 
other. Mg?* ATPase activity was measured in a 
medium containing 50 mM Tris-HCl, 1 mM EDTA, 
4mM MgCh and 4mM Tris—ATP, pH 7.4. Total 
ATP-hydrolysing activity of the heart sarcolemmal 
fraction was determined in the medium containing 
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50 mM Tris-HCl, 1 mM EDTA, 4mM MgCh, 4 mM 
Tris-ATP, 100 mM NaCl and 10 mM KCI, pH 7.4. 
The difference between the total ATPase and the 
Mg’* ATPase activities was taken to be due to Na*- 
K* ATPase activity. Ouabain-sensitive Na*—K* 
ATPase activity was estimated as the difference in 
total ATPase activity in the presence and the absence 
of 2mM ouabain. After preincubation of the mem- 
brane protein at 37° for 3 min, the reaction was 
started by the addition of 4mM Tris-ATP and 
stopped 10 min later by the addition of 12% tri- 
chloroacetic acid. For studying the time-course 
effect of the drug, adrenochrome and ATP were 
added simultaneously after the preincubation period, 
and the reaction was stopped at various time inter- 
vals. The reaction mixture was centrifuged at 1000 g 
for 10 min and the supernatant fraction was assayed 
for inorganic phosphate by the method of Taussky 
and Shorr [35]. In order to eliminate any interference 
of the drug during measurement of optical density, 
the above supernatant fraction was passed through 
a cotton filter. The difference in values of the control 
optical density with and without cotton filtration was 
within 2 per cent. Furthermore, the results with 
cotton filtration were similar to those obtained by 
using activated charcoal for the elimination of drug 
interference in P; determination [36]. 

The determination of adenylate cyclase activity in 
the sarcolemmal fraction was carried out by incu- 
bating approximately 0.1 mg of sarcolemmal protein 
in a medium containing 40 mM Tris—maleate buffer, 
pH 7.4, 8mM caffeine, 5mM KCl, 15 mM MgCh, 
20mM_ phosphoenolpyruvate, 130 ug/ml pyruvate 


kinase and 0.4mM [“C]ATP (0.25 Ci) at 37° 
according to a procedure described elsewhere [37]. 
Calcium binding by heart sarcolemmal fraction was 
performed by incubating approximately 0.15 mg of 
membrane protein/ml in a medium containing 50 mM 
Tris-HCI and 0.1mM *CaCh, pH 7.4, at 37° for 
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5 min and the reaction was terminated by the mil- 
lipore filtration technique [38]. The sarcolemmal 
preparation employed here does not exhibit ATP- 
dependent calcium binding or Ca’**-stimulated, 
Mg?*-dependent ATPase activities [32], and thus 
these activities were not studied. Total ATPase 
activity of the myofibrillar fraction (approximately 
1 mg protein/ml) was determined in a medium con- 
taining 50 mM KCl, 20 mM imidazole, 2 mM MgCh, 
2mM Tris-ATP, 10 mM NaN; and 0.1 mM CaCh, 
pH 7.4. The basal ATPase activity of the myofibrillar 
fraction was determined in the same medium except 
that 0.1 mM CaCh was replaced by 1.6 mM ethylene- 
glycolbis (aminoethylether) tetra-acetate (EGTA). 
The difference between the total and the basal 
ATPase activities was assumed to be due to Ca’*- 
stimulated, Mg’*-dependent ATPase activity. All 
the assay conditions for the determination of enzyme 
activities employed here were optimal, and the sarco- 
lemmal and myofibrillar fractions were used within 
1 hr of their isolation. 

To study the effects of adrenochrome on the myo- 
cardium, rat hearts were perfused with oxygenated, 
modified Krebs-Henseleit solution according to a 
method described earlier [12]. After a 15-min period 
of equilibration, the hearts were changed to medium 
with or without the desired concentration of adren- 
ochrome. The contractile force was monitored on 
a Grass polygraph by means of a force-displacement 
transducer [12]. The adrenochrome perfused hearts 
were further perfused with 6ml of cold control 
medium to remove adrenochrome from the vascular 
space. The sarcolemmal fractions from these hearts 
perfused with or without drug were isolated and the 
biochemical activities were determined by the meth- 
ods mentioned above. The protein concentration 
was estimated by the method of Lowry et al. [39]. 
The drug solution was made immediately before use, 
and there was no change in pH of the medium due 


Table 1. Effects of adrenochrome on rat heart sarcolemmal calcium binding, adenylate cyclase and ATPase activities 
as well as myofibrillar ATPase activities 





Adrenochrome 
(ug/ml) 





Control 


10 





Sarcoiemma* 

Calcium binding 

(nmoles Ca**/mg/5 min) 
Adenylate cyclase 
(pmoles cAMP/mg/min) 
Ca?* ATPase 
(umoles Pi/mg/hr) 
Mg** ATPase 
(umoles Pi/mg/hr) 
Na*-K* ATPase 
(umoles Pi/mg/hr) 

Myofibrils¢ 

Mg?* ATPase 
(nmoles Pi/mg/min) 
Ca?*-stimulated ATPase 
(nmoles Pi/mg/min) 221 + 16 


21.3 + 3.0 24.7+ 4.1 


260 + 58.3 271 + 89.0 
44.7+ 4.0 46.5 + 5.3 
40.1 + 2.2 39.3 + 2.0 


b.121.3 


24.9 + 3.2 22.5 + 4.9 26.4 + 3.4 24232 


274 = 750 264 + 59.1 248+77.0 221+ 66.2t 


48.8 + 4.3 36.2 + 4.44 


of.2 £:2:27 34.4 + 1.97 


11.6 + 1.17 2.9 + 0.7F 


74+3 76+9 


220 + 24 247 + 13 250 + 6 





* Each value represents the mean + S.E. of five to seven experiments. 


+ Significantly different from the control, P < 0.05. 


¢ Each value represents the mean + S.E. of four experiments. 





Adrenochrome and heart sarcolemma 


to the addition of the drug solution. The results were 
analysed statistically by Student’s f-test. 


RESULTS 


The effects of various concentrations of adreno- 
chrome (1 to 100ug/ml or 5.5x10~° to 
0.55 x 10-°M) on sarcolemmal ATPase, calcium 
binding and adenylate cyclase activities were exam- 
ined, and the results are shown in Table |. Adren- 
ochrome did not alter calcium binding activity 
(P > 0.05) significantly, whereas adenylate cyclase 
and Ca’* ATPase activities were decreased signifi- 
cantly (P<0.05) by 100 ug/ml adrenochrome. A 
small but significant decrease in Mg’* ATPase 
activity was observed at 10 ug/ml or higher concen- 
trations of adrenochrome. In contrast, sarcolemmal 
Na*-K* ATPase activity was depressed markedly in 
a dose-dependent manner by adrenochrome at con- 
centrations from 10 to 100 ug/mI.The activity fell to 
20 per cent of the control value at a concentration 
of 100 g/ml adrenochrome. The specificity of adren- 
ochrome action on heart sarcolemmal ATPase is 
apparent from the data reported in Table 1 which 
shows that adrenochrome had no effect on the 
myofibrillar Mg’* ATPase and Ca’*-stimulated, 
Mg’*-dependent ATPase activities. 
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In order to examine if the effect of adrenochrome 
on the sarcolemmal Na*-K* ATPase activity was 
reversible, we measured the enzyme activity after 
treating the sarcolemmal membrane with either 10 
or 50 wg/ml adrenochrome and after washing the 
treated membrane twice with a buffer. The Na*-K* 
ATPase activities of the fresh and untreated control 
preparations were 14.8 + 1.3(N = 7) and 12.7 + 1.3 
(N = 5) umoles Pi/mg protein/hr, respectively. The 
activities of the washed preparations after treatment 
with 10 ug/ml and 50 ug/ml adrenochrome were 
9.4+1.1 and 5.1+2.4yumoles Pi/mg_ protein/hr 
respectively. These values were not significantly dif- 
ferent from those obtained before washing the 
treated preparation. Although the enzyme activity 
of the control preparation was slightly lower than 
that of the untreated fresh preparation, the per- 
centage inhibition of enzyme activities by treatment 
with adrenochrome was found to be of the same 
degree as seen in freshly prepared sarcolemma 
(Table 1). 

Since adrenochrome affected Na*—-K* ATPase 
activity to a greater extent than other sarcolemmal 
enzyme activities measured in these experiments, 
further study was undertaken to clarify the charac- 
teristics of the inhibition of Na*—K* ATPase activity 
by adrenochrome. Sarcolemmal Na*-K* ATPase 
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Fig. 1. Rat heart sarcolemmal Na*-K* ATPase activity at different concentrations of ATP in the 
presence (@) or absence (O) of 10 ug/ml adrenochrome, with Lineweaver-Burk plots. The results are 
typical of three experiments. 
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NaCI/KCI (mM/m™) 
Fig. 2. Rat heart sarcolemmal Na*-K* ATPase activity at 
different concentrations of NaCl/KCl in the presence ( ) 


or absence ( [_] ) of 10 ug/ml adrenochrome. Each value 
represents a mean + S.E. of four experiments. 


activity was measured at different concentrations of 
ATP in the absence or presence of 10 g/ml adren- 
ochrome. Lineweaver—Burk analysis of the data (Fig. 
1) showed that the inhibition of Na*—-K* ATPase 
by adrenochrome was associated with a decrease in 
the Vmax value without any changes in the K» value 
of the enzyme. The enzyme activity was also meas- 
ured at different pH values and at different concen- 
trations of NaCl/KCI in the incubation medium in 
the absence or presence of 10 ug/ml adrenochrome. 
Na*-K* ATPase activity was optimal at pH 7.4 and 
the inhibition (20-28 per cent) of the enzyme activity 
by adrenochrome was independent of the pH (6.6— 
7.8) of the medium. Although Na*-K* ATPase 
activity was found to be depressed by adrenochrome 
(Fig. 2) to a greater extent (43 per cent inhibition) 
at lower concentrations of NaCl/KCI (20 mM/2 mM) 


Ouabain CaCl, 


% of Control 





| 





© 3 2 1 «3 


log (Adrenochrome g/!) 


Fig. 3. Interaction of various concentrations of adrenoch- 
rome with either 10~° ouabain or 107M CaCh on rat heart 
sarcolemmal Na*-K* ATPase activity. Open circles rep- 
resent Na*-K* ATPase activities in the presence of adren- 
ochrome itself and closed circles, those in the presence of 
adrenochrome and 10~°M ouabain or 10~4M CaCh. During 
the ouabain and CaCl inhibition studies, the enzyme 
activity was measured in the presence and absence, respec- 
tively, of 1mM EDTA. Each value represent a mean + 
S.E. of four experiments. The control value of Na*-K* 
ATPase activity in the ouabain inhibition study was 
15.9 + 1.5 wmoles Pi/mg protein/hr, whereas that in the 
CaClz study was 11.7 + 2.9 wmoles Pi/mg protein/hr. 


than at higher concentrations of NaCl/KCl (approx- 
imately 25 per cent inhibition), the significance of 
this observation is not clear at present. The inhibition 
was independent of the concentrations of NaCl/KCl 
from 40/4 to 100/10 (mM/mM). The time-course 
study concerning the effect of adrenochrome 
(10 ug/ml) on Na*—-K* ATPase activity revealed that 
the maximal inhibition (about 25 per cent) was 
apparent within 1 min of incubation. 

The effects of adrenochrome in combination with 
ouabain and CaCh, well-known inhibitors of Na*— 
K* ATPase [40, 41], were studied. Both ouabain and 
CaCh exerted marked depressant effects on heart 
sarcolemmal Na*-K* ATPase activity; 50 per cent 
inhibition was seen at 3.5 x 10~°M ouabain and 2.5 
x 10-*M CaCh. The effect of different concentra- 
tions of adrenochrome was investigated in the 
absence or presence of either 10°-°M ouabain or 
10-*M CaCh, which inhibited the enzyme activity 
by approximately 20-25 per cent. The results in Fig. 
3 indicate that the percentage inhibition of the 
enzyme activity by 100 ug/ml adrenochrome was 
virtually identical in the absence or presence of 
10-°M ouabain. It was also observed that ouabain- 
sensitive Na*—K* ATPase (control value 11.1 + 1.3 
moles Pi/mg protein/hr; N = 6) was almost com- 
pletely inhibited by 100 ug/ml adrenochrome (0.8 
+ 0.3 wmole Pi/mg protein/hr; N = 6). It should be 
pointed out that EDTA was omitted when the 
measurements of the enzyme activity were carried 
out in the presence of 10°-*M CaCh. It can be seen 
from Fig. 3 that inhibition patterns for adrenochrome 
in the absence and presence of EDTA were different 
from each other. This difference in the responses of 
the sarcolemmal Na*-K* ATPase to adrenochrome 
might be due to some contamination of metallic ions 
in the membrane preparation as well as the incu- 
bation medium. Furthermore, the data in Fig. 3 
indicate that adrenochrome exerted additive effects 
when the Na*—K* ATPase activity was measured in 
the presence of 10~* M CaCh. 

For information concerning the effect of adren- 
ochrome on sarcolemmal Na*—K* ATPase activity 
in intact cells, isolated rat hearts were perfused with 
medium containing 50 g/ml adrenochrome for 30 
min. The results in Table 2 indicate that only Na*— 
K* ATPase activity was depressed significantly 
(P < 0.05) in preparations from hearts perfused with 
adrenochrome. It was observed that the Na*—-K* 
ATPase activity in preparations from hearts perfused 
with 50 ug/ml adrenochrome was approximately 25 
per cent lower than the control value, whereas this 
agent in vitro produced approximately 55 per cent 
inhibition of the enzyme activity. This reduced effect 
might be due to repeated treatments of the mem- 
brane preparation with agents such as LiBr and KCl 
during the isolation and purification procedures. The 
contractile force of the perfused heart was depressed 
by approximately 60 per cent of the control vaiue 
by a 30-min perfusion with 50 ug/ml adrenochrome. 


DISCUSSION 


In this study we have shown that adrenochrome 
depressed rat heart sarcolemmal Na*—-K* ATPase 
activity in a concentration range of 10-100 ug/ml. 





E 
~~ 
eb 
2 
S 
A 
pan 
3 
i) 
<= 
5 
s 
— 
° 
= 
i — 
3 
no] 
Oo 
a» 
a= 
— 
o 
Qa. 
”n 
2 
— 
x 
o 
<= 
=I 
o 
— 
— 
ao] 
Oo 
3 
38 
fo) 
mB — 
os 
E 
E 
2 
° 
3) 
— 
= 
a» 
- 
— 
= 
o 
= 
mm 
Ss 
— 
— 
° 
wn 
o 
= 
5 
= 
3} 
S 
o 
ay 
a 
QO. 
fs 
< 
no) 
=I 
a 
o 
n” 
& 
3} 
< 
is 
o 
& 
38 
> 
c 
o 
no) 
= 
ob 
& 
ao] 
& 
ao) 
=I 
2 
Bi? 
= 
oO 
fon] 
= 
Oo 
= 
onl 


adrenochrome* 





Mg’* ATPase 
(uwmoles Pi/mg/hr) 


> 


Ca** ATPase 


Adenylate cyclase 
(pmoles cAMP/mg/min) 


ing 


Calcium bindin 
(nmoles Ca**/mg/5 min) 





14.7 + 0.6 
10.9 + 0.44 


287.1 + 21.8 


21.9+0.9 


Adrenochrome 





* Each value represents the mean + S.E. of six experiments. 


+ Significantly different from the control P < 0.05. 
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This inhibitory effect of adrenochrome, particularly 
at low concentrations, on the Na*-K* ATPase 
appears to be of a specific nature, since the sarco- 
lemmal Ca?* ATPase, adenylate cyclase and calcium 
binding activities were not affected by low concen- 
trations of this agent. Furthermore, the percentage 
inhibition of the sarcolemmal Mg** ATPase was a 
little as 15 per cent even at the highest concentration 
of this agent employed here. The specificity of sar- 
colemmal Na*-K* ATPase as the site of adrenoch- 
rome action is also evident from our results indicating 
no effect of this agent on ATPase activities of the 
myofibrillar fraction. Although the inhibitory effect 
of adrenochrome on sarcolemmal Na*—-K* ATPase 
activity was independent over a wide range of pH 
(6.6-7.8) and concentrations of NaCl/KCI (40/4— 
100/10 mM/mM), the kinetic study showed a 
decreased Vmax Value without any changes in the Km 
value of the enzyme. This superficially apparent non- 
competitive inhibition may be due to irreversible 
inhibition or inactivation of the enzyme [42] by 
adrenochrome. 

The experiments reported in this study regarding 
the interaction of ouabain and calcium with adren- 
ochrome indicate that the inhibitory effect of adren- 
ochrome was additive to that of calcium, whereas 
Na*-K* ATPase activity was depressed by 100 pg/ml 
adrenochrome and 10~°M ouabain to an extent sim- 
ilar to that by 100 ug/ml adrenochrome. Further- 
more, ouabain-sensitive Na*—K* ATPase was almost 
completely inhibited by adrenochrome. Although 
ouabain and calcium are thought to produce inhibi- 
tory effects on Na*—-K* ATPase activity by acting on 
different sites [41, 43-46], further experiments are 
needed to come to a conclusion regarding the exact 
site of action of adrenochrome. Recently, adren- 
ochrome has been shown to stimulate peroxidation 
of fatty acids and to modify membrane phospholipids 
[24]. Whether this membrane effect of adrenoch- 
rome is related to the observed changes in sarcolem- 
mal Na*-K* ATPase activity remains an interesting 
possibility. 

Na*—K* ATPase is thought to be involved in the 
active transport of Na* and K* across the myocardial 
cell membrane [14]. An inhibition of this “pump 
mechanism” can be conceived as resulting in an 
increase in Na* and a decrease in K* concentration 
in the myocardial cell. Such an alteration in the 
intracellular electrolyte concentration is commonly 
seen to be associated with heart cell damage and 
contractile failure and depressed Na*—-K* ATPase 
activity of the sarcolemma has also been reported 
in different types of failing hearts [31]. The present 
experiments revealed lower Na*—K* ATPase activity 
of the sarcolemma obtained from hearts perfused 
with adrenochrome which showed markedly 
depressed contractile force. Furthermore, it was 
interesting to observe that 10-100 ug/ml concentra- 
tions of adrenochrome, which are reported to pro- 
duce contractile failure and cell damage [14, 15], 
decreased sarcolemmal Na*-K* ATPase activity. 
Although inhibition of Na*-K* ATPase may explain 
the adrenochrome-induced cardiotoxicity, it would 
be premature to arrive at this conclusion at the 
present time. Our explanation concerning the 
involvement of Na*—-K* ATPase is in contrast to the 
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common view concerning the mechanism of the pos- 
itive inotropic effect of cardiac glycosides which 
decrease Na*-K* ATPase activity [41]. However, 
cardiac glycosides have been shown to be toxic in 
concentrations at which these agents inhibit a large 
amount of the Na*-K* pump activity [41]. In addi- 
tion other cardiodepressant agents, such as propan- 
olol and several divalent cations, have also been 
shown to depress heart sarcolemmal Na*—-K* ATPase 
activity [47,48]. The present study indicating the 
action of adrenochrome on heart sarcolemma does 
not exclude the effects of this agent on calcium 
transport and other activities of heart such as those 
of the mitochondria and sarcoplasmic reticulum. 
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Abstract—Experiments were performed to study the mechanism of action of drug substrates on lipid 
peroxidation in rat hepatic microsomes. Addition of the drug substrates, aniline, B-diethylaminoethyl 
diphenylpropylacetate (SKF-525A), aminopyrine, benzo[a]pyrene or ethylmorphine, to hepatic micro- 
somes causes almost complete inhibition of NADPH-induced (enzymatic) lipid peroxidation. These 
substrates also produce similar inhibition of ascorbate-induced (non-enzymatic) lipid peroxidation in 
microsomes in which drug-metabolizing enzymes were inactivated by heat treatment. The substrate 
concentrations producing half-maximal inhibition (K12) are also similar for NADPH- and ascorbate- 
induced lipid peroxidation. Addition of metyrapone, an inhibitor of drug metabolism, has no effect on 
either the K1, values or on the maximal substrate inhibition of NADPH-induced lipid peroxidation. All 
five drug substrates also inhibit Fe**-stimulated oxidation of linoleic acid. These results demonstrate 
that inhibition of lipid peroxidation in hepatic microsomes by drug substrates is independent of drug 


metabolism and is probably due to the antioxidant properties of the substrates. 


The potential for interactions between drug metab- 
olism and lipid peroxidation in hepatic microsomes 
has been recognized for many years because of the 
involvement of several common factors in the two 
processes. For example, microsomal metabolism of 
many xenobiotics requires NADPH as a source of 
electrons [1, 2], and peroxidation of microsomal lip- 
ids is also stimulated by NADPH [3-8]. The flavo- 
protein, NADPH-cytochrome c reductase, is utilized 
similarly both in metabolism of xenobiotics [1, 2] 
and in NADPH-induced lipid peroxidation [8, 9]. In 
addition, an essential role for microsomal phospho- 
lipids in cytochrome P-450-dependent drug metab- 
olism has been established [1, 2]. 

The functional relationship between microsomal 
drug metabolism and lipid peroxidation has been the 
subject of many investigations. Increases in lipid 
peroxidation usually cause a decrease in the capacity 
for drug metabolism, at least in part by promoting 
the degradation of cytochrome P-450 which is 
required for metabolism [10-16]. In addition, various 
drug substrates have been shown to inhibit lipid 
peroxidation in hepatic microsomes [16-21]. Orren- 
ius et al. [17] proposed that this inhibition is the 
result of a competition between drug metabolism 
and lipid peroxidation for reducing equivalents 
derived from NADPH. However, Pederson and 
Aust [21] studied the inhibition of both NADPH- 
and ascorbate-induced lipid peroxidation in hepatic 
microsomes by benzo[a]pyrene and reached a dif- 
ferent conclusion. They proposed that the inhibition 
was caused by the antioxidant properties of a 
benzo[a]pyrene metabolite which is formed in the 
presence of NADPH. Nevertheless, the hypothesis 
of Pederson and Aust, like that of Orrenius et al., 
requires that drug substrates be metabolized if 
inhibition of lipid peroxidation is to occur. 
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The objective of this investigation was to study 
further the relation between drug metabolism and 
lipid peroxidation in rat hepatic microsomes. The 
effects of various drug substrates on lipid peroxi- 
dation were studied in three different systems: (1) 
NADPH-induced (enzymatic) lipid peroxidation in 
normal microsomes; (2) ascorbate-induced (non- 
enzymatic) lipid peroxidation in microsomes in which 
drug-metabolizing enzymes had been heat-inacti- 
vated; and (3) ferrous iron-stimulated peroxidation 
of linoleic acid. The results indicate that substrate 
inhibition of lipid peroxidation does not require sub- 
strate metabolism. A preliminary report of these 
results has appeared previously [22]. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats weighing 200-250 g 
were obtained from Zivic—Miller Laboratories, Pitts- 
burgh, PA. The animals were decapitated and the 
livers rapidly removed. The livers were then hom- 
ogenized in a solution containing 0.154 M KCI and 
0.05 M Tris-HCl (pH 7.4), and microsomes were 
obtained by differential centrifugation. In some 
experiments microsomal enzymes were inactivated 
by heating the microsomal pellet at 100° for 4 min. 
These microsomes are referred to as heat-treated 
microsomes. For all experiments the microsomes, 
either normal or heat-treated, were resuspended in 
0.1M phosphate buffer (0.081M K2HPOs and 
0.019 M KH2POs; pH 7.4) at a final concentration 
of 1-2 mg of microsomal protein/ml. 

Oxygen (100%) was bubbled through the suspen- 
sion of microsomes for 1 min prior to the start of 
each experiment. The incubation medium consisted 
of 2.5 ml of the microsomal suspension, the appro- 
priate concentration of drug substrate, and NADPH 
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(0.4mM; Type I; Sigma Chemical Co., St. Louis, 
MO) or ascorbate (0.4 mM) to initiate lipid perox- 
idation. The drug substrates used were aniline (Ald- 
rich Chemicals, Milwaukee, WI), B-diethylamino- 
ethyl diphenylpropylacetate (SKF-525A) (Smith, 
Kline & French, Philadelphia, PA), aminopyrine 
(Aldrich Chemicals), benzo[a]pyrene (Eastman 
Organic Chemicals, Rochester, NY) and ethylmor- 
phine (Merck & Co., Rahway, NJ). The samples 
were incubated at 37° for various lengths of time. 
Lipid peroxidation was determined by measuring the 
amount of malonaldehyde formed by hepatic micro- 
somes with the thiobarbituric acid test (TBA test) 
by using the method of Ottolenghi [23]. After the 
incubation period, the samples were placed on ice 
and 0.625 ml of 40% trichloroacetic acid (TCA) was 
added to each sample. Thiobarbituric acid (2.5 ml 
of a 0.67% solution) was then added and each sample 
was incubated at 90° for 20 min. After this incuba- 
tion, the samples were centrifuged at 30,000 g in a 
Sorvall model SS-3 centrifuge (Ivan Sorvall Co., 
Norwalk, CT) for 5min. The samples were then 
diluted with 9vol. of water and the amount of 
malonaldehyde was determined by measuring the 
optical density of each sample at 535nm with a 
Gilford model 300-N spectrophotometer (Gilford 
Instrument Co., Oberlin, OH) and by using a molar 
extinction coefficient of 1.56 x 10°M~'cm™ [24]. In 
some experiments microsomal metabolism of ani- 
line, benzo[a]pyrene or ethylmorphine was meas- 
ured as described previously [25]. 

The effects of drug substrates on ferrous iron 
(Fe?*)-stimulated oxidation of linoleic acid were also 
studied. The methods used were similar to those 
used by Matsushita er al. [26] to study oxidation of 
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linoleic acid by air. Linoleic acid (0.09 g, Grade III, 
99% pure, Sigma Chemical Co.) was dissolved in 
0.7 ml of 1 N NaOH and then diluted to 50 ml with 
0.2M phosphate buffer (0.162M K2HPOs and 
0.038 M KH2PO.; pH 7.4). Oxygen (100%) was 
bubbled through this solution. Then 2 ml aliquots of 
the linoleic acid solution were incubated for 2 hr at 
37° with 2.5 mM Fe?* (added as FeSOs) and, in some 
cases, appropriate concentrations of drug substrates. 
The amount of lipid peroxidation which occurred 
during this time was measured with the TBA test. 
After the incubation period, 0.5 ml TCA (40%) and 
0.5 ml TBA (2%) were added to each sample and 
the samples were incubated at 90° for 20 min. Then 
1 ml of glacial acetic acid and 2 ml of chloroform 
were added to each sample. The samples were stirred 
and centrifuged at 30,000 g for 5 min. The amount 
of TBA-reactive material in each sample was deter- 
mined by reading the optical density of the aqueous 
layer at 535 nm. 

It has been reported that linoleic acid does not 
form malonaldehyde when it is exposed to peroxi- 
dizing conditions [27]. However, a number of inves- 
tigators have obtained a positive TBA test upon 
peroxidation of pure linoleic acid [26, 28, 29]. The 
identity of the product which forms the red pigment 
is unknown, although Asakawa and Matsushita [30] 
have suggested that 2, 4-alkadienal, a product of the 
peroxidation of linoleic acid, may be oxidized to 
malonaldehyde which then reacts with the TBA. In 
any case, the identity of the TBA-reactive substance 
is not important in our study. In the present study, 
a positive TBA test was obtained and used to study 
the effects of drug substrates on the Fe**-stimulated 
oxidation of linoleic acid. 
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Fig. 1. Time course of NADPH-induced lipid peroxidation in normal microsomes in the presence and 
the absence of 10°"M aniline. Each point is the mean value for five experiments and the bars are the 
standard errors of the means. 





Substrate inhibition of lipid peroxidation 


Table 1. Inhibition of NADPH-induced lipid peroxidation by drug substrates* 





Substrate 
(concn) 


Maximal 
inhibition (%) 


Ki (M) 





Aniline (5 mM) 

SKF-525A (1 mM) 
Aminopyrine (10 mM) 
Benzo[a]pyrene (0.05 mM) 
Ethylmorphine (10 mM) 


96 (+1) 
95 (+1) 
95 (+1) 
95 (+1) 
76 (+3) 


2.2 (+0.2) x 1074 
7.7 (+0.2) x 1075 
3.5 (+1.6) x 107° 
6.4 (+0.4) x 10° 
1.1 (+0.2) x 1073 





* The values shown represent the maximal per cent inhibition of lipid perox- 
idation and the K\, values for each of the drug substrates. The substrate concen- 
trations shown are those which produce maximal inhibition. Each value is the 
mean for four to six experiments and the numbers in parentheses are the standard 
errors of the means. The value for NADPH-induced lipid peroxidation in the 
absence of substrates is 16.2(+0.1) nmoles malonaldehyde/mg of microsomal 


protein. 


RESULTS 


The time course of lipid peroxidation induced by 
NADPH in normal microsomes is shown in Fig. 1. 
Malonaldehyde formation increased rapidly during 
the first 15-20 min of incubation and reached a max- 
imum at approximately 30min. The amount of 
malonaldehyde present remained constant over the 
next 100 min. As other investigators have demon- 
strated previously, NADPH-induced lipid peroxi- 
dation is inhibited by a variety of drug substrates. 
The effect of an intermediate dose (10~*M) of 
aniline on NADPH-induced lipid peroxidation is also 
shown in Fig. 1. After 3 min of incubation, the per 
cent inhibition caused by aniline (30-40 per cent) 
was relatively constant over the entire incubation 


period. Higher concentrations of aniline produced 
greater decreases in lipid peroxidation which are 
clearly independent of incubation time. Similar 
results were obtained with other drug substrates, i.e. 
the effects of the substrates on lipid peroxidation 
were, for the most part, independent of incubation 
time. 


o——® Control 
© Aniline (1074 M) 





nmoles malonaldehyde/mg microsomal protein 


The maximal inhibition produced by five different 
drugs is shown in Table 1. Because of the extremely 
small amounts of malonaldehyde produced in the 
presence of high concentrations of the drugs, only 
the extent (90 min incubation values), and not the 
rate, of lipid peroxidation was evaluated. However, 
the degree of inhibition clearly indicates that the 
rates are diminished considerably. Addition of ani- 
line, SKF-525A, benzo[a]pyrene or aminopyrine 
to microsomal preparations resulted in at least 95 
per cent inhibition of lipid peroxidation, but ethyl- 
morphine, in concentrations as high as 10 mM, 
decreased malonaldehyde production by only 76 per 
cent. The concentration of substrate which produces 
one-half of the maximal inhibition, Ky, was also 
calculated for each drug substrate. This was done by 
measuring the inhibition produced at various sub- 
strate concentrations and then constructing double- 
reciprocal plots. The K1, values obtained from these 
plots are also shown in Table 1. 

In order to determine substrate effects on lipid 
peroxidation in the absence of substrate metabolism, 
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Fig. 2: Time course of ascorbate- induced lipid peroxidation i in heat-treated microsomes in the presence 
and the absence of 10~*M aniline. Each point is the mean value for five experiments and the bars are 
the standard errors of the means. 
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Table 2. Inhibition of ascorbate-induced lipid peroxidation by drug substrates in 
heat-treated microsomes* 





Maximal 
inhibition (%) 


Substrate 


(concn) Ki(M) 





2.0 (+0.1) x 1074 
7.7 (+0.6) x 1075 
2.1 (+0.4) x 1074 
10.0 (+1.3) x 10~° 
2.4 (+0.7) x 1079 


Aniline (5 mM) 

SKF-525A (1 mM) 
Aminopyrine (10 mM) 
Benzo[a|pyrene (0.05 mM) 
Ethylmorphine (10 mM) 


97 (+1) 
97 (+1) 
96 (+1) 
95 (+1) 
73 (+2) 





* The values shown represent the maximal per cent inhibition of lipid perox- 
idation and the K1 values for each of the drug substrates. The substrate concen- 
trations shown are those which produce maximal inhibition. The experiments 
were performed with heat-treated microsomes. Each value is the mean for five 
to six experiments and the numbers in parentheses are the standard errors of the 
means. The value for ascorbate-induced lipid peroxidation in the absence of 


substrates is 14.8 (+0.5) nmoles malonaldehyde/mg of microsomal protein. 


lipid peroxidation was induced non-enzymatically by 
ascorbate in microsomal preparations which had 
been heat-treated (100° for 4 min) to inactivate drug- 
metabolizing enzymes (heat-treated microsomes). 
No NADPH-induced lipid peroxidation and no 
benzo[a]pyrene or ethylmorphine metabolism could 
be demoiistrated in heat-treated microsomes. The 
time course of ascorbate-induced lipid peroxidation 
in heat-treated microsomes is shown in Fig. 2. 
Malonaldehyde formation in response to ascorbate 
occurred more slowly than NADPH-induced lipid 
peroxidation in normal microsomes and does not 
appear to reach maximal levels even after 120 min 
of incubation. 

Drug substrates have the same effects on non- 
enzymatic, ascorbate-induced lipid peroxidation as 
on the enzymatic, NADPH-induced response. The 
effect of aniline on ascorbate-induced lipid peroxi- 
dation in heat-treated microsomes is shown in Fig. 2. 
After 15 min of incubation, the per cent inhibition 
caused by aniline was relatively constant over the 
entire incubation period. Similar results were 
obtained with the other substrates. For the ascor- 
bate-induced lipid peroxidation experiments, all 
incubations were carried out for 90 min. The effects 
of drug substrates on ascorbate-induced LP are 
summarized in Table 2. Aniline, SKF-525A, 
benzo[a]pyrene and aminopyrine produced maximal 
inhibitions of at least 95 per cent. However, ethyl- 
morphine (10 mM) produced only 73 per cent inhi- 
bition. These values are similar to those obtained 
when NADPH was used to induce lipid peroxidation 
in normal microsomes (Table 1). The K1, values for 
substrate inhibition of ascorbate-induced lipid per- 
oxidation in heat-treated microsomes are also shown 
in Table 2. In each case, the Ky values for substrate 
inhibition of NADPH- and ascorbate-induced lipid 
peroxidation are similar. These results indicate that 
inhibition of lipid peroxidation by drug substrates 
is not dependent upon the presence of microsomal 
drug-metabolizing activity. 

To further examine the relationship between drug 
metabolism and lipid peroxidation, the effect of 
metyrapone, an inhibitor of cytochrome P-450- 
dependent metabolism [31,32], on substrate inhi- 
bition of NADPH-induced lipid peroxidation was 
evaluated. The results of experiments in which 


aniline was used as the substrate are shown in Fig. 
3. At the concentration of metyrapone employed 
(5 x 10°*M) the rate of aniline metabolism was 
decreased by approximately 50 per cent, but metyr- 
apone had no effect on aniline inhibition of lipid 
peroxidation. The effects of metyrapone on the Ki, 
values for aniline and benzo[a]pyrene are presented 
in Table 3. Although substrate metabolism was 
inhibited 40-50 per cent by metyrapone, the values 
of Ki, for both aniline and benzo[a]pyrene inhibition 
of NADPH-induced lipid peroxidation are similar 
both in the presence and in the absence of metyra- 
pone. Also, metyrapone has no effect on the maximal 
inhibition of lipid peroxidation produced by either 
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Fig. 3. Effect of metyrapone on aniline inhibition of 
NADPH-induced lipid peroxidation in normal microsomes. 
In these experiments aniline metabolism was inhibited by 
approximately 50 per cent in the presence of metyrapone. 
Each point is the mean value for three experiments and 
the bars are the standard errors of the means. The value 
for lipid peroxidation in the absence of aniline and metyr- 
apone was 9.9(+0.8) nmoles malonaldehyde/mg of micro- 
somal protein. 





Substrate inhibition of lipid peroxidation 


Table 3. 
benzo[a]pyrene 


Effects of metyrapone on aniline and 
inhibition of NADPH-induced lipid 
peroxidation* 





Maximal 


Substrate inhibition (%) Ki (M) 





Aniline 
contro! 
metyrapone 
Benzo[a]pyrene 
control 
metyrapone 


96 (+2)7 
93 (+3) 


1.9 (+0.7) x 107° 
3.0 (+1.1) x 10° 





* Each value represents the mean for three experiments 
and the numbers in parentheses are the standard errors of 
the means. In these experiments, metyrapone (5 x 10~* M) 
caused inhibition of aniline metabolism by approximately 
50 per cent and benzo[a]pyrene metabolism was inhibited 
by about 40 per cent. 

+ The value for lipid peroxidation in the absence of 
substrate was 9.9 (+0.5) nmoles malonaldehyde/mg of 
microsomal protein. 

¢ The value for lipid peroxidation in the absence of 
substrate was 12.0(+2.5) nmoles malonaldehyde/mg of 
microsomal protein. 


substrate. Thus, these results also indicate that sub- 
strate inhibition of lipid peroxidation is independent 
of drug metabolism. 

One possible explanation for these results is that 
antioxidant properties of the substrates are respon- 
sible for substrate inhibition of hepatic microsomal 
lipid peroxidation. In order to determine the ability 
of substrates to act as antioxidants, the effects of the 
drugs on Fe**-stimulated oxidation of linoleic acid 
were measured. The results of these experiments are 
shown in Table 4. All substrates inhibited lipid per- 
oxidation in this nonbiological system. No attempt 
was made to find the concentration of substrate which 
produces maximal inhibition. It is interesting to note 
that greater concentrations of benzo{a]pyrene and 
SKF-525A are required to produce inhibition in the 
linoleic acid system than are required in the micro- 
somal system. Nevertheless, the effects of all drugs 
on the nonbiological system are similar to those 
obtained in the microsomal system. Therefore, the 
results of these experiments indicate that drug sub- 
strate inhibition of lipid peroxidation in hepatic 
microsomes is due to the antioxidant properties of 
the substrate molecules. 


DISCUSSION 


The results of these experiments indicate that 
inhibition of hepatic microsomal lipid peroxidation 
by drug substrates is not dependent upon substrate 
metabolism. Three lines of evidence are presented 
in support of this conclusion: (1) substrate inhibition 
of ascorbate-induced lipid peroxidation following 
heat inactivation of microsomal enzyme systems is 
quantitatively similar to drug inhibition of NADPH- 
induced lipid peroxidation in normal microsomes; 
(2) partial inhibition of drug metabolism by metyr- 
apone, a mixed function oxidase inhibitor, has no 
effect on substrate inhibition of NADPH-induced 
lipid peroxidation; and (3) drug substrates inhibit 
Fe**-stimulated oxidation of linoleic acid which 


569 


indicates that the substrates are antioxidants. Thus, 
inhibition of lipid peroxidation by various substrates 
does not appear to be affected by either the level of 
activity of microsomal enzymes or by the mode of 
initiation of lipid peroxidation, i.e. NADPH, ascor- 
bate or ferrous iron. 

Our observations differ somewhat from those 
made previously by other investigators, but the 
apparent discrepancies may be attributable, at least 
in part, to differences in experimental technique. 
Orrenius et al. [17] found that aminopyrine almost 
completely inhibited NADPH-induced lipid perox- 
idation but had little effect on ascorbate-promoted 
lipid peroxidation. There are several differences in 
the incubation conditions employed by Orrenius et 
al. and by us. ADP-chelated Fe** was added to the 
incubation mixture in their experiments. In our 
experiments we relied on the Fe** which is present 
as a contaminant in the phosphate buffer. However, 
we found that the results were no different if we 
included additional Fe?* or ADP-chelated Fe?* in 
the incubation mixture, i.e. the drug substrates 
still inhibited both NADPH- and ascorbate-induced 
LP in a quantitatively similar manner (data not 
reported). In addition, Orrenius et al. used a con- 
centration of aminopyrine which is only half of the 
level we determined to be necessary for maximal 
inhibition, and they made their measurements after 
only 6 min of incubation. It is possible that at lower 
substrate concentrations, i.e. concentrations which 
are less than that required for maximal inhibition, 
more than 6 min of incubation time is required to 
demonstrate inhibition of ascorbate-induced LP (see 
Fig. 2). In fact, Wills [18] used longer incubation 
times of 15 min and found, as we have reported, that 
aminopyrine did inhibit ascorbate-induced LP. 

lhe results of Pederson and Aust [21] are also in 
apparent conflict with some of our findings. These 
investigators reported that benzo[a]pyrene inhibited 
NADPH-induced lipid peroxidation to a far greater 
extent than ascorbate-promoted lipid peroxidation. 
They also found that metyrapone diminished the 
effect of benzo[a]pyrene on NADPH-induced lipid 
peroxidation. The use of phenobarbital-treated rats 
by Pederson and Aust may account for some of the 
differences between their results and those obtained 
in the present study since untreated animals were 
used in our experiments. Nevertheless, the results 


Table 4. Inhibition of Fe?*-stimulated oxidation of linoleic 
acid by drug substrates* 





Substrate 


(concn) Inhibition (%) 





Aniline (5 mM) 
SKF-525A (10 mM) 
Aminopyrine (10 mM) 
Benzo[a]pyrene (1 mM) 
Ethylmorphine (10 mM) 


91 (+1) 
94 (+1) 
97 (+1) 
67 (+2) 
78 (+1) 





The values shown represent the per cent inhibition of 
Fe**-stimulated oxidation of linoleic acid caused by each 
of the drug substrates. Each value is the mean for four to 
five experiments and the numbers in parentheses are the 
standard errors of the means. 
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of Pederson and Aust, as well as our own, support 
the conclusion that drug substrates do not inhibit 
NADPH-induced lipid peroxidation by competing 
for reducing equivalents from NADPH. On the basis 
of their observations, Pederson and Aust concluded 
that a metabolite of benzo[a]pyrene was responsible 
for the inhibition. However, our data indicate that 
various substrates, including benzo[a]pyrene, inhibit 
lipid peroxidation in the absence of metabolism. 

There is also another line of evidence which 
indicates that inhibition of LP by drug substrates is 
independent of drug metabolism. If substrate inhi- 
bition of LP involved competition for reducing equiv- 
alents from NADPH, there should be a direct cor- 
relation between the rate at which a substrate is 
metabolized and its ability to inhibit lipid peroxi- 
dation. However, no such correlation exists. Ethyl- 
morphine is metabolized much more rapidly by rat 
liver microsomes than is benzo[a]pyrene [33]. Yet, 
benzo[a]pyrene is a more potent inhibitor of lipid 
peroxidation than is ethylmorphine. Thus, con- 
sumption of NADPH via drug metabolism does not 
appear to’ be the mechanism by which inhibition of 
lipid peroxidation occurs. 

In addition to demonstrating that substrate inhi- 
bition of microsomal lipid peroxidation does not 
require drug metabolism, our results indicate that 
the inhibition is due to the antioxidant properties of 
the substrates. These antioxidant effects are prob- 
ably not due to contamination of the drug prep- 
arations. We have established the purity of benzo- 
[a]pyrene by using high-pressure liquid chroma- 
tography, and the compound eluted as a single peak 
with no apparent impurities. In addition, the aniline 
and aminopyrine we used were 99 and 97 per cent 
pure, respectively. Thus, the antioxidant effects are 
probably caused by the drug molecules themselves. 
Other investigators have reached similar conclu- 
sions. For example, Matsushita and Ibuki [29] have 
reported that aminopyrine is a powerful antioxidant. 
Also Jansson [34] has proposed that inhibition of 
lipid peroxidation by drug substrates may be due to 
their antioxidant effects, but antioxidant properties 
were not directly measured in that study. Our data, 
however, clearly demonstrate that the drug sub- 
strates used in the present study are antioxidants, 
and it is this property of the substrates which is 
probably responsible for the inhibition of hepatic 
microsomal lipid peroxidation. 
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Abstract—The binding of diflunisal to human serum albumin and normal human plasma has been 
studied by equilibrium dialysis at 37°, pH 4. The plasma protein binding data were analysed according 
to a Scatchard model with two independent classes of binding sites. The number of binding sites and 
the corresponding association constants have been estimated by nonlinear least-squares regression 
analysis: Ni = 2.1, Ki = 5.28 x 10° M~', N2 = 7.7 and K2 = 0.17 x 10° M™'. At a diflunisal plasma 
concentration of 50 ug/ml on average 99.83 per cent of the drug was bound to plasma proteins. The 
in vitro plasma protein binding of diflunisal was impaired by salicylic acid and phenprocoumon, while 
diflunisal itself was displaced from its primary binding sites in plasma by salicylic acid and bilirubin. 
Tolbutamide had no effect on the binding of diflunisal to plasma proteins. 


Plasma protein binding is an important determinant 
of drug disposition in the body [1,2]. The amount 
of drug bound in plasma is dependent on the protein 
concentration, the number of binding sites on the 
protein, the affinity of each binding site for the drug, 
and the total drug concentration [3]. Alterations in 
any one of these factors will change the fraction of 
drug in the free form. A decrease in protein con- 
centration or binding capacity and displacement of 
a bound drug by other drugs, drug metabolites or 
endogenous ‘substances will increase the free drug 
concentration. This increase may enhance the effects 
of the drug and alter its distribution and elimination 
characteristics [4, 5]. 

Diflusinal, a new derivative of salicylic acid 
(pKa = 3.30) (Fig. 1), has been shown to possess 


DIFLUNISAL 


Fig. 1. Chemical structure of diflunisal [5-(2’, 4’-difluoro- 
phenyl)salicylic acid]. 


potent analgesic, anti-inflammatory and uricosuric 
properties both in animals and in man [6-8]. Pre- 
liminary pharmacokinetic experiments revealed a 
plasma protein binding of approximately 99 per cent 
in man, but detailed information is not available 
[9, 10]. 





*To whom reprint requests should be addressed at: 
Department of Pharmacology, Vanderbilt University, 
Nashville, TN 37232, U.S.A. 
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This report describes the binding characteristics 
of diflunisal both to pure human serum albumin and 
to plasma of healthy volunteers. The influence of 
salicylic acid, tolbutamide and bilirubin on the in 
vitro binding characteristics of diflunisal was evalu- 
ated. The displacing effect of diflunisal on the in 
vitro binding of salicylic acid and phenprocoumon 
to plasma was also investigated. 


MATERIALS AND METHODS 


Materials. Human serum albumin (HSA), essen- 
tially fatty acid free, was purchased from Sigma 
Company, St. Louis, MO. HSA-solutions were pre- 
pared in isotonic phosphate buffer, pH 7.4, assuming 
a molecular weight for albumin of 65,100. 

Blood samples, obtained from healthy volunteers, 
were collected on citrate and plasma was immedi- 
ately separated by centrifugation. All plasma 
samples were directly used for the in vitro binding 
experiments. Unlabelled and labelled diflunisal (‘4C, 
16 pwCi/mg) was kindly donated by the MSD 
Research Laboratories, Rahway. The radiochemical 
purity of the labelled diflunisal was checked by thin- 
layer chromatography: of the total radioactivity 
applied on the plate, about 98.5 per cent was located 
in one spot. '“C-Salicylic acid (21 Ci/mg) was pur- 
chased from the Radiochemical Center, Amersham, 
England and *H-phenprocoumon (73 mCi/mg) was 
a gift from Hoffman-Laroche, Basle, Switzerland. 
Pure salicylic acid (Aldrich, Beerse, Belgium), 
tolbutamide (Boehringer GmbH, Mannheim, 
Germany) and bilirubin (Serva Feinbiochemica, 
Heidelberg, Germany) were used in the in vitro 
displacement experiments. 

Measurement of binding. Plasma protein binding 
was determined by equilibrium dialysis (E.D.) at 37° 
against isotonic phosphate buffer, pH 7.4, in a 
Dianorm Equilibrium Dialyzer (Diachema A.G.., 
Ziirich, Switzerland) using Spectrapor 2 membranes 
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(Spectrum Medical Industries, Los Angeles, CA). 
Determinations were made at diflunisal concentra- 
tions of 5—1000 ug/ml, salicylic acid concentrations 
of 10-1500 ug/ml and phenprocoumon concentra- 
tions of 0.5-250 ug/ml. Duplicate determinations 
using 1 ml of plasma (or HSA-solution) and buffer 
were performed. The time used for equilibration was 
4 hr, as longer equilibration periods did not alter the 
degree of binding. After equilibrium was achieved, 
0.75 ml sample aliquots from both sides of the dialy- 
sis cells were mixed with 10 ml of Instasolve (Packard 
Instrument Company, IL). Radioactivity was deter- 
mined with a Packard Tricarb 3255 Liquid Scintil- 
lation Spectrometer using the method of external 
standardization. Per cent binding was calculated as 
follows: 


with C, being drug concentration in plasma and C» 
being drug concentration in buffer. 

The extent of plasma protein binding was also 
determined by centrifugal ultrafiltration (U.F.) using 
seamless visking dialysis tubing (Medicell Interna- 
tional, London, England) as previously described by 
Jusko [11]. 

Determination of binding parameters. The analysis 
of the protein binding data obtained with plasma 
was based upon the assumption that binding occurred 
exclusively to albumin. The concentration of albumin 
was determined by an immunological technique [12]. 

Binding data were interpreted by computer-fitting, 
assuming two classes of independent binding sites 
(Scatchard-model) [13] with the number of binding 
sites Ni and N2, and the association constants K; and 
K2. The curve-fitting procedure, using the nonlinear 
least-squares program NONLIN [14], was based 
upon the following equation: 


C, = [D] + [PD] 


Ni Ki{D][A] N2K2[ D][A] 
C, = [D] + + 
1+Ki[D] 

where: C;= unbound _ plasma 

diflunisal; 

[D] = unbound 

diflunisal; 

[PD] = bound plasma concentration of diflunisal; 

[A] = plasma albumin concentration. 

An IBM 370/158-MVS digital computer was used. 

The binding data obtained from the in vitro displace- 

ment studies were plotted in a double reciprocal way 

[15]. This approach was used to determine the nature 

of the displacement for only the low, clinically rel- 

evant drug concentration data (primary binding 

sites). Linear regressions were performed to deter- 

mine the best line through the experimental points. 

In the text and tables, results are presented as 

mean + S.E.M. Where appropriate, _ statistical 

analysis was performed using Student’s t-test. A P- 

value of 0.05 or less was considered to be statistically 
significant. 





1+K2[D] 


concentration of 


plasma _ concentration of 


RESULTS 


Methodological aspects. Binding data of diflunisal 
obtained by equilibrium dialysis and centrifugal 
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ultrafiltration did not differ significantly (Table 1). 
However, the Dianorm Equilibrium Dialyzer System 
was used throughout this study, since only small 
amounts of plasma (1 ml) are needed to perform 
binding studies with this procedure. Drug binding 
to membranes or cells was found to be less than 3 
per cent. 

The effect of buffer composition and temperature 
on the plasma protein binding of diflunisal was 
investigated (Table 1). No change in binding charac- 
teristics of diflunisal could be observed when the 
isotonic phosphate buffer, pH 7.4, in the equilibrium 
technique was replaced by Krebs—Henseleit bicar- 
bonate buffer, pH 7.4. Decreasing the temperature 
from 37° to 24° slightly but significantly increased the 
binding of diflunisal to plasma from 99.83 + 0.01 per 
cent to 99.89 + 0.01 per cent. 

Binding of diflunisal to pure HSA and normal 
plasma. Figure 2 shows the Scatchard curves for the 
binding of “C-diflunisal to pure HSA and normal 
plasma samples. In both cases, the heterogeneity of 
the binding sites is expressed by the non-linearity of 
the Scatchard plot. The mean binding parameters 
resulting from the analysis of these data are sum- 
marized in Table 1. The number of primary binding 
sites for diflunisal on the albumin molecule as de- 
rived from binding studies to normal plasma was, on 
average, 2.1 + 0.1. Ki, the association constant for 
this class of binding sites, was 5.28 + 0.26 x 10°M7'. 
The secondary, less important class had, on average, 
7.7 0.3 diflunisal binding sites with an association 
constant K2 of 0.17 + 0.02 x 10° M~'. The binding 
of diflunisal was even more pronounced when studied 
in a pure HSA-buffer solution (Table 1). Ki for the 
diflunisal-HSA interaction was in this case approx- 
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Fig. 2. Scatchard plot for the binding of 'C-diflunisal to 
pure HSA (O———) and to normal human plasma 
(anticoagulant: citrate) (@—@). All measurements were 
made by E.D. vs isotonic phosphate buffer (pH 7.4) at 37°. 
Each point represents the mean value of at least two 
experiments. r = number of moles of diflunisal bound per 
mole of albumin, (D)=molar concentration of free 
diflunisal. 





Plasma protein binding of diflunisal 


Table 1. Binding characteristics of difunisal to citrated normal plasma and pure HSA* 





Method Binding to M 


Ki 
(M~') x 1075 


K2 


N2 (M~') x 107° 





normal 5.28 
plasma 
(n=7) 
normal 
plasma 
(n= 4) 
normal 
plasma 
(n = 4) 
normal 
plasma 
(n = 3) 
pure 
HSA 


E.D., 37° 
phosph. buffer 


E.D., 37° 
K.-H buffer 


E.D., 24° 
phosph. buffer 


UF., 37° 


E.D., 37° 


phosph. buffer ‘s 


99.897 
+ 0.01 


0.117 
+ 0.01 


0.18 
+ 0.01 


0.15 
+ 0.01 


99.82 
+ 0.01 


0.4 99.90 0.10 





* All binding parameters were obtained by fitting the binding data to the formula described under 
Methods. However, the binding parameters for the diflunisal-HSA interaction were determined graphically 


from the Scatchard plot. 


+ Value significantly different (P < 0.05) from the control value obtained by E.D., 37°, phosph. buffer. 
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Fig. 3. Double reciprocal plot illustrating the effect of 

salicylic acid on the primary binding sites of diflunisal 

to normal plasma. For further explanation, see Fig. 2. 

@—@: control (0 wg salicylic acid/ml plasma), 
O— — —O: 250 yg salicylic acid/ml plasma. 


imately 11.0 x 10° M7! and the number of primary 
binding sites was 1.8. These data indicate that the 
binding capacity of pure HSA for diflunisal is about 
twice as high as the binding capacity of normal 
plasma for the drug. 

Per cent unbound drug at a total diflunisal con- 
centration of 50 ug/ml was, on average, 0.17 + 0.01 
per cent. 

Effect of salicylic acid, tolbutamide and bilirubin 
on the in vitro plasma binding of diflunisal. The 
displacing effect of two highly plasma bound drugs 
(salicylic acid, tolbutamide) and one endogenous 
substance (bilirubin) on the binding of diflunisal to 
its primary binding sites in plasma was studied. In 
the presence of 250 yg salicylic acid per ml plasma, 
the binding of diflunisal was substantially reduced 
(Fig. 3). 

Adding tolbutamide (50, 100 and 150 ug/ml) to 
normal plasma, however, did not influence the 
plasma protein binding of diflunisal. Bilirubin was 
added to normal plasma so that concentrations of 
approximately 0.03, 0.06 and 0.12 mg/ml were 


Table 2. Displacing effect of salicylic acid, tolbutamide and bilirubin on the in 
vitro plasma protein binding of diflunisal (50 ug/ml plasma) 





Concentration of 


displacing agent 
(ug/ml) 


Displacing agent 


Unbound diflunisal 
(%) 





Salicylic acid 0 
250 
Tolbutamide 


Bilirubin 


0.15 
0.53 + 0.04 (n = 3) 
0.19 
0.20 
0.19 
0.17 
0.16 
0.20 
0.22 
0.27 
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Fig. 4. Double reciprocal plot illustrating the effect of bilirubin on the primary binding sites of diflunisal 

to normal human plasma. For further explanation, see Fig. 2. @——®: 0.01 mg bilirubin/ml plasma; 

@—: 0.03 mg bilirubin/ml plasma; A——A: 0.06 mg bilirubin/ml plasma; O——O: 0.12 mg 
bilirubin/ml plasma. 


achieved. Plasma protein binding data for diflunisal 
obtained with these plasma samples indicate that 
bilirubin slightly inhibits the binding of this drug 
(Fig. 4). Table 2 shows the displacing effect of sal- 
icylic acid, tolbutamide and bilirubin on the binding 
of diflunisal at a diflunisal plasma concentration of 
50 pg/ml. 

Effect of diflunisal on the in vitro plasma protein 
binding of salicylic acid and phenprocoumon. The 
displacing effect of diflunisal (75 and 150 ug/ml) on 
the plasma protein binding of 'C-salicylic acid and 
‘H-phenprocoumon was investigated. Both concen- 
trations of diflunisal exert an inhibiting effect on the 
primary binding parameters of salicylic acid and 
phenprocoumon, as is demonstrated by the double 
reciprocal plots in Figs. 5A and B. Table 3 shows 
per cent unbound salicylic acid and phenprocoumon 
at the therapeutic plasma concentrations of, respec- 
tively, 200 and 1 ug/ml without diflunisal, and in the 





*F. W. Gribnau, personal communication. 


presence of 75 and 150 yg diflunisal per ml plasma. 
These data show that the unbound fraction of sali- 
cylic acid and phenprocoumon is significantly 
increased by 75 wg and even more so by 150 yg 
diflunisal per ml plasma. Phenylbutazone, at con- 
centrations of 75 and 150 yg/ml, increased the per- 
centage of unbound phenprocoumon from a control 
value of 0.6 to 1.3 and 2.9%, respectively (Table 3). 


DISCUSSION 


There have been very few reports of studies on 
the pharmacokinetics and plasma protein binding of 
diflunisal, a new acidic analgesic compound. Pre- 
vious papers, dealing with the disposition of diflun- 
isal in man, reported a plasma protein binding of 
about 98-99 per cent [9, 10]. Gribnau found a plasma 
protein binding of 99.6 and 99.4 per cent at diflunisal 
plasma concentrations of 15 and 50 ug/ml, respec- 
tively.* Results of the present investigation confirm 
this high plasma protein binding and show that the 


Table 3. Displacing effect of diflunisal and phenylbutazone on the in vitro plasma protein binding 
of salicylic acid (100 ug/ml plasma) and phenprocoumon (1 pg/ml plasma) 





Concentration of 
displacing agent 


Displacing agent (ug/ml) 


Unbound salicylic acid 


Unbound phenprocoumon 
(%) 





Diflunisal 


Phenylbutazone 


11.64 
14.18 
17.44 








Plasma protein binding of diflunisal 
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Fig. 5. Double reciprocal plot illustrating the displacing effect of diflunisal on the primary binding sites 
of '*C-salicylic acid (A) and *H-phenprocoumon (B) to normal human plasma. For further explanation, 
see Fig. 2. @——®: control (0 ug diflunisal/ml plasma); B——®: 75 yg diflunisal/ml plasma; A 

A: 150 yg diflunisal/ml! plasma. 


binding data can be analysed according to a Scat- 
chard model with two different classes of indepen- 
dent binding sites. The values of the binding par- 
ameters obtained in normal plasma by equilibrium 
dialysis at 37° are Ni = 2.1, Ki = 5.28 x 10° M™'," 
N2 = 7.7 and K2 = 0.17 x 10° M~'. Unbound diflun- 
isal at a plasma concentration of 50 pg/ml is, on 
average, 0.17 + 0.01%. A similar extensive plasma 
protein binding has been observed with other 


anti-inflammatory analgesics (phenylbutazone, 
naproxen, benoxaprofen) and with oral anticoagu- 
lants (dicoumarol, warfarin, phenprocoumon) [2, 
16-19]. As a result, a small change in binding may 
appreciably affect the distribution and elimination 
characteristics of this drug. 

The primary affinity constant (K:) for the binding 
of diflunisal to pure HSA in buffer is about twice as 
high as the Ki-value obtained with normal plasma 
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(Table 1). This finding suggests that albumin is the 
only binding protein of importance in human plasma. 
The difference in diflunisal binding observed 
between plasma and HSA may be due to endogenous 
compounds present in plasma which inhibit diflunisal 
binding to the albumin molecule. Similar discrep- 
ancies between plasma and pure albumin binding 
have previously been described for salicylic acid and 
warfarin [20]. 

The clinical use of a new agent which is extensively 
bound to plasma protein requires consideration of 
possible interactions with the protein binding of 
other drugs. The in vitro interaction studies des- 
cribed were performed at drug concentrations within 
the therapeutic range for both the displacing agent 
and displaced drug. The plasma protein binding of 
diflunisal has been shown to be reduced in the pres- 
ence of salicylic acid and vice versa. This is to be 
expected as both compounds are structurally related 
(Fig. 1). Tolbutamide, a hypoglycemic agent highly 
bound to plasma protein and especially to albumin 
[21,22], does not affect the binding of diflunisal, 
suggesting that the primary binding sites on albumin 
for both compounds are distinct. Hyperbilirubinemia 
causes a slight reduction in the plasma protein bind- 
ing of diflunisal. We also studied the effect of diflun- 
isal on the plasma protein binding of the anti- 
coagulant drug phenprocoumon. At diflunisal con- 
centrations of 75 and 150 pg/ml, the percentage 
unbound phenprocoumon is increased from 0.7% 
control value to 0.9 and 0.12%, respectively, at a 


therapeutic phenprocoumon concentration of lug 
per ml plasma. However, phenylbutazone which is 


known to interact in vivo with oral anticoagulant 
therapy because of competition for a common bind- 
ing site on albumin [23], displaced phenprocoumon 
in vitro to a much greater extent under identical 
experimental conditions (Table 3). These in vitro 
displacement data indicate that diflunisal may pos- 
sibly interact in vivo with the oral anticoagulant 
agent phenprocoumon when simultaneously used. 
Furthermore, according to the concept of specific 
albumin binding sites [24-26], drugs such as phen- 
procoumon, warfarin, acenocoumarin, phenylbuta- 
zone, sulfinpyrazone are all bound to the same, 
specific site on the albumin molecule. Therefore, 
interactions with diflunisal and the above mentioned 
drugs may be anticipated since we found that diflun- 
isal and one of the above listed compounds (phen- 
procoumon) share a specific albumin binding site. 
In addition, warfarin is known to be displaced by 
bilirubin [27] and therefore the observed interaction 
between bilirubin and diflunisal fits well with this 
specific site concept. Since tolbutamide does not 
interfere with the primary binding site of diflunisal, 
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these two drugs must be primarily bound to different 
sites on the albumin molecule. 
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Abstract—The microsomal monooxygenase system of adult rat hepatocytes in short-term non-prolifer- 
ating culture could be induced by phenobarbitone and benzanthracene. Differences in the kinetics of 
induction and the additive nature of the inductions indicated that induction by the two agents occurred 
by different mechanisms and the use of haemoprotein-selective inhibitors demonstrated the induction 
of different haemoproteins by the two agents. The type of haemoprotein present in the cells altered 


during a four day culture period. 


The microsomal monooxygenase (MMO)§ system 
of mammalian liver, centred around the haemopro- 
tein cytochrome Pss0, has a major responsibility for 
the metabolism of a wide range of endogenous and 
foreign chemicals [1-3]. An important property of 
this MMO system is its ready inducibility by a large 
number of foreign chemicals, including drugs, pes- 
ticides and environmental contaminants [1, 2]. These 
chemical inducing agents can broadly be categorized 
into two main classes, one class being exemplified 
by the barbiturates [e.g. phenobarbitone (PB)] and 
the other by the polycyclic aromatic hydrocarbons 
[e.g. 1,2-benzanthracene (BA)] [1, 2, 4]. The classes 
of inducer may be distinguished by differences in the 
types of reaction induced and their sensitivity to 
inhibitors, and by spectrophotometrically- or elec- 
trophoretically-determined differences in the hae- 
moprotein induced [1, 2, 4-7]. Phenobarbitone-type 
induction commonly occurs with drugs and is by far 
the more important form of induction in the clinical 
situation [8], and therefore knowledge of the mech- 
anism(s) of induction by PB-like compounds is of 
both fundamental and clinical significance. 

The induction of one MMO enzyme, aryl hydro- 
carbon hydroxylase (AHH), has been extensively 
studied in a variety of mammalian cell lines [9-15], 
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including some liver-derived ones [9, 16-18], and in 
primary foetal rat hepatocyte cultures [19-21], and 
such studies have proved valuable in elucidating the 
mechanisms by which the polycyclic aromatic hydro- 
carbons exert their inducing effect [22,23]. How- 
ever, with the exception of the foetal hepatocyte 
cultures and a few liver-derived cell lines, PB is 
generally ineffective as an inducer of AHH activity 
in these various cell systems. Even in those cultures 
in which PB has been shown to be an effective 
inducer, there is strong evidence that the haemo- 
protein induced is not the normal cytochrome Paso 
induced in vivo but behaves much more like the BA- 
inducible cytochrome Palo variant. Cell division 
actively occurs in both the foetal hepatocyte cultures 
and the PB-responsive liver-derived cell-lines and 
this is unlike the normal in vivo situation in adult 
liver in which cell division occurs only at a very low 
level. There is now good evidence that the MMO 
system in foetal liver is also qualitatively different 
from that of adult liver [25-27]. Finally, there is 
evidence that AHH is not a typical example of an 
enzyme of the MMO system [23]. These points taken 
together strongly indicate that the cell systems 
already mentioned are not appropriate for the study 
of the mechanism of PB-mediated induction of the 
MMO system. 

It is suggested from these previous studies that the 
best prospect of producing an appropriate model to 
study PB-mediated induction of the MMO system 
is likely to be primary maintenance cultures of func- 
tional adult rat hepatocytes. The techniques required 
to produce and maintain such cells in primary culture 
have recently been established (for review see [28]). 
It has been reported that PB does not induce MMO 
activity in such a culture system [29] although MMO 
activity can be induced by polycyclic aromatic hydro- 
carbons [29]. Others workers, using a somewhat 
modified culture system, have, however, reported 
PB-mediated induction of the haemoprotein [30]. 
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We have studied the induction of MMO activity by 
PB and BA in primary maintenance cultures of adult 
rat hepatocytes using 7-ethoxycoumarin O-deethy- 
lation as a more typical index of the function of the 
MMO system than AHH. 


MATERIALS AND METHODS 


Animals. Male Wistar/albino rats (60-80 g) were 
used in this study. The animals were bred in the 
University of Surrey Animal Unit and, once deliv- 
ered to the laboratory, were maintained on synthetic 
‘Sterolit’ bedding (Engelhard, NJ) for a minimum 
of three days prior to use in order to minimize any 
induction caused by the wood shavings on which the 
animals were reared. 

Materials. The suppliers of the majority of chem- 
icals and media used in this study have been listed 
in a previous paper. Additional chemicals were 
obtained from the following sources: cycloheximide 
(Sigma Chemical Co., Poole, Dorset, U.K.), phen- 
obarbitone sodium and a-naphthoflavone (ANF) 
(BDH, Poole, Dorset, U.K.), and 2,5-diphenyl- 
oxazole (PPO) (Packard Instrument Co.). SKF 525- 
A was a gift of Smith, Kline and French (Welwyn 
Garden City, Herts, U.K.), and metyrapone was a 
gift of Ciba Geigy (Horsham, Sussex, U.K.). 

Preparation of inducer- and inhibitor-containing 
media. Phenobarbitone sodium and cycloheximide 
were made up as X100 stock solutions in isotonic 
saline solution, filter sterilized and diluted in culture 
medium prior to use. BA, SKF 525-A, metyrapone, 
ANF and PPO were made up as X2000 stock sol- 


utions in dimethylformamide and diluted in culture 
medium prior to use. 

Cell isolation and culture details together with 
details of the measurement of 7-ethoxycoumarin O- 
deethylase (7-ECOD) activity and nuclei counts have 
been described in detail previously [31, 32]. 


RESULTS 


The morphological characteristics of the cultures 
used in this study have been described in detail 
previously [31-33]. Briefly, hepatocytes are the pre- 
dominant cell type between the first and fourth days 
in culture whereas fibroblasts predominate beyond 
the fourth day in culture, and there is extensive loss 
of loosely attached, “rounded-up” early necrotic cells 
between the first and second days in culture. 

The level of 7-ECOD activity in control uninduced 
cells doubled between the first and second days in 
culture (due to loss of non-viable cells as described 
previously [31, 32]), it remained static for two days 
and then fell again between the fourth and seventh 
days in culture due to the overgrowing fibroblasts 
effectively “diluting out” the enzyme activity in the 
hepatocytes (Fig. 1). The level of 7-ECOD activity 
between the first and fourth day in culture was 
approx. 25—40 per cent of that found in freshly iso- 
lated cells. The overgrowing fibroblasts appeared to 
possess a low level of 7-ECOD activity. 

Exposure of the cultured liver cells to 2mM PB, 
commencing 24 hr after initiating the culture led to 
a significant increase in 7-ECOD activity (Fig. 1). 
Furthermore, this enhancement in enzyme activity 


HC produced /10® nuclei /4 hr 


7-ECOD activity, 








nmole 7~ 


Time in culture, days 


Fig. 1. Induction of 7-ECOD activity in adult rat liver 
cells in culture. Adult rat liver cells were isolated and 
cultured as described in the text and 24 hr after initiating 
the culture, the cell monolayers received fresh medium 
containing either no added inducer (@), 13 uM BA (8), 
2 mM PB (QO), or 13 «uM BA + 2 mM PB (CD). Flasks were 
assayed at various time points for 7-ECOD activity and 
nuclei counts. Appropriate medium (with or without indu- 
cer) was changed on the fourth day in culture. Each point 
is the mean of 2 experiments (three flasks at each treatment 
group point). 


reached a plateau value 3 days after commencing PB 
exposure (i.e. day 4 in culture), thus demonstrating 
that the increase is mediated through the hepatocytes 
and not through the fibroblasts. This has been con- 
firmed by cytochemical studies into the induction of 
NADPH oxidase by PB and polycyclic hydrocarbons 
which demonstrated that this enzyme, believed to 
be closely involved in the MMO system, is localized 
in the hepatocytes in both the control and induced 
situations [34-36]. Although the data presented in 
Fig. 1 regarding induction by PB refer to only 2 
experiments (for reasons of comparison between the 
two inducers), it is important to note that 4 other 
separate experiments confirmed the inductive effect 
of PB and proved that the level of 7-ECOD activity 
after 3 days exposure to PB wasstatistically (P < 0.01) 
greater than that in the uninduced cells. 

Incubation of cultured rat hepatocytes with PB 
and cycloheximide, at a concentration of cyclohex- 
imide which inhibited general protein synthesis by 
90-95 per cent, greatly diminished the response to 
PB (Fig. 2b), indicating that the PB-mediated 
increase in enzyme activity is a true induction, i.e. 
requires de novo protein synthesis. This must be 
regarded with some caution, however, as the level 
of cycloheximide used was cytotoxic (Fig. 2a) and 
also decreased 7-ECOD activity in cells not exposed 
to PB (Fig. 2b). 

Benzanthracene, an example of an inducer of the 
polycyclic aromatic hydrocarbon type, also induced 
7-ECOD activity (Fig. 1), the maximum induction 
occurring in the hepatocytes after 24 hr exposure. 

A mixture of PB and BA as inducers produced a 
pattern of induction indicative of additive induction 
(Fig. 1). There was an initial early increase inenzyme 
activity, presumably due to the BA component, and 
this was followed by a further rise which tended to 
plateau between days 3 and 4; this latter phase was 
probably due to the PB component. 

The differences between PB and BA in the kinetics 
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Fig. 2. Effect of cycloheximide on (a) nuclei count and (b) 7-ECOD activity in control and PB-treated 

rat hepatocytes:in primary culture. Adult rat hepatocytes were isolated and cultured as described in the 

text and 48 hr after initiating the culture the cells received fresh medium containing either no added 

inducer (closed symbols) or 2mM PB (open symbols). Cycloheximide (final conc. 1 xg/ml) was added 

to some of the flasks for 24 hr prior to assay of nuclei counts and 7-ECOD activity at the times indicated 

by the arrows. One typical experiment of three. Round symbols represent cultures without cycloheximide 
and the square symbols represent cultures incubated with cycloheximide. 


of induction and the additive nature of these induc- 
tive processes (Fig. 1) strongly suggested that dif- 
ferent forms of haemoprotein were being induced, 
as occurs in vivo. This possibility was investigated 
by using inhibitors selective for either cytochrome 
P4s0 (i.e. SKF 525-A and metyrapone) or cytochrome 
Pigso (i.e. ANF and PPO). The results of this study 
are presented in Figs. 3 and 4. 

Freshly-isolated hepatocytes appeared to contain 
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Fig. 3. Effect of inhibitors on 7-ECOD activity in control 
rat hepatocytes in primary culture. Adult rat hepatocytes 
were isolated and cultured as outlined in the text. At 
various times the cells were assayed for 7-ECOD activity 
in the absence or presence of the various inhibitors (final 
conc. of inhibitor, 100 uM). The cells were preincubated 
for 30 min with the inhibitor prior to the addition of 7-EC. 
Each point is the mean of 2-3 different experiments, there 
being approximately 10 per cent variation between each 
experiment. Inhibitors used: @, SKF 525-A; O, metyra- 

pone; @, ANF; D, PPO. 


both Passo and P1459 (Fig. 3). However, when the cells 
were cultured for up to 4 days in the absence of any 
known exogenous inducer (although some may be 
present in the foetal calf serum), the Pssocomponent 
decreased, whereas the contribution by the Praso 
component increased, so that by day 4 almost all the 
haemoprotein was present as Pigso (Fig. 3). As 
expected, the haemoprotein induced by BA had the 
characteristics of Pi4s9 and the inhibitor profile was 
similar to that in the control medium (Fig. 4). On 
the other hand, PB induced the normal P4s0 (i.e. that 
inhibited by SKF 525-A and metyrapone) even 
against a high background of Pi4s) (Fig. 4). 
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Fig. 4. Effect of various inhibitors on 7-ECOD activity in 
control and induced cultured rat hepatocytes. Adult rat 
hepatocytes were isolated and cultured as described pre- 
viously. Twenty-four hours after commencing cultures, the 
cells were refed with either control medium (a), medium 
containing 2mM PB (b) or medium containing 13 uM BA 
(c) and cultured for a further 3 days. After this time the 
effect of various inhibitors on 7-ECOD activity was assessed 
as outlined in the legend to Fig. 3. Each value is the mean 
of 2 different experiments (4 different flasks each point per 
experiment) with means differing by less than 10 per cent. 
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DISCUSSION 


The results presented in this paper demonstrate 
that activity of the MMO system of adult rat hepa- 
tocytes in primary maintenance culture can be 
induced by both PB and BA. Furthermore, a number 
of differences can be discerned between the forms 
of induction produced by these two agents, e.g. 
differences in the kinetics of induction, additive 
induction and the differential effects of selective 
inhibitors, and this suggests that different mechan- 
isms of induction must be involved. These findings 
are in accord with previous in vivo studies (see 
Introduction) and they confirm that this primary cell 
culture system can be of value in the study of liver- 
specific functions, particularly that of induction of 
the MMO system. The results confirm the findings 
of Michalopoulos et al. [30] regarding induction of 
haemoprotein by PB and BA, but they are in appar- 
ent disagreement with the findings of Guzelian et al. 
[29] who were unable to detect PB-mediated induc- 
tion of the MMO system. This discrepancy may be 
readily explained by the short (24 hr) time allowed 
for exposure of the cells to PB in the studies of 
Guzelian et al. [29], for we have found that cultured 
rat hepatocytes are largely refractory to the inductive 
effects of PB in the first 24 hr of exposure. 

It has previously been shown that although induc- 
tion of AHH activity in cultured foetal rat hepato- 
cytes and some liver-derived cell lines by PB and BA 
is additive, for both inducers the induced haemo- 
protein possesses predominantly Pigs, character 
[22, 24]. This is not the case in the present study, for 
inhibitor studies clearly indicate that different hae- 
moproteins are induced by the two inducers (Fig. 4) 
and that these haemoproteins are similar to those 
induced by the two inducer types in vivo [4, 24]. It 
is important to note that induction of the normal 
P4s0 by PB occurred against a very high background 
of Piss) and this is reminiscent of similar in vivo 
work carried out by Tsyrlov et al. [37] who studied 
PB induction in animals preinduced with polycyclic 
aromatic hydrocarbons. These workers showed that 
PB induced further increases in the haemoprotein 
subsequent to hydrocarbon induction, but that the 
PB-induced haemoprotein had the spectral charac- 
teristics of Pigso even though the reactions induced 
by PB were typical for that inducer. From these 
findings, these authors suggested that caution must 
be exercised in interpreting changes in carbon mon- 
oxide-binding spectra of cytochrome P4so; such cau- 
tion may also have to be exercised when using spec- 
tral techniques to assess the “normality” of P4so in 
cultured hepatocytes. 

Previous studies from this and other laboratories 
have indicated that adult rat hepatocytes isolated by 
a collagenase dissociation technique and maintained 
in short term non-proliferating culture retain a num- 
ber of structural and functional characteristics spe- 
cific or selective to such cells in vivo [28]. These 
characteristics that are retained included: typical 
ultrastructural morphology [38, 39], the sex differ- 
ences in steroid metabolism [40], plasma protein 
synthesis and secretion [41-43], arginine synthesis 
[43], bromosulphophthalein uptake [J. Fry, unpub- 
lished], the pattern of glucose metabolism [44] and 


insulin stimulation of glycogen synthesis [45-47]. 
However, one variable that is drastically and seem- 
ingly selectively altered very early on in culture of 
rat hepatocytes is the MMO system. A number of 
studies have now shown that within the first 24 hr 
in culture, the level of cytochrome Passo and related 
enzyme activity in the cells falls to about 20-40 per 
cent of the freshly-isolated cells [29, 30, 42, 48-50]. 
There is no loss of cytochrome P4so during the iso- 
lation of liver cells [23]. This pattern of rapid loss 
in activity of the MMO system on culturing rat 
hepatocytes has been confirmed in the present study 
and it has been established that the level of MMO 
activity is stable during the 1-4 day culture period 
subsequent to the initial 60-75 per cent loss of activity 
within the first 24hr in culture. However, more 
detailed analysis involving the use of Paso- or Pigso- 
selective inhibitors revealed that throughout the first 
4 days in culture, there is a gradual shift in the types 
of haemoprotein present. In freshly-isolated hepa- 
tocytes, P4s0 and Pi4so are present in approximately 
equal catalytic amounts but during the culture period 
there is a decrease in the P 4s0form with a concomitant 
increase in the Pi4s) form. This change in the ‘hae- 
moprotein composition does not appear to be due 
to conversion of P4so to Pi4so , but rather it involves 
de novo protein synthesis of the Pigs) as judged by 
the inhibitory effects of cycloheximide on control 7- 
ECOD activity (Fig. 2b). The reasons for the loss 
of phenobarbitone type haemoprotein composition 
are unknown but it is possible that deficiencies in 
the culture medium may lead to increased destruc- 
tion of the endoplasmic reticulum membrane, or that 
there is a need for the continual presence of MMO 
substrates (endogenous or exogenous) to keep the 
normal P4s0 cycling and hence minimize its destruc- 
tion. Conversely, the induction of Piss. may be 
ascribed to the presence of inducing agents (e.g. 
hydrocortisone) in foetal calf serum. 
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Abstract—The effects of 16a-cyanopregnenolone, 3-methylcholanthrene (3-MC), Clophen A 50 (CI 50) 
and phenobarbital on the total amount of cytochrome P-450 and the metabolism of 4-androstene-3,17- 
dione in liver microsomes from rainbow trout were studied. Only 3-MC and C150 caused marked 
changes in the cytochrome P-450 levels and the cytochrome P-450-dependent steroid hydroxylase 
activities. A varying response to 3-MC and C150 was seen iri fish of different ages and sex. Different 
responses of 68-hydroxylase towards a-naphtoflavone, SKF 525-A and metyrapone in vitro were seen 
in 3-MC- and Cl 50-treated fish when compared to control fish. It is suggested that endocrine factors 
may be involved in the regulation of cytochrome P-450-mediated metabolism in fish and the presence 
of multiple forms of cytochrome P-450 in trout liver is indicated. 


Recently, cytochrome P-450-dependent reactions in 
fish liver have received a great deal of attention [1]. 
In contrast to earlier reports [2], it is now established 
that fish liver possesses drug metabolizing enzyme 
systems similar to those of the mammalian liver. 
Induction of hepatic cytochrome P-450 in fish by 
environmental pollutants, such as PCB’s and poly- 
cyclic polyaromatic hydrocarbons (PAH), has been 
reported [3-6]. However, attempts to induce cyto- 
chrome P-450 by barbiturates and related com- 
pounds have been unsuccessful in several species of 
fish [6-9]. 

In mammals, the liver microsomal hydroxylase 
system participates in detoxification reactions of a 
variety of xenobiotics as wel! as in metabolism of 
endogenous compounds, such as steroid hormones 
[10]. It has been shown that cytochrome P-450, the 
terminal oxidase of the microsomal hydroxylase sys- 
tem, exists in multiple forms differing with respect 
to substrate specificity, sensitivity to specific inhibi- 
tors and degree of inducibility by a variety of com- 
pounds, such as drugs and environmental pollutants 
[11-13]. In a previous report we demonstrated the 
involvement of cytochrome P-450 in steroid hormone 
metabolism in fish liver [14]. Whether liver micro- 
somal hydroxylation of steroid hormones in fish is 
catalysed by a species of cytochrome P-450 similar 
to that involved in detoxification reactions is not 
known. Since it has been suggested that many 
environmental pollutants interfere with animal 
reproduction by disturbing the metabolism of steroid 
hormones [15-17], it was considered of interest to 
study the effects of some common inducers on the 
hepatic metabolism of androstenedione in rainbow 
trout of different age and sex. 

The present study describes the effects of 16a- 
cyanopregnenolone, phenobarbital, Clophen A 50 
and 3-methylcholanthrene on the hepatic micro- 
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somal metabolism of androstenedione in rainbow 
trout with special reference to cytochrome P-450- 
mediated metabolism. 


MATERIALS AND METHODS 


Chemicals. 4-[4-'*C]Androstene-3, 17-dione (spe- 
cific radioactivity, 57.5 mCi/mmol) was purchased 
from New England Nuclear, Boston, MA, and was 
purified by thin-layer chromatography prior to use. 
Unlabelled androstenedione and 16a-cyanopregnen- 
olone (PCN) were supplied by Dr. John Babcock 
(The Upjohn Co., Kalamazoo, MI). Clophen A 50 
(C1 50) was donated by Bayer Chemicals, Germany. 
SKF 525-A (SKF)  (2-diethylaminoethyl-2,2- 
diphenylvalerate HC1) was a gift from Smith, Kline 
& French Laboratories, Welwyn Garden City, Eng- 
land. Metyrapone (MP) was supplied by Ciba Geigy 
Chemical Co (Hassle, Gothenburg, Sweden). 
NADPH, DL-isocitric acid (trisodium salt) and iso- 
citric dehydrogenase (Type IV, 36 units/ml) were 
purchased from Sigma Chemical Co, St. Louis, MO. 
3-Methylcholanthrene (3-MC) and a-naphtoflavone 
(ANF) were obtained from Fluka AG, Buchs SG, 
Switzerland. Phenobarbital (PB) was purchased 
from Apoteksbolaget, Gothenburg, Sweden. 

Fish. Cultured rainbow trout, Salmo gairdnerii, 
were obtained from a local hatchery close to Goth- 
enburg (in September—March). The fish used in the 
experiment weighed from 70 to 700 g and were taken 
at successive times in their sexual cycle, spanning 
the period from immaturity to spawning (yearling, 
0-1 yr old; juvenile, 1-1.5 yr old; maturing, 1.5 yr 
old; prespawning and spawning, 1.5-2 yr old). 
Groups A and B, taken in September, consisted of 
yearling trout (70-100 g) and 1-yr-old juvenile trout 
(200-300 g) of both sexes, respectively. Group 
E, taken in November, consisted of spawning males 
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(500 g). Group C, taken in December, consisted of 
maturing femaies (600-700 g) and group D, taken 
in March, consisted of prespawning and spawning 
female trout (500-600 g). The trout were kept in 
basins with filtered, recirculating and aerated fresh 
water at a temperature of 10°. Under these conditions 
the fish were acclimatized and starved for at least 7 
days prior to the experiment. 

Treatment of fish. Trout were injected (i.p.) on 
day 1 and day 3 with Cl 50 (500 mg/kg in corn oil), 
3-MC (20 mg/kg in corn oil) and PCN (40 mg/kg in 
saline), respectively. Control trout received i.p. 
injections of corn oil. Preliminary data showed saline 
and corn oil controls to yield similar results. One 
group of 1.5-yr-old juvenile trout, taken in March, 
was injected (i.p.) daily for 7 days with sodium 
phenobarbital (PB) (80 mg/kg in saline). Control 
trout received vehicle only. After treatment the fish 
were kept in separate acquaria, filled with 501 non- 
circulating but aerated water at a temperature fluc- 
tuating between 10 and 15°. The water was changed 
daily. Sampling was performed on day 14 for the 
C150, PCN and 3-MC experiments and on day 7 for 
the PB experiment. 

Preparation of liver microsomes. The fish were 
killed by a blow on the head and the livers were 
isolated and washed with ice cold 0.154M KCI. 
Individual livers were weighed. Microsomes were 
prepared as described previously [14] and resus- 
pended in 0.1 M sodium phosphate buffer, pH 7.4, 
to give a final concentration of about 15 mg micro- 
somal protein per ml. The whole procedure was 
performed at 4°. 

Assays. The total amount of cytochrome P-450 
was measured by the method of Omura and Sato 
[18] using a Beckman DB-GT spectrophotometer. 

Microsomal protein content was determined by 
the method of Lowry et al. [19], using bovine serum 
albumin as standard. The incubations of androstene- 
dione were carried out in a total volume of 3.0 ml, 
containing 2.5ml Bucher medium [20] and liver 
microsomes corresponding to 2-6 mg of microsomal 
protein in the presence of an NADPH-regenerating 
system consisting of 0.03 umole MnCl, 3.0 umole 
NADP, 12.5 umole isocitrate and 0.4 i.u. isocitric 
dehydrogenase. 

After preincubation for 3 min at 27° the reaction 
was started by the addition of androstenedione 
(300 wg, 4 x 10° cpm) in 50 wl acetone. The incu- 
bation was terminated after 15 min by adding 10 ml 
chloroform:methanol (2:1, v/v). The incubation 
conditions were designed to give linear total con- 
version of substrate with time and enzyme concen- 
tration. In addition to the standard incubations, 
additional tubes containing ANF (10°*M), SKF 
(10- M) and MP (10~* M), respectively, were incu- 
bated to test for enzyme activation or inhibition. The 
inhibitors were added to the incubations in 25 pl 
acetone. The same volume of acetone was also added 
to the respective control incubations. A series of 
incubations containing different amounts of steroid 
(from 25 to 200 wg) was performed in the absence 
or presence of inhibitors with microsomes from 
untreated and treated male trout. These incubations 
were carried out with liver microsomes pooled from 
2 to 4 fish from each group. 
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Analysis of incubation extracts. The incubation 
mixtures were extracted and analysed by thin-layer 
chromatography and autoradiography as described 
previously [14]. The radioactive zones were local- 
ized, scraped off separately and measured for radio- 
activity in a Packard Tri-Carb scintillation spec- 
trometer. The steroid metabolites in the various 
zones were identified by gas chromatography—mass 
spectrometry (LKB 2091 instrument) as described 
before [21]. Statistical analysis was performed by 
means of Student’s f-test and the significance level 
was set at 0.05. 


RESULTS 


The metabolites formed on incubation of [4-'*C]- 
androstenedione with trout liver microsomes have 
been described and identified in a previous study 
[14]. The compounds identified and measured in the 
present investigation were 68- and 16-hydroxyan- 
drostenedione (no attempt was made to separate the 
16B- and 16a-hydroxylated metabolites), testoster- 
one and S5a-androstane-3,17-dione. Quantitation of 
these metabolites made it possible to assay the 66- 
and 16-hydroxylase, 17-hydroxysteroid oxidoreduc- 
tase and S5a-reductase activities. 

Effects of PCN, C150 and 3-MC on total cyto- 
chrome P-450 content. The effects of PCN, Cl 50 and 
3-MC on the total amount of cytochrome P-450 in 
liver microsomes from trout of different age and sex 
are presented in Fig. 1. Whereas PCN treatment had 
no effect on the cytochrome P-450 content in any of 
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Fig. 1. Effects of PCN, Cl50 and 3-MC on total amount 
of cytochrome P-450 in liver microsomes from trout of 
different age and sex. Cytochrome P-450 content was meas- 
ured as nmoles per mg protein (mean +S.D.) and the 
values for the untreated fish were: 0.16 + 0.06 for yearling 
trout (A); 0.49+0.09 for 1-yr-old juvenile trout (B); 
0.15 + 0.08 for maturing female trout (C); 0.17 + 0.04 for 
prespawning and spawning female trout (D); 0.29 + 0.05 
for spawning male trout (E). Cytochrome P-450 content 
is expressed as a percentage of the content in the control 
group which is set at 100. Bars indicate $.D. for 4-9 
individuals. *P < 0.05 when compared to controls. 
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Fig. 2. Effects of PCN, Cl 50 and 3-MC on the 68-hydroxyl- 
ase activity in liver microsomes from trout of different age 
and sex. 68-Hydroxylase activity was measured as nmoles 
per min per mg protein (mean + S.D.) and the values for 
the untreated fish were: 0.23 + 0.06 for yearling trout (A); 
0.21 + 0.05 for 1-yr-old juvenile trout (B); 0.11 + 0.02 for 
maturing female trout (C); 0.29 + 0.07 for pre-spawning 
and spawning female trout (D); 0.29 + 0.10 for spawning 
male trout (E). Enzyme activity is expressed as a percentage 
of the activity in the control group which is set at 100. For 

further explanations see Fig. 1. 


the investigated groups, 3-MC significantly increased 
the total amount of cytochrome P-450 in all groups 
of fish. In yearling trout the increase was twofold, 
in female trout at different stages of development 
and mature male trout, threefold, and 1-yr-old 
juvenile fish, fourfold. However, the CO difference 
spectra of 3-MC-induced cytochrome P-450 did not 
show the spectral shift to 448 nm characteristic of 
the mammalian system [22]. This observation is con- 
sistent with other studies on cytochrome P-450 in 
fish [6, 23, 24]. Cl 50, a mixed type of inducer in the 
rat, significantly increased the total amount of cyto- 
chrome P-450 twofold in 1-yr-old juvenile and 
maturing female trout, but had no effects on the 
cytochrome P-450 content in liver microsomes from 
yearling or mature trout. 

Effects of PCN, Cl 50 and 3-MC on the hydroxy- 
lation of androstenedione. 16-Hydroxylation, which is 
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Fig. 3. Effects of PCN, Cl 50 and 3-MC on the 68-hydroxyl- 
ase activity in liver microsomes from trout of different age 
and sex. 68-Hydroxylase activity was measured as nmoles 
per min per nmol cytochrome P-450 (mean + S.D.) and 
the values for the untreated fish were: 1.62 + 0.76 for 
yearling trout (A); 1.29 + 0.58 for 1-yr-old juvenile trout 
(B); 0.92 + 0.33 for maturing female trout (C); 1.83 + 0.60 
for prespawning and spawning female trout (D); 1.02 + 0.39 
for spawning male trout (E). Enzyme activity is expressed 
as a percentage of the activity in the control group which 
is set at 100. For further explanations see Fig. 1. 


a minor pathway in the trout, was unaffected by Cl 50 
or 3-MC (data not shown). However, these inducers 
significantly stimulated 66-hydroxylation of andro- 
stenedione twofold in maturing female trout, while 
no effects were seen in female fish at an advanced 
state of maturity (Fig. 2). In addition, Cl 50 signifi- 
cantly increased the rate of 68-hydroxylation in juv- 
enile trout while male trout did not respond to 3- 
MC or C150. PNC treatment did not affect 6£- 
hydroxylation in trout. Figure 3 shows the effects of 
PCN, Cl 50 and 3-MC on the 68-hydroxylase activity 
expressed per min per nmol cytochrome P-450. The 
6B-hydroxylase activity was significantly lower in all 
3-MC treated groups when compared to the corre- 
sponding control groups. PCN or Cl 50 did not sig- 
nificantly change the specific 6B-hydroxylase activity. 

Effects of ANF, SKF and MP in vitro on the 6p- 
hydroxylase activity in liver microsomes from control 
and PCN-, Cl50- and 3-MC-treated trout. In order 
to further characterize the effects of PCN, Cl 50 and 
3-MC on trout liver microsomal 6B-hydroxylation, 
the effects of known inhibitors of cytochrome P-450- 
dependent enzymes were tested. The compounds 
were chosen on the basis of their specific effects on 
different forms of cytochrome P-450. Table 1 shows 


Table 1. Jn vitro inhibition of trout liver microsomal 6B-hydroxylase activity from yearling 

trout by SKF, MP and ANF. Results are expressed as per cent of the corresponding non- 

inhibited control. Values in brackets represent activity expressed as nmoles per min per mg 
protein in the non-inhibited control 





Treatment 


SKF (107° M) 


MP (107M) ANF (1074 M) 





[0.23 + 0.06] 
[0.18 + 0.06] 
[0.30 + 0.03] 
(0.28 + 0.06] 


None 
PCN 

Cl 50 
3-MC 
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the effects in vitro of ANF, SKF and MP on the 68- 
hydroxylase activity in microsomes from yearling 
trout treated with different inducers. In general, the 
68-hydroxylase activity in control and PCN-treated 
fish was less sensitive to inhibition when compared 
to the enzyme activity in 3-MC and Cl 50-treated 


sh. 

. viffects of PCN, C150 and 3-MC on the reductive 
metabolism of androstenedione. The effects of PCN, 
C150 and 3-MC on the reductive metabolism of 
androstenedione in liver microsomes from trout were 
very small (data not shown). The only observed 
effect was a significant decrease (50%) in 17- 
hydroxysteroid oxidoreductase activity in liver 
microsomes from PCN treated mature trout (data 
not shown). 

Effects of PB on the liver microsomal metabolism 
of androstenedione and total cytochrome P-450 con- 
tent. PB treatment had no effect on the cytochrome 
P-450 content in 1.5-yr-old juvenile trout (data not 
shown). Furthermore, in contrast to C150 and 3- 
MC, PB did not affect the hydroxylation or reduction 
of androstenedione (data not shown). 


DISCUSSION 


In mammals, and presumably in fish, microsomal 
hydroxylation is mediated by different species of 
cytochrome P-450 which exhibit individual respon- 
siveness towards inducing agents belonging to the 
PB and PAH classes of inducers [25]. The presence 
in fish of microsomal hydroxylases, e.g. aryl hydro- 
carbon hydroxylase (AHH), responsive to the PAH 
type of inducers is well documented [5, 6, 23] but 
there is very little information on the heterogeneity 
of the cytochrome P-450 system in these animals. 
Since steroid hormones are hydroxylated at multiple 
positions around the steroid skeleton and different 
forms of cytochrome P-450 seem to be involved in 
these hydroxylations, steroid substrates may be used 
to characterize the specificity of different forms of 
cytochrome P-450 [12, 26]. 

In a recent publication we have described the 
presence of cytochrome P-450-dependent steroid 
hydroxylases in liver microsomes from fish [14]. 
While in the rat androstenedione is mainly hydroxy- 
lated in positions 68, 16a and 7a [21], the predom- 
inating hydroxylation in trout liver is 68-hydroxy- 
lation, 16-hydroxylation being a minor pathway [14]. 

In the present study, 3-MC and Cl 50 were shown 
to increase liver microsomal 68-hydroxylase activity 
in trout, whereas no effects were observed with PCN 
or PB. 16-Hydroxylation, which is PB- and PCN- 
inducible in the rat [27, 28], was not affected by any 
of the inducers in trout. The response of 6f- 
hydroxylase to 3-MC and Cl 50 in fish was shown to 
vary with age and sex. While the enzyme was indu- 
cible in maturing female trout (by 3-MC and Cl 50) 
and in juvenile trout (by Cl 50) it was unaffected by 
either inducer in prespawning female trout and 
spawning fish of both sexes. The observed variability 
of induction in female fish of different maturity is 
most probably due to hormonal factors. It is known 
that changes in steroid balance can influence the 
metabolism of drugs and steroid hormones [29, 30] 
and the response of the rat liver to inducing agents 
[31, 32]. In trout, seasonal reproductive develop- 


ment requires the integrated activities of the pitui- 
tary, the liver and the gonads [33-35]. A vitellogenic 
protein is produced in the liver of the female fish 
under estrogen stimulation and dramatic increases 
in gonadotropin are usually found in spawning trout 
[33]. These hormonal changes and the active vitel- 
logenin synthesis in the liver in the developing fish 
may have profound effects on the hepatic steroid 
metabolism, as well as the inducibility of the cyto- 
chrome P-450 system, and may explain the great 
variability in enzyme inducibility in maturing fish. 

Although 3-MC was the most potent inducer of 
the total amount of cytochrome P-450 in all groups 
of fish (2 to 4-fold), indicating a high responsiveness 
of trout cytochrome P-450 to the PAH type of 
inducers, the 66-hydroxylase activity was only 
increased in maturing female fish. Furthermore, 
whereas the effects of Cl 50 on the cytochrome P- 
450 content in trout liver were not as pronounced 
as those observed after 3-MC treatment, the effects 
of Cl 50 on 68-hydroxylation were marked in several 
groups of fish. These differences in inducibility of 
total amount of cytochrome P-450 and 66-hydroxyl- 
ase may be explained by different responsiveness of 
various types of cytochrome P-450 to inducers. 

The lower induction of the total amount of cyto- 
chrome P-450 by C150 (a mixed type of inducer in 
the rat) when compared to 3-MC, may be explained 
by the presence of a higher proportion of PAH- than 
PB-inducible forms of cytochrome P-450 in trout. 
This is in line with earlier reports [6-8] and our own 
present results showing a lack of induction of the 
total amount of cytochrome P-450 by PB in fish, as 
well as with the suggestion by Ahokas et al. [36] that 
trout liver cytochrome P-450 resembles the PAH- 
inducible form in the rat. 

The large increase in the total amount of cyto- 
chrome P-450 in the absence of a concomitant 
increase in 68-hydroxylase activity in 3-MC-treated 
juvenile and mature fish of both sexes indicates that 
a novel type of cytochrome P-450 with a low speci- 
ficity for steroid substrates is induced by 3-MC. In 
contrast to the 68-hydroxylase activity, the AHH 
activity is increased 20 to 30-fold in trout pretreated 
with 3-MC [23]. Furthermore, the higher sensitivity 
of 6B-hydroxylase in Cl 50- and 3-MC-treated fish 
than in control and PCN-treated fish to inhibitors of 
cytochrome P-450 supports the contention that a 
novel type of cytochrome P-450 has been induced 
or that the ratio between different cytochrome P-450 
species has been changed. 

A differential effect of ANF on AHH activity in 
liver microsomes from control and PAH-treated rats 
has been well established [37]. Thus, ANF prefer- 
entially inhibits AHH activity in 3-MC-treated rat 
liver and enhances AHH activity in control liver 
microsomes in vitro, while MP and SKF preferen- 
tially inhibit control and PB-inducible monooxygen- 
ase activities [11,37]. In trout, ANF inhibits both 
control and PAH-induced AHH activity while MP 
and SKF are less potent inhibitors [36, 38]. However, 
the 68-hydroxylase activity in control and induced 
trout liver was not differentially inhibited by ANF, 
MP and SKF, suggesting the presence of multiple 
forms of cytochrome P-450 in liver microsomes from 
control as well as induced trout. The presence of 
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multiple forms of cytochrome P-450 in fish is an 
important concept for the understanding of varia- 
tions in cytochrome P-450-mediated reactions in fish 
of different age and sex as well as in fish exposed to 
environmental pollutants. Therefore, efforts to iso- 
late and characterize cytochrome P-450 from fish 
liver microsomes are essential for further advances 
in this field. 

The variable response of cytochrome P-450 to 3- 
MC and C150 with age and sex suggests that pol- 
lutants may affect the fish differently depending on 
their stage of development and thus the physiological 
consequences of the exposure may vary in different 
endocrinological situations. In view of this it seems 
essential to investigate the hormonal regulation of 
liver microsomal cytochrome P-450 in fish. 
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Abstract—Investigations have been made of the inhibition by 19 folate analogues of the reaction 
catalysed by dihydrofolate reductase from Streptococcus faecium A. Methotrexate, 7,8-dihydrometh- 
otrexate, aminopterin, methyl 4-amino-4-deoxy-10-methylpteroate and trimethoprim act as slow, tight- 
binding inhibitors, while 1-deazamethotrexate and 1-deaza-4-amino-4-deoxypteroate function as slow- 
binding inhibitors. Computer analysis of progress curve date indicated that the inhibition by these 
compounds conforms to a mechanism whereby there is an initial rapid formation of an enzyme- 
NADPH-inhibitor complex which subsequently undergoes a relatively slow, reversible isomerization 
reaction. Determinations were made of the dissociation constants for the release of each of the inhibitors 
from the initial ternary complex as well as of the rate constants associated with the forward and reverse 
isomerization reactions. The resulting values were used to calculate the overall inhibition constants for 
the inhibitors. 1-Deaza-2,4-diamino-6-methylpteridine and two derivatives of p-aminobenzoylglutamate 
also exhibited slow-binding inhibition. As the inhibition was parabolic, it appears that two molecules 
of each of these compounds combine with the enzyme-NADPH complex. Eight derivatives of 2,4- 
diaminopteridine and one derivative of 2,4-diaminopyrimidine yielded classical linear competitive 
inhibition with respect to dihydrofolate and dissociation constants were determined for their interaction 
with the enzyme-NADPH complex. From the type of inhibition and values for the kinetic parameters, 
conclusions have been drawn about the structural features of folate analogues which influence the 


formation of the enzyme-NADPH-inhibitor complex and its subsequent conformation change. 


In the late 1950’s, it was demonstrated [1] that the 
anti-leukaemic drugs aminopterin and methotrexate 
are potent inhibitors of dihydrofolate reductase 
(5,6,7,8-tetrahydrofolate: NADP oxidoreductase, 
EC 1.5.1.3). Since that time many compounds have 
been synthesized and tested as inhibitors of the 
enzyme [2]. These investigations have suffered from 
several weaknesses which include the use of partly 
purified enzyme preparations to determine the 
inhibition and the expression of the potency of an 
inhibitor as an Iso value. This value, which gives a 
measure of the concentration of an inhibitor required 
to produce 50% inhibition, does not necessarily 
indicate the strength of binding of an inhibitor to an 
enzyme. For multisubstrate reactions the relation- 
ship between Iso and K; for the dissociation of the 
inhibitor from an enzyme-inhibitor complex is 
dependent on both the type of inhibition and the 
concentrations of fixed substrates [3, 4]. With a tight- 
binding inhibitor, which causes inhibition at concen- 
trations comparable to that of the enzyme, the mag- 
nitude of the Iso value is also influenced by the 
concentration of enzyme [5]. A further weakness of 
the earlier work on dihydrofolate reductase has been 
the lack of appreciation that substrate analogues can 
give rise to inhibition which develops slowly. Under 
these circumstances, the observed inhibition will 
depend on the order in which the components are 
added to the assay [6] and the time of measurement 
[7]. When the reaction is started by adding enzyme, 


the inhibition is virtually unobservable initially, but 
increases as a function of time. Conversely, when 
the reaction is initiated by substrate after pre-incu- 
bation of enzyme and inhibitor, the pronounced 
initial inhibition decreases with time. 

The time-dependency of inhibition has been dis- 
cussed recently by Cha [8, 9], who has also developed 
kinetic theory for what has been termed [5] the slow- 
binding and slow, tight-binding inhibition of enzymes 
by substrate analogues. Williams et al. [10] have 
developed quantitative analyses based on this theory 
and have examined the interaction of methotrexate 
with the dihydrofolate reductase-NADPH complex. 
These studies revealed that the inhibition occurs in 
two stages: an initial rapid formation of an enzyme- 
NADPH-methotrexate complex and a subsequent 
slow isomerization of the ternary complex. It is the 
combination of these two steps that results in 
methotrexate having a very low inhibition constant 
of 60 pM. 

The aforementioned investigations have opened 
the way for more definitive studies on the inhibition 
of dihydrofolate reductase by folate analogues, since 
it is now possible to determine the structural features 
of the inhibitors that influence their initial interaction 
with the enzyme-NADPH complex and their ability 
to induce the conformational change in the resulting 
ternary complex. The present report describes quan- 
titatively the inhibition of dihydrofolate reductase 
by 19 folate analogues. 
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MECHANISM A 


MECHANISM B 


Scheme | 


THEORY AND DATA ANALYSIS 


Cha [8] has described two basic mechanisms by 
which a competitive inhibitor can exhibit slow-bind- 
ing characteristics (Scheme 1). In Mechanism A it 
is assumed that there is a slow establishment of the 
equilibrium between the E and EI complexes and 
such an assumption is a reasonable, although not an 
obligatory, consequence of an inhibitor being of the 
tight-binding type. By contrast, in Mechanism B it 
is postulated that there is a rapid formation of an El 
complex and that the slow development of inhibition 
is due to a subsequent slow isomerization of the EI 
complex. An important difference between the two 
mechanisms is that the slow step of Mechanism B 
does not involve the binding or release of inhibitor. 
It follows that inhibitors do not have to be of the 
tight-binding type in order to cause slow-binding 
inhibition. Cha [8] also described a third mechanism 
(Mechanism C, not shown), but it will not be con- 
sidered further as it is simply a variant of Mechanism 
A that allows free enzyme to exist as an equilibrium 
mixture of two different forms. 

Provided that the concentration of free inhibitor 
is not significantly altered as a result of the formation 
of an enzyme-inhibitor complex, both mechanisms 
of Scheme | yield the same rate equation, viz. 

V = vs + (Vo—vs)exp(—k’'t), (1) 
in which the reaction velocity (v) at any time (f) is 
related to the initial velocity (vo), the steady-state 
velocity (vs) and an apparent first-order rate constant 
(k’). This equation shows that the rate of the enzyme- 
catalysed reaction decays from an initial value (vo) 
at t= 0 to a final value (v;) as t— . If the reaction 
is initiated by the addition of enzyme, then vo is 
greater than v;, whereas the converse is true if the 
reaction is initiated with substrate. Cha [8] has 
derived expressions for the apparent rate constant, 
k', for the two mechanisms of Scheme 1, while 
Williams er al. [10] have described a computer pro- 


gram for the fitting of progress curve data to the 
integrated form of equation (1) which is given as 
equation (2): 


P= vt- % " [1—exp(—ks)]. (2) 


When a compound acts as a tight-binding inhibitor 
by causing inhibition at a concentration comparable 
to that of the enzyme, there will be a significant 
difference between the concentrations of free and 
total inhibitor and the rate of product (P) formation 
as a function of time will not be described by equation 
(2). In the presence of a tight-binding inhibitor, the 
integrated rate equation for Mechanism A is given 
by the more complex equation (3): 


P=vt+ Soo. Te v9) in lh ho 





: Aj l-y 

where 2 and y are functions of the various rate 
constants as well as the concentrations of substrate, 
inhibitor and enzyme [9]. Williams et al. [10] have 
developed a computer program for the fitting of 
progress curve data to this function. When allowance 
is made for the tight-binding inhibition of a reaction 
conforming to Mechanism B, it is not possible to 
derive an analytical expression that is analogous to 
equation (3). However, numerical methods can be 
applied to solve the equations that describe this 
mechanism and to analyse progress curve date 
{10, 11]. 

Since it has been shown previously [16] that the 
inhibition of dihydrofolate reductase by methotrex- 
ate can be described by Mechanism B (Scheme 1), 
it has been assumed that, unless there was evidence 
to the contrary, the same mechanism applies with 
all the inhibitory folate analogues. Progress curve 
data which conformed to Mechanism B, and which 
were obtained under conditions where depletion of 
the free inhibitor concentration was negligible, were 
fitted to equation (2) by using the STEPIT computer 
program [10]. This program was obtained from the 
Quantum Chemistry Program Exchange at Indiana 
University as part of the STEPT package 
(QCPE307). If, however, there was significant 
reduction in the concentration of free inhibitor, as 
with slow, tight- binding inhibitors [5], it was necess- 
ary to employ for data analysis the CRICF computer 
program that has been described by Chandler et al. 
[11]. Both programs yielded values for Ki(ka/ks), ks 
and ks. Problem dependent subroutines for both 
STEPIT and CRICF were written in FORTRAN in 
this laboratory and details may be obtained from the 
authors. No detailed analyses were made of data 
obtained with those slow-binding analogues of folate 
that gave inhibition which was a parabolic, rather 
than a linear, function of inhibitor concentration. 
This was due to the fact that the molecular mech- 
anism underlying this type of inhibition is not clear. 
When folate analogues gave rise to steady-state, 
linear competitive inhibition, the data were fitted by 
non-linear regression analysis [12] to equation (4). 
All programs were run on a Univac 1100/42 
computer. 





(4) 





Inhibition of dihydrofolate reductase 


Table 1. Structures of compounds tested as inhibitors of 
dihydrofolate reductase 





A=N; RI=CH3 ; R2=glutamate 
7 ,8-dihydro-| 
A=N; RI=H; R2=glutamate 
A=N; RI=CH3; R2=OCH3 
A=CH; RI=CH3; R2=glutamate 


A=CH; RI=H; R2=OH 





A=N; B=N; RI=H; R2=H 
A=N; B=N; RI=CH3; R2=H 
A=N; B=N; RI=H; R2=CH3 
A=N; B=N; RI=H; R2=CHOH 
A=N; B=N; RI=CH4; R2=CH, 
A=N; B=N; RI=C7H.«; R2=C2Hs 
A=CH; B=N; RI=CH3; R2=H 
A=N; B=CH; RI=CH4; R2=H 


A=N; B=N; Rl=pheny]; R2=NH» 











MATERIALS AND METHODS 


Materials. Structures of the folate analogues that 
have been used in the present work are given in 
Table 1 and designated by Roman numerals. Folic 
acid was purchased from Calbiochem. Methotrexate 
(I) and aminopterin (III) were obtained from ICN 
Chemical and Radioisotope Division and further 
purfied by butanol extraction [13]. 7,8-Dihydrofolate 
and 7,8-dihydromethotrexate (II) were prepared by 
the reduction of folate and methotrexate, respec- 
tively, according to the method of Blakley [14]. 
Dihydromethotrexate migrated as a single compo- 
nent when subjected to thin-layer chromatography, 
and was used in kinetic experiments within a few 
hours of preparation. N-(p-aminobenzoyl)-L-gluta- 
mate (XVI,PABG) and 2,4-diamino-5(3’ ,4’ ,5’-tri- 
methoxybenzyl) pyrimidine (XVIII, trimethoprim) 
were obtained from Sigma. The N’-propyl derivative 
of XVI (XVII, propyl-PABG) was prepared as 
described by Birdsall er al. [15]. 2,4-Diaminopteri- 
dine (VII), 2,4-diamino-6-methy! pteridine (VIII), 
2,4-diamino-7-methy| pteridine (IX), 2,4-diamino-7- 
hydroxymethyl pteridine (X), 2,4-diamino-6, 7- 
dimethyl pteridine (XI) and 2,4-diamino-6, 7-diethyl 
pteridine (XII) were gifts from Dr. D. J. Brown. 
1-Deaza-2,4-diamino-6-methyl pteridine (XIII), 
3-deaza-2,4-diamino-6-methyl pteridine (XIV), 
1-deaza methotrexate (V), 1-deaza-4-amino-4-deoxy 
pteroic acid (VI) and methyl 4-amino-4-deoxy-10- 
methylpteroate (IV) were gifts from Dr. J. A. Mont- 
gomery. 2,4-Diamino-5(3’ ,4’ ,5'-trimethoxybenzoyl) 
pyrimidine (XIX) and 2,4,7-triamino-6-phenyl pter- 
idine (XV, triamterene) were received from Dr. R. 
L. Blakley. NADPH was supplied by P-L Biochemi- 
cals, while other chemicals were high purity prep- 
arations from commercial sources. Dihydrofolate 
reductase was prepared from a methotrexate-resist- 
ant mutant strain of Streptococcus faecium A [10]. 

Concentrations of methotrexate and aminopterin 
were determined spectrophotometrically at pH 13 
using a molar extinction coefficient of 23,250 at 
258 nm [16]. Since the u.v. spectrum of dihydro- 
methotrexate is essentially identical to that of 
dihydrofolate [17] a molar extinction of 28,000 
(282 nm, pH 7.2) for dihydrofolate [18] was used to 
calculate the concentration of dihydromethotrexate. 
The concentrations of dihydrofolate and NADPH 
were determined enzymically using dihydrofolate 
reductase and a molar extinction coefficient of 12,300 
at 340nm [19]. The enzyme concentration was 
determined by fluorescence titration with metho- 
trexate [10] and concentrations of other compounds 
were determined by weight. 

Enzyme assays. The activity of the enzyme was 
determined at 30° by following the decrease of 
NADPH and dihydrofolate by absorbance measure- 
ments at 340 nm by using a Cary 118 spectropho- 
tometer. Experiments were performed at pH 7.4 in 
a buffer mixture containing 2-(N-morpholino)- 
ethane sulfonate (0.025M), sodium acetate 
(0.025 M), Tris (0.05 M) and NaCl (0.1 M), as well 
as NADPH (90 uM) and the indicated concentration 
of dihydrofolate and folate analogues. 

Progress curves. Progress curves were obtained as 
previously described [10]. The onset of inhibition 
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Fig. 1. Slow, tight-binding inhibition of dihydrofolate 
reductase by 7,8-dihydromethotrexate. Reaction mixtures 
contained buffer (pH 7.4), NADPH (90 uM), dihydrofolate 
(92 uM) and the indicated concentrations of dihydrometh- 
otrexate. Reactions were initiated by the addition of 
enzyme (6.0nM) and progress curves were obtained by 
following the absorbance at 340 nm. Data (@) from several 
curves were combined and fitted, as described under Theory 
and Data Analysis, to the differential equations that 
describe Mechanism B (Scheme 1), using the CRICF pro- 
gram. The solid lines represent theoretical curves that were 
constructed using values obtained for the kinetic par- 
ameters (Table 2). 


was followed by continuously monitoring the dis- 
appearance of NADPH and dihydrofolate, after 
initiation of the reaction with dihydrofolate reduc- 
tase (6.0 nM). Experiments to measure the recovery 
of the activity of the enzyme after its pre-incubation 
with an inhibitor were performed with methotrexate 
(1), dihydromethotrexate (II) and IV. Dihydrofolate 
reductase (0.66 4M) was incubated for 10 min in the 
buffer mixture containing NADPH (90 uM) and 
inhibitor, after which an aliquot was diluted 110-fold 
into an assay mixture containing dihydrofolate but 
lacking the inhibitor. The reaction was monitored 
at 340 nm. 


RESULTS 


A variety of folate analogues has been tested as 
inhibitors of the dihydrofolate reductase reaction 
and several compounds gave rise to the time-depen- 
dent decrease in reaction rate which is characteristic 
of any slow-binding inhibitor. This effect is illustrated 
in Fig. 1 by the results obtained with dihydrometh- 
otrexate. It is apparent that both the development 
and extent of the inhibition are a function of the 
inhibitor concentration. The date of Fig. 1 were 
analysed by using the CRICF program and from the 
good fit between the data and the theoretical curves, 
it follows that the inhibition can be described by 
Mechanism B. Thus, dihydromethotrexate functions 
as a slow, tight-binding inhibitor of dihydrofolate 
reductase. Methotrexate (I), aminopterin (III), 
methyl 4-amino-4-deoxy-10-methylpteroate (IV) 
and trimethoprim (XVIII) also function as slow, 
tight-binding inhibitors. By contrast, 1-deazametho- 
trexate (V) and 1-deaza-4-amino-4-deoxy pteroate 
(VI) act as slow-binding inhibitors at concentrations 
which are much greater than that of the enzyme. All 
the inhibition data were analysed on the basis that 
the reactions conform to Mechanism B and the values 
for Ki, ks and ke, as well as the overall inhibition 
constant (Ki*), are listed in Table 2. 

Slow-binding inhibition was observed with 
p-aminobenzoylglutamate (PABG, XVI) but the 
progress curve data could not be fitted to equation 
(2). The progress curves obtained over a range of 
inhibitor and dihydrofolate concentrations exhibited 
well defined steady-state rates and when these results 
were plotted in double reciprocal form (Fig. 2a) it 
appeared that PABG behaves as a competitive 
inhibitor with respect to dihydrofolate. However, 
the inhibition is not of the linear type, as a replot 
of the slopes of the lines of Fig. 2a against the 
concentration of PABG is markedly curved (Fig. 
2b). A linear secondary plot was obtained when 
slopes were plotted against [PABG]’ and such a 
result suggests that the inhibition by PABG is par- 


Table 2. Values of the kinetic parameters for the slow-binding inhibition of dihydrofolate reductase 
by folate analogues 





Compound Ki (nM) 


ks (min7') 


Kinetic parameter 


ko (min~') Ki* (M) 





Methotrexate (1) 
Aminopterin (III) 

Methyl 4-amino-4-deoxy- 
10-methylpteroate (IV) 
Dihydromethotrexate (II) 
Trimethoprim (XVIII) 
1-Deaza-4-amino- 
4-de9xypteroate (VI) 
1-Deaza-methotrexate (V) 


NM 


I+ I+ I+ 


nn 


700 + 50 
1200 + 80 


0.42 + 0.09 
0.36 + 0.10 


5.8 x 107! 
1.3 x 107! 


_ 
ie) 


0.013 + 0.001 
0.012 + 0.007 


I+ I+ 


2.6 x 107'° 
3.4 x 1907!” 
9.6 x 107!” 


oS > 
Nw 


0.049 + 0.001 
0.080 + 0.004 
0.58 + 0.06 


I+ I+ I+ 


i) 


1.9 x 1077 
5.8x 1077 


0.15 + 0.04 
0.33 + 0.11 





Values of Ki, ks and ke associated with the interaction of the slow, tight-binding inhibitors I-IV and 
XVIII with the dihydrofolate reductase-NADPH complex were obtained by using the CRICF program 
to analyse progress curve data, while those associated with interaction of the slow-binding inhibitors 
V and VI with the same enzyme form were determined by analysing progress curve data with the 
STEPIT program (cf. Theory and Data Analysis). The overall inhibition constant (Ki*) was calculated 
using the relationship: K;* = Kike/(ks + ke). Structures of the folate analogues are given in Table 1. 
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Fig. 2. Parabolic inhibition of dihydrofolate reductase by 
p-aminobenzoylyglutamate (PABG, XVI). Reaction mix- 
tures contained buffer (pH 7.4), NADPH (90 uM), variable 
concentrations of dihydrofolate and the following concen- 
trations of PABG: @, none; O, 1.96mM; @, 3.92 mM; 
A, 6.86mM; x, 9.8mM. Reactions were initiated by the 
addition of enzyme (6.0nM), and after incubation of 
reaction mixtures for several minutes velocities determined 
from the steady-state regions of the progress curves. The 
velocity data for each PABG concentration were fitted 
separately to the Michaelis-Menten equation and a 
weighted mean value of the maximum velocity (V) was 
calculated from the five estimates. The combined data of 
panel (a) were fitted to equation (5) with J replaced 
by [PABG]? and with V held constant. The values of V, 
Ka and Ki were used to draw the lines of the figure. In 
panel (b), the slope of the lines of panel (a) is plotted as 

a function of [PABG] (@) or [PABG]° (8). 


abolic competitive. Experiments were also per- 
formed by varying the concentrations of PABG and 
dihydrofolate in the presence of a fixed concentration 
(45 uM) of 2,4-diaminopteridine (VII) which acts as 
a linear competitive inhibitor with respect to dihy- 
drofolate. Under these conditions the curvature of 
a secondary plot of slopes against PABG concen- 
tration was considerably reduced, but not elimin- 
ated. Thus it was not possible to analyse quantita- 
tively the slow-binding inhibition by PABG. Similar 
slow-binding, parabolic inhibition was found with 
propyl-PABG (XVII) and 1-deaza-2,4-diamino-6- 
methyl pteridine (XIII). 

A number of folate analogues did not exhibit slow- 
binding behaviour, but rather acted as classical lin- 
ear, competitive inhibitors in relation to dihydro- 


Table 3. Ki values for folate analogues that act as linear 
competitive inhibitors of dihydrofolate reductase 





Compound Ki (uM) 





7-hydroxymethyl-DAP (X) 11 
DAP (VII) $.2+0°S 
7-methyl-DAP (IX) 1.2+0.1 
6,7-dimethyl-DAP (XI) 
3-deaza-6-methyl-DAP (XIV) 
6-methyl-DAP (VIII) 
6-phenyl-7-amino-DAP (XV) 
5-(3' 4’ ,S'-trimethoxybenzoy]l)- 
2,4-diaminopyrimidine (XIX) 
6,7-diethyl-DAP (XII) 


0.55 + 0.03 

0.53 + 0.04 

0.38 + 0.04 
0.084 + 0.006 


0.053 + 0.005 
0.0053 + 0.0004 





Kj values represent dissociation constants for the inter- 
action of folate analogues with the enzyme-NADPH com- 
plex. DAP, 2,4-diaminopteridine. 
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folate. These compounds, together with their Ki 
values, are listed in Table 3. 


DISCUSSION 


It has been established [10] that the potent inhi- 
bition of dihydrofolate reductase by methotrexate 
occurs as a consequence of a two-stage reaction 
which involves the rapid formation of an enzyme- 
NADPH-methotrexate complex and its subsequent 
slow conversion to a form that could approximate 
to a transition-state complex. Procedures have been 
described for determining the dissociation constant 
for the release of methotrexate from the initial ter- 
nary complex as well as the rate constants for the 
forward and reverse isomerization reactions. These 
same techniques, in addition to classical procedures, 
have now been applied to investigations of the 
inhibition of dihydrofolate reductase from S.faecium 
A by a range of folate analogues. The basic aims of 
the study were: (a) to identify the folate derivatives 
which inhibit the enzyme according to Mechanism 
B of Scheme 1 and those which function as classical 
competitive inhibitors with respect to dihydrofolate, 
and (b) to identify the structural features of the 
inhibitors which are required for their strong, rapid 
interaction with the enzyme-NADPH complex and 
for induction of the conformational change in the 
enzyme-NADPH-inhibitor complex. Although the 
present work has been restricted to studies on 
dihydrofolate reductase from one source, the pro- 
cedures are general and can be applied to other 
dihydrofolate reductases or to any enzyme whose 
inhibition by substrate analogues can be described 
by Mechanism B. 

The seven compounds listed in Table 2 exhibited 
slow-binding inhibition while only five of them func- 
tion as tight-binding inhibitors. Thus tight-binding 
inhibition is not a pre-requisite for slow-binding 
inhibition. The five tight-binding inhibitors showed 
only a 6-fold difference in their overall inhibition 
constant (Ki*) values, with methotrexate (i) being 
the strongest and trimethoprim (XVIII) being the 
weakest inhibitors of this group. The two slow-bind- 
ing inhibitors, 1-deazamethotrexate (V) and 1-deaza- 
4-amino-4-deoxypteroate (VI) were relatively weak 
inhibitors with Ki* values some 3-4 orders of mag- 
nitude higher than that for methotrexate (I). The 
higher K;* values are due largely to the weak initial 
binding of V and VI to the enzyme-NADPH com- 
plex, but the low values of the ks/ks ratios also 
contribute. The K; and K;* values for methotrexate 
(I) are considerably lower than those for 1-deaza- 
methotrexate (V). These results confirm the import- 
ance of the N(1) nitrogen in the binding of folate 
analogues to dihydrofolate reductase [20-23]. 

The glutamate moiety of folate analogues is not 
essential for an enzyme-NADPH-inhibitor complex 
to undergo a conformational change as methyl 4- 
amino-4-deoxy-10-methylpteroate (IV), 1-deaza-4- 
amino-4-deoxypteroate (VI) and _ trimethoprim 
(XVIII), which do not possess a glutamate moiety, 
are capable of inducing the change (Table 2). Wil- 
liams et al. [10] have proposed that the isomerization 
reaction which gives rise to EI* is analogous to the 
formation of the transition-state in catalysis. The 
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finding that the glutamyl moiety is not necessary for 
this isomerization is consistent with this notion, as 
it is known that compounds such as dihydropteroate 
which also lack this moiety, are good substrates of 
dihydrofolate reductase [24]. There are only rela- 
tively small differences in the magnitude of the ks 
values for the five slow-binding inhibitors which con- 
tain a nitrogen atom at the 1 position of the pteridine 
ring (Table 2). However, the ks values for the two 
1-deaza compounds, viz. V and VI, are some 10-fold 
lower. This suggests that N(1) is involved in the slow 
transition from EI to EI*, but is not solely respon- 
sible for initiating the isomerization. By contrast with 
the relative constancy of the ks values for slow-bind- 
ing inhibitors, the values for ks vary as much as 50- 
fold. It can be considered that the magnitude of ke 
represents a measure of the degree to which the 
folate analogues are locked on the enzyme. There- 
fore, it is of interest that the ks value for trimethoprim 
(XVIII) is very much higher than those for the other 
slow, tight-binding inhibitors and more comparable 
to those for the  slow-binding _ inhibitors 
(Table 2). 

A more useful parameter to consider in connection 
with the relative stability of El and EI* complexes 
(Mechanism B, Scheme 1) is the ks/ks ratio which 
denotes the equilibrium constant for the distribution 
of enzyme between the two enzyme-inhibitor com- 
plexes. The larger is the ratio, the more stable is the 
EI* complex. The ks/ko ratios (Table 2) indicate that 
methotrexate (I) and aminopterin (III) form the 
most stable EI* complexes, while the complex 
formed with trimethoprim (XVIII) is considerably 
less stable: These results suggest that the EI* com- 
plex formed by trimethoprim does not approximate 
the transition-state as well as does the complex 
formed by methotrexate. 

None of the folate analogues listed in Table 3 
exhibited a transient phase in their inhibition of 
dihydrofolate reductase and all behaved as linear, 
competitive inhibitors with respect to dihydrofolate. 
However, their ability to combine with the enzyme— 
NADPH complex varied by about 1000-fold. 2,4- 
Diaminopteridine (DAP, VII) is a relatively weak 
inhibitor. The inhibition is decreased by the intro- 
duction of a hydroxymethyl group at the 7-position 
(X), but increased by the addition of a methyl group 
at the same position (IX) or better still at the 6- 
position (VIII). The effectiveness of the 6,7 
dimethyl-DAP(XI) is intermediate between the 6- 
methyl and 7-methyl derivatives. Since 3-deaza-6- 
methyl-DAP(XIV) and 6-methyl-DAP (VIII) have 
similar Kj values, it may be concluded that the N(3) 
nitrogen has little effect on the binding of the pter- 
idine ring. There is a marked increase in the inhi- 
bition on attachment of larger hydrophobic groups 
to the 2,4-diamino pteridine or to the 2,4-diamino- 
pyrimidine nucleus [cf. 25]. 6,7-Diethyl-DAP (XII) 
proved to be the most potent competitive inhibitor 
of the compounds listed in Table 3 with a Ki value 
of 5.3 nM. The result illustrates that slow-binding is 
not a necessary consequence of tight-binding, in 
contrast to the proposal of Cha [8]. 

Trimethoprim (XVIII) and its derivative (XIX) 
are structurally related, but one (XVIII) acts as a 
slow, tight-binding inhibitor while the other acts as 
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a classical competitive inhibitor (Tables 2 and 3). 
This finding raises the important question of whether 
or not the EI complex formed by a classical com- 
petitive inhibitor undergoes a conformational change 
to yield an EI* complex. An answer to this question 
is not available as it would require the application 
of rapid reaction kinetic techniques to studies on the 
inhibition of the enzyme. 

Since the dihydrofolate (and methotrexate) bind- 
ing site of dihydrofolate reductase consists of pter- 
idine and p-aminobenzoate sub-sites [26], it was of 
interest to determine whether analogues possessing 
only the pteridine or the p-aminobenzoate moieties 
were capable of giving rise to slow-binding inhibition. 
Three such compounds were identified, viz. XIII, 
XVI, XVII, but interpretation of the results was not 
straightforward as each of the compounds caused 
parabolic competitive inhibition (cf. Fig. 2). The 
results suggest that two molecules of each of these 
inhibitors are bound per active site and are in agree- 
ment with the findings of NMR studies which indicate 
that XVI binds to two sites on the enzyme from 
Lactobacillus casei [27]. It is perhaps significant that 
the three parabolic competitive inhibitors were very 
poor inhibitors so that the observation of parabolic 
effects may be a direct consequence of the high 
concentrations that are necessary to cause any inhi- 
bition. The data do not permit conclusions to be 
drawn as to whether one or both sub-sites must be 
occupied for induction of the slow conformational 
change. 

It was hoped that the present investigations would 
yield sufficient detailed information about the 
properties of inhibitory folate analogues so as to 
permit a more rational approach to the design of 
inhibitors with a high affinity for dihydrofolate 
reductase. This aim has been partly achieved in that 
information has been gained about the structural 
features that are of importance for binding and iso- 
merization. The results indicate that while metho- 
trexate (I) possesses the lowest overall inhibition 
constant (K;*), it does not form the most stable EI 
complex. Both trimethoprim (XVIII, Table 2) and 
6,7-diethyl-2.4-diaminopteridine (XII, Table 3) have 
4- to 5-fold lower Ki values than does methotrexate. 
On the other hand, methotrexate has a ks value as 
high, and a ke value as low, as any of the folate 
analogues that have been tested. If the value for ks 
of 0.013 min’ as obtained with methotrexate (Table 
2) represents a lower limiting value for the conver- 
sion of EI* to EI, then any enhancement in the 
inhibitory effect of a folate analogue must come 
through an increase in the value for ks. This may be 
possible if the conversion of EI to El* is analogous 
to, but 100 times slower than, the formation in 
catalysis of a transition-state complex which occurs 
with a net rate constant of at least 640 min’. How- 
ever, it remains to be determined what features of 
dihydrofolate are responsible for the higher rate and 
how they may be incorporated into a methotrexate- 
like molecule so as to produce a more potent inhib- 
itor whose initial binding to the enzyme-NADPH 
complex is not reduced. 
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Abstract—The ototoxicities of eight aminoglycoside antibiotics and fragments were measured 
quantitatively by cochlear perfusion in the guinea pig. Perilymphatic spaces were perfused for | hr with 
‘artificial perilymph’ containing 10 mM drug, during which time continuous measurements of cochlear 
microphonic potentials were made. Kanamycin B and neomycin B caused the most rapid decline of 
cochlear microphonic potentials, followed by gentamicin Cia = ribostamicin > kanamycin A ~ G-418. 
Neamine and methylneobiosamine did not show significant effects. The same drugs were tested for 
their interaction with monomolecular films of polyphosphoinositides, and relative binding constants 
were determined. Neomycin B and kanamycin B had the highest affinities to the lipids, followed by the 
other drugs in the order as seen for toxicity. The correlation between the in situ and in vitro actions 
of the drugs was r = 0.9. These results support the hypothesis that binding to polyphosphoinositides 
plays an important role in the decrease of the cochlear microphonic potentials. Furthermore, the good 
correlation between the drug actions in the two test systems suggests that an in vitro assay may be 
possible for the assessment of aminoglycoside ototoxicity. : 2 


The interpretation of drug toxicity is frequently com- 

plicated by secondary effects following the initial 

insult. A necessary prerequisite, however, for under- 

_ Standing the molecular mechanism of a drug action 
is the determination of a primary site of action. 

Aminoglycoside antibiotics have nephrotoxic and 
ototoxic properties, and a variety of biochemical 
effects has been reported to result from treatment 
with such drugs. Recently, effects have been shown 
on glycolysis [1], nucleic acids [2], mucopolysac- 
charides [3] and glucose transport [4]. We had pro- 
posed, on the basis of in vivo and in vitro experiments 
[5-8], that the polyphosphoinositides (phosphati- 
dylinositol phosphate and phosphatidylinositol bis- 
phosphate) serve as in vivo receptors for aminog- 
lycosides and render tissues susceptible to these 
drugs. Subsequently, we isolated these lipids by 
affinity chromatography on immobilized neomycin 
[9]. 
Interactions between drugs and lipids can be meas- 
ured directly with monomolecular lipid films. Poly- 
phosphoinositides appeared to be unique among var- 
ious anionic phospholipids with respect to both the 
type and the magnitude of the interaction when films 
were challenged with neomycin in the presence of 
Ca** [10]. We have proposed that the observed 
increase in surface pressure is indicative of a very 
strong preference of the polyphosphoinositide film 
for neomycin over calcium and other cations. 

In this study we wish to present evidence that such 
an interaction with polyphosphoinositides is a prop- 
erty of ototoxic aminoglycoside antibiotics. We 
determined quantitatively by perilymphatic perfu- 
sion the effect of eight aminoglycosides on cochlear 
microphonic potentials and compared the in situ 


action to the ability of the drugs to increase the 
surface pressure of monomolecular films of 
polyphosphoinositides. 


MATERIALS AND METHODS 


Materials. Neomycin sulfate, neamine and neo- 
biosamine were obtained from the Upjohn Co., 
Kalamazoo, MI; kanamycin B and ribostamicin sul“ 
fate from Charles Pfizer Inc., New York, NY; genta- 
micin Cia and antibiotic G-418 from the Schering 
Corp., Nutley, NJ; and kanamycin A from Bristol 
Laboratories, Syracuse, NY. Polyphosphoinositides 
were prepared by chromatography on immobilized 
neomycin [11]. All water was triple distilled from an 
all-glass still. 

Perilymphatic perfusions. Perilymphatic perfu- 
sions were carried out in male albino guinea pigs 
(200-250 g). An animal with a positive Preyer hear- 
ing reflex was anesthetized with 1.0—1.4 ml allobar- 
bital/kg body wt (100 mg allobarbital, 400 mg ure- 
thane, 400mg monoethylurea per ml) given 
intraperitoneally. The guinea pig was then placed on 
a heating pad, its body temperature maintained at 
38 + 1°, and artificial respiration provided via tra- 
cheal cannulation. Surgical and perfusion techniques 
were essentially similar to those described by Nuttall 
et al. The head of the animal was secured to the head 
holder with clamps fastened into slits made over 
either zygomatic arch. A conventional ventral surg- 
ical approach was used to expose the left auditory 
bulla and cochlea. Two holes were drilled through 
the bony cochlea at the basal turn, and glass capil- 
laries (0.8mm O.D.) were inserted through them, 
one into the scala vestibuli and the other into the 
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scala tympani. Once the capillaries were implanted, 
they were sealed with Durelon carboxylate cement 
(Espe GmbH, Seefeld, Germany). 

The inlet capillary to the scala tympani served also 
to hold the electrode for recording cochlear micro- 
phonic potentials. For the electrode, a 5-cm piece 
of stainless steel annealed wire (AWG 36, Cooner 
Sales Co., Chatsworth, CA) was inserted into the 
glass capillary. The excess wire was bent down 
toward the capillary tip, and the other end of the 
capillary was inserted into a 35-cm length of poly- 
ethylene tubing (Intramedical, PE 60). Duco cement 
was used to seal the tubing—capillary junction. The 
outlet capillary was inserted into a 60-cm length of 
polyethylene tubing. Both capillaries and tubing 
were filled with ‘artificial perilymph’ [12] prior to 
insertion into the cochlea, and flow was started by 
lowering the outlet tubing. 

The perilymphatic spaces were perfused with or 
without drugs at the rate of approximately 30 pl/min. 
The perfusate was heated so that the temperature 
of the solution reaching the cochlea was 32-33°. 
Cochlear microphonic potentials were measured in 
response to a sound stimulus of white noise, ranging 
from 20 to 4000 Hz delivered through an ear phone, 
and the sound intensity level was adjusted to give 
a 200-300 4 V response. Potentials were read off of 
a digital Data Precision voltmeter, and recorded on 
a Beckman 10 in. recorder. 

Monolayer studies. A 250-ml Teflon beaker with 
an inner diameter of 8cm and a Wilhelmy balance 
were used to measure surface pressure. The subphase 
consisted of 100ml of 50mM sodium 4-(2-hy- 
acid 
(HEPES), pH 7.0, and 1mM Ca’*. The ionic 
strength was adjusted to 0.2 with sodium chloride 
previously heated for 12 hr at 700°. The film was a 
mixture of phosphatidylinositol phosphate and phos- 
phatidylinositol bisphosphate in an approximate 1:2 


dropyethyl)-1-piperozine-ethanesulphonic 


molar ratio and was spread as a solution in n-hexane— 
ethanol-chloroform (80:5:15, by vol). The spread- 
ing solution was added to the subphase so as to 
produce a surface pressure of 20 dynes/em + 10% 
which required approximately 20 wg lipid. A sta- 
tionary 3-ml syringe whose needle remained in the 
subphase throughout the experiment delivered drugs 
to the solution beneath the film. A Teflon-coated 
magnetic bar stirred the solution at slow speed with- 
out disturbing the film. Drug concentrations in the 
subphase were varied from 10~* to 10°°M. After 
each addition of a drug, the subphase was mixed for 
15 min before surface pressure was measured. Two 
readings each were taken at ten different drug con- 
centrations over the range indicated above. Experi- 
ments were acceptable only if duplicate readings 
agreed within 0.1 dyne/cm; the curves resulting from 
the average values are shown. 


RESULTS 


Ototoxicity. Perilymphatic perfusions could usu- 
ally be carried out for 1-2 hr without significant 
detrimental effect on cochlear microphonic poten- 
tials (Fig. 1, B, and Table 1, controls). There was, 
however, some variability of the stability of the prep- 
arations, and a control perfusion of 30 min preceded 
each testing of a drug. Effects on cochlear micro- 
phonics (Fig. 1, A2) were usually seen within 10 min 
(range, 3-17 min) after the introduction of the drug 
into the perfusion fluid (Fig. 1, Al). The decrease 
of the microphonic potential to the end of the linear 
period (Fig. 1, A2-A3) was considered the measure 
of drug toxicity. This linear period usually lasted 
15 to 30 min. When no change in slope was apparent 
(e.g. controls and most perfusions with neamine or 
methylneobiosamine), the rate of decrease was cal- 
culated from approximately 10 to 40min after 
addition of the drug (Fig. 1, B2-B3). All rates, 
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Fig. 1. Recording of cochlear microphonic potentials during perilymphatic perfusions. Perilymphatic 

spaces were perfused and microphonic potentials recorded as described in Materials and Methods. 

Perfusions with drugs: Al, addition of drug to artificial perilymph; and A2-A3, initial slope of drug 

action. Control perfusions without drug: B1, manipulation of perfusion system corresponding to A1; 
and B2-B3, slope for calculations of loss of microphonic potential (40-70 min). 
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Table 1.Effects of drugs on cochlear microphonic potentials* 





Loss of cochlear microphonics during perfusion 





Rate of loss 
(uV/min) 
Diug without drug 


Significance of 
drug effect 
(P value) 


Percent loss 


with drug at 30 min 





None 


Methylneobiosamine 


Neamine 
G-418 


Kanamycin A 


Ribostamicin 


Gentamicin Cia 


Neomycin B 


Kanamycin B 


0.22 + 0.15 
0.71 + 0.14 
0.33 + 0.16 
0.29 + 0.23 
0.46 + 0.18 
0.11 + 0.09 
0.30 + 0.17 
0.36 + 0.20 
0.22 + 0.15 


0.32 + 0.12 
0.91 + 0.30 
0.68 + 0.37 
1.38 + 0.19 
1.52 + 0.45 
1.83 + 0.41 
2.07 + 0.34 
3.56 + 0.68 
4.37 + 0.65 


>0.4 
>0.5 
>0.3 
0.02 
0.025 
<0.01 
<0.01 
<0.01 
<0.01 





* Perilymphatic spaces were perfused for 30 min with artificial perilymph only (without drug) 
followed by 60 min with the respective drug. Details are described in Materials and Methods. 
Values are means + S.E.M. of five experiments each. 





T _ 


Z 
‘4 


Km B 


4 


Km A 








aw (DYNE/cm) 




















I 
oy A 1 


4 


DRUG (-logM) 


Fig. 2. Effects of aminoglycosides on surface pressure (77) of polyphosphoinositide films. Increasing 

amounts of a drug were added to the subphase of monomolecular films of polyphosphoinositides as 

described in Materials and Methods. The ratio of phosphatidylinositol phosphate to phosphatidylinositol 

bisphosphate was approximately 8 : 2 in experiment D. Abbreviations: nM, neomycin B; Gm, gentamicin 

Cia; Km A, kanamycin A; Km B, kanamycin B; Rm, ribostamicin; Ne, neamine; Mn, methylneobios- 
amine; and G-418, antibiotic G-418. 
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including those of the preceding control period, were 
calculated by linear regression analysis of the 
described slopes based on readings taken 5 min apart 
(Table 1). 

Calculation of the initial slope may overestimate 
the toxicity of a drug. In a few instances, a steep, 
but brief (5-10 min), initial slope was observed, fol- 
lowed by a more gradual decline of the microphonic 
potential. Therefore, all drug effects were also 
expressed as loss of the cochlear microphonic poten- 
tial within a 30-min pgriod after the onset of the 
drug action (Table 1, fast column). 

Both methods yielded essentially similar results. 
Four different levels of toxicity could be distin- 
guished. Kanamycin B and neomycin B were clearly 
the most ototoxic drugs, gentamicin Cy. and ribos- 
tamicin showed an intermediate degree of toxicity, 
while kanamycin A and G-418 displayed low but 
significant effects. Neamine and methylneobiosa- 
mine did not decrease cochlear microphonics sig- 
nificantly during the perfusion time. 

Monolayer studies. All drugs tested above also 
interacted with polyphosphoinositides in the pres- 
ence of 1 mM Ca’*, increasing the surface tension 
of the lipid films (Fig. 2) The responses, however, 
were graded, and the largest increases of surface 
tension were caused by neomycin B and kanamycin 
B. With these two antibiotics, surface tensions were 
already increased by drug concentrations three 
orders of magnitude lower than the concentration 
of calcium in the experiment. The other drugs had 
lesser but still significant effects, particularly at 


higher concentrations. Antibiotic G-418 was tested 


with a film which contained polyphosphoinositides 
in a ratio different from the other experiments. It 
caused only a small increase in surface pressure but 
neomycin and gentamicin reacted similarly under 
both experimental conditions. 


DISCUSSION 


Cochlear perfusion permits a direct and quanti- 
tative measure of drug toxicity. The concentration 
of the drug in the perilymph and the duration of the 
treatment are under direct experimental control. In 
contrast, conventional assessments of toxicity by sys- 
temic injections are complicated by the rate of 
absorption, renal handling of the drug, serum levels 
and levels in the inner ear fluids. Yet, for a rational 
determination of structure—activity relationships, the 
knowledge of the potential or intrinsic ototoxicity 
of a drug is imperative. 

The drug concentration in the perfusion studies 
was 10? M. Drug levels between 10° and 10° M can 
be reached in inner ear fluids after repeated systemic 
injection [13,14]. The tissues susceptible to the 
drugs—the organ of Corti and the stria vascularis— 
are surrounded by endolymph, and in perilymphatic 
perfusions the drugs have to reach these tissues by 
diffusion. This may cause dilution of the antibiotic 
and may account for the delay in reaction. The fact 
that toxic and non-toxic drugs are clearly differen- 
tiated at the chosen concentration points to the val- 
idity of the approach. 

While neither the precise origin nor the physio- 
logical role of the cochlear microphonic is known, 
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it seems that such measurements are a reliable 
method of assessing the toxicity of aminoglycosides. 
A number of chronic animal studies have demon- 
strated correlations between effects on cochlear 
microphonics and other parameters of ototoxicity, 
e.g. loss of hair cells or whole nerve action potentials 
[15]. Although our determination of toxicity rests on 
the effects on the cochlear microphonics alone, the 
results from these acute perfusions are in good agree- 
ment with inferences from chronic studies and find- 
ings of clinical ototoxicity. Neomycin is generally 
considered the most toxic of the antibiotics tested, 
the toxicity of gentamicin is higher than that of 
kanamycin A, and neamine has little or no ototox- 
icity [15, 16]. Kanamycin B was reported in one study 
to be considerably more ototoxic than kanamycin A 
[17]. 

The ototoxicity of at least one drug, antibiotic G- 
418 [18], does not seem to agree with its systemic 
toxicity. Antibiotic G-418 was highly toxic in pre- 
liminary systemic studies; at 40 mg/kg/day, cats 
became ataxic or died after 2-3 days (J. Allan Waitz, 
personal communication). Our perfusions place it 
at a low level of ototoxicity close to kanamycin A. 
Although ribostamicin has been studied for its anti- 
bacterial properties [19], we are not aware of reports 
of its ototoxicity. This study showed ototoxicity at 
the level of gentamicin Cia. 

The salient point of this study is the comparison 
of ototoxicity with drug effects in vitro. A first and 
obvious quantitation of the  drug/poly- 
phosphoinositide interaction is the increase in sur- 
face pressure at a given drug concentration, e.g. 
3.2 x 10-°M (Table 2). Lower concentrations pro- 
duce small increases with relatively large variability 
(+0.1 dyne/cm), while higher concentrations may 
produce saturation effects (Fig. 2, panel A, 
neomycin). 

The interaction with polyphosphoinositides 
reflects two properties of an antibiotic: (1) its affinity 
to the lipid and ability to displace calcium; and (2) 
the geometry of the molecule which determines the 
magnitude of increase of surface pressure upon dis- 
placement of the small calcium ion. Comparison of 
surface pressures alone lends considerable weight to 
the second point, but in order to calculate affinity 


Table 2. Effects of drugs on monomolecular films of 
polyphosphoinositides 





Displacement 
constant* (Km) 
(uM) 


Amat 32 uM* 


Drug (dynes/cm) 





Neomycin 

Kanamycin B 

Ribostamicin 

Gentamicin 

Kanamycin A 

G-418 

Neamine 

Methylneobiosamine 3.0 





* Az from Fig. 2. 
Displacement constants were calculated by Line- 
weaver—Burk analysis (7-70 uM drug). 
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Fig. 3. Scatchard analysis of neomycin interaction with 
polyphosphoinositide films. As described in the text, Az 
is assumed to be a direct function of bound neomycin. The 
term at the ordinate is equivalent to Az/[free neomycin] 
assuming [total neomycin] >> [bound neomycin]. 


constants, the amount of bound drug has to be meas- 
ured. If we assume that the increase in surface pres- 
sure is a simple function of the amount of drug 
bound, we can treat the data by Scatchard or Line- 
weaver—Burk analysis. Two binding sites of different 
affinity .become evident for neomycin (Fig. 3) and 
the other drugs. This agrees well with our previous 
findings of biphasic neomycin actions on synapto- 
somal membranes and on polyphosphoinositides 
[10, 20]; a ‘calcium-like’ action at lower concentra- 
tions, also seen with other anionic lipids, and a 
noncompetitive action at higher levels of drug, only 
seen with polyphosphoinositides. A Km (or, better 
termed ‘displacement constant’) was calculated for 
all drugs by Lineweaver—Burk analysis from data in 
the concentratior. range, 7-70 uM (Table 2). 


The analyses confirm what is apparent from Fig. 


2: toxic aminoglycosides show a larger degree of 
interaction with polyphosphoinositides than the less 
toxic ones. Indeed, the ‘displacement constants’ fol- 
low the ototoxicity very closely; a linear correlation 
between these constants and the loss of cochlear 
microphonics (last column, Table 1) yields a corre- 
lation coefficient of r = 0.93. While the increase in 
surface pressure is not in such good agreement with 
the ototoxicity of some drugs (e.g. G-418 and ribos- 
tamicin), it still provides a differentiation between 
the most toxic and the less toxic compounds. The 
loss of cochlear microphonic correlates with Az, 
r= 0.86. 

While these comparisons of the in situ and in vitro 
effects already provide a reasonably good correla- 
tion, modifications of the assay systems remain to 
be explored. Lower drug concentrations in the per- 
fusions may yield a better differentiation, e.g. of the 
most toxic drugs, neomycin B and kanamycin B, 
whose toxicities are not significantly different in this 
study (P > 0.4). Another possible modification is the 
composition of the monomolecular films. These were 


a mixture of phosphatidylinositol phosphate and bis- 
phosphate in an approximate molar ratio of 3:7. 
Variations of this ratio clearly influence the magni- 
tude of the increase in surface pressure (compare 
neomycin and gentamicin in Fig. 2, panels A + C vs 
panel D). Moreover, combinations of polyphos- 
phoinositides with other acidic or neutral lipids may 
more closely approximate physiological conditions 
and improve the differentiation between the various 
drugs. 

In any case, the present results strongly support 
our hypothesis that polyphosphoinositides are cru- 
cially involved in the ototoxicity |7, 21] and, possibly, 
nephrotoxicity [6] of aminoglycoside antibiotics. 
Moreover, they point to the possibility of establishing 
an in vitro system for the determination of amino- 
glycoside toxicity. 
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Abstract—-The substrate- and inhibitor-related characteristics of monoamine oxidase (MAO) were 
studied with mitochondria of chick brain, liver, kidney and heart. The kinetic constants for MAO in 
these organs were determined, using 5-hydroxytryptamine (5-HT), tyramine and B-phenylethylamine 
(PEA) as substrates. For all the substrates, the Vmax values were highest in kidney, followed in decreasing 
order by brain, liver and heart. For tyramine and PEA, the Km values were lowest in liver, but for 
5-HT it was lowest in heart. Inhibition experiments with clorgyline and deprenyl were carried out on 
mitochondria of the four organs with the three substrates at their Km concentrations. From the plateaus 
observed of inhibition by clorgyline, it was concluded that 5-HT was oxidized by both types of MAO 
in mitochondria of all the organs; PEA was fairly specific for type B MAO in brain, liver and kidney, 
but non-specific in heart. In heart mitochondria, appreciable amounts of the activities toward tyramine 
and PEA were due to an amine oxidase distinct from mitochondrial MAO; 5-HT, however, was oxidized 
exclusively by mitochondrial MAO in this organ. The above atypical characteristics in substrate specificity 
found in chick tissues support the idea that the type A and type B concept cannot be applied uncritically 


to all tissues from all species. 


Mitochondrial monoamine oxidase [amine: oxygen 
oxidoreductase (deaminating, flavin-containing); EC 
1.4.3.4] (MAO) is believed to exist in many animal 
tissues in two functional forms called type A and 
type B [1-3], based primarily on its sensitivity to 
clorgyline [1]. It is clear from recent observations 
(see reviews in Refs. 4 and 5) that substrate- and 
inhibitor-related characteristics of type A and type 
B MAO vary according to tissues and species. Many 
papers have been published on tissues of various 
species, such as rats [1-3, 6-10], mice [6, 11, 12], 
humans [6, 13-17], pigs [6, 18-20], cows [21-23] and 
rabbits [6, 24]. However, for chick tissues, compar- 
able information is lacking, although a few isolated 
reports on chick brain [25] and heart [26] have 
‘appeared. Therefore, in the present paper, we have 
studied in much greater detail type A and type B 
MAO in chick brain, liver, kidney and heart, using 
5-hydroxytryptamine (5-HT), tyramine and B- 
phenylethylamine (PEA) as substrates. 


MATERIALS AND METHODS 


Enzyme preparations. Young adult chicks of the 
White Leghorn breed, weighing about 1 kg, were 
decapitated, and the brains, livers, kidneys and 
hearts were removed rapidly. They were hom- 
ogenized with 9 vol. of 0.25 M sucrose, being cooled 
in an ice bath, and centrifuged at 1500 g for 5 min 
to remove cellular debris. The resulting supernatant 
fraction was centrifuged at 18,000 g for 20 min and 
the crude mitochondrial pellet was suspended in the 
sucrose solution. The suspension was recenirifuged 


at 18,000 g for 20 min and the pellet was resuspended 
in 0.1 M sodium phosphate buffer (pH 7.4). These 
suspensions were used as enzyme sources 

Chemicals. Homovanillic acid and horseradish 
peroxidase (type II) were obtained from the Sigma 
Chemical Co., St. Louis, MO; 5-HT creatinine sul- 
fate, tyramine—HCl, PEA-HCI, pargyline-HCl and 
semicarbazide—HCl from Nakarai Chemicals Ltd., 
Kyoto, Japan; 2',7’-dichlorofluorescin diacetate 
from the Eastman Kodak Co., Rochester, NY; and 
hydrogen peroxide from Mitsubishi-Gasukagaku 
Ltd., Tokyo, Japan. Clorgyline, a selective inhibitor 
of type A MAO [1], was supplied by May & Baker 
Ltd., Dagenham, England. Deprenyl, a selective 
inhibitor of type B MAO [27] was donated by Prof. 
J. Knoll, Department of Pharmacology, Semmelweis 
University of Medicine, Budapest, Hungary. 

MAO assays. MAO activities toward 5-HT were 
determined by a slight modification of a new photo- 
metric assay [28]. In this method, hydrogen peroxide, 
formed in the MAO reaction, is measured photo- 
metrically by converting 2’,7'-dichlorofluorescin to 
2’ ,7'-dichlorofluorescein in the presence of peroxi- 
dase. The assay mixture consisted of 0.5 M sodium 
phosphate buffer (pH 7.4), enzyme solution (0.019- 
0.237 mg protein), peroxidase solution (0.2 mg), 
2’ ,7'-dichlorofluorescin solution (0.05 mg dissolved 
in 0.01 N NaOH), 5-HT solution, and water, 0.5 ml 
of each, to give a final volume of 3.0 ml. After 
incubation at 37° for 15 or 20 min, the enzyme 
reaction was terminated by adding 0.1 ml of a sol- 
ution which contained 0.2 mg pargyline and 0.2 mg 
semicarbazide. The mixture was subjected to spec- 
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trophotometric analysis at 502 nm. Blank assays dif- 
fered from controls only in the respect that the 
mixture was incubated in the presence of pargyline 
and semicarbazide. Standards were taken by adding 
0.5 ml of hydrogen peroxide solution (4.4 nmoles) 
to the assay mixture in place of the enzyme solution. 
Care was taken not to convert more than 10 percent 
of the substrate to the reaction product. Under these 
conditions, the assays were linear during incubation 
at 37° for at least 20 min. The photometric measure- 
ments were made in a Shimadzu double beam spec- 
trophotometer UV-200S. 

MAO activities toward tyramine and PEA were 
measured fluorometrically by a slight modification 
of the method of Guilbault ef a/. [29] and Snyder 
and Hendley [30]. Details of the procedure were 
described in a previous paper [31]. For each assay 
(fina! volume, 3.0 ml), 0.012—0.268 mg of mitochon- 
drial protein was used. The assays were carried out 
at 37° and pH 7.4 for 30 or 60 min. Under the 
conditions used, the assays were linear for at least 
60 min of incubation. 

Kinetic studies. Five levels of MAO activities with 
different substrate concentrations were measured in 
duplicate over the concentration range of 51.5- 
411 uM for 5-HT, 43.2-288 uM for tyramine and 
39.7-317 uM for PEA. The Kmand Vinax values were 
determined graphically from Lineweaver—Burk 
plots. 

Inhibition studies. Clorgyline and deprenyl were 
dissolved in distilled water, added to the assay mix- 
ture without substrate, and preincubated at 37° for 
10 min to ensure reproducibility of enzyme inhibi- 
tion. Seven different concentrations for each inhib- 
itor were employed over the range of 10~'’-10-*M. 
It was confirmed that each inhibitor did not interfere 
with the photometry or the fluorometry when hydro- 
gen peroxide was added directly. In most experi- 
ments, the inhibition was carried out at the substrate 
concentrations of their K», values. 

Protein determinations. Protein was determined 
by a slight modification [32] of the conventional 
biuret method, using bovine serum albumin as a 
standard. 


RESULTS 
Kinetic constants for MAO. The Michaelis—Men- 
ten kinetic constants for mitochondrial MAO in chick 
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Fig. 1. Inhibition of MAO in chick brain mitochondria by 
clorgyline (A) and deprenyl (B), using 5-HT (O——©), 
tyramine (@——®) and PEA (A A, A——A) as sub- 
strates. The concentrations of 5-HT and tyramine were at 
their Km values, viz. 345 and 250 uM, respectively. The 
concentrations of PEA were 64.94M (the Km value, 
A——A) and 1300uM (20-fold of the Km value, 
A——A). Each point represents the mean obtained from 
duplicate determinations upon a single enzyme source pre- 
pared from the pooled brains of more than ten chicks. 


brain, liver, kidney and heart were determined from 
Lineweaver—Burk plots, using 5-HT, tyramine and 
PEA as substrates. The results are summarized in 
Table 1. For all the organs, the Vmax values were 
highest with 5-HT and lowest with PEA. For all the 
substrates, the Vmax values were highest in kidney, 
followed in decreasing order by brain, liver and 
heart. The K» values were highest in brain for all 


Table 1. Kinetic constants for MAO in mitochondria isolated from various organs of the chick* 





5-HT 


Tyramine 


PEA 





Vmax 
(nmoles/mg Km 
protein/30 min) (uM) 


Vmax 
(nmoles/mg Km 
protein/30 min) (uM) 


Vmax 
(nmoles/mg 
protein/30 min) 





238 250 
182 119 
33 555 233 
161 42.6 196 


147 64.9 
69.9 30.7 
400 48.8 
28.2 56.2 


81.3 

29.6 
210 

4.76 





* Each kinetic constant was determined graphically from Lineweaver—Burk plots using five substrate 
concentrations assayed in duplicate upon a single enzyme source prepared from the pooled organs of 
more than ten chicks. For each assay (final volume, 3.0 ml), 0.023-0.237 mg of mitochondrial protein was 
used. The assay methods are described in the text. 
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Fig. 2. Inhibition of MAO in chick liver mitochondria by 
clorgyline (A) and deprenyl (B), using S-HT (O——), 
tyramine (@——®) and PEA (A A.A A) as sub- 
strates. The concentrations of 5-HT and tyramine were at 
their Km values, viz. 263 and 119 uM, respectively. The 
concentrations of PEA were 30.7 4M (the Km value, 
A——A) and 614uM (20-fold of the Km value, 
A——A). Each point represents the mean obtained from 
duplicate determinations upon a single enzyme source pre- 
pared from the pooled livers of more than ten chicks. 


the substrates. For tyramine and PEA, the K» values 
were lowest in liver, but for 5-HT it was lowest in 
heart. 

Inhibition of brain MAO. Figure 1 shows the 
inhibition of MAO in chick brain mitochondria by 
clorgyline and deprenyl, using the three substrates. 
As shown in Fig. 1A, the oxidation of 5-HT was 
much more susceptible than that of PEA to clor- 
gyline, and the deamination of tyramine was inter- 
mediate in sensitivity. There were clear plateaus at 
10-*-10~’ M of the inhibitor for 5-HT and tyramine. 
With PEA at its Km value, a small increase in MAO 
inhibition was observed at 10-°-10~’ M of clorgyline, 
but this was not true at a PEA concentration 20-fold 
higher than its Km value. From the pattern using 
tyramine as substrate, type A MAO in chick brain 
is estimated to be 20-30 percent of the total MAO, 
while type B enzyme is 70-80 percent. 

The differentiation observed in the inhibition of 
chick brain mitochondrial MAO by deprenyl was 
not as marked as that by clorgyline (Fig. 1B); neither 
plateaus nor shoulders were observed for all the 
substrates. However, the substrate susceptibility was 
in the order consistent with the type A and type B 
classification. 
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Fig. 3. Inhibition of MAO in chick kidney mitochondria 
by clorgyline (A) and deprenyl (B), using S-HT (O—— 
O), tyramine (@——@) and PEA (A——A, A——A) as 
substrates. The concentrations of 5-HT and tyramine were 
at their Km values, viz. 333 and 233 uM, respectively. The 
concentrations of PEA were 48.8uM (the Km value, 
A——A) and 976uM (20-fold of the Km value, 
A——A). Each point represents the mean obtained from 
duplicate determinations upon a single enzyme source pre- 
pared from the pooled kidneys of more than ten chicks. 


Inhibition of liver MAO. Figure 2 shows inhibition 
of MAO in chick liver mitochondria by clorgyline 
and deprenyl. As shown in Fig. 2A, the suscepti- 
bilities of the three substrates were also in the order 
consistent with the type A and type B concept. Clear 
plateaus also appeared in the curves with 5-HT and 
tyramine. For PEA, however, the curves were almost 
single sigmoidal. From the pattern with tyramine, 
type A MAO in the liver is estimated to be 20-30 
percent and type B MAO 70-80 percent. 

The inhibition by deprenyl is illustrated in Fig. 
2B. There were no plateaus in these curves. 

Inhibition of kidney MAO. Figure 3 shows the 
inhibition of MAO in kidney mitochondria by clor- 
gyline and deprenyl. All the inhibition patterns were 
generally similar to those of the brain enzyme; clear 
plateaus appeared in the inhibition by clorgyline with 
5-HT and tyramine, and the curves with PEA were 
almost single sigmoidal. From the pattern with tyra- 
mine, it is estimated that 10-20 percent of the activity 
was due to type A MAO and 80-90 percent due to 
type B MAO. 

Inhibition of heart MAO. Figure 4 shows the 
inhibition of MAO in heart mitochondria. The 
inhibition patterns were quite different from those 
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Fig. 4. Inhibition of MAO in chick heart mitochondria by 
clorgyline (A) and deprenyl (B), using 5-HT (O——©), 
tyramine (@——®@) and PEA (A——A,, A——A) as sub- 
strates. The concentrations of 5-HT and tyramine were at 
their Km values, viz. 161 and 196 uM, respectively. The 
concentrations of PEA were 56.24M (the Km value, 
A A) and 1120uM (20-fold of the Km value, 
A——A). Each point represents the mean obtained from 
duplicate determinations upon a single enzyme source pre- 
pared from the pooled hearts of more than ten chicks. 


of the three other enzyme sources. As can be seen 
in panel A of Fig. 4, the deamination of 5-HT was 
highly susceptible to clorgyline. The susceptibility 
of tyramine oxidation to clorgyline was intermediate 
and that of PEA oxidation was lowest. In the patterns 
with tyramine and PEA as substrates, the activities, 
which were not inhibited by 10~*M clorgyline, were 


detected. Therefore, we tested if semicarbazide 
(final concentration, 0.60 mM) could inhibit such 
activities. It was observed that they were completely 
inhibited by 0.60 mM semicarbazide. In the curves 
with 5-HT and tyramine, it appeared that there were 
plateaus at i0-*-10~’M clorgyline. In the curves 
with PEA, plateaus were much clearer for both 
concentrations. The deamination of PEA at the Km 
concentration was more sensitive to clorgyline than 
that at the concentration 20-fold higher than its Km 
value. From the curve with tyramine, 75-85 percegt 
of the activity sensitive to clorgyline is estimated to 
be due to type A MAO, while 15-25 percent is due 
to type B MAO. 

The inhibition of heart MAO by deprenyl is also 
illustrated in Fig. 4B. There were no plateaus for 
any of the substrates. The 10~* M deprenyl-resistant 
MAO activities were also observed for tyramine and 


PEA. The PEA deamination at its Km value was 
more sensitive to deprenyl than that at the higher 
PEA concentration. 


DISCUSSION 


In this paper, we present the substrate- and inhib- 
itor-related characteristics of MAO in chick brain, 
liver, kidney and heart. 

Since we reported that inhibition patterns varied 
according to substrate concentration, especially 
when PEA [33] and phenylethanolamine [31] were 
used as substrates, the inhibition experiments with 
all the substrates were carried out at their K,, values. 
In addition, the concentrations 20-fold higher than 
the K» values were also tested for PEA. However, 
the dramatic changes in inhibition pattern observed 
in rat mitochondrial MAO could not be demon- 
strated with any of the chick organs tested. 

In the inhibition experiments, some atypical 
characteristics in substrate specificity were observed. 
In the inhibition curves by clorgyline with 5-HT as 
substrate, plateaus were demonstrated with all the 
tissues, showing that 5-HT is oxidized by both types 
of MAO in chick tissues. In this connection, it should 
be recalled that, in beef heart mitochondria [21], in 
pig brain and liver mitochondria [19] and in chick 
retina [32], 5-HT is oxidized by either type of MAO. 

In regard to PEA, atypical charactistics were also 
observed: in the inhibition by clorgyline, clear pla- 
teaus were observed in the heart mitochondria (Fig. 
4A), showing that PEA is oxidized by both types of 
MAO in this tissue. In other organs, such as the 
brain (Fig. 1) and kidney (Fig. 3), a small increase 
in the inhibition could be detected at 107'’-10~’M 
clorgyline, when a PEA concentration at its Km value 
was used. This result agrees well with our previous 
preliminary report on chick brain [25]. However, in 
the curves at a PEA concentration 20-fold higher 
than its Km value, such a small increase in the inhi- 
bition was less marked (Figs. 1A and 3A). Therefore, 
PEA seems to be fairly specific for type B MAO in 
chick brain, liver and kidney, while it is non-specific 
in chick heart. These phenomena may be partly 
explained by the fact that the ratio of type A to type 
B in the heart enzyme was much higher than those 
of other organs, if we take into account that a small 
portion of MAO activity toward PEA may be cata- 
lyzed by type A MAO [8]. 

Inhibition experiments by deprenyl, a selective 
inhibitor of type B MAO, were also carried out. The 
differentiation observed in MAO inhibition by 
deprenyl was not as marked as that by clorgyline; 
neither plateaus nor shoulders were observed for all 
the substrates and tissues. This is also the case for 
MAO in rabbit tissues [6]. However, the substrate 
susceptibility was in the order consistent with the 
type A and type B classification for all the tissues. 
It seems likely that the percent inhibition of MAO 
by 10°’M deprenyl reflects the percentage of type 
B MAO in chick tissues, since an approximate 
reverse relationship in MAO inhibition between the 
two inhibitors was obtained at a concentration of 
10-’M. 

With heart mitochondria, activity, which was 





MAO in chick organs 


resistant to 10-*M clorgyline or deprenyl and sen- 
sitive to 0.60 mM semicarbazide, was demonstrated 
using tyramine and PEA as substrates, but not using 
5-HT (Fig. 4). Fowler and Callingham [26] also 
reported activity with benzylamine and tyramine in 
chick heart, which was resistant to 10~*M clorgyline 
and sensitive to 10~*M semicarbazide, but they did 
not use PEA as a substrate. Such activity is probably 
due to an amine oxidase distinct from mitochondrial 
MAO, which can be classified as EC 1.4.3.6. It 
should be pointed out that this enzyme is not soluble, 
since it was prepared after centrifugation twice at 
18,000 g. It has been reported very recently that 
benzylamine-oxidizing activity distinct from type B 
MAO is distributed widely in the organs of humans 
and rats [34]. 

In the present paper, we demonstrated some atyp- 
ical characteristics in substrate specificity of MAO 
from chick brain, liver, kidney and heart. These 
results support the idea that the type A and type B 
classification cannot be applied uncritically to all 
tissues from all species [4]. 
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Abstract—The metabolism of 5-azacytidine, radiolabeled in the 4- or 6-position with carbon-14, was 
studied in mice. High pressure liquid chromatographic analysis of urine from mice given [4-""C]- or 
[6-'*C]-5-azacytidine showed that six radioactive peaks were present and that peaks V and VI were 
the major peaks excreted. Similar analysis of urine from mice given the labeled compounds and tetra- 
hydrouridine, a deaminase inhibitor, indicated that peaks I, II and V were deaminated metabolites. 
Peak V appeared to contain components with the 6-carbon absent, whereas peak VI contained 
components, in a 1:1 ratio, with the 6-carbon either present or absent. Co-chromatography of urine 
from treated mice with authentic standards indicated that peaks I, III, 1V were 5-azauracil, 5-azacytosine 
and 5-azacytidine, respectively. These data, along with the characterization of peaks V and VI by gas- 
liquid chromatography and mass spectrometry, indicated that the metabolism of 5-azacytidine in mice 


is similar to that proposed by other investigators. 


The cytidine analog, 5-azacytidine (5-azaCR) was 
first synthesized in 1964 [1], and since that time it 
has received considerable attention. It has anti- 
microbial [2, 3] and antineoplastic activity against 
experimental [4-6] and human [7-13] tumors. 

The mechanism of action of the compound has 
been investigated extensively [2, 4, 14-24]; its mode 
of antitumor action, however, is not entirely clear. 
Based primarily on reports by the Czechoslovakian 
group [14, 24-27], Neil et al. [28] proposed a scheme 
for the metabolism of 5-azaCR, which included 
enzymic and non-enzymic degradative pathways. 
The identification of metabolites of 5-azaCR has 
been based primarily on the detection of its products 
from bacteria [27], rodent urine [14, 25], and hydro- 
lytic studies in vitro [24, 29]. Detection was accom- 
plished by physical methods such as paper chroma- 
tography, electrophoresis [14, 24] and ultraviolet 
absorbance [29], or by chemical methods [24] which 
rely on reagent reaction with selective chemical 
groups to yield characteristic colors. 

In the present report, the metabolism of 5-azaCR 
from mouse urine was studied by utilizing high pres- 
sure liquid chromatography (h.p.l.c.), gas—liquid 
chromatography (g.l.c.) and mass spectrometry 
(m.s.) and by evaluating the effect of the anti- 
metabolite, tetrahydrouridine (THU), on the overall 
metabolism of [4-""C]-5-azaCR and [6-"C]-5-azaCR. 


MATERIALS AND METHODS 


5-Azacytidine (NSC 102816) and tetrahydrouri- 
dine (NSC 112907) were obtained from the National 
Cancer Institute, Bethesda MD. [4-"C]-5-AzaCR, 
50 mCi/mmole (radiochemical purity, 96 per cent), 
was supplied by the Monsanto Research Corp., Day- 
ton, OH, through the National Cancer Institute. The 
[6-'*C]-5-azaCR, 9.5mCi/mmole (radiochemical 





* To whom reprint requests should be sent. 


purity, 87 per cent), was purchased from Dr. J. 
Moravek of Nova Chemicals, Rosemead, CA. The 
radiochemical purity of the drugs was determined 
by h.p.l.c. Solvents used for chromatographic analy- 
sis were obtained from Burdick and Jackson Lab- 
oratories, Inc., Muskegon, MI. All other chemicals 
were reagent grade. 

High pressure liquid chromatography was per- 
formed on a Waters model ALC-202/R-401W/UV 
liquid chromatograph (Waters Associates, Milford, 
MA). Samples were eluted from the column 
[250 x 4.2 mm i.d., packed with Merck LiChrosorb 
Si-60 5 w (E. M. Laboratories, Inc., Elmsford, NY)] 
with chloroform—methanol-water-—acetic acid (30: 
10:1.7:0.42, v/v from 0 to 22 ml and with methanol 
from 22 to 27 ml, at a flow rate of 1 ml/min. Recovery 
of radioactivity from the column ranged from 88 to 
97 per cent. Radioactive samples were counted in 
Aqueous Counting Scintillant (Amersham/Searle 
Corp., Arlington Heights, IL) in a Searle Analytic 
Mark III liquid scintillation system, and appropriate 
fractions were combined, dried under a stream of 
nitrogen, and stored at —20° until needed. 

Gas-liquid chromatography was performed in a 
Hewlett-Packard 5700A or a Varian 2800 gas chro- 
matograph with a flame ionization detector and a 
Sft x 1/8in or 6ft x 1/8in i.d. glass column containing 
20% SE-30 on Gas Chrom Z or 1% SE-30 on Gas 
Chrom Q (Applied Science Laboratories, Inc., State 
College, PA), respectively. Radioactive components 
in the gas effluent were trapped by inserting a short 
disposable glass Pasteur pipette containing loosely 
packed glass wool into the externally heated gas 
outlet. The pippette was flushed several times with 
scintillation solvent and the washes and glass wool 
were counted for radioactivity as described above. 

Mass spectrometry was performed on a DuPont 
21-491 instrument interfaced with the Hewlett—Pack- 
ard 5700A gas-liquid chromatograph and a Hewlett- 
Packard 2100A computer. 


609 





610 


Methanolysis of h.p.l.c. fractions was accom- 
plished by heating the samples at 65° for 16 hr in 
methanolic HCI which was prepared by adding acetyl 
chloride (5 ml) and methanol (95 ml) (reagent kit, 
Applied Science Laboratories, Inc.). 

Trimethylsilylation of h.p.|.c. fractions was carried 
out in Teflon-lined screwtop culture tubes with a 
1:1 mixture of N,O-bis(trimethylsilyl)trifluoro- 
acetamide (Regis Chemical Co. Chicago, IL) and 
pyridine (v/v). The sealed vessel was heated at 105° 
for 30 min, and samples of the mixture were injected 
into the gas chromatograph for g.l.c. or g.l.c.—m.s. 
analysis. 

Blood, obtained from Beagle dogs by carotid 
puncture, was centrifuged in a table top clinical 
centrifuge at maximum speed for 5 min to separate 
the plasma from the other components. Plasma and 
5-azaCR at the appropriate concentration were 
incubated at 37° for 10min, and the mixture was 
deproteinized by the addition of 19 vol of absolute 
ethanol. The precipitate was separated from the 
mixture by centrifugation, and the supernatant frac- 
tion was dried under nitrogen and stored at —20° 
until needed. 

Female BDF; mice (20 g mean weight) were given 
5-azaCR (4-"C or 6-“C), 50 mg/kg (2.6-6.2 uCi), 
alone or in combination with THU, 10 mg/kg. Drugs 
were dissolved in saline and administered to animals 
i.p. The animals were housed in Roth metabolism 
cages and fed food and water ad lib. Air which 
passed through a 20 x 7 cm glass column packed with 
Ascarite and Drierite flowed through the system with 
the aid of a vacuum of approximately 125mm Hg 
at the outlet of the cage. Air exiting from the system 
was passed through three successive KOH (8 M) 
solutions to trap expired CO and after 8 hr aliquots 
of the KOH samples were counted by liquid scintil- 
lation to determine the amount of “COh present. 
The urinary collection vessel was encased with dry 
ice to minimize degradation of drug and metabolites 
during the 8-hr collection period. The urines were 
lyophilized and stored at —20° until needed or resus- 
pended in 1.0 ml of distilled water and analyzed by 
h.p.l.c. 


RESULTS 


Effect of tetrahydrouridine on the metabolism of 
5-azacytidine. High-pressure liquid chromatographic 
analysis of urine from mice given [4-"C]-5-azaCR 
showed six major fractions. Peaks I-IV were radio- 
active and u.v.-absorbent, and peaks V and VI were 


radioactive and non-u.v. absorbent (Fig. 1). 
Although Fig. 1 shows u.v.-absorbance associated 
with peak VI, previous studies showed evidence that 
the peak was not u.v.-absorbent.* In a recent study 
[30], we reported that THU, when administered with 
[4-“C]-5-azaCR at concentration ratios of 0.01:1 to 





* In earlier studies, peak VI was allowed to elute from 
the column prior to a methanol wash. Under these con- 
ditions u.v.-absorbance did not overlap with peak VI, and 
no radioactivity was eluted after the peak. Based on these 
findings, subsequent chromatographic runs were shortened 
by washing the column with methanol immediately after 
the elution of peak V. 


C. J. Ketty, E. CoLes, L. GAupio and D. W. YESAIR 








—— Absorbance 254 nm 
oun Te 


nN 
Sg 
9 8 





-e-?-2 +e eR kA we 





dpm/0.2 ml FRACTION 


























Fig. 1. High-pressure liquid chromatographic analyses of 

urine collected from BDF; mice after dosing with [4-"C]- 

5-azaCR (3.7 uCi/mg), SOmg/kg. The column was 

15cm X 4.2 mmi.d., packed with 5 um silica. Eluents were 

chloroform—methanol-water-acetic acid (30:10:1.7: 0.42) 

(0-22 ml) and methanol (22-27 ml), flow rate 1 ml/min. 
‘SC peaks are labeled I-VI, where IV is 5-azaCR. 


2:1, was effective in increasing the urinary excretion 
of 5-azaCR (peak IV) by 2 to 6-fold, respectively, 
which was consistent with the mechanism of action 
of THU as an inhibitor of cytidine deaminase [31, 
32]. Table 1 shows that 5-azaCR, labeled in either 
the 4- or 6-position and administered with THU to 
mice, resulted in a decrease in the levels of radio- 
activity in h.p.l.c. peaks I (about 4-fold) and II 
(about 3- to 7-fold). Peak IV increased approxi- 
mately 6- and 4-fold when THU was administered 
with [4-“C]- or [6-'*C]-5-azaCR, respectively. Peak 
V decreased approximately 3-fold with the co- 
administration of [4-“C]-5-azaCR and THU, 
whereas the peak was absent or barely detectable 
with [6-'*C]-5-azaCR or [6-"C]-5-azaCR and THU, 
respectively. There was a 2-fold decrease in the level 
of peak VI due to [6-""C]-5-azaCR when compared 
to the level due to [4-"C]-5-azaCR; both levels, 
however, increased about 2-fold when THU was 
given with either of the labeled drugs. Table 1 shows 
a 2-fold increase in the level of radioactivity in peak 
III when THU was co-administered with [4-C]-5- 
azaCR, but the levels are relatively small. These 
findings are supported by a similar study [30]. The 
table also shows that there was approximately a 3- 
fold increase in peak III with [6-'*C]-5-azaCR when 
compared to that with [4-'"C]-5-azaCR. This increase 
in radioactivity in the peak was probably due to the 
contaminant, [6-'*C]-5-azacytosine (13 per cent as 
determined by h.p.I.c.), in the stock preparation of 
[6-"*C]-5-azaCR. 
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Table 1. Effect of THU on the urinary metabolites of [4-'*C]- and [6-"*C]-5-azacytidine in BDF; mice* 





High-pressure chromatographic fractions 


Per cent of 
administered 





_ 


Treatment 


II Ill 


dose 





[6-'4C]-5-azaCR 
[6-'4C]-5-azaCR + THU 
[4-'4C]-5-azaCR 
[4-"4C|-5-azaCR + THU 


tN tN 
DAN 
CNN SO 


It I+ I+ I+ 


-ONWN 
Coke 
I+ 1+ I+ I+ 


40.5 + 11.4 
41.4+ 3.7 
45.0 + 10.9 
29.3 + 11.8 





* Conditions for dosing animals were the same as those shown in Table 2. The values shown in h.p.l.c. peaks I-VI 
represent the per cent recovery of radioactivity from the column (from three or more analyses, mean + S.D.). The urine 
samples shown in Table 2 were used for analyses in these studies. 


The per cent recovery of radioactivity in expired 
air and urine from mice dosed with [4-"C]- or [6- 
'4C]-5-azaCR and with or without THU is shown in 
Table 2. Less than | per cent of the dose from mice 
given [4-C]-5-azaCR was recovered as “CO, 
whereas approximately 20 per cent of the dose was 
recovered as '‘*CO> from mice given [6-'*C]-5-azaCR. 
These data indicate that the triazine ring of the 
molecule was cleaved at the number 6-carbon which 
the animals expired as CO2. THU had no effect on 
the recovery of radioactivity in expired air or urine. 

Characterization of the urinary metabolites of 5- 
azaCR. Co-chromatography of urine, from mice 
given 5-azaCR, with authentic samples of 5-azauracil 
(5-azaU), 5-azacytosine (5-azaC) and 5-azaCR indi- 
cated that h.p.l.c. peaks I, III and IV were, respec- 
tively, similar to the authentic standards. Peak II 
was not characterized. 

Peak V was isolated from mouse urine by h.p.I.c. 
and derivatized with pyridine:bis (trimethylsilyl)tri- 
fluoroacetamide reagent. Gas-—liquid chromato- 
graphic analysis of the derivatized sample showed 
a major radioactive peak which eluted at 50° and a 
minor radioactive peak which eluted at 110° when 
the oven temperature was programmed at 4°/min. 
Mass spectrometric analysis of the early g.1.c. radio- 
active peak indicated a molecular weight of 115 for 
the peak with a base ion at m/e 100 (Fig. 2). Deri- 
vatization of h.p.l.c. peak V with the same reagent 
and pyridine: bis(trideuteromethylsily])trifluroaceta- 
mide-dis reagent (50% deuterium), which contained 
nine deuterium atoms per mole, and analysis by 


g.l.c. showed a corresponding nine mass unit increase 
of the early g.l.c. peak (Fig. 3). This mass unit shift 
indicated the presence of a single trimethylsilyl 
(TMS) group and that the mass of the underivatized 
molecule was 43 (115 minus 72). Several compounds, 
e.g. cyanic acid, having this molecular weight were 
considered. Trimethylsilylation of a commercial 
preparation of the potassium salt of cyanic acid and 
analysis by g.1.c. showed a peak with g.|.c. properties 
and a m.s. fragmentation pattern identical to those 
of the early g.l.c. peak obtained from h.p.|.c. peak 
V. Similarly, analysis of the second g.l.c. peak from 
h.p.l.c. peak V indicated it was _bis(trimethyl- 
silyl)cyanamide with a molecular weight of 186 and 
the M*-15 ion at m/e 171 (Fig. 4). 

It appeared, however, that cyanate and cyanamide 
could have been produced during the derivatization 
of the h.p.l.c. fractions. For example, biuret and 
urea derivatized under the same conditions and ana- 
lyzed by g.l.c.-m.s. indicated the following struc- 
tures: TMS—OCN, TMS—NH—CO—NH—TMS 
and TMS—N=C=N—TMS. Biuret, urea or cyan- 
ate, however, did not co-chromatograph by h.p.l|.c. 
with peak V, lending support to the indication that 
cyanate and cyanamide originated during the deri- 
vatization of h.p.l.c. peak V. 

High-pressure liquid chromatography peak V was 
subjected to acid methanolysis which should have 
resulted in cleavage of any ribosyl linkage to yield 
the corresponding methyl glycoside. After trime- 
thylsilylation of the mixture, g.l.c. analysis showed 
a major peak which eluted at 153°. Mass spectro- 


Table 2. Effect of THU on the metabolism of [4-'4C]- and [6-'*C]-5-azacytidine in 
BDF; mice* 





Per cent recovery of administered dose 





Treatment 


4CO> Total 





[6-'4C]-5-azaCR 
[6-'4C]-5-azaCR + THU 
[4-'4C]-5-azaCR 
[4-'4C]-5-azaCR + THU 


67 £17 
66 + 10 
AT = 12 
31+ 12 


ws 


—_ 


I+ I+ I+ I+ 





* Mice were dosed i.p. with THU, 10 mg/kg, immediately prior to 5-azaCR (2.6- 
6.2 Ci), 50 mg/kg, and urine and CO2 were collected over an 8-hr period. Three 
or more animals were used for each experiment and each experiment was run in 
triplicate. The values shown are expressed as the per cent recovery of administered 


radioactivity (mean + S.D.). 
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Fig. 2. Mass spectrum of trimethylsilyl cyanate (early g.l.c. peak). High-pressure liquid chromatography 
peak V, from urine of mice given [4-'*C]-5-azaCR, was derivatized for g.1.c.-m.s. analysis as described 
in Materials and Methods. ; 
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Fig. 3. Mass spectrum of trimethylsilyl cyanate (early g.l.c. peak). The conditions were the same as in 
Fig. 2 except that the derivatization mixture was 50% N, O-bis(trideuteromethylsilyl)trifluoroacetamide- 
dis. 
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Fig. 4. Mass spectrum of bis(trimethylsilyl)cyanamide. The conditions were the same as in Fig. 2. 
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metric analysis of this peak showed a mass spectrum 
identical with methyl-a-p-ribofuranoside-2,3,4,O- 
trimethylsilyl ether. 

[4-"C]-5-AzaCR, when incubated with dog 
plasma, readily decomposed to give h.p.l.c. peak 
VI. The peak obtained in this manner co-eluted with 
peak VI from mouse, dog and human urines.* After 
acid methanolysis and trimethylsilylation, g.l.c. 
analysis of the non-radiolabeled species indicated 
the presence of ribose. Analysis of the volatile radio- 
labeled species by g.l.c.—m.s. indicated a single 
radioactive peak which was identical in its g.l.c. 
properties and mass spectral fragmentation with 
bis(trimethylsilyl)cyanamide. The fragmentation 
pattern was identical to the second g.l.c. peak seen 
in the g.l.c.-m.s. analyses of h.p.l.c. peak V (Fig. 
4). 


DISCUSSION 


Tetrahydrouridine was reported by others to 
increase the level of 5-azaCR in plasma of mice [28] 
and, in the present report, is shown to increase the 
urinary excretion level of 5-azaCR (peak IV) and to 
alter the profile of 5-azaCR equivalents in mouse 
urine. With these facts, we have used THU and 5- 
azaCR, labeled in the 4- or 6-position of the triazine 
ring, to study the metabolism of 5-azaCR and, in 
particular, to characterize the structure of h.p.l|.c. 
peaks V and VI. 

As seen in Table 1, THU was effective in decreas- 
ing the level of h.p.l.c. peaks I, II and V and increas- 
ing the level of peaks IV and VI. This effect by THU 
indicated that peaks I, II and V were deaminated- 
related compounds and that peaks IV and VI 
retained the 4-amino group. Co-chromatography of 
mouse urine with authentic standards of 5-azaU, 5- 
azaC and 5-azaCR indicated that peaks I, III and 
IV were these compounds, respectively. This evi- 
dence is supported by the detection of 5-azaU and 
5-azaCR in mouse urine by Raska et al. [14] and 5- 
azaC as a degradation product of 5-azaCR in vitro 
[24]. Peak If was not characterized, primarily 
because of its instability. Based on the increase in 
this peak due to the influence of THU (Table 1) and 





* In a separate investigation, we used human cancer 
patients and Beagle dogs to study the metabolism of 5- 
azaCR. Urine from the patients and dogs given [4-'C]-5- 
azaCR was analyzed by h.p.|.c. which showed that h.p.I.c. 
peaks I-VI were present in both cases. Furthermore, we 
showed that peak VI from either human or dog co-chro- 
matographed with that from mouse urine. 
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its instability, it was anticipated that peak II may be 
5-azauridine (5-azaUR, see Scheme B) which has 
been identified in Escherichia coli culture after 
incubation with 5-azaCR [27]. 

Peak III was not affected by THU, nor did its 
total level in urine change when the excretion of 
metabolites was quantitated over a period of time 
[30]. The peak was also seen in stock preparations 
of 5-azaCR. These data suggest that the presence of 
peak III in the metabolic profile was due primarily 
to its presence as a contaminant in the drug 
preparation. 

High-pressure liquid chromatography peaks V and 
VI are present in abundance in urine of mice and 
humans dosed with 5-azaCR, and they lack u.v. 
absorbance. Cleavage of the triazine ring of 5-azaCR 
during metabolism is supported by several experi- 
ments: (1) detection of “CO in expired air from 
mice dosed with [6-'"C]-5-azaCR (Table 2); (2) dis- 
appearance and reduction of radioactivity in h.p.l.c. 
peaks V and VI, respectively, when [6-'*C]-5-azaCR 
is substituted for [4-'"C]-5-azaCR (Table 1); and (3) 
non-u.v. absorbance of h.p.|.c. peaks V and VI (Fig. 
1). Non-chromophoric compounds have been 
described as metabolites in vivo [14, 25] or degra- 
dation products of 5-azaCR in vitro [24]. 

High-pressure liquid chromatography peak V gave 
rise to cyanate and ribose (major components), and 
peak VI gave rise to cyanamide and ribose when 
analyzed by g.l.c.—m.s. Based on the work of others 
[14, 24, 27], it was expected that the above constitu- 
ent parts of the compound would be linked through 
the number 2-carbon atom of the intact compound 
to ribose. The comparative profile of urinary metab- 
olites from [4-"C]- or [6-'"C]-5-azaCR (Table 1) 
indicated that the linkage between the ribose and 
cyanate was via the 2-carbon in peak V and that 
approximately 50 per cent of the components of peak 
VI linked via the 2-carbon between ribose and 
cyanamide. 

High-pressure liquid chromatography peak V rep- 
resented approximately 27 per cent of the urinary 
radioactivity when animals were dosed with [4-'*C]- 
5-azaCR and this peak decreased in animals co- 
administered THU. When [6-"C]-5-azaCR was 
used, h.p.l.c. peak V essentially disappeared. Thus, 
Scheme A is proposed to explain the formation of 
peak V (ribofuranosylbiuret). 

The percentage of h.p.|.c. peak VI in urine varied, 
depending upon the position of the radiolabel. With 
[4-'*C]-5-azaCR, h.p.l.c. peak VI represented about 
19 per cent of the 5-azaCR equivalents in urine and 
increased to about 48 per cent in urine of animals 
that were treated with THU. When [6-"C]-5-azaCR 
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Scheme A. 
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was administered, the amount of h.p.l.c. peak VI 
was about half that found using [4-'*C]-5-azaCR and 
increased approximately 2-fold in THU-treated 
animals, which approximates the increase in h.p.1.c. 
peak VI using [4-"C]-5-azaCR plus THU. These 
data indicate that the fraction (h.p.l.c. peak VI) may 
contain more than one component. 

The components in peak VI may be: (1) 1-f-ribo- 
furanosyl-3-guanylurea (RGU), to accommodate for 
the loss of the number 6-carbon; (2) RGU bound 
to contaminant biological material; (3) N-(formyl- 
amidino)-N’-8-p-ribofuranosylurea (RGU-CHO), 
the intermediate in the transformation of 5-azaCR 
to RGU; (4) formate; or (5) formate bound to con- 
taminant biological material. Items 3-5 would 
account for the conservation of the radiolabeled 
carbon of the 6-position of 5-azaCR. Although for- 
mate was shown to be a hydrolytic product of 5- 
azaCR in aqueous solution in vitro [33], ['*C]-for- 
mate was not retained in our h.p.l.c. system. It is 
also doubtful that formate bound to contaminant 
material would be detected by the methods used in 
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this study. In all likelihood, formate in vivo would 
become oxidized to CO2, which we believe accounts 
for expired '‘CO2 (Table 2). We theorize further 
that RGU bound to contaminant biological material 
would not be detected by our method of sample 
preparation and analysis. The evidence in support 
of RGU can be seen from several experiments. For 
example, RGU has been shown to be a hydrolytic 
product of 5-azaCR in vitro with a 70 per cent yield 
[24] and was identified in the urine of mice treated 
with 5-azaCR [14]. RGU-CHO, the proposed inter- 
mediate in the decomposition of 5-azaCR to RGU, 
was indicated in studies in vitro by two separate 
reports [24, 29] and recently isolated as a hydrolytic 
product of 5-azaCR in vitro [34]. Therefore, we 
propose that peak VI is composed of RGU and 
RGU-CHO and that Scheme B represents a quan- 
titative metabolic pathway for 5-azaCR in mice. 
Since excretion of the radiolabeled species in urine 
(45 per cent) and expired air (20 per cent) rep- 
resented about 65 per cent of the administered dose, 
another possible excretory pathway, e.g. feces, is 
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indicated. In a previous study,* we showed that prior 
to 8 hr, little radioactivity was recovered in feces of 
mice; however, by 24hr, about 15 per cent of the 
administered dose was recovered in feces, i.e. an 80 
per cent cumulative excretion of radiolabeled equiv- 
alents. Based on the metabolic profile of [4-"*C]-5- 
azaCR (Table 1), approximately 20 per cent of the 
administered dose is metabolized to peak VI, divided 
equally between VIa and VIb, and about 70 per cent 
of the dose is metabolized and divided equally among 
the deaminated components (peaks I, II and V). The 
remaining radioactivity is accounted for by peaks III 
(5 per cent) and IV (4 per cent). 

The modification of the metabolic pathway by 
THU supports the action of this analog as a deami- 
nase inhibitor, since THU treatment resulted in a 
decrease (14-35 per cent) of the deaminated com- 
ponents and an increase (40 per cent) in the non- 
deaminated component (peak VI). There is, quan- 
titatively, a similar pattern of urinary metabolites in 
humans and dogs. Therefore, the proposed Scheme 
B may also be applicable to most mammalian species. 
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Abstract—The antilipolytic action of insulin was investigated using the perifused fat cell system. 
Epinephrine (10° M) and glucagon (5 x 10~° M) both stimulated lipolysis by at least 6-fold, and insulia 
inhibited both responses. The time course and the magnitude of the antilipolytic action of insulin were 
determined in the perifused fat cell system. At a concentration of 100 wU/ml, insulin inhibited 
epinephrine-stimulated lipolysis approximately 50 percent, with a half-time response of 4-5 min. The 
antilipolytic action of insulin persisted for at least 45 min. following the termination of insulin infusion. 
This prolonged phase of the action of insulin could be terminated by treatment of the cells with trypsin. 
These results suggest that only small percentage of insulin receptors is occupied during maximum 


lipolytic activity and that in adipose tissue many spare receptors exist for insulin. 


A great deal of attention has been accorded to the 
mechanism by which insulin regulates metabolism 
in a variety of tissues. One particularly useful model 
is the isolated fat cell preparation which has been 
used to study insulin effects on glucose utilization 
[1,2] and lipolytic activity [3,4]. This system also 
has been used to examine the binding of insulin to 
specific cell surface receptors and the kinetics of that 
binding [5-7]. 

Very little work has been done on correlating the 
kinetics of insulin binding to adipocytes with the 
physiological action of insulin. This relationship was 
examined by Gliemann et al. [7] for the lipogenic 
action of insulin. However, no correlation was drawn 
between insulin binding and the antilipolytic action 
of this hormone. This was due particularly to the 
difficulty of studying the rates at which lipolytic 
activities changed following the addition of insulin, 
a difficulty which was overcome by the development 
of the perifused fat cell system [8]. Using this tech- 
nique, it is possible to measure lipolytic rates over 
very short periods of time (less than 1 minute) and 
to examine the rates at which changes in lipolysis 
occur following the addition of hormones or the 
removal of these materials from the system [9]. 

The purpose of this study was to examine the 
antilipolytic effect of insulin in the perifused fat cell 
system and to correlate the action of insulin with 
existing data on the binding of this material to the 
fat cells. 


METHODS 


Isolated fat cells were prepared from the epidi- 
dymal fat pads of fed Cox Holtzmann rats (weighing 
from 150 to 220 g) according to the methods of Lech 
and Calvert [10]. Isolated fat cells were perifused as 
described previously [8]. Briefly, 1 ml of packed cells 
was placed in a water-jacketed plastic column main- 
tained at 37°. Krebs-Ringer bicarbonate buffer 
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(pH 7.4) containing 1% (w/w) albumin was pumped 
into the top of the column at a flow rate of 2.5 ml/min. 
The buffer was maintained at 37° under an atmos- 
phere of 95% oxygen-5% CO. The fat cells were 
perifused for a 10-min equilibration period after 
which several samples were taken over the next 
10 min for the determination of basal rates of lipo- 
lysis. Each agent to be tested was infused into the 
cell chamber by means of an injection port located 
at the top of the column. Infused material reached 
90% of maximum concentration in the perifusate, 
leaving the column in 2 min [8]. All concentrations 
of hormones are expressed as the concentration of 
material reaching the fat cells. The perfusate was 
collected at the bottom of the column for 1-min 
intervals. 

The concentration of glycerol in the perfusate was 
determined by the fluorometric method of Chernick 
[11]. Protein content of the isolated fat cells was 
determined by the method of Lowry et al. [12]. 

Bovine serum albumin (fraction V) and /-epi- 
nephrine were purchased from the Sigma Chemical 
Co. (St. Louis, MO). Crystalline porcine insulin (24 
U/mg) and glucagon were supplied by Eli Lilly & 
Co. (Indianapolis, IN). 


RESULTS 


An infusion of epinephrine (107° M) into the peri- 
fused fat cell system resulted in a large increase on 
lipolytic activity, with maximum rates occurring in 
30 min. While maintaining the infusion of epineph- 
rine for the remainder of the experiment, insulin 
(100 «U/ml) was also infused for 25 min. Insulin 
reduced the lipolytic activity by about 50 percent. 
Maximum inhibition was observed 20 min after the 
start of the insulin infusion. Half-time for the inhibi- 
tory effect was calculated at 5 min. Following ter- 
mination of the insulin infusion (but in the presence 
of epinephrine), the inhibition of lipolysis continued 
for the duration of the experiment (45 min). A sum- 
mary of four experiments of this type is shown in 
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Fig. 1. Antilipolytic action of insulin (100 wU/ml) in the perifused fat cell system. Epinephrine and 
insulin were infused during the times indicated by the arrows. Results are expressed as the means of 
four experiments. 


Fig. 1. Five similar experiments were conducted 
using a lower concentration of insulin (10 ~U/ml), 
and similar results were seen. Following the termi- 
nation of the insulin infusion, the lipolytic activity 
remained at the reduced value and failed to return 
to pre-insulin values (Fig. 2). 

In five experiments in which glucagon (5 x 107° 
M) was used as the lipolytic agent, insulin was also 
found to be antilipolytic. The infusion of glucagon 
resulted in a lipolytic response which reached max- 
imum values in approximately 25 min. Infusion of 
insulin (100 wU/ml) resulted in a 50 percent reduction 
in the lipolytic response and reached maximum 
inhibitory levels approximately 15 min after the start 


of the infusion. Half-time for the antilipolytic effect 
of insulin was approximately 4 min. As seen in the 
other experiments, the inhibitory action of insulin 
was prolonged following the termination of the 
insulin infusion. The antilipolytic action of the hor- 
mone persisted for the duration of the experiment, 
a period of 45 min (Fig. 3). 

In a series of six experiments, an attempt was 
made to overcome the prolonged inhibitory influence 
of insulin by using two lipolytic stimuli. The antili- 
polytic effect of insulin on epinephrine-stimulated 
lipolysis was established over a 30 min period of time 
following which the insulin infusion was terminated 
but the epinephrine infusion continued. Ten minutes 
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Fig. 2. Antilipolytic action of insulin (10 wU/ml) in the perifused fat cell system. Epinephrine and insulin 
were infused during the times indicated by the arrows. Results are expressed as the means of five 
experiments. 
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Fig. 3. Antilipolytic action of insulin on glucagon-stimulated lipolysis in the perifused fat cell system. 
Glucagon and insulin were infused during the times indicated by the arrows. Results are expressed as 
the means of five experiments. 


later an infusion of glucagon (5 x 10~° M) was 
started so that the cells were exposed to both epi- 
nephrine and glucagon. Even under these conditions 
of dual stimulation the prolonged antilipolytic action 
of insulin could not be overcome (Fig. 4). 

In an attempt to terminate the prolonged antili- 
polytic action of insulin, cells were exposed to trypsin 
following an exposure to insulin and in the presence 
of epinephrine. An infusion of epinephrine (10~° M) 
was begun and insulin (10 wU/ml) was added 20 min 
later for a 20-min time period. As before, the lipolytic 
activity failed to return to pre-insulin values over the 
next 15 min. At that time, trypsin (500 ~U/ml) was 
infused for 25 min during which lipolytic activities 
remained depressed. Following termination of the 


trypsin infusion (but still in the presence of epi- 
nephrine), lipolytic activity increased and returned 
toward pre-insulin values (Fig. 5). 


DISCUSSION 


Many investigators have studied the mechanisms 
by which insulin regulates metabolism in a variety 
of tissues. Particular emphasis has been placed on 
the regulation of adipose tissue metabolism, with 
studies focusing on the binding of insulin to mem- 
brane receptors |5—7| and the regulation of metabolic 
events such as increased glucose uptake [1, 2], and 
increased lipogenesis [7, 13]. 

Owing to the methological difficulties in assessing 
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Fig. 4. Effect of glucagon on lipolysis during prolonged antilipolytic action of insulin. Epinephrine, 
insulin and glucagon were infused during the times indicated by the arrows. Results are expressed as 
the means of six experiments. 
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Fig. 5. Effect of trypsin treatment on the prolonged antilipolytic response to insulin. Epinephrine, 
insulin and trypsin were infused during the times indicated by the arrows. Results are expressed as the 
means of five experiments. 


rates of change in lipolysis, very littke work has been 
done describing the rates at which insulin alters 
hormone-stimulated lipolysis in adipose tissue. The 
development of the perifused fat cell-system has 
allowed for assessment of lipolytic activity over very 
short periods of time [8,9], and has provided a 
system in which the rates of change of lipolysis can 
be determined following the addition or removal of 
insulin. 

As described previously [14], glucagon and epi- 
nephrine are able to stimulate the lipolytic process 
in the perifused fat cell system. Insulin at a concen- 
tration of 100 ~U/ml strongly reduces the lipolytic 
activity in the presence of either of these hormones. 

Studying the binding of radiolabeled insulin to 
intact fat cells, Gammeltoft and Gliemann [6] and 
Kono and Barham [4] have demonstrated a group 
of insulin receptors with a dissociation constant of 
approximately 3 x 10~” M. In studying the relation 
between insulin binding and insulin-induced lipo- 
genesis, Gliemann et al. [7] suggested that the first 
step in the action of insulin on lipid synthesis from 
glucose is the interaction with these receptors. It was 
further suggested that occupancy of the receptor was 
the rate-limiting factor when low concentrations of 
insulin were used. However, at higher insulin con- 
centrations, some other step become the rate-lim- 
iting factor. and, although additional receptors were 
occupied, no further increase in lipogenesis was 
observed. Similar conclusions were reached by Kono 
and Barham [4] who observed that concentrations 
of insulin which occupied only a small proportion of 
the binding site on fat cells stimulated glucose oxi- 
dation maximaly. 

If many spare receptors exist, as proposed, than 
at high insulin concentrations maximum metabolic 
responses should occur at a time prior to equilibrium 
of binding. Such a relationship exists for the effects 
of insulin on lipid synthesis [7], and the present results 


suggest that the same relationship holds for the 
antilipolytic effect of insulin. Following the infusion 
of insulin (100 4U/ml), the time to one-half of the 
maximum response is between 4 and 5 min. This is 
about one-half of the value of Ti for binding at this 
concentration of insulin predicted by the equation 
of Gammelgoft and Gliemann [6]. 

At lower concentrations of insulin, the Ti for 
antilipolytic activity was approximately 8 min. This 
value is also somewhat less than the value for Ti2 
binding predicted by the equation of Gammeltoft 
and Gliemann and considerably shorter than the 
experimentally determined half-time for equilibrium 
of binding at this concentration [7]. 

It would appear, therefore, that under these con- 
ditions maximum antilipolytic response can occur at 
a time prior to equilibrium of binding. We interpret 
this to mean that only a small proportion of the total 
receptor population needs to be occupied by insulin 
molecules in order to exert maximum antilipolytic 
activity. 

Using the hypothesis of Gammeltoft and Glie- 
mann [6] that maximal effects of insulin are obtained 
when only a small portion of the receptors are 
occupied, it can be predicted that the metabolic 
effect of insulin would be maintained following the 
removal of the hormone from the incubation 
medium. Consistent with this hypothesis is the 
observation of Gliemann et al. [7] that a prolonged 
effect of insulin on glucose utilization occurred fol- 
lowing the removal of insulin from the incubation 
medium. In other studies, Gliemann [15] demon- 
strated that the prolonged effect of insulin on glucose 
conversion to lipids persisted for as long as 70 min 
after the removal of insulin from the incubation 
medium. This prolongation of response was present 
even after the addition of an excess amount of insulin 
antibody. In addition, Solomon and Duckworth [16] 
have demonstrated that prior exposure of fat cells 
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to insulin results in a reduction in the lipolytic 
response to epinephrine. 

At the concentrations used in the present study 
(10 or 100 wU/ml), insulin had a prolonged antili- 
polytic effect in the perifused fat cell system. This 
antilipolytic effect of insulin persisted for as long as 
45 min after the termination of the insulin infusion. 
The inhibitory influence of insulin could not be over- 
come by adding glucagon to the perifusion medium 
in addition to the existing perifusion with epineph- 
rine. The prolonged inhibitory influence of insulin 
was not dependent on the hormonal stimulant used. 
The prolonged effect was seen when either glucagon 
or epinephrine was used as the lipolytic stimulant. 
These data lend support to the hypothesis of Glie- 
mann et al. [7] and Kono and Barham [4] that only 
a small proportion of the receptors must be occupied 
to exert a maximum metabolic effect in adipose 
tissue. Thus, during the washing period molecules 
of insulin continuously dissociated from their recep- 
ton and were removed from the system. Because 
occupancy of a small proportion of the receptors was 
sufficient to maintain the antilipolytic action of 
insulin, the action of insulin persisted for the period 
of time during which much of the hormone was 
removed from the system. 

This prolonged antilipolytic action of insulin could 
be terminated by treatment of the perifused fat cells 
with trypsin. Based on the work of Kono and Barham 
[417], these results could be interpreted to mean 
that trypsin was proteolytically removing the insulin 
receptor and its associated insulin molecule from the 
fat cell, thereby terminating the action of the com- 
plex. Alternatively, it must be considered that the 
trypsin destroyed whatever insulin might have been 
attached to the adipose cell receptors. 

It appears that unbound insulin was not respon- 
sible for the prolonged action of the hormone. It 
follows that insulin molecules attached to the recep- 
tors are in such configuration that they do not react 
with antibodies to the insulin molecules. Antibodies 
to insulin failed to reverse the prolonged effect of 
insulin on glucose utilization [7] or the prolonged 
antilipolytic action of insulin in the perifused fat cell 
system (E. A. Miller and D. O. Allen, unpublished 
observations). If insulin was in an unbound state, 
the antibody should terminate its action. 

Recent results suggest that insulin may be inter- 
nalized and possibly exert an action within the cell 
[18]. The result with trypsin suggest that the pro- 
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longed antilipolytic action of insulin was not the 
result of internalization of the molecules, but rather 
was an action on the exterior of the cell. 

In summary, it can be concluded that the model 
suggested by Gliemann et al. [7] for the action of 
insulin on lipid synthesis also applies to the anti- 
lipolytic action of insulin. According to this model, 
the binding of insulin to specific receptors represents 
the first step in the action of insulin. However, many 
receptors exist, and the occupancy of only a small 
portion of the total receptors is needed to exert 
maximum antilipolytic activity. The existence of 
these spare receptors and their occupancy by insulin 
are sufficient to explain the prolonged antilipolytic 
action of insulin following the removal of the hor- 
mone from the perifusing solution. 


REFERENCES 


1. O. B. Crofford, J. biol. Chem. 243, 362 (1968). 
2. D. R. Challoner and P. Yu, Diabetes 19, 189 (1970). 
3. E. A. Miller and D. O. Allen, J. Lipid Res. 14, 331 
(1973). 
. T. Kono and F. W. Barham, J. biol. Chem. 246, 62 
(1971). 
. P. Cuatrecasas, Proc. natn. Acad. Sci. U.S.A. 68, 1264 
(1971). . 
. S. Gammeltoft and J. Gliemann, Biochim. biophys. 
Acta 320, 16 (1973). 
. J. Gliemann, S. Gammeltoft and J. Vinten, J. biol. 
Chem. 250, 3368 (1975). 
. D.O. Allen, E. E. Largis, E. A. Miller and J. Ashmore, 
J. appl. Physiol. 34, 125 (1973). 
. A. S. Katocs, E. E. Largis and D. O. Allen, J. biol. 
Chem. 249, 2000 (1974). 
. J. J. Lech and D. N. Calvert, J. Lipid Res. 7, 561 
(1966). 
. S. Chernick, Meth. Enzym. 14, 627 (1969). 
. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 
. D. O. Allen and J. Ashmore, Biochem. Pharmac. 18, 
1347 (1969). 
. A. S. Katocs, E. E. Largis, D. O. Allen and J. Ash- 
more, J. biol. Chem. 284, 5089 (1973). 
. J. Gliemann, Diabetologia 6, 46 (1970). 
. §. S. Solomon and W. C. Duckworth, J. Lab. clin. 
Med. 88, 984 (1976). 
. T. Kono and F. W. Barham, J. biol. Chem. 246, 6204 
(1973). 
. I. D. Goldfine, G. J. Smith, K. Y. Wong and A. L. 
Jones, Proc. natn. Acad. Sci. U.S.A. 74, 1368 (1977). 








Biochemical Pharmacology, Vol. 29, pp. 623-627. 0006-2952/80/0215-0623 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


MECHANISMS OF INHIBITION OF PHOSPHOLIPASE A, 


CARMEN Vico, G. P. LEwis and PRISCILLA J. PIPER 


Department of Pharmacology, Institute of Basic Medical Sciences, Royal College of Surgeons of 
England, Lincoln’s Inn Fields, London WC2A 3PN, U.K. 


(Received 1 May 1979; accepted 7 September 1979) 


Abstract—Differential scanning calorimetry (d.s.c.) and assays of phospholipase Az activity were used 
as tools to distinguish between drugs which interact with the phospholipids and those which interact 
directly with the enzyme. Cholesterol lowered the transition temperature (tc) and reduced the heat 
absorbed at transition and inhibited phospholipase A2 activity on liposomes prepared from dipalmitoyl- 
lecithin-cholesterol. Subsequent addition of filipin to these liposomes overcame the inhibitory effect. 
Cholesterol therefore inhibits phospholipase Az by interacting with the membrane phospholipids. 
Mepacrine and phentermine did not interact with dipalmitoyl-lecithin (DPL) as determined by d.s.c., 
but reduced the rate of hydrolysis induced by purified phospholipase Az by a direct interaction with the 
enzyme. The anaesthetics, ethrane, halothane and trichloroethylene, inhibited phospholipase A2 more 
than 90 per cent and were found to interact with DPL to modify membrane fluidity and lower the 
transition temperature. However, they also appeared to interact directly with the enzyme because the 
inhibitory effect was not overcome either by assaying phospholipase A2 at the new fc or by a ten-fold 
increase in Ca’* concentration. The anti-inflammatory steroids hydrocortisone, dexamethasone and 
betamethasone did not affect the rate of hydrolysis of DPL liposomes induced by phospholipase A2 
even at 2:1 w/w steroid/lipid. Furthermore, these steroids were found to be without any effect on 


membrane fluidity as examined by d.s.c. and microviscosimetry. 


In a great number of tissues the phospholipids are 
a major source of arachidonic acid (AA) for pros- 
taglandin (PG) synthesis. Phospholipase A: is the 
enzyme responsible for the release of AA from the 
phospholipids and therefore plays a vital role in 
controlling PG synthesis. In view of its importance, 
it is not surprising that in recent years it has been 
the subject of intensive research. Different drugs 
including mepacrine [1], phentermine [2], some local 
anaesthetics [3, 4] and anti-inflammatory steroids 
[5, 6] have been reported to prevent fatty acid release 
in different tissues and it has been suggested that 
they act via inhibition of phospholipase Az. We have 
therefore studied the mechanisms by which this 
enzyme can be inhibited using purified phospholipase 
A2in a model system and have investigated the mode 
of action of different drugs. 

The physical state of the phospholipids is essen- 
tially important in determining their susceptibility 
to phospholipase A2 activity [7, 8]. The lipids in the 
membrane may exist either in a rigid gel-like state 
where they are closely packed together and very 
little motion is possible, or they may exist in a liquid 
crystalline state where the molecules within the 
bilayer are further apart and considerable motion 
occurs. The transition between these two states is 
temperature-dependent and can be measured by 
d.s.c. This technique measures both the heat 
absorbed and the temperature at which this transition 
occurs. These are characteristic of the lipid under 
investigation and any molecule which interacts with 
the lipid can modify either the fc or the amount of 
heat absorbed [9]. 

Phospholipase A2 can hydrolyze phosphatidylcho- 
line containing saturated or unsaturated fatty acids 
maximally at the transition temperature [10]. Below 
or above this temperature the enzyme activity is 


considerably reduced. The coexistence of ordered 
and disordered regions of phospholipid occurring 
only at the tc may be responsible for the optimization 
of the hydrolysis rate. Irregularities in the packing 
of the lipid bilayer at this temperature may favour 
insertion of the enzyme into the bilayer. 

Therefore, activity of phospholipase A2 might be 
expected to modified either by drugs which interact 
directly with the enzyme or by molecules which 
interact with the lipids and modify their fluidity. It 
is possible to distinguish between these two mech- 
anisms by measuring the rate of hydrolysis induced 
by phospholipid A2 and by using d.s.c. 


MATERIALS AND METHODS 


The following agents were used: phospholipase A2 
from Naja naja venom, lyophilized powder and phos- 
pholipase Az from porcine pancreas, suspension in 
3.2M (NHs)2SO. (Sigma); filipin (Upjohn Com- 
pany); cholesterol (Sigma); ethrane (Abbots Lab- 
oratories); halothane and trichloroethylene BP 
(I.C.I.); mepacrine BP (May & Baker); L-B-dipal- 
mitoyl-a-lecithin (Fluca); dimethyl-hexatriene 
(Eastman—Kodak); dexamethasone sodium phos- 
phate, hydrocortisone-21-sodium succinate and 
betamethasone sodium phosphate (Glaxo); phen- 
termine (Duromine) was a gift from Riker. 

Preparation of liposomes. Dipalmitoyl-lecithin is 
a saturated phospholipid and when it is dispersed in 
solution and heated above the tc (41°), it forms 
multibilayer liposomes. 

Multibilayer liposomes were prepared in 0.1M 
Tris-buffer pH 7.2 containing 1mM CaCl. The prep- 
arations containing 1 mg DPL per ml of buffer were 
heated above the tc (41°) and whirlimixed. 

Preparation of cholesterol—dipalmitoyl-lecithin 
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liposomes. Mixtures of cholesterol and DPL were 
dissolved in benzene/methanol (95:5 v/v) and lyophi- 
lized. The liposomes were then prepared as described 
above. 

Hydrolysis of dipalmitoyl-lecithin liposomes. The 
liposome suspension was incubated at the tc (41°) 
with purified phospholipase A2 from pig pancreas or 
Naja naja venom in a volume of 1 ml. The reaction 
was terminated by the addition of 2 ml methanol and 
15 mM EDTA. The mixture was evaporated to dry- 
ness, the lipids dissolved in chloroform/methanol 
(2:1 v/v) and chromatographed on silica gel H plates 
in chloroform/methanol/water (65:25:4 v/v/v). The 
lysophospholipids and remaining DPL were scraped 
off the plates and quantified by phosphate assay [11]. 

A novel method was also used for assaying the 
enzyme activity spectrophotometrically. These 
measurements were carried out in a Pye Unicam SP 
1800 spectrophotometer using a wavelength of 
340 nm. The liposomes were incubated in buffer and 
maintained at 41° during the whole experiment. The 
addition of phospholipase A2 induced a rapid 
decrease in absorbance which corresponded to the 
hydrolysis of phospholipids when assayed in parallel 
by chromatographic and phosphorous techniques. 
A comparison of the results obtsined from the two 
methods is illustrated in Figs. la and b. This new 
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Fig. 1. The hydrolysis of DPL dispersed as multibilayer 
liposomes by purified phospholipase Az (a) followed by 
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method has the advantage of being able to determine 
the initial reaction rate. 

Differential scanning calorimetry. Samples were 
sealed in Perkin-Elmer volatile sample capsules and 
examined on the differential scanning calorimeter 
DSC-2. A scan speed of 20° per min was used for 
heating and cooling runs over the temperature range 
280-350 K. Peak areas were estimated by weighing 
the area under the curve and enthalpies calculated 
using indium as a standard for temperature and 
power calibration. After the scans, the sample pans 
were opened and the total amount of lipid deter- 
mined by phosphate assay. The accuracy of DSC-2 
under the range used is +0.2 per cent. 

Microviscosimetry. Microviscosimetry is an alter- 
native method of measuring membrane fluidity and 
has been used in the present experiments with fat 
cell ghosts. Fluorescence polarization measurements 
were performed with a Perkin-Elmer MPF3-L spec- 
trometer using an excitation wavelength of 366 nm, 
an emission wavelength of 460 nm and 10 nm slits. 
Corrections were made for light scattering and for 
the polarization produced by the emission monoch- 
romator. Diphenylhexatriene was used as the flu- 
orescent probe. 

Fat cell ghosts. Fat cell ghosts were prepared from 
rabbit isolated fat cells according to the method of 
Rodbell [12]. 


RESULTS 


Effects of drugs on hydrolysis of dipalmitoyl-leci- 
thin liposomes. When DPL liposomes were incu- 
bated at the fc of 41° with phospholipase A2 (5i.u.), 
hydrolysis of the phospholipids occurred. In the pres- 
ence of mepacrine (0.2-1 mg mepacrine/mg DPL) 
or phentermine (0.2-1.0 mg phentermine/mg DPL) 
there was a concentration-related inhibition of 
hydrolysis as shown in Fig. 2. Figure 2 illustrates 
that a concentration of 0.8 mg mepacrine or 1 mg 
phentermine/mg DPL caused 75 per cent inhibition. 

Dipalmitoyl-lecithin liposomes containing choles- 
terol, a compound known to interact with phospho- 
lipids, also inhibited hydrolysis. Figure 3 shows that 
cholesterol/DPL mixtures (0.03—-0.12mg_choles- 
terol/mg DPL) decreased the rate of hydrolysis as 
the concentration of choijesterol increased. At 
0.12 mg cholesterol/mg DPL, 95 per cent inhibition 
occurred. 

The general anaesthetics, ethrane (enflurane), 
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recording absorbance changes at 340 nm, (b) followed by Fig. 2. The inhibition of phospholipase A2 induced by 
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ig. 3. The effect of cholesterol on DPL hydrolysis induced 
by phospholipase Ao. 


halothane and trichloroethylene also caused a con- 
centration-related reduction of hydrolysis as shown 
in Fig. 4. Below 0.2 ul anaesthetic/mg DPL the 
inhibition was negligible, while with lul anaes- 
thetic/mg DPL all three anaesthetics inhibited phos- 
pholipase Az activity by more than 80 per cent. 

On the other hand, the glucocorticoids hydrocor- 
tisone, dexamethasone and betamethasone failed to 
influence the hydrolysis of DPL liposomes induced 
by phospholipase A2 from pig pancreas or Naja naja 
venom even in concentrations as high as 2:1 (w/w) 
steroid/lipid. 


Effect of drugs on the transition temperature of 


dipalmitoyl-lecithin. When the interaction of mepa- 
crine and phentermine with DPL liposomes was stud- 
ied by d.s.c., even concentrations of 400 wg com- 
pound/mg DPL had no effect on the transition 
temperature (41.5°) or enthalpy (36.6 kJ mole~') of 
DPL. In contrast, addition of cholesterol to DPL 
inhibited the transition between the gel and liquid 
crystalline state. Cholesterol 30-130 ug/mg DPL (i.e. 
the same range of concentrations found to inhibit 
phospholipase Az) decreased the heat absorbed at 


r- 4 Halothane 
@ Trichloroethylene 
@ Ethrane 


%o 


Inhibition of ODPL 


hydrolysis by anaesthetics, 





625 


the transition, as shown previously by Ladbrooke et 
al [13]. They also found that no transition occurred 
in the presence of equimolar ratios of 
lecithin/cholesterol. It is known that the polyene 
antibiotic filipin forms an association with cholesterol 
and restores the co-operative phase transition of the 
phosphatidyl-choline molecules [14]. In the present 
experiments, filipin (in equimolar concentrations 
filipin/cholesterol) was found to restore 95 per cent 
of the phospholipase Ao activity. 

All three anaesthetic agents studied, at a concen- 
tration of 1 ug/ml DPL, lowered tc, as illustrated in 
Fig. 5. Ethrane, halothane and trichloroethylene 
interacted with the phospholipids, lowering the 
phase transition by 9, 15 and 30°, respectively and 
increased the width of the transition. The activity of 
phospholipase A2 in the presence of these anaes- 
thetics was not restored when the enzyme was 
assayed at the new cs. Mountcastle er al. [15] have 
suggested that these anaesthetics decrease the degree 
of co-operativity of the phospholipid molecules at 
the tc. This property might explain their inhibitory 
effect. Another possibility is a direct inhibition of 
phospholipase A2 by these molecules. 

It has been suggested that some local anaesthetics 
inhibit phospholipase A2 by competing for Ca** 
[3,4]. This, however, is not the case for general 
anaesthetics. In the present experiments, even when 
the Ca?* concentration was increased 10-fold (10 
mM), the effect of these anaesthetics was not 
reversed. 

An attempt was also made to use d.s.c to explain 
the earlier finding that glucocorticoids inhibit AA 
release from fat cell ghosts [6]. 

Glucocorticoid-lipid interactions were studied by 
d.s.c. and at concentrations of the three steroids up 
to 100 g/ml DPL (i.e. a much higher concentration 
than that used in biological studies), no effect on fc 
(41.5°) or enthalpy (36.6 kJ.mole~') of DPL. 

A direct study of the effect of glucocorticoids on 
fat cell ghosts was carried out using the technique 
of microviscosimetry. Fluorescence polarization 
measurements at 25° on fat cell ghosts using diphenyl- 
hexatriene as a fluorescent probe showed that incu- 
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Fig. 4. The effect of different general anaesthetics on DPL hydrolysis induced by phospholipase A2. 
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Fig. 5. The effect of anaesthetics on the DPL gel to liquid- 
crystalline phase transition. 


bation with different concentrations of dexametha- 
sone from 5 to 100 ug/ml did not alter the measured 
value of P (the fluorescence polarization) found to 
be 0.228 for control and 0.225 for steroid treated 
preparations (mean of three experiments). 


DISCUSSION 

The present findings have demonstrated the 
importance of membrane fluidity with regard to 
phospholipase activity. Irregularities in lipid packing 
in the bilayer of liposomes strongly enhance enzyme 
activity and these packing faults exist at the transition 
temperature of the lipid. At this temperature, lipids 
in both the liquid crystalline and the gel phase co- 
exist. It appears likely that penetration of the enzyme 
into the interphase is facilitated at the border of the 
domains of “frozen lipid” [10, 16]. 

Purified phospholipase Az has been widely used 
in a number of different studies on membrane struc- 
ture and physical properties. The asymetric distri- 
bution of the phospholipid classes across the mem- 
brane of the erythrocyte [17] and the micro-organism 
Acholeplasma laidlawii [18] have been studied using 
this enzyme. It has also proved a useful tool in the 
studies on membrane physical properties, e.g. mem- 
brane surface pressure [7], membrane sidedness [19] 
and metabolism of membrane lipid [20]. 

The hydrolysis of phospholipids by phospholipase 
A2 has thus become a very suitable tool for the 
investigation of the physical properties of the plasma 
membrane, its lipid organization and its function as 
a permeability barrier. 

Interest in phospholipase A2 has grown consider- 
ably in recent years in view of its importance with 
regard to PG synthesis. Arachidonic acid is released 
from the phospholipids by phospholipase A2 before 


being converted into prostaglandins. The spectro- 
photometric assay of phospholipase A2 which we 
have presented in this paper is rapid and simple and 
would be ideally suited for the screening of drugs 
which might modify phospholipase activity. 

Parallel studies of drug—phospholipid interactions 
using d.s.c. provide further insight into the mech- 
anism of action of phospholipase inhibitors. The 
present experiments show that agents which rigidify 
the membrane, such as cholesterol, or those which 
fluidize the membrane, such as anaesthetics, 
inhibited phospholipase action. Other drugs, e.g. 
mepacrine and phentermine, directly inhibited the 
enzyme without interacting with the membrane 
phospholipids. In biological systems, however, other 
regulatory mechanisms might also be present. 

Cholesterol was found to decrease the heat 
absorbed at the transition and to inhibit the hydroly- 
sis rate induced by phospholipase in the same con- 
centration range. Furthermore, this activity was 
reversed by filipin. It seems likely, therefore, that 
cholesterol inhibits the phospholipase by interacting 
with the phospholipids. Some local anaesthetics have 
been reported to inhibit endogenous phospholipase 
A2 [3, 4]. Similar molecules have been found to 
interact with the phospholipids and modify their 
fluidity [21]. In the present study. the actions of the 
general anaesthetics, ethrane, halothane and trich- 
loroethylene, were found to be more complex. They 
lowered the tc, decreased the heat absorbed at tran- 
sition and inhibited the hydrolysis. In addition, when 
hydrolysis was carried out at the new fc, the enzyme 
was still inhibited, indicating some other action. This 
was not competition for Ca**, since an increase in 
Ca’** did not reverse the inhibition. It appears, there- 
fore, that the three anaesthetics not only interact 
with the membrane phospholipids but influence the 
enzyme activity either by direct interaction or by 
reducing the cluster size of the phospholipids at this 
temperature [15]. 

In 1961, glucocorticoids were first reported to 
stabilize biological membranes [22] and ‘we have 
therefore studied glucocorticoid—phospholipid inter- 
action by d.s.c. and microviscosimetry to determine 
whether this stabilization is due to a direct interaction 
with the membrane phospholipids. Our studies using 
even higher concentrations of glucocorticoids than 
those used in biological systems failed to reveal any 
effect of these drugs on membrane fluidity. A stabil- 
ization of the membrane by glucocorticoid—phospho- 
lipid interactions can therefore be excluded. 

Another possible stabilization mechanism of these 
drugs could be via a direct inhibition of phospholi- 
pase A2 activity. However, the present investigation 
has shown that the rate of hydrolysis of DPL by 
purified phospholipase A2 from pig pancreas or Naja 
naja venom was not altered in the presence of 
hydrocortisone, dexamethasone or betamethasone 
up to 2:1 (w/w) steroid/lipid. 

The inhibition of phospholipase A2 in biological 
systems by anti-inflammatory steroids does not 
therefore appear to be either via direct interactions 
of the steroids with the enzyme or by steroid— 
phospholipid interactions. A further mechanism pre- 
sently under investigation must therefore be involved 
to explain their action. 
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Abstract—The effects of chlorpromazine and imipramine at concentrations ranging from 25 to 120 uM 
on ATPase activities, as well as calcium binding and uptake abilities of the rat heart subcellular 
membranes, were studied in vitro. Chlorpromazine significantly decreased calcium binding, Mg~* 
ATPase and Na*-K* ATPase activities of the sarcolemmal fraction, whereas imipramine decreased 
calcium binding, Ca?* ATPase and Mg** ATPase activities. Chlorpromazine also produced significant 
inhibition of the calcium binding and uptake abilities of the microsomal and mitochondrial fractions, 
while imipramine depressed the mitochondrial calcium uptake activity only at concentrations of 80 uM 
or higher. The mitochondrial respiratory and oxidative phosphorylation activities were depressed at 
high concentrations of these drugs. Since different membrane systems have been considered to be 
involved in the regulation of heart function and metabolism, the observed decreases in ATPase and 
calcium-accumulating activities of the heart subcellular membranes may represent one of the molecular 
mechanisms for the cardiodepressant actions of chlorpromazine and imipramine. 


Drugs such as chlorpromazine and imipramine, 
which are useful in the therapy of psychiatric 
patients, have also been demonstrated to produce 
negative chronotropic and inotropic effects on the 
intact dog heart [1], the isolated perfused rat heart 
[2], and the isolated rat atria [3]. Although anti- 
psychotic agents have been reported to decrease 
calcium uptake, oxidative phosphorylation, and 
ATPase activities [4-6], no conclusion with respect 
to the molecular basis of action of these agents on 
myocardium can be drawn because these studies 
were carried out with liver and brain tissues. Since 
subcellular membranes have been considered to play 
an important role in the regulation of heart function 
and since alterations in their activities are believed 
to be involved in the development of myocardial 
contractile failure [7,8], the present experiments 
were undertaken to examine the actions of chlor- 
promazine and imipramine on heart sarcolemma, 
sarcoplasmic reticulum (microsome) and mitochon- 
dria. We have employed 25-120 uM concentrations 
of both of these agents to study their effects on the 
biochemical activities of these subcellular mem- 
branes because depression of myocardial contractil- 
ity by these agents has been observed at concentra- 
tions of 10 uM or higher [1, 9, 10]. 


METHODS 


Male albino rats weighing 300-400 g were decap- 
itated. The hearts were quickly removed and 
immersed in a cold buffer. The heart sarcolemmal 
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fraction was isolated by the hypotonic shock—LiBr 
treatment method described elsewhere [11, 12]. The 
microsomal and mitochondrial fractions were iso- 
lated by differential centrifugation as described pre- 
viously [13]. These fractions were purified and char- 
acterized in terms of marker enzyme activities and 
electron microscopic examination. As reported ear- 
lier [12], only minimal cross contamination was 
observed in the subcellular fractions employed in 
this study. The sarcolemmal Mg** ATPase and Ca’* 
ATPase activities were measured at 37° in a medium 
containing 50 mM Tris-HCl (pH 7.4), 4mM Tris— 
ATP, 4mM MgCh or 4 mM CaCl. The sarcolemmal 
total ATPase (Na*-K* ATPase + Mg** ATPase) 
activity was measured in a medium containing 50 mM 
Tris-HCl (pH 7.4), 4mM Tris-ATP, 4mM MgCh, 
100 mM NaCl, 10mM KCI and |1mM EDTA. The 
Na*—-K* ATPase activity was calculated by subtract- 
ing the Mg** ATPase activity from the total ATPase 
activity. All the assay conditions employed here were 
for the optimal ATPase activities. The measurement 
of calcium binding activity by the sarcolemmal mem- 
brane was carried out ina medium containing 100 mM 
Tris-HCl (pH 7.4) and 1.25 mM *CaCh at 37°. The 
calcium binding activity represents ATP-indepen- 
dent binding; this sarcolemmal preparation has been 
shown to possess neither ATP-dependent calcium 
binding nor Ca**-stimulated, Mg**-dependent 
ATPase activities [14]. The details of the measure- 
ments of the sarcolemmal ATPase and calcium bind- 
ing activities have been reported previously [11, 14- 
16]. 

Total ATPase activities of the microsomal and 
mitochondrial fractions were determined in a 
medium containing 20mM Tris-HCl (pH 7.0), 
10 mM MgCh, 100 mM KCl, 0.1 mM CaCh and4 mM 
Tris-ATP in the presence or absence of 4 mM potas- 
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sium oxalate, respectively [13]. The Pi liberated was 
measured by the method of Taussky and Shorr [17]. 
Treatment with activated charcoal was necessary to 
remove the drug which interfered during color 
development in the determination of Pj [18]. Energy- 
dependent calcium binding and uptake activities of 
both the mitochondrial and microsomal fractions 
were studied by the millipore filtration technique 
[13]. The incubation medium for calcium binding 
activities (25°) contained 100mM KCl, 10mM 
MgCh, 0.1 mM “CaCh, 4 mM ATP and 20 mM Tris— 
HCI (pH 7.0), whereas that for microsomal calcium 
uptake activity (37°) also contained 4 mM potassium 
oxalate. The mitochondrial calcium uptake activity 
(37°) was measured in the same medium as for cal- 
cium binding except that 4mM KH2POs and 4mM 
succinate were also present. The details of the 
experimental conditions, as well as of the measure- 
ments of calcium binding and uptake activities, have 
been described earlier [13], and it is understood that 
calcium binding and uptake imply, arbitrarily, cal- 
cium accumulation in the absence and presence of 
permeant ions respectively. The oxidative phos- 
phorylation activity of the mitochrondrial fraction 
was determined according to the polarographic 
method of Sordahl et a/. [19], by using a Clark oxygen 
electrode and a Gilson oxygraph. The assay medium 
contained 250 mM sucrose, 10 mM K2HPOs, 1.5 mM 
pyruvate, 06.3 mM malate and 10 mM Tris-HCl (pH 
7.4). State 3 respiration was initiated by the addition 
of 250 nmoles ADP, whereas state 4 refers to the 
condition when all ADP in the medium has been 
phosphorylated. The respiratory control index (RCI) 
was calculated as the ratio of oxygen consumption 
during states 3 and 4, whereas the phosphorylation 
rate was calculated by multiplying the values for 
ADP:0 ratio and state 3 respiration. Protein con- 
centration was estimated by the method of Lowry 
et al. [20]. The results were analyzed statistically by 
the paired ¢-test. In some cases analysis of variance 
was also used for testing the statistical significance; 
the conclusions derived were the same as those with 
the paired /-test. 


Table 1. Effects of imipramine and chlorpromazine on rat 
ATPase and Na*-K* 
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RESULTS 


In one set of experiments, effects of various con- 
centrations of chlorpromazine and imipramine on 
heart sarcolemmal calcium binding and ATPase 
activities were studies, and the results are shown in 
Table 1. Both of these agents inhibited (P < 0.05) 
dose dependently the calcium binding activity at 
cqncentrations of 50-120 4M. The Ca** ATPase 
activity was not affected by chlorpromazine but was 
significantly decreased by high concentrations of 
imipramine (120 ~M). Similar results were obtained 
when 1.25 mM Ca’* was used in the assay medium 
for determining Ca** ATPase activity (control value 
under these conditions was 21.5 umoles Pi/mg of 
protein/hr). The Mg** ATPase was depressed by 
these agents at concentrations of 80 and 120 uM. It 
is noteworthy that the Na*°-K* ATPase activity was 
significantly inhibited by all concentrations of chlor- 
promazine employed (25-120 uM), but not by imi- 
pramine. Although chlorpromazine at a 10 uM con- 
centration inhibited the Na*—K* ATPase activity by 
10-15 per cent, this action was not statistically 
significant. 

In another set of experiments, effects of chlor- 
promazine and imipramine on heart microsomal cal- 
cium-accumulating ability and Ca** + Mg** (total) 
ATPase activity were investigated, and the results 
are given in Table 2. Imipramine was found to have 
no significant effects on the calcium-accumulating 
and total ATPase activities of the microsomal frac- 
tion. On the other hand, chlorpromazine signifi- 
cantly decreased microsomal calcium binding and 
total ATPase activities at concentrations from 80 to 
120 «M and calcium uptake activity at concentrations 
from 50 to 120 uM. The effects of chlorpromazine 
on microsomal calcium uptake activity were also 
tested by employing different concentrations of cal- 
cium in the incubation medium. The control calcium 
uptake activities at 1,5, 10,25 and 50 4M concen- 
trations of calcium were 9+2, 60+9, 84+ 13, 
110+16 and 140+21nmoles Ca’**/mg_ of 
protein/5 min (mean + S.E. of three experiments) 


heart sarcolemmal calcium binding, Ca?* ATPase, Mg”* 
ATPase activities* 





Concn 
(uM) 


Calcium binding 
(nmoles Ca**/mg protein/S min) 


ATPase activities 
(umoles Pi/mg protein/hr) 





Ca** ATPase Mg** ATPase Na*-K* ATPase 





Control 204 + 26 
Chlorpromazine 
25 
50 
80 
120 
Imipramine 
25 
50 
80 
120 


32.7 + 2.8 9.7 + 0.6 
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* Each value is the mean + S.E.M. of four experiments. 
+ Significantly different from the control, P < 0.05. 
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Table 2. Effects of imipramine and chlorpromazine on rat heart microsomal calcium binding, calcium 
uptake and total ATPase activities* 





Calcium accumulation 
(nmoles Ca**/mg protein/S min) 
Concn ATPase activity 
(uM) Calcium binding Calcium uptake (umoles Pi/mg protein/min) 








Control 31.3 + 2.9 155 + 16 2.18 + 0.29 
Chlorpromazine 
25 29.1 +2.5 127 + 14 
50 26.0 + 2.4 68+ 9F 
80 21.5 + 2.6 58 + 117 
120 18.3 + 1.9+ 36+ 6+ 
Imipramine 
25 32.8 + 2.7 155 + 21 
50 32.7 + 2.6 160 + 18 
80 32.3+2.8 145 + 15 
120 28.8 + 2.8 149 + 17 





* Each value is the mean + S.E.M. of four experiments. 
+ Significantly different from the control, P < 0.05. 


Table 3. Effects of imipramine and chlorpromazine on rat heart mitochondrial calcium binding, 
calcium uptake and total ATPase activities* 





Calcium accumulation 
(nmoles Ca’*/mg protein/S min) 
Concn ATPase activity 
(uM) Calcium binding Calcium uptake (~moles Pi/mg protein/min) 








Control : ! 98.0 + 8.5 0.94 + 0.11 
Chlorpromazine 
25 
50 
80 
120 
Imipramine 


82.5 + 6.57 0.91 + 0.07 
74.1 + 6.87 0.87 + 0.10 
55.4 + 5.47 0.82 + 0.09 
44.3 + 3.17 0.80 + 0.12 


NM WY Ww 
Seno 
Coon vo 
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— 
— 


96.9 + 8.7 0.94 + 0.08 
88.8 + 8.9 0.88 + 0.09 
80.0 + 6.57 0.85 + 0.09 
68.1 + 6.9% 0.81 + 0.10 





* Each value is the mean + S.E.M. of four experiments. 
+ Significantly different from the control, P < 0.05. 


Table 4. Effects of imipramine and chlorpromazine on rat heart mitochondrial oxidative phosphorylation activity* 





Oxygen consumption 
(natoms O/mg protein/min) 
Concn Phosphorylation rate 
(uM) State 3 State 4 RCI (nmoles ADP/mg protein/min) 








Control isazs 16.0 + 1.8 7.9 + 0.7 ; 3 332 £13 
Chlorpromazine 
25 127+4 6 +1. 6.8 + 0.6 
50 126+5 21.0: 4; 5.9 + 0.4+ 
80 128+5 ; : 5.12 6:5t 
120 108 + S57 y ; 3.7 + 0.44 
Imipramine 
25 122+4 : : TIES 
50 122+5 . d 6.4 + 0.6 
80 127+5 ; : 5.9 + 0.57 
120 123+ 4 j ; 4.7 + 0.37 


340 + 14 
316+ 18 
308 + 14 
214 + 107 
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* Each value is the mean + S.E.M. of four experiments. 
+ Significantly different from the control, P < 0.05. 
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respectively. These activities were depressed 50-60 
per cent by 50 uM chlorpromazine. In three experi- 
ments, Ca’*-stimulated Mg’*-dependent ATPase 
activity in the microsomal fraction was also measured 
according to a method described earlier [12]. Micro- 
somal Ca?*-stimulated Mg’*-dependent ATPase 
activities in the absence and presence of 50 uM chlor- 
promazine were 0.32 + 0.04 and 0.13 + 0.02 umole 
Pi/mg of protein/min, respectively. 

Actions of chlorpromazine and imipramine on 
mitochondrial calcium binding, calcium uptake and 
total ATPase activities were measured, and the 
results are given in Table 3. Chlorpromazine sig- 
nificantly depressed calcium binding activity at con- 
centrations of 80-120 uM. Significant inhibition of 
calcium uptake activity by chlorpromazine was seen 
at all concentrations employed in the present study 
(25-120 uM). On the other hand, imipramine did 
not depress calcium binding and total ATPase activ- 
ities significantly. The calcium uptake ability of 
mitochondria was, however, significantly depressed 
by 80-120 uM imipramine. As reported previously 
[12], the mitochondrial fraction, unlike the micro- 
somal fraction, did not show Ca**-stimulated Mg’*- 
dependent ATPase activity. In other experiments, 
effects of chlorpromazine and imipramine on the 
mitochondrial oxidative phosphorylation activity 
were examined, and the data are shown in Table 4. 
Both chloropromazine and imipramine significantly 
decreased the RCI at concentrations of 50-120 uM 
and 80-120 uM respectively. At a concentration of 
120 4M, both drugs significantly depressed the 
ADP:0 ratio and the phosphorylation rate of the 
mitochondrial fraction. 


DISCUSSION 


In this study we have shown that imipramine and 
chlorpromazine (50-120 uM) decreased sarcolem- 
mal calcium binding and Mg** ATPase activities. 
Furthermore, sarcolemmal Na*—-K* ATPase activity 
was depressed by chlorpromazine (25-120 uM), 
whereas sarcolemmal Ca** ATPase activity was 
decreased by high concentrations of imipramine 
(120 4M). These observations suggest that both 
chlorpromazine and imipramine may act on heart 
sarcolemma. Chlorpromazine at a 1 mM concentra- 
tion has also been reported to decrease the non- 
specific calcium binding activity of the adrenal med- 
ullary plasma membrane [21]. Although imipramine 
in concentrations of 25-120 uM failed to decrease 
the sarcolemmal Na*—-K* ATPase activity signifi- 
cantly, a depressant effect of this agent at high con- 
centrations cannot be ruled out. This view is con- 
sistent with the feelings of Verrill et al. [22], who 
have shown significant inhibition of rat heart sar- 
colemmal Na*-K* ATPase activity by imipramine 
at concentrations of 600 uM or higher. Furthermore, 
50 per cent inhibition of rat brain Na-K* ATPase 
activity by imipramine and chlorpromazine was seen 
at 1.5 and 0.15 mM, respectively [23]. At any rate, 
it can be conceived that alterations in calcium binding 
and ATPase activities of heart sarcolemma by both 
chlorpromazine and imipramine may _ produce 
changes in ion fluxes across the cell membrane [7, 8], 
and these changes may explain, in part, the negative 
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inotropic action of these agents. Similar changes in 
the sarcolemmal calcium binding and ATPase activ- 
ities have been reported to occur in the presence of 
other cardiodepressant agents such as propranolol, 
quinidine and divalent cations [11, 15, 16], as well 
as under several pathological situations [8]. 

Since chlorpromazine was also found to decrease 
microsomal calcium binding and calcium uptake 
activities, it is likley that the cardiodepressant effects 
of chlorpromazine are partly mediated by its action 
on the sarcoplasmic reticulum. Although the impli- 
cation of this mechanism in decreasing cardiac con- 
tractile force has been outlined elsewhere [7, 8], it 
should be mentioned that several cardiodepressants, 
such as barbiturates [24, 25], ethanol [26], propran- 
olol [27] and quinidine [18], have been shown to 
decrease calcium-accumulating abilities of heart 
microsomal and mitochondrial fractions. In this 
regard, imipramine seems to be different from chlor- 
promazine, since imipramine did not affect signifi- 
cantly the microsomal calcium accumulation at con- 
centrations employed in this study. This is further 
supported by the fact that chlorpromazine, unlike 
imipramine, decreased the microsomal total ATPase 
activity, probably due to inhibition of the Ca’*- 
stimulated ATPase, which has been shown to be 
linked with microsomal calcium transport [7, 8]. Our 
findings concerning the actions of these agents on 
heart microsomal calcium uptake and ATPase activ- 
ities are consistent with those of other investigators 
who employed skeletal muscle microsomal prep- 
arations [28-30]. Cardiac microsomal Ca**-stimu- 
lated Mg**-dependent ATPase activity has also been 
reported to decrease due to 0.20-2.4mM chlor- 
promazine [31]. 

Mitochondria, in addition to playing an important 
role in the generation of ATP through the process 
of oxidative phosphorylation, have also been 
reported to accumulate calcium by an energy-depen- 
dent mechanism [7, 8]. Although the exact contri- 
bution of mitochondria in the regulation of the 
intracellular concentration of calcium is not clear at 
present, it is interesting to note that chlorpromazine, 
in concentrations affecting microsomal calcium 
accumulation, also depressed mitochondrial calcium 
binding and uptake activities. Furthermore, chlor- 
promazine was effective in producing alterations in 
the mitochondrial respiratory and oxidative phos- 
phorylation abilities. Although imipramine also pro- 
duced changes in mitochondrial respiration, oxida- 
tive phosphorylation and calcium uptake similar to 
those seen with chlorpromazine, it should be noted 
that mitochondrial calcium binding as well as state 
3 respiration were not affected significantly by imi- 
pramine at the concentrations employed in this 
study. Tjioe et al. [32] have also reported depressant 
effects of chlorpromazine and imipramine on rat 
brain mitochondrial calcium uptake. The observed 
changes in mitochondrial oxidative phosphorylation 
in the presence of chlorpromazine and imipramine 
were not associated with changes in mitochondrial 
ATPase activities, and this may suggest a complex 
mode of action of these agents on the mitochondrial 
membrane. 

From the results presented in this study it can be 
seen that chlorpromazine and imipramine at 50 uM 
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concentrations inhibited sarcolemmal Ca** binding 
activity. Such a decrease in Ca** binding caused by 
these agents can be conceived to reduce sarcolemmal 
Ca** stores which are available for release upon 
depolarization of the myocardium. This would then 
account for the negative inotropic effect of chlor- 


promazine and imipramine if it is assumed that the. 


sensitivity of the isolated sarcolemmal preparation 
to these agents under in vitro conditions is markedly 
less than that seen under in vitro situations. In this 
regard it should be noted that these agents have 
been shown to produce cardiodepressant effects at 
10 uM concentrations [1, 9, 10]. Although sarcolem- 
mal Na*-K* ATPase activity was diminished at a 
25 «M concentration of chlorpromazine, this action 
may not readily explain the negative inotropic effect 
of this agent because the positive inotropic action 
of cardiac glycosides has been considered to be 
associated with an inhibition of this enzyme activity 
[33]. In this regard, however, Schwartz et al. [33] 
have suggested that the binding of cardiac glycosides 
to Na*-K* ATPase produces a positive inotropic 
effect by forcing the enzyme to take a particular 
conformation, which is essential for an increased 
calcium influx associated with membrane depolari- 
zation. Thus, it may be proposed that chlorproma- 
zine inhibits Na*-K* ATPase by locking the enzyme 
in another conformation and hence decreasing the 
force of contraction. Although other sarcolemmal 
ATPase activities were also inhibited by these agents, 
the concentrations required for this action were too 
high to draw any meaningful conclusion. Likewise, 
the participation of mitochondrial and microsomal 
sites in the negative inotropic action of these agents 
cannot be readily accepted because these membranes 
were affected by concentrations of 25 uM or higher. 
However, decreased sensitivity to drugs of these 
membrane fractions upon isolation and purification, 
as well as the absence of several cytoplasmic factors 
under in vitro conditions, cannot be ignored. Fur- 
thermore, it has to be assumed that these agents are 
capable of entering the myocardial cell in concen- 
trations sufficient to influence these sites. In spite of 
these general problems in extrapolating in vitro data 
to in vivo situations, the results described in this 
study indicate that the cardiodepressant effects of 
high concentrations of chlorpromazine and imipra- 
mine may be associated with their actions on the 
mitochondrial, sarcoplasmic reticulum and sarco- 
lemmal membrane systems. 
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Abstract—The effects of the organophosphate insecticide dichlorvos [O,O-dimethyl-O-(2,2-dichlorvinyl 
phosphate)] on diurnal changes in the rat pituitary—adrenal axis have been studied. At 2 p.p.m. in the 
drinking water, it did not inhibit erythrocyte or plasma acetylcholinesterase activity. Dichlorvos ingestion 
markedly increased plasma adrenocorticotrophic hormone (ACTH) levels at the 9:00 a.m. sampling 
period, but did not further enhance the diurnally elevated ACTH levels at 5:00 p.m. Adrenal acyl- 
CoA:cholesterol acyltransferase (ACAT) and neutral cytosolic cholesterol ester hydrolase (CE hydro- 
lase) were significantly inhibited at 9:00 a.m. while at 5:00 p.m. the enzymes were stimulated. Adrenal 
cholesterol ester levels were depressed at 9:00 a.m. and increased at 5:00 p.m. Adrenal free cholesterol 
levels did not change. Neither adrenal nor plasma corticosterone levels were significantly altered after 
dichlorvos. The results indicate that significant alterations in adrenal cholesterol ester levels may take 


place without corresponding changes in plasma and adrenal corticosterone levels. 


Several organophosphate and carbamate insecticides 
inhibit adrenal steroidogenesis in the isolated rat 
adrenal cell in vitro [1]. Further studies in this system 
have shown that the organophosphates also inhibit 
cholesterol ester formation and hydrolysis at con- 
centrations which inhibit steroidogenesis. Feeding 
the organophosphate chlorpyrifos oxone at 20 p.p.m. 
blocked the stress-induced increase in rat adrenal 
neutral cytosolic cholesterol ester hydrolase (sterol- 
ester hydrolase, EC 3.1.1.13) and the corresponding 
fail in adrenal cholesterol ester concentration [2]. 

In vivo, dichlorvos,* when fed to rats at 120 
p.p.m., produced enhanced adrenal cholesterol ester 
levels and depressed plasma corticosterone levels 
during the rising phase of the diurnal cycle of this 
hormone [2]. 

The primary aim of the present study was to 
determine whether or not dichlorvos, administered 
at a dose which approaches that which might be 
absorbed from the environment, could have inhibi- 
tory effects on adrenal cholesterol ester and corti- 
costeroid metabolism. In our previous work, we had 
not investigated the effects of the organophosphates 
on ACTH output. Acetylcholine causes the syn- 
thesis and release of corticotrophin releasing factor 
from rat hypothalamus in vitro, and corticotrophin 
releasing factor, in turn, causes the release of ACTH 
from the rat pituitary [3]. It was thus of interest to 
determine whether or not dichlorvos, through its 





* Abbreviations: CE hydrolase, cholesterol ester hydro- 
lase; ACTH, adrenocorticotrophic hormone; ACAT, acyl- 
coenzyme A:cholesterol acyltransferase; dichlorvos, O,O- 
dimethyl-O-(2,2-dichlorovinyl phosphate). 
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cholinergic action, could bring about increases in the 
circulating ACTH levels. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (300-400 g) (Charles 
River Breeding Laboratories, Inc., Wilmington, 
MA) were housed in an isolated room with controlled 
illumination (from 8:00 a.m. to 8:00 p.m.) and tem- 
perature (25 + 1°). In the dichlorvos feeding experi- 
ment six to seven animals per experimental group 
were used. Rats were individually housed and han- 
dled daily. The dilute aqueous dichlorvos solutions 
used in the feeding experiments were administered 
in the drinking water and were prepared daily from 
99* per cent dichlorvos (provided by the Shell 
Development Corp., Modesto, CA). Since dichlor- 
vos is volatile, control animals were kept at a distance 
in a separate room. Animals were guillotined at 9:00 
a.m. or 5:00 p.m. One week elapsed between the 
deaths of the 9:00 a.m. and the 5:00 p.m. animals. 
Blood was collected and assayed for erythrocyte, 
plasma acetylcholinesterase and corticosterone as 
described previously [2]. ACTH was determined by 
radioimmunoassay [4.5] using the Amersham RIA 
Kit (Amersham Corp., Arlington Heights, IL). Neu- 
tral cytosolic CE hydrolase was determined by the 
method of Pittman and Steinberg [6]. Acylcoenzyme 
A: cholesterol acyltransferase (EC 2.3.1.26) activity 
was determined by the method of Balasubramaniam 
etal. [7]. For determination of adrenal corticosterone 
and free and esterified cholesterol, rat adrenal 
extracts were prepared and extracted as described 
previously [2]. cAMP phosphodiesterase was assayed 
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Table 1. Effects of dichlorvos administration on adrenal weight, body weight and fluid 
consumption* 





Adrenal weight 
(mg) 


Fluid consumption 
(ml/24 hr) 


Body weight gain 
(g/2 weeks) 





Control 
9:00 a.m. 
5:00 p.m. 
Dichlorvos-treated* 
9:00 a.m. 
5:00 p.m. 


23.80 + 4.96 
25.36 + 5.94 


27.27 + 6.80 
24.65 + 5.95 


49.7 + 18.3 45.2+5.2 


26.9 + 21.5¢ 54.5 + 9.08 





* The data presented in Tables 1-4 are from a single experiment with six to seven animals 


in each group. 


+ Dichlorvos solution (2 p.p.m) in distilled drinking water for 2 weeks. 
t Significantly different from control (P < 0.01). 
§ Significantly different from control (P < 0.005). 


by the method of Péch [8] in the delipidated 100,000 g 
supernatant fraction of a 0.04% adrenal homogenate 
in 40mM Tris, pH 8.0. All sample analyses were 
carried out at least in duplicate. Statistical compar- 
isons were made using student’s unpaired, two-tailed 
t-test, and data are expressed as mean + standard 
deviation. 


RESULTS 


The experimental group of rats received dichlorvos 
in their drinking water ad lib. at a concentration of 
2 p.p.m. for 2 weeks. Water intake was monitored 
in order to calculate the daily intake of dichlorvos. 
The average daily consumption of dichlorvos was 
30.9 xg/100 g body wt/24 hr. At this dose level, dich- 
lorvos did not produce any gross morphological or 
biochemical changes. Table 1 shows that dichlorvos 
produced a small but significant inhibition of whole 
body weight gain. 

In previous studies, it was found that dichlorvos 
given in the drinking water at 120 p.p.m. for 14 days 
(1.09 mg/100 g body wt/24hr) produced 54 and 57 
per cent depression of plasma and erythrocyte acetyl- 
cholinesterase activity, respectively. In contrast, 
dichlorvos at 2 p.p.m. did not produce any significant 
inhibition of either of these two measures of organ- 
ophosphate intoxication. 

Dichlorvos is a chloinesterase inhibitor, and such 
compounds have been shown to induce the release 
of ACTH by a direct central nervous system mech- 
anism [9]. The effects of dichlorvos administration 


on the concentration of circulating ACTH are shown 
in Table 2. The control animals which were killed 
at 9:00 a.m. had the lowest ACTH levels, while in 
the control animals killed at 5:00 p.m., the ACTH 
levels were significantly higher. Dichlorvos-fed rats, 
killed at 9:00 a.m., showed significantly elevated 
ACTH levels, compared with the 9:00 a.m. control 
animals. There was no difference, however, between 
the ACTH levels of the 9:00 a.m. and the 5:00 p.m. 
dichlorvos-fed rats, nor between the 5:00 p.m. dich- 
lorvos and the control animals. 

Table 3 shows that dichlorvos did not significantly 
affect plasma and adrenal corticosteroid levels at 
either 9:00 a.m. or 5:00 p.m. Adrenal cholesterol 
ester in the control showed a difference between 
9:00 a.m. and 5:00 p.m. that was not statistically 
significant. In our previous work, a larger and stat- 
istically significant diurnal increase in adrenal cho- 
lesterol ester was observed [2]. Dichlorvos treatment 
produced a 29 per cent depression in cholesterol 
ester levels, compared to the control at 9:00 a.m. 
This was of borderline significance (P < 0.06). At 
5:00 p.m. dichlorvos produced a 24 per cent elevation 
in cholesterol ester levels, compared to the controls. 
The combined decrease of cholesterol ester at 9:00 
a.m. and increase at 5:00 p.m. after dichlorvos 
resulted in a significant (111 per cent) diurnal change 
(P < 0.005) in cholesterol ester levels after dichlor- 
vos. Adrenal free cholesterol levels did not change 
significantly after dichlorvos. 

Table 4 demonstrates the effects of dichlorvos 
feeding on neutral cytoplasmic CE hydrolase and 


Table 2. Effect of dichlorvos administration on plasma ACTH levels 





Treatment Sampling time 


Individual samples 


ACTH (pg/ml serum) 
Mean + S.D. 





9:00 a.m. 
5:00 p.m. 
9:00 a.m. 
5:00 p.m. 


Control 
Control 
Dichlorvos 
Dichlorvos 


20, 22, 15, 96 
295, 245, 450, 212 
71, 305, 232 
230, 165 


38.1 + 38.7 
300.5 + 105.3* 
202.7 + 119.7+ 
197.5 + 46.0 





* The 9:00 a.m. control is significantly different from the 5:00 p.m. control at P < 0.01. 
+ The 9:00 a.m. control is significantly different from the 9:00 a.m. dichlorvos-treated 


at P< 0.05. 
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Effects of dichlorvos on plasma ACTH and adrenal steroid metabolism 


Table 5. Effects of dichlorvos in vitro on basal and activated CE hydrolase and ACAT activities 





CE hydrolase 
(nmoles/hr/mg protein) 


ACAT 
(pmoles/hr/mg protein) 





Dichlorvos 





Dichlorvos 


(M) Basal _Inhibition(%)* Activated 


Inhibition(%) (M) Basal Inhibition(%) 





52.6 86.1 
45.3 14 84 
46.8 11 81 
26.4 50 47.2 
7.0 82 18.6 


Control 
1x 1078 
1x 107’ 
1x 107° 
1x 1075 


10.5 
10.0 
9.2 
7.4 
6.5 
0.8 


Control 
5x 107° 
5x 1078 
5x 107’ 
5x 10~° 
5x 10~> 





* Cholesterol ester hydrolase inhibition was conducted for 10 min at 24° before the addition of substrate. 


microsomal ACAT. In the control animals there 
were highly significant diurnal changes in the activ- 
ities of both of these enzymes. CE hydrolase activity 
decreased 66 per cent between 9:00 a.m. and 5:00 
p.m. At 9:00 a.m. dichlorvos-fed animals showed 
significant inhibition of CE hydrolase. The diurnal 
variation in CE hydrolase activity in these animals, 
judged by these two time points, therefore had been 
abolished. The in vitro activation of CE hydrolase 
by the cofactor mixture (0.5 mM ATP, 10 u.M cAMP, 
and 5 mM Mg acetate) was approximately the same, 
although there was a tendency for the extracts from 
dichlorvos-fed rats to show a lower, but not stat- 
istically significant, activation than did the extracts 
from the control animals. 

The basal activity of ACAT was about 1000-fold 
lower than that of CE hydrolase. ACAT increased 
in activity 199 per cent between 9:00 a.m. and 5:00 
p.m. in the controls. Dichlorvos produced a 30 per 
cent decrease in activity at 9:00 a.m., and a 12 per 
cent increase at 5:00 p.m. The net effect of dichlor- 
vos, therefore, was to increase the 9:00 a.m. to 5:00 
p.m. diurnal variation from 199 per cent to 378 per 
cent. 

Table 5 shows the in vitro inhibitory effects of 
dichlorvos on ACAT and CE hydrolase. The data 
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Fig. 1. Effect of dichlorvos on cAMP phosphodiesterase 
activity in the 100,000 g supernatant fraction of 0.04% rat 
adrenal homogenate in 40 mM Tris, pH 8.0. 


indicate that both enzymes are capable of being 
inhibited by dichlorvos directly, with CE hydrolase 
being more sensitive than ACAT to dichlorvos in 
the in vitro assay. Thus, the inhibitory effects seen 
in the in vivo experiments were probably due to 
direct effects on the individual enzyme systems. Our 
previous studies showed that cAMP-stimulated ster- 
oidogenesis in the isolated rat adrenal cell was 
inhibited 50 per cent by 10~° M dichlorvos [1,2], 
which is approximately the same concentration at 
which these enzymes are inhibited. 

Since cAMP is involved in the activation of CE 
hydrolase, it was of interest to determine the effect 
of dichlorvos on adrenal cAMP phosphodiesterase. 
The data in Fig. 1 show that dichlorvos maximally 
inhibited this enzyme at 10~° M, in the adrenal 
100,000 g supernatant fraction. Other data (not 
shown) indicate that this enzyme activity in the 
15,000 g fraction was also inhibited in the same con- 
centration range of dichlorvos. 


DISCUSSION 


Dichlorvos-induced inhibition of CE hydrolase 
and ACAT activities and stimulation of ACTH 
release are seen only in the morning. Presumably, 
this reflects the fact the dichlorvos, which was 
administered in the drinking water, was consumed 
almost entirely during the dark periods, when the 
rats do most of their feeding. The enzymatic inhi- 
bitions at this level of dichlorvos must be completely 
reversible, or new enzyme is formed to replace the 
inactivated enzyme, since both enzyme activities 
were increased considerably above control levels at 
5:00 p.m. 

Studies on the reaction mechanism indicate that 
organophosphate insecticides phosphorylate a reac- 
tive serine group at the active center of acetylcho- 
linesterase [10,11]. In the case of CE hydrolase, this 
phosphorylation could take place at the active center 
of the enzyme or at sites at which it would interfere 
with the activational phosphorylative process via the 
protein kinase-cAMP mediated transfer of ATP 
phosphate to the enzyme. The phosphoryl-enzyme 
is subject to a slow spontaneous hydrolysis in 
aqueous medium [12]. The rate of de-inhibition is 
conditioned by the chemical structure of the phos- 
phoryl group. The rates of decomposition of a series 
of phosphoryl-substituted acetylcholinesterases are 
in the order: dimethyl phosphoryl > diethyl phos- 
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phoryl > di-n-propyl phosphoryl. Vandekar and 
Heath [13] have determined that the half-life of 
dimethylphosphorylated rat erythrocyte acetylcho- 
linesterase is 2hr in vivo. Since dichlorvos is a 
dimethylphosphoryl-substituted compound, it might 
be expected that dimethylphosphorylated CE hydro- 
lase and/or ACAT might also regenerate at a sig- 
nificant rate, if similar reactions are involved 
between the organophosphates and these enzymes. 
The fact that at 5:00 p.m. both enzyme activities in 
the dichlorvos-treated animals were above control 
levels suggests that the morning inhibition may 
stimulate the synthesis of new enzyme. Possibly, the 
observed lowering of cholesterol ester levels in the 
9:00 a.m. dichlorvos-treated rats enhances the syn- 
thesis of ACAT, which in turn, after cholesterol 
ester levels have risen, triggers the synthesis of CE 
hydrolase. A combination of stimulated synthesis 
and regeneration of inhibited enzyme might account 
for the supranormal levels observed in the 5:00 p.m. 
dichlorvos-treated rats. 

The inhibitory effects of dichlorvos on both 
enzyme systems are direct, as shown by the in vitro 
dose-response studies on CE hydrolase and ACAT 
in Table 5, and in previous studies with isolated rat 
adrenal cells [2]. Both enzymes were inhibited to 
approximately the same extent. The net result of the 
inhibition of the two enzymes, CE hydrolase and 
ACAT, was to decrease somewhat the level of 
adrenal cholesterol ester. While inhibition of ACAT 
alone would produce lower intracellular cholesterol 
ester levels, inhibition of CE hydrolase would tend 
to favor cholesterol ester accumulation. Thus, the 
opposing effects of dual inhibition of the two 
enzymes would tend to keep cholesterol ester levels 
constant. The fact that cholesterol ester levels were 
low at 9:00 a.m. and were elevated at 5:00 p.m. 
seems to indicate that accumulation of cholesterol 
esters via the ACAT reaction is the rate-limiting step 
in the control of cholesterol ester levels. Further- 
more, in the dichlorvos-treated rats, CE hydrolase 
did not change from a.m. to p.m. and ACAT showed 
a 2-fold greater diurnal increase than the control 
animals (199 per cent vs 378 per cent). Thus, the 
greater increase in adrenal cholesterol ester concen- 
tration in the dichlorvos group from a.m. to p.m. 
was most likely a result of the greater elevation of 
ACAT activity. From the measurements made in 
this study, it appears that ACAT in the adrenal gland 
is roughly 3000 to 4000-fold lower than CE hydrolase 
in activity. This would also fit with the concept that 
ACAT is the rate-limiting enzyme in the control of 
adrenal cholesterol ester levels [14]. 

It is possible that elevated intracellular cAMP 
levels may also play a role in increasing the activity 
of one or both of these enzymes. It was found pre- 
viously that another organophosphate, diazinon [15], 
had an inhibitory effect on ACTH-induced increases 
in cAMP levels in isolated rat adrenal cells at high 
diazinon levels (10~* M), and a potentiating effect 
at low diazinon levels (10~’ M). Rat adrenal cAMP 
phosphodiesterase activity has also been found to be 
strongly inhibited by dichlorvos at 10~’ M (Fig. 1). 
At concentrations of 10~’ M, dichlorvos does not 
markedly inhibit either ACAT or CE hydrolase 
(Table 5), but still inhibits cAMP phosphodiesterase. 
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Thus, it is possible that lower levels of dichlorvos 
found during the day may enhance intracelluar 
cAMP levels. This, in turn, could result, directly or 
indirectly, in the elevation of CE hydrolase activity. 
Table 4 shows that there is slightly less in vitro 
activation of CE hydrolase in the 5:00 p.m. dichlor- 
vos animals than in the controls, although the dif- 
ferences are not statistically significant. Trzeciak and 
Boyd [16] have shown that stressing of rats produces 
a decrease in the percent activation of adrenal CE 
hydrolase in vitro. With stress, elevated ACTH [17] 
markedly enhances cellular cAMP levels [18] result- 
ing in prior in vivo activation of the enzyme and, 
therefore, a smaller in vitro activation by the cAMP- 
containing activation mixture. 

Since metabolic studies have indicated that dich- 
lorvos is extremely rapidly metabolized in vivo, 
measurable levels of dichlorvos must have been 
maintained for only short periods after ingestion 
ceased. ['*C]Dichlorvos inhalation exposure of pigs 
for 34 weeks to 2 x 107’ moles/kg/day yielded 
detectable levels of only metabolites in the tissues 
of the animals. Due to the specific activities of the 
labeled compounds, these methods would have 
detected 5 x 10~” mole/kg of dichlorvos [19]. Similar 
results were obtained in rats exposed to labeled 
dichlorvos orally and by inhalation [20]. 

Our results also show that the administration of 
dichlorvos at a dose level which is not detectable by 
plasma and erythrocyte acetylcholinesterase inhibi- 
tion is capable of strongly inhibiting adrenal CE 
hydrolase and ACAT. Certain rat liver esterases 
have also been shown to be inhibited by organo- 
phosphates administered at levels below which they 
inhibit plasma and erythrocyte acetylcholinesterase 
[21]. 

Finally, our results show that, at these low levels 
of dichlorvos, marked changes in adrenal cholesterol 
ester metabolism occurred without any concomitant 
effects on plasma and adrenal corticosteroid levels. 
In our previous work [1], when rats were exposed 
to 60-fold higher concentrations of dichlorvos for the 
same time period, significant depression of the nor- 
mal diurnal increase in plasma steroid levels resulted. 
ACTH has been shown to cause an increased associ- 
ation between cholesterol and rat adrenal cyto- 
chrome P450s:c which correlated with an increased 
rate of cholesterol side chain cleavage to yield preg- 
nenolone from endogenous cholesterol [22]. Pre- 
viously, it had been found that dichlorvos has no 
effect on purified adrenal cholesterol side chain 
cleavage enzyme [12]. ACTH also stimulates the 
uptake of cholesterol independently of the intra- 
cellular conversion of cholesterol to corticosteroids 
[23]. The effect of dichlorvos on this process is 
unknown. Thus, at lower dose levels of dichlorvos, 
the enhancement of ACTH levels might counter- 
balance the partial inhibition of cholesterol ester 
metabolism by stimulation of one of the above pro- 
cesses. At higher dichlorvos levels, the inhibition of 
cholesterol ester metabolism would become more 
complete and the other adrenal stimulatory effects 
of enhanced ACTH might not be able to override 
the cholesterol ester blockade by dichlorvos. 
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SHORT COMMUNICATIONS 


Adrenergic receptor of the alpha;-subtype mediates the activation of the glycogen 


phosphorylase in 


(Received 10 August 1979; 


For rat liver plasma membranes, tritiated dihydroergo- 
cryptine has been used as a label for the alpha-adrenergic 
receptor [1,2]. That tritiated DHEC* does indeed label 
the alpha-adrenergic receptor is supported by the fact that 
its binding is displaced by various drugs with an order of 
potency typical of an alpha-adrenoreceptor [1,2] and by 
the direct correlation between the interaction of alpha- 
adrenergic agonists or antagonists with tritiated DHEC 
binding sites of rat liver plasma membranes and the stimu- 
lation (or suppression) of glycogen phosphorylase (EC 
2.4.1.1. 1,4-alpha-D-glucan: orthophosphate alpha-glucosyl 
transferase) activity in isolated hepatocytes, an alpha- 
receptor mediated effect [3-5]. Alpha-adrenergic receptors 
have been subdivided, on an anatomic basis, into two 
subtypes, alpha: and alphaz, referring, respectively, to post- 
and pre-synaptic sites [6-8]. However, for alpha-adrenergic 
receptors found in tissues lacking synapses, subdivision on 
an anatomic basis may be inappropriate [9-11]. In such 
tissues, alpha-adrenergic receptors may be more usefully 
subdivided as to their alpha: or alpha2 subtype on the basis 





* The abbreviations used were: DHEC dihydroergo- 
cryptine; Kp: dissociation constant; Ki: inhibition constant; 
Ka: activation constant. 


normal rat liver 


accepted 1 October 1979) 


of their pharmacologic characteristics [10, 11]. The goal of 
the present study was to elucidate the pharmacologic sub- 
type, alpha: or alphaz, of the rat liver alpha-adrenoreceptor 
which was defined by using tritiated DHEC binding in 
plasma membranes or by the activation of glycogen phos- 
phorylase in isolated hepatocytes. 

Rat liver plasma membranes were purified as previously 
described [12]. Rat hepatocytes were isolated from male 
Wistar rats (230-330 g body wt) according to the procedure 
of Seglen [13] with the modifications introduced by Le Cam 
et al. [14]. The specific binding of tritiated dihydroergo- 
cryptine to the purified plasma membranes was measured 
as previously described [15]. The glycogen phosphorylase 
a activity was assayed according to Hue et al. [16], except 
that ['*C]-glucose-1-phosphate was used at a final concen- 
tration of 15 mM (0.01 «Ci/umole). After incubation at 30° 
for 20min, the reaction was stopped according to the 
method of Gilboe et al. [17]. Protein concentration was 
measured by the procedure of Lowry [18], using bovine 
serum albumin as standard. Kp and K; values were calcu- 
lated according to Cheng and Prusoff [19]. Ka values rep- 
resented the concentration of each agonist causing half the 
maximal activation of the enzyme by the same agent [9, 10]. 
[*H]dihydroergocryptine (24 Ci/mmole) and alpha-p[U- 
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Fig. 1. Inhibition of tritiated DHEC binding to rat liver plasma membranes and inhibition of the 
(—)epinephrine-stimulated glycogen phosphorylase activity of rat hepatocytes by alpha adrenergic 
antagonists. Plasma membranes (0.5 mg protein/ml) were incubated at 30° for 10 min with 9 nM DHEC 
and increasing concentrations of prazosin (M) or yohimbine (@). Results are expressed as per cent of 
the amount of tritiated DHEC specifically bound in the absence of any antagonist (1100 fmoles 
DHEC/mg protein). Each point is the mean of a triplicate determination. Isolated hepatocytes (49 x 10° 
cells in 5.8 ml) were preincubated with 4 g/l glucose at 37° for 40 min. Aliquots (125 ul) of cells were 
incubated with increasing concentrations of prazosin (C), yohimbine (©) or with buffer, for 6 min at 
37°. (—)Epinephrine (5 uM final concentration) or buffer were then added. The incubation at 37° was 
stopped 1 min later by freezing the tubes in a dry ice—acetone mixture. Phosphorylase a was assayed 
as described earlier. Basal level and maximal activity of the enzyme were, respectively, 0.12 and 0.24 
umole of glucose-1-phosphate transformed in 20 min per mg of protein. The enzyme activity is expressed 
as per cent of the maximal response over basal level. Each point is the mean of a quadruplicate 
determination which agreed within 5 per cent. 
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Table 1. Interaction of alpha-adrenergic agonists and antagonists with tritiated DHEC binding. 
sites of plasma membranes and with glycogen phosphorylase in hepatocytes* 





(*H]-DHEC binding site Glycogen phosphorylase 





Kp (uM) Ki (uM) Ka (uM) 





Antagonists 


Prazosin 0.00047 0.00085 
Phenoxybenzamine 0.01300 0.30000 
Yohimbine 0.33000 11.00000 


Agonists 

(—)phenylephrine 2.0 
Methoxamine 10.0 
(+)normetanephrine 66.0 
Mixed Agonists—Antagonists 

Clonidine 0.30 
Naphazoline 0.25 
Oxymetazoline 1.00 


1.0 
160.0 
210.0 


200.0 
n.d.+ 


22.0 





* Kp, Ki and Ka values were determined as described earlier and were usually the average of 
two or three determinations which agreed within 5 per cent. 


+ n.d.: not determined 


'§C] glucose-1-phosphate (0.3 Ci/mmole) were purchased, 
respectively, from New England Nuclear Co. and from the 
Radiochemical Centre (Amersham). Prazosin (Pfizer), 
yohimbine (Roussel-Uclaf), phentolamine, naphazoline 
(Ciba-Geigy), methoxamine (Burroughs), phenoxybenza- 
mine (Smith, Kline & French Laboratories), clonidine 
(Boehringer Ingelheim), oxymetazoline (Farmex) were 
obtained as_ gifts; (—)phenylephrine, (+)normetane- 
phrine, (—)epinephrine, glycogen type II from oyster, 
alpha-D-glucose-1-phosphate grade 1, hepes, glycylglycine 
(Sigma), crude collagenase (CLS type) (Worthington) were 
from the chemical sources indicated. All other chemicals 
were from Merck (Darmstadt). 

Prazosin and yohimbine, two alpha-adrenergic antag- 
onists known to bind preferentially to alpha; and alpha2 
receptors, respectively [7,20], were tested as competitors 
with DHEC for its binding sites. The competition curves 
are depicted in Fig. 1. Prazosin (Kp = 470 pM) appeared 
to be 700-fold more potent than yohimbine (Kp = (0.33 
LM) in displacing tritiated DHEC from the alpha-adreno- 
receptors in purified plasma membranes (Table 1). More- 
over, we observed that both drugs displaced tritiated 
DHEC in a monophasic manner. These results showed that 
there was one class of sites, alphai-receptors, in rat liver 
plasma membranes, or at least that alphai-sites are much 
more numerous than alphap-sites. The relative potencies 
of both prazosin and yohimbine in inhibiting the glycogen 
phosphorylase stimulated by (— epinephrine in isolated rat 
hepatocytes are also shown in Fig. 1. The same order of 
potencies was found for the inhibition of the enzyme, as 
for the competition experiments, prazosin (Ki = 0.85 nM) 
being 13,000-fold more efficient than yohimbine (Ki; = 
11 4M) (Table 1). Moreover, phenoxybenzamine, reported 
as more specific for alphai-sites [9], was very effective in 
competing with tritiated DHEC (Knapp. = 13 nM)* and 
acted as one of the best antagonists of those tested, for the 
glycogen phosphorylase activity (Kiapp. = 0.3 4M).* 

From several reports [9, 21-23], it was clear that the two 
alpha-adrenergic agonists, phenylephrine and methoxam- 
ine, were more active at alpha-receptors than clonidine, 
other imidazoline derivatives and normetanephrine, which 
were more active at alphaz sites. We therefore compared 





* Phenoxybenzamine is an irreversible alpha-blocker. 
So, the values of Kp and Kj calculated in order to compare 
that drug with the other drugs tested are only apparent. 


the potencies of these agonists either in competing with 
DHEC for alpha-sites in rat liver plasma membranes or in 
stimulating the glycogen phosphorylase activity in isolated 
rat hepatocytes. When those compounds were tested as 
competitors against tritiated DHEC, clonidine (Kp = 
0.3 4M) and the imidazoline derivatives appeared as the 
most potent competitors, followed by (—)phenylephrine 
(Kp = 2 uM), whereas methoxamine (Kp = 10 «M) and 
normetanephrine (Kp = 66 1M) were almost ineffective in 
displacing DHEC (Table 1). The same agents were studied 
for their ability to stimulate the glycogen phosphorylase 
activity in isolated hepatocytes (Table 1). Some of the 
activation curves are depicted in Fig. 2. Phenylephrine 
acted as a full and efficient agonist (Kp = 1 uM), while 
clonidine, methoxamine and normetanephrine acted as 
partial agonists with a poor and similar affinity 
(Ka ~ 200 uM). Moreover, clonidine and the related imi- 
dazoline derivatives preferentially acted as antagonists 
upon the (—)epinephrine-stimulated glycogen phosphoryl- 
ase activity (Table 1), a result already reported in rat 
parotid cells [24], in human platelets [25, 10] and in rat 
brain cortical slices [21]. 

Thus, according to our results, the tritiated DHEC 
defined alpha-adrenoreceptor of rat liver, which was cor- 
related with the stimulation of glycogen phosphorylase 
activity, exhibited the criteria necessary to be classified as 
an alphai-subtype. A study by Wood et al. [11] also supports 
the concept that the tritiated DHEC binding site of rat 
liver possesses the characteristics of an alphai-adrenergic 
binding site. An anatomic classification into pre- and post- 
synaptic subtypes did not seem appropriate in the case of 
rat liver since, for the study of glycogen phosphorylase 
activity, we used a preparation of isolated hepatocytes 
devoid of synapses. Thus, we used a pharmacologic clas- 
sification, based upon the relative potencies of the antag- 
onists, prazosin and yohimbine, and the agonists, phe- 
nylephrine and clonidine. Prazosin and phenylephrine are 
most potent at alphai-sites, yohimbine and clonidine at 
alphaz-sites. We wish to point out that clonidine, considered 
as an agonist for a long time [21], might act differently at 
alpha: and alphap-sites, being a full [21] or a partial [21, 10] 
agonist at alphaz-sites and an antagonist [24] or a mixed 
antagonist—agonist at alphai-sites. Our results indeed illus- 
trate the action of clonidine as a mixed antagonist—agonist 
at alphai-sites. 

In conclusion, on the basis of the present study, it is clear 
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Fig. 2. Activation of the glycogen phosphorylase in rat hepatocytes by alpha-adrenergic agonists. 
Isolated hepatocytes (52 x 10° cells in 5.8 ml) were preincubated with 4 g/l glucose for 30 min at 37°. 
Aliquots (125 yl) of cells were incubated with increasing concentrations of (—)phenylephrine (@), 
methoxamine (A), (+)normetanephrine (O) or clonidine (0), or with buffer. The incubation at 37° 
was stopped 2 min later as described in the legend of Fig. 1. Phosphorylase a was assayed as described 
earlier. Basal level and maximal activity of the enzyme were respectively 0.14 and 0.26 umole of glucose- 
1-phosphate transformed in 20 min per mg of protein. The enzyme activity is expressed as per cent of 
the activity over basal level. Each point is the mean of a quadruplicate determination which agreed 
within 5 per cent. 


that the rat liver alpha-adrenergic receptor, defined by 
tritiated DHEC binding and by the activation of glycogen 
phosphorylase, belongs to the alpha: subtype. It would be 
of interest to confirm this classification by binding of the 
agonist epinephrine to the plasma membranes, as proposed 
by El-Refai et al. [26]. 
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Relationship between in vivo nitroglycerin metabolism and in vitro organic nitrate 
reductase activity in rats 


(Received 9 July 1979; accepted 17 September 1979) 


Nitroglycerin has been an important drug in the treatment 
of angina pectoris for several decades [1]. Despite the 
recent introduction of numerous synthetic organic nitrates, 
nitroglycerin continues to be the drug of choice for angina 
because of its prompt and reliable pharmacological actions. 
Although the drug has had extended use in the clinic, a 
number of important therapeutic and toxicological ques- 
tions remain unresolved. One of the most controversial 
subjects of debate is the therapeutic effectiveness, or Jack 
thereof, of orally administered nitroglycerin for prophylaxis 
of angina. While metabolic studies [2] clearly indicate 
almost complete first-pass metabolism [3] when the drug 
is administered orally to several animal species in single 
doses, a number of investigators have demonstrated [4, 5] 
the clinical usefulness of oral nitroglycerin. 

With the recent development of a sensitive analytical 
technique capable of determining subnanogram per ml 
concentrations of nitroglycerin in plasma [6], it was possible 
to initiate detailed pharmacokinetic studies on the oral 
absorption of nitroglycerin in man and in animals. Meas- 
urable plasma concentrations were obtained following a 
therapeutic oral dose of nitroglycerin in man [7]. In rats, 
a preliminary study [8] showed that an average of only 
about 2 per cent of an oral dose (7 mg/kg) reached the 
systemic circulation intact, but the inter-animal variability 
in this absorption parameter was large (0.6 to 3.8 per cent 
in five animals). If similar large differences in the in vivo 
availability of nitroglycerin occur also in humans, then 
there may be corresponding differences in response to oral 
nitroglycerin therapy. A better understanding of the factors 
which contribute to the inter-subject variability in nitro- 
glycerin absorption and metabolism may be useful in 
defining the clinical effectiveness of oral nitroglycerin in 
man. We, therefore, undertook an investigation to examine 
the biochemical basis for the variation in the systemic 
availability of orally administered nitroglycerin in rats. 

Nitroglycerin is metabolized primarily by the enzyme 
organic nitrate reductase (glutathione: polyolnitrate 
oxidoreductase, EC 1.8.6.1) [1]. The activity of this enzyme 
in various organs and tissues was determined in order to 
assess the relative contribution of these systems to nitro- 
glycerin metabolism. Male Sprague-Dawley rats, 250- 
300 g, were fasted overnight and killed by decapitation 
without anesthesia. Each organ or tissue which was studied 
was rapidly excised and flushed with cold 0.15 M NaCl. 
Abdominal skin [9], liver, lung, heart, small intestine and 
kidney were then homogenized separately with 4 vol. of 
0.25 M sucrose, and the 100,000 g supernatant fluid was 
assayed for organic nitrate reductase activity at 37°, using 
a procedure described previously by Needleman and 
Hunter [10]. The reaction sequence upon which this assay 
is based involves two coupled enzymatic reactions: nitro- 
glycerin is denitrated by organic nitrate reductase using 
reduced glutathione (GSH) as a co-factor which is, in turn, 
regenerated by glutathione reductase (GR) with NADPH 
serving as a source of hydrogen. The initial rate of disap- 
pearance of NADPH was shown to be equivalent to that 
of production of nitrite ions as a consequence of nitrogly- 
cerin metabolism [10]. In the assay, GSH, GR and NADPH 
and other co-factors were added in excess, so that over a 
10-fold range of total protein in the reaction mixture (0.5 
to 5.0 mg) the activity in zmoles/min was directly propor- 


tional to the amount of added protein. The total protein 
used in the assay ranged between 1 and 3 mg. When the 
concentrations of all cofactors were doubled, the specific 
activity was only altered by 10 per cent, which was approx- 
imately the precision of this assay. 

Pharmacokinetic and biochemical experiments were con- 
ducted on eleven animals. Male, Sprague-Dawley rats, 
250-300 g, were fasted overnight and given 100 mg nitro- 
glycerin/kg of body weight by gastric intubation. This dose 
was selected because a preliminary experiment had indi- 
cated an even greater degree of inter-animal variability 
than had been demonstrated previously at a lower dose 
(7 mg/kg). The dosing vehicle (1 ml) was 10% ethanol in 
propylene glycol. Use of a non-aqueous solvent was neces- 
sitated by the poor aqueous solubility of nitroglycerin. 

Following oral dosing, the animals were restrained, and 
blood (ca. 0.3 ml) was collected from the tail vein at 0, 5, 
10, 20, 40, 60, 90, 180, 240, 300 and 360 min. Plasma from 
these samples was then assayed using the gas chromato- 
graphic procedure of Yap et al. [6]. 

Immediately after the pharmacokinetic experiment, the 
liver of each animal was excised and the 100,000 g super- 
natant fluid was assayed for organic nitrate reductase 
activity. Protein concentration in the supernatant fluid was 
determined by the procedure of Lowry ef al. [11]. Total 
activity was obtained by multiplying specific activity 
(umoles/min/mg protein) by total protein. Every deter- 
mination of reductase activity was corrected for concurrent 
enzymatic or chemical oxidation of NADPH [10]. 

The effect of the administered nitrogiycerin dose on the 
systolic blood pressure of rats was studied. Animals were 
given either drug-free vehicle.(two rats) or the organic 
nitrate (five rats), and the systolic blood pressure was 
monitored with an electrosphygmomanometer via a tail 
cuff (Narco Bio-Systems, model PE-300). 

It was found that homogenized liver possessed the highest 
glutathione-dependent enzyme activity of all the organs 
and tissues studied (Table 1). This is consistent with 


Table 1. Organic nitrate reductase activity in various rat 
tissues 





Total activity* 


Tissue (umoles/min) 





Kidney Ef (7)* 
Liver ; : (7) 
Small intestinet § (4) 
Lung (4) 
Skin (2) 
Heart (2) 





* Mean + S.E. 

+ Numbers in parentheses indicate numbers of animals 
tested. Samples were assayed at least in duplicate. 

¢ The excised small intestine was 10-15 cm in length 
distal to the pyloric sphincter. 

§ NA = negligible activity (< 0.6 wmole/min). 

|| Shaved abdominal skin, 33cm in area, 
examined. 


was 
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numerous in vivo and in situ data previously reported. For 
example, Lang et al. [12] showed that eviscerated animals 
exhibited much slower elimination of nitroglycerin than 
control animals. Johnson et al. [13], using a recirculating 
liver perfusion system, obtained a degradation half-life of 
2 min for nitroglycerin in this organ. The only other organ 
with measurable glutathione-dependent organic nitrate 
reductase activity was the kidney, which gave an apparent 
enzymatic activity slighty above the detection limit. The 
kidney has been shown to be capable of drug metabolism. 
For example, Reach ef al. [14] showed that the isolated 
. perfused rat kidney is capable of metabolizing cortisol. 
However, in this case, it appears that kidney metabolism 
of nitroglycerin is relatively unimportant. 

The lack of detectable glutathione-dependent organic 
nitrate reductase activity in the intestine may be of import- 
ance since it suggests that gut metabolism of nitroglycerin 
is insignificant and that pre-systemic elimination of nitro- 
glycerin after oral administration is primarily hepatic. The 
lack of glutathione-dependent organic nitrate reductase 
activity in homogenized lung and skin is also of interest. 
Munitions workers, chronically exposed to nitroglycerin, 
have been known to develop tolerance and withdrawal 
symptoms to this compound. In these subjects, absorption 
of nitroglycerin most likely occurs via inhalation and skin 
contact. Since pre-systemic elimination in the lung and skin 
appears insignificant, these routes of drug absorption 
apparently do not act as metabolic barriers for nitrogly- 
cerin. The absence of skin metabolism is also consistent 
with clinical observations which showed that topically 
applied nitroglycerin produced significant and sustained 
plasma drug concentrations [7] and hemodynamic effects 
[15] in man. 

Figure 1 shows the plasma concentrations of nitroglycerin 
as a function of time. There was considerable inter-animal 
variability in drug plasma concentrations. For example, the 
peak concentration range from 36 to 475 ng/ml, with a 
coefficient of variation of about 68 per cent. The area under 
the plasma concentration versus time curve (AUC), from 
time 0 to infinity, ranged from 4.07 x 10° to 51.95 x 10° ng- 
min/ml, with a coefficient of variation of about 60 per cent. 
In comparison, the coefficient of variation of the assay was 
less than 10 per cent. 

The AUC is a function of the cumulative amount of 
intact drug which has been absorbed systemically and of 
the systemic clearance (Cls): 

FD 

Cls saat (1) 
where F is the fraction of the dose, D, reaching the per- 
ipheral circulation intact [16]. In a linear system, hepatic 
clearance (Cl) represents a fraction (ft) of Cls. Thus, 


Clu = fuCls . (2) 


Clu can also be expressed in terms of hepatic blood flow, 
Q, and intrinsic clearance, Clr: 


QO Cl 


fuCls = Clu ~O+Ch 


(3) 
Since absorption of nitroglycerin is virtually complete over 
a wide dose range [17, 18] and gut metabolism appears to 
be insignificant (Table 1), F can be described by equation: 


ree ae 
Q+Cl 


Equation 5 can be obtained by substituting equations 3 and 
4 into equation 1: 


F (4) 


(5) 


1000r 


500 


Plasma Nitroglycerin Concentration (ng/ml) 





1 1 4 4 
100 200 300 400 


Time (min) 





Fig. 1. Plasma concentrations of nitroglycerin in rats fol- 

lowing a 100 mg/kg oral dose. Key: (¥) mean values (bars 

indicate $.E.); and (@, ©) individual rats showing highest 
and lowest plasma concentrations respectively. 


If it can be assumed that Cl; in each animal is proportional 
to the total in vitro liver organic nitrate reductase activity 
found for the same animal, then the latter should be 
inversely proportional to AUC. A statistically significant 
(r = 0.84, P< 0.001) inverse correlation between organic 
nitrate reductase activity and AUC was indeed obtained 
(Fig. 2). 

Because the oral nitroglycerin dose used in this study 
(100 mg/kg) appeared large compared to that used clinically 
in man (6.5 mg orally per dose), there may be some concern 
that the animals could be in complete circulatory shock 
after drug adminstration. Sphygmomanometric measure- 
ments, however, showed that, in five animals tested, nitro- 
glycerin at 100 mg/kg orally gave a drop in systolic blood 
pressure of no more than 40 mm Hg at maximum change, 
and baseline values were re-established around 10 min post 
drug dosing. In two control animals dosed with just the 
vehicle, the corresponding maximum changes were about 
20mm Hg. It thus appeared that the dose used did not 
cause such a catastrophic circulatory effect on the test 
animals as to render them totally unphysiologic. 

Results from this study thus provide an example of sig- 
nificant correlation between in vitro enzyme activity and 
in vivo first-pass metabolism. The large inter-animal vari- 
ability in plasma drug concentrations after oral nitroglycerin 
administration was shown to result from differences in the 
capacity of individual animals to metabolize nitroglycerin. 
Inter-animal variability in hepatic blood flow did not affect 
the AUC value because both Cly and F are simultaneously 
influenced (equations 3 and 4). Liver organic nitrate reduc- 
tase activity could potentially be altered by factors such as 
age, sex, diet, smoking habits and administration of other 
drugs. It is then possible that some of these factors could 
potentially affect the biological availability of oral nitro- 
glycerin, and hence its clinical efficacy, in humans. 

In summary, the inter-animal variability in plasma con- 
centrations after oral nitroglycerin dosing is quite large. 
This variability is shown to arise mainly from individual 
variation in liver organic nitrate redutase activity in each 
animal. A good correlation is obtained between in vivo 
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Fig. 2. Relationship between in vitro organic nitrate reduc- 
tase activity and area under the plasma nitroglycerin con- 
centration vs time curve in eleven rats. 


nitroglycerin systemic availability and in vitro enzyme 
activity. 
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Effects of methotrexate esters and other lipophilic antifolates on methotrexate- 
resistant human leukemic lymphoblasts 


(Received 5 July 1979; accepted 24 August 1979) 


A major clinical problem in cancer patients treated with 
methotrexate (MTX) is temporary remission followed by 
renewed tumor growth and lack of response to further 
MTX therapy. According to current views [1, 2], this type 
of ‘acquired’ resistance, as opposed to ‘intrinsic’ resistance 
wherein little or no response occurs even at the start of 
therapy, is due to the survival of a few initially resistant 
cells which can repopulate the tumor within a relatively 
short time. The rate of appearance of clinically resistant 
disease depends, among other things, on the number of 
such refractory cells and on their cytokinetic properties. 
Although several other factors have been suggested as 
possible causes of MTX resistance in experimental animal 
systems [2], the principal relevant phenomena in humans 
are believed to be (1) the ability of tumor cells to synthesize 
increased levels of dihydrofolate reductase after exposure 
to MTX [3, 4] (‘enzyme resistance’), and (2) the loss of the 
ability of tumor cells to take up the drug in quantities 
sufficient to inhibit the enzyme [5-7] (‘transport resist- 


ance’). It may be possible for both phenomena to coexist 
in the same host, though their onset need not necessarily 
occur at the same time or to the same degree [7, 8]. There 
is evidence which indicates that in human cell lines transport 
resistance is more likely to occur than enzyme resistance 
[7], in contrast to murine systems in which enzyme resist- 
ance seems to be favored and stable transport-resisiant 
mutants are difficult to maintain [8]. 

Uptake of MTX into human tumor cells can occur via 
either of two pathways. In the presence of relatively low 
concentrations (i.e. in the micromolar range), uptake in 
many cells has been demonstrated to occur by way of the 
same saturable, carrier-mediated and energy-dependent 
transport route as is utilized by naturally occurring reduced 
folates [9-11]. At millimolar levels, which more closely 
approximate conditions prevailing in vivo during high-dose 
MTX therapy, a large part of the intracellular MTX con- 
centration results from passive diffusion [6, 12]. The two 
highly polar, negatively charged COOH groups in the side- 
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Table 1. Biochemical comparison of CEM and CEM/MTX human leukemic lymphoblasts 





Dihydrofolate reductase activity 
[*H]Folate assay+ 


Cells (SH]MTX assay* 


MTX uptake 
One-hr uptaket _Initial uptake velocity§ 





CCRF-CEM 3.8 
CEM/MTX 3.4 
Ratio|| 0.89 


0.060 
0.013 
0.22 


1.9 
0.32 
0.17 





* Expressed in pmoles of MTX bound/10* cells; assay method of Kamen et al. [29]. 

+ Expressed in pmoles of folic acid reduced/10 min/10° cells; assay method of Rothenberg [30]. 
+ Expressed in pmoles of MTX taken up/60 min/10’ cells; [MTX]ex = = 0.5 uM (Fig. 1). 

§ Initial rate of uptake is expressed as pmoles of MTX/min/10’ cells. 


| (CEM/MTX)/(CEM). 


chain of MTX would be expected to have a strongly retar- 
dant effect on the rate of passive diffusion of this molecule 
through the cell membrane. 

When cells become transport-resistant, they have a 
diminished capacity to take up MTX by the carrier 
mediated route, but not by passive diffusion. Theoretically, 
at least, it ought to be possible to kill transport-resistant 
cells merely by increasing the extracellular concentration 
of drug. Unfortunately this cannot always be translated 
into clinical practice, inasmuch as high serum levels of 
MTX may be toxic to the bone marrow, epithelial mucosa 
and other normal proliferative tissues of the host [13]. 

One approach to this problem which has met with success 
in the clinic is to give high doses of MTX with carefully 
timed administration of a rescue agent such as leucovorin 
[14-16], thymidine [17, 18] or carboxypeptidase Gi: [19]. A 
second approach has been to use antifolates that can pen- 
etrate cells more readily by passive diffusion, such as 
2,4-diamino-5-(3’, 4’-dichlorophenyl)-6-methylpyrimidine 
(DDMP) [20] or triazinate (TZT, ‘Baker’s antifol’) [21]. 
The later agents lack a negatively charged glutamate side- 
chain and are, therefore, regarded as ‘small-molecule’ 
antifolates rather than ‘classical’ antifolates. 

A third approach has been to modify the glutamate side- 
chain of MTX so as to decrease the polar character of the 
molecule and improve membrane penetration [22, 23]. This 
has given rise to several different classes of lipid-soluble 
‘hybrid antifolates’, which may be defined as compounds 
whose overall structure retains most of the essential features 
of classical antifolates (i.e. the 2,4-diaminopteridine ring, 
bridge region and para-aminobenzoate moiety), but whose 
uptake into cells is expected to resemble more closely that 
of small-molecule antifolates. Among the compounds of 
this type that have been studied in this laboratory have 
been diester [24] and bis(amide) [25] derivatives. Diesters 
of MTX have also been investigated independently by 
Johns et al. [26, 27]. 

In this paper we report the finding that a human tumor 
cell line which is transport-resistant to MTX retains its 
sensitivity to lipophilic monoester and diester derivatives 
of MTX, as well as to small-molecule antifolates such as 
DDMP. 

Human lymphoblasts (CCRF-CEM line) [28] were grown 
in serial culture in the presence of increasing concentrations 
of MTX until a 120-fold resistant subline (CEM/MTX) was 
obtained. This subline appears to be a stable mutant which 


maintains its resistant properties even in the absence of 


drug; details concerning the isolation of CEM/MTX cells 
will appear separately.* The amount of dihydrofolate 
reductase in the sensitive as well as resistant lines was 
determined by measuring the extent of complex formation 
with [‘H]-MTX (competitive ligand-binding assay) [29] and 





* H. Lazarus and G. C. Yuan, manuscript in preparation. 
+ P. W. Rossow, L. Mangini and E. J. Modest, manu- 
script in preparation. 


the functional activity was determined by measuring the 
conversion of [°H] folate to [° H]tetrahydrofolate [30]. As 
shown in Table 1, the amount of [* H]folic acid that can be 
reduced by 1 x 10° cells per unit time is not significantly 
different in the two cell lines. Moreover, since binding of 
(7H]MTX to dihydrofolate reductase is approximately stoi- 
chiometric, the amount of enzyme in the two cell lines must 
be very similar. Taken together, these results indicate that 
the 120-fold difference in sensitivity to MTX between 
CCRF-CEM and CEM/MTX cells cannot be accounted for 
on the basis of increased dihydrofolate reductase activity, 
and that a more likely explanation is one involving impaired 
drug uptake. 

Figure 1 shows a comparison of [‘H]MTX uptake into 
CCRF-CEM and CEM/MTX cells at an external drug con- 
centration of 0.5 uwM. This concentration was selected to 
conform to the ‘low dose’ component of [°H]MTX uptake 
observed previously in CCRF-CEM cells by other inves- 
tigators [6]. Both the initial rate of drug uptake and the 
intracellular drug level at 1 hr (approaching equilibrium) 
are reduced significantly in the CEM/MTX cell relative to 
the parent line at this concentration. In Table 1 it can be 
seen that there is about a 5-fold reduction in both the 1 hr 
uptake and the initial uptake velocity in the resistant cell. 
Although the uptake experiments reported in this paper 
were performed only at a single extracellular MTX con- 
centration of 0.5 mM, i.e. approximately one-tenth the 
reported Km for uptake of 6 uM [6], studies at higher 
concentrations (up to 200 uM), as well as comparative 
kinetic analyses of drug influx and efflux in the sensitive 
and resistant lines, indicate that, when the extracellular 
MTX concentration is varied from 0.5 uM to as high as 
200 uM, both the initial uptake velocity and the | hr uptake 
in the resistant line are significantly lower than in the 
sensitive line.+ 

With regard to the apparent discrepancy between the 5- 
fold difference in uptake and the 120-fold difference in 
cytotoxicity for the CCRF-CEM and CEM/MTX cells, it 
should be noted that cytotoxicities were compared at the 
IDso dose, whereas uptakes were measured at an extracel- 
lular drug concentration (0.5 4M) corresponding approx- 
imately to an ID dose. This was necessitated by the fact 
that, at lower doses, the uptake of [7H]MTX into the 
transport-deficient CEM/MTX cells was less than could be 
measured with any degree of accuracy. Moreover, it should 
be noted that uptake experiments were conducted over a 
1 hr period in Earle’s balanced salt solution supplemented 
only with amino acids (see Fig. 1), whereas cytotoxicities 
were compared after 48 hr of incubation in Eagle’s minimal 
essential medium (MEM) to which 10% whole fetal calf 
serum had been added (thereby supplying reduced folates 
to the cells) [28]. Thus, it should be emphasized that, 
although these experiments provide a basis for making a 
qualitative correlation between drug sensitivity and drug 
uptake in the two cell lines, an absolute quantitative cor- 
relation is not necessarily to be expected. 
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Fig. 1. Time course of MTX uptake by CCRF-CEM and CEM/MTX cells. CCRF-CEM lymphoblasts 
were maintained in continuous culture as described previously [28]. Prior to use, exponentially growing 
cells were harvested by centrifugation and washed twice with phosphate buffered saline (PBS). The 
cells were resuspended in Earle’s balanced salt solution supplemented with essential amino acids at 
approximately 1 x 10’ cells/ml and incubated for 1 hr at 37° under a 5% CO> atmosphere. Uptake was 
initiated by the addition of an appropriate amount of [‘H]MTX. At selected time intervals, 1 ml aliquots 
were removed and pipetted into 10 ml of ice-cold PBS to stop further drug uptake. The cells were 
washed twice with 10 ml of ice-cold PBS and the final cell pellet was lysed with 1 ml of 0.1 M Tris (pH 
9.0) and 1% sodium dodecylsulfate. The lysate was counted by liquid scintillation spectrometry with 
a counting efficiency of 50 per cent. Non-specific binding, as measured by drug uptake at 4°, is equal 
to the extrapolated drug uptake at zero time. The data shown in Fig. | are corrected for this non- 
specific binding, and are the average range of three experiments performed on different days. 


Growth inhibition assays employing MTX and several 
lipophilic antifolates were carried out against CCRF-CEM 
and CEM/MTX cells, as described previously [28]. Table 
2 presents IDso values for MTX, the di-n-butyl ester 
(DBMTX) [24], the y-mono-n-butyl ester (y-MBMTX) 
[31], and the small-molecule antifolates DDMP and 1,3- 
diamino-9-chlorobenzo[f|quinazoline (PY490). The last 
compound is a tricyclic DDMP analog of fixed planar 
geometry [32]. Also given in Table 2 are the ratios of 
IDso Values for each drug against the two cell lines. These 
ratios may be viewed as a measure of cross-resistance. It 
can be seen that the diester DBMTX compares very favour- 
ably with the small-molecule antifolates DDMP and PY490 
in being toxic to CEM/MTX cells at a dose that is only 
one-third the IDso against the parent line. The monoester 
y-MBMTX does not show this apparent collateral sensi- 
tivity, though it is still equitoxic to both cells. Thus, blocking 
one or both COOH groups in MTX by esterification appears 
to be an effective means of overcoming resistance in 
CEM/MTX cells. 


Although the exact mechanism of cell-kill by DBMTX 
and other MTX diesters has not yet been fully elucidated 
|33, 34], preliminary evidence suggests that the diesters 
probably act, in part, as passively diffusing carriers, or 
‘prodrugs’, which can be converted into a- and y-monoes- 
ters and ultimately MTX itself via intracellular esterases 
[24, 26, 27]. While it is true that y-MBMTX has been shown 
to be approximately as potent as MTX in inhibiting dihy- 
drofolate reductase [31], a number of factors other than 
dihydrofolate reductase inhibition have to be considered 
in respect to the mode of action of the diester in intact 
cells. For example, because of their very high lipophilicity, 
DBMTX and other MTX diesters might bind avidly to the 
membranes of lipid-rich subcellular particles so as to create 
a long-lasting intracellular depot. Gradual release of the 
diester from such a depot, followed by cleavage of the ester 
groups by intracellular esterases, might provide a mech- 
anism for maintaining a cytotoxic level inside the cell for 
a longer period than is possible with MTX alone. 

The biochemical basis for the observed ‘collateral sen- 


Table 2. Cytotoxicity of lipophilic antifolates in CEM and CEM/MTX human leukemic 
lymphoblasts 





IDso (uM) 





Cells MTX y-MBMTX 


DBMTX DDMP PY 490 





CEM 0.029 ‘7 
CEM/MTX 3.4 1.6 
Ratio* 120 0.94 


0.069 
0.012 
0.30 


0.13 
0.030 
0.23 


0.029 
0.008 
0.28 





* (CEM/MTX)/(CEM). 
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sitivity’ of CEM/MTX cells to DBMTX and small-molecule 
antifolates has not been determined, but one possibility is 
that these cells are less efficient than the parent line in 
taking up reduced folates which are present in Eagle’s 
MEM medium that has been supplemented with whole 
serum. Another possibility is that the plasma membrane 
of CEM/MTX cells has undergone some structural alter- 
ation that renders it more permeable to lipid-soluble com 
pounds while at the same time diminishing its capacity for 
active transport. 

The ability of DBMTX to kill transport-resistant cells as 
effectively as DDMP is of potential clinical interest in view 
of the fact that the latter has been shown to produce 
headaches, confusion and other manifestations of neuro- 
toxicity [35]. These undesirable side-effects of DDMP may 
be due, in part, to the long tissue half-life of the drug [36]. 
A more specific biochemical cause may be that DDMP is 
a very potent inhibitor of the enzyme histamine N-meth- 
yltransferase [37], which helps to regulate histamine levels 
in the brain. In contrast to DDMP and a number of other 
small-molecule antifolates that have been tested against 
this enzyme in vitro, side-chain esters and amides of MTX 
exhibit little or no inhibitory activity below 1 mM (D. S. 
Duch and C. A. Nichol, personal communication). The 
use of these ‘hybrid’ antifolates may, therefore, be viewed 
as an attractive alternative to small-molecule antifolates in 
the treatment of transport-resistant tumors. Further bio- 
chemical and pharmacologic studies with monoesters and 
diesters of MTX are in progress in this laboratory as a 
prelude to possible clinical trial of the optimal MTX ester. 

In summary, human leukemic lymphoblasts (CCRF- 
CEM) were grown in serial culture in the presence of 
increasing concentrations of MTX until a 120-fold resistant 
subline (CEM/MTX) was obtained, which exhibited normal 
levels of dihydrofolate reductase activity but a markedly 
decreased rate of uptake of the drug. Lipophilic derivatives 
of MTX such as DBMTX and y-MBMTX inhibited the 
growth of CEM/MTX cells and the parent line to the same 
degree as did the small-molecule antifolates DDMP and 
PY490. The importance of this study is that lipophilic 
antifolates are equal to or superior to MTX in inhibiting 
a human malignant cell that appears to be solely membrane- 
resistant to MTX. The results support the concept that 
MTX-resistant human tumors in which carrier-mediated 
transport of MTX across the cell membrane is impaired 
may be responsive to chemotherapy with lipophilic anti- 
folates that can enter cells by passive diffusion. Compounds 
such as DBMTX and y-MBMTX may be viewed as ‘hybrid 
antifolates’ whose overall structure retains most of the 
structures of classical ant‘folates, but whose mode of uptake 
into cells more closely resembles that of small-molecule 
antifolates. 
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Inhibition of tubulin polymerization by nitrosourea-derived isocyanates 


(Received 30 June 1979; accepted 12 September 1979) 


Antitumor active chloroethylnitrosoureas are chemically 
unstable and upon degradation yield reactive intermediates 
capable of alkylation by the 2-chloroethyl moiety and of 
carbamylation by the isocyanate moiety [1]. Alkylation of 
certain proteins by bis-1,3-(2-chloroethyl)-1-nitrosourea 
(BCNU) or 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea 
(CCNU) has been shown to occur non-selectively, com- 
pared to highly specific carbamylation by an active site- 
directed mechanism [2,3]. 

Preliminary studies in this laboratory have shown that 
treatment of L5178Y cells with certain 2-chloroethyl- 
nitrosoureas during growth in culture resulted in a 
decreased mitotic index. We have explored the question 
of whether drug-microtubule interactions may participate 
to some extent in antitumor activity. Several 2-chloroethyl- 
nitrosoureas that yield varying amounts of isocyanate upon 
degradation were studied for their effects upon the poly- 
merization of isolated tubulin. Inhibition of polymerization 
was observed, and the stoichiometry of the inhibition was 
related to the nitrosourea-derived isocyanates. 

Tubulin was isolated from freshly slaughtered cow or pig 
brain, using 0.1 M Pipes buffer (pH 6.9) and | mM guan- 
osine triphosphate, according to the procedure of Borisy 
et al. [4]. Two polymerization cycles were performed, with 
the final pellet stored at —80° and used within | week. All 
protein concentrations were determined using the assay of 
Lowry et al. [5]. CCNU, BCNU, methyl CCNU 
(MeCCNU), chlorozotocin (2-[3-(2-chloroethyl)-3-nitro- 
soureido]-D-glucopyranose) (all supplied by the National 
Cancer Institute, Bethesda, MD), cyclohexyl isocyanate 
(CHI, supplied by the Eastern Kodak Co., Rochester, 
NY), cis-2-hydroxy CCNU (cis-2-~OH CCNU) [6], and 
trans-4-hydroxy CCNU (trans-4-OH CCNU) [6] were 
freshly dissolved in acetone before adding to the tubulin. 
Acetone only was added to tubulin solutions for control 
experiments. 

Thawed tubulin was depolymerized in 0.1 M Pipes + 
1mM EGTA [ethylene glycol-bis-(B-aminoethyl ether) 
N,N’ tetra acetic acid] + 5 x 107* M MgCl (pH 6.9). After 
centrifuging at 100,000 g, 4°, for 30 min, the pellet was 


discarded and GTP (10~* M) was added to the supernatant 
fraction containing 2 or 3 mg/ml tubulin. The tubulin was 
then incubated at 15° for 2 hr with or without nitrosourea. 
Following this incubation, the method of Gaskin et al. [7] 
was used to monitor the extent of tubulin polymerization. 
By this procedure, the increase in turbidity at 350 nm was 
measured at 37°, using a Gilford model 220 spectropho- 
tometer equipped with a thermostated sample changer and 
a chart recorder. The effect of CHI on tubulin polymeri- 
zation was measured by the above method after incubation 
with the drug for 5 min at room temperature. 

For electron microscopy, samples were removed from 
the polymerizing tubulin preparations. A drop was placed 
on a formvar-coated grid for 1 min and then stained for 
1 min with six drops of 1% uranyl acetate before blotting 
dry. The grids were observed in a Phillips EM300. 

1 - (2 - Chloroethyl) - 3 - ({1 - “C]cyclohexyl) - 1 - 
nitrosourea (134 nmoles) reacted with purified microtubule 
protein (27 nmoles) in 0.1 M Tris-HCI (pH 7.5) for 4 hr at 
room temperature. After overnight dialysis [5 M urea in 
0.1 M Tris-HCI (pH 7.5) followed by water], the sample 
was incubated at 37° for 2hr in 8M urea, 0.1% sodium 
dodecylsulfate (SDS), and 0.5% mercaptoethanol. The 
tubulin was separated by gel electrophoresis, as described 
by Eipper [8]. The gels were cut, digested overnight with 
protosol, and counted in toluene 2,5-diphenyloxazole 
(PPO) fluor on a Beckman liquid scintillation counter LS- 
230. A similar gel was stained with Coomassie and scanned 
ona Gilford scanner on a Beckman DU spectrophotometer. 

Within 8-10 min after placing the tubulin dimers at 37° 
to initiate polymerization, maximum turbidity was reached. 
This level was maintained for at least 30 min at 37°, similar 
to that seen by Gaskin et al. [7]. Normal tubules were 
observed in the electron microscope from samples removed 
at 6 and 30 min. Thus, turbidity correlated with polymer- 
ization of tubulin. 

The CCNU and BCNU inhibition of maximum poly- 
merization, as shown in Table 1, was dose dependent. 
MeCCNU and trans-4-OH CCNU at 5x 10°’ moles 
behaved similarly, inhibiting 55 and 62 percent of control, 


Table 1. Inhibition of polymerization 





Absolute amount 
(nmoles) 


Percent 
inhibition 


Number of 
experiments 


Standard 
deviation 





250 
500 
750 
250 
500 
750 








Short communications 





Percent Maximum Polymerization 





i : 


4 








a 4 


nmol Cyclohexy! isocyanate/nmol tubulin 


Fig. 1. Stoichiometry of inhibition of polymerization by CHI (a typical experiment). CHI (5-50 nmoles) 
was added to purified brain tubulin (50 nmoles) 5 min before initiating polymerization. The percent of 
polymerization is compared to that of the control after 30 min. 


respectively. Chlorozotocin and cis-2-OH CCNU, how- 
ever, were far less inhibitory at 5 x 10~’ moles inhibiting 
7 and 2 percent, respectively. 

As incubation with CCNU, BCNU, MeCCNU and trans- 
4-OH CCNU continued, the turbidity occasionally 
decreased rather than maintaining the maximum level. 
Generally this decrease began at about the time the control 
reached its maximum plateau. The decline was slow and 
steady until the experiment was terminated at 30 min. The 
two drugs which were only slightly inhibitory (cis-2-OH 
CCNU and chlorozotocin) did not cause this decrease in 
turbidity. Gaskin et al. [9] demonstrated that disassembly 
could be induced by the addition of calcium or colchicine. 
Our results could reflect a similar, delayed effect. 

Samples were taken from all of the drug-treated tubulin 
preparations from two experiments after 6min and 
observed by electron microscopy. In all cases, normal 
microtubules were observed, with no evidence of aggre- 
gation. After the turbidity decrease (30 min), electron 
microscope examination also revealed normal tubules. The 


concentration of tubules appeared lower, but no systematic 
study was performed. 

Cyclohexylisocyanate (CHI) at concentrations between 
5 and 50nmoles (0.5 to 5 x 10° M) inhibited polymeri- 
zation. The maximum inhibition of polymerization resulting 
from the drug treatment was linearly related to the dose 
(Fig. 1). In four similar experiments, half-maximal inhi- 
bition required 0.54 + 0.05 nmole CHI/nmole tubulin mon- 
omer. This would suggest that the interaction between 
nucleophilic sites on the tubulin and the isocyanates has 
a considerable degree of specificity and occurs rapidly, as 
the half-life of CHI is less than 2 min [2]. Once the maxi- 
mum plateau was reached (8-10 min), no decrease in the 
turbidity occurred in the remaining 30-min incubation. 

The top of Fig. 2 is a scan of the absorbance of the 
Coomassie stain from one gel containing the tubulin labeled 
with [‘“C]CCNU and below is the d.p.m. from a similar 
gel which was cut and counted. The a and B monomers 
are two very close bands which are not well resolved by 
the scanner. The 'C is primarily located with the mono- 
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Fig. 2. ['*C]CCNU binding to purified brain tubulin. After incubation of purified brain tubulin with 

[‘*C]CCNU, the protein was processed and run on gel electrophoresis. The top scan is the absorbance 

of the closely migrating a and B monomers on a Coomassie stained gel; the bottom shows the d.p.m. 
from a similar gel, cut and assayed for radioactivity. 
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mers; a small amount is present at the solvent front and 
with the high molecular weight protein at the beginning of 
the gel. 

BCNU, CCNU and MeCCNU caused cell-cycle-related 
sensitivity differences in the human lymphoma cell line, Ty 
[10]. The increased sensitivity to BCNU and MeCCNU in 
G2 and to CCNU and MeCCNU in the early S phase of 
the cell cvcle could reflect, in part, disturbance by the drugs 
of the synthesis or polymerization and degradation of tub- 
ulin which occurs at these two times, respectively [11]. 

In summary, several nitrosoureas (CCNU, BCNU, 
MeCCNU, CHI and trans-4-OH CCNU) which degrade 
to form isocyanates have been shown to inhibit the poly- 
merization of purified brain tubulin in a dose-dependent 
manner. Failure to yield appreciable isocyanate due to 
intramolecular carbamylation (chlorozotocin and cis-2-OH 
CCNU) resulted in a lack of inhibition of polymerization. 
The CHI inhibition of tubulin polymerization is stoichio- 
metric. The ['*C]-cyclohexyl moiety derived from CCNU 
appears to bind covalently to the a and B tubulin monomers. 


Acknowledgements—This work was aided by Grant CH- 
109 from the American Cancer Society. We thank Joanne 
Potter for technical assistance. ' 


Biochemical Pharmacology, Vol. 29, pp. 654-657 
© Pergamon Press Ltd. 1980. Printed in Great Britain 


ANN E. BRODIE 
JOHN R. BABSON 
DONALD J. REED 


Department of Biochemistry and 
Biophysics, 

Oregon State University, 

Corvallis, OR 97331, U.S.A. 


REFERENCES 


1. D. J. Reed, H. E. May, R. B. Boose, K. M. Gregory 
and M. A. Beilstein, Cancer Res. 35, 568 (1975). 

2. J. R. Babson, D. J. Reed and M. A. Sinkey, Biochem- 
istry 16, 1584 (1977). 

3. J. R. Babson and D. J. Reed, Biochem. biophys. Res. 
Commun. 83, 754 (1978). 

. G. G. Borisy, J. M. Marcum, J. B. Olmsted, D. B. 
Murphy and K. A. Johnson, Ann. N.Y. Acad. Sci. 253, 
107 (1975). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. A. E. May, S. J. Kohlhepp, R. B. Boose and D. J. 
Reed, Cancer Res. 39, 762 (1978). 

. F. Gaskin, C. R. Cantor and M. L. Shelanski, J. molec. 
Biol. 89, 737 (1974). 

. B. A. Eipper, J. biol. Chem. 249, 1407 (1974). 

. F. Gaskin, C. R. Cantor and M. L. Shelanski, Ann. 
N.Y. Acad. Sci. 253, 133 (1975). 

. B. Drewinko, T. L. Loo and J. A. Gottlieb, Cancer 
Res. 36, 511 (1976). 

. G. L. Forrest and R. R. Klevecz, J. biol. Chem. 247, 
3147 (1972). 


0006-2952/80/0215-0654 $02.00/0 


Effects of lithium chloride on the cholinergic system in different brain regions in 
mice . 


(Received 5 May 1979; accepted 4 September 1979) 


Lithium is a potent therapeutic and prophylactic agent in 
the treatment of affective disorders, although its mode of 
action is still unknown [1]. In comparison with a number 
of reports on the effects of lithium on the brain monoam- 
inergic system, relatively little work has been carried out 
on the in vivo actions of lithium on the central cholinergic 
system [2,3]. In relation to the role of acetylcholine (ACh) 
in the control of mood and behavior, it has been hypoth- 
esized by Janowsky et al. [4] that an imbalance between 
the central cholinergic and adrenergic systems is the etiol- 
ogy of affective disorders. They considered depression to 
be a disease of cholinergic dominance and mania to be the 
converse. Also, an antimuscarinic action of antidepressants 
in sympathetic ganglia [5] and a correlation between 
behavioral excitation and decreased brain ACh [6] or 
between depression and increased ACh level in brain [7] 
have been reported. Therefore, in the present experiments 
we examined the effects of a single dose and of chronic 
administration of lithium chloride (LiCl) on (1) steady state 
levels of ACh and choline (Ch) and (2) ACh turnover by 
an indirect method using hemicholinium-3 (HC-3) [8], in 
different brain regions in mice. 

Male ddY mice weighing 20-30 g, were used in all 
experiments. In the single dose schedule, 4.72 m-equiv./kg 
of LiCl were injected i.p., and the animals were killed 2 hr 
later. In the chronic administration schedule, mice were 
treated twice daily (8:00 a.m. and 8:00 p.m.) for 5 days 
with 2.36 m-equiv./kg, i.p., of LiCl. On day 6 (7:00 a.m.), 
mice were given the last dose and killed 2 hr later. LiCl 
was administered in an isotonic solution. The controls 


consisted of animals that received an equivalent amount 
of isotonic sodium chloride. 

For the experiments using an intraventricular injection 
of HC-3, mice were anesthetized with ether the day before 
they were killed. The skin above the skuli was dissected 
away and the skull around the bregma was exposed; then 
a point | mm lateral from the bregma was marked. On the 
next day, immediately before the intraventricular injection, 
the mouse was grasped firmly and a transparent rubber disc 
(ca. 3mm in diameter, 0.6mm thick) was stuck on the 
marked point on the skull to prevent leakage of the drug 
when the intraventricular injection was made. After this 
a hypodermic needle (28 gauge, 1.7cm, cut off from the 
hub), which was attached to the holder and connected to 
the microsyringe (50 ul) with polyethylene tubing, was 
inserted perpedicularly, through the rubber disc, 3 mm into 
the skull, with the help of a stop attached to the needle. 
Intraventricular injection of saline caused no apparent 
behavioral change except for 10-20 sec of immobility 
immediately after the injection. Saline solution (5 yl) con- 
taining 7 ug of HC-3 was injected intraventricularly 30 min 
before the animals were killed. The NaCl and LiCl groups 
were always treated concurrently and killed between 9:00 
and 11:00 a.m. 

For the assays of ACh and Ch, mice were killed by 
immersion into liquid nitrogen for 2.5-3.0 sec according 
to their weights. The brains were dissected in a cold box 
(—2°) into five regions (cortex, hippocampus, striatum, 
diencephalon and midbrain), basically according to the 
method of Schubert and Sedvall [9], wrapped individually 
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in aluminium foil, and frozen in liquid nitrogen. The time 
elapsing from death to freezing the tissues in liquid nitrogen 
was between 4 min (cortex) and 7 min (midbrain). Two 
pooled brain regions were pulverised under liquid nitrogen 
in a stainless steel mortar, and ACh and Ch were assayed 
radio-enzymically according to the method of Aprison et 
al. [10], with some modifications to detect the substances 
in smaller quantities of tissue. We used choline kinase 
(EC 2.3.1.32) and choline acetyltransferase (EC 2.3.1.6), 
purchased from the Sigma Chemical Co. (St. Louis, MO). 
The lower limit of sensitivity of both assays was 35 pmoles 
in our hands. 

For the determination of total choline esterase, mice 
were decapitated and a single brain region was hom- 
ogenized in 20 vol. of 0.1% (v/v) Triton X-100 solution. 
Fifty microliters of the homogenates were used for colori- 
metry of the enzyme [11]. The plasma Li” concentration 
2 hr after the final administration was determined by flame 
photometry according to Amdisen [12]. Values for the LiCl 
group were compared to those for the respective NaCl 
control group using Student’s (test. 

When the levels of ACh and Ch in the mouse brain 
regions, which were obtained in this study using a near- 
freezing method [10] for sacrifice, were compared with 
those obtained by a microwave irradiation method, the 
values for ACh were identical to those in the same strain 
of mice after 1.3kW microwave radiation for 2 sec [13], 
although Ch levels showed higher values than those 
reported by Nordberg [14] because of the postmortem 
change (Table 1). 

In the single injection experiments, LiCl had no effect 
on either the steady state levels of ACh and Ch or the 
decreased ACh levels seen after HC-3 in the five regions, 
except for the Ch level in hippocampus, which was 
increased by LiCl (Table 1) in spite of the high plasma 
concentration of Li” (2.3 + 0.07 m-equiv./l, N = 5), which 
exceeded the therapeutic level (0.5—1.5 m-equiv./l). Krell 
and Goldberg {2] have reported that acute administration 
of LiCl decreased the ACh level in whole brain of the 
mouse. This discrepancy might come from the difference 
in the doses used in the two experiments. Krell and Gold- 
berg administered a total of 10 m-equiv./kg which is more 
than double the dose of LiCl used in the present 
experiments. 

Chronic administration of LiCl produced a significant 
increase in the steady state levels of ACh in cortex and 
midbrain without affecting those of Ch in the given regions 
(Table 2). The plasma concentration of Li* at this time 
was 0.7 + 0.03 m.equiv./l (N =5). The decreased ACh 
levels seen after HC-3 in cortex were significantly higher 
in the LiCl group than in the NaCl control group. A similar 
trend was observed in striatum; however, the change was 
not significant because of the high variation (Table 2). 
Since the activity of choline esterase in cortex was not 
affected by chronic LiCl (Table 3), the increase in steady 
state and HC-3 depleted levels of ACh in cortex from LiCl- 
treated mice may be a result of a reduced ACh release in 
this area. This is consistent with the findings of Bjegovi¢ 
and Randié [15] that the evoked release of ACh from cat 
somatosensory cortex into the superfusate was inhibited by 
Li* (totally replacing Na* in the medium). In midbrain, 
LiCl also elevated the steady state level of ACh (Table 2) 
and slightly increased the activity of choline esterase (Table 
3). In contrast to the effect in cortex, the rate of depletion 
of ACh after HC-3 was greater in the LiCl group 
(40 percent) than in the control group (12 percent). This 
suggests that the turnover of ACh was increased by LiCi 
in midbrain. It is not clear how LiCl increased both the 
steady state:level and the turnover of ACh. It has been 
reported that when rat brain cortex and midbrain slices 
were incubated in high K* medium, although similar 
amounts of ACh were released from both regions, there 
was no change in ACh content in midbrain, while the ACh 


Short communications 


Table 3. Effects of chronic administration of LiCl on choline 
esterase activities in cortex and midbrain in mice* 





Activity («moles/g/min, 
mean + S.E.M.) 





Brain region NaCl LiCl 





7.18 + 0.60 (6) 
11.72 + 0.22 (6) 


8.06 + 0.40 (6) 
12.45 + 0.15% (6) 


Cortex 
Midbrain 





* Mice were treated with LiCl or NaCl in the same 
manner as described in the legend of Table 2. The number 
of experiments is shown in parentheses. 

+ Statistical significance of difference from NaCl control, 
P<0.05. 


content in cortex was decreased [16]. This unique property 
of the midbrain cholinergic system might have some relation 
to the unusual effect of LiCl in midbrain. However, further 
work is required to clarify the mechanism of the effect of 
LiCl on the cholinergic system in midbrain. 

It has been reported previously that chronic administra- 
tion of LiCl had no effect on the ACh level in the whole 
brain in mice [2], but the present experiments have dem- 
onstrated that the action of chronic LiCl! differs in various 
regions of the brain. The effect of chronic LiCl on the 
steady state level of ACh is the opposite of that reported 
by R6nai and Vizi [3], who showed that LiCl caused a 
decrease in ACh in the medulla oblongta in rats. However, 
not only did they administer a higher dose (4.7 m-equiv./kg, 
twice daily, five doses), but also the ACh levels were too 
low (e.g. 4.82 nmoles/g in cortex). 

In these experiments we have shown that a single 
administration of a high dose of LiCl has no measurable 
effect on the steady state level and the HC-3-induced 
depletion of ACh in the five brain regions tested, and that 
chronic lithium administration reduces the activity of chol- 
inergic neurons in cortex and increases both the ACh level 
and the rate of HC-3-induced depletion of ACh in midbrain 
tissue at a plasma concentration of Li* within the thera- 
peutic range. 
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Half-lives of salsolinol and tetrahydropapaveroline hydrobromide following 
intracerebroventricular injection 


(Received 10 April 1979; accepted 18 September 1979) 


Although interest in the physiological action of tetrahy- 
droisoquinolines (TIQs) was sparked by the hypothesis that 
these compounds might be formed following the ingestion 
of alcohol [1, 2], progress in testing this theory stalled due 
to failure to detect the formation of these amine—aldehyde 
condensation products after the administration of alcohol 
[3]. However, behavioral tests in rodents support the notion 
that the presence of TIQs may underlie some of the actions 
of alcohol. TIQs can exacerbate the effects of ethanol on 
sleeping time [4] or enhance the severity of withdrawal 
from ethanol [5]. Infusion of various TIQs into a cerebral 
ventricle of the rat induces the animal to ingest voluntarily 
large quantities of alcohol [6-8]. In the infusion experi- 
ments, the minute quantities of TIQ employed to produce 
behavioral alterations suggest that only exceedingly small 
amounts of these compounds would need to be formed 
following alcohol ingestion in order to influence behavior. 

Since the importance of the involvement of TIQs in the 
action of alcohol is dependent on demonstrating that they 
are formed following the ingestion of alcohol alone, esti- 
mating the brain levels achieved during chronic infusion 
experiments would indicate the level of sensitivity required 
for an assay to detect levels of these compounds capable 
of influencing behavior. Until now, there has been no 
indication of the minimum level of sensitivity required. In 
order to make estimates of the level of assay sensitivity 
required, the half-lives of salsolinol and tetrahydropapav- 
eroline hydrobromide (THP) are needed. This paper 
describes the determination of these values. 

Female rats of the Long-Evans strain, weighing 200-300 
g, were anesthetized with an intraperitoneal injection of 30 
mg/kg of sodium pentobarbital. The animal was then placed 
in a stereotaxic instrument in the DeGroot orientation. 
The scalp was incised and a burr hole was drilled in the 
skull at AP 5.8, 1.5 mm lateral to the midline. After 
lowering a 23 gauge injection needle 3.0 mm into the brain 
so that the tip rested in the ventricle, 1.0 ug salsolinol 
hydrobromide or 10.04g THP in 10.0 ul of artificial 
cerbrospinal fluid [9] were injected. The animals were killed 
by cervical dislocation at intervals after the injection. The 
whole brain was rapidly removed, frozen in liquid nitrogen, 
and weighed. The brains were kept frozen at — 70° until 
assayed later the same day. 

Both salsolinol and THP have been shown to be metab- 
olized in vitro via O-methylation [10]. Therefore, in a 
second experiment, 250 mg/kg of pyrogallol, an inhibitor 
of catechol-o-methyltransferase, was administered intra- 
peritoneally 30 min prior to the intraventricular injection 
of the TIQ. 

Brains were homogenized at room temperature in 6 ml 
of a solution of 0.5 M HCI, 0.1 M HC1Os, and 1% sodium 
metabisulfite with 100 ng of 3,4-dihydroxybenzylamine 
added to each sample as an internal standard. The hom- 
ogenate was centrifuged at 2000 g for 10 min at 0°. The 


supernatant fraction was transferred to a 10 ml beaker 
containing 100 wl each of 5% sodium metabisulfate and 
10% EDTA disodium salt. The pH was then adjusted to 
8.5 with NaOH. The sample was immediately placed in a 
conical vial containing 80 mg of alumina which had been 
washed previously with a 1:1 mixture of CHCl and 
CH30OH. The suspension was shaken for 12 min at room 
temperature. The liquid was then aspirated and the alumina 
was washed three times with distilled water. After the final 
aspiration, 400 ul of 1 N acetic acid were added to the 
alumina and shaken for 10 min. This eluate was_then 
assayed using high-pressure liquid chromatography with an 
electrochemical detector [11]. A pellicular Vydac SCX 
stationary phase was dry packed in a 50 cm X 2 mm i.d. 
glass column. The mobile phase consisted of a mixture of 
380 ml of 0.1 M citric acid, 320 ml of 0.2 M Na2HPOs, and 
200 ml of distilled deionized water with 1 drop of toluene 
added to each liter to prevent microbial growth. The 
detector potential was set at 0.7 V. The flow rate was 0.4 
ml/min, generating a column pressure averaging 500-600 
psi. 

The amount of salsolinol recovered as a percentage of 
that injected at different time points is given in Fig. 1. The 
half-life of this compound in the brain was determined to 
be 12.5 min. As shown in Fig. 1, administration of 250 
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Fig. 1. Log of the percentage of injected salsolinol + S.E.M. 

recovered at different times after the intraventricular injec- 

tion of 1.0 wg salsolinol, with (N = 9) and without (N = 44) 

prior intraperitoneal administration of 250 mg/kg of 
pyrogallol. 
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Fig. 2. Log of the percentage injected THP + S.E.M 

recovered at different times after the intraventricular injec- 

tion of 10.0 wg THP, with (N = 8) and without (N = 18) 

prior intraperitoneal administration of 250 mg/kg of 
pyrogallol. 


mg/kg i.p. of the catechol-o-methyltransferase inhibitor, 
pyrogallol [12], prior to the injection of salsolinol increased 
the half-life of this compound to 23.1 min. This supports 
the evidence already available that salsolinol serves as a 
good substrate for O-methylation [10]. 

In chronic infusion experiments, an infusion rate of 40 
ng every half-hour, the lowest dose of salsolinol tested, 
caused an increase in alcohol consumption [8]. With a half- 
life of 12.5 min, it can be calculated from the equation 

Xo 

“jew 

(where X°° is the amount of compound at f = 00, Xo = the 
dose, ko = the disappearance rate constant and fd is the 
dosing interval) that the peak amount steady state would 
be 49.0 ng per whole brain. Assays easily capable of detect- 
ing this amount of salsolinol or O-methyl salsolinol are 
available [13]. 

The amount of THP present in the brain at various 
intervals as a percentage of that given after injection is 
shown in Fig. 2. From the amount of THP recovered at 
different time points, a half-life of 17.3 min was calculated. 


¥ 0 
4 


Biochemical Pharmacology, Vol. 29, pp. 658-661 
© Pergamon Press Ltd. 1980. Printed in Great Britain 


The administration of 250 mg/kg of pyrogallol extended 
the half-life of THP to 69.3 min. This is a greater increase 
in tz than that observed for salsolinol and argues for the 
fact that O-methylation is a route of metabolism for this 
compound in vivo [10]. 

The lowest dose of THP tested in the chronic infusion 
experiments was 0.4 ng every half-hour [7]. With a half- 
life of 17.3 min, it is calculated that the maximum amount 
present at steady state would be 0.6 ng in the whole brain 
(0.3 ng/g). This is below the level of detection (2 ng/g) for 
the most sensitive assay which has yet been used to deter- 
mine whether or not TIQs form after the ingestion of 
alcohol [11]. It is likely that even lower doses than those 
used in the original infusion experiments would be capable 
of altering behavior. 
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Morphine-induced depression of the hepatic microsomal drug-metabolizing 
enzyme—effect on the lipid component 


(Received 28 March 1979: 


The oxidation of drugs in the liver is mediated primarily 
by an enzyme complex consisting of the proteins, cyto- 
chrome P-450 and NADPH-cytochrome P-450 reductase, 
and the phospholipid, phosphatidylcholine [1-5]. Resolu- 
tion and reconstitution of the enzyme system have revealed 
the role of each component in the overall catalysis which 


accepted 14 September 1979) 


requires molecular oxygen and NADPH [1]. The heme- 
protein, cytochrome P-450, is the site of substrate binding, 
oxygen activation and oxidation. NADPH-cytochrome P- 
450 reductase functions as an electron carrier, transferring 
reducing equivalents from NADPH to cytochrome P-450. 
The role of the phospholipid is to provide a suitable 
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environment for the formation of a functional complex of 
the reductase and the hemeprotein and, hence, to facilitate 
the electron transfer and overall catalysis. 

The enzyme activity is controlled by several factors 
including the administration of drugs, hormonal imbalance, 
age and sex [6-8]. In contrast to a large number of drugs 
which induce drug metabolism [6,7], Cochin and Axelrod 
[9] have shown that the administration of morphine and 
levorphanol to male rats depressed hepatic drug oxidation. 
Other investigators [10-12] have made similar observations, 
and Sladek et al. [12] reported a decline in cytochrome P- 
450 content in the microsomal fraction of morphine-treated 
male rats. Because the enzymatic activity is dependent not 
only on the protein but also on the lipid component of the 
enzyme complex, we have examined the effect of morphine 
treatment on the hepatic microsomal phospholipid content 
in this study. Some of the data have been reported pre- 
viously [13]. 

All experiments were carried out with adult male Spra- 
gue—Dawley rats, weighing 200-300 g, purchased from Flow 
Laboratories (Dublin, VA). The animals were housed in 
groups of three or four in plastic cages with bedding and 
received Purina laboratory chow and water ad lib. They 
were maintained in a room at 25° with a light and dark 
cycle of 12 hr. Rats were rendered morphine dependent by 
the pellet implantation method of Way er al. [14]. The 
experimental group received (subcutaneously below the 
dorsal neck region) one pellet containing 100 mg of mor- 
phine base, 100 mg microcrystalline cellulose and 2 mg silica 
as fillers [15] on day 1 and day 4 and was killed on day 6. 
The control animals received placebo pellets in the same 
schedule as the experimental. We have ascertained that 
that animals treated with morphine-containing pellets were 
morphine dependent, since they exhibited typical with- 
drawal symptoms, such as diarrhea, wet dog shakes and 
teeth chattering, following the administration of naloxone. 

The hepatic microsomal fraction was isolated by differ- 
ential centrifugation. The animals were decapitated and 
the livers were excised and placed in ice-cold 0.25M 
sucrose-0.05 M Tris-HCl (pH 7.4) solution. The following 
manipulations were carried out at 4°. The organs were 
washed several times in the same medium to remove blood, 
minced, and homogenized in 3 vol. of sucrose—Tris solution 
in a Waring blendor for 40 sec. The homogenate was cen- 
trifuged at 600 g for 10 min and the pellet discarded. The 
supernatant fraction was centrifuged at 10,000 g for 10 min 
and the microsomal fraction was precipitated by submitting 
the 10,000g supernatant fraction to centrifugation at 
105,000 g for 1 hr. The microsomal pellets isolated from 
the placebo and morphine-treated animals were suspended 
in 0.05 M Tris-HCl (pH 7.4) containing 20% (v/v) glycerol 
and stored at —20° overnight. Enzyme assays and lipid 
extraction were performed the following day. No change 
in enzymatic activities was observed when the microsomal 
preparation was stored at —20° in the presence of glycerol 
for 1 week. 

The procedure for the determination of the rate of N- 
demethylation of p-chloro-N-methylaniline (PCMA) was 
reported earlier [16]. The incubation mixture consisted of 
50 mM Hepes-Na buffer (pH 7.4), 2.5 mM PCMA, 20 mM 
MgCh, and NADPH-generating system and the micro- 
somal fraction (0.1 to 0.3 mg protein) in a final volume of 
1.0ml.* The reaction was initiated with the addition of 
0.1 ml of the NADPH generating solution made up of 1 mM 
NADP”, 5 mM glucose-6-phosphate and 2 I.U. of glucose- 
6-phosphate dehydrogenase. The mixture was incubated 
for 30 min at 37° in a metabolic shaker in air, and the 
reaction was terminated by the addition of 0.20 ml of a 
30% (w/v) trichloroacetic acid (TCA) solution. After stand- 
ing for Smin, the reaction mixture was centrifuged at 





4-(2-hydroxyethy])-1-piperazine-ethanesul- 


* Hepes = 
phonic acid. 
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10,000g for 2min in an Eppendorf centrifuge, and 
fluorescamine dissolved in acetone was added to an aliquot 
of the clear supernatant fraction. The fluorophore formed 
by coupling the N-demethylated product of PCMA, p- 
chloroaniline (PCA), with fluorescamine was extracted with 
ethyl acetate, and the fluorescence of the organic phase 
was measured in an Aminco—Bowman spectrofluorometer 
with excitation and emission wavelengths of 392 and 490 nm 
respectively. Standards and controls were run as the experi- 
mental except that TCA was added immediately after the 
NADPH solution. Under the conditions described above, 
the reaction was found to be linear with time and micro- 
somal protein content. 

Glucose-6-phosphate activity was estimated according to 
Harper [17], with slight modification. The incubation mix- 
ture contained 50 mM Hepes-Na (pH 6.5), 70 mM glucose- 
6-phosphate and the microsomal fraction (0.05 to 0.07 mg 
protein) in a final volume of 0.30 ml. The reaction was 
started by adding the substrate and allowed to proceed for 
15 min at 37° in a metabolic shaker. Following the addition 
of 1.0 ml of 10% (w/v) TCA solution and centrifugation 
at 10,000 g for 2 min, an aliquot of the supernatant fraction 
was removed for the estimation of inorganic phosphate, 
determined according to Ames and Dubin [18]. 

Phospholipids were extracted from microsomes accord- 
ing to Rouser and Fleisher [19]. The microsomal suspension 
(2.0 ml, 10 mg protein) was homogenized with 20 ml of a 
chloroform/methanol solution (2/1, v/v) in a Potter- 
Elvehjem homogenizer at 4°. After centrifugation at 2000 g 
for 2 min, the lower organic phase was removed carefully 
and the aqueous phase extracted two more times with 10 ml 
of the chloroform/methanol mixture. The organic extracts 
were combined. An aliquot of the extract was evaporated, 
digested with Mg(NOs)2 and the pyrophosphate hydrolyzed 
with HCl. Inorganic phosphate was estimated by the pro- 
cedure of Ames and Dubin [18]. The cytochrome P-450 
content of the micresomal fraction was measured by the 
method of Omura and Sato [20], after solubilization with 
Triton X-100 as described [21]. NADPH-cytochrome c 
reductase was determined according to Masters et al. [22], 
except that the concentration of the phosphate buffer (pH 
7.7) was raised to 0.3 M. The protein content was estimated 
by the method of Lowry et al. [23], with crystalline bovine 
serum albumin as standard. 

In agreement with earlier studies [9-12], we observed a 
decline in hepatic microsomal drug oxidation in morphine- 
dependent male rats, as shown in Table 1. The N-demethyl- 
ase activity, measured with PCMA as substrate, decreased 
70 per cent, whereas the decline of cytochrome P-450 and 
NADPH-cytochrome c reductase activity was 25 and 15 
per cent respectively. The large difference between the 
reductase of PCMA N-demethylation and that of cyto- 
chrome P-450 and NADPH-cytochrome c reductase sug- 
gests that the third component of the enzyme complex, the 
phospholipid, may have been affected by morphine treat- 
ment also. Assay of the phospholipid content of the hepatic 
microsomal fraction of morphine- and placebo-treated rats 
revealed a decrease of 22 per cent. Thus, chronic morphine 
treatment resulted in a decrease not only of the protein, 
but also of the lipid component of the hepatic microsomal 
mono-oxygenase. 

The hepatic microsomal fraction contains several mem- 
brane-bound, lipid-dependent enzymes. It has been 
observed that the activity of glucose-6-phosphate, a 
phospholipid-dependent enzyme [24], was lowered to 60 
per cent of the control level. The data do not reveal whether 
the decline in enzyme activity is due to a decrease in the 
enzyme level and/or phospholipid content of the microsmal 
fraction. 

The alteration of the phospholipid content by morphine 
is significant, since the microsomal fraction contains several 
enzymes which require lipid for catalysis. The observed 
decline in glucose-6-phosphatase activity, a phospholipid- 
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Table 1. Effects of morphine treatment on the activity and components of mono-oxygenase and 
on glucose-6-phosphatase activity in rat liver microsomes* 





Component 


Treatment 





Placebo Morphine 





PCMA N-demethylation 
(nmoles PCA/min/mg protein) 
Cytochrome P-450 
(nmoles/mg protein) 
NADPH-cytochrome c reductase 


18.6 + 3.5 (4) 5.7 + 0.8 (4) 


0.37 + 0.01 (4) 0.28 + 0.03 (4) 


53.3 + 4.8 (4) 45.3 + 6.9 (4) 


(nmoles cytochrome c reduced/min/mg protein) 


Glucose-6-phosphatase 


(umoles inorganic phosphate/min/mg protein) 


Phospholipid 
(umoles inorganic phosphate/mg protein) 


0.21 + 0.02 (3) 0.12 + 0.06 (3) 


0.44 + 0.06 (3) 0.33 + 0.06 (3) 





* All values are expressed as the mean + S.E.M. The mean values of PCMA N-demethylation, 
cytochrome P-450, NADPH-cytochrome c reductase, glucose-6-phosphatase and phospholipid of 
the microsomal fraction from morphine-treated rats are different from placebo-treated animals 
at the P>0.05 level, as calculated by student’s t-test. The values in parentheses refer to the 


number of animals in each group. 


dependent enzyme [24], was not unexpected, and the 
reported diminished glucuronyl transferase activity [25] 
could be due in part to the altered lipid composition. Other 
microsomal lipid-dependent enzymes may be affected 
similarly. 

The mechanism of morphine-induced impairment of 
hepatic drug oxidation is not clear. It appears that the 
decrease in drug oxidation is not elicited by a direct action 
of the opiate on the liver cell. Amzel [26] failed to observe 
a cliange in N-demethylase activity in enzymatically isolated 
liver cells when they were incubated for 2hr with the 
opiate. These findings suggest that the primary site of action 
of the opiate leading to a depression of hepatic drug oxi- 
dation must be sought elsewhere. 

In summary, adult male rats were rendered morphine 
dependent by the pellet implantation method. Cytochrome 
P-450-dependent mono-oxygenase activity, cytochrome P- 
450 content, NADPH-cytochrome c reductase activity, 
phospholipid content and glucose-6-phosphatase activity 
in the hepatic microsomal fraction were found to be low- 
ered. These results indicate that chronic morphine treat- 
ment affects not only the protein, but also the lipid com- 
ponent of the drug-metabolizing enzyme. 
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Stimulation and inhibition of cyclic AMP formation in isolated rat fat cell by 
prostacyclin (PGI) 


(Received 13 November 1978; accepted 25 September 1979) 


Since prostaglandins may be formed by adipose tissue and 
prostaglandins of the E-series are known to inhibit cyclic 
AMP formation and lipolysis in fat cells, a feed-back-regu- 
latory role for these compounds has been proposed (for 
ref. see [1,2]). However, for several reasons it has been 
concluded that a significant physiological role for E-prosta- 
glandins is unlikely [2-5]. After the isolation of prostag- 
landin endoperoxides, it was suggested that these com- 
pounds, rather than their metabolites (PGE’s), played a 
regulatory role [6]. However, using intact fat cells we found 
that PGH2 was considerably less potent than PGE? as an 
inhibitor of cyclic AMP formation and concluded that 

_neither the endoperoxides nor the thromboxanes were 
likely to play a role as antilipolytic regulators [7]. Recently, 
still another biologically active metabolite of the prosta- 
glandin endoperoxides, (5Z)-9-deoxy-6,9a- -epoxy-A°- 
PGFia (prostacyclin or PGIz), was isolated and character- 
ized by Vane and co-workers [8,9]. Since PGI2 has similar 
effects as the PGE’s in several systems, but is more potent 
[10,11], the effect of the PGI2 on cyclic AMP formation in 
rat fat cells was tested. 

Fat cells were isolated from male Sprague-Dawley rats 
(180-220 g) and incubated at a concentration of 50-150,000 
cells/ml as described earlier [12]. Cyclic AMP accumulation 
was stimulated by noradrenaline (as the hydrochloride, 
Sigma, NA) in the presence or absence of theophylline 
(as the ethylenediamine salt, Oxyphylline, Astra). The 
incubation was terminated by trichloroacetic acid (final 


concentration 10%). After removing the TCA by extracting 
four times with ether, cyclic AMP content was determined 
directly on an aliquot of the deproteinized extract by the 
method of Brown et al. [13]. PGI2 was dissolved in ethanol: 
0.05 M Tris buffer, pH 9 (9:1), in which it is stable at —70°. 
Immediately prior to use it was diluted in 0.5 M Tris buffer, 
PH 9. Aliquots (10 wl) of this solvent with or without PGI2 
were added per ml of the incubate. The solvent per se had 
no effect on the fat cells. N°-Phenylisopropyl adenosin 
(PIA), a kind gift of Dr. H. Storck of Boehringer, Man- 
nheim, was dissolved in water. 

NA (10~°M) caused a rapid increase of fat cell cyclic 
AMP levels both. in the absence and in the presence of 
theophylline (1077 M). In both cases a maximal or close to 
maximal cyclic AMP level was found after 10 min incu- 
bation (Fig. 1). The accumulation was inhibited by a high 
(107° M) but not by a low (10-° M) concentration of PGIb. 
The inhibitory effect was also essentially maximal after 
10 min incubation and decreased thereafter. Thus, for all 
subsequent studies this time of incubation was used. 

In Fig. 2 the effect of preincubating the cells with PGI2 
before the addition of NA is shown. The inhibitory effect 
of PGI2 (10~’ and 107° M) decreased as a consequence of 
preincubation. Thus the percentage inhibition caused by 
10~’ M PGI decreased from 34 + 4 to7 +4 per cent and 
that caused by 10° M from 68 + 2 to 47 + 5 per cent. This 
fall in inhibitory potency by incubation tallies with the 
known instability of PGI2 in aqueous solution [9]. Two 
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Fig. 1. Time-course of cyclic AMP accumulation in fat cells (85,000 cells/ml) following the administration 


of noradrenaline (1 uM) in the absence (@——®) and presence of PGI2 (10 
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Table 1. The effect of increasing doses of PGI2 on cyclic 
AMP accumulation induced by noradrenaline (1 ~M) and 
theophylline (1 mM)* 





Cyclic AMP (% of control) 





103 +7 
121+6 
72+5 (10) 
3522 (16) 
103 +6 (5) 
11+4 (4) 


N.S.¢ 
P<0.01¢ 
P<0.01¢ 
P<0.01¢ 
N.S.4 
P<0.01§ 


10-°M 
10°°M 
10°7M 
10°°M 
10°°M 
2.10°°M 


(6)+ 
(22) 


6-keto-PGFia 
PGE2 





* The prostaglandins were added simultaneously with 
noradrenaline. Results are expressed in per cent of cor- 
responding controls without prostaglandins. Mean + s.e.m. 
from 2-5 separate experiments. 

+ Number of determinations within parentheses. 

¢ Student’s ¢-test. 

§ Data from [7]. 


other interesting features are present in Fig. 2. First, a low 
dose of PGIx (10°°M) stimulated rather than inhibited 
cyclic AMP accumulation. Second, the product of PGI2 
rearrangement in aqueous solution, 6-keto-PGFia [9], had 
no discernible effect on cyclic AMP accumulation. 

The results of several experiments o& the effect of PGI2 
are summarized in Table 1. It is seen that at concentrations 
between 107° and 10~’ M there was a significant potentia- 
tion of the cyclic AMP response. At higher concentrations, 
PGI2 was inhibitory and fifty per cent inhibition was 
obtained between 107’ and 10°°M PGl2. The metabolite 
of PGh, 6-keto PGFia, was ineffective, while PGE2 was 
several times more potent than PGI (see Table 1). 

The results presented in Table 2 demonstrate that .the 
low dose of PGI2 (10°* M) potentiated cyclic AMP accu- 
mulation induced by several concentrations of NA. Con- 
versely, 10°°M PGI. inhibited cyclic AMP accumulation 
induced by NA 10°“to 10°° M, except when the effect of 
NA was antagonized by PIA, in which case PGI2 (10™° M) 
had no further inhibitory effect. This could indicate that 
the two compounds have a similar or identical point of 
attack. 

The present results thus show that PGI2 in a low con- 
centration range may enhance rather than inhibit nora- 
drenaline induced cyclic AMP accumulation, although the 
effect is small. A similar behaviour has been reported 
earlier for PGH2 and PGD2 [7]. Since these low concen- 
trations are the ones likely to be encountered in vivo, the 
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Fig. 2. The effect of preincubation on the actions of PGI2 
and 6-keto-PGFia. The prostaglandins were added 10, 5 
and 1 min before or at the same time as noradrenaline 
(1M) to the fat celi suspension (100,000 cells/ml). Theo- 
phylline was present during a 5 min preincubation. After 
10 min incubation with the lipolytic drugs, the incubation 
was terminated as described previously and the cyclic AMP 
content determined. The results are expressed as per cent 
of the control value (in the absence of prostaglandin) at 
the corresponding time. Mean + s.e.m. of 5 determinations 
from two separate experiments. In the absence of lipolytic 
drug the cyclic AMP content was 2.1 + 0.2 pmole/10° cells. 
In the presence of noradrenaline and theophylline it was 
53 +-4 pmole/10° cells. 


effect of these prostaglandins might be, if anything, stimu- 
latory, in obvious contradiction to a proposed feed-back 
inhibitory role. 

The present findings further show that even though PGI2 
is more potent than PGE2 on e.g. vascular relaxation, on 
blood platelets and on human lymphocytes [10-11, 14], this 
order or potency is not universal. This suggests that there 
are differences in ligand affinity of prostaglandin receptors 
in different tissues. 

Inspection of the data concerning the conversion of PGH2 
in fat cells and fat cell homogenates published earlier [7] 
reveals that there is no significant formation of 6-keto- 
PGFiz, the stable metabolite of the unstable PGI2 [9]. This 
implies that there is little formation of PGI2 by these cells. 
On the other hand, PGI2 may be formed by the vascular 
cells in adipose tissue, but then PGI2 would have to diffuse 
from this site of formation to the fat cells in order to exert 


Table 2. Effect of PGI2 on cyclic AMP accumulation induced by noradrenaline (NA) alone 
or in combination with theophylline (Theo) and phenylisopropyladenosine (PIA)* 





Cyclic AMP (pmoles/10° cells) 





NA or PIA 


PGh 





concn. 


Treatment* (uM) 


10°°M 10-°M 


Z 
° 
5 
a) 





None 

NA 

Theo 

Theo + NA 

Theo + NA 

Theo + NA 

Theo + NA + PIAt 


DAN SW 
OOK WOO 
I+ I+ I+ I+ I+ I+ I+ 
ne a) 
COSSWAO 


—- nN 


NAW 
SAONINWAN 
DARAOWAS 
I+ I+ I+ I+ I+ I+ I+ 
UR AWO- © 
CONN GD 
a) 
PADWWwW 
CNADADO 
i+ + + 1+ + + + 
AOR Re Re Ke O 
NA RNNNW 





“Mean + s.e.m. of triplicate determination (100,000 cells/ml). The drugs were added 
simultaneously and the incubation was allowed to proceed for 10 min. 

+ Theophylline (Theo) concentration was always 1 mM. 

¢ Phenylisopropyladenosine (PIA) concentration was always 0.1 mM. 
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its action on adipocytes. It has been proposed that PGI2 
is a circulating hormone [15]. Therefore circulating PGI2 
could possibly modulate adipocyte function. In either case 
the PGI levels are such as to have no effect or even cause 
a stimulation rather than inhibition of cyclic AMP for- 
mation. Thus, in spite of the recent developments, there 
seems to be little reason to change the previous negative 
conclusions [1-5] concerning the physiological importance 
of prostaglandins as negative feed-back regulators in adi- 
pose tissue. 
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Recent investigations by Sadee and coworkers on the mechanism of activation of the 
anti-cancer drug 5-fluoro-1l-(tetrahydrofuran-2-yl)-uracil (ftorafur) in rats and 
rabbits [1] and in humans [2] have shown the existence of some hydroxylated metab- 
olites. We now report the total stereospecific synthesis of 1-(2-deoxy-f-D- 
glycero-tetrafuranosyl)-5-fluorouracil (I) and 1- (3-deoxy- 8-D-glycero-tetrofuranosy1)- 
5-fluorouracil (II), their equivalence with the ftorafur metabolites by chromato- 
graphic and spectral comparison, and the absolute configuration of one of the metab- 


olites. 


Ftorafur 


Chemistry.” D-Erythrose was prepared by the method of Perlin [3] and converted 
to 1,2,3-tri-0-acetylerythrofuranose by the method of Andersson et al. [4]. Conden- 
sation of this sugar with the bis(trimethylsilyl) derivative of 5-fluorouracil in 
dry acetonitrile with SnCl, catalyst [5] gave, after NaOMe deacetylation and silica 
gel chromatography, blocked 1-$-D-erythrofuranosyl-5-fluorouracil (III, 19%), mp. 
183-185°, which was obtained upon its crystallization from the column fractions. 

UV — (pH 1) 269.5 nm (e€ = 9010); (pH 13) 270 (6790); [a], - 46.0 (c 3.0 w/v, 


H,0). 


— 2 


i IV 





* 
Compounds I-IV gave satisfactory elemental analyses within +0.4%. Ultraviolet 

spectra were run on a Cary 118, n.m.r. spectra were run on a Varian FT-80 at 80 
MHz, and c.d. spectra on a Jasco J-15. Melting points are uncorrected. Prepar- 
ative t.l.c. was on AnalTech Anasil HF plates. 
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When III was treated with diphenyl carbonate in N,N-dimethylformamide in the 

presence of NaHCO3 at 150° [6] and the resultant solution poured into ether, 2,2'- 
anhydro-5-fluoro-8- D-threofuranosyluracil (IV) was obtained in 75% yield after 
recrystallization from methanol; m.p. 252-254° (d); UV A (pH 1, 7) 254.5 nm ( € = 
9020), (pH 13) 256.5 (7300). Treatment of IV with HBr/DMF [7] gave the inter- 
mediate 1-(2-bromo-2-deoxy--8-D-erythrofuranosyl)-5-fluorouracil (V) which was puri- 
fied by silica gel column chromatography (ethyl acetate). A yield of 57% of chromato- 
graphically homogeneous V was obtained which was used directly for the next step. 
A solution of V in 1:2 H,0/methanol (v/v) and sodium acetate was shaken with hydrogen 
at 50 p.s.i. over a Pd/BaSO, catalyst [8] to give, after preparative silica gel thin- 
layer chromatography (ethyl acetate), 35% of I, m.p. 173-175° (recrystallization from 
ethanol); UV Pao (pH 1, 13) 269.5 nm. 


The action of propionyl bromide on 5-fluorouridine has been reported to give 2'- 
bromo-2'-deoxy-5-fluorouridine, presumably via a 2,2'-anhydro derivative [8]. We 
have found that the tetrofuranose nucleoside III did not react in the same way, how- 
ever. When III was treated with propionyl bromide [9] and the resulting mixture of 
products subjected to catalytic hydrogenation over 5% Pd/BaSOy4, followed by sodium 
methoxide deacylation, five compounds were observed on t.l.c. (silica gel, ethyl 
acetate). These were unreacted III, 5-fluorouracil, I, II, and IV. The major product, 
the 3'-deoxyisomer II, was isolated in 22% yield by preparative t.l.c. (silica gel, 
methanol/chloroform, 1/7); m.p. 168-170° (d) (recrystallization from methanol) ; 
UV (pH 1) 270.5 nm (€ = 9260), (pH 13). 270 (6525); [a]s°+ 22.9 (c, 1.5 H20). 


Structures of the products. The structure of diol III as the 8-D-erythro isomer 
is evident both from the method of synthesis [5] and from the subsequent formation of 
IV from it. The differentiation of the structures of the two deoxy nucleosides, I 
and II, was made by examination of the n.m.r. spectra. 





The pertinent shifts and coupling constants are given in Table 1. All compounds 
except anhydro nucleoside IV gave a small long-range coupling of the H,, to F of 
1.3-1.9 Hz. The structure of IV was readily assigned as the 2,2'-anhydro isomer due 
to the distinct downfield location of the signal for Hors and is in accord with 


spectra of similar anhydro compounds in the pentofuranoside series [9]. Compound I 
exhibits the strong coupling of the anomeric proton with two 2" protons, as is 
commonly observed in 2'-deoxy-f-nucleosides [10]. 


The identity of II was at first perplexing because of its unexpected appearance 
and its unusual n.m.r. spectrum. It has been noted, however, that trans-2,3-disub- 
stituted-tetrahydrofurans frequently show J < 1 Hz between the 2 and 3 protons [11-13]. 
Furthermore, certain 3'-deoxyribonucleosides have Jie 9" of 1 Hz [15]. This and the 
small long-range fluorine coupling give rise to the ’ observed closely spaced 
pseudotriplet. The appearance of II is most likely due to the formation of a 2,3'- 
anhydronucleoside from the 2',3'-acyloxonium ion [8] formed in the propionyl bromide 
reaction. Bromide attack on this intermediate would give a 1-(3-bromo-3-deoxy-f-D- 
erythrofuranosyl)-5-fluorouracil intermediate, which should give II after hydrogena- 
tion. 


Table 1. Nuclear magnetic resonance spectra data of the 
Tetrofuranosylnucleosides* 





Compound 





(dd) (2 H) 
(qq), 2.10 (dq) 
. (m) 
I1(CDC1,) ° (td) 
III . ‘ (t) 
IV = : (d) 
Vv . (dd) 





*Values are in p.p.m. (5) using, as internal standard, either tetramethylsilane (5=0) 
in CDCl, acetonitrile (6 =2.00, 159.08 Hz) in D,0, or d.-Me so (6 = 2.49, 198.055 Hz) 
in d,-Me,SO. Coupling constants are given in Hz. The sdlvent is d,-Me,SO unless 

2 Ss 
otherwise specified. 
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Comparison of I and II with the ftorafur metabolites. The 1i-n.e.r. data of 
compound I are equivalent to that reported by Wu et al. [1] for the ftorafur metabo- 
lite M, whose structure was correctly assigned by those authors. This is also the 
metabolite MH-1 isolated from the urine of human patients by Au et al. [2]. The 
spectrum of compound II is equivalent with that reported by Au et al. [2] for metab- 
olite MH-3 (and repeated by us), isolated from the urine of human patients receiving 
ftorafur. This metabolite may now be assigned the 1-(3-deoxy-f-D- or a-L-glycero- 
tetrofuranosyl)-5-fluorouracil structure. The metabolite called M, in Ref. 1 and 
MH-2 in Ref. 2 is,therefore, not equivalent to our compound I as ofiginally suspected. 
A very recent report by Lin et al.[14] describes the synthesis of racemic I and its 
cis analog and of racemic II and its cis analog. This group also assigned the 
cis-2'-deoxy-isomer of I as the structure of M,. A difficulty with that work, however, 
is the ambiguity in the assignment of the cis and trans-isomers of the diasteromeric 
1-(2-deoxytetrofuranosyl)-5-fluorouracils. Their assignment of the geometrical isomers 
was on the basis of the coupling constants of the anomeric proton, which depend strongly 
on ring conformation (note, for instance, that J,, 2 of 1.7 Hz shown in il is greatly 
different from the J,, 2" of 6.0 Hz in compound *“ III). Our unambiguous synthesis 
of I confirms both the’ Zorrect geometry of M, and the tentative assignments of Lin 
et al. [14]. 





The synthetic samples of I and II were also compared with the metabolites by 
reverse phase h.p.l.c. With 5% (v/v) MeOH in 0.01 M sodium acetate buffer, pH 4.2, 
compound II and MH-3 coeluted with a retention time of 6.5 min. Using 15% MeOH 
in the same buffer, compound I, My, and MH-1 coeluted at 2.4 min. 


The above discussion, of course, makes reference only to the identification 
of the geometrical structure of the metabolites. It is of great interest to 
assign the stereochemistry for the following reasons. Ftorfur is administered as 
an R,S mixture. The metabolites produced from the R isomer would have the g-D- 
configuration and could be substrates for uridine and/or thymidine phosphorylase, 
as pointed out by Wu et al. [1]. The urinary metabolites from rats and rabbits 
[1] and humans [2], however, may be comprised mostly of the a-L-isomers if the 
phosphorylases have cleaved the isomers with 6-D-stereochemistry. 


Since our syntheses of I and II were stereospecific, the determination of 
the absolute configuration of the metabolites is possible. We had available to 
us an authentic sample of MH-3. The circular dichroism spectra of II gave [ 6 1573 


+ 13600 and [6] 0 (1.19 x 10-4 M, H,0). The c.d. of MH-3 was [8],53 -4700 
4 


249 
and [ @ ],,, 0 (1.22 x 10° 


of MH-3 contained the a-L- and ®-D-enatiomers in a 2.05:1 proportion. 


M, H,0). From this data it appears that this sample 


The greater amount of a-L-enantiomer could be due to (a) differential rates of 
hydroxylation of R and S-ftorafur, (b) cleavage of the 8-D-enantiomer by uridine 
or thymidine phosphorylase (or a similar activity), or (c) differential rates of 
excretion of the compounds. Au et al. [2] found that MH-3 did not release 5-fluoro- 
uracil when incubated with uridine or thymidine phosphorylase. 


We are currently investigating the action of the pyrimidine nucleoside 
phosphorylase on I, II, and III, and studying the cytotoxicity of the compounds 
in cell culture. We are also attempting to obtain a c.d. spectrum of M, and 
MH-1 for the determination of their enantiomeric composition. 
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ACTIVATION OF TRYPTOPHAN HYDROXYLASE FROM SLICES OF RAT BRAIN STEM INCUBATED WITH 
N€,07'-DIBUTYRYL ADENOSINE-3':5'-CYCLIC MONOPHOSPHATE 


Margaret C. Boadle-Biber 


Department of Physiology, Medical College Of Virginia, Richmond, VA 23298, U.S.A. 


(Received 12 October 1979; accepted 21 November 1979) 


Recent in vitro studies on tryptophan hydroxylase, the rate-limiting enzyme in 


5-hydroxytryptamine (5-HT) synthesis, have revealed that enzyme activity is increased under 
phosphorylating conditions (1-3) and that this increase in enzyme activity is further 
enhanced when calcium, but not adenosine 3':5'-cyclic monophosphate (cAMP) is included in 
the reaction medium together with the ATP and magnesium (1,2). These observations suggest 

a molecular mechanism for the calcium-dependent increase in tryptophan hydroxylase activity 
observed when enzyme is prepared from slices of brain stem depolarized in a high potassium 
medium (4,5) and for the enhanced synthesis of 5-HT which occurs in intact nervous tissue in 
response to electrical stimulation (6-8) and which is also calcium dependent (9). According 
to this scheme, calcium which enters the nerve during depolarization triggers a calcium- 
dependent phosphorylation of trynptonhan hydroxylase, or an activator protein, and this, in 
turn, produces an activation and/or stimulation of the enzyme which results in the enhanced 
conversion of tryptophan to 5-hydroxytryptophan (5-HTP). These experiments on crude prepa- 
rations of enzyme appear to exclude a role for cyclic nucleotides in the regulation of tryp- 
tophan hydroxylase activity, in marked contrast to the closely related enzyme, tyrosine 
hydroxylase (10). It was therefore surprising to discover that tryptophan hydroxylase was 
activated when prepared from brain stem slices which had been incubated with N®,07'- 
dibutyryl adenosine-3':5'-cyclic monophosphate (dibutyryl cAMP). This finding is the sub- 
ject of the present report. 

The procedures used in this study for the preparation and incubation of the slices of 
brain stem (diencephalon, midbrain, medulla pons), for the isolation of the enzyme from the 
slice preparation in a low speed supernatant fraction, and for the tryptophan hydroxylase 
. assay have all been described in detail elsewhere (4,5). In the present experiments the 
slices of each brain stem were incubated at 25° in 5.0 ml of oxygenated medium to which 
different concentrations of dibutyryl] cAMP (Sigma Chemical Co.) were added. At the end of 
a ten minute incubation period each sliced brain stem was separated from the incubation 
medium by centrifugation and used as the source of the low speed supernatant preparation of 
tryptophan hydroxylase. Enzyme was assayed in the presence of 200 uM L-tryptophan and a 
suboptimal concentration (50 uM) of reduced artificial pterin cofactor, 6-methy1-5,6,7,8- 
tetrahydropterin (6-MPH,, Calbiochem Behring Corp.) using a modification of the method of 
Friedman et al. (11) as described elsewhere (4,5). The activity of each brain stem enzyme 
preparation was assayed in sextuplet. Results are expressed in pmoles 5-HTP formed per mg 
protein per minute and are the means + S.E.M. of values from at least three separate brain 
stem preparations. 

From Table 1 it can be seen that dibutyryl cAMP produced a concentration-dependent 
increase in tryptophan hydroxylase activity which was maximal at 2.5 mM (70 percent increase 
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Table 1. Increase in the activity of tryptophan hydroxylase prepared from slices of rat 
brain stem incubated with dibutyryl cyclic AMP* 





Concentration of Tryptophan hydroxylase activity 
dibutyryl cAMP in 
incubation medium 
(pmoles 5HTP/mg 
(mM) protein/min) % Control 











*Numbers in parentheses indicate the number of brain stem slice preparations tested. 
‘Significance of the differences between the activity of enzyme from treated and con- 
trol brain stem slices was determined by Student's t-test. NS = not significant. 

*P < 0.001, 
tP < 0.005. 





Table 2. Effect of dibutyryl cAMP on the kinetic properties of tryptophan hydroxylase 


from slices of rat brain stem* 





Tryptophan’ 6-MPH,, 4 


max 





Control 91+ 8 244 + 6 
2.5 mM Dibutyryl cAMP 62 + 4 316 + 11 
P<0.05 P<0.005 





* Values of K and ae are the means + the S.E.M. of results from three separate 
enzyme preparations each of which was obtained by pooling slices from three brain stems 
(see text for details). ee is expressed in pmoles 5-HTP per mg protein per minute. 

‘ Tryptophan concentration was varied in the presence of 300 uM 6-MPH,. This concen- 
tration of 6-MPH, is subsaturating, but higher concentrations are inhibitory (12). 


t 6-MPH, concentration was varied in the presence of 500 uM L-tryptophan. 
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nmoles SHTP/mg protein/min 
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Fig. 1. Effect of dibutyryl] cAMP on the kinetic properties of tryptophan hydroxylase. 
Effect of L-tryptophan (A) and 6-MPH, (B) concentration on the rate of formation of 5-HTP by 
tryptophan hydroxylase from control (&) and dibutyryl cAMP-treated slices (@) in the pres- 
ence of 300 uM 6-MPH, (A) and 500 uM L-tryptophan (B). A double reciprocal plot of the data 
is inset at right. (A) K, for tryptophan: control 87 uM; dibutyryl cAMP, 59 uM. a 
control 238; dibutyryl cAMP, 296 pmoles 5-HTP/mg protein/min. (B) kK for 6-MPH,: control, 
145 uM; dibutyryl cAMP, 109 uM. V__ 9: control, 238; dibutyryl cAMP, 310 pmoles 5-HTP/mg 


max 
protein/min. 





over control enzyme activity) but then declined to a 25 percent increase at 5.0 mM. Dibu- 
tyryl cAMP had no effect on tryptophan hydroxylase activity when added directly to the 
control enzyme in the assay medium. 

Kinetic properties of the control and dibutyryl cAMP-treated enzyme preparations were 
determined in three separate experiments carried out in duplicate or triplicate. Each con- 
trol and experimental enzyme preparation was made from three brain stem slice preparations. 
Values of Kn and Vases were determined from the reciprocals of the intercepts of Lineweaver- 
Burk plots obtained by linear regression and the mean + S.E.M. calculated from the separate 
values for the three experiments. 

Table 2 summarizes the kinetic properties of the enzyme after incubation of the slice 
preparation with 2.5 mM dibutyryl cAMP. Results from one enzyme preparation are illustrated 
in Fig. 1. There was a significant fall in the value of the apparent Kn for both tryptophan 
and 6-MPH, and a modest increase in Viee* The alterations in the kinetic properties of the 
enzyme are very similar to those observed after depolarization of brain stem slices with a 
potassium-enriched incubation medium (4). 

There are several interesting questions which are raised by these data. The first is 
why enzyme activity is enhanced following incubation of the brain stem slice preparation 
with dibutyryl cAMP when no increase in the activity of crude supernatant preparations of 
enzyme is observed after addition of cAMP directly to the reaction medium alone or together 
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with optimal concentrations of ATP and magnesium, with or without exogenous cAMP-dependent 
protein kinase (1). One explanation for this discrepancy may lie with the concentration of 
ATP in the 5-HT neurones of the slice. It turns out that cAMP will enhance the activity of 
crude supernatant preparations of enzyme in the presence of ATP, magnesium and exogenous 
cAMP-dependent protein kinase if the ATP concentration is suboptimal (1). Thus, a low ATP 
concentration in the slice may be the critical factor which permits dibutyryl cAMP to acti- 
vate the enzyme. However, such an effect must presumably be mediated over an endogenous 
cAMP-dependent protein kinase which leaves the requirement for exogenous cAMP-dependent 
protein kinase in the supernatant preparation unexplained. A second question relates to 
the similarity between the kinetic changes in the enzyme obtained with dibutyryl] cAMP and 
with potassium depolarization and whether a common mechanism may be involved. It is worth 
noting that one essential component of the depolarization-induced activation of tryptophan 
hydroxylase is the influx of extracellular calcium into the neurone. In the absence of 
extracellular calcium no increase in enzyme activity occurs in response to depolarization. 
In fact, treatments which raise the free intracellular concentration of calcium even in the 
absence of depolarization will activate the enzyme (4,5). There is, however, a problem in 
the interpretation of these data since depolarization as well as many of the other manipu- 
lations which increase the concentration of free intracellular calcium (e.g. metabolic 
poisons, ouabain) also increase levels of cAMP in neural tissue (13). 

To study the possible role of cAMP or other nucleotides in the regulation of tryptophan 
hydroxylase, a comparative investigation of the effect on enzyme activity of a wide variety 
of phosphodiesterase inhibitors is currently being undertaken. In this way, it is hoped to 
distinguish between increases in enzyme activity due to the accumulation of cyclic nucleo- 
tide (which should be common to all inhibitors if the enzyme is truly sensitive to cyclic 
nucleotide) and other effects, such as calcium release, which are exhibited by some phospho- 
diesterase inhibitors. In addition, it is planned to determine whether the increase in tryp- 
tophan hydroxylase activity induced by any of these substances is paralleled by the enhanced 
formation of 5-HT from tryptophan in brain stem slices. 
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Prostaglandins of the E-type act as intestinal secretagogues 
and are believed to be important in the pathogenesis of certain diar- 
rheal syndromes (1,2, 3, 4). The intestinal adenylate cyclase / 
cAMP-system has been implicated in the secretion of fluid induced by the- 
se compounds : It has been demonstrated that prostaglandins of the E- 
type increase cyclic AMP levels in association with the production of 


ion secretion in animal models (3, 5). 


The recently discovered prostacyclin ( PG I, ) displays in 
addition to its potent platelet antiaggregation activity various gastro- 


intestinal effects : Like PG E, it is a strong inhibitor of gastric acid 


secretion in vivo (6, 7, 8) and has comparable activity to PG E, in 


inhibiting indomethacin-induced gastric erosions ( 8 ). 


In contrast to prostaglandin E, , however , PG I, did not sti- 


2 
mulate intestinal fluid and electrolyte accumulation : In the rat entero- 


pooling test system, this labile prostaglandin compound was virtually 


without effect ( 9 ). 


We have examined the effects of prostaglandin E, and prosta- 


glandin I, on the adenylate cyclase in homogenates of isolated rat mu- 


cosal intestinal cells. 


The cells were isolated essentially according to the method of 
Weiser ( 10 ). Cells were gently homogenized (3-5 strokes) with a Tef- 
lon glass homogenizer (Zell-Homogenisator, Colora-Messtechnik,Lorch, 
Wirttemberg,F.R.G.) in 5 mmol/l ice-cold Tris-HCl buffer, pH 7.5, con- 


taining 3 mmol/l MgCl 1 mmol/l EDTA and 3 mmol/l mercaptoethanol. 


» id 
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Adenylate cyclase activity was assayed in the cell homogenates 
according to Salomon et al. ( 11 ), at pH 8.O and 30°C. The protein con- 
tent of the samples was measured according the Lowry-method ( 12 ). Sta- 


tistical analysis was done by the Wilcoxon-test for paired samples. 


Effects of increasing concentrations of PG E, and PG I, on 


adenylate cyclase activity in isolated rat epithelial cells. 


Adenylate Cyclase Activity 
pmoles cAMP/ mg protein/ 15 min 





Concentration Prostaglandin E 
(mol/1) 


Prostaglandin I 


2 2 





None (basal) 150 + 20 150 * 20 
3x10° 150 = 18 140 = 18 
3 x 165 = 22 150 ~ 16 
3x 225 = 30 * 155 = 20 
3x 310 ~ 40* 160 ~ 22 
1x 350 ~ 45 * 160 = 22 


3x 350 40 * 160 20 





+ ‘ . . 
Values are mean - SD of six separate experiments, each carried out 
in triplicate. %* significantly lower (p = 0.05) than the corres- 


ponding controls. 


Basal adenylate cyclase activity in homogenates of isolated 


intestinal cells averaged 150 pmol cAMP/ mg protein/ 15 min. 


Over a concentration of 3 x to mol/l to 3 x to”? mol/l 


prostaglandin E, and prostaglandin I, were tested on the rat en- 


2 2 


zyme system. As shown in Table i, PG E, stimulates the activity of 
adenylate cyclase in a concentration-dependent manner. Effects we- 
re detectable at 3 x lo’ mol/l and maximal at 1 x mn mol/l. At 
this concentration, PG E, induced an about 2.3-fold maximal increase 


over basal enzyme activity. 


By contrast, prostacyclin ( PG I, ) did not produce stimula- 


of rat adenylate cyclase activity up to 3 x a mol/l (Table 


The lacking effect of PG I, was not attributable to biologi- 
cal inactivity of the prostacyclin preparation used, because the sa- 
me charge was able to activate the enzyme system in human gastric 


and colonic mucosa ( not shown ). 
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Prostaglandin E, and prostaglandin I, have similar actions, par- 
ticularly on the adenylate cyclase in different tissues ( 13 , 14 ). 
It is, therefore, often assumed that both prostaglandins act via 
similar receptor sites. Our studies reveal, however, that in rat small 
intestinal epithelial cells both prostaglandins have clearly distinct 
actions on the enzyme system: PG E, is a potent activator of adeny- 


late cyclase, whereas PG I, is without effect. Considering the lacking 


effects of PG I, on fluid and electrolyte movement in the rat small 


intestine, our data emphasize the important role of the adenylate 


cyclase /cAMP-System in the secretory process in this organ. 
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Abstract—In the search for an animal model suitable for the study of ethinyl estradiol (EE) induced 
alterations of bile secretion, we have investigated the effects of three different doses (50-500-5000 yug/kg 
body wt., orally for 10 days) of EE on bile flow and composition and on liver microsomal mixed function 
oxidase system in female Albino—Swiss mice. No difference of bile flow was found between control and 
EE-treated mice. The decrease of bile acid secretion was dose-related and significant in animals treated 
with 500 and 5000 g/kg of EE. Cholesterol output was similar in control and EE-treated animals. The 
molar ratio of bile acid to biliary cholesterol was significantly lower in all groups of EE-treated mice 
as compared with controls. The specific activities of 3.4-benzpyrene hydroxylase. aniline hydroxylase 
and NADPH cytochrome-c-reductase, as well as the content of cytochromes P-450 and bs decreased 
proportionally, in a dose dependent manner and significantly after 500 and 5000 wg/kg of EE. Our data 
indicate that mice, following EE, develop a lithogenic bile without obvious cholestasis. Moreover, they 
demonstrate a decrease of liver microsomal enzyme activities and cytochromes and suggest a relationship 
between the impairment of liver microsomal mixed function oxidase system and the changes of bile 


lipid composition. 


Estrogens alone or associated with a progestogen 
have been recognized both on clinical [1] and epi- 
demiological [2,3] grounds to induce alterations of 
bile secretion. These alterations range from modi- 
fications of bile lipid composition, so that bile 
becomes supersaturated with cholesterol [4,5], to 
bile flow impairment, i.e. intrahepatic cholestasis 
[6]. 

Most of the investigations devised to explain the 
pathogenesis of bile changes induced by estrogens 
have been performed in the rat [7,8] and recently 
also in the hamster [9,10]. Studies in the rat have 
related the cholestatic effect of estrogens both to the 
inhibition of the canalicular fraction of bile, which 
is bile acid independent [11], as also to the interfer- 
ence of these hormones with the hepatic microsomal 
mixed oxidase system and the turnover of cyto- 
chrome P-450 [12-15]. The aims of the investigations 
in the hamster were to establish the effect of low 
doses of EE, the common estrogenic component of 
oral contraceptives, on gallbladder bile lipid com- 
position and on the microsomal rate-limiting 
enzymes involved in the hepatic synthesis of choles- 
terol and bile acids [9,10]. In the present paper we 
describe the effects of three different doses of EE 
on hepatic bile secretion in the mouse, an animal 
which seems sensitive to the lithogenic action of this 
hormone, but, in contrast to the rat, does not develop 
cholestasis. In the same experiments we have 
obtained data which demonstrate a decrease in the 





* This study was partially supported by Research Grant 
CT-77, 0153304 from Consiglio Nazionale delle Ricerche, 
Rome, Italy. 
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amount of hepatic cytochrome P-450 and in the liver 
drug metabolizing activity and suggest a relationship 
between the reduction of the mixed function oxidase 
components and the impairment of bile lipid 
secretion. 


MATERIALS AND METHODS 


Experimental design. Female Albino—Swiss mice 
(Charles River, Italy), weighing approximately 21 
g, were allocated to four groups of 24 each. They 
were housed in wire mesh cages in a well ventilated 
vivarium with 12 hr of light and fed Purina Labora- 
tory Chow with water ad lib. EE (17a-ethinyl estra- 
diol, Sigma, St. Louis, MO) was dissolved in 2 per 
cent gum Arabic and administered orally by gastric 
drainage in a daily dosage of 50, 500 and 5000 pg/kg 
body wt., respectively, for 10 days to three groups 
of animals, while the fourth group was handled sim- 
ilarly, except that no EE was administered with the 
vehicle, and thus served as control. On the 11th day, 
24 hr after the last EE administration, 12 animals 
of each group, fasted overnight, were anesthetized 
by intraperitoneal injection of 10 ml/kg body wt. of 
a 5U per cent urethan solution and then underwent 
laparotomy. The cystic duct was ligated and the 
common bile duct was cannulated by a polyethylene 
catheter (PE 10, Clay Adams, Parsipany, NJ) to 
obtain hepatic bile. Bile samples were collected over 
a period of 2 hr and measured by weight to evaluate 
bile flow rate. During bile collection the body tem- 
perature was monitored with a rectal thermometer 
and maintained at 36-37° using a warming lamp and 
saline was instilled intraperitoneally to compensate 
fluid loss. On the same morning the other animals 
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of each group of treatment were sacrificed for micro- 
somal enzyme and hemoprotein assays. 

Analysis of bile composition. Total bile acids were 
enzymatically determined in bile by the method of 
Talalay [16]. Phospholipid and cholesterol concen- 
trations have been measured, respectively, by the 
methods described by Svanborg and Vikrot [17] and 
by Roschlau ef al. [18]. 

Assay of microsomal enzymes and hemoproteins. 
Liver microsomes were prepared by the procedure 
of Uemura et al. [19]. The microsomal pellets were 
washed once with 1.15 per cent KCI solution and 
finally suspended in 0.1 M Tris-HCI buffer (pH 7.5). 


For 3,4-benzpyrene hydroxylase assay the incubation _ 


mixture in a final volume of 1.0 ml consisted of 300 yg 
of microsomal proteins, 0.25 ml of soluble fraction 
from control mice (equivalent to that in about 1/8- 
1/10 of weight of the liver), 5SmM MgCh, 8mM 
glucose-6-phosphate, 0.6 mM NADP, 190 uM 3,4- 
benzpyrene (added in 20 wl of acetone) and 0.1 M 
Tris-HCI buffer (pH 7.5) to bring the total volume 
to 1.0 ml. Reactions were carried out at 37° for 10 
min with mechanical shaking in the dark and 3- 
hydroxybenzpyrene formed was assayed spectro- 
fluorometrically by the method of Nebert and Gel- 
boin [20]. Quinine sulfate was used as the standard 
and the fluorescence of a known concentration of 
quinine sulfate was used to calculate the nmoles of 
3-hydroxybenzpyrene formed. A quantity of 0.036 
nmoles of 3-hydroxybenzpyrene per ml in 1 NNaOH 
gives a fluorescence intensity which is equal to that 
given by 0.3 wg of quinine sulfate per ml in 0.1 N 
H2 SOs at an excitation wavelength of 396 nm and 


an emission wavelength of 522 nm [21]. 


R. TRITAPEPE et al. 


For the assay of aniline hydroxylase activity, the 
reaction mixture contained, in a final volume of 
1.0 ml, 2.2-2.3 mg of microsomal proteins, 0.25 ml 
of soluble fraction, 5mM MgCh, 8 mM glucose-6- 
phosphate, 1.2 mM NADP, 8 mM aniline and 0.1 M 
Tris-HCl (pH 7.5) to bring the total volume to 1.0 ml. 
Reactions were carried out at 37° for 20 min with 
mechanical shaking and the p-aminophenol formed 
was assayed by the method of Imai ef al. [22]. 
Cytochrome P-450 and bs were determined as 
described by Omura and Sato [23] and Garfinkel 
[24] using millimolar extinction coefficients of 91 and 
163 mM~' cm~', respectively. 

NADPH cytochrome-c-reductase activity was 
determined spectrophotometrically by the method 
of Omura and Takesue [25] in the presence of 1.5 mM 
KCN. The absorption coefficient for the difference 
in absorbance between reduced and oxidized cyto- 
chrome c was 21.1 nM~'cm~' at 550 nm [26]. Protein 
concentration was determined by the method of 
Lowry et al. [27] using crystalline bovine serum 
albumin as standard. 

Statistical analysis. Statistical analysis was obtained 
by Student’s t-test. Microsomal enzyme activities and 
cytochromes were evaluated by the Mann-Whitney 
Utest, anon-parametric analysis. All values reported 
are mean + 1 standard error. 


RESULTS 


As shown in Table 1, the low dose of EE (50 yg/kg) 
did not affect body and liver weight, whereas the 
intermediate dose (500 ug/kg) reduced significantly 
the final mean body weight in comparison to control 


Table 1. Effect of various EE-treatments on body and liver weight in mice* 





Body weight (g) 


Treatment No. of animals Initia! 


Liver weight 
Final (g) 


Liver weight 
(% of body weight) 





23.5 + 0.44 
25 2XO.3 
21.9 + 0.3¢ 
20.4 + 0.4¢¢ 


0.87 + 0.06 
0.86 + 0.03 
0.91 + 0.05 
1.02 + 0.034 


Controls 24 
EE 50 ug/kg 24 
EE 500 ug/kg 24 
EE 5000 ug/kg 24 


3.74 + 0.05 
3.84 + 0.03 - 
4.17 + 0.04 
5.00 + 0.044 


AIDA 


NM NN bh 
N = ee 
It I+ 1+ I+ 
oocoe 
Ww wWh Ww 





* Values represent mean + S.E.M. 
+ Differs from initial value P<0.01. 
t Differs from control value P<0.01 
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Fig. 1. Effect of various EE-treatments on bile flow and biliary lipid excretion rates in mice. Each 
column represents the mean + S.E.M. Numbers in columns refer to the number of experiments. 
Symbols represent values significantly different from controls; HM P<0.05; * P<0.01. 





Bile secretion in EE-treated mice 


Table 2. Effect of various EE-treatments on hepatic bile lipid composition in mice* 





Bile acids 
Treatment 


Cholesterol 
(moles %) 


Phospholipids 
(moles %) 





Controls (7) 

EE 50 yug/kg (9) 
EE 500 pg/kg (7) 
EE 5000 g/kg (8) 


SS 
NNO 


It It H+ H+ 


8.0 + 0.5 
6.4+0.3 
6.9+1.2 
6.5+0.5 


unKe Oe 
I+ I+ I+ I+ 


oe Fe 





* Values represent mean + S.E.M. Numbers in parentheses refer to the number 


of experiments. 
+ Differs from control value, P<0.01. 


value. Furthermore, mice treated with the high dose 
(5000 g/kg) lost body weight and showed a sig- 
nificant increase of liver weight in respect to controls. 

Bile flow and composition. The effects of the three 
doses of EE on hepatic bile flow and composition 
are reported in Fig. 1. No difference in bile flow was 
found between control and EE-treated mice. The 
decrease of bile acid secretion was dose-related and 
significant in animals treated with the intermediate 
and high doses of EE. Cholesterol output was similar 
in control and EE-treated animals. Phospholipid 
secretion was markedly reduced in mice which 
received the intermediate and high doses of EE. As 
a result of the decreased biliary bile acid excretion 
and unchanged cholesterol output, the molar ratio 
of bile acid to biliary cholesterol was significantly 
lower in all groups of EE-treated mice in respect to 
controls. Because of the aforementioned differences 
in the lipid secretions, there were variations in the 
relative composition of bile after all the doses of EE. 
As shown in Table 2, the changes resulted in a slight 
decrease of the molar percentage of phospholipids 
and in a significant increase in cholesterol molar 
percentage. 

Hepatic cytochrome P-450 and drug metabolizing 
activity. As shown in Table 3, EE treatment led to 
a general decrease of the specific activities of 3,4- 
benzpyrene hydroxylase, aniline hydroxylase and the 
flavoprotein component of the microsomal drug- 
metabolizing system, i.e. NADPH cytochrome-cred- 
uctase, as well as of the content of cytochrome P- 
450 and bs. The reduction of hepatic microsomal 
enzymes and drug metabolizing capacity was pro- 
portional, dose-dependent and significant after the 
intermediate and high doses of EE. 


DISCUSSION 


Following EE administration, the bile acid and 
phospholipid secretions decreased, whereas the cho- 


lesterol output remained almost unchanged, so that 
hepatic bile showed a reduction of bile acid to cho- 
lesterol molar ratio. The marked decrease of 
phospholipid excretion seemed to be related to the 
significant reduction of bile acid secretion. 

Our finding that EE increases cholesterol molar 
percentage of hepatic bile in mice is in accordance 
with previous reports that estrogens induce litho- 
genic bile in women [4,5], in the rat [28] and in the 
hamster [9]. Not only the intermediate and high dose 
of this hormone, but also the low dose, which is 
similar to that employed by Bonorris et al. [9] in the 
hamster, was able to induce a significant change of 
bile lipid composition. Although cholesterol con- 
centration of mouse bile is very low, well below 
saturation [29], its molar percentage increased sig- 
nificantly in response to EE, as it does in man [4] 
who has a higher bile cholesterol concentration. Pre- 
vious studies have indicated that EE reduces bile 
acid synthesis and secretion in rat [28] and inhibits 
cholesterol 7a-hydroxylase, the rate-limiting 
enzyme for the conversion of cholesterol to bile 
acids, in the hamster [9]. The impairment of micro- 
somal enzymes involved in steroid hydroxylation 
described by some authors [30,31] is consistent with 
our data which report a decrease of the hepatic 
microsomal drug metabolizing activity and of the 
liver content of cytochromes P-450 and bs. More- 
over, since 7 a-hydroxylase activity is P-450 depen- 
dent [32], we can assume that there is a reduced bile 
acid synthesis in our animals which could be respon- 
sible for the reported changes of bile lipid compo- 
sition. The mechanism by which EE decreases 
hepatic microsomal enzyme activities and cyto- 
chromes is not yet established. According to Davis 
and Kern [33], EE affects the lipid composition and 
physical characteristics of liver microsomal mem- 
branes; the reduced synthesis of bile acids could be 
secondary to these changes in membrane lipid com- 
position. These data, however, have not been con- 


Table 3. Liver microsomal enzyme-specific activities and cytochromes following EE-treatment in mice* 





Aniline 
hydroxylase 
(nmoles/mg/min) 


3,4 Benzpyrene 
hydroxylase 


Treatment nmoles/mg/min) 


Cytochromes (nmoles/mg) 
NADPH cyt. c reductase 


P-450 bs (nmoles/mg) 





135.35 + 18.22 
96.92 + 8.85 
93.37 + 7.85t 
84.00 + 7.74 


1.232 + 0.200 
1.145 + 0.216 
0.984 + 0.1497 
0.969 + 0.1117 


0.906 + 0.11 
0.761 + 0.98 
0.705 + 0.057 
0.384 + 0.194 


0.51 + 0.04 
0.486 + 0.04 
0.456 + 0.02 
0.412 + 0.107 


6.095 + 0.266 
4.643 + 0.637 
4.433 + 0.4797 
3.419 + 0.1204 


Controls (4) 

EE 50 pg/kg (4) 
EE 500 ug/kg (4) 
EE 5000 pg/kg (4) 





* Values are expressed as the mean + S.E.M. Numbers in parentheses refer to the number of experiments. 
+ P<0.05 vs controls. 
+ P<0.01 vs controls. 
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firmed by Bonorris et al. |9| who failed to find any 
variation in cholesterol content of hepatic micro- 
somal fractions in the hamster. 

As suggested by Mackinnon et al. [14], the general 
reduction of the components of the drug metaboliz- 
ing system following EE administration does not 
seem explicable in terms of competitive inhibition 
by substrate. Alternatively, the reduction of the drug 
metabolism and of the cytochrome P-450 level could 
be related to the formation of reactive metabolites 
of EE which are able to bind irreversibly to micro- 
somal proteins, thereby inducing biochemical lesions 
{34,35]. Whether this mechanism might really play 
a role in the alterations of bile lipid composition 
observed in EE treated mice is, however, unclear 
at this time. 

In spite of the decreased bile acid excretion rate, 
we have not observed bile flow reduction in the 
mouse, whose bile acid independent canalicular frac- 
tion of bile does not seem to be inhibited, but, on 
the contrary, stimulated by EE. This finding is in 
contrast with previous data, showing a selective 
inhibition of canalicular (Na*K*)-ATPase by m 
the rat [11,36]. In this respect mice seem to resemvie 
humans who always show a significant increase of 
cholesterol saturation of bile following EE [4,37], 
but only occasionally develop cholestasis [1]. 

In conclusion, EE reduces bile acid secretion, 
increasing cholesterol saturation of hepatic bile in 
the mouse. In this animal species, hitherto unstudied, 
EE does not decrease bile flow. The change of bile 
lipid composition seems to be consistent with a gen- 
eral impairment of the hepatic microsomal mixed 
function oxidase system which is involved in steroid 
hydroxylation and, therefore, in bile acid synthesis. 
Our data suggest a possible role of cytochrome P- 
450 and related activities in the pathogenesis of 
estrogen induced lithogenic bile also in humans. 
However, much more remains to be learned about 
bile secretion and gallbladder function in these con- 
ditions and the mouse may be a promising, low cost 
experimental model of investigation. 
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Abstract—This study examines the role of prostaglandin E2 (PGE2) in modulating hormonal control 
of hepatic gluconeogenesis. The effects of PGE2 (2.8 x 10°° M), administered alone and in combination 
with glucagon (1.4 x 10°’ M), on gluconeogenesis from 20 mM sodium lactate and on cyclic AMP 
(cAMP) concentration were studied in isolated livers of rats fasted for 24 hr and perfused with Krebs— 
Ringer bicarbonate (KRB) solution containing 3% albumin and 100 mg/dl of glucose. Samples of 
perfusate and liver were taken at frequent intervals between | and 60 min after KRB (control), PGE2, 
glucagon, and PGE2 + glucagon infusion (ten experiments in each group). Glucagon stimulated more 
glucose production [45-60 min increment = 80 + 7 mg/100 ml (mean = standard error)] than did PGE2 
(35 + 5 mg/100 ml) or KRB (49 + 8 mg/100 ml) (P < 0.01). Concomitant infusion of PGE2 with glucagon 
inhibited the glucagon-induced gluconeogenesis (56 + 6 mg/100 ml) (P< 0.01). Glucagon increased 
hepatic cAMP concentration approximately 4-fold (control = 354 + 29 pmoles/g, maximal stimula- 
tion = 1881 + 380 pmoles/g). PGE2 + glucagon reduced cAMP accumulation to approximately 2-fold 
(control = 365 + 31 pmoles/g, maximal stimulation = 806 + 99 pmoles/g) (P < 0.05). The data show 
that PGE? inhibits glucagon-mediated gluconeogenesis from lactate. It remains to be determined whether 


the antigluconeogenic action of PGE2 is causally related to the inhibition of cAMP content. 


Prostaglandins of the E series are of interest in view 
of their potential role as modulators of hormone 
action. Many of the diverse metabolic effects of 
prostaglandins can be attributed to increased adeny- 
late cyclase activity and cyclic AMP (cAMP) for- 
mation in tissues. Recent work from this laboratory 
with isolated rat liver perfusions has focused on the 
possible role of prostaglandins in hepatic metabolism 
[1,2]. These studies showed that prostaglandin E; 
and Ez (PGE:, PGE2) did not promote glucose 
release from the liver, glycogenolysis, or lipolysis, 
did not stimulate cyclic nucleotides, and did not 
prevent epinephrine-induced hyperglycemia. 

Hepatic gluconeogenesis is under various hor- 
monal and nutritional influences. Most of the con- 
ditions conducive to increased gluconeogenesis are 
paralleled by increases in intracellular levels of 
cAMP. For example, in perfused liver glucagon 
increased cAMP concentration and gluconeogenesis 
[1,3,4], while, conversely, somatostatin reduced 
hepatic cAMP and the rate of gluconeogenesis in 
isolated hepatocytes [5,6] and chlorpropamide 
inhibited cAMP and gluconeogenesis in perfused 
liver [7]. There are conflicting data regarding the 
possibility that prostaglandins play a role in regu- 
lating hepatic gluconeogenesis. PGE; has been 
reported to inhibit gluconeogenesis in perfused rat 
liver [8], but in rat liver slices PGE? failed to influence 
gluconeogenesis when lactate or alanine was used 
as a substrate [9]. 

The data reported in this paper show that 
PGE: alone does not influence hepatic gluconeo- 
genesis from lactate but does suppress glucagon- 
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mediated gluconeogenesis and cAMP production in 
isolated perfused rat liver. 


MATERIALS AND METHODS 


Experimental design. Isolated rat livers were pre- 
pared and perfused with a blood-free recirculating 
system, as described earlier [10]. The livers, obtained 
from Sprague-Dawley male rats weighing 250-300 
g and fasted for 24 hr, were perfused with Krebs— 
Ringer bicarbonate (KRB) solution, pH 7.4, con- 
taining 3% albumin and 100 mg/dl of glucose. 
Samples of perfusate and liver tissue were taken, 
respectively, at zero time, 15, 30, 45 and 60 min, 
and at zero time, 1, 5, 15 and 30 min after exposure 
to test substances, as reported previously [10]. Liver 
samples were quick-frozen until assay, as described 
[11]. 

All agents and substrate (0.5 ml of 40% sodium 
lactate, final concentration 20 mM) were added to 
the media at zero time in a dose of 1 ml and then 
administered by a constant infusion Harvard Appar- 
atus pump at the rate of 2 ml/hr. Livers were perfused 
during a 30-min equilibration period using an endo- 
portal infusion of KRB prior to the addition of 
experimental agents at zero time. After zero time, 
KRB with lactate was infused as the control agents. 

PGE2 (supplied by Dr. John Pike of Upjohn Co., 
Kalamazoo, MI) was initially added at a dose of 100 
pg and then infused at a dose of 200 yg/hr. The final 
perfusate concentration was 2.8 x 10~° M. The dose 
of PGE? was chosen after preliminary experiments 
using 5, 10 and 50 yg failed to alter hepatic cAMP 
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concentrations significantly after 1-30 min of expo- 
sure. In addition, PGE2 at the lower concentrations 
did not inhibit glucagon-stimulated gluconeogenesis 
up to 60 min after administration. PGE2 was stored 
in absolute ethanol and diluted just before use. The 
volume of ethanol infused into the perfusate was 
negligible (final concentration 0.0009%). Ethanol 
was also added to KRB and glucagon as a control, 
since ethanol was used as a diluent of PGE2. Hepatic 
viability during PGE> infusions, as measured by bile 
production, appeared intact. 

Glucagon was added at zero time using a single 
dose of 50 wg, and then was subsequently infused 
at a dose of 100 yg/hr (initial perfusate concentration 
1.4 x 10-? M). PGE: and glucagon, when used 
together, were added at the aforementioned molar 
concentrations. Ten perfusions were performed for 
each of the four experimental groups (KRB, glu- 
cagon, PGE2, and PGE? + glucagon). 

Chemical analysis. CAMP was measured by radio- 
immunoassay (RIA) on liver samples prepared as 
described previously [11]. RIA was carried out using 
kits commercially available from Schwartz—Mann, 
Orangeburg, NY. The detection limit of the assay 
(65 per cent of initial bound to free ratio) was rou- 
tinely 25 fmoles/tube. RIAs were performed in 
duplicate. The interassay coefficient of variation for 
an internal standard reading at the midportien of the 
curve was 5 per cent (N = 25). cAMP recovery (80— 
85 per cent) was verified by treatment with phospho- 
diesterase, by recovery of known quantities of cAMP 
added to the homogenate, and by serial sample 
dilution [11]. 

Perfusate glucose and hepatic glycogen samples 
were taken at the indicated times and assayed as 
described previously [10]. Perfusate lactate was also 
determined in the KRB and PGE? experiments and 
was measured by standard enzymatic technique [12]. 

Statistical evaluation. The statistical significance of 
the data was evaluated by Student’s /-test, using 
paired analysis for evaluation of differences between 
pre- and post-treatment values of the same liver, or 
unpaired analysis for comparisons between different 
populations of livers exposed to different test agents. 
Results are expressed as means + standard errors 
(S.E.M.). 


RESULTS 


Gluconeogenesis from lactate. Glucose concentra- 
tion in the perfusate was similar for both the experi- 
mental and the KRB control group at zero time 
before addition of the substrate (116 + 9 mg/100 ml). 
The rate of hepatic glucose production, by rat liver 
perfused with KRB, after the addition of substrate 
is shown in Fig. 1. There was a progressive increase 
in glucose formation from lactate over 60 min during 
the control KRB infusion. PGE? also induced glucose 
production from lactate but to a slightly lesser extent 
than KRB. The glucose increment at the end of the 
perfusion (45-60 min period) was not significantly 
different for the two agents (KRB = 49 + 8 mg/100 
ml; 'PGE2 = 35 + 5 mg/100 ml). Lactate was the 
apparent major gluconeogenic precursor in these 
experiments, since the cumulative perfusate glucose 
production 60 min after KRB or PGE? administra- 
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Fig. 1. Effects of Krebs-Ringer bicarbonate (KRB), glu- 
cagon (1.4 10°? M), PGE2 (2.8 107° M) and 
PGE2 + glucagon infusion on perfusate glucose increment 
in isolated, fasted, donor liver. PGE2 + glucagon signifi- 
cantly inhibited glucagon-stimulated gluconeogenesis at all 
sampling periods shown (P < 0.05). Substrate (lactate) was 
added at zero time.:Samples were analyzed as described 
in Materials and Methods. Points represent the 
means + S.E.M. for ten experiments, each analyzed in 
duplicate. 


tion could be quantitatively accounted for by the 
disappearance of lactate (KRB = —209 + 29 mg/100 
ml; PGE: = —162 + 23 mg/100 ml). 

Compared to KRB or PGE2, glucagon significantly 
stimulated glucose production from the substrate at 
all periods sampled, as illustrated in Fig. 1 (P < 0.01). 
The degree and time course of glucose production 
which occurred with glucagon at a concentration of 
1.4 x 10~’ Mis similar to that reported by Conn and 
Kipnis [4] using the same concentration of lactate 
and a glucagon concentration (3.3 x 10-* M), 
twenty-five times greater than in the present study. 
Concomitant infusion of PGE2 with glucagon sig- 
nificantly inhibited the glucagon-induced gluconeo- 
genesis at all time periods (P < 0.05), as shown in 
Fig. 1. 

Hepatic glycogen concentration. There were no 
significant changes in hepatic glycogen content 
between the basal period and the 60-min termination 
of the experiment for all agents studied. Control 
hepatic glycogen values for PGE2, KRB and gluca- 
gon were, respectively, 0.133 + 0.013, 0.125 + 0.009 
and 0.149 + 0.021 mg/g compared to post-treatment 
values at 60 min of 0.171 + 0.03, 0.163 + 0.02 and 
0.146 + 0.056 mg/g. Thus, the concentration of liver 
glycogen was extremely low throughout the perfu- 
sion. The increased glucose which appeared in the 
perfusate medium between zero and 60 min could 
be accounted for by the concomitant disappearance 
of lactate from the medium due to gluconeogenesis 
rather than from concomitant glycogenolysis. 

Inhibition of glucagon-stimulated cAMP accumu- 
lation by PGE2. Glucagon was employed to inves- 
tigate the effects of PGE2 on agonist-stimulated 





Effects of PGE2 on hepatic gluconeogenesis 


®—KRB (control) 
&—-aGlucagon 
&—®PGE,+ Glucagon 
o--—OPGEo 


cAMP (pm/g) 








Minutes 


Fig. 2. Effect of PGE2 on suppression of glucagon-stimu- 

lated hepatic cAMP. PGE2+ glucagon significantly 

inhibited glucagon-induced cAMP accumulation in liver at 

all sampling periods shown. Samples were analyzed as 

described in Materials and Methods. Points represent 

means + S.E.M. for ten experiments, each analyzed in 
duplicate. 


cAMP accumulation. Figure 2 compares the hepatic 
cAMP response following intraportal administration 
of KRB, PGE: and glucagon alone, to that observed 
when glucagon was administered with PGE2. Glu- 
cagon stimulated cAMP accumulation approxi- 
mately 4-fold as early as 1 min after its intraportal 
administration (Fig. 2). This increased hepatic cAMP 
content persisted throughout the perfusion. 

PGE: significantly reduced (P < 0.001) the mag- 
nitude of the increase in hepatic cAMP level 
observed in response to glucagon to approximately 
2-fold, and the reduction in cAMP concentration 
was sustained between 1 and 30 min throughout the 
perfusion (Fig. 2). The same concentration of PGE2 
infused alone did not alter hepatic cAMP concen- 
tration. The lack of cAMP responsiveness to PGE2 
in rat liver is similar to results observed in the fasted 
intact dog liver [2]. 


DISCUSSION 


The results indicate that PGE2 suppresses stimu- 
lation of hepatic gluconeogenesis by glucagon by 
approximately 50 per cent. The concentrations of 
PGE2 and glucagon used in these studies were 
supraphysiologic. However, our preliminary studies 
showed that lesser concentrations of PGE2 did not 
affect glucagon-induced gluconeogenesis. Further- 
more, we have shown previously that the same con- 
centrations of PGE; and PGE? as utilized in the 
present study do not alter glycogenolysis or lipolysis 
in the perfused liver [1,2]. Moreover, ureogenesis, 
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in the absence of glucagon, is also unaffected by 
various types of prostaglandins studied in this same 
isolated system at doses 1/4 to 1/40 as large as the 
dose used in our study (L. L. Miller, personal com- 
munication). Thus, the only metabolic function that 
appears to be influenced by prostaglandins in intact 
liver is hormone-induced gluconeogenesis. 

Is there physiological relevance to the interaction 
of PGE2 and glucagon with hepatic gluconeogenesis? 
A possible role for prostaglandins in modulating the 
action of glucagon on the liver appears reasonable, 
since rat liver perfused with glucagon has been 
reported to release prostaglandins [13]. PGE; has 
been shown to inhibit glucagon induction of the 
cAMP-dependent tyrosine aminotransferase activity 
in vitro [14]. Prostaglandins also play a key role as 
modulators of hormonal action in non-hepatic tis- 
sues. Inhibition of cCAMP-mediated hormonal effects 
by certain prostaglandins has been well documented 
in a number of systems, including adipose, corpora 
luteal and parathyroid tissues [15-20]. 

Our data suggest that the antigluconeogenic action 
of PGE2 on glucagon-mediated hepatic gluconeo- 
genesis may be related to inhibition of cAMP metab- 
olism in the cell, resulting in suppression of the key 
gluconeogenic enzymes. However, the interference 
by PGE: with the action of glucagon may not be 
based solely on reduced hepatic cAMP concentration 
and might even be an entirely independent effect. 
The nucleotide levels in the liver after PGE? treat- 
ment were still increased twice above the pre-treat- 
ment value (Fig. 2), while PGE2 completely blocked 
the gluconeogenic effect of glucagon, returning glu- 
cose production to control levels. If prostaglandins 
of the E type act by a cAMP-dependent mechanism, 
one would expect that conditions would be found 
where this agent would affect other metabolic pro- 
cesses as well, such as glycogenolysis, yet this is not 
the case in perfused rat liver [2]. 

Our findings confirm a previous report by 
DeRubertis et al. [21], which demonstrated that in 
perfused rat liver PGE; and PGE: inhibited gluca- 
gon-induced increases in hepatic cAMP levels, but 
had no effect on adenylate cyclase activity in liver 
homogenates [22]. The locus of the inhibition of 
glucagon-stimulated cAMP concentration by prosta- 
glandins was not apparent in their study and cannot 
be inferred further from our data. Thomas et al. [19] 
recently showed that prostaglandins rapidly inhibit 
luteinizing hormone [LH]-stimulated progesterone 
production in cultured luteal cells. The antigona- 
dotropic action of prostaglandins was due to a block 
in intracellular cAMP accumulation and not to 
phosphodiesterase stimulation of cAMP degradation 
or to inhibition of LH binding to its receptors [19]. 

Our study does net show a significant effect of 
PGE: alone on the rate of hepatic gluconeogenesis 
from lactate, although a trend toward decreased 
glucose production, compared to KRB, was 
observed. In preliminary experiments we were 
unable to show inhibition of gluconeogenesis by 
PGE: or PGE? in livers perfused for as long as 120 
min. 

The interacting effects of PGE2 and glucagon in 
perfused liver are comparable to the inhibitory 
effects of somatostatin and chlorpropamide on the 
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adenylate cyclase-cAMP system and on gluconeo- 
genesis in glucagon-treated rat liver in vitro [5—7, 23]. 
The ability of prostaglandins to modulate hormone 
action in perfused rat liver appears specific for glu- 
coneogenesis, since epinephrine-induced glycogen- 
olysis and augmentation of cAMP production are 
unaffected by either pre-treatment or concomitant 
administration of PGE; [2]. This latter situation is 
similar to the failure of somatostatin to influence 
epinephrine-induced glycogenolysis in isolated rat 
hepatocytes, despite its suppression of glucagon- 
stimulated glycogenolysis in this same liver prep- 
aration [6]. 

It appears likely that PGE, like chlorpropamide, 
somatostatin, insulin and a number of polypeptides, 
modulates hormone or drug-induced gluconeo- 
genesis at the cellular level by affecting cAMP con- 
centration or tissue susceptibility to the nucleotide. 
However, unlike certain drugs of hormones, PGE? 
does not appear capable of altering normal hepatic 
cellular processes, such as glycogenolysis, lipolysis, 
ureogenesis and gluconeogenesis. 
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Abstract—The aniline hydroxylase activity of microsomes isolated from hamster liver can be differ- 
entiated kinetically into high affinity (low Km, form I) and low affinity (high Km, form II) forms. 
Microsomes isolated from uninduced animals contain slightly more form I activity. The activity of the 
low affinity form (form II) is preferentially enhanced by Aroclor or 3-methylcholanthrene treatment, 
while phenobarbital treatment increases the activity of both forms. Chronic ethanol consumption results 
in enhancement of only the high affinity form (form I). 


The existence of two forms of aniline hydroxylase 
activity in isolated microsomes was first suggested 
by Wada et al.[{1]. More recently, Kitada et al. [2] 
have shown that aniline hydroxylase activity is 
inhibited by cyanide ions and that the inhibition is 
biphasic, suggesting the presence of two activities 
with differing inhibitor affinities. 

The effects of the common inducers (phenobar- 
bital, Aroclor 1254 and 3-methylcholanthrene) of 
mixed function oxidase activity on aniline hydroxyl- 
ase activity have been determined in several animal 
species. In general, all inducers have the ability to 
increase the specific activity of aniline hydroxylase, 
though the degree of induction varies [3-5]. Since 
different inducers have been shown to give rise to 
distinct species of cytochrome P-450 [6-11], the fail- 
ure to observe qualitative differences in the indu- 
cibility of aniline hydroxylase might be attributable 
to the use of aniline concentrations which are high 
enough to allow both activities to be expressed 
[12, 13]. 

This communication presents kinetic evidence for 
the existence of two forms of aniline hydroxylase in 
isolated hamster liver microsomes and shows that 
the activities of the two forms exhibit independent 
induction patterns depending on the inducer. 


MATERIALS AND METHODS 


Chemicals. Aniline, nicotinamide adenine 
dinucleotide phosphate (monosodium salt), tricine 
(N-tris-[hydroxymethyl]-methyl glycine), _ Tris 
(tris[hydroxymethyl]-amino-methane), glucose-6- 
phosphate (monosodium salt), and glucose-6-phos- 
phate dehydrogenase (Type XII) were obtained from 
the Sigma Chemical Co., St. Louis, MO. 3-Methyl- 
cholanthrene and p-aminophenol were obtained 
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from the Eastman Kodak Co., Rochester, NY. 
Aroclor 1254 was from Analabs, North Haven, CT. 
Phenobarbital (sodium salt) was from Mallinckrodt, 
St. Louis, MO. Sucrose, special enzyme grade, was 
from Schwarz-Mann, Orangeburg, NY. 

Animals and treatments. Male Syrian golden ham- 
sters (ARS/Sprague-Dawley, Madison, WI) were 
housed three per cage and allowed free access to 
NIH-07 lab chow and water. At 8 weeks of age, 
hamsters were placed on control Lieber—DeCarli 
liquid diet No. 711 + added fiber obtained from Bio- 
Serv, Inc., Frenchtown, NJ). At 9 weeks of age, 
animals were either continued on the control diet or 
placed on the ethanol-containing diet, in which 
ethanol isocalorically replaced carbohydrate. Thirty- 
five per cent of the total caloric intake was ethanol. 
The daily diet intake was restricted to 40 ml/animal. 
Animals were killed after 4 weeks. 

A second group of hamsters was randomized by 
weight and given free access to NIH-07 lab chow and 
water. Induction began at 9 weeks of age. Sodium 
phenobarbital (PB) was dissolved in saline, and the 
animals were given intraperitoneal injections of 
80 mg/kg body wt/day for 4 days. Animals receiving 
3-methylcholanthrene (3-MC) were injected daily 
for 4 consecutive days. 3-Methylcholanthrene was 
suspended in corn oil, and an intraperitoneal dose 
of 20 mg/kg body wt/day was administered for 4 days. 
Aroclor 1254-treated animals were given a single 
intraperitoneal injection of 500 mg/kg body wt. PB- 
and 3-MC-treated animals were killed 24 hr after the 
last injection, following an overnight fast. Aroclor- 
treated animals and control animals that received an 
intraperitoneal injection of corn oil equivalent in 
volume to that given to Aroclor-treated animals were 
killed 5 days after treatment following an overnight 
fast. All animals were killed by CO2 anesthesia. 

Subcellular fractionation. Livers were rapidly 
removed, weighed, minced, rinsed three times with 
10 vol. of ice-cold SET (0.3M sucrose, 0.5mM 
EDTA, and 5 mM tricine, pH 7.4), and suspended 
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in 5 vol. of ice-cold SET. Homogenization of livers 
was performed as described previously using a 
Polytron homogenizer (Willems type, made by 
Kinematica, Lucerne, Switzerland [14]). The hom- 
ogenate was diluted to 9 vol. with SET and centri- 
fuged at 10,000 g for 10min. The decanted super- 
natant fraction was then centrifuged at 105,000 g for 
60 min. The surface of the pellet was rinsed carefully 
with 0.15 M KCI and suspended in SET to give a 
microsomal protein concentration of 4-6 mg/ml. 
Aniline hydroxylase assay. Microsomal fractions 
were assayed for aniline hydroxylase activity using 
a modification of the procedure described by Mazel 
[12]. The standard assay mixtures contained in a 
final volume of 1.0ml: 0.125 umole NADP’, 
2.5 umoles glucose-6-phosphate, 6.0 wmoles MgCl, 
12.5 wmoles nicotinamide, 50 wmoles Tris-acetate 
buffer, pH 8.0, 4 units glucose 6-phosphate dehy- 
drogenase, and from 0.5 to 2 mg of microsomal pro- 
tein. The aniline concentrations used are indicated 
in the figure and table legends. Complete assay imix- 
tures minus microsomes were incubated for 5 min 
at 37°. Reactions were initiated by the addition of 
microsomes. Following incubation for 15 min at 37°, 
reactions were quenched by the addition of 1.0 ml 
of ice-cold 10% trichloroacetic acid. After centrifu- 
gation, aliquots of the supernatant fraction were 
assayed for p-aminophenol, as outlined by Mazel 


[12]. Using these conditions, the rate of product 


formation at both low (0.1 mM) and high (20 mM) 
aniline concentrations was linear with respect to both 
time and microsomal protein. Protein was deter- 
mined by the method of Lowry et al. [15]. Statistical 
significance was evaluated using Student’s /-test. 


RESULTS 


When the effect of different aniline concentrations 
on the rate of p-aminophenol formation was exam- 
ined, two hyperbolic changes in rate were observed 
(Fig. 1). The rate of product formation shows an 
initial hyperbolic increase from 0.01 to 0.05mM 
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Fig. 1. Effect of aniline concentration on aniline hydroxyl- 

ase activity of microsomes isolated from control and 

ethanol-consuming hamsters. Key: (@——®) control; and 
(O——©) ethanol. 


substrate. As the concentration of substrate is 
increased from 0.05 to 1.0 mM, only a slight further 
increase in rate is observed. Increasing substrate 
concentration beyond 1 mM gives rise to a second 
hyperbolic increase in the rate of product formation. 
A comparison of substrate titrations shows that liver 
microsomes isolated from ethanol-treated hamsters 
have increased activity of the high affinity form of 
aniline hydroxylase (form I). The data in Fig. 2 are 
replotted from Fig. 1 and show more clearly the 
effects of ethanol on the two forms of aniline 
hydroxylase. 

The kinetic parameters obtained from substrate 
titrations of microsomes from control and ethanol- 
treated animals are presented in Table 1. No differ- 
ences in substrate affinity between the two groups 
for either activity were observed; however, a large 
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Fig. 2. Effect of aniline concentration on (A) low and (B) high affinity forms of aniline hydroxylase. 
Key: (@——®) control; and (O——©) ethanol. For purposes of clarity, rates obtained at 1 mM aniline 


were subtracted in part B. The rates at 1 mM aniline were 0.41 and 0.93 nmoles-min~'-mg protein™ 


1 


for control and ethanol preparations, respectively. 





Differential induction of liver aniline hydroxylase 


Table 1. Comparison of kinetic parameters for the two 
forms of microsomal aniline hydroxylase 





Ethanol 
Form Form 
I II 


Control 
Form Form 
I II 





Km (mM) 
4.65 0.022 5.84 
4.85 0.022 5.96 
3.13 
Specific activity 
(nmoles-min~'-mg protein~') 

0.39 1.01 0.41 
0.38 1.10 0.41 
0.41 


0.019 
0.011 
0.032 


0.43 
0.44 
0.67 





increase in. the maximal rate of form I activity was 
observed in liver microsomal preparations isolated 
from ethanol-consuming hamsters. Form II activity 
remained unchanged. 

Because of the large differences in substrate affin- 
ity between the two forms of aniline hydroxylase, 
the contribution of each form to the total microsomal 
activity can be readily estimated by the appropriate 
choice of substrate concentration. The data in Table 
2 show that, when the rate of product formation is 
determined for liver microsomal preparations from 
control and ethanol-treated hamsters at low (0.1 mM) 
and high (20 mM) aniline concentrations, results sim- 
ilar to those from full substrate titrations are 
obtained. 

The effects of three inducers of microsomal meta- 
bolic activity on the two forms of aniline hydroxylase 
activity are shown in Table 3. All of the inducers 


Table 2. Effect of chronic ethanol consumption on the 
specific activity of the two forms of microsomal aniline 
hydroxylase* 





Form I Form II Total 





1.16 + 0.17 
2.28 + 0.677 


0.57 + 0.07 
1.52 + 0.52+ 


0.62 + 0.11 
0.76 + 0.17 


Control 
Ethanol 





* Form I activity was determined using 0.1 mM aniline. 
Total activity was determined using 20 mM aniline. 
Form II activity is calculated by subtracting form I activity 
from total activity. Values are expressed as 
nmoles- min™*- mg and are the means + S.D. for six 
separate preparations. 

+ Significance from control, P < 0.01. 
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increase total aniline hydroxylase activity; however, 
the pattern of induction varies. Phenobarbital treat- 
ment resulted in small increases in both forms I and 
II, whereas treatment with Aroclor 1254 or 3-methyl- 
cholanthrene increased only form II. 


DISCUSSION 


The distinctive changes in rate in response to sub- 
strate concentration, as well as the differential induc- 
tion of the two forms of aniline hydroxylase, are 
consistent with the presence of two catalytic sites for 
the hydroxylation of aniline in isolated hamster liver 
microsomes. The fact that there is a 100- to 200-fold 
difference in the affinity of each of the two activities 
for aniline greatly simplifies study of the two forms 
since only two substrate concentrations need be 
employed in order to estimate activities. 

It is of interest to compare the results obtained in 
this study with those reported previously for mouse 
and rat liver microsomal preparations by Wada et 
al. [1]. Although the authors show biphasic double 
reciprocal plots which indicate two activities, no 
attempt was made to estimate the contribution of 
each form to total aniline hydroxylase activity. We 
have recalculated their data, and it indicates that 
form I activity accounts for approximately 60 per 
cent of the total aniline hydroxylase activity in 
uninduced rat and mouse microsomal preparations. 
This compares with the 50-60 per cent as form I 
which we have observed. The affinity of form II for 
aniline for their preparations is similar to those 
reported in this study. The affinity of form I could 
not be estimated because of insufficient data points. 

Taken together, these data indicate that liver 
microsomes from three of the more common lab- 
oratory species contain two kinetically distinct forms 
of aniline hydroxylase activity and that each activity 
responds independently, depending on the nature 
of the inducer of MFO activity. Form I activity 
appears to be selectively and preferentially enhanced 
in microsomes from ethanol-consuming hamsters, 
whereas form II is most responsive to inducers of 
polycyclic aromatic hydrocarbon metabolism. 
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Abstract—The dimeric forms of metallothionein were isolated from livers of rabbits which accumulated 
cadmium in large quantities. The dimers were separated into three isoproteins, both on a DEAE 
Sephadex A-25 column and on a gel permeation column. Reduction of each dimer with mercaptoethanol 
yielded monomeric metallothionein-I, an equivalent mixture of metallothionein-I and -II, and metal- 
lothionein-II. The three isoproteins were identified as a dimer of metallothionein-I, a dimer of metal- 
lothionein-I and -II, and a dimer of metallothionein-II, respectively. 


The presence of cadmium-binding proteins other 
than metallothionein in liver [1,2] and kidney [3] 
which have accumulated cadmium in large quantities 
has been established. As metallothionein is assumed 
to be a defensive protein for the toxicity of cadmium 
[4], and the cadmium-binding proteins other than 
metallothionein increase in liver and kidney when 
tissue starts to show some signs of intoxication [3], 
those cadmium-binding proteins may have some con- 
nection with toxicity of cadmium. 

Furthermore, a 30,000 mol. wt testicular Cd-bind- 
ing protein was indicated as a possible link to Cd- 
induced testicular injury [5]. Although some com- 
ments as to a higher molecular weight cadmium- 
binding protein, such as polymeric forms of metal- 
lothionein [2], have been reported, there have been 
no definitive characterizations. 

The present paper deals with the isolation and 
characterization of one of the high molecular weight 
cadmium-binding proteins. At the same time, the 
present paper shows an application of a newly 
developed analytical method for metalloprotein [6]. 


MATERIALS AND METHODS 


Isolation of metallothionein dimers. Cadmium 
chloride was injected subcutaneously into female 
rabbits (body wt 2.5-2.8 kg; 0.5 mg Cd/kg body wt; 
27 injections during 5 weeks). The animals were 
killed 2 days after the last injection and the livers 
were homogenized in three volumes of 0.1 M Tris— 
HCI buffer solution (pH 7.4) containing 0.25 M glu- 
cose, using a teflon homogenizer, and the hom- 
ogenate was centrifuged at 105,000 g for 90 min at 
4°. The supernatant was applied to a preparative 
Sephadex G-75 column (5 x 80 cm) and eluted with 
10 mM Tris—HCl buffer solution (pH 8.6). The eluate 
between Ve/Vo = 1.4 and 1.8 was combined and 
concentrated on a Diaflo UM-10 membrane. 

Reduction of metallothionein dimers. Reduction 
of metallothionein dimers was performed by adding 
neat mercaptoethanol (10-50 yl) to a solution con- 
taining metallothionein dimers (2-20 ug Cd/0.2-2 ml 
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of 50 mM Tris-HCI buffer solution, pH 8.6) at room 
temperature. The reaction mixture was applied to 
a Sephadex G-75 column or a gel permeation column 
after adding cadmium chloride (10—50 wg Cd) to fill 
all binding sites in metallothionein with cadmium. 

High speed liquid chromatograph equipped with 
a gel permeation column for separation and atomic 
absorption spectrophotometer for metal analysis. A 
high speed liquid chromatograph (Toyo Soda 803, 
Toyo Soda Co., Tokyo, Japan) was equipped with 
a gel permeation column (Toyo Soda TSK GEL SW 
3000, 21.5mm I. D. x 600mm) and 50 mM Tris— 
HCl buffer solution (pH8.6) containing 0.1% 
sodium azide was used as an eluting buffer solution 
(flow rate 3.7 ml/min). The eluate was directly intro- 
duced into a flame atomic absorption spectropho- 
tometer (Hitachi 508) and cadmium atomic absorp- 
tion was continuously monitored. 


RESULTS AND DISCUSSION 


Cadmium in the liver supernatant obtained from 
animals which did not accumulate the metal in large 
quantities is known to be almost confined to the 
metallothionein fraction (Ve/Vo = 1.8-2.2), along 
with a small amount of cadmium in the high mol- 
ecular weight fraction (near the void volume of the 
column). On the other hand, another cadmium peak 
has been noted to be increased in liver and kidney 
supernatants obtained from animals which had 
accumulated cadmium in high quantity, the elution 
volume being between that of the metallothionein 
and the high molecular weight fractions. 

Figure 1 shows a typical Sephadex G-75 elution 
profile for liver supernatant obtained from animals 
repeatedly injected with cadmium ion. The cad- 
mium peak in question was observed at Ve/Vo = 1.4- 
1.8. The molecular weight of the cadmium-binding 
protein was initially estimated to be less than 
30,000 daltons because the protein was eluted at a 
slower rate than that of the zinc- and copper-con- 
taining superoxide dismutase peak (Ve/Vo = 1.4- 
1.6) (32,600 daltons) [7]. Although the molecular 
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Fig. 1. Sephadex G-75 elution profile of liver supernatant 
obtained from rabbits injected with cadmium chloride. 
Liver supernatant (3 ml) was applied to a Sephadex G-75 
column (2.6 X 90cm) and eluted with 1mM Tris-HCl 
buffer solution. Five milliliter fractions were collected. MT 
indicates the metallothionein fraction and the arrow indi- 
cates the metallothionein dimer fraction. , oa 
———, Zn; ---, Cu; —-—, absorbance at 254 nm. 


Concentrotion of metals, 








Fraction number 


Fig. 2. Sephadex G-75 elution profiles of metallothionein 
and its dimer fraction before (a) and after reduction with 
mercaptoethanol (b). Panela: The concentrated dimer 
fraction (2 ml) (Ve/Vo = 1.4-1.8 in Fig. 1) was applied to 
a Sephadex G-75 column as indicated in Fig. 1. Panel b: 
The concentrated dimer solution (2 ml) was reduced with 
mercaptoethanol (100 wl) and the solution was gel filtered 
in the same way after adding cadmium chloride (20 yg 
Cd**). MT indicates the metallothionein fraction and the 
arrow indicates the metallothionein dimer fraction. 
, Cd; ---, Zn. 


weight of metallothionein is less than 7000 daltons, 
an estimated molecular weight based on a gel filtra- 
tion column has been around 14,000 daltons [7]. 
Therefore, if the cadmium peak at Ve/Vo = 1.4-1.8 
is related to metallothionein, the molecular weight 
is assumed to be about 14,000 daltons. 

Figure 2a shows a Sephadex G-75 elution profile 
for the cadmium-binding protein fraction obtained 
from a preparative column (5 x 80cm). The figure 
shows a relative elution volume for the cadmium- 
binding protein and metallothionein. 

Reduction of the cadmium-binding protein-con- 
taining solution (Fig. 2a) with mercaptoethanol 
shifted the cadmium peaks other than the metallo- 
thionein peak to the metallothionein fraction, as 
shown in Fig. 2b. The result indicated that the cad- 
mium-binding protein at Ve/Vo = 1.4-1.8 possibly 
consists of metallothionein dimers. 

Figure 3 shows a DEAE Sephadex A-25 elution 
profile for the cadmium-binding protein fraction 
(between the arrows in Fig. 2a). The cadmium-bind- 
ing protein was separated into three major cadmium- 
binding peaks according to the respective isoelectric 
points. 

Figure 4 illustrates a gel permeation chromato- 
gram monitored by cadmium atomic absorption for 
the cadmium-binding protein fraction (the same sam- 
ple used for a gel filtration column as shown in 
Fig. 2a). The direct connection of a high speed liquid 
chromatograph equipped with a Toyo Soda TSK 
GEL SW 3000 column to an atomic absorption spec- 
trophotometer has been shown to be a powerful 
analytical method for metallothionein [6]. Liver 
metallothionein is separated into two isometallothi- 
oneins when the column is eluted with an alkaline 
buffer solution; namely, metallothionein-I and -II 
were eluted at retention times of 41.8 and 39.7 min, 
respectively, as shown in Fig. 4a. 

Figure 4a shows the elution profile of a solution 
containing the higher molecular weight cadmium- 
binding protein and metallothionein which corre- 
sponds to Fig. 2a. Three cadmium peaks other than 
the two cadmium peaks corresponding to mono- 
meric isometallothioneins were observed. The higher 
molecular weight cadmium-binding protein (col- 
lected between the arrows in Fig. 2) was separated 
mainly into three cadmium peaks (Fig. 4b). The 
three cadmium peaks were correlated to the three 
main cadmium peaks on an anion exchange column 
(Fig. 3) by applying each cadmium-binding protein 
isolated from an anion exchange column to the gel 
permeation column. The three cadmium-binding 
proteins were eluted on the gel permeation column 
at a reverse elution rate to a DEAE Sephadex A-25 
column, as also observed for monomeric metallo- 
thioneins [6], indicating that the gel material of the 
gel permeation column has not only gel chromato- 
graphic but also cation exchange chromatographic 
properties. 

Reduction of the individual cadmium-binding pro- 
teins (I-I, I-II and II-II) with mercaptoethanol gave 
metallothionein-I, an equivalent mixture of metal- 
lothionein-I and -II, and metallothionein-II, respec- 
tively, for the gel permeation chromatograms (mon- 
itored by cadmium atomic absorption), as typically 
illustrated in Fig. 4c. The three cadmium-binding 
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Fig. 3. DEAE Sephadex A-25 elution profile of metallothionein dimer fraction. The metallathionein 
dimer fraction (between the arrows in Fig. 2a) was applied to a DEAE Sephadex A-25 column 
(1.5 X 18cm). The column was washed with 1 mM Tris-HCl buffer solution (pH 8.6, 25 ml) and then 
eluted with a concentration gradient of Tris-HCI buffer solution (pH 8.6) between 1 mM (100 ml) and 
300 mM (300 ml). Fractions (2.7 ml) were collected. —?, Cd; —-—, concentration of applied buffer 
solution. I-I, I-II and II-II indicate dimers of metallothionein-I, -I and -II, and -II, respectively. 


proteins were thus confirmed to be three kinds of 
metallothionein dimers, being dimerized through 
intermolecular sulfide bond formation between 
monomeric isometallothioneins. 

Application of a solution containing the dimers 


and mercaptoethanol to the gel permeation column 
without filling all binding sites with cadmium ion 
(without adding extra cadmium ion) resulted in 
unresolved or broad cadmium peaks according to 
the added amount of mercaptoethanol. This is prob- 
ably due to competition of cadmium to the binding 
sites between thioneins and mercaptoethanol, and 
unoccupied binding sites of different mercapto 


(a) 


Concentration of cadmium, 
arbitrary units 


groups and/or different numbers of mercapto groups 
in thioneins may cause different isoelectric points 
and/or conformations to metallothioneins. 

Summarizing the result, the cadmium peak at 
Ve/Vo = 1.4-1.8 on a Sephadex G-75 column is due 
to the dimeric forms of metallothioneins through 
intermolecular sulfide bond formation and these are 
a mixture of three kinds of dimers; namely, a dimer 
of metallothionein-I, a dimer of metallothionein-I 
and -II, and a dimer of metallothionein-II. The 
dimers are reductively cleaved to monomers by 
mercaptoethanol. 

Iodine oxidation and air oxidation of metallothi- 


Retention time, 


Fig. 4. Gel permeation chromatograms of metallothionein and its dimer fraction as monitored by 
cadmium atomic absorption. Panel a: Metallothionein and its dimer fraction (200 yl solution containing 
4.5 wg Cd) as shown in Fig. 2a was applied to a gel permeation column (Toyo Soda TSK GEL SW 3000, 
21.5 x 600 mm) and eluted with 50 mM Tris—HCl buffer solution (pH 8.6 at 25°) containing 0.1% sodium 
azide. The eluate was directly introduced to a flame atomic absorption spectrophotometer (Hitachi 
508) and cadmium atomic absorption was continuously monitored. Chart speed, 0.25 cm/min. Panel b: 
The separated metallothionein dimer solution (same solution as used for Fig. 3) was applied to a gel 
permeation column as indicated above. Chart speed, 0.5cm/min. Panelc: One of the dimers (I-II, 
200 yl solution containing 4 wg Cd) isolated on an anion exchange column as illustrated in Fig. 3 was 
reduced with mercaptoethanol (30 ul) and applied to a gel permeation column after adding CdCl2 
(22.4 ug Cd) to fill all binding sites in the reduced monomers with cadmium. Chart speed, 0.25 cm/min. 
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onein monomers (Cd-thioneins) did not produce the 
dimers, probably due to intramolecular rather than 
intermolecular sulfide bond formation in vitro. 
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Abstract—A quantitative gas chromatographic—mass spectometric method using a deuterated analogue 
as internal standard was developed for the analysis of 5-hydroxytryptophol in cerebrospinal fluid. The 
analytical procedure involves the addition of the internal standard and 5-hydroxyindole to the cer- 
ebrospinal fluid followed by extraction into chloroform and derivatization with pentafluoropropionic 
anhydride. 5-Hydroxytryptophol levels in the CSF of male alcoholics and a control group were examined. 
During ethanol intoxication the mean level, 10.4 + 4.4 pmoles/ml, was significantly (P < 0.001) higher 
than in the controls, 3.31 + 0.94 pmoles/ml. The following morning the mean had decreased (P < 0.01) 
to 4.46 + 1.81 pmoles/ml. The level after 8 days was 4.70 + 2.47 pmoles/ml, which is lower than during 
intoxication (P < 0.01). The levels found during the recovery from ethanol intoxication was not 
statistically different from the levels in the control group. These results indicate that serotonin metabolism 


in the central nervous system is affected by ethanol consumption. 


Serotonin (5-hydroxytryptamine, SHT) is catabol- 
ized by the action of monoamine oxidase. The 
immediate product formed is 5-hydroxyindole ace- 
taldehyde (SHIAId). This compound is rapidly trans- 
formed either by oxidation to 5-hydroxyindole acetic 
acid (SHIAA) or by reduction to 5-hydroxytrypto- 
phol (SHTOL). The reduced product SHTOL, has 
been identified as a metabolite of exogenously 
administered 5HT [1] and has also been shown to 
occur endogenously in the urine and cerebrospinal 
fluid (CSF) of man [1-3]. 

Studies of SHT metabolism have shown that 
ethanol consumption induces an increased urinary 
excretion of SHTOL [4, 5]. This was proposed to be 
caused by a shift of SHT metabolism from SHIAA 
to SHTOL, mainly due to an_ increased 
NADH/NAD* ratio in the liver, resulting from 
ethanol metabolism. 

Investigations of SHIAA levels in CSF during the 
post-intoxication phase of alcoholics have shown 
unaltered or decreased levels [6-8]. In delerious 
states elevated SHIAA levels have been reported 
[9]. In this paper we report results of a study of the 
levels of SHTOL in the CSF of alcoholics, both 
during and after ethanol intoxication, as well as those 
of a control group. 


MATERIALS AND METHODS 


Chemicals. The SHTOL was obtained from Sigma 
Chemical Co. (St. Louis, MO); the 5-hydroxyindole 
(SHInd) from Schuchardt AG (Miinchen, GFR) and 
the pentafluoropropionic anhydride (PFPA) from 
Produktkontroll AB (Solna, Sweden). The internal 
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standard, 5-hydroxy-(a, a, 8, B-?Hs) tryptophol (5 
HTOL-*Hs), was synthesized in the laboratory, by 
a procedure reported elsewhere [10]. All other chem- 
icals used were of analytical grade. Stock solution 
of SHTOL, SHTOL-’Hs and 5HInd were prepared 
in 95% ethanol and stored at —18°. 

CSF samples. Male alcoholic inpatients at the 
Alcoholic Clinic, Karolinska Hospital, were inves- 
tigated. All fulfilled the criteria of dependence 
according to WHO, 1964 [11]. The age range was 
28-76 yr. Apart from alcohol dependence, none had 
any serious somatic or psychiatric disorders. As far 
as could be determined the patients had received no 
prescribed medication prior to arrival at the hospital 
and were treated by either Amobarbital 0.6 g/day, 
Oxazepam 60 mg/day or Metylperon 300 mg/day (a 
butyrophenone drug) in a double-blind manner. No 
other drugs or alcohol were allowed during the 
period in hospital and patients were checked by 
toxicological analyses of urine for drugs and alcohol 
during the period of CSF sample collection. 

In the first group of patients, CSF was collected 
immediately after admittance (day 1) to hospital 
between 10.00 a.m. and 5.00 p.m. These patients 
were still intoxicated. In the second group lumbar 
puncture was performed the first morning after 
admittance (day 2) at 8.00 a.m. when patients were 
abstinent but sober. The third group was investigated 
at 8.00 a.m. after 8 days in hospital. In the latter 
two groups patients had received no food during the 
previous 8 hr. 

In the control group, CSF was collected from 10 
patients on different neurological investigations. The 
patients received no prescribed medication and were 
of mixed sexes (5 males and 5 females). The age 
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range was 27-70 yr, mean 44. The CSF was with- 
drawn between 10.00 a.m. and 1.00 p.m. 

The lumbar punctures were performed with the 
patients in a sitting position and 12 ml of CSF was 
withdrawn. The CSF was shaken, and within 30 min 
centrifuged at 2000 g for 15 min and immediately 
placed under storage at —20°. 

Preparation of CSF samples. Aliquots of 1.0 ml 
of CSF were pipetted into 15 ml glass stoppered 
tubes and 53.7 pmoles SHTOL-*Hs, 13.2 nmoles 
SHInd, 400 mg NaCl and 0.10 ml 4 M HCOOH 
(containing 0.5 mM of ascorbic acid) were added. 
After addition of 7.0 ml of CHCls, the samples were 
shaken for 10 min and centrifuged at 1000 g for 5 
min. The CHCl; layers were transferred to clean 
tubes and evaporated to dryness under a stream of 
nitrogen. 

The residues were treated with 50 yl of 1% (v/v) 
triethylamine solution in benzene and 50 wl of PFPA 
at 60° for 15 min. After cooling, the excess reagent 
was evaporated under a stream of nitrogen. The 
residues were dissolved in 1.0 ml of benzene and 
extracted with 0.20 ml of H2O. The benzene layers 
were transferred to clean tubes and evaporated to 
dryness under a stream of nitrogen and redissolved 
in 10 wl of ethyl acetate. These extracts were analysed 
by GCMS. 

The reproducibility of individual analysis of 
SHTOL was determined by analysing eight 1.0 ml 
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aliquots of a pool of CSF. The pool consisted of 
lumbar CSF obtained from various sources. 

Preparation of standard samples. For quantitation 
purposes standard samples containing SHTOL (0-— 
17.0 pmoles) were prepared in 1.0 ml of an aqueous 
solution of: NaH2POs;-H20 (0.57 mM), 
Na2HPO;-12H2O (0.12 mM), MgCh-6 H20 (0.40 
mM), CaCh-2 H20 (0.49 mM), KC1 (3.0 mM), NaCl 
(120 mM), NaHCO; (25 mM) and human serum 
albumin (250 mg/l). The samples were prepared for 
SHTOL analysis as described above for CSF samples. 

Gas chromatography—mass_ spectrometry. The 
analysis of the CSF extracts were performed using 
an LKB 2091 gas chromatograph—mass spectrometer 
operating in a computer controlled multiple ion 
detection mode. 

The gas chromatographic separations were 
achieved using a 12 m SE 52 WCOT glass capillary 
column (I.D. 0.30 mm). Helium was used as a carrier 
and make-up gas. Splitless injections were carried 
out using a ‘moving needle’ device. The gas chro- 
matographic conditions were: injector heater 200°, 
column temperature 160°, column flow rate ~2 
ml/min and make-up gas flow rate ~ 12 ml/min. 
Aliquots of 2 yl of the samples were injected and 
an initial delay of 2 min in opening the valve was 
used to avoid contamination of the ion source. Under 
these conditions, the retention time of SHTOL- 
(PFP); and SHTOL-*H:s-(PFP)3 was approximately 
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Fig. 1. Electron impact mass spectra of SHTOL (a) and SHTOL-Hs (b) as PFP derivatives. 
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Fig. 2. Mass fragmentograms obtained from the analysis 
of a CSF extract. The mass numbers and amplifier gain 
factors are indicated in the figure. 


2.7 min. The mass spectrometric conditions were: 
separator temperature 230°, ion source temperature 
230°, electron energy 50 eV, and trap current 50 
BA. 

Quantitation. Calibration curves were constructed 
by plotting the peak height ratios (m/e 438/440, 
451/454, 615/619) of the standard samples against 
the SHTOL concentration. The SHTOL levels were 
then determined from the peak height ratios of each 
CSF sample by reference to the calibration curve. 


RESULTS 


Mass spectra of SHTOL-(PFP)3 and SHTOL~*Hs- 
(PFP)3. The electron impact mass spectra of the PFP 
derivatives of SHTOL (Fig. 1a) and SHTOL-*Hs 
(Fig. 1b) confirm the presence of three PFP groups 
per molecule. Both compounds show significant 
molecular ions (M)*:, at m/e 615 and 619, respec- 
tively. The base peaks at m/e 451 and 454 are formed 
in a B-elimation process. In addition, prominent ions 
formed in a B-cleavage fragmentation process are 
present at m/e 438 and 440. 

Identification of SHTOL in CSF. The multiple ion 
detection of SHTOL was performed by monitoring 
the ion intensities at m/e 438, 451 and 615 for SHTOL 
and m/e 440, 454 and 619 for SHTOL-*Hs, using 
separate injection for each ion pair; m/e 438/440, 
451/454 and 615/619. The chromatograms obtained 
from the analysis of CSF extracts (Fig. 2) show that 
CSF contains a compound possessing both the same 
retention time and relative ion intensities as authen- 
tic SHTOL. 
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Fig. 3. Calibration curve used for the quantitative deter- 
mination of SHTOL. 


The determination of the reproducibility of indi- 
vidual SHTOL analysis (Table 1) showed that 
approximately the same level was found for all three 
ion pairs, with an experimental error less than 6 per 
cent. 

Quantitation of SHTOL in CSF of alcoholics and 
controls. The quantitation of SHTOL in the CSF of 
alcoholics and controls utilized the peak height ratios 
at m/e 451/454. A typical calibration curve (obtained 
at m/e 451/454) is shown in Fig. 3. As seen, the curve 
is a Straight line over a concentration range of 0-17.0 
pmole/ml of 5SHTOL and intercepts the Y-axis near 
the origin. 

The analysis of CSF from the control group showed 
a mean value of 3.31 + 0.94 pmole/ml (Table 2). No 
correlation of the SHTOL level to either sex or age 
were observed. 

The analyses of CSF taken from alcoholics during 
ethanol intoxication (day 1), revealed significantly 
higher levels of SHTOL in comparison with those 
of the controls (Table 2). The following day (day 2), 
when the patients were sober, the SHTOL levels had 
decreased significantly. The mean level was higher 
than in the controls but not statistically different. At 
day 8, the mean level of 5HTOL was similar to the 
one found at day 2. Further, the levels were sig- 
nificantly lower than during intoxication but not 
statistically different from the control group. 


DISCUSSION 


The result obtained using multiple ion detection 
confirms earlier reports on the presence of SHTOL 


Table 1. Reproducibility of SHTOL analysis in CSF 





m/e 438/440 


SHTOL* 


m/e 451/454 m/e 615/619 





Pooled CSF 

Experimental 
error (% of 
mean 


6.34 + 0.25 


3.9 


6.08 + 0.33 6.01 + 0.09 


5.5 





* The results are expressed in pmoles/ml + S.D. (N = 8). 
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Table 2. Levels of SHTOL in the CSF of alcoholics and 


controls 





Subject SHTOL* 





3.31 + 0.94 
10.4 + 4.47 
4.46 + 1.814 
4.70 + 2.47% 


Control group 

Alcoholics, day 1 
Alcoholics, day 2 
Alcoholics, day 8 





* The results are expressed in pmole/ml + S.D. 
+ Differs from control group (P < 0.001). 
t Differs from alcoholics, day 1 (P < 0.01). 


in human CSF (Table 1 and Fig. 2). Almost identical 
levels were found for all ion pairs used, indicating 
a high specificity of the method. As previously 
reported [3] considerable losses (90-95 per cent) of 
SHTOL occur during the extraction procedure, 
unless certain precautions are taken. In the earlier 
study, addition of human serum (0.10 ml/ml CSF) 
was employed to minimize losses. The present 
method involves the addition of SHInd as a carrier 
which provided a high recovery of SHTOL. 

The level of SHTOL in the CSF of the control 
group is in agreement with levels previously reported 
in patients suffering from various neurological dis- 
orders [3]. Comparison with the reported levels of 
SHIAA in CSF of healthy volunteers [12], 102-107 
pmole/ml, shows that SHTOL is a minor SHT 
metabolite. 

The decline of the SHTOL level in CSF following 
recovery from the ethanol intoxication suggests that 
the presence of ethanol is a main factor contributing 
to the elevated SHTOL levels. The mean level in 
the alcoholics was still higher following abstention 
from alcohol for one week, indicating that other 
factors may also be involved. 

It is widely assumed that the CSF monoamine 
metabolites originate from CNS. This has previously 
been used as one approach to the study of mono- 
amine metabolism in brain in connection with various 
psychiatric disorders and the effect of ethanol intox- 
ication [7, 8, 12]. If the assumption is correct, the 
elevated levels found in the present study during and 
after ethanol intoxication may reflect an increased 
rate of formation of SHTOL in the CNS. This can 
be thought of as arising either from an increased 
SHT turnover or a shift in product formation from 
SHIAA to SHTOL, or both. 

Evidence of an increased 5HT turnover in brain 
has been reported to occur in animals during long- 
term ethanol intoxication [13]. Kinetic studies of the 
enzymes involved in the metabolism of SHIAId have 
shown that ethanol, through the action of acetal- 
dehyde, is capable of partly inactivating the pathway 
leading to the formation of SHIAA [14]. This inac- 
tivation may be the result both of competitive inhi- 
bition of aldehyde dehydrogenase by acetaldehyde 
[15] and of an increased NADH concentration in 
brain [16]. The inactivation will result in an increased 
SHIAId level, inducing a new steady state where the 
increase of SHTOL formation equals the loss of 
aldehyde dehydrogenase activity. Thereby, a shift 
from 5HIAA to SHTOL is produced. It therefore 
seems reasonable to assume that both an increased 
SHT turnover and a shift of product formation con- 


O. BECK et al. 


tributes to elevate SHTOL levels in CSF during the 
intoxication. 

With regard to the post-intoxication phase, pre- 
vious studies of SHIAA levels in CSF have shown 
unaltered or decreased levels [6,8]. Other mech- 
anisms than the ones discussed for the intoxication 
phase must therefore be considered to explain the 
elevated levels of SHTOL found after recovery from 
ethanol intoxication. Both inactivation of aldehyde 
dehydrogenase and activation of alcohol reductase 
may be involved. Still another factor to be considered 
is the transport of SHTOL from the CSF. 

The significance of an increased production of 
SHTOL is not known. In animals, SHTOL has been 
implicated in the control of sleeping time and tem- 
perature regulation but this has not been investigated 
in man [17-19]. The present study may be interpreted 
as providing evidence for the presence of acetalde- 
hyde and elevated SHIAId levels in the CNS during 
ethanol intoxication. These aldehydes may condense 
with brain monoamines to form compounds which 
increase voluntary intake of ethanol in rats [20]. 
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Abstract—Treatment of adult rats with 3-methylcholanthrene over a 3-day period produced significant 
decreases in hepatic ATP concentrations and elevated the activities of 6-phosphogluconate dehydro- 
genase and malic enzyme. The decline in ATP was accompanied by a decrease in total adenine 
nucleotides; however, ATP/ADP ratios were essentially the same in livers of normal and 3-methyl- 
cholanthrene-treated rats, and no significant changes were noted in glycolytic and citric acid cycle 
intermediates. Thus, hepatic energy metabolism does not appear to be altered grossly after 3-methyl- 
cholanthrene treatment. NADP*/NADPH ratios calculated from substrates assumed to be in near 
equilibrium with malic enzyme, isocitrate dehydrogenase and 6-phosphogluconate dehydrogenase 
increased after 3-methylcholanthrene treatment; these changes were accompanied by significant increases 
in the activity of malic enzyme and 6-phosphogluconate dehydrogenase. Oxidation of hepatic NADPH 
and elevation of activities of several NADPH-generating enzymes by 3-methylcholanthrene indicates 
that this agent which induces components of the mixed-function oxidase system also elevates the capacity 


of the liver to form NADPH. 


The effects of inducing agents, such as phenobar- 
bital, on the activities of the mixed-function oxidase 
system and UDP glucuronyl transferase involved in 
glucuronidation are well documented [1,2]; how- 
ever, relatively little is known about the effects of 
these agents on other pathways of intermediary 
metabolism. Consideration of the actions of inducing 
agents on other enzyme systems, such as those which 
supply NADPH and activated substrates for con- 
jugation, is especially important, since the supply of 
these cofactors may be rate-limiting in intact cells 
[3,4]. Phenobarbital has been shown to alter the 
capacity of the liver to form NADPH as well as to 
induce components of the mixed-function oxidase 
system. Activities of glucose-6-phosphate dehydro- 
genase [5] and malic enzyme were elevated in livers 
of rats pretreated with phenobarbital [6,7]. In 
addition, phenobarbital pretreatment produced a 
more oxidized state of the NADPH redox system 
and lowered the intracellular concentrations of ATP 
[7]. These latter effects could contribute to enhanced 
generation of NADPH in the intact liver, since the 
major NADPH-generating enzymes are strongly 
regulated by the NADP*/NADPH ratio [8] and 
inhibited by ATP [9, 10]. 

3-Methylcholanthrene is a carcinogen which 
induces the activity of aryl hydrocarbon hydroxylase 
[1], an NADPH-dependent mono-oxygenase system 
with forms of cytochrome P-450 different from those 
induced by phenobarbital [11, 12]. Further, pheno- 
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barbital, but not 3-methylcholanthrene, induces 
cytochrome P-450 reductase. The present experi- 
ments were designed to examine whether 3-methyl- 
cholanthrene can alter the capacity of the liver to 
form NADPH. 


MATERIALS AND METHODS 


Animals. Female Sprague-Dawley rats received 
3-methylcholanthrene (20 mg/kg, i.p.) or an equiv- 
alent volume of the corn oil vehicle for 3 days prior 
to perfusion experiments. This protocol has been 
shown to produce maximal induction of the aryl 
hydrocarbon hydroxylase (EC 1.14.1.1) [13]. 

Liver perfusion. Details of the perfusion technique 
have been described elsewhere [14]. Briefly, livers 
were perfused with Krebs—Henseleit bicarbonate 
buffer |15], pH 7.4, saturated with an oxygen—carbon 
dioxide mixture (95 : 5) in a non-recirculating system. 
The fluid (37°) was pumped via a cannula in the vena 
cava through the liver and past a teflon-shielded 
oxygen electrode. Rates of oxygen uptake were rou- 
tinely calculated from the liver weight, flow rate, 
and the arterial-venous oxygen concentration dif- 
ference as a measure of tissue viability. 

Metabolite and enzyme determinations. Metab- 
olites were measured in HCIO; extracts of livers that 
had been freeze-clamped with tongs chilled in liquid 
nitrogen [16]. Samples of frozen liver weighing about 
200 mg were powdered and extracted with 0.3M 





698 F. C. KAUFFMAN et al. 


HC10Os as described previously [17]. The protein-free 
extracts were neutralized with 2M KHCO; and 
stored at —80° until assayed for metabolites. 

Intermediates of the Embden—Meyerhoff pathway 
were measured enzymatically by fluorometric pro- 
cedures described by Lowry and Passonneau [18]. 
Intermediates of the tricarboxylic acid cycle were 
measured by the methods of Goldberg et al. [19]. 
Cytoplasmic NADP*/NADPH ratios were calcu- 
lated as described previously [7]. 

Activities of glucose-6-phosphate dehydrogenase 
(EC 1.1.1.49), 6-phosphogluconate dehydrogenase 
(EC 1.1.1.43), malic enzyme (EC 1.1.1.40), isocit- 
rate dehydrogenase (EC 1.1.1.42) and glutathione 
reductase (EC 1.6.4.2) were measured in liver hom- 
ogenates, as described previously [7, 10]. 


RESULTS 


Pretreatment of rats with 3-methylcholanthrene 
for 3 days enhanced the activities of several NADP’- 
dependent dehydrogenases and altered the steady- 
state concentrations of several metabolites. The 


activities of 6-phosphogluconate dehydrogenase and 
malic enzyme were increased 18 and 64 per cent 
respectively (Table 1). In contrast, the activities of 
isocitrate dehydrogenase, glutathione reductase and 
glucose-6-phosphate dehydrogenase were not 
altered significantly by 3-methylcholanthrene treat- 
ment. Elevated activities of hepatic 6-phosphoglu- 
conate dehydrogenase, malic enzyme and glucose-6- 
phosphate dehydrogenase have been noted pre- 
viously in rats treated with 3-methylcholanthrene 
[20]. 

Pretreatment of rats with 3-methylcholanthrene 
caused both total adenine nucleotides and ATP levels 
to decline about 20 per cent (Table 2); however, 
concentrations of ADP and AMP, ATP/ADP ratios, 
and the energy charge were not altered significantly. 

NADP*/NADPH ratios, calculated from sub- 
strates assumed to be in near equilibrium with malic 
enzyme, isocitrate dehydrogenase and 6-phospho- 
gluconate dehydrogenase, tended to increase follow- 
ing treatment with 3-methylcholanthrene (i.e. the 
NADPH redox state was more oxidized) (Table 3). 

Alterations in steady-state concentrations of 


Table 1. Enzyme activities in homogenates of livers from normal and 3-methylcholanthrene-treated rats* 





Isocitrate 


Treatment dehydrogenase 


Glutathione 
reductase 


Malic 
enzyme 


6-Phosphogluconate 
dehydrogenase 
(umoles/min/g protein) 


Glucose-6-phosphate 
dehydrogenase 





Normal (4), 
3-Methylcholanthrene (5) 


10.4 + 0.8 
12.3 + 0.37 





* Enzyme activities were measured in homogenates of whole liver. Values are averages + S.E.M. from the number 


of livers indicated in parentheses. 
+ P<0.05. 
tP<0.01. 


Table 2. Adenine nucleotides in perfused livers from normal and 3-methylcholanthrene-treated rats* 





Treatment ATP 


ADP 


Total adenine 
AMP phosphates 
(umoles/kg wet wt) 


ATP: ADP 





2238 + 94 
1784 + 57+ 


Normal (9) 
3-Methylcholanthrene (10) 


673 + 23 
614 + 29 


152 + 16 
142 + 22 


2995 + 76 
2510 + 75¢ 





* Values are averages + S.E.M. obtained from the number of livers shown in parentheses. 


+ P <0.05 (3-methylcholanthrene vs :ormal). 
tP<0.01. 


Table 3. NADP* : NADPH ratios in perfused livers from 3-methylcholanthrene-treated rats* 





Treatment Malic enzyme 


Isocitrate 
dehydrogenase 


6-Phosphogluconate 
dehydrogenase 





None 
3-Methylcholanthrene 





* Values were calculated from measured concentrations of malate and pyruvate (malic 
enzyme), a-ketoglutarate and isocitrate (isocitrate dehydrogenase), and ribulose-5-phosphate 
and 6-phosphogluconate (6-phosphogluconate dehydrogenase), and are averages + S.E.M. 
Ratios were calculated from measured concentrations of substrates and equilibrium constants 


for each of the three dehydrogenases [21]. 





Effects of 3-methylcholanthrene on intermediary metabolism 


Table 4. Pentose phosphate pathway intermediates in normal and 3-methylcholanthrene-treated rats* 





Treatment 6-Phosphogluconate 


Ribulose-5-phosphate 
(umoles/kg wet wt) 


Xylulose-5-phosphate 





3.82 + 0.31 
4.89 + 0.58 


Normal (9) 
3-Methylcholanthrene (10) 


16.71 + 4.99 
36.21 + 8.287 


7.30 + 3.98 
14.27 + 4.27 





* Values are averages + S.E.M. of the same livers shown in Table 2. 


+P<0.10. 


Table 5. Citric acid cycle intermediates in perfused livers from normal and 3-methylcholanthrene- 
treated rats* 





Treatment Citrate 


Isocitrate 


a-Ketoglutarate Malate 


(umoles/kg wet wt) 





95.46 + 16.17 
79.09 + 10.41 


Normal (9) 
3-Methylcholanthrene (10) 


6.14 + 0.62 
5.05 + 0.66 


87.38 + 8.41 
83.46 + 6.93 


267.42 + 8.64 
247.13 + 19.52 





* Values are averages + S.E.M. of the same livers shown in Table 2. 


metabolites measured in livers from 3-methylchol- 
anthrene-treated rats suggest that the carcinogen 
enhanced metabolic flux via the pentose phosphate 
pathway. Data in Table 4 compare concentrations 
of 6-phosphogluconate, ribulose-5-phosphate and 
xylulose-5-phosphate in livers of normal and 3- 
methylcholanthrene-treated rats. Concentrations of 
xylulose-5-phosphate and __ ribulose-5-phosphate 
tended to increase (P < 0.1), while 6-phosphoglu- 
conate concentrations were unchanged. In contrast, 


concentrations of a number of key intermediates in 
the citric acid cycle, including citrate, isocitrate, a- 
ketoglutarate and malate, were unaffected by 3- 
methylcholanthrene treatment (Table 5). 


DISCUSSION 


In addition to the well-documented induction of 
microsomal cytochrome P-448 [16], data presented 
here indicate that 3-methylcholanthrene also 
enhances the capacity of the liver to produce 
NADPH. This action occurs via three actions of the 
carcinogen: (1) increasing the activities of several 
NADPH-generating enzymes, (2) lowering of 
hepatic ATP concentrations, and (3) oxidation of 
intracellular NADPH. The decline in ATP produced 
by 3-methylcholanthrene could theoretically produce 
deinhibition of glucose-6-phosphate dehydrogenase 
which has a K; for ATP of 1.85 mM [9, 10], a value 
which is comparable to ATP concentrations noted 
in the intact liver (Table 2). This reduction of ATP 
concentrations probably does not deinhibit other 
NADPH-generating enzymes, since the K; of ATP 
for malic enzyme, 6-phosphogluconate dehydrogen- 
ase and isocitrate dehydrogenase are 0.009, 0.114 
and 0.181 mM, respectively [9, 10]. These values are 
significantly lower than ATP concentrations noted 
in control or 3-methylcholanthrene-treated livers. 
On the other hand, since free ATP is undoubtedly 
lower than total concentrations measured in tissue 
extracts, deinhibition of the latter three enzymes 
cannot be ruled out. 

Oxidation of the intracellular NADP*/NADPH 


redox system would be expected to stimulate metab- 
olism of hexose phosphates via the pentose pathway. 
NADP*/NADPH ratios calculated from substrates 
assumed to be in near equilibrium with dehydro- 
genases in rat liver under normal physiological con- 
ditions indicate that the two dehydrogenases of the 
pentose phosphate pathway are over 90 per cent 
inhibited [8]. Moreover, slight increases in 
NADP*/NADPH ratios have been shown to result 
in relatively large increases in the activity of 6-phos- 
phogluconate dehydrogenase in vitro [7]. Increases 
in ribulose-5-phosphate and xylulose-5-phosphate 
measured in livers of 3-methylcholanthrene-treated 
rats (Table 4) support the hypothesis that metabolism 
via the pentose pathway was enhanced in this tissue 
by carcinogen pretreatment. 

The experiments presented suggest that 3-methyl- 
cholanthrene produces a metabolic state in hepa- 
tocytes geared toward rapid NADPH generation. 
The capacity of 3-methylcholanthrene to enhance 
NADPH formation in rat liver appears to involve 
both acute and chronic effects. Induction of the two 
NADP*-dependent dehydrogenases (6-phospho- 
gluconate dehydrogenase and malic enzyme; Table 
1) by 3-methylcholanthrene would be expected to 
produce long-term effects, whereas alterations in 
steady-state concentrations of ATP and substrates 
which supply reducing equivalents are subject to 
other metabolic events which may rapidly alter this 
action of 3-methylcholanthrene [10]. It has been 
shown that rates of mixed-function oxidation in the 
perfused rat liver and isolated hepatocytes are rate- 
limited by the supply of NADPH (3, 22, 23]. Thus, 
increased biosynthesis of NADPH as well as 
increased cytochrome P-448 content should be taken 
into account to explain increased rates of polycyclic 
aromatic hydrocarbon oxidation in intact livers of 
3-methylcholanthrene-treated animals. Further 
study is required to determine whether alteration of 
the cofactor supply is unique to 3-methylcholan- 
threne and phenobarbital, or is a general phenom- 
enon that occurs with all compounds that induce 
mixed-function oxidation. 
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Abstract—The effects of chronic L-dopa treatment on rat striatal adenylate cyclase and dopamine- 
receptor binding activities were studied using an oral dose of Sinemet (250 mg L-dopa/25 mg carbidopa). 
The calculated average daily oral intake of L-dopa was 150 mg/rat. A 4-fold increase in the ECso for 
dopamine on adenylate cyclase activity in homogenates of the caudate nucleus was observed in the oral 
drug-treated group with no change in the maximal level of enzyme activity. Binding studies using 
(?H]spiroperidol, a dopamine-receptor antagonist, revealed a decrease in the dissociation constant from 
0.26 nM in the control group to 0.069 nM in the oral drug-treated group. In addition, the Bmax for 
[°H]spiroperidol specific binding in the animals receiving oral L-dopa increased by 300 fmoles/mg over 
that observed in the control group. Dopamine-sensitive adenylate cyclase and binding activities in 
animals receiving a lower dose of L-dopa alone, given intraperitoneally (50 mg/kg) twice daily, were 
determined to be similar to control values. Analysis of the cerebrospinal fluid biogenic amine metabolites, 
homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5-HIAA) and 3-methoxy-4-hydroxyphenylethy- 
leneglycol (MHPG), by gas chromatography/mass spectrometry revealed a 13-fold increase in HVA 
following oral L-dopa and a 44 per cent increase in MHPG levels. These data, which demonstrate an 
increased number of dopamine binding sites following long-term L-dopa therapy, are consistent with 
demonstrations of behavioral hypersensitivity in animals undergoing this particular drug treatment. The 
results also suggest that the subsensitivity of the adenylate cyclase system may reflect a side effect of 


this drug, due to prolonged administration. 


For the past 10 years, 3,4-dihydroxy-L-phenylalanine 
(L-dopa) has been used successfully as a therapeutic 
agent for Parkinson’s disease. Although substantial 
data exist to document the therapeutic efficacy of 
this drug treatment [1], a surprisingly small number 
of chronic L-dopa studies measuring biochemical 
changes in receptors appear in the literature [2-4]. 
Long-term drug studies in animals can provide val- 
uable clinical information on the mechanism of drug 
action and can contribute to a better understanding 
of the side effects of such therapy. Clinical obser- 
vations made by Cotzias et al. [5] have shown that 
the initial therapeutic efficacy of L-dopa is enhanced 
by chronic treatment, and that the maintenance dose 
for many patients may be reduced. However, most 
patients on prolonged L-dopa therapy either become 
refractory to the drug [6], or develop ‘on-off’ 
phenomena [7] or dyskinesias [8]. Although the pre- 
cise mechanism by which this refractoriness occurs 
remains to be elucidated, one suggestion which has 
been offered to explain refractoriness during chronic 
L-dopa treatment is that, with the progression of the 
disease, there may be a decrease in the number of 
dopaminergic cells in the Parkinsonian patient [9, 10]. 
This reduction in dopamine neurons might lead to 
receptor hypersensitivity, but the increase in recep- 
tor activity would not be sufficient to compensate for 
refractoriness. Another possibility is that L-dopa- 
induced refractoriness may be due to changes in the 
molecular topography of the dopamine receptor. 
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Thus, the administration of L-dopa in combination 
with other agents which interact with a specific class 
of dopamine receptors, such as the ergot alkaloids 
[11], have been used to overcome the refractoriness 
associated with long-term L-dopa treatment. 
Biphasic alterations between dyskinetic episodes 
and the re-emergence of Parkinsonism are complex 
incidents which have been termed ‘on-off’ phenom- 
ena. This event is best defined as a rapid, unpre- 
dictable oscillation between dyskinetic and akinetic 
states which are unrelated to the timing of L-dopa 
administration [7, 12-14]. The biochemical manifes- 
tations of these phenomena are still unclear, but it 
has been suggested that a sudden change in either 
the effective dopamine concentration at the receptor 
sites or a desensitization of brain dopamine receptors 
due to elevated dopamine levels in L-dopa-treated 
Parkinson’s patients may be responsible for the on— 
off phenomena [15, 16]. One approach to elucidating 
the mechanism by which L-dopa precipitates these 
side effects is to assess the biochemical integrity of 
the dopamine receptor following long-term L-dopa 
therapy. Several parameters have been used suc- 
cessfully in the past to characterize the biochemical 
and molecular changes in the dopamine receptor. 
The ones selected for this study were dopamine- 
sensitive adenylate cyclase and dopamine receptor 
binding using [*H]spiroperidol. For comparative pur- 
poses, two routes of drug administration, an oral 
dose of Sinemet (250 mg L-dopa, 25 mg carbidopa) 
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and an intraperitoneal (i.p.) injection of a low dose 
of L-dopa twice daily (S50 mg/kg), were also included 
in this study. 

It has been discovered that long-term drug therapy 
which alters the level of one neurotransmitter in the 
central nervous system (CNS) may effect changes in 
other transmitter systems [17]. This response may 
be a compensatory change which has therapeutic 
benefit or an unwanted secondary side effect of the 
drug regimen. Therefore, in addition to studying the 
biochemical responsiveness of the dopamine recep- 
tor following chronic L-dopa treatment, data are 
presented on the CNS _ norepinephrine-sensitive 
adenylate cyclase in control and drug-treated animals 
along with cerebrospinal fluid (CSF) measurements 
of y-aminobutyric acid (GABA) and several neu- 
rotransmitter metabolites. 


MATERIALS AND METHODS 


For the chronic i.p. injection study (21 days), male 
Sprague-Dawley rats (Timco Laboratories, Hous- 
ton, TX, 150-250 g) were housed twelve to a cage. 
Food and water were available ad lib. throughout 
the experiment. L-dopa stock solution was prepared 
weekly by dissolving 15 mg L-dopa/ml in 0.2 N HCl. 
The i.p. injection dose, 50 mg/kg, was made fresh 
daily by diluting 1 vol. of stock L-dopa solution with 
2 vol. of normal saline to a final concentration of 
5 mg/ml and a pH of 3.2. Randomly, 25 per cent of 
the rats were weighed daily and an average dose was 
computed based on the average weight. Intraperi- 
toneal injections were given twice daily (morning 
and late afternoon). The average dose computed for 
the morning injections were used also for the after- 
noon injections. Control animals were injected with 
physiological saline (pH 3.2). 

For the chronic oral study (11 days), rats were 
housed four to a cage. Sinemet tablets, containing 
250 mg L-dopa and 25 mg carbidopa, were pulverized 
and homogenously mixed with the standard diet, 
using a Hobart mixer, so that the final concentration 
of the drug was 250 mg L-dopa/20 g of laboratory 
chow. Controls were given only the standard diet. 
The control rats consumed approximately 21 g of 
food/day, while the experimental rats on the average 
consumed 12 g of food/day. Thus, the average con- 
sumption of L-dopa was about 150 mg/rat/day. These 
values were calculated by monitoring the daily food 
intake. 

CSF was collected from individual rats anesthe- 
tized with an i.p. injection of chloral hydrate 
(400 mg/kg). The cisterna magna was punctured with 
a blunted Butterfly needle attached to a cannula, 
and the CSF was collected by gravity into a glass 
microfuge tube on ice [18]. Using this procedure, 
approximately 300 ul of CSF can be collected. CSF 
collected for GABA analysis was blood free; some 
samples in which the metabolites were analysed 
contained trace amounts of blood. The samples were 
centrifuged to remove blood elements prior to stor- 
age. Preliminary studies have demonstrated that 
these small quantities of blood do not alter CSF 
metabolite levels significantly (I. J. Butler, unpub- 
lished observations). 

To assess the metabolism of the biogenic amines, 
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the metabolites homovanillic acid (HVA), 5- 
hydroxyindoleacetic acid (S-HIAA) and 3-methoxy- 
4-hydroxyphenylethyleneglycol (MHPG)_ were 
determined in CSF by combined gas chroma- 
tography/mass spectrometry (g.c./m.s.), using stable 
isotope-labeled internal standards. The procedure 
used was a modification of the method used by Swahn 
etal. [19]. The deuterated analogs of the metabolites, 
HVA-d2, 5-HIAA-d2 (Merck & Co., Rahway, NJ) 
and MHPG-d; (LKB Instruments, Inc., Pleasant 
Hill, CA) (100 ng each), were added to 150-250 ul 
of rat CSF (which had been stored with ascorbic acid 
at —80°). After adjusting the pH to 2.5 with 0.1N 
HCl, the solution was saturated with NaCl and 
extracted three times with 2 ml ethyl acetate. The 
organic layers were combined, evaporated under N2, 
and the residue was redissolved in a small amount 
of methanol and transferred to a 1-ml conical reac- 
tion vial fitted with a Teflon-lined screw cap. After 
the methanol was evaporated in vacuo, the residue 
was derivatized with a mixture of pentafluoropro- 
pionic anhydride (PFPA, 50 ul) and 2,2,3,3,3-pen- 
tafluoropropanol (PFPOH, 50 yl) for 1.5 hr at 60°. 
Following evaporation of the reagents in vacuo, the 
residue was dissolved in 10 yl ethyl acetate contain- 
ing 1% PFPA. Quantitative analyses were performed 
on a Finnigan model 3300 GC/MS, using electron 
impact ionization. Chromatographic separation was 
achieved using a glass column (1.5m X 2 mm i.d.) 
packed with 3% OV-17 on 80/100 mesh Gas-Chrome 
Q (Applied Science Laboratories, State College, 
PA). Quantitation was accomplished by selectively 
monitoring the ions at m/e 458/461 (MHPG/MHPG- 
ds), 460/462 (HVA/HVA-d2) and 438/440 (5- 
HIAA/S5-HIAA-d2). 

Cerebrospinal fluid concentrations of GABA were 
determined by chemical ionization g.c./m.s., by a 
modification of the procedure of Ferkany et al. [20]. 
The rat CSF (200-300 yl) was lyophilized following 
the addition of GABA-d2 (Merck & Co., 20 ng). 
The residue was then extracted three times with 
300 ul of 80% ethanol. Following evaporation of the 
combined ethanol extracts in vacuo, the residue was 
esterified with a mixture of SOCl/methanol (1:5) 
at room temperature for 30 min. The reagents were 
removed in vacuo, and the residue was derivatized 
with heptafluorobutyric anhydride (HFBA) for 1 hr 
at 45°. Following removal of the reagents in vacuo, 
the heptafluorobutyryl-GABA methyl ester was dis- 
solved in 10 yl ethyl acetate. Quantitative analyses 
were performed using chemical ionization g.s./m.s. 
Chromatographic separation was achieved using a 
glass column (1.5m X2mm i.d.) packed with 
10% Silar SC (Applied Science Laboratories), which 
was programmed from 140 to 210° at 6°/min. Meth- 
ane was used as the carrier/reagent gas. The ions at 
mie 282/284 were selectively monitored to quantitate 
GABA and its deuterated analog. 

For the measurement of dopamine-sensitive 
adenylate cyclase, the animals were decapitated, and 
the caudate nucleus was rapidly dissected and 
assayed for enzyme activity as described previously 
[21]. The method of Cote and Kebabian [22] was 
used for the measurement of cerebellar norepine- 
phrine-sensitive adenylate cyclase, with the following 
modification: cerebellar tissue was homogenized in 
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10 vol. of a solution of 2mM Tris maleate-2 mM 
ethylene glycol-bis (8-aminoethyl ether)-N,N’-tetra- 
acetic acid (EGTA). Also, the standard assay mix- 
ture was pre-incubated at 0° for 20 min. before the 
addition of the mixture of ATP and GTP, 1.5mM 
and 30 nM respectively. 

[*H]Spiroperidol (23.6 Ci/nmole, New England 
Nuclear, Boston, MA) was used in all binding stud- 
ies. The binding assay was performed on the P2 
fraction of the striatum as previously described [23]. 
Protein was determined by the method of Lowry et 
al. [24]. Student’s t-test was used for statistical analy- 
sis of the data. 


RESULTS 


The effect of long-term L-dopa therapy on striatal 
adenylate cyclase activity is shown in Fig. 1. The 
apparent ECso for dopamine stimulation of adenylate 
cyclase activity increased from 5 uM in controls to 
20 uM in those animals receiving a high dose of the 
drug (oral group), with no change in the maximal 
level of enzyme activity compared to the control 
group. No detectable change in dopamine-sensitive 
adenylate cyclase activity was observed following 
intraperitoneal injections of a low dose of L-dopa for 
21 days as compared to control animals (data not 
shown). In the cerebellum, an increased affinity for 
norepinephrine-stimulated adenylate cyclase activity 
was observed with both high and low dose L-dopa 
(Fig. 2). The maximum level of enzyme activity was 
observed to decrease following oral and :.p. admin- 
istration of L-dopa by 20 and 80 per cent, respec- 
tively, compared to control animals. 

The data showing analysis of the CSF for the 
following neurotransmitter metabolites, HVA, 5- 
HIAA and MHPG, appear in Table 1. A marked 
increase in the catecholamine metabolite, HVA, was 
detected following oral L-dopa, but not with a low 
dose of the drug. This change in CSF HVA levels 
represented a 1300 per cent increase following oral 
L-dopa. In addition, a 44 per cent increase in MHPG- 
levels was observed following oral L-dopa (Table 1), 
with no change in GABA levels compared to control. 
Although there was a decrease in CSF 5-HIAA after 
oral L-dopa, the levels did not reach statistical sig- 
nificance. L-dopa given intraperitoneally led to a 
significant decrease (27 per cent) in the norepineph- 
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Fig. 1. Effect of orally administered L-dopa on dopamine- 
sensitive adenylate cyclase activity in homogenates of rat 
striatum. Enzyme activity was measured as described in 
Materials and Methods. Values shown represent the 
means + S.E.M. for triplicate samples from four separate 
experiments. The data are plotted as an increase above 
basal activity. Key: (O——O) control; and (@——®) L- 
dopa. 
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Fig. 2. Effect of L-dopa on norepinephrine-sensitive activity 
in homogenates of rat cerebellum. Enzyme activity 
was measured as described in Materials and Methods. 
Values shown represent the means + S.E.M. for triplicate 
determinations from four separate experiments. The data 
are plotted as an increase above basal activity. 
Key:(O——O) control; (@——@) oral L-dopa; and 
(A—A) i.p. L-dopa. 


Table 1. CSF metabolites and GABA levels in chronic L-dopa-treated animals* 





Drug treatment MHPG 


HVA 5-HIAA GABA 





Oral administration 
None (9) 
L-Dopa ( 6) 


a2 
36+7 
P<0.2 
Intraperitoneal administration 

None (8) 30 +2 
L-Dopa (10) 2x2 
P<0.01 


372 + 48 
296 + 54 
P<0.4 


72 +6 
956 + 433 
P<0.025 


25 + 2 (8) 
27 + 3 (10) 
P<0.5 


275 + 30 
249 + 10 
P<0.5 


71+4 
62 +3 
P<0.2 





* Mean values are given in ng/ml of CSF and the numbers in parentheses represent the 
number of animals used for the control and drug-treated groups. The CSF from each 
animal was analysed separately for metabolites, but the data show the average value 
determined for all animals in the group, except for GABA in which the CSF from two 


animals was pooled for each data point. 
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Fig. 3. Panel a: Saturation curve of specific [*H]spiroperidol binding to homogenates of rat striatum 

following orally administered L-dopa. The binding assay was performed as described in Materials and 

Methods. Key: (O——©) control; and (@——®) L-dopa. The data represent the values from pooled 

striata from ten animals and are from a representative experiment. The average S.E.M. was less than 
10 per cent. Panel b: Scatchard plot of the data which appear in panel a. 


rine metabolite, MHPG, with no significant change 
in HVA or 5-HIAA levels. 

Binding studies using |°H]spiroperidol revealed 
significant receptor changes following the high dose 
of L-dopa. A decrease in the dissociation constant 
from 0.26 nM in control animals to 0.069 + 0.01 nM 
for [*H]spiroperidol was observed following oral 
drug administration (Fig. 3a). Moreover, an increase 
from 200+ 15fmoles/mg protein of specifically 
bound [*H]spiroperidol in the striatum of control 
rats to 500 + 65 fmoles/mg protein was detected after 
oral L-dopa (Fig. 3b). Binding studies to striatal 
membranes following a low dose of L-dopa showed 
no difference between the control and the drug- 
treated groups (data not shown). 


DISCUSSION 


Chronic L-dopa therapy is often associated with 
the on-off phenomena. It has been proposed that 
these changes in the clinical efficacy of the drug 
treatment may be due to alterations of L-dopa 
absorption from the gut, reduction in L-dopa trans- 
port across the blood-brain barrier, changes in 
dopamine distribution and metabolism in the CNS, 
or modifications of striatal dopamine receptor 
activity [25]. Previous studies with chronic admin- 
istration of specific dopamine receptor antagonists 
reveal an induced supersensitivity of dopaminergic 
mechanisms in the brain and an increase in dopamine 
receptor numbers [26]. Thus, the expected result 
from long-term agonist therapy is a decrease or sub- 
sensitivity of dopamine receptors. Support for sub- 
sensitivity of the dopamine receptor following chro- 
nic agonist treatment can be derived from data 
demonstrating a decrease in striatal dopamine recep- 
tor sites, and a decrease in cAMP formation in 
striatal slices using the dopamine agonist, bromo- 
criptine [26]. The results presented here also dem- 
onstrate a subsensitivity of the dopamine-stimulated 
adenylate cyclase system, following long-term L- 


dopa treatment, as evidenced by a 4-fold increase 
in the ECso of dopamine for the activation of striatal 
adenylate cyclase. 

It has been suggested that the effects of large 
amounts of L-dopa consumed by animals over long 
periods simulate the behavioral hypersensitivity seen 
after chronic treatment with dopamine agonists such 
as apomorphine. The behavioral excitatory effects 
of t-dopa correlate with an increase in central 
dopamine levels, a decrease in serotonin levels, and 
no change or a slight change in brain norepinephrine 
content [27-32]. These biochemical results are con- 
sistent with the CSF biogenic amine metabolite 
measurements as reported in Table 1. Also, the sig- 
nificant increases in dopamine binding sites shown 
here correlate with the behavioral observations of 
L-dopa-induced dopamine receptor hypersensitivity 
[33]. Yet, the possibility exists that L-dopa-induced 
hypersensitivity in animals may be similar to the 
hypersensitivity induced by haloperidol, a dopamine 
antagonist [34]. It has been suggested that long-term 
L-dopa therapy may lead to the production of com- 
pounds which may themselves exhibit antagonist 
action on the dopamine receptor [35]. Sourkes [35] 
has proposed that chronic L-dopa therapy can lead 
to the formation of isoquinoline alkaloids, conden- 
sation products of dopamine. Although Sandler et 
al. [36] have demonstrated the presence of these 
alkaloids in the urine, others have suggested that 
these compounds may be formed in the CNS [37, 38]. 
Davis and Walsh [39] have shown that tetrahydro- 
protoberberines (THPB) may be formed from 
dopamine and acetylaldehyde in vitro, and it has 
been demonstrated recently that THPB are com- 
petitive antagonists of dopamine-sensitive adenylate 
cyclase, with a potency comparable to chlorproma- 
zine [40]. The results presented in this report, show- 
ing that dopamine binding sites are increased fol- 
lowing chronic L-dopa therapy in a manner similar 
to that following chronic haloperidol treatment, sup- 
port the hypothesis that high concentrations of 
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dopamine may lead to the production of antagonist- 
like compounds. 

It has been proposed that the dopamine receptor 
exists in two forms: Di, which is coupled to dopa- 
mine-sensitive adenylate cyclase, and D2, which is 
uncoupled [41]. Binding studies have indicated that 
D2-type dopamine receptors have a higher affinity 
than Di dopamine receptors for ergot alkaloid 
derivatives and butyrophenone-type dopamine 
antagonists. The data presented reveal that these 
sub-classes of dopamine receptors are affected dif- 
ferently by 1-dopa therapy. An increase in D2-type 
receptors was detected, whereas D, subsensitivity 
was observed following long-term L-dopa therapy. 
Since treatment with bromocriptine, an ergot alka- 
loid, has been shown to result in Di-type receptor 
subsensitivity, the finding that long-term L-dopa ther- 
apy selectively increases D2-type receptors may 
explain, in part, the efficacy of combination L-dopa 
and ergot alkaloid treatment. 

CSF levels of biogenic amine metabolites have 
been used to estimate serotonin, norepinephrine and 
dopamine metabolism in the human CNS. In patients 
with Parkinson’s disease, the concentrations of HVA 
and 5-HIAA in the CSF are lower before therapy 
than in control subjects [34]. Following long-term 
treatment of these patients with L-dopa, either alone 
or in combination with a peripheral decarboxylase 
inhibitor, CSF HVA levels are observed to increase 
[42]. In addition, treatment with L-dopa alone and 
especially in combination with a decarboxylase 
inhibitor will decrease the concentration of 5-HIAA 
in the CSF [43, 44]. Similar changes in the serotonin 
system have been observed in animals. For example, 
decreased CNS serotonin levels have been observed 
in rats following L-dopa treatment in combination 
with a peripheral decarboxylase inhibitor [45] and 
in mice on L-dopa alone [28]. The data presented in 
this study also suggest a decrease in CSF 5-HIAA 
levels. 

The interplay of brain monoamines must also be 
taken into account when interpreting the results of 
studies which have the potential of altering more 
than one neurotransmitter system. Most animal stud- 
ies suggest that L-dopa administration does not pro- 
duce an increase in brain norepinephrine [27-32]. 
However, under conditions where brain amine levels 
had been depleted, norepinephrine levels increased 
following L-dopa treatment, but a greater per cent 
change was detected with dopamine. Recent evi- 
dence has suggested that L-dopa may actually result 
in a reduction of norepinephrine in noradrenergic 
neurons [17]. The data presented here reveal that 
chronic i.p. administration of a low dose of L-dopa 
decreased brain norepinephrine, as evidenced by a 
27 per cent decrease in the CSF metabolite MHPG, 
and also increased the affinity for norepinephrine- 
stimulated adenylate cyclase in the cerebellum. 
Whether or not alterations in the norepinephrine 
system represent a beneficial effect of L-dopa therapy 
or a secondary side effect is not known. The influence 
of chronic L-dopa therapy on the brain norepineph- 
rine system, particularly on the norepinephrine-sen- 
sitive adenylate cyclase activity, as described, sug- 
gests that interdependent occurrences rather than 
isolated changes in neurotransmitter systems hap- 
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pen, not only in affective disorders but also in chronic 
drug therapy. 

In summary, the data showing dopamine receptor 
hypersensitivity following chronic oral L-dopa ther- 
apy support the behavioral findings of others and are 
consistent with the idea that this drug treatment may 
result in the formation of endogenous compounds, 
which may themselves be inhibitors of the dopamine 
receptor. These studies also provide evidence that 
the expected subsensitivity of the dopamine receptor 
following chronic treatment with agonists may be 
linked to a decreased affinity of the striatal adenylate 
cyclase for dopamine. The results also suggest a role 
for L-dopa-induced norepinephrine receptor changes 
in the manifestations of drug-induced side effects. 
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Abstract—The effects of three hydrazine derivatives on the enzymes of the tryptophan oxidative pathway 
and of nicotinamide nucleotide synthesis have been studied using preparations from rat liver. The 
compounds used were Benserazide and Carbidopa, two inhibitors of aromatic amino acid decarboxylase 
used together with dopa in the treatment of Parkinson’s disease, and the anti-tubercular agent isoniazid. 

All three drugs inhibited tryptophan oxygenase and kynureninase, at concentrations that are likely 
to be encountered in vivo following administration to patients or experimental animals. Isoniazid, but 
not Benserazide or Carbidopa, also inhibited 3-hydroxy-anthranilate oxidase and nicotinamide phos- 
phoribosyltransferase. However, these two enzymes were only inhibited significantly at concentrations 
of the drug far in excess of those likely to be encountered in vivo. : 

On the basis of the in vitro enzyme inhibition studies, it is not possible to explain why patients treated 
with isoniazid (without supplementary vitamin Be) develop clinical pellagra, while those treated with 
Benserazide or Carbidopa do not, despite biochemical evidence of niacin deficiency. It is suggested that 
this difference may be due either to differences in the intake of dietary niacin in these two groups of 
patients, or more probably to differences in the metabolism of the drugs and in their interactions with 


enzymes in vivo that are not apparent in vitro. 


Two inhibitors of dopa decarboxylase (L-aromatic 
amino acid carboxy-lyase, EC 4.1.1.28) are used in 
the treatment of Parkinson’s disease, to minimise 
the extra-cerebral metabolism of dopa, and so allow 
a lower dose of this amino acid to be used, in an 
attempt to avoid some of the unwanted side-effects 
of high doses of dopa. The two drugs, which do not 
cross the blood-brain barrier at the doses normally 
used, are Benserazide [Ro4-4602,N-seryl-N’-(2,3,4- 
trihydroxybenzyl)-hydrazine] and Carbidopa [MK 
486, a-hydrazino-3,4-dihydroxyphenyl-a-methyl- 
propionic acid]. Previous studies [1] have shown that 
patients treated with these two drugs excrete con- 
siderably less N'-methyl nicotinamide than normal; 
in many cases the excretion of this metabolite of 
nicotinamide was so low that patients could be classi- 
fied as deficient in, or ‘at risk of deficiency of’, niacin 
by the generally accepted criteria [2]. The patients 
also showed abnormalities of tryptophan metabolite 
excretion compatible with, and indicative of, inhi- 
bition of the oxidative pathway of tryptophan metab- 
olism (see Fig. 1). 

Studies in mice [3] and with rat liver preparations 
[4] have shown that both Benserazide and Carbidopa 
are potent inhibitors of kynureninase (L-kynurenine 
hydrolase, EC 3.7.1.3). Since both drugs are hydra- 
zine derivatives, and therefore would be expected 
to react with pyridoxal phosphate, this inhibition is 
predictable — kynureninase is a pyridoxal phosphate 
dependent enzyme. Presumably because of their 
hydroxy-aromatic substituents, both drugs are con- 
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siderably more potent inhibitors of kynureninase 
than are other hydrazine derivatives [4], as they have 
a structural resemblance to kynurenine and hydroxy- 
kynurenine, the substrates of the enzyme. 

It was reported previously [3] that Benserazide 
had no effect on the activity of tryptophan oxygen- 
ase (L-tryptophan: oxygen oxido-reductase, EC 
1.13.1.12) from mouse liver. However, Young et al. 
[5] reported inhibition of this enzyme by the drug 
both in vivo and in vitro. In the present work, the 
effect of Benserazide and Carbidopa on the activity 
of tryptophan oxygenase has been measured by a 
new method. At the same time, the other enzymes 
involved in the synthesis of nicotinamide nucleotides 
from tryptophan and from dietary niacin (nicotinic 
acid and nicotinamide) have been tested for possible 
sensitivity to inhibition by these two hydrazine 
derivatives. 

A further drug has also been included in this study, 
isoniazid (iso-nicotinic acid hydrazide). This is also 
a hydrazine derivative, used in the treatment of 
tuberculosis, and has long been known to cause 
clinical pellagra in some patients [6], apparently by 
inhibition of the endogenous synthesis of nicotina- 
mide nucleotides from tryptophan. Since clinical 
pellagra has not been reported in patients treated 
with Benserazide or Carbidopa, despite their low 
excretion of N'-methyl nicotinamide [1], it is of 
interest to compare the effects of these three drugs 
on the enzymes of tryptophan and_ niacin 
metabolism. 
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Fig. 1. The oxidative pathway of tryptophan metabolism, and pathways for the incorporation of dietary 
niacin into nicotinamide nucleotides. 


METHODS 


\ 


Male Wistar rats, bred in the Courtauld Institute 
and weighing between 150 and 200g, were used for 
all studies. They were fed on a standard animal house 
diet. Livers were dissected out immediately after 
killing the animals, and were either cooled in ice and 
homogenized in the appropriate medium for use that 
day, or were frozen in liquid nitrogen and stored at 
—20° until required for use, in which case tissue was 
homogenized in the appropriate medium while still 
frozen. Preliminary studies showed no difference in 
the activity of enzymes from livers treated in these 
two different ways. 

For inhibitor studies, the drugs were dissolved in 
the incubation buffer, and were present together 
with the enzyme, and any cofactors, for a 10 min 
pre-incubation period before the reactions were 
initiated by the addition of substrate. 

Tryptophan oxygenase. Liver was homogenized in 
9 ml of 0.15 M NaCl per g of tissue, and the hom- 
ogenate used as the source of the enzyme, without 
any fractionation. The incubation conditions for this 
enzyme were modified from those described by Knox 
et al. [7]; the buffer (0.2 M sodium phosphate, pH 
7.0) contained sodium ascorbate (0.075 M) and hae- 
matin (0.2 M), so as to give expression of the full 
potential activity of the enzyme. The substrate was 
prepared by dissolving tryptophan at 40 mM in 0.3 
M NaOH followed by neutralization with ascorbic 


acid. Both buffer and substrate were prepared freshly 
for each set of incubations. 

Incubations were carried out in 25 ml conical 
flasks, with vigorous shaking, to ensure oxygenation 
of the reaction mixture. One millilitre of each of the 
buffer and enzyme preparation were incubated at 
30° for 10 min, together with 100 wl of either a 
solution of 500 uM kynurenine or water, then the 
substrate was added, and the reaction allowed to 
continue for 40 min. The reaction was stopped by 
the addition of 1 ml of 1 M trichloroacetic acid and 
3 ml of 1.5 M HCl. After mixing, denatured protein 
was removed by centrifugation. 

The supernatant was poured down small columns 
of Dowex 50W (H”*) ion exchange resin (each col- 
umn contained about 300 mg of dry resin, and had 
been pre-washed with 10 ml each of 2M HCl and 
water). The eluate from the columns was discarded, 
and the columns were washed with 30 ml of water 
and 5 ml of 1.5 M HCl. Kynurenine was then eluted 
with 5 ml of 5 M HCl and was measured by a 
modification of the method of Joseph and Risby [8]. 
Aliquots (2 ml) of the eluate were mixed with 1 ml 
of 7M NaOH and cooled in an ice bath. At 5 min 
intervals the following additions were made: 200 
ul of 2.5 g/l NaNO2 (prepared weekly); 200 ul of 
100 g/l ammonium sulphamate and finally 200 ul of 
10 g/l naphthyl ethylene diamine (NED) in 95% 
ethanol (prepared freshly for each set of samples). 
The absorbance at 555 nm, due to the NED adduct 





Inhibition of tryptophan—niacin metabolism 


of the diazonium salt of kynurenine, was measured 
after standing at room temperature for 90 min. 

The addition of kynurenine to the incubation mix- 
ture allowed an estimation of the recovery of kyn- 
urenine not only through the column chroma- 
tography (routinely in excess of 90 per cent in 
preliminary experiments), but also through the 
incubation, when kynureninase might be expected 
to be active. The amount of kynurenine formed in 
the incubation was determined by comparison with 
an unincubated sample. 

Kynurenine hydroxylase. The activity of kynuren- 
ine hydroxylase (L-kynurenine; NADPH: oxygen 
oxido-reductase (hydroxylating), EC 1.14.13.9) was 
measured by the method of Chiancone [9], using a 
washed suspension of liver mitochondria. 

Kynureninase. The activity of kynureninase was 
measured by the fluorimetric method described pre- 
viously [4], using an _ unfractionated _ liver 
homogenate. 

3-Hydroxy-anthranilate oxidase. The activity of 
3-hydroxy-anthranilate oxidase (3-hydroxy-anthra- 
nilate : oxygen 3,4-oxido-reductase (decyclising), EC 
1.13.11.6) was measured using the 100,000 g super- 
natant of a homogenate of liver in 4 ml of 0.15 M 
NaOH per g of tissue. Samples (100 wl) of this 
supernatant were added to 2 ml of 0.2 M Tris—acetate 
buffer (pH 8.0), containing 1 M glutathione and 10~° 
M Fe2SOa, and pre-incubated for 10 min at 30°. The 
reaction was initiated by the addition of 100 ul of 
4.4 M 3-hydroxy-anthranilic acid in the same Tris— 
acetate buffer; the mixture was transferred to a fluor- 
imeter cuvette and the rate of loss of fluorescence 
due to the substrate (excitation 320 nm, emission 
410 nm) was followed for 2 min using a pen recorder 
attached to an Aminco—Bowman spectrophotofluor- 
imeter. The sample chamber of the fluorimeter was 
maintained at 30° by circulating water from a ther- 
mostatically controlled reservoir. 

Picolinate carboxylase. The activity of picolinate 
carboxylase [amino-carboxy-muconate semi-alde- 
hyde decarboxylase (3'-oxo-prop-2-amino-but-2-ene 
dioate carboxy-lyase, EC 4.1.1.45] was measured 
using the 100,000 g supernatant from a homogenate 
of liver in 2 ml of 0.15 M NaCl per g of tissue, by 
the following modification of the method of Nishi- 
zuka etal. [10]. The substrate of the reaction, acroleyl 
aminofumarate, is unstable, and was prepared in situ 
from 3-hydroxy-anthranilic acid, using a partially 
purified preparation of 3-hydroxy-anthranilate oxi- 
dase [10], which was stable for 2-3 days at —20°. 
Samples (100 yl) of this preparation were incubated 
with 100 yl of 660 4M 3-hydroxy-anthranilic acid and 
2 ml of the same Tris—acetate buffer containing glu- 
tathione and Fe2SOx, as was used for determination 
of 3-hydroxy-anthranilate oxidase (described 
above), in a spectrophotometer cuvette. A Beckman 
DB spectrophotometer was used, with the sample 
chamber maintained at 30° by circulating water from 
a thermostatically controlled reservoir; the reference 
cell contained buffer and enzyme preparation alone. 
The absorbance of the sample at 364 nm was followed 
using a pen recorder until it was maximal and con- 
stant, indicating that the oxidase reaction had pro- 
ceeded essentially to completion. Samples (200 yl) 
of the picolinate carboxylase preparation, pre-incu- 
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bated for 10 min at 30° together with any putative 
inhibitors, were then added to each cuvette, and the 
rate of loss of absorbance at 364 nm, due to acroleyl 
aminofumarate, was followed for a further 5 min. 
There was no detectable non-enzymic loss of acroleyl 
aminofumarate (by cyclisation to quinolinic acid) 
over 15-20 min under these conditions. In order to 
calibrate the recorder, it was necessary to assume 
that the whole of the 66 nmol of 3-hydroxy-anthran- 
ilic acid added initially was converted to acroleyl 
aminofumarate during the preliminary reaction. 

Quinolinate __phosphoribosyltransferase. The 
activity of quinolinate phosphoribosyltransferase 
[nicotinate nucleotide: pyrophosphate phosphori- 
bosyltransferase (carboxylating) EC 2.4.2.19] was 
measured by the following modification of the 
method of Pinder et al. [11]. The source of the 
enzyme was 100,000g supernatant from a hom- 
ogenate of rat liver in 5 ml of 0.25 M sucrose per g 
of tissue, which had been stirred with 50mg of 
activated charcoal per ml of homogenate for 15 min 
at 0° before centrifugation. Samples (200 yl) of this 
supernatant were incubated with 0.1 ml of 0.6M 
sodium phosphate (pH 7.5) and 100 wl of a solution 
of 3 mg of 5-phosphoribosyl pyrophosphate in a sol- 
ution containing 6.6 mM MnCl: and 12 mM MgCh, 
for 10 min at 37°. The reaction was initiated by the 
addition of 100 ul of a solution of 20mM sodium 
[*C]quinolinate. After 30min the reaction was 
stopped by the addition of 100 wl of glacial acetic 
acid, the samples were transferred to a boiling water 
bath for 2 min, then cooled in ice and centrifuged 
to remove denatured protein. Aliquots (50 yl) of the 
supernatant were applied to the origins of paper 
chromatograms, together with a small amount of 
non-radioactive nicotinic acid ribonucleotide (the 
product of the reaction) as a marker for chroma- 
tography. The chromatograms were developed over- 
night in ascending iso-butyric acid:water:ammonium 
hydroxide (61:33:1.7), and after drying in air the 
nicotinic acid ribonucleotide was located by its 
absorbance under u.v. illumination (254nm). 
Regions of the chromatograms containing the prod- 
uct were excised and radioactivity measured as 
described previously [12]. 

Radioactive quinolinic acid was synthesised from 
[U-C]aniline by means of a Skraup condensation 
with glycerol, in the presence of nitrobenzene, to 
form quinoline, followed by oxidation to quinolinate 
by H2O2 in the presence of Cu" ions, as described 
by Gholson et al. [13]. This procedure gave an 8 per 
cent recovery of radioactivity as ['*C23.7.8] quinoli- 
nate, and a product with the same i.r. absorption 
spectrum and m.p. as commercially available quin- 
olinic acid. It was dissolved in equimolar NaOH for 
use as substrate in the enzyme reaction. 

Nicotinate phosphoribosyltransferase and nicotina- 
mide _ phosphoribosyltransferase. The activity of 
nicotinate phosphoribosyltransferase (nicotinate 
nucleotide: pyrophosphate phosphoribosyltransfer- 
ase, EC 2.4.2.11) was measured using the 100,000 g 
supernatant from a charcoal treated homogenate of 
liver in 3 ml of 0.25 M sucrose per g of tissue, pre- 
pared as described for quinolinate phosphoribosyl- 
transferase above. The activity of nicotinamide phos- 
phoribosyltransferase (nicotinamide nucleotide: 
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Table 1. The effects of Benserazide, Carbidopa and isoniazid on the activity of enzymes from rat liver, in vitro 


* 





No 
addition 


Enzyme (control) 


Benserazide 
(a) 250 uM 
(b) 500 uM 


Carbidopa 
(a) 250 uM 
(b) 500 uM 


Isoniazid 
(a) 2.5 mM 
(b) 10 mM 





o 
— 


Tryptophan oxygenase 

Kynurenine hydroxylase 

Kynureninase 

3-Hydroxy-anthranilate oxidase 
Picolinate carboxylase 

Quinolinate phosphoribosyltransferase 
Nicotinate phosphoribosyltransferase 
Nicotinamide phosphoribosyltransferase 
Nicotinamide deamidase 


Ne 


Sour 


I+ I+ I+ I+ 


0.63 + 0.06 
2.7 £6.33 
12.8+1.2 


(a) 3.8 + 0.34 
(a) 22.2+0.8 

(a) 2.3 + 0.67 
(b) 114+ 12 
(b) 1.38 + 0.13 
(b) 0.59 + 0.05 
(b) 0.58 + 0.05 
(b) 2.66 + 0.18 
(b) 11.9+ 0.7 


(a) 3.6 + 0.4+ 
(a) 19.6+0.9 
(a) 0.58 + 0.07% 
(b) 108 + 12 
(b) 1.24 + 0.14 
(b) 0.52 + 0.08 
(b) 0.63 + 0.11 
(b) 2.72 + 0.26 
(b) 11.8 + 0.05 


(b) 3.7+0.4+ 
(a) 20.5 + 2.3 
(b) 10.3 + 0.4+ 

(b) 72 + 6+ 
(b) 1.52 + 0.13 
(b) 0.46 + 0.07 
(b) 0.63 + 0.06 
(b) 2.39 + 0.10+ 
(b) 12.6 + 1.6 





* Figures show mean nmole of product formed per min per g wet weight of tissue, + $.D. for 5 determinations. 
+ Significantly different from control activity, P<0.02, #-test. 


pyrophosphate _phosphoribosyltransferase, EC 
2.4.2.12) was measured using a protamine sulphate 
fractionated 100,000 g supernatant from a hom- 
ogenate of liver in 10 ml of 0.25 M sucrose per g of 
tissue, as described by Pinder et al. [11]. 

Incubations for both activities were carried out as 
described by Pinder er al. [11], but an alternative 
chromatographic system was used to separate sub- 
strate and product; papers were developed in ascend- 
ing 1 M ammonium acetate (adjusted to pH 5.0): 95 
per cent ethanol (30:70). Location of the product by 
inspection under u.v. illumination and counting of 
radioactivity were carried out as described above. 

Nicotinamide deamidase. The activity of nicotina- 
mide deamidase (nicotinamide amidohydrolase, EC 
3.5.1.19) was measured using the microsomal pellet 
from a charcoal homogenate of liver in 3 ml of 0.25 M 
sucrose per g of tissue, and the incubations were 
carried out as described by Pinder ef al. [11], in the 
presence of 20 mg/ml bovine serum albumin to 
adsorb the endogenous inhibitor of the enzyme, and 
so allow expression of its full potential activity. Sub- 
strate and product were separated by paper chroma- 
tography, using ascending acetone:propan-2- 
ol:water: NHsOH (50:40:7:3), and again the product 
was located by its u.v. absorbance; radioactivity was 
measured as described above. 


RESULTS 


As can be seen from Table 1, only tryptophan 
oxygenase and kynureninase were inhibited signifi- 
cantly by all three of the drugs tested, Benserazide, 
Carbidopa and isoniazid. 3-Hydroxy-anthranilate 
oxidase and nicotinamide phosphoribosyltransferase 
were significantly inhibited by isoniazid, but not by 
the other two drugs. None of the other enzymes was 
inhibited by any of the drugs tested, at concentrations 
up to 500 uM for Benserazide and Carbidopa and 
10 mM for isoniazid. 

Table 2 shows the apparent Ki values obtained for 
these inhibitors of the affected enzymes. 


DISCUSSION 


Young et al. [5] have reported that tryptophan 
oxygenase is inhibited by Benserazide, both in vitro 


and in vivo in experimental animals. However, a 
previous report from this laboratory [3] showed no 
inhibition of mouse liver tryptophan oxygenase by 
Benserazide. The activity of the enzyme was deter- 
mined then by the method of Knox et al. [7], which 
depends on the increase in absorbance at 357.5nm 
due to the formation of kynurenine. This method is 
subject to interference from oxidation products of 
Benserazide, which have a considerable absorbance 
at this wavelength [14]. Furthermore, this method 
of assay takes no account of the further metabolism 
of kynurenine by kynureninase in crude tissue prep- 
arations; since kynureninase is inhibited by Benser- 
azide, it is to be expected that there would be a 
greater recovery of kynurenine under these condi- 
tions, and hence any inhibition of tryptophan oxy- 
genase might well be masked by this inhibition of 
further metabolism of the product. The assay method 
described here is more tedious than that of Knox et 
al. [7], but it overcomes these problems in that it 
allows measurement of kynurenine in the presence 
of polyphenolic oxidation products of Benserazide, 
and also measures recovery of kynurenine through 
the incubation. An additional benefit of this assay 
is that one of the essential control samples is an 
unincubated tissue blank, which allows determina- 
tion of the endogenous tissue concentration of kyn- 
urenine, a measurement that would be useful in 
studies with these and other drugs in vivo in experi- 
mental animals. 

The demonstration of inhibition of tryptophan 
oxygenase by Benserazide, Carbidopa and isoniazid 
confirms and extends the report by Young et ai. [5], 
and resolves the conflict between their results and 
those reported previously from this laboratory [3]. 
There is no evidence that tryptophan oxygenase is 
a pyridoxal phosphate dependent enzyme, and 
there appear to be no previous reports of its inhi- 
bition by hydrazine derivatives. 

The inhibition of kynureninase by all three 
enzymes has been reported previously [4,6], and 
since the enzyme is pyridoxal phosphate dependent, 
this was expected. 

It was reported previously that bacterial nicotina- 
mide deamidase was inhibited by isoniazid, but not 
by either Benserazide or Carbidopa [1]. In the pres- 
ent study there was no such inhibition of the mam- 





Inhibition of tryptophan-niacin metabolism 


Table 2. Inhibition in vitro of enzymes of tryptophan and niacin metabolism by Benserazide, Carbidopa 
and isoniazid* 





Benserazide 


Carbidopa Isoniazid 





Tryptophan oxygenase 

Kynureninase 

3-Hydroxy-anthranilate oxidase 
Nicotinamide phosphoribosyltransferase 


41.8+1.2 
26.4 + 6.2 


540 + 20 
480 + 30 
10.1 + 1.6 x 10° 
60 + 14 x 10° 


26.3 + 0.6 
47-= 14.3 
t t 

+ + 





* Figures show apparent Ki (umole/1) + S.D. for 5 determinations. 
+ Indicates no significant inhibition observed, see Table 1. 


malian liver enzyme. The extent to which inhibition 
of intestinal bacterial nicotinamide deamidase may 
be physiologically important depends on the relative 
importance in vivo of deamidation of dietary nic- 
otinamide in the intestinal lumen, followed by incor- 
poration of nicotinic acid into nucleotides, similar 
deamidation in the liver, and direct incorporation 
of nicotinamide into nucleotides — an area of unre- 
solved controversy [15-17]. 

It is important to consider whether the inhibitions 
of enzymes of tryptophan metabolism reported here 
are likely to be of any significance physiologically 
when the drugs are administered to patients or 
experimental animals. Schwartz et al. [14,18] have 
studied the pharmacokinetics of radioactive Benser- 
azide. Their data indicate that following administra- 
tion to rats of a dose of 10mg/kg body weight 
(approximately the dose used in clinical practice), 
the maximum concentration that would be expected 
to occur in the liver would be about 30 nmole/g, and 
for up to 24 hr after a single dose a liver concentration 
of 5-10 nmole/g could be expected. The concentra- 
tions of Carbidopa in the liver would probably be 
similar to those reported for Benserazide after a 
similar dose. This means that the inhibition of tryp- 
tophan oxygenase and kynureninase by these two 
drugs would be expected to be significant in vivo, 
assuming that the apparent Ki values shown in Table 
2 (determined in vitro) are also applicable in vivo. 

It is known that following a clinical dose of ison- 
iazid, kynureninase is significantly inhibited [6], and 
since the K; of tryptophan oxygenase is similar to 
that of kynureninase, it is to be assumed that this 
enzyme will also be inhibited in vivo. However, in 
view of the extremely high apparent Ki values deter- 
mined for 3-hydroxy-anthraniliate oxidase and nic- 
otinamide phosphoribosyltransferase, it is doubtful 
if these enzymes would be significantly affected by 
the concentrations of isoniazid that would be 
expected in the liver following a dose of the order 
of 10 mg/kg body weight. 

From the data reported here on the inhibition of 
isolated enzymes, it is not possible to account for 
the relatively common occurrence of clinical pellagra 
(niacin deficiency) in tuberculous patients treated 
with isoniazid without supplementary vitamin Bs [6], 
while similar doses of Benserazide or Carbidopa, 
(both of which are more potent inhibitors of tryp- 
tophan oxygenase and kynureninase than is isoni- 
azid), do not cause so severe a deficiency as to 
precipitate clinical pellagra. This is despite the fact 
that a significant proportion of patients treated with 


these two decarboxylase inhibitors have significantly 
reduced urine concentrations of N'-methyl nicotin- 
amide [1]. It must be assumed that Parkinsonian 
patients treated with Benserazide or Carbidopa 
receive a dietary intake of niacin that is at least 
marginally adequate to meet their requirements, 
while tuberculous patients treated with isoniazid pre- 
sumably do not receive sufficient niacin to compen- 
sate for the inhibition of endogenous synthesis of 
nicotinamide nucleotides from tryptophan. It is at 
least traditionally established that tuberculosis is 
associated with a poor diet, which may well be 
deficient in niacin. 

It is also probable that the interactions between 
the drugs and the enzymes of tryptophan and niacin 
metabolism are more complex in vivo than the simple 
inhibitions shown in vitro, so that comparison of 
probable tissue concentrations of the drugs and their 
inhibitory potencies are not valid under physiological 
conditions. Animal studies in vivo with all three 
drugs, under conditions of controlled tryptophan, 
niacin and vitamin Bs intake, are in progress. 
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Abstract—The effect of harmaline on amino acid and dipeptide uptake was studied in the monkey. 
Harmaline inhibited both the systems. Preincubation of the tissue with 4 mmole/1 harmaline for 10 min 
was necessary for maximal inhibition. The uptake of glycyl-L-leucine- ('*C) and ('*C)-glycyl-L-leucine 
was inhibited to the same extent. The uptake of glycyl-L-proline, a dipeptide which was presumably 
taken up intact by the mucosal cells, was also inhibited. Total replacement of sodium in the medium 
reduced the uptake of both glycyl-L-leucine and glycyl-L-proline. But the uptake of these dipeptides 
was not inhibited by harmaline in the absence of sodium. However, the sodium-independent uptake 
of glycyl-L-leucine and glycyl-L-proline was also inhibited by other dipeptides. 


Harmaline is an alkaloid extracted from Banister- 
iopsis caapi, a Colombian liana [1]. Apart from being 
a psychoactive drug, it has now become a chemical 
of much interest in the field of membrane transport 
because it is a competitive inhibitor of Na*—K* 
adenosinetriphosphatase in neural tissue [2] and it 
appears that harmaline competes for the sodium site 
of the enzyme. More recently, a number of studies 
have shown that the alkaloid inhibits various trans- 
port systems in epithelial tissues. Harmaline reduces 
both sugar and amino acid uptake by slices of guinea 
pig small intestine in vitro [3]. It also inhibits other 
sodium-dependent transport mechanisms in other 
epithelia, such as sugar and amino acid uptake in 
vitro by renal cortex slices and dog colonic mucosa. 
However, the sodium-independent L-phenylalanine 
uptake by the guinea pig intestine is not at all 
inhibited by harmaline but is sensitive to competitive 
inhibition by other amino acids [4]. However, there 
are no reports available on the effect of harmaline 
on dipeptide transport. Since dipeptide transport, 
like amino acid transport, is also sodium-dependent, 
experiments in this line would be of some interest. 
The aim of the present work has therefore been to 
study the effect of harmaline on the uptake of dipep- 
tides in the monkey small intestine. 


MATERIALS AND METHODS 


All the labelled dipeptides and amino acids were 
from The Radiochemical Center, Amersham, 
Bucks., U.K. Harmaline was kindly donated by Pro- 
fessor J. W. L. Robinson (University of Lausanne, 
Switzerland). All other chemicals were of analytical 
grade. 

Adult monkeys (Macaca radiata) were used in all 
the uptake experiments. The region of the small 





* The work reported here was carried out at Wellcome 
Research Unit, Christian Medical College and Hospital, 
Vellore 632 004, India. 


intestine at 35-40 per cent distance of the total length 
from the pyloric end was used since this region of 
the intestine has been shown to be the most active 
site for amino acid and dipeptide uptake [5]. Small 
strips of this region weighing 20-30 mg were used. 
Uptake experiments were performed as described 
by Das and Radhakrishnan [6]. A short incubation 
time of 2 min was used throughout the present study 
to minimize surface hydrolysis. After incubation, the 
intestinal strip was gently blotted on a filter paper, 
weighed and then digested in a scintillation vial with 
0.5 ml of NaOH (2 mole/l) at 75° for 2 hr. After 
digestion, 0.5 ml of water and 10 ml of scintillation 
mixture were added. The scintillation mixture was 
prepared by dissolving 10 g of naphthalene, 0.5 g of 
3,5-diphenyloxazole and 3 g of Cab-O-Sil (Packard 
Instrument Co., U.S.A.) in 100 ml of dioxan. The 
radioactivity was measured in a liquid scintillation 
counter (Beckman model, LS-100). 

All experiments were done in at least two animals 
to check the variation between animals. The varia- 
tion were always below + 15 per cent between ani- 
mals and within + 5 per cent in the same animal. 

Paper chromatography was used to separate the 
free amino acids glycine and L-leucine and the intact 
dipeptide glycyl-L-leucine. The chromatograms were 
developed on Whatman No. | chromatography grade 
paper using a single phase solvent system (isopro- 
panol: water, 4:1 v/v; 20 hr run). A 0.4% ninhydrin 
in 95% aqueous acetone was used as the staining 
reagent. The free amino acid spots (unstained) were 
cut out by comparing with the position of the stan- 
dard amino acid spots (stained) run on the same 
paper and the radioactivity counted. Free glycine 
and leucine were estimated using ('*C)-glycyl-t-leu- 
cine and glycyl-L-leucine-("*C), respectively. After 
2 min incubation, free glycine concentration in the 
medium was less than 10 uwmole/I and free L-leucine 
concentration was 4.5 uwmoles/l. 

Studies on the uptake of dipeptides in the presence 
and absence of sodium were done using two different 
buffers. The composition of the sodium containing 


713 





714 V. GANAPATHY and A. N. RADHAKRISHNAN 


buffer, in mmoles/l, was: NaCl, 118.4; KCl, 4.73; 
CaCh 2H2O, 0.84; KH2POs, 1.17; MgSOs, 7H20, 
1.17; NaH2POs.H20, 5.44 and Na2HPOs, 14.15. This 
buffer is a modified Krebs-Ringer phosphate buffer 
[7]. For the preparation of sodium free buffer, cho- 
line chloride was used for the replacement of sodium 
and potassium phosphates for sodium phosphates. 


RESULTS 


Preliminary experiments with glycyl-L-leucine- 
('4C) and L-leucine-('*C) showed that the inhibition 
of the uptake of these solutes by harmaline was 
maximal if the tissue was preincubated with har- 
maline for 10 min. The inhibition was also dependent 
on the concentration of harmaline. The maximal 
inhibition was noticed when the harmaline concen- 
tration was 10 mmole/l. However, even at a concen- 
tration as low as 0.5 mmole/l, harmaline had a sig- 
nificant inhibitory effect on the uptake. Subsequent 
studies on the effect of harmaline on the uptake of 
amino acids and dipeptides were done employing 
the above optimal conditions to get the maximal 
inhibition. 

Effect of harmaline on amino acid uptake. The 
effect of harmaline (4 mmole/l) on the uptake of L- 
leucine-(*C) and glycine-('*C) was studied. The con- 
centration of amino acids in these studies was 1 
mmole/!. Harmaline inhibited L-leucine uptake by 
44 + 3 per cent and glycine uptake by 58 + 5 per 
cent. The results are shown in Fig. 1. 

Effect of harmaline on dipeptide uptake. Using 
glycyl-L-leucine-('*C) and ('C)-glycyl-L-leucine, it 
has earlier been shown that there is a marked dif- 
ference in the rates of accumulation inside the 
mucosal cell of glycine and L-leucine residues from 
glycyl-L-leucine [6]. It was suggested that one of the 
reasons for this phenomenon may be the finding that 
the rate of efflux of glycine from inside to outside 
the mucosal cell is at least twice that of L-leucine. 
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Fig. 1. Uptake of L-leucine (1 mmole/l) and glycine 

(1 mmole/l) by monkey intestinal strips in the presence and 

absence of harmaline (4 mmole/l). The mean and S.E. are 
shown (N = 6). 
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Fig. 2. Uptake of glycyl-L-leucine-('*C) and ('4C)-glycyl-t- 

leucine by monkey intestinal strips in the presence and 

absence of harmaline (4 mmole/l). The dipeptide concen- 

tration was 1 mmole/l. The mean and S.E. are shown 
(N = 6). 


Also, the present study shows that the rate of uptake 
of glycine by the mucosal cell is only about one 
fourth of that of L-leucine (Fig. 1). This means that 
glycine is recaptured at a slower rate that of L-leu- 
cine. It appears that this may also be an additional 
factor, though to a less significant extent because of 
the very low concentration of the amino acids in the 
medium, contributing to the higher rate of accu- 
mulation of L-leucine inside the cell. The present 
finding that the free glycine concentration in the 
medium at the end of the 2 min incubation is at least 
twice that of L-leucine (see Materials and Methods) 
is also in accordance with this idea. However, the 
accumulation of radioactivity from both the solutes 
in monkey small intestine was inhibited by a number 
of other dipeptides almost to the same extent. Hence, 
the effect of harmaline on the uptake of glycyl-L- 
leucine-('*C) and ('*C)-glycyl-L-leucine was studied. 
Even though the accumulation of the dipeptide as 
measured by the radioactivity from (*C)-glycyl-L- 
leucine was less than that from glycyl-L-leucine(““C), 
harmaline inhibited both the systems to the same 
extent (50-60 per cent). The results are shown in 
Fig. 2. 

Since harmaline inhibits amino acid transport, it 
might be argued that the inhibition of dipeptide 
uptake by harmaline might be due to the effect of 
the inhibitor on the uptake of free amino acids which 
might have resulted from the surface hydrolysis of 
the dipeptide. However, this possibility is ruled out 
by the finding that only negligible amount of free 
amino acids were found in the medium at the end 
of the incubation (see Materials and Methods). The 
bulk of the uptake as measured in 2 min period was 
due to the uptake of the intact dipeptide and hence 
the observed inhibition was due to the effect of 
harmaline on dipeptide uptake and not a result of 
its effect on free amino acid uptake. 

To provide an additional and even stronger evi- 
dence that harmaline does inhibit the dipeptide 
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Fig. 3. Uptake of ('*C)-glycyl-L-proline (1 mmole/l) by 

monkey intestinal strips in the presence and absence of 

harmaline (4mmole/l). The mean and S.E. are shown 
(N = 10). 


uptake, the effect of this drug on the uptake of a 
dipeptide which is known to be taken up intact by 
the mucosal cells should be studied. Glycyl-L-proline 
has been shown to be transported intact across the 
brush border membrane of rabbit ileum because of 
the lack of glycyl-L-proline hydrolysing activity in 
the membrane [8]. The pellet fraction of the mucosal 
homogenate of monkey small intestine was checked 
for glycyl-L-proline hydrolysing activity. Even after 
the addition of a large amount of pellet protein to 
the incubation medium and with the incubation time 
increased to 1 hr, no hydrolysis of glycyl-L-proline 
was detectable, thus substantiating the findings of 
Rubino et al. [8] in the rabbit on the absence of this 
enzyme activity in the membrane fraction. There- 
fore, we studied the effect of harmaline on the uptake 
of ('*C)-glycyl-L-proline using slices of monkey small 
intestine. The results given in Fig. 3 show that har- 
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maline inhibits the uptake of glycyl-L-proline by 
35 + 3 per cent. 

The effect of harmaline on the uptake of glycyl- 
L-leucine and glycyl-L-proline was studied in the pres- 
ence and absence of sodium ions. The results are 
shown in Table 1. Absence of sodium reduced glycyl- 
L-leucine uptake by 57+ 6 per cent and glycyl-L- 
proline uptake by 35+4 per cent. Harmaline 
inhibited glycyl-L-leucine uptake by 60 + 3 per cent 
and glycyl-L-proline uptake by 36 + 4 per cent when 
sodium containing buffer was used. But the uptake 
of these two dipeptides was not affected by harmaline 
when sodium free buffer was used. Thus, harmaline 
was inhibitory only when sodium ions were present 
in the medium. However, the sodium-independent 
uptake of glycyl-L-leucine and glycyl-L-proline was 
inhibited by other dipeptides. L-Alanyl-L-phenylala- 
nine inhibited glycyl-L-leucine uptake by 62 + 5 per 
cent and glycyl-L-leucine inhibited glycyl-L-proline 
uptake by 49 + 4 per cent when sodium free buffer 
was used. 


DISCUSSION 


Sodium ions play an important role in the transport 
of amino acids and monosaccharides [9, 10]. But the 
transport of glucose from disaccharides does not 
need sodium ions [11, 12]. In contrast to this, di- and 
tripeptides require sodium for their optimal transport 
[13-16]. However, an appreciable amount of peptide 
is transported even after the total replacement of 
sodium in the medium [17]. The present study also 
confirms this partial dependence of peptide transport 
on sodium ions. 

The influence of harmaline on sodium dependent 
transport and sodium transport mechanisms has been 
discussed in detail by Sepulveda and Robinson [18]. 
Sepulveda and Robinson have found that 4 mmole/| 
harmaline inhibited L-phenylalanine (1 mmole/l) 
influx by about 90 per cent in guinea pig intestine 
[19]. In the present study, the inhibition of L-leucine 
and glycine uptake by harmaline was less than the 


Table 1. Effect of harmaline on dipeptide uptake in the presence and absence of 
sodium ions* 





Solutions 


Uptake 
(nmole/min/g tissue) 





Sodium 
free 
buffer 


Sodium 
containing 
buffer 





Glycyl-L-leucine (1 mmole/l) 
Glycyl-L-leucine (1 mmole/l) + 
Harmaline (4 mmole/l) 
Glycyl-L-leucine (1 mmole/l) + 
L-Alanyl-L-phenylalanine (25 mmole/l) 


Glycyl-L-proline (1 mmole/l) 
Glycyl-L-proline (1 mmole/l)+ 
Harmaline (4 mmole/l) 
Glycyl-L-proline (1 mmole/l) + 
Glycly-L-leucine (25 mmole/l) 


148 + 12.3 63 + 6.8 


58 +3.2 
60 + 3.9 


106 + 15.7 
68 + 7.1 


60 + 4.3 





* The results indicate the mean of three different experiments each done in 


duplicate. 
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inhibition noted in this earlier study. The most likely 
reason for this may be the difference in the incu- 
bation time. In our study, the tissue was incubated 
only for 2 min. Sepulveda and Robinson [19] have 
found that the longer the time of incubation, the 
higher was the inhibition for any given concentration 
of harmaline. They have shown that 1 mmole/I| har- 
maline inhibited 1-phenvlalanine influx by 50 per 
cent when the incubation time was only 5 min but 
the same concentration of harmaline inhibited L- 
phenylalanine influx by 90 per cent when the incu- 
bation time was 60 min. 

Since harmaline inhibited the transport of glycyl- 
L-leucine as well as glycyl-L-proline, which shared 
a common transport system in the monkey [6], it 
appears that harmaline is a general inhibitor of 
dipeptide transport system. 

Harmaline did not inhibit dipeptide transport 
when sodium was absent from the medium. Thus, 
harmaline seems to interfere only with sodium- 
dependent transport systems. The sodium-indepen- 
dent transport of dipeptides was not due to simple 
diffusion but it was also a carrier mediated process, 
since the transport of glycyl-L-leucine and glycyl-L- 
proline was inhibited by other dipeptides even when 
sodium free buffer was used. These findings are very 
similar to the observations made by Robinson [4] in 
the case of amino acids. 

The actual mechanism of inhibition of sodium- 
dependent transport systems by harmaline is not yet 
clear. Harmaline may interact either with Na*—K* 
adenosinetriphosphatase [2] or with a common bind- 
ing site for sodium in the brush border membrane 
shared by the different transport systems [20]. This 
would account for the lack of inhibition of the alka- 
loid on the sodium-independent amino acid and 
dipeptide transport systems. 
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Abstract—The effects of Ca** on cGMP accumulation in rat renal cortical slices were correlated with 
the effects on '4C-fatty acid release in tissue prelabeled with '*C arachidonate. Ca’* in the presence and 
absence of ionophore A23187 exerted parallel effects on the release of labeled arachidonate from slices 
and on slice cGMP content. Thus, Ca** stimulated both arachidonate release and tissue cGMP 
accumulation | 2 to 3-fold when added to slices of renal cortex previously deprived of Ca’* and Mg”*, 
whereas Mg”* had no stimulatory effect on either arachidonate release or tissue cGMP content. In the 
presence of A23187, Ca’* increased arachidonate release and tissue CGMP accumulation 4 to 6-fold. 
Tetracaine partially inhibited Ca**-induced arachidonate release and completely blocked Ca**-induced 
cGMP accumulation. Ca“*-induced arachidonate release was unaffected by the absence of O2. Addition 
of exogenous arachidonate to slices of renal cortex increased tissue cGMP content 2-fold. Linoleate 
exerted a lesser effect on tissue cGMP, while palmitate and oleate had no effect. Ca?*- and arachidonate- 
induced cGMP contents in renal cortical slices were not additive, and both were abolished by exclusion 
of O2. Since nitroprusside increased cGMP accumulation 10- to 15-fold in O2-deprived slices, loss of 
the Ca?* and arachidonate responses under these incubation conditions was selective. Ca**-induced 
cGMP accumulation was unaffected by indomethacin (100 ug/ml), but was abolished by 200 uM 
5,8,11,14-eicosatetraynoic acid (TYA). The results are consistent with the possibility that the Ca**- 
dependent processes regulating cGMP in renal cortex include Ca**-dependent acyl hydrolase activity, 
which limits the availability of free polyunsaturated fatty acids. A role for fatty acid oxygenation 
products in the stimulation of cGMP is suggested, but not established, by the O2 dependence of the 
actions of both Ca** and exogenous fatty acids. The failure of exogenous arachidonate or linoleate to 
mimic quantitatively the actions of Ca?* on cGMP may reflect the involvement of other Ca**- and Op- 
dependent processes in modulation of cGMP in this tissue or limited access of exogenous fatty acid to 


cGMP regulatory sites in the cell. 


Previous studies in this laboratory have demon- 
strated that guanosine  3’,5’-monophosphate 
(cGMP)? content of intact renal cortex is modulated 
by mechanisms dependent on both extracellular Ca?* 
and molecular O2 [1-3]. Exclusion of extracellular 
Ca?* from incubations of rat renal cortical slices 
results in a significant decline in tissue cGMP content 
[2, 3]. Tissue deprived of Ca** also fails to exhibit 
increased cGMP accumulation in response to the 
divalent cation ionophore A23187, carbamylcholine, 
histamine or bradykinin [1-3]. Addition of Ca** to 
Ca’*-deprived tissue restores CGMP content. How- 
ever, CGMP responses to Ca** and Ca?*-dependent 





* This work was supported by U.S. Public Health Ser- 
vices Grants 5T32AM07052 and 1RO1-AM20187. 

+ Abbreviations used: cGMP, guanosine 3’5’-mono- 
phosphate; TYA, 5,8,11,14-eicosatetraynoic acid; KRBG, 
Krebs-Ringer bicarbonate medium with glucose; EGTA, 
ethyleneglycol-bis (8-amino ethyl ether) N,N’-tetra-acet- 
ate; MIX, 1-methyl-3-isobutylxanthine; 16:0, scdium pal- 
mitate, sodium hexadecanoate; 18:1 w9, oleate, sodium 9- 
octadecenoate; 18:2 w6, linoleate, sodium, 9,12-octade- 
cadienoate; and 20:4 w6, arachidonate, sodium 5,8,11,14- 
eicosatetraenoate. 
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agonists occur only in the presence of molecular O2 
[3]. The effects of Ca** and O2 deprivation on renal 
cortical slice cGMP are not due to GTP depletion 
or cell injury, since nitroprusside, nitrite and N- 
nitroso compounds produce clear cGMP increases 
in Ca**- and O2-deprived tissues [1, 3, 4]. The mod- 
ulation of cGMP by Ca’*- and O2-dependent pro- 
cesses has similarly been observed in umbilical artery 
[5] and renal medulla [3]. 

Recent work in subcellular preparations has dem- 
onstrated that oxygenated derivatives of unsaturated 
fatty acids activate guanylate cyclase from platelets 
[6], spleen [7, 8] and lung [9], and it has been sug- 
gested that these species might act as endogenous 
modulators of cGMP [8]. In intact cells, the activity 
of lipase on cellular lipids might be a key determinant 
of the availability of polyunsaturated fatty acid for 
oxygenation [10,11]. These considerations are of 
interest with regard to Ca**- and O2-dependent regu- 
lation of cGMP, since the activity of at least some 
tissue lipases exhibits Ca”* dependence in subcellular 
preparations [10, 12-15]. Recent studies also support 
the existence of hormone-responsive phospholipase 
activity in kidney [11, 16]. 

Accordingly, in the present study we examined 
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the possibility that Ca**-dependent cGMP accu- 
mulation in rat renal cortex might be related to Ca**- 
induced unsaturated fatty acid release and the sub- 
sequent oxygenation of these fatty acids. 


MATERIALS AND METHODS 


Materials. Arachidonic acid was purchased from 
NuChek Prep, Elysian, MN. [1-"*C]Arachidonic acid 
and ACS scintillation-counting solution were 
obtained from the Amersham Searle Co., Arlington 
Heights, IL. A23187 was a gift from Dr. Robert L. 
Hamill of the Lilly Research Laboratories, Indiana- 
polis, IN. TYA was provided by Dr. W. E. Scott of 
Hoffmann-LaRoche Inc., Nutley, NJ. Other 
materials were obtained from sources cited in pre- 
vious publications [1-3]. 

Experimental animals and tissue preparation. 
Female Sprague-Dawley rats weighing 300-400 g 
were obtained from the Zivic-Miller Laboratories, 
Pittsburgh, PA. Animals were anesthetized with 
sodium pentobarbital (50 mg/kg). The kidneys were 
excised and placed in ice-cold saline. After removal 
of the renal capsule, cortical slices were prepared 
with a Stadie—Riggs microtome and kept at 4° on 
filter paper saturated with 0.9% NaCl until use 
(within 1 hr). 

Incubation of slices and cGMP determination. For 
determination of cGMP, slices were incubated in an 
atmosphere of 95% Oz plus 5% CO at 37° in 2 ml 
Ca’*- and Mg?*-free KRBG containing 0.5 mM 
EGTA, 2mM 1-methyl-3-isobutylxanthine (MIX) 
and 1 mg/ml fatty acid-free bovine serum albumin 
(Sigma Chemical Co., St. Louis, MO). lonophore 
A23187 was present at a concentration of 10 or 
20 4M, where indicated. When anaerobic condi- 
tions were imposed, flasks were gassed vigorously 
with 95% N2 plus 5% CO 10 min prior to addition 
of cGMP agonists and again at the time of agonist 
addition. Indomethacin, fatty acids and A23187 were 
dissolved in ethanol (final ethanol concentration, 
0.5%). Controls received an equivalent amount of 
ethanol. Incubations were terminated by transferring, 
tissues slices to 50 mM socium acetate (pH 4.0) at 
95°. cGMP was extracted and then determined by 
radioimmunoassay after acetylation [17], as 
described previously [2, 3, 18]. 

Measurement of the release of {'*C|arachidonate 
from slices of renal cortex. A total of 140-160 mg of 
renal cortex was placed in 2 ml of Ca’*- and Mg**- 
free KRBG containing 2mM EGTA and 0.25 pCi 
[1-'*C]arachidonate, in the presence or absence of 
10 uM A23187. Preincubations were conducted at 
37° in an atmosphere of 95% O2-5% CO? for 30 min. 
Labeled slices were then subjected to a S-min wash 
in 2ml of Ca?*- and Mg**-free KRBG containing 
0.5 mM EGTA and 5 mg/ml fatty acid-free bovine 
serum albumin in the presence or absence of 20 uM 
A23187. Slices were then transferred to a medium 
identical to the wash medium, and incubation was 
continued, with periodic monitoring of radioactivity 
released into the incubation medium. Fresh medium 
of composition similar to that being sampled was 
added back at the time of each aliquot (50 ul). The 
rate of the release of arachidonate is expressed as 
a per cent of total radioactivity (tissue plus medium) 
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per min in order to provide a measure of label release 
which is independent of variables such as the total 
uptake of radioactivity during the prelabeling period 
and minor variations in the ratio of tissue weight to 
medium volume. 

Extraction of lipids from tissue and medium. At 
the end of the experiment, tissue was removed and 
homogenized in 20 vol. of CHCl;-CH3OH (2: 1) con- 
taining 1mg of butylated hydroxytoluene/liter. 
Medium for lipid analysis (1.8 ml) was mixed with 
0.1 ml of 0.1 MEDTA and 5 ul of 0.1 M butylated 
hydroxytoluene and centrifuged. Radioactivity in 
tissue and the 10,000g supernatant fraction of 
medium were determined by liquid scintillation 
counting in ACS. Quenching was estimated by use 
of [1-'*C]benzoic acid (New England Nuclear, Bos- 
ton, MA) as an internal standard. The medium 
supernatant fraction was extracted with CHCl:- 
CH:OH essentially by the method applied to platelet 
incubation mixtures by Bills et al. [19]. Lipid,extracts 
of tissue and medium were made up in CHCl; and 
loaded on 0.5 g columns of Unisil (100-200 mesh, 
Clarkson Chemical Co., Williamsport, PA). Suc- 
cessive elutions with 5 ml CHCh—CH30OH (19:1), 
6 ml CH3OH and 4 ml CH3O0H-H20 (99:1) yielded 
fractions termed neutral lipid, prostaglandin and 
phospholipid (last two solvents), respectively [19]. 

Assessment of fatty acid uptake. Uptake of fatty 
acid from the medium was assessed under conditions 
nearly identical to those pertaining during measure- 
ment of Ca?*-induced fatty acid accumulation in the 
incubation medium. Slices were preincubated for 
30 min in Ca**- and Mg’*-free KRBG containing 
EGTA and A23187. They were then transferred to 
Ca’*- and Mg’*-free KRBG containing 0.5 mM 
EGTA, A23187, and 5 mg/ml fatty acid-free bovine 
serum albumin. After a 40-min incubation, Ca** or 
arachidonate was added, followed in 30sec by 
0.05 wCi [1-"C]arachidonate. Slices were removed 
after 3 or 7 min of incubation with labeled arachi- 
donate, washed twice in medium containing albumin, 
and homogenized in counting solution. Rates of 
uptake were determined from the differences in tis- 
sue radioactivity between 3 and 7 min for quadru- 
plicate slices at each time point. Under these con- 
ditions the rate of uptake was observed to be 
proportional to arachidonate added over the con- 
centration range 1-200 uM. 

Data presentation. Results are presented as 
means + S.E. Where indicated, the statistical sig- 
nificance of differences between mean values from 
three or more separate experiments was assessed by 
the t-test for unpaired values. In some instances 
results from a representative experiment repeated 
twice are shown. 


RESULTS 


Comparison of Ca**-induced cGMP accumulation 
and arachidonate release in slices of renal cortex. 
When incubated with [1-'*C]arachidonate, renal cor- 
tical slices incorporated most of the label into lipids. 
In a typical incubation of 0.25 wCi arachidonate with 
150 mg of renal cortex, 40 per cent of the added 
label could be recovered from the tissue after 30 
min. The total radioactivity in medium plus tissue 
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Fig. 1. Panel A: accumulation of label in medium bathing 
renal cortical slices prelabeled with [1-'*C]arachidonate: 
effects of Ca** and ionophore A23187. Slices of renal cortex 
weighing 150 + 10 mg were incubated in 2ml KRBG (no 
Ca**, no Mg’*) containing 0.5 mM EGTA and 0.25 uCi 
[1-"*C]arachidonate. Gas phase: 95% O2 + 5% COn. After 
30 min, the slices were washed for 5 min in KRBG con- 
taining 0.5 mM EGTA and 5 mg/ml fatty acid-free bovine 
serum albumin. They were then transferred to fresh 
medium identical to the wash, and the appearance of “C 
in the medium was monitored. A23187 was absent from 
some samples (open symbols) and present at 20 uM in 
others (closed symbols). Ca** was absent (circles) or added 
at 2mM at the indicated time (squares). '“C appearing in 
the medium with time is expressed as a per cent of total 
radioactivity (tissue plus medium). A representative experi- 
ment is shown. Each value is the mean + S.E. for duplicate 
incubates. Panel B: response of renal cortical slice cGMP 
to Ca** and ionophore A23187. Conditions of incubation 
were identical to those of panel A, except that slices 
weighed 50 + 10 mg. A single representative experiment 
is shown. Each value is the mean + S.E. for triplicate slices. 


during a subsequent 1-hr incubation in fresh medium 
remained constant. One-third of the tissue radio- 
activity was present as neutral lipid (primarily tri- 
glyceride) and two-thirds as phospholipid. Only 2 
per cent of the total tissue radioactivity was present 
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as unesterified fatty acid (1.5 + 0.2 per cent, deter- 
mined on four 150-mg pools of renal cortex). Ninety 
per cent or more of the label present in the incubation 
media was unesterified fatty acid, with at least 85 
per cent of this identified chromatographically as 
arachidonate. 

When tissue which had been prelabeled with 
arachidonate was incubated in the presence of fatty 
acid-free albumin (5 mg/ml), radioactivity was 
gradually transferred from the tissue into the medium 
(Fig. 1A). The rate of basal accumulation of radio- 
activity in the medium was not affected by excluding 
Mg?* from the Krebs-Ringer buffer or by incubation 
with divalent-cation ionophore A23187 plus EGTA 
(not shown). A marked increase in the rate of accu- 
mulation of radioactivity in the medium occurred 
upon addition of Ca** (Fig. 1A). This effect of Ca?* 
was most pronounced in the presence of A23187 and 
in the absence of Mg”* (Fig. 1A). Increased accu- 
mulation of arachidonate label in the medium in 
response to Ca’* was not prevented by the absence 
of oxygen or by the presence of a2 mM concentration 
of the cyclic nucleotide phosphodiesterase inhibitor 
MIX (not shown). No enhancement of arachidonate 
label accumulation in the medium was elicited by 1.5 
mM Mg?*. The uptake of |'C]arachidonate under 
conditions identical to those prevailing during 
measurement of net accumulation (5 mg/ml albumin) 
was negligible both before and after addition of Ca’*, 
indicating that the effect of Ca** of increasing 
[C]arachidonate accumulation in the media was 
due to increased release of the fatty acid from the 
tissue. Accumulation of radioactivity in the incu- 
bation medium of renal cortical slices labeled with 
['*C]arachidonate was also stimulated by addition of 
A23187 subsequent to Ca’*. 

The effects of Ca?* or Ca** plus A23187 on the 
release of ['*C]arachidonate from tissue slices to the 
incubation medium (Fig. 1A) correlated with the 
effects of these agents on cGMP content of slices 
incubated under identical conditions (Fig. 1B). Thus, 
renal cortical slice cGMP showed a much greater 
increase in the presence of Ca’* plus A23187 than 
in the presence of Ca”* alone. Furthermore, addition 
of A23187 subsequent to Ca’ elicited an increase in 
renal cortical slice cGMP, whereas its addition prior 
to Ca’* did not. 


Table 1. Effects of tetracaine on Ca?*-induced cGMP accumulation and arachidonate release by renal cortical slices 
incubated with or without ionophore A23187* 





Initial additions cGMP (pmoles/g wet wt) 


1 mM 10 uM : 
Tetracaine A23187 “ 


—Ca** +Ca* 


Rate of “C release 
(% of total '*C/min) 


4. 
| 


—Ca’* +Ca** 


z 
] 





60+ 2 
63 + 11 
47+ 4§ 
36 + 5i§ 


135 + 13+ 
63 + 10% 
367 + 8678 
37 + 114§ 


+ 
+ 


as) bd 


tN 


NY oOwN 


0.26 + 0.01 
0.28 + 0.03 
0.35 + 0.07 
0.22 + 0.09 


0.65 + 0.03+ 
0.50 + 0.0444 
1.55 + 0.947% 
0.45 + 0.134 


ono w 
I+ I+ I+ I+ 
rata 
I+ I+ I+ I+ 
meme NO 
Fe On ee 





* Slices were incubated as described in the legend of Fig. 1. When cGMP analyses were to be performed, reactions 
were teminated 5 min after the addition of 2mM Ca?*. Rates for the release of fatty acid label represent those for the 
first 10 min following addition of 2mM Ca’**. The rate of ['*C]arachidonate release was calculated as the per cent of total 
radioactivity (tissue plus medium) appearing in the medium. Values represent means + S.E. for six incubates. 


+ P<0.05 vs value without Ca’*. 


+ P <0.05 vs corresponding value in the absence of tetracaine. 


§ P< 0.05 vs value in the absence of A23187. 
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Tetracaine, which has been shown previously to 
block Ca?*- and Ca** plus A23187-induced cGMP 
accumulation in renal cortex [2], also inhibited Ca”*- 
induced release of '*C from slices labeled with arach- 
idonate (Table 1). Tetracaine, at a concentration of 
l1mM, completely blocked Ca**-induced cGMP 
accumulation, both in the absence and in the pres- 
ence of A23187. In the presence of tetracaine, a 10- 
fold greater increase in renal cortical cGMP was 
routinely elicited by 10 mM nitroprusside, thus dem- 
onstrating that the effects of tetracaine on Ca**- 
induced cGMP accumulation were selective. Tetra- 
caine also inhibited a significant proportion of Ca’*- 
induced accumulation of ['*C]arachidonate in the 
incubation medium (Table 1). Indeed, in the experi- 
ment shown, 1 mM tetracaine abolished the incre- 
ment of Ca’*-induced accumulation of label 
observed in the presence of A23187. 

Comparison of Ca** and arachidonate-induced 
cGMP accumulation of renal cortex. Of the fatty 
acids tested, only the polyunsaturated fatty acids, 
linoleate and arachidonate, detectably enhanced 
cGMP content of renal cortical slices deprived of 
Ca**: (Table 2). A nearly 2-fold increase in cGMP 
was elicited by exogenous arachidonate under aero- 
bic conditions. Under anaerobic conditions, no sig- 
nificant CGMP response to arachidonate or linoleate 
occurred (Table 2). Addition of Ca?* under aerobic 
conditions resulted in a greater cGMP increase than 
did arachidonate. The cGMP increase in response 
to Ca** also failed to occur in the absence of O 
(Table 2). In contrast to arachidonate and Ca’*, 
10mM _ nitroprusside increased cGMP content of 
renal cortex deprived of O2 (Table 2). However, in 
the presence of 1 mM tetracaine, arachidonate failed 
to increase cGMP accumulation (not shown). 

A maximal cGMP response to 200 uM arachidon- 
ate occurred within 5-10 min of arachidonate addi- 
tion to slices of renal cortex (Fig. 2A). In this incu- 
bation system (1 mg/ml albumin) concentrations of 
arachidonate from 100 to 200 uM were most effective 
in elevating slice cGMP content (Fig. 2B). Longer 
periods of incubation (40 min) and higher arachi- 
donate concentrations (0.5—1 mM) resulted in dimin- 
ished cGMP responses to arachidonate (Fig. 2). The 
cGMP responses to arachidonate also occurred in 
the absence of MIX. Five minutes after the addition 
of 200 uM arachidonate to renal cortical slices in the 
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Fig. 2. Panel A: time course for renal cortical CGMP with 
(@) or without (O) 200 uM arachidonate. After a prein- 
cubation for 30min in Ca’*-free KRBG plus 0.5mM 
EGTA, 2mM MIX and 1 mg/ml fatty acid-free bovine 
serum albumin, arachidonate was added as its sodium salt 
in 40% ethanol (final ethanol concentration in control and 
arachidonate samples was 0.5%). Slices were removed at 
timed intervals thereafter. Panel B: renal cortical cGMP 
as a function of arachidonate concentration. Conditions of 
the experiment were as described in panel A and in the 
legend for Table 2. Values represent the means + S.E.M. 
of six slices. 


absence of MIX, tissue cGMP rose from 9+ 1 toa 
maximum level of 13 + 1 pmoles/g (P < 0.05 based 
on three experiments). The cGMP of renal cortex 
deprived of Ca** increased in response to Ca’* to 
a degree significantly greater than in response to 
arachidonate (Table 2 and Fig. 3). Addition of 
arachidonate to Ca’*-replete slices had no further 
effect on cGMP (Fig. 3). It is of note that 200 uM 
exogenous arachidonate significantly inhibited nitro- 
prusside-responsive cGMP. By contrast, Ca?*had no 
significant inhibitory effect on the cGMP response 
to nitroprusside (Fig. 3). 


Table 2. Effects of fatty acids on cGMP content of renal cortical slices in the presence and absence of 
oxygen* 





Final addition 
18:1 w9 18:2 w6 


Incubation 


conditions None 16:0 20:4 #6  Nitroprusside Ca?* 





173 + 34+ 
41+ 44 


1860 + 220+ 
620 + 10074 


77 + 67 
49 + 44 


97 + 8F 
47 +3 


63 +2 73 + 6 


48 + 4¢ 


95% O2, 5% CO2 60+ 9 


95% N2, 5% CO2 





* Slices were incubated for 30 min in 2 ml of Ca**-free KRBG containing 1 mg fatty acid-free bovine 
serum albumin/ml, 0.5 mM EGTA and 2mM MIX. Gas phase: 95% O2, 5% COz. Fatty acids were then 
added as sodium salts in 40% ethanol for a final concentration of 200 uM (final ethanol concentraticn, 
0.5%) and incubations were continued for an additional 5 min. Where shown, anaerobic conditions were 
imposed 10 min prior to fatty acid addition. Ca** (2.0 mM) and nitroprusside (10 mM) were also added for 
the final 5 min of the incubation, where indicated. Values represent the means + S.E. of nine to fifteen 
slices. 

+ P<0.05 vs no addition. 

+ P<0.05 vs value in the presence of O2. 
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Fig. 3. Effects of arachidonate, Ca** and nitroprusside 
(NPr) on cGMP in renal cortical slices. Experiments were 
performed essentially as described in Table 2 except that 
200 uM arachidonate and 2mM Ca’* were added 15 and 
5 min, respectively, prior to the termination of the incu- 
bation. Values represent the means + S.E.M. of nine slices. 
The asterisk (*) indicates P < 0.05 vs control without Ca?* 
or fatty acid. The single dagger (+) indicates P < 0.05 vs 
value with arachidonate only. The double dagger (+) indi- 

cates P < 0.05 vs value with NPr but no arachidonate. 


Indomethacin, employed at a concentration pre- 
viously shown to inhibit renal medullary PGE syn- 
thesis [20], failed to inhibit Ca**-induced cGMP 
accumulation (Table 3). Similarly, meclofenamate 
(50 wg/ml), a structurally distinct cyclo-oxygenase 
inhibitor [21], also did not suppress Ca’*-induced 
increases in cGMP (not shown). By contrast, 200 uM 
TYA abolished the cGMP response to Ca*, whereas 
the action of nitroprusside on cGMP was diminished 
but still clearly expressed in the presence of TYA. 
Significant arachidonate-induced increases in cGMP 
accumulation were not evident in the presence of 
either indomethacin or TYA. Both indomethacin 
and TYA produced modest but variable increases 
in basal cGMP. These increases were not of statistical 
significance. Nevertheless, they may be related to 
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the loss of a demonstrable action of arachidonate on 
cGMP in the presence of indomethacin or TYA, 
since absolute cGMP accumulation remained higher 
than control (no addition) values under these con- 
ditions (Table 3). 


DISCUSSION 


The results of the prescut study are consistent with 
the suggestion that mobilization of tissue polyun- 
saturated fatty acids may be one mode of Ca’*- 
dependent regulation of renal cortical cGMP, but 
they do not provide direct evidence in support of 
this contention. They also emphasize the complexity 
of cGMP regulation. Clear correlations were evident 
between the effects of Ca?*, A23187 plus Ca?* and 
tetracaine on mobilization of tissue arachidonate and 
on tissue cGMP content (Fig. 1 and Table 1). Fur- 
thermore, of several fatty acids tested, arachidonate 
had the greatest effect on cGMP in renal cortex 
(Table 2). This action of arachidonate was not 
additive with that of Ca?* (Fig. 2), and both Ca** 
and arachidonate failed to increase cGMP in the 
absence of Or. The specificity for arachidonate or 
linoleate as compared to palmitate or oleate in elicit- 
ing an increase in renal cortical cGMP would suggest 
a role for fatty acid oxygenation systems [22], as 
opposed to the system of B-oxidation of fatty acids 
[28]. The oxygen requirement for Ca?*- and arach- 
idonate-dependent stimulation of cGMP probably 
does not relate to an obligatory B-oxidation of fatty 
acid for maintenance of ATP and GTP levels in renal 
cortex, since nitroprusside elicits an increase in 
cGMP in tissue deprived of O2 (Table 2). The data 
are compatible with a role for Ca**-dependent 
arachidonate release and the subsequent oxygena- 
tion of this fatty acid in the expression of Ca’*- 
induced increases in CGMP accumulation. TYA, an 
inhibitor of fatty acid hydroperoxide synthesis and 
prostaglandin synthesis [24], blocked Ca’*-induced 
cGMP accumulation. By contrast, indomethacin, an 
inhibitor of prostaglandin synthesis alone [21], failed 
to block this action of Ca**. The differential effects 
of TYA and indomethacin suggest that oxygenation 
of released fatty acids to hydroperoxides could 
mediate Ca**- and O»-dependent regulation of 


Table 3. Effects of TY A and indomethacin on Ca”*- and arachidonate-induced cGMP accumulation* 





Initial 


addition None 


cGMP (pmoles/g wet wt) 
Final addition 
2mM 200 uM 
Ca?* 20:4 


10 mM 
Nitroprusside 





64+7 
99 + 14 
121 
80 + 14 


None 
Indomethacin (100 jzg/ml) 
TYA (100 uM) 

(200 uM) 


172 + 177 
219 + 467 
158 + 24+ 


2570 + 2407 

2220 + 2007 

2260 + 150+ 
810 + 2607+ 


107 + 7+ 
100 + 11 
95 + 10 


90 + 15¢ 90 + 11 





* Experiments were conducted as described in the legend of Table 2. TYA or indomethacin was 
added in ethanolic solution (final ethanol concentration, 0.5%) at the start of the incubation. 
Control flasks received ethanol only. Arachidonate, Ca’* or nitroprusside was added at 30 min for 
the final 5 min of incubation. Values represent means + S.E. of six to nine slices. 

+ P<0.05 vs corresponding value without a final addition. 

+P < 0.05 vs corresponding value without an initial addition. 
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cGMP in renal cortex, a possibility consistent with 
the action of these fatty acid oxygenation products 
in stimulating guanylate cyclase directly in broken 
cell preparations [6-9]. However, other interpret- 
ations are clearly not excluded. It must be empha- 
sized that the presence of lipoxygenase activity in 
renal cortex had not been demonstrated, and that 
the inhibitory effects of 200 4M TYA were not 
entirely specific for Ca**-induced cGMP accumula- 
tion, since the cGMP response to nitroprusside was 
also reduced by this agent (Table 3). Moreover, 
exogenous arachidonate and tetracaine had complex 
actions on renal cortical cGMP content. These 
included (a) the inability of exogenous arachidonate 
to elicit a tissue CGMP response comparable in mag- 
nitude to that resulting from addition of Ca**; (b) 
the apparent inhibitory influence by exogenous 
arachidonate on nitroprusside-responsive cGMP; 
and (c) an inhibition by tetracaine of the cGMP 
response to arachidonate. In part, these results may 
reflect a limited access of exogenous arachidonate 
to tissue cGMP regulatory sites. They may also 
reflect multiple actions of exogenous arachidonate 
and tetracaine. For example, tetracaine inhibits both 
arachidonate release and cGMP accumulation in 
response to Ca**, and has been shown to inhibit 
tissue phospholipase Az activity [25,26]. Accord- 
ingly, tetracaine has been postulated to inhibit the 
generation of oxygenation products of polyunsatur- 
ated fatty acids by limiting free fatty acid availability 
{25}. Inhibition of Ca**-dependent acyl hydrolase 
might be directly related to suppression of Ca’**- 
induced cGMP accumulation by tetracaine in renal 
cortex. However, tetracaine has other effects on 
Ca** homeostasis and cell metabolism which also 
could be involved in the expression of its inhibitory 
effects on cGMP [27-29]. This is suggested by tetra- 
caine inhibition of the increases in cGMP induced 
by exogenous arachidonate, an effect not readily 
attributable to limited arachidonate availability. 
Thus, the relationship between Ca?*-induced 
release of free fatty acids and Ca**-induced increases 
in renal cortical CGMP accumulation remains uncer- 
tain. It is of interest, however, that a relationship 
between these two actions of Ca** has also been 
suggested by: observations in other tissues. In the rat 
ductus deferens, mepacrine and TYA, putative 
inhibitors of phospholipase and lipoxygenase activ- 
ities, respectively, have been shown to suppress 
Ca?*-induced cGMP accumulation [30]. In platelets, 
A23187 increases the release of arachidonate from 
phospholipase [31]. This is correlated with A23187- 
and arachidonate-induced increases in platelet 
cGMP [32,33], although in platelets it has been 
proposed that the action of arachidonate on cGMP 
may be expressed through mobilization of intracellu- 
lar Ca** from the dense tubule system by an arach- 
idonate oxygenation product [33]. It is evident that 
further studies are needed to define the role of fatty 
acid release and oxygenation in Ca?*-induced cGMP 
accumulation in renal cortex and other tissues. 
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Abstract—Thymidylate synthetase from HeLa cells was purified to electrophoretical homogenity as a 
result of affinity chromatography on a 10-formyl-5,8-dideazafolate-ethyl-Sepharose column. Electro- 
phoretical analysis of the formation of the enzyme-5-fiuorodeoxyuridylate-S ,10-methylenetetrahydro- 
folate complex shows the presence of two binding sites for 5-fluorodeoxyuridylate on the enzyme 
molecule. The molecular weight of the enzyme subunit was 36,000. The apparent Michaelis constants 
for (UMP and (+ )-L-5,10-methylenetetrahydrofolate were 2.0 and 31 uM, respectively. The enzyme 
exhibited a temperature-dependent conformational change with a transitional temperature of 35°. 
Activation energies above and below this temperature were 8.1 and 20.3 kcal/mole, respectively. 


Thymidylate synthetase (methylenetetrahydrofol- 
ate: deoxyuridine-5’-monophosphate C-methyl- 


transferase; EC 2.1.1.45) catalyses the conversion 
of deoxyuridylate to thymidylate [1] and is the only 
source of thymidine nucleotides synthesized dé novo 
in a cell. Since this enzyme is one of the targets of 
cancer chemotherapy [2], properties of human tumor 
thymidylate synthetase(s) are of particular interest. 


However, studies on mammalian thymidylate syn- 
thetase(s) have been hampered by its relatively low 
concentration in tissues aid its instability. A recently 
described affinity chromatography system, based on 
dUMP-dependent binding of the enzyme to an 
immobilized analog of 5,10-methylenetetrahydro- 
folate, tetrahydroamethopterin [3, 4], enabled puri- 
fication of thymidylate synthetase from poor sources 
with yields sufficient to allow further studies. Appli- 
cation of the same system for the purification of the 
enzyme from cultured CCRF-CEM human lym- 
phoblastic leukemia cells resulted in a nearly homo- 
geneous preparation [5]. Since tetrahydroamethop- 
terin columns are unstable, an attempt was made to 
use amethopterin immobilized on aminohexyl- 
Sepharose for the purification of thymidylate syn- 
thetase from blast cells of patients with acute mye- 
locytic leukemia [6]. Chromatography on this adsor- 
bent, involving both biospecific and hydrophobic 
interactions, allowed for high purification of the 
enzyme from its prepurified preparation. Due to the 
small amount of the final enzyme preparation 
obtained, no criterion of purity could be applied. 

We report here the successful isolation and some 
properties of homogeneous thymidylate synthetase 
from HeLa cells. The purification procedure takes 
advantage of the dUMP-dependent adsorption of 
thymidylate synthetase on a stable affinity adsorbent, 
10-formyl-5,8-dideazafolate [7], coupled to Sephar- 
ose via ethylenediamine (Fig. 1). 





* Permanent address: Nencki Institute of Experimental 
Biology, 3 Pasteur Street, 02-093 Warszawa, Poland. 


Sepharose NH-(CH )=- NH-C =0 


CH 
1 2 


OH 
reg GHO 
! 
H D sate 


Fig. 1. Structure of the affinity adsorbent, 10-formyl-5,8- 
dideazafolate ethyl-Sepharose. 


MATERIALS AND METHODS 


Cell culture. HeLa cells were routinely maintained 
in Joklik’s medium containing 10% fetal calf serum 
(Grand Island Biological Co., Grand Island, NY). 
Cells were harvested in the logarithmic phase of 
culture growth by centrifugation at 600 g for 5 min, 
washed once with cold saline solution, and stored 
as a pellet at —20° until use. 

Enzyme assay. A modification of the isotopic 
method of Roberts [8] was used. The standard 
reaction mixture in a total volume of 40 ul contained: 
2.0 nmoles of [5-“-H]dUMP (ca. 5 x 10’ cpm/umole), 
18 nmole ( + )-L-tetrahydrofolate, 36 nmoles formal- 
dehyde, 0.4mole 2-mercaptoethanol, 2 wmoles 
NaF, 2 moles phosphate buffer, pH 7.5 (unless 
otherwise indicated), and the enzyme (<0.2 unit). 
In controls the enzyme was substituted with buffer. 
The reaction was started by addition of the enzyme 
and was terminated after a 1-hr incubation at 37° by 
addition of 200 yl of a suspension of charcoal (Norit, 
100 mg/ml) in 2% trichloroacetic acid (unless other- 
wise indicated). After centrifugation, 100 wl of the 
supernatant fluid were added to 3 ml of aqueous 
counting scintillant (Amersham/Searle Co., Arling- 
ton Heights, IL) and counted in a liquid scintillation 
counter. Thymidylate synthetase activity is 
expressed in units defined as the amount required 
to release 1 nmole of tritium per hr under conditions 
of the assay. 


Affinity adsorbent. 10-formyl-5,8-dideazafolate 
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(supplied by Dr. John Hynes of the Medical Uni- 
versity of South Carolina, Charleston) was coupled 
to aminoethyl-Sepharose by a procedure similar to 
that described for tetrahydroamethopterin [3], 
except that no hydrogen atmosphere was necessary. 

Ammonium sulphate fraction of HeLa cell extract. 
The cell pellets were thawed with 3 vol. of 0.01 M 
phosphate buffer, pH 7.5, containing 0.1 M KCl and 
0.01M 2-mercaptoethanol, sonicated (Bronwill 
‘Biosonic’ 5 X 10 sec at a setting of 50) and centri- 
fuged at 20,000 g for 30 min at 4°. The supernatant 
fluid was fractionated with ammonium sulphate to 
obtain a fraction precipitated between 30 and 70% 
saturation, which was then dissolved in several vol- 
umes of 0.01 M phosphate buffer, pH 7.5, containing 
0.01 M 2-mercaptoethanol and 0.1% Triton X-100 
(buffer A). To the solution dUMP was added to a 
final concentration of 20 uM. 

Affinity chromatography. Isolation of thymidylate 
synthetase starting with a 30-70% ammonium sul- 
phate fraction of the cellular extract was performed 
at 4° and involved a sequence of two affinity chroma- 
tography steps followed by concentration of the 
enzyme on DEAE-cellulose. The 30-70% 
ammonium sulfate fraction (corresponding to about 
10,000 units of enzyme activity) was dissolved in 
buffer A containing 20 uM dUMP and was passed 
slowly (ca. 0.5 ml/min) through a 10-formyl-5,8- 
dideazafolate-ethyl-Sepharose column (2.5 x 7 cm) 
previously saturated with the same buffer. The col- 
umn was then washed with 3000 ml of 0.2 M phos- 
phate buffer, pH 7.5, containing 0.01 M 2-mercapto- 
ethanol, 0.1% Triton X-100 (buffer B) and 20 uM 
dUMP, and the enzyme was eluted with buffer B 
without dUMP. To the pooled fractions, containing 
thymidylate synthetase activity, 20 .M dUMP was 
added and affinity chromatography repeated as 
described above. The pooled active fractions result- 
ing from the second affinity chromatography were 
diluted with 0.005 M phosphate buffer containing 
0.01 M 2-mercaptoethanol and 0.1% Triton X-100 
so as to reach a final phosphate concentration lower 
than 0.05 M and passed through a DEAE-cellulose 
column (1.5 X 5 cm) equilibrated with buffer A. The 
enzyme, adsorbed on DEAE-cellulose, was eluted 
with buffer B containing 20% sucrose. 


W. Rope, B. J. DoLNick and J. R. BERTINO 


Electrophoretical analysis. The thymidylate syn- 
thetase preparations were tested for homogeneity by 
polyacrylamide gel electrophoresis at 4° in a system 
similar to that described by Davis [9] except that 
separation gels (7.5%) contained 0.1% Triton X-100 
and spacer gels were absent. Gels were stained for 
protein as described by Weber and Osborn [10]. 

The molecular weights of denatured proteins were 
determined by polyacrylamide gel electrophoresis in 
the presence of sodium dodecylsulfate (SDS), as 
described by Weber and Osborn [10]. Phosphoryl- 
ase B (mol. wt = 94,000), bovine serum albumin 
(mol. wt = 68,000), ovalbumin (mol. wt = 43,000), 
carbonic anhydrase (mol. wt = 23,000), soybean 
trypsin inhibitor (mol. wt = 21,000) and lysozyme 
(mol. wt = 14,300) were used as molecular weight 
standards. 

Protein determination. The procedure of Sedmak 
and Grossberg [11] was used, with bovine serum 
albumin as a standard. 


RESULTS AND DISCUSSION 


The high biological specificity of the chromato- 
graphic system used results from the fact that thy- 
midylate synthetase binds to immobilized 10-formyl- 
5,8-dideazafolate, a potent inhibitor of this enzyme, 
similarly as to immobilized tetrahydroamethopterin 
[3-5], only in the presence of (UMP. The enzyme 
is then eluted solely due to the absence of (UMP 
in the buffer (see Material and Methods). In order 
to achieve such a biospecificity for isolation of HeLa 
thymidylate synthetase, a high concentration 
(20.2 M) of the eluting buffer was necessary, since 
in a low ionic strength buffer, binding of the enzyme 
to the affinity column was not entirely d(UMP-depen- 
dent, probably due to hydrophobic interactions [3]. 

Results of the affinity chromatography of the 30— 
70% ammonium sulfate fraction of the cell extract 
are presented in Table 1. A single affinity chroma- 
tography step did not result in a homogeneous prep- 
aration of the enzyme. Final purification, with 80 
per cent yield, was achieved by repeating the same 
procedure (see Material and Methods). Since thy- 
midylate synthetase was eluted from the affinity col- 
umn in a rather large buffer volume (Table 1), the 


Table 1. Purification of thymidylate synthetase from HeLa cells 





Total 
activity 
(units) 


Volume 
(ml) 


Purification 
stage 


Total 
protein 
(mg) 


Specific 
activity 
(units/mg protein) 


Yield 
(%) 


Purification 





30-70% 
(NHs)2SO4 
fraction 

Pooled fractions 
after first affinity 
chromatography 


86.5 8440 


6300 


Pooled fractions 
after second 
affinity 
chromatography 


6400 


10.2 


3 100 


75 


19,100* 





* Assayed after concentration of the pooled fractions on DEAE-cellulose column. 
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Fig. 2. Polyacrylamide gel electrophoresis of HeLa thymidylate synthetase after the second affinity 
chromatography (see Table 1). Each sample applied to a gel contained 5 yg protein. The samples were 
treated for 30 min at 37° with 0.5 uM [°H]-5-fluorodeoxyuridylate and 100 uM 5,10-methylenetrahy- 
drofolate before electrophoroesis. Gels were either sliced and assayed for bound label (a) or stained 


for protein (b). (c) Native purified enzyme. 
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Fig. 3. SDS polyacrylamide gel electrophoresis of HeLa thymidylate synthetase after a second affinity 
chromatography (see Table 1). Before electrophoresis, samples (5 4g protein/sample) were treated for 
30 min at 37° with 0.5 uM (°H]-5-fluorodeoxyuridylate and 100 uM 5,10-methylenetetrahydrofolate and 
precipitated with trichloroacetic acid in the presence of deoxycholate [16]. The precipitates were 
dissolved in 0.1 ml of 0.01 M phosphate buffer, pH 7.0, containing 6 M urea, and, after addition of 5 yl 
of 14.4M 2-mercaptoethanol, 3 yl of 0.05% bromphenol blue and 2 drops of glycerol, immersed for 
5 min in a boiling water bath. (a) Bound [°H]-5-fluorodeoxyuridylate was assayed in the sliced gel. 
Arrows indicate positions of molecular weight standards (see Materials and Methods). (b) Stained gel. 
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Fig. 4. Arrhenius plot. Samples were assayed at each of 

two enzyme concentrations (9.0 and 4.5 units in 0.04 ml) 

in duplicate for 5 and 10 min at the temperatures indicated. 

Assays were performed as described, except that the reac- 

tion mixtures contained 0.2 M Tris-HCl, pH 7.5, in place 
of phosphate and were 10% (v/v) in sucrose. 


enzyme was concentrated before further analysis. 
The use of a small DEAE-cellulose column (see 
Materials and Methods) obviated the concomitant 
concentration of Triton X-100 present in all affinity 
chromatography buffers to stabilize the enzyme [12]. 
Lowering of the buffer ionic strength of the thy- 
midylate synthetase preparation, for adsorption of 
the enzyme to DEAE-cellulose, had to be achieved 
by dilution rather than dialysis, since the latter pro- 
cedure resulted in substantial loss of enzyme activity. 

Concentrated HeLa _ thymidylate synthetase, 
obtained after a second affinity chromatography 
step, was found to be electrophoretically homo- 
geneous (Fig. 2c). Based upon the ability of the 
system to detect impurities of 0.1 ug, we estimate 
the preparation to be greater than 98 per cent pure. 
The purified enzyme was stable for several weeks at 
—20°, and no loss of activity was observed at this 
temperature. Its specific activity, 19.1 zmoles/hr/mg 
protein (Table 1), is similar to that of pure L1210 
(W. Rode et al. , unpublished results), Ehrlich ascites 
[13] and calf thymus [14] thymidylate synthetases 
(23.0, 28.2 and 21 wmoles/hr/mg protein respec- 
tively). On the other hand, it is much higher than 
the minimum specific activity of the enzyme from 
human leukemic blast cells (1.1 zmoles/hr/mg pro- 
tein) [6] and substantially lower than the specific 
activity of CCRF-CEM enzyme (228 umoles/hr/mg 
protein) [5]. Native HeLa thymidylate synthetase, 
similar to the Lactobacillus casei [15] and L1210 [12] 
enzymes, formed with 5-fluorodeoxyuridylate 
(FdUMP) and 5,10-methylenetetrahydrofolate two 
types of electrophoretically separable ternary com- 
plexes (Fig. 2a, b), suggesting the presence of two 
binding sites for FAUMP on the enzyme. The mol- 
ecular weight of the enzyme subunit, estimated by 
SDS polyacrylamide gel electrophoresis, was 36,000 
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(Fig. 3), somewhat higher than that of CCRF-CEM 
enzyme (33,000) [5]. Traces of protein at the position 
corresponding to a molecular weight of 73,000 on 
the gel (Fig. 3) indicated that the native enzyme is 
corfposed of two equivalent-sized subunits. A quan- 
titative comparison of FAUMP, bound to the enzyme 
after electrophoresis in the native or denatured state 
(Figs. 2a and 3a), reveals that the denatured complex 
of thymidylate synthetase with FdUMP and 5,10- 
methylenetetrahydrofolate dissociated after urea 
treatment, SDS electrophoresis, or both. 

Initial velocity studies of the HeLa enzyme reac- 
tion showed apparent Michaelis constants for (UMP 
and ( + )-L-5,10-methylenetetrahydrofolate to be 2.0 
and 31 uM, respectively (not shown). An Arrhenius 
plot exhibited a biphasic curve with a transitional 
temperature at 35°, indicating a temperature-depen- 
dent conformational change (Fig. 4). Activation 
energies above and below 35° were 8.1. and 
20.3 kcal/mole, respectively. Purified thymidylate 
synthetase from HeLa cells thus displays a biphasic 
Arrhenius plot with activation energies similar to the 
enzyme purified from human leukemia blast cells 


[6]. 
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Abstract—Z/n vitro rat hepatic microsomal metabolism of the monochlorobiphenyls (MCBs) 2-, 3- and 
4-chlorobiphenyl, has been investigated as a model for the metabolism of polychlorinated biphenyl 
pollutants. MCB metabolism was catalyzed by cytochrome P-450, as indicated by a dependence on 
NADPH and O:, inhibition by 2-diethylaminoethy!-2,2-diphenylpropylacetate (SKF 525-A), metyrapone 
and CO, and the formation of type I difference spectra, on the addition of MCBs to microsomes. All 
MCBs yielded a 4'-monohydroxy MCB as the major metabolite, as determined by mass and nuclear 
magnetic resonance spectroscopy, dechlorination to 4-hydroxybiphenyl, and high-pressure liquid 
chromatography retention times. Minor monohydroxy and dihydroxy metabolites were also produced 
from the MCBs. The regioselectivity of control cytochrome P-450 for metabolism of MCBs at the 4’ 
position was not altered by preinduction of cytochrome P-450 with 2,4,2',4'-tetrachlorobiphenyl (TCB) 
or cytochrome P-448 with 3,4,3’,4’-TCB. 2-Chlorobipheny! was metabolized only by control and induced 
cytochrome P-450; 3- and 4-chlorobiphenyl were metabolized by control and by induced cytochrome 
P-450 and P-448. Thus, the regioselectivity of metabolism of MCBs is independent of the chlorine 
position or the form of the induced cytochrome involved, but the extent of metabolism of polychlorinated 


biphenyls (PCBs) is determined by induction of the hepatic cytochromes P-450. 


Since the first report of environmental contamination 
by polychlorinated biphenyls (PCBs) in 1966 [1, 2], 


numerous studies (e.g. Ref. [3]) have established the 
existence of worldwide environmental pollution by 
these compounds. Interpretation of the extensive 
toxicological studies of PCBs has been hampered by 
the presence of highly toxic contaminants, such as 
dibenzofurans, in commercial PCB mixtures [4, 5], 
and the difficulties associated with analysis of mul- 
ticomponent PCB mixtures (209 possible com- 
pounds) [6-8]. It has also been proposed that, based 
on relative LDso values, the toxicity of certain PCBs 
is attributable to hydroxylated metabolites [9], and 
that the mutagenicity of PCBs is a consequence of 
their hepatic microsomal metabolism [10, 11]. 
Elucidation of the mechanisms and degrees of 
toxicity of commercial mixtures of PCBs is thus 
dependent on the determination of pathways of 
metabolism of individual PCBs. Some PCBs, par- 
ticularly those with lower numbers of chlorine sub- 
stituents (between one and four), are hydroxylated 
by mammalian liver microsomal cytochrome P-450 
[12]. The most extensive investigation of such 
hydroxylations has been performed on the parent 
compound, biphenyl, which yields primarily 4- 
hydroxybiphenyl with control rat liver microsomes 
[13]. However, induction of rat cytochrome P-450 
with 3-methylcholanthrene or phenobarbital leads, 
in addition, to the formation of significant quantities 
of 2-hydroxybiphenyl! or 3-hydroxybiphenyl respec- 
tively [13]. Jn vitro microsomal metabolism of pur- 
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ified PCBs has been investigated to a limited extent 
only. 4-Chlorobiphenyl yields principaily 4’-chloro- 
4-biphenylol [11], and 2,3-dichlorobiphenyl is 
metabolized to 2,3-dichloro-4’-biphenylol [14], while 
2,2'- and 2,4’-dichlorobiphenyl are metabolized to 
four and to two monohydroxylated compounds 
respectively [15]. Jn vivo metabolism of purified 
PCBs has been studied more extensively and the 
results have been reviewed [12]. Included in the in 
vivo studies were 4-chlorobiphenyl, dichloro-, trich- 
loro-, tetrachloro-, pentachloro- and hexachlorobi- 
phenyls [12]. 

PCBs have also been demonstrated to induce 
hepatic microsomal cytochrome P-450 [16]. Initially, 
studies indicated the induction of novel forms of 
cytochrome P-450 [17] but subsequent investigations, 
following purification of the induced cytochrome P- 
450, suggested that a commercial mixture of PCBs 
(Aroclor 1254) induces forms of cytochrome P-450 
which are a mixture of those induced by phenobar- 
bital and 3-methylcholanthrene [18]. The positions 
of the chloro-substituents on the biphenyl nucleus 
govern the extent and the forms of cytochrome P- 
450 which are induced [19]. Thus, PCBs, through 
induction of the enzymes involved, play a role in 
determining the manner of their own subsequent 
metabolism. 

In an effort to determine the manner in which the 
metabolism of PCBs ultimately affects their toxicity, 
we have initiated investigations into the metabolism 
of individual PCBs by rat liver microsomes. In the 
present paper we report on the metabolism of three 
monochlorobiphenyls (MCBs) by control and 
2,4,2',4'- or 3,4,3’,4’-tetrachlorobiphenyl (TCB)- 
induced rat liver microsomes. 
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MATERIALS AND METHODS 


Monochlorinated biphenyls and biphenylols were 
purchased from the RFR Corp., Hope, RI, and 
Analabs, North Haven, CT, and were further pur- 
ified via high-pressure liquid chromatography 
(h.p.l.c.). NADPH was obtained from the Sigma 
Chemical Co., St. Louis, MO. High-pressure liquid 
chromatography grade acetonitrile was from the 
Fisher Chemical Co., Pittsburgh, PA. 2-Diethyl- 
aminoethyl-2.2-diphenylpropylacetate (SKF 525-A) 
and metyrapone were gifts from the Smith, Kline 
and French Laboratories, Philadelphia, PA, and the 
Ciba Pharmaceutical Co., Summit, NJ, respectively. 
Sodium dihydrobis (2-methoxyethoxy) aluminium 
hydride was purchased from Pfaltz & Bauer, Stam- 
ford, CT. Water was deionized and glass-distilled. 
All other chemicals were of the highest grades com- 
mercially available. 

High-pressure liquid chromatography. A Water 
Associates model 244 liquid chromatograph with a 
uBondapak Cis reversed phase column (4mm 
i.d. x 30cm) was used to purify substrates and to 
analyze reaction products. MCBs and metabolites 
were detected with a Waters Associates model 440 
absorbance detector at 254 nm and the results were 
calculated using a Hewlett Packard 3385A auto- 
mation system (recording integrator). Acetonitrile— 
water (75:25) was the mobile phase in analytic pro- 
cedures at a flow rate of 1 ml/min. The detector 
responses of a series of commercially available 
monohydroxy MCB standards were used for esti- 
mating the responses of those products for which no 
standards were available, permitting their approxi- 
mate quantitation. 

2-, 3- and 4-Chlorobiphenyl were purified by 
h.p.l.c. using a w~Bondapak Cis reversed phase pre- 
parative column (7.8 mm i.d. x 30cm). A solution 
of the MCB in 25% acetonitrile in water (approxi- 
mately 100 ug/ml) was purified in 5 mg portions. A 
5-min gradient was run to 60% acetonitrile at a flow 
rate of 4 ml/min, and fractions corresponding to the 
various chromatographic peaks were collected. The 
acetonitrile was removed with a rotatory evaporator, 
and the MCB residues were taken up in diethyl 
ether. All MCBs were shown to be homogenous by 
analytical h.p.|.c. following purification. The purity 
was confirmed by mass spectrometry. 

Purified MCBs were analyzed on a Finnigan 4000 
mass spectrometer/data system equipped with a solid 
probe. The sample (0.5 to 1.5 wg) was temperature 
distilled by heating to 300° at approximately 
100°/min, while mass spectra were acquired every 2 
sec and stored in the computer. The presence of 
impurities was determined from plots of the elution 
of the most significant ions (MSI) temperature and 
by comparison of the concentration curves with the 
total ion current (TIC). Major differences between 
the MSI and TIC curves suggest the presence of 
contaminants in the sample. 

Microsomal metabolites of the MCBs were iden- 
tified by h.p.l.c-mass spectrometry. The Finnigan 
mass spectrometer was equipped with a Finnigan 
liquid chromatograph interface. The interface com- 
prises a continuous moving belt with an infra red 
lamp to remove solvent, a hot wire to volatilize the 


sample, and a two-stage differential pumping system. 
Because of difficulties associated with the use of the 
interface with an aqueous solvent, the chromato- 
graphic system was modified to incorporate a Waters 
Associates Porasil column with 0.5% methanol in 
methylene chloride as eluting solvent at a flow rate 
of 0.6 ml/min. 

Hydroxybiphenyls were analyzed by h.p.l.c on a 
Spherisorb NH2 column using a slight modification 
of a published method [20]; 2-, 3- and 4-hydroxy- 
biphenyls were well resolved in this system. 

Preparation of microsomes. Male Wistar rats (200- 
250 g body wt) from a colony maintained in this 
Division were acclimatized for 1-2 weeks at 21° with 
a 12hr light cycle. They were killed by cervical 
dislocation after being fasted for 12 hr, and the livers 
were removed immediately, weighed, minced, and 
washed as free of blood as possible with 0.02 M Tris— 
HCI/0.15M KCl, pH 7.4. The livers were hom- 
ogenized at 4° in the same buffer, using a Potter— 
Elvehjem homogenizer fitted with a Teflon pestle. 
The homogenate was centrifuged at 14,000 ¢ for 
15 min, and the supernatant fraction was chroma- 
tographed on a Sepharose CL 2B column (20 x 7 cm) 
by a modification [21] of the method of Tangen et 
al. [22], using the Tris buffer as eluent. The micro- 
somes were eluted in the void volume. Protein con- 
centration was determined by the method of Schac- 
terle and Pollack [23]. Cytochrome P-450 
concentrations were measured using the carbon 
monoxide difference spectral method of Omura and 
Sato [24]. 

For studies with induced microsomes, 2,4,2',4’- 
TCB or 3,4,3',4'-TCB dissolved in corn oil was 
administered i.p. to rats at a dose of 0.14 mmole/kg 
body wt (41 mg/kg) once daily for 3 days. The rats 
were killed 2 days after the final administration of 
the PCBs. 

In vitro metabolism. MCB suspensions were pre- 
pared for use as substrates in the microsomal system 
by ultrasonicating the MCB in 2.5% (w/v) aqueous 
buffered carboxymethyl cellulose (CMC, type 7LF, 
Hercules Inc., Wilmington, DE) for 2 x 5 min, using 
a model W140 Sonifier (Heat Systems-Ultrasonics 
Inc., Plainview, NY). The sonifier was equipped with 
a microprobe and used at a setting of 6. 

The mixtures were kept in an ice—water bath dur- 
ing sonication [25]. Appropriate amounts of the 
MCB suspension were diluted to 0.20 ml by the 
addition of 2.5% CMC, added to the microsomal 
suspension (2 mg protein), and the volume brought 
to 0.90 ml with buffer. The mixtures were incubated 
for 10 min at room temperature and for 1 min at 37° 
to allow uptake of the MCB by the microsomes. 
Reaction was initiated by the addition of 0.10 ml 
(2mg) of NADPH in water, and the tubes we = 
incubated in a shaking water bath at 37° (100 
strokes/min) for variable times. Reaction was ter- 
minated by the rapid addition of 3 ml diethyl ether. 
The reaction mixtures and ether were mixed well, 
and the aqueous portion was frozen out in an ice- 
salt bath. The ether was decanted, the aqueous por- 
tion allowed to thaw, and the extraction repeated 
(2 x 3ml). The ether was evaporated off and the 
residue was dissolved in tetrahydrofuran (200 pl). 
Recovery studies of 4-chlorobiphenyl and 4-chloro- 
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4'-biphenylol from microsomes, using this method, 
indicated extraction efficiences of 90.3 percent + 4.7 
(S.E.) and 95.2 per cent + 1.9 (S.E.) respectively 
(N = 10). This method of extraction did not lead to 
any detectable loss of metabolites by volatilization. 

Products from the incubations were quantitated 
and identified via h.p.l.c. and h.p.l.c-mass spectro- 
metry as described previously. 

The major monohydroxylated products and some 
minor products from 2- and 3-MCB were reductively 
dechlorinated using dihydrobis (2-methoxyethoxy) 
aluminum hydride [26]. The dechlorinated products 
were extracted with ether, purified by h.p.l.c. using 
a wBondapak Cis analytical column and identified 
by h.p.l.c. as described previously. 

Incubations designed to provide relatively large 
quantities of 2- and 3-MCB metabolites for n.m.r. 
spectroscopy used 30-mg of substrate, the concen- 
tration of MCB in the microsomal suspension being 
approximately 1 mM. Incubations were performed 
for 1 hr and NADPH was added at 15-min intervals. 
The metabolites were extracted with ether after 
acidification of the boiled reaction mixture with HCl. 
The ether extract was washed with water and evap- 
orated to dryness, and the residue was taken up in 
25% acetonitrile. Highly polar components of the 
extract were removed using Sep-Pak Cis cartridges 
(Waters Associates). Individual products were pur- 
ified using h.p.l.c. on a w~Bondapak Cis preparative 
column as described previously. Nuclear magnetic 
resonance spectra were recorded at 100 MHz using 
a Varian XL100 instrument with deuterochloroform 
as a solvent and tetramethylsilane as an internal 
standard. 

Binding to hepatic cytochrome P-450. Affinities of 
the MCBs for hepatic cytochrome P-450 were deter- 
mined using the difference spectral method of 
Schenkman [27] over the range 350-500 nm. An 
Aminco DW-2 spectrophotometer with a cell com- 
partment maintained at 25° was used to determine 
the difference spectra. One milliliter of microsomal 
suspension was placed in each of two optically bal- 
anced cuvettes with 1-cm light paths. To one was 
added 10 pl of 2.5% CMC, and to the other an MCB 
suspended in 10 wl of 2.5% CMC. The contents of 
the cuvettes were mixed well before spectra were 
determined. 

Partition coefficients. The partition of MCBs 
between an aqueous buffer and a microsomal 
phospholipid preparation was determined as follows: 
MCB (12-100 wg) in 25 wl of an acetone solution 
was added to 2 ml of microsomes (1-4 mg protein/ml) 
in a centrifuge tube. The tubes were mixed and 
allowed to stand for 10-15 min at room temperature, 
and then centrifuged for 10 min at 200 g to sediment 
undissolved MCB. This supernatant fraction (0.5 ml) 
was pipetted into a 10-ml volumetric flask containing 
5 ml methanol, and the flask was brought to volume 
with methanol (Flask No. 1). CMC (2.5%, 0.3 ml) 
was added to the remaining microsomal suspension 
and the tube was centrifuged for 10 min at 200g. At 
this gravitational force, the microsomes sediment in 
the presence of CMC. The supernatant fraction 
(0.6 ml) was pipetted into a 10-ml volumetric flask 
which was brought to volume with methanol (Flask 
No. 2). The flasks were placed in the refrigerator 
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overnight and the clear methanolic solution was ana- 
lyzed via h.p.l.c. for the content of MCB. 

ug MCB in Flask No. 1 = total wg MCB present; 

ug MCB in Flask No. 2 = ng MCB in aqueous 
solution; 

Flask No. 1 — Flask No. 2 = wg MCB in micro- 
somal solution. 

Partition coefficients were calculated according to 
the method of Parry et al. [28], using the phospho- 
lipid: protein ratio for microsomes determined by 
Borgese et al. [29]. 

Calculation of kinetic constants. Rates of MCB 
metabolism were calculated in  nmoles 
product/min/nmole cytochrome P-450; Lineweaver- 
Burk, (S)/V vs (S), and direct linear plots were used 
to calculate apparent K» and apparent Vmax values. 
The direct linear plot [30] was particularly valuable 
in revealing the existence of the two enzyme-one 
substrate systems. The values presented for the 
kinetic constants are averages calculated using two 
or more of the methods, which were in good agree- 
ment generally. 

Molecular orbital calculations. Extended Hiickel 
molecular orbital calculations were performed for 
biphenyl and the MCBs [31-33]. Biphenyl and the 
3- and 4-chlorobiphenyls were assumed to be in the 
planar configuration, and for 2-chlorobiphenyl! the 
two phenyl rings were assumed to be perpendicular 
to one another for the purposes of the calculations. 
The chlorine parameters used in the calculations 
were: &3S) = 2.033, V.S.I.E.(38)= —30.0eV; 
&3P) = 2.033, V.S.1.E.(3P)=-—15.0eV; and 
&3d) = 2.03, V.S.L.E.(3d) = —9.0eV. The net 
atomic charges were calculated by Mulliken popu- 
lation analysis. 


RESULTS 


MCB binding to microsomes. Difference spectra 
arising from the interactions of 2-, 3- or 4-MCB with 
microsomal cytochrome P-450 from control, 
3,4,3’,4’-TCB- or 2,4,2',4'-TCB-induced micro- 
somes are shown in Figs. 1, 2 and 3. In agreement 
with the results of Goldstein et al. [19], 2,4,2’,4’- 
TCB induced microsomes had a reduced-CO differ- 
ence spectral maximum at 450nm,_ while 
3,4,3’,4'-TCB induced microsomes had a spectral 
maximum at 448nm. All MCBs yielded type I 
binding spectra with control and induced micro- 
somes with absorbance peaks at approximately 
390nm and troughs at approximately 420 nm. 
However, the extent of the absorbance differences 
(A absorbances9-420nm) for the MCBs was differ- 
entially affected by the state of induction of the 
microsomes. 2-Chlorobiphenyl interacted to the 
greatest extent with 2,4,2’,4’-TCB-induced cyto- 
chrome P-450 and showed virtually no binding to 
3,4,3',4'-TCB-induced cytochrome P-448 (Fig. 1). 
3-Chlorobiphenyl exhibited enhanced binding with 
both forms of induced cytochromes relative to con- 
trols but to a greater extent with 2,4,2',4’-TCB- 
induced cytochrome P-450 (Fig. 2). With 4-chloro- 
biphenyl the major binding was to the 3,4,3’ ,4'-TCB- 
induced cytochrome P-448 (Fig. 3), but 2,4,2’,4’- 
TCB induction also produced some increase in bind- 
ing relative to controls. 
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Fig. |. Difference spectra of 2-chlorobiphenyl! with liver 
microsomes from control rats (0.89 nmole cytochrome P- 
450/mg protein, 2 mg protein/ml) (——), 2,4,2’ ,4’-tetrach- 
lorobiphenyl-induced rats (1.75 nmoles cytochrome P- 
450/mg protein, 2mg protein/ml) (- --), and 3,4,3’,4’- 
tetrachlorobiphenyl-induced rats (2.20 nmoles cytochrome 
P-448/mg protein, 2 mg protein/ml) (—-—). 2-Chlorobi- 
phenyl was added in an ultrasonicated suspension of car- 
boxymethyl cellulose (40 4M). An equivalent volume of 
carboxymethyl cellulose solution was added to the refer- 
ence cuvette. Spectra were recorded at 25° in 0.02 M Tris— 
HCI buffer, pH 7.4. 


Partition coefficients of MCBs. The partition coef- 
ficients of the MCBs for the microsomal suspension- 
aqueous buffer system are presented in Table 1. The 
partition coefficients for the MCBs are not signifi- 
cantly different from one another when determined 
at a concentration of 2 mg of microsomal protein/ml. 
For all three MCBs the partition coefficients 
decreased with increasing microsomal protein 
concentration. 

In vitro microsomal metabolism of MCBs. Sol- 
utions of 4-chlorobiphenyl in methanol, ethanol, 
dimethylsulfoxide (DMSO), acetone, propylene gly- 
col or acetonitrile (0.025 ml), or an ultrasonicated 
suspension in CMC (0.20 ml), each containing the 
same quantity of 4-chlorobiphenyl, were added to 
microsomes (0.90 ml). The final protein concentra- 
tion was 2 mg/ml and the final substrate concentra- 
tion, 2.65mM. The reaction was initiated by the 
addition of 2mg NADPH in N-tris- 
(hydroxymethyl)-2-aminoethane sulfonic acid (TES) 
buffer (0.10 ml). Metabolites were quantitated by 
h.p.l.c. 

Ethanol and DMSO diminished the rates of prod- 
uct formation by 70 per cent, and acetone and meth- 
anol caused approximately 10 per cent stimulation 
relative to experiments with CMC as substrate 
vehicle. Acetonitrile and propylene glycol were 








ABSORBANCE 








WAVELENGTH (nm) 


Fig. 2. Difference spectra of 3-chlorobiphenyl with liver 
microsomes from control rats (0.87 nmole cytochrome P- 
450/mg protein, 2 mg protein/ml) ( ), 2,4,2’ ,4’-tetrach- 
lorobiphenyl-induced rats (1.60nmoles cytochrome P- 
450/mg protein, 2mg protein/ml) (---), and 3,4,3'4’- 
tetrachlorobiphenyl-induced rats (2.13 nmoles cytochrome 
P-448/mg protein, 2 mg protein/ml) (—-—). 3-Chlorobi- 
phenyl was added in an ultrasonicated suspension of car- 
boxymethyl! cellulose (50 uM). Other conditions were as 
in Fig. 1. 
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400 
WAVELENGTH (nm) 
Fig. 3. Difference spectra of 4-chlorobiphenyl with liver 
microsomes from control rats (0.91 nmole cytochrome P- 
450/mg protein, 2 mg protein/ml) ( ), 2,4,2',4’-tetrach- 
lorobiphenyl-induced rats (1.23 nmoles cytochrome P- 
450/mg protein, 2 mg protein/ml) (— —), and 3,4,3’,4’- 
tetrachlorobiphenyl-induced rats (2.28 nmoles cytochrome 
P-448/mg protein, 2 mg protein/ml) (—-—). 4-Chlorobi- 
phenyl was added in an ultrasonicated carboxymethyl cel- 
lulose suspension (23 4M). Other conditions were as in 
Fig. 1. 
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Table 1. Partition coefficients of 2-, 3- and 4-chlorobiphenyl between microsomal 
suspensions and aqueous buffer* 





Partition coefficients x 107° 





MCB 1 mg protein/ml 


2 mg protein/ml 4 mg protein/ml 





9.30 + 1.507 
(N = 4) 
9.70 + 1.90 
(N= 4) 
7.50 + 0.10 
(N = 3) 


2-Cl 
3-Cl 


4-Cl 


5.70 
(N = 2) 
5.80 + 0.50 
(N = 5) 
5.30 + 0.70 
(N = 3) 


3.00 


4.10 


2.80 





* Microsomes were isolated from control rat liver and studied at concentrations 


of 1, 2 and 4 mg protein/ml. 
+ Values are means + S.D. 


approximately equivalent to CMC. CMC was chosen 
as the substrate vehicle for all subsequent studies in 
view of these results and of reports by Hook et al. 
[25] that a CMC suspension of biphenyl was without 
effect on its metabolism or on a number of phases 
of microsomal electron transport. Acetone has also 
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Fig. 4. Effect of time on the microsomal metabolism of 4- 

chlorobiphenyl to 4’-chloro-4-biphenylol. Microsomes 

were isolated from control rats (0.86 nmole cytochrome P- 

450/mg protein, 2 mg protein/ml). 4-Chlorobiphenyl was 

added to the microsomes in an ultrasonicated suspension 

of carboxymethyl cellulose (1.0 mM). Reactions were per- 
formed at 37° and pH 7.4. 


been reported to behave as an uncompetitive inhib- 
itor of cytochrome P-450 [25], while methanol and 
acetonitrile inhibit ethoxy coumarin deethylation 
[34]. Furthermore, in contrast to the organic sol- 
vents, addition of CMC to microsomal suspensions 
in concentrations equivalent to those used in this 
study did not produce any difference spectrum in the 
range of 350-500 nm. 

A range of substrate concentrations of 0.2-2.0 mM 
was chosen to span the Km value determined in a 
preliminary study of 4-chlorobiphenyl metabolism, 
and this was used for all subsequent studies. The 
initial rates of product formation from the micro- 
somal metabolism of 4-chlorobiphenyl were linear 
for 10 min and deviated slightly from linearity there- 
after (Fig. 4). To ensure linearity for all the sub- 
strates, all metabolic studies were run for 5 min. 

The h.p.l.c. u.v. spectral responses at 254 nm of 
a series of MCBs and monohydroxy MCBs are pre- 
sented in Table 2. All the MCBs exhibited a single 
peak after purification, and the purity was confirmed 
by mass spectrometry. The responses are relative 
to that of 4-chlorobipheny! arbitrarily set at 1.000. 
These results provide a number of relationships 
which can be used for predicting the responses of 
other metabolites: (1) the response of a biphenyl 
with a 4-chloro substituent > 3-chloro- > 2-chloro; 
(2) a 2-hydroxyl substituent diminished the response 
of an MCB markedly and virtually independently of 
whether the hydroxyl and chlorine substituents were 
on the same or different phenyl rings (c.f. 3-chloro- 
2-biphenylol and 3’-chloro-2-biphenylol with 3-chlo- 
robiphenyl); and (3) a 4-hydroxyl substituent (on 


Table 2. High-pressure liquid chromatographic u.v. spectral responses for 
monochlorobiphenyls and monochlorobiphenylols at 254 nm 





Compound 


Spectral response 


(relative to 4-chlorobiphenyl = 1.000) 





4-Chlorobiphenyl 
2-Chlorobiphenyl 
3-Chlorobiphenyl 
2-Chloro-4-biphenylol 
2-Chloro-5-biphenylol 
3-Chloro-2-biphenylol 
3'-Chloro-2-biphenylol 
3-Chloro-4-biphenylol 
4’-Chloro-4-biphenylol 


1.000 
0.271 
0.824 
0.653 
0.333 
0.314 
0.365 
0.683 
0.638 
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Fig. 5. Effect of 2-chlorobiphenyl concentration on its rate 
of microsomal metabolism. Microsomes from control 
(0.91 nmole cytochrome P-450/mg protein) (MI), 2,4,2’,4’- 
tetrachlorobiphenyl-induced (1.49 nmoles cytochrome P- 
450/mg protein) (A), or 3,4,3',4’-tetrachlorobiphenyl- 
induced (2.03 nmoles cytochrome P-448/mg protein) (@) 
rat livers were incubated (2 mg proteiwml) with varying 
concentrations of 2-chlorobiphenyl at 37° and pH 7.4. The 
reciprocals of the rates of formation of the major mono- 
hydroxylated metabolite are plotted against the reciprocals 
of the substrate concentrations. 


either ring) enhanced the response of 2-chlorobi- 
phenyl and diminished the responses of 3- and 4- 
chlorobiphenyl to the extent that they all became 
approximately equivalent (c.f. 2-chloro-4-bipheny- 
lol, 3-chloro-4-biphenylol and 4'-chloro-4-bipheny- 
lol). Similar relationships, based on relative reten- 
tion times, were also apparent and will be discussed 
later. 
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Fig. 6. Effect of 3-chlorobipheny! concentration on its rate 
of microsomal metabolism. Microsomes from control 
(0.91 nmole cytochrome P-450/mg protein) (M), 2,4,2',4’- 
tetrachlorobiphenyl-induced (1.49 nmoles cytochrome P- 
450/mg protein) (A), or 3,4,3’,4’-tetrachlorobiphenyl- 
induced (2.03 nmoles cytochrome P-448/mg protein) ,(@) 
rat livers were incubated (2 mg protein/ml) with varying 
concentrations of 3-chlorobiphenyl at 37° and pH 7.4. The 
reciprocals of the rates of formation of the major mono- 
hydroxylated metabolite are plotted against the reciprocals 
of the substrate concentrations. 
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Fig. 7. Effect of 4-chlorobiphenyl concentration on its rate 
of microsomal metabolism. Microsomes from control 
(0.89 nmole cytochrome P-450/mg protein) (Ml), 2,4,2’,4’- 
tetrachloroviphenyl-induced (1.59 nmoles cytochrome P- 
450) (A), or 3,4,3',4’-tetrachlorobiphenyl-induced (2.03 
nmoles cytochrome P-448/mg protein) (@) rat livers were 
incubated (2 mg protein/ml) with varying concentrations 
of 4-chlorobiphenyl at 37° and pH 7.4. The reciprocals of 
the rates of formation of the major monohydroxylated 
metabolite are plotted against the reciprocals of the sub- 
strate concentrations. 


Figures 5-7 show the rates of formation of the 
major products of the metabolism of 2-, 3- and 4- 
chlorobiphenyl by control and 2,4,2’,4’-TCB- or 
3,4,3’ ,4'-TCB-induced rat liver microsomes as a 
function of substrate concentration. Rates are based 
on the detector responses for the metabolites being 
equivalent to that of 4’-chloro-4-biphenylol (see pre- 
vious discussion on detector responses). 
Lineweaver—Burk plots of the data for the 2- and 3- 
chlorobiphenyls were linear (Figs. 5 and 6) and 
yielded the apparent Vax and Km values reported in 
Table 3. With 4-chlorobiphenyl, the Lineweaver— 
Burk plots were biphasic (Fig. 7), and this was con- 
firmed in experiments where a wider range of sub- 
strate concentrations (0.05-2.0mM) was used. 
Apparent Vmax and Km values for each of the phases 
of 4-chlorobiphenyl metabolism were calculated by 
the method of successive approximations [35, 36] 
(Table 3). 

The rate of formation of the major metabolite of 
2-chlorobiphenyl was increased by induction of 
cytochrome P-450 and decreased by induction of 
cytochrome P-448 (based on mg of microsomal pro- 
tein). With 3-chlorobiphenyl, rates were enhanced 
following induction of both forms of cytochrome but 
to a greater extent by cytochrome P-448. 

The mass spectral scans of the h.p.|.c. eluent con- 
taining the products of metabolism were limited to 
greater than m/e 100 due to background from solvent 
impurities. Selective ion monitoring of the chlorine 
clusters was performed at m/e 188, 189 and 190 for 
identification of substrates, 204, 205 and 206 for 
identification of monohydroxylated MCBs, and 220, 
221 and 222 for identification of dihydroxylated 
MCBs. The natural isotope abundance ratio of 3:1 
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Table 3. Apparent Vmax and Km values for the metabolism of 2-, 3- and 4-chlorobiphenyl by control, 2,4,2’,4’-tetra- 
chlorobipheny! (TCB)- or 3,4,3’ 4’ ,-tetrachlorobiphenyl-induced rat liver microsomes 





Km 


Substrate Inducer (mM) 


nmole cytochrome P-450) 


Vmax 
(nmoles product/min/ 
mg microsomal protein) 


(nmoles product/min/ 





Control 0.62 + 0.18* 
(N = 4) 
2,4,2',4’-TCB 
(N = 3) 
3,4,3’ ,4’-TCB 
(N = 3) 
Control 
(N = 4) 
2,4,2',4’-TCB 
(N = 3) 
3,4,3’,4’-TCB 
(N = 3) 
Control 
(N = 3) 


2-Cl 
0.25 + 0.06 
0.55 + 0.28 
0.29 + 0.07 
0.27 + 0.10 


0.34 + 0.03 


4-Cl 6.2 + 1.6, 0.17 + 0.01 


1.23 + 0.16 1.06 + 0.18 


1.09 + 0.23 1.74 + 0.36 
0.26 + 0.11 0.52 + 0.23 
1.51 + 0.48 1.26 + 0.49 
1.40 + 0.33 2.26 + 0.34 
2.02 +0.27 4.01 + 0.58 


7.95 + 1.77, 0.78 + 0.03 7.66 + 0.88, 0.76 + 0.06 





* Values are means + S.D. 


for M*:(M+2)* was an additional criterion 
imposed on the selected ion monitoring recon- 
structed ion currents. The results indicated that 4- 
chlorobiphenyl metabolism produced a single 
monohydroxy MCB with trace quantities of a 
dihydroxy MCB, 2-chlorobipheny! metabolism gave 
rise to a major and a minor monohydroxy MCB and 
traces of two dihydroxy MCBs, and 3-chlorobiphenyl 
metabolism gave rise to two monohydroxy MCBs in 
the ratio of 10:1 and trace quantities of two dihy- 
droxy MCBs. Identification of dihydroxy MCBs was 
based only on elemental composition and molecular 
weight since standards were not available. 

The h.p.l.c. retention time of the monohydroxy- 
lated MCB metabolite from 4-chlorobiphenyl was 
identical to that of the 4’-chloro-4-biphenylol stan- 
dard, and could not be separated from the standard 
when it was added to the microsomal extract, under 
a variety of solvent conditions. 4’-Chloro-4-biphen- 
ylol was thus assumed to be the major metabolite 
of 4-chlorobiphenyl. 4-Chlorobiphenyl products 
from control, 2,4,2',4’- or 3,4,3',4’-TCB-induced 
microsomes all exhibited identical retention times 
under a variety of solvent conditions on the h.p.l.c. 
For 3-chlorobiphenyl the major monohydroxylated 
metabolite had a retention time similar to that of 3- 
chloro-4-biphenylol. This retention was different 
from that of 3-chloro-2-biphenylol and 3’-chloro-2- 
biphenylol, the latter two of which were indistin- 
guishable by h.p.l.c. Dechlorination of the major 
monohydroxylated metabolite yielded 4-hydroxybi- 
phenyl, while the minor metabolite yielded 3- 
hydroxybiphenyl. The n.m.r. spectrum of the major 
monohydroxy compound exhibited signals at 6.9 

'(d,2H) and 7.2 (d,2H) p.p.m. with coupling con- 
stants of approximately 8.0 Hz. This is typical of the 
pattern for an AA’BB’ system which is consistent 
with hydroxylation at the 4-position of the unsub- 
stituted phenyl ring. The protons from the Cl-sub- 
stituted ring gave rise to a multiplet at 7.3—7.6 p.p.m. 
The spectrum of the metabolite differed from that 
of 3-chloro-4-biphenylol. Based on all of these results 
the major product was 3’-chioro-4-biphenylol. The 


same major metabolite was obtained from 3-chlo- 
robipheny] using control or induced microsomes. For 
2-chlorobipheny! the retention time of the major 
metabolite differed from that of the 2-chloro-4- 
biphenylol and 2-chloro-5-biphenylol standards. 
Dechlorination of the major metabolite yielded 4- 
hydroxybiphenyl, while the minor monohydroxy 
metabolite yielded 3-hydroxybiphenyl. The major 
metabolite was thus 2-chloro-4’-biphenylol and this 
was confirmed by the n.m.r. spectrum. The spectrum 
exhibited one-half of the AA’BB’ pattern with a 
doublet at 6.88 p.p.m. (2H), while a multiplet at 
7.26-7.40 p.p.m. accounted for the remainder of the 
protons. This spectrum is thus consistent with 4- 
hydroxylation of the unsubstituted phenyl ring. The 
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\/[2- CHLOROBIPHENYL](M in microsomes) 


Fig. 8. Effect of microsomal protein concentration on the 
rates of microsomal metabolism of 2-chlorobiphenyl. Con- 
trol rat liver microsomes (0.94 nmole cytochrome P-450/mg 
microsomal protein) were incubated at 1 mg protein/ml 
(@), 2 mg protein/ml (@), 3.5 mg protein/ml (A), with 
varying concentrations of 2-chlorobiphenyl added in a car- 
boxymethyl cellulose suspension. The inverse of the rate 
of formation of the major monohydroxylated metabolite 
is plotted against the inverse of the concentration of the 
substrate in the microsomes. Concentrations were calcu- 
lated based on partition coefficients reported previously. 
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same major metabolite was obtained with control or 
induced microsomes. The n.m.r. spectrum of the 
metabolite was different from that of 2-chloro-4- 
biphenylol. 

The effect of microsomal protein concentration on 
the rates of metabolism of 2-chlorobiphenyl is shown 
in Fig. 8. At a constant substrate concentration, the 
rate of product formation (per nmole of cytochrome 
P-450) decreased with increasing microsomal protein 
concentration. However, when the substrate con-, 
centrations within the microsomes were calculated, 
taking into account the effect of microsomal protein 
concentration on the partition coefficients of the 
MCBs (Table 1), and replotted (Fig. 8), the effect 
of protein concentration was eliminated. 

Effects of inhibitors. In Fig. 9 the effects of a 
number of inhibitors of cytochrome P-450 on the 
rates of microsomal metabolism of 4-chlorobipheny] 
are shown. At saturating substrate concentrations, 
metyrapone (2 mM) inhibited the rate of metabolite 
formation by 46 per cent, SKF 525-A (2 mM) by 87 
per cent, displacement of air by bubbling for 10 min 
with nitrogen by 83 per cent, and bubbling with a 
CO/O2 (80/20) mixture for 10 min by 94 per cent, 
while replacement of NADPH by an equivalent con- 
centration of NADH only yielded 7 per cent of the 
activity. 

Molecular orbital calculations. The net charge on 
each carbon atom of the MCBs and biphenyl, as 
determined from the molecular orbital calculations, 





(nmoles product/min/nmole cytochrome P-450) 


RATE OF METABOLITE FORMATION 











4 L 
05 1.0 


4-CHLOROBIPHENYL (mM) 


Fig. 9. Effects of inhibitors on the microsomal metabolism 
of 4-chlorobiphenyl. Control rat liver microsomes (0.89 
nmole cytochrome P-450/mg protein, 2 mg protein/ml) were 
incubated with varying amounts of an ultrasonicated sus- 
pension of 4-chlorobiphenyl (0.07—1.13 mM) and NADPH 
(2.4 mM) at 37° and pH 7.4, no inhibitors added (@); 
metyrapone (2 mM) added (0); nitrogen was bubbled 
through the reaction mixture for 10 min prior to initiation 
(A); SKF 525-A (2 mM) added (™); NADH (2.7 mM) 
replaced the NADPH (A); CO/O2 (80/20) was bubbled 
through the reaction mixture for 10 min prior to initiation 
(O). Product was quantitated by h.p.l.c. 
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Fig. 10. Net atomic charges on the carbon atoms of biphenyl 

and 2-, 3- and 4-chlorobiphenyl. Net charges were calcu- 

lated by Mulliken population analysis and extended Hickel 
molecular orbital calculations. 


is presented in Fig. 10. Chlorine substitution at the 
4-, 3- or 2-positions of biphenyl was virtually without 
effect on the net charge of the carbon atoms of the 
unsubstituted phenyl ring except in the case of the 
4’-carbon of 2-chlorobiphenyl, which had a slightly 
more negative charge. The net charges on the 4- and 
4'-carbons of 2-chlorobiphenyl were virtually 
equivalent. 


DISCUSSION 


The dependence of the rat hepatic microsomal 
metabolism of MCBs on NADPH and O):, and the 
inhibition of this metabolism by CO [24; 37], SKF 
525A [38] and metyrapone [39] strongly implicate 
cytochrome P-450 in the metabolism. A role for 
cytochrome P-450 in the catalysis of MCB metab- 
olism is further supported by the type I difference 
spectra observed on the addition of MCBs to micro- 
somal suspensions [27]. 

For the 2- and 3-chlorobiphenyls the combination 
of mass and n.m.r. spectrometry, dechlorination and 
h.p.l.c. retention times of the major metabolites 
unambiguously identify the metabolites as 2'-chloro- 
4-biphenylol and 3’-chioro-4-biphenylol, respec- 
tively. In the case of 4-chlorobiphenyl, the identity 
of the h.p.i.c. retention time of its major metabolite 
with that of 4-chloro-4’-biphenylol, together with the 
various reports that this is the major metabolite of 
4-chlorobipheny] in vivo in rats [40] and in vitro with 
rat liver microsomes [10, 12], serve to identify unam- 
biguously this metabolite. It is thus apparent that 
chlorine substituents at the 2-, 3- or 4-positions of 
biphenyl do not alter the regioselectivity of control 
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rat liver cytochrome P-450 for hydroxylation at the 
4-carbon of biphenyl. This unaltered regioselectivity 
is consistent with the results of molecular orbital 
calculations, which indicate that monochloro sub- 
stituents at the 2-, 3- or 4-positions of biphenyl do 
not alter significantly the net charge on the carbon 
atoms of the unsubstituted phenyl rings relative to 
values for biphenyl. The 4- and 4’-carbons of 2- 
chlorobiphenyl, however, have similar net charges 
but, since no 2-chloro-4-biphenylol was detected as 
a metabolite, it is possible that steric effects of the 
2-chloro-substituent prevented formation of this 
metabolite. It has been reported recently that 4- and 
2-bromobiphenyl also yield primarily 4’-monohy- 
droxylated products from the in vivo metabolism of 
rabbits [41]. In the same study, however, it was 
reported that the major metabolite of 3-bromobi- 
pheny! was either 3-bromo-4-biphenylol or 5-bromo- 
2-biphenylol. It is not clear whether the difference 
between our results on the position of hydroxylation 
of 3-chlorobiphenyl and those reported for 3-bro- 
mobiphenyl result from the difference in the halogen 
substituent or from the difference in the type of 
experimental animal. 

In contrast to the failure of 2-, 3- or 4-monochloro 
substituents to affect the regioselectivity of biphenyl 
metabolism by control cytochrome P-450, these sub- 
stituents apparently overcame the regioselectivity 
toward biphenyl metabolism exhibited by induced 
forms of cytochrome P-450. We have reported pre- 
viously that control rat liver microsomal metabolism 
of biphenyl (by Wistar rats from the same colony as 
that used in the present study) yielded 4- and 2- 
hydroxybipheny! in the ratio of 14:1 and that this 
ratio was altered to 2.6:1 by prior induction of the 
microsomal cytochrome P-448 with 3-methylchol- 
anthrene [42]. A similar change in regioselectivity 
of biphenyl metabolism following the induction of 
cytochrome P-448 was observed with Long-Evans 
[43] and Sprague-Dawley rats [13]. It was also dem- 
onstrated that phenobarbital induction of the micro- 
somal cytochrome P-450 resulted in the formation 
of significant quantities of 3-hydroxybiphenyl from 
biphenyl (ratio of 4-/3-hydroxybiphenyl, 7:1) [13]. 
In the present studies, however, no such changes in 
regioselectivity were noted following induction by 
2,4,2',4'-TCB or 3,4,3’,4'-TCB and only the same 
major metabolites were detected under all conditions 
of induction for each of the MCBs. These results are 
consistent with previous studies using 4-chlorobi- 
phenyl [44]. These TCBs have been demonstrated 
to induce forms of cytochrome P-450 and forms of 
cytochrome P-448, respectively [19]. Furthermore, 
in studies of induction by Aroclors 1254 and 1260 
(commercial mixtures of PCBs), it was demonstrated 
that these mixtures induced forms of cytochrome P- 
450 and P-448 which were indistinguishable from 
those induced by phenobarbital and 3-methylchol- 
anthrene [45, 46]. The results of the studies of MCB 
binding and MCB metabolic rates indicate that, 
except possibly for the metabolism of 2-chlorobi- 
phenyl by cytochrome P-448, all three of the MCBs 
are metabolized by all of the variously induced 
microsomes. Thus, the effects of the 2-, 3- and 4- 
monochloro substituents on biphenyl in overcoming 
the regioselectivities of induced forms of cytochrome 
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P-450 are not a consequence of a failure to catalyze 
metabolism. 

Kinetic studies on the microsomal metabolism of 
the MCBs are complicated by the multicomponent, 
heterogeneous nature of the system [47]. However, 
following an extensive review of the literature [47] 
it was concluded that microsomal cytochrome P-450 
metabolism is amenable to the determination of rate 
constants. The kinetic constants determined from 
microsomal metabolism should not, however, be 
considered as absolute values but rather as indicators 
of changes in enzyme activity [47] and are thus des- 
ignated ‘apparent’ rate constants. The identity of the 
partition coefficients of the three MCBs for the sys- 
tem aqueous buffer—microsomal suspension indi- 
cates that the determined rate constants are probably 
not controlled by differential partition of the sub- 
strates into the microsomal environment of cyto- 
chrome P-450. In constrast, the observed depend- 
ence of the kinetic constants for 2-chlorobiphenyl 
metabolism on the microsomal protein, and thus 
lipid, concentration is apparently a consequence of 
the alteration in partition coefficient as a function 
of protein concentration. Thus, redetermination of 
the kinetic constants based on substrate concentra- 
tions within the microsomes eliminated the effect of 
microsomal protein concentration on the rate 
constants. 

For 2-chlorobiphenyl, the results of the binding 
studies are essentially in agreement with the rate 
constants determined from the rates of formation of 
2-chloro-4’-biphenylol. The apparent Vmax value with 
3,4,3',4'-TCB-induced cytochrome P-448 is signifi- 
cantly lower than those with 2,4,2',4’-TCB-induced 
cytochrome P-450 and control cytochrome P-450, 
which corresponds with the spectrally determined 
extents of binding of 2-chlorobiphenyl to the control 
and induced cytochromes. The apparent Vmax values 
for 3-chlorobiphenyl metabolism (based on values 
per mg of microsomal protein) indicate enhanced 
rates of metabolism with both types of induced 
cytochromes, with the cytochrome P-448 producing 
the fastest rates. The binding studies also indicated 
enhanced binding to both types of induced cyto- 
chromes, although the 2,4,2’,4’-TCB-induced 
cytochrome P-450 produced the greater extent of 
binding. For 4-chlorobiphenyl metabolism all Line- 
weaver—Burk plots were biphasic. With control 
microsomes the faster phase yielded a rate of product 
formation which was significantly greater than the 
corresponding rates with 2- or 3-chlorobiphenyl. 

In summary, we have demonstrated that rat liver 
microsomal cytochrome P-450 metabolism of MCBs 
yields 4'-hydroxylated MCBs as the major product 
irrespective of the state of induction’ of the cyto- 
chrome. The rates of metabolism of the MCBs were, 
however, differentially affected by the state of induc- 
tion of the microsomal cytochrome P-450. 
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Abstract—The effects of dihydroquinidine on the metabolism of quinidine by 10,000 g supernatant 
fractions of rabbit and rat liver homogenates and on the disposition of quinidine in the rabbit were 
investigated. From Lineweaver—Burk plots, the following mean + S.E.M. values for Vmax and Km for 
quinidine and K; for dihydroquinidine for the rabbit liver preparations were obtained: 240 + 50 
nmoles/min/g liver, 0.55 + 0.14 mM, and 0.56 + 0.09 mM respectively. The corresponding values for 
the rat liver homogenates were 74 + 6 nmoles/min/g liver, 0.12 + 0.02 mM and 0.14 + 0.06 mM. From 
Dixon plots, the following values for Ki for dihydroquinidine were obtained: 0.54 + 0.09 mM for the 
rabbit liver preparations and 6.14 + 0.04 mM for the rat liver homogenates. In rabbits pretreated with 
dihydroquinidine for an average of 26 days, no changes in the distribution and elimination half-life 
values for quinidine, total body clearance, or apparent volume of drug distribution were observed when 
compared to the control quinidine disposition constants obtained in the same animals. As their structures 
suggested, the data showed that the interactions of dihydroquinidine and quinidine during drug metab- 
olism by rabbit and rat liver 10,000 g supernatant fractions were competitive. Additionally, the affinities 
of dihydroquinidine and quinidine for the drug-metabolizing enzymes in these preparations were the 
same. The data also suggested that the small amounts of dihydroquinidine normally found in quinidine 
preparations probably have no significant effect on the disposition of quinidine in the body when 


therapeutic doses of the drug are used. 


Quinidine, a widely used cardiac antiarrhythmic 
agent, is known to contain varying quantities of 
dihydroquinidine and other congeneric alkaloids as 
impurities [1,2]. While the amounts of the latter 
alkaloids in quinidine preparations are relatively 
small, the levels of dihydroquinidine have been 
reported to be as high as 24 per cent of the total 
alkaloid content [1, 2]. Structurally, quinidine and 
dihydroquinidine are virtually identical, dihydro- 
quinidine differing from quinidine only by saturation 
of the vinyl side chain of the quinuclidine ring system. 
They possess similar physicochemical properties [3— 
8], pharmacologic activities [1, 9-12], binding charac- 
teristics to plasma proteins [13], and disposition 
kinetics after intravenous administration [14]. 

In man, drug metabolism is the principal mech- 
anism for the removal of quinidine from the body. 
Only 10-20 per cent of a given quinidine dose is 
excreted in the urine [15-17]. Quinidine metabolites 
that have been identified to date include 3- 
hydroxyquinidine [18], 2'-oxoquinidinone [18] and 
o-desmethylquinidine [19]. Additionally, Palmer et 
al. [20] have suggested that quinidine and some of 
its metabolites are eliminated as conjugated drug 
species. Presumably, the metabolism and excretion 
patterns of dihydroquinidine are similar to quinidine, 
based on present information [14]. 

From these observations coupled with the report 
that quinidine and quinine inhibited the metabolism 
of pentobarbital by hepatic microsomal enzymes 
[21], it was of interest to investigate the potential 
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effects of dihydroquinidine on the biotransformation 
of quinidine. A change in the rate of quinidine 
metabolism could be quite significant clinically, since 
this drug is effective only within a narrow drug con- 
centration range of 2-5 mg/l in the plasma [22]. 

This paper describes the effects of dihydroquini- 
dine on the in vitro metabolism of quinidine by the 
rabbit and rat liver homogenates and in vivo quin- 
idine disposition in the rabbit. 


MATERIALS AND METHODS 


Drugs. Quinidine, free of the dihydro analog, was 
prepared from quinidine sulfate, USP powder, 
according to the method of Thron and Dirscherl [23]. 
The separated dihydroquinidine was used after puri- 
fication, as described previously [13]. Aqueous sol- 
utions of quinidine and dihydroquinidine were pre- 
pared from their sulfate salt forms. All drug 
concentrations and doses are expressed in terms of 
the free base. 

Enzyme preparation. Male New Zealand white 
rabbits (3-4 kg) and male Sprague-Dawley rats (180- 
250 g) were used. All studies were initiated between 
9:00 and 10:00 a.m. of each experimental day after 
overnight fasting. Following placement in a restrain- 
ing cage, the rabbits were killed by injecting a 10- 
20 cm” bolus of air into a marginal ear vein. Rats 
were killed by cervical dislocation. 

Following a midline incision, the liver was rapidly 
excised and placed in a beaker on ice. Approximately 
60 g of liver was accurately weighed, minced with 
a Stainless-steel razor blade, and homogenized in a 
cold room with 2 vol. of ice-cold 1.15% KCl in a 
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chilled, Potter-Elvehjem homogenizer with a motor- 
driven polytefion pestle. In studies involving rats, 
the livers of several animals were pooled. The hom- 
ogenates were centrifuged for 30 min at 4° in a Sorvall 
model RC2-B centrifuge to obtain the 10,000 g 
supernatant fraction. 

In vitro quinidine metabolism. Incubation mixtures 
contained 10,000 g supernatant fraction equivalent 
to 667 mg liver, NADP (1 umole), glucose 6-phos- 
phate (20 umoles), MgCl: (25 wmoles), nicotin- 
amide (20 wmoles), varying quantities of quinidine 
and dihydroquinidine, and 0.1 M potassium phos- 
phate buffer (pH 7.4) added to produce a final vol- 
ume of 5 ml. Quinidine concentrations of 12.5, 25, 
50 and 100 x 10-? wmoles per 5 ml of incubation 
mixture and dihydroquinidine concentrations of 3, 
6, 12 and 50 x 10~? wmoles per 5 ml of incubation 
mixture were used. The samples were incubated in 
a Dubnoff metabolic incubator in the presence of air 
at 37° for 15 min at a shaking rate of approximately 
100 oscillations/min. Reactions were terminated by 
the addition of 0.5 ml of 5N NaOH, and the dis- 
appearance of quinidine was measured. All deter- 
minations were performed in duplicate and the 
results averaged. The analysis for quinidine was done 
as described previously [16]. 

The values of Vinax and Km for quinidine and K;for 
dihydroquinidine were determined by linear regres- 
sion analyses of Lineweaver—Burk plots. Dixon plots 
were also constructed and used to evaluate the effects 
of dihydroquinidine on the metabolism of quinidine. 

In vivo quinidine disposition. Male New Zealand 
white rabbits weighing 4-Skg were used. Each 
animal was given a quinidine dose of 4-5 mg/kg 
intravenously before and after treatment with 
dihydroquinidine. In this manner, each animal 
served as its own control. While in a restraining cage, 
a vein infusion set with winged adapter (no. 
2C0O075, Travenol Laboratories, Deerfield, IL) was 
inserted into a marginal ear vein and used to give 
doses and collect blood samples (0.5 ml) for drug 
analysis [16]. To insure that the total quinidine dose 
was given, the contents of the infusion set were 
flushed with heparinized normal saline (5 units/ml). 
Blood specimens were collected in heparinized tubes 
at 0, 5, 10, 15 and 30 min and at 0.5-hr intervals for 
up to 4-5 hr after the dose. Patency of the sampling 
set was maintained by periodic flushing with hep- 
arinized saline. 

To evaluate the effects of dihydroquinidine on 
the in vivo disposition of quinidine, 1 day after 
receiving the control quinidine, each animal was 
treated with dihydroquinidine, according to the fol- 
lowing schedule, for an average of 26 days (range: 
11-41): 50mg dihydroquinidine daily by subcuta- 
neous injection and 25 mg dihydroquinidine base in 
oil given subcutaneously every 5 days. At the end 
of this treatment period, a second i.v. quinidine 
injection was given in the manner described above. 
This dose was the same as the control. 

In all studies, after administration of the quinidine 
i.v. doses, blood quinidine concentrations declined 
biexponentially when the data were plotted on 
semilogarithmic graph paper. The disposition 
characteristics of quinidine before and after treat- 
ment with dihydroquinidine were, therefore, evalu- 
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ated by fitting the blood drug concentration—time 
data to the following two-term exponential equation, 
using the nonlinear least squares regression program 
NONLIN [24]. 

Cp = Ae~“ + Be~*. (1) 
Cp is the blood drug concentration at time ¢, a and 
B are first-order rates constants for the fast and slow 
disposition processes, respectively, and A and B are 


the ordinate axis intercepts for the two processes. 
Total body clearance (C/) was computed by: 


Dose 
_— (A/a + B/B) 


Apparent volume of distribution (Vd) was deter- 
mined by: 


(2) 


Vd = Cl/g. (3) 


Half-life values for drug distribution (Tj.) and elim- 
ination (Tig) were calculated according to: 


Tia = 0.693/a and Tig = 0.693/B. (4) 


Student’s paired f-test was used to assess the sig- 
nificance of the observed differences. 


RESULTS 


In vitro quinidine metabolism. The following 
mean + S.E.M. values for Vinaxand Kmwere obtained 
for the metabolism of quinidine by the 10,000 g rabbit 
liver supernatant fraction (N=8): 240+ 50 
nmoles/min/g liver and 0.55 + 0.14mM. The cor- 
responding values observed for the rat liver hom- 
ogenates (N = 8) were 74 + 6 nmoles/min/g liver and 
0.12 + 0.02 mM respectively. 

Using Lineweaver—Burk plots, the effects of 0.1 
mM dihydroquinidine on the metabolism of quini- 
dine by the 10,000 g rabbit and rat liver supernatant 
fractions are presented in Figs. 1 and 2. From the 
slopes of these graphs, the computed values for the 
constant, Ki, were 0.56 + 0.09 mM for the rabbit 
homogenates and 0.14 + 0.06 mM for the rat liver 
preparation. 
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Fig. 1. Lineweaver—Burk plots of the metabolism of quin- 

idine (closed circles, N = 8) and its interaction with 0.1 


mM dihydroquinidine (open circles, N = 7) for the 10,000 
g rabbit liver supernatant fraction. 
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Fig. 2. Lineweaver-Burk plots of the metabolism of quin- 

idine (closed circles, N = 8) and its interaction with 0.1 

mM dihydroquinidine (open circles, N = 8) for the 10,000 
g rat liver supernatant fraction. 


With 3, 6 and 12 x 10-?umoles of dihydroquini- 
dine in the starting incubation mixture, linear regres- 
sion analysis of Dixon plots resulted in the following 
mean + S.E.M. values for Ki in the rabbit and rat 
liver homogenate _ preparations, respectively: 


0.54 + 0.09 (N = 6) and 0.14+0.04mM (N =S5). 
These values of Ki f6r dihydroquinidne were similar 
to the Km constants observed for the quinidine in the 
respective liver homogenate preparations. 

In vivo quinidine disposition. The effects of 
dihydroquinidine on the in vivo disposition of quin- 


idine in rabbits are summarized in Table 1. When 
compared to the pretreatment control values, no 
significant differences were observed in the distri- 
bution (1.4 vs 1.5 min) and elimination (119.1 vs 
124.9 min) half-life values for quinidine, total body 
clearance rate (86.4 vs 105.2 ml/min), or apparent 
volume of drug distribution (13.2 vs 17.3 1.) following 
treatment with dihydroquinidine for an average of 
26 days. In these studies, using the assay method 
previously reported from this laboratory [14], the 
plasma dihydroquinidine concentrations were above 
1 mg/l throughout each experiment. 


DISCUSSION 


The structural similarities of dihydroquinidine and 
quinidine suggested a priori that the two compounds 
were substrates for the same drug-metabolizing 
enzymes of the liver. Therefore, drug metabolism 
studies were performed to characterize the nature 
of the interaction between the two agents. The con- 
trol and dihydroquinidine-treated Lineweaver—Burk 
plots shown in Figs. 1 and 2 for the metabolism of 
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quinidine by the 10,000 g liver supernatant fractions 
of the rabbit and rat, respectively, intercepted the 
I/v axis at essentially the same point (P > 0.05). 
Additionally, from Lineweaver-Burk and Dixon 
plots, no differences were seen between the com- 
puted values of Km for quinidine and Ki for dihy- 
droquinidine with the respective enzyme prep- 
arations. These observations demonstrate that the 
interaction between dihydroquinidine and quinidine 
for drug metabolism in the study was competitive. 
Furthermore, they reveal that the two compounds 
possessed similar affinities for the quinidine-metab- 
olizing enzymes of the rabbit and rat liver. On the 
basis of these findings, it is reasonable to assume 
that dihydroquinidine was capable of altering the 
rate of quinidine removal by the intact liver. 

With the present data, it is possible to estimate 
that saturation of the quinidine-metabolizing 
enzymes would occur at a liver concentration of 
about 1.1 mM in the rabbit and 0.24 mM in the rat, 
or approximately 360 and 80 mg/I respectively. It can 
be seen that these values are many times greater 
than the plasma quinidine concentrations of approx- 
imately 2-5 mg/l [22] that are reportedly required 
for antiarrhythmic activity with the drug. In view of 
a previously observed [25] liver/plasma ratio for 
quinidine in dogs of 17 to 39, these findings would 
suggest that it would be very unlikely that the 
capacity of the drug-metabolizing enzymes would be 
exceeded with the doses of quinidine used clinically. 

In order to evaluate the effects of dihydroquinidine 
on quinidine disposition in vivo, rabbits were pre- 
treated with dihydroquinidine for an average of 26 
days and subsequently given a dose of quinidine 
intravenously. The plasma dihydroquinidine con- 
centrations in all studies were always higher than 1 
mg/l, which is considerably greater than the levels 
that might be seen in man on a standard quinidine 
dosage regimen. In these studies, pretreatment with 
relatively high doses of dihydroquinidine had no 
effect on the distribution and elimination behaviour 
of quinidine (Table 1). The absence of any effects 
by dihydroquinidine on the elimination half-life and 
clearance rate of quinidine is consistent with the in 
vitro findings which suggest that the capacity of the 
quinidine-metabolizing enzymes of the rabbit liver 
is much greater than the concentrations that could 
be produced by therapeutic doses of quinidine. 

In this study, a species difference in the metab- 
olism of quinidine by the 10,000 g liver supernatant 
fractions was observed.. ‘The capacity of the drug- 
metabolizing enzymes was observed to be greater in 
the rabbit liver preparation (240 vs 74 nmoles/min/g 
liver). Drug-metabolizing enzymes of rat liver hom- 
ogenates, on the other hand, appeared to have a 
greater affinity for quinidine than the enzymes of the 


Table 1. Quinidine disposition constants for control and dihydroquinidine-treated rabbits* 





The 


Treatment (min) 


Tig Cl 
(min) 


(ml/min) 





Control 14+ 
Dihydroquinidine 1.5 + 0.2t 


0.5 119.1 + 66.3 
124.9 + 56.8+ 


86.4 + 40.1 
105.2 + 32.1+ 





* Mean + S.D., N =S. 
t No significant difference at the 0.05 level. 
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rabbit preparation (0.12 vs 0.55 mM). Furthermore, 
the intrinsic: clearance of quinidine, calculated 
according to the method of Rane et al. [26] was also 
greater for the 10,000 g rat liver fraction (0.62 vs 
0.44 ml/min/g liver). 

No attempt was made in this study to determine 
if the competition for hepatic quinidine metabolism 
by dihydroquinidine occurred equally for all bio- 
transformation pathways or if the process was selec- 
tive. Additionally it is not known whether dihydro- 
quinidine is biotransformed into metabolites which 
are similar to those reported [18-20] for quinidine. 
Huynh-Ngoc and Sirois [27] have suggested that 
dihydroquinidine and quinidine might possess dif- 
ferent disposition characteristics in the body by virtue 
of their differing physicochemical properties. Thus, 
it is possible that the effects of dihydroquinidine seen 
here might be acting selectively. Nevertheless, the 
findings of this study suggest that the small amounts 
of dihydroquinidine that are presently seen in com- 
mercial quinidine preparations will probably have 
little effect on the elimination of quinidine in man. 
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Abstract—Incubation of rat peritoneal mast cells with hydrogen peroxide results in a marked release 
of histamine. Maximal release is observed with 0.05—-0.1 mM H20O2, but higher concentrations of H2O2 
instead suppresses the release. Histamine release starts after about 2 min of lag time and reaches a 
plateau in about 10 min. Hydrogen peroxide-induced release does not exceed 50-60 per cent of total 
histamine if the incubations are prolonged or additional H2O? is given at 10 min. This would be explained 
by the fact that H2O2 causes impairment of the histamine releasing system of mast cells simultaneously 
with the release of histamine. Hydrogen peroxide-induced release is not due to nonspecific lysis of the 
cells because lactate dehydrogenase, a cytoplasmic enzyme, is not liberated during the reaction. The 
reaction requires the presence of Ca**, is enhanced by D2O and suppressed by colchicine. It is not, 
however, affected by dibutyryl cAMP or dibutyryl cGMP. No significant alteration of intracellular levels 
of cyclic AMP and cyclic GMP is observed during the incubation of mast cells with 0.1 mM H20d2. 
These results indicate that microtubular functions would be involved in the releasing reaction although 
they are not under the control of cyclic nucleotides. Microscopic observation shows that H2O2-induced 


release is accompanied by degranulation. 


We have been working on the toxicities of active 
species of oxygen against biological systems by 
employing xanthine oxidase and hypoxanthine as the 
source of the active species. During the course of 
this study, we found that active species of oxygen 
such as superoxide anion (O2~), hydroxyl radical 
(OH-) and hydrogen peroxide could cause acute 
inflammation in rats in which H2O>-induced hista- 
mine release would play an important role. These 
results have been published in preliminary forms 
[1,2]. It has been reported that active species of 
oxygen, including H2O:, are released from activated 
phagocytes [3-5]. These active species are implicated 
to be involved in the generation and development 
of inflammation [6-10]. Thus, it seems interesting 
in a physiological sense that H2O> is able to cause 
a specific biological reaction like histamine release. 
It is well known that mast cells liberate histamine 
by various kinds of stimuli such as antigens, com- 
pound 48/80, A 23187 (a calcium ionophore), con- 
canavalin A, ATP, etc. [11, 12]. In the present paper, 
we investigated the properties of H2O2-induced his- 
tamine release from rat peritoneal mast cells in com- 
parison with those induced by other stimuli. The 
mechanism of H2O2-induced histamine release is 
discussed. 


MATERIALS AND METHODS 


Materials. Male rats of Sprague-Dawley strain 
weighing 300-400 g were used throughout this work. 
Reagents were obtained from the following sources; 
DBcAMP, DBcGMP, ATP, catalase and bovine 





+ To whom reprint requests should be addressed. 
§ Abbreviations: DBcAMP, dibutyryl cyclic AMP; 
DBcGMP, dibutyryl cyclic GMP; PGE), prostaglandin E1. 
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serum albumin from Sigma, colchicine from Inverni 
& Della Beffa, D2O from E. Merck, compound 48/80 
from Wellcome and Ficoll 400 from Pharmacia. Pros- 
taglandin E; was presented by Teijin Limited. Radio- 
immunoassay kits for cAMP and cGMP were kindly 
supplied from Yamasa Shoyu company. 

Isolation and purification of peritoneal mast cells 
from rats. Medium A and B with the following com- 
positions were used. Medium A contained 160 mM 
NaCl, 3mM KCl, 0.9mM CaCh, 0.5mM MgCh, 
7 mM KH2POs, 9 mM Na2HPOs, 10 mM glucose and 
0.5% bovine serum albumin. In medium B, the 
bovine serum albumin and glucose were omitted. 
Rat mast cells were collected by washing the peri- 
toneal cavity twice with 20 ml of cold medium B and 
were purified by 30% Ficoll 400 gradient centrifu- 
gation as described by Cooper and Stanworth [12]. 
The purified mast cells were suspended in medium 
A to give about 10° cells/ml. When the experiments 
were performed in Ca**-free conditions, mast cells 
were collected by using Ca’*-free medium A and B. 

Histamine release studies. The standard reaction 
mixture for the assay of H2O-induced histamine 
release consisted of 0.8 ml of medium A, 0.1 ml of 
1 mM H2O: and 0.1 ml of mast cell suspension (ca. 
10° cells). The reactions were carried out at 37° for 
10 min and terminated by treating with 260 units of 
catalase for 1 min followed by cooling in an ice bath. 
Released histamine was determined fluorometrically 
as described by Shore et al. [13]. Catalase treatment 
was necessary because residual H2O> disturbed fluo- 
rometric assay of histamine. In our previous paper 
[2], we did not perform catalase treatment. There- 
fore, the maximal release and the concentrations of 
H2O2 which elicit the maximal release were lower 
than those reported in this paper. In some cases, 
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0.5 mM ATP or 1| pg/ml compound 48/80 was added 
in place of H2O2. 

Radioimmunoassay of cyclic nucleotide levels in 
mast cells. 5 x 10° rat mast cells were incubated with 
(0.1 mM H20O> for various times in 0.2 ml medium A. 
The reactions were stopped by adding 2 ml of cold 
medium A. After centrifugation at 4° for 2 min, the 
cell pellets were immediately frozen in dry ice—ace- 
tone. The samples were thawed by adding 0.2 ml of 
acetone under vortexing. Acetone was removed on 
a water bath at 80° and the residue was dissolved in 
0.6 ml of water. A 0.5 ml portion was lyophilized 
and redissolved in 50 yl of water, which was directly 
used for radioimmunoassay. The measurable range 
of this radioimmunoassay was about 10-3000 fmoles 
for both cAMP and cGMP. The principle of this 
procedure has been described by Honma et al. [14]. 

Microscopic observation of mast cells. Mast cells 
were incubated with 0.1mM H2O 2 for 10 min as 
described above and were fixed with 4% formalde- 
hyde. Morphological observation was made by 
employing phase contrast microscope. 

Assay of lactate dehydrogenase activity in mast 
cells. Lactate dehydrogenase activities were assayed 
by NADH-oxidation in the presence of pyruvate as 
described by Kornberg [15]. 

In each table and figure, only typical results 
obtained from repeated experiments are presented. 


RESULTS 


H2O>-induced histamine release. As shown in Fig. 
1, the incubation of isolated rat peritoneal mast cells 
with H2O> resulted in a marked release of histamine. 
Maximal release was observed with 0.05-0.1mM 
H2O2, but higher concentrations of H2O2 rather 
decreased the release. 

Figure 2 illustrates the kinetics of histamine release 
induced by 0.1mM H2QO:. The histamine release 
began after 2min and reached plateau in about 
10min. The prolonged incubation or addition of 
extra H2O2 (0.05mM) at 10min did not liberate 
further histamine. 

Impairment of histamine releasing system during 
incubation with H2O2. As stated in the previous 
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Fig. 1. Effect of H2O2 concentrations on histamine release 

from rat mast cells. Rat mast cells (ca. 10° cells) were 

incubated with varying concentrations of H2O2 at 37° for 
10 min as described in Materials and Methods. 
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Fig. 2. Kinetics of H2O2-induced histamine release from rat 

mast cells. Mast cells (ca. 10° cells) were incubated at 37° 

for the time indicated in the presence of 0.1 mM H2O2. At 

10 min (indicated by an arrow), 0.05 mM H2O2 was added 
and further incubated for 10 min (- —A--). 


section, H2zO2-induced histamine release did not 
exceed 50-60 per cent at the highest. The following 
experiments were performed to investigate this ques- 
tion. When Ca’* was omitted from medium A, H20>- 
induced histamine release was lowered to about a 
half of that obtained under Ca**-supplemented con- 
ditions. In further experiments the reaction was 
started with H2O2 alone, Ca** was added at various 
times, and the incubation was continued for a further 
10 min. As shown in Fig. 3, the final histamine release 
gradually decreased as the time before Ca**-addition 
was increased. When Ca** was added after 10 min, 
no enhancement of the release was observed. These 
facts suggest that the incubation of mast cells with 
H20> results in an impairment of histamine releasing 
system simultaneously with the release of histamine. 
Figure 3 also shows that, when catalase was added 
with Ca**, further histamine release was completely 
abolished. As illustrated in Fig. 4a, a time-dependent 
suppression of compound 48/80-induced histamine 
release was observed when the mast cells were 
incubated with 0.1 mM H2O2. Hydrogen peroxide, 
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Fig. 3. Loss of Ca?*-dependent enhancement of H202- 
induced histamine release during incubation of rat mast 
cells with 0.1 mM H2Q2. Mast cells (ca. 10° cells) were 
incubated at 37° with 0.1 mM H2O> in Ca?*-free medium 
A. At the time indicated by an arrow, 1 mM CaCh or 
catalase in addition to 1 mM CaCl: was added. The incu- 
bation was continued further for 10 min. (—O—) Release 
by H2O2 in Ca**-free medium. (- —A- -—) Release after 
addition of 1 mM CaCh. (- —A--—) Release after addition 

of 1 mM CaCh and catalase (260 units). 
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Fig. 4. Effect of incubation of rat mast cells with H2O on histamine release induced by compound 48/80 

or ATP. Mast cells (ca. 10° cells) were incubated with 0.1 mM H2O:2 at 37° for various times. Panel a: 

Compound 48/80 (1 wg/ml) and catalase (260 units) were added at the time indicated by an arrow and 

incubation continued for 5 min. (—O—) H2O2-induced release, (- -A-—) Release after addition of 

compound 48/80 and catalase. Panel b: 0.5 mM ATP was added at 10 min and incubation continued for 
10 min. (—O—) H2O2-induced release. (- -A--—) Release after addition of 0.5 mM ATP. 


however, did not suppress uniformly the histamine 
release by various stimuli since 0.1 mM H2O>2 had no 
effect on ATP-induced histamine release, as shown 
in Fig. 4b. However, much higher concentrations of 
H202 (1 mM) did impair ATP-induced release com- 
pletely (data not shown). This competition between 
the stimulation and inactivation of the releasing sys- 
tem would explain why H2O>2-induced release does 
not exceed a constant value. 

Lack of lactate dehydrogenase release during H2O2- 
induced histamine release. Hydrogen peroxide is a 
powerful oxidizing agent and might cause nonspecific 
damage in the cell membrane. The release of lactate 
dehydrogenase, a cytoplasmic enzyme, was meas- 
ured in order to investigate whether H2O2-induced 
release is due to nonspecific lysis of cell membrane. 
Table 1 demonstrates that lactate dehydrogenase 
was not liberated by H2O2, thus indicating that non- 
specific lysis of the cell was not responsible for the 
histamine release. 

Effect of colchicine and D2O. In order to inves- 
tigate the mechanism of H2O2-induced histamine 
release, the effects of various agents that are known 
to suppress or enhance antigen-induced histamine 
release were studied. As indicated in Table 2, col- 
chicine markedly suppressed the release, but D2xO 


enhanced it to a considerable extent. It is well known 
that the former agent suppresses; in contrast the 
latter stimulates the function of microtubules [16]. 

Effect of cyclic nucleotides or PGE\. The effect of 
cyclic nucleotides which are thought to regulate 
antigen-induced histamine release through the con- 
trol of microtubular assembly [17] were investigated. 
As shown in Table 3, neither DBcAMP nor 
DBcGMP affected the release. PGE:, which is 
known to elevate cAMP in mast cells [18], had no 
effect on H2O2-induced release, while DBcAMP or 
PGE; inhibited compound 48/80-induced release 
significantly. 

Alteration of intracellular cyclic nucleotide levels 
by H2O2. When mast cells were incubated with 
0.1mM H2O: for various times, the alteration of 
intracellular cyclic nucleotide levels was examined. 
As depicted in Fig. 5, no appreciable changes of 
cAMP and cGMP levels were observed, thus sug- 
gesting that H2O2-induced histamine release occurs 
by by-passing cyclic nucleotide-dependent stages. 

Morphological changes of mast cells during incu- 
bation with H2O2. It is well known that histamine 
release by various stimuli such as antigens or com- 
pound 48/80 is accompanied by degranulation 
[19,20]. It was, therefore, investigated whether 


Table 1. Release of histamine and lactate dehydrogenase from rat mast cells 
incubated with H2O2* 





Release (%) 





Incubation conditions 


Histamine 


Lactate dehydrogenase 





None 
+ H202 (0.1 mM) 


2.0 
1.0 





* 5 x 10° mast cells were incubated in 1 ml of medium A at 37° for 10 min 


in the presence or absence of 0.1 mM H2O2. After separation of supernatants 
and cells by centrifugation at 4°, cell pellets were subject to three cycles of 
freezing and thawing in 1 ml of medium A for extracting intracellular enzymes. 
Lactate dehydrogenase activities in the cells and supernatants were assayed 
as described in Materials and Methods. 
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Table 2. Effect of D2O or colchicine on H2QO2-induced 
histamine release from rat mast cells* 





Additions Histamine release (%) 





None 
D2O0 10% 
20% 
30% 
0.2 mM 
0.5 mM 


1.0 mM 


Colchicine 





* Rat mast cells (ca. 10° cells) were incubated with 
0.1 mM H202 in the presence of the indicated concentra- 
tions of D2O or colchicine at 37° for 10 min. 


Table 3. Effect of DBc AMP, DBcGMP or PGE; on H202- 
induced histamine release from rat mast cells 





Histamine release (%) 





Additions H202 compound 48/80 





Expt. (1) none 
DBcAMP (1 mM) 
PGE; (25 uM) 
none 

DBcGMP (1 mM) 


Expt. (2) 





* Rat mast cells (ca. 10° cells) were preincubated at 37° 
with the indicated amounts of DBcAMP, DBcGMP or 
PGE; for 10 min. Then 0.1 mM H202 or 1 yxg/ml compound 
48/80 was added and the incubation was continued for 
10 min. 





pmoles/10® cells 


pmoles/10® cel Is 


cAMP, 
rey 


cGMP, 











= 1 
5 10 


2 
Incubation time, 
Fig. 5. Alteration of the level of cAMP or cGMP during 
incubation of rat mast cells with H2O2. 5 x 10° mast cells 
were incubated at 37° with 0.1mM H2Q2 for the time 
indicated. Intracellular cyclic nucleotide levels were 
assayed as described in Materials and Methods. (O) cAMP, 
(A) cGMP. 


min 
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Fig. 6. Morphological changes of rat mast cells after incu- 

bation with H2O2 or compound 48/80. Mast cells were 

incubated at 37° with (a) 0.1 mM H202 for 10 min or (b) 

1 zg/ml compound 48/80 for 5 min. (c) Control cells. Mag- 
nification was 720 fold. 


degranulation would be observed in the case of H2O2- 
induced release. As shown in Fig. 6, degranulation 
did occur with 0.1 mM H2O2:, although to a lesser 
extent as compared with compound 48/80. In the 
case of 1 mM H2Q:, which released less histamine 
than 0.1mM H2O2, only weak degranulation was 
observed (not shown in this figure). 


DISCUSSION 


Histamine is released from mast cells by various 
stimuli other than antigens, such as compound 48/80, 
ATP, concanavalin A or A 23187 [11, 12]. Our data 
described above indicate that H2O2 possesses the 
ability to release histamine without causing nonspe- 
cific lysis of mast cells. One characteristic feature of 
H2O>-induced histamine release is that the release 
did not exceed 50-60 per cent of total histamine. As 
depicted in Figs. 2-4, it was demonstrated that the 
incubation of mast cells with 0.1 mM H2O: resulted 
in the impairment of the histamine releasing mech- 
anism as well as in the release of histamine. The fact 
that higher concentrations of H2O2 (1 mM) sup- 
pressed the release (Fig. 1) would be explained by 
assuming that the impairment proceeds more readily 
than the releasing reaction. Catalase, when added 
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at any time during the incubation, terminated further 
release of histamine completely (Fig. 3). This implies 
that extracellular H2O2, but not that which pen- 
etrated the cell, would be responsible for the induc- 
tion of histamine release and that it may act on the 
membrane of the mast cells. The impairing effect of 
0.1mM H2O: is not nonspecific but would appear 
to be directed to specific stages of histamine release 
because it suppressed compound 48/80-induced 
release, but not that induced by ATP. On the other 
hand, 1mM H2O: blocked ATP-induced release. 
Therefore, this concentration of H2O2 appears to be 
nonspecific. The suppression of compound 48/80- 
induced release was observed after removal of 
residual H2O>2 by catalase treatment, thus indicating 
that the suppressing effect appears to be irreversible. 

The effects of colchicine or D2O, requirement of 
energy sources [2] and microscopic observation of 
degranulation suggest that microtubules are involved 
in H2O2-induced release. In antigen- or compound 
48/80-induced release from mast cells, the microtu- 
bular functions are regulated by cyclic nucleotide 
levels [16, 17]. That is, cAMP inhibits the assembly 
of microtubules and leads to the suppression of his- 
tamine release. On the other hand, cGMP has 
opposite effects. H2O2-induced histamine release, 
however, was not affected by DBcAMP or 


DBcGMP. Moreover, there was no sighificant alter- 
ation of intracellular cyclic nucleotide -levels when 
mast cells were incubated with H2O2. It has been 
reported that a transient alteration of cAMP level 
was observed in mast cells incubated with various 
stimuli [21, 22]. Thus, it appears that H2O2-induced 


histamine release occurs by the stimulation of the 
microtubular functions via a cyclic nucleotide-inde- 
pendent route. This resembles the case of A 23187- 
induced histamine release from human basophils 
[23]. 

Recently, it has been reported that mast cell 
granules contain peroxidase activity [24]. This per- 
oxidase activity may be involved in H2O -induced 
histamine release. But in our preliminary experi- 
ments, aminotriazole, an inhibitor of peroxidase, 
had no effect on H2O2-induced release. H2O2- 
induced histamine release was observed not only in 
rat mast cells but also in human peripheral blood 
leukocytes. We found that 0.2-0.5mM H20> 
released 20-40 per cent histamine from human leu- 
kocyte fraction containing basophils (unpublished 
data). 

It * been suggested that O2~ and H20O: liberated 
from activated macrophages or neutrophils would 


be responsible for the bactericidal action, tissue dam- 
age or cytotoxicity [3, 7, 25]. Although the physio- 
logical significance of our observation has not been 
clarified in vivo, these data imply that active species 
of oxygen, like H2O2, could modify inflammatory 
processes or other pathological states by inducing a 
specific physiological reaction as described above. 
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Calculation of competitive inhibition of substrate bind- 
ing to cytochrome P-450 illustrated by the interaction 
of d,/-propranolol with d,/-hexobarbital. A. Bast and 
J. Noordhoek. Biochemical Pharmacology, Vol. 29, 
No. 5, pp. 747-751 (1980). 


The publishers apologize for an error that occurs on 
p. 748. The sixth paragraph of the second column 
should read: 


“The contents of the sample cuvette, containing a fixed 
concentration of hexobarbital and those of the reference 
cuvette were titrated with propranolol... . 


” 
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Abstract—Various forms of cytochrome P-450 exist. A substrate may bind to these forms completely 
or partially. In addition, during the interaction of two substrates, several cytochrome P-450 forms may 
also be involved, either partially or completely. Now a method is described which allows the estimation 
of the spectral dissociation constants for the binding of two compounds to cytochrome P-450 subforms 
common to both. The method is illustrated by the competitive interaction of d,/-hexobarbital and d,/- 
propranolol with cytochrome P-450 which show only a partial overlap for type I binding sites using rat 
hepatic microsomes. Different subforms of cytochrome P-450 may be characterized by means of cross- 
over studies with several type I compounds using this method. 


It is generally agreed that the type I difference spec- 
trum usually represents the highly specific interaction 
of a hydrophobic substrate with the enzyme-active 
site of one or more forms of cytochrome P-450 [1, 2]. 
Inhibition of type I binding of substrates will inhibit 
the metabolism of those compounds [3, 4]. 

In the present paper, we describe a method for 
determining the spectral inhibition constant (Ki), 
when there is a competitive interaction between two 
compounds for cytochrome P-450. This is an expan- 
sion of the method of Van den Berg et al. [5], in 
which it was shown that, if the inhibition is com- 
petitive, the classical equations for competitive 
inhibition, as determined by means of difference 
spectroscopy [6], do not apply. In their calculations, 
moreover, it had to be assumed that both compounds 
bind to the same binding sites. This might not always 
be true, since Grasdalen et al. [7] showed that there 
is an overlap in the binding-specificities of different 
subforms of cytochrome P-450. Consequently, sub- 
strates may not only bind to common subforms, but 
to others as well. 

Our method deals with this partial competition 
between substrates and is illustrated by the inter- 
action of d,/-hexobarbital and d,/-propranolol, both 
relatively pure type I compounds [8]. Although little 
is known about this interaction [e.g. 9-11], it could 
be due to competition for cytochrome P-450 binding 
sites. 

With our method, the affinity constants for binding 
to cytochrome P-450 subforms, common to both 
hexobarbital and propranolol, can be estimated. 
Thus it has been possible to correlate inhibition of 
drug metabolism with interaction at cytochrome P- 
450 binding sites. 





* Present address: Department of Pharmacology, Fac- 
ulty of Pharmacy, State University Utrecht, Catharijnesin- 
gel 60, 3511 GH Utrecht, The Netherlands. 


MATERIALS AND METHODS 


Chemicals. d,l-Propranolol-HC! was a gift from 
ICI, d,l-sodium-hexobarbital (Na-Evipan) was 
obtained from Bayer. All other chemicals and sol- 
vents used were of analytical grade purity. 

Preparation of microsomes. Male Wistar rats, 
weighing approximately 250g (TNO, Zeist) were 
used. The animals were killed by decapitation, livers 
removed and the latter homogenized in three vol- 
umes of ice-cold phosphate buffer (50mM and 
pH 7.4) containing 0.1 mM EDTA, using glass Potter 
tubes with a Teflon pestle. The homogenate was 
centrifuged at 9000 g for 20 min at 4°. The micro- 
somal fraction was sedimented from the supernatant 
by 90 min centrifugation at 75,000g and 4°. The 
pellet was resuspended in the same ice-cold buffer 
so that the microsomal preparations contained 
approximately 3 nmoles P-450/ml. 

Spectral measurements. Difference spectra were 
recorded at 37° [12] using an Aminco DW-2 UV-Vis 
spectrophotometer in the split beam mode. For each 
determination the livers of at least four animals were 
pooled. Microsomal suspensions were equally 
divided between sample and reference cuvettes and 
a baseline of zero absorbance was established. Sub- 
strates, dissolved in water, were added as indicated 
in the text. 

The concentration of cytochrome P-450 was esti- 
mated according to Estabrook et al. [6]. Both 
cuvettes were bubbled with CO and sodium dithion- 
ite was added to the sample cuvette, thereby pre- 
venting interference from any hemoglobin which 
might have contaminated the samples. Mean changes 
in absorbance were expressed per nmole cytochrome 
P-450 per ml from three experiments. 


RESULTS AND DISCUSSION 


Difference spectroscopy as a method for studying 
competitive inhibition of binding to cytochrome P- 
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450. Although it is of importance to quantitate the 
interaction of compounds to cytochrome P-450, sev- 
eral difficulties may arise. 

Thus, there is the problem described by Van den 
Berg et al. [5]. They showed that if two substrates 
bind to the same binding sites, thereby eliciting the 
same type of spectral change, the contribution to the 
spectral change observed (AAots) of each substrate, 
if added simultaneously to a microsomal suspension, 
cannot be separated. 

To obtain, nevertheless, the spectral inhibition 
constant (K7), they derived the equation 


AA,,, = AAg, — AA, 


| (1) 


: psi(1 + G2) + x1 +) 


in which AAs; is the total spectral change in the 
sample cuvette, elicited by both the substrate S and 
the inhibitor I. AA; represents the spectral change 
in the reference cuvette produced by I. AAmax is the 
maximum possible spectral change caused by S. Ks 
and Kj; are the dissociation constants of S and I, 
respectively, for type I binding to cytochrome P-450 
[5]. The limitation of this method [5] is the require- 
ment that both compounds bind to the same binding 
sites. 

However, because of the heterogeneity of the 
cytochrome P-450 system, S and I will probably have, 
in most cases, only a fraction of the several cyto- 
chrome P-450 species in common (indicated by cyt 
SI). Other cytochrome P-450 species will bind only 
S or only I and may be represented by cyt S and cyt 
I, respectively. 

The observed difference spectrum (AAots) caused 
by S in the sample cuvette and by I in both the 
sample and the reference cuvettes is composed of: 


AAs: (cyt SI) — AA: (cyt SI) 
+ AAs (cyt S) = AAors. (2) 


It is clear that AA: (cyt I) does not contribute to 
AAovs, because this spectral change is similar in both 
the sample and reference cuvette. 

Insertion of equation (1) in equation (2) is allowed 
because the same total number of binding sites are 
invoived in binding of both S and I to the cyt SI pool 
and thus the following equation is obtained: 


AA,..15 | 
Bh. hen CL 
(s}(1+ + Kj1 + K, 
+ AAjcytS) = AA,., (3) 


in which all parameters of the first term apply to cyt 
SI pool only. It can be seen that, at an infinitely high 
(saturating) inhibitor concentration, AAobs in equa- 
tion (3) cannot be driven to zero but reduces to: 


AA,,,,(cyt S) [S] (4) 


AA cyt S)[S] 
[S] + K,(cyt S) 


os = AA, (cyt S) = 


Using equation (4), the cyt S pool can be charac- 
terized by plotting 1/AAobs (equation 4) vs 1/S in 
the presence of a saturating concentration of I. Thus, 
both AAmax (cyt S) and Ks (cyt S) are obtained. 
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By subtracting the appropriate AAs (cyt S) from 
AAots, equation (2) can be rearranged to give: 


AAs: (cyt ST) — AA: (cyt SI) 

= AAovs — AAs (cyt S), (5) 
which is essentially analogous to equation (1). Con- 
sequently, the method of Van den Berg et al. [5] can 
now be applied. 

Using this method the dissociation constants and 
maximum spectral changes for binding of S and I to 
pool cyt SI and for binding of S to the cyt S pool can 
be determined. 

It should be realized that, using this method, only 
apparent Ks values are obtained. As discussed by 
Parry et al. [13], lipid solubility of the substrates 
plays an important role in substrate binding, and in 
the case of very lipophilic compounds, e.g. propran- 
olol, the apparent Ks may be a considerable under- 
estimation of the real Fs. 

Interaction of d,\-propranolol and d,\-hexobarbital 
to cytochrome P-450. There are some indications 
that propranolol can interact with other drugs, via 
a central [14] or a hemodynamic [15] mechanism, 
but also through an influence on the activity of the 
hepatic microsomal cytochrome P-450 system 
[10, 11]. The latter effect may be due to a competitive 
interaction. In investigating the influence of pro- 
pranolol (I) on hexobarbital (S) type I binding, we 
only used the so-called high affinity binding [16, 17] 
of propranolol (Fig. 1). A Ks of 0.09 4M and a 
AAmax/nmole P-450/ml of 0.0053 were obtained for 
type I binding of propranolol. At high substrate 
concentrations the spectral shift is reversed, probably 
by a reverse type I binding of propranolol, which is 
definitely not present at low propranolol concentra- 
tions. The values for Ks and AAmax are in agreement 
with those of Topham [8], but not with those of 
Schneck et al. [17]. The spectra obtained, using high 
concentrations of propranolol, as determined by 
Schneck et al., were confirmed. However, some 
doubts should be expressed over the meaning of 
these spectra, because changes in membrane proper- 
ties may occur when high concentrations of lipophilic 
compounds are used [18]. 

Using equation (4), the characteristics of the pool 
of cytochrome P-450 that bind hexobarbital (cyt S), 
but not propranolol, can be determined. 

The contents of the sample cuvette were titrated 
with propranolol. The results are presented in Fig. 2. 
The curves are similar to the ones presented by Segel 
[19], who showed a situation in which two enzymes 
catalyse a reaction and only one is inhibited com- 
petitively, so an apparent partial inhibition is seen. 

By plotting the reciprocal of the estimated values 
of AAs (cyt S), which is found by extrapolation to 
infinite propranolol concentration (Fig. 2), against 
the reciprocal of the appropriate hexobarbital con- 
centration, we obtained a AAmax (cyt S)/nmole P- 
450/ml of 0.0126 and a Ks (cyt S) of 87 uM (Fig. 2, 
inset), using equation (4). 

In order to examine the mutual effects of hexo- 
barbital and propranolol on their binding to cyto- 
chrome P-450, the contents of the sample cuvette 
were titrated with hexobarbital in the presence of 
different fixed concentrations of propranolol in the 
sample and reference cuvette. The results are shown 





Inhibition of substrate binding to cytochrome P-450 





BA op /nmol P-450 /ml 








20 30 
1 4 
[propranolol } yar) 


Fig. 1. Double reciprocal plot of AA38s-420/nmole P-450/ml against the propranolol concentration. 
Extrapolation yields a AAmax/nmole P-450/ml of 0.0053 + 0.0007 and a Ks of 0.093 + 0.01 uM. 
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Fig. 2. Influence of propranolol on hexobarbital type I binding. The sample cuvette contained a fixed 
concentration of hexobarbital and the contents of both sample and reference cuvette were titrated with 
propranolol. The magnitude of the difference spectrum (4A38s-420/nmole P-450/ml) is plotted against 
the propranolol concentration. Inset: Reciprocal plot of AAs (cyt S)/nmole P-450/ml (equation 4) vs the 
appropriate hexobarbital concentration, yielding a AAmax (cyt S)/nmole P-450/ml of 0.0126 and a Ks of 
87 uM. 
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Fig. 3. (A) Effect of propranolol upon the difference spectrum (AA3ss-420/nmole P-450/ml) produced by 
hexobarbital. Propranolol was present in a fixed concentration in both sample and reference cuvettes. 
The contents of the sample cuvette were titrated with hexobarbital. Plot as in Fig. 1. (B) Data as in A, 
except that AA3s-420/nmole P-450/ml was corrected for binding of hexobarbital to cytochromes P-450 
which do not bind propranolol (cyt S), as shown in inset Fig. 2 and according to equation (5). 


in Fig. 3A. By subtracting AAs (cyt S) for each hex- 
obarbital concentration, calculated from the pre- 
vious experiment (Fig. 2, inset), from the AAo»s 
(Fig. 3A), the data shown in Fig. 3B were obtained. 
This situation is described by equation (5) and is 
analogous to the one described by Van den Berg er 
al. [5]. 

A replot of the apparent 1/AAmaxsi-1 (cyt SI) 
against the propranolol concentration [5] yielded a 
K; of 3.0 uM (not shown). This value is only appli- 
cable to the pool of cytochromes P-450 binding both 
hexobarbital and propranolol (cyt SI). 

From Fig. 3B, a Ks (cyt SI) of 8 wM and a AA max 
(cyt SI)/nmole P-450/ml of 0.0043 can be calculated 
for hexobarbital. Consequently, it can be tentatively 
concluded that almost all high affinity propranolol 
binding with a AAmax/nmole P-450/ml of 0.0053 can 
interact with hexobarbital binding. This suggests 
that propranolol should be displaced to a very large 
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extent from its high affinity type I binding places by 
hexobarbital. This is indeed the case, as shown in 
Fig. 4. 

In conclusion, it can be said that propranolol can 
occupy, in a competitive manner, only a fraction of 
the cytochromes P-450 that bind hexobarbital. If 
binding to the cyt S pool as well as to the cyt SI pool 
are both involved in the metabolism of hexobarbital 
and these binding sites can be occupied indepen- 
dently, only partial competitive inhibition by pro- 
pranolol is to be expected. 

When using an inhibitor which binds to both type 
I and type II sites (cf. Van den Berg et al. [5]), the 
method described by Van den Berg et al. [5] may 
still be applicable. This of course is provided that 
type I binding of S and I is independent of type II 
binding of I 

The method described here can also be used to 
quantitate and to characterize the different subforms 
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Fig. 4. Influence of hexobarbital on high affinity propranolol type I binding. The sample cuvette 

contained a fixed concentration of propranolol and the contents of both sample and reference cuvettes 

were titrated with hexobarbital. The magnitude of the difference spectrum (A4A385-420/nmole P-450/ml) 
is plotted against the hexobarbital concentration. : 
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of cytochrome P-450 by means of cross-over studies 
with several type I compounds. It is also applicable, 
for example, in studying both qualitative and quan- 
titive effects of various enzyme inducers on cyto- 
chrome P-450 or for checking the results of a puri- 
fication method of P-450 [20]. 
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Abstract—Metabolic activation and covalent binding of benzo[a]pyrene (BP) to deproteinized salmon 
sperm DNA by supernatant fractions (10,000 g) of liver homogenates isolated from untreated, 3- 
methylcholanthrene (3-MC) or BP-treated starry flounder (Platichthys stellatus) and coho salmon 
(Oncorhynchus kisutch) were investigated. The influence of temperature, pH, time and concentrations 
of protein, BP, NADPH and DNA on covalent binding was investigated to obtain optimum conditions 
for in vitro binding (pmoles of BP equivalents bound/mg DNA/mg protein) of [7H]BP to DNA for each 
of the two fish species. When the supernatant fractions from untreated starry flounder were used, the 
covalent binding of BP to DNA was 7.5 and 2.5 times greater than the values obtained with the 
supernatant fractions from untreated coho salmon or rat respectively. Treatment of both fish species 
with 3-MC or BP resulted in a marked (10- to 53-fold) increase in the binding. Ethyl acetate-extractable 
metabolites formed by fish liver supernatant fractions consisted of BP dihydrodiols (4,5-, 7,8-, and 9,10- 
dihydrodiols), phenols (3-OH, 9-OH, and 7-OH), quinones (3,6-, 1,6- and 6,12-Q) and BP 4,5-oxide. 
For both fish species, BP 9,10-dihydrodiol and BP 7,8-dihydrodiol were the major metabolites comprising 
as much as 48-72 per cent of the total ethyl acetate-extractable metabolites; 3-hydroxy BP was also 
present in significant amounts. The ratio of the non-K region dihydrodiols to phenols was significantly 


greater for both fish species compared to rat. 


There is increasing evidence [1-8] that covalent 
interactions of metabolically activated polynuclear 
aromatic hydrocarbons (PAH) with cellular macro- 
molecules (protein, RNA, DNA) are critical events 
leading to PAH-induced carcinogenesis in mammals. 
During metabolic activation of carcinogenic PAH, 
such as benzo[a]pyrene (BP), reactive electrophilic 
intermediates are formed; some of these metabolites 
are toxic [2,3], mutagenic [9-12] and form covalent 
bonds with nucleophilic residues of macromolecules. 

The occurence of a high incidence of hepatomas 
has been reported in certain species of demersal fish 
belonging to the family Pleuronectidae [13, 14]. 
Moreover, some chemicals which are known carcin- 
ogens in mammals also cause liver tumors in several 
fish species including salmonids [15-17]. Thus, it 
appears that fish liver is a target organ for carcino- 
genesis. Although PAH-induced carcinogenesis has 
not been demonstrated yet in fish, the possibility 
that concentrations of PAH are increasing in the 
marine environment raises a question of the poten- 
tially toxic interactions of activated PAH with critical 
cellular constituents in fish. 

Marine fish are able to accumulate significant con- 
centrations of PAH when exposed either to sedi- 
ments contaminated with petroleum [18] or to water- 





* The work herein of those authors identified as empley- 
ees of the National Marine Fisheries Service, U.S. Depart- 
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borne PAH [19-21]. Moreover, when exposed to 
PAH, such as napthalene, in flowing water [20] or 
in the diet [22-25], Pleuronectidae and salmonid fish 
readily metabolized this PAH into a variety of elec- 
trophilic metabolites, including 1,2-dihydro-1,2-dih- 
ydroxynapthalene, obtained from the corresponding 
epoxide; no such information is available for BP 
metabolism in these fish. Recent studies with fresh- 
water trout (Salmo trutta lacustris) [26,27] demon- 
strated that liver microsomes from these animals 
metabolized BP into dihydrodiols, phenols and qui- 
nones and catalyzed binding of activated BP to 
DNA. However, except for preliminary report from 
our laboratory [28] no data are available on the 
binding of metabolically activated PAH to DNA in 
marine organisms. 

We report that liver enzymes from a salmonid 
(coho salmon, Oncorhynchus kisutch) and a Pleu- 
ronectidae (starry flounder, Platichthys stellatus) fish 
extensively metabolized BP into reactive interme- 
diates which bind to DNA. Metabolites formed by 
liver extracts from these marine fish were charac- 
terized by high proportions of non-K region dihydro- 
diols, such as  9,10-dihydro-9,10-dihydroxy 
benzo[a]pyrene (BP 9,10-dihydrodiol) and 7,8- 
dihydro-7,8-dihydroxybenzo[a]pyrene (BP  /7,8- 
dihydrodiol). 

MATERIALS AND METHODS 


Chemicals. Deproteinized salmon sperm DNA, 
NADPH, sucrose, EDTA, 3-MC and non-radio- 
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active BP were obtained from the Sigma Chemical 
Co. St. Louis, MO*. Generally labeled [*H]BP was 
purchased from New England Nuclear, Boston, MA. 
The standards for the oxygenated metabolites of BP 
were provided by the courtesy of Dr. David G. 
Longfellow, NCI Carcinogenesis Research Program, 
Bethesda, MD. 

[*H]BP and non-radioactive BP were both purified 
by elution from a silica gel column by the method 
of Yang et al. [29] using nitrogen saturated solvents. 
Benzene was removed by evaporation under a nitro- 
gen stream, and the [*H]BP and non-radioactive BP 
were dissolved together in absolute ethanol to yield 
BP having a sp. act. of 500 mCi/mmole. 

Animals. Sexually immature starry flounder 
(131 + 42 g) from the estuary of the Columbia River 
and coho salmon (93 + 11 g) from Manchester, WA, 
were acclimatized to flowing unfiltered seawater for 
a minimum of 2 weeks. Some of the fish were injected 
intraperitoneally with 10 mg/kg of BP or 3-methyl- 
cholanthrene (3-MC) in corn oil. There was no 
detectable difference in the binding of metabolically 
activated [*H]BP to DNA when liver enzymes from 
untreated or corn oil-treated fish were used. Accord- 
ingly, most of the data for control fish in these studies 
were from untreated fish. 

The fish were killed 24 hr after the injection, and 
supernatant fractions (10,000 g) of liver homogenates 
were prepared according to procedures described 
previously [30]. Liver supernatant fractions (10,000 
g) from control and 3-MC-pretreated male Sprague— 


Dawley rats (~125 g) were also prepared. Protein. 


concentrations in the 10,000 g supernatant fractions 
were determined by the method of Lowry et al. [31]. 

Determination of covalent binding of activated BP 
to DNA. The basic incubation protocol was derived 
from the method of Gelboin [32]. Determination of 
the optimum temperature for incubation using fish 
liver extracts was carried out before determining the 
influence of other parameters (e.g. concentration of 
NADPH, protein, DNA and BP, as well as pH and 
time) on covalent binding of metabolically activated 
BP to DNA. The standard reaction mixture after 
optimization experiments contained 2 mg of DNA 
added in 2.5 ml of 0.02 M phosphate buffer (pH 
7.4), 0.75 mg NADPH added in 0.1 ml of 0.1 M 
EDTA (pH 7.4) and 0.2 ml of the 10,000 g super- 
natant fraction (5 mg protein). The reaction was 
started by adding 5 nmoles BP in 50 wl ethanol. The 
mixture was incubated in the dark for 15 min at 25° 
when the fish liver supernatant fraction was used, 
and at 37° when the rat liver supernatant fraction 
was used. The reaction mixture was then treated 
according to the procedure described by Buty et al. 
[8] with the following modification: no MgCh was 
added to the first redissolution of DNA in water. 
Radioactivity was determined by liquid scintillation 
spectrometry and DNA was measured by the 
diphenylamine reaction [8]. All optimization studies 
were carried out using 10,000 g supernatants frac- 
tions isolated from livers of 3-MC-treated fish when 





* Mention of trade names is for information only and 
does not constitute endorsement by the U.S. Department 
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the temperature of the surrounding water was 8 + 1°. 
When studies on the influence of 3-MC or BP treat- 
ment of both fish species on BP metabolism and 
binding of BP to DNA were carried out, the water 
temperature was 13 + 1°. 

The binding for incubations without NADPH was 
less than 5 per cent of the value obtained for the 
same incubation with NADPH. Incubations minus 
NADPH were used as blanks in each experiment 
and blank values were subtracted from each test 
value. In most cases, binding at zero time was also 
recorded. For each experiment, 10,000 g supernatant 
fractions pooled from the livers of five animals were 
used and incubations were carried out in triplicate. 
In most cases each value of binding represents an 
average of two experiments. The maximum standard 
deviation between the values obtained in the two 
separate experiments was 14 per cent. 

Metabolism of BP and characterization of ethyl 
acetate-extractable metabolites. Metabolites were 
formed by incubating liver supernatant fractions with 
[*H]BP under the conditions described above, with- 
out the addition of DNA. The mixture was extracted 
with ethyl acetate (2 X 6ml) to remove unreacted 
BP and ethyl acetate-extractable metabolites from 
the aqueous phase as described previously [33]. 
Radioactivity in both aqueous and organic phases 
was determined. Ethyl acetate extracts were spotted 
on silica gel plates and developed in benzene—ethanol 
(9:1, v/v) as described previously [33]; the extracts 
were cochromatographed with known standards of 
BP and its metabolites. Separation and quantifica- 
tion of the metabolites were carried out according 
to procedures described previously [33]. All opera- 
tions were carried out under dim light to reduce 
possible photo-oxidation. 

Ethyl acetate extracts from the incubations con- 
taining liver supernatant fractions (10,000 g) from 
3-MC treated fish species and rats were also analyzed 
using a high pressure liquid chromatograph (Hewlett 
Packard 4485B) fitted with a Perkin-Elmer HC-ODS 
reversed phase column (0.26 x 25 cm) with simul- 
taneous detection by u.v. spectrometry and fluor- 
escence spectrometry. Before and after the analysis 
of each metabolite extract, the metabolite standards 
were chromatographed and detected by both u.v. 
and fluorescence spectrometry. Retention times of 
metabolites were matched agaiast those of the stan- 
dards. Further characterization of metabolites pres- 
ent in the ethyl acetate extract was carried out by 
radiometry. Elution was carried out at 50° using a 
nonlinear methanol-—water gradient from 10 to 100% 
methanol. Fractions were collected at 15-sec inter- 
vals, and radioactivity was determined as described 
previously [34]. From the retention times of metab- 
olites present in each ethyl acetate extract, most 
radioactive peaks were characterized and quantified. 


RESULTS 


Influence of several variables on in vitro binding 
of BP to DNA. The radioactivity bound to DNA 
was not removable by repetitive extractions with 
organic solvents such as ethanol and ethyl ether, 
and, therefore, it was assumed that activated BP was 
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Fig. 1. In vitro covalent binding of [‘H]BP to DNA by liver 
supernatant fractions (10,000 g) of fish as a function of (A) 
temperature, (B) protein/reaction mixture and (C) time. 
Data are from single experiments which gave similar results 
when repeated. Measurements were made in triplicate. See 
Materials and Methods for further details. 
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covalently bound to DNA [32, 34]. For both fish 
species, the optimum temperature for the in vitro 
binding was close to 25° (Fig. la). A noticeable 
decline in the binding (pmoles of BP equivalents 
bound/mg DNA/mg protein) occurred when the 
incubation temperature was increased to 30°. Figure 
1b shows that in vitro binding of [7H]BP to DNA for 
both species increased with increasing amounts of 
protein from 2.5 to 5 mg/reaction mixture; a further 
increase in protein concentration resulted in a decline 
in the binding when the starry flounder liver super- 
natant fraction was used. The NADPH concentra- 
tion was not varied with the protein concentration 
(Fig. 1b). Figure 1c shows that for both fish species 
the binding increased linearly with time for the first 
30 min. Figure 2a shows that for both fish species 
the covalent binding of [*H]BP to DNA declined 
with increasing DNA concentration from 1 to 4 
mg/reaction mixture. Figure 2b depicts the steep 
increase in binding with increase in NADPH con- 
centration up to 0.5 mg NADPH/reaction mixture. 
Moreover, binding in the absence of NADPH was 
less than 5 per cent of the lowest reported value 
(Fig. 2b). Compared to coho salmon, the starry 
flounder preparation was more sensitive to the 
increase in pH of reaction mixture beyond 7.4 (Fig. 
2c). Increase in BP concentration from 1 to 4 
nmoles/reaction mixture resulted in concurrent 
increases in the binding of BP to DNA for both coho 
salmon and starry flounder. A further increase in BP 
concentration caused no change in the binding for 
starry flounder and a small decline for coho salmon 
(Fig. 2d). 

Table 1 shows that the covalent binding of [*H]BP 
to DNA was, respectively, 7.5 and 2.5 times greater 
when liver supernatant fraction (10,000 g) from 
untreated starry flounder were used compared to the 
values obtained with the liver supernatant fractions 


Table 1. Jn vitro binding of activated BP to DNA catalyzed by 10,000 g liver supernatants 
fractions from control and PAH-treated fish and rats* 





Species Treatment? 


% of control 
value 


Pmoles BP equivalents 
/mg DNA/mg protein 





Control§ 
3-MC§ 
BP§ 
3-MC|| 
Control§ 
3-MC§ 
BP§ 
3-MC|| 
Control 
3-MC 


Starry flounder 


Coho salmon 


Rat 


100 
1080 
1130 


100 
4850 
5300 


100 
1150 





* Liver supernatant fractions (5 mg protein) from different animals were incubated in 
the dark with 5 nmoles BP, 2 mg salmon sperm DNA and cofactors for 15 min at 25° (for 


fish) and 37° (for rat). 


+ Experimental animals were injected intraperitoneally with either 10 mg/kg of 3-methyl- 
cholanthrene (3-MC) or benzo[a]pyrene (BP) dissolved in corn oil. There was no difference 
in binding whether controls were injected with corn oil or not; therefore, untreated 


animals were used as controls. 


+ Each value is an average of two experiments and three replicate measurements using 
pooled liver extracts from five animals. Incubations without NADPH were used as blanks 
in each experiment and the blank values (< 0.001) were subtracted from the test values. 

§ Livers were obtained from fish when the water temperature was 13°. 

|| Livers were obtained from fish when the water temperature was 8°. 
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Fig. 2. In vitro covalent binding of (SH]BP to DNA by liver supernatant fractions (10,000 g) of fish as 

a function of (a) DNA/reaction mixture, (b) NADPH/reaction mixture, (c) pH, and (d) substrate/reaction 

mixture. Data are from single experiments which gave similar results when repeated. Measurements 
were made in triplicate. See Materials and Methods for further details. 


from untreated coho salmon or rat. The binding 
values obtained with the liver supernatant fractions 
from 3-MC- and BP-treated starry flounder were 
about 10 times greater than that obtained with the 
untreated fish; the increase in the value of binding 
was, respectively, 48- and 12-fold for coho salmon 
and rat after treatment with 3-MC (Table 1). For 
both species of fish, the binding of BP to DNA was 
slightly greater when fish were treated with BP than 
when they were treated with 3-MC. 

The values of binding for both fish species treated 
with 3-MC were about 3 times lower when liver 
supernatant fractions were isolated from the fish held 
at 8°, compared to the respective values obtained 
when fish were held at 13°. 

Metabolism of BP. Benzo{a|pyrene was more 
extensively biotransformed by liver supernatant frac- 
tions (10,000 g) from control starry flounder than by 
liver supernatant fractions from either coho salmon 
or rat (Table 2). Liver supernatant fractions from 
starry flounder produced 2-6 times as much ethyl 
acetate-extractable metabolites as did the liver prep- 
arations from either coho salmon or rat (Table 2). 
Less than 3 per cent of BP was biotransformed when 
incubations contained liver enzymes but no 
NADPH. Hardly any BP was biotransformed when 
boiled liver extracts were used. 

Treatment of both species of fish with either 3-MC 
or BP resulted in a considerable increase in the 
extent of in vitro metabolism of BP; large increases 
in radioactivity in the organic and aqueous phases 


were observed (Table 2). Treatment of rats with 3- 
MC also resulted in an increase in the in vitro bio- 
transformation of BP; however, this increase was 
reflected only in the increase in the amounts of ethyl 
acetate-extractable metabolites. 

Thin-layer chromatography (t.l.c.) revealed that 
phenols and quinones of BP were the major metab- 
olite classes (40-60 per cent) of the ethyl acetate- 
extractable metabolites produced by rat liver 
extracts, whereas metabolites produced by the fish 
liver extracts were characterized by large amounts 
(40-70 per cent) of the ethyl acetate-extractable 
metabolites, BP 7,8-dihydrodiol and BP 9,10- 
dihydrodiol (Table 2). BP 4,5-dihydrodiol was a 
minor component of the ethyl acetate-extractable 
metabolites for all three species, regardless of 
treatment. 

The treatment of rats with 3-MC resulted in large 
increases in each class of metabolites (phenols, qui- 
nones, diols and ‘prediol’ metabolites having an Ry 
lower than BP 9,10-dihydriol). For both starry floun- 
der and coho salmon, treatment with BP or 3-MC 
resulted in obvious increases in the amounts of 4,5- 
and 9,10-dihydrodiols, and ‘prediol’ metabolites. For 
both fish species, there was a small decline in the 
amounts of phenols in incubations from 3-MC or 
BP-treated fish compared to that from the respective 
control fish. 

The dihydrodiols were not well resolved via t.l.c. 
Therefore, ethylacetate-extractable metabolites 
obtained from the 3-MC treated fish species and rat 
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Fig. 3. High pressure liquid chromatography of BP stan- 
dards and *H-metabolites: reference BP metabolites (top 
portion of panel) and ethyl acetate-extractable metabolites 
of [>H]BP produced by liver supernatant fractions of 3-MC 
treated starry flounder, coho salmon, and rat. Reference 
compounds and metabolites were detected by both u.v. 
and fluorescence spectrometry. Metabolites formed by 
incubating 5 nmoles [*H]BP with liver supernatants frac- 
tions (5 mg protein) of fish at (25°) and rat (at 37°) for 15 
min were separated by fractions collected at 15-sec inter- 
vals. Abbreviations are: 9,10-D, BP 9,10-dihydrodiol; 4,5- 
D, BP 4,5-dihydrodiol; 7,8-D, BP 7,8-dihydrodiol; 3,6-Q, 
BP 3,6-quinone; 1,6-Q and 6,12-Q, 1,6-BP quinone and 
6, 12-BP quinone; 9-OH, 9-hydroxy BP; 7-OH, 7-hydroxy 
BP; 3-OH, 3-hydroxy BP; and BP, benzo[a]pyrene. 


were also analyzed via high pressure liquid chroma- 
tography (h.p.l.c.). The results (Table 3) show that 
the general pattern of metabolite classes obtained 
via h.p.l.c. was similar to that obtained via t.l.c. 
Analysis via h.p.l.c. revealed the presence of several 
phenolic derivatives of BP (7-OH, 3-OH, 9-OH, and 
presumably 1-OH) present in incubations containing 
fish liver enzymes (Fig. 3). 

The concentrations of BP 9,10-dihydrodiol that 
were determined by h.p.l.c. were about 3 times 
greater than those of BP 7,8-dihydriol in incubations 
containing liver supernatant fractions from 3-MC- 
treated fish species (Fig. 3, Table 3), whereas in t.l.c. 
analyses of the same samples, the BP 7,8-dihydrodiol 
concentrations were greater than or equal to the 
concentrations of BP 9,10-dihydrodiol (Table 2). It 
is possible that because these two dihydrodiols had 
similar R; values (t.l.c.) in our solvent system, when 
one dihydrodiol was present in a much greater 
amount than the other these compounds were not 
well resolved via t.l.c. It was also observed that the 
proportion of quinones was somewhate higher in 
t.l.c. analyses compared to h.p.l.c., indicating that 
some oxidation of phenols may have taken place 
during t.l.c. In this study, data from t.l.c. analyses 
were used to compare patterns of metabolite classes 
obtained with untreated and PAH-treated animals, 
and the information from h.p.l.c. was used for 
detailed examination of the types of individual 
metabolites present in fish and rats. The total 
amounts of dihydrodiols (4,5-, 7,8- and 9,10-) were 
calculated to be the same in any one sample by either 
method of analysis (Table 3). Moreover, analyses 
by both methods revealed the presence of high pro- 
portions of ‘prediol’ peaks (Tables 2 and 3) in meta- 
bolite extracts from the PAH-exposed fish. Results 
from both t.l.c and h.p.|.c. analyses show that ratios 
of dihydrodiols to phenols (D/P) and of diols to 
phenols plus quinones [D/(P + Q)], for the untreated 
and 3-MC treated fish, were greater (P < 0.05) than 
those obtained from rats treated <imilarly. 


DISCUSSION 


Covalent binding of metabolically activated BP to 
DNA. The optimum temperature for the in vitro 
binding of BP to DNA using fish liver enzymes was 
close to 25°, which is much higher than the actual 
temperatures at which these fish species live. How- 
ever, while conducting comparisons of the extent of 
DNA binding in vitro using liver enzymes from dif- 
ferent species of fish and from rats, it was considered 
necessary to carry out these reactions at an optimum 
temperature in vitro for each species. 

For poikilothermic organisms the temperature of 
the surrounding water has a considerable influence 
on the activity of certain enzymes [35]. Dewaide [36] 
reported that rainbow trout (Salmo gairdneri) and 
roach (Rutilus rutilus), when acclimated at 5°, 
exhibited higher activity of hepatic mixed function 
oxidases (MFO) than when acclimated at 23°. Stege- 
man [37] reported that treatment of fish (Fundulus 
heteroclitus) with 3-MC at 6° resulted in hardly any 
induction in the activity of hepatic aryl hydrocarbon 
mono-oxygenases (AHM), whereas induction for the 
fish at 16° was substantial. These results [37] provide 
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Table 3. Comparison of high pressure liquid chromatography and thin-layer chromatography of 
ethyl acetate-extractable metabolites* 





% Ethyl acetate-extractable metabolites 
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Starry floundert Coho salmont 











Metabolitest h.p.l.c. 


Cie. 


3A 
v 
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‘prediol’§ 

9,10-D 

7,8-D 

4,5-D 

3,6-Q 

1,6- and 6,12-Q 

4,5-OX 

7-OH 

3-OH 

9-OH 

1-OH(?) / 
Unclassified ee 2:3 


BNDBIKCOUNDOWN 


LZ 





* See Table 2 for details. Conditions for t.l.c. and h.p.l.c. are given under Materials and Methods. 

+ Abbreviations: 9,10-D, BP 9,10-dihydrodiol; 4,5-D, BP 4,5-dihydrodiol; 7,8-D BP 7,8-dihydro- 
diol; 3,6-Q, BP 3,6-quinone; 1,6-Q and 6,12-Q, 1,6-BP quinone and 6,12-BP quinone; 9-OH, 9- 
hydroxy BP; 7-OH, 7-hydroxy BP; 3-OH, 3-hydroxy BP; and BP, benzo[a]pyrene. 

+ Treated with 3-methylcholanthrene (10 mg/kg). 

§ Components eluted before BP 9,10-dihydrodiol. 


|| tr, trace. 
4 —, not resolved by t.l.c. 


** Values for total diols, quinones or phenols from t.l.c. 


a possible explanation for the present findings show- 
ing that the values for binding of BP to DNA were 
much lower when liver supernatant fractions 
(10,000 g) from 3-MC-treated fish at 8° were used 
compared to the values obtained with the liver 
supernatant fractions from 3-MC-treated fish at 13° 
(Table 1). In a recent study [27] with a freshwater 
salmonid (Salmo trutta lacustris) held at 4-6°, binding 
of activated BP to DNA by fish liver microsomes 
was found to be 3-4 times greater than that by rat 
liver microsomes. Our _ preliminary _ results 
(U.Varanasi and E. Egaas, unpublished results) 
show that the binding of BP to DNA was very small 
when liver extracts of rainbow trout held at 16° were 
used. It appears, therefore, that in addition to 
species-specific differences, variations in water tem- 
perature contributed significantly to the differences 
in binding observed with these salmonid fish. 

Many environmental and species-specific differ- 
ences may influence the xenobiotic metabolizing 
capabilities of aquatic animals [21,38]; therefore, it 
would be imprudent to attribute the marked differ- 
ence observed in values of binding for the two fish 
species to any particular factor. Moreover, wide 
variations in AHM activity have been reported to 
occur among different strains of a single species of 
fish [30] or mice [39]. However, it is possible that 
starry flounder, being a demersal fish, are habitually 
exposed to a multitude of xenobiotics (some of which 
are inducers of MFO) present in bottom sediments 
[18], and, therefore, may give rise to an initial high 
value for the in vitro covalent binding of BP to DNA. 
This would also explain why pre-exposure of starry 
flounder to 3-MC or BP did not result in an increase 
in binding as great as that for coho salmon. 


The magnitude of the increase in the values of 
binding on pre-exposure of fish or rat to PAH (3- 
MC or BP) was far greater than the increase in the 
amounts of ethyl acetate-extractable metabolites. It 
has been proposed that the induction of hepatic 
AHM in fish can indicate the presence of certain 
toxic chemicals in their environment [40]. It appears 
from the present results that covalent binding of BP 
to DNA may prove to be a more sensitive index than 
AHM activity to indicate pre-exposure of fish to 
certain toxic chemicals. 

Metabolism of BP. The profiles of the metabolites 
of BP produced by liver supernatant fractions 
(10,000 g) of both coho salmon and starry flounder 
were qualitatively similar to those produced by liver 
microsomes and supernatant fractions from rat and 
other animals [39, 41-45]. However, regardless of 
the treatment, the metabolites formed by fish liver 
supernatant fractions were characterized by a pre- 
ponderance of non-K region dihydrodiols. Non-K 
region oxygenation, which is apparently very impor- 
tant for the covalent binding of metabolites of PAH 
to DNA, is favored under conditions of a high cyto- 
chrome P;-450/P-450 ratio [46]. No information is 
available on characterization of liver cytochromes 
from coho salmon or starry flounder; however, it has 
been reported [27] that trout liver cytochrome is 
closely related to PAH-specific cytochrome P-448 of 
rodent liver microsomes. Note that profiles of BP 
metabolites formed by trout liver microsomes [27] 
closely resemble those formed by the liver super- 
natant fractions from untreated coho salmon in the 
present study. 

Jernstrom et al. [47] reported that, although BP 
7,8-dihydrodiol and BP 9,10-dihydrodiol were fur- 
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ther metabolized by liver nuclei from 3-MC treated 
rats, only BP 7,8-dihydrodiol gave rise to reactive 
intermediates that were bound to DNA. No detect- 
able binding occurred with BP 9,10-dihydrodiol. 
Results of Sims et al. [48] suggest that BP 9,10- 
dihydrodiol is resistant to further activation. Booth 
and Sims [49] reported that the major metabolite of 
BP 9,10-dihydrodiol was 9,10-dihydroxy BP. It is 
possible that one of the ‘prediol’ peaks, observed via 
both t.l.c. and h.p.l.c. analyses of metabolites from 
fish, was this compound. In their studies of metab- 
olism of BP by rat hepatocytes, Burke er al. [41] and 
Jones et al [42] found that the release of BP 9,10- 
dihydrodiol into extracellular fluid was much more 
pronounced than that of BP 7,8-dihydrodiol which 
was equally divided between the cell and extracel- 
lular medium; 3-hydroxy BP was preferentially 
retained within the cell over a long period. Thus, 
the production of large proportions of BP 9,10- 
dihydrodiol by fish liver enzymes may have important 
consequences in efficient removal of BP from the 
liver. Moreover, preferential production and 
removal of the BP °,10-dihydrodiol may also have 
some importance in its transport from liver to other 
tissues (e.g. muscle) via the circulatory system. 
Our results also show that the extent of BP metab- 
olism and the proportion of ‘prediol’ components 
increased considerably in incubations containing 
liver supernatant fractions from PAH (3-MC or BP)- 
treated fish, indicating that extensive secondary 
metabolism of BP had occurred, some of which may 
have taken place via epoxides of previously formed 
dihydrodiols and phenols. Jones et al. [42] demon- 
strated that BP 7,8-dihydrodiol is further metab- 
olized to an ethyl acetate-extractable metabo- 
lite, 7,8,9,10-tetrahydro-7,8,9,10-tetrahydroxy BP, 
which is formed via BP 7,8-dihydrodiol-9,10-epox- 
ide, the postulated ultimate carcinogen of BP [48]. 
The accumulation of reactive metabolites and the 
extent of their interactions with cellular nucleophiles, 
such as DNA, will depend on their rates of formation 
and degradation, which may be quite different in 
vivo from in vitro. Accordingly, the present results 
of the in vitro studies served primarily as an indi- 
cation that, in liver of marine fish, possibilities exist 
for extensive conversion of BP into reactive metab- 
olites which bind covalently to DNA. However, in 
view of the possibility that concentrations of carcin- 
ogenic PAH will be increasing in the aquatic environ- 
ment [50], together with the fact that fish are an 
important component of human diet, this ability of 
fish liver enzymes to activate BP to promutagens and 
procarcinogens is of concern and merits further 
investigation. 
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Abstract—Di-BHA, 2,2'-dihydroxy-3,3’-di-t-butyl-5 ,5'-dimethoxy-diphenyl, was isolated as the product 
of the reaction of either commercial horseradish peroxidase or partially purified rat intestine peroxidase 
(Donor-H2O2 oxidoreductase, EC 1.11.1.7.) and hydrogen peroxide with 2-t-butyl-4-methoxyphenol 
(BHA). BHA, Di-BHA and other cyclic compounds possessing a hydroxyl group in the ring were found 
to be competitive inhibitors with respect to guaiacol, and non-competitive inhibitors with respect to 
hydrogen peroxide in a system containing guaiacol, hydrogen peroxide and peroxidase. A free radical 
intermediate generated during peroxidatic oxidation of BHA was detected and identified by means of 
EPR spectroscopy. It was estimated that during one hour incubation the peroxidase activity present in 
the rat ileum mucosa is able to oxidise 12 wmoles BHA at a saturating concentration. It is suggested 
that peroxidative oxidation at the intestinal wall may represent a contribution to the inactivation of 
some phenol derivatives potentially toxic to mammals. 


BHA (2-t-butyl-4-methoxyphenol), a widely used 
antioxidant food additive, has been shown to be a 
powerful perturbing agent for biomembranes and to 
induce methemoglobin formation in human eryth- 
rocytes [1]. In addition, it inhibits growth of some 
Gram positive bacteria§ and of Tetrahymena piri- 
formis [2]. In spite of these high biological activities 
and of its aptitude to cross membranes [3, 4], BHA 
exhibits a very low toxicity in mammals when 
administered orally.|| It has been recently shown in 
this laboratory that the LDso of BHA administered 
intraperitoneally to rats is of two orders of magnitude 
lower than that reported for this agent given per os 
[5]. As an explanation of this discrepancy, we con- 
sidered the possibility that an enzymic system present 
in the intestinal wall of the rat is responsible for the 
metabolic inactivation of BHA. This compound is 
known to react with oxidising agents. It is oxidised 
by alkaline ferricyanide to 2,2'-dihydroxy-3,3'-di-t- 
butyl-5,5’-dimethoxydiphenyl (Di-BHA) [6], while 
at neutral pH it directly reduces oxidised cytochrome 
C.|| Early studies showing that monophenolic com- 
pounds are oxidised by peroxidase (Donor-H2O> 





¢ Present address: Istituto Interfacolta di Farmacologia 
e Tossicologia, Universita di Firenze, Firenze, Italy. 

§ Unpublished results in this laboratory. 

|| WHO Food Additives Series, No. 5. Toxicological 
evaluation of some food additives including anticaking 
agents, antimicrobials, antioxidants, emulsifiers and thick- 
ening agents. World Health Organisation, Geneva (1974). 
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oxidoreductase, EC 1.11.1.7.) [7] suggested that 
BHA was a substrate of peroxidase. This paper 
reports how the incubation of BHA with either com- 
mercial preparations of horseradish peroxidase or 
partially purified rat intestine peroxidase and hydro- 
gen peroxide resulted in the formation of an oxi- 
dation product of BHA which was identified with 
the diphenyl derivative (Di-BHA) obtained by fer- 
ricyanide oxidation. 


MATERIALS AND METHODS 


Materials 


Chemicals. BHA, 3,5 di-t-butyl-4-hydroxytoluene 
(BHT) and ¢-butyl-hydroquinone were purchased 
from Fluka A.G. Buchs S.G; 2-methoxyphenol 
(guaiacol), 4-methoxyphenol, phenol, 2,6-dichloro- 
quinonechlorimide (DCQCI) and H2Q2 from E. 
Merck, Darmstadt; and horseradish peroxidase from 
Sigma Biochemicals, St. Louis, MO (165 Units. 
mg~'). Mammalian peroxidase preparations were 
obtained from rat intestine by two different pro- 
cedures. That used for EPR experiments was 
obtained by following up to step 4 (ammonium pre- 
cipitation and dialysis) the method described by Stel- 
maszinska and Zgliczinski [8]. The enzyme prep- 
aration used for the other studies was obtained by 
a procedure worked out in this laboratory. All the 
operations were carried out at 0° to 4°. 

Male Sprague-Dawley rats (200-300 body wt) 
were killed by decapitation and their small intestines 
were immediately washed with normal saline. The 
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mucosa was separated from the muscle tissue, sus- 
pended in 3 vol. of 0.25 M sucrose and homogenized 
with 6 x 15 sec strokes in a glass homogenizer fitted 
with a teflon pestle. The homogenate was centrifuged 
at 800g for 20min and the resulting supernatant 
spun down at 20,000 g for 10 min. The fraction thus 
pelleted and containing mitochondria and lysosomes 
was suspended in 6 vol. of 20 mM sodium phosphate 
buffer. This was adjusted to pH 11 by adding 
IN NaOH and stirred for 4 hr in the presence of 0.1 
per cent Triton X 100. The suspension was centri- 
fuged for 1hr at 38,000 g and the supernatant 
obtained contained almost all the enzyme activity. 
The supernatant was dialysed overnight against 100 
vol. of 0.1 M sodium carbonate-sodium bicarbonate 
buffer (pH 10.3) and passed through a Sephadex G 
200 column equilibrated with the same buffer as was 
employed as eluant. All of the enzyme activity 
appeared in the effluent immediately after the void 
volume. The specific activity of this preparation was 
about 100 times higher than that exhibited by the 
crude mucosa homogenate. It was found that in this 
preparation the enzyme activity corresponding to 
one rat ileum amounted to 0.8 Units. 1 Unit is 
defined as the enzyme activity which oxidizes 1 umole 
of guaiacol in 1 min at 25°, when guaiacol and H2O2 
are present in the reaction mixture at concentrations 
of 6.7 and 0.33 mM, respectively. 

Analytical equipment. Melting points were deter- 
mined on a Kofler melting point apparatus. 'H n.m.r. 
spectra (deuteriochloroform as solvent) were 
obtained with a Perkin Elmer R 32 spectrometer; 


and u.v. spectra with a Cary 14 spectrophotometer. 
Impact ionization mass spectrometry (i.i.m.s.) was 
performed by a direct insertion probe on a LKB- 
2091 apparatus at an accelerating voltage of 3.5 kV, 
an electron energy of 70 eV, an ionising current of 


504A and an ion pressure at approximately 
1 x 10~’ Torr. Source and probe temperatures were 
250° and 70°, respectively. ESR spectra were 
obtained with a Varian E-104A_ spectrometer, 
100 KHz modulation, operating at a frequency of 
9.18 GHz. g Values were determined by using per- 
oxylamine disulphonate as a standard. The simulated 
spectra were obtained according to Komarynsky and 
Wahl (14). Some of the radical spectra were obtained 
by using a special electrolytical cell placed in the 
ESR cavity. The cell was evacuated and the radicals 
were generated by applying a voltage to platinum 
parallel electrodes immersed in the solution of the 
parent compounds. t-Butylammonium perchlorate 
was used as a conductive salt. 


Methods 

Synthesis of 2,2'-dihydroxy-3,3'-di-t-butyl-5,5'- 
dimethoxy-diphenyl (Di-BHA). Di-BHA_ was 
obtained by direct oxidation and by peroxidase cata- 
lysed oxidation of BHA. 

(A). Direct oxidation. A reference sample of Di- 
BHA was prepared as reported by Hewgill and Hew- 
itt [6]. The product thus obtained, however, was 
chromatographed through a silica gel column and 
eluted with chloroform. The fraction containing Di- 
BHA was evaporated and the product recrystallised 
from ligroin (m.p. 225—228°, yield 60%). 

(B). Peroxidase catalysed oxidation. Horseradish 
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peroxidase (2 mg = 200 Units) was added to 400ml 
of 10 mM potassium phosphate buffer (pH 7.2) con- 
taining BHA (176mg = 0.976 mmoles) and H2O2 
(16.59 mg = 0.488 mmoles) and kept overnight at 
room temperature. The reaction mixture was 
extracted with diethylether. The extract was washed 
with water, dried (Na2SO4) and evaporated under 
vacuum to yield a pink solid which was crystallised 
from ligroin and washed twice with cold petroleum 
ether (m.p. 220-226°). The product was finally 
recrystallised from ligroin to give a white solid (p.p. 
224-227°, 20 mg yield). The identity of the products 
obtained by the two procedures was confirmed by 
the following criteria: (1) 'H n.m.r. (deuterio- 
chloroform), 6 1.4 (9 H,s), 3.75 (3 H,s), 5.0 (1 H,s 
hydroxyl), 6.6-6.6 (1 H,doublet, 6 and 6’ protons), 
6.95-6.95 (1 H,doublet, 4 and 4’ protons); (2) u.v. 
A max 298 nm (Loge 3.99); (3) i.r. 3540 cm~! (v O- 
H); i.i.m.s. (see the Results section). 

Thin layer chromatography. Thin layer chroma- 
tography was performed using Silica Gel G F254 
pre-coated plates 5 x 20cm, 0.25mm thick (G. 
Merck, Darmstadt). The chromatograms were usu- 
ally developed 15cm at room temperature in the 
dark with chloroform as eluant. Compounds were 
detected on plates by visualization under a short 
wave u.v. lamp, scraped off and eluted with 3 ml 
methyl alcohol. The recovery of BHA (R; = 0.28) 
and Di-BHA (R; = 0.56) were almost quantitative. 

Colorimetric determination of BHA and Di-BHA. 
A quantitative colorimetric assay method for BHA 
and Di-BHA was developed by using the phenol 
reagent 2,6-dichloroquinone-chlorimide (DCQCI) 
[9]. The 3 ml of the reaction mixture contained (final 
concentrations): 0.33mM_ sodium bicarbonate 
buffer, pH 9.4; 12.6M methyl alcohol; 0.26mM 
DCQCI. The addition of BHA and Di-BHA (0.01- 
0.2 wmoles) to the reaction mixture gave rise in a 
few seconds to the formation of blue chromophores 
with a maximum absorbance at 590 nm. The extinc- 
tion coefficients found were 13.35cm’. umole! 
(BHA) and 11.25 cm’. wmole~! (Di-BHA). 

Hydrogen peroxide determination. Hydrogen per- 
oxide was determined colorimetrically by using 
horseradish peroxidase and o-dianisidine following 
the method of Berndt and Bergmeyer [10]. 

Peroxidase assay. The method was based on that 
described by Chance and Mahely [11] which utilizes 
guaiacol as the hydrogen donor. The 3 ml of the 
incubation mixture contained (final concentrations; 
the indicated pH values are those at which the max- 
imum oxidation rate of guaiacol was observed): 
6.7 mM potassium phosphate buffer, pH 7.0 (horse- 
radish peroxidase) or 66.7 mM sodium borate buffer, 
pH 8.4 (rat ileum peroxidase); 0.033-0.33 mM H20; 
0.33-16mM_ guaiacol. Peroxidative oxidation of 
guaiacol performed at 26° was followed for 2-5 min 
at 470 nm by means of a double beam Beckman Acta 
III spectrophotometer equipped with a recorder. 
The linear part of the curve was used to calculate 
the initial reaction velocity. BHA and the other 
tested compounds, dissolved in dimethylsulfoxide at 
100 mM concentration, were diluted with the buffer 
used in the assay to give a final concentration in the 
cuvette ranging from 10~° to 10-7 M. The nature of 
the inhibitory effects observed was investigated by 
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means of double reciprocal plots [12] relating the 
formation rate of tetraguaiacol, in the presence or 
in the absence of a fixed concentration of the inhib- 
itor (BHA, 0.033 and 0.066 mM were incubated with 
the horseradish enzyme and with the intestine 
enzyme respectively; BHT, 0.05mM; 4-methoxy- 
phenol, 0.5 mM; Di-BHA, 0.033 mM), to the con- 
centration of guaiacol. 

Capacity of the ileum mucosa peroxidase for con- 
vérting BHA into Di-BHA. The reaction was carried 
out at 37° in the dark. 0.8 Units (3.9 mg of protein) 
of partially purified peroxidase, that is the activity 
obtained from one ileum, were suspended in 25.6 ml 
of a reaction mixture (buffered to pH 8.3 with 0.06 M 
sodium carbonate and 0.41 M sodium phosphate) 
which contained (final concentrations): 12.68 wmoles 
BHA (0.49 mM) and 6.40 wmoles H2O2 (0.25 mM). 
The reaction started with the addition of H2O2. At 
different intervals 1 ml aliquots of the reaction mix- 
ture were extracted with 3 ml methylene chloride. 
Two millilitres of the extract were evaporated under 
N2, dissolved into 0.15 ml methylene chloride and 
placed on TLC plates. 

Protein assay. Protein content was determined 
colorimetrically by the method of Lowry et al. [12], 
using bovine serum albumin as standard. 


RESULTS 


Identification of Di-BHA as the reaction product 
of BHA with horseradish and rat intestine peroxidase. 
As indicated in Fig. 1, BHA was found to be a 
competitive inhibitor with respect to guaiacol and 
a non-competitive inhibitor with respect to hydrogen 
peroxide in a system containing guaiacol, hydrogen 
peroxide and horseradish or rat ileum peroxidase. 
BHT, phenol, 4-methoxyphenol and Di-BHA 
behaved like BHA when incubated with the horse- 
radish enzyme. As shown in Table 1, the affinity of 
the horseradish peroxidase was higher for BHA, 
BHT and Di-BHA among the phenolic compounds 
tested. In our experimental conditions the enzyme 
prepared from the intestinal mucosa showed a lower 
affinity both for guaiacol and for Di-BHA when 
compared with the horseradish enzyme. The affin- 
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Fig. 1. Kinetic analysis of the inhibition of guaiacol per- 

oxidation by BHA. The reaction was catalysed by com- 

mercial horseradish peroxidase (panel a) and by partially- 

purified rat ileum peroxidase (panel b). The rate of tetra- 

guaiacol formation at 26° was measured in the absence or 

in the presence of the inhibitor. The points represent the 
mean values derived from 3 experiments. 


ities of both enzymes for BHA and H2O:, however, 
were comparable. When guaiacol was omitted in the 
reaction mixture containing either horseradish or 
ileum mucosa peroxidase, after the addition of BHA 
there was an increasing turbidity accompanied by a 
decrease in the amount of BHA. Thin layer chroma- 
tography (TLC) of a methylene chloride extract of 
the reaction mixture showed that BHA (R; = 0.28) 
was converted into another compound (R; = 0.56). 


Table 1. Affinity of peroxidases for H2O2, BHA and various related monocyclic compounds* 





Horseradish 


Substrate Km(M) 


Peroxidase 
Rat ileum mucosa 


Ki(M) Kmn(M) Ki(M) 





Guaiacol 1.2 x 1077 


1.0 x 107? 


1.9 x 1075 4.7x 1075 


1.4 x 1075 


BHA 

BHT 

Phenol+ 
4-Methoxyphenol 
Di-BHA 

H202 


1.6 x 107? 
3.1 x 1074 
2.2 x 1075 1.0 x 1074 


1.8 x 1074 3.5x 1074 





* Measurements were taken at 25°, at pH values giving maximum guaiacol oxidation 
rate (pH 7 and 8.4 for horseradish and rat ileum peroxidase, respectively). The substrates 
were used at 5 different concentrations and kinetic constants were derived from double 
reciprocal plots [12] of triplicate values. The various Kiand the Km for H2O2 were obtained 
using guaiacol as substrate. 

+ The peroxidatic oxidation rate of phenol was measured spectrophotometrically by 
following the formation rate of ortho-ortho'-di-phenol [15] at 455 nm. 
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Fig. 2. Mass spectra. Panel a: Di-BHA obtained from BHA by direct oxidation with “erricyanide as 
described under Methods. Panel b: Di-BHA obtained by intestine peroxidase catalyseu oxidation of 
BHA in the presence of H202. 

The spectra were obtained by direct insertion probe on a LKB-2091 mass spectrometer. Electron 
beam energy 70eV; ion source temperature 250°. Prior to mass spectrometry the compounds were 
purified by TLC, using caloroform as eluant, from a methylene chloride extract of the reaction mixture. 


This conversion was not observed when either per- 
oxidase or hydrogen peroxide were omitted from the 
reaction medium. The spectrographic analyses u.v., 
NMR and ‘i.r. indicate that this compound and 
synthetic Di-BHA obtained by chemical oxidation 
of BHA (see Methods) were identical. In addition, 
as shown in Fig. 2, the i.i.m.s. of the reaction product 
of BHA with peroxidase and hydrogen peroxide and 
of Di-BHA chemically synthesized are practically 
identical, showing an ion at m:e 358 corresponding 
to the molecular ion (MH*) and fragments ions at 
m:e 343 (M*—CHs), 340 (M*—H20O), 302 
(M* — t-butyl), 287 (302 — CHs), m* 254.7 (358 
302) and 246 (302 — t-butyl). 

Capacity of the ileum mucosa peroxidase for con- 
verting BHA into Di-BHA. The capacity of the rat 
ileum mucosa peroxidase for oxidizing BHA into Di 
BHA in the presence of H2O2 was tested. The results 
obtained are set out in Table 2. After 15 min incu- 
bation, about 23 per cent of the BHA was oxidized. 
It is interesting to note that the amount of BHA 


which disappeared was nearly twice that of Di-BHA 
formed and of H2O2 consumed. The BHA oxidation 
proceeded until all H2O2 was consumed and its max- 
imum was achieved after 60min. From 30min 
onwards, however, the stoichiometry of the reaction, 
(as deduced from the 15-min values) was not 
respected. As an explanation for the H2O2 con- 
sumption which was higher than expected, the for- 
mation of other oxidation products should be con- 
sidered. In fact, other compounds with an Ry value 
between those of BHA and Di-BHA became more 
evident on TLC as the incubation time increased. 
Identification by electron spin resonance spectro- 
metry of a free radical generated from BHA by the 
two peroxidases. When BHA was incubated with 
horseradish peroxidase and hydrogen peroxide, a 
broad signal was recorded (g = 2.0042) typical of a 
radical with a slow tumbling rate, which suggests 
that the radical was firmly bound to the enzyme. The 
radical was released by the addition to the reaction 
mixture of one volume of methanol and gave a signal 


Table 2. Oxidation of BHA into Di-BHA by rat ileum peroxidase in the presence of H2O2* 





BHA transformed 
(umoles) 


Incubation time 
(min) 


Di-BHA formed 
(uwmoles) 


H20O>2 transformed 
(umoles) 





15 
30 
60 
120 


1.85 
5.50 
6.48 
6.48 





* 0.8 Units of peroxidase (3.9 mg of protein) were incubated at 37° in 25 ml of a medium 
buffered to pH 8.3 which contained 12.68 wmoles BHA and 6.40 wmoles H202. 
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2 Gauss 


Fig. 3. ESR spectra. Top panel: spectrum obtained after 
1 hr incubation at 22° of BHA (7.5 x 10 "M) in the pres- 
ence of horseradish peroxidase (165U. mg. ml~'), H2O2 
(10-7M), Na phosphate buffer pH 7(10" 7M) and dime- 
thylsulfoxide (10 per cent v/v). The spectrum was recorded 
immediately after the addition of methanol (50:50) to the 
incubation mixture. Middle panel: simulated spectrum of 
the Di-BHA radical. Bottom panel: spectrum obtained by 
applying a voltage of 1.5 V to an electrolytical cell con- 
taining a methanol solution of Di-BHA (7.5 x 10™ 3M). 
Spectra were obtained with a modulation of 1 Gauss and 
a microwave power of 10 mW. 


with a g value of 2.0042 which is equal to the g value 
of the protein-bound radical (Fig. 3, top panel). A 
comparable spectrum was obtained by simulation 
assuming that the radical has 4 equivalent protons 
(Fig. 3, middle panel). When Di-BHA was incubated 
with H2O2 and horseradish peroxidase, no signals 
were recorded, thus suggesting that the radical gen- 
eration preceded the Di-BHA formation. The ESR 
spectrum obtained by electrolysis of Di-BHA was 
identical to that obtained when BHA was oxidized 
in the presence of horseradish peroxidase (Fig. 3, 
bottom panel). When BHA was incubated with 
hydrogen peroxide and a preparation of rat intestine 
peroxidase no signal was recorded either in the buffer 
solution or after methanol addition. However, when 
the water-methanol solution after 3hr incubation 
was placed in the electrolytical cell under a voltage 
of 1.5 V, a signal was recorded with a g value of 
2.0042 (Fig. 4, upper left). This signal was identical 
to the one obtained when the Di-BHA spectrum was 
simulated (according to the method of Komarynsky 
and Wahl [14]). It has been assumed that the radical 
has a low tumbling rate depending on the high vis- 
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cosity of the incubation medium and that the struc- 
ture represented in Fig. 4 (bottom) has 4 equivalent 
protons, indicated by the heavily-marked hydrogens 
in the formula. The fact that this signal was not 
generated spontaneously might indicate that in these 
reaction conditions the radical has a very short life. 
In the same conditions, the signal with a g value 
of 2.0046 which had been observed during the 
electrolysis of BHA (Fig. 4, upper right) was not 
detected. This suggests that most of the BHA par- 
ticipating in the reaction had disappeared from the 
incubation mixture. 


DISCUSSION 


The results reported here show that BHA is a 
substrate for horseradish and rat intestine mucosa 
peroxidase by which in the presence of H20> it is 
oxidized to Di-BHA. In addition, one indirect piece 
of evidence was obtained for the similar behaviour 
of BHT. The structure characterization of Di-BHA 
leads to the conclusion that the peroxidation process 
consists in the coupling of two BHA molecules 
occurring by dehydrogenation in the ortho position 
without the involvement of the OH group. A similar 
reaction mechanism has been shown to occur for the 
peroxidative oxidation of phenol [15], tyramine [16], 
tyrosine [17], p-cresol [18] and vanilline [19]. The 
general scheme by which horseradish peroxidase cat- 
alyses the oxidation by hydrogen peroxide of a wide 
variety of organic compounds was established by the 
work of Chance [20], George [21, 22] and Yamazaki 
[23] and is presented in equations (1)-(4). 

HRP + H202-HRP-I 

HRP-I + AH>>HRP-II + AH 
HRP-II + AH2>-HRP + AH 
2 AH —A + Alp (or AH-AH). 
Here HRP refers to the native enzyme; HRP-I and 
HRP-II are oxidized forms of the enzyme and con- 
taining, respectively, two and one oxidizing equiv- 
alents relative to the native enzyme; AH2 is an 
oxidizable substrate; AH’ the free radical interme 
diate (semiquinone) and A or AH-AH, the oxidation 
products. According to the above scheme, as shown 
in Fig. 5, conversion of BHA (1) to Di-BHA (4) 
would take place via the intermediate (3). The radical 
(5), which was detected by e.p.r. spectroscopy, 
would then be generated in the reaction medium 
from the final product (4). However, an attempt to 
obtain from a Di-BHA (4) solution the same spec- 
trum as that obtained in the reaction conditions set 
out in Fig. 2 failed. Therefore, we have to admit that 
either the actual reaction path involves an interaction 
of the radical (2) with the parent phenol(1), to give 
the radical intermediate (5), or the radical (5) is 
generated from Di-BHA (4) by exchange with the 
radical (2). Mechanisms of the type (1) + (2)-(5) 
cannot be excluded from such coupling reactions 
[24]. 

As for the capacity of the rat intestine mucosa 
peroxidase for converting BHA into Di-BHA, 
assuming the oxidation rate at 15min to be the 
maximum achievable in our experimental conditions, 
the enzyme activity present in the intestine mucosa 
is capable of oxidising 12 wmoles of BHA.hr~' at 
37°. This compound was present in the incubation 
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Fig. 4. ESR spectra. Top left panel: BHA (7.5 x 10~°M) was incubated at 22° for 3hr in the presence 
of rat intestine peroxidase (0.66U.mg~'; 1.3mg.ml~') H2O2 (4.8 x 10-°M), Na phosphate buffer pH 7.3 
(3 x 10°°M) and dimethylsulfoxide (10 per cent v/v). The spectrum was obtained by applying a voltage 
of 1.5 V to an electrolytical cell containing the reaction mixture. Top right panel: spectrum obtained 
by applying a voltage of 1.75 V to an electrolytical cell containing a methanol solution of BHA 
(7.5 x 10°°M). Modulation and microwave power as in Fig. 2. Bottom left and right panels: simulated 
spectra of Di-BHA and BHA radicals, respectively. The probable structure of Di-BHA and BHA 
radicals are shown; bold-type hydrogens indicate the equivalent protons. 


ever, that either H2O2 availability is not limiting or 
Di-BHA, which has been shown to be a competitive 


mixture at a concentration fully saturating the 
enzyme (10 X Km), while H2O2 was at half-saturating 


concentration (Km concentration). Preliminary data, 
not reported here, have shown that higher concen- 
trations of H2O2 inhibited our partially purified 
enzyme. Although we have no experimental evi- 
dence about the peroxidative oxidation rate of BHA 
in vivo, it is conceivable that in vivo this reaction 
proceeds at a similar rate. We should admit, how- 


Me3C 


4 Frc 


inhibitor of peroxidase, is removed from the enzyme 
environment. The first problem to be solved, how- 
ever, is the accessibility of peroxidase to BHA. Data 
available from the literature show that, in the rat 
large intestine, peroxidase activity is localised in the 
mucus-secreting cells of the cryptae [25], while the 
enzyme purified from hog intestinal mucosa seems 


Me 3C OH *O CMe3z 


MeO OMe 


(5) 
Fig. 5. Oxidation scheme of BHA to Di-BHA by a peroxidase-hydrogen peroxide system (for infor- 
mation, see text). The abstraction of a hydrogen radical is represented only to indicate the stoichiometry 
of the reaction. 
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to be identical, as regards its biochemical properties, 
to that purified from eosinophylic granulocytes [8]. 
Rat intestinal mucosa peroxidase activity, as recently 
described by Smith and Castro [26], is much lower 
in germ-free animals and seems to be related to the 
number of mucosal granulocytes. A research project 
in progress in this laboratory is aimed at defining the 
localization and the biochemical properties of per- 
oxidase in the rat intestinal mucosa. 

Another point of discussion is the relevance of 
this pathway to BHA metabolism. To date, no men- 
tion has been made of the peroxidative oxidation of 
BHA; moreover, the only described metabolic trans- 
formation of the BHA isomer here used is the 
conjugation with glucuronic acid, known to occur in 
the rat [27]. 

However, since it has been found that chronic oral 
treatment with BHA induces biphenyl-4-hydroxylase 
activity in rat liver [28], it can be suggested that this 
effect is related to the formation of Di-BHA. We 
do not yet know whether Di-BHA, once formed in 
the intestine mucosa, has access to the liver. 

All the above questions must be answered before 
the importance of peroxidatic oxidation in the detox- 
ification processes of BHA is discussed. Preliminary 
experiments, carried out in this laboratory, however, 
have indirectly suggested that this metabolic pathway 
plays a role in the inactivation of BHA. While the 
BHA LDso i.p. in the rat has been found to be 50 mg 
(0.28 mmoles) .kg~'body wt. [5], i.p. injection of 
Di-BHA at a dose of 720mg (2 mmoles) .kg~'body 
wt. has only given a 10 per cent lethality. 
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Abstract—The relative involvement of the lipid and protein moieties of (Na~ + K*)-activated adenosine 
triphosphatase in the inhibitory action of alcohol on this enzyme was investigated, using an enzyme 
preparation derived from the cerebral cortex of mice. Two classes of lipids are envisioned to be 
associated with this enzyme. One is essential for the activity of the enzyme, while the other is not. 
Purification or treatment with the nonionic detergent Lubrol WX increased the ATPase sensitivity to 
ethanol, possibly as a result of the removal of hindering lipids and contaminating proteins from the 
enzyme. Delipidization with deoxycholate removed both the essential and bulk lipids, and drastically 
reduced the activity of the enzyme. This could be subsequently reactivated with phosphatidyl serine 
(PS). The ethanol sensitivity of the reactivated ATPase varied with the ratio of PS to protein, and is 
most sensitive at 12.5umoles PS Pi/mg when it is half-reactivated. Increasing the PS concentration 
cannot completely reverse the inhibition of ethanol on the reactivation. These data suggest that ethanol 
inhibits (Na* + K*)-ATPase activity by interacting with its protein moiety. Furthermore, the sensitivity 


of the enzyme to ethanol is probably related to its conformation, which, in turn, is affected by its 


essential lipid. 


General anesthetics and cell membranes have long 
been thought to interact because they are both 
hydrophobic [1]. One such anesthetic, alcohol, has 
been shown to increase the fluidity of membrane 
lipids [2,3] and the leakage of Na* and K* across 
lipid bilayers [4]. It is believed that these changes 
occur because the state and property of the lipids 
have been altered [2, 3, 5]. Since integral membrane 
proteins are also hydrophobic, the possibility that 
they are involved in the action of alcohol should be 
investigated. 

Previous studies have shown that alcohol might 
inhibit (Na* + K*)-activated adenosine triphospha- 
tase [(Na* + K*)-ATPase] activity by altering its 
conformation [6,7]. The enzyme is membrane- 
bound and requires phospholipids for activity [8, 9]. 
These lipids can be removed, leaving the relatively 
inactive protein moiety. A study of the effect of 
alcohol on this enzyme associated with different 
amounts of lipids could shed some light on the mech- 
anism of alcohol action. 

Detergents can stimulate (Na* + K*)-ATPase 
activity and produce a peak activation near their 
critical micelle concentration (cmc) [10, 11]. They 
are thought to remove hindering lipids from the 
ATPase and expose more enzyme sites [10, 11]. It 
is possible that the enzyme will become more sen- 
sitive to the alcohol effect following treatment with 
a detergent. This paper shows that relatively low 
concentrations of alcohol can suppress the activation 
of (Na* + K*)-ATPase by the nonionic detergent 
Lubrol WX, and that the enzyme is most sensitive 
to alcohol inhibition when its delipidized preparation 
is half-reactivated with phosphatidyl serine (PS). 


MATERIALS AND METHODS 


Ten-week-old male mice of the DBA/2J strain 
were purchased from Jackson Laboratory, Bar Har- 
bor, ME. They were housed four per cage and 
acclimated to laboratory conditions (8-hr dark period 
per day at 21°) for at least 1 week before use. They 
had access to Purina Lab Chow and water ad lib. 
Analytical grade sodium chloride, potassium chlor- 
ide and magnesium chloride were purchased from 
the Baker Chemical Co., Phillipsburg, PA. Ox-brain 
phosphatidyl serine (PS) and egg-yolk phosphatidyl 
choline (PC) were products of Serdary Laboratories, 
Ontario, Canada. All other chemicals were obtained 
from the Sigma Chemical Co., St. Louis, MO, and 
were of the highest grade available. 

Enzyme fractions were prepared at 0-4° unless 
stated otherwise. The mice were killed by cervical 
dislocation and the cerebral cortex was rapidly re- 
moved. It was immediately homogenized 1:20 (w/v) 
in Tris-Cl (10 mM, pH 7.4) containing 0.25 M 
sucrose in a Pyrex glass homogenizer. Ten additional 
reciprocal strokes were performed after the tissue 
mass had been dispersed. The homogenate was cen- 
trifuged at 120 g for 10 min, and the supernatant 
fluid was filtered through four layers of cheesecloth. 
This level of enzyme preparation is referred to as 
the low-speed fraction, and was always used within 
1 hr of preparation. Microsomal, NalI-treated and 
delipidized enzymes were prepared by published 
procedures [8, 12-14] and stored at —70° for 2 weeks 
without loss of enzyme activity. 

The activities of total ATPase, Mg?*-ATPase and 
(Na* + K*)-ATPase were assayed as described pre- 
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Lubrol WX, 


Fig.+1 «Ethanol suppression of the activation of (Na* + K*)- 
ATPase by Lubrol WX. (Na” + K*)-ATPase activity was 
obtained by subtracting Mg**-ATPase activity from the 
simultaneously assayed total ATPase activity [6]. Both 
ATPase assay mixtures without (O) or with 0.05 M (A) 
and 0.5 M (Q)) ethanol were mixed with the low-speed 
enzyme preparation (39 yg protein/assay tube) and Lubrol 
WX to various concentrations. The assay mixtures were 
equilibrated at 37° for 5 min, and the reactions were initi- 
ated by the addition of Tris-ATP. Each assay was dupli- 
cated, and the results were reproducible using different 
enzyme preparations. 


pmoles P /min/mg 


(Na‘tK")-ATPase, 





viously [6]. One unit of ATPase activity is that 
amount of enzyme which produces 1 pumole of 
inorganic phosphate (Pi) from ATP per min at the 
present assay conditions. When Lubrol WX, alcohol 
or phospholipid was present, it was added to the 
assay mixture before the initiation of the enzyme 
activity with Tris-ATP. PS and PC vesicles were 
prepared by sonication with distilled water as 
described [12]. They were adjusted to a concentra- 
tion of 15 mM Pi and stored under nitrogen at 4°. 
Lipids in the enzyme preparations were extracted 
three times with 20 vol. of chloroform—methanol 


(2:1, v/v) at room temperature. Each extraction was 
20 min. The combined extracts from each enzyme 
preparation were evaporated to dryness using a 
Rotavapor (Buchi/Brinkman) and the amounts of 
phosphorus (Pi) were measured [15]. Protein was 
determined by the procedure of Lowry et al. [16] 
using bovine serum albumin as the standard. 


RESULTS 


Figure 1 shows that Lubrol WX can stimulate the 
activity of (Na* + K*)-ATPase derived from the cer- 
ebral cortex of mice, and produces peak activation 
with 0.01% detergent. Ethanol at 0.05 and 0.5 M 
suppresses this activation. This inhibitory effect of 
ethanol gradually increases with the concentration 
of Lubrol WX. However, once the detergent con- 
centration is about 0.01%, further increases do not 
enhance the ethanol effect. The activity of Mg’*- 
dependent adenosine triphosphatase was not 
affected by Lubrol or ethanol at the concentrations 
used in this study. Other aliphatic alcohols, including 





Ethanol, M 


Fig. 2 . Increases of ethanol sensitivity of (Na* + K*)-ATPase by Lubrol WX in a crude preparation. 

Both the total ATPase and Mg**-ATPase assay mixtures [6] without (O) or with 0.005% (A) and 

0.01% (Q) Lubrol WX were incubated at 37° with the low-speed enzyme preparation (36.5 ug pro- 

tein/assay tube) for 2 min. Ethanol was then added to various final concentrations. The assay mixtures 

were further incubated at 37° for 3 min, and the reactions were initiated by the addition of Tris-ATP. 

Each assay was duplicated. (Na* + K*)- -ATPase activity is the difference between the total ATPase 
and Mg**-ATPase activities [6]. 
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Fig. 3. Effect of Lubrol WX on the activity of (Na* + K*)- 
ATPase purified to different extents. Both the total ATPase 
and Mg**-ATPase assay mixtures [6] with various concen- 
trations of Lubrol WX were mixed with one of the following 
enzyme preparations: low-speed fraction (O), microsomal 
preparation (A) or NalI-treated enzyme (0). The mixtures 
were equilibrated at 37° for 5min. The reactions were 
initiated by the addition of Tris-ATP, and the (Na* + K*)- 
ATPase activity was ascertained [6]. Each assay was done 
in duplicate. The amount of protein in each assay tube was: 
low-speed fraction, 36.5 4g; microsomal preparation, 
21.3 wg; and Nal-treated enzyme, 12.4 yg. 


methanol, 1-propanol, 1-butanol and 1-pentanol, 
also produce this pattern of inhibitory effects on the 
activation of (Na* + K*)-ATPase by Lubrol WX 
(data not shown). Figure 2 further illustrates that 
Lubrol WX can increase the sensitivity of 


(Na* + K*)-ATPase to ethanol. In the presence of 
0.005 and 0.01% detergent, the concentration of 
ethanol required to inhibit 50 per cent of the ATPase 
activity (Iso) was reduced from 1.2 M to 1.0 and 0.9 
M respectively. 

Since detergents have been thought to activate 
(Na* + K*)-ATPase by exposing more enzyme sites 
[10, 11], the possibility exists that purification could 
make the enzyme more sensitive to ethanol inhibition 
but less sensitive to the stimulatory effect of Lubrol 
WX. As shown in Fig. 3, Lubrol WX has a biphasic 
effect on the (Na* + K*)-ATPase activity of the low- 
speed and microsomal fractions from mouse brain, 
but has less effect on the Nal-treated preparation. 
Purification did increase the sensitivity of the enzyme 
to ethanol, as shown by the reduction in Iso (Table 
1). However, the mass ratio of phospholipid to pro- 
tein was not reduced, though there was a decrease 
in the amount of phospholipid per unit of ATPase. 

Delipidization of the (Na* + K*)-ATPase with 
deoxycholate reduced its ratio of phospholipid to 
protein, but did not make the remaining enzyme 
activity more sensitive to ethanol (Table 1). The Iso 
for the delipidized ATPase varied according to the 
ratio of added PS to protein; it was 1.5+0.3 M 
when no exogenous phospholipids were present, but 
gradually decreased, and then increased again, with 
the concentration of PS (Table 2). Figure 4 further 
illustrates the dependency of the ethanol sensitivity 
of this reactivated ATPase on the ratio of PS to 
protein. In the absence of ethanol, the delipidized 
ATPase activity increases with the concentration of 
PS and reaches the maximum at a PS—protein ratio 
of 50 wmoles/mg. PC cannot reactivate the enzyme 
(data not shown). Ethanol suppresses the complete 
reactivation (Fig. 4). When the remaining ATPase 
activities in the presence of ethanol (0.40, 0.60 and 
1.14 M) and at different PS—protein ratios were 
calculated as a percentage of their respective activ- 
ities in the absence of ethanol, it was found that the 
enzyme activity was most sensitive to ethanol inhi- 
bition when it was half-reactivated at 12.5 wmoles 
PS Pi/mg protein. At the three ethanol concentra- 
tions tested, it was impossible to completely reverse 
the alcohol inhibition by increasing the ratio of PS 
to protein. At high PS concentrations, the enzyme 


Table 1. Phospholipid content and ethanol sensitivity of various (Na* + K*)-ATPase 
preparations* 





pumoles Pj 


Phospholipid 


mmoles Pj Ethanol 





Specific activity 


Fraction 


(units/mg) 


mg protein 


unit ATPase 





Low-speed 
fraction 
Microsome 
Nal-fraction 
Delipidized 
fraction 


0.123 + 0.051 
0.188 + 0.063 
0.496 + 0.102 


0.071 + 0.013 


0.233 + 0.085 
0.313 + 0.1017 
0.492 + 0.1204 


0.198 + 0.0637 


1.894 + 0.133 
1.665 + 0.120% 
0.992 + 0.118§ 


2.789 + 0.235§ 





* Each value is the mean + S.E. of three duplicated determinations. The significance of the 
difference between each mean of the low-speed fraction and those of other enzyme preparations 


was evaluated by the /-test. 


+ Not significant. 


+ P<0.05. 
§ P< 0.01. 
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Table 2. Ethanol sensitivity of the delipidized (Na* + K*)-ATPase at different 
phosphatidyl serine concentrations* 





Vesicular phosphatidyl 
serine (mM Pi) 


ATPase activity 
(units/mg) 


Ethanol Iso 
(M) 





0 0.071 + 0.013 
1.0 0.213 + 0.021 
Bs 0.341 + 0.027 
5.0 0.394 + 0.025 
+ 0.372 + 0.022 


1.51 + 0.31 

0.80 + 0.127 
0.93 + 0.244 
1.12 + 0.15§ 
1.31 + 0.19§ 





* Each value is the mean + S.E. of three to seven duplicated determinations. 
The significance of the difference between the Iso obtained in the absence of 
exogenous PS and that obtained in the presence of each PS concentration was 


evaluated by the (-test. 
+ P<0.01. 
t <0.05. 
§ Not significant. 


activity eventually levelled off before reaching the 
degree obtainable without ethanol. 


DISCUSSION 


While the inhibitory effect of ethanol on 
(Na* + K*)-ATPase activity observed in vitro may 
not necessarily suggest that the enzyme is the site 
of alcohol action in vivo, this ATPase does provide 
an interesting model for studying the relative effect 
of ethanol on membrane lipids and proteins. The 
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Fig. 4. Effect of phosphatidyl serine on the ethanol sen- 
sitivity of (Na* + K*)-ATPase. (Na~ + K*)-ATPase assay 
mixtures [6] without (©) or with 0.4 M (A), 0.6 M (@) and 
1.14M (Q) ethanol were mixed with the delipidized 
(Na* + K*)-ATPase preparation (12.5 ug protein/assay 
tube) and various amounts of vesicular phosphatidyl! serine. 
The mixtures were equilibrated at 37° for 5min. The 
reactions were initiated by the addition of Tris-ATP, and 
(Na* + K*)-ATPase activities were ascertained [6]. Each 
assay was duplicated. In the presence of ethanol, the 
(Na* + K*)-ATPase activity at each PS/protein ratio was 
expressed as the percentage of its respective control without 
ethanol. 


enzyme is membrane-bound, and probably extends 
to both sides of the lipid bilayer because it transports 
Na* out of, and K* into, the cell. Lipids which are 
closely associated with the enzyme, and necessary 
for its activity, can be considered ‘essential lipids’. 
Those that are situated near the enzyme, but not 
required for its activity, can be considered ‘bulk 
lipids’. Bulk lipids may hinder the access of the 
substrate and ligands to, and the release of products 
from, the ATPase. In this study, we observed that 
the delipidized (Na* + K*)-ATPase from mouse 
brain can be reactivated with PS (Fig. 4), but not 
with PC. A similar result has been reported for the 
delipidized (Na* + K*)-ATPase from the electric 
organ of Electrophorus [9] and rabbit kidney [12]. 
These data indicate that PS is an essential lipid for 
(Na* + K*)-ATPase. 

In cell-free preparations, (Na* + K*)-ATPase is 
probably embedded in the lipid bilayer of vesicles 
[13], and some of the enzyme molecules may be 
concealed by bulk lipids. Lubrol WX may have 
activated the mouse brain ATPase (Fig. 1) by 
removing bulk lipids and contaminating proteins. 
Consequently, the enzyme would have better access 
to its substrate and cofactors, resulting in a higher 
specific activity (Fig. 3). The fact that purification 
does not reduce the lipid—protein ratio (Table 1) is 
most likely due to the simultaneous removal of con- 
taminating proteins, such as Mg**-ATPase [11]. 
Since detergents at concentrations higher than their 
cmc can form mixed micelles with lipids or hydro- 
phobic proteins [17] Lubrol WX at concentrations 
greater than 0.01%, which is near its cme [11], could 
do so with (Na* + K*)-ATPase, and therefore sup- 
press its activity. This might explain the biphasic 
effect of the detergent on mouse brain ATPase (Fig. 
1). 

Removal of bulk lipids and contaminating proteins 
from the (Na* + K*)-ATPase preparation, either by 
detergents or other means, may give ethanol a better 
access to interact directly with the enzyme. Conse- 
quently, the sensitivity of the enzyme to ethanol 
would be increased (Figs. 1 and 2 and Table 1). 
Ethanol may also interact with Lubrol WX. How- 
ever, the interaction probably is weaker than it is 
with the (Na* + K*)-ATPase, because increasing 
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the Lubrol WX concentration (up to 2%) does not 
reverse the ethanol inhibition of the ATPase activity 
(Fig. 1). 

Delipidization by deoxycholate might strip both 
the bulk and essential lipids from (Na* + K*)- 
ATPase [8,12], and change the enzyme to a less 
active conformation. Addition of exogenous PS may 
then restore its conformation and activity. The sen- 
sitivity of the reactivated (Na* + K*)-ATPase to 
ethanol varies with the ratio of PS to protein, and 
is most sensitive at 12.5 wmoles PS Pi/mg, when it 
is half-reactivated (Table 2 and Fig. 4). Further 
additions of PS gradually reduce this sensitivity, but 
cannot reverse it completely. This suggests that 
ethanol does not inhibit (Na* + K*)-ATPase activity 
by interacting with the essential lipid (PS) alone, but 
may produce the inhibition by interacting with the 
protein moiety of the ATPase, especially when the 
enzyme assumes favorable conformations following 
the binding of PS. 
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Abstract—Monoamine oxidase (MAO) A predominates both in human placenta and lung. With 5- 
hydroxytryptamine (5-HT), 6-phenylethylamine (PEA) and benzylamine (Bz) as substrates and clor- 
gyline and deprenyl, respectively, as selective MAO A and B inhibitors, their activity pattern has been 
defined and compared with that of human liver. PEA had a much higher Vmax with placental MAO A 
than did Bz; it behaved largely as an A substrate in placenta, and partly as an A substrate in lung. At 
commonly used substrate concentrations, deamination of Bz (sensitive to 10-7 M deprenyl) was a better 
indicator of MAO B activity than deamination of PEA. The divergence between PEA and Bz as MAO 
A and B substrates may be one reason for some of the apparent discrepancies in the behaviour of MAO 
A and B noted in a variety of tissues in the literature. 

However, Bz reacts with benzylamine oxidase (BzAO) as well as MAO B. Depending on the tissue, 
deprenyl-resistant Bz activity may indicate the presence of BZAO rather than MAO A. As there is a 
widespread distribution of BzAO in man and rat, BzAO should be considered among the alternatives 


of enzyme activity when Bz is used as substrate. 


Johnston’s classification {1] of monoamine oxidase 
[MAO; monoamine: oxygen oxidoreductase (deam- 
inating) EC 1.4.3.4] into A and B forms, based on 
the selective inhibitory action of clorgyline, was to 
some extent an oversimplification and the premises 
on which it was founded have latterly come under 
increasing scrutiny [2-6]. Although, by definition, 
the classification is based on the action of a particular 
selective inhibitor, it has often been more convenient 
to identify the different forms by their preferential 
action on particular substrates. This practice has 
brought difficulties in its train. One major problem 
has been that two substrates commonly assumed 
(e.g. ref. 7) to distinguish between the two forms, 
5-hydroxytryptamine (5-HT) for MAO A, and £- 
phenylethylamine (PEA) for MAO B, are not com- 
pletely specific. Both can act as substrates for either 
form, and any specificity they possess lies in differ- 
ences in Km and Vmax [17, 19]. Moreover, benzyla- 
mine (Bz), another substrate for MAO B, is also 
deaminated by benzylamine oxidase (BzAO) [9, 14]. 
If one enzyme form is present in great excess, it may 
contribute the laiger part of the activity observed 
with any of a range of substrates. This could be one 
explanation of some of the apparent anomalies and 
differences in the behaviour of MAO A and B 
recorded for different tissues. 

We have recently been engaged in a large-scale 
investigation of the distribution of BzAO and the 
two forms of MAO in human tissues [8], using Bz, 
PEA and 5-HT as substrates. Our criterion for MAO 
B activity with Bz as substrate is that part of the total 
suppressed by a deprenyl concentration selective for 
MAO B, i.e. the deprenyl-sensitive moiety of the 
activity observed with Bz (D*Bz). The ratio of this 
moiety to the uninhibited activity registered with 
PEA as substrate (D*Bz/PEA ratio) tended to be 
fairly constant and was used by us as a check of the 


results obtained with either substrate. However, in 
the course of our study we have come across some 
notable exceptions. Placenta, lung and some biood 
vessels have a D*Bz/PEA ratio quite distinct from 
that observed in the great majority of tissues. We 
report here the results of a study of MAO A and B 
in human placenta, lung and liver. 


MATERIALS AND METHODS 


Lung and liver samples, obtained at autopsy, were 
dissected, cleaned and freed from blood by rinsing 
in cold 0.9% saline, quick-frozen in solid CO: 
(—80°), and stored at —20°. The interval between 
death and autopsy varied between 12 and 24 hr, 
during which time the bodies were kept at 2—4°. 
Placentae, obtained from the Labour Ward at Queen 
Charlotte’s Maternity Hospital within 1-6hr of 
delivery, were treated similarly. All other procedures 
involving tissues up to time of assay, and the chem- 
icals used, were as Outlined in our previous report 
[9]. In addition, ['*C]5-HT, sp.act. 58 mCi/mmole, 
was purchased from the Radiochemical Centre Ltd., 
Amersham, U.K., and clorgyline was kindly donated 
by May & Baker Ltd., Dagenham, U.K. 

The basic assay procedure was the radiometric 
microassay described in detail in our previous paper 
[9], with the following modifications: the extraction 
method described for ['*C]Bz was also used for 
[“C]PEA and ["*C]5-HT, and the reaction product 
of the PEA assay was extracted into toluene, whilst 
that of the 5-HT assay was extracted into a 1:1 
mixture of ethyl acetate and toluene. 

For the assays shown in Table 1, final concentra- 
tions of substrate in the assay mixture were: Bz, 
42 uM; PEA, 150 uM; and 5-HT, 371 uM. 

Most assays using Bz as substrate were carried out 
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Table 1. Activity of BLAO, MAO B and MAO A against Bz, PEA and 5-HT. 4 x 107’ M deprenyl 

was used with Bz to select for MAO B activity. Except where otherwise stated, values represent specific 

activity (nmoles/mg protein/30 min). For molar concentrations of substrates, see Materials and Methods. 

Bz assays were carried out at pH 9.0, PEA and 5-HT assays at pH 7.2. Homogenates were 10 per cent 
(w/v) in 0.1 M potassium phosphate buffer, pH 7.2 





Ratio Ratio 





Tissue (N) D*Bz/PEA 5-HT 5-HT/PEA 


5-HT/D*Bz 





Placenta (4) 
Lung (3) 
Liver (6) 





with 0.1M Tris buffer (pH 9.0); this pH has been 
found by others [10] and by us (unpublished obser- 
vations) to produce far more activity than pH 7.2, 
which we had used in our previous experiments [9]. 
The specific activities recorded in our previous report 
[9] and those in Table 1 cannot, therefore, be con- 
sidered directly comparable. As shown by Fowler 
et al. [22], oxidation of tyramine, 5-HT and PEA 
is inhibited by Tris buffer, but Bz oxidation is not. 
These findings were confirmed by our experiments 
with PEA as substrate and Tris buffer (pH 9.0), 
which produced substantial inhibition (unpublished 
results). On the other hand, in parallel experiments 
with potassium phosphate and Tris buffers at pH 7.2 
and 9.0, respectively, using the same homogenates, 
we found that while the higher pH produced far 
higher activity, the sensitivity of MAO B to deprenyl 
was the same at pH 7.2 and 9.0 (unpublished results). 
We therefore considered it justified to use the opti- 
mum pH for both Bz (9.0) and PEA (7.2) in these 
experiments. 


[ SHT 
(b) 


% INHIBITION 








The final concentrations of substrate in the assay 
mixture of the experiments illustrated by Figs. 1 and 
2, and Table 2, were as follows: Bz, 42 uM; PEA, 
88 uM; 5-HT, 217 4M. To ensure uniformity of 
results, all these experiments (including those with 
Bz as substrate) were carried out at pH 7.2 with 
0.1 M K2HOPs/KH2POs buffer. 

Substrate concentrations used in the assays to 
determine MAO A Vmax and Km (Table 3) were as 
follows: Bz and 5-HT, 500, 250, 125, 62.5, 31.25 uM; 
PEA, 250, 125, 62.5, 31.5, 15 uM. 

Several experiments were carried out with a full 
range of inhibitor concentrations (4 x 10~° to 
4x 10~?M) and various 10 per cent (w/v) hom- 
ogenates, the tissue concentration used throughout 
these experiments. 4 x 10~’M (-)-deprenyl was 
found to be optimal at distinguishing BzAO from 
MAO B. 

Total tissue protein was determined by the method 
of Lowry et al. [11] with bovine serum albumin as 
standard. : 
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Fig. 1. Effect of different concentrations of clorgyline and (—)-deprenyl on the inhibition of PEA, 5- 

HT and Bz deamination in human placenta, 10 per cent (w/v) homogenate in 0.1 M potassium phosphate 

buffer, pH 7.2. All assays carried out at pH 7.2. For substrate concentrations see Materials and Methods. 

(a) PEA, (b) 5-HT, (c) Bz. O----O clorgyline, x——x (—)-deprenyl, @----@ phenelzine. Three 
separate experiments gave similar curves. 





PEA and Bz as substrates for MAO A 
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Fig. 2. Effect of different concentrations of clorgyline and (—)-deprenyl on the inhibition of PEA, 5- 
HT and Bz deamination in human lung. Assay conditions and symbols as in Fig. 1. Three separate 
experiments gave similar curves. 


All assays were carried out in duplicate; values 
given represent the means of multiple determin- 
ations. 


RESULTS 


Table 1 shows the specific activities of BzAO, 
MAO A and MAO B in human placenta, lung and 
liver, with Bz, 5-HT and PEA as substrates. The 
D*Bz/PEA ratio, as defined above, is seen to differ 
substantially in placenta and lung from that observed 
in liver. In most adult human tissues we have studied 
[8], the ratio is greater than 2.0, but in lung it is 0.44. 
The other striking feature of this table is the different 
pattern of 5-HT/PEA ratios compared with 5- 
HT/D*Bz ratios. 

Figure 1 shows the effect of different concentra- 
tions of clorgyline and deprenyl on the inhibition of 
5-HT, PEA and Bz deamination in human placenta. 
It will be seen that 5-HT and PEA gave similar 
curves (Figs. la and b), indicating that a major 
portion of PEA was metabolized by MAO A. With 
Bz (Fig. lc) the pattern was more complicated: a 
proportion of the activity was not inhibited by either 
deprenyl or clorgyline and presumably derived from 


Table 2. PIso values for deprenyl and clorgyline inhibition 

of MAO A and MAO B in human placenta, liver and lung. 

Values are neg.logio molar concentrations of inhibitors. 

For molar concentrations of substrates, see Materials and 
Methods 





Liver 
Dep. Clorg. 


Placenta 
Dep. Clorg. 


Lung 


Substrate Dep. Clorg. 





5.7 
4.9 
9.0 


Bz 
PEA 


= 5.8 8. 
5.6 8.1 (? 
5-HT 35 8.2 a 





* Only 42 per cent inhibition was achieved with the 
highest concentration used, 4 x 1074 M. 


BzAO. This interpretation is borne out by an inhi- 
bition curve with phenelzine which, at 4 x 10-°M, 
blocked 93 per cent of the activity observed with Bz, 
whereas a tenfold greater concentration of deprenyl 
and clorgyline achieved only 72 and 65 per cent 
inhibition, respectively. The remaining activity with 
these two inhibitors shows a double sigmoid curve, 
suggesting that some Bz acts as a substrate for MAO 
A, and some for MAO B. 

Figure 2 shows the results of similar experiments 
on human lung homogenate (10% w/v). With 5-HT 
as substrate (Fig. 2b), a simple sigmoid curve is seen 
with both clorgyline and deprenyl, resembling the 
placental response. The response with Bz and PEA, 
however, was more complex. Most of the Bz activity 
was both clorgyline and deprenyl-resistant, but sen- 
sitive to 10-°M phenelzine, suggesting that it was 
due to BzAO. The remaining activity was somewhat 
more sensitive to deprenyl than clorgyline, both 
inhibitors showing a plateau. With PEA also, a pla- 
teau was found with clorgyline, suggesting that the 
substrate was metabolized by both.MAO A and B 
in this tissue. 

When similar experiments were performed with 
human liver homogenate (10% w/v), 5-HT behaved 
as a typical MAO A substrate, and Bz and PEA as 
typical B substrates, all giving single sigmoid plots 
with both clorgyline and deprenyl. 

Iso values for the three substrates with deprenyl 


Table 3. Km and Vmax values for 5-HT, PEA and Bz with 

placental MAO A, defined as activity sensitive to 10°’ M 

clorgyline. These parameters were determined with a mito- 

chondrial preparation from human placenta. Vmax values 
are a percentage of MAO activity with 5-HT 





5-HT PEA Bz 





0.7 
400 


100 13 
200 222 


Vmax 
Km (4M) 
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and clorgyline against human placenta, lung and liver 
are shown in Table 2. These values depend on the 
protein concentration of the homogenate examined. 

Table 3 shows the Km and Vmax for 5-HT, PEA 
and Bz with placental MAO A, which is defined as 
the activity sensitive to 10~’ M clorgyline. It will be 
seen that with human placenta, PEA has a much 
higher Vmax than Bz and a Km very close to that of 
5-HT; it is therefore a considerably more active 
substrate of MAO A than Bz. 


DISCUSSION 


The striking differences between the D*Bz/PEA 
ratios of human placenta, lung and liver (Table 1) 
are at first sight surprising, as both PEA and Bz are 
generally considered to be substrates for MAO B. 
Two explanations are possible: (1) MAO B in pla- 
centa and adult human lung may differ from that in 
adult liver and other human tissues; (2) either Bz or 
PEA, or both, may be acting as substrate(s) for 
MAO A also and the different contribution of MAO 
A to total activity in placenta, lung and liver may 
account for the observed differences in ratios. 

The present study shows that it is possible to 
explain the different D*Bz/PEA ratios (Table 1) 
without postulating the existence of variant forms 
of MAO B in the three tissues. In the liver, Bz and 
PEA are metabolized predominantly by MAO B, 
and the D*Bz/PEA ratio indicates the relative 
activity of these two substrates with MAO B. In 
placenta PEA is deaminated overwhelmingly by 
MAO A. Relatively little D*Bz activity is seen, both 
because there is very littke MAO B present, com- 
pared with MAO A, and because Bz is a much less 
active substrate for MAO A than PEA (Table 3). 

In the lung, the situation is intermediate between 
placenta and liver, with a significant proportion of 
activity towards PEA contributed both by MAO A 
and B. Table 1 shows that in the lung, the A/B ratio 
expressed by 5-HT/D*Bz is much higher than in the 
liver, but not so high as in placenta. In the experi- 
mental conditions used here, therefore, D*Bz would 
appear to be a much better measure than PEA of 
MAO B activity. This conclusion is emphasized by 
the difference in the A/B ratio expressed by 5- 
HT/PEA as compared with 5-HT/D*Bz (Table 1). 

One of the observations described here has, in 
fact, been noted previously. The relative activities 
we observed for 5-HT, PEA and Bz in human pla- 
centa are very similar to those found by Egashira 
[12] who failed, however, to study inhibitor 
responses with the different substrates. In the human 
placenta, Bz is oxidized to a slight extent by MAO 
A (Fig. 1c). Lyles and Callingham [13-15] reported 
some clorgyline-sensitivity in rat heart, when Bz was 
eniployed as substrate, concluding that Bz deami- 
nation in that site is achieved, in part, by MAO A. 
No corresponding activity was detected by Parkinson 
and Callingham in human heart, however [16]. 
Working with rat heart, vas deferens and liver, Dial 
and Clarke [17] claim that PEA acts as a substrate 
for MAO A, MAO B ora mixture of both, depending 
on the organ. However, other authors have drawn 
different conclusions from similar results. For exam- 
ple, Lyles and Callingham find that in rat heart, Bz 
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is a substrate for both MAO A and B, whereas 
tyramine and PEA are substrates for the A form 
only; it appears that in this organ, MAO A and B 
exist in a different form from that of rat liver. 
Although MAO A or MAO B heterogeneity in a 
single individual or species cannot be ruled out, the 
contributions of MAO A, MAO B and BzAO all 
have to be taken into account before such an infer- 
ence can be drawn. The biphasic curve found by 
Lyles and Callingham in rat heart with Bz as substrate 
[14] resembles that shown here with Bz in human 
placenta. It seems possible that their results are 
explicable in terms of different ratios rather than 
different types of MAO A or B, as rat heart MAO 
consists predominantly of the A form, whilst liver 
contains a higher proportion of B. Dial and Clarke’s 
findings with rat vas deferens [17] resemble those 
reported here with human lung and may have a 
similar explanation. 

The activity obtained with different substrates will 
depend both on the tissue and on substrate concen- 
trations used. The Km for PEA with MAO A and 
MAO B inrat liver has been reported as 6.2 x 10-°M 
and 4 x 10-°M, respectively | 18]. In human platelet 
MAO B, Edwards and Chang [19] have shown the 
Vmax for 5-HT, PEA and Bz to be 7.3, 19 and 
41 nmoles, respectively, and the Km, 540, 3 and 
130 uM, respectively. A comparison of these findings 
with ours (Table 3) for human placental MAO A 
illuminates our point. Assuming these forms of 
MAO A and B to be similar to those in other human 
tissues, we can see that PEA has a much higher 
affinity for MAO B, so that it will be a more specific 
substrate at low than at higher concentrations. Bz 
is more specific than PEA for the B form, in that its 
Vmax With MAO B is much higher than that of PEA; 
conversely, with MAO A, the Vmax of Bz is much 
lower than that of PEA. This may account for our 
results using PEA and Bz at high concentrations in 
a histochemical study [20], where we found PEA to 
act as a substrate for both MAO A and B, whereas 
Bz was specific for MAO B and BzAO. 

In defining BzAO and MAO B, respectively, as 
the deprenyl-resistant and deprenyl-sensitive (D* Bz) 
moieties of total Bz activity, we are assuming that 
all deprenyl-resistant activity in the tissues we studied 
derives from BzAO. A small amount may be due 
to MAO A, but the present results point to this 
component being negligible. It is, however, still pos- 
sible that this deprenyl-resistant BzAO itself consists 
of more than one enzyme. 

Phenelzine is seen to be a potent inhibitor of 
BzAO (Figs. Ic and 2c). A study of various human 
tissues at inhibitor concentrations from 4 x 107° to 
4x10-""M with Bz as substrate furnished the 
optimum ccncentration, 4 x 10~°M, for blocking 
this enzyme (unpublished results). Unfortunately, 
in the larger study on human tissues carried out by 
us (in preparation), it was found that phenelzine is 
less able than deprenyl or clorgyline to distinguish 
between the different enzyme forms; at the concen- 
tration used, it merely serves to confirm the presence 
of BzAO, but cannot be considered a selective dif- 
ferentiator by itself. 

The data presented here reinforce the view that 
care must be taken in judging the activities of MAO 
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A and B in a particular tissue merely from measure- 
ments of the oxidation of 5-HT and PEA. At the 
substrate concentrations generally used, Bz is a more 
specific substrate for MAO B than PEA, but it also 
reacts with BzAO. The position can be clarified by 
using the different substrates with selective concen- 
trations of clorgyline or deprenyl to distinguish the 
contribution to the total activity ofp MAO A, MAO 
B or BzAO. 
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of PEA concentration on substrate specificity for MAO A 
and B, was published after the present paper was written, 
and is largely confirmed by our findings. 
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Abstract—With the use of new and improved analytical techniques, concentrations of acetaldehyde in 
antecubital venous blood and breath of human volunteers were measured after (a) pretreatment of 
subjects with ethanol and the aldehyde dehydrogenase inhibitor, calcium carbimide and (b) treatment 
with ethanol only. Breath acetaldehyde concentrations were converted to equivalent pulmonary blood 
concentrations using an experimentally determined blood: breath partition ratio for acetaldehyde of 
190. Under all experimental conditions, blood acetaldehyde concentrations calculated from breath 
analysis were seen to closely reflect those measured by direct blood analysis. Treatment of subjects with 
calcium carbimide resulted in elevated blood and breath acetaldehyde concentrations which were rapidly 
lowered by the intravenous infusion of 4-methyl pyrazole. Peak blood acetaldehyde concentrations 
ranged from 25 to 188 uM after calcium carbimide and ethanol treatment, but were only 6-11 uM after 


ethanol treatment alone (1.2 g/kg). 


Acetaldehyde is considered as a potential toxic 
metabolite of ethanol which could exert significant 
pharmacological effects during ethanol intoxication 
in man [1]. However, studies on the metabolism of 
acetaldehyde in man have been hampered by meth- 
odological problems associated with the measure- 
ment of this compound in human blood [2, 3]. Some 
attempts have been made to study human metab- 
olism of acetaldehyde by its measurement in breath 
samples [4-6], the assumption being made that 
alveolar breath acetaldehyde is in equilibrium with 
acetaldehyde in pulmonary blood, so that changes 
in breath acetaldehyde concentrations may be taken 
to reflect those in blood. Although such a correlation 
has been demonstrated for ethanol [7, 8], this rela- 
tionship has not yet been shown to exist for 
acetaldehyde. 

In view of the ease of collection and analysis of 
human breath samples [6, 9], and the possibility that 
breath analysis could replace blood analysis in future 
studies of human acetaldehyde metabolism, this 
study was carried out to determine whether breath 
acetaldehyde concentrations reflect those in blood. 
The techniques used in this study were also designed 
to give additional information relating to biochemical 
mechanisms involved ‘in acetaldehyde production 
and disposition mechanisms involved in acetalde- 
hyde production and disposition during ethanol 
metabolism in humans. 


MATERIALS AND METHODS 


Reagents. The buffered (pH 7.0) isotonic semi- 
carbazide solution used for the treatment of blood 
samples prior to acetaldehyde analysis contained: 


16mM NaCl, 29.9mM NaH2POs, 70.1mM 
Na2HPOs, 6mM semicarbazide hydrochloride and 
1000 i.u. heparin per 100ml. The same solution, 
without heparin and NaCl, was used to trap breath 
acetaldehyde. 

Calcium carbimide was purchased from Lederle, 
Montreal, Canada and 4-methyl pyrazole was 
obtained from Orion, Espoo, Finland. 

Human subjects. Informed consent was obtained 
from all subjects, who were healthy males with ages 
ranging from 25 to 40 yr. Subjects given ethanol 
doses of 0.2 g/kg body weight had fasted for at least 
9hr prior to ethanol ingestion, while those given 
1.2 g/kg had consumed a standard light breakfast 
prior to ethanol consumption. 

Ethanol, calcium carbimide and 4-methyl pyrazole 
administration. Four subjects were treated orally 
with the aldehyde dehydrogenase inhibitor calcium 
carbimide [10] (0.25 mg/kg) and with ethanol 
(0.2 g/kg) between 2.3 and 3.3 hr later. The ethanol 
was consumed within 1 min. Beginning between 26 
and 29 min after ethanol consumption, the alcohol 
dehydrogenase inhibitor 4-methyl pyrazole [11] 
(5 mg/kg) in buffered saline was infused into an 
antecubital vein over a 2-3 min period. A control 
study with saline being infused instead of 4-methyl 
pyrazole was done on a separate day. 

The calcium carbimide treatment was designed to 
produce readily measurable blood actaldehyde con- 
centrations without using a large dose of ethanol and 
the 4-methyl pyrazole was used in an attempt to 
decrease blood acetaldehyde so that a corresponding 
elimination of breath acetaldehyde would be seen 
if the two were correlated. It has been shown pre- 
viously that 4-methyl pyrazole treatment drastically 
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reduces blood acetaldehyde in rats metabolizing 
ethanol [12]. 

Where ethanol alone was administered, it was 
given to subjects as an oral dose of 1.2 g/kg and was 
consumed during five 5-min drinking periods sep- 
arated by 5-min intervals. In the first period, 0.4 g/kg 
was consumed, while in subsequent periods, 0.2 g/kg 
was taken. 

Blood sampling and analysis. Blood samples taken 
via an indwelling cannula inserted in an antecubital 
vein were immediately mixed with 0.5-3 vol. of the 
fresh isotonic semicarbazide solution described 
above and stored for up to 6hr at 04°. Diluted 
plasma samples were obtained by centrifugation and 
analysed for acetaldehyde and ethanol after treat- 
ment with 0.2 vol. of 3.0M perchloric acid and 
centrifugation to obtain clear, protein-free super- 
natants. Supernatant samples (0.5 ml) were assayed 
for ethanol and acetaldehyde by head-space gas 
chromatography [13]. Quantitative recoveries of 
ethanol and acetaldehyde added to fresh human 
blood samples were obtained in the concentration 
ranges measured in this study. Dilution of blood with 
0).5-9 vol. of the semicarbazide reagent had no effect 
on acetaldehyde or ethanol recoveries. Sensitivity 
limits of the method for acetaldehyde and ethanol 
were approximately 0.5 4M and 0.5 mM, respec- 
tively, when blood was diluted two-fold with the 
semicarbazide reagent. 

Artifactual acetaldehyde formation from ethanol 
during perchloric acid treatment of blood cells, a 
major problem associated with many previous meth- 
ods for acetaldehyde analysis in blood [2], was neg- 
ligible when plasma analysis was employed [14]. 
Semicarbazide reacts with acetaldehyde to form its 
semicarbazone derivative [15] and was used to stop 
the decay of acetaldehyde which occurs in blood on 
storage [16]. Acetaldehyde is readily regenerated 
from its semicarbazone by acid hydrolysis [9], this 
being carried out in the present method by perchloric 
acid treatment. 

When calculating blood ethanol concentrations 
from analyses of protein-free perchloric acid super- 
natants, it was assumed that ethanol is distributed 
only throughout the water phase of blood and for 
correction purposes it was assumed that blood cells 
contain 70 per cent (v/v) water, and plasma, 94 per 
cent [17]. No such correction was carried out for 
acetaldehyde. 
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Breath acetaldehyde sampling and analysis. Two 
10 ml volumes of ice-cold semicarbazide solution 
described in Reagents were placed in two gas bubbler 
tubes connected in series. Subjects passed 4.01 of 
breath through the tubes in a single expiration after 
holding their breath for 2-3 sec. Breath flow rate 
was approximately 300 ml/sec and its volume was 
recorded by a spirometer connected to the outlet of 
the second bubbler tube. 

After combining and mixing the contents of the 
bubbler tubes, samples (0.4 ml) of the resulting sol- 
ution were acidified with 0.1 ml of sulphuric acid 
(5 M) and analysed for ethanol and acetaldehyde as 
above. Recoveries of acetaldehyde and ethanol 
added to the buffered semicarbazide solution were 
100 per cent with respect to aqueous standards, and 
sensitivity limits for acetaldehyde and ethanol were 
approximately 0.2 nmoles/100 ml breath and 
40 nmoles/100 ml_ breath, respectively. Breath 
ethanol and acetaldehyde concentrations were cor- 
rected for trapping efficiencies which were deter- 
mined to be 98 per cent and 88 per cent for ethanol 
and acetaldehyde, respectively. 

Conversion of breath ethanol and acetaldehyde 
concentrations to blood concentrations. All measured 
breath acetaldehyde and ethanol concentrations 
were converted to their equivalent blood concentra- 
tions using blood: breath partition ratios of 2100 [18] 
and 190 [9] for ethanol and acetaldehyde, respec- 
tively, assuming that breath samples were in equi- 
librium with pulmonary blood with respect to these 
two compounds. 


RESULTS 


Correlation between blood and breath acetaldehyde 
after calcium carbimide and ethanol treatment. 
Figures la and b show that concentrations of ace- 
taldehyde in breath reflect those in peripheral venous 
blood in similar manner to that which occurs for 
ethanol, at least within the acetaldehyde concentra- 
tion range observed in these experiments. 

There was a considerable inter-individual variation 
in blood acetaldehyde levels produced after calcium 
carbimide and ethanol ingestion; peak concentra- 
tions determined from blood and breath analysis 
ranging from 25 to 188 uM and from 43 to 161 uM, 
respectively. Therefore, the standard errors of the 
mean concentrations presented in Figs. la and b 


Table 1. Linear regression equations and correlation coefficients for blood acetaldehyde concentra- 
tions determined by direct and indirect (breath) analysis after calcium carbimide and ethanol treatment 





4-Methyl 
pyrazole 
treatment 


Number of pairs 
of samples 


Sampling period 
(min after ethanol 
ingestion) 


Correlation 
coefficient 


Regression 
equation* 





0-25 
0-30 
25-60 
30-60 


Y = 0.71X + 36 
Y = 0.78X + 29 
Y = 0.98X — 0.9 
Y = 0.62X + 16 


0.75 (P < 0.002) 
0.98 (P < 0.001) 
0.99 (P < 0.001) 
0.96 (P < 0.001) 





* Regression equations are in the form Y = mX + b, where Y = blood acetaldehyde concentration 
calculated from breath analysis, X = blood acetaldehyde concentration determined by direct analysis, 
m = slope of the regression line and b = intercept of this line on the X-axis. The 25-60 and 30-60 min 
sampling periods were chosen to coincide with the time during which blood ethanol levels could be 
accurately predicted from breath ethanol levels. 
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Fig. 1. Mean blood ethanol and acetaldehyde concentra- 
tions of subjects treated orally with calcium carbimide 
(0.25 mg/kg) and ethanol (0.2 g/kg). Acetaldehyde and 
ethanol concentrations were either determined directly 
from blood (@——®) or indirectly from breath analysis 
©) as described in Materials and Methods. The 
arrows indicate the mean time at which intravenous infusion 
of saline (panel a) or 4-methyl pyrazole (5 mg/kg) (panel 
b) was begun. All points represent the means of single 
determinations from four subjects. 


were large (up to SO per cent of the mean values) 
and have been omitted from the figures for the sake 
of clarity. However, for each individual, blood con- 
centrations calculated from breath analysis were seen 
to closely reflect those determined by direct blood 
analysis at various time intervals. Therefore, for 
blood—-breath comparison, the mean results pre- 
sented in Figs. la and b are representative of the 
data from each individual. Table 1 illustrates this 
point, showing the excellent correlation between 
blood and breath acetaldehyde in both the ascending 
and descending phases of the acetaldehyde vs time 
curves. It may be noted that breath analysis tended 
to give overestimates of antecubital venous blood 
acetaldehyde levels (indicated by the positive Y- 
intercept values in Table 1), but these were marked 
only in the time during which the venous blood 
ethanol levels could not be predicted with accuracy 
from breath levels, i.e. 0-25 min after ethanol inges- 
tion when 4-methyl pyrazole was infused and (- 
30 min in the saline control experiment. After these 
times, blood ethanol concentrations determined by 
the direct and indirect methods correlated extremely 
well; the linear regression equation for blood ethanol 
determined from breath analysis (Y) plotted against 
blood ethanol determined by direct analysis (X) 
being Y = 1.1X — 0.55 and the correlation coeffi- 
cient was 0.93 (N = 35). 

In all experiments, peak blood and breath ace- 
taldehyde concentrations were separated from blood 
and breath ethanol peaks by no more than 5 min 
and acetaldehyde and ethanol concentrations were 
undetectable in blank blood and breath samples 
taken immediately before ethanol ingestion. 

As can be seen by comparison of Fig. la with Fig. 
1b, 4-methyl pyrazole infusion resulted in a rapid 
and parallel decline in blood and breath acetaldehyde 
concentrations. 

Blood acetaldehyde concentrations following an 
ethanol dose of 1.2 g/kg. Figure 2 shows that under 
conditions of normal ethanol metabolism, blood 
acetaldehyde concentrations determined from blood 
and breath analysis follow a similar pattern even if 
their absolute magnitudes are significantly different. 
No large peak in acetaldehyde production was seen 
and no correlation between peak blood ethanol and 
peak blood acetaldehyde was observed, the acetal- 
dehyde peak occurring between 10 and 70 min before 
the ethanol peak. In the absence of calcium carbim- 
ide treatment, blood acetaldehyde concentrations 
were much less variable, with peak concentrations 
ranging from 6 to 11 4M when measured directly, 
and from 6 to 16 uM when calculated from breath 
analysis. 

The linear regression equation for blood acetal- 
dehyde determined from breath analysis (Y) plotted 
against blood ‘acetaldehyde concentration deter- 
mined by direct analysis (X) was Y = 0.54X + 4.4 
and the correlation coefficient, 0.46, was highly sig- 
nificant (P < 0.002). 


DISCUSSION 


Accurate estimations of blood ethanol concentra- 
tions in man may be carried out using breath ethanol 
analysis because of the relatively constant relation- 
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Fig. 2. Mean blood ethanol and acetaldehyde concentrations of subjects during and after oral admin- 
istration of ethanol (1.2 g/kg). Closed symbols represent blood concentrations determined by direct 
assay and open symbols represent blood concentrations determined from breath analysis as described 
in Material and Methods. The bar lines represent $.E.M.s and each point is the mean of single 
determinations from five subjects. The matched pair t-test was used to calculate the significance of the 
differences between mean values obtained for both blood ethanol and acetaldehyde. Significance leveis 


are denoted as follows: 


ship between the concentrations of ethanol in blood 
and breath [18]. The results of the present study 
suggest that breath analysis is also useful in predicting 
blood acetaldehyde concentrations. 

During absorption of the low dose of ethanol, 
pulmonary blood ethanol and acetaldehyde concen- 
trations calculated from breath analysis were higher 
than those in antecubital venous blood (see Figs. la 
and b). This difference would be expected for ethanol 
at least, as it takes some time for ethanol to equi- 
librate throughout the body tissues so that venous 
blood has a lower ethanol concentration than arterial 
blood until equilibration is complete [19]. The pres- 
ent results suggest that some time is also required 
for the equilibration of acetaldehyde. Since from a 
pharmacological viewpoint it is more important to 
know the concentrations of acetaldehyde reaching 
the brain rather that the peripheral tissues [20-22], 
the measurement of arterial rather than venous 
blood acetaldehyde concentrations is desirable. Such 
a measurement is most simply carried out by breath 
analysis as pulmonary blood would be expected to 
closely reflect arterial blood with respect to acetal- 
dehyde concentrations [23]. 

When estimating blood ethanol levels from breath 
concentrations, residual alcohol remaining in the 
mouth must be cleared before breath sampling or 
it will give a positive bias to the breath alcohol 
concentrations [24]. This effect is seen in Figs. la 
and b. Our unpublished observations have indicated 
that an elapsed time of 15 min between drinking 10% 
(v/v) ethanol and breath sampling is sufficient to 
avoid contamination of breath by ethanol in the 
mouth, and this conclusion is supported by the work 
of Caddy et al. [24]. Five minutes was sufficient to 
avoid acetaldehyde interference, therefore, in this 
study, all breath acetaldehyde and most breath 
ethanol measurements were made on samples not 
contaminated by ethanol or acetaldehyde originating 


+=P<0.05, ++ =P<0.025, +++ =P<0.01. 


from the mouth. The possibility exists that some of 
the breath acetaldehyde may have originated from 
metabolism of ethanol in the tissues of the lungs and 
air passages and such alternative sources of breath 
acetaldehyde may have been responsible for the 
differences observed between the low blood acetal- 
dehyde concentrations measured by the direct and 
indirect methods after subjects were given 1.2 g/kg 
ethanoi (Fig. 2). However, these differences could 
also be caused by extrahepatic metabolism of ace- 
taldehyde. Many extrahepatic mammalian tissues 
possess aldehyde dehydrogenase activity [25] and 
this could be responsible for the decrease in blood 
acetaldehyde between the arterial and venous sys- 
tems. Venous tail-blood of rats metabolizing ethanol 
has been shown to have significantly lower concen- 
trations of acetaldehyde than arterial blood [23]. The 
marked effect of 4-methyl pyrazole in lowering the 
artificially elevated blood and breath acetaldehyde 
concentrations in parallel provides good evidence 
for the origin of breath acetaldehyde being the blood 
rather than local ethanol metabolism in the lungs 
and air passages. However, when blood acetalde- 
hyde concentrations are very low, such alternative 
sources of breath acetaldehyde may account for a 
greater proportion of the total breath acetaldehyde 
and could make estimations of blood acetaldehyde 
concentrations from breath less accurate under such 
circumstances. 

The dose of 4-methyl pyrazole used in this study 
was 2/3 of a dose which has previously been shown 
to inhibit ethanol oxidation in humans by 21 per cent 
[26]. It is therefore clear that only a relatively low 
degree of alcohol dehydrogenase inhibition is necess- 
ary to greatly reduce blood acetaldehyde levels, a 
fact which has been shown to be true for rats [27]. 

Significant post-absorptive differences between 
blood ethanol concentrations measured by the direct 
and indirect methods occurred after the 1.2 g/kg 
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ethanol dose. These differences were not observed 
after the low ethanol dose and it is not clear why 
they were more marked than those observed by other 
investigators under similar experimental conditions 
[18, 28}. 

The finding of a rapid and transient increase in 
blood acetaldehyde after calcium carbimide and 
ethanol treatment (Fig. la) confirms the recent 
results of Brien et al. [29]. The initial increase in 
blood acetaldehyde was probably due to its more 
rapid production with increasing ethanol concentra- 
tion and its subsequent rapid decay may have 
resulted from a recovery of aldehyde dehydrogenase 
from calcium carbimide inhibition [30], possibly in 
combination with a slight decrease in the rate of 
ethanol metabolism. 

In conclusion, it may be stated that breath ace- 
taldehyde levels not only reflect those in antecubital 
venous blood but probably also reflect those in pul- 
monary blood in such a way that these can be deter- 
mined with reasonable accuracy by breath analysis. 
It is also clear that under normal conditions of 
ethanol metabolism, acetaldehyde is present in 
human blood in much lower concentrations than 
many previous studies have indicated (see ref. 1). 
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Abstract—The inhibitory effect of chlorpromazine on phosphatidate phosphohydrolase (EC 3.1.3.4) 
activity was studied with respect to the selectivity of the molecular species of phosphatidate. Rat liver 
microsomes which include endogenously labeled ['*C]phosphatidic acid were prepared by the incubation 
of microsomes with sn-['*C]glycerol-3-phosphate and used as substrate. The distribution of radioactivity 
among the molecular species of ['*C]phosphatidate remaining after incomplete hydrolysis of the substrate 
exhibited little difference from that of the untreated substrate. When the hydrolysis was suppressed by 
the addition of chlorpromazine, however, the radioactivity distributed in the monoenoic and dienoic 
('*C]phosphatidate increased. The preference of the molecular species of phosphatidate in the inhibition 
was further confirmed by the experiment run with microsomes containing 2-[1-'*C]palmitoyl, oleoyl, 
linoleoyl and arachidonyl species of phosphatidate as substrate. 


Amphiphilic drugs having an ionizable amine residue 
have been found to stimulate *P incorporation into 
CDP-diacylglycerol and acidic phospholipids such as 
phosphatidic acid and phosphatidylinositol in various 
tissues [1-7], while decreasing the rate of synthesis 
of triacylglycerol, phosphatidylcholine and phos- 
phatidylethanolamine. 

Sturton and Brindley showed that these amphi- 
philic cations inhibit the activity of phosphatidate 
phosphohydrolase in vitro [8], and proposed that the 
inhibition of phosphatidate phosphohydrolase might 
involve an interaction between phosphatidate and 
positively charged drugs. 

In the present paper, the effect of chlorpromazine, 
one of the potent inhibitors, on the activity of cyto- 
plasmic phosphatidate phosphohydrolase was stud- 
ied using membrane-bound phosphatidate as a sub- 
strate, and the specificity of the inhibition of the 
substrate to fatty acyl species was investigated. 


MATERIALS AND METHODS 


Materials. sn-['*C]Glycerol-3-phosphate (130 mCi/ 
mmole), [1-"C]palmitic acid (59 mCi/mmole), 
[1-C]oleic acid (58mCi/mmole), [1-'*C]linoleic 
acid (60mCi/mmole) and [1-'C]arachidonic acid 
(56 mCi/mmole) were purchased from the Radio- 
chemical Centre, Amersham, England. ATP and 
CoA were obtained from Kyowa Hakko Co., Tokyo. 
Phospholipase A from Crotalus adamanteus was pur- 
chased from Sigma Chemical Co., St. Louis, MO. 
Phospholipase C was prepared from culture fluid of 
Bacillus cereus. Phospholipase D was prepared from 
cabbage leaves according to the method of Davidson 
and Long [9]. All other chemicals were of reagent 
grade. 

Male Wistar rats weighing 100-120 g were used 
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for all experiments. They were housed two per cage 
and fed Clea CF-2 Laboratory Chow and water ad 
lib. prior to experiment. 

Preparation of subcellular fractions and phospha- 
tidate phosphohydrolase. The livers were hom- 
ogenized in 5 vol. of 0.25 M sucrose containing 0.05 M 
Tris-HCl (pH 7.4) using a Potter-—Elvehjem hom- 
ogenizer. The homogenate was centrifuged at 1000 g 
for 10 min to sediment nuclei and cell debris, and 
the supernatant was next centrifuged twice at 11,700 g 
for 20 min in a Hitachi model 18PR-3 centrifuge. 
The resulting supernatant was centrifuged at 
104,000 g for 1 hr in a Hitachi model 65P ultracen- 
trifuge. The pellet was suspended in 25 ml of 0.25 M 
sucrose containing 0.05 M Tris-HCl (pH 7.4) and 
again centrifuged at 104,000 g for 1 hr. The pellet 
was finally resuspended in 5 ml of 0.25™M _ sucrose 
containing 0.05 M Tris-HCI (pH 7.4) and used as 
microsomal fractions. The suspension contained 22- 
27 mg protein per g liver. 

Phosphatidate phosphohydrolase was prepared 
from particle-free supernatant by ammonium sulfate 
precipitation according to the method of Lamb and 
Fallon [10]. 

Preparation of microsomes including endogenously 
labeled ['*C|phosphatidate. The microsomes (1.5 mg 
protein) were incubated with 1.2mM - sn- 
['*C]glycerol-3-phosphate, 1.2 mM ATP, 0.03 mM 
CoA, 60 mM potassium fluoride, 6.25 mg of fatty 
acid-poor bovine serum albumin (Fraction V, 
Pentex Inc., Kankakee, IL), 0.15 mM dithiothreitol 
and 3.5 mM Tris-HCl, pH 7.4. After 60 min, the 
reaction mixture was cooled on ice and centrifuged 
at 105,000 g for 30 min. The resulting pellets 
were suspended in 0.01 M Tris-HCl (pH 7.4) 
containing 0.25 M sucrose [11]. 


Preparation of microsomal membrane-bound 
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phosphatidate labeled with [C]fatty acid. 1- 
Saturated acyl-sn-glycero-3-phosphocholine was 
prepared by the catalytic hydrogenation [12] of 1- 
acyl-sn-glycero-3-phosphocholine derived from rat 
liver microsomal lecithin. Phosphatidic acid having 
saturated fatty acid in the 1-position and ['*C]fatty 
acid in the 2-position were prepared with slight modi- 
fication of the method of Lands and Hart [13]. The 
incubation mixture consisted of 1.0 wmoles of 1-satu- 
rated acyl-sn-glycero-3-phosphocholine, 0.64 wmoles 
of [1-'*C]fatty-acyl CoA [14], rat liver microsomes 
(0.1 mg protein) and 4.0 ml of 0.5 M Tris-HCl (pH 
7.4) in a total volume of 20 ml. The incubation was 
carried out at room temperature and the reaction 
rate was monitored with 10mM _ 5,5’-dithiobis(2- 
nitro-benzoic acid) (0.1 ml) added in the incubation 
mixture. When the reaction curve reached the pla- 
teau, the mixture was cooled on ice and centrifuged 
at 104,000 g for 1 hr. Lipids were extracted from the 
supernatant according to the method of Folch et al. 
[15]. Phosphatidylcholine was isolated by silicic acid 
column chromatography and treated with phospho- 
lipase D for 3hr at room temperature to produce 
l-saturated — acyl-2-[1-'*C]acyl-sn-glycerol-3-phos- 
phate. The product was converted to sodium salt by 
passing through a column of Chelex resin (Na* form) 
as described by Renkonen [16]. 

An aliquot of microsomal suspensions correspond- 
ing to 20 mg protein was incubated at 37° with phos- 
phatidate phosphohydrolase (15 mg protein), 2 mM 
MgCh, 0.25M sucrose and 0.05M Tris-HCl (pH 
7.4) in a total volume of 3.5ml. After 3 hr, the 
mixture was cooled on ice and centrifuged at 


105,000 g for 1 hr. The pellet resuspended in 5 ml of 
0.05 M Tris-HCI (pH 7.4) containing 0.25 M sucrose 
was further incubated with phospholipase C (7.5 mg 
protein) and 5mM MgCh at room temperature for 
20 min. The mixture was cooled on ice and centri- 


fuged at 105,000g for Ihr. The phospholipid- 
depleted microsomal fraction thus obtained was 
incubated with 120mM _ potassium fluoride and 
0.9 wzmoles of 1-saturated acyl-2-[1-'C]acyl-sn-gly- 
cero-3-phosphate (sodium salt) in 2.5 ml of 0.05 M 
Tris-HCl (pH 7.4) containing 0.25 M sucrose at room 
temperature. After 1 hr, 5 mg of rat liver lecithin 
dispersed in 1.0 ml of 0.25 M sucrose was added and 
incubation was continued for 20 min. The mixture 
was cooled on ice and centrifuged at 105,000 g for 
| hr. The resulting pellet was resuspended in 0.05 M 
Tris-HCI (pH 7.4) containing 0.25 M sucrose. 
Assay of phosphatidate phosphohydrolase. Two 
different types of membrane-bound substrate were 
used. The incubation mixture contained 0.01 M Tris— 
HC! (pH 7.4), 2mM MgCh and 27.8 nmoles of 
endogenously labeled ['*C]phosphatidate in a total 
volume of 4.0 ml. In the case of another substrate, 
5.0 nmoles of phosphatidate labeled with [1-"C]fatty 
acid were replaced as a substrate in a total volume 
of 1.0 ml. The incubation was carried out at 37° for 
30 min. The reaction was stopped by the addition 
of 5.0 ml of chloroform—methanol (2:1, v/v) and 
lipids were extracted according to the method of 
Folch et ai. [15]. The lipid was separated on a thin 
layer chromatoplate (silica gel H containing potas- 
sium oxalate) developed with chloroform—methanol- 
acetic acid—water (65:25:5:1, by vol.) after the 
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addition of suitable amount of carrier lipid. The area 
of silica gel plate corresponding to phosphatidate 
was scraped off into vials for measurement of the 
radioactivity. Chlorpromazine-HCl (2mM) was 
added to the incubation mixture in the inhibition 
experiment. 

Determination of fatty acyl species of ‘*C-phos- 
phatidate. The phosphatidate fraction was isolated 
from the lipid extract by thin layer chromatography. 
The lipid extract was separated on silica gel H plate 
with chloroform—methanol—28% ammonia (65: 25:5, 
by vol.) and the area corresponding to phosphatidate 
was extracted with chloroform—methanol-acetic acid 
(50:25:5, by vol.). The extract was then evaporated 
to dryness and rechromatographed with chloroform— 
acetone—methanol-—acetic acid—water (5:2:1:1:0.5, 
by vol.) Phosphatidate was extracted as above. 
Radioactive phosphatidate was converted to the 
dimethyl derivatives according to the method of 
Renkonen [16]. The dimethylphosphatidate were 
separated into the individual fatty acyl species on 
AgNO:;-impregnated thin layer chromatoplate devel- 
oped with chloroform—methanol (49:1, v/v) after the 
addition of dimethylphosphatidate prepared from 
rat liver lecithin as a carrier. The individual bands 
were visualized under ultraviolet light after spraying 
the plates with 0.1% 2’,7’-dichlorfluorescein in 
methanol and scraped into separate columns 
(120 x 8mm). The column was developed off with 
3 ml of 90% methanol containing 1% sodium chlor- 
ide and dimethylphosphatidate was separated from 
dye by the extraction with 4ml of hexane after 
addition of 2 ml of water. A portion of dimethyl- 
phosphatidate of each fractions were subjected to 
transesterification with 2 ml of 0.5 N sodium meth- 
oxide to analyse the fatty acid species by gas-liquid 
chromatography and another portion was submitted 
to measurement of the radioactivity. 

Other analyses. Organic phosphorus was deter- 
mined by the molybdate—ascorbic acid method after 
digesting with 70% perchloric acid [17]. Protein was 
determined according to the method of Lowry et al. 
[i8] with bovine serum albumin as standard. Radio- 
activity was determined in a Packard Tri-Carb liquid 
scintillation spectrometer model 2002 using 10 ml of 
toluene-ethanol (7:3, v/v) with 0.4% (w/v) 2,5- 
diphenyl-oxazole and 0.01% (w/v) 2,2'-p-phenylene- 
bis(5-phenyloxazole). 


RESULTS 


Cytoplasmic phosphatidate phosphohydrolase 
activity was measured using microsomal membrane- 
bound 'C-phosphatidate’ as substrate. Figure 1 
shows the time course of the hydrolysis, demonstrat- 
ing that about 78 per cent of membrane-bound phos- 
phatidate was hydrolysed after the incubation for 2 
hr. Prolonging the time of incubation or adding a 
supplementary amount of the enzyme to the incu- 
bation mixture after 3hr had little effect cn the 
hydrolysis of phosphatidate, suggesting that phos- 
phatidate molecules available for the enzyme attack 
were almost exhausted within 2 hr. 

The effect of chlorpromazine on the activity of 
phosphatidate phosphohydrolase is shown in Fig. 2. 
The addition of chlorpromazine brought about 
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Fig. 1. Time course for the hydrolysis of ['C]phosphatidate 

in microsomal membranes. Incubation mixture contained 

1.99 nmoles of endogenously labeled phosphatidate in rat 

liver microsomes, phosphatidate phosphohydrolase 

(0.95 mg protein), 0.01 M Tris-HCI (pH 7.4) and 2.0 mM 
MgCh in a final volume of 1.0 ml. 


increasing inhibition. Maximum inhibition was 
obtained at a chlorpromazine concentration of more 
than 0.25mM and half-maximal inhibition was 
achieved at about 0.13 mM. 

After the hydrolysis, unreacted ['*C]phospha- 
tidate was separated into fatty acyl species on a 
AgNO:-impregnated thin layer chromatoplate. The 
distribution of radioactivity among the fatty acyl 
species was not significantly different from that of 
unreacted phosphatidate (Table 1), indicating that 
phosphatidate phosphohydrolase from rat liver 
cytosol has little specificity towards the molecular 
species of microsomal phosphatidate. When the 
hydrolysis of phosphatidate was inhibited by 45 per 
cent with chlorpromazine, however, the radioactivity 
distributed in the monoenoic and dienoic species of 
phosphatidate increased slightly over those in the 
original substrate (Table 1). This finding suggests 
that chlorpromazine preferentially inhibits the 
hydrolysis of the monoenoic and dienoic species as 
compared with other species. 


100 


Percent inhibited 








0.1 
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Fig. 2. Effect of varying the concentration of chlorprom- 

azine on the activity of phosphatidate phosphohydrolase. 

Incubation conditions were as described in Materials and 
Methods. 


The possible relation between phosphatidate 
species and the inhibition rate of chlorpromazine led 
us to attempt a further study using another type of 
membrane-bound substrate. The substrate used was 
phosphatidate bearing saturated acyl radical at the 
1-position and specified [1-"C]fatty acyl radical at 
the 2-position and the radioactive phosphatidate was 
incorporated into the microsomes which was pre- 
viously deprived of the intact phosphatidate and 
other phospholipids by the hydrolysis with phospha- 
tidate phosphohydrolase and subsequent hydrolysis 
with phospholipase C. The microsomal preparation 
used as substrate in the following experiment con- 
tained radioactive phosphatidate of 1.9, 4.2, 5.1 and 
4.4nmoles per mg protein in the [1-'*C]palmitate, 
{1-"C]oleate, [1-"C]linoleate and [1-"C]- 
arachidonate species, respectively, in addition to the 
amount corresponding to approximately 20 per cent 
of phosphatidate involved in the original membrane. 

Figure 3 gives the time course for the hydrolysis 
of radioactive phosphatidate of four molecular 


Table 1. Distribution of radioactivity among molecular species of microsomal 
['*C]phosphatidate* 
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* Dimethylphosphatidate, which were prepared from phosphatidate, were sep- 
arated into species by AgNO3-TLC as described in Materials and Methods. (A) 
Original substrate; (B) phosphatidate remained after hydrolysis under the condition 
described in Materials and Methods (63 per cent of the substrate was hydrolysed); 
(C) phosphatidate remained after hydrolysis in the presence of 0.13 mM chlor- 
promazine (28 per cent of the substrate was hydrolysed). The hydrolysis carried out 
in (B) was inhibited by 45 per cent. The values are means + S.E.M. from three 


separate incubations. 
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Fig. 3. Hydrolysis of ['*C]phosphatidate incorporated 
to the microsomal membrane of rat liver by phospha- 
tidate phosphohydrolase. Incubation conditions were as 
described in Materials and Methods. (A——A), saturated; 
(@—®), monoenoic; (A—A), dienoic; (O—O), 


tetraenoic. 


species prepared as described above. The mono- 
enoic, dienoic and tetraenoic species of phosphati- 
date were hydrolysed at approximately the same rate 
(0.041, 0.034 and 0.045 nmoles/min/mg protein, 
respectively). However, the rate of hydrolysis of the 
saturated species was about’ one half 
(0.017 nmoles/min/mg protein) of the other three 
species, probably owing to the low content of the 
phosphatidate in microsomal membrane [19]. 

The inhibitory effect of chlorpromazine on the 
hydrolysis of membrane-bound ['*C]phosphatidate 


go 
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Fig. 4. Effect of chlorpromazine on the hydrolysis 
of ['*C]phosphatidate incorporated to the microsomal 
membranes of rat liver. Incubation conditions were as de- 
scribed in Materials and Methods. (O—O), monoenoic; 
(@—®), dienoic; (A A), tetraenoic. 


was revealed at higher rate in the monoenoic and 
dienoic species than tetraenoic phosphatidate, show- 
ing 50 per cent inhibition doses of 0.13, 0.20 and 
0.57 mM, respectively (Fig. 4). 


DISCUSSION 


Phosphatidate phosphohydrolase catalyses the 
release of orthophosphate from sn-1,2-diacyl-gly- 
cero-3-phosphate to form 1,2-diacylglycerol, an 
intermediate reaction in de novo synthesis of phos- 
phatidylcholine, phosphatidylethanolamine and tri- 
acylglycerol. The properties and subcellular distri- 
bution of this enzyme have been studied in some 
detail. Although the enzyme is found in mitochon- 
dria, microsomes, lysosomes and cytoplasm from 
various tissues, Johnston er al. [20] demonstrated 
that the cytoplasmic phosphatidate phosphohydro- 
lase is primarily involved in diglyceride formation, 
while particulate enzyme play a less important role. 
Since the cytoplasmic enzyme has been reported to 
have low activity to aqueous dispersion of phospha- 
tidate and high activity to membrane-bound sub- 
strate [21], two kinds of microsomal membrane- 
bound substrate were prepared and used throughout 
the experiment. 

Since newly formed diacylglycerol was partially 
degraded by microsomal lipase in the enzymatic 
hydrolysis of phosphatidate, the rate of radioactivity 
distributed among the molecular species of phos- 
phatidate remaining after the incubation was com- 
pared to that of original substrate in the experiment 
with the microsomes including endogenously labeled 
'“C-phosphatidate. The results suggested that little 
preference of phosphatidate phosphohydrolase is 
exhibited towards the molecular species of phos- 
phatidic acid. However, the inhibition of phospha- 
tidate phosphohydrolase caused by chlorpromazine 
was observed to have a significant selectivity to 
monoenoic and dienoic species. This finding led us 
to attempt further experiments using microsomal 
membrane-bound phosphatidate bearing specified 
[1-'*C]fatty acyl radical as substrate. To prepare the 
membrane-bound substrate, the microsomal mem- 
branes were treated with phosphatidate phospho- 
hydrolase and phospholipase C and then “C-phos- 
phatidate was incorporated into the phospholipid- 
depleted membrane. Although the form of the radio- 
active phosphatidate molecule in the microsomal 
membrane is not elucidated, the phosphatidate were 
assumed to be incorporated in membrane-bound 
form, since they were hydrolysed at a high rate with 
cytoplasmic phosphatidate phosphohydrolase [21] 
and were not released from microsomal membrane 
by repeating freezing and thawing. 

Phosphatidate phosphohydrolase from rat liver 
cytoplasm was shown in this experiment to have no 
selectivity towards fatty acyl species of incorporated 
radioactive phosphatidate, Akesson et al. [22] have 
reported that phosphatidate phosphohydrolase does 
not exhibit any selectivity with respect to the fatty 
acid composition of its substrate and Hill er al. [23] 
have made the same observation using rat liver slices. 
The present results obtained in in vitro experiments 
are compatible with the conclusions of these authors. 
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When the hydrolysis was inhibited by the addition 
of chlorpromazine, monoenoic and dienoic species 
of phosphatidate were more susceptible to the inhi- 
bition by chlorpromazine than tetraenoic species 
(Fig. 4), in good agreement with the result of the 
experiment using endogenously labeled ['*C]- 
phosphatidate. Considering that the inhibition of 
phosphatidate phosphohydrolase by chlorprom- 
azine is attributed to the interaction of the drug with 
phosphatidate [24], the preference of the inhibition 
for the molecular species of phosphatidate would be 
reasonably understood. 

In the de novo synthesis of phosphoglyceride, 
phosphatidic acid is located in a diverging point on 
the pathways of synthesis of acidic and neutral phos- 
phoglyceride. Since it has been found that phospha- 
tidate phosphohydrolase exhibited no selectivity of 
molecular species in in vivo [22] and in vitro [23] 
experiments, the fatty acyl compositions of acidic 
and neutral phospholipid should be modified to the 
peculiar patterns by the subsequent steps. However, 
the inhibitory effects of chlorpromazine on the 
hydrolysis of phosphatidate was demonstrated in the 
present study to be more remarkable on monoenoic 
and dienoic than tetraenoic species of phosphatidate. 
It is likely, therefore, that the selectivity of the 
molecular species operates also at the step of phos- 
phatidate phosphohydrolase by the administration 
of chlorpromazine, and fatty acid composition of 
phosphoglyceride consequently might be affected. 
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Abstract—Cardiac 6-aminolevulinic acid (ALA) synthetase activity was studied in animals that had 
been fasted. The kinetics of the decline in cardiac ALA synthetase activity were measured for 48 hr 
after food was withdrawn from rats. A marked rate of decrease in activity was observed between 12 
and 24 hr. Cardiac ornithine decarboxylase activity also decreased in fasted rats, but cardiac tyrosine 
aminotransferase activity remained unchanged. Cardiac ALA synthetase activity also decreased in 
fasted mice but did not decrease significantly in fasted guinea pigs or fasted rabbits whose activites were 
low even in the fed state. Cobaltous chloride administration caused a marked decrease in cardiac ALA 
synthetase activity which remained low for a longer duration of time than has been observed in rat 
liver. The administration of hemin, which causes a marked decrease in hepatic ALA synthetase activity, 
had no effect on cardiac ALA synthetase activity. The difference in the responses of hepatic and cardiac 
ALA synthetase activities to hemin administration and food deprivation suggests differential regulation 


of ALA synthetase activity in heart and liver. 


6-Aminolevulinic acid (ALA) synthetase, the initial 
enzyme in the heme biosynthetic pathway, is gen- 
erally considered to be the principal site in the control 
of the rate of heme synthesis in mammalian and 
avian liver [1-4]. The physiological regulation of the 
rate of heme synthesis by endogenous substances 
occurs primarily by altering ALA synthetase activity, 
and heme itself may regulate the rate of its own 
synthesis by either repressing the synthesis of ALA 
synthetase [5, 6] or by directly inhibiting the activity 
of the enzyme [7, 8]. Hormones and their metabolites 
cause marked changes in ALA synthetase activity 
in developing avian liver [2,9, 10], and may also 
have a role in maintaining [11] and inducing [12- 
14] ALA synthetase activity in rat liver. In addition 
to alterations in ALA synthetase activity caused by 
endogenous substances, many xenobiotics have 
marked effects on hepatic ALA synthetase activity. 
The administration of phenobarbital, 3,5-dicarbeth- 
oxy-1,4-dihydrocollidine, or allylisopropylacetamide 
causes a marked increase in hepatic ALA synthetase 
activity [15, 16], while cobaltous chloride adminis- 
tration causes a marked decrease in hepatic ALA 
synthetase activity [17-20]. 

Although one expects the heart to require syn- 
thesis of heme to maintain many of its normal metab- 
olic functions, almost nothing is known about the 
process of heme synthesis in the heart. The probable 
rate-controlling enzyme of cardiac heme synthesis, 
ALA synthetase, has been detected by Israels et al. 
[21] in chick embryo heart and by Briggs er al. [22] 
and Abraham and Terjung [23] in rat heart. Obser- 
vations made by Briggs et al. [22] suggest that cardiac 
ALA synthetase activity may be regulated differently 
from hepatic ALA synthetase activity. Fasting of 
rats for 24 and 48 hr caused a marked decrease in 
cardiac ALA synthetase activity but had little effect 
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on hepatic ALA synthetase activity. Allylisopropyl- 
acetamide and 3,5-dicarbethoxy-1,4-dihydrocolli- 
dine, potent inducers of hepatic ALA synthetase 
activity, also had no effect on the activity of the 
cardiac enzyme [22]. 

The current investigations were designed to pursue 
the regulation of cardiac ALA synthetase activity. 
They describe (a) the kinetics of decrease of cardiac 
ALA synthetase activity in the fasting rat and in 
other species, (b) decreases in the activities of other 
cardiac enzymes in fasted rats, and (c) the effects of 
glucose, hemin and cobaltous chloride administra- 
tion on cardiac ALA synthetase activity. 


MATERIALS AND METHODS 


Pyridoxal phosphate, GTP, coenzyme A (free 
acid), succinic thiokinase, hemin (type III), dithio- 
threitol, ornithine monochloride, tyrosine and a- 
ketoglutarate were obtained from the Sigma Chem- 
ical Co., St. Louis, MO. The sodium form of 
AG 50 WX8, 200-400 mesh, was obtained from 


BioRad Laboratories, Richmond, CA. [2,3- 
’C]Succinic acid (45mCi/mmole) and _ pt-[1- 
4Clornithine monohydrochloride (45 mCi/mmole) 
were purchased from New England Nuclear, Boston, 
MA. Dexamethasone sodium phosphate injection 
(Hexadrol) was obtained from Organon, West 
Orange, NJ. 

Male albino rabbits (2 kg), male albino mice (30 g), 
male guinea pigs (450 g) or male Sprague-Dawley 
rats (180-250 g) were used. Animals were allowed 
food and water ad lib. except when food was withheld 
for an indicated duration of time. When used, glu- 
cose (6.7 g/kg) was administered by oral intubation 
at 18, 15 and 12hr prior to death [24]. All other 
compounds were administered subcutaneously in the 
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Fig. 1. Decline of cardiac ALA synthetase activity with time in the fasting rat. Food was withdrawn at 
the beginning of a 12 hr light cycle. ALA synthetase activity was determined by the method of Briggs 
et al. [22]. Each point represents the mean of at least five animals. 


following manner: Alloxan (200 mg/kg), 7 days prior 
to death [25]; glucagon (5.0 mg/kg), 12 hr prior to 
death [26]; dexamethasone (100 yg/rat). twice daily 
for 2days prior to death [22]; hemin (20 mg/kg, 
dissolved in 0.1 N NaOH, pH adjusted to 7.4) at the 
time period indicated prior to death; cobaltous chlor- 
ide-6H2O (60 mg/kg) at the time periods indicated 
prior to death. 

Hepatic ALA synthetase activity was determined 
by the method of Ebert er al. [27]. Cardiac ALA 
synthetase activity was determined in homogenate 
and mitochondrial preparations using modifications 
of the method of Briggs et al. [22]. Incubation was 
terminated by the addition of 1 ml of 10% trichloro- 
acetic acid instead of 25% trichloroacetic acid [22], 
and the protein precipitates were then washed with 
3 ml of 2% trichloroacetic acid. Three milliliters of 
0.2 M sodium acetate solution were then added to 
the pooled acid extracts. No carrier ALA was added 
to the samples prior to their placement on ion 
exchange columns. EDTA was deleted from the 
reaction mixture when mitochondrial preparations 
were assayed. In studies where hemin was added to 
mitochondrial preparations, the hemin was dissolved 
in 0.1 N NaOH and the pH was adjusted to 7.6 with 
Tris-HCl buffer. 

Cardiac tyrosine aminotransferase activity was 
determined by the method of Granner and Tomkins 
[28]. Cardiac ornithine decarboxylase activity was 
determined by the following modifications of the 
method of Matsushita ef al. [29]. The reaction mix- 
ture containing 0.2 mM ornithine, a concentration 
which was determined to be optimal for cardiac 
tissue, and 0.5 ml of 2M sodium hydroxide was 
placed in the center well of a Warburg flask to collect 
CO. Radioactivity was determined by a method 
described previously [30]. 

Cardiac tissue was prepared for analysis of cobalt 
by atomic absorption spectroscopy analysis in the 
following manner. The tissue (0.50.7 g) was hom- 
ogenized with a minimum of distilled water, utilizing 
a polytron homogenizer. The homogenate was 


digested with 2 ml of concentrated nitric acid at 50- 
60° for 24hr. After cooling, an additional 2 ml of 
nitric acid were added. The samples were heated 
gently until solubilized, and then 2 ml of 30% hydro- 
gen peroxide were added and the samples were again 
heated gently until bubbling subsided. The samples 
were then diluted to 5.0 ml and analyzed by a Perkin— 
Elmer model 360 atomic absorption spectrophoto- 
meter using an air—acetylene flame at the 240.7 nm 
line of a cobalt hollow cathode lamp. 

Blood glucose was determined by the method of 
Thompson [31]. Protein was determined by the 
method of Lowry et al. [32]. Statistical evaluations 
were made using Student’s r-test. 


RESULTS 


Although studies from our laboratory have shown 
that cardiac ALA synthetase activity is reduced 
markedly in rats fasted for 24 or 48 hr [22], the rate 
of decline of cardiac ALA synthetase activity in rats 


Table 1. Cardiac ALA synthetase activity in fed and fasted 
rat, guinea pig, mouse and rabbit 





Cardiac ALA synthetase activity* 
(nmoles/g heart/hr) 
Fastedt 


Species Fed 





4.4 + 0.5¢ (12) 
6.0 + 0.5¢ (5) 
4.0+0.5 (5) 
3.8+0.5 (5) 


Rat 

Mouse 
Guinea pig 
Rabbit 


17.3 + 1.0 (12) 
20.6 + 2.0 (5) 
4.8 + 0.5 (5) 
5.9 + 1.0 (5) 





* Values represent group mean + standard error. The 
number of animals per group is given in parentheses. 

+ Rats, mice and rabbits were fasted for 24 hr; guinea 
pigs were fasted for 48 hr. 
¢ Denotes significant 

(P < 0.05). 


decrease from fed animals 
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Table 2. Effects of dexamethasone on ornithine decarboxylase activity and tyrosine aminotransferase activity in the rat 
heart 





Ornithine decarboxylase activity* 
(nmoles/g heart/hr) 


Treatment 


Tyrosine aminotransferase activity* 
(umoles/g heart/hr) 





Fed 

Fed + dexamethasonet 

24-hr Fast 

24-hr Fast + dexamethasonet 


10.0+ 1.0 (5) 
3.5 + 0.5¢ (5) 
3.0 + 0.5¢ (5) 
3.0 + 0.05 (5) 


7.3+0.2 (6) 
8.6+0.7 (5) 
8.8 + 0.2¢ (5) 
9.3+0.4 (5) 





* Values represent the group mean + standard error. The number of animals per group is given in parentheses. 
+ Dexamethasone (100 uwg/rat) was administered subcutaneously twice daily for 2 days. 
+ Denotes significant difference from fed control values (P < 0.05). 


following food withdrawal has not been determined. 
These data are shown in Fig. 1. Following the with- 
drawal of food, cardiac ALA synthetase activity 
remained fairly constant for about 12 hr, after which 
time a marked and rapid decrease of ALA synthetase 
activity occurred. The level of ALA synthetase 
activity in fasted rats fell eventually to about 20 per 
cent of the activity detected in rats. which were 
allowed food ad lib. This magnitude of decrease has 
been noted previously [22]. 

Several other species were studied in order to 
determine whether the decline of cardiac ALA syn- 
thetase activity was characteristic only of the rat, or 
whether it could be observed in other species. Car- 
diac ALA synthetase activity was decreased sub- 
stantially in mice fasted for 24 hr (Table 1) but in 
fasted guinea pigs or rabbits decreases in activity 
were not statistically significant. However, it should 
be noted that only a low level of activity was detected 
in the hearts from these animals when they were 
allowed food ad lib., and the variability might have 
obscured real decreases in ALA synthetase activity. 

In order to determine whether fasting caused a 
selective decrease of cardiac ALA synthetase activity 
or a generalized decrease in the activities of other 
cardiac enzymes, ornithine decarboxylase activity 
and tyrosine aminotransferase activity were deter- 
mined both in rats allowed food and in rats fasted 
for 24 hr. These enzymes were chosen because they 
were considered to be enzymes which turn over 
rapidly in liver [33]. Fasting caused a marked decline 
in cardiac ornithine decarboxylase activity (Table 2) 
(in agreement with the result reported by Krelhaus 


Table 3. Cardiac ALA synthetase activity following cob- 
altous chloride administration in the rat 





ALA synthetase activity* 
(nmoles/g heart/hr) 


Time after 


Treatment treatment (hr) 





IS.3.£2.5 

7.5 + 1.0% 
6.0 + 0.5¢ 
6.0 + 0.5¢ 


Fed rat 

Cobalt+ 1 
Cobalt+ 4 
Cobalt+ 12 





* Values represent group mean + standard error of five 
rats. 

+ CoCl2-6H20 was administered to fed animals at a dose 
of 60 mg/kg subcutaneously. 

t Significantly different from fed rats (P < 0.05). 


et al. [34]), but caused a significant increase of cardiac 
tyrosine aminotransferase activity. 

Briggs et al. [22] showed that the administration 
of dexamethasone prevented the decrease of cardiac 
ALA synthetase activity in fasted rats. The admin- 
istration of dexamethasone at a dose which pre- 
vented the decline of cardiac ALA synthetase in 
fasting rats caused a marked decrease of cardiac 
ornithine decarboxylase activity in fed rats and had 
no effect on the activity of the enzyme in fasted rats 
(Table 2). Dexamethasone administration had no 
significant effect on cardiac tyrosine aminotrans- 
ferase activity. 

Studies by Tschudy er al. [35] and Bonkowsky et 
al. [24] have shown that carbohydrate administration 
prevents induction of hepatic ALA synthetase 
activity by allylisopropylacetamide in rats. The 
administration of a dose of glucose which prevented 
the induction of hepatic ALA synthetase activity 
caused only a slight increase in cardiac ALA syn- 
thetase activity in both fed and fasted rats (data not 
shown). Also, two substances which alter glucose 
metabolism in the rat, alloxan and glucagon, were 
administered to determine their effects on cardiac 
ALA synthetase activity. Although blood glucose 
levels rose to a level of 500 mg/100 ml after alloxan 
administration, only a slight decrease of cardiac ALA 
synthetase activity was observed. Glucagon admin- 
istration had no effect on cardiac ALA synthetase 
activity. Thus, neither glucose feeding nor modifi- 
cation of insulin or glucagon levels appears to be 
involved in mediating the decline of ALA synthetase 
activity which occurs during fasting. 


Table 4. Effect of cobaltous chloride on cardiac ALA 
synthetase activity in vitro 





ALA synthetase activity* 


Treatment (nmole/mg protein/hr) 





0.29 
0.07 
0.30 
0.27 
0.17 


Fed rat 

24-hr Fasted rat 
Cobalt+ (0.05 mM) 
Cobalt? (0.1 mM) 
Cobaltt (0.5 mM) 





* Each value represents the mean of two experiments. 

+ Incubations contained mitochondria prepared from 
hearts of fed rats. ALA synthetase activity was determined 
by the method of Briggs et al. [22] except that EDTA was 
omitted from reaction mixtures. 
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Table 5. Effects of hemin administration on cardiac and hepatic ALA synthetase 
activity in the rat 





Time after 


Treatment treatment (hr) 


ALA synthetase activity* 
(nmoles/g/hr) 
Heart 





Fed rat 
24-hr Fasted rat 
Hemint+ 
Hemint+ 
Hemin7 
Hemin+ 


I 
2 


MMmmnoe ww © 
Pb 


It 1+ I+ 1+ 1+ I+ 


I+ I+ I+ I+ 





* Values represent group mean + standard error of at least four rats. 
+ Hemin was administered to fed rats at a dose of 20 mg/kg subcutaneously. 
¢ Denotes statistically significant decrease compared with fed rats (P < 0.05). 


Cobaltous chloride administration in vivo causes 
a marked decline in hepatic ALA synthetase activity 
[17-20]. The effect of cobaltous chloride adminis- 
tration to rats on cardiac ALA synthetase activity 
is shown in Table 3. Treatment of rats allowed food 
ad lib. caused a marked decrease in cardiac ALA 
synthetase activity 1 hr after administration, and the 
level of cardiac ALA synthetase activity remained 
low for at least 12 hr after treatment. At times later 
than 12 hr, assessment of ALA synthetase activity 
was complicated by the fact that the rats did not eat, 
and a combination of the effects of cobaltous chloride 
administration and fasting prevented an appropriate 
analysis of the mechanism of decrease of ALA syn- 
thetase activity. The level of cobalt in the heart 
(+ S.E.), determined at 30 and 60 min following 
cobalt administration, was 56 + 7 nmoles/g heart and 
64 + 6nmoles/g heart respectively. Cobalt had no 
direct inhibitory effect on cardiac ALA synthetase 
in vitro (Table 4) at concentrations in the same order 
of magnitude as those detected in the heart in vivo. 

Hemin administration to rats also causes decreases 
in hepatic ALA synthetase activity [36]. While hemin 
treatment caused a substantial decrease of hepatic 
ALA synthetase activity at 3, 6 and 12hr after 
administration, cardiac ALA synthetase activity 
remained at control levels after hemin treatment 
(Table 5). However, cardiac ALA synthetase activity 
was inhibited by hemin in vitro in mitochondrial 
preparations (Table 6), indicating that hemin has the 


Table 6. Effect of hemin on cardiac ALA synthetase activity 
in vitro 





ALA synthetase activity* 


Treatment (nmole/mg protein/hr) 





0.43 
0.10 
0.35 
0.31 
0.23 


Fed rat 

24-hr Fasted rat 
Hemint (25 uM) 
Hemint (50 uM) 
Hemint (106 uM) 





* Each value represents the mean of two experiments. 

+ Incubations contained mitochondria prepared from 
hearts of fed rats. ALA synthetase activity was determined 
by the method of Briggs er al. [22]. 


potential of inhibiting ALA synthetase activity and 
may regulate by directly inhibiting ALA synthetase 
activity under certain conditions. 


DISCUSSION 


The current studies show that there is a rapid 
decline in cardiac ALA synthetase activity in rats 
and mice when food is withdrawn for relatively short 
periods of time. Marked decreases in cardiac orni- 
thine decarboxylase activity were also observed in 
fasted rats, in confirmation of the results of Krelhaus 
et al. [34]. Gertz and Haugaard [37] have observed 
decreases in cardiac uridine kinase activity in fasted 
rats. However, the activities of all cardiac enzymes 
do not decrease in the fasting state. Cardiac tyrosine 
aminotransferase activity is increased in fasting rats 
and, in studies employing fasted mice or rabbits, 
Wildenthal er al. [38] observed no differences or 
slight increases in the activities of cathepsin D, acid 
phosphatase and f-acetylglucoamidase. ALA syn- 
thetase, ornithine decarboxylase and uridine kinase 
are thought to be rate-limiting steps in biosynthetic 
processes, while tyrosine aminotransferase, cath- 
epsin D, acid phosphatase and B-acetylglucosami- 
dase are enzymes involved in catabolic processes. 
Thus, it may be that during fasting the heart pre- 
serves enzymes involved in catabolic processes, while 
allowing reduction of activities of enzymes involved 
in biosynthetic processes. 

The administration of a dose of dexamethasone 
which prevents a decrease of ALA synthetase activity 
in fasting rats [22] failed to prevent a decrease of 
cardiac ornithine decarboxylase activity in fasted rats 
and caused a marked decrease in cardiac ornithine 
decarboxylase activity in the fed rat. Thus, even 
though both cardiac ALA synthetase and cardiac 
ornithine decarboxylase activities decline in the fast- 
ing state, the different responses of these enzymes 
to dexamethasone treatment indicate independent 
regulation of these enzymes in the heart. 

The decrease of ALA synthetase activity during 
fasting is also characteristic of mice, but is apparently 
not characteristic of guinea pigs or rabbits. These 
latter two species possessed low levels of cardiac 
ALA synthetase activity in both the fed and fasted 
state. Irving and Elliott [39] detected very low levels 
of ALA synthetase activity in mitochondria from 
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guinea pig liver. They also reported the existence of 
an inhibitory substance in guinea pig liver mito- 
chondria which inhibited ALA synthetase activity 
in mitochondria obtained from 3 ,5-dicarbethoxy-1.4- 
dihydrocollidine-treated animals. The low levels of 
ALA synthetase activity detected in guinea pig and 
rabbit hearts could have been caused by the presence 
of an endogenous inhibitory substance present in the 
hearts of these species. The decrease of cardiac ALA 
synthetase activity in fasted rats does not appear to 
be caused by the presence of an endogenous inhib- 
itor. Studies were performed where mixtures of car- 
diac homogenates from fed and fasted rats were 
analyzed for ALA synthetase activity. The ALA 
synthetase activities obtained in mixtures of cardiac 
homogenates from fed and fasted rats were additive. 

It is well established that hepatic ALA synthetase 
activity is reduced markedly following cobaltous 
chloride administration [17-20]. This report docu- 
ments a marked decrease in cardiac ALA synthetase 
activity following cobaltous chloride administration. 
The decrease in ALA synthetase activity in the heart 
following cobaltous chloride administration is main- 
tained for a duation of time longer than that 
observed in the liver. It is well known that the heart 
is a primary site of cobalt toxicity [40-43], and our 
results may be a sign of relatively selective effects 
of cobalt on that organ. Cardiac ALA synthetase 
activity was not inhibited directly by cobalt in vitro, 
a characteristic it shares with the hepatic enzyme. 
The mechanism of the rapid decline of cardiac ALA 
synthetase activity following cobalt administration 
cannot be defined as yet, but recently two reports 
have indicated that cobalt protoporphyrin [IX may 
be generated in vivo, and may be the factor involved 
in inhibiting ALA synthetase activity [44-45]. 

The observation that fasting causes a marked 
decrease in cardiac ALA synthetase activity but has 
no effect on hepatic ALA synthetase activity suggests 
that ALA synthetase is regulated differently in the 
rat heart and rat liver. Differences in the regulation 
of these enzymes are also suggested by the responses 
of the cardiac and hepatic enzymes to hemin admin- 
istration. While hemin administration caused a 
decrease in hepatic ALA synthetase activity, it had 
no effect on the cardiac enzyme. The difference in 
the response of cardiac and hepatic ALA synthetase 
activity to hemin administration could be due simply 
to the inability of exogenously administered heme 
to enter cardiac cells, it is also possible that the 
synthesis of cardiac ALA synthetase may not be 
repressed by hemin, as has been postulated to occur 
for hepatic ALA synthetase activity [2]. 
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Abstract—A subcutaneous injection of chlorpromazine hydrochloride (CPZ) at a dose of 10 mg/kg 
caused an increase in the plasma cyclic AMP level in male mice. Propranolol (2 mg/kg) and hexame- 
thonium (50 mg/kg) abolished the elevation of plasma cyclic AMP induced by CPZ. Phentolamine 
(5 mg/kg) could not inhibit the effect of CPZ. Adrenalectomy completely inhibited the elevation of 
plasma cyclic AMP produced by CPZ. Pretreatment with 6-hydroxydopamine (100 mg/kg, i.v., 24 hr 
before) failed to reduce the elevation of the plasma cyclic AMP level produced by CPZ. Intracere- 
broventricular administration of CPZ (5-25 ug/mouse) also increased plasma cyclic AMP levels. These 
findings indicate that CPZ activated the sympathetic nervous system by acting on the CNS, thereby 
increasing plasma cyclic AMP levels through the stimulation of B-adrenoceptors mainly by catechol- 


amines released from the adrenal medulla. 


Recently, the usefulness of plasma cyclic AMP 
(adenosine 3’,5’-cyclic phosphate) as an in vivo 
indicator for endogenous adrenergic activity was 
shown by Kunitada et al. [1], because generation of 
the “functioning” cyclic AMP in a particular intra- 
cellular site would be reflected in an increase of 
plasma cyclic AMP, rather than in an increase of 
tissue content. We have demonstrated previously 
that the administration of morphine increased 
plasma cyclic AMP in mice through the activation 
of the central—adrenal axis [2]. Chlorpromazine is 
known as a potent blocker of both adrenergic a- 
receptors and dopaminergic receptors [3, 4]. 
Recently, the presence of pre-synaptic adrenergic 
a-receptors has been demonstrated, and differences 
between pre-synaptic and post-synaptic a-receptors 
have been discussed [5, 6]. Moreover, several lines 
of evidence have indicated the differences between 
central and peripheral adrenergic a-receptors [7]. 
For example, clonidine is known as a preferential 
stimulant of the central adrenergic a-receptor, and 
chlorpromazine is known as its preferential blocker 
[8]. It is, therefore, probable that chlorpromazine 
may affect peripheral adrenergic activity by blocking 
the central and peripheral a-adrenergic receptors. 
Bonaccorsi et al [9] reported that hyperglycemia in 
rats, induced by intraperitoneally injected chlor- 
promazine, was associated with an activation of the 
adrenergic mechanism. Nevertheless, there are no 
reports as to whether this drug alters the plasma 
concentrations of catecholamines and/or cyclic 
AMP. 

To know the effect of chlorpromazine on adre- 
nergic activity, we have examined the alteration of 
plasma cyclic AMP levels after administration of 
chlorpromazine in mice. 


MATERIALS AND METHODS 


Male ddY mice weighing 20-30 g were used. The 
mice were usually injected subcutaneously with 


801 


chlorpromazine hydrochloride (CPZ) in a dose of 
10 mg/kg and were decapitated 30 min later. Blood 
specimens (0.05 ml each) from trunk blood were 
mixed with 0.15 ml of saline containing 10mM 
EDTA (pH 7.4). After centrifugation, the super- 
natant fraction was directly analyzed for cyclic AMP 
by means of the radioimmunoassay microprocedure 
developed by Honma et al. [10]. 

Adrenalectomy was done through the dorsal 
approach under pentobarbital anesthesia 24 hr 
before decapitation, and 0.33 mg/kg of dexametha- 
sone was administrated s.c. at the end of the oper- 
ation to one group of mice to supplement for the 
corticosteroid deficit. Sham-operated mice were used 
as controls. Mice were injected intravenously with 
100 mg/kg of 6-hydroxydopamine hydrobromide dis- 
solved in 0.3 M ascorbic acid solution 24 hr before 
the CPZ administration. Rectal body temperature 
was recorded with an electric thermometer (Nippon 
Koden, model MGA-III, Tokyo, Japan). Intracer- 
ebroventricular administration of CPZ was done 
after the method of Haley and McCormick [11], as 
described by Muraki et al. [2]. 

Sources of reagents were as follows: CPZ, Shion- 
ogi Pharmaceutical Co., Osaka, Japan; hexame- 
thonium bromide, Yamanouchi Pharmaceutical Co.., 
Tokyo; 6-hydroxydopamine hydrobromide  (6- 
OHDA) and propranolol hydrochloride, Sigma 
Chemical Co., St. Louis, MO, U.S.A.; phentol- 
amine mesylate, Japan Chiba Geigy, Takarazuka, 
Japan; dexamethasone sodium phosphate, Japan 
Merck Banyu Co., Tokyo, Japan. The cyclic AMP 
assay kit was obtained from the Yamasa Shoyu Co., 
Chyoshi, Japan. Concentrations of the drug solutions 
were prepared to allow an administration volume of 
10 ml/kg. Doses were calculated on the basis of the 
salt of each drug. Other reagents were analytical 
grade from commercial sources. 

All samples from each experiment were measured 
within a single assay. Results were evaluated using 
Student’s f-test. 
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RESULTS 


A subcutaneous injection of CPZ in a dose of 
10 mg/kg body weight caused an increase in plasma 
cyclic AMP, as shown in Fig. 1. Plasma cyclic AMP 
reached a peak 30 min after the injection of CPZ 
and returned toward the basal level within 60-90 
min. Thirty minutes after administration of CPZ, 
the increase in plasma cyclic AMP levels was dose- 
related up to 40 mg/kg, s.c. (Fig. 2). Therefore, in 
the following experiments the plasma cyclic AMP 
level was determined 30 min after 10 mg/kg CPZ to 
investigate the mechanism of the elevation of plasma 
cyclic AMP induced by CPZ. 

To determine if CPZ can produce an elevation of 
plasma cyclic AMP by increasing adrenergic activity, 
the effects of various blockers of autonomic nervous 
system function on the action of CPZ were examined. 
Table 1 shows the effects of phentolamine, pro- 
pranolol or hexamethonium treatment on the elev- 
ation of plasma cyclic AMP levels produced by CPZ. 
Pretreatment with propranolol or hexamethonium 
lowered both the basal levels and the CPZ-induced 
increase in plasma cyclic AMP, while pretreatment 
with phentolamine increased both the basal and the 
elevated cyclic AMP levels. 

To determine the role of the adrenal medulla in 
the action of CPZ, the effect of adrenalectomy on 
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Fig. 1. Time course of the effect of CPZ on the plasma 
cyclic AMP level. CPZ (10 mg/kg) was injected s.c. at time 
0. The columns and vertical bars represent means and 
standard errors of five mice. Key: *P < 0.05, +P < 0.01 vs 
the value at 0 min. 
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Fig. 2. Dose-response effects of CPZ on plasma cyclic 
AMP levels. Mice were killed 30 min after subcutaneous 
administration of CPZ. The columns and vertical bars 
represent means and standard errors of three mice. Key: 
*P<0.05, +P <0.01 compared to the 0 mg/kg dose. 


Table 1. Effect of phentolamine, propranolol or hexame- 
thonium treatment on elevation of plasma cyclic AMP level 
induced by CPZ* 





Plasma level of 
cyclic AMP 
(pmoles/ml) 


Dose 


Expt. Treatment (mg/kg) 





58.7 + 10.1 
131.7 + 8.47 
98.8 + 13.14 


I Saline 
CPZ 
Phentolamine 
Phentolamine 
+CPZ 
Saline 
CPZ 
Propranolol 
Propranolol 
+CPZ 10 
Hexamethonium 50 
Hexamethonium 50 
+CPZ 10 


191.6 + 22.68 
50.4 + 2.7 
138.4 + 20.97 
ee Bs 





* Phentolamine (s.c.), propranolol (i.p.) and hexame- 
thonium (i.p.) were given 5 min before CPZ (s.c.) admin- 
istration. The plasma cyclic AMP level was determined 30 
min after CPZ. Values are means ‘N=5) + standard 
errors. 

+ P<0.01 vs saline. 

+ P< 0.05 vs saline. 

§ P<0.05 vs CPZ and P< 0.01 vs phentolamine. 

|| P< 0.01 vs CPZ. 


the increase in the plasma cyclic AMP level induced 
by CPZ was investigated. As shown in Table 2, 
adrenalectomy completely inhibited the elevation of 
plasma AMP due to CPZ without affecting the basal 
level. Dexamethasone did not alter the inhibitory 
effect of adrenalectomy. 

The systemic administration of 6-OHDA depleted 
the catecholamine content in the peripheral cate- 
cholaminergic nerve terminals, but not that in the 
adrenal medulla [2, 12]. To investigate the contri- 
bution of the release of catecholamines from the 
peripheral catecholaminergic nerve terminals to the 
cyclic AMP effect of CPZ, we examined whether 
pretreatment with 6-OHDA could lower the increase 
in cyclic AMP levels elicited by CPZ. In the vehicle- 
treated mice, the mean plasma cyclic AMP levels, 
determined 30 min after administration of saline or 
CPZ, were 55.2+4.8pmoles/ml or 133.2 + 
15.9 pmoles/ml, while in the 6-OHDA-treated mice, 
those of saline or CPZ were 79.2 + 10.3 pmoles/ml 
or 209.9 + 27.0 pmoles/ml respectively. Depletion 
of catecholamines in the nerve terminals by 6-OHDA 
failed to reduce the elevation of plasma cyclic AMP 
induced by CPZ, suggesting that the release of cat- 
echolamines from catecholaminergic nerve terminals 
plays a less important role in the elevation of the 
plasma cyclic AMP induced by CPZ. 

The origin of plasma cyclic AMP is yet to be 
determined; however, liver, muscle and adipose tis- 
sue are considered as candidates for the origin of 
cyclic AMP released by exogenous catecholamines 
[13, 14]. While searching for the possible origin of 
plasma cyclic AMP, we investigated whether CPZ 
increases the hepatic cyclic AMP content. Fifteen 
minutes after administration of 10 mg/kg CPZ, s.c., 
the cyclic AMP content of liver (1001 + 55 pmoles/g 
tissue) was significantly higher than that of the saline 
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Table 2. Effect of CPZ on plasma level of cyclic AMP in adrenalectomized mice* 





Expt. Mice 


Plasma level of 
cyclic AMP 


Treatment (pmoles/ml) 





I Intact 
Intact 
Sham-operated 
Sham-operated 
Adrenalectomized 
Adrenalectomized 
Intact 
Intact 
Sham-operated 
Sham-operated 
Adrenalectomized 
+ dexamethasone 
Adrenalectomized 
+ dexamethasone 


69.0 + 6.0 
159.2 + 16.47 


Saline 
CPZ 
Saline 
CPZ 
Saline 
CPZ 
Saline 
CPZ 
Saline 
CPZ 
Saline 


167.1 + 32.28 
83.6 + 7.2 
157.8 + 10.2¢ 
70.0 + 7.7 


CPZ 76.5 + 4.6 





* CPZ (10 mg/kg, s.c.) was given 24hr after adrenalectomy with (Expt. II) or 
without (Expt. I) supplemented dexamethasone (0.33 mg/kg, s.c.). The plasma cyclic 
AMP level was determined 30 min after CPZ administration. Values are means 


(N = 5) + standard errors. 
+ P<0.01 vs intact, saline. 
+ P<0.01 vs sham-operated, saline. 
§ P< 0.05 vs intact, saline. 


control mice (801 + 58 pmoles/g tissue). This indi- 
cates that the plasma cyclic AMP rise elicited by 
CPZ was accompanied by an increase in the liver 
cyclic AMP content. 

The intracerebroventricular injection of CPZ (up 
to 25 wg/mouse) also caused a dose-related increase 
in plasma cyclic AMP (Fig. 3), although the injection 
of saline alone caused an increase in the plasma 
cyclic AMP of 15 per cent. Pretreatment with pen- 
tobarbital (60 mg/kg, i.p.) prevented the elevation 
of plasma cyclic AMP induced by CPZ (data not 
shown). These findings indicate that the site of action 
of CPZ was probably the CNS. 


Since it is known that CPZ produces hypothermia 
[9], and hypothermia may increase plasma cyclic 
AMP levels, there is a possibility that CPZ increases 
plasma cyclic AMP levels by decreasing body tem- 
perature. To exclude this possibility, we examined 
the effects of CPZ at room temperatures (28 and 
33°) at which CPZ did not decrease the body tem- 
perature (Table 3). CPZ, at a dose of 10 mg/kg, 
decreased body temperature by 2 to 3.5° at a room 
temperature of 22—23°, while it did not at 28 and 33°; 
CPZ increased the plasma concentration of cyclic 
AMP significantly, regardless of whether or not 
hypothermia occurred. 


Table 3. Effect of room temperature on CPZ-induced elevation of plasma cyclic AMP levels 
in mice* 





Room 
No.of temperature 


Plasma level of 
cyclic AMP 


Change in body 
temperature 


mice (°) 


Treatment 


(°) 


(pmoles/ml) 





Expt. I 

5 22-23 

22-23 
28 
28 


Expt. II 
5 


22-23 
22-23 
33 
33 


Saline 
Cre 
Saline 
CPZ 


Saline 
CPZ 
Saline 
CPZ 


—0.18 + 0.17 
—3.44 + 0.427 
—0.08 + 0.15 
—0.82 + 0.398 


+0.04 + 0.35 
—2.28 + 0.41+ 
+0.04 + 0.26 
+0.50 + 0.169 


80.6 + 4.7 
173.2 + 23.0¢ 
70.4 

166.2 


65.6 
158.4 


146.3 + 11.6** 





* The plasma cyclic AMP level and body temperature were determined 30 min after CPZ 
(10 mg/kg, s.c.). Values are means + standard errors. 


+ P<0.01 vs 22-23°, saline. 

+ P<0.01 vs 22-23°, saline. 

§ Not significant vs 28°, saline. 
|| P< 0.01 vs 28°, saline. 

{| Not significant vs 33°, saline. 
** P< 0.01 vs 33°, saline. 
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Fig. 3. Effect of intracerebroventricular administration of 


CPZ on the plasma of cyclic AMP. Cyclic AMP was deter- 

mined 30 min after the injection of 20 ul of CPZ solution. 

The columns and vertical bars represent means and stan- 

dard errors of six mice. Key: *P < 0.05, +P <0.01 com- 
pared to saline-injected mice. 


DISCUSSION 


It has been shown that an injection of CPZ in rats 
will cause an elevation in the plasma level of glucose, 
and that this effect is associated with activation of 
an adrenergic mechanism [9]. Nevertheless, it is not 
known whether CPZ actually activates the adrener- 
gic nervous system and increases the plasma cat- 
echolamine content. 

It has been established that catecholamines 
increase plasma cyclic AMP levels in vivo, and that 
this effect is inhibited by a B-adrenergic blocking 
agent [1, 13]. It was shown that plasma cyclic AMP 
levels were increased by releasing endogenous cat- 
echolamines; administration of tyramine caused an 
increase in plasma cyclic AMP in rats by releasing 
norepinephrine from the catecholaminergic nerve 
terminals, while the induction of ether anesthesia 
increased plasma cyclic AMP by releasing catechol- 
amines from the adrenal medulla [1]. 

In the present study it was shown that CPZ 
increases piasma cyclic AMP levels in mice, perhaps 
as a result of the stimulation of adrenergic activity 
(Figs. 1 and 2). In order to test this hypothesis, the 
mechanism of elevation of plasma cyclic AMP 
induced by CPZ was examined through the effects 
of adrenolytic agents and adrenalectomy. Pretreat- 
ment with propranolol, a specific B-adrenergic 
blocker. inhibited the elevation of plasma cyclic 
AMP induced by CPZ (Table 1). Hexamethonium, 
a ganglionic blocker, also inhibited the increase ot 
the plasma cyclic AMP level induced by CPZ (Table 
1). The piasma cyclic AMP level was not elevated 
by CPZ in the adrenalectomized mice in spite of a 
supplement of dexamethasone (Table 2). Therefore, 
depletion of corticosteroids has no causal relation- 
ship to the inhibition of the CPZ effect by adrena- 
lectomy. These results, therefore, suggest that CPZ 
stimulated the release of catecholamines from the 
- adrenal medulla which, in turn, activated tissue 
adenylate cyclase by stimulating the B-adrenocep- 
tors, and the cyclic AMP thus formed was released 
into the extracellular space and led to increases in 
the plasma cyclic AMP levels. The increase in plasma 
cyclic AMP by CPZ was accompanied by a slight but 


sigr‘ficant increase in hepatic cyclic AMP content. 
This suggests that the liver is one of the origins of 
the plasma cyclic AMP released by CPZ injection. 

Since CPZ is known to inhibit phosphodiesterase 
in vitro [15], there is a possibility that CPZ raises 
the plasma cyclic AMP level by decreasing the 
phosphodiesterase activity. However, the elevation 
of the plasma cyclic AMP level produced by CPZ 
was completely abolished by adrenalectomy, and the 
intraventricular injection of a small amount of CPZ, 
up to 25 wg, increased plasma cyclic AMP. These 
results, therefore. indicated that in vivo inhibition 
of phosphodiesterase activity by CPZ in the dose 
used may be insufficient to cause an elevation of the 
plasma cyclic AMP level. Indeed, we observed that 
even 50 mg/kg (i.p.) of theophylline increased the 
plasma cyclic AMP level only slightly (data not 
shown). In addition, complete blockade by pro- 
pranolol or hexamethonium of the elevation of 
plasma cyclic AMP induced by CPZ supports our 
interpretation. 

It has been reported that intravenous injection of 
6-OHDA destroys the catecholaminergic nerve ter- 
minals without affecting the adrenal medulla [2. 12]. 
In the present experiment, the destruction of cate- 
cholaminergic nerve terminals by 6-OHDA could 
not inhibit the effect of CPZ to increase the plasma 
cyclic AMP level. Kunitada et al. [1] indicated that 
pretreatment with intravenous 6-OHDA abolished 
the increase in the plasma cyclic AMP level induced 
by the release of norepinephrine from the catecho- 
laminergic nerve terminals by tyramine, while it did 
not inhibit the increase in the plasma cyclic AMP 
induced by adrenal catecholamines released by 
hypoglycemia. The failure of inhibition of the CPZ 
action by 6-OHDA would indicate that norepineph- 
rine from the catecholaminergic nerve terminals 
plays a less important role than catecholamines from 
the adrenal medulla in the effect of CPZ on the 
elevation of plasma cyclic AMP levels. 

Though intraventricular injection of saline tended 
to increase plasma cyclic AMP levels, intraventri- 
cular administration of CPZ caused a further increase 
in the plasma cyclic AMP level. The pretreatment 
with pentobarbital prevented the elevation of plasma 
cyclic AMP induced by CPZ. These results suggest 
that the site of action of CPZ to increase plasma 
cyclic AMP levels exists in the CNS. 

We confirmed the previous finding that phentol- 
amine increases the basal plasma cyclic AMP level 
[16]; phentolamine did not inhibit the effect. of CPZ, 
but slightly potentiated it. It was indicated by Kun- 
itada and Ui [16] that the release of endogenous 
catecholamines from the peripheral nerve terminals 
was responsible for the phentolamine-induced 
increase in plasma cyclic AMP, and enhancement 
by phentolamine of the plasma cyclic AMP rise 
induced by exogenous catecholamines was due to 
the blockade by phentolamine of post-synaptic a-. 
adrenoceptors. Since CPZ behaves as an a-blocker 
in the CNS [3,4], there is a possibility that CPZ 
increases plasma cyclic AMP by a mechanism similar 
to that of phentolamine at the adrenergic nerve 
terminals. However, our study, using adrenalectomy 
or 6-OHDA and the intracerebroventricular admin- 
istration of CPZ, indicated that CPZ increases 
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plasma cyclic AMP by releasing catecholamines from 
the adrenal medulla. 

The mechanism by which CPZ increases sym- 
pathetic activity by blocking the central a-adrenergic 
receptors is not known. Possible explanations are: 
(1) CPZ may occupy pre-synaptic a-adrenoceptors 
in the brain which inhibit sympathetic adrenergic 
activity, (2) CPZ may block norepinephrine binding 
to post-synaptic a-adrenoceptors in which norepi- 
nephrine may have an inhibitory character and, in 
turn, increase sympathetic tone directly or indirectly, 
or (3) stress by hypothermia induced by CPZ may 
stimulate sympathetic nerve activity. 

It has been reported that the hyperglycemia 
induced by CPZ is more marked at lower rather than 
higher ambient temperatures, and that there is a 
correlation between the hyperglycemia and the 
hypothermia induced by CPZ [9]. There is a possi- 
bility, therefore, that CPZ increases plasma cyclic 
AMP by reducing body temperature. However our 
results clearly show that prevention of hypothermia 
by raising the room temperature did not significantly 
alter the cyclic AMP effect of CPZ, which excludes, 
therefore, the third possibility. 

In conclusion, CPZ acts on the CNS and increases 
plasma cyclic AMP levels mainly by releasing cat- 
echolamines from the adrenal medulla. 
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Abstract—Cytidine deaminase, an enzyme found in the supernatant fluid of hepatocytes, granulocytes 
and tumor cells, and in plasma, degrades the antitumor agents cytosine arabinoside and 5-azacytidine. 
Uridine and its analogs, 3-deazauridine, 5-bromodeoxyuridine, 5-fluorodeoxyuridine and 6-azauridine, 
were found to competitively inhibit cytidine deaminase; the most potent inhibitor was 3-deazauridine 
(Ki = 1.9 x 10-° M). In addition, deoxycytidylate deaminase, which degrades cytosine arabinoside 
monophosphate to the inactive uracil arabinoside monophosphate (Km = 9 x 10~* M), was competitively 
inhibited by 3-deazauridine monophosphate, as well as by the nucleotides of other uridine analogs. 
These results suggest that uridine analogs such as 3-deazauridine may have value in protecting cytosine 
arabinoside, 5-azacytidine and their monophosphate nucleotides from degration by neucleoside and 


nucleotide deaminases. 


1-B-d-Arabinofuranosylcytosine (cytosine arabino- 
side, ara-C)+ has been in clinical use for more than 
a decade and is firmly established as a primary agent 
for treating acute myelogenous leukemia. The intra- 
cellular metabolism of this agent in tumor cells is 
known to proceed by the pathway shown in Fig. 1, 
with activation by successive phosphorylation steps 
and degradation at the level of nucleoside and 
nucleotide by cytidine and deoxycytidylate deami- 
nases respectively [1]. The relative importance of 
the deamination processes in determining tumor ceil 
response has not been established, although it is 
known that both enzymes are found in concentra- 
tions higher than that of the initial activating enzyme, 
deoxycytidine kinase, in human leukemic cells. 
Steuart and Burke [2] found a correlation between 
responsiveness to ara-C and intracellular levels of 
cytidine deaminase, a finding which has not been 
confirmed by subsequent studies [3, 4]. 

In an effort to define a biochemical basis for com- 
bination therapy with ara-C and other antimetabol- 
ites, we have examined the effects of various uridine 
analogs and their nucleotides on the deamination of 
ara-C and ara-CMP. In the present study, it is shown 
that 3-deazauridine and 5-fluorodeoxyuridine, as 
well as other antineoplastic pyrimidine analogs and 
their monophosphate derivatives, competitively 
inhibit ara-C degradation in vitro. 





* Present address: Division of Oncology, Department 
of Medicine, Vanderbilt Medical Center, Nashville, TN 
37232, U.S.A. 

+ Abbreviations used are: ara-C, cytosine arabinoside; 
ara-CMP, cytosine arabinoside monophosphate; 3- 
deazaUMP, 3-deazauridine-5’-monophosphate; 5- 
FdUMP, _ 5-fluorodeoxyuridine monophosphate; 5- 
BdUMP, 5-bromodeoxyuridine monophosphate; and 
dCMP, deoxycytidine monophosphate. 


MATERIALS AND METHODS 


Materials. Unless otherwise mentioned, all non- 
radioactive nucleosides and nucleotides were 
obtained from the Sigma Chemical Co., St. Louis, 
MO. 3-Deazauridine, 5-bromodeoxyuridine, 5-fluo- 
rodeoxyuridine and 6-azauridine were obtained from 
Dr. Robert Engle, Drug Research and Development 
Branch, National Cancer Institute. The initial sample 
of 3-deazauridine monophosphate (3-deazaUMP) 
was supplied by Dr. Robert Brockman, Southern 
Research Institute, Birmingham, AL. A second sam- 
ple of 3-deazaUMP was synthesized as described 
below. All radioactively labeled nucleosides and 
nucleotides were purchased as “C-labeled com- 
pounds from the New England Nuclear Corp., Bos- 
ton, MA. 

Enzyme assays. Assays for cytidine deaminase [5] 
and deoxycytidine monophosphate (dCMP) kinase 
[8] were performed using previously published assay 
techniques listed, and (CMP deaminase was assayed 
by modification of the cytidine deaminase assay, as 
described in the legend to Fig. 4. For uniformity, 
enzyme units are listed as nmoles converted per hr 
per mg protein. 

Protein assay. Protein determinations were per- 
formed by the method of Lowry et al. [9]. 

Enzyme kinetic studies. Cytidine deaminase for 
enzyme inhibition studies was obtained from human 
granulocytes which were procured from normal 
donors by leukopheresis. The granulocytes were dis- 
rupted by three cycles of freeze thawing, followed 
by Dounce homogenization. The supernatant frac- 
tion containing the enzyme was purified 65-fold to 
a specific activity of 210 units/mg protein by heating 
to 70° for 6 min, ammonium sulfate precipitation 
(saving the 30-60% precipitate), and Sephadex G- 
150 gel filtration, as described previously [5]. De- 
oxycytidylate deaminase was prepared from a super- 
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METABOLISM OF CYTOSINE ARABINOSIDE (ARA-C) 
BY TUMOR CELLS 
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Fig. 1. Intracellular metabolism of cytosine arabinoside in tumor cells. The approximate concentrations 
of enzymes in human acute leukemia cells are indicated in parentheses [5-7]. Enzyme units are nmoles 
of product formed per hr per mg protein. 


natant fraction of the CCRF-CEM human lympho- 
blastic leukemia cell line grown in continuous tissue 
culture. Cells were disrupted by freeze thawing and 
Dounce homogenization, cell debris was removed 
by centrifugation at 105,000 g for 60 min, and the 


supernatant fraction capable of deaminating 380 
pumoles dCMP/mg protein under standard assay con- 
ditions, was saved. 

Michaelis-Menten constants were determined 
with cytidine and ara-C as substrates for cytidine 
deaminase, and with dCMP and ara-CMP as sub- 
strates for deoxycytidylate deaminase. The K,, values 
were calculated by weighted linear regression analy- 
sis of the data by the method of Wilkinson [10}. The 
K; values for inhibition by pyrimidine analogs were 
calculated according to the formula 


_ [Inhibitor] 
l +z Kml/Kp ; 
Km/ Kp 


Ki 


where K, is the apparent dissociation constant of the 
substrate in the presence of inhibitor. 

Synthesis of 3-deazauridine-5'-monophosphate (3- 
deazaUMP). Although the chemical preparation of 
3-deazaUMP has been reported, neither the experi- 
mental conditions nor the nucleotide properties have 
been described [11]. Our synthetic procedure 
employed the general method of Yoshikawa et al. 
[12,13] for the phosphorylation of unprotected 
nucleosides, as modified by Dawson et al. [14]. 

To a suspension of 3-deazauridine (0.25 g, 1.02 
nmoles) in 1.25 ml triethyl phosphate at 0° was added 
phosphorus oxychloride (0.2 ml, 2.14 mmoles) pre- 
treated with 0.018 ml H2O (1.0 mmole). This mixture 
was stirred at 0° for 5 hr and then hydrolysed with 
2 ml H20 at room temperature for 2 hr. 

The hydrolysis mixture was then placed on a cation 
exchange column (Dowex S50W 8-X, H* form, 2 


cm X 17 cm) and eluted with water. Five milliliter 
fractions were collected. The peaks of u.v.-absorbing 
eluate and neighboring fractions were combined 
and applied to an anion exchange column (IR-400 
CO form, 2 x 17 cm), which was then washed with 
300 ml water. The column was then washed with 1.0 
M (NHs)2COs, eluting the desired product. Five 
milliliter fractions were taken of the u.v.-absorbing 
material, and those with maximum absorbance were 


0.20 


OPTICAL DENSITY 
° 
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° 
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Fig. 2. High pressure, liquid chromatography analysis of 
synthetic 3-deazaUMP. The reaction mixture and all col- 
umn chromatography fractions were monitored by high 
pressure liquid chromatography on a Waters liquid chro- 
matograph with a u.v. detector (254 nm), using a Whatman 
SAX anion exchange column (4.6 mm, 10 X 25cm). Mobile 
phase was a linear gradient from 0.1 M NaH2POsg (pH 3.3) 
to 0.5 M NaH2POs (pH 4.5) over 4 minutes at 1.5 ml/min. 
The elution times of 3-deazauridine and its 5'-monophos- 
phate were 2.0 and 2.96 min, respectively, under these 
conditions. 
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combined and evaporated; ethanol was added to the 
residue. A precipitate formed [(NH«s)2COs], which 
was filtered and washed with 10 ml ethanol. The 
combined ethanol extracts were evaporated, leaving 
75 mg of the desired product as a white powder. 
High pressure liquid chromatography analysis of this 
material indicated a single pure compound (Fig. 2). 
Mass spectral analysis of the penta-TMS derivative 
of the free acid (M* 683) showed it to be the desired 
compound. 


RESULTS 


As reported previously [5], cytidine deaminase 
from human granulocytes had less affinity for ara-C 
as a substrate (Km = 8.8 x 10~° M) than for its 
physiological substrate cytidine (Km = 1.9 x 107° 
M). In competition inhibition studies with cytidine 
or deoxycytidine as substrate, the reaction products, 
uridine, deoxyuridine and three uridine analogs (3- 
deazauridine, 5-fluorodeoxyuridine and 5-bromo- 
deoxyuridine), competitively inhibited cytidine 
deaminase. The Ki values, calculated on the basis 
of these experiments, are given in Table 1, and 
indicated that 3-deazauridine was the most potent 
inhibitor, with a Ki of 1.5 x 10~° M (Fig. 3). The 
product of ara-C deamination, uracil arabinoside, 
was also inhibitory, with a K; of 2.4 x 10-° M. 

The monophosphate derivatives of uridine analogs 
were tested as inhibitors of human” leukemic cell 
deoxycytidylate deaminase, the second degradative 
enzyme in the ara-C metabolic pathway. The 5-hal- 
ogenated deoxyuridine monophosphates as well as 
3-deazaUMP inhibited this enzyme (Figs. 4 and 5), 
with K; values of 1.7 x 10~* M for 3-deazaUMP, 
2.3 x 10-° M for 5-fluorodeoxyuridine monophos- 
phate (5-FAUMP) and 4.9 x 10°° M for 5- 
bromodeoxyuridine monophosphate (5-FdUMP) 
and 4.9 x 10-° M for 5-bromodeoxyuridine mono- 
phosphate (5-BdUMP). These dissociation constant 
values éxceeded the affinity of ara~CMP for the same 
enzyme (Km = 9 X 10°* M), and equalled or 
exceeded that of the physiological substrate dCMP 
(Km = 1.2 X 10-*M). Competitive inhibition of ara- 
CMP deamination by 3-deazaUMP was confirmed 
by incubation of enzyme with [*H] ara-CMP in the 
presence of 3-deazaUMP. 


Table 1. Inhibition of cytidine deaminase by uridine 
analogs* 





Analog Ki (uM) 





3-Deazauridine 
5-Bromodeoxyuridine 
5-Fluorodeoxyuridine 
6-Azauridine 

Uracil arabinoside 
Uridine 

Deoxyuridine 





* Analogs in concentrations of 0.5 to 1.0 mM were added 
to the standard cytidine deaminase reaction mixture (see 
Materials and Methods) in the presence of varying con- 
centrations of the substrate, deoxycytidine or cytidine. The 
Ki values were calculated as described in Materials and 
Methods. 








1/S x 108 


Fig. 3. Inhibition of deamination of cytidine by 3-dea- 
zauridine, The assay solution contained the indicated sub- 
strate coacentrations at a specific activity of 0.04 to 0.4 
uCi/umoke, 82 units of partially purified cytidine dea- 
minase and Tris-Cl, 0.05 M, pH 7.5, all in the presence 
(@——®) or absence (O——©) of 3-deazauridine, 3 x 10~* 


M. The assay procedure was as described previously [5]. 








10 15 
1/S x 103 


Fig. 4. Inhibition of dCMP deamination by deoxyuridylate 
analogs. The assay solution contained the indicated sub- 
strate concentration at a specific activity of 0.4 to 0.33 
Ci/umole, 114 units of enzyme, 4.5 mM dCTP, and 0.05 
M Tris-Cl, pH 7.5. Assays also contained (O——O) no 
inhibitor; (A——A) BdUMP, 1.6x10-* M; and 
(@——@) FdUMP, 1.6 x 10°‘ M. Assay solutions were 
incubated for 15 min at 37°. The reaction was terminated 
by addition of 0.02 ml of 4 N HCl. The reaction contents 
were applied to a 0.75 x 5 cm Dowex 50 H* cation exchange 
column, and the product, ['*C] dUMP, was eluted with 2 
ml of distilled water and counted in 18 ml Aquasol (New 
England Nuclear). 
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Fig. 5. Inhibition of (CMP deaminase by 3-deazaUMP. 

The incubation solution was the same as in Fig. 3, except 

for the presence of 3-deazaUMP, 4 x 10-* M (O——C). 

For the curve indicated by (@——®), no inhibitor was 
present. 


3-deazaUMP, synthesized as described in 
Materials and Methods, was also examined as a 
substrate for (CMP kinase, the enzyme which phos- 
phorylates the natually occurring uridine and cyti- 
dine monophosphates, as well as ara-CMP. dCMP 
kinase affinity for 3-deazaUMP was considerably less 
(Km = 1.95 x 10~* M) than the affinity for ara~-CMP 
(Km = 6.8 x 10~* M), indicating that 3-deazaUMP, 
at equimolar concentrations, would not compete 
effectively with ara-CMP at this activation step. 


DISCUSSION 


Cytosine arabinoside is believed to exert its cyto- 
toxic effects through the formation of a triphosphate, 
ara-CTP, which inhibits DNA polymerase, and, to 
a limited extent, is incorporated into DNA [15]. The 
ability of malignant cells to form and retain the 
triphosphate is believed to determine the degree of 
ara-C cytotoxicity observed [16], although the spe- 
cific enzymatic steps responsible for resistance have 
not been elucidated in human tumors. In human 
leukemic cells, the activity of cytidine deaminase, 
the initial degradative enzyme in the ara-C pathway, 
was shown to vary widely among patients [4] but the 
median value in 24 patients (372 units/mg protein) 
greatly exceeded the activity of the initial activating 
enzyme, deoxycytidine kinase (15 units/mg protein) 
[1,6]. At the nucleotide level, enzymes which acti- 
vate (dCMP kinase) and degrade (4CMP deaminase) 
ara-CMP are found; both occur in high concentra- 
tions in leukemic cells [7,8], usually in excess of 
1000 units/mg protein, the deaminase having a higher 
affinity for ara-CMP. Thus, degradative enzymes 
constitute an important limiting factor for leukemic 
cell activation of ara-C at both the nucleoside and 
nucleotide levels. 

In the present study we have found that several 
uridine analogs of interest for combination therapy 
regimens exert inhibitory effects on the degradation 
of ara-C and ara-CMP. Particular attention was 
drawn to 3-deazauridine, an agent currently 
undergoing initial clinical trials. 3-Deazauridine has 


multiple sites of favourable biochemical interaction 
with ara-C, in addition to those demonstrated by the 
present study. It inhibits CTP synthetase [11] and 
thus decreases intracellular pools of dCTP [17], the 
substrate with which ara-CTP competes for an active 
site position on DNA polymerase. Recent work by 
Mills-Yamamoto et al. [18] has demonstrated syn- 
ergistic interaction of ara-C and 3-deazauridine in 
tissue culture vs HeLa and RPMI 6410 myelobiastoid 
cells. Further studies showed that 3-deazauridine 
enhanced the formation of ara-CTP in RPMI 6410 
and Li210 cells, but not in HeLa ceils or in two 
human leukemic cell samples [19]. The explanation 
for this enhanced formation of ara-CTP was not 
apparent, although an RPMI 6410 mutant, deficient 
in uridine kinase, failed to show enhancement [18], 
suggesting that the effects were caused by a 3-dea- 
zauridine nucleotide. Considering the results of the 
present study, it is possible that increased ara-CTP 
pools found in the previous study in the presence of 
3-deazauridine could be the result of inhibition of 
dCMP deaminase. In order to clarify the role of 
deaminase inhibition in the interaction of cytosine 
arabinoside and 3-deazauridine, it will be necessary 
to examine the relationship of synergism to several 
factors, including cytidine deaminase and dCMP 
deaminase activities and intracellular metabolic 
products derived from ara-C, in the presence and 
absence of 3-deazauridine. 

Previous workers have noted inhibition of cytidine 
deaminase activity by uridine and uracil arabinoside 
[20], although this inhibition was not quantitated in 
usual kinetic terms. A more potent cytidine deami- 
nase inhibitor, tertahydrouridine, was described by 
Camiener [21]. This compound is currently under- 
going clinical trial in combination with ara-C and 
appears to potentiate markedly the toxicity of ara- 
C [22]. The therapeutic benefits of this combination 
remain to be determined. Maley and Maley [23] 
reported that dUMP inhibits dCMP deaminase; 
deoxytetrahydrouridine was found to inhibit the 
same enzyme in tissue culture experiments [24], pre- 
sumably through formation of the active product, 
deoxytetrahydrouridine monophosphate. Deoxy- 
tetrahydrouridine has not been tested in combination 
with ara-C in chemotherapy trials. The present study 
demonstrates that the nucleoside monophosphates 
of several uridine analogs, including the deoxynu- 
cleosides of the commonly used agent, 5-fluorour- 
acil, also inhibit this degradative step in ara-C metab- 
olism, an interaction of potential importance in 
combination chemotherapy. 
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Abstract—Xylitol and sorbitol, two sugar alcohols which readily enter into pathways of hepatic carbo- 
hydrate metabolism, stimulated p-nitroanisole O-demethylation in perfused livers from fasted, but not 
fed, phenobarbital-treated rats. The increase in mixed-function oxidation correlated well with the 
production of NADH from the metabolism of xylitol and sorbitol (half-maximal stimulation for both 
processes was observed with concentrations between 0.1 and 0.2 mM). p-Nitroanisole metabolism by 
isolated hepatic microsomes was unaffected by the addition of xylitol and sorbitol; however, when 
NADH was added to microsomes, or was generated from sorbitol, sorbitol dehydrogenase and NAD*, 
a synergistic increase in p-nitroanisole metabolism occurred. Ethanol (0.2 mM), which does not enter 
into pathways of carbohydrate metabolism, also caused an increase in the pyridine nucleotide redox 
state and stimululated p-nitroanisole O-demethylation in livers from fasted rats. In addition, sorbitol 
and xylitol stimulated p-nitrophenol conjugation in livers from fasted, phenobarbital-treated animals, 
probably by supplying substrate for increased UDP-glucuronic acid synthesis. The data indicate that 
sugars which influence the pyridine nucleotide redox state alter rates of mixed-function oxidation and 


conjugation in whole cells. 


Nutritional intake has long been recognized to influ- 
ence drug metabolism, and in large measure accord- 
ing to species and sex differences. For example, 
starvation generally decreases hepatic microsomal 
drug metabolism in male rats while it stimulates this 
activity in female rats and in both sexes of mice and 
rabbits (for review, see Ref. 1). Conversely, in rats 
fed a high carbohydrate diet, drug metabolism is 
decreased both in vitro and in vivo [1,2]. Most 
studies exploring the influences of nutrition on drug 
metabolism have utilized relatively long-term dietary 
changes; much less information is available on the 
acute effects of carbohydrates in whole cell prep- 
arations. Thurman et al. reported that the infusion 
of glucose [3] or dihydroxyacetone [4] into perfused 
livers from fasted, phenobarbital-treated rats stimu- 
lated p-nitroanisole O-demethylase activity. Simi- 
larly, the addition of glucose or lactate to isolated 
hepatocytes from fasted, phenobarbital-treated rats 
increased alprenolol metabolism [5]. 

The conjugation of drug metabolites may also be 
influenced by the acute nutritional state. For exam- 
ple, rates of p-nitrophenol conjugation in perfused 
livers from phenobarbital-treated rats were greatest 
in fasted-refed animals, intermediate in animals 
which had free access to food, and least in 24-hr 
fasted rates [6]. These rates of conjugation correlated 
well with the hepatic glycogen content, rather than 
with glucuronyl transferase activity [6]. 
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The mechanisms involved in the acute and chronic 
effects of nutrition on drug metabolism and conju- 
gation remain obscure. These interactions are impor- 
tant, however, because fasting is often involved in 
certain types of chemotherapy, and because reduced 
food intake accompanies many pathological states. 
In addition, many precarcinogens undergo mixed- 
function oxidation before becoming metabolically 
active [7], and a relationship between the diet and 
cancer has been established in epidemiological stud- 
ies [8]. 

Sorbitol and xylitol, two carbohydrates which are 
actively metabolized in hepatocytes, were employed 
in these studies to explore some of the acute inter- 
actions between carbohydrate metabolism and 
mixed-function oxidation in the perfused rat liver. 
The data indicate that sorbitol and xylitol increase 
the rate of p-nitroanisole O-demethylation in livers 
from fasted, but not well-fed rats. This stimulation 
most likely occurs by providing NADH for the 
mixed-function oxidase system. A_ preliminary 
account of this work has appeared elsewhere [9]. 


MATERIALS AND METHODS 


Animals. Female Sprague-Dawley rats, 100-200 g, 
received sodium phenobarbital (1 mg/ml) in drinking 
water for 2 weeks, prior to perfusion experiments 
to induce the microsomal mixed-function oxidase 
enzymes [10]. Fasted animals were deprived of food 
for 24 hr prior to use. 

Liver perfusion. Details of the perfusion technique 
have been described elsewhere. Livers were perfused 
with Krebs-Henseleit bicarbonate buffer, pH 7.4, 
saturated with an oxygen—carbon dioxide mixture 
(95:5) in a non-recirculating system. The fluid (37°) 
was pumped via a cannula placed in the vena cava 
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past a Teflon-shielded oxygen electrode, before 
being discarded, in order to monitor continuously 
tissue viability. p-Nitroanisole (0.2mM) was dis- 
solved in Krebs-Henseleit bicarbonate buffer, and 
the continuous formation of p-nitrophenolate ion 
was monitored spectrally, as described previously 
[3]. Under these conditions, 4-nitrocatechol forma- 
tion from p-nitrophenol was minimal (L. A. Reinke 
and R. G. Thurman, unpublished observation). Sor- 
bitol and xylitol were dissolved in the buffer and 
infused into the perfusion fluid, entering the liver at 
final concentrations indicated in the text and figure 
legends. 

Determination of glucuronide and sulfate conju- 
gates of p-nitrophenol in perfusate. Where indicated, 
glucuronide and sulfate conjugates of p-nitrophenol 
were measured by adding 1.0 ml samples of perfusate 
to 0.5 ml of 0.1 M phosphate buffer, pH 7.4, which 
contained 275 units B-glucuronidase and 25 units 
sulfatase activities (Sigma. Chemical Co., St. Louis, 
MO). The samples were incubated for 3 hr at room 
temperature to hydrolyze all glucuronide and sulfate 
conjugates. The p-nitrophenol liberated was then 
measured spectrally at 436 nm. 

Hepatic microsomal p-nitroanisole O-demethylase 
activity. Hepatic microsomes were prepared by stan- 
- dard techniques of differential centrifugation [11]. 
They were subsequently washed and resuspended in 
0.15 M KCl. Assays were performed in 25 ml Erlen- 
meyer flasks containing 10 mM nicotinamide, 5 mM 
MgCh, 0.5mM_ p-nitroanisole, microsomes (2- 
3 mg/ml) and an NADPH-generating system con- 
sisting of U.4mM NADP’, 30 mM isocitrate dehy- 
drogenase and 0.2 units isocitrate dehydrogenase 
(Sigma Chemical Co.), in a final incubation volume 
of 2.0 ml of 0.18 M phosphate buffer, pH 7.4. The 
incubations were initiated by the addition of the 
NADPH-generating system, and were terminated 
after 15 min by the addition of 0.5 ml of 0.6 M perch- 
loric acid. The precipitated microsomal protein was 
removed by centrifugation, and 1.0 ml of the super- 
natant fraction was mixed with 0.1 ml of 12 NNaOH. 
4-Nitrocatechol formed from p-nitrophenol rep- 
resented approximately 20 per cent of the p-nitroan- 
isole metabolized under these conditions. Its con- 
centration was determined in the alkalinized 
supernatant fractions at 480 nm (¢4s0 = 8.61 - mM~'). 
The p-nitrophenol concentration was determined at 
436 nm (¢€43% = 7.11: mM~'-cm~') after correcting 
the absorbance for the contribution of 4-nitroca- 
techol (€435 = 3.85 - mM~'- cm~'). Microsomal pro- 
tein was determined by the biuret reaction [12], and 
p-nitroanisole O-demethylation activity was 
expressed as the sum of p-nitrophenol and 4-nitro- 
catechol formed: min™'-mg~' of microsomal 
protein. 

Surface fluorescence of pyridine nucleotides and 
flavoproteins. The redox state of tissues may be 
monitored noninvasively, employing surface fluor- 
escence techniques. Certain oxidized flavoproteins 
fluoresce at 520 nm when excited at 460 nm, while 
reduced pyridine nucleotide fluorescence is excited 
at 366nm and monitored at 450nm. Changes in 
flavoprotein fluorescence reflect predominantly 
changes in the mitochondrial oxidation—reduction 
state, while pyridine nucleotide fluorescence indi- 
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cates changes in both mitochondrial and extrami- 
tochondrial NAD* and NADP* coenzymes [13]. 
With this technique, the liver is illuminated alter- 
nately with pulses of 366 and 460 nm light. The 
emitted fluorescence is detected by the photomul- 
tiplier after passing through secondary filters having 
transmission maxima at 450 and 520 nm respectively. 

The mechanical and electronic details of the dou- 
ble fluorometer are described elsewhere [14]. The 
apparatus consists of a high intensity xenon lamp, 
a photomultiplier, a combination of primary and 
secondary filters mounted on a rapidly (air-driven) 
rotating disc, and necessary electronic components. 


RESULTS 


The effects of xylitol and sorbitol on p-nitroanisole 
O-demethylation in perfused livers. The influence of 
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Fig. 1. Effect of xylitol on p-nitrophenolate production 
from p-nitroanisole and on pyridine nucleotide and flavo- 
protein fluorescence in a perfused liver from a fasted, 
phenobarbital-treated rat. The production of free p-nitro- 
phenol was continuously assayed in the effluent perfusion 
fluid, as described in Materials and Methods. The intro- 
duction of p-nitroanisole (0.2 mM) and xylitol (0.07 mM) 
is designated by the horizontal bars and vertical arrows. 
Fluorescence increase (366 — 450 nm) represents reduction 
in pyridine nucleotide oxidation-reduction state, while flu- 
orescence decrease (460 — 520 nm) represents flavoprotein 
reduction. One vertical scale division represents a 5 per 
cent change in fluorescence intensity. 
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Fig. 2. Effect of sorbitol on p-nitrophenolate production 

from p-nitroanisole and on pyridine nucleotide fluorescence 

in a perfused liver from a fasted, phenobarbital-treated rat. 

The introduction of p-nitroanisole (0.2 mM) and of sorbitol 

(0.25 mM) is designated by the horizontal bars and vertical 
arrows. Other conditions are as in Fig. 1. 


xylitol (0.07 mM) and of sorbitol (0.25 mM) on the 
production of free p-nitrophenol from p-nitroanisole 
in perfused livers from fasted, phenobarbital-treated 
rats is shown in Figs. 1 and 2 respectively. Both 
xylitol and sorbitol nearly doubled the rate of p- 
nitrophenol formation from p-nitroanisole (Figs. 1 
and 2). The decrease in pyridine nucleotide fluor- 
escence observed when p-nitroanisole infusion was 
initiated results from fluorescence quenching by p- 
nitroanisole and p-nitrophenol and, therefore, does 
not represent oxidation of these coenzymes [15]. The 
infusion of both sugar alcohols was accompanied by 
a fluorescence increase (reduction) in pyridine 
nucleotides, while flavoprotein fluorescence was 
unaffected (Figs. 1 and 2). 

The effects of increasing concentrations of xylitol 
and sorbitol on free p-nitrophenol production from 
p-nitroanisole and on the pyridine nucleotide redox 
state in livers from fasted rats are shown in Fig. 3. 


Both pyridine nucleotide fluorescence and p-nitro- 
phenol formation increased in a step-wise fashion as 
the concentrations of the sugar alcohols were 
increased. Half-maximal changes in surface fluor- 
escence and mixed-function oxidation occurred 
between 0.1 and 0.2mM with both sorbitol and 
xylitol (Fig. 3). 

Xylitol and sorbitol caused pyridine nucleotide 
reduction when infused into livers from fed, phen- 
obarbital-treated rats (Fig. 4); however, the redox 
changes were smaller in this metabolic state than in 
fasted livers. Half-maximal pyridine nucleotide 
reduction was achieved with 0.5-0.8mM carbo- 
hydrate (Fig. 4). In contrast to the large increases 
in p-nitrophenol formation (3-6 wmoles/g/hr) 
observed in livers from fasted rats (Figs. 1-3), only 
very small increases (less than 0.5 zmoles/g/hr) in 
free p-nitrophenol production from p-nitroanisole 
were observed in livers from fed rats (Fig. 4). 

p-Nitrophenol is actively conjugated in the per- 
fused rat liver, primarily via glucuronide and sulfate 
formation [16]. Therefore, samples of perfusate were 
incubated with glucuronidase and sulfatase to deter- 
mine the influence of sorbitol and xylitol on the rates 
of total (free and conjugated) p-nitroanisole O- 
demethylation. In livers from fed, phenobarbital- 
treated rats, p-nitrophenol produced from p-nitroan- 
isole is more actively conjugated (85 per cent) than 
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Fig. 3. Effects of xylitol and sorbitol on free p-nitrophen- 

olate production and on pyridine nucleotide fluorescence 

in perfused livers from fasted, phenobarbital-treated rats. 

The data points for the various carbohydrate concentrations 

are means + S.E.M. from four to six experiments, as illus- 
trated in Figs. 1 and 2. 
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Fig. 4. Effects of xylitol and sorbitol on free p-nitrophenolate production and on pyridine nucleotide 
fluorescence in perfused livers from fed, phenobarbital-treated rats. Experiments such as those illustrated 
in Fig. 1 and 2 were performed in perfused livers from fed, phenobarbital-treated rats, utilizing various 
concentrations of xylitol and sorbitol. The data points are means + S.E.M. from four to six experiments. 
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Fig. 5. Effects of sorbitol on free and conjugated p-nitrophenol in perfused livers from phenobarbital- 

treated rats. Samples of perfusate taken at various time points were treated as described in Materials 

and Methods for the determination of p-nitrophenol conjugates. The introduction of p-nitroanisole 

(0.2 mM) and of sorbitol (2.0 mM) is designated by the horizontal bars and vertical arrows. Panel A: 
fed rat. Panel B: fasted rat. 
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in livers from fasted rats (25 per cent; Fig. 5; see 
Ref. 6). In the fed state, the rate of conjugation 
subsequently declined as the rate of p-nitrophenol 
production from p-nitroanisole decreased (Fig. 5A). 
During sorbitol infusion, an increase in free p-nitro- 
phenol formation was observed in livers from fasted 
animals (Fig. 5B). Sorbitol also caused the conju- 
gation rate of p-nitrophenol in livers from fasted 
animals to increase slightly, from a rate of 
0.84 + 0.08 wmole/g/hr during the 10 min prior to 
sorbitol infusion to 1.36 + 0.06 wmoles/g/hr in the 
presence of sorbitol (means + S.D. for six deter- 
minations). In livers from fed rats, sorbitol infusion 
did not increase the total rate of p-nitrophenol for- 
mation from p-nitroanisole, although there was a 
reproducible tendency for free p-nitrophenol to 
increase slightly under these conditions (Fig. 5A). 
Xylitol infusion produced similar effects on p-nitro- 
phenol formation and conjugation in livers from fed 
and fasted rats (not shown). 

Ethanol increases the intracellular NADH redox 
state via the action of alcohol dehydrogenase [17]. 
The influence of ethanol (0.2 mM), on free and total 
p-nitrophenol formation from p-nitroanisole and on 
pyridine nucleotide and flavoprotein fluorescence is 
shown in Fig. 6. The infusion of ethanol caused a 
reduction in both pyridine nucleotide and flavopro- 
tein redox states. In addition, both total production 
and unconjugated p-nitrophenol production were 
increased during ethanol metabolism (Fig. 6). 
Ethanol did not stimulate p-nitroanisole metabolism 
in livers from fed rats (not shown). 

Effects of sorbitol and xylitol on microsomal p- 
nitroanisole O-demethylation. In isolated hepatic 
microsomes, sorbitol and xylitol had no effect on p- 
nitroanisole O-demethylation (Table 1). However, 
when the microsomes were fortified with NADH or 
with an NADH-generating system consisting of sor- 
bitol, NAD*, and sorbitol dehydrogenase, a stimu- 
lation of p-nitroanisole metabolism was observed. 
In the absence of NADPH, NADH supported only 
a low rate of mixed-function oxidation (Table 1). 
The effect of NADH + NADPH on p-nitroanisole 
O-demethylation was greater than the additive effect 
of either cofactor alone (i.e. NADH synergism 
[18, 19]. 


DISCUSSION 


Stimulation of mixed-function oxidation by xylitol 
and sorbitol in perfused livers from fasted rats. In 
mammalian liver, xylitol is dehydrogenated, pre- 
dominantly by an NAD*-linked xylitol dehydrogen- 
ase, to form xylulose [20], and sorbitol is converted 
to fructose by an NAD*-dependent sorbitol dehy- 
drogenase [21]. Subsequently, both fructose and 
xylulose are phosphorylated and enter the glycolytic 
and gluconeogenic pathways at the triose phosphate 
level (20, 22]. In livers from fasted rats, sorbitol, 
xylitol and fructose are rapidly converted into glu- 
cose [23, 24]. It has been suggested that the metab- 
olism of glucose via the pentose phosphate pathway 
is the predominant source of NADPH [25], the 
obligatory cofactor for mixed-function oxidation 
[26]. Livers from 24 hr-fasted animals contain less 
than 2% of the glycogen stores of well-fed animals 
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[27] and, therefore, sorbitol and xylitol may stimulate 
mixed-function oxidation by providing substrate for 
NADPH generation through the pentose phosphate 
shunt. Indeed, the stimulation of drug metabolism 
by glucose in whole cells from fasted animals has 
been proposed to occur via this mechanism [3, 5]. 
Alternatively, the metabolism of glucose, sorbitol 
or xylitol could indirectly increase cytosolic NADPH 
by supplying pyruvate for the malic enzyme shuttle 
mechanism [3, 5]. 

The pyridine nucleotide reduction produced by 
sorbitol and xylitol correlated with the increase in 
p-nitrophenol formation from p-nitroanisole, with 
half-maximal changes of both phenomena occuring 
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Fig. 6. Effect of ethanol (0.2 mM) on p-nitroanisole O- 
demethylation and pyridine nucleotide and flavoprotein 
fluorescence in a perfused liver from a fasted, phenobar- 
bital-treated rat. Conjugates of p-nitrophenol were deter- 
mined as described in Materials and Methods. The intro- 
duction of p-nitroanisole (0.2 mM) and of ethanol (0.2 mM) 
is designated by the horizontal bars and vertical arrows. 
Other conditions are as in Fig. 1. 
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Table 1. Effects of sorbitol and xylitol on hepatic microsomal p-nitroanisole O- 
demethylation 





Addition 


p-Nitroanisole O-demethylation activity* 
(nmoles/min/mg microsomal protein) 





None 

Xylitol (10 mM) 

Sorbitol (10 mM) 

Sorbitol (10 mM) 

NAD* (1.0 mM), 

Sorbitol dehydrogenase (0.5 units) 
NADH (1.0 mM) 

NADH (1.0 mM) (no NADPH) 


1.20 + 0.06 
1.12 + 0.01 
1.13 + 0.01 


1.61 + 0.017 


1.62 + 0.05+ 
0.27 + 0.05+ 





* Values are means + S.D. of triplicate determinations, as described in Materials 
and Methods, in hepatic microsomes from fasted, phenobarbital-treated rats. NADH 
and sorbitol dehydrogenase (Sigma Chemical Co.) were added to the flasks just prior 
to the NADPH-generating system in their respective assays. 

+ Significantly different (P < 0.001) with respect to flasks with no additions. 


with 0.1-0.2 mM carbohydrate (Fig. 3). The stimu- 
lation of p-nitroanisole O-demethylase activity in 
hepatic microsomes when incubated with an NADH- 
generating sorbitol-metabolizing system or NADH 
alone (Table 1) simulates the effect of sorbitol in the 
perfused liver (Fig. 1) and suggests identical mech- 
anisms. NADH synergism of NADPH-dependent 
drug metabolism is well established [18, 19]. The 
mechanism involved in this synergism is not well 
understood, but probably involves donation of elec- 
trons to cytochrome P-450 via cytochrome bs [18, 19]. 
NADH synergism in microsomes is also apparent in 
these studies, since NADH addition or generation 
resulted in a greater increase in p-nitroanisole O- 
demethylation activity than was observed from sum- 
ming the effect of NADH and NADPH alone (Table 
1). Thus, NADH synergism of mixed-function oxi- 
dation is also a possible explanation of the stimu- 
latory effect of xylitol and sorbitol. 

Stimulation of p-nitroanisole O-demethylation by 
low concentrations of ethanol in livers from fasted 
rats appears to result from NADH synergism of 
mixed-function oxidation [9]. This stimulation of p- 
nitrophenol formation could be blocked by the 
inhibitor of alcohol dehydrogenase, 4-methylpyra- 
zole [28]. was insensitive to amino-oxyacetate, a 
transaminase inhibitor [29], and correlated well with 
NADH produced from ethanol metabolism. Ethanol 
is not a carbon source for gluconeogenesis in the 
perfused liver, since it is metabolized to acetaldehyde 
and then to acetate [30]. In addition, ethanol inhibits 
gluconeogenesis [31]. Thus, ethanol (0.2 mM) stimu- 
lation of mixed-function oxidation in livers from 
fasted animals must occur through NADH pro- 
duction without producing carbohydrate interme- 
diates. Production of NADH directly from the 
metabolism of xylitol and sorbitol rather than via 
carbohydrate intermediates is most likely the pre- 
dominant factor in the stimulation of p-nitroanisole 
O-demethylation by these sugar alcohols. This pos- 
sibility, however, does not exclude other mechan- 
isms, e.g. activation of pentose phosphate shunt 
activity. 

Sorbitol and xylitol do not stimulate mixed-func- 
tion oxidation of p-nitroanisole in livers from fed 
rats (Fig. SA) where large glycogen stores are present 


[27]. Furthermore, sufficient NADH may be pro- 
duced from normal glycolytic flux in this metabolic 
state to saturate the cytochrome bs system. In this 
metabolic state, neither the production of more 
NADH from the metabolism of sorbitol or xylitol, 
nor the addition of excess carbohydrate would be 
expected to stimulate mixed-function oxidation, in 
agreement with the experimental observation (Fig. 
SA). 

Interactions of sorbitol and xylitol with conjugation 
of p-nitrophenol in perfused livers. p-Nitrophenol is 
more actively conjugated in livers from fed, phen- 
obarbital-treated rats than in livers from fasted 
animals [6], (Fig. 5). Differences in rates of conju- 
gation were more closely related to carbohydrate 
reserves, as indicated by glycogen levels, than to 
activities of UDP-glucurony] transferase [6]. In livers 
from fasted, phenobarbital-treated rats, sorbitol 
increased not only the rate of mixed-function oxi- 
dation, but also the rate of conjugation of p-nitro- 
phenol (Fig. 5, Results). While the stimulation of 
p-nitroanisole O-demethylation by sorbitol may be 
largely explained by NADH synergism (see above), 
the most likely explanation for the increased rate of 
conjugation is increased UDP-glucuronic acid syn- 
thesis via gluconeogenesis from sorbitol 

Conversely, in livers from fed rats the infusion of 
sorbitol or xylitol tended to increase the concentra- 
tion of free p-nitrophenol in the perfusate (Figs. 4 
and 5). This is due most likely to inhibition of con- 
jugation of p-nitrophenol (Fig. 5). Sorbitol has also 
been shown to inhibit glucuronidation in isolated 
hepatocytes, probably via redox inhibition of UDP- 
glucose dehydrogenase [32]. 

In conclusion, these studies demonstrate that 
hepatic drug metabolism and disposition can be 
altered acutely by the carbohydrate supply to the 
liver. Removal of glycogen stores through fasting 
markedly decreased the conjugation of p-nitro- 
phenol and established conditions where NADH 
generated from the metabolism of xylitol and sorbitol 
stimulated mixed-function oxidation. Additionally, 
infusion of these carbohydrates increased the rates 
of conjugation in livers from fasted animals. These 
findings may be relevant to the disposition of chemo- 
therapeutic agents in pathological states where 
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reduced food intake and/or intravenous carbo- 
hydrate infusion are commonly employed. 


Note added in proof—In livers from fasted, pheno- 
barbital-treated rats, sorbitol (5 mM) infusion 
increased measured NADH by 250 per cent, con- 
firming the increase in pyridine aucleotide fluor- 
escence observed (Fig. 3). 
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EFFECT OF THE CHRONIC ADMINISTRATION OF 
ETHINYL ESTRADIOL AND NORGESTREL ON BIOGENIC 
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ACTIVITY IN RAT BRAIN 
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Abstract—Adult female virgin rats were administered contraceptive steroids orally for a long period, 
and the effect of this on the brain biogenic amine(s) content was studied. The amine(s) content of the 
brain during the course of chronic treatment with the hormones was estimated at various time intervals. 
In addition to this, the noradrenaline (NA) and 5-hydroxytryptamine (5-HT) content of rat brain regions 
was assayed after three months of hormone treatment. The onset of the brain amine depletion was 
observed by the end of the second month of hormone administration. The amine(s) depleting action 
was found to be due to the norgestrel component of the pill. Studies of the regional distribution of 
amine(s) showed that the depletion was more prominent in the hypothalamus and pons/medulla 
oblongata. The assay of the monoamine oxidase enzyme did not reveal any significant change, though 
the estrogenic and progestogenic hormones were found to have opposing effects on the enzyme levels. 


The putative neurotransmitters of the brain have 
been implicated with the action of gonadal hormones 
in regulating the secretion of pituitary hormones by 
hypothalamic neuroendocrine transducer cells [1-5]. 
Ulrich et al. [6] observed elevated levels of both 
noradrenaline (NA) and 5-hydroxytryptamine (5- 
HT) in medial hypothalamus of neonatal rats after 
administering cortisone. Giuilian et al. [7] reported 
that testosterone propionate administration in neo- 
natal rats increased the brain 5-HT content, whereas 
the administration of female steroidal hormone had 
an opposite effect. Thus, there are reports to indicate 
the possible involvement of both catecholaminergic 
and 5-hydroxytryptaminergic neuronal systems in the 
neuroendocrine transducer function of the hypo- 
thalamus [3,6,7]. 

Apart from having the neuroendocrine transducer 
function in the central nervous system (CNS), these 
putative neurotransmitters have been implicated in 
the pathogenesis of depressive states [8]. The 
reported cyclic changes in the brain monoamine con- 
tent during the estrous cycle in the mouse [9], and 
also the observed variation in the monoamine oxi- 
dase (MAO) activity in the hypothalamus of the rats 
during the estrous cycle [10] are suggestive of the 
possibility of the female gonadal hormones affecting 
the biogenic amine(s) metabolism in the brain. As 
there are reports to indicate that women taking oral 
contraceptives for long periods do experience a state 
of depression [11-13], it is of interest to look into 
the metabolic status of biogenic amines in rat brain 
after the chronic administration of contraceptive 
steroids. The present report deals with our findings 
on biogenic amine(s) level, as well as the MAO 
activity in rat brain after chronic administration of 
the hormones. 

* Present address: The Foundation for Medical 
Research, R. G. Thadani Marg, Worli Sea Face Corner, 
Bombay-400 018, India. 
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METHODS AND MATERIALS 


Adult female albino rats (bred at Haffkine Institute) 
weighing between 150 and 160 g were used in these 
experiments. They were maintained in groups of 6 
animals each and provided with pellet food (supplied 
by Hindustan Lever Ltd., Bombay, India) and tap 
water ad lib. There were four groups, the control 
receiving olive oil as a vehicle and the experimental 
groups receiving either ethinyl estradiol (1 ug/kg 
body wt) alone, norgestrel (10 wg/kg body wt) alone, 
or a combination of both ethinyl estradiol (1 g/kg 
body wt) and norgestrel (10 ug/kg body wt) in olive 
oil. The animals were killed after the scheduled 
course of hormone administration and the biogenic 
amine(s) content as well as the monoamine oxidase 
enzyme activity was assayed. 

Tissue sampling and extraction for amine assay. In 
all the experiments, the animals were sacrificed 
between 10.00 and 11.00 a.m. to avoid possible fluc- 
tuation in the amine content of the brain because of 
diurnal variation. Tissue sampling was carried out 
by decapitation anc quick dissection involving the 
opening of calvarium followed by the removal and 
freezing of the whole brain in methanol maintained 
at —80° by means of dry CO: solidic/acetone mixture. 
Dissection of brain regions was carried out in a 
semifrozen state over a glass plate mounted on a 
piece of dry CO2 as per Zeman and Maitland Innes 
[14]. The extraction and further processing of the 
extract for biogenic amine(s) assay was carried out 
essentially by the method described by Shellenberger 
and Gordon [15]. 

Spectrofluorometric assay of biogenic amines. The 
adsorption and elution of the catecholamines on 
alumina as well as further processing for 5-HT assay 
was carried out according to Shellenberger and Gor- 
don [15]. The fluorophore development of dopamine 
and noradrenaline was done by the trihydroxyindole 
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method of Laverty and Taylor [16]. The fluorescence 
of dopamine was read at 375 nm after excitation at 
313 nm in a Carl-Zeiss spectrophotofluorometer. 
The fluorescence of noradrenaline was measured at 
485 nm after excitation at 365 nm. 

The fluorophore of 5-HT was developed by the 
ninhydrin condensation method as described by 
Ansell and Beeson [17], and the fluorescence was 
measured at 485 nm after excitation at 365 nm. 

Crude enzyme preparation of monoamine oxidase 
(MAO :EC 1.4.3.4). Rats treated with the contra- 
ceptive steroids for three months were decapitated 
and the whole brain was dissected out and made free 
of blood with cold saline. The tissues were hom- 
ogenized with 0.25 % v/v Triton X-100 solution at 
4° in a teflon coated glass homogenizer for 3 min at 
2500 r.p.m. with 15 strokes per min. The homogenate 
was centrifuged for 15 min at 700 g in a cold cen- 
trifuge. The supernatant was used as crude enzyme. 

Assay of monoamine oxidase (MAO: EC 1.4.3.4). 
The enzyme assay was based on measuring the rate 
of disappearance of substrate (kynuramine) in the 
reaction mixture by measuring the absorption max- 
imum at 360 nm in a Carl-Zeiss spectrophotometer 
as described by Weissbach et al. [18]. 

The protein content of the enzyme solution was 
estimated by the method of Lowry et al. [19]. 


RESULTS 


The administration of hormones for three months 
resulted in an overall depletion of brain biogenic 
amine(s) content. As shown in Table 1, the first 
month of hormone treatment did not result in any 
changes in biogenic amine content. However, the 
depletion in the brain amine content was evident in 
animals treated with steroids for two months or 
‘more. 

Effect on catecholamine content. During the first 
month of hormone treatment, both ethinyl estradiol 
and norgestrel, when administered alone or in com- 
bination, did not affect the dopamine content of the 
brain. However, by the end of the second month of 
hormone treatment, the animals treated with the 
combination of the steroids showed decreased levels 
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of dopamine content (5.07 + 0.08 nmoles/g; P<0.05) 
as compared to the control value 
(5.39 + 0.07 nmoles/g) of the same batch. On the 
other hand, the animals treated with ethinyl estradiol 
(5.46 + 0.10 nmoles/g) and norgestrel (5.21 + 0.67 
nmoles/g) did not show any change in dopamine 
content of the brain. It is of interest to note that 
further continuation of norgestrel alone for the third 
consecutive month resulted in a significant depletion 
(P<0.05) of brain dopamine content 
(5.15 + 0.05 nmoles/g) as compared to the control 
group (5.60 + 0.07 nmoles/g). Though ethinyl estra- 
diol administration by itself did not affect the brain 
dopamine content, it seems to act synergistically with 
norgestrel to deplete DA content as there was a 
significant decrease in DA content of the animals 
treated with the combination of both the steroids 
(4.99 + 9.10 nmoies/g; P<0.01). 

The profile of the brain NA content of hormone 
treated animals followed the same pattern as that of 
dopamine. As shown in Table 1, the first month of 
hormone administration did not produce any change 
in the brain NA content. By the end of the second 
month, the administration of norgestrel alone 
(1.87 + 0.12 nmoles/g) or in combination with the 
ethinyl estradiol (2.07 + 0.05 nmoles/g) caused a 
marked depletion in brain NA content (P<0.05 and 
P<0.01, respectively), whereas ethinyl estradiol 
when administered alone did not cause any sig- 
nificant change in_ the amine _ content 
(2.44 + 0.12 nmoles/g) as compared to the control 
group 2.49 + 0.13 nmoles/g). Further continuation 
of the ethinyl estradiol alone for the third month 
also did not affect the brain noradrenaline content, 
whereas the administration of norgestrel alone 
(1.90 + 0.07 nmoles/g) or in combination with ethi- 
nyl estradiol (2.06 + 0.05 nmoles/g) resulted in a sig- 
nificant (P<0.01) depletion of brain NA content. 

Regionwise study of the NA content in hormone 
treated animals showed that the cerebellum is the 
least affected (Table 2), whereas the cerebral cortex 
showed a slight, though not significant, increase in 
NA content in all the groups of hormone treated 
animals. Norgestrel, when administered alone, was 
found to have a slight NA depleting effect on 
pons/medulla oblongata (3 per cent less), while the 


Table 1. Effect of contraceptive steroids on biogenic amine(s) level of rat brain at various time intervals 
during the chronic administration of the hormone(s)* 





Hormone 


administration Biogenic amine(s) 


Control 


Eth-estradiol Norgestrel Combination 





Dopamine 
Noradrenaline 
5-Hydroxytryptamine 


First month 


Dopamine 
Noradrenaline 
5-Hydroxytryptamine 


Second month 


Dopamine 
Noradrenaline 
5-Hydroxytryptamine 


Third month 


2.22 + 0.11 


5.60 + 0.07 
2.44 + 0.07 
2.28 + 0.05 2.20 + 0.04 


5.31 + 0.09 


2.54 + 0.12 
.14+ 0.04 


.46 + 0.10 
.44+ 0.12 
.16 + 0.06 


5.47 + 0.01 
2.48 + 0.08 


5.33 + 0.12 


2.59 + 0.07 
2.21 + 0.06 


5.21 + 0.07 
1.87 + 0.12¢ 
2.03 + 0.07 


5.14 + 0.057 
1.90 + 0.07¢ 
2.11 + 0.047 


5.07 + 0.08+ 
2.07 + 0.05+ 
1.88 + 0.044 


4.98 + 0.10¢ 
2.06 + 0.05% 
1.97 + 0.034 





* Amine(s) values are expressed as nmoles/g tissue + S.E.M. 


+ P<0.05. 
t P<0.01. 
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Table 2. Noradrenaline content of rat brain regions after chronic administration (three months) 
of hormone(s)* 





Region Control 


Eth-Estradiol 


Norgestrel Combination 





1.66 + 0.11 
1.28 + 0.05 
2.89 + 0.07 
7.21 + 0.32 


Cerebral cortex 
Cerebellum 
Pons/med. oblongata 
Hypothalamic region 


1.76 + 0.12 
12.6 + 0.06 
2.78 + 0.08 
6.55 + 0.217 





* Amine values expressed as nmoles/g tissue 
+ P<0.0S. 


presence of ethinyl estradiol seems to have a syn- 
ergistic effect on the NA depleting action of nor- 
gestrel as the NA content of the combination group 
was found to be further decreased (7 per cent less) 
as compared to the control. 

The hypothalamic region was the most affected 
as far as the NA depletion was concerned. The 
animals treated with the combination of steroids 
showed a significant decrease (P<0.01) in the NA 
content of this region. However, there was no sig- 
nificant change in NA content of other groups of 
animals. 

Effect on 5-hydroxytryptamine content. Contra- 
ceptive steroids administration also had a similar 
effect on 5-HT content. Hormone treated animals 
did not show any change in the brain 5-HT level 
during the first month of steroid administration. By 
the end of the second month a significant decrease 
in the brain 5-HT content (P<0.05) was observed 
in animals treated with the combination of steroids. 
The administration of the individual hormones alone 
did not bring about any change in the 5-HT level of 
the brain. However, by the end of third month, the 
norgestrel alone could decrease the brain 5-HT con- 
tent (2.11 + 0.04 nmoles/g; P<0.05), whereas 
ethinyl estradiol did not affect the amine content 
even after its administration for the third consecutive 
month. 

As shown in Table 3, regionwise 5-HT content of 
hormone treated animals did not show any significant 
changes in cerebellum and cerebral cortex of the 
brain. Norgestrel, when administered alone, was 
found to have resulted in a significant depletion of 
amine in pons/medulla oblongata (2.9 + 0.04 
nmoles/g; P<0.05), while in combination with eth- 
inyl estradiol, the 5-HT content of this region was 
found to be further depleted (2.81 + 0.07 nmoles/g; 
P<0.01) as compared to the control (3.15 + 0.04 


+ 


nmoles/g). Ethinyl estradiol administration as such 
did not have any effect on 5-HT content of 
pons/medulla oblongata, whereas when adminis- 
tered alone ethinyl estradiol was found to have 
depleted the 5-HT content of the hypothalamic 
region of the brain (P<0.05) as compared to the 
control value (4.85 + 0.09 nmoles/g). The 5-HT 
depleting action of norgestrel was more marked in 
the hypothalamic region (P<0.01). The combination 
of steroids resulted in a further depletion of 5-HT 
in the hypothalamic region of the brain. 

Effect on MAO (EC: 1.4.3.4) enzyme activity. A 
wide variation in individual values of MAO activity 
was observed in control as well as hormone treated 
animals. The control group of animals showed an 
average enzyme activity of 121.25 + 5.45 units/mg 
protein. Ethinyl estradiol treatment was found to 
have resulted in an overall 11 per cent decrease in 
enzyme activity (108.20 + 3.53 units/mg protein), 
whereas the norgestrel treated group showed a tend- 
ency to increased (7 per cent more) enzyme activity 
(130.08 + 3.68 units/mg protein) as compared to the 
control. At the same time, the animals treated with 
the combination of steroids did not show any change 
in the enzyme activity (119.12 + 5.64 units/mg 
protein). 


DISCUSSION 


There is a lot of evidence to indicate the involve- 
ment of brain neurotransmitters in mediating the 
neuroendocrine transducer function of the hypo- 
thalamus [3-5]. Apart from all this, the neurotrans- 
mitters of the brain have drawn the attention of 
psychopharmacologists regarding their role in the 
pathophysiology of psychological disorders [8, 20- 
22]. In the present context, the incidence of depres- 
sion and other kinds of psychotic disorders among 


Table 3. 5-HT content of rat brain regions after chronic administration (three months) of 
hormones* 





Region 


Eth-Estradiol 


Norgestrel Combination 





Cerebral cortex 
Cerebellum 
Pons/med. oblongata 
Hypothalamic region 


2.29 
1.04 
3.0 
4.4 


+ 0.13 
+ 0.05 
+ 0.04 
+ 0.117 


2.25 + 0.09 
1.00 + 0.02 
2.90 + 0.047 
4.31 + 0.12¢ 


on 


BN 
to co 

6o=— = 
I+ I+ I+ I+ 


5 
6 





* Amine value expressed as nmoles/g of tissue + S.E.M. 


+ P<0.01. 
+ P<0.05 
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users of the contraceptive pill [11-13], raises the 
question regarding the role of these hormones in the 
genesis of psychotic disorders. 

Present findings indicate that the chronic admin- 
istration of contraceptive steroids results in the 
depletion of both catecholamines (DA and NA) and 
the 5-HT content of the brain. These changes were 
seen during the second month of hormone treatment, 
and became more marked by the end of the third 
month. The amine depleting action of the steroid 
hormones was found to be due to the progestogenic 
component (norgestrel) of the pill. Ethinyl estradiol 
when administered alone did not have any effect on 
brain biogenic amine(s) content even after its 
administration for three consecutive months. It is 
also probable that the differential dose of the estro- 
genic (1 wg/kg body wt) and progestogenic (10 ug/kg 
body wt) hormones might be the reason for their 
difference of action on biogenic amine(s) level of the 
brain. (It may be mentioned here that this particular 
dose of hormone for animal administration was 
selected in keeping with the formulation used in the 
oral contraceptive preparations.) This is more so 
because, although ethinyl estradiol by itself did not 
affect the amine(s) content of the brain to any extent, 
it seems to have a synergistic action on the amine(s) 
depleting action of norgestrel as evidenced by the 
further decrease in the amine(s) content in animals 
receiving the combination of steroids. 

Some interesting findings were observed in study 
of the biogenic amine(s) levels in brain regions in 
hormone treated animals. Hormone treatment did 
not affect the NA and 5-HT content of cerebellum 
and cerebral cortex. In fact, the hormone treatment 
resulted in a slight, though not significant, increase 
in NA content of the cerebral cortex. Pons/medulla 
oblongata and hypothalamic region showed a 
marked depletion in both NA and 5-HT levels. These 
regions of the brain demand a special attention 
because of their richness in both noradrenergic and 
5-hydroxytryptaminergic neurones [23-25], as well 
as their being the seat of neuroendocrine transducer 
function because of the concentrated localization of 
the receptors for gonadal hormones [26, 27]. A sig- 
nificant decrease (P<0.05) in NA content of hypo- 
thalamus of the animals treated with the combination 
of steroids was observed, while the individual hor- 
mones did not affect the NA level of this region of 
the brain. Interestingly, both the hormones admin- 
istered individually or in combination showed a 
marked 5-HT depletion of the hypothalamic region 
(see Table 3). While ethinyl estradiol alone did not 
have any effect on whole brain 5-HT content, it had 
a significant 5-HT depleting action on the hypo- 
thalamic part of the brain. It seems to be due to the 
high affinity of the hormones to the 5-hydroxytryp- 
taminergic rich region of the hypothalamus which 
suggests the role of 5-HT in regulating the repro- 
ductive cycle. At least in rats, the ovulation seems 
to be controlled by SHT and NA. This has been 
demonstrated by administering 5-HT antagonists 
such as cyproheptadine to rats, which inhibited the 
secretion of luteinising hormone (LH) and subse- 
quently ovulation [28]. Droua and Gollo [29] dem- 
onstrated the involvement of hypothalamic NA in 
the episodic release of LH, and NA has been sug- 
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gested to play an excitatory role in the neural events 
controlling the release of LH [30-32]. Norgestrel 
alone as well as in combination with ethinyl estradiol 
had a marked 5-HT depleting action on the hypo- 
thalamic region. 

The studies involving the assay of monoamine 
oxidase enzyme did not help in arriving at any con- 
vincing answer that may help in explaining the pos- 
sible mechanism of alteration in the amine(s) content 
of the brain. This is mainly because of the wide 
variation in the individual values of the control 
group. Although there is no significant difference in 
the MAO activity of the different hormone treated 
animals, the antagonistic action of estrogenic and 
progestogenic components of the pill hormones 
could be very well appreciated. Though there is only 
an 11 per cent decrease in the enzyme activity in the 
ethinyl estradiol treated group, the reverse was the 
case with the animals treated with norgestrel alone, 
whereas the combination group showed an average 
enzyme activity the same as that of the control. With 
these findings, it is rather premature to conclude by 
measuring the gross MAO activity by using a single 
substrate. This is because there are reports to indi- 
cate that steroidal hormones of different kinds dif- 
ferentially affect the isoenzymes of multiple forms 
of MAO enzymes [33, 34]. Moreover, Southgate [35] 
reported that uterine MAO activity of progesterone 
treated rats was found to be more enhanced when 
dopamine was used as a substrate than when ben- 
zylamine or tyramine were used. On the other hand, 
estradiol treatment seemed to be without effect when 
dopamine used as substrate, whereas by using ben- 
zylamine the enzyme activity was found to be 
decreased. 

It is possible that the biogenic amine(s) depletion 
in brain as observed in the present study may be due 
to a decrease in biosynthesis or the reuptake of the 
amine(s). 
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SHORT COMMUNICATIONS 


The effect of a SHT agonist on cyclic guanosine monophosphate in rat cerebellum 


(Received 14 September 1979; accepted 6 November 1979) 


The integrity of both the striatum [9] and cerebellum [10] 
is known to be required for maintenance of normal motor 
movement and control of posture. The function of the 
nigrostriatal system depends on intact dopaminergic nerve 
pathways. The high concentration of cyclic guanosine 
monophosphate (cGMP) in the cerebellum relative to other 
areas of the brain [6] and recent evidence that this nucleo- 
tide is implicated in cerebellar neuronal transmission [13] 
could indicate that cGMP has also a significant role in 
motor control. Despite the lack of dopamine (DA) input 
[16] to and the absence of DA receptors [5] in the cere- 
bellum, there does seem to be some association of changes 
in activity of DA neurones in the basal ganglia with cGMP 
metabolism in the cerebellum. Apomorphine, for instance, 
a known DA agonist, increases cGMP in the cerebellum 
in vivo [3] and antipsychotics which block DA receptors 
and inhibit DAergic activity decrease cerebellar cGMP [1]. 
These data lead the authors to conclude that there is a 
neuronal pathway which mediates the dopamine control 
of cerebellar activity [1, 3]. 

The interaction between 5-hydroxytryptaminergic 
activity and DA mediated motor activity [7, 8, 17] indicates 
that changes in 5-hydroxytryptamine (SHT) metabolism 
may also be reflected in changes in cerebellar cGMP con- 
centrations. In the present study, this possibility was inves- 
tigated by determining the effect of 5-methoxy-dimethyl- 
tryptamine (SMeODMT), a suggested SHT agonist [7], on 
the concentration of cGMP in rat cerebellum. 

Female albino Porton Wistar rats, weighing 160-200g, 
were used throughout this study. They were injected intra- 
peritoneally with SMeODMT (10mg/kg) or physiological 
saline 10 or 30min prior to killing. Cyproheptadine 
(10mg/kg) and methysergide (20mg/kg), both believed to 
act partly as SHT receptor blockers, and haloperidol 
(1mg/kg), a dopamine receptor blocker, were administered 
i.p. for the appropriate experiment 30min prior to 


SMeODMT, and the control animals were injected with 
saline. For all experiments, animals were killed between 
9:00 a.m. and 11:00 a.m., by cervical dislocation. Following 
decapitation, the cerebellum alone was quickly removed 
and dropped into liquid nitrogen. The tissue samples were 
homogenized in ice cold 6% TCA, and measured aliquots 
removed for protein assay [12] and for nucleotide 
extraction. 

The aliquot of homogenate was centrifuged at 10,000g 
for 3 min and the supernatant removed for washing with 
water-saturated diethyl ether. The remaining ether was 
aspirated under a stream of nitrogen and the resultant 
aqueous phase buffered with Tris-EDTA, pH 7.5 (0.05M), 
before storing at —20° until analysis. cGMP was assayed 
in triplicate by the radioimmunoassay system from Radio- 
chemical Centre, Amersham. The final data was analysed 
statistically using the Student’s f-test. 

The values for cGMP concentration in the cerebella of 
control animals (Table 1) are in agreement with the values 
obtained from mouse cerebellum [15]. It is clear that 
SMeODMT significantly increases cerebellar cGMP by 
approximately 150 per cent and that this increase is main- 
tained over at least 30 min. There is no effect of cypro- 
heptadine, methysergide or haloperidol when administered 
prior to the injection of SMeODMT. 

The results obtained in this study indicate that a SHT- 
like agonist can elicit an increase in cGMP in the cerebel- 
lum. This increase is of the same order as that found after 
apomorphine [3], but the lack of effect of haloperidol 
(1mg/kg) on the SMeODMT-stimulated increase in cGMP 
indicates, however, the existence of a neuronal pathway 
which overrides dopaminergic activity. Microiontophoretic 
administration of SHT has indicated the possible existence 
of a SHT mediated neuronal pathway from the raphe to 
the cerebellum [2], and cGMP could be a second messenger 
in a SHT neuronal pathway [14]. Thus the increase in 


Table 1. cGMP concentration in rat cerebellum after SMeODMT with or without 
DA or S5HT antagonists* 





cGMP 
(pmoles/mg protein + S.D.) 





Control 
SMeODMT 10 mint 
5MeODMT 30 mint 


Haloperidol 30 mint, SMeODMT 10 mint 
Cyproheptadine 10 mint, SMeODMT 10 mint 
Methysergide 10 mint, SMeODMT 10 mint 
Methysergide 30 mint, SMeODMT 10 mint 


(4) 
(4) 
(5) 
(4) 
(4) 
(5) 
(4) 


NNONNNNeE 
MAAN NMNS 
fo oe a ae eo) 
I+ 1+ I+ I+ I+ I+ 1+ 
NUDAWWEN 
CNHONBDBHH 





* The numbers in brackets indicate number of animals. 
All values of cGMP were significantly different from control at P < 0.001. Dose 
levels: SMeODMT, 10mg/kg; Haloperidol, 1mg/kg; Cyproheptadine, 10mg/kg; 


Methysergide, 20mg/kg. 


+ Time interval between first drug and second drug. 
¢ Time interval between SMeODMT and killing. 
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cGMP may be the result of a direct stimulation of the 
raphe-cerebellar pathway. 

The capacity of the SHT receptor blockers, cyprohep- 
tadine and methysergide, to block receptors in the cere- 
bellum has not been investigated, but it has been shown 
that neither of the drugs are complete blockers of SHT 
receptors in the CNS [2, 10]. Such a reduced efficiency may 
account for the lack of effect of these drugs in terms of 
blocking SMeODMT-stimulated increase in cerebellar 
cGMP. 

In conclusion, these data indicate that the concentration 
of cerebellar cGMP may be controlled by a SHT mediated 
pathway which is not blocked by cyproheptadine or methy- 
sergide, and which does not appear to require the activation 
of an intermediate DAergic neurone. 
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Stimulation of gluconeogenesis by adenosine in renal cortical tubule fragments 
from fed rats 


(Received 11 August 1979; accepted 24 October 1979) 


Adenosine has a diverse range of effects upon the physio- 
logical and biochemical function of many tissues (see review 
by Arch and Newsholme [1]). These range from ‘hormone- 
like’ effects seen at low concentrations to direct interven- 
tions in adenine nucleotide metabolism seen at relatively 
high concentrations (i.e. approximately 107*M). In the 
course of experiments designed to test whether adenosine 
might alter the response of renal gluconeogenesis to stimu- 
lating agents (Ca“*, 3’, 5’ cyclic AMP or a-adrenergic 
agonists), it was observed that adenosine consistently 
increased the rate of the process above that seen in the 
basal state. This effect of adenosine, which was dose- 
dependent, was surprising and of interest since, by contrast, 
adenosine causes a considerable decrease in glucose for- 
mation from lactate in rat hepatocytes [2]. 

Chemicals were obtained as described by Macdonald and 
Saggerson [3]. In addition, adenosine was from Boehringer. 
Renal cortical tubule fragments were isolated by collagen- 
ase treatment of cortex pieces obtained from male Sprague- 
Dawley rats (160-180g body wt) as described previously 
[3] using Krebs-Ringer bicarbonate containing 1.27 mM 
Ca*™ as the incubation medium. Finally each preparation 
of tubules was made up in this medium to give a stock 
suspension in which the tissue from each original kidney 
cortex was dispersed in 5 ml. Aliquots (1 ml) of this were 
then taken for incubation at 37° as described by Macdonald 


and Saggerson [3] in a final volume of 4 ml with constant 
shaking under O2 +COz mixture (95.5%). 

After incubation glucose was measured enzymically [4] 
in extracts prepared by deproteinization of incubation flask 
contents with 0.5 ml of ice-cold 45% (w/v) HClOs. These 
extracts were neutralized by addition of 1M triethanolamine 
hydrochloride and concentrated K2COs. In all experiments, 
the small amount of glucose present initially in non-incu- 
bated aliquots of tubules was also determined and sub- 
tracted from experimental values. The average basal rate 
of glucose formation was 2.7 wmole/hr/mg DNA. DNA 
was measured by the method of Burton [5] in 1.0 ml 
portions of stock tubule suspensions which generally con- 
tained 150-200 ug DNA. 

Statistical significance was determined by Student’s f-test 
on a paired basis. 

Figure 1 shows that adenosine stimulated gluconeoge- 
nesis from lactate in a dose-dependent manner. Adenosine 
(10um) was sufficient to achieve a significant acceleration 
of the process and in three out of four experiments 1 uM 
adenosine was also stimulatory. Larger effects were seen 
with 0.1 mM and 1 mM, the response with 1 mM being 
more variable. These observations were surprising in view 
of the finding of Lund ef al. [2] that adenosine inhibits 
gluconeogenesis from lactate in rat hepatocytes. This would 
appear to suggest a clear and interesting difference between 
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Fig. 1. Effect of adenosine on renal gluconeogenesis. Kid- 
ney tubule fragments were incubated for 1 hr in Krebs- 
Ringer bicarbonate buffer containing 1.27 mM Ca?*, fatty 
acid-poor albumin (10 mg/ml) and 5 mM sodium L-lactate. 
The results are means + S.E.M. of 4-7 independent 
measurements and are expressed as percentage increases 
over the values obtained in paired control incubations which 
contained no adenosine and were performed in all seven 
experiments. The error bar at 10~*M adenosine lies within 
the symbol. Significant effects of adenosine were seen at 
10 uM (6 measurements, P <0.05), 0.1 mM (5 measure- 
ments, P <0.01) and | mM (7 measurements, P <0.01). 


liver and kidney cortex. It is noteworthy that the maximum 
inhibitory effects reported by Lund er al. [2] also were 
observed with adenosine in the concentration range 0.1-1 
mM. The mechanism(s) by which adenosine affects glu- 
coneogenesis in these tissues is unknown at present. The 
possibility of the involvement of purinergic receptors [6] 
should be considered. Unlike the liver, incubation with 
adenosine does not expand the adenine nucleotide content 
of renal tubules [2]. It is well documented that adenosine 
is an effector of adenylate cyclases, being either stimulatory 
[7-10], inhibitory [11-15] or both [16]. Adenosine has been 
shown to inhibit adenylate cyclase in liver [11,12,15]. Renal 
gluconeogenesis can be stimulated by 3’, 5’ cyclic AMP 
[17], and the proximal tubule, which is the site of gluco- 
neogenesis [18], contains adenylate cyclase activity [19]. 
However, the possibility that adenosine is stimulating renal 
gluconeogenesis through activation of adenylate cyclase is 
not supported by the findings of McKenzie and Bar [12] 
who showed 55 per cent inhibition of F -stimulated renal 
cortex adenylate cyclase by 1 mM adenosine. However, 
the renal cortex consists of several cell types and at least 
two adenylate cyclase activities [20]. 


In conclusion, the stimulatory effect of adenosine on 
renal gluconeogenesis noted here is directly opposite to the 
effect of this nucleoside in the liver. The possibility of the 
involvement of a purinergic receptor and the mechanism 
of action of adenosine, through adenylate cyclase or 
through some other process, will be the subject of further 
study. 
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Inhibition of cytidine deaminase by 2-oxopyrimidine riboside and related 
compounds 


(Received 6 August 1979; accepted 20 September 1979) 


Cytidine deaminase catalyzes the hydrolytic deamination 
of several cytosine nucleosides including cytosine arabi- 
noside, a drug used extensively in the treatment of leukemic 
patients [1]. We have been engaged in studies of the design 
and synthesis of new cytidine deaminase inhibitors that 
may be more potent and more selective than the standard 
inhibitor of this enzyme, 3,4,5,6-tetrahydrouridine (I; 
[2,3]). In the course of these studies, we found some inter- 
esting structure—activity relationships among inhibitors of 
cytidine deaminase, and these relationships are the subject 
of this communication. 

All nucleoside derivatives tested were synthesized in 
these laboratories by condensing silylated heterocyclic 
bases with a suitably protected sugar derivative, employing 
the approach described by Niedballa and Vorbruggen [4], 
involving the use of stannic chloride as catalyst. Tetrahy- 
drouridine was provided by the Drug Synthesis and Chem- 
istry Branch, National Cancer Institute. All compounds 
synthesized were characterized by appropriate spectro- 
scopic methods (u.v., n.m.r. g.c.-m.s.), as well as by 
elemental analysis. The detailed description of the synthetic 
procedures of these and related compounds will be pub- 
lished elsewhere. Mouse kidney cytidine deaminase was 
isolated and partially purified from mouse kidney acetone 
powder (prepared with acetone only), obtained from the 
Sigma Chemical Co., St. Louis, MO. The powder (3 g) was 
extracted at 55—60° for 5 min with pH 8.0 phosphate buffer 
(0.05 M) and the extract was filtered through a Nalgene 
filter unit (0.45 um grid membrane) to yield a clear yellow 
filtrate. The filtrate was fractionated with ammonium sul- 
fate, essentially as described by Wentworth and Wolfenden 
[3], and the active ammonium sulfate fraction was dissolved 
in 2.0 ml of phosphate buffer (0.05 M; pH 7.0). The Km 
for deamination of cytidine using this preparation was found 
to be 5 x 10° M, in good agreement with the value of 
7 x 10° M reported previously by Tomchick et al. [5] for 
mouse kidney cytidine deaminase. A commercially avail- 
able yeast enzyme concentrate (Sigma Chemical Co.) was 
used as the source of yeast cytidine deaminase; extraction 
of 100 mg of the yeast enzyme concentrate with phosphate 
buffer gave a preparation suitable for spectroscopic studies, 
but the preparation was also fractionated with ammonium 
sulfate, as described for the mouse kidney enzyme. The 


Table 1. Inhibition of mouse kidney cytidine deaminase 
activity by 2-oxopyrimidine riboside (II) 





Conc of inhibitor 


(M) Per cent control activity* 





0 
2x 107° 
5 x 107° 
2x 1075 
5x 1075 
1x10" 





* Activity in the absence of inhibitor was 0.015 absorb- 
ance units over 10 min; the substrate (cytidine) was present 
at a concentration of 1 x 10°* M 


Km value that we determined for cytidine, in the yeast 
system, was 2.3 x 10°* M, a value very close to that 
(2.5 x 10°* M) reported in the literature [6]. 

Rhesus monkey liver was obtained at autopsy, through 
the cooperation of Dr. Richard Adamson (Laboratory of 
Chemical Pharmacology, National Cancer Institute), and 
cytidine deaminase was immediately isolated and purified 
in the manner described for the human liver enzyme [3]. 
We measured cytidine deaminase activity by following the 
decrease in absorbance at 282 nm (290 nm for crude prep- 
arations) that characterizes the conversion of cytidine to 
uridine [7]; all assays were performed at pH 7.0 (phosphate 
buffer) and 37° with substrate (cytidine) at 1 x 10°* M. 
Spectroscopic determinations were carried out with a Beck- 
man mode! 34 kinetic spectrophotometeric system with the 
recorder set for full-scale deflection in the range 0.0 to 0.1 
absorbance units. Candidate inhibitors were incubated with 
the enzyme for 2 min prior to initiation of the enzymatic 
reaction by addition of cytidine. 

2-Oxopyridimidine riboside (II). may be considered to 
be the ‘deamino’ analog of the natural nucleoside, cytidine 
(2-oxo-4-amino pyrimidine riboside). When II was present 
in the cytidine deaminase reaction mixture, at a concen- 
tration comparable to that of the substrate, enzyme activity 
was inhibited strongly (Table 1): as summarized in the 
table, a reasonable dose-response relation was observed 
for this compound as an inhibitor of cytidine deaminase 
Inhibition of enzymatic activity was not increased, for a 
given concentration of inhibitor, by prolonging the prein- 
cubation period from 2min to 10min. Kinetic studies 
showed inhibition to be formally of the competitive type; 
the apparent K; value estimated [8,9] for compound II, as 
an inhibitor of mouse cytidine deaminase, was 2 x 10~° M. 
For comparative purposes we determined the Kj for tetra- 
hydrouridine (I; Table 2) with the mouse kidney enzyme 
and obtained a value of 2 x 10~’ M; it should be pointed 
out that this value for the Ki of tetrahydrouridine is some- 
what higher than that reported by Wentworth and Wol- 
fenden for the human liver enzyme (4 x 10~* M; [3]) but 
quite close to values reported by others for cytidine deami- 
nase from human liver and monkey serum [10,11]. The 
ability of the 4-deamino analog of cytidine (II) to inhibit 
cytidine deaminase is paralleled by the ability of the ‘6- 
deamino’ analog of adenosine, nebularine, to act as a 
moderately potent inhibitor of adenosine deaminase; for 
example, nebularine has an affinity (Ki = 1 x 10~° M) for 
calf intestine adenosine deaminase that is slightly higher 
than that of the natural substrate, adenosine (Km = 3 x 10™° 
M; [12]). Considerable structural specificity characterizes 
the interaction of II with cytidine deaminase. Removal of 
the ribose function on N-i or its replacement by a benzyl 
group results in a pronounced decrease of inhibitory 
activity, since neither the heterocyclic base itself nor the 
1-benzyl derivative produces significant inhibition when 
evaluated at 1 x 10°* M. The 2-oxopyridine analog of II 
was approximately one order of magnitude less active than 
the analogous pyrimidine derivative, an observation which 
suggests that the 3-nitrogen of compound II plays a sig- 
nificant role in the reaction involved in binding to the 
enzyme. 

In order to evaluate the relative importance of electronic 
and/or steric influences on the activities of pyrimidine 
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Table 2. Inhibition of cytidine deaminase by 2-oxopyrimidine riboside analog* 





Ki Ki 
Compound No. Compound structuret (mouse enzyme) (yeast enzyme) 





2.2x 10°’ m 


2x10°°M 3x10°°M 


3x10°’M 2x10°°M 


>5 x 10°°M 


4.5x10°°M 





* Methods are as described in the text. 
+ R = 1-8-p-ribofuranosyl. 
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nucleosides as inhibitors of cytidine deaminase, we initiated 
investigations of 5-halogen substituted derivatives of II. 
Introduction of a fluorine substituent into position 5 was 
associated with a 10-fold increase in inhibitory potency; 
indeed, the 5-fluoro derivative (III) inhibited mouse cyti- 
dine deaminase as well as does tetrahydrouridine, the most 
potent cytidine deaminase inhibitor yet discovered. The 
increased activity of the fluorinated pyrimidine nucleoside 
as an inhibitor of cytidine deaminase is of considerable 
interest in view of the observations by Kreis et al. [13] that 
introduction of a 5-fluoro function increased the deami- 
nation velocity of several cytidine derivatives. 5-Chloro-2- 
oxopyrimidine riboside (IV) was only slightly less potent 
than the 5-fluoro derivative, and introduction of a bromo 
substituent into position 5 resulted in a compound (V) that 
was intermediate in potency (Ki =7 x 10°’ M) between 
the ‘parent’ nucleoside (II) and its 5-fluoro analog. 
Studies with yeast cytidine deaminase were carried out 
in order to compare the interactions of the above nucleo- 
side derivatives and this fungal enzyme with those 
observed with the mammalian enzyme. Compound II 
inhibited yeast cytidine deaminase as_ effectively 
(K; = 3 x 10°°M) as it inhibited the mouse kidney enzyme; 
on the other hand, the 5-chloro analog of II was less 
effective (Ki = 2 x 10™° M) than the parent compound as 
an inhibitor of the yeast enzyme. Monkey liver cytidine 
deaminase resembles the mouse kidney enzyme in that the 
5-chloro compound inhibited more strongly than does II. 
The lower activity of the 5-chloro compound as an inhibitor 
of yeast cytidine deaminase may reflect more stringent 
steric requirements for binding of the 2-oxopyrimidine 
derivatives to this enzyme, relative to those for the mam- 
malian enzyme. Such an interpretation is consistent with 


observations [14] that 5-methyl cytidine is deaminated » 


effectively by mammalian cytidine deaminase, but not by 
the yeast enzyme, and with our observation that 5-fluoro- 
2-oxopyrimidine riboside (III), with a 5-substituent con- 
siderably smaller than the chloro substituent of (IV), was 
a potent inhibitor (Ki = 1 x 10 7M) of the yeast enzyme. 
It should be mentioned that steric considerations may also 
account for the lower rate of deamination of 5-methyl 
cytidine derivatives, compared with cytidine derivatives, 
by mammalian enzymes [5, 13]. 

Compound II was reduced catalytically to 3,4,5,6-tetra- 
hydro-2-oxopyrimidine riboside (VI) which retained a con- 
siderable degree of activity (Ki = 4 x 10~° M) as an inhib- 
itor of cytidine deaminase; the activity of this reduced 
uridine derivative (VI) is perhaps not suprising in view of 
its structural resemblance to tetrahydrouridine. 

Compound II and its halogenated derivatives were tested 
as inhibitors of the growth of leukemia cells (murine L1210; 
RPMI medium; assay at 48 hr) in culture. Compound It 
inhibited growth of these cells by 50 per cent at 1 x 107° 
M and its 5-fluoro analog was somewhat less potent, pro- 
ducing equivalent inhibition of growth at a concentration 
of 3 x 10° M. Tetrahydrouridine, a more potent inhibitor 
of cytidine deaminase than II, did not inhibit cell growth 
at concentrations as high as 1 x 10~* M. The 5-chloro and 
5-bromo analogs of II also did not produce significant 
suppression of cell growth when present in the growth 
medium in the concentration range of 1 x 10~’-1 x 1074 
M. Growth suppression by II and its 5-fluoro analog may 
involve a variety of mechanisms, but it is pertinent to stress 
that a possible mechanism of action involves intracellular 
anabolism to a deoxyribotide derivative which may then 
inhibit a suitable target enzyme, such as thymidylate syn- 
thetase, in a manner analogous to that described earlier in 
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a bacterial system [15]. Compound II exhibited modest 
antineoplastic activity in vivo, producing a 50 per cent 
increase in life span of leukemic mice (P388) when admin- 
istered daily (days 1-9) at a high dose (400 mg/kg). More 
extensive studies of the biological actions of compound II 
and related compounds are in progess. 
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Structural relationships in the inhibition of [‘H]serotonin binding to rat brain 
membranes in vitro by 1-phenyl-piperazines 


(Received 30 July 1979; accepted 27 September 1979) 


Binding of radioligands to membrane fractions is being 
widely used as a means of studying the interactions of 
endogenous neurotransmitters and hormones or of drugs 
with receptors. The high affinity binding of radioactive 
serotonin to brain membranes in vitro appears to represent 
attachment to post-synaptic receptors for serotonin, inas- 
much as raphe lesions that destroy pre-synaptic elements 
of serotonin neurons in forebrain do not diminish serotonin 
binding [1]. Various indoles thought to interact with post- 
synaptic serotonin receptors inhibit the binding of radio- 
active serotonin to brain membranes in vitro [1-5]. In this 
paper, we describe the inhibition of [* H]serotonin binding 
by a series of substituted 1-phenyl-piperazines. These com- 
pounds were studied because of earlier evidence that: (a) 
1-(m-trifluoromethylphenyl)-piperazine stimulates sero- 
tonin receptors directly [6]; (b) 1-(m-chlorophenyl)-piper- 
azine, a metabolite of trazodone, may interact with sero- 
toninergic systems in rat brain [7]; and (c) quipazine [8] 
and MK-212 [9], both 1-aryl-piperazines, are serotonin 
receptor agonists that compete against serotonin binding 


The methods of Bennett and Snyder [1] were used to 
study the binding of |’H]serotonin to synaptic membranes 
from rat brain in vitro, except that membranes were pre- 
incubated at 37° in the absence of pargyline to destroy 
endogenous serotonin. Each compound was tested in tri- 
plicate at molar concentrations differing by a factor of 10. 
The data were plotted as per cent antagonism of specific 
binding of [*H]serotonin concentration of competitor; from 


Table 1. Inhibition of [*H]serotonin binding to rat brain 
membranes in vitro by 1-phenyl-piperazines with sub- 
stituents on the phenyl ring 








(1) meta-substituents 
m-CF3 190 
m-chloro 230 
m-bromo 270 
m-ethyl 320 
m-methyl 540 
m-methoxy 600 
m-hydroxy 1050 
m-fluoro 1140 
(2) para-substituents 
p-chloro 580 
p-methy! 1700 
p-CF3 1700 
p-methoxy 50,000 
(3) ortho-substituents 
o-chloro 630 
o-methoxy 1010 
o-methyl 1040 
(4) No substituent 1050 





this graph the 1Cso value (concentration producing 50 per 
cent inhibition) was determined by interpolation. The con- 
centration of [*H]serotonin was 2nM; specific binding 
represented 45-55 per cent total binding in the assay con- 
ditions. Specific binding is defined as the difference between 
total radioactivity bound and that bound in the presence 
of 10 uM unlabeled serotonin. Fenfluramine was a gift 
from the A. H. Robins Co. (Richmond, VA). The other 
compounds were synthesized in the Lilly Research Lab- 
oratories or were purchased from commercial sources. 

Table 1 shows the structure—activity relationships among 
phenyl- piperazines with substituents on the aromatic ring 
as inhibitors of [*H]serotonin binding. Meta-substituted 
compounds were more active than para- or ortho-substi- 
tuted compounds. The trifluoromethyl, chloro, bromo and 
ethyl derivatives were the most active in the meta-substi- 
tuted series. The methyl, methoxy, hydroxy and fluoro 
compounds were about one-third to one-fifth as active as 
the meta-trifluoromethyl compound. In the para- and ortho- 
substituted groups, fewer compounds were studied, but 
none were as active as the corresponding meta-substituted 
compounds. The ICso value for unlabeled serotonin was 3- 
4nM. This value and those for some of the substituted 
piperazines are lower than those we have obtained earlier 
with membranes not preincubated to remove endogenous 
serotonin [6]. 

Since 1-(m- -trifluoromethylphenyl)- piperazine was the 
most potent inhibitor of [*H]serotonin binding among the 
compounds listed in Table 1, several other structural var- 
iants of this compound were compared (Table 2). Addition 
of a methyl to the secondary amine nitrogen or to one of 
the carbons in the piperazine ring reduced the potency to 
one-eighth or less that of the parent compound. The piper- 
idine compounds (with carbon in place of the nitrogen to 
which the m-trifluoromethylphenyl group is connected) 
were relatively inactive. though the 3-substituted piperidine 
was more active than the 4-substituted piperidine. Increas- 
ing the size of the piperazine ring, cleavage of that ring, 
or attachment of the m-trifluoromethylphenyl group to the 
2- instead of the 1-position of the piperazine markedly 
reduced the potency from that of the parent compound. 
Two agents previously reported as serotonin agonists are 
included, quipazine and MK-212. Quipazine was less than 
one-third and MK-212 was only about one-eightieth as 
potent as_ 1-(m-trifluoromethylpheny!)-piperazine in 
inhibiting [*H]serotonin binding. The bottom two com- 
pounds in Table 2, norfenfluramine and fenfluramine, also 
contain a m-trifluoromethylphenyl moiety and an amino 
group as does 1-(m-trifluoromethylphenyl)-piperazine. 
These compounds were compared because of numerous 
suggestions in the literature [10-14] that fenfluramine 
and/or its metabolite, norfenfluramine, may stimulate ser- 
otonin receptors directly in addition to their better known 
pre-synaptic effects on serotoninergic systems. Our data 
reveal that norfenfluramine has some ability to compete 
with [*H]serotonin for binding to rat brain membranes, 
though fenfluramine is reiatively inactive. Whether there 
is any direct receptor stimulation by norfenfluramine when 
it or fenfluramine is injected at doses that are effective in 
vivo in releasing serotonin and depleting serotonin content 
in rat brain is questionable. 

Although 1-(m-trifluoromethylphenyl)-piperazine was 
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Table 2. Inhibition of [*H]-serotonin binding to rat brain membranes in 
vitro by 1-(m-trifluoromethylphenyl)-piperazine and some structurally 
related compounds 





Structure ICso, nM 





(Quipazine) 


(MK-212) 


CF; 
( pong NH, (Norfenfluramine) 


CH, 


CF; 
4 ) es, (Fenfluramine) 


CH; 
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only about one-fiftieth as potent as serotonin in inhibiting 
(*H]serotonin binding in vitro, this compound appears to 
be more potent as an inhibitor of such binding than any 
previously reported non-indole compound thought to act 
as a serotonin receptor agonist. In particular, the compound 
was more potent than either quipazine or MK-212, two 
compounds that have been reported to have numerous 
effects in vivo suggested to result from activation of sero- 
tonin receptors [8, 9, 15-17]. 1-(m-Trifluoromethylphenyl)- 
piperazine itself has actions consistent with serotonin 
agonist activity in vivo in rats. For instance, it decreases 
brain serotonin turnover [6] and elevates serum hormones 
(corticosterone and prolactin) whose secretion has pre- 
viously been found to be increased by agents that enhance 
central serotoninergic function [18, 19]. The elevation of 
serum prolactin by this compound was at one time con- 
sidered possibly to result from dopamine agonist activity 
[20], but in vitro binding studies (D. T. Wong and L. R. 
Reid, personal communication) indicated that 1-(m-tri- 
fluoromethylphenyl)-piperazine had very little ability to 
inhibit the binding of either [SH]dopamine (1Cso 35,000 nM) 
or [’H]spiperone (1cso 4300 nM) to rat brain membrane 
receptors. These findings indicate some specificity of this 
agent for the serotonin receptor. 

1-(m-Trifluoromethylphenyl)piperazine was a more 
potent inhibitor of [*H]serotonin binding than of [*H]-p- 
lysergic acid diethylamide) ({*H]LSD) binding to brain 
membranes in vitro. Its 1Cso value as an inhibitor of [*H]LSD 
binding was 300nM. The same was true for quipazine, 
another serotonin agonist, whose ICso value as an inhibitor 
of PHJLSD binding was 1700nM. In contrast, the 1Cso 
values of serotonin receptor antagonists like metergoline 
and methysergide were found to be lower with [*H]LSD 
binding than for ["H]serotonin binding. These differences 
have been reported previously for serotonin receptor 
agonists and antagonists [1, 4] and support the idea that 
1-(m-trifluoromethylphenyl)-piperazine acts on brain ser- 
otonin receptors as an agonist rather than an antagonist. 

In summary, various 1-phenyl-piperazines and related 
compounds have been shown to be effective in inhibiting 
the binding of [*H]serotonin to rat brain membranes in 
vitro. The most effective compound was 1-(m-trifluoro- 
methylphenyl)-piperazine. Variation in the piperazine 
moiety of this compound greatly diminished the ability of 
this compound to inhibit ["H]serotonin binding. Some vari- 
ation in the nature of the meta-substituent retained activity 
but compounds with substituents in other positions of the 
phenyl ring were less active. 
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Increased total and high density lipoprotein cholesterol with apoprotein changes 
resembling streptozotocin diabetes in tetrachlorodibenzodioxin (TCDD) treated 
rats 


(Received 3 July 1979; accepted 19 October 1979) 


Hyperlipidemia has been frequently mentioned among clin- 
ical findings in subjects exposed to 2,3,7,8-tetrachlorodi- 
benzo-p-dioxin (TCDD). In particular, a 56 per cent inci- 
dence of hypercholesterolemia was described [1] in the 
follow-up of Czechoslovakian factory workers contami- 
nated with TCDD; more recently, a type IIA hypercho- 
lesterolemia was diagnosed in three young scientists 
exposed to TCDD [2]. In other studies, however, a sig- 


nificant prevalence of hyperlipidemia among intoxicated 
subjects was not detected [3, 4]. 

These controversial reports, related to a documentedly 
important prognostic factor for the development of cor- 
onary vascular disease [5], suggested that animal studies 
on this topic be carried out within the special program on 
long term effects of TCDD in Seveso, Italy. Particular 
interest was devoted to lipoprotein changes induced by 





Short communications 


mg/dl 


PLASMA CHOLESTEROL 








20 TCDD pa/Ko 


Fig. 1. Effects of single, graded doses of TCDD on plasma 

total and HDL cholesterol levels. A dose-dependent 

increase of total and HDL cholesterolemia is evident 21 days 
after the i.p. administration of the substance. 


TCDD, since recent studies have indicated that chlorinated 
hydrocarbons may increase high density lipoprotein (HDL) 
cholesterol levels in rats [6], as well as possibly in exposed 
humans [7]. Elevated HDL cholesterol levels are a hypo- 
thetical protective factor against the development of cor- 
onary heart disease [8]. The experiments were carried out 
in the special laboratory on the ICMESA grounds (i.e. of 
the company where the TCDD accident took place) in 
Seveso, and were designed to determine lipid and lipo- 
protein changes after single doses of TCDD. In a first 
experiment, graded doses of the substance were given to 


TOTAL CHOLESTEROL mg/dl 





HDL CHOLESTEROL mg/d! 


identify the nontoxic dose range and the short term effect. 
In a successive larger experiment, rats were killed at inter- 
vals up to two months after TCDD administration, to assess 
lipoprotein composition and histological alterations with 
time. Minimum numbers of animals had to be used in all 
experiments, to keep environmental contamination, in a 
heavily polluted area, as low as possible. 

Male rats of the Sprague-Dawley strain (Charles River, 
Calco, Italy) weighing 300-330 g at the beginning of each 
experiment were used. TCDD (Kor Isotopes, Cambridge, 
MA) was administered i.p. dissolved in acetone/corn oil 
(1/9). Controls received the same vehicle. Plasma samples 
were collected after an overnight fast by free bleeding from 
the abdominal aorta under light ether anesthesia. Individual 
plasma cholesterol, triglyceride and HDL cholesterol lev- 
els, by heparin-MnCl2 precipitation [9] were determined. 
Plasma pools collected from two animals were also sub- 
jected to preparative ultracentrifugation [10]. Levels of 
HDL cholesterol were essentially identical when deter- 
mined by selective precipitation or by preparative ultra- 
centrifuge, as also shown by Ishikawa et al. [6]. Isoelectric 
focusing of ultracentrifugally separated HDL was carried 
out between pH 3.5 and 10 and 4 and 6 (Ampholine, LKB, 
Bromma, Sweden) as described by Gidez et al. [11], fol- 
lowed by densitometry. Linearity of densitometric response 
to increasing concentrations of applied lipoproteins was 
established, as suggested by Witztum and Schonfeld [12]. 
Lipoproteins were examined by electron microscopy after 
negative staining with 0.1M K-phosphotungstate. Liver 
toxicological tests (AAT, OAT, bilirubin, alkaline phos- 
phatase) were obtained from all animals. Samples from the 
major parenchymal organs were dissected for light and 
electron microscopic studies. 


«A» 


as 
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T 
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Fig. 2. Time curves of the effects of a single i.p. 20 y/kg dose of TCDD on plasma total (A) and HDL 

(B) cholesterol levels. Plasma lipid rise is maximal 30 days after TCDD administration, but is still 

present after 60 days. Control animals show a slight increase, probably age and growth related. (N = 10, 
means +S.D.). *P<0.05; **P<0.01 vs controls. 
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In a first experiment groups of three rats were admin- 
istered i.p. graded doses of TCDD, reportedly not lethal 
[13], i.e. 2.5, 5, 10 and 20 wg/kg. Rats were killed three 
weeks later for lipid and lipoprotein determinations. Sig- 
nificant hepatomegaly was present in the two groups on 
the highest doses; no deaths did, however, occur and liver 
function tests were normal. A progressive dose-dependent 
elevation of total and HDL cholesterol levels was noted 
(Fig. 1). A slight excess of HDL cholesterol could also be 
appreciated with the highest dose (controls having 70 per 
cent of HDL cholesterol vs 85 per cent for rats treated with 
20 g/kg of TCDD). 

The 20 ug/kg dose was therefore selected for the next 
experiment involving 60 rats. Twelve treated rats and eight 
controls were sacrificed after 15, 30 and 60 days of treat- 
ment. A permanent control group was maintained, since, 
in the previous report by Ishikawa et al. [6], temporal 
changes of HDL cholesterol levels were appreciable in 
control animals. Treated rats failed to thrive normally (body 
weight was, at the start, 308+8g and 307+5 for control 
and treated rats, vs 500+17 and 410+ 13, respectively, 
after 60 days). A significant increase of liver weight was 
also detected, particularly at the 15 and 30 day intervals. 
Steatotic or overtly fibrotic areas in the liver were present 
in several treated animals. No significant changes in liver 
toxicity tests were detected and no mortality occurred. 

At all three intervals, plasma total cholesterol levels were 
markedly elevated in TCDD treated rats (Fig. 2A). In 
contrast, HDL cholesterol levels were significantly higher, 
both absolutely and as a percentage of total, at the 15 and 
30 day intervals in treated rats (Fig. 2B). After 60 days, 
HDL cholesterol levels were still significantly higher than 
in controls, but to a lesser extent than at the earlier inter- 
vals. No significant changes in plasma triglycerides and in 
cholesterol distribution in the other lipoprotein fractions 
(of very low and low density) were detected in treated 
animals. Electron microscopy of HDL from treated rats 
did not show marked differences as compared with lipo- 
proteins from controls. The apoprotein pattern of HDL 
after isoelectric focusing [11] at pH 3.5-10 and 4-6 indi- 
cated, particularly after 15 days, less so after 30 days, a 
decrease of apo CIII-0 and a concomitant increase of apo 
CIII-3 (Fig.3) without other significant apoprotein 
changes. 

The experimental findings indicate that a single, acute 
exposure to TCDD significantly increases cholesterolemia 
in rats. Animals exposed to a toxic, not lethal dose of 
TCDD exhibit significantly higher plasma cholesterol lev- 
els, as compared to controls, up to the end of a two month 
experiment. These findings confirm a recent report by 
Albro et al. [14], who also noted increased circulating 
cholesterol esters in the rat and decreased liver free cho- 
lesterol, after oral treatment with sublethal or lethal doses 
of TCDD. Although the mechanisms of the cholesterol 
elevation are not clear, it may be noted that treatments 
with potent inducers of liver metabolizing enzymes, such 
as phenobarbitone [15] or phenytoin [16], in humans have 
also been associated with increased cholesterolemia. 

The TCDD hypercholesterolemia is accompanied by 
raised HDL cholesterol levels. This observation is in strik- 
ing contrast to diet induced hyperlipidemias which, in rats 
as well as in other animal species, reduce rather than 
increase HDL levels [17]. Increased HDL cholesterolemia 
is probably secondary to increased liver protein synthesis, 
having been detected also after chronic treatment with 
enzyme inducers, such as phenytoin in humans [18] and 
chlorinated insecticides in humans [7] and rats [6]. A 
reduced HDL catabolism, as recently shown after nicotinic 
acid treatment in man [19], cannot, however, be ruled out. 

The apoprotein changes in HDL following TCDD treat- 
ment bear a striking resemblance to those occurring in both 
VLDL and HDL in rats of the same strain with strepto- 
zotocin induced diabetes [20]. VLDL apoproteins could 


B.P. 29/5—k 


not be studied in the present experiment, due to the paucity 
of available apoproteins in these normotriglyceridemic 
animals. In both experimental conditions, i.e. streptozo- 
tocin diabetes and TCDD hyperalphacholesterolemia, apo 
CIII-0 is reduced with a compensatory increase of the 
syalylated CIII-3. These apoprotein changes may be sec- 
ondary to variations of plasma neuraminidase activity, but 
more likely reflect an altered rate of synthesis of these same 
apoproteins. In liver perfusates from rats on a normal diet, 
in fact, the CIII-3/CHI-0 ratio is about 2/1, whereas in 
serum it approximates 1/1; a high ratio is, therefore, pos- 
sibly a marker of newly synthesized lipoprotein particles 
[12]. Since C peptides of VLDL and HDL belong, in the 
rat, to a single pool [12], both the hypertriglyceridemia of 
the diabetic rat and the hypercholesterolemia of the TCDD 
treated rat, by stimulating the synthesis of the correspond- 
ing lipoproteins (VLDL for the diabetic hypertriglyceri- 
demia, HDL for the TCDD hyperalphacholesterolemia), 
may be responsible for an enlarged C peptide pool, with 
increased CIII-3/CIII-0 ratio. The increase of CIII-3, a 


Fig. 3. Isoelectric focusing (pH 4-6) on polyacrylamide gels 
of HDL apoproteins isolated 15 days after treatment with 
TCDD (T) and from control animals (C). Apoprotein 
nomenclature as described by Gidez et al. [11]. An altered 
distribution of CIII apoproteins was observed in treated 
rats at this interval. By densitometry of CII and CIII 


apoproteins, percentages of CIII-3 were (N=10, 
means + §.D.): 25.7 + 1.7 for controls and 36.1 +3.0 for 
the TCDD group (P<0.01) whereas, in the case of 
CIII-0, densitometric percentages were, respectively, 
37.0+3.1 for controls and 27.5 + 1.6 for the TCDD group 
(P <0.01). No other significant changes in the distribution 
of CIII-2, CII and of the other HDL apoproteins were 
noted. 
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hypothetical inhibitor of lipoprotein lipase in man [22], 
may influence the activity of this enzyme in TCDD or 
streptozotocin treated rats. 

The raised HDL cholesterol levels after TCDD are sim- 
ilar to those detected after chlorinated hydrocarbons [6], 
TCDD being, however, considerably more potent and with 
a longer duration of activity. The presently accepted physio- 
logical role for HDL in man, i.e. removal of tissue cho- 
lesterol and transport to biliary elimination sites [23] is, as 
yet, unproven in the rat. The similarities of the apoprotein 
changes with those occurring in streptozotocin diabetic rats 
suggest, however, that HDL cholesterol levels may be 
increased following non-dietary treatments which enhance 
liver and protein biosynthesis. In these apparently divergent 
conditions, i.e. diabetes and TCDD hypercholesterolemia, 
HDL are probably a newly synthesized reservoir of excess 
lipids or of apoproteins with as yet unknown functional 
properties. 

In summary, TCDD increases HDL cholesterol levels 
in rats and modifies apoprotein composition, in particular 
increasing the CIII-3/CIII-0 protein ratio. ; 
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Effect of oxamniquine on Schistosoma mansoni: some biological and biochemical 
observations* 


(Received 13 July 1979; accepted 27 September 1979) 


Ornithine-6-transaminase [E.C.2.6.1.13] (OTA) figures 
importantly in the biosynthesis of the amino acid proline 
in mammals [1, 2] and has also been reported to occur in 
the blood fluke Schistosoma mansoni [3]. Senft [4] noted 
that free proline concentrates in the nervous system and 
the germination areas of the adult schistosomes. 
Oxamniquine (UK-4271) is a fairly new schistosomicide 
[5] and there are as yet no published data regarding its 
mode of action at the molecular level. Consequently it was 
deemed interesting to test the effect of this drug on the 
OTA activity in S$. mansoni both in vitro and in vivo. 
The in vitro conditions for evaluating the action of oxam- 





* This investigation is part of a project supported by a 
grant from the Office of the Chief Scientist, Ministry of 
Health, Israel. 


niquine on OTA from S. mansoni were the following: adult 
worms grown in ICR mice were removed live by perfusion 
and subsequently maintained in Petri dishes in M199 + 10 
per cent inactivated fetal calf serum in the presence of 
20 mM HEPES, 200 U/ml penicillin G and 200 g/ml strep- 
tomycin. After adding varying amounts of oxamniquine to 
the Petri dishes, these were placed for 0, 3, 6, 9, 12, 18 or 
24hr in a 10% COz incubator at 37°, and following the 
incubation the worms from each dish were lyophilized. In 
the in vivo experiments, groups of 22 mice with 7-weeks- 
old schistosome infections were injected i.m. with a single 
dose of 200 wg/kg oxamniquine. During the next 11 days, 
two mice per day were killed by cervical dislocation and 
the worms in the liver and intestine of each mouse counted 
separately, then pooled and lyophilized. The OTA enzyme 
assay was performed on homogenates from the lyophilized 
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worm material by the method of Strecker [2], as modified 
by Ertel and Isseroff [6]. 

In the in vitro studies, all worms were still alive 24 hr 
after the addition to the maintenance medium of 0.2 mg/ml 
oxamniquine. This is unlike the findings of Foster and 
Cheetham [5] who reported 44 per cent dead male worms 
and 21 per cent dead females with the same dosage. 
Similarly to Chavasse et al. [7], the present authors found 
hyperactivity of the worms at the stated concentration of 
oxamniquine. Furthermore, none of the worms adhered 
to the bottom of the plastic Petri dishes whereas untreated 
(control) worms did. Preliminary trials failed to show any 
inhibitory effect of the oxamniquine at this concentration 
on the OTA activity. At 0.4 mg oxamniquine/ml, however, 
there was 50 per cent mortality of male schistosomes and 
10 per cent mortality of female schistosomes after 24 hr of 
incubation. All the worms, in fact, already exhibited slug- 
gish movement and an evidently damaged tegument 6 hr 
after introduction of the drug into the maintanance 
medium. An oxamniquine concentration of 0.6 mg/ml was 
fully schistosomicidal after 12 hr. Therefore a concentration 
of 0.4 mg/ml was used for the enzymatic studies in vitro. 
At this concentration oxamniquine, after 6-18 hr of incu- 
bation, caused a 27-30 per cent decrease in the schistosome 
OTA activity compared to that in the control (untreated) 
worms. 

As for the enzymatic studies in vivo, it can be seen from 
Fig. 1 that the OTA activity of the worms diminished 
steadily during the 11 days post drug administration to the 
mouse host, so that on the 11th day a decrease of about 
87 per cent in the enzymatic activity was registered com- 
pared to that on day 0. It can also be seen from the figure 
that the percentages of male and female worms shifted to 
the liver as a result of the drug were almost identical from 
the start. Foster and Cheetham [5] found a greater female 
shift during the first 4 days post drug administration but 
the dose of oxamniquine per mouse used by them was 
50 mg/kg, whereas in the present investigation 200 mg/kg 
were employed. On day 4, most of the worms found in the 
liver were paired, active and contained abundant caecal 
hematin, but from the 6th day on, the worms were encoun- 


OTA SPECIFIC ACTIVITY 





tered separate, the hematin content progressively dimin- 
ished and movement considerably slowed down. Death of 
worms was noted from the 8th day on. Thus on the basis 
of the described criteria, namely, OTA activity, hepatic 
shift, hematin content, motility and viability of the drug- 
treated worms, it is clear that a single administration of 
oxamniquine produced a steady decrease in the schistosome 
OTA activity along with a constantly increasing detrimental 
effect on the adult worms. These results certainly do not 
prove nor imply that oxamniquine acts as a schistosomicide 
by inhibiting OTA activity. However, a decrease of this 
activity could conceivably interfere with the metabolism of 
S. mansoni either by diminishing the proline production 
of the worm or by leading to the accumulation of excess 
ornithine in it. According to Senft [8], proline appears to 
be synthesized in S. mansoni trom arginine as the final step 
in the sequence of: arginine—ornithine—A’-pyrroline> 
proline. Arginine, in turn, plays a role in the urea secretion 
and nitrogen balance of schistosomes. Perhaps, then, the 
accumulation of excess ornithine in the blood fluke S. 
mansoni might interfere with its nitrogen balance. 
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Fig. 1. Schistosoma mansoni: OTA specific activity of the adult worms and their proportion in the liver 

of the host mouse following its treatment by a single dose of oxamniquine (200 mg/kg, administered 

intramuscularly). —@—, OTA acitivity; —O—., per cent of male worms in liver; —A—, per cent of 

female worms in liver. Day 0 baseline data obtained on worms removed from untreated mice. Each 
point represents a mean of 8 separate determinations (or counts). 
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Release of noradrenaline from cat cerebral arteries by different drugs and 
potassium 


(Received 12 June 1979; accepted 29 October 1979) 


The existence of receptors for 5-hydroxytryptamine (5-HT, 
serotonin) which mediate the vasoconstrictor effects of this 
amine in the cerebral blood vessels, has been demonstrated 
[1-3]. Apart from this direct effect on the tryptaminergic 
receptors, it has been observed that 5-HT has the ability 
to release noradrenaline from several tissues [4-9], and this 
indirect effect contributes to the overall actions of 5-HT. 
Furthermore, Fozard and Mwaluko [6] have demonstrated 
on the isolated rabbit heart that this noradrenaline release 
is calcium-dependent, suggesting that it is an exocytotic- 
like process. However, Starke and Witzell [9] have reported 
that the greater effects of serotonin on the perivascular 
adrenergic nerve endings of the rabbit pulmonary artery 
seem to be tyramine-like. 

The aim of the present investigation was to study in a 
comparative manner the mechanism of noradrenaline 
release evoked by serotonin from cat pial arteries with that 
induced by tyramine, ionophore X537A and potassium 
(K*) whose patterns or mechanisms of adrenergic neuro- 
iramsmitter release have been extensively studied in per- 
iphera! tissues. Thus, tyramine is taken up by the adrenergic 
nerve terminals and causes stoichiometric displacement and 
release of noradrenaline [10] by a non-exocytotic mech- 
anism [11, 12]. lonophore X537A is a drug which increases 
the permeability of membranes to calcium and other diva- 
lent and monovalent ions [13] causing secretion of cat- 
echolamines apparently by a non-exocytotic process [14— 
16]. Finally K* releases noradrenaline from adrenergic 
fibres by a process similar to the physiological efflux of 
adrenergic neurotransmitter, i.e. by exocytosis [17, 18]. 

Cats of either sex ranging in weight from 1.5 to 3 kg were 
anesthetized with 35 mg/kg of sodium pentobarbital admin- 
istered intraperitoneally and killed by bleeding. The brain 
was carefully removed and the circle of Willis arteries with 
their ramifications were dissected and placed in a Petri dish 
which contained ice-cold Kreb-bicarbonate solution (KB). 
In this medium the blood was removed and the arteries 
(10-20 mg) pooled. Afterwards the arteries were placed on 
a cylindrical nylon net and put into a beaker containing 
4 ml of oxygenated KB. After a 15 min equilibration period 
at 37°, the tissues were then exposed to (+) (7H)-nora- 
drenaline ((7H-NA, 2X 10~’M, specific activity 10.7 
Ci/mmole) for 30 min and thoroughly washed with fresh 
KB solution at 10 min intervals during a 100 min period. 

To estimate the spontaneous tritium release, the arteries 
were successively immersed in 5 vials containing 2 mi of 
fresh KB solution for 3 min periods. The drug-evoked 
release was analyzed by transferring the tissue to another 
4 vials, each one containing 2 ml of KB with the appropriate 
concentration of the drugs studied (140 mM K*; 10~°M for 
all other drugs); finally the arteries were again exposed to 
fresh KB in another 5 vials in order to recover the basal 
level of tritium efflux. Total radioactivity present in the 


media was analyzed by adding 0.5 ml of each sample to 
10 ml of Bray’s solution [19] and it was measured in a 
Nuclear Chicago liquid scintillation counter, model ISO- 
CAP 300, using the external standard method to correct 
for quenching. The results are expressed as cpm/mg of wet 
tissue. 

The composition of the normal KB was: NaCl, 119 mM; 
KCl, 4.7mM; CaCh, 2.5mM; KH2POs, 1.2mM; 
MgSO4.7H20, 1.2mM; NaHCO3, 25mM; glucose, 
1*.1 mM and disodium salt of ethylenediaminetetraacetic 
acid (Na2EDTA), 0.03 mM. This solution was equilibrated 
with 95% O2 and 5% CO2 and the final pH was 7.4~7.5. 
In some experiments, 89 min after the incubation period, 
the arteries were washed with KB without calcium to the 
end of the experiment. 

The following drugs were used: 5-hydroxytryptamine 
creatinine sulfate and tyramine hydrochloride (Sigma); 
potassium chloride (Merck); (+) (°H)-noradrenaline 
hydrochloride (Radiochemical Centre, Amersham), and 
ionophore X537A (Ro2-2985, Lasalocid, Hoffman-La 
Roche). 

Serotonin and tyramine were prepared as stock solutions 
in physiological saline containing 0.01% (w/v) ascorbic acid 
and kept frozen (—20°). Stock solutions of 7H-NA were 
made in 0.01 N HCI and stored at 4°. X537A was dissolved 
in ethanol and stored at —20°; the final concentration of 
ethanol in the KB solution was always 0.1%. 

High-K* solution (140 mM) was prepared by adding KCI 
saturated solution to KB to the adequate amount. In three 
experiments, the effects of and equivalent hyperosmolar 
Krebs solution (made up with sucrose, 252 mM) on 3H- 
efflux were tested. 

Results were expressed as means + S.E. of the means. 
Deviations from means were statistically analyzed by the 
Student’s t-test. A probability value of less than 5 per cent 
was considered significant. 

The spontaneous tritium efflux from pial arteries pre- 
loaded with “H-NA showed a rapid initial decay followed 
by a moderate loss, which practically levelled off after 
90 min of washout. 

Figure 1 shows the pattern of *H-release evoked by 
serotonin. Addition of 5-HT (107°M) to the incubation 
medium produced a rise of the release of radioactivity 
which reached the peak 6 min later, followed by a slow 
decrease. 

Calcium-deprivation greatly inhibited the secretory 
effects of 5-HT. If the background release is subtracted 
from the drug-evoked release, the net efflux of tritium in 
the absence of calcium is significantly lower than in the 
presence of this cation (P < 0.01). 

Tyramine (10~°M) considerably increase the release of 
radioactivity from the brain arteries. This release was 
superior to that produced by the same concentration of 5- 
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Fig. 1. Tritium efflux induced by 5-HT (10-°M) from cat 
pial arteries in normal Krebs-bicarbonate solution (KB) 
and KB without Ca**. Tissues were previously labelled 
with *H-noradrenaline (2 x 10~’M) and thoroughly washed 
during a 100 min period before the initiation of sample 
collection. Vials containing 2 ml were collected every 3 min. 
Each column represents the tritium efflux during a period 
of 3 min. Number of experiments are shown in parentheses. 
Vertical lines represent S.E. of the means. Horizontal lines 
indicate the time of exposure to different solutions. 


HT in normal KB. The pattern of this efflux was similar 
to that obtained with serotonin. Furthermore, “H-release 
caused by tyrdmine was unchanged by removal of Ca?* 
from the medium (Fig. 2). 

Ionophore X537A (10°°M) markedly increased the 
radioactivity efflux from cat pial arteries, approximately 
double of that obtained with tyramine. In addition, 0.1% 
ethanol did not have influence on the overall tritium efflux 
caused by X537A. The peak of the radioactivity released 
was reached during the first 6 min of incubation, declining 
later on, but remaining over the basal level in spite of 
removal of the drug from the medium. In O-Ca** solution, 
with or without EGTA (1 mM), the pattern of *H-release 
evoked by X537A was quite similar to that obtained in 
normal KB. 

Exposure of pial arteries to K* (140mM) induced a 
marked release of tritium which was similar to that obtained 
with X537A. The peak of release was reached in the first 
3 min and then quickly declined. When the arteries were 
incubated in a Ca’*-free medium the efflux was greatly 
reduced (P < 0.05). Hyperosmotic (252 mM sucrose) KB 
solution did not induce an increase of “H-efflux, indicating 
that the hypertonicity itself is not the cause of the release 
evoked by the hypertonic high-potassium solution. 

The present experiments show that high K* concentra- 
tions, serotonin, tyramine and the ionophore X537A evoke 
tritium release from cat pial arteries whose endogenous 
NA stores had previously been labelled with tritiated NA. 
While the secretory response to K* and serotonin was 
dependent on extracellular Ca”*, tyramine and the ion- 
ophore evoked large secretory responses even in the 
absence of this cation. 

One of the specific requirements for the release of NA 
from adrenergic neurones by ‘physiological stimuli’ such 
as electrical stimulation or K* is its absolute requirement 
for extracellular Ca* [20, 21]. Consequently, the fact that 
the NA release induced either by serotonin or by high K* 
concentration was Ca**-dependent suggests that the mech- 
anism of the secretory responses of both agents is similar. 
This same mechanism is also found in peripheral tissues. 
Thus, it has been demonstrated that K* and serotonin 
depolarizes the adrenergic nerves producing NA release 
by a Ca”*-dependent exocytotic process [6, 18]. In addition, 
application of 5-HT to the rabbit superior cervical ganglion 
neurones [22] or to the nerve fibres of rabbit cervical vagus 
[23] induces a rapid depolarization. Therefore, serotonin- 
evoked release in cat pial arteries might be mediated by 
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Fig. 2. Tritium efflux induced by tyramine (Ty, 10-°M) 

from cat pial arteries in normal Krebs—bicarbonate solution 

(KB) and Ca’*-free KB. Experimental design as in Fig. 1. 

Number of experiments are shown in parentheses. Vertical 

lines represent S.E. of the means. Horizontal lines indicate 
the time of exposure to different solutions. 


depolarizing the nerve terminals, facilitating Ca**-influx 
and subsequent transmitter secretion, although Starke and 
Weitzell [9] have recently reported that NA-release by 
serotonin from rabbit pulmonary artery does not seem to 
be clearly Ca?*-dependent. A second possibility is that 5- 
HT could be directly opening Ca** channels in the adre- 
nergic nerve terminals without depolarization, but this still 
has to be tested experimentally. Tyramine and X537A seem 
to induce tritium release by an entirely different mechan- 
ism, since their secretory responses are independent of 
extracellular Ca**. It is possible that both drugs could 
release the amine directly from the vesicles into the cyto- 
plasm and then the transmitter would ‘diffuse’ away. This 
hypothesis is supported by the fact that these drugs do not 
induce a concomitant release of NA and dopamine beta- 
hydroxylase [12, 14, 18]. The Ca? *-independence found for 
tyramine and the ionophore in brain vessels is also similar 
to that found in peripheral tissues [11, 12, 14, 15, 18]. 
Since these four procedures evoke the release of NA 
from cat cerebral arteries as well as from other peripheral 
adrenergic neuro-effector junctions [6, 11, 14, 15, 18] by 
similar’ mechanisms, we would like to take these findings 
as additional evidence supporting the presence of functional 
adrenergic nerve terminals innervating the brain vessels. 
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Enhancement by transition metals of chromosome aberrations induced by 
isoniazid 


(Received 14 May 1979; accepted 2 October 1979) 


Isoniazid (isonicotinic acid hydrazide) is an effective anti- 
tubercular drug in widespread use [1, 2]. However, isoni- 
azid has been found to induce tumors in mice [1] and 
chromosome aberrations in vivo [3] and in vitro [4]. At the 
same time there is little evidence for a carcinogenic or 
mutagenic effect in humans [1, 2,5]. We have recentlv 
found that complexes of transition metals enhance unsched- 
uled DNA synthesis induced by isoniazid [6] in cultured 
human cells. We report here that a manganese-glycine 
complex strongly enhances chromosome aberrations 
induced by isoniazid in Chinese hamster ovary (CHO) cells. 
A copper-glycine complex has a weak stimulatory effect, 
while iron-EDTA inhibits DNA damage by isoniazid. 
Chromosome aberrations induced by isoniazid or isoni- 
azid/manganese mixtures are inhibited by simultaneous 
treatment with reduced glutathione or catalase. These 
results suggest that manganese may be important in the 
toxic and carcinogenic effects of isoniazid. 

Procedures for the maintenance and preparation ot CHO 
cells for chromosome aberration experiments, as well as 
harvesting and staining techniques, have been described 
[7]. Chemicals were obtained from the following sources: 
isoniazid (m.p. 169-171°), catalase (purified powder from 
bovine liver) and glutathione (reduced and oxidized forms) 
from the Sigma Chemical Co.. St. Louis, MO: reagent 
grades of CuSOg-SH20, FeCl3-6H20, MnCl2-4H20, gly- 
cine, and EDTA from the Fisher Scientific Co., Vancouver, 
Canada. Metal complexes were prepared at 107? M in water 
[6] and diluted in medium [Eagle’s minimum essential 
medium (MEM) plus 2.5% fetal calf serum]. Inactivated 
catalase was prepared by heating an aqueous solution of 
catalase (1 mg/ml) at 100° for 30min. Freshly prepared 
solutions of chemicals in medium were mixed directly in 
the culture dishes. The order of addition was: glutathione, 
catalase, metal complex and isoniazid. All concentrations 
listed in Table 1 refer to final concentrations after mixing. 


Following a 3-hr treatment period, the cells were rinsed, 
incubated for 20 hr in growth medium (MEM plus 15% 
serum) and harvested [7]. In the analysis of chromosome 
aberrations only distinct breaks and exchanges were scored. 

Elevated frequencies of chromosome aberrations were 
induced by treatment with high concentrations of isoniazid 
alone (Table 1). Up to 42 per cent of all metaphase figures 
contained aberrations, while the number of exchanges per 
metaphase reached a maximum of 2.1 at 2x 10°- M 
isoniazid. : 

The addition of a manganese-glycine complex at 10° 
M final concentration resulted in enhanced toxicity and 
high frequencies of chromosome aberrations at low con- 
centrations of isoniazid. At 2 x 10~* M isoniazid, the fre- 
quency of aberrations (53 per cent) and the number of 
exchanges per metaphase (2.5) exceeded the values 
obtained with 100-fold higher concentrations of isoniazid 
in the absence of manganese. The isoniazid/manganese 
mixtures were active at isoniazid concentrations similar to 
those measured in humans during treatment [2]. 

Relative to the strong effect of manganese, copper—gly- 
cine showed weak enhancement while iron-EDTA had 
none. There was approximately a 5-fold increase in the 
cytocidal and cytostatic effects of isoniazid when copper 
(10°*M) was present. However, a higher frequency of 
chromosome aberrations was observed only at one con- 
centration of isoniazid (5 x 10~* M). At all other concen- 
trations a similar level of aberrations was detected with or 
without added copper. In contrast, iron-EDTA at 10°* M 
reduced the cytostatic and clastogenic effects of isoniazid. 

Chromosome aberrations were not induced by the metal 
complexes at the concentrations employed in this study 
(Table 1). Treatment of cells with much higher (mM) 
concentrations of the metals induced aberrations, primarily 
chromatid breaks [7]. This is in contrast to the high fre- 
quencies of exchange observed in cells treated with isoni- 
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azid and isoniazid/metal mixtures. This indicates that the 
effect of the metal complexes is catalytic. 

Catalase and reduced glutathione (GSH) were highly 
effective in inhibiting the damaging effects of isoniazid. 
Catalase (0.1 mg/ml) or reduced glutathione (10°~ M) 
diminished the frequency of chromosome aberrations 
induced by isoniazid from a peak value of 42 per cent to 
background levels (about 1 per cent). Moreover, the 
potent toxic and clastogenic effects of isoniazid/manganese 
mixtures were nearly abolished by addition of these inhibi- 
tors. Only at the highest doses of isoniazid (near 10~' M) 
were the protective effects of catalase and glutathione not 
complete. Heat-inactivated catalase or oxidized glutathione 
(GSSG) at equivalent concentrations did not reduce the 
damaging effects of isoniazid/manganese mixtures (data 
not shown). 

Partial protection was achieved by the addition of cata- 
lase to the isoniazid/copper mixtures. Mitotic inhibition 
and up to 23 per cent chromosome aberrations were still 
observed. However the dose-response curve was shifted 
to about 5-fold higher concentrations of isoniazid. Gluta- 
thione could not be used as an inhibitor in solutions con- 
taining copper since glutathione/copper mixtures induce 
aberrations [8]. 

The three transition metals appear to interact with ison- 
iazid via different reaction mechanisms. Manganese cata- 
lyzes the autoxidation of isoniazid to produce approxi- 
mately equimolar concentrations of hydrogen peroxide [9]. 
In buffers similar to the culture medium (bicarbonate or 
phosphate), about 90 per cent of the isoniazid was oxidized 
in 1 hr [9]. Furthermore, H2O2 alone induces chromosome 
aberrations in CHO cells [7. 8] in the same concentration 
range (10°*-5 x 10°*M) as that of isoniazid in the 
presence of manganese. Catalase protects against the chro- 
mosome-damaging action of isoniazid/manganese over a 
1000-fold range of isoniazid concentrations ( 10-*-107' M). 
Catalase does not inhibit manganese-catalyzed autoxida- 
tion of isoniazid [9]. Heat-inactivated catalase had no 
inhibitory effect on the clastogenic activity of 
isoniazid/manganese or H2O2 (unpublished results). These 
observations provide strong evidence that H2O2 is the pri- 
mary damaging agent in isoniazid/manganese mixtures. 
Free radicals derived from H2O2, such as the hydroxyl 
radical, may be the ultimate reactive species [10]. 

The protective effect of glutathione is related to its sulfhy- 
dryl group [11, 12]. The inhibitory activity of GSH was not 
observed when the corresponding disulfide (GSSG) was 
added to the isoniazid/manganese mixtures. In addition, 
GSH but not GSSG reduced the cytotoxic and clastogenic 
effects of H2O2 (unpublished results). Glutathione reacts 
directly with H2O2, with or without metal catalysis [12]. An 
alternative explanation, chelation of manganese by gluta- 
thione, does not seem to be important since manganese is 
weakly bound to the sulfhydryl group [12]. 

In contrast, the copper-catalyzed autoxidation of isoni- 
azid is relatively slow |9]. Hydrogen peroxide was not 
detected in these mixtures [9, 13] although reactive free 
radicals were observed [9]. The radicals may cause the 
toxic [9, 13], cytostatic, and clastogenic effects of isoni- 
azid/copper. However, catalase reduced unscheduled DNA 
synthesis [6] and provided partial (5-fold) protection 
against chromosome aberrations (Table 1). This suggests 
that H2O2 is involved in the mechanism of damage. It is 
likely that H2O2 is formed during copper-catalyzed autox- 
idation of isoniazid but is rapidly consumed in subsequent 
reactions to form free radicals or to further oxidize isoni- 
azid. Catalase may compete favourably for H2O2 at a rate 
(about 1M min’) sufficient to reduce the production of 
damaging species. 

iron does not catalyze the autoxidation of isoniazid [9]. 
Morever, iron-EDTA inhibits the chromosome-damaging 
effect of isoniazid, which may be catalyzed by other trace 
metals present in the culture medium. Iron may consume 
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H202 by a catalase-like reaction or by scavenging free 
radicals [10]. 

These results with isoniazid differ significantly from 
those obtained in the DNA repair assay [6]. While the 
effects of manganese and copper were similar in both 
assays, unscheduled DNA synthesis was not observed in 
cells treated with freshly prepared isoniazid alone. (As a 
consequence, the protective effect of iron-EDTA was also 
not detected in the DNA repair assay.) This difference 
may result from inhibition of unscheduled DNA synthesis 
by isoniazid. Isoniazid inhibits post-replication repair of 
DNA damage [14] and may also block excision repair. 

Manganese is a potent agent in enhancing chromosome 
aberrations, DNA damage [6, 15], and toxicity by isoniazid. 
The concentrations of manganese in several human tissues 
exceed 10° M [16, 17], and there may be accumulation of 
manganese in disease states, such as alcoholism, which are 
associated with isoniazid toxicity in man [16]. The availa- 
bility of tissue manganese to interact with isoniazid and 
related hydrazides is not known. The quantities of man- 
ganese in the diet can vary greatly, and homeostatic control 
of tissue levels is maintained predominantly by excretion 
of excess manganese [16]. [he amounts of manganese in 
diets for laboratory rodents are commonly much greater 
than the amounts in human diets [16]. Thus, variations in 
manganese levels in different test species or in human diets 
may account for some of the variable results obtained in 
studies of mutagenesis and toxicity by isoniazid. Moreover, 
manganese may also influence tissue damage by the ison- 
iazid metabolite acetylhydrazine [18]. 

These results strongly suggest that examination of the 
interactions of metals with ioniazid in vivo is warranted. 
Such investigations will contribute to an increased under- 
standing of the function of transition metals in carcinoge- 
nesis and mutagenesis. 
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Hepatic mitochondrial cholesterol hydroxylase activity—a cytochrome P-450- 
catalyzed mono-oxygenation refractory to cobaltous chloride 


(Received 7 May 1979; accepted 14 September 1979) 


It is well known that the administration of cobaltous chlor- 
ide to rats results in an inhibition of hepatic heme biosyn- 
thesis [1-3] and a marked decrease in the concentration of 
cytochromes P-450 in hepatic microsomes [1-6]. Since 
hepatic mitochondria have been shown recently to contain 
a form of cytochrome P-450 which catalyses the 25- and 
26-hydroxylations of cholesterol* [7-11], the present study 
was undertaken to determine if mitochondrial and micro- 
somal cytochromes P-450 are affected similarly by cobaltous 
chloride. 

Glucose-6-phosphate, yeast glucose-6-phosphate dehy- 
drogenase (type VII), NADP, NADPH (type III) and 
cholesterol (chromatography standard grade) were 
obtained from the Sigma Chemical Co. (St. Louis, MO). 





* Trivial names used are: cholesterol, 5-cholesten-3B-ol; 
25-hydroxycholesterol, 5-cholesten-38,25-diol; 26-hydrox- 
ycholesterol, 5-cholesten-38,26-diol; and Ig, immuno- 
globulin. 


[7(n)-*H]Cholesterol (specific activity, 9.5 Ci/mmole) was 
obtained from Amersham/Searle (Arlington Heights, IL), 
and the radioactive purity was confirmed to be greater than 
98 per cent by thin-layer chromatographic analysis. Ethyl- 
morphine hydrochloride was purchased from Merck & Co., 
Inc. (Rahway, NJ); thin-layer plastic sheets (5 x 20cm), 
precoated with silica gel G, were obtained from Brinkman 
Instruments, Inc. (Westbury, NY). Metyrapone and 
aminoglutethimide were gifts from the Ciba-Geigy Corp. 
(Summit, NJ). Goat anti-bovine adrenal ferredoxin and 
goat preimmune immunoglobulin (Ig) fractions were 
obtained as described previously [12]. Sheep anti-rat 
hepatic microsomal NADPH-cytochrome c (P-450) reduc- 
tase and sheep preimmune IgG fractions were prepared as 
described previously [13]. All other chemicals employed 
were of the highest purity available. 

Male albino Holtzman rats, 150-250g, were used 
throughout these studies. Cobaltous chloride 
(CoClz-6H20) was administered subcutaneously once daily 
for 4 days at a dose of 60 mg/kg. Control rats received 


Table 1. Effects of mono-oxygenase inhibitors and adrenal ferredoxin on rat hepatic mitochondrial 
cholesterol hydroxylase activity 





Addition 


Concentration 


% Conversion in 
30 min* 





None 
Metyrapone 


Aminoglutethimide 


Adrenal ferredoxin 

Goat anti-adrenal 
ferredoxin Ig 

Goat preimmune Ig 


Sheep anti-NADPH-cytochrome 
c (P-450) reductase IgG 
Sheep preimmune IgG 


10.0 mM 
0.1 mg/mg mitochondrial 
0.1 mg/mg mitochondrial 
0.1 mg/mg mitochondrial 


0.1 mg/mg mitochondrial 


1.30 + 0.06 (100) 
0.61 + 0.11% (46) 
0.18 + 0.03 (14) 
0.70 + 0.12+ (53) 
0.04 + 0.04% (3) 
5.40 + 0.37+ (392) 
0.31 + 0.08% (23) 


0.1mM 
1.0 mM 
1.0mM 


2.0 mM 


protein 
1.03 + 0.084 (80) 
protein 
1.04 + 0.054 (80) 
protein 
1.08 + 0.14 (83) 
protein 





* Each value represents the mean + S.E. for four determinations with the percentage of 
control activity given in parentheses. 

+ P<0.001, compared with the control value. 

+ P <0.02, compared with the control value. 
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Table 2. Effect of cobaltous chloride pretreatment on rat hepatic microsomal cytochrome P-450 content, microsomal 
ethylmorphine N-demethylase activity and mitochrondrial cholesterol hydroxylase activity“ 





Cholesterol hydroxylase 
activity? 
(% conversion in 30 min) 


Ethylmorphine N-demethylase 
activity 
(nmoles/min/mg protein) 


Microsomal cytochrome 
P-450 content 


Pretreatment (nmoles/mg protein) 





+ 0.62 
+ 0.69 (111) 


15.9 + 0.7 4.3 
0.9 + 0.3% (6) 4.7 


0.84 + 0.05 
0.15 + 0.034 (18) 


Distilled water 


5 
Cobaltous chloride 3 





-* Each value represents the mean + S.E. of eight determinations with the percentage of control activity or content 
given in parentheses. 

+ It should be noted that the rats used to obtain the results presented in Table 1 were not fasted, and the percentage 
of tritiated products formed was considerably less than the values reported in this table where the rats had been fasted 
for 5 days. The difference in activity is presumably due to differences in the endogenous cholesterol contents in 
mitochondria isolated from the livers of fed and fasted rats. 


+ P<0.001, compared to control (distilled water pretreated). 


appropriate volumes of vehicle (distilled water). Rats were 
fasted throughout the treatment period and were killed 
24 hr after the last injection. Livers were perfused with ice- 

‘cold 0.9% NaCl, and mitochondria and microsomes were 
prepared from 10% (w/v) homogenates by differential cen- 
trifugation, as described previously [12,14]. The mito- 
chondrial pellets were suspended in distilled water at a 
protein concentration of 10 mg/ml, and the mitochondrial 
membrane structure was disrupted by freezing and thawing 
five times, using a dry ice—acetone bath [12]. Cholesterol 
hydroxylase activity catalysed by the frozen and thawed 
mitochondria was determined employing minor modifica- 
tions of the method described previously [15]. Each 0.5-ml 
reaction mixture contained 3 mg of mitochondrial protein, 
1mM NADP, 4.25 mM glucose-6-phosphate, 0.4 units of 
glucose-6-phosphate dehydrogenase, 1 mM KCN, 10mM 
MgCh, and 0.1 M Tris-HCl buffer, pH 7.4. The reactions 
were initiated by the addition of 1.3uCi [7(n)- 
‘H]cholesterol in 0.01 ml acetone, and were terminated 
after a 30-min incubation at 37° by the addition of 2 ml 
methanol. Cholesterol hydroxylase activity was expressed 
as the percentage of conversion of [7(n)-*H]cholesterol to 
‘H-labeled 25- and 26-hydroxycholesterol during the 30- 
min incubation. 

Microsomal pellets were resuspended in 0.25 M sucrose, 
containing 50 mM Tris-HCl buffer, pH 7.4, to a protein 
concentration of 10 mg/ml. Ethylmorphine N-demethylase 
activity catalysed by hepatic microsomes was determined 
at 37° by measuring formaldehyde production according to 
the method of Nash [16], as modified by Cochin and 
Axelrod [17]. Each 7-ml reaction mixture contained 7- 
14 mg of microsomal protein, 8 mM ethylmorphine, 150 mM 
KCi, 10 mM MgCh, and 50 mM Tris-HCI buffer, pH 7.4. 
Ethylmorphine N-demethylase activity was initiated by the 
addition of 200 4M NADPH, and 1-ml aliquots were 
removed every 30sec for the determination of 
formaldehyde. 

The contents of cytochrome P-450 in hepatic microsomal 
preparations were determined from carbon monoxide dif- 
ference spectra, employing an extinction coefficient of 
91mM~' cm™! for the difference in absorbance between 
450 and 490 nm [18]. Protein was determined by the biuret 
method [19], using bovine serum albumin as a standard. 

The hydroxylations of cholesterol at carbons 25 and 26 
catalysed by hepatic mitochondrial preparations have been 
demonstrated to be ferredoxin and cytochrome P-450 
dependent [7-11, 15], and the results presented in Table 
1 are consistent with findings reported previously.. Both 
metyrapone and aminoglutethimide, inhibitors of cyto- 





*G. Kapke, T. Kaduce, A. Spector and J. Baron, 
unpublished observations. 


chrome P-450-catalysed mono-oxygenations [20-22], 
inhibited cholesterol hydroxylation in a concentration- 
dependent manner (Table 1). Furthermore, the addition 
of homogeneous bovine adrenal ferredoxin markedly 
stimulated cholesterol hydroxylation, while the addition of 
goat antibody produced against homogeneous bovine 
adrenal ferredoxin significantly inhibited cholesterol 
hydroxylation, thereby confirming the previously reported 
ferredoxin requirement [7,8,15]. Antibody produced 
against rat hepatic microsomal NADPH-cytochrome c (P- 
450) reductase exerted a weak inhibitory effect on choles- 
terol hydroxylase activity (Table 1). The observation that 
similar degrees of inhibition were produced by the sheep 
anti-reductase IgG fraction and the preimmune goat Ig and 
sheep IgG fractions indicates that this inhibitory effect was 
nonspecific and that the determined cholesterol hydroxyl- 
ase activity was not of microsomal origin. This observation 
is in agreement with the report by Bjérkhem and Gus- 
tafsson [23] that cholesterol is not hydroxylated at carbons 
25-and 26 by hepatic microsomes. 

In contrast to the observation of Okuda et al. [11], 
cytochrome P-450 could not be detected spectrophoto- 
metrically in our mitochondrial preparations. Since the 
content of mitochondrial cytochrome P-450 could not be 
determined directly, possible alterations in the level of this 
hemoprotein in hepatic mitochondria following cobaltous 
chloride administration were assessed indirectly by deter- 
mining the cytochrome P-450-dependent cholesterol 
hydroxylase activity. The data presented in Table 2 dem- 
onstrate that, while pretreatment of rats for 4 days with 
cobaltous chloride resulted in an 82 per cent decrease in 
hepatic microsomal cytochrome P-450 content and a 94 per 
cent decrease in the associated ethylmorphine N-demethyl- 
ase activity, hepatic mitochondrial cholesterol ! ydroxylase 
activity was not affected. Although the percentage of con- 
version of cholesterol to hydroxylated products is depen- 
dent on the amount of endogenous cholesterol present, 
differences were not seen when the contents of cholesterol 
were determined in hepatic mitochondria prepared from 
cobaltous choride- and vehicle-pretreated rats.* 

The results presented in this communication demonstrate 
that rat hepatic microsomal and mitochondrial cytochome 
P-450-catalysed mono-oxygenations are differentially 
affected by pretreatment with cobaltous chloride. These 
findings suggest that the half-life of mitochondrial cyto- 
chrome P-450 is greater than the half-lives of microsomal 
cytochromes P-450. 
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The mode of action of local anesthetics is still not fully understood, in spite of 
numerous in vivo and in vitro studies. Lee [1] suggested that sodium channels in the nerve 
membranes are surrounded by lipid in the crystalline state and that local anesthetics cause 
a transition of this lipid from crystalline to liquid-crystalline state, producing a 
conformational change of the channel protein resulting in a decrease of the sodium conduc- 
tance. This model is based on experiments showing that local anesthetics increase the 
fluidity and decrease the melting temperature of vesicles prepared from synthetic lipids or 
brain phosphatidyl serine [2-7]. 

By employing differential scanning calorimetry we found that brain lipids undergo 
melting in a wide range of temperatures (10°C-50°C). This system is especially suitable for 
investigating the effect of different drugs that may modify the melting properties of the 
lipids. In this communication we describe the thermotropic properties of calf brain lipids 


and the effect of the local anesthetics - dibucaine and tetracaine - on these properties. 


MATERIALS & METHODS 


The brain lipids were isolated from fresh calf brzin, as described by Hakomori et al. [8]. 
Fraction | (the lower phase) contains the total brain lipids minus the gangliosides. This 
fraction was further separated by chromatography yielding fraction 2 which contains only 
phospholipids but not cholesterol or neutral glycolipids. The cholesterol content of the 
lipids was determined [9]. 

Tetracaine hydrochloride was purchased from Sigma, St. Louis, Mo., and dibucaine hydro- 
chloride came from K & K Laboratories, Plainview, N.Y.. 
The calorimetric measurements were performed on DuPont 990 instrument, equipped with 


cell base II, and the calibrated mode was used. 


a - 
All the experiments were performed in 1.5-10 N NaCl solution, buffered to pH 7.4 with 


10 * N Trie*HCl buffer. The experiments for differential scanning calorimetry were prepared 
in two ways: (i) The lipids were weighed directly into the aluminum pans and excess of salt 
solution or appropriate amounts of the drug dissolved in the salt solution were added. The 
pans were sealed and left at 37°C for 2 hr. (41) The lipids dissolved in chloroform: 
ethanol (2:1) and the drugs dissolved in ethanol were mixed together and left at room 
temperature for I-hr. The solvents were driven off by a stream of nitrogen, the material 
was kept at 0.5 Torr for 3 hr and subsequently transferred into the pans and an excess of 
salt was added. The samples were run either on the day of the preparation or after 24-48 hr. 


No difference in the results was detected after the first heating scan. 
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RESULTS & DISCUSSION 


Brain lipids undergo melting in a wide range of temperatures, 10°C-50°C, with a maximum 


in the endothermic heat flow at 35°C (Fig..1A). The heat of melting of these lipids is 


1.7 milical/mg lipid. As found by the analysis and in agreement with literature data [10], 


the bovine brain lipids used in our experiments contain 16 percent cholesterol. 
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Fig. 2. Thermograms of brain phospholipids 


Fig. 1. Thermograms of total brain lipids 
interacting with tetracaine. 


interacting with local anesthetics. 
molar ratio lipid/drug . 








mg lipid molar ratio lipid/drug “ 


10: tetracaine 2.4:1 


) 
" ) 

é; ),, assuming molecular weight of 800 for the 
7 ; ) lipid 
2% 2.8: dibucaine) scanning rate 5°/min 
sensitivity 0.04 milical/sec-inch 


3.0: 
2.5: 


assuming molecular weight of 800 for the 
lipid 
mixed in organic solvents 


scanning rate 5°/min 
sensitivity 0.02 milical/sec:inch 


In an attempt to evaluate the effect of cholesterol on the thermotropic properties of 
brain lipids, the cholesterol and neutral glycolipids were quantitatively removed by further 
fractionation with 1,2 dichloroethane and 1,2 dichloroethane:methanol (9:1) on a Florisil 


The range of melting of the cholesterol-devoid lipids became narrower; it extended 
~30°C (Fig. 2A). The heat of 


column. 
up to 35°C and the maximum shifted to lower temperatures, 
melting increased to 2.7 milical/mg lipid. 

The effect of cholesterol on the broadening of the range of melting of synthetic phospho- 


lipids was reported recently [11,12]. The broadening of the range of melting of total lipids, 
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as compared to cholesterol-devoid fraction, may be explained by the effect of cholesterol 
on the thermotropic properties. 

To our knowledge, only the myelin lipids were investigated by differential scanning 
calorimetry [13]. The total myelin lipids, which are very rich in cholesterol (135%) [14], did 
not exhibit melting around room temperatures, but they do show melting after removal of 
cholesterol [13]. 

Interaction of the brain lipids with the local anesthetic-tetracaine causes a downward 
shift in the temperature of the maximum in the heat flow. At molar ratio lipid:drug 60:1 
the decrease in the temperature is 11.7°C (not shown) and it becomes larger with the decrease 
in the lipid:drug ratio (Figs. 1B,C,D,E). At ratios of lipid:drug lower than 4:1, the range 
of melting also becomes narrower and a small decrease up to 20 percent in the heat of melting 
of the lipid is detected (Fig. 1£). Compared to tetracaine, interaction with dibucaine gives 
a smaller shift in the heat flow maximum (Fig. IF). 

To evaluate the influence of cholesterol and neutral glycolipids on the interaction of 
brain lipids with local anesthetics, the experiments were also carried out on the brain lipid 
fraction selectively devoid of both components. The results of the experiments are 
presented in Fig. 2B. 

The effect of tetracaine on the brain phospholipids is stronger than on the total lipids 
(Fig. 1D). The shift in the midpoint temperature is 16°C, which is twice as big as the shift 
found in experiments using total lipids. These results suggest the possibility that tetra- 
caine affects the cholesterol or cerebrosides interaction with phospholipids, but at present 
we cannot assess which component is responsible for this interaction. 

To conclude, we have shown that brain lipids undergo melting in a wide range of tempera- 
tures and that local anesthetics modify the melting profile changing the ratio between 
crystalline and liquid crystalline lipid, thus influencing probably the microenvironment of 


the membrane proteins. 
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Many theories have been advanced to explain the 
nature of the interactions between hormonal and 
pharmacological receptors and their specific ligands. 
However, in addition to an absence of knowledge 
of the precise molecular details of the binding inter- 
actions and the activation of receptors, there is still 
a lack of understanding of the nature of agonist 
efficacy and its dependence upon the molecular 
structure of individual agonists. In this paper I wish 
to draw attention to the implications for receptor 
theory of a masterly review by Jencks [1] on the 
subject of binding energy and enzymic catalysis. In 
my view, the concepts provided by Jencks for the 
explanation of substrate specificity and enzymic 
efficiency have a direct relevance to some of the 
problems of receptor phenomenonology. 


Binding energy and efficacy of agonists 
Synthetic organic chemistry has provided many 


chemical derivatives of naturally occurring hormones 
with biological activities that range from an ability 
to initiate a biological response comparable with that 
of the natural hormone, i.e. full agonism, to powerful 
antagonists that prevent the action of hormones by 
competitively but inertly occupying their specific 
receptors. Between these extremes are partial agon- 
ists which, though active as stimulants, cannot elicit 
the full biological effect with which a tissue responds 
to the appropriate concentration of a natural or full 
agonist. The level of agonism possessed by a hor- 
mone analogue relative to that of the full agonist is 
generally referred to as the efficacy of the compound. 
It became clear many years ago that the efficacy of 
agonists is not related to their affinity for the recep- 
tors [2]. Partial agonists often exhibit greater affinity 
for their receptor than full agonists and at equimolar 
concentrations, therefore, occupy a greater fraction 
of the receptor population than full agonists but 
nevertheless fail to elicit the appropriate biological 
response. Furthermore, some agonists apparently 
elicit a maximal biological response while only 
occupying a fraction of the total receptors available. 
Several attempts have been made to account for the 
efficacy of agonists. Paton’s ‘rate’ theory [3] con- 
ceived receptor activation as a quantal event associ- 
ated with the moment of interaction between the 
receptor and the agonist. Occupation of the receptor 
after this results in blockade, while dissociation of 
the agonist from the receptor renders it again avail- 
able for activation. A high dissociation rate constant, 
therefore, implies high efficacy, whereas a low dis- 
sociation rate results in prolonged occupancy and 
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antagonism. Partial agonists, according to the ‘rate’ 
theory, have intermediate dissociation rate con- 
stants. Unfortunately, this theory simply trans- 
formed the efficacy parameter to a dissociation rate 
constant and no explanation was offered to account 
for the differences in dissociation rate constants. 

Another theory [4] to account for agonist efficacy 
and partial agonism postulates that there are two 
states of the receptor, a ground state and an excited 
state, that are in equilibrium with each other. A 
biological response is initiated by the agonist binding 
to the excited state, thus displacing the equilibrium 
in favour of the excited state, whereas in the absence 
of an agonist the equilibrium between the two states 
of the receptor is heavily weighted in favour of the 
inert ground state. Antagonists are held to bind only 
to the ground state, thus preventing formation of the 
excited receptor state. On this model, partial agonists 
interact with both states of the receptor. Their effi- 
cacy is therefore determined by the ratio of their 
affinities for the ground and excited states of the 
receptor. The two state model depends on the ability 
of ligands to modify the equilibrium between the 
two states by a mass action mechanism. 

The rapid initiation of a biological response by an 
agonist or its inhibition by an antagonist therefore 
requires high values for the forward and reverse 
specific rate constants that govern the conforma- 
tional transition between ground and excited states 
of the receptor. Conformational changes in proteins 
indeed may be very fast when small intramolecular 
motions are involved and rate constants in excess of 
10° sec"' may be envisaged easily. It is therefore 
possible that the excitation of certain receptors could 
result from a rapid displacement of the equilibrium 
between the ground and excited states brought about 
by preferential ligand binding to one state or the 
other. However, it is also known that many confor- 
mational rearrangements in proteins occur over rela- 
tively long time periods. Thus the NADH- and GTP- 
induced dissociation of glutamate dehydrogenase has 
a forward rate constant of approximately 60 sec”! 
[5] and the substrate-induced activation of a-chy- 
motrypsin is even slower, with a forward rate con- 
stant of 1-3sec™' [6]. In the case of such major 
conformational rearrangements, it seems quite pos- 
sible that the ligands take an active role in inducing 
the transitions by enhancing the forward rate con- 
stants rather than by trapping the activated enzyme 
as a ligand-bound complex. If excitatory ligands do 
in fact accelerate the rate at which new equilibria 
are established between two conformational states 
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of proteins, then the reduction in the activation 

energy required for the transition must be derived 

from the free energy of binding of the ligand to the 
ground state of the protein. 

Jencks [1] drew attention to the fact that the values 
of the Michaelis constant (Km) for many enzymes 
with highly specific substrates are surprisingly high, 
i.e. in the range 0.1-0.01 mM. Assuming that the 
condition is satisfied that Km = Ks, where K; is the 
dissociation constant for the initial non-covalent 
interaction between an enzyme and its substrate, a 
Km value between 0.1 and 0.01mM_ apparently 
implies a relatively weak binding between an enzyme 
and its substrate, a conclusion that is difficult to 
reconcile with the exquisite specificity of many such 
interactions. This apparent discrepancy is resolved 
by Jencks [1] in the following way. Using many 
examples, he demonstrates that part of the intrinsic 
standard free energy change, AGim, that occurs when 
the substrate binds to the active site of an enzyme, 
must be used to lower the activation energy required 
to achieve the transition state intermediate and 
therefore contribute to the acceleration of the cata- 
lytic rate. The intrinsic standard free energy change 
is therefore not fully reflected in the observed dis- 
sociation constant, given by the Km, and the value 
is higher than it would be if part of the binding 
energy did not contribute to the catalytic efficiency 
of the enzyme. The intrinsic binding energy may be 
used as follows: 

(1) to diminish the requirement for the reduction 
in translational and rotational entropy involved in 
the formation of an enzyme-substrate complex; 

(2) to induce conformational changes in the 
enzyme that may be involved in enzymic catalysis; 

(3) to destabilize the substrate by geometric dis- 
tortion, desolvation and electrostatic mechanisms. 

Thus 

AGors = AGim + AGo — TASin, (1) 
where 

AGovs = observed free energy of binding, 

AGim = intrinsic free energy of binding, 

AGp = unfavourable free energy change from des- 
tabilization of the binding ligand and 
induced fit/conformation changes in the 
enzymes, 

TASim = intrinsic entropy changes exclusive of sol- 
vation effects. 


The terms AGp and TASimn may be large in relation 
to AGin so that the observed binding parameter, Km, 
is substantially poorer than would otherwise be the 
case. Jencks [1] discusses the concept of ‘non-pro- 
ductive’ binding which proposes that a proportion 
of the free energy of binding is not used to lower 
the activation energy and therefore enhance Vmax 
but is, instead, expressed as tighter binding. Non- 
productive binding is apparent in substrate analogues 
whose Km and also Vmax are both diminished com- 
pared with ‘good’ substrates. In the extreme case, 
the free energy change on binding is entirely non- 
productive, resulting in a very low Km, and a Vinax 
that approaches zero. A compound with these 
properties would, of course, be an effective enzyme 
inhibitor. 


An obvious parallel exists between enzyme sub- 
strates, partial substrates and inhibitors on one hand 
and agonists, partial agonists and antagonists on the 
other. I shall assume that in many instances agonists 
(L) may initiate biological responses by inducing a 
conformational change in the receptor proteins (R) 
to form the excited state R*, 


i.e. 


ky k2 
a Ae tg (2) 
R+L cag .-. 


where ki, k-1, k2 and k-2 are specific rate 
constants. There is no clear evidence that in intact 
cells, RL — R*L is effectively reversible or whether 
R*L=——R* +L is involved. Recent discoveries con- 
cerning the desensitization and also the internali- 
zation of activated receptors in viable cells further 
complicate the picture [7]. It is therefore doubtful, 
perhaps, whether a true equilibrium can ever be 
established in vivo either with endogenous hormones 
or with administered drugs. An activation energy 
barrier separates the two conformational states of 
the receptor which, in the absence of an agonist, 
must be high enough effectively to minimize the 
steady state level of R*. 

In the case of enzymic reactions, only the free 
energy released from ‘productive’ binding of a sub- 
strate to an enzyme may be used to lower the free 
energy of activation to reach the transition state. 
Other elements of the binding interaction yield a 
‘non-productive’ free energy change that is expressed 
in the tightness of binding [1]. Applying this concept 
to the induction of a conformational change, the 
availability of productive free energy must therefore 
have a major influence on the rate, k2, at which the 
new conformational state of the receptor is reached. 
Presumably, maximum values of k2 occur when natu- 
ral agonists interact with their receptors since the 
structural features of the binding interaction will 
have evolved to achieve this end. In the case of 
synthetic analogues of natural agonists, I suggest 
that their efficacy depends on the level of productive 
binding that occurs with the receptor. The interaction 
of partial agonists and antagonists with the receptor 
is associated with a greater proportion of the intrinsic 
free energy change being non-productive. The rate, 
k2, at which conformational change in the receptor 
occurs is therefore less with these agents. At the 
same time, the affinities of such ligands for the 
receptor may increase if the non-productive free 
energy change is expressed as tightness of binding 
in much the same way that structural analogues of 
enzyme substrates that are resistant to catalytic trans- 
formation often bind more tightly to their enzymes 
than proper substrates. This is strikingly illustrated 
by certain ligands that interact with the B-adrenergic 
receptor. A number of antagonists such as |-pro- 
pranolol, pindolol, IPS 339 and MK 950 have much 
lower dissociation constants, as measured by the 
radioligand displacement method, than agonists such 
as epinephrine, norepinephrine and isoproterenol 
[8]. Antagonists with significant intrinsic agonism, 
i.e. partial agonists, are seen as ligands whose bind- 
ing to the receptor releases a significant amount of 
‘productive’ energy that can be used to achieve some 





Binding energy and the activation of hormone receptors 


reduction in the activation energy necessary to bring 
about the necessary conformational change in the 
receptor protein. 

A key feature of this model, based on the contri- 
bution of binding energy to receptor excitation, is 
that productive binding energy, by reducing the 
activation energy requirement for the conforma- 
tional transition in the receptor, accelerates the rate 
at which the new equilibrium, favouring the excited 
state of the receptor, is achieved. The ability of 
hormones to accelerate the rates at which excited 
receptors are formed can be expected to be important 
in receptor systems in which major conformational 
changes and complex protein-protein interactions 
are known to occur, for example, the many adenylate 
cyclase-linked receptors. The binding energy model 
would predict, therefore, that the efficacy of partial 
agonists capable of stimulating such receptor systems 
is a reflection of the rate at which excited receptors 
are formed as well as the final equilibrium. 


The role of secondary ligands in receptor systems 


Guanosine triphosphate (GTP) and its non-hydro- 
lyzable analogue, 5’-guanylylimidodiphosphate, 
have the ability to modify the affinities of several 
distinct receptors including a-receptors, adenylate 
cyclase-linked receptors and the muscarinic receptor, 
for their agonists but not for antagonists. The 
involvement of GTP in the regulation of adenylate 
cyclase has been intensively studied. Howlett er al. 
[9] found, as others have done, that GTP decreases 
the affinity of the 8-receptor in cell free preparations 
for the B-agonist isoproterenol, while at the same 
time the nucleotide increases the efficacy of isopro- 
terenol as a stimulant of adenylate cyclase. 

Irrespective of the detailed complexities of the 
interactions between receptors, GTP-binding pro- 
tein and adenylate cyclase, it can be proposed, in 
terms of the binding energy model, that the inter- 
action of GTP with its binding protein produces a 
conformational change in that protein ‘paid for’ out 
of the free energy of binding. Cooperative interac- 
tions between the receptor protein, GTP-binding 
protein and adenylate cyclase enable part of the 
free energy released on the binding to GTP to 
enhance the productive binding of the agonist to the 
receptor, presumably as a result of a conformational 
change affecting the agonist recognition site in the 
receptor protein. Since the affinity of agonists for 
their receptors is decreased by GTP, it is suggested 
that the intrinsic free energy of agonist binding is 
repartitioned to yield a greater proportion of pro- 
ductive binding. The GTP-induced changes are 
therefore characterized by an increased agonist 
efficacy and a decreased affinity for the receptor. 

In the progression through partial agonists to com- 
petitive antagonists without intrinsic activity, it is 
suggested that the ability of GTP to increase the 
availability of ‘productive’ energy from the ligand— 
B-receptor interaction progressively approaches 
zero. This would account for the inability of GTP 
to modify the dissociation constants for agonistically 
inert competitive B-adrenergic antagonists. 


Intrinsic free energy of binding 
The intrinsic free energy of binding, as distinct 
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from the observed free energy derived from the 
equilibrium constant, is not directly measureable. 
However, as Jencks [1] and Page [10] point out, a 
partial solution to the problem of intrinsic binding 
energy is available through the observation of the 
change in binding energy when a substituent is added 
to a molecule. The free energy of binding of a group 
B may be estimated by measuring the free energies 
of binding of the parent molecule, A, and its sub- 
stituted derivative A-B. Provided that B is not 
unduly large so as to sterically hinder the binding of 
A-B in comparison with A and provided that B does 
not have a large inductive effect that would signifi- 
cantly modify the binding of the rest of the molecule, 
it is reasonable to conclude that the difference in the 
binding energies of A and A-B represents an approx- 
imation of the intrinsic binding energy of B. This is 
because the unfavourable intrinsic entropy change 
that occurs on binding (equation 1) is essentially the 
same for A and A-B. It is important to realize that 
the unfavourable entropy change here refers to the 
loss of translational and rotational entropy that 
occurs on the tight binding of the ligand to its recep- 
tor and it excludes entropy changes that are associ- 
ated with the displacement of any bound water from 
the binding site and entropic changes associated with 
subsequent conformational changes in the receptor. 
Furthermore, the difference method approach to 
intrinsic binding energies of substituents will not 
detect the utilization of binding energy to induce 
conformational changes in the receptor protein. 

Jencks [1] concluded that free energies of binding 
determined by the difference method can be 
expected to be additive for different substituent 
groups, provided the binding of one substituent does 
not directly or indirectly affect the binding of 
another. This difference approach has been used 
recently by Wolff et al. [11] to assess the contributions 
of substituents to the free energy of binding of a 
range of steroid agonists to the glucocorticoid recep- 
tor derived from cultured rat hepatoma cells. Wolff 
et al. [11] showed that addition of the binding ener- 
gies of several substituents gave a rough approxi- 
mation of the difference in binding energies between 
a parent steroid and a multisubstituted molecule. 
They concluded that the increments in binding 
energy were not fully independent of each other and 
that the increments due to a particular substituent 
varied according to the molecule into which they 
were inserted. As Jencks [1] has pointed out, the 
intrinsic binding energy is an idealized parameter 
that cannot be directly measured. The best that can 
be expected is an approximation of the type 
attempted by Wolff er al. [11]. 


Entropy changes in ligand binding and receptor 
activation 


The entropy term in equation 1, TASin, also cannot 
be measured directly by determining the temperature 
dependence of observed dissociation constants, since 
these measurements will be markedly influenced by 
solvation effects. Even the gross entropy changes for 
the binding interaction alone may be difficult or 
impossible to determine if ligand binding induces 
conformational changes in the receptor protein. In 
this event, the conformational changes may cause 
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major entropic changes in the associated water or 
in the phospholipids in the case of membrane-bound 
receptors. These effects are likely to obscure entropy 
changes due to the ligand-receptor encounter reac- 
tion. Wolff et a/. [11] found that there was a positive, 
favourable entropy change when _ glucocorticoid 
agonists bound to the cytoplasmic receptors derived 
from hepatoma cells. These workers interpreted 
their results as being typical of ‘entropy-driven’, 
hydrophobic interactions between molecules. How- 
ever, it should be pointed out that their binding 
studies were performed over 14—18 hr, during which 
time agonist-induced conformational changes in the 
steroid receptor would almost certainly have 
occurred in addition to any non-specific changes 
caused by denaturation and protein degradation. In 
another thermodynamic study, Weiland et al. [8] 
investigated the enthalpic and entropic changes that 
occurred on the binding of a range of B-adrenergic 
agonists, partial agonists and antagonists to the B- 
receptor of the turkey erythrocyte. The binding of 
full agonists was associated with a negative entropy 
change that was compensated by large favourable 
changes in enthalpy. Antagonist binding caused a 
large positive entropy change with little change in 
enthalpy. The thermodynamic changes produced by 
the binding of partial agonists were intermediate, 
except that two antagonists with significant B-stimu- 
lant activity, practolol and pindolol, caused large 
positive changes in entropy, i.e. characteristic of 
antagonists such as propranolol that are devoid of 
intrinsic agonism. These examples are quoted to 
indicate that it is not possible to generalize about 


the gross thermodynamic changes elicited when hor- 
mones and their analogues interact with receptors. 
What can be said is that the initial binding interaction 


necessitates an intrinsic unfavourable entropy 
change, due mainly to the loss of translational and 
rotational freedom of the binding ligand, and that 
this loss of entropy is ‘paid for’ from the intrinsic 
free energy of binding. In turn, of course, the free 
energy of binding will reflect any immediate 
favourable entropic contribution resulting from the 
displacement of bound, structured water from the 
binding group(s) on the ligand and from the ligand 
binding site on the receptor. 


Conclusion and prospects 


In this commentary I have drawn attention to the 
important implications for molecular pharmacology 
of the concept proposed by Jencks [1] for the util- 
ization of the free energy of binding in facilitating 
enzyme catalysis and conformational changes in pro- 
teins. The efficacy of hormones and pharmacological 
agonists can be interpreted in the light of the sugges- 
tion that the free energy of binding is partitioned 
between productive binding energy which can be 
used to induce biologically effective conformational 
changes in the receptor, and non-productive binding 
which is expressed as tightness of binding. The 
observed free energy of binding is derived both from 


productive binding energy not required for inducing 
the conformational change and from non-productive 
binding. The observed free energy of binding is 
therefore less than the intrinsic free energy of binding 
because of the utilization of some of the productive 
binding to induce conformational changes in the 
receptor. It is proposed that in the case of biological 
stimulation involving a major conformational change 
in the receptor with a high activation energy require- 
ment, productive binding energy is used to lower the 
activation energy barrier and thus accelerate the 
conformational change and to establish a new equi- 
librium in favour of the excited state of the receptor. 
On this model, full agonists are seen as ligands with 
structures that yield optimum productive binding 
energy, whereas competitive antagonists with zero 
efficacy are considered to bind in a non-productive 
mode. The efficacy of partial agonists depends, 
therefore, on the level of productive binding they 
achieve with the receptor. 

The contribution of substitutents of ligands to the 
free energy of binding can be approached by observ- 
ing the change in binding energy caused by small 
non-interacting substituent groups. In addition to 
conventional binding studies by the radio-ligand dis- 
placement technique, apparent binding energies can 
be derived from dose-response curves to agonists. 
This latter method cannot be justified if there is an 
amplification mechanism between the activation of 
the receptor and the observed biological response. 
However, in the case of a closely coupled response, 
such as the activation of adenylate cyclase, a cor- 
relation between the changes in apparent binding 
energies caused by substituent groups of agonists 
may provide useful information on the contribution 
of such groups to productive binding, especially if 
compared with data derived from radioligand dis- 
placement measurements. 
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Abstract—Na-K ATPase activity of homogenates of rat striatum is stimulated by dopamine (DA) and 
noradrenalin (NA) in similar and concentration-dependent ways. The enzyme is also stimulated by 
apomorphine and 2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene (ADTN), agonists of DA 
receptors. Other DA agonists, such as bromocriptine and piribedil, show no effect at all, while another, 
lergotrile, stimulates only slightly. The stimulatory effect of DA and apomorphine is not counteracted 
by haloperidol. cis-Flupenthixol, another DA receptor antagonist, does strongly inhibit DA stimulation 
of striatal Na-K ATPase activity at concentrations which inhibit basal activity to a limited extent only. 
However, this effect is not related to the DA receptor blocking activity of the drug, as trans-flupenthixol, 
an isomer which is much less active in DA receptor blocking tests, inhibits the stimulation by DA even 
more. With drugs blocking a and B noradrenergic receptors (phentolamine and dihydroergotoxine, 
respectively propranolol), no specific inhibition of the NA stimulation of Na-K ATPase activity of 
striatum, cerebral cortex and cerebellum is found. In addition, no effect of the a receptor agonist 
clonidine is observed. From these experiments with catecholamine receptor agonists and antagonists, 
we conclude that stimulation of brain Na-K ATPase most probably is not related to catecholamine 
receptor mechanisms. Lesion experiments suggest that the DA susceptible striatal Na-K ATPase activity 
is not specifically localized in DA neurons or in DA innervated neurons. Neither degeneration of DA- 
containing terminals (caused by 6-hydroxydopamine) nor degeneration of neurons postsynaptically with 
regard to DA terminals (caused by kainic acid) affects DA susceptibility of the striatal enzyme. We 
therefore conclude that catecholamine susceptibility probably is a general characteristic of striatal Na— 
K ATPase (and probably also of that of other brain regions). Our conclusions are in line with suggestions 
in the literature that stimulation of brain Na-K ATPase by catecholamines is a nonspecific phenomenon 
and is indirectly effected by abolition of the inhibitory effect of divalent metal ions on the enzyme. 
Indeed, the striatal enzyme is stimulated by EDTA too. 


It is widely believed that Na-K ATPase (Na*-K*- _ preparations. On this point the literature presented 


activated, Mg**-dependent ATP phosphohydrolase, 
EC 3.6.1.3) plays a crucial part in the functioning 
of neurons. The enzyme is thought to be responsible 
for the maintenance and re-establishment of the 
cation gradient across the neuronal membrane which 
is essential for impulse propagation [1]. In addition, 
several data suggest a role of the enzyme in the 
regulation of release and uptake of neurotransmitters 
[2-4]. Since 1972 numerous investigators have 
reported that Na-K ATPase activity of a variety of 
brain tissue preparations can be stimulated in vitro 
by catecholamines [5-17]. The mechanism of this 
phenomenon is unclear. In some cases reduction of 
the stimulatory effect of catecholamines by catechol- 
amine (CA) receptor antagonists is described, sug- 
gesting a receptor-mediated process [9, 17-20]. 
Other investigators are of the opinion that catechol- 
amines do not stimulate Na-K ATPase directly, but 
rather disinhibit the enzyme by chelating inhibitory 
metal ions [8, 15, 21]. 

In view of studies on dopaminergic transmission 
[22], we were particularly interested in the effect of 
dopamine (DA) on Na-K ATPase activity of striatal 
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very few data. At the start of our investigations 
there only was a paper by Logan and O’Donovan 
[12], reporting absence of an effect of DA on Na- 
K ATPase activity of a striatal synaptic membrane 
preparation of rabbits. In the course of our studies, 
however, two groups reported stimulation by DA 
of the enzyme in striatal homogenates, viz. Sulakhe 
etal. (rat and rabbit [16]) and Akagawa and Tsukada 
(rat [17]). Our results as described in this paper 
confirm this observation of the latter groups. To 
further characterize the effect of DA on striatal Na— 
K ATPase, we studied the effect of a number of 
drugs with well-known stimulating or blocking 
actions on DA and noradrenalin (NA) receptors. 
For comparison, we performed parallel assays on 
other brain area preparations. We also investigated 
the effect of lesions on the DA stimulation of the 
striatal enzyme in order to see whether the DA 
susceptible enzyme has a specific localization. Some 
of our findings, presented in this paper, have been 
reported at the Second Meeting of the European 
Society for Neurochemistry, Gottingen, August 1978 
[23]. 
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MATERIALS AND METHODS 


Chemicals. ATP, isolated from equine muscle, 
and synthetic ATP, both disodium salts, were 
obtained from Sigma. The sources of the drugs were: 
ouabain: Merck; dopamine HCI: Sigma; /-noradren- 
alin bitartrate: Serva; serotonin creatininsulfate: 
Merck; apomorphine HCI: Sandoz; a-bromocriptine 
mesylate: Sandoz; lergotrile mesylate: Eli Lilly; 
piribedil mesylate: Servier; 2-amino-6,7-dihydroxy- 
1,2,3,4-tetrahydronaphthalene HBr: Dr. B. H. C. 
Westerink, Laboratory for Pharmaceutical and Ana- 
lytical Chemistry, Groningen, The Netherlands; 
clonidine HCI: Boehringer Ingelheim; haloperidol: 
Janssen; cis- and trans-flupenthixol 2HCI: Lundbeck; 
phentolamine HCl: Ciba-Geigy; propranolol HCl: 
ICI; dihydroergotoxine mesylate: Sandoz; 6- 
hydroxydopamine HCI: Aldrich; kainic acid: Sigma. 
All other chemicals were p.a. quality. 

Brain homogenates. Male rats of the laboratory- 
bred SPF Wistar strain, weighing 200-230 g, were 
decapitated. Brain dissections were performed on 
an ice-cooled glass plate. Brain tissue was hom- 
ogenized in 50-125 vol. of ice-cold deionized water, 
using a glass Potter-Elvehjem homogenizer with 
teflon pestle. 

Brain lesions. All lesions were unilaterally made 
under ether anaesthesia. 6-Hydroxydopamine (6- 
OHDA) lesions were made by implanting a pellet 
of about 25 wg 6-OHDA into the right nigro-striatal 
tract (coordinates according to Konig and Klippel 
[24] in mm: A = 4.0; L = 1.5; V = —2.6) by means 
of a cannula as described by Smelik [25]. After about 
18 days the rats were killed. Homogenates of the 
striata were analysed for ATPase activities, for DA 
content (method of Westerink and Korf [26]) and 
for protein content (method of Lowry et al. [27]). 
Lesions which caused more than 90 per cent reduc- 
tion of DA in comparison with the non-lesioned 
striatum were considered as successful and only 
results of these lesions are presented (8 out of 9). 

Kainic acid lesions were made by injecting 1.25 
or 2.25 wg kainic acid in | pl isotonic saline into the 
right striatum over a 5min period (coordinates: 
A = 7.6; L = 3.0; V = 0.4). After injection the can- 
nula was left in place for another 5 min. Vehicle 
(1 pl) was injected into the left striatum. The animals 
were killed 8 days after the injection. Homogenates 
of the striata were analysed for ATPase activities as 
well as for protein content. 

Na-K ATPase assay. Na-K ATPase activity was 
taken as the difference between ATPase activity 
measured in the presence of Mg’*, Na* and K* (total 
ATPase activity) and ATPase activity measured in 
the presence of Mg**, Na* and ouabain (Mg ATPase 
activity). 

Total ATPase activity was assayed in a medium 
containing 4mM ATP (disodium salt), 100 mM 
NaCl, 20mM KCl, 6mM MgCh, 10mM_ Tris- 
maleate and homogenate of 0.4—0.5 mg brain tissue. 
For measurement of Mg ATPase activity, KCI was 
omitted and 1mM ouabain was added. The final 
volume was 1.0 ml, the final pH 7.3 at 37°. The assay 
medium minus ATP was preincubated at 37° for 
10 min. The reaction was started by addition of ATP 
and after 20 min terminated with 0.5 ml of cold 7.5% 


(w/v) trichloroacetic acid. After cooling for some 
minutes, 1.5 ml of colour reagent (1.15% ammonium 
heptamolybdate in 1.32N sulfuric acid, in which 
92 mg/ml ferrous sulfate was dissolved immediately 
before use [28]) was added, followed by centrifu- 
gation in the cold for S5min at 3000 r.p.m. The 
extinction of the supernatant was read at 700 nm 
30 min after addition of the colour reagent. 

For measurement of tissue-blank values, hom- 
ogenate was added after trichloroacetic acid. All 
ATPase assays were performed in triplicate. ATPase 
activities are expressed as wmoles Pi released per g 
tissue or (for lesion experiments) per mg protein and 
per hr incubation at 37°. 

The drugs used in our study were added to the 
preincubation media. Fresh solutions were prepared 
immediately before use. The drugs were carefully 
checked for possible effects on the final pH of the 
assay media. To dissolve haloperidol, acetic acid was 
used. The pH of this solution was adjusted with Tris 
to a limited extent to avoid precipitation. Using 
10~* M haloperidol, the final pH of the ATPase assay 
media was maximally 7.1. Bromocriptine, too, 
needed some acetic acid in order to dissolve. To 
correct the (small) vehicle effects in these experi- 
ments, a corresponding volume of a similarly pre- 
pared vehicle was added to all control assay media. 

Presentation of results and statistical evaluation. In 
order to compensate for variability in the levels of 
the ATPase activities owing to the use of different 
ATP preparations (see Results) and to day-to-day 
variations, we calculated our results (and presented 
them in tables and figures) as percentages of paired 
basal or control activities. The absolute values of the 
latter, however, are mentioned in the legends to the 
figures and in the tables. Since we were primarily 
interested in effects on Na-K ATPase activity, results 
of Mg ATPase assays are not always shown, but are 
sometimes only mentioned in the legends. 

Statistical evaluation was done by Student’s f-test 
for paired data. A P < 0.05 was chosen as the level 
of significance. 


RESULTS 


(1) Effect of DA and other biogenic amines on Na, 
K-ATPase activity of striatum and other brain regions 

Effect of DA. As is shown in the upper part of 
Fig. 1, Na-K ATPase activity of striatal homogenates 
is stimulated by DA in a concentration-dependent 
way, with a maximum at 10~* M. The lower part of 
Fig. 1 presents, under the same circumstances, the 
activities of Mg ATPase, an enzyme distinct from 
Na-K ATPase but in crude enzyme preparations 
always accompanying it. Its activity is also stimulated 
by DA, but to a far less extent, e.g. 10-*M DA 
more than doubles Na-K ATPase activity, but 
enhances Mg ATPase activity by only 20 per cent. 
The columns A, B and C of Fig. 1 indicate results 
obtained using different ATP preparations as sub- 
strate, viz. ATP isolated from equine muscle and 
containing an inhibitor of Na-K ATPase, recently 
identified as vanadate (see Discussion), equine mus- 
cle ATP essentially free of vanadate and synthetic 
ATP, respectively. Using these different ATP prep- 
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Fig. 1. Effect of various concentrations of DA on Na-K ATPase (upper part of the figure) and Mg 
ATPase activity (lower part) of striatal homogenates, using three different ATP preparations as 
substrate, viz. vanadate-containing equine muscle ATP (A), vanadate-free equine muscle ATP (B) and 
synthetic ATP (C). Results shown are means of 9 (A), 4 (B) and 8 (C) experiments + S.E.M. ATPase 
activities are expressed as percentages of the paired basal activities. Activities significantly different 
from basal activities are indicated by *. Basal activities (in wmoles Pig ™'hr~'): A: Na-K ATPase: 
532 + 51; Mg ATPase: 1215 + 14; B: Na-K ATPase: 895 + 34; Mg ATPase: 1193 + 21; C: Na-K 
ATPase: 715 + 41; Mg ATPase: 1258 + 15. 
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Fig. 2. Effect of 10-* M DA on striatal Na-K ATPase (upper part of the figure) and Mg ATPase activity 

(lower part) in the presence of various concentrations of EDTA. Results shown are means of 3 

experiments + S.E.M. ATPase activities are expressed as percentages of the paired basal activities. 

Statistically significant effects of EDTA compared with the basal activities are indicated by *, those of 

10°*M DA compared with the corresponding control activities by **. Basal activities (in moles 
Pig 'hr~'): Na-K ATPase: 625 + 22; Mg ATPase: 1523 + 16. 
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Fig. 3. Effect of various concentrations of apomorphine on striatal Na-K ATPase (upper part of the 

figure) and Mg ATPase activity (lower part), compared with the effect of 10°*M DA. Results shown 

are means of 6 experiments + S.E.M. ATPase activities are expressed as percentages of the paired 

basal activities. Activities significantly different from basal activities are indicated by *. Basal activities 
(in wmoles Pi g~' hr~'): Na-K ATPase: 815 + 120; Mg ATPase: 1195 + 48. 


arations, only minor differences in the stimulative 
effect of DA on Na-K ATPase are observed, the 
most notable being that 10~* M DA only stimulates 
the enzyme when assayed with vanadate-containing 
ATP. However, we do not attach much importance 
to this difference, as in other experiments (not shown 
here) we found that the effect of such high CA 
concentrations vary considerably. As can be seen in 
the legend to Fig. 1, absolute Na-K ATPase activities 
are higher with the vanadate-free ATP preparations 
than with the vanadate-containing one, which fits in 
an inhibitory effect of vanadate. The Mg ATPase 
activities show no differences. A great many of our 
experiments had been completed before the vana- 
date-free equine muscle ATP preparation became 
obtainable. As the comparative experiments 
described above showed only a negligible effect of 
the vanadate impurity on the stimulation by the most 
extensively studied DA concentrations (10°° and 
10-*M), we decided not to repeat all our previous 
experiments; those which were repeated showed sim- 
ilar results. Yet, we continued our studies with a 
vanadate-free preparation of equine muscle ATP as 
soon as it was obtainable. 

Comparative experiments with homogenates of 
striatum, cerebral cortex and cerebellum showed 
that the Na-K ATPase activities of these regions are 
stimulated by DA to a similar extent (results not 
shown). 

Effect of NA and serotonin (SHT). NA and SHT 
are also capable of increasing the activity of striatal 
Na-K ATPase in a concentration-dependent man- 
ner. NA has the same potency as DA, that of SHT 
is far less: 10-°M of the catecholamines doubles 


enzyme activity, whereas 10~* M SHT stimulates the 
enzyme by about 30 per cent (results not shown). 
Effect of DA in the presence of EDTA. EDTA 
causes a concentration-dependent stimulation of 
striatal Na-K ATPase (and Mg ATPase) activity 
(Fig. 2). Stimulation by 10-*M DA appears to be 
only partly additive with this effect of EDTA: in all 
cases about the same maximal activity is reached. 


(2) Effect of CA receptor agonists and antagonists on 
basal and stimulated Na-K ATPase activity 

Effect of DA receptor agonists. As can be seen in 
Fig. 3, the DA receptor agonist apomorphine induces 
at lower concentrations (10~° and 10°°M) a con- 
centration-dependent increase of striatal Na-K 
ATPase activity, whereas 10~* M almost completely 
inhibits the enzyme. The latter concentration also 
inhibits Mg ATPase activity, though to a lesser 
extent. Apomorphine appears to be more potent 
than DA: the stimulation by 10-° M apomorphine 
practically corresponds with that caused by 10-*M 
DA. Apomorphine not only stimulates Na-K 
ATPase activity of striatal homogenates, but also 
that of other brain regions (results not shown). 

In addition to apomorphine we have studied the 
effect of some other drugs known as more or less 
specific DA receptor agonists, viz. bromocriptine, 
lergotrile, piribedil and 2-amino-6,7-dihydroxy- 
1,2,3,4-tetrahydronaphthalene (ADTN). Results of 
experiments with the three former drugs are reported 
in Table 1; the ADTN results are shown in Fig. 4. 
In contrast to apomorphine, bromocriptine and 
piribedil have no effect whatsoever on striatal Na— 
K ATPase activity. Lergotrile does stimulate the 
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Fig. 4. Effect of various concentrations of ADTN on striatal Na-K ATPase (upper part of the figure) 

and Mg ATPase activity (lower part), compared with the effect of 10°*M DA. Results shown are 

means of 4 experiments (except 5 x 10~° and 5 x 10-* M: 3 experiments) + S.E.M. ATPase activities 

are expressed as percentages of the paired basal activities. Activities significantly different from basal 

activities are indicated by *. Basal activities (in wmoles Pi g™'hr~'): Na-K ATPase: 1002 + 34: Mg 
ATPase: 1384 + 21. 


enzyme, but far less than apomorphine: a 10~°M 
concentration of the latter compound increases 
Na-K ATPase activity by about 100 per cent, 
whereas the effect of a ten times higher concentration 
of lergotrile amounts to less than 30 per cent. The 
drugs mentioned in Table 1 could not be studied at 
higher concentrations than the ones shown, because 
at 5 (bromocriptine and lergotrile) resp. 2 (piribedil) 
times higher concentration, precipitation occurred 
in the test tubes. From Fig. 4 it can be inferred that 
the rigid DA analogue ADTN stimulates striatal 


Na-K ATPase as effectively as DA itself: both com- 
pounds more than double enzyme activity at 10°-* M. 
However, a remarkable difference between ADTN 
and DA emerges at 10~*M: at this concentration 
the effect of DA varies between stimulation and no 
effect (see Fig. 1), whereas ADTN completely 
inhibits Na-K ATPase activity. In this respect ADTN 
resembles apomorphine, although inhibition by the 
latter drug already takes place at a _ lower 
concentration. 

Effect of NA receptor agonist. The a NA receptor 


Table 1. Effect of bromocriptine, lergotrile and piribedil on striatal Na-K ATPase activity, compared 
with the effect of 10-*M DA 





Bromocriptine 


Lergotrile Piribedil 





100% 
(765 + 84 pumoles) 
107.7 + 9.5% 
102.2 + 6.1% 


No drug 


10°°M 
10°°M 
5x10°°M 
10°*M 


100% 
(1105 + 41 umoles) 
97.9 + 1.8% 
103.7 + 1.7% 
96.5 + 3.9% 


100% 
(1040 + 62 umoles) 
105.6 + 4.5% 
108.9 + 2.7%* 


128.5 + 4.6%* 





10*MDA 210.5 + 11.4%* 


222.9 + 13.2%* 207.9 + 8.8%* 





Values given are means of 4 (bromocriptine), 6 (lergotrile) and 3 experiments (piribedil) + S.E.M. 
Na-K ATPase activities are expressed as percentages of the paired basal activities. The latter, expressed 
in wmoles Pig 'hr~', are given in brackets. Activities significantly different from basal activities are 
indicated by *. None of the drugs (except DA) significantly affected Mg ATPase activity (results not 


shown). 











862 


J. A. VAN DER Kroat and R. D. M. BELFROID 



















































































































































































t+ - 
200 4 A 
. 
' (a —— 
> 
— 
S 
= * 
<a + 
_, 1004 A oe . 
< oS 
Ww ! 
Tt 
@ ‘ 
2 2 - 2 2 2 | | | 2 2 
rs} > u ve ik > re ik a 2 ivy re 
— ' ' ' iL t ' ‘ x ' 
> a a v 2 r r 2 r 
W s ° rs) 3 a 3 ° rr) o 3 ce) 
< 0 re] = _ = ° = = = .) = = 
z w 
i g| IS] |e] |S e | Io 2 " 
2 = . - w 3 lo ' — e 
o “1 18112 2] lel |= Fl ie 
mo + 
+ aa 7 a 4 S 
Ww . * + 
.- 4 . + 
ae *. Ld 
> we 
> 1004 — © 
F= 
oO + . 
=< nena . 
L 7 . = | 4 j 
no DA 10> M DA 10% M DA 
200 + 4 
om 
> 
> 
# 
+ * 
—— 
% 100 
1 ——T7 
B 100) rm es 
@ 
. * 
uw 
uw, | 2 
Jt Let babes ol but T. me Na, K 
8 e115) 131 15 2) ie) 4%) 1% ‘Tebi a bane: 
' = ' '‘ 
< 2) |] |] ]s 1 }s| ]el fe f) js} || |£| AX Rase 
Go 5 = = = - = = = s = = = 
& pa Ys) 6 x ° ‘> ‘2 2 ‘% MS = 
a 3 'o w wo c - x wp b - wo 
“ » 4 S C2 wm + ¢ + 
Y a & g g M<- 
=z a + ° > * 9 * 
> pa ae Ly 
hs 
2 Esc i . TPase 
= 100 — =e 
Lt * a 
—+~+ 
l J tl J L J 
no DA 102M DA 10° M DA 


Fig. 5. Effect of various concentrations of cis-flupenthixol (A) and trans-flupenthixol (B) on basal and 

DA stimulated striatal Na-K ATPase (upper part of the figure) and Mg ATPase activity (lower part). 

Results shown are means of 6 experiments + S.E.M. (except 3.75 x 10-° M: 2 experiments + range). 

ATPase activities are expressed as percentages of the paired basal activities. Activities significantly 

different from the corresponding control activities are indicated by *. Basal activities (in wmoles 

Pig! hr~'): A: Na-K ATPase: 978 + 47; Mg ATPase: 1312 + 31; B: Na-K ATPase: 899 + 36; Mg 
ATPase: 1377 + 32. 


agonist clonidine, in a concentration range of 10~° 
to 10-*M, does not significantly change striatal 
Na-K ATPase activity. At 10~* M there is a tendency 
to inhibition (results not shown). 

Effect of DA receptor antagonists. A 10~* M con- 
centration of the DA receptor blocker haloperidol 
does not affect stimulation of striatal Na-K ATPase 
activity by 10-° or 10°*M DA (see Table 2), nor 
does haloperidol influence the stimulatory effect of 
NA and apomorphine (results not shown). Halo- 
peridol inhibits striatal Mg ATPase, but the basal 
and DA stimulated activities of the enzyme to the 
same extent. In contrast with haloperidol, flupen- 
thixol does inhibit DA stimulation of striatal Na-K 
ATPase activity. This is illustrated in Fig. 5: panel 





A shows the effect of the cis isomer, panel B that 
of the trans isomer of flupenthixol. Also basal 
Na-K ATPase activity is inhibited by both isomers. 
However, the effects on the stimulated Na-K 
ATPase activities are much stronger: 5 x 10~° M cis- 
flupenthixol very markedly reduces the increase of 
enzyme activity by 10°° and 10°*M DA, while 
5 x 10-°M trans-flupenthixol even completely elim- 
inates the DA activation of striatal Na-K ATPase 
activity. Also striatal Mg ATPase is inhibited by the 
flupenthixol isomers, but, as in the case of halo- 
peridol, basal and stimulated activities to about the 
same extent. 

Effect of NA receptor antagonists. Table 3 shows 
the effects of the @ blockers phentolamine and 
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Table 2. Effect of haloperidol (HAL) on basal and DA stimulated striatal Na-K ATPase and Mg ATPase activity 





No DA 


10° MDA 10°*M DA 





Na-K ATPase 
No HAL 100% 
(600 + 63 umoles) 


10-* M HAL 97.4+5.7% 


100% 
(1103 + 195 umoles) 
95.2 + 4.2% 


100% 
(1668 + 213 umoles) 
98.0 + 2.2% 





Mg ATPase 
No HAL 100% 
(1269 + 44 pwmoles) 


10°-* M HAL 68.4 + 3.0%* 


100% 
(1372 + 42 umoles) 
73.6 = 2.2%* 


100% 
(1479 + 55 moles) 
79.3 + 1.4%* 





Values given are means of between 8 and 10 experiments + S.E.M. ATPase activities are expressed as percentages 
of the corresponding paired control activities in the absence of haloperidol. The latter activities, expressed in wmoles 
Pig 'hr', are given in brackets. Activities significantly different from the corresponding control activities are 
indicated by *. The ATPase activities given in this table were measured at a final pH of the assay medium of 7.1 (see 


Materials and Methods). 


dihydroergotoxine and of the B blocker propranolol 
on the stimulation by 10~° and 10-* M NA of Na-K 
ATPase activity of homogenates of striatum, cere- 
bral cortex and cerebellum. 

Phentolamine, in a concentration of 10°*M, 
stimulates basal Na-K ATPase activity of all three 
brain regions. If no correction is made for this 
increase of the basal activity, phentolamine does not 
show any effect on the stimulation of the Na-K 
ATPase activities by NA. But if this correction is 
made, a small and in most cases significant inhibition 
of the stimulatory effect of NA is observed (data not 


shown). However, it is uncertain whether the cor- 
rection is allowed, since phentolamine stimulation 
perhaps only occurs under control conditions. We 
have also studied the effect of 5 x 10°-* M phento- 
lamine, but at this concentration very inconsistent 
results were obtained. 

After dihydroergotoxine, in a concentration of 
10-* M, no significant change in the Na-K ATPase 
activities of striatum and cerebellum was observed, 
either in the basal activities, or in the NA stimulation. 
The drug does cause a statistically significant inhi- 
bition of the stimulated Na-K ATPase activity of 


Table 3. Effect of phentolamine (PHEN), dihydroergotoxine (DHE) and propranolol (PROP) 
on basal and NA stimulated Na-K ATPase activity of homogenates of striatum, cerebral cortex 
and cerebellum 





No NA 


10°°> M NA 10°*MNA 





Striatum 

No antagonist 

PHEN 10°*M 

DHE 10°*M 

PROP 10°*M 
10-7 M 


100% 
117.6 + 2.9%* 
99.5 + 6.1% 
90.1 + 6.0% 
64.0 + 5.0%* 


Cerebral cortex 
No antagonist 
PHEN 10°*M 
DHE 10°*M 
PROP 10°*M 
10-7 M 


100% 
125.2 =3.5%0" 
89.7 + 2.9%* 
106.0 + 12.4% 
322 IS 


Cerebellum 
No antagonist 
PHEN 10°*M 
DHE 10°* M 
PROP 10°*M 
107M 


100% 

119.5 + 7.3%* 
94.1 + 2.7% 
91.0 + 3.6% 
43.6 + 10.3%* 


100% 
98.9 + 3.9% 
112.9 + 3.7% 
105.1 + 1.6%* 
72.7 + 5.5%* 


100% 
104.8 + 5.0% 
110.8 + 3.8% 
110.4 + 8.2% 

78.9 + 2.5%* 


100% 
105.7 + 3.5% 
95.4 + 0.8%" 
95.8 + 3.8% 
45.9 + 1.9%" 


97.2 + 2.1% 


39.3 + 0.9%* 


100% 
97.8 + 5.8% 
97.7 + 2.6% 
86.5 + 7.1% : 
44.8 + 2.0%" 3 


100% 
99.6 + 4.9% 
99.1 + 3.3% 
89.0 + 1.0%* 
44.8 + 5.7%* 





Values given are means of N experiments + S.E.M. Na-K ATPase activities are expressed as 
percentages of the corresponding paired control activities in the absence of an antagonist. The 
values of the latter activities are not given, as the results of various experiments are combined 
in this table. Activities significantly different from the corresponding control activities are indicated 
by *. Phentolamine has no effect on Mg ATPase activities. 10°* M dihydroergotoxine causes 
significant inhibition of Mg ATPase activity, ranging from 7 per cent (cerebellum) to 18 per cent 


3 


(striatum and cortex). 10-* M propranolol does not affect Mg ATPase activities; 10°~ M pro- 
pranolol, however, significantly inhibits the enzyme of all three brain regions by about 30 per cent 


(results not shown). 
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Table 4. Effect of implantation of 6-OHDA into the nigrostriatal tract on the basal and DA stimulated 
striatal ATPase activities (a) and on the striatal DA content (b) ' 





(a) ATPase activities 





No DA 


10°°MDA 


10°*MDA 





Na-K ATPase 
Control side 


100% 
(5.57 + 0.38 wmoles) 
Lesion side 102.2 + 6.0% 
Mg ATPase 
Control side 100% 
(10.50 + 0.45 zmoles) 


Lesion side 102.7 + 2.2% 


100% 
(7.78 + 0.87 wmoles) 
103.4 + 6.9% 


100% 
(11.32 + 0.58 umoles) 
105.0 + 3.3% 


100% 
(14.26 + 0.95 wmoles) 
97.2 + 3.9% 


100% 
(12.51 + 0.69 a) 





(b) DA content 





pug DA/g tissue 


% of control side 





Control side 
Lesion side 


9.25 + 0.88 
0.15 + 0.12 


100 
1.3+0.9 





Values given are means of 8 experiments + S.E.M. ATPase activities are expressed as percentages 
of the corresponding paired control activities. The latter activities, expressed in wmoles Pj mg”! 


protein hr 


' are given in brackets. Protein content of the homogenates: control side: 112.8 + 1.4 mg/g; 


lesion side: 109.4 + 2.0 mg/g. The only significant lesion effect is that on striatal DA content. 


cerebral cortex; however, this effect is not specific 
for the stimulated activity, as the basal activity is 
inhibited to about the same extent. A higher con- 
centration of dihydroergotoxine could not be studied 
because of precipitation of the drug in the test tubes. 
Mg ATPase activity of all brain regions is signifi- 
cantly inhibited by dihydroergotoxine. 

Propranolol, in a concentration of 10~*M, sig- 
nificantly inhibits the Na-K ATPase activities of all 
three brain regions. No specific inhibition of the 
stimulative effect of NA is found, however, as the 
enzyme activities in the presence of NA are 
decreased by about the same (or a smaller) per- 
centage as the basal activities. Similar results have 
been found regarding the propranolol effect on the 
DA. stimulated Na-K ATPase activity (results not 
shown). A 10°*M propranolol concentration also 
markedly inhibits the Mg ATPase activities. Lower 
propranolol concentrations did not cause a specific 
inhibition of the NA stimulated Na-K ATPase 
activities either. 


(3) Effect of lesions on striatal Na-K ATPase activity 
and its stimulation by DA 

Effect of implantation of 6-hydroxydopamine (6- 
OHDA) into the nigrostriatal tract. From the nearly 
complete disappearance of DA from the striatum 18 
days after 6-OHDA implantation (see Table 4, part 
B), one can infer that at that time a very extensive 
degerieration of striatal dopaminergic terminals has 
taken place. In other experiments (to be published) 
we have found that such an extensive degeneration 
is accompanied with an almost complete disappear- 
ance of striatal tyrosine hydroxylase activity. How- 
ever, as part A of Table 4 shows, the lesion did not 
affect either the basal, or the DA stimulated striatal 
ATPase activities. Absence of an effect on the basal 
ATPase activities, in spite of the disappearance of 
nearly all DA nerve terminals, is not surprising, as 


the DA terminals comprise only a small fraction of 
the total population of striatal nerve terminals [29], 
not to mention total striatal tissue mass. Moreover, 
degeneration of neurons is usually followed by pro- 
liferation of glial tissue, which also possesses Na-K 
and Mg ATPase activity [30]. 

Effect of injection of kainic acid into the striatum. 
Eight days after intrastriatal injection of 2.25 ug 
kainic acid, basal Na-K ATPase activity is signifi- 
cantly reduced by about 25 per cent. Since, however, 
the DA stimulated activities are reduced by about 
the same percentage, the DA susceptibility of the 
enzyme left is similar to that of the enzyme of the 
sham-lesioned striatum (Table 5). So kainic acid 
causes disappearance of Na-K ATPase activity, but 
the enzyme that disappeared was not preferentially 
stimulated by DA (nor was the contrary the case). 
In contrast to Na-K ATPase, striatal Mg ATPase 
activity is not reduced after kainic acid injection; 
there even is a small (but significant) increase. The 
latter can only partly be explained by the somewhat 
lower protein content of the homogenates of the 
lesioned striatum (for lesion experiments, activities 
are calculated per mg protein). At the moment we 
have no explanation for the differential effect‘ of 
kainic acid on the ATPase activities. As Table 5 
shows, 1.25 wg kainic acid did not yet anes the 
ATPase activities significantly. 


DISCUSSION 


We found that Na-K ATPase activity of striatal 
homogenates is appreciably stimulated by 10°°M 
DA and is more than doubled by 10~* M DA. Stimu- 
lation of the striatal enzyme, however, is not a spe- 
cific property of DA, as also NA and 5HT bring 
about activation, NA with about the same potency 
as DA, but SHT to a much smaller extent. So it is 
clear that the susceptibility of striatal Na-K ATPase 
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Table 5. Effect of intrastriatal injection of 1.25 (a) or 2.25 (b) wg kainic acid on basal and DA stimulated 
striatal ATPase activities 





No DA 


10°>MDA 


10°*M DA 





(a) 1.25 wg kainic acid 
Na-K ATPase 
Control side 
Lesion side 


100% 
(6.54 + 0.28 umoles) 
87.6 + 10.9% 
Mg ATPase 


Control side 100% 


70 
(12.23 + 0.14 wmoles) 


Lesion side 108.1 + 3.5% 


100% 
(10.06 + 0.22 pmoles) 
91.1 + 6.7% 


100% 
(13.24 + 0.18 umoles) 
107.4 + 2.5%* 


100% 
(15.03 + 0.43 uwmoles 
87.1 + 8.9% 


100% 
(14.39 + 0.17 wmoles) 
105.3 + 1.4%* 





(b) 2.25 wg kainic acid 
Na-K ATPase 
Control side 


100% 
(5.04 + 0.36 wmoles) 
Lesion side 77.7 + 6.3%* 
Mg ATPase 
Control side 100% 
(11.01 + 0.77 umoles) 


Lesion side 112.2 + 3.6%* 


100% 
(8.20 + 0.66 wmoles) 
69.2 + 7.6%* 


100% 
(11.67 + 0.91 uwmoles) 
113.4 + 3.9%* 


100% 
(12.26 + 0.73 uwmoles) 
75.1 + 8.3%"* 


100% 
(12.67 + 0.28 umoles) 
109.9 + 3.2%* 





Values given are means of 7-8 experiments + S.E.M. ATPase activities are expressed as percentages 
of the corresponding paired activities of the control side.These control side activities, expressed in 
umoles Pj mg”! protein hr~', are given in brackets. Protein content of the homogenates (in mg/g): (a) 
control side: 105.2 + 1.4; lesion side: 103.6 + 2.2; (b) control side: 106.4 + 4.1; lesion side: 99.8 + 4.5. 
Lesion side activities significantly different from corresponding control side activities are indicated by *. 


for stimulation by the catecholamines bears no rela- 
tion to their individual striatal concentrations. The 
similar DA effect on Na-K ATPase activities of 
different brain regions with widely divergent CA 
contents point to the absence of a relation between 
CA susceptibility and total CA contents too. In 
contrast with our findings, Akagawa and Tsukada 
[17] found that NA enhanced striatal Na-K ATPase 
activity with only half the potency of DA. Their DA 
effect is comparable with ours. In addition to the 
effect on Na-K ATPase, catecholamines also stimu- 
late Mg ATPase activity, although to a much smaller 
extent. This has also been reported by various other 
authors [5-8, 11, 18]. 

During our investigations a number of reports 
were published claiming the presence of an inhibitor 
of Na-K ATPase in the Sigma ATP preparation 
isolated from equine muscle, which we used for our 
assays [31, 32]. Recently this inhibitor was identified 
as vanadate [33, 34]. Various authors demonstrated 
that the effect of this inhibitor was abolished by 
catecholamines [31-35]. Therefore we had to exclude 
the possibility that the stimulatory effect of catechol- 
amines on brain Na-K ATPase activity as observed 
in our experiments was due to the vanadate present 
in our ATP preparation. For this purpose some 
comparative experiments with vanadate-free ATP 
preparations were performed. It was found that pres- 
ence of contaminant vanadate had no substantial 
influence on the stimulation of striatal Na-K ATPase 
activity by DA, except perhaps in the case of very 
high DA concentrations. 

In order to gain further insight into the mechanism 
of the stimulatory effect of DA on striatal Na-K 
ATPase activity and its relation to receptor mech- 
anisms, we investigated the effect of some drugs with 


known actions on DA receptors. The DA receptor 
agonist apomorphine [36], the first drug we studied, 
strongly stimulates striatal Na-K ATPase activity 
and in this respect it is even more potent than DA: 
the enzyme activity is more than doubled by 10~° M 
apomorphine. Further increase of the apomorphine 
concentration by a factor of 10 changes the effect 
into almost complete inhibition. Using a similar con- 
centration range as we did, Schaefer er al. [37] 
observed only inhibition of Na-K ATPase activity 
(of whole brain) by apomorphine. The difference in 
origin of the brain preparations cannot explain the 
discrepancy, as we found stimulation by apomor- 
phine also with homogenates of other brain regions. 
A more likely cause are differences in treatment of 
the brain preparations studied: Schaefer et al. used 
purified brain preparations, we used _ crude 
homogenates. 

The fact that striatal Na-K ATPase activity in our 
hands can be stimulated by DA as well as by apo- 
morphine points to similarity in stimulation charac- 
teristics between striatal Na-K ATPase and DA 
receptors. An obvious way to verify this idea is to 
investigate the effect of a receptor blocking drug. 
For this purpose we used haloperidol [38]. However, 
at 10°-*M haloperidol did not diminish stimulation 
of striatal Na-K ATPase activity by DA or apo- 
morphine. Comparable studies with haloperidol 
have not been reported. Desaiah and Ho [18] dem- 
onstrated that chlorpromazine, another DA receptor 
blocking drug, inhibited the DA stimulation of the 
Na-K ATPase activity of whole mouse brain syn- 
aptosomes. However, the fact that chlorpromazine 
and other tricyclic antipsychotics are potent inhibi- 
tors of (basal) Na-K ATPase activity [39] hampers 
interpretation of this effect. Therefore we did some 
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experiments with flupenthixol, a tricyclic thioxanth- 
ene derivative exhibiting cis-trans geometrical iso- 
merism. cis-Flupenthixol is a clinically effective, 
potent DA antagonist, whereas the trans isomer is 
much less active in DA receptor blocking tests [40- 
42]. We found that both flupenthixol isomers strorigly 
inhibit DA activation of striatal Na-K ATPase 
activity at concentrations (3.75 to5 x 10~° M) which 
inhibit basal enzyme activity to a limited extent only. 
Obviously there is no relation between the DA 
receptor blocking activity of the drugs and their 
inhibitory effect on DA stimulation of Na-K 
ATPase; the trans isomer is even more potent in 
diminishing DA stimulation of the enzyme. So in 
our view the inhibitory effect of chlorpromazine as 
described by Desaiah and Ho [18] should not be 
interpreted as an indication for a relation between 
Na-K ATPase and DA receptor mechanisms. The 
same applies to the inhibitory effect of fluphenazine 
on the DA stimulation of striatal Na-K ATPase 
activity, described in the afore-mentioned publica- 
tion of Akagawa and Tsukada [17]. 

Since the DA receptor blockers do not specifically 
affect the Na-K ATPase stimulation, the apomor- 
phine effect probably is not related with its DA 
agonistic action. In order to get more information 
on this question we studied whether other drugs 
known as DA agonists could stimulate striatal 
Na-K ATPase activity too. Two of these drugs, 
bromocriptine, an ergot derivative [43], and piri- 
bedil, a non-catechol analogue of DA [44], did not 
show any effect on the enzyme activity. A third 
compound, lergotrile, another ergot derivative [45], 
caused a slight but statistically significant Na-K 
ATPase activation. Only ADTN, a rigid DA ana- 
logue [46], was found to be a potent stimulator of 
the striatal enzyme, about equally effective as DA. 
So, three out of four of these agonistic drugs show 
no or very little effect, which is in line with the 
suggestion of absence of a relation between DA 
agonistic action and Na-K ATPase stimulation. 
However, interpretation of these results is compli- 
cated by the fact that the DA agonistic action of 
these 3 drugs is clearly demonstrated only in in vivo 
experiments, while in vitro data are much less con- 
vincing and are difficult to interpret [43, 44, 47]. On 
the other hand, the fact that ADTN stimulates stria- 
tal Na-K ATPase activity does not upset our sugges- 
tion, as the ADTN effect, just like that of apomor- 
phine, can be explained by the _ structural 
resemblance between these drugs and DA, as will 
be discussed below. 

In the literature some authors report inhibition of 
the stimulatory effect of NA on brain Na-K ATPase 
activity by adrenergic receptor blockers. We inves- 
tigated whether these blockers also reduced stimu- 
lation of the striatal enzyme by NA. For comparison 
the effect on cerebral cortex and cerebellum was 
studied too. 

The @ adrenoceptor antagonist phentolamine [48] 
did not affect the NA stimulation of the Na-K 
ATPase activity of the three brain regions studied, 
unless the NA stimulated enzyme activities were 
corrected for the stimulatory effect of phentolamine 
on the basal activities. As this, however, is a ques- 
tionable procedure, we conclude that phentolamine 


has no influence on the NA susceptible Na-K 
ATPase activities. The absence of an effect of the 
a blocker on the stimulated Na-K ATPase activity 
of rat striatal homogenates confirms the results 
obtained by Akagawa and Tsukada [17]. These 
authors, however, did not mention whether the 
blocker influenced basal activity, neither did they 
study other brain regions. By contrast, three groups 
of investigators reported inhibition of NA stimula- 
tion of brain Na-K ATPase activity by phentolamine 
in similar concentrations to those we used. Meier- 
Ruge and Iwangoff [19] did so, using cat and beef 
cortex homogenates. An effect of phentolamine on 
basal activity was not mentioned. Gilbert et al. [9] 
reported complete blocking of the NA effect on 
Na-K ATPase activity of rat cerebral cortex syn- 
aptosomes by phentolamine, without any effect on 
the basal activity. However, their experimental proof 
is very meagre: the mean of only two observations 
is presented. Stimulation of the basal enzyme activity 
as we have seen was also described by Wu and Phillis 
[20]. But even without correction for this effect, 
these authors found considerable inhibition by phen- 
tolamine of the NA stimulated Na-K ATPase activity 
of rat cerebral cortex synaptosomes. 

We have tried to gather more information on the 
possible relation between CA susceptible Na-K 
ATPase and a@ adrenergic receptor mechanisms by 
studying the effect of another antagonist, viz. 
dihydroergotoxine [49], and an agonist, viz. cloni- 
dine [50]. As to dihydroergotoxine, we did not find 
any inhibitory effect on the NA stimulation of the 
Na-K ATPase activity in any brain region. This 
result differs from the findings of Meier-Ruge and 
Iwangoff [19], who observed a strong inhibitory 
effect of this drug on the stimulated Na-K ATPase 
activity of cat and beef brain cortex, although in 
another paper of these authors [51] only a very small 
effect of dihydroergotoxine was reported. As to the 
a agonist clonidine, no stimulation of the striatal 
Na-K ATPase activity was found. Our conclusion 
is that a relation between CA susceptible Na-K 
ATPase and a@ adrenergic receptor mechanisms is 
unlikely. 

Our experiments also indicate absence of a relation 
with B adrenergic receptor mechanisms, as we did 
not find an inhibitory effect of the 6 blocker pro- 
pranolol [48] on the NA stimulation of Na-K ATPase 
activity of any brain region. Propranolol does inhibit 
Na-K ATPase, but basal and NA stimulated activ- 
ities to about the same extent. Concerning the stria- 
tum, our results (again) agree with those of Akagawa 
and Tsukada [17]. But as to the cortex, our results 
are (again) at variance with those of Meier-Ruge 
and Iwangoff [19] and of Wu and Phillis [20], as 
these groups both found strong inhibition of the NA 
stimulation by propranolol. Inhibiton of the basal 
Na-K ATPase activity is reported by various inves- 
tigators [13, 16, 52]. 

Summarizing the results of our experiments with 
DA and NA receptor agonists and antagonists, we 
have to conclude that they do not yield sufficient 
evidence for assuming a relation between CA sus- 
ceptible Na-K ATPase activity and catecholami- 
nergic receptor mechanisms. Our findings naturally 
do not preclude that stimulation of brain Na-K 
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ATPase activity by catecholamines has physiological 
meaning in vivo. It is, however, very difficult to get 
direct experimental evidence for such an in vivo role. 
We have chosen the following indirect approach to 
this problem: it if could be established that the CA 
susceptible Na-K ATPase activity is only a fraction 
of the total Na-K ATPase activity with a specific 
localization, this would be an indication for a specific 
role of this enzyme fraction in a certain site. For this 
purpose we studied the effect of lesions on the DA 
susceptible Na-K ATPase activity of striatal hom- 
ogenates. After implantation of 6-OHDA into the 
nigrostriatal tract, causing a very extensive degener- 
ation of striatal DA nerve terminals, no difference 
was seen in the DA stimulation of the striatal enzyme 
between the lesioned and the non-lesioned side of 
the animals. So we have to conclude that striatal DA 
susceptible Na-K ATPase is not exclusively or pre- 
dominantly localized in DA nerve terminals. How- 
ever, a localization of the DA susceptible enzyme 
postsynaptically, in structures innervated by DA ter- 
minals, could not be excluded yet. To examine this 
possibility we used kainic acid. Intrastriatal injection 
of this rigid glutamate analogue causes degeneration 
of neurons with cell bodies near the injection site 
(viz. gaba-ergic and cholinergic neurons), while 
rather specifically sparing axons passing through or 
terminating in the striatum (e.g. dopaminergic ones) 
[53]. From the large decrease of striatal DA stimu- 
lated adenylate cyclase activity and DA receptor 
binding after injection of kainic acid [54,55], one 
can infer that this drug induces disappearance of a 
considerable fraction of the neurons innervated by 
the dopaminergic nigrostriatal neurons. So, if DA 
susceptible Na-K ATPase is specifically localized 
postsynaptically with regard to the DA terminals, 
one should observe a reduction of the DA suscep- 
tibility of the enzyme activity after kainic acid. We 
did find a decrease of the striatal DA stimulated 
Na-K ATPase activity, but as the lesion affected the 
basal enzyme activity to the same extent, we have 
to conclude that the enzyme which disappeared is 
not distinguishable by a greater susceptibility for DA 
from the remaining enzyme. 

Summarizing, we can say that the results of our 
lesion experiments suggest that DA susceptible stria- 
tal Na-K ATPase activity is neither specifically 
localized in DA neurons, nor in DA innervated 
neurons. As it is hard to imagine that a specific DA 
susceptible enzyme should be localized outside 
dopaminergic systems, we conclude that DA sus- 
ceptibility is a general, non-specific characteristic of 
brain Na-K ATPase activity. 

Some authors have suggested that catecholamines 
stimulate brain Na-K ATPase activity indirectly by 
abolishing the inhibitory effect of divalent metal ions 
on the enzyme [8, 15,21]. Catecholamines are 
indeed known to be strong chelators of a number of 
metal ions [56]. This explanation agrees with (and 
is partly based on) the fact that chelators such as 
EDTA and EGTA can mimic the effects of cat- 
echolamines [8, 15]. We have shown that striatal 
Na-K ATPase activity also is stimulated by EDTA, 
and moreover that the effect of a submaximal con- 
centration of EDTA is only partly additive with that 
of 10-*M DA, never exceeding a certain maximal 
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stimulation. Studies concerning the nature of the 
metal ion responsible for the CA effect resulted in 
the suggestion that ferrous ions are involved [15, 21]. 
Other authors [8, 14] suggested involvement of cal- 
cium ions, but their arguments are less convincing. 
Our results support the idea that such an unspecific 
mechanism might be responsible for the stimulatory 
effect of catecholamines on Na-K ATPase: we found 
no relation between the extent of the effect and the 
endogenous amine content of brain tissue, no con- 
vincing evidence of involvement of CA receptors in 
the effect and no specific localization of the CA 
susceptible enzyme. 

Studying the effect of dopaminergic drugs, we 
found a strong stimulatory action by two DA recep- 
tor agonists, viz. apomorphine and ADTN. We have 
not attached much value to this observation, as the 
stimulatory effect of these drugs probably has to be 
explained also by chelation of inhibiting metal ions. 
Both drugs are conformationally restricted analogues 
of DA, having a catechol group and an amine group. 
Experiments with different phenylalkyl derivatives 
have shown that the presence of these groups is a 
prerequisite for a stimulatory effect on Na-K 
ATPase activity [5, 15]. 

The tentative conclusion that the stimulatory effect 
of catecholamines on Na-K ATPase activity is prob- 
ably brought about via a non-specific chelation mech- 
anism as Outlined above does not necessarily exclude 
that this phenomenon plays a physiological part in 
vivo. Metal ions are present in brain tissue at con- 
centrations sufficient to inhibit Na-K ATPase 
activity [56-58]. The rather high CA concentrations 
required for their in vitro effect are no argument 
against an in vivo role, because very little is known 
about the local in vivo CA concentrations and about 
the minimal change of Na-K ATPase activity which 
has consequences for the functioning of neurons. 
Besides, it cannot be excluded that the enzyme has 
become less sensitive in vitro by the homogenization 
procedure (see ref 16). 


Acknowledgements—We wish to express our gratitude to 
Dr. B. J. van Zwieten-Boot for introducing us into the 
studies on catecholamine stimulated Na-K ATPase. The 
technical assistance of Miss M. H. G. Scheffers and Mr. 
W. F. Maas is much appreciated. We are also indebted to 
Prof. Dr. E. L. Noach for his critical evaluation of the 
manuscript. We thank Dr. B. H. C. Westerink and the 
pharmaceutical companies mentioned in Materials and 
Methods for their gifts of drugs. 


REFERENCES 


1. J. C. Skou, Physiol. Rev. 5, 596 (1965). 

2. S. E. Vizi, in Subcortical Mechanisms and Sensorimotor 
Activities (Ed. T. L. Frigyesi), p. 63. Huber, Bern 
(1975). 

.D. M. Paton, in The Mechanism of Neuronal and 
Extraneuronal Transport of Catecholamines (Ed. D. 
M. Paton), p. 155. Raven Press, New York (1976). 

. T. D. White, in The Mechanism of Neuronal and 
Extraneuronal Transport of Catecholamines (Ed. D. 
M. Paton), p. 175. Raven Press, New York (1976). 

. A. Schaefer, G. Unyi and A. K. Pfeifer, Biochem. 
Pharmac. 21, 2289 (1972). 

. K. Yoshimura, J. Biochem., Tokyo 74, 389 (1973). 





J. A. VAN DER KroctT and R. D. M. BELFROID 


P. Iwangoff, A. Chappuis and A. Enz, IRCS Medical 
Science 73-8, 3-10-19 (1973). 


;. T. Godfraind, M.-C. Koch and N. Verbeke, Biochem. 


Pharmac. 23, 3505 (1974). 

J.C. Gilbert, M. G. Wyllie and D. V. Davison, Nature, 

Lond. 255, 237 (1975). 

. A. H. Demirjian, J. E. Haroutunian and N. H. Yes- 
saian, Vopr. Biokhim. Mozga 10, 137 (1975). 

D. Desaiah and I. K. Ho, Eur. J. Pharmac. 40, 255 
(1976) 

. J. G. Logan and D. J. O’Donovan, .’. Neurochem. 27, 
185 (1976). 
P. L. Jeffrey and M. E. Gibbs, Pharmac. Biochem. 
Jehav. 5, 571 (1976). 
S. L. Lee and J. W. Phillis, Can. J. Physiol. Pharmac. 


55, 961 (1977). 


5. T. D. Hexum, Biochem. Pharmac. 26, 1221 (1977). 


P. V. Sulakhe, S.-H. Jan and S. J. Sulakhe, Gen. 
Pharmac. 8, 37 (1977). 

. K. Akagawa and Y. Tsukada, J. Neurochem. 32, 269 
(1979). 


8. D. Desaiah and I. K. Ho, Biochem. Pharmac. 26, 2029 


(1977) 

. W. Meier-Ruge and P. Iwangoff, Postgrad. Med. J. 52 
(Suppl. 1) 47 (1976). 

P. H. Wu and J. W. Phillis, Gen. Pharmac. 9, 421 
(1978). 

. A. Schaefer, A. Seregi and M. Komlés, Biochem. 
Pharmac. 23, 2257 (1974). 

. B. J. Van Zwieten-Boot and A. Petri-Bot, Eur. J. 
Pharmac. 39, 245 (1976). 

. J. A. Van der Krogt, R. D. M. Belfroid and W. F. 
Maas, in Proceedings of the European Society for Neu- 
rochemistry (Ed. V. Neuhoff), Vol. 1, p. 541. Verlag 
Chemie, Weinheim (1978). 

J. F. R. Konig and R. A. Klippel, The Rat Brain. A 


Stereotaxic Atlas of the Forebrain and Lower Parts of 
the Brain Stem. Williams & Wilkins, Baltimore (1963). 
25. P. G. Smelik, Neuroendocrinology 2, 247 (1967). 


. B. H. C. Westerink and J. Korf, J. Neurochem. 29, 
697 (1977). 
.O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 
.S. L. Bonting, in Membranes and Ion Transport (Ed. 
E. E. Bittar), Vol. 1, p. 257. Wiley-Interscience, Lon- 
don (1970). 


29. M. Arluison, Y. Agid and F. Javoy, Neuroscience 3, 


657 (1978). 

I. Grisar, J.-M. Frere and G. Franck, Brain Res. 165, 
‘87 (1979). 

P. M. Hudgins and G. H. Bond, Biochem. biophys. 
Res. Commun. 77, 1024 (1977). 


32. L. Josephson and L. C. Cantley, Biochemistry 16, 4572 


(1977). 


33. L. C. Cantley, L. Josephson, R. Warner, M. Yanagi- 


sawa, C, Lechene and G. Guidotti, J. biol. Chem. 252, 
7421 (1977). 

. E. E. Quist and L. E. Hokin, Biochem. biophys. Acta 
511, 202 (1978). 


35 


36. 


a. 


38. 


39. 
40. 


. P. M. Hudgins and G. H. Bond, Res. Commun. Chem. 
Path. Pharmac. 23, 313 (1979). 

G. Di Chiara and G. L. Gessa, Adv. Pharmac. Chemo- 

ther. 15, 88 (1978). 

A. Schaefer, A. Seregi and M. Komlos, J. Pharm. 

Pharmac. 29, 117 (1977). 

N.-E. Andén, S. G. Butcher, H. Corrodi, K. Fuxe and 

U. Ungerstedt, Eur. J. Pharmac. 11, 303 (1970). 

P. Palatini, Gen. Pharmac. 9, 215 (1978). 

I. Moller-Nielsen, V. Pedersen, M. Nymark, K. F. 
Frank, V. Boeck, B. Fajlland and A. V. Christensen, 
Acta pharmac. tox. 32, 353 (1973). 

.R. J. Miller, A. S. Horn and L. L. 
Pharmac. 10, 759 (1974). 

.D. R. Burt, S. J. Enna, I. Creese and S. H. Snyder, 
Proc. natn. Acad. Sci. U.S.A. 72, 4655 (1975). 

. K. Fuxe, B. B. Fredholm, S. O. Ogren, L. F. Agnati, 
T. Hokfelt and J. A. Gustafsson, Acta Endocrin. 88 
(Suppl. 216), 27 (1978). 


Iversen, Molec. 


.§. Consolo, R. Fanelli, S. Garattini, D. Ghezzi, A. 


Jori, H. Ladinsky, V. Marc and R. Samanin, in 
Advances in Neurology (Eds. D. B. Calne, T. N. Chase 
and A. Barbeau), Vol. 9, p. 257. Raven Press, New 
York (1975). 

. J. A. Clemens, C. J. Shaar, E. B. Smalstig, N. J. Bach 
and E. C. Kornfeld, Endocrinology 94, 1171 (1974). 

. L. L. Iversen, A. S. Horn and R. J. Miller, in Advances 
in Neurology (Eds. D. B. Calne, T. N. Chase and A. 
Barbeau), Vol. 9, p. 197. Raven Press, New York 
(1975). 

. J. W. Kebabian and P. R. Kebabian, Life Sci. 23, 2199 
(1978). 

. M. Nickerson and B. Collier, in The Pharmacological 
Basis of Therapeutics, 5th Edn (Eds. L. S$. Goodman 
and A. Gilman), p. 533. MacMillan, New York (1975). 

. R. Markstein and H. Wagner, Gerontology 24 (Suppl. 
1), 94 (1978). 

. L. Finch, R. E. Buckingham, R. A. Moore and T. J. 
Bucher, J. Pharm. Pharmac. 27, 181 (1975). 

. W. Meier-Ruge, A. Enz, P. Gygax, O. Hunziker, P. 
Iwangoff and K. Reichlmeier, in Aging (Eds. S. Ger- 
shon and A. Raskin), Vol. 2, p. 55. Raven Press, New 
York (1975). 

. P. Iwangoff, A. Enz en A. Chappuis, Experientia 30, 
688 (1974). 

. E. G. McGeer, J. W. Olney and P. L. McGeer (Eds.), 
Kainic Acid as a Tool in Neurobiology. Raven Press, 
New York (1978). 

. E. G. McGeer, V. T. Innanen and P. L. 
Brain Res. 118, 356 (1976). 

. S. Govoni, V. R. Olgiati, M. Trabucchi, L. Garau, E. 
Stefanini and P. F. Spano, Neurosci. Lett. 8, 207 (1978). 

.R. W. Colburn and J. W. Maas, Nature, Lond. 208, 
37 (1965). 

. T. D. Hexum, Biochem. Pharmac. 23, 3441 (1974). 

. K. S. Rajan, R. W. Colburn and J. M. Davis, Life Sci. 
18, 423 (1976). 


McGeer, 





Biochemical Pharmacology, Vol. 29, pp. 869-876 0006-2952/80/03 15-0869 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


EFFECT OF GOLD SODIUM THIOMALATE ON 
PROLIFERATION OF HUMAN RHEUMATOID SYNOVIAL 
CELLS AND ON COLLAGEN SYNTHESIS IN TISSUE 
CULTURE* 


RONALD L. GOLDBERG, DAviID P. PARROTT, STEPHEN R. KAPLANE and GEORGE C. 
FULLER 


Department of Pharmacology and Toxicology, University of Rhode Island, Kingston, RI 02881, 
U.S.A. 


and 
tDepartment of Medicine, The Roger Williams General Hospital and The Brown University 
Program in Medicine, Providence, RI 02919, U.S.A. 


(Received 10 July 1979; accepted 13 September 1979) 


Abstract—Synovial tissue obtained from patients with rheumatoid arthritis who were undergoing 
reconstructive joint surgery wa‘ used to obtain explant cultures of synovial cells. The experiments 
described were performed on growing monolayer cultures during the second to fifth passages. Synovial 
cells were exposed to gold sodium thiomalate (GST) in concentrations equivalent to levels attained in 
synovial tissues during chrysotherapy (3-50 ug/ml). After 5 days of exposure of cells to 10 or S50 g/ml 
of GST, [*H]thymidine incorporation into DNA was inhibited 94 or 99 per cent, respectively. After 10 
days of exposure to 10 ug/ml of GST, cell number was decreased 50 per cent, although no change in 
cell number was found after a 5-day exposure to 100 ug/ml of GST. The total collagen content of the 
media was decreased in flasks of cells exposed to 50 ug/ml of GST for 15 days, which reflects the 
decrease in cell numbers observed at this concentration. However, after 15 days of exposure of synovial 
cells to 12 pe/ml of GST, incorporation of ['*C]proline into total collagen per cell increased 4-fold. This 
increase in [“C]proline incorporation occurred predominantly in type I collagen. In these experiments, 
the percentage of type III collagen containing ['*C]proline and the amount found in media were 
suppressed 50 per cent by a fifteen day exposure to 3 ug/ml of GST. The ability of GST to increase the 
relative commitment of these cultures to make type I collagen is dose dependent in the range from 3 
to 12 ug/ml. These data indicate that changes in cell proliferation and in the nature (genetic composition) 
of the extracellular matrix produced are direct effects of GST on the synovial cell in tissue culture and 
may represent one important mechanism of action of chrysotherapy in the treatment of patients with 


rheumatoid arthritis. 


Gold has been used for approximately 50 years to 
treat rheumatoid arthritis (RA). The introduction 
of gold into therapeutics was based on its bacterio- 
cidal (i.e. anti-mycobacterial) property [1]. Follow- 
ing its introduction, a number of hypotheses were 
proposed to explain the effectiveness of gold; these 
included increasing collagen crosslinking [2-4] and 
inhibition of lysosomal enzymes [5-7]. More 
recently, inactivation of complement [8], inhibition 
of macrophage and neutrophil phagocytosis [9,10], 
inhibition of neutrophil chemotaxis [11] and inhi- 
bition of lymphocyte proliferation | 12,13] have been 
suggested as possible mechanisms of actions. Ster- 
oidal and non-steroidal anti-inflammatory agents 
also decrease pain and inflammation associated with 
RA, but they do not prevent the hyperplasia of the 
synovium, or the erosive destruction of joint tissues 
by the pannus [1]. In several randomized double 
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blind studies, gold sodium thiomalate (GST) admin- 
istered to RA patients was effective in preventing 
progressive joint erosion [14,15]. 

Collagen is the fibrous structural protein of the 
extracellular matrix. Since the discovery of different 
genetic types of collagen [16], there have been 
numerous reports of abnormalities in the synthesis 
and accumulation of the various collagen genetic 
typesin a number of connective tissue disorders 
[17,18]. Type I and type III collagen are the pre- 
dominant types that have been extracted from syn- 
ovial tissue [19,20]; both types are synthesized by 
synovial cells in primary culture and after four pas- 
sages of cells growing in monolayer.+ In the study 
reported here, we have investigated the dose-related 
effect of GST on the proliferation of human rheu- 
matoid synovial cells and on the synthesis of type I 
and type III collagen by these synovial cells in 
culture. 


MATERIALS AND METHODS 


Culture methods. Synovial tissues were obtained 
from patients with RA who were undergoing recon- 
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structive joint surgery at the Roger Williams General 
Hospital, Providence, RI. The fat was removed, and 
1 mm? fragments of synovial tissue were placed in 
100 x 20 mm dishes (Corning Glass Works, Corning, 
NY). Dulbecco’s Modified Eagle’s (DME) medium 
containing 10% (v/v) heat-denatured fetal calf serum 
(FCS), penicillin-streptomycin solution (100 units 
penicillin and 100 zg streptomycin per ml medium), 
and Fungizone (2.5ug per ml medium) (all obtained 
from the Grand Island Biological Co., Grand Island, 
NY) was added to the dishes. The cultures were 
incubated at 37° in the presence of 95% air and 5% 
carbon dioxide. To subculture the cells, the cell layer 
was detached by incubation in isotonic phosphate- 
buffered saline (PBS), pH 7.2, containing 0.1% tryp- 
sin (Grand Island Biological Co., Grand Island, 
NY), 0.02% [EDTA and 0.02% glucose. Experi- 
ments were performed on cells at the second to fifth 
passage and the medium was routinely changed every 
4-6 days. All cultures were tested for and found to 
be free of mycoplasma contamination using a flu- 
orescent assay (Bioassay Systems, Cambridge, MA). 
Gold sodium thiomalate (GST) (Merck, Sharp & 
Dohme, West Point, PA) was diluted in sterile dis- 
tilled water. A 0.01 vol. of drug solution was added 
to culture medium. 

Cell proliferation. Cell number was determined by 
using either a hemocytometer or a Coulter Counter 
model Ta. The incorporation of [*H]thymidine 
((H]TdR) 542 mCi/mmole (New England Nuclear, 
Boston, MA) into DNA was measured by adding 
0.5 wCi [H]TdR/ml medium 4 hr before harvesting 
the cell layer. Cells were released from the dishes 
using the trypsin solution described above and pre- 
cipitated twice in a 10% (v/v) trichloroacetic acid 
(TCA) solution. The TCA pellet was dissolved in 
1 ml of 0.05 N NaOH, and radioactivity was deter- 
mined in a Packard Tricarb liquid scintillation 
counter. 

Collagen extraction and quantitation. Cells in 75 
cm’ flasks (Corning, NY) were incubated with 10 ml 
of fresh medium containing B-aminopropionitrile 
(BAPN) (10~* g/ml) and ascorbate (10~*M). Ascor- 
bate was added to flasks every day during the 5-day 
incubation period. [“C]Proline (sp. act. 260 
mCi/mmole) (New England Nuclear) (1 mCi/ml 
medium) was added 48 hr before the medium was 
harvested. Labeled proline incorporation in this sys- 
tem was linear over a 72 hr period. In the presence 
of BAPN to inhibit collagen cross-linking and ascor- 
bate to ensure hydroxylation, the amount of radio- 
active collagen present in the cell layer was below 
the limit of detection of the collagenase digestion 
assay. In view of this, these studies were conducted 
on collagen harvested from the medium; the cell 
layer was used for the cell proliferation studies 
described above. Medium protein was precipitated 
by adding ammonium sulfate crystals to 45% satu- 
ration. After overnight incubation at 4°, the precipi- 
tate and solution were centrifuged at 3000 g for 30 
min. The pellet (which contained more than 95% of 
the non-dialyzable hydroxyproline) was dissolved in 





* MDPF =2- methoxy - 2,4 - diphenyl - 3(2H) - furanone. 
MDPF is availabie from the Diagnostic Division, Hoffman- 
LaRoche, Nutley, NJ. 
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1 ml of 0.5 M acetic acid and then dialyzed in the 
cold at 4° against 0.5 M acetic acid. Pepsin (100 
ug/ml) was added to the dialysis bags to digest non- 
collagen protein and convert procollagen to collagen. 
Dialysis was continued for another 2 days and the 
samples were then lyophilized. 

Samples were prepared for electrophoresis by dis- 
solving them in 0.05 M sodium phosphate (pH 7.2) 
containing 0.2% sodium dodecylsulfate (SDS) and 
10% sucrose. The pH was adjusted with sodium 
hydroxide and the proteins were made fluorescent 
by the addition (with mixing) of 0.2 vol. of a 4 mg 
MDPF*/ml acetone solution. Disulfide bonds of type 
III collagen were reduced (R) by heating the alkaline 
samples (pH = 10-11) at 56° for 15 min. Non-reduced 
(NR) samples were prepared by returning the flu- 
orescent samples to neutrality (pH = 7-8) with 
hydrochloric acid before heating. 

Samples were electrophoresed according to the 
procedure of Neville [21]. The quantitation of flu- 
orescence in the gels was determined as described 
by Goldberg and Fuller [22], using the Gilford flu- 
orescent gel accessory model 2515 and the Gilford 
model 250 spectrophotometer. Areas beneath the 
peaks were measured with a Numonics electronic 
planimeter model 210-217 and compared to the flu- 
orescence of known standards. Using a standard 
curve from purified al(I) calf skin collagen, the 
fluorescent area (RFI X mm) of synovial cell medium 
MDPF-labeled collagen was converted to amount of 
collagen a chains. 

The radioactivity in the bands corresponding to 
a chains was determined by dissolving 5 mm slices 
in 0.2 ml hydrogen peroxide and then heating at 60° 
for 4 hr. Ten milliliters Hydromix (Yorktown 
Research, Hackensack, NJ) were added to the vials, 
and the radioactivity was determined in a Packard 
liquid scintillation counter. 

The percentages of type I and type III collagen 
in SDS polyacrylamide gels were calculated from the 
following formulas: 


3 
% Type l= | al(R) | x 100 
a2(R) 


a@l(R) _ al(NR) 
a2(R) a2(NR) 
al(R) 
a2(R) 








% Type III = x 100, 


where al (NR) and a2(NR) are c.p.m. found in the 
gel slices or fluorescence found in the peaks at the 
al and a2 chain positions, respectively, after elec- 
trophoresis of a non-reduced sample; and where 
al (R) and a2 (R) are the c.p.m. found in the gel 
slices or fluorescence found in the peaks at the al 
and a2 chain positions, respectively, after electro- 
phoresis of a reduced sample. 

Collagen ['*C]labeled samples were analyzed by 
carboxymethyl cellulose chromatography, using the 
procedure described by Miller [23]. Briefly, a 1.8 
x 10cm column (Pharmacia, Uppsala, Sweden) was 
filled with carboxymethyl cellulose (Whatman, Kent, 
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© Control 
0 GST 10 pg/mi 
4 GST 100 pg/ml 


Cell number x 104 








Time in culture, days 


Fig. 1. Effect of GST on cell growth curve. Cells (10°) were 
plated in 25 cm? flasks on day zero. The medium was 
changed on day 1| with the addition of GST to the gold- 
treated flasks. GST was added after medium changes on 
days 6 and 11. Each point represents the mean of three 
flasks. Cells were counted using a hemocytometer. Key: 
(OQ) control, (0) 10 wg GST/ml medium; and (A) 100 ug 
GST/ml medium. 


England), equilibrated in 0.06 M sodium acetate 
buffer (pH 4.8) and maintained at 42°. The “C- 
labeled collagen samples, containing 2-4 mg of type 
I and type III calf skin collagen (prepared as 
described previously [22]) as carrier, were denatured 
by heating at 56° for 30 min in the presence of 10 
M urea. The samples were reduced by the addition 
of 1% (v/v) B-mercaptoethanol and applied to the 
column. The collagen a chain components were 
eluted from the column using a linear salt gradient; 
the starting buffer consisted of 200 ml of 0.06 M 
sodium acetate buffer (pH 4.8), and the final buffer 
consisted of 200 ml of starting buffer containing 0.1 
M sodium chloride. The eluant was collected in 12- 
ml fractions; 1 ml of each fraction was mixed with 
10 ml Hydromix, and the radioactivity was counted. 
The percentages of type I and type III “C-labeled 


Table 1. Effects of gold sodium thiomalate on proliferation 
of human synovial cells in culture 





DNA 
(H]TdR* 


Cells x 107° (c.p.m. x 107%) 





Two-day 
incubation 
0 122 (119, 125)+ 
50 134 (124, 144) 
Five-day 
incubation 
0 178 + 12% 
10 177+6 
50 185 + 16 


41 (35, 46) 
9 (8,10) 


160 + 25 
10 + 28 
2+0.5§ 





* Four-hr incorporation of [*H]TdR into TCA-precipi- 
tated cell layer. 

+ Mean of two flasks with individual values in brackets. 

t Mean + S.E. for three flasks. 

§ P<0.01. 
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Cell number x 10 © 
a nm 
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[GST] g/m! medium 


Fig. 2. Dose-response effect of GST on growth curve, 

following exposure of synovial cells to GST for 15 days. 

Flasks (75 cm’) were plated with 500,000 cells. Cells were 

counted using a Coulter counter. The control is the mean 
+ S.E. from three flasks. 


collagen were calculated from the radioactivity 
eluted in the peaks that correspond to al (1), al 
(III) and a2 chains. The al (1), al (IIL) and a2 peaks 
were confirmed by their electrophoretic migration 
on SDS-polyacrylamide gels. 


RESULTS 


Effect of GST on proliferation of cells cultured 
from synovial tissue. The effect of GST on synovial 
cell proliferation and on the growth curve was deter- 
mined by measuring incorporation of [*H]TdR into 
DNA and by counting total cell number. The incor- 
poration of [*H]TdR into DNA was inhibited 78 per 
cent after a 2 day exposure to 50 ug/ml of GST 
(Table 1). After 5 days of exposure, [*H]TdR incor- 
poration was almost completely inhibited—94 per 
cent by 10 ug/ml of GST and 99 per cent by 50 ug/ml 
of GST. The total number of cells per flask did not 
change significantly after a 5-day exposure to con- 
centrations as high as 100 ug/ml of GST. However, 
as shown in Fig. 1, 10 uzg/ml of GST depressed the 
cell growth curve between 5 and 20 days, and expo- 
sure of cells to 100 ug/ml of GST caused a continuous 
decrease in the accumulation of cells in the flasks 
during the same period. When cells were exposed 
to GST for 15 days, the depression of the growth 
curve was dose dependent through a range of con- 
centrations from 3 to 12 g/ml (Fig. 2). The viability 
of the cells exposed to GST in these experiments 
was unchanged, as confirmed by trypan blue exclu- 
sion. This is consistent with observations reported 
by Finkelstein et al. [13], when the organic gold 
compound auranofin was investigated in a culture 
system consisting of human lymphocytes. 

Effect of GST on collagen synthesis. The rates of 
synthesis of type I and type III collagens were quan- 
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Fig. 3. Lower panels: fluorescent gel scans of synovial cell medium colla en before reduction (left), and 
after reduction (right). Upper panels: the radioactivity (c.p.m.) of [“C]proline in 5 mm gel slices. 
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Fig. 4. Effects of GST on total collagen and collagen types based on measurement of (a) [‘*C]collagen 
and (b) MDPF collagen after separation by SDS-PAGE. The control levels are the means + S.E. for 
three flasks. Key: (x) total collagen, (O) type I, (A) type III, and (0) al (other). ; 
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Table 2. Effects of gold sodium thiomalate on the per- 
centage of type III collagen produced by synovial cells in 
culture* 





Separated by SDS-PAGE 
Percent collagen type III 
eed c.p.m. 





31.70 + 6.27 
13.07 + 0.87+ 
8.83 + 3.337 


30.87 + 3.14 
9.90 + 3.38% 
6 8.30 + 2.887 





* Values are means + S.E. from three flasks of the 
amount of type III collagen as a percentage of total collagen 
detected by fluorescence (Figo) or c.p.m. ['*C]proline incor- 
porated into collagen a chains. Cells were preincubated 
with GST for 15 days. Fresh medium without GST but 
containing BAPN and ascorbate was then added and the 
medium collagen was extracted 5 days later. ['*C]proline 
was added only during the last 48 hr of this period. 

+ P<0.05. 


titated by measuring the incorporation of 
[*C]proline into the respective collagen a@ chains 
after separation by SDS—polyacrylamide gel electro- 
phoresis (PAGE) (Fig. 3). In this separation pro- 
cedure, type III collagen remains a trimer because 
of disulfide bonds, whereas type I collagen migrates 
as 100,000 mol. wt chains. After reduction, both 
migrate as @ chains. Thus, the increase in the al 
band after reduction represents the radioactivity due 
to the presence of type III collagen. 

The total amount of collagen which accumulates 
in the medium after a 5-day incubation was deter- 


mined by coupling the medium extract with MDPF, 
which resulted in a fluorescent protein conjugate. 
The collagen components were separated by SDS- 
PAGE and quantitated by fluorescent gel scanning 
[22]. The relative migration of medium collagen 
chains was unaffected by GST exposure. The addi- 
tion of known amounts of purified calf skin al (I) 


al(M™) a2 


e Control 
oGST 3 pg/ml 








200 


Effluent, mi 
Fig. 5. Carboxymethyl cellulose chromatogram of media 
extracts from control and GST-treated cells. Key: (@) 
control, and (O) 3 wg GST/ml medium for 15 days. 
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(used as an internal standard) to synovial cell media 
collagen extracts resulted in stoichiometric increases 
in the fluorescent MDPF-al peak area. The reduc- 
tion of disulfide bonds by either sodium hydroxide 
or B-mercaptoethanol resulted in similar increases 
in the al peak when these were measured by either 
a or radioactivity, as described previously 
22]. 

As shown in Fig. 4, there is a dose-dependent 
increase in the amount (calculated per cell) of col- 
lagen a chains found in the medium 5 days after the 
termination of a 15-day GST exposure. A similar 
increase in the incorporation of ['*C]proline was 
observed when these cells were incubated with 
['*C]proline during the last 48 hr of this experiment 
(3 days after termination of GST) (Fig. 4). This 
increase in both synthesis and accumulation is pre- 
dominantly type I collagen (Fig. 4). 

When GST (3 or 6 pg/ml) was added to medium 
for 15 days, the percentage of type III collagen found 
in the synovial cell medium (by the fluorescent assay) 
decreased (P < 0.05) (Table 2). Similarly, the rate 
of synthesis of type III collagen (by label incorpor- 
ation) was decreased in the period following a 15- 
day GST exposure. However, the change in the 
commitment of these cells to type III collagen syn- 
thesis was not dose dependent. At 3 ug/ml of GST, 
the cell number (Fig. 3) and total collagen synthesis 
(Fig. 4) were similar to control, but the percentage 
of type III collagen (Table 2) was decreased (P 
< 0.05). Between 3 and 12 wg GST, the total amount 
of type III collagen synthesized per cell remained 
similar to control levels (Fig. 4), but the amount of 
type I collagen synthesized per cell increased in a 
dose dependent manner. In previous experiments 
[24] using 15-day exposures to higher concentrations 
of GST (50 ug/ml), the cell number was decreased 
to such an extent that not enough medium collagen 
was synthesized for collagen heterogeneity 
quantitation. 

In order to confirm the above GST-induced 
changes in the synthesis of collagen types I and III 
by synovial cells, pooled medium extracts were frac- 
tionated by carboxymethyl cellulose (CMC) chroma- 
tography to separate the radioactive a chains. Figure 
5 shows the chromatograms obtained from synovial 
cell medium collagen. The arrows represent the peak 
positions of the purified type I and type III calf skin 
collagen @ chains used as standards. The medium 
collagen obtained from cells exposed to 3 ug/ml of 
GST for 15 days in the experiment described above 
(Table 2 and Fig. 4) was fractionated on CMC- 
chromatography (Fig. 5). This experiment confirmed 
the decrease in radioactivity in al (III) and the 
increase in radioactivity in a (I) peaks which were 
previously detected when individual medium extracts 
were fractionated on SDS-PAGE. The GST-induced 
change in the percentage of type III collagen found 
after separation of the a chains from pooled samples 
is quantitatively the same as the changes in the mean 
values reported in Table 2. 


DISCUSSION 


Several controlled clinical studies have established 
the efficacy of chrysotherapy in inducing the remis- 
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sion of rheumatoid arthritis |14,15,25,26]. The pres- 
ent study demonstrates that in cell culture GST, at 


pharmacologically relevant concentrations, has a 


direct effect on cells derived from the synovial tissues 
of patients with rheumatoid arthritis. Serum gold 
concentrations of rheumatoid arthritic patients dur- 
ing chrysotherapy are between | and 3 g/ml, which 
is equivalent to 2-6 ug/ml of GST. Synovial tissue 
gold concentrations are approximately 20-30 ug/g 
tissue, which are equivalent to 40-60 ug/ml of GST. 
Thus, the concentrations used in these experiments 
were intermediate between the serum and tissue 
concentrations observed during chrysotherapy [27- 
32]. Lipsky and Ziff [12] have shown that the gold 
moiety of GST inhibits lymphocyte proliferation 
(thiomalic acid was without effect, and gold chloride 
inhibited proliferation). We have observed none of 
the effects reported here for GST when sodium 
thiomalate was added to the media and conclude 
therefore, in accord with Lipsky and Ziff [12], that 
the gold moiety is responsible for the observed 
changes in synovial cell morphology, proliferation 
and collagen synthesis. At the highest concentration 
ot GST (100 pg/ml) no significant difference in the 
total number of cells was found in the culture system 
after 5 days of incubation; however, between 5 and 
20 days a decrease in cell number was observed. This 
delayed response is due to the slow doubling time 
of these cells, resulting in the inability to detect a 
change in the growth curve at this time point. The 
DNA synthesis in these cells was inhibited by 50 
pg/ml of GST after 2 days. Both cell number and 
[*H]thymidine incorporation data indicate that the 
exposure of synovial cells to GST produced a dose- 
dependent inhibition of cell proliferation, which was 
also time-dependent in these cultures. 

The synovial cell explant culture is a heteroge- 
neous population of cells. The cells used in these 
experiments have morphological and growth charac- 
teristics similar to those reported by others [33-36]. 
Morphological changes following exposure to. GST 
are apparent and include the development of large 
perinuclear phagolysosomes that have been 
described previously in synovial cells and in macro- 
phages of the synovium in vivo following gold ther- 
apy [37,38]. The detailed description of the forma- 
tion of these GST-induced morphological changes 
in tissue culture is the subject of a separate manu- 
script now being prepared for publication. 

Hance and Crystal [39] reported recently that the 
ratio of collagen type I/III was independent of cell 
density or passage number in lung fibroblasts. The 
data reported here identify a shift in the heterogen- 
eity of collagen synthesized following the exposure 
of cells to GST for 15 days. In this experiment, the 
cells were confluent when ['C]proline was added 
during the post-exposure incubation. This protocol 
was also used in an experiment where ["*C]proline 
was added to cells following 10 days of GST expo- 
sure. We observed the same GST-induced shift in 
total collagen and in the percentage of type III col- 
lagen synthesized in these cells which were labeled 
and harvested during the late log-phase of growth. 





* D. P. Parrott, R. Kuttan, R. L. Goldberg, S. R. Kaplan 
and G. C. Fuller, manuscript submitted for publication. 
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Therefore, we conclude that this alteration in the 
ratio of collagen type I/III synthesized by human 
synovial cells following GST exposure is also inde- 
pendent of cell density. 

The quantitation of medium collagen, by the flu- 
orescent method used here, represents the accu- 
mulation of ['*C]proline into collagen a chains in the 
synovial cell medium over a 5-day period. The 
measurement of total accumulation circumvents 
interpretation problems with regard to the influence 
of pool size changes and amino acid transport defi- 
ciencies on label incorporation which may be altered 
by GST [13]. The radioactive values represent the 
incorporation of ['*C]proline into collagen @ chains 
during a 2-day incubation and subsequent separation 
of the radioactive collagen a chains by both SDS- 
polyacrylamide gel electrophoresis and carboxyme- 
thyl cellulose chromatography. We found that the 
exposure of human synovial cells to GST caused a 
decrease in the percentage of type III collagen syn- 
thesized (as detected by both separation techniques) 
and also in the percentage of type III collagen which 
accumulates in the medium (based on the quanti- 
tation of media collagen by fluorescent gel scanning 
techniques). In view of this, and the premise that 
the production of both type I and type III collagen 
is dependent on the same precursor pools, we con- 
clude that the direct effect of gold on amino acid 
transport or pool specific activity is not responsible 
for the changes in collagen synthesis reported here. 

GST treatment did not alter the electrophoretic 
migration of the a chains produced (Fig. 3), and it 
did not significantly alter the elution profile of a 
chains from the carboxymethyl cellulose columns 
(Fig. 5). The small peak of radioactivity appearing 
at 240 ml of effluent on Fig. 5 was not observed in 
all samples from gold-treated cells. The amount of 
radioactivity in this uncharacterized peak is a small 
percentage of the total and, therefore, does not 
significantly alter the type I/III ratio. 

We do find slight but consistent differences in the 
percentages of type III collagen detected by these 
two separation methods.* In the present study, the 
mean of 31.7 per cent reported in Table 2 resolved 
as 39 per cent type III collagen when these samples 
were pooled and separated by CMC chroma- 
tography. It is possible that some of the collagen 
eluting from CMC in the al (III) position may be 
a [A] or a [B] chains, but these are minor compo- 
nents of the total collagen matrix [40] and their 
contribution to the total collagen pool could not 
account for the differences observed here. We 
observed that GST decreased the percentages of type 
III collagen to the same extent, using both separation 
techniques, which clearly demonstrates that a drug- 
induced shift in collagen heterogeneity resulted from 
the 10 or 15-day exposure periods used in these 
experiments. This argues against the possibility that 
the decrease in type III collagen observed by SDS- 
PAGE is due to GST reduction of disulfide bonds 
in the NR sample before it is electrophoresed. A 
recent abstract reported that bleomycin produced a 
relatively small shift in type III collagen synthesis in 
cultured lung and skin fibroblasts [41]. The data 
reported here represent the first published report of 
a large drug-induced shift in collagen heterogeneity 
in cultured human cells. 
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The biochemical mechanism by which gold com- 
pounds alter proliferation and collagen synthesis in 
synovial cells can only be postulated from these 
experiments. The cell population generated by this 
culture technique is heterogeneous [35], so the dose- 
dependent effect of GST on proliferation and, there- 
fore, also on collagen synthesis could be due to a 
selectivity for certain cell populations. The alteration 
in collagen types observed here could be due to 
direct stimulation of the synthesis of type I collagen, 
but we cannot rule out the possible inhibition of 
intracellular degradation [42]. Granulocyte colla- 
genase has been shown to preferentially degrade 
type I as compared to type III collagen [43]. There- 
fore, intercellular inhibition of a similar enzyme may 
result in the secretion of increased amounts of type 
I collagen. 

A pannus can be considered a form of granulation 
tissue. Gay et al. [44] demonstrated by immunoflu- 
orescence that type III collagen is the early collagen 
laid down in granulation tissue followed by type I 
collagen. In contrast, the predominant collagen type 
in normal scar is type I collagen [45,46]. A pannus 
responds to inflammation by generating granulation 
tissue, and further maturation results in the forma- 
tion of scar tissue. Thus, it is conceivable that the 
alteration of the composition of the synovial matrix 
is related to or dictates the functional nature of the 
synovium in rheumatoid arthritis. Recent prelimi- 
nary experiments by Dayer* indicate that a blood 
mononuclear cell factor may stimulate proline incor- 
poration into collagen, with the preferential stimu- 
lation of a protein tentatively identified as type III 
procollagen. The data reported here establish that 
GST has a direct effect on synovial cell proliferation, 
and on the amount and nature (genetic composition) 
of the extracellular matrix they produce. This shift 
in synthesis or accumulation of type I collagen over 
type III collagen may represent a switch from a 
proliferative granulation tissue to end stage scar tis- 
sue. This forced maturation may in fact be respon- 
sible for aborting the progressive proliferative com- 
ponent of the rheumatoid arthritis lesion, and may 
represent one of the important mechanisms respon- 
sible for the therapeutic efficacy of gold therapy in 
the treatment of rheumatoid arthritis. Various stud- 
ies now indicate that organic gold compounds pro- 
duce a variety of different biological effects. The 
biological systems influenced by gold include com- 
plement activation [8], macrophage and neutrophil 
phagocytosis [9,10], inhibition of neutrophil chem- 
otaxis [11], and inhibition of lymphocyte prolifera- 
tion and immunoglobulin synthesis [12,13], in addi- 
tion to the direct effect of this compound on synovial 
cell proliferation and the synthesis of collagen as 
reported here. The fact that organic gold therapy 
impinges on several target systems involved in the 
generation of the rheumatoid process may be a crit- 
ical factor accounting for its tolerable or acceptable 
therapeutic index, since an overwhelming effect on 
any one of these critical functions would be associ- 
ated with unacceptable toxicity to the patient. Thus, 
we suggest that the proven therapeutic benefit 
derived from chrysotherapy in the management of 





* J. M. Dayer, personal communication. 
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rheumatoid arthritis is dependent on a spectrum of 
pharmacological effects expressed on the different 
biological components contributing to the rheuma- 
toid process. 
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Abstract—The binding of sonicated liposomes (small, mainly unilamellar) by cultured rat fibroblasts 
and mouse L1210 cells, in the presence or absence of serum, determined as y~moles phospholipid/mg 
cell protein, depends on the composition of the liposomes. Negatively charged solid liposomes (phospho- 
lipids below their phase transition temperature) were bound by cells several times more than fluid 
liposomes were under the same conditions. There was less binding, for each type of liposome studied, 
in the presence of serum. Time, liposome concentration and temperature effects suggest that liposomes 
interact with the cultured cells studied by a two-stage process: an initial rapid step, probably adsorptive, 
followed by a second slower step. Cell fractionation studies showed that solid and fluid liposome 
phospholipids were treated similarly by the cells and equilibrated mainly at densities similar to those 
of plasma membrane marker enzymes. Further, after incubations with inulin entrapped in liposomes, 
there was no accumulation of [*H]inulin in lysosomal fractions. Whereas the data indicated that the 
liposomes studied were not endocytosed intact, there was also no evidence that ‘fluid’ liposomes rapidly 
fused with cells with their contents found in soluble fractions. Studies on liposomal permeability 
indicated, as has been suggested previously, that cholesterol is a key component for reducing the 
leakiness of liposomes in the presence of significant concentrations of serum. For short-term studies 
liposomes lacking cholesterol can be used for studies on cell binding or uptake of entrapped species, 
in the presence of serum, but in longer term studies the effects of serum make interpretation of data 


difficult in that type of liposome. 


Liposomes (phospholipid vesicles) have been sug- 
gested as an in vivo drug delivery system, acting by 
targeting to specific sites [1, 2] and/or as a ‘depot’ 
or time release system [3, 4]. It is of interest to 
determine how liposomes interact with environmen- 
tal constituents such as serum and cells in conditions 
approximating the in vivo situation. Several (not 
necessarily mutually exclusive) mechanisms of inter- 
action between liposome components and cells in 
vitro and in vivo have been proposed: adsorption 
[5, 6], phospholipid exchange [7, 8], endocytosis [9- 
11] and fusion [8, 9, 12, 13]. At present there does 
not seem to be consensus as to which of these is the 
most important mechanism of liposome-cell inter- 
action. Here we have compared the binding of sev- 
eral different types of liposomes with two quite dif- 
ferent cultured cell types, mouse leukemia L1210 
cells and rat fibroblasts, under standardized condi- 
tions. As it has been shown that the presence of 
serum may have marked effects on liposomes [3, 14— 
18], and thus on the possible interactions of lipo- 
somes and their constituents with cells, we have 
investigated the effects of serum on liposome integ- 
rity and on liposome interactions with cells. 

We have also made studies on the subcellular 
localization of liposome constituents and of inulin 
entrapped inside several different types of liposomes. 
The aim of these experiments was to determine 
whether the intracellular distribution of liposomes 
is dependent on the liposomal lipid composition and 
whether inulin entrapped in different types of lipo- 
somes is distributed in cells differently from free 


(non-entrapped) inulin under similar experimental 
conditions. 


MATERIALS AND METHODS 


Phospholipids 

Phosphatidyl serine (PS) (bovine brain) and phos- 
phatidyl choline (PC) (egg lecithin) were obtained 
from Lipid Products Ltd. (South Nutfield, Surrey, 
England). These were >99 per cent pure as assayed 
by thin-layer chromatography (S. Frokjaer, Novo 
Industri, Bagsvard, personal communication). Cho- 
lesterol (Chol) >99 per cent pure, synthetic distea- 
royl phosphatidyl choline (DSPC), dipalmitoy! phos- 
phatidy! choline (DPPC) and _ dimyristoyl 
phosphatidyl choline (DMPC) were obtained from 
the Sigma Chemical Co. (St. Louis, MO, U.S.A.). 
'4C.Labeled-DSPC, specific activity 50 mCi/mmole, 
was obtained from Applied Science Laboratories 
(State College, PA, U.S.A.). 


Markers for internal space 

(H]Inulin, > 300 mCi/mmole, and [*H]sucrose, 
5 Ci/mmole, were obtained from the Amersham- 
Searle Co. (Amersham, Bucks, England). 


Preparation of liposomes 

Liposomes were prepared as described previously 
[4, 19, 20]. Five milliliters of aqueous solutions of 
fH]inulin or [*H]sucrose in 1/10th strength PBS 
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(PBS: 136.8 mM NaCl, 2.7 mM KCl, 8mM 
Na2HPOs, and 1.5 mM KH2POs, pH 7.2) were added 
to 100-300 zmoles dried lipids in 50 ml glass tubes. 
The molar ratios of the lipids used were as follows: 
PS/PC (1:4), PS/DMPC (1:4), PS/DSPC/DPPC 
(1:2:2), DSPC/DPPC (1:1) and PS/PC/Chol (1:4:5). 
['*C]DSPC was used as a phospholipid marker at a 
molar ratio of labeled to unlabeled lipid of less than 
1:100. The aqueous suspensions of lipids were vor- 
texed for 10min at 37° (PS/PC, PS/DMPC and 
PS/PC/Chol) or 50-54° (PS/DSPC/DPPC and 
DSPC/DPPC) and then were sonicated for twice the 


clearing time in a bath type sonicator (model G11 
2 SPIT, Lab. Supplies Co. Inc., Hicksville, NY). 
After sonication, the molarity of the suspension was 
adjusted to normal strength PBS, and the suspen- 
sions were centrifuged at 130,000 g for 1 hr at 4°. 
Less than 10 per cent of the radioactivity pelleted, 
for all types of liposome. The supernatant fraction 
could be used directly as a liposome preparation 
where no internal marker had been entrapped; these 
liposomes are small, <50 nm in diameter, and mainly 
unilamellar (SUV) [18]. Separation of non- 


entrapped substances from liposomes was accom- 
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Fig. 1. Panel A: Binding of PS/PC liposomes by L1210 cells. Binding was carried out as described in 
Materials and Methods, except uptake was determined at 4° and 37°. The initial external concentration 
was | wzmole phospholipid/ml. Vertical lines represent + standard deviation. Key: (O——O) 37°, no 
serum; (A A) 4°, no serum; (0 (1) 37°, with 10% serum; and (V VY) 4°, with 10% serum. 
Panel B: Binding of PS/DSPC/DPPC liposomes by L1210 cells. Binding was carried out as described 
in the legend to panel A. Key: (@——®) 37°, no serum; (@ @) 4°, no serum; (A A) 37°, with 
10% serum and (0 0) 4°, with 10% serum. 
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plished either by repeated dialysis against a large 
excess of PBS (sucrose-liposomes) or by passage of 
suspensions through Sephadex G-200 columns 
(inulin-liposomes). Liposomes eluted in the void 
volume, whereas non-entrapped solute eluted in 
later fractions. Liposome-containing fractions were 
pooled before use. Approximately 1-2 per cent of 
the original total sucrose or inulin was entrapped by 
SUV liposomes, indicating that these substances 
were probably trapped passively in the internal 
liposomal space. 


Cells 


L1210 cells. L1210 mouse leukemia cells were 
maintained in suspension culture in RPMI medium 
1640, supplemented with 10% heat-inactivated fetal 
calf serum. Cells from the maintenance culture were 
pelleted at 250 g for 5 min and washed twice in fresh 
medium (without serum). The final pellet was resus- 
pended in fresh medium with or without serum, 
depending on the experimental conditions, at 1- 
3 x 10° cells/ml in a volume of 0.5-2 ml. Liposomes 
and other substances were added in a maximum total 
volume of 0.1 ml. Cells were equilibrated for 10 min 
at the temperature of the experiment before addition 
of liposomes. After incubation, cells were washed 
by addition of 2.5 ml PBS (at 4°) and were centri- 
fuged immediately at 1500 g for 5 min; the pellet was 
washed three times in 5 ml PBS by centrifugation in 
the same way. Finally, 1 ml of 0.5 N NaOH was 
added and aliquots were removed for protein [21] 
and radioactivity determinations. Dimuline (Pack- 
ard, Downers Grove, IL, U.S.A.) was used as the 


counting fluid. All determinations in each experi- 
ment were made in triplicate. 
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Rat fibroblasts. Rat fibroblasts were isolated from 
17-day-old rat embryos, as described by Tulkens e¢ 
al. [22]. Primary cultures were set up in Roux bottles 
(~ 180 cm? surface area) in modified Eagle’s medium 
supplemented with 10% newborn calf serum and 
were subcultured at confluency by trypsinization to 
75 cm? or 150 cm’ T flasks. Cells were used only from 
the first or second subculture, when they had just 
reached confluency but were not piled up. For lipo- 
some binding studies, cells grown in 75 cm’ T flasks 
were washed several times with 10-5 ml of media 
with or without serum. Liposomes were then added 
to make a final concentration of 1 uwmole/ml. of 
phospholipid. After incubation the cells were washed 
three times with PBS and dissolved in 1 or 2 ml of 
0.5M NaOH. Binding of liposomes by fibroblasts 
at various temperatures was studied by floating the 
T flasks on water in baths kept at the appropriate 
temperature. For cell fractionation studies, cells 
were washed three times with PBS, incubated for 
10 min at 4° with 0.02% Naz EDTA (w/v) in PBS, 
detached by gentle scraping, collected by centrifu- 
gation, and resuspended in 0.25 M sucrose. Isopycnic 
centrifugation in sucrose density gradients of post- 
nuclear supernatant fractions, and enzymatic and 
chemical assays were performed as described by 
Tulkens et al. [22]. Other assays carried out were of 
cathepsin B [23] and phosphoglucomutase [24]. 


RESULTS AND DISCUSSION 
Kinetics of uptake and concentration dependency 


The data shown in the charts and tables were 
calculated as zmoles phopholipid bound/mg cell pro- 
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Fig. 2. Effects of variation in external concentration of liposomes on binding by L1210 cells. The 
temperatures of incubation was 37° in the presence of 10% serum. Key: (O——O) PS/PC liposomes, 


4hr incubation; (G——Q) PS/PC liposomes, 2 hr incubation; (A 
bation; (@——®) PS/DSPC/DPPC liposomes, 4 hr incubation; (@ 
A) PS/DSPC/DPPC liposomes, | hr incubation. 
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Fig. 3. Top panel: Effect of temperature on binding of 
liposomes by L1210 cells (with 10% serum). Binding was 
carried out as described in Materials and Methods. The 
initial external concentration of liposomes lipid was 
1 zmole/ml. Key: (A) PS/DSPC/DPPC; (™) DSPC/DPPC; 
(@) PS/DMPC; (©) PS/PC; and (V )PS/PC/Chol. 

Bottom panel: Effect of temperature on binding of lipo- 
somes by L1210 cells (without serum). Binding was carried 
out as described in Materials and Methods. The initial 
external ‘concentration of liposomes lipid was | wmole/ml. 
Key: (A) PS/DSPC/DPPC; (™) DSPC/DPPC; (@) 

PS/DMPC; (©) PS/PC; and (VY) PS/PC/Chol. 


tein, enabling comparisons to be made between dif- 
ferent experimental conditions, assuming that the 
association of [“C]DSPC is a valid marker of 
phospholipid binding by the cells [13]. Figure 1 shows 
the time course of binding of phospholipid by L1210 
cells. For both PS/PC and PS/DSPC/DPPC lipo- 
somes, in the presence or absence of serum, there 
was d rapid initial binding phase. Several times more 
phospholipid was bound in the absence of serum 
than in its presence, for both types of liposome [16, 
17]. There was also several times more binding of 


PS/DSPC/DPPC phospholipid than of PS/PC, under 
similar conditions. These differences were main- 
tained over a more prolonged time span. Since these 
types of liposomes have a similar amount of PS 
imparting a similar negative charge, the key differ- 
ence in cell binding properties is probably related 
to the difference in the median phase transition 
temperature (7>) of the lipids, the PS/PC and the 
PS/DSPC/DPPC lipids being, respectively, fluid and 
solid between 4 and 37° (Ref. 9, S. Frokjaer, personal 
communication). The time course experiments sug- 
gest that for both types of liposome after the initial 
rapid binding phase there followed a slower phase 
which continued for at least 8 hr. It can also be seen 
that there was an initial rapid binding of phospholipid 
at 4° similar to that occurring at 37° in both the 
presence or absence of serum. In the absence of 
serum, the binding of PS/DSPC/DPPC liposomes 
was very similar at 37° or 4° after a few hours of 
incubation, whereas with PS/PC liposomes the dif- 
ference in binding between 37 and 4° was maintained. 
In the presence of serum for PS/PC and 
PS/DSPC/DPPC liposomes, the binding appeared to 
reach a plateau at 4°, whereas at 37° the binding 
continued to increase. The difference between bind- 
ing at 37° and 4° was particularly strong for 
PS/DSPC/DPPC liposomes in the presence of serum 
after several hours of incubation. Figure 2 shows 
that, after incubation with PS/PC and 
PS/DSPC/DPPC liposomes in the presence of serum, 
the binding of radioactive phospholipid was directly 
proportional to the initial external concentration, 
and no overall saturation was observed under the 
conditions used. These data suggest that the net 
phospholipid binding is not saturable for L1210 cells 
at the concentrations used. 

Similar studies have been carried out for rat fibro- 
blasts. In general, the time course studies, and the 
variation of external concentration and temperature 
studies made with rat fibroblasts showed the same 
uptake patterns as for L1210 cells, although the 
binding was less under the same experimental 
conditions. 

Five different liposome compositions were tested 
under similar conditions (PS/PC, PS/PC/Chol, 
PS/DMPC, PS/DSPC/DPPC and DSPC/DPPC lipo- 
somes), and the relative uptake rates in L1210 cells 
and rat fibroblasts were much the same, solid lipo- 
somes being taken up to a higher degree than fluid 
ones. 

With fibroblasts, the binding of these liposomes 
to the cells was reduced by the presence of serum 
in much the same wa’ as with L1210 cells. One of 
the possible factors with regard to the quantitative 
differences between the two cell types could be the 
inaccessibility to liposomes of the fibroblast plasma 
membranes facing the support in contrast to the full 
accessibility of L1210 membranes. 


Temperature effects 


Lowering of temperature may affect association 
of different liposomes to cells in two ways, first by 
inhibiting metabolism-dependent uptake mechan- 
isms (i.e. endocytosis) and second by reducing flu- 
idity of both liposome and cell membranes. Here we 
compared the binding of five different types of lipo- 
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Table 1. Effects of trypsin and EDTA on liposome binding by L1210 cells* 





PS/DMPC 


DSPC/DPPC 





nmoles phospholipid/mg 
protein 





Treatment 


Decrease 
(%) 


Decrease 


(%) 


nmoles phospholipid/mg 
protein 





Control+ 
EDTA: 
Trypsin§ 
Control 
EDTA 
Trypsin 


31 
79 


26 


57 





* L1210 cells were incubated in RPMI 1640 in the presence or absence of 10% serum for | hr with 
['“C]PS/DMPC or ['*C]-DSPC/DPPC liposomes at 37°. The cells were washed three times in PBS and were 
resuspended in 1 ml PBS. One ml of PBS (controls, +), 0.02% EDTA in PBS (4) or 0.02% Trypsin 
(GIBCO) in PBS (§) was added and the suspension incubated with continuous agitation for 5 min. The 
cell suspensions were centrifuged at 250g for. 5 min and washed three times in PBS. Determinations of 
radioactivity and protein in the cell pellet were made. 


somes in the range of 0-37°, after a 1-hr incubation 
in the presence or absence of serum. Without serum 
(Fig. 3, bottom panel), the cellular uptake of 
PS/DSPC/DPPC, DSPC/DPPC, PS/PC and 
PS/PC/Chol liposomes as a function of increasing 
temperature, if changed at all, showed a small 
increase. In contrast, PS/DMPC liposomes showed 
a significant decrease in binding with increasing tem- 
perature [6]. 

In the presence of serum (Fig. 3, top panel), there 
was a more marked increase in binding of 
PS/DSPC/DPPC phospholipid with increasing tem- 
perature, while binding of PS/DMPC liposomes 
decreased with temperature as in the absence of 
serum. The temperature-dependent increase of 
PS/DSPC/DPPC binding and the different clearance 
rates, i.e. slopes for rate of uptake, at 4 and 37° (Fig. 
1) could suggest a metabolically linked effect on the 
extent of binding. 

The much higher binding of ‘solid’ liposomes 
(DSPC/DPPC and PS/DSPC/DPPC) in comparison 
with ‘fluid’ liposomes (PS/PC and PS/PC/Chol) 
throughout the temperature range studied suggests 
an important role of liposome membrane fluidity in 
the initial binding to cells. This is further substan- 
tiated by the behavior of the PS/DMPC liposomes, 
which were the only type of liposomes used with a 
phase transition temperature between 0 and 37°. 
These liposomes showed increased binding with 
increasing solidity, i.e. decreasing the incubation 
temperature below 21°, the phase transition tem- 
perature of DMPC [18, 25] which is the highest 
melting component. 

Fluidity seems also to determine the uptake after 
the initial association, as seen from Fig. 1. After 
prolonged incubations of cells in the presence of 
liposomes at 37° and 4°, small differences | hr after 
incubation become larger differences, as metaboli- 
cally dependent binding continues. These data show 
that the apparently conflicting results obtained pre- 
viously [6, 9] can be reconciled to some extent. It 
is possible for different temperature effects to be 
observed for different liposomes, but only when the 
data are expressed in a similar manner can the effects 


be seen to be clearly due to changes in solidity and 
fluidity of the liposomes [6]. The present results with 
L1210 cells do not show a sharp temperature-depen- 
dent increase in binding for fluid liposomes at around 
20° in the absence of serum, as reported for 3T3 cells 
[9] and murine lymphocytes [8]. 


Effects of EDTA and trypsin on cell-bound liposomes 


Table 1 shows that a significant proportion of 
bound phospholipid or cell-associated radioactive 
label was susceptible to removal from cells by EDTA 
and trypsin concentrations that would not have dam- 
aged the cells. For DSPC/DPPC liposomes, more 
material was susceptible to trypsin than EDTA in 
the presence or absence of serum, whereas for 
PS/DMPC liposomes approximately similar amounts 
were removed by both agents. In the presence of 
serum quite small amounts of PS/DMPC liposomes 
were removed by either agent; most bound radio- 
active material was inaccessible to the agent. These 
results are similar to those found by Pagano and 
Takeichi [6] and support the idea that there are at 
least two types of initial binding for liposomes at cell 
surfaces, i.e. EDTA/trypsin sensitive and insensitive 
binding. 


Permeability of liposomes in the presence of serum 


Different substances trapped in liposomes leak out 
at different rates depending on the type of substance 
and the composition of the liposome [18, 26, 27] and 
on the presence of serum [15, 28]. However, for 
studies on cellular uptake of liposomes it is important 
to check whether the entrapped marker molecules 
stay inside the liposome present in the culture 
medium. For three liposome compositions used later 
on, we studied the effects of serum on the leakage 
of untrapped [*H]sucrose by equilibrium dialysis. 

Figure 4A shows the effects of different concen- 
trations of serum on sucrose efflux from PS/PC, 
PS/DSPC/DPPC and PS/PC/Chol liposomes. At 2 hr, 
virtually all ‘free’ sucrose had leaked out of the 
dialysis bags. The loss of [*H]sucrose from Triton X- 
100-treated liposomes was the same as for ‘free’ 
sucrose, indicating that the integrity of the liposomes 
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Fig. 4. Panel A: Sucrose leak from liposomes in presence of serum (variation of serum concentration). 
Liposomes with entrapped sucrose were prepared as described in Materials and Methods. Before 
incubation with serum, liposomes were dialyzed against PBS for 1 hr at 37°. A series of dialysis bags 
(0.5 cm diameter) was set up in 15 ml tubes containing 10 ml PBS at 37°. Into bags were added 0.1 ml 
liposome and varying amounts of heat deactivated fetal calf serum and PBS, or PBS and 1/1000 Triton 
X to give a final total volume of 1 ml. The final liposome concentration varied from 1 to 2 umoles 
phospholipid/ml. As a control, some bags received non-entrapped [*H]sucrose and serum. The tubes 
were incubated at 37° with continuous agitation. At 2 hr samples were taken from the dialysate, and 
the radioactivity was determined. The free sucrose was calculated assuming a total volume of 11 ml. 
Knowing the original radioactivity added to the dialysis bags, the amount leaked out of the ltposomes 
could be calculated. The sucrose leak from up to twenty dialysis bags could be determined in one 
experiment. The serum concentration indicated in the figure is the final concentration (v/v). Key: 
) free sucrose; (@——@) PS/DSPC/DPPC-sucrose liposomes; (O——©) PS/PC-sucrose lipo- 
somes; and (V VY) PS/PC/Chol-sucrose liposomes. 
Panel B: Sucrose leak from liposomes in the presence of serum (time course). The experiments were 
carried out as described in the legend to Fig. 4A, except that samples (0.1 ml) were taken from the 
dialysate at various times for up to 24hr. Results were calculated in the same way. Key: (O- - -O) 
PS/PC-sucrose liposomes, 80% serum; (O——O) PS/PC-sucrose liposomes, 30% serum; (OQ-—--O) 
PS/PC-sucrose liposomes, 10% serum; (Q——C)) PS/PC-sucrose liposomes, 0% serum; (@-- -@) 
PS/PC/Chol-sucrose liposomes, 80% serum; (@ ®) PS/PC/Chol-sucrose liposomes, 30% serum; 
(&A—-A) PS/PC/Chol-sucrose liposomes, 10% serum; and (V VY) PS/PC/Chol-sucrose liposomes, 
0% serum. 


was completely disrupted by this detergent. When 
the three types of liposomes were incubated with 
serum, PS/DSPC/DPPC liposomes were the. most 
susceptible to serum, PS/PC liposomes showed inter- 
mediate effects and PS/PC/Chol liposomes were the 
least affected. 

The ‘solid’ liposomes were highly susceptible to 
interaction with serum, which caused a maximal 
effect at a 5% concentration. The high leakiness of 
the PS/DSPC/DPPC liposomes may be related to the 
presence of a small amount of their lipids being in 
the fluid state, since their phase-transition temper- 
ature is close to 37°. As shown before, liposomes at 
their phase-transition temperature are generally 
more leaky for passively trapped substances, even 
in the absence of serum [18]. On the other hand, 
PS/PC/Chol liposomes lost less than 10% sucrose in 
80% serum in 2hr and there was not very much 
difference between the effects of low and high serum 


concentrations, whereas the PS/PC liposomes 
showed serum concentration-dependent effects. The 
time dependence of the sucrose leakage is illustrated 
in Fig. 4B. 

In similar studies made on [*H]inulin trapped in 
the same three types of liposomes, essentially the 
same results were obtained, i.e. rapid loss of inulin 
from PS/DSPC/DPPC liposomes in the presence of 
serum, intermediate loss from PS/PC liposomes, and 
very little loss from PS/PC/Chol liposomes, even 
though inulin has about twenty times the molecular 
weight of sucrose. 

Complement does not influence sucrose leakage 
since similar results were obtained using non-inac- 
tivated fetal calf serum and fresh rat serum. At first 
sight we cannot distinguish between leakage from 
still intact liposomes and destruction of liposomes. 
The latter mechanism seems the most probable for 
PS/PC liposomes, since studies using a separation of 
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Fig. 5. Binding of ‘free’ inulin and inulin entrapped in PS/PC liposomes by rat fibroblasts. Ordinates 

are nmoles phospholipid/mg protein (left) and d.p.m. inulin/mg protein (right). Key: (0 QO) 

(*H]inulin (entrapped in PS/PC liposomes); (O----0) [*H]inulin (‘free’) at same time as ‘empty’ PS/PC 

liposomes; (O----O) ['*C]PS/PC liposomes (‘empty’); and (O—O) ['C]PS/PC liposomes with 
entrapped [*H]inulin. 


the serum-—liposome mixture on a Sepharose 4B col- 
umn have shown a net transfer of phospholipids to 
a serum protein fraction concomitant with the release 
of internal marker (S. Fr@kjaer, personal 
communication). 


Uptake of liposomes with entrapped [*H]inulin 


In order to study cellular uptake of liposomes, we 
have used inulin as an internal marker because it is 
trapped by negative liposomes in the internal space 
and there is no evidence of external binding or 
association with the lipid bilayer [7]. Moreover, free 
inulin is taken up by cells by endocytosis [29]. Figure 
5 shows that the uptake of inulin increased when rat 
fibroblasts were incubated with inulin trapped in 
liposomes, as compared to the uptake of ‘free’ inulin 
in the presence of ‘empty’ liposomes. Calculations 
of the lipid/inulin ratio shows that the cells bound 
in approximately the same ratio of ["C]lipid to 
{*H]inulin as was present in the original liposome 
preparation. This suggests that the increased binding 
of inulin by the cells was due to inulin being bound 
by the cells while still entrapped in the liposomes. 
Part of the cell-bound inulin could result, however, 
from an uptake of free inulin which had leaked out 
of the liposomes, because the data in the previous 
section shows that in the presence of 10% serum 
approximately 25 per cent of the entrapped inulin 
had leaked out of the PS/PC liposomes by 8 hr. 


Subcellular localization of liposome phospholipid 
and free or entrapped inulin in rat fibroblasts 


Fibroblasts were incubated for 2 or 24hr at 37° 


with C-labeled liposomes and [*H]inulin (free or 
entrapped in the vesicles) and were then washed, 
homogenized and fractionated by isopycnic centrifu- 
gation. The density distributions of C lipid and 
[H]inulin, and of phosphoglucomutase, 5’-nucleo- 
tidase, and cathepsin B, which are marker enzymes 
of, respectively cytosol, plasma membrane and lyso- 
somes, are presented in Figs. 6 and 7. Other enzymes 
or constituents were also assayed (N-acetyl-B-glu- 
cosaminidase, cytochrome c oxidase, NADPH-cyto- 
chrome c reductase, RNA, protein), but their dis- 
tributions were not significantly different from 
previous results [22]. 

Free inulin after 2 hr of incubation (Fig. 6) showed 
a broad density distribution with slightly higher con- 
centrations at densities with maximal 5’-nucleotidase 
activity than at densities for phosphoglucomutase 
and cathepsin B maximal activities. After 24 hr of 
incubation (Fig. 7), more inulin was found at dens- 
ities for maximal cathepsin B activity. This shift in 
distribution to higher densities is compatible with an 
uptake by endocytosis [29]: initially, inulin associates 
with plasma membranes/phagosomes and is subse- 
quently transferred to and accumulated in lysosomes. 

The phospholipid radioactivity distribution after 
2hr of incubation with PS/PC liposomes, with or 
without inulin entrapped (Fig. 6), showed a major 
peak at densities equal to or slightly higher than 
those for the 5’-nucleotidase peak. Trapped inulin 
(Fig. 6, row B) distributed similarly to the phospho- 
lipids. Essentially similar results were obtained with 
PS/DSPC/DPPC liposomes containing entrapped 
inulin after 2 hr of incubation (Fig. 6, row C). Longer 
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Fig. 6. Distribution patterns of enzyme markers, ['*C]lipid and [*H]inulin of rat fibroblasts after 2 hr 
of incubation with liposomes. Cells were fractionated by isopycnic centrifugation in a linear sucrose 
gradient, and results were plotted as normalized histograms [30]. Abscissa: density scale divided into 
fifteen equal sections of density increment from 1.07 to 1.27. Ordinate: frequency (AQ/Ag), where Q 
is the amount of constituent present in each fraction and g is the sum of the amounts found in all the 
subfractions. Column 1: phosphoglucomutase; 2:-cathepsin B; 3: 5’-nucleotidase; 4: ['*C]phospholipid: 
and 5: [*H]inulin. Cells were incubated for 2 hr with Row A: PS/PC liposomes plus free inulin; Row 
B: PS/PC liposomes with entrapped inulin; Row C: PS/DSPC/DPPC liposomes with entrapped inulin; 
and Row D: PS/PC/Chol liposomes with entrapped inulin. 
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Fig. 7. Distribution pattern of enzyme markers, ['*C]phospholipid and [*H]inulin of rat fibroblasts after 
24 hr of incubation. Plots were made as described in the legend to Fig. 6. Top row : cells were incubated 
for 24hr with free inulin; and bottom row cells were incubated for 24 hr with PS/PC/Cholesterol 
liposomes containing entrapped [°H]inulin. 





Interaction of liposomes with cultured cells 


incubation periods with PS/PC and PS/DSPC/DPPC 
liposomes with inulin entrapped were not tried due 
to the serum-induced leakage of the internal marker. 

The PS/PC/Chol liposomes containing inulin were 
incubated for 2 or 24hr. At 24 hr and to a lesser 
extent at 2 hr the phospholipid distribution showed 
a broad peak at densities around the median 5’- 
nucleotidase activity; the distribution of inulin 
coincided with that of the lipid. Quantitatively, five 
times more liposomal lipid became associated with 
the fibroblasts after 24 hr of incubation, as compared 
to 2hr. The entrapped inulin distributed differently 
from free inulin, and showed little accumulation at 
densities with maximal lysosomal enzyme activity. 

Whereas uptake of free inulin could be due to 
endocytosis, this does not seem to be the case for 
the liposomes studied, because the initial association 
with plasma membranes/phagosomes was not fol- 
lowed by transfer to and accumulation in lysosomes 
of either liposomal lipid or entrapped inulin. In 24 
hr the phospholipids could have been recycled from 
lysosomes into other membrane structures, thereby 
masking a possible endocytotic uptake; however, the 
inulin would in any case have been left in the 
lysosomes. 

On the other hand, our results lend little support 
to the idea of an uptake by fusion, by which the 
initial plasma membrane association of lipid and 
internal marker would be followed by transfer of the 
entrapped compound into the cytosol. Though small 
amounts of the internal marker were found in the 
lightest fractions of the gradients, this was always 
balanced by similar amounts of lipid marker, and 
could be due to intact liposomes somehow being 
released from subcellular structures during the hom- 
ogenization and fractionation procedures. Control 
experiments showed that intact liposomes did not 
adsorb to subcelluar structures and floated to the top 
of the gradient during centrifugation. This release 
could not be due to significant breakage of lysosomes 
since very little lysosomal enzyme (cathepsin B) 
remained at the top of the gradient. Leakage from 
broken, newly formed endocytotic vesicles cannot 
be excluded, since we had no marker for these struc- 
tures. A third possibility could be release of intact 
liposomes adsorbed to plasma membranes. Quan- 
titatively, this could only have been of minor import- 
ance since the most loosely bound liposomes (60-80 
per cent) had already been removed by EDTA-treat- 
ment which detached the fibroblasts before the 
homogenization. 

Because neither fusion nor endocytosis seems to 
have been a major importance in determining the 
total association of lipid and internal markers with 
the cells, stable adsorption may account to a large 
extent for the observed subcellular localizations. 

Phospholipid exchange or leaky fusion [7] between 
liposomes and cells may contribute to the association 
of lipid marker with cells. Since in all of these cases 
the radioactive liposomal lipids may enter the 
phospholipid pool of the cells, studies are presently 
underway to determine the chemical nature after 
binding of the membrane lipid marker. 

In conclusion, the results shown here indicate that 
cells interact differently with ‘solid’ and ‘fluid’ lipo- 
somes in the initial binding phase, resulting in 
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increased binding of solid liposomes, in the presence 
or absence of serum, and that serum inhibits the 
initial binding of all types of SUV liposomes studied. 
The increased initial binding of solid liposomes is 
probably adsorptive since large amounts can be 
released again with trypsin or EDTA after short 
incubations. 

Subcellular localization studies did no indicate that 
liposomes were endocytosed intact in rat fibroblasts 
in which endocytosis has been clearly shown to occur 
[31]. However, other cells, such as macrophages and 
liver cells, have been shown to endocytose liposomes 
[9, 32, 33]. The possible fusion between liposomes 
and plasma membrane lipids is not excluded by the 
phospholipid distribution data, but the key to prov- 
ing this mode of interaction is a demonstration that 
the entrapped marker is initially free in the soluble 
cytoplasmic fractions. If endocytosis and/or fusion 
occur, the characteristics of these processes must be 
clearly distinguished from absorption of intact lipo- 
somes to cell surfaces with subsequent leakage of 
entrapped substances. 

Since the main biological interest in liposomes is 
as drug carriers it is clear that the effects of serum 
on the integrity of liposomes, as far as leakiness to 
entrapped drugs is concerned, will be of major 
importance in determining their biological effects. 
One of the observations made here, that 
PS/DSPC/DPPC liposomes in the presence of serum 
were much leakier to sucrose and inulin than were 
cholesterol-containing liposomes or even PS/PC 
liposomes, has important consequences if drugs were 
to be entrapped inside these liposomes with the aim 
of using them chemotherapeutically. Unless lipo- 
somes found their ‘target’ cells rapidly, most of the 
drug (if it behaved like inulin or sucrose) would be 
lost into the plasma. Similarly, these liposomes 
would probably not be of much use as a circulating 
‘depot’ system. ‘Solid’ liposomes with phase-transi- 
tion temperatures well above 37° have been found 
less leaky than the PS/DSPC/DPPC liposomes used, 
in the presence of serum [34]. Also, 
PS/PC/cholesterol liposomes are much less leaky, 
and probably most of the drug would be retained 
inside the liposomes for considerable periods in full 
serum. Of course, to exert its action the drug must 
be able to escape from the liposome, irrespective of 
a targeting or depot mode of action. 
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Abstract—Lithium chloride (3 mM) stimulated Mg ATPase and inhibited (Na*— K*)ATPase of rabbit 
cerebral synaptic membranes. The inhibitory effects of lithium were dependent on the ionic strength 
of the incubation medium. Lithium increased the activation energies of Mg ATPase and (Na’- 


K*)ATPase. 


The observations that sodium transport may be 
altered in states of depression [1-3] has been linked 
to a reduction in the level of activity of plasma 
membrane (Na*—K*) ATPase [4,5]. The therapeutic 
effects of lithium salts have been correlated with the 
concentration of lithium in the red blood cells of the 
patients [1,2,4]. The optimum therapeutic concen- 
tration range of lithium in plasma is 0.6-1.5 mM [6]. 
Studies on the effects of lithium on brain amine 
levels suggest that there is an even better correlation 
between the therapeutic effects of the salts and the 
concentration of lithium in brain tissues [7]. 

Lithium accumulates in the particulate fraction of 
brain homogenates after longterm lithium treatment 
[8] such that, if we assume that there is no binding 
of the lithium, the intracellular concentration would 
be minimum of 100 per cent higher than the plasma 
concentration and 600 per cent higher than that of 
the CSF, which would require active transport of 
lithium into cells. 

There is no direct evidence that the sodium pump 
transports lithium, although the work of Glen et al. 
[9] does suggest that lithium can stimulate the extru- 
sion of sodium ion from red cells in low potassium 
solutions. These latter authors argue that lithium 
could have its therapeutic effects by stimulating the 
sodium pump of the nerve endings. 

The majority of studies of the effects of lithium 
on ATPase activity have been of an acute nature 
[2-15]. In view of the longterm prophylactic effect 
of lithium [16], it may be that the important bio- 
chemical effects of lithium occur after prolonged 
lithium administration. However, it is apparent that 
the membrane effects of lithium reported on patient’s 
receiving lithium treatment [17] are not completely 
reproducible in rat brain, which perhaps is due in 
part to the high renal clearance of lithium observed 
in rats [18]. Hesketh et al. [19] observed no in vitro 
effects with lithium (10~* to 10~* M) on rat cerebral 
synaptic membrane ATPase. However, in contrast, 
Ploegar [11] observed that lithium inhibited (Na*- 
K*)ATPase during supramaximal stimulation of 
non-myelinated rat vagii. 

The failure of Hesketh ef al. [19] to demonstrate 
in vitro effects with lithium might be related to the 
low levels of lithium which they used, or perhaps the 
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effects of lithium are dependent on the specific 
activity of the ATPase. Noradrenaline and serotonin 
stimulate (Na*—-K*) ATPase of rabbit cerebral syn- 
aptic membranes [20]. This paper reports the in vitro 
effects of lithium on the ATPase of rabbit cerebral 
synaptic membranes under conditions designed to 
manipulate the specific activity of the enzymes. 


METHODS 


Preparation of synaptic membranes. Albino male 
rabbits were stunned and decapitated. The brain was 
rapidly exposed and removed to ice-cold isotonic 
sucrose (0.32 M). A slice of cerebral cortex was 
removed, weighed and homogenized in 10% w:v ice- 
cold isotonic sucrose, by six thrusts of a power-driven 
teflon pestle (clearance 0.18 mm) at 900 r.p.m. 

The homogenate was centrifuged at 1000 g for 
20 min. The supernatant was recentrifuged (20,000 
g for 30 min). The resultant pellet was resuspended 
in distilled water and recentrifuged (30,000 g for 30 
min). The pellet was resuspended in distilled water 
and layered onto a discontinuous sucrose density 
gradient (15 ml of 1.2 M, 10 ml of 0.8 M) and cen- 
trifuged at 30,000 g for 2 hr. The synaptic membrane 
fraction was collected at the 0.8/1.2 M sucrose inter- 
phase. The membranes were washed twice with dis- 
tilled water and ATPase activity was assayed within 
12 hr of the animal’s death. 

Assay of ATPases. ATPases were assayed by 
determination of the rate of release of inorganic 
phosphate (Pi). Membranes were incubated at 37°, 
unless otherwise stated, in a 50 mM Histidine—HCl 
buffer, pH 7.4 (unless otherwise stated). Total 
ATPases activity was assayed in a medium containing 
150 mM Na, 10mM K, 3mM Mg and 3mM ATP, 
unless stated otherwise. The Mg ATPase was assayed 
in a medium containing 3 mM Mg and 3mM ATP. 
All data presented here was obtained using 
Boehringer disodium ATP. The membranes were 
added to a final concentration of 100 zg/ml and the 
incubation was commenced by the addition of ATP. 

Determination of Pi. The incubations were stopped 
by adding 4 ml of colour solution prepared by dis- 
solving 10 g of ammonium molybdate and 10g of 
Lubrol WX in 11. of 0.9 M H2SOs. The colour was 
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left to develop and was stable for 3 hr at room 
temperature. 10°*M NA affects the estimation of 
Pi by this method. When possible this was overcome 
by using NA at concentrations not greater than 
20 uM. However, if [NA] 20 uM were required stan- 
dard Pi graphs were prepared for each [NA] used. 
The specific activities of the ATPase are measured 
in wzmoles Pi liberated per mg of membrane protein 
per hr. 

Protein estimation. Protein was estimated by the 
method of Lowry et al. (21). 


RESULTS 


The in vitro effect of lithium on the activities of 
ATPases. The effects of 3 mM lithium chloride on 
the activities of the total and Mg ATPases were 
compared with the effects of 3mM _ Histidine-HCl 
buffer, pH 7.4. Lithium increased the activity of the 
Mg ATPase from 12.6 + 0.9 to 15.7 + 1.4 wmoles/mg 
of synaptic membrane protein/hr (mean + S.D. of 
9 experiments). The total ATPase was decreased by 
lithium (P < 0.905) and thus the value of the (NA*— 
K*) ATPase was reduced from 18.9+1.9 to 
10.0 + 1.2 moles Pi/mg/hr. There was no Na-Mg 
ATPase (an ouabain insensitive ATPase) in rabbit 
synaptic membranes. The ouabain insensitive 
ATPase was identical to the Mg ATPase and was 
stimulated by lithium (12.3+ 1.2 increased to 
16.3 + 1.4). The ouabain sensitive ATPase, i.e. dif- 
ference between total and ouabain insensitive 
ATPase, was inhibited by lithium (19.3 + 1.7 
decreased to 10.7 + 0.9). It is concluded that lithium 
does not stimulate (Na*-K*) ATPase of synaptic 
membranes, but inhibits this enzyme. Hesketh et al. 
(1977) observed no in vitro effects of 1 mM LiCl on 
ATPase of rat synaptic membranes. However, 
repeating these experiments using 1mM LiCl, we 
observed qualitatively similar results. The specific 
activities of the enzymes used in the Hesketh et al. 
(1977) studies were much lower than the values 
obtained in these studies. To determine if the effect 
of lithium was dependent upon the specific activity 
of the enzyme, the effect of lithium on the submax- 
imally stimulated (Na*-K*) ATPase was studied. 

The effects of lithium on submaximally and max- 
imally stimulated (Na*-K*) ATPase. The Km for 
potassium was 1.8mM. Synaptic membranes were 
incubated in Histidine-HCl buffer, pH 7.4, and con- 
taining 150 mM, Na*; 5mM, Mg’* and 2 mM, K’*. 
The effects of 5 mM lithium were compared with the 
effects of 5mM Histidine buffer, pH 7.4. In the 
absence of potassium there was no ouabain-sensitive 
ATPase activity and the total ATPase was not sig- 
nificantly greater than that of the Mg ATPase. Thus, 
we could not demonstrate the existence of the Na* 
ATPase described by Gilbert [6]. Lithium did not 
influence the activity of the (Na*-K*) ATPase at 
OmM K’, and the percentage inhibition of the 
enzyme increased from 53 per cent at 2mM [K*] to 
73 per cent at 10 mM [K*] (Fig. 1). 

The K» for sodium was 80mM. The effects of 
5mM lithium was compared with those of 5mM 
Histidine-HCl, pH 7.4 (Fig. 1). At a sodium con- 
centration of 100 mM there was no significant inhi- 
bition of the (Na*—-K*) ATPase. 
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Fig. 1. Effects of 5mM lithium chloride on (Na*-K”*) 

ATPase. The influence of lithium on synaptic membrane 

ATPase was studied under varying concentrations of potas- 

sium and sodium ions and in the presence or absence of 
10°°M noradrenaline. 


The inhibitory effects of lithium cannot be depen- 
dent on the specific activity of the enzyme. Lithium 
does not substitute for either sodium or potassium 
in the enzyme reactions, and further, the inhibitory 
effects of lithium cannot be overcome by increasing 
the concentration of either ion; an indication that 
lithium does not compete with these ions for binding 
to the enzyme. The marked inhibition of (Na*—-K*) 
ATPase by lithium in 150mM Na* medium com- 
pared with the negligible effect in 100mM Na* 
medium suggests that the in vitro inhibitory effects 
of lithium may be related to the ionic strength of the 
medium. 

The (Na'K*) ATPase is stimulated by NA and 
SHT. Lithium (5mM) decreased the (Na*—-K”*) 
ATPase in the presence of NA (10 uM). The per- 
centage decrease in the enzyme activity was the same 
in the presence of the amine as in its absence (Fig. 
1). 

The effects of lithium on the activation energies of 
synaptic ATPases. The activites of both Mg ATPase 
and (Na*-K*) ATPase are increased with an 
increase in the incubation temperature to an opti- 
mum of 37°. At temperatures between 37 and 45° 
there was a marked decrease in the activity of the 
(NA*-K*) ATPase and of the Mg ATPase. The 
effects of lithium (5 mM) on the ATPases of cerebral 
synaptic membranes were studied at various tem- 
peratures in the range 20-45°. At temperatures below 
30° there was not a significant difference in the values 
of the total and Mg ATPases in the presence of 
lithium. Thus it was not possible to measure the 
(Na*-K*) ATPase activity under these conditions. 





Lithium and ATPase 


However, at temperatures greater than 30°, the 
activity of the (Na*—-K*) ATPase could be assayed 
in the presence of 5mM lithium. The data were 
fitted to an Arrhenius plot. The activation energies 
were calculated from the slope of the linear part of 
the plot 20—37°. The activation energy of the (Na*- 
‘K*) ATPase was 2.7 kcal/mmole. Because of the 
absence of the (Na*-K*) ATPase in the presence 
of lithium at temperatures less than 30°, the acti- 
vation energy was plotted for the data available for 
temperatures between 30 and 37°. The slope of the 
line was markedly increased and the activation 
energy was increased to 19 kcal/mmole. The acti- 
vation energy of total ATPase was increased from 
6.4 to 17 kcal/mmole and the activation energy of 
the Mg ATPase was increased from 5.9 to 16.4 in 
the temperature range 20-35°. 


DISCUSSION 


The discrepancies between the results obtained 
here and those from the in vitro study by Hesketh 
et al. [19] cannot be readily explained. However, it 
seems most likely that lithium’s inhibitory effect on 
(Na*-K*) ATPase is dependent on the ionic strength 
of the medium. Hesketh er al. [19] assayed the (Na*- 
K*) ATPase in a medium containing 100 mM Na’. 
These results also show that lithium is not competing 
with sodium or potassium for a site on the enzyme. 
During lithium therapy it is likely that the internal 
lithium concentration in nerve cells rises to 3 mM or 
greater [8]. The in vitro studies of Hesketh et al. 
would indicate that there is no induced change in 
ATPase activities during lithium therapy. Thus the 
longterm prophylactic effect of lithium [16] may be 
due to a delay in the accumulation of lithium by the 
nerve cells. 

The results from this study are not consistent with 
the model of the therapeutic effects of lithium pros- 
posed by Glen et al. [9]. The (Na*-K*) ATPase has 
been linked with a number of synaptic phenomena, 
including regulation of transmitter release [22]. Lith- 
ium has been reported to enhance transmitter release 
from the brain [23]. Recently it has been suggested 
that noradrenaline stimulation of (Na*—-K*) ATPase 
was involved in a post-synaptic transmitter mech- 
anism [24] and so we would expect lithium to block 
the post-synaptic effects of NA. This raises the ques- 
tion, does lithium have its therapeutic effects by 
inhibiting a sodium pump and thus enhancing the 
concentration of noradrenaline in the synaptic cleft 
or does it have the opposite effect of blocking the 
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post-synaptic receptor activity? It could do both, 
since lithium has been shown to be a useful drug in 
controlling bipolar manic depression [25]. There are 
two problems here. At present, there is not a sat- 
isfactory biochemical model for manic depressive 
illnesses and secondly, there is not quite a suitable 
animal model for the study of the pharmacodynamics 
of lithium. 
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Abstract—The inhibition of rat liver monoamine oxidase was determined following the intraperitoneal 
injection of the inhibitors clorgyline and pargyline in order to establish the concentration ranges in 
which substrate-selective inhibition occurred. The rate of recovery of the activity of the A-form of the 
enzyme after inhibition by clorgyline was determined using tyramine and serotonin as substrates, and 
the rate of recovery of the activity of the B-form after inhibition by pargyline was determined using 
tyramine and 2-phenylethylamine as substrates. No significant differences could be detected between 
the rates of recoveries of the two forms which corresponded to a rate constant for degradation of the 


enzyme of about 0.27 day~'. 


Studies with the irreversible monoamine oxidase 
inhibitor clorgyline led Johnston [1] to conclude that 
there were two species of the enzyme in rat brain 
which differed in their sensitivities to inhibition and 
substrate specificities. The species that was more 
sensitive to inhibition was active towards serotonin, 
whereas the activity towards benzylamine was less 
sensitive to inhibition. Johnston termed these the A- 
and B-forms of the enzyme, respectively, and showed 
that they were both active towards tyramine. Sub- 
sequent work has shown the behaviour of the enzyme 
from rat liver to be similar to that of the brain enzyme 
[2,3] and 2-phenethylamine has been shown to 
resemble benzylamine in being a specific substrate 
for the B-form [3, 4], although the specificities of the 
two forms are not the same in all other organs and 
animal species (see ref. 5 for review). In addition 
the irreversible inhibitors Lilly 51641 [6] and PCO 
[7] have been shown to resemble clorgyline in being 
more potent inhibitors of the A-form of the enzyme, 
whereas deprenyl [8] and pargyline [9] are more 
potent inhibitors of the B-form. 

The nature of the two forms of the enzyme has 
been the subject of considerable speculation (see 
refs. 10 and 11 for reviews). It has been suggested 
that they may represent two different enzymes, but 
attempts to separate them in a pure state, so that 
their protein structures could be compared, have 
been unsuccessful. A close similarity between the 
two forms from rat liver is implied by the observation 
that they are immunologically identical {12]. The 
possibility that the two forms of the enzyme could 
result from the presence of two different active sites 
on the same enzyme molecule has also been con- 
sidered [13, 14]. 

An alternative suggestion is that the two forms 
could result from modifications of the properties of 
a single enzyme by its membrane-bound environ- 
ment [15]. A considerable amount of evidence has 
been educed to show that the properties of the 
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enzyme are indeed affected by its lipid environment 
(see refs. 10 and 16 for reviews) and the observation 
that in human liver the two forms are located on 
different faces of the mitochondrial outer membrane 
[17] might imply that they exist in different environ- 
ments. In addition, it has been shown that the selec- 
tive effects of clorgyline and deprenil may be, at 
least in part, mediated by their lipid solubilities [18], 
but there has been no report of successful intercon- 
version of the two forms by lipid substitution. 

Several groups have determined the rate of degra- 
dation of the enzyme by measuring the rate of reap- 
pearance of enzyme activity following inhibition with 
pargyline [19-22], but these have not attempted to 
distinguish between the recoveries of the two dif- 
ferent forms. In this paper we wish to report studies 
on the turnover of rat liver monoamine oxidase 
designed to investigate possible differences between 
the rates of degradation of the two forms. 


MATERIALS AND METHODS 


[1-'"C]-labelled serotonin creatinine sulphate and 
tyramine hydrochloride were obtained from the 
Radiochemical Centre, Amersham, Bucks, U.K. 
and [1-'*C]-labelled 2-phenethylamine hydrochlo- 
ride was obtained from New England Nuclear, Bos- 
ton, MA, U.S.A. Clorgyline (M & B 9302) and 
pargyline hydrochloride were kind gifts from May 
and Baker, Dagenham, Essex, U.K. and Abbott 
Laboratories, Queenborough, Kent, U.K., respec- 
tively. Other chemicals were of the highest purity 
commercially available. 

Assay methods. The activity of monoamine oxi- 
dase was determined by a modification of the method 
of Otsuka and Kobayashi [22]. The reaction mixtures 
contained in a total volume of 0.5 ml, 80 mM sodium 
phosphate buffer, pH 7.2, 0.05 mCi labelled sub- 
strate and the enzyme sample. When tyramine and 
serotonin were used as substrates, their final con- 
centrations in the assay were 1.0mM, whereas a 
concentration of 0.1mM was used with phenethy- 
lamine, these values representing between 5 and 10 
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times the K» value in each case [3]. The buffer— 
enzyme mixtures were incubated at 30° in a shaking 
water bath and the reaction was then initiated by the 
addition of the substrate. 

After 20min the reaction was stopped by the 
addition of 0.5 ml of 1.0M citric acid. Blanks were 
prepared by adding the citrate to the reaction mixture 
before the substrate. The products of the reaction 
were extracted into 10 ml of toluene—ethylacetate 
(1:1 v:v) containing 0.6% 2,5 diphenyloxazole 
(P.P.O.) and the organic phase was separated, after 
freezing the aqueous layer, and counted in a Packard 
liquid scintillation counter. Time-courses of the 
reaction were used to ensure that product formation 
proceeded linearly for at least 30 min in each case. 
Proportionality between initial velocity and protein 
concentration was also established within the con- 
centration ranges represented by the enzyme 
samples. 

Protein concentration was determined by the 
micro-biuret method of Goa [23] using bovine serum 
albumin as the standard. 

Inhibition studies. Male Wistar rats in the weight 
range 140-160 g were injected intraperitoneally with 
clorgyline or pargyline in 0.9% NaCl and in a total 
volume of 0.5 ml/150 g body weight. Controls were 
injected with a similar volume of the saline solution. 
The rats were decapitated and the livers and brains 
were removed and homogenized in 5 vol of 10 mM 
sodium phosphate buffer, pH 7.2. The samples were 
frozen and stored at —20° until required for assay. 

The presence of free inhibitors in the samples was 
determined by assaying control and _inhibitor- 
treated homogenates separately and as a mixture of 
the same volumes of the two. In all cases the assay 
mixtures were incubated for 30 min at 30° in the 
absence of substrate before the assay was com- 
menced. A difference between the sum of the activ- 
ities obtained when the two samples were assayed 
alone and that obtained with the mixture served as 
an indication that the treated sample contained a 
significant amount of free inhibitor. 

Kinetic studies. Equations describing the reap- 
pearance of monoamine oxidase activity following 
its irreversible inhibition have been presented by 
Neff and Goridis [20] and by Della Corte and Cal- 
lingham [21]. After inhibition, the net rate of reap- 
pearance of activity will depend upon its rates of 
synthesis and degradation according to the equation: 


dMAO 
dt 


=k; — ka: MAO, (1) 


where MAO represents the enzyme concentration, 
t represents time, k; is zero-order rate constant for 
the enzyme synthesis and kz is the first-order rate 
constant for enzyme degradation. After a sufficient 
time the activity of the enzyme will have risen to a 
constant steady-state level ((MAO/dt = 0), when 
the rate of synthesis will be balanced by the rate of 
degradation: 


ks = ka MAO,;, (2) 


where the subscript ss denotes the constant steady- 
state enzyme concentration. 


Combining equations (1) and (2) gives: 


dMAO 


Thus the rate of reappearance of monoamine oxidase 
activity should follow first-order kinetics depending 
only upon the rate constant for enzyme breakdown. 
Since the inhibitor concentrations used were not 
sufficient completely to inhibit enzyme activity, the 
activity at the beginning of the time-course was not 
zero. If the activity at zero-time is defined as MAO. 
and that at time ¢ is defined as MAO,, the equation 
may be integrated to give; 


(MAO, — MAO.) = 
(MAO, — MAO.) (1 — e~*#"), (4) 


which can be expressed in linear form as: 


In((MAO;; — MAO,)/(MAO.s — MAO.)] = kat. 
(5) 


The value of ka may be evaluated from a semilo- 
garithmic plot of the rate of reappearance of activity 
against time. However, the accuracy of this method 
depends on accurate assessments of the final steady- 
state concentration of the enzyme and would also be 
affected by the presence of any residual free inhibitor 
during the time in which reappearance of activity 
was being measured. Because of this, the method 
described above was used only to obtain an initial 
estimate of the value of ka which was then used to 
fit the exponential form, equation (4), by an iterative 
procedure that was independent of these factors [21]. 
The half-life of the enzyme (t'”) was calculated from 
the relationship: 
0.693 


ti2= 


ka 


RESULTS AND DISCUSSION 


Inhibition of monoamine oxidase in vivo. The 
dose-response curves shown in Figs. | and 2 indicate, 
in agreement with the results of others [25-28], that 
the selective properties of clorgyline and pargyline 
can be observed after in vivo treatment. At the 
higher concentration of clorgyline used in these stud- 
ies (30 mg/kg), inhibition of the activity towards 2- 
phenethylamine was still relatively small, but incu- 
bation of samples of the rat liver homogenate at 30° 
for 15 min with 10 uwM semicarbazide did not result 
in any significant degree of further inhibition, sug- 
gesting that no carbonyl-reagent sensitive activity 
towards this substrate was present (see, e.g. ref. 24). 
Inhibition occurred rapidly at that clorgyline con- 
centration, having reached its maximum value when 
rats were killed 15 min after injection. 

The presence of free clorgyline and pargyline in 
the livers was determined by measuring its ability to 
inhibit added monoamine oxidase as described ear- 
lier. When rats were killed | hr after injection of 
0.8 mg/kg pargyline, no free inhibitor could be 
detected in the liver homogenate when 2-phenethy- 
lamine was used as the substrate. In contrast, suf- 
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Fig. 1. Inhibition of rat liver monoamine oxidase by in vivo 
treatment with clorgyline. Rats were injected intraperito- 
neally with the indicated doses of clorgyline in 0.9% saline, 
and were killed 60 min later. The activities of monoamine 
oxidase towards serotonin (@), tyramine (A) and 2-phe- 
nethylamine (™) were determined as described in the text. 
Three rats were used at each concentration, assays were 
done in duplicate. The error bars indicate the S.E. for each 
point, which were determined using Fieller’s Theorem (see 

ref. 35) for the standard errors of ratios. 
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Fig. 2. Inhibition of rat liver monoamine oxidase by in vivo 

treatment with pargyline. The methods used were as 

described in Fig. 1. Each experimental point represents the 

mean value (+ S.E.) obtained from three rats. (@) Activity 

towards serotonin, (A) activity towards tyramine, (@) 
activity towards 2-phenethylamine. 


ficient free clorgyline to inhibit 50 per cent of the 
added monoamine oxidase, assayed with serotonin, 
could be detected 1 hr after its injection at a con- 
centration of 2 mg/kg. Studies at a higher concen- 
tration (30 mg/kg) of intraperitoneally injected clor- 
gyline indicated that the amount of free inhibitor 
declined rapidly and was not significant after about 
3hr. Nevertheless, this could cause appreciable 
errors in estimating the true rates of recovery of the 
enzyme at relatively short times after clorgyline 
treatment if zero-time was assumed to be the time 
of injection. The use of an analytical method that 
does not require a knowledge of the zero-time such 
as that of Guggenheim [29] or the non-linear iterative 
method used here [21] should, however, obviate any 
inaccuracies of this sort. 

Studies of the activities of the enzyme in brain 
homogenates prepared after intraperitoneal injec- 
tion of clorgyline or pargyline indicated that selective 
inhibition could also be demonstrated with the 
enzyme in that organ (see e.g. Fig. 3). Thus the 
methods used here could also be used for studying 
the turnover of the brain enzyme. 

Recovery of monoamine oxidase activity after 
inhibition. Doses of 2 mg/kg clorgyline and 0.8 mg/kg 
pargyline were used to achieve substantial inhibition 
of the one form of the enzyme without too great 
inhibition of the other. The time-courses of recovery 
are shown in Figs. 4 and 5. The zero-time values 
were taken as those obtained 2 and 3 hr after injec- 
tion of pargyline and clorgyline, respectively. Esti- 
mation of the best fits by the iterative procedure of 
Della Corte and Callingham [21] gave the results 
shown in Table 1. The results obtained for the 
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Fig. 3. Inhibition of rat brain monoamine oxidase by in 
vivo treatment with clorgyline. The methods used were as 
described in Fig. 1. Each point represents the mean value 
(+ S.E.) obtained from three rats, when standard error 
bars are not shown the value represents the mean of values 
from two rats. (@) Activity towards serotonin, (A) activity 
towards tyramine, (M) activity towards 2-phenethylamine. 





894 L. DELLA Corte and K. F. TIPTON 


Table 1. Kinetic parameters for the degradation of rat liver monoamine oxidase. The data were analysed as described 

in the text from groups of five rats that were killed at increasing time intervals up to 16 days after injection of the 

inhibitor; each experimental point was given a weighting factor inversely proportional to its relative standard error in 
the non-linear regression analysis 
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0.264 
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0.284 
+ 0.022 
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3.05 
(2.64-3.61) 
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(2.42-2.86) 
2.83 
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2.43 
(1.97-3.18) 
2.44 
(2.26-2.64) 


0.146 
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0.315 
0.081 
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0.440 
0.233 
0.335 
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recovery of activity towards 2-phenethylamine fol- 
lowing injection of clorgyline were relatively inac- 
curate because of the low level of inhibition achieved 
initially (see Fig 1). There was no significant differ- 
ence between any of the calculated rate constants 
for enzyme degradation which corresponded to a 
half-life of about 2.7 days for the enzyme. This value 
is similar to that calculated for the rat liver enzyme 
by other workers [30, 31] which ranged from 1.8 to 
4 days. 

The half-life of the enzyme appears to vary 
between different organs and values between 9 and 
11 days have been reported for rat brain monoamine 
oxidase [19, 20, 31] and Neff and Goridis [20] have 
reported difference between the half-lives in differ- 
ent brain regions. The situation in rat heart is more 
complicated, since the half-life increases with age 
from about 6 days in young rats (40-45 days old) up 
to 17 days for older rats [21]. 
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Fig. 4. The recovery of monoamine oxidase activity in vivo 
after inhibition by clorgyline. Details of the assay methods 
and precedures used are given in the text. The rats were 
injected intraperitoneally with 2.0 mg/kg clorgyline and 
were killed at the times indicated. The experimental points 
each represent the mean values of five rats. (O) Activity 
towards serotonin, (A) activity towards tyramine, (@) 
activity towards 2-phenethylamine. 


In studies of the fall in incorporation of 'C- 
labelled pargyline into rat liver monoamine oxidase, 
Erwin and Deitrich [30] calculated the half-life of 
the enzyme associated with the microsomal fraction 
to be about 1 day, whereas the value they obtained 
for the mitochondrial enzyme was 3.5 days. Such a 
difference might be expected to lead to the recovery 
curves departing from a single exponential form 
when liver homogenates are used for the studies. 
However, the relative similarities of the two rate 
constants would make this difficult to observe experi- 
mentally. In addition, the small proportion of the 
enzyme activity that is actually associated with the 
microsomal fraction, rather than arising from mito- 
chondrial damage (see e.g. ref. 32), suggests that 
any contribution from the enzyme activity in this 
fraction would have a rather small effect on the 
recovery rates measured. 

The results reported here indicate that, within 
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Fig. 5. The recovery of monoamine oxidase activity in vivo 
after inhibition by pargyline. Details of the assay methods 
and procedures used are given in the text. The rats were 
injected intraperitoneally with 0.8 mg/kg pargyline and 
were killed at the times indicated. The experimental points 
represent the mean values of five rats. (A) Activity towards 
tyramine, (MM) activity towards 2-phenethylamine. 
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experimental error, there is no significant difference 
between the rates of degradation of the two forms 
of the enzyme. The relatively short half-life of the 
enzyme and the experimental errors attendant upon 
this type of in vivo approach would, however, 
obscure any small differences that there might be in 
the rates of degradation of the two forms and, in 
this context, it might be of interest to use this 
approach to study turnover in organs such as rat 
brain and mature rat heart where the enzyme has 
a longer half-life. Recently, however, Felner and 
Waldemeier [36] have shown there to be little dif- 
ference between the half-lives of the two forms in 
rat brain. Little is known about the mechanism of 
degradation of monoamine oxidation in vivo (see 
ref. 21 for review) and the nature of the rate-limiting 
step in the process is unknown. The lipid environ- 
ment of the membrane-bound enzyme has been 
shown to protect it from the action of trypsin [33], 
but there appears to be little difference between the 
susceptibilities of the different forms to proteolytic 
digestion [34]. The relative rates of degradation of 
the two forms would not be easy to predict if removal 
of the FAD co-factor, removal from the membrane, 
or an unfolding process were limiting. 

Since the completion of this paper, Campbell, 
Murphy, Sears and Pinkett (manuscript in prep- 
aration) have measured the reappearance of activity 
following chronic treatment with phenelzine and 
confirmed that there is no significant difference 
between the half-lives of the two forms of the enzyme 
in the rat liver. The half-life determined by these 
workers was somewhat longer than that observed 


here, but this may reflect the different strain of rat 
(Sprague-Dawley) used in that work. In rat brain, 
however, the results of this group suggest that the 
B-form of the enzyme may have a shorter half-life 
than the A-form. 
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Abstract—Specific [*H]spiroperidol binding sites were obtained from subcellular fractions of the calf 
striatum in a solubilized form using salt extraction with potassium chloride. Binding activity was assayed 
by adsorption on Norit SGX to separate unbound radioactive ligand from the macromolecular ligand 
complex. The solubilized membrane preparation exhibited stereoselectivity for butaclamol with the 
(+)-enantiomer being the active agent. Neuroleptic drugs were found to have an affinity for the soluble 
preparation which was identical to that of the native membrane-bound receptor. The effects of various 
parameters on the binding of (*H]spiroperidol to the soluble extract, including temperature, salt 
concentration, ionic strength and stabilizing agents, suggest that the binding site is biochemically stable. 
Electron micrographs of the soluble material reveal the absence of any recognizable membrane struc- 
tures. Overall, these data demonstrate that a macromolecular component with high affinity and 
stereospecificity for [*H]spiroperidol can be isolated from calf striatal synaptosomes and microsomes, 
and suggest that at least one of the receptors for dopamine may be an extrinsic protein. 


Dopamine receptors have been shown to play an 
important role in brain function [1]. Several radio- 
labeled compounds have been demonstrated to be 
specific markers for the striatal dopamine receptor, 
including dopamine, apomorphine, haloperidol, 2- 
amino - 6,7-dihydroxy-1,2,3,4-tetrahydronapthalene 
(ADTN), and spiroperidol [2-10]. It has been sug- 
gested that the sites labeled by [*H]apomorphine 
and [*H]dopamine differ somewhat from those 
labeled by dopamine antagonists [3]. For example, 
the dopamine antagonist, spiroperidol, has been 
shown to bind to sites other than those associated 
with dopamine and its receptors in the frontal cortex 
[5]. However, in the striatum, [*H]spiroperidol labels 
dopamine sites almost exclusively [5, 11]. 

The heterogeneity of the dopamine receptor has 
been reported by several investigators [5, 12-15]. 
Evidence suggests that dopamine binding sites exist 
in both the coupled and uncoupled state to adenylate 
cyclase (for review, see Ref. 16). The biochemical 
characterization and identification of the molecular 
nature of these receptors have been hindered 
because of an inability to obtain the receptors in a 
solubilized state. Recently, digitonin has been 
reported to solubilize dopamine receptors in the dog 
striatum [17]. The present study describes the use 
of salt to extract a soluble dopamine binding site 
from subcellular fractions of the calf striatum. 


EXPERIMENTAL PROCEDURE 


3-Hydroxytyramine was purchased from Cal- 
Biochem (San Diego, CA), [*H]spiroperidol (19.6- 
26.4 Ci/mmole) from New England Nuclear (Boston, 
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MA), unlabeled haloperidol from Janssen Pharma- 
ceutical (Beerse, Belgium), (+)- and (—)-butaclamol 
from Ayerst Laboratories (Toronto, Canada), chlor- 
promazine from Smith, Kline & French (Philadel- 
phia, PA), clozapine from Sandoz (Hanover, NJ), 
fluphenazine from Squibb (Princeton, NJ), and Norit 
SG extra from Sigma (St. Louis, MO). 

For solubilization and binding studies, frozen calf 
brains were obtained from Pel Freeze (Rogers, AR). 
The caudate nuclei were dissected and frozen over- 
night at —20°. The tissue was homogenized in 10 vol. 
(w/v) of 0.32 M sucrose—-2 mM Tris (hydroxymethyl) 
aminomethane maleate (pH 7.4). The crude syn- 
aptosomal (P2) and microsomal pellets (P3) were 
obtained as follows. The homogenate was centri- 
fuged at 900 g for 10 min yielding a pellet, Pi: which 
was discarded, and a supernatant fraction S;. The 
S: was centrifuged at 11,500 g for 20 min to yield the 
crude synaptosomal fraction, P2 and a supernatant 
fraction S2. The P2 was washed with half of the 
original volume of the homogenizing buffer and 
recentrifuged for 20 min to yield the washed pellet, 
P2’, and a supernatant fraction S2’. The S2 and S»’ 
were combined and centrifuged at 100,000 g for 
75 min to yield the microsomal pellet, P3, and the 
supernatant fraction S3. 

For salt extraction, the P2' and P3 pellets were 
each resuspended in 0.25M_ sucrose-15mM 
NazHPOs, pH 7.2, in a volume representing 20 per 
cent of the original starting volume plus 50% KCl 
(w/w), and were homogenized. Unless otherwise 
stated, the salt-treated homogenate was agitated at 
4° by stirring for 16 hr. In some studies, the KCI- 
treated extract was allowed to stand on ice for 15 min. 
At the end of the indicated time period, the salt- 
treated homogenates of both the P2 and P; pellets 
were centrifuged at 11,500g for 10 min to remove 
excess salt. The supernatant fraction was then cen- 
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trifuged at 100,000 g for 60 min. The resultant super- 
natant fraction was taken as the source for the soluble 
preparation. The binding site in the supernatant 
fraction was not retained by filtration through a 
0.22 um millipore filter. Routinely, KCl was not 
removed prior to assay for binding activity. 

The standard assay mixture for binding studies 
(final volume 1.0 ml) contained in mmoles/liter: Tris— 
HCl (pH 7.4), 15; NasEDTA, 5; ascorbate, 1.1; 
pargyline, 0.1; [*H]spiroperidol (0.2 nM); 800 pl of 
the soluble extract (400-600 wg protein); plus test 
substances as indicated. The reaction was routinely 
initiated by the addition of the soluble extract, and 
carried out for 16 hr at 4°. Initiation of the reaction 
with the addition of radioligand made no significant 
difference in binding activity compared to that initi- 
ated by the. addition of the soluble extract. 

For the termination of the binding assay, the sep- 
aration of bound from free ligand was routinely 
accomplished by the addition of 100 ul of a charcoal 
slurry containing 2% bovine serum albumin (BSA) 
and 10% Norit SGX charcoal in a buffer of 50 mM 
Tris-8 mM _ theophylline-6mM_ mercaptoethanol, 
pH 7.4. The tubes were allowed to remain in the 
presence of charcoal for 5 min at 0-4° and were then 
immediately centrifuged in a microfuge for 4 min. 
An aliquot of 400 ul was removed from each sample 
and placed in a scintillation vial in the presence of 
biofluor plus 1 ml ethanol and analyzed by liquid 
scintillation spectrometry, along with appropriate 
quenching standards. Results similar to those 
reported using the charcoal adsorption method were 
obtained by layering 0.2 ml of the incubation mixture 
onto a Sephadex G-50 (13 X 0.5 cm) column main- 
tained at 4°. Fractions of four drops each were col- 
lected by eluting the column with 15 mM Na2HPOs 
buffer, pH 7.2. The radioactivity was then measured 
by liquid scintillation spectrometry in a Searle Mark 
III. 

Protein determinations were made using the assay 
of Lowry et al. [18] or Bradford [19]. 

For electron microscopy, drops of the salt extract 
were placed onto formvar films, dried, stained with 
lead citrate, and examined. 


RESULTS 


Treatment of the Ps fraction with KCI released a 
membrane bound [*H]spiroperidol binding site in a 
solubilized form. Solubilization with KCl was used 
routinely throughout the studies reported here. The 
solubilization of the [*H]spiroperidol binding site 
appeared to be quite specific for this treatment, since 
a number of other detergents were ineffective in 
solubilizing the binding sites in an active form, 
including sodium dodecylsulphate (SDS), Triton X- 
100, 305, CF 21, Lubrol WX, Brij 35 and Brij W-1, 
all of which were tested at 0.1, 1 and 10% concen- 
trations. These data do not rule out the possibility 
that variations in the concentration of detergent used 
along with other biochemical parameters, such as 
pH, ionic strength and stabilizing agents, may yield 
a preparation exhibiting specific binding activity. 
Digitonin at a concentration of 0.2% was tested 
and found to be effective in solubilizing a 
[*H]spiroperidol binding site (data not shown). Sim- 
ilar results have been reported by others [20]. 

To verify the soluble state of the [*H]|spiroperidol 
binding site released by treatment with KCl, the 
solubilized preparation was subjected to a number 
of experimental tests, including ultracentrifugation, 
protein precipitation, dialysis, gel filtration, milli- 
pore filtration and electron microscopy. When the 
KCl extract was ultracentrifuged at 100,000 g for 2 hr, 
no sedimented material was observable, and after 
passage of the supernatant fraction througha0.45 wm 
or 0.22 um millipore filter, no decrease in binding 
activity was observed. Extensive dialysis of the KCI 
extract, followed by centrifugation at 100,000 g for 
2 hr, did not alter binding activity, nor did filtration 
through BioGel P2. In addition, electron microscopy 
indicated the total absence of any recognizable mem- 
brane vesicles or fragments in the solubilized prep- 
aration. Electron dense particles were observed, 
some of which aggregated during evaporation on 
formvar film to form an amorphous substance with 
an internal micro-lamellar-like pattern (data not 
shown). Similar structures have been observed with 
preparations of purified proteolipid, which have been 


Table 1. Effect of KCI treatment of the striatal microsomal fraction* 





Total 


Fraction protein 


Specific 
activity 


fmoles 


bound Increase 





Homogenate 3500 

P3 400 

KCl extract 70 
(1) Ammonium sulfate 0.5 
(2) Polyethylene glycol 0.2 


17,500 





* Specific binding was defined as the difference between total and 107’ M (+)-buta- 
clamol. The concentration of [*H]spiroperidol was 0.2 nM. The assay for binding activity 
was performed at 0°. (1) Precipitation of KCI extract with 10% ammonium sulfate. The 
pellet was resuspended in 15 mM KH2POs buffer and centrifuged at 100,000 g; the 
resultant supernatant fraction was used for measurement of binding activity. The data 
represent the mean from three separate experiments. (2) KCl extract was precipitated 
with 10% polyethylene glycol, pH 7.2. The pellet was resuspended and centrifuged as 


described for (1). 
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Table 2. Effects of various concentrations of KCI on [*H]spiroperidol binding* 





Total binding 


Condition (fmoles/mg protein) 


(fmoles/mg protein) 


(+)-Butaclamol Specific binding 


(fmoles/mg protein) 





50% KCl 28 
100% KCI 31 
250% KCl 35 
500% KCl 118 


25 

26 

30 : 
76 4 





* P3 pellets were exposed to the indicated concentration of KCI for 15 min. The concen- 
tration of butaclamol used was 10°’ M. The assay for binding activity was carried out, as 
described in the Experimental Procedure, at 0° for 16 hr, using 0.2 nM [*H]spiroperidol. 


exposed to salt solutions [21] and have been reported 
for the soluble acetylcholine receptor [22]. 

From the data presented in Table 1, it is apparent 
that the use of KCI to extract a membrane-bound 
binding site did not greatly enhance the specific 
binding activity for [*H]spiroperidol over that pres- 
ent in the P3 fraction. Precipitation of the KCI extract 
with 10% ammonium sulfate, resuspension of the 
supernatant fraction in salt-free buffer, and centrifu- 
gation of the supernatant at 100,000 g resulted in a 
preparation exhibiting a 43-fold increase in the spe- 
cific activity for [*H]spiroperidol binding, compared 
to the crude homogenate. Exposure of the KCl 
extract to polyethylene glycol also resulted in an 
increase in specific [*H]spiroperidol binding activity 
(Table 1). 

The results of a study to determine the effective 
concentration of KCl for the extraction of 
(H]spiroperidol binding activity is shown in Table 
2. In this experiment the microsomal pellet (P3) of 
the calf striatum was resuspended in 15mM 
Na2HPOs buffer and divided into four aliquots, each 
of which was treated with KCI at a concentration of 
either 50% (w/w), 100% (w/w), 250% (w/w) or 500% 
(w/v) of the original starting material. The data dem- 
onstrate that a 15-min exposure of the P3; to 500% 
KCI provided the highest number of total and specific 
[°H]spiroperidol binding sites. However, the lowest 
concentration of KC] (50%) was determined to be 
almost as effective as the 500% KCI concentration, 
provided the exposure time was increased from 
15 min to 16 hr. The results shown in Table 3 indicate 


that, in the presence of low KCI concentrations, the 
total binding sites for [*H]spiroperidol increased by 
about 250 per cent when the exposure time was 
increased from 1 hr to 16hr, with little change in 
the nonspecific —_ binding. Whereas __ specific 
[°H]spiroperidol binding was not detectable follow- 
ing a 1-hr exposure to 50% KCl, 55 fmoles/mg pro- 
tein specific [*H]spiroperidol binding sites were 
determined after overnight exposure to KCI. The 
substitution of NaCl for KCI in the solubilization 
procedure resulted in a larger increase in the absolute 
amount of membrane proteins solubilized compared 
to the KCI extract. However, the NaCl extract did 
not exhibit stereospecific displacement of sites 
labeled with [*H]spiroperidol (Table 2). Specific 
binding activity was still not detected following over- 
night dialysis of the NaCl extract, prior to assaying 
for [*H]spiroperidol binding sites (data not shown). 

Time course experiments indicate that 
(H]spiroperidol binding reaches equilibrium in 
10 min at 36°, in 30 min at 23° and in 16 hr at 0° (data 
not shown). Once equilibrium was reached, it was 
maintained for 1.5 hr at 37°, 3 hr at 23° and up to 
5 hr (the longest time period tested) at 4°. The results 
shown in Fig. 1 indicate that, for a given concentra- 
tion of [*H]spiroperidol (0.2 nM), total specific bind- 
ing obtained in the P; fraction was two and one-half 
times greater than that in the P2 extract when assayed 
at 23° and 37°. Specific binding, the difference 
between total sites and those labeled in the presence 
of 10~’ butaclamol, was calculated to be five times 
higher in the P; compared to the P2 extract at 23°, 


Table 3. Effects of exposure time and salt concentration on [*H]spiroperidol binding* 





[H]spiroperidol binding 





Conc. 


Total 


Specific 


(+)-Butaclamol binding 





50% (w/w) 
500% (w/w) 
0.2M 


2.0M 


30 25 

80 25 
118 76 
138 78 
143 146 
268 282 
240 261 
498 514 





* Binding is expressed as fmoles/mg protein. The data represent the mean of two separate 
experiments assayed in triplicate. The error was less than 10 per cent. NS = not significant. 
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Fig. 1. Effect of incubation temperature on total and nonspecific binding on salt extracts of the striatal 
microsomal (P3) and mitochondrial (P2) fractions. Data for total binding, control, binding in the presence 
of 10~’ M (+)-butaclamol, [(+)-BUTA] and binding in the presence of 10~’ M (—)-butaclamol [(—)- 
BUTA| are shown. The results represent the average of three separate experiments; S.E.M. was less 
than 10 per cent. Clear bars (C1) show the data from the P2 extracts and striped bars (@) show the data 
from the P3 extracts. Panel A indicates the binding observed after incubation at 0° for 16 hr. Panel B 
reveals binding activity after incubation for 30 min at 23°, and panel C after incubation for 10 min at 
37°. The binding assay on each fraction was performed as described in Results, and the solubilized 
extracts were obtained by overnight exposure to KCI. 


and represented 130 fmoles/mg protein. It is note- 
worthy that the number of total and specific binding 
sites detected at 0° for the P3; extract was substantially 
less than that observed at 23° or 36°. Thus, 
7842 d.p.m./mg protein or 130 fmoles/mg protein 
were calculated for specific [*H]spiroperidol sites 
assayable at 36° in the Ps extract, and 2808 d.p.m./mg 
protein or 50 fmoles/mg protein were determined 
for the P3 extract assayed at 0° for a 16 hr incubation 
period. Additionally, the total of binding sites deter- 
mined from the 0° assay for the P3 extract was only 
slightly higher than from the P2 extract assayed at 


0°. However, the ratio of specific P3- to P2-extracted 
sites was equal to that assayed at the other temper- 
atures and represented both the high and low affinity 
sites. At 0°, the specific binding sites in the P2 came 
to 10 fmoles/mg protein, compared to 50 fmoles/mg 
protein observed in the P3 extract. All components, 
regardless of the assay temperature, showed ster- 
eoselectivity, with (+)-butaclamol being the active 
enantiomer. Because some displacement with (—)- 
butaclamol was detectable at 23° and 36° but not at 
0°, the latter temperature was chosen for routine 
assays. 
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Fig. 2. Saturation curve for [°H]spiroperidol binding in the calf P3 potassium chloride extract. Specific 

binding is defined as the difference between total binding and that observed in the presence of 10”? M 

(+)-butaclamol. The binding assay was performed as described in the Experimental Procedure for 16 hr 

at 0°. The data represent the average of three separate experiments; S.E.M. was less than 10 per cent. 
The Scatchard plot is depicted in the inset. 
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The specific binding of [*H]spiroperidol to calf 
striatal P2 and P3 extracts was determined to be 
linear, with protein concentrations up to 4 mg/ml, 
the highest concentrations tested. The results shown 
in Fig. 2 reveal that the binding of spiroperidol to 
the mitochondrial preparation P2 was saturable. Scat- 
chard analysis of the saturation curve indicates the 
presence of at least two < iies with respective Kavalues 
of 0.01 and 0.7 nM. 

The displacement of [*H]spiroperidol binding to 
the P3 extract by various neuroleptic drugs is shown 
in Table 4. The butyrophenone, haloperidol, was 
shown to have an ICso of 6 X 10~? M, which was 
approximately equal to that determined for (+)- 
butaclamol in displacing binding from membranes. 
The rank order of potency for the phenothiazines 
tested was: fluphenazine > chlorpromazine > prom- 
azine, with respective ICso values of 5 x 10-°M, 
4.0 x 10-° M and 2.0 x 10°’ M. In addition, a-fiu- 
phenthixol was found to be 100 times more potent 
than dopamine or n-methyl dopamine. Isoproter- 
enol, norepinephrine and serotonin were virtually 
ineffective as displacers of [*H]spiroperidol binding. 
The 1cso values shown in Table 4 for the P3 extract 
were very similar to those obtained with the P2 com- 
ponent (data not shown). The data in Table 4 also 
show that the ICso displacement values for all agents 
tested in the soluble component are identical to those 
obtained in membrane preparations of the P3 
fraction. 

The results of a study to compare the effect of 
long-term storage of both the membrane-bound and 
solubilized receptor at 4° are shown in Table 5. The 
data indicate that the number of specific binding sites 
is higher in potassium buffer than in Tris buffer for 
both the particulate and KCl extracts. Specific bind- 
ing in the KCI extract was determined to be 
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18.8fmoles/mg protein in Tris buffer and 
131.6 fmoles/mg protein in potassium phosphate 
buffer. It was of interest that exposure to KCI for 
15 min did not remove all of the binding activity 
available in the normal pellet. In fact, the data show 
that the KCl-extracted sites, plus the sites remaining 
in the pellet, exceed those of the starting material. 
Moreover, storage of the normal tissue of the KCl 
extract for 24hr at 4° almost doubled the number 
of binding sites available for [*H]spiroperidol when 
phosphate buffer was used. In the Tris buffer system, 
such increases were only observed in the normal 
tissue. After storage of the normal preparation, the 
KCI extract, and the pellet at 4° for 48 hr prior to 
assay, the number of specific binding sites was similar 
to those observed at 24 hr. The increase in binding 
sites was an equal increase in both high and low 
affinity sites (data not shown). Storage of the soluble 
binding component for up to 2 weeks at —20° did 
not result in any loss of binding activity compared 
to the 24 hr, 4° component. 

The soluble [*H]spiroperidol binding site was 
found to be relatively thermostabile. Preincubation 
of the solubilized P3 extract at 60° for various time 
periods in the presence of either Na2HPO: or 
K2HPOs for 10 min at 60° reduced the total binding 
capacity. However, 25 mM Na2HPO; at pH 7.4 was 
more effective in protecting the soluble binding site 
from the long-term exposure to 60°. When KH2PO, 
was substituted for Naz2HPOs, at equal molar con- 
centrations, protection against thermal denaturation 
was not observed. The presence of ascorbate (0.1%), 
sucrose (0.25%), albumin (1%), dithiothreitol 
(5 mM) or B-mercaptoethanol (1%) alone provided 
no advantage to the solubilized binding site for pro- 
tection against 5-min thermal denaturation at 60°. 
The presence of 10% glycerol or 5mM EDTA did 


Table 4. Displacement of specific (*H]spiroperidol binding from calf caudate 
membranes and solubilized extract* 





Inhibition of 
membranes 


Drug 


(°H]Spiroperidol binding 
extract 
(1cso, nM) 





Haloperidol 
(+)-Butaclamol 
(—)-Butaclamol 
a-Flupenthixol 
B-Flupenthixol 
Fluphenazine 
Chlorpromazine 
Promazine 
Dopamine 
N-Methyldopamine 
Apomorphine 
Serotonin 
Norepinephrine 
Isoproterenol 


> 1000 


150 


> 1000 
1 4 
390 
3 5 


25 38 

150 

3500 

3375 

250 
18,000 
15,000 

> 100,000 


280 

2000 

2100 

300 
20,000 
30,000 

> 100,000 





* 1cso0 values shown are the concentration of each test substance required to 
inhibit the binding of [*H]spiroperidol in a calf striatum microsomal preparation, 
P3, or in a P3 fraction which has been treated with KCI as described in the 
Experimental Procedures by 50 per cent compared to that displaced by 10°’ M 
(+)-butaclamol which is taken to represent the maximum displaceable binding 
of [°H]spiroperidol. The results represent the average of three separate deter- 
minations. The ICso values were determined by log-probit analysis, using five 
separate concentrations of test substance, each assayed in triplicate. 


B.P. 29/6—p 
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Table 5. Effect of buffer system and storage time on [*H]spiroperidol binding* 





Immediate assay 


Post 24 hr storage Post 48 hr storage 





Specific 

Bindings binding 

(fmoles/mg 
protein) 


Protein 


Condition mg/ml protein) 


(fmoles/mg 


Specific 
binding 
(fmoles/mg 
protein) 


Specific 
binding 
(fmoles/mg 
protein) 


Bindings 
(fmoles/mg 
protein) 


Bindings 
(fmoles/mg 
protein 





Tris (normal) 2.90 

+ BUTA 

Tris 400% KCl 
extract 

+ BUTA 

Tris pellet 

+ BUTA 

KH2POs4 (normal) 

+ BUTA 

KH2POx4 400% KCl 

+ BUTA 

KH2POs pellet 

+ BUTA 


46.6 
0.24 


18.8 


137.6 
39:2 
80.2 


126.0 
37.6 
85.0 


88.4 102.0 


65.5 
128.0 
36.2 


147.0 
47.0 
255.0 
95.8 
167.0 
71.3 


14.7 


91.8 


100.0 


159.2 


95.7 





* The data represent [*H]spiroperidol (0.2 nM) binding to 50,000 g crude pellets of the striatum (normal) resuspended 
in either 50 mM Tris-HCl (pH 7.2) buffer or 15 mM KH2POs (pH 7.2). Aliquots of both pellets were saturated with KCl 
(400%) and allowed to stand on ice for 30 min. The undissolved KCI was removed by low speed 2000 g centrifugation. 
The supernatant fraction was centrifuged at 100,000 g and the pellet and supernatant fraction were assayed for binding 


activity. 


offer some protection against thermal denaturation 
but the amount of specific binding observed with 
either of these agents alone was 50 per cent of that 
observed with 25 mM Na2HPOs after a 5-min expo- 
sure to 60° (data not shown). 


DISCUSSION 


Ligand binding is a very useful tool in character- 
izing receptor recognition and in describing receptor 
topography. A study of the biophysical process of 
receptor recognition for various ligands reveals the 
existence of multiple binding sites for the dopamine 
receptor [4-8, 10, 12, 13, 16, 17]. These results 
support in vivo studies which also suggest the mul- 
tiple receptors for dopamine receptors [23-25]. How- 
ever, because the receptors are in their native mem- 
brane-bound state, it is difficult to characterize 
biochemically the receptor and distinguish whether 
such receptors exist as multiple forms of the same 
macromolecule or as completely different macro- 
molecules. The results presented here on the solu- 
bilization of the ‘dopamine receptor’ provide some 
basic information about the biochemical nature of 
a soluble component that binds ligands which recog- 
nize the dopamine receptor and that shows potential 
for the purification of dopamine binding sites. 

Recent studies comparing the subcellular distri- 
bution of dopamine-sensitive adenylate cyclase 
activity and radioligand binding to dopamine rec- 
ognition sites in the rat striatum reveal a distinct 
difference in the localization of the dopamine-stimu- 
lated enzyme activity and receptor binding 
[5, 13, 26, 27]. The highest specific activity of dopa- 
mine-sensitive adenylate cyclase was observed in the 
P2 fraction, which showed some binding activity 
for the [*H]spiroperidol, [*H]haloperidol and 


% 


[*‘H]apomorphine. However, the P3 fraction showed 
the highest specific binding activity for all three 
ligands to the native bound receptor. The results 
communicated in this report show that the Ps fraction 
exhibited the highest amount of salt-extractable 
[°H]spiroperidol binding activity. Recently, Gorissen 
and Laduron [20] revealed that the highest specific 
activity of a digitonin-solubilized extract from the 
dog striatum was also in the P3 fraction. 

The isolation and purification of membrane pro- 
teins in a native form and in aqueous buffer have 
mostly employed non-denaturing detergents. It is 
generally believed that these molecules are incor- 
porated into the lipid bilayer of membranes as mono- 
mers. By increasing the concentration of detergent 
in the membrane, various components within it 
become solubilized by forming mixed micelles, some 
containing only lipid and detergent and others con- 
taining protein, lipid and detergent. For example, 
some membrane proteins are released from mem- 
branes under conditions which do not disrupt the 
lipid bilayer. Extrinsic membrane proteins can be 
released from the membrane with salt or metal che- 
lating agents. Such is the case for at least one binding 
site for dopamine. 

The salt-extracted [*H]spiroperidol binding site, 
as described here, was determined to have a high 
affinity for spiroperidol, and exhibited stereospecific 
characteristics. In addition, neuroleptic drugs, 
dopamine and dopamine agonists were determined 
to have the same affinity for the salt-extracted site 
as for the membrane preparation. The binding pro- 
tein was much more stable in potassium phosphate 
buffer than in Tris buffer and was stable to storage 
at 4° for 48 hr. However, for protection of the binding 
site against thermal denaturation, the sodium phos- 
phate buffer was much more effective than the 
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potassium phosphate buffer. It is noteworthy that 
exposure of the membranes to salt resulted in the 
unmasking of new binding sites in the membranes. 
Studies are in progress to characterize these binding 
sites in the particulate fraction that have been 
exposed by salt treatment. 

In summary, the extraction of striatal membranes 
with potassium chloride yields a soluble macromo- 
lecule which bears a close resemblance to the par- 
ticulate binding site for [‘H]spiroperidol and shows 
potential for purification as a recognition site of the 
dopamine receptor. Although no functional activity 
can be attributed to the binding site at present, the 
biochemical characterization of this macromolecule 
should provide information on the molecular topog- 
raphy of such sites. 
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Abstract—Aqueous solutions of the antitumor alkaloid camptothecin, its sodium salt, or a number of 
derivatives, when irradiated with 360 nm light in the presence of covalently closed circular DNA, 
produced single strand breaks in the DNA. The chromophore essential for the scission reaction consisted 
of intact rings A, B, C and D. The overall DNA breakage showed an inverse dependence on oxygen, 
and there is evidence for at least two reaction mechanisms. Photosensitization of the alkaloid may 
generate radicals which attack DNA or, in the presence of oxygen, generate hydroperoxy radicals. The 
photolytic reaction of camptothecin itself proceeded via formation of the photolabile camptothecin 
hemiacetal 4 which was isolated and characterized, and which suggests an alternative mechanism. In 
the anaerobic pathway, photodecarbonylation of the alkaloid may generate a diradical which can 
collapse to the racemized 4 or abstract hydrogen atoms from DNA leading to strand scission. In the 
presence of oxygen, the alternative aerobic pathway, in which hydroperoxy radicals are generated, can 
supervene leading to the generation of hydrogen peroxide and, then, the principal reactive species, the 
hydroxyl radical, which can then attack DNA. The intermediacy of these three species was proven 
unambiguously by (i) selective inhibition of scission with superoxide dismutase, (ii) selective inhibition 
with catalase, and (iii) spin-trapping and e.s.r. spectroscopy respectively. Certain antibiotics, which 
show a preference for binding to A,T rich regions of DNA, showed an enhancement in the extent of 
photoinitiated camptothecin cleavage. By contrast, antibiotics which have a preference for binding to 


G,C rich regions had a suppressing effect on such photodynamic DNA breakage. Natural negatively 
supercoiled CCC-DNA showed a greater extent of photoinitiated camptothecin breakage than DNA 
which had been relaxed with a topoisomerase. These results may indicate a weak intercalative interaction 
of the alkaloid into the G,C regions of DNA. The relative efficiencies of several synthetic analogues 
of camptothecin in promoting photoinduced DNA cleavage were compared. 


Camptothecin 2 is a cytotoxic alkaloid derived from 
the the bark and stem wood of Camptotheca acu- 
minata (family Nyssaceae), a tree native to China. 
The structure was elucidated by Wall er al. [1, 2]. 
Camptothecin inhibits the growth of a wide range 
of experimental tumors including murine leukemia 
L1210, Walker 256 rat carcinosarcoma, LS178Y, 
K1964 and P388 leukemias, Novikoff hepatoma in 
vitro, mastcell P815 sarcoma and reticulum cell sar- 
coma (A-RCS) [1, 3-8]. Preliminary clinical evalu- 
ations of the antitumor effects of camptothecin were 
encouraging [9, 10]. However, subsequent clinical 
trials demonstrated severe dose-dependent toxic 
side-effects [11-13]. It is clear that there is much 
room for improvement in its clinical effectiveness; 
this may come about by an understanding of its 
molecular mechanism of action. There is extensive 
evidence, including the rapid inhibition of nucleic 
acid synthesis [14-16], the observed fragmentation 
of DNA in vitro [14,17], and the lack of effect of 
camptothecin on proteins including purified DNA 
polymerases and RNA polymerases [14], that nucleic 





* Studies related to antitumor antibiotics—XIX. 


acids are the principal cell target sites and probably 
underlie the cytotoxic effects of camptothecin [18]. 
There is no information on the molecular mechanism 
by which the observed degradation of DNA occurs. 
This prompted the present study of the effects of 
camptothecin and a number of derivatives on nucleic 
acids. 


EXPERIMENTAL 


Materials 


Camptothecin and the camptothecin sodium salt 
were supplied by Dr. Harry B. Wood, Jr. of the 
National Cancer Institute, Bethesda, MD. The syn- 
thetic camptothecin analogues 8-16 were supplied 
by Prof. C. R. Hutchinson, School of Pharmacy, 
University of Wisconsin, Madison. The synthetic 
camptothecin intermediates 17 and 18 were supplied 
by Prof. G. Stork, Department of Chemistry, Col- 
umbia University, New York. Olivomycin, chro- 
momycin Az; and NADPH were obtained from 
CalBiochem, San Diego, CA. Distamycin was 
obtained from Boehringer Mannheim Canada Ltd., 
Begin, St. Laurent, Quebec. Netropsin was a gift 
from American Cyanamid, Lederle Laboratories, 
Pearl River, NY. Ethidium bromide, disodium 
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EDTA, spermine and spermidine were from the 
Sigma Chemical Co., St. Louis, MO. Superoxide 
dismutase (EC 1.15.1.1; beef liver erythrocytes) was 
from Miles Laboratories, Elkhart, IN., and catalase 
(EC 1.11.1.6; beef liver) was from the Aldrich Chem- 
ical Co., Milwaukee, WI. PM2-DNA was prepared 
as described previously [19]; it contained at least 87- 
92% CCC form. Partially depurinated PM2-CCC- 
DNA was prepared by acid treatment, as described 
before [20], and its properties were confirmed by its 
characteristic behaviour with the apurinic site-spe- 
cific endonuclease VI [21]. Calf thymus topoiso- 
merase was prepared as described by Pulleyblank 
and Morgan [22]. The stock solution was stored in 
50% glycerol at —20°. The activity was such that 2 pl 
of this solution were sufficient to completely relax 
2.5 wg PM2-CCC-DNA in 15 min at 37°. Endonu- 
clease VI was purified according to Verly and Rassart 
[21] from Escherichia BATCC 11303. 

Melting points were determined on a Fischer— 
Johns apparatus and are uncorrected. The i.r. spectra 
were recorded on a Nicolet 7199 F.T. spectropho- 
tometer; only the principal sharply defined peaks are 
reported. The n.m.r. spectra were recorded on Var- 
ian A-100 and Bruker 400 analytical spectrometers. 
The spectra were measured on approximately 10- 
15% (w/v) solutions in appropriate deuterated sol- 
vents with tetramethylsilane as standard. Line pos- 
itions are reported in parts per million from the 
reference. Absorption spectra were recorded with 
a Beckman model DB spectrophotometer. Mass 
spectra were determined on an Associated Electrical 
Industries MS-9 double focussing high resolution 


mass spectrometer. The ionization energy in general 
was 70 eV. Peak measurements were made by com- 
parison with perfluorotributylamine at a resolving 
power of 15,000. Kieselgel DF-5 (Camag, Switzer- 
land) and Eastman Kodak precoated sheets were 
used for thin-layer chromatography. Preparative 


layer chromatography was performed with 
20 x 20cm, 1 mm thick plates coated with silica gel 
(E. M. Reagents, Darmstadt, Germany). 


Methods 


Fluorescence assay for detecting single strand 
breakage thermally or photochemically in DNA by 
camptothecin and derivatives. All measurements 
were performed on a G. K. Turner and Associates 
model 430 spectrofluorometer equipped with a cool- 
ing fan to minimize fluctuations in the xenon lamp 
source. Wavelength calibration was performed as 
described in the manual for the instrument. One 
centimeter-square cuvettes were used. The excita- 
tion wavelength was 525nm; the emission wave- 
length was 600 nm. The 100 scale of medium sen- 
sitivity was generally used; water was circulated 
between the cell compartment and a thermally regu- 
lated bath at 23°. 

Reactions were performed at 21° in a total volume 
of 200 ul buffered with 50 nM potassium phosphate 
at pH 7.0. Reaction solutions had concentrations of 
1.0 Az units/ml of PM2-CCC-DNA (92% CCC), 
1 x 10-°M sodium camptothecin, and other com- 
ponents as indicated in the legends to the figures. 

For the photochemical experiments the solutions 
were irradiated with a Sylvania black light at 360 nm, 
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at an intensity of 17.50 ergs/mm//sec (determined by 
means of a 0.15 M potassium ferrioxalate chemical 
actinometer). In control experiments it was shown 
that light of this wavelength and intensity had no 
effect on DNA. Aliquots of 20 ul were removed at 
intervals and analyzed for the extent of strand break- 
age by addition to 2.3 ml of the standard pH 11.8 
assay solution. This contained 20mM _ potassium 
phosphate, pH 11.8, 0.2mM EDTA and 0.5 g/ml 
of ethidium bromide. The conversion of PM2-CCC- 
DNA to nicked circular DNA resulted in a 30 per 
cent increase in fluorescence in the alkaline ethidium 
assay solution. This contained 20mM _ potassium 
after a heating and cooling cycle since the strands 
of DNA were then separable [19]. The fluorescence 
was measured using a blank without added sample 
which showed a 92 per cent return of fluorescence 
after the heating and cooling cycle. For the heat 
denaturation, the solutions were heated for 4 min at 
96° on a Temp-Blok and cooled to 23°. 

Preparative photolysis of camptothecin and sodium 
camptothecin. A 10 ml aqueous solution of sodium 
camptothecin (30 mg, 77 mM) was irradiated with 
a Sylvania black light at 360 nm for 16 hr at room 
temperature. A white precipitate formed which was 
collected and washed with cold water to give 4[21 mg, 
(85% yield) m.p. 218° (dec)]. The hemiacetal 4 was 
comparatively pure but was further purified by pre- 
parative thick-layer chromatography using CHCl3— 
CH30H (9:1) as eluant. 

The mass spectrum showed mol. ion (calcd. for 
CisHisN203) 320.1161. Found 320.1160, 313 (M*- 
OH), 291 (M*-CH2CH3;). The n.m.r. spectrum 
showed 4(pyridine-ds TMS), 0.82 (t3H, CHs 
J =7Hz), 2.07 (m, eleven lines, 2H, -CH2-CHs), 
5.00 (s, 2H, -CHo-N), and 5.05 (ABq, 2H-CH20). 
Double irradiation at 62.07 gave a singlet at 0.82, 
and similar double irradiation at 60.82 gave an AB 
quartet at 62.07. In the infra-red spectrum the signal 
at 1750 cm~', characteristic of lactone stretching in 
the starting material, disappeared in the photolysis 
product hemiacetal. 

The identical product 4 was obtained from the 
photolysis of camptothecin following the same pro- 
cedure except that the solvent system was H2O- 
pyridine (4:1). 

Electron spin resonance. Electron spin resonance 
spectra were obtained on a Bruker ER-400 ESR 
spectrometer fitted with a Varian V3601 12 inch 
magnet with a VFR Hall effect controller. Hyperfine 
couplings were obtained by comparison with per- 
oxylamine disulfonate (spacing 13.0 G), and g values 
were obtained by direct Fieldial measurement. 

Spin trapping and e.s.r. detection of hydroxyl and 
formyl radicals from photolysis of sodium campto- 
thecin and the camptothecin hemiacetal photolysis 
product 4. A solution, containing 1.25 x 10°*M 
sodium camptothecin, or compound 17, 75mM 
potassium phosphate buffer, pH 7.0, 6.0 x 10-*>M 
phenyl N-tert-butylnitrone, and 12.5% of methanol- 
acetonitrile (1:1), was photolyzed with a Sylvania 
360 nm lamp for 2 hr at room temperature. The e.s.r. 
spectrum of the PBN-OH nitroxide radical was 
recorded as a triplet of doublets with hyperfine split- 
ting (hfs) aX = 16.0G, ag" = 3.5G and g = 2.0061 
(Fig. 4a) [23, 24]. 





Photolysis of camptothecin with DNA 


A similar experiment was performed substituting 
the camptothecin hemiacetal 4 for camptothecin. 
The e.s.r. spectrum of the identical PBN-OH adduct 
was recorded but at a somewhat increased intensity 
relative to its generation from camptothecin. 

A control experiment performed as above, but 
containing no alkaloid, showed that no radical 
species were generated. 

A solution containing 1.25 x 10-*M_ sodium 
camptothecin, 50 mM potassium phosphate buffer, 
pH 8.0, and 50mM_ 5,5-dimethyl-1-pyrroline-N- 
oxide (DMPO) was photolyzed with a Sylvania 
360 nm lamp for 2 hr at room temperature. The e.s.r. 
spectrum of the DMPO-CO>* nitroxide radical was 
recorded as a triplet of doublets with hfs a‘ = 15.8 G, 
a"=19.0G and g=2.006 (Fig. 4b). A control 
experiment performed as above but without pho- 
tolysis of the sodium camptothecin showed that no 
radical species was produced. 

Relaxation of supercoiling in PM2-CCC-DNA by 
calf thymus topoisomerase in the presence and in the 
absence of potential intercalating agents. The reac- 
tions were carried out on a 200 yl scale. The reaction 
mixture contained 10 mM Tris-hydrochloride buffer, 
pH 8, 1 mM EDTA, 0.2 M sodium chloride, approx- 
imately 1.0 A2units/ml of PM2-CCC-DNA 
(92% CCC), and 1 x 10-°M camptothecin or ana- 
logue. The control did not contain any alkaloid. Five 
microliter aliquots of calf thymus topoisomerase 
were added to both the sample and the control, and 
the mixture was incubated at 37°. Twenty microliter 
aliquots were withdrawn at intervals and assayed as 
before. The basis of the assay is that the topoiso- 
merase relaxes the supercoiling of PM2-CCC-DNA 
by a nicking—closing mechanism which produces a 
30 per cent decrease in ethidium fluorescence both 
before and after the heat denaturation—cooling cycle 
because of differences in topological constraints of 
the two forms of DNA [25]. Compounds which bind 
intercalatively to DNA will also untwist the duplex 
and remove the supercoils so that subsequent treat- 
ment with the topoisomerase will have no effect. 


RESULTS 


Solutions of sodium camptothecin show an absorp- 
tion maximum at 370nm. When a solution of 
4 x 10-’M sodium camptothecin was irradiated on 
the threshold of visible light at 360 nm in the presence 
of PM2-CCC-DNA, 15 per cent cleavage was 
observed in 60 min, as determined by the ethidium 
fluorescence assay method. The extent of DNA 
cleavage under these conditions increased with the 
concentration of the alkaloid: 1 x 10-°M (25 per 
cent), 2 x 10~°M (50 per cent), 5 x 10~° M (70 per 
cent), 1x 10°°M(85 per cent) (Fig.1) and 
2 x 10-° M (95 per cent). The DNA strand cleavage 
by photoactivated camptothecin showed a sharp 
wavelength dependence. A 2 x 10~°M solution of 
sodium camptothecin gave, for different wave- 
lengths, the following cleavage: 254 nm (0), 360 nm 
(75 per cent), 436nm (0), 546nm (0) and 577 nm 
(0). The observed extent of nicking caused by pho- 
toactivation of camptothecin or 17 at 360 nm showed 
an inverse dependence on oxygen concentration. 
Thus, an oxygenated solution of 1 x 10~*° M sodium 
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Fig. 1. Strand scission of PM2-CCC-DNA by sodium camp- 
tothecin under 360 nm irradiation and its selective enzy- 
matic inhibition. Reactions were performed at room tem- 
perature in 50mM potassium phosphate buffer, pH 7.0, 
and contained 1.0 A260 units/ml of PM2-CCC-DNA 
(92% CCC) and 1 x 10°°M sodium camptothecin. The 
before heat denaturation ethidium fluorescence readings 
are shown as open symbols, and the closed symbols are 
fluorescence readings after heat denaturation at 96° for 
4 min followed by rapid cooling to 23°. Additional com- 
ponents were: (A — A) none; (O—O)5 x 10°~° g/ml cata- 
lace; (Y—V) 5X 10-°g/ml superoxide dismutase; 
(GO—D) 1.5 x 107M sodium benzoate; and (© —) 
0.6 M isopropyl alcohol. 


camptothecin gave 37 per cent scission in 60 min, 
whereas careful degassing with argon resulted in 
enhanced nicking to 96 per cent in 60 min under 
photoactivation conditions (Fig. 2). 

Under aerobic conditions the breakage of DNA 
could be suppressed by selective inhibitors (Fig. 1). 
Catalase (5 g/ml) resulted in 25 per cent inhibition, 
superoxide dismutase (50 ug/ml) gave a 55 per cent 
suppression, sodium benzoate (15 mM) an 80 per 
cent inhibition, and isopropyl alcohol (0.6 M) a 90 
per cent inhibition. 

The corresponding heat denatured enzymes at the 
same concentrations, however, resulted in no inhi- 
bition. Under the aerobic reaction conditions the 
singlet oxygen scavenger, histidine, had no effect on 
the observed extent of DNA breakage. The difficulty 
in removing the last traces of oxygen is indicated by 
the observed suppression of nicking that occurred 
with catalase and superoxide dismutase after exten- 
sive degassing with argon. 

Preparative scale photolysis, at 360 nm, of sol- 
utions of either camptothecin or sodium camptothe- 
cin afforded cleanly the ring E modified hemiacetal 
4 as a white solid (Fig. 3). The composition was 
established by accurate mass measurement at 320 as 
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Fig. 2. Effects of oxygen on the rates of strand scission of 
PM2-CCC-DNA by sodium camptothecin under 360 nm 
irradiation. Reactions were performed at room tempera- 
ture in 50mM potassium phosphate buffer pH 7.0, and 
contained 1.0 A260 units/ml of PM2-CCC-DNA (92% CCC) 
and | x 10°°M sodium camptothecin. The before heat 


denaturation ethidium fluorescence readings are shown as 

open symbols and the closed symbols are fluorescence 

readings after heat denaturation at 96° for 4 min followed 

by rapid cooling to 23°. Additional components were: 

(A — A) none; (O— CO) degassed with Ar; and ( — ©) 
purged with O2. 
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CisHisN20s, using high resolution mass spectrome- 
try. The infra-red spectrum shows OH at 3300 cm“', 
but no ketone carbonyl, in accord with the hemi- 
acetal 4 rather than 6. The 400 MHz n.m.r. spectrum 
showed a triplet at 0.82 6 which simplified to a singlet 
upon irradiating the 2.07 6 signal, and an eleven-line 
multiplet at 2.07 6 which simplified to a 7Hz AB 
quartet upon irradiation of the 0.82 6 signal. There 
was no evidence of any additional coupling on the 
methylene protons which were clearly diastereotopic 
in accord with the proposed hemiacetal structure 4 
in which ring E had been modified. 

Further evidence in support of the suggested 
mechanism of formation of hemiacetal 4 from 2 is 
the observation that, whereas the chiral alkaloid 2 
gives [a]p~ = +33.8° in CHCls-CH3OH, 4:1 (lit. 
[a]p” = +31.8 [1]), by contrast the hemiacetal 4 was 
optically inactive in accord with its racemization via 
diradical 5. 

In addition, photolysis of sodium camptothecin 1 
in the presence of DMPO afforded the stable 
DMPO-CO>* nitroxide radical, identified by its char- 
acteristic hyperfine splittings (hfs) of a‘ = 15.8G 
and a" = 19.0 G (Fig. 4b) in accord with published 
values [26]. 

The purified compound 4 at 1 x 10°-°M, when 
irradiated at 360 nm in a solution of PM2-CCC-DNA 
containing 2.5% MeOQH-CH3CN (1:1), nicked the 
latter to the extent of 58 per cent in 60 min, i.e. 
closely comparable with that produced by the parent 
alkaloid or that of its sodium salt. The DNA scission 
produced by hemiacetal 4 was also subject to the 
oxygen effect. Thus, whereas irradiation of a 
1 x 10-°M solution of 4 containing oxygen induced 
28 per cent cleavage of DNA, careful degassing with 
argon resulted, under comparable conditions, in 93 
per cent DNA scission in the same time of 60 min. 
The DNA scission produced by 4 under these con- 
ditions was also selectively inhibited by catalase and 
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Fig. 3. Photolysis of sodium camptothecin 1 and camptothecin 2 at 360 nm to produce camptothecin 
hemiacetal 4 and, in the presence of DNA, strand scission by aerobic and anaerobic pathways. 
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Fig. 4. Panel a: Electron spin resonance spectrum (micro- 
wave power 25mW, modulation amplitude 0.2 G, scan 
time 1000 sec) of the PBN-OH radical obtained by 360 nm 
photolysis of sodium camptothecin or compound 17 in the 
presence of 0.2M PBN at pH7.0. Hfsa‘ = 16.0G, 
ag = 3.4G and g = 2.0061. Panel b: Electron spin reso- 
nance spectrum (microwave power 25mW, modulation 
amplitude 0.2 G, scan time 1000 sec) of the DMPO-CO2- 
radical obtained by 360 nm photolysis of sodium campto- 
thecin in the presence of 50mM DMPO at pH 8.0. Hfs 
a’ = 15.8G, a! = 19.0G and g = 2.006. 


by superoxide dismutase. Thus, the intermediacy of 
O2* and H2O> in the action of photoactivated camp- 
tothecin on DNA was unambiguously established by 
their selective enzymatic removal. While the gen- 
eration of the hydroxyl radical and its direct role in 
degrading DNA were implicated by inhibition of 
scission by free radical scavengers, nevertheless, 
owing to the transient and reactive nature of the 
OH species, more direct proof of its intermediacy 
was required. Irradiation of solutions of camptothe- 
cin or sodium camptothecin or of analogues 17 or 
18 in methanol-acctonitrile (1:1), at 360 nm, in the 
presence of oxygen and of the spin-trapping agent 
phenyl N-tert-butylnitrone generated the six-line 
e.p.r. spectrum a= 16.0G, ag'=3.4G and 
g = 2.0061 (Fig. 4a) characteristic of the PBN-OH’ 
spin adduct [23, 24]. No such PBN-OH spin-adduct 
was generated in the absence of the alkaloid. 

The extent of 360 nm photodynamic campothecin- 
induced scission of DNA shows a dependence on the 
structure, especially of rings D and E, exemplified 
by the camptothecin analogues listed in Table 1. The 
essential structural feature required for photoin- 
duced DNA cleavage was the moiety containing 
intact rings A, B, C and D which gave rise to the 
characteristic absorption in the 360 nm region. Thus, 
compounds which are not photolabile like campto- 
thecin and sodium camptothecin, e.g. 15—18, can 
nevertheless lead to DNA cleavage under 360:nm 
irradiation. Most of the camptothecin derivatives 
effected DNA scission to the extent of 54-92 per 
cent in 60min under irradiation at 360nm. The 
exception was compound 14 which bears a secondary 
alcohol moiety at Cs and produced only 10 per cent 
cleavage. 

In order to determine if camptothecin displays any 
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DNA base preference, sequence specificity, or 
dependence on DNA topology, the effects of certain 
DNA sequence-specific binding agents on the camp- 
tothecin in photodynamic scission of DNA were 
examined. A solution of 1 x 10~°M sodium camp- 
tothecin, when irradiated with DNA at 360 nm, 
showed a 60 per cent enhancement of nicking in 
30 min in the presence of 1 x 10~* M netropsin, the 
A,T specific binding antibiotic, compared with a 
similar experiment without netropsin. The structur- 
ally related A,T specific binder, distamycin, at 
1.5 x 10-*M showed a similar 30 per cent enhance- 
ment of nicking in 30 min by sodium camptothecin. 
By contrast, 5 x 10-° M chromomycin As, which in 
the presence of an equivalent of MgCl: binds strongly 
and preferentially to G,C rich sites, caused a 67 per 
cent suppression of DNA cleavage in 2.5% aqueous 
acetonitrile in 30 min. The structurally related oli- 
vomycin at 5 x 10°°M (also a G.C binder in the 
presence of an equivalent of Mg’*), like chromo- 
mycin As, resulted in a 30 per cent suppression of 
DNA scission in 30 min in 2.5% aqueous acetonitrile, 
compared to controls. When aliquots of A-DNA were 
added to netropsin in a pH 7.0 buffer, the absorption 
maximum of netropsin shifted from 322nm to 
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Fig. 5. Effect of the topological form of DNA on the rates 
of strand scission of DNA by sodium camptothecin under 
360 nm irradiation. Reactions were performed at room 
temperature in 50 mM potassium phosphate, pH 7.0, and 
contained 1 x 10°°M sodium camptothecin. The before 
heat denaturation ethidium fluorescence readings are 
shown as open symbols, and the closed symbols are flu- 
orescence readings after heat denaturation at 96° for 4 min 
followed by rapid cooling to 23°. Additional components 
were: (A — A) negatively supercoiled PM2-CCC-DNA 
(92% CCC); and (O—O) relaxed PM2-CCC-DNA 
(79% CCC) prepared by treatment with calf thymus topo- 
isomerase and subsequent chromatography on A-15M 
agarose. 
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325 nm, indicative of binding, but at the concentra- 
tion employed, 1 x 10~*M, there was no significant 
absorption in the 360 nm region. Similarly, when 
aliquots of A-DNA were added to 1 x 10-*M dis- 
tamycin at pH 7.0, the absorption maximum shifted 
from 332 nm to 338 nm and the absorption increased 
from 0.93 to 1.03, again indicative of binding, but 
there was no significant absorption at 360 nm at the 
concentrations employed in the camptothecin 
experiment. There are two absorption maxima for 
chromomycin A; at 408nm and 320nm. Addition 
of aliquots of A-DNA caused the 408 nm peak to 
shift to 416nm, while the 320nm_ absorption 
remained unchanged. The intensity of the 408 nm 
peak increased from 0.34 to 0.377, while the intensity 
of the 320nm peak remained unchanged. Olivo- 
mycin shows absorption maxima at 408nm and 
322 nm. Upon addition of aliquots of A-DNA, the 
408 nm absorption maximum moved to 418 nm with 
a concomitant increase of intensity from 0.34 to 0.36, 
while the 322 nm peak remained unchanged. 

It is evident from the suppression of the fluor- 
escence of ethidium in DNA in the presence of either 
netropsin or distamycin, compared to controls, that 
both of these antibiotics bind to DNA and in such 
a way as to remove potential ethidium intercalation 
sites. Subsequent treatment with calf thymus topo- 
isomerase fully relaxed the negative supercoils of 
PM2-CCC-DNA, indicating that neither of the A,T 
specific binding agents intercalates into DNA. It may 
be noted that, while DNA-bound netropsin had no 
effect on the enzyme, free netropsin appeared to 
interfere with the nicking—closing action of the 
topoisomerase. Both olivomycin and chromomycin 
Aa bind to DNA, as evidenced by ethidium fluor- 
escence suppression, but the subsequent action of 
the topoisomerase on these DNA-antibiotic com- 
plexes relaxed the supercoils to a lesser extent. 

In view of the results obtained on the effects of 
the sequence-specific binding agents on the efficiency 
of a camptothecin photoinduced DNA scission, the 
effects of the topological form of the DNA were 
assessed. Whereas a | X 10~°M solution of sodium 
camptothecin with 360 nm irradiation gave 85 per 
cent nicking of PM2-CCC-DNA in 60 min, similar 
conditions using topoisomerase-relaxed PM2-CCC- 
DNA resulted in only 20 per cent nicking (Fig. 5). 
The difference observed was not due to the presence 
of the topoisomerase used to relax the DNA, since 
when the latter was removed by A-15M agarose 
chromatography the result on the extent of DNA 
cleavage was the same. 

In addition, and in contrast to netropsin, neither 
camptothecin nor sodium camptothecin affected the 
combined endonucleolytic and ligase action of calf 
thymus topoisomerase. Solutions of 1 x 10~°M 
sodium camptothecin irradiated at 360 nm cleaved 
PM2-CCC-DNA to the same extent, whether or not 
it had been depurinated previously by pulsed low 
pH treatment, when assayed by ethidium fluor- 
escence at neutral pH. Neutral pH conditions were 
employed in this experiment because the apurinic 
sites are cleaved under strongly alkaline conditions. 

In a parallel experiment, PM2-CCC-DNA was 
irradiated at 360 nm in the presence of 1 x 10~°M 
sodium camptothecin until about 50 per cent of the 
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DNA had been cleaved. The reaction was stopped 
and an aliquot was treated with endonuclease VI, 
an enzyme which specifically recognizes apurinic 
sites. No apurinic sites were formed during PM2- 
CCC-DNA cleavage by sodium camptothecin under 
irradiation at 360 nm. 


DISCUSSION 


Considerable evidence has been accumulated from 
biochemical and pharmacological studies that the 
mechanism of antitumor action of camptothecin is 
associated intimately with its effects on nucleic acids 
rather than on, for example, replication enzymes 
[14-18]. Thus, while the rapid inhibition of nucleic 
acid synthesis and the fragmentation of cellular DNA 
appear to underlie the cytotoxic effects of the alka- 
loid, the molecular mechanism by which the degra- 
dation of DNA occurs is not understood [18]. Pro- 
vided the results are interpreted with caution, studies 
of the chemical modification of nucleic acids by 
antitumor agents in vitro can often permit a more 
detailed description of the molecular events associ- 
ated with cytotoxity and represent a necessary first 
step in the examination of the action of these agents 
with DNA-histone complexes, nucleosomes, and 
then chromatin. Such studies have contributed 
to our understanding of the workings of such clinic- 
ally important antitumor agents as bleomycin [27, 
28], mitomycin C [29, 30], adriamycin [31], dauno- 
rubicin [32], maytansine [33] and _nitrosoureas, 
e.g. 1,3.bis(2-chloroethyl)-1-metrosourea( BCNU) 
and —__ (1,2-chloroethyl)-3-cyclohexyl-1-nitrosourea 
(CCNUV) [34, 35]. 

Progress toward a deeper understanding .of the 
action of camptothecin has been hampered by the 
lack of a suitable in vitro method for studying its 
reactions with DNA. The present work was moti- 
vated by the desire to establish such a system and 
to determine the characteristics and structural 
dependence. 

Camptothecin shows a sharply wavelength-depen- 
dent and selective photoactivation at 360 nm, near 
its absorption maximum, producing species which 
are capable of cleaving DNA. Under aerobic con- 
ditions the photoactivated alkaloid reacted with dis- 
solved oxygen to generate reactive species including 
hydrogen peroxide, the superoxide anion and 
hydroxyl radicals (which are implicated in the single 
strand scission of DNA [36]); this was confirmed by 
the selective inhibition in the rate of DNA scission 
obtained by catalase and superoxide dismutase, and 
by general free radical scavengers, e.g. sodium ben- 
zoate, respectively. In addition, the fact that the 
heat-denatured enzymes catalase and superoxide 
dismutase, at the same concentration and under 
otherwise identical conditions, did not inhibit the 
cleavage demonstrates that the previous inhibition 
was not due to non-specific protein effects. The 
intermediacy of the hydroxyl radical in the scission 
process was confirmed by trapping it [37] as a 
PBM-OH nitroxide spin adduct showing the char- 
acteristic six-line pattern with the correct hyperfine 
splittings. The results in Table 1 indicate that the 
structural moiety essential for photoinitiated DNA 
cleavage by camptothecin or its analogues was the 
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intact ABCD portion which gave rise to the char- 
acteristic absorption in the region of 370 nm. 

For a given concentration of sodium camptothecin 
or of camptothecin intermediate 17, the extent of 
photoinduced DNA scission increased as oxygen was 
removed from the system. This behaviour parallels 
that of the electron-affinic agents, e.g. metronida- 
zole, misonidazole and p-nitroacetophenone [38, 39], 
when photolyzed in the presence of DNA, and 
indicates two distinct pathways are operative to 
cleave DNA, i.e. (i) photoactivation of camptothecin 
itself to generate DNA damaging species, and (ii) 
secondary reaction of the latter species to generate 
superoxide anions, hydrogen peroxide and hydroxyl 
radicals. The extreme sensitivity of the system to 
oxygen and the difficulty in removing the last traces 
of oxygen are illustrated by the fact that even after 
prolonged purging with argon the scission of DNA 
that accompanies 360 nm irradiation under these 
conditions may stil! be selectively inhibited by cata- 
lase and superoxide dismutase. There was no evi- 
dence that singlet-oxygen was produced during 
camptothecin irradiation. These results confirming 
the photoactivated generation of reactive oxygen 
species by camptothecin and its derivatives are anal- 
ogous to recent reports that irradiation of photosen- 
sitizers such as rose bengal and other dyes in the 
presence of oxygen generates superoxide anions and 
other oxygen species [40,41]. These results have 
been interpreted in terms of the following 
mechanism. 


In + hv— In* 
In* + R:H-In-H+ R’ 
In-H + O2— In + HO? 


The photoinitiator In (methylene blue, rose bengal, 
camptothecin, etc.), excited by absorption of a quan- 
tum of light, accepts a single electron from R:H 
which may be an organic solute or DNA (which then 
leads to strand scission) by reaction (2) under anaer- 
obic conditions. In the presence of oxygen the initi- 
ator radical would be expected to relinquish its 
unpaired electron, yielding the perhydroxy radical. 
The latter may them lead to the detected species, 
superoxide anions, hydrogen peroxide and hydroxyl 
radicals (confirmed by the spin-trapping experi- 
ment), by the following steps. The generation of 
hydroxyl 


HOO'= O27 + H* 

20.7 +2H+ 2", 202+ Or 
2H202 2H20 + O2 (6) 
DNA-Fe** + O27 > DNA-Fe?* +02 (7) 


DNA-Fe?* + H2xO2— DNA-Fe** + OH + OH 
(8) 


(4) 
(5) 


dismutase 
catalase 


OH + DNA- Strand breakage 


radicals in such systems was formerly attributed to 
the Haber—Weiss reaction (9) but this reaction has 


H2O2 + O2* + H20 + OH + OH™ (9) 


been shown recently to be quite slow (k <0.3 M7! 
sec') and is unlikely to compete with other steps 
involving O2* [42-44]. It is now considered more 


913 


likely that OH’ radicals are generated by reaction of 
O2* and H2O: with traces of Fe** associated with 
DNA in steps such as (4) and (5) [45]. Hydroxyl 
radicals have been implicated in the direct degra- 
dation of DNA by attack primarily at the ribose 
sugar [36]. While the above mechanisms may account 
for the photoinitiated degradation of DNA by two 
distinct pathways under aerobic and anaerobic con- 
ditions for camptothecin derivatives 17 and 18, there 
is evidence for the contribution of alternative path- 
ways in the case of the parent alkaloid and derivatives 
involving modification to ring E. 

The preparative scale photolysis of either camp- 
tothecin or sodium camptothecin afforded the hem- 
iacetal 4 (Fig. 3) in excellent yield. Irradiation of 4 
in the presence of DNA resulted in very efficient 
cleavage in a process which shows characteristics 
similar to those using the parent alkaloid, i.e. sharp 
wavelength dependence and evidence of two com- 
peting pathways, aerobic and anaerobic. These 
results may be rationalized as shown in Fig. 3. Irra- 
diation of camptothecin 2 results in decarbonylation 
via species 3 to give the resonance stabilized diradical 
5 which collapses to the hemiacetal 4 which was 
isolated and characterized. Irradiation of sodium 
camptothecin similarly affords hemiacetal 4. 

The intermediacy of diradicals 3 and 5 suggests an 
alternative mechanism for DNA scission. In the 
absence of oxygen, species 5 could abstract a hydro- 
gen atom from the deoxyribose sugar of DNA lead- 
ing to strand scission via an anaerobic pathway. In 
the presence of oxygen, an interaction between the 
intermediate diradical 5 and oxygen may produce 
the hydroperoxy radical. The overall result in the 
presence of oxygen may be interpreted by the aerobic 
pathway suggested in Fig. 3, although other detailed 
mechanisms leading to the formation of OH may be 
envisaged. 

The low observed extent of DNA cleavage of 14 
(10 per cent) relative to 10 (81 per cent) may be 
mentioned. Compound 14 is the only derivative bear- 
ing a secondary alcohol grouping (at position 5) 
which, if photolysis is generating superoxide and 
hydroxyl radicals, could act as a radical scavenger 
and suppress the observed amount of DNA cleavage. 

The effects of certain DNA sequence-specific 
binding agents on the photodynamic scission of DNA 
by camptothecin provide some insight into the influ- 
ence of topological changes in the helix on the course 
of the reaction. Netropsin is an antibiotic that is 
though to bind preferentially to XTTTX sequences 
(where X is any nucleotide), i.e. A,T rich regions 
in the minor groove of bihelical DNA [46, 47]. 
Recent X-ray evidence on the characteristic shape 
of netropsin and models for its binding action support 
this contention [48]. The binding specificity of the 
structurally related antibiotic, distamycin A, is 
ITTTX, again in the minor groove of DNA [49]. 
Preincubation of the DNA with these two agents 
resulted in an enhancement in the extent of camp- 
tothecin-induced DNA scission compared with con- 
trols. By contrast, the complementary experiments 
with chromomycin A; and olivomycin, which are 
antibiotics that in the presence of an equivalent of 
Mg”’* bind preferentially to G,C rich regions in the 
minor groove of duplex DNA [50, 51], show sub- 
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stantial suppression of the photodynamic scission of 
DNA by camptothecin. Since none of the four 
antibiotics absorbed appreciably at 360 nm in the 
concentrations used, the observed effects are not 
due to preferential absorption of the incident light. 
The effects of the sequence-specific binding agents 
on the DNA scission by sodium camptothecin could 
be interpreted at this stage as showing either (i) a 
sequence preference for binding by the alkaloid and 
subsequent cleavage of DNA, and/or (ii) a topol- 
ogical change induced in the DNA by G,C selective 
binders which render the DNA less susceptible to 
the sodium camptothecin-induced cleavage and a 
different topological change induced by A,T selec- 
tive binders which make the DNA more susceptible 
to cleavage. in support of the second interpretation 
it is clear that, whereas native negatively supercoiled 
PM2-CCC-DNA is readily cleaved, the relaxed form 
is much less susceptible to a camptothecin-induced 
scission. It is possible that the planar aromatic, camp- 
tothecin, intercalates with a short residence time into 
G,C rich regions of DNA. Since supercoiled DNA 
binds intercalators more strongly than relaxed DNA 
does [52], this may be sufficient to account for the 
observed differences due to topological form noted 
above. Such intercalation by camptothecin, if it 
occurs, must be relatively weak, since it could not 
be detected by the topoisomerase assay. Others have 
reported evidence of weak intercalative interaction 
of camptothecin [53]. 

In conclusion, it is evident that solutions of camp- 
tothecin or sodium camptothecin, when irradiated 
with near-visible light at their absorption maxima, 
can produce photodynamic cleavage of DNA. The 
reaction appears to take place by at least two distinct 
mechanistic pathways, aerobic and anaerobic, and 
proceeds via formation of an isolable but photolabile 
hemiacetal with the concomitant generation of rad- 
ical species of sufficient reactivity to cleave DNA. 
The exploration of the characteristics of the pho- 
tochemical mode of camptothecin degradation of 
DNA led to to the development of a thermal system 
for the degradation of DNA by the alkaloid. This 
procedure, more akin to the situation that obtains 
in vivo, will form the subject of a subsequent paper. 
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Abstract—The effects of NH and chloroquine on the uptake, the degradation and the intracellular 
distribution of '**I-labeled asialo-fetuin in isolated rat hepatocytes were investigated. Both ammonium 
ions and chloroquine inhibited asialo-fetuin degradation; chloroquine in high concentrations reduced 
uptake as well. Both compounds reduced the equilibrium density of the lysosomes in sucrose gradients. 
Labeled asialo-fetuin did not seem to accumulate in the lysosomes of cells exposed to NH4 or chloroquine. 
The possibility that both compounds retard the fusion between lysosomes and phagosomes is discussed. 


We have previously shown that desialylated fetuin, 
labelled with '*I, is taken up in vitro in isolated rat 
hepatocytes by a process involving high-affinity 
receptors on the hepatocyte plasma membrane [1- 
4]. Asialo-fetuin was degraded in the hepatocytes, 
as indicated by the release of acid-soluble radio- 
activity from the cells. The release started about 15 
min after the addition of labelled protein to the cells, 
and the rate of degradation was subsequently con- 
stant for at least 60 min [1-4]. 

Degradation occurs in the lysosomes. Degradation 
products rapidly escape from the lysosomes to the 
cytoplasm and subsequently to the medium [1, 5]. 

The lag period of 15 min between the start of the 
uptake and the onset of the degradation points to 
the involvement of mechanisms for transport of the 
endocytosed protein through the cytoplasm and/or 
a mechanism for achieving fusion between endocytic 
vacuoles and lysosomes. It has been shown that 
colchicine (an inhibitor of microtubular function) as 
well as cytochalasin B (an inhibitor of microfila- 
ments) inhibit degradation, presumably by interfer- 
ing with intracellular transport of asialo-fetuin [6]. 

In the present investigation, we have studied the 
effects of two weak bases, chloroquine and ammonia, 
on the intracellular distribution of labelled asialo- 
fetuin in order to obtain additional information about 
the intracellular processing of asialo-fetuin. Being 
weak bases, both chloroquine [7] and ammonia [9] 
accumulate in the lysosomes. They penetrate the 
lysosomal membrane in their uncharged form and 
accumulate in the lysosomes as a consequence of 
protonation [8]. This accumulation of osmotically 
active particles leads to swelling of the lysosomes 
and to an inhibition of the intralysosomal proteolysis 
[7, 8]. In addition, chloroquine inhibits the lysosomal 
protease cathepsin B [8]. One possible effect of the 
two bases would therefore be the accumulation of 
undegraded asialo-fetuin in the lysosomes, making 
the labelled protein detectable in these organelles 
sooner than in control cells. 

However, it is not unlikely that chloroquine and 
ammonia have other effects on the intracellular pro- 
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cessing of endocytosed asialo-fetuin. Other possible 
points of action are on the binding of asialo-fetuin 
to the plasma membrane, the formation of endocytic 
vesicles, the transport of these vesicles through the 
cytoplasm, and the fusion between endocytic vesicles 
and lysosomes. In the present investigation, we have 
tried to distinguish between these possibilities by 
studying the rate of uptake and the intracellular 
distribution patterns of asialo-fetuin in the presence 
and absence of chloroquine and ammonium ions. 
Some of the results presented here have been pub- 
lished in preliminary reports [3, 4]. 


METHODS AND MATERIALS 


Chemicals. '**1-labelled asialo-fetuin was prepared 
as described previously [2]. The specific activity of 
the labelled protein was about 26 x 10° c.p.m. per 
nmole. Collagenase (type I), bovine serum albumin 
(fraction V) and enzyme substrates were from Sigma 
Chemical Co., St. Louis, MO, U.S.A. Bovine serum 
albumin was purified by charcoal treatment before 
use [10]. Dibutyl phthalate and dinonyl phthalate 
were obtained from Koch-Light Laboratories Ltd., 
Colnbrook, Bucks, U.K. 

Preparation of purified rat hepatocytes. Isolated 
rat liver cells were prepared from male Wistar rats, 
200-250 g, by the collagenase perfusion method [11], 
as described previously [12, 13]. Hepatocytes were 
separated from nonparenchymal liver cells by low- 
speed centrifugation [13]. 

Cell incubations. Purified hepatocytes were sus- 
pended in incubation medium [1] and incubated with 
the desired additions in 10-50 ml Erlenmeyer flasks 
in a shaking water bath at 37°. The cell concentration 
was 5 X 10° cells/ml. To determine the amount of 
cell-associated '*°I-labelled asialo-fetuin, the cells 
were separated from the medium by centrifugation 
for 1 min through 250 yl of dibutyl phthalate: 250 yl 
samples of cell suspension were layered on top of 
the oil in 750 ul polypropylene centrifuge tubes and 
the tubes centrifuged for 30 sec at 7000 r.p.m. ina 
microfuge [1, 14]. Degradation of '**I-labelled asialo- 
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fetuin was followed either by measuring acid-soluble 
radioactivity released to the medium (and remaining 
on top of the oil) from the cells, or, alternatively, 
by assessing the increase in total acid-soluble radio- 
activity in the cell suspension. Cold phosphotungstic 
acid (final concentration 2%, w/v) was used for sep- 
arating acid soluble and acid precipitable radioactive 
compounds. 

Homogenization and subcellular fractionation of 
hepatocytes. In order to study the intracellular dis- 
tribution of asialo-fetuin, the cells were first incu- 
bated for 10 min in the presence of about 30 nM 
asialo-fetuin. Then the suspension was placed on ice, 
the cells were centrifuged down, and the medium 
was replaced with fresh medium containing no 
labelled protein. Ammonium chloride (10 mM) or 
chloroquine (0.1 mM) was added to a portion of the 
cell suspension. The incubation was then continued 
at 37°. 

Samples of the cell suspension, usually containing 
50 x 10° cells, were removed at suitable time points. 
The cells were separated from the medium by cen- 
trifugation for 30 sec at 40 g and washed three times 
in ice-cold 0.25 M sucrose solution. The cells were 
suspended in ice-cold 0.25 M sucrose (final volume: 
5 ml) and homogenized in a chilled Dounce homo- 
genizer with a tight-fitting pestle [1, 2]. 

Subcellular fractionation of the homogenate was 
done either by differential centrifugation [15] or by 
isopycnic centrifugation. In the latter case 4 ml of 
postnuclear fraction from 20 x 10° cells were layered 
on top of linear sucrose gradients with densities 
ranging from 1.10 to 1.27. The volume of the gradient 
itself was 34ml. The gradients were prepared in 
tubes fitting the Beckman SW-27 rotor and the tubes 
were centrifuged at 2° for 4 hr at 25,000 r.p.m. After 
the centrifugation the gradients were pushed out of 
the tubes by introducing heavy sucrose at the bottom 
of the tubes. Two millilitre fractions were collected. 

Radioactivities were determined in a Packard auto 
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gamma spectrometer (Packard Instrument Co. Inc., 
Downers Grove, IL, U.S.A). 

Biochemical determinations. B-acetylglucosamin- 
idase (EC 3.2.1.30), acid phosphatase (EC 3.1.3.2) 
and cathepsin B (EC 3.4.22.1) were determined as 
described by Barrett [16]. S’nucleotidase (EC 
3.1.3.5) was assayed according to El-Aaser and Reid 
[17] and protein according to Lowry er al. [18]. 


RESULTS 


Effects of ammonium ions and chloroquine on the 
rates of uptake and degradation of '*°-labelled asialo- 
fetuin. The effects of NHz (10 mM) and chloroquine 
(0.1 mM) on the uptake and the degradation of '**I- 
labelled asialo-fetuin in rat hepatocytes are shown 
in Fig. 1. The initial concentration of asialo-fetuin 
in experiments concerning uptake was about 30 nM. 
At this concentration the rate of asialo-fetuin uptake 
was approximately half-maximal in control cells [1]. 

With the concentrations of NH; and chloroquine 
used, neither of these compounds had any measur- 
able effects on the initial rate of uptake of asialo- 
fetuin by the hepatocytes (Fig. 1A). Both compounds 
inhibited markedly, however, the rate of formation 
of acid-soluble radioactivity from the cells. Figure 
1B shows that contro! cells degraded about twice as 
much labelled asialo-fetuin during the first hour of 
incubation (in asialo-fetuin-free medium) as cells 
incubated in presence of either NHz (10mM) or 
chloroquine (0.1 mM). 

Ammonium ions in concentrations up to 10 mM 
did not affect the rate of uptake of asialo-fetuin by 
the hepatocytes. Chloroquine, on the other hand, 
reduced the uptake of asialo-fetuin by the cells when 
its concentration exceeded 0.1 mM. At concentra- 
tions above 1 mM, chloroquine almost completely 
inhibited both uptake and degradation of asialo- 
fetuin by the cells (Fig. 2). We were not able to 
homogenize properly hepatocytes that had been 
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Fig. 1. The effects of NH* (10 mM) and chloroquine (0.1 mM) on the uptake (A) and the degradation 
(B) of '*I-labelled asialo-fetuin. Panel A: Hepatocytes (5 x 10° cells/ml) were incubated with 30 nM 


labelled asialo-fetuin in presence of NH{ (A), chloroquine (@) or with no additions ( 


). Panel B: 


Hepatocytes were preincubated for 10 min with labelled asialo-fetuin. The cells were then washed free 

of medium and reincubated without labelled asialo-fetuin, but with ammonium or chloroquine. Symbols 

are as defined in A. The incubations were carried out at 37°. Uptake is measured as cell-associated 
radioactivity [1]. Both uptake and degradation are presented as per cent of total radioactivity. 
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Fig. 2. The effect of chloroquine on the uptake (O) and 
the degradation (@) of '*I-labelled asialo-fetuin. Uptake 
was measured as net increase in radioactivity in cells that 
had been incubated for 10 min with labelled asialo-fetuin. 
The cells were exposed to 0, 0.01, 0.1, 1 and 10 mM chlor- 
oquine and the uptake is expressed as per cent of that 
measured in the control cells. Degradation of asialo-fetuin 
was measured in cells that had been preincubated for 10 min 
with 30nM 'I-asialo-fetuin and then reincubated for 
30 min in fresh medium without labelled protein but with 
different concentrations of chloroquine. The increase in 
acid-soluble radioactivity was measured, and degradation 
is expressed as per cent of control. 


exposed to chloroquine in concentrations above 
1 mM. Chloroquine evidently rendered the plasma 
membrane very resistant to mechanical stress. In 
order to obtain a cell-free homogenate, the tissue 
grinding had to be performed for such a long time 
that the cell organelles were severely damaged. 
Homogenization problems were avoided when the 
chloroquine concentrations were kept at or below 
0.1 mM and such concentrations of chloroquine were 
chosen in subsequent experiments where cells were 
fractionated following the exposure to chloroquine. 

Additive effects of chloroquine and colchicine or 
ammonia and colchicine. In order to obtain infor- 
mation about the effect of chloroquine and ammonia 
on the intracellular transport of asialo-fetuin, experi- 
ments were performed to determine the combined 
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effect on degradation of either of the two bases 
together with colchicine. Cells which had been incu- 
vated with 'I-asialo-fetuin and then washed were 
exposed to chloroquine and/or colchicine in one 
experiment, and ammonium chloride and/or colchi- 
cine in another experiment. The results are sum- 
marized in Table 1. As colchicine takes at least 20 min 
to exert its full effect in this system [6], only values 
obtained 40 min or more after washing of the cells 
are tabulated. It may be concluded from Table 1 
that the combined effect (degradation measured 
relative to untreated cells) of either of the two bases 
plus colchicine is close to the product of the effect 
of the base multiplied by the effect of colchicine. 
This result is consistent with the idea that colchicine 
acts on a stage of the intracellular processing which 
is different from the stage which is affected by the 
bases chloroquine or ammonia. 

Differential centrifugation. The distribution in 
fractions obtained by differential centrifugation of 
the plasma membrane marker enzyme 
5'nucleotidase was relatively unaffected by the time 
of incubation and also by the presence of ammonium 
chloride or chloroquine in the incubation medium. 
This enzyme was located mainly in the microsomal 
fraction (Fig. 3A). The distribution pattern of 
5'nucleotidase was quite similar to that of the radio- 
activity early after the start of the uptake of labelled 
asialo-fetuin. Later in the incubation, the distribu- 
tion pattern of radioactivity changed, coming to 
resemble the distribution pattern for lysosomal 
marker enzymes (Fig. 3B) in the control cells. 

Chloroquine markedly affected the distribution of 
lysosomal enzymes, causing a shift towards lighter 
fractions: as the incubation progressed, more and 
more of the lysosomal enzymes was found in the 
microsomal and the soluble fractions, while the 
enzyme activities (also the relative specific activities) 
in the nuclear, mitochondrial and light mitochondrial 
fractions decreased (Fig. 3B). 

Ammonium ions had an effect on the distribution 
pattern of the lysosomal marker enzymes which 
resembled that of chloroquine. The lysosomal 


Table 1. Additive effects of colchicine and either chloroquine or ammonia‘ 





Degradation (fraction of degradation 
in untreated cells) 


I I] 


Compound(s) added Chloroquine 


Colchicine 


Il 
Chloroquine + 
colchicine 


Product of values in 
cols. I and II 





Time (min) 
0.591 
0.644 
0.674 


0.757 
0.687 
0.667 


0.447 
0.442 
0.450 


0.477 
0.460 
0.450 





Ammonium 


Compound(s) added chloride 


Colchicine 


Ammonium chloride 
+ colchicine 





Time (min) 

0.774 
0.691 
0.671 


0.561 
0.489 
0.435 


0.434 
0.338 


0.292 


0.454 
0.363 
0.342 





* Concentrations used were: chloroquine 0.05 mM, ammonium chloride 5 mM, colchicine 0.1 mM. 
Cells were exposed to 15 nM labelled asialo-fetuin for 15 min and washed before the compounds were 
added. Time points indicated refer to time elapsed after addition of the compounds. 
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Fig. 3A. The three upper curves show the distribution of 
radioactivity in fractions prepared by differential centrifu- 
gation of homogenates from control cells, or cells that had 
been treated for 60 min with chloroquine (0.1 mM) or NHq 
(10mM) following a 10 min preincubation with labelled 
asialo-fetuin. The lower histogram shows the distribution 
of 5‘nucleotidase for control cells. NH4 or chloroquine did 
not affect the distribution of this enzyme significantly. 
Radioactivities or enzyme activity are presented as relative 
specific activities of fractions: percentage of total recovered 
activity/percentage of total protein. Abscissa: relative pro- 
tein content of fractions, cumulatively from left to right. 
The total recovered activity of S’nucleotidase varied 
between 99 and 108 per cent of that in the original homo- 
genate. The recovery of protein and radioactivity was 
between 89 and 97 per cent. Five experiments were per- 
formed. The results obtained were closely similar in all the 
experiments. 


enzyme activities increased several-fold in the micro- 
somal fraction, at the expense of the activities in the 
two mitochondrial fractions (Fig. 3B). Ammonium 
ions also changed the distribution of radioactivity 
towards lighter fractions, as if ammonium ions ren- 
dered subceliular particles containing radioactivity 
less dense (or smaller) (Fig. 3A). 

Fractionation of control cells by differential cen- 
trifugation showed, as described previously [1-4] 
that the radioactivity was located initially mainly in 
the microsomal (P) fraction. As the incubation pro- 
gressed, there was a gradual increase in radioactivity 
in the heavier fractions (the mitochondrial fractions 
and the nuclear fractions). The distribution pattern 
of radioactivity for cells that had been incubated for 
more than one hour became similar to that of the 
lysosomal enzymes (Fig. 3B). This similarity is partly 
incidental, as other evidence indicates that most of 
the ingested asialo-fetuin is not located in the lyso- 
somes (see Ref. 2 and the next section). 

The addition of chloroquine to cells that had been 
preincubated with labelled asialo-fetuin led to very 
small changes in the subcellular distribution pattern 
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Fig. 3B. Distribution of B-acetylglucosaminidase in frac- 
tions prepared by differential centrifugation of homogen- 
ates from hepatocytes treated as described in the legend 
to Fig. 3A. The total recovered activity of the enzyme 
varied between 86 and 97 per cent of that in the homo- 
genate. Five experiments were done. N: nuclear fraction, 
M: heavy mitochondrial fraction, L: light mitochondrial 
fraction, P: particulate fraction (or microsomal fraction), 
S: final supernatant. 


of radioactivity, compared to control cells (Fig. 3A). 
At any given time-point, cells incubated with chloro- 
quine contained more radioactivity than control 
cells, due to the inhibition of degradation of labelled 
protein by chloroquine. The additional radioactivity 
in chloroquine-treated cells was, however, distri- 
buted among the subcellular fractions in such a way 
that the relative specific activities were nearly 
unaffected. 

The salient points of the experiments with differ- 
ential centrifugation are the following: (1) in control 
cells, the distribution of radioactivity changed 
towards heavier fractions with increasing time of 
incubation, while the distributions of the marker 
enzymes were little changed; (2) in chloroquine- 
treated cells, the distribution of radioactivity was 
nearly the same as in control cells, while the lyso- 
somal marker enzymes were shifted towards lighter 
fractions; (3) ammonium ions also changed the dis- 
tribution of lysosomal marker enzymes towards 
lighter fractions; coincidentally, there was also a 
small shift of the distribution of radioactivity in the 
same direction. In Fig. 3B the activity of only B- 
acetylglucosaminidase is shown. However, the activ- 
ities of cathepsin B and acid phosphatase gave closely 
similar results. 

Results obtained with isopycnic centrifugation. 
Homogenates from cells exposed for 10 min to asialo- 
fetuin and then incubated in medium without 
labelled protein were also fractionated by density 
gradient centrifugation. The results of such experi- 
ments are shown in Figs. 4 and 5. The distribution 
curves for radioactivity in the gradients were rather 
similar for control cells and cells treated with chloro- 
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Fig. 4. Distributions histograms of enzyme activities and radioactivity in sucrose gradients. Hepatocytes 
were incubated for 10 min with 30 nM labelled asialo-fetuin, then washed and reincubated in fresh 
medium with 10 mM NHg (A), 0.1 mM chloroquine (O) or with no additions (@). One hour after the 
start of the reincubation, the cells were separated from the medium, homogenized | in cold 0.25 M 
sucrose and fractionated by isopycnic centrifugation as described in the method section. ‘~"I-radioactivity 
(B), B-acetylglucosaminidase (A) or 5'nucleotidase (C) were measured in the subcellular fractions. The 
enzyme activity or radioactivity in the fractions are presented as per cent of total recovered activity in 
the gradient and is plotted against the density. The recovery of the components measured in the 
gradients as per cent of that layered above the gradient initially was in the experiment shown here 
between 85 and 105 per cent. Seven different experiments were performed. The results obtained were 
closely similar in the different experiments. 


quine, provided the cells were incubated for less 
than 60 min. Most of the radioactivity that had 
entered the gradient was found in a band at an 
‘average density between 1.12 (at the start of the 
incubation) and 1.16 (after 60 min). We have dis- 
cussed elsewhere the possibility that this major radio- 
activity peak represents endocytic vesicles [2]. For 
control cells incubated for more than one hour, a 
second peak of radioactivity appeared at a density 
of about 1.20 (Fig. 4B). This peak coincided, as 
pointed out earlier [2-4], with that of the lysosomal 
marker enzymes and probably represented labelled 
asialo-fetuin accumulated within these organelles 
[2,5]. The distribution curves for radioactivity shown 


in Fig. 4B indicate that NHj changes the equilibrium 
density of the organelles containing radioactivity to 
lower values than those seen for chloroquine-treated 
cells and control cells. This finding is in agreement 
with what was seen in experiments where cells were 
fractionated by differential centrifugation. In that 
case too, NHi led to a change in the distribution of 
radioactivity towards lighter fractions. 

The distribution of 5’nucleotidase in fractions 
obtained by density gradient centrifugation resem- 
bled that of the radioactivity (Fig. 4C), which could 
mean that the bulk of radioactivity in the cells was 
on the plasma membrane. This is, however, as 
pointed out elsewhere [2], very unlikely, as very little 
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Fig. 5. Effects of NH4 (curves to the right) and chloroquine (curves in the middle) on the distribution 
patterns of B-acetylglucosaminidase (@) and radioactivity (O) after centrifuging in sucrose gradients. 
Hepatocytes were first preincubated for 10 min with 10 nM '**I-asialo-fetuin. The cells were then washed 
and reincubated in fresh medium. Chloroquine (0.1 mM) or NHsCl (10 mM) were added to portions 
of the washed cells. Control cells as well as cells that had been exposed to NHq and chloroquine were 
removed from the incubator after 20 min (upper panel) and 90 min (lower panel), homogenized and 
fractionated as described in the method section. The data are presented as described in the legend to 
Fig. 4. 


labelled protein is actually bound to the plasma 
membrane when the cells are homogenized [2]. In 
addition, the distribution of radioactivity and 
5'nucleotidase was entirely different in fractions 
obtained by differential centrifugation, provided the 
cells had been incubated for some time after the 
uptake of asialo-fetuin (Fig. 3A). This was true both 
for control cells and cells incubated with chloroquine 
and NHj. Therefore, the coincidence of the distri- 
bution curves for radioactivity and 5’nucleotidase 
seemed to be incidental and not the consequence of 
the two activities being containing in the same sub- 
cellular structure. 

The distribution of lysosomal enzymes in gradients 
with material from chloroquine or ammonium 
treated cells indicated clearly that the lysosomes of 
these cells became lighter (Fig. 4A); after 60 min the 
peak activities of e.g. B-acetylglucosaminidase were 
found at densities of about 1.12 and 1.16 g/cm? in 


cells treated with chloroquine and ammonium ions, 
respectively. The corresponding value for control 
cells was, as pointed out previously, 1.20 g/cm’. 
Figure 5 shows the distribution patterns of a lyso- 
somal enzyme as well as of '**I-labelled asialo-fetuin 
after centrifugation in sucrose gradients. Again, B- 
acetylglucosaminidase, cathepsin B and acid phos- 
phatase gave closely similar results. Material from 
hepatocytes incubated in the presence and the 
absence of NHé and chloroquine was used, and the 
histograms in Fig. 5 show the situation after the cells 
had been incubated for 20 min (upper panel) as well 
as for 90 min (lower panel). A comparison of the 
subcellular distribution patterns for the lysosomal 
enzyme and the labelled asialo-glycoprotein does not 
indicate that NH or chloroquine had led to any 
noticeable accumulation of labelled asialo-fetuin in 
the lysosomes. This is true both for cells incubated 
for 20 min and 90 min. Cells treated with chloroquine 
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Fig. 6. Effects of digitonin on the distribution patterns of asialo-fetuin and marker enzymes in isopycnic 
centrifugation. The cell suspension was made 5 nM in asialo-fetuin and incubated for 90 min at 37°. 
Subsequent steps were precisely the same as described in the Methods section, with the following 
amendment: the cytoplasmic extract was divided into two equal portions of 5 mi each. To one portion 
was added 50 yl of a 100 mg/ml solution of digitonin, dissolved in a mixture of equal volumes of water 
and dimethyl sulfoxide. Portions (10 ul) were added over a period of 5 min with careful shaking between 
each addition, then the cytoplasmic extract was left for 10 min on ice before fractionation by isopycnic 
centrifuging. The lower part of the figure shows the distribution pattern for the untreated control 
extract, the upper part shows the distribution pattern for the portion of the extract treated with digitonin. 
O, radioactivity; @, acid phosphatase; A, 5'-nucleotidase. 


or NHj for 90min contain up to twice as much 
labelled protein as control cells. If this additional 
amount of labelled glycoprotein was inside lyso- 
somes, one would expect a marked peak of radio- 
activity in the region of the gradient where the peak 
activity of the lysosomal enzyme is seen (Fig. 5). 
Influence of digitonin on distributions of radioac- 
tivity and marker enzymes in sucrose gradients. In 
order to test the possibility that the peak of radio- 
activity found at d = 1.16 g/ml represents labelled 
asialo-fetuin bound to fragments of the plasma mem- 
brane, the cytoplasmic extract was treated with digi- 
tonin (1 mg/ml) before fractionation. Digitonin 
selectively modifies the equilibrium density of plasma 
membrane fragments by binding to cholesterol [19]. 
In Fig. 6, the distributions in the digitonin-treated 
homogenate are compared to the distributions in an 
untreated portion of the same homogenate (control). 
The cells had been incubated for 90 min after the 
addition of a small concentration of asialo-fetuin. 
In the control homogenate, the distribution of 
radioactivity showed two peaks of similar size, one 
of which coincided with 5’nucleotidase at 
d = 1.16 g/ml and the other with acid phosphatase 
at d= 1.20. In the digitonin-treated homogenate, 
the entire peak of 5’nucleotidase activity had moved 
to d= 1.19 g/ml, but the corresponding peak of 
radioactivity did not move along with it. In this 
homogenate, there was no radioactivity peak at all 
at d= 1.16 g/ml. The main conclusion to be drawn 


from this experiment is that the radioactivity which 
appeared in the gradient at d = 1.16 resided in a 
different entity from the 5S’nucleotidase activity 
which appeared at the same density. 


DISCUSSION 


The data presented here show that ammonium 
ions as well as chloroquine retard the release of acid- 
soluble radioactivity from cells that have taken up 
asialo-fetuin at a time when no radioactivity could 
be shown to be associated with lysosomes. The 
effects of these weak bases on the degradation of 
asialo-fetuin would seem to favor the possibility that 
early after the start of the uptake of the glycoprotein, 
the lysosomal degradation was so effective that no 
undegraded asialo-fetuin was detectable in lysosome- 
rich fractions. 

Chloroquine in concentrations above 0.1 mM also 
inhibited the rate of uptake of asialo-fetuin by the 
cells, and part of the inhibitory effect seen on degra- 
dation could thus be secondary to the reduced 
uptake. However, when chloroquine was added to 
cells that had taken up asialo-fetuin in advance (and 
then incubated in asialo-fetuin free medium), degra- 
dation of the labelled protein was inhibited almost 
instantaneously, and this indicated that chloroquine, 
apart from inhibiting uptake, also retarded intra- 
cellular proteolysis of asialo-fetuin. 

If the only effect of the weak bases was reduced 
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intralysosomal proteolysis, accumulation of unde- 
graded labelled protein in the lysosomes would be 
expected to occur. However, our data do not indicate 
that the addition of ammonium ions or chloroquine 
to the cells led to increased amounts of undegraded 
protein in the lysosome-rich fractions. The fact that 
both ammonium ions and chloroquine render the 
lysosomes lighter made it difficult to differentiate 
between these organelles and endocytic vesicles con- 
taining labelled protein when the cells had been 
incubated with the bases for prolonged time periods 
(more than 60 min), as the distribution curves for 
radioactivity and the lysosomal marker enzymes 
overlapped considerably. Nevertheless, even after 
3 hr of incubation with ammonium ions or chloro- 
quine, the major portion of cell-associated radio- 
activity was clearly not associated with the 
lysosomes. 

Most of the labelled asialo-fetuin in the cells was 
recovered in structures which, in some types of 
experiments, were found to behave similarly to the 
structures that contained the plasma membrane 
marker enzyme 5'nucleotidase. However, we have 
several reasons for rejecting the hypothesis that most 
of the cell-associated asialo-fetuin is bound to the 
plasma membrane: (1) by determining the amount 
of asialo-fetuin that is actually bound to the outside 
surface of the cells when samples of the suspension 
are removed for homogenization, it may be shown 
that this amount is an insignificant fraction of the 
total |2]; (2) very little binding by the receptor occurs 
in the homogenate, as the concentration of calcium 
ions is too low (less than 0.05 mM) to allow binding 
(H. Tolleshaug, unpublished observations); (3) digi- 
tonin affects the distribution of 5’nucleotidase and 
radioactivity differently; and (4) the distributions of 
radioactivity and 5’nucleotidase were entirely dif- 
ferent in fractions obtained by differential centri- 
fuging, provided the cells had been incubated for 
more than 60 min after the uptake of asialo-fetuin. 
This was true both for control cells and for cells 
incubated with chloroquine or ammonium chloride. 
Accordingly, the coincidence of the distribution 
curves for radioactivity and 5’nucleotidase is inci- 
dental. It is not the consequence of the two activities 
being contained within the same structure. 

The possibility remains that chloroquine and 
ammonium ions may reduce the rate of entry of 
endocytosed asialo-fetuin into the lysosomes. This 
reduction might occur by way of inhibition of trans- 
port of endocytic vesicles through the cytoplasm or 
by inhibition of fusion between endocytic vesicles 
and lysosomes. As regards inhibition of transport, 
it has been shown that colchicine reduces the degra- 
dation of asialo-fetuin [6], 100 uM colchicine pro- 
ducing a maximal effect. This concentration may 
safely be assumed to cause complete disruption of 
the microtubular system. In cells that are exposed 
to 100 ~M colchicine, 50 ~M chloroquine or 5mM 
NH.Cl causes proportionally the same reduction in 
degradation as it does in control cells. Thus we may 
exclude the possibility that chloroquine and 
ammonia act on microtubuli. 

Chloroquine and ammonium ions may cause a 
restriction on the movements of the lysosomes and/or 
the endocytic vesicles. This restriction could reduce 


T. BERG and H. TOLLESHAUG 


the probability of intracellular encounters between 
these organelles. Furthermore, the probability that 
fusion will result from such encounters may be 
reduced if the membranes of one or both kinds or 
organelles are changed. The uptake of e.g. chloro- 
quine into lysosomes leads to a tremendous increase 
in the surface area of these organelles. It is not 
unreasonable to assume that the chemical and phys- 
ical properties of the additional membrane may be 
different from that of the normal lysosomal 
membrane. 

If all endocytic vesicles containing asialo-fetuin 
have the same probability of fusion with lysosomes, 
then the amount of asialo-fetuin presented to the 
lysosomes at any given time is a constant fraction of 
the amount of asialo-fetuin contained in endocytic 
vesicles. Under this assumption, the amount pre- 
sented to lysosomes will be at a maximum’ about 
15 min after the start of uptake, when nearly all the 
asialo-fetuin has been taken up from the medium, 
but before any significant degradation has taken 
place. 

Another possibility is that the endocytic vesicles 
go through a ‘maturation’ process, and that the 
likelihood of their fusion with the lysosomes 
increases with time after their formation at the cell 
membrane. If this is the case, then more and more 
endocytic vesicles containing asialo-fetuin would fuse 
with lysosomes—leading possibly to some degree of 
accumulation of labelled protein in these organelles. 
Change in the properties of endocytic vesicles is 
indicated by the observation that their equilibrium 
density in sucrose gradients increases with time (from 
1.12 to 1.16). 

However, even if NHz and chloroquine inhibit, 
directly or indirectly, the fusion between phago- 
somes and lysosomes, the degradation of asialo- 
fetuin was not completely abolished with the con- 
centrations of the bases used. Some asialo-fetuin 
must therefore still gain access to the lysosomes. 
That the degradation of asialo-fetuin which still goes 
on in the presence of chloroquine or NHg really 
takes place in the lysosomes is indicated by the 
finding that leupeptine, an inhibitor of the lysosomal 
protease cathepsin B [20], inhibits degradation 
additively (unpublished observations). 

Using microscopy to study the rate of fusion 
between lysosomes and phagosomes containing yeast 
cells in macrophages, D’Arcy Hart concluded that 
chloroquine promotes rather than inhibits fusion 
between phagosomes and lysosomes [21]. There are 
a number of prominent differences between his 
experimental system and ours, including time scale, 
concentration of chloroquine used, type of endo- 
cytosis, type of cell studied, and method of measure- 
ment. Chloroquine may well have an opposite effect 
in these two cases. 

In conclusion, the effects of ammonia and chloro- 
quine on the degradation of asialo-fetuin in isolated 
rat hepatocytes are compatible with the idea that the 
asialo-glycoprotein is taken up into the cells by 
adsorptive endocytosis, that it accumulates primarily 
in endocytic vesicles, and that it is digested in the 
lysosomes of these cells. The lysosomal degradation 
is, however, so effective that it was not possible to 
demonstrate labelled protein associated with these 
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organelles until about 45 min after the uptake of the 
protein had started. The reason for the ‘late’ accu- 
mulation of labelled protein in the lysosomal frac- 
tions is at present somewhat obscure. The bases 
sharply reduce the amount of accumulated protein 
in the lysosomes, and this is explained by a reduced 
rate of fusion between endocytic vesicles and 
lysosomes. 
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Abstract—The binding of angiotensin II and des-asp'-angiotensin II (angiotensin III) to homogenates 
of bovine adrenal glomerulosa was inhibited by agents best known for their effects on prostaglandin 
systems. Three of the agents, eicosatetraynoic acid (ETYA), 7-oxa-13-prostynoic acid and arachidonic 
acid, demonstrated a greater potency against angiotensin II than against angiotensin III. Selective 
inhibition by ETYA was qualitatively reproduced in experiments which measured binding of angiotensins 
to rabbit adrenal glomerulosa cell suspensions. ETYA demonstrated the same increased potency against 
angiotensin II when stimulated aldosterone production was measured in these cells. Binding parameters 
in the bovine adrenal homogenate were not different for the two angiotensins. There was no difference 
in the degradation rates of the two peptides. Therefore. selective inhibition of angiotensin II cannot 
be explained by differences in binding affinities or degradation rates. There was no detectable prosta- 
glandin synthetase activity in the bovine adrenal homogenate preparation. This makes it unlikely that 
the inhibitors exerted their effects on angiotensin via their actions on prostaglandin metabolism. It is 
postulated that the agents selectively inhibit the binding and biological action of angiotensins by acting 
directly on the receptors for the two peptides, and that the receptors for angiotensin II and III are 


distinct from one another. 


Early investigations of the renin—angiotensin system 
led to the conclusion that angiotensin I is the pre- 
cursor, angiotensin II is the agonist, and small pep- 
tides are the degradation products of this cascade 
[1]. However, differences in the spectra of physio- 
logic responses and biochemical properties of the 
peptides opened the possibility that angiotensin I, 
angiotensin II, and des-asp'-angiotensin II (angio- 
tensin III) are distinct agonists with specific func- 
tions [2]. If these peptides are distinct hormones, 
each should have its own specific receptor. Some 
evidence confirming this postulate has been pub- 
lished [3-6]. In the present study, we found non- 
peptide reagents that selectively inhibited the bind- 
ing and biological responses of angiotensin II 
compared to des-asp'-angiotensin II in adrenal 
glomerulosa. 


MATERIALS AND METHODS 


Chemicals and drugs. Unlabeled ileu’-angiotensin 


II and des-aspartic acid'-angiotensin II were 
obtained from the Bachem Co., Torrance, CA. All 
angiotensins were the ileu* analogue. [*H] Angio- 
tensin II (38.5 Ci/mmole), [*H] des-aspartyl'-angio- 
tensin II (58.4 Ci/mmole), Na['*I] (carrier-free), 
[*C]arachidonic acid (50 mCi/mmole) and 
[*H]aldosterone (50 Ci/mmole) were purchased from 
the New England Nuclear Corp., Boston, MA. Pep- 
tides were iodinated by the method of Hunter and 
Greenwood [7], as modified by Freedlender and 





* Supported by the Medical Research Service of the 
Veterans Administration. 
+ Personal communication. 


Goodfriend [8]. Specific activities of the iodinated 
peptides were measured by the self-displacement 
method using rabbit antibody to angiotensin and 
varied from 65 to 250 Ci/mmole. 

Prostaglandin E; (PGEi), PGE2, PGF2, PGA» 
and prostacyclin were gifts of Dr. J. Pike, the Upjohn 
Co., Kalamazoo, MI. Eicosatetraynoic acid (ETYA) 
and 7-oxa-13,14-prostynoic acid were gifts of Dr. J. 
McGiff and Dr. J. Fried, respectively. Meclofena- 
mate was supplied by Dr. A. M. Moore, Parke, 
Davis & Co., Ann Arbor, MI. Phenylbutazone was 
supplied by the Ciba-Geigy Corp., Ardsley, NY. 
Bovine seminal vesicle microsomes were purchased 
from Miles Laboratories, Elkhart, IN. Crystallized 
bovine serum albumin, deoxyribonuclease type I, 
trypsin inhibitor type II-L, indomethacin, arachi- 
donic acid and arachidic acid were purchased from 
the Sigma Chemical Co., St. Louis, MO. Trypsin 
was purchased from Difco Laboratories, Detroit, 
MI. Crude collagenase (type I) was obtained from 
the Worthington Biochemical Corp., Freehold, NJ. 
For rabbit cells, collagenase was purified over G-75 
using the method of G. Schultz.+ Aldosterone was 
supplied by Supelco, Inc., Bellafonte, PA. Aldos- 
terone antibody was a gift of the NIH Hormone 
Distribution Committee, Bethesda, MD. 

Tissue homogenate experiments. Bovine adrenal 
glands and fetal kidneys were obtained at the Oscar 
Mayer Co., Madison, WI, within 45 min of death. 
The adrenal glands were bisected and the medulla 
and fasciculata were removed with the flat face of 
a blade. The glomerulosa was obtained by scraping 
the inner surface of the adrenal capsule. Fetal kid- 
neys were dissected to obtain the cortex. All tissues 
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were homogenized in a Waring blendor at high speed 
for 1 min with a chilled buffer containing NaCl 
(115mM), KCl (4.6mM), NaHCO; (12.9mM), 
NaH>PO; (10 mM), MgSO. (1 mM) and disodium 
ethylenediamine tetra acetate (NaxEDTA) 
(13.4 mM). The homogenates were strained through 
two layers of cheesecloth and fractionated by dif- 
ferentia: centrifugation. A pellet was isolated from 
the homogenized fetal bovine kidney cortex by cen- 
trifugation at 1000 g¢ for 20 min, and a pellet was 
isolated from homogenized bovine adrenal glomeru- 
losa by centrifuging a 1000 g supernatant fraction at 
25,000 g for 20 min. Particulate fractions were either 
used immediately or stored at —60°. 

Binding experiments were performed by incubat- 
ing particulate fractions with peptides and reagents 
in plastic tubes containing buffer identical to the 
homogenizing buffer. Two enzyme inhibitors were 
added to retard degradation of the peptides, phe- 
nylmethyl sulfonyl fluoride (PMSF) (2.88 mM) and 
dithiothreitol (5 mM). Suspended particles from tis- 
sue homogenates were added to a final protein con- 
centration of 0. 18—0.4 mg/ml. After preliminary test- 
ing to determine the time required for maximum 
binding, the fractions were incubated at 22° for 45-— 
60 min. Each reaction was terminated by one of two 
methods, centrifugation at 25,000 g for 20 min, or 
passage through Millipore filters with a pore size of 
0.45 um (type HAWP). When centrifugation ter- 
minated the reaction, the supernatant fraction was 
aspirated and the tube and pellet were gently rinsed 
with buffer to remove adherent droplets of isotope- 
rich solution. When filtration terminated the incu- 
bation, the filters were rinsed with cold buffer. 

Results of experiments designed to analyze the 
kinetics of binding were plotted according to Scat- 
chard [9] using a least-squares linear regression pro- 
gram in an APF Mark 90 calculator, and were also 
plotted as reciprocals of concentration and binding. 
Concentrations of angiotensin ranged from 
5x 10°''M to 5x 10°°M. The effect of mixing 
labeled and unlabeled peptide was compared to the 
use of progressive dilutions of labeled peptide alone. 
The validity of data obtained with iodinated pep- 
tides was also checked by testing tritiated angioten- 
sins in parallel experiments. 

To test the effects of chemicals on the binding 
reaction, tubes were incubated with tissue fractions 
and '**I-labeled peptide at a concentration of 50 pg/ml 
(5 x 10°''M), and reagents were added in ethanol. 
The ethanol never exceeded 1.0% of the final mix- 
tures. Effects on saturable and unsaturable binding 
were differentiated by using control tubes that con- 
tained the usual amount of labeled peptide and 
unlabeled peptide at a concentration of 10~° M. The 
difference between binding of the labeled peptide 
incubated without unlabeled peptide and that in the 
presence of unlabeled peptide was taken as a meas- 
ure, of saturable binding. 

Reversibility of inhibition by ETYA was tested in 
a two-stage experiment. One set of tubes contained 
adrenal glomerulosa particles and no other reagents. 
A second set contained particles and ETYA (10~* 
M). After 30 min, half of each set was centrifuged 
to sediment the particles, the supernatant fraction 
was aspirated, and the particles were resuspended 
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in buffer containing (0.5%) fatty acid-free bovine 
albumin (Sigma Chemical Co.). Following this treat- 
ment, labeled peptide was added for 45 min, and 
binding was measured in the customary way. 

Degradation of '*I-labeled angiotensin II and III 
was measured by adding 200 pg/ml of peptide to 
homogenate fractions and incubating at 22°. Incu- 
bation was stopped by adding an equal volume of 
glacial acetic acid and immersing the tubes in a 
boiling water bath for 5 min. In some experiments, 
the incubation was stopped by centrifugation and 
the pellet was suspended in 50% glacial acetic acid 
and heated to 100°. Aliquots of the mixtures were 
spotted on Eastman Kodak plastic-backed cellulose 
thin-layer chromatographic plates and the chroma- 
tograms were developed with a solvent containing 
NH:sOH (3%)-sec-butanol, (35: 105). The devel- 
oped, dried plates were cut in 0.5-cm strips and 
counted. 

The capacities of the renal and adrenal particulate 
fractions to metabolize arachidonic acid were 
assessed by incubating them with ['C]arachidonate 
at a sp. act. of 1 mCi/mole. The final concentration 
of arachidonate was 0.5mM. The incubation con- 
ditions were those described for the binding assay 
except that the temperature was 37°. After incuba- 
tion, the mixture was acidified to pH 3.0 with HCl 
and extracted twice with an equal volume of ethyl 
acetate. The organic extracts were combined, dried 
at 22° with a nitrogen stream and redissolved in 
ethanol. The ethanol solutions were applied to silica 
gel G plates from the Kontes Co. and developed in 
either ethyl acetate—isooctane-acetic acid (11:10: 
5:2) or chloroform—methanol-acetic acid—water 
(90:8:1:0.8).Arachidonic acid, PGF2. and PGE? 
were run as standards and located by iodine vapor 
staining. The plates were scraped in 0.5 cm strips 
and the scrapings were counted in Bray’s scintillation 
fluid [240 g naphthalene, 0.8 g 1,4-bis[2-5-phenylox- 
azolyl] benzene (POPOP), 16 g 2,5-diphenyloxazole 
(PPO), 400 ml methanol, and 1,4-dioxane to make 
3.8 liters]. Prostaglandin synthetase activity was 
measured as described by Flowers et al. [10]. Bovine 
seminal vesicle microsomes were used as standards 
of PG synthetase activity. 

Adrenal cell experiments. Preparation of rabbit 
adrenal glomerulosa cells was based on the method 
of Peach and Chiu [11]. Male New Zealand white 
rabbits weighing 5-7 lb were killed by a sharp blow 
to the head. Adrenals were rapidly excised, cleaned 
of excess fat, and bisected. The medulla and inner 
cortex were scraped off with a scalpel. Bovine 
adrenals were prepared by making one slice, from 
the outer aspect, using a Stadie—Riggs microtome. 

The rabbit zona glomerulosa was minced with 
scissors and incubated for 15 min at 37° in an enzyme 
mixture which contained trypsin (0.25%) and 
DNAse (0.005%). The bovine slices were incubated 
for | hrin collagenase (0.37%). The buffer contained 
NaCl (115 mM), NaHCO; (21.9 mM), NaH2PO. 
(10 mM), MgSOs (1 mM), CaCh (1.5 mM), glucose 
(0.2%) and crystalline bovine serum albumin (0.1%, 
pH 7.4). The mixture was aerated with OroCOr 
(95:5). After enzyme treatment, the rabbit tissue 
was washed twice with trypsin inhibitor (0.05%) and 
incubated for 20 min in a solution of purified colla- 
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genase (0.02%). Rabbit cells were physically dis- 
persed by drawing them through a pipette. Then the 
tissue was incubated for an additional 10 min with 
collagenase. The undigested tissue was allowed to 
settle, and the collagenase digest was poured through 
one layer of cheesecloth into a silanized conical glass 
centrifuge tube. Cells from both species were sedi- 
mented at 150g for 15 min and suspended in the 
buffer described above plus KCI (3.6mM). Cells 
were ‘preincubated’ for 30 min at 37°. At the end of 
that time, they were centrifuged, resuspended, and 
counted in the presence of trypan blue. 

Aldosterone biosynthesis was tested in cellulose 
nitrate tubes. Cells (approximately 100,000) were 
added in 900 pl of buffered saline followed by 10 ul 
of eicosatetraynoic acid in ethanol or ethanol alone, 
and angiotensin II or III in 100 wl of buffer. The 
final concentration of angiotensin II and III was 
10-* M. The cells were incubated under O2CO> 
(95:5) at 37° for 90 min in a shaking water bath. 
After incubation, cells were centrifuged at 1000 g 
and the supernatant fractions were added to an equal 
volume of water containing a trace amount of 
[*H]aldosterone to monitor recovery. Ten milliliters 
methylene chloride were added and the tubes were 
vortexed for 60 sec. The organic phase was removed, 
dried under N2 at 37°, and redissolved in phosphate- 
buffered saline. Aldosterone was measured by radio- 
immunoassay based on the method of the New Eng- 
land Nuclear RIA kit. Column purification of 
samples was omitted when results before and after 
that step were shown to be identical. 

Binding of angiotensin to adrenal glomerulosa 
cells was measured in a buffer identical to that used 
in the aldosterone biosynthesis experiments. Degra- 
dation of the labeled peptides was retarded by adding 
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the following enzyme inhibitors: EDTA (13.4 mM), 
PMSF (0.29mM) and_ dithiothreitol (5 mM). 
Labeled peptides were added to a concentration of 
5 x 10-'' M. Control tubes contained unlabeled pep- 
tides at a concentration of 10~° M. Incubations were 
for 30 min at 37° under Ox~CO> (95:5), and were 
terminated by centrifugation for | min in a Beckman 
microfuge. The sedimented cells were washed once 
with cold buffer, and the radioactivity was counted. 
Protein was determined by the method of Lowry er 
al. [12]. 


RESULTS 


Effects of inhibitors on angiotensin binding. Three 
reagents inhibited adrenal binding of angiotensin II 
more potently than they inhibited binding of angio- 
tensin III. The clearest differences were obtained 
with ETYA and 7-oxa-13-prostynoic acid; they were 
ten times more potent against angiotensin II than 
against angiotensin III (Fig. 1). A smaller difference 
was exhibited by arachidonic acid. However, no 
difference in potency of inhibition was seen when 
binding to fetal kidney cortex was measured. Other 
substances active in the prostaglandin system, such 
as indomethacin, inhibited binding of the two poly- 
peptides equally (Table 1). The primary prostaglan- 
dins, PGA2, PGE:, PGE2 and PGF2a, and prosta- 
cyclin had no effect on the binding of either peptide 
to the adrenal glomerulosa preparation. 

The data from experiments showing inhibition of 
binding to adrenal homogenates were graphed on 
reciprocal plots (Fig. 2). The results of this analysis 
suggested noncompetitive inhibition. 

Table 2 shows the results of an experiment testing 
reversal of inhibition by ETYA. The data showed 
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105 10-4 103 a a 
EICOSATE TRAYNOIC ACID (M) 


7-OXA-13-PROSTYNOIC ACID (M) 


104 103 9 10°5 10-4 io 
ARACHIDONIC ACID (M) 


Fig. 1. Inhibition of binding of ['**IJangiotensin II and III by three reagents related to the arachidonic 

acid cascade. The top panels, A, B and C, summarize experiments with homogenates of bovine adrenal 

glomerulosa. The lower panels, A’, B’ and C’, summarize experiments with homogenates of fetal 

bovine kidney cortex. Each point represents binding corrected for nonsaturable binding. The bars 
represent the standard error of the mean. 
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Table 1. Inhibition of angiotensin II and angiotensin III 
binding to bovine adrenal glomerulosa homogenates 





1Dso (*107> M) 


Agent All A Ill 





Eicosatetraynoic acid 10 
7-oxa-13-Prostynoic acid 25 
Arachidonic acid 4 
Phenylbutazone >150* 
Indomethacin 30 
Meclofenamate : 30 
Arachidic acid : 30 





* Assay limited by solubility of reagent. 


that rinsing particles that had been exposed to the 
reagent with a solution containing lipid-free albumin 
reversed inhibition of binding of angiotensins II and 
III. Binding was inhibited 70 per cent by the reagent 
in particles that were not rinsed. 

A possible explanation for the differential inhi- 
bition of binding is a differential effect on degra- 
dation of labeled peptides. The explanation is more 
plausible when the peptides have known differences 
in susceptibility to degradation, as do angiotensins 
II and III in some systems [13]. However. under the 
conditions we used for binding measurements in 
adrenal homogenates, 90 per cent of both peptides 
remained undegraded. When the nature of the bound 
peptide was analyzed, 70-99 per cent was indistin- 
guishable from the starting peptide. Furthermore, 
the best reagent for revealing the difference in bind- 
ing sites, ETYA, had no effect on _ peptide 
degradation. 

Another possible explanation for differential 
inhibition of binding is different binding affinities for 
the two peptides. To assess binding affinities, Scat- 
chard analysis of binding experiments was _ per- 
formed. To establish the suitability of our results for 
this type of analysis, we tested the binding reaction 
as a function of time, and also tested its reversibility. 
Figure 3 shows that a 60-min incubation fulfills the 
requirement of reversible, steady state binding 
required for Scatchard analysis. 

To test the suitability of using iodinated peptides 
diluted with unlabeled peptides in Scatchard analysis 
of binding, comparisons were made among experi- 
ments with dilutions of iodinated peptides, mixtures 
of iodinated and native peptides, and tritiated pep- 
tides alone. Figure 4 shows the results of two experi- 
ments. In the first, panel A, iodinated peptides used 
in serial dilution are indicated by the open symbols. 
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Fig. 2. Double reciprocal plot of ['*°I]-angiotensin II bind- 
ing to adrenal glomerulosa homogenate with no drug 
(@——@), indomethacin (80 uM) (x——x), or eicosa- 
tetraynoic acid (SO uM) (O——©). The inverse of the point 
at which the lines intercept the abscissa reveals a dissocia- 
tion constant of 1.18 x 107-?M. 


Further increases in hormone concentration 
achieved by adding unlabeled peptides are indicated 
by the closed symbols. The points form continuous 
lines. Panel B shows the results with tritiated pep- 
tides alone. Panel A was from an experiment with 
fresh tissue, and panel B with frozen tissue. The 
equilibrium constants calculated from the four lines 
are nearly identical, showing the validity of using 
native hormone to increase concentration in experi- 
ments with iodinated peptides. The only difference 
between fresh and frozen tissue is the lower number 
of sites in the frozen preparation. These results agree 
with those published by Glossmann et al. [14]. 

The results of Scatchard analysis of binding data, 
summarized in Table 3, indicate the presence of two 
types of binding sites for angiotensin II and two for 
angiotensin III. One binding site was of higher affin- 
ity and lower capacity than the other. The dissocia- 
tion constant of the more avid site was 1.3 x 107~’ M. 
There were no significant differences between the 
binding of angiotensin II and angiotensin III by 
bovine adrenal preparations in our experiments. 

The effect of ETYA on the binding of angiotensin 
II and angiotensin III to suspended rabbit adrenal 
cells is shown in Fig. 5. Inhibition in this system was 


Table 2. Reversibility of inhibition of angiotensin binding by eicosatetraynoic acid 





Binding (cpm/mg) 
All 


Drug Procedure 


Inhibition of 
binding (%) 


A Ill A Il A Ill 





None 
ETYA (1074 M) 


None 


None 


Centrifuged and 
washed with 


ETYA (1074 M) albumin 


1654 + 69 
455 + 35 


2327 + 17 


1778 + 44 


1879 + 134 
484 + 103 


2246 + 133 


faa 4F 74.2 + 6.6 


2087 + 102 
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Fig. 3. Time course of ['I]-angiotensin Il (@——®@) and 
['"I]-angiotensin III (A A) binding to bovine adrenal 
glomerulosa homogenate. Unlabeled angiotensin II (A I]) 
(10°° M) or angiotensin III (A III) (10-° M) was added 
50 min after binding was initiated (at arrows). Binding of 
tracer ['*"I]-angiotensin II (5 x 10°'' M) in the constant 
presence of unlabeled angiotensin II (10° M) (O——©), 
and tracer ['*°I]-angiotensin III in the constant presence of 
10M unlabeled angiotensin II] (A A) was also 
tested. 


comparable to results seen with bovine adrenal hom- 
ogenates. There was significantly greater inhibition 
of angiotensin II than angiotensin III by ETYA in 
the rabbit adrenal cells. The cells remained viable 
during exposure to ETYA as shown by their ability 


to exclude trypan blue. 

Effects of ETYA on aldosterone production. Both 
angiotensin II and angiotensin III at 10~* to 10-’ M 
produced at least a 2-fold increase in aldosterone 
production in rabbit and bovine adrenal glomerulosa 
cells. ETYA inhibited angiotensin-stimulated aldos- 
terone production, in agreement with predictions 
from binding experiments (Fig. 6). At concentrations 
of 3 x 10-° M and 10~* M, ETYA inhibited angio- 
tensin II-stimulated aldosterone release from rabbit 
cells by 22 and 51 per cent respectively. At those 
concentrations, ETYA had no effect on stimulation 
by angiotensin III. In bovine cells, the specificity was 
displayed only at 3 x 10°° M ETYA. At higher 
concentrations, both peptides were inhibited. 

Because of the known effects of the reagents used 
in these experiments on prostaglandin synthesis and 
action, we tested the ability of our binding prep- 
aration to metabolize arachidonic acid. There was 
no metabolism of ['C]arachidonic acid by the par- 
ticles obtained from adrenal glomerulosa. This was 
true whether the metabolism was investigated in a 
medium identical to the one used for the binding 


O7 


pmoles /mg 
nMolar 
T ° 
SS = al 


T 
© «> 


BOUND/ FREE 








10 20 
PEPTIDE BOUND (pmoles /mq) 


9 


pmoles/m 
nMolar 


BOUND/FREE 








1 = 1 1 
2 4 8 12 16 
PEPTIDE BOUND (pmoles /mq) 
Fig. 4. Scatchard plots of angiotensin II and III binding to 
bovine adrenal glomerulosa homogenates. Panel A shows 
results of an experiment with freshly prepared homogenate. 
The labeled peptides were iodinated with “iodine. The 
open symbols are data points derived from dilutions of 
labeled peptide alone. The closed symbols are data points 
derived by adding unlabeled peptides. Panel B shows results 
of an experiment with a frozen-thawed homogenate. All 
of the points in panel B are derived from serial dilutions 
of tritiated peptides alone. 


reaction or one commonly used to measure prosta- 
glandin synthesis [10]. The chromatographic systems 
used to search for arachidonic acid metabolites would 
have detected products of lipoxygenases or cyclo- 
oxygenases [15]. The adrenal particles exhibited less 
than 0.0002 of the activity present in the seminal 
vesicle microsomes used as a positive control. 


Table 3. Binding parameters of adrenal glomerulosa homogenates 





Kp +S.E.M. 
(x10? M) 


Number of 


Labeled peptide experiments 


(x 107° moles/mg) 


N2 + S.E.M. 
(<107'> moles/mg) 


Kp +S.E.M. 
(<x1078 M) 


Ni + S.E.M. 





(IA Il 
(>I]A TI 


7500 + 3500 
4650 + 900 


432 + 179 
373 + 108 
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Fig. 5. Inhibition of labeled angiotensin II (@——®) and 

angiotensin III (A———A) binding by eicosatetraynoic acid 

in rabbit adrenal glomerulosa cells. Bars are +$.E.M.; the 

triple asterisk (***) indicates P < 0.005. Each point rep- 

resents an average of five experiments. Each experiment 
was performed in triplicate. 


DISCUSSION 


Our data show that binding of angiotensin III can 
be distinguished from binding of angiotensin II in 
a subcellular fraction of bovine adrenal glomerulosa 
and in intact rabbit adrenal cells. The reagents that 
demonstrated this difference in bovine homogenates 
were ETYA, 7-oxa-13-prostynoic acid and arachi- 
donic acid. ETYA and 7-oxa-13-prostynoic acid 
showed a potency against angiotensin II binding that 
was ten times greater than their potency against 
angiotensin III. No difference in binding inhibition 
was seen when another tissue, fetal bovine kidney 
cortex, was tested. 

Specificity of inhibition by ETYA was also seen 
in suspended bovine and rabbit adrenal cells. Aldos- 
teronogenesis stimulated by angiotensin II was more 
susceptible to inhibition than that stimulated by the 
heptapeptide. The qualitative similarity between the 
results with binding and biological response indicates 
that the binding we measured was related to the 
physiologic effects of angiotensins on adrenal cells. 
Our data support the hypothesis that angiotensin III 
is a hormone with specific receptors distinguishable 
from those of angiotensin II. 

Another explanation for the relative specificity we 
observed is that the inhibitors may induce a change 
in a single angiotensin receptor that affects binding 
of one peptide more than the other. For example, 
the specific inhibitors might affect adjacent mem- 
brane to cause shrinkage of the angiotensin binding 
site, impeding access of the larger peptide more than 
the smaller one. Kinetic data suggest that the hypo- 
thetical change is induced by the inhibitor acting at 
a site removed from the peptide binding site. The 
adrenal receptor but not the fetal kidney receptor 
displayed the effect. This type of modulation would 
be analogous to that caused by sodium in opiate 
receptors [16]. The cation inhibits binding of opiate 
agonists more than antagonists. 
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Fig. 6. Inhibition of angiotensin II (@——®) and angio- 

tensin III (A——A) stimulated aldosterone production by 

eicosatetraynoic acid in rabbit (panel A) and bovine (panel 

B) adrenal glomerulosa cells. Bars are +S.E.M.; the single 

asterisk (*) indicates P< 0.05, and the double asterisk 

(**) indicates P < 0.005. Each point represents the mean 
of three separate experiments. 


ETYA showed a more striking degree of selectivity 
against the biological responses of rabbit cells to 
angiotensin than against their binding (Figs. 5 and 
6). It inhibited the steroidogenic response to angi- 
otensin II by 50 per cent at a concentration that had 
no effect on angiotensin III. This result suggests that 
the binding we measured occurred at both biologi- 
cally active and inactive sites. Alternatively, ETYA 
may have other effects on physiologic responses that 
accentuate the differences seen in the binding 
reaction. 

Our results give evidence for two types of differ- 
ences among receptors for angiotensins: (1) differ- 
ences based on specificity for the individual peptides 
in a particular tissue, and (2) differences based on 
location of the receptors in separate tissues. Other 
laboratories have demonstrated differential inhibi- 
tion of responses to angiotensin II and III by com- 
petitive antagonists [3. 4]. We report differentiation 
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by noncompetitive inhibitors chemically unrelated 
to the hormones. 

Noncompetitive inhibition of catalysis or binding 
is seen when the inhibitor acts at a site different from 
the active site. It also occurs when the inhibition is 
irreversible. Our experiments show that inhibition 
of angiotensin binding by ETYA was reversible. 
Therefore, the most likely explanation of our results 
is an effect of the inhibitors on a site separate from 
the binding sites for angiotensins. 

Devynck et al. [5] presented evidence for different 
affinities of adrenal binding sites for angiotensin II 
and III. Aguilera et al. [17] also showed a difference 
in affinities, but in a direction opposite to that 
described by Devynck et al. Blumberg et al. [13] 
suggested that apparent differences between 
responses to angiotensin II and III could be explained 
by variations in rates of degradation. Our data failed 
to show differences in binding affinities or rates of 
degradation in homogenates of adrenal glomerulosa. 
Ercan and Turker [18] allude to another possible 
reason for the difference between responses stimu- 
lated by angiotensin II and III. They presented data 
suggesting that the contractile response of rat 
stomach fundus to these peptides is the result of 
direct stimulation and stimulation of prostaglandin 
production. They concluded that angiotensin III 
responses contained a greater proportion of the pros- 
taglandin component than did those of angiotensin 
Il. 

Other investigators have seen effects of non-ster- 
oidal anti-inflammatory agents on angiotensin 


effects. Chong and Downing [19], Baudouin-Legros 
et al. [20] and Aboulafia et al. [21] observed antag- 


onism of angiotensin by indomethacin in isolated 
smooth muscle. Chong and Downing suggested that 
the effect was caused by inhibition of prostaglandin 
synthesis. Aboulafia et al. suggested that it was a 
nonspecific effect on the contractile mechanism. 

Recently, Campbell et al. [22] observed that 
indomethacin and meclofenamate inhibited angio- 
tensin II- and II]-induced aldosterone production 
in conscious rats. Their results differ from ours in 
two respects. They saw inhibition of both angiotensin 
II and angiotensin III with indomethacin, but inhi- 
bition of only angiotensin III with meclofenamate. 
We saw inhibition of binding of both peptides by 
both reagents. Furthermore, Campbell et al. found 
that indomethacin and meclofenamate inhibited 
responses to angiotensin III more than to angiotensin 
II, whereas whenever we noted a difference, angio- 
tensin II was inhibited more. This lack of corre- 
spondence could be attributed to the fact that our 
work was done with rabbit and bovine tissue whereas 
Campbell’s group was working with rats. Another 
difference is that we were working in vitro while they 
were using perfused conscious animals. 

Our data show that prostaglandin synthesis inhibi- 
tors may interrupt angiotensin action by blocking 
hormone binding to receptors. This effect occurs at 
concentrations different from those reported to 
inhibit prostaglandin synthesis. There was no evi- 


B.P. 29/6—+ 


dence of an arachidonic acid-metabolizing system in 
our adrenal particles. Furthermore, prostaglandins 
themselves did not show specific inhibitory effects. 
These observations support the hypothesis that the 
inhibitors we studied act directly and selectively to 
antagonize the binding and response of angiotensins 
in the adrenal glomerulosa. These conclusions are 
supported by similar results with indomethacin in 
rabbit adrenal cells, obtained by Hall et al. [23]. 
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Abstract—N, N-Dimethyl-a-[2-(p-tolyloxy)ethyl]benzylamine hydrochloride (LY125180) competitively 
inhibited the uptake of serotonin and norepinephrine by cortical synaptosomes and of dopamine by 
striatal synaptosomes, with Ki values of 0.06, 2.2 and 2.5 uM respectively. In platelets of human plasma, 
LY125180 blocked serotonin uptake by 50 per cent at 22nM. The administration of LY125180 led to 
a reduction of serotonin uptake by rat hypothalamic synaptosomes with an EDs value of 12 mg/kg, i.p., 
and a maximum effect within 1 hr. Prior treatment with B-diethylaminoethyl-2,2-diphenylvalerate, HCI 
(SKF-525A), an inhibitor of microsomal metabolism, enhanced the potency of LY125180 by 3-fold and 
prolonged its action for at least 4 hr. LY125180 in vivo blocked the neurotoxic effect of p-chloroam- 
phetamine on serotonin uptake by cortical synaptosomes but did not prevent the neurotoxic effect of 
6-hydroxydopamine on norepinephrine uptake by hypothalamic synaptosomes or the accumulation of 
radiolabeled norepinephrine in rat heart at 50 mg/kg, i.p. A reduction in brain level of 5-hydroxyin- 
doleacetic acid but not of serotonin and tryptophan and a decrease in the conversion of [*H]tryptophan 
to [*H]serotonin and [*H]-5-hydroxyindoleacetic acid after the administration of LY125180 suggest a 
decrease of serotonin turnover in rat brain. These data are consistent with the conclusion that LY 125180 
is effective and selective in the blockade of the serotonin pump in vitro as well as in vivo. Except for 
a much shorter duration of action in vivo, LY125180 exhibits properties similar to the earlier reported 


selective serotonin uptake inhibitor, fluoxetine. 


Tricyclic antidepressant drugs such as imipramine 
and chlorimipramine, which are tertiary amine con- 
taining compounds, are selective inhibitors of ser- 
otonin uptake, while desipramine and chlordesipra- 
mine, which are secondary amine containing 
compounds, are selective inhibitors of norepine- 
phrine uptake [1-4]. The tertiary amines, however, 
are readily N-demethylated upon administration in 
vivo and, therefore, become blockers of both sero- 
tonin and norepinephrine uptake in vivo [5]. Fluox- 
etine was the first bicyclic compound discovered to 
be a selective blocker of serotonin uptake in vitro 
as well as in vivo [3,4], and its structurally related 
compound, nisoxetine, was a potent inhibitor of 
norepinephrine uptake [6,7]. Both fluoxetine and 
nisoxetine are secondary amines. The primary amine 
analog of fluoxetine retained the selectivity and 
potency in blocking uptake of serotonin, while that 
of nisoxetine was less effective in blocking uptake 
of monoamines. Fluoxetine blocked serotonin 
uptake by synaptosomes [4] and platelets [8] for at 
least 24 and 12hr, respectively, after an intraperi- 
toneal injection in rats. The accumulation of des- 
methylfluoxetine [9] in laboratory animals may 
account for the prolonged effect of fluoxetine on 
amine uptake. In this communication, we report on 
a new bicyclic compound, N-N-dimethyl-a-[2-(p- 
tolyloxy)ethyl]benzylamine hydrochloride 
(LY125180), which exhibits the properties of a selec- 
tive blocker of serotonin uptake in vitro and in vivo 
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but has a shorter duration of action than fluoxetine. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats weighing about 150 g 
were obtained from Harlan Industries, Cumberland, 
IN. They were decapitated and their brains were 
immediately removed and dissected [10]. Crude syn- 
aptosomes were prepared by differential centrifu- 
gation from a 10% homogenate in 0.32 M sucrose 
and 10 mM glucose [7]. The procedures for measur- 
ing uptake of radioactive monoamines at 0.1 4M 
(or concentrations otherwise indicated) by synap- 
tosomes and uptake of ['*C]norepinephrine by heart 
were according to the published methods [4, 7]. 
Indole metabolites were extracted from brain [11]. 
5-Hydroxyindoleacetic acid was isolated by the 
method of Contractor [12]. Brain levels of serotonin 
and 5-hydroxyindole acetic acid were determined 
spectrofluorometrically as condensates of o-phthal- 
aldehyde [13]. The method of Denckla and Dewey 
[14] was used for the measurement of tryptophan. 
Radioactivity was determined by the liquid scintil- 
lation technique. 

Platelet-rich plasma from human volunteers was 
prepared according to the method of Sneddon [15]. 
Platelet uptake of serotonin was determined by a 
modified method [8]. Human platelet-rich plasma in 
aliquots of 0.2 ml was mixed with 1.8 ml of Krebs 
bicarbonate buffer, pH 7.4, containing 0.1 uM 





D. T. Wonc et al. 


cy (O)- “oo HCI 


Fig. 1. Structure of LY125180, N, N-dimethyl-a-[2-(p-toly- 
loxyl)ethyl] benzylamine hydrochloride. 


|*H]serotonin (5-hydroxytryptamine, 5-HT), 10 mM 
glucose, 0.1 mM iproniazid, 0.2 mg/ml ascorbic acid 
and 0.05 mg/ml EDTA, and was incubated at 37° for 
10 min. Uptake was terminated by chilling in ice and 
adding 0.1 ml of 20% formaldehyde. The platelets 
were harvested by centrifugation at 12,000 g for 25 
min. After decanting the supernatant fraction, the 
platelets were digested in hydrogen peroxide, and 
radioactivity was determined by the liquid scintil- 
lation method. Accumulation at 4° was subtracted 
from each sample. 

N-N,Dimethyl-a-[2-(p-tolyloxy ethyl ]benzylamine 
hydrochloride (LY125180, Fig. 1) and fluoxetine 
hydrochloride were synthesized at the Lilly Research 
Laboratories. Desipramine was provided by the 
Ciba-Geigy Corp., Summit, NJ. p-Chloroamphe- 
tamine and 6-hydroxydopamine were purchased 
from the Regis Chemical Co, Chicago, IL. 7-[*H]- 
(—)-Norepinephrine ({*H]NE), 15 Ci/mmole, [G- 
‘H]dopamine ({(SH]DA), 10 Ci/mmole, [G-*H]- 
tryptophan, 5 Ci/mmole, 5-[1,2-°H(N)]hydroxy- 
tryptamine ([*H]S-HT), 30 Ci/mmole, and 7-("C]- 


1/¥ pmole/mg protein 


(+)-norepinephrine ({'*C]NE), 40 mCi/mmole, were 
purchased from the New England Nuclear Corp., 
Boston, MA. 


RESULTS 


Effects of LY125180 in vitro. Synaptosomes, iso- 
lated from cerebral cortex of rat brain, accumulated 
5-HT in a concentration-dependent and saturable 
manner with a dissociation constant, Km value, of 
0.09 + 0.00 uM and a maximum velocity, Vax value, 
of 20.4 + 0.20 pmoles/mg protein in 3 min of incu- 
bation. The effects of LY125180 at three concentra- 
tions (0.01, 0.05 and 0.1 wM) on the uptake of 5-HT 
at four concentrations were examined. The data of 
such an experiment were plotted according to the 
method of Dixon [16]. The convergence of lines at 
the I/Vmax value (horizontal line) in Fig. 2 suggested 
that LY125180 competitively inhibited the uptake 
of the substrate, 5-HT, with an inhibitor constant, 
K; value, of 0.06 uM. 

LY125180 was a relatively weak inhibitor of the 
uptake of NE by cortical synaptosomes and of the 
uptake of DA into striatal synaptosomes. Dixon 
analysis (Figs. 3 and 4) revealed that the compound 
competitively blocked the uptake of NE and DA 
with K; values of 2.2 and 2.5 uM, respectively. The 
Km constants for the two uptake processes were 
calculated according to the method of Wilkinson [17] 
with values of 0.18 + 0.01 and0.14 + 0.05 uM, which 
are in agreement with the published values [7]. 

The effects of LY 125180 and fluoxetine on uptake 
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Fig. 2. Uptake of serotonin by cortical synaptosomes competitively inhibited by LY125180 as illustrated 
by a Dixon plot [14]. Cerebral cortex of rat brain was homogenized in 9 vol. of 0.32 M sucrose medium 
containing 10 mM glucose. The homogenate was centrifuged at 1085 g for 10 min. Crude synaptosomes 
were sedimented from the supernatant fraction after centrifugation at 17,000 g for 20 min. Aliquots of 
synaptosomes (1 mg protein) were incubated at 37° for 3 min in 1 ml of Krebs bicarbonate buffer. pH 
7.4, containing 0.05-0.2 uM [°H]-5-HT, 10 mM glucose, 0.1 mM iproniazid, 1 mM ascorbic acid, 0.17 mM 
EDTA, and various concentrations of LY125180. Other conditions were from the described methods 
[4, 6]. TheVmax value was obtained from a double reciprocal plot of the control data in the same 
experiment. 





Selective 5-HT uptake inhibitor 


1.0 ’ 


0.6 - 


1/V,pmole/mg protein 


0.4 - 


3H-NE (ym) 
3 0.05 








1/Vmax 





LY 125180(pM) 


Fig. 3. Uptake of norepinephrine by cortical synaptosomes competitively inhibited by LY125180, as 
illustrated by a Dixon plot [14]. Experimental conditions were the same as those described in the legend 
of Fig. 2 except that [*H]NE replaced [*H]-5-HT in the reaction medium. 


of 5-HT by platelets of human plasma were compared 
(Table 1). The two compounds were about equally 
effective in blocking the uptake of 5-HT, with esti- 
mated concentrations to cause 50 per cent inhibition 
(1Cso values) of 22 nM and 14 nM, respectively. 
Effects of LY125180 in vivo. The uptake of 5-HT 
by hypothalamic synaptosomes was reduced signifi- 
cantly after an intraperitoneal injection of LY125180 


1/V , pmole/mg protein 


in increasing doses (1-100 mg/kg, Table 2). The cal- 
culated EDs» value was 12 mg/kg. The compound at 
100 mg/kg caused only a 24 per cent reduction in NE 
uptake, and its effects at lower doses were even less. 
After microsomal metabolism was prevented by B- 
diethylaminoethyl-2,2-diphenylvalerate, HCl (SKF- 
525A) (50 mg/kg, i.p.), LY125180 reduced 5-HT 
uptake with a lower EDso value of 4.4 mg/kg, i.p. 
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Fig. 4. Uptake of dopamine by striatal synaptosomes competitively inhibited by LY 125180, as illustrated 

by a Dixon plot [14]. Crude striatal synaptosomes were isolated in the same manner as described for 

the crude cortical synaptosomes in the legend of Fig. 2. The conditions for [* HJDA uptake were the 
same as those shown in Fig. 2 except that [‘H]DA was used instead of [*H]-5-HT. 
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Table 1. Effects of LY125180 and fluoxetine on uptake of serotonin (5-HT) by 
platelets of human plasma* 





Concn 


Compounds (uM) 


5-HT uptake 
(pmole/10° platelets) 


Inhibition (%) 





None 0 
LY125180 0.01 
0.1 
] 
0.01 
0.1 
] 


Fluoxetine 


0.41 + 0.01 
0.23 + 0.03 
0.15 + 0.01 
0.02 

0.23 + 0.01 
0.05 + 0.00 
0.01 





* Human platelet-rich plasma in aliquots of 0.2 ml (1.5 x 10° platelets) was 
incubated at 37° for 10 min in 1.8 ml of reaction medium containing 0.1 4M [*H]- 
5-HT and the indicated concentrations of LY 125180 or fluoxetine. Other conditions 


have been described in the text. 


(Table 2). SKF-525A did not enhance the ability of 
LY125180 to inhibit the uptake of NE in the same 
preparations of synaptosomes. 

The administration of SKF-525A also prolonged 
the duration of action of LY125180 in reducing 
uptake of 5-HT in synaptosomes of hypothalamus 
homogenates from 1 hr to at least 4hr (Table 3). 
The uptake of NE in the same preparations was 
maintained near the control level during the entire 
time course study. 

LY125180 selectively protected the neuronal 
uptake of monoamines by rat brain from the neu- 


rotoxic effect of p-chloroamphetamine (p-CA) but 
not from that of 6-hydroxydopamine (6-OHDA) 
(Table 4). Uptake of 5-HT by homogenates of cer- 
ebral cortex was reduced from 6.11 +0.22 to 
2.41 + 0.18 pmoles/mg protein by a single dose of 
p-CA (10 mg/kg, i.p.) given 4 days prior to killing. 
The neurotoxicity of p-CA was partially reversed by 
prior treatment with 25 mg/kg of LY125180, which 
by itself at S50 mg/kg had no effect on day 4. 
6-Hydroxydopamine (50 ug), administered by an 
intraventricular injection 4 days earlier, reduced the 
uptake of NE by hypothalamic homogenates from 


Table 2. Effects of LY125180 administration on uptake of serotonin and norepi- 
nephrine by synaptosomes of hypothalamus* 





Treatment 


Uptake of 
Serotonin Norepinephrine 
(pmoles/mg protein) 





Experiment 1 
Control 
LY 125180 (mg/kg) 
l 


5 
10 
25 
50 
100 
EDso (mg/kg) 
Experiment 2 
Control 
SKF-525A (50 mg/kg, i.p.) 
SKF-525A + 
LY 125180 (mg/kg) 
l 


5 
10 
25 


EDso (mg/kg) 


10.14 + 1.15 7.68 + 0.35 


7.43 + 0.10 
7.36 + 0.88 


7.02 + 0.37 
6.39 + 0.13 


5.98 + 0.51 

2.88 + 0.377 
2.00 + 0.21+ 
0.99 + 0.267 


12 


7.51 + 0.25 
8.47 + 0.25 


6.88 + 0.217 

3.90 + 0.187 

2.69 + 0.327 

1.80 + 0.087 
4.4 


6.32 + 0.21 
6.13 + 0.15+ 
6.55 + 0.41 
5.87 + 0.267 


7.53 + 0.47 
7.83 + 0.47 


6.81 + 0.31 
6.95 + 0.30 
6.61 + 0.06 
6.87 + 0.24 





* Rats in groups of five were treated with saline or LY125180 at the indicated 
dosages for 1 hr before decapitation. Hypothalamus from individual rats was 
homogenized in 9 vol. of 0.32 M sucrose. The homogenate was incubated with 0.1 
uM [°H]-5-HT or 0.1 uM [SHJNE at 37° for 3 min. Other conditions were identical 
to those described in the legend of Fig. 2 (experiment 1). Separate groups of rats 
were pretreated with SKF-525A at 50 mg/kg, i.p., 1 hr prior to treatment with 
LY125180 (experiment 2). 

+ P < 0.005, significantly different from control group. 
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Table 3. Duration in reduction of serotonin and norepi- 
nephrine uptake by homogenate of hypothalamus after an 
intraperitoneal injection of LY125180* 





Time (hr) after 
LY125180 
(25 mg/kg) _ 


Uptake of 
Serotonin Norepinephrine 
(pmoles/mg protein) 





(1) Control 
0 8.40 + 0.36 
0.5 4.90 + 0.587 
1 6.69 + 0.187 
4 9.32 + 0.28 
(2) SKF-525A (50 mg/kg, i.p.) 
4 3.76 + 0.307 
16 8.10 + 0.69 


8.01 + 0.41 
7.21 + 0.28 
7.58 + 0.32 
7.91 + 0.33 


7.37 + 0.43 
7.09 + 0.18 





* Rats in groups of five were treated with LY 125180 (25 
mg/kg, i.p.) and were decapitated at the time specified. 
Two separate groups of five rats were pretreated with SKF- 
525A (50 mg/kg, i.p.) 1 hr before treatment with LY 125180. 
All other conditions have been shown in Table 2. 

+P < 0.005, significantiy different from control zero 
time group. 


7.52 + 0.14 to 3.06 + 0.24 pmoles/mg protein. No 
significant protection against the neurotoxicity of 6- 
OHDA resulted from the prior treatment with 
LY125180 at doses up to 50 mg/kg, i.p. The admin- 
istration of the uptake inhibitor alone at 50 mg/kg, 
i.p., had no effect on NE uptake. 

LY125180 from 5 to 50 mg/kg, i.p., did not affect 
the accumulation of intravenously administered 
['*C]norepinephrine in rat heart (Table 5). However, 
the secondary amine containing tricyclic antidepres- 
sant, desipramine (DMI), at 10 mg/kg, i.p., reduced 
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Table 5. Effect of LY125180 on accumulation of 
['*C]norepinephrine in rat hearts* 





['*C]Norepinephrine 
accumulation 


Treatment (d.p.m./g) 





7942 + 320 


Control 
LY125180 (mg/kg, i.p.) 
5 


7165 + 555 
10 7044 + 474 
25 7594 + 350 
50 7131 + 411 

DMI (10 mg/kg, i.p.) 1200 (756, 1644) 





* Rats in groups of five were treated with various doses 
of LY125180 for 45 min before an intravenous injection of 
['*C]NE (1 wCi/kg) and were decapitated 15 min later. For 
comparison, two rats were treated with desipramine (DMI) 
at 10 mg/kg, i.p. Hearts were removed and immediately 
frozen on dry ice. After weighing, hearts were digested in 
hydrogen peroxide before the determination of radioactiv- 
ity by the liquid scintillation technique. 


the radioactivity from 7942 to 1200 d.p.m./g tissue 
weight. 

Effects of 5-HT turnover in rat brain. The admin- 
istration of LY125180 at 50 mg/kg, i.p., 1 hr prior 
to an intravenous injection of [*H]tryptophan 
(PH]Try) and 2hr before decapitation did not 
change brain levels of 5-HT and Try but reduced the 
5-hydroxyindoleacetic acid (5-HIAA) level in brain 
by 33 per cent (Table 6). The reduction of the 5- 
HIAA level was an indication of a reduction in 5- 
HT turnover [18]. This was further supported by the 


and 6-hydroxydopamine (6-OHDA)* 





Treatment 


Serotonin uptake 


(pmoles/mg protein) Blockade (%) 





1 Control 
p-CA (10 mg/kg, i.p.) 
p-CA + LY125180 (mg/kg, i.p.) 
1 


5 

10 

25 

LY125180 (50 mg/kg, i.p.) 


SwWNMN NY 





Treatment 


Norepinephrine uptake 


(pmoles/mg protein) Blockade (%) 





2 Control 
6-OHDA (50 yg, i.v.) 
6-OHDA + LY125180 (mg/kg, i.p.) 
10 


25 
50 
LY 125180 (50 mg/kg, i.p.) 


73522014 
3.06 + 0.244 





* Rats in groups of five were treated with either saline or various doses of LY 125180 0.5 
hr before an intraperitoneal injection of p-CA (10 mg/kg) or an intraventricular injection 
of 6-OHDA (50 yg) and were decapitated at 96 hr. Homogenates of cerebral cortex were 
used for the assay of 5-HT uptake and those of hypothalamus for NE uptake. Other 


conditions have been described in Table 2. 


+ P < 0.005, significantly different from control group. 
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Table 6. Effects of LY125180 on brain levels of Try, S-HT and 5-HIAA and their labeling from 
["H]Try* 





Measurement 


Control 


LY125180 Reduction (%) 





5-HT, nmoles/g 
(°H]-5-HT, d.p.m./g 
d.p.m./nmole 

5-HIAA, nmoles/g 
[(SH]-5-HIAA, d.p.m./g 
d.p.m./nmole 

Try, nmoles/g 

(PH]Try, d.p.m./g 
d.p.m./nmole 
Conversion factor: 
((PH]-5-HT + [(SH]-5-HIAA)/PHTry] 


3.97 + 0.33 
2491 + 100 
644 + 40 

4.27 + 0.15 
1636 + 85 
383 + 16 
mst £42 

23,084 + 1905 
909 + 47 


0.18 + 0.01 


3.58 + 0.34 10 
1958 + 82 217 
565 + 56 12 
2.84 + 0.10 
743 + 26 
262 +8 

27.0 +0.9 

23,129 + 1070 

858 + 38 


0.12 + 0.01 





* Rats were treated with saline (seven rats) or LY125180 at 50 mg/kg, i.p. (six rats) for 1 hr and 
injected with [*H]Try (413 wCi/kg) into the tail vein. One hour after injection of isotope, rats were 
decapitated and brains were immediately removed. Brains after the removal of cerebellum and 
pons-medulla were frozen on dry ice. Methods for the determination of indole metabolites have 


been indicated in the text. 


+ P< 0.005, significantly different from control group. 


finding that the labeling of [*H]-5-HT and [*H]-5- 
HIAA by [*H]Try was reduced by 21 and 55 per 
cent, respectively, after treatment with the uptake 
inhibitor, although the accumulation of [*H]Try was 
unchanged. Only the specific activity (d.p.m./nmole) 
of [*H]-5-HIAA was reduced significantly by treat- 
ment with LY 125180 that led to a significant decrease 
of the conversion factor, ratio of the sum of [*H]-5- 
HT and [*H]-5-HIAA to [H]Try, from 0.18 + 0.01 
to 0.12 + 0.01. 


DISCUSSION 


LY125180 effectively inhibited 5-HT uptake by 
synaptosomes of rat brain with a Ki value of 60 nM. 
However, it was only 4 as effective in inhibiting NE 
uptake by cortical synaptosomes and DA uptake by 
striatal synaptosomes. The inhibitor competed with 
the substrates for uptake. The uptake of 5-HT by 
human platelets was also inhibited with an ICso value 
of 22nM. The profile of inhibition by LY125180 
resembles that of fluoxetine (Table 7), which was at 
least ten times more effective in blocking 5-HT 


uptake than in blocking catecholamine uptake in 
vitro [4, 8]. 

The administration of LY125180 in vivo caused 
a reduction in 5-HT uptake but not NE uptake by 
synaptosomes of hypothalamus. This selective inhi- 
bition of 5-HT uptake appeared within 1 hr. Because 
it is a tertiary amine, LY125180 is expected to be N- 
demethylated by the liver endoplasmic reticulum. 
Indeed, pretreatment with SKF-525A, an inhibitor 
of microsomal metabolism, prolonged the duration 
of LY125180 action from 1 to at least 4 hr and 
increased the potency in lowering 5-HT uptake by 
synaptosomes from an EDso of 12 to 4.4 mg/kg, i.p., 
whereas NE uptake remained unchanged. There- 
fore, inhibition of microsomal metabolism of 
LY125180 had enhanced its potency to equal that 
of fluoxetine but had lengthened the duration of 
action from '/24 to only '/s that of fluoxetine (Table 
7). The shorter acting drug may be more readily 
disposed of by the peripheral tissues. 

Before the discovery of fluoxetine, the only selec- 
tive inhibitors of 5-HT uptake were the tertiary 
amine-containing tricyclic antidepressants, imipra- 


Table 7. Comparison of LY125180 and fluoxetine in blockade of monoamine uptake 





Uptake of monoamines 


LY125180 Fluoxetine 





Cortical nerve endings 


Striatal nerve endings 
Platelets (human) 


Heart 
Hypothalamic nerve endings 


Hypothalamic nerve endings pretreated with SKF-525A 


Blockade of p-chloroamphetamine in brain 
Blockade of 6-hydroxydopamine in brain 
Time course in vivo 

Hypothalamic nerve endings 


Icso (M) 
2x 1077 
1xi0°- 
4x 107° 
1x 107° 


8x 10°% 
5 x10~° 
7% 10° 
2x 10° 
EDso (mg/kg, i.p.) 
50 (0%) 


25 (12%) 
25 35 


50 (3%) 50 (0%) 


Inhibition lasts 
for atleast 24 hr 


Uptake returned to 
control values in 4 hr 








Selective 5-HT uptake inhibitor 


mine and chlorimipramine [2,3]. However, these 
two tricyclic compounds are readily N-demethylated 
in vivo. The N-demethylated products were more 
effective inhibitors of NE uptake by synaptosomes 
and by heart [4]. Thus, imipramine and chlorimi- 
pramine, in vivo, effectively antagonized the neu- 
rotoxicity of 6-OHDA with respect to NE uptake 
[5]. On the other hand, LY125180 and fluoxetine 
[4] at higher doses (50-100 mg/kg) failed to block 
NE uptake by rat heart or to protect the loss of NE 
uptake from intraventricularly administered 6- 
OHDA. 

Like fluoxetine [18, 19], LY125180 also lowered 
the turnover rate of serotonin in rat brain. The 
compound decreased brain levels of 5-HIAA without 
changing the brain levels of 5-HT and Try and low- 
ered the conversion of [*H]Try into [*H]-5-HT and 
[(°H]-5-HIAA. Thus, the decrease in brain level of 
5-HIAA is not due to an inhibition of monoamine 
oxidase (since 5-HT levels were unaltered) but prob- 
ably to a reduction in synthesis of its precursor, 5- 
HT. 

The compound, LY125180, represents a new 
structure that has selective affinity for the uptake 
site of 5-HT, although it is also a bicyclic phenoxy- 
phenylpropylamine like fluoxetine [3] and nisoxetine 
[5]. The phenyl group is moved from the phenoxy- 
end to the amino carbon of the propyl side chain. 
When the phenyl group is attached to the middle 
carbon of the propyl side chain, the affinity for 
uptake of monoamines is much reduced, with ICso 
values greater than 10 mwM (unpublished data). 
LY125180 has a methyl group in place of a trifluo- 
romethyl group at the para-position of the phenoxy 
ring of fluoxetine. In both series of compounds rep- 
resented by fluoxetine [3] and LY125180, substitu- 
tion at the para-position of the phenoxy ring is pre- 
ferred over the meta- or ortho-positions for the 
compounds to be selective toward inhibition of 5- 
HT uptake. Thus, substitution on the phenoxy ring 
plays an important factor in directing the compound 
to the specific amine pumps. 

Since this laboratory originally reported the 
unique properties of fluoxetine on monoamine 
uptake in 1974 [3], at least eight other compounds 
have been described as selective 5-HT uptake inhibi- 
tors including FG 4963 [20], ORG 6582 [21], pir- 
andamine [22], zimelidine [23], citalopram [24], flu- 
voxamine [25], paroxetine [26] and LY125180 (this 
paper). Among them, only zimelidine [27] and flu- 
voxamine [28] have been reported thus far to have 
clinical efficacy in the treatment of depression as 
originally intended for a selective 5-HT uptake 
inhibitor like fluoxetine [3]. Fluvoxamine seemed to 
produce a therapeutic response sooner than the tri- 
cyclic antidepressants [29]. The new inhibitors are 
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perhaps more direct in their action on the uptake of 
5-HT at the nerve terminals while the tricyclic anti- 
depressants are better blockers of NE uptake than 
of 5-HT uptake in vivo [5]. 
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Abstract—The action on an a-blocking agent, Nicergoline, and of a B-blocking agent, Acebutolol, on 
platelet-elastin and platelet-endothelial cell interaction was investigated. Nicergoline (10~*M), but not 
Acebutolol, added to PRP, decreased the adhesion of platelets to Sepharose-elastin columns by about 
60 per cent. Nicergoline at 10-’M completely inhibited the adhesion of platelets to endothelial cells 
‘activated’ by epinephrine. The same inhibition was obtained when the endothelial cells or the platelets 
were preincubated with the a-blocking agent before mixing. Acebutolol was inefficient. These results 
confirm the efficiency of this a-blocking agent in preventing platelet adhesion to elastic fibers and to 
endothelial cells. They confirm the inefficiency of the B-blocking agent in both models used. They also 
suggest that platelet a-receptors may be involved in platelet—elastin interaction as well as in platelet- 


endothelial cell interaction. 


The interaction between blood platelets and cellular 
and molecular elements of the vessel wall were shown 
to play an important role in the pathogenesis of 
arteriosclerosis as well as in the formation of thrombi 
[1-6]. Among the macromolecules which can interact 
with blood platelets, collagen plays a particularly 
important role [7, 8]. It was, however, recently dem- 
onstrated that platelets can also adhere to fibrous 
elastin [9]. It is also known that blood platelets can 
interact with endothelial cells when they are first 
treated with aggregation inducing agents such as 
epinephrine [10,11]. Among the anti-aggregating 
agents which are actively used in therapeutics, alpha- 
blocking substances play an especially important role 
because they have several favorable effects on the 
circulation due to their vasodilating and alpha-block- 
ing activity [12-15]. 

It was therefore decided to investigate the effect 
of such an alpha-blocking agent, Nicergoline, y-B- 
(5 bromonicotinoyl hydroxymethyl)-1.6-dimethyl- 
10a-methoxy-ergoline, on the interaction between 
blood platelets and fibrous elastin on the one side 
and blood platelets and endothelial cells on the other 
side. This drug was shown to inhibit efficiently 
platelet aggregation induced by ADP or collagen 
[16]. Its metabolism in man and animals was also 
studied [17]. 

As a control drug a 6-blocking agent, Acebutolol 
(Sectral), (hydroxy-2 isopropylamino-3 proposy)-2 
butyramido-5 acetophenon, was used [18, 19]. 





t Permanent address: Department of Biochemistry. and 
Research Center for Thrombosis, Rush Medical School, 
Presbyterian Medical Center, Chicago IL, U.S.A. 

§ Commercially available from Eurorga, Villeras, 
Saclay, France. 


MATERIALS AND METHODS 


Blood platelets. These were obtained freshly from 
normal human donors (for interaction with elastin) 
or from bovine blood (for interaction with endo- 
thelial cells). Acid citrate-dextrose (ACD, 0.8% 
citric acid, 2.2% Na-citrate, 2.45% dextrose) was 
used as an anticoagulant (1 ml of ACD per 8-9 ml 
blood) and were used immediately after centrifu- 
gation at 500g for 5 min at 18° and after counting 
in a Coulter Counter. 

Elastin. Elastin was purified from bovine liga- 
mentum nuchae by NaOH treatment as described 
[20] and characterized by its amino acid composition 
and its desmosine content. Fibrous elastin was finely 
powdered in a hammer-mill to a granule size of about 
100 xm.§ 

Table 1 shows the amino acid composition of the 
elastin used for these experiments. The relatively 
low Asp + Glu value (22 residues per 1000), the 
absence of methionine and the negligible histidine 
content can be taken as an indication for the absence 
of microfibrillar components [20]. The low hydroxy- 
proline content (10 residues per 1000) is an indication 
of the absence of collagenous contaminants. It was 
shown previously that elastin purified by this pro- 
cedure has a much lower polar amino acid content 
and lower microfibrillar contamination as judged by 
electron microscopy than elastin purified by other 
procedures [21]. This is true also for the hydroxy- 
proline content and collagen contamination. 

Sepharose-2B-elastin mixed affinity columns were 
prepared as described previously at a concentration 
of 1.0 mg fibrous elastin per ml of Sepharose [9]. 
The fibrous elastin suspension was thoroughly mixed 
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Table 1. Amino acid composition of the elastin preparation 
used for the experiments, after 24 hr hydrolysis in 6N HCl 
at 110°. Results in res. per 1000 residues 





Hypro 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Cys 
Met 
I-Leu 
Leu 
Tyr 
Phe-Ala 
i-Des* 
Des* 
Arg 
His 
Lys 





* Isodesmosine and desmosine given in lysine equivalents 


with the Sepharose suspension in order to achieve 
a uniform distribution of the elastin fibers in the 
Sepharose gel. This was controlled by preparing 
cryostat sections through the Sepharose-elastin gels 
prepared in plastic tubings. The Sepharose-elastin 
suspension was then poured in siliconated columns 
of 30 x 1.2 cm and were percolated with sterile 
saline as previously described [9]. Control columns 
of Sepharose-2B were of identical size but did not 
contain elastin. The elution profile of the platelet 
rich plasma (PRP) was monitored on a recording 
Acta Ili Beckman Spectrophotometer. The platelets 
recovered were counted in a Coulter Counter, and 
these data were used for the calculation of retention. 


0.D 600nm 

















The inhibiting effect of the alpha-blocking agent, 
Nicergoline, and of a beta-blocking agent, Acebu- 
tolol, was studied by adding them to the PRP before 
the percolations through the elastin columns. at a 
concentration varying between 10~’ and 10~*M, 15 
min before their percolation on the column. 

Endothelial cells. Endothelial cells were obtained 
from bovine aortae and cultured in Dulbecco’s Modi- 
fied Eagle’s medium (DME) supplemented with 10% 
foetal calf serum in an atmosphere of 10% CO: in 
air as previously described [22]. Secondary cultures 
were cloned and subcultured three times prior to 
being grown on plastic coverslips (9 x 35 mm) for 
these experiments. Fifth passage cells were seeded 
at 5 x 10° cells per Leighton tube, reached con- 
fluency in 3 days and were kept at a post-confluency 
for 4 days on the coverslips (ca. 3.7 x 10° cells per 
coverslip) [23]. 

Activation of endothelial cells. Four days post-con- 
fluent cultures on coverslips were rinsed twice with 
Dulbecco’s medium and the cells ‘activated’ (or 
treated) with epinephrine (2 x 10° M for 2 min), 
Nicergoline (1 x 10~*, 1 x 107°, 1 x 107’ M for 
4 min) and Acebutolol (1 x 107%, 1 x 107°, 
1 x 10-’ M for 4 min). After each activation (or 
treatment) step the coverslips were rinsed twice with 
Dulbecco’s medium and subsequently floated on 'I- 
platelets resuspended in Dulbecco’s medium. Incu- 
bation times of 2-20 min with Nicergoline or Ace- 
butolol gave identical results. 

Platelet—-endothelial interactions were terminated 
after 4min by immersing the coverslips in 4 ml of 
2% glutaraldehyde (37°) containing 0.1M cacodylate 
buffer, pH 6.9 for 30 min. Fixed cells were washed 
three times with the cacodylate buffer (pH 6.9) and 
counted directly in a counter. 

Preparation and iodination of platelets. Platelets 
were isolated from freshly drawn bovine blood con- 
taining ACD as anticoagulant (1 ml of ACD per 8 ml 
blood). Platelet rich plasma (PRP) was prepared by 
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Fig. 1. Elution profile of human blood platelets (PRP) on a Sepharose-2B column (a), on a Sepharose- 

2B elastin (1 mg/ml) mixed affinity column (c) and on the same Sepharose-2B elastin column in the 

presence of Nicergoline (1 x 107* M) (b). Nicergoline was added to the PRP 15min before the 

percolation through the column. Elution with 0.15 M saline and monitoring at 600 nm on a recording 

spectrophotometer (curves and left hand ordinates) and Coulter-counting of the platelets (vertical lines 
and right hand ordinates). Abscissa: fraction number. 





Platelet vessel wall interaction 


Table 2. Retention of platelets on a Sepharose-2B elastin 
column (1mg/m! fibrous elastin) in the absence and in the 
presence of Nicergoline* 





Inhibition by 
Nicergoline 
(% )t 


Platelets 
retained (%) 


Nicergoline 
concentration 





0 71 + 0.13+ 
10°°M 62+1 12 
10°*M 20 +6 72 





* For details see Materials and Methods. Results rep- 
resent mean + S.E.M. of three determinations. 

+ In some experiments lower recoveries were obtained, 
48 + 8% for instance. Compared to this value, the inhi- 
bition obtained with 10~* M Nicergoline would be 58% 
(P < 0.05). 

+ P<0.02. 


centrifugation of whole blood for 3 min at 450 g. The 
PRP was centrifuged for 10 min at 1500 g and the 
platelet pellet resuspended and washed three times 
in 0.10 M NaCl containing 1 ml of ACD per 25 ml 
of 0.15 M NaCl. The washed platelet pellet was 
resuspended in Dulbecco’s medium (phosphate- 
buffered saline containing Ca** and Mg**) to provide 
6 x 10° platelets per ul. The platelets were labeled 
with carrier-free iodine-125 (specific activity: 6 
Ci/nmole) using the lactoperoxidase method. Iodi- 
nated platelets were washed two times with Dul- 
becco’s medium and resuspended in Dulbecco’s 
medium to contain 6 x 10° platelets per ul. Labeled 
platelets were used within 30 min after preparation 
and also met the criteria of being aggregated by 
thrombin (0.25 U/ml) and ADP (1 x 10~°M). In 
addition, no obvious changes in morphology were 
observed. In these experiments 1 x 10° '**I-labeled 
platelets = 3.0 x 10° counts per minute. 

Platelet-endothelial cell interaction. Activated (or 
treated) washed endothelial cells on coverslips were 
floated (cells down) on 1 ml of '*I-labeled platelets 
suspended in Dulbecco’s medium (6 x 10° plate- 
lets/ul). After 4 min rotation on a rotary shaker (120 
r.p.m. at 35°), the coverslips were carefully removed 
with tweezers and processed as described above. All 
experiments were performed on triplicate coverslips 
and appropriate non activated controls (Dulbecco’s 
medium only) were simultaneously run in triplicate 
in each experiment. 


RESULTS 


Interaction between blood platelets and elastin. 
Figure la shows the elution profile of a platelet rich 
plasma on a Sepharose-2B column in the absence of 
elastin. It can be seen that the platelets appear in 
the breakthrough volume and the recovery of the 
platelets is of the order of 50-80 per cent. When the 
Sepharose-2B column contains | mg/ml fibrous elas- 
tin the profile is considerably changed (Fig. 1c) and 
only about 20-30 per cent of the platelets are 
recovered, partially in the breakthrough peak and 
partially in a second smaller peak appearing in a 
retarded position. 

In the presence of 1 x 10~* M of Nicergoline, the 
recovery of platelets in the first breakthrough peak 
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is significantly higher than in the absence of Nicer- 
goline, about 40-75 per cent of the platelets are 
recovered in the breakthrough peak and no second 
retarded peak appeared (see Table 2 and Fig. 1b) 
The average retention of platelets on Sepharose-2B 
elastin column was decreased by 10~* M Nicergoline 
by about 58-72 per cent. At a concentration: of 
1 x 10-° M of Nicergoline, about 12 per cent inhi- 
bition could still be observed. 

The same experiments were repeated with the 
beta-blocking agent, Acebutolol, which showed no 
inhibition of the interaction of elastin and blood 
platelets up to a concentration of 10~*M using this 
same technique. Even in the presence of 10~*M of 
this drug, the retention of platelets on the Sepharose- 
elastin column was unchanged. 

Interaction between blood platelets and endothelial 
cells. Table 3 shows the results of the experiment 
concerning the interaction between activated bovine 
endothelial cells and bovine blood platelets. If the 
endothelial cells are not pretreated, only a very low 
radioactivity sticks to them, corresponding to about 
2 x 10° platelets per coverslip. If the endothelial cells 
are incubated in the presence of 2 x 10~° M epi- 
nephrine for 2 min, there is more than a 100 fold 
increase in the radioactivity showing a very strong 
interaction between platelets and activated endo- 
thelial cells. 

When Nicergoline was added at concentrations of 
10-*, 10-° and 10~-’ M, a ttotal inhibition of 
platelet—endothelial cell interaction could be seen as 
shown on Table 3 (experiment V). Nicergoline alone 
had no detectable effect on the interaction between 
blood platelets and endothelial cells (experiment 
IT). 

An inhibition of about 90 per cent of platelet- 
endothelial cell interaction was obtained when the 
blood platelets were preincubated with Nicergoline 
before adding the endothelial cells (experiment VII). 
This shows that the same inhibition can be obtained 
by incubation of either endothelial cells or of blood 
platelets with Nicergoline. 

The same experiments were carried out with 
Acebutolol, the beta-blocking agent, instead of 
Nicergoline. It can be seen that no inhibition of 
platelet endothelial cell interaction was observed 
with this drug, whether it was added to the endo- 
thelial cells or to the blood platelets prior to their 
mixing (experiments V and VIII). 

This experiment confirms that the inhibition of the 
interaction between blood platelets and elastin and 
blood platelets and endothelial cells is obtained with 
the alpha-blocking Nicergoline and not with the beta- 
blocking Acebutolol. 


DISCUSSION 


Although the precise mechanism of the interaction 
between blood platelets and vessel wall macro- 
molecules such as collagen, elastin or microfibrils on 
the one hand and endothelial cells on the other is 
not known, it can be assumed that some of the 
glycoproteins of the blood platelet surface play an 
important role in this phenomenon. It was proposed 
recently that fibronectine present in the blood plate- 
lets may be responsible for its interaction with col- 
lagen [23]. Some other membrane glycoproteins are 
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Table 3. Interaction between bovine blood platelets and bovine aorta endothelial cells in culture, as 
described in Materials and Methods* 





Expt No. 


Treatment 


Platelets per 
coverslip, 
mean + S.E.M. 


Per cent 
inhibition of 
platelet—-endothelial 
cell interaction 





Control (washed, untreated endothelial 
cells) ; 
Epinephrine treated (2 x 10~°M, 2 min) 
endothelial cells 
Endothelial cells (non activated) pre- 
incubated with Nicergoline, 4 min 

1 x 10°*M 

1 x 10°°M 

1x 10°’M 
Endothelial cells (non activated) pre- 
incubated with Acebutolol, 4 min 

1 x 10°*M 

1 x 10°°M 

1 x 10°’M 
Epinephrine ‘activated’ endothelial cells 
(as in expt. II) preincubated with Nicer- 
goline for 4 mint 

1 x 10°*M 

1 x 10°°M 

1x 10-’M 
Epinephrine ‘activated’ endothelial 
cells (as in expt. II) preincubated 
with Acebutolol for 4 mint 

1 x 10-*M 

1 x 10°°M 

1 x 10-’M 
Epinephrine ‘activated’ endothelial 
cells (as in expt. II) added to plate- 
lets preincubated 4 min with 
Nicergolinet 

1 x 10°*M 

1 x 10°°M 

1x 10°-’M 
Endothelial cells ‘activated’ (as in 
expt. II) and added to platelets pre- 
incubated 4 min with Acebutololt 

1x 10°*M 

1 x 10°°M 

1x 10°’M 


1.96 x10° + 0.13 


2.95 x 10’ + 0.16 


1.81 x 10° + 0.05 
1.91 x 10° + 0.28 
1.87 x 10° + 0.10 


1.83 x 10° + 0.15 
1.89 x 10° + 0.13 
1.82 x 10° + 0.19 


2.03 x 10° + 0.23 
2.03 x 10° + 0.19 
2.24 x 10° + 0.22 


5 x 10’ + (0.065 
9x 10'+ 0.16 
67 x 10’ + 0.30 


4 
5 


4 
? 
4 
& 


3.26 x 10° + 0.93 
2.71 x 10° + 0.13 
2.40 x 10° + 0.28 


1.91 x 10’ + 0.34 
3.21 x 10’ + 0.41 
3.54 x 10’ + 0.39 
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I-labeled platelets were in contact with normal or epinephrine-activated endothelial cells for 
4 min. Radioactivity attached to the endothelial cells was determined after washing away non-adherent 
platelets. Platelet adhesion is expressed as platelets per coverslip, every coverslip contained about 
3.7 x 10° endothelial cells. The alpha-blocking agent, Nicergoline, or the beta-blocking agent, Ace- 
butolol, were preincubated at the indicated concentrations (1 x 10~*, 1 x 107°, 1 x 107’M) either with 
endothelial cells (normal or ‘activated’) or with blood platelets for 4 min prior to mixing platelets and 
endothelial cells. The results given are the mean average of three independent experiments + S.E.M. 

+ Order of incubation: endothelial cells + Nicergoline or Acebutolol, followed after 4 min (without 
washing) by epinephrine. 

¢ Platelet suspension preincubated with Nicergoline or Acebutolol and mixed without washing, after 
4 min with the endothelial cells. 





Platelet vessel wall interaction 


considered also as important for the interaction 
between platelet and vessel wall components, one 
of them being the Von Willebrand factor present in 
endothelial cell membranes [24, 25]. 

It is not yet clear whether the alpha-adrenergic 
receptors of blood platelets which play an important 
role in platelet aggregation [26] appear on the same 
or distinct membrane glycoproteins. As epinephrine 
does produce platelet aggregation and potentiation 
of collagen and ADP-induced aggregation, and 
isoproterenol does not [26], platelets are considered 
to possess only alpha-type receptors. 

It is interesting to notice in this respect that an 
alpha-blocking agent which is a derivative of 
dihydroergotamine is able to prevent selectively the 
interaction of blood platelets with fibrous elastin on 
the one side and with activated endothelial cells on 
the other side. A beta-blocking agent, Acebutolol, 
used at the same concentration, proved to be inef- 
ficient in both reactions. 

Our results suggest the involvement of the alpha- 
receptors of blood platelets in their interaction with 
fibrous elastin. This same receptors appear to be 
involved in the reaction between blood platelets and 
endothelial cells. Although the interaction between 
elastin and blood platelets is a weaker one than the 
one between collagen and blood platelets, it may 
play a role in the adhesion of platelets to the sub- 
endothelium. It is possible that in the denuded, 
atherosclerotic intima, blood platelets do come in 
contact with elastic fibrils or with the internal elastic 
lamina. Therefore the above described inhibition of 
the interaction between elastin and blood platelets 
may be of therapeutic significance. This is certainly 
the case as far as the inhibition of the interaction of 
endothelial cells activated with epinephrine and 
blood platelets is concerned. It is interesting to 
notice that this interaction can be inhibited down to 
10~’M concentration of the alpha-blocking agent, a 
much lower concentration than the one which was 
needed to obtain about 50 per cent inhibition of 
elastin blood platelet interaction. As the interaction 
of blood platelets with ‘abnormal’ endothelial cells 
may play an important role in thrombogenesis and 
atherogenesis, it is interesting to notice that concen- 
trations of this alpha-blocking agent which are thera- 
peutically useful can efficiently and completely 
inhibit this interaction. 
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SHORT COMMUNICATIONS 


Induction of aryl hydrocarbon hydroxylase activity in embryos of an estuarine 


fish 


(Received 30 August 1979; accepted 9 October 1979) 


Fish microsomal cytochrome P-450 mono-oxygenases or 
mixed-function oxidases (MFO), like the well studied mam- 
malian systems, catalyze the biotransformation of a variety 
of lipophilic foreign compounds [1-3]. Increased levels of 
hepatic and in some cases extrahepatic MFO activities in 
fish have been induced by experimental exposure to envi- 
ronmental chemicals including polychorinated biphenyls 
(PCB’s), crude oils and polycyclic aromatic hydrocarbons 
[4-6]. Such induction also seems to occur :.. ish inhabiting 
polluted environments [7-10]. 

Early developmental stages of fish generally have been 
found to be more sensitive than adults to pollutant toxicity 
[11,12]. The capacity of these stages to metabolize foreign 
compounds may play an important role in determining their 
tolerance to environmental contaminants. Metabolism of 
xenobiotics to more polar and readily eliminated products 
often serves as a detoxification process [13], but with certain 
compounds such metabolism can result in the formation 
of cytotoxic, mutagenic and carcinogenic metabolites 
[14,15] to which embryonic cells can be particularly sen- 
sitive [16]. We report here on the capacity of fish embryos 
to metabolize foreign compounds and to respond to known 
inducers of fish cytochrome P-450. In particular, we 
describe the metabolism of benzo[a]pyrene (BP), a wide- 
spread contaminant of the marine environment [17], by 
embryos of the estuarine killifish Fundulus heteroclitus and 
the effects of PCBs and petroleum hydrocarbons on this 
activity. 

(?H]BP was purchased from Amersham Searle, Arlington 
Heights, IL, BP from the Aldrich Chemical Co., Milwau- 
kee, WI, and NADPH from the Sigma Chemical Co., St. 
Louis, MO. Aroclor 1254 was lot AA-1 from the Monsanto 
Co., St. Louis, MO, and the No. 2 fuel oil was an American 
Petroleum Institute reference standard. 

Ripe fish were collected at Herring Brook (H.B.) and 
Wild Harbor (W.H.) marshes (North Falmouth, MA) dur- 
ing the spawning season of Fundulus in the spring and 
summer of 1978. Eggs were stripped and fertilized in the 
laboratory [18] and treated as described in the tables. The 
eggs described in Table 1 were from H.B. and those 
described in Table 2 from W.H.; adults were from H.B. 
After determining the developmental stage according to 
Armstrong and Child [19], eggs* were washed twice with 
filtered seawater and twice with 0.1 M Tris-HCl, pH 7.4, 
and 0.25 M sucrose, and then homogenized in this buffer 
(20%, w/v) using a Potter-Elvehjem tissue grinder. The 
homogenates were fractionated by centrifugation: 5 min at 
120 g, 10 min at 10,000 g (10K) and 90 min at 40,000 g 
(40K). The first fraction containing much large debris was 
discarded, and the 10K and 40K pellets were resuspended 
in 0.1 M Tris-HCl, pH 7.0 (0.5-3.0 wl/embryo). This frac- 
tionation procedure roughly corresponds to one that yields 
mitochondrial (10K) and microsomal (40K) fractions from 
adult fish liver [3], although in the present study the com- 
position of these fractions was not determined. Yolk sac 





* The term egg is used here to indicate the embryonic 
stages up to hatching. Yolk sac larvae are embryos that 
have hatched. The embryonic period extends until complete 
absorption of the yolk when the true larval period begins. 
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larvae were dissected and the livers, carefully separated 
from gall bladders, were assayed as dilute whole homo- 
genates in the egg homogenization buffer. The remaining 
larval carcasses were fractionated and assayed like the eggs. 

Aryl hydrocarbon (benzo[a]pyrene) hydroxylase (AHH) 
was assayed by the sensitive radiometric procedure of Van 
Cantfort et al. [20] modified for use on a microscale. The 
reaction volume was reduced to 25 wl and consisted of 0.1 M 
Tris-HCl, pH 7.0, 0.400 mM NADPH, 0.060 mM 
[H]benzo[a]pyrene (about 300 uCi/umole), 2 mg/ml of 
bovine serum albumin (BSA), and from 5 to 170 ug of 
embryonic protein depending on the fraction assayed. 
Blanks consisted of the complete reaction mixture without 
NADPH. The reaction was initiated by adding BP in 1 pl 
of acetone, was incubated at 25° for 30 min, was stopped 
with 50 yal of 0.15 M KOH in 85% dimethylsulfoxide, and 
was then extracted three times with 0.375 ml of hexane. 
Polar metabolites were quantitated by counting 30 ul of 
the aqueous phase acidified with 10 wl of 0.6 N HCl, in 3 ml 
of scintillation mixture. The liquid scintillation counting 
efficiency was determined by internal standardization. The 
reaction mixture was found to be optimal for adult Fun- 
dulus hepatic microsomal AHH. The reaction with adult 
microsomes was linear for 35 min at 25°. Protein was 
determined by the method of Lowry et al. [21] with crys- 
talline BSA as a standard. 

AHH activity was considered detectable when the com- 
plete reaction mixture differed from the blank at the 0.01 
level of significance by Student’s t-test. Based on the 
average variance of ten triplicate blanks, it is estimated 


Table 1. Aryl hydrocarbon hydroxylase activity in the 
10,000 g fraction of homogenates of F. heteroclitus eggs 
exposed to Aroclor 1254 and No. 2 fuel oil* 





Activity 


Treatment (fmoles/min/egg)* 





DMSO control ND¢ 
20 p.p.b. Aroclor 1254 ND 
100 p.p.b. Aroclor 1254 30.3 + 2.0 
200 p.p.b. Aroclor 1254 622 3.7 
1000 p.p.b. No. 2 fuel oil 38.6 + 6.1 





* Eggs stripped from eleven females were pooled and 
fertilized with minced testes from four males. For each 
treatment, approximately ninety eggs were placed in a glass 
dish with 50 ml of 0.22 um filtered seawater and incubated 
at 20°. The exposure was initiated 8.5 hr after fertilization 
by the addition of the inducing substance dissolved in 50 yl 
dimethylsulfoxide (DMSO). DMSO alone was added to 
the control eggs. Water was changed and additional inducer 
was added six times before assay at day 12 (stages 33-34); 
p.p.b. = pg/liter. 

+ fmole = femtomole (10~'° mole); mean of three rep- 
licates + S.E. 

ND = not 
fmoles/min/egg. 


detectable. Limit of detection: 17 
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that, for the power of the f-test to be 0.95 with P< 0.01, 
the sample assayed must have the capacity to produce 3.0 
pmoles of polar metabolites during the incubation [22]. 
The limits of detection indicated in the tables were cal- 
culated by dividing this value by the number of eggs per 
reaction mixture and the incubation time. 

AHH activity was not reproducibly detectable in 
untreated eggs assayed at stages from zygote to shortly 
before hatching. As shown in Table 1, exposure to the 
PCB mixture Aroclor 1254 or to No. 2 fuel oil over the 
course of development resulted in an induction of AHH 
activity in eggs near hatching (stages 33-34; hatching occurs 
in stage 34). The induction of AHH by Arocldr 1254 was 
dose dependent. The induced activity appeared in the 10K 
fraction, while no activity was detectable in the 40K 
fraction. 

In a separate experiment, Fundulus embryos exposed 
to 200 p.p.b. Aroclor 1254 were assayed at stages 32-33 
and shortly after hatching as yolk sac larvae (stages 34-35). 
As before, there was no detectable AHH activity in the 
control eggs (Table 2), and substantial activity was present 
in the 10K fraction of eggs treated with Aroclor 1254. AHH 
activity was higher in the 10K fraction of these eggs than 
in those in Table 1 exposed to 200 p.p.b. Aroclor 1254; 
activity was also detectable in the 40K fraction, perhaps 
because there were four more water changes with addition 
of inducer in this experiment. 

Unlike control eggs, control yolk sac larvae had detect- 
able AHH activity in all fractions assayed. Comparing the 
total activity in the two groups of larvae reveals that Aroclor 
stimulated a greater than 3-fold induction of AHH activity. 
Induction apparently occured to a greater extent in the 
extrahepatic tissues of larvae than in larval liver, as liver 
accounted for more than half of total activity in the controls 
but less than half in the treated group. In either case the 
data suggest that extrahepatic tissues of fish embryos may 
play a significant role in the metabolism of foreign com- 
pounds. The reason for a more substantial portion of MFO 
activity sedimenting with the lighter fraction of yolk sac 
larvae but with the heavier fraction of eggs is unknown. 


Chatterjee et al. [23], however, reported a similar difference 
between the sedimental properties of liver microsomal 
enzymes from fetal and neonatal rats which may have been 
the result of the formation of vesicles from the fetal hepatic 
endoplasmic reticulum (ER) that were larger than the 
microsomes produced from neonatal or adult hepatic ER. 

To compare hepatic AHH activities in yolk sac larvae 
and adults, separate pools of adult liver from three males 
and three females were assayed as whole homogenates like 
the larval livers. The mean AHH activity in these two pools 
(+ range) was 71.3 + 2.6 pmoles/min/mg liver protein, 
while larval hepatic AHH activities normalized to liver 
protein were 35.7 + 5.0 and 87.6 + 20 pmoles/min/mg pro- 
tein for control and PCB-treated larvae respectively. Thus, 
control yolk sac larval liver was about 50 per cent as active 
as untreated adult liver in metabolizing BP. 

The data presented clearly demonstrate the induction of 
AHH activity in fish embryos exposed to common envi- 
ronmental contaminants. The capacity to metabolize lipo- 
philic foreign compounds and to respond to MFO inducers 
near the time of hatching, when a large portion of the yolk 
sac remains, could be adaptive. Fat soluble xenobiotics will 
tend to concentrate in the yolk and be released into the 
embryo during yolk absorption; constitutive and induced 
MFO activities should facilitate the elimination of such 
compounds. 

Fish embryonic MFO activity could also play a role in 
pollutant-induced lesions, including teratogenic effects, by 
producing reactive and mutagenic metabolites during 
organodifferentiation. BP, for example, is a precarcinogen 
in mammals, that requires metabolic activation by cyto- 
chrome P-450 mono-oxygenase activity and the microsomal 
enzyme, epoxide hydrase [24]. Preparations from adult fish 
liver have been shown to activate BP to mutagenic and 
cytotoxic products in a bacterial mutation assay system 
[25]. The presence of AHH activity, whether constitutive 
or induced, in Fundulus embryos suggests that they, too, 
have the capacity to activate BP and related compounds. 
Wales et al. [26] have reported that a single 1-hr exposure 
of rainbow trout embryos to the precarcinogen aflatoxin 


Table 2. AHH activity in fractions of homogenates of control and Aroclor-exposed Fundulus 
eggs and yolk sac larvae* 





Embryonic material Fraction 


Activity? (fmoles/min/embryo) 





Control 200 p.p.b. Aroclor 1254 





10K 

40K 
Carcass, LOK 
Carcass, 40K 
Liver, whole 
homogenate 


Whole eggs 


Dissected larvae 


NDi 
ND 


L. 1, 
6. 2. 
8 5 





* Eggs stripped from six females and fertilized with minced testes from four males were 


treated under conditions similar to those described in Table 1. At the time of assay, 11 days 
of development, control eggs were in stage 33 (N = 122), while PCB-treated eggs were in 
stages 32-33 (N = 121). Control yolk sac larvae (N = 34) were assayed in stages 34-35 after 
14 days of development. Aroclor 1254-exposed yolk sac larvae (N = 40) were assayed in the 
same stages after 16 days of development. Median hatching times for control and Aroclor- 
treated eggs were 14 and 16 days, respectively. Approximately 90 per cent hatching of the 
control eggs occured by day 15 after fertilization, whereas about 19 days were required for 
90 per cent of the Aroclor-exposed eggs. Hatching success in the two groups was similar: 95 
per cent for the controls and 93 per cent for the Aroclor-treated eggs. Water was changed 
and additional inducer added ten times before eggs were assayed, and fourteen times before 
treated yolk sac larvae were assayed. 

+ Whole egg data: mean of three replicates + S.E. Data for larvae represent mean of two 
replicates + range. 

+ ND = not detectable. Limits of detection: 10K fraction, 16 fmoles/min/egg; 40K fraction, 
9.9 fmoles/min/egg. 
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B: induced a significant number of liver tumours in fish 9- 
12 months later. Thus, the risk to fish populations, associ- 
ated with spawning in contaminated environments, may be 
due in part to bioactivation of foreign compounds during 
embryonic development. 

In summary, exposure of developing F. heteroclitus eggs 
to PCBs or whole No. 2 fuel oil induced aryl hydrocabon 
hydroxylase activity in eggs near hatching. PCBs induced 
AHH activity in both the liver and extrahepatic tissues of 
similarly exposed yolk sac larvae. AHH activity was present 
both in hepatic and extrahepatic tissues of control larvae 
but was undetectable in control eggs. The uninduced 
activity in yolk sac larval liver was about 50 per cent of 
that in adult liver. Embryonic metabolism of environmental 
chemicals could be adaptive during yolk absorption but 
might also contribute to lesions by production of activated 
metabolites. 
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Comparative effects of mixed function oxidase inhibitors on adrenal and hepatic 
xenobiotic metabolism in the guinea pig 


(Received 13 August 1979; accepted 24 October 1979) 


In recent years, extra-hepatic xenobiotic metabolism has 
been studied extensively in a variety of tissues including 
the lung, kidney, intestine, skin and placenta (see Ref. 1). 
The oxidative metabolism of polycyclic aromatic hydro- 
carbons (PAH) such as benzo[a]pyrene (BP) by cyto- 
chrome P-450-containing enzymes has been of particular 
interest because of the ubiquitous distribution and potential 
carcinogenicity, mutagenicity and toxicity of PAH. Extra- 
hepatic metabolism of PAH may represent an important 
detoxifying mechanism, especially in organs that serve as 
primary portals of entry to the body, but may also result 


in the production of highly toxic metabolites [1-3]. The 
results of numerous investigations indicate that the charac- 
teristics of PAH-metabolizing enzymes vary considerably 
from tissue to tissue. For example, responses to inducing 
agents, well as to enzyme inhibitors, are highly tissue 
dependent [1-3]. Such differences in enzyme characteristics 
may play an important part in determining the relative 
toxicities of PAH in different organs. 

Many foreign compounds, including PAH, are rapidly 
metabolized by adrenocortical tissue, especially that 
obtained from human fetuses [4-7] or from guinea pigs [8- 
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11]. However, relatively little is known about the properties 
of adrenal drug-metabolizing enzymes. It has been estab- 
lished that the regulation of adrenal and hepatic xenobiotic 
metabolism operates independently of one another, at least 
with respect to the influences of age, sex, strain and enzyme 
inducers [10-17]. The following studies were carried out 
to further characterize adrenal drug-metabolizing enzymes 
by comparing the effects of the mixed function oxidase 
inhibitors, metyrapone, 7, 8-benzoflavone and B-diethyl- 
aminoethyl diphenylpropylacetate (SKF 525-A), on 
adrenal and hepatic metabolism in the guinea pig. 

Adult (650-750 g), male English Short Hair guinea pigs 
were obtained from the Camm Research Institute, Wayne, 
NJ. Animals were maintained under standardized condi- 
tions of lighting (6:00 a.m.—6:00 p.m.) and temperature 
(22°) on a diet of Wayne Guinea Pig Diet and water ad lib. 
Guinea pigs were decapitated, the adrenals and livers were 
quickly removed, and microsomes were prepared as 
described previously [11]. Microsomal pellets were washed 
once and resuspended at a concentration of 2-3 mg of 
microsomal protein/ml. 

The demethylation of ethylmorphine (EM) was assayed 
as the amount of formaldehyde [18] formed by adrenal or 
hepatic microsomes, as described previously [11]. Benzo- 
[a]pyrene hydroxylation was determined using the fluo- 
rometric assay of Nebert and Gelboin [19]. Quinine sulfate 
was calibrated-against authentic 3-OH-benzo[a]pyrene and 
routinely used as the fluorescence standard. Steroid 21- 
hydroxylase activity was measured as the rate of conversion 
of 11B8-hydroxyprogesterone to corticosterone [11]. Micro- 
somal protein concentrations were determined by the 
method of Lowry et al. [20] using bovine serum albumin 
as the standard. 

Metyrapone was a far more potent inhibitor of EM 
demethylation than of BP hydroxylation in both adrenal 
and hepatic microsomes (Table 1). EM metabolism was 
inhibited to a greater extent in liver than in adrenal micro- 
somes but the effects of metyrapone on BP hydroxylation 
were similar in both adrenal and liver microsomes. As 
expected, SKF 525-A produced a concentration-dependent 
inhibition of EM metabolism. Concentrations as low as 50 
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EM significantly decreased enzyme activity. The effects of 
SKF 525-A on adrenal and hepatic EM deinethylase activity 
were virtually identical. In contrast, the actions of SKF 
525-A on BP metabolism were tissue dependent. Hepatic 
BP hydroxylase activity was uniformly decreased by SKF 
525-A. The concentration-dependent inhibition of hepatic 
BP metabolism by SKF 525-A was similar to the inhibition 
of hepatic EM demethylation. However, the nature of the 
effect of SKF 525-A on adrenal BP hydroxylation was 
dependent upon the amount of drug employed. Concen- 
trations of SKF 525-A between 50 and 100 uM increased 
enzyme activity (Table 1). Higher concentrations of SKF 
525-A inhibited BP metabolism. SKF 525-A also decreased 
adrenal microsomal steroid 21-hydroxylase activity but to 
a lesser extent than EM metabolism was decreased. Ben- 
zoflavone (BF) was a more potent inhibitor of hepatic than 
of adrenal BP hydroxylation. No evidence of enhancement 
of enzyme activity was obtained at any of the BF concen- 
trations studied in either tissue. BF had little or no effect 
on EM demethylation in adrenal or hepatic microsomes or 
on adrenal 21-hydroxylation. 

The results demonstrate some differences and some sim- 
ilarities in the characteristics of adrenal and hepatic mixed 
function oxidases in guinea pigs. Inhibition of BP metab- 
olism by metyrapone was not tissue dependent. Metyra- 
pone has been shown to be a more potent inhibitor of BP 
metabolism in microsomes obtained from control rats than 
in those from 3-methylcholanthrene-induced animals [21]. 
Our results, therefore, suggest that the adrenal and 
hepatic enzymes in the guinea pig do not differ with regard 
to their degree of ‘induction’. We demonstrated previously 
that metyrapone also inhibited adrenal microsomal steroid 
21-hydroxylation [22]. Thus, metyrapone appears to be a 
relatively non-specific inhibitor of adrenal mixed function 
oxidases in the guinea pig. 

In contrast to the actions of metyrapone, BF has been 
found to selectively inhibit BP metabolism in microsomes 
from rats treated with 3-methylcholanthrene and to increase 
activity in microsomes from control rats [23]. However, 
like metyrapone, BF fails to differentiate adrenal and 
hepatic BP metabolism in the guinea pig. BP hydroxylase 


Table 1. Effects of metyrapone, 7,8-benzoflavone and SKF 525-A on adrenal and hepatic 
benzo[a]pyrene (BP) hydroxylase and ethylmorphine (EM) demethylase activities* 
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in guinea pig adrenal and hepatic microsomes responds to 
BF like the ‘induced’ enzyme in rat liver. It is possible that 
the enzyme in ‘control’ guinea pigs is at least partially 
‘induced’ as a result of dietary or other environmental 
factors. Similar inhibition of BP metabolism by BF was 
also found in the rat adrenal [17] but not in the fetal human 
adrenal gland [24]. The absence of BF effects on adrenal 
EM metabolism or on 21-hydroxylation suggests that dif- 
ferent forms of cytochrome P-450 may be involved in those 
reactions than in BP metabolism. We suggested previously 
that adrenal drug and steroid metabolism may be catalyzed 
by different species of cytochrome P-450 [10, 11], but the 
actions of BF suggest that multiple cytochrome P-450 moie- 
ties may be involved in adrenal metabolism of different 
xenobiotics. 

Although SKF 525-A produced similar decreases in 
adrenal and hepatic EM metabolism, its effects on BP 
hydroxylase activity clearly indicate differences in the 
adrenal and hepatic enzymes. SKF 525-A has been widely 
used as an inhibitor of mixed function oxidase reactions 
but, to our knowledge, has never before found to enhance 
enzyme activity. However, low concentrations (50-100 4M) 
of SKF 525-A increased adrenal BP metabolism, whereas 
larger amounts produced the expected inhibition. These 
effects of SKF 525-A on adrenal BP metabolism in the 
guinea pig contrast with the lack of effect reported in the 
fetal human adrenal [24] and in the rat adrenal [16]. How- 
ever, in each of the latter studies, only a single concentra- 
tion of SKF 525-A was tested and effective concentrations 
may have been overlooked. It is also possible that the 
actions of SKF 525-A on adrenal BP metabolism are 
species-specific. The divergent effects of SKF 525-A on 
adrenal BP and EM metabolism further suggest that dif- 
ferent cytochrome P-450 moieties catalyze each reaction. 

The mechanism responsible for the SKF 525-A-mediated 
increase in adrenal BP metabolism remains to be resolved. 
Since the drug has no apparent effect on microsomal epox- 
ide hydrase activity [25], changes in the pattern of BP 
metabolism are not likely to account for increases in the 
production of fluorescent metabolites (phenols). In addi- 
tion, we have found recently that, even in the absence of 
SKF-525-A, guinea pig adrenal microsomes convert BP 
almost exclusively to phenols [26]. The biphasic effect of 
SKF 525-A on metabolism may indicate the involvement 
of more than one mono-oxygenase in adrenal BP hydroxy- 
lation. Alternatively, SKF 525-A may exert a biphasic effect 
on a single enzyme. Further investigation is now needed 
to consider these as well as other possible mechanisms. 
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-GABA depletion and behavioural changes produced by intraventricular 
putrescine in chicks 


(Received 2 August 1979; accepted 5 November 1979) 


Although polyamines are usually concentrated in tissues 
with a high rate of biosynthetic activity [1], concentrations 
higher than those of catecholamines and indoleamines have 
been found in the brain of different animal species [2]. 
Their distribution varies in different areas of the brain and 
spinal cord [3-5] and the neuropharmacological and neu- 
rophysiological actions of two polyamines, spermidine and 
spermine, suggests the possibility that these substances may 
act as modulators or transmitters in CNS (see ref. 6). In 
favour of such a role is the finding that polyamines may 
activate or inhibit acetylcholinesterase [7], although doses 
of spermidine or spermine which produce central effects 
are without effect on brain acetylcholine content or on 
catecholamines, serotonin and GABA content [8]. Putres- 
cine is synthetized by decarboxylation of ornithine and is 
one precursor of spermidine and spermine (see refs. 9-11). 
Putrescine also increases GABA synthesis in mammalian 
brain [12, 13]. Intraventricular and systemic injection of 
putrescine, spermidine and spermine produces profound 
behavioural changes in rodents and rabbits, including clonic 
convulsions and changes in locomotor activity, body tem- 
perature and REM and non-REM sleep [14-17]. The pres- 
ent experiments were performed to study in another animal 
species,.i.e. chicks, the acute affects of putrescine given 
into the III cerebral ventricle on behaviour, electrocortical 
activity and body temperature. At the time of peak effect, 
changes in the GABA system both in the diencephalon and 
brainstem, areas accessible from the third ventricle as 
shown in rats after intracerebroventricular (IVC) of 3H- 
putrescine [18] and the effects on spermidine and spermine 
content were studied. This was to determine whether the 
acute effects of putrescine were directly or indirectly 
mediated. 

Rhode Island red chicks weighing 240-250 g were used. 
All operative procedures were performed under halothane 
anaesthesia. The guide cannula was chronically implanted 
into the rostral part of the III cerebral ventricle by means 
of a stereotactic instrument (Horsley—Clark). Cannulae 
positions were verified histologically at post-mortem. Elec- 
trocortical activity was recorded from chronically implanted 
electrodes on the cortex as previously described [19]. Chicks 
were tested at least 3 days after operative procedures. Drug 
injections were made by a 10 wl Hamilton syringe at a rate 
of 0.5 l/min. Putrescine was dissolved in distilled H2O and 
the pH adjusted to about 7.5 by adding HCI (0.1 N). 
Control injections of the same volume of vehicle (pH 7.5) 
lacked effects on behaviour and electrocortical activity. 
After decapitation the brain hemispheres and diencephalon 
were quickly dissected out within 30 sec and frozen in liquid 
nitrogen. GABA was assayed by a Carlo Erba aminoacid 
analyzer using AMINEX A-S5 (0.9 x 13 cm) ion exchange 
resin as previously described [20]. 

Glutamate-decarboxylase activity (GAD) was assayed 
by a slight modification of the method described by Beaven 
et al. [21]. A 15 wl sample of the tissue homogenate (1 : 10) 
was mixed with 35 ul of reagent inside a 1.5 ml polypro- 
pylene Eppendorf vial. The vial was placed inside a 20 ml 
screw-cap liquid scintillation counting vial. A drop (20 ul) 
of 30% 2-phenylethylamine in methanol was adsorbed on 
a square (1 cm*) of filter paper (Whatman 3MM) placed 
at the bottom of the counting vial away from the Eppendorf 
vial. The reagent consists of (a) L-[U-'C]-glutamic acid, 


20 nCi; (b) unlabeled L-glutamic acid to bring the concen- 
tration of amino acid to 5 x 10°*M; (c) 1 x 10°°M pyri- 
doxal-5-phosphate (PLP); (d) 0.1M sodium phosphate 
buffer, pH 6.8, and (e) Triton X-100 (final concentration 
0.5%). Reaction blanks were prepared by substituting 
buffer for the sample. The counting vials were tightly 
capped and incubated at 37° for 30 min; for deproteinization 
the vials were then placed on ice and uncapped one at a 
time and 20 ul of 2 N perchloric acid was added to the 
Eppendorf vials. The counting vials were quickly recapped 
and reincubated for 30min. At the end of the second 
incubation, the Eppendorf vials were removed from the 
counting vials and discarded. Ten microlitres of liquid 
scintillation mixture (2.5 g PPO and 150 mg POPOP’1 tolu- 
ene) was added to each counting vial and radioactivity was 
measured by a Nuclear Chicago liquid scintillator at room 
temperature. Preliminary experiments have shown that in 
these experimental conditions the “CO2 loss was approx- 
imately 1.5 per cent. In addition, under our experimental 
conditions the rate of enzyme reaction was linear as a 
function of time (up to 30 min) as well as of protein (up 
to 0.150 mg). 

GABA-transaminase activity (GABA-T) was assayed in 
100 yl of the following reaction mixture containing: GABA 
5 umoles; a-ketoglutarate 5 wmoles; PLP 0.4 wmoles;0.1 M 
phosphate buffer, pH 8.4 and homogenate (1:10). After 
1 hr incubation at 37° the reaction was stopped by adding 
0.4 ml of absolute ethanol. Controls were carried out by 
adding homogenate after ethanol. After centrifugation, the 
glutamic acid levels in the supernatants were determined 
by an amino acid analyzer with 3AR/2/A/55 (0.9 x 55 cm) 
ion exchange resin. 

Proteins were determined by the procedure of Lowry er 
al. (22 

For assay of polyamines and putrescine, homogenates 
from the brain regions studied were immediately added to 
perchloric acid to make final concentrations of 0.2 M and 
accurately re-homogenized (3 min at 4°) with a Teflon pestle 
at 2000 r.p.m. After 3 hr at 4° the samples were centrifuged 
at 800g for 20min and the polyamines and putrescine 
assayed as the dansyl derivatives by mixing one volume of 
the protein-free supernatant with two volumes of dansyl 
chloride in acetone (10mg/ml). Na2xCO3-10H2O was 
added (80 mg/ml reaction mixture) and the samples were 
kept overnight in the dark, at room temperature. Standards 
of commercial polyamines and putrescine in 0.2 M perch- 
loric acid and blank controls (without tissue) were carried 
throughout the procedure. After completion of the dan- 
sylation reaction [23], 10 mg proline in 0.1 ml of water was 
added to the dansyl chloride excess. The dansylated amines 
were then extracted with 1 volume of benzene, with accu- 
rate mechanical shaking for 30 sec and centrifuged at 2000 g 
for 5 min. The benzene phase was evaporated to dryness 
in vacuo, and each residue was redissolved in 50 ul of 
benzene. Known aliquots of these samples were applied 
to Silica-gel thin layer chromatography plates and chro- 
matographed with ethylacetate: cycloexane (2:3) according 
to Herbst and Dion [24]. The dansyl derivatives of putres- 
cine, spermidine and spermine were visualized on the plate 
with u.v. light, and the area corresponding to each flu- 
orescent spot was scraped out and the silica gel transferred 
to a centrifuge tube. Dansyl derivatives were extracted 
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from the silica gel with a 2 ml of methanol: 25% ammonia 
(99:1, v/v) mixture. After centrifugation, fluorescence in 
the supernatant fractions was detected by means of a Turner 
(mod. 430) spectrofluorometer (activation at 365 nm, emis- 
sion at 520 nm). 

The drug used was putrescine (Fluka, Switzerland) and 
the pH of the solution was adjusted to 7—-7.5 with 0.1.N 
HCl. 

The intraventricular injection of putrescine in chicks 
produced a dose-dependent (from 25 to 150 wg) behav- 
ioural stimulation, increase in locomotor activity, vocali- 
zation, side to side head jerks and tachypnoea. This symp- 
tomatology started after a 5—10 min period of sedation and 
lasted from 15 min to 2 hr according to the dose. After the 
highest doses used (100 and 150 yg), intense behavioural 
stimulation with marked postural changes, semisquatting 
and wing abduction, continuous vocalization, head—neck 
rotation, ataxia, tachypnoea (up to 180 min), periodic crisis 
of circling or escape responses and feather erection were 
observed for about 2hr. In addition, frequent myoclonic 
movements of the limbs and clonic convulsions occurred 
during the first 2 hr. Electrocortical activity was character- 
ized during this and prior to this symptomatology by high 
voltage continuous spikes activity (Fig. 1). Body temper- 
ature was decreased up to 2° for approximately |-3 hr 
according to the dose. The above symptomatology was 
followed by behavioural sedation for about 90 min, after 
which there were no apparent behavioural and electro- 
cortical changes. 

Putrescine (100 zg) given into the III cerebral ventricle 
of chicks (N = 8) produced 30 min later, in comparison to 
controls receiving the same volume of vehicle, a significant 
depletion of GABA in the diencephalon but not in the 
cerebral hemispheres. This effect appears to be dependent 
on the inhibition of GAD, the GABA synthesizing enzyme, 
since no changes were observed in GABA-T activity (Table 
1). Thirty minutes after putrescine administration, i.e. at 
the peak of the behavioural symptomatology and concom- 
itant to GAD inhibition, putrescine did not affect the 
spermidine and spermine content of these brain areas but 
increased the concentration of putrescine by 433 per cent. 

The diencephalic spermidine and spermine concentration 
were 0.362mumoles/g- w.t.+0.05 (N=6) and 
0.217 umoles/g w.t. + 0.04 (N = 6), respectively, in control 
chicks and these were only slightly increased 
(0.435 xmoles/gw.t. + 0.05 and 0.280 wmoles/gw.t. + 0.03, 
respectively) by injection of putrescine. 

The present experiments show that, in chicks, putrescine, 
the precursor of spermidine and spermine, given into the 
III cerebral ventricle produces marked behavioural and 
electrocortical changes accompanied by GABA depletion 
in the diencephalon. The central effects of putrescine in 
mice have been suggested to be due to the increased for- 
mation of spermidine and spermine in the brain and were 
described to occur 24 hr after the administration [14]. In 
our experiments using a similar range of doses as in mice, 
we have found that after a short-lasting period of sedation 
(5-10 min) there was behavioural excitation, marked pos- 
tural and electrocortical changes. The latency period does 
not seem to be due to the time required for putrescine to 
be metabolized into spermidine and spermine as suggested 
in mammalian species [14], since the concentrations of 
these amines were only slightly increased, but to the time 
required for putrescine to inhibit glutamate-decarboxylase 
and to significantly lower GABA content in the dience- 
phalon. The mechanisms by which GAD activity is 
depressed is not known at the present time, nor is it known 
whether such inhibition is direct or mediated by a putrescine 
metabolite. Convulsions and electrocortical epileptic dis- 
charges occur in several animal species when there is a 
depletion of brain GABA (see refs. 25 and 26). On the 
basis of the electrophysiological studies showing that 
polyamines iontophoretically applied mostly depress neu- 
ronal firing of rat and cat brain-stem [27], our experiments 
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INTRAVENTRICULAR PUTRESCINE 
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Fig. 1. Effects of a single intraventricular injection of putrescine (150 wg) on electrocortical activity of 

a chick (240g) kept at an ambient temperature within thermoneutrality. A: control electrocortical 

activity. B and C: high voltage spikes in comparison to A, 10 and 110 min from the administration of 

putrescine. D: Slow-wave, higher amplitude potentials during the behavioural depression (240 min from 
putrescine) following the first stage of behavioural stimulation. 


suggest that amines may inhibit some GABA-ergic neu- 
rons, thus producing epileptogenic discharges. Although 
in mammalian species the enzymatic activities leading to 
GABA synthesis from putrescine are present [12], the 
present results indicates that, also if in chicks these are 
present, the amount of newly synthesized GABA does not 
counteract GABA depletion due to inhibition of GAD 
activity. 

Despite the fact that in mice and rabbits administration 
of spermidine and spermine produce marked and long- 
lasting sedation also in these species the symptomatology 
culminated after a longer period in tonic-clonic convulsions 
[14]. The changes obtained in the present experiments in 
the GABA system in the diencephalon in contrast to the 
brain hemispheres may reflect the regional distribution of 
*H-putrescine in different areas of the rat brain after IVC 
administration [18]. The effects of putrescine on body tem- 
perature in chicks were similar to the hypothermic effects 
reported to occur in mammalian species [14, 15] and at 
least in part seem to be due to increased heat loss through 
tachypnoea. 

In conclusion, the profound behavioural changes after 
intraventricular administration in mammalian and non- 
mammalian species and the claimed implication of polyam- 
ines in the development of aggressivity in mice [28] are in 
favour of the suggested role for polyamines as modulators 
or transmitters in CNS [6]. 
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Effects of depressant drugs and sulfhydryl reagents on the transport of calcium 
by isolated nerve endings 


(Received 2 August 1979; accepted 16 October 1979) 


One effect of neuronal depolarization is to open the syn- 
aptic membrane channels that allow calcium to flow down 
the electrochemical gradient and enter the nerve terminal 
[1]. The resultant increase in the concentration of free 
calcium in the nerve terminal leads to the release of neuro- 
transmitter substances [2]. To terminate the release of 
neurotransmitter, the excess calcium in the nerve ending 
must be either sequestered or removed. The mechanisms 
involved in the removal of calcium are not well understood, 
but a high affinity, non-mitochondriail, ATP-dependent 
calcium uptake has been described recently in lysed syn- 
aptosomes [3]. This intrasynaptosomal calcium transport 
system may play a significant role in buffering the intra- 
cellular calcium concentration of nerve endings [3]. Since 
synaptic function is likely to depend upon both the depo- 
larization-dependent influx of calcium and the ATP-depen- 
dent sequestration of calcium, we have compared the effects 
of in vitro addition of various drugs on both of these 
processes in isolated synaptosomes to evaluate the role of 
calcium transport in the neuropharmacological effects of 
these drugs. Of particular interest were the observations 
of increased spontaneous release of neurotransmitters from 
nerve terminals exposed to ethanol [4-6], barbiturates [7] 
or sulfhydryl reagents [8-10]. These findings have been 
taken as evidence to indicate that these agents directly 
affect the membrane processes responsible for the release 
of neurotransmitters. However, it is possible that these 
compounds might also increase the release of neurotrans- 
mitters indirectly by inhibiting the intraneuronal seques- 
tration of calcium. In addition, we were interested in the 
similarities between the ATP-dependent uptake of calcium 
by brain membranes and by muscle sarcoplasmic reticulum. 
Accordingly we selected several sulfhydryl reagents and 
other drugs which are known to inhibit the transport of 
calcium by sarcoplasmic reticulum and studied their effects 
on ATP-dependent calcium transport by lysed 
synaptosomes. 

Male Sprague-Dawley rats (200-250 g) (Charles River 
Breeding Laboratories, Wilmington, MA) were decapi- 
tated, and synaptosomes were isolated from whole brain 
homogenates as described previously [11]. ATP-dependent 
and potassium-stimulated calcium uptakes were assayed as 
described by Blaustein ef al. [3,12]. For both assays, the 
synaptosomal band was removed from the Ficoll gradient, 
slowly diluted 5-fold with ice-cold calcium-free Na*-5K* 
(132mM NaCl,.5mM KCl, 1.3mM MgCh, 1.2 mM 
NaH2POs, 10mM glucose, and 20 mM Tris; pH 7.4) and 
pelleted at 15,000 g for 6 min. For the ATP-dependent 
uptake, the pellet was then resuspended in hypotonic lysis 
solution [1.3mM MgCh, 2.4mM NaH2PO, and 20mM 
4-(2-hydroxvethyl)-1-piperazine-ethanesulphonic acid 
(Hepes), pH 7.4] and incubated at 37° for 3 min to disrupt 
the synaptosomes. This suspension was placed on ice and 


diluted with an equal volume of a solution containing 
362 mM KCl, 1.95 mM MgCh, 3.6 mM NaH2POs, 30 mM 
Hepes, 0.5mM NaN3, 0.5 mM dinitrophenol and Syg/ml 
oligomycin, pH 7.4. Aliquots (0.8 ml; 0.4-0.8 mg protein) 
were added to tubes containing 0.2 ml of various drug 
solutions or distilled water (control) and incubated at room 
temperature for 15 min, followed by incubation at 37° for 
Imin. At this point, 1 ml of the ethylene- 
glycolbis(aminoethylether)tetra-acetate (EGTA)-buffered 
> Ca solution (100 4M CaCh, 0.5 wCi/ml “CaCh, 107 uM 
EGTA, 145mM KCl, 1.3mM MgCl and 0 or 2 mM 
MgATP) was added and incubation was continued for 5 
min at 37°. The final concentration of free calcium was 
calculated to be 2 uM [13]. The uptake was terminated by 
rapid filtration through GF/C discs which were washed 
three times with 5 ml of a solution containing 145 mM KCl, 
1.2mM CaCl and 1.4mM MgCl The ATP-dependent 
uptake (AATP) was considered to be the difference 
between the uptake in the absence of ATP (—ATP) and 
in the presence of ATP (+ATP) (see Table 1). For potas- 
sium-stimulated calcium uptake by intact synaptosomes, 
the synaptosomal pellet was resuspended in Na‘-5K* 
(132mM NaCl, 5mM KCl, 1.3mM MgCh, 1.2mM 
NaH2POs, 10 mM glucose, 20 mM Tris and 1.2 mM CaCh; 
PH 7.4) to give 1-2 mg/ml protein. Portions (0.5 ml) of this 
suspension were incubated for 15 min at 37° except for 
experiments involving ethanol or pentobarbital, which were 
carried out at 30°. Aliquots of the drug solutions were then 
added and the incubation was continued for 12 min. Next, 
0.5 ml of either a solution of Na*-5K* containing “Ca or 
a similar solution in which 132 mM KCI was substituted 
for the NaCl (depolarizing solution) was added. Incubation 
continued for | min and uptake was stopped by the addition 
of 0.5 ml of an ice-cold EGTA-halting solution (132 mM 
NaCl, 5 mM KCl, 1.3 mM MgCl, 1.2 mM NaH2POs, 30 mM 
Tris and 30 mM EGTA) plus 5.0 ml of calcium-free Na*- 
5K*. Membranes were filtered immediately on GF/C discs 
and washed twice with 10 ml of calcium-free Na*-5K~. The 
“Ca on the discs was determined by liquid scintillation 
spectrometry. The depolarization-dependent uptake (AK”*) 
was considered to be the difference between the uptake in 
a low concentration of potassium (—K”) and in a high 
concentration of potassium (+K*). Protein concentrations 
were determined by a modification of the phenol method 
[14]. 

The results in Table 1 indicate that depressants such as 
ethanol (800 mM), pentobarbital (0.5 mM) and acetalde- 
hyde (100 mM) significantly inhibited the ATP-dependent 
uptake, while chlorpromazine (107° M), diphenylhydan- 
toin (10°*M) and phencyclidine (10~° M) were without 
effect. Ethanol and the barbiturates had been shown pre- 
viously to decrease the ATP-dependent calcium uptake in 
cardiac sarcoplasmic recticulum vesicles [15-17], while 
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chlorpromazine has been shown both to increase and to 
decrease [18,19] the uptake by sarcoplasmic reticulum. In 
contrast to results obtained with the ATP-dependent 
uptake, the potassium-stimulated uptake was inhibited by 
pentobarbital, chlorpromazine, diphenylhydantoin, 
ethanol, phencyclidine and acetaldehyde. These results 
confirm the inhibitory effects of pentobarbital, chlorprom- 
azine and diphenylhydantoin, which have been reported 
by others [20-25]. Although Blaustein and Ector [20] 
reported that 100 mM ethanol did not affect the potassium- 
stimulated uptake of calcium by synaptosomes, our data 
indicate that a consistent, dose-dependent inhibition was 
produced by this drug. With all the depressant drugs, the 
inhibition of the potassium-stimulated uptake was much 
greater than that seen with the ATP-dependent uptake. 
Regarding the local anesthetics, procaine and propranolol 
reduced the potassium-stimulated influx, while only pro- 
pranolol inhibited the ATP-dependent calcium uptake. 
Similarly, the ATP-dependent uptake of calcium by sar- 
coplasmic reticulum has been reported to be inhibited by 
anesthetic concentrations of propranolol [26]. The concen- 
trations of ethanol, pentobarbital, propranolol, dipheny- 
hydantoin and chlorpromazine that were effective in 
inhibiting the ATP-dependent uptake were in the anesthetic 
range [27]. 

We also studied the effect of sulfhydryl reagents on the 
non-mitochondrial ATP-dependent uptake and the potas- 
sium-stimulated calcium uptake. In contrast to the depres- 
sants and anesthetics, the sulfhydryl reagents inhibited 
intrasynaptosomal ATP-dependent calcium uptake more 
strongly than they inhibited potassium-stimulated uptake. 
Sulfhydryl reagents have also been shown to inhibit the 
calcium uptake of sarcoplasmic reticulum [28]. The minimal 
effect of the more specific reagent 5,5’-dithiobis-(2-nitro- 


benzoic acid) (DTNB) on potassium-stimulated uptake sug- 
gests that sulfhydryl groups, in contrast to the ATP-depen- 
dent transport, are not important for the potassium- 
stimulated uptake. The greater reduction observed with 
the mercury-containing compounds is probably due to their 
lower specificity. Not only do they react with thiol groups, 
but they also may compete with calcium [29] and react with 
amino, phosphate or carboxyl groups [30]. In regard to the 
drug effects, since ethanol has been shown to reduce the 
availability of membrane sulfhydryi groups [31], and since 
acetaldehyde is known to react with thiol groups [32], it 
is possible that their inhibitory effects on ATP-dependent 
calcium transport involve their effects on sulfhydryl groups. 

Inhibition of ATP-dependent uptake may account for 
the increase in spontaneous release of neurotransmitters 
that has been observed with sulfhydryl reagents and with 
high concentrations of depressants and anesthetics [4-10]. 
Inhibition of the intrasynaptosomal ATP-dependent cal- 
cium uptake would tend to increase the intracellular calcium 
concentration and thus result in a greater release of neuro- 
transmitter from the terminal. The drug concentrations 
which are required to increase the spontaneous release of 
neurotransmitters are similar to those which were found 
to inhibit the ATP-dependent uptake. However, interpret- 
ation of the effects of ethanol and pentobarbital is com- 
plicated by the inhibitory effects of these drugs on the 
resting (non-depolarized) influx of calcium noted in this 
study and others [20,25]. This effect would tend to lower 
the amount of calcium in the nerve ending, perhaps off- 
setting the inhibitory effect of the drugs on the ATP- 
dependent sequestration of calcium. In contrast, the sulfhy- 
dryl reagents selectively inhibited the ATP-dependent 
uptake without affecting the resting influx. As discussed 
above, this effect would be expected to increase the release 


Table 1. Effects of in vitro addition of drugs and sulfhydryl reagents on ATP-dependent and potassium-stimulated 
calcium uptake by brain synaptosomes* 





Depressants Conc (M) —ATP 


+ATP AATP —K* +K* 





Ethanol 


Pentobarbital 
Acetaldehyde 
Chlorpromazine 
Diphenylhydantoin 
Phencyclidine 
Local anesthetics 
dl-Propranolol 
Procaine 

Sulfhydryl reagents 
DTNB 


HgCh 
N-Ethylmaleimide 
p-Chloromercuribenzoate 


ND 
85 

ND 
60§ 
ND 
ND 





* Values are presented as percent of control. Data are from a number of different experiments in which several drug 
treatments were compared with control preparations. Each experiment consisted of duplicate determinations of three 
to nine membrane preparations (see text for methodological details). The variation in drug effects between preparations 
was usually less than 10 per cent. The average control values (+ S.E.M.) for all ATP-dependent uptake experiments 
were 0.31 + 0.01 (—ATP), 1.21 + 0.02 (+ATP) and 0.87 + 0.02 (AATP) nmoles calcium/mg protein; N = 24. Control 
values (+ S.E.M.) for the potassium-stimulated calcium uptake experiments were: 3.39 + 0.20 (—K*), 8.95 + 0.64 
(+K*) and 5.56 + 0.44 (AK*) nmoles calcium/mg protein; N = 15. 

+ Significantly different from control, P < 0.01. 

+ Not determined. 

§ Significantly different from control, P < 0.05. 





Short communications 


of neurotransmitters, such as acetylcholine. 

Alternatively, others have argued against the involve- 
ment of calcium in the release of acetylcholine by sulfhydryl 
reagents. This is based primarily on the observation that 
the effects of sulfhydryl reagents (e.g. N-ethymaleimide 
and p-hydroxymercuribenzoate) are not markedly affected 
by variations in the extracellular concentration of calcium 
[8-10]. However, removal of extracellular calcium does not 
necessarily reduce intracellular stores of calcium or pre- 
clude the participation of these stores in neurotransmitter 
release. In addition, a recent report demonstrated that the 
ethanol-induced release of norepinephrine from the vas 
deferens is dependent upon calcium availability [6]. A result 
apparently inconsistent with an intracellular site of action 
for sulfhydryl reagents is the observation that a sulfhydryl 
reagent which does not readily penetrate cell membranes 
is able to release acetylcholine from synaptosomes [10]. 
However, this compound appeared to be considerably less 
potent and to have a slower onset of action than sulfhydryl 
reagents which rapidly penetrate cell membranes [10], 
suggesting the possibility of an intracellular action despite 
limited permeability. These considerations, together with 
our present results, suggest that changes in intrasynapto- 
somal storage of calcium may be at least responsible for 
the effects of sulfhydryl reagents and depressants on the 
resting release of neurotransmitters. 

Inhibition of the potassium-stimulated calcium uptake 
by depressants would tend to decrease the depolarization- 
stimulated calcium influx necessary for neurotransmitter 
release. This would result in a reduction in the release of 
neurotransmitter from the nerve terminal during stimula- 
tion. Indeed, ethanol and pentobarbital, at concentrations 
similar to those tested in this study, have been shown to 
inhibit the release of several neurotransmitters from brain 
tissue [33-35]. The greater sensitivity of the potassium- 
stimulated calcium uptake may indicate that this process 
is of greater importance in the mechanism of action of the 
depressants and anesthetics. It is of interest to note that, 
after chronic administration of ethanol, both calcium 
uptake systems display tolerance to the in vitro effects of 
the drug [36]. 

Our pharmacological data give experimental support to 
the suggestion of Blaustein et al. [3] that the ATP-depen- 
dent uptake of calcium by synaptosomes resembles the 
uptake of calcium by muscle sarcoplasmic reticulum. Both 
processes were inhibited by similar concentrations of the 
anesthetics, the depressants and the sulfhydryl reagents, 
although further studies are required to prove the identity 
of these two systems. Our data also demonstrate that the 
depolarization-stimulated uptake of calcium by intact syn- 
aptosomes is more sensitive to the inhibitory effects of 
depressants and anesthetics than is the ATP-dependent 
intrasynaptosomal calcium transport system. On the other 
hand, the ATP-dependent uptake is more sensitive to the 
effects of sulfhydryl reagents than is the depolarization- 
dependent uptake. These effects appear to be related to 
the known actions of these drugs on neurotransmitter 
release. 


Acknowledgements—We would like to thank Kathy Pilk- 
enton for technical assistance. This work was supported by 
a grant from the National Council on Alcoholism and by 
funds from the Medical Research Service of the Veterans 
Administration. R. A. H. is the recipient of a Faculty 
Development Award from the Pharmaceutical *Manufac- 
turers Association Foundation. 


WILLIAM F. Hoop 
R. ADRON HARRIS 


The Harry S. Truman Memorial 
Veterans Hospital, 

and the Department of 
Pharmacology, 

University of Missouri School of 
Medicine, 

Columbia, MO 65212, U.S.A. 


REFERENCES 


1. P. F. Baker, in Calcium Movement in Excitable Cells 
(Eds. J. A. V. Butler and D. Noble). Pergamon Press, 
Oxford (1975). 

.R. P. Rubin, Calcium and the Secretory Process. 
Plenum Press, New York (1974). 

. M. P. Blaustein, R. W. Ratzlaff, N. C. Kendrick and 
E. S. Schweitzer, J. gen. Physiol. 72, 15 (1978). 

.D. M. J. Quastel, J. T. Hackett and J. D. Cooke, 
Science 172, 1034 (1971). 

. M. Curran and P. Seeman, Science 197, 910 (1977). 

.N. C. Degani, E. M. Sellers and K. Kadzielawa, J. 
Pharmac. exp. Ther. 210, 22 (1979). 

. B. F. Westmoreland, D. Ward and T. R. Johns, Brain 
Res. 26, 465 (1971). 

. W. D. M. Paton, E. S. Vizi and M. A. Zar, J. Physiol. 
(Lond.) 215, 819 (1971). 

. E. S. Vizi, J. Physiol. (Lond.) 226, 95 (1972). 

. A. Baba, J. S. Fisherman and J. R. Cooper, Biochem. 
Pharmac. 28, 1879 (1979). 

. W. F. Hood and R. A. Harris, Biochem. Pharmac. 28, 
3075 (1979). 

. M. P. Blaustein, J. Physiol, (Lond.) 247, 517 (1975). 

. H. Portzehl, P. C. Caldwell and J. C. Ruegg, Biochim. 
biophys. Acta. 79, 581 (1964). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1961). 

. M. H. Swartz, D. I. Repka, A. M. Katz and E. Rubin, 
Biochem. Pharmac. 23, 2369 (1974). 

. F. N. Briggs, W. W. Gertz and M. L. Hess, Biochem. 
Z. 345, 122 (1966). 

. A. Martonosi and R. Feretos, J. biol. Chem. 239, 658 
(1964). 

. M. A. O’Callaghan and P. F. Duggan, Biochem. Phar- 
mac. 24, 563 (1975). 

. J. Balzer, Naunyn-Schmiedebergs Archs. Pharmac. 
274, 256 (1972). 

. M. P. Blaustein and A. C. Ector, Molec. Pharmac. 11, 
369 (1975). 

. M. B. Friedman, R. Coleman and S. W. Leslie, Life 
Sci. 25, 735 (1979). 

.S. W. Leslie, S. V. Elrod, R. R. Coleman and J. K. 
Bleknap, Biochem. Pharmac. 28, 1437 (1979). 

. M. G. Ondrusek, J. K. Belknap and S. W. Leslie, 
Molec. Pharmac. 15, 386 (1979). 

. R. S. Sohn and J. A. Ferrendelli, J. Pharmac. exp. 
Ther. 185, 272 (1973). 

. R. S. Sohn and J. A. Ferrendelli, Archs. Neurol. Chi- 
cago 33, 626 (1976). 

. E. Noack, M. Kurzmack, S. Verjovski-Almeida and 
G. Inesi, J. Pharmac. exp. Ther. 206, 281 (1978). 

. P. Seeman, Pharmac. Rev. 24, 583 (1972). 

. W. Hasselbach and K. Seraydarian, Biochem. Z. 345, 
159 (1966). 

. D. T. Hart and J. L. Borowitz, Archs. int. Pharma- 
codyn. Thér. 209, 94 (1974). 

.G. J. Siegel, R. W. Albers, R. Katzman and B. W. 
Agranoff, Basic Neurochemistry, p. 688. Little, Brown 
& Co., Boston (1976). 

. B. Gruber, E. C. Dinovo, E. P. Noble and S. Tewari, 
Biochem. Pharmac. 26, 2181 (1977). 

. A. J. Cederbaum and E. Rubin, Biochem. Pharmac. 
25, 2179 (1976). 

. F. J. Carmichael and Y. Israel, J. Pharmac. exp. Ther. 
193, 824 (1975). 

. H. Kalant and J. Grose, J. Pharmac. exp. Ther. 158, 
386 (1967). 

. J. A. Richter and L. L. Werling, J. Neurochem. 32, 
935 (1979). 

.R. A. Harris and W. F. Hood, Abstr. Soc. Neurosci. 
5, 558 (1979). 





960 


Biochemical Pharmacology, Vol. 29, pp. 960-962 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


Short communications 


0006-2952/80/0315-0960 $02.00/0 


Comparison of the effects of Enovid and a-naphthylisothiocyanate on 
bromosulphophthalein excretion in Syrian golden hamsters 


(Received 14 May 1979; accepted 25 October 1979) 


Bromosulphophthalein (BSP) is an anionic dye which is 
rapidly removed from plasma by the liver, conjugated, and 
then excreted into bile. Its excretion rate into bile is satu- 
rable, and this upper limit (transport maximum, Tm) has 
been used as a sensitive measure of the integrity of the 
excretory capacity of the liver [1]. 

A very small percentage of women in general, and a 
greater number of women in certain geographic regions, 
show recurrent cholestatic jaundice during pregnancy, or 
while taking oral contraceptives such as Enovid [2-4]. How- 
ever, in both conditions, the women have a defective biliary 
excretion demonstrable as reduced BSP-Tm [5, 6]. This was 
interpreted as indicating a ‘subclinical’ cholestasis which 
is manifested as cholestatic jaundice only in certain sensitive 
women [7]. 

Anabolic steroids, oral contraceptives and estrogen 
derivatives are cholestatic agents and reduce BSP-Tm in 
experimental animals [6, 8,9]. a-Naphthylisothiocyanate 
(ANIT) is another cholestatic agent in many species [9], 
but hamsters proved less susceptible than rats, requiring 
higher doses to produce cholestasis [10]. We have also 
noted the apparent resistance of hamsters to the cholestatic 
effects of Enovid, i.e. an acute pretreatment which reduced 
bile flow by 50 per cent in rats had no such effect in 
hamsters.* The present studies, therefore, were undertaken 
to determine whether acute or chronic Enovid pretreatment 
might have a more subtle effect on the bile secretory 
apparatus in hamsters, being evident only as a reduction 
in maximal transport rate, and thus resembling more closely 





* P. J. Hertzog, V. Ilacqua, M. Rustia and R. Gingell, 
manuscript in preparation. 
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the human situation. ANIT was included in this study for 
comparison of any effect of Enovid with a known cholestatic 
agent in hamsters. 

Chemicals. Enovid is a mixture of 96% norethynodrel 
and 4% mestranol which were purchased separately from 
the Sigma Chemical Co., St. Louis, MO. ANIT was 
obtained from Aldrich Chemicals (Milwaukee, WI), BSP 
from Sigma, and Diabutal (pentobarbital) from Diamond 
Laboratories (Des Moines, IA). 

Animal treatment. Female Syrian golden hamsters (12- 
to 14- weeks-old) were given a single oral dose of ANIT 
(300 mg/kg in paraffin oil) 2 days prior to BSP infusion. 
In the acute Enovid studies, female hamsters were given 
five daily oral doses of Enovid (50 mg/kg in propylene 
glycol) prior to experimentation on day 6. Controls 
received equivalent doses of vehicle only. In the chronic 
studies, female hamsters were fed 0.004% Enovid in pow- 
dered food (Wayne Lablox) from 7 to 27 weeks of age. 

BSP studies. Animals were anesthetized with pentobar- 
bital (125 mg/kg), the common bile duct was ligated, and 
the gall bladder was cannulated for bile collection.* The 
jugular vein was then cannulated for BSP infusion using 
a Cheminert metering pump (Laboratory Data Control, 
Riviera Beach, FL) after the animals had been stabilized 
for 30 min at 36-38° on heating pads. Temperatures were 
monitored by rectal thermometers (model 47, Yellow 
Springs Instrument Co., OH). 

BSP-Tm was determined after the method of Klaassen 
and Plaa [11]. BSP was dissolved in physiological saline 
(25 or 35 mg/ml) and infused at the rate of 20u1/min/100 g 
body weight. Bile was collected for five consecutive 15-min 
periods, after initiation of the infusion, into preweighed 
vials which were then reweighed. After dilution with 0.1 N 
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Fig. 1. Panel A: control BSP excretion rate for each 15 min of bile collection, showing the maximal 
level reached at 30-75 min. Tm was calculated as the average excretion during the third, fourth and fifth 
periods. Panel B: control bile flow rate during each 15-min period of bile collection. 





Short communications 


Table 1. Effects of infusion rate on bile flow, BSP maximal concentration, and Tm in bile 





Bile flow 
(mg/min 100 g 
body wt) 


BSP infusion rate 
(ug/min/100 g body wt) 


BSP maximal 
concentration 
(ug/mg bile) 


BSP-Tm 
(ug/min/100 g body wt) 





500 (7)* 
700 (4) 


8.45 + 0.17 
8.39 + 0.50 


§2:1228 
48.0 + 6.0 





* Numbers of animals per group are given in parentheses. 


+ Values are expressed as means + S.E.M. 


NaOH, the absorbance at 580nm was measured with a 
Spectronic 20 colorimeter (Bausch & Lomb) to determine 
BSP concentration. 

Figure 1 shows the rates of biliary BSP excretion and 
bile flow in control hamsters. The BSP excretion rate 
reached a maximum by the third collection period and 
maintained this level for an additional 30 min (Fig. 1A), 
as did BSP concentration. The BSP-Tm and maximal biliary 
concentration for each animal was therefore calculated as 
the mean of the excretion rates in the third, fourth and 
fifth periods. Bile flow remained relatively constant 
throughout the experiment (Fig. 1B), and values quoted 
hereafter were derived from an average of the bile flow 
rate in the third, fourth and fifth periods. Increasing the 
infusion rate from 500 to 700 ug BSP/min/100 g body weight 
had no effect on biliary BSP-Tm, maximal concentration, 
or bile flow rate (Table 1). This ensures that, at the former 
rate, BSP excretory mechanisms were saturated. 

Neither acute nor chronic Enovid treatment of hamsters 
had any effect on bile flow, BSP maximal concentration, 
or BSP-TM (Table 2). Seven animals received 300 mg/kg 
ANIT; in three bile flow ceased completely, whereas the 
other four animals showed normal bile flow rates (Table 
2). Although bile flow was normal, there was an almost 50 
per cent reduction in biliary BSP-Tm and hence maximal 
concentration in bile (Table 2). 

The use of BSP-Tm to measure biliary transport capacity 
has been criticized on the basis that, during infusion of high 
levels of BSP, biliary BSP excretion was directly propor- 
tional to bile flow, and both decreased steadily with time 
[12, 13]. Dhumeaux et al. [12] suggested that, at least in 
the particular rat strain used, maximal BSP concentration 
in bile might be a more appropriate measure of hepatic 
excretory capacity than BSP-Tm. However, these criticisms 
do not apply to the present studies because bile flow 
remained relatively constant for the 75 min of infusion, but 
the biliary BSP excretion rate increased to a maximum by 
30-45 min and maintained that level for a further 30 min 


(Fig. 1). Results following ANIT intoxication also indicate 
that BSP-Tm may vary independently of bile flow (Table 
2). 

Another problem which has been reported is that the 
decreased bilirubin Tm observed in rats pretreated with 
some steroids may be due solely to the induced hypothermia 
[14]. Therefore, in the present study, hamsters were main- 
tained at a constant temperature throughout the experi- 
ment. To ensure that BSP excretory mechanisms were 
saturated at the infusion rate to be used, some hamsters 
were infused at higher rates, and indeed did not show an 
increased BSP-To. 

In the present studies, neither chronic ingestion of 
Enovid at doses comparable to those used in women, nor 
5 days of pretreatment with high doses of Enovid caused 
any detectable alterations in hepatic excretion capacity. 
Therefore, the hamster has proven highly resistant, in 
contrast to rats and humans, to the cholestatic effects of 
this oral contraceptive. Hamsters have also been reported 
to be more resistant to the cholestatic effects of ANIT as 
measured by hyperbilirubinemia and decreased bile flow 
[10, 15], and BSP plasma disappearance [15]. In the present 
studies using three times the dose of ANIT required to 
produce severe cholestasis in rats [16], three of seven 
treated hamsters showed complete bile flow stoppage, while 
the remaining animals showed normal bile flow. Similar 
results were reported by Indocochea-Redmond and Plaa 
[10]. However, in animals with normal bile flow, BSP-Tm 
was reduced by 50 per cent. ANIT is known to have many 
effects on the rat liver [17] including bile duct necrosis, 
cholangitis, bile canalicular membrane damage, and con- 
sequently impaired transport of substances into bile [9, 16]. 
The absence of bile flow in some animals may indicate that 
bile ducts are sufficiently blocked by necrotic debris to 
prevent the flow of bile from the bile duct cannula, or this 
may be an artifact of cannulation in ANIT-treated animals. 
However, in other hamsters, bile flow was not obstructed 
at all, but a ‘subclinical’ defect in the biliary transport of 


Table 2. Effects of acute ANIT, Enovid and chronic Enovid treatment on bile flow, BSP maximal 
concentration, and Tm 





Bile flow 


Animal treatment (mg/min/100 g body wt) 


BSP maximal 
concentration 
(ug/mg bile) 


BSP-Tm 
(ug/min/100 g body wt) 





Acute 
Control q} 
Enovid (4) 
ANIT (4) 
Chronic 
Control (4) 5.52 + 0.24 
Enovid (4) 5.95 + 0.32 


6.17 + 0.27+ 
6.55 + 0.22 
6.53 + 0.33 


4 


i; 
3.64 


9.07 + 0.45 
9.25 + 0.30 


49.1 + 3.5 
54.0 + 3.6 





* Numbers of animals per group are given in parentheses. 


+ Values are expressed as means + S.E.M. 


Denotes values significantly different from respective controls (P < 0.001). 





962 Short communications 


hepatocytes was detectable as a reduced BSP-Tm (Table 
2}. 

These studies have emphasized the resistance of the 
Syrian golden hamster, in contast to rats and humans, to 
cholestasis as measured by bile flow and BSP-Tm, following 
acute or chronic oral contraceptive pretreatment. Choles- 
tasis was induced in hamsters with high doses of ANIT, 
which appeared to have an all-or-none effect on bile flow; 
however, BSP-Tm was reduced in those animals where bile 
flow was normal. 

PAUL J. HERTZOG* 
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Paix, 61, rue de Bruxelles, Namur (Belgium). 


(Recetved 15 November 1979; accepted 21 December 1979) 


The total ischemia of a rat-liver lobe causes a progressive decrease 
of acid hydrolase latency indicating that the lysosomes are altered (1) .Itisnot 
known to what extent these alterations are reversible after re-establishment 
of the blood flow. In the present work we are particularly concerned with the 


fate of two lysosomal hydrolases: acid phosphatase and j}.galactosidase in rat- 


liver lobes rendered ischemic during one or two hours, the animals being killed 
immediately after the ischemic period or 20 hours after re-establishment of 

the circulation. Some of the rats were pretreated with chlorpromazine. This ex- 
perimental schema was adopted because according to some morphological and bio- 
chemical observations (2,3) cell injury induced by ischemia seems reversible 
when the reflow in the liver occurs one hour after the blood supply has been 

cut off, but is irreversible when the reflow takes place two hours after the in- 
terruption of circulation. Moreover, it has been shown that the reversible pe- 
riod can be markedly extended when the rats have been pretreated with chlorpvro- 


Mazine (4). 


Methods: 

In our experiments we used male Wistar rats weighing 200 to 300 g.which 
had been starved overnight. They were laparotomized under ether anaesthesia and 
the vascular pedicle of the left liver lobe was clamped with a bull-dog forceps. 
To re-establish flow, the animals were again anaesthetized, the abdomen was re- 
opened, the forceps removed and the wound closed. After killing the animals the 
left lobe and in some cases the right one (used as control) were removed, wei- 
ghed in ice cold 0.25 M sucrose and then homogenized in the same medium by three 
strokes of a motor driven Teflon pestle in a Potter homogenizer (A.H. Thomas Co. 
Philadelphia). The homogenized suspension was brought to a volume corresponding 
to 10 times the weight of the tissue. Part of the homogenates was spun for 45 
min at 40.000 rev/min in the n° 40 rotor of the Spinco preparative ultracentri- 
fuge. 

The degree of latency of the lysosomal hydrolases was appreciated by mea- 
suring free and total acid phosphatase activity of the homogenates according to 
de Duve et al. (5) and total ¥.galactosidase activity on the homogenates and on 
the high speed supernatants according to Vaes (6). Proteins were determined ac- 
cording to Lowry et al.(7). Units of enzymic activity are defined as the amount 
of enzyme causing the decomposition of 1 pmole of substrate per min. 
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Chlorpromazine was administred 30 min. before surgery by an intraperito- 
neal injection of 4 mg/ml solution in 1 mM imidazole pH 7.4, 0.15 M NaCl with 
a dose of 2 mg/100 g body weight. 


Results and discussion: 





As shown in Fig.l, the free activity of acid phosphatase is increased 
two fold in the homogenates of livers deprived of blood for one hour. Twenty 


hours after the return of blood flow, a quasi normal free activity is recovered. 
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Fig.l. Influence of 1 hour ischemia on the release of liver acid phos- 
phatase and galactosidase. Free and unsedimentable activities (A) are 
given as percentages of the total activity; total activities (B) are gi- 
ven in units/g. of protein. Means of at least 7 animals with S.D. are 
presented.[] control values: as significant differences were not obser- 
ved for the unligated lobes whatever their origin, in one or another 
group of operated rats, all the determinations were pooled to calculate 


the mean values. Vi :without re-establishment of blood flow; = : af- 
ter re-establishment of blood flow during 20 hours. 


The change of unsedimentable B-galactosidase parallels that of free acid phos- 
phatase. Total activities of both hydrolases are unaffected by ischemia. Thus 
one hour ischemia causes a lysosomal lesion which is reversible to a large ex- 
tent. 

When the blood supply has been cut off for two hours, the increase of 
the free and soluble activities of acid hydrolases is more impressive (Fig.2). 
Acid phosphatase free activity is about 60% and -galactosidase unsedimentable 
activity about 50% of the total activities. Re-establishment of the circulation 
does not lead to recovery; on the contrary, 20 hours after the reflow took pla- 
ce, the unmasking of acid hydrolases is still more marked. The total activity 
of B-galactosidase is not modified but that of acid phosphatase is significan- 


tly reduced. Therefore, the lysosomal lesion induced by a two hour ischemia is 


irreversible. 


Also illustrated in Fig.2-are the results obtained when the rats have 
been injected with chlorpromazine. Obviously, chlorpromazine treatment opposes 
the irreversible effect of ischemia on the lysosomal hydrolase latency, 20 
hours after the reflow of blood, acid phosphatase free activity and B-galacto- 


sidase unsedimentable activity are nearer their normal values. Moreover, the 
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Fig.2. Influence of a 2 hour ischemia on the release of liver acid 
phosphatase and BPgalactosidase. Free and unsedimentable activities 
(A) are given as percentages of total activity; total activities (B) 
are given in units/g of protein. Means of at least 7 animals with 
S.D. are presented.[ |: control values, see legend of Fig.1; : 
without re-establishment of blood flow: YH, :id, after chlorproma- 


zine treatment; =| : after re-establishment of blood flow during 


20 hours; '==:: id.after chlorpromazine treatment. 
ts 


acid phosphatase total activity is not affected like in the untreated animals. 
The immediate relevance of these findings is to show that a lysosomal 
lesion may be reversible and that it is possible, with the help of a drug, to 
influence favorably this reversibility. As for the nature of this lesion, it 
should be noted that the loss of acid hydrolase latency observed in a homoge- 
nate may have two origins. This results from a true release of these enzymes 
inside the cells owing to an abnormal permeability of the lysosomal membrane, 
or from an increase in the fragility of the lysosomes causing them to be more 
easily disrupted during homogenization. We are not sure as to which of these 
interpretations is responsible for the latency change induced by ischemia, ho- 
wever we think that a detailed study of the reversibility of the process will 
help to understand the nature of the lysosome lesion that causes the unmasking 


of hydrolases. In this respect, the treatment with chlorpromazine is particu- 


larly interesting since it allows the change of an irreversible lysosome lesion 


into a reversible one. 
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Diethylether has a long metabolic history. Gréen and Cohen (1) gave labelled 
ether to a mouse and found that, though much was excreted in the urine unchanged, part 


came out as CO, - This metabolic pathway is therefore of much interest. M. Shorthouse 


and I were led to look at this pathway by a chance observation upon the liver microsomes, 
collected between 12,000-100,000g from a rat killed with diethylether (2). Traces of 


ether left in the microsomes caused an extra °, uptake. The effect was specific for these 


microsomes. It was not given by the final supernatant from the 100,000g fraction. 

It was proved to be due to the formation of an ‘acetyl’ moitey, by showing that when our 
100,000g homogenate was suitably reinforced with synthase, a source of oxaloacetate, 
CoA and a buffered solution of pH 7.2-7.4, the addition of diethylether in very small 


amounts formed citrate, as well as taking up O, (Fig.l). 
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Diethy! ether Methy! fluoroether 


\ 


Acety! Fluoroacetyl 
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Fig. 1. Diagrammatic representation of the pathway of synthesis 
of citrate or fluorocitrate from alkyl ethers. Suggested reactions: 


CH 20-CiHi—> CH=CH. OH + H,O.—> CH,.CHO—» CH._.COOH (1) 


25 22 i) 3 


CH 0+CH.,.FCH,_> CH.OH = FCH + H 


3 COOH (2) 


o> CHO. FCH—> FCH 


2 2 


Figure from J. Physiol. 252 by permission of Editors. 
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This observation proved that a scission product of the ether, which we can write 
as ~CH, .CH.- formed acetyl CoA, and was therefore metabolised via the tricarboxylic acid 
cycle. This pathway was confirmed further by studying the fate of a specimen of 
fluorether, kindly supplied by Drs. P.W. Kent and D. Dimitrijevich (3) when incubated with 
the 100,000g microsomes. Here fluorcitrate was formed by addition of diethylether, with 
its usual blocking effect on citrate metabolism. Concluding that we were dealing with 
a special enzyme, we went on to study its properties, and ultimately to attempt a separation 
from the 100,000 membranes. Naturally we thought that it must be a known enzyme, and were 
surprised at the start to find no evidence that previous dosing of a rat with 
phenobarbitone increased the ‘etherase' effect. So the enzyme was not inducible. On the 
advice of Prof. M. Dixon, F.R.S., we called it an ether-O-oxidase. This 100,000g fraction 


also gave an O, uptake with isopropyl ether and with n-butyl ether; in the latter case 


2 
we detected traces of butyric acid after incubation. But, from this point, the research 
became a constant matter of surprises. The enzyme factor was clearly not the same as 
that described by Axelrod (4) for aromatic ethers. It was found also in the same micro- 
somal fraction in the liver of the pig, the guinea pig and the pigeon, appearing to be the 
general liver factor. Rat heart and kidney did not show it. Most curious of all, we 
could only find traces of acetaldehyde, and this with much difficulty as the result of 
enzyme action. The O-oxidase did not require a pteridine for activity and so differed 
from that of Tietz et al. (5) for plasmalogen. Nor did it respond to -SH reagents. 


It was not a catalase or peroxidase as neither of these enzymes gave an O, uptake with 


2 
diethylether. 

In order to progress further, we embarked on an isolation of the enzyme from the 
microsomal membranes, using pig liver which we could store as membranes at -20°C, without 
loss of activity. After an unsuccessful trial of a large number of modern reagents, 
(detergents etc.), we succeeded in extracting the ether-O-oxidase with old-fashioned 
ammonium sulphate, obtaining two active fractions at concentrations of 15-25% (A) and 
35-45% (B) ammonium sulphate. Fraction A contained some of the original microsomes. 
Fraction B contained the ether-O-oxidase in an impure form which we could not purify further. 
Fraction B contained some 14 proteins as seen in acrylic gel electrophoresis. The enzyme 
as isolated could be kept at o°c for 2-3 days, but lost activity on freezing. It was 
most active at pH 9.0. losing activity at pH 5.0. With the addition of NADPH, lipid 
peroxidation or oxidation (6) was unchanged by adding ether to the fraction B, no 
malondialdehyde being formed. Further more, oxidation of diethylether did not involve 


cytochrome P450; and it was unchanged by adding a dismutase or by the addition of xanthine. 


Some enzymes however were present, viz isocitrate and matate dehydrogenases and aconitate- 


hydratase. 
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The ether-O-oxidase gave no O, uptake with lanosterol or a pure specimen of 


2 
cholesterol or with 7 -hydroxy cholesterol. So our attempts to prove it was a known 
enzyme and to find a metabolic function for it failed; we suggested that its normal 
function was to deal with some unknown plant products; some colour was given to this 
hypothesis by the fact that the enzyme oxidized the O-methyl aromatic compound guiacol. 
More recently, some new work has suggested another tentative hypothesis. Though 


cholesterol itself gave no O, uptake with our ether-O-oxidase, a less pure aged specimen 


2 


gave an O, uptake. I have found that a very small amount of this aged cholesterol 


2 
(in cyclohexane solution) can lower the interfacial tension (I.T.) between an aqueous 
buffered phosphate solution (about pH 7.0) and the cyclohexane phase (7), which I attributed 


to the formation of cholesterol hydroperoxide. In subsequent unpublished observations, 


I have found that various tocopherol (Vit.E) preparations can eliminate the compound causing 


the lowered I.T. This leads to the speculative hypothesis that one of the normal functions 


of the liver ether-O-oxidase is to eliminate possible formation of the hydroperoxide of 
cholesterol. But it must be emphasized that this will require much more work, when one 
realizes that in a recent symposium, it was stated that a specimen of cholesterol kept in 


air can form some 50 oxidation products (8). 


I am much indebted to Dr. T.Moore and Dr. Elspeth Smith for advice, and also to 
Messrs. Roche Products, and to Dr. Gaillard of the Rank Organization for advice and 


specimens of oils containing tocopherols. 
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COMMENTARY 
PREREPLICATIVE ERROR-FREE DNA REPAIR 


WALTER G. VERLY 
Biochimie, Faculté des Sciences, Université de Liége, Belgium 


The concept of DNA repair ought to be clarified. 
If prereplicative excision of premutagenic or pre- 
lethal DNA damage is true repair, classification of 
post-replicative processes as repair mechanisms 
introduces confusion. For instance, SOS* decreases 
cell lethality but is a source of mutations. Even with 
regard only to the effect on lethality, the case is far 
from clear, since the DNA damage remains. What 
is repaired is not the parental DNA strand containing 
the lesion, which stays to cause troubles in succeeding 
generations, but gaps in the daughter strand. 

Considering mutagenesis and carcinogenesis, SOS 
is on the side of the causes and not at all on the side 
of a repair which might help to avoid mutation or 
cancer. Two mechanisms leading to mutations are 
generally considered : (1) minor base modifications 
leading to mispairing; (2) major DNA damages 
inducing the error-prone SOS processes. In both 
cases, avoidance of mutation and cancer relies on 
prereplicative excision repair. Mutation frequency 
appears to depend on a competition between excision 
repair and DNA replication, either normal DNA 
replication leading to mispairing if it is a minor 
alteration, or induced error-prone SOS DNA rep- 
lication when there is major DNA damage. 

Our short review of recent developments in DNA 
repair will be devoted exclusively to systems involved 
in prereplicative excision. 


DNA glycosylases 


DNA glycosylases were first described in bacteria. 
The enzyme hydrolyzes the glycosylic bond between 
a modified base and deoxyribose in DNA, leaving 
an AP site (apurinic/apyrimidinic site). 

In 1974, Kirtikar and Goldthwait [1] described an 
enzyme activity in Escherichia coli which released 
O°-methyl-guanine and 3-methyladenine from DNA 
treated with methylnitrosourea. The 3-methylad- 





* Abbreviations used: dUTP, deoxyuridine triphos- 
phate; dTTP, deoxythymidine triphosphate; dCTP, deoxy- 
cytidine triphosphate; dATP, deoxyadenosine triphos- 
phate; dGTP, deoxyguanosine triphosphate; EDTA, 
ethylenediaminetetraacetate; dUTPase, deoxyuridine tri- 
phosphatase; tag, Escherichia coli gene coding for the 3- 
methyladenine-DNA glycosylase; ung, E. coli gene coding 
for the uracil-DNA glycosylase; dut, E. coli gene coding 
for the dUTPase; thy, E. coli gene coding for the enzyme 
involved in thymine biosynthesis; ada, E. coli gene codin 
for the factor responsible for the disappearance of O”- 
methylguanine from DNA; recA, E. coli gene coding for 
a protein needed for SOS processes and recombination; 
SOS, processes induced when DNA synthesis is blocked 
by a major DNA lesion. 
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enine-DNA glycosylase was purified by Riazzudin 
and Lindahl [2], but the existence of a DNA gly- 
cosylase able to remove O°-methylguanine from 
DNA has not been confirmed. DNA glycosylases 
removing uracil [3,4], hypoxanthine [5] and guanine 
with an opened imidazole ring [6] have also been 
found in E. coli. All these DNA glycosylases are 
different enzymes, coded by different genes, that do 
not need divalent cations for activity so that they can 
be assayed in the presence of EDTA. 

DNA glycosylases have been characterized in 
other bacteria. Laval [7] has purified the 3-methy- 
ladenine-DNA glycosylase of Micrococcus luteus; 
the uracil-DNA glycosylase of the same bacterium 
has been found by Tomilin et al. [8], whereas the 
Bacillus subtilis enzyme was described by Cone et 
al. [9]. Haseltine er al. [10] have presented evidence 
showing that the UV endonucleases I and II of M. 
luteus are, at the same time, DNA glycosylases 
hydrolyzing the glycosylic bond of the 5’ pyrimidine 
of the dimer and phosphodiesterases hydrolyzing the 
phosphodiester bond between the two pyrimidines. 

DNA glycosylases have also been described in 
mammals. Kiihnlein et al. [11] found uracil-DNA 
glycosylase in human fibroblasts and the enzyme of 
calf thymus was isolated by Talpaert-Borlé et al. [12]. 
Brent [13] purified the 3-methyladenine-DNA gly- 
cosylase of human lymphoblasts. 

3-Methyladenine was usually believed to have no 
effect by itself : it was not mutagenic, and the lethal 
effect was rather thought to be dependent on AP 
sites resulting from the rapid spontaneous loss of the 
alkylated purine. Studies on E. coli tag mutants, 
which are deficient in 3-methyladenine-DNA gly- 
cosylase, confirm that 3-methyladenine is not muta- 
genic, but the high sensitivity of tag mutants to 
methyl methanesulfonate indicates that 3-methylad- 
enine is by itself a major lethal damage [14]. 

Without repair, deamination of cytosine to uracil 
is mutagenic since the complementary base of uracil 
is adenine while the complementary base of cytosine 
is guanine. Deamination of cytosine can be spon- 
taneous [14,15] or caused by bisulfite, nitrous acid 
or ultraviolet irradiation. The uracil is very efficiently 
removed from DNA by the uracil-DNA glycosylase 
so that deamination of cytosine has a very low 
mutagenicity. A mutation in the ung gene, which 
codes for the uracil-DNA glycosylase in E. coli, 
leads to an increased mutation rate either sponta- 
neously or under the influence of deaminating agents 
[14]. The importance of uracil-DNA glycosylase in 
keeping a low mutation frequency is indirectly sup- 
ported by the work of Coulondre et al. [16] showing 
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that the hot spots of the Jacl gene in E. coli corre- 
spond to 5-methylcytosine residues; the spontaneous 
deamination of 5-methylcytosine yields thymine 
which the uracil-DNA glycosylase does not eliminate 
even if this pyrimidine stands in front of a guanine. 

Lindahl et al. [3] formulated the hypothesis that 
DNA contains thymine instead of uracil as found in 
RNA to resist the genetic drift resulting from the 
deamination of cytosine. Deamination of cytosine 
gives a uracil sitting in front of a guanine. The 
mispairing might be the signal for repair, but it is 
not recognized by the uracil-DNA glycosylase 
(enzymes correcting mispairing in nascent DNA are 
happily unable to act because both strands are meth- 
ylated; they would not know which of the mispaired 
bases, uracil or guanine, must be replaced). Uracil- 
DNA glycosylase removes uracil from single- 
stranded or double-stranded DNA; when double- 
stranded DNA is the substrate, the uracil is released 
whatever the purine, adenine or guanine in the com- 
plementary strand. Since it is the cytosine deami- 
nation product which is recognized and removed by 
the enzyme, this product cannot be a normal DNA 
base; thymine, which is left untouched by the uracil- 
DNA glycosylase, is thus used to build DNA instead 
of uracil. 

dUTP is normally present in cells along with dTTP 
so that uracil is incorporated into nascent DNA 
where it is hydrogen-linked to adenine of the tem- 
plate strand. But this uracil is quickly replaced by 
thymine : the uracil is removed by the DNA gly- 
cosylase and the resulting AP site is repaired as 
explained in another section; the first step of this 
repair is catalyzed by an AP endodeoxyribonuclease 
which cuts the DNA strand near the AP site. The 
fragmentation of nascent DNA observed by Okazaki 
et al. [17] thus derives from two causes : discontin- 
uous synthesis but also excision of uracil. 

The cell contains an enzyme, dUTPase, which 
hydrolyzes dUTP into PPi and dUMP, which is the 
precursor of dTTP, so as to keep a low dUTP/dTTP 
ratio. Mutations in gene dut, coding for this enzyme 
in £. coli, result in a higher intracellular concentra- 
tion of dUTP, the production of much shorter Oka- 
zaki pieces and a higher recombination frequency 
[18]; the mature DNA, however, does not contain 
uracil [19]. Introduction of an additional ung muta- 
tion increases the length of the Okazaki pieces [20] 
and the DNA is found to contain up to 1% of uracil 
without any obvious effect on cell survival [21]. 

The importance of uracil excision in the fragmen- 
tation of nascent DNA has been explored in vitro 
by Olivera [22] who studied the replication of DNA 
on cellophane disks using E. coli lysates and the four 
usual precursors (€AATP, dGTP, dCTP, dTTP) in 
the presence or absence of dUTP. In absence of 
dUTP, the leading strand is formed continuously 
and only the lagging strand is synthesized by pieces. 
The addition of dUTP results in the appearance of 
breaks in the leading strand and a greater fragmen- 
tation of the lagging strand. With the ratio 
dUTP/dTTP found in wild-type cells, the pieces of 
the two newly-synthesized strands cannot be distin- 
guished on sedimentation analysis. The effect of 
dUTP addition is much lower if a lysate from an ung 
mutant is used [23]. 
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The thymineless death of thy mutants apparently 
results from an excessive fragmentation of nascent 
DNA resulting from a high d(UTP/dTTP ratio. Ung, 
thy double mutants have a greater resistance to thy- 
mine deficiency [14]. 

Repair of DNA containing 5-bromouracil seems 
to proceed via dehalogenation followed by excision 
of the resulting uracil [24]. 


AP endodeoxyribonucleases and repair of DNA con- 
taining AP sites 

AP sites appear spontaneously in DNA. Lindahl 
and Nyberg [25] have calculated that the probability, 
at 37°, for a purine to be lost is 10~’hr~'; the prob- 
ability is 20 times lower for pyrimidines [26]. Modi- 
fication of DNA bases can accelerate their loss : 
alkylation of adenine on N-3 or of guanine on N-7 
increases the rate of depurination by a factor of 10° 
to 10°. AP sites may also result from the activity of 
DNA glycosylases. 

An AP endodeoxyribonuclease was first discov- 
ered in E. coli [27]; the enzyme was completely 
purified [28] and, to avoid a wide-spread confusion 
with endonuclease II, it was named endonuclease VI 
by Gossard and Verly [29]. The endonucleolytic 
activity of endonuclease VI is specific for AP sites 
in double-stranded DNA [28-30]; endonuclease VI 
is the same protein as exonuclease III : it is a 3’- > 
phosphatase and a 3’-5’ exonuclease working from 
single-strand breaks in double-stranded DNA 
[29,31,32]. DNA containing AP sites has been 
repaired in vitro on incubation with endonuclease 
VI, DNA polymerase I of E. coli and phage T4 
ligase [33]. The details of the repair have been 
worked out [29] : the AP endodeoxyribonuclease 
hydrolyzes the phosphodiester bond which is neigh- 
bouring the AP site on its 5’ side, leaving a 3’- 
hydroxyl and a 5’-phosphate; the exonuclease III 
activity of endonuclease VI degrades the knicked 
strand in the 3’-5’ direction leaving the AP site in 
DNA; DNA polymerase I, using the intact strand 
as template, fills the gap, excises the AP site in a di- 
or tri-nucleotide by its 5’-3’ exonuclease activity, 
then catalyzes the.translation of a break in the 5’-3’ 
direction by the conjugated action of the polymerase 
and exonuclease activities; the sliding break, which 
is limited by a 3’-hydroxy! and a 5’-phosphate, is 
sealed by ligase. 

E. coli possesses a second endodeoxyribonuclease 
specific for AP sites named endonuclease IV [34]; 
this enzyme has no associated exonuclease activity. 
AP endodeoxyribonucleases have been isolated from 
other bacteria : Micrococcus luteus [7,8,35], Bacillus 
stearothermophilus [36], Hemophilus influenzae [37] 
and Bacillus subtilis [38]. 

AP endodeoxyribonucleases have been found in 
fungi, algae and the roots and leaves of higher plants 
[39]. The Phaseolus multiflorus embryo enzyme has 
been isolated [40]; the AP endodeoxyribonucleases 
of Saccharomyces cerevisiae [41] and of barley leaves 
[42] have also been purified. Endodeoxyribonu- 
cleases specific for AP sites have been prepared from 
rat liver [43], calf thymus [44], human fibroblasts 
[45], lymphoblasts [46] and placenta [47]. 

It soon appeared that eukaryotic cells contain sev- 
eral AP endodeoxyribonucleases [39,47,48]. On the 
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other hand, Thibodeau and Verly [39] showed that, 
in Phaseolus multiflorus embryo cells, most of the 
AP endodeoxyribonuclease activity is located in the 
non-histone proteins of chromatin. 

In more recent work, Thibodeau, in our labora- 
tory, found that, in rat liver, AP endodeoxyribo- 
nuclease activities are present in nuclei, mitochon- 
dria, membranes and cytosol. The nucleus activity 
is shared between chromatin, nuclear sap and nuclear 
membranes. Thibodeau, moreover, demonstrated 
that the nuclear membrane and cytoplasmic mem- 
brane enzymes are probably identical and different 
from the enzymes of other cell compartments : they 
have the same half-life at 45° and they are activated 
by Triton, whereas the other enzymes are inhibited. 
The nuclear sap enzyme has a higher molecular 
weight than the chromatin enzyme; the latter 
enzyme, which has 12,500 daltons, has been isolated 
[49,50]. The conclusion seems to be that different 
enzymes are located in different cell compartments. 
The following hypotheses can be formulated : (1) 
the only biologically significant enzyme for nuclear 
DNA repair is the chromatin AP endodeoxyribo- 
nuclease; (2) the enzymes found in other cell com- 
partments are precursors of the chromatin enzyme. 
The protein might first be bound to the membrane 
and transported into the nucleus; a first maturation 
step would release the enzyme in the nuclear sap 
and a second maturation step would lead to the 
formation of a species which is taken up by the 
chromatin. 

It is remarkable that native chromatin has only a 
very low activity on an added DNA containing AP 
sites, but that a high activity is found in the non- 
histones prepared from chromatin. This result sug- 
gests that the enzyme is not free to move in chro- 
matin, but oriented in such a way that it can work 
on chromatin DNA but not on a foreign DNA. 

It is tempting to speculate that the necessity of 
maturation steps is not particular to AP endodeoxy- 
ribonucleases, but might be general for DNA repair 
enzymes in eukaryotic cells. Repair deficiencies 
might depend not only on mutations in the gene 
coding for the repair enzyme, but also in genes 
coding for enzymes involved in their processing or 
for proteins needed to give to the chromatin enzyme 
a correct orientation to work on nuclear DNA. It 
could be the explanation for the numerous comple- 
mentation groups found in a DNA repair disease 
such as xeroderma pigmentosum. Several observa- 
tions reported in the literature could be explained 
by the necessity of maturation steps before the DNA 
repair enzyme can do its work. Kiihnlein et al. [48] 
observed that the AP endodeoxyribonuclease with 
the lowest Km was absent from the fibroblasts of 
xeroderma pigmentosum patients, group D, with 
severe nervous defects; the absence of this enzyme 
might well be due to an incomplete maturation of 
the precursor protein. A lack of processing might 
also explain the observation of Mortelmans ef al. 
[51] of the presence of an UV endodeoxyribonu- 
clease activity in xeroderma pigmentosum, group A, 
fibroblasts, although the enzyme was not capable to 
act on the chromatin DNA containing pyrimidine 
dimers. 

Maturation of deoxyribonucleases 


has been 
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observed by Kwong and Fraser [52] in Neurospora 
crassa : the cell extract contains an inactive precursor 
which proteases transform first into an endoexonu- 
clease active on single-stranded and double-stranded 
DNA, then into an endonuclease specific for single- 
stranded DNA. 

Coming back to the repair of apurinic sites in 
DNA, it has been suggested recently that the missing 
purine could be replaced by an enzyme called inser- 
tase without cutting the DNA strand. Two insertases 
have been described : one that uses free purines [53] 
and one that uses deoxynucleoside triphosphates 
[54]. The insertase using free purines is probably not 
a repair enzyme : the concentration of free purines 
necessary to drive the reaction in the right direction 
does not exist in cells. The insertase which uses 
deoxynucleoside triphosphates raises a more com- 
plex problem; the substrate contains energy-rich 
bonds and the reaction is a transfer of purine between 
two deoxyriboses. There seems to be no thermo- 
dynamical difficulty, but the substrate used so far 
looks artificial : it contains intact apurinic sites, 
whereas in vivo, due to the high AP endodeoxyri- 
bonuclease activity, most apurinic sites are associ- 
ated with breaks. Nobody has shown that insertase 
can utilize such a substrate; if this was so, insertase 
alone would not be sufficient and ligase would be 
needed to complete the repair. 


Repair of DNA containing O°-alkylguanine 
O°-Alkylguanine in DNA is believed to be a pre- 
mutagenic and a precarcinogenic lesion [55]. The 
complementary base of O°-alkylguanine can be uracil 
or thymine instead of cytosine [56-58]. 
O°-Methylguanine is not lost spontaneously from 
DNA, but in vivo it disappears from the chromosome 
of E. coli [59]. As seen previously, the disappearance 
is not due to the release of the methylated base by 
a DNA glycosylase. A preliminary low dose of meth- 
ylnitronitrosoguanidine (MNNG) decreases the 
mutagenic effect of a second higher dose [60]; 
adapted bacteria have less O°-methylguanine in their 
DNA after the high dose of MNNG than non- 
adapted bacteria [61]. The adapted bacteria, after 
the challenge dose of MNNG, show a rapid disap- 
pearance of O°-methylguanine which occurs even at 
0°, followed by a slow disappearance which is tem- 
perature-dependent; the non-adapted bacteria 
exhibit only the slow disappearance. Both fast and 
slow disappearances of O°-methylguanine depend on 
the same ada gene [62]. The adaptation factor seems 
to be a protein but it is not an enzyme; it reacts 
stoichiometrically with O°-methylguanine even at 0° 
and disappears during the reaction. During the adap- 
tation (i.e. in the presence of a low concentration 
of MNNG), in the E. coli strain studied by Robins 
and Cairns [62], molecules of the adaptation factor 
accumulate at a rate of 100 per min per cell (it can 
be 5 times higher in other strains). After the chal- 
lenging dose of MNNG, a maximum number of O°- 
methylguanine residues equal to the number of the 
accumulated adaptation factor molecules can dis- 
appear immediately from the cell DNA; excess of 
O°-methylguanine disappears at a rate of 100 resi- 
dues per min per cell at 37°, which is the rate observed 
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in unadapted bacteria. Karran et al. [63] show that 
extracts of adapted E. coli cells contain a factor 
responsible for the disappearance of O*-methyl- 
guanine from an added methylated DNA : O°-meth- 
ylguanine is not released as a free base; it is modified 
into something else, not yet identified, which stays 
in DNA. Extracts of non-adapted bacteria or of ada 
mutants pretreated with a low dose of MNNG do 
not contain the adaptation factor. 

It must be emphasized that the adaptative response 
is a pre-replicative error-free repair mechanism 
which ‘is different from the SOS error-prone pro- 
cesses; it is present in recA mutants [64]. 

O°-Alkylguanine also disappears from DNA in 
eukaryotic cells, although the rate of the reaction in 
rat liver (where it is particularly high) is much lower 
than in E. coli. The capacity of tissues to remove 
O°-alkylguanine from DNA varies widely. It has 
been suggested that the very slow removal of the 
modified purine from DNA in some tissues is respon- 
sible for the localization of cancers induced by alkyl- 
ating agents in these tissues [65,66]. It is not, of 
course, the only parameter which fixes the locali- 
zation of a cancer; level of persisting alkylation and 
probability of cell division are also important [67]. 

Kleihues and Margison [68] reported that a first 
treatment with non-labeled methylnitrosourea 


decreases the rate of disappearance of labeled O°- 
methylguanine from rat liver DNA resulting from 
a second treatment with radioactive methylnitrosou- 
rea. Pegg [69] made a similar observation using 
dimethylnitrosamine (20 mg/kg). These results can 
be explained as deriving from a competition, the first 


high dose of alkylating agent forming unlabeled O°- 
methylguanine which competes with the labeled O°- 
methylguanine introduced by a second dose. But the 
result is completely different if the animal is first 
treated with a low dose of alkylating agent. Mon- 
tesano et al. [70] found that a chronic administration 
of 2 mg/kg of dimethylnitrosamine for 9 weeks to 
rats increases the excision, from liver DNA, of 
labeled O°-methylguanine produced by a challenging 
dose of radioactive dimethylnitrosamine. 

Pegg and Hui [71] obtained, by precipitation with 
ammonium sulfate of 15,000 g supernatants from rat 
liver homogenates, proteins which lead to the dis- 
appearance of O°-methylguanine from an added 
alkylated DNA. The O*-methylguanine is not 
released as a free base. Treatment of the rat with 
a high dose of dimethylnitrosamine gives a liver 
extract with a lower efficiency [69], but, if the animal 
is chronically treated with a low dose according to 
the procedure of Montesano er al. [70], the liver 
extract has a higher efficiency than if prepared from 
an unadapted animal (Pegg, personal communi- 
cation). 

There is some likeness, but there are also differ- 
ences between rat liver and E. coli : although there 
seems to be a possibility of adaptation in rat liver 
cell, the repair factor exists constitutively, which is 
not the case in E. coli. We do not know yet if the 
rat liver factor is consumed by the reaction, although 
the decrease in activity when the extract is prepared 
from an animal which has received a high dose of 
alkylating agent could be explained in this way. We 
no longer know if the reaction responsible for the 
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disappearance of O°-alkylguanine from DNA is the 
same in mammalian cells as in E. coli cells. 

Purified rat liver nuclei treated with ethylnitro- 
sourea lose O°-ethylguanine from their DNA on 
incubation [72]. Renard, in our laboratory, found 
that the proteins of rat liver chromatin contain a 
factor removing O*-ethylguanine from an added 
ethylated DNA without releasing the alkylated resi- 
due as a free base. We do not know whether the 
factor observed by Pegg and his collaborators in 
15,000 g supernatants and the chromatin protein are 
identical. It may be that, as for the AP endodeox- 
yribonucleases, there is a particular chromatin factor 
which is probably the only one of biological import- 
ance and that proteins with the same function found 
in other cell compartments are only precursors of 
the true repair agent. 
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Abstract—A fter repeated administrations of PAH, sulfamethoxypyridazine, cyclopenthiazide, or pheno- 
barbital to rats, the apparent Michaelis constant for PAH uptake in renal cortical slices was not changed, 
whereas maximum PAH uptake was markedly increased. In addition, PAH efflux was not affected by 
the pretreatment of rats. Protein concentration in kidney cortex was significantly increased after all 
pretreatments. Consequently, an increase in de novo synthesis or a decrease in the degradation of the 


carrier fraction can be supposed. 


After repeated administrations of various drugs such 
as PAH, probenecid, phenol red, penicillin, sulfa- 
clomid, sulfamethoxypyridazine, cyclopenthiazide 
[1], and phenobarbital [2], the renal excretion of 
PAH was accelerated in rats of different ages, except 
in the first 2 weeks of life. In accordance with these 
findings, an enhancement of PAH accumulation was 
observed in renal cortical slices from adult, but not 
from newborn and infant rats[3]. | Using such an 
in vitro technique, modifications of glomerular fil- 
tration rate, renal blood flow, tubular reabsorption 
rate and extrarenal factors can be excluded. Con- 
sequently, the reason for the drug-induced stimu- 
lation must be searched for in the tubular mechanism 
for secretion of organic acids in general, and in the 
carrier-mediated transport rates across the contra- 
luminal membrane and/or in the permeation rates 
across the luminal membrane of the tubular cells in 
particular. A passive intra-cellular retention of PAH 
can be neglected [4]. Furthermore, for interpretation 
of the stimulation phenomenon, a proliferation of 
renal proximal tubuli must be taken into consider- 
ation [5]. 

The aim of the present study was to determine the 
kinetics of PAH accumulation in renal cortical slices 
from saline-treated control rats as well as from rats 
repeatedly pretreated with some drugs producing a 
stimulatory effect. In addition, it was studied 
whether or not a proliferation of kidney occurs after 
the pretreatment of rats with these drugs. 


MATERIALS AND METHODS 


Wistar rats (Jena) of our institute’s colony breed 
were used. Newborn rats* of both sexes and adult 
female rats” were pretreated with saline or various 
drugs in doses correlating with elimination velocity 
and physico-chemical properties, respectively. Doses 
in mg/100 g body wt i.p. are given in brackets: PAH 
(100* or 300°, twice a day), sulfamethoxypyridazine 
(15, once a day), cyclopenthiazide (5, twice a day) 
and phenobarbital (3* or 6”, once a day), respec- 
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tively, for 3 or 4 days [1, 2]. Sixteen to twenty-four 
hours after the last administration, renal cortical 
slices were prepared from 5- and 55-day-old rats as 
previously described [6]. 

Pooled renal cortical slices (200 mg) were always 
incubated in 3.0 ml Krebs—Ringer phosphate buffer 
(pH 7.4) containing PAH in increasing concentra- 
tions from 3.3 x 10~° to 2.0 x 10-* M unless other- 
wise stated. All incubations were carried out in a 
Warburg apparatus at 25° under a gas phase of 100% 
oxygen for 100 min. After the incubation the slices 
were removed from the medium, blotted, homo- 
genized, and denatured with 10% trichloroacetic 
acid. PAH was determined in the supernatant frac- 
tion as well as in the incubation medium using Brat- 
ton—Marshall reaction [7]. Active PAH uptake was 
calculated as the difference between PAH concen- 
tration per g tissue (wet weight) and final PAH 
concentration per ml incubation medium. Apparent 
Michaelis constant (K») and apparent maximum 
intracellular PAH concentration (Vmax) were calcu- 
lated for the uptake curve constructed from the plot 
of the actively accumulated PAH concentrations vs 
initial PAH concentrations in the incubation medium 
using a Hewlett-Packard calculator (HP 20) [8]. 

PAH efflux from renal cortical slices of 55-day-old 
rats back into the incubation medium was measured 
in additional experiments. The slices were first incu- 
bated in Krebs-Ringer phosphate buffer (pH 7.4) 
containing 8.5 x 10°-°M PAH at 25° under a gas 
phase of 100% oxygen for 100 min. At the end of 
the loading period, the slices were rapidly separated 
from the medium, blotted, and placed in a medium 
initially free of PAH and bubbled with nitrogen. The 
following incubations were carried out under a gas 
phase of nitrogen for S—25 min. Anaerobic conditions 
were chosen in order to block the active PAH trans- 
port. The efflux was thus measured in the absence 
of simultaneous re-uptake of PAH released from 
renal cortical slices. At 5 min intervals the slices were 
separated from the medium, blotted, homogenized, 
and denatured with 10% TCA. PAH was measured 
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Table 1. Apparent Michaelis constant (Km), maximum PAH uptake (Vmax), efflux half-life of PAH (ts) 
and efflux rate constant (k)* 





Kinetic parameters of PAH uptake and efflux 





Apparent Km 
(mM) 


(umoles/g wet wt 


Apparent Vmax 
Efflux t, 
(min) 


for 100 min) Ketfux 





Control (saline) 0.39 + 0.07 
Pretreatment: 

PAH 
Sulfamethoxypyridazine 
Cyclopenthiazide 
Phenobarbital 


0.41 + 0.02 
0.37 + 0.03 
0.40 + 0.02 
0.49 + 0.05 


1.52 + 0.18 6.06 + 0.41 0.114 + 0.008 
6.63 + 0.85 
6.15 + 0.36 
5.99 + 0.39 
5.85 + 0.42 


0.104 + 0.013 
0.113 + 0.007 
0.116 + 0.008 
0.118 + 0.008 


Dunw & 
It I+ I+ I+ 


= =F =F 
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* These kinetic parameters were determined in renal cortical slices from 55-day-old rats repeatedly 
pretreated with saline (control), PAH, sulphamethoxypyridazine, cyclopenthiazide or phenobarbital. 
Each value represents the mean + S.E.M. of four sets of experiments. 

+ Values significantly different from respective control (P < 0.05). 


as described above. The efflux of PAH was quan- 
tified by calculating the half-life (t) as well as the 
first order rate constant (k) for the efflux curve 
constructed from the plot of the differences between 
PAH concentration per g tissue (wet wt) and the 
final PAH concentration per ml efflux medium vs 
efflux time using a Hewlett-Packard calculator (HP 
20). 

In further studies, kidney weight/body weight 
ratio, DNA and protein concentrations of kidney 
cortex were determined in 55-day-old rats repeatedly 
pretreated with saline, PAH, sulfamethoxypyrida- 
zine, cyclopenthiazide and phenobarbital, respec- 
tively. DNA was determined as described by Leyva 
and Kelly [9]. Calf thymus DNA was used as standard 
[received from ZIMET (AdW)]. Protein was deter- 
mined using a modified Biuret method [10]. 

Arithmetic means + S.E.M. are given. Differ- 
ences between means were statistically analysed 
using Student’s f-test (p <0.05). 


RESULTS 
Table 1 shows the kinetic parameters of PAH 


accumulation in renal cortical slices from 55-day-old 
rats. After repeated administrations of PAH, sul- 


famethoxypyridazine, cyclopenthiazide or pheno- 
barbital, apparent Michaelis constant (K» = index 
of the carrier-substrate affinity) is not changed, 
whereas maximum PAH uptake (Vmax = index of 
the transport capacity or transport velocity) is sig- 
nificantly increased in comparison to slices from 
saline-treated rats. PAH efflux from renal cortical 
slices back into the incubation medium is not affected 
by the drug pretreatments of rats. 

In analogous experiments the kinetic parameters 
were quantified in renal cortical slices from 5-day- 
old rats. For PAH uptake an apparent Km of 
0.40+0.04mM and an apparent Vmax of 
0.64 + 0.06 umole/g (100 min incubation), as well as 
an efflux t; of 14.66 + 0.69 min, were calculated. 
Appropriate pretreatments of newborn rats are with- 
out effect on the kinetic parameters. Therefore, the 
findings are not presented here. 

Table 2 demonstrates kidney weight/body weight 
ratio in untreated as well as pretreated 55-day-old 
rats. After PAH and cyclopenthiazide pretreat- 
ments, kidney weight/body weight ratio is slightly 
increased (p < 0.05) in comparison to saline-treated 
controls, whereas sulfamethoxypyridazine and phen- 
obarbital pretreatments are without effect. 

Figure 1 demonstrates DNA and protein concen- 


Table 2. Comparison of kidney weight/body weight ratio in 55-day-old untreated rats, saline- 
treated controls and in rats pretreated with various drugs* 





Kidney weight/body weight ratio 





Kidney wt 
(both kidneys) 


(g) 


Body wt Kidney wt 


(g) Body wi * on 





Untreated rats 
Control (saline) 
Pretreatment: 


.25 + 0.10 
.18 + 0.06 


158 + 11 
150 +6 


0.79+0.02 (6) 
0.79+0.05 (12) 


PAH 
Sulfamethoxypyridazine 
Cyclopenthiazide 
Phenobarbital 


.31 + 0.06 
.19 + 0.03 
.26 + 0.03 
16+ 0.14 


153 +4 
132+5 
145+4 
141+5 


0.86 + 0.05+ (12) 
0.79+0.09 (10) 
0.87 + 0.02+ (12) 
0.82 + 0.06 (12) 





* Values represent mean + S.E.M.; N is given in brackets. 
+ Values significantly different from control (P < 0.05). 
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Fig. 1. DNA and protein concentrations (mg/g wet wt) in 
renal cortical slices from 55-day-old rats pretreated with 
saline (C), PAH (1), sulphamethoxypyridazine (2), cyclo- 
penthiazide (3) or phenobarbital (4). Means + S.E.M. are 
given (N = 3-5). Asterisks indicate values significantly 
different from their respective control (P < 0.05). 


trations in kidney cortex from saline-treated controls 
as well as from rats repeatedly treated with PAH, 
sulfamethoxypyridazine, cyclopenthiazide and 
phenobarbital, respectively. After all pretreatments, 
DNA concentration in kidney cortex is identical with 
controls, whereas a small increase in total protein 
concentration is statistically significant. 


DISCUSSION 


The cell membrane is involved in the. control of 
cell proliferation [11]. A cascade of morphological, 
physiological and biochemical changes follows the 
initial triggering of cell activation and precedes DNA 
synthesis and cell division. However, not all causally 
related events will ultimately lead to mitosis [12]. 

The kidney responds to irritations, such as uni- 
lateral nephrectomy [13], temporary ischemia [14], 
mercury necrosis [15], the administration of a single 
high dose of folic acid [5, 16,17], and of suramin 
[8-(3-benzamido-4-methyl-benzamido)-naphtalene- 
1,3,5-trisulfonic acid] [18], with a marked increase 
in weight, DNA and RNA synthesis, followed by an 
intensive mitosis. Our findings presented here indi- 
cate that the stimulation of renal PAH transport 
induced by repeated administrations of PAH, sul- 
famethoxypyridazine, cyclopenthiazide or pheno- 
barbital is not associated with such a generalized 
renal hyperplasia. Neither a marked increase in kid- 
ney weight nor an alteration in DNA concentration 
of kidney cortex was observed after the pretreat- 
ment. In this regard, after repeated administrations 
of PAH, cyclopenthiazide (Table 2), and penicillin 
[19,20], the enhancement of PAH transport was 
associated with a slightly increased kidney 
weight/body weight ratio, whereas sulfamethoxy- 
pyridazine, phenobarbital (Table 2) and 3-methyl- 
cholanthrene [21] had no such effect. The small 
increase in kidney weight/body weight ratio occur- 
ring after PAH and cyclopenthiazide pretreatment 
could be explained by an increase in the volume of 
tubular cells, since a decrease in body weight was 
not observed. However, after PAH pretreatment of 
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rats, the water content of kidney cortex was not 
altered in comparison to saline-treated controls [22]. 

Electron microscopic examinations of renal tissue 
from controls and penicillin-pretreated rabbits did 
not reveal morphological alterations which could 
explain the stimulatory effect [23]. In addition, pen- 
icillin-induced stimulation of PAH transport was not 
attributed to an increase in the length of the proximal 
straight tubule, as recently demonstrated [24]. How- 
ever, small changes in the degree of basolateral 
membrane infoldings which may result in significant 
enhancement of surface area cannot be fully 
excluded. 

On the other hand, the reason for the stimulation 
phenomenon must be searched for in the tubular 
transport process. Therefore, it was of interest to 
elucidate whether or not the enhancement of PAH 
accumulation in renal cortical slices can be charac- 
terized by changes in transport kinetics, as already 
demonstrated for kidney maturation [25]. As 
demonstrated in Table 1, the apparent K,, of PAH 
uptake is always the same, whereas the apparent 
Vmax IS significantly increased after pretreatment of 
rats with PAH, sulfamethoxypyridazine, cyclopen- 
thiazide and phenobarbital. Furthermore, PAH 
efflux is not affected by the pretreatments. An efflux 
alteration was reported for phlorizin [26]. Conse- 
quently, an increased carrier capacity or mobility of 
the carrier-substrate complex can be supposed, 
whereas the carrier—substrate affinity is not changed. 
A change in the mobility of the carrier—substrate 
complex could be affected by variation in OH /H* 
ratio [27] which could be attributed to the repeated 
administrations of organic anions. Thus, it could 
have a direct effect by changing the conformation 
of the carrier or other membrane components. In 
addition, it could also act indirectly through alter- 
ations in cellular functions, such as Na‘-K*- 
ATPase, that may be involved in renal PAH trans- 
port [28]. On the other hand, the stimulation could 
also be attributed to an increased synthesis or a 
reduced degradation of the carrier fraction. After 
all pretreatments, protein concentration in kidney 
cortex was significantly increased. 

Furthermore, renal cortical slices from rats treated 
with penicillin incorporated more glutamine and leu- 
cine than did slices from controls [29]. Finally, the 
stimulation can be prevented by inhibitors of protein 
synthesis [3,30,31]. These findings permit the 
assumption that an enhanced de novo synthesis of 
carrier proteins occurred [29]. 

In agreement with previous findings [3], no stimu- 
lation was induced in newborn rats (see Results). In 
contrast, a marked stimulation was repeatedly docu- 
mented in 2-week-old, but not in 4-week-old rabbits 
pretreated with penicillin, phenobarbital or 3- 
methylcholanthrene [20, 21,24, 30,32]. In our 
opinion, this discrepancy in the findings can be 
explained by time differences in kidney maturation 
between the species. The rat kidney cortex is char- 
acterized by a high degree of nephrogenesis during 
the first 15 days of life [33, 34]. In this phase of cell 
differentiation a stimulation of PAH transport does 
not seem possible. However, after the 20th day of 
age a stimulation occurred [35], although the ability 
to accumulate PAH is as yet immature in comparison 
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to 33-day-old rats. In contrast, nephrogenic tissue 
in rabbit kidney is no longer present at t0 days of 
age [36]. 

In summary, a stimulation of renal tubular trans- 
port mechanism for organic anions was observed 
after repeated administrations of various organic 
acids [1-3], as well as of phenobarbital and 3-methyl- 
cholanthrene, two classical inducers of microsomal 
enzyme activities in liver cells [37, 38]. It seems likely 
that acommon mechanism exists which could explain 
the stimulation phenomenon. Further ways and 
means must be found to characterize this phenom- 
enon in detail. 
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Abstract—When clofibrate [ethyl 2-(4-chlorophenoxy)-2-methylpropionate] was administered sub- 
cutaneously to rats (600 mg/kg per day for 3 days), the concentration of CoA and its acyl derivatives 
in the liver increased 2.5-fold. Forty-eight per cent of the total cellular CoA in the clofibrate-treated 
rat liver and 51 per cent in the control liver was found in the mitochondrial fraction. In order to study 
the intermediates of CoA synthesis, clofibrate-treated rats were injected with [*H]pantothenate intra- 
cardially and killed after 30 min, 1 or 2 hr for determination of the incorporation of radioactivity into 
CoA and its precursors. The incorporation of pantothenate into CoA after 2 hr was 5.9-fold in the liver 
and 4.5-fold in the liver mitochondrial fraction as compared with the control values. Measurement of 
the pantothenate concentration and radioactivity in clofibrate-treated and control rat liver showed that 
the higher incorporation of (*H]pantothenate into CoA in clofibrate-treated rat liver cannot be the 
result of a higher specific radioactivity of pantothenate. It is therefore evident that clofibrate affects the 
CoA concentration by increasing the rate of synthesis, although the rate of CoA degradation is 
simultaneously decreased, as has been shown previously [9]. The present results indicate that clofibrate 
increases the total hepatic CoA concentration without affecting the intracellular compartmentation of 
CoA. The clofibrate-induced increase in the rate of CoA synthesis does not result in differences in the 
compartmentation of the intermediates of CoA synthesis. 


Clofibrate [ethyl-2(4-chlorophenoxy)-2-methylpro- 
pionate], a hypolipidaemic drug, has been found to 
cause enlargement of the liver [1,2], proliferation 
of peroxisomes [3] and mitochondria [4], changes in 
enzyme activities [3,5], ATP/ADP ratio [6] and 
metabolite concentrations and a marked increase in 
hepatic CoA concentration [7-10]. The total cellular 
CoA concentration is obviously under physiological 
regulation, as it is affected by both food deprivation 
[11-13] and hormones [14-15]. Although there are 
previous reports on the subcellular localization of 
CoA under the effect of hormones and fasting 
[15, 16], both the mechanism itself and the subcel- 
lular localization of the clofibrate-induced increase 
have remained unknown. 

The results of the present examination of the com- 
partmentation of the clofibrate-induced increase in 
CoA concentration in rat liver show that about half 
of the total cellular CoA is located in the mitochon- 
drial fraction in the control liver, while 3-day clofi- 
brate treatment results in a 2.5-fold increase in the 
CoA concentration without affecting its intracellular 
compartmentation. The rate of CoA bjosynthesis 
during clofibrate treatment is also re-evaluated here 
by measuring the pantothenic acid concentration and 
its specific radioactivity and the incorporation of 
radioactive pantothenate into 4’'-phosphopanteth- 
eine and CoA. 


EXPERIMENTAL 


Materials 


Bacto-Pantothenate Medium USP and Bacto-Pan- 
tothenate Culture Agar USP were purchased from 


Difco Laboratories, Detroit, MI, U.S.A. CoA, as 
the trilithium salt (grade 1) and the nucleotides were 
obtained from Boehringer GmbH, Mannheim, Ger- 
many, and clofibrate from Orion Pharmaceuticals, 
Helsinki, Finland. Dithiothreitol, rotenone, phos- 
photransacetylase and nucleotide pyrophosphatase 
were purchased from Sigma Chemical Co., St. Louis, 
MO, U.S.A.; DEAE-cellulose (DE-52. pre-swollen, 
microgranular) from Whatman, Springfield Mill, 
Maidstone, Kent, U.K. [G-*H]CoA (sp. radioact. 
984 Ci/mole) and p-[3(n)-*H]pantothenic acid, 
sodium salt (sp. radioact. 36.6 Ci/mmole) were 
obtained from NEN Chemicals GmbH, Dreieichen- 
hain, Germany, and standard reagents from E. 
Merck AG, Darmstadt, Germany. 2-Oxoglutarate 
dehydrogenase (EC 1.2.4.2) was purified by the 
method of Sanadi [17]. 


Treatment of animals 


Male Sprague—Dawley rats from the Department’s 
own stocks were used. They were housed in an 
automatically illuminated room where the lights were 
on from 7:00 a.m. to 7:00 p.m. daily. One group was 
treated with daily subcutaneous injections of clofi- 
brate, 600 mg/kg body wt per day for 3 successive 
days, and another group served as the controls. Both 
groups had access ad lib. to water and a pelleted diet 
(Astra-Ewos Ab, Sédertalje, Sweden). At the end 
of the experiments the rats weighed 294-425 g, with 
no difference in body weight between the clofibrate- 
treated and normal rats. 

All experiments were begun between 8:30 a.m. 
and 9:30 a.m. The rats in both groups were anaes- 
thetized with diethyl ether, and 5 wCi of [°H]-pan- 
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tothenate [adjusted to sp. radioact. of 1333 Ci/mole 
with calcium p(+)-pantothenate]. The correspond- 
ing amount (3.8 nmole) of non-radioactive calcium 
pantothenate was administered intracardially in 
0.1 ml of 0.15M NaCl per 100g wt to animals in 
which the pantothenic acid concentration only was 
measured. 


Sampling and tissue preparation 


The rat was anaesthetized with diethyl ether 30, 60 
or 120 min after injection of the radioactive pan- 
tothenate, and a tissue sample was obtained from 
the liver by the freeze-clamp technique for the 
determination of liver pantothenate concentration 
and the radioactivity of CoA and its precursors. 
These sampies were stored under liquid nitrogen. 
Another sample was taken for the preparation of a 
tissue homogenate and the isolation of mitochondrial 
fraction. 

Homogenization. From the rest of the liver, 6g 
were removed, chilled, minced and homogenized in 
30 ml of 0.225 M mannitol—0.075 M sucrose—0.05 
mM EDTA adjusted to pH 7.4 with 1 M Tris (MSE- 
buffer) in a motor-driven glass—Tefion homogenizer. 
A 10-iml aliquot was removed into a tube cooled in 
liquid nitrogen and stored at —70° for the determi- 
nation of CoA, total protein and marker enzymes 
in the tissue homogenate, and the remainder was 
used for the preparation of mitochondrial fraction. 

Isolation of mitochondrial fraction. This was car- 
ried out principally according to Schneider [18]. The 
homogenate was centrifuged at 700 g for 7 min. The 
pellet was then discarded and the supernatant frac- 
tion was divided into two 10-ml portions and the 
mitochondrial fraction centrifuged at 8500g for 
10 min. A 5-ml aliquot was taken from the super- 
natant fraction for the assay of glutamate dehydro- 
genase. One of the 10-ml pellets was homogenized 
in MSE buffer at a protein concentration of 45 mg/ml 
and stored at —70° for the same determinations as 
in the tissue homogenate. The other mitochondrial 
pellet, also corresponding to 2 g of original liver, was 
immediately prepared for the separation of CoA and 
its precursors by column chromatography. All hom- 
ogenizations were carried out in an ice-bath, and all 
centrifugation in a refrigerated Sorvall RC-5 Super- 
speed centrifuge. 


Separation of CoA and its precursors 


About 1 g of the freeze-clamped liver tissue was 
pulverized in a mortar under liquid nitrogen and 
homogenized in 4 ml of 750 w.M HCl, containing 650 
nmoiles of carrier CoA, and then processed according 
to Nakamura ef al: [19]. The mitochondrial pellet 
was treated similarly. The samples were diluted with 
cold distilled water to a measured conductivity value 
of 1/5 that of 3mM HCI [20] before application to 
the column. The intermediates of CoA synthesis 
were separated by DEAE-cellulose column chroma- 
tography, and the radioactive peaks identified as 
described earlier [9]. Recovery of the 
[°H]pantothenic acid added to the liver homogenate 
was 100 per cent and that of [*H]CoA 88 per cent. 
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Analytical procedures 

Radioactivity. The radioactivity of the fractions 
from DEAE-cellulose and paper chromatography 
was determined in Bray’s scintillation solution [21] 
using a Wallac liquid scintillation counter. 

Determination of concentrations of CoA, acetyl- 
CoA and long-chain fatty acyl-CoA. An aliquot of 
rapidly thawed tissue homogenate (approximately 
0.2-0.3 g of tissue) was rapidly mixed with 8% (v/v) 
HClO, to a final concentration of 6% (v/v) and 
prepared for CoA and acetyl-CoA determination as 
described earlier [22]. The mitochondrial sample was 
diluted with cold MSE buffer to 6-8 mg protein/ml 
and homogenized in an equal volume of 12% (v/v) 
HCIO, [23] and prepared in a manner similar to that 
used for the tissue homogenate for the determination 
of CoA and acetyl-CoA. Free-CoA was assayed by 
the method of Garland [24], and acetyl-CoA was 
determined in the same assay by a subsequent 
addition of phosphotransacetylase [25]. Long-chain 
fatty acyl-CoA was determined as described earlier 
[22] in the HC1O.-insoluble fraction of the tissue and 
mitochondrial fraction. Calculation of the mito- 
chondrial and cytosolic concentration of CoA and 
its metabolites is based on a water content of 0.8 
ul/mg protein in the mitochondrial compartment [26] 
and a cytosolic space in the liver tissue of 0.4 ml/g 
wet wt [27]. 

Estimation of cytochrome aaz3. Cytochrome aa; was 
assayed essentially as described by Hallman et al. 
[28] by recording the change in Asos-Acso due to 
cytochrome reduction with a dual wavelength spec- 
trophotometer (Aminco DW-2). The concentration 
of mitochondrial protein in the tissue was calculated 
from the cytochrome aas content in the tissue hom- 
ogenate and in the isolated mitochondrial fraction ° 
[29] using &0s—630 = 24,0001. mol” 'cm™' for reduced 
cytochrome aas [30]. 

Assay of glutamate dehydrogenase (EC 1.4.1.2). 
Triton X-100 to a 0.1% (v/v) concentration [31] was 
added to samples of total homogenate, cytosol and 
mitochondrial fraction in MSE buffer, and the sus- 
pensions were sonicated for 1 min in a Branson 
Europa Model D-50 ultrasonic cleaner (Sonogen) 
to release the full activity of the enzyme. The 
assays were then carried out according to Schmidt 
[32]. 

Determination of protein. Protein was measured 
by the biuret method [33]. corrected for turbidity by 
the cyanide method [34]. Bovine serum albumin was 
used as standard. 

Determination of pantothenate concentration. 
About 300 mg of frozen liver tissue was powdered 
in a mortar under liquid nitrogen and homogenized 
in 5.4 ml of 8% PCA-40% ethanol + 0.12 ml of 1M 
dithiothreitol [15]. The homogenate was centrifuged 
at 8500 g for 20 min, neutralized with 3.75 M K2COs 
containing 0.5 M triethanolamine hydrochloride and 
centrifuged. The supernatant solution was heated 
for 1 min in a boiling water bath and the pantothenate 
concentration was assayed in duplicate determina- 
tions using Lactobacillus plantarum [35]. After 21 hr 
of bacterial growth at 37° in the pantothenate assay 
medium, the turbidity of the culture was measured 
spectrophotometrically at 600 nm. 

Statistical analysis of the results. The statistical 
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Table 1. Effect of clofibrate on coenzyme A concentration and compartmentation in rat liver* 





Subcellular 
fraction and 
source 


Free CoA Acetyl-CoA 


Long-chain 
fatty acyl-CoA 
(nmoles/g wet wt) 


Total 
CoA 


Number of 
determinations 





Clofibrate 
Total homogenate 
Mitochondrial in tissue 
Control 
Total homogenate 
Mitochondrial in tissue 


341 + 204 
158 + 19% 


119+8 
53 +4 


Isolated mitochondrial 
fraction 
Clofibrate 


Control 


1.83 + 0.17+ 


0.69 + 0.08 0.25 + 0.07 


0.24 + 0.08 nus. 


167 + 11 
86 + 3 


(nmoles/mg protein) 


0.21 + 0.01 ns. 
0.19 + 0.01 


2.29 + 0.11¢ 12 
1.13 + 0.08 14 





* Clofibrate was injected subcutaneously for three days at a dosage of 600 mg/kg body wt per day. CoA and its 
derivatives were extracted from total homogenate and mitochondrial fraction and assayed as described under Experimental 


section. The results are the means + S.E.M. 
+ P < 0.05 compared with the control rats. 
+ P < 0.001 compared with the control rats. 


significance of the results was calculated using the 
Student’s -test. 


RESULTS 


Concentration of CoA and its derivatives in rat liver 
and liver mitochondrial fraction. Treatment with clo- 
fibrate for 3 days results in a 2.5-fold increase in the 
concentration of CoA and its derivatives in rat liver 
(Table 1). This increase is mainly in free CoA, 
although the concentrations of acetyl-CoA and long- 
chain fatty acyl-CoA were also a little higher in the 
liver tissue and liver mitochondrial fraction of the 
clofibrate-treated rats. Clofibrate treatment did not 
change the subcellular distribution of free CoA, but 
reduced the mitochondrial portion of acetyl-CoA 
from 63 to 58 per cent of total acetyl-CoA and that 
of acyl-CoA from 78 to 56 per cent of total acyl- 
CoA. Clofibrate treatment caused an increase in the 
protein content of the mitochondrial fraction from 
76.3 to 86.3 mg/g wet wt (P < 0.05). 

Cytosolic and mitochondrial concentrations of CoA 
and its derivates in control and clofibrate-treated rat 


Table 2. Cytosolic and mitochondrial concentration of CoA in clofibrate-treated and control rat liver 


livers. The cytosolic and mitochondrial concentra- 
tions of CoA and its derivatives, calculated from the 
values presented in Table 1, are shown in Table 2. 
Clofibrate-treatment resulted in a 2.6-fold increase 
in the cytosolic and 2.0-fold increase in the mito- 
chondrial total CoA concentration, concomitantly 
with a 2.8-fold increase in cytosolic and a 2.7-fold 
increase in mitochondrial free CoA concentration. 
Measurement of the glutamate dehydrogenase 
activity showed that only 3.7 per cent of the mito- 
chondria were broken or small enough to remain in 
the supernatant fraction. 

Temporal pattern of the incorporation § of 
[°H]pantothenate into CoA and its precursors in rat 
liver and liver mitochondrial fraction. Figure 1 shows 
the temporal pattern of incorporation of the label 
into the pantothenic acid derivatives in rat liver and 
liver mitochondrial fraction after an intracardial 
injection of [*H]pantothenate. The radioactivity 
incorporated into 4'-phosphopantetheine (in 
d.p.m./g wet wt) within 2 hr is 4.1-fold in the liver 
and 5.0-fold in the liver mitochondrial fraction of 
the clofibrate-treated rats compared with the control 
values. 


* 





Concentration (mM) 





Subcellular 
fraction and 


source Free CoA 


Acetyl-CoA 


Long-chain 


fatty acyl-CoA Total CoA 





Clofibrate 
Mitochondria 2.286 + 0.1614 
Cytosol 0.459 + 0.0374 

Control 
Mitochondria 
Cytosol 


0.856 + 0.090 
0.165 + 0.021 


0.307 + 0.060 n.s. 
0.039 + 0.019 n.s. 


0.325 + 0.058 
0.026 + 0.010 


2.853 + 0.1334 
0.532 + 0.038% 


0.260 + 0.019 nus. 
0.034 + 0.0077 


0.232 + 0.020 
0.012 + 0.005 


1.413 + 0.094 
0.203 + 0.034 





* Results are expressed as means + S.E.M. 
+ P<0.01 compared to control rats. 
+ P<0.001 compared to control rats. 
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Fig. 1. Temporal pattern of the fate of labelled pantothenate in CoA biosynthesis in control and 
clofibrate-treated rat liver and liver mitochondrial fraction. Clofibrate treatment consisted of injections 
of clofibrate 600 mg/kg body wt for three successive days. Then rats were injected intracardially with 
5 wCi of ["H]pantothenate (sp. radioact. 1333 Ci/mole) per 100 g body wt and liver samples were taken 
30, 60 or 120 min after this injection. The radioactivity determined in 4'-phosphopantetheine (a) and 
CoA (b) is in d.p.m./g wet wt, and that of CoA (c) in d.p.m./umole: @, radioactivity in tissue, clofibrate- 
treated rats; M, radioactivity in mitochondrial fraction, clofibrate-treated rats; O, radioactivity in tissue, 
control rats; 0, radioactivity in mitochondrial fraction, control rats. 


Figure 1b represents the radioactivity incorporated 
into CoA in 2 hr, this being 5.9-fold in the total liver 
of the clofibrate-treated rats and 4.5-fold in the mito- 
chondrial fraction, respectively, compared with the 
control values. In terms of specific radioactivity (Fig. 
lc), these ratios are 2.5 in the total liver and 2.6 in 
the mitochondrial fraction. 

Precursor content in control and clofibrate-treated 
rat liver. Measurement of the pantothenate concen- 
tration and radioactivity in the clofibrate-treated and 
control rat liver showed that the higher incorporation 
of [*H]pantothenate into CoA in clofibrate-treated 
rat liver cannot be due to a higher specific radio- 
activity of pantothenate (Table 3), as the specific 


radioactivity was only 7 per cent higher in the clo- 
fibrate-treated rat livers than in the controls. The 
rate of conversion of pantothenic acid to CoA (CoA 
radioactivity divided by specific radioactivity of pan- 
tothenic acid) was about 6.1 times higher in the 
clofibrate-treated rat livers than in the controls, and 
the ratio of the specific radioactivity of CoA to that 
of pantothenic acid is 2.6 in the clofibrate group 
compared with control values. 


DISCUSSION 


Previous descriptions of the effects of clofibrate 
on the CoA concentration in various tissues [8, 9, 36] 


Table 3. Uptake of [*H]pantothenate by liver in vivo* 





Pantothenate 


Treatment (nmoles/g wet wt) 


Specific radioactivity of 
pantothenate (d.p.m./nmoles) 





Clofibrate 5§.27+ 1.03 n.s. (N = 4) 
4.55+0.31 n.s. (N =3) 
6.17 (6.93; 5.41) (N = 2) 
5.70 + 0.43 (N = 3) 
5.10 + 0.86 (N = 4) 
6.82 (7.75; 5.89) (N = 2) 


Control 


10,490 (14,144; 6836) (N = 2) 
9770 + 1558 (N = 3) 
5052 (5616; 4488) (N= 2) 
7603 (9813; 5393) (N= 2) 
9817 (10,203; 9431) (N = 2) 
6108 (6883; 5333) (N= 2) 





* Clofibrate and pantothenic acid were injected as described under Experimental. The pantothenic 
acid concentration was assayed from the liver samples microbiologically (see Experimental). The 
values are the means + S.E.M. for 2 to 4 rat liver samples in each group, n.s. = not significant 


compared with the control rats. 
_ clofibrate x 100 


control 


+ % 
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leave several points undocumented, the two most 
important of which were the absolute rate of CoA 
synthesis and the subcellular distribution of the newly 
synthesized CoA in light of the known effects of 
clofibrate on the hepatic content of mitochondria 
[5] and peroxisomes [3]. 

It has been reported that an increase occurs in 
label incorporation from [*H]pantothenate into CoA 
and its precursors, but when calculated from the 
turnover and concentration of CoA, the synthesis 
rate of CoA remains unchanged [9]. This discrepancy 
has been explained by a possible difference in pre- 
cursor-specific radioactivity, probably due to a lower 
pantothenate concentration in the livers of the clo- 
fibrate-treated rats. The present results show, how- 
ever, that this is not the case. The hepatic pantoth- 
enate concentration is not affected by clofibrate 
treatment, and the specific radioactivity of pantoth- 
enate is the same in the control and clofibrate-treated 
animals during an experiment on pantothenate 
incorporation into CoA. The findings are therefore 
difficult to reconcile with the previous interpretation, 
according to which the effect was solely due to the 
inhibition of CoA degradation [9]. The synthesis rate 
of CoA, as calculated from the incorporation of the 
label into CoA and from the specific radioactivity 
of pantothenate, is higher than the rate calculated 
from the apparent turnover of CoA. This suggests 
that label recirculation occurs, which may be a reason 
for the discrepancy between the data obtained by 
these two methods. The data cannot be explained 
by a change in the size of the CoA pool during the 
one-week CoA turnover experiment. Allowing for 
experimental error, the hepatic CoA concentration 
was constant after the fourth day of clofibrate treat- 
ment, the day on which the CoA turnover experi- 
ment began (Voltti, Savolainen and Jauhonen, 
unpublished observations). 

The subcellular distribution of CoA, and also that 
of the newly synthesized CoA (as determined by 
label incorporation) was the same in the clofibrate- 
treated and control animals. The enzymes catalyzing 
the initial steps of CoA synthesis are located in the 
cytosol [16,37], even though those catalyzing the 
final steps are distributed in both the mitochondria 
and the cytosol [38, 39]. Since CoA does not easily 
penetrate the mitochondrial membrane, an increase 
in CoA synthesis by enzymes in the cytosol, or an 
even distribution, should lead to a relative increase 
in the cytosolic portion of the CoA in the absence 
of any efficient system for transport into the mito- 
chondria. The reason for the absence of any effect 
corresponding to the observed increase in the rate 
of CoA synthesis on its subcellular distribution is not 
apparent from the present data. Clofibrate induces 
a proliferation of peroxisomes [3]. The conventional 
mitochondrial fraction contains peroxisomes, and 
the catalase heme concentration of this fraction 
increases by 30 per cent under comparable conditions 
‘ [40], indicating an increased contamination of this 
fraction by peroxisomes. The increase in the CoA 
concentration of the mitochondrial fraction was 
much greater, indicating that the changes observed 
in the CoA concentration and distribution cannot be 
explained by changes in the peroxisomal population. 
The conventional methods for estimating the tissue 


content of mitochondria are nevertheless prone to 
interference from the peroxisomes, as pointed out 
above. 

It has been suggested that the cytosolic carni- 
tine/CoA ratio partially determines the fate of fatty 
acids taken up by the cell [41]. In the present experi- 
ments the cytosolic free CoA concentration in the 
liver of the clofibrate-treated rats was 2.8 times that 
of the control rats, and the cytosolic long-chain fatty 
acyl-CoA concentration was similarly 2.8 times the 
control value. This is in accord with the view that 
it is the cytosolic free CoA concentration that regu- 
lates fatty acid activation in the cytosol. Somehow 
this increased precursor availability does not result 
in an increased rate of fatty acid esterification; on 
the contrary, opposite results have been reported 
[42, 43]. The hepatic carnitine concentration has also 
been reported to increase during clofibrate treatment 
[44], although no quantitative data have been pub- 
lished. It could be that the cytosolic carnitine con- 
centration increases proportionally or even more, so 
that the oxidative branch of fatty acid metabolism 
is favoured under the influence of clofibrate. 


Addendum—Since the submission of this manuscript, 
Skrede and Halvorsen [45] have published data showing 
increased activity of some CoA-synthesizing enzymes and 
increased rates of CoA synthesis in liver extracts from 
clofibrate-treated rats. They also found a reduction in the 
specific activity of acid phosphatase and nucleotide pyro- 
phosphatase in the mitochondrial fraction, with a concom- 
itant increase in the CoA-degrading capacity of the particle- 
free supernatant fraction. As CoA is preferentially located 
in the mitochondria, a decrease in the mitochondrial degra- 
dation capacity may lead to a decrease in the degradation 
of CoA. 
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Abstract—A series of compounds, each containing an allylic moiety, has been tested using Salmonella 
typhimurium TA 100 in a modified Ames mutagenicity assay system. In the absence of activating 
enzymes (S-9) mix, those allylic compounds possessing chemically good leaving groups show direct 
mutagenic activity. Their activity decreases in the following order: allyl methanesulfonate > -iodide 
> -bromide > -chloride. This is in good agreement with the alkylating properties measured in the 
nitrobenzyl-pyridine (NBP) test. For all allyl and allylic compounds found to be directly mutagenic, a 
decrease in, and sometimes total loss, of mutagenicity is registered after addition of S-9 supernatants. 
Compared to the direct mutagenic activity of allyl chloride, epichlorohydrin shows a much higher 
mutagenicity, whereas propyl chloride has proven to be nonmutagenic. The direct mutagenic effect of 
this type of compound is theoretically explained by Sn-1, Sn-2 and Sn-2’ mechanisms. 


During the last few years, haloolefins have gained 
increasing attention as possible mutagens and car- 
cinogens. Some of these substances have been defini- 
tively identified as carcinogens, e.g. vinyl chloride 
in humans [1], as well as in animal experimentation 
[2]. Others, like trichloroethylene, perchloroethy- 
lene, vinylidene chloride and chloroprene, to name 
a few, have been discussed as potentially carcino- 
genic on the basis of experimental or epidemiological 
evidence [3]. 

Up to now, a metabolic epoxidation of the double 
bond in these olefinic structures has been regarded 
as the common principle leading to their mutagenic 
and carcinogenic activity [4]. Starting with this mech- 
anism, which is well-established in haloethylenes, 
the hypothesis has been brought forward that olefinic 
structures with more than 2 carbon atoms, such as 
propene and butene derivatives, may likewise be 
activated via epoxides [5]. 

In this paper, however, we describe a different 
mechanism with a certain group of haloolefins, the 
allyl and allylic* compounds: they are able to act 
directly as alkylating and mutagenic agents due to 
their high Sy-1-, Sy-2- and Sy-2’-reactivity. These 
compounds have found extensive use and distribu- 
tion in our environment, both as synthetic and natu- 
rally occurring products e.g. as plastic monomers, 
pesticides, flavourings, perfumes and 
pharmaceuticals. 

As structural parameters are very important for 
the degree of electrophilicity in allylic molecules, we 
tried to establish a close relationship between struc- 





ture and reactivity for a theoretical interpretation of 
our experimental findings. 

For this purpose we will discuss the influence of 
different leaving groups in allylic position to the 
double bond as a most important criterion for alkyl- 
ating and mutagenic activities in allylic compounds. 


MATERIALS AND METHODS 


Chemicals 

Allyl bromide, allyl chloride, allyl cyanide, allyl 
iodide and butyl chloride were purchased from 
Merck, Darmstadt, FRG. 

Allyl bromide was purified by washing with an ice 
cold solution of NaHCOs, then with water. After 
drying over CaCh, final purification was obtained by 
adsorptive filtration over silica gel/alumina at 4° 
(purity 100%). 

Allyl iodide was washed with ice cold solutions of 
NaHCO; and Na2S203 (to remove liberated iodine), 
and finally with water. After drying with CaCl, allyl 
iodide was passed at 4° through a column filled with 
silica gel/alumina. All steps were carried out in the 
dark in order to minimize iodine liberation. Allyl 
bromide and allyl iodide were purified immediately 
before use. 

Allyl chloride was purified by redistillation (b.p. 
45°) and preparative scale gas chromatography 
(purity 100%). 

Allyl cyanide (1) was washed with water, dried 
over CaCl, and redistilled in vacuo (b.p. 20°/12 
Torr, purity 100%). 

Butyl chloride was purified by preparative scale 
gas chromatography (b.p. 78°, purity 100%). 

Allyl phenyl ether (11) purchased from EGA- 
Chemie, Steinheim, FRG, was redistilled before use 
(b.p. 85°/15 Torr, purity > 99.5%). 
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After purification, all substances were character- 
ized by their p.m.r. spectra to detect any possible 
changes which may have occurred during 
purification. 

Allyl methanesulfonate was prepared by a method 
described by Chautemps et al. [6], purified by dis- 
tillation in vacuo (b.p. 76°/3 Torr), and characterized 
by its p.m.r. spectrum (purity > 97.5%). 

Allyl sodium sulfate (111) was prepared by a 
method described by Kaye [7] and characterized by 
its p.m.r. spectrum. 

Allyl propyl disulfide (1V) was prepared by the 
method of Corson et al. [8] as a disulfide mixture 
consisting of 31 per cent propyl disulfide, 37 per cent 
allyl propyl disulfide and 32 per cent allyl disulfide 
(V).. This mixture was used in our tests. 

The following compounds were used without fur- 
ther purification: allylamine (VI) (b.p. 53°, purity 
99%), allylbenzene (VII) (b.p. 156°, purity 97%), 
allyl isothiocyanate (VIII) (b.p. 150°, purity 99.8%), 
allyl sulfide (IX) (b.p. 139°, purity 97%), epichlo- 
rohydrin (byp. 117°, purity 99.5%), eugenol (X) (b.p. 
255°, pharmacop. grade), and isosafrole (XI) (purity 
98%) were purchased from Merck, Darmstadt, 
FRG; allylmalonic acid diethyl ester (XII) (b.p. 
222°), allyl mercaptan (XIII) (b.p. 67°, purity 70%, 
remainder allyl disulfide), trans-cinnamyl alcohol 
(XIV) (b.p. 250°, purity > 99%), 2-cyclohexen-1-ol 
(XV) (b.p. 164°, purity 96%), geraniol (XVI) (b.p. 
229°, purity > 99%), linalool (XVII) (b.p. 194°, 
purity 99%) and safrole (XVIII) (b.p. 232°, purity 
98%) were purchased from EGA-Chemie, Stein- 
heim, FRG; allobarbitone (XIX) (pharmacop. 
grade) was obtained from Serva, Heidelberg, FRG, 
and propyl chloride (b.p. 46°, purity > 98%) was 
obtained from Fluka, Buchs, Switzerland. The chem- 
ical structures of these compounds are shown in 
Table 1 and Fig. 1. 

Distillation was performed by a NORMAG micro 
spinning band column at atmospheric pressure or in 
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vacua. For preparative scale gas chromatography, 
a Packard model 421 with a Cycloprep model 798 
was used, fitted with a 1.8 m glass column, i.d. 1/4 
in., containing 30% carbowax 20 M on 80/100 mesh 
acid-washed chromosorb W. 

The purity of liquid compounds was determined 
by gas-liquid chromatography (g.l.c.) with a Beck- 
man model GC M fitted with a double flame ioni- 
zation detector and connected to a HP 3385 A inte- 
grator system. Two different 2m V4A-steel columns, 
i.d. 1/8 in., packed with (A) 30% squalan on AW 
DMCS chromosorb W 80/100 mesh and (b) 30% 
carbowax 20M on AW chromosorb W 80/100 mesh 
were used to exclude accidental coincidence in reten- 
tion times of parent substances and_ possible 
impurities. 

The purity of solid compounds was ascertained by 
thin-layer chromatography (t.I.c.) 


Determination of alkylating activities 

Determination of alkylating activities was per- 
formed with 4-(p-nitrobenzyl)-pyridine (NBP-Test) 
[9, 10]: One millilitre of a 30 mM solution of test 
substance in ethyl methyl ketone or ethylene glycol 
and 1 ml of NBP (200 mM, in the same solvent) were 
refluxed in a boiling water bath for 10 min, then 
cooled in ice water and 1 ml of a 1:1 mixture of 
triethylamine and ethyl methyl ketone or ethylene 
glycol was added. Extinctions of the. reaction mix- 
tures were plotted against an appropriate blank at 
560 nm with a Zeiss spectrophotometer PQM 3. 
Extinctions higher than 0.04 were regarded as indica- 
tive of alkylating activity. When extinctions were 
higher than 3.0 (the measuring limit of the pho- 
tometer), 1: 50 or 1: 100 dilutions were made with 
the appropriate solvent and the extinctions remea- 
sured. Under identical test conditions there is a 
quantitative correlation between extinction values 
and alkylating potencies. 


Table 1. Mutagenicity and alkylating activity of allyl compounds 





Compounds 


+S-9 mix|| 


Alkylating 
activity 
AEs60 am 


Mutagenicity 
revertants/umole 
—S-9 mix 





CH2=CH—CH2—OSO2CH3 
Allyl methanesulfonate 
CH2=CH—CH2—J 

Allyl iodide 
CH2=CH—CH2—Br 

Allyl bromide 
CH2=CH—CH2—C] 

Allyl chloride 
CH2=CH—CH2—NCS 
Allyl isothiocyanate 


O 
i 
CH2—CH—CH2—Cl 
Epichlorohydrin 
CH3CH2CH2—Cl§ 
Propyl chloride 


2600 1.174* 


1000 1.828* 
700 1.208+ 
9 0.285 
<1 0(0.182)+ 
1.237 


0.003 





* AE after dilution of the reaction mixture 1: 100. 

+ AE after dilution of the reaction mixture 1:50. 

+ Second value obtained with ethylene glycol as solvent. 
§ Similar results were obtained with butyl chloride. 


From Aroclor 1254 pretreated rats. 
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CH»=CH—CH,-CN 
I I 
CH,=CH—CH,—SS—C3H, 


IV V 


CHy=CH—CH,{O) 
VII VIII 


vo-(O)-cl,-CH= Ch 


xX XI 
CH)=CH—CH)—SH 
XI XIV 


( CH3)2CH =CHCH2CH2-C=CH—CH)-OH 
CH; 


XVI 
-0 


a 
0 CH) —-CH=CH, 


XVII 


CH)=CH —cH,-0-{O) 


CH) =CH—CH,-SS—CH,—-CH=CH, 


CH»=CH—CH,—NCS 


(O)-cH=cH—cH,—0n 


CH,=CH—CH,—0S0,Na 
Ill 
CHy=CH-CH,-NH, 


VI 


IX 


XII 


()-0n 


XV 


OH 
I 

(CH3)> C=CHCH,CH,— C—CH=CH, 
CH3 


XVII 


0 
0 CH,—-CH=CH) 


Ho XIX 


Fig. 1. Chemical structures of tested compounds. 


Mutagenicity testing 

Bacterial strain. Of the five strains tested (TA 
1535, TA 1537, TA 1538, TA 98, TA 100), TA 100 
of Salmonella typhimurium, kindly provided by Dr. 
B. N. Ames, was shown in a screening test to be the 
most sensitive for detecting mutagenic activity of 
allyl chloride under our test conditions. It was used 
in all of our investigations dealing with allyl and 
allylic compounds. 

Preparation of liver homogenate fraction (S-9). 
The S-9 mix, prepared according to Ames et al. [11], 
contained per ml: 8mM MgCh, 33 mM KCl, 5mM 
glucose-6-phosphate, 4 mM NADP, 100 mM sodium 
phosphate (pH 7.4) and 0.1 ml of liver homogenate 
(S-9) (9000 g supernatant) (protein contents 
40 mg/ml) from male Wistar rats weighing approxi- 
mately 250 g each. The rats were treated for enzyme 
induction by a single i.p. injection of Aroclor 1254 
diluted with corn oil to a concentration of 200 mg/ml. 
A dose of 500 mg/kg was given to each rat five days 
before killing. In one case (see Fig. 2) we also used 





* Because of their instability, allyl bromide and allyl 
iodide were diluted in ice cold acetonitrile instead of 
DMSO, which rapidly reacts with these compounds and 
turns solid at lower temperatures. The mutagenicity test 
system itself is not affected by this change of solvents. 


S-9 supernatants from phenobarbitone induced Wis- 
tar rats (0.1% phenobarbitone in the drinking water 
for one week) and from uninduced NMRI mice (20 — 
25 g each) for comparative studies. 

Test procedure. Because of the rather high vola- 
tility of many allyl and allylic compounds, a modified 
liquid suspension test system as described by Rannug 
et al. [12] was used instead of the plate assay. The 
bacteria were grown overnight in nutrient broth 
(DIFCO), washed and resuspended in 0.1 M phos- 
phate buffer (pH 7.4) to half of the original density. 
The cell suspension (containing approximately 1 x 10° 
cells/ml) was then divided into aliquots of 1.5 ml in 
centrifuge tubes, and another 0.5 ml of either 0.1 M 
phosphate buffer (pH 7.4) or ‘S-9 mix’ and the test 
compound [diluted in 101 dimethylsulfoxide 
(DMSO)]* added. Then the tubes were tightly closed 
with screw caps and incubated for 90 min at 37° in 
a shaker water bath. 

The treatment was terminated by centrifugation 
and resuspending in 1.1 ml fresh buffer. Volumes of 
0.5 ml of the cell suspensions were then added to 
molten top agar (2 ml each) and duplicate petri plates 
containing Vogel-Bonner medium E (= minimal 
agar) [13] overlaid. For the determination of survival 
rates, an aliquot of the cell suspension was diluted 
by a factor of 10* in 0.9% NaCl, and 10 yl of this 
dilution added to 2 ml top agar containing a 100-fold 
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his’ (TAI00) REVERTANTS/ PLATE 


E. Eber et al. 




















& MOLES/ INCUBATION VOLUME (2 ml) 

Fig. 2. Mutagenicity of epichlorohydrin with (+) and with- 

out S-9 mix (x), allyl chloride without S-9 mix (O), allyl 

chioride with S-9 mix from Aroclor induced rats (@), ally! 

chloride with S-9 mix from phenobarbitone induced rats 

(A), allyi chloride with S-9 mix from uninduced mice 
(M8). 


concentration (5 mM) of histidine, compared to top 
agar fer counting revertant colonies and poured on 
minimal agar medium plates. After 48 hr of incu- 
bation at 37°, the colonies of revertants and survivors 
were counted 

From the resulting linear dose-response curves, 
the mutation frequencies were determined as the 
number of revertants per wmole of test compound. 
All values represent an average of at least two 
independent experiments. 

With each experiment we run sterility control 
plates for the solvent and for the S-9 mix. The 
sensitivity of the TA 100 tester strain was routinely 
checked by using sodium azide as a positive control 
in the absence of S-9 mix (6.5 wg NaN3 per 2 ml 
incubation volume led to a three- to four-fold 
increase of the number of revertants as compared 
with.the spontaneous back mutation rate) and by 
using 2-aminoanthracene in its presence (25 wg per 
2ml incubation volume increased the number of 
revertants by a factor of 15-20). The spontaneous 
back mutation rate for TA 100 was between 165 and 
240 revertants per plate. 





* Solid substance, dose given in mg. With III the highest 
dose was obtained by adding 50 ul of a nearly saturated 
DMSO-solution; with XIX a standard solution of 1 mg/ml 
DMSO was used, adding up to 100 ul to the incubation 
mix. Both substances did not show any toxic effect. Survival 
rates were higher than 90 per cent even at the highest 
concentrations. 


RESULTS AND DISCUSSION 


Four out of the 22 allyl (CH2=CH—CH2—X) and 
allylic compounds, tested for the influence of the 
leaving group X on mutagenicity and alkylating 
activity, clearly proved to be mutagenic even without 
addition of S-9 mix to the mutagenicity test system: 
allyl methanesulfonate, allyl iodide, allyl bromide 
and allyl chloride. These compounds were also 
clearly positive in the NBP test. Therefore, they can 
be regarded as directly acting mutagens similar to 
other mutagenic and carcinogenic alkylating com- 
pounds, e.g. mustard gas-like substances, epoxides 
and dialkylsulfates. 

The degree of their alkylating and mutagenic 
activity, however, depends to a great extent on the 
chemical nature of the leaving group in this special 
kind of haloolefins. Good leaving groups like meth- 
anesulfonate and iodide, as expected, have the high- 
est alkylating and mutagenic potency, the mutagen- 
icity of allyl iodide probably being even greater than 
the value given because of a permanent splitting-off 
of iodine under test conditions, which is highly toxic 
to the bacteria. Between allyl bromide and allyl 
chloride there is a large drop in alkylating as well 
as in mutagenic activity, and allyl isothiocyanate 
seems to exhibit only borderline effectiveness in both 
qualities. It is a poor alkylating substance in the NBP 
test, being slightly positive only if ethylene glycol is 
used instead of the standard solvent ethyl methyl 
ketone. In the mutation test system the number of 
revertants induced by this compound hardly exceeds 
the spontaneous back mutation rate (tested both 
with and without S-9 mix in a dose range between 
0.001 and 0.05 wl per 2 ml incubation volume, the 
survival rate at the highest concentration being less 
than 10 per cent). 

All other allyl compounds with chemically poor 
leaving groups, (e.g. —SH, —SR, —NH2, —CN), 
listed in Fig. 1, have been clearly negative both in 
the NBP test and in the mutagenicity test system, 
regardless of the presence of S-9 mix. 

They were tested both with and without S-9 mix 
using at least five different concentrations, the high- 
est ones causing a survival rate of less than 10 per 
cent in our test system. The doses given are yl per 2 ml 
incubation volume. I: 0.1 — 50; I: 0.01 — 0.3; III: 
4.2 —-83*; IV, V: 0.003 — 0.3; VI: 0.05 — 5; VII: 0.025 
— 0.5; VIII: 0.0003 — 0.1; IX: 0.01 - 1; X: 0.01 - 3; 
XI: 0.01 — 1; XII: 0.01 - 30; XIII: 0.01 - 3; XIV: 
0.01 — 10; XV: 0.01 — 10; XVI: 0.01 — 1; XVII 0.01 
— 3; XVIII: 0.003 — 0.3; XIX: 0.1 — 100*; propyl 
chloride: 0.02 — 10; butyl chloride: 0.1 — 10. 

In no case and at no concentration tested was an 
increase in the number of revertants found which 
exceeded the spontaneous back mutation rate by a 
factor of two. Similar results were obtained in control 
experiments with TA 1535 and TA 98. 

Considering the consequences of the addition of 
S-9 mix to the mutagenicity assay for allyl and allylic 
compounds, the following general rules have been 
found to be valid under our test conditions: 

(1) allyl and allylic compounds which are not 
mutagenic per se do not gain mutagenicity by the 
addition of rat S-9 mix; 

(2) the presence of rat S-9 mix does not lead to 
any significant increase in mutagenicity of those com- 
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Fig. 3. Mutagenicity of allyl methanesulfonate (+), allyl 
iodide (Q), allyl bromide (A) and allyl chloride (O) without 
S-9 mix. The amount of allyl chloride was 100 times that 
indicated on the scale. 


pounds which are directly mutagenic. In most cases 
addition of S-9 mix is followed by a marked, some- 
times total, decrease in mutagenicity. 

For some allylic compounds like 1,3-dichloropro- 
pene, allyl chloride, 1-chloro-2-butene, 1-chloro-2- 
methyl-2-propene and allyl alcohol, the validity of 
the latter rule has already been confirmed and pub- 
lished by our group [14-16]. Similar observations 
have been made by other authors [17, 18]. This 
phenomenon could be explained by the high reac- 
tivity of alkylating allylic substances. Most probably 
such compounds can also easily react with S-9 pro- 
teins or conjugate with glutathione, loosing their 
mutagenic activity by this and similar processes. 

An exception from the second rule stated above 
has recently been reported by Bartsch er al. [2] who 
found an increase in mutagenicity of an allylic com- 
pound e.g. 3,4-dichloro-1-butene in the presence of 
phenobarbitone-treated mouse liver S-9. Whether 
this discrepancy is due to the use of mouse S-9 instead 
of rat S-9 or the result of other factors, e.g. the 
double chlorine substitution in this compound, has 
still to be evaluated. This problem will be dealt with 
in more detail in a forthcoming paper [19]. 

We could not find a significant difference in the 
effectiveness of S-9 supernatants of different origin. 
In the case of allyl chloride, addition of three kinds 
of S-9 mix — from Aroclor induced rats, phenobar- 
bitone induced rats and uninduced mice — to the 
test system is always followed by practically a total 
loss in mutagenicity (Fig. 2). The same is true for 
allyl bromide, allyl iodide and ally! methanesulfonate 
(see Table 1). 

These findings do not support the hypothesis of 
an enzymatic epoxidation as a prerequisite for 
mutagenicity in these compounds nor as a relevant 
contribution to the effect. Another argument against 
this hypothesis results from a comparison of the 


997 


mutagenicity of allyl chloride with its epoxide, epich- 
lorohydrin. According to the epoxidation theory, 
addition of S-9 mix to the weakly mutagenic allyl 
chloride should lead to the formation of the strong 
mutagen epichlorohydrin, and hence to an increase 
in mutagenicity. 

However, the opposite is found to be true in our 
experiments, although they cannot definitely exclude 
the possibility that in the presence of S-9 mix there 
is to a certain extent a formation of epichlorohydrin 
from allyl chloride. Epichlorohydrin may be a sub- 
strate for hydrase activity, thus loosing its mutagenic 
potential (Fig. 2). It also remains open as to what 
extent such a hypothetical epoxide formation 
depends on the kind and concentration of the S-9 
mix used, or what occurs under in vivo conditions, 
respectively. Such considerations, however, do not 
invalidate this discussion of a direct mutagenic 
activity of certain allylic compounds. 

These observations contrast remarkably to results 
with other, non-allylic haloolefins, which exhibit 
mutagenicity only after metabolic activation or are 
at least increased in their mutagenic activity by 
enzymatic action [2, 20]. An allylic moiety combined 
with an appropriate leaving group, however, is an 
absolute condition for mutagenicity and alkylating 
activity in these substances. Haloaliphatics like pro- 
pyl chloride or butyl chloride, as expected, do not 
show any such activity in our tests. 

The exceptional status of allylic compounds among 
halogenated hydrocarbons can be explained by their 
high electrophilicity. There is a very good correlation 
between theoretically expected electrophilicity, 
experimentally measured alkylating activity and 
direct mutagenic potency. The high electrophilicity, 
due to both Sy-l- and Sy-2’-reactivity, can be 
explained on molecular theoretical grounds as 
follows: 


CH,=CH—CH,X > 


® ® 
~ [CH,=CH—CH,+«> CH,—CH=CH, ]X°. 
S,-l-reactivity 


The allyl cation generated by the loss of the leaving 
group X~ can be stabilized by resonance in the - 
electron system [21]. 

The nonallylic compound vinyl chloride, con- 
versely, cannot react by such a mechanism, because 
resonance produces a stabilization of the C—Cl 
bond: 


ca \e 
CH,=CH—C]|+ CH,—CH=Cl . 


So vinyl chloride is not mutagenic per se, but only 
after enzymatic activation via epoxide formation [2]. 

Due to the relatively low energy requirement for 
the allyl cation formation, the Sy-1-reactivity of allyl 
chloride is supposed to be considerably higher than 
in the case of vinyl chloride or propyl chloride, 
needing much more energy for cation formation. 

Another type of reaction with nucleophiles (Nu), 
the Sn-2’-mechanism [22, 23], leads to a considerable 
increase in bimolecular reactivity: 
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Nu|CH,=“CH*-CH,—Cf > 


8 
+ {Nu+CH,—CH=CH, JC! . 


This mechanism, however, is possible only in allyl- 
and allylic compounds. 


CONCLUSIONS 


The results presented clearly demonstrate a dif- 
ferent mechanism of action, other than epoxidation, 
in the mutagenic and carcinogenic activity of halo- 
olefins: in the special case of allyl and allylic struc- 
tures a direct alkylating mechanism has been 
detected and can be theoretically explained by Sn-1 
and Sn-2' reactivities. From in vitro experiments, no 
indication can be derived for the involvement of 
metabolic activation through epoxidation. Whether 
this exclusiveness of direct action is also true for in 
vivo conditions remains to be shown by experiments 
with intact animals. 

At present, the structure—activity relationship out- 
lined above allows for the prediction of the muta- 
genic potency of the allylic compounds by deter- 
mining the suitability of different substituents as 
leaving groups. The influence of further substituents 
on the alkylating and mutagenic properties of allylic 
molecules will be dealt with in a forthcoming paper. 
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Abstract—The UDP-glucuronosyltransferase activity towards phenolic compounds, as measured by 
initial velocity, has been directly related to lipophilicity of acceptor substrates, as obtained by measure- 
ment of octanol—buffer or octanol—water partition. The acceptor substrates examined include 17 
compounds, all probably conjugated by the “‘late foetal’ enzyme activity. Rat liver microsomal enzyme 
activity towards five acceptor substrates of the “late foetal” enzyme was examined under different 
activation conditions. A statistically significant, partition-dependent increase in activity was observed 
when the effects of ageing or Triton X-100 treatment were studied. With n-pentane, phospholipase C 
or UDP-N-acetylglucosamine, although the enzyme activity depended on the partition coefficient of the 
acceptor substrate, activity towards each substrate was enhanced by a similar amount. Mild trypsin 
treatment (which did not itself activate the enzyme) or ageing converted the n-pentane dependent 
general activation into a partition related form by reducing the activity of the enzyme towards the less 
lipophilic substrates. Removal of phospholipid from the membrane by n-pentane or hydrolysis by 
phospholipase C resulted in the partition independent activation. Protein release, which by itself did 
not activate the enzyme, was also required for a partition-dependent effect. As enzyme activity towards 
the five substrates was induced by 3-methylcholanthrene, but not by phenobarbital, the “late foetal” 
enzyme was being studied. The induced enzyme activity appeared similar to the non-induced activity. 


An enormous number of drugs and other xenobiotics 
are conjugated with glucuronic acid [1-3]. UDP- 
Glucuronosyltransferase(s) (E.C. 2.4.1.17) is the 
only enzyme so far considered responsible for the 
conjugations in vivo [4]. Recent investigations [5-9] 
on the development and induction of the enzyme(s) 
have suggested that at least two UDP-glucurono- 
syltransferases or two conformations of UDP-glu- 
curonosyltransferase exist in rat liver. One enzyme 
activity belongs to the “late foetal” group of enzymes 
developing over births. The second activity is in the 
“neonatal” group of enzymes [7, 8], which develop 
immediately after birth. 

Studies [7, 8] on the acceptable structures for the 
“late foetal” enzyme indicate that it conjugates both 
planar molecules and phenols with alkyl groups 
posessing one carbon atom adjacent to the hydroxyl 
group and two carbon atoms in the 3 and 4 positions. 
Larger molecules in general are conjugated by the 
“neonatal” enzyme. While these gross differences 
in the two groups of activities have been distin- 
guished, other structure—activity relationships are 
much less understood. 

Partition coefficients have been considered as an 
in vitro method of assessing the lipid solubility 
(lipophilicity) of a compound. Octanol—water has 
been shown to be a good model system for in vivo 
partitioning [10]. Uptake of xenobiotic into liver 
cells, binding to cytochrome P450 and phase 1 
(oxidative) metabolism of drugs are all partition- 
dependant [11-14]. This paper, therefore, investi- 
‘ gates the possible relevance of acceptor substrate 
lipophilicity as a factor in the activity of UDP-glu- 
curonosyltransferase, a phase II (conjugation) 


enzyme. As enzyme activities are usually measured 
at a known pH, a better estimate of lipophilicity 
might be obtained using buffer rather than water. 
Some partition coefficients have therefore been 
determined at pH 7.4 [15]. Since UDP glucurono- 
syltransferase can be activated using a number of 
agents [4], the effects of some of these procedures 
were also examined. 

A preliminary communication on part of the find- 
ings reported here has appeared [16]. 


EXPERIMENTAL 


Substrates, chemicals and animals. Nitrophenols 
were purchased from Aldrich Chem. Co. (Gil- 
lingham, Dorset, U.K.). Phenol and 1-naphthol were 
obtained from Fisons (Loughborough, Leics., 
U.K.). UDP-Glucuronic acid (NH.s*), UDP-N-ace- 
tylglucosamine and potassium hydrogen glucarate 
were from Sigma (Poole, Dorset, U.K.). '“C-Phenol 
(specific activity 35mCi mmole™') and 1-“C- 
naphthol (specific activity 20 mCi mmole ') were 
purchased from The Radiochemical Centre (Amer- 
sham, Bucks, U.K.), and diluted with non-labelled 
material prior to use. 

Triton X-100 (purified) was obtained from Koch- 
Light (Colnbrook, Middx., U.K.), m-pentane came 
from Hopkins & Williams (Chadwell Heath, Essex, 
U.K.). Phospholipase C (type III, from B.cereus) 
trypsin (type 1 from bovine pancreas), trypsin inhibi- 
tor (type II-0, from egg white) and 3-methylcho- 
lanthrene were purchased from Sigma. Phenobar- 
bital was from Evans Medical (Liverpool, U.K.). 
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Octanol “‘specially” pure and all other chemicals 
were from Fisons. 

Male Sprague-Dawley rats (350-450 g), obtained 
from Charles River (Manston, Kent, U.K.) were 
used in these studies. These animals were held on 
the premises for at least a week prior to use. They 
had access to food (Charles River 4RF diet) and 
water ad lib. 

Partition coefficients. Partition of substrates 
between octanol-saturated 66mM Tris buffer and 
buffer saturated octanol at pH 7.4 was performed 
as previously described [15]. The amount of nitro- 
phenol in the aqueous phase was measured at the 
appropriate Emax (between 395 and 415 nm) after 
addition of 0.1ml 5M NaOH to 1Iml sample of 
nitrophenol solution. Calibration was linear for all 
the nitrophenols used over the concentration range 
employed. 

Preparation of microsomes. Rats were killed by 
stunning and cervical dislocation. The livers were 
rapidly excised and a 33% (w/v) homogenate pre- 
pared in 0.25 M sucrose containing 50 mM Tris buffer 
(pH 7.4) using five stokes of a teflon—glass homo- 
genizer (model S63C, Tri-R Instrument Inc., Rock- 
ville, N.Y., U.S.A.; Speed 6). The homogenate was 
centrifuged in a MSE Superspeed 75 centrifuge for 
30 min at 9000 g and the pellet discarded. The 
microsomal fraction was then obtained by centrifu- 
gation at 100,000 g for 1 hr. This pellet was resus- 
pended in sucrose—Tris (15-25 mg protein ml~') and 
used immediately as enzyme source except where 
stated. All operations were performed at 04°. 

Measurement of UDP-glucuronosyltransferase 
activity. Initial velocities of reaction were measured 
at 37°. Pairs of incubation vessels, each containing 
20-SO0ul of microsomes, 0.2 mM acceptor substrate, 
2.7mM UDP-glucuronic acid and 10mM Mg”* in 
66 mM Tris buffer, pH 7.4 (total volume 0.3 ml), 
were incubated for 0, 2, 5 or 10 min. The reaction 
was terminated by addition of 0.5 ml 0.2 M trichlor- 
acetic acid and the vessels centrifuged. The colour 
disappearance of the various nitrophenols was meas- 
ured as described above, after addition of 1.0 ml 1M 
NaOH to 0.4 ml supernatant. 

Phenol glucuronidation was measured principally 
by disappearance of substrate using the procedure 
previously described [15], except that 1.0 ml 0.1M 
NaOH was employed in the second extraction. In 
later experiments a radiochemical measurement pro- 
cedure was employed [17]. The '*C-phenol, but no 
'4C-phenyl glucuronide, was extracted into 10 ml 1% 
butyl-PBD in toluene. The free phenol radioactivity 
was then counted in a Packard 2450 scintillation 
counter. Quench correction was performed using an 
external standard—channels ratio technique. Direct 
comparisons of both methods gave essentially the 
same results (+8%, S.D. for six experiments.) Glu- 
curonidation of 1-'*C-naphthol was measured in the 
same way as phenol conjugation [18]. 

Activation procedures. Ageing was achieved by 
storage of the resuspended microsomes in sealed 
vessels in a refrigerator for the times stated. For 
Triton X-100 activation microsomes, Triton (0.3% 
v/v) was present in the final resuspension medium. 
UDP-N-Acetylglucosamine (final concentration 
2.7mM) was added directly to the incubation 
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medium. n-Pentane (3.5% v/v) was mixed with the 
microsomes by gentle inversion. Phospholipase C 
(2.5 units ml~' microsomal suspension) was incu- 
bated with the microsomes in the presence of 5mM 
Ca’** for 30 min at 20° and the reaction inhibited by 
addition of EDTA (final concentration 5 mM). Pre- 
liminary experiments suggested this was the optimal 
activating condition for our preparation of phospho- 
lipase C and microsomes. Sub-optimal levels of tryp- 
sin (50 mg g~' microsomal protein) were incubated 
for 30 min at 37° and the reaction terminated by 
addition of an excess (1.2 fold) of trypsin inhibitor. 
After phospholipase treatment the microsomal frac- 
tion was reprecipated to prevent interference from 
any products released. 

Protein determinations. Protein concentrations 
were determined using the Lowry procedure with 
bovine serum albumin standard [19]. 

Phospholipid determination. Microsomes and 
supernatant (1 ml aliquots) were dried in a vacuum 
oven at 37° and the phospholipids extracted three 
times with chloroform—methanol (2:1 v/v; 23). The 
extracts were evaporated to dryness and the 
phospholipids determined as described by Graham 
et al. [20] or using a standard test system (Boehringer 
phospholipid kit). 

Statistical procedures. Correlation coefficient, and 
linear regression were determined using a least 
squares method. The probability for fitting data to 
the line was determined by F-test. Intercepts and 
slopes were analysed using a procedure for compari- 
son of two regression lines described by Dixon and 
Massy [21]. 

The significance of the data in Tables 1, 3 and 4, 
which is given as mean + S.D., was assessed using 
Students f-test. 


RESULTS 


Partition coefficient and enzyme activity. Figure 1 
contains results from a comparison of enzyme activity 


v (nmol min” per mg protein) 








1000 


10 700 
Octanol-water partition 


Fig. 1. Relationship between partition coefficient of accep- 
tor substrate and enzyme activity measured by initial vol- 
ocity. Data for this figure were obtained from refs. 22 
(enzyme activity) and 23 (octanol—water partition coeffi- 
cient). All those compounds for which both values were 
obtainable were plotted. The equation of the line is 
y = 0.4954x + 0.5602, N=17, root mean _ square 
S.D. = 0.384, correlation coefficient = 0.863, Probability 
(F-test) <0.001 (equation 1). 





‘1ayjnq pL Hd pue jouryo0 usamjaq UONNIed 10} yUdIDYJ909 UONNIeY +t 
‘paleoIpul oie d1OW ssayUN sjusWIIOdX p JO} UMOYS De "G'SF 
urs ‘[eWUoWIedxy JapuN poquosap se powsojiod suoneqnoul Woy poutejgo st eIep sy], “sUONeQnouU! (payeANoevUN) JoNUOD ayeLdoIdde sa 100'0 > d + 


‘100 >d « 





iS 4 €L'0 z9°0 (f3u9I9yJ909 
uonted) q 307 





+06'9 ¥ 06 'V¢ : +66'0 j $8'0 = SO'E uisdAyy + ouejuag-u 
+€9°9 + TBST ; j ; Ell . S80 = 6I'b (0 ‘shep 6) 
Sulose + ouejudg-u 
79°0 + Lh'l uisdAr], 
991 + £77 OOI-X YOULL 
Ig 1 + 197 (,0 ‘skep 6) Sulody 
19°0 = O€'T JO1jUO0D Dd asedijoydsoyg 
SS'€ + COP > asedijoydsoyg 
«fh l + €L'€ ouruesoon[s]Aja0e-V/-dqn 
+171 + 89°9 ouejudg-u 
7S'0 + 6F'1 Ppojealjoe-uON 


09°¢ 
+€0°P 
+96'8 
Ir'0 
+€9°C 


L9°S : ; ‘OF ITZ zs'0 
6°81 ; ‘0 = 10'9 z8°0 
So's! 426°L ¥ 8€° 'b = PP's Ir" 
0z'€ 6L'0 ¥ 67 ‘0 = 86'1 07'0 
Lr’6 4(9)10°L ¥ 76° IL'b = 9€'6 (9)Lr"I 
$ES°1 = €8°L +08°1 + 6€° ‘LF €6'b 07'I 
4€0°9 ¥ L7'91 490° = SZ’ = O'EI 474° 
bL'0 + 86°7 br’ + €9" L8'0 = 80°7 90° 


+1 +1 +i +! 


=| 
fe) 
s 
oS 
= 
=| 
iS) 
ca 
E | 
Y 
= 
of 
) 
| 
Ss 
i 
B= 
=) 


"HH 


Lipophili 
+H + + 
+ + 


+ 





jousydosjiu-7Z jousydosjiu jousydonin-p jousydosjiu-p jousydg JUSWBOIL 
-|AW2W-b ~p-TAWION-€ -O10[YD-Z 





sayeIjsqns JUSIOIP YM (UIa}0I1d Swyurwy/sajowu) AWAY 





SUONIPUOD UONRAIIR JUdIIJIP Jopun APANOR IsesajsuLs}A[SOUOINONIS-gq Jo suosuedwoy “| s9qQe_L 





oO 
Zz 
< 
rw 
_ 
eo) 


‘pud) & d}LSIPUI O} UDR) SI [> Nea g Y ‘sJUsUILIAdX< |e 10j 
‘WUd1NYJI09 UONNIed Soy = x pue 


Autanoe awAzua,, soy == A 


b Soe 
o42 


N ‘TL 2198, ul poquasaid si veg 
JoyM ‘2 + xu = € uonenbs uy , 





payejal uonnied 


ose uonRaAnse ‘adojs 


ul 


Ajosiey = sasueyd 
asuvyd JUROYIUSIS ON 


payejai uonnied 


osje uoneranse ‘adoys 


ul 


Ajasiey = sadueyd 


Ayuuoyiun 

AVIATOR Paseasoul 
Joyeanoe *}d9019)UI 
ul Ajasiey sadury) 


cO'0 


10°0 


670 


L00°0 
F0'0 


$90) 80°0 


tr 0 LOO 
99°0) 100°0 


600°0 


$00°0 


€10°0 


c00°0 
0c0°0 


S10°0 
890°0 
£100 


Plv'0 
8r0'0 


796'0 
$L6°0 
1S6°0 


6r6'0 
re6'0 


Lr6'0 
F680 
€S6'0 


6r6'0 
1880 


S970 + X78S°0 = 4 
Ipl 0 + *6SS°0 
170 — *Sce'0 


9L0°0 + * 


€s'0 
O0OP'O + X0SS 


0 
Lrl'O — *$67'0 
6ce'0 + *F6E°0 
9S¢°0 + *897'0 


CLO + XSE7'0 
L60°0 + X007'0 


uisdAq} 

+ ouejuog-u 

(,0 ‘skep 6) Surose 
+ ouejuag-u 
uisdAi |, 


OOI-X UO 
(.0 ‘shep 6) Surady 


2 asedijoydsoyd 
JoJ JoNUOD 

2 asediyoydsoyg 
ourmesnonys 
[A290e-N-d an 
ouejuod-u 
joUo0D 








JUSWIWIO') 


adojs 1ddo19)U] 


(4s9}-4) 
d 


JUIIDYJOO9 
uoHnRao0D 





(q) duty] JorUOD 
yum uosuedwo) 





aul] O} BVP Jo 4 


,uonenby 


JUSWRIT 


‘ON 
uonenby 





asesajsuvJASOUOININIS-gq 10} ayesysqns 10}dad9e d1OUaYd Jo satias vB Jo UONRSN[UOD dy} UO SIOJAI|IR JO $}DIJJA “7 IQR 





Lipophilicity and glucuronidation 


Table 3. Release of protein and phospholipid from microsomes after treatment with activators* 





Per cent released from microsomes after treatment 


and resedimentation 





Treatment Protein 


Phospholipid 





Control (no treatment) 
n-Pentane 
Phospholipase C 
Ageing (9 days, 0°) 
Trypsin 

n-Pentane + trypsin 


21.5 + 2.5(4) 
25.3 + 9.7(4) 
23.9 + 4.9(4) 
60.5 + 15+ 
$7.2 3.4.2% 
56.3 + 11.4(4)t 





* Microsomes were prepared as described in Experimental, and after perturbation, resedi- 
mented and resuspended in the same volume of sucrose-Tris. Phospholipid and protein 
content were measured in both the decanted supernatant and the resuspended microsomes. 
There was approximately 0.76 mg phospholipid in microsomes corresponding to | mg protein. 


nd—not determined. 
+P < 0.05. 
+P < 0.01; N =3. 


in rat liver microsomes under Triton X-100 activated 
conditions and acceptor substrate partition coeffi- 
cient. The compounds examined, in terms of struc- 
ture, fall within the parameters defined for the “late 
foetal” UDP-glucuronosyltransferase (see introduc- 
tion). The data shows that the enzyme activity 
depended on acceptor substrate partition coefficient 
and this relationship could be described using the 
equation 


log Activity = log Partition coefficient + Constant. 


(2) 


Statistical analysis of the data for Fig. 1 shows that 
an acceptable correlation was obtained. Thus lipid 
solubility is a major determinant in the suitability of 
an acceptor substrate for conjugation by the “late 
foetal” UDP-glucuronosyltransferase. 

Effects of activation procedures on enzyme activity. 
As enzyme activities from many studies are obtained 
in the presence of activators of the enzyme, an 
examination was undertaken on the effects of such 
activators using five acceptor substrates. These sub- 


strates were chosen to give a wide range of octanol— 
buffer partition coefficients. The study examined the 
effects of activators on the activity and activation of 
rat liver microsomal UDP-glucuronosyltransferase 
towards these substrates, all of which on enzyme 
induction criteria (using phenobarbital and 3-methyl- 
cholanthrene treatments) fall within the “late foetal” 
group of enzyme activities. 

The data obtained is shown in Table | and sta- 
tistical evaluation is given in Table 2. With the mar- 
ginal exception of phospholipase C, a satisfactory 
(P < 0.05) statistical correlation of activity and par- 
tition coefficient was obtained. 

The activators studies appeared to fall largely into 
two groups (Table 2). In one group, activation 
elevated the activity towards acceptor substrates by 
a similar amount (equations 4-6). While no differ- 
ences could be detected in the slopes of the equations 
in this group, there was a clear trend for the inter- 
cepts to increase. In the other group (equations 8, 
9, 11 and 12) a statistically satisfactory (P < 0.05) 
correlation for partition dependent activation was 


Table 4. Comparisons of UDP-glucuronosyltransferase activity under different induction procedures* 





Activity (nmoles/min/p mg protein) under different treatments 





Substrate Saline 


Phenobarbital 


Corn oil 3-Methylcholanthrene 





Phenol 
2-Chloro-4-nitrophenol 
4-Nitrophenol 
3-Methyl-4-nitrophenol 
4-Methyl-2-nitrophenol 


N= = 
WPaOONWN 
RWOHS 
I+ I+ I+ I+ I+ 
wWWeNoS 
co hiOowWwW 
Noe Re 

monNnunn 
CNnoCoH 
I+ I+ I+ I+ I+ 


a 


+r 


15.2 + 0.6(3) 
16.3 + 6.0 


nAehNRe 
Nm wWwW Oh 
I+ I+ I+ I+ I+ 
woe ww 
+ — = 

Ww 

> 


WwWNnDw 
neon Ww 





* All activities were measured in n-pentane activated microsomes using procedures described in the 
Experimental section. Phenobarbital (40 mg kg™' day ' in 0.5 ml saline p.o. for 7 days) and 3-methyl- 
cholantharene (20 mg kg ' day ‘in 0.3 ml corn oil i.p. for 3 days) pretreatments were used as induction 


procedures. 


+ P < 0.01 vs appropriate control. N = 4 except where stated. 
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Lipophilicity and glucuronidation 


obtained. Triton X-100 belonged to the second 
group, hence the results obtained by Illing and Ben- 
ford [15]. 

If n-pentane treatment of microsomes (first type 
of activation) is followed by ageing or trypsin treat- 
ment, then the combined activation is partition 
related (see equations 11 and 12). Thus partition- 
independent activation can be converted to a par- 
tition dependent form. 

Effects of activation procedures on microsomal 
structure. From the results in the previous section, 
two forms of activation of UDP-glucuronosyltrans- 
ferase could be defined. The effects of some acti- 
vators on membrane proteins and phospholipids 
were therefore examined to see if some of these 
differences could be ascribed to changes in mem- 
brane structure. 

Treatment with n-pentane or phospholipase C did 
not result in additional protein loss on resedimen- 
tation and resuspension of the rat liver microsomes 
when compared to non-activated microsomes. Age- 
ing microsomes or treatment with trypsin resulted 
in loss of protein on resedimentation and resuspen- 
sion of microsomes (Table 3). As Triton X-100 
releases enzyme from the microsomes [24, 25], it was 
thought that these procedures also affected the 
microsomal proteins. 

Little microsomal phospholipid was released in 
untreated microsomes, while significant quantities 
were released by n-pentane treatment and hydro- 
lysed by phospholipase C treatment (Table 3). Thus 
n-pentane and phospholipase C affected the micro- 
somal phospholipids without releasing proteins. 

Effects of induction procedures on enzyme activity. 
The effects of two inducers of UDP-glucuronosyl- 
transferase, phenobarbital and 3-methylcholan- 
threne, were investigated using five acceptor sub- 
strates of different partition coefficient (Tables 4 and 
5). Phenobarbital induction had little effect on con- 
jugation of these substrates in n-pentane activated 
rat liver microsomes. 3-Methylcholanthrene induced 
the activity towards the substrates in n-pentane 
activated microsomes approximately 2-fold. These 
results are similar to those obtained generally for the 
“late foetal’ enzyme [6-9]; they confirm that the 
acceptor substrates belong to this group and that the 
new enzyme obtained on induction is similar in this 
respect to the enzyme present in non-induced rats. 


DISCUSSION 


The data presented in the first sections of this 
report demonstrates that lipid solubility, as assessed 


by octanol-buffer or octanol—water partition 
coefficient, is a factor in the ability of a phenolic 
acceptor substrate to be conjugated by the “late 
foetal” rat liver microsomal UDP-glucuronosyltrans- 
ferase, as defined in the introduction. The data also 
suggest that use of equation 2 (log Activity = log 
Partition coefficient + Constant) is a suitable method 
for relating microsomal enzyme activity towards an 
acceptor substrate and the lipophilicity of that sub- 
strate. Similar comparisons can be carried out using 
Km data [26] and, where they exist, octanol-water 
partition values [23] from the literature. 

This type of relationship has been shown to have 
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wide applicability [27], and also applies to the 
uptake, binding to cytochrome P450 and oxidation 
of xenobiotics over the range of lipophilicity exam- 
ined [11-14]. 

Preliminary, limited data with only four acceptor 
substrates [8] may indicate that conjugation by the 
“neonatal” enzyme is not partition related. Some 
substrates for this group are endogenous compounds 
(see refs. 5-9); thus possible transport mechanisms 
to the active centre could be present and obscure 
physico-chemical parameters. 

The effects of different activators on the “late 
foetal” enzyme activity were also examined using rat 
liver microsomes. Initial rates of conjugation were 
the measure of enzyme activity. Two types of acti- 
vation emerged. For one type, activation resulted 
in a change in constant, such that, while the activity 
was still partition-dependent, the amount of acti- 
vation seen was largely independent of the partition 
coefficient. In the second type the slope changed on 
activation. In an earlier study [15], the amount of 
activation by one of the second group of activators, 
Triton X-100, was shown to be dependent on the 
partition coefficient for a wider range of substrates. 

With the two non-physiological activators, n-pen- 
tane and phospholipase C, principally the first type 
of activation (partition independent) resulted and 
phospholipid release from the microsomes took place 
without release of protein. The second type (parti- 
tion related), the type found after ageing microsomes 
or on treatment of microsomes with Triton X-100, 
required alterations in the protein structure, possibly 
changing the nature of the enzyme. 

Approximately half the enzyme protein in the 
microsomes could be removed by very mild trypsin 
treatment. This amount of trypsinization did not 
activate UDP-glucuronosyltransferase [28, 29, this 
work]. However, if prior phospholipid removal had 
taken place (by n-pentane), the same amount of 
trypsin-induced proteolysis altered the catalytic 
nature of the enzyme, deactivating it towards the 
more water-soluble substrates. Ageing n-pentane 
activated microsomes also resulted in a conversion 
from the first to the second form of activation. Thus 
the two types of activation are not exclusive, and 
individual activators may cause a combination of 
them. 

Access to the enzyme in vitro may be restricted 
by the membrane structure of the microsomal ves- 
icles [30-33]. Some change in the phospholipids of 
the membrane appears to be the minimum required 
for better access of all acceptor substrates of the 
“late foetal” enzyme and of trypsin. Thus, in non- 
disrupted microsomes there is some barrier to the 
maximal activity towards acceptor substrates. This 
barrier, which may be regulated by UDP-N-acetyl- 
glucosamine in vivo in rat, does not distinguish 
acceptor substrates on the basis of lipophilicity, and 
protects the enzyme active centre from the effects 
of mild trypsin treatment. 

Phospholipids are required for maximal enzyme 
activity towards acceptor substrates of the “‘late foe- 
tal” enzyme [34-36]. As the enzyme renders acceptor 
substrates more water soluble by conjugating them, 
it is reasonable that the lipid solubility of the acceptor 
substrate is a factor in the requirement for conju- 





1006 HM. PA. 


gation. This effect is more marked in tissue damaged 
by autolysis (ageing), Triton X-100 treatment, and 
n-pentane and trypsin treatment combined. 

The fact that induction by 3-methylcholanthrene, 
but not by phenobarbital, occurred indicated that 
the activation studies were on substrates which 
belonged to the “late foetal” enzyme [6-9]. Com- 
parisons of the induced and non-induced n-pentane 
activated enzyme activity towards the substrates 
indicated that a similar relationship of lipid solubility 
for acceptor substrate and enzyme activity existed. 
Induction implies synthesis of new enzyme proteins; 
thus in this respect the induced enzyme resembled 
that originally present in the membrane. 

Octanol-water or octanol—buffer partitions are 
measures of lipid solubility, and when used with 
equation 1, offer a way of predicting the approximate 
enzyme activity towards new acceptor substrates of 
the “late-foetal” UDP-glucuronosyltransferase. 
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Abstract—The inclusion of an equimolar mixture of CS2 in an oral dose of about 4 LDso’s of CCl (5 
mmoles/kg) to phenobarbitone pretreated, fasted 100 g male rats reduced the amount of liver injury 
due to the CCls and prevented deaths occurring. At 24 hr after dosing with the CS2 + CCl4 mixture, 
the morphological changes and chemical composition of the liver more closely resembled those due to 
CS2 alone rather than those due to CCl4. Subsequently the liver lesions due to the mixture became 
those of a typical but non fatal CCls toxicity. Elevation of conjugated dienes in the hepatic microsomal 
lipids occurred in the CS2 + CCl4 group but not in the CS2 group, and were less than in the rats given 
CCls alone. 

The inclusion of CS2 with '*CCls dosed orally to rats caused an initial increase followed by a reduction 
in the uptake of CCls into the liver within 15 min of dosing, reduction in the amount of bound 
radioactivity in the liver from 50 per cent in the '*CCl4 controls to 30 per cent and a decrease in the 
respiratory excretion over 24 hr of “CO derived from the '*CCls of about 65 per cent, findings which 
indicate reduced metabolism in the animal of the CCls. In addition, the CS2 + CCls mixture caused a 
50 per cent loss of cytochrome P450 from liver microsomes within 5-10 min of dosing, while CS2 and 
CCl, alone, respectively, caused no change during this period. 

Since the toxic effect of CCl4 on the liver is directly related to its metabolism in the organ, the present 
findings suggest that the protection caused by the inclusion of CS2 in the mixture is due to reduction 
of hepatic microsomal oxidative metabolism of the CCl4 through an enhanced loss of cytochrome P450. 


A theoretical basis is thus proposed for the beneficial effects on the liver of sheep of using a CS2 
+ CCls mixture rather than CCls alone as a drug treatment in the field. 


Carbon tetrachloride (CCls) is very effective in the 
treatment of liver fluke (Fasciola hepatica) infesta- 
tion in sheep [14], but its use has been restricted 
because of its unpredictable toxicity even when given 
in small therapeutic doses [25]. 

Recent studies of the mechanism of CCl, toxicity 
in sheep indicated that significant reduction in the 
toxicity of the drug for the animals occurred without 
loss of its effectiveness against the liver fluke when 
carbon disulphide (CS2) was administered simulta- 
neously [22]. 

CS2 was used in sheep in combination with CCl, 
following the report by Bond and De Matteis [1] 
that a single oral dose of CS2 in the rat caused a 
depression of the hepatic microsomal mixed function 
oxidases (HMFO) through the loss of microsomal 
cytochrome P450 without causing hepatocellular 
necrosis nor other significant untoward effects in the 
animal. CCl, requires metabolism by the HMFO for 
toxicity [13] and the susceptibility to the drug in both 
the rat and sheep appeared directly related to the 
level of these enzymes at the time of dosing [13, 18, 
19, 5, 20, 21]. 

In the present experiments simultaneous oral dos- 
ing with CS2 was also shown to protect the rat against 
a lethal dose of CCl, and the mechanism of the effect 
was investigated in this species. 


MATERIALS AND METHODS 


Animals 


Young male rats (90-110 g body wt) of a highly 
inbred Wistar strain were supplied by the Central 
Animal Breeding House of the University of 
Queensland. They were kept in wire cages and fed 
a proprietary cubed diet and given tap water ad lib. 

On two consecutive days prior to each experiment 
the rats were given an intraperitoneal injection of 
80 mg/kg sodium phenobarbitone dissolved in nor- 
mal saline in order to enhance the HMFO. All 
animals were fasted for 24 hr prior to the start of 
each experiment and for 24 hr thereafter. The LDso 
for oral CCls dosing in male rats prepared in this 
manner was determined by the method of Weil [27]. 

CS2 and CCl. (analytical grade) were dissolved in 
arachis oil so that each solution contained 0.5 
mmole/ml. A mixture of CS2 and CCl in arachis oil 
was prepared containing 0.5 mmole of each com- 
pound per ml. Each dose of CS2, CCls or the CS2 
+ CCl, mixture, respectively, was given by gavage 
under light ether anaesthesia using a 2.5 mm plastic 
nasal catheter. Control rats were dosed with 1 ml of 
arachis oil. '*CCls was supplied by The Radiochemi- 
cal Centre, Amersham, England. 

Animals were killed by exsanguination from the 
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jugular vein and carotid artery while under light 
ether anaesthesia, except that in one experiment the 
rats were killed rapidly by cervical dislocation at 
fixed times after dosing with the hepatotoxic agents. 
Immediately after death the animals were weighed 
and their livers rapidly removed and weighed. Thin 
slices were fixed in formal alcohol for subsequent 
histopathological examination. Other samples of 
liver were collected at various times as described for 
particular chemical and other determinations. 


Chemical determinations on livers 


In order to measure water content, approximately 
1 g of liver was weighed accurately and placed for 
24hr in a hot air oven at 105°. The water content 
was calculated from the change in weight of the slices 
before and after heating. 

Measurements of sodium, potassium and calcium 
ions were carried out on the dried residue of liver 
following water determination by the method of 
Henckmann and Parsons [7] modified by Judah et 
al. [8]. 

Triglyceride determinations were carried out using 
fresh liver by the method of Folch et al. [4]. For 
measurement of conjugated dienes, 5 g samples of 
liver from freshly killed animals were homogenized 
in ice cold 0.3 M sucrose containing 0.003 M EDTA. 
Microsomes were prepared from the homogenate 
and the lipid extract prepared from them according 
to Klassen and Plaa [9]. This lipid solution in chlo- 
roform was scanned against a reference blank 
between 210 and 310 nm in a Pye Unican SP1800 
Spectrophotometer using 1 cm wide glass cuvettes. 
The absorption peak for the conjugated dienes was 
found to be at 243 nm, as shown by Sell and Reynolds 
[24]. 

For cytochrome P450 determination, 3 g pieces of 
liver were homogenized in 9 vol. of ice cold 1.15% 
(w/v) KCl. This was then centrifuged at 9000 g., for 
20 min and the resultant supernatant spun at 100,000 
2a for 1 hy. The microsome pellet was resuspended 
and washed once in 1.15% (w/v) KCI and resus- 
pended in 0.1 M phosphate buffer at pH 7.4. The 
cytochrome P450 was determined in microsomal sus- 
pensions according to Omura and Sato [15]. Micro- 
somal protein was measured by the method of Lowry 
et al. {10}. 


Collection of expired CS2, ‘“CCls and “CO: after 
intragastric administration of CS2and “*CCls 


Immediately after administration of the respective 
agents the rats were placed individually in a tubular 
chamber and the expired air drawn through a series 
of traps [6]. The procedure for the measurement of 
CS: was carried out in accordance with that described 
~ by De Matteis and Seawright [2], and that for “CCl. 
and ‘CO as set out by Seawright and McLean [18]. 
The specific activity of the '*CCls used in this experi- 
ment was 3.6 wCi/mmole. 

All samples were counted in a Packard Tricarb 
Liquid Scintillation Spectrometer. 


Measurement of total and bound radioactivity in the 
liver after dosing with “CCl, 


For determination of total radioactivity in the liver 
after dosing with “CCls, approximately 100 mg of 
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wet liver was weighed in a scintillator vial. One 
milliliter Soluene-100 (Packard Co.) was added to 
the vial which was then capped and left overnight 
at 40°. The solution was decolorized by the addition 
of 0.2 ml isopropanol and 0.2 ml 100% v/v hydrogen 
peroxide. After 30 min, 9 ml of scintillator fluid 
[toluene containing 0.53 per cent of 2,5 diphenox- 
yoxazole and 0.04 per cent 1,4-bis-(4-methyl-5-phen- 
yloxazol-2yl) benzene] was added to the vial and the 
radioactivity counted. 

In order to determine the amount of CCl. present, 
1 g of liver was weighed and placed in 10 ml ice cold 
toluene and stored at 4° for 3 days with occasional 
shaking [12]. A 1 ml aliquot of the toluene was then 
added to 9 mi scintillator and counted. It was 
assumed that the radioactivity so extracted rep- 
resented unchanged CCls. This was not verified by 
an alternative assay. 

For measurement of bound radioactivity a 20 per 
cent w/v homogenate of liver in ice cold water was 
prepared. One milliliter of the homogenate was 
placed in a scintillator vial and dried at 80° overnight. 
The residue was dissolved in 1 ml Soluene-100, 
decolorized as before and 9 mi scintillator added for 
counting [17]. It was assumed that the radioactivity 
lost through vaporization was CCl; and that present 
was due to chemically reactive CCls metabolites 
bound to tissue macromolecules. 

The sum of the radioactivity extractable with tolu- 
ene and that remaining in the dried residue after 
heating overnight was found to be the same as that 
measured directly in an equivalent amount of fresh 
wet liver solubilized in Soluene-100, and was used 
as the measurement of total radioactivity in the organ 
after “CCl. dosing. 


RESULTS 


The oral LDso of the CCls in the phenobarbitone 
presented rats was 1.2 mmole/kg with 95 per cent 
confidence limits of 0.9-1.5 mmole/kg body wt. 

The progressive mean changes in body weight over 
4 days in each of four groups of 8 rats given 5 
mmoles/kg CS2, 5 mmoles/kg CCl, 5 mmoles/kg CS2 
+ 5 mmoles/kg CCl, and arachis oil alone, respec- 
tively, are shown in Fig. 1. Rats given CS: alone 
appeared unaffected and responded similarly to the 
arachis oil controls. Those given CCl, alone became 
very ill, did not resume eating when food was offered 
and all died within 36-48 hr of dosing. The rats given 
the CS. + CCl: mixture all survived. Although they 
had appetite when food was restored to them 24 hr 
after dosing, their weight gain up to 96 hr was much 
less than in the CS: and control groups. 

In a duplicate experiment 2 rats from each group 
were killed at each successive 24 hr period after 
dosing for pathological examinations of their livers. 
The livers of the control rats remained consistently 
normal. Those animals given CS2 alone were pale 
and swollen at 24 and 48 hr but were indistinguish- 
able from the controls by 72 and 96 hr after dosing. 
Histologically there was marked foamy vacuolation 
of the centrolobular hepatocytes at 24 and 48 hr. The 
cytoplasm of affected hepatocytes was less vacuo- 
lated by 72 hr and virtually normal by 96 hr. 

The livers of the rats given CCls alone were mark- 
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Fig. 1. The effect of oral dosing 5 mmoles/kg CS2, 5 mmoles/kg CCls, 5 mmoles/kg CS2 + 5 mmoles/kg 

CCls and 1 ml arachis oil on the progressive mean body wt changes in groups of 4 phenobarbitone 

pretreated, fasted 100 g male rats. Food was restored on day | after 48 hr of fasting. Rats given CCls 
alone did not resume eating and died within 48 hr of dosing. 


edly swollen, pale with reddish mottling and of firm 
consistency at 24 and 48 hr. Histologically all hepa- 
tocytes contained multiple small vacuoles due to fatty 
infiltration, pyknotic nuclei and markedly eosino- 
philic cytoplasm typical of coagulative necrosis. 

The livers of the rats given the CS2 + CCl, mixture 
grossly resembled those from rats given the CS: 
alone. They remained pale and swollen for 72 hr 
after dosing and their surface still retained a mottled, 
granulated appearance at 96hr. The histological 
appearance of the livers at 24 hr shared features of 
both the CS2 and CCl, lesions in that in the centro- 
lobular zone, most hepatocytes had a pink, granular, 
finely vacuolated cytoplasm, while in the asseciated 
periportal zone most of the cells were more exten- 
sively vacuolated and the cytoplasm was less eosin- 
ophilic. By 48 hr the parenchymal cells of the cen- 
trolobular zone were clearly necrotic and 
fragmenting, while in the periportal zone the cyto- 
plasmic vacuolation had disappeared and mitotic 
figures were plentiful in the surviving hepatocytes. 
At 72 hr the necrotic centrolobular zone was exten- 
sively infiltrated by macrophages and by 96 hr the 
central veins were surrounded by plentiful new con- 
nective tissue still containing scattered macrophages 
and calcified hepatocyte debris. Cell proliferation 
for replacement of lost hepatocytes was active in the 
periportal parenchyma. 

In a further experiment 5 groups, each of 3 rats, 
were dosed with 5 mmoles/kg of CCls. Each group 
was then given a dose of 5 mmoles/kg of CS2 at 0, 
2, 4, 6 or 8 min later, respectively. All 12 rats given 
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CS: after the CCls dose died within 60 hr with liver 
lesions similar to those seen in the CCly dosed ani- 
mals above. 


Comparative chemical features of the liver lesions 
produced by CCls, CS2 and CCls + CS: in 
combination 


(1) Water and cations. Sixteen rats were divided 
into 4 groups of 4 and given 5 mmoles/kg CCl, 5 
mmoles/kg CS2, a mixture of 5 mmoles/kg of CCla 
and 5 mmoles/kg CS: and arachis oil alone, respec- 
tively. All animals were killed 24 hr after dosing and 
water, sodium, potassium and calcium ions measured 
on duplicate 1 g samples of the fresh tissue. 

This experiment was repeated twice, giving a total 
of 12 sets of duplicate observations of each parameter 
which are set out in Table 1. From the table it is 
seen that all treatments except the oil control caused 
an increase in liver water. In the CCls dosed group, 
there were increases in the concentrations of calcium 
and sodium ions and a decrease in that of potassium 
ions. In the livers of the CS2 and CS2 + CCl. treated 
groups there were slight increases in both the total 
levels of sodium and potassium ions, but their respec- 
tive concentrations in the liver water were similar 
to that of the oil dosed controls. 

(2) Conjugated dienes in hepatic microsomes. Two 
groups of 16 rats were dosed with 5 mmoles/kg CCl« 
and 5 mmoles/kg CCls + 5 mmoles/kg CS2 while 2 
additional groups of 8 animals were dosed with 
5 mmoles/kg CS2 and 1 ml arachis oil, respectively. 
Two animals in each of the former groups and one 
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Table 1. Liver water and cation concentrations in phenobarbitone-induced, fasted 100 g male rats 24 hr after oral dosing 
with 5 mmoles/kg CCla, 5 mmoles/kg CS2, 5 mmoles/kg CCls + 5 mmoles/kg CS2 in combination and arachis oil, 
respectively 





Water a’ Na* x 





mg/total liver/ g/kg dry c mEq/kg mEq/kg mEq/kg mEq/kg 
Treatment* 100 g body wt wt yw dry wt liver water dry wt liver water 





Control 3115 + 302+ 2257 + 36 ; : 89 + 14 40¢ 314 + 40 139+ 
CS2 5340 + 725 2571 + 78 ’ : 96 + 13 38 342 + 13 133 
CCls + CS2 4537 + 150 2649 + 55 a : 118 + 24 ad 335+ S/ 126 
CCl 4551 + 285 2267 + 82 36. ; 243 + 38 107 151 + 44 67 





* The CS», CCls and CCls + CS2 in combination were dosed dissolved in 1 ml arachis oil. Control rats were dosed 
with 1 ml arachis oil alone. 

+ All figures represent the means + S.D. of 12 determinations. 

¢ The figures in this column are derived from the other data contained in the table. 
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Fig. 2. The effect of the CS2, CCl4, CS2 + CCl, and control treatments on the formation of conjugated 
dienes in the hepatic microsomal lipids. The lines on the CCl4 and CS2 + CCls graphs represent the 
range of the readings for the two rats on each time point. 
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metabolism. The progressive respiratory excretions of CS2 and “CCl, each dosed alone and in 

combination over the same period are also shown. Each point represents the mean + range of readings 
from 2 animals. The range bars for the CS2 control rats are not included. 


from each of the latter groups were killed at 5 min 
intervals after dosing for the first 30 min and then 
at 45 min and 60 min for measurement of microsomal 
conjugated dienes. The results are shown in Fig. 2 
and indicated that treatment with CS alone or 
arachis oil was not followed by formation of con- 
jugated dienes in the microsomal lipids. Inclusion 
of CS2 in the CCls dose did not prevent formation 
of dienes by the CCls component, but except for the 
initial samples in which there was an increase, did 
cause the level of them generally to be reduced. 


Effects of CS2 on the metabolism of CCls in vivo 


(1) Metabolism of '*CCls to '*CO2. Two rats were 
each dosed with 5 mmoles/kg “CCl: and 5 mmoles/kg 


'SCCl, + 5 mmoles/kg CS2 and the respiratory excre- 
tion of unchanged “CCl, and ‘CO, respectively, 
determined over the next 24 hr. A further two rats 
were each dosed with Smmoles/kg CCl + 
5 mmoles/kg CS2 and 5 mmoles/kg CS2, respectively, 
and the respiratory excretion of the unchanged CS2 
measured over the same period after dosing. The 
progressive cumulative excretion of these respective 
compounds is shown in Fig. 3. It can be seen that 
the presence of an equimolar amount of CS: in the 
'SCCls dose substantially reduced the total amount 
of “CO: excreted in the breath over 24 hr by about 
65 per cent. In addition, both CCl: and CS2 delayed 
the respiratory excretion of the other, respectively. 

(2) Binding in the liver of radioactivity due to 
“CCls. Twenty rats were dosed with 5 mmoles/kg 
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Fig. 4. The progressive concentrations of total and bound “CCl in the liver of 100 g male rats with time 
after dosing. Each time point represents the average determination for 2 animals. 


“CCl, and a further 20 dosed with 5 mmoles/kg'*CCls 
+ 5 mmoles/kg CS2. In addition, 10 rats were dosed 
with 2.5mmoles/kg “CCls of twice the specific 
activity of the former groups, such that the same 
amount of radioactivity was dosed to each animal. 
Two further animals were dosed with 1 ml arachis 
oil to serve as background controls. Of the first three 
groups, 2 animals in each were killed at 5, 15, 30, 
60 and 120 min after dosing for determination of 
total and bound radioactivity in the liver, respec- 
tively. The results are set out in Fig. 4. 

After 5 min of dosing there was a greater uptake 
of “CCl, in the pair of rats given the CS2 + “CCla 
mixture than with animals given 5 mmoles/kg *CCl« 
alone. By 15 min and subsequently, however, the 
total hepatic radioactivity was higher in the latter 
group, suggestive of a biphasic effect due to the 
presence of the CS2. At the lower dose level .of 
2.5 mmoles/kg '*CCls, the rate of uptake of the com- 
pound was higher and peak levels of radioactivity 
occurred at 15 min rather than 30 min as for the 2 
groups dosed with 5 mmoles/kg CCls. 

The proportion of the radioactivity bound in the 
livers of rats given Smmoles/kg “CCly alone 
remained at about 50 per cent, while for the CS2 


+ “CCl, mixture it varied from 30 per cent at 30 
min to 40 per cent at 120 min after dosing. At the 
lower dose of 2.5 mmoles/kg “CCls, on the other 
hand, bound radioactivity was consistently about 80 
per cent of the total, indicating a higher proportion 
of the CCls metabolized at the lower dose level of 
the compound. 


The time course of cytochrome P450 loss from the 
liver after dosing with CCls, CS2 and CCls + CS2 in 
combination 


Groups of 15 rats were dosed with 5 mmoles/kg 
CCls, 5 mmoles/kg CS2 and 5 mmoles/kg CCls + 5 
mmoles/kg CS2, respectively, and killed in groups of 
three at 0, 5, 10 and 15 min thereafter for determi- 
nation of hepatic microsomal cytochrome P450. The 
levels of the cytochrome for each group, expressed 
as nmoles/mg microsomal protein with increasing 
time after the respective treatment, are set out in 
Fig. 5. There was no decrease in microsomal protein 
levels in the livers in any group by 15 min after 
administration of the respective treatments. The data 
indicated that when given alone, CCls caused 
destruction of cytochrome P450 slightly more rapidly 
than the CS2 by 15 min, but when both compounds 
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Fig. 5. The effect of CS2, CCls and the CS2 + CCls mixture on the microsomal cytochrome P450 
concentrations in the livers of rats with time after dosing. Each point with bars represents the mean 
of 3 rats with the range. 


were given together in equivalent amounts the rate 
of loss of the cytochrome from the microsomes was 
much greater than with the CCl, alone. 


DISCUSSION 


Those sheep which are excessively susceptible to 
CCls have been shown also to have high HMFO at 
the time of dosing, probably due to intake of natural 
inducers [21]. Phenobarbitone pretreatment 
enhances the HMFO in sheep and likewise markedly 
increases the susceptibility of the animals to CCl« 
[19, 20]. Rats so pretreated have similarly increased 
HMFO and susceptibility to CCls [5, 13] and were 
thus considered to be an appropriate model for the 
present study. 

From the practical view points of safety, con- 
venience and expense involved in dosing large num- 
bers of sheep in the field, the preferred method of 
administration of CCl; is by means of a single dose 
by the oral route, and the inclusion of CS: in this 
drench has already been found to be effective in 
preventing liver damage caused by the former com- 
pound [22]. For this reason inclusion of the CS2 with 
the CCl, in a single oral dose was considered to be 
the most relevant mode of administration of these 
agents in the present study in the rat. 

As found in the sheep studies above [22], inclusion 
of an appropriate amount of CS2 in the CCls dose 
protected rats against a fatal dose of the latter com- 
pound (approximately 4 LDso’s in the case of the 
rats). Administration of the CS2 as soon as 2 min 
after the CCl, was entirely without such protective 
effect and underlines the need for simultaneous dos- 
ing of the compounds if a single administration of 


the drug treatment is to be preferred under practical 
conditions of use. 

The pathological studies of the livers in the present 
experiment indicated that there was far less damage 
produced in the rats given the CS2 + CCls mixture 
than in those given the CCl, alone. While CS: on its 
own caused a benign centrolobolar hydropic 
degeneration [11], CCls alone caused a marked, 
extensive and fatal coagulative necrosis of the liver 
cells. The livers of the rats given the mixture showed 
features of both lesions, mainly resembling the CS2 
type at 24hr and then a mild CCls type of injury 
thereafter. The content of water and concentration 
of cations in the livers of the CS2 and CCls mixture 
group also resembled those of the CS2 group, rather 
than those of the CCls group at 24 hr after dosing 
[23], the only time point at which these parameters 
were studied. 

Although CS: alone caused no formation of con- 
jugated dienes in the hepatic microsomal lipids, 
enhanced conjugated diene formation did occur in 
both the CS2 + CCl4 and CCl groups. Except initially 
when the level was transiently higher, the conjugated 
dienes remained consistently lower in the CS2 + 
CCls group than in the CCl, group, a further indi- 
cation of a lesser degree of CCl type liver injury in 
the mixture group than in the CCls dosed animals. 

The conversion in vivo of “CCl to “COn, the 
latter determined in the expired air, has been used 
in the rat as a measure of the HMFO of CCl, [18]. 
The effect of combining CS2 with the “CCl, in the 
present experiment was the reduction of the respir- 
atory excretion of ‘CO in 24hr by about 65 per 
cent, indicating that there was a significant decrease 
in the metabolism of CCl: in the liver of these 
animals. 
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Although initially greater, there was generally a 
lower uptake of “CCl; into the livers of the CS2 + 
CCl; rats than those given “CCl, alone. However, 
there was a lower proportion of the radioactivity 
bound in the CS2 + CCls mixture group than in both 
the 2.5 and 5 mmoles/kg CCls groups, indicating 
further that hepatic '*CCls metabolism in the former 
group was reduced as compared with the latter two 
groups. 

The '*CCl, uptake data, at least at the 5 mmoles/kg 
dose level of the compound (Fig. 4), together with 
the initially higher level of the conjugated dienes in 
the microsomal lipids in the CS2 + CCl, rat livers 
as compared with the CCls alone group (Fig. 2), 
suggested that the action of the CS2 on the uptake 
and subsequent action of CCl in the liver is biphasic. 
In each experiment, however, there were only 2 rats 
on each time point. This effect is of particular interest 
and requires further investigation using larger num- 
bers of animals. 

Since after oral dosing CS2 appeared much sooner 
in the expired air than CCl, (Fig. 3), it was highly 
probable that when both compounds were admin- 
istered together, the former could be expected to be 
absorbed and reach the liver in effective amounts 
well before the latter. CS2 itself produces damage 
to the hepatic endoplasmic reticulum through its own 
metabolism by this organelle, above all causing loss 
of cytochrome P450 [1, 2]. The present results indi- 
cate, however, that when the compounds are dosed 
separately under the same conditions, neither causes 
significant loss of cytochrome P450 from the micro- 
somes within the first 10 min. When both compounds 
are given together in the same doses there is a marked 
loss of the cytochrome in some livers by 5 min and 
in all by 10-15 min. This is not necessarily surprising 
since the CS: + CCls mixture represents for the 
animals’ total hepatic endoplasmic reticulum a 
potential doubling of its exposure to the hepatotoxic 
agents, as compared with the situation where each 
is administered alone. 

CCl, is believed to cause its toxic and lethal effect 
to the liver cell through microsomal metabolism to 
a toxic intermediate free radical which initiates a 
cascade of peroxidative decomposition of lipids 
throughout the cell leading to typical coagulative 
necrosis [16, 26]. CS2 is considered to cause its inju- 
rious effect in the liver cell through a similar micro- 
somal metabolism which leads to the formation of 
active atomic sulphur which binds covalently to the 
microsomes [2]. The latter injury is confined to the 
endoplasmic reticulum and is characterized mainly 
by loss of cytochrome P450, decrease in mixed func- 
tion oxidative activity and a transient, benign accu- 
mulation of water in distended cysternae [3]. When 
the two compounds are given together, the CS2 rap- 
idly gains access to and damages a substantial pro- 
portion of the appropriate microsomal enzyme sites, 
thereby preventing much of the toxic metabolism of 
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the CCl. Initially at least, this would tend to confine 
the injury to the endoplasmic reticulum itself, and 
at the same time restrict its expansion to more vital 
organelles and structures which could result in the 
death of the cell. 

In order, therefore, for CS2 to be employed with 
CCl, in protecting the liver against the lethal effects 
of the latter, it should be given simultaneously with 
the CCls and in sufficient amount to allow it to 
compete successfully for the available microsomal 
metabolism. 
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Abstract—Sex differences in the O-dealkylation activities of O-alkyl derivatives of 7-hydroxycoumarin 
were compared using liver microsomes from male and female rats. The sex difference (male>female) 
in the O-depropylation activity was found to be greater than the sex differences in O-demethylation 
and O-deethylation activities. The magnitude of sex difference seen in the O-depropylation activity was 
diminished after pretreatment of rats with spironolactone, phenobarbital, isosafrole or 3-methylchol- 
anthrene. The latter two inducers were much more effective than the former in enhancing the activity. 
The sex differences in the O-dealkylation activities were also seen when the activities were measured 
in the presence of cumene hydroperoxide instead of NADPH. The sex difference of the O-depropylation 
activity remained essentially unchanged by the fortification of male and female microsomes with purified 
NADPH-cytochrome c (P-450) reductase. The difference was also seen when reconstituted with cyto- 
chrome P-450 partially purified from both male and female rats by means of w-amino-n-octyl Sepharose 
4B and hydroxylapatite columns. The addition of 7,8-benzoflavone to the incubation mixture resulted 
in the increased magnitude of sex difference in the O-depropylation activity. 

From these results, we confirm that one or more cytochrome P-450 species other than a cytochrome 
P-450 species sensitive to 7,8-benzoflavone are present in male microsomes in higher amounts than in 


female microsomes. 


It has been weil established that there are marked 
sex differences in the activities of drug metabolizing 
enzymes in liver microsomes of rats. Quite extensive 
studies made on the sex difference of drug metab- 
olizing enzymes in the past two decades led Kato 
and his associates to classify drugs into two groups 
according to the response of each drug enzyme to 
androgen, as reviewed by Kato [1]. 

Tn view of the current studies on drug metabolizing 
enzymes, cytochrome P-450 has been confirmed to 
play the major role in drug oxidation reactions in 
liver microsomes. However, the amount of cyto- 
chrome P-450 present in male rats is only 20 — 40 
per cent greater than that in female rats [2], sug- 
gesting that enzymatic properties rather than the 
amount of cytochrome P-450 differ between male 
and female microsomes. In support of the idea that 
catalytic properties of cytochrome P-450 differ 
between male and female rats, Schenkman et al. [3] 
demonstrated that the differences in the drug oxi- 
dizing activities could be accounted for by the dif- 
ference in the affinity of the drugs to cytochrome P- 
450. Further, Gigon et al. [4,5] and Davies et al. 
[6] proposed that the sex differences in the drug 
oxidation activities are due to the difference in the 
activity of NADPH-cytochrome P-450 reductase 
being enhanced by addition of the drug substrate. 
More recent studies by several laboratories have 
clarified that there are multiple species of cyto- 
chrome P-450 in liver microsomes of rats [7-10]. 
Thus it seems possible to assume that a particular 
species of cytochrome P-450 is involved in exhibiting 


the sex difference. However, no direct evidence has 
been reported in the literature. 

To further clarify the mechanisms of sex difference 
in drug metabolism, we initiated this study using 7- 
hydroxycoumarin O-methyl-, O-ethyl- and O-pro- 
pyl-derivatives as substrates and found that the mag- 
nitude of the sex difference on the O-dealkylation 
activities varied markedly with the substitution of 
the alkyl group. In addition, we would like to report 
on rather direct evidence that one or more species 
of cytochrome P-450 catalyzing 7-propoxycoumarin 
O-depropylation exists in higher amounts in male 
rats than in female rats. 


MATERIALS AND METHODS 


Male and female rats of Wistar strain were used 
throughout this study. The age of the animals ranged 
from 6 to 10 weeks, but were used in the same age 
for comparison of the male and female rats. The 
animals were maintained on a commercial rat chow 
(CE-2, Nippon Clea, Japan) and were given tap 
water ad lib. Isosafrole and 3-methylcholanthrene, 
dissolved in corn oil, were injected intraperitoneally 
once a day for 3 consecutive days at daily doses of 
150 and 40 mg/kg, respectively. Spironolactone and 
phenobarbital, dissolved in saline, were given intra- 
peritcneally twice a day for 4 consecutive days at 
doses of 100 and 40 mg/kg, respectively. The animals 
were killed 24hr after the last injection. Liver 
microsomes were prepared as described previously 
[11], and the microsomes suspended with distilled 
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water at a concentration of about 30 mg/ml were 
stored under an atmosphere of nitrogen at —80°. 
The microsomal preparations were used for experi- 
ments within a month, in which period no significant 
decrease in the drug metabolizing activities was 
observed. A typical incubation mixture for the assay 
of O-dealkylase activities consisted of microsomes 
(about 0.5 mg), Na,K-phosphate (pH 7.4, 50mM), 
EDTA (0.1mM), an NADPH-generating system 
(0.5 mM NADP, 5 mM glucose 6-phosphate, 15 mM 
MgCl: and 1 unit of glucose 6-phosphate dehydro- 
genase) and a substrate (0.5 mM) in a final volume 
of 0.Sml. When benzphetamine N-demethylase 
activity was assayed, the amount of the incubation 
mixture was doubled and the substrate concentration 
was increased to 1.0mM. These mixtures were 
incubated aerobically at 37° for 10 min. The reaction 
was started by addition of the NADPH-generating 
system previously incubated at 37° for 3 min to gen- 
erate NADPH. The incubation mixture for the assay 
of cumene hydroperoxide-dependent O-dealkylation 
activities contained microsomes (0.5 mg), Na,K- 
phosphate (pH 7.4, 50 mM), MgCh (15 mM), EDTA 
(0.1 mM), substrate (0.5 mM) and cumene hydro- 
peroxide (3.3 mM) in a final volume of 0.5 ml. The 
mixtures were preincubated at 37° for 2 min, then 
the reaction was started by addition of cumene 
hydroperoxide. Incubations were carried out aero- 
bically at 37° for 5 min. The linearity of the cumene 
hydroperoxide-dependent reaction was lost within 
5 min when the formation of 7-hydroxycoumarin was 
monitored by recording the fluorescence increase by 
the method of Ullrich and Weber [12]. However, 
because of the limitation on the analytical sensitivity, 
incubations were terminated at 5 min. The incuba- 
tion mixture for the assay of O-depropylation activity 
of partially purified cytochrome P-450 contained 50 ul 
of the cytochrome P-450 fraction eluted from the 
hydroxylapatite column, 1.45 unit of NADPH-cyto- 
chrome c reductase having the specific activity of 
50.0 units per mg of protein purified as reported 
previously [13] with some modifications, 50 mM 
HEPES (pH 7.4), 15 mM MgCh, 0.5 mM 7-propoxy- 
coumarin and 0.1mM NADPH. The activity of 
cytochrome P-450 to depropylate 7-propoxycou- 
marin in the reconstituted system was measured by 
recording the fluorescence increase due to the for- 
mation of 7-hydroxycoumarin as reported by Ullrich 
and Weber [12]. The microsomal O-dealkylation 
activities were estimated by determining the 7- 
hydroxycoumarin according to the method of Aitio 
[14]. The method of Ullrich and Weber [12] could 
not be utilized for the microsomal experiments since 
smaller amounts of 7-hydroxycoumarin could not be 
detected accurately, probably due to the quench of 
the fluorescence of 7-hydroxycoumarin by micro- 
somes. Oxidative N-demethylation activity of benz- 
phetamine was measured by determining the for- 
maldehyde by the method of Nash [15]. Cytochrome 
P-450 and cytochrome bs were determined by the 
method of Omura and Sato [16, 17]. The activity of 
NADPH-cytochrome c reductase was determined by 
the method reported by Phillips and Langdon [18]. 
The reductase activity was defined as the unit which 
reduced one umole of cytochrome c per min. 
The spectrophotometric measurements were carried 
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out using a Hitachi recording spectrophotometer, 
Model 556. Microsomal protein was determined by 
the method of Lowry et al. [19], using bovine serum 
albumin as the standard. 

7-Hydroxycoumarin O-methyl-, O-ethy!- and O- 
propyl-derivatives were synthesized using the cor- 
responding alkyl iodides essentially as described pre- 
viously [12]. These compounds were further purified 
by means of a silica gel column using ether as an 
eluant. w-Amino-n-octyl! Sepharose 4B was syn- 
thesized from cyanogen bromide-activated Sephar- 
ose 4B and 1,8-diaminooctane as described by Cua- 
trecasas [20]. Hydroxylapatite was purchased from 
Bio Rad, Richmond, CA, U.S.A., isosafrole from 
Tokyo Chemicals Inc., Tokyo, Japan, and 3-methyl- 
cholanthrene and 7,8-benzoflavone from Wako Pure 
Chemicals, Osaka, Japan. Commercial cholic acid 
was twice recrystallized from hot 50% ethanol. 
Emulgen 913, a non-ionic detergent, and benzphet- 
amine were generous gifts from Kao-Atlas Co., 
Tokyo, Japan and Upjohn, Kalamazoo, MI, U.S.A. 
respectively. NADP, NADPH and glucose 6-phos- 
phate were purchased from Oriental Yéast Co., 
Osaka, Japan, glucose 6-phosphate dehydrogenase 
from Boehringer Mannheim, Germany, cumene 
hydroperoxide from Nakarai Chemicals, Osaka, 
Japan, and HEPES (N-2-hydroxyethylpiperazine N’- 
2-ethane sulfonic acid) from Sigma, Chemical Co., 
St. Louis, MO, U.S.A. 


RESULTS 


The sex differences in the microsomal dealkylation 
activities of 7-hydroxycoumarin O-alkyl derivatives 
and benzphetamine are shown in Table 1. We found 
that the sex differences in the dealkylation activities 
varied with the substitution of the alkyl group of 7- 
hydroxycoumarin O-alkyl derivatives. The sex dif- 
ferences in the O-demethylation, O-deethylation and 
O-depropylation activities were 2.49, 4.04 and 20.67, 
respectively, when calculated as male/female activ- 
ities. The magnitude of the sex difference in the O- 
depropylation activity was, to our knowledge, 
greater than those of any other drug metabolizing 
activities reported. The sex differences in the O- 
demethylation and O-deethylation activities were 
comparable to that of benzphetamine N-demethyl- 
ation activity. The effects of treatment with pheno- 
barbital or spironolactone on the activities are also 
shown in Table 1. The pretreatment of rats with 
phenobarbital increased the microsomal activities 
measured. The increase in the activities was more 
pronounced in females than males, consequently 
resulting in the decrease of the sex differences. The 
changes in the activities and in the magnitude of the 
sex differences were similar to those observed in the 
benzphetamine N-demethylation activity measured 
as the control. The treatment with spironolactone 
did not appreciably change the activities in male rats, 
while it stimulated the activities in female rats. Thus 
the sex differences were decreased by the spirono- 
lactone treatment to a lesser degree than by the 
phenobarbital treatment. The results showing that 
the induction of drug oxidizing activities were seen 
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Table 1. Effects of treatment of rats with phenobarbital or spironolactone on dealkylation activities for 7-hydroxycoumarin 
O-alkyl derivatives and benzphetamine* 





7-Methoxycoumarin 7-Ethoxycoumarin 7-Propoxycoumarin 


(nmoles product formed/mg/min) 


Benzphetamine 
Treatment Sex 





Saline 


0.778 + 0.184(1.0) 
0.312 + 0.071(1.0) 


0.951 + 0.150(1.0) 
0.235 + 0.040(1.0) 


1.075 + 0.228(1.0) 
0.052 + 0.017(1.0) 


2.49 

2.100 + 0.511(2.7) 

1.085 + 0.173(3.5) 
1.94 

0.702 + 0.089(0.9) 

2 0.535 + 0.081(1.7) 

o/? 1.31 


Phenobarbital 


C 
o/g 

C 
a’? 

C 


Spironolactone 


3.180 + 0.735(3.3) 
1.457 + 0.319(6.2) 


1.055 + 0.125(1.1) 
0.538 + 0.102(2.3) 


4.04 20.67 

2.261 + 0.697(2.1) 
0.467 + 0.111(9.0) 
2.18 4.84 : 
0.784 + 0.149(0.7) 6.88 + 1.11(1.0) 
0.264 + 0.059(5.1) 4.50 + 1.00(2.1) 
1.96 2.96 1.53 


.29(2.9) 
.61(5.0) 





* Values are means + S.D. (N = 5). The number in the bracket is the ratio of the activity to the corresponding control. 


See Materials and Methods for the experimental details. 


only in female rats are in good agreement with the 
finding reported by Stripp et al. [21]. They also 
observed a significant increase of the activity of 
NADPH-cytochrome c reductase in both male and 
female rats. In our experiment, we found that the 
increase in the reductase activity was greater in 
females than in males (Table 2). The effects of treat- 
ments of rats with 3-methylcholanthrene or isosafrole 
on the dealkylation activities are shown in Table 3. 
When corn oil was injected as the control, the sex 
differences in the O-deethylation and O-depropy- 
lation activities were decreased, whereas those in 
the O-demethylation and N-demethylation activities 
remained unchanged. The decrease in the extent of 
the sex differences in the O-deethylation and O- 
depropylation activities is probably due to the 
increased rates of the dealkylations in female rats. 
The pretreatment with 3-methylcholanthrene or with 
isosafrole was essentially without effects on benz- 
phetamine N-demethylation activity. The treatments 
did not produce a marked change in the O-demethyl- 
ation activity in the male rats, but produced a slight 


increase of the activity in female rats. Thus, the 
magnitude of the sex difference was decreased by 
either of these treatments. On the other hand, the 
treatments with 3-methylcholanthrene and isosafrole 
stimulated the O-deethylation and O-depropylation 
activities in male rats, and in addition, the activities 
were dramatically increased in female rats. Conse- 
quently, the sex differences were completely abol- 
ished by these treatments. The effects of treatment 
with 3-methylcholanthrene or with isosafrole on the 
contents of cytochrome P-450 and cytochrome bs 
and the activity of NADPH-cytochrome c reductase 
were also examined (Table 4). The treatment with 
3-methylcholanthrene increased the cytochrome P- 
450 content in both sexes; the extent of the increase 
in the female was slightly higher than that in the 
male. The treatment, however, did not produce 
marked changes in the content of cytochrome bs and 
the activity of NADPH-cytochrome c reductase. The 
treatment with isosafrole did not produce apparent 
increases in the contents of cytochrome P-450 and 
cytochrome bs and the activity of NADPH-cyto- 


Table 2. Effects of treatment of rats with phenobarbital or spironolactone on the contents of cytochromes 
P-450 and bs and the activity of NADPH-cytochrome c reductase* 





Cytochrome P-450 


Treatment (nmoles/mg protein) 


NADPH-cyt. c red. 
(units/mg protein) 


Cytochrome bs 
(nmoles/mg protein) 





0.871 + 0.095(1.0) 
0.647 + 0.086(1.0) 
1D 
1.586 + 0.149(1.8) 
0.744 + 0.086(1.1) 
ys 
0.558 + 0.105(0.6) 
0.544 + 0.062(0.8) 
1.03 


Saline 


Phenobarbital 


Spironolactone 


0.327 + 0.073+(1.0) 
0.357 + 0.052(1.0) 
0.92 
0.367 + 0.062(1.1) 
0.346 + 0.032(1.0) 
1.06 
0.260 + 0.062(0.8) 
0.365 + 0.028(1.0) 
0.71 


0.247 + 0.023(1.0) 
0.203 + 0.072(1.0) 
1.22 
0.492 + 0.037(2.0) 
0.281 + 0.043(1.4) 
Be 
0.391 + 0.041(1.6) 
0.556 + 0.060(2.7) 
0.70 





* Values are means + S.D. (N = 5). The number in the bracket is the ratio of the activity to the 


corresponding control. See Materials and Methods for the experimental details. 


*+N=4. 
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Table 3. Effect of treatment of rats with 3-methylcholanthrene or isosafrole on dealkylation activities for 7-hydroxy- 
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coumarin O-alkyl derivatives and benzphetamine* 





Treatment 


7-Methoxycoumarin 


7-Ethoxycoumarin 


7-Propoxycoumarin 


(nmoles product formed/mg/min) 


Benzphetamine 





Corn oil 


3-Methylcholanthrene 


0.962 + 0.206 (1.0) 
0.388 + 0.0314(1.0) 
2.47 
0.905 + 0.082 (0.9) 
0.560 + 0.042 (1.4) 


1.62 


1.074 + 0.196 (1.0) 
0.383 + 0.055+(1.0) 
2.80 
8.560 + 2.047 (8.0) 
8.772 + 0.800(22.9) 
0.98 


0.946 + 0.192 (1.0) 
0.125 + 0.037%(1.0) 
7.57 
7.178 + 1.541 (7.6) 
7.166 + 0.609(57.4) 


1.00 


Isosafrole , ( 0.802 + 9.063 (0.8) 
0.595 + 0.056 (1.5) 
3/2 1.35 


6.560 + 0.971 (6.1) 
8.192 + 1.175(21.4) 


5.456 + 0.581 (5.8) 
5.618 + 0.609(45.0) 
0.80 0.97 





* Values are means + S.D. (N = 5). The number in the bracket is the ratio of the activity to the corresponding control. 
The experimental details are described in Materials and Methods. 


+N=4. 


chrome c reductase. Recent studies by Dickens et 
al. [22] have demonstrated that a metabolite of iso- 
safrole present in microsomes after the administra- 
tion binds to the reduced cytochrome P-450 and 
interferes with the binding of carbon monoxide to 
the reduced cytochrome P-450. They also reported 
that the interference was eliminated by the prein- 
cubation of the isosafrole treated microsomes with 
some compounds, including p-nitroanisole and 7- 
ethoxycoumarin. In accordance with the reported 
results, we also observed that the apparent content 
of cytochrome P-450 was increased by the preincu- 
bation of microsomes with p-nitroanisole (not 
shown). Therefore, it can be assumed that isosafrole 
increased the contents of cytochrome P-450 greater 
than those shown in Table 4. 

Estabrook and his co-workers [23, 24] first noted 
that in phenobarbital-treated rat liver microsomes 
there is about 20 times more cytochrome P-450 than 
NADPH-cytochrome c reductase on the basis of 
molecular number. Because of the presence of only 
a limited amount of the reductase in liver microsomes 
compared to the amount of cytochrome P-450, it 
seems possible to assume that NADPH-cytochrome 
c reductase limits the activity of cytochrome P-450. 
In accordance with this idea, Kamataki ef al. [25] 
proposed that the activity of cytochrome P-450 to 
N-demethylate benzphetamine increased markedly 


on increasing the ratio of the reductase (units) to 
cytochrome P-450 (nmoles) using the reconstituted 
system. In support of the idea, Miwa et al. [26] have 
shown clearly that in microsomes the activity of 
cytochrome P-450 is limited by the NADPH-cyto- 
chrome c reductase. Studies by Kitada et al. [27] 
further supported the idea. They showed that the 
fortification of microsomes with the purified 
NADPH-cytochrome c reductase produced the 
enhancement of the drug metabolizing activity and 
that the enhancement of the activity was dependent 
upon the substrate employed. To examine the pos- 
sibility of whether or not the sex differences in the 
O-dealkylation activities are due at least in part to 
the limited amount of the reductase in male and 
female rats, the effects of fortification of the male 
and female microsomes with the purified NADPH- 
cytochrome c reductase on the activities of O-dealky- 
lases were studied. As can be seen in Fig. 1, the 
fortification of microsomes with the purified reduc- 
tase resulted in the increases in the O-dealkylation 
activities in male and female microsomes, while the 
magnitude of the sex difference in the activities 
remained essentially unchanged. Therefore, it can 
be confirmed that the sex differences in the O- 
dealkylation activities are not caused by the presence 
of limited amounts of NADPH-cytochrome c 
reductase. 


Table 4. Effects of treatment of rats with 3-methylcholanthrene or isosafrole on the contents of cytochromes P-450 and 
bs and the activity of NADPH-cytochrome c reductase 





Cytochrome P-450 


Treatment (nmoles/mg protein) 


Cytochrome bs NADPH-cytochrome c red. 


(nmoles/mg protein) 


(unit/mg protein) 





1.004 + 0.1667(1.0) 
0.726 + 0.119 (1.0) 
1.38 
1.436 + 0.134 (1.4) 
1.141 + 0.113 (1.6) 
1.26 
1.096 + 0.075 (1.1) 
0.976 + 0.075 (1.3) 
1.12 


Corn oil 


3-Methyicholanthrene 


Isosafrole 


0.506 + 0.053 (1.0) 
0.524 + 0.167 (1.0) 
0.97 
0.543 + 0.055 (1.1) 
0.469 + 0.038 (0.9) 
1.16 
0.604 + 0.080 (1.2) 
0.564 + 0.066 (1.1) 
1.07 


0.248 + 0.036 (1.0) 
0.252 + 0.058 (1.0) 
0.98 
0.237 + 0.050 (1.0) 
0.290 + 0.047 (1.2) 
0.82 
0.281 + 0.057 (1.1) 
0.321 + 0.060 (1.3) 
0.88 





* Values are means + §.D. (N = 5). The number in the bracket is the ratio of the activity to the corresponding control. 


For experimental details, see Materials and Methods. 
+N=4. 
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Fig. 1. The increase in the O-dealkylation activities by the 
fortification of microsomes with purified NADPH-cyto- 
chrome c reductase. To a tube containing 5 mg protein of 
liver microsomes was added a desired amount of the pur- 
ified NADPH-cytochrome c reductase and potassium phos- 
phate (pH 7.4) to give a final concentration of 10 mM. The 
amounts of the purified NADPH-cytochrome c reductase 
added were 0, 12.5, 25.0 and 50.0 units for female micro- 
somes and 0, 12.5 and 50.0 units for male microsomes, 
respectively. The mixture was incubated at 37° for 20 min, 
then the mixture was diluted with 7.0 ml of cold 10mM 
potassium phosphate (pH 7.4). The microsomes fortified 
with the purified NADPH-cytochrome c reductase was 
obtained by centrifugation at 105,000 g for 30min. The 
resulting microsomal pellet was washed once by homogen- 
ization with 10mM _ potassium phosphate (pH 7.4) and 
centrifugation at 105,000g for 30min. The microsomes 
thus obtained were used for the assay of O-dealkylation 
activities. 


1019 


Kadlubar et al. [28] and Rahimtula er al. [29, 30] 
reported that liver microsomes are able to oxidize 
drugs without addition of NADPH if certain per- 
oxides such as cumene hydroperoxide are present. 
The peroxidase activity of cytochrome P-450 has 
been confirmed using the purified cytochrome P-450 
[31]. To support the idea that the sex differences in 
the O-dealkylation activities are caused by cyto- 
chrome P-450, the sex differences in the cumene 
hydroperoxide-dependent O-dealkylation activities 
were examined (Table 5). The sex differences in the 
O-dealkylation activities were also found in the 
cumene _hydroperoxide-dependent _ reactions, 
although the magnitude of the sex differences were 
somewhat less than those obtained using NADPH. 

In order to confirm that the marked sex difference 
seen in the O-depropylation activity is due to the 
difference between male and female rats in the 
amounts of one or more species of cytochrome P- 
450 responsible for the O-depropylation reaction, 
microsomes from intact male and female rats were 
solubilized and cytochrome P-450 was partially pur- 
ified by means of w-amino-n-octyl Sepharose 4B and 
hydroxylapatite columns. The elution profiles from 
hydroxylapatite columns of cytochrome P-450 and 
the O-depropylation activity obtained by the recon- 
stitution with purified NADPH-cytochrome c reduc- 
tase are shown in Fig. 2. Although the recovery of 
the total activities were low (roughly 8.5 and 38 per 
cent of the activity was recovered from male and 
female microsomes, respectively), a clear sex dif- 
ference in the elution profile of the O-depropylation 
activity was observed. These results provide direct 
evidence that sex difference is caused by cytochrome 


Table 5. Sex differences in the cumene hydroperoxide-dependent dealkylation activities* 





7-Methoxy 
coumarin 
(nmoles 7-hydroxycoumarin formed/mg protein/S min) 


Treatment 


7-Ethoxy 
coumarin 


7-Propoxy 
coumarin 





Corn oil 


3-Methylcholanthrene 


2.0 
Isosafrole 


0.9 
Saline 


1.5 
Spironolactone 


Phenobarbital 


2.68 (1.0) 


2.42 (0.9) 
2.60 (1.8) 


2.03 (1.0) 
1.35 (1.0) 


1.09 (0.5) 
0.80 (0.6) 


1.32 (1.0) 


1.94 (1.0) 
1.03 (1. 0.40 (1.0) 
3.3 
43.08(32.7) 
35.60(89.7) 

1.2 1.2 


37.31(19.2) 
31.20(30.4) 


15.19(11.5) 
15.80(39.8) 
1.0 
1.35 (1.0) 
0.53 (1.0) 
2.6 
0.98 (0.7) 
0.76 (1.5) 
1.3 
2.79 (2.1) 
0.84 (1.6) 
3.3 


14.82 (7.6) 
16.00(15.6) 
0.9 
1.68 (1.0) 
0.92 (1.0) 





* Pooled microsomes were used for the assay. The values given in the table are the means of 
duplicate determinations. The number in the bracket is the ratio of the activity to the corresponding 
control. Other experimental details are described in Materials and Methods. 
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Fig. 2. Elution profiles of cytochrome P-450 and the O-depropylation activity of 7-propoxycoumarin 
from hydroxylapatite columns. Cytochrome P-450 was partially purified from intact male and female 
rat liver microsomes by the method essentially as described by Imai and Sato [32] with some minor 
modifications as reported by Kamataki ‘et al. [33]. The method was further modified in that the 
concentration of microsomal protein in the solubilization medium was 2.0 mg per ml rather than 4.0 mg 
per ml, that 0.2 per cent rather than 0.08 per cent Emulgen 913 was used for the elution of cytochrome 
P-450 from w-amino-n-octyl Sepharose 4B columns, and that 150 mM rather than 100 mM potassium 
phosphate (pH 7.25) was used for the elution from hydroxylapatite columns. The concentration of 
cytochrome p-450 was represented as the absorbance at 416 nm, since cytochrome P-450 eluted from 
the hydroxylapatite columns seemed to be apparently low spin state as judged by the absolute spectra. 
The O-depropylation activity was reconstituted as described in Materials and Methods. 


P-450; a higher amount of a particular species of addition of 7,8-benzoflavone resulted in the specific 
cytochrome P-450 which catalyzes the O-depropy- inhibition of the 3-methylcholanthrene-induced O- 
lation is present in male microsomes than in female deethylation activity of 7-ethoxycoumarin. The 
microsomes. inhibitor has been widely used as the specific inhib- 

Diamond and Gelboin [34] found that 7,8-ben- itor of a drug metabolizing enzyme inducible by 
zoflavone inhibits aryl hydrocarbon hydroxylase polycyclic aromatic hydrocarbons such as 3-methyl- 
activity in hamster embryo cell cultures specifically. cholanthrene and benzo[a]pyrene. As shown in 
Thereafter, Ullrich et. al. [35] reported that in vitro Table 3, the O-depropylation activity was markedly 
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Fig. 3. Inhibition of 7-propoxycoumarin O-depropylation activity by 7,8-benzoflavone. Pooled micro- 
somes from saline-treated (a), corn oil-treated (b), phenobarbital-treated (c) and 3-methylcholanthrene- 
treated (d) male and female rats were used. The microsomal O-depropylation activities were measured 
as described in Materials and Methods except that the indicated amounts of 7,8-benzoflavone dissolved 
in 5 wl of acetone were added to the incubation mixture. The O-depropylation activities of saline- 
treated, corn oil-treated, phenobarbital-treated and 3-methylcholanthrene-treated male rats in the 
absence of 7,8-benzoflavone were 1.58, 1.78, 3.85 and 11.2 nmoles per mg protein per min, and those 
of female rats were 0.09, 0.13, 0.56 and 10.4 nmoles per mg protein per min, respectively. The activities 
were represented as per cent of control activities which was obtained in the absence of 7,8-benzoflavone. 
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induced by treatment of rats with 3-methylcholan- 
threne. Thus, it appeared possible to assume that 
the activities seen in the non-induced male and 
female rats are due to a cytochrome P-450 species 
capable of being inhibited by 7,8-benzo[a]flavone. 
As can be seen from Figs. 3(a) and (b), the addition 
of 7,8-benzoflavone partly inhibited the O-depro- 
pylation activities in saline and corn oil treated male 
and female rats. The inhibition in female rats was 
more pronounced than in male rats, resulting in the 
increased magnitude of the sex difference. The sex 
difference in the presence of 150 uM 7,8-benzofla- 
vone thus became about 29. From these results, it 
was suggested that the cytochrome P-450 species 
sensitive to 7,8-benzoflavone is not involved in the 
occurrence of the sex difference. The effects of 7,8- 
benzoflavone on the O-depropylation activity was 
further examined using microsomes from either 3- 
methylcholanthrene- or phenobarbital-induced rats 
(Figs. 3c and d). The addition of 7,8-benzoflavone 
was without effect on the activity in the phenobar- 
bital-treated male and female microsomes, while it 
inhibited the O-depropylation activity of 3-methyl- 
cholanthrene-treated rat liver microsomes. In 3- 


methylcholanthrene-treated rats, the sex difference 
in the activity was increased from 1.1 to 1.8 by the 
presence of 150 uM 7,8-benzoflavone. 


DISCUSSION 


Kato and Gillette [36] demonstrated that the mag- 
nitude of sex difference in the activities of drug 
metabolizing enzymes of rat liver depends largely on 
the substrate used. Thus hexobarbital hydroxylation, 
aminopyrine N-demethylation and _ pentobarbital 
oxidation are markedly sex-dependent metabolic 
pathways, whereas aniline hydroxylation and zoxa- 
zolamine hydroxylation are less so or not at all sex- 
dependent. Among the 7-hydroxycoumarin O-alkyl 
derivatives employed in these experiments, 7-pro- 
poxycoumarin was found to be the unique substrate 
which showed a marked sex difference in the metab- 
olism in the rat. 

Based on numerous evidence, drugs have been 
classified into two groups according to the response 
of the enzyme to androgen [1]. In addition to the 
response of the enzyme to androgen, the effects of 
inducers were also shown to be apparently different 
between the enzymes catalyzing these two groups of 
drugs [37]. For example, hexobarbital hydroxylation 
and aminopyrine N-demethylation activities are 
induced by treatment of rats with phenobarbital but 
not with 3-methylcholanthrene, whereas aniline 
hydroxylation and zoxazolamine hydroxylation 
activities are induced by either of these pretreat- 
ments. Therefore, 7-methoxycoumarin and benz- 
phetamine seem to be similar to hexobarbital and 
aminopyrine. In contrast to this concept, Wiebel and 
Gelboin [38] reported that there was a 3 — 4-fold sex 
difference in the benzoja|pyrene hydroxylase activity 
which is able to be induced by 3-methylcholanthrene. 
Thus, 7-propoxycoumarin appears to be involved in 
this substrate category. 

It is of interest to determine which one of multiple 
cytochrome P-450 species is involved in the occur- 
rence of the sex difference. Our results shown in 
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Fig. 3 indicate that a cytochrome P-450 species sen- 
sitive to 7,8-benzoflavone is probably not involved 
in the occurrence of sex difference in the 7-propoxy- 
coumarin O-depropylation, since the sex difference 
in the non-induced rats and 3-methylcholanthrene- 
induced rats were increased by the addition of 7,8- 
benzoflavone. 

As shown in Fig. 2, we have partially purified 
cytochrome P-450 from untreated male and female 
rat liver microsomes. The activity of the cytochrome 
P-450 fractions to O-depropylate 7-propoxycou- 
marin was also measured. Although the recovery of 
the total activity was not high enough, it was shown 
that the O-depropylation activity could be reconsti- 
tuted by cytochrome P-450 fractions when the pur- 
ified NADPH-cytochrome c reductase was added, 
and that one or more of the cytochrome P-450 species 
eluted from hydroxylapatite columns by washing 
with 150 mM potassium phosphate containing 0.2% 
Emulgen 913 and 20% glycerol is responsible for the 
sex difference. Further purification of the cyto- 
chrome P-450 species responsible for the sex differ- 
ence is now in progress. 
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Abstract—The distribution of ['*C]para-acetylaminohippuric acid ({"C]PAAH) and 
[*S]sulfobromophthalein ((*°S]BSP) among plasma, liver cells and bile of rats was measured under 
steady-state conditions. The electrical potential difference (PD) was measured across the sinusoidal 
membrane of the liver celi and between plasma and bile in the common duct. A PD of 40.3 + 1.0mV 
(mean + S.E.M.) was recorded across the sinusoidal membrane (cell negative with respect to plasma). 
The PD between plasma and bile was 3.9 + 0.5 mV (bile negative with respect to plasma). The electrical 
potentials, considered together with the concentrations of PAAH and BSP in plasma, liver cells and 
bile, indicate that these organic anions are actively transported into liver cells across the sinusoidal 
membrane. The concentrations of PAAH and BSP in liver cells and bile suggest that they are transferred 
across the canalicular membrane by active transport processes. When the plasma concentration of 
PAAH was increased, the bile/liver cell ratio of PAAH reached an asymptote, suggesting that the 
transport of PAAH from liver cells into bile is a carrier-mediated system which can be saturated. An 
infusion of sodium taurocholate, which stimulated bile flow and increased the excretion of BSP in bile, 
did not influence the biliary excretion of PAAH. The transport of PAAH from liver cells into bile 
appears to act as a ‘sink’, thereby maintaining a low liver cell PAAH concentration. The membrane 
transport system for the uptake and excretion of PAAH may be relevant to the biliary excretion of 
other exogenous and endogenous organic anions. The results of this study also demonstrate the 
importance of considering electrical potentia!s when studying the distribution of a charged compound 


in the hepato-biliary system. 


The transport of organic anions from plasma into 
bile involves at least two membrane transfer steps. 
Anions are first taken up by the liver cell across the 
sinusoidal membrane and then excreted into bile 
across the canalicular membrane. The biliary con- 
centration of many organic anions greatly exceeds 
their plasma concentration, which suggests that one 
or both of these membrane transfer steps is an 
energy-requiring transport process. A basic fact of 
active transport processes is that the substance being 
transferred moves against an _ electrochemical 
gradient. 

There is evidence that the transfer from plasma 
into the liver cell of substances such as sulfobromo- 
phthalein (BSP) and indocyanine green (ICG) is the 
result of binding to an intracellular cytoplasmic pro- 
tein (ligandin) [1]. In bile such substances are also 
associated with mixed micelles which decrease their 
effective concentration and promote further biliary 
excretion [2]. Thus, for some compounds the process 
of biliary excretion appears to be equilabrative as 
well as intrinsically concentrative. 

Nevertheless, active transport mechanisms may be 
important for the biliary excretion of smaller organic 
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anions that are not bound extensively to proteins or 
associated with mixed micelles. In this study the 
electrical potential differences as well as the con- 
centration gradients for the organic anions, para- 
acetylaminohippuric acid (PAAH) and BSP, were 
measured between plasma and liver cells and liver 
cells and bile under conditions of normal and bile 
acid stimulated bile flow. The results demonstrate 
that these organic anions are transferred between 
plasma and bile against electrochemical gradients. 


METHODS 


Materials. Sodium taurocholate was obtained from 
Steraloids, Pawling, NY, and contained no other 
bile acids, as determined by thin-layer chroma- 
tography. [*S]Sulfobromophthalein ({*S]BSP, 2.16 
uCi/umole) was purchased from Amersham-Searle, 
Arlington Heights, IL. PAAH was prepared by ace- 
tylation of para-aminohippuric acid (PAH) (East- 
man Chemical Co., Rochester, NY) [3]. Para-ace- 
tylaminohippuric acid [carboxy-'*C] ({'"C]PAAH) 
was prepared by a modification of this method. 
Ninety micrograms of ['*C]PAH (10.8 wCi/umole, 
New England Nuclear, Boston, MA) were dissolved 
in 1.0 m! water, and 10 wl of acetic anhydride were 
added to this solution. The mixture was allowed to 
stand at room temperature for 60 min. The aqueous 
solution was then evaporated under nitrogen and the 
residue was redissolved in 0.9% NaCl for adminis- 
tration to rats. [“C]PAAH was determined to 
greater than 99 per cent pure by paper electropho- 
resis (0.25M formate—acetate buffer, pH 1.9, at 
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1000 V for 2.5 hr) and radioscan. When ['‘*C]PAAH 
was given to rats, the radioactive compound excreted 
in bile had the same electrophoretic mobility as the 
administered substance. Thus, it would appear that 
PAAH was not metabolized prior to excretion in the 
bile. 

Animals and surgical procedures. Male Sprague- 
Dawley rats (180-230 g) were maintained on lab- 
oratory chow and water ad lib. Each animal was 
fasted for 12-18 hr but was allowed free access to 
water until the beginning of the experiment. All 
animals were anesthetized with sodium pentobarbital 
(45 mg/kg, i.p.); supplemental doses were given as 
needed. A cannula was inserted into the trachea and 
a functional nephrectomy was achieved by ligation 
of the renal pedicles. A cannula in the right femoral 
vein facilitated the placement of an agar bridge into 
the femoral vein. Solutions were infused via a can- 
nula in the left femoral vein at a rate of 0.02 ml/min 
(Harvard Apparatus Small Animal Constant Infu- 
sion Pump). The bile duct was exposed through a 
midline abdominal incision and cannulated with 
polyethylene tubing. Bile was collected in pipettes 
calibrated in 0.01 ml volumes. Rectal temperature 
was maintained between 37° and 38° by a negative 
feedback circuit between a heating pad beneath the 
rat and a thermistor in a rectal temperature probe. 

Experimental design. Constant biliary excretion of 
[*S]BSP was achieved by an i.v. infusion at a rate 
of 0.02 wCi/min for 30 min. Constant biliary excre- 
tion of {'“C]PAAH was achieved by the i.v. infusion 
of 0.025 wCi/min for 5 min followed by an infusion 
of 0.002 wCi/min for 25 min. Each animal received 
one of the following treatments: (1) infusion of 
['*C]PAAH or [*S]BSP; (2) [“C]PAAH or [*S]BSP 
plus sodium taurocholate (0.3 wmole/min); or (3) 
['*C]PAAH plus carrier PAAH in doses ranging 
from (0.25 to 2.0 mg/kg/min. During constant biliary 
excretion of either [""C]PAAH or [*S]BSP, bile was 
collected for 15min, electrical potentials were 
recorded (see below), and the animals were exsan- 
guinated from the abdominal aorta. The liver was 
immediately removed and weighed. A 220-mg sam- 
ple of liver was used for radioactivity determination, 
and | g was homogenized in 10 ml of 0.1 M phosphate 
buffer, pH 7.4, for protein binding studies. 

Determination of radioactivity. Bile, plasma and 
liver samples were mixed with 1.0 ml of 1.0 M piper- 
idine and digested at 60° for 24 hr. An aliquot of this 
digest was transferred to a glass vial containing 16 ml 
of scintillation medium. The scintillation medium 
consisted of 10 ml toluene containing 6g of 2,5- 
diphenyloxazole (PPO) per liter of toluene, and 6 ml 
of 2-ethoxyethanol. Radioactivity was measured with 
a liquid scintillation spectrometer (Isocap 399, 
Nuclear Chicago Corp.) utilizing a channel ratio 
method for single labeled samples. 

Total liver radioactivity was corrected for protein 
binding (see below). Unbound radioactivity con- 
tained in the extracellular space and the residual bile 
volume of the liver were subtracted from the total 
liver radioactivity to determine the intracellular iso- 
tope concentration. A liver extracellular space of 11 
per cent [4] and a residual bile volume of 0.005 ml/g 
liver [5] were employed in these calculations. Radio- 
activity in plasma was corrected for protein binding 
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so that concentrations of PAAH and BSP are 
expressed as unbound compound. PAAH and BSP 
concentrations were converted to umoles/ml by using 
the known specific activity of the material adminis- 
tered. Separation of BSP metabolites in liver and 
bile was not attempted. 

Protein binding. Binding of [‘“C]PAAH and 
[*S]BSP to plasma and liver proteins was measured 
by equilibrium dialysis for 24 hr at room tempera- 
ture. One milliliter of either plasma or liver hom- 
ogenate was placed on one side of a lucite dialysis 
chamber. One milliliter of 0.1 M phosphate buffer, 
PH 7.4, was placed on the other side of the chamber. 
The solutions were separated by a cellophane dialysis 
membrane. After rotating the dialysis chambers 
gently for 24hr, the solutions on both sides of the 
dialysis membrane were removed for measurement 
of radioactivity. Binding of ['*C]-PAAH to plasma 
and liver proteins was 36 per cent and 48 per cent, 
respectively. Binding of [*S]BSP to plasma and liver 
proteins was 97 per cent and 93 per cent, respectively. 

Measurement of plasma-—bile potential difference 
(PD). The PD between plasma and bile was meas- 
ured between two calomel half-cells as modified from 
the method of London et al. [6]. One half-cell was 
connected by an agar—0.1 N NaCl bridge to the fem- 
oral vein. The other calomel half-cell was connected 
by a similar agar bridge to a vial of 3 M KCI into 
which the bile duct cannula was immersed. Both 
calomel electrodes were connected to an electro- 
meter with a 25 mV full scale deflection. The PD 
was read directly from the electrometer. 

Measurement of liver cell PD. The PD between 
extracellular fluid and the liver cells was measured 
as described previously in our laboratory [7]. Liver 
cell potentials were recorded with stationary KCl- 
filled glass micro-electrodes (5-20 M ohms). A base- 
line was recorded with the micro-electrode immersed 
into a pool of saline (within a lucite ring) that was 
in contact with the liver surface. The extracellular 
fluid of the rat was grounded through a silver chloride 
electrode placed in the peritoneal cavity. The glass 
micro-electrode was then advanced into the liver 
tissue. A sharp, negative deflection of greater than 
—30 mV which could be maintained for at least 5 sec, 
with a sharp return to base-line on withdrawal of the 
electrode, was the criterion required for an adequate 
intracellular potential recording. Approximately 10— 
15 potentials were recorded from each animal. 

Statistical analysis. Differences between control 
and experimental groups of animals were analyzed 
by Student’s r-test [8]. Lines in the figures were fitted 
by eye. 


RESULTS 


Electrical potential differences and concentration 
ratios for passive distribution. Table 1 shows the 
potential differences measured between plasma and 
liver cells and between plasma and bile. The mean 
PD across the sinusoidal membrane (plasma-liver 
cells) was 40.3 mV with the cell negative with respect 
to plasma. The mean PD between plasma and bile 
was 3.9 mV with bile negative with respect to plasma. 

Also shown in Table | are the concentration ratios 
for the passive distribution of a monovalent anion 
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Table 1. Measured potential differences and calculated concentration ratios for passive dis- 
tribution of a monovalent anion between plasma liver cells and bile/plasma during 0.9% NaCl 
and sodium taurocholate infusions* 





Liver cell/plasma 


Bile/plasma 








Passive 
concentration 
ratiot 


Intravenous PD 
infusion (mV) 


Passive 
concentration 
ratio 





0.9% NaCl 
infusion 
Sodium 
taurocholate 
(0.3 
smole/min) 


-—40.3 + 1.0 


~37.1 = O54 


0.25 


0.87 


—6.5 + 0.64 0.78 





* Means + S.E.M. of six animals. . 


+ The concentration ratios for passive distribution were calculated from the Nernst equation 


using the appropriate measured PD. 


¢ Significantly different from 0.9% NaCl infusion (P < 0.05). 


as calculated from the Nernst equation. The Nernst 
equation takes the following form for a monovalent 
anion: 


Em = —61.5 log (Ion)./(Ion)., 


where E,, is the measured PD and (Ion)., and (Ion); 
are the anion activity coefficients on the outside and 
inside of the membrane, respectively. If the meas- 
ured PD is substituted for En, the ratio (lon)./(Ion); 
can be calculated. This ratio is the electrochemical 
gradient predicted for ‘passive’ distribution of an 
anion across the membrane in the presence of the 
measured PD. Thus, if monovalent anions, such as 
PAAH or BSP, were distributed passively across the 
sinusoidal membrane, the observed liver cell/plasma 
concentration ratio would be 0.22 to 1. Deviation 
from this calculated ratio would suggest that active 
transport is partially responsible for the distribution 
of the anion. 

Measured concentration ratios of PAAH and BSP. 
The observed PAAH and BSP concentration ratios 
in control and taurocholate-treated rats are shown 
in Table 2. When these values are compared to the 
passive concentration ratios in Table 1, it is apparent 
that only the bile/plasma ratio for PAAH is markedly 
different than predicted for passive distribution, 
while BSP appears to be concentrated in liver cells 
and bile. Sodium taurocholate infusion decreased 


the bile to plasma ratio of PAAH but markedly 
increased the ratio of BSP between bile and plasma. 
In control animals, bile flow was 1.94 + 0.06 
(mean + S.E.M.) pl/min/g liver and taurocholate 
excretion was 21.8 + 1.2 nmoles/min/g liver. After 
an i.v. infusion of sodium taurocholate (0.3 


pmole/min), bile flow increased to 2.29 + 0.11 
ul/min/g liver and taurocholate excretion increased 
to 49.3 + 1.8 nmoles/min/g liver. 

Effect of increasing the PAAH dose on the distri- 
bution of PAAH. When the plasma concentration 
of unbound PAAH was increased over a 6-fold 
range, the biliary PAAH concentration increased 


(Fig. 1). Over the range of PAAH doses employed 
in these experiments, bile flow increased from 
1.97+ 0.1 wl/min/g liver (mean+S.E.M.)_ to 
2.91 + 0.05 pl/min/g liver. Furthermore, the increase 
in bile flow paralleled the increase in bile concen- 
tration of PAAH. Thus, the biliary excretion rate 
of PAAH of 19.7 x 10~* wmoles/min/g liver, at a 
plasma concentration of 0.5 wmole/ml, increased to 
52.4 x 107° wmoles/min/g liver at a PAAH plasma 
concentration of 2.7 wmoles/ml. The increase in the 
biliary PAAH concentration toward an asymptote 
suggests the saturation of a carrier-mediated trans- 
port system. Figure 1 also illustrates the effect of 
increasing the plasma PAAH concentration on the 
concentration of unbound PAAH in liver cell water. 


Table 2. Effects of taurocholate infusion on the concentration ratios of unbound PAAH 
and BSP in plasma, liver cells and bile* 





Intravenous 
infusiont 


Liver cell/plasma 


Bile/liver cell Bile/plasma 





0.9% NaCl 
Sodium taurocholate 
(0.3 wmole/min) 


0.9% NaCl 5.6+0.8 
Sodium taurocholate 


(0.3 wmole/min) 


0.17 + 0.03 


0.13 + 0.01 


3.4+0.6¢ 


PAAH 
412 + 99 61.8 + 4.3 


380 + 9 47 SELZLZE 


BSP 
953 + 105 4980 + 385 


2857 + S585¢ 8806 + 10304 





* All values represent the mean + S.E.M. of four to six animals. 
+ Tracer amounts of either ['*C]PAAH or [*°]BSP were added to the treatment infusion. 
t Significantly different from 0.9% NaCl infusion (P < 0.05). 
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Fig.1. Effect of increasing plasma PAAH concentrations on the concentration of PAAH in bile and 

liver cell H2O. In this and the following figure, the solid circles and brackets represent the means + S.E.M. 

of four animals. Dotted lines illustrate the bile and liver cell concentrations (calculated from the Nernst 
equation) expected if PAAH were distributed passively into bile and liver cells. 


A sigmoidal relation exists which is distinctly differ- 
ent from the hyperbola seen with the biliary PAAH 
concentration. The dotted lines in Fig. 1 illustrate 
the bile and liver cell concentrations of PAAH that 
should be observed if PAAH were passively distri- 
buted among plasma, liver cells and bile. 

The effects of increasing the plasma PAAH con- 
centration on the PAAH concentration ratios are 
shown in Fig. 2. The bile/plasma ratio decreased 
from 61.8 to 6.9, and the bile/liver cell ratio 
decreased from 412 to 6.6. The liver cell/plasma ratio 
increased from 0.17 to 1.06. Thus, as the transport 
of PAAH into bile was saturated, the bile/plasma 
ratio decreased toward the passive distribution ratio 
of 0.87. In contrast, the liver cell/plasma_ ratio 
increased away from its passive distribution ratio of 
0.22. 


DISCUSSION 


For several years, hepatic organic anion transport, 
particularly of bile acids, has been regarded as being 
largely responsible for bile formation [9]. However, 
little is known about the processes which govern 
hepatic uptake and bilary excretion of organic 
anions. Much of the knowledge of organic anion 
excretion has come from studies of BSP. Three dis- 


advantages accompany the use of this anion in biliary 
transport studies. First, BSP is conjugated to glu- 
tathione prior to bilary excretion [10, 11]. Unless the 
conjugates are separated and quantitated, the BSP 
measured in bile may bear no relationship to BSP 
in plasma. Indeed, it has been shown that uncon- 
jugated BSP in liver competes with the transport of 
conjugated BSP into bile [12]. Second, BSP is highly 
bound to plasma and liver cytoplasmic proteins 
[1, 13], making it difficult to measure accurately the 
unbound concentrations of BSP in plasma and liver 
cells. Third, BSP is associated with mixed micelles, 
which reduces the free concentration in bile [2]. 
These limitations also apply to the present study and 
require that the data concerning BSP transport be 
interpreted with caution. The use of PAAH circum- 
vents many of these problems because it is not metab- 
olized prior to biliary excretion in rat (see Methods), 
and only 36 or 48 per cent is bound to plasma or 
liver proteins, respectively. The association of 
PAAH with biliary micelles was not determined 
directly in these experiments. However, the fact that 
a taurocholate infusion, which increases the biliary 
output of mixed micelles, did not increase the con- 
centration of PAAH in bile may be evidence that 
this organic anion was not associated appreciably 
with biliary micelles. 
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Fig. 2. Effect of increasing plasma PAAH concentration on PAAH concentration ratios between liver 
cell H2O/plasma H20, bile H2O/liver cell H2O, and bile H2O/plasma H20. 


This study demonstrates that PAAH and BSP 
(with the reservations indicated above) are taken up 
by liver cells across the sinusoidal membrane against 
an electrochemical gradient. The data also suggest 
that these anions are transported from liver cells into 
bile across the canalicular membrane against an elec- 
trochemical gradient. Both membrane-transfer steps 
appear to be active transport processes with distinctly 
different characteristics. The present study also con- 
firms a previous report that PAAH is excreted into 
bile by a process that can be saturated [14]. 

These conclusions regarding the presence of the 
active transport processes are based on calculations 
of electrochemical gradients across plasma, liver cells 
and bile. Measurement of the PD across a cell mem- 
brane permits the calculation of the electrochemical 
gradient for an anion from the Nernst equation. 
When a tracer dose of PAAH was administered, the 
bile/plasma ratio was 62. This value is markedly 
different from the value calculated from the Nernst 
equation (0.87) for the passive distribution of an 
anion against a negative PD of 3.9 mV. As the plasma 
level of PAAH was increased, the bile/plasma con- 
centration ratio declined to a value of 6.9, indicating 
that the transport of PAAH across the canalicular 
membrane was approaching saturation. It can be 
predicted that complete saturation of a carrier- 
mediated transport system would decrease the con- 
centration ratio to a value close to that calculated 
for passive distribution. 

In contrast, the process of PAAH uptake across 
the sinusoidal membrane into liver cells is not as 


clearly defined. At low plasma concentrations of 
PAAH, the liver cell/plasma ratio is 0.17. This value 
is close to that predicted for passive distribution of 
a monovalent anion (0.22). However, as the plasma 
concentration of PAAH was raised to 2.7 zmoles/ml, 
the liver cell water PAAH concentration increased 
to 2.8 umoles/ml. This concentration is four times 
greater than predicted on the basis of passive dis- 
tribution and resulted in a liver cell/plasma concen- 
tration ratio of 1.06. When the canalicular transport 
system is saturated, the intracellular concentration 
of PAAH increases. Thus, it would appear that the 
canalicular transport of PAAH functions like a sink 
to maintain a low intracellular concentration of 
PAAH. 

It is not possible to measure directly the PD 
between bile and the liver cell. Thus, the electro- 
chemical gradient for organic anions across the can- 
alicular membrane cannot be determined accurately. 
Nevertheless, the PAAH concentration § ratio 
between common duct bile and the liver cell is 412 
(see Table 2). It seems unlikely that this concentra- 
tion gradient could result from the passive transfer 
of PAAH across the canalicular membrane. If, how- 
ever, this concentration gradient was a result of 
passive diffusion, and it is assumed that the PAAH 
concentration in the common bile duct is not greatly 
different from that at the canaliculus, and that the 
distribution of PAAH across the canalicular mem- 
brane is determined solely by the PD, then the PD 
between bile and liver cells is estimated to be 161 
mV (bile negative with respect to cell). This value 
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seems to be quite improbable, based on knowledge 
of the PD across other cell membranes and leads to 
the conclusion that the transfer of PAAH between 
liver cells and bile is not a passive process but rather 
an energy-requiring transport. The bile to liver cell 
concentration ratio of PAAH decreases to a plateau 
as the plasma concentration of PAAH is increased, 
suggesting the presence of a carrier-mediated trans- 
port system located at the canalicular membrane. 

Takada et al. [15,16] have studied the biliary 
excretion of PAAH in the rat. Their results, with 
low doses of PAAH, are similar to those of the 
present study. However, they concluded that the 
liver cell uptake mechanism for PAAH was unique 
since the liver/plasma ratio was less than 1 and specu- 
lated that binding by liver cytosol proteins might 
explain their results. Our data show that a liver 
cell/plasma ratio of less than 1 should be expected 
for a monovalent anion such as PAAH. 

The. effects of sodium taurocholate infusion on the 
biliary transport of PAAH and BSP are noteworthy. 
Taurocholate at the dose infused in these experi- 
ments decreased the bile/plasma ratio of PAAH. In 
contrast, taurocholate increased the bile/plasma ratio 
of BSP. Previous reports have shown that taurocho- 
late increases the BSP biliary transport maximum 
[17, 18]. The results of this study demonstrate that 
taurocholate decreased the liver cell/plasma BSP 
ratio but markedly increased the bile/liver cell ratio. 
These data suggest that the major interaction 
between taurocholate and BSP is most likely between 
the liver cell and bile. It is probable that the increase 
in the bile to liver cell concentration ratio of BSP 
is partially due to an association of the organic anion 
with mixed micelles in bile which are increased by 
taurocholate infusion [2]. Since taurocholate did not 
increase the PAAH excretion in bile it is probable 
that this organic anion is not associated with mixed 
micelles in bile. If this is so, then PAAH would be 
a substance more suitable than BSP to study cari- 
alicular transport mechanisms. Specific binding sites 
for the organic anions bile acids [19] and BSP [20] 
have been located on sinusoidal and canalicular 
membranes of rat liver cells. It is interesting to 
speculate that these binding sites may be the carrier- 
mediated transport system proposed for PAAH. 
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Abstract—Ethanol at initial concentrations of 9.7, 32.5 and 52 mM was added to a recirculating liver 
perfusion system in the absence of added substrate. A concentration-dependent increase in ethanol 
metabolism was observed in perfused liver. The B-hydroxybutyrate/acetoacetate ratio (B/A) increased 
on addition of a low ethanol concentration (9.7mM). The ratio, however, declined at the higher 
concentration (52 mM). The decline has been reported previously by others in in vivo studies in the rat. 
Addition of 10mM L-alanine to the perfusate increased ethanol metabolism, oxygen consumption 
and urea formation. The concentration-dependent increase in ethanol metabolism and the decline in 
B/A ratio did not occur in the presence of alanine. Ethanol metabolism in the presence and absence 
of alanine was completely blocked by 4-methylpyrazole. The changes in B/A ratio were likewise blocked. 
It is postulated that the concentration-dependent increase in ethanol metabolism is dependent on the 
alcohol dehydrogenase pathway. The concentration-dependent increase in ethanol metabolism observed 
under in vitro conditions was previously reported not to occur in vivo. Since the additon of alanine to 
the perfusate blocked the concentration-dependent ethanol metabolism, it would appear that the 
primary difference between in vivo and in vitro observations is the absence of adequate energy substrates 
under in vitro conditions. Possible mechanisms for the elevated ethanol metabolism under in vitro 


conditions are discussed. 


Recently, we have shown that concentration-depen- 
dent increases in ethanol metabolism do not occur 
in vivo in the naive rat [1,2]. Our studies are in 
agreement with the majority of older studies 
(reviewed by Jacobsen [3] and Hawkins and Kalant 
[4]) and with the recent findings of Guynn and Pieklik 
[5]. On the other hand, recent in vivo studies by 
Feinman et al. [6] and Wendell and Thurman [7] do 
claim a concentration-dependent ethanol metab- 
olism. Thus, in this regard the controversy remains 
unresolved. 

Regardless of the controversy con¢erning in vivo 
studies, in vitro systems do show a concentration- 
dependent rate of ethanol metabolism. Such con- 
centration-dependent increases in ethanol metab- 
olism have been observed in perfused liver [8-10], 
liver slices [11, 12] and in isolated hepatocyte prep- 
arations [13-15]. The mechanism for the in vitro 
effect, however, is not clear. Because liver alcohol 
dehydrogenase (ADH) is saturated at very low 
ethanol concentrations (0.5 to 2.0 mM), non-ADH 
pathways, such as a microsomal ethanol oxidizing 
system (MEOS) and catalase, have been invoked to 
explain the effect. 

In the present work, we have examined the con- 
centration-dependent effect of ethanol on ethanol 
metabolism in the recirculating perfused liver system 
in the presence and absence of L-alanine. L-Alanine 
was added to avoid the possibility of intracellular 
depletion of substrates during the lengthy perfusion 
procedure. Effects on urea metabolism and on cyto- 
plasmic and mitochondrial redox states were also 
examined. 


MATERIALS AND METHODS 


Animals. Male Wistar rats, weighing 200-250 g 
(obtained from Biobreeding Laboratories, Ottawa, 
Ontario), were used in all experiments. They were 
maintained on Purina chow and H20 ad lib. 

Liver perfusion. The rats were anesthetized with 
pentobarbital and then heparinized (2000 units). The 
portal vein was cannulated with a PE 205 tube, and 
oxygenated Krebs—Henseleit bicarbonate buffer [16] 
at 37° was infused at 20 ml/min without interruption 
of the blood flow. The vena cava was cannulated, 
and the liver was then transferred to the perfusion 
apparatus while still maintaining perfusion. The per- 
fusion apparatus had the following features: (a) per- 
fusion temperature was maintained at a constant 37° 
by a temperature equilibration coil located directly 
upstream to the liver so that the perfusion temper- 
ature was independent of flow rate; (b) the perfusion 
fluid was passed through a filter, debubbler and 
perfusion pressure monitor before entrance to the 
liver; (c) a silastic tubing oxygenator (see Berry ef 
al. [17]) was used; and (d) an oxygen tension monitor 
permitted measurement of inflow and outflow oxy- 
gen tensions of the liver perfusion fluid. 

The constriction of the ouflow cannula was 
adjusted so that a back pressure of 5-10 cm of water 
was maintained, as recommended by Scholz and 
Biicher [18]. At the beginning of the experiment, 
the flow rate was adjusted so that the effluent oxygen 
tension from the liver was between 152 and 190 mm 
of mercury. The flow rate varied between 30 and 
45 ml/min. The inflow oxygen tension varied between 
676 and 692 mm of mercury. The total volume of the 
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perfusate was 70 ml. For examining the concentra- 
tion-dependent metabolism of ethanol, the following 
protocol was used. The perfusion fluid was Krebs— 
Henseleit bicarbonate buffer containing 2 g/100 ml 
of bovine serum albumin (fraction V, Sigma Chem- 
icals Co., St. Louis, MO). The perfusion fluid was 
filtered through a Nalgene filter (0.2 wm pore size) 
prior to use. The pH of the fluid after equilibration 
with 95% oxygen and 5% CO in the oxygenator 
was 7.4. There was an initial equilibration period of 
30 min at the end of which a 5-ml sample of the 
perfusate was taken for determination of lactate, 
pyruvate, #-hydroxybutyrate and acetoacetate. 
Samples for urea measurement were taken at 4-min 
intervals throughout the equilibration period. At the 
end of the 30-min period, the fluid in the perfusion 
system was replaced by fresh fluid containing 
ethanol. Samples for ethanol and urea analyses were 
taken at 4-min intervals. At the end of 30 min, 5 ml 
of the perfusate were removed for analyses of B- 
hydroxybutyrate, acetoacetate, pyruvate and lactate. 
Fresh fluid was then put into the system again and 
the next concentration of ethanol was used. Three 
starting concentrations of ethanol were used—either 
9.7, 32.5 or 52mM. These concentrations were 
added in a random order to the perfusion system. 
Livers perfused with and without alanine were done 
on alternate days. Correction for evaporative loss 
was made by running the perfusion system without 
a liver present. Ethanol loss was approximately 10 


NO ALANINE 


ETHANOL UPTAKE 
(pmol /g/ hr) 











D. J. STEWART and J. M. KHANNA 


per cent hr, and was independent of either flow rate 
or ethanol concentration. 

Analytical. Lactate, pyruvate, B-hydroxybutyrate, 
acetoacetate and ethanol were determined by stan- 
dard enzymatic procedures as described previously 
[19]. Urea was determined by the enzymatic method 
of Chaney and Marbach [20]. 

Statistical analysis. The results were analyzed by 
Student’s t-test. Comparison of the means with and 
without alanine was calculated by the unpaired (-test 
because separate animals were used, whereas com- 
parison of variables at different alcohol concentra- 
tions within the same liver was done by means of 
the paired f-test. 


RESULTS 


The effects of ethanol concentration on ethanol 
uptake in the presence and absence of L-alanine are 
shown in Fig. 1. In the absence of alanine in the 
perfusion fluid, it was observed that, as the concen- 
tration of ethanol was increased, the uptake of 
ethanol was also increased. Addition of alanine to 
the perfusion fluid increased ethanol metabolism at 
the two lower ethanol concentrations but not at the 
highest concentration. Alanine, however, eliminated 
the concentration-dependent increase in ethanol 
metabolism observed in the absence of alanine. The 
addition of 4-methylpyrazole (4 mM) to the perfusate 
blocked ethanol metabolism at all ethanol concen- 
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Fig. 1. Effects of ethanol concentration on ethanol metabolism in the presence and absence of alanine 

or 4-methylpyrazole. Values are expressed as means + S.E.M. Statistical comparisons between different 

ethanol concentrations are by paired t-tests. Comparisons between alanine and no alanine are by 
unpaired f-tests. N = six animals in each set. 
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Fig. 2. Effects of ethanol concentration on oxygen uptake in the presence and absence of alanine. 
Other details are the same as for Fig. 1. N.S. = not significant. 


trations, both in the presence and absence of alanine 
(Fig. 1). 

As shown in Fig. 2, oxygen uptake was not affected 
by any of the concentrations of ethanol used, either 
in the presence or absence of alanine, although 
oxygen uptake was increased at all concentrations 
of ethanol in the presence of alanine. 

Similarly, urea output was increased markedly in 
comparison to the no-alanine groups, but there was 
no significant concentration dependent effect on urea 
output either in the presence or absence of alanine 
(Fig. 3). 

In both the presence and the absence of alanine, 
the lactate/pyruvate (L/P) ratio increased on addition 
of ethanol. The additon of 4-methylpyrazole blocked 
the increase in the L/P ratio at all concentrations of 
ethanol, in the presence as well as the absence of 
alanine (Fig. 4). 

In the absence of alanine, the 6-hydroxybutyr- 
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ate/acetoacetate (B/A) ratio increased significantly 
on additon of the low concentrations of ethanol (9.7 
and 32.5 mM). The ratio, however, declined as the 
concentration of ethanol was increased (9.7 mM vs 
52mM ethanol). This decline has been reported 
previously by others [5] in in vivo studies in the rat. 
In the presence of alanine, the B/A ratio also 
increased on addition of a low concentration of 
ethanol, but there was no decline in this ratio at the 
higher ethanol concentration. The changes in B/A 
ratios were blocked by 4-methyl pyrazole (Fig. 5). 


DISCUSSION 
In the absence of alanine, our studies show the 
concentration-dependent increase in ethanol metab- 
olism observed previously in perfused liver, liver 
slices and isolated hepatocytes [8-15]. The increase 
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Fig. 3. Effects of ethanol concentration on urea output. Other details are the same as for Fig. 1. 
N.S. = not significant. 
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Fig. 5. Effects of ethanol concentration on the B-hydroxybuyrate/acetoacetate ratio in the presence and 
absence of alanine or 4- methylpyrazole. Note the difference in scale on the vertical axis in the 4- 
methylpyrazole sets. Other details are the same as for Fig. 1. N.S. = not significant. 
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in ethanol metabolism has been attributed by various 
investigators to the activity of a non-ADH pathway, 
such as a catalase system [10] or a microsomal ethanol 
oxidizing system [12-15]. 

One reason the increase has been attributed to 
non-ADH pathways is that pyrazole-insensitive 
ethanol disappearance increased with ethanol con- 
centration. In the present study, the pyrazole-insen- 
sitive component was not detectable. Two factors 
could contribute to the discrepancy. One is the evap- 
orative loss of ethanol. Ethanol loss is, of course, 
pyrazole-insensitive and increases proportionally to 
the ethanol concentration. If correction for loss is 
inadequate, there will be an apparent increase in 
ethanol metabolism. Conversely, an over-correction 
would diminish the estimate for the non-ADH path- 
ways. A second factor is the completeness of inhi- 
bition of ADH by pyrazole and 4-methylpyrazole. 
Examination of published values suggests that, as 
ethanol concentration is increased, ADH-dependent 
metabolism may decrease [10], not change [11], or 
increase [15]. It is quite possible that the different 
effects observed by different investigators result from 
changes in the degree of ADH inhibition by the 
pyrazole analogues. Pyrazoles are competitive 
inhibitors of ethanol oxidation by rat liver ADH 
[21]. Raising the ethanol concentration could, there- 
fore, reduce the inhibition by pyrazoles. The effect 
would depend on the concentration of pyrazoie used, 
relative to the ethanol concentration. If too low a 
pyrazole concentration were used, the estimate for 
ADH-dependent metabolism would be reduced and 
the estimate for ADH-independent ethanol disap- 


pearance would be increased as the ethanol concen- 
tration was increased. In the present study, a high 
concentration of 4-methylpyrazole was used (4 mM) 
and no ethanol metabolism was detectable in its 


presence. 

The present observation that 4-methylpyrazole 
completely blocks the concentration-dependent 
increase in ethanol metabolism indicates that the 
concentration-dependent effect depends on the 
ADH pathway. It could be argued, however, that 
4-methylpyrazole has inhibited the MEOS and cata- 
lase activities as well as the ADH activity. However, 
since 4-methylpyrazole inhibited MEOS by only 34 
per cent in studies with isolated microsomes [22], 
this explanation is not entirely adequate. There are 
a number of possible mechanisms by which an 
increase in ethanol oxidation could occur via the 
ADH pathway. A generalized increase in the reox- 
idation of reducing equivalents by the mitochondria 
is ruled out as there was no increase in oxygen uptake 
at the higher ethanol concentrations. 

Another possibility is that the effect depends on 
the acetaldehyde loss that increases with ethanol 
concentration in the perfused liver [23]. Ethanol and 
acetaldehyde are in equilibrium in the ADH- 
mediated reaction; therefore, raising the ethanol 
concentration will also raise the acetaldehyde con- 
centration in the cytoplasm of the liver cells [24, 25]. 
The cell membrane is permeable to acetaldehyde. 
Increasing amounts of acetaldehyde would be carried 
away in the perfusion fluid as the acetaldehyde con- 
centration increases. Once in the perfusion fluid, the 
volatile acetaldehyde would be lost from the system. 
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In the liver cells, the conversion of ethanol to ace- 
taldehyde and acetaldehyde to acetate is limited by 
the availability of NAD. The NAD that would have 
been used for the oxidation of the lost acetaldehyde 
could than be used for additional ethanol oxidation. 
The result would be an increase in the disappearance 
of ethanol proportional to the ethanol concentration. 

In the presence of alanine, there is increased O> 
consumption and, therefore, increased ethanol 
metabolism due to increased re-oxidation of reducing 
equivalents. The increased re-oxidation rate should 
decrease acetaldehyde levels and hence reduce the 
rate of loss at higher ethanol concentrations. 

A portion of the acetaldehyde is converted to 
acetate inside the mitochondria, bypassing the 
requirement for transfer of reducing equivalents 
through the shuttle systems. Loss of acetaldehyde 
from the cells might have the effect of reducing the 
B/A ratio in the mitochondria. Such an effect might 
explain why the ratio declined in the absence of 
alanine but not in its presence. Such a decline in B/A 
ratio also occurs in vivo [5, 26]. 

Another possible mechanism for the concentra- 
tion-dependent increase in ethanol metabolism is 
that ethanol at high concentrations could further 
inhibit the citric acid cycle, thus freeing NAD for 
ethanol oxidation. Ethanol might have this effect by 
inhibiting one of the enzymatic steps. 

If such a mechanism indeed exists, how alanine 
might eliminate the concentration-dependent effect 
is not clear at present. More studies on the effects 
of alanine and other substrates on concentration- 
dependent ethanol metabolism are required. 

The additon of only alanine as a substrate, 
although being an artificial situation, is probably 
closer to in vivo conditions than that of perfusion 
with just Ringer’s solution. In studies in rat liver 
perfused with whole blood using 18% oxygen [27] 
and in rat liver perfused with 20% whole blood [28], 
no concentration-dependent ethanol metabolism was 
observed. These observations raise the possibility 
that the concentration-dependent effect in vitro is 
an artifact resulting from inadequate energy 
substrates. 
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Abstract—The interaction of doxorubicin and doxorubicin-'”*I-labelled DNA with rat fibroblasts. rat 
hepatoma, mouse leukaemia and Schmidt—Ruppin sarcoma cells has been studied. When doxorubicin 
was added to the culture medium, the drug was accumulated as a function of its external concentration 
and of the time of incubation. The accumulation of doxorubicin was considerably lower when cells were 
incubated in presence of doxorubucin-DNA. '*I-labelled material is bound to the cells at 0° and 37°. 
At this latter temperature, in the absence of cells, DNA degradation products are recovered in the 
culture medium, resulting from the addition of serum. The presence of fibroblast and leukaemia cells, 
but not of hepatoma and sarcoma cells, increases considerably the amount of degradation products 
recovered in the medium. These results are discussed in view of different mechanisms of drug uptake. 
For the free drug a simple permeation through the cell membrane is envisaged, as previously reported. 
For doxorubicin-DNA, two possible mechanisms can be considered: endocytosis and release of the 
drug inside the lysosomes or uptake of the free drug resulting from a partial dissociation of the complex 


in the culture medium. 


Anthracyclines, and doxorubicin (DOX)* in par- 
ticular, are very potent antitumoral drugs, the use 
of which is severely restricted by their cardiotoxicity. 
The binding of daunorubucin and doxorubicin to 
high molecular weight DNA has been shown experi- 
mentally to decrease the toxicity and to increase the 


activity of the drugs [1, 2]. The use of anthracycline- 
DNA complex was proposed on the basis of the 
lysosomotropic drug carrier hypothesis, which 
assumes that tumor cells and to a lesser extent, 
normal cells might endocytose DNA complexes and 
release the drug intralysosomally. 

Although the cellular pharmacokinetic and the 
subcellular localization of DOX have been studied 
in various cell types [3-5], very little is known with 
regard to the interaction of anthracyclines-DNA 
complexes with cultures cells [6]. 

In this paper, we report data on the accumulation 
of DOX and DOX-DNA by a normal cell line (rat 
embryo fibroblasts: RF) and by three cultured 
tumoral cell lines (mouse leukemic cells: L1210 cells; 
rat hepatoma cells: HTC cells; and Schmidt-Ruppin 
sarcoma cells: SR cells). 

In a forthcoming paper, we will present data on 
the subcellular localization of DOX and DOX-DNA 
in RF and L1210 cells as determined by cell frac- 
tionation techniques. 


MATERIALS AND METHODS 


Cell cultures. Fibroblasts (RF) were isolated from 
rat embryos (Wistar strain) and cultivated according 
to Tulkens et al. [7]. Cells were cultured in 20 cm? 





*Abbreviations used: DOX, doxorubicin; DOX-DNA, 
DOX complexed to '“I-labelled DNA; HTC, hepatoma 
tissue culture; L1210, L1210 leukaemia; RF, rat embryo 
fibroblasts; SR, Schmidt-Ruppin sarcoma; TCA, trichlor- 
acetic acid. 


Petri dishes in a modified Eagle Dulbecco medium 
containing 10 per cent of newborn calf serum; only 
first or second confluent subcultures were used. 

Since 1972, L1210 ascitic cells obtained from leu- 
kemic DBA: mice (kindly provided by Drs. C. Gosse 
and J. Morizet: Institut Gustave Roussy, Villejuif, 
Paris, France), have been cultured continuously in 
RPMI 1640 medium, supplemented with 10 per cent 
foetal calf serum according to Moore et al. [8]. 

Hepatoma tissue culture cells (HTC cells), sup- 
plied by Dr. B. Hogan (Brighton, U.K.), are derived 
from the Morris transplantable hepatoma No. 7288 
C [9]. The cells were cultivated in suspension accord- 
ing to Samuels and Tomkins [10] in a 213 medium 
supplemented with 10 per cent foetal calf serum. 

Schmidt-Ruppin sarcoma cells [ll] (ATCC- 
CCL47) were purchased from Flow Laboratories 
(Irvine, Scotland). They were grown in Eagle Dul- 
becco medium containing 15 per cent newborn calf 
serum and were subcultivated weekly. 

Tumorigenicity of the three tumor cell lines was 
routinely checked on rats (Newborn Amsterdam for 
SR cells and Buffalo for HTC cells) and on DBA2 
mice for L1210 cells. 

In our experimental conditions, L1210 and HTC 
cells were maintained in Falcon tubes containing, 
respectively, 1.5 to 2 x 10° and 0.5 to 1 x 10° cells 
(ca. 0.2 mg of cell protein) in 4 ml culture medium; 
RF and SR cells were cultivated in 20 cm? Petri dishes 
to confluency (0.5 to 1 mg of cell protein per dish). 
Drug. Lyophilized doxorubicin hydrochloride was 
dissolved in distilled water to 10 mg/ml (17.5 mM), 
further diluted in 0.15M NaCl and_ used 
extemporaneously. 

A DOX-DNA complex was prepared with a ratio 
of 20 nucleotides per molecule of drug [1]. In brief, 
9.5 ml of DNA ata concentration of 2.34 mg/ml were 
mixed with 0.5 ml of DOX at a concentration of 
4 mg/ml (7 mM). 
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For all the experiments DNA was labelled with 
Na’ [12] before binding to DOX. 
Accumulation experiments. DOX or DOX-DNA 
were added to the complete culture medium. The 
pH of the culture medium was 7.8 for RF and SR 
cells and 7.7 for L1210 and HTC cells and values 
found unchanged at the end of the experiment. After 
incubation, RF and SR cells which adhere to dishes 
were washed three times with phosphate buffered 
saline at 4° and then scraped with a rubber policeman 
in 1.3 ml of distilled water at 4°. HTC and L1210 
cells, maintained in suspension, were centrifuged at 
4° for 10 min at 800 (HTC cells) or 1200 (L1210 cells) 
r.p.m. (IEC Centrifuge, rotor No. 253), washed two 
times with phosphate buffered saline and finally 
resuspended in 1.3 ml of distilled water. 
Assays. After incubation of the cells with DOX-'*I 
labelled DNA, radioactivity was assayed in | ml of 
the culture medium (Autogamma Scintillation Spec- 
trometer, Packard 5130 model, Packard Instru- 
ments) and on the supernatant fraction obtained 
after precipitation with 2 ml of 20% TCA and cen- 
trifugation. Cell-associated radioactivity was meas- 
ured on 0.1 ml of cell lysate and on the supernatant 
fraction obtained after precipitation of 1 ml of the 
cell sample with 2ml of 20% TCA. This latter 
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Fig. 1. Accumulation of DOX by RF, L1210, HTC and SR 
cells. Cells (0.2-0.5 mg of protein) incubated 3 hr at 37° in 
4ml of culture medium supplemented with various con- 
centration of DOX (@) or DOX-DNA (0). Drug was 
assayed and accumulation determined as described in 
Materials and Methods. Results are expressed in nmoles 
of DOX/mg of cell protein. Mean of 3 experiments + S.D. 
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Fig. 2. Time course of accumulation of DOX by RF, L1210, 
HTC and SR cells. Cells (0.2-0.5 mg protein) were incu- 
bated for various times at 37° in the presence of 4 ml of 
culture medium supplemented with DOX (@; external 
concentration 17.5 4M) or DOX-DNA (O; external con- 
centration in DOX 17.5 uM, which corresponds to 117 ug 
of DNA/ml). Drug was assayed and accumulation deter- 
mined as described in Materials and Methods. Results are 
expressed in nmoles of DOX/mg of cell protein. Mean of 
9 experiments for RF and L1210 ceils and 3 experiments 
for HTC and SR cells + S.D. 


supernatant fraction was also used to determine by 
fluorimetry (Perkin-Elmer fluorimeter, with an 
excitation wavelength of 481 nm and an emission of 
570 nm) the amount of drug associated to the cells. 
Standards of free and complexed DOX were system- 
atically included. Protein was determined by the 
method of Lowry et al. [13]. 
Materials. All chemicals were of analytical grade. 
They were purchased from E. Merck A.G. (Darms- 
tadt, Germany). DNA type VII from herring sperm 
was obtained from Sigma Chemical Co. (St. Louis, 
MO); doxorubicin (Adriblastine) from Farmitalia- 
Benelux (Bruxelles, Belgium); Na'*I from IRE 
(Fleurus, Belgium); culture medium (RPMI 1640, 
Swims H2), foetal calf serum and newborn calf 
serum from Gibco Biocult (Paisley, U.K.). 

Wistar and Buffalo rats were bred in a local animal 
house. DBA: mice were obtained from Charles River 
(Aubin-lez-Elboeuf, France). 


RESULTS 


Incubation with DOX 
In a first set of experiments (Fig. 1), accumulation 
of DOX by RF, L1210, HTC and SR cells were 
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Fig. 3. Accumulation of '*I-labelled material by RF, L1210, 
HTC and SR cells. Cells (0.2-0.5 mg protein) were incu- 
bated for 3 hr at 37° in 4 ml of culture medium supplemented 
with various concentrations of DOX-DNA (0-117 ug/ml, 
which corresponds to 0-17.5 wM in DOX). Radioactivity 
was assayed and accumulation determined as described in 
Materials and Methods. Results were expressed in ug of 
DNA _ equivalents/mg of cell protein. Mean of 3 
experiments. 


determined after 3 hr of incubation at 37° in presence 
of various concentrations of the drug. In the four 
cell types, the accumulation increased as a function 
of the external concentration, but different levels 
were reached. 

The accumulation of DOX was also recorded as 
a function of the incubation time at 37° (Fig. 2). At 
an external concentration of 17.5 uM it increased 
with time in RF, L1210 and SR cells, whereas a 
plateau was reached after 1 hr incubation in the 
presence of HTC cells. 


Incubation with DOX-—DNA 


Accumulation of DOX. In a second set of experi- 
ments, cells were incubated for 3 hr at 37° in the 
presence of increasing concentrations of DOX- 
DNA. The accumulation of the drug is much lower 
(Fig. 1), and a saturating level is reached nearly in 
all cell types. 

‘ The accumulation of DOX as a function of the 
incubation period with DOX-DNA (17.5 uM, i.e. 
117 wg of DNA/ml) is illustrated in Fig. 2. 

Accumulation of '**\-labelled material by the cells. 
The accumulation of '*I-labelled material by cells 
incubated for 3 hr at 37° with various concentrations 
of DOX-DNA increases with the external concen- 
tration up to different levels (Fig. 3). In all cases, 
more than 90 per cent of the cell-associated labelled 
material was precipitated by TCA. If RF, L1210 or 
HTC. cells are incubated for various times at 0° or 
37° with DOX—DNA, similar amounts of '**I-labelled 
material are bound by the cells and this binding is 
nearly immediate. With SR cells, the binding of '**I- 
labelled material at 4° is also immediate, but more 
material is accumulated at 37° after 1 hr. 
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Fig. 4. Accumulation of '**I-labelled material by RF, L1210, 
HTC and SR cells. Cells (0.2-0.5 mg protein) were incu- 
bated for various times at 37° (@) and 0° (©) in the presence 
of 4ml of culture medium supplemented with 117 ug/ml 
of DOX-DNA (17.5 4M in DOX). Radioactivity was 
assayed and intracellular accumulation determined as 
described in Materials and Methods. Results are expressed 
in wg of DNA equivalents/mg of cell protein. Mean of 3 
experiments + S.D. 
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Fig. 5. Solubilization of '**I-labelled DNA into fragments 
soluble in TCA. Complete culture medium (4 ml) was 
incubated for 3 hr at 37° with increasing concentrations of 
DOX-DNA, in the presence (@) or absence (CO) of cells. 
Radioactivity after precipitation was assayed as described 
in Materials and Methods. Results are expressed in wg of 
DNA equivalents/ml of culture medium. Mean of 3 
experiments. 
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Fig. 6. Solubilization of '**I-labelled DNA into fragments 
soluble in TCA. Complete culture medium (4 ml) was 
incubated for various times at 37° with 117 ug DNA/ml 
(17.5 uM in DOX). Radioactivity was assayed as described 
in Materials and Methods. Results are expressed in ug of 
DNA equivalents/ml of culture medium. Mean of 3 
experiments + S.D. 

Culture medium with serum incubated in presence of 
cells (@). 

Culture medium with serum incubated in absence of cells 
(O). 

Culture medium without serum (A). 

Culture medium with serum previously incubated for 
.24hr at 37° in the presence of cells and then incubated in 

the absence of cells (A). 


Digestion of '*\-labelled material in the medium. 
The amounts of '*I-labelled material soluble in TCA 
were systematically determined in the culture 
medium. Immediately after dilution in culture 
medium, about 97 per cent of the '*I-labelled 
material can be precipitated by TCA. 

In the presence of cells, the amount of material 
soluble in TCA increased as a function of the DOX- 
DNA concentration (Fig. 5) and of the time of 
incubation at 37° (Fig. 6). 

This soluble material does not consist in free 
"iodide, since after oxidation by H2Q: it is not 
extractable by chloroform [14] and since it does not 
behave as ‘iodide during thin layer chromatography 
on silica gel (methanol, isopropanol, cyclohexane 
40/40/20). 

'*I-labelled material soluble in TCA is also 
recovered after incubation at 37° in the absence of 
cells, but only if serum is present in the culture 
medium (Figs. 5 and 6). With the single exception 
of L1210 cells, the incubation of DOX—DNA in the 
absence of cells in a medium which had been exposed 
to cells for 24 hr at 37° does not result in a significant 
increase of the amount of '*I-labelled material solu- 
ble in TCA. The results indicate that the presence 


of RF and L1210 cells, but not that of HTC and SR 
cells, increases the amount of 'I-labelled material 
soluble in TCA. 

The amount of labelled material solubilized as a 
result of the presence of RF and L1210 cells increases 
as a function of incubation time (Fig. 6). With RF 
cells, it increases also as a function of the DOX-— 
DNA concentration. 


DISCUSSIONS 


As far as observation by phase contrast microscopy 
and determination of protein content of the cell 
culture are concerned, cell damage could not be 
detected in our experimental conditions. It must, 
however, be remembered that in similar conditions 
both DOX and DOX-DNA decrease rapidly thy- 
midine uptake by L1210 cells [15]. 

In the four cell lines, accumulation of DOX pres- 
ent in the culture medium in its free form increases 
as a function of the incubation time and of the 
extracellular drug concentration (Figs. 1 and 2). Tak- 
ing into account a cellular volume of, respectively, 
5 and 6.8 ul/mg of cell protein for RF [16] and HTC 
cells [17] and assuming that 1 mg L1210 and SR cell 
protein correspond to 5 wl, one can estimate that 
cells incubated for 3 hr at 37° with 17.5 uM DOX 
concentrate the drug 140, 60, 180 and 140 times, 
respectively. After incubation of DOX—-DNA we can 
calculate similarly that DOX is concentrated 22 times 
in RF cells, 8 times in SR cells and 5 times in HTC 
and L1210 cells. 

At 0° the binding of '*I-labelled DNA is nearly 
immediate with the four cell types. All of the cell- 
associated '*I-labelled material is insoluble in TCA, 
with accumulation levels similar to those reached at 
0°, SR cells excepted. 

After incubation of DNA in culture medium at 
37° in the absence of cells, increasing amounts of 
fragments soluble in TCA are produced as a function 
of time and concentration (Figs. 5 and 6). This diges- 
tion of DNA is related to the presence of serum, 
probably as a result of deoxyribonuclease activity as 
reported by Cox [18]. In the presence of RF and 
L1210 cells, higher amounts of '**I-labelled material 
soluble in TCA are recovered as a function of the 
duration of the incubation (Fig. 6). The amount of 
DNA solubilized by RF cells increases as a function 
of DOX-DNA concentration, whereas the digestion 
of DNA related to the presence of L1210 cells is not 
affected by DOX-DNA concentration (Fig. 5). In 
addition, the digestion of DNA and the appearance 
of TCA soluble material during an incubation in the 
presence of a medium which has been previously 
exposed to L1210 cells could suggest that these cells 
secrete deoxyribonucleases into the extracellular 
medium. 

Rat fibroblasts accumulated to a similar extent 
DNA at 0° and 37° and release '“I-labelled frag- 
ments, soluble in TCA, into the culture medium as 
a function of the time of incubation and of the DOX- 
DNA concentration. These results are compatible 
with an endocytic uptake of DOX-DNA, a rapid 
intralysosomal digestion of DNA, followed by a 
release of the degradation products. L1210 cells as 
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RF accumulate equal amounts of 'I-labelled 
material at 0° and 37° and release degradation prod- 
ucts. By contrast, however, a medium previously 
incubated with these cells is able to digest DNA into 
TCA soluble fragments. L1210 cells could therefore 
take, up DOX-DNA by endocytosis, but also in 
addition secrete deoxyribonuclease which would 
then digest DNA extracellularly. HTC cells most 
probably do not endocytose DOX-DNA and no 
evidence of digestion had been found. SR cells bind 
DNA at 0° and accumulate more 'I-labelled 
material at 37°, but do not digest it, which could 
suggest either that the binding at the cell surface is 
higher at 37° than at 0° or that the cells accumulate 
DNA in an intracellular compartment inaccessible 
to hydrolases. 

If, as previously proposed [3], free DOX pen- 
etrates into the cell by permeation through the cell 
membrane and becomes trapped in the nuclei and 
lysosomes, the mechanism by which DOX is taken 
up by cells incubated with DOX-DNA still remains 
unelucidated. DOX—DNA could be taken up as such 
through endocytosis [2], DNA being digested in 
lysosomes and the released drug becoming segre- 
gated inside lysosomes [3] or gaining access to the 
nuclei. Alternatively, DOX-DNA could be disso- 
ciated in the extracellular medium [19, 20] and DOX 

taken up not as a DNA complex but as a free drug. 
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Fig. 7. Experimental and calculated amounts of DOX 
accumulated by RF, L1210, HTC and SR cells incubated 
for various times with 117 ug of DOX-DNA per ml (i.e. 
17.5 uM of DOX). 

Experimental data (O) come from Fig. 2. For the cal- 
culation, as previously described [19], we have assumed 
that DOX is accumulated as a result of the accumulation 
and the digestion of '*I-labelled material by the cells 
(A) or that DOX is taken up as the free drug after the 

partial dissociation of DOX-DNA (@). 
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The levels of DOX accumulated by RF cells incu- 
bated with DOX-DNA are higher than those we 
have previously calculated [19] from the partial dis- 
sociation of the complex in the medium and lower 
than those resulting from endocytosis and cell related 
digestion of DNA (Fig. 7). Our experimental data 
are, however, compatible with a mechanism of 
uptake implying the two hypotheses mentioned 
above, but considering in addition an active extrusion 
mechanism of DOX as previously reported for these 
cells [4]. The levels of DOX determined in L1210 
cells correspond closely to the amount calculated on 
the basis of the partial dissociation of DOX-DNA 
in the medium. The high amount of DNA digested 
by the cells might be explained either by endocytosis 
of DOX-DNA, concomitant with an active extrusion 
of DOX, or by the digestion of DNA in the extra- 
cellular medium after secretion of hydrolytic 
enzymes. In the case of HTC cells and, to a lesser 
extent, SR cells, there is an agreement between the 
accumulation of DOX as determined experimentally 
and the sum of the values calculated on the basis of 
endocytosis and dissociation of DOX-DNA. 

Our results indicate, therefore, that DOX is not 
accumulated to the same extent when cultured cells 
are incubated in the presence of the free drug or its 
DNA complex and that the uptake of DOX by cells 
incubated with DOX-DNA may be the result of 
different processes, such as endocytosis or diffusion 
following dissociation of the complex. 


Acknowledgements—We are grateful to Dr. C. Moussebois 
and Mr. C. Gotfredsen for their helpful advice and we 
thank Mrs. F. Renoird-Andries for her excellent technical 
help. This work has been supported by the ‘Fonds Cancér- 
ologique de la Caisse Générale d'Epargne et de Retraite’ 
(Bruxelles, Belgium). 


REFERENCES 


. A. Trouet, D. Déprez-De Campeneere and C. de 
Duve, Nature New Biol. 239, 110 (1972). 

. A. Trouet, D. Déprez-De Campeneere, M. De 
Malengreaux and G. Atassi, Eur. J. Cancer 10, 405 
(1974). 

. G. Noel, C. Peterson, A. Trouet and P. Tulkens, Eur. 
J. Cancer 14, 363 (1978). 

.C. Peterson and A. Trouet, Cancer Res. 38, 4645 
(1978). 

. G. Noel, A. Trouet, A. Zenebergh and P. Tulkens, 
Adriamycin Review, Part II, 99 (1975). 

. [. Skovsgaard, Cancer Chemother. Pharmac. 2, 43 
(1979). 

. P. Tulkens, H. Beaufay and A. Trouet, J. Cell Biol. 
63, 583 (1974). 

. G. E. Moore, D. Mount, G. Tara and N. Schwartz, 
Cancer Res. 23, 1735 (1963). 

. E. B. Thompson, G. M. Tomkins and J. F. Curran, 
Proc. natn. Acad. Sci. U.S.A. 56, 296 (1966). 

. H. Samuels and G. M. Tomkins, J. molec. Biol. 52, 
57 (1970). 

. W. W. Nichols, Hereditas 50, 53 (1963). 

. M. Orosz and J. G. Wetmur, Biochemistry 13, 5467 
(1974). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. E. Bierman, O. Stein and Y. Stein, Circulation Res. 
35, 136 (1974). 





1040 A. ZENEBERGH, Y.-J. SCHNEIDER and A. TROUET 


15. A. Trouet, D. Deprez-De Campeneere, A. Zenebergh 18. R. Cox and M. Gokcen, Life Sci. 19, 1609 (1976). 

and G. Sokal, in Activation of Macrophages (Ed. W. 19. Y.-J. Schneider, R. Baurain, A. Zenebergh and A. 
H. Wagner), p. 323. Excerpta Medica International Trouet, Cancer Chemother. Pharmac. 2, 7 (1979). 
Congress Series No. 325, Amsterdam (1979). 20. D. Deprez-De Campeneere, R. Baurain, M. Huy- 

. P. Tulkens and A. Trouet, Biochem. Pharmac. 27, 415 brechts and A. Trouet, Cancer Chemother. Pharmac. 
(1978). 2, 25 (1979). 

. J. Quintart. Le Systeme Lysosomial et Certaines de ses 
Fonctions au Cours du Cycle Cellulaire. Ph.D. Thesis, 
Université Catholique de Louvain (1977). 





Biochemical Pharmacology, Vol. 29, pp. 1041-1047. 0006-2952/80/0401-1041 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


CUMULATIVE EFFECTS OF REPEATED DOSES OF 
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Abstract—Several drugs and chemicals are transformed in the liver by cytochrome P-450 into reactive 
metabolites that may (a) destroy hepatic cytochrome P-450, (b) deplete hepatic glutathione, and (c) 
covalently bind to hepatic proteins. The possibility was investigated that daily administration of the 
parent compounds may have cumulative effects on some of these phenomena. Rats received 1-3 i.p. 
doses of bromobenzene, 0.25 mmole/kg daily, trichloroethylene, 1 mmole/kg daily, or vinyl chloride, 
0.5 mmole/kg daily. (a) Cytochrome P-450 concentration was not significantly decreased after a single 
dose, but was progressively decreased after repeated doses of the three compounds. (b) Although 
hepatic glutathione concentration was decreased 4hr after the administration of a single dose of 
bromobenzene, it was not decreased 24 hr after a single or repeated doses of bromobenzene. (c) The 
amount of metabolite irreversibly bound to proteins progressively increased in the liver during repeated 
administration of the three compounds. It is concluded that daily administration of compounds trans- 
formed into reactive metabolites may lead to a progressive decrease in hepatic cytochrome P-450 


concentration and to the accumulation of metabolites irreversibly bound to proteins in the liver. 


Several drugs and chemicals [1,2], including bro- 
mobenzene [3-8], trichloroethylene [9-18] and vinyl 
chloride [19-28] are transformed in the liver by 
cytochrome P-450 into reactive metabolites that may 
(a) destroy hepatic cytochrome P-450 and thus limit 
further metabolism, (b) be inactivated by binding to 
hepatic glutathione whose hepatic concentrations 
may be, in the process, decreased, or (c) covalently 
bind to hepatic proteins. The above mentioned 
effects have been well studied after the administra- 
tion of a single dose of the parent compounds but 
not after several daily doses. 

The possibility was investigated that daily admin- 
istration of the parent compounds may have cumu- 
lative effects on some of these phenomena. In this 
communication we report the effects of a single and 
of repeated daily doses of bromobenzene, trichlo- 
roethylene and vinyl chloride on hepatic cytochrome 
P-450 and glutathione concentrations and on the 
amounts of metabolites irreversibly bound to pro- 
teins in the liver and in various tissues. 


MATERIALS AND METHODS 


Animals were male Sprague—Dawley rats weighing 
180-220 g. Rats were given food (Autoclave 113, 
UAR) and water ad lib. 

[*C]Bromobenzene (uniformly labeled, sp. act. 
57 mCi/mmole) was purchased from New England 
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Nuclear, Boston, MA. ["C] Trichloroethylene (uni- 
formly labeled, sp. act. 1 mCi/mmole) and ['*C] vinyl 
chloride (uniformly labeled, sp. act. 1 mCi/mmole) 
were purchased from Commissariat a |’Energie 
Atomique, Saclay, France. The radiochemical purity 
of the 3 compounds were checked by gas-liquid 
chromatography to be higher than 99 per cent. 

Rats received one of the three following treat- 
ments: ['C] bromobenzene, 0.25 mmole/kg 
(25 wCi/kg) in 0.5 ml/kg of methanol i.p. daily for 
1-6 days, or ['*C] tricholoroethylene, 1 mmole/kg 
(25 wCi/kg) in 0.5 ml/kg of methanol i.p. daily for 
1-3 days, or [“C] vinyl chloride, 0.5 mmole/kg 
(500 wCi/kg) in 0.5 ml/kg of methanol i.p. daily for 
1-6 days. Some rats were treated with CoCh, 6 H2O, 
35 mg/kg s.c. twice daily for 4 days and received 
either a single dose of the labeled compound on day 
4 of the CoCl2-treatment or 3 daily doses of the 
labeled compound on days 2, 3, and 4 of the CoCl2- 
treatment. Other rats received 1, 3 or 6 doses of 
methanol, 0.5 ml/kg daily. 

Rats were killed at 9:00-11:00 a.m., 24hr after 
any given dose of the labeled compounds. Blood was 
drawn from the inferior vena cava. The liver, the 
kidneys and the sartorius muscle were removed. A 
liver fragment was placed in Bouin’s fluid. Serum 
was prepared from a blood sample. Blood sample 
and tissue fragments were homogenized in 3 vol. of 
ice-cold 1.15M KCl, 0.01 M Na*K” phosphate 
buffer, pH 7.4 with a glass-Teflon Potter-Elvehjem 
homogenizer. The remaining liver fragment was per- 
fused with ice-cold 0.154 M NaCl through the portal 
vein, homogenized in 3 vol. of 5% TCA and used 
for the determination of hepatic glutathione by the 
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method of Ellman [29]. Hepatic microsomes were 
prepared with the liver homogenate and used for the 
determination of hepatic cytochrome P-450 by the 
method of Omura and Sato [30]. Serum glutamic 
pyruvic transaminase (SGPT) activity was measured 
according to Reitman and Frankel [31]. The liver 
fragment placed in Bouin’s fluid was embedded in 
paraffin 24 hr later, cut and stained with hematoxylin 
and eosin. 

The amount of ['*C] material irreversibly bound 
to tissue proteins in the tissue homogenates was 
measured as previously described [8, 17, 28]. 
Samples (250 ul) of the tissue homogenates were 
applied to filter paper disks (Durieux 111, France) 
that had been dipped into 5% trichloroacetic acid 
(TCA) and had been dried at 40°. After application 
of the samples, the paper disks were dried at 40°. 
The dried paper disks were then successively placed 
in the following 200-ml baths: 10% TCA for 60 min, 
_ 5% TCA for 30 min, 5% TCA for 15 min, methanol 
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for 15 min, methanol for 15 min, heptane for 10 min 
and ethyl ether for 10 min. No further radioactivity 
could be removed by introducing additional solvent 
baths. The paper disks were then dried and placed 
on the bottom of scintillation vials; 10 ml of Dimil- 
ume 30 (Packard) scintillation fluid were added and 
radioactivity was counted in an Intertechnique, 
ABAC SL 40 scintillation counter with automatic 
background and quench (external standardization) 
correction. 

The Student’s t-test for independent data was used 
to assess the significance of differences between 
means. 


RESULTS 


After administration of 1 or 3 doses of the labeled 
parent compound, a labeled material was irreversibly, 
bound to proteins in various tissues (Tables 1-3). 
Treatment of rats with CoCl: for 4 days decreased 


Table 1. Effect of treatment with CoChk on the amount of ['*C] material irreversibly bound to tissue 
proteins after administration of ['*C] bromobenzene* 





['*C] material irreversibly bound to proteins (nmoles/g tissue) 





Liver 


Kidney Blood Muscle 





One dose of bromobenzene in con- 
trol rats 

One dose of bromobenzene in 
CoClh-treated rats 

Three doses of bromobenzene in 
control rats 

Three doses of bromobenzene in 
CoCh-treated rats 


19.8 + 1.6 
1.6 + 0.57 
29.8 + 1.84 


3.4 + 0.4+ 


5.3 + 1.6 2.8 + 0.6 1.4+1.0 


1.9 + 0.27 0.4 + 0.27 0.4+0.2 


15.4 + 2.6t 5.1 + 0.84 4.4+1.2t 


2.5 + 0.2t 1.6 + 0.37 1.2 + 0.5t 





* The amount of bound material (mean + S.D. for at least 3 rats) was measured 24 hr after a single, 
or the last of 3 doses of ['*C] bromobenzene, 0.25 mmole/kg i.p. daily. Some rats received CoClz, 6H20, 
35 mg/kg s.c. twice daily for 4 days and either a single dose of {'*C] bromobenzene on day 4 of the CoClh- 
treatment or 3 doses, given respectively on day 2, 3 and 4 of the CoCl2-treatment. 

+ Significantly different from that in control rats, P < 0.05. 

t Significantly different from that after one dose of ['*C] bromobenzene, P < 0.01. 


Table 2. Effect of treatment with CoCl: on the amount of ['*C] material irreversibly bound to tissue 
proteins after administration of ['*C] trichloroethylene* 





['*C] material irreversibly bound to proteins (nmoles/g 
tissue) 





Liver 


Kidney Blood Muscle 





One dose of trichloroethylene in con- 
trol rats 

One dose of trichloroethylene in 
CoCl-treated rats 

Three doses of trichloroethylene in 
control rats 

Three doses of trichlorethylene in 
CoCiz-treated rats 


427 + 51 
58 + 53 
633 + 81i 


112 + 8+ 


151 + 12 
35 + 104 
248 + 32% 121 + 184 


91 + Sf 35 + 8+ 





* The amount of bound material (mean + S.D. for at least 3 rats) was measured 24 hr after a 
single, or the last of 3 doses of ['*C] trichloroethylene, 1 mmole/kg i.p. daily. Some rats received 
CoCh, 6H20, 35 mg/kg s.c. twice daily for 4 days and either a single dose of ['*C] trichloroethylene 
ob day 4 of the CoClh-treatment or 3 doses given respectively on day 2, 3 and 4 of the CoCh- 


treatment. 


+ Significantly different from that in control rats, P < 0.05. 
t Significantly different from that after one dose of ['*C] trichloroethylene, P < 0.05. 





Cumulative effects of reactive metabolites 


Table 3. Effect of treatment with CoCl2 on the amount of ['*C] material irreversibly bound to tissue 
proteins after administration of ['*C] vinyl chloride* 





[‘“C] material irreversibly bound to proteins (nmoles/g tissue) 





Liver 


Kidney Blood Muscle 





One dose of vinyl chloride in con- 


trol rats 
One dose of vinyl chloride in 


CoCl2-treated rats 

Three doses of vinyl chloride in 
control rats 

Three doses of vinyl chloride in 
CoCl2-treated rats 


V1 2O7F 


+4 y ee 8 


3.0 + 1.4+ 1.7 + 0.44 


28 +3¢t 9 


+ 3f 


2.4+ 0.7+ 1.6 + 0.37 0.9 + 0.9% 





* The amount of bound material (mean + S.D. for at least 3 rats) was measured 24 hr after a single, 
or the last of 3 doses of ['*C] vinyl chloride, 0.5 mmole/kg i. Pp. daily. Some rats received CoCh, 6H20, 


35 mg/kg s.c. daily for 4 days and either a single dose of | 


‘C] vinyl chloride on day 4 of the CoClo- 


treatment or 3 doses given respectively on day 2, 3 and 4 of the CoCl-treatment. 
+ Significantly different from that in control rats, P< 0.01. 
t Significantly different from that after one dose of ['*C] vinyl chloride, P < 0.01. 


cytochrome P-450 by 33, 46, 61 and 73 per cent at 
24, 48, 72 and 96 hr, respectively. After administra- 
tion of 1 or 3 doses of the labeled parent compound 
(Tables 1-3), the amount of bound material was 
lower in rats treated with CoClh than in control rats. 
After administration of 1, 3 or 6 doses of methanol, 
0.5 ml/kg daily, hepatic cytochrome P-450, hepatic 
glutathione, SGPT activity and liver histology were 
unchanged (not shown). 

After administration of bromobenzene, 
0.25 mmole/kg daily, hepatic cytochrome P-450 con- 
centration was not significantly decreased after the 
first dose but progressively decreased as further doses 


Cytochrome P-450 
nmol/g liver 





Glutathione 
pmol/g liver 








Bromobenzene, 0.25 mmol/kg daily 


were administered (Fig. 1); hepatic glutathione con- 
centration was decreased 4hr after the first dose 
(Table 4) but was not modified 24 hr after one or 
several doses (Fig. 1); SGPT activity was unchanged 
(Fig. 1) and histologic examination showed no liver 
necrosis after 1, 3 or 6 doses (not shown); the amount 
of ['*C] material irreversibly bound to proteins pro- 
gressively increased in various tissues during admin- 
istration of the first 3 doses but then decreased in 
the liver and in the kidney (Fig. 1). 

After administration of _ trichlorethylene, 
1 mmole/kg daily, hepatic cytochrome P-450 con- 
centration was not significantly decreased after the 
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Fig. 1. Effects of repeated doses of bromobenzene, 0.25 mmole/kg daily. Hepatic microsomal cytochrome 

P-450 concentration, hepatic glutathione concentration, SGPT activity, and the amount of metabolite 

irreversibly bound to proteins in various tissues were measured 24 hr after a single dose, or the last of 

repeated doses, of bromobenzene. Points and bars represent mean and S.D. in 10 rats for hepatic 

cytochrome P-450 concentration, hepatic glutathione concentration and SGPT activity and in at least 
3 rats for the amount of metabolite irreversibly bound to proteins. 
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Fig. 2. Effects of repeated doses of trichloroethylene, 1 mmole/kg daily. Hepatic microsomal cytochrome 

P-450 concentration, hepatic glutathione concentration, SGPT activity, and the amount of metabolite 

irreversibly bound to proteins in various tissues were measured 24 hr after a single dose, or the last of 

repeated doses, of trichloroethylene. Points and bars represent mean and S.D. in 10 rats for hepatic 

cytochrome P-450 concentration, hepatic glutathione concentration and SGPT activity and in at least 
3 rats for the amount of metabolite irreversibly bound to proteins 
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Fig. 3. Effects of repeated doses of vinyl chloride, 0.5 mmole/kg daily. Hepatic microsomal cytochrome 

P-450 concentration, hepatic glutathione concentration, SGPT activity, and the amount of metabolite 

irreversibly bound to proteins in various tissues were measured 24 hr after a single dose, or the last of 

repeated doses, of vinyl chloride. Points and bars represent mean and S.D. in 10 rats for hepatic 

cytochrome P-450 concentration, hepatic glutathione concentration and SGPT activity and in at least 
3 rats for the amount of metabolite irreversibly bound to proteins. 





Cumulative effects of reactive metabolites 


Table 4. Early effects of a single dose on hepatic glutathione concentration* 





Hepatic glutathione (umoles/g liver) 





Control Treated 





Bromobenzene, 0.25 mmole/kg 
Trichloroethylene, I1mmole/kg 
Vinyl chloride, 0.5 mmole/kg 


ay, 
8+0. 
3+ 0. 


7 


WwW bh 
inno 
I+ I+ I+ 
ooo 
NN 





* Hepatic glutathione concentration (mean + S.D. for 8 rats) was measured in 
control rats and in rats that had received bromobenzene, trichloroethylene or vinyl 


chloride 4 hr before sacrifice. 


+ Significantly different from that in control rats, P < 0.05. 


first dose but was decreased (P < 0.05) after 3 doses 
(Fig. 2); hepatic glutathione concentration (Table 
4, Fig. 2) and SGPT activity (Fig. 2) were unchanged 
and there was no liver necrosis after 1 or 3 doses 
(not shown); the amount of ["C] material irrever- 
sibly bound to proteins increased in various tissues 
during administration of the first 3 doses (Fig. 2). 
Administration of a fourth dose led to the death of 
most animals; there was severe peritonitis with intes- 
tinal perforations but neither liver nor kidney necro- 
sis. These effects may be related to a local toxic 
effect of the trichloroethylene—methanol mixture: 
they were not observed after repeated administration 
of much higher doses of trichloroethylene dissolved 
in liquid paraffin [18]. 

After administration of vinyl chloride, 
0.5 mmole/kg daily, hepatic cytochrome P-450 was 
not significantly decreased after 1 dose, but pro- 
gressively decreased after repeated doses (Fig. 3); 
hepatic glutathione (Table 4, Fig. 3) and SGPT 
activity (Fig. 3) were unchanged and histologic 
examination of liver specimens obtained after 1, 3 
or 6 doses showed no liver necrosis (not shown). 
The amount of ['*C] material irreversibly bound to 
proteins increased in various tissues during admin- 
istration of the first 3 doses but then tended to 
decrease in the liver and in the kidney (Fig. 3). 


DISCUSSION 


Acute administration of bromobenzene, trichlo- 
roethylene and vinyl chloride has been previously 
shown to destroy hepatic cytochrome P-450, deplete 
hepatic glutathione, and result in the covalent bind- 
ing of metabolites to tissue proteins [3-28]. In this 
study, the possibility was investigated that repeated 
daily doses may have cumulative effects on some of 
these phenomena. 

Cytochrome P-450. With the three compounds 
(Figs. 1-3), cytochrome P-450 concentration was not 
significantly decreased 24 hr after the first dose but 
‘ progressively decreased during repeated administra- 
tion of the parent compound. The mechanism 
responsible for this progressive decrease is inkown. 
It is not related to hepatic necrosis which was found 
neither after one or nor after several doses. The half- 
life of cytochrome P-450 heme is about | day in the 
rat [32]. The progressive decrease in hepatic cyto- 
chrome P-450 concentration may be due either to 


a sustained decrease in cytochrome P-450 synthesis 
or to a cumulated destruction of cytochrome P-450 
by the repeated doses: a slight decrease in hepatic 
cytochrome P-450 concentration produced by the 
first dose may persist when the second dose is 
administered; this second dose may further destroy 
cytochrome P-450 so that repeated doses might lead, 
through this mechanism, to a progressive decrease 
in hepatic cytochrome P-450 concentration. 
Glutathione. None of the treatments had any sig- 
nificant effect on hepatic glutathione concentration 
measured 24 hr after one or several daily doses (Figs. 
1-3), although administration of bromobenzene did 
decrease hepatic glutathione 4 hr after the first dose 
(Table 4). These findings are consistent with the view 
that hepatic glutathione, whose half-life is only 4 hr 
in the rat [33], was restored to normal levels 24 hr 
after any given dose of bromobenzene, so that 
repeated doses of bromobenzene had no cumulative 
effects on hepatic glutathione concentration. 
Protein-bound material. After administration of 
the labeled compound, a labeled material became 
bound to tissue proteins (Tables 1-3); treatment of 
the animals with CoClh decreased hepatic cyto- 
chrome P-450 and decreased the amount of bound 
material present in various tissues after 1 or 3 doses 
(Tables 1-3). The findings are consistent with the 
view that the bound material is a metabolite formed 
by cytochrome P-450. The binding of the metabolites 
to proteins had not been disrupted by repeated wash- 
ings and repeated extractions with various solvents 
of various polarities. This apparently irreversible 
binding suggests that the metabolites were attached 
to proteins by a covalent bond. A covalent bond 
between a metabolite and a protein may occur 
through 2 main reactions: (a) the covalent binding 
of a chemically reactive metabolite to an already 
formed protein; or (b) the utilization of a small stable 
metabolite for the synthesis of normal amino acids 
and their subsequent incorporation into a newly syn- 
thetized protein. Incorporation is unlikely to occur 
with bromobenzene whose benzene ring is unlikely 
to be split; although incorporation might occur to 
some extent with trichloroethylene [17] and with 
vinyl chloride [22], it has been estimated that it could 
only represent a negligible fraction of the amounts 
of metabolites bound to protein after administration 
of ["C] vinyl chloride [22]. Rather, it is assumed 
that the labeled materials irreversibly attached to 
tissue proteins after administration of ['*C] bromo- 
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benzene [3-8], ['*C] trichloroethylene [15, 17] and 
[*C] vinyl chloride [22, 25-28] mainly represent 
chemically reactive metabolites which have reacted 
with, and have bound to, proteins. 

After one or several doses of the parent com- 
pound, the amount of bound metabolite was highest 
in the liver, intermediate in the kidney, and lowest 
in blood and muscle (Figs. 1-3). This sequence in 
the extent of binding may be consistent with a similar 
sequence in the activity of cytochrome P-450 in these 
various organs [34]. However, it is not yet clear 
whether metabolites bound in extrahepatic tissues 
are mainly formed in situ or mainly exported from 
the liver. 

Trichloroethylene [13] and vinyl chloride [35] have 
half-lives of 1 hr or less in rats; only 2 per cent of 
the initial concentration of unchanged bromoben- 
zene was found in the liver 24 hr after the admin- 
istration of bromobenzene, 4.85 mmole/kg, in rats 
[6]. These observations suggest that after each daily 
dose, metabolism was essentially complete when the 
next dose was administered. Although metabolism 
was essentially complete 24 hr after the first dose, 
significant amounts of protein-bound metabolites 
persisted in the tissues at that time (Tables 1-3). 
This finding is consistent with previous observations 
showing late persistance of protein-bound metab- 
olites in the liver after administration of a single dose 
of vinyl chloride [22] or of bromobenzene [6]; with 
the latter compound, about 40 and 20 per cent of 
the metabolite initially bound to proteins were still 
present in the liver 2 and 4 days, respectively, after 
administration of 0.41 mmole/kg ['*C] bromoben- 
zene in mice [6]. Late persistance of protein-bound 
metabolites in the liver is not unexpected, since (a) 
metabolites bound to proteins may be cleared away 
only as the proteins to which they are attached are 
themselves split or excreted, and (b) the overall half- 
life of hepatic proteins is 2-4 days in rats [36]. 

Theoretically, persistence of high amounts of 
bound metabolites at the time the second dose of 
the parent compound is administered suggests that 
protein-bound metabolites may accumulate in the 
liver upon daily administration of the parent com- 
pounds. If the daily formation rate of the reactive 
metabolites remains constant over the days, then the 
amount of protein-bound metabolites should reach 
a plateau when the amount of metabolite bound 
daily equals that removed daily by protein excretion 
and/or breakdown. If, on the contrary, the progres- 
sive decrease in hepatic cytochrome P-450 concen- 
tration (Figs. 1-3) is associated with a progressive 
decrease in the daily binding rate of the metabolite 
to proteins, then the amount of protein-bound 
metabolites may first increase after the first doses 
and then decrease as the daily binding rate of the 
metabolites progressively decreases. Figures 1-3 
show that the amount of reactive metabolites irrev- 
ersibly bound to proteins progressively increased in 
the liver after the first three doses but then tended 
to decrease when further doses were administered. 

It is concluded that daily administration of com- 
pounds transformed into reactive metabolites may 
lead to the accumulation of protein-bound metab- 
olites in the liver and in various tissues. Accumu- 
lation may, however, be limited by a progressive 
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decrease’ in hepatic cytochrome  P-450 


concentrations. 
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Abstract—The metabolism of the hallucinogen N,N-dimethyltryptamine (DMT) in whole rat brain 
homogenate is reported. Studies were conducted using tritiated DMT and DMT-N-oxide (DMT-NO), 
and metabolites were identified and quantified using thin-layer chromatography and liquid scintillation 
counting techniques. Metabolite confirmation was obtained by incubation of a,a,8,B-tetradeutero-DMT 
(DDMT) with whole brain homogenate followed by combined gas chromatographic/mass spectrometric 
analyses. The metabolites of DMT were identified as indoleacetic acid (IAA), DMT-NO, N-methyl- 
tryptamine (NMT), 2-methyl-1,2,3,4-tetrahydro-B-carboline (2-MTHBC), tryptamine (TA) and 1,2,3,4- 
tetrahydro-8-carboline (THBC). DMT-NO was metabolized to give DMT, NMT, IAA and 2-MTHBC. 
Formation of these metabolites from DMT-NO was stimulated by anaerobic incubation. Mechanisms 
for the formation of B-carbolines from DMT and DMT-NO are discussed. The effects of the monamine 
oxidase inhibitor iproniazid phosphate on DMT metabolism were also studied. Iproniazid inhibited the 
formation of IAA from DMT by 83 per cent. However, the formation of NMT and DMT-NO was 
inhibited by 90 per cent under these conditions. Thus, the reported extension of half-life and potentiation 
of DMT behavioral effects by iproniazid may be due to inhibition of NMT and DMT-NO formation 
rather than inhibition of monoamine oxidase. A cyclic pathway for the synthesis and metabolism of 
DMT in brain tissue is proposed. 


In 1952, Osmond and Smythies [1] proposed the in 
vivo synthesis of mescaline-like hallucinogens as a 
factor in the etiology of schizophrenia. Following 
the discovery of enzymes which catalyze the O- and 
N-methylation of catecholamines as well as indole- 
amines [2], this endogenous hallucinogen hypothesis 
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was extended to include the in vivo formation of 
indole-containing hallucinogens, such as N,N- 
dimethyltryptamine (DMT, I, Fig. 1) [3, 4]. Indole- 
N-methyltransferases (INMT), utilizing S-adenosyl- 
methionine (SAM) as their methyl source, have since 
been identified in human lung, brain, blood and 
cerebrospinal fluid [5], and subsequent analyses have 
led to the identification of DMT in man [6-14]. It 
is now apparent that hallucinogenic compounds such 
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Fig. 1. Compounds referred to in this study. 
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as DMT are, in fact, normal products of human 
metabolism. Thus, interest in DMT has been stimu- 
lated by its pharmacological properties as a hallu- 
cinogenic agent. It is rather unique among the hal- 
lucinegens in that an intramuscular injection takes 
effect in 1-5 min and produces an intense hallucin- 
ogenic state lasting only 30-120 min [15-18]. Fur- 
thermore, several studies have observed that toler- 
ance to the behavior-disrupting effects of DMT does 
not develop [19-21]. One study did obtain tolerance 
in rats by administering DMT every 2 hr for 21 days 
[22]. The rapid metabolism of DMT has been offered 
as an explanation for both its short lasting effects 
and for its failure to elicit tolerance [18]. DMT is 
rapidly cleared from the blood stream (15-30 min) 
and metabolized (20-120 min) in both man and other 
mammals [12, 15, 18, 23-27]. Several investigators 
have concluded that a correlation between either the 
presence and/or levels of DMT and schizophrenia 
has yet to be demonstrated because the compound 
is rapidly metabolized [25,26]. Given the rapid 
metabolism of this compound, measurement of DMT 
alone in vivo may not give an accurate estimation 
of pre-existing levels or the overall rate of synthesis. 

It has been stated that the major routes of DMT 
metabolism in vivo are 6-hydroxylation, N- 
demethylation [15] and oxidation by monoamine 
oxidase (EC 1.4.3.4, MAO) [15, 27-30]. While sev- 
eral studies have demonstrated that the behavioral 
effects and tissue levels of DMT in rats are. poten- 
tiated by pretreatment with the MAO inhibitor 
(MAOI) iproniazid [27-29], other studies have 
shown that DMT is not appreciably metabolized by 


purified preparations of MAO [31, 32] and is, in fact, 
itself an MAOI [33-35]. It has been proposed that 


tetrahydro-B-carbolines (THBCs) may also be 
formed as metabolites of DMT [36, 37]. However, 
the formation of B-carbolines from DMT, either in 
vitro or in vivo, has not been demonstrated. 

Although a pathway for the metabolism of DMT 
has been suggested [24], the actual pathways and the 
relative importance of the enzymes and metabolites 
involved in the metabolism of this endogenous hal- 
lucinogen are still unclear. This is due mainly to the 
fact that the recovery of DMT and its related metab- 
olites in in vivo studies has been quite low (2.7 to 
33 per cent) [12, 13, 15, 23-26] and the in vitro 
metabolism of DMT has been studied in liver hom- 
ogenates only qualitatively [24, 36]. Neither the in 
vive nor the in vitro studies have to date been con- 
cerned with the quantification of relative abundance 
of the individual metabolites formed. The low recov- 
ery of metabolites in the in vivo studies has precluded 
obtaining such information. This lack of information 
is especially true in the case of DMT metabolism in 
mammaiian brain. To date, only one study has been 
conducted on the in vitro metabolism of DMT in 
brain tissue [38]. However, this study was also qual- 
itative in nature. 

The aim of the present study, therefore, was to 
identify and quantitate the metabolites of DMT in 
whole rat brain homogenate. The effects of the 
MAOI iproniazid on the metabolism of DMT were 
also observed. From the data obtained in this study, 
a pathway for the metabolism of DMT in brain tissue 
is proposed. 
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MATERIALS AND METHODS 


Authentic samples of DMT, N-methyltryptamine 
(NMT, II), indoleacetic acid (IAA, III), and 
a,a,B,B-tetradeutero-DMT (DDMT, IV) were pro- 
vided by Professors Fred Benington and Richard 
Morin of this laboratory. A sample of a,a,8,B-tetra- 
deutero-tryptamine (DTA, V) was purchased from 
Merck, Sharpe & Dohme Isotopes, Montreal, Can- 
ada. Samples of 2-methyl-1,2,3,4-tetrahydro--car- 
boline (2-MTHBC, VI), 1,2,3,4-tetrahydro-B-car- 
boline (THBC, VII) and 1,2-dihydro-3,3,4,4- 
tetradeutero-B-carboline (TDBC, VIII) were pre- 
pared from NMT, tryptamine (TA, IX) and DTA, 
respectively, by the method of Ho and Walker [39] 
and were purified by repeated crystallizations from 
absolute ethanol. DMT-N-oxide (DMT-NO, 
X)-H20 was prepared and purified by the method 
of Fish et al. [36]. Heptafluorobutyrylimidazole 
(HFBI) was a gift from the Pierce Chemical Co. 
Rockford, IL. [5--H]DMT was prepared by the New 
England Nuclear Corp., Boston, MA, and had a 
specific activity of 155 mCi/mg. [5-‘-H]DMT-NO (sp. 
act. = 155 mCi/mg) was prepared from [5-*-H]DMT 
by the method of Fish et al. [36]. All other reagents 
were obtained from commercial sources and were 
of the highest available purity. 

Preparation of rat whole brain homogenate. For 
each study, three (3) adult male Sprague-Dawley 
rats (Southern Animal Farms, Prattville, AL) weigh- 
ing between 250 and 300 g each were decapitated 
and the brains were rapidly excised. The pooled 
brains were homogenized in 40 ml of ice-cold 0.32 
M sucrose in 0.20 M phophate buffer, pH 7.4, using 
a glass homogenizer and a Teflon pestle (clearance 
of 0.25 mm). The crude homogenate was diluted to 
100 ml with phosphate buffer, and an aliquot was 
saved for determination of protein. The homogenate 
was used in the incubation assays. 

A second group of three rats was treated with 
the MAOI iproniazid phosphate (100 mg/kg in iso- 
tonic saline, pH 7.4, by intraperitoneal injection) 3 
hr prior to death and work-up as described 
previously. 

Metabolism of DMT in rat whole brain homogen- 
ates. Incubation mixtures contained 1.0ml of 
[5-‘H]DMT (6.0 x 10~*M final concentration, giving 
4.0 x 10’ d.p.m./ml) or 1.0 ml of [5--H]DMT-NO 
(2.7 x 10°* M final concentration, giving 1.7 x 10° 
d.p.m./ml) in phosphate buffer (pH 7.4). Sufficient 
‘cold’ substrate was added from a 1.0 x 10~* M stock 
solution of DMT when a higher concentration 
(2.0 x 10°° M) was studied. Phosphate buffer (pH 
7.4) was added, to a volume of 2.0 ml, and reactions 
were initiated by the addition of 1.0 ml of whole 
brain homogenate which contained, on the average, 
7.2 mg protein/ml, as determined by the method of 
Lowry et al. [40]. Total incubation volumes were 
3.0ml. Anaerobic metabolism was simulated by 
gently passing high purity N2 through the reaction 
mixtures at 4° for 10 min and then sealing the tubes 
with rubber closures. Boiled enzyme blanks were 
used as controls in all studies. 

Incubations were conducted at 37° with gentle 
shaking. To determine the levels of the metabolites 
with time, samples were incubated for 30-, 60- and 
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120-min intervals. The samples were removed and 
immediately frozen at —76°, lyophilized (Virtis 
Unitrap), and the residue extracted with three 1.0- 
ml aliquots of boiling absolute ethanol. The com- 
bined ethanol extracts were concentrated to 1.0 ml 
by a stream of high purity dry N2 and cooled to 0°. 
The samples were centrifuged (Universal Clinical 
Centrifuge) and 100-1 aliquots of the supernatant 
fractions were spotted on thin-layer chromatography 
(t.l.c.) plates (Quantum LOD, silica gel.) Carrier 
DMT, NMT, 2-MTHBC, DMT-NO and IAA were 
concurrently spotted with the samples, and the plates 
were developed by ascending chromatography in 
each of the following equilibrated solvent systems: 
(A) methanol-NH:OH (1.0M), 5:1, and (B) iso- 
propanol-ethyl acetate-NHsOH (conc.), 80:20:4. 
The plates were air dried, and 2-MTHBC was visual- 
ized with ultraviolet light. Indolic constituents were 
visualized by spraying the plates with Erhlich’s 
reagent [41]. Areas corresponding to the appropriate 
compounds were scraped into counting vials and 
eluted with 1.0 ml of absolute ethanol. The remain- 
der of the plate was divided into 1.0-mm sections 
which were similarly scraped and eluted. Scintillation 
mixture (10.0 ml) was added, and the samples were 
vigorously agitated and counted (Packard model 
3375 liquid scintillation spectrometer). The c.p.m. 
values were converted to d.p.m. and then to xmoles 
of product. The overall extraction efficiency of added 
radioactivity was >90 per cent. 

Metabolism of 2.0 x 10-° M DDMT. In order to 
confirm product identification using g.c./m.s., incu- 
bations of 2.0 x 10-° M DDMT were also conducted 
in whole rat brain homogenates obtained from 
animals which had not been pretreated with ipron- 
iazid phosphate. The incubations were conducted as 
described above, except samples were withdrawn 
only after the 120-min time interval. To determine 
the contribution of HCHO to the formation of the 
THBC’s, identical incubations were conducted in the 
presence of 1.0 x 10~-* M dimedone, which served 
as a HCHO trap. The samples and boiled enzyme 
blanks following incubation were placed in ice and 
1.0 ml of 70% HClO; was added. These were cen- 
trifuged (Universal Clinical), to remove precipitated 
protein, and the supernatant fractions were 
decanted. The pH of the samples was adjusted to 
12 in an ice bath by the addition of 45% KOH and 
centrifuged to remove precipitated KC1O,. The basic 
aqueous phase containing DMT and its metabolites 
was then extracted with two 6.0-ml aliquots of 
CH2Cl. The pooled organic layer was dried with 2.0 
g of Na2SO, and evaporated in three portions in a 
15 ml conical flask. The resulting residue was deri- 
vatized with HFBI to prepare the corresponding 
heptafluorbutyryl (HFB) derivatives of the products 
[42]. This method did not extract IAA or DMT-NO 
and, thus, the formation of these compounds could 
not be confirmed by this technique. The extraction 
efficiency for DMT, NMT, TA, THBC and 2- 
MTHBC is 90 per cent using this method [43-45]. 
In order to further identify DMT-NO, two additional 
solvent systems were utilized [chloroform—meth- 
anol-NHsOH (conc.), 60:10:1 and n-butanol-acetic 
acid (glacial)—water, 8:1:1]. The N-oxide was also 
identified by reacting the eluted sample from the 
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thin-layer chromatography plates, corresponding to 
the Ry for DMT-NO, with zinc and acetic acid [36]. 
The reduced N-oxide was rechromatographed in the 
previously described solvent systems and identified 
as DMT. 

Gas chromatographic/mass spectrometric (g.c./ 
m.s.) identification of the metabolites of DDMT from 
whole rat brain homogenate extracts. Authentic ref- 
erence standards of DMT, DDMT, NMT, TA, 
DTA, 2-MTHBC, THBC and TDBC were quanti- 
tatively converted to their corresponding HFB 
derivatives [42-45] for g.c./m.s. analysis. The 
g.c./m.s. chracteristics of these compounds were 
determined using a Hewlett Packard 5985 GC/MS 
equipped with a data analysis system. The g.c. was 
conducted on a Supleco 4’, 2 mm internal diameter, 
glass column containing 2% SP-2250 on 100-200 
mesh Chromasorb-W-HP. A stepped temperature 
program was used to obtain efficient separation; 150° 
initial T rise increased to 30°/min to 250°. High purity 
helium was used as the carrier gas and a flow rate 
of 40 ml/min was maintained throughout the run. 
Electron impact (EI) mass spectra of the compounds 
studied were recorded by total ion (TI) monitoring 
of the effluent and were characterized with respect 
to their base peaks (normalized to 100 per cent) and 
other prominent secondary mass fragments. 

The retention times were recorded for each com- 
pound and the chosen mass fragments were moni- 
tored in the selected ion monitoring (SIM) mode to 
determine the ratios of the selected ions. The mass 
spectrometer was tuned daily, using the m/e peaks 
69.0, 219.0 and 502.0 atomic mass units (amu) of the 
calibration standard perfluorotributylamine for the 
EI-TI studies. For the SIM studies, the instrument 
was detuned for the 69.0 peak to maximize the 
sensitivity at the lower mass ranges. Reference stan- 
dards were examined in the SIM mode, recording 
retention times and ion ratios, prior to and following 
injection of the derivatized rat brain extract. The 
2.0 x 10°° M solution of DDMT used in the incu- 
bation was also assayed by this method to assure 
purity of the sample. 


RESULTS 


The results of the metabolism assays for [5- 
3HJDMT and [5--H]DMT-NO following a 30-min 
incubation period are presented in Table 1. The R; 
values for the solvent systems used in this study are 
presented in Table 2. 

Incubation of 6.0 x 10°* M [5-*H|DMT for 30 min 
with rat whole brain homogenate yielded IAA, 
NMT, 2-MTHBC and DMT-NO as metabolites. The 
major metabolite was IAA. Incubation of DMT at 
a higher concentration (2.0 x 10°’ M) also gave 
IAA, NMT, 2-MTHBC and DMT-NO as metab- 
olites. However, at this concentration DMT-NO was 
the major metabolite at 30 min. 

When 6.0 x 10-* M [5--H]DMT was incubated 
with whole brain homogenate obtained from rats 
pretreated with the MAO inhibitor iproniazid, [AA 
formation was inhibited by 83 per cent. However, 
the formation of both NMT and DMT-NO was 
inhibited by 90 per cent and no 2-MTHBC was 
detected. 
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Table 1. Metabolites formed in 30-min incubations of [5-‘H]DMT and DMT-NO in whole rat brain homogenates 





Iproniazid 
pretreatment 


Concn 


Substrate (M) 


Aerobic or 
Anaerobic 


Metabolites 
(umoles/min/mg protein x 10°) 


2-MTHBC NMT DMT DMT-NO IAA 





6.0 x 10 No 
6.0 x 10° Yes 
2.0 x 10> No 
27x 10° No 
2.7 x 0 No 


[S--H]DMT 


[S--H]DMT-NO 


Aerobic 
Aerobic 
Aerobic 
Aerobic 
Anaerobic 


0.79 
0.00 
0.06 
0.09 
1.00 


1.22 
0.12 
10.90 
0.92 
2.50 


1.85 
0.19 
33.00 





Table 2. Solvent systems for thin-layer chromatographic analyses of DMT and DMT-NO metabolites 





Compound and Ry 





Solvent systems 


DMT-NO 


DMT NMT IAA 2-MTHBC 





Methanol, NHsOH (1 M), 5:1 
Isopropanol, ethylacetate, NHsOH 
(conc.), 80:20:4 

Chloroform, methanol, NHsOH 
(conc.), 60:10:1 

n-Butanol, acetic acid (glacial), 
water, 8:1:1 


0.74 


0.09 


0.42 


0.61 


0.32 0.92 0.26 


0.19 0.14 0.17 
0.52 


0.70 





Incubation of 2.7 x 10~* [5-H]DMT-NO yielded 
IAA, DMT and 2-MTHBC as metabolites. Anaer- 
obic incubation with [5-‘H]DMT-NO as substrate 
stimulated DMT and NMT production, while IAA 
formation remained essentially unchanged. The for- 
mation of 2-MTHBC was also stimulated under these 
conditions. 

The metabolism of [5-‘H]DMT at a concentration 
of 6.0 x 10-° M as a function of time is presented 
in Fig. 2. The formation of all metabolites had 
essentially peaked at or before 30 min with levels of 
NMT, DMT-NO and 2-MTHBC having decreased 
at the end of the 2-hr incubation period. Production 
of IAA continued to increase with time. 

Incubation of 2.0 x 10-° M [5--H]DMT with time 
(Fig. 3) showed that N-oxide formation was maximal 


[DMT] =6.0 x 107® 


10.0 ] 


uMmoles /mg 
protein 


x 10° 








TIME (min.) 


Fig. 2. The metabolism of 6.0 x 10°°M [5H]DMT in 
whole rat brain homogenate as a function of time. 


at or before 30 min and was the major metabolite 
when measured at this time and concentration of 
DMT. Production of NMT peaked at | hr and then 
declined sharply. [AA was the major metabolite at 
the end of this 2-hr incubation period. However, 2- 
MTHBC formation was observed to be still 
increasing. 

For the g.c./m.s. analyses of DDMT metabolism, 
electron impact (EI) mass spectra of the compounds 
studied were recorded as described. The retention 
times were noted and the chosen mass fragments 
were monitored in the selected ion monitoring (SIM) 
mode for the corresponding deuterated metabolites. 
Figure 4 illustrates the retention times and SIM mode 
results for the analyses. The total ion mass spectra 
for TA, DTA, TDBC [44, 45], THBC [44-46], NMT 
[13,47], DMT, DDMT [48] and 2-MTHBC [49] have 
been reported previously. The ions 328.2 and 342.1 
were used to monitor the presence of deuterated TA 
and NMT, while the ion fragments at 145.0 and 115.0 
were used to monitor for deuterated 2-MTHBC. The 
ions 145.0, 372.0 were monitored for the presence 
of TDBC. The ions 60.1 and 131.1 were monitored 
for DMT. Table 3 illustrates the analysis of DDMT 
and its metabolites, showing the correlation of the 
peaks from the extract with the standards. Peaks 
were also compared for ion ratios as a further means 
of positive identification. 

The g.c./m.s. analyses confirmed the findings of 
the experiments using [5-“-H]DMT with the identi- 
fication of deuterated NMT and 2-MTHBC as 
metabolites of DDMT (Fig. 5). However, trace 
amounts of deuterated TA and THBC were also 
identified as metabolites by the g.c./m.s. method, 
having gone undetected in the [5-‘H]DMT assays. 
IAA and DMT-NO were identified by t.l.c. (Table 
2). 
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10.0 


pmoles/mg. 
protein 
x 10° 





[DMT]= 2.0x 107° 








TIME (min.) 


Fig. 3. Metabolism of 2.0 x 107° M [5SH]DMT in whole rat brain homogenate as a function of time. 


Gas chromatographic/mass spectrometric analysis 
of incubation mixtures which contained dimedone 
(Fig. 5) showed that approximately 50 per cent of 
the B-carbolines identified in the assay could be 
accounted for by the condensation of HCHO with 
NMT and TA via a Pictet-Spengler condensation 
[SO]. 

FOR STANDARDS 


TOTAL IONS 


2-MTHBC 





TIME (minutes) 


Fig. 4. Total ion scan for standards used in g.c./m.s. 
analyses. 


DISCUSSION 


The formation of an N-oxide and a secondary 
amine from DMT coincides with the known 
metabolism of many tertiary amines [51]. For 
example, Bickel [52] and Willi and Bickel [53] have 
demonstrated that four simultaneous reactions occur 
in liver microsomes during the metabolism of tertiary 
amines, i.e. N-oxidation, N-oxide reduction, N- 
oxide demethylation and tertiary amine demethyl- 
ation. The findings of our present study of DMT 
metabolism are in agreement with such a metabolic 
process occuring in rat brain. In the first in vitro 
study of DMT metabolism [36], using mouse liver 
homogenate as the enzyme source, DMT-NO was 
identified as the major metabolite. A mitochondrial 
fraction from liver converted DMT to DMT-NO and 
IAA but did not metabolize DMT-NO when this 
compound was used as a substrate. It was concluded 
that the formation of the N-oxide was enzymatic and 
was the major metabolite formed in a crude micro- 
somal preparation from mouse liver. It was further 
concluded that the N-oxide was not an intermediate 
in the oxidative deamination of DMT by mouse liver 
mitochondria. However, it was observed that the N- 


Table 3. Gas chromatographic/mass spectrometric analyses of standards and DDMT and its metabolites 





Retention 
time 
standards* 


Ions 
monitored 


Ion 
ratios 


DDMT metabolism 





Retention time Ion 
of peak Ions ratios 
observed* monitored (%) 





60.1, 131.1 

DTA 342.1, 328.2 
NMT ; 339.0, 326.2 
2-MTHBC Pr 715 
TDBC : & 


DDMT 


5 
3+2:4+4 9.5 


100:8 
100:91 
100:28 
100:15 
100:33:4 


2.0 60.1, 131.1 
4.1 342.1, 328.2 
6 342.17, 328.2 
72 145.14, 115.0 
145.0, 115.0, 372.0 





* Compounds were analyzed as heptafluorobutyryl derivatives. 


+ Ions for tetradeutero-NMT. 
+ Ions for tetradeutero-2-MTHBC. 





1054 


oxide is metabolized to give traces of other indoles 
in whole liver homogenate, but these products were 
not identified. Subsequently, Barker et al. [38] dem- 
onstrated that DMT-N-oxide is metabolized in rat 
liver microsome preparations obtained from animals 
pretreated with iproniazid to yield DMT, NMT and 
HCHO, demonstrating the interconversion of DMT 
and its N-oxide. Szara and Axelrod [24] reported 
that DMT is metabolized in rabbit liver microsomes 
obtained from animals pretreated with iproniazid to 
give TA, NMT, DMT-NO, 6-hydroxy-DMT and 6- 
hydroxy-DMT-NO. The formation of NMT was 
accompanied by the liberation of HCHO. While 6- 
hydroxylation is a recognized pathway of indole 
metabolism in the periphery, it apparently does not 
occur in brain [38, 54]. 

Metabolism of DMT by MAO. With respect to the 
formation of IAA in assays of DMT metabolism, 
both in vivo and in vitro, it is probable that a large 
portion of the IAA arises via the oxidative deami- 
nation of NMT rather than by direct action of MAO 
on DMT. The relative rate of NMT oxidation by 
MAO has been measured as being 9 times greater 
than that for DMT and 280 times greater than that 
for DMT-NO, the N-oxide being essentially resistant 
to metabolism by this enzyme under aerobic con- 
ditions [32,36]. DMT per se is not only a poor 
substrate for MAO [31, 33, 34] but is itself an MAOI 


[33, 34, 55]. In the present study, the formation of 
IAA was inhibited by 83 per cent when 6.0 x 
10°-* M [SH]DMT was incubated with whole brain 
homogenates obtained from rodents pretreated with 


the MAOI iproniazid. However, NMT and DMT- 
NO formation was inhibited by 90 per cent and no 
2-MTHBC formation occured. Accordingly, the 
reported extension of DMT half-life in brain [27, 28] 
and potentiation of its behavioral effects [27-29] 
following iproniazid pretreatment may be due to 
inhibition of the enzymes responsible for demethyl- 
ation as well as N-oxidation of DMT, rather than 
strictly MAO inhibition. 
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Formation of THBCs. Hahn and Ludewig [56] 
first demonstrated the spontaneous condensation of 
tryptamines and aldehydes to form tetrahydro-f-car- 
bolines under physiological conditions. The forma- 
tion of 2-MTHBC and THBC in vitro has been 
demonstrated repeatedly in incubations of the 
methyl! donors 5-methyl-tetrahydrofolate (S-MTHF) 
and SAM with NMT and TA, respectively [5]. The 
formation of the B-carbolines occurs via the enzy- 
matic formation of HCHO from either methyl donor. 
The HCHO thus formed condenses non-enzymati- 
cally with the indole substrates NMT and TA via a 
Pictet-Spengler reaction [50]. This mechanism is 
supported by the fact that semicarbazide trapping 
of HCHO produced from the methyl donors elim- 
inates the formation of THBCs in vitro [57]. The 
present study has demonstrated the in vitro forma- 
tion of 2-MTHBC and trace amounts of THBC dur- 
ing the metabolism of DMT. These compounds may 
have resulted from the condensation of the other 
DMT metabolites, NMT, trace amounts of TA, and 
HCHO. Free HCHO is produced during incubations 
of DMT with rodent brain [38] and liver fractions 
[24, 38]. In the present study, addition of dimedone 
to the DDMT metabolism assays did decrease, 
although not eliminate, the formation of 2-MTHBC 
and THBC, indicating that a portion of the THBCs 
was formed via non-enzymatic condensation of NMT 
and TA with HCHO. However, the possibility that 
THBC may also be formed via the demethylation 
of 2-MTHBC must also be considered. 

It is of interest to note that, mechanistically, inter- 
mediates in the formation of THBCs from an amine 
and HCHO and those proposed in the demethylation 
of tertiary amines, by either direct C-hydroxylation 
or N-oxide rearrangement, are identical (Fig. 6). 
Thus, the elimination of HCHO is not necessarily 
a prerequisite in the formation of THBCs from 
DMT. Both mechanisms lead to the formation of an 
iminium ion which can cyclize to form tetrahydro- 
B-carbolines. 
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Fig. 5. SIM scans of DDMT and DDMT plus dimedone metabolism assays. 
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Fig. 6. Mechanisms for the demethylation of tertiary amines and tertiary amine N-oxides illustrating 
the intermediates which are identical with those proposed in the Pictet-Spengler reaction. 
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Fig. 7. Mechanisms for the biomimetic reactions of tertiary amine N-oxides under reductive conditions. 
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Fig. 8. Proposed pathway for DMT synthesis and metabolism in brain tissue. ADH = aldehyde 
dehydrogenase. 
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Metabolism of DMT-NO. The metabolism of 
DMT-NO leads to the formation of 2-MTHBC, 
NMT, IAA and DMT. Since the N-oxide appears 
to be the major intermediary metabolite in in vitro 
incubations [31, 38], it may play a pivotal role in the 
overall metabolism of DMT in vivo. As mentioned 
previously, four reactions are known to occur sim- 
ultaneously during the metabolism of tertiary 
amines, i.e. N-oxidation, N-oxide reduction, tertiary 
amine demethylation, and N-oxide demethylation. 
At present. the relative contributions of these four 
reactions to the metabolism of DMT and DMT-NO 
are not known with any certainty and must await 
further research efforts to answer this question. 

The increased formation of 2-MTHBC, NMT and 
DMT from DMT-NO under anaerobic conditions 
(Table 1) may proceed by mechanisms analogous to 
the biomimetric reactions of N-oxides with reduced 
iron (Fe**) [58-64]. Figure 7 illustrates this mech- 
anism. Ferris et al. [59] showed that the demethyl- 
ation of N-oxides proceeded via the aminium radical 
ion (equation 1) which, in turn, yields a tertiary 
amine (equation 2) and the iminium ion (equation 
3). The iminium ion may then be hydrolyzed (equa- 
tion 4) to a secondary amine and HCHO. This mech- 
anism is identical with those proposed by other 
investigators for the reaction of N-oxides with Fe*” 
[58, 61, 62] under biomimetic conditions. 

Using anaerobic conditions, a large proporiton of 
enzymes would be in their reduced state in vitro. It 
is thus possible that the reduced prosthetic groups 
of microsomal enzyme systems catalyze the forma- 
tion of the aminium radical ion (equation 1, Fig. 7) 
and thus the reduced tertiary amine (equation 2) and 
the iminium ion (equation 3) of DMT. N-oxide 
reduction, for example, is known to occur in vitro 
via the reduced form of cytochrome P-450 [65-67]. 
If an iminium ion is formed with the a-carbon of 
DMT, it could be hydrolyzed to yield indole-3-ace- 
taldehyde and dimethylamine, analogous to equation 
5 (Fig. 7) Ghosal and Mukherjee [68] noted such a 
reaction in the Fe** catalyzed rearrangement of 5- 
methoxy-DMT-N-oxide, where 5 methoxy-DMT, 5- 
methyoxy-NMT, HCHO, 6-methoxy-2-MTHBC and 
5-methoxy-indole-5-acetaldehyde were isolated as 
products. Under ihe appropriate conditions, if DMT- 
NO undergoes such a reactjon in vitro, it may account 
for a portion of the IAA formed from DMT. How- 
ever, the major portion of the [AA most likely arises 
via the oxidative deamination of NMT formed via 
the demethylation of DMT and DMT-N-oxide. 

Furthermore, an iminium ion formed from DMT- 
NO, as in equation 3, would provide an intermediate 
identical with that proposed in the Pictet-Spengler 
reaction [50] (Fig. 6). This intermediate is also pro- 
posed in the Fe** catalyzed rearrangement of other 
indoleamine-N-oxides to  tetrahydro-B-carboline 
compounds [58, 68]. The iminium ion thus formed 
from DMT-NO could then cyclize to form 2- 
MTHBC. The results of the incubation of DMT-NO 
under anaerobic conditions are in agreement with 
the above hypotheses and the mechanisms shown in 
Fig. 7. 

In conclusion, the present study has demonstrated 
that the metabolism of DMT in whole rat brain 
homogenate leads to the formation of DMT-NO, 
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NMT, IAA and 2-MTHBC. Trace amounts of TA 
and THBC are also apparently formed. The major 
end metabolite of DMT is IAA. However, DMT- 
NO and NMT are most likely major intermediates. 
Our results also indicate that administration of the 
MAOI iproniazid to animals prior to the addition 
of DMT to brain homogenates inhibits not only 
MAO but also the enzymes responsible for the for- 
mation of key intermediates in the metabolism of 
DMT, i.e. DMT-NO and NMT. 

Mechanisms for the formation of 2-MTHBC and 
THBC in vitro have been offered. Although the 
inclusion of dimedone in the reaction medium 
inhibited the formation of the B-carbolines from 
DMT, it did not completely eliminate their pro- 
duction, suggesting that the formation of these com- 
pounds may occur by mechanisms other than those 
requiring the dissociation of HCHO in vitro. 

Drawing on the results of the present study and 
those of others in both the biosynthesis and metab- 
olism of DMT, a pathway is proposed (Fig. 8). Since 
DMT may be involved in both normal [43] and/or 
abnormal [3, 4] brain function, the above pathway 
may be useful in studying these two possibilities. The 
idea of a ‘cyclic’ metabolic pathway in the mam- 
malian CNS raises new questions with respect to the 
possible involvement of these compounds in brain 
function. 

Since it has been suggested that DMT as well as 
the B-carbolines [43, 45] may act as neuroregulatory 
agents in the CNS, it is imperative that we understand 
the metabolism of these compounds as completely 
as possible. The identification of THBC as an in vivo 
constituent of rat brain has been reported recently 
[44-46, 69]. THBC and trace amounts of 2-MTHBC 
have also been identified recently in rat adrenal 
glands [69]. 
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Abstract—Several 2,4-pyrimidinedione (uracil) derivatives were evaluated as inhibitors of the pyrimidine 
nucleoside phosphorylases that cleave 5-fluoro-2’-deoxyuridine (FUdR) to 5-fluorouracil. Pyrimidine- 
diones substituted at either N-1 or C-5, or both, markedly inhibited the phosphorolysis of FUdR by 
the uridine—deoxyuridine phosphorylases of Ehrlich ascites and Novikoff hepatoma cells. The most 
potent inhibitors were 5-benzyluracil derivatives substituted with alkoxy groups on the meta-position 
of the benzyl moiety; the most active of these was 5-{[3-(phenylmethoxy)phenyl]methyl}uracil. The 
same derivatives, however, did not inhibit the phosphorolysis of FUdR by the thymidine phosphorylases 
of murine liver, human leukocytes and HeLa (S3) cells. 6-Anilino and 6-(1-naphthylmethylamino) 
derivatives of uracil, which have been shown by others to inhibit the cleavage of FUdR by the thymidine 
phosphorylase activity of Escherichia coli, did not inhibit any of the mammalian thymidine or uridine- 
deoxyuridine phosphorylase activities. By contrast, pyrimidinediones substituted with smaller, non- 
hydrophobic groups at either C-5 or C-6, or both, inhibited the cleavage of FUdR by both the mammalian 
thymidine and uridine—deoxyuridine phosphorylases. The most active of these, 6-aminothymine, was 
also the best inhibitor of thymidine phosphorylase. Our results demonstrate differences in the active 
sites of the various pyrimidine nucleoside phosphorylases, and should provide a basis for the design of 
more potent and specific inhibitors of the nucleoside phosphorylase(s) responsible for the cleavage of 


FUGR in man. 


5-Fluorouracil (FU) and 5-fluoro-2’-deoxyuridine 
(FUdR) inhibit the growth of many transplanted 
rodent tumors [1] and are used in the clinical therapy 
of advanced cancers of the breast and colon [2]. 

In mice, FUdR is more active than FU against 
several transplanted tumors [1] and is a better pre- 
cursor of 5-fluoro-2’-deoxyuridine-5’'-monophos- 
phate, an active form of the drug [3-5]. In the clinic, 
however, FUGR is not much more effective than FU 
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[2], partly because of the rapid degradation of FUdR 
to FU by pyrimidine nucleoside phosphorylases [6, 
7|. Chemical modifications of FUdR designed to 
render the drug resistant to phosphorolytic cleavage 
have not been successful [6, 8], nor have attempts 
to inhibit nucleoside phosphorylase activity with 
other compounds [6, 9, 10]. 

Recently, we investigated the substrate specifici- 
ties of several mammalian pyrimidine nucleoside 
phosphorylases and their cleavage of FUdR.** 
There was an apparent need to distinguish clearly 
between (a) uridine (UR) phosphorylases (EC 
2.4.2.3; UR:orthophosphate _ ribosyltransferases) 
that cleave primarily UR [11-13] and are inhibited 
by 1-(2’-deoxy-B-p-glucopyranosyl)thymine (GPT, 
compound 5, Fig. 1) [14, 15], a specific inhibitor of 
UR phosphorylase that does not inhibit the activity 
of thymidine (TdR) phosphorylases (EC 2.4.2.4; 
TdR:orthophosphate deoxyribosyltransferases), 
which cleave only deoxynucleosides [11], and (b) 
phosphorylases that cleave both UR and TdR, as 
well as 2’-deoxyuridine (UdR) and other deoxynu- 
cleosides [16-18], and are inhibited by GPT. We 
therefore proposed a new definition for the term 
UR-UdR phosphorylase (EC 2.4.2.3.) [18, 19] to 
identify specifically the latter class of phosphorylases. 
By this definition, we concluded that FUdR was 
cleaved to FU by UR-UdR phosphorylase activity 
in Ehrlich ascites cells and Novikoff hepatoma cells 
and primarily by TdR phosphorylases in mouse liver, 
normal human leukocytes and HeLa (S3) cells. 
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Fig, 1, Structures of inhibitors in Table 1. 


In the present study, potent inhibitors of the TdR 
phosphorylase activity of Escherichia coli [20,21] 
and the FUdR phosphorylase activity of Walker-256 
carcinoma cells [19, 22, 23] have been tested, as have 
other 2,4-pyrimidinedione derivatives [10, 14, 24- 
26], for their ability to inhibit the phosphorolysis of 
FUdR by the five mammalian nucleoside phos- 
phorylases mentioned previously. 


MATERIALS AND METHODS 


All chemicals were of analytical grade and were 
purchased from the Sigma Chemical Co., St. Louis, 
MO, unless otherwise stated. Some of the 2,4-pyr- 
imidinedione derivatives were obtained from the 
Drug Development Branch, Division of Cancer 
Treatment, NCI, and these are designated by their 
NSC numbers. FUdR was provided by Hoffmann- 
LaRoche, Inc., Nutley, NJ. 

Cell culture. HeLa (S3) cells and Novikoff hepa- 
toma cells were grown in suspension culture in S- 
MEM medium (Eagle), supplemented with 10% 
heat-inactivated calf serum and 0.1% pluronic acid 
[27]. Media and sera were purchased from the Grand 
Island Biological Co., Grand Island, NY, and plu- 
ronic-F68 was a gift from the BASF Co., Wyandotte, 
MI. The cells were examined routinely for myco- 
plasma with standard methods [28-30], since many 
of these organisms have high nucleoside phosphoryl- 
ase activity [29]; in each instance, the results were 
negative. 

Animal tissues. Ehrlich ascites cells were grown 
in female Swiss/ICR mice (Sprague-Dawley, Mad- 
ison, WI), as reported previously [6]. Mouse livers 
were obtained from non-tumor-bearing animals of 


the same sex and strain; before excision, blood was 
removed by perfusion of the portal vein with an ice- 
cold 0.9% NaCl solution. 

Isolation of human leukocytes. Units of blood were 
drawn from healthy subjects and the erythrocytes 
were removed with 3% dextran in a 0.9% NaCl 
solution at 37°, followed by hypertonic shock [31]. 
The leukocytes, which were harvested by centrifu- 
gation at 800 g for 10 min at 4°, contained from 55 
to 80 per cent mature granulocytes. 

Enzyme isolation and partial purification. Cells or 
tissues were washed twice in ice-cold 0.9% NaCl 
solution and homogenized in 2vol. of a 20mM 
sodium phosphate buffer (pH 8.0) containing 10 mM 
B-mercaptoethanol (Buffer 1). The homogenates 
were centrifuged at 105,000 g for 1 hr at 4° and the 
cytosols were treated with ammonium sulfate 
(Schwarz Mann, Orangeburg, NY). The fractions 
obtained between 33 and 55% saturation were used 
for mouse liver, Ehrlich ascites cells and Novikoff 
hepatoma cells, while those obtained between 0 and 
55% saturation were utilized with human leukocytes 
and HeLa (S3) cells; the precipitates were harvested 
by centrifugation at 16,000 g for 20 min at 4°. The 
pellets were resuspended in Buffer 1 and dialyzed 
against the same buffer for 4hr with four changes 
of the buffer. Protein concentrations were deter- 
mined by the method of Lowry er al. [32], and the 
dialyzed preparations were stored at —22° until used. 
Preparations stored in this manner showed no loss 
of activity over a month. 

Inhibition studies. The phosphorolysis of FUdR 
by the extracts of mouse liver, Ehrlich ascites cells, 
Novikoff hepatoma cells, and HeLa (S3) cells were 
assayed in a 1-ml incubation mixture that contained 
0.1M sodium phosphate buffer (pH 6.4), 2.5 mM, 
B-mercaptoethanol, 1-2 mg protein, and 0.4mM 
FUdR, while the inhibitor was dissolved in dimethyl] 
sulfoxide (DMSO) added to a final concentration of 
either 5 or 10%. Incubations were at 37° for 20 min; 
the formation of FU and a-p-deoxyribofuranose was 
linear with time for up to 20 min for all preparations. 
The reaction was stopped with 1 ml of 10% tri- 
chloroacetic acid, and the precipitates were removed 
by centrifugation. The supernatant fractions were 
assayed for a-D-deoxyribofuranose with the thio- 
barbituric acid reaction [33]. 

The phosphorolytic cleavage of FUdR by extracts 
of human leukocytes was assayed with a radioisotopic 
technique. In 100 ul, the incubation mixture con- 
tained 0.1M sodium phosphate buffer (pH 6.4), 
2.5mM, #-mercaptoethanol, 0.4mM_ unlabeled 
nucleoside (final concentration), 20-200 yg protein, 
the inhibitor in DMSO to yield a final concentration 
of either 5 or 10%, and 1.5 wCi of [6-*H]FUdR (2.5 
Ci/mmole, Amersham Co., Arlington Heights, IL), 
which was shown by thin-layer chromatography to 
be greater than 97 per cent pure. The conditions of 
incubation were the same as those described above, 
and the reaction was terminated by boiling for 2 min. 
[6-H]FU (product) and [6-*H]FUdR (substrate) 
were separated on silica ge! UV2ss Polygram plates 
(Brinkman, Westbury, NJ) with chloroform—meth- 
anol (9:1). Methanol eluates of the u.v.-absorbing 
spots were assayed for radioactivity in a liquid scin- 
tillation counter. 





Pyrimidine nucleoside phosphorylase inhibitors 


Table 1. Inhibition of FUdR phosphorolysis by N-1 or C-5 substituted 2,4-pyrimidinediones* 





Source of uridine—deoxyuridine phosphorylase activity 





Inhibitor 


Ehrlich ascites cells 


Novikoff hepatoma cells 





1-[1,1'-Biphenyl)-3-yl-methyl]uracil 
(NSC 210775) 
1-Methyl-5-benzyluracil 
1-(3-Phenoxypropyl)-5-(phenylmethyl)uracil 
(NSC 210776) 
5-(Phenylthio)uracil 
(NSC 210778) 
1-(2'-Deoxy-B-D-glucopyranosyl)thymine 
(NSC 402666) 
1,5-Dibenzyluracil 
(NSC 210779) 
5-Benzyluracil 
5-(m-Ethoxybenzyl)uracil 
5-{[3-(Phenylmethoxy)phenyl]methy]} uracil 
(NSC 210777) 


[I]so (uM) 





* FUdR (0.4mM), the inhibitor in either 5 or 10% DMSO, and the enzyme were incubated in the 1-ml reaction 
mixture for 20 min. Phosphorolysis was measured by the liberation of a-D-deoxyribofuranose from FUdR, and the 
concentration of the inhibitor required for 50 per cent inhibition of phosphorolysis ([I]so) was determined. 


RESULTS AND DISCUSSION 


The data presented in Tables 1 and 2 show that 
a reduction in the size and changes in the properties 
of substituents at N-1, C-5 or C-6 on the 2,4-pyr- 
imidinedione ring strongly influenced the manner in 
which the activities of the pyrimidine nucleoside 
phosphorylases were inhibited. 

Eight 2,4-pyrimidinedione derivatives, bearing 
hydrophobic or nonhydrophobic substituents at 
either N-1 or.C-5, or both, which have been shown 
by Baker and Kelley [19, 22] to be potent inhibitors 
of the FUdR phosphorylase activity of extracts of 
Walker-256 rat carcinoma cells, markedly inhibited 
the phosphorolysis of FUdR by the UR-UdR phos- 
phorylase activities of our Ehrlich ascites and Novi- 
koff hepatoma preparations, as did GPT (Table 1). 
The most potent of these inhibitors were 5-benzyl- 
uracil derivatives substituted with alkoxy groups on 
the meta-position of the benzyl moiety; the most 


active inhibitor of both enzyme preparations was 
5-{[3-(phenylmethoxy)phenyl]methyl}uracil (com- 
pound 9, Table 1, Fig. 1). 1-(3-Phenoxypropy]l)-5- 
(phenylmethyl)-uracil (compound 3), however, 
which is a derivative of 5-benzyluracil with an alkoxy 
group at N-1, was approximately 24-fold less active 
than compound 9. Baker and Kelley [19, 22] made 
similar observations with these compounds, and sug- 
gested that C-5 and N-1 aralkyi groups cannot bind 
hydrophobically to the enzyme at the same time, 
because the pyrimidine ring rotates to give maximum 
hydrophobic interaction in only one area of the 
enzyme [22]. 

The similarity of the [I]so values for these inhibitors 
against the Novikoff hepatoma and Ehrlich ascites 
preparations (Table 1) indicates that the chemical 
and steric properties of the active sites of these UR- 
UdR phosphorylases are comparable. This proposal 
is supported by the competitive inhibition by 1,5- 
dibenzyluracil [22] of these two pyrimidine nucleo- 


Table 2. Inhibition of FUdR phosphorolysis by C-5 or C-6 substituted 2,4 pyrimidinediones* 





- Source of pyrimidine nucleoside phosphorylase activity 





Novikoff 
hepatoma 
cellst 


HeLa 
(S3) 
cellst 


Ehrlich 
ascites 
cellst 


Human 
leukocytest 


Mouse 


Inhibitor livert 





[I]so( 4M) 
§ 


6-Aminouracil 280 : 350 468 

5-Nitrouracil 200 70 75 200 278 
(NSC 9790) 

6-Amino-5-bromouracil 130 350 290 46 88 

6-Aminothymine 27 70 100 17 20 





* See Table 1 for assay conditions. Phosphorolysis in the human leukocyte preparation was 
measured by the cleavage of [6-H] FUdR to [6-H]FU. 

+ FUdR cleaved by TdR phosphorylase activity. 

+ FUdR cleaved by UR-UdR phosphorylase activity. 

§ Less than 10 per cent inhibition at 0.1mM. 





1062 


side phosphorylase activities and a similar ratio of 
K,,/Ki for each enzyme (P. W. Woodman, A. M. 
Sarrif and C. Heidelberger, unpublished data). 

By contrast, none of the compounds listed in Table 
1 inhibited by more than 10 per cent the cleavage 
of FUdR by the TdR phosphorylase activities of the 
extracts of mouse liver, HeLa (S3) cells and human 
leukocytes, even when tested at concentrations of 
up to 0.1 mM. These findings indicate large differ- 
ences between the bulk tolerances and hydrophobic 
bonding regions of the active sites of these UR-UdR 
and TdR phosphorylases and, in particular, those 
regions proximal to the N-1 and C-5 positions of the 
pyrimidinedione ring. 

The introduction of bulky, hydrophobic substi- 
tuents at C-6 of uracil disclosed differences between 
the chemical and steric properties of pyrimidine 
nucleoside phosphorylases from prokaryotes and 
eukaryotes. 6-Anilino and 6-(1-naphthylmethylam- 
ino) derivatives of uracil, which were shown by Baker 
et al. {20, 21] to be highly potent inhibitors of the 
TdR phosphorylase activity of EF. coli, failed to 
inhibit by more than 10 per cent (at 0.1 mM) the 
phosphorolysis of FUdR by either the TdR or UR- 
UdR phosphorylase activities of our five mammalian 
preparations (data not shown). The compounds 
studied were: 6-[(2,3-dimethylphenyl)amino]uracil 
(NSC 210500), 6-[2,4-dimethylphenylamino]uracil 
(NSC 210521), 6-[(2,3-dichlorophenyl)amino]uracil 
(NSC 210497), 6-[(6,7-dichloro-1-naphthaleny!)- 
methylJuracil (NSC 210774) and 6-{[6,7-dimethyl-1- 
naphthalenyl)methyl]amino}uracil (NSC 210773). 
Our findings are comparable to those of Baker and 
Kelly [25], in which these inhibitors were bound up 
to 900 times less effectively by the TdR phosphoryl- 
ase activity of rabbit liver than by the E. coli enzyme. 
Moreover, these results support the hypothesis 
[25, 26] that the hydrophobic bonding regions adja- 
cent to the active sites of these enzymes have under- 
gone marked evolutionary changes between species. 
The importance of using mammalian pyrimidine 
nucleoside phosphorylases, ideally human, to evalu- 
ate potential inhibitors of these enzymes for clinical 
use is emphasized by these findings. 

The introduction of smaller and less hydrophobic 
substituents on C-6 or C-5, or both, of uracil pro- 
duced the inhibition of both TdR and UR-UdR 
phosphorylase activities in our mammalian prep- 
arations (Table 2). 6-Aminouracil [25,26] was a 
weak inhibitor of TdR phosphorylase activity, but 
this inhibition was increased up to 8-fold by the 
introduction of bromine on C-5; moreover, the latter 
compound (6-amino-5-bromouracil) [10] produced 
some inhibition of UR-UdR phosphorylase activity 
(Table 2). The introduction of 6-NH2 on thymine 
produced an even more potent inhibitor (6-amino- 
thymine) of TdR phosphorylase activity that could 
also inhibit UR—UdR phosphorylase activity, but to 
a lesser degree (Table 2). Similar results for these 
derivatives have been reported previously by Langen 
et al. [10] for the inhibition of TdR phosphorylase 
activity of horse liver. By contrast, 5-nitrouracil [25] 
inhibited UR-UdR_ phosphorylase activity to 
approximately the same degree as 6-aminothymine, 
but was considerably less active against TdR phos- 
phorylase (Table 2). These findings suggest that sub- 
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stitution on both C-5 and C-6 with either small elec- 
tron-withdrawing groups or those capable of 
hydrophobic bonding or both could be used in the 
design of a more potent inhibitor of TdR phos- 
phorylase activity. 

To inhibit the phosphorolysis of FUdR and 
enhance the chemotherapeutic efficacy of the drug 
in man, it will be important to determine which of 
the pyrimidine nucleoside phosphorylases are pri- 
marily responsible for the cleavage of FUdR. Of 
those normal and neoplastic human tissues studied 
so far, the activity found is predominantly that of 
TdR phosphorylase [34, 35]. If further investigations 
extend this observation, the present data will be used 
to guide the design of more potent and more specific 
inhibitors of this phosphorylase. 
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SHORT COMMUNICATIONS 


Effects of two biodegradable 1,1,1-trichloro-2,2-bis (p-chlorophenyl)ethane (DDT) 
analogs on cockroach ATPases* 


(Received 10 August 1979; accepted 24 October 1979) 


The precise action of p,p,'’-DDT? at the molecular level 
remains unclear [1], and evidence for its effect on nerve 
axons [2,3] apparently does not relate to its inhibitory effect 
on Mg** ATPases found in several studies [4-7]. Yet, 
symptomatology in treated insects is neuromuscular, with 
prolonged muscle tumours as well as trains of increased 
action potentials in nerves [8]. Related to these effects is 
the evidence that mitochondrial Mg** ATPase, an energy- 
regulating portion of the ATPase system [9,10], is inhibited 
by several DDT analogs having various structural configur- 
ations. The importance of studying the effects of analogs 
lies in the fact that evidence may be assembled from discrete 
structural alterations to provide an analysis of adverse 
biochemical effects at a more precise molecular level. In 
addition, a possible guide for synthesis of biodegradable 
analogs of DDT may result. 

Our previous reports were on two asymmetrical biode- 
gradable analogs of DDT having the aliphatic moiety of 
the molecule identical to p,p’-DDT [4], alterations being 
on the aromatic portion. The effects on the ATPases were 
less pronounced than with DDT, but qualitatively similar 
in that oligomycinsensitive (O-S) Mg’* ATPase was 
inhibited to the greatest extent. The present study compares 
two additional analogs having structural alterations in the 
aliphatic moieties only. These modifications have been 
important considerations in describing the mode of action, 
and will be presented in the discussion. 

Both compounds are insecticidally active but have low 
mammalian toxicity [11,12]. One, monochlorinated, is 1,1- 
bis(p-ethoxyphenyl)-2-chloropropane. The second, non- 
chlorinated, is 1,1-bis(p-ethoxyphenyl)-2-methylpropane. 
Their structure—activity relationships have been studied 
with several species [11,12]. 

The ATPase enzyme from muscle of male American 
cockroaches was prepared by the procedure of Koch [13]. 
Brains of both sexes were frozen in liquid nitrogen and 
stored for a few days before being homogenized and sub- 
jected to appropriate centrifugation procedures for isola- 
tion of mitochondria. Tissues once frozen averaged some- 
what higher (10-20 per cent) in total ATPase activity than 
fresh preparations, but had consistent activity values. 
Enzyme activity was determined according to the continu- 
ous procedure described by Pullman er al. [14] and Fritz 
and Hamrick [15]. Protein determination was by the 
method of Lowry et al. [16]. 

A 3-ml reaction mixture employed for the enzyme assay 
consisted of 100 mM Na*, 20 mM K*, 5 mM Mg”*, 135 mM 
imidazole buffer (pH 8.5), 4.3 mM ATP, 0.14mM NADH, 
0.5 mM phosphoenol pyruvate, 0.02% bovine serum albu- 
min, approximately 9 units of pyruvate kinase, 12 units of 
lactic dehydrogenase and 100 ul of enzyme preparation. 
The protein content was between 15 and 20 4g/100 ul hom- 
ogenate. Absorbance changes were measured at 340 nm 





* Paper No. 10,825 Scientific Journal Series, Institute of 
Agriculture, University of Minnesota, St. Paul, MN 55108, 
U.S.A. 

+ DDT = 1,1,1-trichloro-2,2-bis(p-chorophenyl)ethane. 


using a Beckman DU spectrophotometer provided with 
thermostatic control. 

Total ATPase activity was measured with Mg** , Na* and 
K* in the reaction mixture. Mg’* ATPase was measured 
using 1mM ouabain in the reaction mixture, the latter 
being a specific inhibitor of Na*-K* ATPase [17]. Na*- 
K*ATPase activity is total activity minus Mg’* ATPase 
activity. Mg”* was further differentiated into oligomycin- 
sensitive and oligomycin-insensitive portions by adding 1 
ul of an ethanol solution of oligomycin (0.03 wg) per ml 
of reaction mixture [18]. The oligomycin-sensitive portion 
is designated as mitochondrial Mg’*ATPase, or O-S 
Mg’* ATPase. 

The compounds, [A], _ 1,1-bis(p-ethoxyphenyl)-2- 
chloropropane, and [B], 1,1-bis(p-ethoxyphenyl)-2-methyl- 
propane, were dissolved in ethanol, using 1 yl of solution 
in 3 ml of the reaction mixture for the ATPase test, and 
agitated immediately. Ethanol had no effect on the enzyme 
system at this concentration. 

Inhibiton was determined at pH 8.5, the optimum for 
Mg’* ATPase [19]. Specific activity values for Na’* ATPase 
were approximately 30 per cent lower than at pH 7.5, but 
inhibition values could be determined accurately. 

Both DDT analogs, like DDT, reduced the specific 
activity of O-S Mg”* ATPase in brain and muscle hom- 
ogenates of the American cockroach. In brain homogen- 
ates, 50 per cent reduction was obtained with a 6.7 uM 
concentration of compound A and a 9.7 uM concentration 
of compound B, a non-significant difference (Fig. 1). The 
enzyme sensitivity was eight to ten times greater to DDT, 
the Iso being 0.84 mM (Fig. 2). 

O-S Mg”* ATPase has a higher specific activity in muscle 
homogenates, and its inhibition in coxal muscle by DDT 
has generally been greater than in nervous tissue [4]. Com- 
pound B was a stronger inhibitor in muscle (Iso = 2.25) 
(Table 1) than in brain preparations (Iso = 9.7) (Fig. 1) and 
was more effective than compound A with muscle homo- 
genates. Inhibition by both compounds at 17° was not 
significantly different than at 37° (Table 1). DDT has been 
shown to be more effective at the lower temperature using 
muscle homogenates [5], and a similar negative tempera- 
ture effect was determined for brain homogenates in this 
study (Fig. 2). The Iso values were 0.27 mM and 0.84 mM 
at 17° and 37° respectively. 

Oligomycin-insensitive Mg?*ATPase from muscle was 
far less sensitive than O-S Mg** ATPase to all three com- 
pounds. The greatest effect with the analogs occurred with 
compound B at 17°, which gave 50 per cent inhibition at 
slightly less than 10 «M. Compound A had an insignificant 
effect on oligomycin-insensitive Mg’* ATPase at both tem- 
peratures. Results are given for 17° in Table 2; the com- 
pounds were ineffective at 37°. The specific activities of the 
controls (untreated) were lower in comparisons using Com- 
pound B (Tables 1 and 2). The reason for this is not clear 
except that they were done at an earlier time with a different 
sample of BSA (bovine serum albumin) which was used 
to standardize the protein determinations. 

The results provide further evidence for DDT and its 
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Fig. 1. Comparative inhibition of O-S Mg** ATPase from American cockroach brain by compounds A 
and B at 37° and pH 8.5. Specific activity values of controls (untreated) were 29.07 + 2.75 and 37.59 + 


0.77 umoles Pi mg"! Protein hr 


analogs acting most precisely on mitochondrial 
Mg’* ATPase at nanomolar concentrations, and having no 
significant effect on Na*-K* ATPase. This qualitative simi- 
larity of effect is distinctly different from less specific actions 
of cyclodiene compounds such as aldrin, dieldrin, isodrin 
and endrin [7], and the chlorinated compound lindane. 
The effectiveness of the compounds on O-S Mg”* ATPase 
is less than that of p,p’-DDT and overall the effectiveness 
of compounds A and B (symmetrical, but with altered 
aliphatic moieties) in the present study was less than that 
of analogs 1 and 2 [4] in which asymmetrical molecules 
with aliphatic moieties identical to DDT were evaluated. 
The differences are small, however, and one cannot, with- 
out additional compounds, arrive at an explanation of 
differences in configuration which might support the con- 
cept, involving electron-withdrawing groups as aromatic 


' respectively. Iso values did not differ significantly. 


substituents, discussed by Holan [20] and Metcalf [21]. 

Two additional comparative areas deserve mention. 
Toxicity values, more complete on the mosquito, Culex 
fatigans, also show small differences, with DDT and com- 
pound B being slightly superior. The present enzyme study 
also showed a somewhat greater effect from compound B. 

In support of the importance of the enzymatic effects as 
contrasted or related to neurotoxic effects [2,3], one must 
keep in mind that insect symptoms produced by DDT and 
analogs include tremors with a neuromuscular pattern. 
Such disturbances could certainly | be the result of an 
imbalance of mitochondrial Mg-*ATPase involved in 
energy regulation in muscle tissues and does not rule out 
adverse neurophysiological effects. 

The two symmetrical biodegradable analogs of DDT, 
nearly equal in insecticidal activity, produced qualitatively 


Table 1. Per cent inhibition of O-S Mg** ATPase in American cockroach coxal muscle tissue 
homogenates by DDT analogs A and B* 





Per cent inhibition of O-S Mg** ATPase 





Conc. 





(uM) 37° 





17° 





0.25 
0.50 
1.75 38. 
3.30 5 
6.67 
10.00 
16.17 
33.00 


50.5 + 1.78 
59.2 + 14.3 


4 
4 41.6 + 1.89 
a7 43.9+5.11 


28.3 + 1.19 


43.0 + 3.5 
41.9+3.5 
60.5 + 0.5 
64.1+1.9 
66.5 + 3.0 


NM NM Wh 
CMSA 


WANS 
AIG 
SwWwWWwWe 
I+ I+ I+ I+ 


47.9 + 4.08 
45.1 + 4.33 





Iso 11.4 


>33.0 


1.90 
(0.89 — 3.10) 


A2o 
(1.15 — 3.24) 





Sp. act. 13. 16+ 0.74 


152.74 + 5.17 


6.88 + 2.8 61.9 + 3.4 





* Tested at pH 8.5 and temperatures of 17° and 37°. Specific activity = 


protein hr '. 


pmoles P; mg ' 
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Fig. 2. Per cent inhibition of O-S Mg**ATPase from 

American cockroach brain by p,p’-DDT at two tempera- 

tures, 17° and 37° and at pH 8.5. Specific activities of 

controls were 2.34+0.19 (17°) and 29.07 +2.75 (37°) 

umoles P; mg ' protein hr ' respectively. Differences in 

inhibition were statistically significant at the Iso and Ios 
points. 





similar effects on the ATPase enzyme system. They were, 
however, about ten times less effective, and did not have 
a greater effect at a temperature of 17° than DDT. The 
most effective of the compounds was non-chlorinated, sup- 
porting the importance of considering structural configur- 
ation in analyzing modes of action. 
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Table 2. Per cent inhibition of oligomycin-insensitive 
Mg’* ATPase in American cockroach muscle tissue hom- 
ogenates by DDT analogs A and B* 





Percent inhibition oligomycin- 
insensitive Mg~* ATPase 





Coxal muscle 





A 





4.76 + 1.73 


18.78 + 3.68 
12.38 + 6.09 


74.84 + 12.18 





2.53 + 0.94 
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* Tested at pH 8.5 and at 17°. Specific activity = wmoles 
Pi mg ' protein in hr’. 
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Short communications 


Metabolism of d-limonene by hepatic microsomes to non-mutagenic epoxides 
toward Salmonella typhimurium 


(Received 24 October 1979; accepted 6 December 1979) 


d-Limonene, a major component in many essential oils of 
Citrus fruits, has been demonstrated in man and in some 
other species of animals to be converted into two glycols, 
one of which is d-limonene-8,9-diol [2-(4'—methyl-3'— 
cyclohexere-1 '—yl)—1,2—propanediol] as the major meta- 
bolite, and the other, d-limonene-1,2-diol{1-methyl—4— 
(1’-methylethenyl)—1 ,2-cyclohexanediol] as the minor one 
[1]. Both diols are reasonably supposed to arise from the 
corresponding 8,9-epoxide | |—methyl—4—(1’—-methyl-1’,2’- 
epoxyethyl)—l-cyclohexene] and 1,2-epoxide [l—methyl- 
4-(1’-methylethenyl)—7—oxabicyclo(4.1.0)heptane] yield- 
ed from d-limonene by the catalytic action of hepatic micro- 
somal P-450, as has already been established in the hepatic 
microsomal metabolism of a variety of olefins [2-8]. Atten- 
tion has recently been focused on the genotoxic role of 
epoxides formed as obligatory or putative intermediates in 
the oxidative metabolism of naturally occurring ethylenic 
compounds, e.g. aflatoxins [9-11] and other mycotoxins 
[12,13], pyrrolizidine alkaloids [13,14] and safrole [15]. In 
connection with this, many synthetic ethylenic compounds, 
such as chlorinated ethylenes [16], n-l-hexadecene [17], 
and styrene [8,18], as well as aromatic hydrocarbons [19,20] 
have also been demonstrated to be metabolized by hepatic 


microsomal P-450 or P-448 to mutagenic or carcinogenic 
epoxides. We have had more chances to detect mutagenic 
compounds readily since the Ames method [21] using Sal- 
monella typhimurium TA strains was introduced. Conse- 
quently, a large number of epoxides proved to be mutagenic 
toward these bacteria [22]. However, we have obtained 
still only poor evidence for the relationship between epox- 
ide structures and their mutagenicities, although the work 
of Wade et al. [23] has very recently provided valuable 
information on this problem. In view of environmental 
toxicology of foods, therefore, that raises a fundamental 
question about the safety problem on Citrus fruits con- 
taining d-limonene, whether the predicted epoxy-precur- 
sors of the previously isolated urinary metabolites, d-limo- 
nene—1,2— and 8,9-diols, are mutagenic or not. In this 
communication, we wish to report the isolation of 1,2— and 
8,9-epoxides of d-limonene and their conversion to the 
1,2— and 8,9-diols by rat liver microsomes. Evidence will 
be provided that the epoxides are non-mutagenic toward 
several Salmonella typhimurium TA strains. 

For the isolation and identification of the double bond- 
oxygenated metabolites of d-limonene in the liver, the 
terpene was incubated with microsomes prepared from 
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Fig. 1. Oxidation of d-limonene double bonds by rat liver microsomes. d-Limonene and 4-vinyl-1- 

cyclohexene (2 mM each) were incubated at 37° for 20 min with rat liver microsomes (7 mg protein/ml) 

in the presence of an NADPH-generating system consisting of NADP (0.5 mM), glucose 6-phosphate 

(S mM), glucose 6-phosphate dehydrogenase (1 IU/ml), nicotinamide and magnesium chloride (5 mM 

each). The substrates were added as acetone (2%) solutions. TCPO (2 mM) was dissolved in this 
solution when added. 
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male Wistar rat liver. The reaction was terminated by the 
addition of sodium hydroxide, and the mixture extracted 
with n-pentane for the isolation of epoxides. Following 
saturation with sodium chloride, the residual aqueous phase 
was extracted with ethyl acetate for the isolation of diols. 
The extracting solvents, n-pentane and ethyl acetate, con- 
tained B-methyl styrene and biphenyl, respectively, as 
internal standards for subsequent analysis of metabolites 
by gas chromatography—mass spectrometry (g.c.—m.s.). 
The petroleum extract contained both position isomers of 
d-limonene epoxides which appeared at retention times of 
7 and 9 min in the gas chromatogram obtained on a 2% 
OV-1 column (3 mm xX 2 m; 90°; 36 ml/min He) and were 
assigned by their mass spectra as d-limonene 1,2-epoxide 
and 8,9-epoxide, respectively. The epoxides were identified 
with authentic specimens synthesized by the method of 
Carlson et al. [24], which were separated and isolated on 
an octadecylsilicone column in methanol—water (11:9) by 
high performance liquid chromatography (h.p.|.c.). Under 
the h.p.I.-chromatographic conditions used, d-limonene 
1,2-epoxide and 8,9-epoxide appeared as sharp single peaks 
at retention times of 16 and 19 min, respectively. The 
solvent was evaporated very mildly from the ethyl acetate 
extract, and the residue obtained was trimethylsilylated 
with hexamethyldisilazane and trimethylsilyl chloride in 
dry pyridine. The trimethylsilylated extract was also ana- 
lyzed by g.c.—m.s. under the above-mentioned conditions, 
except that the column temperature was raised to 110°. In 
the chromatogram, an intense single peak appeared at 22 
min, which was classified as di-trimethylsilyl ether of d- 
limonene-8 ,9-diol by the mass spectrum and identified 
with the authentic specimen derived from d-limonene 8,9- 
epoxide by acid hydrolysis, followed by trimethylsilylation. 
The isomeric 1,2-diol which had been recognized as a 
minor metabolite in vivo [1] also appeared as a very weak 
peak at 10 min in the gas chromatogram. Rates of formation 
(x 10~’nmoles/mg microsomal protein/min) of four d- 
limonene metabolites were 13.3, 16.5, 0.5 and 36.1 for 1,2- 
epoxide, 8,9-epoxide, 1,2—diol and 8,9-diol, respectively. 
The intermediacy of the 1 ,2— and 8 ,9-epoxides in the micro- 
somal transformation of d-limonene into the 1,2— and 8,9- 
diols was confirmed by the addition of the microsomal 
epoxide hydratase inhibitor, 3,3,3-trichloropropene 1,2- 
oxide (TCPO) to the incubation mixture, i.e. TCPO 
inhibited the formation of both diols to an undetectable 
extent by g.|.c. and accumulated the 1,2— and 8,9-epoxides 
in the biological reaction mixture. 

The very low yield of d-limonene-1,2-diol in the micro- 
somal metabolism of d-limonene was reasonably inter- 
preted by the remarkable difference in rates of hydrolysis 
of the 1,2— and 8,9-epoxides by liver microsomal epoxide 
hydratase. Incubation of d-limonene 1 ,2— and 8,9-epoxides 
(2 mM each) with rat liver microsomes (0.075 mg pro- 
tein/ml) in 0.1 M phosphate buffer, pH 7.4, without any 
fortifying agents yielded the corresponding diols. Rates of 
formation of the 1,2-diol and 8,9-diol were 0.6 and 75 
nmoles/mg protein/min, respectively. The results are sum- 
marized in Fig. 1. 

It is of interest that epoxidation of the d-limonene double 
bonds by hepatic microsomal P-450 occurs preferentially 
at the 8,9-position, although the |,2—position is known to 
be epoxidized much more readily by chemical epoxidizing 
agents such as organic peracids [24]. This fact would be 
attributable to the steric hindrance effect of the 7—methyl 
group attached to the 1,2-double bond on the interaction 
of the d-iimonene molecule with the active site of P-450. 
In order to confirm this assumption, racemic 4—vinyl-1- 
cyclohexene, whose 1,2-double bond is also known to be 
mo: susceptible to chemical epoxidation that its vinyl 
group, was used as the substrate for the microsomal epox- 
idation. After the incubation under the same conditions as 
used in the microsomal metabolism of d-limonene, followed 
by g.c.-m.s. of n-hexane and ethyl acetate extracts, the 
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latter of which was trimethylsilylated before analysis, 4— 
vinyl-1—-cyclohexene was found to yield 43.9 x 10°? and 
18.5 x 10°? nmoles/mg protein/min of 4-vinylcyclohexane- 
1,2-diol and 4~(1',2'—dihydroxyethyl)—I-cyclohexene, 
respectively. However, no detectable amount of its epox- 
ides was found in the mixture (Fig. 1). Addition of TCPO 
(2 mM) completely inhibited the formation of both glycols 
and accumulated 4—vinyl—-1-cyclohexene 1,2-epoxide and 
4-(1’,2’-epoxyethyl)—-1-cyclohexene. This indicates the 
glycols from 4-vinyl—1-cyclohexene by microsomes to arise 
from its epoxides as intermediate precursors. 

The epoxides used as substrates were hydrolyzed by 
microsomal epoxide hydratase to the corresponding glycols: 
rates of hydrolysis were 11.6 and 144.5 nmoles/mg micro- 
somal protein/min for 4—vinyl-1—-cyclohexene 1,2-epoxide 
and 4-(1’,2’-epoxyethyl)-l-cyclohexene, respectively. 
Therefore, it appears that in the less hindered bifunctional 
olefin, 4~vinyl-1—cyclohexene, the more oxidizable double 
bond is the more susceptible to the enzymatic epoxidation. 
The fact that the epoxycyclohexane moieties in the epoxides 
of d-limonene and 4—vinyl—-1—cyclohexene are less suscep- 
tible to enzymatic hydrolysis than their vinylidene epoxide 
ones is coincident with the previously established rule that 
ethylene oxides with more alkyl substituents undergo less 
enzymatic hydrolysis [5,6]. 

Mutagenicity of synthetic d-limonene 1 ,2— and 8,9-epox- 
ides were examined in the absence of a rat liver 9000 g 
supernatant fraction by the method of McCann er al. [25] 
using Salmonella typhimurium TA 100, TA 98, TA 1535, 
TA 1537 and TA 1538. Both the 1,2-epoxide and 8,9- 
epoxide showed no mutagenic activity toward S. typhi- 
murium TA 100 at any dose, but only cytotoxic effects at 
higher concentrations, whereas cyclohexene oxide, 1,2- 
epoxy—n-hexane and styrene oxide had mutagenic activities 
under these conditions (Table 1). 4~Vinyl—1-cyclohexene 
diepoxide, a potent carcinogen to mouse skin [26], was a 
weak mutagen only to strain TA 100. n-Hexadecene 1,2- 
epoxide, also a skin carcinogen [27], however, showed no 
mutagenic activity. 4-Vinyl-l-cyclohexene 1,2-epoxide 
and 4-(1’,2’-epoxyethyl)-1—-cyclohexene were also non- 
mutagenic to this bacterial strain. None of these epoxides, 
however, showed any mutagenic activities toward S. typhi- 
murium TA 98, TA 1535, TA 1537 and TA 1538 at doses 
of 0.1-20 wmoles/plate, although 0.025 pmoles/plate of 
benzo[a]pyrene 4,5—oxide induced the formation of 6064 
His* revertant colonies/plate in strain TA 98 under the 
same conditions. These results indicate it very difficult to 
predict the bacterial mutagenicity of olefin oxides from 
their structures. 

d-Limonene showed no mutagenic activity to any of the 
above-mentioned bacterial strains in the presence as well 
as in the absence of a 9000 g supernatant fraction of a liver 
homogenate from rats pretreated with PCB. 
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B-Diethylaminoethyldiphenylpropylacetate (SKF 525-A) and 2,4-dichloro-6- 
phenylphenoxyethylamine-HBr (DPEA) inhibition of fatty acid conjugation to 11- 
hydroxy-A’-tetrahydrocannabinol by the rat liver microsomal system* 


(Received 2 February 1979; accepted 5 November 1979) 


An in vitro rat liver coenzyme A fortified microsomal 
enzyme system that could conjugate certain long-chain fatt ty 
acids to 11-hydroxy-A’-tetrahydrocannabinol (11-OH-A’- 
THC) was developed recently by our laboratory [1]. We 
[2] had previously identified these fatty acid conjugated 
cannabinoids from both in vitro and in vivo studies as 
primarily palmitic, stearic and lesser amounts of Cis-unsatu- 
rated fatty acid, conjugates of A’- tetrahydrocannabinol 
(A°- THC) and A® -tetrahydrocannabinol (A * THC). In ear- 
lier in vivo studies [3], we also found that these fatty acid 
conjugated cannabinoic metabolites comprised at least 80 
per cent of the radioactive cannabinoids retained in the 
liver, spleen, fat and bone marrow of rats 15 days after an 
acute intravenous or chronic intraperitoneal injections of 
('*C]-A*-tetrahydrocannabinol or {'*C]-A’-tetrahydrocan- 
nabinol. Jn vivo metabolites of cannabinol have also been 
identified as fatty acid conjugates [4]. Other studies [5, 6] 
have shown that cholesterol can be conjugated to fatty 
acids in vitro by a similar coenzyme A microsomal system. 
Thus, the same metabolic pathway in microsomes may be 
involved in the esterification of cholesterol and 11-hydroxy- 
A’-THC. 

The present studies evaluate the effects of B-diethylam- 
inoethyldiphenylpropylacetate (SKF 525-A) and 2,4-dich- 
loro-6-phenylphenoxyethylamine-HBr (DPEA) on the in 
vitro microsomal fatty acid conjugating system. These com- 
pounds are known inhibitors of the classical hepatic micro- 
somal mixed-function oxidase system which is involved in 
the metabolism of a variety of drugs. For each evaluation, 





* This investigation was supported by U.S. Public Health 
Service Grant DA00793. 


1 ml of 0.1 M sodium phosphate buffer (pH 7.0), containing 
2 mmoles coenzyme A, 10umoles ATP and 10 umoles 
MgCl-6H20, was added to a 16 x 125 mm glass test tube. 
To this was added 0.5 ml of twice washed microsomes (4 mg 
protein/ml), 1 zmole [°H]-11-OH-A’-THC in 20 pl ethanol, 
and 0.5 ml buffer containing either 2, 4 or 8 wmoles SKF 
525-A or DPEA. The tubes were incubated in a 37° metab- 
olic shaker for 1 hr and then lyophilized, extracted and 
evaluated for [*H]-11-palmitoyloxy-A’-THC ({*H]-11-palm- 
A’-THC) by thin-layer chromatography (t.l.c.) separation 
and counting of the radioactive t.l.c. sections as described 
previously [1]. A buffer control, containing everything 
except microsomes, was also evaluated at the same time 
as the test samples. 

Table 1 shows that both SKF 525-A and DPEA inhibit, 
at approximately the same percentage, the production of 
11-palm-A’-THC from 11-OH-A’-THC. The 2 x 10° M con- 
centrations of SKF 525-A and DPEA, needed for approx- 
imately 50 per cent inhibition of this coenzyme A fortified 
rat microsomal system, were much higher than that usually 
needed for 50 per cent inhibition of substrates metabolized 
in vitro in the commonly used NADP fortified rat micro- 
somal system [7]. The concentrations were, however, close 
to that used in microsomes of rabbits and mice for 50 per 
cent inhibition of aromatic hydroxylation of aniline [7]. It 
has been reported [8-10] that many drugs, including SKF 
525-A, bind nonspecifically to liver microsomal proteins or 
phospholipids and that effective concentrations and inhibi- 
tory potencies of the drugs depend on experimental con- 
ditions. The increased concentrations of SKF 525-A and 
DPEA needed for 50 per cent inhibition of conjugation of 
fatty acids to 11-OH-A’-THC in our system may be valid 
or may be due to differences in volumes, microsomal pro- 
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tein, pH, or other experimental conditions. It does appear 
from our studies, however, that SKF 525-A and DPEA not 
only inhibit enzymes of the mixed function oxidase system 
involving cytochrome P-450 but also those involved in the 
conjugation of fatty acids to 11-OH-A’-THC and possibly 
other hydroxylated compounds, such as cholesterol, which 
require coenzyme A and ATP in the system. Since little 
is known about this liver microsomal esterase system, the 
knowledge that it can be inhibited by SKF 525-A and 
DPEA may be useful in future studies on the metabolism 
of certain drugs and other hydroxylated compounds. 


Acknowledgements—11-Hydroxy-A’-THC used in these 
studies was supplied by the National Institute on Drug 
Abuse. 11-Palmitoyloxy-A’-THC was synthesized from 11- 
hydroxy-A’-THC by Dr. A. F. Fentiman, Jr., of our 
laboratory. 


Pharmacology/Toxicology EDITH G. LEIGHTY 
Section, 
Battelle, Columbus Laboratories, 


Columbus, OH 43201, U.S.A. 


Biochemical Pharmacology, Vol. 29, pp. 1073-1075. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


REFERENCES 


. E. G. Leighty, Res. Commun. Chem. Path. Pharmac. 
23, (3), 483 (1979). 

. E. G. Leighty, A. F. Fentiman, Jr. and R. L. Foltz, 
Res. Commun. Chem. Path. Pharmac. 14, 13 (1976). 

. E. G. Leighty, Biochem. Pharmac. 22, 1613 (1973). 

. W. Yisak, S. Agurell, J. E. Lindgren and M. Widman, 
J. Pharm. Pharmac. 30, 462 (1978). 

. L. Swell, M. D. Lau and C. R. Treadwell, Archs 
Biochem. Biophys. 104, 128 (1964). 

. D. S/ Goodman, D. Deykin and T. Shiratori, J. biol. 
Chem. 239, 1335 (1964). 

. R. Kato, K. Onoda and M. Takayanagi, Jap. J. Phar- 
mac. 19, 438 (1969). 

. J. R. Gillette, Adv. Pharmac. 4, 219 (1966). 

. L. Ernster and S. Orrenius, Fedn. Proc. 24, 1190 
(1965). 

. L. F. Soyka, Proc. Soc. exp. Biol. Med. 128, 322 (1968). 


0006-2952/80/0401—1073 $02.00/0 


Effects of compound 48/80 on dextran-induced paw edema and histamine content 
of inflammatory exudate 


(Received 9 August 1979; accepted 29 October 1979) 


It is well known that a local injection of dextran into the 
hind paw of the rat produces local edema. Pharmacological 
analysis using antagonists or depletors of histamine or of 
5-hydroxytryptamine (5-HT) suggests that histamine and 
5-HT are involved in the edema formation [1-3]. We 
reported recently that the highest concentration of hista- 
mine in the exudate collected from the swollen rat paw 
after injection of dextran occurred prior to the peak of 
edema, and that the concentration of the amine correlated 
with the severity of edema [4]. 

As to the fate of histamine released into the inflammatory 
site, the histamine is thought to disappear by diffusion into 
the circulation, as well as by enzymatic inactivation. Several 
studies suggest that putative mediators of inflammation 
diffuse into blood [5] or lymph [6-9] from the inflammatory 
site. Horakova and Beaven [5] have demonstrated clearly 
that appreciable amounts of released histamine diffuse into 
the circulation after thermal injury of the rat paw. Such a 
diffusion of released histamine may also occur during dex- 
tran-induced paw edema. 

This short communication describes two subjects: (a) the 
effects of pretreatment of rats with the histamine liberator, 
compound 48/80, on edema formation and on the histamine 
content of the exudate and of paw cutaneous tissue after 
local injection of dextran; and (b) the determination of 
histamine content in blood plasma from the abdominal 
aorta and the saphenous vein after local injection of 
dextran. 

Male Sprague-Dawley rats (Charles River Japan Inc., 
Atsugi, Japan), weighing 140-160 g, were used. Dextran 
was supplied by the Meito Sangyo Co., Nagoya, Japan. 
Histamine dihydrochloride was purchased from Wako Pure 
Chemical Industries, Ltd., Osaka, Japan. Compound 48/80 
was a product of the Sigma Chemical Co., St. Louis, MO. 

Rats were injected intraperitoneally with compound 
48/80, 1 mg/kg, four times during 24 hr; control animals 
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received saline instead of compound 48/80. Dextran 
(average molecular weight 65,000) was dissolved in saline 
in a concentration of 4.0% (w/v), and 0.05 ml of this sol- 
ution was injected into the subplantar region of one hind 
paw 2hr-after the last dose of compound 48/80. The paw 
volume was measured by a volume differential method 
before any injection and at various times after injection of 
dextran. Immediately after the animals were decapitated, 
incisions about 1 cm long were made on the dorsal and 
ventral skin of the paw. Without any squeezing, the exudate 
was then collected with capillary tubes (Propper Manufac- 
turing Co., Inc., Long Island, NY). Pieces of cutaneous 
tissues, about 8mm diameter, were obtained from the 
dorsal (two samples) and ventral (one sample) surfaces of 
the paw [5]. The tissue samples consisted of skin and the 
underlying soft tissue. 

In another experiment, the concentration of histamine 
in plasma was determined after local injection of dextran 
or saline. Under ether anesthesia, blood was taken from 
the abdominal aorta and the saphenous vein using a needle 
and a plastic syringe containing 1/10 volume of 1.5% EDTA 
in saline. Plasma was obtained by centrifuging the blood 
at 4° at 2200 g for 20 min. 

Histamine in exudate, paw tissue and plasma was deter- 
mined by the extraction and fluorometric procedure of 
Shore et al. [10]. The concentrations of histamine in the 
exudate and plasma are expressed as pg/ml and ng/ml, 
respectively. The total amount of histamine in the exudate 
(ug) was calculated by multiplying the concentration of 
histamine in the exudate (ug/ml) by the increase in paw 
volume (ml). The histamine content of the paw cutaneous 
tissue is expressed as ug/g of wet tissue. All values of the 
amine in this paper are expressed in terms of the free base. 
The degree of paw edema is expressed as a percentage 
increase in paw volume relative to the initial volume. 

The time course of paw edema formation and the his- 
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Effects of compound 48/80 on paw edema (A), histamine content in paw tissue (B), and 


concentration (C) and total amount (D) of histamine in exudate after local injection of dextran. Rats 
received saline or compound 48/80 (1 mg/kg, i.p.) four times in the 24-hr period preceding local injection 


of dextran 
before local injection of dextran were 1.34 


Paw volumes of rats treated with saline ( 
+ 0.02 and 1.64 + 0.02 ml (25.9 + 1.6 per cent increase in 


) and of rats treated with compound 48/80 (@) 


paw volume compared with the value before the pretreatment with compound 48/80), respectively. The 

histamine value before injection of dextran (©) in control rats indicates histamine content in the fluid 

obtained by washing the subcutaneous space of paw with saline. Each point is the mean value of five 
to nine animals and the vertical bars indicate $.E.M. 


tamine levels in the exudate and in paw tissue are sum- 
marized in Fig. 1. As shown in the previous report [4], the 
peak of edema was observed 30-60 min after injection of 
dextran in control rats. The peak of concentration 
(7.1 ug/ml) and the total amount (4.2 wg) of histamine in 
the exudate were obtained 5min and 15min after the 
injection, respectively. At these periods, the edema had 
not reached its peak. When the edema was at its peak, 
after 30-60 min, the concentration of histamine in the 
exudate had already declined. The total amount of hista- 
mine also had declined at 60 min after the injection. The 
development of edema was accompanied by a decrease in 
paw tissue histamine. Histamine content of paw tissue 
declined from 47 to 11 ug/g within 60 min after injection 
of dextran. Part of this decline was due to the increase in 
paw volume. When the values were corrected for this 
increase,* the decrease in histamine content was about 60 
per cent. The greater part of the decrease in paw tissue 
histamine was observed within 15 min after injection of 
dextran. 

Pretreatment with compound 48/80 alone produced some 
swelling of the paw (a 26 per cent increase compared with 
the value before the pretreatment) and marked reduction 
of paw tissue histamine. In rats pretreated with compound 
48/80, dextran failed to produce the marked paw edema 
observed in control animals. In addition, the increase in 
histamine content of the exudate was slight. This indicates 
that the histamine appearing in the exudate after injection 
of dextran originates chiefly from mast cells in the paw 
tissue. 


* Values were corrected as follows: (wg histamine/g tis- 
sue sample) X (paw volume after injection of dextran/paw 
volume before injection of dextran). 


Compound 48/80, like other histamine liberators such as 
polymyxin B [11] and n-decylamine [11], releases not only 
histamine but also 5-HT from rat mast cells [2, 11-13]. 5- 
HT, which is an exceedingly potent substance for producing 
rat paw edema [1,4,14], has been suggested as a possible 
mediator of the paw edema produced by dextran [1-3]. 
The paw tissue of rats treated with compound 48/80 may 
have been depleted of 5-HT which might be released by 
local injection of dextran[2,13]. 

Although it has been proposed that kinins or prosta- 
glandins play an important role in the development of paw 
edema produced by carrageenin [15,16] and thermal injury 
[17,18], the release of histamine in the early stage appears 
to be necessary to initiate the inflammatory reactions. The 
detailed studies of Horakova and Beaven [5] have provided 
evidence that histamine has a primary role in the early 
development of edema after thermal injury of the rat paw, 
and that its release has an important influence on the later 
sta. ~s of inflammation. The present experiments show that 
the major histamine release from paw tissue after local 
injection of dextran occurred in the initial stage before the 
peak of edema, and that when edema was fully developed 
there was little further release of histamine. In our earlier 
study [4], the amount of histamine appearing in the exudate 
correlated with the severity of edema. The present experi- 
ments also show that depletion of paw tissue histamine 
store by compound 48/80 reduced the appearance of his- 
tamine in the exudate and the formation of paw edema 
after local injection of dextran. Thus, our results suggest 
that the release of histamine is responsible for the paw 
edema formation by dextran. Histamine may play a role 
in initiating the edema formation. 

The diffusion of released histamine into the circulation 
was also examined. An increase in histamine concentration 
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Fig. 2. Histamine concentration in plasma from rat abdomi- 
nal aorta (A) and saphenous vein (B) after local injection 
of dextran (©) or saline (@) into the hind paw. The point 
(©) indicates histamine concentration in plasma from 
untreated rats. Each point is the mean value of five to 
twelve animals and the vertical bars indicate S.E.M. 


was observed in plasma from the abdominal aorta and the 
saphenous vein after local injection of dextran (Fig. 2). 
The increase was greater in plasma from the saphenous 
vein than from the abdominal aorta. Therefore, the his- 
tamine appearing in plasma is thought to originate chiefly 
from the dextran-injected paw. The marked increase in 
histamine in plasma after injection of dextran indicated 
that appreciable amounts of the released histamine escaped 
metabolism and diffused into the circulation, being aided 
by the increase of local blood flow. Thus, in our experiment, 
the amount of histamine recovered from the inflamed paw 
would depend not only on the amount of histamine released 
into the inflammatory site but also on the rates of diffusion 
and metabolism of histamine, and blood flow. Since we do 
not know the contribution of these factors, it is impossible 
to determine in this study what proportion of the released 
histamine passed into the circulation and what proportion 
was recovered from the inflammatory site. However, the 
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passage of the released histamine into the circulation may 
explain, in part, the disappearance of the released histamine 
from the inflammatory site. 
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The binding of [7H]y-aminobutyric acid ({7H]GaBA) and [PH}muscjmol to subcellular par- 
ticles of brain, which occurs in the absence of added Na (i.e., "Na -independent binding"), 
has been used to estimate synaptic GABA-receptors (1-3). This binding appears to be most en- 
riched in crude synaptic membrane fractions of brain (4-6), but all of the binding sites do 
not appear to be localized to synaptic membranes (e.g., 2,7,8). Recent studies have revealed 
further that the highest-affinity process for [3H]muscimol binding to subcellular particles 
of rat brain has a higher capacity than that of [3H]GABA (9-12). Herein, the binding of these 
ligands to sub-fractions of a crude membrane fraction of rat brain are compared. 


MATERIALS AND METHODS 


Adult male Wistar rats (170-240 g) were used to prepare a crude synaptic membrane frac- 
tion (4). A portion of this preparation was used for binding studies after it had been frozen 
and thawed and thoroughly washed (see below). Another portion was fractionated. In this case, 
the crude membrane fraction was re-suspended in 9.5 ml of 1.0 M sucrose solution and layered 
between 0.8 M (10 ml), and 1.2 M (12 ml) sucrose solution (Fig. 1). These gradients were cen- 
trifuged at 53,000 g (SW-27 rotor) for 2 hrs using a Beckman Model L-5-65 ultracentrifuge. 
Five fractions (A,B,C,D,E) were collected (Fig. 1), pelletted by centrifugation at 100,000 g, 
60 min (Type-30 rotor) and then stored at -25°C for 5-8 days. Each fraction was then re- 
suspended in 20 ml water, allowed to stand at 23°C for 20 min and then centrifuged at 50,000g, 
30 min ; this washing cycle was repeated twice more. Pellets were stored at -25°C for 1-4 
days. 
For binding assays, frozen pellets were re-suspended in small volumes (1-3 ml) of Na*- 
free, Tris-citrate buffer (50 mM ; pH 7.1) and homogenized ; all further operations were con- 
ducted at 0°-4°C using Na -free Tris-citrate medium. Aliquots (100 ul) of tissue suspension 
(representing about 0.1 - 0.3 mg protein) plus 100 ul of medium, either free of added subs- 
tance or containing a final concentration of 1074 M unlabelled GABA, were mixed in small cen- 
trifuge tubes and left to stand for 10 min ; then, 250 ul of medium, providing a final con- 
centration of 6.2 nM for both y-[2,3-3H(N) ]-aminobutyric acid (36.12 Ci/m-mole) and [methy- 
lene-3}4(N) ]-3-hydroxy-$-aminomethylisoxazole ({3H]muscimol ; 13.68 Ci/m-mole and 125 nM for 
[14c(U) ]sucrose (673 mCi/m-mole), were added. Samples were mixed, left to stand for 20 min, 
and then centrifuged at 79,000 g (Type-25 rotor) for 5 min. Under these conditions, both 
radio-ligands were maximally bound and were maximally displaced by 1074 M unlabelled GABA. 
Radioactive products were purchased from New England Nuclear. 

Determination of radioactivity due to 34 and ae protein assays, and electron micros- 
copy were performed as previously described (13,14,15). Results are expressed as mole ligand 
bound/g pellet, corrected for [!4C]sucrose space (13). 


RESULTS 


A diagram of the sub-fractionation procedure with corresponding electron micrographs 
is shown in Figure 1. Pellet weights, pellet protein contents, and [!4C]sucrose distribution 
ratios of the various fractions were not altered by the presence of 1074 M unlabelled GABA 
(data not shown). "Specific" binding (i.e., those amounts of radio-ligand sensitive to 1074 M 
unlabelled GABA) to the crude membrane fraction occurred to a greater extent for [3H ]musci- 
mol (49 + 5 pemole/g pellet ; n = 6) than for [SH]GABA (17 + 6 p-mole/g pellet ; n = 6) 3; 
means + S.D. ; n = number of samples. The binding of both radio-ligands to the various sub- 
fractions is presented in Table 1. Note that very little or no binding of [3H]GABA or [3H] 
muscimol occurred in sub-fractions A (which contained mainly myelin) and B (which was en- 
riched in low-density membrane fragments), and that both ligands were bound mainly to sub- 
fractions C (enriched in dense membranes and heavy myelin), D (enriched in heavy membranes) 
and E (enriched in mitochondria). [3H]Muscimol was bound to a greater extent than [~H]GABA 
in all sub-fractions. 
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Sub-fractionation of Crude Membrane Fraction 
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0.32 M 








0.8 M 


Sample in1.0 M 





1.2 M 








Fig. 1. Sub-fractionation of a crude synaptic membrane fraction of rat 
whole brain on a discontinuous sucrose gradient using a sedimentation- 
flotation method. The crude membrane fraction was re-suspended in 1.0 M 
sucrose solution and layered between 0.8 M and 1.2 M sucrose (left side). 
After centrifugation for 2 hrs at 53,000 g, gradient fractions A,B,C,D, 
and E (right side) were collected using a syringe, pelletted at 100,000 g 
for 60 minutes, and stored at -25°C. For binding assays, frozen pellets 
were thoroughly washed with water and then re-suspended in Nat-free, Tris- 
citrate buffer. Electron micrographs corresponding to the various sub- 
fractions are also shown. 


DISCUSSION 


In accord with previous studies which revealed that CNS subcellular preparations possess 
more binding sites for [3H]muscimol than for [3H]GABA (9-12), the present results show that 
greater amounts of [3H]muscimol than of [3H]GABA were bound to five sub-fractions of a crude 
synaptic membrane fraction of rat brain. Both radio-ligands were bound to a greater extent 
in fractions containing heavy membranes and mitochondria than in those enriched in myelin or 
low-density membranes. These results indicate a marked heterogeneity of "“Nat-independent" 
binding sites for both GABA and muscimol with respect to subcellular particles of brain. 
Therefore, Nat-independent binding of [3H]GABA cannot be used as a specific probe for synap- 
tic GABA-receptors. The pronounced binding of both ligands (especially [?H]muscimol) to the 
mitochondrial pellet indicates that some GABA binding sites are not localized to plasma 
membranes. More recent studies in our laboratory, conducted with more purified mitochondriai 
preparations,have revealed that about three times more muscimol sites than GABA sites exist 
at a radio-ligand concentration of 17 nM. Thus far, the purities of our fractions have been 
tested only by electron microscopy. In order to determine more accurately the degree of 
binding of [3H]GABA and [3H]muscimol to mitochondria, we are now using positive and negative 
chemical markers to identify the mitochondria and autoradiography to visualize the binding 
Sites. 
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: : 3 ; A 
Table 1. Comparison of the binding of [~H]GABA and (“uJmuscino} 
to sub-fractions of a crude synaptic membrane fraction of rat 


whole brain 





. P . l 
Radio-ligand Fraction p-mole/g pellet 





-4 oa 
(6.2 nM) Control + 10 M "Specific' 
GABA binding2 


[3HIGABA 9 +0. 2412 0 





(7H]Muscimol 


+ 





Sub-fractions were prepared as described in Methods ; see Fig. 
Means + S.E.M. of 5 or 6 samples in all cases ; “, “* and ‘*** 
indicate, respectively, p < 0.05, p < 0.01 and p < 0.001 with 
respect to corresponding control values ; Student's t-test (two- 
tailed). = 
. 3 . ee : 

These values were corrected for [ H]ligand that was present in 
trapped supernatant fluid of the pellet using [!4C]sucrose distri- 
bution ratios (13). 3 
2 "Specific" binding refers to [~H]ligand binding that is sensitive 
to 10-4 M unlabelled GABA. 
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Abstract 


In experimental tumour systems, patterns of cross-resistance to the cytotoxic drugs 
of the anthracycline group, the vinca alkaloids and actinomycin-D have been well documented, 
(1 - 3). Early work suggested that resistance to these agents resulted from failure of 
drug uptake (4 - 6), and in addition changes in membrane glycoprotein content have been 
identified as important factors underlying this decrease in membrane permeability in 
resistant tumour cells (7). However, recent evidence from in vitro experiments suggests 
that a common mechanism of enhanced active efflux of these drugs, rather than of impaired 
influx, may underly the development of cellular drug resistance (8, 9). 


Previous in vivo studies of cross-resistance have been performed using murine tumours 
in the ascites form, either sublines of P 388 leukaemia (43, 10) or of the Ehrlich ascites 
tumour (2). In this study, resistance to actinomycin-D was developed in vivo in a solid 
tumour, the Ridgway osteogenic sarcoma (ROS) in AKR mice, and patterns of cross resistance 
to adriamycin, vincristine and cyclophosphamide were then examined. In addition a 
preliminary investigation of in vivo drug uptake and retention in sensitive and resistant 
ROS tumour sublines has been performed, by estimating concentrations of radiolabelled 
actinomycin-D and vincristine in tumour digests at intervals following injection. 


Materials and Methods 





Actinomycin-D, adriamycin, vincristine and cyclophosphamide were purchased respectively 
from Merck, Sharp and Dohme Ltd., Pharmitalia Ltd., Eli Lilly Ltd. and W.B. Pharmaceuticals 
Ltd. Tritiated actinomycin-D (specific activity 11 - 16 pCi/ug) and tritiated vincristine 


(specific activity 3.5 pCi/ug) were obtained from Radiochemicals, Amersham. The ROS tumour, 


originally supplied by Dr. F.M. Schabel, Jr. of the Southern Research Institute, Birmingham, 


Alabama, U.S.A. was propagated by serial subcutaneous passage in inbred AKR mice. 

Untreated 1 gm tumours grew with an overall doubling time of approximately 3 days to 10-15 
gm in weight in 10-14 days. Tumour response to chemotherapy was assessed at the point of 
maximal tumour regression (10-14 days after treatment) by caliper measurements, from which 
an estimate of tumour weight was derived. The lower limit of palpation was 60 mg, although 
reproducible measurements were not possible on tumours with an estimated weight of less than 
100 mg. The parent ROS tumour is exquisitely sensitive to actinomycin-D (11), a dose of 
0.5 pe/gm consistently causing complete regression of tumours up to 2 gem in weight. 
Resistance to actinomycin-D was derived by suboptimal treatment (0.25 pe/em qg 4 Wx 4) 
followed by repeated passage of tumours, treated at gradually increasing doses. After 7 
transplant generations tumours continued to grow despite treatment with 0.8 pg/gm of 


actinomycin-D, which is the LD_. of the drug, established in separate studies. This 


50 
resistant tumour subline was designated ROS/ADX and has been maintained using tumours 
treated with 0.5 pg/gm of actinomycin-D prior to passage. No differences in histological 
appearance, mass doubling time or tumourogenicity (take-rate) were apparent between the 


ROS/ADX and the parent ROS tumours. 
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Logarithmically-spaced doses of actinomycin-D were injected intra-venously (via the 
tail vein) into groups of 6 mice bearing ROS and ROS/ADX tumours, 1 to 1.5 gm in weight, 
and response was assessed 10 days after treatment. In the same way response to adriamycin 
and cyclophosphamide was measured, 10 days and 14 days respectively after single dose 
intravenous treatment of ROS and ROS/ADX tumours of equivalent size (1 to 1.5 gm). For 
vincristine a q 3 d x 3 schedule was given intravenously, and response measured 14 days 
after the last injection. 


For the drug disposition studies, a dose of 0.5 veg/gm of actinomycin-D (containing 


= 
0.1 pCi per pg of “H-actinomycin-D) or 1 pg/gm of vincristine (containing 0.025 pCi per pe 


of AH-vincristine) was injected intravenously into groups of 5-6 mice bearing ROS or 
ROS/ADX tumours 1 - 2 gm in weight. Plasma samples were obtained 3 to 72 hours later by 
retro-orbital puncture, animals were then killed and tumours were removed, cleared of all 
necrotic and haemorrhagic debris, weighed and digested overnight at room temperature in 

4 volumes of 33% KOH. In each case, 0.1 ml plasma samples were also digested with equal 
volumes of 33% KOH. Aliquots (0.2 ml) were then neutralized with 1.0 ml of 1.5 M HCl, 

10 mls of scintillation fluid was added and radioactivity measured on a Packard tricarb 
liquid scintillation counter (Model 3390) with external standardization, after allowing 
48 hours for decay of chemiluminescence. An estimate of tumour blood content (1.2 * 0.2% 
per gm (S.E.M. of 5 mice)) was made separately using Plor-labelled red cells, anda 
correction was thus possible of each estimate of tumour drug concentration for drug present 
in blood in the tumour, using the measurement of radioactivity in plasma samples taken at 
the time of tumour removal. 


Results and Discussion 





The response of ROS and ROS/ADX tumours to each of the 4 drugs is illustrated in 
Figure l. 

Doses (not shown) of 1 pg/gm of actinomycin-D, 40 ng/gm of adriamycin and 2 pg/gm 
of vincristine resulted in 83-100% animal mortality. For all these 3 drugs it is evident 
that while the maximal tolerated doses produce virtually complete regression of ROS tumours, 
there is a clear lack of response of the ROS/ADX tumours: Treatment with 250 ug/gm of 
cyclophosphamide also results in complete regression of ROS tumours, but with this dose, 
treatment of ROS/ADX tumours results in inhibition of tumour growth to 5% of untreated 
control weight, indicating that sensitivity to cyclophosphamide has to a considerable 
extent been retained. A similar pattern of cross-resistance to actinomycin-D, adriamycin 
and vincristine, but not cyclophosphamide, was also noted in previous studies using 
resistant sublines of P 388 leukaemia (3). 

Tumour drug concentrations following injection of AH-actinomycin-D and 4H_-vincristine 
are shown in Figure 2. 

In both cases it is apparent that the initial (3 hour) drug levels are similar in ROS 
and ROS/ADX tumours, the major point of difference, particularly with respect to 
actinomycin-D, being the more rapid fall of drug concentrations in ROS/ADX tumours than in 
ROS tumours from 3 to 72 hours after treatment. These data support the suggestion of 
Johnson et al (3), who proposed that the uptake of those drugs expressing a common pattern 
of cross-resistance may not be markedly impaired in resistant tumours, at least when drug 
resistance was derived in vivo (12). This group have emphasized the importance of active 
drug efflux from resistant cells, and have noted that previous studies which did report 
reduced drug uptake (of actinomycin-D and the anthracyclines), were mainly performed on 
‘resistant cells in which drug resistance was derived in vitro by continuous drug exposure 


(4, 5). Since resistance acquired in vivo, as in the present study, may relate more closely 
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to the circumstances seen clinically, it is conceivable that failure of drug retention may 


be the major problem to which new therapeutic strategies should be addressed. 


i 
ea 
~ 
~ ==. ] 
the. | 
-4 
_ 


1¢4 104 


14 Day Tumour Weight (mg) 


10 Day Tumour Weight (mg) 








1? . 
0,125 0.25 


ACTINOMYCIN D (jig/gm ) single dose i.v. 








VINCRISTINE (ygigm ) g3d (x3) 
Lv. 


* 
> 
= 
= 
= 
o 
= 
~ 
> 
6 
E 
3 
Pad 
> 
so 
r—) 
o 
= 


14 Day Tumour Weight (mg) 














10 ™, 
ADRIAMYCIN (yg/gm) single dose i.v. 
CYCLOPHOSPHAMIDE (yq/gm) single dose i.v. 


Fig. 1 Dose response curves for 4 cytotoxic drugs, against 
ROS ( ) and ROS/ADXK ( ) tumours. Mean 
tumour weights with standard error (6 per group) are 
shown. Untreated mean tumour, weights of 6 mice, at 
10 days were 1.2 (= 0.1) x 10° mg for both ROS and 
ROS/ADX sublines. 


A previous study in vivo of drug disposition in solid murine tumours has indicated 
that both uptake and retention (of actinomycin-D) may be decreased in resistant tumours (13). 
In common with the present study, however, these data were obtained from whole tumour 
samples which were likely to be heterogenous in nature and which were subject to the 
variations in tumour cell drug accessibility which are associated with the chemotherapy 
of solid tumours. With respect to the ROS and ROS/ADX tumours, further studies are there- 
fore planned using isolated tumour cells in an attempt to define precisely the biochemical 


nature of the events which lead to the development of cross-resistance. 
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in ROS ( ) and ROS/ADX ( ) tumours from 
3 to 72 hours after i.v. injection. All results 
corrected for tumour blood content, standard error 
shown. 
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Abstract—Adenosine potentiates the in vitro antigen-induced release of histamine from chopped lung 
tissue prepared from a guinea pig actively sensitized to egg albumin. By studying the activity of a variety 
of adenosine analogs, the potentiation process in lung has been characterized as occurring through an 
‘R’ adenosine receptor site. Similar studies on ionophore A23187-induced release of histamine from 
purified rat peritoneal mast cells have demonstrated that an ‘R’ adenosine receptor site is also associated 
with adenosine potentiation in this system. Since adenosine inhibits adenylate cyclase activity in a 
homogenate of guinea pig lung, and since decreases in cyclic AMP levels are thought to be associated 
with mediator release, the regulatory site involved in the enzyme inhibition process was also characterized 
to determine if, in lung, the ability of adenosine to inhibit adenylate cyclase is associated with potentiation 
of mediator release. It was found, however, that inhibition of adenylate cyclase occurs through a ‘P’ 
site, suggesting that the two processes are not related phenomena. Theophylline blocks the effect of 
adenosine on the antigen-induced release of histamine from guinea pig lung. This is in accord with 
previous data demonstrating that theophylline is an ‘R’ site antagonist. This observation also supports 
the idea that part of the pharmacological action of theophylline in human bronchial asthma may be 


through inhibition of the ability of adenosine to potentiate mediator release. 


Adenosine has been demonstrated to have an impor- 
tant regulatory role in the metabolic processes car- 
ried out by a wide variety of cell types including 
adipocytes [1-3], adrenal cells [4-6], brain cells [7- 
10], lymphocytes [11, 12], chondrocytes [13], bone 
cells [14] and platelets [15, 16]. Marquardt er al. [17] 
have demonstrated recently that adenosine poten- 
tiates the release of histamine from purified rat per- 
itoneal mast cells. They observed that not only is 
adenosine a potent modulator of release but that 
this effect can be blocked by low concentrations of 
theophylline (1-10 4M), concentrations in the range 
previously found to suppress allergic asthmatic 
reactions [18]. They suggest, on the basis of this 
information, that this property of theophylline may 
account, in part, for its therapeutic effectiveness in 
treating asthmatics. Since these studies were per- 
formed using purified mast cells under ‘artificial’ 
release conditions (release was induced using either 
ionophore, compound 48/80, concanavalin A or anti- 
IgE), it is not clear if adenosine has a regulatory role 
in mediator release under more physiological con- 
ditions, such as in sensitized lung tissue, where 
antigen is used to induce release. The experiments 
reported in this paper examine this question by dem- 
onstrating that adenosine potentiates antigen- 
induced histamine release from sensitized guinea pig 
lung. 

The mechanism by which adenosine potentiates 
mediator release from mast cells or lung tissue is not 
known. In many cells, this nucleoside is believed to 
act by modulating cyclic AMP levels through inter- 
action with regulatory sites associated with adenylate 
cyclase systems. In some cells, modulation appears 
to occur by activation of this enzyme system and, in 


B.P. 29/8—a 


others, by inhibition [1, 19-26]. Such observations 
have lead Londos and Wolff [27] to propose that 
adenosine modulates adenylate cyclase, and perhaps 
cellular metabolic processes, through two types of 
regulatory sites—an ‘R’ site, so named because it 
does not recognize adenosine derivatives which have 
modifications in their ribose component, and a ‘P’ 
site, which does not recognize derivatives with alter- 
ations in the purine components of the nucleoside. 
Depending upon the type of cell, ‘R’ sites are either 
activating sites or inhibitory sites, while ‘P’ sites seem 
to always be inhibitory [27, 28]. In mast cells, Mar- 
quardt et al. [17] have reported that adenosine 
accentuates the decrease in cyclic AMP levels nor- 
mally associated with histamine release, perhaps by 
inhibition of adenylate cyclase. These observations, 
and those made by Weinryb and Michel [25] that 
adenosine inhibits the adenylate cyclase system 
assayable in guinea pig lung, led us to investigate 
whether the ability of adenosine to inhibit lung 
adenylate cyclase might be related to its ability to 
potentiate mediator release. Therefore, we charac- 
terized the adenosine sites involved in these pro- 
cesses as being either ‘R’ or ‘P’ sites by use of a 
variety of adenosine analogs [27]. The results of this 
study demonstrated that in guinea pig lung the regu- 
latory site involved in the potentiation of mediator 
release is an ‘R’ site. This may be a general property 
of the adenosine sites associated with allergic media- 
tor release since a similar characterization of the 
adenosine site associated with the release potentia- 
tion process in rat peritoneal cells demonstrated that 
it, too, is an ‘R’ site. In contrast, the adenosine site 
involved in inhibition of guinea pig lung adenylate 
cyclase is a ‘P’ site. Thus, in lung tissue we were not 
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able to associate the effect of adenosine on the 
mediator release phenomenon with an effect of the 
nucleoside on the adenylate cyclase activity assayable 
in a lung homogenate. 


MATERIALS AND METHODS 

Materials 

The following chemicals were purchased from the 
Sigma Chemical Co., St. Louis, MO: chicken egg 
albumin (Grade V), adenosine, adenosine 5’-tri- 
‘phosphate (A6144), creatine phosphate, creatine 
phosphokinase, dithiothreitol, adenosine 3’ ,5'-cyclic 
monophosphate, histamine dihydrochloride, *2’- 
deoxyadenosine, 2-chloroadenosine and adenine. 
N°-Methyladenosine, 2-methyladenosine and 9-B-p- 
arabinofuranosyladenine were obtained from ICN, 
Irvine, CA. PL Biochemicals, Milwaukee, WI, sup- 
plied the 5’-deoxyadenosine, 2',5'-dideoxyadeno- 
sine and formycin B. N°-Phenylisopropyladenosine 
was obtained from Boeringer-Mannheim, Indiana- 
polis, IN, and o-phthalaldehyde was obtained from 
Eastman, Rochester, NY. Ionophore A23187 was 
a gift of the Lilly Research Laboratories, Indiana- 
polis, IN. 


Methods 


Histamine release from chopped guinea pig lung. 
The method used to study antigen-induced histamine 
release from chopped guinea pig lung was an adap- 
tation of that described by Hitchcock [29]. Male 
guinea pigs (200-250 g) from the Hartley strain were 
obtained from Charles River (Wilmington, MA). 
These animals were actively sensitized with a single 
injection, i.p., of 10 mg egg albumin in 1 ml of 0.9% 
NaCl. Twenty-eight to forty-five days following sen- 
sitization, the animals were stunned, decapitated and 
exsanguinated, and the lungs were removed. The 
lungs were immediately placed in chilled Tyrodes 
solution, dissected free from the major airways and 
blood vessels, and chopped into 1 mm‘ fragments 
using a McIlwaine tissue chopper. After chopping, 
the lung fragments from several guinea pigs were 
combined, mixed, filtered through cheesecloth, and 
washed free of blood with additional Tyrodes sol- 
ution. The lung fragments were weighed into 150 mg 
portions. Each histamine release assay was con- 
ducted in a total volume of 5 ml of Tyrodes solution 
at 37°, utilizing air as the gas phase (essentially the 
same release was obtained utilizing either air or a 
mixture of 95% O2 and 5% CO as the gas phase). 
All assays were run in quadruplicate and the lung 
tissue was normally prewarmed at 37° for the periods 
described in the figure and table legends prior to the 
addition of antigen (egg albumin) to start the release 
reaction. Release was carried out for a period of 
10 min, utilizing 40 ug/ml egg albumin. Mediator 
release was complete during this time period. Reac- 
tions were terminated by filtration through Whatman 
No. | filter paper. The filtrate containing the released 
histamine was acidified to 0.4 N HC1Os, and precip- 
itation of protein contaminants was carried out at 
04° for at least one hr. The samples were then 
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centrifuged at 500g for 10 min, and the histamine 
content of the supernatant fraction was quantitated, 
utilizing an automated fluorometric assay system 
employing a Technicon Autoanalyzer II [30]. The 
various adenosine analogs used in the studies 
reported here did not interfere with the fluorometric 
histamine analysis. In all experiments, the total his- 
tamine content of the lung was determined by hom- 
ogenizing 150 mg of chopped lung in 5 ml of Tyrodes. 
These samples were then boiled for 10 min and cen- 
trifuged at 500g for 10min to remove the tissue 
fragments. The supernatant fraction was acidified to 
0.4 N HC1Os, as described above, and subsequently 
analyzed for histamine content. Spontaneous release 
from the tissue was ascertained by carrying 150 mg 
samples of lung tissue, in the absence of antigen, 
through the complete assay procedure. The per cent 
spontaneous release averaged 3.2 + 0.4(N=15). 
The per cent release induced by antigen was calcu- 
lated by subtracting the per cent spontaneous release 
from the per cent release obtained in the presence 
of antigen. As described by Hitchcock [29], we 
observed that there was a concentration-dependent 
increase in the per cent histamine release with 
increasing antigen concentration and that the 
response range was very broad (perhaps due to pen- 
etration problems in getting the antigen into the lung 
fragments). At 40 g/ml of egg albumin, the average 
per cent release of histamine in fifteen experiments 
was 24.1 + 0.9. To determine the per cent potentia- 
tion of histamine release induced by adenosine and 
adenosine analogs, the per cent release obtained in 
the presence of antigen alone and antigen with 
adenosine or analog was determined. The difference 
in these values divided by the per cent release 
obtained with antigen alone was the per cent 
potentiation. 

lonophore A23187-induced histamine release from 
purified rat peritoneal mast cells. Rat peritoneal mast 
cells were purified by a modification of the method 
of Sullivan ef al. [31]. Hank’s balanced salt solution 
(buffered to pH 6.8 with 0.005 M sodium phosphate 
buffer) was used throughout the procedure (this 
buffer will subsequently be termed ‘stock buffer’). 
All manipulations were carried out at room tem- 
perature. Ten Sprague-Dawley rats (190-210 g) 
were fasted overnight prior to being killed. The 
peritoneal cells were removed from the abdomen of 
the rats by lavage with 10 ml of stock buffer and 
isolated by centrifugation at 50g for 7min. The 
resulting pellets were resuspended in a total volume 
of 10 ml of stock buffer (1 ml/rat used in the isolation) 
and 2 ml of this suspension was layered over 4 ml of 
a 38% bovine serum albumin (BSA) solution. This 
BSA gradient was then centrifuged at 150g for 
20 min. The mast cells entered the BSA layer during 
the centrifugation. Contaminating cells in the upper 
layer of the gradient and banding at the BSA layer 
were removed with a Pasteur pipet and discarded. 
The BSA layer was diluted with 5 vol. of stock buffer 
and centrifuged for 10 min at 150g. The pelleted 
cells were washed once more by resuspension in 
stock buffer (10 ml/rat used in the isolation) and 
recentrifuged at 150 g. The cells thus isolated were 
typically 60-80 per cent mast cells as assessed by 
toluidine blue staining [32]. For release studies, the 





Adenosine potentiation of antigen-induced histamine release 


cells were resuspended to a concentration of approx- 
imately 100,000 cells/ml. 

Ionophore A23187-induced release studies in the 
presence of adenosine analogs were performed at an 
ionophore concentration of 3 x 10~* M. Preliminary 
experiments indicated that the ionophore, in the 
concentration range of 10~* to 10~’M, induced a 
dose-dependent release of histamine. Ionophore 
(1mM) was first dissolved in dimethylsulfoxide 
(DMSO) and subsequently diluted in stock buffer 
to the final assay concentration of 0.003%. The pur- 
ified cells were prewarmed in plastic tubes at 37° for 
9 min prior to the addition of nucleoside. After 1 
additional min, release was initiated by addition of 
ionophore (the final reaction volume was 2 ml). The 
release reaction was allowed to proceed for 5 min 
at 37° and terminated by placing the reaction tubes 
on ice. The chilled tubes were centrifuged at 500 g 
for 10min. The supernatant fractions were then 
adjusted to 0.4 N HC10s, chilled at 0—-4° overnight, 
recentrifuged at 500 g for 10 min to remove precip- 
itated protein, and analyzed for histamine content. 
The total histamine content of the cells and the 
amount of spontaneous release in the presence of 
0.003% DMSO was determined as described for the 
chopped lung system (see above). 

Adenylate cyclase assay. For assay of adenylate 
‘ cyclase activity and of the effect of adenosine and 
adenosine analogs on adenylate cyclase activity, a 
membrane fraction was prepared from the lungs of 
actively sensitized guinea pigs. All procedures were 
carried out at 0-4°. The lungs were dissected away 
from the major airways and blood vessels, cut into 
small pieces using scissors, and homogenized in 9 vol. 
of 50mM Tris-HCl (pH7.5) containing 1mM 
dithiothreitol and 0.25 M sucrose. After filtering the 
homogenate through cheesecloth, it was centrifuged 
at 40,000 g for 20 min. The pellet obtained from this 
centrifugation was resuspended in the original vol- 
ume of homogenizing buffer and stored under N> 
gas at —80°. The enzyme was stable in this form to 
storage for at least 1 month. Protein determinations 
on this membrane preparation were performed using 
the BioRad method [33]. Bovine serum albumin was 
the protein standard used. 

Adenylate cyclase activity was assayed according 
to the method of Salomon ef ai. [34]. The assay 
reaction contained, in a volume of 100 wl, 30 mM 
Tris-HCI (pH 7.5), 5mM MgCl, 7mM creatine 
phosphate, 2.8 units of creatine phosphokinase, 
0.1mM - ethyleneglycolbis-(aminoethylether)tetra- 
acetate (EGTA), 1 mM dithiothreitol, 0.1 mM [a- 
“P]ATP (20-200 c.p.m./pmole), 0.04mM cAMP, 
50 wg of membrane protein, and varying concentra- 
tions of the adenosine analogs described in Table 3 
(ranging from 10~° M to 10-7 M). The reactions were 
initiated by the addition of membrane protein and 
carried out at 37° for 10 min (under these conditions 
the assay was linear with time and membrane pro- 
tein). Reactions were terminated by the addition of 
100 ul of ‘stopping solution’ containing 2% sodium 
dodecylsulfate, 40 mM ATP and 1.4 mM cyclic AMP 
at pH 7.5. [*H}]Cyclic AMP was added to the reaction 
mixture to monitor recovery during sequential col- 
umn chromatography through Dowex AGS50-WX4 
and Alumina WN-3. 


RESULTS 


Effects of adenosine and adenosine analogs on 
antigen-induced histamine release from chopped 
guinea pig lung. When lung fragments from actively 
sensitized guinea pigs were incubated with adenosine 
prior to being challenged with antigen (egg albumin), 
potentiation of the antigen-induced release of his- 
tamine was observed (Table 1). In the experiment 
reported in this table, the lung fragments were prein- 
cubated at 37° for 3min with adenosine prior to 
challenge of the tissue with antigen. Subsequent 
experiments indicated similar results could be 
attained by addition of adenosine simultaneously 
with antigen. The amount of potentiation observed 
with adenosine varied from a low of 10 per cent to 
a high of 35 per cent in twelve experiments (average 
was 25.1 + 1.6per cent). There was no effect of 
adenosine on histamine release in the absence of 
antigen. 

Analogs with potent ‘R’ site activity (N°-methyl- 
adenosine, 2-methyladenosine and 2-chloroadeno- 
sine [27]) and ‘P’ site analogs (9-8-pD-arabinofura- 
nosyladenine, 5-deoxyadenosine and 2’- 
deoxyadenosine [27]) were also examined for their 
ability to potentiate histamine release from lung 
tissue after antigen challenge. The data presented 
in Table 1 indicate that the potentiation process 
appears to occur through ‘R’ type adenosine sites; 
that is, only the analogs which were ‘R’ site agonists 
mimic the effect of adenosine. This observation has 
been repeated in four separate experiments. The 
absolute values for the per cent potentiation 
observed with the ‘R’ site analogs varied from 
experiment to experiment as described above for 
adenosine, but the qualitative results were always 
the same in that only ‘R’ site agonists were active 
in the potentiation process. 

As demonstrated in Fig. 1, the potentiation pro- 
cess induced through the ‘R’ site was dose related. 
N°-Methyladenosine was chosen to examine this 
phenomenon rather than adenosine itself since this 
adenosine analog is not metabolized by enzymes 
such as adenosine deaminase which might be present 
in the Jung fragments [35]. In this regard, it should 
be noted that inosine, the metabolic product of the 
deamination of adenosine by adenosine deaminase 
[35], was not a potentiator of antigen-induced his- 
tamine release from the guinea pig lung. Other 
nucleosides and purine bases which were tested and 
found to be inactive in this system include guanosine, 
cytidine, thymidine, uridine, xanthine and 
hypoxanthine. 

Theophylline inhibited the potentiation process 
induced by the ‘R’ site adenosine analogs in guinea 
pig lung. The data in Table 2 demonstrate that there 
was a dose-dependent decrease in potentiation of 
release when the reactions were carried out in the 
presence of N°-methyladenosine (10~° M) and vary- 
ing concentrations of theophylline. Theophylline 
itself, at concentrations up to 10~* M, did not inhibit 
mediator release in this experiment; therefore, the 
effect being examined is not due to a general inhi- 
bition by theophylline but rather to an effect on the 
potentiation process. 

Effects of adenosine and adenosine analogs on 
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Table 1. Effects of adenosine and adenosine analogs on the potentiation of 
histamine release from chopped guinea pig lung* 





Analog 


(100 4M) Potentiation of histamine release (%) 





Adenosine 

N°-Methyladenosine 
2-Methyladenosine 
2-Chloroadenosine 
9-B-b-Arabinofuranosyladenine 
5’-Deoxyadenosine 0. 
2'-Deoxyadenosine 1. 


2.6 (P<0.001)* 
3.4 (P<0.001) 
2.0 (P<0.001) 
3.4 (P<0.001) 
.7 + 0.3 (NS) 
2.0 (NS) 
1.4 (NS) 


wNuah 


nw I+ I+ I+ I+ 


=~ 
+ 
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* Lung tissue from five sensitized guinea pigs was combined for use in this 
experiment. The chopped lung tissue was prewarmed in Tyrodes solution at 37° 
for 10 min prior to the addition of adenosine or the indicated adenosine analog. 
After 3 min the tissue was challenged with 40 g/ml of egg albumin. Reactions 
were terminated and histamine release was determined. The per cent histamine 
release in this experiment was 21.9 + 0.1 (corrected for a spontaneous release 
of 4.2 per cent). Per cent potentiation of histamine release was calculated as 
described in Materials and Methods. 

+ The values for the per cent potentiation of histamine release are the means 
+ the S.E. of four determinations. The ‘P’ values (determined by Student’s 
paired f-test) indicate the level! of significance of the difference in the release 
obtained in the presence of adenosine or analog in relation to the release attained 
with antigen alone. NS = not significant. 


N’-phenylisopropyladenosine, were _ significant 
potentiators of the release process. The regulatory 
site associated with this system differs from that 


ionophore-induced histamine release from rat peri- 
toneal mast cells. Since adenosine has been reported 
previously to potentiate ionophore-induced hista- 


mine release from rat peritoneal mast cells [17], it 
was of interest to characterize more thoroughly the 
adenosine site associated with this mediator release 
system to determine if it, too, was an ‘R’ site. As 
can be seen in Table 3, in this system, too, only the 
analogs which were ‘R’ site agonists, N°’-methylad- 
enosine, 2-methyladenosine, 2-chloroadenosine and 


associated with the guinea pig lung system in one 
respect, however, in that inosine, at 100 uM, is a 
significant potentiator of histamine release in puri- 
fied mast cells (e.g. in the experiment described in 
Table 3, inosine gave a 132.0 + 19.5 per cent poten- 
tiation). This effect of inosine on purified mast cells 
which has been described previously by Marquardt 
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Fig. 1. Dose-related potentiation of antigen-induced histamine release from chopped guinea pig lung 
by N°-methyladenosine. Chopped lung tissue from four guinea pigs was combined for use in the 
experiment. The lung samples were preincubated for 10 min in Tyrodes solution at 37°. Histamine 
release was initiated by the simultaneous addition of antigen (40 ug/ml) and the concentrations of N’- 
methyladenosine indicated. After 10 min at 37°, the reactions were terminated and histamine release 
was analyzed as described in Materials and Methods. The per cent histamine release in the control 
sample was 24.2+0.4 (corrected for a spontaneous release of 2.6per cent). Vertical bars 
represent + S.E.M. The single asterisk (*) indicates significantly different from control (P < 0.05). The 
double asterisk (**) indicates significantly different from control (P < 0.001). 
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Table 2. Ability of theophylline to block potentiation of histamine release by 
10-° M N®-methyladenosine* 





Concentration of 
Theophyiline 


(M) % Potentiation by N’-Methyladenosine (107° M) 





0 22.8 + 3.6 (P<0.01)* 
107° 0 (P<0.05) 
107° 5 (P<0.05) 
10-4 8.9 + 5.5 (NS) 





* Lung tissue from four sensitized guinea pigs was combined for use in this 
experiment. The chopped lung tissue was prewarmed in Tyrodes solution at 
37° for 5 min prior to the addition of N°-methyladenosine, theophylline or the 
combination of the two. After 5 min, the tissue was challenged with 40 g/ml 
of egg albumin. Reactions were terminated and histamine release was analyzed 
as described in Materials and Methods. The percentage histamine release in 
this experiment was 26.9 per cent (corrected for a spontaneous release of 3.7 
per cent). 

+ The values for the per cent potentiation of histamine release are the means 
+ §.E. of four determinations. The ‘P’ values indicate the level of significance 
of the release obtained in the presence of N°-methyladenosine alone or N°- 
methyladenosine and theophylline in relation to the release obtained with 
antigen alone. NS = not significant. 


Table 3. Effects of adenosine and adenosine analogs on the potentiation of 
ionophore-induced histamine release from purified rat peritoneal mast cells* 





Analog 
(100 4M) 


Potentiation of histamine release (%) 





Adenosine 151.6 + 12.9 (P<0.05)* 


N°-Methyladenosine 

2-Methyladenosine 

2-Chloroadenosine 
-Phenylisopropyladenosine 

5’-Deoxyadenosine 

2'-Deoxyadenosine 

2’ ,5’-Dideoxyadenosine 


95.6 + 11.3 (P<0.01) 
87.0 + 19.6 (P<0.05) 
85.0+ 5.7 (P<0.01) 
136.5 + 13.1 (P<0.01) 
33.3+ 2.0 (NS) 
26.0+ 9.5 (NS) 
20.5 + 5.7 (NS) 





* Purified cells (1 x 10° cells/ml) were prewarmed for 9 min at 37° prior to 
the addition of adenosine or the indicated adenosine analogs. After | min, the 
cells were challenged with 3 x 10° M ionophore A23187. Reactions were 
terminated and histamine release was quantitated as described in Materials and 
Methods. The per cent histamine release in this experiment was 14.3 + 1.4 
(corrected for a spontaneous release of 4.2 per cent). 

+ The values for the per cent potentiation of histamine release are the means 
+ S.E. of four determinations. The ‘P’ values indicate the level of significance 
of the difference in the release obtained in the presence of adenosine or analog 
in relation to the release obtained with antigen alone. NS = not significant. 


et al. [17] might be due to the ability of inosine to 
inhibit cellular adenosine deaminase, thus producing 
a rise in endogenous adenosine levels. 

Effects of adenosine and adenosine analogs in 
guinea pig lung adenylate cyclase. The data presented 
in Table 4 demonstrate that only the analogs with 
strong ‘P’ site activity, 9-8-p-arabinofuranosylad- 
enine, 5'-deoxyadenosine, 2-deoxyadenosine and 
2' ,5'-dideoxyadenosine, mimic the ability of adeno- 
sine to inhibit guinea pig lung adenylate cyclase in 
a dose-related fashion. The relative order of potency 
for inhibition by these analogs is 2’ ,5’-dideoxyaden- 





* A. F. Welton and B. A. Simko, manuscript in 
preparation. 


osine > 5'-deoxyadenosine > 2’-deoxyadenosine = 
9-B-b-arabinofuranosyladenine > adenosine. This 
is similar to the order of potency observed for ‘P’ 
sites associated with other adenylate cyclase systems 
[24, 26]. It should be noted that the Icso values 
reported in this table were obtained when the enzyme 
was assayed in the presence of 5mM MgCh. As 
previously reported by Weinryb and Michel [25], the 
potency of inhibition of adenylate cyclase by adeno- 
sine and the other ‘P’ site analogs tested was 
extremely dependent upon the concentration of 
MgClh used in the assay. Also, inhibitory potency 
can be influenced by the type of metal ion exposed 
to the system, by guanine nucleotides, and in some 
cases, by the presence of epinephrine or isoproter- 
enol in the assay.* 
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Table 4. Inhibition of guinea pig lung adenylate cyclase by 
adenosine and adenosine analogs* 





Analog 





Adenosine 


9-B-pArabinofuranosyladenine 


2'-Deoxyadenosine 
5'-Deoxyadenosine 

2' 5'-Dideoxyadenosine 
2-Chloroadenosine 
N°-Methyladenosine 
2-Methyladenosine 
N’-Phenylisopropyladenosine 
Formycin B 

Adenine 





*The adenylate cyclase 


assay 


was performed as 


described in Materials and Methods. 


+ Not inhibitory. 


Attempts to observe any type of ‘R’ site effect 
(inhibitory or activating) on guinea pig lung adeny- 
late cyclase were unsuccessful. During such attempts, 
assay conditions were varied to include different 
types of metal ions, guanine nucleotides, and other 
enzyme activators such as B-agonists, histamine and 
prostaglandins. Also, assays were conducted in the 
presence of high concentrations of adenosine deami- 
nase (up to 12 units/ml of enzyme assay) to purge 
the system of any endogenous adenosine which might 
be generated from substrate ATP by nucleotide- 
metabolizing enzymes present in the lung hom- 
ogenate. This was done to try to eliminate the pos- 
sibility that endogenous adenosine might bind with 
such high affinity to ‘R’ sites associated with lung 
adenylate cyclase and thereby mask the effects of 
exogenous ‘R’ site agonists, such as N°-methylad- 
enosine. Finally, attempts were made to assay the 
adenylate cyclase activity in guinea pig lung using 
2'-deoxy-ATP as a substrate.* Utilizing this sub- 
strate, only 2'-deoxyadenosine should be formed by 
the nucleotide-degrading enzymes in the lung hom- 
ogenate. Since 2'-deoxyadenosine would function 
only as a ‘P’ site agonist at the concentrations which 
might be present during enzymatic assay, this. system 
allows the observation of ‘R’ site effects in the 
absence of endogenous ‘R’ site ligands. However, 
experiments with this system, too, did not reveal ‘R’ 
site effects on the lung adenylate cyclase. 


DISCUSSION 


The results of this study demonstrate that adeno- 
sine potentiates the antigen-induced release of his- 
tamine from the lung tissue of actively sensitized 
guinea pigs. This is similar to the previously observed 
effect of adenosine on mediator release systems 





* The studies were performed at the suggestion of Dr. 
C. Londos, of the National Institute of Arthritis, Metab- 
olism and Digestive Diseases, NIH, who has used such an 
assay system to observe ‘R’ sites in the liver adenylate 
cyclase system. 


associated with rat peritoneal mast cells [17], but 
differs from observations made with human baso- 
phils in which adenosine actually inhibits mediator 
release [36]. It is difficult to speculate on a reason 
for the differences observed in these secretory sys- 
tems except to note that the systems must have some 
fundamental differences in their secretory mechan- 
isms. The differential sensitivity of these systems to 
inhibitors of mediator release, such as disodium 
cromoglycate [37-39], would support such a con- 
clusion. Alternatively, it is known that basophil prep- 
arations are contaminated with other cells which also 
respond to adenosine, such as platelets [15, 16] and 
lymphocytes [11, 12]. Thus, another explanation is 
that, in the presence of adenosine, these contami- 
nating cells release regulatory molecules which alter 
the ability of adenosine to modulate histamine 
release from basophils. 

The site through which adenosine interacts to 
potentiate mediator release from lung and purified 
mast cells was characterized in our studies as being 
an ‘R’ site by the criteria established by Londos and 
Wolff [27]; that is, only analogs with strong ‘R’ site 
activity, 2-methyladenosine, N°-methyladenosine, 2- 
chloroadenosine and N°-phenylisopropyladenosine, 
were found to mimic the potentiating capabilities of 
adenosine. The observation that theophylline blocks 
the potentiating ability of adenosine in the guinea 
pig lung system, which was also previously described 
by others for rat peritoneal cells [17], is consistent 
with the finding that adenosine is acting at such a 
site [27]. 

The role of adenosine in mediator release in lung 
and mast cells appears to be modulatory. Adenosine 
itself does not affect the spontaneous release of 
histamine; the presence of a release inducer such as 
antigen, ionophore A23187, concanavalin A, com- 
pound 40/80 or anti-IgE, is required in order to 
observe an effect with the nucleotide. Yet, the stud- 
ies performed to date have not eliminated the pos- 
sibility that adenosine may actually be required for 
release. Since enzymes such as ATP hydrolases and 
5'-nucleotidase are present in the exterior of cells 
and since under normal release-inducing conditions 
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these enzymes could be metabolizing ATP and 5’- 
AMP to adenosine, there would always be endogen- 
ous adenosine present in the exterior of the cell to 
participate in the release reaction. The ‘R’ adenosine 
sites are believed to be receptors located on the cell 
exterior [27] and because these receptors appear to 
have very high affinities for adenosine (~10~’M 
giving half-maximal effect in the mast cell [17]), 
adenosine concentrations in the range required to 
promote mediator release could always be present 
near the sites. If this is true, one cannot eliminate 
the possibility that adenosine is an absolute cofactor 
required in the release process. At present we are 
attempting to establish conditions under which to 
examine this question more thoroughly. 

The potential for the continuous presence of 
endogenous adenosine in mediator release systems 
might also explain another observation we have 
made with regard to the ability of exogenous adeno- 
sine to potentiate mediator release in lung tissue and 
purified rat peritoneal mast cells. From a comparison 
of the data observed in Tables 1 and 3, it can be 
seen that much larger potentiations are observed in 
the purified mast cell system than in lung tissue. This 
may be due to the fact that in lung tissue the cells 
are quite concentrated and closely associated with 
one another. Hence, the endogenous adenosine lev- 
els present near exterior ‘R’ site receptors would 
most likely be higher than in the purified mast cell 
system where the cells are more dilute and where 
endogenous adenosine produced by the cells is much 
more free to diffuse away from the receptor sites. 
Alternatively, the less striking potentiation of his- 
tamine release in the lung might also reflect the 
possibility that adenosine is affecting more cell types 
in the lung than just the mast cell. As discussed 
previously for basophil preparations, adenosine may 
be causing the release in the lung of regulatory 
substances which alter the histamine release poten- 
tiating ability of adenosine. 

The inhibitory effect of adenosine on guinea pig 
lung adenylate cyclase previously described by Wein- 
ryb and Michel [25] does not appear to be related 
to the ability of this nucleoside to potentiate mediator 
release from the lung; that is, our studies have dem- 
onstrated that inhibition appears to be modulated 
through a ‘P” site for adenosine, not an ‘R’ site. 
These findings demonstrate the importance of com- 
paring the characteristics of the adenosine receptors 
associated with a physiological process and with 
adenylate cyclase before assuming that this enzyme 
is involved in the mechanism by which the physio- 
logical process is modulated by the nucleoside. Due 
to the heterogeneity of cell types present in the lung, 
however, our studies cannot eliminate the possibility 
that adenosine does act through an ‘R’ site associated 
with a subpopulation of adenylate cyclase present 
in the lung in such small quantities that it cannot be 
observed by assaying a total lung homogenate. 
Future studies, therefore, will be directed at char- 
acterizing the effects of the nucleoside on the adeny- 
late cyclase present in purified mast cells. 

An obvious explanation for the lack of correlation 
between effects of adenosine on mediator release 
and in adenylate cyclase activity is that adenosine 
is not acting through this enzyme system at all. One 
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possibility is that the potentiation phenomenon is 
due simply to increased cellular ATP levels. How- 
ever, since 2-chloroadenosine and N°-phenylisopro- 
pyladenosine are active in the potentiation process 
and these two nucleosides are not readily incorpor- 
ated into nucleotide pools [40-42], this seems 
unlikely. Also, the observation that theophylline 
blocks the potentiation process argues against this 
explanation. It is possible, however, that other 
enzymes such as protein kinase [43, 44] or phospho- 
diesterase [6] are affected by adenosine. These pos- 
sibilities will be more thoroughly examined in the 
future. 

Thus, these studies have established a role for 
adenosine in regulating antigen-induced mediator 
release from lung tissue. In addition, the receptor 
through which this nucleoside acts to induce media- 
tor release in lung tissue and purified peritoneal mast 
cells has been characterized as an ‘R’ adenosine 
receptor site. The mechanism by which this nucleo- 
side acts through this receptor site to induce this 
effect is not known. And, it remains to be established 
whether adenosine plays simply a modulatory role 
in the release process or is absolutely required for 
release to occur. 
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Abstract—It is generally accepted that aspirin inhibits platelet function by irreversible acetylation of 
prostaglandin cyclo-oxygenase. The salicylate moiety seems not to be causally involved in the inhibitory 
effect of aspirin, a concept supported by the virtual inactivity of sodium salicylate. However, prostag- 
landin synthesis is also inhibited by numerous compounds which have no acetylating properties. Recent 
evidence indicates that salicylate may prevent the inhibitory effect of aspirin on rabbit platelet cyclo- 
oxygenase, suggesting that interaction of the salicylate moiety of aspirin with this enzyme is important. 
This study was aimed at evaluating whether the inhibitory effect of aspirin on platelet prostaglandin 
generation could be reversed by sodium salicylate. We therefore measured spectrophotometrically 
malondialdehyde (MDA) generated by arachidonate in rat platelet-rich plasma and evaluated the effect 
of short-term incubation with either aspirin or salicylate or both. In the experimental conditions used, 
salicylate not only prevented but also reversed aspirin-inhibition of MDA formation. This interaction 
was not peculiar for platelets, since salicylate also reversed the in vitro inhibitory effect of aspirin on 
vascular prostacyclin generation (measured by a bioassay). These findings suggest that irreversible 
acetylation of cyclo-oxygenase does not account for the early in vitro inhibitory effect of aspirin on 


prostaglandin synthesis. 


. Non-steroidal anti-inflammatory drugs inhibit pla- 
telet function by preventing the enzymatic transfor- 


mation of arachidonic acid into prostaglandin cyclic 
endoperoxides [1]. Since aspirin is a potent inhibitor 
of platelet function and prostaglandin synthesis, 
whereas salicylic acid is almost inactive [2-5], ace- 
tylation of the enzyme cyclo-oxygenase by the former 
is considered essential for its effect [6]. This is in 
agreement with previous in vitro experiments in 
which platelet-bound radioactivity was only found 
when platelets were incubated with acetyl group- 
but not carboxyl group-!helled aspirin [6, 7]. How- 
ever, both platelet function and prostaglandin syn- 
thesis are inhibited by numerous compounds, such 
as indomethacin, which have no acetylating proper- 
ties [4, 5, 8, 9]. 

On the other hand, evidence has recently been 
presented that the aspirin-induced inhibition of rab- 
bit platelet cyclo-oxygenase can be prevented by 
salicylate [10]. This pharmacological antagonism 
suggests that interaction of the salicylate moiety of 
aspirin with cyclo-oxygenase may be more important 
than is currently believed for the inhibitory effect of 
this drug. 
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The present study was aimed at evaluating whether 
aspirin’s inhibitory effect on platelet prostaglandin 
synthesis and platelet aggregation could not only be 
prevented but also reversed by salicylate. Since 
aspirin is also a strong inhibitor of PGI, (prostacy- 
clin) generation in the vessel wall of rats [11], we 
also investigated whether salicylate reversed this 
effect. We present here the results of in vitro experi- 
ments in the rat indicating that the inhibitory effect 
of aspirin on both platelet and vascular prostaglandin 
generation can be reversed by sodium salicylate. 


MATERIALS AND METHODS 


Animals. Male CD-COBS rats (250-300 g body 
wt) from Charles River, Calco, Italy were used. 

Platelet malondialdehyde generation. Platelet 
malondialdehyde (MDA) generation on stimulation 
with sodium arachidonate (0.6-1mM, Sigma, 
Mascia Brunelli, Milan, Italy) was measured by a 
modification [12] of the spectrophotometric method 
described by Smith ef al. [13]. Platelet-rich plasma 
(0.5 ml) [12] was stirred in the cuvette of an aggre- 
gometer (Elvi 840, Elvi Logos, Milan, Italy) at 37° 
with microliter amounts, firstly of either sodium sal- 
icylate (1-2 mM, Carlo Erba, Milan, Italy) or aspirin 
(50-350 uM, lysine salt, Flectadol, Maggioni, Milan, 
Italy) or redistilled water for 1 min, then with redis- 
tilled water or the other drug for 1 additional min. 
Then 6-10 wl sodium arachidonate were added to 
the cuvette and platelet aggregation was followed 
for 2min on a chart recorder connected to the 
aggregometer [11, 12]. The reaction was stopped by 
adding 0.5 ml 50% trichloroacetic acid and the sam- 
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Fig. 1. Inhibition by aspirin (50-300 uM, final concentration 

[f.c.]) of sodium arachidonate (0.6 mM, f.c.)-induced pla- 

telet malondialdehyde (MDA) generation. 

platelets with sodium salicylate (1 mM, f.c.) prior to aspirin 

partially prevents the inhibitory effect. Means + S.E.M. 
of 3 experiments. For further details see text. 


ple was processed for MDA assay as previously 
described [12]. 

Platelet aggregation inhibitory activity. The platelet 
aggregation inhibitory activity of prostacyclin (PGI2) 
generated by rings of rat thoracic aorta was measured 
and characterized as described [11, 12]. This activity 
was completely inhibited by an antiserum (kindly 
provided by Drs. M. J. Silver and J. B. Smith) which 
antagonised the platelet antiaggregating activity of 
authentic PGI, (Upjohn, Kalamazoo, MI, U.S.A.) 

14]. 

| om rings (2-6 mg wet wt) were incubated at 
room temperature in 50 ul 0.05 M Tris buffer, pH 
7.4, with or without aspirin (600-1200 uM). After 
2 min, 50 wl of buffer with or without sodium sali- 
cylate (1-4mM) were added and incubation was 
continued for another 6 min. Microliter amounts of 
the supernatant buffer were incubated in the cuvette 
of the aggregometer with 250 ul human platelet-rich 
plasma, which was then challenged with 1-2 uM 
ADP (Sigma) [11, 12]. 
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Fig. 2. Inhibition by aspirin (125-350 uM, f.c.) of sodium 

arachidonate (0.6 mM, f.c.)-induced platelet malondialde- 

hyde (MDA) generation. Incubation of platelets with 

sodium salicylate (1mM, f.c.) after aspirin partially 

reverses the inhibitory effect. Means + S.E.M. of 3 experi- 
ments. For further details see text. 
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ASP Na-Sal 
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Fig. 3. Representative tracings of platelet aggregation 
induced by sodium arachidonate (0-6 mM, f.c.). Platelets 
were preincubated for 1 min with redistilled water (tracing 
C), 1mM sodium salicylate (tracing Na-Sal) or 250 uM 
aspirin (tracing ASP) before addition of sodium arachi- 
donate. The last two tracings show that the inhibitory effect 
of aspirin was prevented (tracing Na-Sal+ ASP) or 
reversed (tracing ASP + Na-Sal) by sodium salicylate. For 
further details see text. 
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RESULTS 


Aspirin (50-350 uM) strongly inhibited platelet 
MDA formation, whereas sodium salicylate was 
inactive even at 2 mM final concentration. However, 
salicylate (1 mM) prevented and reversed the inhibi- 
tory effect of aspirin (Figs. 1 and 2). Similarly, 0-75- 


2mM sodium salicylate, though inactive itself, pre- 
vented or reversed aspirin (250-350 «M)-induced 
inhibition of platelet aggregation brought about by 
0-6 mM sodium arachidonate (Fig. 3). Vascular PGI2 
generation was also inhibited by aspirin (600- 
1200 4M) but not by salicylate (1-4 mM). The latter, 
however, reversed the effect of aspirin (Fig. 4). 


ASP + 
C PGI2 Na-Sal 


Naan 


Imin , 


ASP NaSal 


LIGHT TRANSMISSION 





Fig. 4. Biological assay. of prostacyclin activity generated 
by rat aortic rings. Representative tracings of human plate- 
let aggregation induced by 2 4M ADP. The inhibitory effect 
of prostacyclin (tracing PGI, vs tracing C) was inhibited by 
incubating the vascular rings with 900 uM aspirin (tracing 
ASP) but was unaffected by incubation with 1 mM sodium 
salicylate (tracing Na-Sal). The last tracing (ASP + Na-Sal) 
shows that the inhibitory effect of aspirin was partially 
reversed by sodium salicylate. For further details, see text. 





Reversibility of aspirin effect on PGs 


DISCUSSION 


The most interesting finding in this study was that 
the inhibitory effect of aspirin (after short-term in 
vitro incubation) on both platelet and vascular pros- 
taglandin generation could be reversed by sodium 
salicylate. This observation implies that in the test 
systems used, sodium salicylate, although virtually 
inactive, interfered with the prostaglandin synthesis 
pathway. If salicylate binding to prostaglandin cyclo- 
oxygenase is a generalized phenomenon throughout 
the body, its pharmacological effect on prostaglandin 
synthesis could also be evident in tissues other than 
platelets or vessel walls. This might be relevant to 
our understanding of the long known anti-inflam- 
matory and antirheumatic effects of sodium salicylate 
[15]. 

The early inhibitory effect of aspirin on prostag- 
landin synthesis was reversible and may not neces- 
sarily be linked to irreversible acetylation of cyclo- 
oxygenase. Work in progress in our laboratory 
indicates that, in experimental conditions similar to 
those used here, the inhibitory effect of aspirin on 
rat platelet MDA formation (induced by sodium 
arachidonate or thrombin) is apparently competitive 
(with Ki of 120-160 uM, analysed by Dixon plots). 

These observations are in agreement with previous 
findings [6, 16] that arachidonic acid is an apparently 
competitive inhibitor of cyclo-oxygenase acetylation 
by aspirin. Roth et a/. [6] have suggested that the 
binding of arachidonic acid to the enzyme’s active 
site might prevent aspirin binding to it (or to another, 
closely associated site). This mechanism could also 
explain why sodium salicylate prevents the effect of 
aspirin [10]. However, the observed reversion of 
aspirin’s inhibitory effect by sodium salicylate sug- 
gests that reversible aspirin binding to the enzyme 
is sufficient to inhibit its activity, before irreversible 
acetylation takes place. It can therefore be postu- 
lated that aspirin inhibits cyclo-oxygenase activity 
through fast, reversible binding to its active site. This 
inhibitory effect is subsequently made persistent by 
irreversible, slower acetylation [6,8,17]. It is 
unlikely that acetylation accounts for the increasingly 
greater inhibition of platelet function observed as 
the incubation time of platelets with aspirin was 
increased [8], since the same time-dependent inhi- 
bition was seen with indomethacin and other com- 
pounds which lack acetyl groups (ref. 18 and unpub- 
lished observations of the authors). The presence of 
the acetyl residue on the salicylic acid moiety could 
make it more accessible to and/or more effective on 
cyclo-oxygenase. 

The fact that the above drug interaction was 
observed not only in platelets (suspended in their 
own plasma) but also in the vessel wall (in the 
absence of plasma) suggests that salicylate—aspirin 
antagonism did not occur at the level of plasma 
protein binding [2]. 

Reversibility by salicylate of the aspirin inhibitory 
effect in platelet-rich plasma or in the vessel walls 
has apparently not been described so far. 

Zucker and Peterson [8], in experiments designed 
to explore possible additive effects of several anti- 
inflammatory agents on the release of platelet-bound 
C-serotonin by connective tissue, reported that 
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human platelets preincubated for 15 min with aspirin 
(156 4M) and for another 15 min with sodium sali- 
cylate (9mM), released slightly larger amounts of 
'C-serotonin than when they were preincubated 
with aspirin alone. 

In the context of overall results obtained with 
different drug combinations, the authors concluded 
that no additive effect was observed. No specific 
comment was made on aspirin-salicylate interac- 
tions. In the light of our present data, Zucher and 
Peterson’s findings could also indicate that salicylate 
partially reversed the aspirin effect. 

These observations are potentially useful for a 
better understanding of the mechanism of action of 
this old and popular antiaggregating agent which is 
currently being investigated in many clinical trials 
for its potential antithrombotic effect. Approxi- 
mately 50 per cent of orally administered doses of 
aspirin are hydrolysed to salicylic acid before they 
reach the blood stream. The percentage of hydro- 
lysed drug may in some cases be larger than this, 
depending on the dosage form used [19]. If the 
aspirin-salicylate interaction described here also 
occurs in vivo in humans, the kinetic disposition of 
aspirin should be taken into account when evaluating 
its pharmacological and clinical effects. For example, 
30 min after oral administration of 650 mg of aspirin 
to normal subjects, plasma levels of unchanged drug 
were about 4 times lower than those of the hydro- 
lysed product (salicylic acid) [19]. Recent reports of 
a sex difference in the antithrombotic activity of 
aspirin [20-22] and of the paradoxical effects of high 
doses of aspirin on bleeding time [23] could also be 
re-assessed in the light of these data. 
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Abstract—Isoamylamine (IAA) and phenylethylamine (PEA) have been studied as substrates for MAO 
activity in vitro in rat liver and heart mitochondrial fractions. The metabolism of both IAA and PEA 
in the liver was brought about by low- and high-K»» activities which, by the use of the inhibitor clorgyline, 
were found to correspond to MAO-B and MAO-A, respectively. Similar conclusions were reached for 
IAA metabolism in the rat heart. In contrast, only a single enzyme component of PEA metabolism in 
the rat heart was detected by Lineweaver—Burk analysis, although inhibition studies revealed that there 
was a small proportional contribution of MAO-B activity towards this amine. It was concluded from 
these results that the relative importance of MAO-A and MAO-B for metabolism of these amines 
depends upon the substrate concentration used. In addition, the possible physiological significance of 


IAA as a biogenic amine is discussed. 


Monoamine oxidase (MAO : EC 1.4.3.4) is.a fla- 
voprotein enzyme, located predominantly in the 
outer mitochondrial membrane, and distributed 
widely throughout tissues of many different animal 
species (see ref. 1, for review). Some of the more 
important physiological substrates for this enzyme 
include the biogenic amines noradrenaline, dopa- 
mine and 5-hydroxytryptamine. Although much 
effort continues to be directed towards clarifying the 
role of MAO in controlling the intracellular con- 
centrations of these putative neurotransmitter 
amines, recent interest has also focused upon the 
properties, as MAO substrates, of various trace 
amines whose physiological function is less clearly 
defined, and which are normally found only at very 
low endogenous concentrations in mammalian tis- 
sues [2]. In particular, the demonstration that two 
types of enzyme activity, called MAO-A and MAO- 
B, can be distinguished on the basis of their relative 
sensitivities towards inhibition by the drugs clorgy- 
line [3] and depreny! [4] has prompted most contem- 
porary investigations to be carried out within the 
context of providing information about the possible 
functional significance in vivo of this binary classi- 
fication for MAO activity (see ref. 5, for review). 
To date, a number of research papers have 
described the properties, as substrates of MAO-A 
and MAO-B, of a variety of aromatic trace amines, 
among which are phenylethylamine (PEA) [6-8], 
phenylethanolamine [9,10], p-octopamine [10-12], 
m-octopamine [13], p-tyramine [3], m- and o-tyra- 
mine [14] and p-synephrine [15]. In contrast, rela- 
tively little is known about the ability of MAO-A 
and MAO-B to deaminate various aliphatic mono- 
amines, which may gain access to the mammalian 
body either as a result of dietary influences or by 
bacterial action in the gut (see Discussion). 


The present paper describes the results of our 
investigations into the deamination of one such com- 
pound, namely isoamylamine (IAA, 3-methyl buty- 
lamine), by mitochondrial fractions from rat liver 
and heart. In this work we have confirmed and 
extended previous reports that IAA is, indeed, 
metabolized in vitro by MAO [16-18] and by the use 
of clorgyline we have provided evidence for the 
involvement of both MAO-A and MAO-B in this 
action. In view of certain structural similarities 
between IAA and PEA, the latter amine has been 
included in this study for comparative purposes. 


MATERIALS AND METHODS 


Male albino Sprague-Dawley rats weighing 150- 
200g were supplied by A. J. Tuck and Son, Rayleigh, 
Essex, U.K. Clorgyline hydrochloride was a gift from 
May & Baker Ltd., Dagenham, Essex, U.K. Leuco- 
2’,7'-dichlorofluorescein diacetate (DCF) was pur- 
chased from Eastman Kodak, Kirkby, Liverpool, 
U.K., horseradish peroxidase (POD), IAA (free 
base) and PEA hydrochloride from Sigma, London, 
U.K. IAA was converted to its hydrochloride salt 
for use in the studies described here. 

Preparation of mitochondria. Mitochondrial frac- 
tions from liver and heart were prepared from the 
pooled tissues of 6 rats. Animals were killed by a 
blow to the head and their hearts and livers were 
removed, blotted and weighed. The tissues were 
homogenized by the use of a Sorvall Omnimixer in 
10 vol. of a buffer containing 0.25 M sucrose and 
0.01 M potassium phosphate, pH 7.8. The hom- 
ogenate was centrifuged, first at 800 g for 10 min to 
remove debris, unbroken cells etc., and then the 
supernatant fraction was decanted and centrifuged 
at 12,000 g for 20 min in an MSE Prepspin centrifuge. 
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The mitochondrial pellets obtained in this way were 
resuspended in an appropriate volume of homogen- 
ization buffer, and the total suspension was divided 
into a number of 3 ml portions which were stored 
at --20° until used separately for subsequent experi- 
ments. All results reported in this paper were 
obtained with mitochondria which had thus been 
frozen and thawed once only. The protein concen- 
trations of these suspensions, measured by the 
method of Goa [19] were 40.1 and 7.1 mg/ml for 
liver and heart, respectively. 

Spectrophotometric assay of MAO. The assay 
described by Kéchli and von Wartburg [20], which 
follows the oxidation of leuco-DCF by H2O: pro- 
duced as a result of amine metabolism by MAO, was 
used to measure the deamination of IAA and PEA. 

Assay mixtures contained 0.6 ml leuco-DCF soi- 
ution (2.5 x 10-* M in 0.01N NaOH), 1.8 ml POD- 
buffer (8.3 mg POD dissolved in 100 ml of 0.1 M 
potassium phosphate buffer, pH 7.8), made up to 
a total cuvette volume of 3 ml with appropriate 
volumes of mitochondrial suspension and amine 
(dissolved in distilled water to give the required final 
amine concentrations in the assay). As previously 
reported [20], it was found necessary to preincubate 
reaction mixtures (minus enzyme) for a short period 
(5 min) in the dark, to allow a small background rate 
of leuco-DCF oxidation to subside. The enzyme 
assay was then started by the addition of mitochon- 
dria, and the change in absorbance at 502 nm was 
monitored in air at room temperature for up to 4 
min (liver) or 5 min (heart), over which time the rate 
of reaction remained linear with respect to both 
protein concentration in the cuvette and the assay 
time. Actual protein concentrations chosen for the 
various experiments reported here are described in 
the figure legends. Blank assays represented the 
change in absorbance produced in these periods by 
reaction mixtures lacking only amine substrate, and 
all results were corrected for this tissue blank. 
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Reaction rates were converted to nmoles amine 
metabolized/hr/mg protein, assuming a_ stoichi- 
ometry of 5.3 moles DCF formed/mole H2Q2 gen- 
erated in the MAO reaction, and also using the 
molar extinction coefficient for DCF of 91,000 
M~'cm~! quoted by K6échli and von Wartburg [20]. 
In these experiments, where the effects of various 
concentrations of the inhibitor clorgyline upon amine 
metabolism were studied, mixtures containing suf- 
ficient volumes were prepared containing liver or 
heart mitochondria (at final concentrations of 8.02 
and 3.55 mg/ml, respectively) and the appropriate 
concentration of inhibitor (from 5 x 10~'° to 5 x 
10~* M), such that after incubation for 20 min at 37°, 
aliquots of 50 yl (liver) and 100 ul (heart) could be 
removed from these mixtures and assayed for MAO 
activity as described above. It should be noted that 
all concentrations of clorgyline quoted in the text 
represent preincubation concentrations. Thus, the 
addition of samples from the preincubation mixtures 
to make the final 3 ml volume for spectrophotometric 
assay will result in some slight dilution of these 
inhibitor concentrations. 


RESULTS 


Rat liver MAO. Initial reaction velocities for 
deamination of IAA in rat liver mitochondria were 
determined at concentrations of IAA ranging from 
10 ~M to 5 mM. The resulting Lineweaver—Burk 
plot of this data (Fig. 1) was biphasic, and from the 
linear regions of this plot, it was possible to estimate 
values of approximately 16 and 95 uM, for a low- 
and high-K» enzyme component, respectively. How- 
ever, when two enzyme components with different 
kinetic constants may each be contributing to the 
total metabolism of a single substrate, a more accu- 
rate estimation of these individual parameters may 
be obtained by applying the iterative fitting method 
described by Spears et al. [21] to the data. By using 
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Fig. 1. Lineweaver-Burk plot for IAA metabolism in rat liver. Initial reaction velocities (V) were 

determined at different [AA concentrations (S$), ranging from 10 uM to 5 mM (inset : 500 uM to 5 

mM). Each point is the mean of duplicate determinations using 0.20 mg mitochondrial protein in each 
assay. 
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Fig. 2. Lineweaver-Burk plot for PEA metabolism in rat liver. Initial reaction velocities (V) were 
determined at different PEA concentrations (S), ranging from 1 uM to 4 mM (inset : 1 mM to 4 mM). 
Each point is the mean of duplicate determinations using 0.40 mg mitochondrial protein in each assay. 


this method, the experimental data was best 
described by two components with K» values of 13.1 
and 679 uM and Vmax values of 68.4 and 29.8 
nmoles/hr/mg protein, respectively. 
The deamination of PEA (between | uM and 4 
mM) similarly gave rise to a Lineweaver—Burk plot 
showing two components with approximate K» val- 
ues of 3 and 19 uM (Fig. 2). By means of the iterative 
fitting procedure, these values were estimated to be 
2.8 and 101 uM with corresponding Vmax values of 
52.2 and 20.5 nmoles/hr/mg protein, resepectively. 
The inhibition of rat liver MAO activity towards 
these substrates is shown in Fig. 3. In these studies, 
f r r 1 — two different concentrations of IAA (20 uM and 5 
5x10°'9 5x 1078 5x 1076 5x10~4 mM) and PEA (5 uM and 5 mM) were used to 
Clorgyline (M) estimate the remaining enzyme activity after prein- 
cubation with different concentrations of clorgyline. 
Fig. 3. Inhibition of rat liver MAO activity by clorgyline. At the lower concentrations of the two amines, the 
Substrates used were IAA at 20 uM (O), 5mM (@); PEA inhibitor plots were single sigmoid, with little inhi- 
at 5 wM (A), 5 mM (A). Each point is the mean of bjtion being observed below the concentration of 5 


duplicate determinations, using 0.40 mg mitochondrial pro- a . ’ =e 
peeve rin onli P x 10~° M clorgyline. From Johnston’s [3] definition 
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Fig. 4. Lineweaver-Burk plot for IAA metabolism in rat heart. Initial reaction velocities (V) were 

determined at different IAA concentrations (S$), ranging from 10 uM to 5 mM (inset : 200 4M to 5 

mM). Each point is the mean of duplicate determinations using 0.36 mg mitochondrial protein in each 
assay. 
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Fig. 5. Lineweaver—Burk plot for PEA metabolism in rat 

heart. Initial reaction velocities (V) were determined at 

different PEA concentrations (S), ranging from 5 uM to 

1 mM. Each point is the mean of duplicate determinations, 
using 0.36 mg mitochondrial protein in each assay. 


of MAO-A and MAO-B on the basis of their relative 
sensitivities towards clorgyline, the present results 
indicate that MAO-B alone is responsible for the 
metabolism of these amines at these particular sub- 
strate concentrations. In contrast, the corresponding 
plots using 5 mM IAA and PEA are biphasic, indi- 
cating a contribution by MAO-A of approximately 
30 and 25% towards the total metabolism of IAA 
and PEA, respectively, at this substrate 
concentration. 

Rat heart MAO. Similar experiments to those 
described above for the rat liver were performed for 
comparative purposes with rat heart mitochondrial 
preparations. The Lineweaver—Burk plot from the 
data for metabolism of IAA (10 uM to 5 mM) again 
showed two components with approximate K», values 
of 22 and 526 uM (Fig. 4). The iterative fitting 
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Clorgyline (M) 
Fig. 6. Inhibition of rat heart MAO activity by clorgyline. 
Substrates used were IAA at 100 uM (OC), 5mM (@); PEA 
at 10 uM (A), 5 mM (A). Each point is the mean of 
duplicate determinations, using 0.36 mg mitochondrial pro- 
tein in each assay. 


procedure for estimating the kinetic constants gave 
values of 13.9 and'739 uM for the low and high K,,, 
components, with corresponding V,,,,, values of 10.5 
and 113.9 nmoles/hr/mg protein. 

In contrast, a linear plot for PEA metabolism was 
obtained over the whole range of concentrations 
studied (5 uM to 1 mM), and linear regression analy- 
sis of this data indicated a K,, of 26 uM and a V,,,, 
of 97.0 nmoles/hr/mg protein (Fig. 5). 

Inhibition by clorgyline of the deamination of [AA 
and PEA was studied at two different concentrations 
of each of these amines (Fig. 6). The double-sigmoid 
inhibitor plot for IAA indicated that MAO-A was 
responsible for approximately 68 and 96% of total 
IAA deamination at 100 17M and 5 mM, respectively. 
In contrast, these proportions were approximately 
92 and 96% for the contribution of MAO-A towards 
the deamination of PEA at concentrations of 10 
uM and 5 mM, respectively. 


DISCUSSION 


In this paper, a comparison has been made 
between the kinetic properties and sensitivity 
towards inhibition by clorgyline of the deamination 
of both IAA and PEA in mitochondrial fractions 
from rat liver and heart. These two compounds show 
a fair degree of structural similarity, with the ami- 
noethyl side-chain moiety of PEA and C-1, -2,-6 
of its aromatic ring bearing a strong resemblance to 
the overall structure of IAA. Thus, it is perhaps not 
surprising that the biochemical properties of these 
amines as substrates for MAO-A and MAO-B also 
show several similar features. 

In the rat liver, Lineweaver—Burk plots indicated 
that two kinetically-distinguishable enzyme compo- 
nents were responsible for the metabolism of these 
amines, although the values for the low and high- 
Km components of PEA metabolism were several 
times lower than the corresponding constants for 
IAA. Presumably, this indicates that the aromatic 
ring of PEA influences the binding of this amine to 
both of the enzyme components. The use of clor- 
gyline to inhibit IAA and PEA deamination showed 
that both MAO-A and MAO-B can metabolize these 
amines, although the MAO-A component was only 
apparent at the higher concentrations of these amines 
used for the inhibition studies. These results sug- 
gested that the low- and high-K» components of the 
Lineweaver—Burk plots may, in fact, be MAO-B and 
MAO.-A, respectively. 

Further support for this supposition was obtained 
by the following approach. If two independent 
enzyme activities (A and B) are acting upon a single 
amine substrate, the total metabolism (Vtora) at a 
given concentration [S] of the substrate should be 
given by the sum of the individual Michaelis-Menten 
equations: 


Vinx S] | Viner S] 
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In this theoretical approach, possible effects of 
changes in the concentration of oxygen, the second 
substrate in the MAO reaction, upon the kinetic 
constants for metabolism of the amines have been 
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ignored, since all reactions were performed at the 
fixed oxygen concentration of air. 

Thus, substitution into this equation of the appro- 
priate apparent kinetic constants (Km and Vmax) for 
the low- and high-affinity components derived by the 
iterative-fitting procedure [21] from the Lineweaver- 
Burk plots enables the calculation to be made that 
the high-K», component is responsible for approxi- 
mately 2 and 28% of total IAA metabolism at 20 
LM and 5 mM, respectively, and 2 and 27% of total 
PEA metabolism at 5 uM and 5 mM, respectively. 
These values were extremely close to the proportions 
of MAO-A which were found by the appropriate 
inhibitor plots. Our observations that the ability to 
reveal metabolism of PEA by MAO-A is dependent 
upon the use of a suitably high substrate concentra- 
tion are in excellent agreement with conclusions 
reached previously by others [7, 8], and the present 
results show that similar considerations also apply 
to IAA. 

In rat heart mitochondria, there were some dif- 
ferences in the kinetic behaviour of IAA and PEA 
as substrates. Two components for [AA metabolism 
were again obtained by double-reciprocal plot analy- 
sis, and the values for the low- and high-K» com- 
ponents were very similar to the corresponding val- 
ues in the rat liver. Again, the results of inhibition 
experiments, which showed a greater proportion of 
MAO-A when the higher IAA concentration was 
employed, are consistent with the low- and high-K» 
components representing MAO-B and MAO-A, 
respectively. Calculations carried out as above pre- 
dict that MAO-A should be responsible for approx- 
imately 60 and 90% of total IAA metabolism at 
concentrations of 100 uM and 5 mM, respectively, 
again in good agreement with the subsequent inhi- 
bition data. In contrast to IAA, the Lineweaver— 
Burk plot for PEA metabolism indicated only a 
single kinetic component with a Km of 26 uM, inter- 
mediate between the two components for PEA 
metabolism in the liver. We originally reported that 
PEA metabolism (at 1 mM concentration) was 
brought about predominantly by MAO-A in adult 
rat hearts [22]. The present inhibition data also 
indicated that almost all of the enzyme activity was 
represented by MAO-A, although small proportions 
of MAO-B (approximately 8 and 4% at 10 uM and 
5 mM PEA, respectively) could be detected. The 
inability to distinguish two components for PEA 
deamination in the double-reciprocal plots over the 
range of PEA concentrations studied may well be 
due to the preponderance of MAO-A activity in this 
tissue, disguising the presence in kinetic studies of 
a very small low-Km MAO-B component acting upon 
PEA. It was not possible to measure PEA deami- 
nation reliably below 5 uM, due to the sensitivity 
limits of the assay, and this may therefore be an 
additional factor. However, our findings were similar 
to those of Edwards et al. [23], who were also unable 
to find biphasic Lineweaver—Burk plots for PEA 
metabolism in the hearts of adult (15 week) rats, but 
could demonstrate two components in young (4 
week) rats. It appears that the selective increase in 
MAO.-A activity which occurs with age in the rat 
heart may provide an explanation for all these 
observations with PEA [23, 24]. 
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The present studies with IAA may have some 
physiological importance, besides providing com- 
parative information about the ability of different 
amine structures to be bound and metabolized by 
MAO-A and MAO-B. IAA was found as long ago 
as 1909 by Barger and Walpole [25] to be a pressor 
agent which could be extracted from putrefied meat, 
and it is now clear that its formation is brought about 
by the decarboxylation of the amino acid leucine. 
Although mammals have not been found to decar- 
boxylate leucine in this manner, some bacteria 
appear to possess the necessary specific decarboxy- 
lase enzymes, among which are the lactobacillus, 
Str. lactis [26], and a micro-organism found in the 
human gut, Proteus vulgaris [27]. In addition, [AA 
and other aliphatic amines have been described as 
constituents of several plant species, and of particular 
interest is their presence in apple fruits [28]. Despite 
long-standing reports in the literature of the pressor 
effects of [AA and other aliphatic amines [29], prob- 
ably by an indirectly sympathomimetic action [30], 
relatively little attention appears to have been paid 
to the potential importance of these compounds in 
mammalian physiology. Since their access to the 
human body seems feasible as a result of either 
bacterial production in the gut, or by introduction 
in the diet, it would appear prudent that these com- 
pounds should also be kept in mind as potential 
triggers of untoward sympathomimetic effects, along 
with the more commonly studied aromatic amines 
such as tyramine and phenylethylamine which may 
also be derived from dietary factors. It needs little 
emphasis to stress that such considerations may be 
of particular consequence after the administration 
of MAO inhibitors in clinical practice. 
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Abstract—Gluconeogenesis from a range of substrates in isolated liver cells from 48 hr starved rats was 
inhibited by clorgyline, L-deprenyl, pargyline, tranylcypromine, phenelzine and iproniazid. Generally 
similar results were seen in cells from fed and diabetic rats and in those from starved guinea pigs. These 
effects were reversed on removal of inhibitor by washing. Ureogenesis from alanine, but not B-oxidation, 
was also inhibited by similar concentrations of pargyline and tranylcypromine. The cell contents of 
malate, aspartate, oxoglutarate and phosphoenolpyruvate were decreased 50 per cent by pargyline. 
ATP was also decreased to a smaller extent. MAOIst increased oxygen uptake in mitochondria 
incubated with several substrates (state 4), an effect consistent with a degree of uncoupling of respiration 
and oxidative phosphorylation. These results are discussed in terms of a non-specific interaction with 


membrane lipids. 


Monoamine oxidase [Amine : oxygen oxidoreduc- 
tase (deaminating) flavin containing; EC 1.4.3.4; 
MAO] inhibitors have been used widely for many 
years for treatment of depressive states and hyper- 
tension [1]. Such inhibitors may be classified both 
chemically (e.g. based on hydrazine, phenylcyclo- 
propylamine and proparglyamine) and pharmaco- 
logically (i.e. acting on MAO-A or MAO-B). 
Despite their apparent specificity, and potency, a 
number of MAO inhibitors have been associated 
with effects not related to MAO function. These 
include inhibition of serum amine oxidase [2, 3], 
microsomal enzymes [4,5], the low Km aldehyde 
dehydrogenase [6-8], red cell pyruvate kinase [9] 
and other enzymes less well characterized [10]. Fur- 
thermore, it is clear that MAOIs of various types 
interact with systems involved in the regulation of 
glucose metabolism in vivo. Insulin secretion is 
reported to be both increased [11-13] and decreased 
[14-17] after exposure to MAOIs; the variation in 
response may be related to species and experimental 
differences as well as the chemical nature of the 
inhibitor [18]. Clinically there is evidence that 
MAOIs may potentiate insulin-dependent hypo- 
glycaemia [19-22]. The precise mechanisms of these 
effects are unclear, but may involve systems other 
than MAO [18]. 

Hydrazine is known to lower blood glucose con- 
centrations in several species in vivo [23,24], and 
this has been associated with the inhibition of glu- 
coneogenesis seen in perfused rat liver preparations 
[25]. Other hydrazines, including those with MAOI 
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activity, also inhibit gluconeogenesis in guinea pig 
liver, although possibly by a different mechanism 
[25, 26]. 

In this paper we report on the effects of non- 
hydrazine MAOIs on gluconeogenesis and other 
processes in isolated liver cells and compare these 
results with those from studies with hydrazines. 


MATERIALS AND METHODS 


Animals. All rats were male, Sprague-Dawley 
strain CSE/ASH, 150-200 g, inbred in this labora- 
tory. Guinea pigs were male, Dunkin—Hartley strain, 
300-400 g. Where appropriate, diabetes was induced 
in rats by intravenous injection of streptozotocin (60 
mg/kg body wt) in 0.9%(w/v)NaCl. These animals 
were used after 10 days. 

Liver cells. Hepatocytes were prepared from rats 
and guinea pigs by a collagenase-dependent pro- 
cedure as described elsewhere [27, 28]. No additions 
were made to the perfusion medium for cell prep- 
arations from animals fed ad lib. 

The procedures for cell incubations, measurement 
of CO: release and assay of medium and intra- 
cellular metabolites were as previously [29]. Gly- 
cogen was determined by a standard procedure [30]. 

Mitochondria. These were prepared from rat liver 
[31], and incubated at 37° in a medium containing 
20mM Tris-HCl, 120mM KCI and 1.5mM EDTA, 
pH 7.4 (final volume 3 ml). The respiratory control 
ratio with 2mM glutamate was always greater than 
four. In some experiments mitochondrial activity 
was monitored in digitonin-treated liver cells. Nine 
millilitres of cell suspension (15-20 mg dry wt/ml) 
were added to 30 ml of 2mM MOPS, 0.25M sucrose, 
3mM EDTA, pH 7.0, containing 0.5 mg/ml digi- 
tonin. After mixing, the suspension was left for 
2} min at 4° before centrifugation (3000 g, 30 sec). 
The pellet was washed once and then suspended in 
a small volume of buffer for polarographic assays. 

Materials. Radiochemicals were from the Radio- 
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Fig. 1. Effectiveness of monoamine oxidase inhibitors as blockers of gluconeogenesis from 10 mM 

lactate in isolated liver cells from 48 hr starved rats. The procedures were as described in the Methods 

section and Table 1. Bars indicate S.E.M. for 3 independent observations. O, pargyline; @, clorgyline; 
A, tranycypromine; A, deprenyl. 


chemical Centre, Amersham, Bucks, U.K. EDTA 
(free acid) was from the Sigma Chemical Co., Poole, 
Dorset, U.K. and oligomycin from the Boehringer 
Corp. (London) Ltd., Lewes, Sussex, U.K. Pargy- 
line (N-benzyl-N-methylprop-2-ynylamine) HCI] and 
phenylethylhydrazine sulphate (phenelzine) were 
from Abbott Labs, Queenborough, Kent, U.K. and 
K & K (through Kodak Ltd., Kirkby, Lancs, U.K.), 
respectively. Tranylcypromine  (trans-phenyl-2- 
cyclopropylamine) sulphate, iproniazid (isonicotinic 
acid 2-isopropylhydrazide) and .-deprenyl (2- 
were 


phenyl-l-methyl-N-methylprop-2-ynylamine) 
kindly given by Smith, Kline & French Labs, Roche 
Products Ltd. and Dr. M. B. Youdim, respectively. 
All other reagents were from sources given earlier 
[29] or from standard suppliers. 


RESULTS 


Gluconeogenesis and glycogenolysis. The effect of 
varying concentrations of four MAOIs on gluconeo- 
genesis from lactate in liver cells of starved rats is 
shown in Fig. 1. The half-maximally effective con- 
centrations were, for clorgyline (MAO ‘A’-specific 


[33]) 0.12mM, for t-deprenyl (MAO ‘B’-specific 
[34]) 0.16mM, for pargyline (which inhibits both 
MAO ‘A’ and ‘B’ [35] 0.37 mM, and for tranylcy- 
promine (which also inhibits both [35]) 1.0 mM. (The 
specificities noted in parentheses refer to the activ- 
ities of drugs at low concentrations—at the concen- 
trations used in this study, no such selectivity is 
apparent). 

Glucose formed in incubations was measured in 
our earliest experiments both with glucose oxi- 
dase/peroxidase and with hexokinase/glucose 6- 
phosphate dehydrogenase. Although many com- 
pounds do interfere with the former method [36], 
no such interference was found in these experiments, 
and this assay was therefore used for subsequent 
work. 

All four inhibitors, at concentrations close to those 
giving a half-maximal response in Fig. 1, were effec- 
tive against substrates entering gluconeogenesis 
through oxaloacetate (Table 1). Some inhibition was 
also seen with glycerol and fructose but this was less 
marked. The percentage inhibition was found to 
remain similar over a range of lactate concentrations; 
and there was no evidence of increased potency at 


Table 1. Inhibition of gluconeogenesis in rat hepatocytes by monoamine oxidase inhibitors* 





Substrate 


Rate (nmoles glucose/mg dry wt cells/hr) 





Inhibitor 


Concn (mM) 


Pargyline 


L-Deprenyl 
0.2 


Clorgyline Tranylcypromine 





2 (18) ] 
10 (30) 86 
- 14 (7) 
+ 6 (5) 
= 7 (5) 


None 
L-Lactate 
Pyruvate 
Alanine 
Glutamine 
Serine +9 (5) 
Proline + 8 (4) 
Propionate 54+ 8 (5) 
Glycerol 11 (3) 
Fructose + 42 (7) 


102 - 


619 +2 


0+0 (3) 


100 (2) 


574 (2) 433 





* Cells were incubated for 40 min with or without inhibitors, before addition of substrate (final 10 mM). Rates were 
measured between 45 and 90 min after the addition of substrate, except for fructose where the period was 45-60 min. 
Results are means (+ S.E.M., where appropriate) with the number of observations in parentheses. 
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more physiological substrate levels (data not shown). 

It is possible that these inhibitors become active 
only after intracellular transformation or reaction 
with other cellular constituents. However, when 
inhibitor (pargyline or tranylcypromine) was added 
simultaneously with, or 30 min after, the substrate, 
the effect was immediately apparent and remained 
linear with time. Furthermore, when the inhibitor 
was removed from sustained incubations by washing 
the cells, the rate of gluconeogenesis was restored 
rapidly to control values. 

Haecekel and Oellerich [26] have shown that cer- 
tain hydrazine-based MAOIs may act through the 
formation of hydrazones with intracellular oxoacids; 
such hydrazones are very effective inhibitors when 
added exogenously. We have examined this possi- 
bility by studying the u.v. spectra of mixtures of 
pargyline, tranylcypromine and oxaloacetate, but 
have seen no evidence of hydrazone formation by 
this method. 

Haeckel and Oellerich [26] found no effects of 
non-hydrazine MAOIs on gluconeogenesis in guinea 
pig liver. This raised the possibility of species-specific 
differences. Experiments with isolated liver cells 
from guinea pigs, however, gave results rather sim- 
ilar to those seen with rat-derived cells (Table 2), 
and are therefore at variance with the earlier claims 
[26]. 

Both iproniazid and phenelzine, hydrazine-based 
MAOIs, inhibited lactate gluconeogenesis in rat and 
guinea pig cells in the latter to a similar extent to 
that reported in [26]. 

Since there was no clear distinction between the 
effectiveness and apparent modes of action of the 
several inhibitors used in Table 1, subsequent studies 
were performed with pargyline and, to a lesser 
extent, tranylcypromine alone. 

Palmitate (1mM) stimulated gluconeogenesis 
from lactate in rat cells as expected (362 + 8 vs 
233 + 31 nmoles glucose/mg dry wt/hr; N = 3). The 
rates with pargyline (0.6 mM) were, in the presence 
of palmitate, 97 + 2, and, with lactate alone, 59 + 13 
nmoles/mg/hr (N = 3); with 1.3mM_ tranylcypro- 
mine, these were 225 + 24 and 87 + 35 nmoles/mg/hr 
(N = 3), respectively. The extent of the inhibition 
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was very similar whether fatty acid was present or 
not (in parallel incubations). Both inhibitors 
remained equally effective in cells derived from a 
10-day chronically diabetic rat (data not shown). 

In cells from fed rats, glucose output is derived 
both from glycogen breakdown and gluconeogenesis. 
The net glucose at the end of the incubation period 
was similar in all incubations with lactate, whether 
MAOIs were present or not. With both pargyline 
and tranylcypromine, however, this was achieved by 
approximately equal inhibition of gluconeogenesis 
and stimulation of glycogenolysis (Table 3). 

The contents of several metabolites in cells incu- 
bated with or without pargyline are given in Table 
4. Total malate, aspartate, oxoglutarate and phos- 
phoenolpyruvate contents were all depressed 
approximately 50 per cent by the inhibitor. ATP is 
also decreased, suggesting that the action of par- 
gyline may be rather non-specific. ATP contents in 
the presence of other MAOIs in the same series of 
experiments were: L-deprenyl (0.16 mM), 7.6 + 1.0; 
clorgyline (0.15mM), 4.2 + 0.4; tranylcypromine 
(1.3 mM), 8.8 + 1.1; N = 3 throughout. Only the fall 
with tranylcypromine failed to reach significance. 

The possibility that the decreased contents of ATP 
and certain other metabolites might be correlated 
with an increase in the percentage of ‘non-viable’ 
cells in the incubation was investigated. First, the 
cellular CoASH, acetyl CoA and short-chain acyl 
CoA contents and the medium lactate/pyruvate and 
hydroxybutyrate/acetoacetate ratios were found to 
be unaffected by both pargyline and tranylcypro- 
mine. Second, an assessment of metabolic integrity 
by monitoring succinate oxidation in the presence 
and absence of digitonin [37] showed that viability 
remained similar in all incubations whether or not 
MAOIs were present (results not shown). 

Other pathways. B-oxidation, as measured by 
‘SCO and ketone body preduction from [1-'C] pal- 
mitate was unaffected by pargyline and tranylcy- 
promine at concentrations giving half-maximal inhi- 
bition of lactate gluconeogenesis. These results agree 
with those of Bressler ef a/. [11] working with tran- 
ylcypromine alone. 

Both pargyline and tranylcypromine blocked urea 


Table 2. Inhibition of gluconeogenesis in guinea pig liver cells by monoamine oxidase inhibitors* 





Substrate Inhibitor 


Rate (nmoles glucose/ P 
mg dry wt cells/hr) (vs control) 





Lactate (10 mM) 
Lactate (10 mM) 
Lactate (10 mM) 
Lactate (10 mM) 
Propionate 

(10 mM) 
Propionate 

(10 mM) 
Propionate 

(10 mM) 
Propionate 

(10 mM) 


Pargyline (1 mM) 
Tranylcypromine (1.5 mM) 
Clorgyline (1 mM) 


Pargyline (1 mM) 
Tranylcypromine (1.5 mM) 


Clorgyline (1 mM) 


162 + 34 
<0.01 
<0.05 
<0.01 


NS 
91+ 10 NS 


7+6 <0.01 





* Cells were incubated for 40 min, with or without inhibitors, before addition of substrate. Rates 
were measured between 30 and 90 min after addition of substrate. The final concentrations of 
additions are given in parentheses. Results are means + S.E.M. of three independent observations; 
significance between means was tested with the paired f-test [32]. NS, not significant. 
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Table 3. The effect of pargyline and tranylcypromine on glucose metabolism in ‘fed’ rat liver cells* 





nmoles glucose/mg dry wt cells 





Net 


Additions glycogenolysis 


Net 


glucose Gluconeogenesis Glycolysis 





615+ 18 
492 + 20 
788 + 1 


71s 4 
738+ 4 
701 + 15 


None 

Lactate (10 mM) 
Pargyline (0.3 mM) 
Lactate (10 mM) 
Pargyline (0.3 mM) 
Tranylcypromine (1.3 mM) 
Lactate (10 mM) 
Tranylcypromine (1.3 mM) 


94 


508 + 16 
595 + 10 





* Values reflect changes over the whole incubation period of 90 min; the initial glycogen content 
was 804 nmoles glucose units/mg dry wt. All additions were made at the start of the incubation period. 
Results are means + S.D. of 3 replicate observations. 


formation from alanine (Table 5) in cells from 
starved rats, the extent of this inhibition being com- 
parable to that of glucose synthesis. Similar results 
were seen with ornithine plus NH3, but pargyline 
was, surprisingly, somewhat less effective with glu- 
tamine as a substrate (Table 5). (Tranylcypromine, 
but not pargyline, interfered with colour develop- 
ment in the urea assay system. It was therefore, 
necessary to perform internal standards for each 
measurement involving this MAOI.) 

Oxygen uptake. Whole cells exhibited unchanged 
rates of oxygen uptake in the presence of MAOIs. 

Mitochondrial populations were prepared in two 
ways. First, a standard procedure using whole liver 
as starting material was followed [31]. Second, iso- 
lated liver cells, prepared as usual, were treated with 
digitonin to render the plasma and outer mitochon- 
drial membranes permeable to added compounds. 
Results with the two preparations were similar. Pre- 
exposure of cells to pargyline before digitonin treat- 
ment did not affect the subsequent oxygen uptake; 
this is consistent with the ‘wash-out’ experiments 
reported above. 

When added to mitochondrial suspensions in state 
4 (ADP-limited), the MAOIs examined stimulated 
oxygen uptake with all the substrates tested (Table 
6). In further experiments, pargyline relieved the 


inhibition of ADP-stimulated respiration by oligo- 
mycin, although to a lesser extent than did dinitro- 
phenol. These observations are consistent with 
MAOIs acting as uncouplers of oxidative phos- 
phorylation. The apparently weak nature of this 
effect may be partly attributable to a degree of 
inhibition of electron transport itself; this is more 
apparent at higher concentrations (above 4 mM) of 
pargyline, where the oxygen uptake is increasingly 
depressed. This inhibition may be related to the 
known affinity of this drug for flavins [38]. 

In preliminary experiments, we found no evidence 
for specific interaction of MAOIs with mitochondrial 
anionic transport systems. 


DISCUSSION 


From the results presented above, it is again clear 
that the effects seen are not directly related to the 
specific inhibition of MAO. The concentrations of 
drugs required for effects on carbohydrate and other 
metabolism are considerably above those which 
inhibit MAO activity totally. Furthermore, effects 
on MAO activity are not, with the drugs in this 
paper, reversible, i.e. overcome by washing, whereas 
those on the processes studied here are so reversed. 
Similarly, there is no reason to link these present 


Table 4. Effect of pargyline on metabolite contents in rat liver cells* 





nmoles/mg dry wt cells 





Metabolite Control 


Plus pargyline (0.3 mM) P 





Malate 

Aspartate 

Oxoglutarate : 
Phosphoenolpyruvate (3) 
ATP (3) 
Glucose 


0.6+0.1 
0.6+0.1 
0.9+0.1 
0.16 + 0.03 
6.4+0.8 
124+ 26 


<0.005 
<0.05 
<0.05 
<0.005 
<0.005 
<0.05 





* Cells were preincubated with or without 0.3 mM pargyline for 40 min before addition 
of lactate (final 10mM) to all vials. Reaction was stopped after a further 90 min (see 
Materials and Methods). Values for glucose denote the accumulation in the medium at the 
end of the incubation; other metabolites were measured in cells only. Results are means + 
S.E.M. with the number of independent observations in parentheses. Significance between 


means was tested with the paired f-test [32]. 
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Table 5. Inhibition of ureogenesis in liver cells from starved rats by pargyline and 
tranylcypromine* 





] 


Substrate 


Inhitjitor 


Rate (nmoles urea/mg 


dry wt/hr) P (vs control) 





; | 
Alanine 


Alanine 
Alanine 
Glutamine 
Glutamine 
Glutamine 


{ 
Pargyline ((0.6 mM) 
Tranylcypromfiine (1.5 mM) 


' 
Pargyline (0.6 mM) 
Tranylcypromine (1.5 mM) 


143 + 16 (3) 
71 + 13 (3) 
78 + 15 (3) 
174 +16 (4) 
138 + 18 (4) 
84 + 17 (4) 


<0.005 
<0.05 


NS 
<0.005 





* Cells were incubated for 90 min with substrates (10 mM) with or without inhibitors. Rates 
were measured between 45 and 90 min of incubation, and are expressed as means + S.E.M. for 
the number of independent observations shown in parentheses. Significance between means 
was tested with the paired t-test [32]. NS, not significant. 


observations with specific effects on other enzymes 
such as aldehyde dehydrogenase (see introduction 
for references). 

The pattern of the inhibition of glucose synthesis 
(slight inhibition from glycerol and fructose, 
decreased contents of aspartate, malate and phos- 
phoenolpyruvate) is reminiscent of that seen with 
hypoglycin A and its metabolite, methylenecyclo- 
propylpyruvate [39]. In this case, the locus of inhi- 
bition appears to be primarily butyryl CoA dehy- 
drogenase, the consequences of this being a block 
of B-oxidation and derangement of CoA metabolism 
[39, 40]. The MAOIs tested in our experiments, how- 
ever, neither inhibited B-oxidation nor altered the 
distribution of CoA metabolites. 

The MAOI effects on gluconeogenesis were found 
to be consistent in cells from fed, fasted and diabetic 
rats and in those incubated with fatty acid. This 
similarity extended both to rats and guinea pigs and 
across the spectrum of inhibitors, irrespective of their 
pharmacological MAO specificity. 

These rather generalized effects are consistent 
with the lowering of cellular ATP contents and with 
the apparent, but somewhat limited, uncoupling of 
mitochondrial respiration. The mechanism of this 
effect is a matter for conjecture but a few points may 
be made. First, it is unlikely that the inhibitors need 
to be metabolized to be effective. The reversibility 
of their actions and the slowness of their known 
metabolism [10] are evidence of this. Second, recent 
studies have shown that MAOIs may interact with 
membranous systems, and that this interaction with 


lipid and the consequent changes in membrane flu- 
idity can result in changes in membrane-bound 
enzyme activities [41, 42] and in general membrane 
protein conformation [43]. Such effects occur at con- 
centrations higher than those which inhibit MAO 
and similar to those in the experiments reported 
here, and are readily reversible [43]. Both clorgyline 
[44, 45] and pargyline [46] bind to mitochondrial 
membranes and this binding may well result in 
changes in the coupling efficiency of oxidative 
phosphorylation. 

The concentrations used in our experiments are 
generally considerably higher than those encoun- 
tered in patients treated with MAOIs. Nevertheless, 
the known hepatotoxicity of these drugs may be, at 
least in part, explicable by the effects observed here 
and produced by local high concentrations and 
accumulations. 


Acknowledgements—This work was supported by the Brit- 
ish Diabetic Association and the Medical Research Council. 
We are indebted to Dr. M. B. Youdim, Roche Products 
Ltd. and Smith, Kline & French Labs for their gifts of 
drugs. 


REFERENCES 


1. L. S. Goodman and A. Gilman (Eds.), The Pharma- 
cological Basis of Therapeutics, 4th edn. MacMillan, 
London (1970). 

2. R. R. Rando and J. De Mairena, Biochem. Pharmac. 
23, 463 (1974). 


Table 6. Mitochondrial oxidation in the presence of pargyline, tranylcypromine and phenelzine* 





Substrate Inhibitor 


Relative rate of O, uptake P (vs control) 





Pargyline 
Tranylcypromine 
Phenelzine 
Pargyline 
Pargyline 
Pargyline 


Malate plus pyruvate 
Malate plus pyruvate 
Malate plus pyruvate 
Glutamate 
Glutamine 

Succinate 


1.95 + 0.37 (5) 
1.70 + 0.12 (3) 
2.01 + 0.40 (3) 
2.53 + 0.54 (5) 
1.69 , 2.70 (2) 
1.83 + 0.14 (3) 


<0.05 
<0.05 
<0.05 
<0.05 


<0.005 





* Mitochondria were prepared from fed rat liver and incubated as described in Materials and 
Methods. All substrates were 2 mM and inhibitors 1 mM. The results are the ratios of the rates 
(as nmoles O, uptake/mg protein) in the presence and absence of inhibitor. Values are means + 
S.E.M. for the number of independent observations given in parentheses. Statistical significance 


was assessed by the paired t-test [32]. 





1108 


F. P. A. CARR, S. A. SMITH and C. I. POGSON 


. M. D. Houslay and K. F. Tipton, Biochem. Pharmac. 


24, 429 {1975). 


. D. M. Valeriano, E. S. Vesell. J. T. Stevens and S. L. 


Rudnick, Pharmacology 17, 113 (1978). 


. $8. D. Nelson, J. R. Mitchell, W. R. Snodgrass and J. 


A. Timbrell, J. Pharmac. exp. Ther. 206, 574 (1978). 


. D. Dembiec, D. MacNamee and G. Cohen, J. Phar- 


mac. exp. Ther. 197, 332 (1976). 


.M. E. Lebsack, D. R. Petersen, A. C. Collins and A. 


D. Anderson, Biochem. Pharmac. 26, 1151 (1977). 


. A. I. Cederbaum and E. Dicker, Archs Biochem. Bio- 


phys. 193, 551 (1979). 


. M.L. Aizenstein, L. F. Medeiros, L. O. Medeiros and 


A. C. Zanini, Gen. Pharmac. 8, 217 (1977). 


._ A. Pletscher, K. F. Gey and W. P. Burkard, in Hand- 


book of Experimental Pharmacology (Ed. V. Erspa- 
mer), Vol. 19, p. 38. Academic Press, London (1966). 


. R. Bressler, M. Vargas-Cordon and H. E. Lebovitz, 


Diabetes 17, 617 (1968). 


. J. J. Gagliardino, R. E. Hernandez, R. R. Rodriguez 


and H. C. Lauri, Am. J. Physiol. 219, 314 (1970). 


. L. A. Frohman, Diabetes 20, 266 (1971). 
. W. Z. Potter, D. S. Zaharko and L. V. Beck, Diabetes 


18, 537 (1969). 


5. I. Lundquist, R. Ekholm and I. E. Ericson, Diabeto- 


. H. Aleyassine and S. H. Lee, Endocrinology 89, 


logia 7, 414 (1971). 
125 
(1971). 


. H. Aleyassine and S. H. Lee, Am. J. Physiol. 222, 565 


(1972). 


. J. M. Feldman and B. Chapman, Diabetologia 11, 487 


(1975). 


. P. I. Adnitt, Diabetes 17, 628 (1968). 
. L. Wickstrom and K. Pettersson, Lancet 2, 995 (1964). 
21. A. M. Barrett, J. Pharm. Pharmac. 17, 19 (1965). 


. A. J. Cooper and G. W. Ashcroft, Lancet 1, 407 (1966). 


23. F. P. Underhill, J. biol. Chem. 10, 159 (1911). 


. 8. R. Fortney, D. A. Clark and E. Stein, J. Pharmac. 
exp. Ther. 156, 277 (1967). 
. P. D. Ray, R. L. Hanson and H. A. Lardy, J. biol. 
Chem. 245, 690 (1970). 

R. Haeckel and M. Oellerich, Eur. J. clin. Invest. 7, 
393 (1977 


.J. P. Johnston, 


27. K. R. F. Elliott, R. Ash, D. M. Crisp, C. I. Pogson 


and S. A. Smith, in Use of Isolated Liver Cells and 
Kidney Tubules in Metabolic Studies (Eds. J. M. Tager, 
H.-D. Séling and J. R. Williamson), pp. 139-143. 
North Holland, Amsterdam (1976). 

. K.R. F. Elliott and C. I. Pogson, Molec. cell. Biochem. 
16, 23 (1977). 

. 8. A. Smith, K. R. F. Elliott and C. I. Pogson, Biochem. 
J. 176, 817 (1978). 

. P. J. Randle, E. A. Newsholme and P. B. Garland, 
Biochem. J. 93, 652 (1964). 


. J. B. Chappell and R. G. Hansford, in Subcellular 


Components (Ed. G. D. Birnie and S. M. Fox), p. 43. 
Butterworths, London (1969). 


.R. G. D. Steel and J. H. Torrie, Principles and 


Procedures of Statistics. McGraw-Hill, New York 
(1960). 

: Biochem. Pharmac. 17, 
(1968). 

. J. Knoll and K. Magyar, Adv. Biochem. Psychophar- 
mac. §, 383 (1972). 


.N. H. Neff and H.-Y. T. Yang, Life Sci. 14, 2061 


(1974). 
. D. R. Nelson and A. K. Huggins, Analyt. Biochem. 
59, 46 (1974). 


. J. P. Mapes and R. A. Harris, Fedn. Eur. biochem. 


Soc. Lett. 51, 80 (1975). 


. L. Oreland, H. Kinemuchi and B. Y. Yoo, Life Sci. 


13, 1533 (1973). 

. E. A. Kean and C. I. Pogson, Biochem. J. 182, 789 
(1979). 

. D. Billington, H. Osmundsen and H. S. A. Sherratt, 
Biochem. Pharmac 27, 2879 (1978). 

. M. D. Houslay, J. Pharm. Pharmac. 29, 664 (1977). 

. M. D. Houslay, R. W. Palmer and R. J. S. Duncan, 
J. Pharm. Pharmac. 30, 711 (1978). 

. §. P. Baker and B. A. Hemsworth, Biochem. Pharmac. 
27, 2327 (1978). 

. C.H. Williams and J. Lawson, Biochem. Pharmac. 24, 
1889 (1975). 

. C.J. Fowler and B. A. Callingham, J. Pharm. Pharmac. 
30, 304 (1978). 

. R. McCauley, Biochem. Pharmac. 25, 2214 (1976). 





Biochemical Pharmacology, Vol. 29, pp. 1109-1112. 0006-2952/80/0415—1109 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


INFLUENCE OF CARBAMAZEPINE 10,11-OXIDE ON 
DRUG METABOLIZING ENZYMES* 


R. JUNG, P. BENTLEY and F. OESCHt 
Institute of Pharmacology, University of Mainz, Obere Zahlbacher StraBe 67, 6500 Mainz, F.R.G. 


(Received 18 June 1979; accepted 26 November 1979) 


Abstract—Induction studies with carbamazepine 10,11-oxide (carbamazepine oxide) were carried out 
with male Sprague-Dawley rats. After 3 and 7 days intraperitoneal application of carbamazepine oxide, 
the amount of cytochrome P-450 and the activities of monooxygenases and epoxide hydratase in liver 
microsomes and the glutathione S-transferase activity in the 100,000g supernatant fraction were 
measured. After 3 days of pretreatment with carbamazepine oxide, the specific monooxygenase activity 
with 7-ethoxycoumarin as substrate was induced by 115 per cent. The specific activity of epoxide 
hydratase measured with styrene oxide was 46 per cent higher than in the controls. The maximal 
induction of glutathione S-transferase activity was 57 per cent. The amount of cytochrome P-450 in rat 
liver microsomes was not affected by carbamazepine oxide. The maximal induction of all enzyme 
activities measured was reached after three days of application. Seven days treatment with carbamazepine 
oxide resulted in no further induction. Inhibition of epoxide metabolizing enzymes by carbamazepine 
oxide was also investigated. The enzymatic activities of epoxide hydratase and glutathione S-transferases 
were measured in the absence and after addition of carbamazepine oxide in vitro. In order to allow the 
use of substrate concentrations far below Km, the epoxide hydratase was measured with a sensitive 
radiometric assay using ''C-styrene oxide of a high specific radioactivity. Under all conditions studied, 
carbamazepine oxide showed no significant inhibition of the epoxide hydratase. The glutathione S- 
transferase activity was measured in the 100,000 g supernatant fraction of rat liver homogenate with 1- 
chloro-2,4-dinitrobenzene and glutathione as substrates. Under all conditions tested, only the highest 
concentration of carbamazepine epoxide (1.0 mM) at unphysiologically low glutathione concentrations 
(0.25 mM, 0.10 mM) resulted in a borderline significant (P < 0.05) inhibition of maximally 19 per cent. 


In human and animal organisms a variety of aromatic 
and olefinic substances are metabolized by mono- 
oxygenases to epoxides, which are further metab- 
olized to more water-soluble derivatives by epoxide 
hydratase and glutathione S-transferases [1-8]. The 
detoxification of electrophilic reactive epoxides by 
these enzymes is of importance, since for many of 
these epoxides their mutagenic and/or carcinogenic 
effect or covalent binding to protein, DNA or RNA 
has been proven [1-5]. Moreover, in some cases the 
inactivated products may be activated again by a 
second epoxidation step [9-11]. 

Carbamazepine, a drug clinically used in the treat- 
ment of epilepsy and trigeminal neuralgia, is con- 
verted to carbamazepine oxide, one of the main 
metabolites in man and rat [12,13]. It occurs at 
relatively high concentrations (~ 5 uM) in plasma 
serum of patients who are being treated with car- 
bamazepine [14]. Previously it has been demon- 
strated that carbamazepine oxide itself is not muta- 
genic to Salmonella typhimurium [15}. However, 
epoxides which are harmless per se could have 
indirect effects by inhibition of epoxide metabolizing 
enzymes leading to accumulation of other epoxides. 
With this in mind, we have investigated the inhibition 
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¢ The term induction is used in this study to denote an 
increase in enzyme activity without any implication with 
respect to the underlying mechanism. 


of epoxide hydratase and glutathione S-transferases 
by carbamazepine oxide. On the other hand, car- 
bamazepine oxide may positively influence epoxide 
metabolizing enzymes by induction.¢ This may not 
only alter the rate of metabolism and thus the phar- 
macokinetics of the drug but also the concentration 
of reactive intermediates derived from other foreign 
compounds and even the pattern of reactive metab- 
olites. Consequently, we have also investigated the 
inducing effect of carbamazepine oxide upon drug 
metabolizing enzymes. 


MATERIALS AND METHODS 


Substrates. Carbamazepine 10,11-oxide and '“C- 
styrene oxide with a radiospecific activity of 
51.6 wCi/mg were synthesized by Ciba-Geigy, Basel. 
1-Chloro-2,4-dinitrobenzene and reduced glutathi- 
one were purchased from Sigma GmbH, Miinchen. 
7-Ethoxycoumarin was synthesized by the standard 
method (Williamson’s synthesis) from recrystallized 
7-hydroxycoumarin (E. Merck, Darmstadt), which 
also served as a standard. 

Induction experiments. Male Sprague-Dawley rats 
(180-200 g body wt) which were obtained from Ver- 
suchstierzuchtanstalt WIGA, Sulzfeld, F.R.G., were 
used for the induction experiments with carbama- 
zepine oxide. The results presented were obtained 
in two independent experiments with 3 and 4 animals 
for each experimental group of animals. Carbama- 
zepine oxide suspended in sunflower oil was injected 
i.p. once a day at a dose of 100 mg/kg body wt. The 
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control groups received only sunflower oil. ‘One 
group of the animals was treated daily for 3 days, 
another group daily for 7 days. The rats were killed 
22hr after the last injection between 8.00 and 
9.00 a.m: 

Microsomes and 100,000 g supernatant fractions 
were prepared as described [16]. Epoxide hydratase 
activity was measured in liver microsomes with sty- 
rene oxide as substrate, as described [17]. Mono- 
oxygenase activity was determined with a fluori- 
metric ‘assay using 7-ethoxycoumarin as substrate 
[18]. 

The amount of cytochrome P-450 was measured 
by the method of Omura and Sato [19] with a double 
beam spectrophotometer Perkin-Elmer 356. Glu- 
tathione S-transferase activity was measured at 30° 
in the 100,000 g supernatant fraction with a photo- 
metric assay using 1-chloro-2,4-dinitrobenzene and 
reduced glutathione as substrates [20]. 

Assays for inhibition studies. Epoxide hydratase 
was purified to apparent homogeneity as described 
[16], except that the rats were pretreated on 3 con- 
secutive days with 400 mg trans-stilbene oxide/kg 
body wt. The enzymic activity of epoxide hydratase 
was measured with '*C-styrene oxide in a radiometric 
assay with an extraction procedure [17]. The amount 
of added enzyme was always between | and 64 ug/ml. 
For detection of enzyme activity with very low sub- 
strate concentrations, '*C-styrene oxide of high spe- 
cific radioactivity (51.6 wCi/mg) was used. When 
very low enzyme concentrations were used, styrene 
oxide was added in only 2 or 5 wl of CH3CN instead 
of 10 wl for the standard assay to prevent a disturbing 
influence of the organic solvent on the enzyme. For 
the same reason, carbamazepine oxide was dissolved 
directly in the incubation buffer without organic 
solvents. The validity of the epoxide hydratase assay 
at low substrate concentrations was checked by 
radiochromatography and radioactive isotope dilu- 
tion analysis to make sure that the radioactivity 
measured in the assay really corresponded to enzym- 
ically formed 1,2-dihydroxy-1l-phenyl ethane. 

The enzymic activity of glutathione S-transferases 
was measured in the 100,000 g supernatant fraction 
of rat liver homogenate [20]. 1-Chloro-2,4-dinitro- 
benzene was used since it is a good substrate for 
several glutathione S-transferases. Both 1-chloro- 
2,4-dinitrobenzene and glutathione concentrations 
were varied between 1.0 and 0.1 mM. In each case 
the concentration of one substrate was varied and 
the other substrate was at a constant concentration 
of 1mM. Carbamazepine oxide was dissolved in 
CH3CN and added to the total assay volume of 2.6 ml 
in 20 or 40 wl portions to give a final concentration 
of 0.5 and 1.0mM carbamazepine epoxide. Protein 
concentration were measured according to Lowry et 
al. [21]. 


RESULTS AND DISCUSSION 


Pretreatment of male Sprague-Dawley rats intra- 
peritoneally with carbamazepine oxide resulted in 
an increase of the specific activities of monooxygen- 
ases, epoxide hydratase and glutathione  S- 
transferases. 


Table 1. Influence of pretreament with carbamazepine oxide on the activities of drug metabolizing enzymes 





Cytochrome 


P-450 


(nmoles m 


pro- 
h 


Monooxygenases 
(pmoles mg protein ‘min ') 


GSH-transferases 


(umoles mg protein” 'min”') 


Epoxide hydratase 
(nmoles mg protein” 'min 


Pretreatment 


tein 


') 


(mg/kg) 





0.71 + 0.09 


1+ 10 (100) 


23 


1.31 + 0.17 (100) 


7.49 + 0.58*(100) 


Control (oil) 
(3 days) 


0.73 + 0.15 


2.05 + 0.064(157) 496 + 934(215) 


10.95 + 0.914(146) 


100 i.p. 


Carbamazepine oxide 


294 + 24 (100) 


1.40 + 0.16 (100) 


(100) 


7.0+0.9 


Control (oil) 
(7 days) 


591 + 69+(201) 


2.06 + 0.184(147) 


100 i.p. 


Carbamazepine oxide 


0.90 + 0.18 





* Specific activities are given + $.D. The numbers in parentheses give the activity as percentage of control activity. 


+ Significantly different from control (P < 0.0025). 





Carbamazepine 10,11-oxide and drug metabolizing enzymes 


Table 2. Influence of carbamazepine oxide on epoxide 
hydratase activity with styrene oxide as substrate 





Carbamazepine oxide 





Styrene oxide 0 0.1 mM 0.45 mM 





512 + 19 
474 + 26 
210+ 17 
131 + 15 


489 + 18 
475 + 27 
196 + 13 
130 + 14 


507 + 10* 
480 + 25 
202 + 17 
140 + 16 


2mM 

0.3 mM 
0.05 mM 
0.01 mM 





* Specific acitivities in nmoles styrene glycol produced 
mg protein ‘min ' + §.D. 


In Table 1 the influence of caramazepine oxide 
pretreatment on these enzymes is shown. 

Three days pretreatment of the animals resulted 
in an increase of monooxygenase activity of 115 per 
cent, measured with 7-ethoxycoumarin as substrate, 
without influencing the amount of cytochrome P-450 
in liver microsomes. The specific activity of micro- 
somal epoxide hydratase was increased by 46 per 
cent. The specific activity of glutathione S-transfer- 
ases, measured with 1-chloro-2,4-dinitrobenzene as 
substrate, was 57 per cent higher than in the control 
experiment. For all enzymes studied, the maximal 
induction was already observed after three days pre- 
treatment with carbamazepine oxide. No greater 
inducing effect was measured after 7 days application 
of 100 mg carbamazepine oxide per kg body wt per 
day. 

These results demonstrate that in male Sprague— 
Dawley rats carbamazepine oxide induces mono- 
oxygenase, epoxide hydratase and glutathione S- 
transferase. Thus no selective induction of epoxide 
metabolizing enzymes has occured. The enzyme 
induction caused by carbamazepine oxide seems to 
be similar to the enzyme induction reported to be 
caused by the parent compound, carbamazepine (see 
refs. 22-24). Salmona et al. [22] used carbamazepine 
as inducer: 6 days pretreatment of albino CD Charles 
River rats with a daily dose of 2 x 25 mg/kg body wt 
resulted in an increased epoxide hydratase activity 
of 77 per cent over control, measured with styrene 
oxide as substrate. Monooxygenase activity meas- 
ured as conversion of styrene to styrene oxide 
showed no significant change after carbamazepine 
treatment nor after 3-methylcholanthrene treatment. 
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3-Methylcholanthrene is a well known, albeit rather 
selective, inducer of monooxygenases. Investigations 
of Pacheka et al. [23] show that pretreatment of rats 
with carbamazepine resulted in an increased oxi- 
dation of carbamazepine in vitro of i15 per cent. 

These results suggest that carbamazepine may 
selectively induce some of the differing forms of 
monooxygenases. The monooxygenase induction by 
the metabolite carbamazepine oxide observed in this 
study may also be of a rather high degree of selec- 
tivity, since the increase in monooxygenase activity 
with ethoxycoumarin as substrate, chosen because 
it is metabolized by several monooxygenase forms 
[25], is not accompanied by measurable increase of 
the total amount of cytochrome P-450. 

The induction of the monooxygenase activity was 
higher than that of both epoxide metabolizing 
enzymes measured. This could lead in vivo to an 
accumulation of metabolically synthesized reactive 
epoxides of foreign compounds. Such an accumu- 
lation would be potentiated if there were inhibition 
of epoxide metabolizing enzymes by carbamazepine 
oxide. Therefore we checked whether carbamaze- 
pine oxide has an influence on epoxide hydratase 
and glutathione S-transferases. 

The specific activities of epoxide hydratase with 
and without added carbamazepine oxide are shown 
in Table 2. The inhibition of epoxide hydratase was 
never more than 7 per cent of control, which was 
not statistically significant under the conditions 
tested (P < 0.1). The validity and sensitivity of the 
assay with very low substrate concentrations was 
proven by isotope dilution analysis and radiochro- 
matography. Using substrate of high specific radio- 
activity, we were able to detect very small amounts 
of enzymically synthesized product. 

The enzymic activities of glutathione S-transfer- 
ases (Table 3) were measured in the 100,000 g 
supernatant fraction with and without carbamaze- 
pine oxide. At different concentrations of 1-chloro- 
2,4-dinitrobenzene in the presence of 1.0mM glu- 
tathione, no significant inhibition by carbamazepine 
oxide of the glutathione S-transferases was observed. 
Varying the concentration of glutathione with con- 
stant 1.0mM _ 1-chloro-2,4-dinitrobenzene, a bor- 
derline significant inhibition of 13 and 19 per cent 
was observed (P < 0.05) only at the lowest concen- 
trations of glutathione used (0.25 and 0.1 mM). 


Table 3. Influence of carbamazepine oxide on glutathione S-transferase activity 





Carbamazepine oxide 





DNCB* (mM) GSH?# (mM) 


0 


0.5 mM 1.0 mM 





1.0 
1.0 
1.0 
0.5 
0.25 
0.10 


1.48% + 0.06 
1.08 + 0.13 
0.71 + 0.04 
1.45 + 0.12 

1.0 + 0.05 

0.53 + 0.05 


1.46 + 0.03 
0.99 + 0.11 
0.74 + 0.02 
1.40 + 0.09 
0.91 + 0.04 
0.54 + 0.02 


1.40 + 0.08 
0.91 + 0.06 
0.68 + 0.07 
1.41+0.1 
0.87 + 0.038 
0.43 + 0.028 





* 1-Chloro-2,4-dinitrobenzene. 
+ Reduced glutathione. 


t Specific activities in wmoles glutathione conjugate produced mg protein™'min ! + $.D. 


§ P<0.0S. 
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In the present inhibition studies we used relatively 
high concentrations of carbamazepine oxide which 
were, at maximum, more than 100 times higher than 
the estimated concentrations (see below) of this 
epoxide in human liver. After a single application 
and after long term treatment with carbamazepine 
in man at a dose of 3-20 mg carbamazepine per kg 
body wt per day, a plasma concentration of 5.1 + 
3.1 4M carbamazepine oxide in children and 4.9 + 
2.8 uM carbamazepine oxide in adults was measured 
[14]. These concentrations and the long half-life 
period of carbamazepine (30-45 hr after single treat- 
ment by carbamazepine) lead to the conclusion that 
a persistent concentration of 5 wzmole/kg (5 «M) car- 
bamazepine oxide in the human liver can realistically 
be assumed if there is no accumulation of the oxide 
in the liver. This is of course only an assumption, 
but it probably gives the order of magnitude of 
carbamazepine 10,11-oxide in the liver. Even at 
much higher concentrations of carbamazepine oxide 
used in the present in vitro inhibition studies, the 
activity of epoxide hydratase was not significantly 
changed. The weak inhibition of glutathione S-trans- 
ferase activity at low glutathione concentrations in 
vitro (0.25 and 0.1 mM) seems unimportant com- 
pared with the in vivo situation, since physiological 
concentrations of glutathione in man and in animals 
are relatively high. In rat liver, glutathione concen- 
trations of 3.8—5.6 mmole/kg were measured [26]. 
A detailed kinetic investigation of the weak inhibi- 
tion observed is not possible in the glutathione S- 
transferases mixture (1000,000 g supernatant frac- 
tion), since the different glutathione S-transferases 
have different kinetic parameters. 

In the present paper we could show that the rela- 
tively stable carbamazepine oxide, which is a major 
metabolite of carbamazepine, has no major inhibi- 
tory influence on glutathione S-transferases or epox- 
ide hydratase. The enzymatic activities of glutathi- 
one-S-transferases, epoxide hydratase and 
monooxygenases were induced after pretreatment 
with carbamazepine oxide. 

The induction of monooxygenase (ethoxycour- 
marin O-deethylase) activity was greater than that 
of epoxide hydratase or glutathione S-transferase 
(with 1-chloro-2,4-dinitrobenzene as _ substrate) 
activities, showing that drug metabolites may influ- 
ence metabolic pathways. 
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Abstract— Optical difference spectra of several methyienedioxybenzenes in NADPH-reduced rat liver 
microsomes exhibited a peak at 451.5 nm when conditions became anerobic or when dithionite was 
added. Subsequent addition of hemoglobin showed formation of a peak at 419 nm, suggesting the 
presence of carbon monoxide. Metabolic production of carbon monoxide was confirmed by gas chro- 
matographic assay, and regression analysis of data with nine compounds showed a high correlation with 
the Hammett constants of the aromatic substituents. The enzymes catalyzing carbon monoxide pro- 
duction were localized in rat hepatic microsomal fractions and required NADPH. Microsomal fractions 
from phenobarbital-treated, but not from 3-methylcholanthrene-treated, rats showed increased pro- 
duction of carbon monoxide and from cobaltous chloride-treated rats showed decreased carbon monoxide 
formation. The reaction was inhibited by 2-diethylaminoethyl 2,2-diphenylvalerate HCI (SKF 525-A) 
and substituted imidazoles. The studies show that the carbon monoxide production was mediated by 
a cytochrome P-450-dependent enzyme system; this is discussed in relation to the inhibitory action of 


methylenedioxybenzenes toward oxidative drug metabolism. 


Methylenedioxyphenyl (1,3-benzodioxole) com- 
pounds, typified by piperony! butoxide, have long 
been recognized as effective in vitro inhibitors of 
microsomal oxidations [1-8] as well as for their ability 
to synergize the activity of many drugs and insecti- 
cides in vivo in both mammals and insects [2-4,7,8]. 

Following the early discovery that methylene- 
dioxyphenyl compounds were metabolized to the 
corresponding catechols by mixed-function oxidases 
[9,10], it was suggested that their inhibitory action 
might occur largely through competitive alternative 
substrate interactions. Evidence for a more specific 
inhibitory mechanism was obtained with the estab- 
lishment of an apparent decrease in cytochrome P- 
450 levels in microsomal preparations from mammals 
[11] and insects [12,13] treated in vivo with piperonyl 
butoxide. A similar decrease in cytochrome P-450 
was observed in vitro in NADPH-fortitied mouse 
liver microsomal fractions incubated aerobically with 
piperonyl butoxide [14] and was found to coincide 
with the development of a characteristic optical dif- 
ference spectrum (termed ‘Type III’) with duel Soret 
peaks at 455 and 427 nm existing in a pH-dependent 
equilibrium. More detailed studies have confirmed 
that, in the presence of either NADPH and O.[4,15- 
17] or cumene hydroperoxide [18,19], several 
methylenedioxyphenyl compounds are metabolized 
by mammalian liver microsomes to intermediates 
capable of binding to reduced cytochrome P-450 to 
give relatively stable inhibitory complexes exhibiting 
Type III difference spectra. The nature of these 


active intermediates remains unknown [2]. The most 
recent suggestions favor the formation of a carbene 
species [20], although homolytic radicals [21], ben- 
zodioxolium ions [22] and carbanions [23] have at 
different times been implicated in the inhibitory 
mechanism. 

Since formation of the complex is correlated with 
the noncompetitive inhibition of drug metabolism 
[24] and since it can be demonstrated in microsomal 
fractions from animals treated in vivo with various 
methylenedioxypheny! compounds [25,26], it would 
appear to play a major role in the biological activity 
of many of these compounds. 

However, studies on the interactions of a variety 
of other derivatives of methylenedioxybenzene with 
microsomal oxidases and cytochrome P-450 [2] have 
shown that, although most are inhibitors of drug 
oxidation, many do not generate a typical Type III 
difference spectrum in NADPH-reduced microsomal 
suspensions. Of particular interest is the reported 
formation with several compounds of a peak at 450 
nm which resembles the CO difference spectrum 
(2,27,28]. 

Carbon monoxide has been identified only recently 
as a metabolite of xenobiotics. Kubic et al. [29,30] 
have shown that dihalomethanes are converted to 
carbon monoxide both in vivo and in vitro. This 
reaction is catalyzed by hepatic cytochrome P-450- 
dependent mixed-function oxidases, and a formyl 
halide appears to be formed as an intermediate [31]. 
Other studies have shown that haloforms are also 
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metabolized to carbon monoxide both in vivo and 
in vitro [32,33]. This reaction is also catalyzed by 
cytochrome P-450-dependent mixed-function oxi- 
dases, and reaction mechanism studies indicate that 
dihalocarbony! compounds are intermediates in the 
conversion of haloforms to carbon monoxide [34]. 

The studies reported in this communication were 
designed to investigate further the spectral interac- 
tions of several methylenedioxyphenyl compounds 
with hepatic microsomal enzymes and to characterize 
the enzyme systems involved in the biotransforma- 
tion of these compounds to carbon monoxide. 


MATERIALS AND METHODS 


Chemicals. 1,2-Methylenedioxybenzene (MDB) 
and its 4-bromo-, 4-chloro- and 4-methyl-derivatives 
were purchased from Frinton Laboratories, Vine- 
land, NJ, and piperonyl nitrile (4-cyano-MDB), 
sesamol (4-hydroxy-MDB) and piperony! alcohol 
(4-hydroxymethyl-MDB) were from the Aldrich 
Chemical Co., Milwaukee, WI. Piperonyl butoxide 
was provided by the FMC Corp. (Niagara Chemical 
Division), Middleport, NY. All of the other MDB 
derivatives employed in this investigation were syn- 
thesized by established procedures [35]. 

Hemoglobin was purchased from the Pentex 
Research Corp., Kankakee, IL, and cumene hydro- 
peroxide from Matheson, Coleman & Bell, Nor- 
wood, OH. Biochemicals were purchased from 
CalBiochem, La Jolla, CA, or from the Sigma Chem- 
ical Co., St. Louis, MO. All other chemicals and 
solvents employed were of analytical reagent grade. 

Animals. Male Sprague-Dawley derived rats (200- 
300g) were purchased from either Blue Spruce 
Farms, Altamont, NY, or from Bio-Labs, White 
Bear Lake, MN. 

Hepatic microsomal fractions for use in the spec- 
tral studies were prepared from animals starved for 
12 hr before being killed. Livers were perfused in 
situ with 5-10 ml of cold 0.15 M KCI prior to 
homogenization [36]. The metabolism studies were 
conducted with microsomal fractions isolated as 
described previously [37]. Protein was determined 
by the method of Lowry et al. [38]. 

Phenobarbital sodium was given i.p. at a dose of 
50 mg/kg once daily for 4 days; control animals 
received 0.9% saline solution. 3-Methylcholan- 
threne, dissolved in corn oil, was given i.p. at a dose 
of 40 mg/kg once daily for 2 days; control animals 
were given corn oil alone. Cobaltous chloride hex- 
ahydrate was dissolved in water and given by sub- 
cutaneous injection once daily for 2 days at a dose 
of 40 mg/kg; control animals were given a 0.9% 
saline solution. 

Spectral studies. Optical difference spectra were 
measured at 37° with an Aminco DW-2 spectropho- 
tometer using | cm cuvettes and | ml aliquots of 
microsomal suspensions (1.8 to 2.5 mg protein/ml) 
in Tris-HCI buffer (SO wmoles Tris, pH 7.4) con- 
taining 150 wmoles KCI and 0.2 wmoles EDTA. 
NADPH (1 umole) was added to each cuvette as 
required and, after base line adjustment, the reac- 
tions were initiated by addition to the sample cuvette 
of appropriate concentrations of MDB derivatives 
in 10 wl ethanol; the reference cuvette received an 
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equal volume of ethanol. Unless otherwise indicated, 
repetitive scans (5 nm/sec) between 400 and 500 nm 
were made at times dictated by the nature of the 
experiment. 

Carbon monoxide (CO) formed during the spec- 
tral studies was measured from the CO-hemoglobin 
difference spectra obtained by addition of a few 
grains of sodium dithionite and 2 zmoles hemoglobin 
to each cuvette. The difference in optical density 
(O.D.) between 419 and 425 nm (the isobestic point) 
was quantified by comparison with standard curves 
of the O.D. 419-425 resulting from addition of known 
microliter amounts of a saturated aqueous solution 
of CO (1 mM at room temp) to dithionite-reduced 
microsomal suspensions containing 2 wzmoles hemo- 
globin. Standard curves were prepared for each 
microsomal suspension. 

Simultaneous recordings of oxygen uptake and 
changes in optical difference spectra were made by 
means of the Aminco vibrating platinum electrode 
accessory for the DW-2 spectrophotometer and were 
conducted in 1 cm cuvettes containing 2.5 ml of 
microsomal suspension. 

Metabolism studies. Incubation mixtures for study- 
ing the conversion of methylenedioxyphenyls to CO 
contained, unless otherwise indicated, Tris-EDTA 
buffer (150 wmoles Tris and 0.6 wzmoles EDTA, pH 
7.4), 15 wmoles MgCh, an NADPH-generating sys- 
tem (10 wmoles DL-isocitric acid, 1 umole NADP*+ 
and | unit of pig heart isocitric dehydrogenase), 4.8 
moles of 4-cyano-MDB added in 32 wl ethanol and 
2.70 to 2.88 mg of microsomal protein in a total 
volume of 3.0 ml. 

The 15 min (37°) reactions were initiated by 
addition of protein and terminated by placing on ice. 
The incubation mixtures were prepared in 25 ml 
Erlenmeyer flasks capped with sleeve-type serum 
stoppers. Carbon monoxide was measured as 
described previously [30]. 

Enzyme kinetic constants were calculated by the 
method of Wilkinson [39] using BASIC programs 
written in this laboratory. 

Regression analysis. Structure—activity correla- 
tions were examined by regression analysis [40] using 
the IBM 360/65 computer at Cornell University. The 
program employed (ECON) provides estimates of 
the parameters of single equation models by the 
method of least squares. 


RESULTS 


Spectral studies. When MDB (1 mM) was added 
to a suspension of rat liver microsomes, a Type I 
difference spectrum appeared with a trough at 420 
nm and a peak at about 385 nm. On addition of 
NADPH to each cuvette, the Type I spectrum was 
immediately replaced by a Type III difference spec- 
trum with dual Soret peaks at 459-460 nm and 429- 
430 nm which slowly increased in intensity during 
the first few minutes of incubation (Fig. 1). A slight 
increase in absorbance occurred after about 7-9 min 
and was associated with a bathochromic peak shift 
from 459 to 455 nm. Only relatively small absorbance 
changes occurred at the 429 nm peak during this 
period, and no change in wavelength was observed. 
On further incubation and depletion of the NADPH 
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Fig. 1. Optical difference spectra formed on incubation of 
MDB with NADPH-reduced rat liver microsomes. Micro- 
somal suspension contained 2.53 mg protein/ml; and incu- 
bation conditions and reaction mixture were as described 
in Materials and Methods. Spectra a, b and c were obtained 
at 5, 9 and 11 min, respectively, after addition of MDB 
(1 umole) to the sample cuvette. Spectrum d was obtained 
at 16 min after addition of sodium dithionite to both 
cuvettes. 





A ABSORBANCE 





Fig. 2. Optical difference spectra formed on incubation of 
4-cyano-MDB with NADPH-reduced rat liver microsomes. 
Microsomal suspensions contained 2.63 mg protein/ml; 
incubation conditions and reaction mixture were as 
described in Materials and Methods. Spectra a, b, c and 
d were obtained at 2, 4, 6 and 8 min respectively, after 
addition of 4-cyano-MDB (1 umole) to the sample cuvette. 
Spectra e and f, respectively, are those obtained after the 
addition (in order) of sodium dithionite and hemoglobin 
(2 wmoles) to each cuvette. 
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in the reaction mixture, the dual Soret peaks 
decreased in intensity and were replaced by a single 
broad peak at 438 nm corresponding to the oxidized 
form of the Type III difference spectrum. The sub- 
sequent addition of sodium dithionite to both 
cuvettes, either before or after depletion of NADPH, 
fixed the absorbance maxima at 455 and 427 nm and 
the spectrum thus formed remained quite stable over 
a period of at least 3 hr. Spectral characteristics 
similar to those described for MDB were exhibited 
by piperonyl butoxide, and the 4-methyl-, 4-meth- 
oxy- and 4-hydroxymethyl-derivatives of MDB. In 
all cases the absorbance maxima of 459-463 nm and 
429-432 nm initially observed in difference spectra 
of NADPH-reduced microsomes were stabilized at 
427 nm and 455 nm following incubation and dithion- 
ite reduction. Incubation of these compounds with 
cumene hydroperoxide (0.5 mmole) instead of 
NADPH first caused formation of the oxidized Type 
III difference spectrum (438 nm peak) which was 
replaced immediately by the reduced spectrum (455 
and 427 nm peaks) on addition of dithionite. Irres- 
pective of whether the initial incubations were car- 
ried out in the presence of NADPH or cumene 
hydroperoxide, the addition of hemoglobin to both 
cuvettes after reduction with dithionite caused no 
additional spectral changes. 

Spectral studies with other MDB compounds in- 
cluding the 4-bromo-, 4,5-dibromo-, 4,5-dichloro-, 
4-cyano- and 4-bromo-5-methoxy-derivatives, as 
well as 2,3-methylenedioxynaphthalene, showed 
that, although all exhibited Type I difference spectra 
in oxidized microsomal suspension, their interactions 
in NADPH-reduced microsomes were quite distinct 
from those described previously. Thus, the addition 
of 4-cyano-MDB (1 mM) to an NADPH-reduced 
microsomal suspension caused the rapid appearance 
of a difference spectrum with a single, rather broad 
absorbance maximum at 458-459 nm (Fig. 2). On 
continued incubation at 37°, the absorbance 
increased steadily and its maximum shifted progres- 
sively to a shorter wavelength (2 min, 456 nm; 4 
min, 454 nm, etc.). After about 6 min, a rapid and 
dramatic increase in absorbance occurred (2- to 4- 
fold) and the peak stabilized at 451.5—452 nm. The 
maximum absorbance achieved declined only slowly 
over the subsequent 10-15 min. Addition of sodium 
dithionite to both cuvettes after full absorbance 
development caused a further increase in absorbance 
at 451.5 nm and the appearance of a shoulder 
between 420 and 430 nm which was not visible pre- 
viously. This latter was qualitatively similar to the 
CO-reduced cytochrome P-450 spectrum; this simi- 
larity was strengthened by calculations based on 
differences between the CO-reduced cytochrome P- 
450 difference spectra in microsomes incubated with 
NADPH in the presence and the absence of 1 mM 
4-cyano-MDB which showed the extinction coeffi- 
cient of the 451.5 nm peak to be 93.9 + 15.3 (N = 
6). That the 451.5 nm peak was indeed the CO- 
reduced cytochrome P-450 spectrum was demon- 
strated clearly by the fact that addition of hemoglobin 
to both cuvettes after dithionite reduction caused 
formation of a peak for carboxyhemoglobin at 419 
nm and resulted in a concomitant disappearance of 
the 451.5 nm peak (Fig. 2f); in all cases, however, 
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Table 1. Spectral changes occurring in incubations of various methylenedioxybenzene (MDB) 
compounds with NADPH-reduced rat liver microsomes* 





AO.D.451.5 


490 nm 





NADPH 


Compound alone (A) 


Dithionite CO to 
(B) sample (C) 





Control (none) 

4-Cyano-MDB 

4-Bromo-MDB 
4,5-Dibromo-MDB 
4,5-Dichloro-MDB 
4-Bromo-5-methoxy-MDB 
2,3-Methylenedioxynaphthalene 
4-Hydroxy-MDB 


0.065 
0.054 
0.060 
0.063 
0.040 
0.057 
0.066 


0.1077 
0.101 
0.106 
0.108 
0.101 
0.104 
0.107 
0.109 


0.090 
0.084 
0.088 
0.076 
0.055 
0.070 
0.902 


0.72 
0.64 
0.68 
0.83 
0.72 
0.81 
0.72 


0.89 
0.79 
0.82 
0.75 
0.53 
0.65 
0.84 





* Data are means of duplicates obtained with a single microsomal preparation. Incubations were 
cohducted at 37° in 1 cm cuvettes in an Aminco DW-2 spectrophotometer. Reaction mixtures (1 ml) 
contained microsomal suspension (2.4 mg protein) in 0.05 M Tris-HCI buffer (pH 7.4) containing 
0.15 M KCl, 0.2 mM EDTA and 1 mM NADPH. Reactions were initiated by addition of the test 
compound (1 umole in 10 ul ethanol) to the sample cuvette (reference cuvette received 10 ul 
ethanol). Absorbance values at 451.5—490 nm were measured after full development of the NADPH 
spectrum (6-10 min) (A) and subsequently after addition of sodium dithionite to both cuvettes (B) 


and after addition of CO to sample (C). 


+ From CO-difference spectrum in untreated, dithionite-reduced, microsomes. 


a rather asymmetric absorbance peak at 455-458 nm 
remained after addition of hemoglobin. 

The same general sequence of spectral changes 
was observed during incubation with NADPH-for- 
tified microsomes (and subsequent addition of 
dithionite) of 2,3-methylenedioxynaphthalene and 
4-hydroxy-, 4-bromo-, 4,5-dibromo-, 4,5 dichloro- 
and 4-bromo-5-methoxy-MDB; 4-hydroxy-MDB 
(sesamol) exhibited a somewhat atypical pattern of 
spectral changes in that the 451.5 nm peak appeared 
almost immediately from the start of the reaction 
-and did not entail prior formation of an absorbance 
peak at a higher wavelength. Similar spectral studies 
with 4-nitro-MDB also indicated the formation of 
the 451.5 nm peak but intense absorbance of the 
compound itself precluded accurate spectral 
measurements in the 400-450 nm region. 














Time(min) 
Fig. 3. Time course of spectral changes in incubation of 4- 
cyano-MDB with NADPH-reduced rat liver microsomes. 
Reaction mixture and incubation conditions were as 
described in Materials and Methods. Plots shown are for 
4O.D. observed in NADPH-reduced microsomes 
(@—®), AO.D.451.5-490 nm after addition of dithionite to 
both cuvettes (O——O), 4O.D.419-425 nm after addition of 
hemoglobin (2 umoles) to both cuvettes following dithion- 
ite reduction (A A) and concentration of oxygen in 
the reaction mixture (0 O)). See text for full 
explanation. 


Incubation of these same compounds with cumene 
hydroperoxide (0.5 wmole to each cuvette) instead 
of NADPH caused the appearance of a broad ill- 
defined peak around 400 nm. On reduction with 
dithionite, the 451.5 nm peak was formed immedi- 
ately and subsequent addition of hemoglobin to both 
cuvettes caused the appearance of the typical car- 
boxyhemoglobin spectrum (419 nm) with a small 
additional peak at 455-456 nm. Quantitative data on 
CO production in the presence of cumene hydro- 
peroxide were not obtained due to the significant 
destruction of cytochrome P-450 by this reagent. 

Although the time at which rapid development of 
the 451.5 nm peak occurred varied somewhat from 
one compound to another during the NADPH- 
mediated reactions, the relative increase in absorb- 
ance observed following addition of dithionite (A/B, 
Table 1) was quite similar with each compound. In 
all cases, bubbling CO through the sample cuvette 
after reduction with dithionite caused a further 
increase in absorbance at 451.5 nm (B/C, Table 1), 
indicating the presence of a residual amount of 
cytochrome P-450 not complexed with the CO gen- 
erated during the reaction; this varied from 11 per 
cent with 4-cyano-MDB to 47 per cent with the 4- 
bromo-5-methoxy-derivative. The final absorbance 
attained at 451.5 nm after bubbling CO through the 
sample cuvette was identical to that of the CO- 
reduced cytochrome P-450 measured in untreated 
control microsomes (Table 1). 

In an attempt to explain the rapid development 
of the large 451.5 nm peak in NADPH-reduced 
microsomes, simultaneous recordings were made of 
spectral changes and oxygen concentration. These 
clearly showed (Figs. 3 and 4) that the 451.5 nm 
peak became visible only when the oxygen concen- 
tration in the sample cuvette had been reduced to 
about 10-15 uM. The time at which both events 
occurred could be varied by changing conditions in 
the cuvette (temperature, etc.), and reintroduction 
of oxygen after full development of the 451.5 nm 
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Fig. 4. Time course of spectral changes in incubations of 
4,5-dichloro-MDB with NADPH-reduced rat liver micro- 
somes. Reaction mixture and incubation conditions were 
as described in Materials and Methods. Plots shown are 
for 4O.D.observed in NADPH-reduced microsomes 
(@——®), AO.D.451.5-490 nm after addition of dithionite to 
both cuvettes (O——O), and AO.D.419-425 nm after addition 
of hemoglobin (2 mmoles) to both cuvettes following 
dithionite reduction (A——A) and concentration of 
oxygen in the reaction mixture (O——()). See text for full 
explanation. 


peak caused a rapid decline in its absorbance and 
reappearance of the smaller 455-457 nm peak. 
Addition of sodium dithionite to each cuvette at 
different times after initiation of the reaction caused 
the immediate formation of the 451.5 nm peak, and 
the size of the peak increased with time to reach a 
plateau level which was always greater that that 
which developed following incubation with NADPH 
alone (Figs. 3 and 4, Table 1). The rate of formation 
of the 451.5 nm peak observed after dithionite 
addition remained linear for the first few minutes of 
the reaction and paralleled the rate of production 
of CO as_ measured  spectrophotometrically 
(AO.D.425-419) following addition of hemoglobin 
(Figs. 3 and 4). Using this method, the rate of 
formation of CO with 4-hydroxy-, 4-cyano-, 4- 
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Fig. 5. Effect of protein concentration on the rate of for- 
mation of dithionite-reduced difference spectra in incu- 
bations of 4-cyano-MDB with NADPH-reduced micro- 
somes. Incubations were conducted at 37° in 1 cm cuvettes 
containing a 1 ml reaction mixture, as described in Materials 
and Methods. Reactions were initiated by addition of 4- 
cyano-MDB (1 umole) to NADPH-reduced microsomal 
suspensions containing 1.05, 1.60, 2.50 and 3.30 mg pro- 
tein/ml. After appropriate incubation times, dithionite was 
added to both cuvettes and 4O0.D.45; 5499 nm Was deter- 
mined. Curves a, b, c and d were obtained in order of 
increasing protein concentration. 
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Fig. 6. Effects of protein concentration on dithionite- 
reduced difference spectra and CO production in incuba- 
tions of 4-cyano-MDB with NADPH-reduced rat liver 
microsomes. Incubations were conducted at 37° in | cm 
cuvettes containing a | ml reaction mixture, as described 
in Materials and Methods. The reaction was initiated by 
addition of 4-cyano-MDB (1 mole) to the sample cuvette. 
After 5 min of incubation, dithionite was added to 
both cuvettes and the AO.D.451.s-490 nm Was measured 
(O——©). CO production was determined from 40.D.419 
425 nm after subsequent addition of hemoglobin (2 wmoles) 
to each cuvette (A——A). 


bromo-, 4,5-dibromo- and 4,5-dichloro-MDB and 
2,3-methylenedioxynaphthalene (all at 1 mM) varied 
between 0.1 and 0.15 nmole/min/mg microsomal 
protein. The rate was somewhat less for 4-bromo-5- 
methoxy-MDB, and no CO production was detected 
by this method with piperonyl butoxide, piperonyl 
alcohol, MDB, 4-methyl-MDB or 4-methoxy-MDB. 

The size of the 451.5 nm peak, developed after 
addition of sodium dithionite to microsomal suspen- 
sions incubated with NADPH and 4-cyano-MDB 
(1 mM) for different times, increased with increasing 
protein concentration (Fig. 5), but its rate of for- 
mation remained linear for only about 5 min. Over 
this latter period, the formation of the 451.5 nm 
peak correlated well with CO production up to 3 mg 
protein/ml (Fig. 6), and both parameters exhibited 
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Fig. 7. Effects of pH on formation of dithionite-reduced 
difference spectra and CO production in incubations of 4- 
cyano-MDB with NADPH-reduced rat liver microsomes. 
Incubations were conducted at 37° in | cm cuvettes in 1 ml 
reaction mixtures at appropriate pH. Reactions were initi- 
ated by addition of 4-cyano-MDB (1 umole) to the sample 
cuvette and incubations were for 5 min. 40.D.451.5-490 nm 
was measured after addition of dithionite to both cuvettes 
containing either 0.1 M phosphate buffer 0.2 mM EDTA 
(@——®) or 0.05 M Tris-HCl, 0.15 M KCI and 0.2 mM 
EDTA (O——©). CO production was measured from 
A4O.D.419-425 nm following subsequent addition of hemo- 
globin (2 moles) to the respective reaction mixtures 
(A A) and (A A). 
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Table 2. Cofactor requirements for the metabolism of 4- 
cyano-methylenedioxybenzene to carbon monoxide* 





CO 


Cofactor (nmoles/min) 





1.63 + 0.23 
0 
0.18 + 0.12 
1.06 + 0.23 
0.01 + 0.01 
1.57 + 0.38 
1.78 + 0.15 
0.48 + 0.26 


NADPH 

NADPH (heat-inactivated enzyme) 
NADH 

NADPH +NADH 

GSH 

NADPH + GSH 

Cumene hydroperoxide 

NADPH -— air 





* Incubations and analyses were conducted as described 
in Materials and Methods except that the NADPH-gen- 
erating system was omitted. The final concentrations of 
both NADPH and NADH were | mM; GSH, solution 


adjusted to pH 7.4, was added to a final concentration of 


10 mM..The cumene hydroperoxide concentration was 0.5 
mM; this experiment and that in which air was omitted 
were carried out under anerobic conditions produced by 
evacuating and refilling the capped incubation flasks with 
nitrogen gas five times. Data represent the means + S.D.., 
N = 3, except in the experiment where air was omitted 
where N = 4. 


a similar dependence on pH (Fig. 7), the optimum 
occurring between 6.9 and 7.5. 

More complete characterization of the biotrans- 
formation of MDB compounds to CO was effected 
through metabolic studies utilizing a direct and sen- 
sitive measure of CO production. 
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Metabolic studies. Initial metabolic experiments 
clearly confirmed that CO was generated during the 
microsomal metabolism of MDB compounds, and 
4-cyano-MDB was selected as a model substrate for 
further characterization studies. 

The reaction was localized in hepatic microsomal 
fractions (data not shown) and its enzymatic nature 
indicated by the fact that insignificant metabolic rates 
were Observed in heat-inactivated (5 min at 95°) 
preparations. 

Cofactor studies showed that NADPH was 
required for maximal activity (Table 2). NADH was 
much less effective as a cofactor and the addition of 
NADH to incubation mixtures containing NADPH 
resulted in a lowered rate of CO production. GSH 
alone did serve as a cofactor and did not alter CO 
production from 4-cyano-MDB in the presence of 
NADPH. In agreement with the data from the spec- 
tral studies, cumene hydroperoxide, which is known 
to support the cytochrome P-450-dependent metab- 
olism of MDB [18,19] and of many other compounds 
[41], was also effective in supporting the conversion 
of 4-cyano-MDB to CO (Table 2). 

The enzyme exhibited a rather broad pH optimum 
extending from pH 7.0 to 8.0 (Fig. 8). The reaction 
was linear with time for 15 min and showed a non- 
linear dependence on protein concentration (Fig. 8). 
On the basis of these studies, a reaction time of 15 
min was used and the protein concentration was held 
constant at 0.90 to 0.96 mg protein/ml; reaction rates 
are expressed as nmoles CO formed/min. 

The metabolism of 4-cyano-MDB to CO was also 
studied in rats treated with agents known to alter 


x pH65-80 O1M Phosphate buffer 
@ pH80-90 OIM Tris buffer 
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Fig. 8. Dependence of the metabolism of 4-cyano-MDB to carbon monoxide on time (upper left), pH 

(upper right) and protein concentration (lower). The incubation conditions and analyses were carried 

out as described in Materials and Methods except that the parameters were varied as indicated on the 
abscissa of each panel. 
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Table 3. Effects of phenobarbital, 3-methylcholanthrene 
or cobaltous chloride treatment on the metabolism of 4- 
cyano-methylenedioxybenzene to carbon monoxide* 





CO 


(nmoles/min) % Control 


Treatment 





Saline control 
Phenobarbital 

Corn oil control 
3-Methylcholanthrene 
Saline control 
Cobaltous chloride 





* Animal treatments, incubations and analyses were con- 
ducted as described in Materials and Methods. Data are 
shown as means + S.D., N = 3. 


hepatic cytochrome P-450 levels. Microsomal frac- 
tions isolated from phenobarbital-treated rats 
showed a significant increase in rates of metabolism, 
while those isolated from 3-methylcholanthrene- 
treated rats were unchanged (Table 3). Treatment 
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of rats with cobaltous chloride resulted in markedly 
lower rates of conversion of 4-cyano-MDB to CO 
(Table 3). 

Three known inhibitors of cytochrome P-450- 
mediated reactions, SKF 525-A (2-diethylamino- 
ethyl 2,2-diphenylvalerate HCl), 1-phenylimidazole 
and 1-(2-isopropylpheny])imidazole, all inhibited the 
metabolism of 4-cyano-MDB to CO (Table 4); the 
latter inhibitor was by far the most potent, causing 
95 per cent inhibition at a concentration of 10 uM. 

The rates of CO formation from a total of fifteen 
substituted MDB compounds were determined 
(Table 5), and data for twelve of these were meas- 
ured at a comparable substrate concentration of 2.0 
mM; as a result of their insolubility in the reaction 
mixture, data for 4-nitro- and 4-methoxy-5-nitro- 
MDB and for 2,3-methylenedioxynaphthalene could 
only be obtained at the lower concentrations indi- 
cated. The CO production data for nine of the twelve 
compounds were subjected to regression analysis 
using various forms of equation, 

Log CO = ar + ba + pat+k (1) 


Table 4. Effects of inhibitors on the metabolism of 4-cyano-methylenedioxybenzene 
to carbon monoxide* 





Inhibitor (4M) 


CO 


(nmoles/min) % Control 





None 

SKF 525-A (1) 

SKF 525-A (10) 

SKF 525-A (100) 

1-Phenylimidazole (1) 
1-Phenylimidazole (10) 
1-Phenylimidazole (100) 
1-(2-Isopropylphenyl)imidazole (0.1) 
1-(2-Isopropylphenyl)imidazole (1) 
1-(2-Isopropylphenyl)imidazole (10) 


1.34 + 0.24 
1.20 + 0.19 
0.73 + 0.23 
0.42 + 0.12 
1.13 + 0.15 
0.64 + 0.09 
0.13 + 0.04 
1.21 + 0.18 
0.46 + 0.06 
0.07 + 0.04 





* Incubations and analyses were conducted as described in Materials and Methods; 
the concentration of 4-cyano-MDB was 1.6 mM. Data are shown as the means + 


S.D., N = 3. 


Table 5. Metabolism of substituted methylenedioxybenzenes to carbon monoxide* 





Substrate 


Concn. (mM) 


CO 
(nmoles/min) 





4-Cyano-MDB 
4-Nitro-MDB 
4-Hydroxy-MDB 
4-Hydroxymethyl-MDB 
4-Methoxy-MDB 
4-Methyl-MDB 
4-Bromo-MDB 
4-Allyl-MDB (Safrole) 
4-Methoxy-5-nitro-MDB 
4-Bromo-5-methoxy-MDB 
4,5-Dibromo-MDB 
4,5-Dichloro-MDB 
Methylenedioxybenzene 
2,3-Methylenedioxynaphthalene 
Piperony! butoxide 


2.06 + 0.13 

0.58 + 0.07 

3.19 + 0.38 

0.28 + 0.11 

0.21 + 0.10 

0.21 + 0.10 

0.86 + 0.18 

0.26 + 0.13 

0.44 + 0.02 

0.58 + 0.10 

1.40 + 0.15 

2.24 + 0.38 

0.22 + 0.11 

: 1.12 + 0.18 
2.0 0.17 + 0.12 





* Incubations and analyses were conducted as described in Materials and Meth- 
ods except that the substrates indicated (added in alcohol) were used. Data 


represent the means + S.D., N = 3. 
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Table 6. Physicochemical parameters and observed and calculated values for CO production from 
MDB derivatives 





O 


General structure: ) 


Physicochemical 
parameters” 


Compound 
R : oC 


R O 
Log [nmoles CO/min (x 10°)]* 


> Observed Calculated 





0.00 
—0.17 
-(0).27 
0.23 
0.63 
—0.15¢ 
0.628 
0.608 
0.358 


H— 

CH,— 

CH,0— 

Br— 

CN— 
CH,—=CH—CH,— 
Br— 

Cl— 

Br— 


Br— 
Ccl— 
CH,O0— 


0.00 
0.52 
—().04 
1.02 
—0.32 
1.20 
1.96§ 
1.46§ 
1.14§ 





* Values are para substituent constants [44] unless otherwise indicated. All relate to the effect of 


the substituents at carbon-1. 


¢ Since no go constant was available for this group, the value for ethyl was used. 
§ Obtained by summation of para and meta substituent constants for R and R’, respectively. 
+ Observed values were from Table 5 and were multiplied by 100 for computational convenience; 


calculated values from equation 2. 


where log CO is the log of CO production 
(nmoles/min), zris the hydrophobic bonding constant 
[42], o the Hammett constant [43], and a, b, p and 
k are constants obtained from the analysis. Since 
Hammett sigma constants for 4-hydroxymethyi- 
MDB and piperonyl butoxide are not available, 
these compounds were omitted from the analysis. 
Sesamol (4-hydroxy-MDB) was also omitted since 
the spectral data obtained with this compound clearly 
indicate a reaction different from the other 
compounds. 

As a result of the symmetrical nature of the meth- 
ylenedioxyphenyl ring (see general structure, Table 
6), substituents (R) in the 4-position are para with 
respect to carbon-1 and meta with respect to carbon- 
2; the opposite is true for substituents (R’) in the 5- 
position of the ring. To investigate the substituent 
effects at carbon-1, the para substituent constants 
for 7 and o were used for the 4-monosubstituted 
MDB derivatives. In the case of the three disubsti- 
tuted compounds, advantage was taken of the 
additive character of 7 and a, and the net effect at 
carbon-1 was calculated as the sum of the appropriate 
para and meta substituent constants for the 4- and 
5-substituents, respectively. Equations 2-4 were 
obtained using the data in Table 6. Equation 2 clearly 
establishes that, with the nine compounds examined, 
the rate of CO production 


Log CO = 1.139a + 1.534 
Log CO = 1.14la — 0.0187 + 1.535 


Log CO = 1.1820 + 0.6037 — 0.04677 + 1.530 9 


is highly correlated (r = 0.951) with the Hammett 
constant and is favored by electron withdrawing sub- 
stituents which create an electron deficient locus 
at carbon-1. The correlation coefficient was not 
improved by inclusion in equations 3 and 4 of 
the hydrophobic terms 7 and/or 7’, clearly indicating 
that hydrophobicity of the compounds plays little or 
no role in their interaction with cytochrome P-450. 


A similar regression analysis using data from the 
same nine compounds but employing substituent 
constants relating to the effect of the substituents on 
carbon-2 of the ring yielded equation 5 which again 
indicates the importance of the Hammett constant 
and provides a 

S.D 


N i. 
0.156 (5) 


¥ 
Log CO = 1.2770 + 1.439 9 0.930 
correlation coefficient only slightly lower (r = 0.930) 
then equation 2. 


DISCUSSION 


The metabolism of methylenedioxyphenyl com- 
pounds in insects and mammals has been discussed 
in some detail in several reviews [2,3,45]. The metab- 
olic pathways reported usually involve either cleav- 
age of the methylenedioxy ring to the corresponding 
catechol [9,10,46] or a variety of oxidations and 
subsequent conjugations of substituents on the aro- 
matic ring. Ring cleavage and at least some of the 
reactions resulting in side chain modifications are 
catalyzed by microsomal cytochrome  P-450- 
mediated enzymes requiring NADPH and O.[2,3]. 





N r S.D. 
9 0.951 0.135 
9 


0.942 0.145 


0.927 0.158 (4) 


During ring cleavage, the methylenic carbon of the 
methylenedioxy ring is reportedly oxidized to for- 
mate in vitro [46] and ultimately to carbon dioxide 
in vivo [9,46]. Little is known concerning the mech- 
anism through which ring cleavage occurs, although 
it has been suggested that it might be initiated by 
hydroxylation of the methylenic carbon to an 
unstable hydroxymethylene intermediate [3]. 
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The studies reported here show that a variety of 
substituted methylenedioxybenzenes are metab- 
olized to carbon monoxide by enzymes located in 
hepatic microsomal fractions requiring NADPH for 
maximal activity. That the carbon monoxide orig- 
inates from the methylenic carbon and is not a prod- 
uct of heme breakdown has been clearly demon- 
strated in preliminary gas chromatographic/mass 
spectroscopic studies with ['*C-methylene]-4 ,5-dich- 
loro-MDB.* In contrast to the NADH synergism of 
certain NADPH-dependent drug-metabolizing path- 
ways [47, 48], the addition of NADH was found to 
decrease the rate of CO production from 4-cyano- 
MDB. The mechanism for this decrease is not under- 
stood but may be due to diversion of an intermediate 
to a different product. 

A strict requirement for oxygen could not be 
established unequivocally since, even after evacu- 
ating and refilling the capped reaction vessels with 
nitrogen five times, the rate of CO production 
remained at about 30 per cent of the control level. 
A somewhat similar problem was encountered in 
establishing a requirement for oxygen in the for- 
mation of the Type III spectrum from piperonyl 
butoxide until it was found that the spectrum could 
be formed anerobically in the presence of NADPH 
if an opportunity was first provided for aerobic 
interaction between the microsomes and piperonyl 
butoxide [27]. It is possible that, in the present 
investigation, the microsomal suspension with which 
the reaction was initiated (after making all other 
reaction components anerobic) contained sufficient 
oxygen to support limited metabolism. 

Treatment of animals with phenobarbital, but not 
3-methylcholanthrene, markedly increased the rate 
of conversion of 4-cyano-MDB to CO. In contrast, 
treatment with cobaltous chloride, which is known 
to decrease cytochrome P-450 levels [49], led to 
decreased rates of metabolism of 4-cyano-MDB to 
CO. 

Finally, both SKF 525-A and substituted imid- 
azoles, which are known to inhibit mixed function 
oxidases [36,50], inhibited the biotransformation of 
4-cyano-MDB to CO. These observations, along 
with the subcellular location and cofactor require- 
ments, indicate the participation of cytochrome P- 
450 in the reaction. 

Regression analysis of data for nine substituted 
methylenedioxybenzenes show an excellent corre- 
lation (r = 0.951) between the production of CO 
and the Hammett sigma constants of the aromatic 
substituents. This demonstrates that CO production 
is favored by electron withdrawing substituents 
which cause an electron deficiency at the two aro- 
matic carbon atoms attached to the methylenedioxy 
ring. Although the mechanism of the reaction awaits 
clarification, the CO is certainly formed from the 
methylene carbon and may arise from an interme- 
diate similar to that proposed in the pathway for ring 
cleavage and the generation of formate. The pro- 
duction of CO from sesamol (4-hydroxy-MDB) 
apparently proceeds by a mechanism different from 





*M.W. Anders and C.F. Wilkinson, unpublished data. 
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the other MDB derivatives since results obtained 
with this compound do not fit the regression equation 
2 and it exhibits atypical spectral interactions. This 
may result from ionization of the phenolic hydroxyl 
moiety in the reaction medium. 

Speculation concerning the relevance, if any, of 
the metabolic production of carbon monoxide to the 
mechanism by which methylenedioxybenzenes 
inhibit oxidative drug metabolism is of considerable 
interest. Inhibition resulting from direct ligand inter- 
action of the generated CO with reduced cytochrome 
P-450 is not possible under most aerobic in vitro 
assay conditions and, although oxygen levels in intact 
liver cells in vivo can vary and are difficult to define 
[51], it is in most circumstances highly unlikely that 
sufficiently anoxic conditions can occur to allow any 
more than transient formation of CO-reduced cyto- 
chrome P-450 complexes. 

It has been suggested that the primary mechanism 
of inhibition occurs through metabolic formation of 
an active intermediate which forms a stable complex 
with cytochrome P-450 [2,4,15—-17,25,52]. It is fur- 
ther suggested that the 455 nm absorbance maximum 
in the Type II difference spectrum represents the 
reduced (ferrous) form of the complex [2,4,52] and 
that under oxidizing conditions the ferric form 
appears as a peak at 438 nm. Formation of the 455 
nm peak has been suggested to involve ligand binding 
of a hypothesized carbanion [23] or carbene [20] 
intermediate to the ferrous heme iron of cytochrome 
P-450. Although this may provide a satisfactory 
explanation for the inhibitory activity of many meth- 
ylenedioxybenzene compounds, the fact remains that 
several derivatives which are excellent inhibitors of 
oxidative drug metabolism and CO binding to cyto- 
chrome P-450 do not cause formation of typical Type 
III spectra in NADPH-reduced microsomal suspen- 
sions [2,27,28]. Thus cis- and trans-methylenediox- 
ycyclohexane exhibit spectra with a single peak at 
427 nm [27,28] and other methylenedioxybenzenes, 
including those reported here to generate CO, do 
not produce an obvious 455 nm spectral complex 
[27,28]. It appears, therefore, that little or no rela- 
tionship exists between formation of the 455 nm 
complex and the inhibitory potency of methylene- 
dioxybenzene derivatives toward drug metabolism. 
It is of interest to note, however, that following 
development of the carboxyhemoglobin spectrum in 
incubations with the CO-producing compounds, a 
small residual absorbance at 455-457 nm is always 
visible (Fig. 1) and may represent the 455 nm com- 
plex observed with other methylenedioxybenzenes. 
Indeed, qualitatively at least, there seems to be an 
inverse relationship between 455 nm complex for- 
mation and CO production; compounds which pro- 
duce a relatively large 455 nm complex generate little 
CO and those generating CO do not exhibit 455 nm 
complex formation. It is not yet clear whether this 
indicates the direct formation of CO from a carbene- 
type intermediate (if such a species is involved) or 
whether both CO and the carbene are formed by 
alternative pathways from a common _ unstable 
intermediate. 

Studies designed to define more clearly the mech- 
anism of the reaction leading to CO are currently 
in progress. 
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Abstract—Human placental glycogen metabolism is studied, in vitro, by means of three parameters: 
glycogen level, glycogen phosphorylase and glycogen synthase activities. No significant decrease of 
glycogen content is observed after incubation of placental fragments with | x 10°-*M isoproterenol or 
salbutamol. In placental homogenates, isoproterenol induces an increase of glycogen phosphorylase a 
activity and a simultaneous decrease of glycogen synthase a activity. This effect is time and dose- 
dependent. B sympathomimetic drugs (isoxsuprine, salbutamol) have only a slight action on the activity 


of both these placental enzymes. 


The £6 sympathomimetic drugs (8 mimetics) are 
largely used for their tocolytic action in obstetrics, 
to suppress uterine activity, mainly in the manage- 
ment of premature labor [1]. Among their side 
effects, maternal [2-8] and foetal [9-11] hyperinsu- 
linemia and hyperglycemia have been observed. The 
aim of this study is to investigate, in vitro, the action 
of B mimetics on the placental glycogen level and 
on the glycogen phosphorylase (E C. 2.4.1.1) and 
glycogen synthase (E C. 2.4.1.11) activities. The 
results are compared to those obtained with a B 
adrenergic agonist: isoproterenol. We have dem- 
onstrated in a previous work [12] that catecholamines 
increase the placental glycogen phosphorylase 
activity, the potency order being : isoproterenol > 
epinephrine > norepinephrine, suggesting a B adre- 
nergic response. 


MATERIALS AND METHODS 


ap['*C (U)] glucose-1-phosphate (G.1.P), dipo- 
tassium salt (sp. act. 294 mCi/mmole) was supplied 
by NEN, and uridine diphospho-p['*C (U)] -glucose 
(UDPG), ammonium salt (sp. act. 200 mCi/mmole) 
by the Radiochemical Centre. Glycogen, from rabbit 
liver, G.1.P. and UDPG were supplied by Boehrin- 
ger Mannheim, caffeine by Calbiochem, L-isopro- 
terenol-p-bitartrate and anthrone by Sigma. Other 
chemicals were purchased from Merck. The B 
mimetic drugs were generously provided by Mrs. 
Gardey (Laboratoire de Pharmacologie, Pr Olive, 
CHU Cochin, Paris). 

Human term placentas were obtained from normal 
pregnancies, immediately after delivery. 

For glycogen level estimations, small fragments 
(20 mg) of placental tissue were incubated in Krebs— 
Ringer bicarbonate buffer, pH 7.4, for 30 min at 37°, 
with or without B adrenergic agents. Triplicates were 
performed for each compound added and for each 
placenta tested. The tissue glycogen content was 
measured by the colorimetric method of Seifter et 


al. [13] using anthrone reagent. 

For enzymatic determinations, the tissues were 
rapidly homogenized in ice-cold 5 x 10°*M Tris- 
HC] buffer (pH 7.4) in a Potter-Elvehjem apparatus, 
to give a final tissue concentration of 20 per cent 
(w/v). Placental homogenate (5 ml) was incubated 
at 37° with each of the various drugs. At different 
times of incubation, 3 samples were taken for enzy- 
matic estimations. Samples without drugs served as 
controls. 

Glycogen synthase a activity was measured by the 
filter paper assay described by Thomas et al. [14]. 
The reaction mixture contained 0.06 wCi'*C-UDPG, 
5 x 10°°M UDPG, 0.48% glycogen, 1.7 x 10-°M 
EDTA in 4 x 10°°M Tris—maleate buffer (pH 7.0) 
and enzymatic preparation in a final volume of 300 
wl. For a + b determination we used 1 x 10°-*M 
UDPG as substrate and we added 3.2 x 10°*M 
G.6.P. 

Glycogen phosphorylase a activity was tested using 
the same procedure, modified by Gilboe et 
al. [15] in the presence of 0.05 wCi'*C-G.1.P, 2.6 
x10-*M G.1.P, 0.42% glycogen, 0.1 M NaF and 5 
x 10°*M caffeine according to Stalmans and Hers 
[16] at pH 6.1; 25 wl of enzymatic preparation were 
added to obtain a final concentration of 100 wl. 

Triplicates were performed for each enzymatic 
estimation, and protein concentrations were deter- 
mined according to the method of Lowry et al. [17] 
using bovine serum albumin as standard. 


RESULTS AND DISCUSSION 


Glycogen content was expressed in mg/g wet 
weight of tissue. In 6 full-term placentas, incubated 
for 30 min at 37° without addition of effector, the 
mean value + S.D. was 1.74 + 0.19 mg/g. No sig- 
nificant decrease of this glycogen concentration was 
observed after incubation in the presence of either 
1 x 10°*M isoproterenol (1.67 + 0.37 mg/g) or 
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Fig. 1. Action of 8 sympathomimetic drugs and isoproterenol on glycogen phosphorylase a and glycogen 

synthase a activities measured in placental homogenates. Bars represent the mean value + S.D. The 

significance of differences between the experiments without (controls) or with effectors are tested by 
application of the unpaired student’s t-test. * 0.02<P<0.05. ***P<0.001. 


5 x 10°-*M salbutamol (1.74 + 0.22 mg/g). The same 
mean values were obtained with 1 x 10°°*M, 1 x 10 
‘M and 1 x 10°°M salbutamol. These results are in 
agreement with our previous work [12] in which 
glycogen content was assayed by an enzymatic 
method [18]. By this technique we also obtained the 
same value in tissue incubated without any drug or 
after the addition of 1 x 10°*M isoproterenol or 
isoxsuprine. 

The specific activities of glycogen phosphorylase 
and synthase were expressed in nmoles of substrate 
converted per min per mg protein. 

Under our experimental conditions, we found that 
the a form of the glycogen phosphorylase exhibited 
2/3 of the total initial activity (a + b) measured in 
the presence of 9 x 10°-°*M 5’AMP. It was therefore 
essential to inactivate the endogenous glycogen 
phosphorylase before studying the effect of B adre- 
nergic agents on the reactivation of this enzyme. For 
this reason the crude placental homogenate was 
preincubated for 10 min at 37°, without NaF, to 
convert the active form a into the inactive form b 
by endogenous phosphorylase phosphatase [19] as 
seen in Fig. 1. B adrenergic effectors were then 
added and incubations carried out for 10 min more. 
Preincubation is not necessary for glycogen synthase 
a measurement, the basal activity of this enzyme 
being chiefly in the inactive form. Figure 1 shows 
that in the controls there is a decrease of glycogen 
phosphorylase a activity and a simultaneous increase 
of glycogen synthase a activity after incubation. 

In the presence of B mimetic drugs, isoxsuprine 
(1 x 10°*M) and salbutamol (1 x 10~*M), a slightly 
significant (0.02<P<0.05) response was obtained for 
both glycogen phosphorylase a and glycogen syn- 
thase a activities. Salbutamol is somewhat more 
effective. A highly significant (P<0.001) effect of 
1 x 10°*M isoproterenol on the activity of both 
enzymes was observed: glycogen phosphorylase 
aincreased while glycogen synthase a decreased. 
However, the initial activities were not restored after 
addition of isoproterenol. This is probably due to 
the modification of B adrenergic receptors and to the 
decrease of intracellular concentration of ATP after 
homogenization. 


The effect of isoproterenol is time-dependent, the 
maximal values being reached after 10 min at 37° 
(not shown). Under the same experimental condi- 
tions, the action of increasing concentrations of 
isoproterenol is shown in Fig. 2. The maximal 
response for phosphorylase a and synthase a 
activities is obtained with 1 x 10~° and 1 x 10-°M 
isoproterenol, respectively. Otherwise, the effect of 
isoxsuprine is not dose-response dependent. 

Thus, it seems that, under our experimental con- 
ditions, isoproterenol induces an increase of phos- 
phorylase and a simultaneous decrease of synthase 
activities. In spite of these enzymatic activity vari- 
ations, we could not detect any glycogen breakdown 
in placental fragments incubated for 30 min at 37°; 
this lack of response could be due to our short 
incubation procedures. The effect of isoproterenol 
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Fig. 2. Effect of different concentrations of isoproterenol 

on glycogen phosphorylase a and glycogen synthase activ- 

ities. Bars represent the mean value + S.D. of 2 experi- 

ments with 9 determinations in each case (see Materials 
and Methods). 
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can be compared with the stimulating action of 
another adrenergic compound, epinephrine, on pla- 
cental adenylate cyclase activity [20]. This action of 
epinephrine can be antagonized by a B adrenergic 
blocking agent, propranolol, but not by an a@ adre- 
nergic blocking agent, phentolamine [21]. 

By contrast, 8 sympathomimetic drugs (isoxsu- 
prine, salbutamol) have only a slight action in vitro 
on the activities of the enzymes able to regulate the 
glycogen metabolism. Yet, in vivo, local glycogen- 
olytic action cannot be excluded. However, it is not 
sufficient by itself to account for the foetal metabolic 
modifications observed. These modifications might 
occur by a direct effect on the foetus, considering 
that the placental transfer of these drugs is possible. 
It has been shown that 38 per cent of salbutamol is 
transfered to the foetus [22]. 
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Abstract—p-Hydroxyphenobarbital and m-hydroxyphenobarbital injected intraperitoneally to rats at 
the dose of 80 mg/kg induced a small increase of cytochrome P-450 in crude liver homogenate (expressed 
as nmoles/g liver) but a decrease of cytochrome P-450 concentration in isolated microsomes (expressed 
as nmoles/mg microsomal protein). A similar decrease of NADPH-cyt c reductase and epoxide hydrolase 
specific activities was observed. Pretreatment of animals with phenobarbital metabolites did not alter 
the native UDP-glucuronosyltransferase, but depressed the specific activity of digitonin-treated UDP- 
glucuronosyltransferase towards p-nitrophenol. Gel electrophoresis of microsomes showed that p- 
hydroxyphenobarbital and m-hydroxyphenobarbital did not induce a net biosynthesis of proteins 
with molecular weight near 50,000. Qualitative examination of monooxygenase activities indicated that 
the administration of hydroxylated phenobarbital did not modify the catalytic characteristics of micro- 
somes, as compared with those of control microsomes. When phenobarbital and its p-hydroxyderivative 
were simultaneously injected to rats, specific enzyme activities of microsomes were increased as 
compared with controls but remained lower than with phenobarbital alone. The qualitative characteristics 
of the monooxygenase system were similar to those of microsomes from phenobarbital-induced rats. 
It may be concluded that phenobarbital produces both a proliferation of endoplasmic reticulum and an 
induction of drug-metabolizing activities, whereas its hydroxylated metabolites only retain the prolifer- 
ative activity: thus, these two effects of phenobarbital might depend on two different molecular 
mechanisms. 


The effects of phenobarbital on cytochrome P-450- 
dependent monooxygenase, epoxide hydrolase and 
UDP-glucuronosyltransferase activities are now well 
documented. Two different mechanisms appear to 
be involved: a liver hyperplasia [1] with a prolifer- 
ation of smooth endoplasmic reticulum [1-4] is 
associated with a biosynthesis of cytochrome P-450 
and related electron transfer enzymes [5-6], as well 
as epoxide hydrolase [7, 8] and UDP-glucuronosyl- 
transferase [9-12]; thus, the metabolism and, as a 
consequence, the pharmacological effect of a drug 
may be altered by a prior or simultaneous pheno- 
barbital administration. However, the mechanism 
of enzyme induction by phenobarbital remains 
unknown. Some indirect evidence indicates that 
phenobarbital may act before its binding to micro- 
somes and metabolization [13-16]. Jn vivo, pheno- 
barbital was shown to be metabolized mainly into 
p-hydroxyphenobarbital and excreted in urine as its 
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§ Abbreviations used: cyt P-450: cytochrome P-450; 
UDP-GT: UDP-glucuronosyltransferase (EC 2.4.1.17); 


hydratase, EC 4.2.1.64); PB: phenobarbital; pOHPB: p- 
hydroxyphenobarbital; © mOHPB: —m-hydroxypheno- 
barbital. 


glucuronide conjugate [17-20]. The purpose of the 
present study was to investigate the effect of in vivo 
administration of two hydroxylated metabolites of 
phenobarbital, p- and m-hydroxyphenobarbital, on 
cytochrome P-450 and related monooxygenase activ- 
ities, epoxide hydrolase and UDP-glucuronosyl- 
transferase in adult rat liver. 


MATERIALS AND METHODS 


Meta-hydroxyphenobarbital  [5S-ethyl, | 5-(m- 
hydroxyphenyl) barbituric acid] was a gift from 
Rhone Poulenc Santé (Paris, France) and para- 
hydroxyphenobarbital [3-ethyl, 5-(p-hydroxyphenyl) 
barbituric acid] was synthetized by Dr V. Loppinet 
(Nancy, France). Sodium salts were prepared by 
addition of NaOH to free barbituric acids, freeze- 
dried and stored until use at —30°. Purity, checked 
by combined gas chromatography—mass spectro- 
metry analysis [21] was > 99 per cent. 

Male Sprague-Dawley rats (8-week-old animals 
weighing 200 g) were intraperitoneally injected daily 
for 4 days with barbiturates, 80 mg/kg in saline. 
When barbiturates were administered in association, 
animals received daily 80 mg of each barbiturate in 
a single injection. Controls received vehicle only. 
Animals were starved overnight and killed, 20 hr 
after the last injection, by a blow on the neck. 
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Livers were perfused with ice-cold isotonic NaCl, 
excised, weighed and homogenized in 0.25 M 
sucrose, 1mM EDTA, 1 mM Tris, pH 7.4, at a final 
concentration of 100 mg liver/ml. 

An aliquot was preserved for cyt P-450-determi- 
nation according to Greim [22]. Microsomes were 
prepared as previously described [23] and resus- 
pended.in 10 mM sodium phosphate, 20% glycerol 
buffer, pH 7.4. Proteins were determined according 
to Lowry et al. [24] and cyt P-450 by Omura and 
Sato’s method [25]. 

Assays of glucose-6-phosphatase [26], NADPH- 
cyt c reductase [27], p-nitro-anisole-O-demethylase 
[28], aniline hydroxylase [27], 7-ethoxycoumarin-O- 
deethylase [29] and benzphetamine demethylation 
determined by the formation of formaldehyde [30], 
were carried out using 0.04-2 mg microsomal pro- 
tein. Difference type I spectra of microsomes with 
barbiturates were recorded on a Beckman Acta M 
VI spectrophotometer; maximal binding and appar- 
ent K; values were estimated by double reciprocal 
plots. 

Epoxide hydrolase was assayed, using 20-40 ug 
microsomal protein, by hydration of ‘*H- 
benzo[a]pyrene 4,5-oxide and separation of the diol 
by thin layer chromatography [31]. 

UDP-glucuronosyltransferase activity was deter- 
mined with bilirubin and p-nitrophenol as substrate 
in native or digitonin-treated microsomes. The digi- 
tonin-treated microsomes (8 mg protein/ml) were 
obtained from untreated microsomal suspensions 
(16 mg/ml) which were diluted with an equal volume 
of 1.5% digitonin. Bilirubin UDP-GT activity was 
measured according to a micromodification of the 
method of Van Roy and Heirwegh [32] and Black 
etal. [33], i.e. a system using diazotized ethyl anthra- 
nilate and in which the excess of unconjugated bili- 
rubin dees not react [34]. The final concentrations 
in the incubation mixture (52 wl) were: 65 mM tri- 
ethanolamine buffer, pH 7.4, 9.6mM MgCl, 
0.33 mM bilirubin, 0.12 mM human serum albumin, 
2.7mM UDP-glucuronic acid and microsomes (0.16 
or 0.32 mg protein). Incubation was carried out at 
37° for 15min, a period during which linearity 
towards time kept constant. p-Nitrophenol conju- 
gation was assayed by direct measurement of p- 
nitrophenol disappearance by a modification of the 
method of Gorski and Kasper [35]. Assays were 
carried out in cuvettes of 1 cm optical pathway con- 
taining 0.24mM _ p-nitrophenol, 15mM MgCl, 
50 mM Tris-HCl, pH 7.6, and microsomes (0.08 or 
0.16 mg protein). The reaction was initiated, after 
preequilibration at 27°, with 5.5 mM UDP-glucu- 
ronic acid in the assay. The difference in absorbance 
between assay and corresponding blank was followed 
at 440 nm with a recording Perkin-Elmer double 
beam spectrophotometer. Electrophoresis was per- 
formed as described by Laemmli [36] on 10% poly- 
acrylamide gels (15cm length) in the presence of 
sodium dodecylsulfate. 

Statistical significance of difference between 
groups was estimated by the Student’s /-test. 


RESULTS 
The cytochrome P-450 concentration in total liver 
homogenate after barbiturate administration is 
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cytochrome P450 (nmol x g'liver) 








PB + 


c se pOHPB 


mOHPB pOHPB 
Fig. 1. Effect of in vivo barbiturate administration on 
cytochrome P-450 content of rat liver homogenates. Results 
are mean + §.D. for 4-6 homogenates and expressed as 
nmoles cyt P-450 per g liver (wet wt). C is controls; PB, 
mOHPB, pOHPB, PB + pOHPB refer to animals pre- 
treated, respectively, with 80 mg/kg of PB, mOHPB, 
POHPB and the combination of PB and pOHPB for 4 
days. *: p < 0.05; **: p < 0.001 as compared with controls. 
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Fig. 2. Effect of in vivo barbiturate administration on some 
microsomal enzyme activities from adult rat liver. Results 
are mean+S.D. for 4-6 microsomal preparations and 
expressed as yzmoles Pi liberated in 20 min per mg protein 
for glucose-6-phosphatase; nmoles cyt P-450 per mg protein 
for cytochrome P-450; nmoles of *H-benzypyrene 4,5 diol 
formed per min per mg protein for epoxide hydrolase; 
nmoles cytochrome c reduced per min per mg protein for 
NADPH cyt c reductase. C: controls; PB, mOHPB, 
pOHPB, PB + pOHPB refer to animals pretreated, respec- 
tively, with 80 mg/kg mOHPB, pOHPB and the combi- 
nation of PB and pOHPB for 4 days. 
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shown in Fig. 1. PB markedly increased the cyt P- 
450 concentration expressed as nmoles/ g liver (4.8- 
fold increase), in contrast with hydroxylated metab- 
olites which provoked only a weak increase of cyt 
P-450 concentration: 2- and 1.25-fold with m- and 
pOHPB, respectively. When pOHPB was adminis- 
tered in association with PB, cyt P-450 concentration 
was comparable with that observed in PB-treated 
rats. 

The effects of barbiturate administration on the 
specific activity of some microsomal enzymes are 
depicted in Fig 2. Two different responses were 
observed: 

(a) glucose-6-phophatase was slightly decreased 
by all the barbiturates tested; 

(b) cyt P-450, NADPH-cyt c reductase and EH 
activities exhibited a similar evolution: an important 
increase was observed after PB administration, in 
contrast with the significant decrease elicited by 
pOHPB, whereas mOHPB had no pronounced 
effect. When pOHPB and PB were injected in associ- 
ation, intermediate results were obtained, except for 
NADPH-cyt c reductase. 

The glucose-6-phosphatase to cyt P-450 ratio 
indicates the relative importance of cyt P-450 in 
microsomal membranes. This ratio was lowered by 
PB (1.93 + 0.05 vs 7.98 + 0.74 for controls), unaf- 
fected by mOHPB (7.45 + 1.25) and increased by 
pOHPB § (9.82+0.72). With the association 
PB + pOHPB, this ratio was lowered to 2.80 + 0.75. 
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p-Nitroanisole demethylase is a non-specific 
monooxygenase activity: barbiturate administration 
did not change its molecular activity (expressed as 
nmoles of substrate transformed per min and per 
nmoles of cyt P-450) except pOHPB which increased 
it (Table 1). As a consequence, specific activities 
(expressed as nmoles of substrate transformed per 
min and per mg protein) followed roughly the micro- 
somal cyt P-450 concentration. 

Aniline is not a substrate preferentially metab- 
olized by liver cyt P-450 from PB-treated animals 
[37]: however, both mOHPB and pOHPB increased 
its molecular activity, in contrast with PB which 
decreased it (Table 1). When the PB + pOHPB 
association was administered to animals, molecular 
activity was decreased, but less than with PB alone. 

Benzphetamine-N-demethylase is mainly associ- 
ated with cyt P-450 from PB-treated rats [37, 38]. Its 
molecular activity was highly increased by PB and 
the association PB + pOHPB, and to a smaller 
extent by pOHPB alone (Table 2). mOHPB was 
without any effect. 

The molecular activity of 7-ethoxycoumarin 
deethylase was only slightly increased by pOHPB 
and more by mOHPB. However, only PB and 
PB + pOHPB association increased significantly the 
percentage of inhibition of ethoxycoumarin deethy- 
lase by 10°-°M metyrapone (Table 2). 

In native microsomes, conjugation of both bili- 
rubin and p-nitrophenol was not affected by a pre- 


Table 1. Effect of in vivo barbiturate administration on p-nitroanisole demethylase and aniline 
hydroxylase activities from adult rat liver* 





p-Nitroanisole demethylase 
Pretreatment a b 


Aniline hydroxylase 
a b 





4.62 + 0.46 
16.8 + 2.7+ 
4.67 + 0.33 
4.76 + 0.76 
10.2 + 1.0¢ 


None 

PB 

mOHPB 
pOHPB 

PB + pOHPB 


NOnnaN 
CumwMWnA 
Aornownm 
It I+ I+ I+ I+ 
COrOoe ne 
NR wan: 


= 
Pat 


=—- ONAN © 


0.437 + 0.038 
0.548 + 0.052+ 
0.442 + 0.033 
0.383 + 0.034 
0.482 + 0.050 


0.514 + 0.033 

0.210 + 0.0114 
0.617 + 0.0504 
0.705 + 0.0474 
0.280 + 0.0194 


=} 





* Results are mean + §.D. for 4-6 preparations and expressed as: (a) nmoles substrate trans- 
formed per min per mg of microsomal protein; (b} nmoles substrate transformed per min per nmole 


cyt P-450. 
+P<0.05. 
+ P<0.001 as compared with controls. 


Table 2. Effect of in vivo barbiturate administration on benzphetamine demethylase and 7-ethoxycou- 
marin deethylase activities from adult rat liver* 





Benzphetamine demethylase 


Pretreatment a b 


Inhibition 
by 
10°°M 
metyra- 
pone (%) 


7-Ethoxycoumarin deethylase 


a b 





4.36 + 0.31 
13.75 + 0.804 
4.89 + 0.36 
7.04 + 0.784 
13.63 + 0.734 


3.77 + 0.40 
38.2 + 1.5t 
3.32033 
3.40 + 0.26 
a Be oe es 


None 

PB 

mOHPB 
pOHPB 

PB + pOHPB 


0.96 + 0.08 
1.05 + 0.08 
1.40 + 0.08% 
1.19 + 0.197 
0.82 + 0.13 


0.82 + 0.05 

2.60 + 0.19% 
1.06 + 0.127 
0.65 + 0.09+ 
1.44 + 0.174 


4+ 


I+ I+ I+ I+ I+ 
wWrAUNN 


Fr 





* Results are mean + S.D. for 4-6 preparations and expressed as: (a) nmoles substrate transformed 
per min per mg microsomal protein; (b) nmoles substrate transformed per min per nmole cyt P-450. 


+P<0.05. 
+ P <0.001 as compared with controls. 
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bilirubin p-nitrophenol 

Fig. 3. Effect of in vivo barbiturate administration on UDP- 
glucuronosyltransferase activities from adult rat liver. 
Results are mean + S.D. for 4-6 microsomal preparations 
and expressed as nmoles of bilirubin conjugated per min 
per mg microsomal protein (left rows) or p-nitrophenol 
(right rows). Incubations were performed with native 
microsomes (lower rows) or with digitonin-treated micro- 
somes (upper rows). C: controls; PB, mOHPB, pOHPB, 
PB + pOHPB refer to animals pretreated, respectively, 
with 80 mg/kg PB, mOHPB, pOHPB and the combination 

of PB and pOHPB for 4 days. 


treatment with barbiturates (Fig. 3). When micro- 
somes were activated by digitonin treatment, 
significant differences due to induction were 
observed: pretreatment by PB or by PB + pOHPB 
resulted in an increased conjugation activity towards 
both bilirubin and p-nitrophenol. Both hydroxylated 
PB metabolites depressed the conjugation activity 
towards p-nitrophenol, whereas only mOHPB pro- 
duced a slight increase of bilirubin conjugation. The 
activation of conjugation (activated to native activ- 
ities ratio) due to digitonin treatment was higher in 
microsomes from PB- or PB + pOHPB- treated 
animals than in microsomes from animals pretreated 
by mOHPB or pOHPB alone. 

The addition of pPOHPB or mOHPB (1 mM final 
concentration) in incubation mixtures did not inhibit 
monooxygenase or conjugation activities when 
tested in vitro. 

Gel electrophoresis of microsomes from the liver 
of barbiturate-treated rats are shown in Fig. 4. Elec- 
trophoretograms of microsomes from animals pre- 
treated with pOHPB or mOHPB were similar to 
those from controls, whereas microsomes from PB- 
treated or PB + pOHPB-treated rats exhibited a 
large band with a molecular weight around 47,000 
daltons. When rats were injected with the association 
PB + pOHPB, this band was less important than 
after pretreatment with PB only. 

In order to estimate the binding capacity of control 
microsomes towards PB and its hydroxylated metab- 
olites, spectral apparent Ks and the maximal binding 


Table 3. Characteristics for binding of phenobarbital and 
its hydroxylated metabolites to liver microsomes from con- 
trol rats* 





A max (375-412 nm) 10 i 


Barbiturate x nmoles”' cyt P-450 Ks (mM) 





PB 5+3. 1.70 + 0.30 
mOHPB 3.70 + 1.10 
pOHPB 3.00 + 0.30 





* Maximal binding (expressed per nmole cyt P-450) and 
spectral apparent K; of type I cytochrome P-450-barbitu- 
rate complex were calculated by double reciprocal plots. 
Results are mean+S.D. for 5 different microsomal 
preparations. 


were estimated by double reciprocal plots (Table 3). 
Spectral apparent K;, was slightly higher for hydrox- 
ylated metabolites than for PB; but maximal binding 
of pOHPB was half of PB binding or mOHPB bind- 
ing on microsomes from control rats. 


DISCUSSION 


Both endogenous and exogenous compounds are 
metabolized in liver by endoplasmic reticulum, a 
membrane which contains several drug-metabolizing 
enzymes such as monooxygenase, epoxide hydrolase 
and UDP-glucuronosyltransferase, but also enzymes 
of the intermediary metabolism such as glucose-6- 
phosphatase. A number of chemicals administered 
in a sufficient amount over several days may accel- 
erate drug metabolism via an induction of drug- 
metabolizing enzymes. 

When injected to adult animals, phenobarbital 
(PB) produces both a proliferation of smooth endo- 
plasmic reticulum [1-4] and a net biosynthesis of 
cytochrome P-450 [5,6], epoxide hydrolase [7, 8] 
and UDP-glucuronosyltranferase [9-12]. In rat foe- 
tus, PB has no inducing effect on total cyt P-450 
content of liver cells [23, 39], but produces a pre- 
mature transformation of endoplasmic reticulum, 
leading to an increase of monooxygenase specific 
activities [23,40]. However, the mechanism which 
triggers those two events remains unknown. 

In liver, PB is hydroxylated by a cyt P-450-depen- 
dent monooxygenase mainly into pOHPB which is 
conjugated with glucuronic acid and excreted in urine 
[17-20]. Thus, PB, pOHPB or its glucuronide may 
be involved in the initiation of drug-metabolizing 
enzyme induction and the proliferation of smooth 
endoplasmic reticulum, two phenomena which are 
not necessarily linked: 3-methylcholanthrene 
induces cyt P-448 biosynthesis but does not produce 
smooth endoplasmic reticulum proliferation [4, 6]. 

As already shown, PB increases both the liver 
concentration of cyt P-450 (when expressed as 
nmoles per g tissue, Fig. 1) and its ‘specific content’ 
in microsomes (when expressed as nmoles per mg 
microsomal protein, Fig. 2), and decreases the glu- 
cose-6-phosphatase to cyt P-450 ratio. POHOB only 
moderately increases the hepatic concentration of 
cyt P-450 and markedly decreases the specific cyt P- 
450 content of microsomes. In addition, the glucose- 
6-phosphatase to cyt P-450 ratio was significantly 
increased by pOHPB administration. Such an obser- 
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Fig. 4. SDS—polyacrylamide gel electrophoresis of liver microsomes from barbiturate-treated rats. Ten 

micrograms of protein were applied to the wells of 1 mm analytical gels. Standards (STDS) indicates 

molecular weight of 68,000, 50,000 and 41,000. Electrophoretic migration was from top to bottom. C: 

controls; PB, mOHPB, pOHPB, PB + pOHPB refer to animals pretreated, respectively, with 80 mg/kg 
PB, mOHPB, pOHPB and the combination of PB and pOHPB for 4 days. 


vation may probably be explained by a proliferation 
of endoplasmic reticulum, without simultaneous bio- 
synthesis of cyt P-450. Thus, PB may increase the 
insertion of cyt P-450 into endoplasmic reticulum 
membranes, whereas pOHPB may induce only the 
proliferation of endoplasmic membranes relatively 
devoid of cyt P-450. 

The effect caused by a combination of PB and 
POHPB is the sum of each individual effect. The 
increase of cyt P-450 concentration in crude liver 
homogenate was similar to that elicited by PB alone, 
but the increase of cyt P-450 content in isolated 
microsomes was smaller than for PB alone; the 
glucose-6-phosphatase to cyt P-450 ratio was less 
decreased than by PB pretreatment. Since cyt P-450 
concentration in liver homogenate was similar for 
PB and PB + pOHPB administrations, the latter 
result is indicative of a higher proliferation of endo- 
plasmic reticulum membranes than for PB pretreat- 
ment alone. A similar situation was observed with 
epoxide hydrolase which was increased in parallel 
with monooxygenases after PB pretreatment in 


adults [49] and, at least in part, with NADPH-cyt 
c reductase (Fig. 2). 

The native UDP-GT was unaffected by animal 
pretreatment with barbiturates (Fig. 3), as previously 
observed with PB [9, 11, 12]. After pretreatment of 
microsomal membranes with digitonin, UDP-GT 
was activated and some differences were observed 
with respect to induction: PB enhanced the micro- 
somal specific activity of both bilirubin and p-nitro- 
phenol conjugations, whereas pOHPB administra- 
tion depressed the specific activity of p-nitrophenol 
conjugation and was inefficient on bilirubin conju- 
gation. Thus, as shown above for cyt P-450 and EH, 
the specific activity of the UDP-GT is increased by 
PB administration, but unaffected or decreased by 
pOHPB pretreatment. The association PB + pOHPB 
was as efficient as PB alone to enhance the maximal 
activity of both bilirubin and p-nitrophenol UDP- 
GT. This result might indicate different regulations 
of the mechanism of biosynthesis between UDP-GT 
on the one hand and cyt P-450 and EH on the other, 
as evoked by Burchell er al. [41]. 
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The molecular weight of various purified, or par- 
tially purified, drug metabolizing enzymes was deter- 
mined in rat liver: 47,000 (LM2) or 53,000 (LMs) for 
cytochromes P-450 [38], 49,000 for EH [42-44] and 
47,000 for UDP-GT [45, 46] 

In this study, a large band around 47,000, which 
may include different proteins with similar molecular 
weights, was markedly increased by PB or 
PB + pOHPB pretreatment, whereas the electro- 
phoretograms of microsomes from mOHPB- or 
pOHPB-treated rats were identical to those from 
controls (Fig. 4). Thus, there is no apparent accu- 
mulation of cyt P-450 apoprotein in liver microsomes 
from hydroxylated PB-treated rats. 

These data suggest that pOHPB has no quanti- 
tative inducing effect on the biosynthesis of drug- 
metabolizing enzymes. However, the biosynthesis 
of specific forms should be considered. The inhibition 
of ethoxycoumarin deethylase by metyrapone, 
which is mainly associated with PB-induced cyt P- 
450 [47,48], was comparable in microsomes from 
controls and pOHPB-treated rats. In addition, this 
inhibition was quite similar between PB-treated and 
PB + pOHPB treated animals. The molecular cata- 
lytic activity of the specifically PB-induced benz- 
phetamine demethylase [37] was slightly enhanced 
by pOHPB but did not reach the high molecular 
activity of PB-induced cyt P-450. 

mOHPB, which is not an important biological 
metabolite of PB [20], also produced a proliferation 
of endoplasmic reticulum associated with a biosyn- 
thesis of cyt P-450. However, this synthesis was less 
than after PB pretreatment. The reason for this 
difference between the effects of mOHPB and 
POHPB is unknown. Its biological importance must 
not be overestimated, in regard to the poor meta- 
hydroxylation of PB in the rat liver [19, 20]. 

This study raises a fundamental objection: does 
pOHPB, as PB [49, 50], really accumulate in liver 
cells in sufficient amounts to produce its full potential 
effects? In the present work, the intracellular con- 
centration of pPOHPB was not measured, but indirect 
answers may be proposed. The cellular concentration 
of pOHPB depends on (i) the permeability of liver 
plasma membrane towards this compound and (ii) 
the rate of its metabolization. The partition coeffi- 
cients of PB and pOHPB between aqueous buffers 
and organic solvents and, as a consequence, their 
solubility in the plasma membrane are quite differ- 
ent. However, (a) Valerino et al. [15] concluded 
from their study on the inducing capacity of bar- 
biturates that there is no relationship between par- 
tition coefficient and induction; (b) the intrahepatic 
pOHPB concentration was sufficient to trigger a 
proliferation of endoplasmic reticulum. An objection 
which may be raised is that the concentration of 
POHPB was not sufficient to promote a net biosyn- 
thesis of drug-metabolizing enzymes. Thus, in 
another set of experiments, pOHPB was injected at 
a 5-fold higher concentration (400 mg/kg): a pro- 
liferation of endoplasmic reticulum membranes was 


observed but no cyt P-450 biosynthesis (data not * 


shown). 

The metabolizing capacity of normal rat liver 
towards pOHPB has been estimated to 0.40 umoles 
of barbiturates conjugated per hr per g of liver [51]: 
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less than one tenth of the dose administered daily 
(80 mg/kg) can be metabolized through this pathway 
by rat liver. 

Valerino et al. [15] and Ioannides and Parke [16] 
explained the inducing capacity of PB partly by its 
low metabolization rate in hepatocytes. In a recent 
report, Tsyrlov et al. suggest that the activation of 
protein synthesis is affected by PB itself [52]. In this 
study, it was observed that the binding capacity of 
cyt P-450 from control microsomes towards pOHPB 
and mOHPB was not very different from that of PB; 
however, the hydroxylated derivatives were not 
potent inducers of drug-metabolizing enzymes. 
Thus, as generally accepted, the binding of PB to 
microsomal cyt P-450 is probably not the primary 
event which triggers enzyme induction. 

The proliferation of endoplasmic reticulum, which 
is produced by hydroxylated PB metabolites as well 
as PB itself, should depend on a mechanism different 
from that leading to enzyme induction. 

In conclusion, three different effects of exogenous 
compounds upon endoplasmic reticulum may be 
described: 

(a) simple induction of drug-metabolizing activi- 
ties without proliferation of membranes, as produced 
by polycyclic hydrocarbons, and proposed here as 
the first step of PB action; 

(b) simultaneous induction of enzyme activities 
and proliferation of membranes as produced by the 
total sequence of events involving PB; 

(c) proliferation of membranes, without enzyme 
induction, as produced by pOHPB. Further studies 
on the proliferative effects of pOHPB on endo- 
plasmic reticulum are presently in progress. 
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Abstract—Bepridil has a biphasic effect on oligomycin sensitive ATPase? activity. At pH 8 and at 
concentrations below 12 uM, it inhibits ATPase activity, whereas at higher concentrations it stimulates 
this activity. When the pH is either more acid or more alkaline, this dual effect disappears. At pH 7, 
only the inhibitory effect remains but at pH 9, the stimulatory effect is observed. Inhibition is 
uncompetitive, with a K; of the order of 30 uM. 

Even at low concentrations, bepridil reactivates oligomycin-inhibited OS-ATPase. It does not affect 
soluble ATPase (F1), except if the enzyme has previously been treated by its natural inhibitor, in which 
case bepridil potentiates the inhibitory effect. Bepridil does not seem to have the same influence on 
all ATP-driven mitochdrial membrane reactions: thus, it inhibits the reverse electron flow between the 
succinate and NAD, but hardly alters the transhydrogenase NADH/NADP reaction. The possibility 
is discussed that bepridil may have a different mechanism of action depending on whether or not it is 


protonated. 


Bepridil is designed for the treatment of angina 
pectoris. Among other properties, it improves cor- 
onary blood flow by its direct vasodilatory effect, 
restricts myocardial oxygen consumption and 
reduces tachycardia. These properties have been 
observed under three conditions; in intact heart, 
denervated heart or after propranolol administration 
[1]. Anon-competitive type of antagonism in relation 
to papillary muscle contraction was noted between 
bepridil on the one hand and Ca** and isoprenaline 
on the other. These results may be attributed to the 
action of bepridil on cell membranes [2, 3]. In our 
experiments, we showed that bepridil also affected 
mitochondrial function [4]. It inhibited oxidative 
phosphorylation of NAD-linked substrates. Such 
inhibition involved parallel reduction in oxygen con- 
sumption and ATP formation without changing the 
P/O ratio. On the other hand, bepridil also uncou- 
pled phosphorylation linked to succinate oxidation. 
Both the above effects might be due to the drug’s 
degree of protonation along the mitochondrial mem- 
brane, which generates a pH gradient. The appli- 
cations of Mitchell’s chemiosmotic theory [5] have 





* CERM patents: FR 720767 and US 3962238. [(N-ben- 
zyl N-phenyl amino)-1 isobutoxy-3-propyl]-2 pyrolidine, 


hydrochloride. 


N 


demonstrated that the cystolic side of the mitochon- 
drial membrane is more acid than the matricial side 
[6-8]. Moreover, unlike NADH dehydrogenase, suc- 
cinate dehydrogenase does not appear to be involved 
in proton transport across the inner mitochondrial 
membrane [9]. This implies that phosphorylation 
would be inhibited by bepridil in an acid medium, 
and uncoupled in a base medium. 

The effect of bepridil on oxygen consumption 
seems to result from the drug’s influence on ATP- 
linked reactions. The results given below show 
that it definitely alters ATPase isolated from 
mitochondria. 


METHODS 


Pig heart mitochondria were prepared according 
to the method of Crane et al. [10], as described by 
Gautheron et al. [11]. The energy-linked reactions, 
NAD* reduction by succinate [12] and the 
NADH/NADP* transhydrogenation reaction [13], 
both of them ATP-linked, were studied in mito- 
chondrial sub-particles, isolated according to Hansen 
and Smith [14]. Oligomycin-sensitive ATPase (OS- 
ATPase) was isolated from mitochondrial sub-par- 
ticles by Lubrol and Triton x 100 fractionation 
according to Mairouch and Godinot [15]. Soluble 


CH 
F te 


€ \-cr-n—cr-cH-b-0-cH-ch HCI 
CH, 


+ OS-ATPase, oligomycin sensitive ATPase. 
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ATPase (F1) was purified by treating mitochondrial 
sub-particles with chloroform and subsequent pre- 
cipitation with ammonium sulphate [16]. ATPase 
and ATP-driven reactions are described in the table 
and figure legends. Proteins were measured by the 
method of Lowry et al. [17]. 


RESULTS 


The nature of the change in OS-ATPase activity 
caused by bepridil depends on the pH (Fig. 1). At 
pH 8, the drug’s effect was biphasic: at concentra- 
tions below 12 uM, it inhibited mitochondrial mem- 
brane ATPase activity; on the other hand, at con- 
centrations above 12 uM, the inhibitory effect was 
reversed and activity rose steadily, reaching twice 
the control level at 120 uM bepridil. When the pH 
was more acid, this dual effect disappeared and 
inhibition occured (pH 7). With a more alkaline pH, 
the effect was replaced by activation (pH 9). In both 
cases, there was saturation at approximately 50 uM 
bepridil. 

The results in Fig. 2 show that inhibition of ATPase 
activity by bepridil was uncompetitive. This graph 
also enabled us to calculate the Km and Vm for OS- 


Ss percent 


a 





of control 





Bepridil: uM 


Change of ATPase activity 





pH7 


Fig. 1. Effect of bepridil on OS-ATPase activity. Results 
are expressed in relation to the control value obtained in 
the absence of bepridil. Enzyme suspensions (10 ul) con- 
taining from 0.3 to 0.4 mg protein/ml were added to a 
medium composed as follows (final volume: 0.65 ml): 
50 mM Tris-maleate buffer (pH indicated on curve), 5 mM 
MgCl, 3mM ATP, 4mM PEP as Na‘-salt, 0.4mM 
NADH, 30 units lactic dehydrogenase and 30 units pyruvate 
kinase. The ATP hydrolysis reaction was followed by the 
absorbance of NADH at 340 nm. Ethanol bepridil solution 
(5 ml) (final concentration given in abscissa) were added 
to the preparation, ethanol concentration was 80 uwmoles 
in the medium. Vertical bars represent standard deviation 
of 10 experiments. 
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; (umol/mn/mg protein) 4 


V/v 








V/[aTe] ; mv" 

Fig. 2. Lineweaver-Burk plot showing the kinetics of the 

inhibition of OS-ATPase activity by bepridil. Bepridil con- 

centrations were, respectively, 0 (@), 7.5 (x), 15 (O) and 

30 uM (+). Experiments were carried out as described in 

Fig. 1, except that the ATP concentration was changed to 
obtain the values given in abscissa, and pH 8. 


ATPase in relation to the substrate (ATP), 150 uM 
and 4.2 wmoles/min/mg protein, respectively. 

The constant for ATPase inhibition by bepridil 
was 22 uM (Fig. 3), calculated from the slope of the 
Dixon plot. 

Figure 4 shows that OS-ATPase activity was 
inhibited by oligomycin, and also how this inhibition 
was affected by bepridil. In the absence of bepridil, 
80 per cent inhibition was observed at an oligomycin 
concentration of 3.4 wg/mg protein. Addition of 
120 4M bepridil changed the degree of OS-ATPase 
inhibition by oligomycin. These results seem to 
indicate a certain amount of competition between 
bepridil and oligomycin, since raising the oligomycin 
concentration lowered the activation produced by 
high bepridil concentrations. Nevertheless, the 
results in Fig. 5 show that the inhibitions obtained 
with low bepridil concentrations and oligomycin, 
respectively, were not cumulative; on the contrary, 
the opposite was the case, since we observed a 
reduction in the inhibition caused by oligomycin. 

Appropriate treatment with trypsin raised OS- 
ATPase activity following destruction of the poly- 
peptide which is the natural ATPase inhibitor [18]. 


(mol /mn/mg protein) 


W , 





15 30 


[Bepridit] ; pM 


Fig. 3. Determination of the inhibition constant (Ki) for 

OS-ATPase inhibition by bepridil. Dixon plot; the inverse 

of the enzyme reaction rate was plotted against the bepridil 

concentration, for three ATP concentrations: 0.75 (@), 

0.375 (+) and 0.15 mM (©). Experimental conditions are 
given in the legend to Fig. 1. 





Effects of bepridil on mitochondrial ATPase reactions 


A [Bepridit|= 120 uM 
+ 


mi | 


js 


yumol/mn/ mg protein 


activity ; 


ATPase 








2.2 5.5 
Oligomycin ; ~g/mg protein 

Fig. 4. Interactions between the effects of bepridil and 
oligomycin on OS-ATPase activity. This activity was meas- 
ured in the presence of different oligomycin concentrations, 
plotted in abscissa in the absence (O) or presence (+) of 
120 uM bepridil. Activity of 3.9 + 0.7 wzmoles/min/mg pro- 
tein is the control experiment, without oligomycin or 
bepridil. Determinations were made as in Fig. 1. pH 8 
vertical bars represent standard deviations. ~*~.oer of 

experiments was 10. 


Since this treatment rendered ATPase insensitive to 
bepridil (results not shown), we attempted to study 
the effects of bepridil on the interaction of soluble 
ATPase (F1) with its natural inhibitor. Table 1 shows 
that bepridil has no direct effect on this ATPase. 
Treatment of Fl by the ATPase inhibitor reduced 
enzyme activity. In addition, bepridil was seen to 
potentiate this reduction. This inhibitory effect on 
soluble ATPase whose structure is necessarily 
changed by the inhibitor suggests that bepridil might 
inhibit certain energy-driven reactions requiring the 
presence of F1 in the mitochondrial membrane [19]. 


, EMOL/mn/ Mg protein 


i—4 


ATPase activity 








0.02 0.06 0.12 
Bepridil ; mM 
Fig. 5. Interactions between the effects of bepridil and 
oligomycin on OS-ATPase activity. Same experiments as 
in Fig. 4, except that activity was measured for a fixed 
oligomycin concentration of 3.4 ~g/mg protein and for var- 
ious bepridil concentrations. 


In this connection we demonstrated that NAD 
reduction by the succinate, which required ATP, 
was inhibited by bepridil (Table 2). On the other 
haud, the transhydrogenase reaction was almost 
unaffected when subparticles were treated with the 
same bepridil concentrations as those which inhibited 
NAD reduction. 


DISCUSSION 


The observation that bepridil exerts opposite 
effects on OS-ATPase activity, depending on the 
pH, suggests that OS-ATPase responded differently 
to bepridil depending on whether it was protonated 
(BH*) or dissociated (B). On the basis of the prod- 
uct’s dissociation constant (pK. : 6.3), it may be con- 
cluded that the acid form is inhibitory, whereas the 
base form is an activator. Membrane ATPase does 
not therefore appear to have the same affinity for 
these two forms of bepridil. For both of them, the 


Table 1. Effect of bepridil on interaction between soluble ATPase (F1) and the ATPase natural 
inhibitor 





Addition 


(Bepridil): uM 
40 





0* 51 
ATPase inhibitor? 29 
—45% 





* Figures in the table express ATPase activity in zmoles of ATP hydrolyzed per min and per mg 
protein at room temperature. Enzyme solution (10 yl) was added to a final volume of 0.65 ml 
medium containing 50 mM Tris-maleate buffer (pH 8), 5 mM MgCl,, 3mM ATP, 0.4mM NADH, 
4mM PEP and 30 units LDH and PK, respectively, with and without 5 ul of an alcoholic solution 
of bepridil at the indicated concentration. The reaction rate was determined by the decrease in 


absorbance at 340 nm. 


+ According to Horstman and Racker [25], ATPase at 1-2 i.u. was incubated for 20 min in a final 
volume of 0.5 ml containing 0.4 ug of ATPase inhibitor, in the presence of 0.5 mM ATP, 10 uM 
Tris-sulphate and 0.15 M _ sucrose (pH 6.7). After incubation, 50 ul were removed for ATPase 


activity determinations as specified above. 
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Table 2. Effect of bepridil on ATP-driven reaction 





Reaction 


(Bepridil: 4M) 
1.6 4 12 24 





NAD succinate-linked 
reduction* 

NADH/NADP 

transhydrogenationt 


48.6 33.4 
—29% —49% 
74.3 70 


—10% —15% 


56.6 
-—17% 
76.6 
—7% 


58.7 





* ATP-driven succinate linked NAD* reduction: 1mM ATP was added to a reaction medium, 
maintained at 30°C, containing, in a final volume of 3 ml, 50mM Tris-HCl, (pH 7.5) 0.25 mM 
sucrose, 6mM MgCl, 10mM succinate, 1 mM NAD, | mM KCN and mitochondria subparticles 
(0.40.5 mg) protein. NAD reduction was observed spectrophotometrically at 340 nm. 

+ ATP-driven transhydrogenase: 1 mM ATP was added to a reaction medium, maintained at 
30°C, containing, in a final volume of 3 ml, 50mm Tris-HCI (pH 7.5), 0.25 M sucrose, 80 mM 
ethanol, 6mM MgCh, 100 ug alcohol dehydrogenase, 0.4mM NADP and 0.15mM NADH. 
NADPH formation was observed spectrophotometrically at 340 nm. 


Hendersen—Hasselbalch equation enables calcula- 
tion of the concentrations with the maximum effect 
on OS-ATPase activity, as follows: at pH 7, 
(BH*) = 8 uM and (B) = 42 uM, for a total concen- 
tration of 50 ~M— in this case, only the inhibitory 
effect is observed, and at pH 9, the BH”* concentra- 
tion is negligible, which explains the predominance 
of the activating effect. 

The effects of the pH suggest that the mode of 
action of bepridil is due to its interference with 
proton movement in the OS-ATPase membrane sec- 
tor. This conclusion is corroborated by the present 
results for interaction between the effects of bepridil 
and oligomycin. Oligomycin inhibits ATPase activity 
by blocking proton translocation across the mito- 
chondrial membrane [20]. Our data suggest that 
interference occured between the BH* form and the 
oligomycin action site. Thus, at pH 8, with a bepridil 
concentration of 120 uM (i.e. 2.35 4M BH* and 
117.65 uM B), the inhibitory effect of oligomycin 
was abolished and some enzyme activation was even 
observed. Such activation may reach the values 
found in the absence of oligomycin (Fig. 1). In 
addition, the effect of oligomycin diminished at 
inhibitory bepridil concentrations. 

The results suggest that bepridil and certain 
ionophores like valinomycin and nigericin might 
have similar functions. In this respect an 
ionophores/oligomycin antagonism has been demon- 
strated with regard to mitochondrial ATPase activity 
[21]. However, the antagonism was observed on 
sonicated mitochondria but did not occur with puri- 
fied OS-ATPase. This differs from the present 
results, inasmuch as the antagonism was demon- 
strated with purified OS-ATPase. Another differ- 
ence was that the authors cited above [21] found that 
valinomycin had no direct effect on mitochondrial 
ATPase, whereas we observed that bepridil did have 
such an effect. 

Kinetic studies showed that the drug did not 
directly influence the ATPase catalytic site, a con- 
clusion supported by the fact that bepridil failed to 
modify the activity of the soluble ATPase (F1). On 
the other hand, bepridil potentiated the inhibitory 
effects on Fl of the ATPase inhibitor. This poten- 
tiation seems to us very important, since ATPase- 
inhibitor interaction is thought to regulate many 


different ATP-driven reactions [22-24]. Such poten- 
tiation might partly explain the effect of bepridil on 
energy linked reactions because the drug does not 
behave exactly like the natural ATPase inhibitor 
(Table 2); for instance, it did inhibit NAD reduction 
by succinate but not the transhydrogenase reaction. 

From the present results, it may justifiably be 
concluded that bepridil probably has three action 
sites: two of them are in the membrane and the 
nature of their mechanism of action depends on 
whether or not the bepridil is protonated. The third 
site is located on F1, the protein carrying the ATPase 
activity. Bepridil binding to this potentiates the effect 
of the natural ATPase inhibitor by reducing the 


activity of the ATP-linked reactions. 
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Abstract—Aniline p-hydroxylation activity of rat liver microsomes was found to be enhanced, rather 
than inhibited, at aniline concentrations higher than about 3 mM. The cyanide-induced enhancement 
increased as the oxygen tension was increased. The activation by cyanide was, however, significantly 
diminished with liver microsomes from phenobarbital- and 3-methylcholanthrene-pretreated rats. The 
enhancement was also decreased when liver microsomes were fortified with NADPH-cytochrome P-450 
reductase. Aniline hydroxylation by reconstituted systems consisting of partially purified preparations 
of several species of cytochrome P-450 and the reductase was inhibited by cyanide, though the degree 
of inhibition was dependent on the species of cytochrome P-450 used for reconstitution. In several 
respects, the cyanide-induced enhancement of aniline hydroxylation is different from the enhancement 
caused by acetone and 2,2’-bipyridine, but is similar to the activation by ethylisocyanide. 


Imai and Sato [1,2] first demonstrated that ethyl- 
isocyanide exerts both stimulatory and inhibitory 
effects on aniline hydroxylation by rabbit liver 
microsomes, depending on the assay conditions. 
They concluded that ethylisocyanide inhibits the 
hydroxylation by competing with molecular oxygen 
for the reduced heme of cytochrome P-450 and 
activates by altering the reactivity of the cytochrome, 
probably through binding to a non-heme site on the 
cytochrome molecule. Since then, the addition of 
acetone [3-7], 2,2’-bipyridine [4, 7], benzphetamine 
[5,8], metyrapone [9, 10] and paraoxon [11, 12] in 
vitro to liver microsomes has been reported to 
enhance markedly the hydroxylation of aniline and 
some other aromatic amines. However, the mech- 
anisms of activation by these chemicals have not yet 
been fully elucidated. 

Previously, it was widely accepted that drug oxi- 
dations by liver microsomes are insensitive to cyanide 
[13-15]. The current view, however, indicates that 
the terminal oxidase of the microsomal drug metab- 
olizing system, cytochrome P-450, is a heme protein 
[16] and therefore is capable of binding cyanide to 
produce a characteristic difference spectrum [17, 18]. 
Actually, recent studies have demonstrated that 
microsomal oxidations of several drugs, including 
aniline hydroxylation, are sensitive to cyanide [19- 
21]. 

In this communication, we report that cyanide 
activates aniline hydroxylation by rat liver micro- 
somes under appropriate conditions, as in the case 
of ethylisocyanide [1]. Studies conducted which 
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juku, Tokyo, 160 Japan. 


attempt to elucidate the mechanism of this activation 
are also reported and discussed. 


MATERIALS AND METHODS 


Animals and chemicals. Male rats of Wistar strain, 
weighing 90-130g, were used unless otherwise 
stated. The animals were fasted for about 48 hr prior 
to being killed, but were given tap water ad lib. 
When necessary, rats received intraperitoneal injec- 
tion of 3-methylcholanthrene (MC) dissolved in olive 
oil at a daily dose of 25 mg per kg body wt for 8 
consecutive days, and then were starved for 18 hr 
prior to being killed. Pretreatment of the animals 
with sodium phenobarbital (PB) was performed by 
adding 0.1% PB in drinking water for 3 days. Liver 
microsomes were prepared as described previously 
[22]. Emulgen 913, a non-ionic detergent, was sup- 
plied by Kao-Atlas Co. Dilauroyl-L-3-phosphatidyl- 
choline was purchased from Serdary Co. NADP’, 
glucose 6-phosphate, glucose 6-phosphate dehydro- 
genase and cytochrome c (horse heart) were obtained 
from Boehringer, Mannheim. Commercially avail- 
able aniline was redistilled under vacuum and stored 
at —20° under nitrogen until use. Sepharose 4B and 
CM-Sephadex C-50 were purchase from Pharmacia 
and hydroxylapatite (Bio-Gel HT) from Bio-Rad. 
w-Amino-n-octyl Sepharose 4B was prepared as 
described by Cuatrecasas [23]. KCN solutions were 
prepared freshly and adjusted to pH 7.4 with 1N 
HCl. 

Purification of cytochrome P-450’s and cytochrome 
P-450 reductase. Three species of cytochrome P-450 
were partially purified from liver microsomes of 
drug-untreated rats according to the method of Imai 
and Sato [24], as modified by Kamataki et al. [25]. 
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The results of the purification experiment are sum- 
marized in Table 1. The molecular weights of cyto- 
chrome P-450’s in fractions I-1-a, I-1-b and I-2 were 
estimated to be 47,000, 52,000 and 47,000, respec- 
tively, from polyacrylamide gel electrophoresis in 
the presence of sodium dodecylsulfate [26]. All these 
cytochrome P-450’s appeared to be low-spin species 
as judged from their absorption spectra, and were 
free from cytochrome bs detectable by dithionite- 
reduced minus oxidized difference spectro- 
photometry. 


A cytochrome P-448 was purified from liver’ 


microsomes of MC-pretreated rats by the method 
of Hashimoto and Imai [27]. The purified cyto- 
chrome showed a Soret peak at 448 nm in the CO- 
difference spectrum and its molecular weight was 
* estimated to be 52,500. Its specific content and 
recovery from microsomes were 18.4 nmoles per mg 
of protein and 1.2 per cent, respectively. This prep- 
aration appeared to contain both high- and low-spin 
species, because its oxidized absorption spectrum 
showed peaks at both 398 and 414 nm. 

NADPH-cytochrome P-450 (cytochrome c) reduc- 
tase was partially purified from liver microsomes of 
male CR:CD (SD) rats pretreated with PB. The 
liver microsomes were washed with 0.1 M_ pyro- 
phosphate, pH 7.4, and NADPH-cytochrome P-450 
reductase was purified to a specific activity of 21.1 
unit per. mg of protein by the previously described 
method [28]. The partially purified preparation was 
devoid of cytochrome bs and P-450. 

Analytical and assay methods. Protein was deter- 
mined by the method of Lowry et al. [29] using 
bovine serum albumin as standard. Cytochrome P- 


T. KAMATAKI et al. 


450 (and P-448) was estimated as described by 
Omura and Sato [30]; for purified preparations, ().2% 
Emulgen 913 and 20% glycerol were included in all 
determinations. NADPH-cytochrome c reductase 
activity as described by Phillips and Langdon [31], 
and one unit is defined as the amount catalyzing the 
reduction of 1 wmole of cytochrome c per min. 

The standard reaction mixture for assay of micro- 
somal aniline hydroxylation activity contained, in a 
final volume of 1.0 ml, microsomes (about 1 mg of 
protein), 20mM aniline, 80 mM phosphate buffer, 
pH 7.4, 0.1 mM EDTA, and an NADPH-generating 
system consisting of 0-33 mM NADP’, 8mM glu- 
cose 6-phosphate, 6mM MgCh and 0-045 unit of 
glucose 6-phosphate dehydrogenase. When necess- 
ary, 10mM KCN was also included. The reaction 
was carried out aerobically at 37° for 20 min. The 
reaction mixture for reconstitution of aniline 
hydroxylation activity contained, in a final volume 
of O-Sml, a _ cytochrome P-450 preparation 
(0.272 nmole of I-l-a, 0.277nmole of I-1.b, 
0.251 nmole of I-2 or 0.266 nmole of cytochrome P- 
448), 0.892 unit of NADPH-cytochrome P-450 
reductase, 15 wg of dilauroyl-L-3-phosphatidylcho- 
line, 50 ug of sodium deoxycholate, 2 or 20mM 
aniline, the NADPH-generating system mentioned 
above, and 150 mM potassium phosphate buffer, pH 
7.25. When necessary, 10 mM KCN, 0.8 M acetone 
or 1 mM 2,2’-bipyridine was also added. The reaction 
was run aerobically at 37° for 30 min. In both the 
microsomal and reconstituted system, p-amino- 
phenol formation was determined as described by 
Imai et al. [32]. 

Binding of NADPH-cytochrome P-450 reductase 


Table 1. Partial purification of three species of cytochrome P-450 from liver microsomes of intact rats* 





Protein 
(mg) 


Total content 
(nmoles) 


Specific content 
(nmoles/mg protein) 


Recovery 
(%) 





Microsomes 696 
Cholate-solubilized 
microsomes 
Aminooctyl 
column (1) 
eluate (II) 
Hydroxylapatite 
column-(I) 
eluate 
CM-Sephadex 
column-(I-1) 
eluate 
CM-Sephadex 
column-(I-2) 
eluate 
CM-Sephadex 
column-(I-1-a) 
eluate 


(I-1) 
(I-2) 


(I-1-a’) 
(I-1-b) 


(1-2) 


(I-1-a) 6.0 


0.85 100 


41.4 6.90 7.0 





* Fraction I: Aminooctyl eluate with 100 mM buffer containing 0.4% sodium cholate and 0.08% 
Emulgen 913; Fraction I-1: Hydroxylapatite eluate with 100 mM buffer containing 0.2% Emulgen 
913; Fraction I-2: Hydroxylapatite eluate with 300 mM buffer containing 0.2% Emulgen 913; Fraction 
I-1-a’: Ist CM eluate with 100 mM buffer containing 0.2% Emulgen 913; Fraction I-1-b: CM eluate 
with 500 mM buffer; Fraction I-2: CM eluate with 500 mM buffer; Fraction I-1-a: 2nd CM eluate with 
300 mM buffer. Fractions I-1-a, I-1-b and I-2 exhibited Soret peak at 450, 451 and 450 nm, respectively. 
Fraction II eluted with 100 mM buffer containing 0.5% Emulgen 913 showed a Soret peak at 488.5- 
449 nm in the CO-difference spectrum but its further purification was not attempted. 
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Fig. 1. Inhibition and enhancement of aniline hydroxylation 
activity by cyanide. Experimental details are as described 
in Materials and Methods except that 1-20mM aniline 
and 0mM, 0.25mM (—O—), 2mM (—A—), 8mM 
(—@— ), and 15 mM (—A—) KCN were used. The control 
activities (without cyanide) at 1, 2, 4, 6, 10, 15 and 20 mM 
concentrations of aniline were 18.94, 18.32, 18.44, 18.57, 
18.69, 18.94, 19.56 and 20.05 nmoles per mg protein per 
20 min, respectively. 





to microsomes. A mixture (4.5 ml) containing rat 
liver microsomes (18mg of protein), a desired 
amount of partially purified NADPH-cytochrome 
P-450 reductase, and 140 mM potassium phosphate 
buffer, pH 7.4, was incubated at 30° for 20 min and 
then diluted 4-fold with ice-cold 100 mM potassium 
phosphate buffer, pH 7.4. The diluted sample was 
centrifuged at 105,000 g for 60 min. The precipitated 
microsomes were resuspended in 100 mM potassium 
phosphate buffer, pH 7.4, and subjected to enzyme 
assays. 


RESULTS 


As shown in Fig. 1, cyanide inhibited aniline 
hydroxylation by liver microsomes when the sub- 
strate concentration was lower than about 3 mM, in 
confirmation of our previous finding [21]. However, 
when the aniline concentration was higher than 
3 mM, cyanide was found to stimulate the activity. 
The enhancement was greater as the concentrations 
of aniline and cyanide were increased. With 20 mM 
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aniline and 15 mM cyanide, the activation reached 
about 70 per cent. Cyanide did not interfere with 
the assay method under these conditions. This 
stimulation was reversible; it disappeared on washing 
the microsomes by centrifugation and reappeared on 
adding cyanide again to the washed microsomes. 
Since these effects of cyanide on microsomal aniline 
hydroxylation seemed to resemble those of ethyl- 
isocyanide reported previously [1, 2], it was expected 
that cyanide-induced enhancement would increase 
at higher oxygen tensions, as in the case of the 
ethylisocyanide effect [1]. The data shown in Table 
2 indicate that this was actually the case, suggesting 
that the mechanism of cyanide-induced enhancement 
is similar to that operating in the ethylisocyanide- 
induced activation. As reported by Anders [3], high 
oxygen tensions did not alter the stimulatory effect 
of acetone but rather decreased the enhancement 
caused by 2,2’-bipyridine (data not shown). 

Acetone-induced activation of aniline hydroxyla- 
tion by rat liver microsomes has been shown to be 
decreased by pretreatment of animals with MC [5]. 
As shown in Table 3, pretreatment of rats not only 
with MC but also with PB resulted in partial abolition 
of the enhancing effect of cyanide on aniline 
hydroxylation by liver microsomes. 

To study further the mechanism of cyanide- 
induced enhancement, the effects of cyanide on 
aniline hydroxylation by reconstituted systems con- 
taining either one of the three partially purified 
cytochrome P-450 preparations (fractions I-1-a, I-1- 
b and I-2) from control liver microsomes or a highly 
purified cytochrome P-448 preparation from MC- 
induced liver microsomes were examined. As can be 
seen in Table 4, all the cytochrome P-450 and P-448 
preparations tested catalyzed aniline hydroxylation 
when reconstituted with NADPH-cytochrome P-450 
reductase; the activity was by far the highest with 
cytochrome P-448, followed by fractions I-1-a, I-1- 
b and I-2 in this order. In contrast to the case of 
liver microsomes, however, 10 mM cyanide inhibited 
rather than activated the activity in all the reconsti- 
tuted systems. Thus, the activities with cytochrome 
P-448 and fraction I-2 were very strongly inhibited 
(about 70 per cent), whereas those with fractions I- 
l-a and I-1-b were inhibited 17 and 37 per cent, 
respectively. In contrast, acetone and 2,2’-bipyridine 
enhanced aniline hydroxylation catalyzed by all the 
reconstituted systems, with the single exception that 
the activity supported by fraction I-2 was inhibited 
by acetone (Table 5). 


Table 2. Effect of oxygen tension on aniline hydroxylation activity in the absence and 
presence of cyanide* 





Aniline hydroxylation 
(nmoles/mg protein/20 min) 





Oxygen tension 
—KCN 


Enhancement 


+KCN (%) 





18.99 
19.53 
19.93 


23.88 
26.62 
38.37 


25.8 
36.3 
92.5 





* Experimental details are as described in Materials and Methods except that con- 
centration of KCN added is 2.0 mM. Values are the means of two separate determinations. 
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Table 3. Effects of pretreatment of rats with phenobarbital or 3-methylcholanthrene on cyanide 
enhancement of aniline hydroxylation* 





Cyt. P-450 


Aniline hydroxylation 


(nmoles/mg protein/20 min) 


Enhancement 





(nmoles/mg 
protein) 


—KCN 


+KCN (%) 





Control 
(saline) 
Phenobarbital-treated 
Control 
(corn oil) 
3-Methyl 
cholanthrene-treated 


0.83 + 0.10 
2.74 + 0.29 


0.86 + 0.06 


1.63 + 0.04 


24.09 + 
34.62 + 


2.i2t 


30.00 + 2.79 


70.40 + 1.60 
24.19 + 3.03 


41.04 + 1.20 
43.15 + 2.69 
49.04 + 2.18 90.67 + 2.19 


38.05 + 3.02 27.46 + 3.27 





* Sodium phenobarbital, dissolved in saline, and 3-methylcholanthrene, dissolved in corn oil, were 
injected intraperitoneally for three consecutive days at daily doses of 80 mg/kg and 40 mg/kg, respectively. 
Other experimental details are as described in Materials and Methods. Values represent the means 


+ §.E. from five determinations. 


Table 4. Effects of cyanide on aniline hydroxylation activity of various species of 
cytochrome P-450 isolated from intact and 3-methylcholanthrene-treated rat liver 
microsomes 





Cytochrome P-450 





Addition I-1-a* 


I-1-b* [-2* 


Cyt. P-448+ 





0.4254 
0.352 
17.2 


None 
Cyanide 
Inhibition (%) 


0.417 
0.262 
37.2 


0.720 
0.223 
69.0 


0.368 
0.118 
67.9 





* Cytochrome P-450 species contained in I-1l-a, I-1-b and I-2 fractions as described 


in Materials and Methods. 


+ Cytochrome P-448 isolated from 3-methylcholanthrene-treated rat liver microsomes. 
¢ Aniline hydroxylation activity, nmoles p-aminophenol formed per nmole cytochrome 


P-450 per min. 


Kamataki ez al. [25] have shown that the rate of 
cytochrome P-450 reduction by NADPH in micro- 
somes is limited by the amount of NADPH-cyto- 
chrome P-450 reductase. In support of this, it has 
been reported that drug oxidations by liver micro- 
somes are enhanced by extra binding of purified 
NADPH-cytochrome P-450 reductase to the micro- 
somes [33-35]. As shown in Table 6, incorporation 


Table 5. Effects of acetone and 2,2’-bipyridine on aniline 
hydroxylation activity of various species of cytochrome 
P-450 isolated from intact rat liver microsomes 





Cytochrome P-450 





Additions I-1-a* I-1-b* I-2* 





0.237 

0.145 
—38.8 

0.368 
+55.3 


0.4987 

0.753 
+51.2 

0.668 
+34.1 


0.286 

0.417 
+45.8 

0.500 
+74.8 


None 

Acetone 
change (%) 

2,2'-Bipyridine 
change (%) 





* Cytochrome P-450 species contained in I-1-a, I-1-b and 
I-2 fractions isolated from intact rat liver microsomes as 
described in Materials and Methods. 

+ Aniline hydroxylation activity, nmoles p-aminophenol 
formed per nmole cytochrome P-450 per min. 


in vitro of partially purified NADPH-cytochrome P- 
450 reductase to liver microsomes actually increased 
aniline hydroxylation activity, in confirmation of the 
previous finding [33]. The hydroxylation activity in 
the presence of 10 mM cyanide also increased with 
the amount of the reductase incorporated, but to 
lesser extents than in the absence of cyanide. Con- 
sequently, the enhancement of aniline hydroxylation 
was markedly decreased by the fortification of 
microsomes with NADPH-cytochrome P-450 reduc- 
tase. On the other hand, the enhancement of aniline 
hydroxylation caused by acetone or 2,2’-bipyridine 
was not significantly affected by extra binding of the 
reductase to the microsomes (Table 7). 


DISCUSSION 


The possibility that the cyanide-induced enhance- 
ment of aniline hydroxylation reported in this paper 
is due to inhibition of lipid peroxidation, which 
impairs drug-metabolizing enzymes, can be ruled 
out, because 0.1 mM EDTA and the high concen- 
tration of aniline included in the reaction mixture 
should have completely abolished the peroxidation 
reaction [36]. It has been shown that the activation 
of aniline hydroxylation by 2,2'-bipyridine is not due 
to inhibition of lipid peroxidation [4]. Inhibition by 
cyanide of the respiratory chain of contaminating 





Enhancement of aniline hydroxylation 


Table 6. Effect of fortification of microsomes with NADPH-cytochrome P-450 reductase on 
the enhancement of aniline hydroxylation activity by cyanide* 





Aniline hydroxylation 
(nmoles/mg protein/10 min) 





Added 
fp2t 


Fortified 


Enhancement 
(%) 


+KCN 





9.83 
12.67 
14.36 
17.43 


3.0 0.67 
7.00 1.20 
13.33 1.96 


13.63 
17.13 
18.44 
20.78 


38.7 
K = He 
28.4 
19.2 





* Incubations were carried out at 37° for 10 min aerobically in the presence of 20mM 


aniline. 


+ NADPH-cytochrome P-450 reductase (unit) added to microsomes. 
+ NADPH-cytochrome P-450 reductase activity (unit) incorporated into microsomal 


membrane. 


mitochondria is also an unlikely cause of the 
enhancement, because the cyanide effect becomes 
more pronounced at concentrations much higher 
‘than that required for complete inhibition of the 
respiratory chain (about 1 mM). 

Correia and Mannering [37] have reported that 
appropriate concentrations of cyanide stimulate 
ethylmorphine N-demethylation by rat liver micro- 
somes in the presence of both NADPH and NADH 
and interpreted this stimulation as due to the inhi- 
bition of cyanide-sensitive factor (CSF), the terminal 
enzyme of microsomal fatty acid desaturase system. 
This interpretation is worth consideration, since the 
electrons transferred to cytochrome bs from NADH 
(via NADH-cytochrome bs reductase) and NADPH 
(via NADPH-cytochrome P-450 reductase) can be 
utilized for supplying the second electron required 
for drug hydroxylation catalyzec ~y cytochrome P- 
450 [38-41], as well as for fatty acid desaturation by 
CSF [42]. In our hands, however, no stimulation of 
ethylmorphine N-demethylation by cyanide was 
observed even when liver microsomes from desatu- 
rase-induced rats were used (data not shown). In 
addition, as described in this paper, cyanide-induced 
enhancement of aniline hydroxylation can be 
observed with liver microsomes prepared from 
starved rats, in which practically no desaturase 
activity is detectable [43]. It can, therefore, be con- 


cluded that inhibition of CSF is not responsible for 
the observed enhancement of aniline hydroxylation. 

Acetone [3-7] and 2,2'-bipyridine [4, 7] have been 
reported to stimulate aniline hydroxylation by rat 
liver microsomes, but the enhancements caused by 
these chemicals are clearly different from that 
induced by cyanide in the following respects. First, 
the cyanide-induced effect becomes more pro- 
nounced as the oxygen tension is increased (Table 
2), whereas the effects caused by acetone and 2,2’- 
bipyridine are not influenced by the oxygen tension. 
Secondly, cyanide inhibits, rather than stimulates, 
aniline hydroxylation by reconstituted systems con- 
taining purified cytochrome P-450 preparations 
(Table 4). In contrast, both acetone and 2,2’-bipyr- 
idine stimulate the hydroxylation reaction catalyzed 
by both intact microsomes and reconstituted systems 
(except that acetone inhibits the reconstituted system 
containing fraction I-2) (Table 5). Finally, binding 
of partially purified NADPH-cytochrome P-450 
reductase to liver microsomes leads to significant 
decreases in the extent of cyanide-induced enhance- 
ment (Table 6), whereas this treatment does not 
decrease the enhancement caused by acetone or 2,2’- 
bipyridine (Table 7). Furthermore, Kitada et al. [44] 
and Powis et al. [45] have reported that NADH 
synergism of NADPH-dependent aniline hydroxy- 
lation can be elicited in the presence, but not in the 


Table 7. Enhancement of aniline hydroxylation activity by acetone and 2,2’-bipyridine in 
NADPH-cytochrome P-450 reductase-fortified microsomes 





Aniline hydroxylation 
(nmoles/mg protein/10 min) 





Enhancement 
(%) 


fp2-Fortified 
Ms?* 


Enhancement 


Additions (%) 





None 15.46 
Acetone 
(0.8 M) 
2,2'-Bipyridine 
(1.0 mM) 


Tas 26.59 72.0 


65.2 26.65 65.9 





* Incubations were carried out at 37° for 10 min in the presence of 2 mM aniline. 

+ NADPH-cytochrome P-450 reductase-fortified microsomes were prepared by addition 
of 13.3 unit of partially purified NADPH-cytochrome P-450 reductase. The amount of the 
activity incorporated into microsomal membranes was 1.96 units per mg of protein. 
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absence, of acetone and 2,2'-bipyridine. Our pre- 
liminary experiments, however, showed that no 
NADH synergism of aniline hydroxylation occurred 
in the presence of cyanide. All these findings indicate 
that the mechanism of cyanide effect is clearly dif- 
ferent from those of acetone- and 2,2’-bipyridine- 
induced enhancements of aniline hydroxylation. 

The enhancement of aniline hydroxylation by 
cyanide is similar to that caused by ethylisocyanide 
in that both become more pronounced as the oxygen 
tension is increased (Table 2 and ref. 1). Imai and 
Sato [2] have reported that ethylisocyanide-induced 
enhancement of liver microsomal aniline hydroxy- 
lation is most pronounced in rabbits, followed by 
rats, but that no enhancement is observable in guinea 
pigs. We have also observed that cyanide caused no 
stimulation of aniline hydroxylation by guinea pig 
liver microsomes (data not shown), suggesting that 
the same species difference exists in both cyanide- 
and ethylisocyanide-induced enhancements. More- 
over, cyanide and ethylisocyanide are also similar 
in that they exert both inhibitory and stimulatory 
effects on aniline hydroxylation depending on 
experimental conditions (Fig. 1 and ref. 1). As men- 
tioned earlier, Imai and Sato [2] have concluded that 
ethylisocyanide inhibits the hydroxylation by com- 
peting with molecular oxygen for the reduced heme 
of cytochrome P-450 and activates by changing the 
reactivity of the cytochrome through binding to the 
non-heme site. The similarities between the cyanide- 
and ethylisocyanide-induced enhancements of ani- 
line hydroxylation suggest that cyanide stimulates 
the hydroxylation reaction by a mechanism similar 
to that functional in the ethylisocyanide-induced 
enhancement. Further work is, however, needed to 
reach a definite conclusion on this point, since 
cyanide usually has higher affinities for the oxidized 
heme rather than the reduced heme of various hemo- 
proteins. Furthermore, it is necessary to propose a 
mechanism which can explain the results reported 
on the effects on induction (Table 3), the activities 
of reconstituted systems (Table 4), and the effect of 
extra binding of NADPH-cytochrome P-450 reduc- 
tase (Table 6). Unfortunately, however, no satisfac- 
tory explanations of these results are at present 
available. 

Nevertheless, it seems to be possible to present 
a likely, but not yet proven, possibility accounting 
for the results. This possibility is conceivable on the 
following bases. First, multiple species of cyto- 
chrome P-450 exist in liver microsomes [46-48]. Sec- 
ondly, these species of cytochrome P-450 differ from 
one another in specific activity of aniline hydroxy- 
lation and sensitivity to cyanide (cf. Table 4). It is 
to be noted that, with the exception of cytochrome 
P-448, the cyanide sensitivity of the cytochrome P- 
450 species listed in Table 4 increases as the specific 
aniline hydroxylation activity decreases. Finally, 
since NADPH-cytochrome P-450 reductase has been 
shown to be the rate-limiting enzyme in the NADPH- 
linked electron transport chain [25, 33, 35], the var- 
ious species of cytochrome P-450 in microsomes 
should compete with one another for the reductase. 
It is now likely that cyanide activates aniline 
hydroxylation by inhibiting preferentially the species 
of cytochrome P-450 with low aniline hydroxylation 
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activity and thus improving the efficiency of inter- 
action of the reductase with the cytochrome having 
high aniline hydroxylation activity. If this is actually 
the case, then incorporation of extra reductase into 
microsomes is expected to diminish the competition, 
leading to a decrease in cyanide-induced enhance- 
ment. Since pretreatment of animals with pheno- 
barbital increases not only cytochrome P-450 but 
also NADPH-cytochrome P-450 reductase [49], this 
treatment leads to a decrease in the extent of the 
cyanide effect, probably by changing the ratio of the 
reductase to a particular species of cytochrome P- 
450. However, pretreatment with 3-methylcholan- 
threne, which does not induce the reductase [5], also 
causes a significant decrease in the cyanide effect 
(Table 3). This may be explained by the fact that 
the 3-methylcholanthrene-inducible species of cyto- 
chrome P-450 (cytochrome P-448) is very strongly 
inhibited by cyanide, though it has a very high aniline 
hydroxylase activity. The mechanism of cyanide- 
induced enhancement of aniline hydroxylation just 
discussed is still tentative and should be refined fur- 
ther by future studies. 

Finally, it should be mentioned that the reconsti- 
tuted hydroxylase systems are all inhibited by cyan- 
ide and not activated (Table 4), in contrast to the 
case of intact microsomes. This may be due to the 
difference in cyanide sensitivity of cytochrome P-450 
between the solubilized and membrane-bound 
forms. In fact, Cooper et al. [51] have reported that 
a species of cytochrome P-450 is strongly inhibited 
by carbon monoxide in its purified form but is slightly 
sensitive when it is bound to microsomes. 
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Abstract—The effects of 2’,3'-dideoxythymidine 5’-triphosphate (d2TTP) on the activities of DNA 
polymerases a and B isolated from leukocytes of a patient with acute myelogenous leukemia have been 
examined. DNA polymerase B was more sensitive than DNA polymerase a@ to d2TTP inhibition; the 
concentration of d2TTP required for a 50 per cent inhibition of enzyme activity was 20-fold lower for 
DNA polymerase B than for DNA polymerase a in assays with activated DNA template. A similar 
difference in sensitivity was observed also when synthetic primer templates such as (dT) ~1s-(dA)n or 
(dT) ~15-(A)n were used. However, with (dG) ~1s-(dC)n primer template, neither DNA polymerase 
anor DNA polymerase £ activity was inhibited by d2TTP. Kinetic analysis with activated DNA template 
showed that the d2TTP inhibition was competitive with dTTP but noncompetitive with dGTP; the values 
of the Km for dTTP and Ki for dz2TTP for the DNA polymerase a were approximately the same, while 
for DNA polymerase B the Km was twenty times more than Ki. Neither DNA polymerase a nor DNA 
polymerase B had any exonuclease activity and, therefore, the resistance of DNA polymerase a to 
d2TTP inhibition was not due to exonuclease activity. The extent of d2TTP inhibition was not altered 
significantly by changes in the concentration of either the template or the enzyme. Preincubation of the 
inhibitor with either the template or the enzyme was not necessary for inhibition. The compound was 


inhibitory even when added after the initiation of the reaction. 


The existence of multiple species of DNA polymer- 
ases in dividing mammalian cells has been well docu- 
mented [1-3]. The biological role of the individual 
polymerases, however, has not yet been unequivo- 
cally established. One of the approaches to deter- 
mine the specific roles that these polymerases play 
in DNA replication is to examine whether com- 
pounds that inhibit cellular DNA synthesis have a 
preferential effect on any of the polymerase species. 
A number of deoxynucleotide analogs compete with 
normal substrates, are incorporated into DNA in 
vitro, and effectively terminate chain growth 
(reviewed in Ref. 4). An analog of deoxythymidine 
triphosphate, 2',3'-dideoxythymidine 5’-triphos- 
phate (d2TTP), has been used as a reagent to control 
and analyze bacterial DNA replication in vitro [5]. 
The d2TTP has the 3’-hydroxyl group of 2'-deoxy- 
ribothymidine triphosphate replaced by a hydrogen. 
This compound blocks chain growth during bacterial 
DNA replication by preventing the attachment of 
additional nucleotide residues. The ability of d2TTP 
to block 3’ ends has been utilized in characterizing 
multiple catalytic functions of bacterial DNA poly- 
merases. Studies with purified Escherichia coli DNA 
polymerase I showed that d2TTP inhibited polymer- 
ization and related functions such as pyrophosphate 
exchange, pyrophosphorolysis and hydrolysis at the 
3’-terminus but did not interrupt 5’—3' hydrolysis 
[5,6]. Besides inhibiting DNA synthesis by E. coli 
DNA polymerase I [5], d2TTP also inhibits the 
reverse transcriptase of Rous sarcoma virus [7] and 
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avian myeloblastosis virus [8]. The DNA synthesized 
in the presence of d2TTP is of short chain length [7]. 
Recently, use of the dideoxynucleotide analogs in 
determining the nucleotide sequence of DNA has 
been described [9]. 

Although the detailed mechanism of d2TTP inhi- 
bition was studied with bacterial DNA polymerase, 
the mechanism of inhibition of mammalian DNA 
polymerases has not been reported. We compared 
the effect of d2TTP on the activities of DNA poly- 
merases a and B isolated from leukocytes of a patient 
with an acute myelogenous leukemia (AML) and 
found that DNA polymerase B was more sensitive 
than DNA polymerase a to d2TTP inhibition. We 
report here a comparison of inhibition by this nucleo- 
tide analog of DNA polymerases from human leu- 
kemia cells and a detailed mechanism of the inhi- 
bition. During the course of our study, Edenberg et 
al. [10] and Wagar et al. [11] reported that DNA 
polymerase 8 was more sensitive than DNA poly- 
merase a to d2TTP inhibition. 


MATERIALS AND METHODS 


Tritiated deoxynucleoside triphosphates and Tri- 
ton X-100 were obtained from the New England 
Nuclear Corp., Boston, MA.; d,TTP, nucleoside 
triphosphates and synthetic primer templates were 
purchased from P. L. Biochemicals, Milwaukee, WI. 
The oligonucleotide primers contained 12-18 nucleo- 
tides. Calf thymus DNA was converted to the acti- 
vated form by treatment with DNase I, according 
to the procedure of Schlabach et al. [12]. 

Isolation of cellular DNA polymerases. The cel- 
lular DNA polymerases a@ and B were isolated from 
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leukocytes of an AML patient. The details of the 
isolation procedure have been described elsewhere 
(Ref. 13, also in H. S. Allaudeen, manuscript in 
preparation). Essentially, the nucleic acids were 
removed from the total cell extract by passage 
through a DEAE cellulose column and elution with 
a 0.3M KCI containing buffer. The DNA polymer- 
ases a and B were clearly separated from each other 
upon chromatography on a phosphocellulose col- 
umn. The peak fractions of the DNA polymerase 
a and the DNA polymerase 6 which eluted at 0.19 
M and 0.4 M KCl concentrations, respectively, were 
used for the study. The DNA polymerase a and the 
DNA polymerase B resembled the respective poly- 
merases of other mammalian cells in many of their 
catalytic and structural properties [1-3]. 

Enzyme assays. DNA polymerase @ activity was 
assayed in a 50 wl reaction mixture which omen 
50 mM Tris-HCl (pH 7.5), 2 mM dithiothreitol, 
mM MgCl,, 100 4M each of dATP, dCTP and aGTP, 
and 40 uM [*H]dTTP (450 c.p.m./pmole), 10 wg of 
activated calf thymus DNA, 10-20 yg of bovine 
serum albumin, 5—10% glycerol, and enzyme. Incu- 
bation was at 37° for 30 min. Acid-insoluble radio- 
activity was collected on a nitrocellulose filter (Gel- 
man or Amicon), washed several times with 5% 
trichloroacetic acid containing 2 mM sodium pyro- 
phosphate, once with 70% ethanol, dried, and meas- 
‘ured in a liquid scintillation counter. 

DNA polymerase B activity was assayed under 
similar conditions except that a pH 8.5 Tris-HCl 
buffer and 40 mM KCI were used. 

When synthetic primer templates such as 
(dT) ~1s-(dA)n or (dT) ~15-(A)n were used, the con- 
ditions were similar except for the following changes: 
1 wg of the primer template, 80-160 uM [*H]d TTP 
(225 c.p.m./pmole), 40 mM NaCl, and either 4 mM 
MgClz for (dT) ~1s:(dA)n or 1 mM MnCh for 
(dT) ~1s-(A)s. With (dG) ~is:(dC)n primer tem- 
plate, 40 uM [*H]dGTP (450 c.p.m./pmole), and 4 
mM MgCl were used. 


RESULTS 


Inhibition of DNA polymerase a and B activities 
by d,TTP. The effects of d,TTP on the activities of 
DNA polymerases a and 6 were examined using 
activated DNA as the template and [*H]dTTP as the 
rate-limiting substrate. Addition of d2TTP to the 
reaction mixture inhibited the activities of both 
enzymes (Fig. 1). However, the DNA polymerase 
B was more sensitive than the DNA polymerase a@ 
to d2TTP inhibition; for example, the amount of 
d2TTP required for a 50 per cent inhibition of activity 
was 20-fold higher for DNA polymerase a than that 
required for DNA polymerase 8. We noticed a sim- 
ilar difference in sensitivity when the [SH]dTTP was 
replaced with [‘H]dGTP as the rate-limiting sub- 
strate. However, in this case, twice the amount of 
d2TTP was required for a 50 per cent inhibition of 
the DNA polymerase £ activity. 

Exonuclease activity and mixing experiments. In 
order to determine whether the difference between 
DNA polymerase a and DNA polymerase £ in their 
sensitivities to d2TTP inhibition was due to exonu- 
clease activity associated with DNA polymerase a, 
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Fig. 1. d;TTp inhibition of DNA polymerase a and DNA 
poly merase B. Percentage of remaining activity with 
increasing concentrations of d,TTP is shown. Either 
(H]dTTP or [H]dGTP was the rate-limiting substrate in 
assays with activated DNA template. Key: DNA poly- 
merase a with [*H]|dTTP (O———©O), DNA polymerase 
B with [H]dTTP (A A), DNA polymerase @ with 
,° ‘H|dGTP (@ - - @), and DNA polymerase with 
,° H|dGTP (& -- A). In reactions with either [/H]dTTP 
or [H]dGTP as the rate-limiting substrate (20 uM for the 
DNA polymerase a and 40 «M for the DNA polymerase 
B), the other three deoxynucleoside triphosphates were 
maintained at 100 wM. One hundred per cent activity of 
DNA polymerase a and DNA polymerase B represents 32- 
39 pmoles of [*H]|dNMP incorporation. Specific activities 
of the DNA polymerase a and DNA polymerase B are 17.9 
and 15.4 units, respectively. One unit of enzyme activity 
represents 1 nmole of [*H]dNMP incorporated with acti- 
vated DNA template per mg of protein per hr. Other assay 
conditions are described in Materials and Methods. 


we performed two experiments. First, the DNA 
polymerase a and DNA polymerase B preparations 
were tested for any exonuclease activity using in vitro 
labeled [*P]DNA. Neither enzyme contained any 
detectable exonuclease activity. Second, known 
amounts of DNA polymerase a and DNA polymer- 
ase B were mixed together and the total DNA poly- 
merase activity was determined in the presence and 
absence of d2TTP; there was no significant difference 
in the extent of d2TTp inhibition. These results 
indicate that the resistance of DNA polymerase a 
to d:TTP inhibition was not due to exonuclease pres- 
ent in preparations of DNA polymerase a. 

Time course of d,TTP inhibition. To determine 
whether d2TTP could inhibit DNA synthesis even 
after the reaction was initiated, d7TTP was added to 
the ongoing reaction mixture at different times, and 
the activity was monitored. The compound caused 
an instantaneous inhibition whether the drug was 
added at the beginning or after the initiation of the 
reaction (Fig. 2). 

d,TTP inhibition with different primer templates. 
We compared the effect of d,TTP on the activities 
of the DNA polymerases with different primer 
templates in addition to the activated DNA. 
Synthetic primer templates such as (dT) ~,;-(dA),, 
(dT) ~,;:(A), and (dG) ~,;-(dC), were used under 
appropriate assay conditions (Table 1 and Fig. 3). 

The effects of d2TTP on the activities of DNA 
polymerases a and B with (dT) ~1s-(dA), primer tem- 
plate are shown in Fig. 3; its effect on the DNA 
polymerase £ activity with (dT) ~1s-(A)n is also 
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dTMP INCORPORATED (pmole) 








60 
TIME (MINUTES) 
Fig. 2. Time course of d,TTP inhibition of the DNA poly- 
merase B. d,TTP at a final concentration of 5 x 10° M 
was added at the time interval shown after the initiation 
of the enzyme reaction with [*H]dTTP as the rate-limiting 
substrate and activated DNA template; all other conditions 
are described in the text. 


shown in the figure. The d2TTP inhibition of DNA 
polymerase B activity was maximum with 
(dT) ~,5:(A), primer template. However, d,TTP did 
not significantly inhibit the activity of either DNA 
polymerase a or DNA polymerase 6 when 
(dG) ~,s:(dC), primer template was used (Fig. 3). 
For instance, 5 uM d,TTP inhibited 97 per cent of 
the DNA polymerase B activity with (dT) ~,;-(A), 
primer template, whereas the same amount of d,TTp 
inhibited only 9 per cent of the enzyme activity with 
(dG) ~,;-(dC), primer template. 

Kinetics of d,TTP inhibition. To characterize fur- 
ther the nature of the inhibition, we examined 
inhibition by d2TTP, with increasing substrate con- 
centrations. In assays with activated DNA template, 
tritiated dTTP was used as the rate-limiting substrate 
and the other three triphosphates were in excess. 
When the data were plotted by the method of Line- 
weaver and Burk [14], straight lines could be drawn 
intersecting on the ordinate, indicating that the 
inhibition was competitive with dTTP (Fig. 4). The 
apparent K,, value of DNA polymerase a for 
[7H]dTTP was 10 uM; the apparent K;, for d,TTP 
was similar (9.6 uM). A similar pattern of inhibition 
was observed with DNA polymerase B; however, 
lower concentrations of d; TTP were required for the 
inhibition (Fig 5). The apparent K,,, value of DNA 
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Fig. 3. d2TTP inhibition with different synthetic primer 
templates. Key: (dT) ~ 15-(dA)n primer template with DNA 
polymerase a (O———O), and DNA polymerase B 
(A A); (dT) ~1s-(A)n primer template with DNA 
polymerase B (A-~———A); (dG) ~1s-(dC)n primer tem- 
plate with DNA polymerase a (@ - - @), and DNA 
polymerase B (A —-- A). One hundred per cent of DNA 
polymerase a and DNA polymerase £ activities ranged 
from 19.2 to 22.7 pmoles of the respective [*H]dNMP 
incorporation. 
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Fig. 4. Effect of d2TTP on the reaction rate in the presence 
of different concentrations of [7H]dTTP with activated 
DNA template of DNA polymerase a. 


polymerase B for [7H]dTTP was 21 uM; the K; for 
d,TTP was approximately twenty times lower than 
the K,, (1.1 4M). When similar experiments were 
performed with DNA polymerase using [*H]dGTP 
as the rate-limiting substrate, the straight lines inter- 


Table 1. Inhibition by d;TTP with different primer templates* 





(SH]dNMP 


Primer template incorporated (uM) 


d2TTP 


DNA polymerase 
B 
inhibition 
(%) 


DNA polymerase 
a@ 
inhibition 





1.0 
1.0 
1.0 
1.0 
5.0 


dTMP 
dGMP 
dTMP 
dTMP 
dGMP 


Activated DNA 
Activated DNA 
(dT) ~15-(dA)n 
(dT) ~15-(A)n 
(dG) ~ 15-(dC)n 


52.0 
35.0 
21.0 
Vie 

9.0 





* Enzyme activities were determined using assay conditions optimum for the respective enzymes 


with each primer template. 
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Fig. 5. Effect of dxTTP on the reaction in the presence of different concentrations of [*H]dTTP with 

activated DNA template of DNA polymerase B. Inset: effect of d2TTP on the reaction rate of DNA 

polymerase £ in the presence of different concentrations of [*H]dTTP with (dT) ~1s-(A)n primer 
template. 


sected on the abscissa (data not presented). These 
plots indicate that the inhibition was non-competitive 
with dGTP. The apparent K,, value of DNA poly- 
merase B for dGTP was 6 uM; the K; for d,; TTP was 
approximately 1.7 uM. The d,TTP inhibition of 
DNA polymerase B activity was also examined with 
increasing concentrations of [*H]dTTP using 
(dT) ~,;‘(A), primer template. The Lineweaver-— 
Burk plot indicates that the inhibition was competi- 
tive with dTTP (Fig. 5 inset). The apparent K,,, value 
of DNA polymerase B for dTTP was 80 uM; the K; 
for d, TTP was approximately 0.15 uM. 

Effects of concentrations of DNA and enzyme on 
inhibition by d,TTP. The inhibition by d,TTP of the 
DNA polymerase B activity was examined at various 
concentrations of the activated DNA template. At 
low substrate concentrations (5 uM [*H]dTTP for 
DNA polymerase a and 10 uM [*H]dTTP for DNA 
polymerase 8) the inhibition by d2TTP decreased 
with increasing concentrations of the activated DNA 
template; however, this relationship disappeared at 
higher substrate concentrations. Increasing enzyme 
concentration in the reaction mixture did not alter 
significantly the extent of d2TTP inhibition. 

Effects of Mg** and Mn** concentrations on inhi- 
bition by d,TTP. With (dT) ~,;-(dA), primer tem- 
plate, the DNA polymerase a and 8B activities can 
be assayed using either Mg** or Mn**; however, at 
optimum concentrations of the metal ion, the enzyme 
activity with Mn** was only 45 per cent of that with 
Mg’* (100 per cent activity corresponded to 26.6 and 
22.2 pmoles of [*H]dTMP incorporation by DNA 
polymerase a and B, respectively). The d,TTP was 
more inhibitory when Mn** was used in the assay 
with (dT) ~,;(dA), primer template. For example, 
2.5 uM d,TTP inhibited 72 per cent of the DNA 
polymerase B activity with Mn**, while the same 
amount of d,TTP inhibited only 51.2 per cent of the 
activity with Mg**. Under similar conditions, the 
DNA polymerase a activity was inhibited only by 


9.3 per cent with Mg** and 44.4 per cent with Mn**. 
Increasing the concentrations of either metal ion, 
however, did not bring about any change in the 
extent of inhibition by d2TTP. 

Preincubation. To determine whether preincuba- 
tion of the inhibitor with either the enzyme or the 
template was necessary, it was mixed with either the 
enzyme or the activated: DNA template and main- 
tained at 37° for varying times; other ingredients 
were added following the preincubation period and 
the polymerase reaction was performed as usual. We 
found that preincubation was not required for the 
a2TTP inhibition. 


DISCUSSION 


Studies with purified E. coli DNA polymerase 
have shown that d,TTP binds to the triphosphate 
site and is a substrate for addition to a DNA chain. 
The rate of attachment was reported to be 0.1 per 
cent of the rate of attachment of natural nucleotide 
residues [5]. The terminal d,TTP residue with no 
hydroxyl group is an effective covalent blocking 
group, stabilizing the primer end against hydrolysis, 
pyrophosphorolysis or polymerization. Although the 
details of the d, TTP inhibition of bacterial DNA 
polymerases are known, very little is known about 
its inhibition of mammalian DNA polymerases. 

The exact biological roles of DNA polymerase a 
and DNA polymerase 8 of mammalian cells are not 
understood. DNA polymerase a, by inference, is 
considered to be involved in DNA replication; DNA 
polymerase £ is implicated in DNA repair synthesis 
[1-3]. Furthermore, while studying the processive 
mechanism of E. coli DNA polymerase I, Bambara 
et al. [15] suggested that DNA polymerase 6 from 
human KB cells is non-processive, i.e. the enzyme-— 
DNA complex dissociates after addition of each 
nucleotide. Therefore, it was of interest to us to 
compare the effect of a chain terminator such as 
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d2TTP on the activities of DNA polymerase a and 
DNA polymerase B. Many inhibitors of DNA syn- 
thesis inhibit DNA polymerase a more than DNA 
polymerase B [4,16]. However, we noticed that the 
d2TTP was more inhibitory to DNA polymerase B 
than to DNA polymerase a. This is consistent with 
observations by Edenberg et al. [10], who reported 
during the course of our investigation that SV 40 
DNA replication involving DNA polymerase a@ is 
resistant to d2TTP and that the DNA polymerase 
B of the CV-1 cells was more sensitive than the DNA 
polymerase a to d2TTP inhibition. Wagar et al. [11] 
also reported similar differences in sensitivity to 
dTTP inhibition of DNA polymerase a and DNA 
polymerase B isolated from HeLa cells. The reason 
for the difference in sensitivity to d2TTP is not 
known. The resistance of DNA polymerase a to 
d2TTP inhibition was not due to exonuclease activity 
associated with DNA polymerase a; neither DNA 
polymerase a nor DNA polymerase B had any 
detectable exonuclease activity; furthermore, in mix- 
ing experiments, i.e. when d2TTp inhibition was 
tested with both DNA polymerase a and DNA 
polymerase B in the reaction mixture, there was no 
change in the extent of d2TTP inhibition. It may be 
possible to use this difference in their sensitivity to 
d2TTP inhibition to study the difference in the mech- 
anism of DNA replication catalyzed by these poly- 
merases [1]. 

It has been reported that the nuceloside, dideoxy- 
thymidine, can enter mouse cells, be phosphory- 
lated, and be incorporated into replicating DNA 
[17]; this suggests that the pyrimidine kinase of mam- 
malian cells may be able to phosphorylate the nucleo- 
side analog. It may be of interest, therefore, to 
determine whether there is any difference in the 
effect of dzTTP on the growth of certain cell lines 
derived from patients with acute leukemia and lym- 
phoma, and then to correlate the effects of the 
nucleoside analogs on cell growth and activity of the 
different polymerase species isolated from them. 
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Abstract—The activity of the hepatic microsomal drug metabolism was examined in vitro in rats 
pretreated with 10-600 mg/kg medroxyprogesterone acetate intraperitoneally daily for seven days. In 
both sexes there was a significant increase in the liver weight, amount of cytochrome P-450, activity of 
NADPH-cytochrome c reductase, benzo[a]pyrene hydroxylase and 2,5-diphenyloxazole hydroxylase. 
The increase in 7-ethoxycoumarin-O-deethylase activity was also significant in female rats, but not in 
male rats. In the female rats pretreated with medroxyprogesterone acetate, the ability of a-naphtho- 
flavone and SKF 525A to inhibit benzo[a]pyrene hydroxylase was decreased and slightly increased, 
respectively. The results show that medroxyprogesterone acetate has a dose-dependent inducing effect 
on the hepatic drug metabolism in rats. Female rats seem to be more sensitive to the inducing effect 
of medroxyprogesterone acetate than the males. The characteristics of medroxyprogesterone acetate 


induction resemble mostly those caused by phenobarbital and pregnenolone-16a-carbonitrile. 


Medroxyprogesterone acetate (17a-acetoxy-6a- 
methylpregn-4-ene-3.20-dione)(MPA) is a synthetic 
progesterone. The drug has been used as a long- 
acting injectable contraceptive [1], in slowing sexual 
development in children with precocious puberty 
[2], and in the treatment of cancer of endometrium 
[3], breast [4], kidney [5] and prostate [6]. In clinical 
therapy MPA is often given in large doses [4]. 

There are only a few experiments concerning the 
effect of MPA on hepatic drug metabolism. In female 
rats treated with MPA, the activity of liver enzymes 
metabolizing p-nitroanisole, aniline and aminopyr- 
ine were significantly higher [7]. In male rats, MPA 
caused an increase in the activity of hepatic testos- 
terone A-ring reductase [8]. The same enzyme is 
also induced in man by MPA [9]. In patients with 
liver diseases treated with MPA, the plasma anti- 
pyrine half-life decreased and the content of liver 
cytochrome P-450 increased [10]. 

In previous studies of the effect of MPA on hepatic 
drug metabolism, only few doses of MPA have been 
used [7, 8]. Although for therapeutic purposes a wide 
dosage range of MPA is used, there is little infor- 
mation about the dose-dependent effect of MPA on 
the drug metabolism. The present study was under- 
taken to clarify the effect of various doses of MPA 
on hepatic drug metabolism and also to characterize 
the type of induction. 





* Presented in part at the 7th International Congress of 
Pharmacology, Paris, July 1978. 


§ Present address: Clinical Pharmacology Unit, Depart- 
ment of Medicine, Princess Alexandra Hospital, Ipswich 
Rd, Woolloongabba, Q 4102, Australia. 


METHODS 


Chemicals. Medroxyprogesterone acetate (Luto- 
polar) and Lutopolar vehicle (macrogol. 4000 
28.8 mg, sorbimacrogol. oleas. 300 1.92 mg, NaCl 
8.65 mg, methyl.p-oxybenz. 1.73 mg, propyl.p-oxy- 
benz. 0.19 mg, aq. steril ad. 1 ml) were kindly sup- 
plied by Farmos Oy, Finland. Bovine albumin, ethyl 
isocyanide, 7-ethoxycoumarin and horse heart cyto- 
chrome c, type III, were obtained from the Sigma 
Chemical Co., St. Louis, MO, 2,5-diphenyloxazole 
from NEN, Chemicals GmbH, Frankfurt am Main, 
a-naphthoflavone and benzo[a]pyrene from Fluka 
AG, Buchs, Switzerland, and SKF 525A (-diethyl- 
aminoethyl-2.2-diphenylvalerate) was purchased 
from Smith, Kline & French Laboratories, Phila- 
delphia, PA). All other chemicals were of the highest 
grade commercially obtainable. 

Treatment of animals. Two months old female and 
male (170-250 g) Sprague-Dawley rats were used. 
Medroxyprogesterone acetate in Lutopolar vehicle 
was injected intraperitoneally 10,50, 100, 200 and 
600 mg/kg (0.4 ml/100 g body wt) daily for seven 
days. Control rats were given an equal amount of 
Lutopolar vehicle. The last dose was given 24 hr 
before the rats were killed. Food was removed 12 hr 
before the rats were decapitated. 

Preparation of microsomes. Livers were removed 
and washed quickly with 0.25M sucrose, hom- 
ogenized in four volumes of 0.25 M sucrose with a 
glass Potter-Elvehjem homogenizer. The homogen- 
ates were centrifuged at 10,000 g for 20 min. Part of 
the 10,000 g supernatant fraction was stored at —70° 
for enzyme determinations. The remaining part of 
the supernatant fraction was centrifuged at 105,000 g 
for 60 min and the pellet obtained was resuspended 
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in 0.15M KCl and recentrifuged as above. The 
washed pellets were stored at —70°. Before use, the 
pellets were resuspended in 0.1 M Tris-HCl buffer, 
pH 7.4, so that 1 ml suspension contained micro- 
somes from 1 g of liver [11]. 

Cytochrome P-450 and b, content. The amount of 
cytochrome P-450 and bs in the microsomal fraction 
was determined by the method of Omura and Sato 

12]. 

| NA DPH-cytochrome c reductase. The activity of 
NADPH-cytochrome c reductase in the microsomal 
fraction was determined as described by Masters et 
al. {13}. 

Monooxygenase enzyme assays. The activities of 
benzo[a]pyrene (BP) hydroxylase, 2,5-diphenyl- 
oxazole (PPO) hydroxylase and 7-ethoxycoumarin- 
O-deethylase were determined in the 10,000 g super- 
natant fraction by the methods described by Nebert 
and Gelbvin [14], Cantrell et al. [15] and Jacobson 
et al. [16], respectively. 

Inhibition of BP-hydroxylase and PPO-hydroxyl- 
ase. For studying the inhibition of BP-hydroxylase 
and PPO-hydroxylase, the incubate was made 
0.1 mM with respect to a-naphthoflavone (a-NF) or 
0.2 mM with respect to SKF 525A [11]. 

Ethyl isocyanide difference spectrum ratio. The 
difference spectrum ratio (AA4s55 499)/(AA 430-490) Was 
determined by addition of ethyl isocyanide to sodium 
dithionite reduced microsomal fraction [11]. 

Protein determination. Protein content was deter- 
mined by the method of Lowry et al. [17] with bovine 
albumin as a standard. 

Statistical analysis. Statistical treatment of the data 
was performed by using the Student f-test. 


RESULTS 


The effect of MPA on some parameters of the 
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hepatic drug-metabolizing enzyme system is shown 
in Table 1 and Fig. 1. 

During the seven day treatment the absolute and 
relative liver weight increased in a dose-dependent 
manner in the female and the male rats. The relative 
amount of microsomal protein decreased signifi- 
cantly in the male rats given a large dose of MPA. 
There was also a similar, but not significant, change 
in the females. 

The content of cytochrome P-450 and the activity 
of NADPH-cytochrome c reductase increased in a 
dose-dependent manner in both sexes. The amount 
of cytochrome bs increased only slightly. 

The activity of BP-hydroxylase, PPO-hydroxylase 
and 7-ethoxycoumarin-O-deethylase increased as a 
function of MPA dose. In the male rats, however, 
the changes were smaller than in the females. With 
respect to the activity of BP-hydroxylase, the female 
rats were about ten times more sensitive to the 
inducing effect of MPA than the male rats. 

The ratio (AA4s55-499)/(4A 439-499) Of the ethyl iso- 
cyanide induced difference spectrum - slightly 
increased in the male rats, but in the female rats 
there was no significant change as a result of MPA 
pretreatment. 

Figure 2 shows the effect of MPA on the ability 
of SKF 525A and a-NF to inhibit BP- and PPO- 
hydroxylase. In the case of the female rats, a-NF 
lost its ability to inhibit BP-hydroxylase, although 
in the control rats there was about 50 per cent 
inhibition. In contrast, in the male rats the degree 
of inhibition by a-NF changed only in the groups 
treated with 100 and 200mg/kg MPA. In these 
groups the inhibition of BP-hydroxylase by a-NF 
was less than in the control groups. There was a 
slight increase in the ability of SKF 525A to inhibit 
BP-hydroxylase. This change was greater in the 
female rats than in the males. MPA pretreatment 
caused only slight changes in the degree of inhibition 


Table 1. The effect of MPA on liver weight (g), liver weight/body weight x 100, the amount of microsomal protein 

(mg/g liver), cytochrome P-450 and cytochrome b; (nmoles/mg microsomal protein), the activity of NADPH-cytochrome 

c reductase (nmoles cytochrome c reduced/min/mg microsomal protein), benzo[a]pyrene hydroxylase, 2,5-diphenyloxazole 

hydroxylase and 7-ethoxycoumarin-O-deethylase (fluorescence units/min/mg 10,000 g supernatant protein) and the ratio 

(AA 455 499)/(4A 430-499) Of the ethyl isocyanide induced difference spectrum with the reduced cytochrome P-450 in rats 
pretreated with 600 mg/kg MPA daily for seven days 





Female 


Male 





Control 


Parameter ZX #3:D. 


Pretreated 


X+S.D. 


Pretreated 
% of 
control 


. Control 


X+5$.D. 


o of 


control A +$.D. 





5.98 + 0.62 
3.01 + 0.24 
19.8+0.4 
0.53 + 0.05 
0.59 + 0.05 
23.6 + 2.9 
39 + 10 
211 + 48 
354 + 69 


Liver weight 

Liver weight/body weight 
Microsomal protein 

Cytochrome P-450 

Cytochrome b; 
NADPH-cytochrome c reductase 
Benzo[a]pyrene hydroxylase 
2,5-Diphenyloxazole hydroxylase 
7-Ethoxycoumarin-O-deethylase 
Ratio (AA 455 499)/(AA 439-499) Of the 
ethyl isocyanide induced difference 


spectrum 0.69 + 0.02 


11.0 + 0.84 
6.16 + 0.45 
17.6 2 3.7 = 935 +25 
1.03 + 0.14 
0.74 + 0.07 
54.3 + 10.6 
117+ 14 
491 + 47 
801 + 64 


0.68 + 0.04 


8.04 + 1.22 
3.23 + 0.07 


12.6 + 1.24 
5.76 + 0.25 
13.6+ 1.6 
1.07 + 0.12 


184 + 144 


205 + 15¢ 


157 + 15+ 
178 + 8t 
70 + 8+ 
157 + 187 
121 + 6+ 
279 + 49% 
180 + 14+ 
136 + 20* 
121 + 23 


0.68 + 0.09 
0.72+0.06 0.87 + 0.04 
23.2+4.8 64.7 + 11.3 
111+ 18 200 = 16 
247 + 40 336 + 50 
519 + 36 629 + 118 


0.41+0.02 0.54+0.02 132+ 54 





° PrP <6. 
+ P<0.01. 


+ P <0.001. Each value represents the mean + S.D. from four separate experiments. 
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Fig. 1. The effect of MPA on liver weight (g), liver weight/body weight x 100, amount of microsomal 
protein (mg/g liver), cytochrome P-450 and cytochrome b; (nmoles/mg microsomal protein), activity of 
NADPH-cytochrome c reductase (nmoles cytochrome c reduced/min/mg microsomal protein), 
benzo[a]pyrene (BP) hydroxylase, 2,5-diphenyloxazole (PPO) hydroxylase and 7-ethoxycoumarin-O- 
deethylase (fluorescence units/min/mg 10,000 g supernatant protein) as a function of dose of MPA. The 
rats were treated i.p. with daily doses of MPA for seven days. The values of treated rats are presented 
as per cent of the values of control rats. Each value represents the mean + S.D. from four separate 
experiments. Full circles represents female and open triangles male rats. Differences between treated 
and control groups are significant at level (+) P <0.05, (++) P <0.01 and (+++) P <0.001. 


of PPO-hydroxylase by SKF 525A and a-NF. These 
changes were similar to those seen on BP- 
hydroxylase. 


DISCUSSION 


The present results show that medroxyprogester- 
one acetate has a dose-dependent inducing effect on 
the hepatic drug-metabolizing enzyme system in rats. 
Female rats seem to be more sensitive to the effect 
of MPA than the males. This phenomenon was 
clearest in the case on the induction of BP-hydroxy- 
lase activity. 


As a result of pretreatment with MPA, the char- 
acter of drug metabolism in the female rats changed 
towards that in the males. The absolute activities of 
the different enzymes in the female rats increased 
to the level of the male rats. a-NF and SKF 525A 
inhibited BP-hydroxylase activity to the same extent 
in both sexes. The sex-dependent effect of MPA 
could also be seen in that the male rats lost more 
body weight during the treatment (data not shown) 
that the female rats. Also the amount of relative 
microsomal protein decreased more in the male rats 
than in the females. 

Long-term treatment with MPA (10 mg/kg p.o.) 
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Fig. 2. The effect of MPA on the ability of a-naphthoflavone (a-NF) and SKF 525A to inhibit 

benzo[a]pyrene hydroxylase (BP) and 2,5-diphenyloxazole hydroxylase (PPO) in rats treated i.p. with 

daily doses of MPA for seven days. The activities (fluorescence units/min/mg 10,000 g supernatant 

protein) in pretreated (black columns) and control (open columns) groups are given as per cent. 

Each value represents the mean + S.D. from four separate experiments. The symbols are the same as 
in Fig. 1. 


has been shown to induce metabolism of p-nitroan- 
isole, aniline and aminopyrine in female rats [7]. 
Our data show a clear change in hepatic drug-metab- 
olizing enzymes even after a few days therapy. Fur- 
thermore, the inducing effect was dose-dependent 
up to 600 mg/kg. NADPH-cytochrome c reductase 
and BP-hydroxylase activities seem to be more sen- 
sitive to the inducing effect of MPA than the other 
enzymes. 

Dahm et al. [18] demonstrated that MPA has an 
inducing effect on the hepatic protein and lipid syn- 
thesis. In our study, MPA significantly increased the 
* absolute and relative liver weight in both sexes. This 
was associated with a similar increase in the synthesis 
of overall protein in liver, because the amount of 
protein per liver weight did not change in microsomal 
and 10,000 g supernatant fractions (data not shown). 
Moreover, MPA also increased the ratio of cyto- 
chrome P-450 per microsomal protein. This suggests 
that MPA, as well as inducing overall protein syn- 
thesis associated with enhanced hepatic weight, also 
has a specific effect on the synthesis of enzymes of 
microsomal fraction; the amount of cytochrome P- 
450 increased in relation to the microsomal protein. 

Phenobarbital (PB) and pregnenolone-16a-car- 
bonitrile (PCN) increase the protein content in liver 
microsomes in female rats [19]. Our results showed 
that MPA differs from the above-mentioned inducers 
in that it has only slight effect on the amount of 
microsomal protein per gram liver. However, it may 
be inferred that MPA induced mostly cytochrome(s) 
P-450 related to PB inducible cytochromes [11], as 
the degree of inhibition of BP-hydroxylase by SKF 
525A increased. Moreover, a-NF, which is a very 
effective inhibitor of 3-methylcholanthrene pre- 
treated rat liver microsomal BP-hydroxylase [11], 


inhibited less BP-hydroxylase in the MPA pretreated 
groups than in the control groups. 

In our study MPA behaved in many respects like 
PCN, which effectively increases liver weight, 
NADPH-cytochrome c reductase and BP-hydroxyl- 
ase activity and has only a slight effect on the ratio 
(AA455-490)/(4A 430-490) of the ethyl isocyanide induced 
difference spectrum [19]. 

It has been shown that testosterone enhances the 
activity of liver microsomal enzymes [20]. MPA has 
an androgenic effect which relates to its specific 
binding in vivo to the androgen receptor in prostate 
and seminal vesicle in rats [21]. Therefore it may be 
that the sex-dependent inducing effect of MPA is 
due to its androgenic action. However, in the females 
the ratio (AA 455 499)/(AA 430-490) Of the ethyl isocyanide 
induced difference spectrum did not change towards 
that in the males. Moreover, testosterone does not 
decrease the growth rate of rats and also it does not 
significantly alter the liver to body weight ratio [22] 
like MPA in our study. 

MPA has certain glucocorticoid-like effects on the 
liver [23] and it could be possible that part of its 
inductive effect is due to this glucocorticoid char- 
acter. There seem to be many similarities between 
MPA and glucocorticoid-like substances. Dexa- 
methasone has been shown to induce hepatic drug 
metabolism and impair body growth rate like MPA, 
but it does not, however, affect liver weight [24]. 

Progesterone given to female rats causes an 
increased hepatic demethylation of p-chloro-N- 
methylaniline, liver weight, microsomal protein and 
body growth rate. In contrast, in males progesterone 
decreases demethylation, microsomal protein and 
body growth rate and has no significant effect on 
liver weight [25]. 
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From the long-acting contraceptives, norethin- 
drone is known to increase relative liver weight [26]. 
In chronic administration, norethynodrel also 
induces hepatic drug metabolism in male rats [27], 
but acute treatment does not induce drug metabolism 
in female rats [28]. 

This experiment shows that MPA has a specific 
dose-dependent inducing effect on the hepatic drug- 
metabolizing enzyme system. The induction seems 
to be sex-dependent so that female rats are more 
sensitive to the inducing effect of MPA. The induc- 
tion of MPA resembles in many respects that of 
phenobarbital and pregnenolone-16a-carbonitrile. 
When rats were given 600 mg/kg MPA, the only 
examined parameters which were impaired were 
body growth rate and the amount of relative hepatic 
microsomal protein in the male rats. By smaller 
doses MPA increased hepatic protein synthesis 
associated with increased liver weight. This might 
be one of the effects by which MPA treatment gave 
good results in patients with liver diseases [10], 
although direct extrapolations from animal studies 
with large doses to the human situation where much 
smaller doses are used are uncertain. 
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Abstract—The effect of intraperitoneal (i.p.) administration of phenobarbital (PB) or 3-methylchol- 
anthrene (3-MC) on some mixed-function oxidase (MFO) enzymes was studied in small intestine and 
liver of male rats, mice, guinea pigs and rabbits. PB treatment enhanced intestinal and 7-ethoxycoumarin 
deethylase activities in the mouse and rat, whereas benzo[a]pyrene hydroxylase (AHH) activity was 
increased only in the mouse. Ethylmorphine demethylase and aniline hydroxylase activities in small 
intestine were not stimulated by PB in any species. Administration of 3-MC increased the activity of 
intestinal AHH in rat, mouse and guinea pig, but intestinal 7-ethoxycoumarin deethylase activity was 
elevated only in the rat. The guinea pig and mouse intestinal ethoxycoumarin deethylase activity was 
inhibited by 3-MC treatment. None of the enzymes tested in rabbit intestine was induced by PB or 3- 
MC. The hepatic activities of ethylmorphine demethylase, aniline hydroxylase, 7-ethoxycoumarin 
deethylase and AHH, and the cytochrome P-450 content were increased by PB in all species. In contrast, 
3-MC enhanced hepatic aniline hydroxylase and AHH activities in rats, mice and guinea pigs, and 
hepatic 7-ethoxycoumarin deethylase activity in mice and rats. In rabbits, these hepatic enzymes were 
inhibited by 3-MC pretreatment. The hepatic cytochrome P-450 absorption spectra was shifted to 448 nm 
in all species. These results suggest that there are differences in induction of intestinal and hepatic 
MFO enzymes which are influenced by the type of inducing agent, substrate and animal species used. 


The importance of extrahepatic metabolism of 
foreign chemicals has become increasingly evident 
[1-3]. Recent reports from our laboratory have 
shown the distribution of intestinal mixed-function 
oxidase (MFO) enzymes in various animal species 
[2, 3] and found the rabbit to be the species having 
the highest rates of MFO enzyme activities in small 
intestine [3]. Further studies of biochemical proper- 
ties of some MFO enzymes in rabbit small intestine 
generally showed similarities between liver and 
intestinal enzymes [4]. 

Induction of intestinal MFO enzymes in rats and 
mice by a wide variety of chemicals is well docu- 
mented [5-29]. However, there is no systematic study 
in the literature describing differences or similarities 
in stimulation of hepatic and intestinal MFO enzymes 
‘in various species. The objective of the present 
investigation was to determine whether there are 
tissue- and species-specific differences in the stimu- 
lation of microsomal MFO enzymes by foreign 
chemicals. 


MATERIALS AND METHODS 


Animals. Male rats of the CD strain, weighing 
250-300 g, male mice of the CD1 strain, weighing 
25-30 g, and male guinea pigs (Hartley), weighing 
300-400 g, were purchased from the Charles River 
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Breeding Laboratories (Wilmington, MA). Male 
New Zealand white rabbits, weighing 2.5-3 kg, 
were obtained from Dutchland Laboratory Animals 
(Denver, PA). The rats and mice were housed in 
plastic boxes (four per box) with Absorb-Dri bed- 
ding, and the guinea pigs and rabbits were placed 
individually in stainless steel cages with wire mesh 
bottoms. All animals were kept in a 12-hr light/dark 
cycle under controlled temperature (70°F + 2) and 
humidity (50% + 10). Mice and rats were fed NIH 
31 diet, and rabbits and guinea pigs were given NIH 
Feed A. The animal feed was monitored regularly 
for chlorinated pesticides and estrogen levels. 

Materials. Phenobarbital sodium and 3-MC were 
purchased from the Mallinckrodt Chemical Works 
(St. Louis, MO) and the Sigma Chemical Co. (St. 
Louis, MO), respectively. All other chemicals used 
in this study were obtained from sources reported 
previously [4]. 

Treatment. PB or 3-MC was administered intra- 
peritoneally to various animals, and dose levels were 
selected which, in general, resulted in maximum 
stimulation of hepatic or intestinal microsomal MFO 
enzymic activities. PB, dissolved in physiological 
saline, was injected i.p. daily for 3 days at the fol- 
lowing dose levels: 25 mg/kg for rabbits, 80 mg/kg 
for rats and guinea pigs, and 100 mg/kg for mice. 
The volume of solution injected was 10 ml/kg body 
weight for mice, 2 ml/kg for rats and guinea pigs, 
and 1 ml/kg for rabbits. Control animals received 
similar volumes of saline only. 3-MC was injected 
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i.p. daily for 3 days in mice at a dose level of 100 mg 
in 10ml corn oil per kg body weight; in rats and 
guinea pigs, 25mg in 2ml corn oil per kg body 
weight; and in rabbits, 25 mg in 1 ml corn oil per kg 
body weight. Corresponding control animals 
received corn oil only. All animals were killed by 
cervical dislocation following light anesthesia by CO2 
approximately 24 hr after the last treatment. 

Preparation of microsomes. Immediately after the 
animals were killed, the liver and a segment of the 
small intestine (proximal 12 inches for rats, mice and 
guinea pigs, and proximal 24 inches for rabbits) were 
dissected. The small intestine was flushed three times 
with ice-cold physiological saline and then trans- 
ferred to ice-cold KCl-Hepes (1.15% KCl containing 
1.5mM_ N-2-hydroxyethylpiperazine-N’-ethanesul- 
fonic acid adjusted to pH 7.4 with KOH). The small 
intestines from three to six animals were pooled 
except in rabbit. The livers, after removal of the gall 
bladder (non-existent in rats), were placed in beakers 
containing ice-cold KCl-Hepes. For mice, four livers 
were pooled per sample to obtain enough micro- 
somal protein for enzymic assays, whereas in other 
species individual liver yielded enough microsomal 
protein for enzymic assays. The livers of all species 
and the small intestines of rats, mice and guinea pigs 
were minced before homogenization. The use of 
whole intestinal tissue for the preparation of the 
microsomal fraction in mice, rat and guinea pig was 
based on the fact that we did not find any difference 
between the specific activities of MFO enzymes in 
microsomal fractions prepared from whole intestinal 
homogenates and those from the mucosa scraped 
according to the method of Hoensch et al. [30]. For 
the preparation of rabbit intestinal microsomes, the 
homogenates of mucosal scrapings were used since 
this preparation gave higher yields of microsomal 
protein than the microsomal preparation from the 
homogenates of the whole intestinal segment, thus 
eliminating the need of tissue pooling. However, 
MFO enzymic activities per mg of microsomal pro- 
tein were similar in both preparations. The micro- 
somal fractions were prepared by differential cen- 
trifugation as described previously [3]. 

Enzyme assays. The activities of various enzymes 
were determined in microsomal fractions as follows: 
ethylmorphine demethylase activity was measured 
according to the procedure of Nash [31]; aniline 
hydroxylase was determined as described by Chha- 
bra et al. [32]; AHH activity was determined by the 
method of Wattenberg ef al. [5] and Hansen and 
Fouts [33]; and 7-ethoxycoumarine deethylase 
activity was estimated according to the procedure 
described by Ullrich and Weber [34] and modified 
by Pohl et al. [35]. All enzyme activities were 
expressed as nmoles product formed per mg of 
microsomal protein per min except for AHH. AHH 
activities were expressed as relative fluorescence 
units per mg of microsomal protein per min. Micro- 
somal protein was determined by the method of 
Lowry et al. [36]. Cytochrome P-450 content was 
calculated using an extinction coefficient of 91 cm™' 
mM ~ between 450 and 490 nm [37] of CO difference 
spectrum of dithionite reduced microsomes. Cyto- 
chrome P-450 contents in mice and rat intestine were 
not determined due to the reasons described in a 


6.19 + 0.25+ 
0.260 + 0.023+ 
5.30 + 0.617 
0.150 + 0.030 
3.7 = 0.57 
0.041 + 0.007 


2.79 + 0.15+ 
0.123 + 0.0197 


7-Ethoxycoumarin 
deethylase 


1.60 + 0.19 
1.05 + 0.11 
0.092 + 0.010 


0.064 + 0.012 





0.50 + 0.11 
0.049 + 0.008 
0.059 + 0.020 


3816 + 307+ 
2535 + 313+ 
153 + 23+ 
8291 + 587+ 
1872 + 409 
410 + 34 


915 + 164 
457 + 120 





6182 + 301 
890 + 74 
2920 + 182 
1472 + 100 


2.3+0.2+ 
5.0 + 0.2+ 
8.9 + 1.07 
0.23 + 0.03 


0.27 + 0.01 
, tissues were pooled from a number of animals. N represents data from individual 


treated with phenobarbital (PB)* 
hydroxylase 


0.35 + 0.03 
0.33 + 0.05 


4). In some instances 


17.0 + 0.8% 
34.8 + 0.8+ 
1.79 + 0.14 
0.44 + 0.09 


Ethylmorphine 
demethylase 





11.1+1.4 
11.4+0.7 
1.58 + 0.15 
0.39 + 0.06 


Intestine 
Liver 
Intestine 
Liver 
Intestine 
Intestine 


Liver 
* Mean microsomal enzyme activity + S.E. (N 


animals or different pooled samples. See text for details. 


+ P<0.05. 











Table 1. Activities of ethylmorphine demethylase, aniline hydroxylase, AHH and 7-ethoxycoumarin deethylase in the small intestine of various animal species 


Guinea pig 





Stimulation of intestinal mixed-function oxidase enzymes 


previous publication [3]. The preparation of rat or 
mice intestinal microsomal fraction according to the 
methods of Hoensch et al. [30] and Stohs et al. [22] 
did not resolve the problems encountered in deter- 
mination of cytochrome P-450. The estimation of 
cytochrome P-450 in villous tip cells of rat intestine 
(prepared according to Ref. 21) was also attempted, 
but rapid clumping of cells prevented us from obtain- 
ing meaningful cytochrome P-450 difference spectra. 

Statistics. Student’s t-test [38] was used in analyzing 
the data, and results were considered significant if 
P<0.05. 


RESULTS 


Table 1 shows the effects of PB administration on 
hepatic and intestinal MFO enzyme activities in four 
species. All hepatic microsomal MFO activities were 
enchanced in phenobarbital-pretreated animals 
except in rabbits where hepatic AHH activities were 
not increased significantly. The intestinal MFO 
enzyme activities were not altered in guinea pig and 
rabbit. In mice, both AHH and 7-ethoxycoumarin 
deethylase activities were increased, but in rat intes- 
tine only 7-ethoxycoumarin metabolism was stimu- 
lated. The stimulation of hepatic MFO enzyme 
activities was accompanied by a concomitant increase 
in cytochrome P-450 content (Table 3). The cyto- 
chrome P-450 contents in rabbit and guinea pig 
intestine were not affected by PB treatment. 

Table 2 shows the effects of 3-MC administration 
on MFO enzyme activities in small intestine and 
liver. The activities of all the hepatic enzymes studied 
were increased in mice, rat and guinea pig, except 
7-ethoxycoumarin deethylase activity which was not 
altered in guinea pig liver. In rabbit liver, hepatic 
AHH and /7-ethoxycoumarin deethylase were 
decreased by 3-MC treatment. Hepatic cytochrome 
P-450 content was increased in all species (Table 3). 
Cytochrome P-450 absorption spectra were shifted 
to 448 nm in liver microsomes of all species. Intes- 
tinal AHH and 7-ethoxycoumarin deethylase activ- 
ities were increased in rat and mice. In guinea pig, 
only AHH activities were increased, while there was 
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a decrease in 7-ethoxycoumarin deethylase activities. 
Rabbit intestinal MFO enzymes were not affected 
by 3-MC treatment. Intestinal cytochrome P-450 
contents were not altered in any species studied. 


DISCUSSION 


Species differences in stimulation of intestinal 
MFO enzymes have not been studied extensively. 
Previous studies on stimulation of intestinal MFO 
enzymes have been confined mainly to rats [5—23] 
and mice [24-29]. Some MFO enzyme activities 
which were stimulated by xenobiotics in the small 
intestine were AHH in rats [5-10,23] and mice 
[8, 25], 7-ethoxycoumarin deethylase in rats [21, 23] 
and mice [27-29, 34], phenacetin demethylase in rats 
[23], and NADPH-cytochrome c reductase in mice 
[27]. Reports on stimulation of some enzymes such 
as hexobarbital oxidase [19,39], biphenyl 2- 
hydroxylase, and biphenyl 4-hydroxylase [14, 21] are 
conflicting. In our study, the enzymes which were 
enchanced in the small intestine were AHH and 7- 
ethoxycoumarin deethylase, and depended on the 
species and the type of inducer. We were unable to 
enhance intestinal MFO activities in rabbit with 
either PB or 3-MC pretreatment. In rabbit, PB 
stimulated only the liver MFO enzymes, whereas 3- 
MC had no effect on either liver or intestinal MFO 
activities. Instead, 3-MC treatment decreased the 
activities of hepatic aniline hydroxylase, 7-ethoxy- 
coumarin deethylase and AHH, despite the increase 
in hepatic cytochrome P-450 content. This has been 
reported by other workers as well [40]. 

Since most of the drugs or environmental agents 
are ingested, the inducers were given orally as well. 
The data from preliminary experiments suggested 
that oral or i.p. administration of 3-MC or PB gen- 
erally did not affect the stimulation of MFO activities 
in the intestine of the animals studied (data not 
shown). Therefore, the route of administration of 
the inducing agent was not the reason for not observ- 
ing stimulation of MFO activities in rabbit intestine. 

This and other studies show that stimulation of 
MFO is tissue specific. For instance, Feuer et al. [39] 


Table 2. Activities of aniline hydroxylase, benzo[a]pyrene hydroxylase and 7-ethoxycoumarin deethylase in the small 
intestine of various animal species treated with 3-methylcholanthrene (3-MC)* 





Aniline 
hydroxylase 


7-Ethoxycoumarin 


AHH deethylase 





Species Tissue Control 3-MC 


Control 


3-MC Control 3-MC 





2.0 + 0.17 
Trace 
3.8 + 0.2+ 
Trace 
4.3+0.1+ 
0.26 + 0.02 
0.9+0.1 
0.32 + 0.06 


1.4+0.1 
Trace 
2.5+0.1 
Trace 
2.0 + 0.2 
0.27 + 0.02 
1.0+0.1 
0.47 + 0.15 


Liver 
Intestine 
Liver 
Intestine 
Liver 
Intestine 
Liver 
Intestine 


Rat 
Mouse 
Guinea pig 


Rabbit 


7164 + 719 
40 + 13 
919 + 84 
50 + 14 

1266 + 62 
408 + 43 

2743 + 478 
383 + 95 


6.71 + 0.467 
0.320 + 0.0507 
2.64 + 0.277 
0.010 + 0.005+ 
1.25 + 0.07 
0.059 + 0.017+ 
0.36 + 0.044 
0.044 + 0.003 


0.43 + 0.06 
0.026 + 0.010 
0.70 + 0.09 
0.040 + 0.008 
1.39 + 0.17 
0.102 + 0.013 
0.57 + 0.04 
0.046 + 0.009 


11,199 + 609+ 
646 + 1377+ 
4716 + 602+ 
258 + 647 
3601 + 657 
980 + 207+ 
1635 + 4807 
316 + 66 





* Mean microsomal enzyme activity + S.E. (N = 4). In some instances, tissues were pooled from a number of animals. 
N represents data from individual animals or different pooled samples. See text for details. 
+ P<0.05. 
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observed that PB increased the activities of aniline 
hydroxylase and aminopyrine demethylase in rat 
liver but not in small intestine. In our study, all MFO 
enzymic activities were stimulated in liver by PB or 
3-MC (except in the case of rabbit), but the alteration 
in metabolism in the small intestine was limited to 
certain drug substrates and species. The magnitude 
of induction of MFO activities was generally lower 
in small intestine than in liver. The differences 
observed in stimulation of MFO enzymes between 
liver and small intestine suggest the possibility that 
factors regulating MFO activity and mechanisms of 
stimulation of MFO enzymes in liver may be different 
from those in small intestine. 

Failure to observe stimulation of MFO enzymes 
in rabbit intestine may have two possible causes: 
(a) New Zealand rabbit intestinal enzymes may be 
genetically non-responsive to PB or 3-MC, or (b) 
the intestinal enzymes may have been at an induced 
state prior to the initiation of the study because of 
the possible presence of exogenous inducers in rabbit 
feed. Wattenberg [41] has proposed that much of 
the AHH activity in the rat small intestine is due to 
exogenous inducers present in crude diets of the rat. 
However, recent studies in our laboratory on the 
effect of crude diets vs semi-purified diets on rabbit 
intestinal MFO activities show that, unlike the rat, 
the feeding of semi-purified diets did not alter rabbit 
intestinal MFO enzyme activities. The details of this 
study will be reported later. 

In conclusion, though intestinal mixed-function 
oxidase enzymes are similar to liver enzymes with 
respect to their biochemical — properties 
(3,4,21,23,29), their response to pretreatment with 
inducing agents such as PB or 3-MC is different. 
This warrants a comprehensive study of factors regu- 
lating intestinal MFO enzymic activities, and our 
laboratory is engaged in this attempt. 


-methyl- 


1.65 + 0.06 
1.13 + 0.08 


0.83 + 0.08 
1.88 + 0.19 


0.26 + 0.004 
0.34 + 0.03 
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0.26 + 0.014 
0.54 + 0.12 


REFERENCES 


. K. Hartiala, Physiol. Rev. 53, 496 (1973). 

.R. S. Chhabra and J. M. Tredger, in Nutrition and 
Drug Interrelations , (Eds. J. N. Hathcock and J. Coon), 
pp. 253-277. Academic Press, New York (1978). 

. R. S. Chhabra, R. J. Phol and J. R. Fouts, Drug Metab. 
Dispos. 2, 443 (1974). 

. R. S. Chhabra and J. R. Fouts, Drug Metab. Dispos. 
4, 208 (1976). 

. L. W. Wattenberg, J. L. Leong and P. J. Strand, Cancer 
Res. 22, 1120 (1962). 

. H. V. Gelboin and N. R. Blackburn, Cancer Res. 24, 
356 (1964). 

. L. W. Wattenberg and J. L. Leong, Cancer Res. 25, 
365 (1965). 

. D. W. Nebert and H. V. Gelboin, Archs Biochem. 
Biophys. 134, 76 (1969). 

. L. W. Wattenberg, Progr. exp. Tumor Res. 14, 89 
(1970). 

. G. Feuer, J. C. Soza-Luce~o, G. Lumb and G. Moddel, 
Toxic. appl. Pharmac. 19, 579 (1971). 

.R. E. Billings and L. W. Wattenberg, Proc. Soc. exp. 
Biol. Med. 139, 865 (1972). 

. F. B. Thomas, N. Baba, N. J. Greenberger and D. 
Salsburey, J. Lab. clin. Med. 80, 548 (1972). 

. E. J. Pantuck, K. C. Hsiao, A. Maggio, K. Kakamura, 
R. Kuntzman and A. H. Conney, Clin. Pharmac. Ther. 
15, 9 (1973). 


Small intestine 


0.231 + 0.03 
0.40 + 0.04 


0.41 + 0.06 





0.222 + 0.02 
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DRUG INTERACTIONS WITH ACETAMINOPHEN 


EFFECTS OF PHENOBARBITAL, PREDNISONE AND 5- 
FLUOROURACIL IN NORMAL AND TUMOR-BEARING RATS 
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Abstract—Acetaminophen (APAP) was determined by a simplified gas chromatographic method, 
without derivatization, on a column packed with 3% OV17 on Gas Chrom Q. APAP, released 
enzymatically from its conjugates, was also so determined. Changes in urinary excretion patterns of 
APAP, its glucuronide (APAPGA) and its sulfate (APAPS) were studied as indicators of interference 
with metabolism of APAP. Effects of the presence of some tumors on APAP metabolism of hosts were 
examined, as were the effects of the following agents: phenobarbital, as a prototype of a hepatic enzyme 
inducer, prednisone and prednisolone, as alternate substrate inhibitors, and 5-fluorouracil (5-FU) and 
galactosamine, as possible modifiers of cofactors. Normal rats, Reuber H-35 hepatoma hosts and colon 
carcinoma hosts excreted 87.8 + 8 per cent of a 300 mg/kg dose of APAP, in the form of APAP plus 
APAPGA and APAPS. The presence of colon carcinoma did not alter significantly the quantities of 
APAP metabolites appearing in the urine of the hosts. Hepatoma hosts excreted significantly higher 
amounts of APAPGA, and early urine samples also contained elevated APAPS. These effects of the 
tumors were related to the presence of APAP conjugating enzymes in the hepatoma, and their virtual 
absence in the colon carcinoma tissue. The above effects on conjugations contrast with known depressive 
effects of tumors on mixed function oxidation pathways of hosts. Phenobarbital pretreatment (80 mg/kg, 
i.p., daily for 7-9 days) of Sprague-Dawley, or ACI, rats increased (3- to 4-fold) the amount of urinary 
APAPGA excreted in the first 3 hr after injection of APAP, and decreased (2-fold) the amount of 
unchanged APAP excreted. Coadministration of prednisone, or prednisolone (14 mg/kg, i.p.), with 
APAP caused a small but significant decrease in urinary APAPGA, which is consistent with the 
previously reported inhibitory effects of these steroids on APAP glucuronidation in vitro. Treatment 
of rats with 5-FU (120 mg/kg, i.p.) 3 hr prior to administration of APAP produced slight decreases in 
urinary APAPGA and APAPS. Contrary to expectations, pretreatment with galactosamine, on a 
schedule known to markedly reduce UDP-sugar pools, did not decrease urinary APAPGA. The results 
suggest that drugs which can induce hepatic glucuronyltransferase, or which can compete with APAP 
for the enzyme, rather than those that can alter UDP-sugar pools, are likely to have marked effects 
on APAP metabolism. 


Acetaminophen is extensively metabolized, chiefly 
to glucuronide and sulfate conjugates. Both glucu- 
ronidation and sulfation detoxify the drug; however, 
they are limited capacity pathways [1,2]. Animal 
studies show that, when these pathways are satu- 
rated, a toxifying biotransformation route, leading 
to hepatotoxic metabolites, gains prominence [3]. A 
similar mechanism appears to operate in humans, 
since patients who developed liver damage after 
overdoses of the drug exhibited a plateau in the 
excretion of acetaminophen glucuronide, concur- 
rently with an increased excretion of cysteine and 
mercapturic acid conjugates [4], the latter being the 
conjugates of hepatotoxic oxygenated metabolites 
of the drug [5-7]. Although severe hepatic necrosis 
and hepatic failure are known to occur only when 
excessive doses of acetaminophen are taken, there 
is evidence that therapeutic doses of acetaminophen 
can saturate sulfation and also may briefly overtax 
glucuronidation. This is seen as a prolonged plateau 
in the rate of sulfate excretion, and a flat maximum 
in glucuronide excretion which is decreased if a drug 





* To whom reprint requests should be addressed. 


competing for glucuronidation is coadministered 
[1,2, 4]. It was, therefore, of interest to probe the 
sensitivity of the two detoxifying pathways for acet- 
aminophen to interference by various classes of drugs 
that may be co-administered to different patients, 
including cancer patients. 

Many drugs which possess a hydroxy group can 
be envisaged as potential inhibitors of acetamino- 
phen metabolism. We found several, including pred- 
nisone and prednisolone, capable of inhibiting acet- 
aminophen glucuronidation in vitro [8]; we are now 
reporting on the effects of the latter in vivo in normal 
and in tumor-bearing rats. Drugs of another group, 
the antimetabolites of pyrimidines and purines, have 
the potential to alter the availability of cofactors for 
conjugation. For instance, 5-fluorouracil, known to 
be metabolized extensively to 5-fluorouridine tri- 
phosphate [9] and, to a lesser extent, to 5-fluoro- 
uridine diphosphoglucose [10] may readily interfere 
with UDPGA pools. We examined, thereiore, its 
effect on acetaminophen metabolism, with special 
attention to glucuronidation. We compared its effect 
with that of galactosamine which is known to produce 
marked changes in UDP-sugar pools [11]. We also 
re-examined the effect of phenobarbital, which has 
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been reported to increase acetaminophen glucuron- 
idation by about 30 per cent [6, 12]. 

The studies were performed in rats, a species in 
which acetaminophen is metabolized chiefly via glu- 
curonide and sulfate conjugations, and only 34 per 
cent by the mercapturic acid pathway [6], thus per- 
mitting us to focus on the two former pathways. The 
dose of acetaminophen was 300 mg/kg, that is 
1935 mg/m’, which is within the therapeutic range 
for an‘acetanilide type of analgesic in the rat [13], 
and falls within the human therapeutic range of 500- 
2000 mg/m’. 

Preliminary reports of parts of these studies have 
been given [14, 15]. 


MATERIALS AND METHODS 


Chemicals. [°H-(G)]N-Acetyl-p-aminophenol 
(APAP; acetaminophen) (sp. act. 370 mCi/mmole) 
was obtained from the New England Nuclear Corp., 
Boston, MA. Unlabeled acetaminophen, uridine 5’- 
diphosphoglucuronic acid (UDPGA, ammonium 
salt), UDP-N-acetylglucosamine (UDPAG), pred- 
nisone, prednisolone and p-galactosamine were pur- 
chased from the Sigma Chemical Co., St. Louis, 
MO. Phenobarbital (PB) and 5-fluorouracil (5-FU) 
were pharmaceutical preparations from the Roswell 
Park Memorial Institute Pharmacy. All other chem- 
icals were the best available commercial grade. 

Animals and treatments. Male or female Sprague— 
Dawley rats, weighing 200-300 g, were purchased 
from Charles River, Wilmington, MA. Female Spra- 
gue—Dawley rats were used as hosts for a transplant- 
able colon carcinoma (initially described by Ward 
et al. [16], which was obtained from Dr. Y. Rustum 
of this Institute). Male ACI rats, weighing 170-250 g, 


were obtained from the Laboratory Supply Co.,, 


Indianapolis, IN, and were used as hosts for the 
Reuber H-35 hepatoma, as described earlier [17]. 

Acetaminophen (300 mg/kg), in saline solution, 
was injected i.p. in a volume equal to 3% of the 
body weight. Phenobarbital pretreatment consisted 
of i.p. injections of the sodium salt of the drug in 
saline in volume equal to 1% of body weight; 
80 mg/kg were injected daily for 7-9 days as indi- 
cated, the last injection being 24 hr before admin- 
istration of acetaminophen. Prednisone and pred- 
nisolone were injected i.p. in doses of 14 mg/kg, as 
suspensions in saline, in volumes equal to 0.3% of 
body weight. The injections were administered just 
before, or half an hour prior to acetaminophen 
injection. 5-Fluorouracil, at a dose of 120 mg/kg in 
saline solution, was injected 1-3hr prior to acet- 
aminophen, as indicated. Galactosamine solution in 
saline was administered i.p. at dose levels of 200 or 
400 mg/kg, as indicated. Both 5-fluorouracil and gal- 
actosamine were injected in volumes equivalent to 
0.3% of body weight. 

Acetaminophen-injected animals were placed in 
glass metabolic cages with access to water ad lib. 
Periodic urine collections were made as indicated. 
Three to seven animals were used for each treatment 
group. 

Determination of acetaminophen and its conjugates 
by a simplified gas chromatographic method. Urinary 
acetaminophen glucuronide and sulfate were esti- 
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mated after their hydrolysis to acetaminophen, by 
incubating urine samples with 2000 units of B-glu- 
curonidase or a mixture of B-glucuronidase with 70 
units of sulfatase, per ml of incubate, containing 
0.1 M acetate buffer at pH 5. The incubations were 
carried out for 18hr at 37°. Urine (0.5 ml), or 
hydrolysate (0.5 ml), was saturated with sodium 
chloride, extracted with 10 ml of diethyl ether by 
shaking for 10min, and centrifuged at 1600 g for 
5 min. The ether extracts were evaporated to dryness 
and the residue was dissolved in small amounts of 
ethyl acetate (100-800 wl). The ethyl acetate sol- 
utions were injected onto the gas chromatographic 
column packed with 3% OV17 on Gas Chrom Q. 
The column temperature was 220°, as were the inlet 
and detector temperatures. Nitrogen carrier gas was 
passed through at the rate of 40 ml/min, hydrogen 
at 20 ml/min and air at 400 ml/min. Dimensions of 
the column were 2m, 2mm i.d. Good peaks of 
acetaminophen were obtained without derivatization 
when the range of the compound injected onto the 
column was between 0.2 and 3 yg. The retention 
time was approximately 3 min. Recoveries of acet- 
aminophen determined by this method, when added 
to urine or plasma samples, were between 85 and 
100 per cent, when acetaminophen was present in 
a concentration range of 5—2500 ug/ml. 
Acetaminophen glucuronlytransferase assay. The 
microsomal glucuronyltransferase assay was carried 
out as described by Bolanowska and Gessner [8]. 
Acetaminophen sulfotransferase assay. Soluble 
fraction (100,000 g supernatant fraction) was incu- 
bated with tritiated acetaminophen (0.2—5 mCi/ml) 
at concentrations of 0.1—-2 mM, plus 0.25 mM sodium 
sulfate, 5 mM magnesium chloride, 30 mM nicotina- 
mide, and 5mM ATP, in 0.08 M phosphate buffer 
at pH 7.4; 30 min-incubations were carried out at 
37°. The reaction was stopped by freezing at —70°; 
samples were stored at —20° until analysis. The acet- 
aminophen sulfate which formed was determined as 
a water soluble metabolite (ATP-dependent), left 
in the aqueous layer after ether extraction of 
unreacted acetaminophen, in a manner analogous 
to that described for acetaminophen glucuronide [8]. 


RESULTS 


Gas chromatography of acetaminophen. In order 
to carry out these studies, we developed a simplified 
gas chromatographic method which we found more 
convenient than the commonly used colorimetric 
methods [18, 19]. We have used ether extractions of 
acetaminophen, as described by Brodie and Axelrod 
[18], and carried out analyses by a specific gas chro- 
matographic method, which is a modification of that 
described by Prescott [20, 21]. We found that, with- 
out derivatization, good peaks of acetaminophen 
were obtained on columns packed with 3% OV17 
on Gas Chrom Q. The limit of detection in the 
presence of interfering substances from biological 
fluids was 0.2 wg. Recoveries from biological fluids 
were between 85 and 100 per cent for urine or plasma 
samples containing actaminophen concentrations 
ranging from 2.5 to 2500 ug/ml. 

Effects of tumors on acetaminophen metabolism 
in vivo. We examined the effects of a transplantable 
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Fig. 1. Excretion of acetaminophen (APAP), acetamino- 
phen glucuronide (APAPGA) and acetaminophen sulfate 
(APAPS) by ACI control rats and hepatoma Reuber H-35 
bearing rats, untreated and phenobarbital (PB)-pretreated 
(7 days). Values are means + S.E. P values were computed 
by Student’s t-test. One hundred per cent = total 24 hr 
urinary excretion which accounted for 84.2 + 7, 88.4 + 3.4 
and 79.8+ 1.4 per cent of dose in control, tumor and 
tumor + PB groups, respectively. 
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hepatoma, Reuber H-35, on acetaminophen metab- 
olism by comparing urinary excretion of unchanged 
acetaminophen and its metabolites, glucuronic acid 
and sulfate conjugates, by tumor hosts and control 
rats. The results are comparable to those we obtained 
previously from experiments using the model com- 
pound, p-nitrophenol [17]. In each case the hepa- 
toma hosts excreted significantly higher amounts of 
the glucuronide conjugate of the phenolic com- 
pound. Additionally, in the case of acetaminophen, 
significant increases in the sulfate conjugate were 
also noted in the early urines (Fig. 1). 

By contrast, no significant effect on acetamino- 
phen metabolism was observed in rats bearing a 
transplantable colon carcinoma. Hosts with tumors 
ranging from 6 to 18 g (larger tumors tended to kill 
the rats) excreted acetaminophen metabolites in 
amounts comparable to control rats, although a trend 
to a decreased excretion of unchanged acetamino- 
phen could be seen. Thus, the free drug accounted 
for 24.5+5.5 and 15.5+5.3 per cent of urinary 
acetaminophen excreted by control rats and tumor 
hosts respectively. 

Effects of tumors on acetaminophen metabolism 
in vitro. In order to test for possible causes of 
increased metabolism of acetaminophen in hepa- 
toma hosts, we examined hepatoma microsomal and 
cytosol preparations for their abilities to, respec- 
tively, glucuronidate and sulfate acetaminophen. It 
can be seen from Fig. 2 that hepatoma and liver 
microsomes have comparable giucuronyltransferase 
activities. Sulfotransferase activity of the hepatoma 
cytosol is also very similar to that of liver soluble 
fraction, except that the hepatoma enzyme appears 
to have a somewhat lower affinity for acetaminophen 
(Fig. 3). Thus, the results indicate that increased 
excretion of acetaminophen conjugates by the tumor 
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Fig. 2. Double reciprocal plot of V (in nmoles of acetaminophen glucuronide formed per mg of 
microsomal protein) against S$, mM concentration of acetaminophen (APAP). Key: (@——®) liver 
microsomes and (O——©) hepatoma microsomes. Details are given under Materials and Methods. 
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Fig. 3. Double reciprocal plot of V (in nmoles of acetaminophen sulfate formed per min per mg of 
soluble fraction protein) against S, mM concentration of acetaminophen (APAP). Key: (@——®) 
control liver and (O——O) hepatoma, soluble fractions. Details are given under Materials and Methods. 


hosts is probably due to the contribution of the 
hepatoma to the metabolism of this drug. It is note- 
worthy that the amount of acetaminophen glucu- 
ronide excreted in 24 hr correlated with the weight 
of hepatoma, giving a correlation coefficient of 0.7 
for tumor weights ranging from 4 to 30 g (Fig. 4). 

The ability of colon carcinoma subcellular prep- 
arations to conjugate acetaminophen was tested sim- 
ilarly. Only trace amounts of glucuronidating and 
sulfating activity were found, thus explaining the 
lack of significant increases in urinary metabolites 
of acetaminophen in those hosts. Additionally, the 
results indicate that the presence of tumors, such as 
colon carcinoma, does not impair acetaminophen 
metabolism in the hosts. In this respect, the results 
are similar to the lack of effect of Walker 256 car- 
cinoma on glucuronidation and sulfation of the 
model compound p-nitrophenol [17], and contrast 
with the effects of such tumors on mixed function 
oxidation pathways of hosts [22-26]. 

Effect of phenobarbital pretreatment. It has been 
reported previously that pretreatment of rats with 
80 mg/kg of phenobarbital daily for 3 days produced 
only small (about 30-60 per cent) increases in excre- 
tion of acetaminophen glucuronide [6, 12]. By con- 
trast, in our experiments, a 7- to 9-day phenobarbital 
pretreatment schedule resulted in a marked (3- to 
4-fold) increase in the production of acetaminophen 
glucuronide, as demonstrated in two strains of rats 
(Table 1). This was accompanied by marked 
decreases in the excretion of acetaminophen sulfate 
and of free acetaminophen. The data also show that 
after the first 3 hr very little free acetaminophen was 
excreted. 

Significant effects of phenobarbital pretreatment 
on metabolism of acetaminophen were also discern- 
ible in Reuber hepatoma hosts (Fig. 1). However, 
the changes, though statistically significant, were 
smaller in magnitude than those observed in control 
rats. This can be explained by the fact that increased 
metabolism due to hepatoma, and hence, fast deple- 


tion of the circulating substrate, left little scope for 
marked additional increases due to phenobarbital 
treatment. 

Effects of prednisone and prednisolone. We found 
earlier [8] that both prednisone and prednisolone 
are inhibitors of acetaminophen glucuronidation in 
microsomal assays, and that the latter is somewhat 
more potent than the former. It was of interest to 
test in vivo effects of coadministration of these com- 
pounds with acetaminophen. The doses of the gluco- 
corticoids chosen for our experiments represent 
approximately ten times the human doses used in 
cancer chemotherapeutic regimens. This is appro- 
priate, since the drugs are subject to fast and exten- 
sive metabolism in the body [26-29], and rat basal 
metabolic rate is about ten times higher than that 
of humans. 

Prednisone coadministered with acetaminophen 
produced a trend toward decreased glucuronidation, 
especially discernible in late urines; thus, the per- 
centage excreted in the 0-24 hr urine was 24.7 + 1.7 
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Fig. 4. Correlation between excretion of acetaminophen 


glucuronide (24 hr urine collection) and weight of hepatoma 
Reuber H-35; r = 0.7. 
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Table 1. Effects of phenobarbital pretreatement of male Sprague-Dawley and ACI rats on urinary metabolites of 
acetaminophen 





Rat 


% Total excreted in urine+ 





Compound 


excreted group* 


0-3 hr 


0-6 hr 0-24 hr 





SD control 
SD phenobarbital 


Acetaminophen 
ACI control 
ACI phenobarbital 


SD control 
SD phenobarbital 


Acetaminophen 
glucuronide 


ACI control 
ACI phenobarbital 


SD control 
SD phenobarbital 


Acetaminophen 
sulfate 


ACI control 
ACI phenobarbital 


16.9+2.1 

7.0 + 3.6 
P< 0.0014 
16.6+2:1 
6.4+0.7 
P< 0.001 
14.5+1.9 
45.9+9.7 
P < 0.001 
14.0+2.4 
57.9+ 6.7 
P< 0.001 


13.0 + 3.9 
13.0+ 0.4 
NS 


19.5+1.5 
7.9 + 3.6 
P < 0.001 
19.3+1.7 
6.8 + 0.5 
P< 0.001 
19.9+2.3 
54.6 + 5.1 
P< 0.001 
19.0 + 3.2 
63.8 + 3.7 
P< 0.001 
28.2 + 3.6 
22.5 + 4.8 
P< 0.05 


25215 
8.8 + 3.5 

P< 0.001 
23.3 + 1.7 
7.4+0.2 

P< 0.001 
26.0 + 2.8 
60.4 + 5.3 
P< 0.001 
21:5 & $2 
68.9 + 1.4 
P < 0.001 
52.5+ 4.1 
30.8 + 4.7 
P< 0.001 
19.8 + 4.9 49.1+4.2 
17.3+0.9 23.7 = 1.6 
NS P< 0.001 





* Phenobarbital pretreatment was 9 days for SD rats and 7 days for ACI rats. 
+ Values are means + §.D. One hundred per cent = total 24 hr urinary excretion which accounted for 87.0 + 1.99, 
83.2 + 5.5, 84.2 + 7.5 and 85.0 + 5.1 percent of dose in SD control, SD phenobarbital, ACI control and ACI phenobarbital 


groups, respectively. 


¢ P values were computed by Student’s t-test. Control and experimental groups were not significantly different from 


each other (NS) when P values were > 0.05. 


instead of 33.1+5.9 (P<0O.5). This was 
accompanied by a small, but statistically significant 
(P < 0.001), compensatory elevation of acetamino- 
phen sulfate excretion (55.0 + 1.7 vs 42.8 + 1.4 per 
cent). The effects of prednisolone could be discerned 
only in the early urine; thus in the 0-3 hr urine, 
acetaminophen glucuronide decreased from 14.0 + 
2.4 to 9.2 + 2.1 per cent (P < 0.02) (see Fig. 5). 

We considered the possibility that the effects of 
these inhibitors might be magnified under conditions 
of more extensive glucuronidation (as would be the 
case in humans [30, 31]), and, therefore, examined 
their effects in hepatoma hosts. Under such condi- 
tions, prednisone, as well as prednisolone, appeared 
to produce significant decreases in acetaminophen 
glucuronidation, with concomitant significant 
increases in excretion of free acetaminophen (Fig. 
5). 

Effects of 5-fluorouracil and galactosamine. Effects 
of 5-fluorouracil were tested using a dose about ten 
times higher than a human chemotherapeutic dose, 
and one which has been used in animal studies 
[32, 33]. We looked for a 5-FU effect on acetamino- 
phen metabolism, considering its possible modula- 
tion of uridine diphosphoglucuronic acid pools and 
hence of glucuronidation. One-hr pretreatment with 
120 mg/kg of 5-fluorouracil produced a small but 
significant increase in the excretion of unchanged 
acetaminophen, but without significant decreases in 
glucuronidation or sulfation. Similarly, in pheno- 
barbital-pretreated rats, 5-fluorouracil given 1 hr 
before acetaminophen produced no significant 
changes in urinary metabolites of acetaminophen 
(data not shown). A 3-hr pretreatment with 5- 


= Control 
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Fig. 5. Effects of prednisone and prednisolone on excretion 
of acetaminophen (APAP) and its glucuronide (APAPGA) 
and sulfate (APAPS) in hepatoma bearing rats. Values are 
means + S.E. P values were computed by Student’s r-test. 
One hundred per cent = total 24 hr urinary excretion which 
accounted for 88.4 + 3.4, 103.7 + 1.2 and 79.8 + 1.4 per 
cent of dose in control, prednisone and prednisolone groups 
respectively. 
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Table 2. Effects of 5-fluorouracil and galactosamine treatments on urinary metabolites of acetaminophen 





% Total excreted in urine+ 





Compound Rat 
excreted group* 


0-3 hr 


0-6 hr 





Control 
5-FU 


Acetaminophen 
200 Gal N 
400 Gal N 


Control 
5-FU 


Acetaminophen 
glucuronide 


15.62 2.3 


14.0 + 2.4 
11.6+0.6 


19.3: 1.7 
24.9+ 1.9 
P< 0.002 
17.4+2.9 
20.5: +2.5 


I+ + Sit it 


~” 


I+ I+ 


P< 0.05 


200 Gal N 
400 Gal N 


Control 
5-FU 


Acetaminophen 
sulfate 


200 Gal N 
400 Gal N 


1S.02 3.3 
15.6+0.9 


16.4+2.1 
13.0 + 1.3 


13.0 + 3.9 
10.0 + 1.3 


P< 0.001 

45.9 + 4.3 

47.1+2.8 
NS 





* 5-FU was give 3 hr before acetaminophen; galactosamine was given concurrently with (200 mg/kg), 


or 0.5 hr before (400 mg/kg), acetaminophen. 


+ Values are means + §.D. One hundred per cent = total 24 hr urinary excretion which accounted 
for 84.2 + 7.5, 80.9 + 4.6, 86.3 + 7.5 and 79.9 + 5.5 per cent of dose in control, 5-FU, 200 Gal N and 


400 Gal N groups, respectively. 


+ P values were computed by Student’s /-test. Control and experimental groups were not significantly 
different from each other (NS) when P values were > 0.05. 


fluorouracil produced small decrease in acetamino- 
phen glucuronide in the early urine, and a somewhat 


larger decrease in acetaminophen sulfate in the late 
urine (Table 2). The latter effect can be best under- 
stood if 5-fluorouracil alters availability of the sulfate 


donor, 3'-phosphoadenosine-5'-phosphosulfate 
(PAPS) (see Discussion). 

A 200 mg/kg dose of galactosamine has been 
reported to affect acetaminophen metabolism in 
hamsters [34], but we saw no effects of such treat- 
ment in rats (Table 2). Galactosamine, which at a 
dose of 400 mg/kg is known to produce in rats marked 
effects on UDP-sugar pools within 0.5hr of its 
administration [23], was administered 0.5 hr before 
acetaminophen. (This was considered to be appro- 
priate timing since acetaminophen half-life is about 
60 min in rats [34].) The treatment produced no 
decrease in acetaminophen glucuronide excreted in 
the urines (Table 2), thus indicating that availability 
of UDPGA, though undoubtedly markedly 
decreased, was not limiting to acetaminophen 
glucuronidation. 


DISCUSSION 


We have attempted to evaluate the potential for 
drug interactions with acetaminophen via various 
modes of interference with its metabolism. Effects 
of altered enzyme levels in the body were considered 
by examining the influence of two types of tumors 
and of phenobarbital pretreatment. The effects of 
inhibitors, such as prednisone and prednisolone, 
were examined, as well as possible effects of agents 
capable of altering cofactor availability, e.g. galac- 
tosamine and 5-FU. To study the interactions, we 


examined urinary excretion patterns, as they have 
been interpreted by others, both in human and 
animal studies, to reflect important changes in 
metabolism of acetaminophen [1-4, 6, 12, 25-38]. 
Thus, in humans it is known that subhepatotoxic 
doses are excreted chiefly as the glucuronide (about 
60 per cent of the dose appears as urinary acet- 
aminophen glucuronide, and 25 per cent as acet- 
aminophen sulfate [1, 2, 31, 38]). Moreover, with 
increasing doses of acetaminophen [3, 37], there is 
a progressive increase followed by saturation, first 
of the sulfation pathway, then of glucuronidation, 
concurrently with increasing prominence of the 
ordinarily minor pathway of mercapturate conju- 
gation [3, 37]. Such effects have been observed also 
in laboratory animals [6,35], and the amount of 
mercapturate excreted have been correlated with the 
degree of hepatic necrosis, so that a graded response 
was observed [37] at seemingly subhepatotoxic 
doses. Thus, in experimental animals, increasing 
amounts of the urinary mercapturate of acetamino- 
phen signify increased flux of the drug through the 
toxifying, mixed function oxidation pathway, and 
progressively greater amounts of hepatic necrosis. 
It can be surmised that in humans the same phenom- 
enon can occur at overtly sub-hepatotoxic doses, 
which are in the upper therapeutic dose ranges; 
therefore, there should be concern about conditions 
that can impair the detoxifying glucuronidation and 
sulfation pathways. 

We have used for our studies a 300 mg/kg dose of 
acetaminophen. This is a subsaturating dose for glu- 
curonic acid conjugation in rat, and a subhepatotoxic 
dose in that animal [39]. Under these conditions, 
mercapturate conjugation accounts for only about 
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Fig. 6. Cumulative excretion of acetaminophen (APAP) 
and its glucuronide (APAPGA) and sulfate (APAPS) in 
ACI rats. One hundred per cent = total 24hr urinary 
excretion which accounted for 84.2 + 2.7 per cent of dose. 


3 per cent of the dose [6]. We concentrated our 
efforts, therefore, on examining the effects of various 
pretreatments on the patterns of glucuronic acid and 
sulfate conjugates and on unmetabolized acetamino- 
phen. In all the studies reported here, the amount 
of free acetaminophen plus its glucuronide and sul- 
fate conjugates which was excreted in the 24 hr urine 
accounted for 87.8 + 4.8 per cent of the dose, irres- 
pective of the treatment group. 

The results reported here for acetaminophen, 
together with those reported earlier for the model 
compound p-nitrophenol [17], show that glucuron- 
idation and sulfation pathways are not impaired in 
tumor hosts. This contrasts with reported impair- 
ment of mixed function oxidase pathways [22-26]. 
Some tumors, such as hepatomas, can increase over- 
all host metabolism. We attribute this to the ability 
of the tumor to metabolize the drug. 

Phenobarbital pretreatment is known to induce 
drug-metabolizing enzymes, including glucuronyl- 
transferase. Our results show that about a 3-fold 
increase can occur as a result of phenobarbital pre- 
treatment. Jollow et al. [6] observed only about a 30 
per cent increase in urinary glucuronide excretions 
of acetaminophen, administered to rats in doses 
ranging from 50 to 400 mg/kg. However, Jollow et 
al. [6] treated the rats with phenobarbital (75 mg/kg 
daily) for just 3 days, whereas we continued phen- 
obarbital treatment for 7-9 days. Although a 3-day 
phenobarbital pretreatment is sufficient for induction 
of mixed function oxidases, a longer treatment is 
needed to optimally induce p-nitrophenol glucuron- 
yltransferase [40]. Our results indicate that the latter 
also applies to induction of acetaminophen glucu- 
ronidation. A short-term, 3-day pretreatment would 
favor, preferentially, induction of the toxifying path- 
way of acetaminophen metabolism, which was 
observed by Mitchell er al. [35]; however, a longer 
pretreatment should offset this to some extent by a 
concomitant induction of glucuronidation, an impor- 
tant detoxifying pathway. 

Phenobarbital pretreatment increased acetamino- 
phen glucuronide conjugation and decreased sulfate 
conjugation. Normally, acetaminophen sulfate con- 
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tinues to increase at a steady rate for up to 24hr 
after acetaminophen administration, after glucuron- 
idation has virtually subsided (Fig. 6). However, 
when phenobarbital pretreatment is involved, acet- 
aminophen is quickly used up by glucuronidation 
and very little of it is left unmetabolized (as is indi- 
vated by virtually no additional excretion of un- 
changed acetaminophen after the first 3 hr); there 
is, thus, very little acetaminophen for subsequent 
sulfation, ultimately resulting in much lower sulfate 
excretion. The bases for these events appear to be 
the relative affinities of acetaminophen glucuronyl- 
transferase and sulfotransferase (see Figs. 2 and 3). 
It appears that the glucuronyltransferase has a much 
higher apparent K» value for acetaminophen than 
does the sulfotransferase. Hence, glucuronide con- 
jugation predominates when a high circulating level 
of acetaminophen is present and subsides when it 
falls, but sulfate becomes predominant when a low 
level of circularing acetaminophen is present and 
continues to be synthesized under such conditions. 
By contrast, the vmax for sulfation is lower than that 
for glucuronidation. Thus, sulfation behaves as a 
high affinity, low capacity pathway, and glucuroni- 
dation behaves as a low affinity, high capacity path- 
way. (A similar observation was made by Moldeus 
[41] who studied acetaminophen metabolism in iso- 
lated hepatocytes.) This may explain why sulfation 
is readily saturated but continues to function at a 
steady rate when acetaminophen-circulating levels 
fall, whereas glucuronidation is not readily saturated, 
and is most prominent when high levels of acet- 
aminophen are present in the circulation. The latter 
occurs during the first hours after acetaminophen 
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Fig. 7. Possible interactions of 5-fluorouracil and galacto- 
samine with chief biotransformation pathways of acet- 
aminophen. Key: A, acetaminophen; AS, acetaminophen 
sulfate; AGA acetaminophen glucuronic acid conjugate; 
PAPS, 3’-phosphoadenosine-5’-phosphosulfate; 5-FU, 5- 
fluorouracil; and GalN, galactosamine. 
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dosage, and when high doses of acetaminophen are 
administered.’ A pattern of predominance of the 
glucuronide conjugate can be seen when high doses 
of acetaminophen are used, and of the sulfate con- 
jugate at lower doses, by comparing the reports of 
other investigators [6, 42, 43]. 

With respect to inhibitors, we reported earlier 
that, in vitro, prednisolone is a better inhibitor than 
prednisone. The in vivo studies reported here cor- 
roborate this. In hepatoma hosts, however, such 
effects were somewhat masked by a greater varia- 
bility in the response of these rats to prednisolone. 
It is noteworthy that no decrease in sulfation was 
observed in our studies, which suggests that pred- 
nisolone does not inhibit sulfation, though it is inhibi- 
tery to glucuronidation. It is interesting that Baner- 
jee et al. [44] observed an increased hepatotoxity of 
acetaminophen in conjunction with prednisolone 
treatment. 

Another group of drugs, antimetabolites of 
pyrimidines and purines, were envisaged as potential 
modifiers of uridine diphosphoglucuronic acid and 
3'-phosphoadenosine-5'-phosphosulfate pools, the 
donor molecules for glucuronidation and sulfation 
respectively. The effects of 5-fluorouracil were exam- 
ined in this context. Interference with these pathways 
can occur as depicted in Fig. 7. It was anticipated 
that its effects would be mainly on the uridine diphos- 
phogiucuronic acid, since 5-FU is known to be 
extensively metabolized to 5-FUTP [9] which, in 
turn, can be metabolized to 5-FUDPG and 5- 
FUDPGA [10]. It was hypothesized that, if the 
availability of UDPGA were rate-limiting, 5-FU 
would reduce the glucuronidation of acetaminophen. 
Our results, in fact, show only a marginal effect on 
glucuronidation. This does not mean, however, that 
substantial changes in UDPGA pools did not take 
place. We found that galactosamine, at doses which 
markedly decrease UDP-sugar pools and UTP [11], 
had no significant effect on acetaminophen glucu- 
ronidation in our experiments. This contrasts with 
decreased glucuronidation of acetaminophen in 
hamsters treated with galactosamine [34] and may 
indicate a species difference in sensitivity of this 
pathway to modulation of the UDPGA pools. 5-FU 
actually had a much greater effect on sulfation than 
on glucuronidation in our experiments. This suggests 
that 5-FU, because of its extensive conversion to 5- 
FUTP, may’ be depleting ATP to an extent which 
causes a decreased pool of the active sulfate PAPS. 
Availability of sulfate as a limiting factor in the 
sulfation of drugs has been observed [45, 46], and 
recently it has been found that an increase in dietary 
sulfate can augment acetaminophen sulfate pro- 
duction and decrease toxicity of this drug [46, 47]. 
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Abstract—The effect of various lipophilic compounds on the activity of monoamine oxidase (MAO) 
was determined. The local anaesthetics procaine, procainamide, tetracaine and lignocaine were all 
MAO.-A selective inhibitors, whereas benzyl alcohol, butan-l-ol, hexan-l-ol and octan-l-ol inhibited 
MAO-B selectively. Procaine was found to be a competitive inhibitor of the deamination of 5-hydroxy- 
tryptamine (5-HT), tyramine, B-phenethylamine and benzylamine. Benzyl alcohol was competitive 
towards 8-phenethylamine and benzylamine, but a mixed-type inhibitor towards 5-HT and tyramine. 
The same patterns of inhibition for both drugs were found when the activity: was assayed under 
atmospheres of either oxygen or air. The inhibition produced by both compounds was fully reversible. 
Triton X-100 appeared to inhibit the activity of MAO-A selectively when preincubated with the enzyme 
for 30 min at 30°. This selectivity was lost when the preincubation temperature was raised to 37°. The 
inhibition of MAO activity by Triton X-100 after preincubation at 37° was found to be irreversible. 
Sodium deoxycholate and SDS were also found to inhibit the activity of MAO after preincubation with 


the enzyme at 37°. The significance of these results is discussed. 


The use of the irreversible inhibitor, clorgyline [N- 
methyl-N-propargyl-3-(2,4-dichlorophenoxy) - pro- 
pylamine], enabled Johnston [1] to define two forms 
of monoamine oxidase (Monoamine: O> oxidored- 
uctase, MAO, EC 1.4.3.4) that differed in their 
substrate specificities and inhibitor sensitivities. In 
the rat liver, the form that was more sensitive to 
inhibition, termed MAO-A, was found to be active 
towards 5-hydroxytryptamine (5-HT) and tyramine, 
whereas the less sensitive form, MAO-B, was found 
to be active towards tyramine, 6-phenethylamine 
and benzylamine [2,3]. Other inhibitors, such as 
PCO [5-phenyl-3-(N-cyclopropyl)-ethylamine-1 ,2.4- 
oxadiazole] [4] and Lilly 51641 {N-[2-(0-chloro- 
phenoxy)-ethyl]-cyclopropylamine} [5] act in a way 
similar to clorgyline, whereas depreny! (phenyl-iso- 
propyl-methyl-propinylamine) and pargyline (N- 
methyl-N-benzyl-propinylamine) appear to inhibit 
the activity of MAO-B preferentially [6, 7]. How- 
ever, this binary classification of MAO may be an 
oversimplification, and the substrate specificities of 
the two forms appear to vary considerably from 
tissue to tissue (see ref 8). 

The nature of the different forms of the enzyme 
are still a matter of controversy (see refs. 9 and 10 
for reviews), but there is evidence that the nature 
of the lipid environment influences its specificity and 
inhibitor sensitivity. The inhibitor sensitivity and 
kinetic mechanism obeyed by the enzyme has been 
shown to be altered by the use of the detergent 
Triton X-100 [10-12] which can act by breaking 
protein-membrane lipid interactions (see refs. 13- 
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15). Local anaesthetics and alcohols, which are also 
thought to interact with membrane lipids (see refs. 
16 and 17) have been reported to inhibit the activity 
of MAO [18-28]. In this paper, the substrate-selec- 
tive inhibition of MAO by lipophilic compounds has 
been investigated. 


MATERIALS AND METHODS 


The mitochondrial membrane vesicles used in this 
study were prepared as described previously [29]. 
Briefly, livers from rats were homogenized (1:8 w/v) 
in sucrose buffer (0.25M sucrose, buffered with 
10mM potassium phosphate, pH 7.8) in an MSE 
Atomix blender for 10 sec. The homogenates were 
then centrifuged at 600 g for 15 min to remove nuclei 
and cell debris, and then centrifuged at 6500 g for 
20 min to sediment the mitochondrial membranes. 
These membranes were resuspended in sucrose 
buffer and recentrifuged at 6500 g for 20 min. The 
resultant pellet was layered on to a linear sucrose 
gradient (40-70 % w/v, buffered with 10 mM potas- 
sium phosphate, pH 7.8, made with an MSE gradient 
former) and centrifuged at 50,000 g for 135 min in 
a swing-out rotor. A tight band of protein formed 
two-thirds of the way down the gradient which was 
collected, resuspended in 10mM potassium phos- 
phate, pH 7.8 (in order to reduce the sucrose con- 
centration without any change in the ionic phosphate 
concentration), and centrifuged at 18,000 g for 30 
min. The pellet was resuspended in sucrose buffer 
to a protein content of 1 mg ml™' to yield a prep- 
aration of mitochondrial membranes with only mod- 
erate contamination from matrical, microsomal and 
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lysosomal marker enzymes [29]. Care was taken to 
ensure that the MAO in the vesicle fractions and the 
respective crude homogenates had the same sub- 
strate specificities, ratios of activity when assayed 
under an atmosphere of oxygen/activity in air 
(‘oxygen ratio’), sensitivities to inhibition by Tris— 
HCl, and K,,, values towards the amines used in this 
study. Furthermore, the biphasic curves of inhibition 
by clorgyline of the oxidation of tyramine in the two 
fractions were similar [29]. The vesicle fractions were 
stored frozen until used for assay. 

Reversibility experiments. Reversibility was inves- 
tigated by the method described previously [30]. 
After incubation of a mixture of the enzyme prep- 
aration with the drug, the mixture was diluted so 
that both the enzyme and drug concentrations were 
reduced. Dissociation of a freely reversible inhibitor 
would be expected to cause the specific activity of 
the enzymes to rise to the value that would have 
been obtained if the preparation had originally been 
incubated in the presence of drug at this dilution. 

Effects of temperature upon the absorbance of ves- 
icles. Three millilitres of each vesicle preparation 
were placed in a glass cuvette. These were then 
placed in a heated cuvette holder in a Pye-Unicam 
SP500 Spectrophotometer, and the absorbance at 
450 nm (Aaso) measured at different temperatures. 

Assay methods. MAO activity was assayed at 37° 
by the radiochemical method of McCaman et al. [31] 
as modified by Callingham and Laverty [32] with 5- 
HT, tyramine, B-phenethylamine and benzylamine 
as substrates. In some cases (shown in the text), the 
vesicles were preincubated with the drug for 30 min 
prior to the addition of the substrate. In these cases, 
the appropriate concentration of drug was also added 
with the substrate, so that the preincubation and 
incubation concentrations were the same. In all 
cases, incubation times were chosen so that the initial 
velocity was measured. Protein content was deter- 
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mined by the method of Lowry ef al. [33], with 
bovine serum albumin as standard. 

Materials. The radioactive substrates for MAO, 
5-hydroxytryptamine-[G-*H]-creatinine sulphate 
and tyramine-[side chain-1,2-°H]-hydrochloride 
were obtained from the Radiochemical Centre, 
Amersham, U.K. £-Phenethylamine-[ethyl-1-"C]- 
hydrochloride was obtained from New England 
Nuclear GMBH, Dreieichenchain, Germany, and 
benzylamine-[methylene-'*C]-hydrochloride from 
ICN Pharmaceuticals, Hersham. U.K. Benzylamine- 
[ring-3-*H]-hydrochloride was a custom synthesis by 
the Radiochemical Centre, Amersham, U.K. The 
two benzylamine isotopes behaved identically 
towards MAO, and, unless otherwise shown, the 
C-isotope was used. Aldehyde dehydrogenase (K* 
activated, from Baker’s yeast), sodium deoxycho- 
late, procaine hydrochloride and tetracaine hydro- 
chloride were obtained from Sigma London, Kings- 
ton-upon-Thames, U.K. Benzyl alcohol, octan-l-ol 
and Triton X-100 were obtained from Fisons Scien- 
tific Apparatus, Loughborough, U.K. Benzaldehyde 
(distilled before use), butan-l-ol, hexan-l-ol and 
sodium dodecyl! sulphate (SDS) were obtained from 
British Drug Houses, Poole, U.K. Nicotine adenine 
dinucleotide (NAD) was obtained from Boehringer 
Mannheim, Mannheim, Germany; procainamide 
hydrochloride from Astra Chemicals Ltd., Watford, 
U.K; and lignocaine hydrochloride from the Phar- 
maceutical Manufacturing Company, Bolton, U.K. 
All other reagents were of analytical grade wherever 
possible. Male Wistar rats were obtained from A. 
J. Tuck and Son, Rayleigh, U.K. 


RESULTS 


Dose-response curves with each of the compounds 
tested showed that in general the local anaesthetics 
(procaine, procainamide, tetracaine and lignocaine) 


Table 1. ICs9 values for the inhibition of rat liver MAO by local anaesthetics, alcohols and detergents* 





ICs, (mM) 





5-HT 
(0.25 mM) 


Tyramine 
(0.25 mM) 


B-Phenethylamine 


Local anaesthetic 
concentration (mM) 


Benzylamine 


(0.05 mM) (0.25 mM) 





Procaine y 0.5 
Procainamide ‘ 8.0 
Tetracaine 0.005 
Lignocaine 


Benzyl alcohol 
Butan-l-ol 
Hexan-l-ol 
Octan-l-ol 


Triton X-100 (30°) 
Triton X-100 (37°) 
Sodium deoxycholate 
SDS 


~0.6 ~0.6 





* Eight to ten point curves were drawn through the means (+ S.E.R.) of duplicate determinations of the per cent 


MAO activity remaining in the presence of the drug at varying concentrations, and the ICs, values derived from these 
curves. In all cases, the curves for benzylamine and B-phenethylamine were similar, and so were analysed together. The 
vesicles were preincubated for 30 min at 37° (unless otherwise shown) with the drug before the addition of substrate and 
appropriate concentration of drug. Substrate concentrations were chosen so as to be near their respective K,,, values in 
oxygen [29]. Three groups of vesicles, each derived from the livers of two rats (body weight 365 + 4 g) were used. Local 
anaesthetic concentrations given are the ranges for a variety of nerve preparations [data from ref. 16]. The *H-isotope 
of benzylamine was used in these experiments. 
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were more potent inhibitors of the deamination of 
5-HT than of the deamination of 6-phenethylamine 
and benzylamine, whereas the converse was true for 
the alcohols (benzyl alcohol, butan-l-ol, hexan-l-ol 
and octan-l-ol). The results of these studies are sum- 
marised in Table 1, and, as an example, the curves 
obtained with procaine are shown in Fig. 1. In each 
case, the samples were preincubated with the drugs 
for 30 min at 37° before addition of the substrate 
solution (containing the same concentration of the 
drug). The responses found for procaine and benzy] 
alcohol were the same in the absence of preincu- 
bation. Substrate concentrations were chosen as to 
be near their respective K,, values in oxygen [29]. 
Dilution experiments showed that the inhibition of 
MAO activity by procaine and benzyl alcohol was 
reversible with ali four substrates used. 

The inhibition of MAO activity by procaine and 
benzyl alcohol was determined at different substrate 
concentrations. Procaine was found to be a com- 
petitive inhibitor in all cases, with a markedly lower 
Ki towards 5-HT oxidation than towards the oxi- 
dation of the other substrates. Benzyl alcohol was 
a competitive inhibitor when B-phenethylamine and 
benzylamine were used as substrates, and a mixed 
inhibitor towards 5-HT and tyramine oxidation. The 
mode of inhibition and the Ki values were not sig- 
nificantly altered when the experiments were carried 
out in an atmosphere of air rather than oxygen. The 
results are summarised in Table 2, and, as an exam- 
ple, the data for benzyl alcohol inhibition, plotted 
as 1/v against 1/S, is shown in Figs. 2 a—d. 

Preliminary experiments with benzaldehyde on 
these vesicle fractions gave ICso values of 0.4mM 
towards the oxidation of 5-HT, 0.05mM for tyr- 
amine, and 0.04 mM towards the oxidation of B- 
phenethylamine and benzylamine, respectively. Sub- 
strate concentrations were the same as in Table 1. 
Preincubation with NAD* and aldehyde dehydro- 
genase (1mM and 5 U.ml"', respectively) did not 
alter the inhibtion of MAO activity by benzyl alcohol 
with any of the four substrates. 


% 


MAO activity remaining, 





N 
5x10 © 5x10? 





[Procaine], M 


Fig. 1. The effect of procaine upon the in vitro activity of 
rat liver MAO. Vesicle fractions were preincubated with 
concentrations of procaine for 30 min at 37°, before addition 
of substrate and the appropriate amount of procaine. Each 
point represents the mean + S.E.R. of triplicate determi- 
nations of activity in three groups of vesicles, each derived 
from the livers of two rats (body wt 365 + 4g), expressed 
as a percentage of the activity in the absence of procaine, 
plotted against the molar concentration of procaine. Sub- 
strates used were: 0.25 mM 5-HT (QO), 0.25 mM tyramine 
(@), 0.05mM £-phenethylamine (A) and 0.25mM 3H- 
benzylamine (A). 


The behaviour of the detergents was more com- 
plicated. Triton X-100 was found to have a much 
lower ICso towards the oxidation of 5-HT than 
towards B-phenethylamine or benzylamine with or 
without preincubation for 30 min at 30° (Figs. 3a and 
b). These substrate-selective effects were consider- 
ably reduced when the vesicle fractions were prein- 
cubated with Triton X-100 for 30 min at 37° (Fig. 
3c). The ionic detergents sodium deoxycholate and 
SDS showed no significant selectivity when prein- 


Table 2. The kinetics of the inhibition of rat liver MAO activity by procaine and benzyl alcohol* 





Oxygen 


Air 





Mode of inhibition 


Mode of inhibition Ki; Ki (uM) 


Ki; Ki (uM) 





Procaine 
5-HT 
Tyramine 


B-Phenethylamine 


Benzylamine 


Benzyl alcohol 


5-HT 


Competitive 
Competitive 
Competitive 
Competitive 


Mixed 


7.0 (10.5) 
29.8 (26.3) 
1923 (4784) 
3431 (5349) 


769 ; 2912 


Competitive 
Competitive 
Competitive 
Competitive 


Mixed 


6.7 

20.7 
2510 
3571 


730 ; 2910 


Mixed 1161 ; 583 
Competitive 58 
Competitive 47 


Mixed 866 ; 370 
Competitive 48 (77) 
Competitive 47 ( 86 ) 


Tyramine 
B-Phenethylamine 
Benzylamine 





* For competitive inhibition, the K; values are given, with the corresponding values calculated from 
the data in Table 1 by the method of Cheng and Prusoff [47] given in brackets. For mixed inhibitors, 
values are given as K;; K; (nomenclature of Cornish-Bowden [48]). The data was determined from 
Lineweaver—Burk plots of the means of triplicate determinations in three groups of vesicles, each derived 
from the livers of two rats (body wt 399 + 13g), with 6 substrate concentrations, assayed under 
atmospheres of oxygen and air. Both inhibitors were fully reversible. The drugs were not preincubated 
with enzyme before assay for activity. 
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Fig. 2. Double reciprocal plots of the MAO activity in the absence and presence of benzyl alcohol. 
Ordinates: 1/initial velocity (innmoles.mg protein™'.min~'); abscissae: 1/substrate concentration 
inmM. All points shown are the means of triplicate determinations of MAO activity in three groups 
of vesicle fractions, each derived from the livers of two rats (body wt 399 + 13 g). No preincubation. 
All assays were carried out under an atmosphere of oxygen. Substrates used were: panel a: 5-HT, in 
the absence (@) and presence (O) of 2.2 mM benzyl alcohol; panel b: tyramine, in the absence (@) and 
presence (O) of 0.5 mM benzyl alcohol; panel c: B-phenethyiamine, in the absence (@) and presence 
(O) of 0.2 mM benzyl alcohol; panel d: benzylamine, in the absence (@) and presence (O) of 0.2 mM 
benzyl alcohol. Lines through the points were fitted by eye. 


cubated with the enzyme at 37° (Table 1). Concen- 
trations of SDS higher than 1mM were found to 
increase the value of the substrate blanks by increas- 
ing the amount of radioactive substrate in the organic 
layer. Dilution experiments indicated that when Tri- 
ton X-100 was preincubated with the vesicle fractions 
for 30 min at 37°, the inhibition of the MAO towards 
all four substrates was irreversible. 
Double-reciprocal plots of the inhibition of the 
MAO by Triton X-100 showed that this detergent 
altered both the apparent Vinax and Km of the MAO 
towards all four substrates. This type of inhibition 
was also found when the samples were assayed under 
an atmosphere of air. Preliminary experiments on 
a single preparation of vesicles indicated that the 
doses of Triton X-100 needed to cause inhibition of 
the oxidation of B-phenethylamine and benzylamine 
produced some solubilization of the MAO, and that 
the Km values of the ‘soluble’ MAO towards these 
substrates (20 and 186 uM, respectively) were dif- 
ferent from those of the MAO bound to the mito- 
chondrial membranes (51 and 532 uM, respectively, 
for the Triton X-100 treated membranes, and 31 and 
265 uM, respectively, for the untreated membranes). 
In view of the differences between the effects of 
Triton X-100 when preincubated with the vesicle 


fractions at 30° and 37°, the effects of temperature 
upon the absorbance of the membrane vesicles was 
investigated. The absorbance at 450nm (Asso) 
decreased considerably as the vesicles were heated 
from 19° to 37°, and this change was not fully reversi- 
ble (Fig. 4). 


DISCUSSION 


Monoamine oxidase is localized predominantly in 
the outer membrane of the mitochondrion [34], and 
the preparation used in these studies produces a 
good yield of the enzyme with only moderate con- 
tamination with matrical, microsomal and lysosomal 
enzymes, and does not appear to produce any alter- 
ation in the properties of the enzyme [29]. 

The alcohols used in this study were all found to 
be MAO-B selective inhibitors. The competitive 
inhibition of the oxidation of B-phenethylamine and 
benzylamine by benzyl alcohol (Figs. 2c and d) is 
consistent with the suggestion of McEwen et al. [25] 
that the alcohols act as substrate analogues, and the 
substrate-dependent inhibition patterns found here 
are similar to those reported for the related com- 
pounds benzyl cyanide and 4-cyanophenol [3]. It has 
been reported that as the chain length of the aliphatic 
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Fig. 3. The effect of Triton X-100 upon the in vitro activity of rat liver MAO. Panel a: Vesicle fractions 
and concentrations of Triton X-100 not preincubated before addition of substrate. Panel b: Vesicle 
fractions incubated with concentrations of Triton X-100 for 30 min at 30°. Panel c: Vesicle fractions 
incubated with concentrations of Triton X-100 for 30 min at 37° before addition of substrate and the 
appropriate concentration of Triton X-100. Each point represents the mean + S.E.R. of triplicate 
determinations of MAO activity in three groups of vesicles, each derived from the livers of two rats 
(body weight 365 + 4 g), expressed as a percentage of the activity in the absence of Triton X-100, plotted 
against the molar concentration of Triton X-100. Substrates used were: 0.25 mM 5-HT (O), 0.25 mM 
tyramine (@), 0.05 mM £-phenethylamine (A) and 0.25 mM 3H-benzylamine (A). 


alcohols is decreased, the potency of the alcohols to 
inhibit MAO activity is decreased, and ethanol and 
methanol produce an activation of MAO [35, 36]. 
The reason for this is unclear, but the decreased 
potency with decreased chain length was also found 
in this investigation (Table 1). 

At the concentrations of benzyl alcohol needed 
to inhibit the oxidation of 5-HT and tyramine, there 
is likely to be considerable membrane lipid disrup- 
tion (see Table 1), and this could contribute to the 
departure of the inhibition from a simple competitive 
pattern. The inhibition by benzyl alcohol is not due 
to trace contamination with benzaldehyde, which 
acts as a product inhibitor of MAO [37] since studies 
with freshly distilled benzaldehyde indicated that at 
least 10 per cent of the benzyl alcohol would have 
had to have been converted to benzaldehyde to 
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produce the observed inhibition. Furthermore, 
preincubation with NAD* and aldehyde dehydro- 
genase was without effect on the observed inhibition 
by benzyl alcohol. 

The four anaesthetics tested were all found to be 
MAO.-A selective inhibitors, with [Cso values for the 
inhibition of the activity of 5-HT lower than the 
concentrations required for local anaesthesia (Table 
1). All the local anaesthetics used were tertiary 
amines, and thus could be acting as substrate ana- 
logues in a similar way to amphetamine [38] and 
mexiletine [39], both of which are MAO-A selective 
inhibitors. The inhibition of 5-HT oxidation by pro- 
caine was competitive and reversible, which would 
support this hypothesis. A competitive inhibition by 
procaine of rat brain kynuramine oxidation has also 
been reported [27]. At the concentration required 
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Fig. 4. Change in the absorbance at 450 nm of rat liver mitochondrial membrane vesicles at different 
temperatures. Samples (3 ml) were placed in a glass cuvette in a heated jacket, and the change in 
absorbance at 450nm recorded as the temperature was altered. The temperature was recorded by 
placing a thermometer in the cuvette. The protein concentration of the vesicles was 1 mg ml~'. Each 
point represents the mean change in A4so. (+ S.E.M.) with respect to the value of the absorbance at: 
a, 19°; b, 36°, for single determinations at each temperature for three groups of vesicles, each derived 
from the livers of two rats (body wt 399 + 13 g). Panel a: Temperature raised from 19° to 37°. Panel 
b: Temperature lowered from 36° to 19°. 


for the inhibition of the oxidation of benzylamine 
and B-phenethylamine by procaine, there must be 
considerable disruption of membrane lipid since the 
concentration of procaine is sufficient to cause 
anaesthesia (Table 1). The competitive inhibition 
found with procaine would suggest that the mem- 
brane lipids do not play a significant role in the 
oxidation of these MAO-B substrates, in agreement 
with previous work [40, 41], although lipid-depletion 
of rat liver mitochondrial membranes by 2-butanone 
extraction has been shown to change the Michaelis 
constants of the MAO-B towards these substrates 
[42]. However, the possibility that the selective 
action results from the local concentrations of these 
compounds in the region of the active centres of the 
enzyme forms due to lipid partition effects [43] can- 
not be ruled out. 

Recently it has been shown that the kinetics of the 
inhibition of human brain B-phenethylamine oxi- 
dation by tricyclic antidepressants such as imipra- 
mine depends upon the oxygen concentration of the 
assay medium, consistent with the suggestion that 
these compounds are acting as dead-end inhibitors 
[44, 45]. This does not appear to be the case for the 
inhibition of rat liver MAO by procaine and benzyl 
alcohol reported here, as the mode of inhibition of 
MAO-A and -B activity by these two compounds 
was not changed when the enzyme activity was 
assayed under an atmosphere of air rather than 
oxygen. 

The non-ionic detergent Triton X-100 appeared 
to inhibit the activity of MAO in a manner dependent 
upon the temperature of the preincubation of deter- 
gent and enzyme (Figs. 3 a-c). The extent of the 
inhibition of the activity towards 5-HT was similar 
with preincubation at either 30° or 37°, but the 


inhibition of the activity towards B-phenethylamine 
and benzylamine was increased greatly by preincu- 
bation at the higher temperature. A possible expla- 
nation for this behaviour is that some of the mem- 
brane lipids have to be ‘melted’ before the detergent 
can gain access to the MAO responsible for the 
oxidation of B-phenethylamine and benzylamine. 
There is a considerable decrease in the absorbance 
at 450 nm of the vesicle fractions as the temperature 
is increased from 19° to 37°, which is only partially 
reversible (Fig. 4). It seems, therefore, that there 
are significant changes in the structure of the vesicle 
membranes between 30° and 37°, which may account 
for the decrease in the selective effects of Triton X- 
100. After preincubation for 30 min at 37°, the ionic 
detergents sodium deoxycholate and SDS inhibit the 
activity of MAO with no discernable substrate- 
selectivity. 

After preincubation of the vesicle fraction with 
Triton X-100 for 30 min at 37°, the inhibition of the 
MAO activity appears to be irreversible, but both 
Vmax and Km values of the remaining activity 
appeared to be altered. This treatment causes some 
solubilization of the enzyme to be found, and the 
soluble and membrane-bound MAO display differ- 
ent kinetic parameters, which may account for these 
changes in K» values. It is possible that either some 
of the lipids that bind tightly to the enzyme are 
essential for activity, and that these are replaced by 
the detergent molecules, or that the binding of the 
Triton X-100 causes an irreversible change in the 
enzyme structure to be found, like that described for 
the interaction between Triton X-100 and (Na*- 
K*)-ATPase [46]. Solubilization of the enzyme with 
larger concentrations of Triton X-100 at lower tem- 
peratures is known to result in changes in the inhib- 





Lipophilic compounds and MAO 


itor sensitivity and kinetic mechanism [10-12], but 
does not lead to complete inhibition of the activity 
of the enzyme towards 5-HT, as might be expected 
from this study. It is quite possible that, at lower 
temperatures, the effect of Triton X-100 is reversible, 
and the ‘melting’ of the membrane components is 
necessary for the inhibition to become irreversible. 
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Abstract—The effect of sonication upon the activity and properties of monoamine oxidase (MAO) was 
investigated. Short bursts of sonication produced a preparation of MAO that did not sediment upon 
centrifugation at 100,000 g for 60min. The properties of the MAO in the high-speed supernatant 
fractions were essentially the same as those found for the enzyme in crude homogenates. However, the 
use of photon correlation spectroscopy to estimate particle size indicated that the MAO in the high- 
speed supernatant fractions was not soluble, but was localized in a particle of size in the range of 250- 


The most commonly used methods for the solubili- 
zation of monoamine oxidase (MAO, monoamine 
O2: oxidoreductase, EC 1.4.3.4) involve treatment 
with the non-ionic detergent Triton X-100 [1], son- 
ication [2] or a combination of both methods [3, 4]. 
However, solubilization by Triton X-100 treatment 
produces an alteration in the reaction pathway fol- 
lowed by MAO as well as changes in the substrate 
and inhibitor specificities of the enzyme [5-7]. Fur- 
thermore, Triton X-100 appears to inhibit MAO 
activity in a temperature-dependent manner [8]. 

In this study, the effect of sonication upon the 
multiple forms of MAO has been investigated. It has 
been reported that sonication of various membrane 
preparations produces a particulate, rather than a 
“soluble” fraction [9-i2, for review see 13], and in 
consequence, the nature of the sonicated preparation 
has been investigated in the present study by use of 
a laser light scattering technique. 


MATERIALS AND METHODS 


Preparation of sonicated fractions. Mitochondrial 
membrane vesicles were made as described in the 
preceding paper [8] from rat liver crude homogenates 
in “sucrose buffer” (0.25 M sucrose, 10 mM potas- 
sium phosphate, pH 7.8). The vesicle fractions were 
set to a protein concentration of 8 mg.m!~', divided 
into 4 ml aliquots, and sonicated for periods of 30 sec 
separated by intervals of 15 sec. The times of soni- 
cation given in the text refer to the net time of 
sonication. For example, a sonication time of 4 min 
refers to 8 periods of sonication for 30sec plus 8 
intervals of 15sec, i.e. a total time of 6min. An 
MSE 150 Watt Ultrasonic Disintegrator operating 
at 20 kHz (nominal) at an amplitude of 8 wm (peak-— 
peak), with an exponential head, was used. Local 





* Present address: Department of Pharmacology, Uni- 
versity of Umea, S-901 87 Umea, Sweden. 


overheating was minimized by the immersion of the 
suspension in an ice—brine mixture. The sonicated 
fractions were centrifuged at 100,000 g for 60 min 
to give pellets (“membranes”) and supernatant frac- 
tions (“high-speed supernatants”). The pellets were 
resuspended in sucrose buffer, and all fractions 
stored frozen until used for assay. Control membrane 
preparations were prepared in the same way, but 
with the sonication step omitted. 

Enzyme assays. MAO was assayed radiochemi- 
cally [14] with [°H]-5-hydroxytryptamine (5-HT), 
[*H]-tyramine, ['*C]-6-phenethylamine and [°H]- 
benzylamine as substrates. When clorgyline was used 
to inhibit the activity of MAO, it was preincubated 
with the enzyme preparation for 20 min before the 
addition of substrate, to allow for the irreversible 
inhibition of MAO-A [15, 16]. 

Succinate dehydrogenase (SDH), fumarase, mal- 
ate dehydrogenase (MDH) and acid phosphatase 
activities were assayed spectrophotometrically by 
standard techniques [17-20]. Protein content of the 
fractions was assayed by the method of Lowry er al. 
[21], with bovine serum albumin as standard. 

Determination of particle size in the high-speed 
supernatants. Particle size in the high-speed super- 
natants was determined by the method of photon 
correlation spectroscopy [22]. Light from “an 
0.6328 um, 5 watt helium—neon laser was scattered 
by a high-speed supernatant fraction within a cuvette 
placed in a water bath at 30°. The scattered light was 
observed at an angle of 90° by a photomultiplier 
(PM) tube. The PM signal was electronically shaped 
into discrete pulses and assayed by a Malvern K7023 
Digital Autocorrelator. Analysis of the rate of decay 
of the measured correlation function gave the z- 
averaged diameter for monodispersed particles of 
spherical shape. The validity of this method was 
verified by the use of Dow latex particles of known 
size [see 22]. 

Materials. The radioactive substrates for MAO, 
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5-hydroxytryptamine-[G-*H]-creatinine sulphate 
and tyramine-[side chain-1,2-*H]-hydrochioride 
were obtained from the Radiochemical Centre, 
Amersham, U.K. 6-Phenethylamine-[ethyl-1-'*C]- 
hydrochloride was obtained from New England 
Nuclear GMBH, Dreieichenchain, Germany. Ben- 
zylamine-[ring-3-°H]-hydrochloride was a custom 
synthesis by the Radiochemical Centre, Amersham, 
U.K. Clorgyline hydrochloride was a gift from May 
& Baker Ltd., Dagenham, U.K. All other reagents 
were of analytical grade wherever possible. Male 
Wistar rats were obtained from A. J. Tuck and Son, 
Rayleigh, U.K. 


RESULTS 


The yields of the total protein, the outer mem- 
brane marker enzyme MAO, the inner membrane 
marker SDH, and the mitochondrial membrane con- 
taminants fumarase, MDH and acid phosphatase 
(marker enzymes for the mitochondrial matrix and 
lysosomes) after different periods of sonication are 
shown in Table 1. With each time of sonication, 
about 45 per cent of the MAO activity and the 
protein content was found in the high-speed super- 
natant fractions, the remainder being associated with 
the membrane fractions. There was a considerable 
inhibition of SDH activity, and little or no activity 
was recovered in the high-speed supernatant frac- 
tions. The contaminants fumarase, MDH and acid 
phosphatase were also released into the high- 
speed supernatants by the sonication process. Pre- 
liminary experiments indicated that sonication for 


periods of as little as 30sec produced a consider- 
able release of enzyme activities into the high-speed 
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supernatant. The release was unchanged if the 
mitochondria were frozen and thawed prior to son- 
ication for a net time of 4 min. In all subsequent 
experiments reported in this study, a net time of 
sonication of 4min was used. 

The substrate-specificity of MAO in the high- 
speed supernatant fractions after 4 min of sonication 
appeared to be the same as that found for the crude 
homogenates (Table 2). The sensitivity of the MAO 
to inhibition by Tris-HCl buffer, and the ratio of 
MAO activities assayed under an atmosphere of 
oxygen: atmosphere of air (“oxygen ratio”) were not 
changed by the sonication procedure (Table 2), 
although the sensitivity to Tris-HCI and the oxygen 
ratio value depended upon the amine substrate used 
to assay for MAO activity, as reported previously 
[23, 24]. With two preparations, mean K» values of 
the MAO (assayed under an atmosphere of oxygen) 
towards tyramine of 159 and 235 «4M were found for 
the crude homogenate and high-speed supernatant 
fractions, respectively. The mean Vmax values for 
these two fractions were 5.01 and 26.47 nmole (of 
tyramine metabolized). (mg _ protein)~'.min™', 
respectively. The biphasic curves of inhibition of the 
deamination of tyramine by clorgyline in these two 
fractions were the same (Fig. 1). 

Preliminary experiments indicated that the MAO 
in the high-speed supernatant fractions did not 
migrate when subjected to gel electrophoresis (5%. 
acrylamide monomer, containing 5% w/w methyl- 
ene-bis-acrylamide, chemically polymerized with 
tetraethyl methylene diamine and ammonium per- 
sulphate). When the material was loaded on to a 
Biogel A-50 column and eluted with sucrose buffer, 
the MAO activity was recovered in the void volume. 


Table 1. The effect of various periods of sonication upon the yields of some marker enzymes of 
rat liver* 





Protein MAO 


Yield (%) 
Acid 
phosphatase 


Fumarase MDH 





No sonication 
High-speed S/N 
Membranes 

4 min sonication 
High-speed S/N 
Membranes 

10 min sonication 
High-speed S/N 


Membranes 44.1 


20 min sonication 
High-speed S/N 5.8 
Membranes » 5 


3.4 


35.3 
45.0 


32.4 
56.1 





* Mitochondrial membrane vesicles derived from a pool of livers from 6 rats (body weight 
392 + 18 g) were sonicated for 0, 4, 10 and 20 min (net) and then centrifuged at 100,000 g for 60 min 
to yield a high-speed supernatant fraction (“high-speed S/N”) and a pellet, which was resuspended 
in sucrose buffer (“membranes”). The yields of the marker enzymes in the vesicle fractions were: 
protein, 9.6 per cent; MAO (tyramine), 36.6 per cent; SDH, 39.4 per cent; fumarase, 11.0 per 
cent; MDH, 8.8 per cent; acid phosphatase, 15.0 per cent, with respect to the total activity in the 
respective crude homogenate. All values shown in the table are yields, calculated as the total 
activity in each fraction as a percentage of the total activity in the combined high-speed S/N and 
membrane fractions of the unsonicated vesicle fraction. All assays were performed in triplicate. 


The substrate for MAO was tyramine (0.25 mM). 
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Table 2. Properties of MAO in crude homogenates and high-speed supernatant fractions (high- 
speed S/N) of rat liver* 





5-HT 
(0.25 mM) 


Tyramine 
(0.25 mM) 


Substrate for MAO 
B-Phenethylamine 
(0.05 mM) 


Benzylamine 
(0.25 mM) 





Yield 
Crude homogenate 100 
High-speed S/N sae Sh27 


Oxygen ratio 
Crude homogenate 
High-speed S/N 
Tris sensitivity (%) 
Crude homogenate 
High-speed S/N 


1.18 + 0.06 
1.29 + 0.07 


39.9 + 3.0 
38.5 + 4.7 


1.47 + 0.04 
1.51 + 0.06 


100 100 
348 £13.33 5.63 + 1.39 


1.78 + 0.05 
1.78 + 0.12 


86.8 + 4.4 





* The net time of sonication was 4 min. Yields were calculated as the total activity in the high- 
speed S/N fractions as a percentage of the total activity in the respective crude homogenate 
fractions. “Oxygen ratios” were calculated as the activity of MAO assayed under an atmosphere 
of oxygen/activity in air. “Tris sensitivities” were calculated from the activity of MAO in the 
presence of 20 mM Tris-HCl, expressed as a percentage of the activity in the absence of Tris. All 
results are expressed in terms of means + S.E.R. from triplicate determinations of activities in 
three groups of fractions, each derived from the livers of six rats (mean body weight 363 g). 


On two preparations of high-speed supernatants, 
each derived from the livers of six rats, the particle 
sizes were determined. The results were: 

lst experiment (high-speed supernatant in 0.25 M 
sucrose, no phosphate)—mean size of particles 
660 + 130 A (half width of the gaussian distribution) 
calculated from 5 determinations of particle size; 


So 


MAO activity remaining, 


Ll i 
5x10? 5x10” 


[Clorgyline], M 








5xio* 


Fig. 1. The effect of clorgyline on the in vitro deamination 
of 0.25 mM tyramine by crude homogenates (@) and son- 
icated high-speed supernatant fractions (O) of rat liver. 
The high-speed supernatant fractions were obtained by 
sonication of mitochondrial membrane vesicle fractions for 
4min (net) followed by centrifugation at 100,000 g for 
60 min. Each point represents the mean + S.E.R. of tri- 
plicate determinations of activity in three groups of frac- 
tions, each derived from the livers of six rats (mean body 
weight 363 g), expressed as a percentage of the activity in 
the absence of clorgyline, plotted against the molar con- 
centration of clorgyline. 


2nd experiment (high-speed supernatant in 0.25 
M sucrose, 10 mM phosphate, pH 7.8)—mean size 
of particles 277 + 108 A (half width of the gaussian 
distribution) calculated from 6 determinations of 
particle size. 


DISCUSSION 


Short bursts of sonication were found to be effec- 
tive for the production of a preparation of MAO 
that did not sediment upon centrifugation at 100,000 
g for 60 min. Both membrane integral proteins and 
contaminants were released to roughly the same 
extent by sonication, with the exception of SDH 
activity (Table 1), which was inhibited, in agreement 
with a previous study [25]. The MAO in the high- 
speed supernatant fractions had similar properties 
to the MAO in the corresponding crude homogen- 
ates, with respect to substrate specificity, sensitivity 
to inhibition by Tris-HCI and “oxygen ratio” (Table 
2). The Kmof the MAO in the two fractions towards 
tyramine were similar, as were their responses to 
inhibition by clorgyline (Fig. 1). Thus it would seem 
that, unlike treatment with Triton X-100, sonication 
is without effect on the kinetic properties of MAO. 

Although the MAO does not appear to sediment 
upon centrifugation at 100,000 g for 60min, the 
MAO in the high-speed supernatant fractions 
appears to be particulate in nature, as it does not 
migrate upon gel electrophoresis under conditions 
where MAO solubilized by a combination of soni- 
cation and Triton X-100 does migrate [26], and is 
eluted in the void volume of a Biogel A-50 column, 
indicating that the MAO is attached to a particle of 
size at least 50 million daltons. Sonication has been 
reported to produce preparations that do not sedi- 
ment upon centrifugation at 100,000 g for 60 min, 
but are still particulate in nature [9, 10]. These par- 
ticles have been studied under the electron micro- 
scope, and their diameters estimated as 50-200 A 
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for sonicated rat liver mitochondria [11], and 100- 
600 A for sonicated erythrocytes [12]. In this inves- 
tigation, the particles produced by sonication of rat 
liver vesicles are in the range of 250-660 A, although 
this size probably represents the hydrated size of the 
particles, whereas the sizes estimated by electron 
microscopy are not hydrated sizes. These diameters 
are the same order of magnitude as found for phos- 
phatidylcholine micelles, which had diameters of 
about 250 A [27]. It is possible that the particle sizes 
determined in this study could be due to a single 
large disaggregated protein, or some sort of mixed 
“micelle” containing no MAO activity. Both possi- 
bilities are unlikely, as the MAO was eluted off the 
Biogel A-50 column with an estimated size greater 
than 50 million daltons (which would be detected by 
the laser scattering technique). As the molecular 
weight of purified rat liver MAO is in the range 
150,000-380,000 daltons [28-31], thought to be com- 
posed of subunits of size approximately 60,000 dal- 
tons [32-34], it would seem that the laser light scat- 
tering technique is detecting a mixed “micelle”, with 
MAO as one of its constituents. Thus it would seem 
reasonable to suggest that the effect of short bursts 
of sonication is to dissociate the membrane constitu- 
ents, which then reaggregate to form mixed 
“micelles”. 
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N-Deacetylase activity in subcellular fractions of mouse liver 


(Received 11 January 1979; accepted 13 November 1979) 


It is generally known that various aromatic amines and 
drugs are metabolized via acetylation [1, 2]. Conversely, 
deacetylations are commonly observed with aromatic 
arylacetamides and drugs. A mammalian liver N- 
deacetylase enzyme has been studied in mouse, rat, ham- 
ster, guinea pig and dog [3-6]. This enzyme is responsible 
for N-deacetylation of various aromatic arylacetamides 
such as 4-acetylaminobiphenyl, 2-acetylaminofluorene and 
2-acetylaminonaphthalene, and drugs such as acetanilide 
and phenacetin [6-8]. It was reported that the N-deace- 
tylase enzyme activity is present mostly in the microsomal 
fraction of liver from various animal species. However, 
quantitative data on relative N-deacetylase enzyme activity 
in various subcellular fractions of mouse liver, when the 
monoarylacetamide or the diarylacetamide are substrates, 
are still lacking. This communication presents the results 
of studies on the intracellular distribution of N-deacetylase 
enzyme activity in mouse liver in vitro, using 2-acetylam- 
inofluorene and 2,4-diacetylaminotoluene as substrates. 
Female Swiss albino mice (30-35 g), obtained from the 
Animal Production Center, Faculty of Science, Mahidol 
University, Bangkok, Thailand, were used. The animals 
were housed in groups of five in aluminum tubs and main- 
tained on a 12-hr (6:00 a.m. to 6:00 p.m.) light schedule 
at 25°. Water and rat chow (Gold Coin Ltd., Singapore) 
were provided ad lib. Prior to the start of the experiments, 
there were fasted overnight with water ad lib. 
2,4-Toluenediamine was purchased from the Aldrich 
Chemical Co., Milwaukee, WI, and purified before use. 
4-Acetylamino-2-aminotoluene, 2-acetylamino-4-amino- 
toluene and 2,4-diacetylaminotoluene were prepared in this 


laboratory [9]. 2-Acetylaminofluorene was purchased from 
the Sigma Chemical Co., St. Louis, MO. 2-Aminofluorene 
was obtained from Dr. Elizabeth K. Weisburger, Carcin- 
ogen Metabolism and Toxicology Branch, National Cancer 
Institute, Bethesda, MD. All other chemicals were reagent 
grade. 

Liver subcellular fractions were prepared from female 
Swiss albino mice according to the modified methods of 
Jarvinen et al. [5] and Lower and Bryan [6]. The incubation 
mixture contained 0.5 umole of substrate (2-acetylami- 
nofluorene or 2,4-diacetylaminotoluene) dissolved in 0.5 
ml of 50% methanol, 1.0 umole Tris-HCI buffer (pH 7.0 
for 2,4-diacetylaminotoluene and pH 7.4 for 2-acetylami- 
nofluorene at 37°), and tissue preparation equivalent to 50 
mg wet wt of liver. After incubation of the mixture at 37° 
for 30 min, or longer in certain instances, the reaction was 
terminated by the addition of 2.0 ml of a solution of p- 
dimethylaminobenzaldehyde (500 mg in 50 ml ethanol 
diluted with 50 ml of 1 M acetate-HCl buffer at pH 1.4). 
The terminated incubation mixtures were centrifuged at 
15,000 g for 10 min in a Sorvall RC2-B centrifuge at ambient 
temperature and allowed to sit for an additional 20 min. 
The optical densities of the supernatant fractions were read 
at 455 nm. The amount of protein in the subcellular frac- 
tions was determined by the method of Lowry et al. [10]. 
Enzyme activity was estimated by quantitating the amount 
of arylamine generated in the incubated mixtures. The 
products were chromatographed by thin-layer chroma- 
tography (t.l.c.). 

The products of N-deacetylation of 2-acetylaminoflu- 
orene and 2,4-diacetylaminotoluene were identified on 


Table 1. N-Deacetylation of 2-acetylaminofluorene (2AAF) and 2,4-diacetylaminotoluene (2,4DA) by subcellular 
fractions of mouse liver 





Enzymatic activity* 





2-Aminofluorene (nmoles) 


2-Acetylamino-4-aminotoluene (nmoles) 





Per 50 mg wet wt liver 
in 30 min 


Liver subcellular 
fraction 


Per mg protein 


Per 50 mg wet wt liver 
in 30 min 


Per mg protein 
in 60 min 





83.4 + 3.2 
71.5 + 4.9 

96+ 0.6 

7.8+0.5 
37.4+2.4 
68.6 + 3.5 
40,7 =1.5 
38.0 + 2.0 


Whole homogenate 
Supernatant (10,000 g) 
Nuclei and mitochondria 
Cytosol 

Microsomes (105,000 g) 
Cytosol + microsomes 

Boiled cytosolt + microsomes 
Cofactorst + microsomes 


102.4 + 7.0 
97.7+5.9 
0 
97.4+7.8 
6.3213 





* Enzyme was assayed using 2AAF and 2,4DA as substrates as described in the text. The enzyme activity was 
determined in terms of nmoles of 2-aminofluorene (2AF) and 2-acetylamino-4-aminotoluene (2MA) per 50 mg wet wt 
of liver formed in 30 min. All results are presented as means + S.E. Each value is based upon four to eight determinations. 


+ Cytosol was boiled for 10 min. 


+ Cofactor premix consisted of 0.02 uzmoles NADP, 0.25 moles G-6-P, 0.25 wzmoles MgCl, and 0.03 Sigma units G- 


6-PDH. 
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Fig. 1. N-Deacetylase enzyme activity of mouse liver cytosol 
and microsomes incubated with various concentrations of 
substrates. The enzyme activity was determined in terms 
of nmoles of 2-aminofluorene (2AF) and 2-acetylamino-4- 
aminotoluene (2MA) per 50 mg wet wt of liver in 30 min. 
The data are presented as mean values of the pooled 
samples from four animals. Abbreviations: 2AAF = 2-ace- 
tylaminofluorene, and 2,4DA = 2,4-diacetylaminotoluene. 


t.l.c. Under u.v. light, an ethyl acetate extract showed only 
one major spot which had an R; value corresponding with 
that of 2-aminofluorene or 2-acetylamino-4-aminotoluene. 

The subcellular distribution of N-deacetylase enzyme 
activity, when 2-acetylaminofluorene and 2,4-diacetylam- 
inotoluene were substrates, is summarized in Table 1. With 
2-acetylaminofluorene as substrate, most of the N-deace- 
tylase activity was in the supernatant fraction. After further 
separation of the supernatant fraction, N-deacetylase com- 
bined activity in the cytosol and microsomes, when assayed 
separately, was only 63.2 per cent of the supernatant frac- 
tion. However, after recombination of the cytosol and 
microsomes, there was an increase in the N-deacetylase 
activity to the value of the supernatant fraction, whereas 
recombination of the boiled cytosol and microsomes caused 
no significant change (P > 0.05) in N-deacetylase activity 
from the value in microsomes. Microsomal N-deacetylase 
enzyme activity assayed in the presence of cofactors was 
not changed. 

N-Deacetylase enzyme activity with 2,4-diacetylamino- 
toluene as substrate was somewhat different from the 
activity with 2-acetylaminofluorene. N-Deacetylase enzyme 
activity in whole homogenate was higher (19.0 per cent) 
when 2,4-diacetylaminotoluene was used as a substrate; 
most of the enzyme activity was localized in the supernatant 
fraction as well as the cytosol. Microsomes had a small 
amount of N-deacetylase enzyme activity (6.5 per cent). 
2-Acetylamino-4-aminotoluene production by N-acetylase 
in the microsomes to incubation time up to 50 min, whereas 
2-aminofluorene production by N-deacetylase in the cytosol 
was gradually increased with a longer incubation time. 
Accordingly, it was found that 2-acetylamino-4-amino- 
toluene was a major product of 2,4-diacetylaminotoluene, 
though the incubation time was continued for 60 min at 
pH 7.0 and for 30 min at pH 4.0 to 9.0. The effect of pH 
on the N-deacetylase enzyme activity in the cytosol and 
microsomes was also observed. The optimum pH for N- 
deacetylase enzyme activity in the microsomes was 7.4 and 
the activity decreased sharply to about 95 or 20 per cent 
at pH 9.0 and 4.0, respectively; the optimum pH for N- 
deacetylase in the cytosol was 7.0 with a gradual decrease 
of the enzyme activity to approximately 90 or 75 per cent 
at higher or lower pH values, respectively. 


16 
5 
2 AAF and 24 DAx10 M 


1 

{S] 
Fig. 2. Lineweaver-Burk plots for N-deacetylation of 2- 
acetylaminofluorene and 2,4-diacetylaminotoluene by 
mouse liver cytosol and microsomes. The enzyme activity 
was determined in terms of nmoles of 2-aminofluorene 
(2AF) and 2-acetylamino-4-aminotoluene (2MA) per 50 
mg wet wt of liver in 30 min. The data are presented as 
mean values of the pooled samples from four animals; 1/V 
represents activity in nmoles per 50 mg wet wt of liver per 
min. Abbreviations: 2AAF = 2-acetylaminofluorene, and 

2,4DA = 2,4-diacetylaminotoluene. 


In Figs. 1 and 2, N-deacetylase enzyme in the cytosol 
and microsomes was incubated with various concentrations 
of 2-acetylaminofluorene and 2,4-diacetylaminotoluene, 
and the relationships between reaction velocity and sub- 
strate concentrations were plotted by the method of Linew- 
eaver and Burk [11]. N-Deacetylase enzyme in the micro- 
somes was inhibited by a substrate of 2-acetylaminofluorene 
at concentrations higher than 2.0 x 10-*M. N-Deacetylase 
enzyme in the microsomes was found to have an apparent 
Km (0.8 x 10°°M) for 2-acetylaminofluorene lower than 
that of the N-deacetylase enzyme in the cytosol for 2,4- 
diacetylaminotoluene (K,,, of 4.9 x 10~°M). 

2-Acetylaminofluorene was mostly N-deacetylated by 
mouse liver microsomes to 2-aminofluorene. This micro- 
somal N-deacetylase enzyme did not require cofactors. In 
addition, higher concentrations of the cofactors inhibited 
the N-deacetylase enzyme activity (unpublished data). 
These results are similar to those in a previous report in 
which dog and rodent microsomal N-deacetylase enzyme 
did not require cofactors [6]. However, N-deacetylase 
enzyme activity was increased to the value in the super- 
natant fraction when the cytosol was added to the micro- 
somes, but no change in activity was observed with boiled 
cytosol. These findings indicate that there may be a cofactor 
present in the cytosol that is required for the greater activity 
of this microsomal N-deacetylase enzyme. In view of the 
thermolability of the cofactor, it may be a peptide. How- 
ever, identification of this cofactor requires further 
investigation. 

2-Acetylamino-4-aminotoluene was a major product 
formed by N-deacetylation of 2,4-diacetylaminotoluene in 
mouse liver cytosol. These results indicate that the 2,4- 
diacety!aminotoluene in N-deacetylated to a greater extent 
at the p-position than at the o-position. Conversely, it was 
reported recently that mouse liver cytosol could also N- 
acetylate 2,4-diaminotoluene to a greater extent at the p- 
position than at the o-position [12]. However, other prod- 
ucts, such as 4-acetylamino-2-aminotoluene and 2,4-dia- 
minotoluene, were probably formed in vitro to such a small 
extent that they could not be detected by thin-layer 
chromatography. 
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In the present experiment, 2-acetylaminofluorene was 
N-deacetylated primarily by mouse liver microsomes, 
whereas 2,4-diacetylaminotoluene was N-deacetylated pri- 
marily by mouse liver cytosol. These finding suggest that 
mouse liver has at least two N-deacetylase enzyme systems, 
a microsomal N-deacetylase enzyme which is more specific 
for the monoarylacetamide and a cytosol N-deacetylase 
enzyme which is more specific for the diarylacetamide. 
Furthermore, formation of the products was directly pro- 
portional to the incubation times up to 60 min only for 2,4- 
diacetylaminotoluene. The effect of pH on N-deacetylase 
activity was greater for 2-acetylaminofluorene. In addition, 
the Km of N-deacetylase enzyme for 2-acety!aminofluorene 
(0.8 x 10-°M) was lower than that for 2,4-diacetylamino- 
toluene. These results, therefore, support the possible con- 
clusion that there are two separate N-deacetylase enzyme 
systems in mouse liver. 
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Induction of the hepatic cytochrome P-450-dependent mono-oxygenase system in 
young and geriatric rats 


(Received 13 September 1979; accepted 29 October 1979) 


It has long been recognized that aging is associated with 
alterations in pharmacological variables which may be 
responsible for changes in the susceptibility to toxic effects 
of xenobiotics in senescent animals [1-3]. Investigations of 
drug metabolism in vivo have demonstrated that metabolic 
efficiency of rodents declines with advancing age [4-6]. 
Moreover, an age-related decline in metabolic activities 
has been observed in in vitro studies of the metabolism of 
a number of xenobiotics in hepatic microsomal preparations 
from rats of increasing age [7-9]. This decrease in activity 
has been shown to parallel the apparent decrease in the 
levels of components of the hepatic cytochrome P-450- 
dependent mixed function oxygenase (MFO) enzyme sys- 
tem [10]. Indeed, the decrease in drug-metabolizing activity 
in geriatric animals has been attributed specifically to an 
age-related loss of hepatic microsomal NADPH-cyto- 
chrome c reductase activity [6]. In contrast, Birnbaum and 
Baird [11] have reported no differences in NADPH-cyto- 
chrome c reductase activity in young and old rats. 

The activities and components of the hepatic MFO 
enzyme system are sensitive to a wide variety of agents, 
being induced by a number of chemicals (typically the 
barbiturates and polycyclic hydrocarbons). However, 
controversy exists in the literature with regard to the 
inducibility of this enzyme system in senescent rats. Kato 
and Takanaka [10] showed that phenobarbital-induced 
elevation of MFO activities was markedly higher in young 


rats than in senescent rats. Recent reports, however, dem- 
onstrated no such age-related differences in the sensitivity 
of the functional components of the hepatic microsomal 
drug-metabolizing enzyme system following either phen- 
obarbital or 3-methylcholanthrene treatment [6, 11]. 

The hepatic MFO enzyme system is a major determinant 
of toxicity of drugs and environmental agents. It is impor- 
tant, therefore, to define clearly any age-related differences 
in the responses of this enzyme system to xenobiotics, since 
such age-related differences may be a determining factor 
in the altered susceptibility to toxic effects of foreign chem- 
icals in senescence. 

In this paper, the effects of phenobarbital (PB) and p- 
naphthoflavone (BNF) on the induction of the hepatic 
MFO enzyme system were examined in both young adult 
and geriatric rats. BNF is a non-carcinogenic inducer which 
has inductive properties similar to 3-methylcholanthrene 
[12]. 

Male Fischer 344 rats (young adults, 10 weeks; geriatrics, 
100 weeks) were housed in the same environmentally con- 
trolled animal room (20°, 50% humidity and 12-hr light 
cycles) and maintained ad lib. on Purina Laboratory Chow 
and tap water. The animals were treated for 4 consecutive 
days with daily i.p. doses of either PB (80 mg/kg) in 0.9% 
(w/v) saline (1 ml/kg) or BNF (80 mg/kg) in corn oil 
(10 ml/kg), and appropriate controls were treated in par- 
allel. The animals were starved for 24hr prior to being 
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killed by cervical dislocation 24 hr after the last injection; 
the livers were excised and microsomes prepared [13]. The 
washed microsomal fractions were suspended in 0.25M 
sucrose, 1mM EDTA and 100 mM Tris-HCl! buffer, pH 
7.4 (microsomal protein 1-2 mg/ml). Microsomal N- 
demethylation of benzphetamine was determined in an 
assay system containing 250 wmoles Tris-HCl buffer (pH 
7.4), 30 umoles semicarbazide, 7.5 zmoles glucose-6-phos- 
phate; 12.5 umoles MgClz, 1.9 units glucose-6-phosphate 
dehydrogenase, 12.5 umoles benzphetamine, 1.5-2.0 mg 
microsomal protein and 1.15 nmoles NADPH in a final 
volume of 2.5 ml. The mixture was incubated at 37° for 
15 min. The amount of formaldehyde formed was deter- 
mined by the method of Nash [14] as modified by Cochin 
and Axelrod [15]. 7-Ethoxycoumarin O-deethylation was 
measured in a reaction mixture containing cofactors as 
described above, omitting the semicarbazide and replacing 
the Tris with 625 wmoles of Hepes* buffer, pH 7.4. The 
reaction mixture also contained 0.5 umole of 7-ethoxycou- 
marin and 20-30 yg of microsomal protein in a final volume 
of 2.5 ml. The mixture was incubated at 37° for 5 min, and 
the products were measured by the method of Aitio [16]. 
Cytochrome P-450 was determined by the method of 
Omura and Sato [17] and NADPH-cytochrome c reductase 
was measured by the method of Masters et al. [18]. Protein 
was measured by a modification of the Coomassie blue 
binding method [19] using bovine serum albumin as stan- 
dard, and all assays were performed on freshly prepared 
microsomes. 

The results shown in Table 1 demonstrate that in control 
animals there was an age-related decline in the levels and 
activities of the hepatic microsomal MFO enzyme system. 
Thus, in control geriatric rats, all five variables which were 
assayed were significantly (P < 0.01) lower, by about 30 
per cent, and this is in agreement with the observations of 
Kato and Takanaka [10]. Baird et al. [6], on the other 
hand, reported that there was no decrease in cytochrome 
P-450 levels associated with aging, but an age-related 
decrease in microsomal NADPH cytochrome c reductase 
activity was observed and these authors concluded that this 
was responsible for the decrease in the in vitro rates of 
drug-metabolizing activities in microsomal preparations 
from senescent rats. The same laboratory, however, 
reported that there was no such difference in NADPH- 
cytochrome c reductase activity between 13-week-old and 
130-week-old rats [11], although age-related decreases in 
P-450 levels, benzphetamine N-demethylase, and other P- 
450 mediated activities were observed. 

Using doses of enzyme inducers which gave maximal 
stimulation of MFO activity, no toxicity effects were 
observed in treated animals with the exception of senescent 
rats treated with PB. These animals were heavily sedated 
throughout the treatment, and a few failed to survive the 
treatment period. However, characteristic inductive effects 
of barbiturates (PB) and polycyclic hydrocarbons (BNP) 
were observed in both young and surviving old rats. The 
characteristic hypsochromic shift of the Soret peak of the 
reduced hemoprotein-CO complex to 448nm [12] was 
observed in microsomes prepared from both old and young 
rats treated with BNF. By comparison, in microsomes from 
both young and old control and PB-treated animals, the 
Soret peak was at 450 nm. The distinctive differential effects 
of the two inducers [22-24] were further demonstrated, in 
that PB and BNF preferentially induced microsomal benz- 
phetamine N-demethylation and O-deethylation of 7- 
ethoxycoumarin, respectively, in both young and geriatric 
rats. Moreover, benzphetamine N-demethylation was sig- 
nificantly (P < 0.01) lower in BNF-treated rats. The char- 
acteristic induction of cytochrome c reductase activity by 
PB treatment in young animals [22] was also observed in 





* Hepes = 4-(2  hydroxyethyl)-1-piperazine-ethanesul- 
phonic acid. 
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the old. On the other hand, a significant (P < 0.01) decrease 
with respect to this activity was observed in the young but 
not in the old animals following BNF treatment. In addi- 
tion, both inducers significantly (P<0.01) increased 
hepatic cytochrome P-450 levels [12,22] of both old and 
young animals, although only PB treatment increased the 
microsomal protein concentration of the liver. 

Following PB induction of young and old rats, there 
were no significant quantitative differences in the capa- 
bilities of their hepatic MFO enzyme system. Thus, similar 
microsomal protein and cytochrome P-450 contents and 
NADPH-cytochrome c reductase and benzphetamine N- 
demethylase activities were observed. However, the age- 
related differences in 7-ethoxycoumarin O-deethylation 
observed in control animals persisted following PB induc- 
tion. This microsomal activity, although induced slightly 
by PB, responds preferentially to induction by polycyclic 
hydrocarbons [23,24]. Similarly, benzphetamine N- 
demethylase activity, which is preferentially induced by PB 
[20], retained significant (P < 0.01) age-related differences 
following BNF treatment. No significant quantitative dif- 
ferences in other variables of the microsomal enzyme sys- 
tem assayed were observed between old and young BNF- 
induced rats. 

These results demonstrate that the livers of old and 
young rats respond to exogenous inducers in a similar 
manner. Furthermore, the inducibility of hepatic enzyme 
is apparently unimpaired on aging. Indeed, in many inci- 
dences the degree of response to these two chemicals is 
apparently greater in senescent rats, since the basal activ- 
ities in control animals were significantly (P < 0.01) higher 
in young rats than in old rats, yet no significant differences 
were observed in old and young induced animals. These 
results are contrary to previous observations which dem- 
onstrated that the inducibility of the hepatic MFO system 
to PB was impaired progressively with aging and no sig- 
nificant induction was observed in 86-week-old rats [1]. 
However, other investigators reported that there was no 
such impairment with age in response to PB [9], 3-methyl- 
cholanthrene or pregnenolene-16a-carbonitrile [11]. 

Our observations, illustrated by the five variables 
assayed, demonstrate that senescence is associated with a 
decline in the activities of the hepatic MFO enzyme system. 
This age-related difference, however, is eliminated follow- 
ing maximal induction by either PB or BNF and indicates 
that the optimal inducibility of the hepatic MFO enzyme 
system is unaltered by aging. This similar response capacity 
of the hepatic MFO enzyme system in young and sensecent 
rats suggests that aging is not associated with a loss in the 
capacity of the system to respond to inducers; MFO dif- 
ferences observed may reflect an age-dependent alteration 
in homeostatic factors responsible for regulating basal 
enzyme activities. Thus, the age-related decline in the 
activities of the hepatic MFO enzyme system may, in part, 
be responsible for the reported difference between young 
and old animals in their toxicological and pharmacological 
responses to xenobiotics. However, it is possible that age- 
dependent alterations in factors controlling the physio- 
logical disposition of xenobiotics may be more important 
in the altered susceptibility of senescent animals to toxic 
effects of foreign chemicals. 
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IDENTIFICATION WITH POTASSIUM AND VANADATE 
OF TWO CLASSES OF SPECIFIC OUABAIN BINDING SITES 


INA (Na* + K*) ATPase PREPARATION FROM THE GUINEA-PIG HEART 
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Laboratoire de Pharmacodynamie Générale et de Pharmacologie 
Avenue E. Mounier, 73-U.C.L. 7350 - B-1200 Bruxelles (Belgium) 


(Recetved 4 January 1980) 


We have recently reported that the specific binding of [7H Jouabain to human 
heart (Na* - K") ATPase occurred on high and low affinity binding sites. The disso- 


ciation constant (K_) of [3H Jouabain low affinity binding sites was close to ouabain 


D 
K,, an indication that these sites are involved in the inhibition of this enzyme by 


the glycoside. In guinea-pig heart microsomes, only one group of (7HJouabain bin- 


ding sites were identified and the Kp of these sites was close to ouabain K; (1). In 
intact guinea-pig heart, it was previously shown that (3H Jouabain interacts with two 
groups of specific binding sites and that the proportion of the high affinity sites 
is increased by increasing extracellular K* (2,3) « 

We have now designed experiments in order to examine the binding of (3H Jouabain 


+ 


: , ‘ : , + 
to guinea-pig heart microsomes incubated with Mg? , ATP and Na in the presence of 


, : + 

.. In order to inhibit the hydrolysis of ATP resulting from the activation of (Na 
+ , oe + + 

+ K )ATPase,vanadate -which also increases the affinity of (Na + K )ATPase for K 


(4) -has bcen added to the incubation medium. 


The results show the existence of (3H Jouabain high affinity sites in guinea-pig 


heart microsomes treated by vanadate and potassium. 
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METHODS 

Guinea-pig heart (Na* + K*) ATPase has been prepared from NaI-and deoxycholate- 
treated homogenates (5). Enzyme assays were carried out as described previously,and 
the released inorganic phosphate was measured by the Fiske and Subbarow method (5). 
The specific activity was 0.5 enzyme unit/mg protein. (One (Na* + K*) ATPase unit al- 
lows. the release of 1 umol inorganic phosphate per min). (Na* + K*) stimulated ATP 
hydrolysis increased linearly with incubation time, at least up to 240 min. 

(7H JOuabain binding was determined by a filtration technique described elsewhere 
(1). To prevent changes in ATP concentration in some experiments, creatine phospha- 
te and creatine phosphokinase were added to the incubation medium. Reaction of crea- 
tine phosphate with the released ADP regenerates ATP (6). To prevent any effect of 
the released inorganic phosphate (Ps), excess of P, was also added to the incubation 
medium. 

Ammonium metavanadate (VO3) was obtained from Merck and dissolved in 0.03 N NH 


3 


at a final concentration of 107M. 


RESULTS 
+ + ; : 
The inhibition ot guinea-pig heart (Na + K )ATPase by various concentrations 


of vo, has been studied. vo, Ico was equal to 2 uM and the maximum inhibition was 


reached with 100 uM vo... In a first experiment, 0.01 uM (7H Jouabain binding has been 


‘. . . oe + : we 
measured after 15 min incubation in a medium containing 3 mM Mg? and various vO, 


concentrations. Half-maximal and maximal binding were observed at respectively 0.4 
uM and 10 uM; higher concentrations of vo; were less efficient. 


vO ,-supported [7H Jouabain binding has been compared to the binding supported hy 


: ” . + + . P + 
other ligands with respect to the influence ot Na andkK . As shown in Table I, Na 


depressed the binding facilitated by both Ps and vo. in the absence of ATP, whereas 


it enhanced the binding when ATP was present. On the other hand, K inhibited in 
all the conditions so far examined. 
The binding of 3H Jouabain has been measured after an incubation of 2 hours in 
2+ 


- + P 
the presence ot Mg , Na Pio ATP and VO., with or without K . The concentration 


of ATP was maintained at 3 mM with a regenerating system. The concentration of [7H] 
ouabain was varied from 107 2M to 107>M. 

When the binding of (7H Jouabain was measured in the absence of K* , the Scatchard 
plot was linear indicating the existence of one class of binding sites with Kp equal 


to 0.13 uM (Fig. 1, left panel). When the binding of (7H ]ouabain was measured in 


the presence of 10 mM KT (Fig. 1, right panel), the Scatchard plot was upward-con- 


cave, suggesting the existence of two classes of binding sites. The maximum (7H) 


ouabain binding capacity was not altered. There was a reduction ot the aftinity for 
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TABLE I : Influence of monovalent cations on specific [*nlousbein binding. The enzyme (0.08 mg/ml) 
was incubated for 15 min at 37°C in the presence of | mM EGTA, 20 mM Tris/maleate (pH 7.4), 0.01 uM 
[7HJouabain and, following the indications, 3 mM “". 3 mM ATP, 3 mM Ps, 0.01 mM VO, ,with or without 
100 mM Na’ or 10 m™K. 





pmol [*ulovebain/ensyne unit (+ S.E.M., n = 3) 





F ‘i ; + 
with Na with K 


+ + 
ith N an . i 
without Na dK without K without Na 
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Fig. 1. : Scatchard plots for (7HJouabain binding. The enzyme (about 0.24 mg/3 ml) was incubated at 
37°C for 2 h in the presence of 100 m™ Na’, 3 mM “a”, 0.01 m™ vo, 3 mM ATP, 5 mM Ps, ["wlousbain 
(0.019-19 Ci/mmol), 1 mM EGTA, 3 mM phosphocreatine, 50 ug creatine kinase (25 units/mg), 20 mM Tris/ 
maleate (pH 7.4) and 10 mM K* (right panel) or without K* (left panel). The radioactivity bound in 
the presence of 10 mM K* was 221 cpm at 10° 'M (non-specific : 31 cpm) and 1105 cpm at 10M (non-spe- 
cific : 85 cpm). Each point is the mean of triplicate determination. S.E.M. did not exceed the diame- 


ter of the symbols. 


Fig. 2. : Time-course of [?HJouabain dissociation 
=, from (Na* + K* ) ATPase preparation. The enzyme (a- 
bout 0.08 mg/ml) was incubated with 0.01] uM (>H]ou- 
abain (19 Ci/mmol) as described in the legend to 
fig. 1. After 2 h incubation, the specific binding 
was 24 pmol/mg protein without K* (6.920 cpm bound 
par ml filtered) and 2.2 pmol/mg with 10 mM K’ (640 


cpm bound/ml filtered). At this time, an excess of 


unlabelled ouabain was added and the amount of 


Bound [3H] Ouabain (*/.) 


bound label was followed. The non-specific binding 
was 50 cpm per ml filtered. Each point is the mean 


from 3 experiments. S.E.M. did not exceed the dia- 








30 meter of the symbols. 


Time (min) 
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[*H]ouabain as shown by a 20-fold increase in the Ky) for low affinity binding sites 
on which most of (7H ouabain binding occurred (Kp = 2.5 uM). 

Observation of upward-concave Scatchard plot prompted experiments to study the 
rate ot dissociation of the ouabain-enzyme complex formed in the absence and the pre- 


34 Jouabain was added to the incubation medium and 


sence of K’. Therefore, 0.01 uM [ 
2 hours later, an excess of unlabelled ouabain was added to make the final concentra- 
tion O.2 mM. The amount of (7H ]Jouabain remaining bound was estimated after various 
Subsequent periods of time, 

In the absence of ‘. the dissociation of (7H Jouabain from guinea-pig heart mi- 
crosomes occurred with a half-life of 1.5 min. There appears to be a slowly disso- 
ciating residual pool already noticed by Tobin et al (7) in guinea-pig heart (Na* + 
K*) ATPase in the absence of vanadate. 

In the presence of a’, the dissociation of ouabain was markedly slower,the half- 
life being brought to 7 min. The proportion of the slowly dissociating pool increa- 
sed from 6.3 to 40 %. This was mainly due to a depression by K* of the fast disso- 
ciating pool (from 11.3 pmole (7H ]ouabain/enz. unit at O K* down to 0.72 pmole (3H) 
ouabain/enz. unit at 10 mM K*) larger than that of the slowly dissociating one (from 
0.67 pmole [7H Jouabain/enz. unit at O K* down to 0.42 pmole [°H]ouabain/enz. unit at 
10 mM K*). Furthermore, the presence of K* did not alter the half-life of the slow 
dissociation. 

DISCUSSION 
The results reported here show that guinea-pig heart (Na* + K*) ATPase was slight- 


ly less sensitive to VO. inhibition than lamb brain and dog kidney enzymes, Ico be- 


ing 4-fold higher than that reported by others (4,9). They confirm that vo, facili- 


+ m ee + 
tates [?H]ouabain binding in the presence of Mg? alone (i0). The sensitivity to Na 


exhibited by the [3H Jouabain-enzyme binding formed with the vo, enzyme has also been 
! 


reported (11). 


i + + , 
has not altered the apparent affinity of (Na + K )ATPase for Ow 


3 
, ; 2+ + *e + P 
abain in the presence of Mg” , Na and ATP. Indeed, in the absence of K , Ky esti- 


The presence of VO 


mate was close to the one already reported with an incubation medium without VO (1). 


The addition of vo, has allowed to study the influence of K* on (7H Jouabain binding 
in the presence of ATP and Na’, as the K*-stimulated ATP hydrolysis was prevented. 
In the presence of "yer Scatchard plots and dissociation kinetics were modified indi- 
cating two classes of [3H Jouabain binding sites which were not clearly observed in 
the absence of Kk’. 


Heterogeneity of (?Hlouabain binding sites has been reported in human heart (1) beef 


brain (12) and rat brain (18). Potassium-induced change in heterogeneity has been 


reported by Hansen (12) and Choi and Akera (8). Our results show that (7H Jouabain 
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high affinity and low aftinity binding sites are distinguishable when the vo3-enzy- 
+ : . 
me complex is incubated with K . Ky for the low affinity sites was equal to 2.5 uM, 


a value close to ouabain I, estimated with 10 mM KCl in the absence of vanadate (un- 


O 
published observations). This indicates that the low affinity sites could be the in- 
hibitory sites as it was already suggested in the human heart (1). 

In intact isolated guinea-pig atria, two classes of (7Hjouabain binding sites 


have been identified and potassium increased the proportion of the high atfinity si- 


? , + : 
tes related to the stimulation of the (Na* + K ) pump by ouabain (2,3). The results 


here reported indicate that a similar K effect might occur on an isolated microso- 


mal fraction of the guinea-pig heart. 
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Induction of cytochrome P-448 by polycyclic hydrocarbons has been shown by experimental 
use of actinomycin D (AD) to depend on de novo RNA synthesis (1-3). During the course of ad- 
ministration of 3-methylcholanthrene (MC) to rats, RNA polymerase activity (4) as well as the 
incorporation of radiolabelled precursors into total intranuclear RNA (4), poly-A-containing 
RNA (5) and 18 S and 28 S cytoplasmic RNA (6) is increased in the liver cell. A cytoplasmic 
receptor for cytochrome P-448 induction has recently been described to be translocated into 
the nucleus and is assumed to initiate gene expression by some way not yet understood (7). 
Processes involved in the control of induction of cytochrome P-448 are also found beyond the 
level of transcription. One of the first events during MC treatment of rats is an increase 
of activity of the initiation factors of protein synthesis, IF-M,A and IF-M,B ; this increase 
preceeds measurable increase of transcription (8). The present report provides evidence that 
the extent to which the induction of cytochrome P-448 is controlled on the level of tran- 
scription depends on a circadian rhythm of the liver cell. 


The experiments .were performed with male Sprague-Dawley rats weighing 150-180 g which re- 
ceived a single i.p. dose of 20 mg MC/kg dissolved in peanut oi1 24 hr before death. MC treat- 
ment was started either at 10.00 hr or at 20.00 hr. AD was administered i.p. in three doses 
of 0.75 mg/kg dissolved in 10 % ethanol at 1 hr before, 4 hr after and 12 hr after the 
application of MC. Several control groups were run receiving (a) PB as an inducer at two 
doses of 80 mg/kg, dissolved in 0.9 % NaCl 24 and 12 hr before death, treatment starting 
either at 10.00 hr or at 20.00 hr, with and without the AD protocol described for MC induc- 


tion, (b) cycloheximide as an inhibitor instead of AD, administered at 4 i.p. doses of 

1 mg/kg dissolved in 0.9 % NaCl, at 1 hr before and 6, 12, and 18 hr after start of inducer 
treatment with either MC or PB, (c) treatment with AD or cycloheximide at the protocol de- 
scribed above but without inducer, (d) treatment with the solvents of both the inducers and 
inhibitors at the appropriate times. Preparation of microsomes, SDS-PAGE and spectral and 


enzymic measurements were performed as described previously (9-11). 


The effect of AD on MC induction is shown in Tab. 1 and 2. MC administration leads to si- 
milar increases in enzyme concentration and monooxygenase activity when started at 10 hr or 
20 hr. The following parameters indicate the induction: (a) increase in total concentration 
of cytochromes P-450, (b) a 2 nm blue shift of the CO spectrum of the reduced microsomes, 
(c) an affinity loss of the reduced cytochromes for the ligand metyrapone, (d) a large in- 
crease in biphenyl-2-hydroxylation, (e) a slight increase in biphenyl-4-hydroxylation, (f) a 
change in the gelelectrophoretic peptide pattern in the hemoprotein region between 48 000 and 
60 000 dalton. Increase of band 1 (51 000 dalton) is associated with PB induction, while 
bands 2 (54 000 dalton) and 3 (57 000 dalton) can be increased by treatment with polycyclic 
hydrocarbons (12). In this study, the proportion of band 3 is already high in control liver, 

1201 
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Table 1 Circadian rhythm of the influence of actinomycin D (AD) and cycloheximide (CH) on 
cytochrome P-448 induction by 3-methylcholanthrene (MC): 


Spectral and enzymic properties of liver microsomes. 








awe ee 
Start of Cytochrome P-450 K. for mety- 
inducer content 

treatment] |(nmol/mg protein) 


Bipheny1-2- |Bipheny1-4- 

hydroxylation |hydroxylation 

rapone (uM ) (nMol/mg pro-|(nMol/mg pro- 
tein x min) |tein x min) 


Pretreat- 
ment 





Oi] 20 hr 
MC 20 hr 
AD 20 hr 
20 hr 
10 hr 
10 hr 
10 hr 


.05 * 0.02 g9 * 17 0.11 t 0.04 {2.37 * 0.29 
.45 t+ 0.02%* | 448 49* 11.30 7 0.04**|4.12 = 0.26% 
.43 t 0.08%* =| 449 21** 10.68 t 0.05**|4.15 t 0.078% 
08 / 9.87 450 55 0.12 / 0.20 |2.70 / 1.77 
45% 0.01% |448 +o 1.20 t 0.11%*|3.82 * 0.33 
05 * 0.05 449.5 23 0.23 0.03 {2.79 * 0.16 


1.02 0.11 2.39 








Re WW MH W WH W 























Table 2. Circadian rhythm of the influence of actinomycin D (AD) and 
cycloheximide (CH) on cytochrome P-448 induction by 3-methylcholanthrene: 
Densitometry of molecular weight region between 48 000 and 60 000 in SDS poly- 


acrylamide gels of liver microsomes. 





— ——_—— 


Start of % Band 2 (%) Band 3 (%) 


hee (mol.wt. 51 000) |(mol.wt. 54 000) |(mol.wt. 57 000) 








Pretreat- 
ment 


Oil 20 hr 33 10 
MC 20 hr 21 22 
AD + MC 20 hr 23 21 
CH + MC 20 hr 30 12 
MC 10 hr 23 23 
AD + MC 10 hr 41 12 
CH + MC 10 hr 32 11 


L aa 
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it t+ 1+ 
i+ t+ I+ 


ir 1+ 
i+ 1+™ 





rm 
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Values of Tab. 1 and 2 are means + S.E. *p, 0.05, *® bd. 0.01 against oi] group. 
In all experiments food and water were available ad libitum. 


and no increase is obvious by MC treatment. However, band 2 is distinctly increased by a 
factor of 2. 


While the timing of induction start has no effect on the extent of cytochrome P-448 formed, 
it did profoundly influence the effect of AD on the induction process. When treatment started 
at 10.00 hr, AD completely prevented any inducing action of MC. However, when treatment star- 
ted at 20.00 hr, almost no inhibitory effect of AD was observed. In this case, the only data 
different from those obtained by MC treatment in the absence of the inhibitor were (a) less 
marked blue shift and (b) less marked induction of bipheny]l-2-hydroxylation. 


When the protein synthesis inhibitor cycloheximide was used instead of AD, this circadian 
rhythm of inhibition was not obtained. Complete prevention of MC induction was found inde- 
pendently from the time of starting the treatment. Also, when PB was used as the inducer in- 
stead of MC, a circadian rhythm of the inhibitory effect of AD was not observed; instead, 
complete inhibition was obtained by both timing protocols (data not shown). No influence of 
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timing was apparent in control animals treated with oi1, with AD, and with cycloheximide. 

These results show that the inhibitor of RNA synthesis, AD, effectively blocks MC induc- 
tion when treatment starts in the morning but is unable to effectively inhibit MC induction 
when treatment starts in the evening. Two reasons may hold for the failure of AD to inhibit 
the induction of cytochrome P-448 when first administered in the evening: 1) AD may in gene- 
ral be much less effective in the evening than in the morning. 2) Cytochrome P-448 induc- 
tion may not depend on de novo RNA synthesis when started in the evening. 

As far as we know, there is no evidence from the literature as to a circadian rhythm of 
AD action on transcription. However, there are data which allow the possibility that such a 
rhythm may exist. For instance, the binding capacity of DNA for AD is higher by a factor of 
2 at 15 hr than at 9 hr (13), and possibly not all of the sequences blocked by AD intercala- 
tion at 9 hr can also be blocked by the same dose of AD in the afternoon. Also, drug metabo- 
lism itself exhibits a circadian rhythm with a nocturnal maximum (14), and the first AD dose 
may have been critically impaired by biotransformation during the protocol starting treat- 
ment in the evening. The different feeding state of the two groups at start of treatment may 
have influenced AD action; however, no such effect was observed in the parallel PB induction 
experiments. 

However, if there is no general impairment of the effectivity of AD in the evening, the 
present results may have important implications for the mechanism of cytochrome P-448 in- 
duction. They confirm that this process is regulated at two levels, during transcription and 
by posttranscriptional steps. From our data it seems possible that not always inducer-di- 
rected de novo RNA synthesis is required for the formation of cytochrome P-448. Instead, the 
RNA species necessary for its synthesis may be formed constitutively at a rate which shows 
a circadian rhythm. Formation may be low in the morning, and it may be a main function of 
the inducer at that time of the day to enhance transcription. However, in the night when RNA 
synthesis in the rodent liver is increased, possibly under the influence of steroids (15), 
enouah of those RNA molecules required for cytochrome P-448 synthesis may be provided, and 
the main function of the inducer in this situation should then be the release of some post- 


transcriptional control, f.i. by activation of initiation factors of protein synthesis (8) or 


other control mechanisms operative on the level of RNA maturation and discrimination or on 
the level of translation (for review see 16). Experiments are in progress in our laboratory 
to clarify if the failure of AD in the evening is a more general phenomenon or if it is re- 
stricted to cytochrome P-448 synthesis and does, therefore, implicate the proposed concept 
of induction. 

The financial support of the Deutsche Forschungsgemeinschaft is gratefully acknowledged. 
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Ethacrynic acid is a substrate for rat glutathione S-transferases in vitro (1,2). In 
their study defining the importance of the glutathione S-transferases in the hepatic metab- 
olism and biliary excretion of ethacrynic acid, Wallin et al. (3) suggested that a small 
but consistent portion of the administered drug was bound selectively and covalently to 
the transferases. Such an association would represent a unique example of covalent bind- 
ing of a drug to the metabolizing enzyme without prior microsomal enzyme activation. We 
have undertaken these studies, therefore, to characterize the binding of ethacrynic acid 
to the glutathione S-transferases and to delineate the selectivity of this binding. 


MATERIALS AND METHODS 

Ethacrynic acid and labeled ethacrynic acid (phenoxyacetic [2-'*C], 16 uCi/mg) were 
gifts of Merck, Sharpe & Dohme (Rahway, NJ). [!*C]Methyl-iodide (49 uCi/mmole) was ob- 
tained from the Amersham/Searle Corp. (Arlington Heights, IL). Glutathione (GSH) was ob- 
tained from the Sigma Chemical Co. (St. Louis, MO) and 1-chloro-2,4-dinitrobenzene (CDNB) 
and 1,2-dichloro-4-nitrobenzene (DCNB) from the Aldrich Chemical Co. (Milwaukee, WI). Al] 
other chemicals usedin this study were readily available commerical products. 

Preparation of tissues, Six male Sprague-Dawley rats, weighing approximately 300 g, 





were anesthetized with single intraperitoneal injections of pentobarbital (50 mg/kg) and 
placed on a heated operating board. Their abdomens were opened and their renal pedicles 
ligated. Their left external jugular veins were cannulated, and [**C]ethacrynic acid (2 
mg/kg, sp. act. 2 yCi/mg) was injected intravenously. Ninety min following drug adminis- 
tration, the animals were killed by exsanguination through the abdominal aorta. The 
livers were removed and homogenized with 2 parts (v/w) 0.1 M sodium phosphate, 0.25 M su- 
crose buffer (pH 7.4) using a Teflon pestle and a motor-driven tissue homogenizer. The 
homogenates were immediately centrifuged at 4° in a Beckman TJ-6 centrifuge (Beckman In- 
struments, Inc., Fullerton, CA) at 1000g for 15 min. The supernatant fractions were 
ultracentrifuged at 100,000g for 60 min in a Beckman L3-50 ultracentrifuge at 4° and the 
supernatant fractions thus obtained were pooled and dialyzed against three changes of 
1000 ml of 0.01 M sodium phosphate buffer (pH 7.4) over 36 hr at 4°. Sixty ml of the di- 
alysate were chromatographed on a Sephadex G-100 column (5 x 100 cm) at 4° using a 0.01 

M sodium phosphate buffer (pH 7.4) for elution, and 10.2ml fractions were collected. Ali- 
quots (0.1 ml) of the fractions were added to vials containing 10 ml Aquasol II (New Eng- 
land Nuclear, Boston, MA), and radioactivity was measured in a Beckman LS-3150T liquid 
scintillation spectrometer with quench correction using external standardization. CDNB- 
GSH conjugation activity of each fraction was measured (see below), and the fractions 
containing the bulk of enzyme activity (fractions 82-96) were pooled. Aliquots of the 
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pool were assayed for radioactivity, protein concentration (4), and ethacrynic acid cova- 
lent binding (see below). The rest was dialyzed at 4° against three changes of 2000 ml 
of 0.01 M Tris-Cl (pH 8.0), and batch adsorbed with 100 ml of DEAE cellulose (Whatman DE- 
52) swollen with the same buffer. The eluate thus obtained was further purified accord- 
ing to the method of Habig et al. (2), by dialysis at 4° against three changes of 2000 
ml of 0.01 M potassium phosphate buffer (pH 6.7), chromatography on a CM cellulose (CM-52) 
column (1.5 x 40 cm), and elution with a 100 ml linear gradient of 0 to 200 m™ KCl in the 
same buffer. The obtained fractions were assayed for GSH-CDNB, GSH-DCNB and GSH-methy] - 
iodide conjugating activities (see below), radioactivity, and conductivity. 

Enzyme assays, The enzymatic reaction between CDNB and GSH was assayed using the method 





of Booth et al. (5) by measuring reaction product formation at 340 nm following incubation 
of 0.01 mM CDNB in 5% ethanol, 0.1 M sodium phosphate (pH 6.5) and 1 mM GSH with 10 ul of 
sample at 37°. The DCNB-GSH reaction was also followed at 340 nm following incubation of 
Q.1-mM CDNB, 10 mM GSH, 0.1 M sodium phosphate buffer (pH 8.0) and 50 ul of sample at 37° 
(5). The reaction between GSH and methyl-iodide (1.7 mM, 0.02 uCi/umole) was incubated in 
3 ml of 66 mM sodium phosphate, 2 mM EDTA buffer (pH 7.0) at 25° in the presence or ab- 
sence of 200 ul of the test sample as the source of enzyme (6,7). Aliquots (0.5 ml) were 
taken at 0, 1, 3 and 5 min, transferred immediately to liquid scintillation vials contain- 
ing 1.0 ml methanol, and then blown to dryness under a ventilated hood with gentle heating. 
Hot distilled water (1.0 ml) was added, followed by 10 ml Aquasol II, and the radioactivi- 
ty of the non-volatile reaction product was measured as described. Under these conditions, 
the reaction was linear for 5 min without significant spontaneous interaction of substrates. 


Measurement of covalent binding, Six aliquots (2 ml each) of the pool of Sephadex G-100 





eluates containing enzyme were precipitated with 0.5 ml of 50% trichloroacetic acid, cen- 
trifuged at 3000 r.p.m. for 2 min, and the supernatant fractions decanted and assayed for 
radioactivity as described. The precipitates were suspended and washed with 0.5 ml ali- 
quots of 50% trichloroacetic acid repeatedly until no further radioactivity could be de- 
tected in the supernatant fractions. Then the samples were treated in a similar fashion 
with repeated washes using 2 ml methanol and 2 ml chloroform. The remaining precipitates 
were dissolved in 1 ml of 1 N NaOH by heating at 37° for 15 min, and 200 yl aliquots were 
assayed for radioactivity. Blanks were prepared and counted for each set of samples in 
order to obtain appropriate background readings. Quench correction was by external stan- 


dardization. 


RESULTS 

As depicted in Fig. 1, all of the ['*C]ethacrynic acid remaining bound to liver cyto- 

sol.eluated in a single peak which coincided with the glutathione S-transferases peak as 
10 7 > 1° 
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Fig. 1. Sephadex G-100 elution of liver cytosol from six rats killed 90 min following ad- 
ministration of /*Cjethacrynic acid (2 mg/kg, sp. act. 2 uCi/mg). Sixty ml of 
cytosol were chromatographed on a column (5.0 x 100 cm) using 0.01 M sodium phos- 
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phate (pH 7.4) as elution buffer, and 10.2 ml fractions were collected. En- 
zyme activity, as assayed by CDNB-GSH conjugating activity (A), Azeo (@), and 
radioactivity (0), was measured in every other fraction. 


monitored by GSH-CDNB conjugating activity. The equivalent of approximately 20 percent 


of the administered dose of [* 


Clethacrynic acid was recovered in the transferase peak. As 
seen in Table 1, when aliquots of a pool of fractions from this peak were treated with se- 
quential washes of trichloroacetic acid, methanol, and chloroform, approximately 13.5 per- 
cent of the radioactivity in the original enzyme pool or 2.7 percent of the administered 
dose of [’"Clethacrynic acid remained bound. Thus, a substantial amount of ethacrynic acid 


appeared to covalently bind to the giutathione S-transferases. 


Table 1. Covalent binding of [**C]ethacrynic acid to rat liver glutathione S-trans ferases* 





Fraction (*“c]jethacrynic acid bound 


ug/mg protein % Initial 





Pooled transferase fractions .76 + 0.02 100 
After trichloroacetic acid 96 + 0.02 a). 82 1,2 
After methanol .25 t 0.02 14.3 ae 


After chloroform .24 + 0.01 13.54. O63 
(amount covalently bound) 





*Six aliquots (2 ml each) of a pool of Sephadex G-100 eluates containing enzyme activity 
(Fig. 1) were precipitated with 0.5 ml of 50% trichloroacetic acid and then treated se- 
quentially with trichloroacetic acid, methanol, and chloroform until no further radioac- 
tivity could be washed off. The precipitates were then dissolved in 1 ml of 1 N NaOH 
and radioactivity was measured. 


With further purification, the various transferases were separated, transferases B and 
AA being distinct from transferases C and A by virtue of their GSH-methyl-iodide conjugating 
activities (Fig. 2). The fractions in Fig. 2 labeled A and C also catalyzed the DCNB-GSH 
reaction whereas peaks B and AA showed negligible activity (not shown). Thus, the separa- 
tion of transferases closely conforms to the descriptions by Habig et al. (2). All of the 
radioactivity eluted with the first peak of GSH-CDNB conjugating activity, suggesting se- 
lective binding of ethacrynic acid to glutathione S-transferase C. Transferases D and E 
which elute before the salt gradient contained no radioactivity (not shown). 
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Fig. 2. Binding of ['*C]ethacrynic acid to glutathione S-transferase C. Fractions 82-96 





Preliminary Communications 


from Fig. 1 were pooled, batch adsorbed with DEAE-cellulose, and then chromatog- 
raphed on a CM-cellulose column (1.5 x 40 cm) and eluted with a 100 ml linear 
gradient of 0.01 M potassium phosphate (pH 6.7) containing 0 to 0.2 M KCl. Each 
fraction was assayed for conductivity (upper figure), iodomethane-GSH conjugating 
activity (@), CDNB-GSH conjugating activity (A), and radioactivity (0). 


DISCUSSION 

The glutathione S-transferases have three major characteristics that give rise to their 
potential functional importance: (1) they catalyze the enzymatic GSH-conjugation of a wide 
variety of substrates including many drugs and carcinogens (1,2); (2) they are capable of 
binding many non-substrate ligands such as bilirubin and indocyanin green (8) giving rise 
to the hypothesis that they function as intracellular transport carriers or storage pro- 
teins; and (3) they form covalent interactions with reactive metabolites of certain car- 
cinogens such as 3-methylcholanthrene and azo-dyes (9,10), thus serving a potential role as 
important detoxification proteins. Ethacrynic acid has been shown previously to interact 
with the glutathione S-transferases in the first capacity, as a substrate for GSH-conjuga- 
tion (1,3). Our present studies indicating selective and, in part, covalent binding de- 
scribe additional interactions between ethacrynic acid and the glutathione S-transferases. 

A substantial proportion (13.5%) of ethacrynic acid bound to the glutathione S-transfer- 
ases was bound covalently. Since there is no evidence that ethacrynic acid is activated by 
microsomal enzymes prior to binding, this covalent binding is unique. The apparent speci- 
ficity of this binding for transferase C is of particular interest since the majority of 
ethacrynic acid-GSH conjugating activity is present in transferases AA and B, although trans- 
ferase C does have some of this enzyme activity (2,11). Recent studies suggest that non- 
substrate ligands bind to the glutathione S-transferases at sites separate from the sub- 
strate binding sites (8,12) and that substrates for one of the transferases may function as 
non-substrate ligands for other transferases (2,13). It is conceivable that ethacrynic acid 
wes covalently bound to glutathione S-transferase C as a non-substrate ligand in a similar 
fashion. Alternatively, we cannot exclude the possibility that ethacrynic acid arlyated the 
enzyme at its binding site with resultant destruction and loss of enzyme activity. We es- 
timate that at most one-third of transferase C was covalently bound, assuming only 1 mole- 
cule of ethacrynic acid bound per molecule of enzyme. Thus, the ample GSH-CDNB activity re- 
tained by our transferase C fractions could be accounted for by the enzyme remaining unbound. 

Previous studies (3) have shown that, 90 min after injection of ethacrynic acid, greater 
than 95 percent of the drug has been cleared from the plasma and that the bulk of etha- 
crynic acid retained in the liver is unconjugated. We recovered 20 percent of the adminis- 
tered ethacrynic acid in the liver at 90 min. This suggests that ethacrynic acid binding 


in the liver in part reflects in vivo storage of the drug. 
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A 


Deoxycoformycin, a potent inhibitor of adenosine deaminase (E.C. 3.5.4.4), 
is toxic to lymphoid tissue in mice (1), and has shown some success in the 
treatment of human leukemia (2); it is now being further evaluated in clini- 
cal trials. Lymphoid cell toxicity following deoxycoformycin treatment is 
presumed to be exerted by deoxyadenosine (AGR), or its metabolite deoxyadeno- 
sine triphosphate (dATP), or both. This conclusion is based on observations 
that AdR is excreted in the urine of patients with inherited adenosine deam- 
inase deficiency (3) and that their erythrocytes contain dATP (4); the cyto- 
toxicity of AdR to lymphatic cells is well established (e.g. 5). 


Here we report that,in addition to toxic effects toward lymphoid cells, 
deoxycoformycin treatment of mice leading to the accumulation of AdR and 
GATP can also have detrimental effects on erythrocytes; such effects have not 
previously heen reported. 


Female ICR Swiss mice (25-30 g) were injected intraperitonially with 10 
mg/kg of deoxycoformycin (gift of Dr. G. A. LePage and of Parke Davis and Co.) 
dissolved in 0.154 M sodium chloride. Frythrocyte counts and hematocrits were 
determined by standard techniques. Adenosine triphosphate (ATP) and dATP 
concentrations in neutralized perchloric acid extracts of erythrocytes were 
measured spectrophometrically using high performance liquid chromatography. 


The dose of deoxycoformycin used in these experiments is high (10 mg/kq) 
relative to that required to inhibit adenosine deaminase activity in some 
mouse tissues (0.5-1.0 mg/kg) (e.g. 6). However, this high dose has been 
found necessary to inhibit adenosine deaminase activity in mouse intestine 
(unpublished results), and we have observed that this dose of deoxycoformy- 
cin is important for AdR metabolism in vivo. Thus erythrocyte dATP concen- 
trations 24 h after deoxycoformycin treatment were 2-fold greater when 10 
mg/kg was used than when the dose was 1 mg/kg, and injected AdR disappeared 
from plasma much more rapidly at 1 mg/kg than at 10 mg/kg. 


Effects of deoxycoformycin treatment on mouse erythrocytes are reported 
in Table 1. In attempts to accentuate the effects of deoxycoformycin alone, 
some mice also received intraperitonial injections of 400 mg/kg AdR (an arbi- 
trary dose), given 20 min after the deoxycofornycin. Erythrocyte counts were 
reduced 16% in mice treated for 17 h with deoxycoformycin, and 20-25% in 
animals treated for 24 h. A greater, but more variable effect was produced 
when hematocrits were measured. These were reduced 22-29% at 17 h, and 31-50% 
at 24h. 


These results strongly suggest that deoxycoformycin treatment of mice 
induces the lysis of erythrocytes. This conclusion is confirmed by obser- 
vations that the number of circulating reticulocytes increases 2-3 fold when 
mice were treated with deoxycofornmycin for three to five days, a response 
that would be expected to follow a decrease in erythrocyte mass; the increased 
reticulocyte count also indicates that deoxycoformycin did not reduce cir- 
culating erythrocyte levels through toxic effects on erythrocyte precursors 
in bone marrow. Qualitatively, hemoglobin (and not intact erythrocytes) often 
was observed in the urine of mice treated 17-24 h with deoxycoformycin; in 
mice that also received AdR, this was quite consistently observed. Similarly, 
hemoglobin was also observed in the plasma of mice treated 17-24 h with both 
deoxycoformycin and AdR; this was also noted in many but not all mice treated 
with deoxycoformycin alone. 
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TABLE 1 


Effects of deoxycoformycin treatment on mouse erythrocytes. * 





Treatment Time Ery throgytes Hematocrit dATP ATP 
(h) (x 10°/m1) (3) (nmoles/ (nmoles/ 
102 cells) 109 cells) 
None tent nil 49 
Deoxycoformycin 7.50 0.6 21 
Deoxycoformycin 6.37 5.4 18 
Deoxycofornycin 5.70 6.0 22 
Deoxycoformycin + AdR 7.40 18.0 11 
Deoxycoformycin + AdR 6.35 12.9 7 
Deoxycoformycin + AdR_ 24 5.45 9.5 21 








*Groups of three mice received intraperitoneal injections of 0.154 M 
sodium chloride, 10 mg/kg deoxycoformycin, or 400 mg/kg AdR, as indicated. 
Results are representative of those obtained in three experiments. 


Table 1 also shows that deoxycoformycin treatment was associated with 
a progressive increase in dATP concentrations in erythrocytes (there was no 
dATP in erythrocytes of control mice). The additional administration of 
exogenous AdR elevated dATP concentrations even higher, but these concentra- 
tions decreased with time. 


Erythrocytes of deoxycoformycin-treated mice also contained lowered con- 
centrations of the normal metabolite, ATP. ATP concentrations decreased 57% 
within 7 h, and remained in this range for the remainder of the period studied. 
In mice also treated with AdR, the ATP concentration at 7 h was decreased 78%, 
but at 17 and 24 h it was about the same (decreased ca. 50-60%) as in mice 
treated with deoxycoformycin alone. 


Inasmuch as lowered ATP concentrations are associated with increased 
hemolysis in transfused stored blood (7), and hereditary abnormalities of eryth- 
rocyte metabolism (8), the decreases in ATP concentrations observed here in 
deoxycoformycin-treated mice may be related to the low hematocrits, hemoglobin 
in plasma and urine, etc.; this relationship, however, cannot be considered 
proven. The metabolic basis for lowered erythrocyte ATP concentrations in 
deoxycofornycin-treated mice is the subject of continued investigation. 


That deoxycoformycin treatment can have effects on erythrocytes as well 
as lymphoid cells has obvious potential consequences for the clinical use of 
this drug, and precise dose-response relationships for the two types of 
effects will have to be worked out. The present results also enlarge our 
view of AdR toxicity, and it seems likely that the biochemical mechanism by 
which hemolysis is induced is different than that by which lymphoid cells 
are killed. 
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ERRATUM 


Biochemical Pharmacology 28, 447-448 (1979). 


JosEE E. LEYSEN, WALTER GOMMEREN and PierRE M. LapuRon, Distinction between dopaminergic and 
serotonergic components of neuroleptic binding sites in limbic brain areas. 

The structure of compound R 43 448 was omitted. It is: 1-(4-fluorophenylmethyl)-N-{1-[2-(2- 
pyridinyl)ethyl]-4-piperidiny] }-1H-benzimidazol-2-amine. 
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ANNOUNCEMENT 


FOURTH COLLOQUIUM ON HORMONES AND CELL REGULATION 
Bischenberg (near Strasbourg), France: 1-4 October 1980. 


Sponsored by: “Institut National des Sciences et de la Recherche Médicale” and the “Direction Générale 
a la Recherche Scientifique et Technique”, and organized by: J. E. Dumont, J. Nunez, B. Jeanrenaud, R. 
M. Denton, F. Morel, H. J. Vandermolen, G. Schultz and B. Hamprecht. 


MAIN TOPICS 
Mechanism of steroid and thyroid hormone action 
Insulin action and neural control of its secretion 
Control of ovulation 
Regulation in cell culture and gene expression 
Peptide neurotransmitters 

_ Gut hormones 
Internalization of peptide hormone 


As an International Cyclic Nucleotide Conference is to be held in Brussels in 1980, cyclic nucleotide and 
calcium regulation will not be treated at this meeting. 


Details from: Professor B. Jeanrenaud, 
Laboratoire de Recherches Médicales, 
Université de Genéve, 

Avenue de la Roseraie, 64, 

1205 Genéve, 

Switzerland. 


Abstracts before 1 June 1980. General attendance will be limited to 100. 
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Abstract—The two MAO types in rat brain can be selectively inhibited by administering intraperitoneal 
injections of clorgyline or pargyline in suitable doses. Brain mitochondria prepared from such animals 
exhibit type B or type A MAO activity, respectively. Jn vitro clorgyline and deprenyl dose-response 
curves confirmed the purity of the enzyme preparations. Specific activities and K,, values of such 
preparations were determined for tyramine, serotonin and benzylamine. Type B and type A MAO 
were found to oxidize serotonin and benzylamine, respectively, although they had low affinities. 
Serotonin oxidation by mitochondria prepared from clorgyline treated animals showed t.pe B charac- 


teristics also in its heat inactivation time course. 


The two forms of monoamine oxidase (MAO, EC 
1.4.3.4), type A and type B, differ in their affinity 
for various substrates and inhibitors. Serotonin (5- 
HT) and norepinephrine (NE) are substrates for type 
A MAO which is sensitive to low doses of the inhibi- 
tors clorgyline, Lilly 51641, harmine, harmaline, 
PCO, etc., while benzylamine and £-phenylethyl- 
amine are specific substrates for type B MAO, which 
is preferentially inhibited by low concentrations of 
the inhibitors deprenyl, pargyline, etc. Tyramine, 
tryptamine and dopamine are substrates for both 
forms of the enzyme [1-9]. Various tissues of rat and 
other animals were shown to contain varied ratios 
of A/B [10-13] which, however, do not always fit 
perfectly into the above scheme of classification. The 
inhibition with certain selective inhibitors of MAO 
activity in several rabbit organs [11], rat heart [14] 
beef brain [15], pig, monkey and human brain, and 
cat, dog and rabbit liver [16, 17] showed anomalous 
patterns. The initial outline of substrate specificity 
and inhibitor sensitivity cannot always be extrapo- 
lated to various tissues and species [17] and these 
selectivities are relative rather than absolute 
characteristics. 

Although 5-HT has been considered a specific 
substrate for type A MAO [1, 9, 12], there have been 
reports of 5-HT oxidizing activity resembling type 
B MAO in various systems such as human platelets 
[18], beef brain [15], pig brain and liver [19]. With 
beef heart MAO, Mantle et al. [20] observed double- 
sigmoid inhibition patterns with clorgyline, deprenyl 
and PCO using 5-HT as substrate and concluded that 
in the above system the classification of MAO into 
type A and type B is of limited value. Even in the 
rat tissues which were originally employed for these 
studies, Ekstedt [21] observed some slight 5-HT 
oxidation (2 per cent) by rat liver MAO after it was 
treated with clorgyline in vitro. Green and Youdim 
[22] proposed from pharmacological studies that 
although 5-HT is the natural substrate for type A, 
in rat brain probably some 5-HT oxidation is per- 
formed by type B MAO when type A MAO is 
inhibited. Evidence is presented in the present com- 


munication that in rat brain type B MAO can indeed 
execute 5-HT oxidation, although at a much slower 
rate than type A MAO. 


MATERIALS AND METHODS 


Male albino rats (150-175 g) were killed by decap- 
itation and the brains were removed and hom- 
ogenized in chilled 0.32 M sucrose to give a 10% 
suspension (w/v). The crude mitochondrial fraction 
was prepared according to Brody and Bain [23] and 
the P2 pellet was freed of the fluffy layer by layering 
8 ml of a crude mitochondrial suspension (33% with 
respect to original tissue weight) in 0.32 M sucrose 
over 16ml of 0.8M sucrose and centrifuging at 
50,000 g for 30 min in the SW25 rotor of the Spinco 
ultracentrifuge model L. The fluffy layer at the 
interphase was discarded and the turbid 0.8M 
sucrose layer collected, diluted with sufficient dis- 
tilled water to make the sucrose concentration iso- 
tonic and then centrifuged at 144,000 g for 15 min. 
The pellets obtained are pooled and suspended in 
0.32 M sucrose. 

In order to prepare rat brain mitochondrial frac- 
tion with one type of MAO selectively inhibited, rats 
were first given i.p. injections of clorgyline (2 mg/kg) 
for one day or pargyline (2 mg/kg) for 3 days. The 
animals were killed the next day and mitochondrial 
fractions prepared as described above. These frac- 
tions were satisfactorily pure type B and type A 
MAO. The purity of the preparations was checked 
by measuring the inhibition of tyramine oxidation 
in these enzyme preparations by 10~*M clorgyline 
in vitro. Whereas the enzyme activity in tissue prep- 
arations from clorgyline-treated animals was entirely 
unaffected by the above concentration of clorgyline, 
enzyme activity from the pargyline-treated animals 
was completely inhibited. The use of the selective 
inhibitor in vivo as opposed to in vitro has the 
advantage of not retaining much unreacted drug in 
the tissue preparation. The two enzyme preparations 
were identical except for their catalytic properties— 
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the preparations retained both MAO types but only 
one remained in the active state. 

For in vitro inhibition studies the enzyme was 
preincubated with clorgyline or deprenyl for 15 min 
prior to addition of the substrate. Preliminary experi- 
ments indicated that this preincubation period was 
sufficient for the inhibition by these inhibitors to 
reach completion and further increase in the prein- 
cubation period did not significantly increase the 
degree of inhibition. MAO activity was assayed by 
the method of Green and Haughton [24], as 
described earlier [25]. When benzylamine was used, 
the enzyme activity was measured spectrophoto- 
metrically [26]. Preliminary experiments indicated 
that under the present experimental conditions, the 
enzyme activity is linear with respect to time and 
amount of enzyme employed. Protein was measured 
according to the method of Lowry et al. [27], using 
serum albumin as standard. The substrate amines 
were obtained from Sigma Chemical Co., St. Louis, 
MO, U.S.A. and all other chemicals were of ana- 
lytical grade. Clorgyline, deprenyl and pargyline 
were kindly supplied by May & Baker Ltd., Dag- 
enham, U.K., Prof. J. Knoll, Budapest and Abbott 
Laboratories, North Chicago, U.S.A., respectively. 


RESULTS AND DISCUSSION 


In vitro clorgyline dose-response curves of 5-HT 
and tyramine oxidation by crude mitochondria of rat 
brain are shown in Fig. 1. Curves b and c show 
inhibition patterns of brain mitochondrial MAO of 
untreated rats by clorgyline, in the presence of 5-HT 
and tyramjne, respectively. 5-HT deamination is not 
entirely inhibited at 10-°M clorgyline concentration, 
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Fig. 1. Iphibition in vitro of monoamine oxidase activity 
in crude mitochondrial fraction of rat brain by clorgyline. 
Tyramine oxidation in control rats (@——®); 5-HT oxi- 
dation in control rats (O——©), in pargyline treated rats 
(A A), in clorgyline treated rats (A A). The rats 
were given i.p. injections of pargyline (2 mg/kg) for 3 days 
or clorgyline (2 mg/kg) for 1 day while the control rats were 
given only normal saline. Crude mitochondrial fraction of 
brain of these animals were prepared as described in the 
text. The final concentrations of the substrate amines were 
0.01 M. Points represent means of 5-6 determinations; bars 
include all determinations. 
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which inhibits type A MAO completely in the same 
system. Some 10-15 per cent of the above enzyme 
activity remains at the plateau clorgyline doses which 
is inhibited along with type B MAO. The curve 
shows another brief break at the region of 10~'” to 
10-°M inhibitor concentration, which is somewhat 
in the middle of type A inhibition. It is noteworthy, 
however, that the type A portion of the tyramine- 
MAO inhibition curve does not show any corre- 
sponding break. Lyles and Greenawalt [28] observed 
a similar break in the clorgyline inhibition curve with 
5-HT as substrate in roughly the same inhibitor con- 
centration region when low enzyme concentrations 
were employed. This was abolished when enzyme 
concentrations were raised. In the present studies, 
however, relatively high enzyme concentrations were 
employed and a five-fold decrease in enzyme con- 
centration did not alter the pattern. Prolonging the 
preincubation period from 15 to 30 min did not affect 
this break either. Whether this brief plateau region 
indicates the presence of two sub-groups of type A 
having slightly different inhibitor sensitivities is not 
clear. The suggestion that type A MAO may not be 
homogenous has been made also for another system 
[29]. Thus the clorgyline inhibition curve of crude 
mitochondrial 5-HT oxidation shows a triple-sigmoid 
pattern, although the ratio of the three drops in 
activity is not as inflexible as the A/B ratio of tyra- 
mine oxidation in the same preparation. Probably 
the contributions of the different types towards 5- 
HT oxidation change slightly from preparation to 
preparation and under varying enzyme concentra- 
tions. It may be recalled that Collins et al. [30] 
reported a triphasic clorgyline inhibition curve with 
human brain MAO using dopamine as substrate. 
The clorgyline dose-response curves of 5-HT oxi- 
dation by selectively inhibited mitochondrial prep- 
arations (Fig. 1, curves a and d) confirm the purity 
of the preparations. With mitochondrial prep- 
arations from pargyline-treated animals, 5-HT oxi- 
dation is completely inhibited by 10~°M concentra- 
tions of clorgyline, which is specific for complete 
inhibition of type A MAO of rat brain [25], thus 
showing that the preparation contains only type A 
MAO activity. The brief break at 107" to 10-°M 
concentrations of clorgyline also remains unaltered 
in this preparation. The inhibition of 5-HT deami- 
nation by the mitochondrial preparation from clor- 
gyline-treated animals occurs at the higher clorgyline 
concentration region—thus showing type B charac- 
teristics. Such characteristics of the preparations are 
also manifested in Fig. 2, where dose-response 
curves of deprenyl in presence of 5-HT are illus- 
trated. Curve 2b shows results from brain mito- 
chondria of untreated rats. The latter part of this 
curve resembles curve 2c, which shows the inhibition 
pattern of mitochondrial preparation obtained from 
pargyline-treated rats. With brain mitochondria of 
untreated rats, low concentrations of deprenyl spe- 
cific for inhibition of type B MAO cause a slight but 
distinct inhibition of 5-HT oxidation which accounts 
for about 15 per cent of the total enzyme activity, 
corroborating the previous observations with clor- 
gyline. Contrary to the suggestion of Green and 
Youdim [22] that, in rat brain, type B MAO may 
oxidize 5-HT when type A MAO is completely 
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Fig. 2. Inhibiton in vitro of 5-HT oxidation by deprenyl in 

crude mitochondrial fraction of rat brain. Control rats 

(@——8B); clorgyline treated rats (A——A) and pargyline 

treated rats (O——©). Other details are as in Fig. 1. Points 

represent means of 5-6 determinations; bars include all 
determinations. 


inhibited, the present results indicate that type B 
MAO oxidizes 5-HT slightly even when type AMAO 
is fully active. Curve 2a represents the inhibition 
pattern of brain mitochondrial MAO prepared from 
rats given i.p. injection of clorgyline to inhibit selec- 
tively type A MAO. This reveals type B character- 
istics in being completely inhibited by 10°-°M 
deprenyl, which is specific for complete inhibition 
of type B MAO. The results presented in Table 1 
describe the specific activities and K,, values of 
selectively inhibited rat brain mitochondrial MAO 
preparations. It is evident from the table that the 
specific activity of such preparations with type A 
MAO activity is very low with benzylamine, while 
the same is true for serotonin when mitochondrial 
preparations with type B MAO activity are 
employed. 

From the above studies of clorgyline inhibition in 
vivo and in vitro it appears that some 10-15 per cent 
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of 5-HT oxidation in crude mitochondrial prep- 
aration is carried out by type B MAO. About 45 per 
cent of total MAO activity in crude mitochondria of 
rat brain is type B [11], which carried out about 10- 
15 per cent of the total 5-HT oxidation. It may be 
mentioned here that with a rat liver preparation 
Ekstedt [21] observed 2 per cent of total S-HT deam- 
ination after selectively inhibiting the preparation 
with clorgyline in vitro and may possibly have 
inhibited a little more MAO than just type A. How- 
ever, this may be a reflection of tissue variation in 
the same species, which is not uncommon [10, 11]. 
The observed difference between the present results 
and those of Ekstedt [21] may also be due to the 
higher substrate concentration employed in this 
study. It is known, however, that rat liver contains 
a somewhat higher proportion of type B MAO than 
rat brain [10, 11]. 

Figure 3 depicts the degree of heat inactivation of 
MAO of brain mitochondrial preparations of 
untreated rats and rats given clorgyline and pargy- 
line, following preincubation at 55° for different time 
intervals. The enzyme activity was finally assayed in 
the presence of tyramine and 5-HT. It has been 
shown in recent communications [31] that the heat 
inactivation curves of MAO using different sub- 
strates show only a little difference due to thermal 
treatment at 50°. We feel that rather than using 
specific substrates to represent the different MAO 
types, using tyramine (a very good substrate for both 
forms) with the two selectively inhibited MAO prep- 
arations, as used in the present study, will give a 
glearer picture of heat sensitivity of the two MAO 
types. The earlier reports of difference in thermal 
stability between MAO types [2, 11, 13] were fol- 
lowed by other communications in which it was 
argued that the above difference is largely dependent 
on purification, dilution factors, etc. [32] and treat- 
ment of the purified enzyme preparations with chao- 
tropic agents which abolish the A-B difference in 
inhibitor sensitivities also abolish completely their 
difference in thermal stability [33]. The preparations 
were not subjected to any elaborate fractionation 
procedure or dilution. Thus those preparative factors 
were eliminated. As is evident, tyramine oxidation 
by the two types show a great deal of difference in 


Table 1. Specific activities and K,, values of type A and type B MAO of selectively inhibited rat 
brain mitochondrial preparations* 





Mitochondria with 


type A MAO activity 


Mitochondria with 
type B MAO activity 





Specific activity 
(nmoles product/hr/mg 


Substrate protein) 


K,, (nmoles product/hr/mg K, 
(M) 


Specific activity 


protein) (M) 





182.8 
196.4 
34.1 


Tyramine 
Serotonin 
Benzylamine 


4.0 x 1074 
3.3 x 1074 
1.0 x 1073 


2.0 x 1074 
2.5 x 1073 
1.45¢10°* 


169.7 
35.4 
172.0 





* The rats were given i.p. injections of clorgyline or pargyline. Brain mitochondrial fractions were 
prepared as described in the text and the resulting mitochondrial samples contained either type A 
or type B MAO activity. For determination of specific activity, 0.01 M of serotonin and tyramine 
and 0.005 M benzylamine were used. The mitochondrial preparation obtained from brains of untreated 
rats showed the following specific activities against the substrates given in parentheses: 397.3 
(tyramine); 257.1 (serotonin); 185.2 (benzylamine). 
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Fig. 3. Heat inactivation time course of MAO types 
in rat brain mitochondria. Mitochondria from untreated 
rats: tyramine oxidation (@——@); 5-HT oxidation 
(O——©). Mitochondria with type A MAO activity 
(pargyline treated rats): tyramine oxidation (O-——D); 5- 
HT oxidation (@ @). Mitochondria with type BMAO 
activity (clorgyline treated rats): tyramine oxidation 
(A——A);5-HT oxidation (A A). The mitochondrial 
preparations were preincubated at 55° for different time 
intervals as specified in the figure before enzyme activity 
was assayed. Points represent means of 5-6 determinations; 
bars include all determinations. Other details are as in 
Fig. 1. 


their heat inactivation time course at 55° which is 
particularly remarkable after 10 min preincubation 
when 80 per cent inactivation of type B MAO occurs 
as against 10 per cent of type A. The 5-HT deami- 
nating activity of the clorgyline-treated preparation 
shows type B characteristics in being more than 75 
per cent inactivated within the first 10 min of prein- 
cubation at 55°. The fact that the two MAO forms 
can be selectively inhibited in vivo [34, 35] indicates 
that in situ the two forms possibly exist in different 
lipid microenvironments [33, 36]. The difference in 
heat sensitivity of the MAO types of selectively 
inhibited mitochondrial preparations as shown here 
is possibly a reflection of the difference in the lipid 
microenvironments of the MAO types. 
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Abstract—Several purines, including inosine and hypoxanthine, inhibit the binding of [*H]-y-amino- 
butyric acid (GABA) and [*H]diazepam to freeze-thawed and extensively washed rat brain membranes. 
While purines have been reported to inhibit diazepam binding competitively, their interactions with 
GABA receptors in both mitochondrial and mitochondrial plus microsomal fractions are noncompetitive. 
The possibility that purines may bind at one site and affect the GABA receptor-ionophore-benzodi- 


azepine complex is discussed. 


Although the molecular mechanisms involved in 
benzodiazepine actions are unknown, several lines 
of neurophysiological [1-3] and biochemical [4-6] 
evidence suggest that an intimate relationship exists 
between the benzodiazepines and the gamma- 
aminobutyric acid (GABA) receptor—ionophore sys- 
tem. It is also widely accepted that benzodiazepines 
bind to specific sites in the mammalian central ner- 
vous system (CNS) [7-11]. 

Recently, a great deal of interest has been focused 
on the identification of endogenous ligands for the 
benzodiazepine receptor sites. The purines, inosine 
and hypoxanthine, have been isolated from brain 
extracts and, based on their abilities to inhibit ben- 
zodiazepine binding, it has been speculated that they 
may be endogenous ligands for benzodiazepine 
receptors [12-14]. In addition to inosine and hypo- 
xanthine, several other purines, including xanthine 
derivatives, also inhibit benzodiazepine binding [14—- 
15]. Furthermore, multiple sites of action of purines 
and cross-desensitization between benzodiazepines 
and purines have been demonstrated [16]. 

In view of the known interactions between ben- 
zodiazepines and the GABA receptor system, we 
investigated the effects of purines on the binding of 
[7H]GABA to. its receptor sites. 


METHODS 


Male Sprague-Dawley rats (125-200 g) were used. 
[7H]GABA (65-66 Ci/mmole) was purchased from 


Amersham/Searle (Arlington Heights, IL) and 
[(H]diazepam (64 Ci/mmole) was purchased from 
New England Nuclear (Boston, MA). Muscimol was 
purchased from Research Organics (Cleveland, 
OH), and all other chemicals were purchased from 
the Sigma Chemical Co. (St. Louis, MO). 

Tissue preparation. The rats were decapitated, and 
whole brains, excluding the brain stem caudal to the 
cerebellum, were removed and used for tissue prep- 
aration as described previously [17-19]. Briefly, 
brains (or cerebella) were homogenized in 10 vol. 
of 0.32M sucrose and centrifuged at 1000¢ for 
10 min. The supernatant fraction was collected and 
centrifuged at 100,000 g for 45 min to collect the 


crude mitochondrial plus microsomal (P2 + Ps) frac- 
tions. Crude mitochondrial (P2) fraction was 
obtained according to published procedures [20]. 
The pellet (P2 or P2+P3) was subjected to two 
osmotic shock treatments, two freeze-thaw cycles 
and four buffer washes (0.05 M Tris-citrate, pH 7.1) 
prior to the binding studies, as described elsewhere 
[17-19]. The freeze-thawing and excessive washing 
of the tissue preparation is necessary to remove 
endogenous inhibitors of GABA receptor binding 
[5, 18, 19]. Routinely, P, + P; or P, rat brain mem- 
branes were used in the present study. 

Binding studies. The binding of [‘H]GABA to P2 
or P2 + Ps; membranes was measured by a modifi- 
cation of the centrifugation assay of Enna and Snyder 
[21] as described previously [17-19]. Aliquots of 
homogenate (~1 mg protein ) were incubated with 
various concentrations of [*H]GABA, without or 
with excess nonradioactive GABA (0.1mM), and 
other ligands for 10 min at 0° in scintillation Biovials. 
Assays were done in triplicate, with background 
values obtained in the presence of 0.1mM _ non- 
radioactive GABA. Following incubation, the vials 
were centrifuged at 48,000 g for 10 min. The super- 
natant fraction was discarded, the pellets were rap- 
idly rinsed and solubilized, and the radioactivity in 
the pellet was counted in 3 ml of toulene containing 
5 g/l of 2,5-diphenyloxazole. The efficiency of count- 
ing was 40 +1 per cent. Specific binding usually 
represented 74 + 6 per cent of the total radioactivity 
in the pellet. Protein was estimated by the method 
of Lowry et al. [22]. 

(H]Diazepam binding to extensively washed 
P, + P; membranes (see above) was measured by a 
centrifugation assay [23, 24]. Aliquots of membranes 
in 0.05 M Tris-maleate (pH 7.4) were incubated in 
triplicate with 1nM [*H]diazepam (64 Ci/mmole), 
with or without other ligands, for 30 min at 04°. 
Following incubation, the vials were centrifuged and 
processed for solubilization and scintillation counting 
as described for [SH]GABA binding. Background 
radioactivity cbtained in the presence of 50 uM flur- 
azepam was subtracted from the total radioactivity 
in the pellet. Under these conditions, the benzodi- 
azepine binding is specific, saturable and has all the 
characteristics of benzodiazepine receptors [23, 24]. 
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RESULTS 


As seen in Table 1, various purines inhibited the 
binding of (H]GABA to rat brain P2 + P; mem- 
branes. Inosine and hypoxanthine, which were pos- 
tulated to be the endogenous ligands for benzodi- 
azepine sites [12-14], inhibited GABA binding in a 
dose-related manner. [*H]GABA binding to rat 
brain P2+P3 membranes was also inhibited by 
adenosine and its chloro-derivative but not by cyclic 
AMP or ATP. Xanthine derivatives, such as theo- 
phylline, also potently inhibited specifically bound 
GABA. 

Table 2 shows that inosine and its deoxy-derivative 
inhibit [7H]GABA binding in P2 (whole brain) and 
P2 + P3 fractions of whole brain and cerebellum. 
Diazepam and flurazepam (up to 25 uM) did not 
affect the binding of [H]GABA to extensively 
washed P? or P2 + P3; membranes as used in this study 
(data not shown). To further characterize the inter- 
action between purines and GABA, we analyzed the 
inhibition of [7H]GABA binding by double recipro- 
cal analysis. Figure 1 shows that purines appear to 
inhibit [H]GABA binding noncompetitively in both 
P2 (whole brain) and P2 + P3 (cerebellum) mem- 
branes. Under identical conditions of tissue prep- 
aration (see Methods), flurazepam (up to 25 uM) 
did not alter the kinetics of [/H]GABA binding (data 
not shown). 


Table 1. Inhibition of specific [H]GABA binding to rat 
brain P, + P; membranes by various purines* 





Percent inhibition of specific 


(H]GABA binding 





Ligand 200 uM 500 uM 





28 + 11 
36+5 
34+ 14 
54+ 12 
38 + 10 
58 +9 


13 +4 
18 +3 
17+5 
30+9 
20 +6 
33 +8 


Inosine 
2'-Deoxyinosine 
Hypoxanthine 
Theophylline 
Adenosine 
Chloradenosine — 
Thymine 0 3 
Cyclic AMP 0 2 
ATP 0 5 





* PH] GABA binding was measured as described in 
Methods. The purine derivatives were added to the incu- 
bation mixture to give the indicated final concentration. 
The data are means + S.D. of three to nine determinations, 
each done in triplicate; (—) denotes not tested . P2 is the 
crude mitochondrial fraction; P3 is the crude microsomal 
fraction. 


Since purines inhibit [*H]diazepam binding [12- 
14], and benzodiazepine receptors interact with 
GABA systems [1-6], we looked for the presence 
of [*H]diazepam binding sites in our freeze-thawed 
and extensively washed preparation. Table 3 shows 


Table 2. Inhibition of specific [/H]GABA binding to P, and P; + P; membranes* 





Per cent inhibition of specific H]GABA binding 





P, 
(whole brain) 


P, + P; 
(cerebellum) 


P, + P; 
(whole brain) 





Inosine (1 mM) 
2'-Deoxyinosine 
(1 mM) 


48 + 8 (2 
63 +7 (2 


) 
) 





* PHJGABA binding was measured as described in Methods. Results are the 
means + S.D. of the number of experiments given in parentheses. P, is the crude 
mitochondrial fraction; P; is the crude microsomal fraction. 


Table 3. Effects of GABA receptor ligands and purines on [*H]diazepam binding to rat 
brain P, + P; membranes* 





Specific [*H]diazepam 
bound (fmoles/mg protein) 


Treatment 


Per cent of 
control 





Control 

+10°° M GABA 

+10°° M Muscimol 

+10°° M Muscimol + 

10~* (+)-bicuculline 

+2 x 107M Inosine 

+5 x 10°*M Inosine 

+2 x 10°* M 2’-Deoxyinosine 


100 


I+ I+ It I+ 


Swnn 





* [SH]Diazepam binding to freeze-thawed and extensively washed rat brain P; + P; 
membranes was measured by a centrifugation assay as described in Methods. Vials 
containing aliquots of homogenate, 1 nM [°H]diazepam, and the given concentrations 
of the ligands were incubated for 30 min at 0—4° prior to centrifugation. Results are 
means + S.D. of three experiments, each done in triplicate. P2 is the crude mitochondrial 
fraction; P3 is the crude microsomal fraction. 
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Fig. 1. Double reciprocal! plots of specific PHIGABA bind- 
ing to P2 + P3 cerebellar membranes (panel A) and P2 
whole brain membranes (panel B) in the absence (@) and 
in the presence of 1 mM inosine (O) and 1 mM 2’-deoxy- 
inosine (A). Results are the mean values of triplicates and 
typical of three to four experiments. P2 is the crude mito- 
chondrial fraction; P3 is the microsomal fraction. 


that extensively washed P2 + P; membranes which 
bind GABA with receptor-like properties [17-19, 25] 
also contain [*H]diazepam binding sites. As reported 
by others for fresh P2 membranes [7-10], the 
[*H]diazepam binding in freeze-thawed and exten- 
sively washed P2 + P3 (whole brain) membranes was 
increased by GABA agonists, such as muscimol, and 
this enhancement was prevented by the GABA syn- 
aptic antagonist bicuculline (Table 3). These results 
agree with published reports [4,6]. Furthermore, 
[*H]diazepam binding was inhibited in these mem- 
branes by inosine and 2’-deoxyinosine (Table 3). 


DISCUSSION 


Several lines of evidence suggest a possible inter- 
action between benzodiazepine binding sites and the 
GABA receptor-ionophore system [1-6]. Recent 
studies have indicated that inosine and hypoxanthine 
may be endogenous ligands for the benzodiazepine 
receptor [12-14]. Furthermore, a selectivity of pur- 
ines for benzodiazepine binding sites has also been 
reported [14]. Asano and Spector [14] reported that 





* M. K. Ticku, unpublished observations. 
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inosine and hypoxanthine selectively inhibited diaze- 
pam binding, but not opiate, muscarinic, B-adre- 
nergic or GABA binding. In contrast to this study, 
we found that a variety of purines, including inosine 
and hypoxanthine, inhibited GABA binding to its 
receptor-like sites. 

The binding of GABA to freeze-thawed and 
extensively washed P, and P, + P; membranes, as 
measured in this study, meets the necessary criteria 
for GABA receptor-like properties [17-19, 25]. In 
contrast to fresh membranes where benzodiazepines 
have been reported to alter the kinetics of GABA 
binding [5], such interaction has not been observed 
in the freeze-thawed and Triton-treated or exten- 
sively washed membranes [5,25]. In the present 
study, tlurazepam and diazepam did not affect the 
kinetics of GABA binding to freeze-thawed and 
extensively washed P, or P, + P; membranes. How 
ever, the P2 + P; membranes in which we observed 
an inhibition of GABA binding by purines (Table 
1) contained [*H]diazepam binding sites with the 
expected properties (Table 3). GABA and muscimol 
enhanced the binding of [*H]diazepam in these mem- 
branes, and this enhancement was prevented by the 
concurrent presence of the GABA synaptic antag- 
onist (+)-bicuculline. These results are in agreement 
with other published studies [4, 6] and suggest a link 
between the benzodiazepine binding site and GABA 
receptors. [*H]Diazepam binding to P2 + P3 rat brain 
membranes was inhibited by inosine and deoxy- 
inosine (Table 3). These findings suggest that, in 
freeze—thawed and extensively washed membranes, 
an interaction between GABA receptors and ben- 
zodiazepine binding sites occurs (Table 3); we did 
not observe an interaction in an opposite direction 
(i.e. benzodiazepine site + GABA receptors). This 
lack of interaction may be due to the absence of 
endogenous proteins [5] in these membranes or the 
absence of some, as yet unknown, coupling mech- 
anism. While the interaction of purines with ben- 
zodiazepine binding sites is competitive [12-14], their 
interaction with GABA receptors in both P, and 
P, + P; membranes appears to be noncompetitive 
(Fig. 1).: Furthermore, purines also inhibit the bind- 
ing of the GABA synaptic antagonist [*H] 
dihydropicrotoxinin (DHP) to rat brain P, + P; 
membranes [26,*]. Several lines of evidence suggest 
that DHP binds at a site distinct from the GABA 
receptor sites, and that DHP sites are associated 
with the GABA receptor-linked chloride ionophore 
[25, 27, 28]. Thus, purines inhibit the binding of three 
ligands (benzodiazepines, GABA and DHP) which 
appear to bind at three different sites; nonetheless, 
they are associated with the GABA receptor-ion- 
ophore—benzodiazepine complex. 

GABA is known to bind to two distinct sites [5, 17— 
19, 25], and multiple sites may also exist for benzo- 
diazepines [29, 30] and purines [16]. In view of all 
of these findings, the relationship of purines to 
benzodiazepines and the GABA receptor-—ion- 
ophore system must be investigated further before 
any conclusions about their role can be drawn. 
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Abstract—We describe the widespread distribution of the enzymes benzylamine oxidase (BzAO) and 
monoamine oxidase A and B (MAO A, MAOB) in human tissues at three stages of development: 
fetal, neonatal and adult. Relatively low activity of each is present in fetal tissues, but the specific 
activities of BZAO and MAOB in fetal liver are similar to those in the adult, suggesting that these 
enzyme systems are functionally mature in the liver at 20 weeks gestation. Specific activity of BzAO 
in the lung, twice as high in the adult as in the fetus, reaches adult value at birth. In fetal brain, lung, 
aorta and digestive tract, MAO A emerges before MAO B. Estimation of total activity developed by 
tissue or organ sheds a new light on the importance of each enzyme in body economy and shows skeletal 
muscle to be by far the most active whole body source of MAO B, whilst the liver has the highest total 
and specific activity of MAO A. A similar approach clearly demonstrates that BzAO is essentially a 
tissue rather than a plasma enzyme, which tends to predominate in blood vessel walls. 


In an earlier paper [1], we described the widespread 
distribution of benzylamine oxidase (BzAQO) and 
monoamine oxidase (MAO) B in human and rat 
tissues. This study was undertaken in an attempt to 
elucidate the significance of the finding by one of us 
[2] of low serum BzAO activity in patients with 
severe burns or cancer. It then seemed reasonable 
to investigate the activity of BzAO in rapidly-grow- 
ing tissues. In this paper, we describe the distribution 
of BzAO in human tissues and compare activities in 
fetus, neonate and adult. The development of 
MAO A and MAOB activity was investigated in 
parallel. 

Despite considerable research effort in recent 
years [3-9], the physiological role of the amine 
oxidases in the degradation of a multiplicity of- 
endogenous and exogenous substrates remains 
poorly understood. Benzylamine (Bz) is the best 
substrate for both MAOB and BzAO [I] and, 
indeed, is the only known substrate for human 
BzAO. This compound, together with the MAO A 
substrate, 5-hydroxytryptamine (5-HT, serotonin) 
[7] and the putative MAO B substrate, phenylethyl- 
amine (PEA) [10], has been used to chart the devel- 
opment of the amine oxidases in a wide variety of 
tissues. 


MATERIALS AND METHODS 


Chemicals 


Benzylamine hydrochloride methylene ['*C], sp. 
act. 56 mCi/mmole, radiochemical purity 98%, and 
5-hydroxy|side-chain-2-"C] tryptamine sulphate, sp. 
act. 58 mCi/mmole, radiochemical purity 98%, were 
purchased from Radiochemical Centre Ltd., Amer- 
sham, U.K. Phenylethylamine hydrochloride, beta- 
[ethyl-1-""C], sp. act. 50.98 mCi/mmole, radiochemi- 
cal purity 97%, was purchased from New England 


Nuclear, Boston, MA, U.S.A. (-)-Deprenyl was gen- 
erously donated by Professor J. Knoll, Budapest, 
clorgyline by May & Baker Ltd., Dagenham, U.K., 
and phenelzine by William R. Warner & Co. Ltd., 
Eastleigh, Hants, U.K. All other reagents were 
obtained from commercial sources or as described 
earlier [1]. 


Tissues 


(a) Fetal. Six human fetuses (gestational age 19- 
21 weeks) were obtained from the fetal tissue bank 
of the Royal Marsden Hospital, London, through 
the kind offices of Dr. Sylvia D. Lawler; one fetus 
was obtained from Chelsea Hospital for Women, 
London (Mr. John Shepherd). Abortion in all cases 
had been induced by intra-amniotic injection of 80 g 
urea in 200 ml Hartmann’s solution, followed by 5 mg 
prostaglandin E2 [11]. Six fetuses were male and one 
female; the mean crown-rump length was 16.3 cm 
(range 15—17.7 cm) and the mean weight 343 g (range 
259-450 g). Two fetuses were moderately macerated, 
with the abdominal cavity full of blood clot, but the 
livers were intact. In one of them, one lung was 
grossly haemorrhagic, and tissue was taken from the 
other lung, which was spottily haemorrhagic. Skel- 
etal muscles used were pectoral and thigh, assayed 
separately; activities shown are means of pooled 
values. Tissues of the digestive tract were split open 
and washed thoroughly in running water before 
treatment as described below. The fetuses were kept 
at 2-4° up to the time of dissection, which was carried 
out by one of us (R.L.) within 12 hr of extraction. 
Except for lung, liver, skin, scalp and muscle, the 
organs were homogenized in their entirety. The 
entire brain was coarsely mixed and an aliquot taken 
for homogenization and assay. 

(b) Neonatal. In this group were two stillbirths 
(one male, one female) and one male neonate, a 
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premature of 34 weeks gestational age who died at 
7 days. In the interval between death and dissection 
(post-mortem lag, 50-64 hr), the bodies were kept 
at 2-4°. Birth weights were 2845, 4160 and 2060 g 
and crown-rump lengths 34, 38 and 32.3 cm, respec- 
tively. The brain region assayed was the frontal 
cortex; heart tissue was a section of the left ventricle. 
Renal cortex and some medulla were used. The data 
for skeletal muscle are means of pooled values of 
the pectoral and thigh muscles, assayed individually. 
Tissues of the digestive tract were split open and 
their entire thickness used, after washing as 
described above. Subsequent treatment was as 
described under “Freezing and homogenizing 
procedures”. 

(c) Adult. Tissues from adults were obtained at 
autopsy from three Coroner’s cases, two male and 
one female, aged 64, 55 and 68 yr, respectively. Liver 
and aorta were used from three and one additional 
autopsies, respectively. All died from coronary heart 
disease; no evidence of neoplastic or infectious dis- 
ease was found in any of them. Post-mortem lag was 
12-36 hr; in the interval the bodies were kept at 2- 
4°. As with the neonatal tissues, frontal cortex and 
left ventricular region represented brain and heart; 
renal cortex, wedge-shaped sections of the adrenals 
and the sharp edge of liver and lung were used. 
Atherosclerotic lesions were seen in all aortae; these 
were avoided and tissue specimens taken from 
apparently normal regions. Abdominal skin was 
freed from fat and subcutaneous tissue at dissection. 
Tissues of the digestive tract were whole wall thick- 
ness of all but the colon, where taenia coli were 
avoided. These tissues were scraped on the mucosal 
side and thoroughly washed in running cold water 
before treatment as described under “Freezing and 
homogenizing procedures”. 

It is well known that autolysis sets in immediately 
after death and sometimes earlier. It would not, of 
course, occur uniformly throughout the digestive 
tract and this may, indeed, provide a partial expla- 
nation for the variability in activity of the parts of 
the digestive tract examined. Nevertheless, in order 
to get some approximate idea of activity, it was 
decided to proceed with the assay as though break- 
down of tissues occurred uniformly. Any effect of 
the intestinal flora must also be taken into account. 
However, since all the tissues were treated similarly, 
emptied of contents and the mucosal surfaces scraped 
and thoroughly washed, we hoped that any enzyme 
activity deriving from bacteria would be reduced to 
a minimum. 

Pectoral and psoas muscles were examined indi- 
vidually and the values presented are means of the 
two. 


Freezing and homogenizing procedures 


All tissues were treated in identical fashion. At 
dissection, they were freed from blood by rinsing in 
cold 0.9% saline, dried between layers of filter paper, 
coarsely minced with scissors or scalpel blade, and 
quick-frozen in solid CO2 (—80°). Within a few days 
they were pulverized as described earlier [1] and 
homogenized at 0° in an Ultra-Turrax homogenizer 
with a°10-N shaft (Sartorius Instruments, Surrey, 
U.K.) for 5-10 sec at top speed. A 10% (w/v) hom- 
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ogenate was prepared with 0.1 M potassium phos- 
phate buffer (K2HPO./KH2POs, pH7.2), divided 
into aliquots and stored at —20° until required. 


Assay procedures 


The basic procedure employed was the radio- 
metric microassay (extraction method) described 
earlier [1]. With Bz as substrate, the assay tube 
contained, in a total volume of 240 wl: 0.1M Tris 
buffer (pH 9.0), 100 yl; inhibitor solution or water, 
100 yl; tissue homogenate, 20 ul; and substrate, 
20 wl. With PEA or 5-HT as substrates, the assay 
tube contained, in a total volume of 140 wl: 0.1M 
potassium phosphate buffer (pH 7.2), 100 ul; tissue 
homogenate, 20 wl; and substrate, 20 wl. The final 
concentration of substrate in the assay tube was 
42 uM for Bz, 150 uM for PEA and 371 uM for 5- 
HT. Inhibitors used were (-)-deprenyl (final concen- 
tration 4 x 10~’M) or phenelzine (final concentra- 
tion 2.2 x 10-°M). Water blanks were prepared by 
substituting water for tissue homogenate. Where 
inhibitors were used, the mixture was preincubated 
at room temperature for 20 min before labelled sub- 
strate was added. Incubation was carried out for 
30 min in a shaking water bath at 37°, and the reaction 
stopped by adding 2M citric acid (100 wl) to the 
solution, which was immediately mixed on a Vortex 
mixer at top speed. Three millilitres of toluene (Bz, 
PEA) or ethyl acetate/toluene 1:1 (5-HT) was used 
for extraction. The remaining steps were as described 
previously {1]. Blanks gave radioactivity counts rep- 
resenting the following percentages of total substrate 
activity: Bz<0.5 per cent, PEAS<3 per cent, 5- 
HT <0.01 per cent. Extraction efficiency with the 
three substrates, tested in 4-6 different human tis- 
sues, gave closely similar values for all tissues with 
each substrate. The mean extraction efficiency was 
95, 96.2 and 91.2 per cent, respectively, for Bz, PEA 
and 5-HT, and has been corrected for in the specific 
enzyme activities quoted in this paper. 

Both Bz and PEA were used to determine MAO B 
activity in each tissue tested. Phenelzine, used in all 
experiments as an inhibitor of BzAO, was potent, 
but relatively non-selective, with poor replication of 
results. Whilst it served to confirm the presence of 
BzAO at the concentration employed, it was not 
able to separate the different enzyme forms as suc- 
cessfully as deprenyl or clorgyline [12]. 

All assays were carried out at least in duplicate; 
results express the means of these replicates. All 
assays on every series of tissues from a particular 
subject were carried out on the same day. The Lowry 
method [13] was used to determine total tissue pro- 
tein, with bovine serum albumin as standard. 


Estimation of total tissue or organ activity 


This was based on total protein content of the 
tissue, multiplied by specific activity of the particular 
enzyme. The values for organ or tissue percentages 
of total body weight used in these calculations 
(Table 5) were taken from various sources [14-19]. 
Where such data were unobtainable (e.g. for the 
digestive tract), they were supplemented by our own 
measurements and those kindly supplied for some 
fetal tissues by the fetal tissue bank of the Royal 
Marsden Hospital (Dr. L. Wong). 
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Total body weights used in these calculations were 
as follows: fetus, 300 g; neonate, 3000 g; adult, 70 kg. 


Variability of method 


Replicate determinations on aliquots of 2 neonatal 
tissues (lung = 11; liver = 10) provided additional 
controls of substrate and inhibitor efficacy. One pre- 
viously unthawed aliquot of each of these tissue 
homogenates was assayed together with a series of 
tissues. Mean specific activity of lung was 22.7 
(+6%), 2.5 (+6%), 5.3 (+5%) and 25.8 
(+8%) nmoles/mg protein/30min for deprenyl- 
resistant Bz-oxidizing activity, D*Bz (deprenyl-sen- 
sitive Bz-oxidizing activity), PEA and 5-HT, respec- 
tively. The corresponding values for liver were 4.1 
(+5%), 77.4 (+5%), 22.9 (+5%) and 56.3 (+6%), 
respectively. Percentages between brackets rep- 
resent the standard error of the mean. 


RESULTS 


We have interpreted the enzyme activities 
observed with Bz, PEA and 5-HT as follows: 
(a) Bz—activity insensitive to 4x 10-’M 
deprenyl = BzAO; 
(b) Bz—activity sensitive _ to 
deprenyl = MAO B; 
(c) PEA—activity in all human tissues except ves- 
sels, placenta and (partly) lung = MAO B; 
(d) 5-HT—activity in all human tissues = MAO A. 
Bz is a substrate for both BzAO and MAO B [I], 
but is a very poor substrate for MAO A [12]. Both 
PEA and 5-HT can be substrates for MAO A and 
B, and at higher substrate concentrations each 
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becomes less specific [20]. The use of a particular 
substrate at a single concentration may therefore 
give only an approximate indication of the activity 
of a particular enzyme form. 

Concerning (a) above, it is true that 10-*M 
deprenyl inhibits both MAOA and B activity, 
whereas 10~’M will inhibit the latter but not the 
former. We have chosen the lower concentration, 
however, because fetal tissues seem to be more sen- 
sitive to the inhibitor than neonatal or adult tissues: 
in several experiments on fetal tissues with 10-*M 
deprenyl, Bz-oxidizing activity was inhibited in all 
tissues to a similar degree. Moreover, in the adult 
human lung, rich in MAO A, there was no difference 
in Bz activity at 10~’ and 10-*M depreny! [12]. The 
question arises, however, whether the deprenyl- 
insensitive Bz activity we detect could be partly 
catalyzed by MAO A. We think it very unlikely that 
MAO A contributes more than a trace of activity 
because we have shown that Bz is a very poor sub- 
strate for human MAOA, e.g. in placenta 
(Km = 400 4M; Vinax = 0.7 per cent of that for 5-HT) 
[12]. Moreover, we have found no relation between 
the distribution patterns of MAO A and deprenyl- 
insensitive Bz activity; in fetal brain and adult cer- 
ebral vessels, both totally insensitive to deprenyl, 
the ratio of Bz to 5-HT-oxidizing activity was 0.03 
and 5.8, respectively (see also Discussion). 

As for (c) above, both our work and that of others 
[12, 21-23] has produced evidence for major or total 
deamination of PEA by MAOAA in a few tissues 
only. In the vast majority of tissues examined by us, 
the bulk of activity elicited with PEA as substrate 
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Fig. 1. Distribution of BLAO, MAOB and MAOA in the human fetus (19-21 weeks). For assay 

conditions, see Materials and Methods. Middle column shows MAO B activity assayed with Bz and 

PEA; total height of column = D*Bz, deprenyl-sensitive moiety of benzylamine-oxidizing activity; cross- 

hatched portion = activity registered with PEA as substrate. For interpretation of PEA activity, see 
text. 
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Fig. 2. Distribution of BAAO, MAO B and MAO A in the human neonate. Legends and observation 
as in Fig. 1. 
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Fig. 3. Distribution of BAAO, MAO B and MAO A in the human adult. Legends and observation as 
in Fig. 1. 
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was in all likelihood predominantly due to MAO B. 
Though variable in the various tissues, the 
D*Bz/PEA ratio [mean 2.74 + 0.24 (S.E. of mean), 
2.66 + 0.31 and 2.48 + 0.21 for fetal, neonatal and 
adult tissues, respectively] was significantly different 
only in umbilical vessels (0.4), placenta (0.26), lung 
(0.4) and one or two other tissues (see ref.12). A 
low specific activity was found in cerebral vessels 
with PEA as substrate, but D*Bz gave no detectable 
activity. On the other hand, no activity could be 
registered with PEA as substrate in several tissues 
with low D*Bz values, such as fetal tongue, fetal and 
neonatal muscle and skin, adult skin and a few oth- 
ers. Oxidation of PEA is undoubtedly less sensitive 
or reliable than D*Bz as a measure of MAOB 
activity; nevertheless we feel justified in using PEA- 
deamination in most human tissues as a rough indi- 
cation of the activity of MAO B. 

The specificity of 5-HT as a substrate for MAO A, 
on the other hand, is well established, notwithstand- 
ing several reports on the deamination of the sub- 
strate by MAOB. Edwards and Chang [20] con- 
sidered 5-HT a poor substrate for MAO B in the 
human platelet, since its Km was much higher than 
that observed for either rabbit platelets or rabbit 
brain regions. Other authors have shown 5-HT 
oxidation by MAO B in beef heart [24], certain cir- 
cumventricular regions of the rat [25] and rat area 
postrema [26]. From all these reports it seems 
obvious, however, that the contribution of MAO B 
to the deamination of 5-HT is slight, unless high 
concentrations of 5-HT are employed. At the sub- 
strate concentration used in our experiments, it is 


likely that S-HT was deaminated almost exclusively 
by MAO A. 


Enzyme distribution 
The distribution of BZAAO, MAO A and MAO B 
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in human tissues at three stages of development is 
shown in Tables 1-3. All three enzyme forms were 
detectable in every tissue studied, apart from MAO B 
in cerebral vessels. It is clear from these tables and 
Figs. 1-3 that each has its distinctive distribution and 
developmental pattern. In almost all tissues, the 
specific activity is lowest in the fetus, intermediate 
in the neonate and highest in the adult. In certain 
instances, such as BzAO in aorta or MAO B in brain 
and skeletal muscle, there is a 10-fold or greater 
increase in specific activity between fetus and adult. 
In no case (except for MAO B in lung) is there any 
substantial decrease with age. The developmental 
pattern varies from tissue to tissue, however, and 
there is relatively little change, for example, in the 
specific activity of the three enzyme forms between 
fetus and adult in the heart, and even less between 
the specific activity of BzAO and MAOB in fetal 
and adult liver. 

Figures 1-3 show activity obtained with PEA, 
compared with deprenyl-sensitive activity using Bz 
as substrate (D*Bz) as a measure of MAO B. D*Bz 
gives a higher specific activity than PEA throughout 
(see above). 

BzAO (Table 1). The findings in the present study 
confirm and extend our earlier data [1]. BzAO is 
most active in adult cerebral vessels (not done in 
fetus or neonate), by far the highest value for this 
enzyme in any human tissue. Activity is also high in 
aorta, lung and digestive tract. BzAO activity in 
blood vessels, which we commented upon earlier 
[1], is the subject of a separate study (in preparation). 
The extremely low activity in brain, the lowest of 
any adult tissue studied, may derive from traces of 
vascular tissue. Specific activity is also low in liver, 
heart, kidney and skeletal muscle, as well as fetal 
skin. Values for fetal scalp (not done in neonate o: 
adult) are similar to those for other skin areas. 


Table 1. Specific activity of BzAO in human tissues (nmoles/mg protein/30 min). Residual activity with 
Bz as substrate (42 4M) after inhibition with deprenyl (4 x 10~’M) 





Fetal 


Tissue Mean Range 


Adult 
Range 


Neonatal 


Mean Range Mean 





Brain 0.2 
Cerebral vessels 


Heart 0.3-1.5 


0.i1-0.4 


0.4 0.36-0.44 0.5 
47.8 


1.9 


0.4-0.6 
33.2-55.3 


1.6-2.8 1.5-2.8 


4.0-11.0 
22.9-38.1 
2.2-5.0 
1.4-3.2 
2.1-6.8 
0.8-1.3 
0.6-2.1 
7.0-16.8 
7.1-21.5 
8.7-24.2 
14.0-29.5 


27.9 
25.4 
6.0 
4.6 
= De 
2.8 


20.0-41.1 

19.8-31.0 
3.4-13.8 
3.5-5.3 
2.5-7.9 
2.3-3.2 
3.8-4.4 


0.6-5.7 
7.4-19.2 
3.4-6.8 
0.1-1.3 
0.5-3.9 
0.3-0.8 
0.1-1.6 
6.8-15.6 
0.7-12.3 
1.7-4.2 
0.5-4.7 
1.9-8.2 
0.4-1.3 
0.4-0.7 
0.1-1.4 
0.02-1.3 


Aorta 

Lung 

Liver 

Kidney 

Adrenal 

Spleen 

Tongue 
Oesophagus 
Stomach 

Ileum 

Colon 
Mesentery and mesocolon* 
Pancreas 
Skeletal muscle* 
Diaphragm 

Skin 





* Pooled values from individual assays (see Materials and Methods, Tissues). For assay procedure, 
see Materials and Methods. 
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Table 2. Specific activity of MAO B in human tissues (nmoles/mg protein/30 min)* 





Adult 
Range 


Neonatal 
Mean Range 


Fetal 


Tissue Mean Range Mean 





Brain 1.64.1 6.1 5.4-7.0 13.8-29.4 
Cerebral vessels 

Heart 

Aorta 

Lung 

Liver 

Kidney 

Adrenal 

Spleen 

Tongue 

Oesophagus 

Stomach 

Ileum 

Colon 

Mesentery and mesocolont 
Pancreas 

Skeletal muscle 
Diaphragm 

Skin 


= 
23.5-28.3 
1.8-7.0 
0-3.5 
49.4-123.6 
24.1-32.8 
22.4-22.8 
2.6-4.3 
7.2-8.7 
6.7-10.0 
5.9-12.7 
12.0-27.3 
9.7-13.9 
11.1-13.1 
N=1 
10.9-11.8 
8.4-13.3 
1.4-1.9 


7.1-19.8 2 20.5-22.6 
0.8-3.9 
4.2-9.1 
50.4-99.2 
6.0-24.8 
4.9-10.1 
0.1-2.8 
0.3-0.9 
0.5-2.6 
1.1-5.9 
2.7-3.0 
1.2-6.1 
3.4-10.8 
2.4-5.7 
0.2-0.7 
0.1-1.7 
0.2-0.9 


NOR WWWSWAWSASSN ws 
SwWwWOAHLOHhK LhAUUNADANT LHe Lh 


1.9-3.2 





* Activity expresses moiety sensitive to 4 x 10-’M deprenyl (D*Bz), with Bz as substrate (42 4M). 
For assay procedure, see Materials and Methods. 

+ See footnote, Table 1. 

+ No detectable activity. 


MAO B (Table 2). Liver, at all stages of devel- 
opment, showed the highest specific activity for 
MAO B of any human tissue studied. While there 
is virtually no change in specific activity of cardiac 
MAO B from fetus to adult, activity in kidney and 
adrenal increases sharply. In brain, MAO A pre- 
dominates at the fetal and neonatal stages, but 


MAO A (Table 3). In fetal brain, MAO A emerges 
before MAO B. Specific activity of hepatic MAO A 
rises steadily from fetal to adult stage. Excepting 
only the term human placenta [12], adult liver is the 
human tissue showing by far the highest activity of 


MAO A. Although all fetal MAO A specific activity 
is relatively low, compared with the adult, fetal liver, 


MAO B becomes dominant in the adult. Adult kid- 
ney, heart, adrenal and brain are relatively rich in 
MAO B; considerable activity is also found in adult 
digestive tract and skeletal muscle. 


lung, kidney, adrenal, aorta and digestive tract show 
relatively high values. Peak MAO A activity in brain, 
lung and colon is seen in the neonate. 

Ratio MAO A/B (Table 4). The relative tissue pro- 


Table 3. Specific activity of MAO A in human tissues (nmoles/mg protein/30 min)* 





Adult 
Range 


Neonatal 
Mean Range 


Fetal 


Tissue Mean Range Mean 





6.7 3.6-13.5 11.5-18.9 8.7-16.9 
6.4-11.3 
15.7-23.8 
3.2-5.6 
9.4-25.8 
29.8-215.4 
37.1-41.9 
30.3-36.5 
1.2-2.4 
12.4-13.1 
10.2-21.6 
7.1-9.7 
12.7-17.7 
13.1-13.8 
21.9-34.0 
N=1 
1.8-6.4 
5.6-7.9 
0.7-0.8 


Brain 

Cerebral vessels 
Heart 

Aorta 

Lung 

Liver 

Kidney 

Adrenal 

Spleen 

Tongue 
Oesophagus 
Stomach 

Ileum 

Colon 
Mesentery and mesocolon+ 
Pancreas 
Skeletal musclet+ 
Diaphragm 

Skin 


2.1-4.0 
2.4-15.8 
14.2-21.8 
14.6-55.0 
7.5-14.3 
4.8-8.0 
2.9-5.1 
0.7-2.5 
10.3-24.0 
8.9-13.4 
3.8-5.2 
2.5-10.9 
6.7-19.4 
11.2-20.3 
0.2-0.7 
0.6-3.1 
0.3-3.0 


8.7-10.9 
4.0-6.0 
25.8-36.9 
27.4-74.8 
9.3-25.7 
5.1-28.3 
0.3-1.2 
1.6-6.2 
4.4-12.5 
8.0-11.1 
11.6-16.4 
15.5-25.2 
3.5-5.7 
7.3-19.6 
0.2-1.3 
1.5-5.7 
3.8-5.9 


w— 
Sh NR Ws) OD NY 


SwWNABHOHORNDWO 





* Substrate, 5-HT (371 uM). No inhibitor. For assay procedure, see Materials and Methods. 
+ See footnote, Table 1. 
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Table 4. Ratio MAO A/B (5-HT/D*Bz)* 





Tissue Fetal Neonatal Adult 





Brain 

Cerebral vessels 
Heart 

Aorta 

Lung 

Liver 

Kidney 

Adrenal 

Spleen 

Tongue 
Oesophagus 
Stomach 

Ileum 

Colon 
Mesentery and mesocolon+ 
Pancreas 
Skeletal muscle? 
Diaphragm 

Skin 


0.61 


— 
0.75 
0.93 
9.78 
1.15 
1.31 
1.48 
0.52 
1.58 
2.56 
1.0 
0.87 
1.14 
2.31 
8.89 
0.39 
0.62 
0.44 





* Substrates as in Tables 2 and 3. 
+ See footnote, Table 1. 
t No detectable MAO B activity. 


portions of MAO A and B, as determined by the 5- 
HT/D*Bz ratio, are shown in Table 4. In general, 
the A/B ratio is higher in fetus than adult. This 
phenomenon is particularly noticeable in brain and 
oesophagus, where the A/B ratio in the fetus is 
4times greater than that of the adult; the ratio in 
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skin is ten times greater in fetus than adult. In the 
adult, with the exception of placenta (see ref. 12), 
the lung has the highest A/B ratio. 

Total activity in tissue or organ (Table 5). Although 
specific enzyme activity in a given tissue may be low, 
the activity of the enzyme in the total tissue or organ 
mass—and, therefore, in the total body economy— 
may be considerable, as shown in Table 5. Obviously, 
estimates of total activity such as those shown can. 
at best, be only a rough approximation and should 
be approached as indicating orders of magnitude 
rather than precise values. 


DISCUSSION 


It is evident from the data presented here that the 
distribution and development of the copper enzyme 
[4] BzAO, and the flavin enzyme forms [4] MAO A 
and B differ in every tissue. 

By demonstrating a series of ontogenetic differ- 
ences not only between BzAO and monoamine 
oxidase, but also between MAO A and MAOB, 
support may be provided for the view that MAO A 
and MAOB are different functional enzymic 
entities. We have also produced evidence to show 
that Bz (D*Bz) is a far more sensitive and reliable 
substrate for MAO B than PEA (Figs. 1-3). In gen- 
eral, D*Bz measurement gives higher absolute val- 
ues for MAOB specific activity than PEA. An 
exception is the lung in neonate and adult (Figs. 2 
and 3). As we have shown [12], PEA in adult lung 
preparations is metabolized partly by MAO A and 
partly by MAO B. This experiment was not carried 


Table 5. Total enzyme activity of organ or tissue (4 moles)* 





Increase 


Per cent of 


Tissue body weight 


in total 
protein (F = 1) 


MAOB 
(D*Bz) 





25 
25 40 
43 730 


Skeletal muscle 


Liver 
14 
150 


Digestive tract 


NMNOrF NY 


300 
Lungs 


Brain 


KOR NN Swwn es 


_— 


Kidneys 


Heart 


Skin 


Aorta 
Plasma 


PrrZntrZnerZAntrraszaney7AnnrszaneyzAnyzn 


3 

438 

59,370 

133 

1634 

23,520 

3 

69 

4259 

3 

19 

231 

- 

308 

4667 

3 

121 

1552 

3 

59 

109 1416 

2 2 

108 105 

757 739 

251 39 
37 — 





* For assay procedure and calculations, see text. F = fetus; N = neonate; A = adult. 
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out with neonatal lung, although a similar situation 
seems likely to prevail (Fig. 2). As for adult cerebral 
vessels (Fig. 3), no D*Bz activity was registered, and 
the deamination of PEA is undoubtedly catalyzed 
by MAO A, as in the case of placenta [12]. 

The D*Bz/PEA ratio varies in the tissues studied 
(Figs. 1-3). This may be explained in part by MAO B 
sensitivity towards deprenyl with Bz as substrate, 
which in most tissues differs with the developmental 
stage. The main reason, however, may well be that 
MAO A contributes to a variable extent to PEA 
deamination in tissues other than the lung and 
vessels. 

The argument that Bz might be oxidized to some 
extent by MAO A is mainly based on the work of 
Lyles and Callingham [27-29]. These authors found 
that rat heart (but not the human heart, ref. 30) has 
a Bz-oxidizing activity which gives a biphasic curve 
when clorgyline is used as inhibitor, suggesting the 
presence of mitochondrial MAO in all the fractions 
studied. Similar results were obtained in our experi- 
ments with human placenta and lung [12]. Since all 
these tissues are very rich in MAOA, it is not 
impossible that this enzyme contributed to the 
deamination of Bz in these experiments. Another 
explanation, however, is equally plausible: clorgyline 
may be less selective for MAOA than has been 
postulated, and in certain tissues it may inhibit the 
activity of BzAO. Lyles and Callingham [28] do not 
entirely dismiss this possibility, although they point 
out that the clorgyline-sensitive moiety of Bz-oxi- 
dizing activity, whilst sensitive to semicarbazide, was 
insensitive to cyanide, a selective inhibitor of plasma 
amine oxidase. A similar sensitivity pattern, with 
tyramine as substrate, has been shown by Coquil et 
al. [31] in a component of rat artery amine oxidase, 
suggesting that rat tissues in general may be insen- 
sitive to cyanide. 

Support for our interpretation of inhibition of 
BzAO by clorgyline is afforded by Houslay and 
Tipton’s experiments with a purified preparation of 
beef plasma and Bz as substrate, in which clorgyline 
was shown to be a reversible inhibitor of BzAO [32]. 
These authors stress the need for care in avoiding 
blood-contamination of the tissues studied. As 
pointed out in our previous paper, however [1], 
contamination with blood is unlikely to be a cause 
of substantial error in the interpretation of results, 
since the specific activity of plasma BzAO is negli- 
gible, compared with that of most tissues. If there 
is contamination, it is far more likely to be due to 
the presence of vascular fragments, particularly in 
crude homogenates, a possibility pointed out by 
Lyles and Callingham [28]. 

BzAO. Fragments of vascular tissue may account 
for the relatively high BzAO value in fetal liver, 
where specific activities of BZLAO and MAO B (with 
Bz but not PEA as substrates—see Fig. 1) are similar 
to those found in the adult (Tables 1 and 2, Fig. 3), 
suggesting that at 19-21 weeks gestation, these 
enzyme systems have reached a comparable level of 
maturity. Nor is this surprising, in view of the intense 
metabolic activity of the fetal liver. Vascularization 
is well advanced at this stage, when the need for 
. blood vessels must be similar to, if not greater than, 
that of the adult organ [33, 34]. In the fetus, indeed, 
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total BzAO activity in the liver equals that of all the 
other main tissues together (Table 5). 

Tongue, diaphragm and skeletal muscle show val- 
ues sufficiently similar at all three stages of devel- 
opment to indicate that BzAO activity in striated 
muscle does not differ, whatever the origin of the 
muscle. Conversely, the wide scatter of BzAO values 
noted in the different parts of the fetal digestive tract 
narrows with development and, in the adult, specific 
activities appear to belong to a homogeneous system. 

Except for lung, liver, aorta and digestive tract, 
specific activity of BzAO is very low in the fetus. 
Evidence continues to mount suggesting an associ- 
ation of this enzyme with blood vessels. The local- 
ization of BzAO in blood vessel walls of human 
placenta and rat liver has recently been demonstrated 
histochemically in these laboratories: intense stain- 
ing was present in the media, whilst the endothelium 
appeared unstained [35]. One possible explanation 
for the increase in specific activity of BzAO from 
fetal to adult stage might be the increase in vascu- 
larity of the tissues examined. This interpretation 
may be particularly relevant to the gastric muscu- 
lature of the fetus, which is somewhat deficient, and 
the fetal intestine with its relatively greater thickness 
of mucosa compared to muscie [36]. 

The virtual absence of BzAO in brain parenchyma 
is of particular interest, for another copper enzyme 
of parallel function, diamine oxidase, has also not 
been demonstrated in this tissue in rabbit, guinea- 
pig and rat [45]. 

MAO A and B. Like BzAO, MAO A and B are 
widely distributed in the fetus. Although MAO B 
activity in fetal brain is barely demonstrable, specific 
activity of MAO A at 20 weeks’ gestation is already 
about one-half that of the adult. The emergence of 
MAO A before MAO B in the fetal brain has also 
been demonstrated in rat [37] and mouse [38], and 
seems to cut across the view [39] that MAO B is a 
pure protein bound in a lipid environment and 
capable of being converted into MAOA with an 
additional lipid complement. If this hypothesis were 
correct, MAO B might have been expected to pre- 
cede MAO A ontogenetically. 

Our results agree with those of Suzuki and Yagi 
[40], who found MAOA values similar to those 
shown by us in human fetal and adult brain. How- 
ever, their values for MAO B using PEA as substrate 
are higher than ours, perhaps reflecting the higher 
substrate concentration they employed, which might 
have resulted in some deamination by MAO A. 

Studies of human fetal liver with a variety of 
substrates [41] have revealed some fluctuation of 
activity between the 16th and 32nd week of gestation; 
from then on there was a steady increase until birth. 
Since Bz, 5-HT and tyramine were among the sub- 
strates employed, the enzymes involved were, pre- 
sumably, MAO B and A. 

Our study shows that, in human tissues, the 
development of the activity of the three enzymes 
investigated is related to functional rather than mor- 
phological maturity. Differing rates of functional and 
morphological ontogenesis of enzyme systems are 
well described in man [36, 42] and rat [33, 43, 44] 
and seem likely to represent a widespread 
phenomenon. 
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Specific activity of MAO A in fetal liver is one 
third that of the adult, whilst that of pulmonary 
MAO A, similar in fetus and adult, shows a rise in 
the neonate. Perhaps the fetal lung and digestive 
tract contribute to the deamination of 5-HT to a 
relatively greater extent than in the adult, with the 
lung playing a particularly prominent role. 

The widespread distribution of MAO B is perhaps 
more puzzling. Because of the absence of diamine 
oxidase in brain [45], mentioned above, one of its 
major functions may be related to the metabolism 
of tele-N-methylhistamine, the major histamine 
metabolite in this tissue. Recent research has shown 
that fele-methylhistamine is a specific substrate for 
MAO B in both rat [46, 47] and man (J. D. Elsworth, 
V. Glover and M. Sandler, in preparation). It would 
be of interest to determine the extent to which per- 
ipheral MAO B, for example in skeletal muscle, is 
present to inactivate local tele-methylhistamine pro- 
duced from the decarboxylation of muscle tele- 
methylhistidine [48, 49]. 

Total enzyme activity. The estimated total activity 
of the three enzymes (Table 5), most striking in 
skeletal muscle, deserves comment. The very large 
increase in activity between fetus and adult seems 
to shed new light on the importance of these 
enzymes, and, in particular, of skeletal muscle amine 
oxidase, in the total body economy. No doubt the 
increase in mass from accretional growth accounts 
in part for the increase from total fetal to adult 
activity seen e.g. in skeletal muscle and digestive 
tract.+ Increase in vascular tissue probably also con- 
tributes substantially to the increase both in specific 


and total activity of BzAO between fetus and adult. 
The total activity of MAO B (D*Bz) in adult skeletal 
muscle is about twice the total activity of this enzyme 
in all the other major organs. Even with PEA as 
substrate, the total value for MAOB in skeletal 
muscle exceeds the activity of all the other tissues 


together (Table 5). Estimated total activity of 
MAO A in skeletal muscle is second only to that in 
the liver, in which the specific activity of MAO A 
is so high that the 1.5 kg mass of the adult produces 
a greater total activity than the 20-fold larger mass 
of skeletal muscle. On the other hand, the entire 
digestive tract develops only about 15 per cent of 
the MAO A activity of the adult liver. 

Despite their semiquantitative nature, these 
figures may provide a more realistic insight into the 
relative importance of enzyme activity in the round, 
compared with the more limited perspective pro- 
vided by specific activity alone. 

Far from simplifying the issue, these observations 
seem to add a further dimension of complexity to 
our knowledge of the amine oxidases in the human 
body. One conclusion, however, is implicit in the 
relatively low specific activity of all three enzymes 
in fetal tissues: neither BZAO nor MAO A or B can 
be related to rapid growth in tissues per se. 
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EFFECTS OF A HORMONE-SUPPLEMENTED MEDIUM ON 
CYTOCHROME P-450 CONTENT AND MONO-OXYGENASE 
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Abstract—Cytochrome P-450 content and associated mono-oxygenation activities (7-ethoxycoumarin- 
O-deethylase, biphenyl-4-hydroxylase and 7-ethoxyresorufin-O-deethylase) of rat hepatocytes were 
found to decrease during the first 48 hr in primary culture in control (WOBA-M;) medium. However, 
by culturing the hepatocytes in a hormone-supplemented medium (AB medium), all of these enzymes 
were maintained at higher levels after 12, 24 and 48 hr in culture. In particular, 7-ethoxyresorufin-O- 
deethylase activity was markedly enhanced after 12 and 24 hr in culture in AB medium to levels greater 
than that in isolated hepatocytes. Metabolic capacities of the cytochromes P-450 present in hepatocytes 
cultured in WOBA-M> medium vs AB medium were also quantitatively different at 12, 24 and 48 hr 
when specific activities/pmole of hemoprotein were compared. Sodium dodecylsulfate—polyacrylamide 
gel electrophoresis (SDS-PAGE) experiments further suggested that a cytochrome P-450-related protein 
was maintained to a greater extent in AB medium than in WOBA-M) medium. It is proposed that AB 
medium may maintain a higher cytochrome P-450 concentration in cultured primary rat hepatocytes 
by increasing both the rate of heme synthesis and the synthesis of a cytochrome P-450-related protein. 


In recent years, a number of workers have success- 
fully isolated rat liver parenchymal cells and devel- 


oped the technique of primary hepatocyte culture 
[1-4]. Such cultures offer a number of advantages 
over isolated hepatocytes in that they can be main- 
tained for several days under closely defined con- 
ditions, readily respond to a variety of hormonal 
stimuli [5,6], and reassociate with each other in 
monolayers, thus resembling their former in situ state 
[7, 8]. A major disadvatage of this culture system is 
that levels of cytochrome P-450, the terminal oxidase 
responsible for metabolism of many drugs, carcin- 
ogens and endogenous substrates, have been shown 
to fall dramatically after 24 hr in culture [9, 10]. A 
corresponding decrease in microsomal mono-oxy- 
genation has also been observed [10, 11]. A number 
of workers, however, have shown that cytochrome 
P-450 can be maintained in primary hepatocyte cul- 
ture by the inclusion of certain hormones in the 
culture medium [9, 12, 13]. 

Previous studies using sodium dodecylsulfate— 
polyacrylamide gel electrophoresis (SDS-PAGE) 
have demonstrated that a number of liver micro- 
somal proteins of molecular weight 50,000—60,000 
are derived from multiple forms of rat hepatic cyto- 
chrome P-450 [14, 15]. Recently, Fahl et al. [16] 
showed the presence of multiple forms of cytochrome 
P-450 in microsomes from hepatocytes in primary 
culture. These investigators found that a cytochrome 
P-450-related protein, that typically increased in vivo 
following treatment with 3-methylcholanthrene, was 
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induced after the carcinogen was added to the 
medium of cultured rat hepatocytes [16]. An increase 
in the phenobarbital inducible protein was not 
detected in this system, despite an increase in the 
cytochrome P-450 content of the hepatocyte micro- 
somes. This suggests that control of cytochrome P- 
450 synthesis in cultured hepatocytes may be differ- 
ent from that found in vivo. 

Recently, Decad ef al. [12] reported the mainte- 
nance of cytochrome P-450 in hepatocytes cultured 
for 24 hr in a hormone-supplemented medium and 
showed that the metabolic profile of a cytochrome 
P-450 substrate, aflatoxin By, is similar to that found 
in vivo. These results suggest that the cytochrome 
P-450 species present after 24 hr in culture in this 
medium may be similar to those found in rat liver 
in vivo. Other results [9], however, suggest that 
hydrocortisone, present in the supplemented 
medium of Decad et al. [12], preferentially maintains 
a form of cytochrome P-450 with a spectral absorb- 
ance maximum at 448 nm when reduced and com- 
plexed with carbon monoxide. 

The objectives of the present study were to inves- 
tigate the effects of the hormone-supplemented 
medium on cytochrome P-450 and the metabolic 
capacity of the hemoprotein(s) present after various 
times in culture, and to compare these vaiues with 
those found using a conventional medium. The gel 
electrophoretic profiles of microsomal proteins iso- 
lated from cells cultured for different time periods 
in the two media were also investigated. 


METHODS 


Materials. Waymouths MB 752/1 medium was pur- 
chased from KC Biological Inc., Lenexa, KS; genta 
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micin sulfate from the Schering Corp., Kenilworth, 
NJ; glucagon from Eli Lilly, Indianapolis, IN; and 
sodium pentobarbital from Abbot Laboratories, 
Chicago, IL. 7-Ethoxyresorufin was synthesized by 
Dr. S. R. Challand of the Wellcome Research Lab- 
oratories, Beckenham, U.K. All other chemicals or 
biochemicals were obtained from the Aldrich Chem- 
ical Co., Milwaukee, WI, or the Sigma Chemical 
Co., St. Louis, MO. 

Animals. Male Holtzman rats (180-230 g) from 
the Holtzman Co., Madison, WI, were allowed food 
(Purina chow) and water ad lib. and were maintained 
on a 12-hr light/dark cycle (7:00 a.m.—7:00 p.m. 
light) at 22-24°. Rats were fasted overnight 
before use. 

Preparation of isolated hepatocytes. The rat was 
anesthetized with sodium pentobarbital (50 mg/kg, 
i.p.), and strict aseptic technique was maintained 
throughout the following procedure. The abdomen 
was opened by a midline incision and the intestines 
were displaced to the left. The hepatic portal vein 
was cannulated with an 18 gauge catheter placement 
unit (Jelco Lab., Raritan, NJ), and perfusion of the 
liver in situ was initiated at a flow rate of 15 ml/min 
with a Masterflex pump (Cole Parmer, Chicago, IL). 
To allow escape of the blood and perfusate from the 
liver the inferior vena cava was cut. After about 100- 
150 ml of buffer had been perfused through the liver, 
the thoracic cavity was opened, the superior vena 
cava cannulated with a 14 gauge catheter placement 
unit, and the inferior vena cava ligated. This diverted 
the outflow of liver perfusate to the superior vena 
cava cannula which was returned to the perfusion 
bottle for recirculation through the liver of the 
animal. Throughout the entire procedure the per- 
fusion buffer used was Ca’*-free Hanks’ balanced 
salt solution (pH 7.5) supplemented with insulin 
(10-7 M) and gentamicin sulfate (50 ug/ml). It was 
maintained at 37° and gassed continuously with 95% 
O, and 5% CO). After recirculation of the perfusion 
buffer was established, collagenase (Sigma type I, 
60 mg dissolved in 5ml of perfusion buffer) was 
added via a 0.45 um filter (Millipore) to the bottle 


of recirculating perfusion buffer (about 100 ml), and 
perfusion was continued for 15-20 min by which time 
the liver had swollen. The liver was removed to a 
beaker containing warmed (37°) perfusion buffer 
(50 ml) to which collagenase had not been added, 
and the capsule was ruptured with sterilized scissors. 
Hepatocytes were released by gentle swirling of the 
liver and pipetting with a large bore pipette. The cell 
suspension was filtered through a 250 wm nylon mesh 
into a beaker placed on ice. The filtrate was trans- 
ferred to ice-cold, sterile 50 ml centrifuge tubes 
(Falcon), and the hepatocytes were sedimented by 
centrifugation at 50g for 4min. The pellets were 
washed two to three times and the final sediment 
was resuspended in perfusion buffer (about 20 ml) 
and stored on ice until further use. The viability of 
the final cell suspension was assessed by mixing 100 ul 
of the suspension with 900 ul of 0.4% (w/v) Trypan 
Blue in 0.95% (w/v) NaCl and allowing the mixture 
to stand for 5 min on ice. A sample was transferred 
to a Neubauer counting chamber for determination 
of the viable and nonviable cells. The total number 
of parenchymal cells released from the liver was 
estimated in this manner. 

Culture conditions. The cell suspension was diluted 
to 1.2 x 10°cells/ml in the appropriate medium 
(WOBA-M2 or AB) and 3m! were pipetted into 
60 x 15 mm plastic Petri dishes (Falcon) precoated 
with 100 wg of rat tail collagen [8]. The WOBA-M2 
medium consisted of serum-free Waymouth’s MB 
752/1 medium [17] as modified by Pariza et al. [8]. 
AB medium consisted of the WOBA-M2 medium 
plus the hormones and other supplements described 
by Decad et al. [12]. The compositions of the two 
media are compared in Table 1. After hepatocytes 
were inoculated into collagen-coated culture dishes, 
they were incubated at 37° in a humidified 5% 
CO,/95% air incubator (Forma Scientific Co., Mar- 
ietta, OH) for 4, 12, 24 or 48 hr, and the medium 
was changed after 4 and 24 hr. 

Preparation of whole cell homogenates. All experi- 
ments were carried out using whole cell homogen- 
ates. After hepatocytes had been in primary culture, 


Table 1. Composition of WOBA-M); and AB media* 





Constituent 


Final concentration 
WOBA-M, AB 





Waymouth’s MB 752/1 powdered medium 
Insulin 

Albumin, bovine serum (fraction V) 
Bicarbonate, sodium 

Oleic acid, sodium 

Gentamicin sulfate 

L-Serine 

L-Alanine 

L-Asparagine 

Linoleic acid, sodium 
6-Aminolevulinic acid, hydrochloride 
D,L-a-Tocopherol 
Hydrocortisone-21-acetate 
p-Thyroxine 

17-B-Estradiol 


Testosterone 


14.05 mg/ml 
1.0 x 10°7M 
2.0 mg/ml 
2.67 x 10°7M 
2.0 x 10°°M 
50.0 wg/m! 
5.32 x 10°*M 
4.09 x 10°*M 


14.05 mg/ml 
1.0x 10°7M 
2.0 mg/ml 
2.67 x 107M 
2.0x 10°°M 
50.0 ug/ml 
1.22 x 10°7M 
1.3 x 107M 
1.6 10°*M 
1.8 10°°M 
1.0 x 10°° M+ 
5.0 wg/ml* 
1.0 x 10°° M+ 
1.0 x 107° Mt 
1.0 x 10°° M+ 
1.0 x 107° M+ 





* Medium pH was adjusted to 7.4 before use. 
+ Added as a suspension in propylene glycol (4 ml/l AB medium) immediately before use. 





Mono-oxygenase activities in primary rat hepatocyte culture 


for 4, 12, 24 or 48 hr, the medium (WOBA-M>? or 
AB) was removed by aspiration and the attached 
hepatocytes were rinsed with 3 ml of ice-cold 66 mM 
Tris-HCI buffer (pH 7.4). After rinsing the cells, 
1 ml of fresh Tris buffer was added to each culture 
dish, and the attached hepatocytes were scraped off 
with a rubber policeman. The cells and the buffer 
from four scraped plates (maintained under identical 
culture conditions) were transferred to the same 
centrifuge tube and the scrape-transfer process was 
repeated a second time. The scraped cells from four 
plates in 8 ml of buffer were pelleted by centrifu- 
gation at 1000 g for 10 min and buffer was removed. 
The pelleted cells were resuspended in 6 ml of fresh 
Tris buffer and pelleted a second time by centrifu- 
gation. The buffer was removed and the pellet was 
resuspended in 2 ml of 0.25M sucrose and hom- 
ogenized using a Potter-Elvehjem homogenizer (ten 
complete strokes). The homogenate was stored at 
—70° until use. Enzyme and cytochrome P-450 assays 
were carried out within 24 hr after whole cell hom- 
ogenates were prepared. 

Analytical methods. 7-Ethoxycoumarin-O-deethy- 
lase [18], 7-ethoxyresorufin-O-deethylase [19] and 
biphenyl-4-hydroxylase [20] were determined by 
published methods. For all assays, product formation 
was linear with respect to time and protein concen- 
tration. Cytochrome P-450 content was measured by 
the method of Omura and Sato [21]; concentrations 
below 60 pmoles/mg protein were determined using 
the 460-490 nm absorbance change and ¢ = 48 mM“! 
cm~' [22]. Protein was determined by the method 
of Lowry et al. [23] and DNA was quantitated as 
described by Richards [24]. 

Preparation of microsomes. Microsomes were pre- 
pared from rat liver, isolated hepatocytes and cul- 
tured hepatocytes (using the cells scraped from 
twenty plates for each microsomal preparation) by 
centrifugation of homogenates in 66 mM Tris—HCl 
(pH 7.4) at 15,000g for 15 min. The supernatant 
fractions were centrifuged at 140,000 g for 60 min to 
obtain the microsomal pellets. Microsomes obtained 
from rat liver were resuspended in 66 mM Tris-HCl 
(pH 7.4) and recentrifuged at 140,000 g for 60 min. 
The final pellets were resuspended in 66 mM Tris— 
HCl (pH 7.4) containing 0.25 M sucrose and 5.4 mM 
EDTA and stored at —70°. 

Sodium dodecylsulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE): SDS-PAGE was carried out 
according to the methods of Laemmii and Favre [25]. 
The 3 mm thick separating gel contained 7.5% (w/v) 
acrylamide and the stacking gel 3%. The final SDS 
concentration was 0.1% (w/v), and 50-75 wg of 
microsomal protein were applied to each well. Elec- 
trophoresis was initiated at 10 mA current until the 
tracking dye had entered the separating gel and was 
maintained at 30 mA thereafter. When electropho- 
resis was complete the gels were stained with Coom- 
assie Brilliant Blue R-250, destained, and scanned 
at 550 nm using an ISCO gel scanner accessory in 
combination with an ISCO type 6 optical unit and 
type UA-5 absorbance monitor. 


RESULTS 


Properties of isolated hepatocytes and primary 
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Table 2. Yield, viability, DNA and protein content of 
isolated rat hepatocytes* 





Mean + S.E.M. Range 





Yield of cells 528 + 50 442-766 
(x 10°) 

Viability of cells 
(%) 

DNA content 
(pg/cell) 


Protein content 


(ng/cell) 


83 +5 78-92 


19.7 + 0.8 17.0-23.0 


1.1+0.1 0.8-1.4 





* Results are for isolated hepatocyte preparations from 
six to eight rats. Hepatocytes from these same preparations 
‘were subsequently cultured in WOBA-M) and AB media. 


hepatocyte cultures. The yields of isolated hepato- 
cytes from rat livers perfused with collagenase (Table 
2) were similar to those obtained by other workers 
[2, 12, 13, 26, 27], and viability of the cells was 83 
per cent, as assessed by Trypan Blue exclusion. The 
mean DNA and protein content per cell were 19.7 pg 
and 1.13ng respectively. Attachment efficiency, 
based on the DNA content per plate after 4hr in 
culture, was routinely 50-60 per cent. Figure 1 shows 
that the amounts of protein and DNA on each plate 
after various times in culture were similar in both 
WOBA-M2 and AB media. The levels of DNA 
remained constant throughout the 48-hr culture 
period, whereas the protein content showed a small 
decrease after 24 and 48 hr in both media. 

Phase contrast microscopy of hepatocytes cultured 
for 24 hr (Fig. 2) revealed large areas of flattened 
cells which excluded Trypan Blue (> 80 per cent of 
the adherent cells after 24 hr). This was typical of 
hepatocytes cultured in both WOBA-M2 and AB 
media. About 30 per cent of adult rat hepatocytes 
are binucleate [28] and a number of binucleated cells 
were readily visible in primary hepatocyte culture 
after 24 hr (Fig. 2). A number of cells (approximately 
10 per cent of those attached) remained rounded 
and were attached to the surfaces of the flattened 
cells. Such cells were removed largely by changing 








TIME IN CULTURE (hr) 


Fig. 1. Total DNA and protein contents of hepatocytes on 
a per plate basis after various times in culture. Each plate 
received 3.6 x 10° hepatocytes/3 ml of either WOBA-M, 
or AB medium and was assayed at 4, 12, 24 and 48 hr. All 
values are means + S.E.M. of cultures from five rats. 
Key:( ) designates hepatocytes cultured in WOBA- 
M2 medium, and (—-—-—) hepatocytes cultured in AB 
medium. 
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Fig. 2. Photomicrograph of hepatocytes cultured for 24hr in WOBA-M) medium. The cells were 

cultured on coverslips on the bottom of 60 mm Petri dishes coated with rat tail collagen. The coverslips 

were removed after 24 hr, rinsed in buffer, and placed in fixative (2% glutaraldehyde in 0.1 M phosphate 

buffer, pH 7.4). The photomicrograph was taken with a Zeiss research microscope with camera 
attachment (x 240). 


the culture medium and were presumed to be dam- 
aged hepatocytes since they stained readily with Try- 
pan Blue. 


Cytochrome P-450 content and associated mono- 


oxygenase activities of hepatocytes cultured in 
WOBA-M, and AB media. Initial (O hr) levels for 
cytochrome P-450 content and mono-oxygenase 
activities were determined in isolated hepatocytes 
prior to their being inoculated into culture dishes 
(Table 3). This was done by suspending the cells in 
WOBA-M,; or AB medium for 10—20 min at 25° and 
then washing and homogenizing an aliquot of the 
cells. Cytochrome P-450 content and mono-oxygen- 
ase activities of hepatocytes isolated from the same 
rat and suspended in different media were essentially 


identical, so the results were combined. Table 3 
shows that there was a large variation in cytochrome 
P-450 content and mono-oxygenase activities for iso- 
lated hepatocytes prepared from different rats. This 
was apparently caused by animal-to-animal variation 
rather than by wide variation in the quality of the 
isolated hepatocyte preparations. This was suggested 
by Trypan Blue exclusion and attachment efficiency 
being similar in all our preparations, while enzyme 
activities were vastly different. To control for this 
variable it was decided to express cytochrome P-450 
content and mono-oxygenase activities for each iso- 
lated hepatocyte preparation at 0 hr as 100 per cent. 
Enzyme activities (measured on a per mg protein 
basis) for cultured hepatocytes derived from the 


Table 3. Cytochrome P-450 content and activities of mono-oxygenase enzymes in whole cell homogenates of isolated 
rat hepatocytes* 





Enzyme 


Units 


Mean + S.E.M. Range 





Cytochrome P-450 
7-Ethoxycoumarin-O-deethylase 
7-Ethoxyresorufin-O-deethylase 
Biphenyl-4-hydroxylase 


pmoles/mg protein 170.5 
pmoles product/min/mg protein 
pmoles product/min/mg protein 
pmoles product/min/mg protein 590.2 


78.1-218.7 
158.8-537.4 
96.4-317.9 
202.7-879.1 


3.0-11.7 


410.0 
203.9 


5 


It I+ I+ I+ 


Cytochrome P-450 
7-Ethoxycoumarin-O-deethylase 
7-Ethoxyresorufin-O-deethylase 
Biphenyl-4-hydroxylase 


pmoles/ug DNA 9.1 


pmoles product/min/ug DNA 
pmoles product/min/ug DNA 
pmoles product/min/ug DNA 


24.0 
10.5 
34.1 


I+ I+ I+ I+ 


6.7-39.3 
5.4-18.7 
8.6-69.6 





* Results are for isolated hepatocyte preparations from five to seven rats. 


were subsequently cultured in WOBA-M)> and AB media. 


Hepatocytes from these same preparations 
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CYTOCHROME P-450 CONTENT 


TIME IN CULTURE (hr) 


Fig. 3. Percentage of initial cytochrome P-450 content of 
hepatocyte homogenates after various times in culture. All 
values are means + S.E.M. of cultures from four rats. Key: 
( ) designates hepatocytes cultured in WOBA-M2 
medium, and (- — —) hepatocytes cultured in AB medium; 
(*) denotes P< 0.05, as determined by a paired (-test. 
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Fig. 4. Percentage of initial 7-ethoxycoumarin-O-deethy- 
lase, biphenyl-4-hydroxylase and 7-ethoxyresorufin-O- 
deethylase activities of hepatocyte homogenates after var- 
ious times in culture. Biphenyl-2-hydroxylase activity was 
not detectable by the assay procedure used in isolated 
hepatocytes or in cultured hepatocytes maintained in either 
WOBA-M;> or AB medium. All values are means + S.E.M. 
of cultures from five to seven rats. Key: ( ) desigr ites 
hepatocytes cultured in WOBA-M, medium, and (----) 
hepatocytes cultured in AB medium; (*) denotes P < 0.05, 
(+) P < 0.02, (+) P< 0.01, and (§) P < 0.001, as determined 
by a paired f-test. 
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same preparation are expressed as a percentage of 
the initial (0 hr) activity in Figs. 3 and 4. 

Figure 3 illustrates the decrease in per cent cyto- 
chrome P-450 content of cultured hepatocytes with 
time in WOBA-M2 and AB media. In agreement 
with other workers, cytochrome P-450 content 
decreased after 24hr in WOBA-M2 medium to 28 
per cent of the level found initially. However, in AB 
medium, cytochrome P-450 content was 57 per cent 
of the initial hemoprotein content after 24 hr in cul- 
ture. After 48 hr, cytochrome P-450 content was 12 
per cent of the initial value for cells cultured in 
WOBA-M> medium and 35 per cent in AB medium. 

The time courses of three cytochrome P-450- 
dependent enzyme activities, 7-ethoxycoumarin-O- 
deethylase, 7-ethoxyresorufin-O-deethylase and 
biphenyl-4-hydroxylase, were also measured after 4, 
12, 24 and 48 hr in culture (Fig. 4). The decreases, 
in per cent of initial activity, of all three enzymes in 
cells cultured in WOBA-M2 medium were similar 
and approximately paralleled the decline of cyto- 
chrome P-450 shown previously in Fig. 3. Hepato- 
cytes cultured in AB medium showed significant 
increases in 7-ethoxycoumarin-O-deethylation and 
biphenyl-4-hydroxylation after 12, 24 and 48 hr when 
compared with cells cultured in WOBA-M2 medium. 
These greater enzyme activities in the AB medium 
also closely paralleled the greater cytochrome P-450 
content of cells cultured in AB medium. In contrast, 
7-ethoxyresorufin metabolism in hepatocytes cul- 
tured in AB medium was enhanced to levels greater 
than those of cytochrome P-450 and the other two 
cytochrome P-450-dependent enzymes. The activity 
of 7-ethoxyresorufin-O-deethylase after 4, 12, 24 and 
48 hr in AB culture medium was, respectively, 110, 
165, 130 and 55 per cent of the initial (0 hr) rate and 
was approximately 2-fold greater than the activities 
of 7-ethoxycoumarin-O-deethylase and biphenyl-4- 
hydroxylase and the cytochrome P-450 content. The 
activity of 7-ethoxyresorufin-O-deethylase in_pri- 
mary hepatocytes in AB medium was also signifi- 
cantly greater than in WOBA-M)2 medium at all 
times in culture. 

Figure 5 shows the specific activities of the enzymes 
expressed as pmoles of product produced per pmole 
of cytochrome P-450. 7-Ethoxycoumarin-O-deethy- 
lase and biphenyl-4-hydroxylase in hepatocytes cul- 
tured in AB medium had specific activities that were 
similar (within 20 per cent) to that of isolated hepa- 
tocytes at Ohr. However, the specific activities of 
both enzymes were enhanced after 24 and 48 hr in 
WOBA-M, medium. The specific activity of 7- 
ethoxyresorufin-O-deethylase was increased after 
12, 24 and 48hr in WOBA-M, medium and (in 
contrast to the other two enzymes) was further 
enhanced after 12 and 24 hr in AB medium. 

SDS-PAGE of rat hepatic microsomes from iso- 
lated hepatocytes and hepatocytes cultured in WOBA- 
M, and AB media. The gel electrophoresis profiles 
of microsomal proteins isolated from normal rat 
livers or from isolated hepatocytes were very similar 
in the 50,000—60,000 molecular weight region (Fig. 
6). Microsomal proteins from cultured hepatocytes 
in this molecular weight region have been shown to 
have an electrophoretic mobility similar to that of 
the proteins in rat hepatic microsomes that specifi- 
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Fig. 5. Specific activities (pmoles product/min/pmole cytochrome P-450) of 7-ethoxycoumarin-O- 

deethylase, biphenyl-4-hydroxylase and 7-ethoxyresorufin-O-deethylase in cultured hepatocytes. All 

values are the means of cultures from five rats. Dotted bars designate hepatocytes cultured in WOBA- 

M2 medium and slashed bars hepatocytes cultured in AB medium. All 0 hr values were obtained on 
isolated hepatocytes and 4, 12, 24 and 48 hr values on cultured hepatocytes. 


cally increase following treatment in vivo with either 
phenobarbital or 3-methylcholanthrene [16]. In our 
studies, the proteins labeled Forms 1 and 2 corre- 
spond to the protein inducible by phenobarbital and 
to the major protein increased by 3-methylcholan- 
threne treatment respectively [16]. 

After 12 hr in culture in WOBA-M2 medium, the 
major protein in the 50,000—60,000 molecular weight 
region was Form 2. This pattern was also seen after 
24 hr in culture in WOBA-M2 medium (Fig. 6). The 
electrophoretic pattern of microsomes from cells cul- 
tured in AB medium for 4 hr (not shown) was similar 
to that for hepatocytes cultured in WOBA-M2 
medium for 4hr (Fig. 6); their cytochrome P-450 
contents were also similar (Fig. 3). However, after 
24 hr in culture the amount of Form 1 was greater 
in microsomes from hepatocytes cultured in AB 
medium than in WOBA-M) medium (Fig. 6). This 
difference was observed with three hepatocyte prep- 
arations and was associated with a small increase in 
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Fig. 6. Densitometric scans of SDS-PAGE experiments on 

microsomes isolated from control rat liver, isolated rat 

hepatocytes and cultured rat hepatocytes. In all experi- 

ments 50-75 wg of microsomal protein was applied to each 

sample well. The molecular weight region 50,000-60,000 
is marked at the bottom of the scans by ((\). 


the microsomal protein content of hepatocytes cul- 
tured for 24hr in AB medium as compared to 
WOBA-M: medium (0.94 + 0.12 vs 0.77 + 0.11 mg 
protein, means + S.E.M.). 


DISCUSSION 


The AB medium containing a number of steroid 
hormones and the heme precursor, 5-aminolevulinic 
acid (ALA), has been shown to maintain the cyto- 
chrome P-450 content of hepatocytes in primary 
culture for 24 hr at levels close to those found in vivo 
[12, 13]. This is in contrast to results obtained using 
more conventional media in which hepatocyte cyto- 
chrome P-450 levels decreased markedly after 24 hr 
in culture [9, 10, 12, 13]. The decrease with time of 
hepatocyte cytochrome P-450 in culture in a medium 
such as WOBA-M2 has been associated with an 
observed increase in heme oxygenase activity [29]. 
However, more recent work [13] has shown that 
cytochrome P-450 may be maintained using the AB 
medium despite the presence of similar high levels 
of heme oxygenase. This may be due to the formation 
or alteration of existing species of cytochrome P-450 
to forms which are less susceptible to degradation 
by heme oxygenase, or to an increased rate of heme 
synthesis stimulated by the presence of ALA in the 
medium. ALA has been shown to partially maintain 
cytochrome P-450 [30], although these effects are 
pronounced only at relatively high concentration of 
10-* M compared with 10~° M in AB medium. Lipid 
peroxidation has also been associated with the degra- 
dation of cytochrome P-450 in vitro. Estradiol (pres- 
ent in AB medium at a concentration of 10~° M) has 
been shown to block lipid peroxidation [31] and this 
effect may also be partially responsible for the main- 
tenance of cytochrome P-450 in culture. Omission 
of estradiol from AB medium has been shown to 
reduce markedly the enhancement of cytochrome P- 
450 levels by AB medium after 24 hr in culture [12]. 

The extent to which AB medium maintained the 
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hemoprotein content of the hepatocytes in the pres- 
ent study (about 60 per cent of the initial value after 
24 hr) was lower than values of 100 per cent [12] and 
80 per cent [13] reported by others under similar 
culture conditions. The lower stimulation obtained 
in the present study did not appear to be due to the 
cell preparations being of poor quality. Assessment 
of cultured cells at various times during the culture 
period by phase contrast microscopy and Trypan 
Blue exclusion indicated that the cells readily 
adapted to the culture conditions of both media and 
were intact. Paine and Legg [13] showed that inclu- 
sion of the hormonal supplements to the perfusion 
buffer increased the cytochrome P-450 content and 
this, together with a possible strain difference in the 
animals used, may offer a partial explanation for the 
smaller stimulation of cytochrome P-450 reported 
here. 

The main finding of the present study was that 
cytochrome P-450 and associated mono-oxygenase 
activities, when hepatocytes were cultured, were 
maintained at higher levels in AB medium than in 
WOBA-M2 medium. Although cytochrome P-450 
content and 7-ethoxycoumarin-O-deethylase and 
biphenyl-4-hydroxylase activities were enhanced to 
a similar extent after various times in culture in AB 
medium, /7-ethoxyresorufin-O-deethylase was 
increased after 12 and 24 hr in culture to a level of 
activity greater than that of isolated hepatocytes at 
Ohr. Furthermore, when’ expressed in terms of 
pmoles of product per min per pmole of cytochrome 
P-450, only 7-ethoxyresorufin-O-deethylation was 
markedly enhanced in hepatocytes cultured in AB 
medium. In contrast, the specific activities of all 
three mono-oxygenases were enhanced in hepato- 
cytes cultured in WOBA-M2 medium after 24 and 
48 hr. Similar increases in specific activity of cultured 
hepatocyte mono-oxygenases have been observed by 
other workers. After 24hr the cytochrome P-450 
content of primary rat hepatocytes was 20 per cent 
of the initial amount and the rates of benzo[a]pyrene 
and 4-nitroanisole metabolism were 40 and 85 per 
cent of the initial rate respectively [10]. Similarly, 
after 10 days in culture, Fahl et al. [16] found that 
the cytochrome P-450 content of primary rat hepa- 
tocytes was 10 per cent of the amount in isolated 
hepatocytes and benzo[a]pyrene hydroxylation was 
70 per cent of the initial activity. 

Taken together, the results of this study and those 
of other investigators demonstrate that the metabolic 
capacity of the cytochromes P-450 in cultured hepa- 
tocytes changes even after short culture periods. The 
present results further suggest that qualitative dif- 
ferences may exist in the species of cytochrome P- 
450 present in hepatocytes cultured in WOBA-M2 
and AB media. The specific increase of 7-ethoxy- 
resorufin-O-deethylase in AB medium suggests that 
a species of cytochrome P-450, which catalyzes the 
metabolism of this substrate, may be enhanced or 
preferentially mainiained, i.e. a form resembling 





* Cytochrome P-448 is a form of hepatic microsomal 
cytochrome P-450 which is inducible by polycyclic aromatic 
hydrocarbons and is readily distinguished from ‘normal’ 
cytochrome P-450 by its spectral, catalytic, electrophoretic 
and immunological properties. 
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cytochrome P-448.* In support of this argument, 
hydrocortisone present in AB medium at a concen- 
tration of 10-°M has been shown [9] to elicit a 
change characteristic of cytochrome P-448, i.e. a 
spectral shift of the absorbance maximum of the 
reduced carbonyl complex from 450 to 448 nm. 

Evidence of the synthesis of cytochrome P-450 
apoprotein in hepatocytes cultured in AB medium 
was provided by the results obtained on microsomes 
that were isolated from cultured cells. The SDS- 
PAGE experiments suggest that the major form of 
cytochrome P-450-related protein is reduced after 
various times in culture. However, the apparent 
increase in a protein (Form 1) in the 50,000-60,000 
molecular weight region, together with an increase 
in total microsomal protein and cytochrome P-450 
in the hepatocytes cultured in AB medium for 24 hr 
(compared with those in WOBA-M2 medium), sug- 
gests that de novo synthesis of cytochrome P-450 
may have occurred. 

In summary, our results suggest that AB medium 
maintains levels of cytochrome P-450 and associated 
mono-oxygenation of hepatocytes in vitro to a 
greater extent than WOBA-M2 medium which does 
not contain ALA and a number of endogenous hor- 
mones. ALA has been shown to maintain the cyto- 
chrome P-450 of cultured hepatocytes at about 30 
per cent of initial levels (approximately twice the 
level in control cultures) after 24 hr in culture by 
increasing both heme and cytochrome P-450 syn- 
thesis [30]. The gel electrophoretic evidence pre- 
sented here suggests that a cytochrome P-450-related 
protein may also be enhanced in AB medium. Thus, 
the additional endogenous compounds present in 
AB medium may have a dual role in the maintenance 
of cytochrome P-450 in culture by increasing both 
heme synthesis and the synthesis of cytochrome P- 
450 apoprotein. However, the enhancement of 7- 
ethoxyresorufin metabolism in hepatocytes cultured 
in AB medium may indicate the formation of a 
hemoprotein with catalytic properties more similar 
to cytochrome P-448 than ‘normal’ cytochrome P- 
450. 
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Abstract—Exposure of rat adipocytes to insulin causes activation of a pyridine nucleotide oxidase at 
the internal side of the plasma membrane, generating hydrogen peroxide [S. P. Mukherjee and W. S. 
Lynn, Fedn Proc. 35, 1694 (1976); S. P. Mukherjee and W. S. Lynn, Archs Biochem. Biophys. 184, 
69 (1977)]. Evidence was also presented that intracellular utilization of H2O2 by the peroxidative 
pathways of glutathione peroxidase and catalase is coupled with glucose oxidation via the pentose 
phosphate pathway [S. P. Mukherjee, R. H. Lane and W. S. Lynn, Biochem. Pharmac. 27, 2589 
(1978)]. The relationship between the glucose-independent insulin effect on H2O2 production and its 
metabolic role is evaluated on the basis of formate oxidation, lipogenesis, antagonism of lipase activity 
and lowering of cellular levels of cyclic 3',5'-adenosine monophosphoric acid (CAMP). These measures 
of the effects of insulin, observed at low concentrations of glucose, were reversed at higher concentrations 
of glucose (over 0.3 mM). Exogenous H2O2 had metabolic effects similar to insulin. Addition of H2O2 
(10-* M and higher) to the extracellular medium caused a substantial inhibition of epinephrine-stimulated 
and adrenocorticotropin-stimulated depot-fat lipase activity in these cells, measured by net glycerol 
production. H2O2 also increased lipogenesis by increasing the provision of the substrates and cofactor 
(NADPH) and activating pyruvate dehydrogenase in the same manner as insulin. Exogenous catalase 
(16 ug/ml) abolished the insulin-like effects of H2O2 (but not of insulin itself) on glucose oxidation, the 
contribution of glucose carbons to glyceride fatty acids and glyceride glycerol, the inhibition of lipolysis, 
and the time-dependent decline in the cAMP content of the cells. The data suggest that, while insulin- 
stimulated H2O2 production from the plasma membrane may bring about some glucose-independent 
metabolic effects through a lowering of cytoplasmic redox potential, increasing availability of D-glucose 
may counterbalance these effects by replenishing the reducing equivalents. Endogenous H2O2 appears, 
therefore, to satisfy the manifold criteria for a ‘second messenger’ of insulin. 


The manifold metabolic effects of insulin, which are, 
in general, antagonistic to those of catecholamines 
in target cells such as adipocytes, raise the possibility 
of generation of a common regulatory molecule in 
response to insulin [1, 2]. Intense efforts are directed 
at the identification of such a distinct molecule or 
cell component, and several metabolites or chemical 
agents are found to mimic some, but not all of the 
biological effects of insulin. To understand the mol- 
ecular mechanism of the actions of insulin, a bio- 
chemical process has to be revealed which represents 
an integral regulation of the various responses, e.g. 
glucose transport and intracellular enzymatic activ- 
ities which are apparently independent of glucose 
uptake [1-3]. 

A possible mechanism involving sulfhydryl oxi- 
dation in the plasma membrane components was 
indicated by the finding that insulin-dependent acti- 
vation of glucose transport in isolated cells [4] or 
tissues [5-7] requires reactive sulfhydryl (—SH) 
groups. Attempts to confirm this model using H,O, 
and the S-alkylating agent N-ethylmaleimide [8] had 
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the limitation that both of these agents alter intra- 
cellular enzyme activities. For example, H,O, acti- 
vates and N-ethylmaleimide inhibits cytosolic glu- 
tathione peroxidase and glutathione reductase, 
among others [9]. Thus, it is impossible to conclude 
from such data [8] whether the effects represent a 
primary action of insulin on the plasma membrane 
or are secondary to intracellular changes. A new 
insight developed more recently with the finding that 
an enzyme, NADPH oxidase, in the plasma mem- 
brane of adipocytes is activated when these cells are 
exposed to insulin or to various agents mimicking 
some of the actions of insulin, e.g. sulfhydryl 
reagents, thiols [10,11] and concanavalin A [12], 
yielding H,O, as the product. Further evidence has 
also been presented that these cells have efficient 
metabolic routes for H,O, catabolism [13] for the 
final control of altered cytosolic redox potential and 
enhanced glucose utilization via the hexose mono- 
phosphate shunt and adenylate cyclase activity [13—- 
15]. In addition, this may account for the differential 
saturation of the hexose monophosphate shunt 
independently of the effect of insulin on carrier- 
mediated glucose transport [16, 17]. Thus, a redox 
phenomenon in regulating glucose transport and 
utilization, as well as other plasma membrane func- 
tions, e.g. adenylate cyclase, responding to hormonal 
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stimulation, was identified for the first time and 
characterized. On the basis of the unique metabolic 
roles played by the product of this reaction, viz. 
hydrogen peroxide (H2O2), I suggested at the Fed- 
eration meetings of 1976 that it may serve as the 
second messenger for insulin. This hypothesis inter- 
ested Dr. C. deHaen who subsequently furnished 
some’ supportive evidence for intracellular accumu- 
lation of H2O2 [18] as was shown previously by us 
13}. 

| Te present studies preceded our work at Duke 
University Medical Center [10-17] and were under- 
taken: (i) to investigate if adipocytes have a H20> 
generating system comparable to that of other cells, 
e.g. inflammatory cells [19,20] which have a pre- 
dominant hexose monophosphate shunt activity 
characteristic of insulin-stimulated adipocyte meta- 
bolism [21, 22]; and (ii) to examine if such a mech- 
anism might influence hormone-responsive meta- 
bolic events such as lipolysis. The data suggest that 
intracellular accumulation of H2O2 in response to 
insulin may account for the antagonism by insulin 
of epinephrine-stimulated and ACTH-stimulated 
depot fat lipase activity. A correlation between 
enhanced glucose oxidation and lipogenesis in the 
presence of exogenous H2O2, together with other 
recent data cited above [13], strongly suggest that 
endogenous H2O2 may be a natural ‘messenger’ for 
the various metabolic effects of insulin. 


MATERIALS AND METHODS 


Adipose cells were obtained from male Wistar rats 
(150-200 g) of an inbred colony of the CDRI (Luck- 
now) strain. The cells were isolated by digesting the 
pooled fractions of epididymal fat pads with colla- 
genase (Clostridium histolyticum) at a concentration 
of 1 mg of crystalline enzyme/ml of medium (3% 
bovine serum albumin in Krebs—Ringer bicarbonate 
buffer) according to the method of Rodbell [23]. An 
optimum digestion of the tissue, measured by the 
response of adipocytes to insulin, was attained by 
incubating for 50 min at 37° on a Dubnoff metabolic 
shaker. The composition of the buffer was: 126 mM 
NaCl, 5.2 mM KCl, 1.4 mM MgSOa, 4 mM Na2HPOs, 
and 12mM NaHCOs. The buffer was pre-gassed 
with a mixture of O2CO> (95:5, v/v). At the end 
of the digestion, the cells were filtered through a 
double layer of cheesecloth, washed three times with 
approximately 4 vol. of 1% albumin-buffer, and sus- 
pended in this medium. Glucose oxidation was 
assayed in polyethylene tubes fitted with rubber stop- 
pers, employing [U-"C]-p-glucose at final concen- 
tration of 0.2mM. The “CO: which was generated 
over a time course of 1-3 hr was absorbed into the 
strip of filter paper in the center well which was 
soaked previously with 0.2 ml hyamine hydroxide. 
The reaction was stopped by injecting 0.2 ml of 1 N 
H2SO;. The media were filtered and the insoluble 
fractions on the filter papers were extracted for lipids 
according to the method of Folch et al. [24], as 
described previously [25]. Briefly, the insoluble 
materials were homogenized in a mixture of chlo- 
roform—methanol (2:1, v/v), in a ground glass hom- 
ogenizer, and 10 ml chloroform and 18 ml water were 
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added for extraction. Suitable aliquots of the chlo- 
roform extracts were dried in vacuo and redissolved 
in 8.0 ml of 5% ethanolic KOH and heated at 60° 
for 3 hr. To the cooled fractions, 3.0 ml water were 
added and the samples were extracted two times 
with 10 ml of light petroleum ether (b.p. range 40— 
60°). The petroleum fraction was separated and the 
remaining ethanolic KOH layer was acidified with 
1.0 ml of 10 N H2SOs and extracted three times with 
10 ml of light petroleum. The combined light pet- 
roleum fractions were evaporated to a small volume 
and aliquots were counted for radioactivity incor- 
porated into the fatty acid fraction. The remaining 
aqueous portion was measured directly for radio- 
activity in the glyceride glycerol fraction, using 
Bray’s cocktail as the scintillation fluor. 

Oxidation of sodium ['*C]formate, as the index of 
the intracellular catalase: HO, complex, was meas- 
ured using the same procedure as for D-glucose 
oxidation and as described previously [11], with the 
exception that the formate concentration was 
0.5 mM. Unlabeled p-glucose was added to the assay 
medium at 0.1 mM in order to provide substrate for 
the alternative peroxidative pathway, glutathione 
peroxidase, which appears to be coupled to the pen- 
tose phosphate shunt pathway of glucose oxidation 
via NADPH-GSSG reductase activity. Blank cor- 
rections were made for any possible carbonate con- 
tamination by measuring oxidation of H['*C]OONa, 
in the absence of cells, as described previously 
[13]. The blank values also indicated the presence 
of a Cu**-dependent peroxidase activity in some 
preparations of bovine albumin, which could be 
inhibited by adding 1mM_1,10,-diphenyl o- 
phenanthroline. 

Lipase activity was assayed for measuring the net 
production of glycerol enzymatically, according to 
the method of Wieland [26], in the neutralized perch- 
lorate homogenates of cells and media. The differ- 
ences between the glycerol content of the cells at O 
time and the sum of the free glycerol in the cells and 
the media at various time periods of incubation are 
expressed as depot fat lipase activity, on the assump- 
tion that these cells have a very weak glycerol kinase 
activity to reutilize the released glycerol [27]. 
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Fig. 1. Sodium ['*C]formate oxidation and its:inhibition in 

the presence of 4-amino-1 ,2,4-triazole (50 mM) in the pres- 

ence or absence of insulin, at varying concentrations of D- 
glucose in the medium. Insulin concentration: 1.2 nM. 
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The tissue concentrations of cyclic 3’ ,5’-adenosine 
monophosphoric acid (cAMP) were estimated 
according to Brown et al. [28], using assay kit 
TRK432 from Amersham, Arlington Heights, IL. 

The radiochemicals, [U-"C]-p-glucose and 
H["*C]OONa, were purchased from the Amersham 
Nuclear Corp., Amersham, U.K. The reagents used 
for the enzymatic assay of glycerol, viz. adenosine 
5'-triphosphate (ATP), nicotinamide adenine 
dinucleotide (DPN*), glycerol kinase and a-glycero- 
phosphate dehydrogenase were purchased from the 
Sigma Chemical Co., St. Louis, MO. Crystalline 
crude collagenase was from the Worthington Bio- 
chemical Corp., Freehold, NJ. 4-Amino-1,2,4-tria- 
zole was purchased from the Aldrich Chemical Co.., 
Milwaukee, WI. The inorganic chemicals, all of ana- 
lytical grade, were the preparations of E. Merck & 
Co., Germany and British Drug House. 


RESULTS 


Increased production of H2O> and its intracellular 
accumulation in adipocytes in response to insulin are 
evident from the data on “CO: production from 
H['*C]OONa in these cells (Fig. 1). Oxidation of 
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formate is a catalase-dependent peroxidative reac- 
tion, and represents the amount of H2O> that diffuses 
into the intracellular peroxisomes [13, 29, 30]. The 
inhibition of this reaction by the catalase inhibitor 
4-amino-1,2,4-triazole was also greater in the insulin- 
treated cells than in the untreated controls, as illus- 
trated in Fig. 1. This indicates an increased occur- 
rence of the catalase : HO, complexes [29, 30]. The 
formation of H2Q2 in these cells is independent of 
glucose in the medium, as shown previously [11]. 
However, an optimal concentration of D-glucose 
appeared to support the insulin-stimulated formate 
oxidation. This effect of glucose was observed to be 
maximal at about 0.3mM. Increasing the glucose 
concentration had a gradual inhibiting effect on 
insulin-stimulated formate oxidation. This effect of 
glucose was noticed at the formate concentration of 
0.5 mM, which is much lower than its maximal (satu- 
rating) level [18]. Aminotriazole, the inhibitor of the 
catalase-dependent peroxidase activity, permitted a 
small but significant (P < 0.01) increase in formate 
oxidation in the absence of glucose. This can be 
explained by a possible competition for substrates 
between catalase and glutathione peroxidase. At 
optimal glucose concentration, permitting the regen- 


4 





60 


Minutes of incubation 


Ww 
Oo 


H202* Catolose 
*H2 O2 
-H202 


Nonomole ('"C) Formate oxidized /10° cells / hr 








-4 -3 
Hy 0, concentration (MJ Log 


Fig. 2. Effects of exogenous catalase on the rate of sodium ['*C]formate oxidation in adipocytes in the 
presence or absence of insulin (top panel) and of HO, at different concentrations (bottom panel). The 
final effective conc. of H,O, was estimated to be 0.6 times the indicated log values. 
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Table 1. Effects of insulin and exogenous H2O2 on glucose utilization and lipogenesis in adipocytes* 





4COr 
Additions 


from [U-'C]-p-glucose 


Glyceride 
glycerol 


Glyceride 
Total lipids fatty acid 


(nmoles/hr/10° cells) 





None (control) 

Catalase 

Insulin 

Insulin + catalase 

H2Q2 (107* M) 

H202 (1074 M) + catalase 
H2O> (107? M) 

H2O2 (107° M) + catalase 


Www 
GN & $0 Ge 
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I+ I+ 1+ 14 Ht +t Ht H+ 
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14.0+2.4 
14.6 + 1.7 
34.0 + 2.6 
32.0 + 2.0 
28.0 + 0.6 
16.0 + 1.4 
31.0 + 2.6 
16.0 + 1.3 
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* Values are averages + S.E. of three experiments in duplicate, using uniformly labeled D-glucose 


(0.5 mM). Catalase was added at 16 ug/ml. 


eration of glutathione through the glutathione reduc- 
tase pathway (NADPH-GSSG reductase), ‘the glu- 
tathione peroxidase is possibly saturated with its 
preferred substrate, GSH. Aminotriazole inhibition 
of catalase-dependent formate peroxidation is best 
revealed under these conditions. At a relatively high 
but physiological glucose concentration, increasing 
availability of GSH in the cells may compete with 
formate for the catalase reaction, which should be 
released in the presence of aminotriazole, an 
inhibitor of catalase. 

Most of the formate oxidation occurred inside the 
cells, as is evident from the effect of exogenous 
catalase on this process (Fig. 2). Catalase, which is 
presumed not to enter the cells, failed to abolish the 
insulin-dependent increase in formate oxidation, 
while it inhibited the effect of an optimal concen- 
tration of exogenous H2O2 (10~* M) (Fig. 2, bottom 
panel). At low concentrations of H2O2, however, 
catalase can make a peroxidative complex to utilize 
formate, as shown in the bottom panel of Fig. 2. 

The net utilization of glucose is increased in the 
presence of H2O2 in the extracellular medium, as 
evident from the “CO, production and incorporation 
of the glucose carbons into glyceride fatty acids and 
glyceride glycerol (Table 1). The latter effect of H2O2 
is similar to that of insulin. With catalase added to 
the medium, the stimulatory effect of H2O2 on glu- 
cose utilization almost completely disappeared, 


while that of insulin remained unimpaired. These 
data suggest that the intracellular accumulation of 
H2O2, as is shown to occur in response to insulin, 
is responsible for the increase in glucose utilization 
and lipogenesis. A small amount of H2O2 can be 
detected, however, in the extracellular medium, as 
represented by the data on formate oxidation in the 
absence of added H2O2 (Fig. 2, top panel), appar- 
ently due to leakage. 

The comparable effects of insulin and H2O2 on 
hormone-stimulated lipase activity are illustrated in 
Table 2 and Fig. 3. Insulin or H2O2 added to the 
medium together with epinephrine or adrenocorti- 
cotropin (ACTH) had identical antilipolytic effects. 
The effect of H2O2 was observed at a concentration 
as low as 10~* M and was abolished in the presence 
of exogenous catalase (16 ug/ml). Catalase did not 
alter the antilipolytic effect of insulin. As shown in 
Fig. 3, the addition of catalase 5 min after the 
addition of H2O2 and epinephrine failed to alter the 
antagonistic effect of H2O2 on epinephrine-stimu- 
lated depot fat lipase activity. 

The antilipolytic effect of H2O2 against both epi- 
nephrine and ACTH was observed in the absence 
of glucose in the medium (Fig. 3), a condition which 
is characteristic of the effect of insulin [31]. In the 
presence of glucose, both insulin and H2O> failed to 
antagonize the lipolytic stimulus of epinephrine and 
adrenocorticotropin, and above a concentration of 


Table 2. Effects of insulin and H2O2 on the lipolytic response of adipocytes to epinephrine and adrenocorticotropin* 





Glycerol production 


Addition to incubation (umoles/hr/10° cells) 


Addition 
to incubation 


Glycerol production 
(umoles/hr/10° cells) 





0.63 + 0.06 
0.48 + 0.14 
0.44 + 0.13 
2.74+ 0.11 
0.86 + 0.07 


Control 

Insulin 

H202 

Epinephrine 

Epinephrine + insulin 

Epinephrine + insulin + 
catalase 

Epinephrine + H202 

Epinephrine + H2O2 + 
catalase 


0.94 + 0.06 
0.72 + 0.14 


0.76 + 0.14 


0.56 + 0.11 
2.24 + 0.14 
0.76 + 0.15 
0.79 + 0.04 
0.67 + 0.1 


Control 

ACTH 

ACTH + insulin 

ACTH + insulin + catalase 
ACTH + H202 


ACTH + H202 + catalase 0.71 + 0.09 





* Concentrations: insulin, 10~’ M; epinephrine or adrenocorticotropin (ACTH), 107° M; H2O2, 10~* M; and catalase, 
16 ug/ml. The values are averages + S.E. of four experiments in duplicate. 
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Fig. 3. Antilipolytic effects of insulin or H2O2 upon the lipolytic stimulus of epinephrine (107° M) in 
adipocytes. The concentration of catalase, where added (as indicated by the arrows), was 16 ug/ml. 


about 0.3mM appeared to increase the lipolytic 
response to some extent (Fig. 4). This effect may be 
due to an increased precursor pool size for glyceride 
glycerol (a-glycerophosphate) as well as an elevated 
cytoplasmic redox potential. 

The changes in the cellular content of cyclic 3’ ,5’- 
AMP with time, in the presence of H2O2 or insulin, 
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are shown in Table 3. The cAMP content of the cells 
gradually declined to an appreciably lower level in 
response to H2O2 only after 30 min of incubation. 
Insulin produced an identical effect, but to a smaller 
degree. However, in the presence of glucose (max- 
imal at 0.3-0.5 mM), both insulin and H,O, failed 
to lower the AMP level. Exogenous catalase abol- 





D-GLUCOSE CONCENTRATION, [mM] 


Fig. 4. Effect of varying concentrations of D-glucose upon the response of adipocytes to epinephrine 
(10-°M) or adrenocorticotropin (ACTH) (10-°M) and the effect of insulin (0.5 mU/ml) or HO, 
(1 mM).The maximal lipase-supporting concentration of glucose varied from 0.3 to 0.6 mM, apparently 
depending on the net intracellular utilization glucose. These cells were prepared in the presence of 


2mM glucose. 
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Table 3. Changes in the content of cyclic 3’ ,5'-adenosine monophosphoric acid in adipocytes 
treated with insulin or H,O,* 





cAMP 
(pmoles/10’ cells) 


Addition to cell incubation 0 min 10 min 20 min 30 min 





None 26 
p-Glucose 

H,0, 24 
H,O, + D-glucose 31 


Insulin 24 


Insulin + D-glucose 

Epinephrine 

Epinephrine + D-glucose 
Epinephrine + insulin 
Epinephrine + insulin + D-glucose 
Epinephrine + H,O, 

Epinephrine + HO, + D-glucose 





* Values are averages of two experiments expressed as the nearest integers. Concentra- 
tions to additions of cell incubation. D-glucose, 10~* M; H Op, 10~* M; insulin, 1.2 nM; and 
epinephrine, 10° M. The incubations were stopped by addition of 3% ‘perchloric acid and 
tubes were transferred to ice. The cAMP contents were assayed in the neutralized samples 
using assay kit TRK 432, according to Brown et al. [28]. 


ished the effect of H2O2, but not of insulin, upon 
the cAMP level in these cells. 


DISCUSSION 


With the discovery that insulin activates a pyridine 
nucleotide oxidase in the plasma membrane of adi- 
pocytes with the production of H2O2 [10-12], a major 
role of this pathway in some of the physiological 
actions of insulin was envisioned. It was suggested 
that the site of insulin-stimulated NADPH oxidase 
in fat cells may be on the cytoplasmic side of the 
plasma membrane [10, 11]. We also suggested [10] 
that the intracellular utilization of the endogenous 
H2O2 may represent a unique ‘second messenger’ 
system for the actions of insulin. Evidence was pre- 
sented subsequently [13] that this H2O2 is utilized 
intracellularly via glutathione peroxidase and the 
catalase : H2O2 complex in adipocytes for funneling 
glucose to the pentose phosphate pathway. These 
studies were confirmed more recently by May and 
deHaen [18]. 

The increase in formate oxidation in these cells 
in response to insulin and its inhibition by amino- 
triazole is an index to the intracellular accumulation 
of a catalase : H2O2 complex and the rate of perox- 
idative activity [29,30]. The data in Fig. 2 clearly 
document that insulin-stimulated H2O2 production 
primarily leads to intracellular utilization, since the 
exogenous catalase added to the extraceilular 
medium (which may not enter the cells) did not 
abolish the effect of the hormone on formate oxi- 
dation, but instead increased it to a small extent, 
indicating accumulation of a small quantity of H2O2 
in the extracellular accessible medium. Catalase, 
added to the cell medium where exogenous H2O> 
was also added, affected the formate oxidation in a 
manner dependent on the concentration of H2O2 
present (Fig. 2, bottom panel). The peroxidative 
function of catalase is normally expressed in a lower 
concentration of H2O2, observed as between 0.01 
and 0.1 mM. At higher concentrations of H2O2, the 


catalatic activity predominates, to decompose the 
excess H2O> present. 

Exogenous catalase also inhibited the insulin-like 
effect of extracellular H2O2 to increase glucose 
oxidation and lipogenesis, but did not alter these 
effects of insulin itself, which now appears to alter 
the intracellular redox potential. This is consistent 
with previous evidence that the NADPH oxidase 
activity in adipocytes is located at the internal side 
of the plasma membrane [11], in contrast to the 
situation in polymorphonuclear leukocytes. 

Two major routes for catabolism of H2O2 in these 
cells have been recognized, viz. glutathione perox- 
idase and catalase. The glutathione peroxidase sys- 
tem appears to be coupled to glucose-6-phosphate 
dehydrogenase activity through the generation of 
both NADP* and GSSG, as discussed previously 
[13], both of which are limiting factors for optimum 
activity of the hexose monophosphate shunt pathway 
[21,22]. The concept of a peroxidative function of 
catalase in the presence of low concentrations of 
H2O2, as monitored by formate oxidation [29, 30], 
has remained a fascinating yet unresolved question. 
It is possible, on the other hand, that glutathione 
peroxidase may be the sole peroxidative system to 
account for the formate oxidation. Alternatively, 
another distinct enzyme, formate dehydrogenase 
(NAD*-formate oxidoreductase), which reversibly 
yields s-formy! glutathione, has been characterized 
in bacteria [32] and eukaryocytes e.g. yeast and pea 
seed [33]. Whether this enzyme may also occur in 
animal systems, and especially in adipocytes, is not 
yet known. However, several aspects of these data 
clarify some of these questions: (i) formation of H2O2 
in isolated plasma membranes has been clearly 
shown [11, 12], as well as the occurrence of catalase 
in these cells [13]; and (ii) inhibition of formate 
oxidation in the presence of aminotriazole is greater 
in insulin-treated cells than in control cells (Fig. 1), 
a condition which measures the peroxidative cata- 
lase: H,O, complex. As this inhibition in the pres- 
ence of the catalase inhibitor is only partial, the 
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remainder of the formate oxidation may actually be 
catalyzed by glutathione peroxidase. It is possible, 
however, that in the absence of exogenous formate 
and at a physiological concentration of glucose, H,O, 
is preferentially metabolized by the glutathione per- 
oxidase pathway and thereby the reducing equiva- 
lents are channeled to lipogenesis. The possibility 
of oxidation of formate by other active forms of 
oxygen, e.g. [O,-] or OH™ radicals, in these cells 
seems quite unlikely in the face of a better orches- 
trated metabolic activity compared to the inflam- 
matory cells, and we could not detect any lipid per- 
oxide formation under these conditions. The H,O, 
formation in adipocytes in response to insulin is, 
therefore, a metabolic control distinct from that 
associated with phagocytosis or oxygen toxicity. 
The antilipolytic effect of insulin is also mimicked 
by exogenous H2QO2 at a concentration as low as 
10-*M. Both epinephrine-stimulated and ACTH- 
stimulated depot fat lipase activities were antagon- 
ized by H2O2 as well as by insulin. It is remarkable 
that insulin is just as effective at a much smaller 
concentration range, which is another indication of 
a second messenger role for H2O2 as generated in 
response to insulin. The finding that the antilipolytic 
effect of H2O2 in the medium, but not of insulin, can 
be prevented by simultaneous addition of catalase 
suggests that any such effect of metabolically gen- 
erated H20O: is due to intracellularly available H2O>. 
The minute amounts of detectable H2Q2 in the 
extracellular medium of insulin-treated cells 
reported earlier [11] and evident from the data in 
Fig. 2 (top panel) may appear due to cell leakage. 
The antilipolytic effect of H2O2, observed in the 
absence of glucose, may result from an oxidative 
change in the depot fat lipase, or from an increased 
rate of re-esterification of fatty acids, which was 
shown by us to be an effective regulator of hormone- 
sensitive lipase activity [34]. Although the present 
data do not permit a distinction between these pos- 
sibilities, there is an apparent correlation between 
the cytoplasmic redox potential and the depot fat 
lipase activity. Reversal of the antilipolytic effect of 
H202 by increasing concentrations of D-glucose in 
the medium suggests a potentially important role of 
glutathione regeneration through the NADPH- 
GSSG reductase shuttle operating in conjunction 
with the pentose phosphate pathway [11, 13]. The 
antilipolytic effect of HxO2 may be due to a lowering 
of cAMP level, as shown in Table 3. These data are 
consistent with previously published evidence that 
H2O>2 has an inhibitory effect on adenylate cyclase 
activity in isolated membranes [11, 14, 15]. I have 
also observed that treatment of adipocytes 
[12, 14, 15], as well as leukocytes [35], with H2O> or 
with agents which trigger endogenous H2Q pro- 
duction through the activation of the plasma mem- 
brane NADPH oxidase and effect a lowering of the 
cellular reduced glutathione leads to depressed 
adenylate cyclase activity. However, a possible site 
of the antilipolytic effect of H2O2, independently of 
changes in cAMP level, is indicated by the fact that 
this effect is initiated within 5 min, wherease an 
appreciable decline in the cAMP level is noted only 
after 20-30 min. p-Glucose prevents this decline in 
cAMP with a maximal effect at 0.3-0.5 mM (Table 
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3). The antagonism by H,O, of the epinephrine- or 
ACTH-stimulated cAMP level does not seem to 
result from an oxidative denaturation of the hor- 
mones, because in that case glucose would not be 
able to restore the potential effects of these 
hormones. 

Hydrogen peroxide was used previously as a chem- 
ical tool to study glucose utilization by the pentose 
phosphate shunt [36] on the consideration that it 
may acutely reverse the cytoplasmic mass-action 
ratios of GSH/GSSG and NADP/NADP*’. Also, it 
was employed by Czech et al. [8] and Mukherjee et 
al. [13, 16] in studies on hexose transport to confirm 
the earlier suggestion that activated transport of 
sugar involves an exchange of plasma membrane 
sulfhydryl groups with the interchain disulfide of 
insulin [4-7]. The reports by Czech er al. [8] did not 
suggest, however, that H2O> could be a physiological 
regulator of insulin-mediated action. The demon- 
stration of an intra-plaama membrane NADPH 
oxidase as a definitive process for insulin-dependent 
H2O2 production [10-13] underscored the potential 
role of H2O2 as the putative ‘second messenger’ for 
the cellular effects of insulin, as originally proposed 
[10]. Other possible sources of H2Q2 such as the 
traces of amine oxidase activity [37] remain to be 
explored further. The present evidence that H2O2 
mimics the major biological effects of insulin in these 
sensitive cells, viz. glucose transport and oxidation, 
lipogenesis, antagonism of hormone-sensitive lipo- 
lysis and lowering of cAMP content as glucose- 
independent effects. together with the finding that 
itcan deactivate adenylate cyclase activity[10, 11, 15], 
fulfils the criteria for insulin-stimulated endogenous 
H2O2 to be reckoned as the second messenger. I 
have also found, in collaboration with Dr. Chhabi- 
rani Mukherjee, that preincubation of intact cells 
with H2O2 at a concentration as low as 0.5 mM causes 
an immediate (2—3 min) and sustained activation of 
mitochondrial pyruvate dehydrogenase [38], another 
key locus of the stimulatory effect of insulin on 
lipogenesis. This effect is due to a rapid dephos- 
phorylation [2] of pyruvate dehydrogenase in conse- 
quence of decreased lipolysis and increased esteri- 
fication of fatty acids, as well as of a drastic lowering 
of the cytoplasmic redox potential (manuscript in 
preparation). At this point it should be noted that 
the consummate effects of insulin on lipogenesis 
involve both glucose transport and H2O2 meta- 
bolism. Thus, agents which fail to activate glucose 
transport (as assayed with tracer methyl D-glucose 
at concentrations < Km) or those which inhibit trans- 
port, e.g. thiols and sulfhydryl inhibitors, yet activate 
the NADPH oxidase in the plasma membrane, 
actually reduce the net fatty acid synthesis, appar- 
ently due to the lack of substrate (pyruvate) for the 
pyruvate—dehydrogenase complex (S. P. Mukherjee, 
C. Mukherjee and W. S. Lynn, manuscript submitted 
for publication). In all such instances, however, a 
glucose-independent antagonism of lipase activity 
due to endogenously accumulated hydrogen perox- 
ide was observed. Further studies are in progress to 
elucidate the relationship between the effects of 
insulin on glucose transport and H2O2 production. 
Other measures of insulin’s action which are identi- 
cally modified by H2O2 are the activation of the 
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microsomal fatty acyl coA ligase (S. P. Mukherjee 
and C. Mukherjee, unpublished) and the regulation 
of phosphorylation of some plasma membrane pro- 
teins of adipocytes which are susceptible to insulin 
action [39]. 
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Abstract—A kaolin pellet was incubated with human plasma at room temperature and immediately 
washed to remove all unbound proteins. Whereas in normal plasma, 154 mU(PPAN) of kallikrein was 
bound to the kaolin surface, in Hageman factor (HF)-deficient plasma or normal plasma preincubated 
with polybrene the surface-bound kallikrein was undetected, while a trace of prekallikrein was bound 
to the kaolin surface. Dissociation of kinin and kallikrein from the kaolin surface occurs during varying 
periods of incubation of the kaolin suspension alone. The dissociation of the surface-bound kallikrein 
revealed two phases in a 15 min incubation: the first phase of dissociation which rapidly progressed 
until the kinin liberation reached a plateau was followed by the second phase where the kallikrein was 
slowly dissociated and kinin was no longer liberated. Treatment of the kaolin suspension with trypsin, 
plasmin or plasma kallikrein enhanced the kinin liberation and dissociation of kallikrein from the kaolin 
surface. Kallikrein-kinin-free high molecular weight (HMW) kininogen-activated HF complex, kalli- 
krein—kinin-free HMW kininogen complex, kallikrein, kinin-free HMW kininogen and two activated 
HFs were found on Sephacryl S-300 and Sephadex G-100 gel filtrations of the supernatant obtained 
after a 60 min incubation of the kaolin suspension alone. The ternary complex of kallikrein, kinin-free 
HMwW kininogen and activated HF suggests the presence of prekallikrein-HMW kininogen—HF complex 


on the kaolin surface. 


The exposure of normal human plasma to negatively 
charged surfaces results in coagulation, fibrinolysis 
and kinin formation. The binding and activation of 
Hageman factor (HF) is necessary for the subsequent 
activation of each of these systems. Recent studies 
have demonstrated that prekallikrein and high mol. 
wt (HMW) kininogen are important in the activation 
of HF. The abnormal rate of activation of these three 
systems in Fletcher trait plasma [1] was attributed 
to a deficiency of prekallikrein [2, 3]. Thus, Fletcher 
factor has been identified as the plasma prekallikrein 
[4, 5] and kallikrein was shown to play a critical role 
in the activation of HF [5, 6]. Another factor required 
for the efficient activation of the HF-dependent 
reactions was found using plasma of patients named 
Fitzgerald [7], Williams [8], Flaujeac [9] and Wash- 
ington [10] who have been shown to lack HMW 
kininogen. The clotting, fibrinolytic and kinin-form- 
ing activities in plasma deficient in HMW kininogen 
are even more abnormal than in prekallikrein defi- 
ciency. HMW kininogen accelerates the activation 
of prekallikrein and factor XI by surface-bound HF 
by at least 10-fold, as well as the cleavage of surface- 
bound HF by kallikrein [11]. HMW kininogen also 
enhances the function of surface-bound HF without 
affecting binding of HF to the surface [12] and the 
ability of HF fragments to activate prekallikrein in 
solution [13]. Recently Griffin has reported that sur- 
face binding of HF causes a conformational change 
in the molecule which results in a structure that is 


much more susceptible to proteolytic activation; the 
surface-bound HF was 500 times more susceptible 
than soluble HF to proteolytic activation by kalli- 
krein in the presence of HMW kininogen [14]. Man- 
del et al. have demonstrated that prekallikrein and 
HMW kKininogen circulate in plasma as a non-co- 
valently bound complex [15]. Wiggins et al. have 
described that HMW kininogen is essential for nor- 
mal binding of prekallikrein on kaolin surface and 
that 80 per cent of the kallikrein resulting from the 
activation of surface-bound prekallikrein was found 
in solution [16]. Griffin and Cochrane have reported 
a working hypothesis for the mechanism of contact 
activation of HF-dependent reactions in which HMW 
kininogen and HF form a complex on kaolin [11]. 
These reports suggest that the complex of prekalli- 
krein and HMW kininogen may be absorbed 
together on an activating surface and be linked with 
surface-bound HF during surface activation, result- 
ing in the formation of a surface-bound complex of 
HF, prekallikrein and HMW kininogen which places 
HF in a more favourable conformation to be cleaved 
by kallikrein and which places prekallikrein in a 
more favourable conformation to be cleaved by 
activated HF. The author found a ternary complex 
of kallikrein, kinin-free HMW kininogen and acti- 
vated HF, which suggests the presence of prekalli- 
krein-HMW kininogen—HF complex, dissociated 
from kaolin surface incubated with normal plasma. 
The present paper also describes the interaction 
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among the surface-bound prekallikrein, HMW kin- 
inogen and HF, and the dissociation of the ternary 
complex from the kaolin surface. 


MATERIALS AND METHODS 


Plasma. Human venous blood was collected in 
0.1 vol. of 3.1% sodium citrate with siliconized 
needles and plastic syringes and centrifuged at 4°. 
The freshly separated plasma from 3 normal healthy 
adults was pooled and used for the experiment. 
Plasma deficient in HF was obtained from DADE 
Division American Hospital Supply Corporation, 
Miami, FL, U.S.A. 

Contact activation. An aliquot of freshly pooled 
plasma or HF-deficient plasma was incubated with 
kaolin (5 mg/ml plasma) in a plastic tube at room 
temperature for 2 min to allow contact activation of 
plasma. The mixture was centrifuged for 2 min and 
the supernatant was removed. The kaolin pellet was 
resuspended, washed twice for 20sec with cold 
0.05 M Tris buffer (pH 7.8) containing 0.15 M NaCl 
to remove all nonbound proteins and resuspended 
in the buffer to the original volume. Plasma was not 
diluted for the experiment in order to approximate 
the conditions under which contact activation prob- 
ably occurs in vivo, although incomplete activation 
of HF was obtained by the activation procedure 
mentioned above. In order to obtain complete acti- 
vation of HF; it is necessary to dilute the plasma 1/25 
as described by Revak ef al. [17]. 

Preparation of kallikrein. Plasma kallikrein par- 
tially purified through column chromatography of 
DEAE cellulose and DEAE-Sephadex A-50 
described in the previous paper [18] was subjected 
to affinity chromatography on a Trasylol-Sepharose 
4B according to the method of Cuatrecasas ef al. 
[19] and Oza et al. [20]. 

Preparation of prekallikrein. A partially purified 
preparation of prekallikrein was prepared by the 
method of Burrowes et al. [21] with a slight modi- 
fication. Twenty millilitres of non-contacted human 
plasma were subjected to column chromatography 
on a 2.8 x 44cm column of QAE-Sephadex A-50 
which was equilibrated with 0.1 M Tris-HCl buffer 
(pH 8.0). Fractions containing prekallikrein were 
pooled and concentrated. Aliquots of the concen- 
trated prekallikrein were subjected to gel filtration 
on a 3.5 X 45cm column of Sephadex G-200 which 
was equilibrated with 0.1M Tris-HCI buffer (pH 
8.0) containing 0.5 M NaCl. Almost all of the IgG 
and all the factor XI could be eliminated as described 
by Burrowes ef al. [21]. The pooled fractions of 
prekallikrein were dialyzed against 0.015 M_phos- 
phate buffer (pH 6.5) and applied to a 1.5 x 50cm 
column of CM-Sephadex C-50 equilibrated at pH 
6.5. A gradient of NaCl was developed in the starting 
buffer [22]. Prekallikrein activation was performed 
by adding 5 yg of trypsin to the effluent, incubating 
for 30 min at 37°, and blocking the trypsin with 20 wg 
of lima bean trypsin inhibitor (LBTI). The kallikrein 
activity was measured by BAEe hydrolysis. The spe- 
cific activity was 0.2 umoles BAEe _ hydrolysis/ 
min/mg. 

Preparation of prekallikrein-high mol. wt kini- 
nogen complex. Partially purified prekallikrein— 
HMW kininogen complex was prepared by gel fil- 


M. NAKAHARA 


tration and Pevicon-block electrophoresis. Fifteen 
millilitres of non-contacted human plasma were frac- 
tionated on a 3.5 x 50 cm of Sephadex G-200 which 
was equilibrated with 0.01 M Tris-HCl buffer 
(pH 7.0) made 0.15 M in NaCl, 10~* M in EDTA, 
5x 10° in DFP and 1 mg hexadimethrine bro- 
mide/liter. The fractions containing prekallikrein— 
HMW kininogen complex were pooled, concen- 
trated to 5 ml by ultrafiltration, dialyzed and sub- 
jected to electrophoresis in Pevicon. Electrophoresis 
was perfomed with 0.05 wu barbital buffer (pH 8.6) 
at 23 mA (260 V) at 4° for 35 hr using a plastic frame 
(46 x 6.5 X 1.5cm). The block was sectioned into 
l-cm segments and protein was recovered by cen- 
trifugation. The supernatant was dialyzed against 
phosphate buffered saline to remove the barbital 
buffer. 

Preparation of kininogen. Kininogen substrate was 
prepared as described previously [18]. 

Assay of kallikrein. Kallikrein activity was meas- 
ured by cleavage of synthetic substrates and kinin- 
forming activity. The cleavage of benzoyl-prolyl- 
phenylalanyl-arginine-p-nitroanilide (PPAN) was 
estimated by the method of Claeson et al. [23]. The 
absorbance at 405 nm was determined in a spectro- 
photometer. In experiments with kaolin-activated 
samples, the absorbance at 405 nm was read against 
buffer treated with an appropriate amount of kaolin 
as a blank. Prekallikrein on the kaolin surface was 
activated to kallikrein with 10 ug of trypsin for 15 min 
at 37°. The trypsin added was blocked an excess 
amount of LBTI. Results were expressed as milli- 
units per ml of plasma. The amount of enzyme giving 
cleavage of 1 umole PPAN per min at 37° was taken 
as 1 unit (U). The hydrolysis of benzoyl-arginine- 
ethyl ester (BAEe) was also measured by the spec- 
trophotometric method of Schwert and Takenaka 
[24] for kallikrein activity in eluates from Sephacryl 
S-300 or Sephadex G-100. 

Assay of activated HF. The activity of activated 
HF was determined by the ability of prekallikrein 
activation. Prekallikrein (SO wg) was incubated with 
1.5 ml of the effluent from gel filtration for 30 min 
at 37° and kallikrein generated was assayed by BAEe 
esterase activity. 

Assay of kinin. Kinin liberated from samples was 
assayed on isolated guinea pig ileum suspended in 
a muscle bath containing 10 ml of oxygenated Tyrode 
solution using bradykinin as a standard [18]. The 
ileum was treated with a-chymotryspin, as described 
by Edery [25], prior to bioassay. 

Gel filtration. A 1.5 X 140 cm column of Sephacryl 
S-300 or a 2.3 X 120cm column of Sephadex G-100 
was equilibrated with 0.02 M Tris buffer (pH 7.4) 
containing 0.15 M NaCl. The column was eluted with 
the equilibrating buffer after application of sample. 
The flow rate was 12 ml/hr and 3 ml fractions were 
collected. The u.v.-absorbance at 280nm, BAEe 
hydrolysis and ability of prekallikrein activation of 
the effluent fractions were measured. 

Immunodiffusion. Immunodiffusion analysis of 
HMW kininogen was carried out on Ouchterlony 
agarose plates. Anti-human HMW kininogen serum 
was kindly supplied by Dr. Nagasawa, Faculty of 
Pharmaceutical Science, Hokkaido University, 
Japan. 
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Chemicals. BAEe and bradykinin were obtained 
from the Protein Research Foundation, Osaka, 
Japan; human plasmin and PPAN from A B KABI, 
Sweden; soy bean trypsin inhibitor (SBTI) and 
LBTI from Sigma Chemical Co., St. Louis, MO 
U.S.A.; Trasylol from Bayer, Germany; Trans- 
aminoethyl-cyclohexene-carboxylic acid (t- 
AMCHA) from Daiichi Seiyaku, Co., Tokyo, Japan; 
hexadimethrine bromide (polybrene) from Aldrich 
Chemical Co., Milwaukee, WI, U.S.A.; Pevikon C- 
870 from Stockholms Superfosfat Fabriks A. B., 
Sweden; and agarose from Behring Institut, 
Germany. 


RESULTS 


Binding of kallikrein and prekallikrein in plasma 
to kaolin surface during contact activation. Normal 
human plasma was incubated with kaolin for varying 
time periods to study binding of kallikrein and pre- 
kallikrein in plasma to the kaolin surface. A maxi- 
mum binding of the kallikrein was obtained at the 
end of a 2 min incubation period at room tempera- 
ture; the surface-bound kallikrein markedly dimin- 
ished at the end of a 5 min incubation. Whereas in 
normal plasma 154 mU of the kallikrein was bound 
to kaolin after a 2 min incubation at room temper- 
ature, in HF-deficient plasma the surface-bound 
kallikrein was undetected. Furthermore, in normal 
plasma preincubated with polybrene, a known inhib- 
itor of activated HF. the surface-bound kallikrein 
was markedly diminished with a dose response as 
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shown in Table 1. The data indicate that the binding 
of kallikrein in plasma to the surface required HF 
or activated HF. In normal plasma, surface-bound 
prekallikrein was undetectable after incubation with 
kaolin, while in HF-deficient plasma or normal 
plasma preincubated with polybrene, a trace of pre- 
kallikrein was bound to the kaolin. These findings 
suggest that the surface-bound kallikrein derived 
from activation of the surface-bound prekallikrein 
by activated HF. 

Liberation of kinin from kaolin pellet treated with 
normal plasma. The washed kaolin pellet was resus- 
pended in the buffer to the original volume and used 
as a source of kininogen, because the plasma-treated 
kaolin pellet adsorbed kininogen on the surface, as 
will be shown in the results of the immunodiffusion 
study. Treatment of the kaolin pellet with trypsin, 
plasmin or plasma kallikrein resulted in liberation 
of kinin as shown in Table 2. No difference in kinin 
liberation between plasma kallikrein and trypsin 
indicates that the surface-bound kininogen is HMW 
kininogen. HMW kininogen has an ability to bind 
to surfaces, and Jacobsen [26] and Habal er al. [27] 
have reported that low mol. wt kininogen has a low 
susceptibility to hydrolysis by plasma kallikrein and 
trypsin. The kaolin suspension alone was incubated 
for an appropriate time without adding any proteo- 
lytic enzymes. A small amount of kinin was always 
liberated from the kaolin pellet. However, no kinin 
was liberated in the kaolin suspension preincubated 
with a kallikrein inhibitor such as SBTI, DFP and 
Trasylol, suggesting that the kinin liberation is 


Table 1. Binding of kallikrein and prekallikrein in plasma to kaolin surface during 
contact activation* 





Kallikrein Prekallikrein 





Normal plasma without treatment 
Normal plasma treated with kaolin 
Kaolin pellet 
Supernatant fraction 
HF deficient plasma without treatment 
HF deficient plasma treated with kaolin 
Kaolin pellet 
Supernatant fraction 
Normal plasma treated with polybrene 
Kaolin pellet (1 ug polybrene) 
Kaolin pellet (10 zg polybrene) 


64 1620 


154 0 
280 1340 
0 1620 


0 27 
0 1530 


28 <5 


6 <5 





* Values are expressed in milliunits of PPAN cleavage. For treatment of normal 
plasma with polybrene, aliquots of polybrene were added to normal plasma and used 
immediately for the experiment of incubation with kaolin. Activation of prekallikrein 
on kaolin surface was performed by adding 10 yg trypsin to the suspension, incubating 
for 30 min at 37°, and blocking the trypsin with 20 wg lima bean trypsin inhibitor. 


Table 2. Liberation of kinin from kaolin pellet treated with normal plasma by proteolytic enzymes* 





Kaolin pellet 


Kaolin pellet 
alone 


Trypsin 


Kaolin pellet Kaolin pellet 
+ - 7 
Plasmin Kallikrein 





Kinin liberation (ng) 9 


18 18 17 





* Trypsin (10 wg), plasmin (0.05 CU) or plasma kallikrein (5 wg) was incubated with 1.0 ml of 
the suspension of the kaolin pellet treated with normal plasma for 15 min at 37° and blocked by 
adding an excess amount of LBTI, t-AMCHA or SBTI, respectively. SBTI was also added to the 
solution after incubation of the kaolin pellet suspension alone as before. 
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Table 3. Dissociation of kallikrein from pellet with normal plasma* 





Kaolin pellet 


Kaolin pellet 
alone 


Trypsin 


Kaolin pellet Kaolin pellet 
~ ~ ~ 
Plasmin Kallikrein 





Kaolin pellet 70 
Supernatant fraction 59 


28 43 48 
108 95 83 





* Values are expressed in milliunits of PPAN cleavage. Trypsin (10 wg) plasmin (0.05 CU) or 
plasma kallikrein (5 wg) was incubated with 1.0 ml of the suspension of the kaolin treated with 
normal plasma for 15 min at 37°. After incubation the samples were separated into kaolin pellet and 
supernatant fraction. The kaolin pellet was resuspended to the original volume. Trypsin (10 g/ml) 
and plasmin (0.05 CU/ml) did not cleave PPAN. The value for the supernatant fraction obtained 
after treatment with plasma kallikrein was calculated by subtracting the value of plasma kallikrein 


added from the value of the sample. 


attributed to the kininogenase activity of the surface- 
bound kallikrein. 

Dissociation of kallikrein from kaolin pellet treated 
with normal plasma. The kaolin pellet resuspended 
to the original volume was incubated with trypsin, 
plasmin or plasma kallikrein. After incubation, the 
supernatant fraction was obtained and used for the 
experiment. Most of the surface-bound kallikrein 
was dissociated from the kaolin surface by the incu- 
bation with proteolytic enzymes; the kallikrein 
remaining bound to the kaolin surface was less than 
50 per cent in each experiment, as shown in Table 
3. The kaolin suspension alone was incubated for an 
appropriate time as control. The surface-bound kal- 
likrein was markedly dissociated, to a lesser degree 
than after treatment with trypsin, plasmin or plasma 
kallikrein. The results in Tables 2 and 3 demonstrate 
that there is a close relationship between kinin lib- 
eration and kallikrein dissociation. 

Relationship between kinin liberation and kalli- 
krein dissociation from the kaolin pellet. To inves- 
tigate an interaction with kallikrein and HMW kin- 
inogen on the kaolin surface, the kaolin pellet treated 
with normal plasma alone was incubated without 
adding any proteolytic enzymes. The kaolin pellet 
was incubated for varying periods of time. At the 
end of the desired incubation time, the kaolin pellet 
and the buffer were separated by centrifugation. 
After washing, the kaolin pellet was used for deter- 
mination of the kallikrein remaining bound to the 
surface. The buffer was used for determination of 
kinin liberated. The dissociation of the surface- 
bound kallikrein revealed two phases at a 15 min 
incubation: the first phase of dissociation which rap- 
idly progressed until the kinin liberation reached a 
plateau was followed by the second phase where the 
kallikrein was slowly dissociated and kinin no longer 
liberated. Thus, the dissociation of the surface- 
bound kallikrein is closely related to the presence 
of intact HMW kininogen on the surface. The kinin 
in the buffer may be liberated not only by the kin- 
inogenase activity of the surface-bound kallikrein 
but also by the kininogenase activity of the kallikrein 
dissociated from the surface during incubation. 

Gei filtration of surface-bound substances on 
Sephacryl S-300 and Sephadex G-100. The kaolin 
pellet prepared in a similar manner was allowed to 
incubate for 60 min to allow dissociation of the sur- 
face-bound kallikrein and activated HF. After incu- 


bation, the supernatant was applied to a column of 
Sephacryl] S-300. Gel filtration revealed three BAEe 
esterase peaks and two distinct peaks having the 
ability of prekallikrein activation. An enzyme dem- 
onstrating BAEe esterase activity also possessed the 
activity of kininogenase and PPAN cleavage. These 
findings indicate that the enzyme representing BAEe 
esterase in Fig. 2 is kallikrein. Gel filtration of puri- 
fied plasma kallikrein with mol. wt of 100,000 on a 
Sephacryl S-300 column revealed in tubes 55-64 
reaching a maximum in tube 58. This result indicates 
that the third BAEe esterase peak which was found 
at a mol. wt of 100,000 is free kallikrein. Kallikrein— 
HMW kininogen complex which will be described 
below was found at the same tube number as that 
of the second BAEe esterase peak on Sephacryl S- 
300 gel filtration, suggesting that the second BAEe 
esterase peak represents kallikrein-HMW kininogen 
complex. The first BAEe esterase peak always 
coincided with the first peak having the prekallikrein- 
activating ability. As will be described below, the 
first BAEe esterase peak represents a complex of 
kallikrein, HMW kininogen and activated HF. The 
second peak having the prekallikrein activating- 
ability in Fig. 2 was pooled, concentrated, and 
applied to a Sephadex G-100 column. Gel filtration 
revealed two peaks having the prekallikrein-activat- 
ing ability; their mol. wts were estimated to be 
approximately 28,000 and 40,000. A small free kal- 
likrein peak was also found at a mol. wt of 100,000, 
as shown in the inset B of Fig. 2. In the studies of 
the peak having the prekallikrein-activating ability, 
the second peak and the first peak were in a ratio 
of 1:0.32 after a 15 min incubation and in a ratio of 
1:1.99 after a 60min incubation. These findings 
indicate that free activated HF is largely dissociated 
from the surface at the first phase described in Fig. 
1. The first BAEe esterase peak stored at —20° for 
7 days was concentrated and applied to a Sephadex 
G-100 column. As shown in the inset A of Fig. 2, 
the second BAEe esterase peak representing free 
kallikrein was about 27 per cent of total BAEe 
esterase eluted, while most of the prekallikrein- 
activating ability was eluted as free forms. This find- 
ing indicates that the kallikrein has more stable bind- 
ing than the activated HF in the kallikrein, HMW 
kininogen and activated HF complex. 
Immunodiffusion of surface-bound substances and 
components of surface-bound substances. The sus- 
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Fig. 1. Dissociation of surface-bound kallikrein and kinin 
from kaolin pellet treated with normal plasma. The sus- 
pension of the kaolin treated with normal plasma was 
allowed to incubate with shaking for varying times before 
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pension of the kaolin pellet treated with normal 
plasma was incubated with trypsin, plasmin or 
plasma kallikrein. The kaolin suspension alone was 
also incubated without adding any proteolytic 
enzyme. After incubation the supernatant was used 
for the experiment. In immunodiffusion of HMW 
kininogen, all of these four samples formed precip- 
itation lines with HMW kininogen antibody, as 
shown in Fig. 3A. These data indicate that dissocia- 
tion of the surface-bound HMW kininogen occurs 
by treatment with trypsin, plasmin or plasma kalli- 
krein. Each of three kallikrein peaks in Fig. 2 was 
also used for the experiments of immunodiffusion 
and kinin liberation. In the immunodiffusion study, 
all of these three samples formed precipitation lines 
with human HMW kininogen antibody, as shown in 
Fig. 3B. Treatment of these samples with trypsin did 
not liberate kinin, indicating the presence of kinin- 
free HMW kininogen. Thus, the first kallikrein peak 


centrifugation. The kaolin pellet obtained after incubation 

was resuspended to the original volume. The activity of 

PPAN cleavage of the kaolin pellet was expressed as per 

cent; its activity before incubation was defined as 100. The 

reaction was stopped by adding an excess amount of SBTI 

at an appropriate time of incubation and kinin liberated 
in the suspension was measured. 


was found to contain kallikrein, kinin-free HMW 
kininogen and activated HF. The fact that a mol. wt 
of the first kallikrein peak was greater than that of 
kallikrein-HMW kininogen complex, as shown in 
Fig. 2, indicates that the first kallikrein peak is a 
complex of kallikrein, kinin-free HMW kininogen 
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Fig. 2. Gel filtration of surface-bound substances released from kaolin pellet treated with normal plasma. 
Twenty millilitres of normal plasma was incubated with a kaolin pellet (100 mg) for 2 min at room 
temperature. The mixture was centrifuged and the supernatant removed. The kaolin pellet was washed 
two times and resuspended to 10 ml with 0.02 M Tris buffer, pH 7.4, containing 0.15 M NaCl. The 
kaolin suspension was incubated for 60 min at 37° and the supernatant was applied to a column of 
Sephacryl S-300. BAEe esterase activity in the effluent was measured for kallikrein. Prekallikrein was 
incubated with the effluent and BAEe esterase activity in the mixture was measured for prekallikrein- 
activating ability. Prekallikrein-activating ability was calculated by subtracting the value of kallikrein 
from the value of the mixture of prekallikrein and the effluent, and was expressed as BAEe hydrolysis. 
The first BAEe esterase peak containing the prekallikrein-activating ability stored at —20° for 7 days 
or the second peak having the prekallikrein-activating ability was concentrated and applied to a column 
of Sephadex G-100. The pattern is shown in the inset A or B. O——©: kallikrein, @——@: prekallikrein- 
activating ability. 
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Fig. 3. Double immunodiffusion analysis of the surface- 
bound substances. Panel A: Trypsin (10 ug), plasmin 
(0.05 CU) or plasma kallikrein (5 wg) was incubated with 
5.0 ml of the suspension of the kaolin pellet treated with 
normal plasma for 15 min at 37°. The kaolin suspension 
alone was incubated for 30 min at 37° without adding any 
proteolytic enzyme. After incubation the samples were 
separated into kaolin pellet and supernatant. The super- 
natant was concentrated to about 0.5 ml. I: the surface- 
bound substances dissociated by treatment with trypsin, II: 
the surface-bound substances dissociated by treatment with 
plasmin, ITI: the surface-bound substances dissociated by 
treatment with plasma kallikrein, IV: the surface-bound 
substances dissociated by incubation alone, V: HMW kin- 
inogen. The center well contains rabbit anti-human HMW 
kininogen serum. Panel B: Each of three kallikrein peaks 
in Fig. 2. was pooled and concentrated to about 0.5 ml. I: 
the first kallikrein peak (tubes 41-48), II: the second kal- 
likrein peak (tubes 49-54), III: the third kallikrein peak 
(tubes 55-67), IV: plasma kallikrein, V: HMW kininogen. 
The center well contains rabbit anti-human HMW 
kininogen serum. 


and activated HF. The third kallikrein peak was also 
found to contain free kallikrein, kinin-free HMW 
kininogen and activated HF. This finding suggests 
the single possibility that kinin-free HMW kininogen 
and activated HF forms a complex in the third kal- 
likrein peak. The peaks having the prekallikrein- 
activating ability found on Sephadex G-100 gel fil- 


tration of the third kallikrein peak in the inset B of 
Fig. 2 did not form a precipitation line with human 
HMW kininogen, indicating that activated HF- 
HMW kininogen complex of HMW kininogen is not 
present in the peaks. Therefore, it is considered that 
kinin-free HMW kininogen in the third kallikrein 
peak was free. 

Binding of kallikrein-kinin-free HMW kininogen 
complex, prekallikrein or kallikrein to kaolin surface. 
Kallikrein-kinin-free HMW kininogen complex was 
prepared by the following method. Thirteen milli- 
grams of prekallikrein-HMW kininogen isolated by 
gel filtration and Pevicon electrophoresis was incu- 
bated with 500 ug of trypsin for 30min at 37°, 
blocked the trypsin with an excess amount of LBTI 
and applied to a Sephacryl S-300 column. Gel fil- 
tration revealed one kallikrein peak which did not 
contain any prekallikrein. Its specific activity of 
BAEe esterase as 0.036 wmoles/min/mg. The kal- 
likrein peak formed a precipitation line with human 
HMW kininogen and did not generate any kinin by 
trypsin treatment. One millilitre of the kallikrein— 
kinin-free HMW kininogen complex containing 
200 wg mixed with 5 mg of kaolin in a plastic tube 
for 5min at room temperature to allow binding. 
After incubation the kaolin pellet was washed two 
times. There were no kallikrein and HMW kininogen 
on the kaolin surface, indicating that the kallikrein— 
kinin-free HMW kininogen complex did not bind to 
the kaolin surface. Prekallikrein (50 wg) or kallikrein 
(50 wg) was also incubated with kaolin in a plastic 
tube. Prekallikrein or kallikrein was undetectable on 
the kaolin surface. 


DISCUSSION 


HF, prekallikrein and HMW kininogen are able 
to bind surfaces [16, 28, 29]. During contact acti- 
vation, cleavage of surface-bound HF generates two 
forms of active HF named a-HF, and B-HF,; the 
surface-bound a-HF, very rapidly cleaves surface- 
bound prekallikrein [17]. The finding that no pre- 
kallikrein was found on the kaolin surface after a 
2 min incubation may be mainly due to the complete 
activation of surface-bound prekallikrein by the 
ability of surface-bound a-HF;. The findings that 
HF-deficient plasma and normal plasma treated with 
polybrene markedly inhibit the binding of prekalli- 
krein to the kaolin surface suggest that the binding 
abnormality is closely related to HF or the confor- 
mational change in HF yielding a-HF, [17]. Pre- 
kallikrein and HMW kininogen normally circulate 
in plasma as a complex [15]. The prekallikrein— 
HMW kininogen complex may bind to the kaolin 
surface together during incubation and become kal- 
likrein-HMW kininogen complex on the surface by 
the conversion of prekallikrein to kallikrein. There- 
fore, it is considered that the kallikrein and HMW 
kininogen found on the kaolin surface in the study 
form a complex of kallikrein and HMW kininogen. 
In fact the presence of kallikrein-HMW kininogen 
complex on the surface was confirmed by the result 
that two complexes containing kallikrein and HMW 
kininogen were found in the supernatant on Sepha- 
cryl S-300 gel filtration. 
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Treatment of the HF molecule with kallikrein 
resulted in cleavage at two primary sites, yielding 
three regions termed the c (mol. wt 40,000), d (mol. 
wt 12,000) and e (mol. wt 28,000) regions;.the de 
and e fragments have enzymatic activity [30, 31]. 
Two activated HFs which possesses a mol. wt of 
40,000 and 28,000 as shown in Fig. 2 are probably 
the de and e fragments of HF, respectively. The 
presence of the kallikrein-HMW kininogen-acti- 
vated HF complex in Fig. 2, the requirement of 
HMW kininogen for binding of prekallikrein to the 
kaolin surface [16], the enhancement of binding of 
prekallikrein-HMW kininogen complex by HF in 
Table 1, the absence of binding ability of prekalli- 
krein or kallikrein to the kaolin surface, and the 
absence of binding ability of prekallikrein to HF 
(unpublished data) suggest that the HMW kininogen 
in the kallikrein-HMW kininogen-activated HF 
complex directly bind to the de or e region of HF 
[31] on the kaolin surface. In Fig. 2, both the kal- 
likrein activity and the prekallikrein-activating 
ability in the kallikrein-HMW kininogen-activated 
HF complex were present in a ratio of 1: 1.19, and 
both the kallikrein activity in the second and third 
kallikrein peaks and the prekallikrein-activating 
ability in its second peak in a ratio of 1: 1.04. These 
findings also suggest that most of the surface-bound 
prekallikrein-HMW _ kininogen complex _ binds 


directly to the active region of HF on the kaolin 
surface. Thus, the binding of the surface-bound HF 
to the HMW kininogen in the surface-bound pre- 
kallikrein-HMW kininogen may form a ternary com- 
plex on the surface. This ternary complex must be 


favourable for HMW kininogen to enhance the 
cleavage of HF by kallikrein [11] and the activity of 
the activated HF [13]. 

The ternary complex binding to the surface with 
HMW kininogen and HF may be dissociated from 
the surface by cleavage of HMW kininogen and HF 
by kallikrein, yielding a complex of kallikrein, kinin- 
free HMW kininogen and activated HF in fluid. 
Because kallikrein—kinin-free HMW kininogen com- 
plex and activated HF have no ability to bind to 
surface. An enhancing effect of HMW kininogen on 
the activation of surface-bound HF by kallikrein 
probably requires for the intact molecule of HMW 
kininogen. Chan et al. have reported that the cleav- 
age of HMW kininogen by kallikrein decreased the 
enhancing effect of the activation of HF [32]. The 
dissociation of the surface-bound kallikrein revealed 
two phases: the first phase with rapid dissociation 
and the second phase with slow dissociation. One 
can expect the enhancing effect of HMW kininogen 
on cleavage of the surface-bound HF at the first 
phase, but not at the second phase where kinin was 
totally liberated from the surface-bound HMW kin- 
inogen. This may be a reason why the dissociation 
of the surface-bound kallikrein revealed two phases. 
The free kalhkrein in Fig. 2 may derive not only 
from the ternary complex of kallikrein, HMW kin- 
inogen and activated HF but also from the kallikrein— 
HMW kininogen complex in fiuid phase, yielding 
HMW kininogen-activated HF complex and HMW 
kininogen. But the HMW kininogen—activated HF 
complex was not found in the supernatant fraction, 
as shown in Fig. 2. This finding may be attributed 
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to the weaker binding of HMW kininogen to acti- 
vated HF. Thus, the dissociation of kallikrein (com- 
plex) from the normal plasma-treated kaolin surface 
may be initiated either locally by the cleavage of the 
surface-bound HF and HMW kininogen by the sur- 
face-bound kallikrein or in the fluid phase by kalli- 
krein (complex) dissociated from the surface. The 
addition of trypsin, plasmin or plasma kallikrein to 
the kaolin pellet suspension, as shown in Table 3, 
probably facilitates an enzymatic cleavage of the 
surface-bound HF and HMW kininogen in fluid. 
Contact activation of normal plasma which 
involves the dissociation of surface-bound kallikrein 
may be explained by the following. It requires, as 
the initial step, the binding of HF to the kaolin 
surface, yielding an active form of HF (@HF,) [17]. 
HMwW kininogen binds to the kaolin surface, placing 
prekallikrein on the kaolin surface, since prekalli- 
krein and HMW kininogen are complexed in plasma 
[15]. The HMW kininogen also binds to the e region 
[31] of the surface-bound HF, yielding a ternary 
complex of HF, prekallikrein and HMW kininogen 
on the kaolin surface. The HMW kininogen which 
has two binding sites easily accelerates the activation 
of prekallikrein by the surface-bound a-HF, and the 
activation of HF by kallikrein in the solid and fluid 
phases. Direct interaction of kallikrein with HMW 
kininogen and HF on the kaolin surface results in 
kinin liberation and generation of activated HF, and 
dissociates a complex of kallikrein, kinin-free HMW 
kininogen and activated HF in fluid. The dissociation 
of kallikrein from the kaolin surface rapidly pro- 
gresses until intact HMW kininogen is depleted, 
yielding two types of activated HF which correspond 
to the de and e fragments [31]. The binding of 
activated HF and kallikrein to HMW kininogen is 
not stable, the activated HF has much weaker bind- 
ing than the kallikrein. The dissociation of the ter- 
nary complex of kallikrein, kinin-free HMW kini- 
nogen and activated HF yields kallikrein—kinin-free 
HMW kininogen complex, kallikrein, kinin-free 
HMW kininogen and two activated HFs in fluid. 
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Abstract—Studies were carried out in the guinea pig to compare the effects of ascorbic acid (AA) status 
on hepatic and blood hemoproteins and to evaluate the role of A-aminolevulinic acid (ALA) injections 
in the modulation of the adverse actions produced by AA depletion. Hepatic microsomal cytochrome 
P-450 concentration, drug metabolism and blood heme parameters are significantly (P < 0.05) lower 
in AA-deficient guinea pigs than in AA-adequate animals. Intraperitoneal injections of ALA were not 
effective in reversing hepatic cytochrome P-450 or blood heme parameters in AA- deficient guinea pigs. 
Urinary excretion of porphyrins and porphyrin precursors was lower or not changed in AA-depleted 
animals compared to AA-adequate guinea pigs. These studies support the hypothesis that AA deficiency 
does not block heme synthesis. However, the incorporation of ["H]ALA into hepatic cytochrome P-450 
heme was less in AA-depleted animals than in AA-supplemented animals. This finding is consistent 
with a possible error in assembly of holoprotein from heme and apoprotein. Two additional findings 
were noted: (1) AA status had no significant effect on blood catalase activity, and (2) the anemia found 


in scorbutic guinea pigs was not associated with macrocytic changes. 


Levels of hepatic and extrahepatic heme proteins 
may be determined by factors which affect synthesis 
or degradation of the heme or protein components 
or which influence the assembly of these two com- 
ponents to form the holoprotein. Synthesis of the 
protein component occurs in the rough endoplasmic 
reticulum, while heme synthesis is a mitochondrial 
function [1]. Degradation of the protein component 
is probably by proteolytic, perhaps lysosomal, 
enzymes, while degradation of the heme components 
may be any of at least five pathways [2]. 

In spite of several efforts, the role of ascorbic acid 
(AA) in hepatic metabolism of drugs has not been 
established. AA influences hepatic cytochrome P- 
450 levels [3-7] and other hemoproteins [8, 9]. Luft 
et. al. [10] suggested that the decreased levels of 
cytochrome P-450 in AA-deficient guinea pigs is 
due to an impairment in heme synthesis. However, 
investigation into enzymes responsible for heme syn- 
thesis failed to provide supporting evidence that AA 
deficiency results in impaired synthesis [11-13]. In 
addition, recent studies in our laboratory, and 
others, failed to demonstrate any influence of 
AA deficiency on the general turnover of hepatic 
cytochrome P-450 [14], as well as any specific induc- 
tion of cytochrome heme degradation via lipid per- 
oxidation [4] or microsomal heme oxygenase induc- 
tion [7]. 
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In this study, we focused our attention on heme 
metabolism in AA-deficient guinea pigs, using in 
vivo [15] as well as in vitro measurements. Also, we 
investigated what influence AA deficiency might 
have on other hemoproteins. 


MATERIALS AND METHODS 


Animals and diet.Eighty-two male guinea pigs 
(Hartley strain, Charles River, Wilmington, MA), 
age 14-18 days and weighing 200-250 g, were housed 
individually in stainless steel wire-bottom cages. The 
cage racks were equipped with an automatic watering 
system and the animal room was maintained at 25° 
with a 12-hr light-dark cycle (7:00 a.m. to 7:00 p.m.). 
Both food and tap water were made available at all 
times to the animals. On arrival from the supplier, 
the animals were fed on a standard stock diet for 5 
days. For the next 3 days the stock diet was gradually 
deleted and replaced with a purified pelleted diet. 
The purified pelleted diet, deficientin AA, was made 
up according to the specifications developed by Reid 
and Briggs [16]. AA content of the purified diet was 
less than 0.02 mg/g of diet. Guinea pigs were weighed 
daily in order to compare daily body weight change 
between treatment groups and to calculate the daily 
dose for AA supplements. The animals were divided 
randomly into two treatment groups and fed the AA- 
deficient diet for 21-25 days. One-half of the animals 
fed the AA-deficient diet, hereafter referred to as 
supplement guinea pigs, were dosed (p.o) daily, once 
a day, with an aqueous solution of 25 mg AA/100 g 
body wt. This aqueous solution of AA was made 
fresh daily and was administered perorally by micro- 
pipet. The dosage volume was 100 ul/100 g body wt. 

Materials. Porphobilinogen, coproporphyrin, uro- 
porphyrin, 5-aminolevulinic acid (ALA), subtilisin, 
L-ascorbic acid, methyl benzethionium hydroxide 
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(hyamine hydroxide), NADP, NADPH, glutathi- 
one, glucose-6-phosphate, and nictoinamide were 
obtained from the Sigma Chemical Co., St. Louis, 
MO. Aniline hydrochloride, hydrogen peroxide, tri- 
‘chloreacetic acid (TCA), and 2,5-dinitrophenylhy- 
drazine (DNPH) were obtained from the J. T. Baker 
Chemical Co., Phillipsburg, NJ. p-Aminophenol was 
obtained from the Eastman Kodak Co., Rochester, 
NY, and aminopyrine was obtained from the Aldrich 
Chemical Co. Inc., Milwaukee, WI. [3,5-*H(N)]'6- 
Aminolevulinic acid ({*H]-ALA, 5.0 mCi/mo!e) was 
obtained from the New England Nuclear Corp., 
Boston, MA. Aqueous counting scintillant (ACS) 
was obtained from Amersham/Searle, Arlington 
Heights, IL. All other chemicals used were of the 
highest purity obtainable from commercial sources. 

Treaiment with 3-aminolevulinic acid. Two experi- 
ments were done in order to ascertain any influence 
the heme precursor, ALA, might have on hemo- 
proteins in AA-deficient guinea pigs. The procedure 
used in experiment A was similar to the procedure 
followed by Lift et al. [10]. The animals were injected 
(i.p.) once every 12 hr for 48 hr with 5 mg ALA/kg 
prior to killing. In experiment B we were concerned 
that injections of ALA 48hr prior to killing the 
animals would not allow sufficient time for incor- 
poration of precursor into the cytochrome. Conse- 
quently, the animals were injected (i.p.) once every 
24 hr for 10 days before killing. 6-Aminolevulinic 
acid was dissolved in 0.9% saline and injected in a 
dosage volume of 5 ml/kg body wt. 

Preparation of subcellular fractions. Animals were 
weighed and then decapitated. Blood was collected 
into tubes containing heparin and kept at 4° until 
catalase was determined. The livers were weighed, 
and a small portion weighing about 0.5g was 
removed, weighed, minced and homogenized in 5% 
trichloroacetic acid (TCA) for ascorbic acid analysis. 
The remaining liver was excised and minced cold, 
and then homogenized in 3 vol. of cold 0.1 M Na*/K* 
phosphate buffer, pH 7.4, made up in 1.15% KCl, 
containing 10 mM nicotinamide and 2 mM glutathi- 
one. Homogenization was done in a glass and Teflon 
homogenizer by three strokes of the pestle. The 
homogenate was centrifuged for 15 min at 10,000 g 
in a Sorvall RC2-B centrifuge with an SS-34 rotor 
to remove nuclear, mitochondrial and cellular debris. 
Portions of the 10,000 g post-supernatant fraction 
were centrifuged at 100,000 g for 60 min in a Beck- 
man-Spinco ultracentrifuge with a type 50 Ti rotor. 
The resultant supernatant (cytosol) fraction was 
removed and discarded. To remove residual hemo- 
globin concentrations from microsomes isolated 
from livers, resuspended (washed) microsomes were 
recentrifuged at 100,000 g for 30 min. The 100,000 g 
post-supernatant fracture was discarded, and the 
microsomal pellet was resuspended again in a small 
volume of buffer for cytochrome  P-450 
determination. 

Assay of enzyme activities and microsomal cyto- 
chrome levels. The Nash procedure for formaldehyde 
[17] was used to determine aminopyrine N-demethy]- 
ase activity in the 10,000 g post-supernatant fraction 
[18]. The hydroxylation of aniline in the 10,000 g 
post-supernatant fraction was determined by 
measuring the formation of p-aminophenol [19]: 
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Microsomal cytochrome content was estimated on 
4-5 mg protein/ml resuspended microsomal pellet or 
resuspended microsomal CO-binding particles (see 
below) by using a Beckman DK2A split-beam 
recording spectrophotometer. Cytochrome P-450 
was analyzed by measuring the dithonite-reduced 
carbon monoxide (CO) difference spectrum [20]. 
Cytochrome b; was analyzed by measuring the 
dithionite-reduced difference spectrum [21]. Cata- 
lase was determined in dilute whole blood by fol- 
lowing the rate of H,O, decomposition [22]. 

Measurement of protein and ascorbic acid. Protein 
was determined in homogenates and subcellular frac- 
tions by the method of Miller [23]. Ascorbic acid 
was determined on acid stabilized liver homogenates 
by a procedure similar to that developed by Roe 
[24], modified for tissues [25]. 

Determination of porphyrin precursors in urine. 
Urinary ALA and porphobilinogen were determined 
by the method of Davis and Andelman [26]. Copro- 
porphyrin and uroporphyrin were determined fluo- 
rometrically as described by Schwartz et al. [27]. 

Isolation of labeled cytochrome P-450. Twenty-one 
days after starting the dietary regimen, ascorbic acid- 
deficient and supplemented guinea pigs were injected 
intracardially with [*H]-ALA, which had been 
diluted with 0.9% saline. Intracardiac injections 
were performed, without the aid of anesthesia, by 
restraining the animal on its back and inserting the 
needle (25 gauge) in the xiphoid area, aiming for the 
left ventricle. All animals received 200 wCi and 29 ug 
of ALA per kg body wt. The dosage volume was 
50 ul/kg-body wt. Groups of animals were kilied 15, 
30, 45 and 60 min post [*H]ALA injection. 

After the preparation of subcellular fractions, the 
washed microsomes were incubated with subtilisin, 
10 wg/mg protein, in buffer and glycerol, 20% by 
volume. Incubation was done with constant shaking 
at 4° for 15 hr. The mixture was then centrifuged for 
60 min at 100,000 g, and the resulting pellet, here- 
after referred to as CO-binding particles, was resus- 
pended in buffer and recentrifuged for 30 min at 
100,000 g. The final CO-binding particles were sus- 
pended in buffer and portions were assayed for radio- 
activity, cytochrome P-450, cytochrome bs and pro- 
tein. The portion that was analyzed for radioactivity 
was first solubilized in hyamine hydroxide, neutral- 
ized with acetic acid, and counted in ACS using a 
liquid scintillation spectrometer. 

Statistics. Data were analyzed statistically either 
by Student’s ¢-test or by analysis of variance. 


RESULTS 


In experiment A, no gross clinical symptoms of 
AA deficiency, other than a non-significant loss in 
body weight, were observed in the group of guinea 
pigs receiving no AA, or the group of guinea pigs 
receiving no AA and injected with ALA, compared 
to AA-supplemented guinea pigs. Animals in experi- 
ment A were observed to day 21, upon which they 
were killed for biochemical evaluation. At the end 
of 25 days in experiment B, gross clinical symptoms 
of AA deficiency were becoming apparent in both 
groups of guinea pigs receiving no AA. Signs 
included diarrhea, marked hind limb weakness and 





Ascorbate and heme 


Table 1. Effect of AA on urinary excretion of porphyrins and porphyrin precursors* 





Excretion 





6-Aminolevulinate 


Treatment (2/24 hr) 


Porphobilinogen 
(ug/24 hr) 


Uroporphyrin 
(ug/24 hr) 


Coproporphyrin 
(2/24 hr) 





28.1 + 2.47 
40.1 +2.2 


AA-deficient 
AA-supplemented 


9 
1 


1.14+0.31¢ 


2. 0.93 + 0.16 
1. 3.67 + 0.82 


5 
9 1.13 + 0.10 





* Values are expressed as means + S.E.M.; N = 6. 


+ P<0.001 vs AA-supplemented group. 
+ P<0.02 vs AA-supplemented group. 


Table 2. Effect of AA and ALA on the levels of cytochrome P-450 and cytochrome bs in liver 
microsomes* 





Treatment 


Cytochrome 


P-450 bs 
(nmoles/mg protein) N 


(nmoles/mg protein) 





—-AA 

+AA 

—AA, +ALA (48 hr) 
—-AA 

+AA 

—AA, +ALA (10 days) 


0.870 + 0.090 
1.700 + 0.1107 
0.665 + 0.1414 


0.747 + 0.001 4 
1.680 +0.0767 7 
0.749 + 0.226 4 
8 
5 
8 


0.367 + 0.063 
0.530 +0.040 
0.432 + 0.063 





* Values are expressed as means + S.E.M. In experiment A, ALA-treated animals were injected 
with 5 mg/kg once every 12 hr before killing. In experiment B, they were injected once every 24 hr 


for 10 days before killing. 
+ P<0.05 vs —AA group. 
¢ P<0.05 vs +AA group. 


Table 3. Effect of AA and ALA on drug metabolism* 





Aminopyrine 
demethylase 
(nmoles/mg protein) 


Treatment 


Aniline 
hydroxylase 
(nmoles/mg protein) 





—-AA 

+AA 

—AA, +ALA (48 hr) 
—-AA 

+AA 

—AA, +ALA (10 days) 


0.150 + 0.042 
0.525 + 0.044% 
0.176 + 0.039% 
0.228 + 0.030 
0.710 + 0.093+ 
0.265 +0.0414 





* Values are expressed as means + S.E.M. In experiment A, ALA-treated animals were injected 
with 5 mg/kg once every 12 hr before killing. In experiment B, they were injected once every 24 


hr for 10 days before killing. 
+ P<0.05 vs —AA group. 
+ P<0.05 vs +AA group. 


ataxia. Body weights + S.E.M. were 381 + 11.0, 
306.5 + 16.7 and 248.4 + 13.8 gin guinea pigs receiv- 
ing daily doses of AA, no AA, or no AA and 
injections of ALA, respectively. Upon analysis of 
liver AA + S.E.M., it was found that animals receiv- 
ing no AA and animals receiving no AA and injec- 
tions of ALA were 8.3 + 1.5 and 7.6 + 1.5 per cent, 
respectively, in experiment A, and 15.9 + 3.5 and 
8.9 + 1.4 per cent, respectively, in experiment B, of 
liver AA found in AA-supplemented guinea pigs 
[7]. 

Urinary porphyrins and porphyrins precursors are 
often increased by enzyme defects in the heme-syn- 
thetic pathway. The urinary excretion of these sub- 


stances is shown in Table 1. The 24-hr 6-aminole- 
vulinate excretion by AA-supplemented guinea pigs 
was significantly increased by 42.7 per cent compared 
to AA-deficient animals. No significant effect of AA 
status on excretion of porphobilinogen or uropor- 
phyrin was found. AA-supplemented animals 
excreted more coproporphyrins than did AA-defi- 
cient guinea pigs. Although there was a tendency for 
AA-deficient guinea pigs to excrete more porpho- 
bilinogen than AA-supplemented animals, owing to 
large variations, the results were not significant. 
The data presented in Table 2 confirm previous 
observations of decreases in hepatic microsomal 
cytochrome P-450 in ascorbic acid deficiency [3-7], 
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but show that no statistically significant change in 
levels of cytochrome bs was seen. In additon, we 
failed to confirm that the parenteral administration 
of ALA every 12hr for 48 hr would increase the 
level of cytochrome P-450 of AA-deficient animals. 
Since it is conceivable that the influence of parenteral 
administered ALA may be a function of the turnover 
of the cytochrome heme, we also injected animals 
once every 24 hr for 10 days to ensure adequate time 
for synthesis. We found that ALA treatment of AA- 
deficient animals resulted in a further 23.6 per cent 
in cytochrome P-450 compared to just AA- deficient 
animals. 

Results tabulated in Table 3 confirm previous 
observations that hepatic aminopyrine demethylase 
and aniline hydroxylase activities are a function of 
AA status. Like cytochrome P-450, the injection of 
ALA did not significantly increase drug metabolism 
in AA-deficient animals. Also, there was a significan. 
decrease in aminopyrine demethylase activity after 
injecting AA-deficient animals once a day for 10 
days, compared to AA-deficient guinea pigs. 

Conflicting reports can be found on whether AA 
deficiency results in anemia. It has also been ques- 
tioned whether, when anemia is found, it is an 
indirect result of the failure of the scorbutogenic diet 
to provide other nutrients such as vitamin B12 or folic 
acid. Table 4 documents the results of AA deficiency 
and of ALA treatment on blood heme parameters. 
Anemia was clearly found in both treatments. In 
experiment B, the addition of 10-day daily treat- 
ments of the AA-deficient animals with ALA 
enhanced their anemia. Of particular interest is that 
in neither experiment were the MCV values changed. 
Changes in MCV values would be indicative of 
microcytic or macrocytic anemia, the latter charac- 
teristic of megloblastic forms found in B12 and/or 
folic deficiency [28, 29]. This clearly indicates that 
the normocytic anemia is not the result of the failure 
of the scorbutogenic diet to provide vitamin Bi2 or 
folic acid. 

The incorporation of [‘H]ALA into the CO-bind- 
ing particles is shown in Fig. 1. Animals were killed 
at various times, and the radioactivity incorporated 
into the CO-binding particles was measured. Studies 
have been showing that radioactivity appears in the 
particles within 1 min after injection of [/HJALA 
and reaches a maximum within 30-60 min [30]. It 
appears that for the first 30 min there is less incor- 
poration of the label into CO-binding particles iso- 
lated from AA-deficient guinea pigs. The difference 
is statistically significant (P < 0.05) at 20 min post- 
injection. 

As an attempt to determine whether or not other 
hemoproteins would be affected by AA status, cata- 
lase activity was determined in whole blood. Table 
5 reveals that no statistical statements can be made. 
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Table 4. Effect of AA and ALA on blood heme* 
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* Values are expressed as means + S.E.M. In experiment A, ALA-treated animals were injected with 5 mg/kg once every 12 hr for 48 hr before killing. 


In experiment B, they were injected once every 24 hr for 10 days before killing. 


+ P<0.05 vs -AA group 
+ P<0.05 vs +AA group. 











DISCUSSION 


Ascorbic acid has been known to play a significant 
role in the metabolism of xenobiotics. Initial obser- 
vations demonstrated that pentobarbital sleeping 
times were prolonged and that plasma half-lives of 
a number of drugs were increased in scorbutic guinea 
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Fig. 1. Incorporation of [HJALA into the CO-binding 

particles isolated from ascorbic acid-deficient (—@—) and 

ascorbic acid-supplemented (—CO—) guinea pig liver micro- 

somes. Mean +S.E.M.; N= four to seven animals per 
point. 


pigs [31, 32]. This extended drug effect in animals 
depleted of AA was correlated subsequently with a 
decreased rate of hepatic microsomal drug-toxicant 
metabolizing enzymes [33]. Several reports [5, 34, 35] 
suggest that AA deficiency may decrease overall 
hepatic mixed function oxidase activity by its effect 
on microsomal cytochrome P-450 content. There is 
some evidence to suggest that AA may be essential 
for normal synthesis of the heme component of 
cytochrome P-450 [10]. It was found that cytochrome 
P-450 levels returned to normal when scorbutic 
guinea pigs were injected with ALA, a key substrate 
for heme biosynthesis. Recent investigations [11-13] 
into the initial and rate-limiting steps in heme syn- 
thesis indicated no significant differences in ALA 
synthetase activity in AA-deficient liver homogen- 
ates or sonicated mitochondria. There were no sub- 
stantial differences in ALA dehydratase or ferro- 
chelatase activities. Consequently, AA deficiency 
does not appear to affect the activities of the key 
enzymes involved in heme synthesis. In addition, we 
failed to find any accumulation of porphyrins or 
porphyrin precursors in the urinary excretions of 
AA-depleted guinea pigs (Table 1). Further sup- 
porting evidence for a lack of AA effect on heme 
synthesis was found in this study when previous cited 
results could not be duplicated [10]. We did not find 
that either the administration of 5mg ALA every 
12 hr for 48 hr or the administration of 5mg ALA 
once a day for 10 days would return cytochrome P- 
450 or drug metabolism to normal levels or activities. 
Administration of ALA once a day for 10 days 
actually lowered cytochrome P-450 and drug metab- 
olism below that found in AA-depleted animals. This 
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Table 5. Effect of AA and ALA on blood catalase activity 





Catalase activity 


Treatment N (units/g Hgb) 





0.452 + 0.068 
0.320 + 0.030 
0.506 + 0.093 


—-AA 18 
+AA 25 
—AA, +ALA (10 days) 8 





* Values are expressed as means + S.E.M. 


finding is of interest since similar treatment in normal 
rats results in no change of cytochromes; however, 
it does increase the “free” microsomal heme pool 
[36]. The increased “free” heme pool in AA-deficient 
guinea pigs might result in feedback inhibition of 
ALA synthetase with subsequent further decreases 
in heme synthesis [37]. 

It is possible that if “free” microsomal heme pools 
exist in livers of AA-deficient animals with depressed 
cytochrome P-450, then the assembly of holoenzyme 
from apoprotein and heme might be defective. This 
appears to be supported by our findings where the 
incorporation of injected [H]ALA into AA-defi- 
cient animals is less than that found in AA-supple- 
mented guinea pigs. Alternatively, AA depletion 
might cause an increase in the degradation of heme 
or of the apocytochrome. Previous studies in this 
laboratory did not reveal evidence of increased 
degradation via microsomal heme oxygenase [7] or 
any general problem in the turnover of hepatic 
cytochrome CO-binding particles [14]. Others have 
not found an increase in lipid peroxidation [4]. Mul- 
tiple forms of cytochrome P-450 exist in guinea pig 
microsomes. Recent studies by Rikans et al. [13] 
have provided separation of 44,000—-60,000 dalton 
polypeptides by polyacrylamide gel electrophoresis 
in the presence of sodium dodecylsulfate, which 
revealed quantitative differences between the poly- 
peptides obtained from AA-deficient animals and 
those obtained from controls. Three polypeptide 
bands (mol. wt 44,000, 52,000 and 57,000) were 
reduced and two polypeptide bands (mol. wt 54,000 
and 55,000) were increased in AA-deficient micro- 
somes compared to normal microsomes, thereby sug- 
gesting that AA deficiency may cause some error in 
P-450 apocytochrome formation. Degradation of 
apocytochrome might be mediated by lysosomal 
enzymal enzymes. There is one report [38] demon- 
strating elevated hepatic lysosomal hydrolases in 
AA-depleted animals. Based on these reports, the 
synthesis and degradation of P-450 apocytochrome 
should be investigated further. 

The present study also points out that AA deple- 
tion results in depressed blood heme parameters. 
This anemia is apparently not of the macrocytic type 
which is associated with vitamin Bi or folic acid 
deficiency. We did not, however, find any influence 
of AA status on blood catalase activity which may 
be indicative of the turnover of that particular 
hemoprotein. 

In conclusion, the results in this study are in con- 
trast to previous reports showing that exogenously 
administered ALA to AA-deficient guinea pigs 
increases hepatic microsome drug metabolism and 
cytochrome P-450 levels [10]. Our evidence is con- 
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Fig. 2. Synthesis pathway for hepatic cytochrome P-450 
heme and blood heme. 


sistent with the recent findings that failed to find any 
error in the key enzymes responsible for heme syn- 
thesis [11,12]. The results demonstrate that AA 
deficiency in guinea pigs does not interfere with the 
general synthesis of heme (Fig. 2). Previously [39], 
we found that heme degradation was not increased 
in AA-deficient animals, which, by elimination, sug- 
gests that consideration should be given to (1) apo- 
cytochrome synthesis, (2) assembly of apocyto- 
chrome and heme to form active holocytochrome, 
and (3) perhaps based on some of our recent inves- 
tigations [40], incorporation of Fe** in the heme 
moiety of cytochrome P-450. 
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Abstract—The effects of cumene hydroperoxide on microsomal mixed-function oxidase components 
and enzyme activities were determined. /n vitro cumene hydroperoxide treatment decreased cytochrome 
P-450 content, benzphetamine N-demethylase activity and aryl hydrocarbon hydroxylase activity of 
hepatic and renal microsomes from adult male and female rats, and of hepatic microsomes from fetal 
rats. Cumene hydroperoxide-treated microsomes, as well as fetal liver and adult renal microsomes, 
which are naturally low in cytochrome P-450 and mixed-function oxidase activity, were used to 
incorporate partially purified hepatic cytochrome P-448 isolated from 2,3,7,8-tetrachlorodibenzo-p- 
dioxin-pretreated immature male rats. This resulted in an enhanced rate of benzo[a]pyrene hydroxy- 
lation. Aryl hydrocarbon hydroxylase activity was increased 12-, 26-, 31- and 53-fold when 1.0 nmole 
of partially purified cytochrome P-448 was incubated with fetal liver microsomes, microsomes from 
kidney cortex of female rats, and cumene hydroperoxide-pretreated hepatic microsomes from female 
and male rats, respectively. The increased rate of benzo[a]pyrene hydroxylation was linear with 
cytochrome P-448 over the range 0.25 to 1.0 nmole. Because cumene hydroperoxide-pretreated micro- 
somes from male rat liver and the hepatic and renal microsomes from female rats have a combination 
of high NADPH-cytochrome c reductase activity and low mixed-function oxidase activity, they are an 
attractive choice for catalytic studies of the interaction between cytochrome P-448 and microsomes. 


Partially purified microsomal electron transport pro- 
teins, such as cytochrome P-448+ [1, 2], cytochrome 
P-450 [1,3], cytochrome bs [4-7], NADPH-cyto- 
chrome c reductase (NADPH-cytochrome P-450 
reductase) [3, 8] and NADH-cytochrome bs reduc- 
tase [7, 9], have been incorporated into microsomal 
membranes and shown to be capable of their normal 
electron transport functions. Interpreting the func- 
tions of microsomes which have incorporated such 
exogenous proteins is sometimes difficult, because 
the incorporated exogenous and the endogenous 
proteins function similarly. Since at least four [10, 11] 
and probably six [12, 13] different forms of cyto- 
chrome P-450 have been identified, the problem of 
endogenous cytochrome P-450-mediated enzyme 
activity is particularly complex. The enzymatic speci- 
ficity of the microsomal mixed-function oxidase 
(MFO)¢# system resides in the hemoprotein [14, 15] 





* Send reprint requests to: Dr. Kirk T. Kitchin (MD- 
67), U.S. Environmental Protection Agency, Health 
Effects Research Laboratory, Environmental Toxicology 
Division, Research Triangle Park, NC 27711, U.S.A. 

+ In this paper, cytochromes P-450 and P-448 are used 
to denote the hepatic microsomal CO-binding pigments 
found in control and 2,3,7,8-tetrachlorodibenzo-p-dioxin- 
pretreated rats, respectively. When reduced and complexed 
with carbon monoxide, both cytochrome P-450 and P-448 
exhibit a Soret maximum in the 450 nm region and cannot 
be easily spectrally separated. Cytochrome P-448 is also 
called cytochrome P,-450. 

+ Abbreviations used are MFO,mixed-function oxidase; 
LAHP, linoleic acid hydroperoxide; CHP, cumene hydro- 
peroxide; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; 
and AHH, aryl hydrocarbon hydroxylase. 


portion of this three component [16-18] (cytochrome 
P-450, NADPH-cytochrome P-450 reductase and 
phospholipid) membrane bound enzyme system. 
Since endogenous cytochrome P-450 and incor- 
porated exogenous cytochrome P-450 are both 
enzymatically active, it is desirable to incorporate 
exogenous cytochrome P-450 into microsomes with 
endogenous cytochrome P-450-mediated enzyme 
activities as low as possible. This allows for the 
smallest possible ‘blanks’ and the greatest sensitivity 
for enzymatically detecting incorporated exogenous 
cytochrome P-450. Because of the high endogenous 
activity of the various forms of cytochrome P-450, 
linoleic acid hydroperoxide (LAHP) pretreatment 
has been used to decrease endogenous cytochrome 
P-450 and MFO enzyme activity [1,19] prior to 
incorporation of exogenous cytochrome P-450 and 
P-448 [1]. However, LAHP is not commercially 
available and must be synthesized and purified [20] 
by investigators. Cumene hydroperoxide, a com- 
mercially available hydroperoxide, also lowers 
microsomal cytochrome P-450 content [21]. Gluta- 
thione partially prevents CHP- [21] and LAHP- 
[19,22] induced decreases in cytochrome P-450. 
Organic hydroperoxides and cytochrome P-450 have 
an interesting reciprocal relationship as many heme 
compounds [20] degrade LAHP while both LAHP 
and CHP decrease cytochrome P-450 levels. CHP 
has also been used as a substitute for NADPH and 
molecular oxygen for short incubations (1-2 min) in 
some reconstituted MFO systems [23-27]. NADPH, 
in the presence of iron and ADP, causes lipid per- 
oxidation and degradation of hepatic microsomal 


1261 


B.P. 29/9--p 





1262 


cytochrome P-450 in vitro [28, 29]. Both CHP and 
LAHP cause lipid peroxidation in liver microsomes 
and it has been stated that LAHP is more potent 
than CHP in lipid peroxidation [30]. Other evidence, 
however, suggests that lipid peroxidation cannot 
account for 50 per cent of the destruction of cyto- 
chrome P-450 observed with hydroperoxides [31] 
and that LAHP can cause decreases in hepatic micro- 
somal P-450 without any lipid peroxidation [19]. 

In the present studies the effects of CHP treatment 
on microsomal cytochrome P-450, cytochrome bs, 
NADPH-cytochrome c reductase, benzphetamine 
N-demethylase and AHH have been determined. 
The CHP-treated, cytochrome P-450-denatured 
microsomes, as well as rat microsomes naturally low 
in cytochrome P-450 and MFO activity because of 
organ [32], sex [33] and ontogenic [34] differences, 
were used to incorporate exogenous cytochrome P- 
448 and to determine enhanced* rates of 
benzo[a]pyrene hydroxylation. Hepatic and renal 
microsomal membranes high in NADPH-cyto- 
chrome c reductase activity and low in cytochrome 
P-450 and MFO enzyme activity were sought so that 
high ratios of enhanced AHH activity to endogenous 
AHH activity could be obtained. The suitability of 
these microsomal membranes for cytochrome P-448 
interaction studies was evaluated by comparing their 
endogenous NADPH-cytochrome c reductase activ- 
ities, endogenous AHH activities and their enhanced 
AHH rates after incubation with exogenous cyto- 
chrome P-448. In addition, CHP pretreatment and 
NADPH-dependent lipid peroxidation have been 
compared as methods of lowering endogenous cyto- 
chrome P-450 content, decreasing MFO activity and 
increasing the rate of benzo[a]pyrene hydroxylation 
following incorporation of exogenous cytochrome P- 
448. Cumene hydroperoxide-induced hemoprotein 
degradation, NADPH-dependent lipid peroxidation 
and use of microsomal membranes normally low in 
cytochrome P-450 and MFO activities are discussed 
with respect to the ratio of MFO components, lipid 
peroxidation and enhanced AHH activity following 
incubation with exogenous cytochrome P-448. 


MATERIALS AND METHODS 


Chemicals. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
(99 per cent pure) was synthesized by Dr. Kun Chae 
in the Environmental Chemistry and Biology Branch 
of NIEHS. Benzo[a]pyrene, isocitric acid, isocitric 
dehydrogenase (type I), NADPH, NADP*, NADH, 
ATP, antimycin A, glucose-6-phosphate, glucose-6- 
phosphate dehydrogenase (type XV), semicarba- 
zide, dithiothreitol and sodium cholate’ were 
obtained from the Sigma Chemical Co. (St. Louis, 





* Enhanced AHH activity refers to the increase in AHH 
activity observed when partially purified cytochrome P-448 
is incubated with microsomes. Previous studies of Yang 
and Strickhart [2], Yang [1] and Miwa er al. [3] have shown 
that exogenous cytochrome P-450 and P-448 can become 
incorporated into the microsomal membrane and can 
receive electrons from NADPH-cytochrome c reductase 
[1] and catalyze MFO reactions [1-3]. 

+ To ensure the destruction of CHP, higher concentra- 
tions of giutathione may be used [1, 19, 21]. CHP is also 
degraded by the endogenous microsomal cytochrome P- 
450 and slowly inactivated by the Tris-HCI buffer itself. 
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MO). Cumene hydroperoxide and glutathione 
(reduced) were purchased from Matheson Coleman 
& Bell (Norwood, OH) and CalBiochem (San 
Diego, CA), respectively. Benzphetamine hydro- 
chloride and ['*C]benzphetamine were obtained 
from UpJohn Research Laboratories (Kalamazoo, 
MI) and New England Nuclear (Boston, MA) 
respectively. Diethylaminoethylcellulose (DE 52) 
was purchased from Scientific Products (McGraw 
Park, IL). Bio-Rad (Richmond, CA) supplied the 
calcium phosphate gel. Emulgen 911 came from the 
Kao-Atlas Co. (Tokyo, Japan), while sephadex LH- 
20 was purchased from Pharmacia (Piscataway, NJ). 
The 3-hydroxybenzo[a]pyrene was a gift of Dr. Hans 
Falk (NIEHS). 

Animals and preparation of microsomes. Male and 
female Sprague—Dawley rats (CD strain) (200-275 g), 
obtained from Charles River Laboratories (Wil- 
mington, MA) were housed four per glass cage with 
food and water ad lib. Fetal livers were obtained 
from 21-day pregnant rats. After the animals were 
decapitated the livers and kidneys were excised, 
weighed and homogenized with seven strokes of 
Potter-Elvehjem homogenizer fitted with a Teflon 
pestle. Livers were homogenized in 5 vol of 1.15% 
KCI containing 0.02 M Tris-HCl, pH 7.5. Liver 
homogenates were centrifuged at 9000 g for 15 min, 
and the microsomal fraction was prepared from the 
9000 g supernatant solution by centrifugation at 
165,000 g for 35 min. Kidney microsomes were pre- 
pared by the method of Jakobsson [35]. The micro- 
somal pellets were resuspended in 0.05 M Tris-HCl 
buffer with 6.15 M KCl, pH 7.5 (livers), or 0.25 M 
sucrose (kidneys) and either kept in ice or incubated 
with 2.0 mM CHP for 20 min at 37°. The microsomal 
suspensions (3.7—5.0 mg protein/ml) were then made 
2.0mM? with glutathione dissolved in Tris—KCl 
buffer and incubated at 37° for an additional 3 min. 
CHP and glutathione solutions (both 20.0mM in 
0.05M Tris—0.15M KCl, pH 7.5) were prepared 
fresh daily just prior to use. The microsomes were 
cooled in an ice water bath for 10 min and recentri- 
fuged at 165,000 g for 35 min. In some experiments, 
liver microsomes (1.0-1.3 mg protein/ml) were also 
incubated with NADPH (1.25 mM), ATP (0.85 mM) 
and Fe(II)SOs (10 4M) at 37° for 20 min [36], and 
subsequently cooled and recentrifuged as described 
for cumene hydroperoxide-treated microsomes. The 
final microsomal pellets were gently resuspended in 
0.05 M Tris-HCi buffer, pH 7.5, using a Potter- 
Elvehjem homogenizer with a Teflon pestle so that 
each 1 ml of final suspension was obtained from 
approximately 1 g of starting tissue. 

Partial purification of rat hepatic cytochrome P- 
448. Male rats (55-75 g) were given 10 wg/kg of 
TCDD per os 1 week before being killed. Cyto- 
chrome P-448 was solubilized from freshly prepared 
microsomes with 1% sodium cholate by the method 
of Lu and Levin [37]. The cholate to protein ratio 
of the solubilized P-448 was adjusted to 1.3, and the 
precipitate that formed between 35 and 45% satu- 
ration of ammonium sulfate [38] was collected and 
dissolved in 0.005 M potassium phosphate buffer, 
pH 7.7, containing 20% glycerol, 0.1 mM dithioth- 
reitol, 0.1mM EDTA and 0.1% cholate. After 
ultracentrifugation at 160,000 g for 1 hr the solubil- 
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ized cytochrome P-448 was dialyzed against this 
buffer overnight. The dialysate was treated with | mg 
Emulgen 911/mg protein and applied to a DEAE- 
cellulose column as described by Levin et al. [39]. 
Cytochrome P-448 was eluted with 0.05 M potassium 
phosphate buffer containing 20% glycerol and 0.1% 
Emulgen 911 and quickly passed through a Sephadex 
LH-20 column to reduce the Emulgen 911 content 
of the cytochrome P-448 preparation [39]. The par- 
tially purified cytochrome was extracted from 20 mM 
potassium phosphate buffer with calcium phosphate 
gel, washed twice with 100 mM potassium phosphate 
buffer and eluted from the gel with 250 mM potas- 
sium phosphate buffer [37]. All three potassium 
phosphate buffers (pH 7.7) contained 20% glycerol, 
0.1 mM EDTA and dithiothreitol, and 0.1% cholate. 

The sample was dialyzed overnight against 0.005 
M potassium phosphate containing 20% glycerol, 
0.1 mM EDTA and dithiothreitol, and 0.1% cholate, 
and redialyzed again against the same buffer con- 
taining 0.05% cholate [37]. The dialysate was cen- 
trifuged at 20,000 g for 15 min, assayed for cyto- 
chromes P-450, P-420 and bs, NADPH-cytochrome 
c reductase and protein, and then stored frozen under 
N2 at —80°. The final cytochrome P-488 preparation, 
purified 2.4-fold from the starting microsomes 
(recovery 4.3 per cent), contained 2.72 nmoles 
cytochrome P-448/mg protein. This preparation had 
little or no cytochrome bs, cytochrome P-420 or 
NADPH-cytochrome c reductase. Although the par- 
tially purified cytochrome P-448 was not enzymati- 
cally active per se, it was capable of catalyzing 
benzo[a]pyrene hydroxylation when incubated with 
microsomes, or when reconstituted [40] with 
NADPH-cytochrome c reductase and dilauroyl 
phosphatidylcholine. (The turnover number was 
0.8 nmole 3-hydroxybenzo[a]pyrene/min/nmole 
cytochrome 448.) 

Enhanced aryl hydrocarbon hydroxylase activity 
and enzyme assays. Solubilized cytochrome P-448 
(1.0-+4.0 nmoles) and various microsomes (0.25- 
0.60 mg protein) were incubated at 37° for 30 min 
[1] in 250 wl of 0.05M Tris-HCl buffer, pH 7.5. 
Then 0.05 M Tris-HCl buffer, pH 7.5, containing 
5mM Mg?* and 54M Mn”*, as well as NADP* 
(1 mM), isocitrate dehydrogenase (0.36 units) and 
isocitrate (6mM) was added to a final volume of 
1.0 ml, and aryl hydrocarbon hydroxylase activity 
was measured by the fluorometric assay as described 
by DePierre et al. [41]. Fluorescence of the metab- 
olites of benzo[a]pyrene formed during incubation 
with microsomes is expressed relative to a 3-hydroxy- 
benzo[a]pyrene internal standard. The radiometric 
AHH assay of DePierre et al. [41], as modified by 
Nesnow et al. [42] to include the arene oxide metab- 
olites of benzo[a]pyrene, was also used. NADPH- 
cytochrome c reductase was assayed by the method 
of LaDu et al. [43] modified by the inclusion of 
1.6 uM antimycin A in the incubation media. One 
unit of reductase activity is 1 nmole of cytochrome 
c reduced per min. ['*C]Formaldehyde formed from 
the N-demethylation of ['*C]benzphetamine was 
assayed by the procedure of Thomas et al. [44]. 
Cytochrome bs was reduced by NADH and spectrally 
quantified using an extinction coefficient of 185 mM! 
cm™' for the absorption difference between 424 and 
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410 nm [45]. Dithionite was used to reduce cyto- 
chrome bs in the partial purification of cytochrome 
P-448 procedure. The total cytochrome P-450 con- 
tent of microsomes was determined by the carbon 
monoxide difference spectra of dithionite-reduced 
microsomal suspensions. An extinction coefficient 
of 91 mM~' cm“ was used in P-450 calculations [45]. 
Cytochrome P-420 content was determined by the 
method of Omura and Sato [46]. Protein determi- 
nations were performed by the method of Lowry et 
al. [47], and statistical levels of significance were 
determined by using the two-sided Student’s t-test 
[48]. 


RESULTS 


Effects of cumene hydroperoxide on microsomal 
hemoprotein content and enzyme activities. Cumene 
hydroperoxide treatment decreased the cytochrome 
P-450 content of all rat tissues studied while not 
affecting cytochrome bs levels. Results of these stud- 
ies are shown in Table 1. Jn vitro cumene hydro- 
peroxide treatment lowered hepatic cytochrome P- 
450 by 80 and 75 per cent in hepatic microsomes 
from male and female rats, respectively. Similarly, 
the cytochrome P-450 content of 21-day fetal liver 
microsomes was decreased 83 per cent. However, 
renal microsomal cytochrome P-450 content was low- 
ered only 50 per cent by CHP. CHP treatment also 
decreased the cytochrome P-420 content of hepatic 
microsomes previously treated with chloroform (data 
not shown). Hepatic microsomal NADPH-cyto- 
chrome c reductase activity was unaffected by 
cumene hydroperoxide pretreatment. However, 
CHP treatment decreased renal microsomal 
NADPH-cytochrome c reductase activity by 51 and 
46 per cent in male and female rats, respectively. 

The data of Table 1 also show that cytochrome P- 
450-mediated enzyme activities were greatly 
decreased by prior treatment of microsomes with 
cumene' hydroperoxide. Benzphetamine JN- 
demethylase activities were decreased 85-90 per cent 
by cumene hydroperoxide, when compared to the 
values obtained from microsomes kept on ice. 
Cumene hydroperoxide treatment lowered aryl 
hydrocarbon hydroxylase activities by 90-98 per cent 
in renal and hepatic microsomes of adult rats. 
Twenty-one-day fetal liver microsomal AHH activity 
was decreased by about one-half after treatment with 
2.0mM cumene hydroperoxide. Although incuba- 
tion at 37° for 30 min per se had only minor effects 
on cytochrome P-450 content and benzphetamine N- 
demethylase activity, the AHH activities were 
increased about 130 per cent incubation (data not 
shown). 

Enhanced aryl hydrocarbon hydroxylase activity 
following incubation of partially purified cytochrome 
P-488 with various microsomal membranes. Micro- 
somes naturally low in AHH activity and microsomes 
pretreated with CHP (and thus partially depleted of 
cytochrome P-450) were used to demonstrate 
enhanced rates of catalysis after in vitro incubation 
with exogenous cytochrome P-448. Results of these 
studies are shown in Table 2. The AHH activities 
of all nine microsomal samples that were low in 
endogenous AHH activity were increased from 4- 
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Table 2. Enhanced aryl hydrocarbon hydroxylase activity following incubation of partially purified cytochrome P-448 
with various microsomal membranes* 





Microsomal 
protein 
(mg) 


Cumene 
hydroperoxide 


Microsomal 
sample 


Microsomal 
NADPH- 
cytochrome 
c reductase 
(nmoles/min) 


Aryl hydrocarbon hydroxylase 
(pmoles 3-hydroxybenzo[a] 
pyrene/min/unit reductase) 

Plus 1.0 nmole 


No addition cytochrome P-448 





0.31 
0.26 
0.30 
0.23 
0.55 
0.59 
0.37 
0.40 
0.35 
0.33 


Adult male liver 
Adult male liver 
Adult female liver 
Adult female liver 
Fetal liver 

Fetal liver 

Adult male kidney 
Adult male kidney 
Adult female kidney 
Adult female kidney 


+i tit+i+ti+i 


17.4+ 2.0 
0.20 + 0.03 
1.67 + 0.15 
0.26 + 0.04 
0.44 + 0.10 
0.30 + 0.17 
0.16 + 0.04 
0.17 + 0.05 
0.39 + 0.01 
0.09 + 0.04 


18.4 + 0.777 
10.6 + 0.524 





* Control or cumene hydroperoxide-treated microsomes (0.23—0.60 mg protein) were incubated either with or without 
1.0 nmole cytochrome P-448 at 37° for 30 min. The aryl hydrocarbon hydroxylase activity was determined as described 
in Materials and Methods and expressed as pmoles 3-hydroxybenzo[a]pyrene per min per unit NADPH-cytochrome c 
reductase activity. AHH values are the means + S.E. of three or more determinations with the statistical level of 


significance (vs no addition) given. 


+ Incubation with 4.0 nmoles cytochrome P-448 resulted in an AHH activity of 15.5 + 1.1. 


+P <0.001. 


to 53-fold after incubation with 0.1 nmole of cyto- 
chrome P-448. In contrast, the AHH activity of 
microsomes from adult male liver, which possessed 
the highest endogenous AHH activity, was not sig- 
nificantly increased by incubation with either 1.0 or 
4.0 nmoles of exogenous cytochrome P-448. When 
microsomes from CHP-pretreated male rat liver 
were incubated with 1.0 nmole of exogenous P-488, 
the AHH activity rose from 0.20 to 10.6 pmoles 3- 
hydroxybenzo[a]pyrene formed/min/unit reductase 
activity (a 53-fold increase). A 31-fold increase in 
AHH activity was observed after cumene hydro- 
peroxide-treated liver microsomes from female rats 
were allowed to interact with 1.0nmole of cyto- 
chrome P-448 for 30 min at 37°. After microsomes 
from female rat liver and cytochrome P-448 were 
incubated together at 37° for 30 min, 99 per cent of 
the enhanced AHH activity was removed from the 
suspension by ultracentrifugation at 105,000 g¢ for 
60 min. Renal microsomes from male and female 
rats hydroxylated benzo[a]pyrene 39- and 26-fold 
faster than did microsomes incubated without cyto- 
chrome P-448. However, CHP pretreatment reduced 
both the size of the increase and the per cent increase 
in AHH activity following cytochrome P-448 incu- 
bation with fetal rat liver and adult kidney micro- 
somes. The enhanced AHH rates for CHP-treated 
microsomes may be divided by the AHH rate for 
untreated microsomal samples. If CHP treatment 
had no effect on either exogenous cytochrome P-448 
incorporation into microsomes of the coupling of 





* The term relative enhanced AHH rate refers to the 
enhanced AHH rate of CHP-treated microsomes divided 
by the enhanced AHH rate for untreated microsomes from 
the same source: 

{(AHH rate of CHP-treated microsomes + cytochrome P- 
488) — (AHH rate of CHP-treated microsomes)] 

{(AHH rate of microsomes + cytochrome P-448) — (AHH 
rate of microsomes)] 





incorporated exogenous cytochrome P-448 with 
endogenous NADPH-cytochrome c reductase, the 
relative enhanced AHH rate would be 1.0.* 
Increases or decreases in the relative enhanced AHH 
rate may mean that incorporation of exogenous 
cytochrome P-448 or the coupling of incorporated 
exogenous cytochrome P-448 with endogenous 
NADPH-cytochrome c reductase has been altered 
by prior treatment of the microsomal samples with 
CHP. The relative enhanced AHH rates were 1.46, 
0.42, 0.13 and 0.12 for female adult liver, fetal liver, 
male kidney and female kidney, respectively. 
Because of the different rate enhancement 
observed when 1.0 nmole of cytochrome P-448 was 
incubated with different microsomal samples, it was 
important to demonstrate that the increase in AHH 
activity was linear with the amount of exogenous 
cytochrome used in the incubation. Results of these 
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Fig. 1. Linearity of increased microsomal aryl hydrocarbon 
hydroxylase activity with exogenous cytochrome P-448. 
Hepatic microsomes from female rats were incubated at 
37° for 30 min with 0.25 to 1.00 nmole of cytochrome P- 
448 in 250 wl of 0.05 M Tris-HCl, pH 7.5. The increased 
aryl hydrocarbon hydroxylase activity due to incorporation 
of enzymatically active cytochrome P-448 was then 
determined. 
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studies are shown in Fig. 1. The increase in AHH 
activity observed when cytochrome P-448 was incu- 
bated with hepatic microsomes from female rats is 
linear with cytochrome P-448, at least in the range 
0.25 to 1.0 nmole cytochrome P-448. 

The fluorometric AHH assay used in this study 
determines only the highly fluorescent phenolic 
metabolites of benzo[a]pyrene such as 3-hydroxy- 
benzo[a]pyrene. For this reason, experiments were 
also performed using a radiometric assay of 
benzo[a]pyrene monooxygenase (AHH) which can 
quantitate all polar metabolites including arene oxide 
metabolites of benzoja]pyrene [42]. This method is 
highly useful in situations where epoxide hydrase 
activity may not be sufficient to convert epoxides 
into more polar metabolites. After incubation with 
1.0nmole of cytochrome P-448, the AHH activity 
of female rat liver microsomes was increased from 
2.6 to 16.7 pmoles of polar products/min/unit reduc- 
tase. The 6.3-fold increase in AHH activity using the 
radiometric assay is greater than the 4.3-fold increase 
using the fluorometric assay (Table 2). This suggests 
that incubation with exogenous cytochrome P-488 
increases the formation of the non-phenolic metab- 
olites of benzo[a]pyrene to a greater extent than it 
does the fluorescent phenolic metabolites. 

It is a matter of convenience for investigators to 
be able to use frozen rather than freshly prepared 
microsomal samples. Thus, experiments were per- 
formed in which cytochrome P-448 and either fresh 
or frozen microsomal suspensions from female rat 
liver were incubated together and the enhanced 
AHH rates were compared. Results of this study are 
given in Table 3. Although freezing, storage and 
thawing had no effect on microsomal protein, the 
specific activity of NADPH-cytochrome c reductase 
decreased from 121 to 102 and 93 nmoles/mg/min 8 
and 16 days later. Freezing decreased the endogen- 
ous AHH activity by more than half on both per 
incubation and per unit reductase basis. The increase 
in AHH activity following incubation with cyto- 
chrome P-488 was higher in frozen than in fresh 
microsomes. After incubation with cytochrome P- 
448, the enhanced AHH activity rose from 3.3 to 


K. T. KITCHIN 


4.9 and 6.0 pmoles/min/unit reductase in fresh 
microsomes and in microsomes frozen for 8 and 16 
days, respectively. 
Comparison of the effects of cumene hydroperoxide 
pretreatment and NADPH-dependent lipid peroxi- 
dation on microsomal hemoprotein content, MFO 
enzyme activity and increased AHH activity. Because 
of the possible involvement of lipid peroxidation in 
CHP-induced decreases in microsomal cytochrome 
P-450 content and MFO enzyme activity, the effects 
of CHP treatment and NADPH-dependent lipid per- 
oxidation on microsomal cytochrome P-450, MFO 
enzyme activity and enhanced AHH activity were 
compared. Results of this study are shown in Table 
4. CHP treatment decreased hepatic microsomal 
protein by 10-40 per cent, while NADPH treatment 
reduced Lowry protein concentrations by about 50 
per cent. The large decreases in microsomal protein 
concentrations of NADPH-treated microsomes were 
confirmed by use of a second protein assay [49]. The 
percentage of the total protein found in the super- 
natant fraction of the second microsomal pellet was 
26, 37 and 57 per cent for control, CHP- and 
NADPH-treated samples. CHP treatment did not 
solubilize either cytochrome P-450 or bs from the 
microsomal membrane. Although cytochrome bs was 
unaffected, 5 per cent of the total microsomal cyto- 
chrome P-450 content was solubilized by treatment 
with NADPH. In NADPH-treatment microsomes, 
the specific activity of NADPH-cytochrome c reduc- 
tase and cytochrome bs content per mg microsomal 
protein were significantly increased, although the 
total NADPH-cytochrome c reductase activity and 
cytochrome bs content per g liver were not increased. 
In vitro treatment of microsomes with NADPH, 
ATP and ferrous sulfate also significantly decreased, 
but not to as large an extent as did CHP treatment, 
the cytochrome P-450 content (41 per cent), benz- 
phetamine N-demethylase activity (80 per cent) and 
AHH activity (97 per cent). Both CHP and NADPH 
pretreatment greatly aid the demonstration of 
enhanced AHH activity following the incubation of 
exogenous cytochrome P-448 with hepatic micro- 
somes from male rats. When incubated with 


Table 3. Comparison of the increased AHH activity of fresh and frozen microsomes incubated with 1.0 nmole cytochrome 
P-448* 





Microsomal sample 
NADPH- 
cytochrome 
c reductase 
(nmoles/min) 


Protein 


Storage (mg) No addition 


Plus cytochrome 


Aryl hydrocarbon hydroxylase (pmoles/min) 
Per incubation 


Per unit reductase 


Plus cytochrome 


P-488 No addition P-488 





46.0 
40.0 


0.38 
0) 39 


61 + 1.6 (2) 
25 + 1.6% (4) 


Fresh 
Frozen 
8 days 
Frozen 
16 days 


0.36 33.5 


22 + 1.7+ (4) 


3.28 + 0.20 (2) 
4.91 + 0.26§ (4) 


153 + 9 (2) 
199 + 11 (4) 


1.32 + 0.04 (2) 


0.61 + 0.04% (4) 


205 + 4.8% (4) 0.65 + 0.05% (4) 6.02 + 0.14% (4) 





* Fresh microsomes from a female rat were prepared and incubated either with or without 1.0 nmole of partially 
purified cytochrome P-448 as described in Materials and Methods. After this microsomal suspension (15.4 mg/ml in 
0.05 M Tris-HCl, pH 7.5) was frozen under N> and stored at —20°; the experiment was repeated 8 and 16 days later. 
Values are means + S.E. with the number of determinations indicated. Statistical levels of significance are for comparison 


with fresh microsomes. 
+P<0.001. 
tP<0.01. 
§ P<0.05. 
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1.0nmole of cytochrome P-448, microsomes pre- 
treated with either NADPH or CHP exhibited 
increases in AHH activity of 76- and 50-fold, respec- 
tively. The large increase in AHH activity observed 
when cytochrome P-448 was incubated with 
NADPH, ATP and ferrous sulfate-treated micro- 
somes was not due to the EDTA contained in the 
cytochrome P-448 buffer solution. The constituents 
of this buffer, alone or in combination, did not 
increase the AHH activity of the NADPH-treated 
microsomes. 


DISCUSSION 


Jeffery et al. [19] showed that LAHP had no effect 
on hepatic microsomal cytochrome bs or NADPH- 
cytochrome c reductase while greatly decreasing 
cytochrome P-450 and P-420 content and both aniline 
hydroxylase and ethylmorphine N-demethylase 
activities. Yang [1] has also shown that LAHP- 
treated hepatic microsomes have a greatly decreased 
cytochrome P-450 content with only small losses in 
NADPH-cytochrome c activity. This study shows 
that CHP and LAHP have similar effects on the rat 
hepatic microsomal mono-oxygenase system and 
confirms the observations of Hrycay and O’Brien 
[21] who showed that CHP couid destroy hepatic 
cytochrome P-450. The commercially available com- 
pound, cumene hydroperoxide, decreases rat micro- 
somal cytochrome P-450, benzphetamine N- 
demethylase and AHH activity, while not altering 
cytochrome bs or hepatic NADPH-cytochrome c 
reductase (Table 1). CHP treatment does, however, 
lower renal microsomal NADPH-cytochrome c 
reductase activity by about one half. 

Both LAHP and CHP cause lipid peroxidation 
[30]. The oxygen uptake of egg yolk lecithin incu- 
bated with cumene hydroperoxide and either cyto- 
chrome P-450, hematin or cytochrome bs was 495, 
300 and 35 nmoles O2/min/nmole of heme [30]. This 
lipid peroxidation mechanism may partially explain 
the observation (Table 1) that CHP causes the great- 
est decrease in cytochrome P-450 content and MFO 
enzyme activity in tissues with the highest cyto- 
chrome P-450 content, such as hepatic microsomes 
from male rats. 

By use of ultracentrifugation to separate unbound 
exogenous hemoprotein from hepatic microsomal 
membranes, it has been shown that both cytochrome 
P-450 [3] and cytochrome P-448 [2] incorporate into 
the microsomal membrane during incubation at 37°. 
By means of Sepharose 4B column chromatography 
to separate unbound hemoproteins from micro- 
somes, Yang has demonstrated the incorporation of 
cytochrome P-450 [1] and cytochrome P-448 [2] into 
hepatic microsomes. 

Yang [1] and also Yang and Strickhart [2] have 
shown that the exogenous cytochrome P-448 incor- 
porated into the microsomes is enzymatically active 
in accepting electrons from endogenous NADPH- 
cytochrome c reductase [1] and in hydroxylating 
benzo[a]pyrene [1, 2]. However, positive enzymatic 
evidence of cytochrome P-450 incorporation into 
microsomal membrane has been more difficult to 
demonstrate. Miwa et al. [3] incubated male liver 
microsomes with a 30- to 40-fold excess of exogenous 
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cytochrome P-450 and found that the cytochrome P- 
450 content and benzphetamine N-demethylase 
activity were increased by only 80 and 40 per cent, 
respectively. In similar experiments, despite a 50 per 
cent increase in cytochrome P-450 content of hepatic 
microsomes of phenobarbital-pretreated rats incu- 
bated with exogenous cytochrome P-450, no increase 
in benzphetamine N-demethylase activity was found 
[3]. Yang [1] incubated up to 7.0 nmoles of cyto- 
chrome P-450 with control, sonicated and LAHP- 
pretreated microsomes and observed 0-, 2- and 12- 
fold enhancement in benzphetamine N-demethylase 
activity. Incubation of cytochrome P-448 with either 
control or hydroperoxide-treated microsomes 
increases AHH activity more dramatically than 
incubation of cytochrome P-450 enhances benz- 
phetamine N-demethylase activity. 

The studies reported here show that CHP pre- 
treatment may be used to reduce the endogenous 
microsomal cytochrome P-450 content and MFO 
activity prior to incorporation of enzymatically active 
hemoproteins such as cytochrome P-448. Incubation 
of 4.0 nmoles of cytochrome P-448 with untreated 
microsomes from adult male rats (200-275 g) did not 
significantly increase AHH activity. This is in con- 
trast to the results of Yang [1] who demonstrated a 
66 per cent increase by incubating hepatic micro- 
somes from immature (50-150 g) male rats with 
cytochrome P-448. The lower AHH activity of 
younger rats may account for this difference. When 
CHP-pretreated hepatic microsomes from female 
and male rats were incubated with exogenous cyto- 
chrome P-488, AHH activity was elevated 31- and 
53-fold. The enzymatic ability of incorporated cyto- 
chrome P-448 to hydroxylate benzo[a]pyrene was 
evident in untreated hepatic microsomes from female 
(4.2-fold increase) and 21-day fetal rats (12-fold 
increase). 

The enhanced AHH rates for CHP-treated micro- 
somes divided by the values for untreated micro- 
somes were 1.46, 0.42, 0.13 and 0.12 for the female 
liver, fetal liver, male kidney and female kidney, 
respectively. Since CHP lowers endogenous cyto- 
chrome P-450 concentration, lessened competition 
for reductase electrons may explain the increased 
relative enhanced AHH rate for female liver micro- 
somes. The decreased relative enhanced AHH rate 
for fetal liver might be due to lessened cytochrome 
P-448 incorporation into the microsomal membranes 
or less efficient coupling with endogenous NADPH- 
cytochrome c reductase caused by CHP-induced 
membrane damage. The greatly decreased relative 
enhanced AHH rate in kidney microsomes suggests 
reduced cytochrome P-448 incorporation and/or less 
efficient coupling with CHP-depleted endogenous 
NADPH-cytochrome c reductase. Fetal microsomal 
cytochrome P-450 and MFO enzyme activity are 
much lower [34] than in the adult. Fetal rat liver 
MFO enzyme activities are not induced by pheno- 
barbital [50,51] but AHH activity can be induced 
by polycylic hydrocarbons [52-54] or TCDD [55]. 
The results of this study suggest that 21-day fetal 
AHH activity is low due to the low cytochrome P- 
450 (P-488 form) content. The lipid and NADPH- 
cytochrome c reductase present in fetal liver micro- 
somes are capable of supporting 12-fold higher rates 
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of AHH activity after incubation with 1.0 nmoles of 
exogenous cytochrome P-448. 

The increases of AHH activity due to incorpora- 
tion of enzymatically active cytochrome P-448 are 
best demonstrated with microsomal membranes high 
in. NADPH-eytochrome c reductase and low in 
endogenous AHH activity. Female rat hepatic and 
renal microsomes and hepatic microsomes from 21- 
day fetal liver are the most attractive choices for 
cytochrome P-448 and microsomes interaction stud- 
ies using AHH as an end point. Female rat liver 
microsomes are particularly attractive because they 
have three times as much NADPH-cytochrome c 
reductase activity as do renal microsomes. Hepatic 
microsomes from CHP or NADPH-treated male rat 
liver also have high NADPH-cytochrome c reductase 
and low AHH activities, but suffer from the com- 
plication of lipid damage which occurs while dena- 
turing the endogenous cytochrome P-450. 

A comparison of CHP treatment with NADPH- 
dependent lipid peroxidation shows both similarities 
and differences. Cytochrome P-450 content, benz- 
phetamine N-demethylase activity and AHH activity 
are decreased to a greater extent by cumene hydro- 
peroxide than by NADPH. NADPH decreases 
microsomal protein values more than does cumene 
hydroperoxide, and thus causes increases in the spe- 
cific NADPH-cytochrome c reductase and in the 
cytochrome b; content per mg microsomal protein. 

The greater increase in AHH activity observed 
after incubation of NADPH- as compared to CHP- 
treated microsomes with cytochrome P-448 (37 per 
cent) may be partially due to the differences in 
specific NADPH-cytochrome c reductase activity 
between these two samples (18 per cent). Alteration 
of the microsomal membrane structure via NADPH- 
induced lipid peroxidation may change the amount 
of exogenous cytochrome P-448 incorporated into 
the membrane. Sonicated rat liver microsomes incu- 
bated with cytochrome P-450 have exhibited a higher 
enhanced benzphetamine N-demethylase rate than 
did unsonicated controls [1]. The use of organic 
hydroperoxides rather than NADPH-dependent lipd 
peroxidation to lower endogenous cytochrome P-450 
is nevertheless preferable for two reasons. Gluta- 
thione may be used to stop the destruction of cyto- 
chrome P-450 by either CHP [21] or LAHP [19]. 
With NADPH, ATP and ferrous sulfate, it is more 
difficult to stop lipid peroxidation and to remove the 
three agents. In addition, cumene hydroperoxide is 
both more specific and efficient than NADPH treat- 
ment in reducing cytochrome P-450 and MFO 
enzyme activities while not altering NADPH-cyto- 
chrome c reductase activity or cytochrome b2 con- 
tent. Hydroperoxides also destroy partially purified 
cytochrome P-450 in vitro [27]. 

In conclusion, microsomes low in endogenous 
AHH activity were incubated with partially purified 
cytochrome P-488 and the resulting increases in 
AHH activity were determined. Organ, sex and 
ontogenic differences in microsomal AHH activity 
permit a more sensitive demonstration of the incor- 
poration of enzymatically active exogenous cyto- 
chrome P-448 than is possible using hepatic micro- 
somes obtained from adult male rats. Alternatively, 
cumene hydroperoxide may be used to reduce micro- 
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somal cytochrome P-450 and AHH activity prior to 
the incorporation of exogenous cytochrome P-488. 
In cytochrome P-488 and microsomes enzymatic 
interaction studies, sensitive detection of enhanced 
catalyic rate is a desirable property as many current 
cytochrome P-488 purification procedures have low 
yields. Enzymatic interaction studies using control 
or chemically modified microsomes and exogenous 
cytochromes of the P-450 class may be useful in 
providing information about the characteristics of 
different microsomal membranes such as their ability 
to incorporate exogenous cytochromes and the effi- 
ciency with which these incorporated cytochromes 
couple with endogenous electron transport proteins. 
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Abstract—Sodium fluxes across the distal colon of the rabbit were studied in vitro, using “NaCl. Sodium 
flux from mucosa to serosa (J}¥8) exceeded the flux from serosa to mucosa (JN) resulting in net sodium 
movement Cnet) from mucosa to serosa. Addition of an alpha adrenergic agonist (phenylephrine) 
increased JN? by augmentation of J}j%. An alpha- adrenergic antagonist (phentolamine) abolished the 
effect of phenylephrine. Sodium fluxes and the stimulation of J§% by phenylephrine were unaffected 
when calcium was omitted from the medium. Beta adrenergic agonist (iso oproterenol) or theophylline 


did not affect JN& but caused a simultaneous increase of both J% and J}3. 


The role of sympathetic 


innervation of the colon in the regulation of sodium transport in vivo is discussed. 


Sympathetic innervation of various visceral organs 
can affect the function of these organs in different 
ways: (1) constriction of the blood vessels supplying 
an organ can reduce the blood flow and thus affect 
function, e.g. in the kidneys or in the gastrointestinal 
tract; (2) through an action on smooth muscle tone 
and contraction in tubular organs (as the ureter, the 
urinary bladder or the intestine), propagation of the 
luminal content can be affected; (3) the possibility 
of a direct effect of the adrenergic transmitter on the 
function of the epithelial cells lining the lumen has 
been suggested. 

Catecholamines thus have been reported to act 
directly on ion transport through frog skin [1], toad 
bladder [2] and the proximal tubules of the kidney 
[3]. Catecholamines have also been reported to act 
on ion transport in the small intestine [4,5]. 

We have recently studied sodium transport in the 
rabbit colon in vitro [6]. In an in vitro preparation 
of the rabbit colon mounted between two chambers 
(according to Ussing and Zerahn [7]), any effect on 
vascular or intestinal smooth muscle can be avoided, 
and thus a method for direct measurement of the 
effect on ion transport is provided. The effect of 
alpha-adrenergic stimulation, beta-adrenergic stimu- 
lation and theophylline in this preparation are 
reported in the present communication. 


MATERIALS AND METHODS 


Rabbits of either sex weighing 2-3 kg were used 
throughout. Following pentobarbital injection i.v., 
the distal colon was immediately removed through 
a midabdominal incision and was thoroughly washed 
in ice-cold saline. Segments of the distal colon were 
mounted as a membrane separating two perspex 
chambers, as previously described [6]. 

The tissues were bathed in Krebs’ solution (com- 
position: NaCl, 118mM; KCl, 4.7mM; 


MgSO,:7H,0, 1.2mM; CaCl,, 2.5mM; KH,PO,, 
1.2mM; NaHCO;, 25mM and glucose, 5g/l). A 
mixture of 95% O,: 5% CO, was bubbled through 
the solution and the pH was 7.4. 

Transmural fluxes of *Na from the mucosa to the 
serosa (M — S) and from the serosa to the mucosa 
(S— M), were determined by introduction of “NaCl 
(0.07 uCi/ml) into the chamber facing either the 
mucosal or the serosal surface of the tissue. Thirty 
minutes after the addition of the labelled sodium 
(time required to achieve a steady-state rate of 
radioisotope transfer), 0.5 ml samples of the solution 
from both serosal and mucosal chambers were taken 
at 5 min intervals for 40 min. “Na was then assayed 
in a Packard Gamma-spectrometer. Sodium flux is 
expressed as wmoles/cm* X hr. 

The following solutions were used to study the 
effect of phenylephrine, isoproterenol and _ theo- 
phylline on sodium fluxes: 

(a) Krebs’ Ringer containing phenylephrine or 
phentolamine (Regitine) or both compounds. Each 
of the drugs was used at a final concentration of 5 
x 10°°M. This concentration of phenylephrine 
caused maximal effect and phentolamine at this con- 
centration caused complete inhibition of the effect; 

(b) Krebs’ Ringer containing isoproterenol, in a 
final concentration of 10~*M, in the presence of 
0.001% ascorbic acid (in order to protect isoproter- 
enol from oxidation); 

(c) Krebs’ Ringer containing theophylline, in a 
final concentration of 10~?M. The different solutions 
were added either to the serosal or to the mucosal 
side of the mounted colon 30 min before the addition 
of “Na. Sodium fluxes were then determined as 
described above. 

Chemicals. Phenylephrine and theophylline were 
purchased from Sigma, St. Louis, MO, U.S.A. Phen- 
tolamine was generously supplied by CIBA, Basel, 
Switzerland. Isoproternol was a generous gift of 
Assia Chemicals, Ramat Gan, Israel. 
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The lines in the figures were drawn according to 
the method of least squares. 


RESULTS 


(1)Effect of phenylephrine on sodium fluxes. 
Transmural fluxes of *~Na through the rabbit distal 
colon were studied in an in vitro system, where a 
segment of the colon served as a membrane sep- 
arating two compartments. As seen in Fig. 1, left 
side, sodium fluxes through the colon were linear 
throughout the duration of the experiment. Un *>r 
control conditions, Na-transfer from the muc> 
(M) to the serosal (S) compartment (J, ) was 1.90 
pmole/cm? x hr, and from the serosal to the mucosal 
compartment (JS ) was 1.06 wmole/cm? x hr. There- 
fore, net sodium transport was observed from M to 
S (J) at a rate of 0.84 wmole/cm? x hr. 

Addition of phenylephrine (at a final concentra- 
tion of 5 x 10~°M) to the serosal side of the colon 
caused a significant increase of JX, . as seen in Fig. 
1, right side. This effect was due solely to an increase 
of J $i, while no effect was observed on the flux from 
serosa to mucosa (not shown in figure). 

In the presence of phentolamine, an alpha adre- 
nergic antagonist (final concentration 5 x 10~°M), 
the effect of phenylephrine on net sodium flux was 
completely abolished, as seen in Fig. 1, right side. 
Phentolamine itself had no effect on sodium fluxes 
through the colon (not shown in figure). 

When these experiments were repeated in a cal- 
cium-free medium, the enhancement of sodium flux 
by phenylephrine was unaffected. The control fluxes 
of sodium, J *& or JS, were no different from the 
respective fluxes in the calcium-containing medium. 


1.5 Ep 
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Fig. 1. Effect of alpha adrenoceptor stimulation and block- 
ade on sodium fluxes across the rabbit colon. Left side 
— control experiments (N=18). MS: sodium flux from 
mucosa to serosa (Fis). S—M: sodium fiux from serosa to 
mucosa (J%%,). Net: net sodium transfer from mucosa to 
serosa (JN). Right side — Effect of alpha adrenoceptor 
activation and blockade on net sodium transfer from 
mucosa to serosa. C: net sodium transfer from mucosa to 
serosa in control experiments (N=18). PE: net sodium 
transfer from mucosa to serosa in the presence of 
5x10-°M phenylephrine (N=9). PE + phen: net sodium 
transfer from mucosa to serosa in the presence of 
5x10°°M phentolamine and phenylephrine (N=9). Line 
for C and PE + phen not significantly different; P <0.001 
for line PE. 
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Fig. 2. Effect of theophylline on net sodium transfer from 
mucosa to serosa in rabbit colon. Left side — control 
emperiments (N=9). MS: sodium flux from mucosa to 
serosa (JX). SM: sodium flux from serosa to mucosa 
a SM: Net : net sodium transfer from mucosa to serosa 

JX). Right side — Effect of theophylline on net sodium 
ae from mucosa to serosa. C: Net sodium transfer 
from mucosa to serosa in control experiments (N=9). T(s): 
Net sodium transfer from mucosa to serosa in the presence 
of 10°7M theophylline on serosal side (N=5). T(m): Net 
sodium transfer from mucosa to serosa in the presence of 
10°°M theophylline on mucosal side (N=6). No significant 
difference in net Na transfer between C and T(s) or between 

C and T(m). 


(2) Effect of theophylline on sodium fluxes. In 
contrast to phenylephrine, addition of theophylline 
(final concentration 10mM) to the serosal or mucosal 
side of the colon caused no change in JN (Fig. 2, 
right side). However, the lack of effect on /%%, was 
the result of simultaneous stimulation by theophyl- 
line of both Jj, and JS as seen in Fig. 3. Theo- 
phylline added to the chamber facing the serosal side 
had a greater effect than theophylline in the chamber 
facing the mucosal surface of the colon (Fig. 3). 


40 


wmoles Na/cm? 








min. 
Fig. 3. Effect of theophylline on sodium fluxes across rabbit 
colon. Left side — sodium flux from mucosa to serosa 
(MS). Right side — sodium flux from serosa to mucosa 
(S—M). C: control experiments (N=9). T(s): in the pres- 
ence of 10°°7M theophylline on the serosal side (N=5). 
T(m): in the presence of 107 °>M theophylline on the mucosal 
side (N=6). Significance for lines T(s) and T(m), both for 
M-—S and for S>M: P<0.001. 





Effect of adrenergic agents on sodium fluxes 


Addition of the beta-adrenergic agonist, isopro- 
terenol (final concentration 10~*M), to the chamber 
facing the serosal surface of the colon had the same 
effect as that shown by theophylline, i.e. simulta- 
neous stimulation of /$, and Js with no significant 
changes in net sodium flux (J%3,). 


DISCUSSION 


The results presented in this communication show 
that alpha-adrenergic stimulation can enhance the 
net transfer of sodium through the colonic mucosa. 
This is due mainly to an increased flux from mucosa 
to serosa. Since sodium absorption from the lumen 
depends on the activity of a sodium pump in the 
serosal surface of the mucosa [6], i.e. the activity of 
Na,K-ATPase, a possible mechanism could be that 
alpha-adrenergic agonists stimulate the Na,K- 
ATPase. Such activation has been reported in nerve 
cells (adrenal medulla, Gutman and Boonyaviroj 
[8]; brain, Lee and Phillis [9]). Stimulation of the 
sodium pump to produce hyperpolarization has also 
been described in skeletal muscle [10]. A similar 
mechanism thus may be envisaged for the rabbit 
colon. 

Furthermore, adrenergic stimulation of sodium 
transport transcellularly, i.e. across an epithelial 
cell separating two compartments, has _ been 
described in several epithelia: in frog skin [1], toad 
bladder [2], the proximal tubules of the kidney [11], 
[12] and reviewed recently by Gottschalk [3] and in 
the small intestine [4,5]. Adrenergic stimulation of 
sodium transport may therefore represent a general 
phenomenon, particularly important in epithelia. 

Recently several studies have pointed to the pos- 
sible involvement of intracellular calcium in changes 
of permeability to sodium and potassium [13-15]. 
We have therefore repeated the study of alpha-adre- 
nergic stimulation in calcium-free media. However, 
no significant change was observed either in the 
control sodium fluxes or in the effect of phenyle- 
phrine on the fluxes in calcium-free medium. How- 
ever, the role of intracellular calcium cannot be 
completely dismissed because changes of free intra- 
cellular calcium could still occur due to intracellular 
storage organelles. 

cAMP has been shown to cause loss of fluid into 
the lumen in the small intestine [16]. The effect of 
theophylline and of salbutamol on the colon shows 
a qualitative resemblance but no net loss of fluid into 
the lumen, in contrast to the ileum. Both fluxes, 
through the mucosa and through the serosa, were 
enhanced to the same extent (Fig. 3). This could be 
due to increased permeability to sodium caused by 
the drug with no effect on the sodium pump. It would 
seem plausible to assume that the change in perme- 
ability occurred mainly in the serosal surface: an 
increase of the mucosal (luminal) permeability would 
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result in stimulation of the serosal sodium pump due 
to the rise of intracellular sodium concentration and 
should therefore increase net sodium flux from 
mucosa to serosa. Such a combination, i.e. increased 
luminal permeability coupled with stimulation of the 
sodium pump, follows administration of 
mineralocorticoids. 

The finding that serosal application of theophylline 
was more effective than mucosal application (Fig. 
3) may suggest that the serosal membrane is more 
permeable to theophylline than the mucosal 
(luminal) membrane. Application of 7.5 mM cAMP 
has been reported to produce in the rabbit colon an 
effect similar to that of theophylline reported here, 
i.e. increase of Js and J Si, to the same degree [17]. 

In the present set of experiments we have studied 
fluxes across the isolated colonic mucosa in vitro. 
However, in assessing the in vivo net effect of adre- 
nergic stimulation, it is important to recall its vascular 
action in the intestine, i.e. vasoconstriction. This 
would decrease perfusion of the colon and thus 
reduce transfer of fluid from the intestine to the 
circulation. Possibly the stimulation of sodium net 
absorption through activation of alpha receptors 
could counteract the danger of fluid loss into the 
lumen under these conditions. 
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Abstract—A number of hydroxamic acid derivatives, including salicyl-, octano-, decano- and dodecano- 
hydroxamic acid and rhodotorulic acid, inhibited 5H-thymidine incorporation into DNA, lowered the 
concentration of dATP and raised the concentration of dTTP in human PHA-stimulated lymphocytes. 
These effects suggest that these compounds, like desferrioxamine, inhibit ribonucleotide reductase, an 
iron-requiring enzyme. On the other hand, benzoic acid derivatives did not inhibit ribonucleotide 
reductase assessed by the dATP and dTTP pool changes, although some did inhibit DNA synthesis 
judged by *H-thymidine incorporation into DNA. A number of other compounds known to chelate 
iron also inhibited DNA synthesis without inhibiting ribonucleotide reductase. These results suggest 
that different iron binding compounds affect different iron pools in the cell and that some of them may 


have use as cytotoxic agents. 


Desferrioxamine is the only effective and safe drug 
for treating iron overload in patients receiving reg- 
ular blood transfusions for chronic refractory anae- 
mia. Desferrioxamine, a hydroxamic acid derivative, 
inhibits DNA synthesis in HeLa cells [1] and it has 
been found to enhance the action of ribonucleoside 


diphosphate reductase inhibitors such as hydroxyu- 
rea in H-Ep-2 cells [2]. More recently, Hoffbrand 
et al. [3] showed that desferrioxamine in high con- 
centrations reduces the activity of the enzyme ribo- 
nucleoside diphosphate reductase in human cells in 
vitro and causes a characteristic disturbance in con- 
centration of the immediate DNA precursors, the 


deoxyribonucleoside triphosphates. Indeed, the 
enzyme is known to require non-haem iron as a co- 
factor [4,5]. A search for effective oral iron chelating 
agents has been initiated to obviate the need for 
parenteral therapy with desferrioxamine [6-11]. 
Most of the compounds screened are derivatives of 
either hydroxamic acid or benzoic acid. In the pres- 
ent study, 36 compounds which have previously been 
screened in vitro and in vivo as potential iron che- 
lating drugs [6-11] have been tested for their effect 
on human ribonucleotide reductase by studying their 
effect on incorporation of labelled thymidine into 
DNA and on the concentrations of the deoxyribo- 
nucleoside triphosphates in normal human 72 hr 
PHA-stimulated lymphocytes. In addition, the cyto- 
toxic action of two of the compounds which appeared 
to be effective inhibitors of ribonucleotide reductase 
on a lymphocyte cell line in culture was compared 
with those of desferrioxamine and hydroxyurea. 
Reagent chemicals were supplied by British Drug 
House and Sigma Chemicals. Micrococcus luteus 
DNA polymerase and poly d(A-T) were purchased 
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from Miles Laboratories; *H-dATP (14 Ci/mmole), 
3H-TTP (23.7 Ci/mmole) and methyl *H-thymidine 
(5 Ci/mmole) from the Radiochemical Centre, 
Amersham; desferrioxamine (Desferal) from Ciba 
Laboratories and hydroxyurea from Squibbs; 
Medium TC199 and phytohaemagglutinin were pur- 
chased from Burroughs Wellcome and medium 
RPMI and heat inactivated foetal calf serum from 
Flow Laboratories. Ficoll and Triosil were obtained 
from Pharmacia Fine Chemicals and Nyegaard & 
Co., Norway, respectively. 

The method used for collecting human lympho- 
cytes and conditions for lymphocyte culture have 
been described [12]. The centrifugation of blood on 
a Ficoll—Triosil gradient was used to separate lym- 
phocytes from granulocytes [13]. Lymphocytes 
(3 x 10°) were cultured in 3.0 ml volumes consisting 
of 20% autologous serum in TC199 medium and 100 
ul phytohaemagglutinin. 

To study the effect of potential iron chelators on 
‘H-thymidine incorporation into DNA and on the 
deoxyribonucleoside triphosphate concentrations, 
72 hr lymphocyte cultures from normal volunteers 
were incubated with the drug, previously made up 
in normal saline, for 4 hr at 37°. Control cultures 
received an equivalent volume (100 yl) of saline. 
Where *H-thymidine incorporation was studied, 1 
wCi *H-thymidine (*H-TdR) in 100 pl saline was 
added to cultures after 3 hr incubation with the drug 
and incubated for a further hour. Control cultures 
took up the label exponentially into DNA over the 
one hour period. At the end of this incubation the 
cells were washed twice in cold phosphate buffered 
saline, pH 7.4, once in 2.0 ml cold perchloric acid 
(0.5M) and allowed to stand in ice for 10 min. After 
centrifugation, the pellet was hydrolysed in 0.5 ml 
of 0.5M perchloric acid at 85° for 20 min. A 100 
ul quantity of the centrifuged supernatant fraction 
was added to scintillation vials and the radioactivity 
counted. 
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HPB-ALL, a continuous T-cell line, was cultured 
in medium RPMI with 10% fetal calf serum. The 
supernatant (old medium) was removed twice a week 
and the cells were recultured in fresh RPMI medium 
containing approximately 1.5 x 10° cells per ml. 
Addition of potential iron chelators was carried out 
at this stage, and the appropriate flask removed at 
time intervals for cells number studies. 

For measurement of deoxyribonucleoside tri- 
phosphate (dNTP) concentrations, the cells were 
centrifuged at 4°, washed twice in cold phosphate 
buffered saline, pH 7.4, 1.0 ml of cold 60% methanol 
was added to the cell pellet and the suspension was 
stored at —20° overnight to extract the nucleotides 
[14]. After centrifugation, the supernatant was sep- 
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arated, and freeze dried. The dried extract was then 
diluted in a known volume of water and stored at 
—20° until assayed. 

The assays for the measurement of dATP and 
dTTP concentrations have been described [15,16]. 
Poly d(A-T) (0.05 units) and Micrococcus luteus 
DNA polymerase (0.3 units) were used in the assay 
of dATP and dTTP. Assays were incubated at 37° 
for 35 min. 


RESULTS 


Table 1 shows the effect of the compounds tested 
on *H-TdR incorporation into DNA and on the 
dATP and dTTP concentrations in 72 hr normal 


Table 1. Effect of various iron chelators, (10°°M) for 4 hr on *H-thymidine incorporation into DNA and deoxyribo- 
nucleoside triphosphate concentrations in 72 hr PHA-stimulated normal lymphocytes 





No. of 


Compound Expt. 


3H-Thymidine 
incorporation 
(% control) 


% Control 


dATP dTTP 





Control 13 


(c.p.m./10° cells/hr) 


46,246 + 13,066 422435 S72 2.2 


(pmoles/10° cells) (pmoles/10° cells) 





(a) Hydroxamic acid derivatives 
Desferrioxamine 
Salicylhydroxamic acid 
Octanohydroxamic acid 
Dodecanohydroxamic acid 
Decanohydroxamic acid 
Hexanohydroxamic acid 
Nicotinohydroxamic acid 
o-Aminobenzohydroxamic acid 
Rhodotorulic acid 
Histidylhydroxamic acid 
Glycylhydroxamic acid 

(b) Benzoic acid derivatives 
2,3-Dihydroxybenzoic acid 
2,4-Dihydroxybenzoic acid 
3,4-Dihydroxybenzoic acid 
2,5-Dihydroxybenzoic acid 
3,4,5-Trihydroxybenzoic acid 
3,4-Diacetoxybenzoic acid 
2,3-Dimethoxybenzoic acid 
3,4-Dimethoxybenzoic acid 
3-Acetoxy-4-methoxybenzoic acid 
3-Hydroxy-4-methoxybenzoic acid 
4-Hydroxy-3-methoxybenzoic acid 
3,4-Methylenedioxybenzoic acid 

(c) Miscellaneous 
Diethylenetriaminepenta- 

acetic acid 
3,4-Dihydroxyphenyl- 

acetic acid 
3,4-Dimethoxyphenyl- 

acetic acid 
3,4-Dihydroxybenzamide 
3,4-Dimethoxybenzamide 
4-Hydroxy-3-methoxy 

mandelic acid 
3-Methylsalicylic acid 
5-Methylsalicylic acid 
2,3-Dihydroxynaphthalene-6-sulphonic acid 
4,8-Dihydroxyquinoline-2-carboxylic acid 
Kojic acid 
Maltol 
D-(—)-Penicillamine 
Tropolone 


NNNNNNR KK NN WwW 


Noe Re Re RS PO 


Nee 
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NR Re 
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35 84 125 
158 
167 
134 
140 
139 
130 
107 
120 
116 
106 
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Table 2. Effect of various hydroxamates on cell numbers in a T-lymphocyte cell line in culture 





Compound 


Cell numbers (% control) 


at time interval 
(hr) 
24 48 


LDso for mice (Ref. 8) 
except hydroxyurea 





Control (x 10° cells/ml) 


2a 24 





Hydroxyurea 
Desferrioxamine 
Hexanohydroxamic acid 
Hexanohydroxamic acid 
Hexanohydroxamic acid 
Hexanohydroxamic acid 
Octanohydroxamic acid 
Octanohydroxamic acid 
Octanohydroxamic acid 


eee NNR 


200 mg/kg* 
> 800 mg/kg 
> 400 mg/kg 


> 800 mg/kg 





* This LDsp is for rabbits (McKneally et al. 1966. Surgical Forum 17, 258). 


PHA-stimulated lymphocytes. 

Hydroxamic acid derivatives. The effect of deriva- 
tives of hydroxamic acid varied widely. The most 
dramatic effect on all three parameters measured 
was by salicylhydroxamic acid and octanohydrox- 
amic acid. Both compounds suppressed *H-TdR 
incorporation into DNA by more than 98 per cent, 
increased dTTP concentration by 51-69 per cent and 
decreased dATP concentration by 28-52 per cent. 
Decanohydroxamic acid, dodecanohydroxamic acid, 
nicotinohydroxamic acid, hexanohydroxamic acid 
and rhodotorulic acid had similar but less marked 
effects, decreasing “H-TdR incorporation into DNA 
by 27-97 per cent, increasing dTTP concentration 
by 15-38 per cent and decreasing dATP concentra- 
tion by 11-45 per cent. Although *H-TdR incorpor- 
ation into DNA in PHA-transformed lymphocytes 
incubated with o-aminobenzohydroxamic acid was 
suppressed by a mean of 59 per cent (two experi- 
ments) and the dATP concentration was reduced by 
a mean of 32 per cent of control values, the dTTP 
concentration was not markedly increased. Histi- 
dylhydroxamic acid and glycylhydroxamic acid did 
not have any effect on *H-TdR incorporation into 
DNA nor any marked effect on the dATP and dTTP 
concentrations in PHA-transformed lymphocytes. 

The effect of an apparently potent inhibitor of 
ribonucleotide reductase, octanohydroxamic acid, 
and a less effective inhibitor, hexanohydroxamic 
acid, at various concentrations and times of incu- 
bation on the cell numbers in a T-lymphocyte cell 
line in culture is shown in Table 2. Hexanohydrox- 
amic acid (10~* and 10~*M) caused a decrease in cell 
numbers over a 72 hr period to 21 and 33 per cent 
of control cultures, respectively. Although there was 
a reduced number of cells in culture at 24 hr with 
10-° and 10~° M hexanohydroxamic acid, further 
incubation resulted in no further fall in number of 
cells. Octanohydroxamic acid at 10~* and 10°-*M 
caused a decrease with time in cell numbers to 47 
per cent (10~*M) and 60 per cent (10~*M) of control 
cultures, but there was no marked decrease in num- 
ber of cells at 10-°M. 

Benzoic acid derivatives. Most of the benzoic acid 
derived compounds studied (eight of twelve) did not 
show any marked effect either on the *H-TdR incor- 


B.P. 29/9 —£ 


poration into DNA or on the deoxyribonucleoside 
triphosphate concentrations in 72 hr normal PHA- 
stimulated lymphocytes. The other four, i.e. 3,4- 
dimethoxybenzoic acid, 4-hydroxy-3-methoxyben- 
zoic acid, 3,4- and 2,5-dihydroxybenzoic acid all 
decreased the *H-TdR incorporation into DNA but 
did not have any consistent effect on the dATP and 
dTTP concentrations. 

Miscellaneous. Of the compounds in this group, 
nine of fourteen did not have any marked or con- 
sistent effect on either *H-TdR incorporation into 
DNA or on the dATP and dTTP concentrations. Of 
the other five compounds tested, four, i.e. 3,4- 
dihydroxyphenylacetic acid and 3,4-dimethoxyphen- 
ylacetic acid, 3,4-dimethoxybenzamide and 3-meth- 
ylsalicylic acid decreased *H-TdR incorporation by 
25-68 per cent of control values, although there was 
no marked effect on the dATP and dTTP concen- 
trations. Tropolone inhibited incorporation of *H- 
TdR into DNA and also decreased both the dATP 
and dTTP concentrations. 


DISCUSSION 


Thirty-six potential iron chelators have been 
screened as inhibitors of ribonucleotide reductase by 
studying their effect on thymidine incorporation into 
DNA and on the dATP and dTTP concentrations 
in normal stimulated lymphocytes. We have pre- 
viously found this method more satisfactory than 
direct ribonucleotide reductase assay for inhibitor 
studies [3]. Except for those derived from amino 
acids, all of the primary monohydroxamic acids 
examined caused a marked reduction in *H-TdR 
incorporation into DNA and a concomitant change 
in deoxyribonucleoside triphosphates; dATP 
decreased while dTTP increased. These same com- 
pounds caused an alteration in iron metabolism in 
cultured Chang cells, although their order of effec- 
tiveness was somewhat different [10]. Particularly 
noteworthy is the fact that aliphatic hydroxamic acids 
were more effective than aromatic derivatives, sal- 
icylhydroxamic acid being an exception. While the 
latter compound had a moderate inhibitory effect 
upon *Fe incorporation into Chang cells, it almost 
completely blocked DNA synthesis in PHA-stimu- 
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lated lymphocytes. This effect was not related to 
cytotoxicity, although there is evidence [10] that the 
aliphatic hydroxamic acids may be somewhat toxic 
to cells. While none of the primary hydroxamic acids 
elicited signs of toxicity when given to hypertrans- 
fused rats for 5 days at a dose of one-fifth the LD» 
per day, neither did they induce iron excretion [8]. 
On the other hand, rhodotorulic acid (RA), a quad- 
radentate secondary hydroxamic acid, proved to be 
a potent iron-chelating agent in this animal model. 
In fact, of the 36 compounds evaluated here, rho- 
dotorulic acid was by far the most effective in vivo 
[8]. Clinical studies have confirmed its potential use- 
fulness as an iron-chelating drug [7]. When incubated 
with PHA-stimulated lymphocytes, RA caused a 
moderate decrease in “H-TdR incorporation and in 
the ratio of dATP to dTTP. Incubation with des- 
ferrioxamine, another naturally occurring secondary 
hydroxamate, had a similar effect upon the par- 
ameters studied, the decrease in *H-TdR incorpor- 
ation being somewhat enhanced. Thus, although the 
secondary hydroxamates appear to be the most 
effective chelators in vivo, such is not the case in 
vitro wherein the primary derivatives seem to have 
a greater effect on iron metabolism and DNA syn- 
thesis. This may reflect a different mechanism of 
action dependent upon the type of hydroxamic acid. 
Nonetheless, both types had a similar effect upon 
the growth and division of cultured T lymphocytes, 
as shown by the number of cells in 72 hr cultures 
(Table 2). 

Only four of the twelve benzoic acid derivatives 
(4-hydroxy-3-methoxy-, 3,4-dimethoxy-, 3,4- and 
2,5-dihydroxybenzoic acid) caused a decrease in *H- 
TdR incorporation into DNA and among these there 
was no consistent effect upon the dATP and dTTP 
concentrations. Moreover, none of the twelve had 
any significant effect upon either [*H]t-leucine or 
Fe incorporation into cultured Chang ceils [10]. On 
the other hand, 2,3-dihydroxybenzoic acid (2,3- 
DHB) was shown to induce a significant amount of 
urinary iron excretion in hypertransfused rats [6]. 
Subsequent clinical trials in patients with transfu- 
sional iron overload suggested that orally adminis- 
tered 2,3-DHB could retard but not prevent the 
accumulation of iron [17, 18]. A possible mechanism 
of action was suggested by White er al. [9]. 2,3-DHB, 
after preincubation with rat liver homogenate, 
caused a significant reduction in the amount of ~’Fe 
incorporated into the ferritin of Chang cell cultures, 
indicating that a metabolite may be the active com- 
pound. Unfortunately, the effect of rat liver hom- 
ogenate itself on DNA synthesis in lymphocytes 
precluded a similar study here. Lastly, 3,4-dime- 
thoxybenzoic acid caused a 76 per cent inhibition of 
*H-TdR incorporation into DNA with little or no 
change in the dATP and dTTP concentrations. The 
corresponding amide behaved similarly, the inhibi- 
tion being 41 per cent. The reason for this behavior 
is not clear, especially since neither compound 
affected iron metabolism in Chang cell cultures [10] 
or significantly induced iron excretion in vivo [8]. 

In the miscellaneous group of iron chelators only 
tropoione had a marked effect on all three par- 
ameters of DNA synthesis which were studied. The 
effect, though, was quite different from that of the 
other iron chelators, in that tropolone (10°~* M) 
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almost completely inhibited *H-TdR incorporation 
into DNA, while the concentration of dATP was 
reduced by 94 per cent and that of dTTP by 50 per 
cent. Similar results were obtained at a concentration 
of 10-* M. This together with the pattern of inhi- 
bition suggests that the compound is cytotoxic. A 
similar conclusion was reached by White et al. [11] 
who found that although tropolone was able to 
remove iron from transferrin in vitro and could 
interfere with iron metabolism in cultured Chang 
cells, it significantly inhibited protein synthesis at 
concentrations in excess of 10-* M. None of the 
other miscellaneous chelators had a marked or con- 
sistent effect upon the dATP and dTTP concentra- 
tions, although a few did cause a decrease in 
3H-TdR incorporation into DNA. In particular, 3,4- 
dihydroxyphenylacetic acid caused a decrease of 
nearly 70 per cent. Diethylenetriaminepentaacetic 
acid, once widely used clinically in iron-chelation 
therapy, had no effect upon the three parameters. 
This was somewhat surprising, since it was markedly 
cytotoxic to cultured Chang cells at a concentration 
of 6x 10~* M [9]. Likewise, maltol and kojic acid 
had no effect on DNA synthesis. In cultured Chang 
cell systems, however, iron incorporation into both 
whole cells and ferritin was reduced significantly, 
particularly by maltol. Neither compound was an 
effective chelator in vivo, however. 

The results presented here are consistent with the 
concept that different types of iron chelators may act 
at different sites within the cell. It appears that only 
hydroxamic acids have an effect upon DNA syn- 
thesis, presumably via inhibition of ribonucleotide 
reductase. In this regard, they, like their congener 
hydroxyurea, may be of therapeutic use as cytotoxic 
agents. On the other hand, such a physiological effect 
might limit their usefulness as potential iron-chelat- 
ing drugs. Although no evidence of such an effect 
has been noted in the case of desferrioxamine, a 
periodic evaluation of rapidly proliferating tissues 
such as bone marrow seems warranted, particularly 
in patients whose iron stores have been brought to 
near normal. 
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Abstract—Adjuncts that serve as: (a) buffers to neutralize drug acidity, and/or (b) solubilizers of acidic 
drugs, or (c) certain nutrients (e.g. glucose, acetate), considerably reduced the gastric mucosal injury 
induced by orally administered aspirin (and other non-steroidal anti-inflammatory drugs) in stressed 
and starved rats. Gastroprotection against aspirin and related drugs was obtained by supplying the 
mucosa with glucose with intermediates or precursors of the tricarboxylic acid cycle (that may be 
absorbed directly from the gastric lumen). Glucose alone was not sufficiently gastroprotective. Gastro- 
protection with tricarboxylic acid cycle precursors given with glucose appears to be due to the effects 
of these nutrients in restoring ATP synthesis in the gastric mucosa. D-glutamate and D-aspartate were 
deaminated by homogenates prepared from saline-washed rat fundic mucosa (yielding a-oxo acids for 
the tricarboxylic acid cycle). These amino acids could be substituted for the L-forms in combination 
with glucose to yield gastroprotection from damage by aspirin. Studies in domestic pigs (a species with 
a pseudo-human stomach) established that acute and chronic oral administration of the 
aspirin + acetate + glucose combination (1:3:3 molar proportions) was less irritating to the gastric 
mucosa than aspirin alone. These results were confirmed in acute studies in monkeys. Sodium and 
potassium salts were superior to calcium and ammonium salts as the buffer component in these improved 
(i.e. less gastrotoxic) aspirin formulations tested in rats. Bicarbonate was not effective in preventing 


aspirin gastrotoxicity in stressed-sensitized rats, but is effective in non-stressed rats. 


Gastric mucosal ulceration and/or gastric haemor- 
rhage are frequent and serious side-effects in man 
encountered following the ingestion of aspirin and 
other non-steroid anti-inflammatory (=NSAI) drugs 
[1-3]. Currently, strategies for reducing these gastric 
side-effects have mostly involved using special phar- 
maceutical preparations (e.g. soluble, sustained- 
release or ‘enteric-coated’ tablet forms) or substi- 
tuting precursor forms = pre-drugs, e.g. the para- 
cetamol ester of aspirin (benorylate), or mesecla- 
zone, a tricyclic precursor of 5-chlorosalicyclic acid 
[4]. 
These formulations or derivatives may be less 
ulcerogenic but they can hardly be regarded as elim- 
inating the gastrotoxicity [4-6]. With some, e.g. 
benorylate, the derivative may not be as therapeuti- 
cally effective as the parent drug (aspirin) [4, 77, 8]. 
Resorting to pre-drugs or other derivatives usually 
involves considerable extra cost in the synthesis and 
safety evaluation of these new derivatives. 

Another approach currently of interest is the 
development of procedures to fortify some of the 
natural defence mechanisms in the stomach. 
Manipulation of certain metabolic systems in the 
gastric mucosa might overcome some of the del- 
eterious metabolic effects of NSAI drugs (e.g. on 
cellular respiration, mucus biosynthesis) which seem 
to underlie the pathogenesis of gastric mucosal dam- 
age [2, 9-11]. 
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Previous studies have established that prior ad lib. 
access to glucose, or the concurrent oral adminis- 
tration of mixtures or individual amino acids, reduces 
the gastric irritancy or ulcerogenic activity of aspirin 
in starved rats [12-15]. These findings suggest that 
the metabolic status of the gastric mucosa could be 
an important factor in the genesis of mucosal 
damage. 

We have studied the effects of prior, or concurrent, 
oral/parenteral administration of glucose and other 
nutrients on (a) overall gastric mucosal damage, and 
(b) changes in essential mucosal metabolites (glu- 
cose, lactate and ATP) induced by aspirin and other 
NSAI drugs. The object of this study was to identify 
some metabolic effects of these drugs on the stomach 
in vivo which could predispose the mucosa to ulcer- 
ation. Since the concurrent oral administration of an 
amino acid mixture has been found to reduce the 
therapeutic efficacy of aspirin [15], we decided to 
monitor the anti-inflammatory activity of the experi- 
mental drug formulations together with gastrotox- 
icity in the one animal, using an assay developed for 
this purpose [15]. 


METHODS 


Gastric ulcerogenic-anti-oedemic activity. Male 
and female Hooded (Tas Uni) and SPF Wistar 
(ANU) rats (160-180 g body weight) were starved 
in wire mesh cages (i.e. no bedding) for 24 hr and 
allowed water ad lib. before the experiments. Water 
was withdrawn during the experiments. Animals 
were dosed orally with 2 ml of NSAI drug and/or 
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nutrient—buffer mixtures prepared by homogenizing 
all the components together in distilled water 
immediately before administration [15, 16]. Details 
of the drug—nutrient—buffer mixtures used will be 
found in the tables and Results. Solutions for intra- 
peritoneal injection (Table 4) were all adjusted by 
volume to achieve isotonic concentrations wherever 
possible. 

Following drug—nutrient—buffer administration, 
the animals were stressed by exposure to cold (—15°, 
45 min) at standard animal density per cage [15]. In 
studies where the anti-inflammatory activity was 
monitored (together with ulcerogenicity), animals 
were given a sub-plantar injection of 1 mg sodium 
carrageenan in 0-1 ml saline into one rear paw and 
an injection of 0-1 ml saline in the other paw (control) 
immediately after the cold stress. Ninety minutes 
later the carrageenan-induced paw oedema (inflam- 
mation) was measured with a micrometer screw 
gauge as the difference in thickness [=A pt. (mm)] 
between the saline- and carrageenan-injected paws. 
Immediately after this the animals were kiiled by 
stunning and cervical fracture, the stomachs excised 
and rinsed lightly with saline. The number and sev- 
erity of gastric lesions was recorded and used to 
calculate the lesion index [16]. In studies where the 
anti-oedemic measurements were not made, the gas- 
tric ulcerogenic activity was measured 2 hr after drug 
administration. 

Biochemical assays. Blood and tissue levels of 
glucose and lactate were assayed by the GOD-Period 
and lactate dehydrogenase methods [17, 18]. For 
ATP measurements, sections of the fundic mucosa 
were freeze-clamped between stainless steel tongs 
precooled in liquid nitrogen. Small sections of frozen 
mucosal tissue were rapidly weighed and hom- 
ogenized in boiling 0.1 M morpholino-propanesul- 
fonic acid (MOPS) buffer, pH 7.4. After centrifuging 
the chilled homogenate, the ATP content of the 
supernatant was assayed [19] with a Luminescence 
Biometer (Du Pont Instruments, Wilmington, DE) 
using firefly luciferase (Sigma Chem. Co., St Louis, 
MO). 

Plasma corticosterone was measured spectrofluo- 
rometrically [20]. Blood was collected in heparinized 
tubes from groups of 3—4 rats 2 hr following treat- 
ment with cold stress (— 15°, 45 min) and with either 
aspirin (200 mg/kg in 1 ml H2O p.o.), aspirin and 
nutrient (see Table 5) or 1 ml H20 alone (control 
group). The plasma was extracted with iso-octane 
and chloroform, and the fluorescence measured with 
a spectrofluorimeter (Aminco-Bowman, Silver 
Spring, MD) following treatment of the chloroform 
extract with concentrated sulphuric acid [20]. 

D-amino acid oxidase activity of saline-rinsed rat 
gastric mucosa was determined following prep- 
aration of 1:5 w/v mucosal homogenates in 0.05 M 
Tris-HCl, pH 8.4. The enzyme activity was measured 
polarographically in the presence of 6 uM FAD and 
60 mM p-aspartate [21]. 

Absorption of the acetate anion from Na acetate 
and glucose mixtures was determined by measuring 
the '“C content in blood and in the gastric and (where 
applicable) intestinal contents of pyloric-ligated or 
non-operated rats dosed with Na (1-'"C)-acetate 
(Radiochemical Centre, Amersham, U.K.) and/or 
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glucose or aspirin. Pyloric/ligation of rats was per- 
formed immediately after the instillation of 3 ml of 
0.25 M glucose plus 0.25 M sodium acetate and 5 wCi 
Na(1-'*C)-acetate with or without 150 mg/kg aspirin. 
Samples of blood and gastric contents were with- 
drawn at approximately 10-15 min intervals. Blood 
(0.1 ml) was digested in a solubilizing medium (NCS, 
Packard Instrument Co, IL) and the radioactivity 
determined in a liquid scintillation counter after add- 
ing 10 ml toluene-Triton X-100 scintillant [22]. 
Acute and chronic studies in pigs. Female Landrace 
cross pigs (11-15 kg) were given single (acute) or 
repeated (in chronic studies) doses orally for 10 days, 
of either: (i) 30 mg/kg/day aspirin together with glu- 
cose and sodium acetate (in molar proportions of 
1:3:3, respectively, in 30 ml water), or (ii) aspirin 
alone (30 mg/kg/day), or (iii) water alone (30 ml). 
The techniques as described previously were used 
[6]. The animals were fasted for 24 hr and allowed 
water ad lib., then killed (by the captive bolt tech- 
nique) 1 hr following the final dosing. The stomach 
and upper gastrointestinal tract were excised, washed 
free of debris and routinely photographed. Sections 
of gastric and intestinal mucosa were taken for his- 
tological examination after formalin-fixation. Par- 
affin embedded sections were stained with haema- 
toxylin and eosin or periodic acid Schiffs 


reagent + Alcian blue. 


RESULTS AND DISCUSSION 


Effects of some nutrients/buffers as gastroprotective 
agents. Oral or parenteral administration of glucose 
with either L-aspartic acid, L-glutamic acid, sodium 
or potassium acetate or with various intermediates 
of the tricarboxylic acid (TCA) cycle (in molar pro- 
portions of 1:3:3 with aspirin = 1) was particularly 
effective in reducing the gastric mucosal damage 
induced by oral aspirin (150 mg/kg p.o.) in (cold) 
stress-sensitized rats (Tables 1-2). The protective 
effects of these combinations. of glucose with indi- 
vidual tricarboxylic or amino acids, when given 
orally, was generally more effective than when these 
nutrients were given separately (Tables 1, 2, and 
data not shown on othe? combinations). 

Part of the gastroprotective actions of the organic 
anions is due to their buffering of the gastric/drug 
acidity (Tables 1-2). For instance, co-administration 
of either neutral phosphate buffer (pH 6.8) or any 
of the following sodium salts: formate, benzoate, 
malate, maleate, malonate—together with glucose— 
also effectively reduced the gastric mucosal damage 
induced with aspirin (150 mg/kg p.o.) (Table 1). 

However, addition of sodium bicarbonate, either 
alone or in combination with glucose, did not prevent 
aspirin-induced mucosal damage unless the glucose 
was given prior to the dose of aspirin + equimolar 
bicarbonate mixture. For instance, aspirin (150 mg/kg 
p.o.) + equimolar NaHCO, with glucose (at —45 
min i.p.) produced 12.3 + 8.0 lesions (N = 4) and 
lesion index (LI) = 24.3, c.f. aspirin alone = 26.3 + 
7.5 (N=5) lesions (LI = 39.6) and aspirin + 
Na HCO, + glucose (p.o. in 1:3:3 molar propor- 
tions) = 32.7 + 1.3 (N =5) lesions (LI = 46.0) (all 
values mean+S.E.M., with N_ animals per 
group). Clearly, the main effect of glucose pre-treat- 
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Table 1. The effects of oral co-administration of glucose and/or organic and inorganic acid 
buffers on aspirin-induced gastric damage and carrageenan oedema in stress-sensitized rats* 





Expt. 


No. Treatment 


Paw oedema 
mean 
Apt (mm) 


Lesion 
numbers 
(mean + S.E.) 


Lesion 
index 





l H,0 (control) 
Aspirin alone 
Aspirin with glucose 
Aspirin with glucose and: 
sodium acetate 
potassium acetate 
calcium acetate 
ammonium acetate 
HO (control) 
Aspirin alone 
Aspirin with glucose and: 
sodium lactate 
sodium pyruvate 
sodium formate 
sodium butyrate 
sodium malonate 
sodium dihydrogen 
phosphate 
disodium hydrogen 
phosphate 
sodium benzoate 
Aspirin alone 
Aspirin with trisodium citrate 
Aspirin with sodium malate 
Aspirin with sodium maleate 
Aspirin with glucose and: 
trisodium citrate 
disodium citrate 
sodium malate 
sodium maleate 


0 0 
15.0 + 2.0 26.5 
23.0 + 3.0 31.0 


2:03 
1.05 


7.3+70 
10.7+0.9 
3.7 = 3.67 
2.0:= 1.5* 
0.3 + 0.3+ 


33 21.0 


7.6 .40 
9.4 BEY» 
57.9 ND 
24.6 ND 
15.8 ND 
33.8 ND 


24.3 ND 
28.0 ND 
13.8 ND 
36.0 ND 


it I+ I+ I+ 


5 





* Male Wistar rats (starved for 24 hr) were dosed orally (in groups of three to five each) with 
aspirin (150 mg/kg in 1 ml H,O) and/or metabolites/buffers (in molar proportions of 1:3 aspirin 
to each of the metabolites), or H,O (for controls). The rats were cold-stressed (— 15°, 45 min) 
and subsequently injected in one rear paw with 0.1 ml 1% w/v carrageenan in saline and 0.1 ml 
saline (control) in the other rear paw. Ninety min later the difference in paw thickness between 
saline and carrageenan injected paws was measured (Apt). The animals were then killed, gastric 
contents washed out with saline and the number and severity of lesions used to calculate the 


lesion index as described. 


+ Statistically significant reduction in number of lesions (P < 0.05, Student’s t-test) compared 


with aspirin alone. 
ND = not determined. 


ment was to reduce the severity of lesions and hence 
the lesion index. The sodium salt of aspirin (prepared 
by careful addition of NaOH to pH 5.6) was less 
irritant than aspirin itself, whereas added bicarbon- 
ate (pH = 5.5) was equally irritant (data not shown). 
This suggests that excess bicarbonate has some 
physiological effects which may counteract the ben- 
eficial effects of solubilizing the drug. Sodium bicar- 
bonate partially reduces mucosal damage when given 
orally with an equimolar quantity of aspirin to 
starved but-non-stressed rats [16] and also in man 
[23,24]. Addition of excess sodium bicarbonate to 
aspirin (as in some commercial preparations) does 
reduce aspirin-induced damage in stressed rats [15]. 
Chronic administration of relatively high doses 
(100 mg/kg) aspirin with equimolar bicarbonate 
causes as many gastric lesions to pigs as observed 
with the same dose of aspirin itself [6]. Thus the 
gastroprotective effects of adding bicarbonate to 
aspirin mixtures may depend on the relative quan- 


tities of aspirin or bicarbonate given, as well as on 
the effects of exposure to stress states. It appears 
that bicarbonate may only be effective when given 
in equimolar quantities with low doses of aspirin or 
when present in excess with high doses of aspirin. 
Under conditions of exposure to stress states the 
effectiveness of bicarbonate as a gastroprotectant 
appears to decline. 

It was found that the type of cation employed in 
the buffer mixture affects the degree of gastropro- 
tection so attained. Ammonium and calcium ions 
are evidently less effective than sodium or potassium 
ions in this respect. For instance, aspirin (150 mg/kg 
p.o.) co-administered with ammonium acetate (1:3 
molar proportions, respectively) produced 26.0 + 
2.0 (mean + S.E., N = 5) lesions (LI = 38.0), cf. 
aspirinalone = 34.7 + 6.3(N = 5) lesions (LI = 48.4) 
and aspirin + sodium acetate (1:3 molar propor- 
tions) which produced 9.0 + 5.0 (N =5) lesions 
(LI = 20.0). Moreover, co-dosing animals with 
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Table 2. Effects of co- or prior oral administration of metabolites and/or buffers on aspirin-induced 
gastric mucosal damage and carrageenan oedema in stress-sensitized rats* 





Expt. 


No. Treatment 


Paw oedema 
mean. 
Apt (mm) 


Number of 
lesions 
(mean + S.E.) 


Lesion 
index 





1 H,O (control) 
Aspirin alone 
—with glutamine (—10 min) 
—with lysine (—10 min) 
—with arginine (—10 min) 
Aspirin alone 
—with glutamine (—60 min) 
—with aspartic acid (—60 min) 
—with glucose (—60 min) 


—with glucose + aspartic acid (—60 min) 


H,O (control) 
Aspirin alone 


—with glucose + glutamic acid (—10 min) 
—with glucose + asparagine (—10 min) 


H,0O (control) 
Aspirin alone 
—with monosodium glutamate 


—with monosodium glutamate + glucose 


—with glycine + glucose 
—with alanine 
Aspirin (150 mg/kg) 
3,5-Dibromo aspirin (282 mg/kg) 
—with sodium acetate + glucose 
—with disodium citrate + glucose 
H,O (control) 
Aspirin 
—with sodium acetate 
—with sodium acetate and: 
glucose 
N-acetylglucosamine 
fructose 
ribose 
lactose 
galactose 
B-hydroxybutyrate 
alanine 
glycerol 
sucrose 
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* Experimental details as described in Table 1 except that in some experiments the animals were 
pre-dosed with metabolites at times stated in the table. Where no timing is indicated, the metabolites 


were co-dosed with aspirin. 


+ Statistically significant reduction in numbers of lesions (P < 0.05, Student’s t-test) compared with 


aspirin alone. 


¢ Statistically significant reduction in lesion numbers (P < 0.05, Student’s t-test) compared with 3,5- 


dibromo-aspirin group. 
§ Statistically significant 
aspirin + glucose treatment. 
ND = not determined. 


reduction in 


ammonium chloride (a procedure commonly 
employed for urinary acidification) enhanced the 
gastrotoxicity of aspirin. Aspirin (150 mg/kg 
p.o.) + ammonium chloride (in 1:3 molar propor- 
tions) produced 64.0+5.0 (N=5) _ lesions 
(LI = 77.0), whereas aspirin (150 mg/kg p.o.) alone 
gave 34.7 + 6.3 (N = 5) lesions (LI = 48.4). Sodium 
chloride co-administered with aspirin under the same 
conditions does not produce any statistically sig- 
nificant difference in the number of lesions or their 
severity compared with that obtained from aspirin 
alone (data not shown). These results reinforce the 
role of physiological acidification as exemplified from 
effects of NH," ions in the development of gastric 
mucosal damage. 


lesion numbers 


(P<0.05, t-test) compared with 


Of the sugars tested, D-glucose, D-fructose and 
sucrose were most effective when given orally in 
combination with sodium acetate in reducing the 
gastric mucosal damage induced by aspirin (Table 
2). The other sugars or metabolites tested, some of 
which could be gluconeogenic (e.g. glycerol, L-alan- 
ine, D-galactose), were clearly less effective (Table 
2). In fact, DL-B-hydroxybutyrate and L-alanine 
appear to reverse the gastroprotection afforded by 
sodium acetate alone (Table 2). Alanine alone was 
ineffective in reducing the gastric damage induced 
by aspirin (Table 2). The other gluconeogenic amino 
acids, glutamate and aspartate [which are metab- 
olized to tricarboxylic acid (TCA) cycle intermedi- 
ates], are orally effective when given either alone or 
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in combination with glucose (Table 2). The prior 
orai or parenteral administration of glucose and these 
amino acids is particularly effective in reducing the 
gastric damage by aspirin and a new derivative of 
aspirin, 3,5-dibromoaspirin, recently introduced 
[25]. The same combination of nutrients was also 
effective in reducing the ulcerogenic effects of other 
NSAI drugs (data in part not shown). For instance, 
indomethacin (10 mg/kg p.o.) with 1:3:3 molar pro- 
portions of glucose + L-aspartate. Na (i.p., 10 min 
before indomethacin) produced 15.3 + 1.0 (N = 5) 
lesions (LI = 18.5), cf. indomethacin alone which 
induced 20.5+8.7 (N=5) lesions (LI = 32.5). 
Likewise, diclofenac (10 mg/kg p.o.) with 1:3:3 
molar proportions of glucose + L-aspartate. Na 
(i.p., 10 min before drug) produced 1.3 + 1.2(N = 5) 
lesions (LI = 4.9), whereas the drug alone caused 
30.5 + 3.8 (N=5) lesions (LI = 44.2). The glu- 
. cose + aspartate mixture given systemically was 
equally effective when given 60 min prior to the oral 
administration of these NSAI drugs (data not 
shown). 

These results suggest that the gastroprotective 
actions of these nutrient/buffer combinations may 
be due to their stimulation of glucose metabolism 
and/or the TCA cycle (and concomitant ATP syn- 
thesis). The presence of glucose in the mixture may 
reduce acid secretion [26] and so reduce the possi- 
bility of any drug-induced stimulatory effects on acid 
secretion, e.g. via histamine release [2], contributing 
to the development of gastric damage. However, 
this may only be part of the effects of glucose in the 
gastroprotective nutrient mixtures. 

The non-metabolizable analogue of glutamic acid, 
S-carboxymethyl-L-cysteine (=‘thiohomoglutamic’ 
acid), while of comparable buffering capacity to glu- 
tamate, could not replace glutamic acid to afford 
gastroprotection when given with aspirin either alone 
or in combination with glucose (data not shown). 
This emphasizes the metabolic, as opposed to merely 
buffering, contribution of glutamic acid in the 
nutrient mixture. 

Glutamine and asparagine alone were found to 
exert some gastroprotective effects (Table 2). This 
confirms the results of Okabe and co-workers [14, 27] 
who attributed the gastroprotective effects of glu- 
tamine to an inhibition by this amino acid to the 
back-diffusion of acid generated by the irritant 
actions of aspirin. However, it should be noted that 
recently Leeling et al. [28] have shown that gluta- 
mine, when co-administered with low doses of aspirin 
(approx. 65 mg/kg), failed to reduce the loss of blood 
from the gastrointestinal tract of dogs, as measured 
by the radioactive iron technique. It is possible that 
the effects of glutamine alone (which are not quite 
as effective as other gastroprotective mixtures 
observed in the present work) may not be so effective 
when given to non-stressed and/or non-starved 
animals (such as were used in the study by Leeling 
and co-workers). As well, the technique for measur- 
ing the gastrointestinal blood loss employed by these 
workers will not discriminate gastric mucosal damage 
per se (including the development of non-, or slow 
haemorrhaging ulcers) and may have some of the 
deficiencies inherent in the radiochromium tech- 
nique [2,29]. Thus, the more sensitive and specific 
gastric assays may reveal gastroprotective effects of 
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glutamine and other amino acids which have been 
found to be gastroprotective (see refs. 14, 27, 30, 
together with present studies). 

It is curious that in comparison with the corre- 
sponding dicarboxylic amino acids, these w-amides 
(i.e. glutamine, asparagine) are not particularly 
effective (given orally with glucose) in reducing gas- 
tric damage by aspirin (Table 2). This is surprising 
because it might be expected that the w-amides would 
be metabolized to the corresponding acids and then 
to TCA cycle intermediates via aminotransferase 
reactions, especially under the conditions of star- 
vation employed in the present study [31]. 

It was also found that D-aspartate was as effective 
as the L-isomer in reducing the gastric damage by 
aspirin when given parenterally with glucose (data 
not shown). However, polarographic assays of D- 
amino acid oxidase in mucosal homogenates [17] 
suggested that this enzyme is probably present in the 
mucosa and therefore could generate the corre- 
sponding keto acid, i.e. oxaloacetate, to stimulate 
the tricarboxylic acid cycle (in gastric mucosa at 
least). While stomachs used for assays were carefully 
washed free of all adherent debris, it is not possible 
to totally eliminate the possibility of traces of con- 
taminating bacteria being a source of the D-amino 
acid oxidase activity, detected under these non-ster- 
ile conditions. 

Oral administration of L-aspartic acid with the 
non-metabolizable sugar, 2-deoxy-D-glucose, was 
much less effective in reducing the gastric mucosal 
damage by aspirin compared with glucose and L- 
aspartic acid (data not shown). While some protec- 
tion might be expected from the high osmotic pres- 
sure of such solutions instilled into the stomach, it 
would seem from analysis of the results that this 
effect would be relatively small, in comparison with 
the metabolic and buffering effects discussed earlier. 
Also, the timing of the prior oral administration (i.e. 
10 min prior to drug) of the 2-deoxy-p-glucose or 
glucose solutions would be expected to minimize the 
possibility of solutions of high osmotic pressure being 
present in the gastric lumen at the time of aspirin 
administration. 

There are several nutrient-buffer mixtures which 
might afford possible therapeutic benefit (when co- 
administered with aspirin) and the consequent anti- 
inflammatory potency and gastric ulcerogenic 
activity is compared with that of aspirin alone in 
Tables 1 and 2. Among these, glucose with either 
acetate, L-aspartate or L-glutamate, or glucose with 
sodium aspirin, seem among the most promising. 
Both acute and chronic oral administration of aspirin 
with glucose and sodium acetate (1:3:3 molar pro- 
portions) to domestic pigs caused less gastric mucosal 
damage than observed from administration of aspirin 
alone (Table 3). The effectiveness of this combina- 
tion in this species, in which gastrointestinal physi- 
ology and structure resembles that of man [32], sug- 
gests that the combination may have therepeutic 
potential as a less ulcerogenic formulation. The 
reduced ulcerogenic activity of this combination 
compared with that of an identical dose of aspirin 
(200 mg/kg p.o.) was also confirmed in a limited 
acute (2.5 hr) study in two ketamine-anaesthetized 
pig-tail monkeys (data not shown). 

While acetic acid is known to damage the gastric 
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Table 3. Effects on the pig gastric mucosa of acute and chronic administration of the combination 
of sodium acetate (Ac) plus glucose (Glc) with aspirin compared with aspirin alone 





Group Treatment 


Gastric mucosal damage 





Number of 
lesions 
(mean + S.D.) 


Lesion 
index 


Average 
severity 





I. Acute 
H,O (control) 
Aspirin (200 mg/kg) 


Aspirin (200 mg/kg) + Gle + Ac 


(1:3:3 molar proportions) 
II. Chronic 

H,O (control) 

Aspirin (30 mg/kg/day) for 

10 days 


Aspirin (30 mg/kg/day) + Gle + Ac 


(1:3:3 molar proportions) 
for 10 days 


19.7 + 10.7* 








* P< 0.05 Students ‘t’ test c.f. aspirin. 


mucosa [33, 34], these studies show that addition of 
the sodium salt, i.e. sodium acetate, to solubilize 
aspirin does not engender a particularly irritant mix- 
ture, but in fact a mixture of low gastric irritancy. 
No enhanced gastric emptying, as assessed in studies 
of radioactive acetate absorption (see Methods— 
Biochemical Assays), was evident after administer- 
ing aspirin buffered with sodium acetate. These 
aspirin—acetate mixtures do not appear to be emptied 
from the stomach at an appreciably higher rate than 
that with aspirin alone. 

The addition of sodium salts of citric acid, as in 
some commercial aspirin formulations (to buffer and 
solubilize the aspirin) also affords some gastropro- 
tection, but high concentrations of sodium (i.e. using 
trisodium citrate) are required to achieve this gas- 
troprotection (Table 1). Some gastric absorption of 
the citrate anion may also occur [35]. A high con- 
centration of sodium salts of citric acid may have 
marked effects on gastric emptying [36]. Thus 
absorption of aspirin by the gastric mucosa might be 
simultaneously effected and hence interpretation of 
the data for trisodium citrate—aspirin mixtures is 
more complex. 

Metabolite concentrations in blood and gastric 
mucosa induced by nutrient mixtures in aspirin + stress 
treated rats. The gastric mucosa is normally depen- 
dent for its energy production upon either the metab- 


olic reserves in liver and muscle or on intestinally 
absorbed nutrients, both being provided via the 
blood. In addition, any nutrients absorbed directly 
from the gastric lumen may fortify the blood-borne 
supply of metabolic fuels. 

Under the conditions of starvation employed, no 
detectable glycogen was present in the gastric 
mucosa. This apparent absence of glycogen in the 
mucosa has also been noted by Menguy and Masters 
in rabbits [37]. Little or no food was present in the 
stomach and consequently the blood glucose levels 
should indicate the glucose available from body 
reserves to produce energy (ATP) in the gastric 
mucosa. The results (Table 4) show that a significant 
(P < 0.05) decrease in blood glucose occurred 0-5 hr 
(but not at later time intervals) after initiation of 
stress treatment alone. A significant (P < 0-05) 
increase in blood glucose concentration was evident 
2 hr after initiation of aspirin plus the stress treat- 
ment. This probably reflects the metabolic effects of 
aspirin (not the stress treatment), since aspirin 
administration alone increases blood glucose over 
this time period (data not shown). 

The increase in blood glucose was accompanied 
by an increase in mucosal concentrations of glucose 
and lactate 2 hr after aspirin + stress treatment com- 
pared to that in control or control + stress groups 
(Table 5). Oral co-administration of glucose and 


Table 4. Blood glucose concentrations (mg/190 ml blood) in aspirin + stress-treated rats 





Treatment 





Control 
+ stress 


Time 


(hr) Control 


Aspirin 
+ stress 


Aspirin + glucose 
+ NaAc + stress 





0.5 
1.0 
2.0 
6.0 
20.0 


90.0 + 4.5 (3) 
90.5 + 5.1 (3) 
80.8 + 5.1 (3) 
97.3 + 6.9 (3) 
56.5 + 9.1 (7) 


202 11.7 GY 
86.3 + 17.8 (4) 
89.8 + 8.5 (3) 
89.3 + 14.4 (3) 
58.1 = 3.7 (7) 


63.0 + 8.5 (3) 
69.0 + 8.1 (4)+ 
108.0 + 5.6 (3)+ 
98.1 + 6.7 (3) 
57.2 + 8.8 (7) 


5.4 (4)+ 
7.4 (6)*tz 





Statistically significant difference (Student’s t-test, P < 0.05) from.* control, + control + stress 
or ¢ aspirin + stress treatments. Values in parentheses denote number of animals in each 


treatment group. 





Biochemical gastroprotection from acute ulceration 1287 


sodium acetate with aspirin (1:3:3 molar propor- 
tions with respect to aspirin) caused a statistically 
significant decrease (relative to aspirin plus stress- 
treated groups) in both the blood and mucosal con- 
centrations of glucose (Table 4). 

An increase in the lactate: glucose ratio in the 
gastric mucosa and ATP levels after administering 
aspirin + glucose + acetate c.f. aspirin plus stress 
group indicates that there is enhanced (i.e. protec- 
tive) mucosal metabolism in animals given to glu- 
cose + acetate combination. Similar effects were 
noted after prior administration (10 min) of D-glu- 
cose + L-glutamic acid to aspirin plus stress-treated 
rats (data not shown). The mucosal ATP concen- 
trations were also lower in aspirin plus glucose 
treated groups (data not shown) compared with other 
aspirin or control groups. 

Thus the beneficial gastroprotection afforded by 
administering acetate or glutamic acid (or sodium 
glutamate) plus glucose, compared with that from 
glucose alone (Tables 1-3), may be due to effects 
of acetate or glutamate unblocking the aspirin- and 
salicylate-inhibited glucose oxidation [38], probably 
by stimulating the tricarboxylic (TCA) acid cycle, 
and hence enhancing ATP production. Co-dosing 
with glucose alone is clearly insufficient to enhance 
energy production in the gastric mucosa of aspirin 
plus stress-treated animals, because it cannot ‘spark’ 
its own complete metabolism (and optimal ATP 
synthesis) via the TCA cycle. 

Experiments in both pyloric-ligated and intact rats 
show that direct gastric absorption of (1-'*C)-acetate 
occurs relatively rapidly, although its uptake from 
the stomach of pyloric-ligated rats is slower than in 
intact animals. The time for removal of 50 per cent 
of the instilled dose of (1-"C)-acetate in pyloric- 
ligated rats was approximately 170 min. The “C con- 
tent in the blood of these rats fell rapidly to about 
half the initial (maximal) levels at about 40 min and 
then levelled out. No significant differences were 
observed in the quantity of ‘“C-acetate recovered 
from blood or gastrointestinal contents of aspirin- 
treated or non-dosed rats. 

Possible mechanisms of gastroprotection by 
nutrients/buffers. The results indicate that a variety 
of mechanisms may be involved in attaining the 
gastroprotection (in the presence of aspirin or NSAI 
drugs) realised following oral administration of glu- 
cose together with either acetate, aspartate or glu- 
tamate. Proton buffering (by organic anions), solu- 
bilization of the drug (afforded by these buffers), 
the osmotic effects of the drug—buffer solutions, as 
well as direct metabolic effects of the nutrients in 
stimulating mucosal (oxidative) metabolism, are all 
important mechanisms that might individually con- 

tribute to the overall gastroprotection afforded by 
these mixtures. Since even parenterally administered 
glucose + aspartate or glucose + acetate mixtures 
were found to protect the stomach from damage by 
orally administered aspirin, the metabolic protection 
may well be more dominant than the physical pro- 
tection (i.e. due to buffering or solubilization of the 
drug itself). 

There are three interrelated factors which should 
be considered in any analysis of the gastroprotective 
actions of these nutrients/buffers. Firstly, there is 
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the influence of starvation and/or stress treatments, 
as it affects mucosal glucose metabolism (low body 
glycogen, low blood glucose) of the rats under the 
conditions employed in this study. The second factor 
is the considerable anoxia following mucosal ischae- 
mia produced by the drugs as a consequence of their 
profound effects on local prostaglandin synthesis 
[39]; prostaglandins having potent effects on blood 
flow and vasodilatation in the gastric mucosa [40, 41]. 
The third factor is any effects of the drugs on glucose 


metabolism and the TCA cycle. The importance of ~ 


considering their interrelated aspects is illustrated 
in the studies of bicarbonate and glucose as gastro- 
protectants. Bicarbonate production by a gastric 
mucosal HCO, —-ATP-ase [42] may act as means 
for neutralizing hydrogen ions in the immediate 
vicinity of the mucosal cells and this process appears 
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to be inhibited by some ulcerogenic NSAI drugs [43]. 
Administration of bicarbonate may partially over- 
come the inhibitory effects of aspirin or bicarbonate 
production. However, it may not be sufficient to 
account for the potentially deleterious effects of 
depleting intracellular ATP levels, especially in more 
severe conditions of stress or high drug dosage. 
Addition of glucose (or other metabolic precursors 
of its oxidative metabolism) to aspirin—bicarbonate 
mixtures may ove,come the intracellular utilization 
of energy reserves and hence protect the stomach 
against damage by aspirin or other NSAI drugs. 
Some of the metabolic effects of aspirin on oxi- 
dative metabolism of glucose in vitro and in vivo [38] 
are summarised in Fig. 1, together with the possible 
influences of starvation and/or stress on the oxidative 
metabolism of glucose. It is clear that the principal 
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Fig. 1. Inhibitory effects of aspirin (salicylate) and possible consequences on oxidative metabolism of 
glucose in the gastric mucosa of starved rats. Glucose oxidation in the gastric mucosa of starved (ketotic) 
rats would depend on a supply of gluconeogenic amino acids entering the mitochondria, since in this 
ketotic state acetate cannot be oxidized without TCA cycle intermediates [31, 44-48]. Resting acid 
production depends on the pentose pathway of glucose metabolism; whereas stimulated acid secretion 
depends on activity of the TCA cycle [44]. Decreased availability of TCA cycle intermediates or 
precursors will lead to decreased acid and ATP production; the latter being critical for cellular synthesis 
and metabolism in a tissue with high cell turnover. Inhibition of glucose oxidation [38] by salicylate 
(from aspirin) impairs mucosal cell biosynthesis (e.g. of protective mucus) and general viability. 
Hypothesis: Administration of acetate, aspartate or glutamate (with glucose) provides a ready source 
of a-oxo acids and other intermediates in the TCA cycle, so overcoming the inhibitory effects of aspirin 
(salicylate), enhancing utilization of glucose with consequent increased cellular viability and mucosal 
defensive capacity. 
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metabolic effects of both aspirin (or its metabolite, 
salicylate) and of starvation-stress combine to retard 
glucose catabolism and the TCA cycle—thus reduc- 
ing ATP synthesis in the gastric mucosa. Both the 
pentose pathway for glucose oxidation and the TCA 
cycle are essential for mucosal functions; the former 
being especially involved in the ‘resting’ phase of 
gastric acid secretion, while the latter is involved in 
‘stimulated’ secretion [44, 45]. Considerable energy 
must be consumed by the gastric mucosa in the 
biosynthesis of the major gastroprotective agent, the 
(constantly shed) mucus lining, as well as in the 
maintenance of high cell turnover with repair and 
regeneration of the mucosa. 

As shown in Fig. 1, a balance between glucose 
and TCA cycle intermediates or precursors may be 
required to (i) achieve maximal generation of energy 
(ATP) in the gastric mucosa, and (ii) overcome the 
metabolic consequences of the absorbed 
aspirin/NSAI drugs inhibiting glucose and amino acid 
catabolism (e.g. aminotransferases, dehydrogen- 
ases) and uncoupling of oxidative phosphorylation 
[38]. Thus co-administered acetate or the amino 
acids, glutamate and aspartate (which can fuel the 
TCA cycle), together with glucose can profoundly 
stimulate and effectively over-ride NSAI drug- 
induced inhibition of glucose oxidative metabolism 
in the gastric mucosa when it is adversely affected 
by (local) absorption of lipophilic drugs from the 
gastric lumen. 
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Abstract—Hepatic transport of indocyanine green (ICG) and probable factors altering the disposition 
of ICG were examined in rats chronically intoxicated with carbon tetrachloride. Delays were shown in 
both plasma disappearance and biliary excretion of ICG in intoxicated rats. No significant difference 
was shown in the total amount of ICG bound to the plasma proteins. In the intoxicated rats, significant 
decreases were observed in the pharmacokinetic parameters, k,, k3, and V>, calculated by a three- 
compartment model, while a significant increase was observed in k,;; V; was not altered. In both the 
control and intoxicated rats, the values of k,.-V, were significantly smaller than the hepatic plasma 
flow, and it was suggested that the plasma flow does not play a primary role in the hepatic uptake of 
ICG. No significant difference was observed in the elution profiles of the 100,000 g supernatant fraction 
on a Sephadex G-75 column, and ICG bound mainly to the X-fraction in both the control and intoxicated 
rats. About 90 per cent of the ICG administered intravenously was distributed to the 9000 g precipitate 
fraction by 5 min in both groups of rats. It was concluded that a decrease in the permeability of the 
sinusoidal plasma membrane of the hepatocyte may explain the decrease of ICG uptake rate by the 


livers of the intoxicated rats. 


Indocyanine green (ICG) is widely used to assess 
hepatic function as measured by the plasma retention 
of this dye after intravenous injection. Therefore, 
to elucidate the hepatic transport characteristics of 
ICG is not only of basic interest but also of practical 
importance. After intravenous administration, ICG 
is distributed in the plasma volume without extra- 
vascular distribution and is removed exclusively by 
the liver into the bile without biotransformation 
[1,2]. With a low dose (0.5 mg/kg), ICG has a high 
hepatic extraction ratio in man (60-80 per cent) [2] 
and hepatic blood flow is the rate-determining factor 
in the hepatic uptake of this dye [3, 4], but in rats, 
a remarkably low hepatic extraction ratio was 
reported with a dose above 1 mg/kg [5]. The dis- 
position in man of ICG in the presence of liver 
disease has been studied by many investigators [6, 7], 
but little has been reported with respect to basic 
information in experimental animals. 

The purpose of this study is to elucidate the hepatic 
transport of ICG in rats chronically intoxicated with 
CCl,, and to determine the probable factors altering 
its disposition. 


MATERIALS AND METHODS 


Animals. Adult male Donryu (SD strain) rats 
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(Nihon Rat Co. Ltd., Tokyo) weighing 120-140 g 
were used. CCl,-intoxication was produced by 
repeated injection of CCl, in olive oil (3:4, v/v), 
0.1 ml/100 g body wt, under the skin of the back 
twice a week for 8-9 weeks. Control rats were given 
repeated injections of olive oil. The patho-physio- 
logical consequences of chronic CCl, intoxication 
were reported in a previous paper [8]. 

Blood and bile sampling. Femoral artery cannu- 
lation (PESO) and bile fistula production (PE10) were 
used to study excretion of the dye into bile and its 
removal from the blood. After the dye was admin- 
istered through a femoral vein, bile and blood 
samples were taken at given times. Heparin was 
injected through the femoral artery cannula at a dose 
of 0.1 ml/100 g body wt (100 units). Ether anesthesia 
was used for the operation and during the sampling 
period. The body temperature was 32 + 1°. 

Materials. 1CG was purchased from the Daiichi 
Pure Chemicals Co. Ltd., Tokyo. All other reagents 
were commercially available and of analytical grade. 

Analytical methods. For the blood samples, 0.1 ml 
samples of plasma were diluted with 3 ml of deion- 
ized water and immediately measured at 800 nm in 
a Hitachi 124 spectrophotometer. There was no sig- 
nificant decrease in the absorbance of ICG within 
30 min after dilution without the addition of 0.1% 
crystalline bovine serum albumin as a stabilizer. For 
the bile samples, after 0.1 ml was diluted with 4 ml 
of deionized water, the samples were centrifuged at 
4° for 10 min, 12,000 r.p.m. (about 12,000g), in a 
Kubota KRP-65 centrifuge (Kubota Manufactory 
Co. Ltd., Tokyo). The supernatant fractions were 
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diluted ten times with deionized water, and the 
optical densities were measured at 795nm in a 
Hitachi 124 spectrophotometer. 

Binding to plasma protein. The column chroma- 
tography method was used in the same manner as 
reported previously [8]. To an aliquot of 0.5 ml 
plasma, ICG (0.24 umole) was added. After 30 min 
at room temperatue, the mixture was applied to a 
descending column system (1.75 x 60cm) packed 
with Sephadex G-200 (Pharmacia Fine Chemical, 
Uppsala). Elution was performed with 0.01 M phos- 
phate buffer, pH 7.3, at a flow rate of 12.5 ml/hr at 
4°: (3-ml) fractions were collected. The concentra- 
tions of protein and ICG in the effluent were meas- 
ured in a Hitachi 124 spectrophotometer at 280 and 
800 nm respectively. 

Binding to cytoplasmic fraction. The supernatant 
fractions were prepared in the manner described 
previously [8]. One milliliter of the 100,000 g super- 
natant fraction from a 50 per cent liver homogenate 
was mixed with 0.2 umole of ICG and placed on a 
Sephadex G-75 column (2.0 x 75cm). Elution was 
performed with 0.05M Tris-HCl buffer (pH 7.4) 
using a pump-driven downward flow (11 ml/hr) at 4°. 
Protein concentration was estimated by absorbance 
at 280 nm, and protein bound ICG by absorbance 
at 790 nm in a Hitachi 124 spectrophotometer. 

Distribution in liver fraction. The procedure for 
determining ICG in the liver, reported by Paum- 
gartner et al. [9], was used. After 3 wmoles of ICG 
were injected through the femoral vein under light 
ether anesthesia, rats were killed by bleeding from 
a carotid artery; liver perfusion with ice-cold 0.9 per 
cent saline through the portal vein was started within 
min. After a 10-min perfusion, the liver was 
removed and a 50 per cent homogenate was prepared 
by the same procedure described previously [8]. The 
homogenate was centrifuged at 9000 g for 20 min in 
a Kubota KRP-65 centrifuge at 4°. An aliquot of the 
9000 g supernatant fraction was centrifuged at 
100,000 g for 120 min in a Hitachi model 65P ultra- 
centrifuge (Hitachi Koki Co. Ltd., Tokyo) at 4° and 
the 100,000 g supernatant fraction was prepared. 
Four milliliters of acetone were added to 1 ml of 
each of these two supernatant fractions (9000 g and 
100,000 g) and, after vigorous shaking, the mixtures 
were centrifuged at 3500 r.p.m. for 15min. The 
optical density of the acetone layer was measured 
at 790 nm in a Hitachi 124 spectrophotometer. Ten 
milliliters of acetone were added to 1 ml of a 50 per 
cent homogenate and the same procedure as 
described for the supernatant fraction was carried 
out. ICG was quantitated by a standard curve pre- 
pared with known amounts of the dye. The recovery 
of ICG added to a homogenate, the 9000 g super- 
natant fraction, and the 100,000 g supernatant frac- 
tion, respectively, ranged from 97 to 99 per cent. 

Pharmacokinetic analysis. Parameters in plasma 
and bile kinetics were calculated with a non-linear 
iterative least squares method [10] by the use of a 
Hitachi 8700/8800 digital computer. 

Statistical analysis. All means are presented with 
their standard errors (mean + S.E.). Student’s f-test 
was utilized to determine a significant difference 
between the control and the intoxicated groups, with 
P = 0.05 as the minimal level of significance. 
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RESULTS 


Pharmacokinetic aspects. Plasma disappearance 
curves for 120 min after intravenous administration 
of 3 ymoles ICG are shown in Fig. 1. A typical! delay 
of plasma disappearance was observed in the intox- 
icated rats. Biliary excretion profiles of ICG are 
shown in Fig. 2. The amount excreted in 4 hr in the 
control rats was 58 + 3.8 per cent of the dose (N = 3), 
while that of the intoxicated rats was 44 + 3.5 per 
cent (N = 5). The mean bile flow rate for 4 hr was 
not significantly altered by CCl, intoxication. The 
time course of plasma disappearance and biliary 
excretion was found to be described by a four-com- 
partment model (Fig. 3), since the plasma concen- 
tration time course was described by a two-com- 
partment model and one more compartment was 
necessary to connect the plasma and bile data accord- 
ing to the precursor successor rule proposed by Beck 
and Rescignio [11]. The pharmacokinetic parameters 
were computed by a non-linear iterative least squares 
method and are listed in Table 1. In the intoxicated 
rats, significant decreases were observed in ki2, k3s 
and V2, while a significant increase was observed in 
kn; Vi was not altered. 

Plasma protein binding. As shown in Fig. 4, panels 
a and b, the chromatographic pattern of plasma on 
Sephadex G-200 showed three peaks, namely peak 
I, a high molecular protein fraction such as B-lipo- 
protein and a2-macroglobulin, peak II, mainly a 
globulin fraction, and peak III, mainly an albumin 
fraction [12]. The three peaks did not show a clear- 
cut separation, while at this dose ICG was bound to 
both peaks I and III, namely a high molecular protein 
fraction and an albumin fraction respectively. The 
amount of ICG bound to peak III was about five 
times larger than that bound to peak I. On the other 
hand, in the intoxicated rats, peak I increased rela- 
tive to peaks II and III, and the amount of ICG 
bound to peak I increased remarkably (Fig. 4b). 

Binding to cytoplasmic binding fractions. The elu- 
tion pattern of a 1-ml supernatant fraction from a 
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Fig. 1. Plasma disappearance curves of a 3-umole dose of 

ICG after intravenous administration. Each poiat rep- 

resents the mean + S.E. of three to five rats. Curves were 

calculated by an iterative least squares method [10] using 
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Fig. 2. Biliary excretion profile of ICG after a 3-umiole 
dose administered intravenously. Top panel: cumulative 
biliary excretion curves. Each point represents the 
mean + S.E. of three to five rats. Curves were calculated 
by an iterative least squares method [10], using a digital 
computer. Key: (——) control [the ratio (R) of the total 
recovery of ICG from the bile to the administered dose 
was fixed at 0.70]; ( ) intoxication, R = 0.50; and 
(— - —) intoxication, R = 0.70 (see text). Bottom panel: 
biliary excretion rate. Each data point represents the 
mean + S.E. of three to five rats. Key: (——) control; 

) intoxication. No significant difference was 

shown between the control and the intoxicated rats. 
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Fig. 3. Schematic illustration of a four-compartment open 
model. The data of ICG kinetics were fitted in the plasma 
compartment (X,) and in the bile compartment (Xj). 
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Table 1. Pharmacokinetic parameters calculated with a 
four-compartment model* 





Intoxicated rats 
(N = 5) 


Control rats 
(N = 3) 


Pharmacokinetic 
parameters 





0.0987 + 0.00967 
0.0194 + 0.00587 
0.0115 + 0.0028 
0.0115 + 0.0028 
0.0170 + 0.00107 
13.2 + 0.5 
67.2 + 21.4+ 


0.1642 + 0.0051 
0.0083 + 0.0011 
0.0062 + 0.0016 
0.0027 + 0.0007 
0.0472 + 0.0027 
11.9+0.3 
235.0 + 31.0 


ki2 (min™') 
ko: (min7') 
k23 (min~') 
kos (min~') 
k3s (min~') 
Vi (ml) 

V2 (ml) 





* Results are given as the means + S.E. Parameters 
were calculated by a non-linear iterative least squares 
method, using a digital computer (see text). 

+ Significantly different (P < 0.05) from the control. 


50 per cent liver homogenate containing 0.6 umole 
ICG after Sephadex G-75 column chromatography 
is shown in Fig. 5, panels a and b. Following the 
nomenclature of Levi et al. [13], three peaks have 
been labeled X-, Y- and Z-fractions, respectively. 
In this eluted condition, most of the ICG was bound 
to the X-fraction; the ICG, bound to the Y-fraction, 
was one-tenth of that bound to the X-fraction. No 
significant difference was shown in the elution pat- 
terns between the control and the intoxicated rats. 

Distribution in liver homogenate fraction. The dis- 
tribution of ICG in a 50 per cent liver homogenate 
5min after the intravenous administration of 
3 xmoles ICG is shown in Fig. 6. In both the intox- 
icated and the control rats, only 10 per cent of the 
dose was distributed in the 100,000 g supernatant 
fraction, while about 75 per cent of the dose was 
distributed in the 9000 g precipitate fraction. These 
findings are contrary to a previous report by Levi ef 
al. [13]. The time course of ICG distribution in the 
liver homogenate after the intravenous administra- 
tion of 3 wmoles ICG revealed a maximum at 15 min, 
while the amount distributed in the 100,000 g super- 
natant fraction remained constant after 5 min until 
60 min (Fig. 7). 


DISCUSSION 


In the present investigation, we have examined 
the hepatic transport of ICG in rats with a chronic 
liver lesion produced by multiple doses of CCls, as 
a model for liver cirrhosis [14, 15], and compared 
the pharmacokinetic results with biochemical and 
physiological data in control rats. 

The reduction in ICG clearance from the plasma 
is a useful index for diagnostic evaluation of liver 
function. In this study, a delay in the plasma clear- 
ance was observed in the intoxicated rats (Fig. 1), 
but the retention was not as conspicuous as that of 
sulfobromophthalein (BSP) [8]. In blood, ICG is 
bound to both the high molecular protein fraction 
(peak I) and the albumin fraction (peak III) (see 
Fig. 4, panels a and b). Although the plasma albumin 
concentration in the intoxicated rats was significantly 
decreased, as reported previously [8], and this 
resulted in the decrease of the amount of ICG bound 
to the albumin fraction (peak III), this decrease was 
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Fig. 4. Binding patterns of ICG with plasma protein from control rats (a) and intoxicated rats (b). To 
an aliquot of 0.5 ml plasma, 0.24 wmole ICG was added. After #@ min standing at room temperature, 
the mixture was applied to a descending column system (1.75 x 60cm) packed with Sephadex G-200. 
Elution was performed with 0.01 M phosphate buffer, pH 7.3, at a flow rate of 12.5 ml/hr at 4°. Each 


fraction was 3 ml and fifty fractions were collected. Key: ( ) optical density at 800 nm; and 
(— —--—-—) optical density at 280 nm. 
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Fig. 5. Elution patterns (from a Sephadex G-75 column) of ICG added in vitro to the supernatant 

fraction of the liver of a control rat (a) and an intoxicated rat (b). One milliliter of the 100,000 g 

supernatant fraction from a 50 per cent liver homogenate was mixed with 0.2 wmole ICG and placed 

on a Sephadex G-75 column (2.0 x 75cm). Elution was performed with 0.05 M Tris-HCI buffer (pH 
7.4) by use of a pump-driven downward flow system (11 ml/hr) at 4°. 
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Fig. 6. Hepatic intracellular distribution of ICG. After a 
3 umole dose of ICG administered intravenously, rats were 
killed at 5 min by bleeding from a carotid artery. The liver 
was perfused with ice-cold 0.9 per cent saline through the 
portal vein for 10min. A 50 per cent homogenate was 
prepared as described previously [8]. Panel a: 9000g 
subfractions were obtained after centrifugation at 9000 g 
for 20 min at 4°. Panel b: an aliquot of 9000 g supernatant 
fraction was centrifuged at 100,000 g for 120 min at 4° and 
the 100,000 g subfractions were obtained. Open squares 
represent supernatant fractions after the centrifugations at 
9000 g and 100,000 g, respectively, while hatched squares 
represent precipitate fractions after the centrifugations at 
9000 g and 100,000 g, respectively. The procedure for 
determining ICG in the liver reported by Paumgartner et 
al. [9] was used to calculate the amount of ICG in each 
subfraction. The recovery of ICG added to a homogenate 
and each subfraction ranged from 97 to 99 per cent. 


offset by the increase of the ICG bound to the high 
molecular protein fraction (peak I). Consequently, 
no significant difference was observed in the total 
amount of ICG bound to the plasma protein. It was 
difficult to determine the binding parameter of the 
plasma protein using an equilibrium dialysis method 
due to the impermeability of the dialysis membrane 
to ICG. On the other hand, the volume of com- 
partment 1 (V,) is equal to the plasma volume and 
did not show a significant difference between the 
control and the intoxicated rats (see Table 1). The 
binding of ICG to plasma protein, thus, may not 
play a primary role in decreasing the clearance of 
ICG. 

A dose-dependent plasma disappearance of ICG 
has been reported by Klaassen and Plaa [16] and 
Paumgartner et al. [9] showed that the hepatic uptake 
of ICG followed Michaelis—Menten kinetics in rats. 
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Fig. 7. Time course of the ICG distribution to the 100,000 g 

supernatant fraction after a 3 umole dose of ICG in the 

control rats. Each point represents the mean of three rats. 

Key: (@) total amount of ICG in the liver; and (O) amount 
of ICG in the 100,000 g supernatant fraction. 
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Fig. 8. A general model for the hepatic transport of ICG 
(see text). 


However, these previous studies with IGG in lab- 
oratory animals were performed with relatively high 
doses. Recently, Iga and Klaassen [5] reported a 
linear relation between the AUC (area under the 
plasma concentration time curve) and the dose (rang- 
ing from 1 to 10 mg/kg) with the intravenous admin- 
istration of ICG. The dose of ICG employed in the 
present study (3moles/rat) corresponds to 
8.4 mg/kg; this dose is in the linear range. 

In pharmacokinetic analysis, the hepatic overall 
transport of ICG can be represented schematically 
using a compartment model, as shown in Fig. 8, 
involving four distinct processes: (1) transport from 
plasma pool to sinusoid, (2) influx and efflux across 
the sinusoidal plasma membrane of the hepatocyte, 
(3) intracellular transport, and (4) translocation 
across the bile canalicular membrane into the bile, 
since after intravenous administration ICG is distri- 
buted in the plasma volume without extravascular 
distribution and is removed exclusively by the liver 
into the bile without biotransformation [2, 3].Based 
on this model, the plasma disappearance curves were 
best represented by 2-exponential terms in both the 
control and intoxicated rats, as shown in Fig. 1. 
Accordingly, two different compartment models 
(model I and model II), as shown in Fig. 9, were 
conceivable for the plasma disappearance of ICG. 
In model I, the sinusoid is included in the plasma 
compartment (compartment 1) where the transfer 
from compartment | to compartment 2 represents 
the translocation of the sinusoidal p.asma membrane 
of the hepatocyte. On the other hand, in model II, 
the sinusoid belongs to the liver compartment (com- 
partment 2) where the transfer from compartment 
1 to compartment 2 corresponds to the hepatic 
plasma flow and there is an exceedingly rapid equi- 
libration between the sinusoid and hepatocytes. 
Comparing the value of k,)-V, with the hepatic 
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Fig. 9. Two conceivable compartment models for the 
hepatic transport of ICG. In model I, the sinusoid is 
included in the plasma compartment (compartment 1) 
where the transfer from compartment 1 to compartment 
2 represents the translocation of the sinusoidal plasma 
membrane of the hepatocytes. In model II, the sinusoid 
belongs to the liver compartment (compartment 2) where 
the transfer from compartment | to compartment 2 cor- 
responds to the hepatic plasma flow and there is an exceed- 
ingly rapid equilibration between the sinusoid and the 
hepatocyte. 


plasma flow, we can determine the best model for 
the hepatic transport of ICG, since the product of 
ki2°V, is equal to the hepatic blood (plasma) flow in 
model II [3]. In a previous paper [17] we reported 
a significant decrease of the hepatic blood (plasma) 
flow in CCl, chronically intoxicated rats, as shown 
in Table 2. A comparison of the values of k,.-V, in 
the present study with the hepatic plasma flow from 
the previous paper [17] is also summarized in Table 
2. In both the control and the intoxicated rats, the 
values of k,°V,; are significantly smaller than the 
hepatic plasma flow. Thus, it appears that model I 
is the best representation of the hepatic transport of 
ICG, in which the permeability of the sinusoidal 
plasma membrane of the hepatocyte is the rate- 
determining step. Consequently, k,.°V,; will rep- 
resent the translocation across the sinusoidal plasma 
membrane of the hepatocyte, and the decrease of 
k,°V, in the intoxicated rats is due mainly to the 
decrease of k,>, since V; did not show a significant 
difference between the control and the intoxicated 
rats (see Table 1). These findings suggest that the 


Table 2. Comparison of pharmacokinetic parameters* with hepatic plasma flow+ 





Control rats 


Intoxicated rats 





kinVy (ml/min) 
Hepatic plasma flow (ml/min) 


F 1.30 + 0.0058) 
5.06 + 0.634 





* Results are given as the means + S.E. Parameters were calculated by a non- 
linear iterative least squares method, using a digital computer. 


+ Data from a previous paper [17]. 
tN =3. 
§N=S. 


Significantly different (P < 0.05) from the control. 





Hepatic transport of ICG in CCls-intoxicated rats 


decrease of k,, is due mainly to the decrease in the 
permeability of the sinusoidal plasma membrane of 
the hepatocyte. The increase of k,, might also play 
a role in the reduction of ICG clearance from the 
plasma, but it is difficult to interpret its physiological 
meanings from the limited present results. 

Levi et al. [13] suggested that two cytoplasmic 
organic anion binding proteins, Y-protein (Ligandin) 
and Z-protein, are important determinants in the 
transfer of many organic anions, such as BSP, ICG 
and bilirubin, from the plasma into the liver. In the 
present study, only 10 per cent of the ICG in the 
liver was distributed in the 100,000 g supernatant 
fraction at all times up to 60 min after the intravenous 
administration of ICG (see Figs. 6 and 7). In the 
elution patterns of the 100,000 g supernatant fraction 
on Sephadex G-75 (see Fig. 5, panels a and b), ICG 
bound mainly to the X-fraction, and no significant 
difference was observed in the elution profiles 
between the control and the intoxicated rats. Also, 
we obtained a remarkably large association constant 
for ICG (about 1 x 10’ M~') to the 9000 g precipitate 
fraction, using a centrifugal method, and no sig- 
nificant difference was shown between the control 
and the intoxicated rats (unpublished data). These 
findings indicate that ICG has a large binding affinity 
to the 9000 g precipitate fraction. This would explain 
why no significant difference was shown in k>; (see 
Table 1). 

The transfer constant from liver to bile, k3s was 
also decreased in the intoxicated rats (see Table 1). 
In the intoxicated rats (see Fig. 2, top panel) the 
calculated curves for the biliary excretion data 
showed a discrepancy from the observed values. The 
best-fitting curve was obtained when the ratio of the 
total recovery of ICG from the bile to the admin- 
istration dose (R) was fixed at 0.50. Using this ratio, 
we calculated the pharmacokinetic parameters, k2; 
and k>;, for biliary transport and unknown disposi- 
tion, respectively [18]. This ratio was not identical 
with the value obtained for the total recovery in the 
bile in our study (approximately 0.70). These dis- 
crepancies were also reported for BSP [8, 18]. This 
suggests that a more elaborate model might be 


1297 


necessary to explain the biliary excretion data for 
ICG and BSP in pathological conditions. 

In conclusion, the decrease in permeability of the 
sinusoidal plasma membrane of the hepatocyte might 
explain the decrease in ICG uptake rate into the 
liver which was observed in the intoxicated rats. 
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SHORT COMMUNICATIONS 


Biliary excretion and enterohepatic circulation of aniline mustard metabolites in 
the rat and the rabbit 


(Received 20 November 1979; accepted 5 January 1980) 


Aniline mustard [N,N-di-(2-chloroethyl) aniline (AM)] 
(Fig. 1) has been used successfully by Whisson and Connors 
to cure a mouse plasma cell tumour (Adj PCS), which has 
certain features in common with human multiple myeloma 
[1,2]. Double and Workman [ 3] have recently reported 
another mouse tumour (HT 67), which is cured by this 
cytotoxic agent. These achievements have been attributed 
to a latent activity of the drug, which is metabolized to the 
glucuronic acid conjugate (AMGL) (Fig. 1) of 4-hydroxy- 
aniline mustard in the liver, and subsequently deconjugated 
to yield the more toxic 4-hydroxyaniline mustard (AMOH) 
(Fig. 1) in the high B-glucuronidase environment of the 
tumour ceils [4, 5]. Only a limited response was observed 
when AM was used in clinical trials for the treatment of 
multiple myeloma [6]. However, tumour regression did 
occur in conjunction with high levels of B-glucuronidase, 
in certain human prostate and kidney lesions [7]. 

The relatively non-toxic glucuronide (AMGL) is a major 
metabolite in rats and is excreted via the bile [5]. Hydrolysis 
of the conjugate by the B-glucuronidase of the intestinal 
microflora may release the more toxic AMOH into the 
intestine where it may be reabsorbed into the body to 
undergo an enterohepatic circulation. The aim of the pres- 
ent work is to assess the extent of reabsorption of reactive 
metabolites from the intestine following biliary excretion 
in the rat. The rabbit appears to be more similar to man 
than is the rat in terms of the extent to which it excretes 
foreign compounds in the bile [8]. The route of excretion 
of aniline mustard in the rabbit therefore, has also been 
studied in order to consider the likelihood of enterohepatic 
circulation of AM metabolites in man. 

The animals used were adult male Wistar rats (250-300 g) 
obtained from Lions Lab., Ringwood, Hants., U.K. and 
New Zealand White Rabbits (2.8-3.0 kg) obtained from 
Brock Rabbits, Sholden, Kent, U.K. Water and Labsure 
diets 41B-modified (rats) and R14 (rabbits) were provided 
ad lib. 

Sodium pentobarbitone (Sagatal; May & Baker Ltd., 
Dagenham, Essex, U.K.) was administered to rats 
(50 mg/kg; i.p.) and rabbits (30 mg/kg; i.v.) to allow acute 
bile duct cannulations to be performed. Anaesthesia was 
maintained by the administration of further pentobarbitone 
as required. The body temperature of the animals (rectal 
thermometer) was maintained at 37° using a heated plat- 
form. Bile duct cannulations were made with clear vinyl 
tubing (0.5mm i.d. 0.8mm o.d.; obtained from Dural 
Plastics, Dural, Australia). For the collection of bile from 
rats which were not under anaesthesia, a re-entrant can- 
nulation technique [9] was employed. Rats were given a 
postoperative recovery period of 10 days prior to admin- 
istration of AM. The urine was taken from the bladder at 
the end of the experiments. 

AM, [3, 5-*H]-AM and authentic AMOH were gifts from 
the Chester Beatty Research Institute, London, U.K. 
Unlabelled and [*H]-labelled AM were mixed to give a 
final specific activity of either 1.1 or 10.9 wCi/mole (for 
rats) and 2.2 wCi/umole (for rabbits). The dose solutions 
of [' H]-AM were purified, prior to injection, by application 
in benzene to a column (10 X 1 cm) of silica gel (May & 
Baker Ltd.). The compound was eluted with benzene 


(10 ml) and applied to t.l.c. plates (see below). The u.v.- 
absorbing material with an Ry value of 0.37 (solvent system 

A) was scraped from the plates and eluted with methanol 
(20 ml). Following evaporation of the methanol under a 
stream of nitrogen, the [*H]-AM was taken up in benzene. 
The t.l.c. procedure was then repeated to yield [*H]-AM 
with a radiochemical purity of >95 per cent. The dose 
solutions of radioactive AM were prepared, after evap- 
oration of the benzene, in dimethylsulphoxide at a con- 
centration of 20 mg/ml (rats) and 120 mg/ml (rabbits). 
These were administered to animals by i.p. injection 
(10 mg/kg). 

For enterohepatic recycling experiments, bile samples 
(1 ml) obtained from rats injected with [*H]-AM, contain- 
ing radioactive AM metabolites, were directly infused 
(1 ml/hr) into the duodena of anaesthetized bile duct can- 
nulated rats using a slow infusion pump (Scientific and 
Research Instruments Ltd., Kent U.K.). For this procedure 
a cannula was inserted, at the time of bile fistula surgery, 
into the duodenum via the bile duct. 

Biliary metabolites were analysed by the method of 
Epstein et al. [10] to determine the presence of alkylating 
agents. Bile samples, containing approximately 0.1 mole 
of AM metabolites or authentic AMOH, were taken from 
storage at —20° and incubated at 80° for 30 min with 1 ml 
of 2%w/v Epstein reagent [4-(4-nitrobenzyl) pyridine; Brit- 
ish Drug Houses, Poole, Dorset, U.K.) in 90% ethylene 
glycol/10% acetate buffer, 0.5M, pH 4.6. Samples were 
then immediately cooled on ice and 3 ml of triethylamine: 
acetone (1:1) added. A positive reaction was indicated by 
a purple colouration of the sample, which gave an extinction 
reading at 570 nm when measured against blank samples 
where bile from untreated animals was used. 

T.l.c. was carried out using DC-Alufolien or DC-plas- 
tikfolien Kieselgel 60 F254 plates (Merck, Darmstadt, 
F.R.G.). For the purification of AM, glass plates 
(20 x 20cm) were coated with 0.4mm Kieselgel GF 54 
(Merck) and activated at 110° for 30min prior to use. 
Kontes preparative plates PLKF (Uniscience, Cambridge, 
U.K.) were employed for the preparation of methylated 
AMGL for mass spectroscopy. The following solvent sys- 
tems were used: A, chloroform—dichloromethane, 4:1; B, 
chloroform-methanol, 1:1; C, chloroform—methanol, 9:1; 
D, chloroform-benzene, 1:1. All proportions are v/v. The 
developed plates were scanned for radioactivity using a 
Packard radiochromatogram scanner (Model 7201), and 
viewed under u.v. light. Where samples contained very low 
amounts of radioactivity, the thin layer plates were cut into 
5 mm segments and then eluted with methanol (0.5 ml) and 
the °H present in this methanol measured by scintillation 
counting, using a Packard Tri-Carb 3255 instrument. The 
scintillant used for determination of radioactivity consisted 
of 2, 5-diphenyloxazole (5% w/v) and 1, 4-di-2-(5-phenyl- 
oxazolyl)-benzene (0.3% w/v) in toluene (scintillation 
grade; BDH) mixed with Triton X-100 at a ratio of 2:1. 
Bile or urine (0.02 ml) samples were also counted using 
this scintillation fluid. 

AMGL (Fig. 1) was isolated from rat bile using the 
method of Connors et al. [5]. Bile samples (0.3-2.0 ml), 
collected on ice, were adjusted to pH 2 using 0.1 M HCI 
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Fig. 1. Metabolism of aniline mustard. 


and extracted with ethyl acetate 3 x 5 ml). Following t.l.c. 
(solvent system B) of the ethyl acetate extract, the radio- 
labelled material having a mobility appropriate for AMGL 
(Ry 0.24) was eluted with methanol (10 ml). AMGL was 
methylated using an ethereal solution of diazomethane in 
excess (method supplied by BDH technical services). The 
mass spectrum of the methylated glucuronide was inves- 
tigated with an AE1 MS12 spectrometer at the Institute 
for Cancer Research, Royal Marsden Hospital, Sutton, 
Surrey, U.K., using the conditions previously employed 
[5]. 

In anaesthetized rats, 28.4 + 2.2 (S.E.M.) and 8.2 + 0.7 
per cent of the dose was excreted within 8 hr into bile and 


- 
° 


a 





° 
Cumulative /e dose in bile of recipient rats 


° 


urine, respectively (N = 6). Anaesthetized rabbits excreted 
5.1 + 0.6 per cent of the dose in bile and 22.5 + 2.1 per 
cent in urine within 5 hr (N = 2). The excretion data for 
rats which were not under anaesthesia, having previously 
been equipped with re-entrant bile duct cannulae, were 
similar to those for anaesthetized rats: 22.3 + 2.8 per cent 
dose in bile; 4.7 + 1.5 per cent dose in urine in 5 hr (N = 3). 

Rat bile samples containing radioactive AM metabolites 
gave a positive reaction with the Epstein test for alkylating 
agents, confirming the presence of metabolites containing 
reactive chloroethyl moieties. AMGL was hydrolysed when 
bile samples (0.5 ml) were incubated with B-glucuronidase 
(Ketodase from W. R. Warner and Co. Lid., Eastleigh, 
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Fig. 2. Enterohepatic circulation of AM metabolites in the rat. Biliary excretion of radioactivity after 
intraduodenal infusion of biliary metabolites of [*H]-AM (approx. 6 umoles/kg; mean + §.E.M. N = 5) 
or ["H]-AMGL in rat bile [2.0 umoles/kg (A) and 4.6 mmoles/kg (B)]. 
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Hants., U.K., 0.5 ml; 25,000 units) in a shaking water bath 
at 37° for 18 hr, yielding products which, following precip- 
itation of protein with methanol, co-chromatographed with 
authentic AMOH and degradative products of this mustard 
(solvent systems B and D). AMGL was isolated from bile 
as described above. When the glucuronide was treated with 
diazomethane, a derivative was formed which was isolated 
by t.l.c. (Ry 0.22, solvent system C) and investigated by 
mass spectroscopy. The most abundant fragments were m/e 
233/235 and 184/186, in accordance with the mass spectrum 
of authentic methylated AMGL and the aglycone AMOH 
5]. 

: The metabolite AMGL accounted for approximately 40 
per cent of the total metabolites in rat bile collected up to 
2 hr after injection. This agrees with results from a previous 
study [5] where AMGL was shown to be a major metabolite 
in the bile of rats, which had been pretreated with pheno- 
barbitone and given a higher dose of aniline mustard (ca. 
200 mg/kg). AMGL constituted a lower proportion 
(approximately 30 per cent) of total metabolites in pooled 
bile collected between 2 and 8 hr after injection. The metab- 
olites remaining in rat bile following extraction of AMGL 
were not characterized but might be expected to include 
products resulting from hydrolysis of chloroethyl groups. 
The mean half lives for the mustard hydrolysis reactions 
at physiological pH and temperature are approximately 60, 
12 and 21 min for AM, AMOH and AMGL, respectively 
[11]. A continual hydrolysis of the mustards could explain 
the fall in the relative abundance of AMGL with respect 
to time after administration of AM. 

When rat biliary metabolites of [‘H]-AM were directly 
infused (approximately 6 uwmoles/kg) into the duodena of 
another group of bile duct cannulated rats, recipient ani- 
mals excreted 16.3 + 2.7 (N = 5; see Fig. 2) and 8.9 + 3.0 
per cent (N = 3) of the dose into the bile and urine, respec- 
‘ tively, within 7 hr. The values for 24 hr collections from 
restrained rats were 18.9 + 2.2 per cent in bile 13.4 + 1.3 
per cent in urine (N = 2). The bile from these recipient 
rats did not contain a sufficient concentration of metabolites 
to be tested for alkylating ability by the Epstein test. 

In a further experiment, the iritiated metabolite AMGL, 
isolated by t.l.c. (see above), was dissolved in 1 ml of rat 
bile and infused into the duodena of two rats (2.0 
mumoles/kg, rat A, and 4.6 wmoles/kg, rat B). A total of 
13.8 (rat A) and 6.8 per cent (rat B) of the administered 
radioactivity was re-excreted via the bile of the recipient 
animals within 7 hr (Fig. 2). Approximately 30 per cent of 
this recycled material could be partitioned into ethyl acetate 
at pH2 and the sole significant component of this extract 
co-chromatographed with AMGL (t.l.c. system B, R;0.24). 

The data imply that, in the rat, a large proportion of the 
biliary metabolites absorbed from the intestine and re- 
excreted in the bile are derived from AMGL. The recycled 
material was both in the form of the bifunctional AMGL, 
which possesses anti-neoplastic activity, and also in the 
form of other unidentified metabolites which may be par- 
tially hydrolysed to monofunctional mustards which remain 
cytotoxic but do not possess anti-neoplastic activity [12]. 

The bile was only a minor excretory route for AM metab- 
olites in the rabbit. If the rabbit is taken to be a better 
model for man than is the rat, as regards capacity for biliary 
excretion (see ref. 8), it seems unlikely that biliary excretion 
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and enterohepatic circulation of AM metabolites will be 
significant in man. However, for other anti-neoplastic 
agents, which may be excreted in human bile, the entero- 
hepatic recycling of reactive metabolites could well be of 
considerable importance with regard to __ their 
bioavailability. 

In summary, the bile is a major excretory route for 
metabolites of aniline mustard (AM) in anaesthetized and 
non-anaesthetized rats. Metabolites, which are capable of 
reacting with DNA and which possess anti-neoplastic 
activity, undergo an enterohepatic circulation in the rat. 
With the rabbit, however, bile is only a minor excretory 
route for metabolites of AM. Since the biliary excretion 
of organic compounds in man appears to be similar to that 
in the rabbit, enterohepatic circulation of reactive metab- 
olites of AM is expected to be negligible in man. 
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Exocytotic release of noradrenaline from synaptoscmes 


(Received 28 October 1979; accepted 5 January 1980) 


Exocytosis is now generally accepted as the mechanism of 
secretion of noradrenaline from nerve terminals [1, 2]. 
Although much is known about the release of neurotrans- 
mitters from the autonomic nervous system (ANS), the 
initial lack of a suitable model made studies of the central 
nervous system (CNS) more difficult. The recognition and 
acceptance of the isolated nerve terminal or synaptosome 
as a suitable model with which to study CNS neurotrans- 
mission [3] has recently facilitated comparison between the 
secretion mechanisms of the peripheral and CNS. 

In general, although features of transmitter release of 
the periphery are also apparent in the CNS [4], evidence 
for exocytosis in the CNS is rather limited. There is sub- 
stantial ultrastructural evidence for fusion of synaptic ves- 
icles with the synaptic plasma membrane [5, 6], but the 
biochemical evidence is less substantial and therefore is 
less convincing than the evidence for the adrenal medulla, 
for instance. 

We have extended our work employing synaptosomes 
[7-9] to include not only studies of the release of nor- 
adrenaline (NA) but also of a variety of other substances, 
including dopamine B-hydroxylase (DA BOHase) and 
ATP. 

Synaptosomes were prepared from cerebral cortices of 
male Sprague-Dawley rats as described previously [7]. The 
release of neurotransmitters and other substances was mon- 
itored from synaptosome layers [9, 10] where NA was meas- 
ured fluorimetrically, succinate dehydrogenase (SDH) and 
acetylcholinesterase (AChE) manometrically, and adeno- 
sine triphosphatases (ATPases), lactate dehydrogenase 
(LDH) and protein colorimetrically. Dopamine - 
hydroxylase was measured fluorimetrically [11]. Adenosine 
triphosphate was measured either by comparison of the 


enzymatic release of inorganic phosphate from known 
amounts of ATP or fluorometrically [12]. 

When synaptosomes were stimulated electrically (20 V, 
100 Hz, 1 msec), there was a significant increase in the 
release of NA, adenosine triphosphate (ATP), DA BOHase 
and protein (Table 1). In each case the augmented release 
was calcium-dependent. The release of NA and ATP was 
dependent on the stimulation parameters employed and 
could be mimicked by depolarizing the preparations with 
K* (55.6 mM). In sharp contrast, on electricai stimulation 
there was no increment in the release of the mitochondrial 
marker succinate dehydrogenase (SDH), the synapto- 
somal membrane markers acetylcholinesterase (AChE) 
and sodium—potassium-activated, magnesium-dependent 
adenosine triphosphatase (NA *, K*-ATPase) or of the 
synaptosomal cytoplasm marker, lactate dehydrogenase 
(LDH). 

This lack of change in the levels of these enzyme markers 
suggests that electrical stimulation does not simply cause 
increased synaptosomal breakdown. The fact that the 
enzymes can be measured in the incubation fluid in the 
absence of stimulation is perhaps indicative that a small 
percentage of the synaptosomes spontaneously break down 
at 37°. This breakdown is independent of electrical stimu- 
lation but dependent on time. Further evidence that the 
synaptosome is not merely ‘rupturing’ to release all its 
conients is that synaptic vesicles, as determined by the 
activity of anticonvulsant-sensitive Mg’*-ATPase which 
appears to be unique to these particles [7], are not found 
in the incubation medium. 

The release of noradrenaline is therefore more carefully 
controlled than ‘rupturing’ of synaptosomes. The question 
remains as to how it is brought about. Obviously it is in 


Table 1. Basal and stimulated release of noradrenaline and other substances from synaptosomes* 





Basal release 


Ratio 


Stim. release (stim/basal) 





— 


WOVHYVNwWe 
ZoeNIENNN 


© I+ I+ I+ I+ I+ I+ 1+ I+ 


— 


Noradrenaline 

ATP 

DA BOHase 

Protein 

LDH 

SDH 

AChE 

Na*, K*-ATPase 
Vesicular Mg**-ATPase 


_ 
oroococ & 
Downklwonw sf 


nn 
~ 
oO 


51.7 + 2.6+ nmoles. 100 mgPr'hr~! 
14.6 + 1.1+ nmoles. 100 mgPr~'hr™! 
5.5 + 0.7+ nmoles NA produced. 100 mgPr~'hr7' 
19.9 + 0.8% ngPr released. 100 mgPr ‘hr’ 
ih 


2.9 + 0.3 AOD.100 mgPr 
7.8 + 2.1 wlCO,.100 mgPr~ ‘hr! 
11.2 + 1.5 BCO>.100 mgPr~'hr7! 


6.2 + 1.1 wmoles Pi.100 mgPr~hr7' 


ND 





* The release was measured as previously described [7-10] into a medium of the following composition (mM): NaCl, 
153.5; MgSOu, 2.8; CaCl), 2.1; KCI, 5.65; NaHCOs, 1.8; sucrose, 64.3; glucose, 8.3, with the pH adjusted to 7.4. Biphasic 
pulses of alternating polarity (20V, 100 Hz, 1 msec) were applied to the synaptosomes when appropriate via platinum 
electrodes. The stimulation parameters were chosen to represent supramaximal stimulation of the synaptosomal layers. 
The values expressed as release per 100 mg of initial synaptosomal material are the means + S.E.M. of six to nine 


experiments. 


+ Significant increase during electrical stimulation, P < 0.01. 
¢ Significant increase during electrical stimulation, P < 0.025. 
§ NS = no significant increase in ratio during electrical stimulation. 


|| ND = not detectable. 
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Table 2. The relative release of a variety of substances 
from synaptosomes under basal and stimulated conditions 





Release relative to 
noradrenaline* 





Basal Stimulated 





NA 1.0 1.0 

ATP 0.27 + 0.02 0.28 + 0.02 
DA BOHase 0.11 + 0.02 0.10 + 0.01 
Protein 0.80 + 0.09 0.38 + 0.06 
LDH 0.14 + 0.02 0.06 + 0.00 
SDH 0.48 + 0.05 0.15 + 0.01 
AChE 0.54 + 0.09 0.22 + 0.02 
Na*, K*-ATPase 0.30 + 0.06 0.11 + 0.01 


Vesicular Mg”*-ATPase 0 0 





* The release is relative to noradrenaline basal and stimu- 
lated release shown as 1.0. Conditions are as in Table 1. 
The values are the means + S.E.M. of four to six deter- 
minations rounded off to two decimal points. 


close association with DA BOHase and ATP. This is seen 
in Table 2 where the ratios of these substances relative to 
NA remain constant under conditions of basal and stimu- 
lated release. These ratios for the other proteins and 
enzymes measure tend to decrease under conditions of 
electrical stimulation. 

The ATP concentrations measured here do not necess- 
arily reflect the total amount of ATP released during stimu- 
lation. In our experiments, in addition to an increment in 
ATP release, there is also a large increase in inorganic 
phosphate [13], the breakdown product of ATP, during 
stimulation. Experiments have shown that any exogenous 
ATP added to the preparations is broken down rapidly by 
synaptosomal ATPases and other enzymes. 

These findings of rapid ATP hydrolysis are in agreement 
with the work of White [14], who used luciferin-luciferase 
to measure the ATP, but they are difficult to reconcile with 
our finding that there is some ATP remaining in the incu- 
bation medium after 10 min. One answer as to why some 
ATP remains is that perhaps it is sequestered with either 
NA or protein and is not accessible in this form to the 
action of ATPases. However, the important feature 
remains that during electrical stimulation, the concentra- 
tion of ATP in the medium is increased more than 2-fold. 

It is unlikely that the increase in overall protein in Table 
1 can be accounted for by increased DA BOHase levels 
alone. One of many possibilities as to the origin of the 
remainder of the protein is that at least in part it could be 
chromogranin, found at other sites of NA release [15]. 

None of the evidence presented here is inconsistent with 
the involvement of exocytosis in the release of NA from 
synaptosomes. The process is calcium-dependent; the 
organelles of the synaptosome are not released, as shown 
by the use of enzyme markers for synaptosomal cytoplasm, 
mitochondria and synaptic vesicle. There is, however, an 
augmented release of NA, ATP and DA BOHase, pre- 
sumably from synaptic vesicles [16, 17], upon stimulation. 
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The release of each of these is intimately associated with 

that of the others as the release ratios remain relatively 

constant for basal and stimulated release. The ATP released 

is in a form apparently inaccessible to enzymatic destruc- 

tion, and perhaps bound to NA, DA BOHase and even 

chromogranin in a suitable form for traversing the synaptic 

cleft. 
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Biological fate of butylated hydroxytoluene (BHT)—Binding of BHT to nucleic 
acid in vivo 


(Received 6 August 1979; accepted 14 November 1979) 


Butylated fydroxytoluene (3,5-di-tert-butyl-4-hydroxy- 
‘toluene; BHT) is widely used as an antioxidant in processed 
foods and petroleum products. Though toxicological, 
metabolic and carcinogenic studies on BHT in experimental 
animals have been reported [1-4], the biological fate of this 
compound has not been reported. Therefore, we have been 
studying the behavior of this compound in the rat liver cell. 
In previous in vivo and in vitro studies [5, 6], we have found 
that (a) BHT is converted to chemically activated 
materials(s) by acytochrome P-450-linked mono-oxygenase 
system, (b) a cytochrome P-450 with a high BHT oxidase 
is mainly involved in the activation of this compound, (c) 
some of the activated material(s) subsequently binds to 
cellular macromolecules, and (d) the binding is more pro- 
nounced in the microsomes from animals pretreated with 
phenobarbital or BHT. In this paper, we show that some 
of the radioactive material(s) from ['C|BHT, orally 
administered to rats, is bound to nucleic acid and protein 
in the liver. 

3,5-Di-tert-butyl-4-hydroxytoluene (toluene [methyl- 
'4C]) (specific radioactivity, 0.485 wCi/umole) was pur- 
chased from the New England Nuclear Corp. (Boston, 
MA). Radiochemical purity was rechecked with thin-layer 
chromotography and found to be more than 99 per cent. 
Nonradioactive BHT was purchased from the Wako Pure 
Chemicals Co. (Osaka, Japan), and sodium phenobarbital 
was a gift from the Fujinaga Pharmaceutical Co. (Tokyo, 
Japan); all the other chemicals used were of the highest 
obtainable purity. 

Male Wistar rats (SPF), weighing 150-160 g, were used 
and divided into groups of three rats for each experiment. 
The animals were starved overnight before use, and all 
doses were given at the same time of the day. A solution 
of ['C]BHT (5 mg/rat, 11 wCi) disolved in olive oil was 
given to each rat by a stomach tube. At definite periods 
after the administration, rats were decapitated. A group 
of animals also received 80 mg/kg sodium phenobarbital 
ir: distilled water by intraperitoneal injection each day for 
5 days before treatment with BHT; the corresponding 
control animals received physiological saline. Twenty-four 
hr after the last phenobarbital dose, all animals received 
orally 50 mg (50 wCi)/kg of ['*C]BHT (the original radio- 
active compound was diluted with cold BHT) and were 
killed 24 hr after the administration. 

Isolation of cellular components 

Method A. The liver was removed and perfused with 
saline. All subsequent manipulations were performed at 
temperatures near 0°. The liver was minced with scissors 
and homogenized with 0.25 M sucrose in a Potter-Elvehjem 
homogenizer. The homogenate was filtered through a layer 
of nylon cloth and made up to a volume corresponding to 
a 10% suspension. The washing or extracting procedures 
were carriéd out in a 10-ml centrifuge tube. To a 1-ml 
portion of the homogenate, 3 ml of 10% trichloracetic acid 
(TCA) were added to precipitate macromolecules. The 
resultant precipitate was collected by centrifugation, resus- 
pended in 4 ml of 7.5% TCA, and mixed in a Vortex shaker 
with a narrow glass spatula inserted into the tube. The tube 





* PPO = 2,5-diphenyloxazole; and POPOP = 1,4-bis-[2- 
(4-methyl-5-phenyloxazolyl)]benzene. 


» centrifuged again. The washed pellet was mixed with 
tne spatula as above, and then extracted successively with 
80% methanol (four times) and methanol-ether (1:1, v/v, 
six times). After removal of unbound radioactivity from 
the macromolecules, the washed pellet was boiled twice 
with 5% TCA for 15 min. The extracted pellet and TCA 
supernatant fraction were used as protein fraction and 
nucleic acid fraction respectively. 

Method B. The liver was homogenized with 6% sodium 
p-aminosalicylate in a Potter-Elvehjem homogenizer, and 
made up to a volume of 6.7% suspension. Deoxyribonucleic 
acid (DNA) and ribonucleic acid (RNA) were isolated and 
purified by the procedure of Irving and Veazey [7]. Fur- 
thermore, the protein was isolated by the addition of equal 
volumes of methanol to the phenol extracts in the procedure 
used above [8], and the protein was freed of nucleic acids 
by extracting twice with hot TCA. The isolated DNA, 
RNA and protein fractions were washed repeatedly with 
methanol-ether (1:1, v/v) or with ether until no further 
radioactivity could be removed from each macromolecule. 
The DNA and RNA were dissolved in 0.015 M NaCl- 
0.0015 M sodium citrate, pH 7.4, and the protein was 
dissolved in 1 N NaOH, for the determination of bound 
radioactivity and amount of each macromolecule. The 
RNA isolated was mainly ribosomal RNA and was free 
from DNA and soluble RNA [7]. 

Radioactivity was measured by a Beckman scintillation 
spectrometer, model LS-355, and corrected by the external 
standard method. The scintillation medium used consisted 
of 2 vol. toluene phosphar (4 g PPO and 100 mg dimethyl- 
POPOP per 1000 ml of toluene)* and 1 vol. Triton X-100 
{9]. Protein was determined by the method of Lowry et al. 











Bound radioactivity 
(nmol/g tissue) 





- 
0 


3 6 
Time after administration 
(hours) 


Fig. 1. Titne course of changes in radioactivity bound to 
macromolecules of rat liver after oral administration of 
('*C]BHT. Radioactivity in the protein fraction (O) and in 
the nucleic acid fraction (@) was determined at various 
intervals after [“*C]BHT (5 mg/rat; 11 Ci) as described 
in Method A. The ratio (D2) is expressed as the percentage 
of radioactivity in the nucleic acid fraction over that of the 
nucleic acid and protein fractions combined. Points rep- 
resent means of three animals. 
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(pmol/mg macromolecules) 











Time after administration 
(days) 


Fig. 2. Time course of binding of ['‘C]BHT to DNA, RNA 

and protein of rat liver. Radioactivities of DNA (A), RNA 

(@) and protein (O) were determined at various intervals 

after ['*C]BHT (5 mg/rat; 11 Ci), as described in Method 

B. Points represent means + S.D. of three (6-hr) or two 
(1- and 7-day) rats. 


[10], with bovine serum albumin as a standard. The quan- 
tities of DNA and RNA were determined by absorbance 
at 260 nm. The ratio of absorbance at 260 nm to that at 
280 nm was usually 1.9-2.0 for DNA and 2.1-2.2 for RNA. 
The DNA and RNA were free from detectable protein. 

After oral administration of ['*C]BHT (5 mg/rat, 11 Ci) 
to rats, the amounts of radioactivity incorporated into the 
protein fraction and the nucleic acid fraction of the liver 
were determined at various intervals, as shown in Fig. 1. 
The total radioactivity in the protein fraction reached a 
maximum at 6 hr after administration, and thereafter the 
radioactivity decreased with time. However, the radioac- 
tivity incorporated into the nucleic acid fraction increased 
with time, and the level remained constant for 1 week. 
Therefore, the ratio of the percentage of radioactivity in 
the nucleic acid fraction to that of the nucleic acid and 
protein fractions combined, increased from about 5 to 50 
per cent with time. This result indicates that the kinetic 
behavior of the radioactive material(s) incorporated into 
the nucleic acid fraction differed from that of the protein 
fraction. 

Figure 2 shows the time course of specific radioactivities 
in DNA, RNA and protein fractions. The time course of 
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radioactivity in RNA was quite different from that of DNA 
or protein. The radioactivity in RNA increased remarkably 
with time, and after 1 week the level of radioactivity in 
RNA was about eighteen or thirty-five times that in DNA 
or protein, respectively. In contrast to this result, the radio- 
activity in protein reached a maximum at 6 hr after admin- 
istration, and decreased gradually with time, presumably 
because of the turnover of protein itself. Although the 
radioactivity in DNA was lower than that in RNA through- 
out the experimental period, the radioactivity increased 
gradually with time and was approximately twice that in 
protein at 1 week after administration. These results suggest 
that the radioactive material(s) was incorporated into DNA 
and, especially, into RNA with time. It seems that the level 
of radioactivity in the nucleic acid fraction (Fig. 1) is due 
mainly to the amount of radioactive material(s) incorpor- 
ated into RNA (Fig. 2). Furthermore, the results presented 
above suggest that a considerable amount of activated BHT 
material(s) remained tightly bound to RNA and DNA for 
a long time. 

We have already reported that the radioactive material(s) 

bound to macromolecules in the liver of the phenobarbital- 
pretreated rat was higher than that in the treated rats after 
oral administration of {'*C]BHT [5]. Therefore, to inves- 
gate the effect of pretreatment with phenobarbital on 
C]BHT binding to DNA, RNA and protein, the radio- 
activity bound to each macromolecule, separated from 
phenobarbital-pretreated and untreated rats 24 hr after the 
administration of 50 mg (50 wCi)/kg of [“C]BHT, was 
determined, as shown in Table 1. The body weights of the 
phenobarbital-treated and untreated rats were similar, but 
the liver weights increased significantly in the phenobar- 
bital-treated group. In addition, the total radioactivity in 
the livers of the phenobarbital-treated group was higher 
than in the untreated group. The specific radioactivities in 
DNA, RNA and protein of the phenobarbital-treated group 
were found to be 153, 170 and 154 per cent higher than 
those in the untreated group. An increase in binding of 
radioactive material(s) to macromolecules in phenobarbi- 
tal-treated animals suggests that the induction increased 
the amount of activated BHT metabolite(s) formed during 
metabolism by liver mixed-function oxidase [6]. Based on 
the results presented in Fig. 2 and Table 1, it is apparent 
that the affinity of activated BHT metabolite(s) to RNA 
is remarkably higher than to other macromolecules. 

This incorporation of activated BHT metabolite(s) into 
the macromolecules is probably the result of covalent bind- 
ing, since the radioactive material(s) of the purified 
macromolecules could not be removed by exhaustive 
extraction with methanol-ether (1:1, v/v) or ether. The 
activated material(s) may be formed by metabolic activa- 
tion at the 4-methyl group of BHT, since the increase in 
binding of ['*C]BHT to macromolecules closely parallels 
the increase in BHT oxidase [6], which is known to oxidize 
the methyl group of the parent compound [11]. The nature 


ti 


Table 1. Effect of pretreatment with phenobarbital (PB) on ['*C]BHT binding to liver macromolecules* 





Body wt 


Treatment (g) Liver wt (nmoles/g) 


Total radioactivity+ 
(nmoles/liver) 


Bound radioactivity 
Protein DNA RNA 
(pmoles/mg macromolecules) 





52.3 + 4.0 
69.7 + 3.3 


8.2+0.3 
9.5+0.4 


Control 154+4 
PB 152 +5 
% of 

Control 99 


116 133% 


Si7 =. 2 
981 + 197 


426 + 38 
661 + 30 


155t 170+ 





* Animals pretreated with PB were killed 24 hr after oral administration of 50 mg (50 wCi)/kg of ['“C]BHT. Each 


value is the mean + S.D. of three rats. 


+ Differences between control and PB-treated animals were compared by Student’s r-test, P < 0.01. 
+ Total radioactivity was measured by adding the homogenate to the scintillator. 
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of the activated material(s) is to be investigated in future 
work. 

Though BHT has various biological effects [1-4, 12-15], 
the biological significance of the observed interaction of 
activated material(s) with RNA and DNA in vivo is 
unclear. It has been reported that the carcinogenicity of 
several chemicals was inhibited by dietary BHT [16, 17]. 
The underlying mechanism appears to be an alteration of 
the microsomal enzyme system that metabolizes the car- 
cinogen, leading to a decrease in binding of the carcinogen 
or its metabolites to DNA [18, 19]. However, it has been 
reported that chemical carcinogenesis can also be inhibited 
by competition ef other chemicals for active binding sites 
in cellular macromolecules [20,21]. Therefore, it may be 
presumed that the activated BHT metabolite(s) competes 
with the binding of a carcinogen or its metabolites to nucleic 
acid, and that this competition is responsible for part of 
the inhibitory effect on tumor formation by certain 
carcinogens. 

In summary, the binding of radioactive material(s) to 
DNA, RNA and protein in rat liver after the oral admin- 
istration of ['*C]BHT was investigated. The total radio- 
activity in the protein fraction reached a maximum in 6 hr 
and decreased gradually, but that in the nucleic acid fraction 
increased with time and the level of radioactivity remained 
constant for 1 week. The specific radioactivity in RNA 
increased remarkably with time, and this radioactivity was 
about eighteen or thirty-five times that in DNA or protein 
after 1 week. Furthermore, the pretreatment of animals 
with phenobarbital increased the specific radioactivities in 
RNA (170 per cent), DNA (153 per cent) and protein (154 
per cent). 
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Anthramycin, tomaymycin, sibiromycin and the neothramycins A and B are potent antitumor 
agents produced by various actinomycetes (1). These drugs have been shown to form covalent 
adducts with DNA (2-5) resulting in inhibition of nucleic acid synthesis (6,7), and, at 
least in the case of anthramycin, induction of unscheduled DNA synthesis (8), recombina- 
tional events in yeast (9) and sister chromatid exchange in skin fibroblasts (10). Since 
the reactions of these compounds with DNA appear to be unique (1,11,12) and lead to un- 


usual biological effects relative to other DNA reactive drugs, such as lack of bone marrow 


depression (13) and very high potency (1), we have attempted to determine the precise 


mechanism for interaction of these drugs with DNA. We have recently published a proposed 

structure for the anthramycin-DNA adduct (14) and this communication extends this proposal 

to accommodate all other known members of this group of antitumor compounds. This proposal 

is based upon a comparison of the effects of binding of these drugs on the structure of 

DNA and on structure-activity relationships of derivatives of the neothramycins A and B (5). 
Examination of the structures of the pyrrolo(1,4)benzodiazepine antibiotics (Fig. 1) 

reveals that each of the antibiotics has certain structural features. In addition to the 

pyrrolo(1,4)benzodiazepine nucleus, all possess a 10,1l-carbinolamine or, in the case of 

the neothramycins, a 10,1l-enamine which is hydrated in aqueous solution to give the car- 


binolamine. This is the DNA reactive group on these antibiotics (1,2,5,12) which is 
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Fig. 1. Structures of the pyrrolo(1,4)benzodiazepine antibiotics. 
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believed to form a covalent adduct through.the 2-amino group of guanine (14), producing a 
labile covalent aminal linkage which may be stabilized by secondary hydrogen bonding inter- 
actions. The adducts are stable only as long as the helical structure of DNA is maintained, 
since treatment with acid (2,11), heat (5,15) or DNA digestion enzymes (15) leads to loss of 
the intact drug from DNA. Based upon information on the probable covalent binding sites on 
DNA and anthramycin together with the known crystal conformation of anthramycin (16), we 
have suggested that anthramycin is bound within the minor groove of DNA (see Fig. 2A), such 
that the right-handed twist of the molecule follows the minor groove (14). From this model 


certain predictions can be made, including that drug binding should not distort DNA. Using 


S; nuclease and BND-cellulose chromatography as probes for detection of distortion or local 


denaturation of DNA, we have shown that anthramycin does not distort DNA in any detectable 
manner (14). 

In order to extend these findings to the other pyrrolo(1,4)benzodiazepine antibiotic- 
DNA adducts, we have prepared Corey, Pauling and Koltun (CPK) molecular space filling models 
of the tomaymycin, sibiromycin and neothramycin A and B adducts with DNA (Fig. 2B-E): In 
each case the proposed adducts are analogous to that suggested for the anthramycin-DNA adduct 
(14), i.e. attached through C-11 of the drug to N-2 of guanine by an aminal linkage. Accord- 


ing to our models (Fig. 2A-E), each of the drugs fits snugly in the narrow groove without 


Fig. 2. CPK space filling models of the (A) anthramycin, (B) tomaymycin, (C) sibiromycin, 
(D) neothramycin A and (E) neothramycin B-DNA adducts. 
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distortion of the helix. The bulky amino sugar of sibiromycin is the only part of any of 
the antibiotics which extends outside the groove of DNA (Fig. 2C). 

To probe the drug modified-DNA for distortion, Sj nuclease digestions and benzoylated 
napthalated DEAE (BND)-cellulose chromatography were carried out as previously described 
(14). In neither case did any of the antibiotics produce distortion of DNA that could be 
detected by these methods. Typical experimental results using sibiromycin modified-DNA in 
conjunction with Sj nuclease are shown in Fig. 3. Im fact, in the case of each drug, the 
susceptibility of DNA to Sy nuclease was decreased by drug binding. However, this was not 
due to inhibition of Sj; nuclease activity towards unmodified DNA, since when untreated DNA 
was added to Sj nuclease digestions of the drug-DNA adducts, normal kinetics of nucleotide 


release was found (14). 
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Time course hydrolysis of calf thymus DNA during digestion with S; nuclease in the 

presence of increasing amounts of bound sibiromycin. Assays were carried out ex- 

actly as described by Hurley and Petrusek (14) as modified from Vogt (17). The 

anthramycin:nucleotide ratio was 0 (&), 0.015 (0), 0.031 (@), 0.058 (A), and 

heat denatured DNA (™@). Inset, dependence of the nucleotides (yg) released per 

min against sibiromycin:nucleotide ratios. 

Hydrogen bonding stabilization of each of the covalent adducts is predicted through the 
N-10 proton and the phenolic proton at C-9 of anthramycin and sibiromycin. With the excep- 
‘tion of sibiromycin the N-10 proton of each of the antibiotics should be hydrogen bonded to the 
2-keto group of thymine or cytosine in the adjacent base pair on the same strand to which 
the drug is covalently bound. The replacement of the common sp carbon atom at C-1l in 
anthramycin, tomaymycin and the neothramycins by an sp2 carbon atom in sibiromycin should 
affect the conformation of the 7-membered ring such that the N-10 proton hydrogen bonds to 
the 2-keto group in cytosine in the same base pair to which the drug is covalently bound. 
The phenolic proton at C-9 of anthramycin should be hydrogen bonded to the 2-keto group in 
cytosine in the same base pair to which the drug is covalently bound, whereas the equivalent 
proton in sibiromycin should be hydrogen bonded to the 2-keto group of thymine or cytosine 
in the adjacent base pair on the same strand to which the drug is covalently bound. In 
sibiromycin the amino sugar can further stabilize the adduct by interaction with the deoxy- 
ribose phosphate backbone of DNA. 
A much stronger case for the proposed models of these drug-DNA adducts could be made 

if subtle changes in the structures of these drugs would drastically affect binding to DNA 


in predictable ways based upon the CPK models shown in Fig. 2. The isomeric neothramycins 
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A and B and their 3-methoxy and butoxy derivatives are available and have been tested by 
Maruyama et al. (5), using fluorescence enhancement measurements, for their ability to bind 
to calf thymus DNA. Individual members of the three isomeric pairs show surprisingly dif- 
ferent DNA binding abilities such that while neothramycin A binds more strongly to DNA than 
do neothramycin B and its 3-methoxy and 3-butoxy derivatives, the 3-methoxy and 3-butoxy 
derivatives of neothramycin A do not bind to DNA. Reassuringly this is precisely what would 
be predicted from the CPK models of the neothramycin A and B adducts, since only in the case 
of neothramycin A is hydrogen bonding between the 3-hydroxy proton and 01' of the deoxyri- 
bose phosphate backbone of DNA possible. This explains the stronger binding of neothramycin 
A relative to neothramycin B and its derivatives. Furthermore, steric hindrance due to 
methvlation or butvlation of neothramycin A at position 3 preverts only these derivatives of 
this isomer of neothramycin from binding to DNA. These fluorescence measurements obtained 
independently by the Japanese group supply strong confirmatory evidence that our proposed 
structures for these drug-DNA adducts are correct. The inability of the 9-methoxy deriva- 
tives of anthramycin (18,19) and sibiromycin (20) and the ll-acetyl derivative of anthra- 
mycin (12) to bind to DNA is also predicted from the CPK models since steric hindrance 
prevents their binding to DNA. 

In summary, these results show the generality of our proposed model of the anthramycin- 
DNA adduct (14) to the other known members of this series of antitumor compounds. The fact 
that the experiments reported in this communication and the published data from other lab- 


oratories (5,12,18,19) fit precisely and without exception into our proposed model provides 








further compelling evidence that the proposed CPK models are correct. 
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The nicotinic acetylcholine (ACh) receptor is identified by its specific binding of ACh 
and obungarotoxin (1), while muscarinic ACh-receptors are identified by their specific binding 
of quinuclidinyl benzilate (QNB) (2). The ionic channel of the nicotinic receptor has sites 
which are pharmacologically distinct from the nicotinic receptor sites, since they bind specif- 
ically perhydrohistrionicotoxin (H}2-HTX) and amantadine (3,4). Although nicotinic and musca- 
rinic receptor sites differ widely in their drug specificities, electrophysiological studies 
reveal that several muscarinic antagonists interact with sites on the ionic channel of the nic- 
otinic receptor, thereby altering the time course of endplate currents in a voltage-dependent 
manner (5). In addition, phencyclidine (PCP) and phencyclidine methiodide (PCP-MeI) act as 
antagonists of muscarinic receptor sites (6) and also interact with sites on the ionic channel 
(7). The present study was initiated to probe into the extent of similarities between musca- 
rinic receptor and nicotinic ionic channel binding sites. 


Materials and Methods. Chemicals. L-Quinuclidinyl [phenyl 4(n) -5H]benzilate ({SHJQNB, 
44 Ci/mmol) was from Amersham, and the unlabeled and tritiated H]2-HTX (21 Ci/mmole) were pro- 
vided by Dr. John Daly of NIH. Adiphenine, PCP and PCP-MeI, (2S, 4S) and (2R, 4R) 2,2-diphe- 
ny1-4-(2-dimethylaminoethy1)-1,3-dioxolane methiodides, trans-2-methy1-4-(2-dimethylaminoethy1) 
-1,3-dioxolane methiodide and RS(+), R(+) and S(-) hyoscyamine were from Dr. David J. Triggle 
of the State University of New York.. Other drugs used were dibucaine-HCl (CIBA-Geigy), tetra- 
caine-HC] and procaine-HCl (Schwarz/Mann), quinacrine-HCl and amantadine-HCl (Sigma), pilo- 
carpine-HCl and scopolamine-HBr (Polysciences), tetraethylammonium bromide (Baker), lidocaine 
(Astra), piperocaine (Lilly), prilocaine and dimethisoquin (Laboratoire Roger Bellon). 





Binding assays. Membranes were prepared from the cerebral cortex of Wistar rats for 
muscarinic receptor studies and from the electric organ of Torpedo ocellata for nicotinic chan- 
nel studies and the binding measured by filtration assays as previously described (7,8). When 
measuring muscarinic binding, the protein content was 50 ug/ml, the [SH]QNB concentration 100 
pM, and the receptor concentration 20 pM. Nonspecific binding was determined by running a du- 
plicate series of incubations containing 5 uM scopolamine and was always less than 5% of the 
total binding. When measuring nicotinic ion channel binding, the microsac membrane protein was 
25-50 ug/ml and the [9H] Hy 2-HTX concentration 2 nM. Nonspecific binding was determined by in- 
cluding 5 mM amantadine-HCl in a duplicate incubation series and represented less than 4% of 
the total binding. Ion channel binding was measured in the absence and presence of 1 uM car- 
bamylcholine (carb). In both assays the buffer was 50 mM Tris-HCl, pH 7.4, the total incuba- 
tion volume 1 ml and the time of incubation 2 h. Drug concentrations that inhibit 50% of the 
binding (ICsg) were determined by including the unlabeled drugs at 5 to 8 concentrations in 
otherwise identical incubation media. The inhibition constant (Kj) was calculated according to 
the relationship, Kj = ICsg/(1+[F]/Kp), where [F] is concentration of free radiolabeled ligand, 
and Kp is its dissociation constant from the binding site. In the case of [5H]H}2-HTX, the 
ratio [F]/Kp was 0.034 and 0.012 in presence and absence of 1 uM carb, respectively. For [°H]- 
QNB binding [F]/Kp was close to 1.0. 





Results, All the 23 drugs tested inhibited competitively the specific binding of [5H] QNB 
to the muscarinic ACh-receptor sites in membranes from rat brain cortex and [3H]H]2-HTX to 
Sites on the ionic channel associated with the nicotinic ACh-receptor in membranes from Torpedo 
electroplax. This is illustrated for representative compounds in Fig. 1. Muscarinic antago- 
nists inhibited [SH]QNB binding with K; values in the range of 0.08-10 nM, while the Kj's for 
agonists (pilocarpine and methyldioxolane) were in the uM range (Table 1). The muscarinic 
drugs were much less potent in inhibiting [5H]H]2-HTX binding as evidenced by the K; values in 
the uM to mM range and the lack of any inhibition by pilocarpine or methyldioxolane even at 1m. 

All the local anesthetics tested inhibited [ 5H]QNB binding to muscarinic receptors with 
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Fig. 1. Double reciprocal plots of the specific binding of ( SH}]Hy 2-HTX to ionic channels of 
nicotinic receptors from Torpedo electroplax in absence (A) and presence of carb (B), and of 
[°H]QNB to muscarinic receptors from rat brain cortex (C). B, concentration of bound (3H]H) 2- 
HTX in pmoles/mg protein or [°H]QNB expressed as a fraction of the maximal binding of 1.34 
pmoles/mg protein; F, concentration of free radiolabeled ligand in nM. In 1A, binding was in 
presence of 30 uM tetracaine (e), 10 uM PCP ({]), 5 uM dimethisoquin (JJ) or 10 uM dibucaine 
(A) or in absence of competing drug (0). In 1B, binding was in presence of 20 uM tetracaine 
(e), 2 uM PCP ({]), 0.4 uM dimethisoquin (J) or 0.5 uM dibucaine (A) or in absence of compet- 
ing drug (0). In 1C, binding was in presence of 30 uM dibucaine (@), 2 uM dimethisoquin ([]), 
20 uM tetracaine (§§) or 1 uM quinacrine (A) or in absence of competing drug (0). 

K; values in the 2 uM to 640 uM range. Except for piperocaine and dimethisoquin, they were 
less potent in this regard than any of the classical muscarinic drugs. As for their effects on 
[-H]H,2-HTX binding, lidocaine and prilocaine did not inhibit binding at 1 mM, and procaine was 
a poor inhibitor, while dibucaine, dimethisoquin, piperocaine and tetracaine were_relatively 
strong. Whereas piperocaine and tetracaine were much more potent in inhibiting [SH] Hy 2-HTX 
binding than [5H]QNB binding, prilocaine, lidocaine and procaine had the reverse potencies. 
Among the other ionic channel drugs and toxins, H]2-HTX was the poorest inhibitor of [SH]QNB 
binding with a Kj of 1.6 mM, while quinacrine and PCP-MeI were the most potent with Kj values 
of 0.4 uM and 0.8 uM, respectively. The Kj values on [5H]H]2-HTX binding for drugs belonging 
to this group were in the 0.1-10 uM range. 

It was previously demonstrated thdt the affinity of several compounds, including pipero- 
caine (9) and H}2-HTX (10), for the ionic channel was altered by receptor activation. The af- 
finity of [°H]H,2-HTX for the ionic channel was at least doubled in presence of 1 uM carb (Table 
1), but since the concentration of [5H]H,2-HTX used (2 nM) was so low compared to its Kp value 
(~100 nM), differences in the ICsg values in the presence and absence of carb accurately re- 
flected changes in the affinity of the competing ligand independent of the change in [5H]H}2- 
HTX binding. The selectivity of certain drugs for the muscarinic vs the ionic channel sites 
depended on whether or not the ion channel affinity was measured in presence of carb. Thus, 
while in the absence of carb prilocaine and dimethisoquin inhibited [5H] QNB binding more 
strongly than [°H]H]2-HTX binding, the opposite was true for tetraethylammonium (TEA) and tet- 
racaine, and these specificities were reversed in the presence of carb. Carb lowered the Kj of 
ionic channel sites for PCP, PCP-MeI, quinacrine, adiphenine, QNB, dimethisoquin, dibucaine, 
lidocaine, prilocaine and Hj 7-HTX, raised the Kj of piperocaine, tetracaine, amantadine and TEA 
and had little effect on procaine. Carb was not the only receptor activator to affect [5H]H}?- 
HTX binding to ionic channel sites; in fact ACh (0.1 uM) and nicotine (1 uM) had the same qual- 
itative effects. 

The negative log of the Kj's for drug interactions with the two sites are compared in Fig. 
2. Scopolamine, the atropine and diphenyldioxolane enantiomers and QNB had up to 100,000-fold 
higher affinity for muscarinic ACh-receptors compared to nicotinic ion channels, while Hj2-HTX 
had at least a 10,000-fold selectivity in the opposite direction. Even when H]2-HTX and the 
muscarinic drugs were excluded from the calculations, a weak correlation was obtained in drug 
affinities for the muscarinic ACh-receptor sites and the ionic channel sites. Linear regres- 
Sion analysis gave a slope of 0.45, a Y intercept of 2.7 and a correlation coefficient of 0.48. 
The correlation was greatly improved by the inclusion of 1 uM carb when measuring affinities to 
the ionic channel sites, which brought the affinities of PCP, PCP-MeI, quinacrine, adiphenine, 
piperocaine, tetracaine, prilocaine and lidocaine closer to the line of identity between musca- 
rinic and ion channel sites. A slope of 0.81, a Y intercept of 0.99 and a correlation coeffi- 
cient of 0.75 were then obtained. These changes were due to decreased affinity of certain com- 
pounds (piperocaine and tetracaine) and increased affinity of the others. On the other hand, 
nicotinic receptor activation by carb increased the difference between muscarinic and ionic 
channel activity of dimethisoquin, dibucaine, amantadine and TEA. 


Discussion. A number of anticholinergic drugs (e.g. QNB, TEA, scopolamine, atropine, 
adiphenine), local anesthetics (e.g. procaine, tetracaine, lidocaine, dimethisoquin, pipero- 
caine, prilocaine) and chemotherapeutic drugs (e.g. amantadine, quinacrine) inhibit competi- 
tively (Fig. 1) the binding of ligands to both muscarinic ACh-receptors of rat brain and ionic 
channel sites of the nicotinic receptor of Torpedo electric organs, but with widely varying 
selectivities (Table 1, Fig. 2). Certain compounds (e.g. Hj -HTX and muscarinic drugs) have 
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Table 1. Inhibition of [SH] QNB binding to muscarinic ACh-receptor sites in rat brain and 
[5H]H}2-HTX binding to ionic channel sites of the nicotinic ACh-receptor in Torpedo electro- 
plax in the absence (control) and presence of 1 uM carb 
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°Trans-2-methy1-4- (2-dimethylaminoethy1)-1,3-dioxolane methiodide. 


very high affinity for the ionic channel and muscarinic receptor sites, respectively, but the 
majority of local anesthetics and identified channel drugs affect each site with Kj values in 
the range from 0.1 to 10 uM. Muscarinic receptor binding sites have well defined structural 
geometries, which are reflected in the stereoselective binding of the hyoscyamine enantiomers 
(8). However, these isomers bind to ionic channel sites with identical weak affinities (Table 
1). Correlations of the affinities of muscarinic receptor sites with the sites on the nonac- 
tivated (closed) ionic channels measured in vitro are weak with a correlation coefficient of 
0.48 even after excluding H)2-HTX and muscarinic drugs (Fig. 2). 

H}2-HTX stands out among the ionic channel drugs because of its relatively high affinity 
for these sites, combined with a very low affinity for the muscarinic receptor sites (Table l, 
Fig. 2). In contrast, all the muscarinic drugs tested biochemically, except for diphenyldi- 
oxolane, have low affinities for the ionic channel sites. Nonetheless, electrophysiological 
investigations reveal ionic channel effects by muscarinic antagonists (e.g. atropine and sco- 
polamine (5)) in the uM range. There are several possible explanations for these few discrep- 
ancies between biochemical and biophysical data. The effects of muscarinic drugs on the 
amplitude and time course of miniature endplate currents are voltage dependent (5), while the 
nature and extent of the membrane potential in the microsacs are unknown. It is quite possible 
that the ionic channel of the nicotinic receptor has several drug binding sites, and Hj2-HTX 
and muscarinic drugs bind to different sites with high affinities, i.e. Hj, 2-HTX does not iden- 
tify all the physiologically relevant sites of drug interaction with the ionic channel. It is 
also possible that there are tissue differences in the cholinergic receptor-channel complex 
between Torpedo electroplax and frog muscles which were used in the electrophysiological stud- 
ies. 

The kinetics of (HJ Hy 2-HTX binding to the ionic channel have led to suggestions of the 
presence of diffusional barriers restricting access of the toxin to channels in the resting 
conformation, barriers which are diminished greatly by opening of the channels by receptor 
agonists (10). With muscarinic drugs, the presence of carb either has no effect or slightly 
increases (maximum of 2-fold) their affinities for the ionic channel sites (Table 1), except 
for diphenyldioxolane where the Kj value decreases almost 5-fold. As for the ionic channel 
drugs, the presence of carb has different effects on the various drugs, decreasing the affin- 
ities of three and increasing the affinities of the majority. Nevertheless, receptor activa- 
tion by carb improves the correlation between the affinities of the drugs for ionic channel 
and muscarinic receptor sites, increasing it from 0.48 to 0.75 (Fig. 2). 
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Fig. 2. Comparison of drug affinities for the ionic channel of the nicotinic ACh-receptor and 
the muscarinic ACh-receptor. The negative logarithms of the inhibition constants (pK;) of 

[ SH]H, 9-HTX binding to the ionic channel are plotted as a function of pKj's for inhibition of 
[5H]QNB binding to the muscarinic receptor. Ionic channel affinity was measured in the absence 
(closed figures) and presence (open figures) of 1 uM carb. Drug numbers are identified in 
Table 1. The dashed line is the line of identity for the relationship pKj, muscarinic receptor 
= pKj, ionic channel. Line A describes the relationship between ionic channel affinity mea- 
sured in the absence of a receptor activator and muscarinic affinity as revealed by linear re- 
gression analysis (r = 0.48, m = 0.45). Line B describes the corresponding relationship for 
the case in which ionic channel affinity was measured in the presence of 1 uM carb (r = 0.75, 

m = 0,81).’ Arrows below four symbols indicate that their pK; values are below 3. Only the 
drugs represented by circles were included in the linear regression analyses. 


There are many similarities between the muscarinic receptors and nicotinic ionic channels, 
such as in their pharmacological specificities (Fig. 2, Table 1), in their possession of SH 
groups alkylation of which inhibits ligand binding, and in their reaction to changes in pH, 
temperature and ionic composition of the binding media (11, also unpublished). However, the 
many differences in their binding sites revealed in the present study argue against a close 
molecular relationship. 
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THE INTERNATIONAL CONGRESS ON DRUGS AND ALCOHOL 


Jerusalem, 13-18 September 1981 


Organizing Committee: Judge A. Carmi (Chairman), Prof. S. Einstein (Co-chairman), Supt. Inp. Z. Ariei, 
Lt. Col. Dr. E. Baruch, Dr. N. Ben-Yehuda, Prof. B. Berger, Dr. B. Bloch, Dr. A. Cohen, Brig. Gen. 
Dr. E. Dolev, Dr. R. Mayer, Prof. R. Mechoulam. 


Congress Format: Plenary Sessions, Workshops, Round Table Discussions, Papers (20 minutes), Mini- 
presentations (10 minutes), Planning Future Research. 


Topics: (A) The drug user: individual and systematic issues 
Genetics, biochemistry, psychopharmacology, personality. 
Special populations: children; aged; addicted; non users; former users. 
Life style adaptation: conventional—non-conventional; legal-illegal; individual—group. 
(B) Drugs, medicines and socially accepted substances 
Drugs, medications, social substances, sacramental substances. 
Structure and actual and potential effects. Substance interaction. 
Ethnopharmacology. The process of labeling and categorizing. 
(C) Chemical coping and chemical ecstasy: challenge to religion, ethics and society. 
(D) Drug use/misuse: theories, facts and unresolved issues 
(E) Drug use/misuse intervention: treatment, prevention and education 
Process, rehabilitation concepts, models, strategies. The intervention agent. Intervention 
planning techniques and goals. Policies. International, national, regional programs. Evalu- 
ating and surveying intervention. Cultural factors. Philosophical aspects. 
(F) Chemical coping: individual, social, economic and political issues 
(G) Drug use/misuse research: methodologies, models and strategies 
(H) Ideological considerations 
(I) Social pharmacology 
(J) The internal and external environment of drug use/misuse 
(K) Substance use 
Epidemiology, patterns of use, controlled use. 
(L) Leisure and chemical coping 
(M) Chemical control and human and societal functioning 
(N) Cultural aspects of chemical coping: literature, art, mass media. 


Additional propositions for Congress topics will be considered. The above list is simply a provisory one. 


Scientific secretariat: Organizing secretariat: 
P.O. Box 6451, Drugs and Alcohol Congress, 
Haifa, P.O. Box 394, 
Israel. Tel-Aviv, 
Israel. 
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Organizers: Dr. M. Walser and Dr. J. R. Williamson 


For further information please write to either of: 
Beth McNamara, Gayle Viale, 
Department of Pharmacology, Department of Biochemistry/Biophysics, 
Johns Hopkins University, University of Pennsylvania, 
School of Medicine, School of Medicine, 
Baltimore, MD 21205, U.S.A. Philadelphia, PA 19104, U.S.A. 
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COMMENTARY 


CLASSIFICATION AND QUANTITATION OF B-ADRENERGIC 
RECEPTOR SUBTYPES* 


KENNETH P. MINNEMAN* and PERRY B. MOLINOFI 


University of Colorado Health Sciences Center, Department of Pharmacology, Denver, CO 80262. 
U.S.A. 


The existence of distinct B-adrenergic receptor sub- 
types was first postulated by Lands er a/. [1, 2]. These 
investigators found that physiological responses that 
were mediated through activation of B-adrenergic 
receptors could be subdivided into two major cat- 
egories, termed B,; and £;. This classification was 
based on the rank order of potency of a series of 
drugs in eliciting biological responses. Many inves- 
tigators have subsequently obtained physiological 
evidence for the existence of B-adrenergic receptors 
with different pharmacological properties in a variety 
of tissues [3-5]. 

B,-Adrenergic receptors have approximately the 
same affinity for epinephrine and norepinephrine. 
These receptors are found mainly in heart, adipose 
tissue and brain. fo-Adrenergic receptors have a 
greater affinity for epinephrine than for norepi- 
nephrine and are found in lung and liver and in both 
smooth and skeletal muscle. However, due to prob- 
lems such as restricted access of drugs to receptors 
and selective uptake and degradation of drugs by 
tissues, it has been difficult to determine the exact 
pharmacological specificity of 8: and £2 receptors. 
A wide range of pharmacological specificities has, 
in fact, been observed for B-adrenergic receptors in 
different tissue preparations [3-7], prompting the 
suggestion that there may be a virtually limitless 
spectrum of subtypes of B-adrenergic receptors [4]. 
Variations in the observed pharmacological speci- 
ficity of a receptor in a particular organ may, how- 
ever, be due to pharmacokinetic factors other than 
differences in the receptor itself. For example, the 
apparent selectivity of certain drugs for tracheal B- 
adrenergic receptors as compared to vascular B-adre- 
nergic receptors was shown to be due to differences 
in the extra-neuronal uptake of these compounds 
[8]. In addition, the B-adrenergic receptors in a par- 
ticular organ may not all be of a single subtype [9, 10], 
and variations in the pharmacological specificity of 
different tissue preparations may be due to varying 
ratios of receptor subtypes. These considerations 
have necessitated the development of methods for 
directly quantitating B-adrenergic receptors in vitro, 
using tissue homogenates. 


B-Adrenergic receptors linked to adenylate cyclase 


In most tissues, occupation of B-adrenergic recep- 
tors by agonists leads to an increase in adenylate 
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cyclase activity. Under appropriate conditions this 
effect can often be observed following homogeniz- 
ation of the tissue. Since homogenization greatly 
reduces complications due to selective uptake and 
unequal access of drug to the receptor, several stud- 
ies have examined the pharmacological specificity of 
B-adrenergic receptors linked to adenylate cyclase 
in membranes prepared from homogenates of a var- 
iety of tissues [11-16]. The 2 selective agonists sal- 
butamol and soterenol have been shown to activate 
adenylate cyclase in membranes prepared from the 
lung but not from cardiac tissue [11] or fat cells [12]. 
The £B: selective antagonists practolol, metoprolol 
and para-oxprenolol block #-adrenergic receptor 
stimulated adenylate cyclase activity with a greater 
potency in heart [12-14] and adipose tissue [12, 13] 
than in liver [12, 13], trachea [13] or lung [12, 16]. 
These studies provide additional evidence for dif- 
ferences in the pharmacological specificity of B-adre- 
nergic receptors in different tissues. In addition, 
these studies demonstrate that both B; and B2 recep- 
tors can activate adenylate cyclase. 


Examination of B-adrenergic receptors by monitoring 
radioligand binding 


It is now possible to measure B-adrenergic recep- 
tors by directly monitoring the specific binding of 
radiolabeled high affinity antagonists to tissue frag- 
ments [17-20]. The two most widely used ligands are 


[‘H]dihydroalprenolol (DHA; Ko~1nM) and 
['I}iodohydroxybenzylpindolol (IHYP; Kp~ 
50 pM). The binding of these compounds to mem- 
brane fractions from a wide range of tissues has been 
shown to satisfy the criteria expected for binding to 
B-adrenergic receptors. Binding is saturable, reversi- 
ble and stereospecific, and displays the pharmaco- 
logical specificity expected of binding to B-adrenergic 
receptors [17-21]. 

Experiments employing radioligands have a num- 
ber of advantages over studies carried out in situ 
with perfused organs. The assays are done in tissue 
homogenates so that problems of access of drugs to 
their binding sites are minimized. Since the event 
being examined is the initial interaction of the ligand 
with the receptor, effects of the drug distal to the 
receptor (such as effects on the catalytic moiety of 
adenylate cyclase or on cyclic AMP-dependent pro- 
tein kinase) are eliminated. In addition, compen- 
satory effects mediated through other receptors or 
cellular processes do not occur. Since the reaction 
being monitored is a simple bimolecular interaction, 
it can be expected to display certain quantitative 
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characteristics (rates of association and dissociation, 
equilibrium affinity constants) which can be experi- 
mentally determined. Furthermore, quantitative 
comparisons of the affinities of various drugs for 
receptors in different tissues is relatively straight- 
forward in studies carried out with in vitro binding 
assays. Finally, the simplicity and technical ease with 
which experiments are performed can result in 
accurate data which is highly reproducible between 
experiments. Thus, radioligand binding assays can 
be very useful in determining the classification of 
receptor subtypes. On the other hand, it is important 
to recognize that most organs contain a variety of 
cell types. For example, the mammalian brain con- 
tains glial cells and blood vessels as well as a variety 
of types of neurons. It is likely that B-adrenergic 
receptors are associated with each of these cell types. 
It is also possible that some tissues contain both 
Bi- and B2-adrenergic receptors and that both recep- 
tor subtypes can mediate the same physiological 
response [9, 10]. 


Use of radioligands to study receptor subtypes 

Results obtained with binding assays have gen- 
erally supported results obtained with perfused 
organs or studies of adenylate cyclase activity. Thus, 
the pharmacological specificity of tissues such as fat 
cells, heart and cerebral cortex appears to parallel 
that of Bi-adrenergic receptors, while lung, liver and 
cerebellum appear to contain a preponderance of 
Bo-adrenergic receptors. 

Several groups of investigators have attempted to 
use receptor binding assays to classify B-adrenergic 
receptor subtypes [22-34]. All of the methods so far 
in use involve the same fundamental technique; that 
is, an examination of the characteristics of displace- 
ment of a radioligand by a drug which shows in vitro 
selectivity for B: or #2 receptors. Although this 
approach can be very useful, there are several basic 
conditions which must be satisfied and several con- 
ceptual and methodological pitfalls which must be 
avoided if one is to develop an accurate method for 
quantitating B-adrenergic receptor subtypes. The 
major goai of this commentary is to define the 
assumptions that must be verified to validate the use 
of radioligand binding techniques to study receptor 
subtypes. The discussion will be oriented to a con- 
sideration of B-adrenergic receptor subtypes, but the 
principles may be directly applicable to consideration 
of subtypes of other neurotransmitter receptors. 


Criteria for classification of B-adrenergic receptor 
subtypes 

The fundamental criterion that must be fulfilled 
in the delineation of receptor subtypes is that the 
properties of the receptor must be conserved. This 
means that the pharmacological specificity of a par- 
ticular receptor subtype must be identical in every 
tissue that is examined. For example, the properties 
of a B: receptor in the heart must be the same as the 
properties of a B; receptor in the brain, in adipose 
tissue, Or even in a tissue that contains a prepon- 
derance of f2-adrenergic receptors, such as the lung 
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or cerebellum. If the pharmacological properties of 
a particular receptor subtype were to depend on the 
tissue in which the receptor is found, then clearly 
receptors should not be classified by examining their 
pharmacological properties. Fortunately, the ready 
availability of a variety of drugs makes it possible 
to rigorously define the pharmacological properties 
of particular B-adrenergic receptor subtypes. 

When radioligand binding assays are used to dis- 
tinguish 6: and B2 receptors, the inhibition of radi- 
oligand binding by drugs showing selectivity for 
Bi- and B2-adrenergic receptors is measured. These 
data are then analyzed either directly [27] or after 
transformation to a modified Scatchard or Hofstee 
plot [23-26, 29-34], either graphically [23-26] or by 
computer [27, 29-34]. The analysis provides evi- 
dence as to the presence of one or more than one 
type of receptor in the preparation. If there are two 
apparent receptor subtypes, the relative proportion 
and affinity of each site for each drug can be 
calculated. 

Several basic requirements must be met in the use 
of radioligand binding assays to study receptors. 
First, the interactions of the drugs with the receptor 
must be reversible and competitive. Second, the 
percentage of radioligand bound must be small so 
that the gradual displacement of the radioligand from 
its binding site does not change the concentration 
of free radioligand. If these requirements are met, 
then the actual equilibrium dissociation constant 
(Kp) of the displacing drug can be calculated by 
correcting for the concentration of radioligand by 
the method of Cheng and Prusoff [35]. This equation 
has been shown to be experimentally valid for the 
inhibition by various drugs of IH YP binding to mem- 
branes prepared from rat lung.* In this tissue it has 
been shown that the apparent Kp value of a drug 
for displacing IHYP binding, as calculated by the 
method of Cheng and Prusoff [35], is indeed inde- 
pendent of the concentration of the radioligand. * 

There are several basic assumptions involved in 
the use of ligand binding assays to study B-adrenergic 
receptor subtypes. The fundamental assumptions in 
all of the published techniques are identical and are 
listed in Table 1. First and foremost is the assumption 
that there are only two subtypes of the receptor. 
Given the intrinsic limitation of the quality of data 
that can be obtained, none of the techniques for data 
analysis can distinguish between more than two or 
three classes of sites. Evidence relating to this 
assumption is discussed below. The second assump- 
tion is that the interactions of drugs (both agonists 
and antagonists) with each receptor subtype must 


Table 1. Fundamental assumptions underlying available 
methods for measuring B-adrenergic receptor subtypes with 
radioligand binding assays 





(1) There are only two B-adrenergic receptor subtypes 
in the tissues being examined. 

(2) The interaction of agonists and antagonists with each 
receptor subtype follows simple Michaelis-Menten 
kinetics with Hill coefficients of 1.0. 

(3) The radioligand has the same affinity for both recep- 
tor subtypes. 
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follow simple Michaelis—Menten kinetics and display 
no evidence of positive or negative cooperativity. 
Available techniques do not distinguish complex 
negatively cooperative behavior from multiple 
receptor sites. The final assumption is that the 
radioligand has the same affinity for both receptor 
subtypes. This assumption can be easily examined 
by performing a Scatchard analysis of saturation 
isotherms of the radioligand binding. If the Scat- 
chard analysis is linear and the apparent Kp value 
does not differ significantly between tissues with 
different populations of receptor, then it is reason- 
able to assume that the radioligand has a similar 
affinity for each of the receptor subtypes. 


Effects of GTP on agonist interactions with B-adre- 
nergic receptors 

The interactions of a large number of antagonists 
with B-adrenergic receptors in a variety of tissues 
follow simple Michaelis-Menten kinetics resulting 
in Hill coefficients of 1.0 and linear Hofstee plots 
[17-19]. These results are obtained with non-selec- 
tive antagonists, including propranolol, alprenolol, 
sotalol and iodohydroxybenzylpindolol. The Hill 
coefficient of [*H]dihydroalprenolol binding has 
been reported to be less than | even in apparently 
homogenous tissues such as frog erythrocytes [20]. 
This finding complicates interpretation of data 
obtained when [*H]dihydroalprenolol is used to 
quantitate B-adrenergic receptor subtypes. 

The interactions of B-adrenergic receptors with 
agonists are apparently more complex than are 
interactions with antagonists. In some tissues, agon- 
ists display shallow-displacement curves consistent 
with apparent negative cooperativity (Hill coeffi- 
cients of 0.6 to 0.8) [32, 36, 37]. This agonist-specific 
apparent negative cooperativity disappears in the 
presence of GTP. Inclusion of GTP in the binding 
assay also leads to a 4- to 10-fold reduction in the 
apparent affinities of agonists. It is important to note 
that Hill coefficients of less than 1.0 are seen in the 
absence of GTP with both selective and non-selective 
agonists. This apparent negative cooperativity is not 
related to and should not be confused with the 
coexistence of Bi and B2 receptors in some tissues. 
Thus, in the presence of GTP, the interactions of 
non-selective agonists with the B-adrenergic receptor 
appear to follow Michaelis—Menten kinetics and Hill 
coefficients of 1.0 are routinely observed. Tissue 
preparations used for radioligand binding are usually 
washed extensively to remove endogenous hormone. 
Since this washing procedure also removes most of 
the endogenous GTP [32, 36, 37] it is imperative that 
GTP be included in binding assays when selective 
agonists are used to distinguish the receptor sub- 
types. Since GTP affects both B: and B: receptors 
[32], failure to include GTP [23-27] leads to apparent 
high and low affinity forms of both receptor subtypes 
for agonists. Thus, tissues which contain only B:- or 
only f2-adrenergic receptors will erroneously be 
thought to contain two subtypes of receptor. Data 
obtained with tissues which contain both Bi- and 
Po-adrenergic receptors will be essentially uninter- 
pretable since two high affinity forms and two low 
affinity forms will be present. For example, in the 
study by Hancock ef al. [27], GTP was not added 
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to the binding assays when selective agonists were 
used to try to determine the number and properties 
of receptor subtypes. These investigators, therefore, 
reported the existence of both high and low affinity 
sites for both selective and non-selective agonists 
[27]. The authors concluded that the rat heart con- 
tains only B, receptors. However, when experiments 
are carried out with antagonists or with agonists in 
the presence of GTP [29], both B, and B, receptors 
are clearly seen to be present in rat heart. 


Methods of data analysis 


To quantitate the relative proportions of the two 
receptor subtypes and the affinity of each drug for 
each receptor, a graphic or mathematical analysis of 
the data is required. Three different methods of data 
analysis are currently in use. Rugg er al. [24] have 
transformed their data into a modified Scatchard 
(Hofstee) plot and analyzed it graphically. Minne- 
man et al. [29] have also transformed their data into 
a modified Scatchard (Hofstee) plot and have sub- 
jected it to a computer-aided iterative analysis to 
calculate the proportions of the two receptor sub- 
types. Hancock ef al. [27] analyzed their data directly 
without transformation using a non-linear least 
squares computerized curve fitting technique. All of 
these methods have advantages and disadvantages 
which will be discussed in turn. 

The direct graphic analysis of non-linear modified 
Scatchard (Hofstee) plots used by Rugg et al. [24] 
is attractive in its simplicity. If drugs were available 
which were entirely selective for 8; or B2 receptors, 
this method would yield accurate results. However, 
the most selective drugs currently available have only 
a 20- to 100-fold selectivity. The errors implicit in 
direct graphic analysis are clearly seen in Fig. 1. This 
figure shows theoretical data for a drug with a 50- 
fold selectivity for the two sites. In calculating the 
data for Fig. 1, the proportion of the two receptor 


Bmax 
High Low 
Affinity Affinity 
Actual 20 80 
Observed 29 7) 
Error *45% -11% 


B (% Inhibition) 


Fig. 1. Computer assisted analysis of Hofstee plots. The 
data points are those obtained if there are two classes of 
binding sites with affinities for the competing drug which 
differ by 50-fold. The ratio of low to high affinity sites is 
4: 1 (80:20 per cent). The solid lines represent the lines 
regressed through the points corresponding to the high and 
low affinity sites. The dashed lines show the results obtained 
with a computer assisted analysis. 
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subtypes was arbitrarily set at 20 per cent high affinity 
sites and 80 per cent low affinity sites. The solid lines 
represent the best fit lines as calculated by Rugg er 
al. [24], while the dotted lines correspond to the 
corrected lines for each of the two components. 
Direct graphic estimation resulted in a 45 per cent 
overestimate of the number of high affinity sites and 
an 11 -per cent underestimate of the number of low 
affinity sites. Since these errors are in opposite 
directions, the error in the ratio of the concentration 
of high affinity sites to low affinity sites is even 
greater. While the correct ratio is 1 : 4, direct graphic 
analysis resu!ted in a ratio of | : 2.4. It is important 
to emphasize that the data in Fig. 1 assumed that 
the ratio-of the affinities of the competing drug for 
the two subtypes was 50-fold. Substantially greater 
errors would result from the use of drugs which show 
selectivity ratios of only 20- to 30-fold. 

A similar modified Scatchard (Hofstee) analysis 
was developed by Minneman ef al. [29]. These 
authors subjected the transformed data to a com- 
puterized iterative analysis to correct each compo- 
nent for the contribution of the other component. 
This method results in an accurate analysis of the- 
oretical data (Fig. 1; [29]) regardless of the degree 
of selectivity of the competing ligand. The major 
advantage of this method is that it combines the 
intuitive’ simplicity of the Hofstee plot (where the 
characteristics of the two components can be easily 
visualized as the asymptotes of the biphasic curve) 
with a mathematically accurate analysis. This 
method, however, does have technical limitations 


related to the quality of the experimental data. The 
major limitation is that the method relies heavily on 
data obtained at low concentrations of ligand where 
only a small amount (less than 20 per cent) of the 
binding of the radioligand is inhibited. Small errors 
in the amount bound are propagated to both the x- 


and y-coordinates. This method also uses an 
unweighted least squares linear regression analysis 
which assumes that the magnitude of the error is the 
same for allwf the data points. Since the magnitude 
of the error actually increases with increasing con- 
centrations of competing ligand, the data analysis 
would be improved by inclusion of a weighting term 
to account for the decreased accuracy when a large 
percentage of the binding of the radioligand is 
inhibited. It is clear, however, that the ability to 
resolve a relatively small high-affinity component is 
heavily dependent on the quality of the exnerimental 
data. Regardless of the method of analysis used one 
must obtain accurate data, particularly at low con- 
centrations of competing drug, in order to obtain an 
accurate estimate of a small high-affinity component. 
The practical solution is to maximize the quality of 
the experimental data by performing multiple rep- 
licates in a single experiment and by pooling the data 
from multiple experiments. 

Hancock et al. |27| have analyzed displacement 
curves directly, using a computer aided non-linear 
least squares curve-fitting technique. Since this 
method uses untransformed data, errors in the per 
cent inhibition of binding are not expressed on the 
abscissa (which in this case is drug concentration). 
This curve-fitting technique, therefore, results in 
increased accuracy as compared to the iterative 
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graphic analysis described by Minneman et al. [29]. 
A further advantage of this approach is that the 
deviation of the observed data from the predicted 
values is weighted according to the reciprocal of the 
predicted variance. However, the method of Han- 
cock et al. [27] also has certain disadvantages. In this 
type of analysis, the results of the ‘black box’ com- 
puter analysis must be taken at face value and cannot 
be intuitively verified. Furthermore, as noted pre- 
viously, the binding of [*H]dihydrealprenolol shows 
apparent negative cooperativity in frog erythocytes 
[20]. This complicates the use of dihydroalprenolol 
since the Kp value of both subtypes of receptor for 
the radioligand must be known before calculations 
can be carried out. In the presence of a Hill coef- 
ficient of less than 1.0, apparent rather than true Kp 
values are determined. 


Drugs showing selectivity for Bi or B2 receptors in in 
vitro binding assays 

A number of drugs have been reported to have 
different affinities for B: and B2 receptors in radi- 
oligand binding assays (Table 2). Some of these 
drugs are more potent at Bi receptors (: selective) 
and some are more potent at 2 receptors (2 selec- 
tive). Due to clinical considerations, most of these 
drugs fall into one of two groups. A large number 
of B: selective antagonists have been developed for 
use in the treatment of angina. Similarly, there are 
a large nuimber of 2 selective agonists which, are 
potentially useful in the treatment of bronchial 
asthma. The observed specificity of these drugs as 
defined by their ability to inhibit radioligand binding 
(Table 2) agrees well with their observed specificity 
in vivo. In other words, drugs that are B: selective 
in binding assavs are cardioselective in vivo and 
drugs that are £2 selective in binding assays are 
bronchial-selective in vivo. However, none of the 
drugs currently available are absolutely selective and 
most of them have only a 20 to 50 fold difference 
in affinity for B; and B2 receptors. 

A number of other drugs, such as salbutamol and 
soterenol, which have been shown to be selective in 
physiological studies are not selective in binding 
assays [16]. These drugs are agonists at 62 receptors 
but antagonists at 8; receptors, and they have similar 
affinities for both receptors in radioligand binding 
assays [16]. Since binding assays do not usually dis- 
tinguish between agonist and antagonist activities, 
these agents show selectivity in eliciting a physio- 
logical response or in activating adenylate cyclase 
but show no selectivity in binding assays. Other 
drugs, including several congeners of methoxamine 


Table 2. Drugs with different affinities for B; and B, recep- 
tors in radioligand binding assays 





B, Selective agonist 
Norepinephrine 


B, Selective agonists 
Zinterol (MJ1999) 
Salmefamol 
OPC 2009 (erythroprocaterol) 


B» Selective antagonist 
IPS 339 


B, Selective antagonists 
Practolol 
Atenolol 
Metoprolol 
Para-oxprenolol 
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(butoxamine and H35/25) which have been shown 
to possess in vivo selectivity for B2 receptors [38], 
appear to have identical affinities for 6; and £2 
receptors in radioligand binding assays [30]. The 
reason for this discrepancy is not clear; however, it 
is possible that the in vivo selectivity of these drugs 
is due to factors other than their affinities for the 
receptor. 


Coexistence of Bi: and B2 receptors in a single tissue 


Carlsson et al. [9, 10] first suggested that 6: and 
B2 receptors could coexist in a single organ. The 
evidence now available from radioligand binding 
studies strongly supports this concept [23-27, 29-34]. 
In a variety of tissues, the inhibition of radioligand 
binding by non-selective drugs which have the same 
affinity for B: and B2 receptors follows simple mass- 
action principles [24, 29]. However, in these same 
tissues, inhibition of radioligand binding by B; and 
B2 selective drugs is more complex. In rat heart, 
lung, spleen, cerebral cortex, cerebellum, caudate, 
hippocampus and diencephalon, rabbit lung, and 
right atria from cat and guinea pig heart, the inhi- 
bition of specific IHYP and/or DHA binding by B: 
or B2 selective drugs results in biphasic Hofstee plots 
indicative of two binding sites with different affinities 
for the selective drug [23-26, 29, 30, 39]. These 
results suggest that both receptor subtypes exist in 
each tissue. The relative proportions of the two 
receptor subtypes range from 85 per cent B: (rat 
heart) to 98 per cent B2 (cerebellum from mature 
rats). 

Biphasic Hofstee plots could reflect negative coop- 
erativity rather than the existence of two distinct 
receptor subtypes. However, several lines of evi- 
dence suggest that this is not the case. In the first 
place, only drugs known to have different affinities 
for Bi and B2 receptors show curvilinear Hofstee 
plots [29, 30]. Other drugs which have similar affin- 
ities for the two receptors show linear Hofstee plots, 
indicating the absence of cooperative behavior. Fur- 
thermore, all drugs which had been shown to be 
selective, as assessed by inhibition of ligand binding 
to membranes enriched with respect to B; (rat heart) 
or #2 (rat lung) receptors, showed this behavior 
[29, 39]. Third, in tissues containing only one recep- 
tor subtype the interaction of selective and non- 
selective drugs followed simple Michaelis-Menten 
kinetics with Hill coefficients of 1.0 [30]. Other data 
also suggest that the biphasic Hofstee plots observed 
with selective drugs are due to the presence of two 
distinct types of receptor. The relative proportion 
of the two receptor subtypes, as reflected in the 
apparent curvature of the Hofstee plots, varied 
markedly during development [34], and the density 
of B: receptors was affected by various pharmaco- 
logical manipulations. These manipulations had no 
effect on the density of 62 receptors [33]. These 
observations provide further evidence for the co- 
existence of two independent types of B-adrenergic 
receptors in the same organ. There are no data 
presently available which directly address the ques- 
tion of whether the two subtypes of B-adrenergic 
receptor can coexist in a single cell, or whether the 
coexistence of these receptors within an organ is due 
simply to the heterogeneity of cell types within that 
organ. 
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Evidence for the existence of only two B-adrenergic 
receptor subtypes in mammalian tissues 

It is impossible to prove that there are only two 
B-adrenergic receptor subtypes in a given tissue. 
However, the available evidence strongly supports 
this conclusion. It is important to note that the 
properties of each receptor subtype are highly con- 
served in all mammalian tissues which have been 
examined. Thus, a B; receptor in one tissue has the 
same pharmacological specificity as does a B; recep- 
tor in every other tissue [29]. Furthermore, the rela- 
tive proportions of the two receptor subtypes in a 
single tissue remain constant regardless of whether 
a Bi or B2 selective agonist or antagonist is used for 
the determination [29]. The results are thus internally 
consistent. The existence of a variable amount of a 
third subtype would be expected to yield discrep- 
ancies in terms of Kp values or in terms of the 
calculated proportion of each subtype. However, it 
would be difficult to identify a third subtype of B- 
adrenergic receptor if its properties were very similar 
to those of Bi- or B2-adrenergic receptors. 


Tissues containing only one receptor subtype 

The strongest evidence that there are only two 
subtypes of B-adrenergic receptor comes from stud- 
ies of tissues containing only one receptor subtype 
[30]. In these tissues, the inhibition of specific IHYP 
binding by 6: and f: selective drugs results in linear 
Hofstee plots, indicating that there is only a single 
class of binding sites [30]. In the left ventricle of cat 
and guinea pig hearts, there appears to be a homo- 
geneous population of £: receptors, while rat liver 
and cat soleus muscle contain homogeneous popu- 
lations of £2 receptors [30]. In these tissues it is 
possible to demonstrate directly that the interaction 
of each drug (including the selective drugs) with the 
receptor follows simple Michaelis-Menten kinetics, 
yielding linear Hofstee plots and Hill coefficients of 
1.0. In addition, one can show that the affinities of 
each drug for each receptor in tissues that contain 
only one receptor subtype agree well with the affin- 
ities calculated from the computer-aided analyses of 
biphasic Hofstee plots [30]. This evidence strongly 
suggests that there are only two B-adrenergic recep- 
tor subtypes in mammalian tissues. 


B-Adrenergic receptors in non-mammalian tissues 
As discussed above, there is good evidence that 
only two subtypes of B-adrenergic receptors exist in 
mammalian tissues. However, in at least some non- 
mammalian tissues the kinetic properties and phar- 
macological specificity of B-adrenergic receptors are 
distinct from those of mammalian Bi- or B2-adre- 
nergic receptors. The B-adrenergic receptor of the 
turkey erythrocyte has been compared to mammal- 
ian Bi and #2 receptors [28, 40]. Although turkey 
erythrocytes contain an apparently homogeneous 
population of B-adrenergic receptors, these recep- 
tors have major kinetic and pharmacological differ- 
ences that clearly distinguish them from mammalian 
B, or B, receptors [40]. In addition, characteristics 
of the B-adrenergic receptors in frog erythrocytes 
[21] and hearts [27] are very different from those we 
have observed for mammalian £, or 6, receptors 
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able 3. Criteria for a valid in vitro assay for B-adrenergic receptor subtypes 





(1) The radioligand must bind to both receptor subtypes with the same affinity. Scatchard analysis of saturation 
isotherms must be linear, and similar Kp values should be observed in tissues containing either mostly B, 


or mostly B, receptors 


(2) The binding of nonselective drugs (both agonists and antagonists) should follow simple Michaelis-Menten 
kinetics, and calculated Kp values should be similar in tissues containing either mostly 8; or mostly B> 


receptors. 


(3) Selective drugs should be shown to have different affinities for inhibiting radioligand binding in tissues 
contaihing either mostly £1 or mostly B2 receptors. It is desirable to use both agonists and antagonists as 


well as both £) selective and 2 selective drugs. 


(4) In tissues containing both receptor subtypes, all of the selective drugs should show biphasic Hofstee plots 
for the inhibition of radioligand binding, while none of the nonselective drugs should show this behavior. 


(5) Using appropriate methods for dissection of the two component Hofstee plots: 


(a) The affinity of each selective drug should be the same for a particular receptor in each tissue examined. 
(b) The relative proportion of Bi to B2 receptors should be independent of the particular selective drug 


used. 


(6) Tissues containing apparently pure populations of each receptor subtype should be sought. In these tissues, 
all drugs (both selective and nonselective) should show linear Hofstee plots for the inhibition of radioligand 


binding. 


(7) The affinity of each of the selective drugs for the receptor in tissues containing only one receptor subtype 
should be the same as in tissues containing both receptor subtypes. 





{30]. Therefore, extrapolation of studies on B-adre- 
nergic receptors in non-mammalian tissues to those 
in mammals should be approached with caution. 


Summary 

There is now convincing evidence that many mam- 
malian organs contain both Bi- and B2-adrenergic 
receptors and that the relative proportion of the two 
subtypes varies widely in different species and 
organs. The coexistence of Bi- and fB2-adrenergic 
receptors may explain many of the differences in 
relative drug potencies that have been described in 
studies with intact organs. Several methods have 
been developed recently which permit a quantitative 
determination of the density and properties of B:- 
and #2-adrenergic receptors in tissues which contain 
both receptor subtypes. The results obtained suggest 
that there are only two subtypes of B-adrenergic 
receptors in mammalian organs [30]. The two sub- 
types develop independently in regions of the rat 
brain [34], and the relative distribution varies widely 
in different organs [29]. Furthermore, the relative 
densities of $i- and #2-adrenergic receptors are 
independently affected by various pharmacological 
manipulations [33]. 

The existence of independently regulated B-adre 
nergic receptor subtypes makes it imperative to 
assess separately the effect of a given physiological 
or pharmacological manipulation on the receptor 
subtypes present in a tissue. The methods which are 
now available to study B-adrenergic receptor sub- 
types each have strengths and weaknesses and must 
be used with caution (see Table 3). In any case, it 
is likely that application of methods similar to those 
now available to study Bi- and B-adrenergic recep- 
tors will be useful in quantitative studies of subtypes 
of other neurotransmitter and hormone receptors. 
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Abstract—The interrelationships between primary amines and their in vivo N-oxidized metabolites are 
unclear. We have therefore synthesized '“C-N-hydroxychlorphentermine and '*C-nitrochlorphentermine 
and examined their metabolism and excretion in the rat. '“C-N-hydroxychlorphentermine was excreted 
slowly in the urine (66 per cent of dose in 6 days) with a further 8 per cent in the faeces (3 per cent) 
and as '*CO> (5 per cent), and the only urinary metabolites were the unchanged hydroxylamine and 
its glucuronic acid conjugate. '“C-Nitrochlorphentermine was eliminated more rapidly (92 per cent of 
dose in 4 days), with 41 per cent in the urine, | per cent in the faeces and 50 per cent as “CO>. The 
only. urinary metabolites were the reduction product N-hydroxychlorphentermine and its glucuronide 
but the large amount of '*CO> found indicated that side chain oxidation was a major metabolic route. 
The results are discussed with reference to the possible reversibility of N-oxidation in vivo and putative 


mechanisms for the oxidation of the side chain. 


A number of the metabolic transformations under- 
gone by foreign compounds in vivo are potentially 
reversible reactions. Among Phase I reactions, the 
oxidation of propan-2-ol to acetone is reversible [1], 
while the body possesses a range of hydrolytic 
enzymes able to cleave conjugates of several types, 
including sulphates, glucuronides and N-acetyl con- 
jugates. The array of metabolites of some com- 
pounds found in the tissues and body fluids will thus 
reflect the balance of forward and reverse reactions 
where these latter can occur. 

In recent years, there has been much interest in 
the oxidative metabolism of nitrogen centres in for- 
eign compounds. The interrelationships of such N- 
oxidized metabolites can be difficult to define, since 
these reactions are frequently reversible. Fuller er al. 
[2] have shown that N-hydroxy-4-chloroampheta- 
mine is extensively reduced to 4-chloroamphetamine 
in the rat, and Cho ef al. [3] similarly report the 
reduction of both N-hydroxy-amphetamine and 
-phentermine in the rat to the respective parent 
amines. More recently, Sum and Cho [4] have char- 
acterized a microsomal reductase from rat liver which 
reduces N-hydroxyphentermine to phentermine. 
Beckett and Bélanger [5] have proposed a complex 
scheme for the metabolism of phentermine in rabbit 
liver which involves both the oxidation of the nitro- 
gen atom and subsequent reduction of the products. 

The N-oxidation of a primary amine may give rise 
variously to nitro and nitroso compounds, hydroxyl- 





* Abstracts of preliminary reports of some of these data 
appear in Proc. Eur. Soc. Toxic. 18, 241 (1976) and 
Biochem. Soc. Trans. 5, 1006 (1977). 


amines, nitrones and nitroxides, but the extent to 
which these possible products are interconvertible 
in vivo has not been studied. This paper presents 
results of an investigation of the possible intercon- 
version in vivo of two of the N-oxidized metabolites 
of chlorphentermine, namely N-hydroxychlorphen- 
termine and its nitro analogue, nitrochlorphenter- 
mine [1-(4’-chlorophenyl!)-2-methyl-2-nitropro- 
pane], in the rat. These studies were performed using 
C-labelled material in order to examine the total 
fate of the compounds, and the rat was chosen since 
it does not appear to metabolize chlorphentermine 
by N-oxidation [6] and thus any reduction which 
might occur would not be obscured by subsequent 
N-oxidation. 


MATERIALS AND METHODS 


Compounds. Chlorphentermine hydrochloride, 
mp 225°, was a gift from H. Lundbeck & Co., 


Copenhagen, Denmark. '“C-Chlorphentermine 
hydrochloride, labelled in the a-methyl groups and 
of specific activity 0.07 wCi/mg, mp 225°, was the gift 
of Warner—Lambert Research Institute, Morris 
Plains, NJ, U.S.A., research affiliate of Warner— 
Chilcott Laboratories. N-hydroxychlorphentermine 
hydrochloride, mp 145°, and 1-(4’-chlorophenyl)-2- 
methyl-2-nitropropane (nitrochlorphentermine), an 
oil, were samples synthesized previously in this lab- 
oratory [6]. Purified beef liver B-glucuronidase 
(Ketodase) was purchased from General Diagnos- 
tics, Eastleigh, Hants., U.K. 
1-(4'-Chlorophenyl)-2,2-di|'"C|-methyl-2-nitro- 
ethane ('*C-nitrochlorphentermine). '*C-Chlorphen- 
termine hydrochloride (1 g; 70 wCi) was dissolved 
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in water (10 ml), adjusted to pH 14 with 10 M NaOH 
and the solution extracted with ether (3 x 5 ml). 
After drying over anhyd. Na,SO,, the ether was 
evaporated and the “C-chlorphentermine base so 
obtained dissolved in acetone (40 ml) and water 
(10 ml). MgSO, (1.4 g) was added with stirring, and 
KMnO, (8.6g) added in portions over | hr. The 
mixture was left at 40-S0° with stirring for 16 hr, 
after which it was filtered and the excess KMnQ, 
destroyed by the careful addition of 100 vol. H,QO . 
After a second filtration, the acetone was removed 
on the rotary evaporator and the solution extracted 
with chloroform (80 ml). The chloroform was washed 
with | M HCI (2 x 50 ml), dried over anhyd. Na,SO, 
and removed on the rotary evaporator, leaving '*C- 
nitrochlorphentermine as a pale green oil, which 
crystallized at 4°. The yield was 655 mg (68 per cent), 
and specific activity 0.072 wCi/mg. Radio t.l.c. 
showed the compound to be at least 96 per cent 
pure. The chemical identity of the product was con- 
firmed by comparison of its g.l.c., t.l.c. and g.c.- 
m.s. properties with those of an authentic sample. 

1-(4'-Chlorophenyl)-2,2-di{'*C|\methyl-2-hydroxy- 
aminoethane ('*C-N-hydroxychlorphentermine). *C- 
Nitrochlorphentermine (300mg; synthesized as 
above) was dissolved in tetrahydrofuran (10 ml) and 
added dropwise over 30 min to aluminium amalgam 
(prepared from | g aluminium foil, see Caldwell et 
al. [6]) in tetrahydrofuran (25 ml), kept in an ice 
bath. After the 30 min had elapsed, the aluminium 
foil was filtered, the filtrate dried over anhyd. 
Na2SO, and the tetrahydrofuran removed by evap- 
oration. The resulting oil was treated with a solution 
of HCI gas in ether (2.5 ml), whereupon white crys- 
tals of '*C-N-hydroxychlorphentermine hydrochlor- 
ide separated, which were filtered and recrystallized 
from acetone, mp 145°. The yield was 180 mg (54 
per cent), and specific activity 0.065 wCi/mg. Radio 
t.l.c. showed the product to have a radiochemical 
purity > 98 per cent, and comparison of m.p., g.l.c., 
t.l.c. and g.c.-m.s. properties with those of an 
authentic sample provided confirmation of the chem- 
ical identity of the compound. 

Animals and drug treatment. Female Wistar albino 
rats (body weight 250-300 g) were used. 'C-Nitro- 
chlorphentermine, dissolved in 90 per cent propane- 
1,2-diol, was injected intraperitoneally (100 mg/kg; 
0.72 uwCi/kg). 'C-N-Hydroxychlorphentermine 
hydrochloride, in aqueous solution, was given by 
i.p. injection (100 mg/kg: 0.65 wCi/kg). The animals 
were housed in Metabowls (Jencons Ltd.) to permit 
the separate collection of urine, faeces and “CO, 
in the expired air. The air from the cages was drawn 
through a CaCl, drying tube and then through two 
scrubbing bottles containing ethanolamine-2-meth- 
oxyethanol (1:2, v/v). In some experiments, rats 
were bile-duct cannulated after anaesthesia with pen- 
tobarbitone (60 mg/kg i.p.), and allowed to recover 
prior to i.p. injection of 'C-nitrochlorphentermine 
(15 mg/kg). 

Radiochemical techniques. '‘C in urine, bile, 
faeces, other solutions and on thin-layer chromato- 
grams was determined by scintillation counting and 
radiochromatogram scanning (Packard Tri-Carb 
liquid scintillation spectrometer model 3385 and 
Chromatogram scanner model 7201) as described by 
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Table 1. Chromatographic properties of chlorphentermine 
and related compounds* 





Ry value in solvent 
1 9 





0.50 
0.69 
0.88 
0.77 


0.00 
0.07 
0.67 
0.70 


Chlorphentermine 
N-Hydroxychlorphentermine 
Nitrosochlorphentermine+ 
Nitrochlorphentermine 





* Thin layer chromatography was performed using Silica 
gel 60F,;; aluminium sheets, layer thickness 0.2 mm (E. 
Merck, Darmstadt, West Germany). Solvent systems were 
1: methanol-chloroform (1: 1,v/v), 2: n-hexanediethyl 
ether-dichloromethane (4 : 3: 1, v/v), run to 12-14 cm from 
the origin. All compounds were visualized as dark quench- 
ing spots under u.v. light (254nm) and N-hydroxychlor- 
phentermine gave a red colour with the tetrazolium spray 
of Caldwell et al. [6] and a black colour when piates were 
sprayed with a saturated solution of AgNO; in 0.88 SG 
ammonia. Chromatograms of urine and bile were also 
sprayed for glucuronides with naptharesorcinol [17]. 

+ Data provided by Dr. B. G. A. Lindeke, Biomedical 
Center, Uppsala, Sweden. 


Caldwell et al. [6]. Reverse isotope dilution analysis 
for chlorphentermine was performed as described 
by Caldwell et al. [6]. 

Chromatography. The chromatographic proper- 
ties of chlorphentermine and related compounds are 
shown in Table 1. Portions of urine or bile, before 
and after treatment with B-glucuronidase, sulphatase 
or acid hydrolysis as described by Caldwell et al. [6], 
containing 10*-10° d.p.m., were chromatographed 
on Silica gel 60F2ss aluminium backed sheets, layer 
thickness 0.2mm (E. Merck, Darmstadt, West 
Germany). 

Concentration of urinary metabolite for chroma- 
tography. Metabolites present in urine were concen- 
trated by the use of columns of Amberlite XAD-2 
resin as described by Caldwell et al. [6], the concen- 
trated methanol eluates being used for chroma- 
tography. 

Gas chromatography (g.l.c.). A Packard—Becker 
Model 417 gas chromatograph with flame ionization 
detection was used. The column was of glass, 1.2 m 
long X 3mm i.d. packed with 3 per cent OV-1 on 
Chromosorb G AW DMCS (80-100 mesh). The 
conditions used were injection port temperature 
200°, oven temperature 180°, detector temperature 
205°, N2 air and H:2 pressures, 30, 28 and 30 Ib/in? 
respectively, flow rate of N, 30 ml/min. The retention 
times (min) in this system were: chlorphentermine 
2.0, N-hydroxychlorphentermine trimethylsilyl ether 
8.0 and nitrochlorphentermine 4.8. 

Gas chromatography—mass spectrometry (g.c.— 
m.s.). A Varian CH5 mass spectrometer (m.s.) was 
used, coupled to a Varian Aerograph 1700 g.|.c. with 
a two-stage Biemann—Watson separator. The g.l.c. 
had a glass column, 2m long X 2mm i.d., packed 
with 1.5 per cent OV-1 on Chromosorb G AW- 
DMCS (80-100 mesh). The g.l.c. oven temperature 
was 190°, the helium flow rate 30 ml/min and the 
electron energy 70 eV, all other conditions being as 
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described by Caldwell et al. [7]. In this system, the 
retention times (min) were: chlorphentermine, 1.9, 
nitrochlorphentermine, 5.2 and N-hydroxychlor- 
phentermine trimethylsilyl ether, 8.0. 

Procedures for oxidation and reduction of urinary 
metabolites. Urine (5 ml) was treated with B-glucu- 
ronidase as described by Caldwell et al. [6] and 
metabolites concentrated using XAD-2 columns. 
The methanol eluate was evaporated in a stream of 
N2, the residue taken up in water (5 ml) and this 
treated as follows: 

Reduction. Zn dust (100 mg) and 2 M HCI (3 ml) 
were added and the suspension stirred at room temp. 
for 1 hr, after which it was adjusted to pH 14 (10M 
NaOH), extracted with ether (15 ml), the ether evap- 
orated and the residue taken up in methanol (100 pl) 
for examination by t.l.c. and g.l.c. 

Oxidation. To the above solution was added ace- 
tone (10 ml) and MgSO; (20 mg) and five portions 
of KMnOs, (20 mg) were added over | hr with stir- 
ring. After stirring at room temperature overnight, 
the mixture was filtered, 100 vol. H,O, added drop- 
wise to destroy excess KMnQ,, the mixture filtered 
and the acetone removed by rotary evaporation. The 
aqueous residue was extracted with CHCl, (10 ml), 
this dried (anhyd. Na,SO,), evaporated and the resi- 
due taken up in methanol (100 wl) for examination 
by t.l.c. and g.l.c. 


Identification of urinary and biliary metabolites 


N-Hydroxychlorphentermine. Thin layer chro- 
matograms of partially purified (XAD-2 resin) urine 
developed in solvent 1 showed on radiochromato- 


gram scanning two “C peaks with R; values 0.69 
(minor) and 0.25 (major). The peak at R; 0.69 cor- 
responded with N-hydroxychlorphentermine, and 
gave a red colour with the tetrazolium spray and a 


black colour with ammoniacal silver nitrate. On 
treatment of the urine with B-glucuronidase, but not 
sulphatase, the peak at R,0.25, which gave a blue 
colour with naphtharesorcinol, disappeared with a 
concomitant increase in that at R, 0.69, and the peak 
at R, 0.25 was thus assigned to N-hydroxychlor- 
phentermine glucuronide. Similar chromatograms 
developed in solvent 2 showed "C peaks at R, 0:00 
(major) and 0.07 (minor), the former, which gave 
a positive reaction with naphtharesorcinol, disap- 
pearing on B-glucuronidase treatment, and the latter 
having the colour reactions of N- 
hydroxychlorphentermine. 

G.|.c. examination of extracts of urine prepared 
and derivatized as described revealed a peak with 
retention time 8.0 min, identical with that of authen- 
tic N-hydroxychlorphentermine trimethylsilyl ether 
and not present in blank extracts. G.c.—m.s. of these 
extracts showed that the mass spectrum of the peak 
corresponding in retention time to N-hydroxychlor- 
phentermine trimethylsilyl ether was identical with 
that of the authentic compound (Table 2). 

Treatment of urine with oxidizing or reducing 
agents as described converted the N-hydroxychlor- 
phentermine present to nitrochlorphentermine and 
chlorphentermine, respectively, as shown by com- 
parison of the t.l.c. and g.l.c. properties of the prod- 
ucts with those of authentic samples. Reverse isotope 
dilution analysis for chlorphentermine was negative. 
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Table 2. G.c.—mass spectra of N-hydroxychlorphentermine 
trimethylsilyl ether extracted from body fluids* 





Relative intensity (%) 
Sample 
Standard 








* Mass spectra were recorded by subjecting an authentic 
sample of N-hydroxychlorphentermine and extracts of 
urine (prepared as described in the text) to g.c.-m.s. analy- 
sis as described in the text. In all four cases recorded above, 
the retention time of the g.c. peak was 8.0 min. 

+I Extracted from urine after administration of N- 
hydroxychlorphentermine. 

$11 Extracted from urine 
nitrochlorphentermine. 

§ If] Extracted from bile 
nitrochlorphentermine. 


after administration of 


after administration of 


Nitrochlorphentermine. Chromatographic inves- 
tigation of urine from rats given nitrochlorphenter- 
mine showed the same picture described above for 
N-hydroxychlorphentermine, with two compounds 
present, N-hydroxychlorphentermine and its glucu- 
ronide, demonstrated using the methods described 
above. Reverse isotope dilution analysis for chlor- 
phentermine was negative. Similar analysis of bile 
showed the presence of one naphtharesorcinol-pos- 
itive peak, with R,0.25 in solvent | and 0.00 in 
solvent 2, which disappeared upon treatment with 
B-glucuronidase, being replaced by a new peak of 
R; 0.69 and 0.07 in solvents 1 and 2, respectively, 
which corresponded in R, and colour reactions with 
N-hydroxychlorphentermine. The identity of the 
compound resulting from B-glucuronidase treatment 
of bile was confirmed by g.|.c. and g.c.—m.s. of its 
trimethylsilyl derivative, the m.s. of which is shown 
in Table 2. 


RESULTS 


Elimination of '"C. The pattern of elimination of 
'C by rats dosed with ''C-N-hydroxychlorphenter- 
mine was very different from that after administra- 
tion of '*C-nitrochlorphentermine (see Tables 3 & 
4). With N-hydroxychlorphentermine, the urine was 
by far the most important route of elimination, with 
66 per cent of dose being excreted in 6 days, and 
small amounts of '*C were found in the faeces (3 per 
cent) and in the expired air as '*CO: (5 per cent). 
In the case of nitrochlorphentermine, however, the 
major route of excretion was as '*CO> in the expired 
air (50 per cent of dose in 2 days) with a further 41 
per cent in the urine and | per cent in the faeces 
over 4 days. 

Metabolism of N-hydroxychlorphentermine. The 
metabolism of 'C-N-hydroxychlorphentermine is 
shown in Table 3. Two "C-labelled compounds could 
be detected in the urine, free N-hydroxychlorphen- 
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Table 3. Fate of '"C-N-hydroxychlorphentermine in the rat* 





Compound % Dose excreted as: 





24 (23-27) 

42 (37-46) 

66 (60-73) 
n.d. 
n.d. 

(0) (0-0) 
66 (60-73) 
66 (60-73) 

3 (3-3) 

5 (46) 
74 (67-82) 


N-Hydroxychlorphentermine free 
glucuronide 
total 

Nitrosochlorphentermine 

Nitrochlorphentermine 

Chlorphentermine 

Total metabolites 

% “*C dose excreted in 0-6 day urine 

faeces 

% ““C dose excreted as “CO in 3 days 

Total '“C excreted in 6 days 





* Values given are means of six animals with ranges in parentheses. 
'* C-N-Hydroxychlorphentermine was administered as an aqueous solution 
of the hydrochloride salt by intraperitoneal injection (100 mg/kg; 
0.65 wCi/kg). Urine, faeces and expired '"CO> were collected as described 
in the text. Analysis of urinary metabolites was as described in the text. 


n.d. = not detected. 


termine and its glucuronide. Chromatographic stud- 
ies failed to reveal the presence of either nitroso- or 
nitro-chlorphentermine, while reverse isotope dilu- 
tion analysis showed the absence of chlorphenter- 
mine. A small amount of side chain degradation, 
leading to the elimination of ‘CO, in the expired 
air, also occurred. 

Metabolism of nitrochlorphentermine. Table 4 
shows the metabolism of '“C-nitrochlorphentermine 
in the rat. The principal route of metabolism involves 
the oxidation of the side chain methyl groups to 
“CO, excreted in the expired air. Two urinary 
metabolites were detected, N-hydroxychlorphenter- 
mine and its glucuronide, but neither nitroso- or 


nitro-chlorphentermine were present as adduced by 
t.l.c. analysis. No chlorphentermine could be 
detected by reverse isotope dilution. 

Fate of nitrochlorphentermine in bile-duct cannu- 
lated rats. Urinary and biliary metabolites of '*C- 
nitrochlorphentermine are shown in Table 5. About 
twice as much "C was recovered in the bile (22 per 
cent of dose) as in. the urine (10 per cent), and the 
urine contained the same two metabolites as in 
intact animals, namely N-hydrochlorphentermine 
and its glucuronide. As in the other studies, neither 
chlorphentermine nor its nitro and nitroso analogues 
were present in urine or bile. “CO, in the expired 
air was not collected in this experiment. 


Table 4. Fate of '"C-nitrochlorphentermine in the rat’ 





Compound 


% Dose excreted as: 





N-Hydroxychlorphentermine free 


glucuronide 


total 
Nitrosochlorphentermine 
Nitrochlorphentermine 
Chlorphentermine 
Total metabolites 
ae 
pe 


or 


pam tn 
Total “C excreted in 4 days 


ree , 
© “C dose excreted in 0-4 day urine 
145 . : 
© “C dose excreted in 0-4 day faeces 


11 (10-13) 
30 (27-34) 
41 (39-43) 
n.d. 
n.d. 
0 (Q-0) 
41 (39-43) 
41-(30-43) 
1 (1-1) 


l4e-- Lon ~ 
@ “C dose excreted as “CO, in 2 days 50 


91 (83-99) 





* Values given are means of results from six animals with ranges in 


parentheses. '*C-Nitrochlorphentermine was administered in 90% propane- 
1 ,2-diol by intraperitoneal injection (100 mg/kg: 0.72 wCi/kg). Urine, faeces 
and expired '*CO, were collected as described in the text. Analysis of 
urinary metabolites was as described in the text. n.d. = not detected. 





The reversibility of N-oxidation in vivo 


a - » Biiew ..% P . P 
Table 5. Fate of '*C-nitrochlorphentermine in bile duct-cannulated rats” 





Compound 


“ Dose excreted in that form in: 
Urine Bile 





N-Hydroxychlorphentermine free 
glucuronide 
total 

Nitrosochlorphentermine 

Nitrochlorphentermine 

Chlorphentermine 

Total metabolites 

% '*C dose in 0-24 hr exreta 


4 (3.2-6.0) 
6 (4.3-7.7) 
10 (8.5-13.2) 
n.d. 
n.d. 
0. (0-0) 
10 (8.5-13.2) 
10 (8.5-13.2) 


n.d. 
22 (17-28) 


0 (0-0) 
22 (17-28) 
22 (17-28) 





m . P 3 2 : ro 
Values given are the mean results from six animals with ranges in parentheses. “C- 
Nitrochlorphentermine was given to bile duct-cannulated rats as described in the text. Collection 
of urine and bile and analysis of metabolites was as described in the text. n.d. = not detected. 


DISCUSSION 


This study has shown that after the administration 
of both N-hydroxychlorphentermine and nitrochlor- 
phentermine to rats, the urine contains free N- 
hydroxychlorphentermine and its glucuronide, dem- 
onstrated by comparison of t.l.c., g.l.c. and g.c.- 
m.s. properties with authentic material, and by 
oxidation and reduction studies. The presence of the 
glucuronide was shown by specific enzyme hydrolysis 
of the major metabolite to N-hydroxychlorphenter- 
mine. As reported earlier in our study of chlor- 
phentermine metabolism [6], 6-glucuronidase lib- 
erated N-hydroxychlorphentermine from __ its 
glucuronide quantitatively, and the results with this 
treatment were the same as for acid hydrolysis. This 
is at variance with the findings of Beckett and Bélan- 
ger [8] who have noted that more free N-hydroxy- 
chlorphentermine was produced when urine was sub- 
jected to acid hydrolysis than when incubated with 
B-glucuronidase. 

The principal route of metabolism of N-hydroxy- 
chlorphentermine was by conjugation of the free N- 
hydroxy group with glucuronic acid. No evidence 
was found for its oxidation to either nitroso- or nitro- 
chlorphentermine or for its reduction to chlorphen- 
termine. [f chlorphentermine had been produced, 
it would have been expected to appear in the urine, 
since when given to rats [6] it was excreted unchanged 
to a major extent. In addition, there was a small 
amount of ‘CO excreted in the expired air, which 
presumably arose from oxidation of the two a-methy| 
groups in the chlorphentermine side chain, and a 
very small amount of ''C was elimated in the faeces, 
the nature of which was not investigated. 

By way of contrast, nitrochlorphentermine was 
metabolized extensively along two pathways, reduc- 
tion of the nitro group and side chain oxidation. The 
only urinary metabolites found were N-hydroxy- 
chlorphentermine and its glucuronide, so that the 
nitro group is only partially reduced in vivo. Again 
neither chlorphentermine nor its other possible N- 
oxidation products were detected in the urine. The 
most important route of elimination of '*C was as 
CO, in the expired air, arising from oxidation of 
the side chain a-methyl groups. Studies in bile duct 
cannulated rats showed that N-hydroxychlorphen- 
termine glucuronide was excreted in the bile to a 
considerable extent (ca. 22 per cent of dose) which 


would be expected from its molecular weight (375.5) 
and amphipathic character, both of which would 
favour its biliary excretion in the rat [9]. Since intact 
animals excreted only | per cent of the administered 
dose in the faeces, it appears that N-hydroxychlor- 
phentermine glucuronide may undergo entero- 
hepatic circulation in the rat, probably involving 
hydrolysis of the B-glycosidic linkage by the gas- 
trointestinal flora [10]. From data presented in Table 
4, it is suggested that the balance of '"C is accounted 
for by the elimination of '‘CO2, which was not col- 
lected from bile-duct cannulated animals. 

It is clear from these investigations that neither 
of the N-oxidation products of chlorphentermine are 
reduced to chlorphentermine in vivo, and that this 
N-oxidation process is not fully reversible. Nitro- 
chlorphentermine does undergo a partial reduction 
to N-hydroxychlorphentermine, but is not excreted 
unchanged even though small amounts of this com- 
pound are found in the urine after administration of 
chlorphentermine to rabbits and human volunteers 
[6]. Sum and Cho [4] have suggested that the inability 
of the rat to excrete N-hydroxychlorphentermine 
after chlorphentermine administration is due not to 
the absence of the appropriate N-oxidizing enzymes 
in that species but to the high hydroxylamine reduc- 
tase activity which it possesses. The present study 
presents strong evidence that this is not the case in 
vivo, and that the observed species differences in 
chlorphentermine N-oxidation [6, 11] do not reflect 
real species differences in the activities of the N- 
oxidizing enzymes. 

The oxidation of the side chain methyl! groups of 
nitrochlorphentermine, which is also a minor metab- 
olic pathway of N-hydroxychlorphentermine, is a 
reaction of considerable interest. Possible interme- 
diates have not been identified, but it would seem 
likely that the nitrogen atom is lost prior to the 
oxidation. Three potential reaction sequences can 
be suggested. It is known that the denitration of 
nitroparaffins involves glutathione [12, 13] but in this 
case transformation products of S-alkyl glutathione 
are excreted in the urine [12] and this would therefore 
be expected to occur in the present case rather than 
subsequent oxidation of the arylalkyl moeity to give 
"CO>. 

Two reports have recently appeared suggesting 
that some aliphatic nitrocompounds can undergo 
oxidative denitration by the hepatic microsomal 
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enzymes, yielding a carboxyl compound and nitrate: 
this has been observed with 1- and 2-nitropropane 
[14] and 2-nitro-1-phenylpropane (the nitro analogue 
of amphetamine [15]). Since nitrochlorphentermine 
lacks a proton on the carbon a- to the nitro group, 
this route of metabelism would not yield a carbonyl 
‘ compound, but could perhaps result in side chain 
oxidation yielding '*CO>. 

It is to be assumed that in the reduction of nitro- 
chlorphentermine to corresponding hydroxylamine, 
the analogous nitroso compound is an obligatory 
intermediate, although this has not been shown in 
the present in vivo study. Indeed, in a study of the 
reduction of nitrophentermine by rabbit liver 10,000 g 
supernatant, nitrosophentermine was detected by 
g.l.c. analysis in addition to N-hydroxyphentermine 
and phentermine itself [5]. It has been established 
that such nitroso compounds are liable to autoxi- 
dation, particular in the presence of Cu**ions, and 
lose the nitroso group to give a dimethylstyrene [16] 
and if a similar oxidation were to occur in the body, 
the 4'-chlorodimethylstyrene so formed could be 
further oxidized to 4-chlorobenzaldehyde and ace- 
tone. It is known that acetone is extensively metab- 
olized to CO, [1] and since the a-methyl groups of 
nitrochlorphentermine would be in the acetone so 
produced, this mechanism provides an origin for the 
CO) liberated from this compound. 

It is worthy of note that when nitrosophentermine 
was administered to rabbits, only 10 per cent of the 
dose was recovered as the sum of all N-oxidized 
metabolites and the parent amine [8], even though 
when N-hydroxyphentermine was given some 55 per 
cent was excreted, principally as the glucuronide of 
N-hydroxyphentermine. The discrepancy between 
the results with these compounds was attributed to 
the greater lipid solubility of the nitroso compound 
causing its retention in the tissues. However, in view 
of our findings with the N-oxidized metabolites of 
chlorphentermine, it is conceivable that nitroso- 
phentermine undergoes side chain oxidation, thus 
accounting for the absence of metabolites retaining 
the nitrogen atom. 
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IS THERE A CONNECTION BETWEEN HIGH AFFINITY 
*‘H-SPIPERONE BINDING SITES AND DA-SENSITIVE 
ADENYLATE CYCLASE IN CORPUS STRIATUM ? 
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Abstract—The possibility of a connection between the high affinity “H-spiperone binding sites and the 
dopamine-sensitive adenylate cyclase system suggested by recent studies was investigated in corpus 
striatum. When measured under identical conditions (membrane preparation, incubation conditions, 
presence of dopamine), the affinity of spiperone for its binding site (1.5 x 10 '" M) was much higher 
than its affinity for inhibiting the dopamine sensitive adenylate cyclase (10 ’ M). Phenoxybenzamine 
was found to block *H-spiperone binding irreversibly. Phenoxybenzamine (10 *M) completely supressed 
*H-spiperone binding while the adenylate cyclase continued to be stimulated by dopamine (35 per cent 
of control stimulation) and inhibited by spiperone or haloperidol. The affinities of these neuroleptics 
for inhibiting the dopamine-sensitive adenylate cyclase were the same on control and phenoxybenzamine 
treated membranes. Consequently the *H-spiperone binding site has not to be occupied to allow 
inhibition of the dopamine-sensitive adenylate cyclase. Guanosine triphosphate reduced the affinities 
of dopamine, 3-{2-[N-(3-hydroxyphenylethyl)N-propylamino]ethyl} phenol (RU 24926) and serotonin 
for *H-spiperone binding sites and did not affect the affinity of 2-Br-a-ergocriptine. Since RU 24296 
and serotonin neither stimulate nor inhibit the dopamine-sensitive adenylate cyclase, the effects of 
guanosine triphosphate on binding do not appear related to adenylate cyclase activation by agonists 
which is known to require guanosine triphosphate. Our experiments suggest that the high affinity “H- 


spiperone binding sites are not related to the dopamine-sensitive adenylate cyclase. 


Corpus striatum homogenates contain *H-spiperone 
binding sites considered to be dopaminergic [1, 2] 
and a DA-sensitivey adenylate cyclase which is 
inhibited by neuroleptics including spiperone [3, 4]. 
The affinity of spiperone for its binding sites is very 
high (~ 10° '’ M), whether measured in saline buffer 
or under adenylate cyclase conditions (this report): 
its affinity for inhibiting the DA-sensitive adenylate 
cyclase is much lower (10~’ M) [4]. This difference 
in affinity was also found with other butyrophenones 
[4]. There are even drugs such as benzamide deriva- 
tives [5, 6], domperidone [7, 8] and the N-diphenyl- 
ethylamine derivatives RU 24926 (DA-agonist) [9] 
which have high affinities for *H-spiperone binding 
sites but are poorly active or inactive on DA-sensitive 
adenylate cyclase. Furthermore, a marked difference 
was found in the topographical [10] and subcellular 
[11] distributions of neuroleptic binding sites and 
DA-sensitive adenylate cyclase. Finally, after kainic 
acid lesions, most of the DA-sensitive adenylate 
cyclase activity disappears (85 per cent) whereas 60 
per cent *H-spiperone binding remains [12]. All these 
results strongly suggest that *H-spiperone binding 
sites are distinct from the spiperone receptors 
mediating inhibition of the DA-sensitive adenylate 
cyclase. 





* To whom correspondence should be sent. 

+ Abbreviations used: DA, dopamine; 5-HT, serotonin: 
RU 24926, = 3{2-[N-(3-hydroxyphenylethyl)N-propyiam- 
inoJethyl} phenol; bromocriptine, 2-Br-a ergocriptine; 
EGTA, ethylene glycol bis (8 aminoethyl ether) -N, N’ 
tetraacetic acid; ADTN, 2 amino-6,7 dihydroxytetralin. 


However, a connection between the DA-sensitive 
adenylate cyclase systems and *H-spiperone binding 
sites has been suggested by several authors to 
account for GTP effects [13-15]. GTP reduces the 
affinity of *H-spiperone binding sites for DA, epi- 
nine, apomorphine and ADTN but not for bromo- 
criptine and dopaminergic antagonists; DA, epinine, 
apomorphine and ADTN all stimulate adenylate 
cyclase activity of corpus striatum homogenates in 
the presence of GTP [16], whereas bromocriptine, 
a dopaminergic agonist at the pituitary receptor [17], 
does not [18]. Furthermore, when the DA-sensitive 
adenylate cyclase is destroyed by kainic acid lesions, 
GTP no longer affects the affinity of the remaining 
*H-spiperone binding sites for DA [14]. 

In order to support the hypothesis of a connection 
between part of the high affinity ‘H-spiperone bind- 
ing sites and the DA-sensitive adenylate cyclase, we 
blocked completely and irreversibly the binding sites 
with phenoxybenzamine and tried to detect after this 
blockade modifications of the inhibition by spiperone 
of the DA-sensitive adenylate cyclase. As the results 
of these experiments did not indicate such a con- 
nection, we further analyzed the effects of GTP on 
*H-spiperone binding sites. 


MATERIALS AND METHODS 


Preparation of particulate fractions. Male Charles 
River rats of the Sprague-Dawley strain (200-300 
g) were decapitated. Corpus striatum was dissected 
on a refrigerated plate and homogenized in 60 vol. 
2 mM Tris-maleate, 2 mM EGTA, pH 7.2. The 
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homogenate was centrifuged at 47,000 g for 20 min 
and the pellet resuspended in the same buffer. 

To study irreversible effects of phenoxybenza- 
mine, corpus striatum was homogenized in 90 vol. 
of adenylate cyclase medium:25 mM Tris-maleate, 
pH 7.2, 0.5 mM ATP, | mM MgSQ,, 10 mM theo- 
phylline, 5 x 10°’ M GTP, 0.2 mg/ml creatine kinase 
and 10 mM creatine phosphate. This homogenate 
was incubated with or without phenoxybenzamine 
for 15 min at 30°C and then washed three times in 
700 vol. of 2 mM Tris-maleate, 2 mM EGTA, pH 
7.2. 

For the GTP experiments, particulate fractions 
were prepared according to Creese et al. [19] except 
that homogenization was done with a teflon Potter-— 
Elvehjem. 

‘H-Spiperone binding. Tubes containing 500 ul 
adenylate cyclase medium (final composition given 
above), 100 yl *H-spiperone, 200 ul test drugs, and 
200 wl particulate fractions (the protein concentra- 
tions are given in the legends to figures) were incu- 
bated for 40 min at 37°. In our experimental con- 
ditions, 30 min of incubation are needed to obtain 
equilibrium of the binding with the lowest *H-spi- 
perone concentration used for Scatchard analysis. 
Membranes were then collected by filtration on GF/B 
glass fiber (Whatman), washed three times with 5 ml 
ice-cold, 50 mM phosphate buffer, pH 7.4 and the 
bound radioactivity measured. Specific binding was 
defined as the difference between *H-spiperone bind- 


ing in the absence and in the presence of 5 x 10 °° 


M d-butaclamol. In the striatum, this specific binding 

was identical to that defined in the presence of 
10°° M ADTN. 

When the effects of phenoxybenzamine treatments 
on *H-spiperone binding and DA-sensitive adenylate 
cyclase were compared, the binding was done in 
100 yl (all volumes were therefore reduced 10-fold). 
We have verified that for ‘H-spiperone concentra- 
tions higher than 2 x 10-” M, the specific binding to 
a given amount of particulate fractions (always less 


bound (fmoles/mg protein) 





Total [3H]- Spiperone 


L 


Ly 


rs 
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than 100 wg in 100 wl) was the same whether it was 
measured in 100 wl or in 1 ml. 

For GTP experiments, *H-spiperone binding was 
done according to Creese et al. [19]. 

Adenylate cyclase assay. The reaction was allowed 
to proceed in 100 yl of the adenylate cyclase medium 
used to determine *H-spiperone binding. The reac- 
tion was started at zero time, and 30 min afterwards, 
10 ul of 0.002 wCi *H-cAMP and 2 wCi a-°P-ATP 
were added. The reaction was stopped at 40 min, as 
previously described [16]. **P-c AMP and *H-cAMP 
were isolated according to Salomon et al. [20]. This 
assay protocol was designed to measure the velocity 
of the reaction from 30 to 40 min after zero time for 
direct comparison with binding determinations per- 
formed 40 min after the reaction started. 

Chemicals. ATP (disodium salt), dopamine were 
from Sigma; cyclic AMP, creatine kinase and crea- 
tine phosphate were from Boehringer Mannhein. 
Drugs were kindly donated by Rhone Poulenc 
(haloperiodol), Janssen Pharmaceutica (spiperone), 
Roussel-Uclaf (RU 24296), Sandoz (bromocrip- 
tine), Ayerst Research Laboratories (d and /-buta- 
clamol), Smith, Kline & French (phenoxy- 
benzamine). 

Radiochemicals. *H-cyclic AMP (ammonium salt) 
25 Ci/mmole, a-*P-ATP (sodium salt) 10-20 
Ci/mmole and *H-spiperone 25.6 Ci/mmole were 
purchased from NEN. 


RESULTS 


Irreversible blockade of *H-spiperone binding sites 
by phenoxybenzamine. Influence on DA-sensitive 
adenylate cyclase. In previous reports, ‘H-spiperone 
binding has never been measured in the incubation 
medium used for adenylate cyclase assay. We con- 
trolled that in this medium, *H-spiperone binds to 
one category of high affinity binding sites having a 


K, similar to that usually reported (Kp) 1.5 xX 
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Fig. 1. “H-Spiperone binding displacement by phenoxybenzamine added directly in the assay. Corpus 
striatum homogenate (0.6 mg protein/ml) was used in this experiment. The “H-spiperone concentration 
was 2 x 10°" M. 
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Fig. 2. Scatchard analysis of “H-spiperone binding, on control and phenoxybenzamine-treated mem- 

branes. Membranes were incubated with or without phenoxybenzamine 10 ° M or Da (10 > M) and 

then washed as described under Materials and Methods. Phenoxybenzamine treatment reduced the 

total number of binding sites without changing their affinity (Kp = 3.4 x 10 “’ M). The protein 
concentration was 0.18 mg/ml. 


10-'’ M) and maximal capacity of 400 fmoles/mg 
protein (data not shown). 

Phenoxybenzamine, a well known irreversible 
ligand of a a-adrenergic receptors [21], interacts with 
the DA receptors coupled with an adenylate cyclase 
[22]. We observed that, when added in the binding 
assay, 10°° M phenoxybenzamine is able to com- 
pletely displace the specific binding of a saturating 
*H-spiperone concentration without affecting sig- 
nificantly non-specific binding (Fig. 1). 

In order to know whether this blockade is irre- 
versible, we compared *‘H-spiperone binding on 
membranes preincubated with or without 10 ° M 
phenoxybenzamine and extensively washed (see 
Materials and Methods). Total *H-spiperone binding 
was reduced and non-specific binding was not 
affected (data not shown). Scatchard plots are 
reported in Fig. 2. The presence of phenoxybenza- 
mine during pre-incubation does not modify the 
affinity of *H-spiperone for its binding site but strik- 
ingly reduces the total number of specific binding 
sites. On the contrary, if we washed membranes 
preincubated with a reversible ligand which com- 
pletely inhibits *H-spiperone binding sites during the 
pre-incubation (DA 10°° M for example), we 
obtained a Scatchard plot which is superimposed 
with the control one (Fig. 2). Thus, the washing 


p.p.29 10 B 


procedure completely eliminated the free ligand. 
Phenoxybenzamine therefore seems to be an irre- 
versible blocking agent of *H-spiperone binding sites. 

In agreement with Walton er al. [22], phenoxy- 
benzamine treatment was also found to irreversibly 
block the maximal DA-adenylate cyclase stimulation 
(Figs. 3, 4) without significant effect on basal adeny- 
late cyclase activity. In four experiments, the ratios 
between the basal adenylate cyclase activity of 
10° M phenoxybenzamine treated membranes and 
control were 0.84, 1.2, 1.0 and 1.1. 

Figure 3 compares the two irreversible blockades 
for different doses of phenoxybenzamine treated 
membranes. *H-spiperone binding and adenylate 
cyclase stimulation have been measured at saturating 
concentration of *H-spiperone (3.5 x 10 ° M) and 
DA (10°* M), respectively, both on control and 
phenoxybenzamine treated membranes. Results are 
expressed in percentage of the maximal adenylate 
cyclase stimulation and total specific binding meas- 
ured on control membranes. 

Preincubation of the membrane with 10 * M 
phenoxybenzamine completely suppressed *H-spi- 
perone binding, whereas there was still 35 per cent 
of the control DA-adenylate cyclase stimulation. To 
completely block the maximal DA-adenylate cyclase 
stimulation, higher concentrations of phenoxyben- 
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Fig. 3. Irreversible blockade of maximal DA-adenylate cyclase stimulation and specific *H-spiperone 
by binding treatment with different doses of phenoxybenzamine. The same membrane preparations 
were used to measure adenvlate cvclase activities and *H-spiperone binding. DA and *H-spiperone 
concentrations were 10° M and 3 x 10°” M, respectively (these are saturating concentrations). On 
control membranes, DA stimulated basal adenylate cyclase by 120 per cent and the total number of 
‘H-spiperone binding sites was 330 fmoles/mg protein. The protein concentration in the assay was 
0.65 mg/ml. DA-stimulations and total number of binding sites on phenoxybenzamine treated membranes 
were expressed in per cent of that found in control. 


zamine were required (3 x 10 ° M). However, we 
cannot exclude that, after preincubation with 10 

M phenoxybenzamine, there was still 5 per cent °H- 
spiperone binding, and that these 5 per cent are DA 
receptors responsive for the remaining 35 per cent 
adenylate cyclase stimulation. In this event, the 
coupling between the DA receptors occupancy and 
the DA-adenylate cyclase stimulation would have to 
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be non linear and therefore, the apparent affinity of 
the DA to stimulate the adenylate cyclase should be 
lower after phenoxybenzamine treatment [23]. 
Figure 4 shows that this is not the case: the apparent 
affinity of DA is the same on control and phenoxy- 
benzamine treated membranes (1.7 x 10°° M). 
Therefore, even if 5 per cent *H-spiperone binding 
remains after treatment with 10 ° M phenoxyben- 
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Fig. 4. Effect of phenoxybenzamine treatments on the affinities of DA and spiperone tor the DA- 
sensitive adenylate cyclase system. The data for Fig. 5 were derived from the same experiment. Dose- 
response curves were based on experiments conducted in the absence (@) and presence (A) of spiperone 


10°° M, on control membranes (A) and membranes treated with 7.5 x 107° M (B) or 10 


*M (C) 


phenoxybenzamine. The apparent affinities for DA and spiperone were 1.7 x 10°° M and 1.1 x 
10° M, respectively (A, B, C). 





High affinity *H-spiperone binding sites and DA-sensitive adenylate cyclase 


Table 1. Effect of RU 24926 on basal and DA-sensitive 
adenylate cyclase 





Adenylate cyclase activity 
(pmoles cyclic AMP/10 min/mg 
protein) 


Basal + DA (3 x 10°°M) 





Control 800 + 30 1624 + 50 
1608 + 50 
1576 + 78 
1604 + 66 


824 + 36 
776 + 42 
750 + 56 





The protein concentration was 0.74 mg/ml. Vaiues are 
the mean + S.E.M. of triplicate determinations. 


zamine, these sites cannot be DA receptors respon- 
sible for the remaining DA-adenylate cyclase 
stimulation. 

By using an irreversible ligand, we thus demon- 
strated that the high affinity “H-spiperone binding 
sites are distinct from the DA receptors coupled with 
an adenylate cyclase. However, one could not be 
sure that the *H-spiperone binding site is not at all 
implicated in the inhibition of the DA-sensitive 
adenylate cyclase by neuroleptics. In order to test 
this point, we looked at the apparent affinity of 
spiperone to inhibit the DA-adenylate cyclase stimu- 
lation after partial (Fig. 4B) or complete (Fig. 4C) 
blockade of *H-spiperone binding sites by phenoxy- 
benzamine treatments. These phenoxybenzamine 
treatments did not modify at all the ability of 
spiperone to inhibit the DA-sensitive adenylate 
cyclase (apparent inhibition constant = 1.1 xX 
10~’ M) (Fig. 4). 

GTP effects on the interaction of dopaminergic 
ligands and 5-HT with *H-spiperone binding sites. So 
far it has been shown that GTP reduces the affinities 
of *H-spiperone binding sites for dopaminergic 
agonists which stimulate adenylate cyclase (DA, 


eno GTP 


1335 


epinine, ADTN, apomorphine) but does not modify 
the affinity of bromocriptine, a dopaminergic agonist 
on several systems (inhibition of prolactin release 
[17], contralateral turning after 6-hydroxydopamine 
lesions [24], antiparkinsonian activity [25]), which 
does not stimulate the adenylate cyclase [26]. We 
have confirmed these results (data not shown). 

Recently, a new compound RU 24926 has been 
found to be a dopaminergic agonist on several sys- 
tems (inhibition of prolactin release, contralateral 
turning after 6-hydroxydopamine lesions, emesis in 
the dog, inhibition of cholinergic neurons in striatum 
[9, 27, 28]). We found that this drug was neither an 
agonist nor an antagonist of the DA-sensitive adeny- 
late cyclase in striatum homogenates (Table 1). On 
the contrary, this drug has a high affinity for the *H- 
spiperone binding sites (IC » = 10’ M) (Fig. 4). 
This affinity is about 30 times higher than that of 
DA (IC s = 3 x 10 °° M) when measured in the 
same conditions (data not shown). It was thus of 
interest to know whether or not GTP will affect the 
affinity of RU 24926 for *H-spiperone binding sites. 

Figure 5 shows that GTP reduces the affinity of 
RU 24926 for *H-spiperone binding sites. Note also 
that GTP changes the slope of the displacement 
curve as previously reported for the displacement of 
‘H-dihydroalprenolol by isoproterenol in the pres- 
ence of GTP [29]. The reduction of the potency of 
RU 24926 to inhibit “‘H-spiperone binding was 2.8- 
fold (Fig. 5) (2.6 + 0.1; N = 3, mean + S.E.M.), 
a figure which compares well with the reduction of 
the affinity of DA for “H-spiperone binding sites 
reported by others (about 3 fold) [13-15] and found 
by us (4.3 + 0.6; N = 3; data not shown). 

5-HT ts unable to stimulate DA-sensitive adeny- 
late cyclase. As shown in Fig. 5, GTP was also able 
to reduce the affinity of S-HT for “H-spiperone bind- 
ing sites. The reduction was lower (1.8 fold; 1.8 + 
0.2; N = 3) than for RU 24926 or DA. 

GTP thus influences the affinity of “H-spiperone 
binding sites for some drugs which do not stimulate 
the adenylate cyclase. 


o GTP (2x10°4m) 


of Control 
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RU 24 926[M] 
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Fig. 5. GTP effects on “H-spiperone binding site properties. Specific ‘H-spiperone binding was displaced 

by RU 24926 and 5-HT in the absence and presence of GTP 2 x 10 *M. Note that all drugs entirely 

displaced specific “H-spiperone binding. Control specific “H-spiperone binding was 300 moles mg 

protein. Non-specific binding was 37.5 fmoles/mg protein. The “H-spiperone concentration was 10” M 

The protein concentration was 0.2 mg/ml. Each point represents individual determination. This experi- 
ment was done three times (see text for the mean and S.D.) 
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DISCUSSION 
It is generally admitted that the high affinity “H- 
spiperone binding sites are not the sites where neu- 
roleptics bind to inhibit the DA-adenylate cyclase 
activation (see introduction to paper). 

We have investigated the possibility of a relation 
between the high affinity “H-spiperone binding sites 
and the DA-sensitive adenylate cyclase system: the 
existence of such a relation was indeed strongly 
suggested by the previously described GTP effects 
[13-15] (see introduction to paper). One could 
imagine that a spiperone molecule has two subsites. 
The first one would have a high affinity (~ 10“ M) 
fora DA-binding site different from the DA-receptor 
coupled with an adenylate cyclase but located next 
to it. The DA-binding site would be the site labelled 
in binding experiments. The second subsite of the 
spiperone molecule would bind to the D/.-receptor 
coupled with adenylate site with a low affinity, but 
only if the first site is bound. This would explain why 
neuroleptics have a much higher affinity in binding 
experiments than for inhibiting the DA-sensitive 
adenylate cyclase. In such an hypothesis, it will not 
be surprising that some drugs such as benzamine 
derivatives {5, 6], domperidone [7, 8] and RU 24926 
[9] have high affinity for DA-binding sites and are 
inactive on DA adenylate cyclase. Furthermore, the 
GTP effects would be understandable. Such models 
involving multivalent ligand have recently been pro- 
posed [30, 31]. Phenoxybenzamine appeared to be 
a good tool to test this idea. We have shown that 
this compound blocks irreversibly ‘H-spiperone 
binding sites. After treatment of particulate fractions 
with 10 ° M phenoxybenzamine, there was a com- 
plete blockade of *H-spiperone binding sites, 
whereas the DA-sensitive adenylate cyclase was still 
activated (35 per cent of the control): this obser- 
vation confirms that high affinity “H-spiperone bind- 
ing sites are distinct from the DA-receptors coupled 
with an adenylate cyclase. Furthermore, under these 
conditions, spiperone always has the same affinity 
for inhibiting the adenylate cyclase (Fig. 5). Accord- 
ing to this result, we conclude that high affinity “H- 
spiperone binding sites are not at all implicated in 
the inhibition of the DA-sensitive adenylate cyclase 
by neuroleptics. 

‘We have observed GTP effects on the affinities 
of *H-spiperone binding sites for two drugs 
(RU 24926 and 5-HT) which do not stimulate the 
DA-sensitive adenylate cyclase. It is thus no longer 
possible to deduce from the effects of GTP the 
existence of a connection between part of the *H- 
spiperone binding sites and the DA-sensitive adeny- 
late cyclase. 
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Abstract—Singlet molecular oxygen is a highly reactive species and is capable of disrupting cell 
membranes and collagen. It may also play a role in the synthesis of prostaglandins. We show here that 
indomethacin can react with singlet molecular oxygen and suggest that part of the anti-inflammatory 
action of this drug may stem from its ability to scavenge singlet oxygen. 


The molecular mechanism of action of the non-ster- 
oidal anti-inflammatory drugs, such as indomethacin, 
remains a subject of considerable and continued 
interest. Likewise, the role of the reactive forms of 
oxygen as mediators of inflammation is a topic of 
active investigation at the present time. 

The reactive forms of oxygen include singlet 
oxygen 'O,, superoxide anion radical O-+. hydroxyl 
radical OH-, hydrogen peroxide H,O, and metal 
ion—oxygen complexes. These species are known to 
cause various deleterious effects. Examples of these 
are the development of pulmonary oxygen toxicity 
[1], the amplification of effects of a chemical carcin- 
ogen on the development of abnormal morphology 
of cultured cells [2], toxic effects of proteins, bacteria 
and bacteriophage [3], lipid peroxidation in bio- 
logical membranes [4,5], peroxidation of unsatu- 
rated fatty acids [6], damage to adrenal mitrochon- 
drial membranes [7] and damage to DNA [8]. 
McCord [9] has presented evidence that the hydroxyl 
radical can mediate the depolymerization of hyalu- 
ronic acid. He suggested that this reaction may play 
a role in the pathogenesis of inflammatory types of 
arthritis. Greenwald and Moy [10] have shown that 
reactive oxygen species can mediate the inhibition 
of collagen gelation and suggested that leukocyte- 
derived radicals may thereby alter the integrity of 
cartilage. 

On a molecular level, the mechanism of action of 
indomethacin is still unknown. Among the suggested 
modes of action are the uncoupling of oxidative 
phosphorylation [11], inhibition of histidine decar- 
boxylase [12], stabilization of lysosomes [13], com- 
plex formation with ferrous ion [14] and sulfhydryl- 
disulfide stabilization [15]. Currently, the role of 
prostaglandins as mediators of inflammation has 
gained prominence and indomethacin has been 
shown to inhibit the enzyme prostaglandin synthe- 
tase [16]. There is evidence, pro and con, regarding 
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the reversible or irreversible nature of this inhibition 
[14, 17, 18]. Rahimtula and O’Brien [19] have pre- 
sented evidence that prostaglandin synthetase may 
act via singlet molecular oxygen. 

We present evidence here that indomethacin 
reacts with singlet molecular oxygen. If singlet 
oxygen plays a role in the mediation of inflammation, 
indomethacin may, in part, exert its anti-inflam- 
matory effect either directly by preventing, for 
example, the 'O2-mediated destruction of cell mem- 
branes, or indirectly by preventing 'O2 from par- 
ticipating in prostaglandin synthesis. 


MATERIALS AND METHODS 


Chemicals were purchased from the following sup- 
pliers as indicated: deuterium oxide (Bio-Rad Lab- 
oratories, Richmond, CA); rose bengal (Chemical 
Dynamics Corp., South Plainfield, NJ); indometh- 
acin, nitroblue tetrazolium, D-mannitol and sodium 
azide (Sigma Chemical Co., St. Louis, MO); DL- 
methionine (Mann Research Laboratories, New 


York, NY); potassium superoxide (Research 
Organic—Inorganic Chemical Co., Belleville, NJ); 
dimethyl sulfoxide and H2O2 (Baker Chemical Co., 
Phillipsburg, NJ); sodium formate (Fisher Scientific 
Co., Springfield, NJ); and dicyclohexyl-18-crown-6- 
ether? (Tridom-Fluka Chemical Co., Hauppauge. 
NY). Superoxide dismutase was prepared from bov- 
ine erythrocytes according to the procedure of 
McCord and Fridovich [20]. 

Photo-oxidation was performed in an apparatus 
containing two 15-W Westinghouse FI5T8 gold 
fluorescent bulbs. Light intensity was determined 
with a Yellow Springs Instrument Co. model 65A 
radiometer and YSI 6551 probe. A typical reaction 
mixture contained 8 uM rose bengal, 40 4M indo- 
methacin and 10 mM potassium phosphate, pD 7.5. 
Unless otherwise indicated, all solutions were pre- 
pared with 99.8% D,O. All photo-oxidations were 
carried out in quartz cuvettes and unless otherwise 
indicated were for 20 min. The potassium superoxide 
(KO,) was prepared as a saturated solution in 
dimethyl sulfoxide (DMSO) containing 0.5% dicy- 
clohexyl-18-crown-6-ether [21]. The DMSO was pre- 
viously dried with molecular sieves 3A. The con- 
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centration of O: was assayed by sequential 5 pl 
additions of KO, solution to a 0.1 mM solution of 
nitroblue tetrazolium (NBT) in 10mM_ potassium 
phosphate, pD 7.5, prepared with 99.8% D,O. The 
extinction coefficient at 560 nm for the reduction of 
NBT to diformazan was taken to be 3 x 10°M™! 
em™! [22, 23]. 


RESULTS 


In our experiments we have chosen to generate 
singlet oxygen photochemically, using visible light 
and rose bengal (RB) as a photosensitizer [24]: 


RB—>RB'! 
RB'—>RB' 
RB? + 3O.—>RB + 'Oo. 


Ground state RB is excited by the absorption of a 
photon and is, transformed into a relatively short- 
lived RB singlet (RB'). RB' undergoes spin inversion 
to a relatively long-lived RB triplet (RB*). RB? is 
then quenched by ground state triplet molecular 
oxygen (‘Q»). This energy transfer reaction results 
in the formation of 'O2 and ground state RB. Control 
experiments have shown that the light source alone 
(in the absence of RB) does not cause significant 
changes in the absorption spectrum of indomethacin; 
the light source alone (in the absence of indometh- 
acin) does no’ cause any significant changes in the 
absorption spectrum of RB when irradiated for 
20 min; and irradiated RB (20 min) does not cause 
significant changes in the absorption spectrum of 
unirradiated indomethacin. 

Figure | shows that the absorption spectrum of 
indomethacin in a singlet oxygen-generating system 
(rose bengal-D2O) changes steadily with increasing 
duration of irradiation. There is a progressive loss 


ABSORBANCE 


ee 
330 

WAVELENGTH nm 
Fig. 1. Time course of photo-oxidation of indomethacin. 
The reaction mixture and photo-oxidation procedure are 
as described under Materials and Methods. The numbers 
on the curves indicate the duration of irradiation in minutes. 
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Table 1. Effects of singlet oxygen reactive compounds on 
the rose bengal-catalyzed photo-oxidation of indomethacin 





Addition 





None 

H20 in place of D2O 
Methionine (2.5 mM) 
Azide (0.2 mM) 





* Change in absorbance is expressed as percentage of 
control. Each value is the average of two determinations 
with a control cuvette being run simultaneously. The 
duration of photo-oxidation was 20min. The photo- 
oxidation procedure was as described under Materials and 
Methods. 


of the 318 nm peak, indicating a rose bengal-cata- 
lyzed photoreaction of indomethacin. 

Table | shows the effects of 'O2 reactive com- 
pounds on the RB-catalyzed photo-oxidation of 
indomethacin. A deuterium oxide enhancement 
effect is generally observed in 'O2-mediated reac- 
tions provided that the 'O2 concentration is rate 
limiting [25, 26]. The lifetime of 'O2 has been deter- 
mined to be 2 sec in H2O and 20 psec in D2O [25- 
27]. As would be expected if 'O2 is the mediator, an 
increase of its lifetime in D2O would increase the 
steady state concentration of 'O: available to react 
with indomethacin during irradiation and thus poten- 
tiate the rate of photo-oxidation as compared to the 
rate in H2O. The shortened lifetime of 'O2 in H2O 
as compared with D2O is thought to occur via the 
transfer of electronic energy from 'O: to the vibra- 
tional energy of H2O [26]. As can be seen in Table 
1, the reaction rate in H2O medium is one-fifth of 
that in a D2O medium. 

Methionine is a well-known scavenger of 'O2, with 
methionine sulfoxide as the major product at physio- 
logic pH [28]. The second order rate constant for 
the reaction is 3 x 10’ M7! sec”! [29]. Table 1 shows 
that 2.5mM methionine causes a 63 per cent inhi- 
bition in the oxidation of indomethacin. 

Azide is a well-known quencher of 'O2. The rate 
constant for the quenching of 'O2 by azide ion is 


Table 2. Effects of various compounds on the photo- 


oxidation of indomethacin 





Expt. Addition %AA 31) 





None 100 
H,O>, (2.5 mM) 95 
p-Mannitol (2.5 mM) 94 
Benzoate (2.5 mM) 95 
Formate (2.5 mM) 97 
EDTA (0.1 mM) 96 
Superoxide dismutase 95 
(15 ug/ml) 





* Change in absorbance is expressed as percentage of 
control. Each value is the average of two determinations 
with a control cuvette being run simultaneously. The values 
among the duplicates differed by less than 10 per cent. The 
photo-oxidation was of 20min duration. The photo- 
oxidation procedure was as described under Materials and 
Methods. 
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2.2 x 10° M7! sec™' [30]. Table 1 shows that 0.2 mM 
azide results in a 63 per cent inhibition of indo- 
methacin photo-oxidation. It is worthwhile to note 
that the 10-fold difference in concentrations between 
azide and methionine required to give the same 
degree of inhtbition is consistent with the relative 
magnitudes of the rate constants for the reactions 
between 'O, and either azide or methionine. 

The experiments in Table 2 explore the possible 
roles of OF, OH- , H,O, and metal ions, in mediating 
the photo-oxidation of indomethacin. H,O, (2.5 mM) 
does not markedly potentiate the reaction. D-Man- 
nitol, benzoate and formate are well-known scav- 
engers of OH-, a highly reactive oxidative species. 
The second order rate constants for the reactions of 
benzoate and formate with OH: are 3.3 x 10” and 
2.5 x 10°, respectively [31]. Experiments 3, 4 and 5 
in Table 2 show that p-mannitol, benzoate and for- 
mate at 2.5 mM (sixty times more concentrated than 
indomethacin) have no effect on the photo-oxidation 
of indomethacin. This suggests that the reaction is 
not mediated by OH-. In experiment 6, EDTA was 
used to test for the possible role of metal ions in the 
photo-oxidation. EDTA was found to be without 
significant effect. In addition, neither 20 4M Fe** 
nor 20 uM Fe** (in both the presence and absence 
of 0.1 mM EDTA) had a significant effect on the 
rate of reaction. Experiment 7 shows that superoxide 
dismutase, an enzyme which converts O} to O, and 
H,0,, does not inhibit the photo-oxidation of indo- 
methacin. Further evidence to exclude O; as an 
initiator of the oxidation was carried out by direct 
addition of a KO, solution to a solution of indo- 
methacin without irradiation. Two hundred 
microliters of the KO, in crown ether-DMSO sol- 
ution were added slowly to 1.0 ml of a48 «M solution 
of indomethacin in D,O buffer (with magnetic stir- 
ring). The concentration of O}; was estimated to be 
200 uM. A similar crown ether-DMSO solution 
without KO, was added to the control cuvette. No 
significant differences were detected between the 
absorption spectra of the experimental and control 
solutions. It has been demonstrated that under cer- 
tain conditions rose bengal-mediated photo-oxida- 
tion may lead to Oj formation [32]. The experiments 
described above, however, eliminate O; from con- 
tention in indomethacin oxidation. 


DISCUSSION 


The elucidation of the mechanism of action of 
indomethacin on a molecular level is a fundamental 
problem in rheumatology. While it is known, for 
example, that the acetyl group of aspirin is trans- 
ferred to prostaglandin synthetase [18], experiments 
with indomethacin labeled in various positions of the 
molecule have not demostrated a similar transfer of 
part or all of the indomethacin molecule to protein 
[33]. 

As discussed in the beginning of the paper, there 
is a growing body of evidence suggesting that the 
reactive forms of oxygen may be implicated in the 
pathogenesis of inflammation, and act as mediators 
of damage to the proteins and lipids of cell mem- 
branes and to nucleic acids. In our studies we have 
focused on singlet molecular oxygen, a species which 
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exists when one of the two unpaired electrons in 
ground state triplet oxygen undergoes spin inversion. 
Venkatasubramanian and Joseph [34] have shown 
that singlet oxygen can damage collagen, and Rahim- 
tula and O’Brien [19] have presented evidence that 
singlet oxygen may play an important role in the 
mechanism of action of prostaglandin synthetase. 
Thus, singlet oxygen may be a mediator of degener- 
ative inflammatory arthritic disease on either a pri- 
mary or secondary basis. 

In vivo, ‘Oz may be generated in a number of 
ways. Polymorphonuclear leukocytes are known to 
generate O3. This species will dismutate either spon- 
taneously or enzymatically via superoxide dismutase 
to form H2O2 and O:, as seen in Reaction 1. It has 
been hypothesized that, in the spontaneous dismu- 
tation, the molecular oxygen product is in the singlet 
state [35, 36] whereas the enzyme catalyzed dismu- 
tation leads to ground state oxygen [35]: 


O3 + O3 + 2H*—O> + H202. (1) 


It has been also suggested that under certain con- 
ditions O: may react with H,O, to form 'O, and 
OH: as seen in Reaction 2 [6]: 


O3 + HXO>+OH™ + OH: + 'Oo. (2) 


The second order rate constant for Reaction 2 is 
0.13 m~! sec! and it would, therefore, be expected 
to occur at an extremely slow rate [37]. An adap- 
tation of this reaction which involves metal ion 
catalysis has been suggested [38, 39]. Reaction 2 may 
then represent the net of the metal catalyzed reaction 
sequence. 

Arneson [40] has proposed that 'O, may be gen- 
erated from a reaction between O,; and OH as seen 
in Reaction 3. This reaction has not as yet been 
demonstrated under biological conditions: 


O; + OH: 'O, + OH’. (3) 


Myeloperoxidase is an enzyme known to exist in 
polymorphonuclear leukocytes, and utilizes H2O2 


and a halide ion such as Cl as substrates [41]. The 
enzyme generates the hypochlorite ion, OCI”, as an 
intermediate, and it has been proposed that 'O> is 
a product of the enzymatic reaction [42]. Others, 
however, have indicated that the evidence for 'O2 
production from the myeloperoxidative reaction is 
not unequivocal [43]. It has also been reported that 
'O2 is formed from the hemoprotein-catalyzed 
decomposition of lipid peroxides [44]. 

The experiments in Table 1 (potentiation of oxi- 
dation by D2O as compared with H2O and inhibition 
of oxidation by methionine and azide), combined 
with the changes seen in Fig. 1, indicate that indo- 
methacin can react with singlet molecular oxygen to 
form a spectrally distinguishable product(s). The 
experiments outlined in Table 2 exclude the other 
reactive oxygen species (OH-,O3, H,O>, metal ion— 
oxygen complex) as the mediators of the photo- 
oxidation. 

Taken collectively, these results indicate that 
indomethacin can react with singlet oxygen, sug- 
gesting the possibility that if singlet oxygen is gen- 
erated in vivo, at least part of the anti-inflammatory 
effect of indomethacin may result from this scav- 
enging reaction. This is not to say that all singlet 
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oxygen scavengers or quenchers will be anti-inflam- 
matory. -To be anti-inflammatory they must get to 
the correct site or locus; specificity in terms of loca- 
tion may be an important and crucial factor [45]. It 
is important to remember that singlet oxygen has a 
lifetime of 2 zsec in aqueous solution [25-27]. Thus, 
even if some metabolites of indomethacin were 
shown to be singlet oxygen reactive, they might not 
be anti-inflammatory because they could not reach 
the correct locus of action. 
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Abstract—The concentration of cyclic AMP in the pineal glands of rats exposed to constant light for 
7 days and then placed in darkness for up to 3 hr was no different from that measured in the pineal 
glands of rats kept in constant light. However, if the norepinephrine re-uptake inhibitor desmethyli- 
mipramine (DMI) was injected into rats | hr before placing them in the dark, then exposure to darkness 
caused a rapid, sustained increase in pineal gland concentrations of cyclic AMP. While bilateral adrenal 
demedullation did not prevent the increase in pineal cyclic AMP in rats treated with DMI and exposed 
to darkness, bilateral superior cervical ganglionectomy abolished completely the darkness-induced rise 
in cyclic AMP in DMI-treated rats. Furthermore, prior treatment of rats with the B-adrenergic antagonist 
(+)-propranolol prevented the darkness-induced increase in cyclic AMP in rats treated with the inhibitor 
of norepinephrine re-uptake. It appears that increases in sympathetic activity to the pineal gland, 
induced by darkness, can raise the concentration of cyclic AMP in the gland but only when nore- 


pinephrine re-uptake is prevented. 


Whereas pharmacological stimulation of B-adrener- 
gic receptors increases adenosine 3’, 5’-monophos- 
phate (cyclic AMP) concentrations in many different 
organs [1, see also Ref. 2], very few instances have 
been reported where increased noradrenergic neu- 
ronal activity raised cyclic AMP concentrations in 
the innervated organ. The reason for this apparent 
paradox is not well understood. We have been unable 
to find any reports of sympathetic nerve stimulation 
increasing cyclic AMP concentrations in organs 
receiving such innervation. Siggins er al. [3] reported 
that stimulation of the locus coeruleus increases 
cyclic AMP concentrations in cerebellar Purkinje 
cells, as measured by an immunocytochemical pro- 
cedure. Even here, though, the involvement of cyclic 
AMP in mediating the effects of norepinephrine 
(NE) on cerebellar Purkinje cells is somewhat con- 
troversial [4], and there is some uncertainty as to 
how quantitative the immunocytochemical pro- 
cedure for cyclic AMP is (see Ref. 5). 

The mammalian pineal gland is an ideal organ to 
use for further study of this issue. Its sole innervation 
is that of post-ganglionic sympathetic fibers orig- 
inating at the superior cervica! ganglion [6], and it 
contains a high density of B-adrenergic receptors 
coupled.to adenylate cyclase [7, 8], activation of 
which leads to increased concentrations of cyclic 
AMP in the gland [9, 10]. The rise in cyclic AMP 
caused by norepinephrine is thought to mediate some 
of the effects of norepinephrine on the pineal gland 
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[11, 12]. Most interestingly, the pineal gland 
responds tc changes in environmental lighting via a 
complex multisynaptic pathway originating at the 
retina and t2rminating with the sympathetic inner- 
vation to the gland [13-17]. Darkness increases the 
activity of the noradrenergic fibers to the pineal, as 
evidenced by darkness increasing the turnover of 
NE in the gland [18], as well as increasing the elec- 
trical activity of the gland [19]. 

To investigate whether NE, released endogen- 
ously from sympathetic nerves, can raise cyclic AMP 
concentrations in the organ innervated, we have 
studied whether exposure of rats to darkness would 
elevate cyclic AMP concentrations in the pineal 
gland. In addition, as re-uptake into the sympathetic 
neuron is the primary mechanism for terminating 
the activity of NE in the synapse (see Ref. 20), the 
effect of desmethylimipramine, an inhibitor of NE 
uptake [21], was examined in this system as well. 


METHODS 


Male Sprague-Dawley rats (200-250 g) were pur- 
chased from Zivic—Miller Laboratories, Allison 
Park, PA. All surgical and sham procedures were 
performed by the supplier. Surgical procedures were 
performed on the rats 2 weeks prior to their being 
used in experiments [22]. All animals had access to 
food and water ad lib. Rats were given intraperi- 
toneal injections of either desmethylimipramine 
(DMI, 10 mg/kg) or 0.9% NaCl. In addition, some 
rats received (+ )-propranolol (30 mg/kg, i.p.) 15 min 
before a subsequent injection of either DMI or 
saline. 
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Animals were housed in an environmental room 
(Hotpack Corp., Philadelphia, PA) which was main- 
tained at 22°. For most experiments, this room was 
kept in constant light and the rats acclimated to it 
for 7 days prior to the experimental procedure so as 
to reduce diurnal fluctuations in beta-adrenergic 
receptor density [23]. For another experiment, 
animals were housed under conditions of alternating 
light and dark periods (lights on from 7:00 a.m. to 
7:00 p.m.) and were killed at the end of the light 
cycle. 

The experimental procedure consisted of either 
keeping the rats exposed to light or placing them in 
the dark for periods of time ranging from | to 180 min. 
Rats were exposed to darkness between 10:00 and 
11:00 a.m. To place the rats in darkness, the animals 
were removed first from the environmental room 
into an adjacent lighted area. The animals were 
maintained in this area, in individual cages, for sev- 
eral hours. They were then returned, one at a time, 
to the environmental room and lights in this room 
were turned off for the appropriate periods of time. 
All rats exposed to darkness, i.e. those receiving 
saline or desmethylimipramine, were handled in this 
manner. Initially, rats killed in constant light were 
handled in this way also. However, preliminary 
experiments showed that there was no difference in 
the results if this were done or if the rats were just 
kept in the environmental room and killed in the 
light. Since this latter procedure was simpler to per- 
form, most of the rats killed in constant light were 
handled in this way. 

Darkness was defined as the absence of all light 
except that from a red 25 W Sylvania light bulb 
protected by a red acetate filter. Previous studies 
have shown that the activities of pineal enzymes 
sensitive to white light are not altered by this intensity 
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of red light [24]. Rats killed in the dark had their 
pineal glands removed in the dark. 

Preliminary studies, that were run for another, 
related investigation, showed plasma and pineal con- 
centrations of DMI to be maximal 30-60 min after 
its intraperitoneal administration [25]. Therefore, 
1 hr after the DMI or saline injection, the rats were 
decapitated and the pineal glands removed and 
frozen on dry ice within 30 sec to control for a post- 
decapitation rise in cyclic AMP [26]. With this 
experimental design, then, rats exposed to darkness 
for longer than 60 min received their injection of 
DMI or saline in the dark. 

Cyclic AMP was extracted by sonicating the pineal 
glands for 15 sec in | ml of ice-cold 2.5% perchloric 
acid. The sonicate was centrifuged at 49,000 g for 
15 min at 4°. 

The supernatant fluid was decanted, neutralized 
with excess CaCOs [27], and centrifuged at 12,000 g 
for 10 min at 4°. The cyclic AMP concentration of 
the neutralized extract was measured by radio- 
immunoassay using ['**I]antigen and antiserum pur- 
chased from New England Nuclear, Boston, MA. 
All unknown samples were assayed in triplicate. 
Standard solutions of cyclic AMP were prepared in 
2.5% perchloric acid that had been neutralized with 
CaCO. 

Protein determinations were performed according 
to the method of Lowry et al. [28]. 

Desmethylimipramine was donated by USV Phar- 
maceutical Corp. NY. (+)-Propranolol was pur- 
chased from the Sigma Chemical Co., St. Louis, 
MO. 

RESULTS 


Because the level of activity of the noradrenergic 
innervation to the pineal gland shows circadian vari- 








Pineal gland cyclic AMP, 


Minus DMI 











x 
(4) 





iS 20 


25 


Time in dark, min 


Fig. 1. Effect of desmethylimipramine on pineal gland cyclic AMP concentrations in rats placed in 

darkness. Rats received intraperitoneal injections of either saline (lower trace, labeled “minus DMI”) 

or DMI (upper trace; 10 mg/kg). | hr prior to being killed, the rats were placed in the dark for the times 

indicated. Each point represents the mean value for the number of experiments indicated in the 

parentheses. Each bracket indicates the S.E.M. In rats receiving DMI, each mean value of cyclic AMP 

in the pineal glands of rats placed in darkness for different periods of time was significantly higher than 
the mean value measured in rats receiving DMI and not placed in the dark (P < 0.025). 
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ation, being higher during darkness than light [18, 
19], we examined whether exposure to the dark 
would elevate cyclic AMP concentrations in the 
pineal gland. Figure 1 shows the pineal gland con- 
centrations of cyclic AMP in animals kept in constant 
light for 7 days and then given a single injection of 
either DMI or saline before being exposed to dark- 
ness for the times indicated. In those animals receiv- 
ing only saline, at no time up to 180 min did exposure 
to darkness raise the levels of pineal cyclic AMP 
over that measured in pineal glands of rats not placed 
in the dark. In contrast, pineal cyclic AMP increased 
rapidly, within 1 min of darkness, in animals which 
received a single injection of DMI; concentrations 
of cyclic AMP remained elevated for up to 3 hr of 
exposure to darkness in rats injected with DMI. 
Because the elevation of pineal gland cyclic AMP 
was maximal after 1 min of exposure to darkness, 
this time was chosen for all subsequent experiments 
involving rats killed in the dark. 

The results in this paper are expressed as pico- 
moles of cyclic AMP per pineal gland rather than 
in terms of pineal protein content, as no significant 
change was noted in pineal protein during the rela- 
tively short time period the rats were placed in the 
dark. Thus, the results would be essentially the same 
as those presented if the data were expressed in 
terms of pineal protein. For example, in rats given 
DMI and kept in constant light, the pineal concen- 
tration of cyclic AMP was significantly lower (65 
+ 13 pmoles/mg protein) than that measured in rats 
given DMI and placed in the dark for 1 min (167 
+ 33 pmoles/mg protein; P < 0.005). 

Injection of DML is effective in raising cyclic AMP 
levels in rats kept in constant light as well as in rats 
placed in the dark. This was studied by giving rats 
an injection of saline or DMI and killing them, in 
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Fig. 2. Effect of desmethylimipramine on pineal cyclic 
AMP in rats kept in constant light. Rats were injected with 
either 0.9% NaCl or DMI (10 mg/kg) and were killed either 
7.5, 15, 30, 60 or 120 min later. Each point represents the 
mean value for the number of experiments indicated in the 
parentheses. Each bracket indicates the S.E.M. At all time 
points, the concentrations of cyclic AMP in the pineal 
glands of rats given DMI were higher than those found in 
control animals (P < 0.05, Student’s t-test). The concen- 
trations of pineal cyclic AMP in rats placed in the dark for 
1 min after being treated with DMI is indicated as “dark”. 
This value is significantly higher than that measured in any 
of the groups of rats given DMI and kept in the light 
(P < 0.025). 


Table 1. Effect of DMI treatment on pineal gland concentrations of cyclic AMP 





Exposure 
to darkness 
for | min 


Housing 
conditions 


Drug 
treatment 


Pineal 
cyclic AMP 
(pmoles/gland) 





0.9% NaCl Constant light 


0.9% NaCl Constant light 


0.9% NaCl Light-dark 
0.9% NaCl Light-dark 
DMI§ Constant light 


DMI Constant light 


DMI Light—dark 


DMI Light-dark 


§.0:% 1.17 
(5) 
4.8+1.0 
(5) 
6.9+0.9 
(8) 
5.6+0.8 
(8) 
11.5 + 1.1]| 
(14) 
226215 
(14) 
11.7 + 1.6) 
(7) 
22.7219 
(7) 


< 0.001 


< 0.001 





* Compared to corresponding value in rats not exposed to darkness. 


+X + S.E.M. 
+ Number of observations. 


§ Ten mg/kg, intraperitoneally, 1 hr before animals were killed. 
|| P < 0.025, compared to saline-treated animals housed under similar lighting 


conditions. 
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the light, at different times thereafter. The results 
of this experiment are shown in Fig. 2. At the earliest 
time of measurement after administration of DMI, 
namely 7.5 min, cyclic AMP concentrations rose 
about 2.5 times as compared to the concentration 
measured in rats injected with 0.9% NaCl. The rise 
in cyclic AMP, observed in the rats given DMI, 
persisted for at least 2 hr. In the same experiment, 
some rats were placed in the dark for | min after 
they had been given DMI | hr previously. As shown 
before (Fig. 1), exposure to the dark in rats treated 
with DMI raised pineal cyclic AMP concentrations 
still further. 

The increase in cyclic AMP in rats administered 
DMI and then exposed to darkness was observed in 
animals housed under conditions of alternating light 
and dark periods as well as in constant light. In a 
separate experiment, rats were housed either in con- 
stant light for 7 days or in 12hr light-12 hr dark 
periods for the same time. Animals were then 
injected with either saline or DMI and | hr later 
were exposed to the dark for 1 min. The results of 
this experiment are shown in Table 1. As before, 
injection of DMI caused a rise in cyclic AMP in 
animals killed in the light. However, treatment with 
DMI raised pineal cyclic AMP significantly higher 
if the rats were placed in darkness for | min prior 
to death; this occurred regardless of the lighting 
conditions in which the rats were housed. 

To determine if the increase in cyclic AMP 
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Fig. 3. Effect of propranolol on the darkness-induced rise 
in pineal cyclic AMP in rats treated with desmethylimpra- 
mine. Rats received intraperitoneal injections of either 
(+)-propranolol (30 mg/kg) or saline 15 min before a sub- 
sequent injection of either saline or DMI (10 mg/kg). One hr 
after the second injection, the animals were exposed to 
darkness for 1 min prior to decapitation. Each bar rep- 
resents the mean value of cyclic AMP and the brackets 
show the S.E.M. The figures in each bar show the number 
of experiments. The asterisk (*) indicates P < 0.025 com- 
pared to either the saline group or the group receiving 
(+)-propranolol and DMI. 
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Fig. 4. Effect of bilateral superior cervical ganglionectomy 
(SCG-X) or bilateral adrenal demedullation (ADM-X) on 
the darkness-induced rise in pineal cyclic AMP in rats 
treated with desmethylimipramine. Rats underwent (1) a 
sham operation, or (2) bilateral superior cervical ganglio- 
nectomy (SCG-X), or (3) bilateral adrenal demedullation 
(ADM-X) 2 weeks prior to the experiment. All animals 
received DMI (10 mg/kg) | hr before being killed. All 
animals were exposed to darkness for | min prior to decap- 
itation. The asterisk (*) indicates P < 0.01 compared to the 

sham operated group. 


observed in rats treated with DMI and placed in the 
dark was due to activation of B-adrenergic receptors, 
propranolol was administered to rats 15 min before 
administration of DMI and 75 min before placing 
the rats in darkness for 1 min. The results of this 
experiment are shown in Fig. 3. As before, the pineal 
cyclic AMP concentration of rats receiving DMI 1 hr 
before being placed in darkness was significantly 
higher than that measured in the glands of rats not 
receiving the tricyclic drug. Pretreatment with (+)- 
propranolol, however, completely eliminated the 
darkness-induced rise in pineal gland cyclic AMP in 
rats given DMI. This indicates that the DMI-induced 
increase in pineal cyclic AMP in animals placed in 
darkness is mediated by activation of pineal B-adre- 
nergic receptors. 

The source of the catecholamines that were 
responsibie for the rise in pineal cyclic AMP in rats 
given DMI and placed in the dark was determined 
by treating three different groups of rats with DMI 
60 min prior to placing them in the dark for 1 min: 
(1) sham-operated rats; (2) rats receiving bilateral 
superior cervical ganglionectomy (SCG-X); and (3) 
rats receiving bilateral adrenal demedullation . 
(ADM-X). Ablation of both superior cervical ganglia 
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Fig. 5. Effect of re-exposure to light on pineal gland cyclic 
AMP in rats given desmethylimipramine and placed into 
darkness. All rats received injections of DMI (10 mg/kg). 
One hr later, the animals were (1) killed without being 
placed in the dark (“light”) or (2) were placed in the dark 
for 1 min (“dark”) or (3) were placed in the dark for | min 
and re-exposed to light for the times indicated. Each bar 
represents the mean value of cyclic AMP + S.E.M. The 
number in each bar shows the number of experiments. The 
value of cyclic AMP in the pineal glands of rats killed in 
the dark is significantly higher than that measured in any 
of the other groups of animals (P < 0.005, Student’s /-test). 


will result in complete denervation of the pineal, as 
this is the exclusive innervation of this gland [6], 
whereas bilateral adrenal demedullation removes the 
primary source of catecholamines found in the cir- 
culation. The results of this experiment are shown 
in Fig. 4. Adrenal demedullation had no effect on 
the rise in cyclic AMP seen in DMlI-treated rats 
placed in the dark. In contrast, bilateral superior 
cervical ganglionectomy abolished the rise in pineal 
gland concentration of cyclic AMP. These results 
indicate that DMI is potentiating the effects of NE 
released in the dark from the post-ganglionic sym- 
pathetic fibers innervating the pineal gland. 

It was of interest to determine whether re-expo- 
sure to light would cause a fall in pineal cyclic AMP 
concentrations in rats given DMI and placed in the 
dark. To see if this would happen, rats were injected 
with DMI (10 mg/kg) and 1 hr later placed in the 
dark for | min. The lights were then turned on and 
the animals killed either 0.5, 2, 8 or 32 min later. 
The results of this experiment are presented in Fig. 
5. As expected, the concentration of cyclic AMP in 
the pineal glands of rats given DMI and placed in 
the dark for | min was significantly higher than that 
measured in the glands of rats not exposed to dark- 
ness. Within 30 sec of re-exposure to light, though, 
the concentration of cyclic AMP fell to the value 
found in rats not exposed to the dark. 


DISCUSSION 


The mammalian pineal gland, formerly considered 
nothing more than a vestigial organ, has become a 
widely studied structure within the past 20 years. It 
has been shown, for example, that the pineal gland 
responds to changes in environmental lighting via a 
complex multisynaptic pathway originating at the 
retina and terminating with the sympathetic inner- 
vation to the gland from the superior cervical gan- 
glion [13-17]. The onset of darkness increases the 
turnover of norepinephrine (NE) in the sympathetic 
nerves innervating the pineal gland [18]. Further- 
more, darkness increases the electrical activity of the 
pineal gland [19], and NE causes hyperpolarization 
of the pinealocyte cell membrane by activation of 
B-adrenergic receptors on the gland [29]. 

In view of this, it is somewhat surprising that the 
onset of darkness has not been reported to cause 
rapid increases in the concentration of cyclic AMP 
in the pineal gland. While rats killed after 12 hr of 
exposure to darkness have higher basal pineal gland 
concentrations of cyclic AMP than rats killed after 
being in the light for the same amount of time [23, 
30], exposure of rats to darkness for periods up to 
6 hr has not been shown to stimulate a rise in pineal 
gland cyclic AMP concentrations [23]. 

In agreement with these results [23], we have not 
been able to measure any significant change in pineal 
cyclic AMP in saline-treated rats kept in constant 
light and then exposed to darkness. However, if rats 
were given a single injection of DMI 1 hr prior to 
exposure to darkness, then a rapid rise in cyclic AMP 
concentrations occurred when the rats were placed 
in the dark. This effect persisted after bilateral 
adrenal demedullation, but either bilateral superior 
cervical ganglionectomy or prior administration of 
propranolol prevented the increase in cyclic AMP 
from occurring. This indicates that the increases in 
pineal cyclic AMP seen in DMI-treated rats are due 
to the action of NE released from the sympathetic 
nerve terminals innervating the pineal. As prior work 
has demonstrated no change in the binding of 
[*H]dihydroalprenolol to pineal gland homogenates 
of rats given a single injection of DMI [25], the 
elevated cyclic AMP concentrations seen in rats 
given DMI and placed in the dark is not caused by 
DMI increasing the density of pineal gland B-adre- 
nergic receptors. The most likely explanation for the 
darkness-induced rise in cyclic AMP in rats given a 
single injection of DMI is that the tricyclic drug, by 
blocking NE re-uptake into sympathetic terminals 
[21], causes a persistent elevation in synaptic con- 
centrations of NE so as to stimulate a measurable 
rise in pineal cyclic AMP. This work establishes that 
exposure of rats to darkness can rapidly raise pineal 
cyclic AMP levels. 

It should be emphasized, though, that injection 
of rats with DMI raised pineal gland cyclic AMP 
levels even in animals kept in constant light. Some 
release of NE from the sympathetic nerve innervat- 
ing the pineal probably occurs in the light, and its 
effect on pineal B-adrenergic receptors would be 
enhanced in the presence of DMI. However, expo- 
sure to darkness raised still further the concentration 
of cyclic AMP. The darkness-induced rise in cyclic 
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AMP in rats treated with desmethylimipramine was 
reversed very rapidly upon re-exposure to light (Fig. 
5). The rapid fall in pineal cyclic AMP observed 
upon re-exposure to light is similar to the quick 
decrease in activity of serotonin N-acetyltransferase 
[31] observed in rats exposed to light after being 
placed in the dark. Indeed, the fall in cyclic AMP 
appears to happen even faster than the decrease in 
activity of N-acetyltransferase, and this would be 
consistent with the idea [32] that the fall in serotonin 
N-acetyltransferase is a consequence of the drop in 
cyclic AMP levels. 

The present work provides further evidence for 
sympathetic control of pineal gland activity. When 
the norepinephrine reuptake inhibitor DMI is pres- 
ent, the onset of darkness via activation of B-adre- 
nergic receptors rapidly raises cyclic AMP concen- 
trations in the pineal. Why the uptake inhibitor must 
be present to demonstrate the effects of sympathetic 
nerve activity on levels of pineal cyclic AMP, but 
not activity of the pineal enzymes serotonin N-ace- 
tyltransferase [33, 34] or hydroxyindole-O-methyl- 
transferase [35], is not readily apparent. It may be 
that increased sympathetic nerve activity affects the 
‘turnover’ of the cyclic nucleotide so as to cause 
increases in the activity of these enzymes. Such 
changes in cyclic AMP turnover may occur without 
measurable alterations in the concentration of the 
cyclic nucleotide. 

In conclusion, it appears that blockade of NE re- 
uptake may be a necessary condition to demonstrate 
effects of increased sympathetic nerve activity on 
end organ concentrations of cyclic AMP. 
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Abstract—Z/n vitro, d- and /-amphetamine (AMPH) are reversible monoamine oxidase (MAO) type A 
inhibitors, the d-form being approximately five times more potent. Experiments were conducted in rats 
to determine whether MAO inhibition occurs in vivo. d- AMPH was more effective than /-AMPH at 
decreasing striatal 3,4-dihydroxyphenylacetic acid (DOPAC). However, assays of striatal MAO activity 
following administration of AMPH in vivo failed to show MAO inhibition. In other experiments, rats 
were treated with d-AMPH (zero time) followed by phenelzine (1 hr), an irreversible MAO inhibitor, 
and were killed at 25 hr. MAO activity was determined in vitro for the striatum and the rest of the brain 
using serotonin (MAO-A) and phenylethylamine (MAO-B) as substrates. d-AMPH provided significant 
protection against MAO-A inhibition by phenelzine, whereas /-AMPH and cocaine (used instead of 
AMPH) were without effect. d7- AMPH failed to protect against MAO-B inhibition by phenelzine. Thus, 
d-AMPH appears to inhibit reversibly MAO type A in vivo. However, using the same ‘protection 
protocol’, d-AMPH failed to oppose phenelzine-induced lowering of striatal DOPAC. Experiments 
were undertaken to determine whether the protective effect of d-AMPH on MAO type A would 
influence striatal dopamine depletion by Ro4-1284, a rapidly acting reserpine-like agent. Ro4-1284- 
induced depletion of dopamine was inhibited by phenelzine. Prior treatment with d-AMPH reduced 
significantly the protective effect of phenelzine, suggesting reversible, intraneuronal MAO inhibition 


by d-AMPH in vivo. The possible neuronal mechanisms for these events are discussed. 


The in vivo effects of amphetamine are commonly 
considered to result from catecholamine release and 
reuptake blockade [1]. However, it has been known 
for many years that amphetamine inhibits mono- 
amine oxidase (MAO; EC 1.4.3.4, monoamine: O2 
oxidoreductase deaminating) in vitro [2]. This effect 
has not been widely accepted as an important action 
in vivo since relatively high concentrations are 
‘required for significant inhibition [3]. Recently, how- 
ever, expanding knowledge in the area of MAO has 
created renewed interest in the MAO inhibitory 
property of amphetamine. 

Currently, mitochondrial MAO is considered to 
exist in at least two functionally distinct types (type 
A and type B), each with particular substrate and 
inhibitor preferences [4, 5]. Both types of MAO are 
found extraneuronally but MAO type A is also con- 
sidered to be the predominant form within peripheral 
and central monoaminergic neurons [4-7]. Recent 
in vitro studies with d-amphetamine have shown 
preferential inhibition of MAO type A [8-10]. In 
several rat tissues, d-amphetamine was about fifty 
times more potent in inhibiting MAO type A com- 
pared with MAO type B [10]. Additionally, the d- 
form was five times more potent than /-amphetamine 
on the A type, whereas both enantiomers inhibited 
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MAO type B to the same extent [10]. These data 
led Miller and Clarke [10] to postulate that at least 
some of the differences in the pharmacologic effects 
of d- and /-amphetamine might be related to differ- 
ential inhibition of MAO type A. 

Direct evidence for an MAO inhibitory action of 
d-amphetamine in vivo has not been forthcoming, 
since d-amphetamine is a reversible inhibitor. How- 
ever, Green and El Hait [11] have shown that d- 
amphetamine will protect against irreversible MAO 
inhibition by phenelzine in the mouse brain. 
Although possible problems relating to inhibition of 
phenelzine absorption and neuronal uptake by 
amphetamine were not addressed by Green and El 
Hait [11], their data are highly suggestive of an MAO 
inhibitory action in vivo. 

In view of the above findings, we have undertaken 
further studies on the possible MAO inhibitory effect 
of amphetamine in vivo. Our results in rat striatum 
and the rest of the brain confirm the result described 
by Green and E] Hait [11]. Additionally, the data 
indicate that inhibition of MAO type A by d-amphet- 
amine contributes to its pharmacologic activity. 


MATERIALS AND METHODS 


Male rats (Sprague-Dawley descendants; Texas 
Inbred, Houston, TX), weighing between 175 and 
275 g, were used. The MAO assays with kynuramine 
{12} and ['C-]beta-phenylethylamine = (40 
mCi/mmole) [13] were conducted as described pre- 
viously. [“C]Serotonin (4.72 mCi/mmole) was 
assayed using the same procedure as for phenyl- 
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ethylamine. The final substrate concentrations used 
were: kynuramine 100M, phenylethylamine 
10 uM, and serotonin 400 uM. These concentrations 
were determined following preliminary studies with 
the differential MAO inhibitor, clorgyline [14]. In 
striatal homogenates, serotonin metabolism was 
found to proceed entirely through MAO type A and 
phenylethylamine entirely through type B. Kynur- 
amine was a substrate for both types. Additionally; 
the selected concentrations are two to four times 
that of the reported K» values for their respective 
MAO iypes [15-18]. 

Dopamine [19] and 3,4-dihydroxyphenylacetic 
acid (DOPAC) [20] were measured by established 
fluorometric techniques. Values were corrected for 
recovery of authentic dopamine and DOPAC and 
reported as. ug/g tissue. 

The following drugs were used: d- and /-amphet- 
amine sulfate, chlorpromazine HCl, cocaine HCl, 
clorgyline, haloperidol, phenelzine sulfate and Ro4- 
1284, (Ro; 2-hydroxy-2-ethyl-3-isobutyl-9, 10-dime- 
thoxy-1,2,3,4,6,7-hexahydrobenzo[a|quinolizine). 

The significance of differences was determined 
using Student’s f-test. P values were expressed as 
two-tailed. 


RESULTS 


MAO activity after in vivo administration of d- 
amphetamine. d-Amphetamine is a reversible MAO 
inhibitor [8]. Thus, concentrated tissue homogenates 
(100 mg/ml) were prepared in order to minimize drug 
dissociation. However, in brains removed from rats 


treated with d-amphetamine (20 mg/kg, s.c., for 1 hr) 
there was no alteration of MAO activity in the stria- 
tum and the rest of the brain, using kynuramine 
and serotonin as substrates. In view of this result, 
several different indirect measures were undertaken 
to test for possible MAO inhibition in vivo. 


Effects of d- and \-amphetamine on striatal 
DOPAC levels. In vitro, d-amphetamine is five times 
more potent than /-amphetamine at inhibiting MAO 
type A [10]. Thus, it was of interest to compare the 
two enantiomers with regard to the ability to lower 
striatal DOPAC. In some experiments, a dopamine 


Table |. Effects of d- and /-amphetamine (AMPH, 5 mg/kg) 
alone or with haloperidol (HALO, | mg/kg) on striatal 3,4- 
dihydroxyphenylacetic acid (DOPAC) concentration 





DOPAC 


Drug treatment” (ug/g + S.E.) (N) 





None (control) 
d-AMPH 

l-AMPH 

HALO 

HALO + d-AMPH 
HALO + /-AMPH 


2+0.09 (39) 
77 + 0.15% (10) 
r ().23% (10) 
- 0.41 (6) 
+ ().22§ (6) 


0.66, (6) 





* All drugs were given s.c. at zero time. and the rats 
were killed at 2 hr. 
+ Significantly different from control, P < 0.001. 
¢ Not significantly different from control. 
§ Significantly different from HALO, P< 0.001. 
Not significantly different from HALO. 
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Fig. 1. Effects of d-amphetamine (@—®) and /-ampheta- 
mine (O—©) on the striatal 3 ,4-dihydroxyphenylacetic acid 
(DOPAC) level in chlorpromazine (5 mg/kg, free base)- 
treated rats. The animals were given amphetamine (s.c.) 
at zero time, chlorpromazine (s.c.) at 30min and were 
killed at 2hr. DOPAC was determined the same day by 
spectrophotofluorometry (see Materials and Methods) and 
is expressed as ug DOPAC’g striatum. A single asterisk 
(*) indicates significance.of differences vs control (no 
amphetamine), P < 0.05. 
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CLORGYLINE 


Fig. 2. /n vitro inhibition of kynuramine (100 4M) deam- 
ination in the rat striatum by clorgyline. The animals were 
treated s.c. for 24hr as follows: no treatment (X—x), 
phenelzine (2 mg free base/kg, O—©) and phenelzine (8 mg 
free base/kg, A—A\). The mean specific activities (nmoles 
4-hydroxyquinoline formed/mg fresh tissue/hr) in the 
absence of clorgyline were 5.74, 3.07 and 1.47 respectively. 
Each point is the mean of at least two determinations. 
Variation, expressed as the range of values, falls within the 
size of the symbols. Note that, as the dose of phenelzine 
is increased, the type A activity (defined by 10°’ M clor- 
gyline) is preferentially diminished in relation to the type 
B activity (no treatment: 41 per cent A, 59 per cent B; 
2 mg/kg phenelzine: 24 per cent A, 76 per cent B; 8 mg/kg 
phenelzine: 0 per cent A, 100 per cent B). From the specific 
activities given above it can be calculated that, following 
2 mg/kg phenelzine, approximately 68 per cent of the 
activity defined as type A is inhibited, while approximately 
31 per cent of the B activity is inhibited. After 8 mg/kg 
phenelzine, no type A activity remains, and approximately 
57 per cent of the type B activity is inhibited. 





In vivo MAO inhibition by d-amphetamine 


receptor blocking drug, haloperidol or chlorprom- 
azine, was given to enhance DOPAC production 
[21, 22]. The results are shown in Table 1 and Fig. 1. 
Under all experimental conditions, d-amphetamine 
proved to be more effective than the /-enantiomer 
at lowering DOPAC. Figure 1 shows that 1 mg/kg 
of d-amphetamine produced about the same effect 
as 5-10 mg/kg of the /-form. 

MAO inhibitory properties of phenelzine and its 
interaction with d- and |-amphetamine. Figure 2 char- 
acterizes the MAO inhibitory effect of phenelzine 
(2 and 8 mg/kg) in the striatum of rats 24 hr after 
subcutaneous injection. Following the convention 
established by Johnston [14], the control inhibition 
curve with clorgyline shows an A:B ratio of 41:59. 
The A:B ratio was changed by phenelzine to about 
24:76 (2 mg/kg) and 0:100 (8 mg/kg). Thus, phe- 
nelzine preferentially inhibited type A MAO. From 
the specific activities given in the legend to Fig. 2, 
we calculated that MAO-A was 68 per cent inhibited 
following 2 mg/kg phenelzine, while MAO-B was 
inhibited by 31 per cent. After 8 mg/kg phenelzine, 
MAO-A was inhibited fully, while MAO-B was 
inhibited by 57 per cent. This differential inhibitory 
effect of phenelzine in the striatum is further dem- 
onstrated in Table 2. Metabolism of the type A 
substrate serotonin (see Materials and Methods) was 
inhibited to a greater extent than phenylethylamine, 
the type B substrate. Similar results were found in 
the rest of the brain (Table 2). Preferential type A 
inhibition was also seen after addition of phenelzine 


Tabie 2. Inhibitory effects of phenelzine (2 mg/kg) on MAO 
activity in the striatum and rest of brain* 





Mean % inhibition of MAO (N) 


Substrate Striatum Rest of brain 





33 (3) 
44 (6) 
72 (5) 


Phenylethylamine 
Kynuramine 
Serotonin 





* Phenelzine was given s.c. at zero time, and the rats 
were killed at 24 hr. 
+ Not determined. 
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Fig. 3. In vitro inhibition of ['*C]serotonin (x— x) and 

['°C]B-phenylethylamine (O—O) deamination in rat stria- 

tum by phenelzine. Substrate concentrations were 400 uM 

and 10 uM respectively. Each point represents at least two 

determinations. The vertical bars around the central points 
represent the range of values. 


to striatal homogenates in vitro, but only at a con- 
centration of 1.2 x 10°’ M (Fig. 3). 

Experiments were conducted to determine 
whether the prior administration of amphetamine 
would protect against phenelzine-induced inhibition 
of MAO, in vivo. Amphetamine (10 mg/kg) was 
given at zero time, phenelzine (2 mg/kg) at | hr and 
the animals were killed at 25 hr. MAO activity was 
measured in vitro using serotonin (type A) and 
phenylethylamine (type B) as substrates. Table 3 
(d-amphetamine) and Table 4 (/-amphetamine) show 
the results obtained in the striatum and the rest of 
the brain with serotonin. d-Amphetamine signifi- 
cantly protected against phenelzine-induced inhibi- 
tion of MAO, whereas /-amphetamine failed to do 
so. In contrast, no significant protection was found 
with d-amphetamine using phenylethylamine as the 
substrate (Table 5). With phenylethylamine in the 
striatum, phenelzine alone, and phenelzine preceded 


Table 3. Effects of d-amphetamine (d-AMPH, 10 mg/kg) on the inhibition of ['"C]serotonin 
deamination by phenelzine (PHEN, 2 mg/kg) in the striatum and rest of brain 





Drug 


treatment* Striatum 


Inhibition 


Specific activity of MAO 
[nmoles deaminated products/mg/hr # 


S.E. (N)| 


Rest of brain Inhibition 


c 





14.23 + 1.76 
(4) 
PHEN 3.92 + 0.507 
(5) 
14.30 + 1.024 
(4) 

7.17 + 0.618 
(6) 


None (control) 


d-AMPH 


d-AMPH + PHEN 


4.54 + 
(5) 

14.30 + 0.752 
(4) 

7.13 + 0.408 
(6) 


0).29+ 





* Amphetamine was given s.c. at zero time, phenelzine s.c. at | hr, and all rats were killed 
at 25 hr. Inhibition of substrate deamination was then measured in vitro. 

+ Significantly different from control, P < 0.001. 

t Not significantly different from control. 

§ Significantly different from PHEN, P < 0.005. 
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by d-amphetamine, produced 33 per cent inhibition. 
These data show that the protective effect of d- 
amphetamine relates only to MAO type A. Fur- 
thermore, the experiment with phenylethylamine 
demonstrates that d-amphetamine does not inhibit 
the absorption of phenelzine. Such an effect could 
have explained the protective action of d-ampheta- 
mine upon phenelzine-induced inhibition of MAO- 
A. Table 6 shows that cocaine (15 mg/kg) also failed 
to alter the extent of MAO inhibition with phenel- 
zine. Thus, it is unlikely that d-amphetamine pro- 
tected against phenelzine by impairing neuronal 
uptake. 

A comparison of Tables 2 and 3 with Tables 4 and 
6 reveals a quantitative difference in the MAO 
inhibitory potency of phenelzine. This variation may 
be related, at least in part, to the higher specific 
activities of MAO shown in Table 4. Phenelzine 
irreversibly titrates MAO, and the per cent inhibition 
will depend upon the amount of enzyme present. 
Thus, in order to be certain of the protective action 
of d-amphetamine, the experiment shown in Table 
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7 was carried out. Of the three drugs used, only d- 
amphetamine produced a_ significant protective 
effect. 

Interaction of d-amphetamine with phenelzine on 
striatal DOPAC. Experiments were made to deter- 
mine whether the protective effect of d-amphetamine 
on phenelzine-induced inhibition of MAO would 
extend to the DOPAC-lowering action of phenel- 
zine. The same experimental protocol was used as 
described previously for the protection experiments 
except that haloperidol or chlorpromazine was given 
1.5 hr before the animals were killed. The results are 
given in Table 8. Unlike the acute effect of d- 
amphetamine (Fig. 1 and Table 1), treatment for 
25 hr failed to lower DOPAC significantly. Addi- 
tionally, d-amphetamine given before phenelzine 
failed to show a protective effect. 

Interaction of d-amphetamine with phenelzine on 
striatal dopamine (DA) depletion by Ro4-1284 (Ro). 
The experimental protocol was as described above 
except that Ro (2 mg/kg), a short-acting reserpine- 
like drug [23], was given 30 min before the animals 


Table 4. Effect of /-amphetamine (/-AMPH, 10 mg/kg) on the inhibition of 
['*C]serotonin deamination by phenelzine (PHEN, 2 mg/kg) in the striatum and rest 
of brain 





Specific activity of MAO 
[nmoles deaminated products/mg/hr + S.E. (N)] 
Striatum Rest of brain 


Drug 
treatment” 





17.29 + 0.94 18.44 + 0.48 
(4) (4) 

7.00 + 0.757 7.74 + 0.75+ 
(4) (4) 
17.65 + 0.78% 17.84 + 0.09% 
(4) (4) 

7.46 + 0.348 7.97 + 0.378 
(6) (6) 


None (control) 
PHEN 
l-AMPH 


l-AMPH + PHEN 





* Amphetamine was given s.c. at zero time, phenelzine s.c. at 1 hr, and all rats were 
killed at 25 hr. Inhibition of substrate deamination was then measured in vitro. 

+ Significantly different from control, P < 0.001. 

t Not significantly different from control. 

§ Not significantly different from PHEN. 


Table 5. Effects of d-amphetamine (d-AMPH, 10mg/kg) on the inhibition of 
['*C]phenylethylamine deamination by phenelzine (PHEN, 2 mg/kg) in the striatum and rest 
of brain 





Specific activity of MAO 
[nmoles deaminated products/mg/hr + S.E. (N)] 
Drug % % 
treatment* Striatum Inhibition Rest of brain Inhibition 





2.89 + 0.09 4.58 + 0.13 
(3) (3) 

93 = 0.107 x 3.96 + 0.214 
(3) (3) 

2.81 + 0.054 , 4.70 + 0.16% 
(3) (3) 

.94 + 0.068 Rx 3.77 + 0.308 
(3) (3) 


None (control) 
PHEN 
d-AMPH 


d-AMPH + PHEN 





* Amphetamine was given s.c. at zero time, phenelzine s.c. at 1 hr, and all rats were killed 
at 25 hr. Inhibition of substrate deamination was then measured in vitro. 

+ Significantly different from control, P< 0.001. 

t Not significantly different from control. 

§ Not significantly different from PHEN. 
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Table 6. Effects of cocaine (COC, 15 mg/kg) on the inhibition of ['*C]serotonin 
deamination by pheneizine (PHEN, 2 mg/kg) in the striatum and rest of brain 





Specific activity of MAO 
[nmoles deaminated products/mg/hr + S.E. (N)]| 
Striatum Rest of brain 


Drug 
treatment* 





14.63 + 0.41 15.44 + 0.28 
(4) (4) 

6.35 + 0.17% 6.60 + 0.314 
(2) (2) 
15.06 + 0.964 15.73 + 0.50% 
(3) (3) 

5.87 + 0.158 6.67 + 0.198 
(5) (5) 


None (control) 
PHEN 

COC 

COC + PHEN 





* Cocaine was given s.c. at zero time, phenelzine (s.c.) at | hr, and all rats were 
killed at 25 hr. Inhibition of substrate deamination was then measured in vitro. 

+ Significantly different from control, P < 0.001. 

+ Not significantly different from control. 

§ Not significantly different from PHEN. 


Table 7. Comparison of the effects of d-amphetamine (d-AMPH, 10 mg/kg), /- 
amphetamine (/-AMPH, 10 mg/kg) and cocaine (COC, 15 mg/kg) on inhibition 
of ['*C]serotonin deamination by phenelzine (PHEN, 2 mg/kg) in whole brain 





Specific activity of MAO 


Drug 
[nmoles deaminated products/mg/hr + S.E. (N)] 


treatment* 





18.08 + 0.11 (5) 
7.06 + 0.27% (4) 


None (control) 
PHEN 


d-AMPH + PHEN 
l-AMPH + PHEN 
COC + PHEN 


9.65 + 0.92: (3) 
7.22 + 0.088 (5) 
6.60 + 0.488 (3) 





* Amphetamine was given s.c. at zero time, phenelzine s.c. at | hr, and all 
rats were killed at 25 hr. Cocaine was given s.c. at zero time, phenelzine s.c. at 
1 hr, and all rats were killed at 25 hr. Inhibition of substrate deamination was 
then measured in vitro. 

+ Significantly different from control, P < 0.001. 

¢ Significantly different from PHEN, P < 0.05. 

§ Not significantly different from PHEN. 


Table 8. Effects of d-amphetamine (d-AMPH) on phenelzine (PHEN, 

2 mg/kg)-induced lowering of striatal DOPAC measured following halo- 

peridol (HALO, 1 mg/kg) or chlorpromazine (CPZ, 5 mg/kg) 
administration 





DOPAC 
(ug/g + S.E.) (N) 


Drug 
treatment* 





5.20+0.42 (4) 
4.35 + 0.357 (4) 


HALO 

d-AMPH (5 mg/kg) + HALO 
d-AMPH (10 mg/kg) + HALO 4.65+0.41+ (6) 
PHEN + HALO 2.10+0.14¢ (4) 
d-AMPH (5 mg/kg) + PHEN + HALO .12 + 0.25§ (4) 
d-AMPH (10 mg/kg) + PHEN + HALO 13 + 0.35§ (6) 
CPZ .25 + 0.38 (13) 
PHEN + CPZ 37 + 0.19|| (8) 
d-AMPH (5 mg/kg) + PHEN + CPZ 81 +0.20§ (3) 
d-AMPH (10 mg/kg) + PHEN + CPZ 52 + 0.334 (3) 





* d-Amphetamine was given at zero time, phenelzine at | hr, and either 
haloperidol or chlorpromazine at 23.5 hr (all drugs s.c.). All rats were 
killed at 25 hr. 

+ Not significantly different from HALO. 

t Significantly different from HALO, P < 0.001. 

§ Not significantly different from PHEN + HALO. 

|| Significantly different from CPZ, P < 0.001. 

4 Not significantly different from PHEN + CPZ. 
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Table 9. Effects of d-amphetamine (d-AMPH, 10 mg/kg) on phenelzine 
(PHEN, 2 mg/kg)-induced inhibition of striatal dopamine depletion by Ro4- 
1284 (Ro; 2 mg/kg) 





Drug 
treatment* 


(ug/g + S.E.) (N) 


Dopamine 
depletion 





None (control) 

Ro 

d-AMPH 

d-AMPH + Ro 

PHEN 

PHEN + Ro 

d-AMPH + PHEN 
d-AMPH + PHEN + Ro 


33+0.50 (6) 
+ 0.057 (6) 87 

+ 0.65% (6) 

+ 0.108 (7) 

14. + 0.317% (6) 
8.55 + 0.35) (9) 42 
13.51 + 0.45% (5) 
4.61 + 0.409 (8) 


86 


66 





* d-Amphetamine was given s.c. at zero time, phenelzine s.c. at | hr, and 
Ro4-1284 i.p. at 24.5 hr. All rats were killed at 25 hr. 
+ Significantly different from control, P < 0.005. 
t Not significantly different from control. 
§ Not significantly different from Ro. 
Significantly different from Ro, P < 0.001. 
{ Significantly different from PHEN + Ro, P< 0.001. 


were killed. Table 9 shows that Ro alone produced 
an 87 per cent depletion of dopamine. This effect 
was not altered by prior administration of d-amphet- 
amine. Phenelzine alone produced a significant 
increase in endogenous dopamine and, when given 
prior to Ro, markedly impaired dopamine depletion. 
d-Amphetamine significantly inhibited this effect. 
The drug combination of d-AMPH + PHEN + Ro 
produced a dopamine concentration significantly less 
than PHEN + Ro, but significantly greater than d- 
AMPH + Ro. Thus d-amphetamine is shown to pro- 
duce a partial protective effect. The per cent pro- 
tection is very similar to that obtained with direct 
measurements of MAO (Table 3). 


DISCUSSION 


Catecholamine release and inhibition of reuptake 
are considered important properties of d-ampheta- 
mine in vivo [1]. The present data support the view 
that neuronal MAO inhibition may also be of phar- 
macologic significance. 

Employing serotonin as the substrate, d-amphet- 
amine was found to protect against irreversible MAO 
inhibition of phenelzine. This finding, made in the 
rat striatum and remaining brain areas, confirms that 
reported by Green and E] Hait [11] in whole mouse 
brain. d-Amphetamine is a reversible inhibitor of 
MAO. in vitro [8]. Thus, a reasonable explanation 
is that d-amphetamine impaired irreversible inhibi- 
tion of MAO by phenelzine by temporary attachment 
to the enzyme. Evidence was obtained that the pro- 
tective effect of d-amphetamine was not due to 
impaired absorption, or to decreased neuronal 
uptake, of phenelzine. d-Amphetamine failed to 
antagonize the inhibitory effect of phenelzine on 
phenylethylamine deamination, and cocaine did not 
impair MAO inhibition by phenelzine (Tables 5 and 
6). 

Table 3 shows that the protective action of d- 
amphetamine amounts to approximately 22 and 19 
per cent of the total MAO activity measured in the 
striatum and rest of the brain respectively. These 


values are closely similar to those reported by Green 
and El Hait [11]. The lack of complete protection 
by d-amphetamine probably reflects the much 
greater potency of phenelzine as an MAO inhibitor. 
Some displacement of d-amphetamine from the 
enzyme would be expected. A partial differential 
distribution of the two drugs may also be a con- 
tributing factor. 

In vitro, d-amphetamine is a preferential MAO 
type A inhibitor [8-10]. Therefore, the failure to 
observe protection against phenelzine with the type 
B substrate, phenylethylamine, suggests a similar 
preference in vivo. This contention fits with the 
ineffectiveness of /-amphetamine against phenelzine- 
induced MAO inhibition (Tables 4 and 7). Jn vitro, 
l-amphetamine is five times less active than the d- 
form on MAO type A, but both enantiomers inhibit 
type B equally well [10]. 

This same potency ratio on MAO type A could 
explain the respective efficacies of the two enan- 
tiomers in lowering striatal DOPAC (Fig. 1 and 
Table 1). Under several different experimental con- 
ditions. d-amphetamine always produced the larger 
effect, showing evidence of a 5—10-fold greater 
potency in Fig. 1. Braestrup [24] has shown pre- 
viously that 50 mg/kg of /-amphetamine lowers 
DOPAC to the same level as 10 mg/kg of the d-form. 
Furthermore, another study in the rat suggests that 
MAO type A is the primary type governing brain 
DOPAC formation [25]. Additionally, evidence 
exists that intraneuronal MAO serves as a primary 
site for DOPAC production [26,27]. Thus, the 
DOPAC lowering action of d-amphetamine suggests 
inhibition of intraneuronal MAO. This suggestion 
is strengthened by experiments demonstrating the 
presence of MAO type A within striatal dopami- 
nergic neurons [28, 29]. 

Since the major evidence for MAO inhibition by 
d-amphetamine in vivo derives from ‘protection 
experiments’, we utilized this protocol to gain further 
support for intraneuronal inhibition. The experiment 
made with Ro (Table 9) offers strong support for 
such an action. d-Amphetamine significantly cur- 
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tailed the inhibitory effect of phenelzine on Ro- 
induced dopamine depletion. However, in a com- 
parable experiment, d-amphetamine failed to oppose 
the DOPAC lowering action of phenelzine (Table 
8). This discrepancy seems best explained by the 
degree of MAO protection afforded by d-amphet- 
amine, coupled with the intraneuronal concentration 
of dopamine available for deamination. Accordingly, 
the amount of MAO protected by d-amphetamine 
is common to both experiments (approximately 22 
per cent of the total striatal MAO type A, see Table 
3). Thus, the variable factor would seem to be the 
dopamine concentration. Ro is thought to produce 
an explosive intraneuronal release of dopamine [29]. 
Table 9 shows that 87 per cent of striatal dopamine 
is depleted within 30 min. As with reserpine, the vast 
majority is deaminated intraneuronally [30], and 
MAO would tend to be the rate-limiting step gov- 
erning depletion. Thus, phenelzine alone effectively 
retards depletion, and d-amphetamine prior to phe- 
nelzine spares MAO, thereby reducing the effects 
of phenelzine. Conversely, in the DOPAC experi- 
ment, the rate of release of dopamine would seem 
to be the rate-limiting factor. Neuroleptics are 
thought to reflexly increase impulse flow in striatal 
dopaminergic neurons [31], promoting the release 
of dopamine [21]. Thus, the available concentration 
of dopamine for intraneuronal deamination is far 
less than with Ro. Under these conditions, the spar- 
ing effect of d-amphetamine on MAO would be 
insufficient to alter measurably the rate of DOPAC 
production. An alternative possibility is that changes 
in conjugated DOPAC occurred while free DOPAC 
remained unaltered. About one-third of the total 
DOPAC in the rat striatum is conjugated [32, 33] 
and would not have been measured by the technique 
of Murphy et al. [20] without prior acid hydrolysis 
[33]. Further experiments are required to resolve 
this question. 

Ro-induced depletion of dopamine provides a 
measure of intraneuronal dopamine deamination 
and thus offers strong evidence tor MAO inhibition 
by d-amphetamine within striatal dopaminergic neu- 
rons. It seems likely that d-amphetamine must pro- 
duce a marked inhibition of MAO at this site, far 
greater than that revealed in the protection experi- 
ments where some displacement of d-amphetamine 
by phenelzine can be expected. Extensive inhibition 
of MAO type A would be required to explain the 
acute DOPAC lowering action of d-amphetamine 
if MAO is not the rate-limiting step for DOPAC 
production. Such an inhibition may well reflect con- 
centration of d-amphetamine within dopaminergic 
neurons, thereby enhancing its effective potency as 
an MAO inhibitor. 

Previous studies have shown that d-amphetamine 
spares [34] or increases [24] homovanillic acid levels 
while lowering DOPAC [22, 24, 34]. This differential 
effect has been attributed to blockade of dopamine 
reuptake subsequent to release [22]. However, more 
potent uptake inhibitors (amfonelic acid, methyl- 
phenidate, nomifensine, cocaine and benztropine) 
fail to lower DOPAC to the same extent as d- 
amphetamine does [24]. Furthermore, the ability of 
d-amphetamine to block dopamine uptake in the 
striatum has been questioned [35,36]. Recently, 
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Fuller and Snoddy [37] have shown that both mazin- 
dol and methylphenidate, two of the most active 
dopamine uptake inhibitors known, failed to prevent 
the DOPAC lowering action of d-amphetamine. 
Therefore, type A MAO inhibition by d-ampheta- 
mine at intraneuronal sites offers a viable alternative 
or additional explanation. Extraneuronal MAO (see 
beginning of paper) would remain available for 
homovanillic acid formation since this metabolite is 
considered to arise primarily from extraneuronal 
sites [26]. Certain other effects of d-amphetamine 
seen in vivo are also compatible with intraneuronal 
MAO inhibition. In the rat striatum, d-ampheta- 
mine has been shown to increase endogenous dopa- 
mine levels and retard dopamine depletion induced 
by alpha-methyl-para-tyrosine and haloperidol [38]. 
Both of these effects are consistent with the actions 
of an MAO inhibitor. Indeed, phenelzine is shown 
to enhance the level of striatal dopamine in Table 
9. However, the actions of d-amphetamine upon 
dopamine levels and turnover are not always so 
straightforward. Dopamine turnover has been found 
to be increased [39] and dopamine levels decreased 
[40, 41] following certain doses and time schedules. 
Under such circumstances, it is suggested that the 
dopamine-releasing action of d-amphetamine pre- 
dominates. A similar suggestion, to explain the ‘par- 
adoxical effects’ of d-amphetamine, has been made 
recently by Braestrup [24]. 

Beside the observations made with amphetamine, 
the present work throws new light on the MAO 
inhibitory properties of phenelzine. This compound 
is considered to be a non-specific MAO inhibitor 
[4]. The present data demonstrate a preferred inhibi- 
tory action on MAO type A. The in vitro experiment 
(Fig. 3) shows that this preference is only marginal 
when compared to compounds such as clorgyline. 
However, the same preference is seen after admin- 
istration in vivo (Fig. 2 and Table 2). Comparison 
of Fig. 3 with Table 2 reveals a striking similarity 
with regard to per cent inhibition. This suggests that 
the concentration of phenelzine reached in striatal 
tissue is near 10~’M (after 2 mg/kg, s.c.) and that 
both type A and type B MAO are equally accessible 
to phenelzine in vivo. 

In summary, the present study supports the view 
that d-amphetamine is an MAO type A inhibitor in 
vivo with no demonstrable effect upon type B 
activity. This effect appears to be exerted within 
striatal dopaminergic neurons although inhibition of 
type A MAO at extraneuronal sites is not excluded. 
A difference in the abilities of d- and /-amphetamine 
to lower striatal DOPAC may be related, at least in 
part, to their relative potencies as MAO type A 
inhibitors. Whether the MAO inhibitory action of 
d-amphetamine reported here has significance in 
terms of behavioral effects seen with lower doses of 
this drug remains to be elucidated. 
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Abstract—Although red cell membrane lipid peroxidation has been identified as a consequence of 
certain oxidizing hemolytic drugs, the relative contribution of lipid peroxidation to red cell damage 
leading to hemolysis is unclear. This has been evaluated by studying the response to phenylhydrazine 
of vitamin E-deficient rats as compared to vitamin E-supplemented rats. Following repetitive phenyl- 
hydrazine injections, a lower hematocrit was observed in the vitamin E-deficient group which was 
associated with higher levels of lipid peroxidation, as indicated by the fluorescence of lipid-containing 
red cell extracts. However, no significant difference in the initial extent of hemolysis following phenyl- 
hydrazine injection was observed. Evidence was also obtained suggesting that malonaldehyde, a 
decomposition product of polyunsaturated fatty acids, is capable of cross-linking hemoglobin to the red 
cell membrane. These findings suggest that red cell membrane lipid peroxidation is of relatively minor 
consequence in the acute response to phenylhydrazine but may be of importance in chronic hemolysis 


due to this oxidizing drug. 


The peroxidation of red cell membrane unsaturated 
fatty acids has been suggested as contributing to 
shortened red cell survival in a number of hemolytic 
states. These include oxidant drug-induced hemo- 
lysis, thalassemia major, paroxysmal nocturnal hem- 
oglobinuria, and the anemia of vitamin E-deficient 
premature infants [1-5]. With the exception of vit- 


amin E-deficient states, the evidence that lipid per- 
oxidation plays a role in hemolysis has been indirect, 
being based mainly on in vitro studies. Recently, we 
demonstrated the presence of fluorescent products 
consistent with in vivo lipid peroxidation in extracts 
of red cells freshly obtained from patients receiving 
the oxidant hemolytic drug diaminodiphenylsulfone, 
from premature infants deficient in vitamin E, and 
from rats and rabbits treated with phenylhydrazine 
or acetylphenylhydrazine [6,7]. The observed flu- 
orescence is due to the cross-linking of red cell mem- 
brane lipid amino groups by malonaldehyde (MDA), 
a decomposition product of peroxidized polyunsa- 
turated fatty acids [7,8]. The reaction proceeds 
through the formation of Schiff bases resulting in an 
aminoiminopropene derivative: 


0 
S G 
RNH2 + C—C—C + R'NH2>>RN—C=C 
—C=NR' 
While the demonstration of such fluorescence 
indicates that lipid peroxidation does occur in vivo, 
and can occur despite normal serum vitamin E levels, 
these findings do not conclusively demonstrate that 
lipid peroxidation contributes to the shortened red 
cell survival of Heinz body hemolytic processes. In 
order to test the role of cell membrane lipid per- 
oxidation in oxidant hemolysis, we have studied the 
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effect of vitamin E deficiency on the response of rats 
to phenylhydrazine. Inasmuch as the major function 
of vitamin E is to prevent cell membrane lipid per- 
oxidation, vitamin E deficiency should produce an 
enhanced phenylhydrazine effect if lipid peroxida- 
tion does contribute to phenylhydrazine-induced 
Heinz body hemolysis. In addition, we have assessed 
the possibility that malonaldehyde might cross-link 
hemoglobin to the red cell membrane, another 
potentially deleterious effect of membrane 
peroxidation. 


METHODS 


Animal studies. Sprague-Dawley rats, 200-250 g, 
were used throughout. Ten days after arrival in the 
animal quarters, the rats were all begun on a vitamin- 
fortified tocopherol-deficient test diet (Nutritional 
Biochemicals, Cleveland, OH). The vitamin E 
replete groups received thrice weekly intraperitoneal 
injections of an aqueous emulsion of alpha-toco- 
pherol, 2 mg/kg body wt, using Emulphor 620 (a gift 
of L. Machlin and M. Brin, Hoffmann-La Roche, 
Nutley, NJ) as the emulsifying agent. The vitamin 
E-deficient group was similarly injected with equiv- 
alent amounts of Emulphor 620, a polyoxyethylated 
fatty acid derivative. Phenylhydrazine was prepared 
in isotonic 0.01 M phosphate-buffered saline, pH 7.4 
(PBS), on the day of intramuscular injection. 

Tail blood samples were collected in heparinized 
hematocrit tubes, which were centrifuged for deter- 
mination of hematocrit. Blood samples were 
obtained prior to injection of phenylhydrazine on 
that day. Reticulocyte and Heinz body counts were 
performed by standard techniques. The dialuric acid 
hemolysis test was performed as an indirect assay of 
vitamin E status [9]. Fluorescence was measured as 
described previously with some modifications due to 
the small blood sample [6, 7]. After centrifugation, 
packed cells were expressed from the capillary 
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hematocrit tubes and washed twice in PBS (0.01 M), 
pH 7.4 In order to avoid possible fluorescing con- 
taminants in different heparin preparations, the same 
lot of capillary hematocrit tubes was used through- 
out. The lipid from 50 yl of washed packed cells was 
extracted using a scaled-down version of the pro- 
cedure of Rose and Oklander [10]. After filtration 
through glass wool, the sample was placed in a quartz 
microcuvette (0.3 ml) and fluorescence determina- 
tions were made in a Hitachi-Perkin—-Elmer MPF-3 
spectrofluorometer using a microcell holder with 
instrumental settings as described previously [6,7]. 

Hemoglobin binding studies. A study of the effects 
of malonaldehyde on hemoglobin binding to the red 
cell membrane was performed utilizing human 
blood. These experiments were carried out in_con- 
formance with the Declaration of Helsinki and with 
approval from the New York University Medical 
Center Human Experimentation Committee. Blood 
was washed three times in 310 milliosmolar (mOsM) 
phosphate buffer, pH 7.0, and resuspended in this 
buffer to a hematocrit of 10%. Malonaldehyde was 
prepared as described previously [11] in 310 mOsM 
phosphate buffer, pH 7.0. Following overnight 
incubation of red cells in various concentrations of 
malonaldehyde, hemoglobin that was bound to the 
red ceil membrane was measured by the pyridine 
hemochromogen method as modified by Dodge er 
al. [12]. 

Studies of the binding of hemoglobin to the red 
cell membrane were also performed in a reconsti- 
tuted system consisting of ghosts and hemoglobin, 
with or without added malonaldehyde. In these 
experiments, an aliquot of washed red cells was 
hemolyzed by freezing and thawing. Following cen- 
trifugation at 16,000 g for 30 min, the ghost pellet 
was discarded and the hemoglobin solution was 
diluted in 310 mOsM phosphate buffer, pH 7.0, to 
a concentration of 5 g/100 ml. Red cell membranes 
were prepared from the remaining red cells by a 
modification of the procedure of Dodge et al. [12] 
in which the last wash is performed in 5 mOsM Tris 
buffer, pH 7.4. The ghosts were then resuspended 
in 310 mOsM phosphate buffer, pH 7.0, to a final 
concentration of 1 mg/ml. Aliquots of these ghosts 
were pretreated with 3 mg/ml fluorescamine or with 
5 mM N-ethylmaleimide for 30 min at 25°. All of 
the ghost samples were then washed twice in 310 
mOsM phosphate buffer, pH 7.0, and resuspended 
in the hemoglobin solution at a ghost concentration 
| mg/ml. Two aliquots of each treatment condition 
were prepared, to one of which was added malon- 
aldehyde in 310 mOsM phosphate buffer, pH 7.0, 
to a final concentration of 4 mM, while the other 
received an equivalent amount of buffer. After 
incubation for 16 hr the ghosts were washed three 
times in buffer and then analyzed for ghost hemo- 
globin concentration. 


RESULTS 


Animal studies. Two studies of the effects of a 
vitamin E-deficient diet on the response of rats to 
phenylhydrazine were done. In the first, the animals 
were divided into four groups of six rats, all receiving 
the vitamin E-deficient diet. Groups I and III were 
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Fig. 1. Hematocrit of vitamin E-deficient diet (@) and 


control (A) rats injected with 20 mg/kg phenylhydrazine 
( ) or with placebo (——-—) daily. 


treated with tocopherol (2 mg/kg body wt, three 
times weekly) and groups II and IV received intra- 
peritoneal injections of placebo. After 10 days of 
this dietary regimen, groups I and II were begun on 
daily intramuscular injections of phenylhydrazine 
(20 mg/kg body wt) in PBS, while groups III and 
IV received equivalent amounts of PBS alone. No 
significant difference in the hematocrit or fluor- 
escence of red ceil extracts was observed between 
the vitamin E-deficient and the vitamin E-supple- 
mented groups not injected with phenylhydrazine 
(Figs. 1 and 2). An identical hematocrit was noted 
in the two phenylhydrazine-treated groups on day 
8 of the study. However, the hematocrit in the vit- 
amin E-deficient group was significantly lower than 
in the vitamin E-treated group after phenylhydrazine 
treatment for 14 days (39.7 + 2.1 vs 45.7 + 2.2; 
P<0.05) and 17 days (40.3 + 1.3 vs 43.3 + 1.0; 
P = 0.05) (Fig. 1). A significantly higher level of 
fluorescence in red cell extracts was present in the 
vitamin E-deficient diet group on day 17 (136.5 + 8.4 
vs 115.7 + 5.4; P< 0.05) but not earlier (Fig. 2). No 
increase in dialuric acid hemolysis was observed in 
the vitamin E-deficient diet group injected with PBS 
until day 14 when mean hemolysis was 17 per cent, 
and on day 17 when it was 26 per cent (control < 3 
per cent). The dialuric acid hemolysis test was found 
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Fig. 2. Fluorescence in red cell extracts of vitamin E-defi- 
cient diet (@) and control (A) rats injected with 20 mg/kg 
phenylhydrazine ( ) or with placebo (——-—) daily. 





Red cell lipid peroxidation 


to be inappropriate for the assay of vitamin E status 
in phenylhydrazine-treated animals due to the rela- 
tive resistance of reticulocytes and young red cells 
to dialuric acid. 

These findings were interpreted as suggesting that, 
as vitamin E deficiency developed, phenylhydrazine 
injection resulted in an increased level of fluor- 
escence and lower hematocrit. In order to evaluate 
this further, a subsequent experiment was performed 
in which the study rats were made more profoundly 
vitamin E-deficient before being injected with 
phenylhydrazine. Specifically, the second experi- 
ment consisted of two groups of eight rats both 
placed on a vitamin E-deficient diet without supple- 
mentation for 5 weeks at which time there was more 
than 90 per cent dialuric acid hemolysis. Group I 
then began receiving vitamin E (2 mg/kg body wt 
three times weekly) while group II received placebo. 
One week later, at which time the dialuric acid 
hemolysis test had returned to normal in Group I, 
both groups were started on intramuscular injections 
of phenylhydrazine (15 mg/kg body wt, 5 days/week) 
while continuing to receive vitamin E or placebo. 

No difference in the hematocrit was observed prior 
to injection of phenylhydrazine, or on day 3 of phen- 
ylhydrazine. At subsequent time periods, the hema- 
tocrit was significantly lower (P < 0.05) in the vit- 
amin E-deficient as compared to the vitamin E- 
treated group (Fig. 3). The levels of fluorescence in 
red cell extracts were similar prior to phenylhydra- 
zine injection. Subsequently, higher fluorescence 
was present in the vitamin E-deficient group (Fig. 
4). The differences were statistically significant 
(P < 0.05) except for day 12 (P = 0.10). Impaired 
erythropoiesis, rather than increased hemolysis, is 
an alternative explanation for the lower hematocrit 
in the vitamin E-deficient group. This is unlikely 
inasmuch as at the end of the study the reticulocyte 
counts in the vitamin E-deficient rats (41.9 + 2.8) 
were slightly higher, although not significantly so, 
than in the control animals (39.8 + 2.4). In both 
groups of animals, Heinz bodies were present in 
more than 90 per cent of the red cells that were not 
reticulocytes. 

Hemoglobin binding studies. Overnight incubation 
of intact human red cells with malonaldehyde pro- 
duced an increase in the amount of hemoglobin that 
remained associated with the red cell membrane 
following preparation of ghosts (Fig. 5). The extent 
of hemoglobin binding was linearly related to the 
concentration range of malonaldehyde used in these 
studies. Additional washing of the ghosts in 5 mOsM 
Tris buffer, pH 7.4, or 20 mOsM phosphate buffer, 
pH 7.4, resulted in less than 10 per cent further 
decrease in ghost hemoglobin concentration. 

The addition of malonaldehyde to a suspension 
of ghosts incubated overnight in a 2 g/100 ml hemo- 
globin solution also produced an increase in the 
binding of hemoglobin to the ghosts. This effect was 
substantially diminished by pretreating the ghosts 
with fluorescamine, an amine-blocking agent (Table 
1). The latter finding is consistent with the effect of 
malonaldehyde being manifested through a Schiff 
base crosslink between the carbonyl groups of 
malonaidehyde and red cell membrane and hemo- 
globin amino groups 
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Fig. 3. Hematocrit of vitamin E-deficient diet (@) and 
control (A) rats injected with 15 mg/kg phenylhydrazine 
5 days/week (indicated by arrows). 
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Fig. 4. Fluorescence in red cell extracts of vitamin E-defi- 
cient diet (@) and control (A) rats injected with 15 mg/kg 
phenylhydrazine 5 days/week (indicated by arrows). 
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Fig. 5. Binding of hemoglobin to ghosts prepared from 8% 
red cell suspensions incubated for 16 hr at 25° in various 
concentrations of malonaldehyde. 
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Table 1. Ghost hemoglobin levels following incubation of 
ghosts (1 mg/ml) in hemoglobin for 16 hr with or without 
malonaldehyde (MDA) 

MDA 
(4mM) 





Ghost hemoglobin’ 
(wg/meg protein) 


Pretreatment 





None + 


Fluorescamine 
(3 mg/ml) 


N-Ethylmaleimide 
(5 mM) 





* Ghost samples were pretreated with fluorescamine, an 
amine blocking agent, or with N-ethylmaleimide, a sulfhy- 
dryl blocking agent. 

+ Mean of duplicate determinations in two studies. 


DISCUSSION 


Evaluation of patients with Heinz body hemolytic 
anemias due to the oxidant drug diaminodiphenyl- 
sulfone suggested that fluorescent aminoiminopro- 
pene membrane cross-links developed relatively 
slowly and were present primarily in older red cells 
[6]. That such cross-links accumulate over time was 
also suggested by the findings in animals receiving 
phenylhydrazine and in vitro studies in which red 
cells were incubated with preformed MDA [6, 7]. In 
the present studies, fluorescent evidence of lipid 
peroxidation also increased over time despite the 
expected gradual return in the hematocrit toward 
normal with continued phenylhydrazine administra- 
tion. Of note is the fact that significantly lower 
hematocrits were observed in the vitamin E-deficient 
groups only after continued phenylhydrazine treat- 
ment and not as part of the initial acute response. 
This apparent lack of enhancement of the immediate 
phenylhydrazine effect by vitamin E deficiency does 
not rule out a role for lipid peroxidation in acute 
hemolysis. It does suggest that the many other 
potentially hemolytic processes resulting from phen- 
ylhydrazine, including production of the superoxide 
anion and other radicals, as well as Heinz body 
formation and sulfhydryl oxidation, may be of 
greater immediate significance [13,14]. However, 
lipid peroxidation does appear to contribute to hem- 
olysis following continued — phenylhydrazine 
administration. 

The mechanism by which cell membrane lipid 
peroxidation produces hemolysis is unknown. It is 
difficult to distinguish the effects of this process from 
that of other oxidative events occurring as a result 
of phenylhydrazine or other inducers of free radicals 
and active oxygen species. In particular, there is 
excellent evidence that Heinz bodies potentiate 
splenic destruction of red cells [15] and that sulfhy- 
dryl oxidation leads to shortened red cell survival 
[16]. Peroxidation of unsaturated fatty acids pro- 
duces further free radical formation, and it is con- 
ceivable that such radicals might result in further 
oxidative denaturation of hemoglobin as well as 
oxidation of red cell membrane sulfhydryl groups. 
However, this would be expected to be a relatively 
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minor source of oxidative stress in comparison to the 
direct effect of active species derived from the inter- 
action of phenylhydrazine with hemoglobin. 

A possible mechanism by which lipid peroxidation 
may potentiate hemolysis in vivo is through altera- 
tion of cell membrane fluidity. This could be due 
directly to the loss of polyunsaturated fatty acids 
inasmuch as diene bonds contribute to membrane 
fluidity. In addition, the formation of membrane 
aminoiminopropene cross-links would have deleteri- 
ous consequences to normal cell membrane function. 
We have shown previously that incubation with 
malonaldehyde produces an increase in red cell 
membrane protein viscosity [11]. Current concepts 
of red cell membrane viscosity stress the importance 
of movement of molecules within a relatively fluid 
matrix [17,18]. Cross-linking of membrane molecules 
by MDA presumably interferes with sucii motion, 
thereby increasing viscosity. This could, theoreti- 
cally, result in destruction of red cells by the reti- 
culoendothelial system. The present observation that 
an increase in such cross-links, as indicated by flu- 
orescence, is associated with a lower hematocrit is 
at least consistent with such a mechanism. 

In this study, we have also explored the possibility 
that lipid peroxidation might contribute to the bind- 
ing of hemoglobin to the cell membrane by way of 
a malonaldehyde cross-link. There have been two 
suggested mechanisms for the attachment of hemo- 
globin to the red cell membrane in oxidative hemo- 
lytic states: a covalent linkage in which oxidation of 
both a cell membrane sulfhydryl group and a hemo- 
globin sulfhydryl group results in a mixed disulfide 
[19], and a non-covalent hydrophobic bonding inter- 
action [20]. The present findings suggest a third 
possible mechanism, that of an aminoiminopropene 
cross-link between hemoglobin and the cell mem- 
brane. In view of the relatively slow reaction rates, 
cross-linking by this process could occur only in a 
chronic oxidative hemolytic state. Furthermore, it 
should be emphasized that the evidence supporting 
such a Schiff base cross-link between hemoglobin 
and the red cell membrane is indirect, being based 
on an in vitro model using high levels of malonal- 
dehyde. Methodological problems related to poten- 
tial quenching by heme and its derivatives interfere 
with direct determination of fluorescence due to 
aminoiminopropene derivatives of hemoglobin. 
Additional chemical techniques will be necessary to 
confirm that such cross-links can occur in vivo. 
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Abstract—Human granulocytes and monocytes exhibited stereospecific, high-affinity binding to 3- 
quinuclidinyl benzilate (QNB) and dihydromorphine (DHM), specific ligands for the muscarinic chol- 
inergic and opiate receptors respectively. The stereoselective muscarinic binding occurred in intact, 
viable cells as well as in cell fragments prepared by sonication. The apparent Ka for the muscarinic 
binding in granulocytes was 16 nM, and the number of binding sites per cell was on the order of 8 x 10°; 
monocytes contained approximately 3 x 10° binding sites per cell with an apparent Ky of 20 nM. Studies 
in sonicated and in non-sonicated cell preparations indicate that the affinity of the /-isomer is approx- 
imately 10 times that of the d-isomer. Both cell types also exhibited stereospecific opiate binding with 
an apparent K, of 10nM for granulocytes and 8 nM for monocytes. The number of binding sites per 


cell was 3000 and 4000 respectively. 


Blood leukocytes have been functionally divided into 
two general categories: the phagocytes and the non- 
phagocytes concerned with cellular and humoral 
immunity [1]. The phagocytic leukocytes, the subject 
of this investigation, can be further subdivided on 
the basis of nuclear shape into monocytes and gran- 
ulocytes. The granulocytes, constituting 60-65 per 
cent of the total leukocyte count, are the most 
numerous of the white blood cells; the less numerous 
monocytes make up 3-7 per cent of the total. While 
the granulocytes are comprised of neutrophils, eos- 
inophils and basophils, the latter two cell types col- 
lectively make up less than 6 per cent of the gran- 
ulocyte population of normal human blood. The 
present studies, employing highly purified cell prep- 
arations, deal primarily with neutrophilic granulo- 
cytes and with monocytes. 

Until quite recently, studies of membrane recep- 
tors in human blood cells were largely directed 
toward characterization of specific immunological 
sites and hormone receptor sites. Using techniques 
developed for work with neural membranes, Abood 
et al. [2] and Aronstam er al. [3] demonstrated spe- 
cific high-affinity binding of opiates and of muscarinic 
cholinergic agents in human erythrocyte membranes. 
Previously, opiate receptors had been reported solely 
in neural membranes [4], while muscarinic receptors 
had been demonstrated in neural membranes [5], 
smooth muscle [6], pancreas [7] and heart [8]. Mus- 
carinic binding has since been demonstrated in other 
types of non-innervated cells, including murine lym- 
phocytes [9] and human neutrophils [10]. Muscarinic 
binding of monocytes has not been reported pre- 
viously, nor have there been reports of opiate binding 
in either granulocytes or monocytes. 





* This research was supported by USPH Grant DA 00464 
and a Grant from the Council for Tobacco Research. 


1361 


Although the /-isomer of 3-quinuclidinyl benzilate 
(QNB) has been shown to have 20 times the affinity 
of the d-isomer for the muscarinic receptors of the 
central nervous system, stereoselective binding has 
not been demonstrated previously in peripheral mus- 
carinic systems [11]. Opiate binding, on the other 
hand, is usually specific for the /-isomer. 


MATERIALS AND METHODS 


The blood used was freshly obtained from healthy 
donors. Granulocytes, isolated by counterflow cen- 
trifugation [12], were centrifuged at 350 g for 10 min 
and resuspended in ice-cold 50 mM Tris buffer, pH 
7.5. Monocytes were isolated by counterflow cen- 
trifugation in a Beckman JE-6 rotor attached to a 
Beckman J-21 centrifuge with a modification of the 
procedure described for granulocytes [12]. Mono- 
cytes were harvested after platelet phoresis of human 
donors with the Haemonetics model 30 cell separator 
by centrifugation of the platelet bags to obtain 
residual large cells. Mononuclear cells were isolated 
from these with Ficoll-Isopaque (Pharmacia Fine 
Chemicals, Piscataway, NJ) and monocytes were 
separated from lymphocytes in the Beckman JE-6 
rotor (S. M. Hunt, F. J. Lionetti and C. R. Valeri, 
manuscript in preparation). In some cases, the cells 
were sonicated with an Ultrasonic micro-tip soni- 
cator probe for 1-2 min at 4° and briefly homogenized 
prior to use in the binding assays. Plastic ware was 
used throughout to avoid adhesion of cells to glass 
surfaces. 

Viability of the cells, assessed by the fluorescein 
diacetate-ethidium bromide (FDA-—EB) _ test 
described by Lionetti ef al. [12,13], was always 
greater than 98 per cent at the beginning of each 
experiment. Granulocyte contamination was never 
greater than 2.5 per cent, erythrocyte contamination 
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5 per cent, and the overall purity of the cells was at 
least 96 per cent. 

Specific binding of /-QNB was determined by the 
filtration assays described by Yamamura and Snyder 
[6]. A typical incubation medium consisted of 50 mM 
Tris, pH 7.5, 2nmoles [*H]/-QNB (sp. act. 
43 Ci/mmole), and 4 x !0° cells (about 0.5 mg pro- 
tein) in a volume of 1.0 ml. Unlabeled /-ONB was 
included in some samples to determine specific bind- 
ing and d-QNB in other samples to determine stereo- 
specific binding. Specific binding was the difference 
in binding in the presence and absence of nonradio- 
active /-QNB. Stereospecific binding was that 
occurring in the presence of a given concentration 
of nonradioactive d-QNB minus that occurring in 
the presence of the same concentration of /-QNB. 
The concentrations of nonradioactive ligands in the 
various experiments are given in the legends to the 
tables and figures, but the usual concentration was 
10-°M. The relative potencies of d-QNB and the 
other muscarinic antagonists, atropine, N-methyl-4- 
piperidylisopentynyl glycolate (MPG) and N-methyl- 
3-piperidyl diphenylisoproprionate (MPP), were 
determined in a similar manner. An inhibition con- 
stant for the binding of oxotremorine to monocytes 
was obtained by incubating 1.0, 10 or 100 uM oxo- 
tremorine with or without 10-° M/-QNB in the 1.0 ml 
volumes containing Tris, 2.5nM [*H]/-QNB and 
3 x 10° cells. To correct for [*H]QNB binding to the 
glass fiber filters, the filtration assay was performed 
in a similar manner without cells. 

All samples were incubated at 0—4° for 40 min, the 
time needed to reach equilibrium at the lowest con- 
centration of QNB used. They were then rapidly 
filtered by suction through small glass fiber filters 
(1.1cm in diameter) to minimize binding of free 
muscarinic ligand to the filter. The filters were rinsed 
twice with 6-ml portions of ice-cold 0.05 M Tris-Cl, 
pH 7.5, and transferred to Nalgene bags to which 
2.0 mi of scintillation fluid were added. Radioactivity 
was measured after 18 hr in a Delta 300 liquid scin- 
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tillation counter at a counting efficiency of 35 per 
cent. The scintillation fluid, consisting of 10 g of 2,5- 
diphenyloxazole (PPO), 0.5 g of 1,4-bis-[2-(5-phen- 
yloxazolyl)benzene| (POPOP), 21. of toluene, and 
1 |. of Triton X-100, was purchased from the Eastman 
Kodak Corp. (Rochester, NY). 

Opiate binding was determined in a manner similar 
to that described elsewhere [2]. Cells suspended in 
50 mM Tris, pH 7.5, were pre-incubated for 15 min 
at 27° with 1.0 uM dextrorphan or levorphanol prior 
to the addition of 0.1 wCi [°H]dihydromorphine 
(DHM) with a specific activity of 81 Ci/mmole. After 
incubation for 15 min longer at 37°, samples were 
filtered and radioactivity was measured as described 
above. Each sample contained 3 x 10° cells in a 
volume of 1.0 ml. As in the muscarinic assays, all 
work was carried out in plastic tubes, and determi- 
nations were done in triplicate. Stereospecific bind- 
ing is that occurring in the presence of dextrorphan 
minus that occurring in the presence of levorphanol. 
Both [‘HJONB and [*H]DHM were obtained from 
the Amersham/Searle Corp. (Arlington Heights, 
IL). Levorphanol tartrate and dextrorphan were gifts 
from Hoffmann-LaRoche (Nutley, NJ). The /- and 
d-enantiomers of QNB were provided by Dr. Leo 
Sternback. 


RESULTS AND DISCUSSION 


[(°H]-/-ONB bound specifically to both granulo- 
cytes and monocytes. Figure 1 shows a Scatchard 
analysis of the data for non-sonicated granulocytes. 
Specific binding is given as the difference in binding 
of [*H]/-ONB in the absence and presence of unla- 
beled /-ONB. Since binding of free QNB to the glass 
fiber filters represents a signficant source of error at 
the higher concentrations necessary for these experi- 
ments, each point has been corrected for binding to 
the glass fiber filter. 

The general shape of the curve is similar for both 
cell types. The downward concavity of the Scatchard 








Ro 
Oo 


BOUND/FREE x 10° L 
-LOG Y/1 -y 





i) 
So 











1 


~LOG QNB 





1 l 





200 


400 600 


BOUND MOLES x 10?° 


_ Fig. 1. Scatchard plot of [*H]/-ONB binding to intact human granulocytes. [‘H]/-ONB (1-40 nM) and 
5 x 10° cells were incubated with or without 1U um /-QNB. Inset: Hill plot of the data, where Y 
represents fractional occupancy of muscarinic receptors at a given concentration of [*H]/-ONB. Data 
were derived from cells of a single donor and represent a typical experiment. Specific binding (difference 
in presence and absence of 10° M nonradioactive /-QNB) comprises 70-80 per cent of total binding 

observed. 





Receptors in leukocytes 


plot for granulocytes suggests a positive cooperative 
interaction of the receptors, manifest at concentra- 
tions above 3nM. A Hill plot, shown in the inset, 
reveals a slope of 2.28 at concentrations between 3 
and 9 nM inclusive. Monocytes exhibit similar bind- 
ing behaviour with a downward concave trend 
beginning at concentrations above 2 nM. 

The downward concavity might also be attribu- 
table to active uptake of the QNB, although the low 
temperatures at which the experiments were per- 
formed would normally inhibit any active uptake 
systems. Nevertheless, in order to preclude this pos- 
sibility, the binding of [*H]/-QNB in sonicated cell 
preparations was investigated. While the downward 
concavity of the plot was diminished in sonicated 
preparations, the trend never completely disap- 
peared, suggesting than sonication may, in part, 
disrupt a structural arrangement of the receptors 
which is necessary for a cooperative binding inter- 
action. Scatchard analysis of the binding of [*H]/- 
QNB to sonicated granulocytes and sonicated mon- 
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ocytes is shown in Figs. 2 and 3 respectively. 

Specific binding is reduced by 30-50 per cent in 
sonicated cells incubated at 0-4°, while the ratio of 
specific to non-specific binding remains approxi- 
mately the same as in non-sonicated cells. The 
decrease may be either due to an alteration in the 
receptor or the result of a loss of cellular uptake 
following disruption of the cell. If the latter were 
correct, then one must conclude that the uptake also 
requires a specific site and is not energetically driven. 
The fact that similar results were obtained at 37° 
with or without sonication (data not presented) is 
more supportive of the argument that sonication is 
disrupting the receptor. 

On the basis of these studies, the phenomenon of 
positive cooperative muscarinic binding in granulo- 
cytes and monocytes cannot be ruled out. Darfler 
[14] recently reported a similar type of positive 
cooperative behaviour in B-adrenergic receptors of 
both granulocytes and monocytes. For the granu- 
locytes at least, some evidence exists suggesting that 
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Fig. 2. Scatchard plot of (SH]/-ONB binding to sonicated human granulocytes. /-QNB (10 *M) was 
incubated along with [°H]/-ONB and 3 x 10° granulocytes for 40 min. 
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Fig. 3. Scatchard plot of [*H]/-QNB binding to sonicated human monocytes. [°H]/-ONB (0.5-40 nM) 
and 4 x 10° cells were incubated with or without 10 uM QNB. Cells were obtained from a single donor 
and represent a typical experiment. 
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Table 1. Competition of various antimuscarinic drugs with /-QNB binding to 
granulocytes* 





% Inhibition 
of specific 
[(SHJQNB binding 


Ligand 
(10°? M) 


Relative pharmacologic 
potency 
Ileum 





Atropine 
MPP 
MPG 
d-QNB 
l-QNB 


Oxotremorine+ 





* The ligand at 10 


> was incubated along with 2nM [*H]/-ONB and 3 x 10° 


granulocytes for 40 min. Data for relative pharmacological potency on acetylcholine- 
induced contractility of rabbit ileum and central nervous system effects were obtained 
from previous studies [17, 18]. The antispasmodic potency is expressed on the basis 
of 1 for atropine. CNS potency is based on a battery of behavioral tests in rodents 
and cats, taking /-ONB as arbitrarily 50. Oxotremorine binding was measured in 
the absence and presence of 10°” M nonradioactive QNB. Abbreviations: MPG = N- 
methyl-4-piperidylisopentynyl glycolate; and MPP = N-methyl-3-piperidy! diphen- 
ylisoproprionate. The results are an average of two separate experiments agreeing 


within 7 per cent of the mean. 
+ 1Cso = 0.9 x 10-°M. 


the muscarinic cholinergic receptors and B-adrener- 
gic receptors may be functionally linked in a recipro- 
cal fashion. Cholinergic agonists and cGMP have 
been shown to enhance phagocytosis and lysosomal 
enzyme release in granulocytes, while epinephrine 
and cAMP inhibit these functions [10, 15]. 

The apparent Kz for the binding of [*H]/-QNB to 
intact human granulocytes, calculated from the latter 
portion of the curve in Fig. 1, isapproximately 16 nM, 
whereas that for the sonicated granulocytes is about 
8nM. The latter K, is in agreement with that 
obtained from intact cells prepared by the procedure 
of Boyum [16] yielding granulocytes which are par- 
tially damaged cells, and erythrocyte membrane’ 
could account for a lower K,. 

The apparent Ka for the binding of /-QONB to 
monocytes is approximately 20 nM, and the number 
of binding sites per cell is on the order of 3 x 10°. 
The number of muscarinic binding sites per granu- 
locyte is approximately 8 x 10°. 

With the use of sonicated granulocytes, five mus- 
carinic antagonists, at a concentration of 10°°M, 
were compared for their ability to compete with 
2.4nM [*H]/-ONB (Table 1). Atropine, which had 
the lowest binding affinity, was among the most 
potent in blocking the acetylcholine-induced con- 
traction of rabbit ileum and among the least potent 
centrally. The assessment of central potency was 
determined by a composite of behavioral measure- 
ments in animals which correlated reasonably well 
with the psychotomimetic potency [17]. The agent 
with the highest binding affinity, as well as anti- 
spasmodic and central activity, was /-QONB. MPG 
had a relatively high affinity and central activity with 
comparatively less antispasmodic activity. There was 
no correlation of binding affinity with antispasmodic 
activity, although, with the exception of d-QNB, 
there appears to be some relationship between bind- 
ing affinity and central activity. In the case of rat 
brain, a good correlation was observed between the 
relative binding affinity to brain membranes and the 


pharmacological activity of an extensive series of 
antimuscarinic agents [11]. At a concentration of 
10°°M, oxotremorine, a muscarinic agonist, 
inhibited ONB binding 50 per cent. 

A comparison of the binding affinity of /- and d- 
QNB to granulocytes reveals that the /-isomer is 
about 10 times as effective as the d-isomer in dis- 
placing {*H]/-ONB (Fig. 4). The ics» of the /-isomer 
was 8 X 10°°M as compared to 7 x 10~’M for the 
d-isomer. 

Stereoselective binding in peripheral muscarinic 
systems has not been demonstrated previously, being 
absent in erythrocyte membranes [3] and smooth 
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Fig. 4. [SH]/-ONB binding to granulocytes as a function of 

l-and d-QNB. Two nM [°H]/-ONB and 3 x 10° cells were 

incubated with varying concentrations of either /- or d- 
ONB. Key: (©) /-ONB: and (/\) d-ONB. 
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muscle receptors such as the iris [11]. Muscarinic 
stereoselectivity appeared to be a phenomenon 
unique to the central nervous system, where the /- 
isomer had been shown to be 20 times more effective 
than the d-isomer in displacing [*H]/-ONB binding 
[11], and at least 100 times more effective in dis- 
turbing operant behaviour in cats [18]. On the other 
hand, both isomers of QNB are equipotent of smooth 
muscle cholinergic receptors. The unprecedented 
appearance of stereoselective binding in a peripheral 
muscarinic system raises further questions concern- 
ing the functional and evolutionary significance of 
these muscarinic receptors in phagocytic leukocytes. 
There is, however, a marked difference in K,, the 
value for brain receptors being as low as 5 x 
10-"' M [19], compared to a value of 8 x 10°’ M for 
granulocytes. Another difference is that both the 
granulocytes and monocytes exhibit a marked pos- 
itive cooperativity, which is entirely absent in the 
brain receptors. Despite this relatively low-affinity 
binding of the muscarinic antagonist, QNB, in vitro 
evidence indicates a possible functional role for the 
muscarinic receptor in granulocytes, as mentioned 
previously. Both acetylcholine and pilocarpine have 
been shown to enhance phagocytosis and lysosomal 
enzyme release in human neutrophils, and several 
studies have demonstrated blockage or carbachol- 
potentiated lysosomal enzyme release by muscarinic 
antagonists [10, 15]. Analogous studies in monocytes 
have not been reported, but in view of the physio- 
logical similarities of the two cell types, a similarity 
in the receptor-mediated mechanisms is a likely pos- 
siblity. The observation of stereoselectivity in both 
cell receptors would seem to lend further support to 
the idea that the muscarinic binding sites have some 
functional capacity; the significance of the stereo- 
selectivity, however, remains unclear. 
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Fig. 5. Binding curve for (SH]DHM to granulocytes and 

monocytes. Each sample contained 3 x 10° cells and0.1 Ci 

(?H]DHM. The data are derived from cells of a single donor 

and represent a typical experiment. Key: (O) granulocytes; 
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Stereospecific opiate binding was demonstrable in 
both granulocytes and monocytes (Fig. 5). A Scat- 
chard plot (not shown) of the data in Fig. 5 yields 
for granulocytes a K, of 10nM and for monocytes, 
8 nM. The number of binding sites is approximately 
3000 per monocyte and 4000 per granulocyte. The 
significance of opiate binding sites in leukocytes, as 
well as erythrocytes [2], is not known, Opioid pep- 
tides, such as B-endorphin, are present in plasma 
and are elevated during stress [20]. It has been 
reported that the adenylate cyclase activity of neu- 
roblastoma cultured cells [21], as well as brain tissue 
[22], is inhibited by opiates. It remains to be seen 
whether endorphins could be another modulator for 
cAMP-dependent enzymic control in the leukocytes. 
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Abstract—Diethyldithiocarbamate (DDC) in high doses (> 250 mg/kg) accelerated the onset of death 
in adult rats exposed to 95% Oz. At lower doses (100 and 200 mg/kg) no increase in O2 toxicity was 
seen. We observed that, at a level of 250 mg/kg, DDC accelerated the death of 26 per cent of the 
animals but a large number (50 per cent) developed resistance to the lethal effects of 95% Oz. These 
animals also demonstrated an acceleration of the rate of increase in activity of glutathione peroxidase, 
glutathione reductase and glucose-6-phosphate dehydrogenase activity in response to O2, compared to 
untreated controls. No acceleration in the rate of increase of superoxide dismutase activity was seen. 
These data support a role of the glutathione-related enzymes in promoting O, tolerance in rats. 


Exposure of adult rats to hyperoxic environments 
has been shown to stimulate various protective 
enzymes including superoxide dismutase (SOD), 
glutathione peroxidase (GSH peroxidase), glutathi- 
one reductase (GSSG reductase) and glucose-6- 
phosphate dehydrogenase (G6PD) [1-4]. At sub- 
lethal levels of 85% O,, these enzymes in rats are 
significantly stimulated at 5 days of exposure, and 
the animals have developed a tolerance to higher O2 
levels (95-100%) that would normally be lethal. The 
increase in the above enzymes has been suggested 
by various investigators to be responsible for the 
induced O> tolerance [1, 4,5]. Various other treat- 
ments can also increase resistance to the lethal effects 
of On, including pre-exposure to hypoxia or oleic 
acid [S—7], or endotoxin, administered either prior 
to or concomitant with the start of O2 exposure [8- 
10]. In general, one or more of the above enzymes 
has been shown to be induced when O; tolerance is 
developed by these methods [5]. 

We have examined the effect of the sulfhydryl 
compound diethyldithiocarbamate (DDC) on the 
response of adult rats to hyperoxia. DDC is the 
reduced monomer of disulfiram (DSF) (tetraethyl- 
thiuram disulfide), popularly known as Antabuse 
and widely used in alcohol aversion therapy. Disul- 
firam is rapidly metabolized to DDC in vivo [11]. 
DDC is a strong chelator of copper and can inhibit 
various copper-containing enzymes in vitro [12] or, 
at high dose levels, in vivo [12, 13]. Frank et al. [13] 
have reported inhibition of SOD and cytochrome 
oxidase in neonatal or adult rat lungs by DDC at 
levels of 250 mg/kg body wt and higher. They have 
also reported increased O2 toxicity in young rats at 
these levels of DDC. 

We have examined further the relationship of 
DDC and O; toxicity in adult rats and have found 





* This paper was presented, in part, at the Thirty-sixth 
Annual Meeting of the American Federation for Clinical 
Research, Washington, DC, May, 1979. 


that DDC at 200 mg/kg body wt or less has no 
apparent effect on the toxic response to oxygen. 
There is a marked acceleration of the lethal effect 
of O2 with 250 mg DDC/kg body wt or more, but 
with 250mg/kg body wt, treatment with DDC 
increases the percentage of long-term QO), survivors. 
We have also found that, at the 250 mg/kg body wt 
dose, DDC + O2 accelerates the rate of increase in 
activity of enzymes involved in maintaining the ratio 
of reduced to oxidized glutathione, thus providing 
a possible mechanism for development of tolerance 
in these animals. 


MATERIALS AND METHODS 


Animals. Charles River Sprague-Dawley-derived 
specific-pathogen-free male rats weighing 200-250 g 
at the beginning of each experiment were used. The 
rats were injected with DDC (Sigma Chemical Co., 
St. Louis, MO) that was dissolved in 0.5 to 2.0 cm? 
of sterile distilled water, immediately prior to O2 
exposure. Control animals were either untreated or 
injected with an equivalent volume of sterile 0.15 M 
saline. No differences were observed between these 
two control groups. 

The rats were exposed to O2 in enclosed plexiglas 
chambers of 30 x 30 x 45cm with a maximum of 
eight rats per chamber. Humidified oxygen was 
allowed to flow through the chamber at a rate (8- 
12 l/min) sufficient to maintain the concentration at 
95-97% oxygen, and soda lime was added to the 
bottom of the cages to maintain the CO: levels below 
1%. Oz and CO: concentrations were monitored 
periodically. Animals exposed to air were treated in 
a separate chamber with air flow instead of oxygen 
flow. Similar numbers of DDC-treated and control 
animals were placed in both the O2 and air flow 
chambers. The exposure to O2 or air was continuous 
except for periodic opening of the chambers for 5— 
10min to remove dead animals or change the 
bedding. 
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Tissue preparation. For enzyme analysis, live 
animals were removed from the chambers at given 
intervals of time, anesthetized with sodium pento- 
barbital, and killed by opening the pleural cavity. 
The lungs were perfused in situ through the pul- 
monary artery with physiological saline to remove 
blood from the tissue. The lungs were then removed 
from each animal, trimmed of larger airways and 
connective tissue, and homogenized for 2 min on ice 
in a Sorvall Omnimixer at setting 6 in approximately 
40 ml of medium containing 5mM Tris at pH 7.5, 
0.15 M sucrose, 0.15 M mannitol and 1 mM EDTA 
[1]. The homogenate was centrifuged at 500 g and 
the pellet discarded. The supernatant fraction was 
then centrifuged at 25,000 g and the final supernatant 
fraction was used for enzyme assays. 

Enzyme assays. SOD was assayed by measuring 
the inhibition of cytochrome c reduction caused by 
superoxide ions generated by purine oxidation by 
xanthine oxidase. Conditions for this assay were as 
described by McCord and Fridovich [14] and modi- 
fied by the use of 10-° M KCN to inhibit cytochrome 
oxidase [15]. One unit of enzyme activity is defined 
as 50 per cent inhibition of the standard rate of 
reduction of cytochrome c as established by McCord 
and Fridovich [14]. Alternatively, the SOD levels 
were measured by the epinephrine method described 
by Misra and Fridovich [16] which measures pri- 
marily the cupro-zinc form of the SOD. One unit of 
SOD causes 50 per cent inhibition of the auto-oxi- 
dation of epinephrine as defined by Misra and Fri- 
dovich [16]. 

GSH peroxidase activity in the supernatant frac- 
tion was measured as described by Little et al. [17] 
by coupling the reaction of glutathione peroxidase 
and cumene hydroperoxide (obtained from Mathe- 
son, Coleman & Bell, Norwood, OH) with gluta- 
thione reduction and NADPH oxidation by GSSG 
reductase. One unit of enzyme activity is the equiv- 
alent of 1 umole of NADPH oxidized/min at pH 7, 
as measured by absorbance at 340 nm on a Gilford 
spectrophotometer. The rate was corrected for 
blanks containing either no tissue or no cumene 
hydroperoxide. GSSG reductase was measured by 
a modification of the method of Horn [18] by fol- 
lowing NADPH disappearance at pH 7. 
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Glucose-6-phosphate dehydrogenase (G6PD) 
activity was determined by following the reduction 
of NADP” during the oxidation of glucose-6-phos- 
phate by the enzyme at 30° in a Gilford spectropho- 
tometer [19], 2 modification of the method of Lohr 
and Waller [20]. 

Glutathione peroxidase activities were measured 
on freshly prepared homogenates since freezing 
resulted in a loss of activity. G6PD, GSSG reductase 
and SOD were measured either on fresh or frozen 
homogenates. There was no loss of activity of these 
enzymes in samples frozen for as long as 2 months. 

All enzymes and substrates were from the Sigma 
Chemical Co. unless otherwise specified. All enzyme 
activities are expressed as total units per pair of rat 
lungs. 


RESULTS 


Table 1 shows the results of various doses of DDC 
on the response of rats to 95-97% On. For untreated 
control animals there were no deaths before 48 hr. 
The largest number of animals died between 48 and 
96 hr. A small number of the untreated rats were 
resistant to O2 and survived indefinitely with sub- 
stantial lung damage. We found that any animal 
surviving longer than 96 hr in O2 did not die for at 
least 2 weeks. No animals were kept longer than 3 
weeks and most were killed after 6-7 days and des- 
ignated ‘survivors’. 

The effect of O2 on rats injected with 100 or 200 mg 
DDC/kg body wt prior to O2 exposure was similar 
to that seen in control animals. Doses of 300 and 
500 mg DDC/kg body wt accelerated deaths resulting 
from 95-97% Oz. At these respective doses of DDC, 
59 and 84 per cent of the rats died before 24 hr of 
O2 exposure. The actual time of death for these 
animals occurred in a narrow interval between 16 
and 23 hr of O2 exposure. Animals that received the 
higher doses of DDC and were still alive after 24 hr 
of O2 survived until the normal times of death for 
the untreated rats (i.e. no further deaths occurred 
between 24 and 48 hr). 

The response to O2 of rats given 250 mg DDC/kg 
body wt was of special interest. Twenty-six per cent 
of the animals died in less than 24 hr of O2 exposure. 


Table 1. Effect of diethyldithiocarbamate (DDC) on the response of rats to 95-97% O2* 





Rat deaths (%) 





Hours to death 





24-47 


No. 
of rats 


> 6-Day 


48-96 survivors 





DDC (mg/kg body wt) 
0 


100 
200 
250 
300 
500 





* DDC was injected and the 95-97% O, atmosphere was initiated at 0 time; see Materials 


and Methods for details. 
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Another 24 per cent died between 48 and 96 hr of 
O2 exposure, analogous to untreated animals, but 
50 per cent of the rats survived >6 days of O2 
exposure. The focus of the rest of this study was to 
determine the reason for the greater number of 
survivors in the latter group of animals. In particular, 
we have looked at changes in various O2 adaptive 
enzymes in rats injected intraperitoneally with 
250 mg DDC/kg body wt and exposed to O2 for 
varying times. All enzyme assays were performed 
on tissue obtained from freshly killed rats. Any rats 
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that died unobserved were discarded; thus, only 
animals alive at the given times were used for enzyme 
assays. 

Figure 1 shows the changes in G6PD levels in 
lungs of rats exposed to 95-97% Oz for various 
intervals up to 7 days. The G6PD activity of the O2- 
exposed control (non-DDC-treated) group was 
elevated above the pre-exposure level (P < 0.05) by 
40 hr. The G6PD activities of control animals alive 
after 69 hr and after 7 days of O, exposure were 
increasingly elevated above the pre-exposure level 


G6PD 
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Fig. 1. Effect of 95-97% O, on G6PD in control rats and in rats preinjected with 250 mg/kg DDC. 

Enzyme activity (means + S.E.M.) is expressed as a percentage of pre-exposure control level. The 

average value for the pre-exposed ({]) enzyme activity was 3.02 + 0.60 (N= 6) wmoles NADP* 

reduced/min/pair of lungs at 30°. Key: (*) statistically above control level (P < 0.05) (Student's /-test); 

(**) statistically above control level (P < 0.01); (+) statistically above initial levels (P < 0.05); and 
(++) statistically above initial levels (P < 0.01). 
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Fig. 2. Effect of 95-97% O, on GSH/peroxidase in control rats and in rats preinjected with 250 mg/kg 
DDC. Enzyme activity (means + S.E.M.) is expressed as a percentage of pre-exposure control level. 
The average value for the pre-exposed (0) enzyme activity was 1.07 + 0.06 (N = 7) umoles NADPH 
oxidized/min/pair of lungs at pH 7. Key: (*) statistically above control levels (P < 0.05) (Student’s 1- 
test); (**) statistically above control levels (P < 0.01); and (++) statistically above initial levels (P < 
0.01). 
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(P<0.01). Animals pretreated with DDC at 
250 mg/kg shiowed a much more rapid increase in 
levels of G6PD. G6PD in lungs of these rats was 
significantly elevated above both initial levels and 
levels of G6PD in lungs of untreated controls 
exposed to QO» alone at 16hr of O2 exposure 
(P-< 0.05). The elevation above controls of G6PD 
was maintained at 22, 40 and 69 hr of O2 exposure. 
However; the level of G6PD activity was equivalent 
for animals of both groups that had survived O2 
exposure for 7 days. 

Figure 2 shows the results for glutathione perox- 
idase activities after O2 exposure. There was no 
significant increase in peroxidase activity in Ob- 
exposed controls up to 40 hr of O2 exposure. Animals 
alive at 69 hours and 7 days had peroxidase levels 
which were significantly elevated above pre-exposure 
levels (P< 0.01). The levels of peroxidase in the 
DDC-treated animals, however, increased much 
more rapidly with significant changes above controls 
(P < 0.05) and above initial levels (P < 0.01) seen 
as early as 22 hours after O2 exposure. 

Figure 3 shows a similar effect on GSSG reductase 
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activity upon exposure to O2 with and without 
250 mg/kg DDC. The activity of glutathione reduc- 
tase was higher in Or-exposed animals after DDC 
injection than in O, controls at 22, 40 and 69 hr of 
O2 exposure, with no significant difference between 
the groups of survivors after 7 days of O2 exposure. 
Levels of SOD activity for O2-exposed controls 
and for O2-exposed animals treated with DDC are 
shown in Fig. 4 (epinephrine assay). In contrast to 
G6PD, GSH peroxidase, and GSSG reductase activ- 
ities, the increase in SOD activity upon O2 exposure 
was not accelerated by DDC. There were no sig- 
nificant increases above O2 control levels at any of 
the durations of O2 exposure. However, SOD was 
significantly elevated above pre-exposure levels for 
both groups of animals in the 7-day survivors 
(P <0.01). SOD values were also determined using 
the cytochrome c assay with the same results. 
Table 2 shows the effect of O2 and DDC on SOD 
levels measured in lung homogenates by both the 
epinephrine [16] and cytochrome c [14] methods. At 
40 hr, no statistically significant increase above con- 
trol levels was seen with either method, and no 
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Fig. 3. Effect of 95-97% O2 of GSSG reductase in control rats and in rats pre-injected with 250 mg/kg 

DDC. Enzyme activity (means + $.E.M.) is expressed as a percentage of pre-exposure control level. 

The average value for the pre-exposed (0) enzyme activity was 2.39 + 0.28 (N = 7) umoles NADP* 

reduced/min/pair of lungs at pH 7. Key: (**) statistically above control levels (P < 0.01) (Student’s ¢- 
test); and (+7) statistically above initial levels (P < 0.01). 


Table 2. Effect of O2 on superoxide dismutase (SOD) activity determined by the 
epinephrine and the cytochrome c assays* 





SOD 
(epinephrine assay) 


SOD 
(cytochrome c assay) 





O time (controls) 
Q2, 40 hr 
O2 + DDC, 40 hr 


608 + 88 (6) 
667 + 67 (6) 
655 + 35 (6) 


634 + 19 (4) 
656 + 41 (4) 
625 + 30 (4) 





* SOD activity is expressed as units per pair of rat lungs. See Materials and 
Methods for details. The average value + S.E.M. is noted. The number of animals 
studied is in parentheses. None of the values were statistically above control levels 


by either assay method. 
+ Misra and Fridovich [16]. 
t McCord and Fridovich [14]. 
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Fig. 4. Effect of 95-97% O2 on SOD in control rats and in rats pre-injected with 250 mg/kg DDC. 

Enzyme activities (means + S.E.M.) are expressed as percentages of pre-exposure control levels. The 

average value for the pre-exposed (C)) enzyme activity was 608 + 88 units/lung (epinephrine assay). 
Key: (++) statistically above initial levels (P < 0.01) (Student's r-test). 


increase was seen in the DDC + O-exposed animals 
(250 mg/kg) compared to those rats exposed to O» 
alone. 

In order to determine whether the increases in the 
glutathione enzymes were related, we examined the 
values of enzyme activity by multiple regression 
analysis. In the O2-exposed or O2 + DDC animals, 
the increases in G6PD, GSSG reductase and GSH 
peroxidase are correlated with a multiple correlation 
coefficient value R = 0.83 (P < 0.005) for DDC and 
O2-treated animals and R = 0.914 (P < 0.002) for 
O>-treated animals. These values were obtained from 
those animals for which all three enzymes were 
assayed, using activities at 22, 40 and 69 hr to deter- 
mine the correlation coefficient. These data are in 
close agreement with results described by Kimball 
etal. [1] for rats exposed to 90% On. For air controls, 
the correlation coefficient reported was R = 0.458 
(P < 0.02) [1]. The high correlation for the animals 
which showed elevated levels of the enzymes in 
response to O2 or DDC + O2 suggests that the 
increase in these enzymes is a concerted process in 
response to O> stress. 


Enzyme levels were also measured in lungs of 
animals injected with 250 mg/kg DDC and main- 
tained in air for various times. These data are shown 
in Table 3. No increases were seen in GSH perox- 
idase, GSSG reductase or G6PD at 24hr of air 
exposure. At 48hr there was an apparent slight 
increase in these enzymes but only the G6PD levels 
were significantly above initial levels (P < 0.05). We 
have also injected rats with 250-500 mg/kg DDC and 
exposed these animals to O2 for 24 or 48 hr after 
injection. No positive or negative effect of DDC on 
O» survival was seen in these animals, indicating that 
DDC and significant metabolites are cleared by 24 hr. 
DDC at levels of 100 and 200 mg/kg has at most 
a minimal effect on survival of the rats in Oz (Table 
1). Table 4 shows the effects of these lower doses 
of DDC after 22 hr of O2 exposure on lung levels of 
G6PD, GSSG reductase and GSH peroxidase. At 
100 mg/kg there was no apparent change from unin- 
jected controls. The levels of these enzymes at 
200 mg/kg DDC appear to be somewhat above con- 
trols but not significantly elevated and they are less 
than the levels at 250 mg/kg. At doses of 250 mg/kg 


Table 3. Enzyme values after 250 mg/kg diethyldithiocarbamate (DDC) in animals exposed 
to air* 





GSH peroxidase 


GSSG reductase G6PD 





1.07 + 0.06 (7) 
1.12 + 0.12 (4) 


Control (no DDC) 
24 hr (+ DDC) 


3.02 + 0.60 (6) 
3.24 + 0.32 (8) 


2.39 + 0.28 (7) 
2.36 + 0.20 (4) 


48 hr (+ DDC) 1.20 + 0.26 (4) 2.68 + 0.37 (4) 3.82 + 0.38% (4) 





* Values are expressed as total units of activity per pair of rat lungs. Averages + S.E.M. 
are noted. The number of rats tested is in parentheses. One unit GSH peroxidase = | zpmole 
NADPH oxidized/min at pH 7, 25°. One unit GSSG reductase = 1 umole NADPH oxi- 
dized/min at pH 7, 25°. One unit G6PD = 1 wmole NADPH reduced/min at pH 7.8, 30°. 

t+ Statistically above control (P < 0.05). 
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Table 4. Enzyme levels 22 hr after various doses of diethyldithiocarbamate (DDC) and exposure 
to 95-97% O,* 





G6PD 


GSSG reductase GSH peroxidase 





DDC (mg/kg body wt) 
0 


108 + 6 (6) 
107 + 10 (6) 
115 + 11 (6) 
152 + 12+,4 (4) 


100 
200 
250 


96 + 5 (6) 
97 + 6 (6) 
110 +7 (6) 
118 + 47,2 (4) 


97 + 8 (6) 
99 + 8 (6) 
112 + 7 (6) 
120 + 27,2 (4) 





* Enzyme values are expressed as percentages of pre-exposure untreated controls + S.E.M.; the 
number in parentheses equals the number of rats. Significance levels were calculated using the 
values expressed as enzyme units rather than percentages: 100% G6PD = 3.02 units + 0.60 


(S.E.M.) = 3.02 umoles NADPH 


reduced/min; 


100% GSSG_ reductase = 2.39 units + 0.28 


(S.E.M.) = 2.39 moles NADPH oxidized/min; and 100% GSH peroxidase = 1.07 units + 0.06 
(S.E.M.) = 1.07 zmoles NADPH oxidized/min. Units expressed are total activity per pair of rat 


lungs. 


+ Significantly above pre-exposure untreated rats, P < 0.05. 
t Significantly above 22 hr O, controls (without DDC), P < 0.01. 


| at 22 hr, all of the enzyme levels were significantly 
above control levels (P < 0.05). 


DISCUSSION 


Our results show that the response of rats to 
hyperoxia after injection of DDC is very different 
from that previously reported after injection of 
disulfiram [21]. Disulfiram shortens the survival time 
of rats exposed to 95-97% On. Shortened survival 
occurs at doses of disulfiram as low as 10 mg/kg body 
wt. The percentage of early deaths of animals 
exposed to Or increases as doses of disulfiram are 
increased; all disulfiram-treated rats die in 2448 hr 
at doses of 200 mg/kg body wt. By contrast, the 
acceleration of the death rate in Ox-exposed animals 
after DDC treatment occurs only after doses of DDC 
at and above 250 mg/kg body wt. A large number 
of animals die at 16-22 hr of O2 exposure when given 
the higher doses of DDC. 

The above observations are consistent with the 
known chemistry of reaction of the two compounds. 
In both cases, the free compounds are rapidly metab- 
olized and excreted [11]. Disulfiram, unlike DDC, 
is capable of binding irreversibly to protein sulfhy- 
dryls, thus permanently inactivating enzymes and 
allowing for longer term effects [22]. DDC is pos- 
tulated to inhibit various enzymes by chelating Cu** 
[12]. This would probably require relatively high 
local concentrations of DDC and could explain the 
higher concentration required for toxicity of this 
compound. The inhibitory effect would most likely 
be reversible and not persist long after the DDC in 
the circulation was metabolized. This may explain 
the observation that DDC causes either very early 
deaths resulting from hyperoxia or has no effect on 
the toxicity seen with O2 alone, since the half-life of 
the free compound in vivo is apparently 2 hr [11]. 
Disulfiram and DDC are at least partially intercon- 
vertible in vivo [11, 23], and DDC in vivo has been 
shown to partially inhibit such sulfhydryl enzymes 
as aldehyde dehydrogenase [23]. Glutathione per- 
oxidase has also been shown to be inhibited by 
sulfhydryl reagents [24, 25] and has also been shown 
to be inhibited by DDC in vivo. This inhibition may 
be an indirect effect of a DDC-caused depression of 


SOD causing elevated Oz levels [26] or possibly 
could be caused by disulfiram, generated by DDC 
oxidation in vivo. The differences observed in the 
dose-response curves of the two compounds and the 
time courses of the toxic responses suggest that they 
do not have a common mechanism of toxicity. Given 
the difference in lipophilicity of the compounds, one 
would also expect very different tissue distributions 
when both were administered intraperitoneally. 
Thus, the specific mechanism by which each of the 
compounds accelerates O2 toxicity is still unknown 
at this time. 

An unusual feature of treatment with DDC is that 
a protective effect of this compound on rats exposed 
to hyperoxia occurs at a dose of 250 mg/kg body wt. 
The protective effect of DDC at threshold toxicity 
appears to be related to the increases in the various 
enzymes involved in maintaining an appropriate level 
of reduced GSH and detoxification of lipid perox- 
ides. These enzymes are significantly elevated in 
animals exposed to O2 as early as 22 hr after injection 
of 250 mg DDC/kg body wt. There are no significant 
elevations of these enzymes in rats exposed to 
250 mg/kg body wt and maintained in air for 24 hr 
and also no protection against O2-caused deaths 
afforded by pre-injection of DDC 24hr or 48 hr 
before O2 exposure. At levels of DDC of 100 and 
200 mg/kg body wt there is no significant increase 
in O2 survival. In these animals there appears to be 
a slight elevation of the GSH enzymes above the O2 
control level, but unlike that observed at 250 mg 
DDC/kg body wt, the increase is not statistically 
significant after 22 hr. 

It has been reported previously that SOD is 
inhibited in the rat lung by intraperitoneal admin- 
istration of DDC [13, 21]. However, at levels of 250 
mg/kg body wt or less, this enzyme is inhibited 10 
per cent or less at 3 or 4hr after injection of DDC 
with no significant inhibition by 24 hr after exposure 
[21]. Thus, it seems unlikely that the toxic response 
of rat lungs to DDC + QO: is related to SOD inhi- 
bition. The SOD inhibitor effects, however, could 
be much greater in specific locations in the lung, 
such as individual cell types or specific subcellular 
organelles, so that SOD inhibition leading to elev- 
ated O,- levels is a possible mechanism for the toxic 
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response to O2 seen at the higher doses of DDC. 

It is clear that both O2 and DDC are necessary 
for the early stimulation of enzymatic activity and 
for the protection against death by O, which we have 
observed. The mechanism of enzymatic stimulation 
is not known. It was suggested previously that SOD 
stimulation by elevated O3 levels may be mediated 
by the presence of an excess of O,* ions [27]. The 
glutathione enzymes may also be stimulated by O, 
or other metabolic intermediates of Orcell inter- 
action. If the DDC is interfering directly or indirectly 
with some enzyme system which is responsible for 
maintaining low concentrations of toxic O2 metab- 
olites, the addition of O2 could lead to a burst of 
active oxidants which might trigger the induction of 
protective enzyme activity. The lack of stimulation 
of SOD increase by DDC is seen using both the 
epinephrine assay (which measures primarily the Cu- 
Zn SOD) and the cytochrome c assay which measures 
both isozymes [14, 16] (see Table 2). The lack of 
accelerated response of SOD activity in our system 
may be for a variety of reasons. One possibility is 
that DDC interferes with the ability of lungs to 
increase SOD activity in response to O2 as was seen 
in young rats by Frank et al. [13]. Another possibility 
is that enzyme level changes are not directly stimu- 
lated by O2 + DDC but are secondary to changes in 
cell distribution or function induced by the combi- 
nation of O2 + DDC. 

We have shown that the combined action of 
DDC + O2 causes O2 tolerance in adult rats and that 
this tolerance is correlated with increases in G6PD, 
glutathione reductase and glutathione peroxidase, 
and that the increases in these enzymes occur in 
concert. Whether or not specific cellular alterations 
in the lung contribute to tolerance as well as to 
increases in these enzymes has yet to be determined. 
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Abstract—Hepatic dimethylnitrosamine (DMN) demethylase activity in male CS57BL/6 mice, assayed 
with 1 or 5mM DMN and expressed per g liver, increased after i.p. treatment with Aroclor 1254 
[polychlorinated biphenyls (PCBS), 500 mg/kg, 96 hr before assay], compared with parallel oil-injected 
controls. This increase was of statistical significance when either the postmitochondrial supernatant 
fraction (sup) or isolated microsomes were assayed. The induction appeared larger with 5SmM DMN 
as substrate (about 180 per cent) than with 1 mM DMN (about 65 per cent). PCBs also induced sup 
DMN (5mM) demethylase activity in (CS7BL/6 x BALB/c)Fi and Swiss-Webster mice. 3-Methyl- 
cholanthrene exposure (80 mg/kg, 48 hr) resulted in a small but significant increase in sup hepatic DMN 
(5S mM) demethylase activity in CS7BL/6 and F: mice. Isolated microsomes from C57BL/6 livers exhibited 
only 40-60 per cent of the DMN (1 or 5mM) demethylase activity present in the corresponding sup; 
such preparations may not give an accurate indication of in vivo activity. Inclusion of the lipid layer 
with the sup resulted in a significant increase in DMN (5 mM) demethylase activity in Aroclor-induced, 
but not in control, CS7BL/6 mouse livers. The number of cells per unit area of liver, determined 
microscopically after treatment of C57BL/6 mice with PCBs, decreased slightly (15 per cent) but 
significantly compared with controls. Thus, enzyme activity per g liver represents a conservative 
approximation of activity per cell, which is the parameter that should be measured for demonstration 


of induction or repression and for evaluation of potential toxic or carcinogenic effects. 


The carcinogen dimethylnitrosamine (DMN) is 
sometimes found in foods, air and smoke [1]. It is 
also widely used in studies of carcinogen-target cell 
interaction. The biological effects of DMN are 
believed to be caused by reactive intermediates 
formed during metabolism [2]. Evidence is still being 
gathered as to the nature of the enzymes and inter- 
mediates involved in the metabolism and biological 
action of DMN [3-35]. It is nevertheless clear that 
DMN undergoes oxidative demethylation by the 
mixed-function oxygenase system of the endoplasmic 
reticulum and that formaldehyde is a major metab- 
olic product [2]. Release of formaldehyde, which is 
easily quantified colorimetrically by the Nash reac- 
tion [36], has served as a measure of DMN demethyl- 
ase activity. 

Polycyclic hydrocarbons, polychlorinated biphen- 
yls (PCBs) and other compounds, which normally 
cause an increase in microsomal mixed-function 
oxygenase enzymes, were found also to induce DMN 
demethylase in rat, mouse, hamster and guinea pig 
liver when 25-100 mM DMN was used as substrate 
in the assay [5, 12, 15, 20, 24, 32]. However, when 
2-4mM DMN vas used as substrate, pretreatment 
with these xenobiotics resulted in an apparent repres- 
sion of DMN demethylase activity in rat and hamster 
liver microsomes [4, 5, 24, 34]. No change in this 
activity was observed in the liver microsomes of 
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Swiss-Webster mice treated with PCBs [6], but in 
a subsequent study these same investigators reported 
repression by PCBs of hepatic DMN demethylase 
activity in both Swiss-Webster and various inbred 
mice [5]. Sipes et al. [32] found that liver microsomal 
DMN demethylase in C57BL/6 mice, assayed with 
1mM DMN, was repressed by pretreatment with 
PCBs but induced by acetone. 

On the basis of these findings, the existence of two 
DMN demethylase isoenzymes responding differ- 
ently to xenobiotics was postulated [5]. It must be 
noted, however, that most of the experiments cited 
above were carried out with isolated microsomes. 
Separation of microsomes from the supernatant frac- 
tion of liver results in a lowering of oxidative activity 
toward some substrates [37-40], including DMN 
[21,22]. Use of microsomes for studies in which 
quantitative comparisons are to be made thus seems 
questionable. Furthermore, in the studies cited 
above, activity was, in most cases, expressed per mg 
microsomal protein, a quantity which sometimes 
increased after treatment with xenobiotics. It has 
been argued that this mode of expression is necessary 
to demonstrate changes in the specific composition 
of the endoplasmic reticulum [4,5]. However, 
changes in enzyme activity expressed on a per gen- 
ome or per cell basis are also of interest, since 
induction and repression are believed by all experts 
to reflect changes in genome expression through 
alterations in rates of enzyme protein synthesis [41- 
45]. McLean and Day [46] pointed out that a decrease 
in product formation per mg microsomal protein 
does not necessarily reflect a “true fall in enzyme 
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activity”. This fact was also recognized by Hutton 
et al. [47], who expressed their DMN demethylase 
assay data on a per mg DNA basis. 

In the study reported here, we have investigated 
whether expression of enzyme activity per gram tis- 
sue is a reasonable approximation of activity per 
cell, and have measured DMN demethylase activity 
in hepatic postmitochondrial supernatant fractions 
and isolated microsomes from control and PCB- 
treated mice. We have concluded that DMN 


demethylase, even when assayed with 1 or 5mM 
substrate, is inducible by PCBs. Repression did not 
occur under the conditions we employed. 


MATERIALS AND METHODS 


Animals. C57BL/6, BALB/c (Jackson Laborato- 
ries, Bar Harbor, ME) and Swiss-Webster (Camm 
Research Institute, Wayne, NJ) mice, 2 to 4-months- 
old, were housed with hardwood shavings as bedding 
at 25+ 2° under a 14/10hr fluorescent light/dark 
cycle and were fed Purina Mouse Chow. 
(C57BL/6 x BALB/c)F: mice were bred in our col- 
ony. Male mice were injected i.p. and killed non- 
fasted by decapitation for assay between 9:00 and 
10:00 a.m. 

Chemicals. Organic chemicals and their sources 
were: NADP, glucose-6-phosphate, nicotinic acid, 
glucose-6-phosphate dehydrogenase (Type XII), 
3-methylcholanthrene and bovine serum albumin 
from the Sigma Chemical Co. (St. Louis, MQ); 
nicotinamide from the Eastman Kodak Co. (Roch- 
ester, NY); semicarbazide-—HCl from the Sigma 
Chemical Co: or the Aldrich Chemical Co. (Mil- 
waukee, WI); and DMN from the Schuchardt Co., 
Munich, F.R.G. Aroclor 1254 was provided by Mr. 
William Papageorge of the Monsanto Co., St. Louis, 
MO. 

Preparation of tissue fractions. Livers were per- 
fused through the hepatic vein with cold 0.1M 
potassium phosphate buffer, pH 7.3, according to 
the procedure of Rao and Vesselinovitch [48]. Whole 
individual mouse livers were used for 20% (w/v) 
homogenates in phosphate buffer, prepared by ten 
strokes of a glass-Teflon homogenizer. Postmito- 
chondrial supernatant fractions were obtained by 
centrifugation at 9000 g for 30 min at 4°. The layer 
of lipoidal material accumulating at the top of the 
centrifuge tube was included with the supernatant 
fraction in some experiments, as indicated. Micro- 
somes were centrifuged from the post mitochondrial 
supernatant fraction at 100,000 g for 60 min. The 
surface of the microsomal pellet was washed once 
and microsomes from | g liver were resuspended in 
1 ml phosphate buffer by five strokes of a glass— 
Teflon homogenizer. 

DMN demethylase assay. Although it would have 
been desirable to carry out the assays with postmi- 
tochondrial supernatant fractions and isolated micro- 
somes under identical conditions, this was not pos- 
sible, since the composition of the supernatant 
fraction, as a complex cellular extract, was not 
definable, and since the unusually high concentration 
of phosphate buffer required for maximal activity 
with isolated microsomes resulted in the formation 
of a precipitate in the Nash reaction when the post- 
mitochondrial supernatant fraction was used. For 
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the assays presented in Table 4, using the supernatant 
fraction, a 2-ml reaction mixture in 0.1 M potassium 
phosphate buffer (pH 7.3) contained 0.5 umole 
NADP, 10 umoles glucose-6-phosphate, 10 wmoles 
MgCl,, 14 wmoles nicotinamide, 20 wmoles semicar- 
bazide-HCl and 5mM DMN. For supernatant frac- 
tion assays presented in Tables 2 and 3, where micro- 
somal and supernatant fraction activities were 
directly compared, the concentration of phosphate 
buffer was elevated to 0.15 M and 8 wmoles nicotinic 
acid were substituted for the nicotinamide. These 
changes, intended to give a closer approximation to 
the microsomal incubation mixture, resulted in a 
slight increase in supernatant fraction activity. For 
the assay with microsomes, the reaction mixture, 
identical to that employed by Venkatesan et al. [34], 
contained 0.8 umole NADP, 4yumoles MgCl, 
8 wmoles nicotinic acid, 15 wmoles semicarbazide— 
HCl, 8 umoles glucose-6-phosphate, 0.8 units glu- 
cose-6-phosphate dehydrogenase, 0.6 mmole phos- 
phate buffer (pH 7.3), 1 or 5 mM DMN, and 1.15% 
KCI to bring the volume to 2 ml. Systematic variation 
of the concentrations of individual reactants in both 
the supernatant fraction and microsomal assays 
indicated that reaction rates were optimized in both 
cases. 

The reactions were started by the addition of 
supernatant fraction or microsomal suspension. The 
amount of enzyme source and the time of incubation 
were chosen to ensure linearity of reaction with time 
and protein concentration: 0.25 or 0.5 ml of liver 
supernatant fractions and 0.1 ml of microsome sus- 
pension for 30 min. The incubations were carried 
out at 37° with shaking at 90 strokes/min, in an 
atmosphere of air. The reactions were terminated 
by addition of 1.5 ml of cold 2.5% ZnCl:, followed 
by 0.5 ml of cold 0.5 N NaOH. The precipitate was 
removed by centrifugation (2200 r.p.m., 20 min), 
and the supernatant fraction was mixed with an equal 
volume of Nash reagent [36]. After incubation in a 
water bath at 58° for 12 min, the color was measured 
at 413 nm. Formaldehyde standards were included 
with each colorimetric determination. All assays 
were carried out in duplicate. Formaldehyde added 
to the reaction mixture in the absence of DMN was 
recovered in yields of 93 + 0.6 per cent (three deter- 
minations), and experimental values were corrected 
accordingly. The blanks used for determination of 
background absorbancy consisted of all reaction 
components except the NADPH-generating system, 
incubated for the same period as the experimental 
samples. Protein content was estimated by the 
method of Lowry et al. [49] with bovine serum 
albumin as the standard. 

In one series of determinations, 800g (10 min) 
supernatant fractions were derived from 10% hom- 
ogenates. The reaction flasks contained 5 mM DMN, 
0.1M phosphate buffer, and the other ingredients 
used for assaying the 9000 g supernatant fraction 
including nicotinic acid. Reaction rates were pro- 
portional to time and protein concentration when 
0.2-ml aliquots of the 800 g supernatant fraction were 
incubated for 30 min. 

Nuclei counts. Three C57BL/6 mice were injected 
i.p. with Aroclor 1254 (500 mg/kg) or olive oil. After 
96 hr, four pieces were cut at random from each liver 
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and fixed in Bouin’s solution. Histological slides were 
made of 7 wm sections and stained with hematoxylin 
and eosin. Photomicrographs were made at a mag- 
nification of 350 times, and counts were taken of the 
number of hepatocyte nuclei in a field of 0.150 mm’. 
The counts from all treated or control liver sections 
were averaged. 

Statistical analysis. Control and experimental 
animals were always assayed in parallel with equal 
numbers of animals in each group. Day-to-day vari- 
ation was greater than variation among triplicate 
animals assayed on a given day, as has been often 
observed for microsomal enzyme activities [50]. 
Nevertheless, the differences between treated and 
control mice, when observed, were consistent from 
day to day. We, therefore, applied the F-test for 
significance of difference between treated and con- 
trol mice, using ‘within treatment, within day’ as the 
measure of variation [51]. Experiments involving 
data gathered on a single day were analyzed by 
Student’s f-test. 


RESULTS 


Change in the amount of DMN demethylase per 
cell is a relevant parameter in the assessment of the 
effect of other xenobiotics on the cellular actions of 
DMN. In order to ascertain whether activity 


expressed, for convenience, on a per mg liver basis 
provides an accurate indication of changes in activity 
per cell, we determined the effect of Aroclor treat- 
ment on the number of cells per unit area of liver. 
The livers of PCB-treated mice had slightly, but 
significantly, fewer nuclei per 0.15 mm? area than 


control livers (Table 1), with very little variation 
among triplicate animals. Aroclor-caused changes 
in enzyme activity, therefore, would be somewhat 
less when expressed per mg liver than when 
expressed per cell, and the per mg liver mode of 
data presentation gives a conservative estimation of 
inductive effects. 

DMN demethylase activity in the livers of Aroclor- 
treated and control C57BL/6 mice was assayed with 
5mM (Table 2) and 1 mM (Table 3) DMN. With 
both concentrations of substrate, the isolated micro- 


Table 1. Effect of treatment with Aroclor 1254 on hepatic 
nuclei count in mice 





Mean No. nuclei * S.D. 
per 0.15 mm‘+ 


Treatment 
group* 





A 214 + 74(12)§ 
Cc 251 + 20(10) 





* Animals were injected i.p. with Aroclor 1254 (A, 
500 mg/kg) or olive oil (C) 96 hr before being killed. 

+ Adult C57BL/6 male mice (three treated and three 
control) were used. Four pieces taken at random from each 
liver were fixed in Bouin’s solution and 7 um sections 
prepared (H & E staining). Photographs were made of 
0.15 mm? areas and the number of hepatocyte nuclei was 
counted. : 

t Significantly lower than control value (P < 0.001, Stu- 
dent’s t-test). 

§ Number of counts made. 
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somes from livers of control and treated mice had 
40-60 per cent less DMN demethylase activity, com- 
pared with that measured in the postmitochondrial 
supernatant fractions of the same livers. The lower 
activity in the isolated microsomes was not due to 
the difference in assay reagents, since use of the 
supernatant fraction assay reagents with isolated 
microsomes resulted in a large decrease in activity 
(data not shown). A concentration of 0.3 M phos- 
phate buffer was found to be required for maximal 
activity in the microsomes. 

In the assays employing 5mM DMN as substrate 
(Table 2), Aroclor treatment resulted in a 3-fold 
increase in DMN demethylase activity in the post- 
mitochondrial supernatant fractions and in the 
microsomes, when expressed per 100 mg liver. The 
activity was also significantly greater after PCB treat- 
ment when expressed per mg microsomal protein, 
but, because of the Aroclor-induced increase in 
microsomal protein, the difference between control 
and experimental mice was less than this difference 
when results were expressed per 100 mg liver. 

With 1 mM DMN as substrate (Table 3), Aroclor 
induction of DMN demethylase was also demon- 
strated, when activity was expressed per 100 mg liver. 
The apparent per cent increase was less than that 
observed with 5mM DMN, and there was no dif- 
ference between control- and Aroclor-treated liver 
activities in either supernatant fractions or micro- 
somes, when expressed per mg microsomal protein. 

The study of the effects of xenobiotics on hepatic 
supernatant DMN demethylase assayed with 5mM 
DMN was extended to several other strains and to 
another commonly used inducer, 3-methylcholan- 
threne (Table 4). The enzyme was induced by the 
PCBs in the livers of (C57BL/6 xX BALB/c)F, and 
Swiss—Webster mice, as expressed per 100 mg liver 
or per mg supernatant protein. Activities calculated 
per mg microsomal protein were not significantly 
different in control and treated mice. 3-Methyl- 
cholanthrene treatment resulted in increased DMN 
demethylase in the livers of the F; hybrids and 
increased activity per mg supernatant protein in the 
livers of the C57BL/6 mice, but affected only liver 
weight in the Swiss-Webster mice. 

Another variable examined was the inclusion of 
the top lipid layer with the supernatant fraction. The 
effects of this material were of interest in the light 
of possible loss of enzymatic activity due to lipid 
peroxidation. Inclusion of the lipid resulted in sig- 
nificantly higher DMN demethylase activity (per 
100 mg liver or per mg supernatant protein) in 
Aroclor-treated, but not control, CS7BL/6 livers 
(Table 4). 

In order to rule out the possibility that the differ- 
ence between DMN demethylase activities in the 
9000 g supernatant fractions of control vs treated 
mice was due to greater loss of microsomes from the 
control supernatant fraction during centrifugation, 
assays were carried out with supernatant fraction 
after centrifugation at 800g, which would be 
expected to remove little microsomal material. DMN 
(5 mM) demethylase activity in the 800 g supernatant 
fractions from livers of Aroclor-treated C57BL/6 
mice was 269.7 + 49.5 (N =3) nmoles formalde- 
hyde/100 mg liver/30 min, compared with 99.8 + 27.5 
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Induction of DMN demethylase in liver 


(N = 3) for controls (P < 0.001). These values are 
similar to those listed in Table 2. 


DISCUSSION 


The results of our experiments lead to the con- 
clusion that DMN demethylase, assayed with 1 or 
5mM DMN, is induced in mouse livers by Aroclor 
‘1254. This conclusion is at variance with that of 
several other investigators who have reported either 
repression by or no effect of PCBs on mouse liver 
DMN demethylase, assayed with 1-10 mM DMN 
[5, 6, 32, 34]. There are at least two reasons for this 
discrepancy: (1) most of these experiments were 
done with isolated microsomes, and (2) results were 
usually expressed in terms of amount of product per 
mg microsomal protein. 

Limitations of isolated microsomes for DMN 
demethylase assay. Although isolated microsomes 
represent a purified source of endoplasmic reticulum 
enzymes, some of these enzymes, including DMN 
demethylase, experience a large reduction in appar- 
ent activity upon separation from the cytosol 
[21, 22,38]. Since the endoplasmic reticulum is 
ordinarily in contact with the cytosol, the activity in 
isolated microsomes must be regarded as abnormally 
low, and not a true measure of in vivo activity. There 
are several possible reasons for the lower apparent 
activity in the microsomes, including destruction or 
denaturation of the enzyme, alteration of the active 
site, absence of an essential soluble cofactor, and/or 
reduced effective substrate concentration due to 
nonspecific binding on the microsomes. There is 
considerable evidence [52-56] that reduced enzy- 
matic activity in isolated microsomes is due, in part, 
to lipid peroxidation. The soluble fraction may con- 
tain substances that inhibit, and/or provide alter- 
native substrates for, lipid peroxidation. The fact 
that in our experiments inclusion of the lipid layer 
of the supernatant fraction resulted in higher DMN 
demethylase activity in induced preparations sug- 
gests that this supernatant fraction component may 
spare microsomal lipids by providing alternative sub- 
strates for peroxidation. 

Sipes et al. [32], measuring DMN demethylase in 
isolated microsomes from control and Aroclor 1254- 
treated CS7BL/6 male mice, observed that Aroclor 
treatment reduced activity with 1 mM DMN and had 
no effect with 10 mM DMN; activity was expressed 
per mg microsomal protein. In our experiments 
involving Aroclor treatment of the same type of 
mouse, we found that DMN demethylase (per mg 
microsomal protein) in isolated microsomes from 
Aroclor-treated mouse liver did not change with 
1mM DMN and increased significantly with 5 mM 
DMN, compared with controls. This discrepancy 
may be due to the use of Tris buffer by Sipes et al. 
Hutton et al. [47] have confirmed our observation 
that DMN demethylase activity is higher when 
assayed with phosphate buffer than Tris buffer. 

Mode of expression of enzyme activity. A second 
source of confusion in interpretation of the effects 





* L. M. Anderson, unpublished observation. 
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of xenobiotic inducers relates to the mode of expres- 
sion of enzyme activity. A significant increase in 
microsomal protein content of mouse liver occurs 
after treatment with inducers such as Aroclor 1254 
[5, 8,47]. Therefore, presentation of activity on a 
per mg microsomal protein basis may not give an 
accurate indication of changes in the absolute 
amount in the cell of the particular enzyme protein 
in question, which is what induction and repression 
are presumed to entail [41-45]. Expression of activity 
per mg microsomal protein, furthermore, does not 
show changes in amounts or concentrations of 
enzyme products in the cell, an important parameter 
in analysis of toxic and/or carcinogenic effects. 
Enzyme activity should be expressed on a per cell 
basis, if induction or repression is to be demonstrated 
conclusively, and if the cellular significance of 
changes in enzyme activity is to be appreciated. 
Changes in activity per mg microsomal protein are 
also of interest in certain contexts and perhaps should 
be given a special terminology, such as ‘specific 
increase’ and ‘specific reduction’. 

We have demonstrated that expression of enzyme 
activity per g tissue is a conservative representation 
of activity per cell. Treatment of mice with Aroclor 
1254 resulted in a slight but significant reduction in 
the number of cells per unit area of liver. A com- 
parable decrease in DNA content per g occurs in the 
livers of Sprague-Dawley male rats 96 hr after treat- 
ment with 500 mg/kg Aroclor 1254.* Probably the 
liver cells grow larger after PCB treatment, as occurs 
after exposure to phenobarbital [57]. Thus, induced 
activity expressed on a per cell basis would be even 
greater than that calculated per g liver. 

Hutton et al. [47] reported no change in DNA per 
g liver in mice following Aroclor 1254 treatment; 
their practice of pooling data from eight inducible 
and noninducible strains may have obscured a small 
but significant effect such as we have observed. These 
workers detected no inductive or repressive effect 
of Aroclor 1254 on DMN demethylase per mg DNA 
in C5S7BL/6 mouse liver; they employed the post- 
mitochondrial supernatant fraction and 1 mM DMN 
as substrate. Their experiments were done with 
female mice, which might be less responsive to 
inducers than males. It might also be noted that their 
mouse livers were frozen at —70° before use; frozen 
storage has been shown to result in a greater loss of 
DMN demethylase activity from Aroclor-induced 
microsomes than from control preparations [58]. 

In conclusion, investigators should consider care- 
fully the type of tissue preparation used for assay of 
DMN demethylase and perhaps other microsomal 
enzymes, in the light of the lowered activity in iso- 
lated microsomes. The mode of expression of the 
results should also be thoughtfully chosen, depend- 
ing on the purpose of the experiment. Where changes 
in the composition of the endoplasmic reticulum are 
of primary interest, enzyme activity should be 
expressed per mg microsomal protein. Where the 
results are relevant to toxicity or carcinogenicity, 
data should be expressed per cell, per g DNA, or 
per g tissue. Our findings, analyzed in accordance 
with these considerations, indicate induction, not 
repression, of DMN demethylase in mouse liver by 
PCBs, even when assayed with a low concentration 





1382 L. M. ANDERSON and M. ANGEL 


of DMN. Data relevant to the effect of inducers on 
the carcinogenicity of DMN (e.g. Refs. 7, 8 and 59), 
mutagenicity (e.g. Refs. 12 and 15) and toxicity (e.g. 
Refs. 20 and 33) should be evaluated with these 
considerations in mind. 

The inductive effect of Aroclor in our experiments 
was greater when the DMN demethylase was assayed 
with 5 mM, compared with 1 mM, substrate. While 
this difference may reflect the operation of two 
isoenzymes of DMN demethylase of differing indu- 
cibility, as postulated by Arcos ert al. [5], other 
explanations are possible. Induced microsomal prep- 
arations might be differentially sensitive, compared 
to controls, to loss of activity in a process influenced 
by substrate concentration, for example, lipid per- 
oxidation. Lipid peroxidation, which increases in 
liver after phenobarbital treatment [60,61], is 
reduced by substrates for NADPH-dependent oxi- 
dation [62, 63]. The proposed isoenzymes of DMN 
demethylase must be isolated for their existence to 
be demonstrated conclusively. 


Acknowledgements—We would like to thank Dr. Isabel M. 
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Abstract—The effect of bencyclane on the relationship between the energy-dependent swelling and 
oxidative phosphorylation was studied in isolated rabbit heart mitochondria. The oxygen consumption 
and the osmotic volume changes of mitochondria as well as the extramitochondrial proton concentration 
were simultaneously measured in the same sample. In sucrose medium the oxidative phosphorylation 
was uncoupled and the electron transport chain inhibited by bencyclane concentrations higher than 
10 uM. In a medium of high potassium concentration the swelling of mitochondria was accompanied 
both by a decrease rate and efficiency of oxidative phosphorylation. Both swelling and impairment of 

. oxidative phosphorylation were inhibited by 2.5-10 4M bencyclane concentrations. The relation of 
these effects to the myocardial function was discussed. 


INTRODUCTION 


The antispasmodic agent bencyclane which was 
introduced for the treatment of cerebral blood flow 
disturbances has been shown to possess a pro- 
nounced antianginal action [1, 13, 14, 15]. During 
the past few years considerable efforts were made 
to explain its therapeutic effect by an influence 
exerted on the cellular energetic processes. In experi- 
ments carried out on isolated mitochondria prepared 
from beef heart [2], rat liver and rabbit heart [3], 
uncoupling of oxidative phosphorylation and inhi- 
bition of the respiratory chain have been demon- 
strated. On the basis of these observations it was 
suggested that the vasodilation caused by bencyclane 
is the result of the reduction of the intracellular ATP 
stores and the accompanying production of the free 
adenosine. 

In the present paper the effect of bencyclane on 
the relationship between the energy-dependent 
swelling and oxidative phosphorylation was studied 
in rabbit heart mitochondria. 


MATERIALS AND METHODS 


Mitochondria were isolated from the rabbit heart 
according to the method of Sordahl et al. [4]. The 
isolation medium contained 0.18M KCI, 0.01M 
EDTA and 0.5 % bovine serum albumin; its pH was 
adjusted to 7.40 at 4° by the addition of Tris base. 
The final mitochondrial pellet obtained was resus- 
pended in the same medium and the protein con- 
centration was determined by the biuret reagent [5]. 

Oxygen consumption, proton concentration and 
osmotic volume changes were simultaneously meas- 
ured in the same mitochondrial suspension. Both 
Clarke type and glass oxygen electrodes as well as 
reference electrodes were immersed into a water- 





* Presented in part at the 7th International Congress of 
Pharmacology, Paris, France, 1978. 


jacketed cuvette developed in our laboratory. 
Through the quartz windows of the same cuvette the 
swelling-shrinkage cycles of mitochondria were 
determined photometrically. He Ne laser, A = 6328 
(CW Radiation Inc. model LSO5) served as a light 
source. The light intensity was measured by a selen- 
ium photoelectric cell. The content of the cuvette 
was thermostabilized at 37° and magnetically stirred. 
The electrodes were attached to an oxygraph (Gilson 
Medical Electronics) and to a Radiometer PHM 64 
Research pH meter, respectively. All changes were 
simultaneously recorded by a four channels recorder 
(MTA KUTESZ type 175, Hungary). 

The 4ml sample contained about 4-5 mg mito- 
chondrial protein. Other additions are indicated on 
the figures. The exact concentration of the ADP 
solution was enzymatically determined using Boeh- 
ringer ADP/AMP test combinations. The ADP:0 
ratio was calculated according to Estabrook [6]. 

The chemicals used were Bencyclane, N-[3-(1- 
benzylcycloheptyl - oxy) - propyl] - N,N - dimethyl- 
ammoniumhydrogenfumarate (EGYT Budapest), 
adenosine-5’-diphosphoric acid __cryst. and 
ADP/AMP test combination (Boehringer), 2-4- 
dinitrophenol (Reanal, Budapest). 


RESULTS 


In the first part of the experiments the function 
of mitochondria was studied in sucrose medium (Fig. 
1). After addition of mitochondria to this medium, 
state 4 respiration, negligible swelling of the mito- 
chondria and nearly unchanged proton concentration 
in the medium could be recorded (Fig. 1, control 
experiment). 

The addition of external ADP induced state 3 
respiration accompanied by a moderate shrinkage 
of the mitochondria and by a considerable decrease 
in the proton concentration of the medium. When 
all the added ADP was phosphorylated to ATP, the 
mitochondria returned to the state 4 respiration, i.e. 
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Fig. 1. Effects of bencyclane in sucrose medium. The experimenta! medium consisted of 250 mM 
sucrose, | mM sodium pyruvate and 5 mM potassium phosphate buffer, pH 7.00, at 37°. In 4 ml medium 
4.6 mg mitochondrial protein (M) was used. Additions are indicated by the arrows. Solid lines represent 
the oxygen consumption of mitochondria, broken lines indicate the proton concentration changes in 
the medium and the dotted lines represent the osmotic volume changes of mitochondria. The rate of 
oxygen consumption was expressed in nanoatom oxygen min | mg mitochondrial protein '. 


the oxygen consumption was slowed down, moderate 
swelling and nearly constant extramitochondrtal pro- 
ton concentration were measured. The subsequent 
addition of DNP greatly stimulated the respiration, 
induced a slow but definite shrinkage of the mito- 
chondria and fast increase of proton concentration 
in the medium. When all the oxygen content of the 
sample was used, the generation of protons under 
the influence of DNP became even faster than under 
aerobic conditions. And finally when the proton 
concentration in the medium returned to about the 
level measured before the addition of ADP, shrink- 
age of the mitochondria was even pronounced. The 
calculated ADP:0O ratio was 3.00 and the respiratory 
control index (RCI) 11.7, both characteristics of 
functionally intact mitochondria. 

Bencyclane (20 uM) slightly increased the rate of 
the state 4 respiration measured after ADP induced 
state 3 respiration and decreased the RCI to 7.9. 
Furthermore, the passive shrinkage of mitochondria 
observed under anaerobic conditions was also 


reduced by bencyclane, but the other parameters 
were not influenced (Fig. 1). Higher concentrations 
of bencyclane (40 uM) produced a moderate inhi- 
bition of both state 3 and DNP-stimulated respiration 
and resulted in a further decrease of the RCI 
(Fig. 1). 

In the second part of our experiments the function 
of mitochondria was studied in an experimental 
medium containing similarly high concentration of 
potassium as can be found in the intracellular space. 
The effects of both inorganic phosphate and ben- 
cyclane were studied in this condition (Table 1). The 
values of state 3 respiration and ADP:O ratio were 
slightly lower than those measured in the sucrose 
medium even in the case when only 2 mM inorganic 
phosphate was present. Furthermore, the elevation 
of phosphate concentration from 2 to 4 mM induced 
a significant depression of these parameters. The 
presence of 10 4M bencyclane was able to prevent 
the decrease in the state 3 respiration and signifi- 
cantly protected against the decrease in the ADP:O 
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Table 1. Effects of inorganic phosphate (Pi) and bencyclane on the oxidative phos- 
phorylation of isolated heart mitochondria in an experimental medium containing 
high K* concentration* 





State 3 respiration ADP:0 ratio 





2mM Pi 145+ 6.3 50 + 0.08 
4mM Pi 124+ 4.47 83 + 0.18% 
4mM Pi + 10 uM Bencyclane + 0.154 


164 + 11.34 





* The experimental medium consisted of 150mM KCl, | mM sodium pyruvate 
and different concentration of potassium phosphate buffer, pH: 7.0 at 37°. Where 
indicated, 10 uM bencyclane was also present. In 4 ml medium 4-5 mg mitochondrial 
protein was used. State 3 respiration was initiated by the addition of 1.4 wmoles 
ADP. The rate of oxygen consumption was expressed in nanoatom oxygen min | mg 
mitochondrial protein '. Values are the mean + S.E. of eight independent experi- 


ments. The results were statistically analysed by the Student /-test. 
+ Statistically different from 2mM Pi (P < 0.05). 
t Statistically different from 4mM Pi (P < 0.05). 


ratio induced by the elevation of the extramito- 
chondrial phosphate concentration. Figure 2 dem- 
onstrates the effects of bencyclane on the function 
of mitochondria in high potassium medium contain- 
ing 4mM inorganic phosphate. The experimental 
results displayed by the figure were from the same 
mitochondrial preparation. The rate of oxygen con- 
sumption of mitochondria suspended in this medium 
(state 4 respiration) was about twice as high as that 
of mitochondria suspended in sucrose medium. At 
the same time a considerable swelling of the mito- 
chondria and a moderate increase in the extrami- 
tochondrial proton concentration was measured 
(Fig. 2, control experiment). The addition of ADP 
stimulated the respiration, stopped the swelling of 
the mitochondria (causing even a negligible shrink- 
age) and reduced the proton concentration of the 
medium. When the oxidative phosphorylation was 
stopped by the absence of ADP, the rate of oxygen 
consumption was slowed down. At the same time 
further swelling of the mitochondria and a small 
increase in the proton concentration of the medium 
could be recorded. Under anaerobic conditions 
swelling of the mitochondria stopped and an increase 
in the proton concentration of the medium was 
observed. The ADP:O was 1.25 and RCI 4.3, both 
characteristics of a greatly impaired function of the 
mitochondria. Under the influence of 10 4M ben- 
cyclane in the same medium the following significant 
changes were observed: the swelling of mitochondria 
measured before the addition of ADP was reduced, 
the rate of state 3 respiration and the accompanying 
consumption of protons from the extramitochondrial 
space were stimulated, the ADP:O ratio increased 
by 40 per cent and the RCI by 23 per cent (Fig. 2). 


DISCUSSION 


The oxidative phosphorylation of isolated rabbit 
heart mitochondria was measured both by polaro- 
graphic determination of the ADP:O ratio and by 
the direct measurement of the scalar proton con- 
sumption coupled to the mitochondrial ATP syn- 
thesis. The net ion transport of mitochondria, in our 
conditions presumably the potassium phosphate 


transport, was measured in the same sample by the 
photometric determination of the osmotic volume 
changes. This type of experimental setting made the 
study of the relationship between oxidative phos- 
phorylation and the energy-dependent ion transport 
of mitochondria possible. 

The function of mitochondria and the influence 
of bencyclane were studied in two different experi- 
mental conditions. In sucrose medium the function 
of mitochondria is characterized by a high RCI and 
ADP:O ratio showing the intact oxidative phos- 
phorylation of mitochondria. The relatively small 
osmotic volume changes of mitochondria measured 
during the aerobic phase of these experiments indi- 
cate that if the extramitochondrial potassium con- 
centration is low, no significant net ion transport can 
be observed. Increase of the state 4 respiration and 
decrease of the RCI in the sucrose medium by 20 uM 
and higher bencyclane concentrations indicate the 
uncoupling effect of the drug. Decrease of the state 
3 and the DNP stimulated respiration by bencyclane 
concentrations higher than 20 uM are the result of 
the inhibition of the mitochondrial electron transport 
chain [3]. 

In the medium containing high potassium concen- 
tration similar to that of intracellular space, the 
function of mitochondria is characterized by 
decreased rate and efficiency of oxidative phos- 
phorylation. The impairment of oxidative phos- 
phorylation largely depends on the extramitochon- 
drial concentration of inorganic phosphate. The 
increase of the phosphate concentration, which can 
be found also in the ischemic myocardial tissue, 
induced osmotic swelling of mitochondria and 
resulted in the inhibition and uncoupling of oxidative 
phosphorylation. The osmotic swelling of mitochon- 
dria was the result of ion accumulation, in our con- 
ditions mainly due to the uptake of potassium phos- 
phate. In the same medium lower bencyclane 
concentrations (2.5—10 4M) having neither uncoup- 
ling nor electron transport inhibitory effects, con- 
siderably inhibited the swelling of mitochondria. At 
the same time state 3 respiration and the ADP:O 
ratio were increased. The consumption of scalar 
protons was also stimulated by bencyclane, indicat- 
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Fig. 2. Effects of bencyclane in a medium containing high potassium concentration. The experimental 

medium consisted of 150 mM potassium chloride, 1 mM sodium pyruvate and 4 mM potassium phosphate 

buffer, pH 7.00, at 37°. In 4 ml medium 3.9 mg mitochondrial protein (M) was used. For symbols and 
other details see Fig. 1. 


ing that the rate of ATP synthesis was increased 
under the influence of the drug. Accordingly, ben- 
cyclane inhibited the energy-dependent uptake of 
ions into the mitochondria by an action independent 
of its uncoupling and electron transport inhibitory 
effects. It was recently suggested that a cardiode- 
pressive side effect of bencyclane is the result of the 
reduction of high energy phosphate stores of the 
cells caused by an electron transport inhibitory and 
uncoupling actions. At the same time the beneficial 
vasodilation was explained by another consequence 
of these effects, i.e. by an increased production of 
free adenosine [3]. On the contrary, the increased 
anoxia tolerance observed under the influence of 
bencyclane [7] is rather difficult to imagine if the 
substance would represent an uncoupling agent in 
the concentrations increasing anoxia tolerance. It 
has also been demonstrated that in the ischemic 
myocardium both the structure and function of 
mitochondria are considerably impaired [8, 9, 10]. 
One of the main causes of this impairment could be 
the energy-wasting uptake of potassium phosphate 


into the mitochondria from the intracellular space 


as a result of the elevated intracellular inorganic 
phosphate concentration under ischemic conditions. 
This latter is supported by the observations showing 
that the accumulation of potassium by the mito- 
chondria is greatly stimulated by the inorganic phos- 
phate [11, 12]. The uptake of ions results in changes 
demonstrated in the ischemic myocardium [9, 10] 
and in our experiments (Fig. 2, control), namely 
swelling of the mitochondria and impairment of 
oxidative phosphorylation. Bencyclane was found to 
be capable of inhibiting swelling of the mitochondria 
preventing thereby the impairment of oxidative 
phosphorylation. We assume that this effect of ben- 
cyclane is related to its antianginal action. The 
uncoupling effect exerted only at higher concentra- 
tions may be related to the side effects of this 
substance. 
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Abstract—Chronic administration of diisopropylfluorophosphate to rats at a dose regimen producing 
70 per cent inhibition of ileal cholinesterase was accompanied by a decrease in the sensitivity of the 
isolated ileum to oxotremorine and carbachol. The same treatment produced an increase in the sensitivity 
of the ileum to acetylcholine during the first ten days of anticholinesterase treatment, but after ten days 
of treatment the sensitivity of the ileum to acetylcholine was reduced. When [*H]quinuclidinyl benzilate 
binding was measured in ileal longitudinal muscle homogenates from anticholinesterase-treated rats, 

a decrease in binding was observed which was due primarily to an increase in the dissociation constant 
of [’ H]quinuclidinyl benzilate. Chronic diisopropylfluorophosphate treatment also increased the K; of 
various cholinergic ligands as determined by competitive displacement of [*H]quinuclidinyl benzilate 
binding. Scatchard analysis of agonist displacement of [* H]quinuclidinyl benzilate binding revealed 
two agonist binding sites which were present in approximately equal concentrations. Chronic diisopro- 
pylfiuorophosphate treatment caused an increase in the dissociation constant of the high affinity site 
but produced only small effects on the dissociation constant of the low affinity site and on the relative 


concentration of the two sites. 


These results indicate that the tolerance to chronic anticholinesterase 


treatment is, in part, a receptor-mediated phenomenon. 


The development of tolerance after chronic admin- 
istration of an organophosphorus cholinesterase 
(ChE) inhibitor was first described by Rider et al. 
[1]. Subsequently, several investigators demon- 
strated that chronic ChE inhibition causes postjunc- 
tional subsensitivity in various muscarinic cholinerg- 
ically innervated tissues [2-7]. Since these latter 
studies showed that postjunctional mechanisms are 
involved in the development of tolerance to anti- 
ChE agents, decreases in acetylcholine receptor 
affinity [8,9] and density [10] have been postulated 
as possible mechanisms of tolerance. In a study of 
the specific binding of the labelled cholinergic antag- 
onist [*H]quinuclidinyl benzilate (QNB) to rat brain 
(striatal) preparations, we have now shown [11] that 
chronic treatment of the rats with diisopropylfluo- 
rophosphate (DFP) produces a decrease in the con- 
centration of [*H]QONB binding sites, together with 
a decrease in the affinity of these muscarinic recep- 
tors for various cholinergic ligands. In that study we 
also showed that, following DFP treatment, striatal 
muscarinic receptors displayed a greater decrease in 
affinity to muscarinic agonists than to antagonists. 
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Further, Scatchard analyses of oxotremorine inhi- 
bition of [*H]QNB binding showed that DFP treat- 
ment produced a decrease in affinity of the high 
affinity site but not of the low affinity site. Thus, the 
tolerance to chronic DFP treatment is seen from 
these striatal experiments to be, at least in part, a 
receptor-mediated phenomenon. 

Relatively little is known of the effects of chronic 
anti-ChE treatment on peripheral neuroreceptors, 
although Chang et al. [12] obtained direct evidence 
for receptor-mediated subsensitivity in peripheral 
nicotinic cholinergic receptors, as shown by a 
decrease in the concentration of a-bungaro toxin 
binding sites in the rat diaphragm following chronic 
ChE inhibition with neostigmine. The present report 
describes the effects of chronic DFP treatment on 
the binding of cholinergic ligands to the longitudinal 
muscle of the ileum, this tissue being utilized since 
both contractility and receptor radioligand binding 
can be assayed, permitting direct comparison of 
changes in contractile responsiveness and muscarinic 
receptor parameters. Our results indicate that chro- 
nic ChE inhibition causes changes in the affinity and 
number of peripheral muscarinic receptors, which 
generally parallel those changes produced in the 
central nervous system, and establish that the tol- 
erance in the periphery to chronic ChE inhibition 
is, in part, mediated via changes in the muscarinic 
receptors. 


METHODS 


DFP treatment. Male albino Sprague—Dawley rats, 
weighing 200-250 g, were housed two or three per 
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cage in the laboratory with free access to food and 
water. Sustained inhibition of ChE was produced by 
subcutaneous injections of DFP dissolved in peanut 
oil. Two mg/kg DFP were administered initially, 
followed by maintenance doses of 1 mg/kg DFP on 
alternate days after day two. At various times DFP- 
treated rats were decapitated and the ileum was 
removed. Unless stated otherwise, all rats were killed 
24 hr after the last injection of DFP. All comparisons 
were made with untreated controls since it was found 
in preliminary experiments that the administration 
of peanut oil alone had no effects on ileal ChE. 

Cholinesterase activity measurements. For 
measurement of ChE activity, a2 cm section of ileum 
was washed in saline, blotted on filter paper, 
weighed, and minced with scissors. The tissue was 
homogenized in 50 vol. of ice-cold 0.1 M Na*-K* 
phosphate buffer, pH 8.0, in a Potter—-Elvehjem 
homogenizer and rehomogenized on the Polytron at 
setting 5 for 15 sec to a final concentration of 20 mg 
wet wt/ml buffer. ChE activity was determined by 
the method of Ellman er a/. [13] within 4 hr after the 
animals were killed. The activity of ChE was 
expressed as ymoles acetylthiocholine hydrolyzed 
min~' mg ' protein. Protein was determined by the 
method of Lowery ef al. [14] using bovine serum 
albumin as a standard. 

Isolated ileum experiments. The muscarinic activity 
of acetylcholine, oxotremorine and carbachol was 
studied on 2cm sections of ileum mounted in an 
organ bath containing aerated Tyrode’s solution at 
37°. Isometric contractions were measured with a 
force displacement transducer and polygraph. The 
resting tension of the ileum was adjusted to a load 
of 0.5 g, and a 30 min equilibration period preceded 
the dose-contractile response measurements. The 
EDso values agonists were derived from log—dose 
response plots covering at least five drug concentra- 
tions. Atropine antagonism of oxotremorine- 
induced contractions was examined in ilea from con- 
trol and DFP-treated rats. After dose-response 
measurements were obtained for oxotremorine in 
the absence of atropine, the ileum was allowed to 
equilibrate for 30 min in the presence of 10 nM atro- 
pine. Following equilibration, dose-response 
measurements were repeated at higher concentra- 
tions of oxotremorine. The dose ratio of atropine 
was calculated as the ratio of the EDs» of oxotre- 
morine in the presence of atropine divided by EDso 
in the absence of atropine. The significance of the 
difference between the agonist EDs» values in control 
and DFP-treated rats was determined by Student’s 
t-test on logarithmic transformation of the data. 

Muscarinic receptor binding assays. Specific 
[(HJONB binding to the longitudinal muscle of the 
ileum was determined according to the procedure 
of Yamamura and Snyder [15]. Only the longitudinal 
muscle layer was utilized since we observed that 90 
per cent of the specifically bound [*H]QNB in the 
whole ileum was distributed in the longitudinal mus- 
cle. Similar results were obtained by Yamamura and 
Snyder [15] in the guinea pig ileum. Rat longitudinal 
muscle was obtained by supporting the whole ileum 
on a 2-ml pipet and gently rubbing away the outer 
longitudinal muscle layer with a cotton swab. This 
layer was then minced with scissors, homogenized 
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on a Potter-Elvehjem homogenizer, and rehomo- 
genized on the Polytron at setting No. 5 for 1 min 
to a final concentration of 20 mg wet wt/ml 50 mM 
KH,PO, + Na; HPO, (pH 7.4) buffer. One hundred- 
I aliquots of this homogenate were used in triplicate 
determinations of binding. The final volume of phos- 
phate buffer in the incubation tubes was 2 ml. Bind- 
ing in the presence of i0°*M oxotremorine was 
defined as nonspecific. For measurement of the com- 
petitive displacement of [*H]ONB binding by various 
nonlabeled ligands, a final concentration of 0.8 nM 
[‘H]QNB was used. At this concentration, less than 
5 per cent of the total [‘H]QNB was bound. Ace- 
tylcholine inhibition of [‘H]QNB binding was deter- 
mined in the presence of 10°°M physostigmine to 
prevent enzymatic hydrolysis of acetylcholine. 
Analysis of binding data. The binding parameters 
were determined from the experimental data by non- 
linear least squares regression analysis. Binding was 
assumed to obey the Langmuir Relationship: 


a 8. - 
B= pees? a 
LyeK (a) 


j= 


where B is the concentration of bound [*H]QNB, 
N is the concentration of binding sites, K is the 
dissociation constant of [*H]QNB and n is the num- 
ber of classes of binding sites. As discussed below, 
n = 1 for muscarinic antagonists and 2 for agonists. 
For measurement of the competitive displacement 
of [H]QNB binding by nonlabeled ligands, B is the 
percentage of [*H]QNB displaced by a given con- 
centration, X, of nonlabeled drug and K is the 
apparent dissociation constant of the nonlabeled 
drug. The least squares fit to equation (1) was deter- 
mined by the Gauss Newton method [16]. 

The dissociation constants of nonlabeled ligands 
were derived from the apparent dissociation con- 
stants as follows; 


K = K, (1 + {PHJONB}/Kona), 


where K is the dissociation constant of the nonla- 
beled ligand, Ka is the apparent dissociation constant 
derived from the least squares fit to equation ‘, 
{H]QNB} is the concentration of [*H]QNB used 
in the experiment and Kons is the dissociation con- 
stant for [*H]QNB determined from separate experi- 
ments on control and DFP-treated rats. The Ki values 
of nonlabeled ligands were calculated in a similar 
manner: 


Ki = 1Cso/(1 + {(7H]QNB}/Kons), 


where ICso is the concentration of nonlabeled drug 
that caused half-maximal displacement of [‘H]QNB 
binding. 

Statistical tests of the significance of the difference 
between the ligand binding parameters of control 
and DFP-treated rats were made using Student’s r- 
test on logarithmic transformations of the ICso values 
and apparent dissociation constants. 

Drugs and chemicals. [°H|Quinuclidinyl benzilate 
(16 Ci/mmole) was obtained from _ the 
Amersham/Searle Corp., Arlington Heights, IL, and 
its radiochemical purity was checked by thin-layer 
chromatography in two solvent systems (ethanol— 
acetic acid—water, 60 : 30: 10; n-butanol—water- 
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acetic acid, 60 : 20 : 10). DFP was obtained from 
the Aldrich Chemical Co., Milwaukee, WI; acetyl- 
choline, acetylthiocholine, atropine, carbachol, 
dithiobisnitrobenzoic acid and physostigmine, from 
the Sigma Chemical Co., St. Louis, MO.; oxotre- 
morine was provided by Dr. Donald Jenden, UCLA. 


RESULTS 


The initial injection of 2 mg/kg DFP produced 
signs of marked cholinergic stimulation characterized 
by diarrhea, tremor, salivation and lacrimation. Sim- 
ilar effects of reduced intensity were produced by 
injection of the maintenance dose of 1 mg/kg DFP 
on days 3 and 5. However, few or no signs of chol- 
inergic stimulation were seen on days 7-9, indicating 
that tolerance had developed to DFP. This dose 
regimen of DFP produced a constant 70 per cent 
inhibition of ileal ChE activity as determined 24 hr 
after injection on days 1, 4, 10, 14, 20 and 26 of chro- 
nic DFP treatment. 

The results of the dose-response experiments on 
the isolated ilea of control and DFP-treated rats are 
shown in Fig. 1 The EDso of acetylcholine at 2 hr was 
significantly less than the controls, showing that DFP 
produced an acute supersensitivity to acetylcholine. 
At 24hr the EDso of acetylcholine was greater than 
the EDso at 2hr but still less than controls. The 
disappearance of supersensitivity and the return of 
normal sensitivity to acetylcholine was observed dur- 
ing days 4-10. Treatment with DFP for longer 
periods resulted in subsensitivity to acetylcholine as 
shown by the increase in EDs» on days 14-32. 
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Fig. 1. Effects of DFP treatment on the sensitivity of 
isolated ilea to muscarinic agents. Panel A: EDso values of 
ACh; panel B: EDso values of oxotremorine and carbachol. 
Except for the EDso values determined 2 hr after the first 
injection of DFP, all EDso’s values were determined 24 hr 
after the previous injection of DFP as described in Methods. 
Mean values + S.E. are shown, and the number of rats in 
each group is indicated in parentheses. 
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Fig. 2. Effects of DFP treatment on atropine antagonism 
of oxotremorine-induced contractions of the ileum. The 
dose-ratio of atropine was determined in ilea from control 
and 10-day DFP-treated rats as described in Methods. The 
concentration of atropine used in this experiment was 
10° M. Mean values for tension + S.E. are shown. 


In contrast, the ilea of EFP-treated rats did not 
show supersensitivity to oxotremorine or carbachol. 
Figure 1B shows that the EDso value of oxotremorine 
and carbachol were similar to controls at 2 hr and 
were increased moderately at 24 hr. The subsensi- 
tivity to oxotremorine or carbachol with the present 
DFP regimen attained a maximum on day 4. A 
comparison of EDso value shows no significant dif- 
ferences in the sensitivity of the ileum to oxotre- 
morine on days 4-32. Similar results were obtained 
with carbachol. 

Atropine antagonism of oxotremorine-induced 
contraction of the ileum was determined in control 
and 10-day DFP-treated rats (Fig. 2) as described 
in Methods. At a concentration of 10~° M, atropine 
caused a greater shift in the oxotremorine dose— 
response curve of control rats than of DFP-treated 
rats, as indicated by a decrease in the atropine dose 
ratio from a control value of 14 + 1.2 to a value of 
6.9 + 1.6 in DFP-treated rats. The reduction in the 
atropine dose ratio suggests that DFP treatment 
decreased the affinity of muscarinic receptors in the 
ileum. 

The effect of DFP treatment (10—14 days) on the 
specific binding of [*H]ONB to the longitudinal mus- 
cle of the ileum is shown in Fig. 3. Specific [SH]QNB 
binding was measured at six different concentrations 
of PHJQNB, ranging from 0.1 to 3.2nM, in ilea 
from control and DFP-treated rats. [*H]QNB bind- 
ing obeyed mass action kinetics for a single class of 
independent receptors as indicated by the presence 
of linearity of Scatchard analysis of the binding data. 
Chronic DFP treatment (10-14 days) caused a sig- 
nificant reduction (P <0.05) in the mean specific 
binding values determined at concentrations of 
0.2, 0.4, 0.8 and 1.6 nM [*HJONB. This reduction in 
(HJONB binding was primarily due to a decrease 
in the affinity of muscarinic receptors in the ileum. 
The mean Kp, for [/HJQNB was 0.43 + 0.06 nM in 
DFP-treated rats and0.25 + 0.02 nMincontrols (P < 
(0.03). In addition, the Scatchard plot shows that the 
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Table 1. Effects of DFP treatment on the displacement of ileal [‘H]QNB binding by 
various nonlabeled cholinergic drugs* 





Control 


DFP-treated 





Ki (uM) 





Ki (uM) 





0.95 
(0.063-1.16) 


Acetylcholine 
Carbachol 


Oxotremorine 09° 
(0.077-0.12) 
0.0055 
(0.0037-0.008) 


Atropine 


2.0 
(1.7-2.4) 
5.5 
(4.1-7.2) 
0.332 
(0.26-0.42) 
0.012 
(0.008-0.017) 





* Ninety-five per cent confidence intervals are indicated in parentheses beneath each 


Ki value. 


+ Number of experiments done on individual rats. 
t Significantly different from control, P < 0.05. 
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Fig. 3. Effects of DFP treatment on the specific binding of 
* HJQ! NB to the longitudinal muscle of the ileum. Panel 
A: [SH]ONB binding was measured at various concentra- 
tions in control (O), and 10 to 14-day DEP-treated (@) 
rats. Mean binding values + S.E. are shown, and the num- 
ber of rats in each group is indicated in parentheses. The 
theoretical curve represents the least squares fit determined 
by nonlinear regression analysis. Panel B: Scatchard analy- 
sis of the mean binding values shown in panel A. 


) 
mean number of receptors in the ilea of DFP-treated 
rats was less than in the controls although the dif- 
ference was not statistically significant. 

Additional measurements of specific [/H]QNB 
binding were done on ileal homogenates of thirty 
control and thirty DFP-treated rats to confirm the 
decrease in |[‘HJQNB binding shown in Fig. 3. 
[‘H]QNB binding was measured with 0.8nM 
[‘HJQNB, a concentration at which binding is near- 
maximal and the ratio of specific to nonspecific bind- 
ing is high (10 : 1). DFP treatment produced a small 
but highly significant decrease in [*H]ONB binding 


from 0.29 + 0.01 pmoles/mg protein in the controls 
to 0.25 + 0.008 pmole/mg protein in the 10 to 14-day 
DFP-treated rats (P <0.003). Since no decreases of 
[‘H]ONB binding were measured when longitudinal 
muscle homogenates of control rats were incubated 
with 10~’ and 10-° M DFP at 250° for 45 min, it is 
unlikely that the reduced [‘H]QNB binding observed 
in DFP-treated rats was due to a direct effect of DFP 
on muscarinic receptors. DFP at 10~’ and 10°-°M 
produced 80 and 100 per cent inhibition of ChE, 
respectively. 
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Fig. 4. Effects of DFP treatment on oxotremorine displace- 


ment of [‘H]QNB binding in the longitudinal muscle of the 
ileum. Panel A: [*HJ]QNB binding was measured in the 
presence of various concentrations of oxotremorine in 
longitudinal muscle homogenates from control (O), and 10 
to 14-day DFP-treated (@) rats. Mean binding values + 
S.E. are shown, and the number of rats in each group is 
indicated in parentheses. The theoretical curve represents 
the least squares fit determined by nonlinear regression 
analysis. Panel B: Scatchard analysis of the mean binding 
values shown in panel A. 
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Table 2. Effects of DFP treatment on the ileal binding parameters of agonists* 





Agonists 


Treatment 


Ku 
(uM) 


K 
(uM) 


Ni 
(%) 


K./Ku 





Acetylcholine 


Oxotremorine 


Carbachol 


Control 
DFP 
Control 
DFP 
Control 


DFP 


0.052 
(0.035-0.072) 
0.15% 
(0.10-0.22) 
0.0086 
(0.0060-0.012) 
0.0293 
(0.020-0.043) 
0.038 
(0.026-0.052) 
0.0757 


(38-46) 
50 
(45-55) 
43 
(38-48) 
42 
(36-48) 
37 


5.0 
(3.8-6.5) 
8.0 
(4.9-12) 
1.0 
(0.8-1.3) 


59 
(54-64) 
58 
(54-62) 
50 
(45-55) 
57 
(52-62) 


262 


(0.054—-0.11) 


(58-68) 


(32-42) 





* Ninety-five per cent confidence intervals are indicated in parentheses beneath each parameter 


estimate. 


+ Number of experiments done on individual rats. 


t Significantly different from control, P < 0.05. 


After 10-14 days of DFP treatment, an increase 
in the K; of various nonlabeled cholinergic ligands 
was observed (Table 1), reflecting a decreased affin- 
ity of the muscarinic receptor for these drugs. Atro- 
pine displacement of [‘H]QNB binding was consist- 
ent with the law of mass action for a single binding 
site since Hill plots of the atropine/[‘H]QNB com- 
petition curves had slopes not significantly different 
from 1. Further analysis of the displacement of 
(HJQONB binding by oxotremorine in the ilea of 
control and 10 to 14-day DFP-treated rats is shown 
in Fig. 4. Scatchard plots revealed the presence of 
both high and low affinity agonist binding sites and 
that the concentrations of the high (Nw) and low 
(N_) affinity sites are approximately equal. To deter- 
mine the binding parameters of oxotremorine for 
the two binding sites, the competitive inhibition data 
were fitted to a two site binding equation by nonlin- 
ear regression analysis. Following DFP treatment, 
the dissociation constants of the high (Kx) and low 
(Kz) affinity sites increased from 0.0086 and 1.0 uM 
in controls to 0.0293 and 1.8 4M in DFP-treated 
rats, indicating that the affinities of both agonist 
binding sites had decreased. The increase in Ki was 
less than that of Ku, such that the ratio Ki/Ku 
decreased from 116 + 19 in controls to 60 + 10 in 
DEP-treated rats (P <0.01). This decrease in Ki/Ku 
causes a steepening of the binding isotherm for 
oxotremorine and decreases the concavity of the 
Scatchard plot. Such a change would also increase 
the Hill coefficient for oxotremorine. The relative 
concentrations of the two agonist binding sites 
(N./Nu) did not change significantly following DFP 
treatment. Similar results presented in Table 2 were 
obtained for acetylcholine and carbachol. 


DISCUSSION 


The results reported here are in general agreement 
with our recent observations [11] concerning the 


effects of chronic DFP treatment on the binding of 


cholinergic ligands to rat striatal muscarinic recep- 
tors. The reduction in [‘H]QNB binding observed 
in both studies supports the proposal that the 


acquired tolerance to chronic ChE inhibition by 
organophosphorus compounds involves adaptive 
changes of cholinergic receptors [8-10]. 

The results of our isolated ileum experiments are 
consistent with the findings of previous investigators 
(3,5, 17] and illustrate how ChE activity and tissue 
sensitivity affect the EDso of acetylcholine for pro- 
ducing contractions. The initial supersensitivity to 
acetylcholine observed 2 hr after DFP can be attri- 
buted to potentiation of the effects of acetylcholine 
by ChE inhibition. This conclusion has been 
expressed by others [18] and is consistent with the 
observation that ileal sensitivity to the ChE resistant 
oxotremorine and carbachol was normal 2 hr after 
the first dose of DFP. During days 1-4 of DFP 
treatment, the loss of supersensitivity to acetylcho- 
line, as shown by the increase in the EDso of acetyl- 
choline to normal values, paralleled the decrease in 
sensitivity to oxotremorine and carbachol, which 
attained a maximum on day 4 of DFP treatment. 
The normal sensitivity to acetylcholine on days 4-10 
of DFP treatment most likely represents a balance 
between the potentiating effects of ChE inhibition 
and postjunctional subsensitivity. There is no 
adequate explanation, however, for the additional 
decrease in the sensitivity of the ileum to acetylcho- 
line, observed after 10 days of DFP treatment, with- 
out concomitant decreases in sensitivity to oxotre- 
morine and carbachol. 

Our binding experiments showed that the antag- 
onists [‘H|QNB and atropine obeyed the law of mass 
action for a single class of receptors. In contrast, 
agonist displacement of [*H]QONB binding deviated 
from mass action kinetics as indicated by the flat 
binding isotherms which had Hill coefficients of less 
than 1. This observation has been reported in several 
studies [19-21]. To account for the complex nature 
of agonist binding, Birdsall and Hulme [22] have 
proposed the existence of high and low affinity 
agonist sites which have equal affinity for antagon- 
ists. The recent findings of Birdsall et al. [23] and 
Aronstam et al. [24] and the present findings are 
consistent with this model. 

With regard to the two agonist binding sites, chro- 
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nic DFP treatment caused a greater reduction in the 
affinity of the high affinity agonist site. Conse- 
quently, there was a reduction in the ratio K,/Ky 
and a slight steepening of the oxotremorine binding 
isotherm. These results are similar to those of Young 
[25] who reported an increase in the Hill coefficient 
of carbachol inhibition of propylbenzilylcholine mus- 
tard binding to the guinea pig ileum following desen- 
sitization. The decrease in K,/K, may indicate that 
agonist efficacy was decreased by DFP treatment 
since a correlation between efficacy and the ratio of 
the two agonist affinity constants has been reported 
[23, 26]. 

_ Although the relationship between the EDso for 
smooth muscle contraction and the binding par- 
ameters of muscarinic cholinergic agonists is not fully 
understood [22, 26, 27], our results strongly suggest 
that muscarinic receptor subsensitivity is at least 
partially responsible for tolerance to chronic ChE 
inhibition. This hypothesis is supported by the 
observation that the K; values of oxotremorine and 
carbachol increased 3-fold with DFP treatment which 
correlated with a 2 to 5-fold increase in the EDso values 
of these agonists for eliciting contraction. Similarly, 
the 2-fold increase in the K; of the antagonist atropine 
correlated with a decrease in the dose-ratio of atro- 
pine. Because of the complexities of agonist binding, 
however, it is not certain whether the subsensitivity 
of the ileum of DFP-treated rats is primarily due to 
a change in one or both agonist binding sites. 

The present finding that DFP treatment decreased 
the dose-ratio atropine in the ileum appears to con- 
flict with the report of Perrine and McPhillips [28] 
that chronic ChE inhibition with disulfoton reduced 
the sensitivity of the rat atrium to carbachol without 
changing the pA: of atropine. Since potent antag- 
onists such as atropine bind to accessory sites adja- 
cent to the muscarinic receptor [29, 30], it is possible 
that agonist affinity can decrease without a change 
in antagonist affinity in the atrium of disulfoton- 
treated rats. In this regard, selective alteration by 
N-ethylmaleimide of agonist binding but not of 
antagonist binding to neural membranes has been 
reported by Aronstam ef al. [24]. However, the 
increase in the Knof [*H]QNB and the Kiof atropine 
and the decrease of the atropine dose-ratio found 
in the present study show that the affinity of mus- 
carinic receptors for both antagonists and agonists 
was altered by DFP treatment. 

The subsensitivity to cholinomimetics occurring 
with DFP treatment does not appear to be attribu- 
table to a direct effect of DFP on muscarinic recep- 
tors since no inhibition of [/H]QNB binding was 
detected when longitudinal muscle homogenates 
were incubated with 10°°M DFP, a concentration 
which abolished ChE activity. Although it is possible 
that DFP treatment caused postjunctional subsen- 
sitivity by a mechanism independent of ChE inhi- 
bition, the results of several investigations suggest 
that organophosphate-induced subsensitivity in mus- 
carinic cholinergic innervated tissues is due to ChE 
inhibition and the subsequent accumulation of ace- 
tylcholine. In this regard, Bito and Dawson [10] have 
demonstrated that DFP-induced subsensitivity of the 
iris is blocked by decentralization and hemicholinium 
treatment. Organophosphate-induced subsensitivity 
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in the guinea pig ileum has been shown to be blocked 
by concomitant administration of a reversible ChE 
inhibitor [31,32]. Presumably, reversible ChE 
inhibitors protect ChE from irreversible phosphoryl- 
ation by temporarily binding to the enzyme while 
the organophosphate is inactivated and eliminated. 
Recently, we demonstrated that chronic DFP treat- 
ment causes a reduction in striatal muscarinic recep- 
tor density which was prevented by concomitant 
physostigmine treatment and by chronic atropine 
treatment [11]. Interestingly, organophosphates 
have been shown to produce neuropathies in skeletal 
muscle by a mechanism independent of ChE inhi- 
bition [33, 34]; however, the evidence cited above 
Suggests that, in muscarinic cholinergic innervated 
tissues, organophosphate-induced subsensitivity is 
caused by ChE inhibition. Thus, the results of this 
study suggest that muscarinic receptor subsensitivity 
is part of the adaptation to the accumulation of 
acetylcholine at cholinergic receptor sites as a result 
of ChE inhibition. Although it is possible that other 
pre- and postjunctional changes may underlie DFP- 
induced subsensitivity [18], the present findings 
establish a role for muscarinic receptor subsensitivity 
in the development of tolerance to the effects of 
organophosphorus ChE inhibitors. 
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Abstract—The transmethylation catalysed by HMT (EC 2.1.1.8)* has been considered as absolutely 
specific for histamine as acceptor substrate. In this investigation N“-MH, N°,N°-DMH, spinaceamine 
and synthetically prepared 4-[(2-amino-ethylmercapto)-methyl]-imidazole could be identified as further 
methyl-group accepting substrates (optimum substrate concentration ~ | mM), but the yield of extract- 
able C-labelled methylation products was never greater than 21 per cent of that of histamine. The 3 
per cent methylation of N“,N°-DMH was considerably smaller tnan that of 33 per cent reported in the 
literature. This discrepancy was resolved and found to be ascribable to an inappropriate product 
extraction procedure used in the former experiments. When N°-MH and N",N°-DMH were the 
substrates, the corresponding products were isolated by t.l.c. in four different solvent systems and 
identified to be N’,N°-DMH and N’,N*,N*-TMH. Thus HMT catalysed in all cases a uniform methylation 
of the N*-nitrogen atom of the imidazole nucleus. The investigation of a series of various substituted 
imidazole compounds revealed that a methylation of the ring system had to be considered, if it was not 
substituted in the N’-, 2- or N”-position and if it carried a 4-substituent with a strong basic aminogroup, 
whereas substitution in the ring 5-position seemed to be of minor importance. Furthermore H:-receptor 
antagonists, H-receptor antagonists, the non-imidazole H)-receptor agonist dimaprit, as well as the 
enzyme inhibitors aminoguanidine, tranylcypromine, pargyline and nicotinamide, were not methylated 
under the catalysis of HMT. The evidence for a less high substrate specificity of HMT may influence 
the relevance of histamine determinations using this enzyme: caution seems necessary. 


The transmethylation catalysed by histamine methyl- _ these substances are unknown, it may be that they 


transferase (HMT, S-adenosylmethionine: histamine 
N-methyltransferase, EC 2.1.1.8) has been con- 
sidered as absolutely specific for histamine as accep- 
tor substrate [1-3]. However, after the observation 
that N*-methylhistamine (N°-MH) could also serve 
as methyl-group acceptor substrate [4], the assump- 
tion of an extremely high substrate specificity of 
HMT had to be given up. 

At present there exist several reasons to reinves- 
tigate this substrate specificity of HMT: 

(1) Tests for radioenzymatic [5,6] and fluor- 
escence-enzymatic histamine determinations [7] 
depend on the high acceptor substrate specificity of 
HMT. A less high specificity could affect the reiia- 
bility of these procedures. 

(2) Contradictory results were reported about the 
existence of N°-MH and N*,N*-dimethylhistamine 
(N*,N*-DMH) in gastric tissue [8-12] and body fluids 
[13-14]. Evidence for their metabolism could sig- 
nificantly influence the discussion about their occur- 
rence in certain tissues and their regulatory function, 
e.g. in gastric acid secretion [15, !6]. Since stores for 





* Abbreviations—HMT, histamine methyltransferase; 
MH, methylhistamine; DMH, dimethylhistamine; TMH, 
trimethylhistamine. 
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could be grasped by identifying their metabolites. 

(3) Knowledge about the enzymatic properties of 
HMT is still rather poor. Identification of the methyl- 
ation products of N°-MH and of further acceptor 
substrates would be of considerable interest. Since 
histamine was only methylated at the 7-nitrogen of 
its imidazole nucleus [5, 15] the methylation products 
at least for 4-substituted imidazole ring systems were 
expected to be the corresponding N’-methylated 
compounds (e.g. for N*-MH N’,N*-DMH and for 
N*,N°-DMH_ N’,N*,N*-trimethylhistamine (N’, 
N*,N*-TMH) [4]). 

(4) HMT from several sources is activated by 
numerous compounds, such as methylated hista- 
mines [4], Hi- and H2-receptor agonists, antagonists 
and related compounds [17-19], S-adenosyl-1-homo- 
cysteine analogues [20], and plasma substitutes [21]. 
It should be ruled out that this has totally or in part 
to be ascribed to methylation and extraction of radio- 
active products of those HMT-activating substances. 

(5) Contradictory results were reported about the 
degree of methylation of N*,N°-DMH [4, 22]. This 
discrepancy should be evaluated using different pro- 
cedures for HMT determination. 

All these questions were investigated in this com- 
munication using only HMT from pig gastric mucosa. 
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MATERIALS AND METHODS 


Materials 

Enzyme preparation. HMT was purified from the 
gastric mucosa of pig fundus, which contains a high 
concentration of this enzyme [23]. To get enough 
material the preparation was repeated four times: 
From the stomachs of two adult male Landrace pigs 
(regional slaughter-house), 95-115 g fundus mucosa 
was prepared by dissection. After homogenization 
with 2 vol. of ice-cold 0.01 M sodium phosphate 
buffer (pH 7.4) using a Ultraturrax homogenizer, 
the homogenate was centrifuged for 30min at 
37,000 g (Sorvall RC2-B) and for 45 min at 143,000 g 
(Beckmann Spinco L2-75B) at 2°. After diluting 205— 
215 ml of the supernatant with the same volume of 
().01 M sodium phosphate buffer (pH 7.4), the sam- 
ple was filtered through a paper filter (Ederol, qual. 
15). 

A 380-395 ml quantity of this enzyme solution 
(1620-1960 mg protein) which contained the whole 
enzyme activity was applied to a column of DEAE- 
cellulose (4.5 x 30cm, equilibrated with 0.01M 
sodium phosphate buffer, pH 7.4). 

After washing the column with 1250 ml of 0.01 M 
sodium phosphate buffer (pH 7.4), the enzyme was 
eluted by a discontinuous gradient. The same buffer 
was used containing increasing concentrations of 
sodium chloride [0.2 M (500 ml); 0.5M (500 ml); 
1.0M (1000 ml)] (Fig. 1). The elution rate was 
96 ml/hr. For monitoring the appearance of the pro- 
teins and further details of fraction collecting see 
Barth et al. [17]. 

On the average, in these four enzyme preparations 
the purification was 45 fold (range 37-51 fold), the 
yield 77 per cent (70-81 per cent) (all compared with 
the crude homogenate) and the specific activity was 
12.0 (9.6-16.7) nmoles/(min < mg protein) (protein 
determination according to Lowry et al. [24]). 

Reagents for determination and purification of 
HMT. 2,5-diphenyloxazole (PPO), 2,2'-p-pheny- 
lene-bis-(5-phenyloxazole) (POPOP) and toluene 
(all of scintillation grade), iso-amyl alcohol p.a., n- 
butanol Uvasol®, ethanol p.a., Folin-Ciocalteu’s 
phenol reagent, all inorganic salts, acids and bases 
p.a. (all Merck, Darmstadt); S-adenosyl-.-['*C- 
methyl|methionine (45-60 mCi/mmole, New Eng- 
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Fig. 1. Elution of HMT from a DEAE cellulose column 
using a discontinuous sodium chloride gradient. Elution 
was performed using 0.01 M sodium phosphate buffer (pH 
7.4) containing sodium chloride of the indicated concen- 
trations. For further details see Materials and Methods. 


land Nuclear, Boston, MA); S-adenosyl-L-methion- 
ine hydrogensulphate (Boehringer, Mannheim); 
['*C]toluene standard solution (9.2 x 10° d.p.m./ml; 
Amersham Buchler, Braunschweig); DEAE-cellu- 
lose-SS p.a. (Serva, Heidelberg). 

Reagents for t.l.c. Precoated glass plates (Silica 
gel 60, 20 x 20 cm, layer thickness 0.25 mm, without 
fluorescent indicator), chloroform Uvasol, methanol 
Uvasol, ammonia (d = 0.91) p.a., acetone Uvasol, 
n-heptane Uvasol, fast blue salt B LAB (0.5% sol- 
ution (w/v) in water), ninhydrin spray reagent (0.1% 
aerosol), iodine Suprapur (all Merck, Darmstadt). 
N*,N*-DMH and N’,N*,N°-TMH were synthesized 
by one of us (W.Sch) [25]. All aqueous solutions 
were prepared with twice distilled water. 

Drugs. All drugs investigated were pure sub- 
stances according to the statements of the companies. 
The generous supply of all these substances is greatly 
appreciated. 

Histamine receptor agonists. Histamine dihydro- 
chloride puriss. (Fluka, Buchs); dimaprit {5S-[3- 
(N,N-dimethyl-amino)propyl]isothiourea } ; N°- 
guanyl-histamine[2-(4-imidazolyl)-ethyl guanidine]; 
3-(4-imidazolyl)-propyl guanidine; N’-MH _ [I- 
methyl-4-(2-aminoethy!)-imidazole]; 2-MH — [2- 
methyl-4-(2-aminoethyl)-imidazole]; -N”-MH_ [1- 
methyl-5-(2-aminoethyl)-imidazole]; 5-MH — [5- 
methyl-4-(2-aminoethyl)-imidazole}; N“-MH [4-(2- 
methylaminoethyl)-imidazole]; N*,N°-DMH [4-(2- 
dimethylamino-ethyl)-imidazole] (all SK&F, Wel- 
wyn Garden City); 5-ethylhistamine [5-ethyl-4-(2- 
aminoethyl)-imidazole]; N“,5-DMH [5-methyl-4-(2- 
methylamino-ethyl)-imidazole] [all synthesized by 
one of us (W. Sch.)]. 

Histamine H,-receptor antagonists. The corre- 
sponding trade names and companies for the listed 
Hi-receptor antagonists can be obtained from ref. 
[17]: antazoline, bamipine, brompheniramine, 
chlorphenoxamine, chlorpyramine, cinnopentazone, 
cyproheptadine, dimethpyrindene, doxylamine, his- 
tapyrrodine, homophenazine, mebhydroline, 
mepyramine, piprinhydrinate, promethazine, tripe- 
lennamine, tolpropamine, WV 761. 

Histamine H>2-receptor antagonists. Burimamide, 
5-methylburimamide, thiaburimamide, metiamide, 
cimetidine (all SK&F, Welwyn Garden City); rani- 
tidine (Glaxo, Ware). 

Imidazole compounds without marked actions on 
histamine receptors. 4-methylimidazole, 4-hydroxy- 
methylimidazole, 5-methyl-4-hydroxymethylimida- 
zole; (all SK&F, Welwyn Garden City); spinaceam- 
ine (4,5,6,7-tetrahydro-3H-imidazo[4,5-c]pyridine), 
4 - [(2 - amino - ethylmercapto) - methyl] - imidazole 
(Table 2, I), 4-[(2-amino-ethylmercapto)-methyl- 
methyl]-5-methylimidazole (Table 2, III), 4-[(2- 
amino - ethylmercapto) - methyl] - 2 - methylimi- 
dazole (Table 2, IV) (all synthesized by one of us 
(W. Sch.) [26, 27]); 4-[(2-amino-ethylmercapto)- 
methyl]|-5-methyl-imidazole (Table 2, II) (SK&F, 
Welwyn Garden City); (1-methyl-4- 
imidazolyl)acetic acid, (4-imidazolyl)-pyruvic acid 
(Calbiochem, Luzern); methyl 4-imidazoleacetate 
hydrochloride; methyl  4-imidazolepropionate 
hydrochloride; 1-(4-imidazolyl)-3-butanone [all syn- 
thesized by one of us (W. Sch.)]. 

Enzyme inhibitors. Aminoguanidine (sulphate), 
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nicotinamide (both Merck, Darmstadt); pargyline 
(Abbott, Brussels); tranylcypromine (SK&F, Wel- 
wyn Garden City). 

Methods 

Determination of HMT-activity according to Barth 
et al. [17]. HMT was determined by measuring the 
formation of N’-['C]-MH according to a modifica- 
tion of the method of Snyder and Axelrod [28]. The 
assays were carried out with 0.1 ml of the partly 
purified HMT which contained an enzyme activity 
of about 400 pmoles/min. Furthermore, in a final 
volume of the incubation mixture of 0.5 ml the fol- 
lowing substances were dissolved: S-adenosyl-1- 
methionine hydrogen sulphate 350 nmoles; S-aden- 
osyl-t-['*C-methyl]methionine 3.6nmoles; _ hista- 
mine (optimum 58nmoles) or other substances 
tested as methyl group acceptor substrates in varying 
amounts and sodium phosphate buffer (pH 7.4) 
22.5 umoles. 

The performance of the incubations, the prep- 
aration of blank values and the extraction of the 
products into a mixture of toluene and iso-amyl 
alcohol were the same as described by Barth et al. 
[17]. 

Counting of radioactivity in an aliquot of the 
organic extract was performed in a liquid scintillation 
spectrometer (Packard TriCarb 3380). 565 c.p.m. 
corresponded to the formation of | nmole N’-MH 
(recovery about 60 per cent). 

The range of blank values was 695-805 c.p.m. 
above the instrumental background of 30 c.p.m. The 
efficiency of the counting procedure was tested by 
the addition of 50 wl ['*C]toluene standard solution 
(cf. Materials) to the organic phase obtained after 
incubation, extraction and centrifugation and was 
found to be 90 per cent on the average. 

The extraction yield for the methylated products 
from the incubation mixture into the iso-amyl 
alcohol/toluene mixture was only known for N’-MH 
[15]. Therefore absolute values could only be given 
for the methylation of histamine [expressed as 
pmoles N’-MH_ formation/(min x mg _ protein), 
whereas the methylation rates for all other com- 
pounds were expressed as per cent methylation com- 
pared to optimum N’-MH formation (gained at a 
final optimum histamine concentration of 1.16 x 
10°*M). Product formation below 1.5 per cent 
was indistinguishable from zero. 

Determination of HMT-activity according to Gus- 
tafsson and Forshell (22]. In a few additional experi- 
ments the formed radioactive products were 
extracted into n-butanol (cf. [22]) instead into the 
mixture of iso-amyl alcohol/toluene. In these experi- 
ments the reactions were stopped after 0, 15, 30, 45 
and 60 min by the addition of 0.2 ml N NaOH (satu- 
rated with Na2SO:) and in the same vials the formed 
products were extracted into 2.0 ml water-saturated 
n-butanol. A 0.5 ml aliquot of the n-butanol phase 
was added to the scintillation mixture consisting of 
10 ml of toluene scintillator and 2 ml ethanol. Since 
the yield of this n-butanol extraction procedure was 
not determined, values for these experiments were 
given in c.p.m./incubation time. 

T.l.c.-identification of enzymatically formed 
N‘', N*-DMH and N',N*,N*-TMH. Using N°-MH or 
N*,N*-DMH as methyl-group accepting substrates 
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of HMT radioactive methylation products could be 
extracted into this iso-amyl alcohol/toluene mixture. 
In order to get these substances in larger quantities 
for identification, 40 incubations of the above men- 
tioned composition were run for 4 hr, 20 containing 
N*-MH and the other 20 N*,N°-DMH as substrate 
(final concentration of the substrates 10°* M). Sim- 
ultaneously with these 40 incubations another 60 
were run, 20 without any methyl-group accepting 
substrate whose volume was replaced by 0.1 ml 
0.01M sodium phosphate buffer (pH 7.4) and 
another 40 (20 with N°-MH and another 20 with 
N*,N°-DMH) using an enzyme solution which had 
been boiled for 10 min. To simulate the conditions 
for routinely performed enzyme assays, the solvent 
extraction step was carried out separately for every 
incubation mixture. Then 5ml of the /so-amyl 
alcohol/toluene mixture were aspirated from each 
sample and collected for every group of 20 incuba- 
tions. Each of the five combined extracts was con- 
centrated in an evaporator to a final volume of 500 ul. 
After addition of 3.0ml n-heptane and 0.5 ml 
0.1 N HCl, the mixture was shaken for 5 min and the 
supernatant fraction discarded by aspiration. For 
t.l.c.-identification 25 ul samples of this acidic sol- 
ution were mixed with 75 ul of acetone. 

Twenty microlitres of standard solution (histamine 
and N’-MH 0.1 mg/ml; N*°-MH and N’,N°-DMH 
0.5 mg/ml; N*,N°-DMH- and N’,N*,N*-TMH 
2.5 mg/ml) and 100 wl of the above described com- 
bined extracts were applied to silica gel coated glass 
plates 1.5cm from the bottom (Fig. 2). The spots 
were dried in a stream of warm air. In a glass devel- 
oping tank lined with chromatographic paper (What- 
man No. 1) dipping into the solvent each chroma- 
togram was developed vertically to a line 10-12 cm 
above origin. The developing time of 50—65 min 
depended on the various solvent systems (I: chloro- 
form/methanol/ammonia (d = 0.91) (60 + 35 + 5); 
II: chloroform/methanol (80 + 20), ammonia atmos- 
phere; III: methanol (100), ammonia atmosphere; 
IV: 8% aqueous sodium chloride (100). 

After air-drying, the chromatograms were devel- 
oped. Histamine and N’-MH were indicated by pur- 
ple spots which arose after spraying the plates with 
0.1% ninhydrin aerosol and drying them at 65° for 
10 min; spraying the plates with fast blue salt B 
[0.5% solution in water (w/v)| and developing them 
in an ammonia atmosphere for 10—15 sec visualized 
ochre spots corresponding to N*-MH and N’,N*- 
DMH; N*,N*-DMH and N’,N*,N°-TMH_ were 
visualized by staining the plates with sublimated 
iodine in a glass tank (Fig. 2, panel a). In all cases 
the detection limit could be lowered by examining 
the plates using diaphanous light. 

Radioactive spots were localized under a 27- 
detector (LB 6280) of a t.l.c.-scanning device (LB 
2723 equipped with power supply (BF 1017-1), 
amplifier/high-voltage unit (BF 2301), rate meter/ 
integrator (BF 2305), Autochron xy-recorder (LB 
2740) and plotter (LB 2745); (all Berthold, Wild- 
bad). Chromatograms were plotted (sham window 
2.5 2.5mm, scaling factor 4) and integrated 
(sham window 16 x 1 mm, | integration-cycle 4 100 
impulses/min) using a scanning speed of 300 mm/hr 
(Fig. 2b). 
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Fig. 2. Exemplary demonstration of a thin layer chromatogram (panel a) and its radioactivity plotter 
diagram (panel b) for the identification of methyl-group acceptor substrates of gastric HMT. Solvent 
system II; developing time 55 min; staining with sublimated iodine. S = starting point; F = front of the 
solvent mixture; 1: 40 ul 4 20 ug authentic N°,N°-DMH; 2: 200 ul of the extract from incubations without 
addition of any methyl-group acceptor substrate; 3: 40 ul 4 20 ug authentic N°,N°-DMH + 40 ul A 100 ug 
authentic N‘,N*,N°-TMH,; 4: 200 ul of the extract from incubations with active enzyme; 5: 200 ul of the 
extract from incubations with heat-inactivated enzyme; 6: 40 ul 4 100 ug authentic N',N°,N°-TMH. The 
upper radioactive spot in panel b corresponds to the upper colour spot in panel a: both indicate 
enzymatically formed N',N°,N°-TMH; the three radioactive spots (R-< 0.05) in tracks 2,4 and 5 
originate from an unknown impurity of S-adenosyl-t-[''C-methyl]methionine. For better visualization 
in the photograph the amounts of substances indicated in Methods were doubied. For further details 
see Materials and Methods. 


Ryvalues were determined for each radioactive 
and colour spot. 


RESULTS 


Histamine analogues as methyl-group accepting 
substrates of gastric HMT. Various imidazole com- 
pounds (histamine receptor agonists, H2-receptor 
antagonists and others without action at histamine 
receptors) as well as a number of substances used 
in research on biogenic amine metabolism (enzyme 


inhibitors) and pharmacology (Hi-receptor antag- 
onists) were tested to serve as methyl-group acceptor 
substrates of HMT from pig fundus mucosa. 

From this number of compounds two groups of 
imidazole compounds were found to be acceptor 
substrates: (1) Ring- and side-chain-methylated his- 
tamines (Table 1) as well as (2) I and its methylated 
analogues (Table 2). Under the chosen incubation 
conditions which were optimal for the determination 
of histamine methylation, none of those imidazole 
compounds was a better acceptor substrate than 
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Table 1. Histamine and alkylated histamines as acceptor substrates of HMT from pig 
fundus mucosa* 





Acceptor substrates 


Methylation (%) at a 


substrate concentration (M) of 


<% 


10~4 





Histamine 
N*-methylhistamine 
N*,N*-dimethylhistamine 
5-methylhistamine 
5-ethylhistamine 
5,N*-dimethylhistamine 
N’-methylhistamine 
2-methylhistamine 
N”-methylhistamine 
Spinaceamine 


— Wa 
MWooOnNnN NS Ww 


so 





* Incubations were carried out under conditions that were optimum for histamine (pH 
7.4; [S-adenosyl-L-methionine] = 0.71mM; iso-amyl alcohol/toluene extraction pro- 
cedure). Incubations containing histamine in a final concentration of 0.116 mM equalled 
100 per cent. Mean values from four to eight determinations. For further details of the 
incubation conditions and calculations of methylation rates see Materials and Methods. 


histamine itself and the extracted radioactivity was 
never greater than 21 per cent. Beside the naturally 
occurring N*-MH only I could be methylated to a 
fairly good extent. Histamine, N*-MH, N*,N*-DMH 
and spinaceamine as well as I showed substrate 
optima lying within an investigated concentration 
from 10mM to 1puM. The one for histamine 
(~0.1mM) was lower than those for N*-MH 
(2.5 mM; cf. [4]), N*,N°-DMH, spinacemine and I 
(~1 mM) by one order of magnitude. This relatively 
low optimum histamine concentration was also raised 


into the mM-range (0.4mM), when the substrate 
inhibition of HMT by histamine was abolished by 
HMT-activating substances [4, 17, 18]. 2-MH, 5- 
MH, 5-ethylhistamine, 5,N°-DMH as well as II and 
III (see Table 2) were methylated to a very small 
but measurable extent at concentrations above 1 mM. 
This increase in extractable radioactivity seemed to 
be unspecific, since no substrate optimum could be 
observed in the investigated range of substrate 
concentration. 

All other imidazole compounds as well as the non- 


Table 2. 4-[(2-Amino-ethylmercapto)-methyl]-imidazole and its methylated analogues as acceptor substrates of HMT 
from pig fundus mucosa* 





Acceptor substrates 


Methylation (%) at a 
substrate concentration (M) of 
a a wi 2 





CH;—S—CH,—CH,— NH, 





* | = 4-[(2-amino-ethylmercapto)-methyl]-imidazole; II = 4-[(2-amino-ethylmercapto)-methyl]-S-methyl-imidazole; 


Il = 
methyl-imidazole. 
For further details see legend of Table 1. 


4-[(2-amino-ethylmercapto)-methylmethyl]-S-methyl-imidazole; IV = 


4-[(2-aminoethylmercapto)-methyl]-2- 
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Table 3. Determination of radioactive methylation products from histamine and N“,N°-DMH 
using two extraction procedures* 





Extracted radioactivity 
(c.p.m./incubation time) 





Time 
(min) 


Product extraction 


procedure Blanks N’-MH?+ N’*.N*,N°-TMH?#i 





+ 2029 + 
+ 4384 + 116 
+ 6792 + 193 
+ 8024 + 230 


15 727 
30 741 
45 765 
60 796 


iso-amyl alcohol/toluene 





+ 748 = 
+ 1488 = 
+ 2299 - 
+ 3334 - 


n-Butanol 15 4959 
30 4839 
45 5051 
60 4566 





* Exemplary demonstration of one out of four experiments. Every incubation was run 
(substrate concentration in all cases 0.1 mM) and stopped in double after various time intervals. 
Then the formed products were extracted using the one or the other of the two extraction 
procedures described in Methods. Specific activity of HMT 0.63 nmoles/(min X mg protein); 
protein content 26 wg/incubation mixture. For further details of the incubations see Materials 


and Methods. 
+ Blanks subtracted. 


t Evidence for this reaction product is given later in the paper. 


imidazole compounds dimaprit (histamine receptor 
agonist [29]), ranitidine (H,-receptor antagonist 
[30]), H\-receptor antagonists and enzyme inhibitors 
(all listed in Materials) were not methylated under 
the catalysis of gastric HMT from pig fundus mucosa 
(N = 4 for every concentration investigated; range 
of concentration 1 uM-10 mM). 

Determination of the methylation rate of 
N*,N°DMH using two different product extraction 
procedures. Compared to histamine, N*,N°-DMH 
was a very poor methyl-group acceptor substrate for 
HMT [2.3, 2.5, 2.6 and 2.8 per cent methylation at 
0.1 mM final concentration (cf. Table 1); mean value 
from four determinations in four experiments], 
whereas Gustafsson and Forshell [22] described this 
substance (also 0.1 mM final concentration) to be 
methylated by 31 per cent compared to histamine. 
In order to elucidate this discrepancy, parallel incu- 
bations for HMT-activity determinations were run 
using both the iso-amyl alcohol/toluene [17] and the 
butanol [22] extraction procedure, since this meth- 
odological difference seemed to contribute mainly 
to the observed contradictory results. 

The blank values gained in the two procedures 
could explain a great part of the observed differ- 
ences: Those obtained for the butanol extraction 
procedure were 6.4 times higher than those of the 
iso-amyl alcohol/toluene procedure (Table 3). More- 
over in the butanol procedure blank values did not 
rise steadily with longer incubation time, but were 
distributed randomly, so that negative c.p.m.-read- 
ings could arise (Table 3). Thus, using histamine as 
methyl-group accepting substrate, the signal—blank 
ratio was 2.79-10.08 for the iso-amyl alcohol/toluene 
procedure, but only 0.15—0.73 for the butanol extrac- 
tion procedure, whereas ratio-values for the incu- 
bations with N*,N*°-DMH were 0.03 to 0.29 and 
— 0.03 to +0.02. Table 3 shows one out of four 
identical experiments. Using the  iso-amyl 
alcohol/toluene procedure, the methylation of 
N*,N*-DMH could be proven in all cases (see 
above). Using the butanol extraction procedure, 


however, only in one experiment a mean methylation 
rate of 1.6 per cent could be observed, whereas in 
3 experiments radioactivity extracted from incuba- 
tions with intact enzyme was slightly smaller than 
that extracted from blank incubations. These latter 
values are completely insufficient to detect any 
methylation of N*,N*-DMH at all. 


Table 4. R-values of histamine and methylated histamines 
using four different solvent systems for development of 
t.l.c.-chromatograms* 





Rrvalues using solvent 
system 


Compound I II Ill IV 





0.11 
0.42 


0.77 
0.80 


0.56 
0.36 


Histamine 
N’-MH 


0.17 
0.43 


0.76 
0.80 


0.45 
0.25 


N*-MH 
N’,N*-DMH 
(authentic) 
N’,N*-DMH 
(enzymatically formed) 0.44 


0.81 0.22 


N*,.N°-DMH 0.43 0.52 0.77 0.39 
N’,N*,N°-TMH 
(authentic) 
N’,N*,N°-TMH 


(enzymatically formed) 


0.59 0.71 0.81 0.15 


0.58 0.71 0.80 0.16 


S-Adenosyl-L-methionine 0.58 0.33 <0.05 0.45 





* Plates: glass coated with silica gel 60; Solvent systems: 
I = chloroform/methanol/ammonia (d = 0.91) (60 + 35 
+ 5); Il =chloroform/methanol (80 + 20), ammonia 
atmosphere; III = methanol (100), ammonia atmosphere; 
IV = 8% aqueous sodium chioride (100). For the prep- 
aration of standard solutions see Methods. Twenty micro- 
litres of these corresponded to 2 wg of histamine and N’- 
MH as well as to 10 ug of N*-MH, N*,N*-DMH, N’,N°- 
DMH and N’,N*,N°-TMH. Staining: 0.5% fast blue salt 
B; 0.1% ninhydrin aerosol or iodine. Enzymatically formed 
methylation products were also localized under a t.l.c.- 
scanning device. For further details see Materials and 
Methods. 
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T.l.c.-identification of the methylation products of 
N*-MH and N*,N°-DMH formed under the catalysis 
of HMT. In four different solvent systems it could 
be shown that the reaction products isolated from 
the corresponding pool of 20 incubation mixtures 
(cf. Methods) containing N“-MH or N*,N*-DMH as 
substrate had the same R-values as authentic N’, 
N*-DMH and N’,N*,N*-TMH (Table 4). In all sys- 
tems, the R-values of the methylation products (N’- 
MH, N’,N*-DMH, N’,N*,N°-TMH) were clearly 
greater (unpolar solvent systems I-III) or smaller 
(polar solvent system IV) than those of the corre- 
sponding substrates. Solvent system IV can also be 
used with unpurified histamine containing enzyme 
preparations, since beyond the clear separation of 
N*-MH, N',N°-DMH, N°,N°-DMH_ and N’, 
N*,N*-TMH, also histamine and the reaction prod- 
uct N’-MH could be separated from each other and 
from all other methylated histamines listed in Table 
4. The R-values for S-adenosyl-L-methionine were 
given for comparison. 

Thus with a very high probability the reaction 
products of N*-MH and N*,N*-DMH were N’,N°*- 
DMH and N’,N*,N*-TMH. 


DISCUSSION 


Detection of further methyl group accepting sub- 
strates of HMT. HMT was reported to be an enzyme 
with extremely high substrate specificity. This was 
shown for the enzymes from guinea-pig brain [1, 3], 
feline gut [3] and from livers of pigs [2, 22], as well 
as from animals of various phylogenetic stages of 


development [22], but never for HMT from any 
gastric mucosa preparation. Substances like histidine 
and structurally related imidazole amino acids, sub- 
strates of other methyltransferases, substituted imid- 
azoles and other 2-aminoethyl substituted hetero- 


cycles were tested as potential methyl-group 
accepting substrates for HMT, but never substances 
being structurally (and thus in many cases pharma- 
cologically) closely related to histamine itself. 

Especially suitable in this respect was the inves- 
tigation of methylated histamines which differ from 
histamine only by a small non-polar substituent as 
well as of 4-substituted imidazole compounds whose 
side chains had a more or less similar polarity as the 
2-aminoethyl chain of histamine. 

Actually it could be shown in this work that under 
incubation conditions which were optimum for the 
methylation of histamine beside this main substrate 
and N*-MH [4] also N*,N*-DMH, spinaceamine and 
I could be methyl-group accepting substrates. 

Out of the substances tested in this work only N’- 
methylimidazole acetic acid (enzyme source: guinea 
pig brain [1]) as well as N’-MH, N*,N°-DMH and 
4-hydroxymethylimidazole (enzyme source: pig liver 
[22]) (all in 0.1 mM concentration) had been inves- 
tigated before. In agreement with these reports we 
found no- methylation of N-MH and 
N’methylimidazole acetic acid. Gustafsson and For- 
shell [22], however, observed a 9 per cent methyl- 
ation of 4-hydroxymethylimidazole and even one of 
31 per cent of N*,N*-DMH, whereas no methylation 
of 4-hydroxymethylimidazole and only a small one 
of about 3 per cent of N*,N°-DMH was seen in this 
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investigation. These discrepancies could be founded 
on differences in incubation conditions (0.05 M phos- 
phate buffer (pH 7.4) (see Methods) vs 0.5 M Tris 
buffer (pH 8.1)), solvent extraction procedures for 
the reaction products [iso-amyl alcohol/toluene vs 
n-butanol (see Methods)] and enzyme sources (pig 
fundus mucosa vs pig liver). Tris buffer in 0.5 M 
concentration is a very strong inhibitor of 
HMT(Barth et al., unpublished), whereas phosphate 
buffer does not influence HMT-activity. The 
reported butanol extraction procedure was inappro- 
priate (cf. Results and Table 3) and the different 
enzyme source should not be the reason since HMT 
from various sources showed comparable K,,-values 
and was inhibited by various compounds to the same 
extent [4,17]. High blank values and a very small 
signal/blank-ratio (see Results) seem to be the most 
likely causes for the far too high methylation rate 
of N*,N°-DMH published by Gustafsson and For- 
shell [22]. Thus it seems very unlikely that N*,N°- 
DMH was methylated to a rate that was 33 per cent 
of that of histamine. Also from theoretical reflections 
such a high methylation rate (higher than that of N*- 
MH!) seems unlikely, since (1) the less pronounced 
electron-withdrawing effect of N*,N°-DMH reduces 
the population of the imidazole-N’-tautomer and 
(2) the bulky residue of two methyl groups at the 
side chain N*-nitrogen represents steric hindrance 
(see below). 

Since N*-MH and N*,N*-DMH could serve as 
methyi group acceptor substrates of HMT and since 
these substrates occur in nature [8-11, 13, 14, 31- 
35], it seemed interesting to identify the correspond- 
ing methylation products. By t.l.c. these products 
could be shown unambiguously to be N’,N*-DMH 
and N’,N*,N*-TMH. This is the first report of a 
pathway by which N°-MH and N*,N*-DMH could 
be metabolized. The products have not yet been 
isolated from any biological material, but the syn- 
thesis of N’,N°-DMH and N’,N*,N*-TMH [25] per- 
formed especially for this work should make possible 
the microanalytical identification of these 
substances. 

The theory of Code [36] that a gastric stimulant 
is in a ‘preferred position’ as long as it is not metab- 
olized within the gastric mucosa was invalid for his- 
tamine [23] and is now invalid for N°-MH and N*,N°- 
DMH, both substances postulated by the same 
author [10,11] to be the final secretagogues. The 
fact, however, that the gastric secretagogues hista- 
mine, N*-MH and N*,N*-DMH are all metabolized 
to pharmacologically inactive products [25] by the 
action of HMT emphasizes this enzyme’s physio- 
logical importance in gastric secretion. 

Structural characteristics of methyl group accepting 
substrates of HMT. Histamine is still the best sub- 
strate of HMT, but also methylated histamines, I 
and its methylated analogues, could serve as methyl- 
group acceptors. A methyl group is tolerated at the 
side-chain N*-atom and to a smaller extent at the 
ring 5-position; it is accommodated less well at the 
ring 2-position. Substrates which were formally 
derived from histamine, methylated histamines or 
I by additional methylation were worse substrates 
than their parent compounds. This was valid both 
for a methylation of the N*-nitrogen atom of the 
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side chain (histamine > N°-MH > N*,N°-DMH,; 5- 
MH >5,N*-DMH) and for the 5 position of the 
imidazole ring system (histamine > 5-MH; N*- 
MH > 5,N*-DMH; I > II). An additional methyl- 
group in the side chain (in III), an ethyl-group (in 
5-ethylhistamine) or any substitution in the 1-, 2- or 
3-position of the ring system (in N’-, 2-, N”-MH or 
IV) vigorously reduced the methylation rate at the 
N’-position of the imidazole nucleus. Like for H.- 
agonists and H2-antagonists as well as for activators 
of HMT [17] also for presumed methyl-group accep- 
tor substrates the N-1, C-2 and N-3 position of the 
imidazole nucleus must be unsubstituted. 

Furthermore, bulky residues like in N°-guanylhis- 
tamine and its homologue as well as in the H,-recep- 
tor antagonists abolished any methylation of the 
imidazole nucleus. 

Beside the necessity of an imidazole nucleus 
(dimaprit was no substrate for HMT, despite the fact 
that the isothiourea group simulates the functional 
nature of the imidazole ring of histamine [37]) the 
second important moiety was a basic centre within 
the side chain, since imidazole compounds with 
unpolar or negatively charged side chains could not 
serve as substrates. Also delocalization of the pos- 
itive charge as in N“-guanyl histamine abolishes sub- 
strate properties. 

Thus in the presence of S-adenosyl-L-methionine 
HMT-catalysed methylation of unknown molecules 
must be considered, if these are imidazole com- 
pounds which have no N’-, 2- or N”- but a 4-substi- 
tuent with a strongly basic side chain similar to that 
of histamine. Substitution in the ring 5-position 
seems only to play a role in steric access to the active 
centre. 

Activation of histamine methylation by other 
methyl-group accepting substrates. The previously 
described activation of HMT by N*-MH [4] and I 
[19] have to be refocused since these substances were 
good substrates of HMT (Table 1 and 2) and the 
activation was determined by the amount of radio- 
activity extracted into the organic solvent mixture 
without analysing the radioactive products. Thus the 
increase of radioactivity was the sum of increased 
N’-MH formation and radioactive methylation prod- 
uct of the HMT-activating substance. 


Thus the reported 22 per cent activation of HMT 


by 0.1 mM N*-MH [4] consists of 12 per cent methyl- 
ation of N*-MH (Table 1) and only the difference 
of 10 per cent can be ascribed to an activation of 
HMT. 

I (1 mM) seémed to ‘activate’ HMT by 17 per cent 
[19]. Actually this increase in extracted radioactivity 
can fully be ascribed to the methylation of this com- 
pound (Table 2), whereas in 0.1mM and 10 4M 
concentration only 41 per cent resp. 33 per cent of 
the observed activation of 27 per cent resp. 9 per 
cent were caused by this direct methylation of the 
activator. 

All other substances which were good activators 
of HMT [4, 17-20] could not serve as methyl-group 
acceptors to any relevant extent. Thus, e.g. the clin- 
ically important histamine-H2-receptor antagonists 
metiamide and cimetidine exert their action on his- 
tamine catabolism only by a strong activation of 
HMT [17, 19]. On the other hand there did not exist 
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any methyl-group accepting substrate of HMT up till 
now, which did not activate HMT-catalysed methyl- 
ation of histamine, what indicates a great similarity 
of the active and the postulated allosteric centre [18] 
of HMT. 

Significance of a reduced methyl-group acceptor 
substrate specificity of HMT for the radiometric and 
the fluorometric histamine determination. HMT is an 
enzyme with a high, but not absolute acceptor sub- 
strate specificity for histamine. Because of this prop- 
erty, the methylation reaction of histamine is used 
for its radiometric determination in tissues and body 
fluids (for a survey see ref. 6) and for testing the 
specificity of the fluorometric histamine assay [7]. 
Since N“-MH, N*,N*-DMH, and spinaceamine are 
further substrates of HMT and occur in nature [8- 
11, 13, 14, 31-35], the determination of histamine by 
the isotope test can only be called specific, if the 
absence of these interfering substances was shown. 
The fluorometric determination of histamine does, 
however, not raise this difficulty, since only the test- 
ing of specificity is concerned, whereas N*-MH, 
N*,N*-DMH and spinaceamine do not form flu- 
orescing complexes with o-phthaldialdehyde [7]. 
Therefore any interference with the test system can 
better be avoided by using the fluorometric method, 
whereas for the application of the radiometric assay 
caution seems necessary. 
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Abstract—Physical correlates of chronic ethanol consumption and measures of in vitro fertilization were 
examined in male C57B1 mice after a treatment period of 34 days with a total liquid nutriment diet 
which contained 5%/95% (v/v) ethanol. This diet represented relatively low levels of ethanol ingestion 
by the C57B1 mouse, as evidenced by the low peak levels of blood ethanol (160 mg/100 ml), the lack 
of behavioral signs of intoxication during treatment, and the absence of overt signs of physical dependence 
after withdrawal from the ethanol-containing diet. Plasma testosterone levels of experimental animals 
were depressed during the treatment period, as compared to testosterone levels of pair-fed controls. 
No evidence of hepatic injury was observed following the treatment period. Although fertility, as 
measured by the ability of spermatozoa to penetrate mouse ova in vitro, was unaffected by the chronic 
ethanol treatment, signs of testicular dysfunction were evident. Abnormal testicular morphology included 
disruption of the basement membranes of the seminiferous tubules, decreased tubular diameter, and 
desquamation of immature germ cells into the lumina of the tubules. The present study provides 
convincing evidence of the adverse effects upon male reproductive functions of relatively low levels of 


ethanol, when administered chronically, under controlled conditions. 


Adverse effects of chronic ethanol consumption 
upon subsequent reproduction function have been 


observed since the early part of this century (for 
review, see Ref. 1). Among the first studies with 
experimental animals was the work of Stockard and 
Papanicolaou [2, 3], which showed decreased fertility 
of ethanol-treated guinea pigs, and decreased via- 
bility of subsequent offspring. Similar findings were 
made by Cole and Davis [4], who determined that 
chronic administration of ethanol to male rabbits 
rendered them subfertile. Moreover, birth defects 
were noted among progeny sired by the ethanol 
treated males. Badr and Badr [5] attributed an 
increased prenatal mortality of mice sired by males 
treated subchronically with ethanol to an ethanol- 
induced dominant lethal mutation. 

In man, maternal consumption of ethanol during 
pregnancy can give rise to children with varying 
degrees of neurological, cardiac, urogenital and 
craniofacial disorders. Jones and Smith [6] have 
described the pattern of anomalies which are present 
in children born to alcoholic mothers as the Fetal 
Alcohol Syndrome (FAS). Thus, evidence has been 
accumulated in experimental animals and man, 
which suggests that chronic ethanol consumption can 
produce not only sterility, but can also act as a 
teratogen in the case of the Fetal Alcohol Syndrome, 
and as a mutagen, exemplified by defective offspring 
or dominant lethal mutations induced by ethanol 
consumption by the male. 

Although numerous studies have been conducted 
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recently which have been directed toward elucidating 
the mechanisms responsible for the adverse effects 
of ethanol on reproductive function in the female 
and their relation to the FAS [7-10], very few studies 
have been initiated which describe reproductive dys- 
function subsequent to chronic ethanol ingestion by 
the male. 

Recent studies in our laboratory [11] indicate that 
consumption of relatively low doses of ethanol by 
male C57B1 mice results in alterations of male 
reproductive function. This alteration was mani- 
fested by decreased litter size and increased post- 
natal mortality of the progeny. Decreased litter size 
could have been due to decreased ability of sper- 
matozoa from ethanol-treated males to penetrate 
ova, and/or ethanol-induced damage to the chro- 
matin material in the male gametes, resulting in the 
production of a possible dominant lethal mutation 
[5]. The present study is an attempt to distinguish 
between these possibilities by examining various 
measures of male fertility subsequent to chronic 
exposure of male C57B1 mice to an ethanol-con- 
taining liquid nutriment diet. Moreover, since one 
of the objectives of our laboratory was to develop 
an animal model which describes the effect of chronic 
ingestion of ethanol upon subsequent male repro- 
ductive tract function, various physiological corre- 
lates of ethanol consumption were also examined. 


MATERIALS AND METHODS 


Testosterone standard solutions and [la,2a- 
[°H](N)]testosterone (60 Ci/mmole) were obtained 
from the New England Nuclear Corp. (Boston, MA). 
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Rabbit testosterone antiserum, bovine serum albu- 
min, nicotinamide adenine dinucleotide (reduced 
form), malic dehydrogenase, lactic dehydrogenase, 
aspartic acid, L-alanine, sodium a-ketoglutarate and 
p-nitrophenylphosphate were products of the Sigma 
Chemical Co. (St. Louis, MO). Pregnant mare’s 
serum (Gestyl) and human chorionic gonadotropin 
were purchased from Organon, Inc. (West Orange, 
NJ) and Parke-Davis (Detroit, MI), respectively. 
Carnation Slender (chocolate-flavored) was obtained 
from a local grocer. All other reagents used were of 
the highest quality commercially available. 

Chronic administration of ethanol. Thirty male 
C57B1 mice (22-27 g) were obtained from Jackson 
Laboratories (Bar Harbor, ME). Initially, the ani- 
mals were permitted an acclimation period of 7 days 
in our animal facility. The facility was maintained 
on a 14/10 hr light/dark cycle at 22 + 0.5°. On day 
8, all animals were given free access to a solution of 
chocolate-flavored Carnation Slender which con- 
tained 3 g/liter vitamin supplement (ICN Pharma- 
ceuticals, Cleveland, OH) and sucrose (77 g/liter) 
which was isocalorically equivalent to 5%/95% (v/v) 
ethanol, for a period of 2 days, to acclimate the 
animals to the liquid diet as their only food source. 

- The composition of the diet (in g/liter) was as follows: 
protein, 35.21; carbohydrate, 185.50; and fat, 16.00; 
when present, ethanol comprised 28% of the total 
caloric content of the diet. The mice were subse- 
quently divided into two groups. Twenty mice 
(experimental group) were given free access to a 
liquid nutriment diet in which the sucrose was 
replaced by 5%/95% (v/v) ethanol. The remaining 
animals (control group) were maintained on the diet 
which contained sucrose. Consumption of diet by 
the control animals was restricted to the average 
daily consumption of diet by the experimental ani- 
mals. Controls were thus pair-fed to the experimental 
group. 

Experimental and control animals ingested their 
respective diets for 34 days, after which al! mice 
were given free access to laboratory chow and water. 
During the acquisition period, consumption of dict 
was measured twice daily (4 hr after the beginning 
of the light period, and 2 hr before the onset of 
darkness). Body weights were recorded every two 
days. 

Measurenient of physical dependence and tolerance 
induced by chronic ingestion of ethanol. Withdrawal 
symptomatology was assessed monitoring seizure 
activity, body weight and rectal temperature [12] at 
2-hr intervals for a period of 8 hr after removing the 
animals from the liquid diets (the animals were 
removed from their diets at 9:00 a.m.). Twenty-four 
hr after removal of the liquid diets, tolerance to 
ethanol.was assessed by measuring the decrease in 
rectal temperature and the sleep-time induced by an 
acute injection of ethanol (3 g/kg, i.p.). Sleep-time 
was taken as the interval between the time at which 
the loss of righting reflex was noted and the time at 
which the animal righted itself three times within a 
30-sec test period. 

Determination of plasma testosterone and blood 
ethanol. Starting on day 22 between 8:00 p.m. (1 hr 
after the onset of darkness) and 8:00 a.m. (3 hr after 
the beginning of the light period), 100 yl of tail blood 
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were taken from randomly selected animals from 
experimental and control groups at 2-hr intervals. 
Three to four samples from each group were taken 
at each time. In addition, 25 pl of tail blood were 
withdrawn for blood ethanol determination (N = 5 
for each time point). 

Plasma testosterone content was determined by 
radioimmunoassay, using a slight modification of the 
method suggested by the New England Nuclear bul- 
letin supplied with the Testosterone [*H] Radio- 
immunoassay Pak. Plasma (30-45 ul) was added to 
the assay buffer [0.1 M sodium phosphate (pH 7.0) 
which contained 15 mM sodium azide, 0.15 M NaCl 
and 0.1% gelatin] such that the total volume was 1.0 
ml. The samples were extracted with 3 ml methylene 
chloride—ethanol (1:1). The aqueous phase was dis- 
carded, and the solvent phase was washed sequen- 
tially by extraction with 2 ml each of 0.1 N NaOH, 
0.1 N acetic acid and water. The entire organic phase 
was evaporated in a water bath (45°) and, after 
evaporation of the solvent to dryness, 0.1 ml of assay 
buffer was added. Assay “H-tracer (0.1 ml 
[*H]testosterone, 50 pg/ml, 4 x 10° c.p.m.) and 0.1 
ml rabbit anti-testosterone were added, and the 
mixtures were incubated at 4° for 100 min. Unbound 
testosterone was removed with 0.8 ml of dextran- 
coated charcoal [625mg of activated charcoal 
(Sigma) plus 625 ml of Dextran T70 (Pharmacia Fine 
Chemicals, Uppsala, Sweden) in 100 ml of assay 
buffer]. The dextran-coated charcoal was sedi- 
mented by centrifugation (4°) at 1500 g for 20 min. 
The supernatant fraction (0.5 ml) was added to 
Bray’s solution [13], and the testosterone which was 
bound to the antiserum was determined by liquid 
scintillation spectrometry. Plasma testosterone was 
quantitated by the use of testosterone standards 
which were carried through the entire extraction 
process. Internal testosterone standards were used 
to correct for efficiency of extraction and for effi- 
ciency of testosterone binding to the antiserum. Val- 
ues were uncorrected for dihydrotestosterone con- 
tent and were expressed as ng/ml plasma. 

Blood ethanol levels were measured by gas 
chromatography, as described previously [14]. 
Briefly, 25 ul blood were placed in sealed flasks 
which contained 0.6 N perchloric acid and 25 mM 
thiourea. The flasks were equilibrated at 35°, and an 
aliquot of the headspace over the solution was with- 
drawn into a gas-tight syringe and injected onto a 
Packard model 421 gas chromatograph equipped 
with a flame ionization detector and a glass column 
which contained Poropak Q. Peak heights were 
quantitated through the use of ethanol standards. 

In vitro fertilization of mouse ova and evaluation 
of spermatozoa. In vitro fertilization of mouse ova 
was carried out essentially as described by Wolf et 
al. [15]. The studies were conducted 4 hr after 
removing the animals from the liquid nutriment. 
Mature female Swiss mice were superovulated with 
i.p. injections of 10 1.U. of pregnant mare’s serum, 
followed 48 hr later by 10 I.U. of human chorionic 
gonadotropin. Fifteen hr later, the mice were killed 
and the ova with their cumulus masses were har- 
vested and placed in sterilized silicone oil equili- 
brated with a gas mixture of N.-O,-CO, (90:5:5). 
This and all subsequent procedures were carried out 
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at 37°. Epididymal spermatozoa were obtained by 
making several small cuts in each cauda epididymis 
after it had been removed from the reproductive 
tract and placing the caudae epididymides into 1 ml 
capacitation medium. Spermatozoa were allowed to 
migrate into the medium for a period of 10 min prior 
to removing an aliquot for determination of sperm 
content. The ova were transferred to microdishes 
which contained modified Krebs—Ringer bicarbonate 
buffer with 3 mg/ml bovine serum albumin. The 
dishes were inseminated with capacitated epididymal 
spermatozoa from either ethanol-treated or control 
animals, and were incubated for 26 hr. After incu- 
bation, ova were washed with modified Krebs— 
Ringer bicarbonate to remove excess spermatozoa, 
were mounted and fixed with 2.5% glutaraldehyde, 
and were stained with aceto-lacmoid as described by 
Toyoda and Chang [16]. Microscopic observation of 
either the decondensed male pronucleus or the first 
cell cleavage was taken as evidence of fertilization. 
Prior to insemination into microdishes which con- 
tained ova, epididymal spermatozoa were capaci- 
tated by incubation for 60 min in modified Krebs— 
Ringer bicarbonate which contained 20 mg/ml bovine 
serum albumin. 

Epididymal spermatozoa content was determined 
with a Newbauer hemocytometer. For in vitro fer- 
tilization, 10° spermatozoa were inseminated into 
the microdishes. Forward progression of spermato- 
zOa Was quantitated by measuring the time required 
for individual spermatozoa to move from the center 
to the periphery of the microscopic field (magnifi- 
cation = 200). 

Histological evaluation of testes and liver. Testes 
and livers from the experimental and control males 
which were used for the in vitro fertilization studies 
were immersion-fixed in Bouin’s solution and formy! 
saline, respectively. Tissues were paraffin-embed- 
ded, sectioned (5 wm) and stained with hematoxylin 
and eosin Y. 


Biochemical evaluation of hepatic function. Plasma 
levels of alkaline phosphatase (EC 3.1.3.1), glutamic 
oxaloacetic transaminase was measured spectropho- 
pyruvic transaminase (EC 2.6.1.2) were measured 
by standard techniques [17]. Alkaline phosphatase 
activity was quantitated spectrophotometrically (410 
nm) by measuring the release of p-nitrophenol from 
the substrate p-nitrophenylphosphate. Glutamic 
oxaloacetic transminase was measured spectropho- 
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tometrically (340 nm), by following the oxidation of 
NADH which occurred during the reduction of 
formed oxaloacetate, in the presence of added mal- 
ate dehydrogenase (EC 1.1.1.37) with a-ketoglutar- 
ate and aspartate as substrates. Similarly, glutamic 
pyruvic transaminase was quantitated by measuring 
the oxidation of NADH which resulted from the 
formation and subsequent reduction of pyruvate, in 
the presence of added lactic dehydrogenase (EC 
1.1.1.27), with a-ketoglutarate and alanine as 
substrates. 


RESULTS 


Both experimental and control mice consumed 
similar amounts of liquid nutriment diet over the 34- 
day period (Table 1). Moreover, the amount of diet 
consumed was sufficient to maintain body weight in 
both groups. The daily consumption of diet by 
experimental animals was equivalent to approxi- 
mately 20 g ethanol/kg body wt. Examination of 
testosterone levels during the period of darkness on 
day 22/23 of the acquisition period (Fig. 1) revealed 
lower testosterone in ethanol-treated animals at all 
time points but one (testosterone levels of plasma 
collected between 4:30 and 5:30 a.m. were higher 
in ethanol-treated than in control animals). Testos- 
terone levels were significantly lower in plasma from 
experimental animals taken between 12:30 and 
1:30 a.m., as compared to controls (P < 0.001; two- 
tailed t-test). Blood levels of ethanol peaked at 
approximately 160 mg/100 ml at 10:00 p.m. and were 
undetectable beyond 6:00 a.m. (Fig. 1). 

In contrast to the lower testosterone levels after 
chronic ingestion of ethanol, acute administration 
of ethanol (1.5 g/kg, i.p.) produced a rise in testos- 
terone levels, compared to saline injected controls 
(Fig. 2). Blood ethanol levels after injection of 
1.5 g/kg ethanol were similar to the blood ethanol 
levels during chronic alcohol ingestion (Fig. 1). 
When a higher dose of ethanol (3 g/kg) was admin- 
istered, however, the testosterone level dropped sig- 
nificantly below that of saline-injected animals (Fig. 
2B). 

At the end of the treatment period (day 35), tail 
blood (100 ul) was drawn from each animal, and 
plasma levels of alkaline phosphatase, glutamic 
oxaloacetic transaminase, and glutamic pyruvic 
transaminase were determined (Table 2). Increased 
levels of these enzymes in plasma from experimental 


Table 1. Chronic ingestion of ethanol by male C57B1 mice: Average diet consumption, 
ethanol intake, and body weight change after 34 days of treatment* 





Daily diet 
consumption 
(ml/kg body wt) 


Net weight 
change 
(g/kg body wt) (g) 


Daily ethanol 
consumption 





549 + 26 (320) 
550 + 40 (624) 


Control 
Experimental 


+ 0.: 


+. 


+ 0.6 (10) 
20.4 + 1.6 (624) + 0.3 (19) 





* Diet consumption was measured gravimetrically, to the nearest 0.1 g. Values represent 


the average + 


S.D. and represent diet consumption from day 3 through day 35 of treatment. 


Body weight was determined to the nearest 0.2 g. Values represent the average + S.D. of 
the net weight change between day 1 and day 35 of treatment. One experimental animal was 
removed from the study on day 28, due to cessation of diet consumption, and greater than 
a 10 per cent loss of its initial body weight. This animal was not used in subsequent 
investigations. The numbers in parentheses equal the number of determinations 
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Fig. 1. Plasma testosterone and blood ethanol levels as a function of time during chronic ingestion of 
ethanol. On day 22/23 of ethanol treatment, tail blood was withdrawn for measurement of testosterone 
and ethanol, as described in Materials and Methods. Vertical bars represent testosterone levels (left 
ordinate). Control levels (open bars) are compared with experimental values (hatched bars). Ethanol 
levels (right ordinate) are represented by the closed line (@). Values represent the average + S.E. for 
five determinations at each time point for ethanol levels, and three to five determinations at each time 
point for testosterone levels. The letter “a” indicates that testosterone levels of experimental animals 
differed significantly from those of controls (P < 0.001). 


animals as compared to controls would have sug- 
gested hepatic damage was induced by ethanol treat- 
ment. One-way analysis of variance, however, indi- 
cated no significant difference in plasma enzyme 
levels for ethanol-treated, pair-fed or laboratory 
chow-fed animals (P > 0.1). 

Signs of withdrawal, such as seizure activity, 
decreased rectal temperature [12], and decreased 
body weight (R. A. Anderson and B. Tabakoff, 
unpublished observations), were not severe in 
experimental animals after they were removed from 
the ethanol diet (Table 3). Measurement of rectal 
temperature at 2-hr intervals for up to 6 hr after 
removing the animals from the diets revealed no 


significant difference between experimental and con- 
trol groups. At 8 hr after withdrawal, a slight but 
significant (P = 0.05) decrease in rectal temperature 
was observed in ethanol-treated as compared to pair- 
fed control animals. Significant decreases in body 
weight were observed in experimental animals as 
compared to controls at all times examined, the 
maximum weight loss being noted at 6 hr post with- 
drawal. No behavioral signs of withdrawal (i.e. seiz- 
ure activity) were noted in any of the animals, up 
to 8 hr after removal of the diets. Although ethanol- 
treated animals were not tolerant to the decrease in 
rectal temperature induced by an acute injection of 
ethanol (3 g/kg, i.p.), tolerance of the experimental 


Table 2. Biochemical evaluation of hepatic function after chronic ingestion of ethanol* 





Enzyme activity 


(nmoles substrate utilized/min/ml plasma) 


Pair-fed 


Enzyme control 


Chow-fed 
control 


Ethanol- 
treated 





Alkaline phosphatase 22.9 + 8.0 


1Z=18 16.6 + 2.6 


F = 1.509, df, = 2, df. = 7; not significant (P > 0.1) 


Glutamic oxaloacetic 


transaminase 64.6 + 10.4 


F = 3.100, df, = 2, df, = 


Glutamic pyruvic 


transaminase 43.9 + 20.4 


F = 1.824, df, = 2, df, = 


41.0+ 6.1 


8, not significant (P > 0.1) 


44.0 + 8.2 +48 


8, not significant (P > 0.1) 





* Plasma enzyme levels of experimestal animals and pair-fed controls were determined 
after 34 days of treatment, as described in Materials and Methods. Plasma enzyme levels 


of chow-fed controls were also determined. 


to five determinations. 


Values represent the average + S.E. of three 
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Fig. 2. Effect of acute ethanol injection on plasma testosterone. Panel A: Effect of low ethanol dose. 
Plasma testosterone levels were determined at various times after i.p. injection of either 1.5 g/kg ethanol 
(cross-hatched bars) or saline (open bars), as indicated. The values (left ordinate) at each time point 
are the average change + S.E. in plasma testosterone (N = 7) from the average levels (3.2 + 0.8 ng/ml; 
N = 30) obtained prior to injection. Also represented are the average + S.E. (N = 7 at each time point) 
blood ethanol values (@) reported as mg/100 ml. The letter “a” indicates that changes differ significantly 
from controls, P< 0.005; the letter “b” indicates that changes differ significantly from controls, 
P< 0.001. Panel B: effect of high ethanol dose. Plasma testosterone was determined after i.p. injection 
of either 3 g/kg ethanol (cross-hatched bars) or saline (open bars), as described in the legend to panel 
A. The average plasma testosterone determined prior to injection was 6.3 + 0.6 ng/ml (S.E.; N = 20). 
Also presented are the average + S.E. (N =7 for each time point) blood ethanol levels (mg/100 ml). 
The letter “a” indicates that changes differ significantly from controls, P < 0.001; the letter “b” indicates 

that changes differ significantly from controls, P < 0.005. 


group was indicated by a significant decrease (P < Histological examination of the testes revealed a 


0.025, two-tailed t-test) in sleep time (Table 4). 

At the level and duration of exposure to ethanol 
used in the present study, chronic ingestion of 
ethanol did not affect fertility, as measured by in 
vitro fertilization of mouse ova. Moreover, no dif- 
ference in sperm motility was noted between ethanol- 
treated and control animals, as measured by velocity 
of forward progression. Epididymal sperm count, 
however, was significantly higher (P < 0.01, two- 
tailed t-test) in experimental animals as compared 
to controls (Table 5). 


ap. 291006 


trend toward a pathologic condition in ethanol- 
treated, as compared to pair-fed control mice (Figs. 
3-5). The basement membranes of the seminiferous 
tubules from the ethanol-treated animals had a 
frayed appearance, whereas those from controls 
appeared intact (Fig. 3). In addition, seminiferous 
tubules from experimental animals contained a larger 
number of desquamated immature germ cells in the 
lumina of the tubules (Fig. 4). The frequency of 
occurrence of desquamation (4.4 + 3.1 and 2.8 + 0.9 
per cent for experimental and control testes, respec- 
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Table 3. Assessment of physical dependence after chronic ingestion of ethanol” 





(A) Rectal temperature (°) 
Hours after withdrawal 





4 





Pair-fed 
control + 0.2 36.1 + 0.3 
Ethanol- 
treated 
df (N-2) 
t .82 42 2.316 
(P = 0.05) 





(B) —A body weight (g) 
Hours after withdrawa! 








Pair-fed 
control 6:52 62 8+ 0. 0.7+0.1 
Ethanol- 
treated 1.0 + 0.09 5+ 0. t.3+0.1 
df (N-2) 21 
t 2.716 
(P < 0.05) (P< 0.01) (P < 0.005) 





* After 34 days of treatment, animals were removed from the liquid diets and were given 
free access to laboratory chow and water (9:00 a.m., day 35). Rectal temperatures and body 
weights were determined at the times indicated. Values represent the average + S.E. Body 
weights of experimental and control groups were 26 + 0.3 g (N = 19) and 25 + 0.5 g¢ (N = 10), 
respectively. Rectal temperatures of experimental and control groups at the time of withdrawal 
from their diets were 35.5 + 0.2° (N = 6) and 34.8 + 0.3° (N = 4), respectively. 


tively), however, was not statistically different 209 + 19 ~M(S.D) for experimental and control tub- 
(P = 0.106; chi-squared analysis). Finally, the inter- ules, respectively; t = 4.696, df = 58, P < 0.001] in 
tubular space was greatly increased, and the tubular _ testes from ethanol-treated males as compared to 
diameter was significantly smaller [186+ 18 and _ controls (Fig. 5). 


Table 4. Assessment of tolerance after chronic ingestion of ethanol 





(A) Sleep time* 
Group Sleep time (min) 





Control 
Ethanol-treated 
df (N-2) 
t 
(P < 0.025) 





(B) Decreased rectal temperature? 
A Temperature (°) 





Time (min) after ethanol administration 
45 75 105 





Control 5 £0. a2 £1 6+ 1. t+ it 


Ethanol-treated 3. } 3.0+ 0.4 : 0. 1.8+0. 


df (N-2) ; ; : 5 
t s 0.016 .187 0.227 


(P = 0.05) (NS) (NS) (NS) 





* Sleep time was measured after administration of ethanol (3 g/kg body wt, i.p.) to either ethanol- 
treated or naive control animals, as described in Materials and Methods. Values represent the 
average + S.E. for six animals from each group. 

+ Rectal temperatures were determined at various times after an acute injection of ethanol (3 g/kg 
body wt, i.p.) to either ethanol-treated or naive control animals. Values are expressed as the 
average decrease (°) + S.E. from initial rectal temperatures. Three and four determinations were 
made per time point, for control and experimental, respectively. NS indicates no significant 
difference (P > 0.1) between experimental and control animals. 
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Table 5. Jn vitro measures of fertility* 





Sperm count 


Group (x 107°) 


Sperm motility 
(um/sec) 


No. of ova 


Fertilization (%) examined 





Pair-fed 
control 
Ethanol- 
treated 
df (N—2) : 5 
t 


9] 


(P < 0.01) 


89 + 


12 


0.16 
(P > 0.1) 


+6 54+ 1 


60 +6 
df = 1+ 
V7 = 0.285 
(P>0.1) 





* Epididymal sperm count (suspension volume = 


1 ml) and sperm motility of experimental 


and control animals were evaluated as described in Materials and Methods. Fertilization was 
measured as the number of penetrated ova or two-cell stages divided by the total number of 
ova examined (see Materials and Methods). Values represent the average + S.E. 

+ Chi-square analysis was performed on in vitro fertilization. 


DISCUSSION 

Chronic ingestion of relatively low leveis of 
ethanol by the male resulted in hormonal imbalance 
(Fig. 1) and testicular dysfunction (Figs. 3-5). Fer- 
tility, however, as measured by in vitro fertilization 
(Table 5), remained unaffected. The average daily 
consumption of 20.4 g ethanol/kg body wt agreed 
well with the value reported previously by our lab- 
oratory [11]. The contention that the animals 
ingested relatively low levels of ethanol is supported 
by the low blood ethanol levels observed (Fig. 1). 
Furthermore, the experimental group was not sub- 
jected to continuous exposure to ethanol since blood 
ethanol levels were undetectable during most of the 
light period. 

Testosterone levels were depressed when blood 
ethanol levels were above 50 mg/100 ml; at lower 
ethanol levels, no significant effect was noted (Fig. 
1). Ethanol ingestion has been shown to depress 
testosterone in man [18]. Decreased testosterone in 
the present study appears to be due to a composite 
of the acute and chronic influence of ethanol, since 
testosterone levels after an acute injection of ethanol! 
were elevated (Fig. 2A) at biood ethanol levels 
approximating those associated with significantly 
depressed testosterone levels in chronically treated 
animals (Fig. 1). When higher levels of ethanol were 
given (Fig. 2B), testosterone levels were depressed. 
This apparent biphasic effect is in agreement with 
the work of Cicero and Badger [19], who demon- 
strated that low levels of ethanol elevate, and high 
levels of ethanol depress plasma testosterone con- 
tent. Decreased testosterone may be secondary to 
ethanol-induced hepatic damage. Our study indi- 
cated no signs of hepatic damage, either biochemi- 
cally (Table 2) or morphologically (results not 
shown). On the other hand, chronic ingestion of 
ethanol may have caused an increased level of 5a- 
testosterone reductase, the rate-limiting enzyme in 
the catabolism of testosterone, as suggested by Rubin 
et al. [20]. Since this enzyme activity was not exam- 
ined in the present study, the possibility of lowered 
testosterone levels due to altered liver metabolism 
cannot be totally excluded. However, the effect of 
ethanol on testosterone levels seen in the present 
study is, at least in part, independent of changes in 
liver metabolism, since such changes would not be 


expressed within 30 min after ethanoi administration 
(Fig. 2, panels A and B). 

Ritzmann and Tabakoff [12] have shown that rec- 
tal temperatures of mice rendered physically depen- 
dent upon ethanol dropped significantly shortly after 
withdrawal from ethanol. Both the magnitude and 
duration of hypothermia correlated well with seizure 
activity associated with alcohol withdrawal. More- 
over, mice chronically exposed to ethanol were 
tolerant to acute ethanol-induced hypothermia. 
Measurement of rectal temperature in the present 
study indicated little, if any, physical dependence 
(Table 3). Depressed rectal temperatures of experi- 
mental animals relative to those of controls (8 hr 
after withdrawal) were, in fact, due to a rise in body 
temperature of controls, rather than to a decreased 
rectal temperature of ethanol-treated animals. Fur- 
thermore, no behavioral manifestations of with- 
drawal (i.e. spontaneous, or induced seizures [12]) 
were noted. A decrease in body weight after with- 
drawal (Table 3) did, however, indicate a slight 
degree of physical dependence. Previous studies 
have shown that physically dependent mice lost 
approximately 10 per cent of their body weight at 
8 hr after ethanol withdrawal (R. A. Anderson and 
B. Tabakoff, unpublished observations). The drop 
in body weight in the present study was maximal 
(approximately 6 per cent) after 6hr (Table 4). 
Although acute administration of ethanol produced 
no significant difference in rectal temperatures 
between ethanol treated and control animals. a sig- 
nificantly decreased ethanol induced sleep time 
(Table 4) indicated the development of a tolerance 
by the experimental group. 

The similar frequencies of fertilization of mouse 
ova in vitro by spermatozoa from ethanol-treated 
and control males (Table 5) agree with our previous 
study [11] in which no change in fertility was evident, 
as measured by the frequency of conception in vivo. 
An unexpected observation, however, was the sig- 
nificant increase in epididymal spermatozoa in 
experimental animals (Table 6). Ingestion of ethanol 
may have resulted in altered transport of sperma- 
tozoa through the reproductive tract. Recent obser- 
vations in our laboratory have suggested that the 
distribution of spermatozoa in the male reproductive 
tract is dependent upon the bi-directional transport 
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Fig. 3. Alterations of testicular morphology induced by chronic ethanol ingestion. Damage to the 

basement membranes of the seminiferous tubules. Panel a: cross-section of a control testis (magnification 

x 680). The basement membrane is regular and intact, and the intertubular space is reduced from that 

of the ethanol-treated testes (see below). Panel b: a similar section of seminiferous tubules of an 

experimental testis. Note the frayed appearance of the basement membrane (a), and the relatively 
large intertubular space (magnification x 680). 
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Fig. 4. Alterations of testicular morphology induced by chronic ethanol ingestion: desquamation of 

immature germ cells into the lumina of the seminiferous tubules. Panel a: a cross-section of a control 

testis (magnification <x 272). The lumina contain only mature spermatozoa (b). Panel b: A similar 

section of seminiferous tubule of an experimental testis (magnification x 272). Note the presence of 

large numbers of immature germ cells (mainly spermatids and primary spermatocytes) in the 
lumina (a). 
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Fig. 5. Alterations of testicular morphology induced by chronic ethanol ingestion: increased intertubular 
space. Panel a: Cross-section of control testis (magnification x 42). Panel b: Cross-section of experimental 
testis (magnification x 42). Note the increased intertubular space in the experimental testis (panel b) 
as compared: to the control testis (panel a). 
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of spermatozoa both proximally and distally to the 
epididymis [21]. Spontaneous motility of the vas 
deferens is thought to be modulated by norepineph- 
rine from sympathetic fibers in the muscular sheath 
[22]. Zankl and Leidl [23] found that depletion of 
norepinephrine by a sympatholytic agent simulated 
vasoligation, causing an increase in epididymal 
sperm concentration. Acetaldehyde (the primary 
oxidation product of ethanol) is a sympathomimetic 
agent which releases catecholamines from the 
adrenals. In contrast to our findings, an ethanol- 
induced increase in circulating norepinephrine 
should result in a lower epididymal sperm content. 
However, Schneider [24] has demonstrated that 
chronic exposure to acetaldehyde depletes catec- 
holamine levels in the adrenals. A depletion of cat- 
echolamines in the vas deferens due to chronic inges- 
tion of ethanol may explain the higher epididymal 
sperm content found in the present study. The val- 
idity of the hypothesis is, of course, subject to further 
experimentation. 

Chronic ingestion of relatively low levels of 
ethanol caused testicular damage (Figs. 3-5). These 
findings are in agreement with the studies of Van 
Thiel et al. [25] and of Klassen and Persaud [26]. 
There were, however, major differences in experi- 
mental design between their studies and those pre- 
sented here. 

In the studies of Van Thiel ef al. , sexually imma- 
ture rats were used, whereas the present study util- 
ized adult mice. A direct comparison of ethanol 
intake between the two studies cannot be made, 
since diet consumption was not reported by Van 
Thiel et al. Moreover, the diet used (that of Lieber 
and De Carli [27]) was subsequently shown to result 
in hepatic damage when chronically administered to 
female rats [28]. Testicular atrophy observed in their 
study may have been due to not only the direct effect 
of ethanol, but also to changes secondary to liver 
injury. The diet used in the present study produced 
no detectable hepatic dysfunction. 

Klassen and Persaud [26] also observed testicular 
degeneration in adult rats chronically exposed to 
ethanol. However, the amount of ethanol in the 
liquid diet was far higher (58 per cent of total calo- 
ries) than that used by Van Thiel et al. (36 per cent) 
or in the present study (28 per cent). Moreover, 
damage to the kidneys, spleen and liver, in addition 
to severe weight loss, was also apparent. Many of 
the histopathological findings associated with the 
testes could have been due to malnutrition and a 
subsequently poor general physical condition of the 
animals. The observations made in the present study 
provide more supportive evidence for the adverse 
effect of chronic consumption of relatively low levels 
of ethanol, per se, on testicular function. 

Previous work from our laboratory indicated that 
male mice chronically exposed to ethanol subse- 
quently sired litters with significantly fewer offspring 
per litter when compared to pair-fed controls [11]. 
These findings could have been due to subfertile 
matings and/or maternal resorption of dead or weak- 
ened fetuses. Subfertile matings would suggest sper- 
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matozoal alterations which adversely affect their 
ability to fertilize. However, spermatozoa from 
ethanol-treated and control males were equally 
effective in fertilizing ova in vitro (Table 5). Our 
observations concerning testicular dysmorphology 
(e.g. desquamation of immature germ cells into the 
lumina of the seminiferous tubules) indicate that 
longer exposure to low levels of ethanol may ulti- 
mately lead to subfertility and/or sterility. Confir- 
mation of these speculations, however, is dependent 
upon further experimentation. 
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EFFECT OF THE ORAL HYPOGLYCEMIC AGENT, 
PIROGLIRIDE, ON GLUCONEOGENESIS 
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Abstract—Pirogliride. a new orally active hypoglycemic agent, was shown to be an effective inhibitor 
of renal and hepatic gluconeogenesis in isolated rat kidney cortex slices, hepatocytes and perfused liver. 
The inhibition was concentration dependent (0.1-1.0 mM), with 1.0 mM pirogliride producing virtually 
total inhibition. The previously reported inhibitors of gluconeogenesis, cyclopropanecarboxylic acid and 
phenformin, were slightly less potent than pirogliride, while 3-mercaptopicolinic acid was at least ten 
times more potent. Unlike phenformin, pirogliride did not stimulate ketogenesis and did inhibit 
gluconeogenesis regardless of its apparent effects on the redox state. While the mechanism responsible 
for the inhibition of gluconeogenesis requires further study, several pieces of evidence point to a 
decrease of the ATP/ADP ratio, possibly secondary to an effect on the respiratory chain. Inhibition 
of gluconeogenesis, however, does not appear to be the primary mechanism responsible for the 
hypoglycemic action of pirogliride. While pretreatment of fasted rats with either 3-mercaptopicolinic 
acid or pirogliride produced hypoglycemia, only 3-mercaptopicolinic acid lowered the gluconeogenic 
capacity of kidney cortex slices incubated in vitro and inhibited the appearance of ['*C]glucose in the 


blood following intraperitoneal injection of [3-'*C]pyruvate. 


Pirogliride —[N-(1-methyl-2-pyrrolidinylidene)-N’- 
phenyl-1-pyrrolidine-carboximidamide] whose 
structure is shown below is a new oral hypoglycemic 
compound which differs structurally and mechanist- 
ically [1,2] from those oral hypoglycemic agents 
currently being marketed, the sulfonylureas and the 
biguanides. The mechanism responsible for its blood 
glucose lowering action, however, is not understood 
completely. 


CH; 


The hypoglycemic activity of pirogliride in the fasting 
condition implies that it must either stimulate per- 
ipheral glucose utilization or inhibit hepatic or renal 
glucose output, directly or indirectly (i.e. through 
effects on metabolic hormone secretion). It has been 
shown that the suppression of glucagon [3] or pitui- 
tary and adrenal hormone secretion [1] is not respon- 
sible for the hypoglycemic effects of pirogliride; how- 
ever, it may possess an insulin secretagogue action 
which might result in blood glucose lowering [3]. A 
non-pancreatic mechanism could also be attributed 
to pirogliride as a result of its ability to lower the 
blood glucose of rats made diabetic by the B-cell 
cytotoxin, streptozotocin. Pirogliride also produced 
a number of direct effects in isolated tissues, includ- 
ing the inhibition of lipolysis in rat epididymal fat 
pads [4] and the enhancement of glucose oxidation 
[5] in diaphragm muscle. Both of these actions could 
lead to stimulation of peripheral glucose utilization. 
As mentioned above, however, the hypoglycemic 


effect of pirogliride could also be the result of 
diminished hepatic or renal glucose production. Con- 
sequently, in the present report, we focused our 
attention on the effects of pirogliride on gluconeo- 
genesis, which in the fasted state is the principal 
metabolic pathway involved in the maintenance of 
normoglycemia. /n vivo experiments were conducted 
in addition to studies with the isolated perfused rat 
liver, hepatocytes, mitochondria and kidney cortex 
slices. For comparative pharmacological purposes, 
other hypoglycemic drugs which have been reported 
to inhibit gluconeogenesis were studied. 


EXPERIMENTAL PROCEDURE 


Materials 


Chemicals and fat-free albumin were purchased 
from the Sigma Chemical Co., St. Louis, MO; 
cyclopropenecarboxylic acid from the Aldrich 
Chemical Co., Milwaukee, WI; and Dowex AG-501- 
X8 from Bio-rad Laboratories, Richmond, CA. Col- 
lagenase (150-200 units/mg) was obtained from the 
Worthington Biochemical Corp., Freehold, NJ, and 
all other enzymes from Boehringer—Mannheim Bio- 
chemicals, Indianapolis, IN. Radioactive glucose and 
pyruvate and the scintillation mixture, Aquasol, 
were purchased from New England Nuclear, Boston, 
MA. Phenformin and 3-mercaptopicolinic acid were 
gifts from Ciba-Geigy, Summit, NJ, and Smith Kline 
& French, Philadelphia, PA, respectively. Piroglir- 
ide (McN-3495) was synthesized at McNeil Labora- 
tories, Fort Washington, PA, in the laboratory of 
Dr. C. R. Rasmussen [6]. 


Methods 


Male albino Sprague-Dawley CD rats (200-280 g, 
Charles River Breeding Laboratories, Wilmington, 
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MA) were used throughout. For in vitro studies, rats 
were fasted for 48 hr. Methods for isolation and 
incubation of hepatocytes and for spectrophoto- 
metric determinations of acetoacetate, glucose, B- 
hydroxybutyrate, lactate and pyruvate have been 
reported previously [7]. Adenine nucleotides in neu- 
tralized perchloric acid extracts of hepatocytes were 
determined fluorometrically by the method of Wil- 
liamson and Corkey [8]. The liver perfusion tech- 
nique was a non-recirculating system similar to that 
described by Scholz et al. [9]. During the perfusion, 
the O, consumption of the liver was continuously 
monitored with a Clark-type electrode. The perfu- 
sion fluid was Krebs—Henseleit bicarbonate buffer 
[10], pH 7.4, saturated with an O,/CO, mixture 
(95/5). All substrates and pirogliride were introduced 
into the perfusion fluid just prior to its entry into 
the liver. 

Kidney slices. Kidneys were rinsed in cold saline, 
and slices (approximately 40 mg wet wt) were cut 
with a Stadie—Riggs slicer. For in vitro studies, two 
slices prepared from each kidney were randomly 
distributed to incubation vials and pre-incubated 
without substrate for 25 min at 37° in 4.0 ml of Krebs— 
Ringer bicarbonate buffer (KRB), pH 7.4, under 
O2 + CO2 (95: 5). The slices were removed, gently 
blotted, and reincubated for an additional hour in 
4.0 ml of KRB containing substrate and test com- 
pounds. When the animals were pretreated orally 
with drug or vehicle, duplicate kidney slices were 
incubated immediately without addition of drug. 
One slice from each animal was incubated in the 
absence of substrate to check for endogenous release 
of glucose. Following incubation, the slices were 
blotted and weighed, and samples (2 ml) of the 
incubation medium were analyzed for glucose by the 
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glucose oxidase procedure (Glucostat, Worthington 
Biochemical Corp., Freehold, NJ). 

Mitochondria. Isolation of rat liver mitochondria 
was accomplished by conventional differential cen- 
trifugation in a medium containing 70 mM sucrose 
and 220mM mannitol. The final pellet was resus- 
pended at a concentration of 20-30 mg/ml protein, 
as determined by the biuret method [11]. Rates of 
oxygen consumption were measured polarographi- 
cally with a Clark oxygen electrode (Yellow Springs 
Instrument Co., Yellow Springs, OH) at 25° in a 
buffer, pH 7.4, containing 120mM KCl, 5mM 
MgCl, 20mM Tris-HCl, 5mM KH,PO,, 1 mM L- 
carnitine, 0.5 mM EDTA and 0.5 mM maleate. The 
final concentrations of additions were as follows: 
0.5 mM ADP, 0.75 mM Ca**,5 mM succinate, 5 mM 
glutamate, SmM _ pyruvate and 1 mg/ml mito- 
chondria. 

Studies of gluconeogenesis in vivo. Rats received 
only water for 24 hr prior to experiments. Rates of 
gluconeogenesis were estimated by measuring the 
per cent conversion of {[3-'"C]pyruvate into 
['*C]glucose in the blood. ["C]Pyruvate (0.5 M, 
10 wCi/ml) was injected intraperitoneally in 0.5 ml 
of 0.2 mM HCl. Blood was drawn by cardiac punc- 
ture under light ether anesthesia 30 min later, and 
immediately deproteinized with ZnSO.-Ba(OH). 
The deproteinized extract was added to approxi- 
mately 300 mg DOWEX-AG-501-X8 and mixed for 
30 min. Radioactivity remaining above the settled 
DOWEX was assumed to be ["*C]glucose. Greater 
than 97 per cent ['*C]glucose and less than 5 per cent 
['*C]pyruvate were recovered using this technique. 
Estimating the glucose space (ml) in the rat to be 
30 per cent of the body wt in grams [12], the total 
glucose radioactivity was derived from the blood 
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Fig. 1. Effects of pirogliride on the rate of glucose production and oxygen consumption by rat livers 
perfused with 5 mM lactate. Each point represents the mean of the results from five separate experiments. 
For clarity, only the standard errors for results 8-12 min into each new experimental condition are 
presented. The significance of results during and after perfusion with pirogliride, compared to the 
respective control, was determined by Student’s t-test. Key: * P< 0.05, and ** P< 0.01. 
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Fig. 2. Effects of pirogliride on gluconeogenesis of 48-hr 
fasted rat kidney cortex slices incubated in vitro. Signifi- 
cance, compared to controls, was determined by Student’s 
t-test. Bars represent means + S.E.M. Numbers in par- 
entheses represent the number of replicate experiments. 


level of ['*C]glucose. The total glucose radioactivity 
divided by the injected pyruvate radioactivity yielded 
the per cent conversion. 


RESULTS 


Gluconeogenesis in vitro 


At 0.2-0.5 mM, pirogliride significantly (P < 0.01) 
inhibited glucose formation from lactate or fructose 
(5 mM), using isolated perfused livers from fasted 
rats. Oxygen consumption was increased slightly (4 
per cent) but not significantly (P > 0.05). Results 
using 0.2 mM pirogliride and lactate are summarized 
in Fig. 1. The onset of the inhibitory effect on gluco- 
neogenesis was immediate but was only partially 
reversible (37 per cent) when infusion of drug was 
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O—O Pirogliride 
O-9 Phenformin 


% Inhibition 
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stopped. Using fructose as substrate, 70 per cent of 
substrate-supported gluconeogenesis was recovered 
following drug removal. Acetoacetate and f- 
hydroxybutyrate release were also measured (not 
shown) but were not altered by pirogliride. 

When pirogliride was added to kidney cortex slices 
in vitro, gluconeogenesis from either glutamate or 
alanine (10 mM) was inhibited. As shown in Fig. 2, 
with glutamate as substrate the inhibition was con- 
centration dependent. For comparison, several 
reported hypoglycemic agents which inhibit gluco- 
neogenesis [13-16] were also studied in kidney cortex 
slices. Figure 3 summarizes these data and illustrates 
the comparative potency of pirogliride. Cyclopro- 
panecarboxylic acid and phenformin were slightly 
less potent than pirogliride, while 3-mercaptopicol- 
inic acid was clearly at least ten times more potent. 

Similar results were also obtained using hepato- 
cytes from 48-hr fasted rats. Pirogliride inhibited 
gluconeogenesis in a concentration-dependent man- 
ner using concentrations in excess of 10°*M. At 
1.0 mM, pirogliride inhibited the glucose production 
93-100 per cent using 10 mM lactate, pyruvate, alan- 
ine, fructose, dihydroxyacetone, glycerol or sorbitol 
as substrates. Glucose production in the absence of 
added substrates was also inhibited. This effect did 
not appear to be a general toxic effect of the drug 
since microscopic examination of cells treated with 
pirogliride, using exclusion of trypan blue, did not 
show differences from cells incubated in its absence. 
Again, 3-mercaptopicolinic acid was found to be 
more potent since it inhibited at concentrations as 
low as 0.005 mM. 

While pirogliride inhibited gluconeogenesis from 
all precursors to an equal degree at 1.0 mM, at lower 
concentrations (0.1-0.2 mM) gluconeogenesis from 
lactate, pyruvate and alanine were inhibited to a 
greater degree than glucose formation from dihy- 
droxyacetone, fructose, glycerol and xylitol. This 
finding is illustrated by the date in Table 1. Irres- 
pective of the substrate used, however, ketogenesis 
and the B-hydroxybutyrate/acetoacetate (@OHB/ 
AcA) ratio were not altered consistently, though at 
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Fig. 3. Relative potencies of several hypoglycemic agents in inhibiting renal gluconeogenesis in vitro. 
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Table 1. Effects of pirogliride on the formation of glucose, 
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lactate (Lac), pyruvate (Pyr), B-hydroxybutyrate (BOHB) 


and acetoacetate (AcA) in isolated rat hepatocytes incubated with various gluconeogenic substrates* 





Glucose found 
~ 


Pirogliride c 
(mM) (nmoles/g/min) Inhibition 


Substrate 
(1 mM) 


(nmoles/g/min) 


Total 
BOHB + AcA 
(nmoles/g/min) 


Total 
Lac + Pyr 


BOHB/Ac 
A 


Lac/Pyr 





D-Fructose + 30 
33 
82 
Pyruvate 
63 
86 
p-Alanine 
80 
88 


174 + 23 
380 + 307 


0.32 
0.30 
0.30 
0.25 
0.23 
0.22 
0.26 
0.24 


104+ 4 0.24 





* Pirogliride and substrates were added at the start of a 60-min incubation period. All results are the means + S.E.M. 
of at least four experiments. Glucose production in the absence of any additions was 99 + 3 nmoles/g/min. 
+ P<0.05, significance compared to appropriate controls determined by Student’s /-test. 


0.2 mM total ketone production tended to be lower. 
On the other hand, the lactate/pyruvate (lac/pyr) 
ratio was lowered at 0.2 mM but was increased at 
0.5mM. Similar findings were also found using 
hepatocytes which were isolated from livers of strep- 
tozotocin diabetic rats. The above findings, however, 
contrast with our experience using phenformin. 
Phenformin, 1-2 mM, inhibited 50-70 per cent the 
rates of gluconeogenesis from fructose or pyruvate, 
but inhibited only weakly (20 per cent) at 0.5 mM. 
Ketogenesis was increased significantly and there 
was a concentration-dependent increase in the 
BOHB/AcA and lac/pyr redox couples. This stimu- 
latory effect on ketogenesis and the increase of 
BOHB/AcA and lac/pyr have been reported pre- 
viously with phenformin in perfused liver [17, 18]. 
The reasons for the greater inhibitory effects of 
0.2mM pirogliride on gluconeogenesis from sub- 
strates (pyruvate, alanine and lactate) that enter the 
pathway prior to pyruvate carboxylase are unclear. 
One possible explanation is that more energy in the 
form of ATP is needed for glucose formation from 
these substrates than from substrates which enter 
higher in the pathway. Thus, pirogliride might pro- 
duce this differential sensitivity if it limited energy 
availability. Evidence for this hypothesis came from 


experiments measuring both glucose production and 
levels of adenine nucleotides in isolated rat hepa- 
tocytes. An example of the results using pyruvate 
as substrate is shown in Table 2. Pirogliride produced 
a concentration-dependent drop in ATP concentra- 
tions and the ATP/ADP ratio. At 0.5 mM there was 
also a significant increase in AMP concentration, 
while ADP concentrations were lowered from results 
obtained using 0.2 mM pirogliride. Similar effects on 
adenine nucleotides were also observed using fruc- 
tose, alanine or no substrate. 


Oxygen consumption by isolated rat liver 


mitochondria 


_ Since the lowered hepatocyte ATP/ADP ratio pro- 
duced by pirogliride might be due to an alteration 
of the respiratory chain, its effect on mitochondrial 
oxygen consumption was studied. A typical response 
of these polagraphic studies is shown in Table 3. The 
addition of 0.5-2.0 mM pirogliride to rat liver mito- 
chondria increased the state 4 oxidation of succinate. 
The increase did not approach the state 3 rate of 
oxidation. Higher concentrations inhibited state 4 
respiration. State 3 respiration was inhibited with 
concentrations of pirogliride in excess of 0.75 mM, 
with the mean K; being approximately 1.3 mM. Sim- 


Table 2. Effects of pirogliride on glucose production and levels of adenine nucleotides in isolated rat hepatocytes 
incubated with 1.0 mM pyruvate* 





Glucose 
Pirogliride production 
concn. % 
(mM) (nmoles/g/min) Inhibition 


AMP 


(nmoles/g) 


ADP 
(nmoles/g) 


ATP 


(nmoles/g) ATP/ADP 





330 + 10 
129 + 3+ 


7.5 + 44 


6167 
61 
77 


750 + 708 
1800 + 120 


2200 + 80 
3460 + 704 
2700 + 3608 


5300 + 360 
3100 + 300) 
840 + 310% 


2.41 + 0.19 
0.89 + 0.09% 
0.31 + 0.124 





* Rats were fasted 48 hr before use. Results obtained after a 60-min incubation are expressed as means + S.E.M. of 


three to four liver cell preparations. 
+ Single determination. 
+ P< 0.001, significance determined by Student’s /-test. 
§ P > 0.05, significance determined by Students (-test. 
|| P< 0.01, significance determined by Student's r-test. 
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Table 3. Effects of pirogliride on state 3 and state 4 respiration of isolated mitochondria from fed 


rats 





O, consumption (umoles/g/hr) 





Final 
concn. of 
pirogliride 


(mM) Mitochondria 


McN-3495-12 


Order of addition 


ADP % 
(50 uM) Inhibition* 


Succinate 
(5 mM) 





0.0 28 
19 
23 


55 





* Per cent inhibition of total state 3 respiration. 


ilar changes in oxygen consumption under both state 
3 and state 4 conditions were also seen using either 
pyruvate or glutamate as substrate. Furthermore, at 
concentrations where pirogliride inhibited state 3 
respiration, it also inhibited the glutamate- or suc- 
cinate-supported increase of oxygen consumption 
which occurred following addition of 0.75 mM CaCl: 
or the uncoupling agent, carbonyl cyanide p-trifluo- 
romethoxyphenyl hydrazone (FCCP). 


Gluconeogenesis in vivo 


Some attempts were also made to determine the 
significance of the inhibitory effect of pirogliride in 
vitro to its hypoglycemic effect in vivo. Kidney cortex 
slices, prepared from rats which had been treated 
with either pirogliride (100 mg/kg, p.o.) or 3-mer- 
captopicolinic acid (100-150 mg/kg, p.o.), were 
incubated in the absence of drug, using glutamate 


(10mM) as substrate. The results were compared 
with results using animals which received the vehicle. 
Treatment of 48-hr fasted rats for 0.5, 1, 2 and 4 hr 
with pirogliride, while lowering blood glucose 25—S0 
per cent, failed to decrease the rate at which kidney 
cortex slices produced glucose when incubated in 
vitro. 3-Mercaptopicolinic acid, however, produced 
both hypoglycemia and inhibition of renal gluco- 
neogenesis (approximately 50 per cent 2hr after 
dosing). Similar findings were also made when con- 
version of injected [3-'*C]pyruvate to ['*C]glucose 
in the blood of fasted rats was used as the measure 
of in vivo gluconeogenesis. These results are shown 
in Table 4. Pirogliride failed to inhibit the conversion 
of [3-'*C]pyruvate to blood ['"C] glucose at a maximal 
hypoglycemic dose [1]; however, 3-mercaptopico- 
linic acid was effective. 


Table 4. Effects of oral doses of pirogliride tartrate and 3-mercaptopicolinic acid on 
gluconeogenesis in vivo* 





Treatment 


Min prior 


to 
(3-'*C]pyruvate 
injection 


Drug 


% 
Mean % 
inhibition 


Conversion 


X +S.E.M. 





Vehicle 30-120 
Pirogliride 45 
tartrate 90 
(100 mg/kg, p.o.) 120 
3-Mercaptopicolinic 

acid 

(150 mg/kg, p.o.) 30 





* Fasted rats (four per group) were injected with [3-'"C]pyruvate 30 min prior to 


being killed. 


+ P>0.05, significance compared to vehicle-treated, determined by Student's r- 


test. 


+ P<0.001, significance compared to vehicle-treated, determined by Student's f- 


test. 
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DISCUSSION 


The new oral hypoglycemic agent, pirogliride, was 
found to produce a concentration-dependent inhi- 
bition of gluconeogenesis in rat kidney cortex slices, 
hepatocytes and perfused liver. This effect was not 
secondary to hypoxia because oxygen consumption 
in the perfused liver was not lowered, and inhibition 
of glycogenolysis seems an unlikely explanation 
because the glycogen content of kidney cortex slices 
is less than 0.01% [19]. Furthermore, the decrease 
of gluconeogenesis was not the result of inhibition 
of fatty acid oxidation since pirogliride did not inhibit 
ketogenesis in the perfused liver or hepatocytes. 
Similar to reports with several other hypoglycemic 
compounds (e.g. pent-4-enoic acid, hypoglycin, 
phenformin, 5-methoxyindole-2-carboxylic acid and 
diphenyieneiodonium), the inhibitory effect of 
pirogliride may be explained, at least partially, as 
being due to a depletion of ATP. As illustrated by 
the data in Table 2, pirogliride produced a marked 
concentration-dependent drop in hepatocyte ATP 
concentrations and the ATP/ADP ratio without 
altering the total pool of nucleotides. AMP concen- 
trations were increased which also might contribute 
by inhibiting fructose diphosphatase. Since the the- 
oretical ratio of high energy Pi required for glucose 
produced is greater (approximately 6:1) for glu- 
coneogenesis from lactate, pyruvate and alanine than 
from fructose, dihydroxyacetone and _ xylitol 
(approximately 2: 1), the observation that 0.2 mM 
pirogliride decreased the rate of gluconeogenesis 
from lactate, pyruvate and alanine to a greater 
degree than from the other substrates suggests that 
the inhibitory effect of pirogliride might be related 
to the energy requirements of gluconeogenesis. 
Thus, a causal correlation between a primary sup- 
pression of the ATP/ADP ratio and a secondary 
inhibition of gluconeogenesis by pirogliride may be 
assumed. 

The mechanism responsible for the drop of 
ATP/ADP is unlikely to be a total block of glycotysis 
since the concentrations of lactate and pyruvate 
increased when gluconeogensis from fructose in 
hepatocytes was inhibited. Also, it is noteworthy 
that pirogliride inhibted gluconeogenesis regardless 
of its apparent effects on the redox state measured 
as the concentration ratios of lac/pyr and 
BOHB/ACA. These are considered [20, 21] to pro- 
vide an indirect estimation of the free NADH/NAD* 
ratios of the cytoplasmic and mitochondrial com- 
partments, respectively. At 0.2 mM, it decreased the 
lac/pyr and BOHB/AcA ratios slightly, while at 
0.5mM, the increase of the lac/pyr ratio was not 
accompanied by an increase of BOHB/AcA or keto- 
genesis. These results differ from those reported [17] 
for phenformin which inhibited mitochondrial res- 
piration and caused the cytosolic and mitochondrial 
redox states in perfused livers to become more 
reduced. These effects were confirmed in our studies 
using isolated hepatocytes. Phenformin increased the 
lac/pyr and BOHB/AcA redox couples and increased 
ketogenesis while inhibiting gluconeogenesis. 

The drop of ATP/ADP in hepatocytes, however, 

* might be explained by the direct effect of pirogliride, 
as illustrated in Table 3, on mitochondrial respira- 
tion. At concentrations in excess of 0.75 mM, piro- 


gliride inhibited state 3 or Ca’*-stimulated respi- 
ration using glutamate and pyruvate, NAD*- 
dependent substrates which donate electrons to 
NADH dehydrogenase, and succinate which reduces 
ubiquinone. Thus, a specific action on site I or site 
II phosphorylation can be excluded. Since high con- 
centrations of pirogliride produced a comparable 
inhibition under state 4 and state 3 conditions, an 
effect on the respiratory chain rather than on the 
energy coupling sequence might be postulated. Also, 
on the basis of this hypothesis, it could be expected 
to decrease the rapid rate of oxygen uptake in the 
presence of an uncoupling agent and, indeed, this 
was found to be the case using FCCP. 

It is unclear, however, why higher concentrations 
of drug were necessary to see an inhibition of res- 
piration in mitochondria than the concentrations 
which lowered the ATP/ADP ratio in hepatocytes. 
Possibly a metabolite of pirogliride is produced by 
the hepatocytes, which is. an even more potent 
inhibitor of respiration, or perhaps the slight stimu- 
latory effect of the drug on state 4 respiration at 
lower concentrations is important. These and other 
possibilities require further study. 

A variety of compounds possessing different 
mechanisms of action have been shown to inhibit 
gluconeogenesis [22]. However, a positive correla- 
tion between the inhibition of gluconeogenesis in 
vitro and the manifestation of this effect in vivo, as 
measured by hypoglycemia or isotopic techniques, 
has not always been readily demonstrable. For 
instance, the phenformin-induced inhibition of glu- 
coneogenesis in the perfused liver [14, 15] is at var- 
iance with measurements of gluconeogenesis in nor- 
mal and diabetic humans treated with phenformin 
[23,24]. Therefore, it was important to evaluate 
whether pirogliride can inhibit gluconeogenesis in 
vivo and produce hypoglycemia in animal models 
where other inhibitors of gluconeogenesis are active. 
3-Mercaptopicolinic acid, whose hypoglycemic 
activity has been attributed solely to inhibition of 
gluconeogenesis [11], was selected for comparison. 
While pretreatment of fasted rats with both 3-mer- 
captopicolinic acid and pirogliride produced hypo- 
glycemia, only 3-mercaptopicolinic acid lowered the 
gluconeogenic capacity of kidney cortex slices incu- 
bated in vitro and inhibited the appearance of ["C] 
glucose in the blood following intraperitoneal injec- 
tion of [3-'"*C]pyruvate. The reason for only mer- 
captopicolinic acid inhibiting in vivo, concomitant 
with a hypoglycemic effect, is unclear, but may be 
related to its greater potency of inhibition in vitro. 
We found, using both kidney cortex slices and 
hepatocytes, that it was approximately fifty times 
more potent than pirogliride. Furthermore, the con- 
centrations of pirogliride which inhibited in vitro are 
somewhat high compared to its blood levels (107° M) 
as measured following administration of hypogly- 
cemic doses (unpublished results). Thus, the above 
results have largely excluded an inhibitory effect on 
gluconeogenesis as being a primary mechanism of 
pirogliride’s hypoglycemic effect. 
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SHORT COMMUNICATIONS 


Stimulatory effect of vanadate on cyclic AMP levels in cat papillary muscle 


(Received 21 October 1979; accepted 27 December 1979) 


Vanadate (vanadium in the +5 oxidation state; VO: , 
VO.) increases the force of contraction of ventricular 
cardiac muscle [1-4]. This positive inotropic effect might 
be due to a vanadate-induced inhibition of (Na~ + K”)- 
ATPase which reportedly occurs in red blood cells [5, 6] 
and in membrane preparations from kidney [7, 8] and heart 
[2, 8, 9]. However, vanadate has also been shown to stimu- 
late adenylate cyclase activity in particulate fractions from 
fat cells [10] and heart [4,11]. But it is well known, 
especially from studies with fluoride (for review see ref. 
12), that the ability of any agent to activate adenylate 
cyclase in broken cell preparations does not necessarily 
imply an increase in cyclic AMP levels in intact cells and 
hence a physiological significance. Therefore, we studied 
the effect of vanadate on cyclic AMP levels in intact cardiac 
muscle preparations and report here that vanadate actually 
produces an elevation of cyclic AMP levels, together with 
an increase in force of contraction in papillary muscles 
isolated from cats. 


Cats (0.6-1.7 kg) were pre-treated with reserpine (Ser- 
pasil ampoules, CIBA, 5 mg per kg i.p., 15-18 hr before 
being killed) in order to avoid any influence from released 
catecholamines. The animals were anaesthetized with 
sodium pentobarbital (30mg per kg, i.p.) and papillary 
muscles (diameter 1 mm or less) were dissected from the 
right ventricles. The preparations were attached to a plati- 
num stimulating electrode and mounted individually in 
glass tissue chambers for recording isometric contractions 
as described previously [13]. The bathing solution (50 ml) 
containing (mM) NaCl, 136.9; KCI, 5.4; CaCl, 1.8; MgCl, 
1.05; NaH2POs, 0.42; NaHCOs, 11.9; Na2EDTA, 0.05; 
ascorbic acid, 0.28; glucose, 5.5 was equilibrated with 95% 
O2 + 5% CO2 and maintained at 35°; the pH was 7.4. The 
preparations were driven electrically at a frequency of 
0.2 Hz (duration 5 msec, intensity about 10 per cent above 
threshold). Drugs used were anhydrous ammonium van- 
adate (NH4sVO3; Merck, Darmstadt, F.R.G.) and (+)- 
isoprenaline HCI (Boehringer, Ingelheim, F.R.G.). The 





c-AMP (pmoles/mg wet weight) 





Force of contraction (% predrug value) 








Time (min) 


Fig. 1. Effect of 300 uM NH,VO; and 0.3 uM (+)-isoprenaline (Iso) on force of contraction (open 
symbols) and cyclic AMP levels (filled symbols) in cat isolated papillary muscles driven electrically at 
a frequency of 0.2 Hz. Left ordinate: cyclic AMP in pmoles/mg wet wt. Right ordinate: force of 
contraction in % of the corresponding zero time values. The ordinates were scaled so that they coincided. 
Abscissa: time between drug addition and removal of the preparations from the organ bath. Significant 


differences from zero time values are marked with asterisk (P 


0.05; Student’s f-test). One hundred 


per cent of force of contraction was 1.62 + 0.14g-mm ~ (N = 39). Figures beside the symbols denote 
number of experiments for both cyclic AMP levels and force of contraction. 
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compounds were freshly dissolved in pre-warmed and pre- 
aerated bathing medium and injected into the tissue cham- 
ber in volumes of 1.5 ml or less at zero time. At the end 
of the experiment, the preparations were quickly frozen 
with metal tongs pre-cooled in liquid nitrogen. The cyclic 
AMP content of the preparations was determined by the 
method of Gilman [14] in the same manner as described 
previously [15]. The drugs tested did not interfere with the 
cyclic AMP assay. Cyclic AMP and force of contraction 
were always measured on the same preparations. Adenylate 
cyclase and phosphodiesterase activities of cat right ven- 
tricular preparations were determined by previously 
described methods [16-18] (for details see legend to Fig. 
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2). Protein was measured by the method of Lowry et al. 
[19]. 

The effects of 300 uM NHsVO3 (a submaximally effective 
positive inotropic concentration; see ref. 1) on cyclic AMP 
levels and force of contraction are illustrated in Fig. 1. 
Vanadate increased the force of contraction within 15 min 
by about 65 per cent. Cyclic AMP levels rose significantly 
within 5 min by about 20 per cent and remained elevated 
thereafter. Thus, the positive inotropic action of vanadate 
appeared to be greater than its cyclic AMP elevating effect. 
Isoprenaline was studied for comparison at an incubation 
time of 1 min. This time was chosen because the effects of 
isoprenaline on cyclic AMP levels and force of contraction 
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Fig. 2. Panel A. Concentration-dependent stimulation of adenylate cyclase activity by ammonium 
vanadate and isoprenaline. Particulate fractions were prepared from homogenates of cat right ventricles 
and adenylate cyclase activity was assayed as described previously [16], using the protein-binding assay 
of Gilman [14] to determine the cyclic AMP formed. The assay contained 40 mM Tris-HCI (pH 7.4), 
SmM MgCh, 0.3mM ATP, 0.01 mM EGTA, 7 uM S’-guanylylimidodiphosphate, 0.3 mM papaverine— 
HCl, 5mM creatine phosphate, 0.1 mg/ml creatine kinase, | mg/ml bovine serum albumin, 200 uM 
KHCO3 and 20 ul enzyme suspension (approximately 40 wg protein) in a total volume of 100 wl. The 
reaction mixture was preincubated for 5 min at 37°. The reaction was started with the enzyme preparation, 
carried out for 10 min at 37° and was terminated by the addition of 500 wl ice-cold sodium acetate 
buffer, 200 4M, pH 4.0. Cyclic AMP was assayed after 60-fold dilution of the samples. Under these 
conditions, NH:VOs and isoprenaline did not interfere with the assay procedure. Values are 
means + S.E.M. of five experiments. Panel B. Failure of ammonium vanadate to affect cyclic AMP 
phosphodiesterase activity. Soluble phosphodiesterase (12,500 g) was prepared from homogenates of 
cat right ventricles according to Boudreau and Drummond [17]. Phosphodiesterase activity was deter- 
mined by the method of Thompson and Appleman [18] but with chromatographical separation on QAE- 
Sephadex A-25 columns. Substrate concentration was 1 4M and protein concentration was 10.7- 
27.3 g/ml. Values are means + S.E.M. of five experiments. 
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Ammonium Vanadate (A) and Isoprenaline (B) 





a: Control 
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Fig. 3. Effect of 300 «4M ammonium vanadate (panel A; incubation time 15 min) and 0.3 «M isoprenaline 
(panel B; incubation time | min) on isometric contractions (oscilloscope records) of cat isolated papillary 
muscles driven electrically at a frequency of 0.2 Hz. Curve a, control; curve b, after the addition of 
NH.VOs;or isoprenaline. The temperature was 35° and the extracellular Ca** concentration was 1.8 mM. 


are maximally developed after | min |20]. The isoprenaline 
concentration selected (0.3 4M) was such that isoprenaline 
produced a positive inotropic effect similar to that of van- 
adate. Figure 1 shows that isoprenaline, in contrast to 
vanadate, was nearly equally effective in increasing cyclic 
AMP and force of contraction. 

The cyclic AMP elevating action of vanadate was entirely 
due to an effect on adenylate cyclase which was stimulated 
in a concentration-dependent manner (Fig. 2A). It should 
be noted that vanadate and isoprenaline, in the concen- 
trations used for the above mentioned experiments (300 
and 0.3 uM, respectively), stimulated adenylate cyclase to 
roughly the same extent. The vanadate-produced increase 
in adenylate cyclase activity was not affected by 1 uM 
(+)-propranolol (data not shown). Vanadate in concen- 
trations up to 1 mM had no effect on cyclic AMP phospho- 
diesterase (Fig. 2B). 

The results indicate that vanadate is capable of increasing 
cyclic AMP levels in intact cardiac muscle preparations. 
This effect is due to an activation of adenylate cyclase 
which in turn is not mediated by beta-adrenoceptor stimu- 
lation. These data suggest that the adenylate cyclase-stimu- 
lating effect of vanadate might actually be involved in the 
agent’s positive inotropic action. However. in contrast to 
isoprenaline, the cyclic AMP-elevating action of vanadate 
seemed to be less pronounced than the positive inotropic 
effect. It is therefore probably safe to conclude that the 
increase in cyclic AMP may contribute to the positive 
inotropic effect of vanadate, but that other mechanisms 
appear to be also involved. It is also worth noting in this 
context that vanadate did not abbreviate the isometric 
contraction as characteristically did the beta-adrenoceptor 


agonist isoprenaline (for literature see ref. 21), but rather 
prolonged it, as is shown in Fig. 3. 
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On the mechanism of morphine action on rat striatal dopamine metabolism 


(Received 17 September 1979; accepted 30 November 1979) 


Morphine is known to decrease motor activity and to 
increase striatal dopamine metabolism in rats [1]. Several 
hypotheses have been invoked to explain these effects 
which are presumably mediated by activation of opiate 
receptors in the CNS since they are abolished by the mor- 
phine antagonist naloxone. Kuschinsky [1] and Celsen and 
Kus-hinsky [2] have proposed that morphine causes a 
diversion of intraneuronal dopamine to nonfunctional 
metabolism and decreases the rate of dopamine release, 
actions consistent with both the akinesia and increased 
metabolism of dopamine. Others [3, 4] have proposed that 
the morphine-induced increase of dopamine metabolism 
may be due to indirect stimulation by morphine of dopa- 
minergic impulse flow. Thus, turning behavior, induced by 
either an agonist of dopamine receptors, apomorphine, or 
an antagonist, haloperidol, in rats with unilateral striatal 
lesions, is inhibited by morphine [3]. Also, the morphine- 
induced increase of dopaminergic impulse flow has a slow 
onset of action compared with known direct acting dopa- 
mine agonists or antagonists [4]. Costa et al. [5] have 
proposed that a pre-synaptic enkephalinergic action on 
dopamine nerve terminals enhances release of dopamine 
per impulse. According to their proposal, apomorphine or 
haloperidol may either inhibit or activate a cholinergic to 
enkephalinergic loop feeding back on the dopamine nerve 
ending to either inhibit or activate tyrosine hydroxylase. 
The first two hypotheses are compatible in that decreased 
neurogenic release of dopamine would be expected to 
reflexly increase impulse flow in the nigral-striatal pathway. 
All three proposals are in harmony with the observed 
additive effects of morphine and chlorpromazine, a dopa- 
mir. receptor blocker, to increase striatal dopamine metab- 
olism [6] 

The first two hypotheses mentioned above can be tested 
by using an impulse-dependent releaser of dopamine. Such 
a drug is the potent CNS stimulant amfonelic acid (AFA) 
[7]. The release of dopamine per impulse is enhanced by 
AFA such that, if haloperidol is co-administered in order 
to maintain impulse flow in the presence of AFA, a 10- 
fold ease of dopamine metabolite concentrations results 


[8]. Inhibitors of dopamine impulse flow (i.e. apomorphine 
or y-butyrolactone) prevent the synergism of these two 
drugs [8]. Shore er al. [7] proposed that AFA and other 
nonamphetamine stimulants enhance the transfer of dopa- 
mine from a large storage pool to a releasable pool so that 
greater amounts of transmitter are released per impulse. 
If morphine decreases the neurogenic release of dopamine 
and diverts dopamine to non-functional metabolism, then 
AFA, which alone causes a slight.increase of dopamine 
metabolism [8], would be expected to either inhibit the 
morphine-induced increase of dopamine metabolism or 
show an additive effect, but not a marked synergism. How- 
ever, if morphine is indirectly driving impulse flow [4], 
AFA would be expected to exhibit a supra-additive effect 
on dopamine metabolism when combined with morphine 
in a manner analogous to the interaction of AFA with 
haloperidol. 

The hypothesis of Costa er al. [5] that the presumed 
dopamine autoreceptor is actually a pre-synaptic opiate 
receptor, activated by a cholinergic-enkephalinergic loop, 
can be tested by using the y-butyrolactone (GBL) model 
for studying dopamine pre-synaptic receptors. Administra- 
tion of GBL inhibits nigral dopamine neuronal impulse 
flow and increases dopamine levels and tyrosine hydroxyl- 
ase activity in the striatum [9]. This effect of GBL may be 
due to either decreased extraneuronal dopamine available 
for binding to pre-synaptic autoreceptors [9] or activation 
of pre-synaptic enkephalinergic neurons subsequent to 
decreased dopaminergic activity [5]. The latter possibility 
can be tested by observation of the effects of pretreating 
with either morphine, which should enhance, or naloxone, 
which should inhibit the effect of GBL on dopamine levels. 

Female Sprague-Dawley rats (Holtzman, Madison, WI), 
200-250 g, were given various drugs s.c., except for GBL 
which was given i.p., and killed by chloroform asphyxiation 
at the times noted in the tables. The brains were rapidly 
removed, chilled in ice-cold saline, and the corpora striata 
dissected out and frozen over dry ice. Assays were per- 
formed the same day. Dihydroxyphenylacetic acid 
(DOPAC) was measured by organic extraction and fluo- 
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Fig. 1. Effects of various doses of haloperidol or morphine with (@) or without (OQ) 2.5 mg/kg AFA. 
The concentrations of DOPAC shown are changes in ug/g + S.E.M. from saline control (1.43 + 
0.08 ug/g). The asterisk (*) denotes significant differences from test drug alone where P is at least less 
than 0.005 (Student's t-test). Numbers in parentheses represent the number of animals in each group. 


rophor development [10]. Dopamine was measured fluo- 
rometrically according to the method of Neff and Costa 
[11]. 

Drugs used were: amfonelic acid (Sterling—Winthrop 
Research Institute, Rensselaer, NY), y-butyrolactone 
(Sigma Chemical Co., St. Louis, MO), haloperidol (McNeil 
Laboratories, Ft. Washington, PA), morphine sulfate 
(Merck & Co., Rahway, NJ), and naloxone-HCl (Endo 
Laboratories, Garden City, NY). All doses refer to the 
free acid or base. 

Figure 1 shows the dose-response curves for morphine 
and haloperidol, alone or in combination with 2.5 mg/kg 
AFA, with change in ug/g DOPAC as the response. Max- 
imal elevation of DOPAC levels was obtained at 0.3 mg/kg 
of haloperidol or 10 mg/kg of morphine, but haloperidol 
elicited a much larger increase in DOPAC concentration 
than did morphine (252 vs 83 per cent). An additive effect 
of AFA combined with morphine on DOPAC levels was 
observed with those doses of morphine that increased 
dopamine metabolism alone (5-20 mg/kg, but not 1 mg/kg). 
A low dose of haloperidol (0.03 mg/kg) did not reduce the 
hyperactivity seen after AFA, and the rise in DOPAC 
concentrations seen after the neuroleptic was inhibited by 
AFA. The expected synergism with dopamine metabolism 
[8] was seen only after doses of haloperidol (0.3 or 
1.0mg/kg) which completely inhibited the behavioral 
stimulant effects of AFA. The maximal response obtained 
with haloperidol in combination with AFA was much 
greater than with morphine in combination with AFA (Fig. 
1). Hyperactivity and stereotypy after AFA were observed 
when AFA was combined with 1.0 or 5.0 mg/kg of mor- 
phine. With either of the two larger doses of morphine, a 
slow sustained gnawing behaviour was elicited by AFA. 
Morphine alone caused sedation, except for the 1.0 mg/kg 
dose which was without effect either behaviorally or 
biochemically. 

To determine whether the effects of morphine on dopa- 
mine metabolism are mediated by opiate receptors, rats 
were pretreated with 2.0 mg/kg of naloxone, a potent nar- 


cotic antagonist. Naloxone alone did not alter DOPAC 
concentrations, but did prevent the morphine-induced 
increase of DOPAC levels (Table 1). Similarly, naloxone 
prevented the additive effect of AFA and morphine 
(P > 0.1, compared to AFA alone). Neither naloxone nor 
morphine influenced the synergism of AFA and haloperi- 
dol, as shown in Table 2. 

Additional experiments were performed to determine 
whether the presumed pre-synaptic autoreceptor is 
mediated by a pre-synaptic enkephalin neuron. As shown 
in Table 3, GBL (750 mg/kg) produced the expected [9] 
increase of dopamine concentration in rat striatum. Apo- 
morphine, a dopamine agonist, inhibited this response to 
GBL, but 30-min pretreatments with either morphine or 
naloxone were without any influence on the 30-min accu- 
mulation of striatal dopamine caused by GBL. In harmony 
with these results, Andén and Grabowska-Andén [3] 
reported that morphine altered neither the GBL-induced 
activation of in vivo tyrosine hydroxylase activity nor the 
inhibition of the GBL effect by apomorphine. 

Although morphine is known to increase striatal dopa- 
mine metabolism (see Ref. 1), the mechanism(s) involved 
is not well elucidated. Enkephalins are present in the stria- 
tum [12], and one-third of opiate receptors in the striatum 
may be located on dopaminergic nerve terminals, as evi- 
denced by loss of leu’-enkephalin binding after lesions of 
the substantia nigra [13]. Thus, a local action of morphine 
on striatal dopaminergic terminals seems likely and has 
been suggested as the mechanism of morphine-induced 
elevation of dopamine metabolism [5, 13]. Significantly, 
intraventricular administration of (D-ala”)-met-enkaphalin 
[14] or intra-caudate injections of morphine or B-endorphin 
[15] increase striatal dopamine metabolism, which further 
emphasizes a local effect of morphine in the neostriatum. 

However, pre-synaptic opiate receptors on dopaminergic 
axons are not necessarily the site of action of morphine. 
Opiate peptides have a wide distribution through the CNS 
[16]. In the basal ganglia, a striopallidal leu-enkephalin 
pathway has been demonstrated [17]. Intra-caudate injec- 





1434 


Table 1. Effects of morphine, naloxone, AFA or their 
combination on rat striatal dopamine metabolism* 





DOPAC 


Treatment (ug/g + S.E.M.) 





1.09 (12) 
).06+ (8) 
).08 (7) 


Controi 

Morphine 

Naloxone + morphine a 
AFA 

Morphine + AFA 

Naloxone + morphine + AFA 

Naloxone ; ; (8) 





* Morphine (10 mg/kg, s.c.) or AFA (2.5 mg/kg, s.c.) 
was injected 90 min before death and naloxone (2.0 mg/kg, 
s.c.) 95 min before death. Numbers in parentheses rep- 
resent the number of animals in each group. 

+ Different from control, P < 0.01 (Dunnett’s f-test). 

+t Different from control, P < 0.05 (Dunnett’s ¢-test). 


tions of morphine or B-endorphin alter y-aminobutyric acid 
(GABA) turnover in the caudate and the globus pallidus 
[15]. These effects do not appear to be mediated by the 
nigral-striatal pathway, but rather reflect a direct effect on 
GABA neurons [15]. In addition to enkephalinergic sys- 
tems in the neostriatum, there are opiate receptors in the 
substantia nigra which may be located on pre-synaptic 
terminals originating rostrally, as evidenced by loss of these 
receptors after hemisection [18]. Intra-nigral injection of 
morphine does not alter striatal tyrosine hydroxylase 
activity, which suggests the nigra is not the site of activation 
by systemic morphine, but inhibits systemic haloperidol- 
induced activation of striatal tyrosine hydroxylase [18]. 
Thus, opiate effects on GABA turnover, modulation of 
synaptic inputs to the substantia nigra, or other systems 
could mediate the actions of systemic morphine on striatal 
dopamine metabolism. 

The potent CNS stimulant AFA was used to differentiate 
possible mechanisms of morphine-induced increased dopa- 
mine metabolism. That AFA is dependent upon impulse 
flow to enhance dopamine release and metabolism [7, 8] 
is further supported by the haloperidol dose-response curve 
of Fig. 1. The combination of AFA with a dose of halo- 
peridol insufficient to inhibit the stimulant effects of AFA 
results in DOPAC concentrations lower than with halo- 
peridol alone, but greater than control. The large release 
of dopamine by AFA, which alone inhibits dopaminergic 
impulse flow [19], apparently overcomes the blockade of 
dopamine receptors by small doses of haloperidol. When 
sufficient haloperidol is used to inhibit AFA-induced 


Table 2. Effects of morphine or naloxone on the increased 
dopamine metabolism induced by haloperidol and AFA* 





DOPAC 


Treatment (ug/g + S.E.M.) 





Haloperidol + AFA 

Morphine + haloperidol + AFA 
Naloxone + haloperidol + AFA 
Haloperidol 


14.12+0.89 (8) 
15.24 + 0.66 (8) 
13.10 + 0.73 (8) 
5.03 + 0.207 (8) 





* Haloperidol (0.3 mg/kg) and AFA (2.5 mg/kg) were 
injected s.c. 90 min before death and morphine (10 mg/kg) 
or naloxone (2.0 mg/kg) 95 min before death. Numbers in 
parentheses represent the number of animals in each group. 

+ Different from haloperidol + AFA, P<0.01 (Dun- 
nett’s f-test). 
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Table 3. Effect of y-butyrolactone, alone or in combination 
with narcotic drugs, on rat striatal dopamine 
concentrations* 





Dopamine 


Treatment (ug/g + S.E.M.) 





GBL 

Apomorphine + GBL 
Morphine + GBL 
Naloxone + GBL 
Controls 


20.02 + 0.68 (12) 
16.62 + 0.387 (8) 
20.86 + 0.67 (8) 
20.08 + 0.49 (6) 
13.00 + 0.887 (12) 





* Apomorphine (1.0 mg/kg), morphine (10 mg/kg) or 
naloxone (2.0 mg/kg) was injected s.c. 30 min before GBL 
(750 mg/kg, i.p.) and the animals were killed 30 min later. 
Numbers in parentheses represent the number of animals 
in each group. 

+ Different from GBL alone, P < 0.01 (Dunnett’s f-test). 


behavioral stimulation and reduction of impulse flow [19], 
a marked synergism between these two drugs on dopamine 
metabolism is observed (Fig. 1, [8, 19]). However, AFA 
exhibits only an additive effect on dopamine metabolism 
when combined with morphine. There occurs neither a 
reduction at low doses nor a marked synergism at high 
doses of morphine. Even when hyperactivity and stereotypy 
occurs, as is the case with 5.0 mg/kg morphine and 2.5 mg/kg 
AFA, a reduction of morphine-induced DOPAC elevation 
is not observed (Fig. 1). If morphine is driving impulse 
flow, the mechanism would seem independent of the stria- 
tal-nigral feedback loop, as suggested by others [3, 4]. Thus, 
morphine may not be able to overcome inhibition of nigral 
impulse flow by AFA and synergism on dopamine metab- 
olism does not occur. 

A pre-synaptic effect of morphine to increase dopamine 
release seems an unlikely explanation of the increased 
dopamine metabolism. If morphine enhances dopamine 
release by a pre-synaptic mechanism as suggested by Costa 
et al. [5], a decreased rate of nigral impulse flow would be 
expected, which is the opposite result of actual single cell 
recordings [4]. The data of Table 3 (also Ref. 3) further 
suggest that the presumed pre-synaptic dopamine autore- 
ceptor is not mediated by opiate receptors as neither mor- 
phine nor naloxone has any effect on the responses to 
GBL. Furthermore, morphine actually inhibits in vitro 
release of dopamine from striatal slices [2]. 

On the other hand, if morphine decreases the rate of 
dopamine release yet increases dopamine metabolism 
[1,13], then combining AFA with morphine could be 
expected to have one of two effects on dopamine metab- 
olism. Either the two drugs should antagonize each other 
or, if morphine and AFA are acting through separate 
mechanisms, an additive effect should be observed. This 
latter result is the observation reported in Fig. 1 and Table 
1. The lack of antagonism of morphine by AFA suggests 
that the increased dopamine metabolism caused by mor- 
phine is not mediated by the sequence of decreased release 
leading to loss of dopamine at the pre-synaptic autoreceptor 
causing enhanced tyrosine hydroxylase activity, as pro- 
posed by Schwartz and co-workers [13, 20]. Inhibition of 
dopamine reuptake by AFA [7] should reverse this process 
by increasing the amount of dopamine in the synaptic cleft. 
The additive effect of these two drugs suggests independent 
mechanisms for enhancing dopamine metabolism. These 
results are consistent with the hypothesis that morphine 
diverts dopamine to nonfunctional metabolism [1, 2]. 
Whether morphine-induced enhanced dopaminergic 
impulse flow [4] is due to decreased dopamine release and 
subsequent feedback activation of the nigral-striatal path- 
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way or to effects of morphine at other sites within the CNS 
is unclear. It is possible that the two effects of morphine, 
enhanced dopamine metabolism and impulse flow, reflect 
activation of opiate receptors at two unrelated sites, and 
the amount of dopamine released will reflect the sum of 
these two phenomena. To separate these sites of action will 
be difficult because of the multiplicity of opiate agonist 
effects in the extrapyramidal system [13, 15, 16, 18]. 
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Effect of ethanol administration on free proline and glutamate in the intact rat 
liver 


(Received 15 March 1979; accepted 5 December 1979) 


The concentration of free proline is considered to be sig- 
nificant in the formation of collagen [1, 2]. Earlier we 
observed that the synthesis of proline was increased during 
the incubation of liver homogenates obtained from ethanol- 
treated rats or of liver slices when ethanol was added in 
vitro [3]. The conclusions on the role of glutamate as a 
precursor of free proline in liver are variable [1, 3, 4]. 

In humans, Kershenobich et al. [5] demonstrated a cor- 
relation between the concentrations of free proline and 
collagen in liver. Siegel et al. [6] studied alcoholics and did 
not find any change from normal in serum proline but, 
following ethanol load, an elevation of proline was found. 
Similarly, Shaw and Lieber [7] observed in baboons that 
after a long-term administration of ethanol, proline was 
depressed in post-prandial serum. Mezey et al. [8] observed 
in rat liver an increase of free proline after ethanol feeding. 
In our own study [9] we also found that a long-term 
administration of ethanol to the rats increased the concen- 
tration of free proline in liver, although by 10-12 per cent 
only, on average. M@rland et al. [10] did not observe any 
change in hepatic free proline in rats after long-term ethanol 
feeding, while Forsander (personal communication) found 
a decrease in liver proline after a 2-month treatment with 
ethanol, although there was an increase in liver glutamate. 

The purpose of this work was to find out whether a 
single-dose administration of ethanol will cause an increase 


of free proline in liver in vivo, and to discover what are the 
simultaneous changes in liver glutamate. There is a shift 
in the redox balance towards the reducing side during the 
catabolism of ethanol in liver [11]. This change favours the 
synthesis of proline. Therefore, we wanted to see whether 
by diminishing this change in the redox balance caused by 
the oxidation of ethanol we could prevent the increase in 
the amount of proline. For that purpose the rats were 
treated with 4-methylpyrazole, a potent inhibitor of alcohol 
dehydrogenase [12]. Attempts to influence the redox bal- 
ance were made also by giving methylene blue to the rats. 


Experimental 

Treatment of animals. Male Sprague-Dawley rats, aged 
2-4 months, and fasted for about 40 hr, were given ethanol 
by stomach tube, usually 2 g per kg body wt as a 25% (v/v) 
aqueous solution. In the preliminary experiments, ethanol 
doses of 4 and 8 g per kg were also used. The control rats 
received corresponding volumes of water. 

4-Methylpyrazole was injected i.p. 10 min before the 
administration of ethanol. On the basis of the preliminary 
experiments with doses from 10 umoles to 2.44 mmoles 
per kg body wt, the dose adopted for use was 0.2 mmoles 
or 16.4 mg per kg. 

Methylene blue was given 5 or 10 mg per kg as an i.p. 
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CHANGE IN LIVER PROLINE 











TIME, h 


Fig. 1. Change in the concentration of liver proline as a function of time between the administration 

of ethanol and the killing of rats. The number of experiments at each point of time varies from 1 to 

6, and every circle represents the average value from 2 rats. For the details see the Experimental section. 

The change is calculated as per cent of the value of the corresponding control rats without ethanol. 

-~@-@-@ Rats that received ethanol, 2 g per kg body wt. ;-—O-O—O- rats that received 4-methylpyrazole, 
16.4 mg, and ethanol, 2 g per kg body wt. 


injection of an aqueous solution 10 min before the 
administration of ethanol. 

The animals were killed by dislocation of the cervical 
vertebrae at various time intervals from 0.5 to 24 hr. The 
livers were immediately dissected and dropped into liquid 
nitrogen. The time required for the killing of rats and 
removal of livers was 30 sec to 1 min. It was noted that up 
to 5 min the speed of this performance had no effect on 


the level of proline and only slightly affected the level of 


glutamate. The frozen livers were chopped to smaller pieces 
and divided into portions so that each sample contained 
material from every lobe. The samples were kept frozen 
until used for analyses. 

Determination of proline. Frozen liver samples were 
homogenized in cold Ringer-bicarbonate buffer. Liver 
homogenate was deproteinized with 75% (v/v) ethanol and 
centrifuged. The ethanol was evaporated from the super- 
natant, and proline in the residue was determined according 
to the photometric method to Troll and Lindsley [13] using 
a ninhydrin reagent. For the removal of the interfering 


amino acids, Amberlite IRC-50 resin was used instead of 


Permutit. 


Determination of glutamate. Frozen liver samples were 
homogenized in cold 75% (v/v) ethanol, centrifuged, and 
ethanol was evaporated from the supernatant. The residue 
was dissolved in water, and glutamate was determined 
according to the method of Borys er al. [14], based on the 
procedure of Graham and Aprison [15]. Glutamate was 
oxidized to a-ketoglutarate by glutamic dehydrogenase and 
the fluorescence of NADH formed was measured with a 
Zeiss spectrophotometer PMQII, excitation 365 nm, emis- 
sion 470 nm. 


Results 

Concentrations of proline and glutamate, and the effect 
of fasting of the rats. The concentration of liver proline in 
fasted control rats (N = 15) was 0.53 + 0.016 (S.E.M.) 
mmoles per g wet wt. The concentration of liver glutamate 
was 3.42 + 0.32 wmoles per g wet wt. 

The fasted animals were employed to ensure the optimal 
absorption of ethanol and the homogeneity of their nutri- 
tional state. Although fasting of rats for about 40 hr caused 
an increase in liver proline, the increase was the same in 
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CHANGE IN LIVER GLUTAMATE 














TIME, h 


Fig. 2. Change in the concentration of liver glutamate as a function of time between the administration 
of ethanol and the killing of rats. For the explanations see the legend of Fig. 1. 


both control (+ 21.8 per cent) and ethanol-treated rats 
(+ 21.3 per cent), and thus did not influence the change 
caused by the administration of ethanol. 

Effect of various doses of ethanol. The increase in the 
concentration of liver proline, measured 2 hr after the 
administration of ethanol, was almost the same whether 
the rats had received ethanol 2 g (+ 20 per cent) or 4 g per 
kg body wt (+ 23 per cent) The corresponding changes in 
the concentration of liver glutamate were + 85 and + 83 
per cent. The dose 8 g ethanol per kg body wt caused a 
higher rise (+ 113 per cent) in the concentration of proline. 
However, since the dose 8 g per kg is close to lethal, and 
there was no difference in the effects of the two lower 
doses, only 2 g ethanol per kg was used in all following 
experiments. 

Time dependency of the effect of ethanol. The increase 
in the concentration of proline was at its highest, + 37.3 
per cent, 3 hr after the administration of ethanol (Fig. 1). 
The level of proline returned to almost normal in 10 hr. 

The concentration of glutamate increased even more 
than that of proline, and the maximum level, + 149 per 


cent, was reached 7 hr after the administration of ethanol 
(Fig. 2). 

When all the points in the period 0.5-7 hr are included, 
the increase caused by ethanol is significant at the level P 
< 0.001 in both proline and glutamate concentration. 

Influence of 4-methylpyrazole on the effect of ethanol. 4- 
Methylpyrazole, injected 10 min before the administration 
of ethanol, prevented the increase of both proline (Fig. 1) 
and glutamate (Fig. 2). At the time points of maximum 
ethanol-induced increase, at 3 hr for proline and at 7 hr 
for glutamate, the changes in the concentrations of these 
metabolites in 4-methylpyrazole-treated rats were + 7.8 
and —8.1 per cent, respectively. The effect of 4-methyl- 
pyrazole in the ethanol-treated rats was significant at the 
level P <0.001, whether the values in the period 0.5-7 hr 
were calculated as independent or non-independent 
samples. During the latter part of the experimental period 
the concentration of proline decreased below the control 
level. The injection of 4-methylpyrazole alone did not 
change appreciably the level of proline (+ 0.0 per cent) 
and glutamate (—1.8 per cent) in the livers of control rats. 
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Fig. 3. Ratio of the concentration of liver glutamate to the concentration of liver proline. The 
concentrations are expressed in mg aad in yg per g liver wt, respectively. The calculated regression line 
(please see the text) is presented. O Control rats; @ ethanol-treated rats. 


Ratio of glutamate to proline. When the concentrations 
of glutamate are plotted against the concentrations of pro- 
line from the same liver samples (Fig. 3), there is a mod- 
erately high linear correlation: v = 0.025 x — 0.917, r = 
0.731, P < 0.001. For ethanol-treated rats separately the 
corresponding parameters are y = 0.019 x — 0.426, r = 
0.628, P < 0.01, but in the group of control rats no cor- 
relation is present (r = — 0.0046). 

Influence of methylene blue on the effect of ethanol. 
Methylene blue had no effect on liver glutamate of control 
rats, but increased the concentration of liver proline (+ 34 
per cent). In ethanol-treated rats the injection of methylene 
blue caused a 25 per cent additional increase in liver proline 
and a 23 per cent additional increase in liver glutamate. 
The combined effect of ethanol and methylene blue was 
a 74 per cent increase in liver proline and a 94 per cent 
increase in glutamate. 


Discussion 

The increase in the concentration of free proline in liver 
found after the administration of ethanol was in accordance 
with our expectations. The concentration of glutamate 
increased even more, but that does not necessarily indicate 
a precursor—product relationship. In an earlier work [3] we 
have found that the conversion of [C] glutamic acid to 
proline in liver slices was increased by 39-46 per cent when 
ethanol (20-50 mM) was added to the medium. Rojkind 
and Diaz de Le6n [1] have observed only slight conversion 
of glutamic acid to proline (0.03 uwmole/g at a 3 hr incu- 
bation) by liver slices from normal rats, but an 8-fold 
amount (0.24 uwmole/g) by slices from rats made cirrhotic 
by the administration of CCl. 

The prevailing condition of liver plays a role also in the 
incorporation of proline into collagen. For example, 
ethanol in vitro caused a significant increase in the incor- 
poration of proline in the biopsy specimens of alcoholic 
hepatitis or active cirrhosis, but had no effect on the col- 
lagen synthesis by normal or fatty liver [16]. In the rats on 
the high-fat, low-protein diet, the effect of ethanol on the 
collagen synthesis was never more marked than in the rats 
on the normal diet [9]. 

The levels of liver proline and glutamate depend on the 
time point after the administration of ethanol (Figs. 1-2) 


[6]. Therefore, one wonders whether the liver samples 
studied by Kershenobich et al. [5] were taken under the 
catabolism of ethanol. Furthermore, during the first weeks 
of long-term administration of ethanol to the rats, liver 
proline reaches a maximum and then levels off (unpublished 
results). 

Ethanol has also been reported [17] to lower the amount 
of labelled proline incorporated into collagen. There was, 
nevertheless, an increase in the amount of collagen, which 
was attributed to the inhibition of collagen breakdown by 
ethanol. 

In a study of collagen biosynthesis in the chick embryo 
[4]. glutamate was found not to be a major precursor of 
free proline in the leg minces; arginine and ornithine, 
instead, were active precursors of both free proline and 
free glutamate. This conclusion was confirmed in this lab- 
oratory by means of rat liver preparations (Forsander, 
Lukkari and Mikkonen, personal communication). 

The metabolism of liver protine is influenced also by the 
simultaneous urea synthesis. The urea synthesis utilizes the 
amino groups liberated by glutamate dehydrogenase as well 
as the carbon skeleton of glutamate for the formation of 
ornithine. This catabolic outlet of glutamate through the 
ornithine cycle is reported to be suppressed by ethanol 
[18]. This explains, in part, the accumulation of glutamate 
and proline in liver during the ethanol catabolism. 

When the effects of the oxidation of ethanol on the redox 
balance are prevented by a simultaneous administration of 
4-methylpyrazole, only slight changes are observed in the 
concentrations of proline and glutamate in liver. This 
indicates that the metabolism of these amino acids is not 
affected by ethanol as such but through its catabolism. 

It is postulated that the reduced form of methylene blue 
predominates in the tissues in vivo [19]. This form would 
support the reducing reactions. An accentuation of the 
effects of ethanol on liver proline and glutamate is indeed 
observed after the treatment of rats with methylene blue. 

In addition to the stimulation of the biosynthesis of 
proline, the mode of action of ethanol on the proline 
metabolism could be the inhibition of the oxidation of 
proline in liver to A-pyrroline-5-carboxylate [20], the inhi- 
bition of gluconeogenesis and urea synthesis from proline 
[21, 22], or changes in the intracellular proline concentra- 
tion through the effect of ethanol on the cell membranes. 
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Many redox steps are involved in the metabolism of 
proline. The oxidation of proline is NAD-dependent but, 
in the reduction of glutamate to proline, NADP-dependent 
dehydrogenases are involved. Since the NAD-dependent 
reactions are more affected by ethanol than the NADP- 
dependent reactions [23], the oxidation of proline is thus 
in all probability inhibited more than its formation is pro- 
moted [24]. 

In summary, a single dose of ethanol caused a significant 
but temporary increase in the concentration of both proline 
and glutamate in the rat liver, maximally + 37 and + 149 
per cent, respectively. The concentrations of glutamate and 
proline had a linear correlation. When 4-methylpyrazole 
was given simultaneously with ethanol there were no 
changes in the concentrations of proline and glutamate. 
The administration of methylene blue corroborated the 
effects of ethanol. 
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Inhibition of hepatic metabolism of azathioprine by furosemide in human liver in 
vitro 


(Received 21 October 1979; accepted 10 January 1980) 


The immunosuppressive drug azathioprine undergoes thio- 
lysis to 6-mercaptopurine, a biotransformation important 
for the ultimate action of the drug [1,2]. This conversion 
is catalyzed by glutathione (GSH) S-transferase [3] pre- 
dominantly in the liver [4]. /n vivo studies in rats have 
shown inhibition of hepatic metabolism of azathioprine by 
endogenous and exogenous glutathione S-transferase 
inhibitors, bilirubin and probenecid, respectively [5]. After 
kidney transplantation, azathioprine is often used together 
with the diuretic drug furosemide, which can inhibit GSH 
S-transferase activity in the kidney [6]. Since the liver seems 
to play the dominant role in the glutathione mediated 
metabolism of azathioprine [4], it was of interest to study 
whether furosemide could also inhibit the formation of 6- 
mercaptopurine in this tissue. Such an interaction could 
possibly result in a diminished immunosuppressive effect 
of azathioprine. Therefore we have studied furosemide 
inhibition of the formation of 6-mercaptopurine in the liver 
in vitro. We used human liver from our human liver bank 
[7] since marked species differences in the metabolism of 
xenobiotics exist. 


Eight specimens of human adult liver were obtained 
within 20 min after stopping artificial respiration and life 
supporting treatment of patients without cerebral activity 
who were selected as kidney donors. Homogenization and 
subcellular fractionation was initiated shortly thereafter, 
as described elsewhere [7]. The 100,000 g supernatant frac- 
tion was stored at —80° until used. Relevant patient data 
are depicted in Table 1. Some donors received drugs the 
last few days before death. However, usually they received 
only single (e.g. during anesthesia) or a few doses. and we 
believe that this pre-mortem treatment did not markedly 
influence the capacity of the liver to metabolize drugs. 

The GSH-S-transferase activity with azathioprine in the 
100,000 g liver ‘cytosol’ fractions was determined according 
to methods previously described [3]. The final reaction 
mixture (3.0 ml) consisted of azathioprine (0.1 or 0.2 mM) 
dissolved in 0.1M sodium phosphate buffer, pH 6.5, 
0.17mM reduced glutathione and 200 wl of liver cytosol. 
The reaction was measured by the production of the 317 nm 
product (6-mercaptopurine) in a Beckman ACTA MVI 
spectrophotometer at 37° with the reference containing 
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Table 1 


Clinical data of liver donors 





Sample Sex Cause of death/disease 


Relevent known drug treatment 





l I Trauma 
Cerebral concussion 
Cerebral infarction 
Meningioma 
Post-operative cerebral 
infarction 
Cerebral aneurysm 
Pontine haemorrhage 
Epilepsy 
Road accident 
Cerebral concussion 
Suicide 
Multiple trauma 
Cerebral aneurysm 


Few doses of betamethasone and diazepam 


Single doses of dexamethasone and pethidine 
Few doses of furosemide, paracetamol, 
dihydroergotamin and metoclopramide 


Single doses of lidocaine and dexamethasone, 
possibly antiepileptics 
Single dose of dexamethasone 


Repeated doses of furosemide and diazepam 
Repeated doses of phenytoin, diazepam and 


pentazocine; few doses of aminocaproic acid and 
paracetamol 





Table 2. Inhibition of enzymatic thiolysis of azathioprine 
by furosemide 





Transferase 
specific activity 
with azathioprine’* 
(nmoles/min/mg) 


Liver 
sample No. 


Apparent K; 
(mM) 





90 0.10 
AY 0.53 
59 0.10 
0.13 
0.30 


0.04 
0.23 
28 0.23 


7 
l 

57 0.15 
5 
3 


8 
Mean 


i 
2 
7 
6.5 
4.4 
1.5 
3.1 
5.3 
4. 





* Specific activity determined with 0.1 mM azathioprine. 


ln 
(nmol/ min/mgyt 


azathioprine dissolved in buffer. The final value for enzyme 
activity was obtained by subtracting nonenzymatic product 
formation in the presence of reduced glutathione and aza- 
thioprine from the total activity of a given reaction. The 
nonenzymatic reaction was usually less than 10 per cent of 
total activity under these conditions. The enzymic reactions 
were found to be linear with respect to time and substrate 
concentration. 

Inhibitory kinetics in the presence of furosemide were 
determined by using two different azathioprine concentra- 
tions and a range of furosemide concentrations. The data 
obtained were expressed by the method of Dixon [8] and 
the inhibitor constants, representing the value on the 
abscissa corresponding to the intersection of the two lines, 
were calculated from the corresponding least squares 
regression equations. 

Azathioprine was obtained from Burroughs, Wellcome 
& Co., Research Triangle Park, NC. Furosemide was pur- 
chased from Hoescht Pharmaceuticals, Somerville, NJ and 
reduced glutathione from the Sigma Chemical Company, 
St. Louis, MO. 

Protein concentration was determined according to the 
Lowry method [9] using bovine serum albumin (Sigma) as 
the standard. 


O.1mM AZATHIOPRINE 
y= 7.4(x) + 12 
r=0.98 


0.2mM AZATHIOPRINE 
y®.23 (x) +.068 
r=0.99 





mM FUROSEMIDE 


Fig. 1. Dixon plot of the competitive inhibition by furosemide of the enzymatic thiolysis of the 
azathioprine catalyzed by the glutathione S-transferases. 
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All eight samples of human liver cytosol were found to 
catalyze the enzymatic thiolysis of azathioprine with glu- 
tathione (Table 2). The inhibitory kinetic data obtained in 
the presence of furosemide was examined using a Dixon 
plot analysis. Figure 1 is a representative example obtained 
with sample 3 and demonstrates that furosemide is a com- 
petitive inhibitor of the GSH-S-transferase mediated thio- 
lysis of azathioprine. The apparent K; for the inhibition of 
this reaction by furosemide was found to be 0.10mM. 
Furosemide was found to be a competitive inhibitor with 
all eight liver samples. The apparent K; values for the 
different human livers are listed in Table 2. With the 
exception of sample 7, the K; values are in the same order 
of magnitude (mean 0.23 mM for all eight samples). 

This study shows that furosemide, commonly used 
together with azathioprine after kidney transplantation, 
can inhibit competitively the conversion of azathioprine to 
6-mercaptopurine in human liver in vitro. If this interaction 
also takes place in vivo, diminished immunosuppressive 
effect may occur since this biotransformation is necessary 
for the activity of the drug. From the present study it cannot 
be decided if the interaction is clinically important since 
some extrahepatic metabolism also occurs. Concentrations 
of furosemide used in our study can, however, be found 
in patient plasma samples (0.15mM) after high doses, 
especially if kidney function is impaired [10] as after trans- 
plantation. Thus our results necessitate clinical study in 
vivo to determine whether furosemide inhibits the immu- 
nosuppressive effect of azathioprine in this setting. 
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Effect of insulin and oral antidiabetics on glucose appearance and disappearance 
in the blood of rabbits 


(Received 23 May 1979; accepted 10 December 1979) 


Hypoglycemia due to insulin administration is caused by 
inhibition of glucose appearance |1, 2]. stimulation of glu- 
cose disappearance [3, 4] or by a combination of both 
factors [2, 5-8]. The decrease in glucose entry into the 
circulating blood is the consequence of a direct action upon 
the liver metabolism, i.e. inhibition of glycogenolysis and 
gluconeogenesis, both of which result in reduction of 
hepatic glucose output [8-11]. The increase in glucose 
removal is caused by the enhancement of hepatic and 
peripheral glucose uptake and utilization [8, 12, 13]. 
Since the blood glucose lowering properties of 
sulfonylureas originate mainly from insulin release from 
pancreatic B-cells, it appeared to be of interest to study the 
influence of both endogenous insulin—which is released by 





* N-(p-tolysulfonyl)-N’-butylurea. 

+ N-4-[2-(5-chloro-2-methoxybenzamido)-ethyl]-phenyl- 
sulfonyl-N’-cvclohexyl-urea. 

t 4-[2- (5-chloro -2-methoxybenzamido)- ethyl]- benzoic- 
acid. 

§ N- 4-[2-(N’- methyl -N’- pyridylureido)- ethyl]- phenyl- 
sulfonyl-N’-4-methyl-cvclohexyl-urea. 


sulfonylureas—and exogenous insulin—which has been 
administered—upon the kinetics of glucose. 

In earlier studies, only the effect of D 860 was investi- 
gated in this respect. The authors came to the conclusion 
that D 860 inhibits glucose entry into the blood rather than 
showing an effect on removal from the blood [14-20]. 
However, in other studies a stimulation of peripheral glu- 
cose utilization is suggested [21, 22]. 

Besides two well known sulfonylureas, one belonging to 
the first (D 860)* and the other to the second (HB 419)* 
generation, two new oral antidiabetics, namely HB 699 
[23] and HB 180 [24]§, have been investigated in regard 
to their influence upon glucose kinetics. 

Groups of 6-8 domestic rabbits of mixed breed, each 
weighing between 2.5 and 3 kg, were used in the present 
investigations. Prior to the beginning of the study they 
were subjected to a 20 hr fasting period. 

The experimental animals received 35 wCi/kg p-[U-C"*]- 
glucose (Amersham CFB 96; 230 mCi/mM) intravenously. 
Immediately after the injection of this tracer bolus, the 
intragastral administration of oral antidiabetics or the sub- 
cutaneous injection of insulin in the dose indicated took 
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16 yg/kg sc. insulir 


n 


p< 01 
p< 0.01 


p< 0.001 


p< YOO1 o-+ 


Fig. i. Dose dependancy of insulin on glucose kinetics 
(15-75min) in fasting rabbits. Ra, glucose appearance 
(15-75 min); Ru, glucose disappearance (15-75 min); 


mg glucose Foal 
= ———————-: n = number of animals. 
100 ml = hr 


place. The insulin preparations used were of porcine origin 
and, subsequent to a threefold crystallization, they were 
chromatographed on a molecular sieve. The insulin dose 
amounted to 16 [0.4 i.u.], 8 [0.2 i.u.], 6 [0.15 i.u.] and 4 
[0.1 i.u.] wg/kg. Four different compounds were subjected 
to investigation in the following doses: D 860: 50 and 500 
mg/kg; HB 419: 0.02 and 0.2 mg/kg; HB 699: 50 mg/kg; 
HB 180: 0.5 mg/kg. 

7s 135 


135.-195 195 


Blood samples (0.1 ml) were withdrawn from auricular 
veins at periodic intervals and pipetted into 0.1 ml of a 
solution containing 0.1% heparin. Afterwards the samples 
were diluted immediately with digitonin/maleinimid (each 
0.01%) and stored at + 4°. Subsequent determination of 
glucose was performed by using the hexokinase method 
[25]. Another blood sample was deproteinized with tri- 
chloroacetic acid [1, 7]. After neutralization, free glycerol 
was converted to a-glycerophosphate by incubating the 
samples with glycerokinase (Boehringer, Mannhein) and 
ATP (Boehringer, Mannheim). The determination of 
radiochemically pure '“C-glucose required its careful sep- 
aration from all radioactive metabolites. This task was 
accomplished by employing a mixed-bed ion-exchange 
resin, namely amberlite MB 3 [26], which was purchased 
from Serva, Heidelberg. Measurements of the resin eluates 
confirmed that there was no loss in glucose content during 
mixed-bed resin procedure. Radioactivity was determined 
by liquid scintillation counting. 

In order to ascertain a complete elimination of '*C-glu- 
cose metabolites, the samples were examined by thin-layer 
chromatography and scanned prior to and following puri- 
fication. In none of the cases could any metabolite of '*C- 
glucose be detected after purification. Taking blood glucose 
values on one hand and specific radioactivity on the other, 
the rates of glucose appearance (R.) and of glucose dis- 
appearance (Ra) were calculated [5]. 

When the blood sugar levels are changing, 


fe cas (Bo — B;) log ig/t, 
“~~ At (log Bo/B,) 





and Ra = (Bo — B:) + Ra, where Bo is the initial glucose 
concentration, B, is the glucose concentration at time ¢, 
and io and i; are the initial and final specific activities [5]. 

The equation applied [5] was based upon administration 
of a single tracer dose under non-steady-state conditions 
[27]. The linear time-dependent decline of specific radio- 
activity of glucose logarithmically plotted was ascertained 
in each experiment and constituted a prerequisite for the 
application of this equation. The validity of the bolus 
method in comparison to the infusion technique was con- 
firmed [28, 29]. 


255. 255-315 315. -375._ [min] 


+E Controls 
wt HB4I9 20ug/kg po 
HB419 200ug/kg po 


vs control 


vs control 
vs D 860 


p< 01 

p< 00! 

p< 0,001 

p < 0,000! :: 


Fig. 2. Longterm effect of HB 419 (20 and 200 wg/kg p.o.) on glucose appearance (R.) and glucose 
disappearance (Ru), and R.-Rz in the blood of fasting rabbits. 


mg glucose 
100 ml x hr’ 


Number of animals n = 20 (0.2 mg/kg), 14 (0.2 mg/kg). 
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Table 1. Effect of oral antidiabetics on glucose kinetics in the blood of fasting rabbits* 





Number 
of 
animals 





Control 22 


D860 50 mg/kg 


p.o. 


500 mg/kg 
p.o. 


50 mg/kg 
p.o. 


0.02 mg/kg 
p.o. 


0.2 mg/kg 
p.o. 


HB 180 0.5 mg/kg 


p.o. 


Pi< 
Pa< 0.2 


0.002 
0.1 


0.005 





* Rates of glucose appearance (R,) and of glucose disappearance (R,) in the blood sugar 
lowering phase (15-75 min) and in a subsequent period (75-150 min). 


__ mg glucose 
~ 100 ml x hr 


Pi: t-test vs control. P2: t-test vs D 860 group (50 mg/kg). sz: standard deviation. 


+ Calculated from 75-135 min. 


For the purpose of studying the recycling phenomenon, 
2--H-Glucose (Amersham TRK 361) was employed in sep- 
arate trials. Identical methods for sample preparing were 
applied, with the exception that a two fold lyophilization 
was necessary to eliminate all tritium water. 

The experiments were performed over a period of 150 
min and the results are expressed as rates of glucose 
appearance (R.) and glucose disappearance (Ra). Following 
the administration of insulin, after the initial hypoglycemic 
phase, the blood glucose levels start to rise again after 75 
min. After the administration of oral antidiabetics, the 
blood sugar remains at the low level. The rates were there- 
fore calculated for two separate intervals, namely the blood 
glucose lowering phase (15-75 min) and the counter regu- 
lation phase (75-150 min). 

Subcutaneous administration of 16, 8 or 6 wg/kg insulin 
induced a Ra stimulation in the first phase; however, with 
4 pg/kg this effect could not be observed (Fig. 1). The 
second phase (75-150 min) was characterized by a slow rise 
of blood sugar levels deriving from both increase of Ra and 
decrease of Ry, rates. The results of experiments with 
equipotent oral doses [19] of the four oral antidiabetics 
reflecting the blood glucose lowering action are shown in 
Table 1. 

Following the application of D 860 (50mg/kg) or HB699 
(50mg/kg) within the first phase (15-75min), only a 


decrease of Ra is observed. With the highly active com- 
pounds HB 419 (0.2mg/kg) or HB 180 (0.5mg/kg), an 
additional stimulation of Ra can be recognized. 

In the second phase (75-150 min) of the experiment, all 
four oral preparations caused a persistence of decreased 
glucose entry rates. For HB 419 and HB 180, however, the 
rates of glucose removal had returned to normal in the 
second phase. 

A reduced dose of HB 419 (0.2 mg/kg) does not influence 
Ra at all, which is in contrast to the larger dose of 0.2 mg/kg 
HB 419 (Table 1). On the other hand, by raising the amount 
of D 860 to 500 mg/kg, an increase of Ru becomes evident 
(Table 1). The long-term experiments lasting over a period 
of 6 hr revealed that HB 419 is a typical example of a two- 
phase action. Administration of 0.2 mg/kg of this antidi- 
abetic agent caused an increase in glucose disappearance 
during phase I. But inhibition of glucose appearance could 
be observed over the entire 6 hr period with HB 419 (Fig. 2) 
as well as with D860. 

In order to avoid our results being impaired by partial 
recycling [31] of '*C-glucose metabolites, the experiments 
were repeated by using 2-°H-glucose [32], since in this case 
recycling is not possible. It could be demonstrated that all 
the effects observed with U-'*C-glucose are in agreement 
with the results obtained with 2-"H-glucose. 

The findings of our studies in which the effects of exogen- 
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ous administered insulin were compared with those of the 
endogenous released hormone are in accordance with pre- 
viously published results [1, 2, 5-9, 19, 20}. A decline of 
blood glucose levels following the administration of oral 
antidiabetics in standard doses is caused mainly by inhi- 
bition of liver glucose output, while blood glucose decrease 
by exogenous insulin (8 g/kg) is due to inhibition of glucose 
output as well as to stimulation of glucose uptake. The 
experiments with various doses or oral antidiabetics 
emphasize that smaller doses (0.02 mg/kg HB419 or 
50 mg/kg D 860) only cause an Rz inhibition, while larger 
doses (0.2 mg/kg HB 419 or 500 mg/kg D 860) additionally 
cause a stimulation of Ra (Table 1). Therefore, peripheral 
effects of endogenous insulin can only be accomplished if 
the secreted insulin exceeds a certain amount, high enough 
to pass the liver. 

This explanation is in agreement with experiments [33] 
which have shown a significant rise of insulin in the portal 
vein as early as 10 min after HB 419 administration, while 
a rise in peripheral insulin can only be observed after 45 
min. In addition, there is no difference in peripheral 
immunoreactive insulin after administration of equipotent 
doses of HB 419 or D 860 [34]. The above concept is sup- 
ported by similar dose-dependent effects of exogenous 
insulin on Ra (Fig. 1). These results are of clinical relevance, 
since S6nksen [2] reported similar findings in connection 
‘ with the infusion of varying doses of insulin in man. 

Following the administration of exogenous insulin, the 
hypoglycemic phase (15-75 min) is characterized by inhi- 
bition of Ra and stimulation of Ra. During the subsequent 
rise in blood sugar levels (75-150 min), a reversal of the 
previously observed glucose turnover rates can be recog- 
nized [7]. This is a good example for the coordinated 
antagonism in liver carbohydrate metabolism in regard to 
relative excess or deficiency of insulin [35]. 

The stimulation of Ra by insulin or oral antidiabetics 
ends after the blood glucose lowering phase (15-75 min). 
In regard to inhibition of Ra, the actions of oral antidiabetics 
are characterized by a long-term inhibition of liver glucose 
output, while exogenous insulin has only a short-time effect. 
This long-term inhibition may be explained by long-term 
insulin release. Other possibilities may be either the 
amplification of insulin action upon the liver, or influence 
on counter-regulatory hormones [36,37], or a long-term 
release of the drug from a pool [38]. 

In summary, it can be stated that low doses of exogen- 
ously administered insulin as well as endogenously released 
insulin by low doses of oral antidiabetics result in a decrease 
of blood glucose levels due to inhibition of glucose appear- 
ance. In contrast to this, treatment with large doses of 
insulin or oral antidiabetics not only inhibit glucose entry 
into the circulating blood but they also cause enhancement 
of glucose removal from the blood. 

rhe results of experiments performed over a prolonged 
period of time show that the rather long lasting phase of 
blood glucose decrease after HB 419 or D 860 is mainly 
caused by inhibition of glucose appearance. 


Acknowledgements—We are grateful to Dr. H. Grétsch 
and Martina Schafer for glucose determinations. We also 
thank Regine Lohfink and Gerhard Deltau for excellent 
technical assistance 


H. D. SUMM 
H. P. NEUBAUER 
H. H. SCHONI 


Hoechst Aktiengesellschaft, 
6230 Frankfurt am Main 80, 
rE: G 


REFERENCES 


1. R. Steele, Ann. N. Y. Acad. Sci. 82, 420 (1959). 
2. P.M. Brown,C. V 
mn / 1239 (1978). 


Ay 


a 
P.M uel, E. R. Love and O. E. Pratt, J. Physiol. 


1075 


fompkins, S. Juuland P. H. Sénksen, 


4. R. C. de Bodo, R. Steele, N. Altszuler, A. Dunn, D. 
T. Armstrong and J. S. Bishop, Metabolism 8, 520 
(1959). 

. D. F. Dunn, B. Friedmann, A. R. Maass, G. A. Rei- 
chard and S. Weinhouse, J. biol. Chem. 225, 225 
(1957). 

». G. A. Reichard, A. G. Jacobs, P. Kimbel, N. J. Hoch- 
ella and S. Weinhouse, Diabetes 9, 447 (1960). 

. R. C. de Bodo, N. Altszuler, A. Dunn, R. Steele, D. 
T. Armstrong and J. S. Bishop, Ann. N. Y. Acad. Sci. 

82, 431 (1959). 

. L..L. Madison, Archs. int. Med. 123, 284 (1969). 

. S. Weinhouse, B. Friedmann and G. A. Reichard, 
Diabetes 12, 1 (1963). 

. G. Weber, Israel J. med. Sci. 8, 325 (1972). 

. J. Radziuk and M. Vranic, Fedn. Proc. 36, 236 (1977). 

. W. C. Stadie, Physiol. Rev. 34, 52 (1954). 

.R. Levine and M. S. Goldstein, Recent Progress Hor- 
mone Res. 11, 343 (1955). 

4. J. Ashmore, G. F. Cahill, A. S. Earle, Ann. N. Y. 
Acad. Sci. 71, 131 (1957). 

. G. A. Reichard, A. G. Jacobs, B. Friedmann, Ph. R. 
Kimbel, N. J. Hochella and S. Weinhouse, Metabolism 
8, 486 (1959). 

. G. Jacobs, G. Reichard, E. H. Goodman, B. Fried- 
mann and S. Weinhouse, Diabetes 7, 358 (1958). 

. P. Purnell, Y. Arai, E. Pratt, C. Hlad and H. Elrick, 
Metabolism 5, 778 (1956). 

. §. A. Berson and R. S. Yalow, Diabetes 6, 274 (1957). 

. J. Ashmore, G. F. Cahill, A. S. Earle and S. Zottu, 
Diabetes 7, 1 (1958). 

. F. Tarding and P. Schambye, Endokrinologie 36, 222 
(1958). 

. J. R. Leonards, B. R. Landau, J. W. Craig, F. I. R. 
Martin, M. Miller and F. M. Barry, Metabolism 10, 
290 (1961). 

.T. F. Shelley, T. F. Frawley and E. J. Margulies, 
Metabolism 10, 275 (1961). 


15. K. Geisen, M. Hiibner, V. Hitzel, V. E. Hrstka, W. 


Pfaff, E. Bories, G. Regitz, H. F. Kiihnle, F. H. 
Schmidt and R. Weyer, Arzneimittelforsch. 28, 1081 
(1978). 

. R. Weyer, W. Aumiiller, V. Hitzel and F. H. Schmidt, 
Deutsche Patentschrift 2238870/7.8.72. 

. H. Stork and F. H. Schmidt, Klin. Wschr. 46, Heft 14, 
789 (1968). 

. H. D. Séling, W. Willms, J. Kleineke and M. Gehlhoff, 
Eur. J. Biochem. 16, 289 (1970). 

. R. A. Shipley and R. E. Clark, Tracer Methods for In 
Vivo Kinetics. Theory and Application, p. 164. Aca- 
demic Press, New York (1972) 

. G. Hetenyi, A. M. Rappaport and G. A. Wrenshall, 
Can. J. Biochem. Physiol. 39, 225 (1961) 

. G. A. Wrenshall, G. Hetenyi and C. H. Best, Can. J. 
Biochem. Physiol. 39, 267 (1961). 

. A. Bander, W. Pfaff, F. H. Schmidt, H. Stork and H. 
G. Schroder, Arzneimittelforsch. 19, 1363 (1969). 

. D. S. Kronfeld, Fedn. Proc. 36, 259 (1977). 

. J. Katz and A. Dunn, Biochemistry 6, 1 (1967). 

. S. Raptis, H. Leoprecht, C. Zonpas, W. Beischer, J. 
Rosenthal, V. Hrstka and F. H. Schmidt, Diabetologia 
13, 426 (1977); Abstract No. 265. 

. K. Schoffling, E. Haupt, W. Koberich and J. Beyer, 
Klin. Wschr. 51, 68 (1973). 

. J. B. Fritz, in Insulin Action (Ed. J. B. Fritz), p. 571. 
Academic Press, New York (1972). 

. C. Y. Hsu, G. Brooker, M. J. Peach and T. C. Estfall, 
Science 187, 1086 (1975). 

. G. M. Grodsky, G. H. Epstein, R. Fansker and J. H. 
Karam, Fedn. Proc. 36, 2714 (1977). 

s. W. Heptner, A. Zermatten, H. M. Kellner, O. Christ 
and J. P. Felber, Diabetologia 13, 339 (1977). 





Biochemical Pharmacology, Vol. 29, pp. 1445-1449. 
Pergamon Press Ltd. 1980. Printed in Great Britain. 


COMMENTARY 


INTERACTIONS BETWEEN ETHANOL AND OTHER 
HEPATOTOXIC AGENTS 


O. STRUBELT 


Institut fiir Toxikologie, Medizinische Hochschule Liibeck, Ratzeburger Allee 160, D-2400 Liibeck, 
F.R.G. 


In 1921, Hall detected the efficacy of carbon tetra- 
chloride (CCl4) in expelling hookworms from dogs 
[1]. In the following years, over a million humans 
with hookworm infestation were treated successfully 
with this drug [2]. Shortly after the introduction of 
CCl, as an anthelmintic, cases of poisoning with 
emesis, jaundice and other signs of liver damage 
occurred, and it soon became evident that CCl; was 
extremely toxic both for chronic alcohol addicts and 
for those who drank alcohol immediately before or 
after treatment with carbon tetrachloride [2-4]. 
Lamson et al. in 1923 [5] and Gardner et al. in 1925 
[6] showed that simultaneous administration of 
ethanol with CCl, to dogs markedly increased CCl.- 
induced liver damage and death rate. This was the 
beginning of the experimental research on the inter- 
relationship between ethanol and other hepatotoxic 
agents. 

The ability of ethanol to potentiate the hepato- 
toxicity of CCl, was confirmed by several investi- 
gators in dogs, rabbits, rats and mice [7-17]. Up till 
now no paper was published in which this effect of 
ethanol could not be verified. 


Ethanol dosage 


In most of these investigations, ethanol was given 
prior to or together with CCl, in a single dose or in 
multiple doses ranging between 3.2 and 8 g/kg. These 
doses are higher than those commonly reached in 
human ethanol consumption. However, on account 
of a slower absorption and a faster elimination, blood 
ethanol levels reached in experimental animals after 
such doses are much smaller than those observed in 
humans. For example, in rats a single oral dose of 
6.4 g/kg of ethanol produces maximal blood alcohol 
levels of 2.1 mg/ml [18], and in mice a dose of 4.8 g/kg 
ethanol results in maximal blood ethanol levels of 
1.94 mg/ml [17]. These values are quite within the 
range of blood ethanol levels reported in man during 
drinking sprees. 

In subacute experiments on rats, already a one- 
week exposure to 5% ethanol instead of drinking 
water potentiated CCl, hepatotoxicity [15]. The 
caloric gain from ethanol amounted to only 11.4% 
of total caloric intake of these rats. Thus already the 
moderate amounts of ethanol commonly used by 
many people may increase the hepatotoxicity of 
CCl. 


Other hepatotoxins 


Ethanol pretreatment also enhances the hepato- 
toxicity of chloroform [19, 20], trichloroethane [16], 
trichloroethylene [9], thioacetamide  [14, 17], 
dimethylnitrosamine [14], paracetamo! [17, 21], 
aflatoxin B; [22] and chlorpromazin [21]. In mice, 
ethanol pretreatment increased the hepatotoxic 
effects of allyl alcohol only partially [17], whereas 
in the isolated perfused rat liver ethanol even pre- 
vented ally! alcohol-induced lesions [23]. Galacto- 
samine-induced hepatotoxicity in guinea pigs was 
strengthened only moderately by pretreatment with 
ethanol [17]. Ethanol did not influence the hepato- 
toxicity of bromobenzene, phalloidin and praseo- 
dymium, whereas the hepatotoxic actions of a-aman- 
itin were attenuated after ethanol pretreatment [17]. 
Ethanol thus does not produce a general hypersen- 
sitivity of the liver to toxic injury but induces a 
specific susceptibility to only a few toxic substances. 


Other alcohols 


Several aliphatic alcohols exert a potentiating 
effect on the hepatotoxicity of CCl; similar to that 
of ethanol [10,24]. Methanol, 2-propanol (isopro- 
panol), 2-butanol and 2-methylpropanol (isobu- 
tanol) are even more active potentiators than ethanol 
[10, 24]. In a series of alcohols administered on an 
equimolar basis, secondary and tertiary butyl 
alcohols were much more effective than normal and 
isobutyl alcohol [10]. The high activity of the sec- 
ondary alcohols can be attributed, at least partially, 
to the formation of their ketone metabolites, since 
acetone and 2-butanone (oxidation products of iso- 
propanol and 2-butanol, respectively) exaggerate the 
hepatotoxic effects of CCls and other halogenated 
hydrocarbons [25-27]. Furthermore, pyrazol, by 
producing a decrease in the rate of acetone forma- 
tion, diminishes the enhanced hepatotoxic response 
of CCl, to isopropanol [25]. In this respect, isopro- 
panol and 2-butanol unequivocally differ from 
ethanol since acetaldehyde does not display the 
ability to potentiate CCl, hepatotoxicity and pyrazol 
does not decrease but enhances ethanol-induced 
potentiation of CCl, hepatotoxicity [25]. 

Recently, these experimental results were realized 
in man when employees of a drug company that 
packaged isopropanol were accidentally exposed to 
CCl, [28]. The levels of acetone in samples of expired 
air, and the signs of CCl, intoxication, were most 
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severe in those employees who worked on the iso- 
propyl alcohol line. Surely, exposure to isopropanol 
had exaggerated the toxic response to CCl, in this 
industrial outbreak. 


Mechanism(s) of action 

The early investigators presumed that ethanol 
enhances the toxicity of CCl; by enhancing its intes- 
tinal absorption [2]. However, ethanol potentiated 
CCl.-induced hepatotoxicity also when CCl: was 
applied by inhalation [9, 10] and also in the absence 
of ethanol at the time of CCl; treatment [13, 14]. 
These experimental conditions rule out an influence 
of ethanol on CCl, absorption. 

Potentiation of CCl; hepatotoxicity did not occur 
when ethanol was given only two hours before 
exposure to CCI, [9]. A peak potentiating response 
was found when the alcohol pretreatment preceded 
the CCl, challenge by 18 hours [24]. The existence 
of this latent period led to the suggestion that ethanol 
metabolism might be involved in the potentiation of 
CCl, hepatotoxicity [25]. Inhibition of ethanol 
metabolism by treatment with pyrazol, however, did 
not decrease but enhanced ethanol-induced poten- 
tiation of CCl, hepatotoxicity [25]. Furthermore, 
acetaldehyde, the main metabolite of ethanol, was 
ineffective in changing the hepatotoxic response to 
CCl, [14, 25]. Thus the potentiating effect of ethanol 
on CCl, hepatotoxicity is associated with non- 
metabolized ethanol. 


Microsomal mixed-function oxidase system 


Most of the hepatotoxic agents that are potentiated 
by ethanol are known to be metabolized in the liver 
to toxic metabolites, i.e. CCl: [29], trichloroethylene 


[30], chloroform [31,32], thioacetamide [33], 
dimethylnitrosamine [34], aflatoxin [35] and para- 
cetamol [36]. Phalloidin, a-amanitin, praseodymium 
and galactosamin, on the other hand, are not subject 
to metabolic activation and their hepatotoxic effects 
were not or only moderately influenced by ethanol 
pretreatment [17]. These results support the hypoth- 
esis that an induction, or activation, of the hepatic 
microsomal drug-metabolizing system is responsible 
for the ethanol-induced potentiation of hepatotoxic- 
ity. In fact, acute or chronic ethanol administration 
produces an enhanced activity of this system in vivo 
[37-41] and in vitro [38,40,42-44]. Moreover, 
ethanol pretreatment was shown to enhance the in 
vitro covalent binding of '“CCl, and its metabolites 
to liver microsomal protein [13, 14], to accelerate 
the in vitro biotransformation of “CCls to “CO: [13] 
and to increase the in vivo binding of “CCl, to liver 
protein and lipid [14]. Thus an increased activation 
of CCl; to its toxic carbon trichloro free radical by 
liver microsomes seems to be induced by ethanol 
and to cause the enhanced CCl, hepatotoxicity. 
The hypothesis is contradicted by the failure of 
ethanol to produce a clear-cut increment of 
bromobenzene hepatotoxicity [14,17] since bro- 
mobenzene is also activated metabolically to form 
an epoxide [45]. The microsomal drug metabolizing 
system, however, is very heterogeneous, its relative 
activities varying with drug pretreatment [46]. To 
explain the specific pattern of ethanol-induced 
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enzyme activation, the existence of a new species of 
cytochrome P-450 has been postulated [47, 48]. Pos- 
sibly, this cytochrome P-450 may have a low affinity 
to an aromatic substance, thus explaining the failure 
of ethanoi to enhance the hepatotoxicity of bromo- 
benzene. 


Liver glutathione 


Many xenobiotics are detoxified by conjugation 
with glutathione (GSH) which is the first step in the 
formation of mercapturic acid conjugates [49]. 
Depletion of hepatic glutathione resulting from 
treatment with maleate or fasting increases the 
hepatotoxicity of paracetamol, 2,2-dichloroethylene, 
CCl,, allyl alcohol and bromobenzene [50-52]. Some 
reduction of hepatic glutathione also occurs in acute 
ethanol intoxication [53,54] and could lead to a 
slower detoxification and a higher activity of hepato- 
toxic agents. In another investigation, however, no 
decrease of liver GSH concentrations was found after 
ethanol treatment, though there was a clear-cut 
increase of the hepatotoxic response to CCl and 
paracetamol [17]. Furthermore, thioacetamide- 
induced hepatotoxicity is not enhanced by hepatic 
glutathione depletion [52] but strongly aggravated 
by ethanol pretreatment [17]. A depletion of hepatic 
glutathione thus is not a presupposition of ethanol- 
induced enhancement of hepatotoxicity, though it 
may be implicated in the increased response to some 
of the hepatotoxic agents. 


Lipid peroxidation 

The peroxidation of polyunsaturated lipids in bio- 
logical membranes is considered to be of basic 
importance for the liver injury induced by CCl; and 
other chlorinated hydrocarbons [29, 55]. It is a mat- 
ter of debate until now, however, whether lipid 
peroxidation is also involved in the liver damage due 
to ethanol [55-60]. Lipid peroxidation’ after com- 
bined treatment with ethanol and CCl; was first 
investigated in 1975 by Maling et al. [14]. Ethanol 
pretreatment did not augment CCl.-induced diene 
conjugation of microsomal lipids, though there was 
a trend towards higher values. On the other hand, 
combined treatment with ethanol and pyrazol, or 
treatment with isopropanol alone, exaggerated the 
peroxidative response to CCl, [14]. Lindstrom and 
Anders [61] came to a comparable result using ethane 
expiration of intact rats as an index of lipid perox- 
idation: treatment with ethanol did not influence, 
but isopropanol transiently increased, CCl.-induced 
ethane production. A third group of investigators 
[58] found bromotrichloromethane to promote 
malondialdehyde production in hepatocytes from 
ethanol-drinking rats in a much higher degree than 
in cells from control animals. 

Taken together, these results neither prove nor 
disprove the hypothesis that ethanol stimulates lipid 
peroxidation and by this way increases the hepato- 
toxic response to CCl; and to other hepatotoxic 
agents. It would be interesting to know, in this con- 
nection, whether inhibition of peroxidation by treat- 
ment with antioxidants can counteract ethanol in its 
potency to increase liver injury. 





Interactions between ethanol and other hepatotoxic agents 


Hepatic hypermetabolism 


Livers of rats treated with ethanol exhibit a higher 
rate of oxygen consumption than livers from control 
rats [62-66]. This hypermetabolic state is the conse- 
quence of an increased utilization of ATP by the 
ouabain-sensitive Na*,Ka*-activated ATPase [63] 
and was suggested to increase the sensitivity of the 
liver to hypoxia, thereby explaining the development 
of ethanol-induced hepatic injury [67]. In fact, rats 
pretreated with ethanol and exposed to reduced 
oxygen tension developed histological and biochemi- 
cal evidence of hepatocellular necrosis, whereas con- 
trol animals (also exposed to hypoxia, but not pre- 
treated with ethanol) showed no such lesions [67]. 

Hypermetabolism and hypoxia may also be 
involved in the ethanol-induced increase of hepato- 
toxic injury. So it was shown that thyroid function 
is important for the production of toxic liver damage: 
hyperthyroidism increases but hypothyroidism 
reduces the susceptibility of the liver to CCl, [68- 
70]. Thyroxine also increases the susceptibility of 
rats to chloroform poisoning [71]. 

These results may be explained by differences in 
the hepatic oxygenation as caused by the calorigenic 
action of the thyroid hormones. This hypothesis is 
supported by the fact that hypothermia, like hypo- 
thyroidism, reduces hepatic oxygen consumption and 
also affords protection against CCl.-induced hepatic 
damage [72]. Furthermore, hypoxemia induced by 
exposing rats to an atmosphere of 6% oxygen 
strongly aggravates the hepatotoxic response to CCl, 
[73], and hypoxemia due to carbon monoxide expo- 
sition or methemoglobinemia enhanced CCl, hepato- 
toxicity too [74-77]. 

The mechanism by which hypoxia enhances 
hepatotoxic injury remains unclear. One explanation 
is an indirect effect via depletion of adrenal hor- 
mones since adrenaline and noradrenaline also are 
able to enhance CCl, hepatotoxicity [78, 79]. This 
view is strengthened by the fact that potentiation of 
CCl, hepatotoxicity by carbon monoxide is depen- 
dent on the presence of the adrenal glands [74]. 
Hypoxia, on the other hand, may also enhance the 
metabolic activation of CCl; since the formation of 
chloroform from CCls proceeds much faster in 
anaerobic suspensions of liver microsomes than in 
suspensions ventilated with oxygen [80]. 

Two experimental results, however, contradict the 
hypothesis that hypoxia is responsible for the inter- 
relation between ethanol and other hepatotoxic 
agents. First, direct investigations of the hepatic 
oxygenation by hepatic vein catheterization have 
shown that intravenous ethanol administration does 
not produce a decrease but rather results in an 
increase in hepatic vein oxygen tension, and, fur- 
thermore, that alcoholic liver injury can develop 
despite unimpaired hepatic oxygenation [81]. Sec- 
ond, thioacetamide-induced hepatotoxicity _ is 
strongly enhanced by pretreatment with ethanol 
[14, 17] but diminished by exposure to an hypoxic 
atmosphere [73]. 


Influence of previous liver injury on the hepatotoxic 
effects of ethanol 


There is surprisingly little information about the 
metabolic or structural effects of ethanol on the 
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previously diseased liver [82]. On account of clinical 
observations it has been said that ethanol is harmful 
to patients with viral hepatitis [83,84]. Other 
authors, however, did not find a relationship between 
drinking habits and the appearance of post-hepatic 
liver damage in patients with virus hepatitis [85]. 
Furthermore, patients with active hepatocellular 
injury (mostly hepatitis and cirrhosis) displayed no 
signs of liver injury following intravenous adminis- 
tration of ethanol [86]. The dose of ethanol, how- 
ever, was small in these experiments (0.5 ml/kg). 

In guinea-pigs pretreated with CCls, on the other 
hand, a single load of ethanol caused greater incre- 
ments of serum enzyme activities than in control 
animals [87]. The smallest dose of alcohol active in 
this respect was 1.2 g/kg p.o. Administration of p- 
galactosamine, but not that of allyl alcohol, also 
enhanced the hepatotoxic response to ethanol [87]. 
These experimental results confirm the early clinical 
observations that ethanol is more toxic for a diseased 
than for a healthy liver. Thus a mutual exacerbation 
of hepatotoxicity may be responsible for the hepatic 
damage occurring after combined treatment with 
ethanol and other hepatotoxic agents. 


Conclusions 


The mechanisms which are responsible for the 
interactions between ethanol and other hepatotoxic 
agents are not fully elucidated and deserve further 
investigation. The existence of these interactions, 
however, is certain. But what are the consequences 
for man? Ethanol, of course, is the hepatotoxic agent 
with the highest practical importance today. Due to 
the basic work of Lieber and his colleagues, it is now 
well established that ethanol exerts liver toxicity 
directly and not indirectly by dietetic imbalance [88]. 
A linear relationship exists between the incidence 
of cirrhosis in an alcoholic population and the intake 
of ethanol [89,90]. The existence of considerable 
variations in individual susceptibility to ethanol- 
induced liver damage, however, is familiar to every 
physician [91]. These variations can be attributed to 
genetic and dietary factors, but may also be due to 
interactions with other hepatotoxic agents. The 
incidence of hepatotoxicity from therapeutic drugs 
and other xenobiotics is frequent and may be exag- 
gerated by drinking. Thus doses of ethanol and of 
hepatotoxic agents that by themselves do not suffice 
to produce hepatotoxicity could become dangerous 
for the liver. This the more, as alcoholism often is 
accompanied by drug abuse. Interactions with other 
hepatotoxic agents thus should be evaluated as a 
possible additional factor in ethanol-induced liver 
damage. 
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Abstract—Chronic, oral EOS* administration resulted in a marked inhibition of rat whole-brain GABA- 
T activity and a significant increase in brain GABA concentrations. The maximum degree of GABA- 
T inhibition attained was 83 per cent, when GABA levels were 200 per cent of control values. A fixed 
dose of EOS produced a steady fall in GABA-T activity over the first 7 days of administration, when 
enzyme activity appeared to stabilize at 20-25 per cent of control values. Concurrently, GABA levels 
rose to a steady maximum value of approximately 240 per cent of control values. These changes were 
accompanied by significant reductions in whole-brain GAD activity. Chronic EOS also produced small 
but significant increases in brain content of alanine and taurine. No behavioural changes were seen 


following chronic EOS administration. 


An enhancement of GABA neurotransmission has 
been suggested as a promising strategy in the search 
for an effective therapy for several pathological 
states; for example, Huntington’s chorea [1], epi- 
lepsy [2] and schizophrenia [3]. 

Brain GABA concentrations can be increased by 
inhibiting GABA-T, the enzyme primarily respon- 
sible for GABA catabolism. It is therefore reason- 
able to propose that a suitable GABA-T inhibitor 
could form the basis of a therapy for diseases in 
which a brain GABA deficiency is implicated. 
Indeed, an encouraging result has been achieved 
using isoniazid (a non-specific GABA-T inhibitor 
[4]) which was found to produce a limited clinical 
improvement in patients suffering from Huntington’s 
chorea [5]. 

EOS is an enzyme-activated inhibitor of GABA- 
T, acting specifically and irreversibly [6]. It has been 
used widely to raise brain GABA levels in experi- 
mental animals (for example, see refs. 7-9); the 
route of administration being directly into the brain 
or cerebrospinal fluid on the assumption that it can- 
not penetrate the blood-brain barrier. However, 
Leach and Walker [10] have shown that a high sub- 
cutaneous dose of EOS in mice inhibits brain GABA- 
T and raises GABA concentrations. This finding 
encouraged us to investigate the primary neuro- 
chemical effects of chronic oral administration of 
EOS. The results of some of this work have been 
reported in preliminary form [11]. 


MATERIALS AND METHODS 


Ethanolamine O-sulphate. EOS was obtained as 
2-aminoethylsulphuric acid from Koch-Light Lab- 
oratories, Colnbrook, Bucks., U.K. An aqueous 





* Abbreviations used: GABA, y-aminobutyric acid; 
GABA-T, 4-aminobutyrate: 2-oxoglutarate aminotrans- 
ferase (EC 2.6.1.19); EOS, ethanolamine O-sulphate; 
GAD, L-glutamate decarboxylase (EC 4.1.1.15). 


solution of this compound is acidic owing to the 
presence of free sulphate ions. Sulphate was precip- 
itated by the addition of barium hydroxide until the 
solution became alkaline and the precipitate 
removed by centrifugation. CO, was bubbled 


through the supernatant (by adding solid CO,) until 
the pH approached neutrality and the precipitated 
barium carbonate was removed by centrifugation. 
The supernatant was passed through a column of 


Dowex 50 ion-exchange resin (column dimensions 
20 x 1 cm; H* form) in order to remove any barium 
ions. The column eluate was concentrated by rotary 
evaporation and absolute ethanol added to precip- 
itate the EOS as tiny, pure-white crystals. The pre- 
cipitate was washed twice with ether and dried. 
The infra-red spectrum of this material was found 
to be identical to that of an authenticated sample of 
EOS, the purity of which had been established by 
elemental analysis and NMR spectroscopy. 
Animals. Female Wistar rats weighing 150-300g 
and housed 4 or 5 to a cage were used in all neu- 
rochemical experiments. The rats were supplied with 
either normal drinking water (controls) or a dilute 
solution of EOS in distilled water. The liquid con- 
sumption of each cage of rats was measured daily. 
In an initial experiment the effect of various con- 
centrations of EOS on brain GABA metabolism was 
assessed after 12 days of drug administration. A 
second experiment investigated the time-course of 
the neurochemical changes produced by a fixed dose 
(5 mg/ml) of EOS. Finally, in order to evaluate the 
specificity of chronic EOS administration, whole 
brain concentrations of 7 amino acids were measured 
in rats given 5 mg/ml EOS for 21 days. 
Biochemical determinations. Amino acid levels 
and the activities of GABA-T and GAD were 
assayed in homogenates of whole brain. Rats were 
stunned by a blow to the head, decapitated, and the 
brain homogenized in 20 ml of ice-cold distilled water 
within 40 sec of death. GABA-T activity was meas- 
ured by the method of Salvador and Albers [12], and 
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Fig. 1. Activities of GAD (O--O), GABA-T (@— @) and GABA levels (+ --- +) in whole brain 

following 12 days administration of various concentrations of EOS dissolved in the drinking water. All 

values are means + S.E.M. (N = 4) expressed as a percentage of control. All changes with respect to 

controls are significant (P < 0.05, Student’s t-test), except GABA at the lowest EOS dose and GAD 
at the lower two doses. Control values are given in Table 1. 


GAD activity by the fluorimetric method of Lowe 
et ai. [13]. Amino acids were assayed by the micro- 
dansylation procedure of Briel and Neuhoff [14] 
using '“C-amino acid internal standards as described 
by Snodgrass and Iversen [15]. 

Animal behaviour. In order to detect any general 
behavioural effects of chronic EOS administration, 
animals were tested on an automated holeboard [9]. 
Using a system of infra-red beams and detectors, 
this apparatus records the general locomotor activity 
and exploratory behaviour of individual rats over a 
10 min test period. The number and duration of head 
dips into holes cut into the floor of the apparatus 
were used as an index of exploratory activity. Male 
hooded Lister rats weighing 450-500 g were used in 
this experiment. Nine rats given EOS 9 mg/ml for 
21 days were tested against a group of 9 control rats. 
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RESULTS 


Chronic oral administration of EOS to rats was 
found to inhibit brain GABA-T and raise GABA 
levels. The effects of various concentrations of EOS, 
administered in the drinking water for 12 days, are 
illustrated in Fig. 1. GABA-T was significantly 
inhibited by all doses of EOS; the highest dose 
reducing the enzyme activity to 17 per cent of control. 
Brain GABA concentration was increased by all 
doses of EOS; the increase produced by the lowest 
dose being non-significant. GABA levels were 
increased to 200 per cent of control at the two highest 
doses. 

The activity of GAD was found to be lower in the 
brains of EOS-treated animals than in controls. The 
effect of the two lowest doses was non-significant. 
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Fig. 2. Brain GAD (O--O), GABA-T (@ — @) and GABA (+ --- +) after various periods of EOS 

(5 mg/ml) administration. Values are means +S.E.M. (N = 5) expressed as a percentage of control. All 

changes with respect to controls are significant (P < 0.05. Student’s t-test), except GAD at the first time 
point. 





y-Aminobutyric acid metabolism in rat brain 


Table 1. The effect of chronic oral EOS administration on 
whole-brain GAD, GABA-T and levels of amino acids* 





EOS-treated 
(N = 10) 


Controls 
(N =9) 





0.80 + 0.047 
3.71 + 0.17 
3.23 + 0.204 
7.66 + 0.22 
3.58 + 0.28 
1.09 + 0.04 
4.54 + 0.107 


0.70 + 0.02 
3.55 + 0.18 
2.20 + 0.10 
7.14 + 0.22 
4.09 + 0.19 
1.06 + 0.05 


Alanine 
Aspartate 
GABA 
Glutamate 
Glutamine 
Glycine 
Taurine 
GAD 
GABA-T 





* Amino acid concentrations are expressed as uwmoles/g 
wet wt and enzyme activity as wmoles/g wet wt/hr. All 
values are means + S.E.M. 

+ P< 0.05, Student’s f-test. 

+ P< 0.005, Student’s f-test. 


At the highest dose of EOS, GAD activity was 64 
per cent of control. 

‘The time course of the neurochemical changes 
produced by 5 mg/ml EOS is shown in Fig. 2. At all 
the time points investigated, the effects on GABA- 
T activity and GABA levels were significant. After 
30 days, GABA-T activity was reduced to 22 per 
cent of control and GABA levels raised to 240 per 
cent of control values. As in the first experiment, 
GAD activity was found to be reduced in the brains 
of the EOS-tested animals. This effect was significant 
only after at least 7 days of EOS administration, 
with GAD activity being reduced to 67 per cent of 
control at 30 days. 

The results presented in Table 1 show the effect 
of chronic oral EOS treatment on the brain concen- 
trations of 7 amino acids and on GAD and GABA- 
T activities. As expected, GABA-T was inhibited 
and GABA levels correspondingly increased. How- 
ever, EOS also produced increases in both alanine 
and taurine levels, although these increases (14 and 
7 per cent, respectively) were small compared with 
the rise in GABA levels (47 per cent). GAD activity 
was significantly reduced to 78 per cent of control 
values. 

Animal behaviour. The effects of the various doses 
of EOS on the mean daily water consumption of 
each cage of rats are shown in Table 2. The corre- 


Table 2. The effect of EOS on daily water consumption 





EOS concentration 
in drinking water 


(mg/ml) 


Daily water 
consumption 
per rat (ml)* 


Mean daily dose 
of EOS per rat 
(mg/kg) 





0 23.4 — 
0.75 21.0 93 
1.50 a3 182 
3.00 21.5 368 
6.00 17.9 612 
10.00 13.0 741 





* These values are derived from the daily water con- 
sumption of each cage of 4 rats. 
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Table 3. Holeboard behaviour of hooded Lister rats after 
chronic EOS administration* 





Duration+ Dipst Activity§ 





Controls 23.3755 


125.5 + 17.5 Pt eh 
EOS-treated = 


22.4 
136.6 + 39.8 23.9 


> 
5.6 257.4 + 26.7 





* Values are means + S.E.M. (N = 9). 

+ Duration is the time spent (sec) head dipping over the 
10 min test period. 

+ Dips are the total number of head dips in 10 min. 

§ Activity is in arbitrary counts recorded automatically. 


sponding approximate doses per kg body wt are also 
shown. Only the highest dose of EOS appeared to 
seriously affect water intake. 

Observation of the rats in their cages and actual 
handling of the animals revealed no obvious behav- 
ioural differences between controls and any of the 
EOS-treated animals. These initial observations 
were confirmed by the results of the holeboard 
experiment, which are shown in Table 3. There was 
no significant difference in either exploratory behav- 
iour or general locomotor activity between controls 
and drug-treated animals. 


DISCUSSION 


Chronic administration of EOS by the oral route 
was found to be an effective method of producing 
marked elevation of rat whole brain GABA content. 
Despite the polar nature of the EOS molecule, it 
appears to penetrate the blood-brain barrier suffic- 
iently to inhibit brain GABA-T and raise GABA 
levels. Even at the relatively low doses of 0.75 and 
1.50 mg/ml (equivalent to approximately 90 and 
180 mg/kg/day, respectively), brain GABA-T was 
significantly inhibited and GABA levels raised after 
12 days administration. The form of the curve of 
GABA-T inhibition against time shows that the 
activity of the enzyme decreases quite rapidly over 
the first few days of administration of a fixed dose 
of EOS, but thereafter stabilizes to a value approx- 
imately 20-25 per cent of control. This stable mini- 
mum value may reflect a balance between the rate 
of inhibition of GABA-T by EOS and the rate of 
synthesis of new enzyme. As one might expect, the 
increase in brain GABA content follows a similar 
time-course to the inhibition of GABA-T, reaching 
a maximum value of approximately 240 per cent of 
control. These changes in GABA levels were 
accompanied by significant reductions in whole brain 
GAD activity. This phenomenon has also been 
observed after chronic [16] and acute [17] treatment 
of rats with y-vinyl GABA, another specific and 
irreversible inhibitor of GABA-T. High concentra- 
tions of both EOS [6] and y-viny! GABA [18] have 
been shown not to affect GAD activity in vitro, 
suggesting that the observed in vivo effects on GAD 
do not represent a direct inhibition of the enzyme 
by these drugs. An alternative explanation is that a 
high brain GABA concentration can feed back to 
inhibit either the activity of existing enzyme or to 
inhibit the synthesis of new enzyme (or both). This 
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feedback could be mediated by GABA itself or by 
a GABA metabolite. Some degree of GAD inhi- 
bition may therefore be an inevitable consequence 
of chronically elevating brain GABA concentrations. 

In addition to its effect on GABA, chronic EOS 
administration was also found to produce sraall, but 
significant, rises in brain alanine and taurine content. 
These changes may represent direct, non-specific 
actions of EOS, although this possibility is made 
unlikely by the lack of evidence for direct effects of 
EOS on any brain enzyme other than GABA-T. 
Alternatively, the chronic blockade of GABA catab- 
olism may invoke compensatory adaptations in brain 
amino acid metabolism. The observed changes in 
GAD activity and in alanine and taurine levels may 
represent such adaptations. 

Chronic EOS administration was found not to 
produce any changes in general behaviour of the 
animals. High, acute doses of GABA-T inhibitors 
produce a characteristic syndrome [19], the major 
symptoms of which are behavioural depression, 
ataxia, hunched posture, piloerection and 
hypothermia. It is possible that these behavioural 
effects are not expressed until whole brain GABA 
levels are increased to values in excess of those 
attained by our chronic EOS treatment. However, 
we have found that although chronic EOS admin- 
istration alone produces no obvious behavioural 
changes, it can markedly potentiate the CNS effects 
of drugs such as pentobarbitone and halothane (A. 
Fletcher and L. J. Fowler, unpublished 
observations). 

In conclusion, we have shown chronic oral admin- 
istration of EOS to be a convenient method of sig- 
nificantly increasing whole brain GABA levels in 
experimental animals without producing changes in 
general behaviour. It is therefore reasonable to pro- 
pose that EOS could be tested in clinical situations 
where less specific GABA-T inhibitors have already 
been employed. 
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EFFECT OF BARBITURATES ON THE CALCIUM- 
INDUCED LOSS OF RESPIRATORY CONTROL IN BEEF 
HEART MITOCHONDRIA* 


HIROCHIKA KoMAI,+t DOUGLAS R. HUNTER, ROBERT A. HAWorRTHi and HERBERT A. 
BERKOFF* 


+ Department of Surgery and ¢ Institute for Enzyme Research, University of Wisconsin, Madison, 
WI 53706, U.S.A. 


(Received 12 October 1979; accepted 6 December 1979) 


Abstract—The addition of barbiturates (pentobarbital, Amytal, thiopental or thiamylal) to beef heart 
mitochondria that accumulated Ca** resulted in the loss of respiratory control. The effect of barbiturates 
was dependent on Ca** uptake, as the respiratory control was not lost when barbiturates were added 
after Sr?* uptake. Barbiturates potentiated the calcium-induced configurational change of mitochondria 
(aggregated to orthodox) as determined by light-scattering measurements. These results indicate that 
barbiturates potentiate the calcium-induced membrane transition, which involves a calcium specific 
induction of non-specific permeability of the mitochondrial inner membrane to small molecules and 
ions [D.R. Hunter, R. A. Haworth and J. H. Southard, J. biol. Chem. 251, 5069 (1976)]. 


The effects of barbiturates on the functions of mito- 
chondria have been studied by a number of inves- 
‘ tigators. Aldridge and Parker [1] showed that both 
oxy- and thiobarbiturates inhibit respiration while 
only thiobarbiturates uncouple oxidative phos- 
phorylation. Chance and Hollunger [2] demon- 
strated that Amytal and thiopental, respectively, 
induced increased reduction and oxidation of pyri- 
dine nucleotides. More recently, Weiss et al. [3] 
showed Amytal- or pentobarbital-induced reduction 
of pyridine nucleotides in perfused rat heart. Little 
is known, however, about the effects of barbiturates 
on the uptake and release of Ca** by mitochondria. 
In preliminary experiments, we found that barbitu- 
rates are not specific inhibitors of Ca** uptake as 
determined by their effect on calcium-stimulated 
respiration of beef heart mitochondria. On the other 
hand, we noted that respiratory control was lost 
when a barbiturate was added to mitochondria that 
accumulated Ca**. The characterization of this 
phenomenon is the subject of this communication. 


MATERIALS AND METHODS 


Heavy beef heart mitochondria were isolated 
according to the method of Hatefi and Lester [4]. 
As isolated, over 90 per cent of the heavy beef heart 
mitochondria are in the aggregated configuration 
[5]. Respiration was measured polarographically 
using a Beckman oxygen analyzer at 30°. The basal 
reaction mixture (4 ml) contained 250 mM sucrose; 





* A preliminary account of this paper was reported at 
the Biophysical Society Twenty-second Annual Meeting, 
27-29 March, 1978, Washington, D.C., U.S.A. 


§ mCICCP: carbonylcyanide m-chlorophenylhydrazone. 


10mM_ Tris-HCl (pH 7.4), 2.5u4M_ rotenone; 
12.5mM succinate and 1.25 mg of mitochondrial 
protein per ml. With fourteen preparations of heavy 
beef heart mitochondria, the rates of respiration in 
the presence and in the absence of an uncoupler (1 
uM mCICCP)§ were, respectively, 0.34 + 0.04 and 
0.08 + 0.01 watoms[O]/min-mg (respiratory control 
ratio, 4.4 + 0.5). Protein concentration was deter- 
mined by the biuret method [6]. Light scattering of 
a mitochondrial suspension was measured as 
described by Hunter and Haworth [7]. The measure- 
ment of calcium-induced permeability of the mito- 
chondrial inner membrane (calcium-induced tran- 
sition) under non-energized conditions was carried 
out as described elsewhere [8]. The method involves 
the measurement of the rate of shrinkage of hypo- 
tonically swollen mitochondria by polyethylene gly- 
col (mol. wt 1500), the rate of shrinkage being 
dependent on the permeability of the inner mem- 
brane to low molecular weight solutes trapped in the 
matrix space (see Ref. 8 for detail). Pentobarbital 
(sodium salt) and thiopental (sodium salt) were 
obtained from Abbott Laboratories, North Chicago, 
IL, and Amytal (amobarbital, sodium salt) and thia- 
mylal (sodium salt) were obtained from Eli Lilly, 
Indianapolis, IN, and Parke-Davis, Detroit, MI, 
respectively. 


RESULTS AND DISCUSSION 


The addition of Ca?* to an aerobic suspension of 
mitochondria in the presence of a substrate results 
in the stimulation of respiration concomitant with 
the uptake of Ca’* [9]. The rate of respiration slows 
down (respiratory control) as the uptake of Ca** 
declines. When a barbiturate was added at this point, 
the rate of respiration gradually increased, and with 
sufficiently high concentrations of barbiturates 
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Fig. 1. Effect of Amytal on the calcium-induced loss or respiratory control. Mitochondria were incubated 

with succinate in the presence of rotenone. In trace a, the arrow indicates the addition of CaCl, (250 uM), 

and in traces b-d, the first arrow indicates the addition of CaCl, (250 uM) and the second, the addition 

of Amytal at the following concentrations: (b) 0.5 mM; (c) 1 mM; and (d) 2 mM. In trace e, the arrow 
indicates the addition of mCICCP (1 uM). 


reached a maximum rate comparable to that 
obtained in the presence of an uncoupler. Figure 1 
shows the effect of Amytal on the time course of 
respiration after the Ca** uptake. The characteristic 
effect of Amytal was seen more clearly when the 
rates of respiration were plotted against time (Fig. 
2). Similar results were obtained with other barbitu- 
rates; an effect comparable to 2mM Amytal was 
obtained with 2 mM pentobarbital*, 0.25 mM thio- 
pental or 0.25 mM thiamylal. The effect of barbitu- 
rates was specific for Ca** , as the respiratory control 
was not lost when a barbiturate was added to mito- 
chondria after Sr°* uptake. A concentration (4 mM) 
of pentobarbital twice as high as that which showed 
a maximum effect after Ca** uptake did not induce 
the loss of respiratory control after Sr’* uptake (Fig. 
3). Similar results were obtained when Amytal, thia- 
mylal, or thiopental was used instead of 
pentobarbital. 

The time-dependent loss of respiratory control 
after Ca** uptake and the inability of Sr’* to replace 
Ca** strongly suggest that the  barbitu- 
rates potentiated the calcium-induced membrane 
transition reported by Hunter et al. [5]. An 
alternative possibility is that the loss of respiratory 
control was due to specific Ca** cycling as in the case 
of the release of respiratory control caused by the 
addition of the divalent cation ionophore A23187 
[10]. In this case, respiratory control should be 
restored by inhibiting Ca** uptake with ruthenium 
red or lanthanum [11, 12]. If the loss of respiratory 
control is due to the calcium-induced transition, ruth- 
enium red or lanthanum should not restore respir- 
atory control. As can be seen in Fig. 4, a concen- 
tration of ruthenium red which was sufficient to 
inhibit Ca** uptake completely when added prior to 





* Pentobarbital was supplied as a solution (0.2 M) in 
40% propylene glycol plus 10% ethanol. In a control 
experiment, up to 0.8% propylene glycol plus 0.2% ethanol 
(concentrations that were attained when 4mM pentobar- 
bital was added) had no effect on the calcium-induced loss 
of respiratory control. 
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Fig. 2. Effect of Amytal on the time course of the increase 
in the rate of respiration after Ca’* uptake. The plots were 
obtained from the slopes of the traces in Fig. 1. Curves a’— 
d’ correspond to the traces a—d in Fig. 1, and ¢ = 0 in Fig. 
2 corresponds to the time of Amytal addition or, in the 
case of the curve a’, 45sec after the Ca** addition. 


Ca** addition was not effective in preventing or 
reversing the loss of respiratory control when added 
after Ca** uptake had taken place. 

It has been shown by Hunter and Haworth [7] that 
light-scattering changes of a mitochondrial suspen- 
sion accurately reflect the aggregated-to-orthodox 
configurational change. Figure 5 shows that the 
addition of pentobarbital (2 mM) resulted in a 3-fold 
increase in the rate of the light-scattering change of 
a mitochondrial suspension following Ca** uptake. 
Similar results were obtained with the other bar- 
biturates used in this study. The plasma concentra- 
tion of pentobarbital can be as high as 0.3 mM when 
the drug is used to limit the deleterious effect of 
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Fig. 3. Inability of Sr’* to replace Ca**. The concentration of Ca2* and Sr°* was 250 uM. 
Pento = pentobarbital (4 mM). 
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Fig. 4. Effect of ruthenium red on the calcium-induced loss of respiratory control. Key: Ca, CaCl, 
(250 uM); RR, ruthenium red (5 uM); and Pento, pentobarbital (2 mM). 
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Fig. 5. Effect of pentobarbital on calcium-induced light- 
scattering change. The reaction mixture (3 ml) contained 
250mM sucrose, 10mM Tris-HCl (pH 7.4), 3.3 uM 
rotenone, 1.67 mM succinate and 0.5 mg of mitochondrial 
protein per ml. The concentrations of mitochondria and 
Ca** lower than those used in the respiration assay were 
used to allow an accurate determination of the rate of light- 
scattering changes. At t= 0, CaCl, (50 uM) was added, 
and after 3.5 min (arrow) pentobarbital (2 mM) was added 
to one of the two cuvettes while the other served as the 
control. 


cerebral ischemia [13]. For a myocardial depressant 
effect, Dresel et al. [14] showed that the concentra- 
tion of pentobarbital required for half-maximal 
inhibition of isometric contraction of cat papillary 
muscle was about 0.2 mM, while from the data of 
Weiss et al. [3] it can be seen that about 1mM 
pentobarbital or Amytal was required for the half- 
maximal inhibition of left ventricular pressure or 
heart rate of perfused rat heart. Thus the concen- 
trations of barbiturates shown in this study to poten- 
tiate the calcium-induced transition are within an 
order of magnitude of the concentrations in experi- 
ments with intact myocardium. It is important to 
note that, with oxybarbiturates, the loss of respir- 
atory control was observed only after accumulation 
of Ca?* by mitochondria. In the absence of Ca** 
accumulation, the effect of oxybarbiturates is the 
inhibition of respiration and, consequently, the 
reduction of pyridine nucleotides [2, 3]. The poten- 
tiation of the calcium-induced transition by barbitu- 
rates described in this paper is likely to occur in vivo 
under pathological conditions when there is an 
abnormal accumulation of Ca?* by mitochondria. 
Four mechanisms are known to protect mitochon- 
dria from the calcium-induced transition; these are 
NADH, Mg’*, ADP and energization [7]. Since a 
number of thiobarbiturates uncouple oxidative phos- 
phorylation [1], and thiopental is known to cause 
oxidation of pyridine nucleotides [2], it seems likely 
that thiobarbiturates potentiate the calcium-induced 
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transition by interfering with protection by NADH 
and energization. On the other hand, the potentia- 
tion of the calcium-induced transition by oxybarbi- 
turates could not involve the removal of protection 
by NADH or by energization, since oxybarbiturates 
have little uncoupling action [1] and cause reduction 
of pyridine nucleotides [2, 3]. In fact, the results in 
Fig. 6 show that 2mM Ampyftal potentiated the cal- 
cium-induced transition by increasing the affinity of 
binding site(s) for Ca** even under non-energized 
conditions. Barbiturates are anionic compounds with 
a hydrophobic moiety, and they are ‘anesthetics’ in 
the broad sense of the term [15]. A characteristic of 
anesthetics is interaction with biological membranes, 
which modifies their structure and functions, and 
certain neutral anesthetics are known to enhance 
Ca** binding to nerve [16] and red cell [17] mem- 
brane. It appears very likely that barbiturates 
enhance Ca** binding to the mitochondrial inner 
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Fig. 6. Potentiation of calcium-induced permeability 
increase by Amytal under the non-energized condition. 
The transition was induced in heavy beef heart mitochon- 
dria under hypotonic conditions by incubation in the pres- 
ence of 1mM arsenate, as described earlier [8]. Three 
milligrams of such treated mitochondria were suspended 
in 2.7 ml of medium which was 5 mM in K*-morpholino- 
propanesulfonic acid (K*-MOPS), 25 mM in K*-cacodyl- 
ate, and 50mM in KCl, pH 6.8, at 30°. The suspension 
was mixed after the addition of 2.5 ug A23187 and varying 
concentrations of CaCl,, and 2mM Amytal. The identical 
reaction mixture with no Amytal served as the control. The 
pH was readjusted to 6.8 with cacodylic acid, and the 
calcium-induced increase in the permeability of the inner 
membrane was measured from the rate of shrinkage of 
mitochondria caused by the addition of 3.5% polyethylene 
glycol (mol. wt 1500). The rate of shrinkage was estimated 
from the rate of change in the light-scattering signal, as 
described previously [8]. 


H. Komat et al. 


membrane and potentiate the calcium-induced tran- 
sition by virtue of their effects on membrane struc- 
ture. In this regard, it should be noted that Grist 
and Baum [12] reported that a neutral anesthetic, 
halothane, potentiated calcium-induced loss of res- 
piratory control in rat liver mitochondria. 

Finally, since calcium-induced changes in perme- 
ability are not limited to mitochondria but are known 
to occur also in red blood cells [18], nerve [19-21] 
and cardiac plasma membrane [22], it is possible that 
barbiturates may affect the calcium-induced perme- 
ability changes in biological membranes other than 
mitochondria. In this respect, the present study may 
be regarded as a study of the effect of barbiturates 
on mitochondria as a model biological membrane 
which can be readily isolated in large quantity. 
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Abstract—The adenosine analogs tubercidin (7-deazaadenosine), formycin (7-amino-3-[8-D-ribofura- 
nosyl]pyrazolo[4,3-d]pyrimidine) and 8-azaadenosine were examined for their effects on the synthesis 
and methylation of nuclear RNA in L1210 cells in vitro. Total RNA and DNA synthesis was affected 
to the greatest extent by tubercidin (1Cso = 7 x 10~°M) and to an insignificant degree by 8-azaadenosine 
and formycin; however, the effects of the latter two drugs, but not of tubercidin, were potentiated by 
2'-deoxycoformycin, an inhibitor of adenosine deaminase. In the presence of 2’-deoxycoformycin, RNA 
synthesis was inhibited by 40 per cent at 1 x 10°* M 8-azaadenosine and by 50 per cent at 
2 x 10°*M formycin, while DNA synthesis was inhibited less extensively. Alkaline hydrolysis of nuclear 
RNA labeled with ['*C]uridine and L-[methyl-* H]methionine showed preferential inhibition of base 
methylation in mononuclectides, but not of 2’-O-methylation in dinucleotides, for all three drugs. This 
differential effect persisted to varying degrees in >18S and 4S nuclear RNA separated by electrophoresis. 
The reduction in base methylation in 4S RNA was associated with seven of the eight methylated 
nucleosides in 4S RNA separated by two-dimensional thin-layer chromatography. These results indicate 
that tubercidin, 8-azaadenosine and formycin can preferentially inhibit the base methylation of nuclear 


RNA relative to its synthesis. 


The antitumor activities of several adenosine ana- 
logs, such as 8-azaadenosine and formycin, are 
potentiated to varying degrees by the adenosine 
deaminase inhibitor, dCF* [1]. The synergism 
observed with these therapeutic combinations arises 
from blockade of the catabolism of 8-azaadenosine 
and formycin via adenosine deaminase [1-3]. In con- 
trast, the pyrrolopyrimidine analog, tubercidin, does 
not serve as a substrate for adenosine deaminase 
[2-4], and hence its toxicity is not altered by dCF 
[1]. 

The modes of action of tubercidin and formycin 
are believed to be associated with their anabolism 
to the nucleoside 5’-triphosphate [5,6], and their 
subsequent incorporation into RNA [7, 8]. Both ana- 
logs impair the processing, but not the transcription, 
of 45S precursor rRNA to 28S and 18S rRNA [9, 10], 
while formycin preferentially inhibits the synthesis 
of cytoplasmic 4S and 5S RNA [10]. These results 
suggest that processes associated with the processing 
of RNA, such as methylation, may be involved, in 
part, in their mechanism of action. In this regard, 





* Abbreviations used are: nRNA, nuclear RNA; SDS, 
sodium dodecylsulfate; TCA, trichloroacetic acid; 
formycin, 7-amino-3-[6-D-ribofuranosyl|pyrazolo[4,3-d} 
pyrimidine; dCF. 2’-deoxycoformycin|(R)-3-(2-deoxy-p- 
D- ~erythropentotarancey!)- a, 6, 7; 8 tetrahydroimidazo 
[5, 4-d] [1,3]diazepin-8- -ol], m'A, 1-methyladenosine; m = 
3-methylcytidine; mC, 5- -methylcytidine; m'G, 
Imethylguanosine; =m °G, sol >-methylguanosine; m°G, 
N?,N? -dimethylguanosine; m’G, 7-methylguanosine; m°U, 
5-methyluridine; ICs), median inhibitory concentration; and 
SAH, S-adenosylhomocysteine. 


tubercidin, but not formycin, inhibited guanine and 
uracil tRNA methyltransferases in Escherichia coli 
[11]. 

The present study was designed to investigate the 
effects of tubercidin, formycin and 8-azaadenosine 
on the synthesis and methylation of nRNA, and the 
influence of dCF on their specificities of action. 


MATERIALS AND METHODS 


Materials. Tubercidin, 8-azaadenosine, formycin 
and dCF were obtained from the Drug Synthesis and 
Chemistry Branch, National Cancer Institute. [5-*H 
methyl|Thymidine  (20Ci/mmole), — L-[methyl- 
‘H]methionine (80 Ci/mmole), and [U-'C]uridine 
(464 mCi/mmole) were purchased from the New 
England Nuclear Corp., Boston, MA. m'A, mC, 
m°C, m'G, m’?G, m3G, m’G and m°U were obtained 
from P-L Biochemicals, Milwaukee, WI. 

Animals. L1210 cells were inoculated, i.p., into 
BALB/c X DBA/2 F; mice at an inoculum of 10° 
cells/0.1 ml Hanks’ balanced salt solution. Cells were 
harvested 6 days after inoculation and were further 
diluted with incubation medium. 

Incubations. Incubations of L1210 cells were car- 
ried out at 37° in a shaking water bath at 100 r.p.m. 
and consisted of: (1) 25ml of L-methionine-free 
RPMI 1630 medium, 5X10’ cells, 200 mCi 
[‘H]methionine  (80Ci/mmole) and 5yuCi 
['*C]uridine (464 mCi/mmole) or (2) 5 ml of RPMI 
1630 medium, 1 x 10.7 cells, 1 uCi ['*C]uridine 
(464mCi/mmole) and SpCi_ [*H]thymidine 
(20 Ci/mmole). Cells were preincubated with dCF 
for 15 min before further incubation for 30 min with 
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either tubercidin, 8-azaadenosine or formycin. The 
period of labeling was | hr. 

Total RNA and DNA synthesis. Incorporation of 
['*C]uridine and [*H]thymidine into total RNA and 
DNA, respectively, was measured as described pre- 
viously [12]. 

RNA extraction. After incubation, cells were cen- 
trifuged at 400 g for 20 min and washed once with 
incubation medium. Nuclei were prepared as 
described previously [12], except that cells were 
swelled in 10 mM magnesium acetate (pH 5.1). This 
change in swelling medium was found to markedly 
arrest the activity of intracellular RNase,and thereby 
minimize hydrolysis of nRNA before extraction. 
nRNA was extracted from nuclei by vortexing vig- 
orousiy for 2 min with 3 ml of 0.1% SDS:0.14M 
NaCl: 0.025 M sodium acetate (pH 5.1) and 3 ml of 
phenol mixture [phenol-m-cresol-water (7:2:2), 
v/v] containing 0.1% 8-hydroxyquinoline. The emul- 
sion was clarified by centrifugation at 12,000 g for 
10 min, and the upper aqueous phase was removed 
and precipitated with 3 vol. of 2% potassium acetate 
in 95% ethanol at —20° overnight. 

Electrophoresis. nRNA was resolved by electro- 
phoresis in cylindrical polyacrylamide _ gels 
(0.4 x 7cm) containing: 8% (w/v) acrylamide, 
0.32% (w/v) diallyltartardiamide, 6M urea, 0.1% 
(w/v) SDS, 0.2% (w/v) ammonium persulfate, 0.04% 
(v/v) N,N,N'N'-tetramethylenediamine, 0.4 M Tris— 
acetic acid (pH 7.2), 0.02M sodium acetate and 
0.002 M EDTA. RNA samples containing one A 
unit were mixed with sample buffer to give a final 
concentration of: 0.04 M Tris—acetic acid (pH 7.2), 
0.02M sodium acetate, 0.002M EDTA, 0.02% 
bromphenol blue and 20% (w/v) sucrose (RNase- 
free)..-Gels were electrophoresed at 4 mA/gel at 4°. 
Gels were sectioned into 2 mm slices, dissolved in 
2% (w/v) periodic acid at 37° for 15 min, mixed with 
10 m! Aquasol (New England Nuclear Corp.) and 
counted in a Searle Mark III liquid scintillation spec- 
trometer. Gels were stained with 2% methylene blue 
dissulved in 15% acetic acid for 1 hr and destained 
by diffusion in 15% acetic acid. 

Thin-layer chromatography. 4S RNA was isolated 
by polyacrylamide gel electrophoresis. 4S RNA was 
sliced from the appropriate section of the gel and 
sectioned into 2 mm slices. RNA was extracted from 
four gel slices with 1 ml of RNA extraction buffer 
(0.1% SDS:0.014 M NaCl:0.025 M sodium acetate, 
pH 5.1) and continuous vortexing at room temper- 
ature for 1 hr. The gel was removed by centrifugation 
at 16,000 g for 2 min in an Eppendorf centrifuge, 
and the RNA was precipitated at —20° for 2 hr. 
Enzymatic digestion was carried out for 18 hr at 37° 
in 20 wl of 0.05 M Tris-HCI (pH 8.0):5mM MgCl 
containing: 6 ug RNase A, 5 yg calf intestine alkaline 
phosphatase (1000 units/mg) and 10 wg snake venom 
phosphodiesterase. Samples were freeze dried and 
reconstituted with 20 ul of a standard mixture con- 
taining the eight methylated nucleosides at a con- 
centration of 0.4 mg/ml. An aliquot of 5 wl was spot- 
ted ‘on 0.25mm_ silica gel plates containing 
fluorescent indicator (EM Laboratories, Elmsford, 
NY), and the eight methylated nucleosides were 
separated by two-dimensional thin-layer chroma- 
tography with acetonitrile-concentrated NHsOH 
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(4:1, v/v) for the first dimension and acetonitrile— 
2N HCOOH (10:1, v/v) for the second dimension 
[13]. 


RESULTS 


Initial experiments were designed to assess the 
specificity of the effects of tubercidin, 8-azaadeno- 
sine and formycin on total RNA and DNA synthesis 
in the presence and absence of 1 x 10°°M dCF 
(Fig. 1). Only tubercidin demonstrated a marked 
inhibitory effect on both macromolecules in the 
absence of the adenosine deaminase inhibitor where 
the ICs) was approximately 7 x 10~° M (Fig. 1, panel 
A). In contrast, both 8-azaadenosine and formycin 
were dependent on the blockade of adenosine 
deaminase for the expression of their inhibitory 
effects (Fig. 1, panels B and C). In the presence of 
dCF, 1x 10°M and 1 x 10°*M 8-azaadenosine 
inhibited RNA synthesis by 40 per cent and DNA 
synthesis by only 10-15 percent. Similarly, 1 x 10-*M 





A. Tubercidin 


) RNA Synthesis 
RNA Synthesis + dCF 
ONA Synthesis 
DNA Synthesis + dCF 


| 





B. 8-Azaadenosine 





% OF CONTROL 


1 





C. Formycin 
@ 





ig 


20 fF 











4 i 1 l 1 
10° 10° 104 10° 
CONCENTRATION (M) 


Fig. 1. Dose-response of RNA and DNA synthesis by 
tubercidin, 8-azaadenosine and formycin. L1210 cells 
(1 x 10’ cells/flask) were preincubated with (@, ) or with- 
out (O, 0) 1 x 10° © M dCF, and incubated for 30 min with 
tubercidin (A), 8-azaadenosine (B) or formycin (C). Cells 
were then double-labeled for 1hr with ['*C]uridine 
(O, @) and [H]thymidine (0, ™@) and TCA-precipitable 
radioactivity was determined as described under Materials 
and Methods. Each value is the mean of two to three 
determinations. 
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Table 1. DEAE Sephadex-urea chromatography of alkaline hydrolysates of nRNA from L1210 cells 
treated with tubercidin, 8-azaadenosine and formycin* 





RNA fraction (10° d.p.m.) 


os 








Treatment 


3H 4c 3H 4c 





Control 268 + 28 110+6 


186 + 19 


4.15+0.91 20.6+1.7 0.55+0.16 


% of control 


Tubercidin 
4x 10°°M 59 
4x10°°M 9 
dCF + 8-azaadenosine 
1x 10°°M 45 
1x10°*M 50 
dCF + formycin 
1x 10-*M 28 
1x 107M 14 


77 a 47 0 
14 8 0 


57 29 26 
61 2 35 0 


59 26 0 
32 14 0 





* Values for pooled controls (with and without dCF) represent the means +S.E. of four determinations. 
Values for incubations with the lower concentration of each drug represent the mean of two determinations, 
and at the higher concentration of each drug a single determination. L1210 cells. were incubated with 
tubercidin, dCF plus 8-azaadenosine, or dCF plus formycin followed by labeling with L-[methyl- 
3H]methionine and ['*C]uridine as described under Materials and Methods. The fractions —2, —3 and 
—5 denote the net charge of mono-, di- and tetranucleotides of alkaline hydrolysates of nRNA eluted 
by DEAE Sephadex chromatography depicted in Fig. 2. 


and 1 x 10°*M formycin inhibited RNA synthesis 
by 40-80 per cent, wherease DNA was reduced 30— 
40 per cent. dCF alone at a concentration of 
1 x 10-°M, which was used throughout all the 
experiments, did not affect RNA or DNA synthesis. 

To further examine the effects of these adenosine 
analogs on RNA, nRNA was double-labeled with 
L-[methyl-*H]methionine and ['*C]uridine, and the 
alkaline hydrolysates were chromatographed on 
DEAE Sephadex (Table 1, Fig. 2). The methylation 
of the mononucleotide fraction (—2 charge) rep- 
resenting base methylation was_ preferentially 


reduced by all three drugs vs ['*C]uridine incorpor- 
ation (Table 1). This differential effect was not 
evident in either the dinucleotide fraction (—3 
charge) representing 2’-O-methylation or in the 
tetranucleotide fraction (—5 charge) representing 5S'- 
cap structures. In addition, alkaline hydrolysates 
from cells treated with dCF plus formycin showed 
a methylated fraction representing 1.7 per cent of 
the total incorporated *H which eluted before the 
mononucleotide (—2) peak (Fig. 2, panel D). This 
fraction was not further characterized, but possibly 
represents m’G monophosphate from the 5’-cap 


Table 2. Effects of tubercidin, 8-azaadenosine and formycin on the methylation and synthesis of 
nRNA from L1210 cells* 





RNA fraction (% of control) 





Total 


>18S 





Treatment 





Tubercidin 
4x 10°°M 
4x10°°M 

dCF + 8-azaadenosine 
1x 10°°M 
1x 10°*M 

dCF + formycin 
1x 10°*M 
1x 10°°M 


5 
3 


5+4 
Z23 


- 
6 





* Values represent the means + S.E. of three to six determinations. L1210 cells were incubated 
with tubercidin, dCF plus 8-azaadenosine, or dCF plus formycin followed by iabeling with L-[methyl- 


3H]methionine and ['* 


Cluridine as described under Materials and Methods. Nuclear RNA was 


isolated and electrophoresed in 8% polyacrylamide-urea gels as depicted in Fig. 3. Radioactivity in 
>18S and 4S nRNA was calculated from the radioactivity present at the top of the gel and the 4S 


region, respectively. 
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Fig. 2. DEAE Sephadex-urea chromatography of alkaline hydrolysates of nRNA. L1210 cells (5 x 10’ 

cells/flask) were preincubated for 15 min with (C and D) or without (A and B) 1 x 10-°M dCF and 

incubated for 30 min with 4 x 10-°M tubercidin (B), 1 x 10°°M 8-azaadenosine (C) or 1 x 10°*M 

formycin (D). Cells were then double-labeled for 1 hr with 200 wCi L-[methyl-*H]methionine and 5 uCi 

[‘*C]uridine. The —2, —3, —4 and —5 markers represent the net charge of mono-, di-, tri- and 
tetranucleotides, respectively, eluted with the NaCl gradient. 


structure. dCF, when used as a single agent at 
1 x 10-° M(oratconcentrationsashighas 1 x 10* M), 
did not affect either the methylation or synthesis of 
nRNA. 

Since base methylation was preferentially reduced 
by tubercidin, dCF plus 8-azaadenosine, and dCF 
plus formycin, nRNA was fractionated by electro- 
phoresis in denaturing polyacrylamide gels to ascer- 
tain if this effect pertained specifically to 4S nRNA 
which contains several methylated bases (Fig. 3). At 
4 x 10-°M tubercidin (Fig. 3, panel B) or dCF plus 
1 x 10-° M8-azaadenosine (Fig. 3, panel C), methyl- 
ation of >18S nRNA (at the top of the gel) was 
inhibited to a greater extent than its synthesis, while 
no differential effect was noted for dCF plus 
1 x 10-*M formycin (Fig. 3, panel D). A different 
pattern of inhibition of 4S nRNA was noted for the 
three adenosine analogs; 4 x 10~° M tubercidin, and 


dCF plus 1x10~-*M formycin, preferentially 
reduced methylation vs ['C]uridine incorporation, 
while no differential effect was noted for dCF plus 
1 x 10-°M 8-azaadenosine. 

The preferential inhibition of methylation vs syn- 
thesis shown at the lowest concentration of drug 
tested was largely eliminated at a 10-fold higher 
concentration of each drug with the exception of the 
effect of the combination of dCF plus 8-azaadenosine 
on >18S nRNA (Table 2). 

Analysis of the methylated nucleosides in 4S 
nRNA by two-dimensional thin-layer chroma- 
tography revealed that the degree of methylation in 
m'A was relatively insensitive to the effects of the 
three drugs, while inhibition of methylation in m’G, 
m3G, m’G and m'G accounted for most of the 
effects of the agents on this species of RRNA (Table 
3). Methylation in m°C was reduced to a greater 
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Fig. 3. Polyacrylamide gel electrophoresis of nRNA. L1210 cells (5 x 10’ cells/flask) were treated as 
described in Fig. 2, and electrophoresed in denaturing 8% polyacrylamide-urea gels as described under 
Materials and Methods. 


Table 3. Effects of tubercidin, 8-azaadenosine and formycin on the composition of methylated 
nucleosides in 4S nRNA from L1210 cells* 





Methylated nucleoside (d.p.m.) 





Treatment m’G mC mC mG m3G m'G 





Control 630 4590 4290 2520 


% of control 


Tubercidin 

4x 10°°M 27 
dCF + 8-azaadenosine 

1x10°M 42 27 
dCF + formycin 

1x 10°*M 9 40 





* Each value is the mean of two determinations. 
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extent vs the other methylated nucleosides by dCF 
plus formycin, but not by tubercidin or dCF plus 8- 
azaadenosine (Table 3). 


DISCUSSION 


One of the unique activities recently found to be 
associated with some adenosine analogs is their 
ability to interfere with the methylation of nRNA. 
Cordycepin (3'-deoxyadenosine) and xylosyladenine 
are examples of such drugs, and preferentially inhibit 
2'-O-methylation of nRNA vs RNA synthesis in 
L1210 cells [14]. For the latter drug, this effect is 
associated with interference with the synthesis of S- 
adenosyl-L-methionine, and is potentiated by the 
adenosine deaminase inhibitor, dCF [15]. In the 
present study, two adenosine analogs which are 
potentiated by dCF, 8-azaadenosine and formycin, 
as well as tubercidin which is not a substrate for 
adenosine deaminase, also were shown to prefer- 
entially inhibit the methylation of nRNA vs RNA 
synthesis. In these instances, however, the impair- 
ment in methylation of nRNA was associated pri- 
marily with base methylation and not with 2’-O- 
methylation as in the case of cordycepin and xylo- 
syladenine [14]. The actions of tubercidin, 8-azaa- 
denosine and formycin were associated with both 
high molecular weight (>18S) and 4S nRNA, and 
in the latter species of RNA, impaired methylation 
occurred in seven of the eight methylated bases 
analyzed. Therefore, these investigations demon- 
strate that three adenosine analogs, which differ 
structurally in the imidazole moiety of adenine, are 
potent inhibitors of base methylation in nRNA. 
Whether this effect is associated with impaired pro- 
cessing of 45S precursor rRNA is not known; it is 
conceivable, however, that drastically reduced 2'-O- 
methylation at higher concentrations of these drugs 
could inhibit the processing of 45S precursor rRNA 
to 28S and 18S RNA as shown for tubercidin and 
formycin [9, 10]. 

The mechanism of action of adenosine analogs 
with regard to their inhibitory effects on the methyl- 
ation of nRNA is not known. Recently, several ana- 
logs of SAH, including 8-azaadenosyl-SAH, were 
found to inhibit (guanine-N*)-tRNA methyltransfer- 
ase [16]. Similarly, SAH analogs of tubercidin 
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inhibited (guanine-7-)-methyltransferase of Newcas- 
tle disease virions [17]. However, the present study 
is the first to show that tubercidin, 8-azaadenosine 
and formycin can affect the methylation of nRNA. 
Whether these analogs can act directly or must be 
anabolized to nucleotide or SAH metabolites 
remains to be determined. 
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Abstract—A method has been established for measuring beta- adrenergic receptors in membranes 
prepared from rat mesenteric arteries. The beta-adrenergic antagonist '** I-iodohydroxybenzy ‘Ipindolol 


was used as ligand in direct binding experiments. In the presence of 10 


*M phentolamine, 2 T-iodo- 


hydroxybenzylpindolol binding was saturable, stereospecific, rapid and reversible. The relative potencies 
of beta- -adrenergic agonists in displacing '**I- -iodohydroxybenzylpindolol correlated with their relative 
potencies in stimulating adenylate cyclase activity in artery homogenates. This method was used to 
measure beta-receptors in mesenteric arteries of rats made hypertensive by deoxycorticosterone-salt 
treatment. Arteries from rats with established hypertension contained a reduced concentration of beta- 
adrenergic receptors. This decrease was from 10.1 + 1.5 (S.E.M.) to 7.0 + 1.2 fmoles/mg protein. There 
was no change in affinity for 25] iodohydroxybenzylpindolol (0.10 + 0.02 nM). 


In established hypertension there is an increase in 
the total peripheral resistance [1-3]. Some of this 
increase in peripheral resistance is due to structural 
changes in the vessels [4] but a substantial portion 
is mediated by the sympathetic nervous system [5]. 


In the peripheral circulation a-adrenergic receptors 
are vasoconstrictor whereas B-adrenergic receptors 
are vasodilator. Hence hypertension and _ the 
increased total peripheral resistance may be brought 
about by an imbalance between a- and B-adrenergic 
activity. Altered sensitivity to adrenergic stimulation 
has been demonstrated to be due to changes in the 
concentration of a- and B-receptors in different 
physiological and pathological conditions. As an 
example, experimental thyrotoxicosis in rats is 
associated with increases in cardiac B-receptors and 
decreases in cardiac a-receptors [6,7]. In experi- 
mental hypertension, reduction in the numbers of 
both a- and B-receptors have been observed in 
myocardial membranes [8-10]. Since changes in 
adrenergic control in the smaller vessels may be 
important in regulating total peripheral resistance 
and thus in the development of hypertension, we 
have established methods for measuring B-adrener- 
gic receptors in membrane preparations from rat 
mesenteric arteries. Using this method, B-adrenergic 
receptors have been measured in artery membranes 
from doca-salt hypertensive and control rats. 


METHODS 


Doca-salt hypertension. Male Sprague-Dawley 
rats (70-90g) were unilaterally nephrectomized 
under ether anaesthesia. They were then injected 
weekly with 30 mg/kg of deoxycorticosterone piva- 
late (Percorten M, Ciba Geigy) and given 1% saline 
drinking water. Control animals were unilaterally 
nephrectomized and given saline drinking water. 


Blood pressures of conscious animals were measured 
by a tail plethysmographic method [11]. 

Beta-receptor characterization. Rats (200-300 g) 
were killed by cervical dislocation. Mesenteric arter- 
ies were removed by gently dissecting the vessels 
from the gut beginning at the duodenum, working 
progressively around the intestine and finally cutting 
the artery from the aorta. The tissue was placed in 
saline at 0°C. Fatty tissue and veins were removed 
by repeatedly combing the arteries with forceps. 
Microscopic examination showed that the material 
so prepared was largely arterial with little contam- 
ination from veins and adipose tissue. Arteries from 
4-5 rats were pooled, finely minced with scissors and 
homogenized in Svol. of buffer (S0mM sodium 
phosphate, pH 7.4, 4mM MgCl.) containing 0.25 M 
sucrose using a ‘Polytron’ homogenizer. Three 5 sec 
passes were used separated. by 30 sec chilling on ice. 
The homogenate was filtered through gauze and then 
centrifuged at 30,000 g for 15 min and the membrane 
pellet was washed twice with the above buffer. The 
membranes were finally resuspended in buffer at a 
final protein concentration of 1-2 mg/ml. Protein 
concentration was determined by the method of 
Lowry et al. [12] using bovine serum albumin as 
standard. 

Membranes (0.05 ml, 50-100 wg protein) were 
incubated with 'I-iodohydroxybenzylpindolol 
('*IHP) (Searle Nucleonics) (50-500 pM) in a final 
volume of 0.15 ml containing 50 mM sodium phos- 
phate pH 7.4, 4mM MgCh, and 10°-* M phentolam- 
ine. Incubation was carried out at 37° for 45 min and 
was terminated by filtration through Whatman glass 
fiber filters GF/C. The filters were washed with 25 ml 
of 20 mM sodium phosphate, 4mM MgCl pH 7.4, 
at 37°, dried and counted in a Packard autogamma 
scintillation counter. Specific binding was defined as 
binding displaceable by 10~°M propranolol. Under 
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the conditions used specific binding ranged from 40 
to 70 per cent of the total counts bound per filter. 
Adenylate cyclase measurement. Since the coupling 
of B-receptors to adenylate cyclase is very labile in 
membranes prepared from mesenteric arteries, hom- 
ogenization was reduced to two 3 sec passes with a 
‘Polytron’ homogenizer when adenylate cyclase 
activity was measured. The homogenate was filtered 
through gauze and used immediately. Adenylate 
cyclase was assayed by the method of Harden et al. 
using [7H] ATP [13]. All assay tubes contained 10° 
*M GTP. Separation of cAMP was achieved by the 
method of Krishna ef al. [14]. Recovery of cAMP 
was determined using absorbance measurements. 


RESULTS AND DISCUSSION 


Characterization of '~I-HYP binding to mem- 
branes prepared from rat mesenteric arteries. Specific 
binding of '~I-HYP to artery membranes had the 
characteristics expected of f-receptor binding as dis- 
cussed below. Binding sites exhibited satisfactory 
B-adrenergic specificity only when binding was car- 
ried out in the presence of 10~* M phentolamine (see 
below). Under these conditions '°I-HYP binding 
was saturable, and Scatchard analysis [15] produced 
a straight line indicating a single class of non-coop- 
erative binding sites (Fig. 1). The dissociation con- 
stant calculated from Scatchard analysis was 0.10 + 
0.02 nM and there were 10 + 1.5 fmoles of receptors 
per mg of protein in membranes prepared from 
unireated rats. 





fmol BOUND /mg PROTEIN 








04 06 
'25THYP [mM] 





Ss Kd =0-12nM 











T T T 


8 12 
'25THYP BOUND fmol/mg 


Fig. 1. (Upper panel) Binding of '*I-iodohydroxybenzyl- 
pindolol to mesenteric artery membranes. (Lower panel) 
Scatchard analysis of the binding data expressed as '*I- 
HYP bound (moles) over '*I-HYP free (moles/litre) 
against '°I-HYP bound (fmoles/mg protein). 
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Fig. 2. Kinetics of '*I-iodohydroxybenzylpindolol binding 
to mesenteric artery membranes. The binding reaction was 
initiated by adding membranes. Dissociation was initiated 
by adding pindolol as shown. Association and dissociation 
rate constants were calculated as described in the text. 


Binding was rapid, equilibrium being reached 
within 20-30 min at 37°. Binding was rapidly revers- 
ible, the half life of the dissociation being 22 min 
(Fig. 2). Association and dissociation rate constants 
were calculated from this data using the formulae 


ind ms =k. [L] + k-: (1) 
ty (association) 





In 2 
t, (dissociation) ’ 





k_,= (2) 


where k,.; and k-; are, respectively, the association 
and dissociation rate constants, [L] is the concen- 
tration of free '*I-HYP, t; in equation (1) is the time 
required to reach 3 equilibrium bound concentration, 
and % in equation (2) is the half life of the 
dissociation. 

Calculation of the Ka from k—./k+: thus measured, 
gave a value of 0.08 nM in good agreement with the 
value obtained by Scatchard analysis (Fig. 2). 

The affinities of B-adrenergic agonists for '~I-HYP 
binding sites were compared with their potencies in 
stimulating adenylate cyclase in mesenteric artery 
homogenates. Basal adenylate cyclase activity was 
4.6 + 0.5 pmoles/mg protein. Maximum stimulation 
produced by adrenergic agonists was 50 per cent 
above basal. The relative affinities of agonists meas- 
ured in competition binding studies were—isopren- 
aline > adrenaline > noradrenaline. Similar affini- 
ties for these compounds were calculated from their 
potencies in stimulating adenylate cyclase (Table 1). 
Because the maximum stimulation of adenylate 
cyclase was only 50 per cent, it was not possible to 
obtain reliable data for affinities of antagonist com- 
pounds by competition for adenylate cyclase acti- 
vation. The antagonist compounds pindolol and pro- 
pranolol competed for '*I-HYP binding with high 
affinity. The pharmacologically active stereoisomer 
L-propranolol was 50—100 times more potent in com- 
peting for binding than the inactive isomer p-pro- 
pranolol, demonstrating stereospecificity of binding. 

Requirement for phentolamine for detection of B- 
receptors on artery membranes. Large amounts of 
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Table 1. Affinity of adrenergic agonists and antagonists for 
mesenteric artery beta-receptors 





K, (>I-HYP 
binding) 
(nM) 


Ka, (adenylate 
cyclase)* 


Compound (nM) 





6 x 10-8 
6x 107” 
2x 107 
Sx 0 
2x10” 

>1077 


1.2 x 107’ 
2x 10~° 
10-5 


Isoprenaline 
Adrenaline 
Noradrenaline 
Pindolol 
L-propranolol 
D-propranolol 





* Kact Was Calculated as the concentration of drug pro- 
ducing 50% maximum stimulation of adenylate cyclase. 
+ K, was calculated using the formula 


| be 
(1 + [L}[K,])’ 

where Js9 is the concentration of drug causing 50 per cent 

displacement of '*I-HYP binding, [L] is the concentration 


of '*I-HYP and K, is the dissociation constant of '*I-HYP 
binding to mesenteric artery membranes. 


K, 


S1-HYP bound at sites in artery membranes which 
were not B-receptors and much of this ‘non-receptor’ 
binding was displaced by low concentrations of pro- 
pranolol (10°°M). ‘Specific’ '*I-HYP binding 
(defined as bound counts displaceable by 10°°M 
propranolol) did not have the characteristics of B- 
receptor binding unless phentolamine was present 
in the binding tubes. In the absence of phentolamine, 
binding was not stereospecific and f-adrenergic 
agonists had very low affinity for the binding sites. 
This propranolol displaceable, non-receptor binding 
was eliminated by carrying out binding assays in the 
presence of 10°-* M phentolamine. The displacement 
of bound I-HYP by isoprenaline in the presence 
and absence of 10°*M phentolamine is shown in 
Fig. 3. In the absence of phentolamine, isoprenaline 
had low affinity for '*I-HYP binding sites. But in 
the presence of phentolamine the affinity for iso- 
prenaline was high, consistent with f-receptor bind- 
ing. Similar requirement for phentolamine has been 
reported by Pochet and Schmitt [16] for B-receptor 
binding in muscle cell preparations and by Sporn 
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Fig. 3. Competition by isoprenaline for '**I-iodohydroxy- 
benzylpindolol binding sites in the presence and absence 
of phentolamine. 


and Molinoff [17] for #-receptor binding in brain 
membranes. Since high concentrations of phento- 
lamine were required to block this ‘non-receptor’ 
binding (10-*-10° M), it is unlikely that specific 
a-adrenergic blockade is involved. 

Beta-adrenergic receptors in mesenteric arteries of 
doca-salt hypertensive rats. Systolic blood pres- 
sures and ventricular weights of doca-salt treated 
rats and control rats 4-6 weeks after surgery are 
shown in Table 2. Beta-receptor concentrations and 
affinities were measured in membranes prepared 
from mesenteric arteries from both groups of rats. 
For all determinations, concentration and affinity of 
receptors were measured by the Scatchard method 
[15]. 

Receptor concentration was lower in membranes 
prepared from doca-salt hypertensive rats but the 
affinities of the receptors were unchanged (Table 2). 

Recently Limas and Limas [18] have shown that 
the aortae and the inferior vena cavae of sponta- 
neously hypertensive rats contain reduced concen- 
trations of B-adrenergic receptors. In agreement with 
these findings, we have shown that mesenteric arter- 


Table 2. Blood pressure, heart weight and artery beta-receptor concentration in 
doca-salt hypertensive and control rats 





Doca-salt treated 


Salt treated 
controls 





Systolic blood pressure 
(mmHg) 

Heart/body weight (%) 
Mesenteric artery 
beta-receptor 
concentrations (fmoles/mg) 
Dissociation constant 

(nM) 


1732 5.7" 


0.42 + 0.01* 


TOEUZ 


0.10 + 0.024 


134 + 3.6 


0.32 + 0.01 


10.3 1:5 


0.10 + 0.02 





* P <0.01 compared to controls. 


+ P<0.0125 compared to controls. Calculated using an unpaired Student’s 


t-test. 
# N.S. 
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ies of doca-salt hypertensive rats also contain fewer 
B-receptors than controls. Taken together, these 
results obtained with membranes from different 
blood vessels in spontaneously hypertensive rats and 
doca-salt hypertensive rats strongly suggest that 
reduced numbers of B-adrenergic receptors in the 
vasculature may be a common feature of experi- 
mental hypertension. Increased intensity of sym- 
pathetic stimulation can lead to a reduced respon- 
siveness to catecholamines which is partly due to a 
reduced number of adrenergic receptors [19]. The 
reduction in arterial B-receptors in doca-salt hyper- 
tensive rats may be a reflection of increased sym- 
pathetic activity [20] in this model. The reduction 
in arterial B-receptors which mediate vasodilation 
may conceivably be partly responsible for the 
increased peripheral resistance characteristic of 
established hypertension. 
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Abstract—The administration of 1,1,1-trichloro-2-(p-chlorophenyl)-2-(0-chlorophenyl) ethane (o,p’- 
DDT) to immature femaie rats produced a maximum increase in uterine wet weight and DNA synthesis 
measured by tritiated thymidine incorporation into uterine DNA 24 hr after treatment. These responses 
were maximal at a dose of 250-1000 mg/kg of o,p'-DDT; half-maximal responses occurred in the range 
of 10-40 mg/kg. These responses were specific for o,p'-DDT, since p,p’-DDT was much less potent. 
17B-Estradiol and o,p'-DDT also produced increases in total uterine DNA content and in total uterine 
protein content. The uterine responses to maximum doses of 17-estradiol and o,p'-DDT were not 
additive, suggesting that both compounds interact with the same receptor. In a series of experiments, 
the administration of 250 mg/kg of o,p'-DDT produced increases in uterine weight_that were the same 
as those seem after 17f-estradiol treatment, increases in DNA synthesis that were 60-80 per cent of 
those produced by 17f-estradiol and an increase in total uterine DNA that was 66 per cent of that 
observed after 17B-estradiol treatment. 17B-Estradiol and o,p'-DDT also produced significant increases 
in uterine wet weight and DNA synthesis in ovariectomized/adrenalectomized rats, indicating that the 


effects of the pesticide are not mediated via adrenal steroids. 


DDT? and other pesticides have been reported to 
exhibit estrogenic properties following in vivo 
administration to a number of mammalian species 
(reviewed in Refs. 1-3). One such property that has 
been studied is the stimulation of the rat uterus. It 
has been demonstrated that o,p'-DDT competitively 
inhibits the binding of 176-estradiol to the uterine 
estrogen receptor [4-6], and thus presumably binds 
to the receptor itself. It has also been shown that 
o,p'-DDT produces increases in uterine wet weight 
and other variables normally associated with estro- 
genic stimulation [4, 5, 7-10]. 

The response of the rat uterus to the naturally 
occurring hormone 17f-estradiol is a complex pro- 
cess involving a temporally ordered sequence of 
individual events which culminate in increased dry 
mass of the tissue, DNA synthesis and cell division 
[11-13]. However, some estrogens, e.g. estriol, can 
stimulate increases in uterine wet weight and in 
certain enzyme activities without causing increases 
in dry mass of the tissue, DNA synthesis or DNA 
content [11,13]. To date, there have been no 
reported studies of the effects of DDT on uterine 
DNA synthesis. This is obviously a critical parameter 
to consider when evaluating the potential toxicities 
of DDT and related compounds. 

The studies reported in this work, therefore, were 
undertaken to determine if o,p'-DDT stimulates 
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+ Abbreviations: DDT, 1,1,1-trichloro-2,2-bis(p-chlo- 
rophenyl)ethane; o,p'-DDT, 1,1,1-trichloro-2-(p-chloro- 
phenyi)-2-(0-chlorophenyl)ethane; p,p’-DDT, 1,1,1-tri- 
chloro-2-bis(p-chlorophenyl)ethane; and DMSO, 
dimethylsulfoxide. 


uterine DNA synthesis and to investigate the time 
course, specificity and dose-response relations. 


METHODS 


Immature female rats (20-21 days old, 35-40 g), 
from the Texas Inbred Mouse Co., Houston, TX, 
were ovariectomized 3—4 days prior to use. For stud- 
ies with adrenalectomized rats, animals were ovari- 
ectomized and adrenalectomized at the same time 
(i.e. 3-4 days prior to use) and given 0.9% saline in 
the drinking water. Hormones and pesticides were 
administered as intraperitoneal injections in 0.1 ml 
of DMSO as the solvent; control animals received 
the vehicle alone. At the times indicated in the text, 
animals were decapitated and the uteri were 
removed, stripped of adhering fat and mesentery, 
and weighed on a Cahn electrobalance. 

Uteri were then quickly placed in Eagle’s basal 
medium containing tritiated thymidine for the 
measurement of DNA synthesis by the method of 
Kaye et al. [14], as described previously [15]. DNA 
content was measured by the diphenylamine reaction 
[16], as described previously [15]; total uterine pro- 
tein content was also measured as described pre- 
viously [15]. 

17B-Estradiol and tritiated thymidine were 
obtained from Schwarz/Mann, Orangeburg, NY; 
o,p'-DDT and p,p'-DDT were obtained from the 
Aldrich Chemical Co., Milwaukee, WI; all other 
reagents used were the highest grade commercially 
available. 

Statistical analyses were performed by Student’s 
two-tailed f-test. 

Competitive hormone binding studies were per- 
formed as described by Nelson [4] using a 
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dextran/charcoal assay. Each sample contained 0.32 
mg/ml of uterine cytosol protein 2 x 10° M 
(°H]-estradiol (sp. act. 50 Ci/mmole, New England 
Nuclear, Boston, MA) 10 mM Tris buffer, pH 7.4, 
1.5mM EDTA, 16% (v/v) propylene glycol, 4% 
(v/v) ethanol plus the indicated concentrations of 
unlabeled competitors (17f-estradiol, o,p'-DDT or 
p,p'-DDT) in a final volume of 0.5 ml. Following a 
3-hr incubation at 0°, 0.5 ml of 0.5% charcoal/0.05% 


dextran was added for 15 min to remove unbound. 


(°H]-estradiol, the samples were centrifuged and the 
radidactivity in the supernatant fraction was deter- 
mined. Non-specific binding was determined by a 
parallel incubation with a 100-fold excess of unla- 
beled extradiol and subtracted from the values 
reported in the text, i.e. values reported represent 
specifically bound hormone. 


RESULTS 


Figure 1 illustrates the uterine response observed 
following the administration of 250 mg/kg body 
weight of o,p'-DDT to immature rats. As seen in 
Fig. 1, upper panel, DDT produced a doubling 
of uterine wet weight by 24 hr which began to decline 
toward control levels between 36 and 48 hr. This 
increase in wet weight was accompanied by a large 
increase in uterine DNA synthesis which was maxi- 
mum at 24 hr (Fig. 1, lower panel). The time course 
of the uterine response to DDT is thus similar to the 
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Fig. 1. Time course of uterine DNA synthesis following 

administration of 250 mg/kg of o,p'-DDT. Groups of eight 

animals were treated with o,p'-DDT for the indicated times 

prior to being killed. Uterine weight and DNA synthesis 

were then measured as described in Methods. Values are 
means with the indicated S.E.M. 
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Fig. 2. Dose-response curves for the uterine response to 

o,p'-DDT. Groups of eight animals were treated with the 

indicated doses of o,p'-DDT for 24 hr prior to being killed. 

Uterine weight and DNA synthesis were then measured 

as described in Methods. Values are means with the indi- 
cated S.E.M. 


time course for uterine stimulation by 17B-estradiol, 
as observed in numerous reports [17-19]. 

Since the maximum response to DDT occurred 
24 hr after administration, we examined the dose— 
response curve for the uterine response at this time. 
Figure 2 shows the results of these studies for uterine 
wet weight (upper panel) and uterine DNA synthesis 
(lower panel). In both cases, a maximal response 
was produced at a dose of 250 mg/kg body weight 
(the responses seen at 250 and 1000 mg/kg for DNA 
synthesis are not statistically different); half-maximal 
responses were observed in the range of 10-40 mg/kg 
body weight. 

To determine the specificity of the uterine 
response to o,p'-DDT, we compared the responses 
of o,p'-DDT and p,p’-DDT. The p,p’-compound 
was chosen since other workers have reported pre- 
viously that it binds poorly to the uterine estrogen 
receptor [4, 6]; we have confirmed these findings, as 
shown in Fig. 3. The data in this figure illustrate that 
o,p'-DDT was more effective than p,p’-DDT in com- 
peting for estradiol binding sites on the cytosolic 
uterine estrogen receptor. The results also indicate 
that unlabeled estradiol was about 3 orders of mag- 
nitude more effective than unlabeled o,p'-DDT in 
competing with labeled estradiol for receptor binding 
sites. 

The uterine responses produced by o,p'-DDT and 
p,p’-DDT are shown in Fig. 4 for increases in uterine 
wet weight (upper panel) and increases in uterine 
DNA synthesis (lower panel) after administration 
of either 25 or 250 mg/kg doses of the two isomers. 
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Fig. 3. Competitive binding of o,p'-DDT and p,p'-DDT 
to the cytosolic uterine estrogen receptor. Samples of uter- 
ine cytosol were incubated with 2 x 10° M [*H]-estradiol 
and the indicated concentrations of unlabeled competitors 
as described in Methods. Values are means of duplicate 
determinations and represent specific binding (see Meth- 
ods). The 100 per cent value for [*H]-estradiol binding 
corresponds to 0.8 pmoles of hormone bound per mg of 
cytosol protein and represents 4800c.p.m. in the assay 
used. 


It is clear that o,p'-DDT was much more potent than 
p.p'-DDT at producing either uterine response. Pre- 
vious reports [4, 6, 8] have also noted that the o,p’- 
compound is more effective at producing various 
uterine responses after in vivo administration. 
Having investigated the time course, dose- 
response relationships and specificity of the uterine 
response to o,p'-DDT, we next compared the effi- 
cacy of o,p'-DDT and of the naturally occurring 
hormone 17f-estradiol. The results of a series of 
such experiments are illustrated in Table 1. In all 
experiments, estradiol and o,p'-DDT produced vir- 
tually identical increases in uterine wet weight. The 
stimulation of uterine DNA synthesis by 0,p’-DDT 
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Fig. 4. Specificity of the uterine response to o,p'-DDT. 
Groups of eight animals were treated with 0, 25 or 250 mg/kg 
of either p,p'-DDT or o,p'-DDT for 24 hr prior to being 
killed. Uterine weight and DNA synthesis were then meas- 
ured as described in Methods. Values are the means with 
the indicated S.E.M. For both variables and both dose 
levels, the responses to o,p'-DDT are significantly higher 
(P < 0.01) than the responses to p,p’-DDT. 


was 65, 67, 86, 71 and 80 per cent of that observed 
with estradiol for experiments 1-5, respectively. The 
dose of estradiol used in these studies is known to 
produce maximum increases in uterine weight and 
DNA synthesis [11, 13, 20-22]. 


Table 1. Effects of estradiol and o,p'-DDT on uterine weight and DNA synthesis 
24 hr after treatment* 





Expt. No. Control 


E2 o,p'-DDT 





Uterine wet weight (mg) 


23.3 + 0.5 (9) 
24.6 + 1.4 (7) 
25.8 + 1.9 (8) 
24.3 + 1.4 (7) 
22.9 + 0.9 (9) 


Uterine DNA synthesis (c.p.m. [*H]-thymidine 


48.0 + 3.3 (9) 
45.9 + 2.2 (8) 


47.3 + 1.7 (8) 
49.5 + 2.5 (7) 
45.3 + 1.2 (10) 


incorporated/ug DNA) 


92 + 25 (9) 
43+7 (7) 
33 +6 (8) 
20+4 (7) 
30+4 (9) 


974 + 78 (10) 
487 + 19 (8) 
447 + 31 (8) 
159+9 (8) 
249+7 (10) 


49.5 + 1.9 (8) 
49.0 + 3.4 (8) 
47.7 + 3.0 (10) 


660 + 36 (10) 
340 + 15 (8) 
338 + 17 (8) 
119+8 (8) 
201 + 16 (10) 





* Animals were treated with the vehicle alone (control), 40 ug/kg 17B-estradiol 
(E2) or 250 mg/kg o,p'-DDT 24 hr before being killed. Uterine DNA synthesis was 
then measured as described in Methods. Values represent means + S.E.M.; N 
values are in parentheses. All values for the E2 and 0,p’-DDT groups are significantly 
different from control values (P < 0.01). For DNA synthesis, values for the E2 and 
o,p'-DDT groups are significantly different (P < 0.01) in experiments 1, 2 and 4, 


and (P < 0.05) in experiment 5. 
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Fig. 5. Effects of o,p'-DDT and 17f-estradiol administered 
simultaneously. Groups of nine to ten animals were treated 
with the vehicle (C), 250 mg/kg of o,p'-DDT, 40 yg/kg of 
17B-estradiol (Ez) or the same doses of o,p'-DDT + E2 
24 hr prior to being killed. Uterine weight and DNA syn- 
thesis were then measured as described in Methods. Values 
are the means with the indicated S.E.M. For both 
responses, all groups are significantly higher (P < 0.01) 
than controls, and for DNA synthesis the o,p'-DDT group 
is significantly less (P < 0.05) thaneither the E2or E2 + DDT 
group. 





DDT ODT+E 


Since DDT is thought to elicit an estrogenic 
response via its interaction with the uterine estrogen 
receptor, we determined if the effects of the pesticide 
and the hormone were additive. Figure 5 illustrates 
an experiment in which these compounds were 
administered separately and together. It is clearly 
seen that the effects were not additive; the response 
following administration of both compounds was 
virtually identical to that seen after the hormone’ 
alone and only slightly higher than that seen with 
DDT alone. 


Table 2. Effects of estradiol and o,p'-DDT on uterine DNA 
content 48 hr after administration* 





Treatment DNA (yg/uterus) 


Table 3. Effects of estradiol and o,p'-DDT on total uterine 
protein content 24 hr after administration* 





Treatment 
Control 


Protein (mg/uterus) 
1.04 + 0.04 (9) 


E> 2.36 + 0.13 (10) 
o,p'-DDT 


2.84 + 0.15 (9) 





* Animals were treated with the vehicle alone (contrcl), 
40 g/kg 17B-estradiol (E2) or 250 mg/kg o,p'-DDT 24 hr 
before being killed. Total uterine protein content was meas- 
ured as described in Methods. Values are means + S.E.M.; 
N values are in parentheses. Values for E2 and o,p'-DDT 
are both significantly greater than controls (P < 0.01) and 
values E2 and o,p'-DDT are significantly different from 
each other (P < 0.05). 


The results of an experiment to determine if 0,p’- 
DDT actually caused an increase in total uterine 
DNA content, as well as an increase in the incor- 
poration of tritiated thymidine, are shown in Table 
2 and illustrate that both estradiol and o,p'-DDT 
produced significant increases in the total DNA con- 
tent of the organ. The increase in total DNA pro- 
duced by o,p'-DDT administration was 66 per cent 
of that observed after estradiol treatment. 

We also examined the effect of the pesticide on 
the total uterine protein content as another indicator 
of tissue growth. Both o,p'-DDT and the naturally 
occurring hormone estradiol produced large 
increases in the total uterine protein content (Table 
3). In this particular experiment, the increase in total 
protein produced by o,p'-DDT was, in fact, larger 
than that produced by estradiol. Since we have not 
routinely measured uterine protein content in other 
experiments, we are not certain whether the admin- 
istration of the pesticide would routinely lead to 
increases in uterine protein content larger than the 
administration of estradiol produces. 

Finally, we determined if the effects of DDT on 
uterine growth and DNA synthesis also occur in 
adrenalectomized/ovariectomized animals in case 
the observed effects of the pesticide had been caused 
by stimulating adrenal estrogen or progesterone pro- 
duction. As shown in Table 4, the administration of 
o,p'-DDT to adrenalectomized/ovariectomized rats 
produced increases in uterine weight comparable to 


Table 4. Effects of estradiol and o,p'-DDT on uterine 
weight and DNA synthesis in  ovariectomized/ 
adrenalectomized rats* 





Uterine DNA synthesis 
(c.p.m. [°H] thymidine 
incorporated/ug DNA) 


Uterine 
wet wt 
Treatment 





Control ets T 
E> 495 + 17 (8) 
o,p'-DDT 418 + 22 (8) 


Control . 35+4 (10) 
E2 F ' 415 + 36 (10) 
o,p'-DDT 190 + 71 (6) 





* Animals were treated with the vehicle alone (control), 
40 g/kg 17B-estradiol (Ez) or 250 mg/kg o,p'-DDT 48 hr 
before being killed. Uterine DNA content was measured 
as described in Methods. Values are means +S.E.M.; N 
values are in parentheses. Values for E, and o,p'-DDT are 
both significantly greater than controls (P < 0.01) and val- 
ues for E, and o,p'-DDT are significantly different from 
each other (P < 0.05). 


* Animals were treated with the vehicle alone (control), 
40 ug/kg 17B-estradiol (E2) or 250 mg/kg o,p'-DDT 24 hr 
before being killed. Uterine DNA synthesis was then meas- 
ured as described in Methods. Values are means + S.E.M.; 
N values are in parentheses. All values for E2 and o,p’- 
DDT are significantly greater than control values (P< 
0.01). Values of DNA synthesis for the E2 and o,p'-DDT 
groups are significantly different (P < 0.01). 





Stimulation of uterine DNA synthesis by o,p'-DDT 


those seen after estradiol treatment. Both the pes- 
ticide and the hormone stimulated DNA synthesis 
in these animals; the level of DNA synthesis 
observed after pesticide treatment was 46 per cent 
of that seen after estradiol. This is less than the 
values of 60-80 per cent seen with ovariectomized 
animals (Table 1), but 40 per cent of the adrenalec- 
tomized animals receiving DDT died in the 24-hr 
period before DNA synthesis was measured. This 
obvious increase in the toxicity of DDT in the adren- 
alectomized animals (no other fatalities were 
observed in this work at any dose levels) may be the 
reason that the response to DDT seen in adrenalecto- 
mized/ovariectomized animals was less than that seen 
in ovariectomized animals. It is clear, nevertheless, 
that o,p'-DDT produced a 5.5-fold increase in DNA 
synthesis in adrenalectomized/ovariectomized ani- 
mals relative to vehicle-treated controls. 


DISCUSSION 


These studies demonstrate that o,p'-DDT is 
capable of producing long-term (i.e. 24-48 hr after 
treatment) increases in wet weight, DNA synthesis, 
total DNA content and protein content in the rat 
uterus. It appears that this compound produces the 
same overall uterine response as the naturally occur- 
ring hormone 17(-estradiol, following acute admin- 
istration. Whether or not 0,p’-DDT produces the 
same overall uterine responses as 17f-estradiol 
under other dosage and treatment regimens remains 
to be elucidated. 

Dose-response studies (Fig. 2) of increase in uter- 
ine weight and DNA synthesis indicate that maximal, 
or near maximal, responses occur at dose levels of 
250-1000 mg/kg, and half-maximal responses occur 
in the range of 10-40 mg/kg. These doses are gen- 
erally in the range reported by other workers measur- 
ing different uterine responses. Kupfer and Bulger 
[5], for example, noted increases in uterine ornithine 
decarboxylase activity at doses of 5-250 mg/kg, 
Welch et al. [8] noted increases in uterine wet weight 
6 hr after treatment with 5-50 mg/kg of o,p'-DDT, 
and Singhal et al. [9] used a dose of 100 mg/kg 0, p’- 
DDT to produce increases in uterine weight and in 
the activity levels of several uterine enzymes. We 
have determined in previous work that a dose of 
17f-estradiol in the range of 2-4 ug/kg produces 
maximum increases in uterine weight and DNA syn- 
thesis 24 hr after treatment [21]; comparable results 
have been obtained in many other laboratories. 
Based on these values for maximum responses, a 
rough approximation would be that estradiol is about 
1000 to 10,000 times as potent as 0, p’-DDT in pro- 
ducing uterine responses. This is in keeping with the 
findings of Cecil et al. [23] that 10*-fold more o,p'- 
DDT than estradiol is required to produce similar 
increases in uterine wet weight, water, RNA and 
glycogen content. 





* J. S. Ireland, V. R. Mukku, A. K. Robison and G. M. 
Stancel, unpublished observation. 
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The values for the relative potencies of estradiol 
and o,p'-DDT are generally in line with the relative 
affinities of the estrogen receptor for these two com- 
pounds. Nelson [4] originally reported that the affin- 
ity of the rat uterine estrogen receptor for o,p'-DDT 
was 1/2,000 of that for diethylstilbestrol, which is 
generally thought to be bound to the estrogen recep- 
tor with about the same affinity as estradiol. Our 
data (Fig. 3) also indicate that the affinity of the 
uterine receptor for o,p'-DDT is about 3 orders of 
magnitude different than that of estradiol. Other 
workers [24, 25] also noted that estrogen receptors 
from other target tissues bind o,p'-DDT about 
1/10,000 as well as estradiol. 

Our data support the hypothesis that o,p'-DDT 
elicits uterine responses by interacting with the uter- 
ine estrogen receptor. These observations are: p,p’- 
DDT, which binds poorly to the estrogen receptor 
(Fig. 3), was relatively ineffective in producing uter- 
ine responses (Fig. 4); the responses to maximum 
doses of estradiol and o,p'-DDT were not additive 
(Fig. 5), suggesting that both compounds elicited 
responses via the same mechanism; o,p'-DDT 
produced responses in ovariectomized/ 
adrenalectomized animals, ruling out the possibility 
that the effects of the pesticide resulted secondarily 
from stimulation of steroidogenic tissues; and the 
relative in vivo potencies of estradiol and 0, p’-DDT 
are generally in line with their relative affinities for 
the uterine estrogen receptor. 

One question in studies of this nature is whether 
the effects observed resulted entirely from the inter- 
action of the administered compound (i.e. 0,p’- 
DDT) with the uterine estrogen receptor, or whether 
a metabolite(s) was involved. Clearly, we cannot 
provide a definitive answer to this question from the 
studies reported here. We observed recently, how- 
ever, that o,p'-DDT can induce the synthesis of a 
specific estrogen inducible uterine protein [26, 27] 
in a completely in vitro system*. It seems reasonable 
to suggest that the in vivo effects observed after 0,p’- 
DDT administration are at least partially due to the 
interaction of the unmetabolized pesticide with the 
estrogen receptor. 

The results in Table 1 indicate that a dose of 
250 mg/kg of o,p'-DDT produced the same increase 
in uterine weight as did 17B-estradiol but only about 
74 per cent (the average of the five experiments 
shown) of the hormone stimulation of DNA syn- 
thesis. It isnot known at present if measurements 
with slightly higher doses of o,p'-DDT or at slightly 
different times after treatment would yield identical 
results for the two compounds. 

We feel it is more important to note that o,p’- 
DDT produces substantial increases in uterine DNA 
synthesis and DNA content which at least approach 
those seen after estradiol treatment. As far as we 
are aware, this is the first report that o,p'-DDT 
produces these effects in an estrogen target tissue. 

The studies performed in this work certainly can- 
not be directly extrapolated to human or animal 
exposures to pesticides in the environment. Our 
results suggest, however, that hyperplastic responses 
of estrogen target tissues, both normal and malig- 
nant, should be considered as one possible toxicity 
of o,p'-DDT and related compounds. 





J. S. IRELAND et al. 
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Abstract—A meal model in which rats were trained to consume within 2 hr a high fat meal containing 
glycerol tri[1-'*C]oleate and [*H]cholesterol was compared to the corn oil bolus model. In the meal 
model, dietary triglyceride was absorbed from the small intestine faster during the first 6-8 hr and more 
completely than intubated corn oil, as determined by analysis of intestinal contents, serum radioactivity, 
serum triglycerides, adipose tissue and liver lipids. The effects of Cholestyramine, Colestipol and 
Pluronic L-101 (1% dietary admixes) on these variables were evaluated for 5 days in the meal model. 
Lipid absorption during a 72-hr period was reduced by all compounds. The per cent excretion of glycerol 
tri{1-'*C]oleate was increased significantly by Pluronic L-101 (10-fold), Cholestyramine (5.7-fold) and 
Colestipol (2.7-fold). The excretion of [°H]cholesterol was enhanced significantly by Cholestyramine 
(1.6-fold) and Colestipol (1.3-fold). The following observations were made 4 hr after the initiation of 
the meal. Pluronic L-101 increased significantly the retention of glycerol tri[1-'*C]oleate and 
[*H]cholesterol in stomach (380 and 375 per cent, respectively), and of glycerol tri{1-'*C]oleate in the 
small intestine (1100 per cent). The percent of intestinal lipid remaining as triglyceride from the intestinal 
lumen was increased significantly by Pluronic L-101 (160 per cent). Pluronic L-101 reduced significantly 
['“C]lipid and [*H]cholesterol in liver; Cholestyramine and Colestipol suppressed only [*H]cholesterol. 
In adipose tissue, Pluronic L-101 treatment reduced significantly {'*C]lipid content only; Cholestyramine 
and Colestipol suppressed selectively [*H]cholesterol. After 5 days of treatment, only Pluronic L-101 
treatment resulted in significantly reduced serum triglycerides (32 per cent), cholesterol (21 per cent) 
and glucose (15 per cent). These data suggest that this in vivo meal-feeding model provides a physiological 
technique for evaluating agents affecting lipid absorption. 


The study of digestion and absorption of dietary 
lipids in animals and of the effects of various agents 
in these processes involves both invasive and non- 
invasive techniques. A frequently employed invasive 
technique is the cannulation of the thoracic duct for 
measurement of lymph flow and content [1-6]. Other 
methods involve the removal of stomach and intes- 
tine [7] or the preparation of intestinal loops [8] for 
lipid recovery after intragastric administration of 
liquid lipid test meals. Although providing excellent 
data, the invasive methods do not lend themselves 
easily to the evaluation of more than a few effectors 
of lipid absorption in a limited number of animals. 

The commonly used noninvasive absorption tech- 
nique is fat balance which relies on accurate food 
intake measurements since lipid absorption is deter- 
mined by the difference between dietary lipid intake 
and fecal excretion [9-12]. Frequently, radioactive 
liquid lipid test meals are administered intragastri- 
cally to control accurately the amount of lipid 
ingested followed by a period of ad lib. feeding [13]. 
However, the presentation of triglycerides as either 
emulsified or nonemulsified test meals has marked 
effects on absorption in the small intestine [1, 6]. 
This was apparent in a method of measuring lipid 
absorption which monitored the appearance of 
serum triglycerides after the administration of a 





* A preliminary report of these data has been presented: 
Fedn Proc. 38, 545 (1979). 


radiolabeled olive or corn oil bolus [14, 15]. Prob- 
lems of adequate emulsification of the lipid in the 
small intestine and the resultant delay in appearance 
of triglyceride in serum were major drawbacks to 
the use of this method [15]. 

The present report describes a 2-hr meal-feeding 
model in rats which provides a useful, physiological 
in vivo method for evaluating potential inhibitors of 
triglyceride and cholesterol absorption utilizing the 
fat balance technique with radiolabeled lipid tracers. 
The method allows the kinetics of metabolism of 
dietary lipid to be followed by analysis of animal 
tissues. This model was shown to be superior to the 
corn oil bolus model. To assess the usefulness of the 
meal-feeding model in screening for agents which 
affect the absorption of triglyceride and cholesterol, 
Pluronic L-101, Cholestipol and Cholestyramine, 
agents known to affect lipid absorption, were evalu- 
ated. Pluronic L-101 was shown to affect primarily 
triglyceride absorption, whereas Colestipol and Cho- 
lestyramine affected both cholesterol and trigylcer- 
ide absorption. 


MATERIALS AND METHODS 


Animals and dietary treatment. Female rats 
(Charles River CD Strain, 180-200 g) were housed 
individually in wire-bottomed cages in a tempera- 
ture- (22°) and light-regulated [12 hr light (6:00 a.m. 
to 6:00 p.m.) and 12 hr dark] room. Rats had free 
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access to a commercial diet (Purina Rodent Chow, 
Ralston Purina Co., St. Louis, MO) and water. 

Two weeks prior to experimentation, rats were 
fasted overnight and then trained to consume within 
2hr a 10% corn oil meal containing 0.01% choles- 
terol. Experiments in this laboratory have shown 
that this level of dietary cholesterol (0.01%) does 
not perturb the endogenous cholesterol pool. The 
10% corn oil meal consisted of 60% glucose, 20% 
vitamin-free casein, 10% corn oil (Mazola), 5% salt 
mixture, 1% vitamin mixture and 4% cellulose [12]. 
Each rat received a food cup each morning at 
8:00 a.m. The food cup was removed at 10:00 a.m. 
Within 10 days rats were able to consume sufficient 
amounts of this diet (approximately 12 g/day) within 
the allotied time to gain weight at nearly the normal 
rate. 

Experimental 10% corn oil diets were prepared 
by mixing the radioactive lipid tracers and experi- 
mental drugs in the corn oil portion of the diet prior 
to mixing with the dry ingredients. The lipid tracers 
were added in the following amounts: glycerol tri[1- 
“Cloleate, 0.2 wCi/g diet; and [*H]cholesterol, 
0.4 mCi/g diet. Samples of the diets were analyzed 
for radioactive content by extraction of lipid and 
scintillation counting, using the method described 
for tissue lipids. Experimental compounds were 
administered as a 1% dietary admix at the expense 
of the cellulose component. 

Five-day 2-hr meal-feeding model. On the first day 
of the 5-day experimental period, control rats (ten 
per group) were fed the 2-hr meal containing radio- 
active tracers from a weighed food cup. A 2-hr meal- 
feeding regimen was chosen because it allowed a 
maximum amount of food to be consumed in the 
shortest period of time. Experimental rats (ten per 
group) were fed the radioactive diet which contained 
the experimental drugs as 1% dietary admixes. From 
day 2 to 4, rats were fed for 2hr daily the non- 
radioactive 10% corn oil meal with the appropriate 
experiméntal drug. On day 5, rats were again fed a 
2-hr radioactive diet containing drug. Each food cup 
was weighed before and after each meal and food 
consumptions were calculated. Spillages were col- 
lected daily and food consumptions were adjusted 
accordingly. The lipid and radioactivity ingested 
were calculated from food consumption. Feces were 
collected free of dietary contamination from day 1 
until day 4 (72-hr period) and stored frozen. 

Rats were decapitated 2 hr after the meal on day 
5. Blood was collected on ice. Stomach, small intes- 
tine, liver and retroperitoneal adipose tissues were 
quickly removed and stored on ice. Contents of 
stomach and small intestine were collected by wash- 
ing the tissues with saline. The pH of the washings 
was adjusted immediately to 2.0 with 5N HCl to 
inactivate lipolytic enzymes. All tissues and washings 
were stored at —20°. 

.Corn oil bolus method. In a study comparing the 
absorption of dietary lipid administered as a 2-hr 
meal to the corn oil bolus model, rats (ten per group) 
were fasted overnight and then given a radioactive 
corn oil bolus (0.66 wCi glycerol tri[{1-'*C]oleate/ml 
corn oil, 20 ml/kg) [15]. This corn oil dose was 
selected because it produced measurable elevations 
in serum triglycerides [14,15]. The 2-hr meal-fed 
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rats were treated as on the first day of the 5-day 
experiment described above. Rats that received corn 
oil were killed at 2-hr intervals after the first hour, 
while rats that were meal-fed were killed at 2-hr 
intervals beginning | hr after the end of the meal. 
Blood, liver, retroperitoneal adipose tissue, stomach 
and intestines were quickly dissected and chilled. 
Stomach and intestinal contents were collected as 
described above and all tissues were frozen at —20°. 

Tissue analyses.. Absorption of dietary lipid was 
determined by gravimetric analysis of fecal lipid 
based on the method of Miettinen ef al. [16] as 
modified by Comai et al. [12]. After gravimetric 
determinations were performed, the radioactive lip- 
ids were determined in a Searle Analytic Mark III 
scintillation counter in a toluene based PPO- 
POPOP* scintillation mixture (LSC Complete, 
Yorktown Research, South Hackensack, NJ). Data 
are expressed .as percent recovery of ingested 
['*C]lipid and [*H]cholesterol. 

Serum, liver and adipose tissues were analyzed for 
lipids as described previously [15]. After lipid extrac- 
tion of adipose and liver, aliquots were removed for 
the determination of radioactive lipids by scintilla- 
tion counting using the procedure described above. 
Lipids were not isolated by class prior to scintillation 
counting. 

Radiolabeled lipids were isolated from stomach 
and intestinal contents by extraction with hexane. 
The volumes of the contents were first adjusted to 
30 ml with saline, and then extracted three times 
each with 10 ml hexane. The hexane layers were 
combined and concentrated under nitrogen. Ali- 
quots were transferred to scintillation vials and radio- 
activity was determined as described for the fecal 
lipid. Additional aliquots of intestinal contents were 
removed for chromatographic separation of free fatty 
acids and triglycerides [17]. 

Materials. Glycerol tri[l-'*C]oleate (55 mCi/ 
mmole) and [la, 2a(n)-’H]cholesterol (56 Ci/ 
mmole) were purchased from Amersham, Arlington 
Heights, IL. The cholesterol and glucose test kits 
were from Abbott laboratories, Pasadena, CA; the 
triglyceride test kit was from CalBiochem, La Jolla, 
CA. Corn oil (Mazola) was purchased locally. Cho- 
lestyramine (pure resin) was provided by Mead John- 
son, Evansville, IN, Colestipol by the Upjohn Co., 
Kalamazoo, MI, and Pluronic L-101 by BASF Wyan- 
dotte, Wyandotte, MI. All other chemicals were 
purchased from the Sigma Chemical Co., St. Louis, 
MO, and were of the highest quality available. 

Statistical methods. All experiments were per- 
formed at least twice and data were processed for 
outliers [18]. A two-sided t-test was used to evaluate 
the experimental results [19]. 


RESULTS 


Gastric emptying of dietary lipid. The effect of 
presenting dietary lipid as either a meal (2 hr, 10% 
corn oil) or an intragastric bolus of corn oil (20 ml/kg) 
on stomach emptying and intestinal content is shown 





* PPO = 2,5-diphenyloxazole: and POPOP = 1,4-bis-2- 
(5-phenyloxazolyl)-benzene. 
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Fig. 1. Stomach and intestinal contents of rats receiving liquid corn oil boluses or high fat meals. The 
corn oil bolus group (20 ml/kg) received 2.6 uCi glycerol tri 1’ ‘C]oleate, and the high fat meal-fed rats 
consumed 12.9 g diet corresponding to 2.4 uCi glycerol tri[1-'*C]oleate. Rats were killed at 2-hr intervals. 
Zero time for the corn oil bolus was immediately following intubation. Zero time for the meal-fed rats 
was immediately following the 2-hr meal. Contents from stomachs and intestines were extracted and 
then analyzed for ['*C}lipid. Values are the means of each experimental group (ten rats per group). The 
bar represents one standard error. Key: panel A, stomach contents; panel B, intestinal contents; liquid 
corn oil bolus (O- — —-O); and 10% corn oil meal (@——®). 


in Fig. 1. There were no significant differences in 
the rate of stomach emptying at any time point when 
lipid was administered either as a corn oil bolus or 
in a meal. Within 1 hr after administration of the 
liquid corn oil and 1 hr after the completion of the 
2-hr meal, more than 50 per cent of the lipid in the 
stomach had emptied, followed by a slower emptying 
rate over the following 12-hr period (Fig. 1, panel 
A). 

The recovery of lipid from the small intestinal 
contents showed significant differences in intestinal 
processing of the meal lipid and the corn oil bolus 
lipid (Fig. 1, panel B). A significantly greater per- 
centage of the radioactive lipid was recovered from 
rats fed the 2-hr meal. Unlike the intestinal contents 
from the meal-fed rats, the intestinal contents from 
rats receiving the corn oil bolus were poorly emul- 
sified at early time points (1-4 hr), and unemulsified 
corn oil was found in the large intestine. At the later 
time points (10 and 12 hr), some anal leakage of corn 
oil due to improper emulsification was observed in 
agreement with earlier observations and made fat 
analysis of fecal matter impossible [2, 15]. 

Appearance of lipid in serum. Serum lipid radio- 
activity and serum triglycerides were monitored (Fig. 
2). Their time courses during the experiments were 
very different in the 2-hr meal-fed rats compared 
with rats given the corn oil bolus. The lipid radio- 
activity in the serum paralleled the serum triglyceride 
profile for the liquid corn oil-fed rats. In the 2-hr 
meal-fed rats, serum lipid radioactivity increased 
rapidly within 3 hr, and then plateaued at approxi- 
mately 1 per cent of the radioactive dose (Fig. 2, 
panel A). In rats receiving the corn oil bolus, radio- 
activity increased more slowly, reached a peak value 
at 10 hr, and then rapidly declined (Fig. 2, panel A). 
Serum triglycerides of the meal-fed rats increased 
almost 2-fold following the meal, and then gradually 
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diminished to nearly normal values (Fig. 2, panel 


B). The serum triglycerides of rats receiving the corn 
oil bolus exhibited a markedly different profile (Fig. 
2, panel B). Serum triglycerides gradually increased 
over 6-8 hr after the administration of corn oil. The 
peak value (400 mg/100 ml) for serum triglycerides 


was reached at the 10 hr time point, a value 8-fold 
higher than the fasting value. 

Appearance of radiolabeled lipid in liver and adi- 
pose tissue. The lipid from the 2-hr meal-fed rats 
appeared quickly in liver, followed a smooth curve 
reaching a maximum at 9 hr (2 per cent of dose), 
and then gradually declined as metabolism occurred 
(Fig. 3, panel A). In rats receiving the corn oil bolus, 
the appearance of radiolabeled lipid in liver was 
delayed. At approximately the 8 hr time point, the 
percentage of dose recovered in livers of rats receiv- 
ing the corn oil bolus was equal to that of rats 
receiving the 2-hr meal. However, in contrast to the 
meal-fed rats, after the 8 hr time point livers from 
rats receiving the corn oil bolus continued to accu- 
mulate radiolabeled lipid. 

The profile of radiolabeled lipid accumulation in 
adipose tissue was different from that observed in 
liver in that lipid accumulation continued after 12 hr 
in the 10% corn oil meal-fed rats and appeared to 
be increasing after 14hr in the liquid corn oil rats 
(Fig. 3, panel B). Although the rate of entry of 
radioactive lipid into the retroperitoneal adipose tis- 
sue of rats receiving the 2-hr meal appeared to be 
6-fold greater than rats receiving the corn oil bolus, 
when corrected for specific activity these differences 
were less marked. 

Pluronic L-101, Cholestyramine and Colestipol 
evaluated in the 5-day 2-hr meal-feeding model. When 
administered as 1% dietary admixes, the three com- 
pounds produced significant reductions in dietary 
lipid absorption (Table 1). Control rats absorbed 
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Fig. 2. Serum lipids and triglycerides from rats receiving liquid corn oil or high fat meal. Rats were 

those from Fig. 1. Values are the means of each experimental group (ten rats per group). The bar 

represents one standard error. Panel A: serum radioactivity. Serum radioactivity was determined by 

scintillation counting and expressed as a percentage of the dose administered. Panel B: serum tri- 

glycerides. Serum triglycerides were determined by an enzymic method [15]. Key: liquid corn oil bolus 
(O---O); and 10% corn oil meal (@——®). 


Percent Radioactive Dose 


96.5 + 0.5 per cent of the dietary fatty acid when 
determined by the fat balance technique, while rats 
treated with Pluronic L-101, Colestipol and Choles- 
tyramine absorbed 91.7 + 0.8, 94.7 + 1.1 and 92.4 + 
0.8 per cent of the dietary fatty acids, respectively. 
The percentage of the glycerol tri[1-'C]oleate 
recovered in the feces of control rats was very small 
(1 per cent of the dose) indicating almost complete 
absorption (99per cent) of the glycerol tri[1- 
C]oleate, in agreement with the nonradioactive fat 
balance technique. Colestipol produced a 2.7-fold 
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increase in ['*C]lipid excretion, and Cholestyramine 
produced a 5.7-fold increase; both were significant. 
The greatest effect on ['*C]lipid excretion was pro- 
duced by Pluronic L-101 (a 10-fold increase over 
control). 

Increases in [*H]cholesterol excretion were also 
observed (Table 1). Control rats absorbed approx- 
imately 72 per cent of the [*H]cholesterol adminis- 
tered. As expected, rats treated with Colestipol or 
Cholestyramine had significantly reduced 
[*H]cholesterol absorptions, 63.2 + 3.9 and 54.8 + 
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Fig. 3. Analyses of liver and adipose tissue lipid from rats receiving liquid corn oil or high fat meal. 

Rats were those from Fig. 1. ["“C]Lipids were isolated after saponification, and radioactivity was 

determined by scintillation counting. Values are the means of each experimental group (ten rats per 

group). The bar represents one standard error. Panel A: liver lipid. Data are reported as the percentage 

of the administered radioactive dose. Panel B: adipose tissue. Data are expressed as d.p.m. X 10° per 
g tissue. Key: liquid corn oil bolus (O- - —O); and 10% corn oil meal (@——®). 





Screening method for agents affecting lipid absorption 


Table 1. Dietary lipid absorption in the 5-day meal model 





Dietary fatty acid 
absorption+ 


Dose 


Treatment* (mg/kg) 


(‘*C]Fatty acid 
absorptiont 


(%) 


(°H]Cholesterol 
absorption§ 


(%) 





Control 

Pluronic L-101 610 
Colestipol 650 
Cholestyramine 660 


96.5 + 0.5 
91.7 + 0.8| 
94.7+ 1.1 
92.4 + 0.8| 


99.0 + 0.2 
89.9 + 0.8)| 
97.3 + 0.5|| 
94.3 + 1.5]| 


22217 
67.7+1.9 
63.2 + 3.9]| 
54.8 + 2.9]| 





* Rats (ten per group) trained to consume a 10% corn oil meal within 2 hr were fed diets 
containing either Pluronic L-101, Cholestipol or Cholestyramine during a 5-day period. On day 
1, glycerol tri[1-'*C]oleate (0.2 uCi/g diet) and [*H]cholesterol (0.4 mCi/g diet) were contained 
in the diets. Feces were collected for 72 hr. Dietary fat absorption was determined gravimetrically 
[12, 16]. Radioactive lipids were determined by scintillation counting. 

+ Determined by the fat balance technique. Values are means + S.E. 

+ Determined by fecal elimination of [1-' ‘C]fatty acid. Values are means + S.E. 

§ Determined by fecal elimination of ' H]cholesterol. Values are means + S.E. 


|| Significantly different from control, P < 0.05. 


2.9 per cent, respectively. Pluronic L-101 did not 
affect the absorption of [*H]cholesterol. 

Stomach contents of rats treated with Cholestyr- 
amine, Colestipoi and Pluronic L-101 were analyzed 
for glycerol tri[1-'*C]oleate and [*H]cholesterol 2 hr 
after the completion of the meal (Fig. 4, panel A). 
Pluronic L-101-treated rats retained a significantly 
greater amount (350 per cent) of glycerol tri{1- 
'SC]oleate and [*H]cholesterol in their stomachs than 
control rats or rats treated with either Cholestyra- 
mine or Colestipol. Cholestyramine-treated rats 
retained a slightly greater amount (150 per cent) of 
glycerol tri{1-'*C]oleate and [*H]cholesterol in their 
stomachs when compared with controls. Colestipol 
appeared to have enhanced stomach emptying. 
There were no significant changes in food consump- 
tion when Pluronic L-101, Cholestyramine or Coles- 
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tipol was added to the diets. All groups consumed 
an average of 11.8 + (0.2 g of diet. 

The observation that Pluronic L-101 significantly 
retarded stomach emptying of the meal lipid led to 
the analysis of lipid in small intestinal contents (Fig. 
4, panel B). There was a significant increase in the 
['*C]lipid retention (11-fold over control) in the small 
intestinal contents of rats treated with Pluronic L- 
101. The content of Fe -egeeng was also 
increased significantly (4.5-fold) over control. Cho- 
lestyramine produced smaller but not significant 
increases in both ['*C]lipid and [*H]cholesterol reten- 
tion in small intestine (2.8-fold over control). Coles- 
tipol appeared to be without effect on intenstinal 
contents lipid. 

The free fatty acids and triglycerides of the 
['*C]lipid intestinal contents were separated by thin- 
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Fig. 4. Stomach and intestinal lipid recovery from rats consuming diets containing Pluronic L-101, 
Cholestyramine or Colestipol. Glycerol tri{1-'*C]oleate and [*H]cholesterol were isolated from stomach 
and intestinal contents of rats killed 2 hr after the meal. Values are the means of the experimental 
groups expressed as per cent of control. The bar represents one standard error. Significance (P < 0.05) 
is indicated by an asterisk. Panel A: stomach content. Recovery of lipid in control rats was 11.5 + 1.2 
per cent of the administered dose of both glycerol trif1-" ‘C]oleate (2.1 wCi) and [*H] cholesterol (4.2 mCi). 
Panel B: intestinal content. Recovery of ['*C]lipid in control rats was 0.42 + 0.06 per cent of the dose 
and that of [*H]cholesterol, 0.97 + 0.10 per cent of the dose. 
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Fig. 5. Chromatographic separation of intestinal content 
of triglyceride and free fatty acid. After acidification and 
extraction with hexane, lipids were separated on silica gel 
impregnated paper and developed in isooctane—acetic acid 
(500: 1). The percentages of free fatty acid and triglycerides 
were calculated from the total radioactivity. Control 
samples contained 12.0+ 1.0 per cent triglyceride and 
57.1 + 1.1 per cent free fatty acid. Cholestyramine samples 
contained 10.2 + 1.4 per cent triglyceride and 90.0 + 1.3 
per cent free fatty acid. Colestipol samples contained 10.8 + 
1.4 per cent triglyceride and 66.7 + 1.7 per cent free fatty 
acid. Pluronic L-101 samples contained 19.8 + 2.8 per cent 
triglyceride and 52.2 + 2.2 per cent free fatty acid. Data 
are expressed as per cent of control. The bar represents 
one standard error. Significance (P < 0.05) is indicated by 
an asterisk. 


layer chromatography. In control samples, more 
than 50 per cent of the ["C]lipid appeared as free 
fatty acids. In animals treated with Pluronic L-101 
a significantly greater amount of ['C]lipid appeared 
as triglycerides (160 per cent of control) (Fig. 5). At 
the same time, the fatty acid present was reduced 
significantly, suggesting an inhibition of the pan- 
creatic lipase. Cholestyramine, which produced a 
modest increase in accumulation of intestinal 
['*C]lipids, did not appear to have an inhibitory effect 
on hydrolysis of intestinal glycerol tri[1-'*C]oleate; 
the [“C]free fatty acid content, however, was 
increased significantly (1.6-fold) over control. Coles- 
tipol, which produced no changes in total ['*C]lipid 
of intestinal contents, showed no variation from con- 
trol in the ratio of free fatty acids to triglycerides. 

Liver lipids from rats treated with Pluronic L-101 
exhibited significant decreases in ['*C]lipid (40 per 
cent) and [*H]cholesterol (28 per cent) levels as 
compared to control rats (Fig. 6, panel A). Livers 
from rats treated with either Cholestyramine or 
Colestipol showed no changes in ["*C]lipid content, 
but significant decreases in [*H]cholesterol content: 
47 per cent reduction for Cholestyramine and 40 per 
cent reduction for Colestipol (Fig. 6, panel A). 

As expected from the significant decrease in diet- 
ary fat absorption produced by Pluronic L-101, there 
was a significant reduction (30 per cent) in the 
accumulation of ['*C]lipid in adipose tissue (Fig. 6, 
panel B). There was no change in the [*H]cholesterol 
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content of adipose tissue from Pluronic L-101-treated 
rats. The reverse situation was observed in adipose 
tissue from rats treated with either Cholestyramine 
or Colestipol. No significant changes were found in 
the ['*C]lipid content of adipose tissue. However, 
similar and significant reductions were found in the 
[*H]cholesterol content of rats receiving Cholestyr- 
amine (40 per cent) and Colestipol (38 per cent). 

Sera from control rats and the three treatment 
groups were analyzed for triglyceride, cholesterol 
and glucose (Fig. 7). Only Pluronic L-101 produced 
significant decreases in all three parameters after 5 
days of administration. Serum triglycerides were 
reduced by 35 per cent, serum cholesterol by 20 per 
cent and glucose by 10 per cent. Cholestyramine 
produced an increase in serum triglycerides (25 per 
cent) which was not significant. A similar increase 
in cholesterol (24 per cent) was significant. Serum 
glucose remained unaffected. Colestipol produced 
no significant changes in these three serum 
parameters. 
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Fig. 6. Liver and adipose tissue lipids from rats receiving 
Cholestyramine, Colestipol and Pluronic L-101. ['“C]Lipid 
and [*H]cholesterol were determined after tissue saponi- 
fication. Results are expressed as per cent of control. The 
bar represents one standard error. Significance (P < 0.05) 
is indicated by an asterisk. Panel A: liver Bite. Control 
livers contained 0.75 + 0. 03 per cent of the “C-dose and 
2.1+0.1 per cent of the [*H]cholesterol dose. Panel B: 
adipose tissue, lipid. Control adipose tissue contained 82.8 
+ 10.8 x 10° d.p.m. [' *Chlipid/g and 12.3 + 1.4 x 10° 
d.p.m. [*H]cholesterol/g. 
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Fig. 7. Analyses of sera from rats treated with Cholestyramine, Colestipol and Pluronic L-101. The 

results are expressed as per cent of control. The bar represents one standard error. Significance (P < 0.05) 

is indicated by an asterisk. The control rat serum triglyceride value was 114 + 10 mg/100 ml; serum 
cholesterol, 83 + 5 mg/100 ml; and serum glucose, 172 + 8 mg/100 ml. 


DISCUSSION 


When compared with the corn oil bolus method, 
the 2-hr meal-feeding model appears to be a more 
physiological method for evaluating agents’ which 
affect lipid absorption. Although the amounts of 
corn oil administered as either the bolus or the 10% 
corn oil meal differed, the shapes of the stomach 
emptying curves were nearly identical, indicating 
that the greater amount of corn oil in the stomachs 
of the rats given the corn oil bolus did not delay 
stomach emptying. One hour after the intragastric 
administration of corn oil about 55 per cent of the 
corn oil had emptied from the stomachs while 1 hr 
after the completion of the 2-hr meal, also, 55 per 
cent of the consumed corn oil had emptied from the 
stomachs. It is possible that other water-soluble 
nutrients in the 10% corn oil meal prevented the 
immediate discharge of corn oil into the duodenum. 
The percentage of the radioactive dose in the small 
intestines of rats receiving the corn oil bolus was 
smaller than in rats receiving the 10% corn oil meal. 
This difference may be due to the loss of corn oil 
through anal leakage or to the enhanced absorption 
of the liquid corn oil. The latter is unlikely since the 
increase in lipids in serum liver and adipose tissue 
was greater during the first 6-8 hr in the meal-fed 
rats compared to the rats receiving the liquid corn 
oil bolus. Others have suggested that the poor or 
delayed absorption of oily mixtures may be due to 
reduced lipolysis in the duodenum because of inad- 
equate emulsification [2]. 

The appearance of radiolabeled lipid in serum 
followed the same time course as the appearance of 
serum triglycerides in circulation (Fig. 2) when the 
lipid was administered as liquid corn oil. The dif- 
ferences in the appearance of radiolabeled lipid and 
triglyceride in serum of rats receiving the 10% corn 
oil meal may be due to the recycling of the label into 
other lipids at longer durations. This observation 
was reported earlier by Stanley and Thannhauser 
[20] and was used as an alternative to chemical or 
gravimetric measurement of lipid assimilation. 


Unfortunately, the correlation of the serum level of 
radioactive lipid to the excretion of dietary fat was 
very poor, indicating that the fat balance technique 
(gravimetric analysis) remained a better screening 
method for demonstrating absorption [21]. Because 
the 2-hr meal-feeding model utilizes both glycerol 
tri[1-'*C]oleate and [*H]cholesterol, potential errors 
in gravimetric analysis of fecal fat due to measure- 
ment of unsaponified lipid and carry-over of non- 
absorbable drugs can be avoided. The 2-hr meal- 
feeding method is attractive because the large num- 
ber of animals needed for statistical analyses can be 
managed easily. Additionally, potential effectors of 
lipid absorption can be administered conveniently 
as dietary admixes, thus assuring the presence of the 
effector during the absorption process. 

Two of the compounds evaluated in the 2-hr meal- 
feeding method were Cholestyramine and Colesti- 
pol, hypocholesteremic agents which act by seques- 
tration of lumenal bile salts, leading to enhanced 
hepatic bile salt synthesis from _ cholesterol 
[11, 22, 23]. The significant decrease of dietary cho- 
lesterol absorption caused by both compounds stems 
from the fact that for absorption cholesterol must 
be in a micellar solution composed of monoglyceride, 
free fatty acids and bile salts [24]. Removal of bile 
salts from the lumen by Cholestyramine or Colestipol 
would markedly disrupt micelle formation and lead 
to the significant reduction in dietary cholesterol 
absorption and the milder but significant reduction 
in triglyceride absorption observed in the present 
study (Table 1) [23]. While decreasing lipid absorp- 
tion, these agents appeared to have little effect on 
stomach emptying or intestinal transit of meal lipid 
at the 2hr post-meal time. The decrease in fat 
absorption produced by Cholestyramine was greater 
than that produced by Colestipol at equivalent doses 
(Table 1). This can be traced to the greater per- 
centage of free fatty acids in the intestinal contents 
of rats treated with Cholestyramine (Fig. 5). Since 
both drugs are bile salt sequestering resins, the chem- 
ical nature of Cholestyramine may have a higher 
affinity for fatty acids or exert an effect on micelle 
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structures or the intestinal epithelium to prevent the 
absorption of free fatty acids. 

The third agent evaluated in the 2-hr meal-feeding 
model was Pluronic L-101. The pluronic compounds 
are nonabsorbable polymers composed of polyoxy- 
ethylene (hydrophilic) units and polyoxypropylene 
(hydrophobic) units whose physical properties 
depend on the percentages of hydrophilic and hydro- 
phobic units present in the molecule [25]. Pluronic 
L-101 has the following properties: 10% hydrophilic 
units and 90% hydrophobic units, good wetting 
characteristics, nonsoluble in water and a molecular 
weight of 3600. 

Various pluronics have been described in bio- 
logical systems as inhibitors of fat emboli [26], as 
plasma expanders [27] and as inhibitors of lipopro- 
tein lipase [28]. Recently, several pluronics (L-31, 
L-61, L-81 and L-121) were shown to reduce sig- 
nificantly but nonselectively the absorption of tri- 
glycerides and cholesterol, and to reduce the serum 
cholesterol level of rats made hypercholesteremic by 
dietary excess of cholesterol [13]. In the study 
reported here, Pluronic L-101 reduced significantly 
the absorption of triglyceride (10-fold over control) 
while affecting cholesterol absorption only slightly 
(Table 1). 

The mechanism of reduction of triglyceride 


absorption by Pluronic L-101 appeared not to involve 
bile salt sequestering. The intestinal contents of rats 
treated with Pluronic L-101 contained a higher per- 
centage of triglycerides and a lower percentage of 
free fatty acids than controls, indicating an inhibition 
of pancreatic lipase (Fig. 4, panel B). In other studies 


to be reported, the inhibitory effect of Pluronic L- 
101 on pancreatic lipase has been confirmed, and 
significant body weight reductions in rats due to 
enhanced fecal fat elimination have been observed. 
Another action of Pluronic L-101 may be a delay in 
gastric emptying, as indicated in Fig. 4, panel A. 
This delay could account for the significant decreases 
in serum cholesterol and glucose seen in rats treated 
with Pluronic L-101 (Fig. 7). 

The 2-hr meal-feeding model provides a useful, 
physiological in vivo method for evaluating potential 
inhibitors of triglyceride and cholesterol absorption, 
utilizing the fat balance technique with radiolabeled 
lipid tracers. The method allows the kinetics of 
metabolism of dietary lipid to be followed by analysis 
of animal tissues. 


Acknowledgements—The authors express their appreci- 
ation for the valuable technical assistance provided by Ms. 
S. K. Clark. Serum analyses were performed by Dr. H. 
Spiegel. Mrs. J. Harris, Miss Sue Ann Bremner and Mrs. 


K. CoMAl and A. C. SULLIVAN 


B. Van Ness provided secretarial assistance in the prep- 
aration of the manuscript. 


REFERENCES 


. R. G. H. Morgan, Q. JI exp. Physiol. 49, 457 (1964). 

. S. Bennett Clark and P. R. Hold, J. clin. Invest. 47, 
612 (1968). 

. F. H. Mattson and R. A. Volpenhein, J. Nutr. 102, 
1177 (1972). 

. F. H. Mattson, R. J. Jandacek and M. R. Webb, J. 
Nutr. 106, 747 (1976). 

5. M. Boquillon, Lipids 11, 848 (1976). 

. J. H. Meyer, E. A. Stevenson and H. D. Watts, Gas- 
troenterology 70, 232 (1976). 

. D. L. Trout, E. §. Conway and J. D. Putney, J. Nutr. 
107, 104 (1977). 

. N. J. Greenberger, J. B. Rodgers and K. J. Isselbacher, 
J. clin. Invest. 45, 217 (1966). 

. F. H. Mattson and G. A. Nolen, J. Nutr. 102, 1171 
(1972). 

. M. J. Sheltawy and M. S. Losowsky, Nutr. Metab. 18, 
265 (1975). 

. R. W. Harkins, L. M. Hagerman and H. P. Sarett, J. 
Nutr. 87, 85 (1965). 

. K. Comai, J. Triscari and A. C. Sullivan, J. Nutr. 108, 
826 (1978). 

. W. J. Bochenek and J. B. Rodgers, Biochim. biophys. 
Acta 489, 503 (1977). 

. A. Bizzi, E. Veneroni and S. Garattini, Eur. J. Phar- 
mac. 23, 131 (1973). 

. K. Comai, J. Triscari and A. C. Sullivan, Biochem. 
Pharmac. 27, 1987 (1978). 

. T. A. Miettinen, E. H. Ahrens, Jr. and S. M. Grundy, 
J. Lipid Res. 6, 411 (1965). 

. K. Comai, S. J. Farber and J. R. Paulsrud, Lipids 10, 
555 (1975). 

. W. J. Dixon, Biometrics 9, 74 (1953). 

.G. N. Snedecor and W. A. Cochran, in Stctistical 
Methods, 6th Edn, p. 275. Iowa State University Press, 
Ames, IA (1968). 

0. M. M. Stanley and S. J. Thannhauser, J. Lab. clin. 
Med. 34, 1634 (1949). 
21. K. G. Wormsley, Gut 4, 261 (1963). 
22. J. W. Huff, J. L. Gilfillan and V. M. Hunt, Proc. Soc. 
exp. Biol. Med. 114, 352 (1963). 

. T. M. Parkinson, K. Gundersen and N. A. Nelson, 
Atherosclerosis 11, 531 (1970). 

.N. McIntyre, in Lipid Absorption: Biochemical and 
Clinical Aspects (Eds. K. Rommel and H. Goebell), 
p. 74. University Park Press, Baltimore, MD (1976). 

. I. R. Schmolka and A. J. Raymond, J. Am. Oil Chem. 
Soc. 42, 1088 (1965). 

. G. K. Danielson, L. D. Dubilier and L. K. Bryant, J. 
thorac. cardiovasc. Surg. 59, 178 (1970). 

7. A. C. Hymes, A. Arbulu and P. Baute, Circulation 
(Suppl. II) 35, 148 (1967). 
28. R. P. Geyer, Fedn Proc. 21, 285 (1962). 





Biochemical Pharmacology, Vol. 29, pp. 1483-1490 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/0601-—1483 $02.00/0 
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Abstract—Experiments were conducted to determine whether the decrease in ethylmorphine N- 
demethylase and aniline hydroxylase activities and in the levels of cytochrome P-450 observed after 
injection of Bordetella pertussis to mice was related to an activity of the well-characterized 80°-heat- 
labile bacterial component (HSF) which causes an increased sensitivity to histamine. Temporal studies 
over 10-15 days following B. pertussis inoculation of mice suggested a possible correlation between the 
development of histamine sensitivity and the decrease in both in vivo and in vitro activities of the hepatic 
mixed-function oxidase system. Treatment of mice with unheated or 56°-heated vaccine produced a 
decrease in microsomal drug-metabolizing enzyme activity and an increased sensitivity to histamine at 
both 24 hr and 5 days after injection. In contrast, mice injected with an 80°-heated vaccine did not show 
an increased sensitivity to histamine at either time point or a decrease in drug-metabolizing activity at 
5 days. There was, however, a significant loss of microsomal enzyme activity determined at 24 hr post- 
injection of the 80°-heated vaccine. Injection of B. pertussis into a strain of mice insensitive to HSF 
activity was shown to produce a decrease in the drug-metabolizing activity at both 24 hr and 5 days 
without the concomitant increase in histamine sensitivity. On the other hand, injection of partially 
purified HSF into a susceptible strain of mice produced histamine sensitization without the loss of 
hepatic enzyme activity. These studies suggest that HSF per se is not the bacterial component responsible 
for the reduction in the hepatic microsomal enzyme activity. The results would indicate that two separate 
bacterial components may be involved. One is stable to heat of 80° and may cause the acute (24 hr) loss 
of activity. The second is labile to heat between 56 and 80° and may be responsible for the prolonged 
(5-10 days) loss of enzyme activity. The identity of the heat-labile component is unknown but the 
former, heat-stable component may be bacterial endotoxin. This conclusion is based on the similarity 
between the transient reduction in drug-metabolizing activity produced by injection of 500 ug/kg of 
endotoxin and that produced by the 80°-heated vaccine. 


In addition, Renton [7] reported that a 4-fold 
increase in phenytoin half-life was observed 24 hr 
after the administration of B. pertussis to rats. Also, 


Certain strains of mice and rats develop a marked 
sensitivity to histamine, serotonin, bradykinin, slow- 
reacting substance of anaphylaxis [1-3] and, at least 


in one strain of mice, to acetylcholine when inocu- 
lated with live or killed Bordetella pertussis cells. Of 
the above substances, the exquisite hypersensitivity 
to histamine has been the most extensively investi- 
gated and has been shown to be caused by a heat- 
labile constituent of the bacterial cell wall, the so- 
called “histamine-sensitizing factor” (HSF) [1-3]. 
The increased sensitivity of mice to histamine 
appears within 24-48 hr after the injection of B. 
pertussis, reaches a peak between day 3 and day 5, 
and after about 30 days returns to normal. 
Recently, we reported a previously unobserved 
effect of B. pertussis inoculation of mice of altering 
the activity of the hepatic drug-metabolizing enzyme 
system [4,5]. Five days after B. pertussis adminis- 
tration, i.e. the time of peak sensitivity to histamine, 
a marked diminution was seen in the activity and 
levels of the components of the mixed-function 
oxidase system. Renton and Mannering [6] have also 
shown that administration of B. pertussis daily for 
3 days to rats causes a depression of hepatic cyto- 
chrome P-450-dependent mono-oxygenase systems. 
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National Science Foundation, GB 35244. 


microsomes from B. pertussis-treated rats had a 
decreased rate of hydroxylation of phenytoin and a 
decreased level of cytochrome P-450. The present 
communication further explores this effect of per- 
tussis administration on hepatic drug-oxidation 
reactions. 

Studies were conducted with killed B. pertussis 
cells to determine whether the decrease in drug- 
metabolizing activity could be attributed to HSF 
itself or to other bacterial components. The results 
indicate that the decrease in drug-oxidation after 
pertussis administration is related not to the activity 
of HSF but to a heat-stable and another heat-labile 
constituent of the bacterial cell. The identity of the 
latter constituent is unknown, while the former may 
be identical to the endotoxin component of the gram- 
negative organism. A preliminary report of these 
investigations has been published [8]. 


MATERIALS AND METHODS 


Animals. Female CD, and CDF, mice (Carworth 
Farms, Portage, MI), weighing 18-20 g, were used 
throughout the study. The animals were fed standard 
laboratory diet and water ad lib. 


1483 





1484 


Bacterial products. Commercially available Bor- 
detella pertussis vaccine (Eli Lilly & Co., Indiana- 
polis, IN) was diluted 1:1 and injected intraperito- 
neally (3.p.) in a volume of 0.35 ml, representing 
7 x 10” killed pertussis cells per mouse. Escherichia 
coli endotoxin 026:B6 (Difco Laboratories, Detroit, 
MI) was dissolved in saline and injected i.p. in a 
volume of 0.2 ml at a dose of either 50 or 500 ug/kg 
body wt. Histamine-sensitizing factor (HSF), 
extracted and partially purified from B. pertussis cells 
[9, 10], was obtained from Dr. Samuel B. Lehrer of 
Tulane University. The mice received an i.p. injec- 
tion equivalent to 50 times the intravenous 50 per 
cent sensitizing dose (sDso). Sterile, pyrogen-free 
isotonic saline was used as diluent for all injected 
substances as well as for administration to control 
animals. 

In vivo determination of histamine hypersensitivy 
and pentobarbital sleep-time. The presence of his- 
tamine hypersensitivity was assessed by the incidence 
of death during a 60-min time period following the 
i.p. injection of 70 mg/kg of histamine. An effect of 
vaccine administration on the in vivo disposition of 
drugs was determined from the duration of pento- 
barbital-induced narcosis. Sodium pentobarbital 
(75 mg/kg) was administered i.p., and sleep-time was 
defined as the interval between the loss and the 
recovery of the righting reflex. 

In vitro assays. The levels and activity of the 
hepatic drug-metabolizing enzymes were determined 
using pooled microsomal preparations from three to 
five animals per group. The microsomal fraction was 
prepared as described previously [5]. Aminopyrine 
and ethylmorphine N-demethylase activities were 
determined according to the method of Nash as 
described by Anders and Mannering [11]. Aniline 
hydroxylase activity was measured by the method 
of Imai et al. [12]. Cytochrome P-450 was calculated 
from the dithionite difference spectrum between 450 
and 490 nm according to the method of Omura and 
Sato [13]. Cytochrome bs was determined from the 
difference in absorption between 424 and 410 nm 
produced by the addition of a few mg of NADH to 
the microsomal suspension of the sample cuvette. 
Extincition coefficients used for cytochrome P-450 
and cytochrome b; were 91 cm™'mM™! and 
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185 cm™'mM”', respectively. NADPH-cytochrome 
c reductase activity was measured according to the 
method of Williams and Kamin [14] as reported 
previously [15]. 


RESULTS 


The data in Table 1 show that the effect of B. 
pertussis vaccination was to produce an increased 
sensitivity to exogenously administered histamine 
and to prolong the pentobarbital-induced narcosis. 
The latter is customarily regarded as an in vivo 
correlate of hepatic drug-oxidation activity. In agree- 
ment with previous reports [1-3], histamine sensi- 
tization was observed within 24 hr, reached a peak 
at about 5 days, and was still appreciable 10—15 days 
following injection of the killed bacterial cells. Sim- 
ilarly, B. pertussis-treated animals also showed a 
significant prolongation of the pentobarbital sleep- 
time which persisted for at least 5 days. No significant 
difference between control and pertussis-treated 
animals was observed in the onset of narcosis (data 
not shown), suggesting that treatment of mice with 
the vaccine did not alter the central nervous system 
sensitivity to the barbiturate. 

The time course of the effect of pertussis inocu- 
lation on the variables of the microsomal mixed- 
function oxidase system is shown in Figs. 1 and 2. 
A significant decrease in the rates of N-demethyla- 
tion of aminopyrine and ethylmorphine and of 
hydroxylation of aniline was noted at 24hr after 
vaccination. Of these three activities, ethylmorphine 
N-demethylation was the most affected by the per- 
tussis treatment and aniline hydroxylation the least 
affected. Aniline hydroxylase activity remained 
between 65 and 75 per cent of control value for up 
to Sdays post-vaccination. Ethylmorphine JN- 
demethylase activity was depressed to as low as 45 
per cent on day 1 and began to return to the control 
value after day 3. On day 5, enzyme activity against 
each of these three substrates was approximately 65 
per cent of control levels and, from day 5 to day 15, 
each showed a parallel return toward control values. 
However, each of these activities was significantly 
less than control activity in mice killed 15 days after 
pertussis treatment. 


Table 1. Effects of B. pertussis inoculation on the development of histamine hypersensitivity 
and the duration of pentobarbital sleep-time of CD, mice 





Control 


Pertussis-treated 





’ Pentobarbital 
sleep-time 


Histamine 
sensitivity * 


Time after 
vaccination 





Pentobarbital 
sleep-time 
(min) 


Histamine 
sensitivity* 





6 hr 

1 day 

3 days 

5 days 
10 days 
15 days 


0/54 
0/59 
0/44 
2/64 
0/44 
0/40 


0/54 — 
27/59 192+ 8tt 
36/44 i= & 
61/64 180 + 10% 
24/44 118 + 13 
21/40 _ 





* Values represent the number of animals dead 60 min following an i.p. injection of 70 mg/kg 
histamine relative to total number of animals tested at each time period. 

+ Values represent the mean + S.E. of five animals per group. 

¢ Significantly different from control value, P < 0.01. 
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Fig. 1. Histamine sensitivity (O——(C) and the rate of 
microsomal metabolism of ethylmorphine (A——A), 
aminopyrine (@——®) and aniline (O——-—©) at various 
times after a single i.p. injection of B. pertussis vaccine 
(7 x 10° cells/mouse). Enzyme activities from four to six 
experiments at each time point are expressed as the per- 
centage of the corresponding control value. Histamine sen- 
sitivity is expressed as the percentage of pertussis-inocu- 
lated mice killed relative to the number challenged with 
an i.p. administration of 70 mg/kg histamine. One hundred 
per cent control values: aminopyrine N-demethylase 
activity, 0.859+0.029umole HCHO _ formed/mg 
protein/hr; ethylmorphine N-demethylase activity, 0.867 + 
0.044 umole HCHO formed/mg protein/hr; and aniline 
hydroxylase activity, 52.82 + 1.11 nmoles p-aminophenol 
formed/mg protein/hr. The cross (+) indicates significantly 
different from control value, P < 0.05. 


Of the three microsomal electron transport com- 
ponents studied the level of cytochrome P-450 
changed the most markedly (Fig. 2). The level of 


MICROSOMAL ENZYME LEVEL 
(% OF CONTROL) 
ANIWVISIH Y3L4V ALITVLYOW % 
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Fig. 2. Histamine sensitivity ((——D) and levels of cyto- 
chrome P-450 (@——®), cytochrome bs (A——A) and 
NADPH-cytochrome c reductase activity (O—-—O) at 
various times after a single i.p. injection of B. pertussis 
vaccine (7 x 10° cells/mouse). Enzyme levels from four to 
six experiments at each time point are expressed as the 
percentage of the corresponding control value. One 
hundred per cent control values: cytochrome P-450, 1.21 + 
0.04nmoles/mg protein; cytochrome bs, 0.46+ 
0.01 nmole/mg protein; NADPH-cytochrome c reductase 
activity, 188+ 4nmoles cytochrome c reduced/mg pro- 
tein/min. Histamine sensitivity is expressed as in Fig. 1. 
The cross (+) indicates significantly different from control 
value, P < 0.05. 


this hemoprotein in microsomal preparations from 
pertussis-treated mice was from 52 to 58 per cent of 
the control level for up to 5 days after vaccination 
and was 80 per cent of control after 15 days. Cyto- 
chrome bs concentration, although not as markedly 
affected, decreased during the same time intervals 


Table 2. Effects of heated and unheated B. pertussis vaccine on histamine sensitivity and ethylmorphine N-demethylation 
and aniline hydroxylation activity* 





Histamine 
sensitivity 
(No. dead/No. tested) 


Treatment and 
time after injection 


Ethylmorphine N-demethylase 


(umoles HCHO/hr/mg protein) 


Aniline hydroxylase 
activity 
(nmoles pAP/hr/mg protein) 


activity 





Control 
1 Day 
5 Days 


0/25 
2/30 


Unheated vaccine 
1 Day 
5 Days 


6/25 
29/30 


56°-Heated vaccine 
1 Day 
5 Days 


2/10 
9/10 


80°-Heated vaccine 
1 Day 
5 Days 


1/25 
4/30 


0.555 + 0.0627 
0.620 + 0.070 


0.224 + 0.0344 
0.338 + 0.0274 


0.189 + 0.045¢ 
0.276 + 0.028% 


36.69 + 1.17§ 
46.91 + 3.66 


0.241 + 0.0188 
0.530 + 0.058 





* Vaccine was diluted 1:1 with sterile physiological saline. Separate aliquots were injected either unheated or after 


heating at 56 and 80° for 30 min. 

' + Values are means + S.E. for three to six experiments. 
t Significantly different from control value, P < 0.01. 
§ Significantly different from control value, P < 0.05. 





J. F. Wittiams, S. Lowitt and A. SZENTIVANYI 


Table 3. Effects of heated and unheated B. pertussis vaccine on levels of cytochrome P-450 and 
cytochrome bs and on NADPH-cytochrome c reductase activity* 





Cytochrome P-450 
(nmoles/mg) 


Treatment and 
time after injection 


NADPH-cytochrome c 
reductase 
(nmoles 
reduced/mg/min) 


Cytochrome bs 
(nmoles/mg) 





Control 
1 Day 
5 Days 


1.11 + 0.187 
1.09 + 0.07 


Unheated vaccine 
1 Day 
5 Days 


0.67 + 0.08% 
0.60 + 0.08% 


56°-Heated vaccine 
1 Day 
5 Days 


0.54 + 0.044 
0.70 + 0.08% 


80°-Heated vaccine 
1 Day 
5 Days 


0.69 + 0.014 
1.02 + 0.07 


0.49 + 0.02 
0.42 + 0.02 


199+ 9 
187+ 6 


0.33 + 0.028 
0.28 + 0.032 


151 + 10§ 
149+ 7§ 


0.25 + 0.034 
0.25 + 0.04% 


150+ 3§ 
173+ 9 


0.32 + 0.04§ 
0.38 + 0.03 





* Vaccine was prepared as described in Table 2. 


+ Values are means + S.E. of three to six experiments. 
t Significantly different from control value, P < 0.01. 
§ Significantly different from control value, P < 0.05. 


following pertussis administration. The NADPH- 
cytochrome c reductase decreased to 75 per cent of 
control level 24 hr after pertussis administration and 
by 3 days after treatment was reduced 15 per cent 
in activity. The reductase activity remained at this 
decreased level for up to 15 days. 

Since the time course for prolongation of pento- 


barbital sleep-time and the depression of the hepatic 


microsomal enzyme-dependent components 
seemed to parallel the development of histamine 
sensitivity (Table 1, and Figs. 1 and 2), experiments 
were designed to determine whether the 
two responses were elicitied by the same bacterial 
component, namely HSF. These studies utilized the 
established heat-lability of HSF, the resistance of 
certain strains of mice to HSF activity and, finally, 
the administration to mice of a partially purified 
preparation of HSF obtained from B. pertussis 
organisms. 

The histamine-sensitizing activity of B. pertussis 
has been shown previously to be destroyed by heating 
the vaccine at 80° for 30 min, whereas the other heat- 
labile activities attributed to the heat-labile toxins 
(HLT) of the organism are destroyed by heating the 
vaccine at 56° [1]. Table 2 compares the effects of 
injection into mice of the non-heated vaccine or of 
vaccines heated at 56° or 80° on the N-demethylation 
of ethylmorphine and the hydroxylation of aniline 
by hepatic microsomal enzymes as well as the devel- 
opment of histamine hypersensitivity at 24hr and 
5 days after inoculation. It can be seen that animals 
receiving the unheated or the 56°-heated vaccine 
showed histamine sensitivity at both 24 hr and 5 days, 
whereas histamine sensitivity was significantly atten- 
uated in the animals inoculated with the 80°-heated 
vaccine. However, a differential effect on the drug- 
metabolizing enzymes was observed between the two 
heated and the unheated vaccines at the two time 
points. Injection of either of the heated or the 
unheated vaccines produced comparable decreases 


in the enzyme activities determined 24 hr after vac- 
cination. But, Sdays after vaccination, animals 
injected with the unheated or the 56°-heated vaccine 
showed a persistent and significant decrease in micro- 
somal enzyme activity, whereas enzyme activity of 
the microsomal preparations from animals inocu- 
lated with the 80°-heated vaccine was not signifi- 
cantly different from control values. 

Table 3 shows the effects of the heat-treated and 
the unheated vaccines on the levels of cytochrome 
P-450, cytochrome bs and NADPH-cytochrome c 
reductase. One day after vaccination with the various 
preparations, the level of each of these microsomal 
electron transport components was markedly 
decreased. At 5 days after vaccine inoculation, the 
levels of these components were diminished in those 
animals that had received the unheated or 56°-heated 
vaccine. Animals injected with the 80°-heated prep- 
aration had values that were not significantly differ- 
ent from control values. 

These results suggested that the depression of 
drug-metabolizing enzyme activity seen at 24 hr after 
vaccination was not associated with the 80°-heat- 
labile HSF, while the prolonged effect observed 
5 days later might be related to HSF activity. There- 
fore, a study was initiated with a strain of mice 
(CDF) which does not develop increased sensitivity 
to histamine following pertussis vaccination [2]. As 
shown in Table 4, an increase in histamine sensitivity 
was not seen 5 days after administration of B. per- 
tussis to female CDF: mice, despite the fact that: 
these animals showed a marked decrease in micro- 
somal enzyme activity. This decrease in enzyme 
activity was comparable to that produced by pertussis 
administration to the CD; strain, i.e. histamine-sen- 
sitive mice. Although these results implied that the 
observed decrease in drug-metabolizing activity was 
probably not related to HSF, it was considered pos- 
sible that the two effects, i.e. histamine sensitivity 
and decreased drug metabolism activity, might be 
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Aniline 
hydroxylase 


Ethylmorphine 
N-demethylase 


Cytochrome 


Cytochrome 


bs 
(nmoles/mg protein) 


activity 
(nmoles pAP/hr/mg protein) 


activity 
(wmoles HCHO/hr/mg protein) 


Treatment and interval 


post-injection 


(nmoles/mg protein) 





Control 


1 Day 


0.48 + 0.01 


1.14 + 0.05 


0.579 + 0.057 


0.50 + 0.02 


60.47 + 3.80 


0.651 + 0.020 


5 Days 


Endotoxin (50 g/kg) 


1 Day 


0.39 + 0.04 
0.47 + 0.03 


1.05 + 0.08 
1.17+0.0 


.67 + 2.07 


5? 


0.461 + 0.044 


5 


5 Days 
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Endotoxin (500 yg/kg) 


0.33 + 0.03¢ 
0.48 + 0.03 


+ 
+ 


43.0 + 1.78 


4 


0.249 + 0.0417 
0.583 + 0.055 


1.21 + 0.08 


.76 + 4.98 


6 





* E. coli endotoxin 026:B6 was dissolved in sterile isotonic saline. Values represent the mean + S.E. of three to four experiments with pooled livers of five 


animals per group. 


+ Significantly different from control, P < 0.01 
¢ Significantly different from control, P < 0.05. 


different manifestations of HSF and that the resistant 
strain might be insensitive to one but not to both of 
these effects. Therefore, HSF-sensitive mice (CD;) 
were injected with a partially purified preparation 
of HSF, the known 80°-heat-labile factor from B. 
pertussis cells. As reported in Table 5, the animals 
receiving this HSF preparation displayed the usual 
increased sensitivity to histamine, but no effect on 
the hepatic enzyme activities was found. 

The results with the 80°-heated vaccine reported 
above also indicated that the early decrease in 
hepatic drug-metabolizing activity observed within 
24 hr after vaccination was associated with a heat- 
stable component of the bacterial cell. Bacterial 
lipopolysaccharide (endotoxin) is a heat-stable com- 
ponent of gram-negative organisms, such as B. per- 
tussis, and was, therefore, considered to be a likely 
candidate. Table 6 shows the effect of two doses of 
E. coli endotoxin on the hepatic drug metabolism 
of mice 24 hr and 5 days after injection. At 50 ug/kg 
endotoxin, no significant effect on drug oxidation 
reactions was observed. However, 500 ug/kg of E. 
coli endotoxin caused a significant depression of 
ethylmorphine N-demethylase and aniline hydrox- 
lase activities and in the levels of cytochrome P-450 
and cytochrome bs. These effects were seen 24 hr, 
but not 5 days, after injection of the lipopolysac- 
charide. The dose of endotoxin that was estimated 
[16-19] to have been injected in the volume of per- 
tussis vaccine used for sensitization throughout these 
studies was at least 300 wg/kg. This effect of endo- 
toxin, therefore, was similar to that observed with 
the 80°-heated pertussis preparation. 

To exclude a possible direct toxic effect of pertussis 
vaccine on hepatic microsomes, aliquots of the vac- 
cine were preincubated with microsomal fractions 
from control mice. The data (not shown) indicate 
that no diminution in enzyme activity is seen under 
these conditions. 


DISCUSSION 


Injection of B. pertussis cells, or their products, 
into experimental animals produces a variety of bio- 
logical effects, including sensitization to the lethal 
effects of certain pharmacological agents, such as 
histamine and serotonin, unresponsiveness to the 
hyperglycemic action of epinephrine, a marked leu- 
cocytosis, and adjuvanticity with respect to both 
humoral antibody production and cell-mediated 
immunity. Previous studies have suggested that many 
of these diverse responses may be associated with 
the activity of certain components of the bacterial 
cell. The following substances or activities have been 
described so far in B. pertussis: (1) protective antigen 
(PA) ; (2) HSF; (3) leucocytosis promoting factor 
(LPF); (4) heat-labile toxins (HLT); (5) heat-stable 
endotoxin; (6) agglutinogen; and (7) hemagglutinin 
[1-3]. Several lines of experimental evidence suggest 
that the first three of these factors may be identical. 
Each of these is labile to heat to 80°, and attempts 
to separately isolate these components have so far 
been unsuccessful [20]. Conversely, HLT is distin- 
guishable from the other three heat-labile activities 
by its destruction at 56°, a temperature that does not 
alter HSF, LPF or PA activities. 





B. pertussis depression of drug metabolism 


The purpose of the present study was to explore 
further the loss of hepatic drug-metabolizing activity 
observed in pertussis-treated animals [4-8]. The 
experiments were designed to determine whether 
the decrease in hepatic enzyme activity was related 
to the effect of HSF or of other bacterial components. 
Temporal studies following pertussis administration 
to mice susceptible to histamine sensitization by HSF 
indeed suggested the possibility that the production 
of histamine sensitization and the decrease in both 
the in vivo and in vitro drug-metabolizing activities 
might be correlated (Table 1, and Figs. 1 and 2). 
Thus, the effect of B. pertussis administration in 
producing histamine hypersensitivity, together with 
prolonging pentobarbital sleep-time, decreasing 
microsomal N-demethylase, hydroxylase and 
NADPH-cytochrome c reductase activities, as well 
as depressing cytochrome P-450 and cytochrome bs 
levels, was most marked between 24 hr and 5 days 
post-vaccination. Of the hepatic enzyme activities, 
the N-demethylations of ethylmorphine and ami- 
nopyrine were decreased to a much greater extent 
than was aniline hydroxylation. Of the microsomal 
electron transport components, the level of cyto- 
chrome P-450 was the most affected. NADPH-cyto- 
chrome c reductase activity was only marginally 
affected. The differential effect of pertussis vacci- 
nation on the N-demethylation and hydroxylation 
reactions may represent a selective decrease in one 
of the multiple cytochrome P-450 species recently 
shown to be present in hepatic microsomal prep- 
arations [21-23]. Pertussis administration also sig- 
nificantly decreased the levels of cytochrome bs. At 
present the role of this hemoprotein in drug-oxida- 
tion reactions is unclear, but various investigators 
have suggested its participation in certain cyto- 
chrome P-450-mediated mixed-function oxidations 
as well as a role in the desaturation of fatty acids 
[24]. All of the above effects were present to a 
somewhat lesser, but still significant, degree 15 days 
post-vaccination. 

Destruction of HSF activity by heating the vaccine 
to 80°, injection of B. pertussis cells into a strain of 
mice (CDF;) resistant to HSF activity, and finally, 
injection of a partially purified HSF preparation into 
a sensitive strain of mice (CD;) all resulted in obser- 
vations indicating that the loss of the hepatic mixed- 
function oxidase system is not associated with an 
activity of HSF. This conclusion is based on: (1) a 
dissociation of effects of heating the vaccine on the 
development of histamine hypersensitivity and on 
the loss of enzyme activity, particularly 24 hr after 
vaccination; (2) a decrease in enzyme activity in the 
mouse strain resistant to the development of hista- 
mine hypersensitivity; and (3) a failure of HSF itself 
to affect drug-metabolizing activity while inducing 
increased responsiveness to histamine. The data 
obtained with the 80°-heated vaccine preparation 
also indicate that more than one bacterial component 
may be involved in eliciting the acute and prolonged 
decrease in enzymatic activity. Thus, heat treatment 
of the vaccine at 80° for 0.5 hr abolished the effect 
on cytochrome P-450 levels and associated enzyme 
activities seen at 5 days, but not those observed at 
24 hr. Therefore, the two bacterial constituents may 
be tentatively referred to as one that is labile, and 
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a second that is stable, to 80° heat. The similarity 
between the effects on drug-metabolizing enzymes 
observed following the injection of endotoxin, a 
known heat-stable component of gram-negative 
organisms including B. pertussis, and those following 
the administration of the 80°-heated vaccine suggest 
that the heat-stable lipopolysaccharide component 
of B. pertussis may be the agent responsible for the 
effects seen at 24 hr post-vaccination. On the other 
hand, the identity of the heat-labile constituent is 
presently unknown. Since LPF and PA are currently 
regarded to be inseparable from HSF, the only 
remaining B. pertussis activities previously described 
are HLT, agglutinogen and hemagglutinin. Of these, 
HLT can also be eliminated because heating the 
vaccine at 56°, which destroys HLT but not HSF, 
did not affect either the acute or late phase of the 
loss of hepatic drug-metabolizing activity. This fur- 
ther characterizes the heat sensitivity of the unknown 
agent as being between 56 and 80°. 

An additional unanswered question is the mech- 
anism through which administration of B. pertussis 
cells depresses the hepatic mixed-function oxidase 
system. Bissel and Hammaker [25] have reported 
that injection of 2 mg/kg of E. coli endotoxin into 
rats causes a loss of cytochrome P-450 as early as 
4hr after injection. Associated with the loss 5 the 
hemoprotein levels is a concomitant decrease in 6- 
aminolevulinic acid synthetase activity and an 
increase in heme oxygenase activity [26]. The former 
enzyme activity is the rate-limiting step in heme 
biosynthesis while the latter is the key enzyme in 
heme degradation. In addition, el Azhary and Man- 
nering [27] have reported similar effects on heme 
metabolism following administration of interferon 
inducers to rats. In line with these observations, 
preliminary experiments in our laboratory with B. 
pertussis administration to mice and rats do appear 
to indicate that a stimulation of heme oxygenase 
does indeed occur at 24 hr and is still above control 
values at 5 days (unpublished observations). 

Of further significance are the number of recent 
reports of various immunologically active sub- 
stances, such as endotoxin [25, 28], B. pertussis [4- 
8], Coryebacterium parvum [29], Bacillus Calmette- 
Guérin [30], and complete Freund’s adjuvant [31- 
33], altering the activity of the hepatic mixed-func- 
tion oxidase system. Also, Renton and Mannering 
[6, 34] and Leeson et al. [35] have shown that rats 
injected with interferon inducers, among which many 
of the former agents can be included, have decreased 
drug-metabolizing activity. In contrast, a recent 
report [36] indicates that in vitro exposure of isolated 
hepatic parenchymal cells to the interferon inducer 
Poly I-Poly C, as well as to mouse interferon, results 
in the induction of cytochrome P-450. In this context, 
it seems pertinent to mention recent observations in 
our laboratory [37, 38] which show that the well- 
characterized in vivo effect of endotoxin to antag- 
onize the glucocorticoid induction of hepatic tryp- 
tophan oxygenase [39, 40] is not due to a direct effect 
on the hepatic parenchymal cell but is mediated 
through an effect on the hepatic non-parenchymal 
cell fraction, presumably the Kupffer cell. These 
studies lend additional significance to the observation 
of Wooles and Munson [41] that both stimulators 
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and inhibitors of reticuloendothelial cell function 
inhibited parenchymal cell drug-oxidation reactions. 
It is possible, therefore, that some form of interplay 
exists between these two cell systems with regard to 
the regulation of the mixed-function oxidase and 
other hepatic enzymes. Similarly, the potential effect 
of decreased mixed-function oxidase activity in drug 
therapy of gram-negative sepsis and endotoxemia, 
as well as the use of immunostimulants such as C. 
parvum [42], in conjunction with chemotherapeutic 
agents needed to be metabolized to the active 
moiety, would appear to converge within this same 
range of biological possibilities. 
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Abstract—An amidase that hydrolyzes isocarboxazid, a monoamine oxidase inhibitor, was studied in 
the monkey. High activity was observed in the liver, moderate activity in the pancreas, and low activity 
in the kidney, intestine and lung. No activity was observed in the brain, spleen, heart, uterus, or serum. 
This enzyme was thought to be located mainly in the microsomal fraction of liver, since the subcellular 
distribution pattern was similar to that of glucose-6-phosphatase, a marker enzyme of the microsomal 
fraction. This amidase was stable at low temperature (—20°) for at least 1 month, and no cofactors were 
required. The enzyme was not inhibited by either the substrate or its metabolites. However, significant 
inhibition of the enzyme was produced by organophosphorous compounds such as parathion and O- 
ethyl p-nitrophenyl phenylphosphorothioate (EPN). Both a-naphthylacetate and p-nitrophenyl acetate, 
substrates of carboxylesterase, competitively inhibited the activity of the isocarboxazid amidase. These 
results suggest that isocarboxazid amidase is also a carboxylesterase. A comparison between monkey 


and rat isocarboxazid amidases is also discussed in this paper. 


In previous papers, we have demonstrated that an 
enzyme that catalyzes the hydrolysis of isocarboxazid 
(ISOC), a monoamine oxidase inhibitor, is found in 
various animal tissues and that guinea pig liver has 
significantly higher activity compared to tissues of 
the rabbit, rat and mouse [1, 2]. The enzyme appears 
to be located mainly in the liver microsomal fraction 
in rats and guinea pigs, and seems to have carboxy- 
lesterases activity [3, 4]. 

Microsomal carboxylesterases are known to be 
widely distributed in animals (rat [5, 6], pig [7, 8], 
horse [9], ox [10], chicken [9], sheep [9] and human 
[11]) and to hydrolyze various drugs possessing an 
ester or amide bond, i.e. acetanilide [5, 7], Hosta- 
caine [6], procaine [6], steroid hormone esters [8] 
and xylocaine [10]. No report concerning monkey 
carboxylesterase, however, has been available. 

The present studies were designed to investigate 
the in vitro metabolism of ISOC by monkey liver 
microsomes and the properties of this enzyme. 


MATERIALS AND METHODS 


Chemicals. ISOC and O-ethyl p-nitropheny] phen- 
ylphosphonothioate (EPN) were supplied by the 
Nippon Roche Research Center, Kamakura, Japan, 
and E. I. du Pont de Nemours & Co. Inc., Wil- 
mington, DE, respectively. Reduced glutathione and 
glucose-6-phosphate were obtained from the Sigma 
Chemical Co., St. Louis, MO. Sephacryl S-200 was 
purchased from Pharmacia A.B, Uppsala, Sweden. 
All other chemicals used were of analytical grade, 
and all solutions were prepared in redistilled water. 

Enzyme assays. All enzyme activities were meas- 
ured spectrophotometrically in a Hitachi Perkin— 
Elmer 139 spectrophotometer. ISOC amidase 
activity was determined by measuring the amount 
of benzylhydrazine (BZH) produced from ISOC. 


BZH was determined according to a method 
described previously [12]. Esterase activity was also 
assayed using procaine [4], p-nitrophenyl acetate 
(p-NPA) [13] and a-naphthylacetate (a-NA) [14] as 
substrates. For the assays of ISOC amidase and 
procaine (PROC) esterase activities, a mixture, con- 
sisting of 0.5 ml of substrate (2x 10-* M) in 
0.2 M Tris-HCI buffer, pH 8.0, 0.1-0.5 ml of enzyme 
solution and enough redistilled water to make a final 
volume of 1.0 ml, was incubated at 37° for 30 min 
in air. Produce formation by liver amidase or esterase 
activity toward ISOC or PROC as substrate, respec- 
tively was linear for at least a 2-hr incubation period. 
Enzyme activity and specific activity were expressed 
as umoles of product formed per g liver wet wt. per 
30 min and nmoles of product formed per mg protein 
per min, respectively. Succinic dehydrogenase 
activity was measured by the method of Pennington 
[15], and incubation was carried out for 15 min. The 
activities of acid phosphatase and glucose-6-phos- 
phatase (G-6-Pase) were assayed by the procedures 
of Alvarez [16] and Hiibscher and West [17] respec- 
tively. Protein was determined by the method of 
Lowry et al. [18], using bovine serum albumin as the 
standard. 

Fractionation of the amidase. Female monkeys 
(Macaca mulatta), weighing 2-3 kg, were used for 
all experiments. The liver was removed, weighed 
and homogenized in 4 vol. of ice-cold 0.25 M sucrose, 
using a Potter-Elvehjem glass homogenizer with a 
loosely fitting Teflon pestle. Subcellular fractionation 
was carried out by differential centrifugation by the 
method of Sedgwick and Hiibscher [19]. The hom- 
ogenate was centrifuged at 600 g for 10 min, then 
at 5000 g for 10 min, 10,000 g for 20 min and finally 
at 100,000 g for 60 min, to separate nuclear, mito- 
chondrial, lysosomal and microsomal fractions, 
respectively. All subfractions prepared as described 
above were washed once in 1.15% KCI solution, 
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- resuspensed and recentrifuged prior to assays of each 
enzyme activity. When only the isolation of micro- 
somes was necessary, the liver homogenate was first 
centrifuged at 10,000 g for 20 min. After recentri- 
fugation of the supernatant fraction at 100,000 g for 
60 min, the microsomal pellet was washed once in 
1.15% KCI to remove adsorbed protein. The final 
pellet was resuspended in 1.15 per cent KCI to con- 
tain 1-10 mg protein/ml. Experiments on the deter- 
mination of the characteristics of the amidase or 
esterase described here were done using microsomes 
as an enzyme source. 

Polyacrylamide gel electrophoresis. Disc electro- 
phoresis was carried out according to the method of 
Davis [20]. The gel concentration was 7.5 per cent 
(pH 9.4). Monkey microsomes were solubilized by 
adding Triton X-100 and were applied to polyacry- 
lamide gels. After electrophoresis for 2 hr the gels 
were stained with Coomassie Blue for protein or 
with 2 ml of 0.1 M phosphate buffer containing Fast 
Blue RR (2 mg) and a-NA (10~* M) dissolved in 
acetone. ISOC amidase activity was determined by 
incubating the sliced gels with ISOC as substrate, 
following them to estimate the BZH formation. 


RESULTS 


Tissue distribution. Studies were made to deter- 
mine the distribution of the ISOC amidase in various 
tissues, i.e. liver, kidney, brain, heart, intestine, 
pancreas, spleen, lung, uterus, and serum, of the 
monkey. Table 1 shows that the liver possessed a 
relatively high ISOC amidase activity compared to 
the other tissue; a moderately high activity was found 
in the pancreas. The brain, spleen, heart, uterus and 
serum had no enzyme activities toward ISOC. 

Localization of the ISOC amidase in subcellular 
fractions. The activities of the ISOC amidase and of 
known marker enzymes in three subcellular com- 
ponents were studied in the fractions obtained from 
monkey liver. The marker enzymes chosen here were 
succinate dehydrogenase (mitochondria), acid phos- 
phatase (lysosomes) and G-6-Pase (microsomes). 


Tabie 1. Tissue distribution of monkey ISOC amidase 
activity 





Tissue 


Enzyme activity* 





Liver 

Pancreas 

Kidney 

Small intestine 

Lung 

Spleen 

Heart 

Brain (cerebrum) 
(cerebellum) 
(brain stem) 

Uterus 

Serum 


14.20 + 2.61 (5)* 
7.43 + 1.27 (4) 
1.16 + 0.82 (4) 
1.01 + 0.27 (4) 





* Enzyme activity is expressed as wmoles BZH formed/g 


tissue wet wt/30 min; means + S.E. 


; Numbers in parentheses indicate the number of mon- 


keys used. 
+ Not detectable. 
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Fig. 1. Subcellular distribution patterns of monkey liver 
enzymes. Abbreviations: SDH, succinate dehydrogenase; 
Acid Pase, acid phosphatase; G-6-Pase, glucose-6-phos- 
phatase; and ISOCase, isocarboxazid amidase. Abscissa: 
fractions are represented by their relative protein content, 
in the order in which they are isolated, i.e. from left to 
right, nuclear, mitochondrial, lysosomal, microsomal and 
supernatant fraction. Ordinate: relative specific activity. 
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Fig. 2. Temperature optimum and temperature sensitivity 

of the liver microsomal ISOC amidase. Enzyme activities 

were measured after 30 min of incubation at different 

temperatures with ISOC (—C—). After a 10-min prein- 

cubation without added substrate at the different temper- 

atures, incubation was carried out for the next 30 min at 
37° with added ISOC (---@---). 
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Fig. 3. pH optimum. The following three buffer systems 
were used: (1) 0.2 M phosphate buffer prepared from 
KH2PO, and NaOH (pH 6.0 - 8.1); (2) 0.2 M Tris-HCl 
buffer (pH 7.0 — 8.8); and (3) 0.1 M glycine-NaOH buffer 
prepared from glycine-NaCl and NaOH (pH 8.2 - 9.6). 


Figure 1 shows the distribution of the ISOC amidase 
and of the marker enzymes in the various fractions, 
expressed as a percentage of the recovered activities. 
The distribution pattern of the ISOC amidase was 
roughly similar to that of G-6-Pase; the highest 
activities were in fractions consisting of membranes, 
with a little in the cell sap. This ISOC amidase was 
localized in the microsomes, as reported for rat [5, 
6] and pig [7, 8]. Therefore, various enzymatic 
properties were assayed, using microsomes as the 
enzyme source. The reaction velocity was linear with 
enzyme concentrations up to 7 mg of microsomal 
protein in the presence of 1 mM ISOC, and with 
time up to 120 min. 

Stability of the ISOC amidase. The microsomal 
pellet, suspended in 1.15 per cent KCI solution, was 
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Table 3. Effects of various divalent cations on liver micro- 
somal ISOC amidase activity 





Concentration (M) 
Metal ion 10-7 10~* 10° 





100.0* 
3.5 
57.0 
88.6 
61.9 


100.0 
80.4 
96.6 
99.7 
89.8 


100.0 
100.1 
93.9 
99.5 
102.8 


None 
Hg?* 
Cu?* 
Zn** 
Co?* 





* Numbers in this table show the mean values from three 
experiments and represent per cent activity of control. 


maintained at 4° or —20°, and enzyme activity was 
measured every 5 days. Enzyme activity toward 
ISOC gradually decreased to 50 per cent of the initial 
activity in about 20 days at low temperature (4°), 
while no loss of enzyme activity was observed at — 
20° for 30 days. 

Effects of temperature on the ISOC amidase 
activity. As shown in Fig. 2, exposure of the enzyme 
to temperatures below 45° without the substrate 
caused no alteration. However, exposure to tem- 
peratures higher than 50° resulted in a gradual 
decrease, with almost complete inactivation of 
enzyme activity at 70°. On the other hand, the 
enzyme activity was gradually increased with increas- 
ing temperatures, up to 45°; above this temperature 
the activity rapidly decreased. 

pH optimum. Microsomal ISOC amidase has a pH 
optimum at 8.5-9.0 for enzymatic hydrolysis of 
ISOC. There was no significant difference in the 
enzyme activity with the three buffer systems used 
(Fig. 3). 

Inhibition studies. A number of substances com- 
monly used in enzyme characterization were tested, 
with preincubation of enzyme for 10 min in the 
presence of inhibitors. As shown in Table 2, remark- 
able inhibition was observed with EPN and para- 
thion, moderate inhibition was also noted in the 
presence of high concentrations of sodium fluoride, 
eserine and a-NA. 


Table 2. Effects of inhibitors on liver microsomal ISOC amidase activity 





Inhibitor 10° 


Inhibitor concentration (M) 
10-4 10°° 





Parathion 

EPNt+ 

Bis p-nitrophenylphosphate 
Dithiobis nitrobenzoate 
p-Chloromercuribenzoate 
N-Ethylmaleimide 
Sodium fluoride 

Eserine 

EDTA 
p-Nitrophenylacetate 
a-Naphthylacetate 
Acetanilide 

Procaine 


0.0 
13.4 
98.6 
99.9 
91.0 
16.4 
82.2 
95.8 
44.5 
12.6 
89.1 


9.” 
75.4 
36.9 

107.3 
106.2 
104.0 
56.1 
101.3 
91.8 
95.3 
Kai 
101.4 
105.6 


60.1 
94.6 
93.6 
115.3 
106.7 
108.5 
91.9 
100.9 
99.2 
104.5 
72.1 
95.9 
102.6 





* Numbers in this table show the mean values from three experiments and represent 


percent of control activity. 


+ O-Ethyl p-nitrophenyl phenylphosphonothioate. 
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Fig. 4. Double reciprocal plots of the hydrolysis of ISOC 
in the presence of other possible substrates: a 10°* M 
(O, NA) and a 10-5 M (@, NA) concentration of a-naph- 
thylacetate, a 10°* M concentration of p-nitrophenyl- 
acetate (@, p-NPA) and a 10°? M concentration of 
acetanilide (A, ACET). Each point is the mean of three 
experiments with the same microsomes. 
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Little or no inhibition of the enzyme was observed 
with EDTA, p-chloromercuribenzoate, N-ethyla- 
maleimide or dithiobis nitrobenzoate, even at a con- 
centration of 1 mM. Reductants, i.e. reduced glu- 
tathione, dithiothreitol, cysteine and 
mercaptoethanol, did not affect the enzyme activity 
at a concentration of 1 mM. The enzyme was not 
inhibited by either the substrate or its metabolites. 

Effects of metal ions. Among the divalent metal 
ions tested, Hg**, Cu?*, Co** and Zn** had inhibi- 
ee! effects on ISOC amidase, while Mg”* , Fe?* and 

had no effects. Moreover, none of the metal 
ions used activated the ISOC amidase (Table 3). 

Effect of substrate concentration on reaction veloc- 
ity and substrate specificity. The effect of substrate 
concentration on the rate of hydrolysis was deter- 
mined with concentrations of ISOC from 5 x 107° 
to 1.6 x 10° M. The apparent K,, and V,,,, values 
were 3.2 mM and 3.0 nmoles BZH/mg protein/min, 
respectively. The monkey microsomes were also 
observed to have high esterase activity toward a-NA 
and p-NPA as substrates, and low activity toward 
PROC and acetanilide (Table 4). 

To determine the relation between the enzyme 
that hydrolyzed the ISOC and those that hydrolyzed 
the other substrates a-NA, p-NPA or acetanilide, 
the hydrolysis of different concentrations of ISOC 
in the presence and absence of a-NA, p-NPA or 
acetanilide was investigated. As shown in Fig. 4, the 
double reciprocal plots show competitive inhibition 


i 








Fig. 5. Polyacrylamide gel electrophoresis of monkey microsomes after solubilization with Triton X- 

100. (A) Protein bands stained with Coomassie Blue. (B) Enzyme activity bands stained with a- 

naphthylacetate. The bands of activity were numbered from the cathodic end of the gel. (C) Esterase 

and ISOC amidase activities after gel electrophoresis. The gels were sliced and incubated with a- 

naphthylacetate (—A—) for 5 min or ISOC (---O---) for 3 hr. The enzyme activities were estimated 
by the methods described in Materials and Methods. 





Monkey liver carboxylesterase 


Table 4. Substrate specificity of liver microsomal ISOC amidase activity and carboxyles- 
terase activity* 





Substrate 


Enzyme activity 


Kp, b 


; 
max 





Isocarboxazid 0.6 
Procaine 0.5 
Acetanilide 0.02 
p-Nitrophenylacetate 675 
a-Naphthylacetate 1010 


3.20 x 1073 3.0 
0.56 x 1075 0.7 
5.00 x 1073 0.4 
0.71 x 1073 3.85 x 10° 
0.08 x 1073 4.0 x 10° 





Enzyme activities and V,,,, values are expressed as nmoles product formed/mg micro- 
somal protein/min, and K,,, as M of each substrate. 


of ISOC-hydrolyzing activity in the presence of 
10°* M concentration of a-NA p-NPA or a 10°? M 
concentration of acetanilide. The effect of PROC 
was not determined in this experiment because a 
concentration of more than 10°* M PROC developed 
color with the p-dimethylaminobenzaldehyde 
reagent which was used for measuring BZH amounts 
and inhibited the color development of BZH. 

Polyacrylamide gel electrophoresis and 1SOC 
amidase activity. After the monkey microsomes were 
solubilized with 2.5 per cent Triton X-100 to a final 
concentration of 0.25 per cent Triton X-100, the 
extracts containing 200 wg of microsomal protein 
were subjected to disc polyacrylamide gels and elec- 
trophoresed for 2 hr. Figure 5 shows the distribution 
of protein bands stained with Coomassie Blue (A) 
and of a-NA esterase activity (B). This figure dem- 
onstrates that microsomes have at least four esterase 
activities toward a-NA. To investigate the relation 
between the ISOC amidase and the a-NA esterases, 
the gels were sliced 1.0 mm thin and three pieces of 
them per tube were incubated for 3 hr with ISOC. 
Esterase activity was also measured by incubating 
the sliced gel with a-NA for 5 min. As shown in Fig. 
5 (C), the ISOC amidase activity migrated the same 
distance as the third band of esterase activity. This 
indicates that one of the esterases may have ISOC- 
hydrolyzing activity. 


DISCUSSION 


These experiments show that monkey tissues con- 
tain an ISOC hydrolyzing amidase, mainly in liver, 
and that the enzyme activity of monkey liver is lower 
than that of rabbit liver (51.6 umoles BZH/g liver 
wet wt/hr) but higher that that of rat liver (9.6 umoles 
BZH/g liver wet wt/hr) [1]. This enzyme was found 
to be located in the microsomal fraction of liver. 
Figure 4, showing competitive inhibition of the ISOC 
amidase in the presence of a-NA, p-NPA and ace- 
tanilide, suggests that these four substrates (two 
amides and two esters) can be hydrolyzed by the 
same enzyme. In addition, the sensitivities to certain 
esterase inhibitors such as organophosphates, the 
optimum pH, the temperature stability, and the 
effect on SH-inhibitors and reductants suggest that 
this enzyme may be one of the carboxylesterases. 
This suggestion seems to be confirmed by the result 
of disc electrophoresis; the third band among four 
bands having esterase activity also had ISOC amidase 
activity. This enzyme, moreover, was found to be 
similar in the properties summarized in Table 5, to 
the ISOC amidase from rat liver microsomes that 
was demonstrated previously, [4], and to the micro- 
somal carboxylesterases derived from various mam- 
mals [5-11]. The microsomal ISOC amidase from 
monkey, as well as rat, was effectively solubilized 


Table 5. Comparison between monkey and rat ISOC amidase 





Monkey 


Rat 





Tissue distribution 

Subcellular distribution 

Optimum pH 

Optimum incubation temperature 
Stability 

Inhibitor 


Activator 
Substrate specificity 


Ky, 
Vous 
Solubilization 


Liver 

Microsomes 

8.5 - 9.0 

45° 

Stable (—20°) 
Organophosphates 
Heavy metals 
Sodium fluoride 
None 

Isocarboxazid 
a-Naphthylacetate 
p-Nitrophenylacetate 
Acetanilide 

3.20 x 10°°M 

3.0 nmoles/mg protein/min 
Cholic acid* 

Triton X-100* 


Liver 

Microsomes 

8.5 - 9.0 

60° 

Stable (—20°) 
Organophosphates 
Heavy metals 

SKF 525-A 

None 

Isocarboxazid 
a-Naphthylacetate* 
p-Nitrophenylacetate* 
Procaine 

0.55 x 10°*M 

2.0 nmoles/mg protein/min 
Cholic acid* 

Triton X-100* 





* Unpublished data. 
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with low concentrations of cholic acid and. Triton X- 
100, but not of trypsin, and the molecular weight of 
the solubilized enzyme was estimated by the Sephac- 
ryl S-200 gel chromatography method to be about 
180,000 (unpublished data). This value is similar to 
the molecular weight of rat liver microsomal car- 
boxylesterase [6]. Further investigations are necess- 
ary for the comparison of monkey ISOC amidase 
with the other ISOC-hydrolyzing enzymes or the 
other carboxylesterases. 
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Abstract—In the present studies, glucuronidation of [*H]digoxigenin monodigitoxoside and 
[*H]digitoxigenin monodigitoxoside has been investigated in vitro using rat liver microsomes. During 
a 40-min incubation period, the conjugation of digitoxigenin monodigitoxoside was five times greater 
than of digoxigenin monodigitoxoside at a substrate concentration of 5 uM and three times greater at 
a 20 uM substrate concentration. No difference in conjugation rates was observed between male and 
female rats, with either substrate. Pretreatment with spironolactone (100 mg/kg/day for 3 days) stimulated 
the conjugation of both substrates in females, but no significant changes were observed in males with 
either substrate. Pretreatment (75 mg/kg/day) with pregnenolone-16a-carbonitrile (PCN) caused 
enhanced glucuronidation of both substrates in both sexes. The conjugation rates in the PCN-pretreated 
rats were approximately twice those of the spironolactone-pretreated rats. The possible role of this 
increased conjugation in the protective effect of spironolactone and PCN against digitalis toxicity is 


discussed. 


The major metabolic pathways for the metabolism 
of digoxin and digitoxin have been known for many 
years (see Refs. 1 and 2 for reviews). Each glycoside 
is metabolized by stepwise removal of the three 
digitoxose sugars attached at the carbon-3 position 
of the steroid nucleus, yielding, respectively, for 
each drug, the bisdigitoxoside, the monodigitoxoside 
and the genin. Until recently it was assumed that 
sulfate and glucuronide conjugation occurred with 
digoxigenin and digitoxigenin (or the related metab- 
olites, epidigoxigenin and epidigitoxigenin). In 
recent years, however, evidence has accumulated 
which suggests that the primary conjugation reaction 
is the formation of glucuronide conjugates [3-6]. 
‘ Furthermore, it was demonstrated that for digitoxin 
this glucuronidation reaction occurs almost exclu- 
sively with the monodigitoxoside both in vivo [6] and 
in vitro [5]. Since these glucuronide conjugates are 
rapidly excreted into the bile [3,6], this pathway 
appears to be an important detoxification step for 
the cardiac glycosides. 

The ability of spironolactone to protect rats against 
otherwise toxic doses of digitoxin is related to a 
markedly enhanced formation of these glucuronide 
conjugates [3, 6]. While there is littie doubt that this 
protective effect of spironolactone is due at least in 
part to a stimulation of the glycolytic pathway for 
digitoxin metabolism, it is not clear what role 
enhanced glucuronidation may play. Richards and 
Lage [7] have reported recently that rat liver hom- 
ogenates from male rats pretreated with spironolac- 
tone exhibited greatly increased glucuronide for- 
mation with digitoxigenin monodigitoxoside. 
Although digoxin is metabolized by the same path- 
ways as digitoxin [8], it is not known if the rates of 


glucuronidation are similar for the two glycosides or 
if spironolactone pretreatment can stimulate the con- 
jugation of digoxigenin monodigitoxoside to the 
same extent as that of digitoxigenin mono- 
digitoxoside. 

The present investigations have been undertaken, 
therefore, to compare the rates of glucuronidation 
in microsomal preparations from male and female 
rats pretreated with spironolactone. Since pregnen- 
olone-16a-carbonitrile (PCN) has been shown to be 
a more powerful inducer than spironolactone of dig- 
itoxin metabolism [9], the ability of these two drugs 
to stimulate glucuronidation has been compared. It 
was also of interest to compare the rates of conju- 
gation of digoxigenin monodigitoxoside and digitox- 
igenin monodigitoxoside and to determine if pre- 
treatment with the above enzyme-inducing agents 
stimulates the glucuronidation of digoxigenin mon- 
odigitoxoside in the same manner as digitoxigenin 
monodigitoxoside. 


MATERIALS AND METHODS 


Drugs. The tritiated substrates (digoxigenin mon- 
odigitoxoside and digitoxigenin monodigitoxoside) 
were prepared from [*H]digoxin and [*H]digitoxin 
(New England Nuclear, Boston, MA). One mCi of 
each compound was incubated separately (37° for 
1 hr) in 2 ml of dilute HCI (pH 2.0). At the end of 
the incubation period, carrier compounds were 
added to both the [*H]digoxin mixture (10 nmoles 
each of digoxin, the bis- and monodigitoxosides, and 
digoxigenin) and to the [*H]digitoxin mixture 
(10 nmoles each of digitoxin, the bis- and monodi- 
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gitoxosides, and digitoxigenin). Ethanol (5 ml) was 
added and the mixture was extracted three times 
with 5 ml chloroform. The chloroform fractions were 
combined and evaporated to dryness at 40° under 
nitrogen. The residue was transferred to a small vial 
with chloroform, evaporated, and then redissolved 
in 100 wl ethanol. The high-pressure liquid chroma- 
tography (h.p.l.c.) method described previously 
[10] was used to isolate the digoxigenin monodigi- 
toxoside and digitoxigenin monodigitoxoside. The 
radiochemical purity of both of these substrates was 
greater than 95 per cent. For each glycoside, non- 
radioactive compound was added to bring each drug 
to a final specific activity of either 40 mCi/mmole or 
10mCi/mmole. Spironolactone (Sigma Chemical 
Co., St. Louis, MO) and pregnenolone-16a-carbon- 
itrile (The Upjohn Co., Kalamazoo, MI) were pre- 
pared in 2 per cent Tween 80 in water. The non- 
radioactive derivatives of digoxin and digitoxin were 
purchased from Boehringer Mannheim Biochemicals 
(Indianapolis, IN). Type I #-glucuronidase was 
obtained from the Sigma Chemical Co. 

Animals. Male and female Sprague-Dawley rats 
(156-200 g) were purchased from Flow Laboratories 
(Dublin, VA). Spironolactone (100 mg/kg/day), 
pregnenolone-l6a-carbonitrile (75 mg/kg/day) or 
vehicle (2 per cent Tween 80 in water) was injected 
i.p. (2 ml/kg) into the appropriate animal on 3 con- 
secutive days. Twenty-four hours after the last pre- 
treatment the rats were killed by cervical dislocation 
and the livers quickly removed and placed in ice- 
cold buffer solution. 

Preparation and incubation of microsomes. Four 
grams of liver were weighed and placed in 16 ml of 
ice-cold buffer (S0mM _ Tris, 114.9mM NaCl and 
5.9mM KCl). The livers were homogenized using 
a motor-driven Teflon-on-glass Potter homogenizer. 
Washed microsomes were prepared by the method 
of Kutt and Fouts [11]. Microsomal protein was 
assayed using the method of Lowry et al. [12]. The 
complete incubation volume of 5.0 ml consisted of 
10 mg microsomal protein, 10 mg uridine-5’-diphos- 
phoglucuronic acid (UDPGA) and either 25 nmoles 
or 100 nmoles of the appropriate substrate (either 
[(H]digoxigenin monodigitoxoside or 
[°H]digitoxigenin monodigitoxoside). A preincuba- 
tion period was used in which the tritiated substrate 
was added to the microsomal preparation and incu- 
bated at 37° for 20min prior to the addition of 
UDPGA. After the addition of UDPGA, 0.5-ml 
aliquots were withdrawn at several time intervals 
(2.5, 5, 10, 20 and 40 min) and assayed for glucu- 
ronide conjugates as described below. 

Isolation of glucuronide conjugates. Each aliquot 
from the microsomal incubation mixtures was placed 
in a 15 ml polypropylene centrifuge tube containing 
5 ml of 50 per cent ethanol and water. The sample 
was mixed, centrifuged and decanted. The pellet was 
extracted twice more with 5 ml of 50 per cent ethanol 
and the three supernatant fractions were combined. 
The combined aqueous—alcohol fraction was 
extracted three times with 15 ml chloroform. The 
chloroform fractions (containing the original sub- 
strate) were combined, evaporated to dryness, and 
then assayed for total radioactivity. The remaining 
aqueous—alcohol fraction (containing conjugation 
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products) was placed in a volumetric flask and an 
aliquot was withdrawn for assay of total radioactivity. 
Separate aliquots (one third of the total amount) of 
this aqueous—alcohol fraction were evaporated to 
dryness and then either incubated with B-glucuron- 
idase as described previously [5] or applied to the 
h.p.i.c. system described below. 

The h.p.l.c. procedure reported previously [10] 
was modified to permit the separation of the glu- 
curonide conjugates and the initial substrates in the 
same sample. The specific conditions for this sep- 
aration are presented with the chromatogram (see 
Fig. 1). The fractions collected from the h.p.l.c. 
procedure were assayed to determine the amount of 
radioactivity which eluted along with the glucuronide 
conjugates and with the original substrates. An ali- 
quot (one half of the total amount) of eluates num- 
bered 2 and 4 on the chromatogram (Fig. 1) was 
incubated with B-glucuronidase as reported pre- 
viously [6] and then extracted with chloroform as 
before. The radioactivity in the polar and non-polar 
fractions was assayed to determine the extent of the 
conversion of the glucuronide conjugate to the orig- 
inal substrate. An aliquot of the chloroform-soluble 
fractions was also applied to h.p.|.c. to confirm that 
the radioactivity liberated by the action of B-glu- 
curonidase was still in the form of the original sub- 
strate (i.e. either digoxigenin monodigitoxoside or 
digitoxigenin monodigitoxoside). 

Statistical analysis. Samples were counted for 
radioactivity in 15 ml of ACS scintillation mixture 
(Amersham/Searle, Arlington Heights, IL) using an 
ambient temperature Beckman model LS 250 liquid 
scintillation spectrometer. Quench corrections were 
performed using an external standard. Disintegra- 
tion rates (d.p.m.) were converted to units of nano- 
moles based upon the initial specific activity of the 
substrate and making the assumption that no label 
had been lost from the steroid nucleus during the 
conversion of the parent compound to the glucu- 
ronide conjugate. A randomized complete block 
analysis of variance was performed at each time 
period. In all groups where the analysis of variance 
indicated significant differences (P < 0.05), the Stu- 
dent-Newman-Keuls test [13] was performed on all 
possible combinations at each time period. Sig- 
nificant differences (P < 0.05) between the means 
are noted in Results. The data were also subjected 
to regression analysis. The best regression line was 
determined for each sample over the period of time 
during which the reaction was linear (usually 0—- 
20 min). These individual conjugation rates were 
then used to calculate the mean and standard error 
for each group. An analysis of variance was per- 
formed on these data as described above. 


RESULTS 


The tritiated substrates (digoxigenin monodigi- 
toxoside and digitoxigenin monodigitoxoside) were 
purified by h.p.|.c. to a final radiochemical purity of 
99 per cent; the majority of the remaining radioac- 
tivity was chromatographically identical to the 
respective genin. Separation of the conjugation 
products from the starting substrate was accom- 
plished by two procedures: solvent-solvent extrac- 
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Fig. 1. Isolation of digoxin, digitoxin and their metabolites by high-pressure liquid chromatography. 
The column was a Hibar-II prepacked column (EM Laboratories, Elsmford, NY) containing LiChrosorb 
RP-18 packing material. The mobile phase (flow rate 2.5 ml/min) consisted of a linear gradient of 100 
per cent water to 40 per cent acetonitrile in water at 4 per cent/min. The u.v. motor was set at 220 nm 
with attenuation at 0.4 a.u.f.s. A reference mixture containing 15 nmoles of each compound was injected 
in 50 wl ethanol. Peak identities: 1 = solvent front; 2 = glucuronide of digoxigenin monodigitoxoside; 
3 = non-radioactive unknown; 4 = glucuronide of digitoxigenin monodigitoxoside; 5 = digoxigenin; 
6 = digoxigenin monodigitoxoside; 7 = digoxigenin bisdigitoxoside; 8 = digoxin; 9 = digitoxigenin; 
10 = digitoxigenin monodigitoxoside; 11 = digitoxigenin bisdigitoxoside; and 12 = digitoxin. 


tion and high-pressure liquid chromatography. The 
extraction procedure has been used extensively in 
previous studies [5, 6, 14] and is based upon parti- 
tioning of the conjugation products into an aqueous— 
alcohol fraction and the unconjugated glycosides into 
a chloroform fraction. The second procedure, which 
has not been previously reported, involves isolation 
of the glucuronide conjugates by h.p.l.c. (Fig. 1). 
The extraction procedure described above did not 
distinguish between glucuronide conjugates and 
other water-soluble conjugates since the aqueous— 
alcohol fraction also contained sulfate conjugates 
and other highly polar metabolites. The h.p.l.c. 
method, on the other hand, does allow the glucu- 
ronide conjugates to be isolated and quantitated 
separately. It is also possible with this h.p.l.c. method 
to distinguish between the glucuronides formed from 
digoxin and digitoxin derivatives. Thus, this h.p.|.c. 
method may prove useful in distinguishing between 
the glucuronides of digoxigenin monodigitoxoside 
and digitoxigenin monodigitoxoside formed in vivo. 
In the present studies, quantitation of the glucuron- 
ide conjugates was accomplished by determining the 
amount of radioactivity associated with each area of 
the chromatogram. When digoxigenin monodigitox- 
oside was the starting substrate, over 95 per cent of 
the radioactivity in the polar fraction was recovered 
in peak 2 (Fig. 1). With digitoxigenin monodigitox- 
oside, over 96 per cent of the radioactivity was found 
to be associated with peak 4 (Fig. 1). 


In order to confirm that the reaction being studied 
involved glucuronidation of the monodigitoxosides, 
aliquots of the water-soluble metabolites isolated by 
either the extraction technique or by h.p.l.c. were 
incubated with B-glucuronidase as described pre- 
viously [5]. For all samples this incubation procedure 
resulted in conversion of over 96 per cent of the 
radioactivity from the water-soluble fraction to the 
chloroform-soluble fraction. Analysis of these chlo- 
roform-soluble fractions by h.p.l.c. indicated that 
these non-polar compounds released by the action 
of B-glucuronidase were chromatographically ident- 
ical to the initial substrates (i.e. either digoxigenin 
monodigitoxoside or digitoxigenin monodigitoxo- 
side, respectively). When 1 mM saccharo-1,4-lactone 
(a specific inhibitor of 6-glucuronidase) was included 
in the same incubation with B-glucuronidase, only 
about 5 per cent of the radioactivity was converted 
from the water-soluble fraction to the chloroform- 
soluble fraction. These results suggest that the only 
reaction occurring in these microsomal preparations 
was glucuronidation of the parent substrate. 

The conjugation of digoxigenin monodigitoxoside 
was not significantly different in male and female 
rats (Table 1). Spironolactone pretreatment stimu- 
lated conjugation in female, but not in male, rats. 
Pretreatment with PCN caused enhanced conjuga- 
tion in both sexes. Conjugation rates were 2-3 times 
greater in animals pretreated with PCN than in 
animals pretreated with spironolactone. 
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liver microsomes* 


Effects of spironolactone and PCN pretreatment on the conjugation of digoxigenin monodigitoxoside by rat 





Conjugation of digoxigenin monodigitoxoside+ 


Male 


Female 





Control 


Spironolactone 


PCN 


Control 


Spironolactone 


PCN 





5 

10 
20 
40 


0.38 + 0.06 
0.45 + 0.02 
0.58 + 0.05 
0.85 + 0.16 
1.43 + 0.20 


0.44 + 0.034 
0.63 + 0.034 
0.87 + 0.104 
1.38 + 0.21% 
2.06 + 0.234 


0.99 + 0.15§ 
1.38 + 0.218 
2.01 + 0.2848 
3.38 + 0.45£§ 
6.83 + 1.044§ 


0.33 + 0.02 
0.41 + 0.03 
0.57 + 0.04 
0.75 + 0.08 
1.26 + 0.08 


0.84 + 0.148 
1.03 + 0.138 
1.59 + 0.23§ 
2.77 + 0.408 
4.66 + 0.618 


1.08 + 0.05§ 
1.75 + 0.07§ 
3.06 + 0.118 
5.89 + 0.228 


10.22 + 0.41§ 





* Aliquots (0.5 ml) were withdrawn from incubation mixtures (5.0 ml) containing 25 nmoles substrate, 15 wmoles 
UDPGA and 10 mg microsomal protein. 
+ Data are expressed as means + S.E. in nmoles of substrate conjugated. 
+t P<0.05, with respect to corresponding female group. 
§ P< 0.05, with respect to corresponding control group. 


Table 2. Effects of spironolactone and PCN pretreatment on the conjugation of digitoxigenin monodigitoxoside by rat 
liver microsomes* 





rime 
(min) 


Conjugation of digitoxigenin monodigitoxosidet+ 


Male 


Female 





Control 


Spironolactone 


PCN 


Control 


Spironolactone 


PCN 





2.3 
5 
10 
20 


1.84+ 0.14 
2.58 + 0.12 
4.26 + 0.22 
6.01 + 0.21 


4.18 + 0.714 
4.89 + 0.82% 
7.57 + 0.8348 
12.31 + 0.594 


1.17 + 0.05 
1.70 + 0.06 
2.62 + 0.17 
4.24 + 0.32 


2.07 + 0.274 
3.09 + 6.454 
5.64 + 0.88% 
7.85 + 1.02} 


4.68 + 0.23+ 
6.85 + 0.294 
10.99 + 0.52¢ 
13.23 + 0.724 


40 8.33 + 0.7 10.19 + 0.65 6.58 + 0.62 8.40 + 0.304 12.46 + 0.704 


} 


13.79 + 0.604 





* Aliquots (0.5 ml) were withdrawn from incubation mixtures (5.0 ml) containing 25 nmoles substrate, 15 wmoles 
UDPGA and 10 mg microsomal protein. 

+ Data are expressed as means + S.E. in nmoles of substrate conjugated. 

+ P<0.05, with respect to corresponding control group. 

§ P< 0.05, with respect to corresponding female group. 


Table 3. Effects of spironolactone and PCN pretreatment on the conjugation of digoxigenin monodigitoxoside by rat 
liver microsomes* 





Conjugation of digoxigenin monodigitoxosidet+ 
Male Female 





Control Spironolactone Control Spironolactone ‘. PEN 





2.45 + 0.38 
3.96 + 0.85 
3.95 + 0.81 
4.71 + 0.904 
4.49 + 0.614 


2.24 + 0.104 
2.49 + 0.10 
2.64 + 0.13 
4.17+0.15¢ 
5.89 + 0.28+ 


3.41 + 0.37§ 
4.55 + 0.37§ 
6.63 + 0.43§ 
12.61 + 0.94§ 
21.96 + 1.09§ 





* Aliquots (0.5 ml) were withdrawn from incubation mixture (5.0 ml) containing 100 nmoles substrate, 15 wmoles 
UDPGA and 10 mg microsomal protein. 

+ Data are expressed as means + S.E. in nmoles of substrate conjugated. 

¢ P<0.05, with respect to corresponding female group. 

§ P< 0.05, with respect to corresponding control group. 
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Table 4. Effects of spironolactone and PCN pretreatment on the conjugation of digitoxigenin monodigitoxoside by rat 
liver microsomes* 





Conjugation of digioxigenin monodigitoxoside+ 
Male Female 





Time 


(min) Control Spironolactone PCN Control Spironolactone PCN 





2.87 + 0.25 
3.24 + 0.15 
4.49 + 0.21 
7.26 + 0.29 
9.99 + 0.40 


2.85 + 0.19 
4.15 + 0.308 
6.17 + 0.41§ 
10.52 + 0.85§ 
16.81 + 1.19§ 


6.34 + 0.52§ 
10.54 + 0.428 
14.47 + 1.03§ 
24.63 + 1.68§ 
41.91 + 2.71§ 


5.24 + 0.43 
7.89 + 0.8648 
11.50 + 1.02§ 
17.97 + 1.404¢§ 
30.91 + 2.794¢§ 


3.33 + 0.24 
4.27 + 0.36 
5.87 + 0.25 
10.11 + 0.38 
14.20 + 0.76 


2.5 4.18 + 0.234 
3 4.25 + 0.184 
10 5.47 + 0.44 
20 8.89 + 1.06 
40 12.03 + 1.25 





* Aliquots (0.5 ml) were withdrawn from incubation mixture (5.0 ml) containing 100 nmoles substrate, 15 wmoles 
UDPGA and 10 mg microsomal protein. 

+ Data are expressed as means + S.E. in nmoles of substrate conjugated. 

+t P< 0.05, with respect to corresponding female group. 

§ P< 0.05, with respect to corresponding control group. 


Table 5. Rates of conjugation of digoxigenin monodigitoxoside and digitoxigenin monodigitoxoside* 





(25 nmoles/5.0 ml) (100 nmoles/5.0 ml) 





Digitoxigenin 
monodigitoxoside 


Digofigenin 
monodigitoxoside 


Digitoxigenin 
monodigitoxoside 


Digoxigenin 


Treatment monodigitoxoside 





Male 
Control 
Spironolactone 
PCN 

Female 


0.277 + 0.068 
0.387 + 0.024 
0.681 + 0.0457++ 


0.195 + 0.010 
0.237 + 0.017 
0.474 + 0.019% 


0.101 + 0.02144 
0.109 + 0.002% 
0.333 + 0.05344 


0.027 + 0.002 
0.035 + 0.003+ 
0.135 + 0.01674 


Control 


Spironolactone 


PCN 


0.024 + 0.005 
0.112 + 0.015¢ 
0.275 + 0.005¢ 


0.174 + 0.017 
0.340 + 0.0494 
0.478 + 0.0244 


0.021 + 0.007 
0.270 + 0.0324 
0.528 + 0.0294 


0.257 + 0.002 
0.433 + 0.0344 
1.008 + 0.065¢ 





* Rates of conjugation were determined from regression analysis of the data in Tables 1-4. Data are expressed as 


means + S.E. in nmoles/min/10 mg microsomal protein. 
+ P<0.05, with respect to corresponding female group. 
+ P< 0.05, with respect to corresponding control group. 


As shown in Table 2, the conjugation of digitox- 
igenin monodigitoxoside was approximately 5 times 
greater than that observed with digoxigenin mono- 
digitoxoside (Table 1). No differences were observed 
in the conjugation of digitoxigenin monodigitoxoside 
between male and female rats (except the 10 min 
PCN-pretreated group). PCN pretreatment stimu- 
lated conjugation in both sexes, but only the female 
group were stimulated by spironolactone pretreat- 
ment. This spironolactone-pretreated female group, 
however, was still not significantly different from 
either the male control group or the male group 
pretreated with spironolactone. In general, the 
stimulatory effect of both spironolactone and PCN 
was found to be greater when digoxigenin monodi- 
gitoxoside was the substrate than when digitoxigenin 
monodigitoxoside was used. 

The results obtained at the 20 uM substrate con- 
centration are shown in Tables 3 and 4. The differ- 
ences observed between digoxigenin monodigitox- 
oside and digitoxigenin monodigitoxoside at the 
lower substrate concentration (Tables 1 and 2) were 


not as great at the higher concentration. Spirono- 
lactone pretreatment did not stimulate conjugation 
in male rats but did cause significant increases in 
female rats. PCN pretreatment resulted in enhanced 
conjugation in both sexes. 

The results shown in Tables 1-4 are summarized 
in Table 5 which illustrates the rates of conjugation 
in the various groups as determined by regression 
analysis of the linear portions of the curves obtained 
by plotting the amount of conjugation products 
formed against time. 


DISCUSSION 


Digoxin and digitoxin are metabolized by similar 
pathways: stepwise cleavage of two of the three 
digitoxose sugars to yield the bisdigitoxosides and 
the monodigitoxosides, respectively. These mono- 
digitoxosides are then conjugated with glucuronic 
acid to form highly polar glucuronide conjugates. In 
previous studies with digitoxin, indirect evidence has 
been presented which suggests that this polar fraction 
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is composed entirely of the glucuronide conjugate 
of the monodigitoxoside [3-6]. In the present studies, 
the polar fraction from the incubation of each of the 
tritiated monodigitoxosides has been analyzed by 
high-pressure liquid chromatography (h.p.|.c.). For 
each substrate, only a single radioactive peak was 
detected using this h.p.l.c. technique. In each case, 
this radioactivity was almost entirely converted back 
to the initial substrate by the action of B-glucuron- 
idase. This action of B-glucuronidase was almost 
entirely blocked by saccharo-1,4-lactone (a specific 
inhibitor of B-glucuronidase). If other conjugation 
products were formed (e.g. sulfates), these would 
be expected to behave differently from the glucu- 
ronides in the h.p.l.c. procedure and would not be 
totally cleaved by B-glucuronidase. This evidence 
strongly suggests that, under the conditions of the 
present studies, the only in vitro metabolism which 
occurs with these glycosides is the formation of glu- 
curonide conjugates. 

The conversion of digoxin to metabolic products 
is considerably less extensive than that of digitoxin. 
The results of the present studies indicate that the 
rate of conjugation of digitoxigenin is 3-6 times 
greater than that of digoxigenin monodigitoxoside. 
It thus appears that the relative rates of glucuroni- 
dation of these two glycosides follow a pattern similar 
to the glycolytic pathway of the parent compounds. 
These differences were less apparent after pretreat- 
ment with either spironolactone or PCN since the 
conjugation of digoxigenin monodigitoxoside was 
stimulated to a greater extent than that of digitoxi- 
genin monodigitoxoside. For both substrates the 
stimulation of glucuronidation was significantly 
higher with PCN than with spironolactone pretreat- 
ment. These results are consistent with previous 
studies which indicated that PCN has a greater stimu- 
latory effect than spironolactone on the glycolytic 
pathway for digitoxin metabolism [9] and may be 
related to observations that PCN is considerably 
more potent than spironolactone in preventing dig- 
itoxin toxicity in rats. In the present studies no sex 
differences were observed in the glucuronidation of 
either glycoside in untreated rats. Spironolactone 
pretreatment stimulated the formation of conjuga- 
tion products in females but there was no stimulation 
in males. PCN pretreatment caused enhanced con- 
jugation in both males and females. This change was 
similar in both sexes when digitoxigenin monodigi- 
toxoside was the substrate but with digoxigenin mon- 
odigitoxoside the stimulatory effect of PCN was 
much greater in the females than in the males. These 
data thus suggest that both of these drugs stimulate 
the glucuronidation process in females to a signifi- 
cantly greater degree than in males. Previous studies 
have demonstrated that spironolactone stimulates 
certain oxidative pathways in female rats but not in 
male rats [15]. 

Although the present studies demonstrate that 
pretreatment with either spironolactone or PCN 
markedly enhances the glucuronidation pathway for 
digitalis glycosides, it is not clear what role this 
stimulation plays in preventing digitalis toxicity in 
rats. Spironolactone pretreatment prevents digitoxin 
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toxicity in both male and female rats [16, 17] but this 
pretreatment appears to stiniulate glucuronidation 
only in females. However, spironolactone pretreat- 
ment does stimulate the glycolytic pathway of digi- 
toxin metabolism in male rats [9] and also increases 
biliary excretion of digitalis glycosides by a mech- 
anism other than increased biotransformation [16]. 
These results suggest that the stimulation of glucu- 
ronidation by spironolactone and PCN may be less 
important in preventing digitoxin toxicity than 
enhanced glycolytic metabolism and biliary excretion 
of unconjugated compounds. 

In conclusion, the present studies have shown that 
glucuronidation of digitoxigenin monodigitoxoside 
by rat liver microsomes occurs to a much greater 
extent than of digoxigenin monodigitoxoside. 
Although no sex differences were observed with 
either substrate in untreated animals, pretreatment 
with spironolactone was found to stimulate conju- 
gation of both substrates in females but not in males. 
PCN stimulates glucuronidation in both sexes and 
this stimulation is much greater than that observed 
with spironolactone. It is doubtful, however, that 
stimulation of this metabolic pathway is involved in 
the protective effect of these drugs against digitalis 
toxicity. 
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Abstract—Xenobiotic carbonyl reductases have been isolated from rabbit liver by ammonium sulfate 
fractionation and isoelectric focusing. Although these enzymes are very heterogeneous, the above 
procedures resolve the majority of the reductases in good yield. Most of the carbonyl reduction of 
oxisuran, 3,7-dimethyl-l-(5-oxyhexyl)-xanthine, metyrapone and daunorubicin (pH 6.0) was accom- 
plished by two distinct enzymes of pI 4.84 and 4.98. Other reductases with lesser activities toward these 
same substrates also occurred at higher pI values. Also resolved were several forms of enzymes that 
reduced daunorubicin (pH 8.5) (previously identified as aldehyde reductase), naloxone and naltrexone 
(dihydromorphinone reductases), and the model compounds, p-nitrobenzaldehyde and p-nitroaceto- 
phenone. The hydrogen stereospecificity of each of the rabbit liver carbonyl reductases, as well as rat 
liver aldehyde reductase, was determined by reducing the carbonyl substrates with A- and B-labeled 
[4H]NADPH and examining transfer of label to alcohol products and retention of label in the resulting 
oxidized cofactors. All of the oxisuran, metyrapone and daunorubicin (pH 6.0) reductases displayed 
B-hydrogen stereospecificity. Some enzymes that reduce 3,7-dimethyl-l-(5-oxyhexyl)-xanthine, p- 
nitroacetophenone and p-nitrobenzaldehyde were also B-stereospecific while other forms of these same 
enzymes were A-stereospecific. Only daunorubicin (pH 8.5) (rabbit and rat), naloxone and naltrexone 
reductases were exclusively A-stereospecific. Apparent deuterium isotope effects of A- and B-labeled 
[4--H]JNADPH with daunorubicin (pH 6.0) reductases, daunorubicin (pH 8.5) reductase and naloxone 
reductases confirm the above hydrogen stereospecificity assignments. The results confirm the hydrogen 
specificity of aldehyde reductases as A-stereospecific and the majority of ketone reductases as B- 
stereospecific. In addition, several significant A-stereospecific ketone reductases appear to represent 
exceptions to the generalization that enzymes which catalyze the same reaction have the same stereo- 
specificity. Finally, the binding of rat liver aldehyde reductase to NADPH produced a red shift in the 
cofactor 340 nm absorbance maximum which is opposite to that predicted on the basis of its hydrogen 
stereospecificity. 


Carbonyl-containing xenobiotic compounds are and distinct aldehyde and ketone reductase pools. 


reduced in mammals by pyridine nucleotide-depen- 
dent reductases. Of these reductases, aldehyde-spe- 
cific enzymes are well studied and described [1-3]. 
Although a class of reductases with specificity for 
ketone-containing drugs also is known, these 
enzymes have been largely neglected. Recent studies 
have revealed the existence of extremely active car- 
bonyl-drug reduction potential in rabbits and humans 
[4,5]. In fact, evidence suggests that this potential 
occurs as a very heterogeneous mixture of drug- 
specific ketone and aldehyde reductases which dis- 
play many similar properties. Although the in vivo 
role(s) of these enzymes is unclear, their constitutive 
and ubiquitous distribution suggests their involve- 
ment in important physiological processes. There- 
fore, a better understanding of their comparative 
properties and mechanisms is desired. 

We have devised a simple procedure to resolve 
this complex group of enzymes into several separate 





* Abbreviations used are: 3,7-DMX, 3,7-dimethyl-l-(5- 
oxyhexyl)-xanthine; daunorubicin (pH 6.0) reductase dau- 
norubicin reductase activity as measured at pH 6.0; dau- 
norubicin (pH 8.5) reductases, daunorubicin reductase 
activity as measured at pH 8.5; A-[*HJNADPH, 4-(R)-[4- 
*HJNADPH; A-[7HJNADPH, 4-(R)-[4H]NADPH: B- 
(HJNADPH, 4-(S)-;4- HJNADPH; and B-[7HJNADPH, 
4-(S)-[4H]NADPH. 


We report here the stereospecificity of hydrogen 
transfer from NADPH in the carbonyl reduction of 
several important carbonyl-containing xenobiotic 
compounds. Our results demonstrate clear differ- 
ences between the otherwise very similar classes of 
aldehyde and ketone reductases. In addition, isotope 
effects show that the transfer of hydrogen contributes 
to the rate-limiting step. Finally, several exceptions 
are found to the generalizations which states that 
(1) enzymes which catalyze the same reaction have 
the same stereospecificity, and (2) the direction of 
shift of the absorption spectra of pyridine nucleotide 
on binding to enzymes is predicted by the stereo- 
specificity of the oxidoreductase. 


EMPERIMENTAL PROCEDURE 


Materials 


Yeast alcohol dehydrogenase (EC 1.1.1.1), isocit- 
rate dehydrogenase (EC 1.1.1.42) (type IV), glu- 
cose-6-phosphate dehydrogenase (EC 1.1.1.49), glu- 
tamate dehydrogenase (EC 1.4.1.2), a-glycerol 
phosphate dehydrogenase (EC 1.1.1.72), hexoki- 
nase (EC 1.7.1.1) and NADP’ were puchased from 
the Sigma Chemical Co. (St. Louis, MO). p-[I-*H] 
Glucose(18 Ci/mmole) and sodium [*H]borohydride 
(227.5 mCi/mmoles) were from New England 
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Nuclear (Boston, MA). Sodium [dy- 
*H]borodeuteride (98 atom per cent D) was from 
ICN Chemical and Radioisotopes Division (Irvine, 
CA). Daunorubicin was obtained from the Drug 
Synthesis and Chemistry Branch, Division of Cancer 
Treatment, National Cancer Institute, National 
Institutes of Health, and purified by the method of 
Bachur and Cradock [6]. NADPH was obtained from 
P-L Biochemicals (Milwaukee, WI) and carrier 
ampholytes were from LKB (Bromma, Sweden). All 
drugs were gifts from the respective manufacturers: 
metyrapone, Ciba Geigy Corp. (Ardsley, NY); 
oxisuran and [I-“C]oxisuran (0.95 wCi/mg), Warner 
Lambert Research Institute (Morris Plains, NJ); 
naloxone and naltrexone, Endo Laboratories Inc. 
(Garden City, NY); and 3,7-DMX*, Chemische 
Werke Albert A. G. (Frankfurt, F.R.G.). 

Triethyloxalosuccinate was synthesized by the 
method of Bottorff and Moore [7]. The [2- 
*H]isocitrate and [2-*H]isocitrate were prepared by 
reducing _triethyloxalosuccinate with sodium 
[’H]borohydride or sodium[?H]borodeuteride, 
respectively, followed by hydrolysis and purification 
by ion exchange chromatography by the methods of 
Lowenstein [8]. The [2-H]isocitrate and [2- 
*H]isocitrate were assayed by the method of Ochoa 
[9]. 
Enzyme 
reductases 

New Zealand White male rabbits (1.8-2.2 kg) 
were killed by a blow to the head, and their livers 
were excised and immediately chilled on ice. All 
subsequent manipulations were performed at 04°. 

Step 1: Extraction. Livers were minced with scis- 
sors, then homogenized by two full passes in a glass 
Teflon Potter-Elvehjem homogenizer in 3 vol. of 
2.5mM potassium phosphate buffer, pH 7.4, con- 
taining 0.25 M sucrose and 0.5 mM dithiothreitol, 
and centrifuged at 27,000 g for 15 min. The 27,000 g 
supernatant solution was collected and centrifuged 
at 80,000 g for 90 min. 

Step 2: Ammonium sulfate fractionation. The 
80,000 g supernatant solution was mixed with solid 
ammonium sulfate to 30 per cent saturation for 15 min 
and the resulting precipitate was removed by cen- 
trifugation and discarded. The supernatant solution 
was fractionated to 70 per cent saturation by the 
addition of ammonium sulfate. Following centrifu- 
gation of the suspension, the second precipitate was 
dissolved in a minimal volume of 1 per cent glycine 
containing 0.5 mM dithiothreitol and dialyzed over- 
night against two changes of 4 liters of the same 
buffer. After dialysis, the contents of the dialysis 
bag were centrifuged at 27,000 g for 5 min and the 
clear supernatant fraction was retained. 

Step 3: Isoelectric focusing. Electrofocusing was 
performed in an LKB 8102 electrofocusing column 
(440 ml) with 2 per cent ampholyte (either pH 4-7 
or pH 4-8) and a stabilizing sucrose gradient con- 
taining 0.5mM_ dithiothreitol. The dialyzed 
ammonium sulfate fraction from the previous step 
was mixed into the sucrose gradient by addition to 
the less dense solution used in formation of the 
sucrose gradient. Any precipitation of protein caused 
by the presence of ampholyte was removed by cen- 
trifugation before gradient formation. Electrofocus- 
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ing lasted about 64 hr at 04° with an initial power 
of 10.0 W. After the electrofocusing was complete, 
the column contents were collected in 5-ml fractions, 
and pH measurements were performed immediately 
at 0-4°. All reductase assays were completed within 
48 hr. 

Re-electrofocusing was accomplished by using a 
LKB 8101 electrofocusing column (110ml). The 
sucrose and ampholyte concentrations of the appro- 
priate pool from the first electrofocusing column 
were estimated and then incorporated into a new 
sucrose gradient containing a fresh equivalent of 
0.5 mM dithiothreitol and a final ampholyte concen- 
tration of about 1 per cent. Re-electrofocusing lasted 
about 65 hr at 04° with an initial power of 3.4 W. 
The column contents were collected in 1.5-ml frac- 
tions, and pH and activity measurements performed 
as above. 


Rat liver aldehyde reductase 


Homogeneous rat liver aldehyde reductase was 
prepared as described previously [10]. 


Enzyme assays 


Reductases were assayed spectrophotometrically 
by following the oxidation of NADPH at 340 nm in 
lcm pathlength quartz cuvettes with a Cary 118 
spectrophotometer. The reaction mixtures contained 
0.16-0.18 mM NADPH in 0.08 M potassium phos- 
phate buffer, pH6.0, and appropriate substrate 
concentrations at 25° in a final volume of 1.0 ml. 
The substrate in each assay mixture at the 
following indicated concentrations are _ at 
least 10 < K,,,:oxisuran(10 mM),3,7-DMX(10 mM), 
metyrapone (10mM), naloxone (10 mM), naltrex- 
one (10 mM), p-nitroacetophenone (2.8 mM) and p- 
nitrobenzaldehyde (2.5 mM). Oxisyran and p-nitro- 
benzaldehyde solutions were prepared fresh daily. 
Daunorubicin (0.375 mM), assayed at pH6.0 as 
indicated above, is refered to as the daunorubicin 
(pH 6.0) reductase activity. Daunorubicin (0.75 mM) 
is also assayed as above in 0.25 M Tris-HCl buffer, 
pH 8.5, and is referred to as the daunorubicin 
(pH 8.5) reductase activity. Reactions were initiated 
by the addition of the enzyme and corrected for 
background absorbance changes at pH 6.0 due to 
nonspecific acid destruction of cofactor, and for non- 
specific NADPH oxidation in the absence of car- 
bonyl-containing substrates. The unit of enzyme 
activity is defined as the wmoles of cofactor oxidized 
per min. 


Preparation of A-PH|NADPH and A-[(/H|NADPH 

A-PHJNADPH (4-(R)-[4°H]NADPH) or A- 
(?7H]NADPH (4-(R)-[4~-H]NADPH) were prepared 
by the method of Walton [11] with isocitrate dehy- 
drogenase. The reaction mixtures included 0.9 zmole 
NADP’, 0.25 umole MnCl, 0.2 units of isocitrate 
dehydrogenase and 1 umole L-[2-*H]isocitrate (2.12- 
135 wCi/umole) or 0.8 umole L-[2-*H]isocitrate (98 
atom per cent D) in 0.1 M Tris-HCI buffer, pH 7.5, 
and a final volume of 1.2 ml. The reactions were 
monitored at 340 nm and stopped when no further 
increase in absorbance was observed. Approximately 
0.77 zmole of NADPH was formed at equilibrium. 
The PHJNADPH or [?7H]NADPH was purified by 





Xenobiotic carbonyl reductases 


addition of the reaction mixtures to a DEAE-cel- 
lulose column (Whatman DE-52) (1.5 x 7 cm) equi- 
librated with 0.1 M Tris-HCl, pH 8.1, buffer [12]. 
The column was washed with 25 ml of equilibration 
buffer containing 0.06M NaCl and the labeled 
reduced cofactors eluted with about 50 ml of equi- 
libration buffer containing 0.2M NaCl. Fractions 
(2 ml) were collected and A-[/H]NADPH or A- 
[7H]NADPH was recovered in fraction numbers 15- 
20. 


Preparation of B-[]H|NADPH and B-[7H]NADPH 

B-PH]NADPH (4-(S)-[4°H]NADPH) and B- 
(?H]NADPH (4-(S)-[4”H]NADPH were prepared 
by the method of Walton [11] using glucose-6-phos- 
phate dehydrogenase. The reaction mixtures 
included 1.0umole NADP*, 17umoles ATP, 
20 umoles MgCl, 4 units of hexokinase, 2 units of 
glucose-6-phosphate dehydrogenase and 1.0 wmole 
p-[1-*H]glucose (3.16-53.8 Ci/umole) or 1.0 umole 
p-[I-"H]glucose (98 atom per cent D) in 0.1 M Tris—- 
HCi buffer, pH 7.5, in a final volume of 3.0 ml. 
When the increase in absorption at 340 nm leveled 
off (about 0.82 wmoles of labeled reduced cofactor), 
the B-[]H]NADPH and B-[7H]JNADPH were puri- 
fied as indicated above. 


Assays for stereospecificity 


Method 1: Immediately before use, the freshly 
prepared and chromatographed labeled reduced 
cofactors were adjusted to pH 7.0 with 0.1 M HCl 
with a Radiometer titrator model II with care that 


the pH never dropped below pH 7.0. The concen- 
tration of H]NADPH was increased to approxi- 
mately 0.16mM with unlabeled NADPH (final sp. 
act. 22-34 x 10° d.p.m./umole). Reaction mixtures 
contained either daunorubicin (0.633 mM), oxisuran 
(10 mM), 3,7-DMX (10 mM), metyrapone (10 mM), 
naloxone (10 mM), naltrexone (10 mM), p-nitroac- 


etophenone (2.4mM), p-nitrobenzaldehyde 
(1.5mM) and 80 wmoles of either A-[(7H]NADPH 
or B-[/HJNADPH in 0.2M potassium phosphate 
buffer, pH 6.55, 0.1 M potassium phosphate buffer, 
pH 6.00, or 0.2 M Tris-HCl buffer, pH 8.49, and a 
final volume of 1.0 ml in disposable plastic cuvettes. 
Reactions were initiated with aliquots of appropriate 
enzyme and incubated at room temperature until the 
decrease in absorption had ceased, indicating reac- 
tion equilibrium (60-90 min). After equilibrium had 
been achieved, the reactions were transferred to test 
tubes and placed in a boiling water bath for 5 min 
to denature proteins. The denatured protein was 
removed by centrifugation, and supernatant sol- 
utions were extracted as follows. Daunorubicin, 
oxisuran and 3,7-DMX were extracted by the addi- 
tion of 0.4 ml isopropanol after saturating with solid 
ammonium sulfate; metyrapone, naloxone, naltrex- 
one, p-nitrobenzaldehyde and p-nitroacetophenone 
were extracted with 0.4 ml ethylacetate after the 
‘ addition of 1.0 ml of 1 M sodium carbonate buffer, 
pH 10. For all compounds except daunorubicin, the 
extracted drug alcohol products were isolated by 
thin-layer chromatography on silica gel containing 


fluorescent indicator (Merck) and detected by' 


quenching of the fluorescent background. Dauno- 
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rubicinol was isolated by chromatography on silica 
gel without fluorescent indicator (Merck) and 
detected by its natural fluorescence. 

Chromatography solvents for the various drugs 
and their respective alcohol products were as follows: 
daunorubicin (chloroform—methanol-acetic acid— 
water, 80:20:14:6), oxisuran (ethylacetate—meth- 
anol, 4:1), 3,7-DMX and metyrapone (benzene— 
acetone, 70:30 with an ammonia atmosphere), nalox- 
one and _ naltrexone (chloroform—methanol- 
ammonium hydroxide, 90:10:4), and p-nitrobenzal- 
dehyde and p-nitroacetophenone (benzene-ethyla- 
cetate, 3:1). The products were scraped from the 
plates and in every case except daunorubicin were 
added directly to scintillation vials. The daunorub- 
icinol was extracted from the silica gel with 2.0 ml 
of acid alcohol according to the method of Bachur 
and Cradock [6], and an aliquot was counted. The 
remainder of the extracted eluate was assayed fluo- 
rometrically to determine directly the amount of 
danuorubicinol formed [13]. Quantitation of other 
alcohol products was obtained from the change in 
absorption at 340nm (1 to 1 stoichiometry and 
extinction coefficient of 6.22 x 10°). In the case of 
daunorubicin, the validity of this approach was con- 
firmed by comparing the amount of daunorubicinol 
formed as calculated from the absorbance change to 
the daunorubicinol formed as determined directly 
by fluorescence assay. 

Method 2. Low specific activity A- or B- 
[7H]NADPH was prepared and adjusted to approx- 
imately 0.16mM (3X 10?d.p.m./umole) as 
described above. Reaction mixtures were exactly as 
described in Method 1, except that approximately 
0.15 umole of A- or B-labeled cofactor was used. 
The deproteinized reaction mixtures were then 
directly applied to DEAE-cellulose columns and 
eluted as described above except that each elution 
buffer was continued until the appropriate substrate 
or product was completely eluted before changing 
to the next elution buffer. 

Method 3. A- and B-[(]H]NADPH were syn- 
thesized, chromatographed, and neutralized as 
described above. Because of the sensitivity of the 
reductases to different buffers and ionic strengths 
[4,14], it was necessary that all enzymes tested be 
assayed under identical ionic environments. There- 
fore, unlabeled NADPH was similarly chromato- 
graphed and neutralized so that it would be in a 
solvent of identical ions and ionic strength (verified 
with a Radiometer CDM3 conductivity meter). 
Buffer (0.1 M potassium phosphate, pH 6.55, con- 
taining 0.2 M NaCl) used to elute the reduced cofac- 
tors from the ion exchange column was also neu- 
tralized and was used to adjust cofactor 
concentrations for subsequent kinetic analysis which 
was performed within 24 hr. Kinetic measurements 
were made at a pH removed from the respective 
enzyme pH optima [i.e. pH 6.6 for both daunoru- 
bicin (pH 8.5) and daunorubicin (pH 6.0) reductases] 
so that the isotope effect might be enhanced [15]. 


Difference spectra 


Difference spectra were recorded on a Cary 118 
spectrophotometer with tandem quartz cuvettes in 
0.1 M Tris-HCI buffer, pH 8.5, and 0.1 M potassium 
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phosphate buffer, pH 6.6 (each solution compart- 
ment had a pathlength of 0.438 cm). 


Analytical methods 

Scintillation counting was performed in 10 ml 
Aquasol (New England Nuclear) by a Searle Mark 
III liquid scintillation counter. Protein estimations 
were made by the method of Lowry ef al. [16]. 
Enzyme aliquots (1 ml) from isoelectric focusing 
were first chromatographed on Sephadex G-50 fine 
(Pharmacia) columns (1.5 20cm) equilibrated in 
0.1M potassium phosphate buffer, pH7.4, to 
remove ampholytes before protein determination. 
Solutions of cold NADPH were prepared fresh daily 
and concentrations were determined from a molar 
extinction coefficient of 6.22 x 10° at 340 nm. Dau- 
norubicin concentrations were determined with a 
molar extinction coefficient of 11.4 « 10° at 485 nm. 
Kinetic constants were calculated from computer 
programs as described [14,17]. Isotope effects were 
calculated from kinetic data by the computer pro- 
grams of Cleland [18]. 


RESULTS 
Resolution of carbonyl reductases 


After ammonium sulfate fractionation of the rab- 
bit liver soluble extract, carbonyl reductases for 
oxisuran, daunorubicin (pH 6.0), metyrapone, dau- 
norubicin (pH 8.5), and 3,7-DMX were resolved by 
isoelectrofocusing On a sucrose gradient from pH 4 
to 7 (Fig. 1A). Major enzymatic species were 
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detected and analyzed as pools: I, II and III. Most 
of the daunorubicin (pH 6.0), oxisuran, 3,7-DMX 
and metyrapone reductase activities occurred in pool 
I and poo! II. The major daunorubicin (pH 8.5) 
reductase activity, as well as minor amounts of the 
other reductase activities, were resolved in pool III. 
Although low levels of naloxone and naltrexone 
reductases were also found in pools I, II and II, 
better resolution was obtained on gradients from 
pH 4 to 8 (Fig. 1B). Also analyzed in the pH 4-8 
gradient were the reductases of p-nitroacetophenone 
and p-nitrobenzaldehyde, as well as daunorubicin 
(pH 8.5) and 3,7-DMX reductases which are 
included for easier reference to Fig. 1A. The enzyme 
pools I-III in the pH 4-8 gradient (Fig. 1B) corre- 
spond to similarly labeled enzyme pools of the pH 4— 
7 gradient (Fig. 1A). Several additional enzyme 
pools (IV—VII) which include distinct forms of nalox- 
one, naltrexone, 3,7-DMX, p-nitroacetophenone 
and p-nitrobenzaldehyde reductases were detected 
by appropriate analysis and collected for study. 
Although reductase levels in the enzyme pools 
varied, the general activity profiles shown in Fig. 1 
were reproduced in six similar experiments. As a 
result, the enzyme species present in pools I—VII are 
distinct and well defined with respect to isoelectric 
points (Table 1). The reproducible isoelectric points 
as well as the heterogeneity is further demonstrated 
by re-isoelectrofocusing pool I (Fig. 1A) over a gra- 
dient of pH 4.5-5.1 (Fig. 2). Although only dau- 
norubicin (pH 6.0) and daunorubicin (pH 8.5) reduc- 
tases are presented in Fig. 2 (for clarity), oxisuran, 


Table 1. Summary of apparent isoelectric points of rabbit liver carbonyl reductases 





Enzyme pools Substrates 


Range of apparent isoelectric points 
(pl)* 





I Daunorubicin (pH 6.0) 


Oxisuran 

3,7-DMX 
Metyrapone 
p-Nitrobenzaldehyde 
p-Nitroacetophenone 


3,7-DMX 
Metyrapone 
Naloxone 

Naltrexone 
p-Nitroacetophenone 


Daunorubicin (pH 8.5) 


p-Nitrobenzaldehyde 


3,7-DMX 

Naloxone 

Naltrexone 
p-Nitrobenzaldehyde 


Naloxone 

Naltrexone 

3,7-DMX 
p-Nitroacetophenone 


Naloxone 

Naltrexone 

3,7-DMX 
p-Nitroacetophenone 


Vil p-Nitrobenzaldehyde 


5.4-5.5 


6.0-6.3 





* Determined at 04°. 
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FRACTIONS 


Fig. 1.  Electrofocusing of rabbit 


liver 


dialyzed 30-70 per cent ammonium 


sulfate fraction in a pH gradient (— — —) of 2 per cent ampholyte containing 0.5 mM dithiothreitol and 

stabilized by a sucrose gradient. Carbonyl reductases were assayed with the following substrates in 

panel A (pH gradient 4-7): oxisuran (@——®), daunorubicin (pH 6.0) (O——©O), metyrapone 

(A----A), daunorubicin (pH 8.5) (A ---—- A); and 3,7-dimethyl-l-(5-oxyhexyl)-xanthine (Q—--—D); 

in panel B (pH gradient 4-8): p-nitroacetophenone (@——®), daunorubicin (pH 8.5) (A --- A), 

naloxone (A-:--A) and p-nitrobenzaldehyde (O—-—©). Pooled fractions are indicated by brackets 
and designated I-VII with increasing pH. 


3,7-DMX and metyrapone give activity profiles sim- 
ilar to daunorubicin (pH 6.0). The two major dau- 
norubicin (pH 6.0) reductase activities occurred at 
pl 4.84 and pl4.98 (Fig. 2). Reproducibility is 
dependent on the use of freshly prepared cell extract. 
Although pools from the first isoelectric focusing 
experiment (Fig. 1A) stored in 0.5 mM dithiothreitol 


for 2 weeks at 5° (or for 2 months at —15°) retained 
100 per cent of reductase activities, re-isoelectro- 
focusing showed increasingly diffuse and ill-defined 
reductase patterns. 

A summary of the recoveries and purifications of 
reductases for one typical experiment is present in 
Table 2. Recoveries of activities was 50 per cent or 
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FRACTIONS 


Fig. 2. Electrofocusing of pool I (Fig. 1A) in approximately 

0.89 per cent ampholyte pH gradient (— —- -) (pH 4.5-5.1) 

containing at least 0.5 mM dithiothreitol. Carbonyl reduc- 

tases were assayed with the following substrates: dauno- 

rubicin (pH 6.0) (@——®@) and daunorubicin (pH 8.5) 

(O—-—©). Pooled fractions are indicated by brackets and 
designated 1A and 1B. 


Table 3. Hydrogen stereospecificity of rabbit liver carbonyl reductases 
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greater for most of the enzymes. The isoelectrofo- 
cusing step, however, is essentially quantitative when 
all minor peaks and shoulders are combined. 


Hydrogen stereospecificity of carbonyl reductases 


The hydrogen stereospecificity of rabbit liver car- 
bonyl reductases was examined by incubating satu- 
rating concentrations of each carbonyl substrate in 
the presence of A- or B-labeled NADPH and the 
appropriate isoelectrofocused enzyme pool. Stereo- 
specificity was established by the following pro- 
cedures: Method 1-isolation of alcohol products and 
comparison of specific radioactivities resulting from 
A- or B-?H]NADPH; Method 2-isolation of oxi- 
dized cofactor (NADP*) and comparison of reten- 
tion of label from A- or B-[*>H]NADPH; and 
Method 3—comparison of deuterium isotope effects 
on Vinx and Vinax/K, Of carbonyl reduction 
using A-(*7H]JNADPH, and 
unlabeled NADPH. 

Method 1. The stereospecificities of a large number 
of carbonyl reductases were determined by isolating 
and analyzing the alcohol products. Essentially all 
reductase activities located in pool I exhibited a 
preference for the transfer of label from B- 
[SH]NADPH (i.e. B-specificity) (Table 3). In addi- 
tion, minor reductases in pools II and III showed B- 
or mixed specificity. In contrast, nearly all the major 
enzymatic activities of the more alkaline pools (II- 
VII) preferred A-[(7H]NADPH (i.e. A-specificity). 


B-[7H]INADPH 


* 





Total products 
formed 
(umoles) 


Substrates Enzyme pools+ 


Relative 
radioactivity 
of products 


Specific activity 
of products 
(d.p.m./umoles) 





A§ 


(10~° 


B§ 
) (10°) 


A§ 
(10~°) 


B§,|| 
(107°) 





Daunorubicin (pH 6.0) 
Oxisuran 

3,7-DMX 

Metyrapone 


I(1119) 
I(I, 111) 
I(1119) 

I(1, 1) 


0.072 
0.056 
0.054 


0.074** 
0.07347 


0.065** 
0.064++ 
0.064 
0.057 
0.069 


0.224 
0.030 


p-Nitroacetophenone 
p-Nitrobenzaldehyde 
3,7-DMX 
Daunorubicin (pH 8.5) 


(11) 

I 

II(IV, V, VI) 
III (19) 


0.082 
0.062 
0.091** 


0.079 
0.054 
0.090** 


III (VII) 

IV (II, V, VD 
IV (II, V, VI) 
V (IV) 


0.074 
0.083 
0.079 
0.076 


0.083 
0.089 
0.088 
0.079 


p-Nitrobenzaldehyde 
Naloxone 

Naltrexone 
p-Nitroacetophenone 





* Method 1. 

+ Results typical of one experiment using enzyme from indicated isoelectric focusing enzyme pools (see 
Fig. 1). Similar results were also obtained from enzyme pools indicated in parentheses (not included in 
table). 

+ Quantified by total change in absorbance at 340 nm. Includes all diastereoisomer alcohol products. 

§ A refers to A-[7H]NADPH (i.e. 4-(R)-[4~-HJNADPH), and B refers to B-[’H]NADPH (i.e. 4-(S)-[4- 
3H]NADPH). 

|| Normalized to be directly comparable to the specific activity of product formed from A-[7H]NADPH. 

Normalized specific activity of B-[/H]JNADPH labeled product = 


(specific activity of product formed from B-[*HJNADPH) (specific activity of A-[’H]NADPH) 
(specific activity of B-[>H]NADPH) 





{| Mixed stereospecificity (i.e. the ratio of alcohol products was close to 1:1 or variable). 
** Also quantified by fluorescence of isolated products. 
++ Also quantified by '*C-label of isolated products. 


B.P. 29/1 1—e 
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It is clear that, within the same tissue, some of the 
substrates are reduced by carbonyl reductases of 
opposite hydrogen stereospecificity. For example, 
3,7-DMX, p-nitroacetophenone and p-nitrobenzal- 
dehyde reductases were B-specific in pool I but A- 
specific in the other pools. Only oxisuran, 
metyrapone and possibly daunorubicin (pH 6.0) 
were reduced exclusively by B-specific enzymes. In 
contrast, only naloxone, naltrexone and possibly 
daunorubicin (pH 8.5) were exclusively reduced by 
A-specific enzymes. Individual diastereoisomer 
alcohol products of oxisuran, naloxone and naltrex- 
one exhibited the same hydride stereospecificity 
(Table 3). In some cases, the ratio of specific 
radioactivities of alcohol products is nearly 1:1 or so 
variable that a definitive stereospecificity assignment 
is not possible. 

In pool I, while the ratio of daunorubicinol from 
A- and B-[7H]NADPH to daunorubicin (pH 6.0) was 
1:24 (Table 3) and indicates a B-stereospecificity, 
the ratio for daunorubicin (pH 8.5) was 3:1, sug- 
gesting an A-stereospecificity. This apparent change 
in specificity with pH is actually the contribution of 
multiple reductases of opposite stereospecificity. 
After re-isoelectrofocusing of pool I, daunorubicin 
(pH 6.0) gave ratios of 1:800 for pool 1A and 1:310 
for pool 1B, while daunorubicin (pH 8.5) gave ratios 
of 1:5 for pool 1A and 1:35 for pool 1B. Apparently, 
re-isoelectrofocusing Over a very narrow pH range 
was sufficient to resolve most of the contaminating 
daunorubicin (pH 8.5) of opposite A-stereospecific- 
ity. The remaining daunorubicin (pH 6.0) then gave 
a B-stereospecificity even when assayed at pH 8.5 
[2.5 pH units from its optimum where its activity was 
relatively low in comparison to fully active contam- 
inating A-specific daunorubicin (pH 8.5) reductase]. 

The daunorubicin (pH 8.5) reductase from rat liver 
has been purified previously to homogeneity and 
identified as an aldehyde reductase [10,14,19]. The 
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stereospecificity of this carbonyl reductase was sim- 
ilarly examined with the substrates p-nitrobenzal- 
dehyde and daunorubicin (Table 4). The pH optima 
of aldehyde reductase for p-nitrobenzaldehyde and 
daunorubicin are pH 6.0 and pH 8.5, respectively 
[10,14]. Therefore, the two substrates were exam- 
ined at both pH values. An A-specificity was main- 
tained for both substrates at both pH values. 
Method 2. Hydrogen stereospecificities were also 
determined for selected reductases by isolating the 
resulting oxidized cofactors (NADP*) and analyzing 
them for retention of label from A- or B- 
[H]NADPH. This was done for rat liver daunoru- 
bicin (pH 8.5) and rabbit liver daunorubicin (pH 6.0) 
reductases (Fig. 3). Both substrates were reduced 
separately with A-[/H]NADPH and B-[*7H]NADPH 
plus appropriate enzyme. After completion of reduc- 
tion, the reaction mixtures were applied to separate 
DEAE-cellulose columns, and then daunorubicin 
and daunorubicinol, NADP* and residual NADPH 
were eluted as separate fractions. The reduction of 
daunorubicin with rat liver daunorubicin (pH 8.5) 
reductase and A-|*H]NADPH resulted in a quanti- 
tative recovery of radioactive label daunorubicinol 
in the flow-through peak, while the NADP* was 
completely devoid of radioactivity, indicating an A- 
hydrogen stereospecificity for the rat liver enzyme 
(Fig. 3A). This conclusion was confirmed by per- 
forming the same reaction with B-[7H]NADPH. In 
this case, negligible radioactivity was recovered as 
daunorubicinol, but a quantitative recovery of radio- 
activity occurred in NADP* (Fig. 3B). A similar 
analysis of rabbit liver daunorubicin (pH 6.0) reduc- 
tase (pool I) confirmed the previous identification 
of this enzyme as a B-specific reductase (Figs. 3C 
and 3D). Several additional substrates and enzyme 
pools were assayed similarly. Each substrate was 
reduced with A-[/H]NADPH and B-[*H]NADPH, 
and the percentage tritium NADP* (expressed as a 


Table 4. Hydrogen stereospecificity of rat liver aldehyde reductase* 





Total products 
pH formed* 
(umoles) 


Substrate of Assays 


Relative 
Specific activity radioactivity 
of products of 
(d.p.m./umoles) products 





At 
(107°) 


Bt us 3 4 Bz 
(10°°) (10°°) 





6.5 0.046 
8.5 * 0.243 
6.0 0.056|| 
6.5 0.057|| 
8.5 0.046| 


p-Nitrobenzaldehyde 


Daunorubicin (pH 8.5) 


0.04 
0.004 
0.20 
0.079 
0.12 


0.036 
0.260 

0.038]| 
0.056)| 
0.053}| 





* Method 1. 


+ Quantified by total change in absorbance at 340 nm. Includes all diastereoisomer alcohol products. 
t A refers to A-H]NADPH (i.e. 4-(R)-[4H]NADPH and B refers to B-["H]NADPH (i.e. 4-(S)-[4- 


(S)-[4H]NADPH). 


§ Normalized to be directly comparable to the specific activity of product formed from A-PHJNADPH. 
Normalized specific activity of B-[;H]JNADPH labeled product = 


(specific activity of product formed from B-[‘H]JNADPH) (specific activity of A-[H]NADPH). 





(specific activity of B-[‘H]NADPH) 


|| Also quantified by fluorescence of isolated products. 
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Fig. 3. Determination of hydrogen stereospecificity of reductases. Daunorubicin plus daunorubicinol, 
oxidized cofactor and reduced cofactor were separated on DEAE-cellulose after the reduction of 
daunorubicin by rat liver daunorubicin (pH 8.5) reductase and (A) A-[/HJNADPH or (B) B-[;HJNADPH 
and after reduction of daunorubicin by rabbit liver daunorubicin (pH 6.0) reductase (pool I) and (C) 
A-PHJNADPH or (D) B-[7H]NADPH. The columns (1.5 * 6 cm) were equilibrated in 0.1 M Tris-HCl, 
pH 8.1. After addition of reaction mixtures, the columns were washed with equilibration buffer to elute 
daunorubicin plus daunorubicinol. At the first arrow, the solution was changed to equilibration buffer 
containing 0.06 M NaCl to elute oxidized cofactor. At the second arrow, the solution was changed to 
equilibration buffer containing 0.2 M NaCl to remove reduced cofactor. Key: absorbance at 260 nm 
(@——@®) and radioactivity (Q- - -©). 


percentage of the total tritium in the pyridine nucleo- 
tide plus alcohol product) was recorded for each 
reaction (Table 5). For each substrate the sum of 
these percentages for A- or B-labeled cofactors was 
very nearly 100 per cent and the conclusion of stereo- 
specificity is in agreement with Method 1. In addi- 
tion, the reactions which exhibited lower stereo- 


specificity by Method 1 also of low 
stereospecificity by Method 2. 

Method 3. If hydrogen transfer contributes to the 
rate-limiting step of the reductase mechanism, then 
substitution of deuterium for the stereospecified 
hydrogen might result in an isotope effect during 


carbonyl reduction. On the other hand, substitution 


were 


Table 5. Hydrogen stereospecificity of carbonyl reductases* 





Substrate 


Enzymes 


Per cent radioactivity as NADP*+ 





A-[SH]JNADPH 


B-[H]NADPH 





Daunorubicin 
Daunorubicin 
Daunorubicin 
3,7-DMX 
p-Nitrobenzaldehyde 
p-Nitrobenzaldehyde 
Naloxone 

3,7-DMX 
p-Nitrobenzaldehyde 


Aldehyde reductase§ : 94 
Pool I|| 3 

Pool IA4 l 

Pool ||| " 

Pool I|| 14 

Pool III|| 3 70 

Pool IV! 3 84 

Pool V|| K 62 

Pool VII|| c 79 





* Method 2. 


+ Individual substrates and enzymes were incubated with A- or B-[7H]NADPH. After completion, 
the reaction mixtures for each cofactor were separated into daunorubicin plus daunorubicinol, NADP* 
and NADPH. The per cent radioactivity as NADP”* is obtained from the total radioactivity in all 


substrate and products. 
¢ Reaction mixture pH. 
§ Rat liver. 


|| Rabbit liver (from experiment similar to that shown in Fig. 1). 
{ Rabbit liver (from experiment shown in Fig. 3). 
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Fig. 4. Lineweaver—Burk plot of daunorubicin reduction 

by rat liver aldehyde reductase [daunorubicin (pH 8.5) 

reductase] at pH 6.6. Cofactor concentrations were 10 mM. 

Key: A-[7HJNADPH (A), B-[7HJNADPH (0), and unla- 
beled NADPH (@). 


of isotopic hydrogen in the epimeric position should 
give no isotope effect. A comparison of the effects 
of A-[?H], B-[?H] and unlabeled NADPH on the 
kinetics of daunorubicin and naloxone reduction was 
made by steady state kinetics (Fig. 4). The calculated 
kinetic constants were compared (Table 6). Dau- 
norubicin (pH6.0) reductase exhibited an 
isotope effect On Vmax and Vimax/Km with B-labeled 
cofactor, whereas A-labeled and unlabeled cofactors 
gave nearly identical kinetic constants, In contrast, 
daunorubicin (pH 8.5) and naloxone reductases dis- 
played an isotope effect with A-labeled cofactor 
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Fig. 5. Panel A. Absorption spectra of 12.4 uM NADPH 

in the presence (- —-—) or absence ( ) of 3.7 uM rat 

liver aldehyde reductase in 0.1 M potassium phosphate 

buffer, pH 6.6. Panel B. Different spectra determined 

directly from the above mixtures, using a full scale chart 
expansion of 0.02 absorbance units. 
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but not with B-labeled or unlabeled cofactors. These 
results confirm daunorubicin (pH 6.0) reductase as 
B-specific and daunorubicin (pH 8.5) and naloxone 
reductase as A-specific. 


Ultraviolet absorbance shift on binding of NADPH 
to rat liver aldehyde reductase 


The ultraviolet absorption spectra of reduced 
pyridine nucleotide coenzymes are shifted toward 
the red or blue spectrum upon binding with specific 
dehydrogenases. It has been proposed that the direc- 
tion of that shift can be predicted by the dehydro- 
genase hydrogen stereospecificity [20]. We verified 
the absorbance shift at 340 nm on binding of reduced 
cofactor to several dehydrogenases (Table 7). The 
B-specific a- glycerophosphate and glutamate dehy- 
drogenases had expected red shifts and the A- spe- 
cific alcohol and isocitrate dehydrogenases gave 
expected blue shifts. Similarly, it had been reported 
that A-specific, pig kidney aldehyde reductase pro- 
duces a blue shift, and human liver aldehyde reduc- 
tase of unknown specificity produces a red shift. Rat 
liver aldehyde reductase was A-specific and gave a 
red shift on binding of NADPH (Fig. 5). Rat liver 
aldehyde reductase, therefore, represents an excep- 
tion to the correlation of hydrogen stereospecificity 
and cofactor absorbance shifts. 


Reference 
This paper 


(340 nm) 


Enzyme 
hydrogen 
stereo- 
specificity 


Cofactor 


DISCUSSION 


Because of differences in general chemical reac- 
tivity of aldehydes and ketones, we have found it 
convenient to subdivide enzymatic reduction of car- 
bonyl-containing compounds into a consideration of 
aldehyde reductases and ketone reductases. 
Although aldehyde reductases have been studied for 
many years and recently purified to homogeneity 
from several sources [10,14,21—26] ketone reductases 
have not been adequately purified and studied. 

The lack of information on ketone reductases is 
partially explained by low recoveries of activity on 
storage and during purification. The procedures pre- 
sented in this study include 0.5—1.0 mM dithiothreitol 
as an effective and practical means of stabilizing the 
reductase activities over at least a 2-month period. 
The presence of dithiothreitol during storage docs 
not, however, appear to prevent the time-dependent 
‘aging’ phenomenon of unknown mechanism which 
increases the isoelectrofocusing complexity of an 
already heterogeneous enzyme distribution. 

The heterogeneity and ‘aging’ phenomenon also 
contribute to the difficulties encountered when 
applving conventional procedures for the purifica- 
tion of these enzymes. Obviously, a rapid and specific 
affinity absorption approach offers the ultimate sol- 
ution. However, the procedure of isoelectric focusing 
described in this study provides a rapid and quan- 
titative means of resolving the major classes of car- 
bonyl reductases. The majority of the ketone reduc- 
tases [as defined by daunorubicin (pH 6.0), oxisuran, 
metyrapone and 3,7-DMxX reductases] are essentially 
resolved from the major aldehyde reductase [as 
defined by daunorubicin (pH 8.5) activity]. On the 
other hand, except for some overlap, the reductases 
of naloxone and naltrexone are separate and distinct 
from both of the other groups. The separation of 
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these groups of enzymes is defined by rather narrow 
isoelectric point ranges. The possibility of amphol- 
yte-induced heterogeneity has been considered and 
is not excluded entirely. Nevertheless, similar 
enzyme patterns were obtained at ampholyte con- 
centrations ranging from 0.8 to 4 per cent, and 
prompt re-electrofocusing of peak 1 gave activity 
peaks with isoelectric points entirely within the 
activity peak of the first broad range experiment. 
Heterogeneity also was seen previously when the 
enzymes were separated by gel filtration and ion 
exchange chromatography only [4,5]. 

Pool I retained the majority of the daunorubicin 
(pH 6.0), oxisuran, 3,7-DMX, metyrapone and p- 
nitroacetophenone reductase activities (although 
minor activity peaks were observed in other pools). 
Pool I was subsequently re-electrofocused into two 
peaks (Pool 1A and Pool 1B) over a very narrow 
pH gradient. With minor exceptions, most of the 
above activities were coincidentally distributed 
between these two peaks. It appears, therefore, that 
the majority of the total ketone reductase activity 
resides in two enzymes of pI values 4.84 and 4.98 
(Fig. 2). 

Because of the greater chemical reactivity of 
aldehydes relative to ketones and assuming other- 
wise similar structures, it might be expected that 
ketone reductases react readily with the highly 
reactive aldehyde substrates. This prediction could 
cause a serious limitation in a study of aldehyde 
reductases in the presence of ketone reductases. 
Consider the reduction of a typical aldehyde reduc- 
tase substrate, p-nitrobenzaldehyde, by rabbit liver 
(Fig. 2). The distribution of a p-nitrobenzaldehyde 
reduction suggests an extremely heterogeneous 
population of aldehyde reductases. However, only 
a small shoulder of this total p-nitrobenzaldehyde 
reductase activity is coincident with aldehyde reduc- 
tase as determined with daunorubicin at pH 8.5 (see 
below). In addition, except for pool III, there is 
considerable overlap of p-nitrobenzaldehyde reduc- 
tion with p-nitroacetophenone reduction throughout 
the pH gradient. Therefore, it would appear that p- 
nitrobenzaldehyde is reacting with ketone as well as 
aldehyde reductases. 

By the same reasoning, it might be expected that 
aldehyde reductases do not normally cross-react with 
the relatively less reactive ketones. This was con- 
firmed for rat liver aldehyde reductase which is very 
active with p-nitrobenzaldehyde but has negligible 
activity with p-nitroacetophenone [14]. The rat liver 
aldehyde reductase, however, does reduce the 
methyl ketone antibiotic daunorubicin [10,14]. 
Although an exception, this latter reaction is never- 
theless catalyzed by an aldehyde reductase and dau- 
norubicin is the only ketone known to be reduced 
by this enzyme. In addition, the reduction occurs at 
an alkaline pH unique to all other aldehyde and 
ketone reductases. In other words, although dau- 
norubicin is reduced by ketone reductases at pH 6.0, 
it is reduced only by aldehyde reductases at pH 8.5 
[14]. Therefore, the reduction of daunorubicin at 
pH 8.5 is suggested as a specific assay of aldehyde 
reductases in the presence of ketone reductases. 

Since aldehyde reductases apparently do not react 
with most ketones, the specific assay for ketone 
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reductases should be straightforward. The individual 
rabbit liver ketone reductases show considerable 
selectivity for individual ketones. For example, the 
dihydromorphinone reductases (pools IV, V and VI) 
show low activity with daunorubicin (pH 6.0) and 
metyrapone. Nevertheless, most pools exhibit sig- 
nificant activity for p-nitroacetophenone (Fig. 2) as 
would be expected for a model ketone reductase 
substrate. 

The hydrogen stereospecificity of carbonyl reduc- 
tases has been studied previously for a number of 
aldehyde reductases and closely related enzymes. 
Rat intestine retinal reductase [21], rabbit muscle 
glycerol dehydrogenase [11], rat liver mevaldate 
reductase [28], human placental aldose reductase 
[29], kidney aldehyde reductases from rabbit [20], 
rat [3], chicken [3] and aldehyde reductases from 
fruit fly [3] and yeast [3] have all been shown to 
utilize the A-side (pro-4R) hydrogen of the dihy- 
dronicotinamide ring of NADPH to reduce their 
appropriate aldehyde or aldose substrate. To this list 
we can now add rat and rabbit liver aldehyde reduc- 
tase as well as the rabbit liver dihydromorphinone 
reductases and minor forms of 3,7-DMX and p- 
nitroacetophenone reductases. All of the above- 
mentioned enzymes, therefore, have the same A- 
specificity as alcohol dehydrogenase [30]. 

In contrast, a B-side (pro-4S) hydrogen stereo- 
specificity occurs for the aromatic aldehyde ketone 
reductase(s) from rabbit kidney [31]. In our study, 
most of the rabbit liver ketone reductases also have 
a B-hydrogen stereospecificity. Since these B-specific 
enzymes make up the bulk of the ketone reductase 
activity, a general distinction between aldehyde and 
ketone reductases can be made on the basis of their 
hydrogen stereospecificity. This difference may be 
an important criterion of identity because these 
enzymes have very similar physical, chemical and 
kinetic properties. 

A major difficulty with some of our observations 
is the mixed or low stereospecificities of certain 
enzyme fractions. Whereas most of the reactions 
show a stereospecificity preference of 95 per cent or 
greater by Method 1, a few of the reactions had 
specificities as low as 75 per cent for Method 1 or 
60 per cent for Method 2. There was, however, 
agreement as to which reactions were of high speci- 
ficity and which were of low specificity between these 
two methods. The most likely explanation for low 
and sometimes variable specificities is undoubtedly 
the use of partially purified enzyme pools. For 
example, when homogeneous rat liver aldehyde 
reductase was examined at its optimum pH, better 
than 99 per cent stereospecificity was obtained. In 
addition, after re-electrofocusing of pool I over a 
narrower pH gradient, there was an apparent 
increase in stereospecificity (see Results). Finally, 
when purified A- and B-[7H]NADPH were examined 
with commercially purified yeast alcohol dehydro- 
genase, A/B ratios as high as 300 to 1 were obtained. 
The low stereospecificities of partially purified 
enzyme pools may have resulted from the presence 
of drug-specific reductases of opposite specificities. 
The apparently low stereospecificities might also 
have resulted from the presence of contaminating 
enzymes such as pyridine nucleotide transhydrogen- 
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ases which would mix the label and/or lower the 
intitial cofactor specific radioactivities. The import- 
ance of using highly purified enzymes for precise 
stereospecificity determinations was emphasized 
previously for nitrate reductase [32]. 

Generally, if stereospecificities were to be deter- 
mined by Method 1 or 2 the carbonyl reductions 
were done at pH 6.5 (rather than at the optimum of 
pH 6.0) to avoid acid destruction of NADPH. The 
quantitation of most alcohols used to determine spe- 
cific radioactivities was based on the change in 
absorption at 340 nm of NADPH during carbonyl 
reduction, assuming 100 per cent recovery. The val- 
idity of this assumption was verified for daunorubicin 
reduction by quantifying the formation of dauno- 
rubicinol by an independent fluorescence assay, and 
for oxisuran reduction by utilizing ‘C-labeled 
oxisuran. 

A wide range of specific radioactivities of starting 
tritium-labeled cofactors was used with identical 
results by Method 1. In Method 2, however, the use 
of very high specific radioactive cofactors resulted 
in an apparent radiation decomposition product(s) 
which appeared in the flow-through peak of the 
DEAE-cellulose column. This difficulty was elim- 
inated by using a 100-fold lower cofactor radioactive 
specific activity of that used in Method 1. In both 
Methods 1 and 2, the reactions were run to equilib- 
rium or completion. The results, therefore, should 
not be influenced by isotope rate effects. 

Method 3 differed from the other methods in that 
stereospecificity was determined by an isotope rate 
effect on the intitial steady state enzyme kinetics. In 
addition, in order to accentuate the effect, carrier- 
free deuterium-labeled cofactors were used instead 
of tritium-labeled cofactors. Since the conclusions 
were based on initial rate effects, this procedure was 
probably less sensitive to the presence of low levels 
of contaminating enzymes which might otherwise 
obscure the results of reactions which had run to 
equilibrium. Agreement among the different pro- 
cedures gives confidence to the final conclusions. 

Besides establishing the stereospecificities of 
aldehyde and ketone reductases, the present study 
demonstrates an exception to the generalization that 
the direction of a shift of the pyridine nucleotide 
absorption when binding to dehydrogenases is pre- 
dicted by the stereospecificity of the enzymes. 
Although all the aldehyde reductases examined to 
date show A-specificity, only pig kidney aldehyde 
reductase exhibited a blue shift as predicted [23]. 
Contrary to expectations, we found that rat liver 
aldehyde reductase exhibits a red shift. Human liver 
aldehyde reductase also gives a red shift on binding 
the pyridine nucleotide; however, its stereospecific- 
ity has not yet been reported [25]. 

A number of generalized rules regarding the 
stereospecificity of pyridine nucleotide catalyzed 
reactions have been established [30, 33]. One states 
that enzymes which catalyze the same reaction have 
the same stereospecificity regardless of the enzyme 
source. Only 3-a-hydroxysteroid dehydrogenase and 
ketopantoyl lactone reductase are reported to be 
exceptions to this rule [30, 32]. Several of the reac- 
tions described in this study represent additional 
exceptions to this rule. For example, p-nitroaceto- 
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phenone and p-nitrobenzaldehyde occur with dif- 
ferent specificities depending on which enzyme pool 
is considered. 3,7-DMX is another possible excep- 
tion. Also, the reduction of daunorubicin is accom- 
plished by enzymes of opposite specificity. This latter 
example was clearly demonstrated by all three meth- 
ods. The exceptions are even more striking because 
they occur within the same animal. 

Naloxone, naltrexone and oxisuran were each 
reduced to two diastereoisomers. The stereospecific- 
ities of reduction of naloxone and naltrexone a-OH 
and B-OH alcohols by pools II and IV and a- and 
B-oxisuranols by pool I were analyzed by Method 
1. All naloxol and naltrexol diastereoisomers incor- 
porated label only from A-[7H]NADPH, whereas 
both oxisuranol diastereoisomers used label exclu- 
sively from B-[7H]NADPH. Using A-labeled cofac- 
tor, we found the ratio of specific radioactivities of 
a-OH/B-OH-naloxol and naltrexol diastereoisomers 
was 1/10 in Pool II and 1/100 in Pool IV. Whether 
these pools contained separate a-OH or B-OH 
reductases or a single enzyme with different ster- 
eoselectivities is presently unknown. 
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DIFFERENTIAL EFFECTS OF DISULFIRAM AND 
DIETHYLDITHIOCARBAMATE ON SMALL INTESTINAL 
AND LIVER MICROSOMAL BENZO[a]PYRENE 
METABOLISM 
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Abstract—Microsomes isolated from rat small intestinal mucosa and liver were used to study the effects 
of disulfiram and diethyldithiocarbamate on benzo[a]pyrene monooxygenase activity. This activity was 
decreased in the intestinal microsomes to 25 per cent of control 24hr after a single oral dose of 
disulfiram. In contrast, daily administration of disulfiram for 5 days produced a dose related increase 
of benzo[a]pyrene monooxygenase activity, above control level. The elevated activities were 
accompanied by a concomitant increase in the concentration of cytochrome P-450. This benzo[a]pyrene 
monooxygenase activity was further stimulated by addition of a-naphthoflavone to the incubation 
medium. Furthermore, the absorption maximum of this cytochrome was at 450 nm in the CO bound 
reduced difference spectrum. These observations indicate that the disulfiram induced cytochrome P-450 
was of the control type. Daily pretreatment with diethyldithiocarbamate impaired both intestinal and 
liver microsomes at benzo[a]pyrene monooxygenase activities. Pretreatment with a single dose of 3- 
methyicholanthrene resulted in a more than 10-fold increase of intestinal benzo[a]pyrene monooxygenase 
activity after 24 hr. Administration of disulfiram 24 hr before treatment appeared to potentiate the 3- 
methylcholanthrene induced increase of intestinal benzo[a]pyrene monooxygenase activity. Jn vitro 
addition of disulfiram and diethyldithiocarbamate to incubates of intestinal or liver microsomes inhibited 
benzo[a]pyrene metabolism to various extents; the liver being more sensitive. Disulfiram was approxi- 
mately 50-fold more potent as an inhibitor than diethyldithiocarbamate. The in vitro inhibition of 
intestinal benzo[a]pyrene monooxygenase activity obtained with disulfiram appeared to be caused both 
by direct interaction with the monooxygenase system and through NADPH dependent metabolic 
activation of disulfiram, while the inhibition of diethyldithiocarbamate may be a result of the latter 
process only. 


The drug metabolizing enzymes of the gastrointes- 
tinal (GI) tract can be regarded as the body’s first 
line of defence against xenobiotics taken orally. 
However, it has become apparent that this metab- 
olism may lead not only to detoxification and 
decreased bioavailability, but also to activation of 
procarcinogens and other drugs [1-4]. The highest 
oxidative activity of the GI tract occurs in the small 
intestine [5,6], where a variety of compounds are 
metabolized by the cytochrome P-450-dependent 
monooxygenase system [7,8]. Although the small 
intestinal monooxygenase activity can easily be lost 
during subcellular fractionation procedures, meth- 
ods are now available for the preparation of intestinal 
microsomes which minimize this loss and provide a 
stable preparation for the study of cytochrome P-450 
and certain monooxygenase activities dependent in 
this hemoprotein [3]. A frequently used substrate is 
the chemical carcinogen benzo[a]pyrene (BP), which 
among several metabolites forms highly fluorescent 
phenols that can be accurately quantitated in low 
concentrations [9]. 

The small intestinal monooxygenase activity 
responds to drugs, environmental agents and nutri- 
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tional factors [cf. 1, 2]. Pretreatment of rats with 3- 
methylcholanthrene (MC) rapidly increases the 
activity of intestinal BP monooxygenase to that com- 
parable with normal liver [3]. Number of other 
xenobiotics and dietary constituents also are known 
to increase cytochrome P-450 dependent metabolism 
in the small intestine [10, 11]. Metabolism of poly- 
cyclic aromatic hydrocarbons to ultimate carcinogens 
in the GI tract may be highly significant since 
administration of these compounds results in tumor 
formation in various parts of the gut [12, 13]. 

Recently it has been reported that disulfiram (DS), 
a drug used in alcohol avoidance therapy, protects 
mice from BP-induced forestomach cancer [13] as 
well as dimethylhydrazin or azoxymethane-induced 
intestinal cancer [14, 15]. This protective effect could 
involve impaired metabolic activation of these com- 
pounds in the liver or other target organs since DS 
has previously been reported to impair certain oxi- 
dative as well as hydrolytic metabolic pathways in 
the liver [16-18]. 

In this study, we have evaluated the effects of the 
oral administration of DS and its reduced metabolite, 
diethyldithiocarbamate (DDTC), on BP metabolism 
by the small intestine and liver. In addition we also 
have studied the direct effects of these compounds 
on intestinal and hepatic microsomes in vitro. The 
results show that although DS and DDTC may inhibit 
BP metabolism in liver as well as intestine after oral 
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administration or addition to microsomal incuba- 
tions, important differences exist between these 
organs with regard to the actions of these com- 
pounds. The effects produced by repeated exposure 
to DS suggest that xenobiotic metabolism in small 
intestine may become relatively more important for 
the systemic bioavailability of orally administered 
compounds; increased oxidative enzyme activity in 
intestine while a substantially depressed activity in 
liver could occur. 


MATERIALS AND METHODS 


Chemicals. Benzo[a|pyrene (BP), disulfiram (DS, 
tetraethylthiuram disulfide) and 3-methylcholan- 
threne (MC) were obtained from Sigma Chemical 
Co..(St. Louis, MO), sodiumdiethyldithiocarbamate 
(DDTC) trihydrate from Fluka AG Buchs SG 
(Switzerland) and a-naphthoflavone (ANF) from 


Aldrich Chemical Co. Inc. (Milwaukee, WI). Other . 


general chemicals were obtained from local com- 
mercial sources. 

Animals and treatments. Male Sprague-Dawley 
rats, weighing 160-180 g, were kept in stainless steel 
cages and maintained on pelleted food (Anticimex 
Avelsfoder 213, Astra-Ewos AB, Sddertalje, 
Sweden) and tap water ad lib. MC or DS were 
dissolved in corn oil and DDTC in water and 
administered by gavage with a stainless steel feeding 
tube. Rats received 0.5 ml solvent per 100g body 
wt. MC was given at a dose of 20 mg/kg, DS at 
100 mg or 200 mg/kg and DDTC at 500 mg/kg. Rats 
were treated with a single dose or once daily for 
5 days except otherwise indicated, and killed 24 hr 
after the last dose. The rats showed no signs of 
toxicity with these drugs at the indicated doses and 
the weight gain was comparable to that of control 
groups. 

. Preparation of microsomes. All animals were 
decapitated between 8.00 and 9.00 a.m. to eliminate 
diurnal variations [19]. The procedure for isolation 
of intestinal microsomes was basically the same as 
previously reported [3] but with minor modifications. 
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Microsomes were isolated from villous tip cells of 
mucosa from the upper part of small intestine. 
Beginning at pylorus, a consecutive 40 cm segment 
of small intestine was excised and rinsed with solution 
containing 0.15 M KCl and 0.05 M Tris-HCl buffer, 
pH 7.8. Any adherent mesenteric fat was carefully 
removed from the segment before it was slit open. 
Mucosal villous tip cells were removed from intes- 
tinal segments of two rats by light hand-pressured 
scraping with the edge of a glass slide and suspended 
in a total of 20 ml of the KCl-Tris buffer supple- 
mented with glycerol (20 per cent v/v, final concen- 
tration), heparin (2 i.u./ml) and 25 mg trypsin inhib- 
itor. The combination of glycerol and trypsin 
inhibitor has previously been shown to protect mono- 
oxygenase components from destruction and solu- 
bilization from endoplasmic reticulum while the 
addition of heparin resulted in an increased yield of 
microsomes [3]. The suspension was homogenized 
in a glass—teflon Potter-—Elvehjem homogenizer at 
500 r.p.m. and centrifuged at 600 g for 2 min and at 
13,000 g for 10 additional min. Intestinal microsomes 
were isolated from supernatant by centrifugation at 
105,000 g for 60min. The microsomal pellet was 
washed and suspended in KCI-Tris buffer and recen- 
trifuged at 105,000 g for 30 min. Intestinal micro- 
somes contained cytochrome P-450 with negligible 
amounts of cytochrome P-420. Less than 20 per cent 
of the cytochrome P-450 content was lost during 8 hr 
storage on ice, whereas all experiments were per- 
formed within 2 hr after isolation of the microsomes. 
No spectrally detectable hemoglobin was present in 
the preparations which were also free from mito- 
chondrial contaminations as established by the 
absence of succinate—cytochrome c reductase activity 
[20]. Livers were removed and chilled in ice cold 
KCI Tris-HCl buffer (pH 7.8). The hepatic micro- 
somal fractions were prepared from 20 per cent 
homogenates in the same buffer with centrifugation 
and washing procedures as for intestinal microsomes. 

Assays. Microsomal protein was measured accord- 
ing to Lowry et al. [21] with bovine serum albumin 
as standard. Reduced and CO-bound cytochrome 


Table 1. Effects of disulfiram (DS) and diethyldithiocarbamate (DDTC) on benzo[a]pyrene (BP) monooxygenase activity 
and cytochrome P-450 content of rat intestinal and liver microsomes* 





Intestine 


Liver 





BP monooxygenase 
(pmoles product/mg 
protein per min) 


Cytochrome P-450 


Treatment (pmoles/mg protein) 


BP monooxygenase 
(pmoles product/mg 
protein per min) 


Cytochrome P-450 
(pmoles/mg protein) 





1 day 


Oil 183 + 13 (100) 
45 + 10 (25) 


DS-100 mg/kg 
5 days 

Oil 24+3 (100) 

DS 100 mg/kg 41+8 (171) 

DS 200 mg/kg 44 + 10 (183) 


H,O 23+5 (100) 
DDTC 500 mg/kg B23 GC) 


(104) 


195 + 21 (100) 
256 + 28 (131) 
322 + 28 (165) 


178 + 15 (100) 
90+7 (51) 


§505 + 149 
5788 + 687 


495 + 14 (100) 
460 + 15 (93) 


(100) 
(68) 


464 + 16 (100) 
380 + 19 (82) 
276 + 24 (60) 


420 + 10 (100) 
362 + 14 (86) 


6887 + 670 (100) 
2905 + 196 (42) 
2004 + 337 (29) 


7622 + 1143 (100) 
3774 + 450 (50) 





* DS, DDTC or the appropriate vehicle was administered orally to adult male rats for 1 or 5 days. Intestinal and liver 
microsomal cytochrome P-450 concentrations and BP monooxygenase activities were determined as described in Materials 
and Methods. Values are the mean + S.E. of at least four animals per group (livers) or six to ten per group (intestines). 


Numbers in parentheses are per cent of control. 
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Table 2. Effects of disulfiram (DS) and 3-methylcholan- 
threne (MC) pretreatment on benzo[a]pyrene (BP) mono- 
oxygenase activity of intestinal microsomes* 





BP monooxygenase 
(pmoles product formed/mg 


Treatmentt protein per min) 





180 + 21 
30+8 
49+ 14 

2168 + 225 
2289 + 157 
2736 + 116 


Oil (24 hr) 
DS (24 hr) 
DS (48 hr) 
MC (24 hr) 
DS (25 hr) + MC (24 hr) 
DS (48 hr) + MC (24 hr) 





* Results are expressed as mean + S.E. of three different 
preparations. 

+ DS (100 mg/kg), MC (20 mg/kg) or the corn oil vehicle 
was administered orally. Numbers in parentheses indicate 
the time elapsed from the administration of the compound 
(DS or MC) until the animals were killed (i.e. DS25 hr + MC 
24hr indicates that the rats were treated with DS 1 hr 
before MC administration and were killed 24 hr after MC 
administration). 


P-450 difference spectra were measured and deter- 
mined according to Omura and Sato [22], using an 
extinction coefficient of 91mM~'cm™'. BP mono- 
oxygenase activity was assayed by the fluorometric 
method of Dehnen et al. [23], with 3-hydroxy-BP as 
reference standard (1 pmole product equals the flu- 
orescence of | pmole of 3-hydroxy-BP). This method 
measures the formation of fluorescent BP-phenols, 
mainly 3-hydroxy- and 9-hydroxy-BP [24]. As was 
previously shown by separation of BP metabolites 
on high pressure liquid chromatography, these phen- 
ols represent 25-30 per cent of total BP metabolized 
by intestinal microsomes isolated from control or 
MC pretreated rats under the conditions used [3]. 
The incubation mixture, containing microsomes and 
a NADPH generating system in Tris-HCl! buffer, 
pH 7.8, was preincubated for 2 min at 37° before BP 
(150 uM final concentration) was added. Incubations 
were carried out for 5min [3] unless otherwise 
indicated. DDTC was added in aqueous solution and 
DS or a-naphthoflavone, in acetone, prior to the 
preincubation. Acetone slightly stimulated BP 
monooxygenase activity under these conditions. 
Results were corrected for this effect. 


RESULTS 


Pretreatment of rats with disulfiram (DS) 
decreased benzo[a]pyrene (BP) monooxygenase 
activity and concentration of cytochrome P-450 in 
liver, but exerted a biphasic effect on these par- 
ameters in small intestine (Table 1). Administration 
of a single oral dose of DS produced an inhibition 
of intestinal BP monooxygenase activity to about 25 
per cent of the control level after 24 hr. However, 
after daily administration for 5 days, activity had 
increased to about 130 per cent of control values. 
Administration of DS, 200 mg/kg, for 5 days pro- 
duced an even larger increase in BP monooxygenase 
activity. Cytochrome P-450 concentrations were not 
diminished in intestinal microsomes during the 
inhibitory phase of DS actions. Furthermore, the 
levels were almost doubled after 5 days of DS treat- 
ment. In contrast to DS, DDTC administration for 
5 days resulted in decreases both in cytochrome P- 
450 concentrations and BP monooxygenase activity. 
Only small and significant effects were observed on 
these parameters 24 hr after a single dose of DDTC 
(not shown). 

In the liver, DS administered as a single oral dose 
decreased BP monooxygenase activity without alter- 
ing P-450 concentrations, but after 5 days of treat- 
ment both cytochrome P-450 concentrations and BP 
metabolism were decreased. Administration of 
DDTC for 5 days also lowered BP metabolism and 
cytochrome P-450 concentrations. Although the 
effects of a single oral dose of DDTC were not 
determined in liver, it has recently been reported 
that DDTC significantly decreases P-450 concentra- 
tions already after 24 hr [25]. 

A single oral dose of DS administered either | or 
24hr before the rats were treated with 3-methyl- 
cholanthrene (MC) did not reduce the induction 
capacity of MC in intestine (Table 2). The combi- 
nation treatment of DS 1 hr before MC treatment, 
timed so that DS would be present before and during 
early phases of MC induction, had no significant 
effect compared to when MC was administered 
alone. However, the treatment with DS 24 hr before 
MC was administered resulted in an increase that 
was even greater than when MC alone was given. 

The addition of a-naphthoflavone (ANF) 


Table 3. Influence of a-naphthoflavone on benzo[a]pyrene (BP) monooxygenase activity 
of intestinal microsomes isolated from control, disulfiram (DS) or 3-methylcholanthrene 
(MC) pretreated rats* 





BP monooxygenase 
(pmoles product formed/mg per min) 
Controlt+ DS¢ 


a-naphtho- 


flavone MC§ 





140 + 17 (100) 
274 + 25 (196) 


234 + 18 (100) 
361 + 29 (154) 


2236 + 135 (100) 


0.1 mM 514+ 64 (23) 





* Data are expressed as mean + S.E. of experiments with three different preparations. 
Numbers in parentheses indicate per cent of the incubation without a-naphthoflavone. 

+ Control rats received corn oil orally once daily for 5 days and were killed 24 hr after 
the last dose. 

¢ Rats were treated with DS (200 mg/kg) in corn oil once daily for 5 days and killed 
24 hr after the last dose. 

§ Rats were treated with a single dose of MC (20 mg/kg) in corn oil and killed 24 hr 
later. 





1520 


R. GRAFSTROM and F. E. GREENE 


Table 4. Jn vitro inhibition by disulfiram (DS) and diethyldithiocarbamate (DDTC) of benzo[a]pyrene monooxygenase 
activity in intestinal microsomes from control, DS, DDTC and 3-methylcholanthrene (MC) treated rats 





Benzo[a]pyrene monooxygenase 
(pmoles of product formed/mg protein per min) 





1 Day* 


5 Days* 





DS MC 


Addition Oil 100 mg/kg 


20 mg/kg Oil 


DS DS 
100 mg/kg 200 mg/kg 


DDTC 


H20 500 mg/kg 





183 + 13 
(100) 


45+ 10 
(100) 


None 2835 + 61 
(100) 
DS 

0.1 mM 1230 + 65 
(43) 

1315 +71 


(46) 


104+8 


1.0 mM 


DDTC 
5 mM ‘ £5 
(51) 


2472 + 81 
(87) 


195 + 21 
(100) 


74+6 
(38) 

37+ 
(19) 


78+5 
(40) 


256 + 28 
(100) 


322 + 28 
(100) 


178 + 15 
(100) 


90 +7 
(100) 


179 + 20 
(70) 

9 82+5 

(32) 


210 + 11 
(65) 
104 +4 
(32) 


21:9 
(68) 
46 + 7. 
(26) 


69+4 
(77) 

31+4 
(34) 


119 + 19 
(46) 


157 + 28 
(49) 


63 + 11 
(35) 


43 +3 
(48) 





* Data are expressed as mean + S.E. of at least three different preparations. Rats were treated with MC, DS, DDTC 
or the appropriate vehicle for the length of time indicated. Incubations were performed as described in Materials and 
Methods. Numbers in parentheses indicate the per cent of the corresponding control value. 


increased BP monooxygenase activity of intestinal 
microsomes isolated from control or DS pretreated 
rats (Table 3). In contrast, ANF markedly inhibited 
the BP monooxygenase activity of MC microsomes 
as previously reported [3]. The CO-bound reduced 
difference spectrum of cytochrome P-450 in micro- 
somes from DS treated rats showed an absorption 
maximum at 450 nm (not shown), indicating that the 
hemoprotein induced by repeated DS administration 
is similar to that of controls and not of the MC 
induced type, which exhibits an absorption maximum 
at 448 nm [3]. 

The inhibitory actions of DS and DDTC on BP 
monooxygenase activity in vitro were determined 
with microsomes isolated from intestine and liver 
after various treatments (Tables 4 and 5). DS 
exhibited a concentration dependent inhibition of 
intestinal BP monooxygenase activity in controls, 


DS and DDTC pretreated rats (Table 4). Similar 
inhibition was observed by DDTC. These indicated 
that the sensitivity of BP monooxygenase to the 
direct inhibition by DS or DDTC was not altered by 
prior exposure of rats to DS or DDTC. Disulfiram 
was 50-fold more potent than DDTC as an inhibitor 
of BP monooxygenase activity. However, after MC 
pretreatment, there appeared to be a fraction of BP 
monooxygenase resistant to the DS inhibition. Sim- 
ilarly, DDTC only slightly inhibited BP metabolism 
in intestinal microsomes isolated from MC treated 
rats. Both DS and DDTC inhibited BP metabolism 
in liver microsomes (Table 5) which appeared to be 
more sensitive than the intestinal microsomes. This 
was particularly evident with DDTC which consist- 
ently inhibited hepatic BP metabolism to about 15- 
20 per cent of control activity, whereas the intestinal 
metabolism was inhibited only to 40-50 per cent in 


Table 5S. Jn vitro inhibition by disulfiram (DS) and diethyldithiocarbamate (DDTC) of benzo[a]pyrene monooxygenase 
activity in liver microsomes isolated from control, DS or DDTC pretreated rats 





Benzo[a]pyrene monooxygenase 
(pmoles of product formed/mg protein per min) 





1 Day* 


5 Days* 





DS 


DS DS DDTC 


Addition Oil 


100 mg/kg 


Oil 


100 mg/kg 


200 mg/kg 


H20 


500 mg/kg 





8505 + 149 
(100) 


None 


DS 
0.1 mM 2373 + 77 
(28) 
510 + 178 
(6) 


1.0 mM 


DDTC 
5.0 mM 1344 + 238 


(16) 


5788 + 687 
(100) 


1597 + 93 
(28) 
301 + 58 
(5) 


805 + 75 
(14) 


6887 + 670 


(100) 


1997 + 83 
(29) 
358 + 28 
(5) 


930 + 83 
(14) 


2905 + 196 
(100) 


944 + 67 
(33) 
218 + 20 


2004 + 337 
(100) 


822 + 12 
(41) 
267 + 56 
(13) 


471 + 24 
(24) 


7622 + 1143 
(100) 


2386 + 91 
(31) 
313 + 23 
(4) 


1120 + 175 
(15) 


3774 + 450 
(100) 


1113 + 79 
(30) 
359 + 60 
(10) 


615 + 34 
(16) 





* Data are expressed as mean + S.E. of at least three different preparations. Rats were treated with DS, DDTC or 
the appropriate vehicle for the length of time indicated. Incubations were performed as described in Materials and 
Methods. Numbers in parentheses indicate the per cent of the corresponding control value. 
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Table 6. Effects of in vitro incubation conditions on the inhibition of intestinal 
benzo[a]pyrene (BP) monooxygenase by disulfiram (DS) and diethyldithiocarbamate 
(DDTC)* 





Additions 


BP monooxygenase 





Preincubation+ 


Incubationt 


(pmoles product formed/ 
mg protein per min) 





NADPH 


0.1mM DS 


0.1mM DS 
NADPH + 0.1mM DS 


1mM DDTC 


1.0mM DDTC 
NADPH + 1.0mM DDTC 


134 + 18 (100) 
115 + 10 (86) 
79 + 11 (59) 
7+3 (5) 
<1 (0) 

98 + 13 (73) 
96+8 (72) 
16+4 (12) 





* Results are expressed as mean + S.E. of three different preparations. Numbers 
in parentheses indicate per cent of control rate. 

+ The ‘preincubation’ medium contained microsomes (0.7—1.0 mg/ml) in buffer plus 
the listed additions in the table. ‘Preincubations’ were performed for 10 min at 37°. 
NADPH refers to a NADPH generating system. 

+ The incubation medium contained the components in the preincubation medium, 
benzo[a]pyrene and the indicated additions plus the NADPH generating system if it 
had not been previously added. These mixtures were incubated for 5 min at 37°. 


most cases. Pretreatment of rats with DS or DDTC 
had only small effects on the in vitro inhibition of 
hepatic BP monooxygenase by DS and DDTC. 

Experiments designed to investigate modification 
of intestinal BP metabolism by DS and DDTC are 
presented in Table 6. Under similar experimental 
conditions as those inhibition studies shown in Table 
4, 0.1mM DS decreased the BP monooxygenase 
activity to 59 per cent of control. However, the 
addition of DS to the preincubation medium 10 min 
prior to additions of NADPH generating system and 
BP reduced BP metabolism to 5 per cent of control 
values. The preincubation with DS plus NADPH 
generating system completely abolished BP metab- 
olism. In contrast, preincubation with DDTC did 
not affect BP metabolism unless the NADPH gen- 
erating system was also included in the preincubation 
mixture. When microsomes were preincubated with 
only the NADPH generating system, a minor inhibi- 
tory action was observed. 


DISCUSSION 


Pretreatment with DS or DDTC has been shown 
to decrease the concentration of hepatic cytochrome 
P-450 and impair the metabolism of several xeno- 
biotics dependent on this hemoprotein [16-17]. In 
this study, however, a 24 hr pretreatment with DS 
resulted in inhibition of hepatic BP monooxygenase 
activity but had no effect on cytochrome P-450 
concentration (cf. Table 1). This supports a previous 
study with aniline hydroxylation [26]. However, con- 
tinued treatments with DS for 5 days resulted in dose 
dependent decreases of both cytochrome P-450 and 
BP monooxygenase activity in the liver. In intestine, 
BP monooxygenase activity was markedly depressed 
by the same treatment without any effect on the 
concentration of cytochrome P-450 at 24hr. The 
continued treatment for 5 days resulted in an 
increased, rather than decreased, concentration of 
cytochrome P-450 and BP monooxygenase activity 
(cf. Table 1). This is in contrast to liver. The 


increased activity of intestinal microsomes appears 
to be catalyzed by a cytochrome P-450 species of 
‘control’ type; the DS-induced hemoprotein showed 
similar absorption characteristics and sensitivity to 
ANF as the cytochrome P-450 of control microsomes 
(cf. Table 3). 

It has previously been proposed that the MC 
induced form of cytochrome P-450 might be the only 
inducible form present in the small intestinal mucosa 
[27]. However, spectral and metabolic studies have 
shown significant differences between control and 
MC induced forms of cytochrome P-450 [3, 8]. These 
findings are further supported by (1) the DS induced 
cytochrome P-450 is of the ‘control’ type and not’ 
sensitive to ANF (cf. Table 3) and (2) the BP mon- 
ooxygenase activity of the intestinal microsomes 
from MC treated rats showed less sensitivity to 
inhibition by DS or DDTC in contrast to microsomes 
of control, DS or DDTC pretreated rats (cf. Table 
4). 
The metabolism of BP by liver microsomes was 
much more sensitive to inhibition with DS or DDTC 
than intestinal microsomes (Tables 4 and 5). Thus, 
DS or DDTC may be used as tools to differentiate 
between monooxygenase activities of small intestinal 
and hepatic microsomes, as well as of the activities 
dependent on different species of cytochrome P-450 
within the small intestine. These differences may be 
of use for similar studies with other (extra)-hepatic 
monooxygenase activities. 

The results suggest that differences exist between 
the liver and intestine with regard to the regulation 
of the monooxygenase enzymes. Administration of 
various enzyme inducers have previously revealed 
differences between liver and intestinal monooxy- 
genase activities [2, 8], which are further illustrated 
by the different responses to DS treatment in these 
tissues. A simultaneous increase of intestinal mono- 
oxygenase activity during a decrease of activity in 
liver has also been observed after treatment with 
CoCh, which was explained on the basis of differ- 
ential effects on heme oxvgenase in these tissues 
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[28]. Administration of DDTC has recently been 
shown to stimulate heme oxygenase and 6-levulinic 
acid synthetase in liver [29]. Thus, changes of heme 
regulating enzyme activities could account for the 
observed effects after DS and DDTC treatments. 

Pretreatment of rats with MC results in a large 
and rapid increase of small intestinal BP monooxy- 
genase activity which is accompanied by an elevated 
concentration of microsomal cytochrome P-450 (P- 
448) [3,20]. The administration of DS (1 or 24 hr) 
before the MC treatment did not interfere with these 
MC dependent increases (cf. Table 2). This indicates 
that the MC mediated induction of intestinal mono- 
oxygenase activities is not affected. Therefore, it 
seems likely that the normal influence of dietary 
factors on intestinal monooxygenase [11] would not 

be impaired during disulfiram therapy. 

' Several mechanisms have been suggested to 
explain the impairment of hepatic drug metabolism 
by DS and DDTC. In this regard, DS was approx- 
imately S0-fold more potent than DDTC as in vitro 
inhibitor of BP monooxygenase activity both with 
intestinal and liver microsomes (cf. Tables 4 and 5). 
DS binds to hepatic cytochrome P-450 producing a 
type | spectral change [26] and may cause competi- 
tive inhibition of drug metabolism [17]. The primary 
metabolite of DS, DDTC, is itself cleaved to 
diethylamine and CS, [30]. The latter may then 
undergo cytochrome P-450 dependent oxidation to 
carbonylsulfide [31]. This leads to a release of atomic 
sulphur which can covalently bind to microsomal 
proteins and destroy cytochrome P-450 [32]. Thus, 
DS can be reduced, metabolically activated and 
bound causing irreversible inactivation of cyto- 
chrome P-450. Both the intestine [33] and liver [34] 
have been shown to convert parathion to paraoxon 
in a similar manner, which in the liver has been 
shown to decrease the level of cytochrome P-450 
[35]. The importance of NADPH dependent acti- 
vation of DDTC for the in vitro inhibition of intes- 
tinal BP monooxygenase activity (DDTC does not 
seem to bind to cytochrome P-450 [26]), and to a 
lesser extent by DS, is apparent (cf. Table 6). Dif- 
ferences between intestine and liver may depend on 
the differential ability to activate these compounds 
to metabolites destroying cytochrome P-450 in 
respective organs. 

The protective effect of DS and DDTC on GI 
tract carcinogenesis has been attributed in part to 
its antioxidant effect [13]. Treatment with DS or 
DDTC prevented the carcinogenic action of 1,2- 
dimethylhydrazine in the intestine [14], presumably 
by inhibiting the hepatic N-oxidation of the inter- 
mediary metabolite, azomethane [36, 37]. Indepen- 
dent of these mechanisms, the effects of DS and 
DDTC on BP metabolism may also be of importance. 
Inhibition of such procarcinogen metabolism may 
occur in several target tissues; DS also inhibits BP 
monooxygenase activity in forestomach and colon 
(unpublished observations). Also, the effects on the 
levels of cytochrome P-450 both in liver and in other 
target tissues (i.e. intestine) should not be excluded. 
A changed balance of oxidative capacity dependent 
on a variability in concentrations and in forms of 
cytochrome P-450, could lead to either a decreased 
formation of reactive metabolites and/or increased 
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formation of inactive metabolites from procarcino- 
gens, which in turn could explain the observed 
inhibition of gastrointestinal tract carcinogenesis. 
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Abstract—Mucosal brush border of human and swine small intestine is rich in angiotensin I converting 
enzyme or kininase II (ACE). The brush border of the intestinal mucosa was purified by centrifugation 
over a discontinuous glycerol gradient. Transmission electron micrographs showed that 90 per cent of 
the isolated vesicles had a trilaminar membrane structure and glycocalyx, characteristic of intestinal 
brush border. No significant contamination by other subcellular particles was evident. In the final 
purified preparation, the brush border marker enzymes sucrase, trehalase and alkaline phosphatase 
were enriched 23-, 18- and 17-fold from human intestine and 27-, 26- and 20-fold from swine tissue. 
ACE was highly concentrated in the human and swine brush border. The specific activity of ACE in 
the human and swine brush border fractions was enriched 17- and 7.6-fold over the crude homogenate. 
Kininase activity was demonstrated by bioassay. Captopril, the orally active specific inhibitor of ACE, 
inhibited the enzyme; its Iso was 3 x 10°’ M. Antibody to swine kidney ACE cross-reacted with swine 
intestinal enzyme as shown in rocket immunoelectrophoresis, indicating that the enzymes from kidney 
and from intestine have common antigenic determinants and that the enzyme is concentrated on the 
brush border membrane. Because of the abundant presence of ACE in the intestine, interference in 


the functions of this enzyme may occur with chronic captopril therapy. 


Angiotensin I converting enzyme (ACE; dipeptidyl 
carboxypeptidase; EC 3.4.15.1) cleaves dipeptides 
from the C-terminal end of peptides, such as bra- 
dykinin, angiotensin I [1-4] and enkephalin [5]. ACE 
is present in the plasma membrane of endothelial 
cells [2], and the epithelial brush border of renal 
proximal tubules is a rich source of ACE [6, 7]. 
Because of morphological and biochemical similar- 
ities between renal tubular and intestinal brush bor- 
ders [8,9], we investigated the ACE content of 
human and hog intestinal brush border (10). 

These studies were also prompted by the use of 
the specific inhibitor of ACE, SQ 14225 or captopril, 
on a large scale in experimental animals and in 
hypertensive patients [11-14]. Since this drug is given 
orally, it may inhibit ACE in the intestinal tract even 
before reaching the enzyme elsewhere in the 
organism. 


EXPERIMENTAL 


Materials. The chemicals used were obtained from 
the following sources. Hippurylglycylglycine was 
purchased from Vega Fox (Tucson, AZ) and Bachem 
(Marina Del Rey, CA). SQ 20881 (teprotide, Pyr— 
Trp—Pro—Arg—Pro—Gln-Ile—Pro—Pro) and SQ 14225 
(captopril, 2-thio-3-p-methyl-propanoylproline) 
were donated by Dr. Z. Horovitz of the Squibb 
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Institute (Princeton, NJ). The sieve used for brush 
border preparations was from Tetko, Inc. (Houston, 
TX). Crowle’s double stain was obtained from 
Polysciences, Inc. (Warrington, PA). 

Tissues. Human small intestine was obtained 
within 3—6 hr post-mortem. Swine small intestine was 
obtained from freshly slaughtered animals. Intestines 
were rinsed several times with 0.9% saline at 4°, cut 
into 1 ft sections and frozen until used. 

Brush border preparations. Human and swine 
intestinal microvillus vesicles were prepared accord- 
ing to the method of Schmitz ef al. [15]. In a typical 
preparation, approximately 10g of frozen mucosa 
were removed by gentle scraping with a glass slide, 
and a 1% (w/v) homogenate was made in 50 mM 
mannitol and 2 mM Tris/HCl (pH 7.1). This and all 
subsequent procedures were performed at 4°. The 
extract was homogenized in a Waring blender at full 
speed for 20sec with a Powerstat variable trans- 
former set at 90. After filtration through a 63 wm 
pore size mesh sieve, solid CaCl was added slowly, 
with stirring, to a final concentration of 10 mM. After 
10 min of gentle mixing, the homogenate was cen- 
trifuged at 2000g for 10min in a Sorvall RC2B 
refrigerated centrifuge. The resulting supernatant 
fraction was recentrifuged at 20,000 g for 15 min to 
yield a small brownish pellet. This pellet was resus- 
pended in 0.8 M Tris/HCl (pH 7.1) and stirred slowly 
for 1 hr. The mixture was then layered on top of a 
step gradient consisting of 37,40, 42,45 and 60% 
(v/v) glycerol in 50 mM MgCl. After centrifugation 
at 63,000 g for 15 min in a Beckman SW 25.1 rotor 
of a preparative LS-65 ultracentrifuge, there were 
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two bands visible in the gradient, in addition to a 
pellet at the bottom. These bands and the pellet 
were collected individually, diluted with water, and 
centrifuged in a Ti 60 rotor at 120,000 g for 90 min. 
The pellets were then resuspended in buffer and 
assayed separately. 

Enzyme assays. ACE was assayed by incubating 
tissue fractions with 1 mM hippurylglycylglycine in 
100 mM Tris/HCl (pH 7.4) containing 100 mM NaCl 
at 37° [1]. ACE activity was calculated as the amount 
of substrate hydrolyzed that could be inhibited by 
a 0.1mM concentration of the specific inhibitor SQ 
20881. The amount of glycylglycine released was 
measured in a Beckman 121 amino acid analyzer. 
One unit of enzyme equals 1 nmole of substrate 
cleaved per min per mg protein. Kininase activity 
was determined by bioassay using the isolated rat 
uterus [6]. In studies on inhibition, intestinal ACE 
was preincubated with captopril for 30 min before 
the addition of hippurylglycylglycine. The Iso was 
determined by plotting the log of inhibitor concen- 
tration against activity. 

Brush‘ border fractions were characterized by 
measuring marker enzymes. Alkaline phosphatase 
(EC3.1.3.1) was assayed according to the procedure 
of Linhardt and Walter [16]. Sucrase (EC 3.2.1.26) 
and trehalase (EC 3.2.1.28) were assayed according 
to the modification of Lloyd and Whelan [17] of the 
method of Dahlqvist [18]. Protein concentrations 
were determined by the method of Lowry et al. [19], 
using bovine serum albumin as a standard. 

Transmission electron microscopy. Brush border 
vesicles of human small intestine were centrifuged 
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to a pellet and fixed for 2 hr in 2% (v/v) glutaral- 
dehyde-100mM_ potassium phosphate (pH 7.4) 
buffer. After post-fixation for 2hr in 2% (w/v) 
osmium tetroxide, the pellets were washed in dis- 
tilled water, dehydrated through graded alcohols, 
infiltrated with propylene oxide and subsequently 
with Epon 812-propylene oxide (1:2) for storage 
overnight. Further infiltration and embedment of 
pellets in Epon 812 and polymerization at 60° for 
24 hr rendered tissue capsules ready for sectioning 
with a diamond knife on a Sorvall MT-2 microtome. 
Sections were mounted on bare copper grids, stained 
with uranyl acetate and lead citrate, and examined 
with a Phillips electron microscope. 

Rocket immunoelectrophoresis. Immunoelectro- 
phoresis was performed using 1.0 mm thick 1% (w/v) 
agarose gels on 1.5 X 83 x 102 mm glass plates. The 
electrode buffer was 37.5mM Tris—0.1M _ glycine 
(pH 8.7) containing 0.3% NaN, and 1% (v/v) Triton 
X-100. The gel also contained 2% (v/v) monospecific 
swine kidney ACE antibody immunoglobulin. The 
monospecific antibody was obtained in rabbits using 
purified swine kidney ACE [20]. Usually 10 ul of 
homogenate or brush border sample containing 3- 
20 ug of protein were applied to each well. Electro- 
phoresis was carried out at 2 V/cm overnight. The 
gels were then pressed for 10 min [21] and rehydrated 
in 0.9% NaCl for 20 min. Pressing and rehydration 
were repeated twice in NaCl and then the gels were 
rehydrated in water. The hydrated gel was stained 
for protein with Crowle’s Double Stain. After 0.5 hr 
in stain, the gels were destained with 0.3% acetic 
acid. 


are cnn 
Fig. 1. Transmission electron micrograph of final pellet of purified human intestinal brush border 
showing closed intact vesicles, trilaminar membranes and attached glycocalyx. 
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periments. Relative specific activity (RSA) is (mean specific activit 


* Specific activity (SA) is expressed as mean + S.E.M. of three ex 
specific activity in the homogenate). Recovery of total activity (R) in the 


top layer of the gradient is given as per cent. Activity in n 


RESULTS 


Marker enzymes. Although two bands and the 
pellet obtained in the glycerol gradient had marker 
enzymes and ACE, the membrane fraction isolated 
near the top of the glycerol gradient had the highest 
specific activity for brush border marker enzymes. 
In three experiments using swine intestine, the rela- 
tive specific activity of sucrase, trehalase and alkaline 
phosphatase (compared to the specific activity of the 
original homogenate) was enriched 20-fold or higher 
(Table 1). The corresponding enrichment of these 
enzymes in brush border isolated from human intes- 
tine was 17-fold or higher (Table 1). Recovery of 
brush border in the top layer, as estimated from 
recovery of marker enzymes, was 8-11 per cent in 
both swine and human preparations. 

Electron microscopy. One or two blocks were sec- 
tioned from each preparation and 2-6 grids were 
examined from each of these blocks. These sample 
pellets contained both open and closed vesicles of 
varying sizes and densities (Fig. 1). Only about 10 
per cent of the vesicles were still filled with varying 
amounts of electron dense cytoplasmic material. 
Contaminating organelles such as nuclei, mitochon- 
dria and lysosomes were rarely observed. The mem- 
brane vesicles were mainly ovoid in shape and had 
a trilaminar profile showing two dense layers of equal 
and uniform thickness. The granular layer or fuzzy 
coating on the vesicle membrane surface had the 
appearance of, and was suggested to be, the glyco- 
calyx of the intact brush border membrane. 

ACE. The activity of ACE was concentrated in 
both the swine and human brush border prep- 
arations. The relative specific activity of the enzyme 
was 7.6 in swine brush border and 18 in the human 
preparations (Table 1). Recovery of total activity 
ranged from 4 to 8 per cent. Thus, ACE is highly 
concentrated on the brush border of intestinal epi- 
thelial cells. The human intestinal brush border prep- 
aration also inactivated bradykinin, as determined 
by bioassay. Bradykinin was inactivated at a rate of 
7.7 + 2.0 g/min per mg protein and approximately 
50 per cent of this total kininase activity could be 
inhibited by captopril (10-°M). Thus, ACE on the 
human intestinal brush border, in addition to hydro- 
lyzing hippuryglycylglycine, also inactivated brady- 
kinin at a rate of 3.8 wg/min per mg. 

Immunoelectrophoresis. To determine whether 
the swine intestinal ACE cross-reacts with antibody 
to swine kidney ACE, brush border was solubilized 
with 1% Triton X-100 and was subjected to immu- 
nodiffusion against the ACE antibody. After cross- 
reactivity was observed, varying amounts of swine 
intestinal homogenate and brush border were sub- 
jected to immunelectrophoresis against the antibody. 
In rocket immunoelectrophoresis (electroimmu- 
noassay), the height of the rocket-shaped precipitate 
is proportional to the amount of antigen [22]. 
Increasing quantities of solubilized brush border (2, 4 
and 8 4g) produced sequentially higher precipitation 
lines (1.4, 2.5 and 3.5mm, respectively). Alter- 
nately, only 9g of solubilized intestinal homo- 
genate produced a visible precipitin line (~0.7 cm). 
Thus, this electrophoretic technique indicated both 
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the presence and the enrichment of ACE in the 
intestinal brush border. 

Inhibition. ACE cn the isolated human brush bor- 
der preparation was inhibited by captopril, the 
recently developed orally active inhibitor [11]. The 
enzyme was inhibited 98 per cent above a 3 x 10~* 
M concentration of the inhibitor; the Ig was 3 xX 
10° M. 


DISCUSSION 


These experiments have shown that the brush 
border of human and swine intestine is rich in ACE 
activity. The brush border preparations were purified 
according to an established procedure [15] and the 
identity and purity of the preparation were estab- 
lished by the enrichment of marker enzymes and by 
microscopic examination. The enrichment (17- to 
27-fold) and recovery (8-11 per cent) of marker 
enzymes, which are localized almost entirely in the 
brush border, were similar to those reported by 
Schmitz et al. [15]. Since the enrichment and recovery 
of ACE were approximately half these vaiues (8- to 
18-fold and 4-8 per cent, respectively), ACE must 
be concentrated on, but not exclusive to, the brush 
border membrane. Thus, the distribution of ACE 
is similar to that of several other brush border pep- 
tidases which are present on both the brush border 
and within the cell [23]. Since ACE enrichment and 
recovery were consistently higher in the human than 
in the swine preparations, ACE is probably more 
concentrated on human than on swine brush border. 
In addition, the absolute activity of ACE was 5-fold 
higher in human than in swine. Transmission electron 
microscopy of the isolated preparation showed the 
typical trilaminar membrane with attached ‘fuzzy 
coat’ or glycocalyx. These are characteristic features 
of purified brush border vesicles [15] and brush bor- 
der in situ [9, 24]. In addition, no significant contam- 
ination by other subcellular organelles was apparent. 
Ninety per cent of the vesicles were void of electron 
dense core material, and appeared empty. ACE is 
presumably bound to the membrane of the vesicles 
as it is with the isolated brush border of the kidney. 
Renal brush border maintains high ACE activity, 
even after the core material is removed from the 
microvilli [7]. 

The immunological cross-reactivity of swine intes- 
tinal ACE with swine kidney enzyme was shown by 
immunoelectrophoresis, since brush border intes- 
tinal ACE cross-reacted with antibody to purified 
renal enzyme. The enzyme from these two tissues 
must have similar antigenic determinants. 

ACE seems to be evenly distributed in the mucosa 
of various segments of the small intestine. In pilot 
studies we have not observed more than 2-fold dif- 
ferences in the activity of samples originating from 
duodenum, jejunum or ileum. Others have found 
that crude intestinal homogenates of rabbit or rat 
contain high ACE activity [25, 26]. After the com- 
pletion of these experiments, we noted that Wigger 
and Stalcup [27] identified ACE in the intestinal 
epithelial cells of the rabbit embryo by 
immunofluorescence. 

Inhibition of ACE by the orally active specific 
inhibitor captopril shows great promise in lowering 
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elevated blood pressure [14,28]. Binding of the 
inhibitor by the intestinal ACE may affect its absorp- 
tion and thereby its level elsewhere in the body. The 
human intestinal enzyme was inhibited by a very low 
concentration of captopril, with an Iso of 3 x 10~°M. 

Chronic administration of the inhibitor may inter- 
fere with the functions of intestinal ACE. We can 
only speculate about the role of the enzyme in the 
intestine. Both kinins and angiotensin II are reported 
to have metabolic functions in the intestine. Kalli- 
krein increases glucose absorption probably via the 
release of a kinin [29-31], while angiotensin II 
enhances fluid and sodium absorption from isolated 
intestinal sacs [32]. Thus, inhibition of intestinal 
ACE may affect these functions by increasing the 
concentration of bradykinin and decreasing that of 
angiotensin II. 

Because ACE cleaves C-terminal dipeptides from 
a variety of substrates [2, 4]. the intestinal enzyme 
may metabolize peptides other than angiotensin I or 
bradykinin. Proteolytic enzymes in the gastrointes- 
tinal tract can release peptide fragments of various 
lengths from proteins in the lumen. The actions of 
digestive enzymes such as pepsin, trypsin or chy- 
motrypsin are determined mainly by the properties 
of amino acids adjacent to the peptide bond they 
cleave. Thus, none of them would consistently 
release dipeptide substrates of dipeptidases present 
in high concentration in the intestine. ACE which 
cleaves the C-terminal dipeptides of polypeptides 
[2] may provide such dipeptides. Other enzymes such 
as dipeptidyl aminopeptidase (Class 3.4.14), can 
also liberate dipeptides from the N-terminal end 
[33]. Ubiquitous dipeptidases (EC Class 3.4.13, 
[34]) cleave dipeptides either on the cell surface or 
inside the cells to single amino acids which are 
absorbed from the intestine. Dipeptidases are pres- 
ent on the membrane and in the cytosol of intestinal 
epithelial cells [23,35]. Some dipeptides may be 
absorbed through the cell wall even faster than single 
amino acids and it has been suggested that membrane 
hydrolases on the brush border may function as 
carriers [9, 36]. Such a role for intestinal ACE in 
protein metabolism suggests that, on the evolution- 
ary scale, this function may antedate its action in 
regulating metabolism of vasoactive peptides. 
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Abstract—When acetyl ethyl tetramethyl tetralin (AETT), at, 10-50 ug/ml, was added to rat liver 
mitochondria respiring with succinate or with glutamate plus malate as substrate, the rate of mito- 
chondrial respiration increased significantly after an initial lag period of 2-3 min. AETT also stimulated 
respiration in the presence of oligomycin, and at higher concentrations of AETT a phase of strongly 
inhibited respiration followed an initial stimulatory phase. These observations suggest that AETT 
uncouples oxidative phosphorylation. A diketo derivative (DK) of tetramethyl tetralin also appears to 
be an uncoupling agent, according to those criteria, and both compounds uncoupled mitochondria from 
brain as well as liver. DK and many other uncoupling agents, such as hexachlorophene (HCP), produced 
an immediate burst of respiration, whereas the brief lag after addition of AETT was similar to that seen 


after addition of triethyltin (TET). 


When acetyl ethyl tetramethyl tetralin (AETT) (Fig. 
1), a fragrant compound previously used in cosmet- 
ics, is fed to experimental animals, the animals 
become weak and ataxic, their organs and their 
exposed skin take on a blue coloration, and patho- 
logical changes occur in their central and peripheral 
nervous systems [1]. The pathological changes 
include ceroid inclusions in neurons and bubbling 
and vacuolation of the myelin sheath. The latter 
demyelinative changes resemble the disruption of 
myelin membranes observed previously with tri- 
ethyltin (TET) [2], hexachlorophene (HCP) [3] and 
several halogenated salicylanilides [4, 5], compounds 
or classes of compounds to which the myelin sheath 
is, in vivo, strikingly vulnerable [2, 3] and which also 
uncouple mitochondrial oxidative phosphorylation 
[6-10]. We, therefore, have investigated changes in 
the respiration rates of mitochondria in vitro after 
addition of AETT or its putative metabolite, the 
diketo compound (DK; diacetyl tetramethy] tetralin) 


[11] (Fig. 1). 


Fig. 1. Chemical formulas of AETT and DK [1, 11]. 


METHODS 


Mitochondria were prepared from the livers of 
adult female Sprague-Dawley rats [12], and a crude 
fraction of brain mitochondria (no density gradient 


step) was prepared from the brains of 7-week-old 
female New Zealand rabbits [13]. The liver mito- 
chondria were used in most of the experiments 
reported here because of their greater degree of 
respiratory control after isolation than is observed 
with brain mitochondria. Oligomycin, adenosine-5’- 
diphosphate (ADP), Trizma base, HCP and sub- 
strates were purchased from the Sigma Chemical 
Co. (St. Louis, MO); the substrates were titrated to 
pH 7.4 before use. TET sulfate was a gift from Dr. 
Kinuko Suzuki. AETT and DK were obtained from 
Dr. Peter Spencer, who received the AETT from 
Givaudan (Clifton, NJ) and the DK from Avon 
Products (New York, NY). All other reagents were 
analytical grade. Respiration measurements [14] 
were performed in the Gilson oxygen polarograph, 
and protein concentrations were determined by the 
method of Lowry et al. [15]. 


RESULTS 


After addition of AETT to rat liver mitochondria 
respiring slowly (65 ngA O/min) with substrate and 
no phosphate acceptor, an initial lag period of 2- 
3 min occurred, followed by the burst of rapid res- 
piration (178 ngA O/min) indicative of loss of res- 
piratory control (Fig. 2, left panel, trace A). In the 
presence of oligomycin, mitochondria lose their 
capacity to respond to ADP with an increased rate 
of respiration but retain their ability to respire rapidly 
in the presence of uncouplers of oxidative phos- 
phorylation. Trace B (Fig. 2, left panel) shows that, 
after phosphorylation of an aliquot of ADP 
(ADP:O = 1.3), addition of oligomycin blocked fur- 
ther mitochondrial response to ADP, whereas AETT 
was still capable of eliciting rapid respiration, behav- 
ior consistent with the hypothesis that AETT is an 
uncoupling agent. The quantities of AETT in the 
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Fig. 2. Effect of AETT on the respiration of liver mitochondria. Respiration medium contained 0.25 

M sucrose, 19 mM Tris—Cl, pH 7.5, 25 mM KCI, 13 mM NaCl and 19 mM Na phosphate buffer, pH 7.3. 

Mitochondria (2.2 mg protein) were added to 1.6 ml of medium in the electrode chamber, and subsequent 

additions were made as shown. The numbers next to the traces are rates of respiration in ngA O per min, 

and AETT was added as 3-5 wl of stock solutions in ethanol. In the right panel the dashed line is 

respiration after addition of 23 ug AETT, the solid line, after 69 ug AETT, and the line with dashes 
and dots, after 115 ug AETT. , 


reaction mixture are expressed in micrograms rather 
than in molar concentrations because the compound 
was added as a small quantity of a solution in ethanol 
and precipitated visibly in the aqueous medium. 
Therefore, the concentrations in solution are 
unknown. The insolubility of the compound may 
alse be the reason that the AETT-stimulated res- 
piration rate was always lower than the rate in the 
presence of ADP (unpublished data, and Fig. 2, left 
panel, trace B), whereas most uncoupling agents can 
stimulate respir? ion to a rate higher than that in the 
presence of A! P. 

Figure 2, right panel, shows mitochondrial respi- 
ration stimulated by AETT in the presence of the 
NAD-linked substrate pair glutamate plus malate, 
after phosphorylation of an aliquot of ADP 
(ADP:0O = 2.0). The rate of respiration was higher 
with 69 wg AETT than with 23 wg, but 115 wg AETT 
ultimately produced the inhibited rate of respiration 
characteristic of the mitochondrial response to 
excessive concentrations of uncoupling agents. The 
lag period prior to stimulated respiration occurred 
after addition of 23, 69 or 115 wg AETT, but was 
somewhat less pronounced with the largest amount 
of AETT than with lower quantities. 

The putative metabolite of AETT, DK, which is 
a diketo derivative of tetramethyl tetralin, produced 
an immediate burst of rapid respiration after its 
addition to mitochondria in the presence of gluta- 


mate plus malate (Fig. 3, trace A). It elicited rapid 
respiration with succinate as substrate, as well, in 
either the absence (data not shown) or presence 
(Fig. 3, trace B) of oligomycin. Because DK was 
also water-insoluble and was less soluble in ethanol 
than was AETT, a relatively large volume of ethanol 
was added to the reaction mixture along with the 
quantity of DK (465 yg) required for maximal stimu- 
lation of respiration with succinate as substrate. The 
varied patterns of perturbation of the traces for 
oxygen utilization immediately after addition of DK 
(Fig. 3, traces B and C) resulted from the response 
of the electrode to ethanol (see Fig. 4, trace B). 
When respiration was supported by the NAD-linked 
substrates glutamate plus malate, 405 ug DK pro- 
duced the inhibited rate of respiration (Fig. 3, trace 
C) characteristic of the response to excessive quan- 
tities of an uncoupling agent. The particular quantity 
of DK required to inhibit respiration depended on 
the identity and concentration of the substrate. 
Figure 4 shows the response of liver mitochondria 
to TET and HCP, as well as to a large aliquot (15 yl) 
of ethanol, and is included for the purpose of com- 
parison. TET produces primary demyelination in 
vivo [2] and uncouples and inhibits oxidative phos- 
phorylation in. vitro [6, 7]. On addition of TET to 
respiring mitochondria, a lag phase occurred before 
respiration was stimulated maximally (Fig. 4, trace 
A), a pattern similar to that obtained with AETT 
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Fig. 3. Effect of DK on the respiration of liver mitochon- 
dria. Mitochondria were added to 1.6 ml of medium (same 
as in Fig. 2) in the electrode chamber, and subsequent 
additions were made as shown. The numbers next to the 
traces are rates of respiration in ngA O per min, and DK 
was added as 5-15 wl of a 112.5 mM solution in ethanol; 
2.6, 2.1 and 2.7 mg mitochondrial protein were used in 
traces A, B and C respectively. 


(Fig. 2). That the sulfate salt of TET, in aqueous 
solution, gave this pattern suggests that the small 
volumes (3-5 wl) of ethanol added as solvent for 
AETT were not required for the appearance of the 
initial lag. In Fig. 4, trace C shows the immediate 
rapid respiration produced by a typical uncoupling 
agent, HCP [8, 9], which also causes demyelination 
[3]. This trace resembles that for DK (Fig. 3, trace 
A). 

The responses of brain mitochondria to AETT 
and DK are shown in Fig. 5. Phosphorylation of an 
aliquot of ADP demonstrated that the mitochondria 
were coupled (ADP:O = 1.3), and a control trace 
with no subsequent additions is also shown here (line 
with dots and dashes). AETT (dashed line) produced 
a rate of respiration higher than that in the control 
trace, after a transient lag, and, with DK (solid line) 
a maximum rate of respiration was reached immedi- 
ately following the ethanol artifact, a pattern similar 
to that obtained with liver mitochondria and DK 
(Fig. 3, trace B). Brain mitochondria utilizing glu- 
tamate plus malate as substrates (ADP:O = 1.7) 
showed less stimulation of respiration by AETT and 
DK than did brain mitochondria utilizing succinate 
as substrate. With glutamate plus malate, respiration 
was stimulated 29 and 44 per cent by 46 ug AETT 
and 93 wg DK, respectively, over the rate of Oz 
uptake with the substrates alone, and respiration 
was inhibited by additions of larger quantities of 
those chemicals. 
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Fig. 4. Effect of ethanol alone and two known uncoupling 
agents on the respiration of liver mitochondria. Mitochon- 
dria (2.0 mg protein in traces A and B and 1.4 mg protein 
in trace C) were added to 1.6 ml medium (same as Fig. 2, 
left panel) in the electrode chamber, and subsequent 
additions were made as shown. The numbers next to the 
traces are rates of respiration in ngA O per min. HCP was 
added as 1.5 wl of a 10 mM solution in ethanol, and TET 
was added as an aqueous solution of the sulfate salt. 
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Fig. 5. Effects of AETT and DK on the respiration of brain 
mitochondria. Traces are shown for mitochondria 
(1.0 mg protein) in 1.6ml of the respiration medium 
described by Clark and Niklas [13], with 20 mM KCl. The 
numbers next to the traces are rates of respiration in 
ngA O per min. The line with dots and dashes is a control 
trace for respiration without AETT or DK, the dashed 
trace is for respiration after addition of 46 wg AETT in 2 ul 
ethanol, and the solid line represents respiration after 
addition of 465 wg DK in 15 wl ethanol. 
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DISCUSSION 


The polarographic traces shown here demonstrate 
that AETT and DK both affect mitochondrial res- 
piration in a manner consistent with the conclusion 
that they uncouple oxidative phosphorylation. Both 
compounds, in appropriate quantities, release res- 
piratory control in either the absence or the presence 
of oligomycin, and at higher concentrations both 
compounds give only a transient phase of stimulated 
oxygen uptake followed by an inhibited rate of res- 
piration. Because AETT and DK both precipitated 
copiously on addition to the aqueous medium, a 
range of effective concentrations cannot be specified. 
It was possible, however, to demonstrate a depend- 
ence of the respiration rates on the quantities used 
for each compound. 

Many aromatic uncoupling agents possess phenol 
(or thiophenol) groups which dissociate to phenolate 
ions and are believed to carry protons across the 
mitochondria! membranes, thus collapsing the pro- 
ton gradient required for oxidative phosphorylation 
[16]. Under appropriate conditions they may carry 
monovalent cations as well [17]. An example of a 
similar effect is the increase in H* transport across 
phespholipid membranes induced by phenolic 
uncoupling agents [18]. Hypothetically, AETT and 
DK could carry protons if a keto group in each (Fig. 
1) tautomerized to the enol, and the enol, in turn, 
dissociated. Even an enol form as weakly dissociated 
as that of acetophenone, for example, with a pK of 
19 [19], might carry protons, since lysis of red blood 
cells by bis phenols appears to be independent of 


the strength of dissociation of those compounds [20]. 
Similarly, TET is believed to collapse the proton 
gradient by exchanging chloride ions for hydroxyl 
ions across the mitochondrial membrane, and organ- 
otin compounds have, indeed, been shown to 
exchange halide ions across erythrocyte and mito- 
chondrial membranes and liposomes [21] and to 


increase the uptake of Cl” into the brain slices [22]. 

The polarographic traces shown here suggest a 
possible distinction between two classes of uncou- 
pling agents. This distinction is that some uncoupling 
agents, such as DK, HCP and most of the ones in 
common use, produce an immediate burst of res- 
piration, whereas others, such as AETT and TET, 
produce a stimulated rate of respiration only after 
a 2-3 min lag time. Since AETT, which, hypothet- 
ically, dissociates to an anion, which could carry H* 
or cations, and TET, which promotes the exchange 
of OH” and Cl, apparently belong to the same 
class, the distinction is not based on the charge of 
the ion being carried across the mitochondrial mem- 
branes. Both AETT and TET may equilibrate more 
slowly across mitochondrial membranes than do the 
other uncouplers; alternatively, AETT and TET may 
differ from most other uncoupling agents with 
respect to some unknown property. 

The finding that AETT and its putative metabolite 
uncouple oxidative phosphorylation adds to a list of 
compounds which produce primary demyelination 
in vivo and which are also uncoupling agents. The 
characteristic pathology for this group is the inclusion 
of vacuoles filled with salt and water between the 
myelin lamellae (e.g. Ref. 2). The correlation 


between demyelination in vivo and uncoupling in 
vitro could arise either from a lesion in myelin upkeep 
in vivo, resulting from an energy deficit, or from a 
disruptive increase in the flux of ions and water 
across mitochondrial and myelin membranes brought 
about by common mechanisms. The results of a study 
where addition of ATP prevented the edema caused 
by infusion of DNP into the rabbit carotid artery 
[23] suggests a third possibility, which is a deficiency 
in the ATP required as substrate for the Na‘, K*- 
ATPase in myelin [24]. An energy deficit might be 
expected to produce damage to the oligodendroglia, 
the cells which maintain myelin; however, ultrastruc- 
tural studies have suggested that those cells remain 
intact during this type of toxic demyelination (e.g. 
Ref. 25). Furthermore, remyelination of peripheral 
nerves during intoxication with AETT [1, 11] sug- 
gests that Schwann cell function is largely intact. 
Therefore, the more likely mechanisms for demye- 
lination are the ones in which the compounds disrupt 
the myelin membranes directly, or in which ATP is 
not available to support normal ion transport. 
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Abstract—Quantification of alpha-adrenergic subtypes, using radioligand binding studies, depends on 
the availability of subtype selective drugs. (7H]WB4101 has been proposed as an alphai selective 
radioligand [D. C. U’Prichard and S. H. Snyder, Life Sci. 24, 79 (1979) ]. While confirming that WB4101 
is alpha: selective in calf cerebral cortex, we have found, however, that both unlabeled and tritiated 
WB4101 bind with indistinguishable affinity to the alpha and alphaz receptors in rabbit uterus. This 
conclusion is based on three sets of observations: (1) [‘H]WB4101 and [*H]dihydroergocryptine bind 
with high uniform affinity to the same number of sites in rabbit uterus in which only ~30 per cent of 
the alpha receptors are alphai; (2) computer modeling of WB4101 competition curves with 
[*H]dihydroergocryptine indicates that WB4101 had indistinguishable affinity for the alpha: and alphaz 
receptors in rabbit uterus; and (3) competition curves of the alpha: selective antagonist prazosin with 
(?H]WB4101 are biphasic, indicating that (°7H]WB4101 was bound to both alpha, and alpha, receptors. 

Cautious testing of the alpha-adrenergic subtype selectivity of ° 3H-labeled ligands, such as (>H]WB4101, 

needs to be undertaken before any can be utilized to selectively label alpha-adrenergic subtypes. 


Since the initial demarcation between alpha- and 
beta-adrenergic receptors in 1948 [1], it has become 
clear that there exist subtypes of both beta [2] and 
alpha [3, 4] receptors. There has not been uniformity 
in the terminology used to define the alpha-adre- 
nergic receptor subtypes. Initially these were called 
‘post-synaptic’ and ‘pre-synaptic’ alpha receptors. 
However, the more general terminology of Ber- 
thelson and Pettinger [5] wherein the two classes of 
alpha receptors are recognized by their different 
affinities for a variety of drugs and are termed ‘alphay’ 
and ‘alpha2’ receptors, respectively, seems prefer- 
able. These subtypes have also been defined by 
radioligand binding assays [6-9]. 

Two general approaches have been utilized to 
quantitate the alpha-adrenergic subtypes in a tissue 
by radioligand binding. Firstly, a non-subtype selec- 
tive radioligand such as [*H]dihydroergocryptine 
(PHJDHE) has been used to construct competition 
curves with the highly alpha: selective antagonist 
prazosin; computer modeling of the resultant com- 
petition curve can provide estimates of the propor- 
tions of alpha: and alphaz receptors [8]. Second, 
‘selective’ radioligands can be utilized to label one 
or the other subtype of alpha-adrenergic receptor by 
virtue of having very high affinity for one adrenergic 
subtype and low affinity for the other. Several com- 
‘pounds have been proposed to fulfill this purpose. 
It has been suggested that [*H]WB4101 binds exclu- 
sively alpha: receptors [6,10,11], as does 
(H]prazosin [12]. 
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[*H]WB4101 has been used extensively in radioli- 
gand binding studies in mammalian brain [6, 13-15] 
and more recently it has been utilized to label alpha 
receptors in a wide variety of peripheral tissues [11]. 
We have demonstrated recently that rabbit uterus 
contains a mixture of alpha: and alpha? receptors, 
with the alpha2 sites predominating [8,9]. In the 
course of examining the alpha receptor subtype 
specificity of various drugs in this system, we dis- 
covered to our surprise that WB4101 has indistin- 
guishable affinities for the alpha: and alpha2 recep- 
tors in this tissue. This was confirmed with both 
(7H]WB4101 in direct binding studies and with 
unlabeled WB4101 in competition with the non- 
selective alpha antagonist [*H]DHE. These findings 
have important implications for the use of 
(7H]WB4101 in radioligand binding studies. 


METHODS 


Radioligand binding assay. For the experiments 
using rabbit uterus, membrane preparation was done 
as described previously [16]. In assays involving both 
(H]DHE and [*H]WB4101, incubations were for 
18 min at 25° as described previously for [*H]DHE 
[16]. For the competition curves involving prazosin, 
(H]DHE was at a concentration of ~5nM and 
(7H]WB4101 at ~4 nM. Specific binding was 60-70 
per cent of total binding for [*H]DHE and 40-60 per 
cent for (*7H]WB4101. 

The experiments involving calf brains (supplied 
by Pel Freeze Biologicals, Rogers, AR) were done 
using the membrane preparation and assay condi- 
tions described by U’Prichard and Snyder [15]. 
Frozen grey matter from calf frontal cortex was 
homogenized in 20 vol. of ice-cold buffer (50 mM 
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Tris-HCl, pH 7.7 at 23°) with a Brinkmann polytron. 
The homogenate was centrifuged at 50,000g for 
10 min. The pellet was resuspended in buffer and 
centrifuged again at 50,000 g for 10 min. The final 
pellet was suspended in 46 vol. of ice-cold buffer and 
used immediately. Binding assays were as described 
[15], wherein competition curves of [/H]DHE (at a 
concentration of ~0.5 nM) with unlabeled prazosin 
and WB4101 were constructed by incubating ~20 mg 
of cortical membranes in a total volume of 2.0 ml 
at 25° for 60 min. Bound [*H]DHE was separated 
from free [H]DHE by vacuum filtration with a wash 
of 15 ml of ice-cold buffer. 

Materials. [H|DHE (39Ci/mmole) and 
[‘H]WB4101 (25 Ci/mmole) were obtained from the 
New England Nuclear Corp. (Boston, MA). Pra- 
zosin (Pfizer, New York, NY) and unlabeled 
WB4101 (Ward Blenkinsop, Bracknell, Berkshire 
U.K.) were gifts. Other chemicals were obtained 
from commercial sources. 

Data analysis. All experiments were performed in 
duplicate and replicated from three to seven times, 
as indicated in the text. Computer modeling was 
done as described previously [8, 17]. Briefly, using 
a PDP 11/45 computer, data were analyzed by a 
nonlinear least squares curve fitter [18] using a gen- 
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eralized model for ligand-receptor interactions [19]. 
Data were first fit to a model involving a single class 
of binding sites; then the data were fit to a model 
involving two binding sites, and the improvement 
(if any) in the goodness of fit was statistically tested 
[20]. A two-site fit was accepted if the fit was 
improved significantly (P<0.05). Slope factors were 
determined by a four-parameter logistic equation 
[20]. 

The proportions of alpha: and alpha receptors in 
the various uterine membrane preparations were 
determined by constructing paired [‘H]DHE satu- 
ration curves in the presence and absence of a fixed 
concentration of prazosin (10~’ M). We have dem- 
onstrated [9] that, at a concentration of 10~’M, 
prazosin binds essentially all the alpha: receptors 
and none of the alpha2 receptors in uterine mem- 
branes. Thus, in the presence of 107’ M prazosin, 
a [‘H]DHE saturation curve provides an estimate of 
the number of alphaz receptors and, by subtraction 
from the number of [*H]DHE sites obtained in the 
absence of prazosin, the number of alpha: receptors 
may be calculated. This technique provides estimates 
of the alpha receptor subtype proportions equivalent 
to those measured previously by the analysis of pra- 
zosin competition curves with [‘H]DHE [8]. 
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Fig. 1. Competition curves of prazosin and WB4101 with [*HJDHE in rabbit uterine (A and B) and calf 
brain membranes (C and D). The points are the means of duplicates from a representative experiment, 
replicated three to seven times, whereas the curves were drawn by the computer modeling technique. 
The prazosin (D) and WB4101 (C) curves in brain modeled to two classes of binding sites where the 
proportions of alpha receptors were alpha: = 20 per cent and alpha2 = 80 per cent. The prazosin curve 
in rabbit uterus also modeled to two classes of sites (alpha: = 40 per cent and alpha2 = 60 per cent). 
The WB4101 curve in uterus was best fit to a single class of binding sites of uniform affinity, suggesting 
that WB4101 has indistinguishable affinity for alpha: and alphaz receptors in uterine membranes. 





(>H]WB4101 and alpha receptor subtypes 


RESULTS 


We have demonstrated previously that the selec- 
tive antagonists prazosin (alpha:) and yohimbine 
(alphaz) yield complex biphasic competition curves 
with [7H]DHE in rabbit uterus, a tissue which con- 
tains a mixture of alpha: and alpha2 receptors with 
the latter predominating [8, 9]. Figure 1 illustrates 
(H]DHE competition curves of unlabeled WB4101 
and prazosin in uterine membranes, and in brain 
membranes which also contain a mixture of alpha: 
and alphaz receptors [6, 10]. The prazosin curves in 
both tissues were biphasic (Fig. 1, panels B and D) 
and modeled significantly better to a two-site fit in 
each tissue. The dissociation constants in brain of 
prazosin at alpha: (Koaipha,) and alphaz (Koaipha,) 
receptors were Kobaipha,=8.6X10°'°M and 
Kaipnas = 5.3 X 10°°M (N =3). These Kp values 
in brain are similar to those reported previously for 
prazosin in uterus, which has a Kop aiphs,= 4.7 X 
107° M and a Kopyiphs = 7-6 X 10°° M [8]. The com- 
petition curve of unlabeled WB4101 in brain (Fig. 1, 
panel C) also modeled best to a two-site fit. The 
dissociation constants in three such WB4101 curves 
in brain membranes were: Kp signs, = 4.0 X 10°'"M 
and Kp siphay = 2.5 X 10-° M, in reasonable agreement 
with the values of 3 x 10°"’M and 1.1 x 10°’M, 
respectively, reported by U’Prichard et al. [6]. These 
authors, however, determined the Kp, of WB4101 at 
alpha, receptors by competition with [*H]WB4101 
and the Kp of WB4101 at alpha, receptors by 
WB4101 competition with [*H]clonidine. Because 
we find WB4101 to be only ~60-fold alpha, selective 
in brain (as compared to the ~10,000-fold alpha, 
selectivity of prazosin), the visual effect of WB4101’s 
selectivity is evidenced only by a flattened shoulder 
at the top of the competition curve (Fig. 1, panel C) 
in contrast with the frankly biphasic shape of the 
prazosin curve (Fig. 1, panel D). An additional man- 
ifestation of the two-site fit of WB4101 in brain is 
that the slope factor of the illustrated WB4101 curve 
in brain is 0.73 which is significantly less than a slope 
factor of 1.0 (P<0.001) which would be anticipated 
for a one-site fit. 

The situation with WB4101 in uterus is quite dif- 
ferent (Fig. 1, panel A). The illustrated WB4101 
competition curve modeled to one site with a slope 
factor of 1.07. In seven of seven experiments, 
WB4101 competition curves in rabbit uterine mem- 
branes each modeled to a single class of binding sites 
of uniform affinity with a mean Kp of 2.4 + 0.5 x 
10° M, strongly suggesting that WB4101 does not 
discriminate between alpha, and alpha, receptors in 
uterus. We have demonstrated previously that phen- 
tolamine also does not discriminate between alpha, 
and alpha, receptors in the uterus [8]. It is of interest 
to note that the uniform Kp, of WB4101 in the rabbit 
uterus is similar to the Kp of WB4101 at alpha, sites 
in brain membranes (2.4 x 107° M vs 2.5 x 10°°M, 
respectively). 

To further test the hypothesis that WB4101 does 
not discriminate between alpha: and alphaz receptors 
in uterus, saturation curves of [*H]WB4101 and 
(H]DHE were performed in the same membrane 
preparation (Fig. 2, paneis A and B). In the illus- 
trated experiment, both saturation curves modeled 
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Fig. 2. H]DHE and [*H]WB4101 saturation curves in 
uterine membranes. The points represent the means of 
duplicates from a representative experiment. Both satu- 
ration curves were done with membranes from the same 
preparation in each experiment. The number of [*H]DHE 
sites in panel A was 99 fmoles/mg protein. The number of 
(7H]WB4101 sites in panel B was 103 fmoles/mg protein. 
The proportion of alpha receptor subtypes in this prep- 
aration, determined with prazosin as described in Methods, 
was alpha: = 32 per cent and alpha2 = 68 per cent. In four 
such saturation curves, the Kp of [*H]DHE was 
4.9+1.0x10°°M and the Kp of [*H]WB4101 was 
4.0+ 0.9 x 10-’M. The reason for the 4-fold difference 
in the affinity of WB4101, determined by direct binding 
with tritiated WB4101 vs competition with unlabeled 
WB4101, is not known. 


best to a single class of sites; the [*H]WB4101 
sites = 103 fmoles/mg protein and the [*H]DHE 
sites = 99 fmoles/mg protein. In the _ illustrated 
experiment, the proportion of alpha receptor sub- 
types was alpha: = 32 per cent and alpha2 = 68 per 
cent, determined by prazosin as described in Meth- 
ods. Thus, if [*H]WB4101 were alpha: selective, it 
would be expected to label only ~4 of the [/H]DHE 
sites; in actuality, it labeled, with uniform affinity, 
the same number of sites as [*H]DHE. This further 
confirms the hypothesis that WB4101 does not dis- 
criminate between alpha: and alpha2 receptors in 
rabbit uterus. In four such experiments, the number 
of [H}]DHE sites was 140 + 3 fmoles/mg protein and 
the number of [*H]WB4101 — sites was 
153 + 19 fmoles/mg protein which were not signifi- 
cantly different (P <0.9, paired f-test). Moreover, 
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in all four experiments, computer modeling of the 
(7H}WB4101, as well as the H]DHE saturation 
curves indicated that each ligand bound to the entire 
alpha receptor population with uniform affinity. The 
proportions of alpha: and alpha receptors in these 
four experiments were: alpha: = 29 + 3 per cent and 
alpha2 = 71 + 3 per cent. 

A third test of the hypothesis is that [*H]WB4101 
binds to the entire alpha receptor population (alpha: 
and alphaz) of rabbit uterus involved the construction 
of [‘H]WB4101 competition curves with prazosin in 
uterine membranes (Fig. 3). In agreement with the 
data shown above, the modeling of such curves sug- 
gested that [*H]WB4101 binds to the entire alpha 
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Fig. 3. Competition curve of prazosin and [‘H]WB4101 in 

uterine membranes. The illustrated experiment is represen- 

tative of four such curves. The biphasic prazosin curve 

modeled to two sites of binding, indicating that 

[°H]WB4101 was binding to both alpha: and alphaz recep- 

tors. The concentration of [*H]WB4101 in the assay was 
4 nM. 


receptor population since both subtypes of alpha 
receptor could be distinguished with the alpha: selec- 
tive anatogonsist prazosin. Prazosin had a Kp of 
2.4 + 0.7 x 10~’ Mat the higher affinity (alpha:) site 
and a Kp of 2.3 + 0.5 x 10~° M at the lower affinity 
(alphaz site) (N = 4). This 9500-fold greater potency 
of prazosin at alpha: sites than at alphaz sites, each 
labeled with [*H]WB4101, is very similar to the 8800- 
fold selectivity of prazosin at alpha: and alphaz 
receptors labeled with [*H]DHE [8]. These results 
further confirm that [*H]WB4101 labels both alpha 
and alpha2 receptors. If only alpha: receptors were 
labeled by [*H]WB4101, then the prazosin curve 
would have been expected to model to a single class 
of sites of high (alpha:) affinity. 


DISCUSSION 


We have shown that WB4101 binds with indistin- 
guishable affinity to the alpha: and alpha2 receptor 
in rabbit uterine membranes. This conclusion is 
based on three major observations. First, WB4101 
competition curves with [*H]DHE repeatedly model 
with a single affinity to the entire alpha receptor 
population of rabbit uterus, a tissue demonstrated 
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to contain a mixture of alpha: and alphaz receptors. 
Second, [*H]WB4101 labels, with uniform affinity, 
the entire alpha receptor population of the uterus 
rather than just the alpha: fraction. Third, prazosin 
competition curves with [*H]WB4101 modeled to 
two classes of binding sites, indicating that 
(°H]WB4101 was binding to both alpha: and alphaz 
receptors. We were able to confirm. however, that 
WB4101 is alpha: selective in calf brain membranes 
as has been reported previously [6, 10]. 

The explanation for the lack of alpha: selectivity 
of WB4101 in rabbit uterus is unknown. The obser- 
vation that the affinity of WB4101 for the alpha: and 
alpha2 receptors in uterus is similar to the affinity of 
WB4101 for alpha2 receptors in brain suggests that 
there is some difference between alpha: receptors 
in rabbit uterus, where WB4101 has a Kp of 
2.4 x 10-* M, and the alpha: receptors in calf brain 
where WB4101 has a Kp of 4.0 x 107" M. 

WB4101 has not yet been extensively tested in a 
variety of tissues in physiological experiments to 
determine its potency at alpha: and alpha receptors. 
The two such studies which compare pre- and post- 
synaptic potency, which we are aware of, were both 
performed in rat vas deferens [21,22]. In both of 
these studies, WB4101 was reported to be alpha: 
selective. In neither study, however, was pre-syn- 
aptic blocking potency assessed directly with 
measurements of neurotransmitter efflux. Also, in 
the study of Kapur and Mottram [21], phentolamine 
was found to be highly alpha selective. This selec- 
tivity of phentolamine does not hold true in other 
tissues [8], underscoring the importance of tissue 
variability in the selectivity of alpha—adrenergic 
compounds. 

The present studies have important implications 
for the design and interpretation of alpha-adrenergic 
receptor radioligand binding studies. It is currently 
assumed that [°H]WB4101 can be widely used to 
study exclusively the alpha: subtype of alpha recep- 
tors [11]. However, our results indicate that, before 
[7H]WB4101 could be utilized in tissues other than 
calf brain to label exclusively alpha: receptors, it is 
necessary to check that it is sufficiently alpha: selec- 
tive to accomplish this task reliably. As we have 
seen, it would be inadequate for this purpose in 
rabbit uterus. 

The technique which we favour for quantitating 
alpha; and alpha2 receptors involves the computer 
modeling of competition curves of highly selective 
alpha receptor antagonists such as prazosin, utilizing 
(H]DHE which appears to label the entire alpha 
receptor population of a tissue nonselectively [8]. 
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INHIBITOR OF ANGIOTENSIN I CONVERTING ENZYME: 
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Abstract—Pharmacological studies on a new angiotensin I converting enzyme (ACE) inhibitor (4R)-3- 
[(2S)-3-mercapto-2-methylpropanoy]]-4-thiazolidinecarboxylic acid (YS-980), were carried out in vitro 
and in vivo. The activity of ACE prepared from rabbit lung by DEAE-Sepharose chromatography was 
determined using angiotensin I (Ang I) or hippuryl-L-histidyl-L-leucine (HHL) as a substrate. The 
concentrations of YS-980 producing 50 per cent inhibition of ACE activity (IDs9) when HHL or Ang 
I was used as a substrate were 9.5 and 13 nM, respectively. The mode of inhibition was competitive, 
with a K; of 6nM. Renin activity was not affected by YS-980. Arterial blood pressure was decreased 
slightly by intravenous injection of YS-980 (0.1 or 1.0 mg/kg) to anesthetized rats with or without 
pretreatment with pentolinium. Pretreatment with YS-980 suppressed the pressor response to Ang I 
but not to norepinephrine. Intravenous injection of YS-980 (1 mg/kg) caused a 21 per cent increase in 
the pressor response to angiotensin II. These results indicate that YS-980 is a potent and specific 


inhibitor of ACE. 


Specific inhibitors of the renin angiotensin system 
may contribute to an understanding of the role of 
renin in hypertension, and to the diagnostic and 
therapeutic management of hypertensive diseases. 
Many potent renin inhibitors [1-3] and angiotensin 
II antagonists have been reported. Recently, 
Ondetti et al. [4] and Cushman et al. [5] found a 
new type of potent angiotensin I converting enzyme 
(ACE) inhibitor. 

It is well known that ACE (peptidyldipeptide 
hydrolase, EC 3.4.15.1), which converts angiotensin 
I (Ang I) to angiotensin II (Ang II) by cleaving the 
C-terminal residue (His-—Leu-OH), is a zinc-con- 
taining metaloenzyme [6]. This enzyme is inhibited 
by chelating agents such as EDTA, 8-hydroxy-quino- 
line and sulfhydryl compounds (2,3-mercapto-1-pro- 
panol, glutathione, 2-mercaptoethanol and dithioth- 
reitol) [7-10], but these agents have little specificity 
of action. It was reported earlier that the sulfhydryl 
compound 2-mercaptopropionylglycine has _ the 
ability to complex with zinc [11] and also produces 
a hypotensive effect when administrated to rats [12]. 
More recently, we reported on the ACE inhibitory 
activity of derivatives of 2-mercaptopropionylgly- 
cine. Among them, (4R)-3-[(2S)-3-mercapto- 
2-methylpropanoyl]-4-thiazolidinecarboxylic acid 
(YS-980) was found to be an orally effective potent 
ACE inhibitor [13, 14]. The present study was con- 
ducted to elucidate the mode of inhibition of YS-980 
on rabbit ACE activity, the specificity of inhibition, 
and the effects of YS-980 on blood pressure in anes- 
thetized rats. 





* Present address: Department of Pharmacological and 
Physiological Sciences, University of Chicago, 947 East 
58th St., Chicago, IL 60637, U.S.A. 


MATERIALS AND METHODS 


Preparation of ACE. ACE was prepared from 
rabbit lung according to the modified method of 
Dorer et al. [15]. Rabbit lung was homogenized and 
extracted with 50mM phosphate buffer, pH 7.0, 
then fractionated with ammonium sulfate (1.6- 
2.5M) and further purified by DEAE-Sepharose 
CL-6B chromatography with 20mM_ Tris-HCl 
buffer, pH 8.4. ACE was eluted by a linear gradient 
of NaCl (00.4 M). The activity of the ACE fraction 
was assayed using Ang I as a substrate. Prepared 
ACE activity was assayed using hippuryl-L-histidyl- 
L-leucine (HHL) as a substrate. One unit of ACE 
activity is defined as the amount of enzyme that 
hydrolyzes 1 zmole of HHL per min at 37°.Specific 
activity is expressed as units per mg of protein. 

Chemicals. YS-980 (Fig. 1) was obtained from the 
Santen Pharmaceutical Co., Ltd., Osaka, Japan. 
Synthetic Ang I (Asp'-ILeu*), HHL and tetrade- 
capeptide were purchased from the Protein Research 
Foundation, Osaka, Japan. The Ang I radioimmuno- 
assay (RIA) kit was obtained from CEA-IRE- 
SOLIN, Italy. Dog renal renin and dog renin sub- 
strate were prepared by the method described pre- 
viously by Funae et al. [16]. Hog renin substrate was 
obtained from Miles Laboratories, Inc., Elkhert, IN, 
U.S.A. 

Assay of ACE activity. ACE activity was assayed 
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Fig. 1. Chemical structure of YS-980, (4R)-3-[(2S)-3-mer- 
capto-2-methylpropanoyl]-4-thiazolidinecarboxylic acid. 
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by the spectrophotometric method of Cushman and 
Cheung [8], which monitored the conversion of HHL 
to hippuric acid, or by RIA of Ang I. The spectro- 
photometric assay was carried out in 0.25 ml con- 
taining the following constituents: 5mM HHL, 
300 mM NaCl, 100 mM phosphate buffer (pH 8.3), 
and 2mU ACE. Incubation was carried out at 37° 
for 30 min. The RIA of Ang I was used to measure 
the amounts of substrate remaining after incubation 
with ACE. Assays were carried out using 0.1 ml of 
Ang I (100 ng), 0.1 ml of ACE (4mU) and 0.8 ml 
of 0.1 M phosphate buffer, pH 8.3, containing 0.3 M 
NaCl and 5 mg/ml bovine serum albumin. Samples 
were then incubated at 37° for 50 min. 

Kinetic studies. The Ki and the mode of inhibition 
were determined by measuring ACE activity using 
HHL (0.25 and 0.5 mM) as substrate in the presence 
of 2mU ACE/assay. The Ki was determined by the 
method of Dixon and Webb [17]. 

Effect of YS-980 on the reaction of renin and renin- 
substrate. Renin activity was determined by measur- 
ing the amount of Ang I formed by the action of 
renin on renin-substrate in the presence or absence 
of YS-980. Dog or hog renin-substrate and synthetic 
tetradecapeptide were used as renin-substrate. The 
reaction mixture contained the following compo- 
nents: 0.1 ml of YS-980 (final concn 0.1 mM), 0.1 ml 
renin-substrate (2000 ng Ang I equiv./ml), 0.1 ml of 
renin solution (500 ng/ml/hr), and 0.7 ml of 0.1M 
phosphate buffer, pH 7.2, containing 0.04% neo- 
mycin. Following incubation at 37° for lhr, the 
amount of Ang I formed was measured by the RIA 
method described above. 

Effects of YS-980 on the pressor responses to Ang 
I, Ang II and norepinephrine. Wistar rats weighing 
200-300 g were anesthetized with nembutal 
(50 mg/kg, i.p.). The right femoral vein was can- 
nulated for intravenous injections, and the right fem- 
oral artery was cannulated for the recording of 
arterial pressure via a pressure transducer. Auto- 
nomic nerve reflexes were blocked with pentolinium 
tartrate (5 mg/kg, i.v.). When the blood pressure 
had stabilized, Ang I (30-200 ng/kg) was injected 
intravenously, and the blood pressure was moni- 
tored. After administration of YS-980 (0.1 or 
1.0 mg/kg, i.v.), Ang I was again injected. Both Ang 
II (20 ng/kg) and norepinephrine (200 ng/kg) were 
tested for pressor responses as described above for 
Ang I. 


RESULTS 


Preparation of ACE. Two peaks of ACE activity 
were detected following DEAE-Sepharose chroma- 
tography. One peak appeared in the void volume 
and the other was eluted at a NaCl concentration 
between 0.15 and 0.23M. The latter fraction was 
collected and lyophilized. The specific activity of this 
preparation was 0.14 units/mg protein when HHL 
was used as a substrate. The enzyme activity was 
stable for at least 6 months when stored at —20°. 
Slightly different pH optima were found with Ang 
I or HHL as substrate; pH optimum of 8.3 was found 
with Ang I and a pH optimum of 8.4 with HHL. 

Inhibition studies in vitro. YS-980 inhibited ACE 
activity when Ang I or HHL was the substrate. The 
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Table 1. Inhibition of angiotensin I converting enzyme* 





Concn of 
YS-980 IDso 


Substrate (nM) Inhibition (%) (nM) 





HHL+ 4 
HHL 20 
HHL 40 
Ang It 5 
Ang I 10 
Ang I 50 


9.5 


13.0 


PA 9210 a. & 
ie © 0 Sw 


It I+ I+ I+ H+ I+ 





* IDso represents the concentration of YS-980 producing 
50 per cent inhibition of angiotensin I converting enzyme 
activity. Abbreviations: HHL, hippuryl-L-histidyl-L-leu- 
cine, and Ang I, angiotensin I. The values of per cent 
inhibition are means + S.E.M. of six experiments. 

+ Two mU of ACE/assay (0.25 ml). 

+ Four mU/ml of ACE. 


per cent inhibition and the IDs) value which rep- 
resents the concentration of YS-980 producing 50 
per cent inhibition of ACE activity are summarized 
in Table 1. When HHL was used as a substrate at 
a concentration of 2 mU of ACE/assay (0.25 ml), the 
IDso Value was 9.5nM. When Ang I was used at a 
concentration of 4mU/ml of ACE, the IDso value 
was 13.0nM. Thus, there was nearly the same IDso 
value with HHL or Ang I as a substrate. YS-980 at 
a concentration of 14M completely inhibited the 
activity of ACE using either substrate. By means of 
Dixon—Webb plotting (Fig. 2), a Ki value of 6nM 
was obtained, and the data show a competitive type 
of inhibition. This result further confirms the com- 
petitive inhibition demonstrated by a Lineweaver- 
Burk plot in a previous paper [13]. 








YS-980 (10° M 


Fig. 2. Inhibitory constant of YS-980 against angiotensin 
I converting enzyme (ACE). Effect of YS-980 on ACE 
activity is illustrated by a Dixon—Webb plot. The ordinate 
shows the reciprocal value of maximum velocity at an 
optical density of 228 nm, in two separate experiments with 
two concentrations of hippuryl-L-histidyl--leucine 
(@ = 0.25 mM and & = 0.5 mM). The abscissa shows the 
concentration of YS-980. A K; value of 6nM YS-980 was 
obtained. 
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Table 2. Effect of YS-980 on dog renin activity using 
different renin-substrates* 





Generated angiotensin I (ng/ml/hr) 





Renin-substrate Control YS-980 (0.1 mM) 





16.3 + 0.7 
20.4 + 0.7 
46.8 + 0.3 


16.7 + 0.1 
20.9 + 0.7 
46.1 + 1.7 


Dog plasma 
Hog plasma 
Tetradecapeptide 





* Values are means + S.E.M. of five experiments. 


Effects of YS-980 on renin activity. The amounts 
of Ang I generated by the reaction of dog renin with 
the natural renin-substrate (dog and hog) and with 
synthetic tetradecapeptide were measured (Table 2). 
Since the amounts of Ang I generated were nct 
changed with YS-980 (0.1 mM), this compound did 
not affect renin activity at a concentration which 
completely inhibited ACE activity. 

Inhibition studies in vivo. A typical pattern of 
pressor responses to Ang I and Ang II before and 
after intravenous injection of YS-980 (1.0 mg/kg) is 
shown in Fig. 3. Intravenous injections of Ang I at 
concentrations of 30, 60, 100 and 200 ng/kg caused 
dose-related increases in blood pressure of 29.6 + 1.8, 
39.6+2.2, 50.7+2.1 and 60.0+2.7mm_ Hg, 
respectively (Fig. 4). After administration of YS- 
980, the pressor response to Ang I resulted in a 
parallel shift to the right, indicating that YS-980 
inhibited the pressor response to Ang I. After YS- 
980 administration in doses of 0.1 and 1.0 mg/kg, 5- 
and 13-fold increases in the dose of Ang I were 
required to exert the same increase in blood pressure. 


A120 A130 
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A160 100 


© Contro! (n=11) 


@ YS-980, 0. Img/kg (n=6) 
@ YS-980, 1.0mg/kg (n=5) 








3060 100 200300 600 1000 


Angiotensin I (ng/kg) 


Fig. 4. Effect of YS-980 on the pressor response to angi- 

otensin I in pentobarbital- and pentolinium tartrate-treated 

rats. The pressor response to angiotensin I was investigated 

before (O) and after intravenous administration of YS-980 

[0.1 mg/kg (@); 1.0mg/kg (M@)]. Values are means + 
S.E.M. 


The pressor response to Ang II (20 ng/kg, i.v.) 
was significantly enhanced, by 21.6 per cent (from 
33.1 to 40.0 mm Hg), after 1.0 mg/kg of YS-980, but 
not after 0.1 mg/kg. The pressor response to nor- 
epinephrine (200 ng/kg, i.v.) was unaffected by YS- 
980 (0.1 or 1.0 mg/kg) (Fig. 5). 

After intravenous injection of YS-980 in doses of 
0.1 mg/kg and 1.0 mg/kg, mean arterial blood pres- 
sure was decreased by 9-13 mm Hg, with recovery 
within 10-i5 min. The extent of the decrease of 
blood pressure was not dose dependent, while the 
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Fig. 3. Effect of intravenous administration of angiotensin I (30-1000 ng/kg), angiotensin II (20 ng/kg) 
and YS-980 (1.0 mg/kg) on blood pressure in a Wistar rat. The rat was anesthetized with pentobarbital 
(50 mg/kg, i.p.) and treated with pentolinium tartrate (5 mg/kg, i.v.). 
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Fig. 5. Effect of YS-980 (0.1 or 1.0 mg/kg, i.v.) on the 
pressor responses to angiotensin II (20 ng/kg) and norepi- 
nephrine (200 ng/kg). 


duration of hypotension was dependent upon the 


dose of YS-980 administrated. 


DISCUSSION 


It is well known that certain sulfhydryl compounds 
(e.g. glutathione and cysteine) inhibit ACE. How- 
ever, their inhibitory specificity toward ACE is very 
low. We newly synthetized (4R)-3-[(2S)-3-mercapto- 
2-methylpropanoyl]-4-thiazolidinecarboxylic acid 
(YS-980). In experiments with partialiy purified rab- 
bit lung ACE in vitro, YS-980 has been found to be 
a potent competitive inhibitor (Ki = 6nM) of ACE 
(Dixon—Webb plots). The concentrations that pro- 
duced 50 per cent inhibition (IDso) were 9.5 and 
13nM for HHL and Ang I as substrates of ACE, 
respectively. 

In vivo experiments showed that YS-980 inhibited 
the pressor response to Ang I. It caused inhibition 
of ACE, as indicated by the 1Dso and the Ki values 
derived from in vitro experiments. It is a matter of 
concern, however, that YS-980 might affect the 
reaction of renin with renin-substrate, because cer- 
tain sulfhydryl compounds affect that reaction. 
Dithiothreitol augments the generation of Ang I 
[16, 18, 19], while cysteine and thioglycollate inhibit 
renin activity [20]. In the present experiment, the 
effects of YS-980 on renin activity were determined. 
At a concentration of 0.1 mM, which inhibited ACE 
activity completely, YS-980 did not affect the reac- 
tion of dog renin with dog, hog or tetradecapeptide 
substrates, indicating that YS-980 specifically 
inhibited the ACE activity in the renin—angiotensin 
system. 


Intravenous administration of YS-980 to anes- 
thetized rats resulted in an inhibition of the pressor 
response to Ang I but not to Ang II. The observations 
of this study indicate that YS-980 has a strong speci- 
ficity for the inhibition of ACE. In anesthetized rats, 
YS-980 caused a slight decrease in arterial blood 
pressure. A similar decrease of arterial blood pres- 
sure was detected after intravenous administration 
of SQ 14,225 to normotensive rabbits [21] and rats 
[22]. Lazar et al. [23] reported that a slight decrease 
in blood pressure was observed after intravenous 
injection of the renin inhibitor pepstatin in anesth- 
etized rats. These findings suggested that inhibition 
of the renin—angiotensin system would result in 
hypotension. This interpretation is supported by the 
observation that a decrease in arterial blood pressure 
does not occur in anephric rabbits after administra- 
tion of SQ 14,225 [21]. On the other hand, the slight 
decrease of arterial blood pressure may be due to 
the inhibition of degradation of vasodepressor bra- 
dykinin. It has been suggested that ACE and kininase 
II are identical [24,25]. Thus, YS-980 may have 
decreased the vasoactive Ang I and increased the 
vasodepressor bradykinin simultaneously, resulting 
in a decrease of arterial blood pressure. On the other 
hand, since the slight decrease of blood pressure was 
detected with or without treatment of pentolinium, 
it can not be excluded that the slight decrease of 
blood pressure was caused by directly affecting the 
vascular smooth muscle or dilating the capillary net- 
work; that is, dithiothreitol, belonging to the same 
sulfhydryl compounds as YS-980, prevents angi- 
otensin-induced contractions when incubated with 
rabbit and guinea pig aortas [26]. 

The pressor response to Ang II was enhanced 
significantly at a dose of 1.0mg/kg, but not at 
(0.1 ml/kg. Such observations were reported with SQ 
14,225 in conscious rabbits [21]. The enhancement 
effect of Ang II after the administration of YS-980 
(1 mg/kg, i.v.) seemed to be related to the lack of 
endogenous Ang II and the modification of Ang II 
receptors by the sulfhydryl compound (YS-980) men- 
tioned by Fleisch et al. [26]. Additionally, the sus- 
ceptibility of angiotensinases to YS-980 should also 
be considered. Angiotensinase is a general name for 
Ang II degrading enzymes. Some of them are 
inhibited by conventional chelating agents, including 
SH compounds [27]. Therefore, it is possible that 
YS-980 inhibits some angiotensinases as it does 
ACE, resulting in the increase of Ang II. 
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Abstract—A FdUrd resistant line of cultured mouse hepatoma cells has been obtained. The resistant 
cell line had 6- to 10-fold higher levels of thymidylate synthetase, but dihydrofolate reductase and 
thymidine kinase were unchanged. No impairment of FdUrd incorporation by the resistant cell line 
could be detected. The increased thymidylate synthetase in resistant cells had the same turnover number 
and Iso for FAUMP as the enzyme found in sensitive cells, making it unlikely that a new gene product 
had been obtained. Sensitive cells could be completely rescued by the addition of thymidine, suggesting 
that the primary mode of drug action is to diminish thymidine metabolites. Resistant cells, removed 
from FdUrd for several generations, did not proliferate immediately upon reintroduction of the drug; 
however, loss of sensitivity was much more rapid than upon initial exposure. These results are interpreted 


in terms of a mechanism for resistance. 


FdUrdié and its free base, FUra, have been widely 
used, alone and in combination with other drugs, in 
the treatment of various types of malignancy [1]. 
The growth inhibitory effect of these chemothera- 
peutic agents is mediated through their common 
anabolite, FAUMP, which blocks DNA synthesis by 
inhibition of the enzyme thymidylate synthetase. 
Although fluorinated pyrimidines are known to be 
incorporated into RNA with important biological 
consequences [2, 3], there is much evidence that the 
inhibition of thymidylate synthetase is the primary 
basis of their antineoplastic activity [1]. 

Thymidylate synthetase derives its importance as 
a target for cancer chemotherapeutic agents from 
the fact that it provides the only known de novo 
pathway to the formation of dTMP, an essential 
precursor for DNA synthesis. In the reaction, 
CH2FHs is oxidized to FH2 as dUMP is methylated 
at the 5-position forming dTMP. Blockage of this 
pivotal step in DNA synthesis cannot be circum- 
vented except by salvage of preformed thymidine 
via thymidine kinase. In the presence of CH2FHs, 
FdUMP forms an extremely stable, covalently 
bonded, ternary complex with thymidylate synthe- 
tase which effectively blocks further enzyme action 
[4, 5]. 
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t Abbreviations used are: FdUrd, 5-fluoro-2'-deoxyu- 
ridine; FUra, 5-fluorouracil; FAUMP, 5-fluoro-2’-deoxyu- 
ridine-5'-monophosphate; FH2, dihydrofolic acid; 
CH2FHs, methylenetetrahydrofolic acid; (UMP, 2'-deox- 
yuridine-5'-monophosphate; and dTMP, 2’-deoxythymi- 
dine-5’-monophosphate. 


A major limitation to the use of FdUrd as an 
antitumor agent has been the development of clinical 
resistance. Several determinants of sensitivity to 
FdUrd are apparent in the overall view of the rela- 
tionship between FdUrd metabolism and the target 
enzyme thymidylate synthetase shown in Fig. 1. An 
obvious mode of resistance is a decrease in the uptake 
or retention of the drug. Impaired cell permeability 
to FdUrd has been reported for a resistant strain of 
Pediococcus cerevisiae [6], as have differences in the 
rate of loss of intracellular FAUMP in mouse and 
human cell lines [7]. There are numerous reports 
that resistance accompanies the loss of thymidine 
kinase activities and, therefore, loss of the ability to 
form the active metabolite FAUMP [6, 8-12]. The 
sensitivity of thymidylate synthetase to inhibition by 
FdUMP is another important determinant of 
response, and a resistant subline of Ehrlich ascites 
carcinoma cells has been shown to have a presumably 
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Fig. 1. Relationship between FdUrd metabolism and the 
target enzyme thymidylate synthetase. 
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altered form of thymidylate synthetase which is not 
inhibited by FAUMP in vitro [13]. Enzyme inhibition 
would also be influenced by levels of enzyme, cofac- 
tor and substrate. Elevated thymidylate synthetase 
activities have been found in FdUrd resistant variants 
of mouse neuroblastoma [14, 15] and in a thymidine 
kinase deficient Novikoff hepatoma cell line [16]. 
Ullman et al. [17] have demonstrated the require- 
ment for reduced folate cofactors in the cytotoxicity 
of FdUrd, but to date no change in the level of 
enzymes involved in CH2FHs generation has been 
implicated in FdUrd resistance. Recovery of P1534 
ascites tumor cells after FAUMP inhibition of thy- 
midylate synthetase has been shown to be due to a 
fall in the intracellular levels of FAUMP and a pro- 
gressive accumulation of dUMP [i8]. These studies 
indicate that the sensitivity of cell lines to FdUrd 
may be modulated by a number of determinants 
working independently or in concert. The role of 
changes in thymidylate synthetase in FdUrd resistant 
cultured hepatoma cells is the subject of this report. 


MATERIALS AND METHODS 


[5SH]dUMP (18 Ci/mmole) and [6-*H]FdUMP 
(19 Ci/mmole) were obtained from Moravek Bio- 
chemicals, City of Industry, CA. [6-“H]FUra (2.1 
Ci/mmole) and [6-*H]FdUrd (2.5 Ci/mmole) were 
from Amersham/Searle, Arlington Heights, IL. 
dUMP, FUra, FdUrd, FdUMP, thymidine, 
NADPH, ATP, folic acid and dihydrofolic acid were 
from the Sigma Chemical Co., St. Louis, MO. 
Tetrahydrofolic acid was prepared by the method of 
Davis [19] and stored as the methylene derivative 
in the presence of 75 mM formaldehyde at —70°. 

Enzyme assays. Thymidylate synthetase activity 
was determined by the method of Roberts [20], 
thymidine kinase activity was measured using the 
procedure of Chen and Prusoff [21], and dihydro- 
folate reductase using the method of Kaufman and 
Kemerer [22]. Binding of [‘H]FdUMP to thymidylate 
synthetase was determined by the filter assay method 
of Santi et al. [23]. 

Cell culture. Hepa cells, the parental cell line and 
5-FdUrd resistant cell lines were maintained as 
described before [24]. Cell numbers were determined 
by counting trypsin. released cells in a 
hemocytometer. 

Cell extraction. Cells were lysed by the freeze/thaw 
method in dry ice—acetone after release from culture 
dishes with 0.1% trypsin solution and centrifugation 
for 15 min at 1000 g. The extraction buffer contained 
0.1 M phosphate, pH 7.4, 25% sucrose and 10 mM B- 
mercaptoethanol. The method of Bradford [25] was 
used for protein estimation. 

Selection of FdUrd resistant cells. Log phase Hepa 
cells were transferred to media containing 4 x 10°M 
FdUrd. The culture medium was changed weekly 
for the following 5 weeks. Extensive cell death 
occurred during the first 2 weeks. By week 6 a 
population of FdUrd resistant cells was proliferating, 
as evidenced by numerous mitotic figures. The con- 
centration of FdUrd was increased to 4 x 10~’M in 
week 6. The cells adapted to this concentration 
within 4 weeks. Resistant cells were grown in culture 
medium containing 4 x 10~-’ M FdUrd for an addi- 
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Fig. 2. Effect of FdUrd on normal (A) and resistant (B) 

cultured mouse hepatoma cell proliferation. Growth media 

contained 4 x 107’M (A), 4 x 10°°M (QD) or no FdUrd 

(O). A single dish from each treatment group was counted 
at the same time each day. 
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tional 6 weeks before initiating experiments. At this 
time, samples of the cell line were frozen in liquid 
nitrogen. 


RESULTS 


The proliferation of the parental line of mouse 
hepatoma cells in normal growth medium and in 
media containing FdUrd is shown in Fig. 2A. Under 
normal growth conditions, the cells have a 24-hr 
doubling time. When exposed to 4 x 10-°M FdUrd, 
there was an initial period of extensive cell death 
which resulted in a population of resistant but non- 
proliferating cells. A few mitotic cells were observed 
suggesting that the constant cell number resulted 
from a balance between proliferation and death. If, 
however, sensitive cells were exposed initially to 
4 x 10-’M FdUrd, all of the cells were killed within 
approximately 5 days. 

Figure 2B shows that the hepatoma cells selected 
for resistance to 4 x 10~’M FdUrd proliferated with 
a generation time of approximately 30 hr. Their rate 
of proliferation was not affected by the presence of 
FdUrd. Identical growth curves were obtained in the 
presence and in the absence of FdUrd. 

The FdUrd sensitivity of this mouse hepatoma cell 
line was tested for reversal by thymidine. It can be 
seen in Fig. 3 that thymidine completely prevented 
the effects of FdUrd on sensitive cells. 

Stability of the FdUrd resistance in the hepatoma 
cells was tested by growing the cells in the absence 
of FdUrd for several generations, and then rein- 
troducing FdUrd to the growth medium. Figure 4 
shows that cells proliferated in the absence of FdUrd 
with a generation time of 30 hr. Initially, there was 
no apparent proliferation of cells upon reintroduc- 
tion of either 4x 10-*M FdUrd or 4x 10-’M 
FdUrd. The cells exposed to 4 x 10-°M FdUrd 
began to proliferate at nearly the untreated rate after 
4 days, while cells exposed to 4 x 10-’M FdUrd 
required approximately 6 days to regain the ability 
to proliferate. Thus, it appears that resistance to 
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Fig. 3. Thymidine rescue of FdUrd sensitive cells. Cells of 
the sensitive parental line were added to growth medium 
containing either 4 x 10°’M FdUrd (O), or 4.x 10°’M 
FdUrd + 10°°M thymidine (@) and transferred to 34 mm 
petri dishes. Growth media were changed daily for the 
duration of the experiment. Experimental controls included 
sensitive cells grown in normal growth medium (x) and in 
medium containing 1 x 10-°M thymidine (A). A single 
dish from each treatment group was counted. 
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Fig. 4. Stability of FdUrd resistance in mouse hepatoma 
cells. Cells were added to growth media containing 
4 x 10-’MFdUrd(A),4 x 10°°M FdUrd (0) orno FdUrd 
(O) and transferred to 34mm petri dishes. The growth 
media were changed daily for the duration of the experi- 
ment. The cell line used in the experiment was the parental 
line resistant to 4 x 10°’ M FdUrd which had been grown 
for 3 weeks in the absence of FdUrd. A single dish from 
each experimental group was counted. 


FdUrd is rapidly lost by the hepatoma cells, but can 
be reestablished by short-term exposure in a manner 
dependent upon drug concentration. 

Impaired incorporation of FdUrd has _ been 
observed in other systems [6]. However, Table 1 
shows that the FdUrd incorporation into resistant 
and sensitive cells is essentially identical. 

It can been seen in Fig. 5 that thymidylate syn- 
thetase activity was elevated in the FdUrd resistant 
mouse hepatoma cells. Activity was not detected in 
sensitive cells in the presence of FdUrd by the assay 
used, due to both the cytotoxic effects of the drug 
and to inhibition by residual FAUMP. However, in 
resistant cells which had been subcultured in medium 
lacking FdUrd for one generation, levels of enzyme 
activity 6- to 10-fold higher than in sensitive cells 


Table 1. Comparison of drug uptake in resistant and sen- 
sitive cell lines* 





Resistant Sensitive 





FdUrd 11,482 + 2504 9892 + 2206 





* Units are c.p.m./mg protein incorporated into cells 
washed three times. Approximately 30 x 10° cells were 
exposed to [6-7H]FdUrd (4.5 x 10°c.p.m.) for 24 hr. After 
washing, cells were lysed by freeze/thaw, centrifuged at 
1000 g for 15 min, and an aliquot of supernatant solution 
was counted. Values are the means + S.D. of at least six 
separate determinations. 
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Fig. 5. Thymidylate synthetase activity in FdUrd sensitive 
and resistant cells. Specific activities were determined by 
incubation of cellular extracts with [7H]dUMP for 30 min 
at 37°. Extracts were prepared from resistant (A) and 
sensitive (@) cell lines grown in the presence of 4 x 107’ M 
FdUrd and from the same resistant (1) and sensitive (O) 
lines grown in the absence of FdUrd for 24hr prior to 
extraction. Growth was initiated by subculture of cells into 
fresh media. 


could be observed. When the resistant cell medium 
contained FdUrd, the enzyme activity remaining (i.e. 
that which was not inhibited by FAUMP) was similar 
to the level found in untreated sensitive cells. This 
suggests that sufficient additional thymidylate syn- 
thetase activity was available to compensate for that 
removed as a FAUMP complex, returning the effec- 
tive thymidylate synthetase activity to near normal. 
Long-term (thirty generations) removal of FdUrd 
from resistant cells resulted in a return of the 
increased level of thymidylate synthetase to only 1.6- 
fold greater than sensitive cells. 

It can be seen in Table 2 that, while thymidylate 
synthetase activity was elevated, dihydrofolate 
reductase and thymidine kinase activities were essen- 
tially unchanged. The catalytic properties of elevated 
thymidylate synthetase were the same in resistant 
and sensitive cells with regard to FAUMP inhibition 
and turnover (Table 3). Enzyme concentration was 
estimated by titration with [*H]FdUMP. In every 
case, an increase of titratable enzyme paralleled the 
increase in enzyme activity. Thus, the higher level 
of thymidylate synthetase activity can be attributed 
to increased enzyme concentration. 


DISCUSSION 


There are several different ways in which cells 
offer resistance to the cytotoxic effects of FdUrd. 


Table 3. Catalytic properties of thymidylate synthetase in 
sensitive and resistant cells 





Turnover number* Iso (FAUMP) 





33.7 
34.5 


88 uM 
66 uM 


Sensitive 
Resistant 





* Turnover numbers were estimated from specific activ- 
ities and titrations of thymidylate synthetase cell extracts 
with [*H]FdUMP. Turnover numbers were calculated as 
moles dUMP converted per min per mole of dimeric thy- 
midylate synthetase. 


One common mode of resistance is impaired drug 
uptake; however, uptake of FdUrd was identical in 
both cell lines in the current study. Since sensitive 
cells could be rescued by thymidine, the growth 
inhibitory effects of the drug can be attributed to a 
diminution in thymidine metabolites, and the pri- 
mary mode of resistance appears to be increased 
levels of the ultimate target enzyme thymidylate 
synthetase. This enzyme activity is clearly increased 
in the resistant cells, while dihydrofolate reductase, 
a closely related enzyme shown to be increased in 
other mammalian cells when exposed to the anti- 
folate methotrexate [26], was unaltered. Thymidine 
kinase, responsible for conversion of FdUrd to its 
active form, FdUMP, was also unaltered in resistant 
cells. Decreases in the level of this enzyme have 
been shown to provide resistance to the cytotoxic 
effects of FdUrd in other systems [6, 8-12]. 
Thymidylate synthetase activity increase could be 
due to synthesis of a different gene product, or 
increased levels of the same enzyme. The latter 
appears to be the better explanation. When cell 
extracts are prepared from cultures maintained in 
the presence of FdUrd, the level of thymidylate 
synthetase activity observed will reflect that amount 
of enzyme which is not inhibited by residual FAUMP. 
Such interference can be alleviated somewhat by 
removal of the drug from culture media for a short 
period of time prior to preparation of cell extracts. . 
It must be recognized, however, that enzyme levels 
could be diminished during short-term drug removal 
since long-term removal results in a return to near 
normal levels. Thus, the total increased enzyme at 
the time the drug is withdrawn would be underesti- 
mated. Nevertheless, there appears to be a sufficient 
amount of additional enzyme to compensate approx- 
imately for that which is removed by FAUMP. 


Table 2. Enzyme activities in FdUrd resistant and sensitive cultured mouse hepa- 
toma cells* 





Thymidylate 
synthetase 
(x 10~*) 


Thymidine 
kinase 


Dihydrofolate 
reductase 





0.09 + 0.01 
0.65 + 0.04 


Sensitive 
Resistant 


3 21+0.3 
3 17+0.2 


80 + 1 
63 +1 





* Units of enzyme activity are wmoles product/min/mg protein. Cells were 
extracted 24hr after removal of the drug from resistant cells. Values are the 
means + S.D. of at least three separate determinations. 
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The presence of a different gene product in resist- 
ant cells is unlikely. Jn vitro inhibition by FAUMP 
is the same for thymidylate synthetase extracted from 
resistant or sensitive cells. Furthermore, when the 
enzyme was titrated with [7H]FdUMP in vitro, 
increased thymidylate synthetase activity corre- 
sponded to the increase in titratable enzyme. 

Resistant cells appear to produce just enough 
additional thymidylate synthetase to compensate for 
that which is lost via FAUMP complex formation 
and, in addition, have the capacity to respond more 
rapidly to a signal for more enzyme. The absence 
of pronounced overproduction observed with other 
enzyme systems [26] may be due to the necessity for 
maintenance of thymidylate synthetase within a 
rather narrow concentration range as a means of 
regulation. No regulatory process, other than a weak 
product inhibition, has been shown [27]. 

Thymidylate synthetase has been shown to 
increase in regenerating rate liver [28]. Therefore, 
cells contain a sufficient synthetic apparatus, and 
regulation of that apparatus, to provide for increased 
levels of the enzyme upon demand. A similar mech- 
anism could be operative in this case but with a 
shorter induction period required to attain increased 
synthesis of the enzyme in the resistant cell line. 
Future investigations will be directed toward eluci- 
dation of the nature of this rapid response. 
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Abstract—The purified phospholipase A2 of Naja nigricollis venom is a basic, relatively toxic protein, 
while the purified phospholipase Az of Hemachatus haemachatus is neutral and relatively non-toxic. In 
order to establish whether the difference in toxicity correlates with hydrolytic ability, we compared the 
two enzymes using substrates in various physical states such as mixed micelles, native soluble lipoprotein 
or organized in membranes. The purified phospholipids were used as mixed micelles with Triton X-100. 
When compared on purified egg L-a-phosphatidylcholine (PC), the two enzymes showed similar pH- 
and temperature-dependence and were equally affected by activators and inhibitors. N. nigricollis 
phospholipase A, had a V,,, of 250 u-equiv. per min per mg and a K,,, of 4.2 mM, while H. haemachatus 
phospholipase A, had a V,,,, of 1052 u-equiv. per min per mg and a K,, of 2.2mM. Both enzymes 
favored the substrates in the liquid—crystalline state. With a buffered egg yolk dilution as substrate, a 
Vinax Of 356 u-equiv. per min per mg and a K,, of 29mM were found for N. nigricollis, while H. 
haemachatus had a V,x Of 616 u-equiv. per min per mg and a K,, of 25 mM. The hydrolysis of purified 
PC, L-a-phosphatidylethanolamine (PE), L-a-phosphatidylserine (PS) and L-a-phosphatidylinositol (PI) 
was followed with the substrates taken either singly or in various combinations. Significant differences 
in preference of the two enzymes were apparent on single substrates, such as the comparatively high 
hydrolysis of PC by H. haemachatus phospholipase A, and of PE by N. nigricollis phospholipase Ao. 
On mixtures of the four substrates, taken either in equal amounts or in proportions resembling the 
phospholipid distribution of human red cells, rat brain or electric eel Sachs organ, the sequence of 
substrate preference exhibited by the two enzymes was again strikingly different. A main feature of the 
N. nigricollis phospholipase A, was its high ability to hydrolyze PS. There was no essential difference 
between the actions of the two enzymes on fresh human red cells. However, erythrocytes from stored, 
outdated blood were hemolyzed and phospholipids were fully hydrolyzed by N. nigricollis phospholipase 
A2, while the H. haemachatus enzyme was nonhemolytic and induced only limited hydrolysis. The same 
disparity in behavior could be demonstrated on fresh guinea pig erythrocytes. A comparison of 
hydrolysis, in permeable red cell ghosts and in Triton-solubilized membranes, by the phospholipases, 
revealed that the high preference of N. nigricollis enzyme for PS was masked by sequestration of this 
phospholipid within the ghosts. 


Acidic, neutral and basic phospholipases A2 (EC 
3.1.1.4) have been isolated from snake venoms. In 
contrast to the acidic and neutral phospholipases 
which have relatively low toxicity, the basic phos- 
pholipases are highly toxic either as such or when 
in naturally occurring complexes with other subunits 
in venom [1,2]. The relationship between toxicity 
and catalytic activity of phospholipase Az enzymes 
is as yet poorly understood. While there is evidence 
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that catalytic activity is essential for toxicity [2], the 
relatively low toxicity of some venom phospholipases 
which have high catalytic activity suggests that the 
relationship is not straightforward. If enzymatic 
activity is to be implicated in toxicity, then one of 
the possibilities to be considered is that the toxic and 
non-toxic enzymes differ either in substrate prefer- 
ence and/or in ability to reach those substrates in 
situ. The present study compares the enzymatic 
activities of the toxic phospholipase A2 from Naja 
nigricollis venom with the non-toxic enzyme from 
Hemachatus haemachatus venom, in an attempt to 
gain insight into the relationships between their 
enzymatic and pharmacological properties. These 
two phospholipases were chosen because, although 
they are both derived from venoms of elapid snakes 
and show a high degree of homology (their complete 
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amino acid sequences being known), they differ 
greatly in toxicity [3, 4]. The basic phospholipase Az 
from N. nigricollis venom has an LDso of 0.63 mg/kg 
when administered intravenously in mice, while the 
neutral phospholipase A2 isolated from H. haema- 
chatus venom has an LDso of 8.6 mg/kg [1]. In future 
studies we plan to determine how structural modi- 
fications of these phospholipases alter their enzy- 
matic and pharmacological activities. 


MATERIALS AND METHODS 


Materials. The neutral phospholipase A, (DE-I) 
was isolated from H. haemachatus venom following 
the procedure described by Joubert [5] and further 
purified on SP-Sephadex C-25 column by one of the 
authors (C.C. Y.). The basic phospholipase Az. 
(CMS-9) was separated from N. nigricollis venom 
by chromatography on a column of CM-Sephadex 
C-25 and further purified on a DEAE-Sephacel col- 
umn by the method of Yang and King [6]; the hom- 
ogeneity was verified by disc electrophoresis. 

L-a-Phosphatidylcholine from egg yolk, L-a-phos- 
phatidylserine from brain, L-a-phosphatidylinositol 
from soybean, synthetic L-a-dimyristoyl and dipal- 
mitoyl phosphatidylcholines, and Triton X-100 were 
purchased from the Sigma Chemical Co., St. Louis, 
MO. Bovine L-a-phosphatidylethanolamine was pur- 
chased from Supelco, Bellefonte, PA, and sphin- 
gomyelin from Applied Science Laboratories, Inc. 
State College, PA. Silica gel HR (Merck) was 
obtained from Brinkmann Instruments, Inc., West- 
bury, NY. 

Phospholipid—Triton mixed micelles and egg yolk 
dilutions. Aliquots from the purified phospholipids 
in methanol-chloroform (2:1) were evaporated 
under a N2 stream, and the dry material was solu- 
bilized in 0.1 M Tris-HCl buffer (pH 8.5) and sup- 
plemented with 10 mM Ca** and Triton X-100 in a 
2:1 or 4:1 Triton to phospholipid molar ratio. The 
solutions were cleared by a few bursts of sonication 
in a Bronwill Biosonik III sonicator. The concen- 
trations of the phospholipids were 6 to 10 mg/ml 
(~7.5 to 12.5 mM) when hydrolysis was assayed by 
titration of liberated fatty acids, and 0.6 to 1.2 mg/ml 
(~0.75 to 1.5 mM) when hydrolysis was determined 
by thin-layer chromatography. Egg yolk was diluted 
in isotonic saline buffered at pH 7.4 with 100 mM 
Tris-HCl! buffer. 

Red cell and red cell membrane preparations. Red 
cells were separated from whole citrated blood and 
washed three times in cold isotonic saline buffered 
at pH 7.4 with 10mM Tris-HCl; the white blood 
cells were discarded at each step. The cells were 
suspended at 50% hematocrit in Tris-buffered saline 
supplemented with 1 mM Ca’**. Permeable red cell 
membranes were obtained essentially according to 
the method of Dodge et al. [7] by hemolyzing washed 
red cells in 30 vol. of 10mM Tris-HCI buffer, pH 
7.4, at 4°. The membranes were sedimented at 
50,000 g for 20 min in a refrigerated centrifuge, and 
repeatedly washed with the same buffer until creamy 
white. The membranes were resuspended, at the 
original cell volume, in the hemolysis buffer supple- 
mented with 10mM Ca**. Solubilized membranes 
were prepared by adding Triton X-100 to the mem- 
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brane suspensions in an approximate molar ratio of 
18:1 Triton to phospholipid, and the suspensions 
were cleared by a few bursts of sonication. The red 
cells, as well as the membrane suspensions, were 
adjusted to 1 to 1.2 mg phospholipid/ml. 

Incubations with enzyme and assays of enzymatic 
activity. Routinely, 1 ml aliquots of the phospholipid 
micelles, egg yolk dilutions, red cell or red cell mem- 
brane suspensions were preincubated at 37° in a 
shaking water bath for 2min, following which 
enzyme was added in 0.1 ml of reaction media and 
incubation continued for the time indicated. The 
hydrolysis of single purified substrates and the overall 
hydrolysis of whole egg yolk phospholipids were 
estimated by titration of the liberated unesterified 
fatty acids, the reaction being stopped by the addition 
of an acidified extraction mixture; the fatty acids 
were titrated with dilute NaOH as described by Dole 
[8]. Enzyme-treated mixtures of the purified sub- 
strates were extracted with chloroform—methanol- 
acetic acid (1:2:0.5; by vol.), and the phases were 
separated, according to the method of Adamich and 
Dennis [9]. The phospholipids in the organic layer 
were then separated by thin-layer chromatography. 
With enzyme-treated red cells and cell membrane 
suspensions the reaction was stopped by addition of 
10mM EDTA, and the lipids were extracted with 
methanol—chloroform mixtures [10], washed [11] and 
separated by thin-layer chromatography. 

Other assays. Thin-layer chromatography on silica- 
gel coated plates developed in two dimensions [12] 
was routinely used for phospholipid separation. 
Where a better separation of phosphatidylinositol 
from lysophosphatidylethanolamine was sought, we 
employed the solvent system described by Bowyer 
and King [13]. Lipid phosphorus was determined as 
described by Bartlett [14]. Hemolysis was estimated 
in the supernatant fractions obtained by centrifu- 
gation of the red cell suspensions. Readings were 
taken at 540 nm in a Beckman DU-2 spectropho- 
tometer and corrected for the values of spontaneous 
hemolysis in control samples. 


RESULTS 


Enzymatic activity on purified substrates and egg 
yolk lipoprotein. Synthetic L-a-dipalmitoyl phospha- 
tidylcholine or purified egg phosphatidylcholine were 
poorly hydrolyzed by the phopholipases Ao, in agree- 
ment with data published previously [15, 16]. On 
mixed micelles of the phospholipids, however, with 
the non-ionic detergent Triton X-100 added at a 2:1 
or 4:1 molar ratio, linear hydrolysis-time curves 
were obtained, and the latter system was used for 
all further determinations on purified phospholipids. 
With purified egg phosphatidylcholine as substrate, 
the N. nigricollis phospholipase Az had an apparent 
K,, of 4.2mM and a V,,,, of 250 u-equiv. free fatty 
acids liberated/min per mg, while for H. haemachatus 
phospholipase Az the corresponding values for Km 
and V,,,, were 2.2 and 1052 respectively. As seen 
in Fig. 1, both enzymes showed similar pH depen- 
dencies in Tris-HCI buffer, with two maxima at pH 
6.0 and 9.0. Both enzymes also showed a similar 
steady rise in activity with increasing temperatures 
when tested between 10 and 70° (Fig. 2). Both 
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Fig. 1. pH Dependence of phospholipase A2 activities 
toward egg phosphatidylcholine. Assay conditions: | ml of 
7.5 mM phospholipid in 0.1 M Tris-HCI buffer containing 
10 mM CaCl and 15 mM Triton X-100 was incubated for 
10 min at 37° with either 4 ug N. nigricollis or 1 wg H. 
haemachatus phospholipase. The pH of all incubation mix- 
tures was checked before and after hydrolysis and was 
found to decrease by no more than 0.1-0.2 pH units, 
throughout the pH range of 3-10. Free fatty acids were 
assayed by titration. Symbols: (O---O) N. nigricollis; 
and (@——®) H. haemachatus. 


enzymes were equally activated by the addition of 
albumin and inhibited by palmitic acid and by the 
competitive inhibitor 2, 3-distearoyl-oxypropyl-B- 
hydroxyethylammonium acetate described by 


Rosenthal and Geyer [17]. Using synthetic L-a- 
dimyristoyl and L-a-dipalmitoyl phosphatidylcho- 


lines both below, at, and above their transition tem- 
peratures (23° and 41°, respectively), a strong pref- 
erence for the liquid—crystalline form was evident 
for both the N. nigricollis and the H. haemachatus 
enzymes (Fig. 3). 
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Fig. 2. Temperature dependence of phospholipase A2 activ- 
ities towards egg phosphatidylcholine. Assay conditions: 
1 ml of 12.5mM phospholipid in 0.1. M Tris-HCl buffer 
(pH 8.5) containing 10 mM CaCl and 25 mM Triton X-100 
was incubated for 20min at the temperatures indicated 
with either 2 ug N. nigricollis enzyme on 0.5 wg H. hae- 
machatus enzyme. Free fatty acids were assayed by titra- 
tion. Symbols: (O- - -O) N. nigricollis; and (@——®) H. 
haemachatus. 
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Fig. 3. Phospholipase A2 activities toward dimyristoyl and 
dipalmitoyl phosphatidylcholines as a functional of tran- 
sition temperatures. Assay conditions as in Fig. 1 except 
for the incubations being carried out at pH 8.5, with either 
2 ug N. nigricollis or 0.5 wg H. haemachatus phospholipase. 
Symbols: (©) N. nigricollis phospholipase; (@) H. hae- 
machatus phospholipase; (solid lines) dimyristoyl phos- 
phatidylcholine; and (dotted lines) dipalmitoyl phospha- 
tidylcholine. Transition temperatures at 23° and 41°, 
respectively, are indicated by arrows. 


The enzymatic activities of the two phospholipases 
were further compared on dilutions of egg yolk in 
Tris-buffered saline. Phospholipids in this native, 
soluble lipoprotein are readily hydrolyzed by both 
enzymes, without addition of detergent, the apparent 
K,, and Vmax values being, respectively, 29 mM and 
365 u-equiv. free fatty acids liberated per min per 
mg for N. nigricollis and 25 mM and 616 pu-equiv. 
per min per mg for H. haemachatus phospholipase 
A,. With egg yolk as substrate, the two enzymes 
showed largely similar pH dependencies, except for 
the optimal pH being 6.0 for H. haemachatus and 
5.0 for N. nigricollis. 

The substrate preferences of the two enzymes were 
investigated on four purified phospholipids from 
natural sources, i.e, L-a-phosphatidylcholine from 
egg yolk (PC), bovine L-a-phosphatidylethanolam- 
ine (PE), L-a-phosphatidylserine from brains (PS) 
and soybean L-a-phosphatidylinositol (PI), with the 
substrates taken either singly, or in various combi- 
nations. Since we established previously that H. hae- 
machatus phospholipase A: has a higher activity on 
egg phosphatidylcholine than the N._ nigricollis 
enzyme, we adjusted the amount of the two enzymes 
so as to compare hydrolysis of the other substrates 
in conditions giving about equal PC hydrolysis. This 
was achieved by using 0.5 ug of N. nigricollis and 
0.3 ug of H. haemachatus enzyme (Table 1). Addi- 
tional differences in the substrate preference of the 
two enzymes were thus revealed, most obvious being 
the very poor activity of the H. haemachatus enzyme 
towards PE (Table 1). A comparison of the two 
phospholipases, both at concentrations of 1 ug/ml, 
showed about 80 per cent PE hydrolysis being 
induced by N. nigricollis and only 10 per cent by H. 
haemachatus phospholipase A: in a 5-min incubation 
(not in Table 1). About 80 per cent hydrolysis of PE 
in 5 min was reached only by increasing the amount 
of the H. haemachatus enzyme to 10 ug. Neither of 
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Table 1. 


Phospholipase A2 activities toward substrates 
taken singly and in mixtures* 





Per cent hydrolysis (¢ + S.D.) 
Substrates N. nigricollis H. haemachatus 


a b 


= 








WwMN bd 


+ OF 
+ 0 


Ww WW Wd bo 


* The reaction mixture (1 ml) contained: 0.6 mg 
phospholipid (approximately 0.75 mM), 0.1 M Tris-HCl 
buffer (pH 8.5), 10mM CaCl, 3mM Triton X-100 and 
either 0.5 wg N. nigricollis or 0.3 wg H. haemachatus phos- 
pholipase. In mixtures of two, the substrates were taken 
in equal amounts. Incubations were for 5 min at 37°. The 
phospholipids were separated by thin-layer chroma- 


tography [10]. Abbreviations: PC, phosphatidylcholine 
(egg yolk); PE, phosphatidylethanolamine (bovine); PS, 
phosphatidylserine (brain); and PI, phosphatidylinositol 
(soybean). N = number of experiments. 

+ Chromatography according to Ref. [13]. 


the enzymes was active on PS or on PI when these 
phospholipids were assayed as single substrates. 
However, with both enzymes, the hydrolysis of PE 
was increased by addition of PC. The addition of PC 
also induced the hydrolysis of PS and PI, while PE 
induced the hydrolysis of PS by the N. nigricollis 
enzyme. In all cases, when comparing the two 
enzymes at amounts which hydrolyze PC at about 
an equal extent, the H. haemachatus enzyme showed 
less activity on PE and PI and no significant activity 
on PS as contrasted to the phospholipase from N. 
nigricollis (Table 1). 

When all four substrates, supplemented with 
sphingomyelin as an internal standard, were com- 
bined either in equal proportions, or in proportions 
resembling the phospholipid distributions character- 


E. CONDREA, C-C. YANG and P. ROSENBERG 


istic for the human red cell membrane [18], rat brain 
tissue [18] or electric eel Sachs organ [19], the two 
enzymes exhibited different sequences of substrate 
preference (Table 2). With the four substrates in 
equal proportions, the sequence for N. nigricollis 
phospholipase was PE > PC = PS, while the H. 
haemachatus enzyme hydrolyzed PE and PC equally, 
with little or no hydrolysis of PS. No hydrolysis of 
PI occurred with either of the enzymes. With the 
three phospholipid model mixtures (‘red cell’, ‘brain’ 
and ‘Sachs organ’), the sequences of substrate 
hydrolysis by the two phospholipases were strikingly 
different. The main feature was the ability of the N. 
nigricollis enzyme to hydrolyze PS, in contrast to the 
H. haemachatus enzyme which caused little or no 
hydrolysis. Because of the small amounts of PI in 
the model mixtures, it was not possible to measure 
accurately its hydrolysis. 

Hydrolysis of substrates in red cell membranes. 
The red cell membrane, whose phospholipid com- 
position and location within the membrane are well 
known [20], was used for comparing the hydrolytic 
ability of the two phospholipases on membrane- 
organized substrates. We exposed to enzymatic 
treatment red cell membranes in different stages of 
organization, such as intact cells in isotonic media, 
permeable red cell membranes prepared by osmotic 
hemolysis, as well as membranes solubilized by Tri- 
ton X-100. 

In intact human red cells obtained from freshly 
drawn blood, both phospholipases (120 ug/ml) 
induced a pattern of hydrolysis consistent with an 
attack on the externally located phospholipids, i.e. 
splitting of about 70 per cent of PC, 10-20 per cent 
of PE and little or no PS. The H. haemachatus 
enzyme was nonhemolytic in up to 2 hr of incubation, 
while N. nigricollis phospholipase induced 15-20 per 
cent hemolysis paralleled by a slight increase in PE 
hydrolysis (up to 25 per cent) in 2 hr. 

While no essential difference between the actions 
of the two enzymes appeared where tested on red 
cells from freshly drawn blood, a striking disparity 
in behavior could be demonstrated on human red 
cells separated from stored, outdated blood obtained 
from the blood bank. These more fragile, ATP- 
depleted cells [21] were readily hemolyzed by N. 


Table 2. Phospholipase A2 activities toward mixtures of phospholipids taken in equal amounts and 
in ‘model mixtures’* 





Phospholipids 
mixture or model N 


Per cent hydrolysis (¢ + $.D.) 
N. nigricollis 


H. haemachatus 





Equal amounts 4 
Red cell 4-5 
Rat brain 4 
Eel Sachs organ 2 


I+ I+ I+ I+ 





* Reaction mixture as in Table 1 except for the phospholipid concentrations being 1.2 mg/ml 
(approximately 1.5mM). In the ‘model mixtures’ the phospholipids were taken in the following 
proportions: Red cell model: SM, 24; PC, 28; PI, 1; PE, 26; and PS, 13. Rat brain model: SM, 6; 
PC, 37; PI, 5; PE, 36; and PS, 12. Eet Sachs organ model: SM, 4; PC, 54; PI, 4; PE, 27; and PS, 5. 
Incubation and chromatography as in Table 1. In “Equal amounts” mixture, PI was not hydrolyzed; 
not determined in other mixtures. Abbreviations: PC, phosphatidylcholine (egg yolk); PE, phospha- 
tidylethanolamine (bovine); PS, phosphatidylserine (brain); PI, phosphatidylinositol (soybean); and 


SM, sphingomyelin. N = number of experiments. 
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Fig. 4. Phospholipid hydrolysis and hemolysis induced by phospholipases A2 in human erythrocytes 

separated from stored blood. Assay conditions: 1-ml red cells suspensions in isotonic saline, containing 

10 mM Tris-HCl (pH 7.4) and 1 mM CaCl, were incubated at 37° with 120 yg of either H. haemachatus 

or N. nigricollis phospholipase Az, for the times indicated. Phospholipids were extracted and separated 

by thin-layer chromatography. Symbols: (@) phosphatidylcholine; (©) phosphatidylethanolamine; 
(A) phosphatidylserine; and (@) hemoglobin. 


nigricollis phospholipase, complete hemolysis with 
hydrolysis of all phospholipid substrates being 
reached by the end of a 2-hr incubation. In contrast, 
these ATP-depleted red cells were not hemolyzed 
by the H. haemachatus enzyme, and phospholipid 
hydrolysis did not advance beyond that of the 
exposed outer lipid layer, as observed with the fresh 
red cells (Fig. 4). In experimental conditions as 
shown in Fig. 4, addition of EDTA (50 mM), which 
inhibits the venom phospholipase A: activity [22], 
abolished the hemolysis caused by the N. nigricollis 
enzyme, while addition of heparin, in amounts per 
weight equal to those of enzyme, had no effect. 
Heparin is known to prevent hemolysis induced by 
venom direct lytic factor [23]. 

The difference in hemolytic and subsequent 
phospholipid splitting ability of the two phospholi- 
pases was further documented on fresh guinea pig 
red cells which are naturally more susceptible to 
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venom-induced hemolysis [23]. Indeed, the N. nigri- 
collis enzyme induced marked hemolysis and com- 
plete hydrolysis of the membrane phospholipids, 
while H. haemachatus phospholipase was non-lytic 
and phospholipid hydrolysis was only slight (Fig. 5). 
In contrast to the intact red cell on which the enzy- 
matic attack by the phospholipases is limited to the 
outside of the cell, the permeable membrane pre- 
pared by osmotic hemolysis is considered as freely 
accessible to the enzyme from both sides. Both 
enzyme preparations hydrolyzed isolated red cell 
membranes readily, the H. haemachatus phospho- 
lipase exhibiting an overall higher activity than the 
N. nigricollis enzyme when compared at equal con- 
centrations (Fig. 6). The order of substrate preter- 
ence was similar for bothenzymes, i.e. PE > PC > PS, 
except for the two lower concentrations of N. nigri- 
collis enzyme where PS was hydrolyzed slightly more 
than PC. While, for the H. haemachatus enzyme, 
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Fig. 5. Phospholipid hydrolysis and hemolysis induced by phospholipase Az in guinea pig erythrocytes. 
Assay conditions as in Fig. 4 except for the enzymes being in a concentration of 30 ug/ml. Symbols: 
(@) phosphatidylcholine; (O) phosphatidylethanolamine; (A) phosphatidylserine; and (M) hemoglobin. 
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Fig. 6. Phospholipid hydrolysis induced by phospholipases A2 in isolated human red cell membranes. 

Assay conditions: 1-ml membrane suspensions in 10 mM Tris-HCl buffer (pH 7.4) and 10mM CaCh 

were incubated for 5 min at 37° with the amounts of enzyme indicated. Phospholipids were extracted 

and separated by thin-layer chromatography. Symbols: (open bars) phosphatidylethanolamine (PE); 
(hatched bars) phosphatidylcholine (PC); and (solid bars) phosphatidylserine (PS). 


this sequence agrees well with the findings on the 
“red cell’ model phospholipid mixture, it is at vari- 
ance with the sequence established for N. nigricollis 
on the same model (Table 2), which was character- 
ized by a high preference for PS over PC. Since this 
finding suggested that a significant degree of PS 
sequestration within the membrane still prevails in 
the permeable ghosts, we checked this assumption 
by adding the two enzymes to membrane prep- 
arations which had been completely solubilized by 
addition of Triton X-100 at a high Triton/ 
phospholipid molar ratio (~18:1). Indeed, on the 
Triton-solubilized membranes, the N. nigricollis 
enzyme recovered the characteristic substrate pref- 
erence, as evidenced by the hydrolysis sequence 
PE = PS > PC (Fig. 7). A high degree of PS hydroly- 
sis by N. nigricollis enzyme could also be promoted 
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by storage of permeable membrane preparations at 
4° for about 3 days. At the high Triton/phospholipid 
ratios used in the solubilized membrane experiments, 
Triton X-100 had opposite effects on the two phos- 
pholipases, enhancing the activity of N. nigricollis 
phospholipase and partially inhibiting that of H. 
haemachatus (compare columns D with C in Fig. 7 
and with hydrolysis at 2.4 wg enzyme in Fig. 6). 


DISCUSSION 


Studies of enzyme kinetics and substrate speci- 
ficities of phospholipase are hindered by the very 
low activity rates obtained with purified phospholi- 
pases. In the present study, therefore, we assayed 
N. nigricollis and H. haemachatus phospholipases on 
purified phospholipids in mixed micelles with Triton 
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Fig. 7. Phospholipid hydrolysis induced by phospholipases A, in red cell membranes modified by Triton 

X-100 or by storage. Assay conditions as in Fig. 6, except that samples A, B and C were solubilized 

with Triton X-100 in Triton/phospholipid at an approximate molar ratio of 18:1. Sample D contained 

no Triton, but the membrane suspensions were stored for 3 days at +4°, prior to enzyme treatment. 

Symbols: (open bars) phosphatidylethanolamine (PE); (hatched bars) phosphatidylcholine (PC); and 
(solid bars) phosphatidylserine (PS). 
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at 2:1 or 4:1 detergent to lipid ratios, at which 
hydrolysis rates are maximal [9, 24-29]. With puri- 
fied egg phosphatidylcholine as substrate, the two 
enzymes were similarly affected by inhibitors and 
activators, temperature and pH. Both on purified 
egg phosphatidylcholine and on native egg yolk 
lipoprotein. H. haemachatus enzyme exhibited V,,,, 
values 2- to 4-fold higher than the N. nigricollis 
phospholipase. 

Studies with detergent-free phospholipid lipo- 
somes revealed that phospholipases A2 from various 
sources respond differently to thermotropic phase 
transitions of the substrates [30, 31]. Naja naja phos- 
pholipase A2, tested on mixed micelles of phospho- 
lipid with Triton X-100 in a 2:1 detergent to lipid 
ratio, exhibited a 7-fold increase in hydrolytic rate 
at temperatures above the transition point [24]. Sim- 
ilarly, our results show that both N. nigricollis and 
H. haemachatus enzymes hydrolyzed two saturated 
phosphatidylcholines in mixed micelles with Triton, 
at 4- to 7-fold higher rates at elevated temperatures 
where the substrates are in the liquid-crystal phase. 
The increased rates above the transition temperature 
observed in Triton-containing systems of low Tri- 
ton/lipid ratios are interpreted by Dennis [24] as 
reflecting mainly an increased ability of ‘melted’ 
phospholipid to incorporate itself into mixed 
micelles, as opposed to phospholipid in the gel phase. 

The comparison of N. nigricollis and H. haema- 
chatus phospholipases A2 on purified phospholipids, 
taken either singly or in various combinations, 
revealed significant differences in substrate speci- 
ficity, and documented the fact that the hydrolysis 
of one substrate is modified by the presence of other 
phospholipid species. Activation of hydrolysis of one 
lipid by another is best illustrated with PS, a substrate 
which is not hydrolyzed by either of the two phos- 
pholipases when tested singly, while appreciable 
hydrolysis by the N. nigricollis enzyme is promoted 
in various mixtures. In all cases, the ability of the 
H. haemachatus enzyme to hydrolyze PS was much 
lower than that of the N. nigricollis enzyme. 

The inability of a phospholipase Az from another 
venom, that of N. naja, to hydrolyze PS was related 
to the fact that, in media containing 10 mM Ca’*, 
this acidic phospholipid precipitates from solution 
[28]. The fact that we obtained high levels of PS 
hydrolysis by N. nigricollis phospholipase in mixed 
substrates at 10 mM Ca** concentrations suggests a 
redistribution of Ca** with maintenance of PS in the 
micellar state. The same might apply also to the 
promotion of PI hydrolysis by N. nigricollis when in 
the presence of PC. The high levels of PS hydrolysis, 
obtained by N. nigricollis enzyme in the conditions 
described above, indicate that the low activity of the 
H. haemachatus enzyme (under similar conditions) 
reflects a true difference in substrate specificity. 

Previous studies have demonstrated that the rate 
and extent of phospholipase hydrolysis of mem- 
brane-embedded substrate depends not only on spe- 
cific preference of the enzyme but also on the degree 
of substrate exposure and the nature and amount of 
the other phospholipid species available (29, 32, 33]. 
In turn, the exposure of a substrate varies with the 
state of the membrane, in terms of permeability, 
energy level within the cell, etc. [32, 34-36]. There- 
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fore, we compared the abilities of N. nigricollis and 
H. haemachatus enzyme to hydrolyze substrates in 
intact red cell membranes and in membranes modi- 
fied by prolonged storage, osmotic hemolysis, or 
disintegration with Triton X-100. 

Consistent with previous data on a number of 
purified phospholipases [20,32], the N. nigricollis 
and H. haemachatus enzymes do not hemolyze 
human red cells isolated from fresh blood, and the 
hydrolysis they induce reflects the phospholipid 
exposure in the membrane outer layer. For PC, this 
amounts to about 70 per cent of the total [20]. When 
assayed on permeable human red cell membranes 
prepared by osmotic hemolysis, the phospholipid 
substrates were hydrolyzed in a sequence of pref- 
erence which was PE > PC > PS for both enzymes. 
The osmotic ghosts are considered to have their 
phospholipids freely exposed to the enzyme so that 
sequences of substrate hydrolysis are taken to reflect 
enzyme specificity. Our data, however, indicate that 
PS in the osmotic ghosts is still partially shielded 
from the enzyme. We based our conclusion on a 
comparison of the sequences obtained on osmotic 
ghosts, on Triton-disintegrated ghosts, and with lipid 
mixtures mimicking the red cell membrane. N. 
nigricollis phospholipase, which has a high ability to 
hydrolyze PS in lipid mixtures and shows the 
sequences PS=PC, regained this characteristic 
property only when permeable ghosts were disin- 
tegrated with a high concentration of Triton. 
Obviously, this would not be apparent when using 
a phospholipase with intrinsically low activity on PS 
such as the H. haemachatus enzyme tested by us or 
the N. naja enzyme employed by Adamich and Den- 
nis [29]. 

The possibility that Triton specifically promotes 
high PS hydrolysis is ruled out by the finding that 
unmasking of this lipid was also achieved with pro- 
longed storage of the ghosts. Since PS is located 
entirely within the membrane inner half, its shielded 
state in the presumably ‘freely permeable’ ghosts is 
not surprising. Our previous finding that PS is not 
hydrolyzed by Vipera palestinae phospholipase in 
freshly prepared ghosts but becomes susceptible to 
hydrolysis after spectrin-depletion and storage of the 
membranes [37] agrees with the present data. The 
effect of Triton on membrane phospholipid hydroly- 
sis is dual; on one hand it exposes the substrates by 
disintegrating the membrane structure and on the 
other hand, at the relatively large ratios used for 
membrane disruption (Triton to phospholipid molar 
ratio of 18:1), it exerts an inhibiting effect on 
hydrolysis. This was observed in experiments with 
H. haemachatus but not with the N. nigricollis 
enzyme. Further investigation would be necessary 
to establish why the two enzymes respond differently 
to inhibition by excess Triton. 

The most striking difference between the two 
phospholipases resides in the ability of the N. nigri- 
collis enzyme to hemolyze and hydrolyze phospho- 
lipids of fresh guinea pig cells and of human red cells 
separated from stored outdated blood, in contrast 
to the phospholipase of H. haemachatus venom. 
Previous reports on a direct lytic effect of the N. 
nigricollis phospholipase have appeared in the lit- 
erature. Thus, Dumarey et al. [38] observed lysis of 
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human and horse erythrocytes following pre-heating 
at 45° for 30 min, and Lee et al. [39] reported on 
lysis of guinea pig red cells at 37°. Another basic 
phospholipase from Agkistrodon halys blomhofii 
venom directly hemolyzed and induced phospholipid 
hydrolysis in human red cells when the reaction was 
carried out at elevated pH or at increased Ca** 
concentration (up to 40 mM) [34]. In these conditions 
the enzymically induced hemolysis was associated 
with low intracellular ATP levels [34]. The A. h. 
blomhofii phospholipase was also able to hemolyze 
guinea pig red cells in the same experimental con- 
ditions as for human erythrocytes [34]. Our results 
on erythrocytes from stored outdated blood confirm 
the association of direct hemolysis with low energy 
levels in the cells. However, we found that N. nigri- 
collis phospholipase directly hemolyzes fresh guinea 
pig cells at neutral pH and 1 mM Ca’**, conditions 
in which fresh human red cells resist hemolysis. 

The direct lytic and phospholipid splitting ability 
of the N. nigricollis enzyme resembles the synergistic 
effects induced by a combination of direct lytic factor 
and phospholipase A2 [23]. It seemed an attractive 
speculation that the N. nigricollis phospholipase, a 
protein with both positive charge and enzymatic 
activity, combines the properties of the direct lytic 
factor and phospholipase activity in the same mol- 
ecule. However, the fact that heparin, a direct lytic 
factor-inhibitor [23], failed to prevent direct hemo- 
lysis by N. nigricollis enzyme does not give support 
to this analogy. The question of whether the direct 
lytic property is unique to basic phospholipases has 
been asked before. Reports by Martin et al. [34] and 
by Haest and Deuticke [40] document the fact that 
an acidic phospholipase isolated from N. naja is also 
capable of inducing direct hemolysis and phospho- 
lipid hydrolysis of human erythrocytes at elevated 
pH and 40 mM Ca’* [34] or at neutral pH and 10 mM 
Ca** following preincubation of the cells for 24 hr 
in glucose-free media [40]. Both the Crotalus ada- 
manteus enzyme and the acidic phospholipase from 
A. h. blomhofii were inactive in the above conditions 
[34]. 

We found, in conclusion, that the toxic phospho- 
lipase Az from N. nigricollis venom differs from the 
non-toxic H. haemachatus phospholipase both in 
substrate specificity and in ability to attack suscep- 
tible membrane structures. Whether these differ- 
ences are relevant to their pharmacological effects 
is the object of further studies, some completed [1] 
and others in progress, in which both native enzymes 
and enzymes chemically modified at defined sites are 
compared for changes in toxicity and/or enzymatic 
parameters. 
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Abstract—Despite a remarkable degree of homology in amino acid sequence, the neutral phospholipase 
Ao from Hemachatus haemachatus venom is much less toxic than the basic phospholipase Az from Naja 
nigricollis venom, the i.v. LDso in mice for the two being, respectively, 8.6 and 0.63 mg/kg. Similarly 
following intraventricular injection into rats, the neutral phospholipase showed convulsant and lethal 
doseso values of about 7.5 and 15 wg per rat, respectively, whereas corresponding values for the basic 
phospholipase were 0.5 and 0.5 ug per rat. Death appears to be due to congestion, hemorrhage and 
edema in the lungs. Consideration of dosages required and times until onset of action suggests that, 
dependent upon the route of administration, the effect is either mediated via a central action or is due 
to a direct effect on the cardiac and/or respiratory system in the periphery. The pattern and extent of 
phospholipid hydrolysis in various brain regions was similar following intraventricular injection of the 
two phospholipases so that no relationship between phospholipid hydrolysis and lethal potency could 
be established. Concentrations of 5 and 10 ug/ml of the N. nigricollis and H.haemachatus phospholipases, 
respectively, were required to block electrical activity of the isolated single electroplax. The ultrastruc- 
tural changes produced by both phospholipases were also similar. Parallel to the somewhat greater 
potency on the electroplax, N. nigricollis phospholipase produced slightly greater overall hydrolysis in 
the innervated and non-innervated membranes of the electroplax than did H. haemachatus phospholipase. 
The results suggest that these two phospholipases do not have a specific junctional effect and that the 
small difference in potency on the junction cannot be responsible for the large difference in lethality 
observed in mammalian species. 


The main lethal components in many snake venoms 
are non-enzymatic toxins which have post-synaptic 
curare-like actions [1]. However, certain pre-syn- 
aptically acting toxins have phospholipase Az 
(EC 3.1.1.4) activity and, indeed, many venom phos- 
pholipases have potent and varied biological effects 
[2]. In general, basic phospholipase A2 enzymes have 
been found to be more toxic than the acidic or neutral 
phospholipases. However, no direct relationship has 
been observed between biological potency and the 
level of in vitro enzymatic activity [2]. 

We chose for our studies two phospholipases, both 
derived from venoms of elapid snakes, whose com- 
plete amino acid sequences are known and show a 
high degree of homology. In spite of these similar- 
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ities, they differ greatly in their toxicity. It is hoped 
that the use of these two phospholipases in our 
studies will allow us to determine if differences in 
toxicity can be related to differences in phospholipid 
hydrolysis. To define more clearly the role of phos- 
pholipase activity in toxicity, future studies will 
examine how structural modifications of the phos- 
pholipases alter their pharmacological and enzymatic 
effects. 

In our preceding paper [3], we reported that a 
basic, toxic phospholipase Az from Naja nigricollis 
venom differs from a non-toxic, neutral phospholi- 
pase A2 from Hemachatus haemachatus venom in 
substrate specificity. The N. nigricollis enzyme 
induced hemolysis and complete hydrolysis of mem- 
branal phospholipids in guinea pig red blood cells 
and stored human red blood cells, whereas the H. 
haemachatus enzyme was non-hemolytic and hydro- 
lyzed only the externally oriented membranal 
phospholipids. 

In this paper we have attempted to determine 
whether phospholipid hydrolysis induced by these 
two enzymes is correlated with their pharmacological 
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activities, including i.v. LDso values in mice, effects 
on the electrical activity and u/Tr, structure of the 
eel electroplax, potency following intraventricular 
injection into rats, and pathological effects in tissues 
of rats and mice. 


MATERIALS AND METHODS 


Pure phospholipases A, (EC 3.1.1.4) were isolated 
from H. haemachatus (Fraction DE-1) and N. nigri- 
collis (CMS-9) crude venoms by one of the authors 
(C. C. Y.), using methods described in our preceding 
manuscript [3]. Triton X-100 was purchased from 
the Sigma Chemical Co., St. Louis, MO. Silica gel 
HR (Merck) and ninhydrin spray reagent were pur- 
chased from Brinkmann Instruments, Inc., West- 
bury, NY. Crystalline bovine serum albumin (BSA) 
and sodium dodecy! sulfate (SDS) were obtained 
from the Sigma Chemical Co., and Fiske-Subba Row 
reagent and Folin—Ciocalteu reagent from the Fisher 
Scientific Co., Fair Lawn, NJ. 6-Bungarotoxin was 
purchased from Miami Serpentarium Laboratories, 
Miami, FL. 

LDso determinations. Swiss-Webster mice (22-25 g) 
were injected intravenously via the tail vein with the 
phospholipases contained in 0.1 ml of mammalian 
Ringer’s solution [4]. Times to death and signs 
associated with envenomation were recorded over 
an 8 hr period. Due to the limited supplies of pure 
phospholipases A2, the LDso value was estimated by 
injecting six animals at each of seven dosages 
(range 90-720 yug/kg) for N. nigricollis venom phos- 
pholipase A2 and two animals at each of seven dos- 
ages (range 3800-11 ,000 wg/kg) for H. haemachatus 


venom phospholipase A2. For both phospholipases 
the Lbs» values were estimated as the midpoint 
between the highest dosage lethal to less than 50 per 
cent of the mice and the lowest dosage lethal to more 
than 50 per cent of the mice injected. 

Extracellular recording from the eel electroplax. 
Electric eels (Electrophorus electricus), about 1.5 m 


in length, were purchased from Worldwide 
Aquarium (Ardsley, NY) and maintained at 28° in 
an aerated and filtered aquarium. At room temper- 
ature, using extracellular recording electrodes, 
action potentials following direct and indirect (syn- 
aptic) membrane depolarization were recorded from 
single cells isolated from the Sachs organ [5], and 
incubated in eel Ringer’s solution [6]. The prep- 
aration was stimulated every 30 sec with monophasic 
pulses of 0.1 msec duration. 

Phospholipid and protein analysis in eel electro- 
plax. Isolated single electroplax were incubated at 
room temperature for 30 min with the appropriate 
concentration of phospholipase A: in eel Ringer’s 
solution. Incubation was terminated, and enzymatic 
activity was stopped by the addition of EDTA to a 
final concentration of 10 mM; the cells were frozen 
overnight. After thawing, the innervated and non- 
innervated membranes were separated by micro-dis- 
section as described previously [7,8]. The mem- 
branes were blotted, lyophilized and weighed, and 
the lipid fraction was extracted with chloroform— 
methanol (2:1) [9]. Protein was determined on the 
residue using the method of Lowry ef al. [10], as 
modified by Markwell et al. [11]. Phospholipids were 
separated by thin-layer chromatography on a micro 
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scale using a modification of the method of Kleinig 
and Lempert [12] as described by Knickelbein and 
Rosenberg [13]. After visualization with iodine 
vapors and ninhydrin, the phosphorus contents of 
the separated spots were determined [13]. Total lipid 
phosphorus values were determined on aliquots of 
the lipid extract. 

Electron microscopy. Isolated single electroplax 
cells were incubated at room temperature for 30 min 
with eel Ringer’s solution containing phospholipase 
A2. The reaction was terminated by placing the cells 
in a mixture of 3 per cent formaldehyde and 0.5 per 
cent glutaraldehyde in 0.005 M phosphate buffer, 
pH 7.2, containing 0.1 per cent magnesium chloride. 
Further steps of preparation, including postfixing in 
2 per cent osmium tetroxide and photography in a 
Phillips EM 300 electron microscope were as 
described previously [14]. 

Intraventricular injection of phospholipase A2. The 
phospholipases in 50 ul of artificial cerebrospinal 
fluid [15] were injected into the right lateral ventricle 
of male albino Sprague—Dawley rats (300-400 g) fol- 
lowing the method of Noble er al. [16] as described 
previously [17]. 

Approximate values for convulsant doseso(cDso) 
and lethal dose so(LDs») were calculated using a mini- 
mum of four animals in each dosage group for each 
phospholipase A). 

Phospholipid analysis in rat brain. For the in vivo 
studies, brains were removed after decapitation at 
a predetermined time interval (for rats injected with 
2.5 wg of phospholipase A> from H. haemachatus) 
or at the time of death (all other animals). Each 
brain was placed immediately in cold mammalian 
Ringer’s solution [4] which contained 10 mM EDTA, 
to block phospholipase activity, and while com- 
pletely immersed in this solution was rapidly sep- 
arated into the following regions: cerebellum, pons- 
medulla, cerebral cortex, and the rest of the brain. 
The brain regions were then homogenized in a Pot- 
ter-Elvehjem homogenizer in mammalian Ringer’s 
-EDTA solution. 

For the in vitro studies, rats were decapitated and 
whole brain or brain regions were homogenized as 
described above except for the omission of EDTA. 
Phospholipase A> was added in a 50 ul vol. of mam- 
malian Ringer’s solution to a 1-ml aliquot of each 
homogenate, incubated in a shaker bath at 37° for 
30 min and the lipids extracted. In a number of 
experiments, Triton X-100 was added prior to 
enzyme treatment in a 9:1 molar ratio of Triton— 
phospholipid. 

Lipids were extracted using chloroform—methanol 
(1:3, v/v) according to the method of Folch et al. 
[18]. Thin-layer chromatography [19] was used to 
separate individual phospholipids which were visual- 
ized in iodine vapor and ninhydrin, scraped, and the 
phosphorus content determined [20]. 

Histologic preparation of tissues. Tissue sections 
(6 w~m) were prepared from formalin-fixed paraffin- 
embedded tissues taken from the brain, heart, kid- 
ney, liver, lung, spleen, adrenal gland, and small 
and large intestine. These were stained with hema- 
toxylin and eosin. 

RESULTS 


Lethality and convulsant effects in mice and rats. 
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Table 1. Convulsant and lethal effects of purified phospholipases Az (PLA2) from H. haemachatus and 
N. nigricollis venoms following intraventricular injection into rats* 





Dose Total 


(ug/rat) 


No. of rats 


Convulsions Death 





No. of 
rats 


No. of 
rats 


Onset 
(min) 





H. haemachatus PLA, 


N. nigricollis PLA, 
12 
10 


0 


8 < 8 390 + 20 


1 276 
7 276 + 20 
10 209 + 21 





* Times are presented as means + S.E. based upon the numbers of rats shown. 


The approximate i.v. LDsy in mice was 0.63 mg/kg 
for N. nigricollis phospholipase A, and 8.6 mg/kg for 
H. haemachatus phospholipase A. The dose- 
response curves for both enzymes were very steep. 
Times to death ranged from 30 to 120 min with either 
phospholipase. Signs included decreased mobility, 
cyanosis, lacrimation and exophthalmos. Occasion- 
ally convulsions, most probably of the agonal type, 
were seen immediately prior to death. 

The intraventricular LDs» in rats was about 
15 wg/animal for H. haemachatus phospholipase A: 
and 0.5 ug/animal for N. nigricollis phospholipase 
A2 (Table 1). Recurrent convulsive episodes were 
seen following intraventricular administration of 
both phospholipases, resembling those reported fol- 
lowing administration of cobra (Naja naja) venom 
phospholipase [17]. The cpso values for the H. hae- 
machatus and N. nigricollis phospholipases were 
about 7.5 and 0.5 ug, respectively. Seizure episodes 
following administration of H. haemachatus phos- 
pholipase A2 were, in comparison, more prolonged, 
whereas N. nigricollis-induced convulsions were 
more intense. In nearly all cases, rats injected with 


either phospholipase A2 experienced dyspnea from 
about the time the animal began to convulse to the 
time of death, with death appearing to be due to 
respiratory failure. 

Pathology. Two mice were injected intravenously 
with N. nigricollis phospholipase A> (1 mg/kg) and 
two with H. haemachatus phospholipase A: 
(10 mg/kg). Two rats were injected intraventricularly 
with the N. nigricollis enzyme (2.5 wg), while two 
others received the H. haemachatus enzyme (20 pg). 
All of the animals died from the injections, after 
which gross and histopathologic examinations at the 
light microscopic level were made. Gross examina- 
tion showed visceral congestion including lung and 
liver congestion and subserosal petechiae in all 
animals. The kidneys of rats and mice injected with 
N. nigricollis phospholipase had renal tubular dila- 
tation and albumin casts (Fig. 1). No glomerular 
lesions were apparent at the light microscopic level; 
however, the renal changes are probably due to 
toxin-induced glomerular damage since the casts are 
hyaline rather than the brown color seen with hemo- 
globin nephropathy. Lungs of all animals showed 


Fig. 1. Kidney from a rat injected intraventricularly with N. nigricollis phospholipase A, (2.5 ug). There 
are albumin casts in collecting ducts and distal convoluted tubules. Cytoplasmic vacuolization and 
nuclear pyknosis are also visible. Hematoxylin and eosin stain. 
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. Lung from a mouse injected intravenously with N.nigricollis phospholipase Az (1 mg/kg). 
Congestion, edema and hemorrhage are visible. Hematoxylin and eosin stain. 


multifocal hemorrhages, congestion and alveolar 
edema (Fig. 2). The lesions could be a direct effect 
of the phospholipase or secondary to cardiac and 
respiratory failure, either centrally or peripherally 
mediated. These pulmonary changes were probably 
responsible for the deaths of the animals. The brains 
of the rats showed some mild suppurative chorioditis, 
probably associated with the trauma of intraventri- 
cular injections. The other organs appeared normal. 
Hydrolysis of rat brain phospholipids in vivo. 
Phospholipid content in control whole brain and 
separate brain regions (results not shown) were in 
agreement with values in the literature [17,21]. 
Values of per cent hydrolysis are presented in 
Table 2 for intraventricular doses of 20 wg of each 
of the phospholipases A2. A three-way analysis of 
variance indicated that the phospholipase A2 from 
H. haemachatus produced a greater oVerall hydroly- 
sis of phospholipids than the phospholipase A2 from 
N. nigricollis (P < 0.05). Using the Newman-Keuls 


method [22,23], comparisons were made within clas- 
sifications of phospholipase, region and phospho- 
lipid, and of interactions. Greater hydrolysis was 
seen in the cerebellum and cerebral cortex than in 
pons-medulla and rest of brain. Phosphatidylcholine 
and phosphatidylserine were hydrolyzed to a greater 
extent than phosphatidylethanolamine. There were 
no significant differences in the extent of phospho- 
lipid hydrolysis by the two phospholipases which 
could explain their marked differences in potency 
following intraventricular injection. 

We also determined per cent hydrolysis values 
with both enzymes at a dose of 2.5 wg. Brains were 
taken, at the time of death of those rats injected 
with the N. nigricollis phospholipase A2, since this 
dose was lethal only for this enzyme. The overall 
level and individual values for hydrolysis were similar 
to those obtained at the 20 wg dose level (Table 2), 
which is lethal for both phospholipases A2, indicating 
that their difference in toxicity is not correlated with 


Table 2. Hydrolysis of phospholipids in rat brain regions after injection of 20 ug of phospholipase 
A2 from H. haemachatus or N. nigricollis venoms* 





Per cent phospholipid hydrolysis 
PS 


Brain region N.n. 


H.h. N.n. 


= 
= 
2 
= 





10+1 
23 
16+1 

9+] 


Cerebellum 
Pons-medulla 
Cerebral cortex 
Rest of brain 


18 +6 2 
0 

25+6 

10+7 


I+ 


NM OW Oo 
I+ I+ I+ I+ 
NM Od Ww 
Nore kk S 
I+ I+ I+ 

Nev 


I+ I+ I+ I+ 





* Rats were decapitated and brains were removed at the timé of death. Values of per cent 
hydrolysis of individual phospholipids in each brain region are presented as means + S.E. based 
on four experiments for each venom. Times until death are shown in Table 1. Hydrolysis of 
phosphatidylinositol was inconsistent. Abbreviations: H.h., H. haemachatus N.n., N. nigricollis; 
PC, phosphatidylcholine (lecithin); PE, phosphatidylethanolamine; and PS, phosphatidylserine. 
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MINUTES AFTER PHOSPHOLIPASE ADDITION 


Fig. 3. Effect of phospholipases A, from Naja nigricollis (N.n.) and Hemachatus haemachatus (H.h.) 

venoms on electrical activity of the isolated single electroplax. Electroplax were mounted to expose the 

innervated membrane to phospholipase A2 in 1 ml of eel Ringer’s solution at room temperature, 
subsequent to a 30-min equilibration period. Zero time indicates the time of enzyme addition. 


the extent of hydrolysis measured in brain regions. 
Hydrolysis of rat brain phospholipids in vitro. 
Phospholipase, in a range of concentrations (0.625-— 
5.0 ug/ml), induced higher levels of hydrolysis in 
homogenized tissue in vitro (results not shown) than 
following intraventricular administration (Table 2). 
A comparison of hydrolysis levels of individual 
phospholipid species in the two conditions reveals 
that phosphatidylethanolamine is poorly exposed to 
enzymatic degradation in the intact tissue as con- 
trasted to the homogenate. Homogenized tissue 
showed no consistent differences in hydrolysis among 
brain regions. The two phospholipases A> did not 
differ consistently in the extent of hydrolysis of phos- 
phatidycholine or phosphatidylethanolamine; how- 
ever, the phospholipase A2 from N. nigricollis pro- 
duced a greater hydrolysis of phosphatidylserine. 
The values of hydrolysis shown for both phospho- 
lipases Az in whole brains homogenized in mam- 
malian Ringer’s and Triton agree with values found 
for mixtures of purified phospholipids resembling 
the phospholipid composition of the rat brain [3]. 
Effects of phospholipases on electrical activity of 
the electroplax. The heights of the directly and 
indirectly evoked action potentials decreased over 
similar time courses after phospholipase A2 addition 
(Fig. 3). The phospholipase A2 from N. nigricollis 
venom appears to be about twice as potent as that 
from H. haemachatus venom. Concentrations of 
either phospholipase Az up to 400 ug/ml had no 
greater effect than that of 5 and 10 ug/ml concen- 
trations (shown in Fig. 3) on latency or rate of action 
potential decrease. Complete block of the action 
potential was usually obtained in about 60 min. 
Attempts to reverse (30-min wash) the phospholi- 
pase Ao effect after a 50 per cent decrease in action 
potential height were unsuccessful (results not 
shown). 6-Bungarotoxin, a known potent pre-syn- 
aptic toxin [24,25], had no effect on electroplax 
electrical activity at a concentration of 200 ug/ml. 
Electron microscopic findings. The effects of incu- 
bating the eel electroplax for 30 min in 200 ug of H. 
haemachatus phospholipase A,/ml (Fig. 5) were sim- 


ilar to those reported for Agkistrodon piscivorus 
venom phospholipase A2 [14] and should be com- 
pared to the control cell (Fig. 4). Mitochondrial 
swelling and vacuolization, disruption of membranal 
inpocketings, and the formation of clusters of small 
vesicles (approximately 0.1 wm) external to both the 
innervated and non-innervated membranes of the 
electroplax were observed (Fig. 5). The mitochon- 
dria and endoplasmic reticulum of the nerve endings 
were often distended. The extent of damage seen in 
cells treated with N. nigricollis venom phospholipase 
A: varied, for some unexplained reason, from little 
or no apparent damage to damage similar to that 
consistently observed with H. haemachatus venom 
phospholipase A: (Fig. 5). Due to this variation, no 
exact comparison can be made, between the two 
phospholipases A2, on the extent of damage in the 
eel electroplax. 

Phospholipid hydrolysis in the electroplax. The 
control values for phospholipid distribution (see 
footnote of Table 3) are in general agreement with 
previous reports [7,14]; however, we consistently 
observed that sphingomyelin and phosphatidylserine 
each constitute a greater percentage of total 
phospholipid content in the innervated than in the 
non-innervated membrane. Control total lipid phos- 
phorus values (¥ + S.E.M.; three determinations) 
for the innervated and the non-innervated mem- 
branes were 1.8+0.1 and 0.88 + 0.06 wg/mg dry 
weight, respectively. The per cent hydrolysis of 
phospholipids is shown in Table 3. Since there is 
little difference in the amount of hydrolysis observed 
at concentrations of 200 ug/ml (whole cells) and 
50 g/ml (separated membranes), a plateau appears 
to have been reached for substrate availability in the 
time period studied. 

A three-way analysis of variance for the data on 
the innervated and non-innervated membranes 
(Table 3) revealed (P< 0.001) that phospholipid 
hydrolysis by N. nigricollis phospholipase Az is 
greater than that by H. haemachatus phospholipase 
A2. Phospholipid hydrolysis in the non-innervated 
membrane is greater than in the innervated mem- 
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Table 3. Hydrolysis of major phospholipids in the eel electroplax* 





Source and concn of 


Tissue phospholipase 


Per cent Hydrolysis 


rc PS PE 





Whole cells 


Innervated 
membrane 
Non-innervated 
membrane 


. nigricollis (50 ug/ml) 


. nigricollis (50 ug/ml) 


. haemachatus (200 ug/ml) 
. nigricollis (200 ug/ml) 
. haemachatus (50 ug/ml) 


. haemachatus (50 ug/ml) 


40, 49 
60, 35 

925 
20+8 
36+9 
63 +6 


n > 
WI Wo 
~ 
= 
wn 
=u 

co) 


t 


& WwWwWh 
swnr 

I+ I+ I+ It poy 
WANANOD 
sr Ww 

or AN 

I+ I+ It I+ 
(oo ae 





* Measurements were made after incubation of whole single cells for 30 min with indicated 
source and concentration of phospholipase A;. Values represent duplicate determinations for 
single cells and + S.E.M. of four determinations for the separated membranes. Phosphatidyli- 
nositol was not hydrolyzed. For statistical analysis see Results section. Control per cent distri- 
bution: Whole cells: SM, 6.2 + 0.5(5); PC, 57 + 3(7); PI, 3.0 + 0.6(7):; PS. 7.0 + 1.6(7); and PE, 


26 + 0.5(7). Innervated membranes: SM, 8.5 + 1. 


1(8); PC, 50 + 2(10); PI, 3.9 + 0.4(9); PS, 11 + 


1(9); and PE, 29 + 1(10). Non-innervated membrane: SM, 3.2 + 0.3(11); PC, 55 + 1(11); PI, 
4.6 + 0.9(9); PS, 7.6+0.5(11); and PE, 28 + 1(11). Abbreviations: PC, phosphatidylcholine 
(lecithin); PS, phosphatidylserine; PE, phosphatidylethanolamine; SM, sphingomyelin; and PI, 


phosphatidylinositol. 


brane. The Newman-Keul’s test [22,23] showed (P < 
0.05) that N. nigricollis phospholipase A2 hydrolyzes 
phosphatidylserine, phosphatidylcholine and phos- 
phatidylethanolamine at levels higher than H. hae- 
machatus phospholipase A2 hydrolyzes phosphati- 
dylserine or phosphatidylethanolamine. In addition, 
N. nigricollis phospholipase Az hydrolyzes phospha- 
tidylserine at a level higher than H. haemachatus 
phospholipase Az hydrolyzes phosphatidylcholine. 
The overall amount of phosphatidycholine hydrolysis 
is not significantly different between the two phos- 
pholipases. H. haemachatus phospholipase Az dem- 
onstrated a substrate preference for phosphatidyl- 
choline over phosphatidylserine. Phosphatidyl- 
choline, phosphatidylserine and phosphatidylethan- 
olamine in the non-innervated membrane are more 
readily hydrolyzed than phosphatidylserine and’ 
phosphatidylethanolamine in the innervated mem- 
brane. The amount of phosphatidylcholine hydroly- 
sis is not significantly different between the two 
~embranes. In the innervated membrane, 
phosphatidylcholine is more readily hydrolyzed than 
phosphatidylethanolamine. 


DISCUSSION 


The cause of death in mice injected with the phos- 
pholipases intravenously, as well as in rats receiving 
the phospholipases by the intraventricular route, 

‘appears to be due to the marked congestion, hemor- 
rhage and edema in the lungs which may be a direct 
effect of the phospholipases or secondary to cardiac 
or respiratory failure. The other major pathological 
finding was kidney damage which was associated 
with the action of N. nigricollis phospholipase 
administered either intraventricularly or intra- 
venously. It was mentioned previously [26], although 
data were not provided, that N. nigricollis phospho- 
lipase A, induces kidney and lung damage. 


Since the pathological findings were similar fol- 
lowing peripheral and central injection of the phos- 
pholipases, the question arises as to whether this is 
a centrally or peripherally mediated effect. Our find- 
ing that N. nigricollis phospholipase induces kidney 
damage, even when administered centrally, strongly 
suggests that this phospholipase, at least, is able to 
penetrate through the blood-brain barrier, contrary 
to previous observations [27-30]. The total amount 
of each phospholipase required to cause death fol- 
lowing intraventricular injection into rats (approxi- 
mately 0.5 and 15 wg, respectively, per rat) is much 
less than is required after intravenous injection into 
mice (approximately 13 and 170 yg, respectively, per 
20g mouse). Other reports have also shown that 
phospholipase A2 from Naja naja venom [17] and 
from Vipera ammodytes venom [31] is more potent 
following the intraventricular route of administration 
as compared to peripheral routes of injection. This 
suggests that sites in the brain are more sensitive to, 
and may mediate the lethal effects of, the phospho- 
lipases, whether administered centrally or periph- 
erally. If this is the case, however, it is difficult to 
explain why the time to death is 3 or more hours 
following intraventricular injection. These findings 
suggest that the ultimate cause of death (lung dis- 
turbances) following intraventricular injection may 
be a centrally mediated indirect effect acting on 
sensitive structures in the brain, with relatively long 
periods of time being required for the effect to 
become manifest in the lungs (perhaps secondary to 
a centrally induced cardiac failure). Following intra- 
venous administration, the time to death is shorter 
because the phospholipase acts directly on the car- 
dio-respiratory system, although the sensitivity of 
the structures is less than that of the brain structures. 
Further support for this hypothesis is a difference 
in effects on the electrocardiogram (ECG) between 
the two routes of administration (unpublished obser- 





Fig. 4. Electron micrograph of control single electroplax. (A) Innervated surface. (B) Non-innervated surface. Note lack 
of vesicles external to the membrane and relatively normal appearance of mitochondria. Large nucleus in panel A shows 


some precipitated chromatin material. 


Note junctional region in panel A. 
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vations). Intravenous injection of N. nigricollis phos- 
pholipase A2 in mice produced ventricular tachycar- 
dia, progressing rapidly to ventricular fibrillation 
which occurred approximately 1 min before cessation 
of respiration. Intravenous administration of H. hae- 
machatus phospholipase, however, had no effect on 
the ECG. In contrast, after central administration 
into rats, the primary effect of both phospholipases 
involved a pattern of atrial tachyarrhythmias and 
decrease in atrioventricular conduction which 
increased in severity until cessation of respiration; 
ventricular fibrillation was not observed. Preliminary 
results in our laboratory also showed that an i.v. 
lethal dose of N. nigricollis phospholipase A2 is 
associated with much higher levels of phospholipid 
hydrolysis in heart than are produced by an equal 
but non-lethal dose of the H. haemachatus enzyme. 
In contrast, the levels of hydrolysis in lung tissue 
were very similar for both enzymes. These results 
suggest that the toxicity of N. nigricollis phospho- 
lipase Az, when administered intravenously, is due 
to a direct effect on the heart, while the less toxic 
enzyme has a peripheral action on some other tissue. 

We confirmed previous observations [32-36] that 
N. nigricollis phospholipase A2 is more toxic than 
H. haemachatus phospholipase as judged by our 
results in mice and rats following intravenous and 
intraventricular administration. Can this difference 
be related to differences in the types of phospholipid 
hydrolyzed? In our accompanying paper [3] we 
showed that these two phospholipases do differ in 
their substrate specificities. Our measurements of 
phospholipid hydrolysis in brain are of relevance to 
this problem since, as noted above, the central nerv- 
ous system seems to be sensitive to the intraventri- 
cular injection of small amounts of these phospho- 
lipases. We found, however, that no correlation can 
be drawn between phospholipid hydrolysis and tox- 
icity. We have, of course, made our analyses on 
large areas of the brain, and it is possible that selec- 
tive differences might have been observed had we 
used more discrete areas. Our results resemble, in 
some ways, those of Gubensek ef al. [31] who were 
unable to find a direct relationship between enzy- 
matic activity and toxicity of two phospholipase A: 
isoenzymes isolated from V. ammodytes venom. 

Following intraventricular injection, the pattern 
of phospholipid hydrolysis induced by the phospho- 
lipases does not agree with the specificity patterns 
observed in vitro on mixtures of pure phospholipids 
[3] or on brain homogenates. The in vitro results 
suggest that phosphatidylethanolamine is inaccessi- 
ble to the intraventricularly administered phospho- 
lipases. The addition of Triton to the whole brain 
homogenate further increases the hydrolysis of phos- 
phatidylethanolamine and makes the selectivity pat- 
terns of hydrolysis by the two phospholipases similar 
to those observed on pure phospholipids in mixed 
micelles with Triton [3]. 

We observed differing extents of hydrolysis in the 
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different brain regions. This may be due partially, 
at least, to the fact that not all regions of the brain 
are equally exposed to the phospholipases when they 
are administered into the right lateral ventricle. In 
addition, the relative amounts of neuronal cell bodies 
(gray matter) and axonal fibres (myelin; white mat- 
ter) vary in the different regions. Regardless of 
regional differences in phospholipid hydrolysis, the 
survival of animals, under conditions where 10—15 
per cent of brain phosphatidylcholine and phospha- 
tidylserine is hydrolyzed, was unexpected. 

On a cellular level the electroplax functioned with 
even greater phospholipid hydrolysis, in agreement 
with results on the squid axon [37] and previous 
studies with electroplax [7]. N. nigricollis phospho- 
lipase was only about twice as potent as H. hae- 
machatus phospholipase in blocking electrical 
activity (Fig. 3), a much smaller difference than the 
15 to 30-fold difference we observed in CDs) and LD<p 
in rats Or LDso in mice. The effects of these two 
phospholipases on the electrical activity of the elec- 
troplax are similar to those obtained using A. pis- 
civorus venom [7] which is a rich source of a relatively 
non-toxic phospholipase. The ultrastructural 
changes produced by equal doses of the two phos- 
pholipases, that is, vesiculation and mitochondrial 
disruption, were also similar. The relatively low con- 
centrations of these two phospholipases required to 
block electrical activity of the electroplax, as com- 
pared to the pre-synaptically acting B-bungarotoxin, 
also suggest that they do not have a specific pre- 
synaptic action. Furthermore, both phospholipases 
(5 ug/ml) decrease directly and indirectly elicited 
muscle twitches simultaneously (unpublished obser- 
vations) on the rat phrenic nerve diaphragm, a prep- 
aration known to be sensitive to 6-bungarotoxin 
[24,25; unpublished observations], as well as to post- 
synaptically acting toxins. 

It is of interest to compare the extent of hydrolysis 
and substrate specificity of these two phospholipases 
on electroplax phospholipids to determine whether 
the phospholipid substrates are accessible to the 
enzymes and whether the effects on electrical activity 
are due to phospholipid hydrolysis. In addition, 
because we were able to measure separately hydroly- 
sis on the innervated and non-innervated surfaces 
of the cell, we could determine whether these phos- 
pholipases had any selective action on the conductive 
innervated membrane. Phosphatidylinositol was not 
hydrolyzed by either phospholipase, in agreement 
with previous reports using phospholipase A2 
[7,19,38,39]. We found overall phospholipid 
hydrolysis to be greater in the non-innervated than 
in the innervated membrane (Table 3). This may be 
due to a greater difficulty in access of the enzymes 
to the innervated membrane. An observation not 
supporting this suggestion is that phosphatidylcho- 
line hydrolysis is about equal in the two membranes, 
whereas phosphatidylserine and phosphatidylethan- 
olamine hydrolysis is much greater in the non-inner- 





Fig. 5. Electron micrograph of H. haemachatus phospholipase A; treated single electroplax. Cells were exposed to the 

enzyme (200 ug/ml) in eel Ringer’s for 30 min. (A) Innervated surface. Note the formation of numerous vesicles external 

to the innervated membrane and some mitochondrial disruption. (B) Non-innervated surface. Disruption of some of the 
mitochondria and of the branched inpocketings of the membrane is visible. 
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vated membrane. The differential hydrolysis in the 
two membranes seems to reflect structural differ- 
ences determining specific phospholipid exposure. 
Moreover, the phospholipid composition of the two 
membranes varies, and so does their function. 

Hydrolysis of phospholipids in the eel electroplax 
by N. nigricollis phospholipase is greater than that 
by H. haemachatus phospholipase (Table 3). In 
addition, N. nigricollis phospholipase A2 hydrolyzed 
the three phospholipids to about the same extent, 
whereas H. haemachatus phospholipase A, dem- 
onstrated a substrate preference for phosphatidv! 
choline over phosphatidylserine. This agrees wiih 
the results obtained on purified substrates in a mix- 
ture simulating the eel electroplax [3]. The 2-fold 
difference in potency on the eel electroplax might 
be explained by the greater hydrolysis induced by 
N. nigvicollis phospholipase and the substrate speci- 
ficity differences between the two phospholipases. 

In conclusion, the great difference in lethalities of 
the two phospholipases does not correlate with either 
pattern of phospholipid hydrolysis observed in brain 
or the small difference in effectiveness on electrical 
activity and phospholipid splitting in the eel electro- 
plax. It is possible that the differences in potency of 
these two phospholipases following intravenous 
injection result from a direct membrane effect of N. 
nigricollis phospholipase on the heart. The lethality 
following central administration may not necessarily 
be associated with phospholipid splitting, but does 
appear to be centrally mediated. 
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JOSEPH J. KERNICH and Dal KEE Liu* 


Department of Pharmacology, The Pennsylvania State University College of Medicine, Hershey, 
PA 17033, U.S.A. 


(Received 27 July 1979; accepted 21 November 1979) 


Abstract—The involvement of mitochondria in the mechanism of action of aldosterone is suggested by 
the ability of this hormone to alter the activity of certain mitochondrial enzymes. Since the mitochondrion 
is able to synthesize some of its own macromolecules, we investigated whether the mineralocorticoid 
effects mitochondrial RNA synthesis in isolated kidney mitochondria. Rat kidney mitochondria were 
purified and then separated into two populations by sucrose density gradient centrifugation; mitochondria 
sedimenting at 1.2 M sucrose were predominantly of medullary origin, while mitochondria sedimenting 
at 1.4 M sucrose were mainly from the cortex. RNA polymerase activity in medullary mitochondria was 
almost twice that of cortical mitochondria. The activity was characterized as a-amanitin resistant and 
rifampicin sensitive DNA-dependent RNA polymerase. Adrenalectomy resulted in a 40 per cent 
decrease in the RNA polymerase activity of cortical mitochondria 5 days later (P < 0.001), but no 
decrease occurred in medullary mitochondrial activity, compared to sham-operated controls. Three hr 
after aldosterone administration (2 ug/100 g body wt, i.p.) the RNA polymerase activities of medullary 
and cortical mitochondria were increased 20 and S50 per cent, respectively, above the adrenalectomized 
values (P < 0.05, P < 0.001). Spironolactone, an antagonist of aldosterone (7 mg/100 g body wt, i.p., 
30 min prior to aldosterone administration), blocked the stimulation of RNA polymerase by aldosterone 
(P <0.05). Steroid hormones other than aldosterone did not produce significant enhancement of 
mitochondrial RNA polymerase activity. No change in RNA polymerase activity occurred after direct 
addition of aldosterone or spironolactone to the assay medium. The results suggest that the mechanism 
of mineralocorticoid action is at least in part mediated through its effects on mitochondrially synthesized 


proteins. 


The mechanism of aldosterone action on target tis- 
sues has been postulated to involve the synthesis of 
specific proteins [1-3]. Several lines of experimental 
evidence support this concept. Inhibitors of RNA 
and protein synthesis block the stimulation of sodium 
transport by aldosterone [4-6]. Aldosterone has been 
shown to stimulate nuclear transcriptional activity 
[7-9] and to increase the incorporation of nucleotides 
into cellular RNA [6, 10, 11] and of amino acids into 
tissue protein [6, 12]. However, more detailed infor- 
mation regarding the localization and the function 
of the proteins is needed to elucidate the connection 
between the biochemical effects and the physiologi- 
cal response induced by the hormone. 

One of the hypotheses regarding the role of aldos- 
terone-induced proteins is that these proteins stimu- 
late oxidative metabolism, yielding an increased sup- 
ply of energy-rich intermediates for sodium transport 
[2, 3]. Aldosterone has been shown to alter the redox 
state of pyridine nucleotides in kidney [13, 14] and 
to increase the activities of several citric acid cycle 
enzymes and the level of mitochondrial cytochromes 
[15-17]. It is not completely clear as yet whether the 
action of aldosterone at the mitochondrial level is 
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the result of modulation of enzyme activity or of 
enhanced synthesis of particular mitochondrial 
enzymes, as in the case of citrate synthase [18]. 
Although the majority of mitochondrial protein is 
synthesized extramitochondrially, mitochondria syn- 
thesize specific subunits which are essential for the 
integration of cytoplasmically synthesized subunits 
into the mitochondrial inner membrane enzymes 
[19,20]. In view of the rather short half-life of 
mRNAs in mitochondria [21] and of aldosterone- 
induced changes in mitochondrial enzymes, includ- 
ing those of the inner membrane [15-17], it is reason- 
able to inquire whether aldosterone may act through 
mitochondrial transcriptional and translational pro- 
cesses. In this report, we present evidence that 
aldosterone stimulates activity of renal mitochon- 
drial RNA synthesis as indicated by the activity of 
mitochondrial RNA polymerase. 


MATERIALS AND METHODS 


Animals and treatment. Male Sprague—Dawley rats 
(150-200 g) were purchased from Charles River 
Breeding Laboratories Inc. (Wilmington, MA). 
Animals were maintained at 22 + 1° with 12hr of 
artificial light from 7:00 a.m. to 7:06 p.m. Purina 
Laboratory Chow (Ralston Purina Co., St. Louis, 
MO) was provided ad lib. Adrenalectomy aid sham- 
operation, subsequent maintenance of adrenalec- 
tomized animals, and the saline preference test were 


1575 





1576 


the same as described elsewhere [17]. Animals were 
used 6 days after the operation. Adrenalectomized 
animals received an intraperitoneal injection of hor- 
mone solution (0.2 ml/100 g in saline—-ethanol, 95:5, 
v/v) 3 hr before being killed, unless noted otherwise. 
Doses of the various hormones administered per 
100 g body wt were: aldosterone, 2 ug; corticoster- 
one, 2mg; 17f-estradiol, 10 4g; hydrocortisone, 
2 mg; progesterone, 10 wg; and testosterone, 2 mg. 
Spironolactone, 7 mg/100 g body wt in 0.2 ml of same 
vehicle, was given 30 min prior to aldosterone treat- 
ment. Sham-operated and adrenalectomized groups 
received the same volume of vehicle. 

Materials. Non-radioactive ribonucleotide tri- 
phosphates were purchased from P.L. Biochemicals 
(Milwaukee, WI) and the *H-labelled ribonucleotide 
triphosphates were purchased from New England 
Nuclear (Boston, MA). Aldosterone was purchased 
from the Ciba Pharmaceutical Co. (Summit, NJ). 
Spironolactone, 17B-estradiol, corticosterone, pro- 
gesterone, testosterone, hydrocortisone and pan- 
creatic DNase and RNase were purchased from the 
Sigma Chemical Co. (St. Louis, MO). a-Amanitin 
and actinomycin D were purchased from Cal- 
Biochem (La Jolla, CA). Rifampicin, provided by 
Dr. S. T. Jacob, was from Gruppo Lepetit (Milan, 
Italy). RNase-free sucrose was obtained from 
Schwarz/Mann (Orangeburg, NY). To minimize pos- 
sible RNase contamination, all glassware used in 
tissue preparation and assays was soaked overnight 
in 0.3 N NaOH, and 1 hr in 0.1 N HCl. Glassware 
was then rinsed in sequence with 0.1 N HCl, warm 
tap water, and finally with glass distilled water. It 
was then dried for 30 min at 210°. 
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Fig. 1. Sucrose density gradient centrifugation of mito- 
chondria from cortex, medulla and whole kidney. Separ- 
ation of kidney cortex and medulla, preparation of mito- 
chondria, and conditions of sucrose density gradient 
centrifugation are described in Materials and Methods. The 
amounts of mitochondrial protein layered onto each gra- 
dient were: cortex, 10.1 mg; medulla, 7.9 mg; and whole 
kidney, 10.7 mg. The amounts of mitochondria in each 
fraction are expressed as the amount of protein. The middle 
two peaks I and II are mitochondrial bands. The sucrose 
concentrations at the peak of I (medullary mitochondria) 
and JI (cortical mitochondria) were 1.2M and 1.4M, 
respectively. 
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Preparation of cortical and medullary miiochon- 
dria by sucrose density gradient centrifugation. 
Animals were decapitated between 6:00 and 7:00 
a.m. Kidneys were removed immediately and placed 
in ice-cold buffer A (0.25M mannitol, 0.07M 
sucrose, 0.001 M EDTA and 0.05 M Tris/HCl, pH 
7.4). All subsequent steps were performed at 4°. The 
kidneys were decapsulated and total tissue mito- 
chondria were isolated by the procedure described 
previously [22], except that tissue was homogenized 
in buffer A and mitochondria were washed in buffer 
B (0.25M mannitol, 0.07M sucrose and 0.05M 
Tris/HCl, pH 7.4). The washed mitochondrial pellet 
was resuspended in buffer B to a final volume of 
0.4 ml/g of initial wet tissue. 

One milliliter volumes of mitochondrial suspen- 
sion were layered over 12-ml 1.0-2.0M_ linear 
sucrose density gradients prepared in buffer B and 
were centrifuged in a Beckman LS-65 ultracentrifuge 
at 39,000 r.p.m. for 35 min in an SW40 rotor. The 
mitochondria from whole kidney were distributed 
in two bands, located at the 1.2M (Band I) and 
1.4M (Band II) sucrose regions of the gradients 
(Fig. 1). Bands I and II mitochondria were recovered 
separately either by fractionation of the entire gra- 
dient utilizing a Beckman fraction recovery system 
with an attached Gilson Minipuls 2 peristaltic pump, 
allowing 0.5 ml/fraction, or by puncturing the tube 
and withdrawing the individual bands with a syringe. 

To determine how the mitochondria from cortex 
and medulla are distributed between Band I and 
Band II, we carried out experiments using mito- 
chondria prepared simultaneously from the sep- 
arated cortex and medulla [22]. Like whole kidney, 
both cortex and medulla produced two bands of 
mitochondria, but their relative distributions in Band 
I and Band II differed greatly (Fig. 1). In medulla, 
Band I mitochondria predominated (80 per cent of 
total mitochondria on a protein basis), while in cor- 
tex, Band II mitochondria comprised the major 
population (90 per cent). In subsequent experiments, 
the Band I mitochondria from whole kidney have 
been designated as medullary mitochondria and 
Band II mitochondria as cortical mitochondria. 

Assays for mitochondrial enzymes. For the char- 
acterization of cortical and medullary mitochondria, 
the purified mitochondria were sonicated and the 
sonicates were assayed for various enzymes. The 
sonication was carried out using a Branson Sonifier 
(W140) operating at medium power for three 15-sec 
bursts, allowing 15 sec between bursts to dissipate 
heat. NADP-isocitrate dehydrogenase and malate 
dehydrogenase were assayed by the method of Cle- 
land et al. [23] and Kitto [24] respectively. Alkaline 
ribonuclease was assayed according to the procedure 
described by Liu et al. [25]. Acid ribonuclease was 
assayed by a similar procedure in 0.05M sodium 
acetate, pH 5.0. 

RNA polymerase assay. The mitochondria that 
were recovered from sucrose gradient centrifugation 
were diluted with 3 vol. of 0.05 M Tris/HCi, pH 7.4, 
and centrifuged for 10 min at 9000 g. Mitochondria 
were swollen [26] and assayed in triplicate by a 
modification of procedures described by Barsano et 
al. [26] and Jacob et al. [27]. The incubation medium 
in a final volume of 100 ul contained: 50mM 
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Tris/HCl buffer, pH 7.9; 10mM MgCh; 3mM 
MnCh; 140mM KCI; 18mM (NHs)2SOs; 10 mM 
phosphoenolpyruvate; 4 mg/ml pyruvate kinase; 
1 mM each of ATP, CTP and GTP; and 50 uM 
[7H]JUTP (0.5 Ci/mmole). The reaction was initiated 
by adding 30 ul of post-swelling mitochondrial sus- 
pension, continued for 30 min at 30°, and terminated 
with the addition of a 40-fold molar excess of unla- 
beled UTP in 10 yl. Assessment of [*H]UMP incor- 
poration was measured using the DE81 cellulose 
filter-disc method [28]. Enzyme activity was 
expressed as pmoles [*H]UMP incorporated into 
RNA in 30 min per mg of mitochondrial protein. 
Protein was determined in triplicate for each sample 
by the method of Lowry et al. [29]. 


RESULTS 


Difference in RNA polymerase activity in the cor- 
tical and medullary mitochondria from intact rats. 
The cortical and medullary mitochondria, as well as 
the total kidney mitochondria, were assayed for 
RNA polymerase activity. Panel a of Fig. 2 shows 
that both the cortical (Band II) and medullary 
mitochondria (Band I) demonstrated linear incor- 
»oration with increasing protein concentration, while 
the mitochondria in the 9000 g pellet which had been 
washed and had not been subjected to sucrose den- 
sity gradient centrifugation demonstrated lower 
activity. The specific activity of RNA polymerase in 
medullary mitochondria was consistently twice that 
of cortical mitochondria. The rates of [*H]UMP 
incorporation in cortical and medullary mitochon- 
dria, but not those in the thoroughly washed 9000 g 
pellet, also were linear up to 30 min (Fig. 2, panel 
b). The consistently lower activity and non-linearity 
of PHJUMP incorporation in the whole kidney 
mitochondria were apparently due to the presence 
of high RNase activity. We have demonstrated pre- 
viously that this mitochondrial fraction contains the 
highest RNase activity (pH 7.8) of any subcellular 
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Fig. 2. Comparison of mitochondrial RNA polymerase in 
different mitochondrial samples. Mitochondria were iso- 
lated from whole kidney as described in Materials and 
Methods and shown in Fig. 1. Assay conditions were as 
described in Materials and Methods, varying either the 
amount of mitochondrial protein (panel a) or the incubation 
time (panel b) using, respectively, 0.29, 0.32 and 0.46 mg 
protein for medullary mitochondria (O——O), cortical 
mitochondria (@——®) and whole kidney mitochondria 
not separated by gradient centrifugation 
(A—-A). 


fraction from rat kidney [22]. In the sucrose gradient 
fractions, we found that most of the RNase active 
at pH 7.8 was distributed at the top of the gradient 
and the RNase active at pH 5.0 was distributed both 
at the top and at the bottom. Thus, the sucrose 
density gradient centrifugation step not only sep- 
arated the cortical and medullary mitochondria but 
also yielded kidney mitochondria more suitable for 
the study of in vitro RNA synthesis. In addition to 
RNA polymerase, two other enzymes also demon- 
strated higher activities in medullary mitochondria 
when compared to cortical mitochondria. The spe- 
cific activities of isocitrate dehydrogenase and malate 
dehydrogenase in medullary mitochondria were, 
respectively, 2- and 1.5-fold that of the cortical 
mitochondria. 


Table 1. Characterization of incorporation of radiolabeled ribonucleoside 
monophosphates into RNA by cortical and medullary mitochondria* 





Assay conditions 


RNA polymerase activity 
(pmoles [7HJUMP incorporated/mg 
protein) 





Medulla Cortex 





(H]UTP, complete 
P 


-CTP, -GTP 

Complete + 10 ug RNaset 

Complete + 5 ug DNaset 
(H]GTP, complete 
[SH|CTP, complete 


8.21 (100) 
0.71 (8.7) 
0.11 (1.3) 
0.02 (0.2) 
1.80 (22) 
8.17 (100) 
11.53 (140) 


14.78 (100)+ 
1.02 (6.9) 
0.29 (2.0) 
0.25 (1.7) 
2.07 (14) 

15.07 (102) 

23.82 (161) 





* Mitochondrial isolation and RNA polymerase assay are described in the 
text. The nucleoside triphosphates were all at the same concentration and 
specific activity (0.05 mM containing 2.5 Ci). 

+ The numbers in the parentheses are values representing per cent activity 


remaining. 


¢ Additions were made prior to initiation of the reaction by addition of 


mitochondria. 
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Fig. 3. Effects of a-amanitin and rifampicin on kidney 
mitochondrial RNA polymerase activity. The enzyme assay 
was the same as that described in Materials and Methods 
except that varying amounts of a-amanitin (O——©) or 
of rifampicin (@——@) were added in the reaction 
medium. Addition of N,N-dimethylformamide (0.65 mM), 
the solvent used for rifampicin in the reaction mixture, was 
found to have no effect on RNA polymerase activity. 
Without the inhibitors, the activities (100 per cent) of 
medullary and cortical mitochondria were 13.14 and 7.61 
pmoles ["-H]UMP incorporated/mg protein, respectively. 
Key: (a) medullary mitochondria; and (b) cortical 
mitochondria. 


Characterization of mitochondrial RNA polymer- 
ase assay. The in vitro incorporation of [*H]UMP 
was dependent upon UTP concentration. The 
amount of [/H]JUTP in the assay (0.05 mM) was 
found to almost saturate the amount of mitochon- 
drial protein (0.1-0.2 mg) normally used in the assay. 
When CTP was removed from the assay medium, 
less than 9 per cent of the activity of the complete 
system was observed in either of the mitochondrial 
populations (Table 1). There was an even greater 


loss of activity (less than 2 per cent remaining) upon 
removal of both CTP and GTP. Thus, the enzymic 
reaction required the presence of all four ribo- 
nucleotide triphosphates. Approximately equal 
amounts of mononucleotides from [*H]GTP and 
greater amounts from [*H]CTP were incorporated, 
compared to the assay using [*H]UTP (Table 1). 
Addition of pancreatic ribonuclease (100 ug/ml) 
inhibited [7H]UMP incorporation almost completely 
in both mitochondrial preparations. Addition of 
deoxyribonuclease (50 g/ml) resulted in 78 and 86 
per cent reduction in incorporation in cortical and 
medullary mitochondria, respectively (Table 1). 

The addition of a-amanitin, 100 ug/ml (which 
inhibits nuclear DNA-dependent RNA polymerases 
I and III), was shown to have no significant effect 
on the mitochondrial RNA polymerase of either 
cortex or medulla. However, rifampicin, known to 
be specifically inhibitory for the bacterial and mito- 
chondrial RNA polymerases [21, 30], was shown to 
inhibit significantly the reaction in both mitochon- 
drial populations over the range of concentrations 
used (0.01-100 ug/ml) (Fig. 3, panels a and b). The 
70-80 per cent inhibition at this range of rifampicin 
was comparable to that observed in liver mitochon- 
dria [30]. Incomplete inhibition is thought to be at 
least in part a consequence of limited permeability 
of the mitochondrial membrane to the inhibitor 
[30, 31]. Thus, all the results of in vitro incorporation 
of radiolabeled ribonucleotide, using both the cor- 
tical and medullary mitochondria, indicated that the 
activity was characteristic of DNA-dependent RNA 
polymerase activity. 

Effects of adrenalectomy, aldosterone and spirono- 
lactone. Adrenalectomy significantly decreased (40 
per cent) the [H]UTP incorporation by cortical 
mitochondria but had no significant effect on RNA 
polymerase activity of medullary mitochondria 
(Table 2). Treatment of adrenalectomized animals 
with aldosterone 3 hr before they were killed sig- 


Table 2. Effects of adrenalectomy and aldosterone and spironolactone treatments on 
RNA polymerase activity in rat kidney mitochondria* 





Animals 


(pmoles 


RNA polymerase activity 
[HJUMP __incorporated/mg 
protein) 





Medulla Cortex 





Sham-operated controls 

Adrenalectomized 

Adrenalectomized + aldosteronet 

Adrenalectomized + aldosterone 
+ spironolactonet 


12.35+0.86 (5) 
11.62 +0.53 (6) 
14.03 + 0.48§ (6) 


7932021 5) 
4.97 + 0.127 (6) 
7.53 + 0.25)| (6) 


11.65 + 0.334 (3) 6.31 + 0.514 (3) 





* For the details of animal treatments, mitochondrial isolation, and assays, see the 
text. Numbers in parentheses indicate number of experiments, each using kidney tissue 
pooled from four animals. Results are expressed as means + S.E.M. 

+ Significantly different from corresponding sham controls (P < 0.001) by Student’s 


t-test. 


¢ Aldosterone, 2 4g/100 g body wt, i.p., was administered 3 hr before the animals 
were killed. Spironolactone, 7 mg/100 g body wt, i.p. was administered 30 min before 


aldosterone treatment. 


§ Significantly different from correspondong adrenalectomized (P < 0.05). 
|| Significantly different from correspondong adrenalectomized (P < 0.001). 


{ Significantly different 
(P < 0.05). 


from corresponding adrenalectomized + aldosterone 
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nificantly increased (50 per cent) the activity of cor- 
tical mitochondria (P < 0.001) compared to adren- 
alectomized animals. Aldosterone treatment of 
adrenalectomized rats also stimulated the RNA 
polymerase activity of medullary mitochondria by 
20 per cent (P<0.05). Spironolactone, injected 
30 min prior to aldosterone administration, blocked 
the stimulation of RNA polymerase by aldosterone 
(P < 0.05) in both cortical and medullary mitochon- 
dria, but did not reduce activity below the basal 
levels seen in mitochondria from untreated adren- 
alectomized rats. 

The enhancement by aldosterone and the inhibi- 
tion by spironolactone of both cortical and medullary 
mitochondrial RNA polymerase activity occurred 
only when the hormone and the antagonist were 
administered in vivo. Addition of 5 ug aldosterone 
to the assay mixture produced no increase in 
(HJUMP incorporation into mitochondrial RNA of 
both cortical and medullary mitochondria in the 
sham control or in the adrenalectomized animals, 
compared to the assay mixture to which no aldos- 
terone was added. Similarly, 10 wg spironolactone 
added directly to the assay did not block the effects 
of aldosterone in the hormone-treated animals. 

Effects of other steroid hormones on cortical mito- 
chondrial RNA polymerase. Various other steroid 
hormones were examined for their in vivo effects on 
cortical mitochondrial RNA polymerase activity 
(Fig. 4). Only aldosterone had a significant stimu- 
latory effect (P < 0.05) on PH]JUMP incorporation 
into cortical mitochondria. Treatment of adrenalec- 
tomized animals with testosterone, 17B-estradiol or 
progesterone for 3 hr had no effect. A very slight, 
though not significant, increase was seen with cor- 
ticosterone, but this was to be expected due to the 
weak mineralocorticoid effect of this hormone. 
These results, plus the in vivo effect of spironolac- 
tone, indicate the specificity of the stimulatory effect 
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Fig. 4. Effects of various hormones on RNA polymerase 
activity in cortical mitochondria from kidney of adrenalec- 
tomized rats. Animals were treated with various hormones 
as described in Materials and Methods and, 3 hr later, were 
killed and cortical mitochondria were isolated. The stan- 
dard RNA polymerase assay was carried out on the animals 
. treated with the various hormones: NONE (adrenalectom- 
ized, no hormone), AO (aldosterone), CMPD B (corti- 
costerone), E2 (17B-estradiol), CMPD F (hydrocortisone), 
PROG (progesterone), and T (testosterone). Results are 
expressed as the means + S.E.M. for three experiments, 
using a minimum of three animals per experimental group. 
The letter “a” denotes significantly different from NONE. 
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of aldosterone on kidney mitochondrial RNA poly- 
merase activity. This specific effect of aldosterone 
was greater in the mitochondria of cortex than of 
medulla. 


DISCUSSION 


A clean separation by dissection of the cortex and 
meduila of the kidney is not only time consuming 
but also results in discarding a significant amount of 
kidney tissue [22]. We have described here a simple 
procedure to separate mitochondria from kidney 
cortex and medulla without first having to physically 
separate the cortex and medulla. Furthermore, the 
resulting mitochondria are suitable for the study of 
RNA synthesis in vitro. The two populations of 
mitochondria resemble those separated from whole 
kidney mitochondria by Ch’ih and Devlin [32] in 
their sedimentation characteristics; however, these 
authors did not identify the cortical vs the medullary 
origin of the two bands. The relative amounts of 
cortical and medullary mitochondria (Fig. 1), as well 
as the cytochrome contents of these mitochondria 
(data not shown), agree with those reported by Kir- 
sten et al. [33] who dissected the cortex from the 
medulla before homogenization. Although a small 
number of mitochondria from cortex were found at 
the position where the major portion of medullary 
mitochondria sedimented and vice versa, this is prob- 
ably attributable to the fact that a given kidney zone 
contains predominantly one mitochondrial popula- 
tion, but there are also small numbers of another 
mitochondrial population present [34]. 

Without the density gradient centrifugation step 
we consistently obtained nonlinear kinetics of RNA 
polymerase activity in whole kidney mitochondria, 
though not in similarly prepared liver mitochondria. 
Assays of RNA polymerase activity using increasing 
amounts of kidney mitochondrial protein or increas- 
ing time of incubation not only failed to produce 
increased incorporation but actually resulted in a 
decrease, owing to the degradation of labeled prod- 
ucts. After the sucrose density gradient centrifuga- 
tion which separated most of the RNase activity at 
the top of the gradient tube, both cortical and med- 
ullary mitochondria manifested a linear rate of 
incorporation of [7H]UMP, comparable to or higher 
than the value reported for liver mitochondria [26]. 

Mitochondrial RNA polymerase activity, as well 
as isocitrate dehydrogenase and malate dehydrogen- 
ase activity of kidney medulla, was almost twice the 
activity in the cortex. These results are consistent 
with the observation that medullary mitochondria 
were more active than cortical mitochondria in sev- 
eral metabolic parameters [33, 35] and that medullar 
tissue was more active than cortex in protein syn- 
thesis [36]. 

Our present observations on mitochondrial RNA 
polymerase cannot be attributed to contamination 
by nuclear enzymes. The fact that the RNA poly- 
merase activity was completey insensitive to a-aman- 
itin yet sensitive to rifampicin indicates that there 
was no RNA polymerase of nuclear origin in our 
purified mitochondria. The effective dose of rif- 
ampicin and the kinetics of inhibition of cortical 
mitochondrial RNA polymerase were very similar 
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to those observed for Nagarse-treated liver mito- 
chondria [30] (the proteolytic enzyme Nagarse was 
used to alter outer mitochondrial membranes to 
facilitate rifampicin entry). Our method of mito- 
chondrial swelling achieved a similar effect. 

Our demonstration that aldosterone has a greater 
effect on cortical than on medullary mitochondrial 
RNA polymerase activity is consistent with what is 
known about the site of the physiological action of 
aldosterone in kidney. The principal site of aldos- 
terone action is believed to be in the distal convoluted 
tubules [37, 38] and a secondary site is perhaps in 
the proximal tubules [38]; the majority of both kinds 
of tubules is located in the cortex. The 40-50 per 
cent reduction in mitochondrial RNA polymerase 
activity attributable to adrenalectomy and its com- 
plete reversal by aldosterone seem modest, but the 
comparison is based upon data derived from mito- 
chondria of the whole cortex. The magnitude of the 
change in the mitochondria of the target cells may 
be greater. On the other hand, considering that 
aldosterone exerts its action on the fine adjustment 
of salt and volume homeostasis (reabsorbing 2 per 
cent of total sodium being filtered off) [37], one 
would not expect a drastic change in cellular mech- 
anism on a whole tissue basis. 

The stimulatory effect of aldosterone on mito- 
chondrial RNA polymerase in target tissue occurred 
only when the hormone was administered in vivo. 
The failure of other steroid hormones to stimulate 
the enzyme activity indicates the specificity of aldos- 
terone action on the target tissue. This and the 
inhibitory action of spironolactone in vivo on the 
aldosterone-induced RNA polymerase activity are 
consistent with the currently accepted model of ster- 
oid hormone action, e.g. mediated through a hor- 
mone-receptor complex which stimulates nuclear 
gene transcription. We found earlier that aldosterone 
administration for 3 hr produced maximal nuclear 
RNA polymerase activity in rat kidney [7]. Whether 
the increased activity of renal cortical mitochondrial 
RNA polymerase following aldosterone administra- 
tion is due to increased synthesis of this enzyme 
(believed to be synthesized in the cytoplasm [39]) 
or due to its activation, e.g. resulting from the chang- 
ing levei of regulatory proteins, remains to be 
investigated. 

Regardless of whether aldosterone induced the 
synthesis of mitochondrial RNA polymerase or 
caused activation of the enzyme, the fact that aldos- 
terone increased mitochondrial RNA synthesis may 
explain an important aspect of the mechanism of 
aldosterone action. Mitochondria synthesize a lim- 
ited number of protein species [19, 20], and availa- 
bility of some of them, known to be subunits for the 
inner-membrane enzymes, is an important factor in 
the integration of cytoplasmically synthesized sub- 
units. Thus, the intramitochondrial synthesis of these 
proteins plays an important role in regulating mito- 
chondrial biogenesis. If aldosterone somehow influ- 
ences the rate of mitochondrial mRNA synthesis, 
which is known to be very short-lived [21], the hor- 
mone then will secondarily affect overall mitochon- 
drial function. This possibility may explain the pre- 
vious observations that aldosterone affects many 
aspects of mitochondrial activity. The effect of 


J. J. KERNICH and D. KEE Liu 


increased mitochondrial transcription on the syn- 
thesis of mitochondrial proteins, and the linkage of 
these events to sodium retention await further 
investigation. 
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Abstract—The inhibitory effects of the triarylethylene antiestrogens tamoxifen (TAM) and enclomiphene 
(EC), and of the estrogenic geometric isomer of the latter compound (zuclomiphene, ZC) on the 
binding and metabolism of standard substrates in the presence of rabbit liver cytochrome P-450 have 
been studied. In the presence of microsomes at pH 7.4, the triarylethylenes interfered with the binding 
of B-diethylaminoethyl diphenylpropylacetate (SKF 525-A) and with the N-demethylation of ethyl- 
morphine. Their inhibitory effects were less pronounced on the binding and metabolism (hydroxylation) 
of aniline. Kinetic studies showed that EC and TAM interfered with SKF 525-A binding by a mixed 
mechanism. These results suggest that the triarylethylenes affect preferentially the binding of ‘Type I’ 


substrates with cytochrome P-450. 


Clinically useful estrogen antagonist activity has been 
found in both steroidal and nonsteroidal estrogen 
analogues. The most significant group of nonstero- 
idal antiestrogens is the triarylethylenes. This group 
includes tamoxifen and clomiphene, which have been 
used, respectively, in cancer chemotherapy and 
treatment of infertility in women [1, 2]. 

Results of both clinical and whole animal studies 
of the metabolism of tamoxifen (TAM) have indi- 
cated that aromatic ring hydroxylation is a major 
metabolic route [3,4]. The resulting metabolite, 
hydroxytamoxifen, was postulated to account, in 
part, for the extended duration of antiestrogenic 
activity, by virtue of its sequestration in the entero- 
hepatic circulation. Several other metabolites 
resulting from oxidative alteration of TAM were 
reported in these studies and in a later clinical study 
[5]. Less information is available regarding the 
metabolism and disposition of clomiphene. This drug 
is a mixture of two geometric isomers, enclomiphene 
(EC) and zuclomiphene (ZC). It was reported to be 
eliminated primarily via the feces and to be subject 
to enterohepatic recycling [6], characteristics which 
suggest that it may undergo oxidative metabolism 
in a manner similar to that of TAM. 

Enzymes responsible for oxidative drug biotrans- 
formations are generally found at highest levels in 
the liver, with activity concentrated in microsomal 
subcellular fractions [7]. These oxidations have been 
shown to involve a family of enzymes with cyto- 
chrome P-450 acting as terminal oxidase. The in vivo 
studies of the fate of TAM and the clomiphene 
isomers (see above) had suggested an interaction of 
these with the cytochrome P-450 system. Thus, the 
present study was aimed at characterizing these 
interactions in rabbit liver microsomes. 





* This research was supported in part by research grant 
HL 22873-01 from the National Institutes of Health. 
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EXPERIMENTAL 


Chemicals 


All biochemicals used in this study were purchased 
from the Sigma Chemical Co., St. Louis, MO.£- 
Diethylaminoethy] diphenylpropylacetate (SKF 525- 
A) was a gift from Smith, Kline, & French Labora- 
tories, Philadelphia, PA. Tamoxifen citrate (Nol- 
vadex) was a gift from Stuart Pharmaceuticals 
Division of ICI Americas, Wilmington, DE: gas-— 
liquid chromatographic analysis, performed by adap- 
tion of a previous method [3, 4], showed it to be 
one-peak material. The isomers of clomiphene cit- 
rate (Clomid) were gifts from Merrell-National Lab- 
oratories Division of Richardson-Merrell, Cincin- 
nati, OH. Gas-liquid chromatographic analysis of 
these isomers, under reported conditions [8, 9], 
showed the E-isomer (EC) to be one-peak 
material,while the Z-isomer (ZC) contained about 
5 per cent of an impurity which had a retention time 
equal to that of EC. 


Preparation of microsomes 


Microsomes were prepared from the livers of male 
New Zealand white rabbits (1.5 to 2.0 kg) by meth- 
ods reported previously [10, 11]. Protein concentra- 
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tion was determined by the method of Lowry et al. 
[12]. Cytochrome P-450 concentration was deter- 
mined by the method of Omura and Sato [13]. 


Binding studies 

Spectral recordings were made with an Aminco 
DW-2 dual wavelength scanning spectophotometer 
operated in the split beam mode at 25°. Solutions 
of EC or ZC were prepared by dissolving 1 mg in 
0.5 ml of 0.2 M phosphate buffer, pH 6.1, containing 
1 per cent bovine serum albumin. Solutions of TAM 
were prepared by dissolving 1 mg in 0.5 ml acetone. 
(The fina! concentration of acetone present in micro- 
somal mixtures to which the tamoxifen solution was 
added was less than 8% in all experiments.) Aliquots 
of the triarylethylene solutions (< 20 yl) were added 
to microsomal suspensions (2-3 mg protein/ml) in 
0.2M phosphate buffer, pH 7.4, containing 10 per 
cent glycerol. The suspension was then divided 
equally between two I cm cells, and the spectral 
baseline was recorded. Increasing amounts of SKF 
525-A or aniline in distilled water were added to the 
sample cell. Equal amounts of water were added to 
the reference cell. Spectra were recorded from 360 
to 460nm. Control experiments were done by 
observing the spectral change caused by addition of 
SKF 525-A or aniline in the presence of solvents 
only (i.e. 1 per cent BSA in 0.2 M phosphate buffer, 
pH 6.1; acetone). Spectral dissociation constants 
(K,) were calculated by the method of Estabrook et 
al. [14]. 


Metabolism studies 


Incubation mixtures. The standard incubation mix- 
ture contained microsomal suspension equivalent to 
10 mg protein, 300 umoles KCI, 200 umoles phos- 
phate buffer, pH 7.4, and a cofactor mixture com- 
prised of 2umoles NADP, 40 umoles glucose-6- 
phosphate, 3 units glucose-6-phosphate dehydrogen- 
ase and 25 umoles MgCl, in a volume of 4 ml. After 
a 3-min preincubation at 37°, 1 ml of 10 mM ethyl- 
morphine HCI or aniline HCl in water was added. 
Then 25 ul of a 0.1 M solution of the triarylethylene 
in acetone-ethanol 1 : 1) were added, and the mix- 
ture was shaken at 70 cycles/min for 15 min. Control 
incubations were carried out in which 25 ul of solvent 
alone was added. 

Analysis of incubation mixtures. The formalde- 
hyde produced in mixtures which contained ethyl- 
morphine was determined colorimetrically [15] as 
was the p-aminophenol produced in mixtures which 
contained aniline [16]. Conceivably, N-demethyla- 
tion of TAM could have contributed to the formal- 
dehyde produced in the former mixtures to which 
TAM had been added. However, experiments in 
which TAM alone was incubated under the above 
conditions indicated negligible formaldehyde 
production. 


RESULTS 


The extent of microsomal binding of SKF 525-A 
was inhibited significantly by EC, as shown in Table 
1. Although TAM, and to a lesser extent ZC, also 
appeared to inhibit SKF 525-A binding, the respec- 
tive K; values were not significantly different from 


Table 1. Effect of the triarylethylenes on the kinetics of 
SKF 525-A spectral changes* 





Additive 


A3s-A4o0/mg protein x 10? 


K, (uM) 





EC+ 

ZCt 

Solvent onlyt 
TAM? 
Solvent only§ 


0.61 + 0.16 
0.51 + 0.15 
0.66 + 0.14 
0.59 + 0.35 
0.60 + 0.21 


4.82 + 0.06 
1.78 + 0.91 
1.41 + 0.55 
1.53 + 0.46 
0.87 + 0.32 





* Concentrations of SKF 525-A were varied ‘from 1.54 
to 304M. Each value represents the mean + S.E.M. 
determined from six experiments, except controls where 
these values were determined from two experiments. 

+ The final cuvette concentration was 27 uM. 

+ Phosphate buffer (0.2 M, pH 6.1) containing 1% bov- 
ine serum albumin. 

§ Acetone. 


those of controls. This was due to large standard 
errors associated with calculation of K; values, which 
reflect difficulties in quantitation of absorbance 
changes accompanying addition of SKF 525-A to 
microsomes. 

Kinetic studies resulted in further characterization 
of the interference of EC and TAM with microsomal 
binding of SKF 525-A. As shown in Fig. 1 and 2, 
both of these triarylethylenes inhibited binding by 
a mixed mechanism, with TAM having the greater 
effect. The triarylethylenes had no effect on the 
microsomal binding spectrum of aniline at respective 
concentrations of 27 uM. At much higher concen- 
trations (200 uM), significant inhibition of binding 
in the presence of the clomiphene isomers was seen, 
accompanied by increases in absorption amplitudes 
(A43o-A390) in the corresponding spectra (Table 2). 
Tamoxifen had no significant effects on the binding 
spectrum of aniline under these conditions. 

Each of the triarylethylenes inhibited aniline 
hydroxylation by about 20 per cent (Table 3). More 
pronounced effects on ethylmorphine metabolism 
were observed in their presence; both EC and ZC 
inhibited its demethylation by about 60 per cent, and 
TAM inhibited this by 77 per cent. The greater 
inhibitory effect of TAM with respect to EC at 


Table 2. Effect of the triarylethylenes on the kinetics of 
aniline spectral changes* 





Additive Aa30-A300/mg protein x 10° K, (mM) 





ECT 
ZCt+ 
Solvent only 


TAM?+ 
Solvent only§ 


5.00 + 0.20 
5.60 + 0.28 
4.20 + 0.15 
3.40 + 0.38 
3.13 + 0.24 


1.81 + 0.09 
1.89 + 0.19 
1.40 + 0.03 
4.85 + 0.85 
3.85 + 0.65 





* Concentrations of aniline were varied from 0.15 to 
34M. Each value represents the mean +S.E.M. deter- 
mined from six experiments, except controls where these 
values were determined from two experiments. 

+ The final cuvette concentration was 220 uM. 

¢ Phosphate buffer (0.2 M, pH 6.1) containing 1 per cent 
bovine serum albumin. 

§ Acetone. 
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Fig. 1. Kinetics of inhibition of microsomal binding of SKF 525-A by EC. The protein concentration 

was 3 mg/ml in 0.2 M phosphate buffer, pH 7.4, containing 10 per cent glycerol. The concentrations of 

EC were: 0 mM (0), 0.139 mM (@) and 0.279 mM (A). 
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Fig. 2. Kinetics of inhibition of microsomal binding of SKF 525-A by TAM. Microsomal protein 
concentration was as stated in Fig. 1. The concentrations of TAM were: 0mM (©) and 0.028 mM 
(A). 
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Table 3. Effect of the triarylethylenes on rabbit liver microsomal ethylmorphine 
demethylase and aniline hydroxylase activities* 





Per cent inhibited activity 





Ethylmorphine 
demethylaset 


Inhibitor? 


Aniline 
hydroxylaset 





Enclomiphene (EC) 
Zuclomiphene (ZC) 
Tamoxifen (TAM) 


59 (51-68) 10 
56 (45-67) 
77 (75-79) 


(3-17) 
19 (15-23) 
23 (17-29) 





* The data shown are averages of at least four experiments with different 
animals. Standard deviations are enclosed in parentheses. 

+ The incubation mixture concentration was 0.5 mM. 

t The initial incubation mixture concentration of substrate was 2 mM. 


various ethylmorphine concentrations is illustrated 
in Fig. 3. The effect of ZC was similar to that of EC 
and is not shown. 


DISCUSSION 


Numerous endogenous and exogenous chemicals 
have been shown to interact with cytochrome P-450 
[17]. Considered in general, conformational changes 
in the hemoprotein resulting from such interactions 
produce two types of characteristic spectral changes, 
referred to as “Type I” and “Type II” [18-21]. Type 
I compounds, such as ethylmorphine and SKF 525- 
A, produce difference spectra with Amax between 385 
and 390 nm and Amin between 418 and 427 nm. Type 
II compounds, such as aniline, produce spectra with 
Amin ANd Ama, between 390 and 405 nm and 425 and 


435 nm, respectively [22]. Both Type I and Type II 
binding sites have been shown to reside in the same 
molecule, with the binding properties of one site 
influenced by the interaction of substrates or inhibi- 
tors with the other [23]. 

An extensive study of factors affecting the appear- 
ance of cytochrome P-450 difference spectra in the 


5 








10 5 
(S) (ume') 


Fig. 3. Kinetics of inhibition of rabbit liver microsomal 
ethylmorphine demethylase by EC and TAM. Incubation 
mixtures contained substrate plus 0.5 mM TAM (0), sub- 
strate plus 0.5mM EC (A), and substrate only (A). 
Reaction velocity (V) was expressed in nmoles of formal- 
dehyde found per mg of protein per 10 min. This figure 
represents averages of four experiments with different 
animals. 


presence of various compounds has shown that bind- 
ing of Type I compounds was inhibited noncompe- 
titively by other Type I compounds of dissimilar 
structure, and by a mixed mechanism by other Type 
I compounds of similar structure [21]. Furthermore, 
the amplitude of the difference spectra of Type II 
compounds was often increased in the presence of 
Type I compounds. As shown in Figs. 1 and 2, the 
triarylethylenes inhibited binding of the structurally 
similar SKF 525-A by a mixed mechanism. Also, 
each of these compounds caused an increase in the 
absorption amplitude in the spectrum of aniline, a 
Type II compound. 

The inhibition of SKF 525-A binding by the tri- 
arylethylenes, and the relative lack of such an effect 
on the binding of aniline, prompted the study of 
their effects on aniline and ethylmorphine metab- 
olism. The data shown in Table 3 indicated that the 
triarylethylenes inhibited significantly the metab- 
olism of the Type I substrate with lesser inhibition 
of the Type II substrate. Kinetic data for the inhi- 
bition of metabolism of the former substrate suggest 
a mixed mechanism of inhibition (Fig. 3), with TAM 
having the greatest inhibitory effect. Thus, results 
of the metabolism kinetic studies were generally 
consistent with those from the binding inhibition 
studies and suggest a direct interaction of the tri- 
arylethylenes with cytochrome P-450. 

The triarylethylene antiestrogens contain a vari- 
ation of the diphenylmethane moiety, suggested to 
be a primary structural requirement for inhibitory 
activity in the cytochrome P-450 system [24]. These 
compounds may be serving as alternate substrates 
for the system, as do a number of other structurally 
related inhibitors [15, 25]. Experiments carried out 
prior to commencement of the metabolism studies 
indicated that no detectable N-demethylation of 
TAM was occurring. The extent and specific struc- 
tural nature of biotransformation products resulting 
from the interaction of TAM, EC and ZC with rabbit 
‘hepatic cytochrome P-450 are currently being 
studied. 
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SHORT COMMUNICATIONS 


Glutathione S-transferase activity towards benz[ajanthracene 5,6-oxide in the 
liver, kidney and lung of cynomolgus monkeys 


(Received 14 January 1980; 


Glutathione S-transferases (EC 2.5.1.18) are mainly cyto- 
solic enzymes that catalyse the conjugation of the biological 
nucleophile glutathione (GSH) with many electrophilic 
agents (for recent reviews, see refs. 1-3). Several studies, 
usually in rodents, have shown that GSH S-transferase 
activities towards a range of electrophiles are generally 
greater in hepatic than in extrahepatic tissues [3-6]. An 
exception to this statement is the report by Grover [7] that 
GSH S-transferase activity towards the K-region epoxide 
benz[a]anthracene 5,6-oxide was more than 2-fold greater 
in rat lung than in rat liver preparations, but this was not 
observed by others [8]. It was, therefore, appropriate to 
determine whether the former finding [7] could be con- 
firmed in another species, such as the monkey. The results 
obtained are reported in this paper. 

Glutathione (reduced) was obtained from Schwarz- 
Mann, Orangeburg, U.S.A. and *H-benz{a]anthracene 
5,6-oxide (sp. act. 7.7 mCi/mmole) was synthesized [9]. 

Adult male cynomolgus monkeys of body wt. range S- 
7 kg were obtained from their natural environment and 
maintained on a complete dry diet, supplemented daily 
with fresh fruit. Drinking water was available ad lib. to 
which blackcurrant juice and vitamin B; were added once 
a week. The animals, which were control animals being 
used for other studies, were killed by intravenous admin- 
istration of sodium pentobarbitone, and samples of liver, 
kidneys and lungs were removed and a post - 105,000 g 
soluble fraction prepared by differential centrifugation [10]. 
The soluble fraction was dialysed overnight against 200 vol. 
distilled water, pH 7.0, at 4°. The dialysed tissue super- 
natants were stored at —20° until required for measurement 
of GSH S-transferase activity by the method of Grover [7], 


Table 1. Glutathione S-transferase activity towards *H- 
benz[a]anthracene 5,6-oxide in the dialysed tissue super- 
natants of cynomolgus monkeys 





Tissue* Activity? 





11.0+ 1.5 
19.7 + 0.64 
12.3 + 0.5 


Liver 
Lung 
Kidney 





* Hepatic aryl hydrocarbon hydroxylase activity in these 
animals measured by standard procedures (e.g. ref. 22) 
was 0.38+0.02nmole equivalents of 3-hydroxy- 
benzo[a]pyrene produced/mg protein/min + S.E.M.: 
that in the corresponding lung or kidney was generally near 
to detection limits, about 0.0001 (units as above). 

+ Activity expressed as nmoles S-(5,6-dihydro-6- 
hydroxybenz{aJanthracen-S-yi) glutathione formed/hr/mg 
protein + S.E.M. (N = 10). 

¢ Activity significantly greater (analysis of variance P < 
0.001) than that in liver or kidney. 
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using 8mM GSH, 0.08mM “H-benz{a]anthracene 5,6- 
oxide (in 0.1 ml of ethanol) and the dialysed tissue super- 
natant (1 ml) in 0.1 M orthophosphate buffer, pH 7.4 (total 
volume, 6.1 ml). After incubation at 37° for 1 hr, followed 
by precipitation of protein by addition of acetone (5 ml), 
portions (20 ul) of the aqueous supernatant were chro- 
matographed (t.I.c. on silica gel F254 plates) using a solvent 
system of butanol-glacial acetic acid—water (2:1: 1, v/v). 
Authentic S-(5,6-dihydro-6-hydroxybenz[a]anthracen-5-yl) 
glutathione, prepared by the method of Boyland and Sims 
[11], was co-chromatographed as a reference compound 
with the incubation supernatants. The reference compound 
was located under u.v. light and the corresponding areas 
of silica gel removed into scintillation vials. The radioac- 
tivity adsorbed onto the silica gel was eluted with aqueous 
ethanol (1 : 1, v/v, 1.0 ml) and measured in a toluene:Triton 
X-100-based scintillator gel [12]. 

Protein concentrations of the dialysed tissue supernatants 
were estimated by the method of Lowry et al. [13], using 
bovine serum albumin as a standard. 

The results obtained show that GSH S-transferase 
activity towards the K-region epoxide, benz[a]anthracene 
5,6-oxide, in the cynomolgus monkey, as in the rat [7], is 
greater in lung preparations than in those of the liver or 
kidney, in which the activities of the two tissues were 
similar. The greater GSH S-transferase activity in the lung 
compared to that in the liver has not been observed for 
other polycyclic aromatic hydrocarbons studied (mainly in 
rodents), such as naphthalene 1,2-oxide [14] or the K- 
region epoxides benzo[a]pyrene 4,5-oxide  [8, 15], 
benzo[a]pyrene 11,12-oxide [8], dibenz[a,h]anthracene 5,6- 
oxide [8] and 3-methylcholanthrene 11,12-oxide [16, 17], 
towards which activity in the liver exceeded that in the lung 
and usually in the kidney, sometimes by several-fold. Sim- 
ilarly, hepatic GSH S-transferase activities towards other 
electrophilic epoxides such as styrene oxide [18, 19], and 
non-epoxides, such as 1,2-dichloro-4-nitrobenzene [19], 
exceeded those in extrahepatic tissues. A review of earlier 
work [3] provides the same conclusion. 

Recent studies [e.g. 20] indicate that K-region epoxides 
are probably not the ultimate carcinogenic forms of poly- 
cyclic aromatic hydrocarbons. One possible contributory 
reason for this could be the ability of the GSH S-transferase 
system to metabolize K-region epoxides more readily than 
non-K-region epoxides [e.g. 8,21] to relatively less toxic 
products. 
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Factors affecting haem degradation in rat brain 


(Received 24 December 1979; accepted 24 January 1980) 


A functional deficiency of brain haemoproteins has been 
postulated as a cause of the neural manifestations of acute 
porphyria [1]. This deficiency could result either from 
impaired haem synthesis or, alternatively, from increased 
haem degradation in neural tissue. Factors that are known 
to precipitate acute attacks might conceivably enhance 
haemoprotein turnover in brain and thereby deplete the 
neural haem pool. The object of the present study was to 
investigate the rate of haem metabolism in normal mam- 
malian brain and in the brains of animals subjected to 
treatments known to influence this process in liver tissue. 

Female Wistar rats (150-230g) were injected with 
[4-“C]ALA* (5uCi/30 ul) intraventricularly [2] and 
[GSH]JALA (5 uCi/100 g body wt) intraperitoneally. The 
radiochemicals were obtained from the Radiochemical 
Centre, Amersham, U.K. At the times indicated, rats were 
heparinized and killed by cardiac excision under light ether 
anaesthesia. Samples of blood were collected and frozen 
in liquid nitrogen. Initially, the rats were perfused through 
the ascending aorta with ice-cold physiological saline con- 
taining heparin [3] in order to eliminate any contribution 
from blood to tissue haem radioactivity. However, 
extremely low levels of haem radioactivity were found in 
blood, as has been reported previously [4], and in later 
experiments animals were not perfused. Similar results 
were obtained with and without perfusion. 

The brain ventricles were opened and brain and liver 
samples were weighed, washed in chilled saline and frozen 
in liquid nitrogen. Tissues were maintained at —20° until 
analysis. Samples were thawed and homogenized in 3 vol. 
saline. Haem was extracted from the homogenate into ethyl 





* ALA, &aminolaevulinic acid. 


acetate: glacial acetic acid (4:1, v/v) [5] and crystallized 
from the extract with the aid of carrier haemin [6]. Dried 
haem samples were prepared for determination of radio- 
activity by combustion in a Packard Sample Oxidizer. 

Haem oxygenase activity in rat brain was measured by 
the method of Tenhunen et al. [7]. Tissue was homogenized 
in 4vol. 0.1 M potassium phosphate buffer (pH 7.4) and 
centrifuged at 18,000 g. The reaction mixture (3.0 ml) con- 
tained 18,000 g tissue supernatant (6-9 mg protein), 17 uM 
haemin, 180 1M NADPH and 0.1 M potassium phosphate 
buffer (pH 7.4). In the control cuvette, NADPH was 
replaced by 0.1 M potassium phosphate buffer (pH 7.4). 
Hepatic haem oxygenase activity was assayed similarly, 
except that the NADPH concentration was 0.5 mM. The 
formation of bilirubin, determined from the increase in 
optical density at 468 nm, was linear for 10 min. Protein 
was determined by the method of Lowry er al. [8]. An 
extinction coefficient for bilirubin of 40 mM ='cm~' was 
used [9]. Enzyme activity was expressed as nmoles bilirubin 
formed/10 mg supernatant protein/min. 

Radioactivity incorporated into haem in rat brain fell 
rapidly between 6 and 16 hr after intraventricular injection 
of [4-“C]ALA (Fig. 1). After 16hr the decline was less 
rapid and by 48 hr the specific activity of brain haem had 
reached a plateau. The data of Schwartz [10] for the degra- 
dation of hepatic haem in dogs following intravenous injec- 
tion of [4-'*C]ALA are also shown in Fig. 1 for comparison. 
Haem degradation in brain and liver apparently follow a 
similar time course up to about 24hr after injection of 
[4-“C]ALA. After 24hr, radioactivity in hepatic haem 
continues to decline, whereas brain haem radioactivity 
remains relatively constant. The rates of brain and hepatic 
haem degradation in the 6-24 hr period following intra- 
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Brain haem radioactivity ( d.p.m./gxl0°) 


Hepatic haem radioactivity (% of dose ) 
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Fig. 1. Disappearance of radioactivity from haem after 

injection of [4-“C]ALA. @——®, Curve for rat brain 

following intraventricular injection of 5 wCi in 30 wl. Haem 

was isolated with the aid of carrier according to Labbe and 

Nishida [6]. O——O, Data of Schwartz [10] for radioac- 

tivity of hepatic haem following intravenous injection in 
dogs. 


ventricular administration of [4-'*C]ALA and intraperito- 
neal injection of [G--H]ALA in normal rats were found to 
be identical (Fig. 2). In both tissues, haem degradation 
appeared to be biphasic, with a rapid component up to 
16 hr after injection and a slower phase thereafter. 

It was found that treatment of rats with lead (20 mg/kg 
intravenously), allylisopropylacetamide (400 mg/kg intra- 
peritoneally), phenobarbitone (100 mg/kg _ intraperito- 
neally) or lead in combination with phenobarbitone did not 
alter the rate of haem degradation in rat brain. Treatment 
with AIA has previously been shown to accelerate hepatic 
haem degradation [11-13], whereas treatment with pheno- 
barbitone had no effect [11]. 


(% of 6hour value ) 





Radioactivity in haem 


1 1 j it 
4 8 12 6 20 





Time after injection of C a-'4c JALA and 
CG-9HJALA (hours) 


Fig. 2. Disappearance of radioactivity in rat brain and liver 

haem following injection of [4-"“CJALA (5 uCi in 30 wl, 

intraventricularly) and [G-*H]ALA (5 «Ci/100 g body wt, 

intraperitoneally). Haem was isolated with the aid of carrier 

according to Labbe and Nishida [6]. Results expressed as 
means + S.D. (N = 6-16). 


Mean brain and liver haem oxygenase activities were 
very similar (Table 1). Prior treatment of the animals with 
lead, phenobarbitone, lead in combination with pheno- 
barbitone or haem administered intraperitoneally did not 
alter brain haem oxygenase activity. However, haem 
administered intraventricularly increased brain haem 
oxygenase activity to 154 per cent of control levels. This 
increase was unaffected by prior treatment of the animals 
with lead. 

Hepatic haem oxygenase activity was found to be 
increased approximately 14-fold 16 hr after treatment with 
lead. Forty-eight hours after injection of lead it had fallen 
to five times the control value. 

Intraperitoneal administration of haem caused a 9-fold 
increase in liver haem oxygenase activity while phenobar- 
bitone was found to be without effect. Treatment with lead 
in combination with phenobarbitone yielded haem oxy- 
genase activity which was not significantly different from 
that obtained with lead alone. These observations are in 
agreement with previously-reported data [7, 14]. 


Table 1. Effects of various treatments on haem oxygenase activity in rat brain and liver 





Treatment 


Haem oxygenase activity* 
(nmoles bilirubin/10 mg protein/min) 





Brain Liver 





Control 

Lead (20 mg/kg, 16 hr before death) 

Lead (20 mg/kg, 48 hr before death) 

Phenobarbitone (50 mg/kg sub- 
cutaneously for 4 days) 

Phenobarbitone (50 mg/kg  sub- 
cutaneously for 4 days) + lead (20 
mg/kg, 16 hr before death) 

Heam (40 umoles/kg intraperito- 
neally twice daily for 2 days prior 
to death)t 

Haem (0.25 umoles intraventricularly 
16 hr prior to death)+ 

Haem (0.25 umoles intraventricularly 
16 hr before death)t and lead (20 
mg/kg, 17.5 hr before death) 


0.13 + 0.014 
1.8 + 0.42+ 
0.6 + 0.147 


0.17 + 0.013 
0.18 + 0.013 
0.21 + 0.067 


0.18 + 0.006 0.16 + 0.023 
0.18 + 0.018 


0.19 + 0.033 


0.26 + 0.0327 


0.26 + 0.0147 





* Results expressed at means + S.D. (N = 5). 
+ Significantly different from control, P < 0.001. 
+ Injected as methaemalbumin prepared from crystalline haemin. 
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The initial fast phase of hepatic haem turnover has been 
attributed to degradation of a pool of free or unassigned 
haem with a short half-life [15]. The similarity in the rate 
of disappearance of radioactivity from the early-labelled 
haem pool in brain and liver (Fig. 1) suggests that such a 
pool of free haem also exists in neural tissue. Yannoni and 
Robinson [16] have proposed that a haem pool with a rapid 
turnover rate is characteristic of all tissues in which haem 
synthesis takes place. This pool is regarded as a regulatory 
one, controlling haem synthesis by repressing ALA syn- 
thetase and regulating haem degradation by stimulating 
haem oxygenase activity [13, 15]. 

Bissell and Hammaker [15] attribute the slow phase of 
hepatic haem degradation, i.e. 16-30 hr after [4-""CJALA 
administration, solely to the degradation of cytochrome P- 
450, a rapidly turning over microsomal haemoprotein. The 
concentration of this haemoprotein in brain has been shown 
to be very much lower than in liver (1:50) [17]. This could 
account for the early plateau found for radioactivity in 
brain haem in the present study (Fig. 1). Since radioactively 
labelled haem accumulates chiefly in the mitochondrial 
fraction of brain cells [17], it would appear that this latter 
part.of the curve probably reflects turnover of mitochon- 
drial haemoproteins. On this assumption, it would appear 
that their half-life is similar to that of hepatic mitochondrial 
haemoproteins [18]. 

Haem oxygenase activity in brain was found to be very 
similar to that of liver, which is in marked contrast to the 
relatively lower levels of haem-synthesizing enzymes found 
in brain tissue [17]. However, the lack of effect in brain 
of factors known to influence hepatic haem degradation 
and haem oxygenase activity suggests that the mechanisms 
which control hepatic haem turnover are not operative in 
neural tissue. Alternatively, these factors in their active 
forms fail to reach ‘receptor’ sites in the brain [9]. Substrate- 
mediated increase in brain haem oxygenase activity was 
observed. It is possible that macrophages rather than neu- 
rons or glial cells contribute to this haem-mediated increase 
in haem oxygenase activity following intraventricular 
administration of haem [19]. 

The results of the present study indicate that brain hae- 
moproteins have a low turnover rate, which accords with 
the data previously obtained with respect to haem biosyn- 
thesis [17]. Destabilization of brain haemoproteins could 
lead to increased brain haem turnover as haem oxygenase 
is substrate inducible. However, it would appear unlikely 
that porphyrinogenic agents (such as AIA) or lead affect 
brain haemoprotein function in normal tissue in this way. 





* Present address: Department of Biochemistry, Uni- 
versity of Queensland, St. Lucia, Brisbane 4067, Australia. 


Short communications 


Acknowledgements—This study was financially supported 
by the South African Medical Research Council and the 
Cape Provincial Administration. 


VIVIENNE A. PERCY 
BRIAN C. SHANLEY* 


Department of Chemical 
Pathology, 

University of Stellenbosch, 

P.O. Box 63, 

Tygerberg 7505, 

South Africa 


REFERENCES 


1. B. C. Shanley, V. A. Percy and A. C. Neethling, S. 
Afr. med. J. 51, 458 (1977). 

2. E. P. Noble, R. J. Wurtman and J. Axelrod, Life Sci. 
6, 281 (1967). 

3. G. R. Morrison, Analyt. Chem. 37, 1124 (1965). 

4. R. Schmid, in The Metabolic Basis of Inherited Disease 
(Eds. J. B. Stanbury, J. B. Wyngaarden and D. S. 
Fredrickson), p. 1141. McGraw-Hill, New York (1972). 

. H. L. Bonkowsky, J. R. Bloomer, P. S. Ebert and 
M. J. Mahoney, J. clin. Invest. 56, 1139 (1975). 

. R. F. Labbe and G. Nishida, Biochim. biophys. Acta. 
26, 437 (1957). 

. R. Tenhunen, H. S. Marver and R. Schmid, J. Lab. 
clin. Med. 75, 410 (1970). 

.O. H. Lowry, N. J. Rosebrough, A. L..Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. M. D. Maines and A. Kappas, Ann. clin. Res. 8, 39 
(1976). 

. S. Schwartz, in Bilirubin Metabolism (Eds. I. A. D. 
Bouchier and B. H. Billing), p. 15. Blackwell, Oxford 
(1967). 

. U. A. Meyer and H. S. Marver, Science 171, 64 (1971). 

. W. Levin, M. Jacobson and R. Kuntzman, Archs 
Biochem. Biophys. 148, 262 (1972). 

. F. De Matteis, Drug Metab. Dispos. 1, 267 (1973). 

. M. A. Correira and R. F. Burk, Archs Biochem. Bio- 
phys. 177, 642 (1976). 

. D. M. Bissell and L. E. Hammaker, Archs Biochem. 
Biophys. 176, 103 (1976). 

.C. Z. Yannoni and S. H. Robinson, Nature, Lond. 
258, 330 (1975). 

. V. A. Percy and B. C. Shanley, J. Neurochem. 33, 
1267 (1979). 

. V. Aschenbrenner, R. Druyan, R. Albin and M. 
Rabinowitz, Biochem. J. 119, 157 (1970). 

.K. T. Roost, N. R. Pimstone, I. Diamond and R. 
Schmid, Neurology (Minneapolis) 22, 973 (1972). 








Short communications 


Biochemical Pharmacology, Vol. 29, pp. 1593-1595. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


1593 


0006-2952/80/0601-1593 $02.00/0 


Assay of tyrosine hydroxylase in tissue homogenates: effects of Triton-X, sodium, 
calcium and cyclic AMP 


(Received 3 December 1979; accepted 4 February 1980) 


The use of the Nagatsu method [1] for the determination 
of tyrosine hydroxylase (L-tyrosine, tetrahydropte- 
ridine: oxygen oxidoreductase  [3-hydroxylating] 
EC 1.14.16.2.; TH) activity has proved unsatisfactory for 
the assay of TH in tissue homogenates in this laboratory 
[2, 3]. Although this has been solved in part by the use of 
acetone dried powders for large samples, there remains a 
need for a method of assaying TH in whole homogenates 
and small tissue samples. Previous reports have shown that 
TH from acetone powders may be activated by Na* and 
K* ions [3], while work by other authors [4, 5] had indicated 
that TH can also be activated by Ca’* ions and cyclic AMP. 
It has also been shown that these two compounds have 
only a small effect on TH from acetone powders [6]. The 
work reported here examines the effect of NaCl, CaCl, 
Triton X-100 and cyclic AMP on homogenates of guinea 
pig caudate nucleus. From the results obtained, a suitable 
method for the assay of TH in homogenates and small 
pieces of tissue is described. 

Assay procedure. The assay procedure was essentially 
that reported by Mann [3]. Homogenates of guinea pig 
caudate nucleus were made in 0.2M_ dimethyl 
glutarate/NaOH buffer, pH 6.0. When necessary, super- 
natants were prepared by centrifuging homogenates at 
84,000 g for 2 hr. Samples of homogenate were normally 
incubated for 30 min at 37.5° in the presence of L (sidechain 
2, 3H)-tyrosine with a specific activity of approximately 
18mCi/mmole. The L-dopa formed was separated from the 
remaining tyrosine using alumina columns as previously 
described [3]. The incubation mixture consisted of 40 mM 
dimethyl glutarate/NaOH buffer (pH 6.0), 0.2 mM FeSO,, 
4mg/ml bovine serum albumin, 2.5mM _ dithiothreitol 
(DTT) and 2500 units/ml catalase. The incubation was 
started by the addition of enzyme or labelled tyrosine. In 
the case of additions such as Ca** and cyclic AMP, these 
were part of the incubate before the addition of enzyme 
to start the incubation procedure; there was thus no pre- 
incubation procedure. The optimum concentrations of 
tyrosine and tetrahydrobiopterin (BpH,) (kindly donated 
by Dr. K. J. M. Andrews, Roche Products) were 0.3 and 


2.5 mM, respectively. The final volume of the mixture was 
100 pl. 

Preparation of small tissue samples. Small samples of 
brain, or the posterior lobes of rat pituitary (each weighing 
approximately 0.5 mg) were homogenized in small glass 
tubes containing 80 ul incubation mixture without tyrosine 
and tetrahydrobiopterin; the samples were then incubated 
following the addition of these two ingredients. Alterna- 
tively, acetone powders were prepared in similar tubes by 
breaking up the tissue in the presence of acetone at —10°. 
Each sample was washed in its tube with 4 x 0.5 ml acetone 
and then dried in a desiccator under continuous vacuum 
for 5 hr at +4°. Incubation mixture was then added to the 
tube to extract the enzyme and the normal procedure 
followed. No difference was observed when the tubes were 
spun to remove the insoluble material. All activities of 
tyrosine hydroxylase, including those for acetone powders, 
have been expressed as wmoles L-dopa synthesized. 

Activation by Triton X-100 and cations. Samples of hom- 
ogenate supernatant and whole homogenate were incu- 
bated in the presence of 0.5% Triton X-100, 0.5 mM CaCl, 
or 400 mM NaCl (+50 mM Na” as sodium glutarate) and 
0.1mM cyclic AMP. Combinations of these compounds 
were also used. A significant increase in enzyme activity 
was observed when NaCl was incubated with homogenate 
supernatant (Table 1) but as previously reported [3], no 
increase was observed with whole homogenate. A sig- 
nificant increase was also observed when the whole hom- 
ogenate was incubated with Triton X-100; this effect was 
in turn enhanced by the presence of NaCl which had not 
activated the whole homogenate in the absence of Triton 
X-100. It can be seen from the values in Fig. 1 that tyrosine 
hydroxylase in supernatants may be only 20 per cent of the 
total. It thus appears that freely accessible TH can be 
activated by cations and that Triton X-100 and the acetone 
powder procedure are both good methods of making the 
enzyme easily accessible to substrates. 

In previous experiments it has been shown that a plot 
of enzyme concentration against activity was not linear 
when tissue homogenates were used. In the present work, 


Table 1. Activation of tyrosine hydroxylase in caudate nucleus homogenates* 





Supernatant 


Homogenate 








umoles/g/hr 


pmoles/g/hr % 





0.111 
0.411 
0.120 
0.122 
0.109 
0.411 
0.094 


Control 

NaCl (400 mM) 
Triton X-100 (0.5%) 
CaCl, (0.5 mM) 
cAMP (0.1 mM) 
NaCl + Triton X 
CaCl, + Triton X 


0.495 100 
0.582 117 
0.793 160+ 
0.506 102 
0.519 105 
2.056 415§ 
0.828 161 





* Tissues were incubated in subsaturating concentrations of tyrosine (66 4M) and 


tetrahydrobiopterin (317 uM). 
+ P>0.02. 
+ P>0.01. 
§ P> 0.001. 
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Fig. 1. Synthesis of L-dopa by a homogenate of guinea pig 
caudate nucleus in the presence of Triton X-100 and 125 mM 
NaCl. 





as in work previously reported [3], the production of L- 
dopa was linear with time over a period of 1 hr. Figure 1 
shows a plot obtained with increasing amounts of guinea 
pig caudate nucleus homogenate in the presence of 100 mM 
NaCl and Triton X-100. This plot is clearly linear up to 
2 mg of caudate nucleas tissue and is therefore satisfactory 
for the assay of TH within this tissue range. The value 
obtained for TH in the caudate nucleus under optimal 
conditions was 4.5 umoles/g/hr compared with the previous 
figure of 2.5umoles/g/hr [3]. Experiments in which Triton 
X-100 was used in the absence of NaCl or in which the 
NaCl was replaced by CaCl, also gave rise to linear plots. 
The addition of calcium chloride produced maximal acti- 
vation at 25mM; above this concentration CaCl, was 
inhibitory. : 
Effect of calcium and cyclic AMP on kinetic constants. 
The effects of CaCl, and cyclic AMP were examined both 
in homogenates and homogenates activated with Triton X- 
100. There was a tendency for the Michaelis constants to 
be lower for BpH, in the activated homogenates (Table 2), 
but this was not true of the K,,’ for tyrosine which had a 
value of 27 4M. There was also a tendency for the K,,,' for 
BpH, to be lowered by Ca”* and cyclic AMP in the activated 
homogenates, while no effect on the K,,’ was observed with 


NaCl. This effect, however, is very much smaller than that 
observed by other workers [5]. The values given in Table 
2 were obtained in a subsaturating concentration of tyro- 
sine, while the concentration of oxygen was that which was 
available from the air at atmospheric pressure which gives 
a concentration of 200-355 mM [6]. The values for Vinay’ 
are therefore not the true maximal velocities (V,,,,), while 
the values of K,,’ are not the values which would be 
obtained at infinite concentrations of second and third 
substrates (i.e. K,,); the values obtained here are sometimes 
referred to as (K;). 

Assay of small samples of tissue. Tissue samples from 
Wistar rats were assayed as described in the methods. 
Values of 0.29 umoles/g/hr were obtained for the posterior 
lobe of the pituitary using Triton X-100 NaCl incubation 
mixture. Using the acetone powder technique, values of 
0.11 uwmoles/g/hr were obtained. Small samples of basal 
hypothalamus (1.0-3.0 mg) were also assayed and values 
of 0.11 zmoles/g/hr and 0.04 wmoles/g/hr were obtained for 
fresh tissue and acetone powders, respectively. The incu- 
bation medium that gave good results for homogenates is, 
therefore, also successful with small pieces of tissue. 

There have been a number of reports that tyrosine 
hydroxylase is activated by either cyclic AMP, Ca” ions 
or both. Roth et al. [5] indicatated that this activation, 
which mimicked nerve stimulation, resulted in the lowering 
of the Michaelis constants for both tyrosine and the pterin 
cofactor with a consequential increase in the inhibitory 
constant for catechols. The work on TH previously reported 
from this laboratory [6] has indicated that no significant 
effects of these compounds could be found when TH from 
acetone powders was used. The results reported here show 
that Ca**, like Na*, activates TH in that it can increase 
the observed velocity but does not substantially affect the 
kinetic constants. Nevertheless, the tendency for the K,,, 
of BpHy, to decrease in the presence of Ca~* and cyclic 
AMP, together with the decrease in K,,’ in the presence 
of Triton X-100 (from 803 to 361 4M) indicates that the 
soluble enzyme may be different from the bound enzyme. 
However, 25 mM Ca’* increased the observed velocity both 
in the whole homogenate and that treated with Triton X- 
100. Weiner et al. [7] have suggested an indirect action of 
Ca?* on TH in vivo, but clearly the results in Tables 1 and 
2 show that it is possible for a direct action to occur in 
vitro. It is difficult, therefore, to explain the lack of effect 
of Ca** and cyclic AMP on the kinetics of TH which has 
been reported here compared with the substantial effects 
which have been reported by others [4, 5]. The enzyme 
activity of the activated homogenates is high and it is not 
unreasonable to expect that little improvement would occur 
in such samples. There was no effect with cyclic AMP in 
the unactivated homogenates; although there was some 
increase in velocity with Ca’*, there was no effect on the 
K,,'. It may be that there is a distinct physical difference 
between the TH from peripheral sources where noradren- 
aline is synthesized and central sources where dopamine 
is synthesized, but this would be unusual. ht is probable 
that Ca’* and cyclic AMP may well have different quali- 


Table 2. The effect of Ca** and cyclic AMP on tyrosine hydroxylase in homogenates of caudate 
nucleus* 





Homogenate 


Homogenate + Triton X-100 





K,,' BpHy 


, 
Vinax 


Km’ BpHy 





629+ 96 
803+ 99 
648 + 166 


Control 
CaCl, (25 mM) 
cAMP (0.1 mM) 


1.165 + 0.14 
1.778 + 0.15 
1.251 + 0.20 


SS: 75 
361 + 106 
437 + 125 





* Samples were incubated in the absence of added NaCl with a tyrosine concentration. of 
66 «M and an oxygen concentration of between 200 and 355 mM. 
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tative and quantitative effects in vivo from those observed 
in vitro and that the conditions used here are not suitable 
for these substances to act as they would in the intact nerve 
ending. 

The values obtained using Triton X-100 and activating 
ions on whole homogenates have again shown that the 
amounts cf TH in the caudate nucleus are greater than 
earlier observations (4.5 compared with 2.5 uwmoles/g/hr 
[3], both of which were greater than values reported by 
other authors [8, 9], indicating that the caudate nucleus has 
a considerable capability for the synthesis of L-dopa under 
optimal conditions. It is, possible however, that the enzyme 
in vivo may not be present in its most active form. 

From the results obtained with homogenates and small 
tissue samples it is clear that the Triton X-100/NaCl incu- 
bation mixture is suitable for the assay of TH in all cases 
where the measurement of maximal activity is required. 
A.R.C. Institute of Animal STEPHEN P. MANN 

Physiology, 

Babraham, 
Cambridge CB2 4AT, U.K. 
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Maturation of sympathetic neurotransmission in the rat heart—III. 
Developmental! changes in reserpine inhibition of norepinephrine uptake into 
isolated synaptic vesicles* 


(Received 13 November 1979; accepted 26 December 1979) 


Reserpine inhibits the uptake of catechoiamines into stor- 
age vesicles by competitive, irreversible blockade of the 
ATP-Mg**-dependent transport mechanism [1-5], result- 
ing in profound depletion of neurotransmitters from the 
vesicles and interference with sympathetic neurotransmis- 
sion. After administration of reserpine to the rat, the drug 
disappears biphasically: most of the drug is eliminated very 
rapidly, but a small amount disappears extremely slowly 
[6, 7] due to irreversible binding of reserpine to sites on 
the vesicles [7, reviews 8, 9]. Disappearance of the bound 
reserpine, along with the appearance of new, unoccupied 
reserpine binding sites, has been used to estimate the rate 
of synthesis and axonal transport of newly formed vesicles; 
complete recovery of binding sites in the adult rat heart 
requires 7-8 weeks [10]. This closely approximates the time 
_ Tequired for full recovery of endogenous heart norepi- 
nephrine content after reserpine treatment [11]. 

Another index of new vesicle arrival in the terminal after 
reserpine treatment [5] is the recovery of vesicular uptake 
capabilities. Recently, a technique has been developed to 
measure uptake of norepinephrine into synaptic vesicles 
isolated from small amounts of rat heart [12]. Using this 
method, rapid increases in rat heart vesicular uptake sites 
have been demonstrated during the first few days of post- 
natal life [13], possibly corresponding to increased rates of 
vesicle synthesis and/or down-transpoxt in the neonates 
compared to adults. In support of this explanation of the 
postnatal increases, studies in rat brain have found that a 
single injection of reserpine into neonatal rats results in 
inhibition of norepinephrine uptake lasting only a few days, 
compared to more than 2 weeks in adults, despite the fact 
that neonates display a greater initial sensitivity to the drug 
[5]. In the present study, this approach has been extended 
to the developing peripheral sympathetic nervous system 





* Supported by USPHS HD-09713 and HL-24115. 


by measuring the time required for recovery of cardiac 
vesicular norepinephrine uptake after giving reserpine to 
rats of different ages. The results confirm that the onto- 
genetic increases in transmitter vesicular uptake sites are 
associated with accelerated arrival of new vesicles. 

Timed pregnant Sprague-Dawley rats (Zivic-Miller, 
Allison Park, PA) were housed individually in breeding 
cages and allowed food and water ad lib. Pups from all 
litters were randomized at birth and redistributed to the 
nursing mothers, with litter sizes kept at 8-11 pups to 
maintain a standard nutritive status. Additionally, for each 
experiment, pups of both sexes were selected from several 
different cages. Neonates were given 250 ywg/kg reserpine 
subcutaneously on days 1, 9, 17 and/or 30 and were killed 
at intervals from 3 hr to several days after each reserpine 
injection. Adult male 250 g rats were given a single sub- 
cutaneous injection of reserpine (either 250 or 50 ug/kg) 
and decapitated 3 hr, 24 hr, 4, 7, 14, 21 or 28 days after the 
injection. All control animals received equivalent volumes 
of vehicle (1 ml/kg). 

For studies of uptake of norepinephrine into cardiac 
sympathe ‘i: vesicle, hearts were weighed and homogenized 
(Polytre Brinkmann Instruments, Westbury, NY) 
immcdiately in 4 vol. of ice-cold 300 mM sucrose buffered 
with 25raM Tris (pH 7.4) containing 10 uM iproniazid. 
During the first 2 weeks of postnatal development, hearts 
from several animals were pooled to obtain at least 200 mg 
of tissue for analysis. A crude fraction containing synaptic 
vesicles was prepared from the heart homogenate by the 
method adapted from Seidler et al. [14] by Bareis and 
Slotkin [12]. The homogenate was centrifuged at 1000 g for 
15 min and the pellet discarded. The supernatant fraction 
was recentrifuged at 20,000 g for 30 min and this super- 
natant fraction was sedimented at 100,000 g for 30 min in 
a Beckman Type 40 fixed angle rotor. The crude vesicle 
pellet (from preparation to preparation consistently con- 
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Fig. 1. Effects of reserpine, administered at different ages, on [*H]norepinephrine uptake into rat heart 
synaptic vesicles. Developing rats received reserpine (arrows) as described in the text. Points and bars 
represent means and S.E.M. of five to eighteen determinations. Asterisks denote significant differences 
from controls (P < 0.05 or better). Control uptakes in pmoles/g heart were: day 2, 0.38 + 0.10; day 4, 
0.58 + 0.05; day 7, 1.13 + 0.10; day 10, 1.20 + 0.09; day 13, 1.42 + 0.12; day 17, 1.34 + 0.07; day 23, 
1.43 + 0.09; day 30, 1.46 + 0.09; day 37, 1.83 + 0.07; day 46, 1.97 + 0.15; and days 60-90, 1.73 + 0.08. 


taining about 30 per cent of the total endogenous heart 
norepinephrine) was resuspended by means of 3-4 up-— 
down strokes in a Teflon-to-glass homogenizer in 4 vol. 
(based on original wet tissue weight) of 130 mM potassium 
phosphate buffer, pH 7.4. This suspension was used for 
subsequent incubations. Each sample contained 0.67 ml of 
vesicle suspension (representing 167 mg of heart) in a final 
incubation volume of 1.7 ml, with final concentrations of 
1mM ATP-MgSO,, 10 uM ascorbic acid, 5 uM iproniazid 
and 0.1 uM [*H]norepinephrine. Samples were incubated 
for 4 min at 30° with duplicate samples kept on ice to serve 
as blanks. Incubations were stopped by adding 1.7 ml of 
ice-cold phosphate buffer, and the labeled vesicles were 
immediately vacuum filtered on cellulose acetate filter 
paper (Gelman GA-8, pore size 0.2 wm). The paper was 
washed three times with cold phosphate buffer and counted 
by liquid scintillation spectrometry in a Triton X-100-con- 
taining toluene-based scintillation fluid at an efficiency of 
39 per cent. Uptake was determined by subtracting the 0° 


tissue blank from the 30° sample and expressed as pmoles 
of norepinephrine taken up in 4 min per original g of heart. 
Although the uptake procedure utilized a crude microsomal 
preparation, the incorporation of [*H]norepinephrine 
occurred predominantly into the sympathetic storage ves- 
icles [12] and provided a reliable index of maturation of 
vesicle function during both normal and drug-perturbed 
development [13, 15]. 

Results are reported as means and standard errors with 
levels of significance calculated by Student’s two-tailed, 
unpaired (-test. 

/-[7-"H]Norepinephrine (3.80 Ci/mmole) was obtained 
from the New England Nuclear Corp. (Boston, MA) and 
reserpine phosphate (Serpasil) from Ciba Pharmaceuticals 
(Summit, NJ); ATP (disodium salt) and iproniazid phos- 
phate were obtained from the Sigma Chemical Co. (St. 
Louis, MO). 

Control pups increased in body weight from about 9 to 
184g between 2 and 46 days of age; their heart weights 


Table 1. Effects of reserpine on body and heart weights of developing rats* 





Body weights (g) 


Days of age Control 


Reserpine 


Heart weights (mg) 
Control Reserpine 





9.1+0.3 

11.8+0.4 

14.6+0.6 

18.0 + 0.6% 
21.0 + 0.57 
27.0 + 0.7 

30.9 + 1.68 
36.9 + 1.7 

48.1 + 2.7 

88.8 + 4.8 


23.0 + 0.6 
28.4 + 0.8 
68 21.2 
$22.3 
54.4+ 3.0 
94.0 + 3.6 
s2°| = 9 134 
184 +9 165 


46+ 1 
56 + 2+ 
70 + 3 
88 +3 
101 +3 
119+4 
155 + 6§ 
210+8 
234 + 15 
378 + 18 
538 + 20 
650 + 20 


Ooen 
ae Wr 


I+ I+ I+ I+ 
NRwWwWnNe 


= 
+ 
ws 


124+ 4 

184 +6 

197 + 10 
269 + 13 
391+ 14 
580 + 32 
680 + 30 





* Developing rats were given reserpine injections on days 1, 9, 17 and/or 30 as described 
in the text. Results represent means + S.E.M. of six to twelve determinations. 


+ P< 0.02 vs control. 
+ P <0.05 vs control. 
§ P < 0.002 vs control. 





Short communications 


Table 2. Effects of reserpine in vitro on uptake of 
[*H]norepinephrine by heart vesicles from developing rats* 





Uptake in presence of 
0.1 ~M reserpine 
(percentage of control) 


Postnatal age 
(days) 


4 53 + 3+ (4) 
10 45 + 5+ (6) 
17 37 + 3+ (4) 
30 49 + 5+ (6) 
90 28+2 (6) 








* Results are means + S.E.M. of the number of deter- 
minations in parentheses. Control values are in the legend 
to Fig. 1; 90-day control is 1.92 + 0.07 pmoles/g. 

+ Significant differences (P< 0.05 or better vs 90-day 
value). 


went from 47 to 680 mg over the same time period (Table 
1). In most cases, pups that received 250 ug/kg reserpine 
on days 1, 9, 17 and 30 had body and heart weights which 
were substantially the same as those of controls. 

Twenty-four hours after administration of reserpine to 
1-7 day-old rats, [*H]norepinephrine uptake into rat heart 
synaptic vesicles was the same as in control pups (Fig. 1); 
however, when administered at 9 days of age, reserpine 
produced an immediate and persistent inhibition of uptake. 
At subsequent ages, the older the animal at the time of 
reserpine injection, the more profound and prolonged were 
the actions of the drug. Treatment at 9 days of age produced 
50 per cent inhibition at 3 hr with partial recovery at 24 hr 
and complete recovery by 1 week after reserpine; the same 
dose given to 17-day-old rats produced about 70 per cent 
inhibition of uptake in 24 hr with recovery to control levels 
requiring 12 days, and reserpine administered at 30 days 
of age inhibited vesicular uptake about 70 per cent initially 
with a return to normal 16 days later. Effects were even 
more pronounced in adult rats (60-days-old), where a single 
injection of 250 ug/kg reserpine produced 80-95 per cent 
inhibition in the first 3-24 hr and significant inhibition of 
uptake was present even 3-4 weeks after the injection. 
Decreasing the adult dose to 50 uk/kg did not decrease the 
initial amount of inhibition of norepinephrine uptake and 
the recovery was substantially the same as at the higher 
dose. 

It should be noted that, in the developing rats, complete 
recovery of uptake was allowed to occur before adminis- 
tration of a subsequent dose of reserpine. Nevertheless, 
because of the possibility that a cumulative effect could 
have occurred in the developing rats in which reserpine 
was given more than once, studies were also conducted in 
which previously untreated 30-day-old rats were given 
reserpine. There was no difference in either the initial 
amount of inhibition or the rate of recovery between rats 
that received all four reserpine injections (at days 1, 9, 17 
and 30) and rats treated only at 30 days of age; therefore, 
results from both sets of animals were pooled in Fig. 1. 

In addition to age-dependent alterations in reserpine 
sensitivity in vivo, synaptic vesicles prepared from hearts 
of untreated developing rats were less sensitive than those 
from adult animals to reserpine in vitro (Table 2). From 
4 to 30 days of age, 0.1 4M reserpine added to the incu- 
bation medium decreased uptake to 40-50 per cent of 
controi while adult heart vesicle uptake in the presence of 
reserpine was reduced to about 28 per cent of control 
values. 

The normal pattern of postnatal maturation of the uptake 
of norepinephrine by rat heart synaptic vesicles consists of 
a rapid increase in vesicular uptake capabilities per g of 
tissue during the first week of age, followed by a slow 
increase until about 30 days of age, at which point a second 
small growth spurt occurs until about 40 days of age when 
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adult levels of vesicular uptake are reached [13]. The pres- 
ent studies tested the hypothesis that the ontogenetic 
increases in vesicular amine uptake represent proliferation 
of vesicles in the terminal due to arrival of new vesicles. 
An index of vesicle replacement rate was obtained by giving 
a single injection of reserpine at different ages and following 
the length of time required for recovery of norepinephrine 
uptake; the dose of reserpine used was sufficient for max- 
imal uptake inhibition of any vesicles present at the time 
of the injection. Because reserpine binds to vesicles irrev- 
ersibly [review, 9], restoration of vesicular uptake capa- 
bilities requires degradation of reserpine-inhibited vesicles 
and replacement of these with newly synthesized ones; 
therefore, the faster that vesicles arrive in the terminal, the 
more rapid is the rate of recovery. Very little measurable 
uptake was present on the day after birth, and reserpine 
administration at this age had no effect by 24hr post- 
injection, suggesting that there were very few vesicles in 
the nerve endings of neonatal rat hearts. Between 9 and 
30 days of age, reserpine produced inhibition of uptake 
lasting no more than 1-2 weeks. However, when adult rats 
were treated with reserpine, recovery was incomplete even 
after 4 weeks, and decreasing the dose to 50 g/kg did not 
substantially change the rate of recovery, probably because 
50-100 g/kg saturated the binding sites for reserpine to 
vesicles in the heart [6]. The longer recovery times for 
adults (weeks) compared to developing rats (days) cannot 
result from differences in axonal transport time due to 
neuronal outgrowth; noradrenergic synaptic vesicles travel 
down the axon at > 100 mm/day [16]. These results thus 
indicate that the rapid vesicle replacement occurring in the 
hearts of immature animals probably reflects higher rates 
of vesicle synthesis. In turn, the normal developmental 
increases in vesicular uptake capabilities would seem to 
result from de novo synthesis of vesicles and their subse- 
quent arrival in the nerve terminals. Alternatively, reser- 
pine binding might be reversible in the neonate and irre- 
versible binding may then appear by 9 days of age, the 
point at which a persistent effect on uptake can be obtained; 
this latter explanation, however, still would not explain the 
progressive difference in duration of effect at subsequent 
ages. 

Increases in the number of cardiac noradrenergic synaptic 
vesicles and changes in the rate of vesicle synthesis may 
not be the only important processes occurring during the 
postnatal maturation of these vesicles. There is some 
indication that properties of the uptake system may change 
with age as well, since synaptic vesicle preparations from 
developing animals were inherently less sensitive than adult 
vesicles to inhibition of norepinephrine uptake by reserpine 
in vitro. The existence of a reserpine-resistant vesicular 
amine uptake site has been demonstrated in vesicle prep- 
arations from adrenal medulla and brain [17-19], and 
uptake by the reserpine-insensitive site may predominate 
over reserpine-sensitive, ATP-Mg**-dependent uptake 
from birth to 30 days of age [20]. Development of cardiac 
synaptic vesicle norepinephrine uptake capabilities may 
thus include shifts in the proportion of reserpine-sensitive 
and reserpine-insensitive types of uptake, in addition to 
changes in the number and rate of arrival of vesicles in the 
terminals. 

In summary, the rate of synthesis of noradrenergic ves- 
icles and their subsequent arrival in cardiac sympathetic 
nerve terminals of developing rats was estimated by fol- 
lowing the length of time required for recovery of norepine- 
phrine uptake into vesicles isolated from rats which received 
a single injection of reserpine at different ages; the synthesis 
of new synaptic vesicles appears to be elevated compared 
to adult rats through the first 5 weeks of age. Synaptic 
vesicles prepared from rats from birth to 30 days of age 
were also less sensitive than adult vesicles to inhibition of 
norepinephrine uptake by reserpine in vitro, suggesting 
that properties of the uptake system may change during 
postnatal development. 
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A possible role for cyanate in the albumin binding defect of uremia 


(Received 17 October 1979; accepted 13 December 1979) 


The decrease in binding of numerous drugs by uremic 
albumin or plasma is now widely recognized. Sj6holm et 
al. [1] reported a decrease in binding and affinity constants 
for both salicylic acid and warfarin in uremic serum. The 
binding of phenytoin [2], diazoxide [3], furosemide, clo- 
fibrate and sulfonamides [4], penicillins [5], diazepam [6], 
and valproic acid [7] to albumin is also diminished in uremic 
serum. 

The precise nature of the binding defect has not been 
elucidated, though evidence for at least three separate and 
perhaps complementary mechanisms has been published. 
Andreasen [8], on the basis of dialysis studies, has suggested 
that the binding defect in uremia is attributable to the 
presence of small molecules which reversibly alter ligand- 
binding characteristics of albumin and which accumulate 
in uremia. The dilution studies of others [1] using warfarin 
and salicylic acid in uremic and normal sera suggest, how- 
ever, that the substances which mediate the uremic binding 
defect are irreversibly bound to albumin at normal pH. 
Craig et al. [5] and other investigators [9] have evaluated 
the possible contribution to the binding defect of small 
molecules such as urea, guanidinosuccinic acid, creatinine, 
p-aminohippuric acid, and other small molecules which 
accumulate during uremia. As yet, none have been found 
to create a binding defect in normal serum or to reinstate 
the defect in charcoal-treated uremic serum. Changes in 
the uremic albumin molecule have been proposed. Elec- 





* Normosol-R contains the following per liter: sodium 
chloride, 5.26 g; sodium acetate, 2.22 g; sodium gluconate, 
5.02 g; potassium chloride, 370 mg; and magnesium chlor 
ide, 140 mg. 


trophoretic differences between normal serum albumin and 
albumin isolated from uremic sera have been reported [10]. 
Moreover, for uremic and normal serum albumin, a quan- 
titative difference in the amino acid composition of the two 
albumin bands separated by isoelectric focusing has been 
demonstrated [11]. 

Cyanate, a substance which is capable of reacting with 
albumin via carbamoylation of free amino groups, is a 
reasonable suspect as a potential contributor to the albumin 
binding defect. While values for cyanate concentrations in 
either normal or uremic serum have not, to our knowledge, 
been reported, cyanate is believed to circulate at excessively 
high levels in uremia [12]. We undertook a series of experi- 
ments to determine the impact of cyanate upon albumin 
and its warfarin-binding characteristics. 


Methods 


Derivatization (carbamoylation) of albumin. Bovine 
serum albumin (BSA, fraction V, electrophoretically pure, 
CalBiochem, San Diego, CA) was prepared as a 4% sol- 
ution in a physiologic electrolyte solution (Normosol-R, 
Abbott Laboratories, North Chicago, IL)* with pH 
adjusted to 7.3. BSA was incubated with various concen- 
trations of potassium cyanate (200, 250, 500, 1000 and 2000 
mg/l) for 4, 24 or 48 hr. All solutions were sterilized by 
filtration through 0.45 wm membranes (Nalge). Incubations 
were performed in air under sterile conditions at 37° using 
a Dubnoff metabolic shaking incubator oscillating at 
120 cycles/min. Derivatized albumin was dialyzed for 24 hr 
against running water at 22° and then lyophilized. Lyophi- 
lized samples were reconstituted with distilled water to a 
0.4% concentration and electrophoresed on cellulose acet- 
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Fig. 1. Electrophoretic mobility of normal BSA and of 

BSA after 100 mg/dl CNO incubation. Numbers represent 

migration distance in cm. Panel A: 24-hr incubation; and 

panel B: 48-hr incubation. Current: 2-3 mA. POA; point 
of application. 


ate strips (Sepraphore III, Gelman Instrument Co., Ann 
Arbor, MI) using a Gelman model 38206 power source. 
Strips were immersed in Tris—barbital buffer (0.05 M, 
pH 8.8), and current was maintained at 2-3 mA for 80 min. 
Normal BSA (0.4%) was electrophoresed alongside the 
derivatized samples. Cellulose acetate strips were stained 
with Ponceau stain [13] (Gelman Instrument Co.) for 8 min 
and decolorized by three successive washings with 5% 
acetic acid. Migration patterns of normal and derivatized 
BSA were compared. 

Binding of {'"C]cyanate to BSA. ['*C]Potassium cyanate 
(57 mCi/mmole, 98 per cent radiochemically pure, Amer- 
sham/Searle, Arlington Heights, IL) was added to 4% BSA 
at a concentration of 1.125 wCi/ml. Samples were incubated 
at 37° for 24 hr as described above. 

Two ml aliquots were ultrafiltered through dialysis tubing 
with 20A porosity, as described previously [14]. 
['*C]Cyanate in 0.2 ml aliquots of ultrafiltrate and retentate 
were placed in 5 ml of PCS solubilizer (Amersham/Searle) 
and quantitated by liquid scintillation spectrometry using 
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a Beckman LS 133 spectrometer. The extent of binding 
was estimated as: 


( _ ultrafiltrate d.p.m. 
retentate d.p.m. / 





Membrane binding was evaluated by ultrafiltering aqueous, 
protein-free solutions of ['*C]cyanate. 

Binding of ['*C]warfarin to normal and derivatized BSA. 
['*C]Warfarin (51 mCi/mmole, 99 per cent radiochemically 
pure, Amersham/Searle) was diluted with 0.1 N NaOH to 
obtain a concentration of 0.3 wg/ul. ['*C]Warfarin was 
incubated for 15min at ambient temperature with 4% 
solutions of derivatized and normal BSA in the following 
concentrations: 0.3, 0.6, 1.2, 2.4 and 4.8 ug/ml. All samples 
were ultrafiltered through dialysis membranes, and the 
extent of warfarin binding to both normal and derivatized 
BSA was estimated as described previously [9]. Differences 
in warfarin binding, as a function of concentration incu- 
bated or type of albumin, were assessed using a two-way 
analysis of variance, and considered significant at P < 0.05. 

Covalent ['*C]cyanate binding to normal and uremic 
plasma. Plasma obtained from normal subjects and a uremic 
patient (BUN, 91 mg/dl; serum creatinine, 16.2 mg/dl) was 
adjusted to a constant 0.4% albumin concentration by 
dilution. Albumin was assayed colorimetrically using the 
bromcresol green method [15] (Spec Tru BCG, Pierce 
Chemical Co., Rockford, IL). Samples were incubated 
with ['*C]cyanate (1.125 «Ci/ml) at a total cyanate concen- 
tration of 1000 mg/l at 37° for 24hr. The extent of 
['*C]cyanate binding was determined by ultrafiltration and 
quantitated by liquid scintillation spectrometry as described 
above. 


Results and Discussion 


The incubation of potassium cyanate for 4-48 hr with 
BSA gave rise to a derivatized albumin, as determined 
electrophoretically after extensive dialysis. Concentrations 
of cyanate as low as 200 mg/l yielded a different electro- 
phoretic pattern than that which was produced by normal 
BSA. Extent of carbamoylation, as demonstrated by dif- 
ferences between normal and cyanate-treated albumin, 
increased both as a function of the length of BSA and 
cyanate incubation as well as the concentration of potassium 
cyanate with which BSA was incubated. Increasing either 
the duration of incubation of BSA with cyanate or the 


Table 1. Electrophoretic migration of normal and derivatized albumin (BSA) 





Migration 
distance 
of normal BSA* 


Cyanate 
conc 


(mg/l) 


Incubation 
(hr) 


Migration 
distance of 
cyanate- 
derivatized 
BSA 


Differences in 
migration 
distances Pt 





24.0 + 0.04 
25.8 + 0.13 
33.0 + 0.17 
21.0 + 0.20 
25.5 + 0.43 
24.0 + 0.33 
28.0 + 0.14 
21.0 + 0.20 
27.0 + 0.29 
25.5 + 0.33 


1000 
2000 
200 
250 
500 
1000 
2000 
500 
1000 
2000 


<0.1 
< 0.01 
<0.2 
<0) 
< 0.01 
< 0.01 
< 0.001 
< 0.001 
< 0.001 
< 0.001 


26.0 + 0.45 
30.0 + 0.33 
34.0 + 0.58 
22.5 + 0.41 
29.0 + 0.48 
28.0 + 0.58 
37.0 + 0.38 
25.5 + 0.24 
33.5 + 0.24 
38.0 + 0.20 





* Migration distance from point of application (mm). Values are means + S.E.M. N = 4. 
+ Distance beyond normal BSA which derivatized BSA migrated. 
+ Differences between mean migration distances for normal BSA and derivatized BSA were 


assessed via Student’s two-tailed f-test. 
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Table 2. ['*C]Warfarin binding to normal and derivatized 
albumin (BSA) 





Duration of 
incubation % Bound 
(hr) (B) as 


Cyanate 
conc 
(mg/l) 





— 99.00 + 0.0017 
1000 97.58 + 0.01 
2000 95.40 + 0.01 


< 0.01 
< 0.01 





* Student’s two-tailed f-test. 
+ Represents + S.E.M. 


concentration of cyanate incubated gave rise to protein 
which migrated increasingly faster than normal BSA. A 
characteristic example of the electrophoresis pattern of 
normal BSA and cyanate-incubated BSA (1000 mg/l cyan- 
ate for 24 and 48hr) is shown in Fig. 1. The impact of 
duration of incubation and concentration of cyanate incu- 
bated with BSA is shown in Table |. The extent of covalent 
cyanate binding to BSA determined after the incubation 
of [‘*C]cyanate (1.125 wCi/ml) for 24 hr was estimated to 
be 92.8 per cent after correcting for membrane-binding of 
cyanate (ca. 12 per cent). 

The binding of ['*C]warfarin to cyanate-treated BSA was 
less extensive than to normal BSA for warfarin concentra- 
tions ranging from 0.3 ug/ml to 4.8 ug/ml. The extent of 
['*C]warfarin binding did not change as a function of war- 
farin concentration (0.1 < P < 0.5), but binding differences 
between normal and derivatized albumin were detected 
(P < 0.01) by a two-way analysis of variance. The mean 
values for fraction bound (8) were 98.88 and 97.82 per cent 
for normal and cyanate-incubated (1000 mg/l for 24 hr) 
BSA, respectively. Furthermore, warfarin binding was even 
less extensive for derivatized albumin which was even more 
extensively carbamoylated (i.e. BSA treated with 2000 mg/I 
potassium cyanate for 24 hr), as shown in Table 2. A plot 


a e , , ; never 
of 7 Spin which D is the ['*C]warfarin concentration in 


ultrafiltrates (d.p.m./0.2 ml) is shown in Fig. 2. The slope, 
which represents 1/nK,, is greater for derivatized albumin, 
signifying a smaller value for nK,, where n represents the 
number of primary binding sites, and K, the corresponding 
binding affinity constant. Using the method of Odar-Ced- 
erloff and Borga [2], the values for nK, for normal and 
derivatized BSA were 1.52 and 0.77 x 10° I/mole, 
respectively. 

The mean (+ S.E.M.) bound: free ratio for ['*C]cyanate 
was 1.21 + 0.04 for normal plasma and 0.65 + 0.06 for the 
uremic plasma sample (P < 0.025). 

Cyanate is capable of reacting reversibly with sulthy- 
dryl, carboxyl, phenolic hydroxyl, imidazole and phosphate 
groups, and covalently with free amino groups on proteins 
[16]. Only the reaction of cyanate with free amino groups 
results in the formation of stable protein derivatives, pre- 
sumably by the following nucleophilic addition: 
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+ x 10 

Fig. 2. Double reciprocal plot for computed values of r and 

D. Bars denote S.E.M. D is computed in d.p.m. Open 

symbols are derivatized BSA; closed symbols represent 
normal BSA. 


The rate of carbamoylation is dependent upon 
both the pK. of the reacting amino group as well as 
the pH of the medium [16]. It appears as though 
the carbamoylation of the amino terminal valine of 
the B chain of hemoglobin by cyanate confers anti- 
sickling activity upon cyanate [17]. 

The foregoing data suggest that cyanate is capable of 
carbamoylating albumin under physiologic conditions. 
Moreover, the extent of carbamoylation can be increased 
either by extending the duration of BSA incubation with 
cyanate or by increasing the concentration of cyanate 
incubated. More importantly, the extent of warfarin bind- 


‘ing appears to be reduced significantly when warfarin is 


incubated with derivatized BSA. It is interesting to note 
that for warfarin the estimated value for nK, for normal 
BSA is more than twice as great as for derivatized BSA. 
Both Sjoholm et al. [1] and others [9] have reported an 
approximately 50 per cent decrease for nK, for warfarin 
in uremic human serum or plasma relative to normal human 
serum or plasma. Similarly, nearly a 2-fold increase in the 
warfarin-free fraction has been reported for uremic serum 
or plasma [1, 18]. The free fraction for warfarin added to 
normal BSA in our experiments was 1.00-1.12 per cent 
compared to 2.18-2.42 per cent when added to BSA deri- 
vatized with 1000 mg/l cyanate for 24 hr. 

The incubation of ['*C|cyanate with normal and uremic 
plasma gave rise to a significantly higher bound to free 
ratio of cyanate in normal than in uremic plasma. This is 
consistent with the existence of a greater number of pre- 
existing carbamoylated amino acids in uremic than in nor- 
mal plasma. 

Virtually all of the cyanate added to 4% BSA reacts with 
the protein insofar as only 7.1 per cent of added cyanate 
was recoverable in ultrafiltrates. We did not determine 
whether the recovery of cyanate in ultrafiltrates could be 
increased by increasing the concentration of cyanate added. 
However, based upon electrophoresis it appears that an 
increase in added cyanate simply gives rise to more exten- 
sively derivatized protein. It should also be noted that if 
one assumes 7.1 per cent of the added cyanate does not 
react with protein, then the concentration of dissolved 
cyanate will be 0.89 mM. Zelman et al. [19] reported that 
cyanate arises from urea both spontaneously and by an 
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enzymatic pathway, and suggested that BUN levels of 100- 
300 mg/dl would be accompanied by cyanate concentrations 
of 0.75-1.40 mM. 

Although our findings for warfarin binding to cyanate- 
derivatized BSA are consistent with the notion that cyanate 
is a mediator of the albumin binding defect for warfarin 
in uremia, more conclusive evidence remains to be 
reported. In that connection either an absolute or relative 
difference in carbamoyl substitutions on free amino groups 
of albumin isolated from uremic and normal serum would 
be compelling. Preliminary data recently reported by Erill 
etal. [20] suggest that carbamoylated human serum albumin 
binds salicylate and sulfadiazine less extensively than nor- 
mal albumin, and describes a correlation between the mag- 
nitude of the free fraction of salicylate and the extent of 
carbamoylation. The synthesis of a qualitatively different 
type of albumin, binding inhibition effected by endogenous 
reversible binding inhibitors, and irreversible changes in 
albumin arising from covalent interactions with other 
uremic toxins, such as the guanidino compounds, may also 
contribute to the uremic binding defect. 
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The dose-dependent effect of warfarin on vitamin K; metabolism and clotting 
factor synthesis in the rabbit 


(Received 24 October 1979; accepted 24 January 1980) 


it has been postulated that warfarin produces its antico- 
agulant effect by inhibiting the enzyme vitamin K; epoxide 
reductase which is responsible for the regeneration of vit- 
amin K; from its biologically inactive metabolite vitamin 
Ki epoxide [1]. In keeping with this hypothesis, we found 
that a series of 4-hydroxycoumarins, including warfarin, 
produced an accumulation of [*H] vitamin Ki epoxide in 
the plasma of rabbits dosed intravenously with [°H] vitamin 
Ki [2]. However, there was no correlation between the 
increase in [°H] vitamin K; epoxide : [*H] vitamin K; plasma 
concentration ratios and anticoagulant potency, in line with 
results obtained by other workers using the rat [3, 4]. One 
possible explanation for this lack of correlation is that the 
anticoagulants have different modes of action. We have 
investigated, therefore, the effect of several doses of one 
anticoagulant, warfarin, on the relationship between [*H] 
vitamin K; metabolism and clotting factor activity in the 
rabbit. 

Before each experiment the control prothrombin time 
was determined for each animal. Male New Zealand White 
rabbits (3.0-3.5 kg) were dosed with warfarin (0.16, 0.63, 
2.5 and 10 mg/kg) intravenously into the marginal ear vein. 
One hour later, (°H] vitamin K; (100 wCi; 2.1 wg) was 
injected intravenously into the same vein. Blood samples 


(4 ml) were taken from the other marginal ear vein 1, 2, 
3, 4, 5 and 6hr after administration of [H] vitamin Ki; for 
determination of [*H] vitamin K; and [°H] vitamin Ki 
epoxide, as described previously [2]. The accuracy of the 
method was confirmed using reversed-phase chroma- 
tography on a partisil-10 ODS column using the solvent 
system acetonitrile-water (97:3, v/v). From 6hr after 
injection of [*H] vitamin Ki, blood samples (0.9 ml) were 
taken every four hours for determination of prothrombin 
complex activity (P.C.A.) by the method of Quick [5], as 
described previously [2]. 

The effect of warfarin on the [*H] vitamin Ki 
epoxide :[°H] vitamin Ki plasma concentration ratio is 
shown in Fig. 1. Figure 2 contains the corresponding pro- 
thrombin complex activity data. 

Shearer et al. [5] have shown that there is a log-dose 
relationship between plasma warfarin concentrations and 
increases in plasma ["H] vitamin Ki 2,3-epoxide concen- 
trations in volunteers dosed with [*H] vitamin K:, but the 
corresponding changes in prothrombin complex activity 
were not measured. From Fig. 2 it can be seen that 0.63, 
2.5 and 10 mg/kg of warfarin produced the same maximum 
rate of decay of P.C.A., suggesting that 0.63 mg/kg is 
sufficient to block clotting factor synthesis completely in 
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Warfarin 


3H-K, epoxide: *H-K 


Plasma ratio, 








Fig. 1. The effect of warfarin 0.16 mg/kg (QO), 0.63 mg/kg 

(A), 2.5 mg/kg (O) and 10 mg/kg (A) on the [°H] vitamin 

K: epoxide :[°H] vitamin Ki concentration ratio in rabbit 

plasma 1-6 hr after injection of [*H] vitamin Ki compared 

to controls (MM). The results are expressed as the mean + 
S.E.M. 


the rabbit for at least 16 hr. The minimum P.C.A. observed 
was dependent on dose, but this reflects the duration, as 
well as the degree, of inhibition of clotting factor synthesis. 
However, the 0.63 mg/kg dose did not produce the maxi- 
mum change in vitamin K; metabolism, as the [°H] vitamin 
Ki: epoxide:[°H] vitamin K; plasma concentration ratios 
produced by the 10 mg/kg dose were significantly (P < 0.01, 
using Student’s t-test) greater (Fig. 1). Thus the dose of 
warfarin required to produce maximum inhibition of clot- 
ting factor synthesis will not necessarily produce maximum 
pertubation of vitamin K; metabolism. This may explain 
why some workers have found a correlation between [°H] 
vitamin K; epoxide: [*H] vitamin Ki concentration ratios 
[6] and others have not [3, 4]. 

It may be that only partial inhibition of the epoxide 
reductase is necessary to reduce endogenous vitamin Ki to 
ineffectual levels at its side of action. However, there was 
no difference in the rate of onset of anticoagulation at the 
different doses, as the mean P.C.A. at 6 hr was similar for 
each group. An alternative explanation is that only partial 
inhibition of the vitamin K; dependent-carboxylation pro- 
cess is necessary to eliminate the in vivo biological activity 
of rabbit clotting factors. Esnouf and Prowse [7] have 
isolated bovine prothrombin with different degrees of car- 
boxylation and found that appreciable biological activity, 
associated with the ability to bind calcium ions, is not 
apparent until more than seven of the ten glutamic acid 
residues have been y-carboxylated. 





| ! 
20 30 


Time, hr 
Fig. 2. The effect of warfarin 0.16 mg/kg (2), 0.63 mg/kg 
(A), 2.5 mg/kg (O) and 10 mg/kg (A) on prothrombin 
complex activity in rabbit plasma compared to controls 
(@). The results are expressed as the mean + S.E.M. 
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Insularity of cholinergic components in the central nervous system of Limulus 
polyphemus 


(Received 10 October 1979; accepted 11 December 1979) 


The major components of cholinergic transmission have 
been detected in the central nervous system (CNS) of the 
horseshoe crab, Limulus polyphemus. The synthetic 
.enzyme for acetylcholine (ACh), acetyl CoA: choline-O- 
acetyltransferase (CAT: EC 2.3.1.6), has been character- 
ized and purified from the subesophageal ganglia of Limu- 
lus [1]. Levels of CAT activity have also been determined 
in individual cells of the abdominal ganglion [2]. Acetyl- 
cholinesterase (AChE: EC 3.1.1.7) has been detected 
throughout the CNS of this animal [3]. The kinetic and 
pharmacological properties of AChE from the ventral nerve 
cord have been reported [4]. High levels of ACh have been 
reported in extracts of the subesophageal ganglia [5]. The 
uptake of choline (Ch) and subsequent conversion to ACh 
by Limulus nerve tissue were reported in 1976 by Townsel 
et al. [6]. More recently, a sodium-dependent high affinity 
uptake system for Ch has been characterized in the abdomi- 
nal ganglia [7]. This uptake system exhibits those properties 
which have been hypothesized to subserve the selective 
uptake by cholinergic nerve terminals. Additionally, the 
Ch taken up by the abdominal ganglia has been shown to 
be rapidly converted to ACh. This ACh is released by the 
tissue in a depolarization-dependent manner requiring 
sodium and calcium ions [8]. Thus, Limulus nerve tissue 
has been shown to take up Ch via a high affinity uptake 
system suggestive of cholinergic terminals, to rapidly con- 
vert significant amounts of this Ch to ACh, and to release 
the ACh in a depolarization-dependent manner similar to 
in vivo neurotransmitter release. 

The presence of the aforementioned components in the 
CNS of Limulus support the proposed role of ACh as a 
neurotransmitter in this system. Additional evidence to 
support this hypothesis has been provided by the charac- 
terization of a-bungarotoxin (aBGT) binding to Limulus 
nerve tissue [9, 10]. aBGT has been shown to bind to the 
acetylcholine receptor (AChR) in a specific manner in a 
variety of preparations (for a recent review, see Ref. 11). 
The pharmacological properties of aBGT binding in the 
subesophageal ganglia of Limulus are consonant with spe- 
cific binding to an AChR. However, the kinetic parameters 
of toxin binding in particulate preparations are indicative 
of binding to multiple sites. This result appears to be 
explained by the identification of three separately sedi- 
menting toxin binding proteins in solubilized extracts of 
the same tissue. The kinetics of toxin binding to the soiu- 
bilized proteins appear to parallel those of binding in the 
particulate preparation. 

The case for the specificity of aBGT binding in Limulus 
subesophageal ganglia is supported by recent findings which 
indicate that two of the three solubilized toxin binding 
proteins may be aggregates of the other one [12]. These 
findings, as well as the pharmacological properties, argue 
in favor of the specificity of aBGT binding in this prep- 
aration. However, in lieu of a physiological characterization 
of the specificity of a aBGT in this preparation, it appears 
useful to distinguish the toxin binding protein(s) from those 
components which can be viewed as most likely to serve 
as a source of non-specific binding, i.e. those components 
which are known to possess a recognition site for Ch or 
ACh. This would include CAT, AChE and the presumed 


Ch uptake protein. Therefore, the intent of this study was 
to show the separateness of the aBGT binding protein(s) 
from CAT, AChE and Ch uptake in the CNS of Limulus. 
Thus, the effect of aBGT on Ch uptake in abdominal 
ganglia was determined, and the relationship of solubilized 
toxin binding proteins from the subesophageal ganglia to 
AChE and CAT was investigated. 

Choline uptake. Limulus abdominal ganglia were dis- 
sected out and split along the midline as described pre- 
viously [7]. After blotting and weighing, each half ganglion 
was incubated in 210 wl of Chao’s solution [13], buffered 
to pH 7.4 with 10 mM n-2-hydroxyethyl-piperazine-N’ -2- 
ethanesulphonate (HEPES), containing ["H]Ch. The con- 
centrations of [*H]Ch used ranged from 0.2 to 2 uM. Half 
ganglia were incubated in the [*H]Ch for 60 min. Following 
incubation, half ganglia were washed four times in 500 pl 
of Chao’s solution. Each wash period lasted for 5 min. 
Ganglion ‘halves were then solubilized and the radioactive 
content was determined as described previously [7, 8]. In 
all experiments, controls were performed by incubating 
one half of each ganglion at room temperature and the 
other half at 0-4°. Active uptake is expressed as uptake at 
room temperature minus the uptake at 0-4°. Uptake at 
0-4° was always less than 10 per cent of that at room 
temperature. 

{'“aBGT binding. The binding of iodinated toxin to 
half ganglia was determined by incubation in 210 ul of 
Chao’s solution containing 55nM ['*IjaBGT. Ganglia 
halves were incubated in this manner for | min to 24 hr. 
Following the incubation period, ganglia were washed four 
times in 500 wl of Chao’s solution. Each ganglion was then 
transferred to a small test tube and counted in a Packard 
auto-gamma scintillation counter. The incubation of hemi- 
ganglia in Chao’s solution containing 55nM _ unlabeled 
aBGT was performed in the same manner for 16-24 hr. 
However, at the end of the incubation period, ganglia were 
transferred to [*H]Ch uptake medium. The uptake of 
[°H]Ch by these ganglia was determined as described above. 
The preparation of solubilized extracts of Limulus sube- 
sophageal ganglia tissue and the determination of 
{'*I]aBGT binding in these extracts were performed 
according to methods reported previously [9, 12]. 

Sucrose gradient sedimentation. Linear sucrose gradients 
(5-20%) were prepared according to Martin and Ames 
[14]. Sucrose solutions were prepared in 10 mM HEPES 
containing 0.1% Triton X—100 (v/v). Samples of 160 ul of 
the enzyme preparations and toxin binding reactions were 
applied to the top of the gradients along with 20 ul each 
of catalase and alkaline phosphatase. Gradients were cen- 
trifuged for 10hr at 120,000 ¢. The gradients were then 
fractionated and the fractions were assayed for enzyme 
activity or counted in a gamma-counter. Marker enzymes, 
catalase and alkaline phosphatase, were assayed by the 
methods of Beers and Sizer [15] and Schilesinger and Bar- 
rett [16], respectively. CAT was assayed according to Fon- 
num [17], and AChE activity according to the method of 
Reed et al. [18]. 

In investigating the effect of aBGT on Ch uptake, 
abdominal ganglia were pre-equilibrated in 55 nM concen- 
trations of toxin. This toxin concentration is well above 
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Table 1. Effect of aBGT on [*H]Ch uptake* 





Ch uptake (pmoles Ch/mg tissue/60 min) 





(H]Ch 
concn No 
(uM) preincubation 


16-24 hr 
Preincubation 
without aBGT 


16-24 hr 
Preincubation 
with 55nM aBGT 





2 
] 
0.5 
0.2 


3.60 + 0.47 
2.32 + 0.81 
1.11 + 0.62 
0.30 + 0.08 


I+ I+ 1+ 1+ 
ecorr 





* Values are the mean + S.D. for three to six experiments. Ganglia halves were 
either used to determine uptake without preincubation or were preincubated for 
16-24 hr in the presence or absence of 55nM aBGT. [*H]Ch uptake by all ganglia 
during a 60-min time period was determined as described. In all cases, the corre- 
sponding half of each ganglion was subjected to the same conditions and used as 
the 0-4° uptake control. 

+ Values were not significantly different from uptake after 16-24 hr of preincu- 
bation without aBGT at the corresponding Ch concentrations (u-test, 1 per cent 


significance level [19]). 


that which has been shown to saturate proposed specific 
binding in Limulus subesophageal ganglia [9]. The kinetic 
and pharmacological properties of toxin binding in the 
abdominal ganglia of Limulus are similar to those reported 
for the subesophageal ganglia.* ['*°I]aBGT binding to the 
abdominal ganglia halves in this study reached equilibrium 
after approximately 16 hr. This lengthy incubation period, 
required to achieve equilibrium, is the result of a significant 
decrease in the rate of toxin binding due to the high con- 
centrations of salts in Chao’s solution [10]. Additionally, 
the thorough penetration of toxin into the ganglia may also 
be a factor in the equilibration time. 

The effect of aBGT on Ch uptake was determined by 
pre-equilibrating abdominal ganglia in unlabeled toxin for 
16-24 hr prior to uptake analysis. However, it was deter- 
mined that the level of Ch uptake in ganglia held at room 
temperature for periods up to 24 hr was slightly less than 
that observed in ganglia which were not preincubated 
(Table 1). The preincubation of ganglia for 16-24 hr 
appeared to have a deleterious effect on uptake whether 
aBGT was present or not. The uptake of choline by ganglia 
which were not preincubated was similar to that reported 
previously [8]. The level of Ch uptake by ganglia pre- 
equilibrated with aBGT was not significantly different from 
that of ganglia which were preincubated for the same time 
period without aBGT. Thus, although Ch uptake was 
always decreased after the long preincubation period, 
aBGT had no detectable effect on uptake at any of the Ch 
concentrations investigated. Therefore, on the basis of 
these results, ~@BGT does not appear to interact with the 
Ch recognition site involved in the uptake process. 

The sedimentation profile of ['*I]aBGT binding activity 
in the solubilized extracts of Limulus subesophageal ganglia 
is shown in Fig. 1A. Three peaks of toxin binding activity 
are present with approximate sedimentation coefficients of 
9.0S, 15.4S and 17.48. The sedimentation profiles of AChE 
and CAT from the same tissue showed a single peak of 
activity for each enzyme (Figs. 1B and C). AChE activity 
sedimented with an approximate coefficient of 6.0S. The 
total of the enzyme activity in the 6.0S peak represented 
more than 80 per cent of the original activity applied to 
the gradient. The peak of CAT activity corresponded to 
an approximate sedimentation coefficient of 5.0S. In this 
case, more than 85 per cent of the original enzyme activity 
applied to the gradient was recovered in the peak fractions. 
The identity of the enzyme activity in the 6.0S peak was 





* W. E. Thomas, unpublished observations. 


verified as AChE by the use of selective inhibitors. The 
fractions containing the 6.0S peak were pooled and assayed 
in the presence of these inhibitors. The cholinesterase 
inhibitor physostigmine inhibited the 6.0S activity by 
approximately 90 per cent at a concentration of 5 uM. The 
enzyme activity was inhibited greater than 95 per cent by 
a 10 uM concentration of the acetylcholinesterase inhibitor 
BW284c51. Concentrations as high as 5 mM of the pseudo- 
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v v 
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AChE Activity 
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CAT Activity 
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10 15 20 25 30 
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Fig. 1. Sucrose gradient sedimentation of ['*I]aBGT bind- 
ing activity, AChE and CAT of Limulus subesophageal 
ganglia. (A) Solubilized extract incubated with 30nM 
labelled toxin for 60 min prior to application to the gradient. 
(B) A 160-yl aliquot of a solubilized preparation of AChE 
applied to the gradient. (C) Sedimentation of a supernatant 
fraction of CAT. Gradients were centrifuged and fraction- 
ated as described in the text. The fractions were then 
counted to determine radioactive content or assayed for 
the respective enzymes. The positions of the marker 
enzymes catalase (CATA) and alkaline phosphatase 
(PHOS) are indicated by the arrows (aBGT in unbound 
toxin). Fraction number one corresponds to the bottom of 
the gradient. 
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cholinesterase inhibitor tetraisopropylpyrophosphoramide 
had no effect on the activity of the 6.0S enzyme. A similar 
confirmation of the 5.0S peak as CAT was not possible. 
The CAT of Limulus has been shown to be relatively 
insensitive to the only readily available specific inhibitors 
of CAT, the styrylpyridines [1,20]. Even though a phar- 
macological confirmation of CAT was not possible, the 
5.0S peak represents the majority of the ACh-synthesizing 
activity present in this tissue. Therefore, the CAT activity 
is essentially confined within the 5.0S peak, although its 
homogeneity is uncertain. 

The sedimentation profiles of AChE and CAT clearly 
show the separation of these two enzymes from the solu- 
bilized toxin binding proteins. Additionally, aBGT 
exhibited no detectable effect on Ch uptake. Therefore, 
the results of this study suggest that aBGT does not interact 
with AChE, CAT or the site of Ch uptake in the CNS of 
Limulus. These findings are consonant with the specific 
binding of aBGT to an AChR in Limulus. 


Acknowledgements—Gratitude is extended to Dr. R. F. 
Newkirk for his constant encouragement and support and 
to Drs. Newkirk and R. Sukumar for evaluation of the 
manuscript. The expert assistance of Mrs. Rose-Marie 
Jean-Jacques in the preparation of this manuscript is greatly 
appreciated. This work was supported by NIH Grant 1 
RO1 HL24140 and MBS Grant RR08037. 
Department of Biochemistry and WILLIAM E. THOMAS 
Nutrition, 
Meharry Medical College, 
Nashville, TN 37208, U.S.A. 
Department of Physiology and JAMES G. TOWNSEL* 
Biophysics, 
University of Illinois Medical 
Center, 
Chicago, IL 60680, U.S.A. 


REFERENCES 


. P. C. Emson, D. Malthe-Sorenssen, and F. Fonnum, 
J. Neurochem. 22, 1089 (1974). 

. D. Malthe-Sorenssen and P. C. Emson, J. Neurochem. 
27, 341 (1976). 

. C. C. Smith and D. Glick, Biol. Bull. 77, 32 (1939). 

. J. G. Townsel, H. E. Baker and T. T. Gray, Comp. 
Biochem. Physiol. 58, 29 (1977). 

. W. Schallek, J. cell. comp. Physiol. 26, 15 (1945). 

. J. G. Townsel, H. E. Baker and T. T. Gray, Neurosci. 
Abstr. 2, (1), 619 (1976). 

. M. A. Maleque, R. F. Newkirk and J. G. Townsel, 
Biochem. Pharmac. 28, 985 (1979). 

. R. F. Newkirk, M. A. Maleque and J. G. Townsel, 
Neuroscience, 5, 303 (1980). 

. W. E. Thomas, R. N. Brady and J. G. Townsel, Archs 
Biochem. Biophys. 187, 53 (1978). 

. W. E. Thomas, R. N. Brady and J. G. Townsel, Comp. 
Biochem. Physiol. 63C, 199 (1979). 

. D. M. Fambrough, Physiol. Rev. 59, 165 (1979). 

. E. Thomas and J. G. Townsel, Biochem. biophys. Res. 
Commun. 88, 183 (1979). 

. I. Chao, Biol. Bull. 64, 358 (1933). 

. R. J. Martin and B. N. Ames, J. biol. Chem. 236, 1372 
(1961). 

. R. T. Beers and I. W. Sizer, J. biol. Chem. 195, 133 
(1952). 

. M. J. Schilesinger and H. Barrett, J. biol. Chem. 240, 
4284 (1965). 

. F. Fonnum, Biochem. J. 115, 465 (1969). 

.D. J. Reed, K. Gotto and C. H. Wang, Analyt. 
Biochem. 16, 59 (1966). 

. J.C. R. Li, in Statistical Inference, pp. 51-66. Edwards 
Brothers, Ann Arbor (1964). 

. H. L. White and C. J. Cavallito, Biochim. biophys. 
Acta 206, 242 (1970). 





Biochemical Pharmacology, Vol. 29, pp. 1605-1608. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/0601-1605 $02.00/0 


Microsomal peroxidase activities—effect of cumene hydroperoxide on the pyridine 
nucleotide reduced cytochrome b; steady state 


(Received 4 October 1979; accepted 14 December 1979) 


The oxidation of cytochrome bs during lipid peroxidation 
was noted by Bidlack et al. [1], who suggested the presence 
of a hydroperoxide peroxidase in hepatic microsomes. 
Hrycay and O’Brien [2,3] and Bidlack and Hochstein [4] 
characterized the microsomal peroxidase activities, using 
either NADPH or NADH as reducing equivalents and 
cumene hydroperoxide as the lipophilic substrate. Most 
authors now agree that the hepatic mixed function oxy- 
genase serves, at least in part, as the microsomal peroxi- 
dase, reducing the lipophilic hydroperoxides to alcohols 
over cytochrome P-450 [5-9]. Cytochrome bs, on the other 
hand, has been implicated only in the transfer of electrons 
to the NADH mediated peroxidase activity [5-7]. However, 
immediate oxidation of reduced (NADPH or NADH) 
cytochrome bs occurs upon addition of cumene hydroper- 
oxide [8,9]. Similarly, using perfused livers and isolated 
hepatocytes, Sies and Grosskopf [10] reported that the 


B.P. 29/11—k 


cellular cytochrome bs was oxidized upon addition of 
cumene hydroperoxide. 

The central role of cytochrome bs in NADH-dependent 
electron transfer has been examined in cytochrome c 
reductase [11], in stearyl CoA desaturase [12-14], in drug 
metabolism [15, 16], and in the peroxidase [5-7] activities. 
However, a more detailed knowledge of the redox state 
of cytochrome bs in the intact microsomal system may 
clarify the electron transfer through these various pathways. 
An initial examination of the effect of cumene hydroper- 
oxide on the NADPH and NADH redox state of cyto- 
chrome bs in microsomes is presented. 


Methods 


Animal pretreatment. Male Sprague-Dawley rats (ca. 
250g) were maintained on Purina Rat Chow. Animals 
receiving phenobarbital pretreatment were given pheno- 





Short communications 


A. CONTROL MICROSOMES 








REDUCED 
CYTOCHROME 
b 


5 
(OD 424-409nm) 
0.0% 





PYRIDINE 
NUCLEOTIDE \ 





4 6 
TIME (minutes) 


B. PHENOBARBITAL MICROSOMES 








PYRIDINE 
NUCLEOTIDE 





TIME Cminutes) 


Fig. 1. Cumene hydroperoxide oxidation of pyridine nucleotide reduced cytochrome bs in control and 

phenobarbital-treated microsomes. Microsomes (0.5 mg) were suspended in 1.0 ml Tris (25 mM)-KCl 

(150 mM) buffer, pH 7.5. The reaction system contained NADPH, NADH or NADPH + NADH 

(70 4M) and cumene hydroperoxide (100 uM) where indicated. Redox changes in cytochrome bs were 

recorded at 424-409 nm for the pyridine nucleotides alone (curves 1, 3 and 5, respectively) and in the 

presence of cumene hydroperoxide (curves 2, 4 and 6, respectively). Key: panel A, control microsomes; 
and panel B, phenobarbital microsomes. 


barbital (0.15 g/100 ml) in their drinking water and allowed 
to drink ad lib. for 7-9 days. 

Microsome preparation. The microsomal membrane frac- 
tion was prepared by the method described previously [17], 
rinsed, resuspended in Tris (25 mM)—KCI (150 mM) buffer, 
pH 7.5, and recentrifuged at 105,000 g for 30 min. Protein 
was determined by the method of Lowry et al. [18]. 

Cytochrome bs redox analysis. Microsomes (0.5 mg) were 
suspended in 1 ml of Tris (25 mM)—KCI (150 mM) buffer, 
pH 7.5. Pyridine nucleotides (NADPH, NADH or both) 
were added at the concentrations indicated. Cumene 
hydroperoxide was added, and the resulting spectral 
changes were recorded for 10min on an Aminco DW-2 
spectrophotometer set in the dual wavelength mode (424 nm 
maximum and 409 nm minimum). All reactions were car- 
ried out at 30°. 


Results and discussion 


Microsomal cytochrome bs was reduced very rapidly by 
either NADPH or NADH. The steady state reduction of 
cytochrome bs was greater with NADH than with NADPH, 
but both nucleotides maintained their steady state reduction 
of cytochrome bs in excess of the 10-min reaction period 
recorded (Fig. 1, panels A and B). Immediate oxidation 
of the cytochrome occurred upon addition of cumene 
hydroperoxide (CHP). Initially, the NADPH reduced 
cytochrome system was oxidized to a much greater extent 
than the NADH mediated system. However, the NADH 
reduced cytochrome became totally oxidized, while the 
NADPH mediated system was slowly re-reduced. In the 
presence of both pyridine nucleotides, cumene hydropet- 
oxide (CHP) altered the NADH redox state first, oxidizing 
the cytochrome to the NADPH steady state (Fig. 1A). In 
microsomes isolated from phenobarbital-pretreated ani- 
mals (Fig. 1B), the cytochrome bs changes occurred at a 

_much faster rate in response to CHP addition. The NADPH 

reduced cytochrome was oxidized immediately, but with 
time the cytochrome slowly became re-reduced to the initial 
NADPH steady state. Initially, the NADH reduced cyto- 
chrome was oxidized less by the hydroperoxide, but within 
1 min cytochrome bs became completely oxidized. In the 
presence of both NADPH and NADH, the initial oxidation 
by CHP paralleled the NADH redox changes, but upon 
further oxidation the cytochrome appeared to be main- 
tained at the NADPH reduced steady state. 


Phenobarbital microsomes were used to evaluate the 
effects of pyridine nucleotide concentration on the cyto- 
chrome bs redox changes. As might be expected, the 
reduced state of the cytochrome in the presence of CHP 
(100 4M) was not maintained at the lower concentrations 
(50 4M) of NADPH and NADH. But with increased con- 
centrations (100 uM and 150 uM) of the pyridine nucleo- 
tides (Fig. 2, panels A and B), the steady state reduction 
of cytochrome bs was maintained for greater periods of 
time. Interestingly, wnen NADPH and NADH were com- 
bined at various concentrations (Fig. 2C), CHP appeared 
to oxidize the NADH system first. The NADPH may have 
been spared, since the reduced cytochrome bs was main- 
tained at a steady state level, similar to that produced by 
NADPH, but for an extended period of time (Fig. 2A). 
If the NADH was preferentially utilized in the metabolism 
of the hydroperoxide, then NADPH would not only have 
been spared, but the concentration of CHP remaining 
would also be much lower (Fig. 2, line 4 vs line 1). Thus, 
NADPH could maintain its steady state more effectively 
for an extended period of time. 

The effect of CHP concentration on these cytochrome 
redox changes was also evaluated (Fig. 3). Again, as might 
be predicted, the reduced cytochrome was oxidized more 
completely as the CHP concentration was increased (Fig. 
3, panels A and B). In the presence of both NADPH and 
NADH (Fig. 3C), the NADH steady state was again oxi- 
dized to the NADPH steady state, suggesting further that 
NADH was preferentially used in CHP metabolism. 

Jansson and Schenkman [19] have reported redox 
changes in cytochrome bs using a variety of substrates, 
including aniline, aminopyrine, stearyl CoA and iron-pyro- 
phosphate complexes. These authors, however, used low 
concentrations of pyridine nucleotides and evaluated the 
redox changes only in control microsomes. Thus, the 
observed redox changes of cytochrome bs produced by 
cumene hydroperoxide add to their findings and supple- 
ment the consideration of the central role of cytochrome 
bs in electron transfer. 

The most unique aspect of the microsomal experiments 
reported was the effect cumene hydroperoxide had on the 
cytochrome bs redox state in the presence of both pyridine 
nucleotides, NADPH and NADH. The NADH reduced 
cytochrome bs steady state always underwent a redox 
change, which was compensated for by a return of the 
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Fig. 2. Effect of pyridine nucleotide concentration on 
cumene hydroperoxide oxidation of cytochrome bs. Pheno- 
barbital-treated microsomes (0.5 mg) were suspended in 
Tris (25mM)-KCI (150mM) buffer, pH 7.5. Pyridine 
nucleotides were added at the concentrations indicated, 
and the redox changes were initiated by addition of cumene 
hydroperoxide (100 uM). Panel A, NADPH addition at 
(1) 50 uM, (2) 100 uM and (3) 200 uM; panel B, NADH 
addition at (1) 50 uM, (2) 100 uM and (3) 200 uM; and 
panel C, addition of both NADPH +NADH at (4) 


50 uM + 50 uM; (5)50 uM + 100 1M; (6) 100 uM + 50 uM; 


and (7) 100 uM + 100 uM, respectively. 


reduced cytochrome to the NADPH steady state. These 
results suggest a preferential utilization of NADH with the 
sparing of NADPH. 

The microsomal proteins involved with the electron 
transfer through cytochrome bs, and which may be involved 
in the microsomal peroxidase activities, may be character- 
ized by the following simple model: 


NADPH = Fp Cytochrome P-450 ( ROOH 


ROH 


(Il) (II) 
NADH ~ Fp “} Cytochrome b, 











REDUCED 
CYTOCHROME 
a) 
(OD 424-409 nm) 


Jo-o 

















NADPH 


NADH ig 








.- ee.” Se 
TIME (minutes) 
Fig. 3. Effect of cumene hydroperoxide concentration on 
the pyridine nucleotide reduced cytochrome b;. Pheno- 
barbital-treated microsomes (0.5 mg) were suspended in 
Tris (25mM)-KCI (150mM) buffer, pH 7.5. Redox 
changes in pyridine nucleotide (100 4M) reduced cyto- 
chrome bs were initiated by addition of cumene hydrope- 
roxide at various concentrations: (1) 50 uM, (2) 100 uM 
and (3) 150 uM. Panel A, NADPH; panel B, NADH; or 
panel C, NADPH + NADH. 


The rate of transfer of reducing equivalents through each 
of the numbered pathways may provide a tentative expla- 
nation for the observed redox changes. The efficiency of 
the NADH flavoprotein (1) in reducing cytochrome bs is 
greater than for the NADPH (II) reduction of the cyto- 
chrome [19,20]. To account for the observed redox 
changes, the electron transfer from cytochrome bs to cyto- 
chrome P-450, acting as the peroxidase, must be similar to 
the NADH reduction rate (pathways I = III). Since the 
preferred pathway for transfer of NADPH reducing equi- 
valents occurs directly to cytochrome P-450 (pathway IV), 
the oxidation state of cytochrome bs may simply reflect the 
redox state of cytochrome P-450 reductase. If the NADPH 
mediated rate of CHP metabolism exceeded the rate of 
electron transfer to cytochrome bs, then electron transfer 
over pathway II would be diminished and cytochrome bs 
would become oxidized. 
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Indeed, the preferential utilization of NADH would be 
expected in part since the rate of the NADH microsomal 
peroxidase activity exceeds the NADPH mediated peroxi- 
dase activity [2-4,8]. Then, as the CHP concentration 
decreases (ca. 80 per cent CHP reduced in 3 min), .the 
remaining NADPH can re-reduce the cytochrome bs more 
efficiently to its reduced state. 

In_ addition, Werringloer and Estabrook [21] have 
reported that the oxidation of NADH was increased in the 
presence of NADPH, both in the presence and absence of 
substrate. The oxidation appeared to be dependent on the 
concentration of NADPH as well. This effect would also 
increase the conversion of the NADH maintained reduced 
cytochrome bs steady state to the NADPH reduced cyto- 
chrome steady state in the presence of CHP. 

Thus, cytochrome bs, reduced by either NADPH or 
NADH, was oxidized in the presence of CHP. NADH 
maintained the reduced steady state of cytochrome bs more 
efficiently than did NADPH. Yet, in the presence of both 
pyridine nucleotides, the hydroperoxide initially oxidized 
the cytochrome to the NADH mediated steady state but 
was then oxidized further to the NADPH reduced steady 
state. From these redox changes, we conclude that NADH 
was used either preferentially or at a faster rate, sparing 
the NADPH which was then available to re-reduce cyto- 
chrome bs to the NADPH steady state. 

More detailed experiments are in progress, quantitating 
each of the pyridine nucleotides and the CHP with time. 
These experiments should clarify the exact causes of the 
redox changes observed and may improve our understand- 
ing of the central role played by cytochrome bs in the 
microsomal electron transfer reactions, especially to the 
microsomal peroxidase activities. 
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Effects of morphine and methadone on the isolated perfused rat brain 


(Received 8 September 1979; accepted 21 December 1979) 


The variable results obtained previously [1-4] in studies in 
rats of the effects of the administration of morphine on the 
intermediary metabolites and energy reserves of brain tis- 
sue may have resulted from differences in the techniques 
of sampling brain tissue for analysis. We have studied the 
direct effects of morphine and also methadone on the rat 
cerebral cortex, using an isolated perfused rat brain prep- 
aration [5]. With this intact brain preparation, there is no 
interference from other organs, no anesthetic agent is used, 
blood flow and blood gases are controlled, and reproducible 
samples of cerebral cortex are very rapidly frozen for 
analysis. We found that perfusion of this isolated brain 
with fluid containing morphine (50 ug/ml) caused sig- 
nificant decreases in the concentrations of ATP and creatine 
phosphate and a significant increase in lactate. In contrast, 
brains perfused with methadone (50 ug/ml) showed very 


little change in brain metabolites, only a small decrease in 
ATP, and an increase in lactate. 


Methods 


Preparation and perfusion of isolated brain. Unanes- 
thetized male Sprague-Dawley rats (about 250g) were 
adequately anesthetized for surgery by deep hypothermia 
(rectal temperature 16-18°) induced as described previously 
[6]. The isolated brain preparation, consisting of the 
detached skull and its contents, was made. from the hypo- 
thermic rat without lapse of circulation and was perfused 
through the internal carotid arteries as described previously 
[5]. The perfusion fluid [7] contained the perfluoro com- 
pound FC-80 (3M Co., St. Paul, MN) as an erythrocyte 
substitute which was dispersed ultrasonically in an 8% (w/v) 
solution of bovine albumin (fraction V powder, Sigma 
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Table 1. Effects of morphine and methadone on metabolism of isolated, perfused 
rat brains* 





Glucose consumption 
(uwmoles/hr) 


Lactate production 
(umoles/hr) 





Control 
Morphine (50 yg/ml) 
Methadone (50 g/ml) 


8+2 
Le 
1 


l 





* The values given are the mean + S.E. for seven experiments in each group. 
Closed-circuit perfusion was done at 25° for 40 min with an artificial blood equili- 


brated with 95% O-5% CO2. 


+ Significantly different from the control value (P < 0.01). 
t Significantly different from the control value (P < 0.05). 


Chemical Co., St. Louis, MO) in Krebs-Ringer bicarbonate 
buffer containing 2 mg/ml of glucose (11 mM). Closed-cir- 
cuit perfusion (2 ml/min) was performed at 25° with con- 
tinuous oxygenation of the perfusion fluid with 5% CO 
95% O2. The venous drainage during the first 10 min was 
discarded, recirculation was started, and then the drug was 
added to the perfusion fluid. Bipolar electroencephalo- 
grams (EEG) were recorded from silver electrodes placed 
in depressions made in the bone of the frontal and parietal 
regions on both sides. If the EEG was not normal during 
the first 10 min of perfusion, the preparation was discarded. 

Sampling and analysis of fluid and tissue. Samples of 
perfusion fluid were collected at intervals from the venous 
drainage and analyzed for glucose by a commercial glucose 
oxidase reagent (Glucostat, Worthington Biochemical Co., 
Freehold, NJ) and for lactate [8] and pyruvate [9] with 
lactate dehydrogenase. 

At the end of the perfusion period, the calvarium was 
removed while perfusion continued and the brain prep- 
aration was rapidly crushed between the jaws of heavy 
tongs which had been immersed in liquid nitrogen. This 
caused cerebral tissue to be extruded from the skull and 
very rapidly frozen. The whole preparation was immedi- 
ately immersed in liquid nitrogen. The extruded, frozen 
cerebral tissue was separated from bone and stored in liquid 
nitrogen until it was analyzed. Extracts of the cerebral 
tissue were made and analyzed for adenine nucleotides, 
creatine phosphate and glycolytic intermediates by enzymic 
methods in which the oxidation or reduction of coupled 
pyridine nucleotides was measured fluorometrically as 
described previously [10]. 

Concentration of morphine and methadone in perfusion 
fluid. In previous studies of the effects of morphine in vivo 
in the rat, doses varying from 15 to 45 mg/kg have been 
used [1,2]. If we assume that the space in which injected 
morphine is distributed is approximately the total body 
water of the rat (60% of body wt), then a dose of 30 mg/kg 
would yield a concentration of about 50 ug/ml in the body 
fluids. This calculation can yield only a rough order of 
magnitude value since the actual volume of distribution is 
not known and the sensitivity to morphine of the perfused 
brain, which has no neural input, may be very different 
from the brain of the intact rat. Therefore, we did pre- 
liminary experiments in which the isolated brain was per- 
fused with i0, 50 and 250 ug/ml of morphine. The EEG of 
the perfused brain was not affected significantly by per- 
fusion with 10 ug/ml of morphine, it was markedly 
depressed by 250 ug/ml, and with 50 ug/ml there was a 
definite but not severe effect. For this reason, we chose 
the value 50 ug/ml for the concentration of morphine in our 
perfusion experiments. In similar preliminary experiments 
with methadone, 50 ug/ml w-s the lowest concentration 
which yielded definite EEG effects, and therefore we used 
the same concentration of methadone in our perfusion 
studies. 


The isolated brains were perfused with fluid containing 
morphine or methadone for 40 min. This period was chosen 
because the EEG was stable and the rate of consumption 
of glucose did not change significantly during the first hour 
of perfusion in control experiments. After more than | hr 
of perfusion, there was usually a gradual decrease in the 
amplitude of the EEG, but the consumption of glucose was 
usually unchanged. 


Results 


EEG. In the control experiments, the EEG was stable 
throughout the 40-min perfusion period. The EEG of the 
brains perfused with morphine (50 ug/ml) showed a slow 
and continuous decrease in amplitude, with little change 
in frequencies. The EEG of the brains perfused witii meth- 
adone (50 ug/ml) was relatively stable, but there were 
occasional high amplitude slow waves and spikes. 

Glucose consumption and lactate production. From the 
changes in the concentrations of glucose and lactate in the 
perfusion fluid, the rates of consumption of glucose and 
production of lactate were calculated. The results (Table 
1) show that morphine caused increases in both glucose 
consumption and lactate production, but methadone caused 
an increase in glucose consumption without a significant 
increase in lactate production. 

Energy reserves and metabolic intermediates. The results 
(Table 2) of the analyses of cerebral tissue after 40 min of 
perfusion with morphine (50 ug/ml) show that the energy 
reserves were significantly decreased; the levels of creatine 
phosphate and ATP were decreased, as were the levels of 
glycogen and glucose. The concentrations of lactate and 
several of the glycolytic intermediates were increased, as 
well as the lactate/pyruvate ratio. There was also a sig- 
nificant decrease in the total adenine nucleotide 
(ATP + ADP + AMP) level. 

In contrast to morphine, perfusion with methadone 
(50 ug/ml) caused almost no significant change in the energy 
reserves (Table 2). There was a marginally significant 
decrease in ATP concentration but no significant change 
in the levels of creatine phosphate, glycogen or glucose. 
The lactate level and the lactate/pyruvate ratio were 
increased, but to a much lesser degree than in the brains 
perfused with morphine. 


Discussion 


The isolated perfused rat brain is quite similar to the 
brain of the intact rat with respect to its electrical activity 
[5], blood-brain barrier function [11] and rate of glucose 
consumption [12]. However, it is not identical with the 
normal brain because the spinal cord has been cut and the 
isolated brain does not receive a neural input. Therefore, 
in the isolated brain the activity of neurons and the effects 
of drugs on this activity may be significantly different from 
that of the intact brain. However, the effects observed in 
the isolated brain can be ascribed to a direct action of the 
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Table 2. Effects of morphine and methadone on energy reserves and metabolic inter- 
mediates in cerebral tissues of isolated, perfused rat brain* 





Control 


Methadone 
(50 g/ml) 


Morphine 
(50 g/ml) 





2540 + § 
1960 + 3 
72) = 3 
260 + 2 

2940 + 


Creatine phosphate 
ATP 


ATP + ADP + AMP 
ATP/ADP 

Glycogen (as glucose) 
Glucose 
Glucose-6-phosphate 
Fructose-6-phosphate 
Fructose-1,6-diphosphate 
Triose phosphate 
Glycerol-3-phosphate 
3-Phosphoglycerate 
2-Phosphoglycerate 
Phosphoenol pyruvate 
Pyruvate 

Lactate 
Lactate/pyruvate 


WNUK kK wnt hnNnwm 


4 
9 


30 


2420 + 78 
1855 + 28% 
750 + 20 
250 + 11 
20 
+ 0.10 
90 


1740 + 84+ 
1250 + 75+ 
680 + 28 
425 + 427 
2340 + 77+ 
1.80 + 0.117 
670 + 92% 
1320 + 66: 


63 +6 
3000 + 170¢ 
50 + 34 


4000 + 3107 
73 + 4+ 





* All concentrations are in nmoles/g (wet wt) of tissue. All values are the mean + S.E. 
for ten experiments in each group. 
+ Significantly different from the contro! value (P < 0.01). 
t Significantly different from the control value (P < 0.05). 


drug on the brain; effects observed after injection of a drug 
into the intact animal may be due to the action of the drug 
or its metabolites on the brain and/or the action of the drug 
or its metabolites on other organs, with secondary effects 
on the brain. 

Our results show that there is a marked difference 
between morphine and methadone in their effects on the 
metabolism of the isolated brain. Both morphine and meth- 
adone increased the rate of utilization of glucose (Table 
1), but these increases were different in nature. With mor- 
phine, the rate of lactate production was increased, indi- 
cating that there was an increase in the rate of glycolysis. 
With methadone, there was no increase in lactate pro- 
duction, indicating that the extra glucose was being utilized 
largely in oxidative metabolism. 

Our results (Table 2) also show that morphine caused 
a very significant decrease in the energy reserves of the 
isolated brain, while methadone had almost no significant 
effect. The brains perfused with morphine showed marked 
decreases in creatine phosphate and ATP. There was also 
a significant decrease in the total adenine nucleotides 
(ATP + ADP + AMP), which would indicate that the 
effects of morphine might not be readily reversed when the 
morphine is removed. The glycogen and glucose concen- 
trations of the cerebral tissue were also considerably 
reduced, while the levels of lactate and several glycolytic 
intermediates were increased significantly. 

Morphine might have caused these changes by an effect 
on autonomic regulation which changed regional blood 
flow or by an effect on neuronal excitability. Whatever the 
mechanism of action may be, the decrease in energy reserve 
of the tissue suggests that there was a decrease in oxidative 
metabolism, the major generator of the energy reserve. 

All the changes observed in the brains perfused with 
morphine could be accounted for by an inhibition of mito- 
chondrial oxidative activity by morphine. Such inhibition 
would result in a decrease in oxidative phosphorylation, 
with resulting decreases in ATP and creatine phosphate. 
As a result of these decreases, glycolysis would be stimu- 
lated, with resulting increases in rates of glucose con- 


sumption and lactate production, and also decreases in 
concentrations of glycogen and glucose in the tissue. The 
observed increases in the lactate/pyruvate ratio and in the 
concentration of glycerol-3-phosphate point to a reduced 
redox state, which would be expected if oxidation were 
inhibited. The changes in the brain tissue indicate that, in 
the brain perfused with morphine, the energy supply is not 
adequate in spite of the increase in glycolysis. This inad- 
equate energy reserve is the most likely cause of the con- 
tinued deterioration of the EEG during perfusion with 
morphine. 

In contrast, the brains perfused with methadone showed 
almost no significant changes in energy reserve or metab- 
olites. The comparison of the effects of morphine and 
methadone is limited because we have studied only one 
concentration of each drug. Comparison of our results with 
effects in intact animals is also limited by the possible 
differences in susceptibility to drug action between the 
isolated and intact brains. The significant increase in glu- 
cose-6-phosphate concentration suggests the possibility that 
methadone may have some effect on the pentose phosphate 
pathway. Takemori [13] has reported that injection of 
methadone or morphine caused an increase in glucose-6- 
phosphate dehydrogenase activity in brain tissue of rats. 

Our results with morphine and the perfused brain are 
different from those obtained by Dodge and Takemori [14] 
and Miller et al. [3] in rats injected with morphine. Miller 
et al. [3] noted that the results of earlier studies, including 
that of Dodge and Takemori [14], may have been in error 
because their method of freezing the brain was too slow 
to prevent post-mortem changes in the brain metabolites. 
Miller et al. [3], using special apparatus for the rapid 
removal and freezing of rat brain, found that a single dose 
of morphine (20 mg/kg) caused an increase in brain glucose, 
a decrease in creatine phosphate and some other metab- 
olites, but no changes in adenine nucleotide concentrations. 
In our experiments, the perfused brains were very rapidly 
frozen, with no prior interruption of perfusion. This makes 
it unlikely that a technical error would account for the 
differences in our results. There are several differences 
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between the perfused brain and the brain of the intact rat, 
which may account for the differences in results. The results 
from the perfused brain experiments show only the direct 
effects of a known constant concentration of morphine on 
the cerebral tissue. In rats injected with morphine, the 
concentrations of morphine and its metabolites in the cir- 
culation were not known and not constant, and the effects 
on other organs may have caused secondary effects in the 
brain. For example, it is known [15] that injected morphine 
caused a marked hyperglycemia, which probably increased 
the brain glucose concentration and perhaps significantly 
altered the metabolism of the brain. In fact, the increase 
in brain glucose concentration observed by Miller et al. 
[3] may be accounted for in large part by the high concen- 
tration of glucose in the blood within the brain at the time 
of sampling. Another difference was that in our experi- 
ments only cerebral tissue was sampled and analyzed, while 
the samples obtained with the apparatus used by Miller et 
al. [3] were mixtures of unknown proportions of several 
regions of the brain. 

Sablé-Amplis et al. [16] found, in the brain of the intact 
rat, as we did in the isolated rat brain, that morphine 
caused an increase in lactate concentration and in the 
lactate/pyruvate ratio. This suggests that oxidative metab- 
olism was inhibited by morphine. Bachelard and Lindsay 
[17] found that the incorporation of radioactivity from 
‘{'*C]glucose into citric acid cycle intermediates of the brain 
was diminished after injection of morphine in rats. This is 
more direct evidence that morphine inhibited mitochon- 
drial oxidative activity, and it is less likely to be subject to 
technical error than are measurements of redox state. There 
is good evidence [18, 19] that respiratory exchange and 
oxygen consumption are decreased in rats after the admin- 
istration of morphine. This would suggest that there was 
an inhibition of mitochondrial activity by morphine and/or 
its metabolites in some tissues of the animals, perhaps 
including brain tissue. 

We found that methadone significantly increased glucose 
consumption without a significant increase in lactate pro- 
duction. Some stimulation of metabolism is suggested by 
our observation of the activation of the EEG. Similar 
effects were observed in intact animals by Jnamandas and 
Dickinson [20], who reported that methadone, unlike mor- 
phine, produced seizures in animals. Another important 
difference in the effects of morphine and methadone was 
reported by Goodlet and Sugrue [21], who found that 
acutely administered morphine, but not methadone, 
increased the turnover of 5-hydroxytryptamine in the rat 
brain. 

In summary, perfusion of an isolated rat brain prep- 
aration with fluid containing morphine (50 ug/ml) caused 
increases in both glucose consumption and lactate pro- 
duction; perfusion with methadone (50 ug/ml) caused an 
increase in glucose consumption but no significant increase 
in lactate production. After perfusion with morphine for 
40 min, the concentrations in cerebral tissue of creatine 
phosphate, ATP, glucose and glycogen were decreased and 
those of lactate and several glycolytic intermediates and 
the lactate/pyruvate ratio were increased. After perfusion 
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with methadone for 40 min, there was only a small decrease 
in ATP concentration in cerebral tissue and the 
lactate/pyruvate ratio was increased but to a much lesser 
degree than in the brains perfused with morphine. The 
results suggest that morphine may inhibit mitochondrial 
oxidative activity. 
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Thyroid status and effects of 3,5,3’ triiodothyroacetic acid and Fenproporex in 
genetically lean and obese female rats* 


(Received 19 June 1979; accepted 10 January 1980) 


The obese rats described by Zucker [1] inherit their obesity 
as an autosomal Mendelian recessive trait. Among several 
defects which have been reportedon these rats were 
hyperphagia inducing hyperlipemia [2] with high levels of 
phospholipids, cholesterol and triglycerides in plasma [3, 4], 
impaired reproductive function [5] and alterations in thy- 
roid function [6, 7]. Genetically obese female rats on a low 
iodine diet showed a decrease in iodine thyroid uptake and 
turnover rate of radioactive iodine as well as a lower PBI, 
but serum level of TSH was normal. Bray and York [8] 
showed that the food intake of Zucker female rats was 
reduced after treatment by 5-hydroxytryptamine, d- 
amphetamine or iproniazid. 

In the present work the thyroid function of genetically 
obese female rats and of their lean litter mates are exam- 
ined. The effects on their body weight gain, food intake 
and serum lipid levels of two drugs, Fenproporex, an 
anorexigenic agent, and 3,5,3’ tri-iodothyroacetic acid 
(TRIAC), a metabolite of 3,5,3’ tri-iodo-L-thyronine 
[9, 10], are also studied. 

Fenproporex has been reported to have an anorectic 
activity similar to that of d-amphetamine. This drug is used 
for the treatment of human obesity [11]. In general, experi- 
mental studies on genetically obese animals of effects of 
anorexigenic agents were performed in ob/ob mice. This 
latter observation led to the present experiments on geneti- 
cally obese female rats. 

The study of the effects of TRIAC was considered after 
earlier observations [12-15] which indicated that some 
properties of TRIAC are qualitatively similar to those of 
the thyroid hormones. In obese patients, thyroxine and tri- 
iodothyronine cause a decrease in the body weight gain 
[16]. Consequently, we investigated the effects of TRIAC 
in genetically obese female rats in order to examine whether 
its action on weight gain is similar to that of thyroid 
hormones. 

Genetically obese female rats and their lean litter mates 
came from C.S.E.A.L.-C.N.R.S., Orléans, France. Ani- 
mals at 6-8 weeks old were individually maintained in a 
temperature-controlled room (23°). They were given lab- 
oratory chow, including 17 per cent proteins, 3 per cent fat 
and 60 per cent carbohydrate. Food and water were avail- 
able ad lib. 

Three experiments were performed. In the first experi- 
ment, 8 genetically obese rats and 8 of their lean litter 
mates were injected i.p. with approximately 10 uCi of 
carrier-free '°'I (C.E.A.).They were killed 24 hr after the 
injection. Thyroid glands were dissected and weighted. The 
thyroid and blood radioactivity was measured with a Nal 
scintillator detector (Packard). In the second experiment, 
8 genetically obese and 8 lean rats were killed and their 
blood collected. The concentration of thyroxine (T4) in the 
serum was determined by competitive protein-binding 
analysis [17], whereas 3,5,3’ tri-iodo-L-thyronine (T3) and 
3,3,'5’ tri-iodo-L-thyronine (rT3) were estimated by radio- 
immunoassay [18] with commercial kits (Ames, Hypolab). 





* Sections of this work were reported at the 9th Pan 
American Congress of Endocrinology, Quito, Ecuador, 27 
November-—1 December 1978, Abstract No. 14. 


In the third experiment 28 genetically obese rats and 28 
of their lean litter mates were used. Each group was divided 
into 3 subgroups of obese and lean rats. Two subgroups— 
each one including 8 obese and 8 lean rats—were given 
either 175 wg of Fenproporex or 20 ug of TRIAC/100 g 
body wt/day. The third subgroup, composed of 12 obese 
and 12 lean animals, was used as control. The drugs were 
dissolved in 0.2 NNaOH-C2HsOH-water (1: 4: 5v/v) 
and given by force feeding with stomach tube for 4 weeks. 
The control rats were given the same solution free from 
drug. Food intake and body weight were measured daily. 
Half the animals in each group were killed 24 hr after the 
last dose of Fenproporex or TRIAC and their blood col- 
lected. Serum cholesterol concentrations were determined 
by the Lieberman-Burchard reaction in chloroform after 
extraction with dimethoxy-methane—methanol (4 : 1 v/v) 
[19, 20]. Triglycerides were determined by an enzymatic 
method using glycerokinase and lacticodeshydrogenase 
[21]. Thyroxine was measured as described previously. The 
remaining animals were killed 2 weeks after the end of the 
treatment and serum T4 concentration was determined as 
previously. 

The thyroid uptake of I (per cent of administrated 
dose) is about the same in obese (8.71 + 0.43) and in lean 
(8.84 + 0.48) rats. However, it appears (Table 1) that the 
serum T, levels are significantly lower (P < 0.01) in geneti- 
cally obese rats (44.10 + 2.90 ng/ml) than in their litter 
mates (55.10 + 2.47 ng/ml). In contrast, the rT; concentra- 
tions are significantly higher (P < 0.05) in obese rats (0.33 + 
0.03 ng/ml) than in lean rats (0.24 + 0.03 ng/ml), but T; 
concentrations are similar in both groups. 

The data presented in Fig. 1 illustrate the effect of 
Fenproporex and TRIAC on body weight gain of rats 
during 4 weeks of treatment. The body weight gain of lean 
rats treated with Fenproporex is lower by approximately 
20 per cent compared with the controls, while TRIAC has 
practically no effect. In genetically obese rats, whereas 
Fenproporex has no effect, TRIAC induces a rapid body 
weight loss compared with the coi.crols. The inhibiting 
effect of TRIAC begins during the first week and becomes 
more and more marked throughout treatment. Thus, after 
one week, whereas untreated obese rats gain 22 +2g, 
obese rats treated with TRIAC only gain 16 + 1g. After 
four weeks, obese controls gain 100+ 3g and TRIAC- 
treated obese rats 67 + 6g, which represents a decrease in 
body weight gain of about 30 per cent. 

The effects of Fenproporex and TRIAC on the food 
intake expressed per unit of body weight gain (FI/BWG) 
and the serum content of various categories of lipids and 
of thyroxine in obese and jean rats are reported in Table 
2. Compared with lean control, obese control rats have 
consistently higher levels of total cholesterol (P < 0.01), 
total lipids (P< 0.01) and triglycerides (P < 0.01), con- 
firming previous observations [3, 4]. However, the treat- 
ment with Fenproporex or TRIAC has no statistically sig- 
nificant effect on any of these parameters in either obese 
or lean rats. Serum Ts concentration, which, as had been 
previously found, is lower in the obese controls when 
compared to the mean for the lean controls, appears highly 
reduced under the action of TRIAC (14.25 + 1.18 ng/ml 
in lean rats and 15.75 + 2.78 ng/ml in obese rats). This 
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Table 1. Serum thyroid hormones concentration in lean and obese female rats* 





No. Body weight 


Animals rats (g) 


T; rT3 
(ng/ml) (ng/ml) 





8 236 + 3 
398 + 38 


Lean 
Obese 8 


0.24 + 0.03 
0.33 + 0.03+ 


0.98 + 0.06 
0.99 + 0.06 





* Results are expressed as means + S.E.M. 
+ P<0.05. 

¢ P<0.01. 

§ P<0.001. 


decrease in Ts concentration is temporary, since the values 
return to normal levels in the second week after treatment. 

Previous studies indicated that genetically obese female 
rats had several abnormalities in thyroid function [6]. The 
present experiments confirm these data. The results show 
that "I thyroid uptake is about the same in both obese 
and lean rats but significant differences in serum iodo- 
thyronine concentrations are observed in obese Zucker rats 
in comparison with their litter mates. The serum Ts con- 
centration in genetically obese rats is significantly lower 
than in lean rats. In contrast, rT3 concentration increases 
in obese animals. It was previously found that PBI was 
decreased in obese Zucker rats [6]. The present results 
support these data, since the Ts level which is related to 
the PBI value is reduced in these rats. In spite of low PBI 
and low Ts serum concentrations, it is observed that obese 
rats are slightly hypothyroid. This fact is difficult to explain 
if we consider the T4 values only, but if we consider the Ts 
values, we find that these are similar in obese and lean rats. 
Therefore, as T3 is the most active hormone, it is not 
surprising that the thyroid effects are almost normal. Never- 
theless, as the animals are hyperphagic, more T3 is needed 
to utilize the extra food intake. Since serum Ts concentra- 
tion is reduced when 1T3 is clearly high, it seems likely that 
the peripheral deiodination of Ts in obese rats is impaired, 
for, instead of giving rise to Ts, the inactive rT; is generated. 
This observation supplements other studies which reveal 


CJ Control (12) 
ZZ Fenproporex (8 ) 
WM TRIAC (8) 


Lean 
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Body weight gain, 




















Time, 


an abnormal peripheral deiodination of Ts in obesity [22- 
26]. 

Our experiments show the effects of Fenproporex and 
of TRIAC on the body weight gain and on FI/BWG, serum 
lipids and thyroxine. It is found that Fenproporex decreases 
the body weight gain in lean rats but not in obese rats. Our 
results may be related to those previously obtained by Bray 
and York [8], who studied the effects of d-amphetamine 
on food intake of obese female and lean rats in acute 
conditions. They found that amphetamine injected 5 min 
prior to feeding almost completely inhibited food intake 
in lean rats but there was only a 50 per cent inhibition in 
obese ones. In view of the report by Maickel and Zabik 
[27] on the pharmacology of anorexigenis, it is reasonable 
to assume that brain biogenic amines which participate in 
the action of anorexigenic agents are probably inadequately 
stimulated in obese rats. In contrast, TRIAC, which is 
without effect on lean rats, reduces the body weight gain 
in genetically obese rats. However, we find that in fatty 
rats the food intake expressed per unit of body weight gain 
is not affected. This result is comparable with data reported 
by Bray et al. [28] who showed that estradiol 17 6 treatment 
of genetically female rats reduced their body weight by 30 
per cent without any change in their food intake. We also 
find that serum lipid levels are not altered by TRIAC. This 
result may be surprising, but it is known that TRIAC affects 
both the anabolism and the catabolism of cholesterol. 























weeks 


Fig. 1. Effect of Fenproporex and TRIAC on the body weight gain of lean and obese female rats during 
4 weeks. Vertical bar represents + S.E.M. No. of rats in parentheses. 
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Several mechanisms could explain the lower body weight 
gain in TRIAC-treated obese female rats. Bray et al. [8, 28] 
showed that genetically obese rats respond abnormally to 
various diets, cold and several drugs. Thus, lean rats adapt 
to changes in the caloric density of their diet, but obese 
rats do not. In a cold atmosphere, the food intake of fatty 
rats falls, but lean rats compensate for heat by eating more. 
The response of genetically obese rats to drugs is also 
different from that of their lean litter mates. We have found 
out that genetically obese rats are slightly hypothyroid. 
Thus, it is suggested that TRIAC treatment should probably 
partly restore this abnormality and thus allow a better 
degradation of the food intake. 

To summarize, the '*"I thyroid uptake is about the same 
in genetically obese female rats as in their lean litter mates. 
However, the serum thyroxine (Ts) concentration is sig- 
nificantly lower in obese Zucker rats in comparison with 
lean rats. In contrast, the serum concentration of 3,3'5’ tri- 
iodo-L-thyronine (rT3) of genetically obese rats is higher 
than in lean rats. The serum 3,5,3’ triiodo-L-thyronine (T3) 
is similar in all the animals. The treatment by Fenproporex 
causes the body weight gain to decrease in lean rats but 
not in obese rats. The administration of 3,5,3’ tri-iodothy- 
roacetic acid (TRIAC) is without effect on lean rats but 
rapidly induces an important body weight loss in obese 
rats. These drugs have no statistically significant effect on 
the various categories of serum lipids in either obese or 
lean rats. 
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The widely used analgesic acetaminophen causes liver necrosis in man and experimental 
animals (1,2). Metabolic activation of acetaminophen was originally postulated to occur via 
N-oxidation to N-hydroxyacetaminophen (N,4'-dihydroxyacetanilide) which dehydrated to the 
arylating agent, N-acetyl-p-benzoquinone imine (3). Subsequently, N-hydroxyacetaminophen has 
been synthesized in crystalline form and has been found to have both chemical and toxicolog- 
ical characteristics consistent with its postulated role as an intermediate in the metabolism 
of acetaminophen to an arylating agent (4-7). 

However, recent kinetic evidence has appeared (8) which suggests that the arylating 
metabolite of acetaminophen does not arise via the formation of N-hydroxyacetaminophen in 
microsomal incubations. In order to determine more directly whether or not N-hydroxyacet- 
aminophen is formed as a metabolite of acetaminophen in microsomal incubations, we carried 
out trapping experiments using a carrier pool of N-hydroxyacetaminophen. The experiments 
were similar to those described by Jerina et al. (9) for determining the intermediacy of 
1,2-naphthalene oxide as an intermediate in the microsomal hydroxylation of naphthalene. 

Microsomal incubations were carried out essentially as described by Hinson et al. (8) 
with the exception that we used microsomes prepared from the livers of Swiss-Webster mice 
(20-25 g, Washington State University Laboratory of Animal Medicine, Pullman, WA). The 
recovery of N-hydroxyacetaminophen from control incubations ranged from 67-71% down to 
concentrations of 100uM. Therefore, in a typical experiment, microsomal incubations in a 


total volume of 3 ml contained 6 mg microsomal protein, 6 mg NADPH, 3 umoles EDTA, 150 umoles 


sodium phosphate, pH 7.4, 0.5 umole of N-hydroxyacetaminophen and 3 umoles of 3y-acetamino- 


(120 dpm/nicomole). 

The radiolabeled acetaminophen (New England Nuclear, Boston MS) was purified by a 
combination of chromatography on Analtech Silica Gel GF thin layer plates (250, thickness) 
using ether as developing solvent, and by hplc using conditions previously described (10). 
N-Hydroxyacetaminophen was prepared by hydrogenolysis of 4-benzyloxy-N-hydroxyacetanilide 
as originally outlined by R.S. Andrews (Sterling-Winthrop Laboratories, United Kingdom). 


Our synthetic sample of N-hydroxyacetaminophen had m.p. (121-123°C with decomposition) and 
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spectral characteristics (proton nmr, ir and e.i.m.s.) virtually identical with those 
reported by others (5,7). Gas chromatography of the silyl derivative on a 1.8m x 2 m i.d. 
glass column packed with 3% SE-30 showed the presence of a small amount (1-2%) of acetamino- 
phen in the sample. 

N-hydroxyacetaminophen was reisolated from the microsomal incubations by ethyl acetate 
extraction and analyzed by hplc as its ferric chelate (8). Acetaminophen had a retention 
time elution range of 3-4 min and N-hydroxyacetaminophen a retention time elution range of 
5.3-6.5 min under the conditions of our assay. The N-hydroxyacetaminophen fraction was 
collected (5-7 min) in scintillation vials, 15 ml of ACS scintillation cocktail was added, 
and radioactivity was determined by scintillation spectroscopy on a Beckman LS 7500 instru- 
ment with automatic quench correction. Irreversible binding was determined as previously 
described (11) after initial precipitation of the protein with methanol. 

In order to insure that we were collecting N-hydroxyacetaminophen, samples of the hplc 
purified iron chelated material (representing a total of approximately 100 pg of N-hydroxy- 
acetaminophen) were combined with 10 ml of 1 mM EDTA solution. The uncomplexed N-hydroxy- 
acetaminophen was then reisolated by extraction into ethyl acetate. Direct probe chemical 
ionization mass spectrometry of the sample after incubation, hplc purification, and 
reextraction gave virtually the same spectrum as authentic N-hydroxyacetaminophen (Fig. 1). 


Results of the irreversible binding of radiolabel to the microsomal protein show that 


the presence of N-hydroxyacetaminophen has little effect on the binding reaction (Fig. 2). 


More importantly, no radioactivity above background levels could be found in the N-hydroxy- 
acetaminophen reisolated from the incubations at any time point. Whereas the irreversible 
binding of radiolabel reached levels of 11-13 nmoles in 15 minutes compared to 0.6 nmole in 
the absence of NADPH, we could not detect any activity above background levels (8-17 pico- 
moles) in the N-hydroxyacetaminophen fraction isolated by hplc. Therefore, under the 
conditions of these carrier trapping experiments, N-hydroxyacetaminophen could only be formed 
as a metabolite of acetaminophen if it did not dissociate from the enzyme-product complex. 
Based on the finding that N-hydroxyphenacetin can be metabolized to detectable levels of 
N-hydroxyacetaminophen by microsomal oxygenases (8), we feel that lack of dissociation of 
N-hydroxyacetaminophen from these enzymes is unlikely. 

From this study we conclude that the electrophilic metabolite of acetaminophen which 
irreversibly binds to mouse microsomal protein is not formed from N-hydroxyacetaminophen. 
However, oxidation of the amide nitrogen of acetaminophen does appear to be necessary for 
hepatotoxicity to develop (12) and recent evidence strongly implicates N-acetyl-p- 
benzoquinone imine as an arylating metabolite of acetaminophen (13). Thus, other mechanisms 


should be considered for the formation of the arylating metabolite(s) of acetaminophen. 
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Figure 1: (A) Chemical Ionization mass spectrum of synthetic N-hydroxyacetaminophen. 
(B) Chemical ionization mass spectrum of synthetic N-hydroxyacetaminophen isolated by hplc 








from incubations of mouse liver microsomes after a 15-minute incubation period. Samples 
were assayed by direct probe insertion on a Biospect Chemical Ionization Quadrupole Mass 
Spectrometer (Scientific Research Corporation, Baltimore, MD) using methane as reagent 
gas with a source pressure of 0.5 torr and a source temperature of 180°C, 
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Figure 2: Time course of (A) the irreversible binding of radiolabel from 3H-acetaminophen 
to microsomal protein and (B) the incorporation of radiolabel into a carrier pool of 
N-hvdroxyacetaminophen. Data points represent the average values from 2 separate 
experiments with duplicate samples in each experiment. Values did not vary more than 
+ 5% for irreversible binding determinations and + 11% for radioactive incorporation 
determinations. 

@®— Acetaminophen + N-Hydroxyacetaminophen + NADPH 

O— Acetaminopehn + N-Hydroxyacetaminophen - NADPH 

@-- Acetaminophen - N-Hydroxyacetaminophen + NADPH 

O-- Acetaminophen N-Hydroxyacetaminophen NADPH 














Preliminary Communications 


REFERENCES 


E. M. Boyd and G. M. Bereczky, Brit. J. Pharmacol. 26, 606 (1966). 





L. F. Prescott, N. Wright, P. Roscoe and S. S. Brown, Lancet 1, 519 (1971). 

J. R. Mitchell, D. J. Jollow, J. R. Gillette and B. B. Brodie, Drug Metab. Dispos. 1, 
418 (1973). 

K. Healey, 1.C. Calder, A. C. Yong, C.A. Crowe, C. C, Funder, K. N. Ham and J. D. Tange, 
Xenobiotica 8, 403 (1978). 

M. W. Gemborys, G. W. Gribble and G. H. Mudge, J. Med. Chem. 21, 649 (1978). 





G. B. Corcoran, J.R. Mitchell, Y. N. Vaishnav, E. C. Horning and S. D. Nelson, in 
Advances in Pharmacology and Therapeutics, Vol. 9 (Y. Cohen, ed.) p. 103, Pergamom Press, 
Oxford (1978). 

K. Healey and I,C. Calder, Aust. J. Chem. 32, 1307 (1979). 

J. A. Hinson, L.R. Pohl and J. R. Gillette, Life Sci. 24, 2133 (1979). 











D. M. Jerina, J. W. Daly, B. Wittkop, P, Zaltzman-Nirenberg and S. Udenfriend, 


Biochemistry 9, 147 (1970). 
A. R. Buckpitt, D.E. Rollins, S.D. Nelson, R.B. Franklin and J. R. Mitchell, 


Anal. Biochem. 83, 168 (1977). 
D. J. Jollow, J. R. Mitchell, W. Z. Potter, D.C. Davis, J. R. Gillette and B. B. Brodie, 





J. Pharmacol. Exp. Ther. 187, 195 (1973). 
S. D. Nelson, A. J. Forte and R. J. McMurtry, Res. Commun, Chem, Path. Pharmacol. 22, 
61 (1978). 


D. J. Miner and P. T. Kissinger, Biochem. Pharmacol. 28, 3285 (1979). 














Biochemical Pharmacology, Vol. 29, pp. 1621-1622. 
Pergamon Press Ltd. 1980. Printed in Great Britain. 


HIGH-AFFINITY 34-DOPAMINE RECEPTORS (D, SITES) 


IN HUMAN AND RAT BRAIN 


Stephen List, Milt Titeler and Philip Seeman 


Department of Pharmacology 
University of Toronto 
Toronto, Ontario, Canada 
M5S 1A8 


(Received 29 February 1980; accepted 2] March 1980) 


There are at least two dopaminergic binding sites in the calf brain. One site is label- 
led by 3H-dopamine or 3H-apomorphine and has a high affinity for dopamine (with a nanomolar 
Kp). The other site (the Dz site) can be labelled by 3H-neuroleptics or 3H-dihydroergocryp- 
tine and has a high affinity for neuroleptics and ergots, but a lower affinity for dopamine 
itself [1,2]. While the Dy dopamine receptor has been detected in rat, dog and human brain 
[3,4], high-affinity 3H-dopamine binding in the rat "has proven virtually impossible" to 
detect by some workers [1,5]. 


We now report characterization of high-affinity 3H-dopamine binding in the rat and the 
first demonstration and characterization of this site labelled by 3H-dopamine in the human 
brain. 


Dissected regions from brains of rat (Wistar; 250 g) and human (22-91 years of age; 
3-25 hr post-mortem) were placed in 15 vol of cold TEAN buffer [15 mM Tris-HCl, pH 7.4, 
5 mM NajEDTA, 0.02% (1.1 mM) ascorbate and 12.5 uM nialamide], briefly Polytron-homogenized 
(Brinkman PT-10; setting of 7; 10 sec), centrifuged (44,000 x g) and resuspended (15 vol) 
four times (in order to remove endogenous dopamine), and finally stored frozen (-20°, in 
concentrations of 100-200 mg original wet weight/ml). Before use, the suspension was diluted 
and further Polytron-homogenized (10 sec). 


3H-Dopamine binding assays were carried out using quadruplicate glass test tubes (12 x 
75 mm) which received, in order, 200 uL buffer (with or without competing nonradioactive 
drug), 200 uL of 34-dopamine (15, 34 or 41 Ci/mmole; New England Nuclear, Boston) and 200 uL 
tissue (0.45-0.7 mg protein of human tissue or 0.5-0.6 mg protein of rat tissue). After 
incubation at 20-22° for 30 min, 0.5 ml aliquots were vacuum-filtered through Whatman GF/B 
filters, followed by a wash of 10 ml buffer. 


Using 3y-dopamine concentrations of 0.1 nM to 7 nM and 1076 cold apomorphine to define 
specific binding, Scatchard analyses of regions in 5 human brains revealed a high-affinity 
H-dopamine binding site in the dopamine-rich areas, caudate (Bpay = 63 + 10 fmoles/mg 
protein; = 2.2 + 0.4 nM) and putamen (Bpgx = 57 + 11 fmoles/mg protein; Kp = 2.8 + 0.3 nM). 
The dopamine-poor areas (giobus pallidus, thalamus and hippocampus) contained no detectable 
high-affinity 3H-dopamine binding. Scatchard analyses in rat brain areas revealed high- 
affinity 3H-dopamine sites in the corpus striatum (Bmax = 81 fmoles/mg; Kp = 2.3 nM), while 
in dopamine-poor areas (cerebellum, hippocampus, hypothalamus and frontal cortex) no binding 
was detectable. These results indicate that the 3H-dopamine binding site in the human and 
rat brain has a dopaminergic distribution. 


A variety of drugs were tested for their ability to compete with the specific binding 
of 0.66 nM 3y-dopamine. This concentration of 3H-dopamine produced 40% specific binding in 
the rat (total binding of 400 cpm/filter) and 35%-60% specific binding in the human (total 
binding of 300-700 cpm/filter). Drug ICsg values were obtained in rat from at least three 
experiments on pooled striatum. In human caudate, ICs5q values were cbtained by averaging 
determinations from individual brains. The number of brains used is indicated by the value 
in parentheses. Dopamine, apomorphine, NPA and ADTN had high affinity for the 34-dopamine 
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binding site in the human caudate, with ICsg values (+ S.E.M.) .of 4.3 + .7 nM (n=9), 3.4 + 
.8 nM (n=9), 3.9 + 1 nM (n=6), 5.1 + 2 nM (n=5), respectively. Haloperidol, spiperone and 
chlorpromazine had a relatively low affinity for the site with ICs5q values of 3000 + 1300 nM 
(n=4), 5100 + 1100 nM (n=4), 6500 + 1600 nM (n=3), respectively. Stereospecificity was 
demonstrated as (+)-butaclamol had an ICsg of 720 + 290 nM (n=5) while (-)-butaclamol had an 
IC59 of > 50,000 nM (n=5). The ergots, dihydroergocryptine and bromocryptine, had inter- 
mediate affinities for the site with ICsg's of 60 + 5 nM (n=2) and 437 + 92 nM (n=5). 


Fig. 1 compares the average human 3H-dopamine drug IC5g results with 3H-dopamine drug 
ICsg's in the rat striatum and calf caudate. 
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These data indicate that the high-affinity dopamine site labelled by 3H-dopamine in the 
rat and human brain is similar to the extensively studied high-affinity dopamine receptor 
labelled by 3H-dopamine in the calf. Since this high-affinity dopamine receptor has now 
been shown to have a high affinity for dopaminergic agonists, to have a dopaminergic 
distribution and to be present in three separate species, we propose that this receptor be 
called the D3 dopamine receptor. 
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Since hepatic (1) and renal (1) toxicities have been associated with the inhalation 
anesthetics halothane (CF3CHBrCl) and methoxyflurane (CH30CFjCHCl 9) respectively, there 
has been increased interest in the development of safer alternative drugs. One compound 
that has become widely employed is the fluorinated ether, enflurane (CHF 20CF9CHCIF, 
compound 1). Although this inhalation anesthetic appears to be safer than halothane and 
methoxyflurane, there have been recent reports indicating that it can produce renal changes 
in both man (2-4) and rat (5) similar to those seen with methoxyflurane. 

Inorganic fluoride (F~) appears to be responsible, at least in part, for the nephro- 
toxicity associated with the administration of methoxyflurane (1,5,6) and enflurane 
(4,5). The release of F~ is catalyzed predominantly by cytochrome P-450 in the microsomal 
fraction of liver (7). Pretreatment of rats with phenobarbital increases the rate of 
defluorination in liver microsomes by as much as two-fold (7-9), whereas treatment with 
3-methylcholanthrene does not appreciably affect the rate of defluorination of enflurane 
(7,9). Pretreatment with isoniazid, however, has been reported to induce defluorination 
of enflurane in rat liver microsomes by approximately four-fold (10); this observation 
may be clinically important because it has been reported that a patient treated with 
isoniazid developed a very high serum F~ level and a transient urinary concentrating 
defect following enflurane anesthesia (11). 

Although the pathway for formation of F~ from enflurane is not known, the results of 
metabolic studies with structurally related halogenated hydrocarbons such as chloroform 
(12,13), bromoform (14,15), chloramphenicol (16,17), halothane (18) and dihalomethanes 
(19,20) suggest that enflurane is likely metabolized to F~ by an oxidative dehalogenation 


mechanism (Fig.l). This reaction may occur by either initial oxidation of the C-H bond 
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Fig. 1. Potential pathways for metabolic oxidative defluorination of enflurane 
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of the chlorofluoromethyl carbon (Pathway A) or by oxidation of the C-H bond of the 
difluoromethyl carbon (Pathway B, Fig. 1). In both proposed pathways the alcohol inter- 
mediates would be expected to dehydrohalogenate spontaneously to produce acyl halides 
which upon hydrolysis would yield carboxylic acids and halide ion. 

It seemed possible that the relative importance of each of these pathways of metabo- 
lism might be determined by comparing the relative rates of defluorination of specifically 
deuterated derivatives of enflurane. Since deuterium substitution decreases the oxidative 
dehalogenation of chloroform (21), bromoform (14,15), and dihalomethanes (20) in rat liver 
microsomes, substitution of deuterium at the chlorofluoromethyl carbon should inhibit 
Pathway A whereas substitution at the difluoromethyl carbon should inhibit Pathway B 
(Fig-1). According to this view, the predominant pathway by which enflurane is oxidized 
by liver microsomes from phenobarbital and isoniazid pretreated rats should be revealed 
by determining which deuterated form of enflurane manifests the greater isotope effect. 

In a typical experiment, male Fischer 344 rats (340-380 g, Charles River) were allowed 
free access to water and food (Purina Lab. Rat Chow) and pretreated either with pheno- 
barbital (80 mg/kg, i.p-) 72, 48 and 24 hr before the beginning of the study or with iso- 
niazid (50 mg/kg, i.p.) once daily for 7 days before the rats were killed by decapitation. 
The rat livers were homogenized in 3 volumes of 0.02 M Tris 1.15% KCl buffer, pH 7.4. The 
homogenate was centrifuged at 10,000 x g for 20 min and the supernatant then recentrifuged 
for 60 min at 100,000 x g. The resultant microsomal pellet was resuspended in 0.02 M Tris 
1.15% KCl buffer and recentrifuged at 100,000 x g for 60 min. The washed microsomal pellet 
was resuspended in 0.02 M Tris 1.15% KCl buffer and diluted to a final protein concentration 
of 5 mg/4.5 ml. Incubations (5 ml) were run in sealed polyethylene vials containing 5 mg 
of microsomal protein, 5 ymoles of substrate and 0.5 ml of a cofactor mixture containing 
1 umole of NADP (Sigma), 10 ypmoles of glucose-6-phosphate (Sigma) and 1 unit of glucose-6- 
phosphate dehydrogenase (Calbiochem) in 0.02 M Tris 1.15% KCl buffer. After incubation for 
30 min at 37° the mixture was immediately frozen (dry ice-acetone bath) and evaporated 
to dryness by lyophilization. The residue was resuspended in 0.5 ml of 2.5 M sodium 
acetate buffer (pH 5.6) and the amount of F~ measured with an ion specific F~ electrode 
(Orion). A standard curve was prepared by incubating known amounts of NaF in reaction 
vials containing all constituents of the reaction mixture except enflurane. Fluoride 


ion production was determined by subtracting the amount produced in control reactions 
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(minus NADPH generating system) from that of the complete reaction mixture. Deuterated 
enfluranes were synthesized as described elsewhere (22) and were purified by GC with a 
Perkin Elmer 900 gas chromatograph, equipped with a 6' x 4 mm (i.d.) glass column, packed 
with Porapak Q 100/120 mesh. Enflurane had a retention time of 19 min (column temperature 


130° and carrier gas (No) approximately 20 ml/min). Deuterium incorporations at the 


chlorofluoromethyl and difluoromethyl carbons respectively of the various derivatives 
are as follows: enflurane-dy (compound 2, Table 1),99%, 98%; enflura:.e-dj (compound 3, 
Table 1), 97%, 10%; enflurane-d; (compound 4, Table 1), 4%, 89%. 

The results of incubations with liver microsomes from phenobarbital pretreated rats 
show that the levels of F~ produced from the dideuterated derivative (compound 2) and 
the monodeuterated chlorofluoromethyl derivative (compound 3) of enflurane are nearly 
identical, but significantly lower than that produced from enflurane (compound 1, Table 1). 
In contrast, the monodeuterated difluoromethyl derivative (compound 4) was metabolized 
to F~ to the same extent as enflurane (compound 1, Table 1). The primary isotope effect 
of approximately 2.8 in F~ formation for compounds 2 and 3 demonstrates that the break- 
age of the C-H bond of the chlorofluoromethyl carbon is the rate determining step in the 
metabolism of enflurane to F~ in liver microsomes from phenobarbital pretreated rats. 
The lack of an isotope effect for compound 4 suggests that oxidation of the difluoro- 
methyl C-H bond does not occur in these microsomal preparations to any significant 
extent. These results, therefore, indicate that Pathway A is the major route of oxida- 
tive defluorination of enflurane in liver microsomes from phenobarbital pretreated rats. 
This conclusion is in agreement with the previous finding that F~ and nonvolatile radio- 
active metabolites are formed in approximately equimolar amounts when [14c-chlorofluoro- 
methyl]Jenflurane is incubated with liver microsomes from control, 3-methylcholanthrane 
and phenobarabital pretreated rats (23). 

Table 1. Comparative metabolism of enflurane and various deuterated derivatives to 


F~ by liver microsomes from rats pretreated with phenobarbital or isoniazid.1 


Fluoride Produced 
(nmoles/mg protein/30 min) 





Substrate 
Phenobarbita! Isoniazid 
Pretreated Pretreated 





12.3 + 0.7 


0.4 + <0.1 


0.4+<0.1 


lResults represent the meant S.E. of at least 
5 incubations. 
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The results in Table 1 confirm an earlier observation that isoniazid is a more 


potent inducer of enflurane defluorination than phenobarbital (10). In the present 


study, the metabolism of enflurane by liver microsomes from rats treated with isoniazid 
was approximately 12 times as rapid as that by rats treated with phenobarbital. At 
first it seemed plausible that isoniazid might induce a form of cytochrome P-450 that 
regioselectively oxidizes enflurane at the difluoromethyl carbon (Pathway B, Fig.1) 
because this route of metabolism would result in the formation of 4 times as much F™~ 

per oxidation than would Pathway A. The results obtained with the deuterated deriv- 
atives of enflurane, however, show that the breakage of the C-H bond of the chloro- 
fluoromethyl group rather than the difluoromethyl group is the predominant route of de- 
fluorination of enflurane in microsomes from isoniazid pretreated rats. Consequently, 
Pathway A appears to be the major and perhaps the only route of oxidative defluorination 
of enflurane in these microsomes, as was found with the liver microsomes from phenobarbital 
pretreated rats. A recent study employing compound 3 in untreated rats indicates that 
this is also the major pathway of defluorination of enflurane in vivo (24). 

The results of this paper have demonstrated the use of specifically deuterated 
derivatives for readily determining the major pathways of defluorination of enflurane in 
various microsomal preparations. These results indicate that the C-H bond of the difluoro- 
methyl group of enflurane is not significantly susceptible to metabolic oxidative defluor- 
ination. This finding can be used for the rational design of new inhalation anesthetics 


which will not be appreciably metabolized to fluoride ion. 
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EFFECT OF CALCIUM CHLORIDE ON ASPIRIN-INDUCED HYPOINSULINEMIA IN RATS 
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Salicylates are widely used as analgesics, antipyretics and anti-inflammatory agents. 
Administration of salicylates has been found to change blood sugar levels; however, these 
observations have been inconsistent. Some investigators observed a hyperglycemic effect in 
rats (1), dogs (2), and humans (3,4), while others reported a hypoglycemic effect in normal 
(5) and adrenalectomized (6) rats, and in normal and mildly diabetic patients (7,8). The 
mechanism of action of these salicylate effects, especially on insulin secretion, also 
remains controversial. Some investigators found that salicylates had no effect on insulin 
secretion in isolated rat (9) andhamster (10) islets, in dogs (11,12), and in humans (4), 
while other groups reported that salicylates reduced insulin secretion in fragments of rab- 
bit pancreas (13), in rats (5), and in dogs (14), and others reported that salicylates stim- 
ulate insulin secretion in normal and diabetic humans (15-17). 

We recently observed that, in thyroparathyroidectomized rats, acetylsalicylate (aspi- 
rin) inhibited bone resorption (i.e. hypercalcemic effect) caused either by parathyroid hor- 
mone (PTH) or by the active form of vitamin D3, and caused a hypocalcemic state in normal 
rats. Administration of aspirin, however, did not affect the hypocalcemic effect of calci- 
tonin (CT) (18). From these findings we considered the possibie interrelationships in the 
effect of salicylates in vivo on glucose and calcium homeostasis. To examine this, we have 
studied the effect of administration of aspirin and/or calcium chloride on serum insulin, 


glucose and calcium in rats. 


MATERIALS AND METHODS 

Male Wistar rats, weighing 200 g and fed a usual laboratory rat chow, were used. To 
examine a time course of the effect of aspirin, rats were divided into six groups (four rats 
per group). The first three groups received 200 mg/kg, i.p., of aspirin (Sigma Chemical Co., 
St. Louis, MO) in saline with phosphate buffer (pH 7.4). The second three groups (control) 
received vehicle only. Serum samples were collected by bleeding via the abdominal aorta at 
30, 90 and 150 min after the administration of aspirin, and the levels of insulin, calcium 
and glucose were measured. The dose dependency of the effect of aspirin was also examined 
at dosage levels of 200 and 50 mg/kg, i.p., at 60 min after drug administration; each group 
contained four rats. ' 

Next, the effect of administration of calcium chloride was examined with or without 
aspirin treatment. Group 1 received aspirin and calcium chloride; group 2, aspirin and vehi- 
cle; group 3, vehicle and calcium; and group 4, vehicle only. Calcium chloride (in a phos- 
phate buffer, pH 7.4) was administered 15 min after aspirin and serum samples were collected 
60 min after aspirin. Dosage levels of aspirin and calcium chloride were 200 mg/kg, i.p., 
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and 2 mg Ca/kg, i.p., respectively. To examine if there is a time dependency in the effect 
of calcium chloride in aspirin-treated rats, calcium chloride (2 mg Ca/kg, i.p.) was given 
to the rats 30 and 45 min after aspirin, and serum samples were collected 30 and 45 min 
after calcium chloride, respectively. 

Serum insulin was determined by radioimmunoassay (19) using purified rat insulin 
(kindly supplied by Drs. R. E. Chance and M. A. Root of Eli Lilly Laboratories, Indianapolis, 
IN) as standards. Serum calcium and glucose were measured by the orthophthalein complexone 
method (20) and the glucose oxidase method (21). 

RESULTS AND DISCUSSION 

Administration of aspirin caused marked decreases in both serum insulin and calcium, 

although glucose levels remained comparable to those of the control group (Fig. 1). 
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A similar reduction in insulin level without affecting serum glucose level has been observed 
in dogs (14). These effects increased with time, and changes in insulin levels  paral- 
leled those in calcium levels (Fig. 1). The effect of aspirin was also dependent at dosage 
levels of 50 and 200 mg/kg, i.p., when the effect of aspirin was measured 60 min after its 
administration: aspirin, at 50 mg/kg, reduced serum insulin and calcium to 70 and 95 percent 
of control levels, respectively, while at 200 mg/kg, it reduced both variables to 50 and 92 
percent (Fig. 2). The lower dosage level of aspirin is compatible to that used in humans. 


Fig. 2. Aspirin dose response effect 
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The reduced insulin level caused by aspirin was restored nearly to the control level 
in rats given calcium chloride 15 min after aspirin (Table 1). Similar results were obtain- 
ed when rats received aspirin orally and calcium chloride intraperitoneally (data not 
shown). This restoration of insulin was not observed in the rats given calcium chloride 
30 min after aspirin, although there was some increase in the insulin level (Table 1). 

When calcium chloride was qiven as late as 45 min after aspirin, no increase in the reduced 
insulin level was observed. Thus, the time of calcium chloride administration appears to 
be important in restoring the reduced insulin level. 


Table 1. Effects of calcium on the levels of serum insulin, calcium and glucose with or without 
* 
aspirin treatment 





CaCl, injection Assay Serum level 








Expt. Aspirin ete 
(mg/kg, i.p.) ™9 Ca/kg Time Insulin (yU/ml) Calcium (mg/100 ml) Glucose (mg/100m1 ) 
— , fter 
i.p. after . 
aspirin Mean + S.E. Mean + S.E. Mean + S.E. 


(min) 


aspirin 
(min) 





60 


60 


60 


60 


60 





* Each group includes four rats. 

{ 

+ Indicates significant difference from control (P< 0.01, Student's f-test). 
+ Indicates significant difference from control (P < 0.001, Student's ¢-test). 


§ Indicates significant difference from group treated with aspirin only (P< 0.001, Student's f-test). 


In contrast to serum insulin, serum calcium was not changed when calcium chloride 
was injected 45 min before blood sampling (Table 1). However, the effect of calcium chlo- 
ride on serum calcium has been reported to be temporary (22), which could explain our 
results. In fact, a significant increase in calcium was observed when calcium chloride 
was given 30 min before blood sampling (Table 1). 

It should be noted that calcium chloride alone increased the serum insulin level 
by 20 percent when it was given to normal rats (Table 1), indicating a direct relation be- 
tween changes in calcium level and insulin secretion. This effect, however, was not as 
striking (i.e. 44 percent recovery) as that observed in the aspirin-treated group. 

These findings suggest that the effect of aspirin on glucose homeostasis, especially 
on the regulation of insulin secretion, may not be a direct action, but a secondary one 
caused by its action on calcium homeostasis. Our results not only confirm the observation 
by Arnold and Fernstrom (5), but also offer some clues to their results. They reported 
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that intraperitoneal administration of sodium salicylate to rats caused reduction in serum 
insulin. However, a marked rise in serum glucose levels following an oral glucose load 
failed to raise the reduced insulin levels in salicylate-treated rats. This is not surpris- 
ing, since our results suggest that hypocalcemia might have prevented glucose-stimulated 
insulin secretion. Evidence for inhibition of glucose- and arginine-stimulated insulin 
secretion in vivo by hypocalcemia was also noted by others in post-paturient cows (23) and 
a patient with pseudo-hypoparathyroidism (24), respectively. 

We cannot explain, at present, why serum glucose levels did not change significantly. 
Other hormones such as glucagon, epinephrine and cortisol might counteract the effect of 
aspirin on serum glucose. Effects of aspirin on serum insulin levels may differ among 
experimental animals and human (5, 13-17). A difference in the sensitivity to salicylates 
of the regulatory system for calcium homeostasis may explain the discrepancy. 

In summary, the present data demonstrated that aspirin decreased serum levels of 
insulin and calcium and suggest that the reduction in serum levels of insulin by aspirin 
may be secondary to a fall in serum calcium. 
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ERRATA 


Biochemical Pharmacology 29, 251-253 (1980). 
RAMSEY WALDEN and CAROL M. SCHILLER. Prenatal induction of Na,K-stimulated adenosine 5’-triphos- 
phatase activity in hamster intestine. 

An error occurred in the second sentence of the second paragraph of this paper. The sentence should 
read “Hydrazine and 1-1-dimethylhydrazine are two environmentally hazardous compounds that are used 
as missile propellants.” 


Biochemical Pharmacology 29, 1247-1254 (1980). 
Masao NAKAHARA. Binding and dissociation of Hageman factor, prekallikrein and high molecular weight 
kininogen in human plasma during contact activation. 

An error occurred in the first paragraph on page 1249. The fourth and fifth lines should read: ‘“‘soy bean 
trypsin inhibitor (SBTI) and lima bean trypsin inhibitor (LBTI) from Sigma Chemical Co., St. Louis, MO, 
U.S.A.” 
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ANNOUNCEMENT 


GORDON RESEARCH CONFERENCES 
“Frontiers of Science” 


GENERAL INFORMATION 


The Gordon Research Conferences for the summer of 1980 will be 
held in New Hampshire and California. 

Purpose. The Conferences were established to stimulate research in 
universities, research foundations, and industrial laboratories. This 
purpose is achieved by an informal type of meeting consisting of sched- 
uled speakers and discussion groups. This a of meeting is a valuable 
means of disseminating information and ideas to an extent that could 
not be achieved through the usual channels of publication and presenta- 
tion at scientific meetings. Sufficient time is available to stimulate 
informal discussion among members of each Conference. In addition, 
scientists in related fields become acquainted and valuable associa- 
tions are formed that often result in collaboration and cooperative 
efforts among laboratories. Meetings are held in the morning and in 
the evening, Monday through Friday, with the exception of Friday 
evening. The afternoons are available for recreation, reading, or parti- 
cipation in discussion groups, as the individual desires. 

It is hoped that each Conference will extend the frontiers of science 
by fostering a free and informal exchange of ideas among persons 
actively interested in the subject under discussion. The purpose of the 
program is to bring experts up to date on the latest developments, to 
analyze the significance of these developments and to provoke sugges- 
tions concerning the underlying theories and profitable methods of 
approach for scientific research. The review of known information 
is not desired. 

In order to protect individual rights and to promote discussion it is 
an established requirement of each Conference that no information 
presented is to be used without specific authorization of the individual 
making the contribution, whether in formal presentation or in dis- 
cussion. Scientific publications are not prepared as emanating from 
the Conferences. The recording of lectures by tapes, etc. and the 
photography of slides are prohibited. 

Registration and Reservations. Individuals interested in attending 
the Conferences are requested to send their applications to the office 
of the Director. It is important that you submit your application 
promptly in order that it may be given early consideration by the 
review committee. This is particularly necessary for those Conferences 
which are customarily over-subscribed and for which it is often 
necessary to establish a waiting list. 

Applications must be submitted in duplicate on the standard 
application form which may be obtained from the office of the Direc- 
tor. This procedure is important because certain specific information 
is required in order that a fair and equitable decision on the application 
may be made. Attendance at each Conference is limited to approx- 
imately 100 conferees. ; 

The Director will submit the applications of those requesting 
permission to attend a Conference to the Committee for that Confer- 
ence. This Committee will review the applications and select applicants 
So as to distribute the attendance as widely as possible among the vari- 
ous institutions and laboratories represented by the applications. 

A registration card will be mailed to those selected. Advance 
registration by mail for each Conference is required and is com- 
pleted on receipt of the card and the deposit of $30.00. The advance 
deposit is not required of scientists arriving in the United States 
from foreign countries. Checks are to be made payable to the 
Gordon Research Conferences. The deposit will be credited against the 
fixed fee for the Conference. 


CARD MUST BE RETURNED 3 WEEKS PRIOR TO THE CON- 
FERENCE WITH THE $30 DEPOSIT OR THE APPROVED 
APPLICATION MAY BE CANCELLED THE FIXED FEE MAY 
BE PAID IN ADVANCE IF THE CONFEREE SO DESIRES. 


A registration card not accompanied by the deposit will not be 
aci L 

As you know, most Conferences are oversubscribed; therefore, I am 
sure you can appreciate our problems with other scientists who are 
qualified to attend but have been placed on a waiting list. PLEASE 
RETURN YOUR CARD IMMEDIATELY WITH THE DEPOSIT TO 
ASSURE YOUR ATTENDANCE AND ACCOMMODATIONS. 

Special fund. A special fund is provided from the registration fee 
and is made available to the Chairman of each Conference for the 
purpose of increasing the participation of research scientists who 
could not otherwise attend and participate because of financial limi- 
tations. Its use is not limited to scientists who have been invited by 
the Chairman as a speaker or discussion leader. The money is to be 
used as an assistance fund only and may be used to contribute toward 
Conferees travel expenses, registration fee and-or subsistence ex- 











penses at the Conference, or both. Total travel and subsistence 
expenses usually will not be provided. 

The Board of Trustees of the Conferences has established a fixed 
fee for all resident participants (speakers, discussion leaders, con- 
ferees) at each Conference. This fee was established to encourage 
attendance for the entire Conference and to provide the Special Fund 
which is available to each Conference Chairman. The fixed fee will be 
charged regardless of the time a participant (speakers, discussion 
leaders, conferees) attends the Conference — that is, for the periods of 
from one to four and one-half days. 

The fixed fee will cover registration, room (except single room or 
room with bath), and meals for resident conferees. It will not provide 
for golf, telephone, taxi, laundry, Conference photograph, or any other 
personal expenses. 

Cancellation. The conferee deposit will be forfeited (is not refund- 
able) if an approved application for attendance at a Conference is 
cancelled. The deposit is not transferable to another Conferee or 
Conference. 

Guests. Accommodations (room & meals) are available for guests. 
(Children must be at least 12 years of age.) All such requests should 
be made at the time the attendance application is submitted because 
these accommodations, limited in number, will be assigned in the 
order that specific requests are received. 

Guests are not permitted to attend the conference lectures and dis- 
cussion sessions. 

A deposit of $30 is required for each guest reservation. This deposit 
will be refunded if cancellation is received two weeks prior to the Con- 
ference. 

Pets are prohibited at the Conference site 

Program. The complete program for the 1980 Gordon Research 
Conferences is pi: .lished in Science, March 7, 1980. Reprints are avail- 
able on request. 

Requests for applications to the Conferences, or for additional infor- 
mation, should be addressed to: 

Dr. Alexander M. Cruickshank, Director 

Gordon Research Conferences 

Pastore Chemical Laboratory 

University of Rhode Island 

Kingston, Rhode Island 02881 

Tel. 401-783-4011 or 401-783-3372 

Mail for the office of the Director from June 9 to Aug. 22, 1980 
should be addressed to: 

Dr. Alexander M. Cruickshank, Director 

Gordon Research Conferences 

Colby-Sawyer College 

New London, New Hampshire 03257 

Tel. 603-526-2870 








FIXED CONFERENCE FEES - 1980 
New Hampshire 


*Resident Fee: $200 includes $50 registration, room, and meals. 
*Non-resident Fee: $165 includes $50 registration fee and meals. 
Guest: $150 for room, meals. 
Deposit: $30 is required of all participants and guests. 


California 


*Resident Fee: $215 includes $50 registration, room, and meals. 
Guest: $165 for room, meals. 
Deposit: $30 is required of all participants and guests. _ 
1. Full fixed fee charged regardless of time conferee attends 
Conference. Please note detail of fees. 
2. *Fixed fees cannot be prorated or reduced for anyone (speakers, 
discussion leaders, conferees). 
3. Non-resident conferees are expected to eat all meals in the 
Conference Dining Room and, therefore, the Fixed Fee for 
non-residents includes the full meal charge. 
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COMMENTARY 


MODULATION OF NEUROTRANSMISSION BY PURINE 
NUCLEOTIDES AND NUCLEOSIDES* 


BERTIL B. FREDHOLM?+ and PER HEDovistTi 


+Department of Pharmacology and {Department of Physiology, Karolinska Institutet, S-104 01 
Stockholm 60, Sweden 


This commentary will briefly summarize the growing 
body of evidence suggesting that extracellular purine 
compounds, by acting at a postulated cell membrane 
receptor, cause a diminution of transmitter release 
and alterations in the responses of the target organ 
of the released transmitter. The role of cyclic nucleo- 
tides or the role of ATPases as effectors in neuro- 
transmission will not be discussed, however. 


Release of purine compounds by nerve stimulation 


There is abundant evidence that nerve activity is 
accompanied by release of purines. Holton and Hol- 
ton [1] first reported evidence for release of ATP 
from sensory nerve endings. Release from central 
nervous structures in vitro [2-5] and in in vivo [6- 
10] was later reported. There are also reports of 


release of purines following nerve stimulation in 
various peripheral organs including the rat phrenic 
nerve-diaphragm preparation [11], taenia coli 
[12, 13], stomach [14], subcutaneous adipose tissue 
[15, 16], kidney [17], heart [18, 19], nictitating mem- 
brane [20], vas deferens [21], blood vessels [22], 
urinary bladder [23], anococcygeus muscle [24], lung 
[25] and ileum§. Despite probable omissions, the list 
is sufficiently long to suggest that release of purines 
following nerve stimulation is a general phenom- 
enon. In all these instances the dominating products 
recovered were not adenine nucleotides but adeno- 
sine and its degradation products, inosine and 
hypoxanthine. 

ATP is rapidly hydrolysed extracellularly to form 
adenosine, inosine and hypoxanthine. It has been 
argued, therefore, that the purine nucleosides found 
after nerve stimulation reflect release of intact ATP 
(e.g. ref. 12). Indeed, in several of the above-men- 
tioned studies ATP has been detected. The question 
remains, however, if all the purines released are 
derived from intact ATP liberated from the cell. 
Several lines of evidence suggest that this is in fact 
not the case. For example, in superfused synapto- 
somes nucleotides accounted for only some 6 per 
cent of the total radioactive purines released by 





* The original research briefly referred to here was sup- 
ported by the Swedish Medica! Research Council (Project 
No. 04X-2553, 04X-4342), by Magnus Bergvalls stiftelse, 
the Swedish Society for Medical Research and by Karolin- 
ska Institutet. 

§ B. B. Fredholm, L. Gustafsson and P. Hedqvist, 
unpublished data. 


depolarisation [5], but about 75 per cent of the 
radioactivity released by hypo-osmotic shock. Pull 
and MclIlwain [26] found that theophylline (0.5 mM) 
increased the amount of adenosine in the superfusate 
from electrically stimulated cortical slices but 
decreased the nucleotide content. Theophylline, in 
these concentrations, is a potent inhibitor of 5’- 
nucleotidase [27, 28], the enzyme that catalyses the 
conversion of 5'-AMP to adenosine. Potentiation of 
adenosine release by theophylline therefore is not 
compatible with the opinion that all of the adenosine 
(and inosine as well as hypoxanthine) derives from 
extracellularly released 5'-adenine nucleotides. It is 
possible that some of the adenosine formed during 
stimulation derives from cyclic AMP [29]. 

In small non-myelinated nerve fibres, activity is 
associated with an increase in intracellular phos- 
phate, derived from hydrolysis of high-energy phos- 
phate bonds [30, 31]. The increase in intracellular 
phosphate was parallelled by an increased efflux of 
phosphate and adenine compounds. No evidence 
was found for release of ATP while substantial 
adenosine liberation was detected [32]. These results 
demonstrate that nerves may release purines sec- 
ondarily to intracellular breakdown of ATP. Fur- 
thermore, various metabolic inhibitors, or the 
removal of metabolic substrates, markedly increase 
the output of adenine derivatives from synaptosomes 
[5, 33]. Therefore, in the central and peripheral nerv- 
ous system both nucleotides and nucleosides are 
released. The proportions may vary with the type 
of stimulation. 

While the release of adenine derivatives has been 
extensively investigated, there are few studies of the 
possible release of guanine derivatives. In the entor- 
hinal-hippocampal system, where adenine deriva- 
tives are transferred from nerves to postsynaptic 
elements, transfer of guanine derivatives was small 
[34]. In the isolated Langendorf perfused heart there 
was a Slight increase in cardiac guanosine level from 
3.2 + 1.4 nmoles/g to 4.1 + 1.3 nmoles/g, further 
increasing to 6.6 + 0.3 nmoles/g after stimulation in 
the presence of dipyridamole§. Although these 
changes are much smaller than those in adenosine 
under similar circumstances [19], they may be taken 
as evidence for increased guanosine release during 
nerve stimulation. There is also circumstantial evi- 
dence that guanosine may be released from synap- 
tosomes [5]. Finally, evidence has been presented 
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that cyclic GMP may be released from presynaptic 
nerve endings under some circumstances [35]. In 
view of these data and the well-known role of GTP 
as a regulator of receptor function [36], further stud- 
ies of the influence of nerve activity on guanine and 
guanosine metabolism could be highly interesting. 


Release of adenine nucleotides as co-transmitters and 
transmitters 


It is well known that ATP is stored together with 
catecholamines in the storage granules of adrenal 
medulla in a ratio of about 1:4 [37]. It is also known 
that ATP is located together with acetylcholine in 
synaptic vesicles from cholinergic nerves supplying 
the electric organ of Torpedo at the ratio of 1:5 to 
1:11 [38-40]. In catecholamine storage granules of 
the splenic nerve trunk ATP is stored together with 
noradrenaline (NA) at a ratio close to 1:20 [41]. In 
light storage vesicles in the nerve terminals of the 
castrated vas deferens, the ratio ATP: NA appears 
to be still lower, approximately 1:50 (unpublished 
observations). Evidence that release of ATP occurs 
in parallel with transmitter or hormone release has 
been provided for the adrenal medulla [42, 43]. On 
the other hand, good evidence for exocytotic release 
of ATP from nerve endings is sparse. For example, 
in the just-quoted study where Stjarne er al. [43] 
were able to detect release of *’P-label, presumably 
derived from adrenal medullary vesicles, they could 
find no release of *P-label following nerve stimu- 
lation in the spleen. 

The major difficulty in detecting ATP release from 
nerve endings in peripheral tissues appears to be the 
very substantial release that occurs from the post- 
junctional elements. Already in 1962 Abood and 
coworkers found that membrane depolarization of 
excitable tissue caused release of high energy phos- 
phates [44]. Moreover, heart cells and endothelial 
cells have been shown to release ATP in response 
to hypoxia and other noxious stimuli [45, 46]. Even 
in very densely innervated tissues such as the Tor- 
pedo electroplaque it would seem that effector cells 
are a much more important source of ATP than the 
nerves [47]. In synaptosomes from Torpedo ACh 
release may occur without detectable ATP release 
[48], and ATP may be released without any detect- 
able ACh release [49]. Furthermore, it should be 
borne in mind that depolarization without transmit- 
ter release may cause ATP efflux from nerves [44]. 
It is therefore possible that part or ail of the ATP 
release that does occur from synaptosomes is due to 
a mechanism initiating or accompanying exocytotic 
release of transmitter [50] rather than to exocytotic 
release of the nucleotide. 

Hence, the demonstration that nerve stimulation 
induces release of adenine derivatives is not proof 
of an exocytotic release of ATP, not even if ATP 
rather than a metabolite is found extracellularly after 
nerve stimulation, or if it were shown that ATP was 
released from isolated nerve endings. Any attempt 
to calculate the concentration of ATP released into 
a synaptic gap, based on published estimates of the 
concentration of noradrenaline in the neuroeffector 
gap and assumption of the ratio NA: ATP in the 
granule, is therefore, a rather futile exercise in 
arithmetic. 
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These remarks have all been directed towards the 
evidence that ATP is released as a co-transmitter 
together with e.g. NA or ACh [51]. Some of the 
evidence for the interesting proposal that ATP is a 
transmitter in its own right in a special subset of 
neurons, the purinergic nerves [52], can be subjected 
to similar criticism. 


Release of purines from the effector cells 


As noted above, there is good evidence that pur- 
ines, including ATP, may be released from the elec- 
tric organ of the Torpedo following nerve stimulation 
[47]. Indeed, even a single nerve impulse is capable 
of increasing ATP release from the postsynaptic 
membrane [53, 54]. Since the electric organ is hom- 
ologous with skeletal muscle, it seems probable that 
stimulation of nicotinic receptors also causes release 
of adenine compounds from the striated muscle cells. 
Smooth muscle cells also respond to excitation with 
enhanced purine release. In guinea pig taenia coli, 
not only contracting but also relaxing stimuli (nor- 
adrenaline, papaverine and nitroglycerin) caused an 
increased purine release [13]. It is well known that 
these relaxant drugs decrease the ATP content of 
intestinal smooth muscle [55]. In the dog adipose 
tissue, cat nictitating membrane, and rabbit kidney 
and heart, purine release was directly proportional 
to the degree of contractile response of the muscle, 
whether induced by nerve stimulation or other stim- 
uli [15, 17, 19, 20, 56]. Constriction of the vascular 
smooth muscle seems to be the crucial factor in these 
perfused tissues. It may either be that the actual 
contraction of the smooth muscle leads to purine 
release, also as suggested by the data of Su [22], or 
that the vasoconstriction leads to a regional hypoxia 
that causes purine release [15]. A working hypoth- 
esis, compatible with the available evidence, is that 
membrane depolarization and/or local disparity in 
the balance between energy expenditure and energy 
production is responsible for the release of adenine 
compounds during nerve activity. 


Inhibition of noradrenaline release by adenosine and 
adenine nucleotides 


The first evidence that adenine compounds affect 
adrenergic neurotransmission by a_ prejunctional 
action seems to be the observation that cyclic AMP 
enhanced NA release induced by nerve stimulation 
in spleen and vas deferens [57,58]. There was no 
significant effect of dibuturyl cyclic AMP in canine 
subcutaneous adipose tissue, however [59], and the 
role of cyclic AMP has later on been considered 
minimal also in vas deferens [60]. Nevertheless, in 
none of these studies was inhibition of transmitter 
release observed, which seems to be the principal 
effect produced by other adenine compounds. Thus, 
ATP was found to inhibit NA release in blood per- 
fused canine adipose tissue in situ [59], isolated blood 
vessels from dog, rat and rabbit [61-63], rat vas 
deferens [64] and rabbit kidney [65]. The two other 
adenine nucleotides, ADP and AMP, are also effec- 
tive as inhibitors of nerve-induced NA release, as 
indicated by observations with rat blood vessels [62] 
and rabbit kidney [65]. Adenosine was also found 
to be effective, and of approximately the same 
potency as its nucleotide congeners, in all the afore- 
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mentioned tissues, as well as in guinea pig vas def- 
erens [66], rat salivary gland [67], and rabbit and 
guinea pig heart [67, 68]. It may, however, be noted 
that adenosine has been tested and found ineffective 
on nerve-induced release of NA in three different 
feline tissues: nictitating membrane“, spleen [69] and 
heart [70]. The reason for the exceptional behaviour 
of these and possibly other feline tissues is not 
known, and one can only speculate that the cat lacks 
purine sensitive receptors on adrenergic nerve 
terminals. 

Some tissues are exquisitely sensitive to presyn- 
aptic inhibition by adenosine. Thus, in the rabbit 
kidney 0.1 uM adenosine sufficed to depress nerve 
simulation induced release of NA by approximately 
20 per cent. The inhibition by adenosine increased 
dose-dependently and was more than 70 per cent at 
10 uM [66]. The degree of presynaptic inhibition by 
adenosine was inversely related to stimulation fre- 
quency and did not exhibit tachyphylaxis. The effect 
was rapid in onset (manifest within 60 sec) and read- 
ily reversible. The finding that 0.1 uM adenosine 
significantly inhibited NA release is particularly 
interesting because the concentration of endogenous 
adenosine, inosine and hypoxanthine in the venous 
effluent may reach and surpass this value following 
renal nerve stimulation [65]. In the rabbit heart, the 
peak rate of efflux of adenosine and its metabolites, 
inosine and hypoxanthine, following 10 Hz stimu- 
lation was 19 nmoles/min [18]. This value is close to 
the amount of adenosine (25 nmoles/min) required 
to inhibit by 40 per cent the release of NA in 
response to 10 Hz stimulation [68]. The similarity 
between the amounts of adenosine released by nerve 
stimulation and those required for a significant pre- 
synaptic action in the heart is stressed further by the 
finding that when adenosine was infused in a con- 
centration of 2.5 uwmoles/1, more that 50 per cent 
was inactivated by tissue uptake and a further 25 per 
cent metabolized to inosine and hypoxanthine [18]. 
The above-mentioned data strongly suggest adeno- 
sine as a candidate for feed-back control of NA 
release, in particular since its metabolites, inosine 
and hypoxanthine seem to lack effect [65]. 

It is possible that also purine nucleotides may 
participate in such a mechanism. Indeed, nucleotides 
are released by nerve stimulation (see previous sec- 
tion), and they have documented effect on NA 
release, being approximately as potent as adenosine 
[62-65]. It has been suggested that the nucleotides 
must be hydrolysed to adenosine in order to cause 
presynaptic inhibition [64]. However, the stable ATP 
analogue, B,y-methylene-ATP, seems to be as 
potent as ATP, ADP, AMP and adenosine in inhibit- 
ing NA release in the rabbit kidney [65], implying 
that the nucleotides may be active by themselves. 
As pointed out by Su [63], it does not really matter 
whether adenosine or an adenine nucleotide is the 
substance actually present in the vicinity of the nerve 
terminal, since all are virtually equipotent. Dephos- 
phorylation of the adenine nucleotides does not alter 
the presynaptic inhibitory potency. It is only when 
adenosine is deaminated to inosine and further 
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metabolized that presynaptic inhibitory potency is 
lost. 

Apparently, adenosine is only one out of several 
naturally-occurring agents that are capable of regu- 
lating the release of NA. Theoretically, adenosine 
could act by interfering with at least two other pre- 
sumed mechanisms, the NA-a-adrenoceptor- 
mediated autoinhibition [70,71] and that operated 
by E prostaglandins [72]. Adenosine enhances a- 
adrenoceptor mediated contractions in vascular and 
non-vascular tissues (see below) and adenine nucleo- 
tides may cause increased release of prostaglandins 
[73]. However, none of these systems seem to be 
directly involved in the presynaptic action of adeno- 
sine. Thus, a-adrenoceptor blockade or blockade of 
prostaglandin synthetase did not reduce the inhibi- 
tory effect of adenosine on transmitter overflow 
[62, 66, 74]. 

Theophylline has been extensively used as a 
blocker of cellular actions of adenosine [52], and 
evidence has been presented that theophylline may 
interfere with the transmission effects of adenosine 
in adrenergically innervated tissues [61, 62, 64, 75, 
76]. In the rabbit kidney [76] theophylline dose- 
dependently and reversibly antagonized the inhibi- 
tory effect of adenosine on NA release, as well as 
its stimulant effect on vasoconstrictor responses to 
nerve stimulation and administration of NA. The 
direct vasoconstrictor response to adenosine was also 
antagonized. Similar results have also been obtained 
with caffeine (unpublished observations). The antag- 
onistic effects of theophylline were surmounted by 
an increase in the adenosine concentration, indicat- 
ing competitive antagonism. According to Burns- 
tock’s classification of purine receptors [77], the 
results suggest the presence of P\-receptors at both 
nerve terminal membrane and effector cell. In the 
canine saphenous vein theophylline antagonizes the 
inhibitory effect of ATP on neurogenic responses 
but not its direct contractile effect, indicating the 
presence of inhibitory prejunctional (P,) receptors 
and excitatory postjunctional (P,) receptors [75]. 
Theophylline not only antagonizes the effect of 
exogenous adenosine on adrenergic transmission, 
but per se enhances nerve induced release of NA 
[76]. This effect is not due to phosphodiesterase 
inhibition, because it occurs with theophylline con- 
centrations having no effect on kidney cyclic AMP 
phosphodiesterase. Moreover, other potent 
phosphodiesterase inhibitors are inactive on NA 
release. Therefore, the possibility exists that the 
transmission effects of theophylline, and presumably 
other methylxanthines, reflect antagonism of 
endogenous adenosine [78]. This possibility is 
strengthened by the above mentioned observations 
that nerve stimulation may cause significant release 
of adenosine. 

Inhibitors of adenosine uptake (dipyridamole and 
dilazep) and deamination (EHNA) potentiate the 
presynaptic effect of administered adenosine [65, 79]. 
These results indicate that adenosine is active per se 
and also that it is active on the outside of the cell. 
There seems to be two types of adenosine receptors 
in the cell membrane; one directed outwards and 
one inwards [80]. The presynaptic effect of adenosine 
is shared by agents that activate the external receptor 
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such as phenyl-isopropyl-adenosine and 2-chloro- 
adenosine, but not by agents that interact with the 
internal receptor such as 2-deoxy-adenosine and SQ 
22356 (unpublished data). It is also of interest that 
dipyridamole, dilazep and EHNA by themselves 
inhibit nerve-induced release of NA in rabbit kidney 
and rat blood vessels, and more so when dipyrida- 
mole or dilazep were given in combination with 
EHNA [64, 65]. These observations are: consistent 
with a decreased inactivation of endogenous adeno- 
sine, and hence increased extracellular concentration 
of the compound, leading to inhibition of NA 
release. 


Effects on non-adrenergic transmission 


Adenosine and adenine nucleotides have been 
shown to depress acetylcholine release from motor 
nerve endings [81-83]. The nicotinic transmission in 
the parasympathetic ganglia of the cat urinary blad- 
der was inhibited by AMP, ADP and ATP [84], 
presumably by a presynaptic mechanism of action. 
Also in the Torpedo electroplaque, adenine deriva- 
tives are capable of inhibiting acetylcholine release 
[54, 85]. Based on a statistical analysis of neurotrans- 
mission in the soleus muscle it was concluded that 
adenosine reduced the mean number of quanta 
released bv depressing the store of quanta available 
for release rather than the probability of quantal 
release [86]. A mechanistic interpretation of these 
statistical terms is, however, difficult. 

Adenosine and related adenine nucleotides dose- 
dependently inhibit release of acetylcholine (ACh) 
and ensuing contraction responses to transmural 
nerve stimulation in the guinea pig ileum [87-91]. 
On the other hand, they have little or no effect on 
contraction responses induced by ACh [88, 90-92]. 
Theophylline and other methylxanthines antagon- 
ized inhibition of the cholinergic transmission by 
purines [88, 92]. By itself, theophylline, in concen- 
trations having no effect on cyclic AMP phospho- 
diesterase activities [93], enhanced ACh release and 
contraction responses to nerve stimulation in the 
guinea pig ileum [88, 94]. However, higher concen- 
trations of theophylline inhibited neurogenic 
responses in parallel with inhibition of phosphodi- 
esterase [93]. This latter effect of theophylline is in 
agreement with earlier studies linking together 
smooth muscle relaxation and cyclic AMP accu- 
mulation [55]. The biphasic effect of theophylline on 
the transmission may thus be explained in terms of 
low doses antagonizing the inhibitory effect of 
endogenous purines on ACh release, and high doses 
seemingly leading to inhibition of the transmission 
by causing a progressive increase in cyclic AMP 
accumulation and smooth muscle relaxation. 

It has been shown that inhibitors of adenosine 
uptake (dipyridamole, hexobendine and dilazep) 
enhance the inhibitory effect of purines on cholin- 
ergic transmission and that they decrease the thres- 
hold dose of adenosine by approximately one order 
of magnitude (to 0.1 uM) [91, 93, 95]. In the same 
doses, dipyridamole markedly enhanced the release 
of purines induced by nerve stimulation, and caused 
the level of purine nucleosides to reach 0.1 4M in 
the surrounding medium [96, 97]. Dipyridamole and 
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dilazep by themselves inhibit cholinergic transmis- 
sion in guinea pig ileum by a mechanism which is 
antagonized by theophylline [90,92,95]. These 
observations are consistent with the concept that 
adenosine, or a related purine nucleotide, acts as a 
negative feed-back modulator of ACh release. Ace- 
tyl-CoA has also been considered an endogenous 
modulator of cholinergic neurotransmission [98], 
although to date no conclusive data have been 
presented. 

It has been proposed that there are autonomic 
efferent nerves that are neither adrenergic nor chol- 
inergic and which release ATP or a related purine 
compound as principal transmitter, for example in 
the urinary bladder [52]. It may be noted, however, 
that adenine nucleotides and adenosine dose-depen- 
dently and reversibly inhibited non-adrenergic non- 
cholinergic transmission in the urinary bladder, and 
that the inhibition showed the same susceptibility to 
antagonism by theophylline and enhancement by 
dipyridamole and EHNA as that in adrenergic and 
cholinergic transmission [99]. However, in this case 
the inhibition seems to be largely postjunctional. 
Thus, the proposed excitatory transmitter in the 
purinergic nerves would seem capable of inhibiting 
its own actions. 


Actions of adenosine in the CNS 


A role for adenosine in the regulation of cyclic 
AMP generating systems in the CNS has been firmly 
established [100, 101]. The effect of adenosine on 
cyclic AMP levels is independent of adrenergic a- 
or f-receptors and of histamine receptors [102]. On 
the other hand, adenosine appears to potentiate 
the actions of noradrenaline and histamine on cyclic 
AMP [100, 102]. 

Adenosine probably acts on a specific ‘adenosine- 
receptor’ located on the outer surface of the cell 
membrane [101]. Specific adenosine binding sites in 
the CNS with several characteristics of the proposed 
receptor were recently demonstrated [103]. Methyl- 
xanthines act as competitive antagonists of adeno- 
sine actions and the structural requirements for an 
action on these ‘adenosine-receptors’ appear to differ 
from those for inhibition of phosphodiesterase(s) 
[104]. Adenosine present in brain slices under basal 
conditions and following depolarization contributes 
significantly to the level of cyclic AMP [100]. The 
same appears to be true in cultured cells of nervous 
origin [105] and in homogenates of brain tissue [106— 
107]. This probably explains the repeated finding 
that theophylline may decrease cyclic AMP accu- 
mulation in slices as well as in brain homogenates 
(see refs. 101 and 106). Non-methylxanthine 
phosphodiesterase inhibitors may also influence 
adenosine mechanisms. For example, papaverine 
and Ro 20-1724 increase in the formation of adeno- 
sine; dipyridamole and papaverine inhibit its inac- 
tivation [101, 108]. The choice of phosphodiesterase 
inhibitor in experiments regarding central cyclic 
nucleotide mechanisms is therefore of crucial import- 
ance, and the possibility that interactions with adeno- 
sine mechanisms contribute significantly to the over- 
all effects of several phosphodiestergse inhibitors 
must be seriously considered [78, 104, 109]. 

Adenosine increases not only cyclic AMP but also 
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cyclic GMP levels in brain slices [108, 110, 111]. 
These effects are shared by adenine nucleotides, but 
not by guanosine, adenine, cytidine or uridine [111]. 
The accumulation of cyclic GMP is entirely depen- 
dent upon the presence of extracellular calcium ions 
[110, 111], while the accumulation of cyclic AMP 
induced by adenosine was unaltered in the absence 
of extracellular calcium [110, 111]. However, 
removal of calcium may induce an increased release 
of adenosine leading to enhanced ‘basal’ cyclic AMP 
[108, 110]. Theophylline inhibits adenosine induced 
cyclic AMP accumulation much more effectively 
than cyclic GMP accumulation [111]. Thus, the 
action of adenosine on the two cyclic nucleotides 
may be effected through different mechanisms. The 
stable adenosine analogue 2-chloroadenosine 
increases glycogenolysis in the rat caudate nucleus, 
but this effect is probably not mediated via cyclic 
AMP dependent phosphorylation of phosphorylase 
kinase and phosphorylase [112, 113]. 

Several studies demonstrate a depressant action 
of adenosine and adenosine derivatives on the dis- 
charge of central neurons, both in vivo and in vitro. 
Thus, under in vivo conditions, a depressant action 
of adenosine is found in the rat caudate nucleus 
[114], toad spinal cord [115], and rat cerebral and 
cerebral cortex [116-118]. Moreover, drugs that 
potentiated the effect of electrophoretically applied 
adenosine, such as EHNA and papaverine, had a 
depressant action of their own, suggesting an effect 
of endogenous adenosine on firing rate [117]. Elec- 
trophysiological studies of brain slices in vitro have 
similarly shown a depressant action of adenosine in 
olfactory cortex [119-121], as well as hippocampus 
[10, 122-124], but not in the superior colliculus [124]. 
At least in the hippocampus, the actions of various 
drugs are compatible with a role for endogenous 
adenosine. 

The depressant action of adenosine on cortical 
neurons is shared by a number of adenine nucleo- 
tides, including cyclic AMP, but not by adenosine 
breakdown products such as inosine, hypoxanthine, 
xanthine and adenine [122]. The inhibitory effect of 
adenosine and the adenine nucleotides was antag- 
onized by methylxanthines given locally by ionto- 
phoresis or by the systemic route [122]. Guanosine 
and guanosine nucleotides had a much weaker effect 
on corticospinal neurons [122]. In the toad spinal 
cord guanosine either had no effect or depolarized 
the neurons, while adenosine caused hyperpolari- 
zation [115]. 

There is good electrophysiological evidence that 
adenosine (and 5’-AMP) depresses synaptic mech- 
anisms [10, 121-123], presumably by inhibiting the 
release of an excitatory transmitter. Indeed, inhi- 
bition of the release of acetylcholine [125], dopamine 
[125, 126], noradrenaline [127], serotonin [125] and 
GABA [125, 128] has been reported. In all these 
instances release of labelled transmitter was induced 
by potassium-depolarization or by ouabain and the 
effect was generally small. In our own studies 
(unpublished) we have been unable to detect sig- 
nificant inhibition by adenosine on veratridine- 
induced transmitter release. The apparent contra- 
diction between these in vitro studies on transmitter 
release and the electrophysiological studies could 
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indicate that transmitter release induced by action 
potentials is much more sensitive to inhibition by 
adenosine than is transmitter release induced by 
depolarization or by ouabain. Another possibility is 
that only some of the sites at which transmitter 
release may be evoked by depolarizing slices in vitro 
are markedly affected by adenosine. It is interesting 
to note that in both the electrophysiological [10, 122] 
and biochemical studies [125-128] theophylline and 
other methylxanthines were potent antagonists of 
the adenosine effects. 


Adenosine as a postsynaptic modulator 


Adenosine may not only influence the release of 
transmitter but also the response to the transmitter. 
There are several studies suggesting that effects 
mediated by a-adrenoceptors are potentiated by 
adenosine. This is true, for example, as regards cyclic 
AMP stimulation in brain slices [100, 101]. a-Adren- 
oceptor-mediated vasoconstrictor responses may 
also be enhanced by adenosine in some circum- 
stances [66]. In the guinea pig vas deferens adenosine 
causes a dose-dependent potentiation of noradren- 
aline induced concentrations; guanosine and inosine 
being much less potent [129]. In this tissue adenosine 
produces a dose-dependent sustained depolarization 
[130], which may explain the potentiation. 

In contrast, B-adrenoceptor mediated effects are 
often inhibited by adenosine. This effect has been 
extensively characterized in the fat cells [131-133] 
and appears to be due to inhibition of cyclic AMP 
formation. There are two types of adenosine recep- 
tors, one intra- and one extracellular [134]. The 
extracellular site, on which various N°-substituted 
adenosine derivatives are the most potent agonists, 
appears to be the physiologically important [131- 
135]. The internal type of receptor, where deoxy- 
ribose derivatives are particularly active, seems to 
be of considerable pharmacological interest, but may 
be physiologically irrelevant in view of the low affin- 
ity for adenosine at this site [134, 135]. Inhibition of 
f-responses by adenosine is also evident in the CNS 
[135, 136] and heart [137]. Therefore, increasing lev- 
els of adenosine may shift the balance between a- 
and f-effects. 

It may seem paradoxical that adenosine, which 
stimulates adenylate cyclase for example in brain 
and heart, is capable of inhibiting in a competitive 
manner the effect of 6-adrenoceptor agonists, which 
also stimulates adenylate cyclase. The reasons for 
this has been worked out by Braun and Levitzki 
[135]. The adenosine receptor is permanently 
coupled to the adenylate cyclase. By contrast, the 
B-receptor activates adenylate cyclase by a bimolecu- 
lar collision reaction. The two receptors operate on 
a common adenylate cyclase through a common 
GTP-regulatory site. The catecholamine-induced 
adenylate cyclase will be inhibited by adenosine in 
the present of GTP, when the GTP’ase turn-off 
reaction takes place, because adenosine is a less 
potent agonist than are the f-agonists [135]. In the 
cholinergic system it seems that adenosine does not 
influence the responses to acetylcholine acting on 
the muscarinic receptor [89]. By contrast, there is 
some evidence that adenine derivatives may poten- 
tiate responses on the nicotinic receptor. Thus, 
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adenine derivatives seem to enhance depolarization 
induced by acetylcholine in frog muscle [138]. 
Finally, it should be pointed out that adenosine 
and other adenine derivatives may have direct 
postjunctional actions. These direct effects could 
influence the net response induced by nerve stimu- 
lation. For example, the well known vasodilatory 
action of adenosine tends to antagonize the vaso- 
constrictor action of the catecholamines (except in 
the kidney). There are often considerable differences 
between the direct actions of ATP and those of 
adenosine, possibly because they have different 
affinities for the postjunctional purine receptors, 
denoted P, and P, receptors by Burnstock [77]. 


Mechanisms of inhibition of transmitter release 

Very little is known about the mechanism by which 
adenosine (or for that matter any presynaptically 
active drug) inhibits transmitter release. Despite the 
pronounced effects of adenosine on cyclic AMP in 
nervous tissue it seems clear that the presynaptic 
effects of adenosine are not mediated over cyclic 
AMP [10, 139, 140]. In particular, it should be men- 
tioned that if cyclic AMP has any definite effect on 
transmitter release it stimulates it (see ref. 141). 

It is well known that calcium plays an important 
role in excitation—secretion coupling, and adenosine 
may somehow interfere with the calcium disposition 
in the nerve terminae. Adenosine does not influence 
tyramine-induced release of noradrenaline 
[137, 142], which occurs by a calcium-independent 
process. In a recent paper, Ribeiro and coworkers 
[143] report that adenosine inhibits K*-induced cal- 
cium uptake by synaptosomes. However, a closer 
inspection of the data indicates that in submillimolar 
concentrations, adenosine, if anything, increases the 
initial rate of calcium accumulation. Thus, a direct 
effect on calcium transport is not proven. The data 
of Ribeiro et al. [143] may, however, indicate that 
adenosine reduces the level of free intracellular Ca” 
Such an effect was also suggested by Branisteanu et 
al. [86] from their results of experiments on frog 
neuromuscular transmission. Vizi and Knoll [88] 
were unable to antagonize the presynaptic inhibitory 
effect of adenosine by enhanced extracellular cal- 
cium. Others have, however, demonstrated a depen- 
dency on extracellular Ca** but concluded that 
‘classical’ competition with Ca** (in the manner of 
Mg’*) could not explain the actions of adenosine on 
transmitter release [81, 86]. 

In the cholinergic, as well as the noradrenergic 
system, the presynaptic effect of adenosine is 
strongly frequency dependent [61, 65, 67, 88, 90]. 
At high stimulation frequencies the inhibitory effect 
is small or non-existent. This indicates that adenosine 
does not primarily act by preventing the spread of 
impulses into the terminal area [88]. Studies by Stone 
[144] on the spinal cord also argue against an action 
of adenosine on nerve terminal excitability. It has 
been pointed out that at high stimulation frequencies 
more calcium may be left at the active releasing sites 
[145]. It is an old finding that adenine nucleotides 
and adenosine markedly shorten the action potential 
in atrial muscle [146, 147]. If this occurs also in the 
nerve ending it would offer a good explanation for 
the presynaptic effect of adenosine and its high fre- 
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quency dependence, as suggested by Wakade and 
Wakade [67]. A theoretical possibility is that adeno- 
sine increases chloride influx. It has indeed been 
found that adenosine does promote chloride influx 
in brain slices and in primary astrocyte cultures [148]. 
Another possibility is that adenosine acts by accel- 
erating repolarization secondarily to increased K*- 
efflux [146]. Further studies of these possibilities will 
be of considerable interest. 

Finally, it should be mentioned that a ‘vesigate’, 
a Structure apposed to the inner face of the presyn- 
aptic membrane and which binds transmitter to satu- 
ration, has been suggested to be the structure actually 
involved in acetylcholine release [149]. Calcium is 
the likely trigger of release from this postulated 
structure. A presynaptic modulator such as adeno- 
sine could act on such a membrane associated 
‘vesigate’ by altering binding of transmitter to it or 
release of transmitter from it. It is readily apparent 
from the above considerations of possible mechan- 
isms that the precise mode of action of adenosine 
cannot be defined, and is unlikely to be so, until our 
knowledge about both the mechanisms of transmitter 
release and the actions of adenosine on the ion 
transport across nerve terminal membranes and on 
levels of ions in the nerve cell cytoplasm are con- 
siderably larger than at present. 


Functional significance 


Firstly, it should be pointed out that inhibition of 
transmitter release by adenosine and adenine nucleo- 
tides seems to be a very general phenomenon even 
though it is not demonstrable everywhere. 

Secondly, these compounds seem to act on the 
outside of the cell. The inhibitory potency is essen- 
tially equal between the adenosine nucleotides and 
adenosine. On the other hand, the guanine series of 
compounds and the adenosine breakdown products 
are virtually inactive. Consequently, it does not mat- 
ter from a functional point of view which compound 
is present at the terminal as long as it is adenosine 
or an adenine nucleotide. When present in a suffic- 
ient concentration these compounds will all depress 
neurotransmission to a similar extent. In particular, 
dephosphorylation of ATP to ADP, to AMP or to 
adenosine does not inactivate it as a modulatory 
signal for transmitter release. It is only when the 
compound is internalized into a cell and/or deami- 
nated to inosine that the inhibitory potency vanishes. 

The third point to make is that nerve activity 
practically always releases adenine compounds and 
their metabolites. The release occurs both from 
nerve endings and from postsynaptic structures, but 
the latter source seems to be the more important. 
Both adenosine and adenine nucleotides seem to be 
released—their relative proportions varying with the 
tissue and the type of stimulus. This raises the pos- 
sibility that adenosine and/or adenine nucleotides 
may act as local regulators of transmitter release. 
Since they are predominantly formed by the post- 
synaptic structures, the terms ‘transsynaptic modu- 
lation’ [150] and ‘retrograde transmission’ [85] have 
been coined to describe the phenomenon. The 
adenine derivatives are sufficiently potent as pre- 
synaptic inhibitors, at least in some tissues, to be 
active already under basal physiological conditions. 
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In other instances adenine-derivatives may be impor- 
tant only when the local concentrations of adenosine 
are raised above the normal physiological range, for 
example by ischemia, or by extensive depolarization 
or by drugs. 

Fourthly, since adenosine and adenine nucleotides 
are of actual or potential significance in the regu- 
lation of neurotransmission, drugs may act by 
increasing or decreasing the influence of these pur- 
ines. A particularly interesting possibility is that 
some of the actions of methylxanthines in the central 
and peripheral nervous systems may be due to their 
ability to inhibit the actions of adenosine and adenine 
nucleotides. 

Finally, it is important to note that these com- 
pounds are active not only on nerve endings but they 
modify contractility of muscle cells and metabolic 
activity, as well as blood flow. The importance of 
this is illustrated in the heart and the adipose tissue 
[132, 137]. If the stimulation is very strong then there 
is a severe discrepancy between oxygen demand and 
supply. The adenosine that accumulates under these 
circumstances serves to decrease the release of stimu- 
latory transmittor and inhibit metabolic activity, as 
well as to increase blood flow. Adenosine, therefore, 
tends to limit its own formation in several ways, 
acting as a true feed back signal. 
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Abstract—Specific binding of the dopamine agonist (7H)-ADTN to rat striatal and microsomal mem- 
branes was examined. Both high (10 nM) and low (2 4M) affinity binding to each membrane fraction 
was found. Following kainic acid treatment the high affinity binding was significantly reduced, as was 
the basal level of adenylate cyclase, glutamic acid decarboxylase and choline acetyl transferase. Binding 
of the ligand to the low affinity site was, however, increased. These results are consistent with a 
postsynaptic localization of the high affinity (H)-ADTN binding site in rat striatal synaptic membranes. 


The rigid dopamine analogue ADTN (2-amino-6, 7- 
dihydroxy-1, 2, 3, 4-tetrahydronaphthalene) first 
described by Woodruff [1] has potent dopaminergic 
activity in a number of systems [2]. It has recently 
been used as a ligand for the labelling of dopamine 
binding sites in a variety of preparations [3, 4]. An 
early report, using a preparation of ADTN with low 
specific activity, suggested the presence of a binding 
site with a dissociation constant in the uM range [5]. 
The presence of this site was later confirmed [4] and 
a binding site with a much higher affinity described. 
The rank order of potency of dopamine agonists in 
displacing (*H)-ADTN binding and the close cor- 
relation with their ability to stimulate dopamine- 
sensitive adenylate cyclase suggested that this second 
high affinity site might represent the binding of (*H)- 
ADTN to post-synaptic dopamine receptors. 

This suggestion has been tested by examining (*H)- 
ADTN binding and dopamine-stimulated adenylate 
cyclase activity in rats pretreated with the neurotoxin 
kainic acid. This compound causes selective degener- 
ation of cell bodies in the striatum, leaving terminals 
and axons intact [6]. Such a procedure would be 
anticipated to reduce dopamine post-synaptic recep- 
tor activity. 


MATERIALS AND METHODS 


Membrane preparation. Crude synaptic mem- 
branes were prepared from rat striata as follows. A 
10% (w/v) sucrose homogenate was centrifuged at 
800 g for 10 min. The resulting supernatant was cen- 
trifuged at 17,000 g for 20 min. Synaptic membranes 
were prepared from the pellet (P;) and microsomal 
membranes from the supernatant (S,). The former 
was separated on a two-step discontinuous Ficoll— 
sucrose gradient (7.5 and 13% Ficoll in sucrose, 
w/v), at 43,000 g for 60 min in an SW27 rotor of a 
Beckman LS-65 ultracentrifuge. The synaptosomes 
separated as the middle layer on the gradient. They 
were removed by pipette, washed and lysed by hom- 
ogenization (0.1mm _ pestle clearance) in 50mM 
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Tris—Krebs’ buffer, pH 7.4, containing 0.1% ascorbic 
acid and 10 uM nialamide. The microsomal mem- 
branes were obtained by centrifugation of the S, 
fraction at 100,000g for 60min. The pellet was 
washed, lysed and resuspended as above. All cen- 
trifugations were carried out at 4° and 0.32 M sucrose 
was made up routinely in 50 mM Tris-HCl, pH 6.5. 
Membranes prepared by this method were stable, 
if stored in liquid nitrogen, for periods up to one 
month. 

(°H)-ADTN binding. Binding assays were carried 
out in the presence and absence of 1 uM (+) ADTN 
and the specific binding (approximately 50 per cent 
of the total binding) obtained by subtraction. The 
incubation medium consisted of 100 4] membranes 
(200-300 yg protein) and 400 yl buffer. The reaction 
was started, after a 2min preincubation, by the 
addition of ((H)-ADTN (7.6 Ci/mmole) to a final 
concentration of 10 nM (high affinity site) or 2 uM 
(low affinity site). Incubation was for 10 min at 37° 
after which time the reaction was terminated by 
placing the tubes on ice. Free and bound ligand were 
separated by Millipore filtration, the bound fraction 
being washed with 10 ml ice-cold buffer. Binding is 
expressed as fmoles (*H)-ADTN bound/mg protein. 

Dopamine-sensitive adenylate cyclase. The dopa- 
mine-sensitive adenylate cyclase was assayed in rat 
striatal homogenates (25 vol., 2 mM _ Tris-HCl 
buffer, pH 7.0 containing 2mM theophylline + 2 
mM EGTA) by the method of Kebabian et al. [7]. 
Incubations in the presence and absence of drug 
were initiated by the addition of 0.5 mM ATP. Fol- 
lowing 2.5 min at 37°, the reaction was terminated 
by placing the tubes in a boiling water bath for 
2.5 min. Cyclic AMP content was assayed using a 
competitive binding protein assay [8] in aliquots of 
the supernatant. Results are expressed as pmoles 
cyclic AMP formed per mg protein. 

Kainic acid lesions. Kainic acid (2 ug in 2 ul of 
50 mM Tris-citrate buffer, pH 7.4) was stereotaxi- 
cally injected at a rate of 0.2 ul/30 sec into the left 
caudate nucleus of male 200 g Wistar rats. The can- 
nula was left in place for a further 1 min before 
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Table 1. Biochemical changes in striata from rats lesioned for 24 hr with kainic acid* 





N 


Injected Control Change (%) 





Glutamic acid 8 
decarboxylase 

(nmoles/hr/mg wet wt) 

Choline acetyltransferase 

(pmoles/hr/mg wet wt) 

Striatal weight 

(mg wet wt) 

Protein content 

(mg membrane protein/mg wet wt) 


3.80 + 0.28 —33.4¢ 


2.53 + 0.10 


7.91 + 1.11 15.79 + 0.84 —49.9§ 


27.5 + 1.50 23.90 + 1.10 +14.97 


5.40 + 0.69 6.37 + 0.54 =§2 





* GAD and CAT levels were assayed as described in Materials and Methods, control values 
are from the contralateral striata. Lesions were produced by 2 wg kainic acid in 2 yl buffer injected 
over a 5 min period. Animals were killed 24 hr later. 


+P<0.02. 
+ P<0.01. 
§ P< 0.001. 


withdrawing. The anaesthesia used was Nembutal 
(60 mg/kgi.p.) and the injection co-ordinates 
A + 7.9.L 2.6, V 4.8 according to the atlas of K6nig 
and Klippel [9]. Animals were killed 24 hr later by 
cervical dislocation. 

Enzyme assays. Glutamic acid decarboxylase was 
measured by the evolution of ('*C)-labelled CO, 
from DL-(1-'*C)-glutamic acid by the method of Rob- 
erts and Simonsen [10]. Cholineacetyl transferase 
was assayed by the method of Fonnum [11], utilizing 
liquid phase cation exchange. Protein estimations 
were by the method of Lowry et al. [12]. 


RESULTS 


Verification of the kainic acid lesions. The kainic 
acid lesioned rats exhibited profound behavioural 
changes which were not apparent in the sham oper- 
ated controls. These consisted of, in the first instance, 
bursts of ‘corkscrewing’ activity away from the 
lesioned side, followed by simple rotation in the 
same direction. These observations are similar to 
those described by Coyle and Schwarcz [13]. 

The lesion was accompanied by biochemical 
changes as shown in Table 1. The protein content 


was significantly reduced and the average striatal 
weight increased. The table also shows changes in 
glutamic acid decarboxylase (GAD) and choline 
acetyl transferase (CAT) markers of the GABA and 
acetyl choline containing interneurones of the striata, 
respectively. GAD levels were reduced by 33 per 
cent and CAT by 50 per cent in the lesioned striata 
compared with control levels taken from the contra- 
lateral striata. This is assumed to be a valid control 
since GAD activity in normal striata is 4.17 + 0.45 
[3] (nmoles/hr/mg wet wt) compared with 3.80 + 
0.28 [8] in contralateral to the injected striata and 
3.80 + 0.90 [3] in striata from sham-operated rats. 
These changes are similar to those reported by other 
workers [14] and demonstrate that valid lesions had 
been achieved. This was confirmed by a study of the 
morphological changes seen after kainic acid lesions 
where the lesioned striata exhibit a high degree of 
vacuolation compared with the structure of control 
tissue. Seven days after lesioning, the degenerative 
process had spread to the myelinated axons and with 
this in mind a time period of 24 hr was used to obtain 
maximum differentiation between loss of pre- and 
post-synaptic elements. Schwarcz and Coyle [15] 
showed that major degenerative changes had taken 


Table 2. Effect of agonists and antagonists on high affinity binding to rat striatal 
and microsomal membranes* 





K; (nM) 





Drug 


Synaptic membranes 


Microsomal membranes 





210.0 
21.0 
22.0 

7500.0 
12.8 
5750.0 


Dopamine 
Apomorphine 
R(+)-ADTN 
S(—)-ADTN 
(+) Butaclamol 
(—) Butaclamol 


N.T.7 
10.1 
bY 
417.0 
I 
389.0 





* High affinity binding to synaptic membranes was carried out using 10nM 
(7H)-ADTN and 1 uM R(+) ADTN as the displacing agent and to microsomal 
membranes with 20nM (°H)-ADTN using 1 uM (+) ADTN to define specific 
binding. The K; values were obtained from log probit analysis, each drug being 
tested at not less than four concentrations, at least four times. 


+ N.T. = not tested. 





(H)-ADTN binding 


Table 3. Changes in (*H)-ADTN binding in kainic acid lesioned rat striatal membranes* 





Binding fraction N 


Injected 


Control Change (%) 





High affinity 


fmoles/mg protein 





Synaptic membranes 
Microsomal membranes 


41.6 + 6.6 
20.0 + 4.6 


63.3 + 7.5 
80.4 + 4.3 





Low affinity 


pmoles/mg protein 





Synaptic membranes 3 


+21.9$ 
+61.37 


Microsomal membranes 3 





* Kainic acid (2 wg in 2 wl buffer) was infused into the left striatum for a 5-min period, 
animals were killed 24hr later and the contralateral striata formed the control group. 
Binding was assayed in synaptic membranes with 10 nm (H)-ADTN and microsomal 
membranes with 20 nM (*H)-ADTN. 1uM R(+)-ADTN was used to define specific binding 
in the synaptic membranes and 1uM (+)-ADTN in the microsomal membranes. Binding 
to the low affinity sites in both membranes preparations was with 2 uM (*H)-ADTN and 


1 mM dopamine as the displacing agent. 
+ P<0.02. 
+ P<0.01. 
§ P< 0.001. 


place within 48 hr and remained constant up to 21 
days. 

(@H)-ADTN binding. Specific (*H)-ADTN binding 
occurs not only to striatal membranes but also to 
microsomal membranes [16]. The effectiveness of 
dopamine agonists and antagonists in displacing the 
ligand from this site is shown in Table 2, where K; 
values obtained from log probit analysis are com- 
pared with values obtained for synaptic membrane 
binding. It can be seen that the rank order of potency 
of dopaminergic agonists and antagonists is similar 
in both binding sites. Binding to both synaptic and 
microsomal membranes shows stereochemical speci- 
ficity in that the agonist R(+)-ADTN is the active 
isomer in both and the antagonist (+)-butaclamol 
is much more active than the pharmacologically 
inactive (—)-butaclamol isomer. Thus the binding of 
(?H)-ADTN in rats subjected to kainic acid lesions 
was compared in synaptic and microsomal mem- 
branes fractions with binding to the respective con- 
trol (contralateral striata) membranes. In addition, 
the effect of kainic acid upon the high and low affinity 
binding sites was examined. The results of this study 
are shown in Table 3. It can be seen clearly that 
binding of the ligand at the high affinity site is sig- 
nificantly reduced in both synaptic and microsomal 
membranes, the reduction (75 per cent) of binding 
to the microsomal membranes being greater than 


that to the synaptic membranes (34 per cent). In 
contrast to this observation, ligand binding at the 
low affinity site was increased in both membrane 
fractions, again the increase being greater in the 
microsomal membrane fraction (61 per cent com- 
pared with 21 per cent). 

Dopamine-sensitive adenylate cyclase. The dopa- 
mine-sensitive adenylate cyclase also shows changes 
following injection of kainic acid into rat striata. The 
changes are manifest by a loss of enzyme activity, 
as shown in Table 4, the ECs) values for dopamine 
remaining unchanged (3.0 uM in control striata and 
2.7 uM in lesioned striata). 


DISCUSSION 


The agonist (*H)-ADTN has been shown to bind 
to at least two sites in rat striatal synaptic mem 
branes, a low affinity site [5] and a high affinity site 
[2]. Following kainic acid lesions, binding to the high 
affinity site was significantly reduced by an amount 
similar to the reduction in the dopamine-sensitive 
cyclase. Since there is much evidence to suggest that 
this enzyme is located entirely postsynaptically in 
the striatum [15, 17], this observation would suggest 
that the high affinity binding site is also associated 
with postsynaptic membranes. This observation sug- 
gests that (7H)-ADTN is a suitable probe for mon- 


Table 4. Effect of kainate lesions on striatal dopamine sensitive adenylate cyclase* 





N Control Kainate lesioned Change (%) 





Basal level 20 
(pmoles/mg/min) 

+Dopamine (100m) 5 
(pmoles/mg/min) 

ECso (uM) 


203 + 7 89 +6 —567 


306 + 8 135+ 4 —567 


3.0 2.7 





‘ Kainic acid (2 wg in 2 wl buffer) was infused over a 5 min period into the left striata, 
animals were killed 24 hr later, and the contralateral striata used as controls. 
+ P<0.001. 
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itoring postsynaptic binding. This was suggested also 
by Quick et al. [18], who examined the potencies of 
dopamine, ADTN and (+)-butaclamol in displacing 
(°H)-spiroperidol from frontal cortex and striatal 
membranes. Studies using the same radiolabelled 
ligand in 6-OH dopamine-treated rats, where dopa- 
mine receptor supersensitivity would be expected, 
and examining various dopaminergic ligands again 
showed that ADTN has a marked specificity for 
striatal membranes [19, 20]. Furthermore, evidence 
is accumulating to show that labelled dopamine 
antagonists such as spiroperidol and butaclamol bind 
to cortical striatal tract sites as well as to striatal sites 
[21]. 

In contrast to the high degree of specificity for 
agonists and antagonists and the marked stereo- 
specificity described for the high affinity site, the low 
affinity binding site (2 4M) shows a rather high 
affinity for noradrenaline, low stereospecificity to 
the isomers of ADTN and a profound increase in 
activity following chronic haloperidol treatment [2]. 
These observations lead these authors to suggest that 
this binding site may represent binding of (*H)- 
ADTN to an enzyme. The present study is in accord 
with this suggestion since following kainate lesions 
the binding was significantly increased, indicating a 
predominately presynaptic location. Enzyme activity 
has been shown to increase following kainate lesions, 
for example Coyle et al. [14] showed an increase in 
tyrosine hydroxylase in this situation. 

This paper has also presented evidence for both 
high and low affinity binding sites in microsomal 
membranes. A high affinity binding site has pre- 
viously been seen in this membrane fraction by Lad- 
uron et al. [22], using (°H)-spiroperidol as the ligand, 
and by de Blas and Mahler [23], studying cholinergic 
receptor binding. In the present study the high affin- 
ity site found in microsomal membranes appears to 
have a similar rank order of potency to dopaminergic 
agonists and antagonists, to show stereospecificity, 
and to decrease its ability to bind the ligand following 
kainate lesions. Thus it appears to be similar to the 
high affinity binding site found in the purified striatal 
membranes. At least two explanations have been 
put forward to explain the presence of the micro- 
somal site. De Blas and Mahler [23] suggested that 
it represented as yet unidentified synaptic elements 
which fractionate with the P3 pellet. A more likely 
explanation was proposed by Bergeron et al. [24], 
who showed enrichment of insulin receptor binding 
to the Golgi fraction of a P3 pellet and suggested 
that this might represent newly-synthesized receptors 
‘en route’ to their final membrane location. When 
a neurone degenerates as, for example, after kainic 
acid treatment, protein synthesis would be expected 
to terminate, and the large loss of microsomal (?H)- 
ADTN binding (75 per cent) might be a reflection 
of this. In any event, the finding of significant micro- 
somal binding might be expected to alter the 
interpretation of studies using relatively crude mem- 
brane preparations. 
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In summary, the results presented are consistent 
with a postsynaptic localization of the high affinity 
(H)-ADTN binding site in rat striatal synaptic 
membranes. 
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Abstract—The effect of clanobutin {4-[p-chloro-N-(p-methoxyphenyl-)benzamido]butyric acid} on glu- 
coneogenesis from lactate + pyruvate (1.6 + 0.2 mmoles/l) as precursors in isolated perfused liver of 
fasted rats was investigated. Glucose production was dose dependent inhibited up to a maximum of 81 + 
3 per cent; the half-maximum concentration of clanobutin was 0.33 + 0.04 mmoles/l. Buformin and 
phenformin, respectively, used as references showed no effect on gluconeogenesis under the given 
experimental conditions. Oxygen uptake was not inhibited by clanobutin at concentrations up to 
0.14 mmoles/I. At higher concentrations, the inhibitory effect was smaller than observed for comparable 
buformin doses. According to our results, clanobutin appears to be a more potent and probably more 
specific inhibitor of gluconeogenesis than the therapeutically used biguanides—at least in the isolated 


perfused rat liver. 


Numerous substances have been reported to inhibit 
gluconeogenesis in mammalian liver [1-14] (for a 
review see ref. 15). Various sites of inhibition have 
been discussed. Most inhibitory agents are supposed 
to act indirectly, e.g. via redox changes [16, 17], 
ATP generation [18, 19], futile cycles [11] etc., rather 
than directly by affecting a specific enzyme in the 
gluconeogenic sequence [4, 16]. Of these substances, 
only biguanides have been used in the past as thera- 
peutic agents in the treatment of diabetes. 

In the present communication, the effect of clan- 
obutin§ {4-[p-chloro-N-(p-methoxyphenyl-)benza- 
mido]butyric acid}—a recently synthesized com- 
pound, therapeutically employed mainly for its 
stimulating effect on bile and pancreas secretion, 
and antiulcerogenic properties [20,21]—on gluco- 
neogenesis in isolated perfused rat liver is reported. 
Clanobutin inhibits gluconeogenesis from lactate and 
pyruvate. Its effect is compared with that of 
biguanides. 


MATERIALS AND METHODS 


Liver perfusion. Male Sprague-Dawley rats 
SIV/S0, weighing 170 + 20g, were fasted 20-22 hr 
prior to the perfusion experiments. The isolated 
livers were perfused in a non-recirculating system 
according to the technique previously reported by 
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Scholz et al. [11]. The perfusion fluid was Krebs— 
Henseleit bicarbonate buffer [22], pH 7.4 saturated 
with an oxygen/carbon dioxide mixture (95/5), con- 
taining L-lactate and pyruvate (1.6 and 0.2 mmoles/l). 

The fluid was pumped through a membrane 
oxygenator [11] prior to entering the liver via a 
cannula inserted in the portal vein. The perfusion 
effluent was collected via a cannula inserted in the 
vena cava and then passed an oxygen electrode 
before it was discharged. The livers were perfused 
for 2 hr. Clanobutin and biguanides fi.e. buformin 
or phenformin) were infused from the 32nd to the 
64th minute of perfusion. 

Analytical methods. Samples of the effluent were 
collected at 1-min intervals and analysed for glucose, 
lactate and pyruvate by standard enzymatic 
procedures. 

The oxygen concentration in the effluent was mon- 
itored continuously, using a platinum electrode 
(Radiometer, Copenhagen). Metabolic rates (i.e. 
oxygen uptake, glucose production, lactate + pyru- 
vate uptake) calculated from arteriovenous concen- 
tration differences and the constant flow rate of the 
perfusate, were expressed as micromoles per hour 
and gram wet weight of the liver. 

Materials. Clanobutin, 4-[p-chloro-N-(p-methoxy- 
phenyl-)benzamido]butyric acid, was available from 
our laboratories; buformin (butylbiguanide hydro- 
chloride) was obtained from Dr. Brunnengraber, 
Chemische Fabrik Co. mbH, Liibeck; sodium L(+)- 
lactate was purchased from K. Roth OHG, Karls- 
ruhe. Enzymes and pyruvate were supplied by Boeh- 
ringer GmbH, Mannheim. All other chemicals were 
reagent grade from Merck, Darmstadt. 

Statistical methods. For each experiment and par- 
ameter measured, observed values at the 28th, 48th 
and 80th minutes of perfusion were obtained as 
averages of five neighbouring values. For the par- 
ameters investigated, control experiments showed 
a slight linear decline in the course of the experiment. 
Therefore, the value expected without treatment at 
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the 48th minute was calculated from the observed 
values at the 28th and 80th minutes by linear inter- 
polation. Absolute and relative changes refer to the 
respective differences between observed and 
expected values at the 48th minute. 

In order to establish dose-response relationships, 
a consistent model had to be fitted to all data. To 
this end, certain linear and non-linear functions were 
fitted to the data and their residual sums of squares 
were compared by means of the F-criterion. Stan- 
dard errors and 95 per cent confidence limits were 
obtained for all model parameters. 


RESULTS 


Effects of clanobutin on glucose production, oxy- 
gen uptake and lactate + pyruvate uptake in perfused 
livers from fasted rats. In five control experiments 
(without substance) glucose production, oxygen 
uptake and lactate + pyruvate uptake showed a 
slight linear decline during the perfusion experiment 
due to increasingly impaired liver function. The 
deviation of the observed decline from strict linearity 
was less than 5 per cent for all parameters. 

In contrast, the application of clanobutin from the 
32nd to the 64th minute results in a prompt and 
pronounced inhibition of the above parameters. A 
typical experiment with clanobutin is shown in Fig. 1. 

After 30 min of perfusion, the production of glu- 
cose and the uptake of oxygen reached steady-state 
rates around 50 and 150 wmoles/hr/g, respectively. 
Gluconeogenic precursors (lactate + pyruvate) were 
consumed at rates around 110 uwmoles/hr/g. Infusion 
of clanobutin (0.7 mmoles/l) caused a rapid decrease 
in oxygen uptake and glucose production, paralleled 
by a diminished uptake of lactate + pyruvate. This 
experiment demonstrates that clanobutin inhibits 
gluconeogenesis by more than 60 per cent. The 
changes were rapidly reversed upon termination of 
clanobutin infusion. 

Inhibition of gluconeogenesis as a function of clan- 
obutin concentration. The dependence of inhibitory 
effect on clanobutin concentration is shown in Fig. 
2. Inhibition of glucose production reached near- 
maximum values at clanobutin concentrations of 
1.0 mmoles/l. Maximum effect was 81 + 3 per cent 
inhibition; half-maximum effect was observed at 
0.33 + 0.04 mmoles/l. 

Relationship between changes in glucose pro- 
duction, precursor and oxygen uptake. In Fig. 3, the 
changes of glucose production are plotted against 
changes in lactate + pyruvate uptake (Fig. 3A) and 
changes in oxygen uptake (Fig. 3B). The data clearly 
indicate a positive linear correlation between these 
parameters. The stoichiometry of precursors utilized 
and glucose formed was 1.9 : | on a molar basis and, 
therefore, was close to the theoretical value. The 
corresponding stoichiometry between oxygen util- 
ized and glucose formed was 0.9: 1. A value of 1: 1 
is expected on the basis of 6 moles of ATP consumed 
in the synthesis per | mole of glucose, on assumption 
of a mitochondrial P/O value of 3. A regression line 
with an intercept of 12 umoles oxygen/hr/g provided 
the best fit to the data. 

Comparison of effects of clanobutin and biguan- 
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Fig. 1. Oxygen uptake, glucose output and 

lactate + pyruvate uptake in perfused liver from 22-hr 

fasted rat. Clanobutin was infused for 32 min (see block 

in upper figure). Upper panel—oxygen uptake. Lower 

panel—lactate + pyruvate uptake (/ + p) and glucose out- 
put (g). 


ides. In another series of experiments, the effects of 
buformin and phenformin were studied (Table 1). 
The concentrations used were approximately 30 
times higher than the plasma concentration in human 
when applied as therapeutic agent. In contrast to 
clanobutin, the biguanides did not alter the rates of 
glucose production and lactate + pyruvate uptake 
significantly. However, addition of buformin caused 
a marked decrease in the rate of oxygen uptake 
whereas phenformin had no inhibitory effect on the 
rate of respiration. 
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Fig. 2. Percentage inhibition of glucose output vs clanobutin 
concentration. Observed points (©); computer-fitted curve 
(—). Data from 27 perfusion experiments with livers from 
22-hr fasted rats. Functional relationship: y = ymax (1- 
e~*); Ymax = 81+3 per cent; dose (ymax/2) = 

0.33 + 0.04 mmoles/l, where dose (¥max/2) = In 2/k. 
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Fig. 3. Panel A: Inhibition of glucose output vs inhibition of lactate + pyruvate uptake. Data from 
perfusion experiments with livers from 22-hr fasted rats. The regression line follows the equation: 
y =0.55x. Panel B: Inhibition of glucose output vs inhibition of oxygen uptake. Data from perfusion 
experiments with livers from 22-hr fasted rats. The regression line follows the equation: y = 12 + 1.1x. 


On the other hand, clanobutin—applied at the 30- 
fold therapeutic plasma concentration in humans— 
caused a 66 per cent inhibition of gluconeogensis but 
a considerably smaller decrease in the respiratory 
rate than buformin. 


DISCUSSION 


In this study, clanobutin, an acylated anilino- 
alcanoic acid, was found to be capable of inhibiting 
gluconeogenesis. In isolated perfused livers of fasted 
rats, glucose synthesis from lactate + pyruvate was 
inhibited up to 81 per cent by clanobutin. The uptake 
of gluconeogenic precursors and oxygen was 
decreased _in a __ stoichiometric manner 
(glucose : lactate + pyruvate : oxygen = 1: 1.9:0.9 
on a molar basis; see legend of Fig. 3). Thus, the 
data indicate that gluconeogenesis is not diminished 
due to mere diversion of the substrates into other 
pathways. 

With regard to the mechanism of inhibitory effect, 


the following questions arise: Does clanobutin affect 
the enzymes in the gluconeogenic pathway directly 
or does it inhibit gluconeogenesis indirectly, for 
example, due to its own metabolism or due to 
changes in the redox state or in the rate of ATP- 
generating processes? At present, sufficient data are 
not available to answer these questions adequately. 
However, an indirect effect on gluconeogenesis 
either from redox changes or ATP-depletion as the 
result of an inhibition of the respiratory chain is 
unlikely for the following reasons: concentration 
ratios of lactate to pyruvate and #-hydroxybutyrate 
to acetoacetate in the perfusate are nearly unchanged 
(8 and 1.4, respectively) following addition of clan- 
obutin. The rate of oxygen uptake was decreased by 
clanobutin; however, the decrease was stoichio- 
metric to the diminished rate of glucose production. 
Moreover, the respiratory rate of isolated hepatic 
mitochondria in states 3 and 4, in the presence of 
succinate or malate and pyruvate, was not affected 
by clanobutin (J. Schlepper, unpublished obser- 
vations). 


Table 1. Inhibition of oxygen uptake, lactate + pyruvate uptake and glucose output by comparable 
doses of clanobutin, buformin and phenformin 





Dose 


Inhibition (umoles/hr/g) 


Inhibition (%) 





Oxygen 


Substance (mmoles/l) uptake 


Lactate + 
pyruvate 
uptake 


Glucose 
output 


Glucose 
output 





Clanobutin* 0.80 


Buformint 0.42 + 0.07 


Phenformint 0.13 + 0.01 





* Predicted value + S.E. derived from computer-fitted curve. 


+#+S.E.M. (N=5). 


The values given in parentheses refer to the 95 per cent confidence limits. 


B.P. 29/12—p 
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Measurements of the respiratory rate in the livers 
suggest that clanobutin is a substrate for mixed-func- 
tion oxidation. For example, at low clanobutin con- 
centrations only small changes in the rate of oxygen 
uptake were observed despite the fact that glucose 
production was inhibited (see Fig. 3b, intercept of 
the regression line), suggesting the superposition of 
two opposing mechanisms, i.e. increased oxygen 
consumption despite diminished gluconeogenesis. 
However, the rate of possible mixed-function oxi- 
dation of clanobutin appears to be too low to affect 
gluconeogenesis according to mechanisms previously 
suggested by Scholz et al. [11] of interactions between 
drug metabolism and biosynthetic processes. 

In contrast to clanobutin, biguanides (buformin, 
phenformin) at comparable concentrations did not 
affect glucose production significantly (Table 1). 

The diminished oxygen uptake under buformin is 
consistent with observations that biguanides are 
specific inhibitors of the respiration chain as shown 
with isolated mitochondria [23,24]. According to 
Cook [25], phenformin in concentrations up to 
1.24 mmoles/] had no significant effect on oxygen 
uptake in the perfused liver of fed rats. Thus, it is 
not surprising that the phenformin concentration of 
0.13 mmoles/l which we used in our experiments did 
not produce an inhibition of oxygen uptake. 

Moreover, the lack of substantial inhibition of 
gluconeogenesis by both biguanides indicates that, 
despite partial inhibition of the respiratory chain, 
ATP is sufficiently supplied to maintain gluconeo- 
genesis. An explanation of the discrepancy in the 
magnitude of inhibitory effect of biguanides on glu- 
coneogenesis, as observed by us and other authors, 
could be provided by the following facts: 

First—most results on inhibition of gluconeo- 
genesis by biguanides were obtained in guinea pigs. 
Rats, however, show a higher rate of biguanide 
metabolism than guinea pigs. They also show a dif- 
ferent intracellular distribution of gluconeogenic 
key-enzymes in hepatocytes. 

Second—the biguanide dose most frequently 
applied in rat liver perfusion experiments is | mmole/I 
or higher, thus reaching the dose range toxic in the 
intact rat. 

Third—the considerably larger but delayed inhibi- 
tory effect of 1mmole/l phenformin reported by 
Medina et al. [19] may be due to the accumulation 
of active metabolites in the recirculating perfusate. 
The question whether the effects of clanobutin are 
potentiated in a recirculating system is at present 
under investigation. 

According to our knowledge, clanobutin appears 
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to be more potent and probably more specific an 
inhibitor of gluconeogenesis than the biguanides, at 
least in the isolated perfused rat liver. 
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THE a-ADRENERGIC MEDIATED EFFECT IN RAT LIVER 
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Abstract—A lpha- adrenergic receptors of purified rat liver plasma membranes were characterized by 
the direct binding of [°H]-dihydroergocryptine. Since glycogen phosphorylase (EC 2.4.1.1; 1,4-alpha- 
D-glucan: orthophosphate alpha-glucosyl transferase) activation in isolated rat hepatocytes is known to 
be mediated mainly through an alpha-adrenergic mechanism, we compared the abilities of various 
adrenergic agonists and antagonists in competing with (°H]- -dihydroergocryptine for the binding to alpha- 
sites in purified membranes and in activating phosphorylase or in inhibiting its activation in isolated 
hepatocytes. The activation of phosphorylase by agonists displayed an order of potencies typical of 
alpha-adrenergic mediators: (-)norepinephrine (K, = 0.31 4M) = (—)epinephrine (K, = 0.76 uM) >> 
(—)isoproterenol (K, = 24 uM), and the stereospecificity expected: (—)epinephrine (K, = 0.76 uM) 
> (+)epinephrine (K, = 5.2 uM), (—)norepinephrine (K, = 0.31 uM) > (+)norepinephrine (K, = 3.3 
uM). Alpha-adrenergic antagonists (phentolamine K;,,, = 1.71 uM) were much more potent than beta- 
adrenergic antagonists [(—)propranolol K,,,, = 113 4M] in preventing the activation of glycogen 
phosphorylase by epinephrine. In our system imidazoline derivatives such as clonidine appeared to be 
mainly antagonists for the alpha-adrenergic mediated events. Close correlations (r = 0.92, P < 0.01 
and r = 0.91, P < 0.001) were observed, respectively, for adrenergic agonists and antagonists between 
either activation or prevention of the activation of the enzyme and competition with dihydroergocryptine 
for alpha-adrenoreceptors. These results validate the use of (°H}- dihydroergocryptine as a marker of 


the physiological alpha-adrenergic receptor in rat liver. 


In the past few years, [*H]-dihydroergocryptine 
(DHEC)+ has been used to characterize the alpha- 
adrenergic receptor in various systems (for a general 
review, see ref. 1). However, some reports have 
argued against this ligand as a good label for the 


alpha-adrenergic receptor. For uterine smooth 
muscle, Kunos ef al. suggested that [*H]-DHEC 
might label two classes of sites, one with low capacity 
and high affinity, corresponding to the true alpha- 
adrenoreceptors, and another class with higher 
capacity and lower affinity [2]. In rat liver plasma 
membranes, the number of alpha-adrenergic binding 
sites differed, depending upon the radioligand used, 
(H]-DHEC or [*H]-catecholamines [3]. Further- 
more, in rat brain, ergot alkaloids such as dihy- 
droergocryptine were found to bind to serotonin [4] 
and dopamine receptors [5,6] in addition to the 
alpha-adrenergic receptors. It was important, there- 
fore, to correlate the binding to the alpha-adreno- 
receptor of a ligand such as [*H]-DHEC with a bio- 
logical or enzymatic parameter as in the case of the 
beta-adrenergic receptor—adenylate cyclase system 





* This work was supported by grants from the Institut 
National de la Santé et de la Recherche Médicale and from 
the Délégation Générale de la Recherche Scientifique et 
Technique. 

+ Abbreviations used: DHEC, dihydroergocryptine; 
hepes, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid. 


(for a general review, see ref. 1). Such a correlation 
has been obtained for platelets where the binding 
to the alpha-receptor was coupled to the inhibition 
of adenylate cyclase [7, 8] and to the aggregation of 
the platelets [8]. In rat parotid cells, the occupancy 
of the alpha-adrenoreceptor by catecholamines was 
related to the release of K* by the cells [9]. The 
integrity of the cell seems necessary for the alpha- 
adrenergic response, since no biological phenom- 
enon in purified plasma membranes, except in 
platelets [10], has been connected, to date, with an 
alpha-adrenergic stimulus. 

We characterized the alpha-adrenergic receptor 
in rat liver plasma membranes by the use of [*H]- 
DHEC [11]. In order to verify that the binding sites 
identified with that ligand corresponded to the true 
alpha-adrenergic receptors, we correlated the bind- 
ing data with a biological event. We chose the acti- 
vation of glycogen phosphorylase in isolated rat 
hepatocytes. Indeed, the activation of phosphorylase 
through an alpha-adrenergic mechanism in rat liver 
has been described [12-15]. In this report, we present 
evidence that the binding sites defined with [*H]- 
DHEC in rat liver plasma membranes correlate with 
the sites defined by the activation or prevention of 
activation of phosphorylase in rat hepatocytes. These 
results confirm the use of isolated rat liver cells as 
a tool for the study of alpha-adrenergic parameters 
and they validate [*H]-DHEC as a label for the 
pharmacological alpha-adrenoreceptor in this 
system. 
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MATERIALS AND METHODS 


Materials 

Naphazoline, xylometazoline, phentolamine, 
(+)alprenolol (Ciba-Geigy), (+)epinephrine, 
(+)norepinephrine, (—)nordefrin (Sterling—Winth- 
rop), phenoxybenzamine (Smith, Kline & French), 
yohimbine (Roussel Uclaf), (—)propranolol 
(Imperial Chemical Industries), dihydroergocryp- 
tine, hydroxybenzylpindolol, pindolol, 2-bromo- 
alpha-ergocryptine (CB 154) (Sandoz), azapetine 
(Hoffman—La Roche), labetalol, salbutamol (Allen 
& Hanbury), metaraminol (Merck Sharp & Dohme), 
clonidine (Boehringer Ingelheim), oxymetazoline 
(Farmex), timazoline (L.E.R.S.), prazosin and 
tetrahydrozoline (Pfizer) were obtained as gifts. 
(—)Epinephiine. (—)norepinephrine, (—)isoproter- 
enol, (—)phenyiephrine, (+)metanephrine, sero- 
tonin, glycogen type II from oyster, alpha-D glucose- 
l-phosphate grade 1, hepes, dopamine and glycyl- 
glycine were from Sigma Chem. €o. Crude colla- 
genase, CLS type, was purchased from Worthington. 
Alpha-p-['*C]-glucose-I-phosphate (0.3 Ci/mmole) 
was supplied from the Radiochemical Centre 
(Amersham, U.K.). (—) Propyl-2.3-[*H] -dihydroer- 
gocryptine (24 Ci/mmole) was supplied from New 
England Nuclear Co. All other chemicals were from 
Merck (Darmstadt, F.R.G.). 


Methods 


Rat liver plasma membrane preparation. Plasma 
membranes were prepared from 100 g female, Wistar 
rats according to the procedure of Neville [16] up 
to step 11. The membrane preparations were stored 
in liquid nitrogen until use, without any loss of bind- 
ing up to four months. 

Rat hepatocyte isolation. Male Wistar rats (230- 
330 g body wt), fed laboratory chow ad lib., were 
anaesthetized with nembutal, and liver parenchymal 
cells were isolated according to the procedure of 
Seglen [17] with the following modifications. (i) The 
Ca** -free perfusion buffer (pH 7.75) was used to 
prepare the collagenase buffer; 40 mg collagenase 
and 100 mg CaCl,, 2H,O were dissolved .in 100 ml 
of the buffer and filtered through 0.45 um Millipore 
filter before use. (ii) The ‘washing buffer’ was 1.3 mM 
CaCl, and was gassed with O,:CO, (95%, 5%) 
before adjustment to pH 7.45. (iii) The suspension 
buffer, which was also used as incubation medium, 
was a Krebs-Ringer bicarbonate buffer (NaCl, 
120 mM; KCl, 4.8mM; KH,PO,, 1.2 mM; MgSO,, 
1.2mM; NaHCO,, 24mM; CaCl,, 1.3 mM) gassed 
with O,:CO, (95%, 5%) and adjusted to pH 7.4. 
After dispersion, damaged and non-parenchymal 
cells were removed by three centrifugations at 90 g 
for 50 sec in the washing buffer and one centrifu- 
gation at the same speed in the suspension buffer. 
Following the last centrifugation, cells were resus- 
pended in the suspension buffer under an O,:CO, 
(95%, 5%) atmosphere. Cells were counted in a 
hemacytometer and the viability was expressed as 
the percentage of cells unstained by 0.45% trypan 
blue. Only preparations in which the viability 
exceeded 85 per cent were used. Hepatocytes were 
always prepared between 1:00 p.m. and 3:00 p.m. 


to minimize diurnal variations in metabolic 
processes. 

Hepatocyte incubation. In a typical experiment, 
50-100 x 10° cells in 5.8 ml of solution containing 
glucose, 4 g/l [18] were preincubated for 30 min at 
37° in a 50 ml polypropylene Erlenmeyer undergoing 
rotational agitation, in order to reduce basal level 
of glycogen phosphorylase. For the study of agonists, 
the incubation of the hepatocytes, at 37° under an 
O,:CO, (95%, 5%) atmosphere, was started by the 
addition of the preincubated cells (125 ul) to a 5-ml 
polypropylene tube containing the agonist (25 wl). 
The reaction was stopped 2 min later (unless other- 
wise stated) by freezing the tube in a dry ice—acetone 
mixture. For the study of antagonists, the reaction 
was started by the addition of the preincubated cells 
(125 ul) to a 5 ml polypropylene tube containing the 
antagonist (25 ul) and the incubation was performed 
at 37°. Six minutes later, the agonist (— )epinephrine 
(25 ul) was added at a final concentration of 5 uM 
and the reaction was stopped 1 min later by freezing 
the tube. The frozen tubes were kept at —80° until 
the phosphorylase a was assayed. 

Phosphoryiase a assay. The frozen hepatocytes 
were homogenized in 4 vol. of an ice-cold medium 
containing 100 mM NaF, 20 mM EDTA, 0.5% (w/v) 
glycogen and 50 mM glycylglycine, pH 7.4, according 
to Hue et al. [18]. The incubation was started by the 
addition of the homogenate (0.1 ml) to an equal 
volume of a solution containing 30 mM [C]-glucose- 
1-phosphate (0.01 wCi/umole, 50,000 c.p.m.), 2% 
(w/v) glycogen, 0.3 M NaF, 1 mM caffeine [18], pH 
6.1. After a 20-30 min incubation at 30°, the reaction 
was stopped by spotting 50 ul aliquots of incubation 
medium onto Whatman ET-31 filter papers 
(2.5 x 3cm) which were dropped into ice-cold 66% 
(v/v) ethanol in order to precipitate glycogen. Each 
point was the mean of quadruplicate determinations 
which agreed within + 5 per cent. The papers were 
washed and counted for radioactivity according to 
Gilboe et al. [19] with the following modifications: 
(i) the second ice-cold 66% ethanol washing solution 
was followed by a third 66% ethanol bath at room 
temperature; (ii) the three bath periods were at least 
30 min each; (iii) the beakers contained 10 ml sol- 
ution for each paper. Under these experimental con- 
ditions, blank values determined with boiled hom- 
ogenate (70 + 25 c.p.m.), represented 10—23 per cent 
of the radioactivity retained on the papers and 0.5 
per cent of the radioactivity present in the incubation 
medium. The radioactivity was measured in vials 
containing 10 ml of Ready Solve EP (Beckman) scin- 
tillation mixture at an efficiency of 80 per cent. The 
basal level of the enzyme slightly varied from day 
to day experiment. The average of the basal level 
for 28 different batches of cells was 0.0094 + 0.0004 
(mean + S.D.) umoles of glucose-1-phosphate trans- 
formed per min per mg protein. However, for experi- 
ments performed with the same batch of hepatocytes, 
the basal level of the enzyme did not vary by more 
than 5 per cent. We verified that for the phos- 
phorylase a assay the rate of the reaction was linear 
with respect to incubation time up to 60 min and 
linear with respect to protein concentration up to 
9 mg/ml (in a typical experiment, the protein con- 
centration was 2.5 mg/ml). 





Rat liver alpha-adrenergic receptor 


Binding assay of (*H|-DHEC to rat liver plasma 
membranes. This assay was performed as previously 
described [20]. The specific binding of [*H]-DHEC 
referred to the fraction of the radiolabeled ligand 
displaced by 0.01 or 0.1 mM phentolamine and rep- 
resented 70-80 per cent of the total binding. Protein 
was measured using bovine serum albumin as stan- 
dard according to the procedure of Lowry et al. [21]. 

Determination of K, and K; ,,, values for phos- 
phorylase a. The K, value for an agonist was taken 
as the concentration of the agent causing half the 
maximal phosphorylase a activation observed with 
that agent. The apparent K; value for a competitive 
antagonist was calculated according to Cheng and 
Prusoff [22] by the equation 


[(—)epinephrine] 
K, (—)epinephrine 
where EC, is the concentration of antagonist causing 
a 50 per cent prevention of the activation obtained 
in the presence of 54M (—)epinephrine in the 
absence of any antagonist. [(—)Epinephrine] is the 
concentration of that agonist in the assay and K, 
(—)epinephrine is as defined above. Since we meas- 
ured a non-direct effect of antagonists upon the 
enzyme, but a prevention of activation through the 
receptor occupancy, we cannot calculate a true K; by 
the method of Cheng and Prusoff, but an apparent 
K;. K,’s and K; 4))'s are the means of quadruplicate 
determinations, which do not vary by more that 10 
per cent, each experiment being usually repeated 
twice. 

Determination of the Ky values for [*H|-DHEC 
binding sites. The Kp values for all compounds which 


K, 





= EC, {1 + 


iapp 
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inhibited [*H]-DHEC binding were calculated 
according to Cheng and Prusoff [22], by the equation 


Kp = ECy (1 + ues F 
Kpwuec) 
where ECs) represents the concentration of com- 
pound causing half-maximal inhibition of [*H]- 
DHEC binding, [DHEC] represents the concentra- 
tion of the radiolabeled ligand present in the assay 
and Kppuec) is the dissociation constant of [*H]- 
DHEC [11]. Kp’s are the mean of triplicate deter- 
minations, which do not vary by more than 10 per 
cent, each experiment being usually repeated twice. 


RESULTS 


The data reported in this paper compare the bind- 
ing studies of [‘H]-DHEC to the alpha-adrenergic 
receptor of rat liver plasma membranes with the 
activation of glycogen phosphorylase in isolated rat 
hepatocytes. Preliminary studies on the activation 
of phosphorylase by catecholamines in rat hepato- 
cytes indicated that the activation of the enzyme is 
very rapid (maximal activation obtained 30sec to 
2 min after addition of the hormone) and transient 
(the enzyme returned to its less active form 5-10 min 
after addition of the hormone) (Fig. 1). Preliminary 
results led us to think that the transient action of 
catecholamines might be due to a rapid degradation 
of the hormone in our experimental conditions. 
Under the experimental conditions used, no desens- 
itization phenomenon could be observed, since read- 
dition of fresh(—)norepinephrine restimulated the 
glycogen phosphorylase activity (Fig. 1). 
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Fig. 1. Kinetics of activation of glycogen phosphorylase by (—)norepinephrine. Isolated rat hepatocytes 
(85 x 10° cells in 4.5 ml) were preincubated with glucose 4 g/l for 30 min at 37°. Portions (0.5 ml) of 
(—)norepinephrine 10 4M (final concentration) (O) or of buffer (@) were added and the reaction was 
stopped at various times studied by freezing 200 ul aliquots in a dry ice—acetone mixture. At time 10 min, 
50 ul (—)norepinephrine 14 uM (final concentration) or buffer were added and the reaction stopped as 
described above. Phosphorylase a was assayed as described under Methods and its activity was expressed 
in umoles of glucose-1-phosphate transformed in 20 min/mg protein. Each point is the mean of a 
quadruplicate determination. Basal and maximal activation values are 0.0047 and 0.011 umoles/min/mg 
protein, respectively. 
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Fig. 2. Effect of various agonists on glycogen phosphorylase activity. Isolated rat hepatocytes (91 x 10° 
cells in 5.8 ml) were preincubated for 30 min at 37°, and then incubated with (—)epinephrine (@), 
(—)norepinephrine (@), (—)phenylephrine (O), (—)isoproterenol (A) in various concentrations or 
buffer, as described under Methods. Basal level and maximal activity of the enzyme were, respectively, 
0.025 and 0.05 moles of glucose-1-phosphate transformed per min/mg protein. These values are higher 
than the ones reported in Figs. 1 and 5, due to a shorter preincubation of hepatocytes in the presence 
of glucose. The enzyme activity is expressed as per cent of the activity above basal level. Each point 
is the mean of a quadruplicate determination. 


Activation of rat liver glycogen phosphorylase is 
an alpha-adrenergic phenomenon. A number of 
alpha- and beta-adrenergic agonists were tested for 
their ability to activate the glycogen phosphorylase 
in isolated hepatocytes and for their ability to com- 
pete with [*H]-DHEC for its binding sites in purified 
plasma membranes. Hepatocytes were incubated for 
2 min with increasing concentrations (1 nM-1 mM 
final concentration) of four agonists. In Fig. 2, we 
show the effects of those agonists in stimulating the 
conversion of the less active phosphorylase b into 
the more active form of the enzyme, phosphorylase 
a. All those agonists activated the enzyme with the 


following order of potencies (Table 1): (-—) 
norepinephrine (K, = 0.31 uM) = (—)epinephrine 
(K, = 0.76 uM) = (—)phenylephrine(K, = 1uM) >> 
(—)isoproterenol (K, = 24 uM). This order was typ- 
ical for an alpha-adrenergic mediated event [1]. 
The affinities of the same agents for the alpha- 
receptors identified by [7H]-DHEC were also deter- 
mined. In Fig. 3, we show the percentage of [°H]- 
DHEC bound to the alpha-sites as a function of 
increasing concentrations of the agonists (10 nM- 
1 mM final concentration). The dissociation con- 
stants of those compounds for alpha-sites (Table 1) 
were: (—)norepinephrine (Kp = 1.33 uM)= (—) 


Table 1. Interaction of alpha and beta-agonists with [‘H]-DHEC binding sites and with glycogen 
phosphorylase* 





(7H]-DHEC binding 


Compound sites Kp (uM)t 


Phosphorylase 





Maximal activation 


K, (uM) (% over basal level) 





1.33 (2) 

1.68 (3) 

8.00 (2) 
33.80 (3) 
46.00 (2) 
54.00 (2) 
72.00 (2) 
115.00 (2) 
130.00 (2) 
100.00 (2) 


(—)Norepinephrine 
(—)Epinephrine 
(—)Phenylephrine 
(—)Nordefrin 
(+)Norepinephrine 
(+)Epinephrine 
Dopamine 
(—)Isoproterenol 
(+)Metanephrine 
Metaraminol 


0.31 (3) 
0.76 (5) 
1.00 (2) 
1.47 (2) 
3.30 (2) 
5.20 (1) 
12.50 (1) 
24.00 (3) 
25.00 (1) 
27.50 (2) 





* K, and Kp values were determined as described under Methods. Maximal activation of 
glycogen phosphorylase is expressed as per cent of the activity over basal level. Numbers in 
parentheses represent the number of separate experiments performed for each compound tested. 

+ Some of the Kp values indicated here are slightly different from the ones given in ref. 11, 
due to the difference in the temperatures of incubation (30° here vs 37° in ref. 11). 
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Fig. 3. Displacement of [*H]-DHEC from alpha-receptors by various agonists. Purified plasma mem- 

branes (0.58 mg of protein/ml) were incubated at 30° for 10 min with 4.5 nM [°H]-DHEC in the presence 

of increasing concentrations of (—)epinephrine (@), (—)norepinephrine (™), (—)phenylephrine (A) or 

(—)isoproterenol (*). Binding of [*H]-DHEC was measured as described under Methods. Results are 

expressed as per cent of the amount of (°H]-DHEC specifically bound in the absence of any agonist 

(820 fmoles of [*H]-DHEC bound/mg of membrane protein). Each point is the mean of a triplicate 
determination. 


epinephrine (Kp= 1.68 uM) > (—)phenylephrine 
(Kp = 8 uM) >> (—)isoproterenol (Kp = 115 uM), 
as previously described [11]. The same order of 
potencies of those agonists was found either in 
activating the glycogen phosphorylase in isolated 
hepatocytes or in displacing [*H]-DHEC from its 


vation of the enzyme as well as the binding to alpha- 
adrenergic receptors was stereospecific: (+)epi- 
nephrine was 6-fold and 32 fold less potent, respec- 
tively, than (—)epinephrine either in activating the 
glycogen phosphorylase or in competing with [*H]- 
DHEC for its binding sites. (+)Norepinephrine was 


21-fold and 52-fold less potent, respectively, than 
the (—)isomer, in activating the enzyme and in com- 
peting for [‘H]-DHEC sites (Table 1). 


binding sites in plasma membranes. 
Stereospecificity. Both stereoisomers of epine- 
phrine and norepinephrine were tested. The acti- 
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Fig. 4. Correlation between the activation of glycogen phosphorylase in isolated rat hepatocytes and 
displacement of [*H]-DHEC from rat liver plasma membranes by adrenergic agonists. Along the abscissa 
are plotted the logarithms of Kp values of agonists for the alpha-adrenoreceptor defined by [*H]-DHEC 
binding; along the ordinate are plotted the logarithms of K, values of the agents in activating glycogen 
phosphorylase. (—)NOR, (—)norepinephrine; (—)EPI, (—)epinephrine; (—)PHE, (—)phenylephrine; 
NDF, (—)nordefrin; (+)EPI, (+)epinephrine; (+)NOR, (+)norepinephrine; DOP, dopamine; IPR, 
isoproterenol; MET. metaraminol; MNP, (+)metanephrine. Both K, and K, values are those reported 
in Table 1. The correlation coefficient (r = 0.92, P< 0.01) and the equation of the straight line were 
calculated by linear regression. 
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Fig. 5. Effect of various antagonists on the (—)epinephrine-stimulated glycogen phosphory lase activity. 

Isolated rat hepatocytes (77 x 10° cells in 5.8 ml) were preincubated at 37° for 30 min, and then incubated 

with phenoxybenzamine (1), phentolamine (™), (—)propranolol (O), pindolol (@) in various concen- 

trations or buffer, as described under Methods. Basal level and maximal activity of the enzyme in the 

presence of (—)epinephrine alone were, respectively, 0.0125 and 0.03 uwmoles of glucose-1-phosphate 

transformed per min/mg protein. The enzyme activity is expressed as per cent of the maximal response 
above basal level. Each point is the mean of a quadruplicate determination. 


Other adrenergic agonists. Several other phenyl- 
ethylamine derivatives which completely displaced 
[*7H]-DHEC from the alpha-adrenoreceptors in rat 
liver plasma membranes, acted as partial or total 
agonists for the glycogen phosphorylase in isolated 
rat hepatocytes (Table 1 and ref. 11). Salbutamol, 
a potent beta-adrenergic agonist, was a poor com- 
petitor for the alpha-adrenergic sites and did not 
activate phosphorylase up to 1 mM. Dopamine, the 
receptors of which are known to bind [*H]-DHEC 


in brain [5-6], competed with this ligand in rat liver 
plasma membranes with a Kp of 72 uM, and was a 
partial agonist of phosphorylase in hepatocytes (K, 
= 12.5 uM). Serotonin, the receptors of which also 
bind ergot alkaloids in brain [4], was a weak com- 
petitor of [*H]-DHEC in plasma membranes 
(Kp = 104 uM) and was ineffective in activating the 
glycogen phosphorylase in rat hepatocytes up to 
1 mM. From the data summarized in Table 1, we 
plotted the K, values of agonists for the activation 
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Fig. 6. Displacement of [*H]-DHEC from alpha-receptors by various antagonists. Purified plasma 
membranes (1.05 mg protein/ml) were incubated at 30° for 10 min with 6 nM [*H]-DHEC in the presence 
of increasing concentrations of phenoxybenzamine (0), phentolamine (™), (—)propranolol (QO) or 
pindolol (@). Binding of [° ‘H): DHEC was measured as described under Methods. Results are expressed 
as per cent of the amount of [*H]-DHEC specifically bound in the absence of any antagonist (890 fmoles 
of [7H]-DHEC bound/mg membrane protein). Each point is the mean of a triplicate determination. 
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Table 2. Interaction of alpha and beta-antagonists with (7H]-DHEC binding sites and 
with glycogen phosphorylase* 





(7H]-DHEC binding sites 


Compound 


Phosphorylase 


Kp (uM) K; app (uM) 





Prazosin 
Dihydroergocryptine 
Phenoxybenzamine 
2-Bromo-alpha-ergocryptine 
Phentolamine 
Labetalol 
Hydroxybenzylpindolol 
(+)Alprenolol 
Yohimbine 

Azapetine 

Pindolol 
(—)Propranolol 


20.000 
18.000 


0.00047 (2) 0.00085 (2) 
0.003 (2) sms @& 
0.013 (1) (2) 
0.041 (2) (1) 
0.014 (2) (6) 
0.170 (9) (2) 
0.200 (2) (2) 
1.800 (2) (2) 
0.33. (1) (1) 
0.195 (2) (2) 
(1)+ (1)t 
(1) (3) 





* Kj app and Kp values were determined as described under Methods. Numbers in 
parentheses represent the number of separate experiments performed for each compound 


tested. 


+ Extrapolated value, due to insolubility of the drug at high concentration. 


of glycogen phosphorylase vs the Kp values of the 
same agents for the competition with tritiated DHEC 
for alpha-sites (Fig. 4). The two sets of data are 
directly correlated (r = 0.92, P< 0.01). 

Studies with adrenergic antagonists. Various alpha- 
and beta-adrenergic antagonists were studied for 
their ability either to prevent the activation of phos- 
phorylase by (—)epinephrine, or to compete with 
[7H]-DHEC for alpha-sites. Hepatocytes were incu- 
bated for 6min with increasing concentrations of 


antagonists (0.1 ~M-1mM_ final concentration). 
(—)Epinephrine was then added at a final concen- 
tration of 5 uM and the incubation was carried out 
for 1 min more. In Fig. 5, the percentage of enzyme 
activation by (—)epinephrine is plotted as a function 
of increasing concentrations of four antagonists. The 


alpha-adrenergic antagonists phenoxybenzamine 
(Kj app = 0.3 uM) and phentolamine (K;,,, = 1.71 4M) 
were, respectively, 250- and 44-fold more potent 
than pindolol (K; 4.) = 75 4M) and 375- and 66-fold 
more potent than (—)propranolol (K;.,) = 113 4M), 
two beta-antagonists, in preventing the activation of 
glycogen phosphorylase. The affinities of phenoxy- 
benzamine, phentolamine, pindolol and (—)pro- 
pranolol for the alpha-sites in rat liver plasma mem- 
branes were determined from competition curves 
with [H]-DHEC (Fig. 6). Phenoxybenzamine 


(Kp app = 13nM) and phentolamine (Kp = 14nM) 
were stronger competitors than (—)propranolol 
(Kp = 18 uM) and pindolol (Kp = 20 uM) for [*H]- 
DHEC binding sites. Similarly, several other antag- 
onists were studied (Table 2 and ref. 11). Among 
them, prazosin and yohimbine allowed the discrimi- 
nation between alpha,- and alpha,-adrenoreceptor 
subtypes [23]. Prazosin appeared to be a very potent 
inhibitor of the activation of glycogen phosphorylase 
(K; app = 0.85 nM) and a strong competitor of triti- 
ated DHEC (Kp = 0.47 nM), while yohimbine was 
less effective either in preventing the activation of 
the enzyme (K; a») = 13 4M) or in competing with 
tritiated DHEC (Kp =0.33 4M). Those results 
strongly suggest that the glycogen phosphorylase 
activation is mediated through an alpha,-adrenergic 
receptor, and that the tritiated DHEC binding site 
possesses the characteristics of an alpha,-site. Ser- 
otonin, tested as possible antagonist of the activation 
of glycogen phosphorylase by epinephrine, was 
ineffective in inhibiting the enzyme, up to 1 mM. It 
should be noted that none of the drugs tested influ- 
enced the basal level of the enzyme activity. From 
the data summarized in Table 2, the K;,,, values of 
antagonists for the prevention of the activation of 
the enzyme were plotted vs the Kp values of the 
same drugs for the competition with tritiated DHEC 


Table 3. Interaction of imidazoline derivatives with [*H]-DHEC binding sites and 
with glycogen phosphorylase* 





(7H]-DHEC binding sites 
Kp (uM) 


Compound 


Phosphorylase 
K; app (uM) 





Naphazoline 
Clonidine 
Oxymetazoline 
Tetrahydrozoline 
Xylometazoline 
Timazoline 


0.25 (1) 
0.30 (2) 
1.00 (1) 
1.54 (2) 
1.86 (2) 
7.66 (3) 


6.9 (1) 
10.0 (2) 
13.0 (2) 
5.3 (1) 
7.5 (1) 
20.0 (1) 





* Kpand K; app) values were determined as described under Methods. Numbers 
in parentheses represent the number of separate experiments performed for each 


compound tested. 
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for its binding sites (Fig. 7). The two parameters are 
linearly correlated (r = 0.91, P < 0.001). 

Studies with imidazoline derivatives. Clonidine and 
related imidazoline derivatives previously have been 
reported to act as alpha-adrenergic agonists in per- 
ipheral tissues [24]. However, recent reports 
described these compounds as alpha-adrenergic 
antagonists in rat parotid cells [25] and in human 
platelets [26], while another report described imi- 
dazoline derivatives as partial agonists in human 
platelets [27]. Such discordant results led us to 
investigate how this class of compounds behaved in 
isolated rat liver cells. 

Imidazoline derivatives were tested either for their 
ability to activate the glycogen phosphorylase or for 
their ability to prevent its activation by epinephrine 
and for their ability to displace tritiated DHEC from 
its binding site. All the compounds tested were able 
to prevent the enzyme activation. The K; ,,,’s are 
summarized in Table 3. When tested alone, the 
imidazoline derivatives acted as partial agonists for 
phosphorylase as compared with natural catechol- 
amines. The maximal activations found were small 
(less than 50 per cent over basal level), required high 
concentrations of the drugs and were poorly repro- 
ducible. All those drugs behaved as competitors for 
the alpha-adrenergic sites defined with tritiated 
DHEC (Table 3). 


DISCUSSION 


The [*H]-DHEC binding site in rat liver plasma 
membranes appeared to possess all the character- 
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istics expected for an alpha-adrenergic receptor 
[11,28]. However, some controversy has arisen 
recently about the true alpha-adrenergic nature of 
the sites identified with that ligand [2,3]. On the 
other hand, a recent report described a direct cor- 
relation between [*H]-DHEC binding and K* efflux 
in rat parotid cells [9], and preliminary results have 
shown [*H]-DHEC binding to intact platelets in par- 
allel with platelet aggregation [8]. This type of 
pharmacological correlation was obviously needed 
for the alpha-adrenergic receptor of rat liver. We 
decided, therefore, to compare the [*H]-DHEC 
binding sites in rat liver plasma membranes with a 
physiological response, namely, the activation of 
glycogen phosphorylase in isolated cells. Ideally, it 
would have been more satisfactory to characterize 
(?H]-DHEC binding sites in hepatocytes. However, 
our first attempts to identify alpha-adrenoreceptors 
in isolated hepatocytes with [*H]-DHEC were unsuc- 
cessful. As stated by other groups, the difficulties in 
utilizing this ligand as a marker in intact cells might 
have been due to an important uptake of the drug 
by the cells or to a non-specific binding [8, 9]. 

The fact that the order of potencies of both agon- 
ists and antagonists is similar in the binding experi- 
ments and in the glycogen phosphorylase experi- 
ments (Figs. 4 and 7) strongly indicates that the 
DHEC binding site defined in plasma membranes 
is related to the glycogen phosphorylase in isolated 
rat liver cells. 

However, in our system, the curves relating K, or 
K; 4) to Kp values for agonists and antagonists do not 
fit on the same straight line. While there is less than 
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Fig. 7. Correlation between the inhibition of the (—)epinephrine-stimulated glycogen phosphorylase 
in isolated rat hepatocytes and displacement of [*H]-DHEC from rat liver plasma membranes by 
adrenergic antagonists. The logarithms of Kp values of antagonists for the alpha-adrenoreceptor are 
plotted vs the logarithms of K; app Values of the same drugs for the (—)epinephrine-stimulated phos- 
phorylase. DHEC, alpha-dihydroergocryptine; POB, phenoxybenzamine; PHT, phentolamine; BRO, 
2-bromo alpha-ergocryptine; LAB, labetalol; HYP, hydroxybenzylpindolol; AZA, azapetine; ALP, 
(+)alprenolol; PIN, pindolol; PRO, (—)propranolol; PRZ, prazosin; YOH, yohimbine. Both Kp and 
K; app Values are those reported in Table 2. The correlation coefficient (r = 0.91, P< 0.001) and the 
equation of the straight line were calculated by linear regression. 
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one order of magnitude between K, and K, values 
for agonists, there are up to two orders of magnitude 
between K>p and K; ,,, values for antagonists. Sur- 
prisingly, the antagonists appear to be 100-fold more 
potent in displacing tritiated DHEC than in inhibit- 
ing the enzyme. These results are not in agreement 
with the recent report by El Refai et a/. using [*H]- 
epinephrine as marker [3], in which agonists and 
antagonists fit on the same straight line with less than 
one order of magnitude between Ky (phosphorylase) 
and K, (binding). A possible explanation is that the 
tritiated DHEC binding site and the site responsible 
for the glycogen phosphorylase activation belong to 
different alpha-subtypes, alpha, and alpha). How- 
ever, this hypothesis is not valid; as shown in Table 
2 and as we previously demonstrated [23], the two 
sites possess the same characteristics of an alpha,- 
adrenoreceptor. Another explanation for the differ- 
ences between agonists and antagonists may arise 
from differences in the experimental protocols: in 
binding experiments, the same protocol was used for 
agonists and antagonists, namely, a competition with 
tritiated DHEC, whereas in hepatocytes we used 
two different experimental procedures, a direct 
activation of the enzyme by agonists or a residual 
activation of the enzyme by an agonist after the 
prevention by an antagonist. We also may have 
underestimated the fraction of the receptors occu- 
pied by the antagonist when measuring the activity 
of phosphorylase, due to differences in the activation 
and binding kinetics of the various drugs tested. 
Nevertheless, if the discrepancy between Kp and 
K; ap Values may be surprising, such a phenomenon 
has been already observed in human platelets [7] 
and for phentolamine and oxymetazoline in guinea 
pig vas deferens [29]. Moreover, in liver, several 
reports indicate that large amounts of alpha-antag- 
onists are necessary to antagonize the alpha- 
response, in contrast to other organs where the 
alpha-responses are inhibited by small concentra- 
tions of the drugs (for a general review, see ref. 30). 
The discrepancy we observed may be explained by 
the ability of hepatocytes to take up and inactivate 
drugs and hormones. If so, the real concentration 
in the incubation medium may be far less than the 
one supposed. Indeed, preliminary experiments per- 
formed in our laboratory suggest that there is a rapid 
and important uptake as well as a degradation of 
drugs by isolated hepatocytes. Those data contrast 
with the absence of degradation that we found with 
purified plasma membranes [11]. Since the experi- 
mental conditions are dissimilar (isolated mem- 
branes vs isolated cells, different buffer systems and 
incubation temperatures) and since preliminary 
results suggest that uptake and degradation of drugs 
reflecting the physiological liver function do exist 
with isolated hepatocytes, K; ,,, and Kp values may 
not necessarily fit. 

In conclusion, the major findings in the present 
report are the correlation between the orders of 
potencies of agonists or antagonists for both the 
binding and the enzyme experiments and the fact 
that both the tritiated DHEC binding site and the 
glycogen phosphorylase activation/inhibition belong 
to the alpha,-adrenergic subtype. The recent work 
by El Refai et al. [3] reported that tritiated catechol- 
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amines could bind to two different types of binding 
sites in isolated rat liver plasma membranes, and 
that only the high affinity, low capacity type was 
related to phosphorylase activation. They suggest 
that the latter binding site was more representative 
of the actual alpha-adrenergic receptor than the 
DHEC binding-site. However, the suggestion that 
the DHEC binding site is also correlated to the actual 
physiological alpha-adrenoreceptor is based on the 
following lines of evidence: the exclusive alpha,- 
nature of both the DHEC binding sites and the 
glycogen phosphorylase-linked adrenergic sites [23]; 
the monophasic appearance of all our displacement 
curves (Figs. 2-6); the same order of potencies of 
several adrenergic agonists and antagonists in com- 
peting for the DHEC binding sites and in activat- 
ing/inhibiting the glycogen phosphorylase. 
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Abstract—Experiments were performed to evaluate the role of physicochemical properties of drugs and 
chemicals in determining their passage into the preimplantation blastocysts of 6-day pregnant rabbits. 
It was found that compounds with molecular weight less than ouabain (mol. wt 585) readily traversed 
the blastocyst, whereas the blastocyst was relatively impermeable to those with molecular weight greater 
than 5000. However, for compounds with small molecular weights (100-300), the blastocyst/plasma 
radioactivity ratios varied considerably (0.001—1.24), suggesting that factors other than molecular weight 
played a role in determining their passage. Further experiments revealed that there was no correlation 
between blastocyst/plasma radioactivity ratio and degree of protein binding of the drugs. It was concluded 
that the degree of ionization and lipid solubility of the compounds are important factors in determining 
their rates of penetration into the preimplantation blastocysts. These findings prove that a variety of 
foreign compounds can enter the blastocyst during the preimplantation stages of gestation and their 
rates of penetration are governed by the possible interactions among their physicochemical properties. 
The toxicological implications of these findings were also discussed. 


Recent studies have shown that a variety of drugs 
and chemicals pass into the preimplantation blas- 
tocyst and the developing fetus quite readily [1-3]. 
Following the in vivo administration of caffeine, 
nicotine, DDT, barbital, thiopental and isoniazid to 
pregnant rabbits, these substances can be identified 
in the preimplantation blastocyst [1, 3]. Incubation 
of the rabbit blastocyst with drugs in vitro results in 
drug uptake; the rate of uptake correlates closely 
with the lipid solubility and degree of ionization of 
each compound [3,4]. However, little is known 
about the possible factors which may influence the 
transfer of compounds from the general circulation 
into either the uterine secretion or the preimplan- 
tation blastocyst. 

This report represents an evaluation of the factors 
which are important in the transfer of drugs into the 
preimplantation blastocyst after their oral or par- 
enteral administration. Salicylate, antipyrine, nico- 
tine, DDT, caffeine, hexamethonium, inulin, ison- 
iazid, barbiturates, ouabain, tetracycline, 
diphenylhydantoin, phenylbutazone and _ several 
other compounds and antimicrobials were selected 
for these studies. This is because they are compounds 
with a broad spectrum of physicochemical charac- 
teristics, and some of them are among the most 
commonly used in our society. These compounds 
were used to evaluate the relative importance of 
molecular weight, lipid solubility, degree of ioniza- 
tion and protein binding as factors in their transfer 
from the blood into the preimplantation blastocyst. 


MATERIALS AND METHODS 


Chemicals. The following radioactive compounds 
were purchased from the manufacturers indicated: 
C2-“C-barbital (1.10 mCi/mmole) and 2-'*C-thio- 


_ mCi/mmole), 


pental (5.19 mCi/mmole) from Tracerlab (Waltham, 
MA); carboxy-“C-isonicotine acid hydrazide or 
isoniazid (9.8mCi/mmole) and G-*H-nicotine 
(210 mCi/mmole) from Nuclear Chicago Corpor- 
ation (Des Plaines, IL); carboxy-"'C-salicylic acid 
(1.5 mCi/mmole), N-methyl-'*C-antipyrine (0.5 

1-methyl-'*C-caffeine (5.0 
methyl-'*C-hexamethonium (1.55 
mCi/mmole); 1-'C-tetraethylammonium (1.15 
mCi/mmole), *H-ouabain (1.46 mC/g),1,1-bis-p- 
chlorophenyl-'*C-2,2,2-trichloroethane (p,p'- 
DDT;2.73 mCi/mmole),4-""C-5, 5-diphenylhydan- 
toin (55 mCi/mmole), carboxy-“C-inulin 
(3.96 mCi/g) and carboxy-"C-dextran (mol. wt. 
16,000—19,000; 2.49 mCi/g) from New England Cor- 
poration (Boston, MA); and *H-dihydrostrepto- 
mycin, sequisulfate (2.1 mCi/mg); 7-°H-tetracycline 
(3 mCi/mg) and “C-chloramphenicol (70 mCi/mg) 
from Radiochemical Center (Amersham, U.K.). All 
other nonradioactive materials were of analytical 
grade and obtained commercially. The purity of 
these compounds was checked by thin-layer 
chromatography. 

Chemical and physical measurements. The ana- 
lytical methods of Goldbaum and Smith [5], as modi- 
fied by Schanker et al. [6], were used for the esti- 
mation of the barbiturates (barbital, secobarbital 
and thiopental). Phenylbutazone was estimated by 
the method of Burns et al. [7]. 

Chloroform/Ringer phosphate partition coeffi- 
cients (Kepioroform) Of the undissociated forms of the 
drugs were determined by the method of Hogben 
et al. [8], using unlabeled compounds. 

Animal experiments. Bucks and does weighing 3— 
4kg were purchased from the local market. They 
were kept in our animal house for at least three or 
four days before they were mated with each other. 


mCi/mmole), 


1663 





1664 


The time of mating was considered hour zero of 
pregnancy. All animals were allowed free access to 
food and water. Pregnancy was assumed to have 
begun if the female revealed behavioral after-reac- 
tions to coitus, as described by Sawyer and Kawak- 
ami [9]. The pregnant animals were then treated at 
140-144 hr after pregnancy. 

Each radioactive compound at the dose indicated 
in the tables was administered either by gavagé in 
approximately 5-6 ml of water or by intravenous 
administration in saline or ethanol in a volume of 
less than 2.0 ml. Each *H or “C compound and their 
metabolites were identified by inverse radioisotope 
dilution technique after solvent extraction and chro- 
matographic separation, as described in detail by 
Sieber and Fabro [3]. In the present study, the fol- 
lowing compounds and metabolites were identified 
in the plasma and blastocyst: barbital, isoniazid and 
its two metabolites, salicylate, thiopental, caffeine 
and its four metabolites, and nicotine and its two 
best known metabolites (cotinine and 
demethylcotinine). 

The treated animals were stunned by a blow on 
the head at appropriate times and killed by exsan- 
guination. Blood samples (10-20 ml) were then col- 
lected from the jugular vein into heparin-treated test 
tubes, and the plasma was obtained by centrifuging 
the blood at 800 g for 10 min. The uterus was rapidly 
exposed and opened, and the free blastocysts, weigh- 
ing 20-60 mg each, were removed. 

Measurement of radioactivity was carried out by 
dispersing blastocysts (3-6) or plasma (0.1—0.5 ml) 


in sufficient liquid scintillation fluid in glass counting 
vials to give a final volume of approximately 20 ml. 
The scintillation fluid consisted of a dioxane-ethyl- 


ene-methanol mixture (44:1:5v/v) containing 
naphthalene (6%), 2, 5-diphenyloxazole (0.4%), 
1,4-bis (5-phenyloxazole-2-yl) benzene (0.02%) and 
thixotrophic gel powder (Cab-O-Sil, 5%). Radio- 
activity was measured in a Packard liquid scintillation 
spectrometer, model 3003, after the samples had 
been left in the counter for 16-24 hr. Counting effi- 
ciency (approximately 70 per cent) was determined 
by the external standard method (Wang and Willis, 
1965). pH values were measured electrometrically 
by using a Beckman expandometric SS-2 pH meter. 

Experiments in vitro. Twenty blastocysts obtained 
from 6-day pregnant rabbits were pooled and incu- 
bated in 10 ml of Ringer—phosphate buffer, pH 7.2, 
containing the appropriate unlabeled barbiturate 
(barbital, secobarbital and thiopental) at a final con- 
centration of 5 x 10°-°*M. The Ringer—phosphate, pH 
7.2, was prepared according to Davson and Eggleton 
[10]. Incubations were carried out at 37° in air 
atmosphere with an Aminco constant temperature 
water bath. At intervals of 2, 5, 8, 10, 20, 30, 45, 
60, 90 and 120 min after the incubation had begun, 
two blastocysts were removed from the medium, 
blotted dry, weighed and homogenized for the 
determination of barbiturate. Duplicate samples 
(0.1-0.2 ml) of the incubation medium were also 
removed at the same time, and the barbiturate con- 
centration determined. 

The penetration of the barbiturates into the rabbit 
blastocyst was expressed on the basis of the relative 
amount of drug concentration in the blastocyst as 
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compared to that in the incubation medium. Equi- 
librium is attained when an increase in the time of 
incubation does not result in a concomitant increase 
in the ratio barbiturate concentration in 
blastocyst/barbiturate concentration in medium. 
Half-equilibrium time (T,,.) has been used as a meas- 
ure of the rate of penetration of the compounds into 
the blastocyst. T,,. is defined as the time (in minutes) 
which is required for a compound, incubated under 
the conditions described above, to reach a concen- 
tration in the blastocyst equal to one-half of that at 
equilibrium. T,,. was obtained, as shown in Table 4, 
by calculating a regression line of the plot with the 
reciprocal values of the ratio barbiturate concentra- 
tion in  blastocyst/barbiturate concentration in 
medium versus the reciprocals of the corresponding 
time of incubation (in minutes). By this procedure, 
a Straight line was obtained which describes the rate 
of penetration into the blastocyst of each of the 
compounds studied. The intercept of this line on the 
abscissa corresponds to the reciprocal value of T,,. 


RESULTS 


In all experiments reported here, the 
blastocyst/plasma_ radioactivity ratio of rabbits 
treated with a labeled compound was used as an 
index of the degree of its penetration into the preim- 
plantation blastocyst. This ratio was determined after 
the level of radioactivity in the plasma had reached 
a steady state which was considered to be attained 
when the decline in the plasma level of radioactivity, 
following the initial rapid fall, was linear when plot- 
ted semilogarithmically [11, 12]. Depending on the 
nature of a particular compound and route of 
administration, the time required to reach the steady 
state was found experimentally to range from 15 min 
to 4hr. For this reason, the distribution of radio- 
activity between blastocyst and plasma was deter- 
mined 1 or 6 hr after dosing with the labeled chem- 
icals studied. 

Table 1 shows the distribution of radioactivity of 
a variety of drugs and chemicals into the preimplan- 
tation blastocyst of 6-day pregnant rabbits treated 
with such labeled compounds. It is evident that acids 
and bases selected in the present study entered the 
preimplantation blastocyst quite readily, although 
not to the same degree. It should be noted that 
though the blastocyst contained less radioactivity of 
2-*C-thiopental than the plasma at 1 hr, by 5 hr the 
radioactivity in the blastocyst was approximately 
equal to that of the maternal plasma (the blasto- 
cyst/plasma ratio being 0.98 + 0.12, 3 rabbits). The 
distribution pattern of DDT in the rabbit blastocyst 
was similar to that of thiopental, but the ratio of 
C in blastocyst/C in plasma never exceeded 0.24 
and was highest at 1 hr after treatment (0.24); at 6 
and 24 hr this ratio was 0.12 and 0.13, respectively. 
Of particular interest was the finding that the blas- 
tocyst/plasma radioactivity ratio of nicotine exceeded 
1; it was 2.06 + 0.20. However, ionized compounds 
such as hexamethonium and tetraethylammonium 
hardly entered the preimplantation blastocyst. The 
distribution of ouabain (mol. wt 585) was somewhat 
higher than would be expected on the basis of its 
lipid solubility and molecular weight. These three 
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Table 1. Concentration ratios of radioactivity in preimplantation blastocyst and plasma of 6-day pregnant rabbits treated 


with ! 


- or *H-labeled compounds 





Kcatorosorm 
sg 


Compound 


Route 


Dose Length of 
experiment 


(hr) 


Blastocyst¢ 


(mg/kg)  (Ci/kg) Plasma 





Acid 
2-“C-Barbital 
Carbonyl-'*C-isoniazid 
Carboxy-'*C-salicylic acid 
2-C-Thiopental 

Base 
N-Methyl-'*C-antipyrine 
1-Methyl-'*C-caffeine 
G-H-Nicotine 

Others 
Methyl-"*C-hexamethonium _ (cation) 
1-'*C-Tetraethylammonium (cation) 
3H-Ouabain — 
Phenyl-'“C-DDT — 


Soe ee) 
<<<< <O< <000 


=O 


— 


100 1.56 + 0.32 
13 1.04 + 0.10 
17 0.40 + 0.02 
20 0.24 + 0.02 


100 
a3 
0.05 


0.60 
0.92 
0.60 


0.4 0.24 + 0.01 





* From Sieber and Fabro [3]. 


+ Partition coefficients were determined after distributing the drugs between chloroform and phosphate buffer, pH 
of which was such that the drug was largely in the unionized form [8]. 
+ Expressed as d.p.m./g/d.p.m./ml. Means + S.E.M. of three to four experiments in duplicate. N.S. = not significant; 


the blastocyst-plasma ratio was 0.001 or less. 


compounds did not approach equilibrium with 
plasma during the 3 or 5 hr period of study. 

As shown in Table 2, there was an inverse rela- 
tionship between molecular weights of compounds 
and their blastocyst/plasma radioactivity ratios. This 
correlation was statistically significant (P < 0.001). 
It is also apparent that compounds having molecular 
weights greater than 600 (ouabain = 585) did not 
seem to be able to penetrate the preimplantation 
blastocyst. However, an examination of the results 
shown in Table 3 reveals that for compounds with 
small molecular weights (100-300) the 
blastocyst/plasma ratios varied considerably (0.001- 
1.24), suggesting that factors other than molecular 
weight played a role in determining this ratio. It can 
also be seen that the rates of distribution of xeno- 
biotic agents into the blastocyst correlate roughly in 


a general way with their degree of ionization (Table 
3). Antipyrine, caffeine and isoniazid, present almost 
exclusively in the unionized forms at pH 7.4, pen- 
etrated the blastocyst rapidly, whereas thiopental, 
which is 50 per cent ionized at physiologic pH, 
entered the blastocyst less rapidly, and it took 
approximately 5 hr before the ratio of “C in blas- 
tocyst/"*C in plasma would approach a value of 1.0. 
Salicylic acid, which is more than 99 per cent ionized 
at pH 7.4, entered the blastocyst more than would 
be expected. Nevertheless, its blastocyst/plasma 
radioactivity ratio did not exceed 0.46 during any 
period of the experiment (5 hr). Hexamethonium, 
a cation, hardly entered the blastocyst (Table 3). 
An indication that lipid solubility is the most 
important factor in determining the rate of passage 
of xenobiotics into the preimplantation blastocyst is 


Table 2. Passage of some compounds into the preimplantation blastocyst of 6-day pregnant 
rabbits 1 hr after their intravenous administration 





Compound Mol. wt 


Dose Blastocyst* 


(mg/kg) (uCi/kg) Plasma 





184 
355 
585 
5500 
17,700 


2-'4C-Barbital 
Phenyl-'*C-DDT 
3H-Ouabain 
Carboxy-"C-inulin 
Carboxy-"*C-dextran 


1.48 + 0.12 
0.26 + 0.10 
0.04 + 0.002 
0.004 + 0.001 
< 0.001 


10.0 
5.0 
0.87 
5.0 
5.0 





* Values expressed in (d.p.m./g)/(d.p.m./ml); means + S.E.M. of three experiments in 
duplicate. With the exception of *H-ouabain, these compounds were not metabolized by one 
hour after their injection, since all the radioactivity in plasma for each chemical was identified 
as the unchanged compound. There was an inverse relationship between the molecular weights 
of the compounds and blastocyst/plasma radioactivity ratios (P < 0.001). 
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Table 3. Penetration of radioactive compounds into preimplantation blastocyst of 6-day pregnant rabbits 


1 hr after their intravenous administration 





Dose 


Compound (mg/kg; wCi/kg) 


% ionized 
at pH 7.4 


Blastocystt 


Plasma 





N-Methyl-'*C-antipyrine 
1-Methyl-'*C-caffeine 
Carboxy-"C-isoniazid 
2-'*C-thiopental 
Carboxy-"C-salicylic acid 
Methyl-'*C-hexamethonium 


194 
137 
242 
138 
273 


< 0.01 
<0.01 
0.03 
50 
> 99 
> 99 


0.90 + 0.18 
1.20 + 0.12 
1.24+ 0.10 
0.24 + 0.02 
0.46 + 0.02 
< 0.001 





* Values obtained from Sieber and Fabro [3]. 


+ Expressed as d.p.m./g/d.p.m./ml; means + S.E.M. of four experiments in duplicate. The degree of 
this transfer into the blastocyst was statistically correlated to their degree of ionization (P < 0.05). 


Table 4. Comparison between blastocyst uptake of barbiturates and lipid—water partition coef- 
ficient of the undissociated form of the barbiturate 





Barbiturate pK," 


Rnessent 


* 
Kwtect 


T; (min) % lonized at pH 7.2 





0.001 
0.10 
3.30 


Barbital 7.8 
Secobarbital 7.9 
Thiopental 7.4 


1 ‘ 20 
52 : 17 


580 ‘ 39 





* Values obtained from M. T. Bush [23]. 
+ Values from L. S. Schanker [24]. 


¢ Half-equilibrium time—the time (min) which is necessary for a compound, incubated under 
the conditions described in Materials and Methods, to reach a concentration in the blastocyst 


equal to half of that at equilibrium. 


Table 5. Effect of protein binding on the penetration of some radioactive compounds | hr after their 
intravenous administration into preimplantation blastocyst of 6-day pregnant rabbits 





Dose 
(mg/kg; 


Compound uCi/kg) 


Blastocyst* 
% Plasma 
protein binding 


v2) 
o 
~ 


Plasma 





n 


5H-Dihydrostreptomycin 20 
7-5H-Tetracycline 20 
'SC-Chloramphenicol 50 
Carboxy-'*C-salicylic acid 17 
2-'4C-Thiopental 20 
4-'4C-5, 5-diphenylhydantoin 4 
Phenylbutazone 20 


Ve Ae nn 


14 0.44 + 0.10 
28 0.65 + 0.08 
33 0.26 + 0.11 
70 0.46 + 0.02 
75 0.24 + 0.02 
90 0.40 + 0.05 
98 0.12 + 0.01 


nan 


ADS” 


NNN NNW 


| 





* Expressed as (d.p.m./g)/(d.p.m./ml); phenylbutazone, determined by the method of Burns et 
al. [7], was in (wg/g)/(ug/ml). Means + S.E.M. of three to four experiments in duplicate. There was 
no correlation between the extent of plasma protein binding and the blastocyst/plasma ratio (P > 0.05). 


provided by a study of three barbiturates of similar 
pK, value (Table 4). T.uiopental, with the highest 
lipid solubility or partition coefficient, was rapidly 
taken up by the blastocyst and thus had an equilib- 
rium half-time (T,,) of less than 2 min. Barbital, 
which is less lipid soluble than thiopental, had a T,,. 
value of 9.5 min. Thus, the pK, value of a drug gives 
only a rough indication of what the penetration rate 
will be, because it tells only what fraction of the drug 
molecules is present in the lipid-soluble unionized 
form. Some compounds such as the salicylates, which 
are completely ionized at pH 7.4, were found to 
cross the placental membranes and blastocyst barrier 
quite readily [13], perhaps because their ionized 
moieties are lipid soluble. 


Table 5 demonstrates that the fractional binding 
to plasma proteins of several well-known drugs had 
little influence on the passage of radioactivity into 
the preimplantation blastocyst; the correlation 
between the extent or degree of binding and the 
blastocyst/plasma radioactivity ratio was not sig- 
nificant (P > 0.05). 

A further attempt was made to quantitate some 
of the parent compounds and their metabolites, both 
in the plasma and in the preimplantation blastocyst. 
This is shown in Table 6. It can be seen that, following 
the oral administration of barbital (100 mg/kg; 
8 wCi/kg), most of the radioactivity found in the 
blastocyst as well as in the plasma was associated 
with the unchanged drug. Table 6 also shows that 





Drugs that penetrate the preimplantation blastocyst 


Table 6. Radioactive compounds identified in maternal plasma and preimplantation blastocyst of 6-day 
pregnant rabbits receiving some ‘C- or *H-labeled compounds 





Compound administered* 


Compound identified 


Concentration in: 





Plasma (yug/ml)+ Blastocyst (ug/g)t 





Barbital 
Isoniazid 


2-*C-Barbital 
Carbonyl-'*C-isoniazid 


Acetylisoniazid 
Isonicotinic acid 


Salicylate 
Thiopental 
Caffeine 


Carboxy-'*C-salicylic acid 
2-C-Thiopental 
1-Methyl-'"C-Caffeine 


88 (92.4)§ 
0.96 (61.2) 
0.20 (13.4) 
0.33 (21.0) 

56 (30.4) 
0.30 (39.0) 
2.35 (56.6) 


117 (92.3)§ 
0.97 (48.6) 
0.39 (19.5) 
0.35 (17.2) 

44 (60.4) 
0.28 (46.6) 
2.49 (60.8) 


1, 2-Dimethylxanthine 


plus 1, 7-Dimethylxanthine 
1-Methylxanthine 
1, 3-Dimethyluric acid 


Nicotine 
Cotinine 


G-*H-nicotine 


Demethylcotinine 


0.27 (8.0) 
(< 0.5) 
0.03 (0.8) 
0.05 (42.0) 
0.03 (22.0) 
0.002 (1.6) 


0.90 (23.0) 
0.05 (1.2) 
0.25 (6.0) 
0.02 (24.2) 
0.03 (45.5) 
0.005 (6.0) 





* 2-“C-barbital (100 mg/kg; 8 wCi/kg), carbonyl-'*C-isoniazid (13 mg/kg; 5 wCi/kg), carboxyl-'C sali- 
cylate (17 mg/kg; 5 wCi/kg) and 1-methyl-'*C-caffeine (3.5 mg/kg; 5 wCi/kg) were given by stomach tube. 
Concentrations in plasma and blastocyst were examined 4 hr later for salicylate and 6 hr later for the rest. 
2-“C-thiopental (7 mg/kg; 7 wCi/kg) and G-*H-nicotine (50 ug/kg; 60 wCi/kg) were given intravenously, 
and tissues were examined 5 and 1 hr later, respectively. 


+ Mean of the values found in two rabbits. 
+ Mean obtained from pool of six blastocysts. 


§ Percentage of radioactivity in either plasma or blastocyst, respectively. 


the blastocyst could be penetrated not only by the 
parent drugs but also by their metabolites. Isoniazid 
and two of its metabolites, acetylisoniazid and ison- 
icotinic acid, were all detected in the blastocyst and 
their levels were comparable to those in the plasma. 
Caffeine and its metabolites, especially the dimethyl 
derivatives, were also found in the blastocyst, though 
the levels of its metabolites were much less than 
those in the plasma. For nicotine, the parent drug 
was found in much higher concentration than in the 
plasma, suggesting an active transport process or 
preferential higher protein binding by the blasto- 
cyst’s proteins. The blastocyst was also well pen- 
etrated by the two metabolites, cotinine and 
demethylcotinine, since their levels in the blastocyst 
and in the plasma were approximately equal. 
Unchanged salicylic acid and unchanged thiopental 
represented about 60 and 42 per cent in the blas- 
tocyst, respectively. 


DISCUSSION 


The blastocyst/plasma ratio was utilized to assess 
the role of molecular weight, degree of ionization, 
protein binding and lipid solubility in the transfer of 
foreign compounds into the preimplantation blas- 
tocyst. Generally, for compounds ranging in mol- 
ecular weight from less than 200 to about 17,700, 
the blastocyst/plasma ratio decreased with increasing 
molecular weight, inulin (mol. wt 5500) and dextran 
(mol. wt 17,700) being virtually excluded from the 
blastocyst. In fact, the radioactivity ratios of these 

_compounds could be correlated with their molecular 
weight (Table 2). Furthermore, closer examination 
revealed that compounds having molecular weight 


B.P. 29/12—c 


greater than ouabain (585) would not have easy 
access into the preimplantation blastocyst. 

For antipyrine, caffeine, isoniazid, thiopental, sal- 
icylic acid, hexamaethonium and DDT (compounds 
with molecular weight less than 500), the average 
blastocyst/plasma radioactivity ratios ranged from 
less than 0.001 to 1.24+0.10 (Tables 2 and 3), 
indicating that the molecular weight of compounds 
is not the only factor which influences their transfer 
into the blastocyst. Thus, the degree of ionization 
of a compound appears to be important in deter- 
mining its transfer into the preimplantation blasto- 
cyst (Table 3). This was also found to be the case 
with the extent or degree of lipid solubility (Table 
4). On the other hand, no statistically significant 
correlation could be found between the 
blastocyst/plasma radioactivity ratio and the degree 
of binding to plasma proteins (Table 5). 

It must be emphasized here that the relationships 
between blastocyst/plasma radioactivity ratios and 
any single property of the compounds such as mol- 
ecular weight, degree of ionization, lipid solubility 
or protein binding may be obscured by the possible 
interactions among such properties. For example, 
caffeine and antipyrine have blastocyst/plasma radio- 
activity ratios close to one; although the chloro- 
form/Ringer phosphate partition coefficient for caf- 
feine is equal to that of antipyrine (Table 1), caffeine 
is more extensively bound to plasma proteins [8, 14]. 

These results, however, are not unexpected, since 
some of these factors have been shown to be impor- 
tant in the transfer of drugs into other exocrine 
secretions. Thus, molecular weight is important in 
the transfer of foreign chemicals into saliva [15] and 
uterine secretion [3, 4] and the degree of ionization 
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has been shown to influence the transfer of com- 
pounds into sweat [16], saliva [17] and milk [18]. 
The fact that these drugs and their metabolites do 
penetrate the preimplantation blastocyst (Table 6) 
may have toxicological implications. For example, 
it is well known that women who smoke are subject 
to increased risk of infertility [19] and have a higher 
abortion rate [20]. Becker and King [21] found that 
nicotine given to pregnant rats decreased the body 
weight of offspring, although it was not teratogenic. 
Al-Hachim and Fink [22] reported that the admin- 
istration of DDT to mice late in pregnancy slowed 
the maturation of the nervous system of the newborn 
as measured by delays in the acquisition of the con- 
dition avoidance response. On the other hand, ison- 
iazid given to tuberculous patients daily for more 
than 6 months has not been reported to produce any 
congenital abnormalities in the newborns. Thus, it 
has not been at all clear whether the presence of a 
drug in the blastocyst has a definite influence on the 
ultimate development of the fetus, and this is an 
area which awaits future toxicological evaluation. 


Acknowledgements—The author is indebted to the profes- 
sional staff of the Animal Care Committee, Faculty of 
Science, Mahidol University, for cooperation in securing 
the rabbits used in these studies. The work was supported 
by a grant-in-aid from the World Health Organization 
(Small Contract Programme H9/181/52C). 


REFERENCES 


1. S. Fabro and S. M. Sieber, Nature, Lond. 223, 410 
(1969). 

2. C. Lutwak-Mann, M. F. Hay and D. A. T. New, J. 
Reprod. Fert. 18, 235 (1969). 

3. S. M. Siber and S. Fabro, J. Pharmac. exp. Ther. 176, 
65 (1971). 

4. S. Fabro, in Fetal Pharmacology, (Ed. L. Boreus), p. 
443. Raven Press, New York (1973). 

5. L. R. Goldbaum and P. K. Smith, J. Pharmac. exp. 
Ther. 111, 197 (1954). 


6. L. S. Schanker, P. A. Shore, B. B. Brodie and C. A. 
M. Hogben, J. Pharmac. exp. Ther. 120, 528 (1957). 

7. J. J. Burns, R. K. Roscoe, T. Chenkin, A. Goldman, 
A. Schulert and B. B. Brodie, J. Pharmac. exp. Ther. 
109, 346 (1953). 

. C. A. M. Hogben, D. J. Tocco, B. B. Brodie and L. 
S. Schanker, J. Pharmac. exp. Ther. 125, 275 (1959). 

. C. H. Sawyer and M. Kawakami, Endocrinology 65, 
622 (1959). 

. H. Davson and M. G. Eggleton, Starling’s Human 
Physiology, 13th Edn, p. 39. Lea & Febiger, Phila- 
delphia (1962). 

. B. B. Brodie and J. Axelrod, J. Pharmac. exp. Ther. 
98, 79 (1950). 

. A. Goldstein, L. Aronow and S. M. Kalman, Principles 
of Drug Action, p. 130. Harper & Row, New York 
(1968). 

. Y. Oh and B. L. Mirkin, Fedn. Proc. 30, 2034 (1971). 

. B. B. Brodie, in Absorption and Distribution of Drugs, 
(Eds. T. B. Binns and C. Dodds), p. 16. Williams & 
Wilkins, Baltimore (1964). 

. K. Martin and A. S. V. Burgen, J. gen. Physiol. 46, 
25 (1962). 

. S. W. Brusilow and E. H. Gordes, Am. J. Dis. Child. 
112, 328 (1966). 

. S. A. Killman and J. H. Thaysen, Scand. J. clin. Lab. 
Invest. 7, 86 (1955). 

. G. E. Miller, N. C. Banerjee and C. M. Stowe, J. 
Pharmac. exp. Ther. 157, 245 (1967). 

. G. K. Tokuhata, Archs environ. Hlth 17, 353 (1968). 
. J. M. O’Lane, Obstet. Gynec. 22, 181 (1963). 

.R. F. Becker and J. E. King, Am. J. Obstet. Gynec. 
95, 515 (1966). 

. G. M. Al-Hachim and G. B. Fink, Psychopharmacol- 
ogia 12, 424 (1968). 

. M. T. Bush, in Physiological Pharmacology (Eds. W. 
S. Root and F. G. Hoffman), Vol. 1, Part A, p. 185. 
Academic Press, New York (1967). 


24. L. S. Schanker, J. Pharmac. exp. Ther. 120, 528 (1957). 
25. G. Ziv and F. G. Sulman, Antimicrob. Ag. Chemother. 


2, 206 (1972). 

. B. B. Brodie, H. Kurz and L. S. Schanker, J. Pharmac. 
exp. Ther. 130, 20 (1960). 

. P. K. M. Lunde, A. Rane and S. J. Yaffe, Clin. Phar- 
mac. Ther. 11, 846 (1970). 





Biochemical Pharmacology, Vol. 29, pp. 1669-1672. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


BIOCHEM MS. —_0006-2952/80/0615-1669 $02.00/0 


EFFECTS OF DANTROLENE ON ADRENAL CORTICAL 
FUNCTION 


KENNON T. FRANCIS and MAYNARD E. HAMRICK 


Division of Physical Therapy, School of Community and Allied Health, University of Alabama in 
Birmingham, Birmingham, AL 35294, and Laboratory of Pharmacology, School of Pharmacy, 
Auburn University, Auburn, AL 36830, U.S.A. 


(Received 2 November 1979; accepted 14 January 1980) 


Abstract—Adverse effects of dantrolene include abnormal liver function tests, hepatic injury, and 
alteration of the hepatic mixed function oxidase cytochrome P-450 system. The following study conducted 
in rats indicates that the effective dose of dantrolene that has been shown to decrease hepatic cytochrome 
P-450 also causes adrenal enlargement with a marked reduction in serum glucocorticoids. The ratio of 
adrenal wet weight/body weight was significantly (P < 0.05) increased following 5 days of injection with 
a minimum dose of 25 mg dantrolene/kg body weight. The minimum effective dose of dantrolene that 
significantly (P < 0.05) lowered serum glucocorticoids was 50 mg/kg body weight. Serum glucocorticoids 
were reduced by half following 5 days of treatment with 100 mg dantrolene/kg body weight. The levels 
of serum glucocorticoids were 80 per cent of control serum levels and the adrenal wet weight/body 
weight ratio was 85 per cent of control values following 3 days of recovery after 5 days of pre-treatment 
with 100 mg/kg of dantrolene. It appears that dantrolene acts in a manner similar to diphenylhydantoin 
to reduce adrenal glucocorticoid secretion, with a possible alteration or reduction in the negative 


feedback response to the pituitary and resultant enlargement of the adrenals. 


Dantrolene sodium (1-{[5-(p-nitrophenyl) furfuryli- 
dene]amino}hydantoin sodium) is a muscle relaxant 
which acts by depressing the contractility of skeletal 
muscle. The drug is used for treatment of spasticity 
[1-3]. Its site of action is within the muscle, where 
it inhibits the release of calcium from the sarco- 
plasmic reticulum and thereby uncouples excitation— 
contraction coupling [4-6]. Putney and Bianchi [7] 
have reported that dantrolene inhibits the inward 
movement of the calcium pulse across the mem- 
brane, which triggers the release of calcium from the 
sarcoplasmic reticulum. 

Adverse effects of dantrolene include abnormal 
liver function tests, hepatic injury, and even death 
[8]. Recently, Francis and Hamrick [9] have shown 
that dantrolene, in addition, depletes the quantity 
of cytochrome P-450 of the hepatic mixed function 
oxidase (MFO) system and thereby alters specific 
drug metabolism. The adrenal cortex, which pro- 
duces steroid hormones, is also known to contain a 
number of P-450 cytochromes which function in 
oxygen activation of the hydroxylation of steroids 
[10-12]. Because of the depressive effect of dantro- 
lene on the hepatic mixed function oxidase system 
and drug metabolism, it was hypothesized that dan- 
trolene would, in the same way, alter the adrenal 
cortical hormone synthesis with a resultant decrease 
in steroid secretion. 


METHODS 


Male Sprague-Dawley rats, weighing 160-250 g, 
were obtained from Southern Animal Farms in Pratt- 
ville, AL. Rats utilized in the study of the dose— 
response effect of dantrolene on adrenocortical func- 
tion were injected for 5 days with 25, 50 or 100 mg/kg 
of dantrolene suspended in corn oil. This range of 
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dosages was chosen because 25 mg/kg of dantrolene 
administered orally is the minimum dose that pro~ 
duces skeletal muscle relaxation in rats [5], plus the 
fact that previous studies [9] indicate that this range 
of dosages severely affects the hepatic mixed function 
oxidase system. All rats received a daily intraperi- 
toneal (i.p.) injection of dantrolene; controls 
received equal volumes of corn oil. Twenty-four hr 
after the last injection both control and treated rats 
were anesthesized lightly with ether and a blood 
sample was obtained, by heart puncture, for glu- 
cocorticoid and glucose estimation. The rat was then 
killed and the adrenal glands were removed and 
weighed. Because of the diurnal variation in blood 
glucocorticoids [13], all rats were maintained in con- 
trolled lighting of 12 hr light/12 hr dark, with the 
lights on from 6:00 a.m. to 6:00 p.m. All blood 
samples were obtained at the peak period of glu- 
cocorticoid secretion (4:00 p.m.). The mild stress 
associated with light ether anesthesia did not appear 
to alter serum glucocorticoid levels. Control values 
recorded in this study agree closely with previous 
recorded literature values [13-15]. 

Rats, used to determine the effect of repeated 
high doses of dantrolene on adrenal cortical function, 
were injected i.p. with 100 mg/kg of dantrolene for 
5 days. Each rat served as its own control. Twenty- 
four hours after each daily injection, a small sample 
of blood was obtained by heart puncture for glu- 
cocorticoid and glucose determination. 

In experiments investigating the reversibility of 
the effect of dantrolene on adrenocortical function, 
rats were pre-treated with 100 mg/kg of dantrolene, 
i.p., in corn oil for 5 days. A blood sample was 
obtained by heart puncture and the adrenal weight 
was obtained on days 3, 5 and 7 post-dantrolene 
treatment. 
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Alterations of 17-ketosteroid excretion were stud- 
ied during 5 days of dantrolene treatment and the 
succeeding 5 days following dantrolene treatment. 
Rats were injected for 5 days with 100 mg/kg of 
dantrolene in corn oil and were placed in metabolism 
cages. Twenty-four-hour urine samples were col- 
lected on days 3 and 5 of dantrolene treatment and 
on days 3 and 5 post-injection. Controls received 
similar volumes of corn oil. 

Rats, used to study the effect of dantrolene on 
estosterone secretion by the male reproductive sys- 
tem, were injected i.p. with 100 mg/kg of dantrolene 
in corn oil. Controls received an equal volume of 
corn oil. Twenty-four hours after the last injection, 
a blood sample was obtained by heart puncture, the 
rats were killed and the testes and seminal vesicles 
were removed and weighed. Because of the diurnal 
variation in serum levels of testosterone, animals 
were killed during peak levels (8:00 a.m.) of serum 
testosterone [16]. 

For histological examination, paraffin sections of 
the adrenal gland were prepared and stained with 
hematoxylin and eosin. 

Analysis. Glucocorticoids were assayed by radio- 
immunoassay according to the procedure of Rolleri 
et al. [17] and Catt and Tregear [18]. The primary 
glucocorticoid measured by this procedure was cor- 
ticosterone; however, the cross reactivity of the anti- 
serum used was 50 per cent with cortisol. Hence, 
glucocorticoid was used as a more inclusive term. 
Serum glucose was assayed using the O-toluidine 
method [19]. Urinary 17-ketosteroids were assayed 
using the Zimmermann reaction as described by 


Sobel et al. [20]. Serum levels of testosterone were 
assayed by radioimmunoassay [21]. 

Statistical analysis. Where appropriate, statistical 
comparisons of independent sample means were 
made using Student ‘/’-test or paired ‘r-test at the 
95 per cent level of confidence. 


RESULTS 


Figure | shows that the administration of 25 mg/kg 
of dantrolene for 5 days reduced serum glucocorti- 
coids 21 per cent and increased the ratio of adrenal 
wet weight/body weight by 15 per cent in comparison 
to corn oil-treated rats. The administration of 
50 mg/kg of dantrolene for 5 days significantly (P < 
0.05) reduced serum glucocorticoids by 33 per cent 
and increased the ratio of adrenal wet weight/body 
weight by 14 per cent (P < 0.05); however, the level 
of serum glucose was not altered in comparison to 
corn oil-treated rats. The adrenal glands from rats 
treated with 100 mg/kg of dantrolene for 5 days were 
31 per cent heavier on a wet-weight basis and 48 per 
cent heavier on a dry-weight basis than those from 
rats receiving only corn oil. Similarly, the ratio of 
adrenal wet weight/body weight was significantly (P < 
0.01) increased following injection for 5 days with 
100 mg/kg of dantrolene. The increase in this ration 
may be attributed partially to the 10 per cent decrease 
in body weight of rats receiving the dantrolene. 
Correspondingly, the levels of serum glucocorticoids 
and serum glucose were significantly (P < 0.001 and 
< 0.05, respectively) reduced after 5 days of pre- 
treatment with dantrolene. 
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Fig. 1. Effects of 5 days of pretreatment of 25, 50 or 

100 mg/kg of dantrolene, i.p., in corn oil on serum levels 

of glucocorticoids, glucose and the ratio of wet adrenal 

weight to body weight in male rats. Controls received an 

equal volume of corn oil. All values are means + S.E. of 
eight animals. 
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Fig. 2. Effects of 1, 3 and 5 days of treatment with dan- 

trolene on serum levels of glucocorticoids and serum glu- 

cose in male rats. Dantrolene was administered in a dose 

of 100 mg/kg, i.p., in corn oil. Controls received an equal 

volume of corn oil. All values are means + S.E. of eight 
animals. 





Dantrolene and adrenal function 


Figure 2 shows that, after only one injection of 
100 mg/kg dantrolene, serum glucocorticoids were 
reduced 37 per cent (P < 0.01) in comparison to pre- 
injection levels. Three days of dantrolene treatment 
(100 mg/kg for 3 days) reduced the serum glucocor- 
ticoids by 40 per cent (P < 0.01) and 5 days of injec- 
tion (100 mg/kg for 5 days) reduced serum gluco- 
corticoids 54 per cent (P < 0.001) in comparison to 
pre-injection levels. Similarly, the level of serum 
glucose exhibited a trend similar to that of serum 
glucocorticoids during the treatment with dantro- 
lene. Serum glucose decreased 10 per cent after one 
injection of 100 mg/kg ot dantrolene and 23 per cent 
(P < 0.01) after injection for 5 days of 100 mg/kg of 
dantrolene (100 mg/kg for 5 days) when compared 
to pre-injection levels. However, the level of serum 
glucocorticoids was 80 per cent of control serum 
levels and the adrenal wet weight/body weight ratio 
was 85 per cent of control values following 3 days 
of recovery after treatment for 5 days with 100 mg/kg 
of dantrolene (Fig. 3). 

Figure 4 shows that 3 days of treatment with 
100 mg/kg of dantrolene significantly (P< 0.05) 
reduced urinary excretion of 17-ketosteroids (17-KS) 
when compared to corn oil-treated rats. Five days 
of injection with 100 mg/kg of dantrolene resulted 
in a 64 per cent (P < 0.01) reduction in urinary 17- 
KS. However, 3 days after terminating the dantro- 
lene treatment, the urinary level of 17-KS returned 
to pre-injection levels. 

Histological analysis of adrenal gland. The increase 
in the ratio of wet and dry adrenal weight/body 
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Fig. 3. Reversible inhibition of adrenocortical function by 

dantrolene in male rats. Dantrolene was administered in 

a dose of 100 mg/kg, i.p., in corn oil for 5 days. Controls 

received an equal volume of corn oil. All values are means + 
S.E. of eight animals. 
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Fig. 4. Twenty-four-hour urinary excretion of 17-keto- 
steroids in male rats. Dantrolene was administered in a 
dose of 100 mg/kg, i.p., in corn oil for 5 days. Controls 
received an equal volume of corn oil. All values are means + 
S.E. of eight animals. 


weight that occurred during dantrolene treatment 
was due to hyperplasia of the adrenal cortex. Hyper- 
emia and vacuolization of the adrenal cortex were 
observed in rats treated with as little as 25 mg/kg for 
5 days. In addition to the hyperemia and vacuoli- 
zation that occurred with the smaller doses of dan- 
trolene, cell necrosis was evident with the higher 
doses of dantrolene (100 mg/kg for 5 days). Hyper- 
emia and vacuolization were still evident 5 days after 
cessation of this higher dose. 

Dantrolene treatment (100 mg/kg for 5 days) and 
serum testosterone. Five days of treatment with 
100 mg/kg of dantrolene resulted in no change in the 
ratio of wet or dry seminal vesicle weight/body weight 
or wet or dry testis weight/body weight when com- 
pared to corn oil-treated rats (Table 1). Similarly, 
there were no significant changes in the serum levels 
of testosterone in the dantrolene-treated rats com- 
pared to corn oil-treated animals. 


DISCUSSION 


The minimum effective oral dose of dantrolene in 
rats for producing muscle relaxation is 25 mg/kg [5]. 
Ellis and Carpenter [5] have reported that an i.p. 
injection of dantrolene (10-1600 mg/kg) to rats 
caused a dose-dependent skeletal muscle relaxation 
with no evidence of toxicity. However, previous 
studies [9] on the effects of dantrolene on the hepatic 
MFO system and the present studies of the effect of 
dantrolene on adrenal cortical function indicate that 
pre-treatment with as little as 25 mg/kg of dantrolene 
for 5 days prolongs pentobarbital sleep times, ami- 
nopyrine N-demethylation, and lowers serum glu- 
cocorticoids and serum glucose. 

It is interesting that dantrolene not only inhibits 
the hepatic MFO system in a dose-related manner 
[9] but also appears to inhibit adrenal cortical func- 
tion in a similar dose-related manner (Figs. 1 and 
2). 

The parallel decreases in urinary 17-ketosteroid 
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Table 1. Effects of dantrolene treatment on the ratio of wet and dry seminal vesicle and wet and dry testis weight to body 
weight and serum levels of testosterone* 





Seminal vesicle ratio 


Testis 





Wet wt/Body wt Dry wt/Body wt 
x 10° x 1077 


Wet wt/Body wt 


Dry wt/Body wt Testosterone 


x 1077 x 107 





5.85 + 0.81 
4.24 + 0.28 


Control 2.73 20.37 
Dantrolene 2.15+0.19 


0.97 + 0.06 
1.10 + 0.03 





- 3 Rats received 100 mg/kg of dantrolene, i.p., in corn oil for 5 days. Controls received an equal volume of corn oil. 


Each value represents the mean + S.E. of eight rats. 


secretion and serum glucocorticoids after 5 days of 
injection with dantrolene (100 mg/kg for 5 days) and 
the subsequent recovery of both variables 3 days 
after cessation of dantrolene treatment indicate that 
the decrease in serum glucocorticoids is probably 
due to a decrease in adrenal secretion. Although the 
metabolic clearance of glucocorticoids was not meas- 
ured, the conclusion that adrenal steroid synthesis 
was inhibited is substantiated by the histological 
observation that the adrenal cortex was damaged by 
dantrolene and by the fact that inhibition of the 
hepatic mixed function oxidase system would 
decrease the rate of glucocorticoid metabolism. The 
observation that dantrolene affects adrenocortical 
function without affecting testosterone (Table 1) 
indicates that a possible site for inhibition of glu- 
cocorticoids occurs at some step past 17-hydroxy- 
progesterone synthesis. A likely site in the inhibitory 
process could be the 11-hydroxylation of 11-desoxy- 
corticosterone. The exact site of inhibition must 
await further studies. 

It now appears that dantrolene, ‘a hydantoin 

derivative’, might act like the widely used drug 
diphenylhydantoin (DPH). DPH administration has 
been shown to cause adrenal hypertrophy [22] and 
adrenal cortical degenerative lesions [23]. Bonny- 
castle and Bradley [24] have indicated an inhibition 
of the pituitary—adrenal secretion after chronic DPH 
treatment of mice and rats. Costa et al. [25] have 
reported that DPH also decreases urinary 17-keto- 
steroid secretion. It is possible that dantrolene acts 
in a similar manner to reduce adrenal cortical func- 
tion with a possible alteration or reduction in the 
negative feedback response to the pituitary with 
resultant enlargement of the adrenals, decrease in 
serum glucocorticoids, and decrease in urinary 17- 
ketosteroid excretion. 
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Abstract—Membrane lipid compositional changes have recently been shown by us to be at least partially 
responsible for the apparent tolerance to the membrane-fluidizing effects of ethanol [D. A. Johnson, 
N. M. Lee, R. Cooke and H. H. Loh, Molec. Pharmac. 15, 739 (1979)]. Because not all effects of 
ethanol are generalizable to all strains and species, we attempted to determine whether these lipid 
compositional changes are related to the anesthetic actions of ethanol. Consequently, the effects of 
ethanol on the fluidity of reconstituted membranes formed from lipid extracts of synaptic membranes 
from tolerant CS7BL/6J mice and Sprague-Dawley rats were assessed by using the fluorescence 
polarization of 1,6-diphenyl-1,3,5-hexatriene, incorporated into the membranes, as a relative index of 
fluidity. We observed apparent tolerance to the fluidizing effects of ethanol in both the CS7BL/6J mice 
and the Sprague-Dawley rats. Acute in vivo ethanol treatment did not alter ethanol-induced fluidity 
of the reconstituted membranes. The results further support the suggestion that the change in brain 
membrane lipid composition, responsible for the apparent tolerance to the membrane-fluidizing effects 


of ethanol, is related to tolerance to the anesthetic actions of ethanol. 


Ethanol has been shown to produce tolerance and 
physical dependence upon repeated administration. 


Although the mechanisms responsible for these 
changes are unknown, the initial site of action of 
ethanol is generally believed to be on the nerve 
membrane [1]. Chin and Goldstein [2] observed that 
chronic in vivo exposure to ethanol attenuated 
ethanol-induced fluidization of intact synaptosomal 
membranes. Membrane lipid, but not protein, com- 
positional changes were later shown by us to be at 
least partially responsible for this phenomenon, since 
ethanol was less able to fluidize bilayers prepared 
from lipid extracts of membranes from ethanol-tol- 
erant ICR mice [3]. We have also shown [4] that 
these changes in lipid composition are reversed after 
removal of drug and are observed in extracts from 
pentobarbital- but not morphine-tolerant mice. 
These results suggest that changes in lipid compo- 
sition can account for tolerance to the membrane- 
fluidizing effect of ethanol, and that these lipid com- 
positional changes are related to the anesthetic 
actions of ethanol. In order to establish further that 
such changes are indeed related to the anesthetic 
action of ethanol, we have studied, in the work 
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described below, ethanol-induced fluidizability of 
lipid bilayers formed from crude synaptosomal lipid 
extracts isolated from C57BL/6J mice and from Spra- 
gue—Dawley rats. 


MATERIALS AND METHODS 


CS7BL/6J mice (Simonsen Laboratories, Gilroy, 
CA) were chronically treated with ethanol, using 
essentially the same procedure described by Johnson 
et al. [3]. The degree of tolerance was also measured 
as described. The average sleep time was decreased 
from 97 + 2.5 min to 53. 6 + 2.1 min (N = 29). 

Sprague-Dawley rats (Simonsen Laboratories) 
with a mean (+ S.E.) body weight of 377+5.5g 
were intubated intragastrically while under light CO, 
anesthesia three times daily for 3 days, using a max- 
imally tolerable dosage regimen, as previously 
described [5, 6]. Briefly, just prior to intubation the 
degree of intoxication was determined by judging 
the righting ability of the animals. The dose was 
adjusted according to the degree of intoxication with 
possible doses of 6.0, 4.0, 3.0, 2.0 and 0.0g of 
ethanol/kg. The intervals between doses were not 
exactly 8 hr, so the doses were prorated accordingly. 
The ethanol solution was 20%, w/v, in Slender (Car- 
nation Co.). Additional Slender was administered 
so that the total volume of each intubation was 14 ml. 
In order to maintain body weight, a fourth daily 
14 ml intubation of Slender was given at irregular 
times at least 2 hr removed from an ethanol intu- 
bation. Control animals were intubated with a 35%, 
w/v, sucrose solution in Slender which was isocaloric 
to the ethanol solution. Each control animal received 
an amount of sucrose diet proportional to the mean 
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amount of ethanol diet given to the experimental 
group. Total volume of the sucrose intubation was 
also made up to 14 ml with additional Slender, and 
a fourth daily intubation of Slender was given. Food 
was removed from the cage at the start of intubation; 
water was available ad lib. 

Rats from which lipid bilayers were prepared were 
killed 1 hr after their first missed dose, a time at 
which blood alcohol levels begin to decline but at 
which withdrawal has not yet commenced. Depend- 
ence was assessed in another group by measuring 
seizure susceptibility 9 hr after the first missed dose. 
Each animal was injected i.p. with 50 mg/kg of pen- 
tylenetetrazol (Metrazol) in a volume of 4 ml/kg and 
placed in an individual observation chamber. Three 
variables were determined: time to onset (latency) 
of clonic seizure, duration of seizure and intensity 
of seizure, scored as 0 for no seizure, 1 for clonic 
seizure, 2 for tonic seizure, and 3 for death following 
seizure. If no seizure occurred, a latency of 180 sec 
was assigned. Maximum seizure duration recorded 
was 10 min. 

Tolerance to ethanol was also produced by this 
dosage regimen as evidenced by attenuation of 
ethanol-induced analgesia tollowing similar treat- 
ment [5]. Furthermore, less severe treatment 
(3.0 g/kg twice daily for 3 days) produced tolerance 
with regard to both ethanol-induced analgesia and 
sleep time (unpublished observations, 1979). 

Lipid bilayers were prepared and extracted, and 
steady state fluorescence depolarization of 1,6- 
diphenyl-1,3,5-hexatriene (DPH), incorporated into 
these bilayers, was measured as described previously 


[3]. 


RESULTS AND DISCUSSION 


In order for the mechanism of ethanol tolerance 
development to be initiated at the membrane level 
by changing membrane physical properties, the 
changes must be common to all animals, since the 
acute and chronic effects of ethanol can differ greatly 
among various strains and species of rodents. Acute 
sensitivity differences have been found in inbred 
mouse strains in that sleeping time (duration of 
ethanol-induced narcosis) is quite short for C57B2 
mice but long for the BALB strain [6]. Lower doses 
produce qualitative as well as quantitative differ- 
ences; locomotor activity was greatly reduced in 
CS7BL mice treated with 0-2.25 g/kg of ethanol but 
was enhanced in BALB mice [7]. Furthermore, the 
rate, and possibly the degree, of tolerance devel- 
opment is related to initial differences in sensitivity 
in rats and mice. A rat line which is less sensitive to 
acute ethanol (LA) developed more tolerance than 
a more sensitive (MA) line [8], although with mice 
the less acutely sensitive DBA strain developed less 
tolerance than the more sensitive C57BL strain [9]. 

Since chronic administration of ethanol produces 
tolerance and physical dependence in all animals, 
we reason that if the ethanol-induced attenuation of 
membrane fluidizability is indeed related to an 
ethanol tolerance mechanism, we should observe a 
similar change in the ability of ethanol to fluidize 
lipid bilayers formed from other strains of mice ren- 
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Table 1. Ethanol-induced fluidizability of lipid bilayers 
prepared from crude synaptosomal membranes of tolerant 
CS7BL/6J mice* 





Py AP 





Saline control 0.2262 + 0.0033 —0.0267 + 0.0012 
(N = 3) 
Ethanol tolerant 


(N = 4) 


0.2284 + 0.0069 -—0.0224 + 0.00104 





* Mean (+5S.E.) fluorescence polarization of DPH 
incorporated into bilayers prepared from lipid extracts of 
CS7BL/6J mice synaptic membranes before the addition 
of ethanol (P) and mean (+ S.E.) changes in fluorescence 
polarization of DPH in these same bilayers produced by 
the addition of 0.7 M ethanol (AP). In comparison to con- 
trols, higher P values indicate a more ‘rigid’ membrane and 
smaller AP values indicate an attenuated ability of ethanol 
to fluidize membranes. 

+ P = fluorescence polarization. 

t P= <0.05, t= 2.64, df. =5S. 


dered tolerant to ethanol as well as for other species 
such as rats. 

After CS7BL/6J mice were rendered tolerant to 
ethanol using the same schedule used with the ICR 
mice (see Materials and Methods), the crude syn- 
aptosomal fractions were isolated and washed, and 
lipid was extracted. Using the fluorescence polari- 
zation (P) of DPH as a relative index of membrane 
fluidity, significant differences in the change in DPH 
polarization induced by the addition of 0.7 M ethanol 
were observed between the saline-control and chro- 
nic-ethanol groups (Table 1). Thus, it indicates that 
the differences in ethanol-induced fluidizability that 
we observed in ICR mice [3], using DPH fluor- 
escence depolarization, were also observed in CS7BL 
mice (t = 2.64, d.f. = 5). 

In our previous study using ICR mice, we reported 
significant changes in absolute fluidity of the lipid 
bilayers [10]. However, in the present study the 
absolute fluorescence polarization of DPH in lipid 
bilayers composed from the lipid extracts of syn- 
aptosomal membranes of C57BL/6J tolerant animals 
was not different from that of the control group 
(Table 1). Chin and Goldstein [2] also reported no 
differences in the intrinsic fluidity in ethanol-tolerant 
DBA/2J mice even though they observed decreased 
ethanol-induced fluidizability. The intrinsic fluidity 
change observed in ICR mice after chronic exposure 
to ethanol was also not evident in the rat and, there- 
fore, may be limited to ICR mice. 

In order to assess further whether or not other 
species rendered tolerant to ethanol would also 
exhibit changes with regard to the ability of ethanol 
to fluidize lipid bilayers, we extended our work to 
Sprague-Dawley rats treated with ethanol by intu- 
bation three times daily for 3 days (see Materials 
and Methods). With this treatment schedule the 
animals were both tolerant to and physically depen- 
dent on ethanol. Table 2 reveals that after chronic 
ethanol treatment these rats had significant differ- 
ences in seizure latencies, duration and intensity 
compared to the sucrose control group. Lipids were 
extracted and bilayers formed from the crude syn- 
aptosomal membranes from these animals and the 
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Table 2. Seizure measures of ethanol withdrawal in rats 





Seizure 
intensity 


Seizure 
duration 
(min) 


Seizure 
latency 
(sec) 





Sucrose control 
Ethanol dependent* 


117-5 SIRT 
60.9 + 13.5+ 


1.83 + 1.10 3 + 0.04 


1.1 
1.368 LAGS 2.27 + 0.308 





* Dependence was produced by three daily maximally tolerable doses of ethanol over 
3 days. Withdrawal was assessed 9 hr after the first missed dose by i.p. injection of 
50 mg/kg of Metrazol. Maximum latency to clonic seizure recorded was 180 sec and 
maximum duration was 10 min; intensity was scored as 0 for no seizure, 1 for clonic 
seizure, 2 for tonic and 3 for death following seizure. Values are means + S.E.M. 


+ P<0.05, t= 2.33, d.f. = 17. 
+ P<0.01, t=3.57, d.f. = 17. 
§ P<0.05, t= 2.23, d.f. = 17. 


ability of ethanol to fluidize these bilayers was meas- 
ured. Table 3 shows that, although the fluidity of the 
bilayer before the addition of ethanol was again 
unchanged by chronic ethanol treatment, the relative 
ethanol fluidizability was altered. When animals 
were treated with ethanol acutely, there was no 
change in ethanol fluidization in membrane lipid 
bilayers (data not shown). These results indicate that 
the attenuation of the fluidizing effects of ethanol 
following long-term exposure to ethanol occurs in 
both mice and rats. 

Our failure to find species and strain generality in 
the intrinsic membrane fluidity following chronic 
ethanol administration further reinforces our pre- 
vious observation that there is little relation between 
the intrinsic membrane fluidity and the ability of 
anesthetics to fluidize membranes [3]. We previously 
reported that there was no correlation between 
intrinsic fluidity and ethanol-induced fluidization of 
bilayers when the cholesterol content and, conse- 
quently, the intrinsic fluidity were varied. The 
addition of various amounts of cholesterol into bilay- 
ers composed of brain polar lipids decreased the 
intrinsic fluidity almost linearly with each addition 
of cholesterol; however, the ability of ethanol to 
fluidize these bilayers increased up to a choles- 
terol/phospholipid ratio of about 0.25, after which 
it plateaued [3]. 


These observations pose difficulties for the theory 
that chronic exposure to anesthetics, which perturbs 
some optimal fluidity, causes adaptive changes in 
lipid composition in order to return the fluidity to 
this optimal value [11]. Which modifications of this 
theory are necessary is unclear. What is clear is that 
certain brain membrane lipid compositional changes 
occur following long-term exposure to ethanol, 
which cause an apparent tolerance to the ethanol- 
induced fluidizability of brain membranes. These 
changes correlate with the anesthetic actions of 
ethanol insofar as they show cross-tolerance with 
pentobarbital and not with morphine, are reversible, 
and are generalizable to at least three strains of mice 
and one strain of rats. Discovery of the lipid com- 
position change responsible for this alteration of 
ethanol-induced fluidizability should lead to an 
understanding of the molecular basis of tolerance to 
anesthetics. Greater emphasis should, therefore, be 
placed on anesthetic-induced fluidizability of neural 
membranes rather than absolute fluidity. 

Chronic ethanol treatment alters at least one bio- 
physical property of brain membranes, ethanol- 
induced fluidizability. Any change occurring at the 
membrane level would most likely be transferred to 
the next step. Therefore, a membrane alteration 
induced by ethanol may be the cause for a change 
of membrane function, such as some biochemical 


Table 3. Effect of ethanol on lipid bilayers prepared from crude synaptosomal 
membranes of tolerant-dependent rats* 





+ AP 





Sucrose control 
(N = 5) 

Ethanol tolerant and 
dependent 
(N= 4) 


0.2456 + 0.0017 


0.2478 + 0.0029 


—0.0181 + 0.0093 


—0.0168 + 0.0004¢ 





* Mean (+ S.E.) fluorescence polarization of DPH incorporated into bilayers 
prepared from lipid extracts of Sprague-Dawley rat synaptic membranes before 
the addition of ethanol (P) and mean (+ S.E.) changes in fluorescence polar- 
ization of DPH in these same bilayers produced by the addition of 0.7M 
ethanol (AP). In comparison to controls, higher P values indicate a more ‘rigid’ 
membrane and smaller P values indicate an attenuated ability of ethanol to 


fluidize membranes. 
+ P = fluorescence polarization. 


+ P<0.05, t= 2.69, d.f. =7. 
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event at the membrane level. The final outcome of 
the drug action is the change in behavior of the 
animal. The relative change in ethanol fluidizability 
after chronic ethanol treatment may be small, yet 
a small change in the state or composition of lipids 
may cause a magnified alteration in some membrane 
protein functions and even greater changes in the 
behavior of the animal. 
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Abstract—Glutathione S-transferase activity has been identified in human placenta cytosol. The soluble 
protein fraction subjected to isoelectric focusing was resolved into a single peak of activity towards 1- 
chloro-2,4-dinitrobenzene centred at pH 4.65. Gel filtration experiments indicated that the protein had 
a molecular weight of 60,000. There was no apparent binding of sulphobromophthalein to this protein. 
The placental glutathione S-transferase system was inhibited by some non-substrate anions but apparently 
not by bilirubin. Glutathione S-transferase activity was located in the cytosol of the chorial villi and to 
a lesser extent in the amnion; it appears in the early stages of pregnancy. This activity was not detected 


in the amniotic fluid. 


The glutathione S-transferases (EC 2.5.1.18) are a 
family of soluble enzymes that play a key role in the 
biotransformation and detoxication of a wide num- 
ber of exogenous compounds in liver, kidney and 
intestine [1-5]. Studies of the giutathione S-trans- 
ferase obtained from human erythrocytes have been 
reported recently [6]. 

These enzymes have inter altra a dual physiological 
function: (i) they catalyse the first step in mercapturic 
acid formation by promoting attack by reduced glu- 
tathione (GSH) on a wide range of substrates which 
bear an electrophilic centre in the molecule [7]; and 
(ii) they are involved in the cellular transport of 
several non-substrate organic anions by binding some 
covalently and others non-covalently [8, 9]. 

Since it has been found that organs which are 
exposed to a primary contact with xenobiotics con- 
tain the glutathione S-transferase system, generally 
regarded to be detoxifying, we decided to study 
glutathione S-transferase activity in placental tissue 
[10,11], where the processes of absorption and 
excretion are rather unique. 

Our recent data suggest that this placental enzyme 
system can exert, as presumed for the analogous 
enzymes of liver, kidney and intestine, a detoxifying 
action against electrophilic compounds. 


MATERIALS AND METHODS 


Preparation of homogenate and cytosol. For all 
preparative procedures, only placentae obtained at 
term from healthy women were utilized. To obtain 
enzyme preparations, suitable amounts of tissue 
were repeatedly washed in ice-cold physiological 
saline immediately after delivery; weighed fragments 
were minced, homogenized in a Waring blender in 
4vol. 10mM potassium phosphate buffer, pH 5.9, 
and 1 mM EDTA for 1 min and the resultant hom- 
ogenate was centrifuged for 15 min at 9000 g.Cytosol 
fractions were harvested after centrifugation at 
105,000 g for 60 min in a Beckman model Spinco L2- 
65 B ultracentrifuge. All the operations were carried 


out at 2-4° unless otherwise indicated. Specimens 
were stored at —20° for up to several weeks without 
significant loss of activity. 

Enzyme assays. Glutathione S-transferase activi- 
ties were determined spectrophotometrically at 
340 nm, according to Habig et al. [7] in a 1 ml reaction 
mixture containing 0.1M_ potassium phosphate 
buffer, pH 6.8, 1mM _1-chloro-2,4-dinitrobenzene 
(CDNB) and 5mM GSH, at 20°. Reactions were 
initiated by the addition of 5-20 ul of cytosol. All 
assays were linear functions of protein concentration 
and of time for at least 3 min. Spontaneous increases 
of absorbance due to non-enzymic reaction were 
subtracted from the reaction rates. 

The conjugation of GSH with the other substrates 
was monitored by using techniques previously 
described [7]. The concentrations used were the fol- 
lowing: 1 mM 1,2-dichloro-4-nitrobenzene, 0.5 mM 
p-nitrobenzylchloride, 0.2mM_ ethacrynic acid, 
0.5mM _trans-4-phenyl-3-buten-2-one, 0.5mM 
1,2-epoxy-3-(p-nitrophenoxy)propane. y-Glutamyl- 
transpeptidase was assayed with L- y-glutamyl-p- 
nitroanilide as described by Orlowsky and Meister 
[12] with the addition of glycylglycine as an 
acceptor [13]. One unit (U) of enzyme activity is 
defined as the amount of enzyme required to 
catalyse the conjugation of 1 umole of substrate 
per min. Specific activity is expressed as umoles 
per min per mg of cytosol protein. Protein was 
determined by the method of Lowry et al. [14] 
using bovine serum albumin as standard. 

The substrates for enzymic reactions were 
obtained from Aldrich Europe (Beerse, Belgium) 
and from Sigma (St. Louis, MO). Ethacrynic acid 
was a gift from Merck, Sharp & Dohme Research 
Laboratories, Rahway, NJ. 

Gel filtration. Concentrated cytosol exposed to sul- 
phobromophthalein was eluted at 4° from a column 
(39 x 2.5 cm) of Sephadex G-100 (Pharmacia, Upps- 
ala, Sweden) equilibrated with 10mM _ potassium 
phosphate buffer, pH 5.9, and 1mM EDTA. The 
dye associated with the protein fractions was deter- 
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mined spectrophotometrically at 580 nm after alkal- 
ization. Estimates of molecular weight were per- 
formed by gel filtration of concentrated cytosol on 
a column (90 x 2.5cm) of Sephadex G-100 stan- 
dardized with a mixture of proteins of known mol- 
ecular weight (Biochemia Protein Calibration Kit, 
Size II), including bovin serum albumin (68,000), 
hen egg albumin (45,000), bovine pancreas chymo- 
trypsinogen A (25,000), and horse heart cytochrome 
c (12,500). Fractions of 2 ml were collected. 

Electrofocusing. Cytosol prepared from fresh 
chorial villi or amniotic membrane was applied to 
a 110 ml LKB Uniphor column containing a sucrose 
gradient and Ampholines with a pH 3.5-9.5 range. 
Fractions of 1.6 ml were collected after 96 hr at 600 V. 

Substrate and inhibitor kinetics. The kinetics of 
enzyme activity towards 1-chloro-2,4-dinitrobenzene 
and GSH in cytosol fractions were studied by the 
method of Lineweaver and Burk [15]. 

Inhibitor kinetics were investigated by using four 
substrate concentrations and at least three inhibitor 
concentrations. The method of Dixon was employed 
to determine the inhibitor constant K; [16]. All the 
kinetic constants were calculated by applying the 
least-squares regression analysis procedure. 


RESULTS 


Homogenate and cytosol from placental tissue 
were initially tested with a range of substrates. The 
highest activity was recorded with CDNB (Table 1). 
About 100 per cent of the activity present in the 
homogenate was recovered in the 105,000 g super- 
natant fluid. 

The low activities measured using other substrates 
did not provide sufficient accuracy for their further 
study and enzyme determinations in chromato- 
graphic and kinetic experiments were carried out in 
the standard assay only with CDNB. 

Other thiols such as 2-mercaptoethanol, cysteine 
and dithiothreitol were unable to replace as the thiol 
substrate in undergoing enzyme-catalysed conjuga- 
tion with CDNB. 

Villus, chorion and amnion cells were found to 
have glutathione S-transferase activity of the follow- 
ing specific activities: 0.17, 0.13 and 
0.07 umoles/min/mg, respectively. When these data 
are expressed in enzyme units (U) per g tissue, the 
activity measured in villi seems to be unequivocally 
the highest: the values were 4.89, 1.81 and 0.24 U/g, 
respectively. 

The presence of both y-glutamyltranspeptidase 
and GSH S-transferase activities in placentae at early 
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Fraction 
Fig. 1. Isoelectric focusing profile of placental cytosol GSH 
S-transferase activity. Fractions of 1.6 ml were collected. 
(@) Optical density at 280nm; (O) transferase activity 
given as AE/min/0.2 ml at 340 nm under standard assay 
conditions. 


stages of pregnancy was checked. In a crude hom- 
ogenate prepared from three 8- to 9-week-old pla- 
centae, a specific activity of 0.11 wmoles/min/mg for 
y-glutamyltranspeptidase was measured, while the 
specific activity calculated for GSH S-transferase in 
the cytosol of the above-mentioned preparation was 
0.386 zmoles/min/mg, which closely approaches the 
value reported for human liver [17]. GSH S-trans- 
ferase activity was not present in amniotic fluid 
obtained during pregnancy by amniocentesis or at 
the time of delivery. 

Molecular filtration. Gel filtration experiments of 
human placenta cytosol gave an unexpected elution 
volume for the active protein fraction. The enzyme 
activity peak lays between the elution volume of 
bovine serum albumin (68,000) and that of hen egg 
albumin (45,000), corresponding to a molecular 
weight of 60,000 and assuming a globular shape 
resembling that of the protein standards. 

When 40mg of soluble protein, exposed to 
1.6 umoles of sulphobromophthalein, was eluted 
from a column (39 x 2.5cm) of Sephadex G-100, 
there was no detectable binding of the drug to the 
fractions expressing glutathione S-transferase 
activity. 

Isoelectric point. From the isoelectric focusing 
elution pattern, placental glutathione S-transferase 
appears to be an anionic protein and was resolved 
into a single peak of activity centred at pH 4.65 (Fig. 
1). An identical pattern of activity was also achieved 


Table 1. Substrate-specific activity of placental GHS S-transferase* 





Substrate 


Specific activity 


(umoles product formed/min/mg cytosol protein) 





1-Chloro-2,4-dinitrobenzene 
1,2-Dichloro-4-nitrobenzene 
p-Nitrobenzylchloride 

Ethacrynic acid 
trans-4-Phenyl-3-buten-2-one 
1,2-Epoxy-3-(p-nitrophenoxy) propane 


0.170 
Trace 
0.002 
0.025 

Not detectable 
0.013 





* All determinations were carried out in duplicate. 
p 
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Table 2. Inhibition of GSH S-transferase by organic anions* 





Inhibitor K; (mM) Inhibition 





0.002 
22 
1.8 
K 
9.6 


Competitive 

Competitive 

Competitive 
Non-competitive 
Non-competitive 


Rose Bengal 
Cephalothin 
Cephoxitin 
Tobramycin sulphate 
p-Aminohippurate 





* See the text and caption to Fig. 2 for experimental 
details. 


when the cytosol obtained from an 8-week-old pla- 
centa was subjected to isoelectric focusing. 

Kinetic studies. In the standard assay conditions, 
enzyme activity exhibited a broad pH optimum 
around pH 7.0 (after corrections for nonenzymic 
reaction). 

K,, values for GSH and 1-chloro-2,4-dinitroben- 
zene were 0.19 and 0.67 mM, respectively. Table 2 
lists the inhibitor constants (K;) and the type of 
inhibition observed for several non-substrate com- 
pounds. As typical examples of these inhibition stud- 
ies, Fig. 2 shows the Dixon plots indicating com- 
petitive inhibition by cephoxitin (A) and non- 
competitive inhibition by p-aminohippurate (B) of 
GSH S-transferase activity towards CDNB. The K; 
constants correspond to the values on the abscissa 








2 3 4 
(Cephoxitin ) 





se 





(p-Aminohippurate) 


Fig. 2. Dixon plots showing competitive inhibition of pla- 
cental GSH S-transferase activity by cephoxitin (panel A) 
and noncompetitive inhibition by p-aminohippurate (panel 
B). Reaction mixtures (1.0 ml) contained CDNB (1.0, 0.7, 
0.5, 0.3 mM), GSH (5 mM) and inhibitor in 0.1 potassium 
phosphate buffer, pH 6.8, 1 mM EDTA, at 20°. The reac- 
tion was started by the addition of 5 ul of chorial villi 
cytosol. The reciprocal of the initial rate (1/V) is expressed 
as (umoles/min/mg)~'. 
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for the intersection of lines for four substrate 
concentrations. 

Furosemide, a diuretic recognized to be terato- 
genic in animals [18], but used in pregnancy, was a 
strong inhibitor of placental glutathione S-transfer- 
ase activity. The K; value was not determined, but 
from the data presented in Table 3 it is possible to 
compare its inhibitory effect with that exerted by p- 
aminohippurate. About a 50-fold higher concentra- 
tion of p-aminohippurate than of furosemide was 
required to produce approximately 50 per cent 
inhibition of the enzymic reaction. 

No inhibitory effect was detected when bilirubin, 
was added to the standard assay mixture to a maximal 
concentration of 200 uM. 


DISCUSSION 


Human placental cytosol contains glutathione S- 
transferase activity, which has been shown to pro- 
mote the first step of mercapturic acid formation by 
catalysing the conjugation of GSH with several elec- 
trophilic substances [19]. 

This enzymic activity in placenta was associated 
with an acidic protein fraction whose molecular 
dimensions were appreciably different from those 
attributed to glutathione S-transferases of human 
liver [17] and erythrocytes [6], which have molecular 
weights of 48,500 and 47,500, respectively. Thus the 
molecular weight of the placental enzyme, as deter- 
mined by gel filtration, is 60,000. 

However, some of its physicochemical properties 
appear to be similar to those recently reported for 
the purified glutathione S-transferase from human 
erythrocytes [6], e.g. the acidic isoelectric point, the 
optimum pH, the low interaction with bilirubin and 
its activity in catalysing the conjugation of GSH with 
ethacrynic acid. 

As found for most GSH S-transferases from other 
sources, the placental enzyme system exhibited the 
highest activity towards 1-chloro-2,4-dinitroben- 
zene. The specific activity, calculated for this arylch- 
loride, is approximately 50 per cent of that measured 
in rat liver and intestine [4, 7] and human liver [17] 
extracts, but is about two orders of magnitude (85- 
fold) higher than the activity recovered from human 
haemolysate [6]. 

Examination of the inhibition data (Table 2) shows 
that there was interaction of the placental enzyme 


Table 3. Comparison of inhibition of placental glutathione 
S-transferase activity by diuretic agents* 





Residual activity 
(%) 


Concentration 
(mM) 


Inhibitor 





0.15 72 
0.24 51 
0.30 37 
10.0 61 
15.0 43 
20.0 23 


Furosemide 


p-Aminohippurate 





* The reaction mixture used was that described for Fig. 
2 with 1.0mM CDNB. 
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system with organic compounds which are not sub- 
strates. Rose Bengal, cephalothin and cephoxitin 
were competitive inhibitors. Thus, these studies 
demonstrate, at least qualitatively, that several types 
of anionic substances, such as cephalosporin and 
aminoglycoside antibiotics, diuretic agents and dyes, 
bind to the placental glutathione S-transferase sys- 
tem. In this respect, the GSH S-transferase system 
appears to possess the well-known properties of GSH 
S-transferases in other tissues, that of the dual role 
of catalytic and cytosol binding proteins. 

Its conjugating activity towards a range of elec- 
trophilic compounds and its affinity for GSH (K,, 
0.19mM) suggests that placental tissue uses the 
metabolic process initiated by the GSH S-transferase 
system for detoxication. Moreover, GSH levels in 
placenta, estimated at about 0.6 mM [20], would be 
sufficient for this cellular function. 

The presence of y-glutamyltranspeptidase activity 
in placenta has also been detected. We have observed 
that this enzyme, which is believed to catalyse the 
second step in mercapturic acid biosynthesis metab- 
olizing the GSH conjugates formed by glutathione 
S-transferase action, reaches a specific activity of 
0.110 zmoles/min/mg in the placenta by the eighth 
week of pregnancy. 

Finally, the observation of a lack of GSH S-trans- 
ferase activity in the amniotic fluid could have sig- 
nificance if one thinks of the absence of a direct 
contact between this liquid and xenobiotics, while 
the relatively high activity found in early pregnancy 
would repond to the necessity of ensuring effective 
protection for the foetus, according to the pro- 
nounced organogenesis occurring at this phase of 
development. 
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Abstract—The effects of acetylcholine (ACh) on glycogen phosphorylase activated by either a cyclic 
AMP-dependent (isoproterenol) or a cyclic AMP-independent (anoxia) mechanism were examined. 
Cyclic adenosine 3’ : 5’-monophosphate and cyclic guanosine 3’ : 5'’-monophosphate content, protein 
kinase and glycogen phosphorylase activities, and the contractile force of isolated perfused rat hearts 
exposed to either isoproterenol or anoxia were determined. Isoproterenol (1.6 x 10~’M) produced an 
increase in cyclic AMP, activated protein kinase and glycogen phosphorylase, and increased intra- 
ventricular pressure developed by the myocardium. Acetylcholine did not alter basal phosphorylase 
activity or contractility. Acetylcholine, infused concurrently with isoproterenol, produced an increase 
in cyclic GMP and a decrease in cyclic AMP as well as in protein kinase and phosphorylase activity. 
The effects of ACh on cyclic GMP and phosphorylase were observed at 10°° M. Exposure of isolated 
perfused hearts to anoxia decreased the intraventricular pressure developed. This negative inotropic 
effect was accompanied by an activation of glycogen phosphorylase that was independent of alterations 
in cyclic AMP or cyclic GMP. A high concentration of acetylcholine (10~* M) further diminished the 
contractile activity of the heart and abolished the activation of phosphorylase. These effects also 
occurred in the absence of alterations in cyclic AMP but were coincident with an elevation of cyclic 
GMP. A lower concentration of ACh (10°° M) infused during anoxia, however, elevated cyclic GMP 
without concurrent effects on cyclic AMP, protein kinase, phosphorylase or contractility. Thus, phos- 
phorylase activated by a cyclic AMP-independent mechanism was not affected by doses of acetvlcholine 
that were capable of suppressing phosphorylase activated by a cyclic AMP-dependent mechanism. 
These data support the concept that a reduction in cyclic AMP may be involved in mediating the effects 
of ACh on catecholamine-stimulated phosphorylase in myocardial tissue. The data do not support a 
role for cyclic AMP in the inhibition of anoxia-stimulated phosphorylase activation and, thus, some 
other modulating factor may be operative under these conditions. The role of cyclic GMP in this 
response remains in question. 


Current evidence suggests that a number of cardiac 
actions of catecholamines, such as the positive ino- 
tropic effect and activation of phosphorylase, occur 
via alterations in the tissue content of cyclic AMP 
[1-4]. Antagonism between the adrenergic and chol- 
inergic systems in ventricular myocardium has been 
described by a number of investigators [5-12]. 
George and his coworkers [11, 12] have suggested 
an antagonistic action of acetylcholine on the ino- 
tropic effect of catecholamines. In addition, Gardner 
and Allen [8,9] reported that acetylcholine signifi- 
cantly reduced epinephrine-stimulated phosphoryl- 
ase activity. In these studies, the actions of acetyl- 
choline occurred concurrently with a decrease in 
cyclic AMP and an increase in cyclic GMP content 
of the myocardial tissue. George et al. [11] suggested 
that the negative inotropic effect of ACh in perfused 
rat heart was mediated by cyclic GMP. Watanabe 
and Besch [7] further demonstrated that ACh elev- 
ated cyclic GMP and decreased the inotropic 
response of guinea pig ventricular myocardium to 
isoproterenol but did not change basal myocardial 
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contractility. It was suggested by these authors that 
cyclic GMP mediates the antiadrenergic effects of 
ACh since ACh attenuated the inotropic response 
to isoproterenol in the absence of alterations in cyclic 
AMP. More recently, Brooker [13] and Diamond 
et al. [14] have presented evidence which suggests 
that cyclic GMP is not responsible for the negative 
inotropic effects of acetylcholine. In both of these 
reports, atrial rather than ventricular preparations 
were used. In addition, neither group addressed the 
question of the antiadrenergic effects of ACh. 
Gardner and Allen [10] have suggested that an 
inhibitory action of ACh on epinephrine-stimulated 
phosphorylase activity was a result of a decreased 
cyclic AMP level. These investigators demonstrated 
a close correlation between tissue cyclic AMP con- 
tent and phosphorylase activity in both control and 
ACh-treated rat hearts. They did not, however, 
examine the effect of ACh on the inotropic state of 
the ventricular myocardium. The following study, 
therefore, was undertaken to test further the hypoth- 
esis that the negative inotropic effect of ACh as well 
as its ability to antagonize isoproterenol-stimulated 
phosphorylase is mediated through its ability to 
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decrease the intracellular level of cyclic AMP. Since 
it has been demonstrated that anoxia increases phos- 
phorylase by a cyclic AMP-independent mechanism 
[15], it was reasoned that if acetylcholine reduces 
phosphorylase solely by reducing cyclic AMP levels, 
it should have no effect on anoxia-elevated phos- 
phorylase. In addition, since a number of investi- 
gators have suggested a possible role of cyclic GMP 
in the action of ACh, the role of this nucleotide was 
also investigated. The experiments reported here 
indicate that ACh can decrease phosphorylase acti- 
vated by isoproterenol at a dose which is unable to 
decrease anoxia-stimulated phosphorylase. This sug- 
gests that ACh does not diminish phosphorylase 
activity directly but by an effect on cyclic AMP 
production. Higher doses of acetylcholine, however, 
did decrease anoxia-stimulated phosphorylase 


activity, suggesting an additional effect of ACh on 
this process. A preliminary report of this work has 
been presented [16]. 


METHODS 


Rat heart perfusion. Male rats (Shapley Labs, 
Atlanta, GA), weighing between 250 and 350 g, were 
anesthetized with an i.p. injection of pentobarbital 
(60 mg/kg). The hearts were quickly removed and 
perfused through the aorta as described previously 
[9]. The perfusion buffer was a Krebs—Henseleit 
bicarbonate solution (pH 7.4) containing 120mM 
NaCl, 5.6mM KCl, 1.22mM CaCl, 1.34mM 
MgSO,, 25.0mM Na,HCO,, and 5.5 mM glucose. 
Perfusate was equilibrated either with 95% O,-5% 
CO, for normal hearts or 95% N,-5% CO, for anoxic 
hearts. All hearts were perfused at a constant flow 
rate of 10 ml/min at 37°. Hearts were electrically 
paced at 6 Hz at a voltage set at approximately twice 
threshold with a pulse of 10 msec duration. Mechan- 
ical function was determined by measuring the rate 
of ventricular pressure development (dP/dt) and 
peak ventricular pressure with a cannula inserted 
into the left ventricle. Since there were no differences 
between the effects of various treatments on dP/dt 
and peak left ventricular pressure, the latter 
measurement is reported here. Pressure was meas- 
ured using a Statham pressure transducer (model 
P23 Gb) connected to a Gould—Brush recorder. 

All hearts were perfused for a minimum of 15 min 
with a buffer equilibrated with 95% O,-5% CO, 
before treatment. After equilibration, hearts were 
exposed to the appropriate drug treatment or to 
combined anoxia plus drug or anoxia alone. All drug 
solutions were infused at a rate of 0.2 ml/min. Anoxia 
was produced by switching to perfusate which had 
been equilibrated with 95% N,-5% CQ). 

At appropriate times hearts were rapidly frozen 
using Wollenberger clamps cooled to the tempera- 
ture of liquid nitrogen. Tissue was scraped free of 
excess media, pulverized in a percussion motor that 
had been precooled in liquid nitrogen, and stored 
at —60° until assayed. 

Phosphorylase assay. Phosphorylase was deter- 
mined in the direction of glucose-1-phosphate pro- 
duction by the method of Hardman et al. [17]. The 
results are expressed as the ratio of phosphorylase 
activity in the absence to that in the presence of 
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2 mM adenosine monophosphate. An increase in the 
ratio indicates an increase in the conversion of phos- 
phorylase b to a, which is the more active form of 
the enzyme. 

Cyclic nucleotide assays. Cyclic AMP content of 
the perfused heart muscle was assayed either by the 
radioimmunoassay as described by Steiner et al. [18] 
or by the activation of rabbit skeletal muscle protein 
kinase as determined by the cyclic AMP-dependent 
incorporation of “P-gamma label from ATP into 
purified casein [19]. Cyclic AMP levels determined 
by the radioimmunoassay were not significantly dif- 
ferent from those obtained using the protein kinase 
activation assay. Cyclic GMP was assayed by radio- 
immunoassay as modified by Frandsen and Krishna 
[20]. 

Protein kinase. The activity state of protein kinase 
was determined by following the incorporation of 
labeled phosphate from the gamma position of ATP 
into histone as outlined by Keely et al. [21]. The 
results are expressed as the ratio of protein kinase 
activity in the absence to that in the presence of 
1.67 uM cyclic AMP. An increase in the ratio indi- 
cates an increase in the activity state of the enzyme. 

Statistics. All data were analyzed by Student’s t- 
test. All results are expressed as mean + S.E.M. In 
all cases, a P value of less than 0.05 was considered 
significant. 

Materials. Stock solutions of isoproterenol and 
acetylcholine chloride (Sigma) were prepared in 
0.1% sodium metabisulphite and were diluted with 
0.9% NaCl just prior to use. Adenosine 5'-mono- 
phosphate, disodium EDTA, Type II-A histone, 
B-glycerophosphate, B-mercaptoethanol, adenosine 
3’ : 5'-cyclic monophosphoric acid (sodium salt), 
guanosine 3’ : 5’-cyclic monophosphoric acid and tri- 
chloroacetic acid were purchased from the Sigma 
Chemical Co. (St. Louis, MO). 3-Isobutyl-meth- 
ylxanthine was obtained from the Aldrich Chemical 
Co. (Milwaukee, WI). All nucleotides, sugar phos- 
phates and enzymes used for the phosphorylase assay 
and the [*P] ATP synthesis [22] were from the Boeh- 
ringer—-Mannheim Corp. (New York, NY). Carrier- 
free [*P] inorganic phosphate was purchased from 
ICN (Irvine, CA). Guanosine 3’: 5’-cyclic phos- 
phoric acid ['*I]-2-O-succinyl (iodotyrosine meth- 
ylester) and adenosine 3’ : 5’-cyclic phosphoric acid 
['*°I]-2-O-succinyl (iodotyrosine methylester) were 
purchased from New England Nuclear (Boston, 
MA). Antisera to cyclic AMP and to cyclic GMP 
were purchased from Janus Labs (El Cajon, CA). 
All other reagents were certified grade from the 
Fisher Scientific Co. (Pittsburgh, PA). 


RESULTS 


Temporal responses to isoproterenol in the presence 
and absence of acetylcholine. The time courses of the 
effects of isoproterenol on cyclic AMP and cyclic 
GMP levels, protein kinase and phosphorylase 
activities and ventricular pressure are shown in Fig. 
1. Isoproterenol was infused into perfused rat hearts 
at a final concentration of 1.6 x 10°’ M for 1 min to 
allow maximal increases in cyclic AMP levels and 
phosphorylase activity to occur. Acetylcholine 
(10-° M) or saline was then infused simultaneously 
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Fig. 1. Temporal responses to isoproterenol in the presence 
or absence of acetylcholine. Infusion of isoproterenol 
(1.6 x 107’ M) was started at 0 time and continued for the 
duration of the experiment. Acetylcholine (10°°M) or 
saline was started 1 min later (arrow). Hearts were 
freeze-clamped at times indicated and assayed as described 
in Methods. Each point represents the mean + S.E.M. of 
the results from the number of hearts in parentheses. 
Isoproterenol plus saline-treated tissue is shown by (4) 
and isoproterenol plus acetylcholine-treated tissues by 
(A). (@) indicates controls. A (+) denotes P < 0.05 when 
comparing experimental to control and (*) denotes P < 
0.05 when comparing acetylcholine—-isoproterenol treated 
hearts to those treated with isoproterenol alone. 


with isoproterenol for an additional 2 or 4 min. Cyclic 
AMP levels increased from a base of 0.32 + 0.02 to 
0.75 + 0.06 pmole/mg wet weight after a 1 min iso- 
proterenol infusion (Fig. 1). At 5 min of infusion of 
isoproterenol, cyclic AMP levels and protein kinase 
fell slightly but were still elevated significantly above 
control. Phosphorylase activity was elevated signifi- 
cantly (3-fold stimulation) at 1 min of isoproterenol 
and remained elevated for the duration of the experi- 
ment (5 min). In response to a 1 min isoproterenol 
infusion, ventricular pressure was increased to 213 + 
12 per cent of control. Pressure fell slightly by 2 min 
and remained elevated for the duration of the 
infusion. 

After 1 min of ACh (10~° M) infusion, isoproter- 
enol-stimulated phosphorylase activity was 
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depressed significantly. At this time, cyclic AMP 
levels were also depressed significantly when com- 
pared to those observed in the presence of isopro- 
terenol alone. This dose of ACh also produced a 2- 
fold increase in the level of cyclic GMP. The iso- 
proterenol-stimulated increase in ventricular pres- 
sure was unaltered after 1 or 5 min of ACh infusion. 
An infusion of acetylcholine (107° M) alone (i.e. in 
the absence of isoproterenol) also increased cyclic 
GMP at 1 min, but did not affect any of the other 
variables (Table 1). 

Temporal responses to anoxia. The time courses 
of the effects of anoxia on ventricular pressure, cyclic 
GMP, cyclic AMP, protein kinase and phosphorylase 
activities are shown in Fig. 2. Anoxia had no effect 
on cyclic AMP or cyclic GMP tissue levels or protein 
kinase activity, but did stimulate phosphorylase 
activity. Maximum phosphorylase activity occurred 
30 sec after the exposure to anoxia and remained 
elevated for 5min. Anoxia decreased ventricular 
pressure significantly by 30 sec and continued to do 
so for the duration of the experiment. 

The infusion of ACh (10~° M) during anoxia sig- 
nificantly increased cyclic GMP content at 1 min, but 
had no effect on phosphorylase activity or ventricular 
pressure at any time interval studied. In addition, 
ACh (10~°M) did not alter cyclic AMP levels or 
protein kinase activity (data not shown). 

Dose responses to acetylcholine in the presence of 
isoproterenol or anoxia. Since 10-° M ACh produced 
minimal effects both in the presence of isoproterenol 
or during anoxia, higher doses of ACh were used 
to attempt to define its action more clearly. 
Hearts were exposed to saline, isoproterenol 
(3.3 x 10°°M), or anoxia for 1 min, at which time 
a simultaneous infusion of either saline or ACh, 
10-° or 10°* M, was started. After an additional min- 
ute of treatment, the hearts were frozen and assayed. 
The results of these experiments are illustrated in 
Table 1. Acetylcholine in the presence of saline 
increased cyclic GMP in a dose-related fashion with 
no alteration in basal cyclic AMP, protein kinase, 
phosphorylase or ventricular pressure. In the pres- 
ence of isoproterenol, ACh (10~° M) increased cyclic 
GMP and attenuated the isoproterenol-stimulated 
phosphorylase activity but did not alter ventricular 
pressure. Cyclic AMP content and protein kinase 
activity, which were elevated by isoproterenol, were 
depressed significantly by ACh (10~° M). In the pres- 
ence of anoxia, 10°° M ACh increased cyclic GMP 
levels with no effect on ventricular pressure, cyclic 
AMP, protein kinase or the anoxia-stimulated phos- 
phorylase. At 10°*M, however, ACh depressed the 
anoxia-stimulated phosphorylase and __ further 
decreased the ventricular pressure developed by the 
hearts. These changes in response to this high con- 
centration of ACh were not accompanied by alter- 
ations in cyclic AMP but were coincident with an 
increase in tissue cyclic GMP content. 


DISCUSSION 


Role of cyclic AMP in the action of acetylcholine. 
In the present study, ACh antagonized the phos- 
phorylase activating effects of isoproterenol (cyclic 
AMP-dependent) at doses which were lower than 
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that required to affect phosphorylase stimulated by 
anoxia (cyclic AMP-independent). These data sug- 
gest that ACh may inhibit catecholamine stimulation 
of phosphorylase by reducing cyclic AMP levels. 
This hypothesis was first suggested by Murad et al. 
[5], who reported that adenylate cyclase activity in 
particulate preparations from dog liver and myocar- 
dium was depressed by acetylcholine. They sug- 
gested that this effect may explain the observation 
of Vincent and Ellis [6] that acetylcholine prevented 
increased glycogenolysis and contractile force in 
guinea pig hearts perfused with epinephrine, and the 
observations of Hess et al. [23] that acetylcholine 
decreased phosphorylase activity in rat heart. How- 
ever, Murad et al. [5] were unable to demonstrate 
the effect of acetylcholine on a particulate prep- 
aration obtained from rat myocardium. Watanabe 
et al. [24] also demonstrated a cholinergic inhibition 
of catecholamine-stimulated adenylate cyclase which 
was dependent upon the presence of GTP. This may 
explain the inability of Murad et al. [5] to observe 
the effect of cholinergic agents on rat myocardial 
adenylate cyclase, since GTP was not included in the 
experiments of these investigators. 

Gardner and Allen [10] subsequently demon- 
strated a correlation between the antagonism of epi- 
nephrine-stimulated phosphorylase by ACh and its 
ability to lower cyclic AMP in isolated perfused rat 
hearts. Keely et al. [25] demonstrated that ACh not 
only reduced cyclic AMP, but also attenuated the 
epinephrine activation of cyclic AMP-dependent 
protein kinase. In this study, we observed that ACh 
(10-°M) essentially abolished the isoproterenol- 
stimulated phosphorylase activity but only partially 
antagonized the catecholamine effect on cyclic AMP 
levels and protein kinase activity. In addition, a 
larger concentration of ACh (10~* M) attenuated the 
elevation of phosphorylase during anoxia, indepen- 
dently of a lowering of cyclic AMP. Activation of 
phosphorylase by anoxia is known to occur by a 
process which does not involve alterations in cyclic 
AMP [15, 26]. In this study, we have also demon- 
strated that anoxia does not stimulate phosphorylase 
via a cyclic AMP-independent activation of protein 
kinase. Thus, from the studies reported here, as well 
as those of Gardner and Allen [10] and Keely et al. 
[25], one must conclude that there are at least two 
components involved in the action of ACh on cat- 
echolamine-stimulated phosphorylase. One of these 
components involves the reduction of cyclic AMP- 
dependent protein kinase activity by attenuating the 
elevation of cyclic AMP, while the other must occur 
distal to the activation of cyclic AMP-dependent 
protein kinase. 

An antiadrenergic action of ACh on contractility 
was not observed at times and with concentrations 
of ACh that reduced cyclic AMP levels. In addition, 
ACh (10~* M) potentiated the decrease in contrac- 
tility of the myocardium produced by anoxia. This 
occurred in the absence of alterations in cyclic AMP 
levels. These observations are consistent with those 
of a number of investigators who have demonstrated 
a dissociation between cyclic AMP lowering and 
negative inotropic effects of cholinergic agents 
[7, 25,27]. Thus, either the intracellular pool of 
cyclic AMP involved in this action is sufficiently 
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small that such changes are undetectable, or there 
exists other cyclic AMP-independent mechanism(s) 
by which ACh exerts its action. In this study, as well 
as those cited here, total cellular cyclic nucleotide 
levels and soluble protein kinase activities were 
measured. An increasing body of knowledge suggests 
that protein kinase and cyclic nucleotides may be 
compartmentalized [28,29], and measurements of 
soluble activities may not reflect the active pools of 
these materials involved in the control of myocardial 
phosphorylase and contractility. 

Role of cyclic GMP in the action of acetylcholine. 
Acetylcholine was capable of producing an elevation 
of cyclic GMP without decreasing contractility in the 
ventricular myocardium. Thus, there is a dissociation 
between the action of ACh on cyclic GMP and its 
effect on ventricular myocardial contractility. These 
results are consistent with those reported by Dia- 
mond et al. [14] using a cat atrial preparation and 
by Brooker [13] using guinea pig atria. Both of these 
groups reported a dissociation between the negative 
inotropic effects of cholinergic agents and their 
effects on cyclic GMP production in atrial tissue. We 
have also observed an elevation in cyclic GMP by 
ACh without an effect on the inotropic state of 
ventricular tissue, either in the presence or absence 
of isoproterenol. These data suggest that cyclic GMP 
does not mediate the action of ACh on the inotropic 
state. 

The role of cyclic GMP in the action of ACh on 
catecholamine-stimulated phosphorylase, however, 
is still in question. The results reported here and 
those reported by Gardner and Allen [9] demon- 
strate that ACh infusion in the presence of catechol- 
amine causes a rapid increase in cyclic GMP, which 
is accompanied by a decrease in phosphorylase 
activity. In that study, as well as the present study, 
ACh also produced a dose-dependent increase in 
cyclic GMP in the absence of catecholamine but did 
not affect basal myocardial phosphorylase activity. 
In addition, elevations in cyclic GMP in response to 
ACh are not accompanied by changes in phos- 
phorylase activated by anoxia. Keely and Lincoln 
[30] have also demonstrated that nitroprusside, 
which increases cyclic GMP, does not antagonize the 
action of epinephrine on phosphorylase activity. 
Thus, an increase in cyclic GMP alone is not suffi- 
cient to account for the action of ACh on epineph- 
rine-stimulated phosphorylase activity; other 
unknown factors must be involved. 

The physiological significance of the inhibitory 
effect of ACh on myocardial glycogen phosphorylase 
is questionable. The anoxia-stimulated phosphoryl- 
ase was reduced by ACh, but only at an extremely 
high concentration. In this study, ACh reduced 
isoproterenol-stimulated phosphorylase to 60 per 
cent of its stimulated level, whereas in the studies 
of Gardner and Allen [9] ACh reduced phosphoryl- 
ase to 65 per cent. Whether this reduction occurs in 
vivo and whether it is sufficient to alter glycogen 
catabolism are uncertain. Hess er al. [23] were able 
to demonstrate a reduction in the amount of active 
phosphorylase in an in situ rat heart preparation 
exposed to ACh. Vincent and Ellis [6] demonstrated 
that ACh did antagonize glycogenolysis induced by 
epinephrine in guinea pig atrial tissue but not in 
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ventricular tissue. The studies reported here support 
the suggestion of Vincent and Ellis [6] that ACh 
does not alter basal glycogen metabolism but may 
do so under conditions which lead to rapid utilization 
of glycogen. 
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Abstract—The mechanism for uptake, storage and release of daunorubicin have been studied in cultured 
fibroblasts. Analysis by high performance liquid chromatography of cells incubated with daunorubicin 
revealed that the major part of the accumulated drug did not undergo metabolic transformation. Small 
amounts of daunorubicinol and aglycone were formed. [*H]-daunorubicin was used to study membrane 
fluxes of the drug under different conditions. Metabolic inhibitors enhanced the influx of [*H]-dauno- 
rubicin and, under certain conditions, also reduced its efflux, indicating that the cells have an active 
mechanism for the outward transport of the drug. The very high intracellular drug accumulation is due 
to trapping in nuclei and lysosomes. Cell fractionation techniques have been used to study drug trapping 
under various conditions. Nuclear storage of daunorubicin is probably due to binding to DNA. Metabolic 
inhibitors, as well as lowering the incubation temperature, reduced the lysosomal trapping, supporting 
the hypothesis that the low pH in these organelles is maintained by a proton pump and that the drug 
is trapped in the protonated form. A hypothesis is presented, which by combining the mechanisms for 
membrane transport and intracellular storage of daunorubicin, gives also an explanation for the observed 
differences in the cellular accumulation and subcellular distribution of daunorubicin and its 14-hydroxy 
derivative, doxorubicin. Daunorubicin is more lipophilic than doxorubicin and will therefore diffuse 
faster through the cell membrane. Assuming that both substances have the same affinity for the proposed 
active outward transport mechanism, this will lead to a higher steady-state level of daunorubicin in the 
cytosol and as a consequence to a higher lysosomal storage level if the drug in the lysosomes is in 
equilibrium with that in the cytosol. The similarity in nuclear storage capacity for the two substances 


can be explained by saturation of the available storage sites. 


The cellular accumulation of DNR? markedly 
exceeds that of its 14-hydroxy-derivative, DOX 
[1-4]. In cultured rat embryo fibroblasts, we have 
found that both drugs are almost exclusively localized 
in nuclei and lysosomes [4]. Under steady-state con- 
ditions, the nuclear concentrations of DNR and 
DOX are very similar, whereas the lysosomal con- 
centration of DNR is much higher than of DOX 
[4,5]. The similarity in the nuclear trapping of the 
two drugs can be explained by saturation of available 
binding sites, since the drug molecules intercalate 
in the DNA double helix [6,7]. Since DNR and 
DOX are weak bases, their accumulation in the 
lysosomes can be explained by trapping of proton- 
ated drug molecules [8]. However, it is not possible 
to explain the difference in lysosomal accumulation 
on this basis, since the pKa’s of DNR and DOX are 
very similar [3, 9]. 

A hypothesis has been presented to explain the 
differences in cellular accumulation and subcellular 
distribution of the drugs, based on our studies on 
cultured fibroblasts [5]. Since DNR is more lipophilic 
than DOX [10, 11], it can be expected to enter the 





* To whom requests for reprints should be addressed at 
the Department of Pharmacology, Karolinska Institutet, 
S-104 01 Stockholm, Sweden. 


+ Abbreviations used: DNR (daunorubicin), DOL (dau- 
norubicinol), DOX (doxorubicin or adriamycin), h.p.l.c. 
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cells faster, either by simple diffusion or by a carrier- 
mediated process involving binding to a membrane 
constituent. Evidence has been presented for an 
active outward transport mechanism of anthracy- 
clines in cultured fibroblasts [5] as well as in Ehrlich 
ascites cells [11, 12] and P388 leukaemia cells [13]. 
The outflow of DNR and DOX is very similar when 
fibroblasts have been preloaded with the drugs to 
the same intracellular concentration [14]. Therefore, 
assuming that the drugs have the same affinity for 
the proposed transport mechanism, the difference 
in influx rate leads to a higher steady-state concen- 
tration of DNR in the cell sap, as compared to that 
of DOX. If, as suggested by de Duve et al. [8], the 
lysosomal drug is in equilibrium with that in the cell 
sap, this would explain the higher lysosomal accu- 
mulation of DNR. 

In the present investigation, the proposed model 
for membrane transport and intracellular storage of 
anthracyclines has been further tested experi- 
mentally in cultured fibroblasts. [‘H]-DNR has been 
used to study drug fluxes across the plasma mem- 
brane under different conditions. Furthermore, the 
metabolism of DNR in cultured fibroblasts has been 
studied using h.p.|.c. 


MATERIALS AND METHODS 


Drugs. DNR hydrochloride and [*H]-DNR hydro- 
chloride (0.5 mCi/mg) were kindly supplied by 


1687 





1688 


Rhéne-Poulenc S.A. (Paris, France). The radio- 
chemical purity of the [‘H]-DNR was checked by 
thin layer chromatography on silica gel plates 
(CH,Cl,-CH;OH-HCOOH-H,0, = 85:15:2:1). 
More than 90 per cent of the radioactivity was found 
to be associated with the drug. 

To study the effects of metabolic inhibitors on the 
transport and storage of DNR, a combination of 
iodoacetate (Merck A.G., Darmstadt, Germany) 
and antimycin A (Sigma Chemical Co., St Louis, 
MO) was used as described previously [5]. 

Cell culture. Rat embryo fibroblasts were obtained 
and cultured in a modified Eagle—Dulbecco’s 
medium (pH 7.4), as described by Tulkens er al. 
[15]. Cells from the first or second subculture were 
incubated with drugs as soon as they reached con- 
fluency. Unless otherwise stated, all incubations 
were performed at 37°. 

Experiments on influx of [*H|-DNR. Cells grown 
in Falcon T-flasks (25 cm’ growth surface, which at 
confluency corresponds to about 1 mg cell protein) 
were incubated for 10 hr with 5 ml of culture medium 
containing DNR (17.5 4M). Thereafter, a trace 
amount of [*H]-DNR (1.7 nmole, which corresponds 
to 2 per cent of the total DNR present) was added 
with or without metabolic inhibitors. The cells were 
incubated further, washed and harvested as 
described previously [4]. Subsequently, the radio- 
activity associated with the cells was determined. 
The results have been calculated as the percentages 
of added radioactivity found associated with the cells. 

Experiments on efflux of [SH|-DNR. Cells grown 
in Roux flasks (200 cm’ growth surface, which at 


N-acetyl-f3 
glucosaminidase 


pe 


” 


Daunorubicinol 


Cathepsin B 





FREQUENCY 


Fluorescense Daunorubicin 


5 (total) 


10+ 





127 107 


127 107 


C. PETERSON, R. BAURAIN and A. TROUET 


confluency corresponds to about 10 mg cell protein) 
were incubated with 50 ml of culture medium con- 
taining [*H]-DNR (17.5 uM) for 30 min or 10 hr. 
Thereafter, the cells were washed once and subse- 
quently reincubated with 50 ml of fresh medium in 
the presence or absence of metabolic inhibitors. 
After different periods of time, 1-ml aliquots of the 
incubation medium were withdrawn and the amount 
of radioactivity which had leaked out from the cells 
was determined. The results have been calculated 
as the percentages of cell-associated radioactivity 
released into the medium during the reincubation 
period. The radioactivity which had accumulated in 
the cells at the end of the preloading period was 
determined from the amount of radioactivity left in 
the incubation medium after that period. 

Cell fractionation procedures. Confluent cells were 
incubated in Roux flasks containing 50 ml of culture 
medium and appropriate amounts of the drugs. For 
each experiment, five Roux flasks, corresponding to 
about 50 mg of cell protein, were used. After incu- 
bation, the cells were washed, harvested and hom- 
ogenized as described previously [4]. A nuclei-free 
cytoplasmic extract was prepared by differential cen- 
trifugation of the homogenate and then submitted 
to isopyknic centrifugation as described by Tulkens 
et al. [15]. The subcellular distribution of DNR, its 
metabolites and certain marker enzymes was plotted 
in the form of standardized histograms as described 
by Leighton ef al. [16]. 

Assays. Marker enzymes, protein and DNR- 
related fluorescence (parent drug + metabolites) 
were assayed as described previously [4, 15]. In cer- 
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Fig. 1. Distribution of total fluorescence, radioactivity, DNR, DOL, aglycone, marker enzymes and 

protein in the cytoplasmic extract of fibroblasts incubated for 10 hr with DNR at an extracellular 

concentration of 17.5 uM. [*H]-DNR (final concentration : 0.35 4M) was added 30 min before harvesting 

the cells. The frequency (ordinate) is AQ/ (Q x Ad), where AQ is the amount of constituent in the 

section, Q, is the total amount of constituent in all sections and A6 is the density increment for each 

section (0.0133). Filled areas represent the amount of constituent equilibrating at densities below 1.07 
and above 1.27, respectively. 
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tain experiments, DNR and its metabolites were 
measured separately using h.p.l.c. [17, 18]. Radio- 
activity was determined in a liquid scintillation spec- 
trometer (Packard Instruments Inc., Downers 
Grove, IL). For determination of radioactivity, 1-ml 
aliquots of the sonicated cell suspensions (15 sec at 
75 W, 20 kHz: Sonifer B-12, Branson Sonic Power 
Co., Dannbury, CT) as well as 0.1-ml samples of the 
incubation media diluted to 1 ml with H,O, were 
acidified with 10 yl of acetic acid before adding 10 ml 
of Aqualuma (Lumac, Meise, The Netherlands). 
Under these conditions, the influence of quenching 
was negligible. Between 89.8 and 102.2 per cent of 
the radioactivity added to the incubations could be 
recovered at the end of the incubation period in the 
cells, incubation media and wash fluids. 

Statistical methods. The effect of metabolic inhibi- 
tors on the fluxes of [*H]-DNR across the plasma 
membrane was evaluated by analysis of variance. 


RESULTS 


After incubation of cultured fibroblasts with DNR 
(17.5 4M) for 10 hr, 15 per cent of the accumulated 
drug was identified by h.p.l.c. as DOL and a few 
per cent as aglycone. The subcellular distribution of 
DNR and its metabolites is shown in Fig. 1. The 
distribution of total fluorescence, DNR and DOL 
was very similar to that of N-acetyl-B-glucosamini- 
dase and cathepsin B, marker enzymes for lyso- 
somes. On the other hand, the distribution of cyto- 
chrome c oxidase (marker enzyme for mito- 
chondria), NNADPH:cytochrome c_ reductase 
(endoplasmic reticulum) and  5’-nucleotidase 
(plasma membrane) was quite different. The distri- 
bution of the aglycone was similar to that of the 
lysosomal marker enzymes, although some material 
equilibrated at lower densities. However, most dau- 
norubicin was not metabolized. Therefore, in experi- 
ments on drug accumulation only total fluorescence 
was measured. 

The time course for the accumulation of radio- 
activity in fibroblasts after the addition of a trace 
amount of [*H]-DNR to the incubation medium is 
shown in Fig. 2. The cells had been preloaded with 
unlabelled DNR to steady-state conditions, which 
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Fig. 2. Uptake of radioactivity into fibroblasts preloaded 

with unlabelled DNR (17.5 uM for 10 hr). Thereafter, [*H]- 

DNR (final concentration 0.35 4M) was added with 

(@—®@) or without (O——©) metabolic inhibitors 

(antimycin A, 2 4M + iodoacetate, 1 mM). Mean values + 
S.D. of 4 experiments are shown. 
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Fig. 3. Total cellular drug content before and various times 
after the addition of [*H]-DNR in the experiments shown 
in Fig. 2. 


is reached in 6-10 hr [4]. The radioactivity associated 
with the cells increased with time and after 45 min 
it constituted about 7 per cent of the radioactivity 
added. Metabolic inhibitors, added simultaneously 
with the [*H]-DNR, enhanced the accumulation of 
radioactivity (P < 0.01). However, the inhibitors did 
not increase the total cellular drug content (Fig. 3). 

The subcellular distribution of the radioactivity 
after the addition of a trace amount of [*H]-DNR 
to fibroblasts is shown in Fig. 1. The cells had been 
preloaded with unlabelled DNR to steady-state con- 
ditions. [7H]-DNR was then added and the cells 
fractionated 30 min thereafter. The distribution of 
radioactivity in the cytoplasmic extract corresponded 
very well to the distribution of DNR as well as to 
that of N-acetyl-B-glucosaminidase and cathepsin B, 
marker enzymes for the lysosomes. Calculation of 
the distribution of DNR between nuclei and lyso- 
somes, as previously described [4], showed that 34 
per cent of the accumulated radioactivity was local- 
ized in the nuclei, as compared to only 13 per cent 
of the total DNR. 

Figure 4 shows the effect of metabolic inhibitors 
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Fig. 4. Effect of metabolic inhibitors on the efflux of radio- 
activity from fibroblasts preloaded for 10 hr with [7H]-DNR 
(17.5 uM), and then washed and reincubated in fresh 
medium with (Efflux;) or without (Effluxc) metabolic 
inhibitors (antimycin A, 2 uM + iodoacetate, 1 mM). Mean 
values + S.D. of 3 experiments are shown. 
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Fig. 5. Same type of experiments as in Fig. 4, except that 

the fibroblasts were preloaded with [*H]-DNR for only 

30 min instead of 10 hr. Mean values + S.D. of 3 experi- 
ments are shown. 


on the efflux of radioactivity from preloaded fibro- 
blasts. After incubation with [*H]-DNR (17.5 uM) 
for 10 hr, the cells contained 30.8 + 3.6 nmoles DNR 
per mg cell protein (mean + §.D., N =6). They 
were then rapidly washed and subsequently rein- 
cubated in fresh medium. In the absence of inhibi- 
tors, 11.8 + 2.9 per cent (mean + S.D., N = 3) of 
the cellular radioactivity was found in the extracel- 
lular medium after a washout period of 45 min. The 
presence of metabolic inhibitors during the washout 
period increased the efflux of radioactivity (P< 
0.01). 

Since the subcellular distribution of DNR changes 
with the incubation time [5], the efflux of radioac- 
tivity has also been studied after a preloading period 
of only 30min, when the cells contained 4.8 + 
0.9 nmoles DNR per mg cell protein (mean + S.D., 
N = 6). In this case, the relative efflux was consider- 
ably higher than that after a preloading period of 
10 hr. Thus 32.7 + 4.9 percent(mean + §.D.,N = 3) 


C. PETERSON, R. BAURAIN and A. TROUET 


rf anne "| S’-Nucleotidase | 
c| Qlucosaminidase 


Cytochrome C 
oxidase 


Cathepsin B 


4 Cytochrome C 
reductase 


FREQUENCY 


> Daunorubicin 














127 107 
DENSITY 


Fig. 7. Subcellular distribution of DNR, marker enzymes 
and protein in the cytoplasmic extract of fibroblasts pre- 
viously incubated with the drug at 20° (17.5 uM for 10 hr). 


of the accumulated radioactivity was recovered in 
the washout medium within 45 min in the absence 
of metabolic inhibitors. Figure 5 shows the effect of 
metabolic inhibitors on the efflux. In contrast to 
what was observed when the cells had been pre- 
loaded for 10 hr, the inhibitors reduced the efflux 
(P <0.01). The effect of the inhibitors increased 
with time to reach a maximum after 20-30 min and 
seemed to decrease thereafter. 

The subcellular distribution of DNR in a cyto- 





N-acetyl-f3 
1 glucosaminidase 


+ 5‘~Nucleotidase 


rer ~] 


Cytochrome C 
oxidase 





] Cathepsin B 


FREQUENCY 








Daunorubicin 








107 127 107 








127 107 127 


DENSITY 


Fig. 6. Subcellular disbribution of DNR, marker enzymes and protein in the cytoplasmic extract of 
fibroblasts previously incubated for 50min with the drug (17.5 uM) in the presence of metabolic 
inhibitors (antimycin A, 2 uM + iodoacetate, 1 mM). 
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plasmic extract prepared from fibroblasts incubated 
with the drug (17.5 uM for 50 min) in the presence 
of metabolic inhibitors is shown in Fig. 6. Under 
these conditions, most drug equilibrated at lower 
densities than the lysosomal enzymes, N-acetyl-B- 
glucosaminidase and cathepsin B. The drug concen- 
tration in the nuclei cannot accurately be determined 
since the nuclear fraction is heavily contaminated 
with cytoplasmic organelles in various proportions 
[4]. To make an appropriate correction for the 
amount of drug in the organelles contaminating the 
nuclear fraction, the concentration of drug in the 
various organelles must be known. 

Figure 7 shows the intracellular localization of 
DNR in a cytoplasmic extract prepared from fibro- 
blasts incubated at 20° with the drug (17.5 uM) for 
10 hr. As after incubation with metabolic inhibitors, 
only a minor part of the drug equilibrated at the 
same densities as the lysosomal enzymes. The major 
part equilibrated at the same densities as 
NADPH: cytochrome c reductase, marker enzyme 
for endoplasmic reticulum and 5’-nucleotidase, 
marker enzyme for the plasma membrane. The drug 
distribution profile most resembled that of 
NADPH: cytochrome c reductase. 


DISCUSSION 


During the incubation of cultured fibroblasts with 
DNR, only a minor part of the accumulated drug 
was metabolized. The 13-hydroxy derivate, DOL, 
was the major metabolite formed. This corresponds 
to the in vivo situation in both animals [19, 20] and 
man [21, 22]. 

Our results on the intracellular distribution of 
DNR and its metabolites confirm that the amino 
group of DNR plays a crucial role in the lysosomal 
trapping of the drug. Thus, the aglycone was not 
localized in the lysosomes to the same extent as 
DNR and DOL. Previous observations show that 
the N-acetyl-derivatives of DNR and DOX are not 
trapped in the lysosomes [5]. 

In the present study, [*H]-DNR has been used to 
measure fluxes of DNR across the cell membrane. 
There is good evidence that the radioactivity meas- 
ured represents DNR. More than 90 per cent of the 
radioactivity in the starting material was associated 
with DNR, as judged from the results of thin layer 
chromatography. Furthermore, after incubation of 
fibroblasts with [*H]-DNR, the subcellular distri- 
bution of the radioactivity was very similar to that 
of DNR as assayed by fluorometry. 

Metabolic inhibitors enhanced the influx of [*H]- 
DNR and, under certain conditions, reduced its 
efflux from the preloaded fibroblasts. These obser- 
vations support the hypothesis that the fibroblasts 
have an active efflux mechanism for DNR [5]. How- 
ever, the metabolic inhibitors only reduced the efflux 
of [‘H]-DNR from cells preloaded for a short period 
of time (30 min); they enhanced the efflux from cells 
preloaded to steady-state conditions (10 hr). 

In order to understand these results, we have to 
bear in mind that the intracellular localization of the 
drug under these two conditions is very different. 
After incubation for 30min, 60 per cent of the 
accumulated drug is stored in the nuclei and 40 per 
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cent in the lysosomes, as compared to 20 per cent 
in the nuclei and 80 per cent in the lysosomes after 
incubation for 10 hr [5]. The lysosomal trapping of 
a weak base like DNR is probably due to the low 
intralysosomal pH [8, 23]. If this is maintained by 
a proton pump, as suggested by de Duve ef al. [8], 
it should be dependent on the energy supply. The 
present results showing that both metabolic inhibi- 
tors and low incubation temperature reduced the 
lysosomal storage of DNR support this idea. If the 
metabolic inhibitors reduce the lysosomal storage 
capacity leading to leakage of DNR from the 
lysosomes, this may explain why they increased the 
efflux of DNR from cells in which 80 per cent of the 
accumulated drug was localized in the lysosomes. 

Thus, we have evidence that an intact energy 
metabolism is of importance for the efflux of DNR 
across the plasma membrane, as well as for the 
lysosomal storage of the drug. A balance between 
these two effects can explain why the addition of 
metabolic inhibitors to cells preloaded with DNR 
did not increase the total cellular drug content. It 
has previously been found that when drug and 
inhibitors are added simultaneously to cells, the 
inhibitors increase the drug accumulation [5]. It is 
now possible to explain why this effect was less 
pronounced for DNR than for DOX, since lysosomal 
trapping is much more important for DNR [4]. 

When a trace amount of [*H]-DNR was added for 
a short time to fibroblasts preincubated with unla- 
belled DNR to steady-state conditions, the nucleo- 
lysosomal distribution ratio was higher for the radio- 
activity than for the total drug. This indicates that 
drug initially bound to the nuclei is redistributed to 
the lysosomes. Previously, it has been found that the 
efflux of DNR from loaded fibroblasts during a wash- 
out period mainly occurs from the nuclei [5]. 

The efflux of [7H]-DNR from preloaded fibroblasts 
calculated as a percentage of accumulated drug was 
much higher when the cells had been preloaded for 
30 min than after preloading for 10 hr. This can also 
be explained by the difference in intracellular local- 
ization under these different conditions, since 
nuclear storage is much more important after loading 
for 30 min and the efflux mainly occurs from the 
nuclei [5]. 

The present results support the hypothesis that 
membrane transport of DNR in cultured fibroblasts 
occurs as a ‘leak and pump’ system, the leak being 
inward diffusion of nonionized drug molecules and 
the pump an active efflux. The very high intracellular 
accumulation is due to trapping in nuclei and lyso- 
somes. Nuclear storage can be explained by binding 
to DNA. In the cytoplasm the drug is concentrated 
in lysosomes in the protonated form, as a result of 
the low pH. Both storage processes are dependent 
on the presence of an intact amino group. Assuming 
that other anthracyclines have the same affinity for 
the proposed active outward transport mechanism, 
the steady-state concentrations in the cytoplasm as 
well as in the lysosomes will depend on the inward 
transport rate. DOX, being less lipophilic than DNR, 
can be expected to diffuse across the plasma mem- 
brane at a slower rate. This provides a plausible 
explanation for all the differences we have observed 
between DNR and DOX concerning cellular accu- 
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mulation and subcellular distribution [4, 5]. It can 
also explain the observation of Bachur et al. [1] that 
the accumulation of various anthracyclines in L 1210 
leukaemia cells was linearly related to the lipophil- 
icity of the drugs. 

An alternative explanation for the increased cel- 
lular uptake of daunorubicin as well as for the 
reduced drug efflux caused by a combination of 
antimycin A and iodoacetate could be that the treat- 
ment with the metabolic inhibitors decreased the 
intracellular pH. Antimycin A inhibits electron 
transport in the mitochondrial respiratory chain [24] 
and has been found to increase the cellular pro- 
duction of lactic acid [25]. The principal effect of 
iodoacetate is to inhibit the glycolytic enzyme 3- 
phosphoglyceraldehyde dehydrogenase [26] and it 
has been found to reduce the production of lactic 
acid from glucose and other glycolytic substrates 
[25]. Therefore treatment of the fibroblasts with 
antimycin A alone should lead to a higher accu- 
mulation of acid metabolites as compared to treat- 
ment with the combination of antimycin A and 
iodoacetate. However, we have found that antimycin 
A alone does not influence the cellular accumulation 
of daunorubicin. Furthermore, a pronounced intra- 
cellular accumulation of acid metabolites should also 
increase the steady-state level of daunorubicin after 
the addition of the inhibitors to preloaded fibro- 
blasts. However, this treatment only increased the 
turnover of accumulated drug, not the steady-state 
level. Therefore, it is unlikely that changes of the 
intracellular pH during the incubations play a sig- 
nificant role for the observed effects caused by the 
metabolic inhibitors. 
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Abstract—The catalytic activities of hepatic microsomes from untreated, phenobarbital-treated and 3- 
methylcholanthrene-treated adult rabbits with respect to benzo[a]pyrene hydroxylation and the acti- 
vation of (—)trans-7 ,8-dihydroxy-7 ,8-dihydrobenzo[a]pyrene|(—)trans-7 ,8-diol] to DNA-binding metab- 
olites were determined in the absence and presence of mixed-function oxidase inhibitors and compared 
to the corresponding activities of the individual enzyme systems. Treatment of rabbits with phenobarbital 
led to induction of P-450LM) and a concomitant 3-fold enhancement in microsomal benzo[a]pyrene 
hydroxylase activity, whereas the conversion of (—)trans-7,8-diol to DNA-binding products was 
unaffected. Homogeneous phenobarbital-inducible P-450LM > exhibited the highest activity and speci- 
ficity toward benzo[a]pyrene and the lowest activity toward (—)trans-7,8-diol. Conversely, P-450LM, 
was the major form of cytochrome P-450 induced in rabbit liver by 3-methylcholanthrene or B- 
naphthoflavone, and this was associated in microsomes with an increase in the metabolism of (—)trans- 
7,8-diol but not of benzo[a]pyrene. Homogeneous P-450LM, preferentially catalyzed the oxygenation 
of (—)trans-7,8-diol, but was largely ineffective with benzo[a]pyrene. Partially purified P-450LM; lacked 
substrate specificity, for it metabolized both benzo[a]pyrene and (—)trans-7.8-diol at comparable rates. 
Additionally, 7,8-benzoflavone strongly inhibited benzo[a]pyrene hydroxylation by P-450LM, and 
phenobarbital-induced microsomes, as well as (—)trans-7,8-diol metabolism by P-450LM, and 3-methyl- 
cholanthrene-induced microsomes; in contrast, the activity of control microsomes with either substrate, 
and the activities of P-450LM, and LM) with benzo[a]pyrene and (—)trans-7,8-diol, respectively, were 
only partially or slightly decreased by 7,8-benzoflavone. Unlike 7,8-benzoflavone, butylated hydroxy- 
toluene inhibited benzo[a]pyrene hydroxylation only. Thus, different forms of rabbit liver microsomal 
cytochrome P-450 were involved in the metabolism of benzo[a]pyrene and its 7,8-dihydrodiol. The 
results also demonstrate that the changes in substrate specificity and inhibitor sensitivity seen in 
phenobarbital- and 3-methylcholanthrene-induced microsomes relative to control rabbit liver micro- 
somes can be accounted for by the catalytic properties of a specific form of cytochrome P-450 that 
prevails in these preparations, P-450LM, and LM4g, respectively. 


The hepatic microsomal cytochrome P-450-contain- 
ing mixed-function oxidases and related membrane- 
bound enzymes catalyze the oxidation of metaboli- 
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cally important substances as well as a host of xeno- 
biotics [1,2]. Many foreign compounds are detoxi- 
fied by these versatile catalysts, while in other 
instances metabolism results in activation to cyto- 
toxic or carcinogenic species [3-5]. 

Following the resolution of the mixed-function 
oxidase system of liver microsomal membranes and 
reconstitution of an active hydroxylation system from 
the components, namely cytochrome  P-450, 
NADPH-cytochrome P-450 reductase and phospha- 
tidylcholine [6,7], investigations in this laboratory 
focused on the separation and characterization of 
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multiple forms of rabbit P-450LM* [8, 9]. PB-indu- 
cible P-450LM, and BNF-inducible P-450LM, were 
purified to homogeneity and shown to be distinct 
proteins, as judged by their physichochemical, 
immunological and kinetic properties [8-12]. Addi- 
tional forms of rabbit P-450LM possessing different 
physical properties and catalytic activities, e.g. P- 
450LM,, LM;,, LM;, and LM,;, have been isolated 
in a partially purified state [8, 9, 11]. Several other 
laboratories have recently reported the separation 
and purification to varying extents of individual 
forms of the cytochrome from liver microsomes of 
untreated rats and rabbits, as well as from micro- 
somes of animals treated with different inducers [13- 
20]. The existence of multiple forms of P-450LM, 
which exhibit different but often overlapping sub- 
strate specificities [8, 11, 14, 17, 18, 20, 21], provides 
a reasonable explanation for the remarkably broad 
substrate specificity of the liver microsomal 
hydroxylase system, while variations in the levels of 
the individual forms of the cytochrome can readily 
account for the differences in catalytic activity 
observed with microsomal suspensions from animals 
differing in age, sex, strain and type of inducer used 
for pretreatment. 

The biotransformation of the ubiquitous environ- 
mental pollutant BP, which is itself essentially non- 
toxic, proceeds by a number of pathways, some 
yielding biologically inactive products and some 
leading to the formation of highly reactive metab- 
olites which bind to cellular macromolecules and 
thus exert cytotoxic, mutagenic or carcinogenic 
effects [3, 22-25]. The liver microsomal mixed-func- 
tion oxidase systems metabolize BP to phenols, qui- 
nones and unstable arene epoxide intermediates [26- 
29], which are further converted to dihydrodiols by 
epoxide hydrase [30,31]. Most of the oxygenated 
products appear in vivo as water-soluble glutathione, 
glucuronic acid and sulfate conjugates [32-34]. It is 
presently believed that the most significant pathway 
of BP activation, at least in 3-MC-induced rat liver 
microsomal suspensions, involves enzymatic oxy- 
genation of this polycyclic aromatic hydrocarbon in 
three remarkably stereospecific steps [35], ultimately 
giving rise to two stereoisomeric (—)trans-7 ,8-diol- 
9,10-epoxides, namely, a major diol-epoxide I and 
a minor dio-epoxide II in a ratio of about 10 to 1 
[35-37]. The binding of reactive metabolites of BP 
and of other hydrocarbon carcinogens to DNA is 
highly correlated with the tumor-initiating ability of 
these compounds [38]. Although the binding of BP 





* The following abbreviations are used: P-450LM, liver 
microsomal cytochrome P-450; BP, benzo[a]pyrene; (+) 
or (—)trans-7,8-diol, (+) or (—)trans-7,8-dihydroxy-7,8- 
dihydrobenzo[a]pyrene; diol-epoxide I, r-7,t-8-dihydroxy- 
t-9,10-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene; diol-epox- 
ide II, r-7,t-8-dihydroxy-c-9,10-oxy-7,8,9,10-tetrahydro- 
benzo[a]pyrene; in the latter two abbreviations, r-7 indi- 
cates that the substituent at the 7-position is the reference, 
and ¢ and c indicate that the substituents are trans and cis, 
respectively, to the reference substituent; 7,8-BF, 7,8-ben- 
zoflavone; BHT, butylated hydroxytoluene; AHH, aryl 
hydrocarbon hydroxylase; PB, phenobarbital; BNF, B- 
naphthoflavone; 3-MC, 3-methylcholanthrene; and dilau- 
royl-GPC, dilauroylglyceryl-3-phosphorylcholine. 
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to DNA can occur via the K-region epoxides, e.g. 
by recycling of phenols such as 9- 
hydroxybenzo[a]pyrene through the mixed-function 
oxidase system [39-41], diol-epoxides I and II appear 
to be the predominant BP species bound to nucleic 
acids in vitro and in vivo [42-47] and the most 
mutagenic in cultured mammalian cells (diol-epoxide 
I) [48-50] and in strains TA 98 and TA 100 of 
Salmonella typhimurium (diol-epoxide II) [51]. 

In previous studies [52,53], we examined the 
metabolism of BP and of the two optical isomers of 
trans-7 ,8-diol by homogeneous and partially purified 
forms of rabbit P-450LM in the reconstituted enzyme 
system, using high pressure liquid chromatography 
to detect the metabolites formed. It was shown that 
BP is metabolized predominantly by P-450LM, [52], 
whereas the oxidation of (—)trans-7,8-diol is cata- 
lyzed twenty to thirty times faster by P-450LM, than 
LM; [52, 53]. Moreover, P-450LM, exhibits a pro- 
nounced preference for the (—) as compared to the 
(+) enantiomer of trans-7,8-diol [53], and stereo- 
selectively converts the former to diol-epoxide I 
[52, 53]. The striking stereospecificity of P-450LM, 
is also evident from the fact that this cytochrome 
inserts the oxygen atom primarily on one side of the 
plane of the trans-7,8-diol molecule, independent of 
the configuration of the 7,8 hydroxyl groups [53]. It 
follows that the relative distribution of the various 
forms of P-450LM in a tissue, coupled with the 
substrate specificity and the high degree of regio- 
and stereoselectivity of these catalysts, will most 
likely influence the metabolic disposition of a xeno- 
biotic substrate and thus regulate the balance 
between its detoxification and activation. 

In the present studies, we have investigated the 
effects of 7,8-BF, a strong inhibitor of BP metabolism 
and binding to DNA [54], and of two other com- 
pounds which may modulate chemical carcinoge- 
nesis, namely, BHT and ascorbic acid [55, 56], on 
BP and (—)trans-7,8-diol oxidation by control, PB- 
and 3-MC-induced rabbit liver microsomes, and by 
homogeneous P-450LM, and LM, and partially pur- 
ified P-450LM, in the reconstituted enzyme system. 
The metabolism of BP was determined by the rapid 
and sensitive AHH assay, while the binding of 
(—)-trans-7,8-diol metabolites (diol-epoxides I and 
II) to DNA was used as an index of the catalytic 
activity of the various preparations toward (—)trans- 
7,8-diol. These studies may help in providing possible 
approaches to the modulation of chemical 
carcinogenesis. 


MATERIALS AND METHODS 


Treatment of animals and preparation of micro- 
somes for metabolism studies. Male New Zealand 
rabbits (1—-1.2 kg in weight), obtained from the NIH 
animal supply, were treated, i.p., with 80mg PB 
(in 0.9% NaCl)/kg body wt once a day for 4 days, 
or treated one time with 40 mg 3-MC (in corn oil)/kg 
body wt; control animals received 0.9% NaCl or 
corn oil, respectively. The animals were killed 24 hr 
after the last injection, and the livers were hom- 
ogenized in 5 vol. of 0.05 M Tris-chloride buffer, pH 
7.5, containing 0.25 M sucrose. The microsomes 
were prepared as described previously [29] and were 
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stored at —70°. Although there is some loss of activity 
upon freezing (Table 4), no substantial loss of enzy- 
matic activity occurs during storage for a several- 
month period. The concentration of cytochrome P- 
450 in these preparations was determined from the 
spectrum of the reduced CO complex using an 
extinction coefficient of 91 mM~'cm™' for the dif- 
ference between A,,,x (447-451 nm, depending on 
the preparation) and A 4g [57]. 

Treatment of animals and preparation of micro- 
somes for enzyme purification. Male New Zealand 
rabbits (2-2.4kg in weight) were purchased from 
Langshaw Farms, Kalamazoo, MI, U.S.A. The 
animals were allowed to drink a 0.1% solution of 
sodium PB (adjusted with HCI to pH 7) for 5 days 
and were fasted for 16 hr. Other rabbits were given 
BNF (80 mg/kg body wt) by an intraperitoneal injec- 
tion of a 1% suspension in corn oil, and after 24 hr 
the animals were fasted for 16 hr [9]. The livers were 
homogenized in 4 vol. of 0.1 M Tris-acetate buffer, 
pH 7.4, containing 0.1 M KCI, 1.0 mM EDTA and 
0.023 mM BHT, in a Waring Blendor for two 40-sec 
intervals, and the mixture was centrifuged at 10,000 g 
for 30 min [58]. Liver microsomes were prepared, 
extracted with 0.1 M sodium pyrophosphate buffer 
containing 1.0mM EDTA (in the absence of gly- 
cerol) and stored at —20° in the presence of glycerol 
[9]. The microsomes were subsequently thawed, 
solubilized with sodium cholate, and fractionated 
with polyethylene glycol as described previously 
[9, 58]. 

Purification of microsomal enzymes. The various 
forms of P-450LM are designated by their relative 


mobilities when submitted to discontinuous poly- 
acrylamide ge! electrophoresis in the presence of 


sodium dodecylsulfate and £-mercaptoethanol 
[8, 9, 11]. Ouchterlony diffusion analysis and sodium 
dodecylsulfate—polyacrylamide gel electrophoresis 
have shown that PB-inducible P-450LM,; is present 
in only trace amounts in microsomes from untreated 
and BNF-treated rabbits, whereas BNF-inducible P- 
450LM, is present at significant levels in microsomes 
from untreated and PB-treated animals [8, 11]. As 
reviewed elsewhere [11, 59, 60], and in agreement 
with the induction studies of Atlas et al. [61], P- 
450LM, preparations purified from these three 
sources [9], as well as from 3-MC-induced (P-448) 
[15,62] and 2,3,7,8-tetrachlorodibenzo-p-dioxin- 
induced rabbits (P-450c) [17], are essentially the 
same protein based on several independent lines of 
evidence [9, 10, 12, 17, 21, 52, 62, 63]. 

The purification of P-450LM, from liver micro- 
somes of PB-treated rabbits and of P-450LM, from 
the same source, as well as from microsomes of BNF- 
treated animals, was carried out according to pro- 
cedures published previously [9,64]. These prep- 
arations were homogeneous as judged by sodium 
dodecylsulfate—polyacrylamide gel electrophoresis 
in the presence of B-mercaptoethanol. Partially pur- 
ified P-450LM,, which is present in all of the micro- 
somal preparations and is not known to be inducible, 
was isolated from microsomes of untreated animals 
[8, 11] and contained traces of epoxide hydrase. The 
concentrations of P-450LM, and LM, were deter- 
mined from the absolute spectra of the reduced CO 
complexes using extinction coefficients of 110 
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mM~' cm! for P-450LM; (A,,x at 451 nm) and 110 
mM~' cm“! for P-450LMs, (Ajax at 488 nm) [9]. The 
concentration of P-450LM, was estimated from the 
spectrum of the reduced CO complex using an 
extinction coefficient of 91 mM~' cm“! for the 
absorbance difference between 450 and 490 nm [57]. 
The specific content of the purified P-450LM samples 
used in these studies was as follows (expressed as 
nmoles of P-450LM per mg of protein): P-450LM,, 
17.5; P-450LM, from PB- and BNF-induced rabbits, 
14.4 and 13.1, respectively; and P-450LM,, 1.2. 

NADPH-cytochrome P-450 reductase was purified 
from liver microsomes of PB-treated rabbits by 
DEAE-cellulose ion exchange chromatography fol- 
lowed by affinity chromatography on 2’,5’-ADP- 
agarose by procedures [11, 65] similar to those pre- 
viously described for the rat liver enzyme [11, 66, 67]. 
The resulting preparation was homogeneous, by 
sodium dodecylsulfate—polyacrylamide gel electro- 
phoresis, and catalyzed the reduction of 40 wmoles 
cytochrome c/min/mg of protein in 0.3 M potassium 
phosphate buffer, pH 7.7, at 30°. One unit of the 
reductase is defined as the amount which catalyzes 
the reduction of 1.0 umole cytochrome c/min under 
these conditions. The concentration of the reductase 
was determined from the absolute spectrum of the 
oxidized flavoprotein using an extinction coefficient 
of 21 mM~'cm~' at 456 nm [11, 65, 67]. 

AHH assay of BP metabolism. The NADPH- 
dependent oxidation of BP by liver microsomal sus- 
pensions from untreated (control), PB- or 3-MC- 
treated rabbits, and by purified forms of rabbit P- 
450LM in the reconstituted enzyme system, was 
measured under aerobic conditions in the absence 
and presence of mixed-function oxidase inhibitors. 
The reaction mixtures, in a total volume of 0.5 ml, 
contained either intact microsomes (100 ug protein) 
or the following components added in the order 
indicated: 0.15 nmole P-450LM, 0.25 nmole (0.9 
units) NADPH-cytochrome P-450 reductase and 
16 wg dilauroyl-GPC which were mixed and equili- 
brated at room temperature for 5 min. Tris-chloride 
buffer (pH 8.5) (25 wmoles) and NADPH (0.13 
umole) were then added, and the reactions were 
initiated with BP (5 nmoles added in 0.005 ml meth- 
anol). The final concentrations of the various mod- 
ifiers, when present, were as follows: 7,8-BF or BHT, 
0.1 mM (added in 0.005 ml methanol); and ascorbic 
acid, 10 mM (added in 0.01 ml water). Incubations 
were carried out at 37° for 15 min; the reactions were 
terminated by the addition of 1.0 ml acetone at 4°, 
and the mixtures were extracted with 3.0 ml hexane 
(spectrograde). Two-ml aliquots of the organic phase 
were added to 1.0 ml of 1.0 N NaOH, and the flu- 
orescence of the phenolic products (primarily 3- 
hydroxybenzo[a]pyrene) in the alkaline solution was 
measured with an Aminco-Bowman model SPF-500 
spectrophotofluorometer (AHH assay). A calibra- 
tion curve was constructed by extracting known 
amounts of 3-hydroxybenzo[a|pyrene from the 
reaction mixtures prepared in the absence of 
enzymes. 

Assay of DNA binding activity. The binding of 
(—)trans-7 ,8-diol metabolites to DNA was estimated 
by a modification of procedures published previously 
[68, 69]. The composition of the reaction mixtures 
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was as described above for BP metabolism, except 
that calf thymus DNA (0.25 mg) was also included 
and BP was replaced by [*H](—)trans-7,8-diol (5 
nmoles added in 0.005 ml of a 9:1 mixture of meth- 
anol-tetrahydrofuran). After incubation at 37° for 
15 min, the samples were placed on ice and extracted 
twice with 3.0 ml ethyl acetate to remove unbound 
substrate and metabolites. MgCl, (3 wmoles) was 
added to the aqueous phase which was subsequently 
increased to 1.0 ml in volume and extracted with 
0.9 ml of phenol reagent (600 g of phenol, 0.5 g of 
8-hydroxyquinoline, 75 ml of cresol and 55 ml of 
water). The resulting mixture was centrifuged at 
2000 r.p.m. for 20 min, and the DNA in the aqueous 
phase was precipitated with 3 vol. of ethanol at 4°. 
The precipitate was dissolved in 1.0 ml of a 1.0M 
Tris—chloride—-0.003 M MgCl, solution, washed three 
times with 2.0 ml ethyl acetate, and reprecipitated 
with 3 vol. of ethanol. The DNA was then hydrolyzed 
in 0.5 M perchloric acid (1.2 ml) at 80° for 15 min. 
After cooling the samples at room temperature, a 
0.5-ml aliquot of the hydrolysate was diluted with 
5.0 ml Aquasol and counted in a Beckman model LS 
8100 scintillation counter having a greater than 30 
per cent efficiency for *H. Another 0.5-ml aliquot 
of the hydrolysate was analyzed for DNA content 
by the absorption at 260 nm, using a Gilford model 
2400 spectrophotometer. The DNA content was 
estimated by a modification of the method of Shack 
[70] in which 40 yg of native calf thymus DNA/ml 
has an Ax of 0.66 after a 22 per cent correction for 
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the hyperchromic effect due to the perchloric acid 
hydrolysis. 

Other methods. Protein concentrations were deter- 
mined according to Lowry et al. [71] with correction 
for the effect of other components of the solutions 
[9]; bovine serum albumin served as the standard. 

The data represent the mean + S.D. of values 
obtained in at least two separate experiments with 
duplicate determinations in each experiment. Stu- 
dent’s t-test was used to establish the significance of 
differences between means. Unless indicated other- 
wise, P < 0.01 was chosen as the level of significance. 

Chemicals. Nonlabeled racemic trans-7 ,8-diol was 
synthesized through National Cancer Institute Con- 
tract Nol-CP-33387, and the pure (+) and (—) optical 
isomers were prepared by high pressure liquid 
chromatography as already described [35,72]. 
[°H](—)trans-7,8-Diol was obtained by incubating 
liver microsomes from 3-MC-treated rats with 
[*H]BP (sp. act. 20-50 Ci/nmole) in the presence of 
NADPH and oxygen [36, 37]. The biosynthetic [*H]- 
(—)trans-7,8-diol thus formed was isolated by high 
pressure liquid chromatography [73] and diluted to 
an appropriate specific activity (300 nCi/nmole) with 
nonradioactive (—)trans-7,8-diol. BP was obtained 
from Eastman Organic Chemicals (Rochester, NY) 
and was recrystallized from ethanol. 7,8-BF and 
BHT were purchased from the Aldrich Chemical 
Company (Milwaukee, WI) and were recrystallized 
from methanol. Calf thymus DNA and ascorbic acid 
were from the Sigma Chemical Co. (St. Louis, MO). 


Table 1. Effects of modifiers on BP metabolism by purified forms of rabbit P-450LM and by intact liver 
microsomes* 





Activity 


(pmoles phenolic products formed/min/nmole P-450LM) 
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23.0+4.2 (19) 
13.4+2.2 (75) 


18.3 + 3.1 (36) 
25.0 + 4.6 (54) 





* AHH activities were determined by incubating BP with rabbit liver microsomal suspensions or with 
purified forms of rabbit P-405LM (homogeneous P-450LM, and LM, or partially purified P-450LM7} 
in the reconstituted enzyme system. Reaction mixtures contained Tris-chloride buffer, pH 8.5 
(25 umoles), BP (5 nmoles), NADPH (0.13 umole), and either intact microsomes from the indicated 
source (100 ug protein) or purified P-450LM (0.15 nmole) homogeneous NADPH-cytochrome P-450 
reductase (0.25 nmole), and dilauroyl-GPC (16 ug) in a total volume of 0.5 ml. Incubations were carried 
out for 15 min at 37°, and the phenolic metabolites formed were extracted into NaOH and estimated 
by spectrophotofluorimetry as described in Materials and Methods. When present, 7,8-BF, BHT and 
ascorbic acid were added at a final concentration of 0.1, 0.1 and 10 mM, respectively. The microsomes 
used in these metabolic studies had been stored at —70° following their isolation. All the values are 
significant at a value of P < 0.01 except where indicated otherwise. 

+ The numbers in parentheses denote per cent inhibition of AHH activity. 

+ The P-450LM, used was isolated from either BNF- or PB-treated animals as indicated. 

§ P< 0.05. 

|| The specific activities, expressed as pmoles products formed/min/mg of protein, were 32.8 and 93.8, 
respectively, for control and PB-induced microsomes incubated in the absence of modifier. 
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Aquasol was purchased from New England Nuclear 
(Boston, MA). Synthetic dilauroyl-GPC was 


obtained in chloroform solution from Serdary 
Research Laboratories, London, Ontario, Canada; 
prior to use, the solvent was removed under nitrogen 
and a | mg/ml aqueous suspension was prepared by 
sonication. The source and preparation of other 
materials are given elsewhere [8, 9]. 


RESULTS 


The metabolism of BP in liver microsomal sus- 
pensions and in the reconstituted enzyme system 
containing the different forms of P-450LM was 
determined by spectrofluorimetric estimation of the 
phenolic metabolites formed (AHH assay). The dif- 
ferential effects of selected mixed-function oxidase 
inhibitors on the catalytic activity of the purified P- 
450LM preparations and of microsomes from 
untreated and PB-treated rabbits toward BP are 
compared in Table 1. PB-inducible P-450LM, cata- 
lyzed the conversion of BP to phenols about ten to 
twenty times faster than P-450LM,, while rates of 
BP hydroxylation by partially purified P-450LM, 
were somewhat intermediate to those obtained with 
P-450LM, and LM,. Although P-450LM, from BNF- 
induced microsomes appears to have been more 
active than the corresponding preparation from PB- 
induced microsomes, the opposite was found in a 
previous study in which phenols and other metab- 
olites formed from BP were analyzed by high pres- 
sure liquid chromatography [52]. Small differences 
in the relative activities of the P-450LM, proteins 
isolated from different sources are invariably seen 
from one preparation to another regardless of the 
type of microsomes used as source, and may be due 
to the presence of varying amounts of apoenzyme 
or to differences in the composition of reaction mix- 
tures and in the incubation conditions employed [53]. 
However, there is presently no strong evidence sug- 
gesting that these preparations are significantly dis- 
similar, catalytically or otherwise [11, 59. 60]. In fact, 
the oxidation of BP was catalyzed at comparable 
rates by the various purified preparations of the 
polycyclic hydrocarbon-inducible form of rabbit P- 
450LM isolated in different laboratories, i.e. P- 
450LM, from BNF- or PB-induced microsomes 
(Table 1) [52, 59], P-448 from 3-MC-induced micro- 
somes [62] and P-450c from 2,3,7,8-tetrachlorodi- 
benzo-p-dioxin-induced microsomes [17,60]. The 
three P-450LM, enzymes, purified in this laboratory 
from different sources, were indistinguishable based 
on electrophoretic and spectral properties, identity 
of the COOH-terminal amino acids [9], immuno- 
chemical methods [10] and catalytic activity toward 
a variety of substrates besides BP [11, 21, 59]. 

Table | also shows that treatment of rabbits with 
PB led to an increase in microsomal BP hydroxylase 
activity, as reported previously by others [61]. More- 
over, the P-450LM,-mediated hydroxylation of BP 
was markedly inhibited by 7,8-BF and BHT, whereas 
only a 25 per cent loss in the activity of P-450LM, 
or LM; was observed in the presence of either of 
these compounds. The pronounced inhibitory effect 
of BHT and, to a smaller extent, of 7,8-BF on BP 
hydroxylation in PB-induced microsomes most likely 
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reflects inhibition of P-450LM,; since this cyto- 
chrome is induced by PB, it possesses the highest 
activity and degree of specificity towards BP, and its 
BP hydroxylase activity is the most sensitive to 7,8- 
BF and BHT. On the other hand, the effect of 7,8- 
BF and BHT on BP metabolism in microsomes from 
untreated rabbits was considerably smaller, and sim- 
ilar in magnitude to that seen with purified P-450LM, 
and LM). This finding is consistent with the obser- 
vation that microsomes from untreated rabbits con- 
tain significant amounts of all P-450LM forms, except 
for P-450LM, which is present in only trace amounts 
[8, 11]. In contrast to the differential effects of 7,8- 
BF and BHT, ascorbic acid displayed no selectivity, 
for it inhibited all preparations uniformly by about 
40 per cent. This indicates that ascorbic acid is not 
a specific inhibitor of a particular form of P-450LM 
in the BP hydroxylation reaction, but may affect 
overall activity by inhibiting electron transport or 
some step in the redox cycle of P-450LM, or possibly 
phenol formation from arene oxide intermediates. 

The activity of the various preparations from rab- 
bit liver toward (—)trans-7,8-diol, as well as the 
effects of inhibitors on this activity, are depicted in 
Table 2. The conversion of (—)trans-7,8-diol to iso- 
meric 9,10-epoxides which bind to DNA was cata- 
lyzed by P-450LM, at rates about 2-fold and 10-fold 
greater than those obtained with P-450LM, and LM), 
respectively. However, P-450LM, was devoid of sub- 
strate specificity since it was equally as active with 
the (—)trans-7,8-diol as with BP. Inspection of the 
activities shown in Tables | and 2 reveals that the 
specificity for (—)trans-7,8-diol in the reconstituted 
enzyme system resides essentially in P-450LM,. This 
conclusion is also supported by the results of a pre- 
vious study in which BP and (— )trans-7 ,8-diol metab- 
olites were measured directly by high pressure liquid 
chromatography [52]. 

As in the case of BP hydroxylation, 7,8-BF mark- 
edly inhibited those forms of P-450LM which were 
the most active toward (—)trans-7,8-diol, i.e. P- 
450LM, and LM,, but did not have an appreciable 
effect on P-450LM, which was largely incapable of 
catalyzing the oxygenation of this substrate (Table 
2). BHT, unlike 7,8-BF, did not act in this dual 
fashion, for the metabolism of (—)trans-7,8-diol as 
substrate. Ascorbic acid caused a striking decrease 
in the activity of P-450LM, but inhibited the activities 
of P-450LM, and LM, to a lesser extent. 

It may also be seen in Table 2 that the metabolism 
of (—)trans-7,8-diol in microsomes remained unal- 
tered following treatment of the animals with PB; 
this is contrary to the effect of this compound on 
microsomal BP hydroxylase activity. 7,8-BF 
inhibited both microsomal preparations by about 45 
per cent, probably by inhibiting the activities of P- 
450LM, and LM.,. In agreement with its lack of effect 
on the purified proteins, BHT did not inhibit 
(—)trans-7,8-diol metabolism in microsomes from 
untreated or PB-treated rabbits. 

BP hydroxylation and the binding of (— )trans-7,8- 
diol metabolites to DNA were also investigated in 
3-MC-induced microsomes, as illustrated in Table 
3. Whereas 3-MC treatment led to a decrease in the 
specific activity of microsomal BP hydroxylase, the 
binding of (—)trans-7,8-diol metabolites to DNA was 
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Table 2. Effects of modifiers on (—)trans-7,8-diol oxidation to DNA binding metabolites by purified 
forms of rabbit P-450LM and by intact liver microsomes* 





Activity 
(pmoles metabolite bound/min/mg DNA/nmole P-450LM) 





With modifier* 





P-450LM Without Ascorbic 
preparation modifier 7,8-BF acid 





Purified P-450LM 
LM, $20.5 3.7 
LMaenr) S25, 5.9 
LM4(pp) 2 
LM; 2 
Liver microsomes 
Control 13.4 + 2.8§ 7.9 + 2.2 (41) ? : 8.5 + 0.9|| (37) 
PB-induced 11.0 + 1.1§ 6.0 + 1.0 (45) ; L 8.1 + 1.8]| (26) 


a he 
se NO 
I+ I+ I+ I+ 


It I+ I+ I+ 


_ 





* The catalytic activity of the various preparations toward (—)trans-7,8-diol was ascertained by 
measuring the binding to DNA of (—)trans-7,8-diol metabolites formed upon incubation of the diol 
with microsomes (100 wg protein) or with purified P-450LM (0.3 uM) in the reconstituted enzyme 
system. Conditions were identical to those described in Table 1, except that [°H]-(—)srans-7,8-diol (10 
uM) served as the substrate and the reaction mixtures contained calf thymus DNA (0.25 mg) in addition 
to the other components. Incubations were carried out for 15 min at 37° and the amount of (—)trans- 
7,8-diol metabolites bound to DNA was determined as described in Materials and Methods. The 
microsomes used in these experiments had been stored at —70° following their isolation. All values are 
significant at a value of P < 0.01 except where indicated otherwise. 

+ The final concentration of the various modifiers was as in Table 1. 

+ Numbers in parentheses indicate per cent inhibition of the binding of (—)trans-7,8-diol metabolites 
to DNA. 

§ The specific activities, expressed as pmoles metabolite bound/min/mg DNA/mg of protein, were 
15.4 and 18.9, respectively, for control and PB-induced microsomes incubated in the absence of modifier. 

|| P< 0.05. 


Table 3. Effects of modifiers on BP metabolism and (—)trans-7,8-diol oxidation to DNA binding 
metabolites catalyzed by liver microsomes from untreated and 3-MC-treated rabbits* 





Activity? 





With modifiert 





Reaction assayed and ‘ Without Ascorbic 
source of microsomes modifier ~ BHT 





BP hydroxylation 
Control 36.7 20:1 ; ‘ § 26.6 + 1.9 (28) 
3-MC-induced 27.3 + 0.9 J ; 26.5 + 4.9 
Binding of (—)trans- 
7,8-diol metabolites 
to DNA 
Control 43.7 + 6.0 17.4 + 1.3 (60)§ 39.9 + 0.7 
3-MC-induced 87.4 + 6.4 18.3 + 1.6 (79) 83.3 + 1.8 





* AHH and DNA binding activities were determined by incubating microsomes from the indicated 
source (100 wg protein) with BP (10 uM) or with (PH]-( — )trans-7 ,8-diol (10 4M) in the presence of calf 
thymus DNA (0.25 mg) under incubation conditions identical to those described in Tables | and 2, 
respectively. The phenolic products formed from BP and the binding of (—)trans-diol metabolites to 
DNA, which reflects the catalytic activity of these preparations toward (—)trans-7,8-diol, were measured 
as described in Materials and Methods. The microsomes used in these experiments had been stored at 
—70° following their isolation. 

+ Activities are expressed as pmoles products formed/min/mg of protein (BP hydroxylation) or pmoles 
metabolite bound/min/mg DNA/mg of protein [(—)trans-7,8-diol oxygenation]. 

¢ The final concentration of the various modifiers was the same as in previous experiments and is 
given in Materials and Methods and Table 1. 

§ Numbers in parentheses indicate per cent inhibition of AHH activity or of the binding of (—)trans- 
7,8-diol metabolites to DNA. 
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Table 4. Effects of 7,8-BF on BP metabolism and (—)trans-7,8-diol oxidation 
to DNA binding metabolites by fresh and previously frozen liver microsomes 


from untreated rabbits* 





Reaction assayed 


Activity? 





Without 
7,8-BF 


With 
7,8-BFzi 





BP hydroxylation 
Fresh microsomes 
Microsomes stored at —70° 
Binding of (—)trans-7,8-diol 
metabolites to DNA 
Fresh microsomes 
Microsomes stored at —70° 


87.4 (177)8 
19.1 (67) 


16.5 (73)§ 
7.9 (59) 





* Experimental conditions were as in Table 3. Product formation (BP) and 
the binding of (—)trans-7 ,8-diol metabolites to DNA were assayed as described 
in Materials and Methods. Microsomes were used within 1-2 days of their 
isolation (fresh) or after they had been stored at —70° for several weeks. 

+ Activities are expressed as pmoles products formed/min/nmole P-450LM 
(BP hydroxylation) or pmoles metabolite bound/min/mg DNA/nmole P-450LM 


[(—)trans-7,8-dio! oxygenation]. 
+ 0.1 mM. 


§ Numbers in parentheses are the per cent of control activities [AHH and 
binding to DNA of (—)trans-7,8-diol metabolites, respectively] obtained in the 


absence of 7,8-BF. 


twice as great in 3-MC-induced microsomes as in 
control microsomes. These effects are the opposite 
of those obtained with PB treatment. The extent of 
inhibition of BP and (—)trans-7,8-diol oxygenation 
by 7,8-BF or BHT in 3-MC-induced microsomes was 


as expected from the effects of these compounds on 
the corresponding activities of P-450LM, and LM;. 


Freezing and storage of microsomes from 
untreated rabbits at —70° resulted in a 40 per cent 
loss of both BP hydroxylase activity and the binding 
of (—)trans-7 ,8-diol metabolites to DNA (Table 4), 
indicating that labile forms of P-450LM may have 
been present in these preparations. 7,8-BP stimu- 
lated BP hydroxylation about 2-fold in fresh micro- 
somes, but inhibited this activity by 30 per cent in 
microsomes stored frozen for several weeks. On the 
other hand, the binding of (—)trans-7,8-diol metab- 
olites to DNA was decreased by 7,8-BF in both 
preparations. The differential effect of 7,8-BF on BP 
hydroxylase activity suggests that one or more P- 
450LM forms were lost upon freezing and storage 
of control microsomes at —70°. 


DISCUSSION 


In the present studies we have examined the rela- 
tionship between individual purified forms of rabbit 
P-450LM and intact microsomes of different P- 
450LM composition in the metabolism of BP and 
(—)trans-7,8-diol, and investigated the degree of 
selectivity of mixed-function oxidase inhibitors 
toward the various preparations catalyzing these 
reactions. It is well known that 7,8-BF produces a 
profound decrease in BP hydroxylase activity of 3- 
MC-induced rat liver microsomes [74], but only par- 
tially inhibits this activity in microsomes from adult 
3-MC- [75] (Table 3) or TCDD-treated rabbits [76]. 
On the other hand, stimulation of BP hydroxylation 
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by 7,8-BF is seen in control microsomes from rats 
[74], adult rabbits [75, 76] and humans [77]. BHT 
and similar phenolic antioxidants are capable of 
blocking the carcinogenic effects of a substantial 
number of polycyclic aromatic hydrocarbons in vivo, 
presumably by acting as scavengers of reactive 
metabolic species of the chemical carcinogens [78]. 
The inhibition of BP hydroxylation by BHT in vitro 
is believed to result from the direct interaction of 
this compound with cytochrome P-450 in liver micro- 
somes [55]. Ascorbic acid has been found to inhibit 
BP metabolism in rat liver microsomes [79] and to 
reduce dimethylbenzanthracene-initiated tumor for- 
mation when applied to mouse skin [56]. However, 
limited information is currently available concerning 
the role of these modifiers in the oxygenation of 
(—)trans-7,8-diol by microsomes and by the recon- 
stituted enzyme system containing the different 
forms of P-450LM. 

Atlas et al. [61] have shown that certain com- 
pounds of the polycyclic aromatic hydrocarbon class 
exert essentially identical effects when administered 
to adult rabbits in vivo. Thus, 3-MC, BNF and 
2,3,7,8-tetrachlorodibenzo-p-dioxin induce micro- 
somal cytochrome P-448 (P-450LM,) to the same 
extent (about 2.5-fold), and either do not alter 
cytochrome P-448-associated mono-oxygenase activ- 
ities or, when induction is seen, give rise to com- 
parable increases in substrate hydroxylation rates 
[61]. Accordingly, the P-450LM, proteins purified 
from microsomes of 3-MC- [15, 62], BNF- [9] and 
2,3,7,8-tetrachlorodibenzo-p-dioxin-treated adult 
rabbits [17] are identical, as ascertained from elec- 
trophoretic, immunochemical and substrate speci- 
ficity studies [11,59,60]. This is also true of P- 
450LM, preparations isolated from PB-induced and 
control rabbit liver microsomes. These observations 
support the conclusion that it is both appropriate 
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and valid to explain the relative catalytic effective- 
ness of 3-MC-induced microsomes (Table 3) on the 
basis of the substrate specificity inherent in P- 
450LM,, regardless of the type of microsomes used 
as source for purification of this cytochrome (Tables 
1 and 2). 

It has been pointed out recently that the catalytic 
properties of microsomes should correspond to those 
of a specific form of P-450LM when that particular 
cytochrome predominates as a result of induction 
[59, 76]. The findings in this paper clearly demon- 
strate that the changes in substrate specificity and 
inhibitor sensitivity seen with microsomes from PB- 
or 3-MC-treated rabbits do indeed reflect the preva- 
lence of a specific form of cytochrome P-450 in these 
preparations. In this regard, a single form of rabbit 
P-450LM, P-450LM,, is induced to a predominant 
level by PB [8, 11], and this is accompanied by more 
than a 2-fold increase in microsomal BP hydroxylase 
activity; the oxygenation of (—)trans-7,8-diol 
remains unchanged in PB-induced, as compared to 
control, microsomes. In accordance with these 
results, P-450LM, is fifteen to twenty times more 
active with BP than with (—)trans-7,8-diol and, of 
the several forms of P-450LM, has the highest speci- 
ficity toward BP. Furthermore, BHT and 7,8-BF 
inhibited BP hydroxylase activities of P-450LM, and 
of PB-induced microsomes by 75 per cent, whereas 
no significant change in the metabolism of this sub- 
strate by control or 3-MC-induced microsomes and 
by purified P-450LM, or LM, was seen in the pres- 
ence of either of these compounds. 

Conversely, treatment of rabbits with 3-MC leads 
to an increase in the specific content of P-450LM, 
[15, 59, 62] and a concomitant 2-fold enhancement 
in the binding of (—)trans-7,8-diol metabolites to 
DNA, but has no effect on BP metabolism in micro- 
somes; induction of P-450LM, in adult rabbits by 
BNF [8-11,61] or 2,3,7,8-tetrachlorodibenzo-p- 
dioxin [17, 60, 61] is likewise not associated with an 
increase in microsomal BP hydroxylase activity 
[61,75]. Homogeneous P-450LM, possessed the 
highest specificity for (— )trans-7,8-diol and catalyzed 
the oxygenation of this substrate five times faster 
than P-450LM,, but was largely ineffective with BP. 
In fact, P-450LM, from PB- or BNF-induced micro- 
somes is by far the least active of the various forms 
of rabbit P-450LM in BP hydroxylation, whether 
activity is expressed in terms of total metabolites 
[52], or total phenols estimated fluorometrically 
(Table 1), or by high pressure liquid chromatography 
[52]. Similar results have been obtained with P- 
450LM, preparations from 2,3,7,8-tetrachlorodi- 
benzo-p-dioxin-treated adult rabbits [17, 60, 76]. 
Moreover, 7,8-BF strongly inhibited (—)trans-7,8- 
diol oxygenation by P-450LM, and 3-MC-induced 
microsomes and caused a considerable diminution 
of this activity in control microsomes, which are 
known to contain P-450LM, at significant levels 
[8, 11]. However, in contrast to 7,8-BF, inhibitor 
selectivity appears to be the sole property of BHT 
since this compound did not alter (—)trans-7,8-diol 
oxygenation in any of the microsomal preparations 
or in the reconstituted enzyme system containing the 
different forms of P-450LM. In other experiments 
(not shown) treatment of rabbits with 3-MC osten- 
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sibly did not alter the overall activity of microsomes 
toward (—)trans-7,8-diol, as judged by the total 
metabolites formed, but a substantially greater 
amount of diol-epoxide I than diol-epoxide II was 
obtained with 3-MC-induced as compared to control 
microsomes. It is noteworthy in this connection that 
P-450LM, exhibited a striking preference for the 
pure (—) relative to the (+) enantiomer of trans-7,8- 
diol, and stereoselectively oxygenated the former to 
yield 10-fold more diol-epoxide I than diol-epoxide 
II. These results provide strong evidence in favor of 
the view that the catalytic properties of each form 
of P-450LM, as determined in reconstituted enzyme 
systems, are characteristic of and intrinsic to that 
form and by no means due to artifacts of the puri- 
fication or reconstitution techniques. 

In conclusion, our results demonstrate that the 
oxygenation of BP and BP(-)trans-7,8-diol is cata- 
lyzed by different forms of rabbit P-450LM, and that 
each of these processes is affected differently by 
mixed-function oxidase inhibitors. The data also 
illustrate that substrate metabolism in PB- and 3- 
MC-induced rabbit liver microsomes can be 
accounted for by the catalytic properties of the pre- 
dominant forms of P-450LM in these preparations, 
P-450LM, and LMg, respectively. In sharp contrast 
to the results obtained with rabbit P-450LM, it is 
well established that BP and trans-7,8-diol oxygenase 
activities are both induced several-fold in micro- 
somes from rats treated with polycyclic aromatic 
hydrocarbons [80]. Accordingly, rat 3-MC-inducible 
cytochrome P-448 is seven times more active than 
PB-inducible cytochrome P-450 with BP [80] and 
approximately thirty times more active with racemic 
trans-7 ,8-diol [81]. The stereospecificity of individual 
forms of P-450LM, whose relative proportion in a 
given tissue is invariably altered by drugs and envi- 
ronmental pollutants and by hormonal and genetic 
factors, may play a key role in determining the 
balance between detoxification and activation; this, 
in turn, may govern the susceptibility of specific 
tissues and animals to the carcinogenic action of 
polycyclic hydrocarbons. 
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Abstract—Benzodiazepines (clonazepam, diazepam, flurazepam, fosazepam, lorazepam, nitrazepam, 
oxazepam and RO7-5205) were shown to inhibit the activity of brain aldehyde reductase obtained from 
DBA/2J mice with the ICso values (concentration of inhibitor at 50 per cent of control activity) ranging 
from 0.24 to 7.0 mM. EDso Values of these benzodiazepines for protection against maximal electroshock- 
induced convulsions were determined for DBA/2J mice which were pretreated with either saline or 
8-diethylaminoethyl diphenylpropylacetate (SKF-525A), an inhibitor of microsomal drug-metabolizing 
systems. Spearman rank order and Pearson correlation coefficients between the ICs» values for inhibition 
of aldehyde reductase activity and the EDso values for protection against maximal electroshock-induced 
convulsions were calculated to be 0.62 and 0.82, respectively, for a group of eight benzodiazepines. 
When the animals were pretreated with SKF-525A, the correlation coefficients were 0.83 and 0.71, 
respectively. R» values, indicators of relative lipid solubility, were measured for these benzodiazepines. 
Correlations between Rm values and ICso values or EDso values were not significant at the 95 per cent 
confidence level. 

Valproic acid inhibited DBA/2J mouse brain aldehyde reductase activity with an ICso value of 
7 x 10° M. Data presented in this study are consistent with the hypothesis that highly reactive aldehyde 


intermediates of biogenic amine metabolism may be implicated in anticonvulsant drug action. 


Compounds from all the major classes of anticon- 
vulsant drugs have been shown to inhibit NADPH- 
dependent aldehyde reductase (EC 1.1.1.2) from 
brain. Erwin et al. [1] reported that bovine brain 
aldehyde reductase activity in vitro was markedly 
inhibited by several barbiturates, and they suggested 
that the ionized form of the barbiturates was respon- 
sible for the inhibition. Erwin and Deitrich [2] 
extended these studies to include the hydantoins, 
succinimides and oxazolidinediones when they 
observed that these compounds also inhibited bovine 
brain aldehyde reductase activity in vitro. Similarly, 
Turner and Tipton [3] reported that sodium barbi- 
tone inhibited the activities of the low K,, and high 
K,,. forms of porcine brain NADPH-dependent alde- 
hyde reductase in vitro. Bronaugh and Erwin [4] 
demonstrated the inhibition of monkey brain alde- 
hyde reductase activity by barbiturates and 
phenytoin. 

More recently, several biogenic acids have been 
shown to be potent inhibitors of brain aldehyde 
reductase activity [5-7]. While it has not been 
reported whether these biogenic acids have anticon- 
vulsant activity, studies have shown antiseizure 
effects of other carboxylic acids [8-11]. One of these 
carboxylic acids is dipropylacetic acid (valproic acid), 
a compound useful in the prophylactic treatment of 
absence epileptic seizures. Of all the anticonvulsant 
drugs thus far tested, valproic acid has proved to be 
the most potent inhibitor of brain aldehyde reductase 
activity in vitro [12, 13]. 





* This research was supported in part by U.S. Public 
Health Service Grant AA 03527. 


This study was undertaken in order to examine 
the effects of the benzodiazepines on brain aldehyde 
reductase activity and on maximal electroshock 
(MES)-induced convulsions in DBA/2J mice, and to 
evaluate any correlation that may exist between these 
variables. 


MATERIALS AND METHODS 


Sepharose 4B-200, blue dextran, NAD*, NADP’, 
NADPH, DEAE-cellulose and 4-carboxybenzalde- 
hyde were purchased from the Sigma Chemical Co., 
St. Louis, MO. All chemicals and reagents were of 
the highest quality obtainable from commercial 
sources. Thin-layer chromatography (t.l.c.) plates, 
silica gel 60 F2ss-silanized, were obtained from Merck 
& Co., Inc., Rahway, NJ, and DBA/2J mice were 
purchased from The Jackson Laboratories, Bar Har- 
bor, ME. B-Diethylaminoethyl diphenylpropylace- 
tate (SKF-525A) was the gift of Smith Kline & 
French Laboratories, Philadelphia, PA; valproic acid 
was the gift of Abbott Laboratories, North Chicago, 
IL; fosazepam was the gift of Hoechst—Roussel Phar- 
maceuticals, Somerville, NJ; and lorazepam and 
oxazepam were the gifts of Wyeth Laboratories, 
Philadelphia, PA. “Placebo for diazepam,” nitra- 
zepam, clonazepam, diazepam, flurazepam and 
RO7-5205 were the gifts of Hoffman—La Roche Inc.., 
Nutley, NJ. 

Aldehyde reductase activity was assayed spectro- 
photometrically using a Beckman model 25 spectro- 
photometer. The standard reaction mixture con- 
sisted of partially purified enzyme protein, 0.1 mM 
NADPH cofactor, 0.1 mM 4-carboxybenzaldehyde 
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(4-CBA) and 50 mM monobasic sodium phosphate. 
The sodium phosphate buffer was adjusted to pH 
7.0 with sodium hydroxide at room temperature. 
The final volume of the reaction mixture was 2 ml, 
and the assay was performed at 37°. The reaction 
was initiated by the addition of NADPH, and the 
initial rates of NADPH oxidation were followed at 
340 nm. 

Purification of brain aldehyde reductase from 
DBA/2J mice. Equal numbers of adult male and 
female DBA/2J mice, weighing between 20 and 30 g, 
were decapitated; the brains were rapidly removed 
and placed in a buffer solution containing 10 mM 
monobasic sodium phosphate and 0.5 mM mercapto- 
ethanol. This buffer was adjusted to pH 7.0 with 
sodium hydroxide at room temperature. All enzyme 
isolation procedures were conducted at 0-4°. 

A 25% (w/v) homogenate was prepared by hom- 
ogenizing 40-60 g of brain tissue, in the above buffer 
solution, in a Waring blendor at medium speed for 
| min. The homogenate was centrifuged at 53,700 g 
for 1 hr in a Beckman model L3-50 ultracentrifuge 
using a type 19 rotor. The resultant supernatant fluid 
was added with stirring to an aqueous suspension of 
100 g of Sepharose 4B-200, to which blue dextran 
had been chemically attached according to the meth- 
ods of Ryan and Vestling [14] and Porath et al. [15]. 
This mixture was slowly stirred for 30 min and the 
blue dextran Sepharose 4B-200, which bound the 
aldehyde reductase, was washed in a Buchner funnel 
with 2 liters of 10 mM sodium phosphate buffer, pH 
7.0, containing 0.5 mM mercaptoethanol, and with 
500 ml of the same buffer containing 1.0 mM NAD* 
and 1.0mM lactate in order to remove NAD*- 
dependent dehydrogenase enzymes. Residual 
NAD* and lactate were removed from the blue 
dextran Sepharose by washing with the above buffer 
until the filtered wash solution measured less than 
0.05 absorbance at 280 nm. 

Aldehyde reductase activity was eluted from the 
blue dextran Sepharose with 400 ml of 10 mM sodium 
phosphate buffer, pH 7.0, containing 0.5 mM mer- 
captoethanol and 0.6mM NADPH. The resultant 
enzyme solution was concentrated to approximately 
10 ml using an Amicon filter apparatus with a UM- 
10 membrane, which blocks the passage of com- 
pounds with a molecular weight of 10,000 daltons 
or greater. 

The concentrated enzyme solution was applied to 
a 25 X 250 mm DEAE-cellulose column, and alde- 
hyde reductase activity passed through the-column. 
The DEAE-cellulose was prepared by washing with 
0.1N sodium hydroxide, 0.1 N hydrochloric acid 
and water, followed by equilibration with 10 mM 
sodium phosphate buffer, pH 7.0, containing 0.5 mM 
mercaptcethanol. The flow rate was 3.5 ml/min, and 
the eluent was continuously monitored spectropho- 
tometrically at 280 nm, using an ISCO model UA- 
5 absorbance monitor to observe the elution of 
proteins. 





* Roche ‘Placebo for diazepam” contains: propylene 
glycol USP, 40%; ethyl alcohol USP, 10.55%; benzyl 
alcohol NF, 1.5%; sodium benzoate USP, 4.88%; benzoic 
acid USP, 0.12%; and water for injection USP. q.s. 
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Fractions containing aldehyde reductase activity 
were combined and stored at 0—4°. Under these con- 
ditions, the enzyme activity is stable for at least 6 
months. The enzyme was obtained with -approxi- 
mately 21 per cent yield and a specific activity of 
2.5 umoles NADPH/min per mg protein. This yield 
and final specific activity exceed that obtained pre- 
viously in our laboratory using other procedures 
[1, 2,4]. The enzyme was specific for NADPH and 
readily utilized long-chain aliphatic and “aromatic” 
aldehydes as substrates. 

Determination of 1Cso values of benzodiazepines 
and valproic acid for the inhibition of partially pur- 
ified brain aldehyde reductase activity. The concen- 
trations of inhibitors were chosen such that the 
inhibition was between 16 and 84 per cent of control 
velocity. The icso values represent benzodiazepine 
concentrations which produce 50 per cent inhibition 
of partially purified brain aldehyde reductase 
activity. The 1cso values were estimated utilizing at 
least four concentrations of inhibitor, and each value 
is the average of two or more separate estimations 
using different enzyme preparations. 

Benzodiazepines were dissolved in Tween 20 and 
brought to a final volume with a solution containing 
50mM monobasic sodium phosphate (the pH had 
been adjusted to 7.0 with sodium hydroxide at room 
temperature). The final concentration of Tween 20 
in the reaction cuvette was maintained constant at 
10% with the use of a buffered Tween 20 solution 
without benzodiazepine. 

Probit values for per cent of control velocity in 
the presence of benzodiazepine were plotted against 
the concentrations of inhibitors, and a best fit line 
was drawn using the method of least squares. The 
ICso Values of the benzodiazepines and valproic acid 
were calculated from the least squares line. 

Determination of EDso values for protection against 
maximal electroshock-induced convulsions. Deter- 
minations of EDs» values [16] of benzodiazepines for 
protection from maximal electroshock (MES)- 
induced seizures were made using the method of 
Swinyard [17]. Male and female DBA/2J mice in 
equal numbers were given intraperitoneal injections 
of a benzodiazepine 1 hr before receiving an electric 
shock administered via a corneal electrode. The ben- 
zodiazepines were dissolved in Roche “Placebo for 
diazepam,”* a solvent used commercially to dissolve 
diazepam. This solvent will protect mice against 
MES-induced seizures at doses greater than 0.7 ml; 
however, no protection was afforded at the doses 
(0.1-0.2 ml) used in this study. The electroshock was 
delivered with a Wahlquist Instrument Co. power 
supply which provided a current intensity of 50 mA 
with a duration of 0.2 sec, at a frequency of 60 Hz. 
A positive tonic convulsion was characterized by the 
classical hindlimb extension. At least eight mice were 
used per dosage, and at least three dosages of each 
drug were used per EDso determination. 

All experiments were conducted between the 
hours of 12:00 noon and 6:00 p.m. in order to mini- 
mize the effects of diurnal rhythms, and mice were 
caged in groups of four of the same sex, at a constant 
temperature of 72 + 2° with a 12 hr light—dark cycle. 
Mice were given water and food (Wayne Lab Blox) 
ad lib. , and all animals weighed between 20 and 30 g. 





Benzodiazepine anticonvulsant mechanism 


The age of the mice ranged from 55 to 85 days. 

The calculation of the EDs» values and 95 per cent 
confidence limits was done according to the method 
of Litchfield and Wilcoxon [18]. The percentages of 
animals protected for each dosage group were 
changed to probits, and the doses, in wmoles drug 
per kg body wt, were changed to logio. Probits were 
plotted against logio doses and a best fit line was 
drawn to the data points using the least squares 
method. Using least square lines, EDs» values and 95 
per cent confidence limits were then calculated. 

In experiments utilizing SKF-525A, water sol- 
utions of this compound were administered at a dose 
of 20 mg/kg, intraperitoneally, 30 min prior to ben- 
zodiazepine injection. 

Determination of Rm values. Rm values, indicators 
of lipid solubility of compounds, were determined 
using the chromatographic methods of Biagi et al. 
[19] and Hung and Raynaud [20]. R,, values are 
calculated according to the following formula: 


Rn = log (= - 1), 


where R;is the distance traveled from the baseline 
by the drug divided by the distance traveled by the 
solvent front. 

R» values were determined using silanized silica 
gel t.l.c. plates (Merck, precoated T.L.C. plates, 
Silica gel 60 Foss-silanized, layer thickness 0.25 mm, 
size 20 xX 20cm). Drugs were dissolved in methanol 
solutions and spotted on the baseline of the t.l.c. 
plates. The plates were then placed in a sealed chro- 
matographic tank containing an acetone—water sol- 
ution, and the sides of the tank were lined with filter 
paper that was saturated with the solvent solution. 
After the chromatographic run, at room tempera- 
ture, the plates were removed from the tank and 
dried at ambient temperatures. Compounds were 
visualized as dark spots under a u.v. lamp, against 
a fluorescing background. 

Each drug was chromatographed three times at 
several acetone concentrations, and the average R,», 
value for each concentration of acetone was plotted 
against the percentage of acetone in the solvent 
mixture. A best fit line was drawn using the method 
of least squares, and the R,, value for zero per cent 
acetone was calculated. 


RESULTS 


As shown in Table 1 and Fig. 1, valproic acid 
inhibited aldehyde reductase with an ics» value of 
7 x 10°°M, and the K; value was determined to be 
2.5 x 10°°M. The ics» values of the benzodiazepines 
ranged from 2.46 x 10°*M, for nitrazepam, to 
7.11 x 10°*M, for flurazepam. Inhibition of alde- 
hyde reductase activity by clonazepam was reversible 
by dilution (Table 2). 

The EDs» values of the benzodiazepines for pro- 
tection of DBA/2J mice against MES-induced con- 
vulsions are presented in Table 3. The method 
described by Swinyard [17] for the determination of 
anticonvulsant EDs» values for protection of animals 
against MES-induced seizures involves administra- 
tion of the drug 1 hr prior to MES. Garattini er al. 
[21] have demonstrated, 1 hr after the intravenous 
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Table 1. ICso Values of benzodiazepines and valproic acid 
for inhibition of brain aldehyde reductase activity* 





ICso Values 


Drug (M x 10°) 





Nitrazepam 
Clonazepam 
RO7-5205 
Lorazepam 
Oxazepam 
Diazepam 
Fosazepam 
Flurazepam 
Valproic acid 





* The ICso estimations for inhibition of partially purified 
DBA/2J mouse brain aldehyde reductase activity were 
determined as described in the text and in the legend to 
Fig. 1. The 1Cso values reported are averages of at least two 
ICso estimations per inhibitor using different enzyme 
preparations. 


© clonazepam 
@ diazepam 
0 lorazepam 


Probit 
of 
Percent 
of 
Control 
Velocity 








n° os «© w= s 
Log Inhibitor Concentration (Moiarity x 10*) 
Fig. 1. Estimation of 1Cso for inhibition of brain aldehyde 
reductase from DBA/2J mice. Aldehyde reductase assays 
were conducted as described in the text with each final 
reaction mixture containing Tween 20, 10% (w/v). The 
benzodiazepines were dissolved in a 20% (w/v) Tween 20 
solution containing 50 mM monobasic sodium phosphate 
adjusted to pH 7.0 with sodium hydroxide. The concen- 
tration of the inhibitor was varied, and the rate of NADPH 
disappearance was measured at 340 nm for each inhibitor 
concentration. The probit of per cent of control velocity 
was plotted against the log of the inhibitor concentration. 
The inhibitor concentration which corresponded to a probit 
value of 5.0 was taken as the ICso estimation. 


injection of diazepam, the presence of measurable 
brain levels of diazepam, N-demethyl-diazepam and 
oxazepam. These compounds, as well as another 
derivative of diazepam, N-methyloxazepam, are 
known to possess anticonvulsant activity in the 
mouse [22]. Therefore, the anticonvulsant EDs val- 
ues in Table 3 are undoubtedly the result of a com- 
bination of compounds, i.e. the originally adminis- 
tered drug and its in vivo metabolites. In order to 
minimize the in vivo formation of benzodiazepine 
metabolites, SKF-525A (20 mg/kg) was administered 
intraperitoneally 0.5 hr prior to the administration 
of benzodiazepine, and a new set of EDs» values 
(SKF-Eps» values) was determined (Fig. 2). The 
SKF-Epso values for the benzodiazepines are shown 
in Table 4. These values probably reflect more 
accurately the direct result of the originally admin- 
istered drug [23-25]. 
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Table 2. Reversibility of benzodiazepine inhibition of brain 


aldehyde reductase activity* 





Per cent of 


NADPH 


Clonazepam 


control activity 


(moles oxidised/min) 





Control 
Assay I 
Assay II 
Assay III 


8x10*M 
4x104°M 
2.7x 107M 


100.0 
0.0 
22.8 
48.8 


1.318 
0.0 

0.306 
0.643 





* Determination of aldehyde reductase activity was performed as described in the text 
with clonazepam as inhibitor. The concentration of clonazepam, prior to dilution, was 
sufficient to inhibit the reaction completely (Assay I). The Assay I mixture was diluted by 
a factor of 2 by adding an equal volume of reaction medium such that the 4-carboxyben- 
zaldehyde, NADPH and Tween 20 concentrations remained constant at 10 *M and 12 per 
cent, respectively (Assay II). Assay III was a further dilution of Assay II by a factor of 1.5. 


Table 3. EDso Values of benzodiazepines for protection of 
DBA/2J_ mice against maximal electroshock-induced 
convulsions* 


Table 4. EDso Values of benzodiazepines for protection 


maximal 
DBA/2J mi 


against 


electroshock-induced convulsions of 
ce pretreated with SKF-525A* 





EDso Value (moles/kg) 


Drug (confidence limits) 


Drug 


EDso Value (moles/kg) 
(confidence limits) 





8.03 
11.3 
16.4 
22.6 
29.1 
57.2 

104.0 
227.0 


(7.60-8.49) 
(8.88-14.4) 
(15.7-17.2) 
(20.9-24.5) 
(24.5-34.5) 
(51.8-63.4) 
(92.0-118) 
(213-242) 


Clonazepam 
Nitrazepam 
Oxazepam 
Lorazepam 
Diazepam 
RO7-5205 
Fosazepam 
Flurazepam 


Nitrazepam 
Clonazepam 
Lorazepam 
Oxazepam 
Diazepam 
RO7-5205 
Flurazepam 
Fosazepam 


(4.83-6.06) 
(7.10-9.16) 
(9.19-11.5) 
(16.0-19.8) 
(25.2-29.3) 
(39.3-53.6) 
(44.2-72.8) 
(90.4-115) 





* Anticonvulsant EDso values were determined according 
to the method of Swinyard [17]. The calculation of the EDso 
values and of the 95 per cent confidence limits was done 
according to the method of Litchfield and Wilcoxon [18]. 


oe 


Probit 
of 
Percent 
Protected 
Against 
MES 


lorazepam 
oxazepam 
RO7-5205 
fosazepam 


+ 


-~nN WS VY ON DW 
eee -—}——+ 








10 15 20 
Log Dose 


(.Lmole/kg) 


Fig. 2. Determination of EDso values for protection of 
DBA/2J mice pretreated with SKF-525A against maximal 
electroshock (MES)-induced convulsions. At least eight 
mice were used at each drug dosage level, and a minimum 
of three dosage levels was utilized per EDs» determination. 
Determinations presented here are for animals pretreated 
with a 20 mg/kg intraperitoneal dose of SKF-525A 30 min 
prior to the benzodiazepine. The probit of the per cent of 
mice protected against MES-induced, hindlimb-extension 
convulsions was plotted against the log of the dose of 
benzodiazepine. The dose that corresponded to a probit 
value of 5.0 was taken as the SKF-EDso value. The EDso 
values for protection of DBA/2J mice against MES-induced 
convulsions were similarly obtained except that the mice 
were not pretreated with SKF-525A. 


* Determination of anticonvulsant SKF-EDso values is 
described in the legends of Fig. 2 and Table 3, as well as 
in Materials and Methods. 


Pretreatment of animals with SKF-525A lowered 
the anticonvulsant EDso values of nitrazepam, lora- 
zepam and flurazepam, while it did not alter the EDso 
values of clonazepam, oxazepam, diazepam, fosa- 
zepam and RO7-5205. 

In the course of these studies it was of interest to 
determine whether binding of the benzodiazepines 
might be related to lipophilic interactions with the 
enzyme. Consequently, R»», values which indicate the 
relative lipid solubilities of several benzodiazepines 
were estimated; the values are presented in Table 
5. Values ranged from 0.712 for fosazepam, a water- 
soluble benzodiazepine, to 2.193 for flurazepam. 

Two types of correlation analysis were used to 
evaluate the date [26]. The Spearman rank order 
correlation coefficients (r;) and the Pearson corre- 
lation coefficients (r,) are presented in Table 6. 

The R,, values for the benzodiazepines (Table 5) 
did not correlate significantly with either the 1Cso 
values for the benzodiazepines for inhibition of brain 
aldehyde reductase activity, the EDs» values, or the 
SKF-eps0 values of the benzodiazepines for protec- 
tion of DBA/2J mice against MES-induced seizures. 
This implies that the order of potency of the ben- 
zodiazepines in these parameters is not related to 
their lipid solubility, but is a more specific binding 
phenomenon. 





Benzodiazepine anticonvulsant mechanism 


Table 5. Rm values of benzodiazepines* 





Drug Rm value 





0.712 
1.283 
1.369 
1.438 
1.579 
1.652 
2.193 


Fosazepam 
Oxazepam 
Lorazepam 
Nitrazepam 
Clonazepam 
Diazepam 
Flurazepam 





* Rm values were measured by thin-layer chroma- 
tography on silanized silica gel plates run in a mixture of 
acetone-water solutions in varying proportions, as 
described in Materials and Methods. Rm values (average 
of three determinations) were plotted against the percent- 
age of acetone in the mixture and extrapolated to 0% (v/v) 
acetone to give Rm (H2O). Rm = log(1/Ry — 1). 


The correlation analysis between EDso and SKF- 
EDso values and the 1Cso vaiues for the benzodiaze- 
pines produced r; and r, values that were statistically 
significant; for example, the r; values were 0.62 and 
0.83, respectively. 


DISCUSSION 


These studies were conducted in order to examine 
further the hypothesis that inhibition of brain alde- 
hyde reductase activity might be responsible for the 
anticonvulsant action of the benzodiazepines [2, 13]. 
As reported in the results, the benzodiazepines were 
shown to be moderately potent reversible inhibitors 
of DBA/2J mouse brain aldehyde reductase activity 
in vitro (Tables 1 and 2), and to protect DBA/2J 
mice against MES-induced seizures (Tables 3 and 
4). A modest correlation was observed between these 
parameters (Table 6). The 7, value for the correlation 
between the 1cso values and the SKF-epso values of 
the benzodiazepines is 0.71, and r, equals 0.50. Of 
course, this significant covariance does not indicate 
any causal relationship between brain aldehyde 
reductase inhibition and anticonvulsant activity. It 
is consistent, however, with the working hypotheses 
that drug-induced alterations in the brain levels of 
B-hydroxylated biogenic aldehydes [27, 28] may be 
involved in the mechanism of action of anticonvul- 
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sant compounds |2]|. The concentration of these B- 
hydroxylated biogenic aldehydes might be increased 
in vivo by the inhibition of brain aldehyde reductase 
activity. These biogenic aldehydes have been shown 
to form tetrahydroisoquinoline alkaloids in vivo 
[29, 30], to inhibit Na*-K*-ATPase activity from 
mouse brain and to inhibit norepinephrine uptake 
into rat brain synaptosomes [31]. 

To date, no one has been able to demonstrate in 
vivo that an anticonvulsant drug will increase the 
concentration of dihydroxyphenylglycolaldehyde 
(DHPGA), the biogenic aldehyde of norepineph- 
rine. Several investigators have used brain hom- 
ogenates to show this effect [29, 32-34]. A concern 
in the present study is that the concentration of 
benzodiazepine required to block convulsions is con- 
siderably lower than those needed to inhibit aldehyde 
reductase in vitro. Studies are currently in progress 
to determine whether any of the anticonvulsants 
make aldehyde reductase rate-limiting in the intact 
brain. 
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Abstract—A total prevention of ethanol-induced fatty liver by the simultaneous administration of 
adenosine and allopurinol was observed. Under these conditions, adenosine ameliorated the reduction 
in the cytoplasmic NAD*/NADH ratio produced by ethanol metabolism, increased the rate of ethanol 
oxidation, and decreased the blood ketone bodies, reflecting an inhibition of hepatic fatty acid oxidation. 
Moreover, in rats treated with 4-methylpyrazole, the effect of the nucleoside on the increased rate of 
ethanol oxidation was not observed. The effect of adenosine on the modifications induced by the 
administration of ethanol in the mitochondrial redox potential was tested. When the nucleoside was 
administered to ethanol-treated animals, a reversal of the ethanol-induced diminution in the mito- 
chondrial NAD*/NADH ratio and in the redox potential was observed after 2-4 hr of treatment. These 
data lend further support to the suggestion that adenosine promotes the capacity of the cell to handle 
the reducing equivalents generated during ethanol metabolism. Moreover, these experiments suggest 
that hydrogen peroxide, generated through purine metabolism, plays a minimal role in the action of 
adenosine on ethanol metabolism. Finally, a second mechanism by which the nucleoside prevents fatty 
liver in the presence of allopurinol was evident and this was related to an inhibition of fatty acid 


metabolism. 


It is well known that a great number of hepatic 
functions are altered after the ingestion of ethanol 
and that these effects are due mainly to the change 
in the redox state (NAD*/NADH) produced by its 
metabolism. In addition, it has been suggested that 
reoxidation of cytosolic NADH is the rate-limiting 
step in ethanol metabolism [1-3]. 

It has also been found that administration of 
adenosine partially prevents ethanol-induced fatty 
liver, ameliorates the effect of ethanol metabolism 
on the cytoplasmic redox state, and increases ethanol 
oxidation [4]. Furthermore, ethanol enhances the 
adenosine-mediated increase in ATP [4,5], and 
adenosine alone produces a marked shift in the mito- 
chondrial redox state NAD*/NADH [6]. Taking all 
these data into account, it has been suggested that 
the nucleoside may promote translocation of reduc- 
ing power from the cytoplasm to the mitochondria, 
and that this mechanism may be responsible for the 
effects observed [4]. 

Hepatic cells catabolize adenosine to uric acid very 
rapidly [7], and in this pathway xanthine oxidase 
generates hydrogen peroxide. It has been shown that 
catalase is capable of oxidizing ethanol in vitro in 
the presence of a hydrogen peroxide-generating sys- 
tem [8]. Therefore, although it is generally accepted 
that, under basal conditions, hydrogen peroxide- 
mediated ethanol peroxidation does not play a sig- 
nificant role in ethanol metabolism [9, 10], it is the- 
oretically possible that the effects of adenosine on 
ethanol metabolism might be due to this process. 
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This point was experimentally tested using allo- 


purinol [4-hydroxypyrazolo(3,4-d)pyrimidine], a 
well-known inhibitor of xanthine oxidase, and 4- 
methylpyrazole, a potent inhibitor of alcohol dehy- 
drogenase. The present paper shows that the action 
of adenosine on ethanol metabolism is mediated by 
alcohol dehydrogenase and the consequent altera- 
tions in the cytoplasmic and mitochondrial redox 
states. It is demonstrated that hydrogen peroxide, 
generated through purine catabolism, is not an 
important factor in adenosine action on ethanol- 
induced metabolic changes. Finally, data are pre- 
sented showing the effect of the nucleoside on the 
metabolism of fatty acids originating from triglycer- 
ide stores, and the role of these fatty acids in the 
pathogenesis of ethanol-induced fatty liver. 


MATERIALS AND METHODS 


Adenosine, allopurinol, zeolite, alcohol dehydro- 
genase, a-glycerophosphate dehydrogenase, 3- 
hydroxybutyrate dehydrogenase and uricase were 
obtained from the Sigma Chemical Co. (St. Louis, 
MO). Coenzymes were purchased from Boehringer 
und Soehne (Mannheim, West Germany). 4-Methyl- 
pyrazole was a gift from Dr. A. I. Cederbaum. Other 
chemicals used were reagent grade of the best quality 
available. 

The experiments were performed with male Wistar 
rats (weighing between 170 and 210g) which were 
fasted for 16-20hr. Ethanol was administered 
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through a stomach tube at a dose of 2.5 or 5 g/kg 
body wt. Control animals received an isocaloric dose 
of glucose. Immediately after gastric intubation, the 
animals were injected intraperitoneally with saline 
(NaCl, 0.85%) or adenosine suspended in saline at 
doses of 200 mg/kg body wt. Allopurinol (20 mg/kg 
body wt) or 4-methylpyrazole (200 mg/kg body wt) 
was suspended by homogenization either in saline 
or in the adenosine suspension. Thus, the animals 
were injected only once and were not subjected to 
any extra water or electrolyte load. 

Hepatic triacylglycerols were determined by the 
method of Butler et al. [11]. Serum triacylglycerols 
and serum free fatty acids were assayed according 
to the methods of Van Handel and Zilversmit [12] 
and Dole and Meinertz [13], respectively. Blood and 
hepatic ketone bodies were quantified enzymatically: 
3-hydroxybutyrate (3-OHB) according to William- 
son and Mellamby [14], and acetoacetate (AA) 
according to Mellamby and Williamson [15]. Total 
ketone bodies were calculated as the sum of 3-OHB 
plus AA. Blood ethanol [16] and plasma uric acid 
[17] were estimated enzymatically. For the prep- 
aration of liver extracts, the animals were killed by 
a blow on the head. The abdomen was opened 
immediately with a bistoury and 150-300 mg of liver 
were homogenized in ice-cold 6% (w/v) perchloric 
acid within 7 sec after the abdominal incision. The 
homogenate was centrifuged at 300 g for 10 min, and 
the supernatant fraction was removed and carefully 
neutralized with 5M K,CO,. Hepatic a-glycero- 
phosphate (a-GP) and dihydroxyacetone phosphate 
(DHAP) were determined by the methods of 
Hohorst [18] and Bucher and Hohorst [19], respec- 
tively, and 3-hydroxybutyrate and acetoacetate as 
mentioned previously. 

The activity of hepatic xanthine oxidase was quan- 
tified in a whole homogenate (20% in0.25M 
sucrose) according to Luck [20]. The activity is 
expressed as mK/mg protein, where K is the activity 
number of xanthine oxidase [20]. Protein was deter- 
mined by the biuret method [21]. The cytoplasmic 
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NAD*/NADH ratio was calculated using the equi- 
librium constant of a-glycerophosphate dehydrogen- 
ase as obtained by Russman [22] and taken from the 
paper by Veech et al. [23]. The mitochondrial redox 
state was calculated from the 3-OHB/AA ratio, using 
the equilibrium constant reported by Krebs [24] for 
the 3-hydroxybutyrate dehydrogenase. Redox 
potentials were calculated using the Nernst equation: 


electron acceptor 
electron donor 





E, = Ei, + 0.03 log 


E,, = 0.314 + 0.03 log ae 


Statistical significance between comparable groups 
was determined by Student’s /-test. 


RESULTS AND DISCUSSION 


The ability of allopurinol to inhibit xanthine oxi- 
dase was tested. Eight hr after administration, allo- 
purinol produced about 30 per cent inhibition of the 
activity of this enzyme (Table 1). Surprisingly, 
adenosine or adenosine + ethanol magnified this 
effect, a 60 per cent inhibition (compared to the 
glucose + saline group) being observed in both cases 
(Table 1). Adenosine alone produced a small inhi- 
bition, while only minor changes in the activity of 
the enzyme were observed with ethanol (Table 1). 
The additive action of allopurinol and adenosine on 
xanthine oxidase may be due to a mutual competition 
for their metabolism. However, the in vivo inhibition 
of purine catabolism in the presence of allopurinol 
was 95 per cent, since a drop of this magnitude was 
observed in plasma uric acid levels (results not 
shown). In any event, the amount of hydrogen per- 
oxide generated through the catabolism of purine 
was probably diminished to a minimum in rats 
treated with ethanol + adenosine + allopurinol. 


Table 1. Effects of ethanol or glucose and adenosine or saline on the inhibition of xanthine 
oxidase by allopurinol* 





Activity of xanthine oxidase (mK/mg protein) 





Treatment 


Without allopurinol 


With allopurinol 





Glucose + saline 
(4) 
Glucose + adenosine 
(3) 
Ethanol + saline 
(4) 
Ethanol + adenosine 


(3) 


246.57 + 12.59 
203.59 + 23.37 
229.20 + 17.94 


195.86+ 6.509 


168.37 + 26.01+ 
(4) 
102.07 + 5.39+§ 
(4) 

152.65 + 19.28]| 
(3) 

99.61 + 23.29** 
(4) 





* Results are expressed as means + S.E.M. with the number of animals in parentheses. 
Determinations were made 8 hr after treatment. 

+ P<0.05, compared to the glucose + saline group (without allopurinol). 

+ P<0.01, compared to the glucose + adenosine group (without allopurinol). 

§ P <0.05, compared to the glucose + saline group (with allopurinol). 

|| P< 0.05, compared to the ethanol + saline group (without allopurinol). 

{| P < 0.02, compared to the glucose + saline group (without allopurinol). 

** P <().02 compared to the ethanol + adenosine group (without allopurinol). 





Ethanol, adenosine and liver metabolism 


The ability of adenosine to prevent the ethanol- 
induced fatty liver was tested in the presence and 
absence of allopurinol. Eight hr after ethanol admin- 
istration a 4-fold accumulation of triacylglycerol in 
the liver was observed, which was partially reversed 
by adenosine (48 per cent diminution), as reported 
previously [4]. These effects were essentially unal- 
tered by xanthine oxidase inhibition, but when allo- 
purinol and adenosine were administered together, 
no ethanol-induced accumulation of lipids was 
detected. A value of 2.87 + 0.49 mg hepatic triacyl- 
glycerols/g wet wt was detected in the group given 
glucose and saline, which is similar to that obtained 
in the rats subjected to ethanol + adenosine treat- 
ment (2.15 +0.45 mg_ triacylglycerols/g wet wt) 
(figures are expressed as the mean + S.E. of six 
determinations in each group). Thus, a total pre- 
vention of ethanol-induced fatty liver, in the pres- 
ence of adenosine and_ allopurinol, was 
demonstrated. 

To study ethanol oxidation, a small dose of ethanol 
(1 g/kg) was given to rats treated with allopurinol or 
allopurinol + adenosine, the animals being killed 4 hr 
after treatment. Under these conditions, the blood 
level of ethanol was 9.44 + 1.44 mM in rats treated 
with allopurinol and 4.92 + 0.26 mM in rats treated 
with allopurinol + adenosine (mean + S.E.M. of 
five determinations in each case, P < 0.02). To fur- 
ther test if there was an increase in ethanol oxidation, 
4-methylpyrazole, a specific inhibitor of alcohol 
dehydrogenase, was employed. Ethanol (2.5 g/kg 
body weight) was administered to rats treated with 
pyrazole or pyrazole + adenosine, and the levels of 
ethanol in the blood were subsequently measured. 
No significant difference was detected between the 
groups (results not shown), suggesting that adeno- 
sine treatment increased the flux of ethanol in vivo 
through alcohol dehydrogenase. 

A clear correlation between liver triacylglycerol 
content and cytoplasmic redox state was presented 
in a previous paper [4]. Therefore, the cytoplasmic 
redox state calculated from the levels of a cyto- 
plasmic pair a-GP and DHAP, was studied in rats 
treated with allopurinol. The administration of allo- 
purinol did not affect significantly the cytoplasmic 
redox state in the presence of ethanol with or without 
adenosine. As expected, ethanol produced a large 
accumulation of a-glycerophosphate, reflecting a 
drastic decrease in the cytoplasmic NAD*/NADH 
ratio. Adenosine significantly ameliorated this effect 
of ethanol metabolism by a magnitude similar to that 
observed previously in the absence of allopurinol 
[4]. The strong correlation previously observed 
between the cytoplasmic redox state and the amount 
of triacylglycerols in the liver [4] was not observed 
in rats treated with allopurinol, the correlation coef- 
ficient being 0.56. This is probably due to the fact 
that adenosine completely prevented the accumu- 
lation of triacylglycerols produced by ethanol and 
partially modified the effect of the alcohol on the 
redox state, increasing by 30-40 per cent the 
NAD*/NADH over the control group. Hence, in 
addition to its effect on the cytoplasmic redox state, 
adenosine probably prevents the ethanol-induced 
fatty liver by a second mechanism, as evidenced in 
the presence of allopurinol. 
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In an effort to clarify this second mechanism man- 
ifested by adenosine, the concentration of serum 
lipids and the blood level of ketone bodies, as an 
index of the oxidation of fatty acids by the liver [25], 
were investigated. Allopurinol did not modify to an 
appreciable extent the effect of adenosine alone, or 
in the presence of ethanol, on the level of triacyl- 
glycerols in serum. As reported previously, ethanol 
produced an increase in serum triacylglycerols, and 
the administration of adenosine did not increase the 
triacylglycerolemia but decreased it to normal levels. 
It is interesting that in the four experimental groups 
allopurinol treatment decreased triacylglycerolemia 
by about 20 per cent. 

Adenosine is a powerful antilipolytic agent [26] 
and, although this action does not seem to play an 
important role in its effect on fatty liver [4], the 
possibility of a magnification by allopurinol of the 
antilipolytic action of adenosine was considered. 
Contrary to what was expected, in the presence of 
allopurinol, which inhibits purine catabolism, adeno- 
sine increased serum-free fatty acid levels, the con- 
centrations detected being 41.5+7.6p- 
equiv./100 ml of serum in the glucose + saline group 
and 56.6 + 4.7 u-equiv./100 ml in the presence of 
adenosine. This action was more evident in animals 
treated with ethanol, where a marked increase in 
serum-free fatty acids was observed (54.3 + 2.3 in 
the ethanol + saline group and 68.8 + 43.3 in the 
ethanol + adenosine-treated animals; mean + S.E. 
of samples taken from six animals in each experi- 
mental group after 8 hr of the treatment, P < 0.02). 

The level of free fatty acids in the serum of rats 
is the result of a balance between lipolysis, mainly 
in adipose tissue, and utilization, mainly by the liver. 
Savolainen et al. [27] have shown that in vivo ethanol 
administration increases adipose tissue cyclic AMP. 
However, no significant increases in serum-free fatty 
acids were observed by these authors [27] or by us. 
This is probably due to the increased hepatic uptake 
of free acids from serum in ethanol-treated rats [28]. 
The increased serum level of fatty acids observed in 
rats treated with ethanol + adenosine + allopurinol 
probably resulted from an enhanced lipolysis pro- 
duced by ethanol and a decreased free fatty acid 
uptake by the liver due to adenosine [29]. On the 
other hand, the action of adenosine in inhibiting 
hepatic fatty- acid oxidation that results in decreased 
plasma ketone body levels [28] was observed in the 
presence of allopurinol. This action of the nucleoside 
was more evident after 4hr of treatment, as evi- 
denced by an inhibition of the ketonemia of 77 per 
cent in the animals receiving a glucose load and 54 
per cent in those treated with ethanol. Ethanol 
increased the amount of 3-OHB and the total amount 
of ketone bodies, and both actions were blocked by 
adenosine. The results previously obtained [30] in 
the absence of allopurinol persisted for 1 hr, but in 
the presence of this drug the effect was optimal after 
4hr of treatment, and a 20 per cent inhibition of 
ketonemia was still evident after 8hr. As yet, we 
have no explanation for the observed effects of 
allopurinol in prolonging the action of adenosine. 
However, under these conditions, fatty acids were 
neither esterified nor oxidized, i.e. no accumulation 
of triacylglycerols in the liver was detected, the 
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hyperlipemia produced by ethanol was not increased 
but rather decreased to normal levels, and the con- 
centration of ketone bodies was not augmented but 
decreased. Therefore, a reasonable explanation of 
these observations is that these fatty acids are not 
metabolized by the liver under these conditions. This 
point is supported by the fact that adenosine inhibits 
the extramitochondrial activation of fatty acids [30] 
which is essential for their hepatic metabolism. 
The effects of adenosine alone on the mitochon- 
drial redox state have already been published and 
discussed [6] and are consistent with the hypothesis 
that the nucleoside enhances the utilization of reduc- 
ing power by the respiratory chain. The results 
obtained for these variables in the presence of 
ethanoi and/or adenosine and their controls, receiv- 
ing a glucose load, are presented in Table 2. One 
hour after treatment with glucose the animals 
exhibited a low rate of fatty acid oxidation. If keto- 
genesis is considered an index of hepatic fatty acid 
oxidation (Table 2), this probably occurs because, 
following glucose administration, the liver should 
have a low metabolic rate, since glucose is available 
for consumption by extrahepatic tissues, and it is not 
necessary for the liver to produce ketone bodies or 
glucose. However, the mitochondrial redox state, 
expressed as NAD*/NADH, was kept at the normal 
value reported previously [6]. After 4 hr of treat- 
ment, a decrease in the mitochondrial 
NAD*/NADH ratio in the control animals receiving 
a glucose load was observed, probably due to hor- 
monal adjustment, since the glucose absorption must 
be terminated after the second hour. Adenosine 
action was observed in these conditions, and 1 hr 
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after the treatment of glucose and adenosine a 
marked decrease in 3-OHB (reduced substrate) was 
observed. Consequently, the NAD*/NADH ratio 
increased, which is in agreement with data reported 
previously without the glucose load [6]. 

The metabolism of ethanol produces acetaldehyde 
which is oxidized within the mitochondria by ace- 
taldehyde dehydrogenase, generating NADH and, 
so, exceeding the capacity of utilization by the res- 
piratory chain thereby modifying the mitochon- 
drial redox state. As expected, ethanol produced 
a marked decrease in the mitochondrial 
NAD*/NADH ratio at all times tested, due mainly 
to an appreciable increase of 3-OHB (reduced 
substrate). 

The administration of adenosine produced an 
increase in the metabolism of ethanol [4], thus 
increasing the supply of acetaldehyde to the mito- 
chondria and, consequently, leading to a further 
excess of NADH which will result in a decrease of 
the NAD*/NADH ratio more marked than with 
ethanol alone. The action of adenosine, however, 
was exactly the opposite, i.e. the nucleoside 
increased the mitochondrial redox state (Table 2) by 
decreasing the level of 3-OHB (reduced substrate) 
until 4hr of the treatment. No significant changes 
in the levels of acetoacetate were observed after 
nucleoside treatment. The action of adenosine on 
these variables was not evident after 8 hr of treat- 
ment. These data lend further support to the sugges- 
tion that reducing equivalents generated by the 
oxidation of ethanol are utilized faster by the res- 
piratory chain. This could be a consequence of an 
increased transfer of reducing power from the cyto- 


Table 2. Effects of ethanol or glucose and adenosine or saline on the hepatic mitochondrial redox state 





3-OHB 


AA Total ketone bodies 


(3-OHB + AA) 





Treatment 


(~moles/g wet wt) 


(umoles/g wet wt) NAD*/NADH 





163.7 + 21.3 
48.8 + 7.0+ 
585.7 + 87.7+ 
501.1 + 59.8+ 
136.7 + 18.7 
129.7 + 22.5 
531.3 + 50.9¢ 
351.9 + 29.28|| 
346.0 + 44.5 
198.0 + 30.19 
886.2 + 113.7** 
599.0 + 100.7++ 
291.2 + 24.1 
288.1 + 40.9 
568.5 + 101.8¢+ 
671.1 + 117.5288 


Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 
Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 
Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 
Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 


COCO COCO SR SP LAP NNNN KE EK 


196.4 + 36.8 
196.6 + 27.5 
256.6 + 38.9 
229.6 + 44.1 
149.6 + 43.5 
203.3 + 27.4 
175.90 + 43.53 
171.6 + 32.3 
211.7 + 25.5 
225.6 + 46.9 
325.8 + 46.3 
325.5 + 53.2 
240.1 + 42.4 
233.3 + 34.6 
223.0 + 38.0 
211.17 + 23.82 


24.44 
81.63 
8.90 
9.29 
22.29 
31.69 
6.72 
9.89 
12.44 
23.05 
7.46 
11.02 
16.76 
16.49 
7.95 
6.38 


360.2 
245.4 
842.3 
730.7 
286.4 
333.0 
707.2 
523.5 
557.7 
423.6 
1212.0 
924.5 
531.3 
521.3 
791.4 
882.3 





* Results are expressed as the mean + S.E.M. of at least four animals for each group. 
+ P< 0.005, compared to the glucose + saline group (1 hr). 

+ P< 0.001, compared to the glucose + saline group (2 hr). 

§ P< 0.001, compared to the glucose + saline group (2 hr). 

|| P< 0.02, compared to the ethanol + saline group (2 hr). 

| P < 0.025, compared to the glucose + saline group (4 hr). 

** P < 0.005, compared to the glucose + saline group (4 hr). 

++ P <0.05, compared to the glucose + saline group (4 hr). 

++ P < 0.025, compared to the glucose + saline group (8 hr). 

§§ P < 0.01, compared to the glucose + saline group (8 hr). 





Ethanol, adenosine and liver metabolism 


plasm to the mitochondria, an increase in the flux 
of the respiratory chain, or by a synergy of the two 
mechanisms. Although this point will not be dis- 
cussed here, in Table 3 we present the mitochondrial 
redox potential calculated from Table 2, the cyto- 
plasmic redox potentials calculated from data in our 
previous paper [4], and the differences between both 
compartments. Adenosine alone produced an 
increase of 15 mV in the mitochondrial redox poten- 
tial 1 hr after its administration. This action dimin- 
ished to 4 and 8mV after 2 and 4hr, respectively, 
and then disappeared. No effect of adenosine alone 
on the cytoplasmic redox potential was detected 
(Table 3). Ethanol decreased (became more nega- 
tive) the redox potential in both compartments. In 
relation to its effects on ethanol metabolism, the 
nucleoside produced an elevation of 5mV in the 
mitochondrial compartment‘ and 8-6mV in the 
cytoplasm after 1,2 and 4hr of the treatment. 
Eight hr after treatment the action of adenosine on 
the cytoplasm was still apparent, although no effect 
was detected within the mitochondria. It is interest- 
ing, however, that adenosine only modifies the 
cytoplasmic redox state when there is a low 
NAD*/NADH ratio, i.e. during ethanol oxidation. 
The differences in redox potential between the two 
compartments remained fairly constant during the 
course of the experiment (Table 3), regardless of the 
treatment and of the cytoplasmic and mitochondrial 
modifications induced by ethanol alone or with 
adenosine. Although at the moment it is difficult to 
understand the physiological meaning of the require- 
ment to keep at around 50mV the difference 
between cytoplasmic and mitochondrial redox 
potential, it is evident that the constancy of this 
equilibrium was maintained. No evidence for a direct 
interaction of adenosine and ethanol metabolism is 
presented, but it seems to involve an indirect action 
mediated through fatty acid and mitochondrial 
metabolisms. The inhibition of fatty acid oxidation 
by ethanol has been reported [31], the effect being 
measurable after 1 or 2 hr of the treatment (Table 
2) and potentiated by the presence of adenosine. It 
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is important to emphasize that the inhibition of fatty 
acid oxidation induced by ethanol is accompanied 
by an increase in triglyceride biosynthesis, whereas 
adenosine inhibition is concomitant with an inhibi- 
tion in triglyceride formation. 

In summary, two factors seem to be involved in 
the pathogenesis of ethanol-induced fatty liver: an 
increased supply of fatty acids to the liver concom- 
itant with an enhanced uptake and an increased 
availability of a-GP. Adenosine action on ethanol- 
induced fatty liver does not appear to be related to 
an H,O,-mediated ethanol peroxidation but to its 
effect on the cytoplasmic redox state limiting the 
availability of a-GP, and to an enhanced translo- 
cation and oxidation of the reducing power. 

In the presence of allopurinol, another mechanism 
of adenosine-mediated prevention of ethanol- 
induced fatty liver became evident, an inhibition of 
fatty acid metabolism. Therefore, adenosine pre- 
vents fatty liver by limiting the availability of the 
precursors for triacylglycerol synthesis, a-GP and 
acylCoA. At the moment, however, it is difficult to 
correlate both actions of adenosine that prevent the 
ethanol-induced fatty liver. 


Acknowledgements—This research was partially supported 
by Grant PNCB 044 from the Consejo Nacional de Ciencia 
y Tecnologia. The authors want to express their gratitude 
to Dr. A. I. Cederbaum for his gift of 4-methylpyrazole 
and to Dr. Antonio Pena, Dr. Aurora Brunner and Dr. 
John Souness for their careful revision of the manuscript. 


REFERENCES 


1. R. G. Thurman, Fedn Proc. 36, 1640 (1977). 

2. A. J. Meijer, G. M. Van Woerkon, J. R. Williamson 
and J. M. Tager, Biochem. J. 150, 205 (1975). 

3. A. I. Cederbaum, E. Dicker and E. Rubin, Archs. 
Biochem. Biophys. 183, 638 (1977). 

4. R. Hernandez-Munoz, A. Santamaria, J. A. Garcia- 
Sainz, E. Pifa and V. Chagoya de Sanchez, Archs 
Biochem. Biophys. 190, 155 (1978). 

5. V. Chagoya de Sanchez, A. Brunner and E. Pina, 
Biochem. biophys. Res. Commun. 46, 1441 (1972). 


Table 3. Comparative action of ethanol or glucose and adenosine or saline on the cytoplasmic and 
mitochondrial redox potentials* 





Time 


(hr) Treatment 


Ecytopiasmic 


(mV) 


E mitochondrial Ec ~M) 


(mV) (mV) 





Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 
Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 
Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 
Glucose + saline 
Glucose + adenosine 
Ethanol + saline 
Ethanol + adenosine 


Comohrhh nN NNN RRR 


—217.88 
=Z17.13 
—236.26 
—228.05 
—219.89 
—222.18 
254 e 
—230.76 
—225.84 
—225.90 
—246.73 
—237.74 


~272.56 
—256.64 
265.02 
—284.96 
—273.56 
—268.97 
—289.18 
—284.14 
—281.16 
—ZlaAg 
—287.82 
—282.73 
~2ii.as 
—277.48 
—286.99 
—289.86 





* Results were calculated from data taken from Table 1 and Ref. 1. 





i714 


6. V. Chagoya de Sanchez and E. Pina, Fedn Eur. 
Biochem. Soc. Lett. 83, 321 (1977). 


7. J. N. Fain and R. Shepherd, J. biol. Chem. 252, 8066 


(1977). 

.D. Keilin and E. F. Hartree, Biochem. J. 39, 293 

(1945). 

. D. Lester and G. D. Benson, Science 169, 282 (1970). 

. E. Feytmans and F. Leighton, Biochem. Pharmac. 22, 
349 (1973). 

. W. M. Butler, H. M. Maling, M. G. Horning and B. 
B. Brodie, J. Lipid Res. 2, 95 (1961). 

. E. Van Handel and D. B. Zilversmit, J. Lab. clin. 

Med. 50, 152 (1957). 

. V. P. Dole and H. Meinertz, J. biol. Chem. 235, 2595 

(1960). 

. D. H. Williamson and J. Mellamby, in Methods of 

Enzymatic Analysis (Ed. H. U. Bergmeyer), Vol. 4, 

p. 1836. Academic Press, New York (1974). 

J. Mellamby and D. H. Williamson, in Methods of 

Enzymatic Analysis (Ed. H. U. Bergmeyer), Vol. 4, 

p. 1840. Academic Press, New York (1974). 

. R. Bonnichsen, in Methods of Enzymatic Analysis (Ed. 

H. U. Bergmeyer), p. 285. Academic Press, New York 

(1965). 


i7. E. Praetorius, in Methods of Enzymatic Analysis (Ed. 


H. U. Bergmeyer), p. 500. Academic Press, New York 
(1965). 
. H. J. Hohorst, in Methods of Enzymatic Analysis (Ed. 
H. U. Bergmeyer), p. 215. Academic Press, New York 
(1965). 


19. 


20. 


a: 


22. 
23: 


24. 


ya 


28. 
29. 


30. 


J. A. GARC{A-SAINZ et al. 


T. Bucher and H. J. Hohorst, in Methods of Enzymatic 
Analysis (Ed. H. U. Bergmeyer), p. 246. Academic 
Press, New York (1965). 

H. Luck, in Methods of Enzymatic Analysis (Ed. H. 
U. Bergmeyer), p. 917. Academic Press, New York 
(1965). 

E. Layne, in Methods in Enzymology (Eds. S. P. 
Colowick and N. O. Kaplan), Vol. III, p. 450. Aca- 
demic Press, New York (1957). 

W. Russman, Ph.D. Dissertation, University of Munich 
(1967). 

R. L. Veech, R. Guynn and D. Veloso, Biochem. J. 
127, 387 (1972). 

H. A. Krebs, in Advances in Enzyme Regulation (Ed. 
G. Weber), Vol. 5, p. 409. Pergamon Press, Oxford 
(1967). 

J. A. Ontko and D. B. Zilversmit, Proc. Soc. exp. Biol. 
Med. 121, 319 (1966). 


. V. P. Dole, J. biol. Chem. 237, 2758 (1962). 
27. 


M. J. Savolainen, V. P. Jauhonen and I. L. Hassinen, 
Biochem. Pharmac. 26, 425 (1977). 

M. A. Abrams and C. Cooper, Biochem. J. 156, 47 
(1976). 


J. A. Garcia-Sdéinz, R. Hernandez-Mufioz, A. 


Santamaria and V. Chagoya de Sanchez, Biochem. 
Pharmac. 28, 1409 (1979). 

V. Chagoya de Sanchez, P. Alvarez, B. Jiménez, M. 
R. Villalobos and E. Pifia, Biochem. biophys. Res. 
Commun. 76, 804 (1977). 

. Ch. S. Lieber and R. Schmid, J. clin. Invest. 40, 394 
(1961). 





Biochemical Pharmacology, Vol. 29, pp. 1715-1722 0006-295 2/80/0615—1715 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


PROPERTIES OF PROTEASE IN MAST CELL GRANULES* 


SUMIKO OKUNO-KANEDA, TERUMI SAITO, YASUHIRO KAWASAKI, ATSUSHI ICHIKAWA and 
KENKICHI TOMITA 


Department of Health Chemistry, Faculty of Pharmaceutical Sciences, Kyoto University, Yoshida, 
Sakyo-ku, Kyoto 606, Japan 


(Received 21 August 1978; accepted 18 December 1979) 


Abstract—A neutral protease partially purified from rat peritoneal mast cells closely resembled a- 
chymotrypsin in pH optimum and in susceptibility to several inhibitors including chymostatin, but the 
two enzymes were quite different in some respects. Mast cell protease was a more basic protein than 
a-chymotrypsin as indicated by their isoelectric points (9.3 and 8.5, respectively). In contrast to a- 
chymotrypsin, which consisted of three different subunits, mast cell protease was apparently composed 
of a single polypeptide chain of molecular weight 27,000 as estimated by polyacrylamide gel electro- 
phoresis in the presence of sodium dodecylsulfate. Mast cell heparin ionically linked to mast cell 
protease and suppressed the activity of the enzyme toward N-benzoyl-L-tyrosine ethyl ester and casein 
by 35 and 75 per cent, respectively, but it did not affect a-chymotrypsin in a medium containing 50 mM 
CaCl,. Porcine intestinal mucosa heparin also showed similar inhibitory effects. The inhibitory action 
of heparin was more evident in low salt medium. Serotonin (0.25 mM), but not histamine, produced 
an 80 per cent inhibition of mast cell protease (2 wg) activity toward casein in the presence of heparin 
(2.5 ug). Zn** (0.008-0.2 mM) also suppressed the protease activity by 40-90 per cent in the presence 


of heparin. 


Mast cells are known to contain an alkaline protease, 
in addition to heparin, histamine, serotonin and 
other active agents, in their granules [1-10]. The 
protease was partially purified from thyroidal [6] and 
peritoneal [10] mast cells of rats, and the functional 
resemblance of this enzyme to pancreatic chymo- 
trypsin was reported. To study the activity control 
mechanism of this protease, which is apparently pres- 
ent in an active form in mast cell granules [2, 7, 8], 
we partially purified the enzyme from rat peritoneal 
mast cells, and examined its properties and inter- 
action with other granular components. We found 
that mast cell protease was a basic protein, consisting 
of a single peptide chain, and that its proteolytic 
activity was suppressed significantly by binding to 
heparin, especially in the presence of Zn** or 
serotonin. 


EXPERIMENTAL PROCEDURES 


Isolation of mast cell granules 

Mast cells were obtained from the peritoneal cavity 
fluids of normal male Wistar rats (10- to 13-weeks- 
old), weighing 250-300 g, and purified by Ficoll den- 
sity gradient centrifugation as described previously 
[11]. Mast cell granules were then isolated, according 
to the method of Lagunoff [12], from the cells dis- 
rupted by vigorously mixing in ice-cold distilled water 
(0.2-1 x 10’ cells/ml) on a Vortex-type mixer ten 
times for a period of 15 sec each. The suspension 
was chilled for 15sec between mixings. Granules 
were then isolated by centrifuging the suspension at 
2700 g for 15 min after the initial centrifugation at 
110 g for 10 min at 4°. 





* This work was supported in part by grants from the 
Ministry of Education, Science and Culture of Japan. 


Enzyme assays 


Protease activity in fractions of water-disrupted 
mast cells was determined using 0.4% casein as sub- 
strate in 0.1M borate buffer (pH 8.0) [13]. The 
activity of partially purified enzyme preparations was 
measured using N-benzoyl-t-tyrosine ethyl ester 
(BTEE) as substrate [13]. The standard assay mix- 
ture (0.8 ml) contained 40 mM Tris-HCl (pH 7.8), 
0.5mM BTEE (dissolved in 50% methanol; final 
methanol concentration, 2.5%), and 50 mM CaCl,. 
(Mast cell protease was less responsive than a-chy- 
motrypsin to Ca**, being stimulated by 18 and 65 
per cent over the controls, respectively, by 50 mM 
CaCl,. However, CaCl, was included in the standard 
assay mixture.) The effect of heparin on protease 
activity was studied in a low salt assay mixture con- 
taining 1 mM Tris-HCl (pH 7.8) and no CaCl,. The 
reaction was initiated by the addition of BTEE or 
enzyme at 37°, and hydrolysis of substrate was meas- 
ured by absorbance at 256nm. N-Acetyl-8-glucos- 
aminidase was assayed fluorometrically, according 
to the method of Leaback and Walker [14], using 
methyl umbelliferyl N-acetyl-B-glucosamine as 
substrate. 

One enzyme activity unit is defined as the amount 
of enzyme which catalyzes the hydrolysis of 1 wmole 
of substrate per min under the assay conditions. 
When casein was used as substrate, one unit of 
enzyme caused an increase of absorbance of 1.0 per 
min at 280 nm. Protein was determined either using 
Folin—Ciocalteu reagent or from the absorbance at 
280 nm as described by Layne [15]. 


Purification of mast cell protease and heparin 


Mast cell protease was purified by a slight modi- 
fication of the method of Kawiak et al. [10]. Granules 
obtained from 3.6 x 10’ mast cells were extracted 
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with 2M NaCl (0.8 ml), left for 30 min at 4°, and 
then centrifuged at 12,000 g for 10 min. The super- 
natant fraction, which contained practically all the 
protease activity and heparin of the granules, was 
applied to a column (1.5 X 90cm) of Sephadex G- 
100 which had been equilibrated with 10 mM Tris— 
HCI (pH 8.0) containing 1.5 M NaCl. To achieve a 
good separation of the protease from other com- 
ponents, the column was eluted with the same 
buffered NaCl solution, first at a flow rate of 10 ml/hr 
for 2 hr, and then at a reduced flow rate of 4 ml/hr, 
collecting 1-ml fractions. Heparin was eluted close 
to the void volume of the column, followed by a 
second protein peak which contained the protease 
activity. Combined protease fractions were concen- 
trated by dialyzing in a collodion bag (Sartorious 
Membrane Filter) against 10 mM Tris-HCl (pH 8.0). 

Combined heparin fractions (12 ml) were dialyzed 
against distilled water overnight, condensed to about 
2 ml on a rotatory evaporator, and thoroughly mixed 
with 10% cetylpyridinium chloride (50 wl). After 
incubation at 37° for | hr, the reaction mixture was 
centrifuged at 2000g¢ for 10min. The precipitate 
obtained was dissolved in 2 M NaCl (0.5 ml), mixed 
with 4 vol. of ethanol, and left at 4° overnight. After 
centrifugation at 2000 g for 10 min, the precipitate 
was dissolved in water (0.5 ml), and the treatment 
with cetylpyridinium chloride and ethanol was 
repeated once again as described above. 

Heparin was further purified on DEAE-cellulose 
by applying the method of Horner [16] for prep- 
aration of rat skin heparin. The aqueous solution of 
heparin was applied to a column (1.6 x 10cm) of 
DEAE-cellulose which had been equilibrated with 
0.3 M NaCl adjusted to pH 2.5 with 3 N HCl. The 
column was eluted with a 400-ml linear NaCl gradient 
(from 0.3 to 1.8M, pH 2.5) at a flow rate of 16 
ml/hr. Fractions of 4ml were collected into tubes 
which contained 1 ml of 1 M phosphate buffer (pH 
7.0) to prevent decomposition of heparin at lower 
PH levels. Combined heparin fractions were dialyzed 
against water, condensed on a rotatory evaporator, 
and further purified on a column (1.5 X 80cm) of 
Sepharose 4B pre-equilibrated with 10 mM Tris-HCl 
(pH 7.5) containing 1M NaCl. The column was 
eluted with the same buffer at a flow rate of 8 ml/hr, 
collecting 2-ml fractions. Mast cell heparin was only 
partly included in Sepharose 4B, as reported by Yurt 
et al. [17], indicating its macromolecular nature [18]. 
Combined heparin fractions were dialyzed against 
water, evaporated to dryness on a rotatory evapo- 
rator or lyophilized, and stored at —2U°. Heparin 
was measured by uronic acid content estimated by 
the method of Bitter and Muir [19]. Commercial pig 
intestinal mucosa heparin (Sigma) was purified on 
DEAE-cellulose at pH 2.5 as described above [16], 
and used as standard. 


Preparation of mast cell protease-heparin complex 


Purified mast cell protease (150 ug) was incubated 
with purified heparin (80 ug) in 1 ml of 10 mM Tris— 
HCl (pH 8.0) containing 0.05 M NaCl at 4° for 2 hr, 
and then filtered through a columm (1.5 x 90 cm) 
of Sephadex G-100 pre-equilibrated with the same 
buffer containing 0.05M NaCl. Almost all the 
enzyme activity was eluted as the protease—heparin 
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complex with 10mM Tris-HCl (pH 8.0)-0.05M 
NaCl close to the void volume. When re-chroma- 
tographed on the same column with the same buffer, 
the complex was eluted again as a single peak close 
to the void volume with about 90 per cent recovery 
of both the enzyme activity and heparin. 


Preparation of |*H\diisopropylphosphoryl protease 
Purified mast cell protease (1.53 mg protein) in 
10 mM Tris-HCl (pH 8.0) was incubated with [1,3- 
‘H]diisopropylfluorophosphate (780 nmoles, 2.9 
Ci/mmole, Amersham, U.K.) in propyleneglycol at 
room temperature for 3hr. The reaction mixture 
was thoroughly dialyzed against the same buffer at 
4° with several changes of the buffer, and then cen- 
trifuged at 10,000 g for 15 min. The supernatant frac- 
tion was used as *H-labeled protease (7700 c.p.m./ug 
of protein). 
Electrophoresis 


Sodium dodecylsulfate (SDS) polyacrylamide gel 
electrophoresis was carried out by the method of 
Weber and Osborn [20]. Protein solution in 10 mM 
phosphate buffer (pH 7.0) containing 1% SDS and 
1% 2-mercaptoethanol was heated at 100° for 3 min. 
Electrophoresis was performed at a current of 
6 mA/tube, and protein was stained with coomassie 
brilliant blue. Bovine serum albumin (68,000), beef 
liver catalase (58,000), ovalbumin (43,000), pepsin 
(35,000), trypsin (23,000) and egg white lysozyme 
(14,300) were used as reference proteins. 


Gel electrofocusing 


Isoelectric focusing was performed on polyacry- 
lamide gels containing pH 3-10 ampholine in glass 
tubes (0.4 x 7 cm) according to the method of Wrig- 
ley [21]. At the end of electrophoresis, one gel was 
sliced into 2-mm pieces, soaked in 1.2 ml water at 
room temperature for 1 hr, and the pH of the water 
extract of each piece was measured. Another ident- 
ical gel was stained with amido black for protein 
after removal of ampholine. 


Materials 


Diisopropylfluorophosphate, phenylmethylsul- 
fonyl fluoride, L-(1-tosylamido-2-phenyl)ethyl chlo- 
romethyl ketone, bovine pancreas a-chymotrypsin 
(3 X crystallized), beef liver catalase, trypsin 
(2 X crystallized), pepsin (2 x crystallized) and egg 
white lysozyme were obtained from Sigma, St. Louis, 
MO; bovine serum albumin from Armour. Kan- 
kakee, IL; ovalbumin (5 x crystallized) from Nutri- 
tional Biochemicals, Cleveland, OH; Ficoll, Sepha- 
dex G-100, and Sepharose 4B from Pharmacia, 
Uppsala, Sweden; casein according to Hammersten 
from Merck, Darmstadt, F.R.G.; and ampholine 
from LKB, Stockholm, Sweden. Various protease 
inhibitors of microbial origin, chymostatin, pepsta- 
tin, leupeptin, antipain, phosphoramidon and elas- 
tinal [22] were gifts from Dr. K. Aoyagi, Institute 
of Microbial Chemistry, Tokyo, Japan. Other chem- 
icals of reagent grade were commercial products. 


RESULTS 


Purification of mast cell protease 
The effects of NaCl concentration on extraction 
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Fig. 1. Effect of NaCl concentration on the extraction of 
mast cell granular components. Granules obtained from 
10° mast cells were suspended in 1 ml each of various 
concentrations of NaCl, left at 4° for 15min, and then 
centrifuged at 41,000 g for 60 min. Both the supernatant 
fraction and the precipitate were assayed for protein, hep- 
arin, and enzyme activities as described under Experi- 
mental Procedures. All values (of supernatant) were 
expressed as percentage of the total (supernatant + pre- 
cipitate) enzyme activity or the total amount of protein and 
heparin. Key: N-Acetyl-f-glucosaminidase (A). protease 
(A), heparin (©) and protein (@). 


of granular components of mast cell are shown in 
Fig. 1. N-Acetyl-B-glucosaminidase activity [23, 24] 
was readily extracted with 0.6 M NaCl at 4° in 30 min, 
protease with 1.2M NaCl and heparin with 2M 
NaCl. About 15% of the granular proteins remained 


insoluble even after extraction with 4M NaCl. His- 
tamine was readily released with 0.01 M NaCl (not 
shown). Therefore, the protease was purified from 
a 2M NaCl extract of granules as summarized in 
Table 1. Through these purification stages, the ratio 
of the activity on BTEE and casein was not altered 
significantly. 


Properties of mast cell protease 

The purified mast cell protease moved as a single 
protein band on SDS-polyacrylamide gel electro- 
phoresis (Fig. 2A). In contrast, bovine pancreatic 
a-chymotrypsin, which consists of three different 
subunits [25], showed two protein bands (Fig. 2B), 
since the smallest subunit (thirteen amino acid resi- 
dues) was not retained by the gel as reported by 
Weber and Osborn [20]. From a semilogarithmic 


Fig. 2. SDS-polyacrylamide gel electrophoresis of (A) pur- 
ified mast cell protease (20 wg) and (B) bovine pancreatic 
a-chymotrypsin (20 yg). 


plot of relative mobilities of purified protease and 
reference proteins on SDS-polyacrylamide gel elec- 
trophoresis (not shown), a molecular weight of 
27,000 was obtained for the protease. 

Figure 3 shows the pH profile of mast cell protease 
and a-chymotrypsin on isoelectric focusing. The 
estimated isoelectric points for the protease and a- 
chymotrypsin were 9.3 and 8.5, respectively. The 
value of 8.5 for a-chymotrypsin was very close to 
that (8.1-8.6) reported by Laskowski [26]. Mast cell 
protease was apparently a more basic protein than 
a-chymotrypsin. 

Mast cell protease exhibited optimal activity on 
BTEE in the pH range 7.8-8.2 (pH profile not 
shown). Substrate (BTEE)-saturation curves at pH 
7.8 are shown in Fig. 4. From the Lineweaver—Burk 
plot, the K,, value for BTEE was estimated to be 
1.9 x 10°*M (Fig. 4 inset). 


Table 1. Purification of mast cell protease* 





Casein 


Protease activity on 
BTEE 








Total 
units 


Protein 


Stage (mg) 


Specific 
activity 
(units/mg) 


Specific 
activity 
(units/mg) 





0.32 
0.96 
2.14 
2.62 


Mast cells 
Granules 
2M NaCl extract 
Sephadex G-100 


0.11 
0.41 
1.52 
2.02 





* As the starting material, 3.6 x 10’ mast cells were used. 
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Fig. 3. Isoelectric focusing of purified mast cells protease 

(46 wg) and a-chymotrypsin (50 4g) on polyacrylamide gels 
containing pH 3-10 ampholine. 
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Fig. 4. Relationship between substrate concentration and 

protease activity. Protease activity on BTEE was assayed 

with 2.5 ug of the purified enzyme as described under 

Experimental Procedures. The inset shows the double 
reciprocal plot of the data. 


Effect of protease inhibitors 


Of several protease inhibitors of microbial origin 
[20] tested, only chymostatin, a potent inhibitor of 
a-chymotrypsin, strongly inhibited mast cell protease 
(Table 2). Other chymotrypsin inhibitors, diisopro- 
pylfluorophosphate (DFP), phenylmethylsulfonyl 
fluoride (PMSF) and L-(1-tosylamido-2-phenyl)ethyl 
chloromethyl ketone (TPCK) were also inhibitory, 
but p-chloromercuribenzoate (PCMB) and EDTA 
were ineffective. The time course and dose depen- 
dency of the effects of chymostatin, PMSF and TPCK 
(Figs. 5A and B; 5C and D; and 5E and F) indicate 
that, although mast cell protease was slightly less 
sensitive to these inhibitors than a-chymotrypsin, 
the two enzymes probably have similar active 
center(s). 


Inhibition of mast cell protease by heparin, serotonin 
and Zn** 

Heparin. When [*H]diisopropylphosphoryl pro- 
tease was centrifuged with mast cell heparin (MC 
heparin) on a linear sucrose gradient (from 5 to 20%, 
w/v), a significant amount of *H-labeled protease 
was sedimented with MC heparin (Fig. 6), indicating 
a protease-heparin complex formation. However, 
this co-sedimentation was not observed in the pres- 
ence of 2M NaCl. 

Table 3 shows that MC heparin (2 ug) inhibited 
the activity of mast cell protease (2 ug) on BTEE 
and casein by about 35 and 75 per cent, respectively, 
when assayed in the standard assay mixture con- 
taining 50 mM CaCl,. However, MC heparin did not 
affect the activity of a-chymotrypsin. Porcine intes- 
tinal mucosa heparin (PM heparin) also inhibited 
the activity of mast cell protease on BTEE and 
significantly suppressed that on casein, but did not 
affect the activity of a-chymotrypsin. Heparin was 
more inhibitory in a low salt medium. In 1 mM Tris-— 
HCl (pH 7.8), both MC heparin and PM heparin 
(0.4 wg) inhibited the activity of mast cell protease 
(2 wg) on BTEE by 70 and 50 per cent, respectively. 


Table 2. Effects of various inhibitors on mast cell protease and a-chymotrypsin* 





Inhibitor Concn 


Mast cell protease a-Chymotrypsin 





(ug/ml) 
Chymostatin 12.5 
0.15 
12.5 
12.5 
12.5 
12.5 
12.5 
(mM) 
PCMB 0.1 
DFP 1.0 
PMSF 0.25 
0.05 
TPCK 0.2 


Pepstatin 
Leupeptin 
Antipain 
Phosphoramidon 
Elastinal 


(Per cent activity) 





* The standard assay mixture (0.76 ml), containing 2 wg of purified mast cell protease or 
a-chymotrypsin without BTEE, was preincubated with various inhibitors at 30° for 20 min 
(group 1) or 30 min (group 2) and then the reaction was initiated by the addition of 0.04 ml 


of 10mM BTEE. 
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Fig. 5. Effects of chymostatin, PMSF and TPCK on mast cell protease and a-chymotrypsin. The dose 
response was determined from the initial rate of the reaction measured as described under Experimental 
Procedures using purified mast cell protease (@, 2 ug) and a-chymotrypsin (O, 2 wg). Standard assay 
mixtures (0.76 ml) minus BTEE were preincubated with various concentrations of (A) chymostatin, 
(C) PMSF, and (E) TPCK at 30° for 20 min. Then the reaction was initiated by the addition of 10 mM 
BTEE (0.04 ml). The time course was determined by using the lowest dose that produced the largest 
response. Standard assay mixtures (0.76 ml) minus BTEE were preincubated with (B) chymostatin 
(0.2 ug/ml), (D) 0.1 mM PMSF and (F) 0.2 mM TPCK at 30° for various intervals. Then the reaction 








* was initiated by the addition of 10 mM BTEE (0.04 ml). 


Furthermore, heparins also became inhibitory to the 
activity of a-chymotrypsin on BTEE. 

Gel filtration of the protease-heparin complex 
(10.8 units/mg of protein on BTEE) on Sephadex 
G-100 in 10 mM Tris-HCl (pH 8.0) containing 2M 
NaCl resulted in the elution of heparin (89 per cent) 
at the void volume and the protein (75 per cent) with 
the protease activity (16.5 units/mg) at the apparent 
molecular weight of 25,000 (not shown). 

Serotonin. High doses of serotonin, but not of 
histamine, were known to inhibit the activity of mast 
cell protease on casein (a 50 per cent inhibition by 
3 mM serotonin) [27]. Table 4 shows that serotonin, 
but not histamine, at a concentration of 0.25 mM, 
which was only slightly (20 per cent) inhibitory, 
produced about 80 per cent inhibition of the activity 


of mast cell protease on casein in the presence of 
heparin. Serotonin was also inhibitory to the mast 
cell protease-heparin complex, suppressing the 
activity of the complex by 85 per cent which was 
about 55 per cent as active as the free enzyme. In 
contrast, serotonin with or without heparin did not 
significantly affect the activity of a-chymotrypsin. 

Zn**. Increasing concentrations of Zn** (from 
0.008 to 0.2 mM) progressively inhibited the activity 
of mast cell protease on casein (Table 5). Among 
other divalent metal ions tested, Cu** and Co** 
(1 mM) were slightly inhibitory, but Mn?* and Mg’* 
were without effect. Furthermore, lower concentra- 
tions (0.008 and 0.04mM) of Zn?* became more 
inhibitory to mast cell protease in the presence of 
heparin. 


Table 3. Effect of heparin on the activity of mast cell protease and a-chymotrypsin* 





Relative protease activity (%) on 





BTEE Casein 








Mast cell 
protease 


Concn 
Addition (ug) 


Mast cells 


a-Chymotrypsin protease a-Chymotrypsin 





None (control) 

Mast cell heparin 2 
0.47 

Pig intestinal mucosa heparin 2 
0.47 


100 100 
26 104 


28 90 





* Protease activity was assayed in the standard assay mixture containing 50 mM CaC}l,, 0.5 mM BTEE or 0.4% casein, 
and 2 wg each of enzyme and heparin as described under Experimental Procedures. _ 
+ Protease activity on BTEE was assayed in 1 mM Tris-HCl (pH 7.8) without Ca** instead of the standard assay 


mixture. 
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Table 4. Effects of histamine and serotonin on the inhibitory action of heparin on mast cell protease 





Mast cell protease 


Addition (2 ug) 


Mast cell protease— 
heparin complex 
(2.5 ug) 


a-Chymotrypsin 





None (control) 
Histamine (0.25 mM) 
Serotonin (0.25 mM) 
Heparin (2.5 ug) 
+ serotonin (0.25 mM) 
+ histamine (0.25 mM) 


(Per cent activity) 
100+ 
100 
15 
65 
13 
64 





* Protease activity was assayed in the standard assay mixture containing 0.4% casein as substrate. 
+ Specific activities (units/mg): mast cell protease, 2.02; and mast cell protease-heparin complex, 
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Fig. 6. Interaction of mast cell heparin with mast cell 
protease. [*H]Diisopropylphosphoryl protease (8.3 yg, 
64,000 c.p.m.) with or without mast cell heparin (15 ug) 
in 10 mM Tris-HCl (pH 8.0, 0.11 ml) was layered on 4.2 ml 
of a 5-20% sucrose gradient. Centrifugation was carried 
out for 15 hr at 100,000 g and 4°. After the run, 10-drop 
fractions were collected from the bottom of the tube into 
counting vials for radioactivity measurements. Key: 
[*H]protease (O), [*H]protease centrifuged together with 
mast cell heparin (@), [*H]protease and mast cell heparin 
centrifuged in sucrose gradient containing 2M NaCl 
(A), and [*H]protease alone centrifuged in sucrose gradient 
containing 2 M NaCl (x). 


Effect of Ca?* on the inhibitory action of heparin 

With increasing concentrations of several cations, 
MC heparin became less inhibitory to mast cell pro- 
tease. In the presence of 0.25M Ca** or Mg’*, 
heparin was no longer inhibitory (Fig. 7). Na* or K* 
was less effective, requiring a 1 M concentration to 
prevent the inhibitory action of heparin. In contrast, 
when Ca** was added to an MC heparin-protease 
mixture in 1mM Tris-HCl (pH 7.8), where the 
enzyme activity was inhibited by 70 per cent, Ca** 
at a concentration as low as 30 mM (in contrast to 
0.25 M in Fig. 7) was effective in restoring the full 
enzyme activity (Fig. 8). 


DISCUSSION 


In the present study, we partially purified a chy- 
motrypsin-like protease from rat peritoneal mast 
cells, and examined some of its properties. Our 
results were mostly consistent with those reported 
by other investigators on the extractability from 
granules with high ionic strength, pH optimum, mol- 
ecular weight, and effects of various inhibitors [1, 
2, 6, 9, 10, 27, 28]. However, the K,, value for BTEE 
(0.9 mM) (Fig. 4) of our preparation was somewhat 
lower than those reported by Pastan and Almgvist 


Table 5. Effects of Zn** and other metal ions on the inhibitory action of heparin on mast cell 
protease* 





Mast cell protease (2 ug) 


a-Chymotrypsin (1.5 ug) 








Metal 


ions — Heparin 


+Heparin (2.5 ug) 


— Heparin +Heparin (2.5 ug) 





100 
95 
80 
il 
92 
88 

110 

100 


None 
Zn** 


65 
58 
45 
10 


(Per cent activity) 
100 
100 
100 
97 
100 
100 
100 
100 


96 
94 
92 
86 





* Protease activity was assayed in the standard assay mixture containing 0.4% casein as substrate. 
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Fig. 7. Effects of Ca** and other cations on the inhibitory 
action of heparin. Assay mixtures (0.76 ml) contained 1 mM 
Tris-HCl (pH 7.8), mast cell protease (0.25 wg), mast cell 
heparin (0.3 wg) and various concentrations of Mg** (@), 
Ca** (O), Na* (OQ) or K* (@). After a 1-min preincubation 
at 30°, the reaction was initiated by the addition of 10 mM 
BTEE (0.04 ml). 


[6] (3.8 mM), and by Kawiak ef al. [10] (1.1 mM). 
The reason for this difference is not clear yet. The 
molecular weight (27,000) of our preparation esti- 
mated by SDS-polyacrylamide gel electrophoresis 
was similar to those (23,000—29,000) reported by 
other investigators using various methods [6, 10, 24, 
27]. However, much lower molecular weights, 7000 
[10] and 5600 [29] based on ultracentrifugation con- 
ducted in 0.1 M NaCl and Sephadex gel filtration 
performed in 0.1M KCI, respectively, were also 
reported for the enzyme. Apparently mast cell pro- 
tease behaved anomalously in the low salt medium, 
as suggested by Kawiak et al. [10]. 

Although a close resemblance of mast cell protease 
and a-chymotrypsin was further confirmed by the 
inhibitory action of chymostatin (Table 2), the two 
enzymes were different in several respects. First, 
mast cell protease was a more basic protein than 
bovine a-chymotrypsin (isoelectric points = 9.3 and 
8.5, respectively) (Fig. 3). Second, in contrast to 





Relative Activity(%) 








4 





40 60 100 
CaClo (mM) 


Fig. 8. Effect of Ca** on protease activity inhibited by 
heparin. Assay inixtures (0.66 ml) containing 1 mM Tris— 
HC! (pH 7.8), mast cell protease (2.5 ug) and mast cell 
heparin (0.3 wg) were preincubated at 30° for 1 min. Then 
various concentrations of CaCl, (0.1 ml) were added to the 
mixture. After incubation at 30° for another 1 min, the 
reaction was initiated by the addition of 10mM BTEE 
(0.04 ml). 
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a-chymotrypsin, which is composed of three differ- 
ent polypeptide subunits [25], mast cell protease 
consisted of a single polypeptide chain (Fig. 2). In 
this respect, studies on the primary protein structure 
of the enzyme are desirable. Third, both MC heparin 
and PM heparin apparently ionically linked to mast 
cell protease (Figs. 6-8, Tables 3 and 4) and sig- 
nificantly suppressed the enzyme activity in the pres- 
ence of 50 mM CaCl,, whereas the heparin did not 
affect the activity of a-chymotrypsin (Table 3). The 
inhibitory effect of heparin became more potent in 
a low salt medium (Ca**-free, 1 mM Tris—HC]) (Fig. 
7, Table 3), and this inhibitory effect was abolished 
in the presence of Ca** or by the addition of Ca** 
to the heparin-inhibited protease (Figs. 7 and 8). 
Furthermore, the protease—heparin complex was 
also dissociated in 2M NaCl, releasing the free 
enzyme. These results indicate that interaction 
between mast cell protease and heparin is of an ionic 
nature and controlled by the intracellular ionic 
strength. 

In contrast to our findings, Davies et al. [30] sug- 
gested that heparin increased the histone-digesting 
activity of a neutral protease of polymorphonuclear 
leukocytes by preventing the enzyme from binding. 
to the cytosolic inhibitor. The presence of activity 
regulators other than heparin in intra- and extra- 
granular fractions of mast cells awaits further inves- 
tigations. Recently, Everitt and Neurath [31] 
reported that the MC heparin—mast cell protease 
complex was only 60 per cent as active as the free 
enzyme on ornithine aminotransferase apoenzyme 
as substrate, but the complex formation did not affect 
the kinetic properties of the enzyme when the sub- 
strate was BTEE. In our case, heparin was inhibitory 
to the enzyme activity toward both BTEE and casein. 
The reason for this difference is not clear yet. Fourth, 
in contrast to a-chymotrypsin, mast cell protease 
was more susceptible to the inhibition induced by 
serotonin or Zn** in the presence or absence of 
heparin (Tables 4 and 5). A strong inhibition (70 per 
cent) of the activity of mastocytoma cell protease by 
indole (20 mM) [28], and a 50 per cent inhibition of 
the activity of mast cell protease by serotonin (3 mM) 
[27] were also reported. According to Yurt and Aus- 
ten [27], the molar content of serotonin is similar to 
that of protease in rat mast cells. Although appreci- 
able molar excess of serotonin was employed to 
inhibit the protease in the presence of heparin (Table 
4), our results indicate that serotonin may inieract 
with the heparin—protease complex to regulate the 
enzyme activity in mast cell granules in vivo. How- 
ever, serotonin is not associated with mast cells in 
animals other than the rat and mouse [32]. There- 
fore, it is not clear yet whether serotonin acts as a 
physiological regulator of the mast cell protease 
activity in all animals. As to the storage of histamine 
and serotonin, Uvnas and his co-workers [33, 34] 
suggested the ionic linkage of both amines to free 
carboxyl groups of protein in the heparin—protein 
complex in granular matrix. It is not clear at present 
whether a basic protein (mol. wt = 5600) isolated 
from rat mast cell granules by Bergqvist et al. [29] 
or the protease is involved in the heparin—protein 
complex formation. Although a fair amount of Zn** 
is present in rat mast cells (4.1 nmoles/10° cells) [29], 
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the function of Zn** was discussed mostly for its 
effect on histamine-binding to granules [29] and to 
heparin [35]. Significant inhibition of mast cell pro- 
tease activity by Zn** in the presence of heparin 
indicates a possible role of Zn** in the regulation of 
the enzyme activity. 

Neutral proteases were also found in mouse mas- 
tocytoma P-815 cells [27], human seminal plasma 
[36], human granulocytes [37-39], rabbit granulo- 
cytes [30], human purulent sputum [40], rat perito- 
neal macrophages [41], human spleen [42-44], 
human skin [45], and liver, skeletal muscle and small 
intestine of rats [46]. Their roles in a variety of 
physiologic and pathologic events have been sug- 
gested, such as digestion of connective tissue com- 
ponents during inflammation [47], chronic obstruc- 
tive pulmonary disease (emphysema) [40] by 


granulocyte proteases, and myofibrillar protein 
degradation in muscular dystrophy by serine pro- 
tease in muscle [48]. Although a chymotrypsin-like 
protease in mast cells was fairly well characterized, 
its physiologic role has not been fully elucidated yet, 
and certainly requires further investigation. 
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Abstract—Human lysosomal elastase from polymorphonuclear leucocytes is inhibited by the glycosa- 
minoglycan polysulfate Arteparon. The inhibition is of a mixed type: hyperbolic uncompetitive. The 
interaction between inhibitor and enzyme occurs via electrostatic forces, and the binding is very tight 
(K; ranges from 10~* to 10’ M). Depending on the chain length of the polysulfated glycosaminoglycan, 
two, three or five enzyme molecules can be tightly bound by a single inhibitor molecule. These findings 
suggest a possible therapeutic role of Arteparon as an inhibitor of elastase, a potent mediator of 
connective tissue breakdown, since the enzyme is inhibited by a drug concentration as small as 1 ug/ml 


or less. 


The destruction of connective tissues by proteolytic 
attack is a characteristic feature of several inflam- 
matory conditions, including rheumatoid arthritis. 
Lysosomal elastase, a neutral serine proteinase from 
the azurophil granules of human polymorphonuclear 
leucocytes, is an enzyme with a possible function in 
both physiologic and pathologic degradation of con- 
nective tissue. It is an enzyme capable of degrading 
the four components of the extracellular matrix: 
collagen, elastin, proteoglycans and structural gly- 
coproteins. /n vitro studies on cartilage catabolism 
[1] have shown that elastase degrades proteoglycans 
in a first phase and collagen in a second phase. Free 
elastase activity was not detected in synovial fluids 
of rheumatoid arthritis patients, but it was possible 
to demonstrate by means of immunohistochemical 
methods that the enzyme is present in the superficial 
layer of pannus-free rheumatoid human articular 
cartilage [2]. 

The present paper describes the mechanism of 
inhibition of human lysosomal elastase with the gly- 
cosaminoglycan polysulfate Arteparon. It is pointed 
out that this inhibitor has a possible therapeutic 
significance, since a very small amount of drug is 
needed to inhibit the enzyme. 

A more detailed investigation regarding the kinetic 
mechanism of lysosomal elastase, with both an ester 
and a peptide substrate, will be presented elsewhere 
(Baici et al., in preparation). 


MATERIALS AND METHODS 


Enzyme. Human lysosomal elastase (EC 
3.4.21.11) was purified from human granulocytes as 
previously described [3]. The enzyme concentration 
will be expressed throughout this paper as molar 
concentration of the enzyme active sites, and was 
determined with the aza-peptide N-acetyl-L-Ala-L- 
Ala-NHN(CH,CH,CH;)CO-p-nitrophenylester [4] 


as an active site titrant. The aza-peptide was the 
generous gift of Dr. J. C. Powers, Atlanta, GA, 
U.S.A. 

Arteparon. Arteparon® fractions with a very lim- 
ited degree of polydispersity were kindly provided 
by Luitpold-Werk, Munich, F.R.G., and are listed 
in Table 1. The molecular weights were determined 
with the analytical ultracentrifuge except for the 
fraction with molecular weight around 3000, which 
was analysed by gel filtration. 

Arteparon is a sulfated glycosaminoglycan deriva- 
tive containing galactosamine, glucosamine, glucu- 
ronic acid and sulfate in the following proportions 
(calculated as umoles/100 mg): 93.4, 11.1, 94.6 and 
425.0, respectively [5]. The sulfate content is about 
four -OSO; groups per disaccharide unit. From the 
composition [5] we can calculate a mean molecular 
weight for a disaccharide unit of about 700. There- 
fore, a monosaccharide unit, for practical purposes 
referred to in this paper as the ‘mean monomer’, has 
a molecular weight of 350. From this value and the 
known molecular weights of the Arteparon fractions 
used, the number of ‘mean monomers’ present in 
the chain of each fraction could be calculated. CPK 
molecular models were constructed for glycosami- 
noglycan chains and the length of the molecules in 
the fully extended conformation was measured. The 
chain lengths expected for the Arteparon fractions 
used, the molecular weights, and the number of 
‘mean monomer’ units present in the chain are given 
in Table 1. 

Inhibition studies. Steady-state kinetic measure- 
ments were performed with f-butyloxycarbonyl-L- 
Ala-p-nitrophenylester as substrate. The release of 
p-nitrophenol was monitored at 400nm and an 
extinction coefficient of 12,700/M/cm was used for 
concentration calculations. The sample cell in the 
spectrophotometer contained inhibitor plus enzyme, 
and the reference cell inhibitor alone. The reaction 
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was started by the addition of a small sample of 
substrate dissolved in acetonitrile to both the ref- 
erence and sample cells in order to compensate for 
the spontaneous hydrolysis of the substrate. The end 
concentration of acetonitrile in all experiments was 
1.6% (v/v). Temperature was 25 + 1°. The buffer 
solution was 50 mM phosphate buffer, pH 7.4, ionic 
strength 0.13. In the experiments with insoluble 
elastin as substrate the same buffer was used. The 
enzymatic activity was monitored according to 
Schwabe [6]. Briefly, 2 mg of elastin from bovine 
neck ligament (SIGMA) were incubated with 
enzyme with or without inhibitor in an end volume 
of 0.4 ml for 120 min at 37°. Enzyme and inhibitor 
were preincubated for 30 min at 37°. The solution 
was then made 5% (w/v) with trichloroacetic acid 
and centrifuged. A 0.1 ml portion of the clear super- 
natant was added to 3.0 ml of 0.2 M sodium borate 
buffer, pH 8.5, followed by rapid addition under 
Stirring with 1.0ml of a fluorescamine solution 
(15 mg/100 ml in acetone). The fluorescence of the 
labelled peptides was monitored at 480 nm after 
excitation at 390nm. The fluorescence response 
obtained in the absence of inhibitors was taken as 
reference (100 per cent activity). Apparatus was a 
Beckman DB-GT spectrophotometer equipped with 
a recording system for absorbance measurements 
and an AMINCO SPF-500 fluorimeter operating in 
the ratio mode for fluorescence measurements. 


RESULTS AND DISCUSSION 


Titration of the elastase activity with Arteparon. 


The five Arteparon fractions listed in Table 1 were 
employed as inhibitors of the elastase activity in 
experiments with insoluble elastin as substrate. The 
enzyme concentration was kept constant in all 
experiments, while the inhibitor concentration was 
varied over a wide range. Figure 1 shows an experi- 
ment with an Arteparon fraction having a molecular 
weight of 6500. The first part of the elastase activity 
decrease is linear and then reaches a plateau value 
which is not modified even at very high inhibitor 
concentrations. Due to the tightness of the binding 
and the enzyme concentration used (0.5 uM) the 
experiment represents a ‘titration’ of the enzymatic 
activity from which the stoichiometry of the binding 
can be calculated. The titration point corresponds 
to an inhibitor concentration of 0.25 wM, i.e. one 
half the enzyme concentration. The same type of 
experiment was repeated with other Arteparon frac- 
tions and results are summarized in Fig. 2. In this 
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Fig. 1. Titration of the elastase activity with Arteparon. 
The glycosaminoglycan polysulfate (GAGPS) fraction had 
molecular weight 6500. The substrate was elastin. 


figure the inhibitor concentration is expressed as 
‘mean monomer’, i.e. the molar concentration of the 
considered fraction multiplied by the number of 
monomeric units present in the chain, as explained 
in Table 1. Figure 2 shows that the Arteparon frac- 
tions with smaller molecular weight (2100 and 3100) 
do not produce the sharp enzymatic activity decrease 
detected with the three fractions of higher molecular 
weight. With the two low molecular weight fractions 
an activity decrease of 50-60 per cent is obtained 
only with high inhibitor concentrations (more than 
60 instead of 5 4M, as compared to the other three 
fractions). The titration point, obtained from the 
intersection of the initial curve with the plateau 
value, corresponds to nearly 5 uM of ‘mean mon- 
omer’ units for the fractions having molecular 
weights of 6500, 9900 and 17,000. This corresponds 
to the concentration of enzyme multiplied by 10. In 
other words, about 10 (say 9-10) monomeric units 
of the inhibitor molecule are needed to bind a single 
elastase molecule. With this concept in mind we can 
now understand the stoichiometry of the binding: 
the fractions with molecular weights of 6500, 9900 
and 17,000 bind elastase with inhibitor:enzyme 
molar ratios of about 1:2, 1:3 and 1:5, respectively. 
Comparing these results with the values given in 
Table 1 for the number of ‘mean monomer’ units 
present in each Arteparon fraction tested, we find 
that the fraction with a molecular weight of 6500 has 
19 monomeric units in the chain and binds two elas- 
tase molecules. The fractions with molecular weights 
of 9900 and 17,000 have 28 and 48 monomeric units 


Table 1. Characteristics of the Arteparon fractions 





Molecular 
weight 


Arteparon 
fraction 


Number of 
‘mean monomer’ Chain length 


(A) 





GAGPS A 77038 
GAGPS A 79067 
GAGPS L 980 B 
GAGPS L 980 

GAGPS L 980 A 


2100 
3100 
6500 
9900 
17,000 


30 
45 
95 
140 
240 
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Fig. 2. Titration of the elastase activity with Arteparon. The molecular weights of the glycosaminoglycan 

polysulfate (GAGPS) fractions were: O = 2100; A = 3100; 0 = 6500; A = 9900; @ = 17,000. The 

concentration is expressed as ‘mean monomer’ molarity, i.e. the molar concentration multiplied by the 
number of monomeric units present in the chain (see Table 1). The substrate was elastin. 


in the chain, and bind three and five elastase mol- 
ecules, respectively. This is an accordance with the 
previously discussed results, which showed 9-10 
inhibitor monomeric units to be necessary for binding 
to a single enzyme molecule. 

Phosphate buffer (50 mM), pH 7.4, ionic strength 
0.13, was used in all experiments in order to have 
an ionic strength near to the physiological value. 
Ionic strengths higher than 0.4 completely abolished 
the inhibitory power of Arteparon. This suggests 
that the interaction between the two partners is 
electrostatic in nature. As a possible interpretation, 
we could put forward the hypothesis that the inter- 
action occurs via formation of ionic bonds between 
the negatively charged sulfate groups of Arteparon 
and the positively charged guanidinium groups of 
the arginine residues of elastase. The enzyme is in 
fact a basic protein, with an isoelectric point near 
10 [7], because of the high arginine content [8]. 
However a direct evidence of this hypothesis can 
only be given by more specific studies as for instance 
blocking of guanidinium groups. The elastase-Arte- 
paron complexes do not precipitate and are reversi- 
bly dissociable with high salt concentrations. 

Lysosomal elastase is a globular protein with a 
molecular weight of about 30,000. Its three dimen- 
sional structure is yet unknown, but it can be assumed 
that the size of the molecule is of the same order of 
magnitude as that found in other proteins with similar 
molecular weight [9]. It is reasonable, for the pur- 
poses of this paper, to consider lysosomal elastase 
as a protein having a spherical shape with a diameter 
of about 40 A. The expected length for various gly- 
cosaminoglycan chains was given in Table 1. Con- 
sidering the Arteparon fractions with molecular 
weights of 6500, 9900 and 17,000, the respective 
chain lengths and the stoichiometry of the binding 


to elastase, we see that a chain length of 40-50 A 
(9-10 monomer units) is needed for binding to a 
single enzyme molecule. This length corresponds 
roughly to the enzyme diameter, and the proposed 
binding model is shown in Fig. 3. The figure describes 
the complex formed by the Arteparon fraction with 
a molecular weight of 9900, and three elastase mol- 
ecules. The inhibitor molecule has 28 monomeric 
units and has a length of ca. 140 A. 

The kinetic mechanism of inhibition. The kinetic 
mechanism of the inhibition by Arteparon was stud- 
ied using a soluble ester substrate. The formation 
of product in the presence of inhibitor was linear 
from the very beginning of the reaction as demon- 
strated by stopped-flow measurements (data not 
shown here). This fact justifies the steady-state 
approach used. The measurements were very diffi- 
cult because of the high affinity of the inhibitor for 


Arteparon 
MW. ~10,000 
Chain length ~140 A 


Lysosomal elastase / 


Fig. 3. Molecular model for the elastase inhibition by 

Arteparon. The figure shows the complex formed by an 

Arteparon fraction with a molecular weight around 10,000 
and three elastase molecules. 
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Fig. 4. Inhibition of elastase by Arteparon: Dixon plot. Substrate concentrations (mM): A = 0.125; 
O = 0.20; 0 = 0.40. The substrate was t-butyloxycarbonyl-L-Ala-p-nitrophenyl ester and the Arteparon 
fraction had a molecular weight of 17,000. 


the enzyme. In fact, the correct use of the kinetic 
equations implies that the total added inhibitor is 
considered equal to the concentration of free inhib- 
itor. When the affinity is high this is no longer valid, 
because a part of the added inhibitor is depleted 
following binding to the enzyme. Three Arteparon 
fractions were tested (molecular weights of 6500, 
9900 and 17,000) using very low enzyme concentra- 
tions (of the order of 10° M), with various substrate 
and inhibitor concentrations. For the diagnosis of 
the inhibition type, Dixon [10] and Cornish-Bowden 
[11] plots were used. The inhibition constants were 
also determined by the use of the Henderson plot 
for tightly bound inhibitors [12]. All these methods, 
although being of very good diagnostic value in 
determining the inhibition type, cannot give very 
precise values for the inhibition constants due to the 
high affinity of the binding. Figure 4 shows the Dixon 
plot for the Arteparon fraction with a molecular 


weight of 17,000, and Fig. 5 shows the corresponding 
Cornish-Bowden plot. The Dixon plot consists of a 
family of parallel lines whereas the Cornish-Bowden 
plot gives an intersection above the concentration 
axis. This feature is characteristic of uncompetitive 
inhibition. The inhibition is not of a linear type 
because a saturation effect is observed, i.e. the 
enzyme cannot be completely inhibited. At high 
inhibitor concentrations the maximal inhibition 
capacity is 60-70 per cent and the replot of slopes 
of the Lineweaver—Burk plot vs inhibitor concentra- 
tion is hyperbolic. This is in agreement with the 
titration experiments with elastin as substrate (Fig. 
2). The experiments shown in Figs. 4 and 5 were 
performed with inhibitor concentrations well below 
the saturation value (the highest inhibition percent- 
age was 30 per cent) in order to use the plots in a 
part where the inhibition is still more or less linear. 

The general kinetic mechanism of inhibition is 
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Fig. 5. Inhibition of elastase by Arteparon: Cornish-Bowden plot. Substrate concentrations (mM): 
O = 0.125; O = 0.20; A = 0.40. The substrate was t-butyloxycarbonyl-L-Ala-p-nitrophenyl ester and 
the Arteparon fraction had a molecular weight of 17,000. 
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Scheme 1. The kinetic mechanism of the elastase inhibition 
by Arteparon. E=enzyme, S=soluble substrate, 
I = inhibitor, P,; and P; = products. 


given in Scheme 1. The mechanism can be classified 
as hyperbolic uncompetitive and belongs to a mixed 
type [13]. The system is characterized by the fact 
that the a and B coefficients are nearly equal. B 
represents the fraction of the maximum velocity of 
the reaction when both substrate and inhibitor are 
saturating. a is a measure of the affinity change of 
the substrate for the enzyme in the presence of 
inhibitor [13]. If a>1 the inhibitor decreases this 
affinity, and if a<1 the affinity is increased. Since 
for the elastase inhibition by Arteparon a is less than 
1, the presence of inhibitor paradoxically favours the 
binding of substrate. The drug is, however, a good 
inhibitor because the catalytic efficiency of the ter- 
nary enzyme-substrate—inhibitor (ESI) complex is 
decreased by a factor B. The B coefficient for the 
Arteparon fractions with molecular weights 6500, 
9900 and 17,000 is 0.35 + 0.05, i.e. the maximal 
inhibition capacity is 60-70 per cent and a is very 
close to this value. a and f can be easily calculated 
from intercept replots vs inhibitor concentration [13]. 
The value of the inhibition constant, K/, can be 
calculated from the Cornish-Bowden plot. K; is the 
dissociation constant of the ESI complex, whereas 
K; is the dissociation constant of the enzyme-inhib- 
itor (EI) complex. Plots as those shown in Figs. 4 
and 5 were made also for the Arteparon fractions 
with molecular weights of 6500 and 9900, and results 
were as those shown in Figs. 4 and 5. From Fig. 5 
we can calculate a K/ value of 1.9 + 0.5 x 10°°M. 
The same parameter was also calculated from experi- 
ments with inhibitor concentrations higher than 
those shown in Fig. 5 with the method of Henderson 
for tightly bound inhibitors [12]. The value was ca 
2x 10°°M, in good agreement with the estimate 
obtained from Fig. 5. However, we do not feel that 
values for K; or K/can be given with such a precision 
for the system presented here for the reasons out- 
lined above, and prefer to say that the inhibition 
constants for the Arteparon fractions with molecular 
weights between 6500 and 17,000 fall between 10° 
and 10°’M. The binding is so tight, that a very 
precise evaluation of the equilibrium constant by 
means of kinetic measurements is not possible for 
technical reasons. It remains clear that even an 
inhibition constant of the order of 10°’M is rep- 
resentative of a powerful inhibitor. We are further 
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investigating the binding properties of Arteparon to 
elastase and other basic enzymes with the use of 
equilibrium techniques. 

Recently, it was demonstrated that Arteparon, 
after intramuscular injection in patients with osteoar- 
throsis, is transported into the joints and is found 
in cartilage in variable concentrations depending on 
the observation time and on the cartilaginous layer. 
For instance, 24 and 72 hr after injection, the super- 
ficial layer of cartilage contained 1.43 and 0.94 yg 
Arteparon/g cartilage, respectively [14]. These con- 
centrations should be compared with the results pre- 
sented in the present paper. With an inhibition con- 
stant of the order of 10° to 10°’ M, an Arteparon 
fraction with molecular weight 10,000 can inhibit 
human lysosomal elastase with concentrations rang- 
ing from 0.1 to 1 ug/ml. 

Although the role of lysosomal enzymes in 
osteoarthrosis (the illness for which Arteparon is 
basically used) is still unclear, these results represent 
a possible model for drugs, transported into the joint 
by virtue of their structural features. Although the 
drug—lysosomal enzyme interaction is probably non- 
specific for a given enzyme, the high inhibition 
degree achieved with low drug doses suggests a pos- 
sible application of Arteparon in those processes 
which are characterized by cartilage damage through 
the action of basic enzymes of essentially different 
cellular origin. 
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Abstract—It has recently been demonstrated that there is a high and persistent uptake of chloroquine 
in the islets of Langerhans as shown by both in vivo autoradiographical and in vitro uptake studies. The 
present study aimed at an evaluation of the possible functional effects, which might result from the 
accumulation of chloroquine in the islet cells. It was found, in short-term experiments, that 10°*M 
chloroquine abolished the glucose-stimulated (pro)insulin biosynthesis of isolated mouse islets and also 
impaired the production of “CO, from ('*C)glucose. However, a slight enhancement of glucose- 
stimulated insulin release was observed both in vitro and in vivo. Furthermore. long-term experiments 
performed by adding 10°°M chloroquine to the RPMI 1640 medium used for culture of isolated islets 
resulted in a substantial but reversible inhibition of the (pro)insulin biosynthesis. Culture in the presence 
of chloroquine also reduced both the oxidative rate of glucose and the insulin content of the islets, and 
abolished glucose stimulation of the insulin release. Electron microscopy showed that both multila- 
mellated bodies and autophagic vacuoles were induced in the B cells cultured in the presence of 
chloroquine. The present data suggests that chloroquine, at doses similar to those used in long-term 


treatment, markedly impairs the specific functions of the insulin producing B cells. 


Besides its use as an antimalarial agent, chloroquine 
is widely used in long-term treatment of collagen 
diseases. It has been demonstrated autoradiographi- 
cally that there is a strong accumulation and pro- 
longed binding of the drug in some endocrine cell 
systems including the pancreatic islets [1]. Indeed, 
recent in vitro studies indicated that chloroquine is 
extensively taken up by the islet cells [2]. It was of 
interest, therefore, to examine to what extent this 
accumulation process was accompanied by effects on 
the structure and function of the islets. In the present 
study, collagenase-isolated islets were utilized to 
investigate the acute effects of the drug on the insulin 
production of the islet B cells. Furthermore, islets 
were maintained in tissue culture for one week in 
the presence of the drug, allowing a detailed charac- 
terization of the long-term effects of chloroquine on 
different aspects of islet cell structure and function. 


MATERIALS AND METHODS 


Chemicals. Collagenase was purchased from Wor- 
thington Biochemical Corp., Freehold, NJ, and 
chloroquine diphosphate from Sigma Chemical Co., 
St. Louis, MO. t-(2,4,6-°H)-phenylalanine (sp. 
radioactivity 62 Ci/mmole) and '*I-insulin were 
obtained from The Radiochemical Centre, Amer- 
sham, U.K. and '*I-glucagon from Novo Industri 
A/S, Copenhagen, Denmark. 

Animals. Male NMRI-mice (Anticimex, Sollen- 
tuna, Sweden) weighing 25-30 g were used through- 
out the study. All animals were fed a standard pellet 
diet (AB Ewos, Sédertalje, Sweden), but were 
starved overnight prior to the in vitro experiments. 

In vitro experiments. Pancreatic islets were isolated 
by collagenase digestion and cultured as described 


previously [3]. The islets were cultured in a free- 
floating manner and the standard culture medium 
was RPMI 1640 containing 11 mM glucose, to which 
was added 10% (v/v) calf serum, antibiotics and 
chloroquine diphosphate as given below. The 
medium was changed on the third and then every 
second day of culture. The methods used for the 
measurements of the hormone content, the insulin 
release in batch type incubations and the insulin 
biosynthesis in the islets have been reported pre- 
viously [3]. [°H]-phenylalanine was, however, used 
as the radioactively labelled precursor in the present 
studies. Islet perifusion experiments to determine 
the dynamics of insulin secretion were performed as 
described previously [4]. Concentrations of insulin 
and glucagon in both extracts and incubation media 
were measured by radioimmunoassay procedures 
[5, 6]. Glucose oxidation rates were estimated essen- 
tially as described by Andersson [7]. 

Electron microscopy. Pancreatic islets were cul- 
tured, as described above, in the presence or absence 
of 10°°M chloroquine. The islets were subsequently 
fixed in 3.5% glutaraldehyde and postfixed in 2% 
osmium tetroxide. After dehydration in alcohol the 
islets were embedded in epoxy resin. Sections were 
stained with uranyl acetate and lead citrate and 
examined in a JEOL-JEM _— 100B-electron 
microscope. 

In vivo experiments. The orbital vein plexus of 
non-fasted animals was punctured in order to obtain 
a blood sample prior to the injection of glucose into 
a tail vein. The glucose was injected as a 30% solution 
to give a dose of 3.75 g/kg body wt, to which chloro- 
quine was added, at a concentration of 15 or 30 mg/kg 
body wt. Another blood sample was collected 5 min 
after the injection. After coagulation and centrifu- 
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gation the serum was removed and stored at —20° 
until assayed for glucose and insulin. Glucose was 
measured using a Beckman Glucose Analyzer 2 
(Beckman Instruments, Inc., Fullerton, CA). 

Expression of results. The results are given as 
means + S.E.M. with the number of experiments 
given within parentheses. For statistical analysis, 
Student’s f-test for paired or non-paired data was 
used. 


RESULTS 
Effects in vitro on non-cultured islets 


Insulin release. The effects of the drug on glucose- 
stimulated insulin secretion were examined in a peri- 
fusion system. Addition of 10-*M chloroquine to 
high concentrations of glucose was found to slightly 
enhance the second phase of insulin secretion (P < 
0.05), whereas no effect was recorded on the first 
peak (Fig. 1). Withdrawal of the drug in combination 
with a return to low glucose concentrations was 
followed by a prompt return to the basal secretion 
rate. 

Insulin biosynthesis. As shown in Table 1, 10-*M 
chloroquine decreased the incorporation of [*H]- 
phenylalanine, at 10mM_ glucose, into both 
(pro)insulin and TCA-precipitable islet proteins. 
The former process was, however, inhibited to a 
greater degree, since the figure expressing insulin 
biosynthesis as a percentage of total protein synthesis 
was also markedly depressed. This was also the case 
for islets incubated in the presence of 10~°M chlor- 
oquine, whereas no effects were recorded with the 
lowest concentration of the drug tested. 

Glucose oxidation. Chloroquine (10~*M) signifi- 
cantly impaired the production of '*CO, from ["C]- 
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glucose. Thus, a glucose oxidation rate, at 16.7 mM 
glucose, of 407+39 was reduced to 302+ 
57 pmoles/90 min per 10 islets when the drug was 
added to the oxidation medium (P < 0.05; N = 10). 


Effects on islets in culture 


Ultrastructural studies. Control islets cultured for 
one week were structurally well preserved, although 
the B cells were slightly degranulated. Addition of 
10-°M chloroquine to the culture medium produced 
dramatic ultrastructural changes in the islet B cells, 
the most conspicuous of which was the presence of 
so called ‘myeloid bodies’ (Fig. 2). There were also 
many autophagic vacuoles containing electron dense 
bodies, some of which could be recognized as B cell 
granules. In addition, intact myeloid bodies were 
occasionally found in these vacuoles. We have, so 
far, been unable to locate myeloid bodies in the 
other types of islet cells. The presence of the myeloid 
bodies seemed to be a reversible phenomenon, since 
prolongation of the treatment culture period to 
include a recovery period of four days without the 
drug was followed by an almost complete disap- 
pearance of these structures. The mitochondria of 
the chloroquine-treated islet B cells were of normal 
appearance and the cytoplasm contained rough 
endoplasmic reticulum in vacuolar form. Moreover, 
the B cells were markedly degranulated and some- 
times even completely devoid of granules. 

Hormone content and release. As seen in Fig. 3, 
the insulin content of islets exposed to 10-°M chloro- 
quine for one week in vitro decreased to about 5 per 
cent of that in the control islets (P< 0.001). No 
effect of exposure to the drug was seen on the islet 
glucagon content. The effects of glucose on insulin 
secretion were recorded in short-term incubations, 
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Fig. 1. Effects of 15mM glucose (@) or 15mM glucose + 10°*M chloroquine (O) on the insulin 

secretion by 50 freshly isolated mouse pancreatic islets. The results are given as the mean + S.E.M. of 

seven experiments. In each experiment the mean of the insulin concentrations of the last four fractions 

during the glucose stimulation was calculated. The statistical significance of the differance obtained by 
the addition of chloroquine was tested by means of a paired (-test. 
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* Insulin biosynthesis was determined by measuring the incorporation of (°H]-phenyl- 
alanine, at 10 mM glucose, into both the (pro)insulin (PI-I) and TCA-precipitable protein 
fractions (TCA) of islet homogenates. Results are expressed as c.p.m. X 10°°/2 hr/10 islets. 
45 c.p.m. x 107? corresponds to 1 pmole of phenylalanine. The values in column (%) refer 
to the percentage of the total incorporated radioactivity represented by the PI-I fraction 
as calculated from each individual observation. Means + S.E.M. are given, together with 
the statistical significance of the difference obtained by the addition of chloroquine. Number 


of experiments are given within parentheses. 


+ P<0.01. 
+ P<0.001. 


at the end of the culture period (Fig. 3), and it was 
found that control islets responded with a 10-fold 
increase in insulin release when challenged with high 
concentrations of glucose (P <0.005). The drug 
exposed islets, however, were totally unresponsive 
to the stimulation of high glucose concentrations. 
Insulin biosynthesis. The incorporation of [*H]- 
phenylalanine into (pro)insulin or TCA-precipitable 
proteins of one week cultured islets was estimated 
at 10mM glucose and in the absence of the drug 
(Table 2). Addition of chloroquine to the culture 
medium did not affect total protein biosynthesis, 
whereas a clear-cut decrease in (pro)insulin biosyn- 
thesis was observed after culture in the presence of 
10-°M chloroquine. Culture with a 10-fold lower 
concentration of the drug resulted in a small, 
although not statistically significant, decrease in 
(pro)insulin biosynthesis. The percentage figure giv- 
ing the ratio between the radio activity incorporated 
into (pro)insulin and total proteins was, however, 
decreased, suggesting that the protein biosynthesis 
in these islets was directed, to a lesser extent, towards 


(pro)insulin biosynthesis even after culture at this 
low chloroquine concentration. 

The reversibility of this impairment of (pro)insulin 
biosynthesis was examined in a separate series of 
experiments (bottom part of Table 2). Findings 
indicated that withdrawal of chloroquine from the 
culture medium after one week’s culture resulted in 
a substantial recovery of the biosynthetic rate. 

Glucose oxidation. The production of “CO, from 
['*C]-glucose at 16.7mM glucose was significantly 
reduced after one week’s culture in the presence of 
10°°M chloroquine. The oxidative rates were 271 + 
45 for the drug exposed islets and 664+ 
69 pmoles/90 min per 10 islets for the controls (P < 
0.001; N = 6). 


Effects on insulin secretion in vivo 


The in vivo studies of the acute effects of chloro- 
quine on insulin secretion showed that the peak 
levels of serum insulin observed 5 min after the 
injection of glucose were higher, when chloroquine, 
at a dose of 30 mg/kg body wt, had been added to 


Table 2. Insulin biosynthesis in cultured islets* 





Culture conditions 


TCA % 





RPMI 1640 
RPMI 1640 + 

10-°M chloroquine 
RPMI 1640 + 


10-°M chloroquine 18.8 + 2.6 


113.6 2130 


128.8 + 21.5 


124.4 + 15.5 


| ie ol BE 
4.3 + 0.87 


14.7 + 1.24 





RPMI 1640 
cultured for 11 days 
RPMI 1640 + 
10-°M chloroquine 
for 7 days and without 
chloroquine for another 
4 days 


20.9 + 3.3 


303.5 


101.5 11.7 


70.9 + 12.7 


20.7222 


17.6 +2.3 (6) 





* Islets were cultured for 7 (upper panel) or 11 days (bottom panel) in the absence or 
presence of chloroquine. Insulin biosynthesis was estimated at 16.7mM glucose and in the 
absence of the drug. For further details see legend to Table 1. 


+ P<0.001. 
+ P<0.0S. 
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Fig. 2. Electron micrograph of an islet cultured for seven days in the presence of 10~°M chloroquine. 

Several myeloid bodies (thin arrows) are present in the B cell in the upper right of the picture. The B 

cell in the lower right corner shows autophagic vacuoles (thick arrows) containing myeloid bodies and 

B cell granules with disintegrated cores. In the centre is a B cell with more normal morphology, although 

it contains a few autophagic vacuoles. In the upper left corner is a part of well granulated A,-cell 
(< 8.1). 
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Fig. 3. Islets were cultured for one week in the absence (open bars) or presence of 10°-°M chloroquine 
(stippled bars). The insulin release (means + S.E.M. of five experiments) was estimated in short-term 
incubations performed either in 1.5 or 15 mM glucose. Insulin and glucagon content was estimated in 
acid ethanol extracts of the islets at the end of the culture period (means + S.E.M. of twelve experiments). 








GLUCAGON 


Table 3. Effects on serum glucose and insulin of two doses of chloroquine injected i.v. together with 
glucose* 





Agents Se-glucose 5’ Se-insulin 0’ Se-insulin 5’ Per cent increase 





Glucose (3.75 g/kg) BAEZ 2.16 + 1.09 5:29 = 1.217 407 + 108 

Glucose (3.75 g/kg) + 
chloroquine (15 mg/kg) 

Glucose (3.75 g/kg) + 


chloroquine (30 mg/kg) 


34.8 + 3.1 1.74 + 0.62 7.10 + 1.464 504 + 101 


39.6 + 0.8 1.46 + 0.33 9.70 + 0.827 905 + 2308 





* Serum glucose (mmoles/1) and serum insulin (ng/ml) values are expressed as means + S.E.M. of 
5 experiments, each of which is based on observations on three mice. Blood samples were taken before 
(0’) or 5 min (5’) after the injection. The statistical significance of the difference in serum insulin before 
and after the injection is given (++) as well as that obtained by the addition of chloroquine to the 


glucose solution. (§) 
+ P<0.01. 
+P <0.05. 
§ P< 0.05. 


the glucose solution (Table 3). No statistically sig- 
nificant effects were recorded in experiments per- 
formed using a dose of 15 mg/kg body wt. 


DISCUSSION 


This study was performed to determine whether 
the in vivo [1] and in vitro [2] uptake of chloroquine 
by the islets of Langerhans was accompanied by 
structural or functional changes. Indeed, the present 
results indicate that long-term in vitro exposure of 
pancreatic islets to chloroquine mimics the typical 
drug-induced ultrastructural appearance with mye- 
loid bodies [8] and autophagic vacuoles [9]. Our 
findings are also in agreement with the recent report 
of similar morphological changes in monolayer cul- 
tures of rat endocrine pancreas cells exposed to 
chloroquine [10]. In the present investigation, how- 


ever, we were unable to demonstrate myeloid bodies 
in the glucagon containing A,-cells. In support of 
this finding, the glucagon content of the islets cul- 
tured in the presence of chloroquine remained the 
same as the controls. Extended studies, using for 
instance A,-cell-rich islets prepared from strepto- 
zotocin-treated guinea pigs [11, 12], are, however, 
needed before it can be resolved whether or not the 
A.-cells are affected by chloroquine treatment in 
vitro. It is of interest that ultrastructural changes, 
similar to those observed in this study, have been 
reported in experiments with cyproheptadine expo- 
sure of rat islets maintained in tissue culture [13-15]. 

In addition to these ultrastructural changes, 
marked functional effects of chloroquine were 
observed in both the short- and long-term experi- 
ments. The short-term experiments showed an 
inhibition of the protein biosynthesis of the pan- 
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creatic islets. Inhibitory effects on protein biosyn- 
thesis by chloroquine have been reported earlier in 
other systems. Thus, Roskoski and Jaskunsas [16] 
showed that chloroquine inhibits polypeptide syn- 
thesis in rat liver cell-free systems, probably by 
interacting with the free polynucleotide and pre- 
venting the subsequent formation of an active poly- 
nucleotide-ribosome complex. Moreover, Lefler et 
al. {!7] demonstrated an inhibition of aminoacylation 
and polypeptide synthesis by chloroquine in subcel- 
lular rat liver systems. Chloroquine has also been 
shown to inhibit protein biosynthesis in bovine [18] 
and rabbit [19] retinal preparations. Our present 
data indicates that, in the pancreatic islets, proinsulin 
biosynthesis is particularly sensitive to the chloro- 
quine effect, since incorporation of [*H]-phenylala- 
nine into proinsulin was reduced to less than 20 per 
cent of that of the controls, the corresponding figure 
for total protein biosynthesis being 40 per cent. A 
few mechanisms by which chloroquine has been pro- 
posed to inhibit protein biosynthesis have been men- 
tioned above. However, there is evidence that 
chloroquine may act on several cell sites by virtue 
of its marked ability to bind to tissue macromole- 
cules, such as nucleic acids, proteins and phospho- 
lipids [20-22]. The inhibition of the protein biosyn- 
thesis in the islets may therefore be the result of a 
multifactorial process. 

Our experiments showed a marked decrease in 
the rate of glucose oxidation in the islets. It is possible 
that this may be due to an inhibition of mitochondrial 
electron transport, an effect which chloroquine has 
been shown to exert both on ox heart mitochondria 
[23] and mitochondria prepared from muscle tissue 
of Ascaris suum [24]. The reduction in energy sources 
resulting from the decreased rate of glucose oxida- 
tion in freshly isolated as well as cultured islets may 
be another mode of action by which chloroquine 
may have exerted its inhibitory effects on glucose- 
stimulated insulin biosynthesis. Against this back- 
ground, it is, however, difficult to explain our present 
in vitro and in vivo results, suggesting that chloro- 
quine enhances glucose-induced insulin release, 
since the latter process is thought to be mediated by 
a sequence of metabolic, ionic and motile events 
(for review, see ref. 25). One possible explanation 
for the drug-induced potentiation of insulin secretion 
may be a direct membrane effect. Our recent uptake 
studies [2] indicated a non-energy dependent binding 
of chloroquine to cellular constituents, such as the 
phospholipid components of the membranes, as a 
possible mechanism for the accumulation of the drug 
in the islets. Studies by DiDonato et al. [26] indicated 
that as much as one-fourth of the total uptake of 
chloroquine by human fibroblasts was bound to the 
cell surface. It has been known for a long time that 
many agents, for instance sulfhydryl reagents such 
as chloromercuribenzene-p-sulfonic acid, stimulate 
insulin secretion by a direct membrane action [27]. 

The data from our culture experiments clearly 
indicated that the insulin content, release and bio- 
synthesis of the chloroquine-exposed islets were all 
markedly depressed despite the fact that the drug 
was absent during the short-term experiment per- 
formed at the end of the culture period. The total 
protein biosynthesis, however, appeared to be 
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unaffected in the exposed islets, suggesting a drug- 
induced ‘switch’ in the activities of the B cells from 
insulin biosynthesis to production of other proteins. 
The observed ultrastructural alterations support this 
proposal. There is clear morphological and bio- 
chemical evidence that the drug is accumulated in 
the vacuoles of the cytoplasm and that these are of 
a lysosomal nature [9,28]. Chloroquine may be 
trapped by protonation in the acid milieu of the 
lysosomes by virtue of its weak basic properties [20]. 
There is a subsequent increase in the intralysosomal 
pH by consumption of hydrogen ions and this in turn 
may induce alterations of lysosomal function [28-30] 
with autophagy as the ultimate result. It seems, 
however, unlikely that some kind of a lysosomal 
dysfunction could be responsible for the chloroquine- 
induced impairment of insulin production in the 
short-term experiments. On the other hand, such 
mechanisms could well contribute to the inhibition 
of insulin biosynthesis in the islets exposed to chloro- 
quine during the one week culture period. The pres- 
ent observation of a recovery of both the insulin 
production and the morphological appearance of the 
islets within a few days of removal of the drug, 
however, suggests that the drug-induced effects are 
reversible. 

Extended in vivo studies will be required before 
the possible clinical implications of the present data 
can be evaluated. It is worthy of note, however, that 
the serum chloroquine concentration of patients suf- 
fering from side effects is only slightly above 10-°°M 
[31]. Addition of a similar concentration of the drug 
to culture medium RPMI 1640 effected a clear-cut 
impairment of islet B cell function (cf. Table 2). 
There are to our knowledge, however, no reports 
suggesting a decreased glucose tolerance or an 
increased frequency of diabetes mellitus in patients 
being treated for long periods of time with high doses 
of chloroquine. 
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Abstract—The effect of ingestion of water containing 1 or 10% ethanol for a period of four weeks on 
serum vitamin E, hepatic glutathione peroxidase, erythrocyte-glutathione peroxidase, glutathione trans- 
ferase, superoxide dismutase and selenium has been investigated in rats. The serum levels of total and 
free vitamin E were not significantly affected by ethanol ingestion at either level. The level of erythrocyte 
glutathione peroxidase was decreased to 43 or 28 per cent of the control level by intake of either 1 or 
10% ethanol solution, respectively, whilst there was no alteration in glutathione transferase activity. 
Ethanol treatment did not alter erythrocyte selenium levels or superoxide dismutase activity. Hepatic 
glutathione peroxidase activity was increased to approximately 166 per cent of the control value by 
either 1 or 10% ethanol ingestion. The results indicate that the activity of the enzyme principally 
involved in preventing lipohydroperoxide-induced haemolysis is significantly reduced by ethanol 


ingestion. 


The production of lipid hydroperoxides in the liver 
and their appearance in the serum is one of the toxic 
consequences of acute or chronic alcohol intake [1] 
and the hepatonecrotic action of ethanol has been 
assumed to be the result of the lowering of gluta- 
thione peroxidase in this organ [2]. Glutathione per- 
oxidase is a selenium-dependent enzyme present 
mainly in the liver and erythrocytes which catalyses 
the reduction of lipid hydroperoxides into hydroxy 
fatty acids [3]. Vitamin E in the blood and liver 
partly protects against the formation of these hydro- 
peroxides [4] and it has been reported that chronic 
ethanol ingestion lowers hepatic vitamin E content 
[4]. Free iron liberated from peroxide-haemolysed 
erythrocytes catalyses the formation of superoxide 
radicals which in turn further destructively oxidize 
red blood cells [5]. Superoxide dismutase reduces 
the superoxide radicals to hydrogen peroxide which 
is detoxicated by catalase and, to a lesser extent, 
glutathione peroxidase [5]. 

In this experiment the effect of chronic ethanol 
intake in rats was investigated by incorporating it 
into the drinking water at the 1 or 10% level for 28 
days and determinating the levels of serum vitamin 
E, erythrocyte and liver glutathione peroxidase and 
red blood cell superoxide dismutase. To determine 
whether ethanol ingestion reduced glutathione avail- 
ability, glutathione transferase activity was measured 
as an index of the status of the cofactor. 


MATERIALS AND METHODS 


Chemicals. [8-"C]Styrene oxide, sp. act. 
16.4 mCi/mmole, was purchased from Radiochemi- 
cal Centre, Amersham, Bucks, U.K. All other chem- 


icals and reagents were of the purest grade available 
and obtained from Sigma Chemical Co., Poole, Dor- 
set, U.K. 

Animals and treatment. Male Sprague-Dawley rats 
of body weight 180-190 g were purchased from Olac, 
Bicester, Oxon, U.K. and randomly divided into 
groups of six. These animals were maintained on 
PRM diet (Dixons, Ware, Herts., U.K.) in high 
density polypropylene cages. A group of 6 control 
animals were maintained on alcohol-free drinking 
water; other groups of animals received redistilled 
absolute ethanol in their drinking water at a level 
of either 1 or 10% v/v. The rats were killed after 28 
days by exsanguination via cardiac puncture. The 
blood was divided into heparinized and non-hep- 
arinized tubes before separation into erythrocytes, 
plasma and serum by centrifugation. The livers were 
surgically excised, homogenized in 1.15% KCl and 
the microsome-free 100,000 g av. supernatant pre- 
pared by ultracentrifugation. 

Assays. Erythrocyte haemoglobin content was 
determined using the method and kit supplied by 
Sigma [6]. Serum vitamin E was determined by a 
fluorometric technique [7]. Erythrocyte and hepatic 
glutathione peroxidase (E.C.1.11.1.9) was deter- 
mined essentially by the Mills procedure, as modified 
by Hafeman et al. [8]. Hepatic glutathione transfer- 
ase (EC.2.5.1.14) was estimated by the technique 
of James et al. [9], using ['*C]styrene oxide as sub- 
strate. Erythrocyte glutathione transferase was 
determined in essentially the same manner after the 
following haemolytic procedure: 

Two volumes of packed erythrocytes were washed 
by centrifugation for 20 min at 1500 av. in 5 vol. 
0.9% NaCl. This process was repeated three times 
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before adding 1.25 vol. distilled water after the final 
washing. The mixture was shaken and allowed to 
stand for 60 min before centrifuging for a further 
60 min at 10,000 g av. The supernatant was decanted 
and 100 wl portions added to the incubate in the 
assay procedure described. Erythocyte superoxide 
dismutase (EC.1.15.1.1) activity was determined by 
the technique of Winterbourn er al. [10]. Erythrocyte 
selenium was determined by flameless atomic 
absorption spectrometry on nitric acid digests using 
an Instrumentation Laboratory IL 157 instrument 
with a 555 graphite furnace. 

Radiochemical analyses. The radioactive content 
of duplicate incubates was determined by counting 
for 2 cycles in a Packard 2650 liquid scintillation 
spectrometer. 

Statistical analyses. The significance of observed 
differences between alcohol-treated and control 
groups were determined by Student’s r-test. Differ- 
ences were considered significant when P < 0.05. 


RESULTS 


Ingestion of ethanol for 28 days led to a significant 
increase in red blood cell volume which was reflected 
in the haemoglobin levels (Table 1). There was no 
significant difference in the free or total vitamin E 
levels between the control and ethanol-treated ani- 
mals. Alcohol intake at either 1 or 10% approxi- 
mately doubled hepatic glutathione peroxidase; con- 
versely, erythrocyte enzyme activity was reduced to 
43 per cent (at 1% v/v) or 28 per cent (at 10% v/v) 
of the control level (Table 2). Alcohol ingestion did 
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not significantly affect erythrocyte selenium or 
superoxide dismutase activity. Consumption of 
alcohol at the higher dose level significantly lowered 
hepatic glutathione transferase, but ingestion of 
alcohol at either level did not significantly alter eryth- 
rocyte glutathione transferase activity (Table 3). 


DISCUSSION 


From these reults it was concluded that ingestion 
of water containing either 1 or 10% ethanol for 28 
days enhances hepatic glutathione peroxidase 
activity but significantly decreases erythrocyte glu- 
tathione peroxidase levels. Acute ethanol intoxica- 
tion increased lipid hydroperoxide products in the 
liver, whereas chronic intake of an order similar to 
the present experiment reportedly lowers hepatic 
vitamin E levels without increasing lipid peroxidation 
[4]. No evidence of any vitamin E deficiency was 
observed in this study, however. Intake of larger 
doses of ethanol results in fatty infiltration of the 
liver and generation of lipid hydroperoxides which 
are released into the serum [1]. It has been suggested 
that the increased serum lipoperoxide in cirrhotic 
patients may be due to reduced hepatic glutathione 
peroxidase [2]. In a previous experiment, it was 
demonstrated that prolonged intake of ethanol in 
the manner employed in this experiment progres- 
sively increased hepatic microsomal protein [11]. It 
is possible that in the present experiment there was 
a similar ‘induction’ of glutathione peroxidase 
activity. The presence of a non-selenium-dependent 
form of glutathione peroxidase in the liver has been 


Table 1. The effect of chronic ethanol intake on erythrocyte volume, haemoglobin and 
serum vitamin E level* 





Treatment 


Haemoglobin 
(g/100 ml) 


Serum vitamin E 





Total 
(ug/ml) 


Free 
(ug/ml) 





5221.1 5.4 
16.6 + 0.5 6 
14.7+ 0.8 aL 


(Controls) 


“a 
4 
1.0 





* Results represent the means + S. D. for duplicate assays on samples derived from six 


animals. 


Table 2. The effect of chronic ethanol intake on hepatic and erythrocyte glutathione 
peroxidase levels and erythrocyte selenium levels* 





Hepatic 
glutathione 
peroxide 
(units/mg liver) 


Treatment 
level 


(units/mg haemoglobin) 


Erythrocyte 
glutathione 
peroxidase 


Erythrocyte 
selenium 
(ug/ml RBC) 





0 11.7+2.9 
(Control) 
19.7 + 4.5 
20.0 + 3.8 


63.5 + 11.6 7.6 + 0.6 


ve at 6. 
17.8+1.0 Ze 


1.4 
tS 





* Results represent the means + S.D. of duplicate assays on samples derived from six 


animals. 
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Table 3. The effect of chronic ethanol intake on erythrocyte superoxide dismutase and hepatic and 
erythrocyte glutathione transferase activity* 





Erythrocyte 


Glutathione transferase 





superoxide 
dismutase 
(units/mg haemoglobin) 


Treatment 
level 


(nmoles/mg protein/ml) 


Erythrocyte 
(nmoles/min/ml erythrocytes) 


Hepatict 





1% 3.7 + 0.69 
10% 3.6+ 0.71 
0 3.9 + 0.29 
(Control) 


42+ 8.0 
46 + 4.1 
43 + 3.9 


74 + 13.2 
2Z=S0 
ZWESS 





* Results represent the means + S.D. of duplicate samples derived from six animals. 


reported [12], and in the absence of this essential 
element, this enzyme might be selectively induced. 
Whereas the intake of ethanol at the low levels 
employed in this study could result in the prolifer- 
ation of the hepatic smooth endoplasmic reticulum 
[13] and the induction of protein synthesis [11], no 
corresponding increase in the selenium-dependent 
erythrocyte enzyme levels would be possible. 

Erythrocyte glutathione status as estimated by 
glutathione transferase activity has been postulated 
as an index of ageing of the whole organism [14]. 
Using this enzyme as a monitor of the status of the 
cofactor indicated that diminished glutathione was 
not responsible for the decreased peroxidase activity 
in the present experiment. 

Alcohol abuse is normally associated with 
decreased serum zinc and magnesium, and dimin- 
ished serum selenium levels in alcoholics is not usu- 
ally observed [15], although decreased serum selen- 
ium levels in alcoholic cirrhosis patients has recently 
been reported [2]. Alcohol ingestion in the manner 
of the present experiment produced no decrease in 
selenium levels. A large amount of selenium in veg- 
etable sources occurs as selenomethionine [16]. It 
is believed that this essential trace element is 
absorbed from the gut largely in the form of selen- 
omethionine [16]. Vitamin B, has been demonstrated 
to be essential for the activity of the enzymes which 
metabolize selenomethionine to the form essential 
for glutathione peroxidase activity [17]. Diminished 
B vitamin levels are characteristic of alcohol abuse 
[18] and thus it is possible that although adequate 
selenium is present, it cannot be utilized by the 
enzyme. 

A major problem in studies investigating the 
source of alcohol toxicity is finding animal models 
suitable for comparison with man [1]. The mode of 
administration of alcohol in this experiment has been 
criticised [1,13]. It has been calculated that this 
method could provide a calorific equivalent of only 
10-25 per cent of the daily requirement and produces 
no significant fatty infiltration of the liver [1]. The 
present experiment emphasizes, however, the tox- 
icity of low doses of alcohol taken as a dietary sup- 
plement as in the nonalcoholic human situation. 


Furthermore, the decreased erythrocyte glutathione 
peroxidase resulting from low ethanol intake sug- 
gests that this deficiency could have a role in the 
causation of the elevated serum lipohydroperoxides 
characteristic of cirrhosis, rather than being a conse- 
quence of their toxicity. 
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Abstract—Chronic administration of ethanol to rats for 6-8 weeks caused an elevation in the concen- 
tration of cytochrome P-450 and an enhancement of the rates of drug oxidation and UDP-glucuronic 
acid conjugation in isolated hepatocytes. The oxidation of harmine was stimulated by 100 per cent with 
a concomitant increase in the glucuronide formation. When paracetamol and harmol were used as 
specific substrates of conjugation reactions, the rate of glucuronide formation was increased by about 
50 per cent, while the rate of sulphate conjugation was not affected. The cytochrome P-450 dependent 
activation of paracetamol, measured as glutathione conjugate formation, increased about three-fold. 
The intracellular GSH concentration, which was not affected by ethanol treatment, decreased stoi- 
chiometrically with the formation of paracetamol-glutathione conjugate. Furthermore, the binding 
affinity of paracetamol to cytochrome P-450 was increased after ethanol administration. In isolated 
kidney cells the formation of sulfhydryl conjugates of paracetamol was increased after chronic ethanol 


administration. 


Chronic administration of ethanol to rats has been 
shown to cause changes in the morphology of mito- 
chondria and endoplasmic reticulum [1, 2] and alter- 
ations in a variety of biochemical parameters [3, 4] 
including increased capacity of enzymes metaboliz- 
ing xenobiotics [5,6]. This has been demonstrated 
both in vitro and in vivo [7-9]. However, the mech- 
anism for these alterations is not fully understood. 

Paracetamol (acetaminophen) is an analgesic and 
antipyretic drug which in large overdoses can cause 
liver necrosis in man and laboratory animals [10, 11]. 
Renal damage caused by this drug has also been 
reported [10,12,13]. Paracetamol is primarily 
metabolized in the liver to glucuronide and sulphate 
conjugates [14] but also undergoes a cytochrome-P- 
450-dependent oxidation leading to the formation 
of a reactive metabolite [15]. At therapeutic doses, 
the liver cells protect themselves from damage by 
trapping the reactive metabolite with reduced glu- 
tathione (GSH). At high doses of paracetamol 
hepatic GSH is depleted and covalent binding to 
cellular macromolecules can occur. This has been 
suggested to be the ultimate cause of cell damage 
[15]. 

During the last few years we have used isolated 
hepatocytes [16-19] and kidney cells [20, 21] in stud- 
ies of drug metabolism and toxicity. In the present 
study these cells were used to investigate the effect 
of chronic ethanol administration on drug oxidation 
and conjugation, in general, and paracetamol acti- 
vation in particular. The effect on paracetamol 
activation is of special interest, since alcoholics are 
known to be more susceptible to paracetamol- 
induced liver and kidney damage [22, 23]. 


MATERIALS AND METHODS 


Treatment of animals. Male Sprague-Dawley rats, 
weighing 300-350 g, were used. The animals were 
divided into two groups and fed commercial labora- 
tory chow ad lib. (R-3, Astra-Ewos AB, Sédertalje, 
Sweden) throughout the whole period of treatment. 
The experimental group received 30% ethanol (v/v) 
and 25% sucrose (w/v) in the drinking water whereas 
the control group received 25% sucrose alone [24]. 
These liquids were administered for 6-8 weeks until 
animals were used. 

Preparations and experimental procedures. Cells 
from liver and kidney were isolated by collagenase 
perfusion as previously described [25, 20]. The yields 
were 2-4 x 10° cells per liver and 3 x 10’ cells per 
two kidneys. Trypan blue and NADH exclusion fre- 
quencies were 90-100 and 85-90 per cent, 
resepectively. 

Incubations were carried out at 37° with 2-3 x 10° 
cells/ml in Krebs-Henseleit buffer, pH 7.4, supple- 
mented with 25 mM Hepes in rotating round-bottom 
flasks [26] or open tubes under 93.5% O,-6.5% CO, 
atmosphere. Metabolites from harmine and harmol 
were separated on t.l.c.-plates and quantitated by 
fluorescence [17]. Paracetamol metabolites were 
analysed using high performance liquid chroma- 
tography as previously described [18]. Penetration 
of NADH into the cells (cell viability) was measured 
using the lactate dehydrogenase latency test [25]. 
The intracellular GSH concentration was estimated 
by the method of Saville [27] as described earlier 
[25]. Concentrations of cytochrome P-450 were 
determined by the method of Omura and Sato [28] 
as modified by Jones et al. [29]. 
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Table 1. Effect of chronic ethanol administration on the oxidative and conjugative metabolism of harniine and harmol 
in isolated hepatocytes* 





nmoles/10° cells/min 





200 4M harmine 


200 uM harmol 





Treatment Glucuronide Sulphate Harmol 


Total Glucuronide Sulphate Total 





0.18 + 0.02 
0.19 + 0.02 


0.08 + 0.01 0.05 + 0.01 


0.36 + 0.044 


Control 
Ethanol 


0.31 + 0.02 - 


0.15 + 0.02 0.70 + 0.03+ 


0.19 + 0.03 
0.19 + 0.01 


1.30 + 0.06 
1.70 + 0.15§ 


+ 
= 


0.05 
0.15§ 





* Values represent means + S.E.M. of 5-7 different hepatocyte preparations. 


+ P <0.001 compared to control. 
+ P<0.01 compared to control. 
§ P< 0.05 compared to control. 


Collagenase was obtained from Boehringer Mann- 
heim GmbH (Mannhein, Germany). Harmine 
hydrochloride was purchased from EGA-Chemie 
(Steinheim/Albuch, Germany) and harmol hydro- 
chloride from Aldrich-Europe (Beerse, Belgium). 


RESULTS 


Effect of chronic ethanol administration on the 
metabolism of harmine and harmol. In hepatocytes 
harmine undergoes a cytochrome-P-450-dependent 
O-dealkylation to harmol which is subsequently con- 
jugated with sulphate and glucuronic acid [17]. This 
is also demonstrated in Table 1. 

Chronic ethanol administration resulted in a more 
than two-fold increase in the O-dealkylation of har- 
mine. The increase was observed both in free harmol 
(three-fold) and in harmol glucuronide (four-fold), 
whereas sulphate conjugation was unaffected. Since, 
in control cells, glucuronidation was far from satu- 
rated, the increase in glucuronide formation after 
chronic ethanol administration was in major part 
due to the increased formation of harmol. 

In the following experiment, harmol was used to 
study only the conjugation reactions. In this case, 
the sulphate conjugation had reached its maximal 
capacity; the rate was the same as when harmine was 
used as substrate and was not increased further by 
the ethanol treatment. The rate of harmol glucuro- 
nide formation from added harmol was 14 times 
greater than that from harmine by control hepato- 
cytes. This rate was further elevated (40 per cent) 
by chronic ethanol administration (Table 1). 


Table 2. Concentrations of cytochrome P-450 and intra- 
cellular GSH in hepatocytes isolated from control and 
ethanol-treated rats* 





nmoles/10° cells 





Treatment Cytochrome P-450 GSH 





0.22 + 0.01 


Control 4 
0.42 + 0.01+ 4 


Ethanol 


i? 
5+1.4 





* Values represent means + S.E.M. of 3-5 different 
hepatocyte preparations. 
+ P< 0.001 compared to control. 


Effect of chronic ethanol administration on the 
concentration of cytochrome P-450 and reduced glu- 
tathione (GSH). Chronic ethanol treatment of rats 
was shown to increase the level of hepatic micro- 
somal cytochrome P-450 per milligram protein by 50 
per cent [30]. However, the hepatocytes isolated 
from ethanol-treated rats indicated a 100 per cent 
increase in cytochrome P-450 content per million 
cells (Table 2). This difference is most likely caused 
by the proliferation of endoplasmic reticulum known 
to occur upon chronic ethanol administration [5]. 
Such qualitative [30] and quantitative [5] changes 
may add up to the 100 per cent increase of this 
cytochrome (Table 2) and may be related to the 
overall increase of harmine metabolism (100 per 
cent) shown in Table 1. 

Only a slight decrease of hepatocellular GSH level 
was obtained after the ethanol treatment (Table 2). 
This is in agreement with previous results obtained 
in vivo [31]. 

Effect of chronic ethanol administration on the 
metabolism of paracetamol. In isolated hepatocytes, 
paracetamol is primarily conjugated with glucuronic 
acid and sulphate. It also undergoes a cytochrome- 
P-450-dependent activation producing reactive 
metabolite(s). These are conjugated with intracellu- 
lar GSH. The formation of glutathione conjugate 
thus reflects cytochrome-P-450-dependent activation 
of paracetamol [18]. Chronic ethanol administration 
resulted in a moderate increase of paracetamol glu- 
curonidation (Table 3) which was comparable to that 
observed with harmol (Table 1). Sulphate conju- 
gation was even slightly decreased. However, the 


Table 3. Effect of chronic ethanol administration on para- 
cetamol metabolism in isolated hepatocytes* 





nmoles/10° cells/hr 





Glutathione 
conjugate 


Glucuronide 
conjugate 


Sulphate 


Treatment conjugate 





§5.5+0.9 
15.8 + 0.44 


43.4+ 6.8 
66.3 + 3.5 


Control 
Ethanol 





* Values represent means + S.E.M. of 3-4 different 
hepatocyte preparations. Paracetamol concentration was 
2mM. 

+ P<0.05 compared to control. 

+ P <0.001 compared to control. 
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Glutathione-conj, nmol /10%ells/ 1h 








T 7 ee T T 7 
2 6 10 
paracetamol, mM 


Fig. 1. Paracetamol-glutathione conjugate formation at 

different paracetamol concentrations in isolated hepato- 

cytes from control (O——©) and chronic ethanol-treated 
rats (@——®@). One experiment typical of three. 


glutathione conjugate formation was increased three 
times (Table 3), thus reflecting an increased rate of 
cytochrome-P-450-dependent activation. 

Such increase of paracetamol activation by ethanol 
treatment (three-fold) may have several underlying 
causes. In addition to the elevation of hepatocellular 
cytochrome P-450 concentration (Table 2), the affin- 
ity of paracetamol for cytochrome-P-450-dependent 
activation was increased considerably following 
ethanol treatment (Fig. 1). When the apparent K,, 
values of paracetamol were calculated from this 
experiment, they were 2.8 and 0.75 mM for control 
and ethanol-treated rat hepatocytes, respectively. 


GSH, nmol/ 108 cells 





NADH penetration, °/e 








1 2 


hours 
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Table 4. Formation of paracetamol-sulfhydryl conjugates 
at 5mM concentration of paracetamol in kidney cells iso- 
lated from control and ethanol-treated rats* 





nmoles/10° cells/2 hr 





Treatment Cysteine Acetylcysteine 





Control 0.6 1. 
Ethanol 1.0 2. 





* Values represent means of two different experiments. 


Effect of chronic ethanol administration on the 
viability of isolated hepatocytes. Isolated hepatocytes 
from rat are resistant towards paracetamol-induced 
toxicity and maintain viability for up to 5 hr in the 
presence of paracetamol [18]. This is demonstrated 
also in Fig. 2 which describes an experiment where 
paracetamol glutathione conjugate formation, GSH 
concentrations and cell viability measured as plasma 
membrane integrity were followed. There was an 
almost direct correlation between decrease in intra- 
cellular GSH and formation of the glutathione 
conjugate. 

Hepatocytes isolated from ethanol-treated rats 
showed increased rates of glutathione—paracetamol 
conjugate formation and of GSH depletion. How- 
ever, even though the rate of activation of parace- 
tamol was increased, these cells did not lose viability 
(as judged by plasma membrane integrity) for at 
least 3 hr. 

Effect of chronic ethanol administration on para- 
cetamol sulfhydryl conjugate formation in isolated 
kidney cells. In contrast to hepatocytes, isolated kid- 


NR 
Oo 
i 


i 








Glutathione-conj, nmol/108 ceils 


Fig. 2. Paracetamol-glutathione conjugate formation, glutathione levels and cell viability in isolated 

hepatocytes from control (O——©) and chronic ethanol-treated rats (@——®) in the presence of 5mM 

paracetamol. Panel A, Glutathione level; Panel B, glutathione conjugate; Panel C, cell viability. One 
experiment typical of three. 
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ney cells actively catalyse the further metabolism of 
paracetamol-glutathione conjugate [18]. Therefore, 
formation of reactive metabolites from paracetamol 
in hepatocytes has been estimated by the level of 
glutathione conjugate, whereas, in kidney cells, it 
has to be measured by the production of cysteine 
and N-acetylcysteine conjugates due to the very rapid 
breakdown of preformed paracetamol-glutathione 
conjugate [21]. 

As determined by the formation of cysteine and 
N-acetylcysteine conjugates (Table 4), the rate of 
paracetamol activation in kidney cells is about 15 
per cent of that by hepatocytes. Chronic ethanol 
treatment, however, increased the rates of both cys- 
teine and N-acetylcysteine conjugate formation 
about two-fold. 


DISCUSSION 


The inducing effect of chronic ethanol treatment 
of rats on cytochrome-P-450-dependent monooxy- 
genation in microsomes is well documented and can, 
as demonstrated in this study, also be observed in 
isolated hepatocytes both with harmine and para- 
cetamol as substrates. However, neither glucuroni- 
dation nor sulphate conjugation was affected to any 
major extent. The relatively slight increase of glu- 
curonidation could probably, at least in part, result 
from the proliferation of the endoplasmic reticulum 
known to occur after chronic ethanol administration 
[S}. 

An increased sensitivity towards paracetamol- 
induced hepatotoxicity has been observed in chronic 
alcoholics {22, 23]. Similar results have also recently 
been obtained in mice which after ethanol pretreat- 
ment exhibited enhanced hepatotoxic effects of para- 
cetamol [31]. Our observations with isolated hepa- 
tocytes suggest that the increased toxicity observed 
in vivo may be due to an increased rate of activation 
of paracetamol after chronic ethanol administration. 
That the increased toxicity of paracetamol is not due 
to altered intracellular GSH concentration is also 
indicated by our results. Ethanol will, at acute high 
doses, cause depletion of GSH [32] but only small 
changes can be observed after chronic treatment (cf. 
Table 2). 

In addition to a quantitative change, cytochrome 
P-450 also seems to be qualitatively altered by 
ethanol treatment. There is a pronounced increase 
in the affinity of cytochrome P-450 for paracetamol, 
assuming that the cytochrome-P-450-dependent 
activation is the rate-limiting step in the formation 
of the glutathione conjugate. An enhancement in 
affinity could be of importance in vivo and con- 
tribute to an increased hepatotoxicity of paracetamol 
taken in therapeutic doses. 

In addition to hepatotoxicity paracetamol has been 
reported to cause renal necrosis and failure in both 
man and experimental animals [10, 12, 13]. Extensive 
renal damage has also been observed in people who 
were known alcoholics and died of an overdose of 
paracetamol ((22], S.  Orrenius, personal 
communication). 

The renal toxicity caused by paracetamol has been 
suggested to result from oxidative activation of para- 
cetamol in the kidney, since after administration of 
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paracetamol depletion of renal GSH and covalent 
binding of paracetamol to renal proteins is observed 
[13]. Renal activation of paracetamol can also be 
observed in isolated rat kidney cells and is increased 
after chronic ethanol treatment (cf. Table 4). 
Whether renal activation of paracetamol is the rea- 
son for the paracetamol toxicity observed in vivo 
remains to be established. However, in view of the 
fact that the rate of activation in the kidney is very 
low compared to the liver even after ethanol treat- 
ment, this explanation seems unlikely. 
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Abstract—To evaluate the influence of 4-dimethylaminophenol (DMAP) on cellular intermediary 
metabolism, isolated rat livers were single pass perfused with subtoxic (0.3 mM) and toxic (1 mM) 
concentrations of DMAP. The rate of glycolysis and oxygen consumption both increased with biphasical 
kinetics immediately after the onset of DMAP infusion. After a transient reduction, the cytosolic NAD 
system was oxidized by DMAP; the mitochondrial NAD system, except for a brief initial oxidation, 
remained almost unaffected. DMAP caused an intracellular alkalinization. At 0.3 mM, this alkalinization 
was confined to the cytosol (+0.6pH units); at 1mM the mitochondria were alkalized in addition 
(+0.8 pH units). In freeze-clamped and lyophilized tissue, following 0.3 mM DMAP, the ATP/ADP 
ratio was lowered by two-thirds and 2-oxoglutarate decreased by one-half; citrate, malate and the sum 
of adenine nucleotides were unchanged. After 1mM DMAP, all metabolites were decreased, the 
ATP/ADP ratio was lowered by three-quarters. Subcellular fractionation revealed inhibition of the citric 
acid cycle by DMAP, resulting in lowered mitochondrial/cytosolic gradients for Krebs cycle interme- 
diates. The cellular content of CoA was unchanged at 0.3 mM but diminished by 65 per cent at 1 mM, 
in accordance with the unchanged rate of ketogenesis at 0.3 mM and inhibition at 1 mM. We conclude 
that mitochondrial CoA depletion with subsequent inhibition of the citric acid cycle and of oxidative 


energy metabolism suffices to explain DMAP toxicity. 


4-Dimethylaminophenol (DMAP) has been used 
successfully in the treatment of cyanide poisoning 
[1] by exploiting its ability to form more than a 
stoichiometric amount of ferrihaemoglobin. In this 
reaction, DMAP is oxidized by oxyhaemoglobin to 
the phenoxy] radical or to N,N-dimethylquinonimine 
[2, 3]. Oxidized DMAP reacts with ferrohaemoglo- 
bin yielding ferrihaemoglobin and DMAP. Since 
oxidized DMAP is also reduced by NADH, electrons 
are transferred from NADH to molecular oxygen, 
bypassing the respiratory chain [4,5]. In addition, 
oxidized DMAP binds rapidly to thiol groups from 
glutathione or cellular proteins [6]. 

In kidney tubules, the capability of cellular haem- 
proteins other than haemoglobin to catalyse DMAP 
oxidation has been demonstrated by an inhibition 
of this reaction in the presence of CO or CN” [7]. 
Like other aminophenols, injected DMAP produced 
kidney lesions in rats, while no hepatotoxicity has 
been observed [8]. These findings are in accordance 
with results obtained in single pass perfused rat kid- 





¢ Non-standard abbreviations used: CoA, coenzyme A 
and derivatives in general; Acetyl-CoA, thiol esters of 
coenzyme A; CoA-SH, thiol form of coenzyme A; CoA- 
SS-CoA, coenzyme A disulfide; DMAP, 4-dimethylami- 
nophenol; DMO, 5,5’-dimethyloxazolidine-2,4-dione; L, 
lactate; P, pyruvate; B, 3-hydroxybutyrate; A, acetoace- 
tate; m/c, concentration gradient between mitochondria 
and cytosol; AN, sum of ATP, ADP and AMP. 


ney [9] and rat liver [10]. Nevertheless, at higher 
concentrations, rat liver showed the same signs of 
intoxication as rat kidneys. The nearly two orders 
of magnitude higher DMAP tolerance of the liver 
as compared to the kidney has been attributed to 
correspondingly high conjugation rates with glucu- 
ronide and sulfate [10]. This faster conjugation pre- 
sumedly exceeds DMAP oxidation and prevents its 
binding to thiol groups [11]. 

In spite of the wealth of information on DMAP 
biotransformation, only little is known about the 
effects of DMAP on cellular intermediary metab- 
olism and whether such effects play any part in 
DMAP toxicity. This communication is concerned 
with alterations of endogenous metabolic rates, sub- 
cellular redox ratios and pH values, as well as mito- 
chondrial and cytosolic concentrations of citric acid 
cycle intermediates at subtoxic and toxic DMAP 
concentrations. The results will be discussed for their 
consequences in the interpretation of DMAP 
toxicity. 


MATERIALS AND METHODS 


Perfusion. Livers from male Wistar rats of 150- 
200 g body wt, fed ad lib. on Altromin rat chow were 
perfused for 30 min with Krebs—Henseleit bicarbon- 
ate buffer, equilibrated at 37° with moistened oxygen 
and carbon dioxide (95%: 5%, v/v), at a flow rate 
of 5 ml/min/g in a single pass system [12], followed 
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Table 1. Contents of cellular metabolites in freeze-dried liver tissue (umoles/g dry wt) 





DMAP (mM) 
Experiment 


controls 





ATP 

ADP 

AMP 

AN 

ATP/ADP 
Citrate 

Malate 
2-Oxoglutarate 
Acetyl-CoA 


ia a a 


I+ I+ I+ I+ I+ 


I+ 


0.74 + 0.06 
0.87 + 0.08 
l 2 
0.19 


0.20 
+ CoA-SH 
+ CoA-SS-CoA 


0.056 





by a 15 min period of perfusion with 0.3 or 1mM 
DMAP in the perfusate. Thereafter, the livers were 
freeze-clamped and freeze-dried. For the determi- 
nation of the intracellular distribution of malate, 
citrate and 2-oxoglutarate, the method of subcellular 
fractionation of freeze-dried tissue in non-aqueous 
solvents [13, 14] was applied. 

Assays. Samples of effusate were collected at 
intervals of 1 min and were analysed for lactate, 
pyruvate, 3-hydroxybutyrate and acetoacetate by 
standard enzymatic procedures [15]. In the fraction- 
ated liver [14], marker enzymes for the mitochondrial 
matrix (citrate synthase EC 4.1.3.7), the cytosolic 
compartment (3-phosphoglycerate kinase, EC 
2.7.2.3) and protein were determined [15-17]. ATP, 
ADP, AMP, CoA, 2-oxoglutarate, citrate and mal- 
ate were measured after extraction with 0.6 M perch- 
loric acid by enzymatic analysis [15, 18-20]. 

Calculations. Mitochondiral and cytosolic contents 
of 2-oxoglutarate, citrate and malate obtained from 
subcellular fractionation [14] were converted into 
concentrations assuming a free water content of 0.8 
and 3.8 ul H,O/mg mitochondrial or cytosolic pro- 
tein, respectively [21]. 

All experiments were carried out as duplicates and 


individual results are listed in Tables 1-3; for the 
controls the means of 4-6 experiments + S.E.M. are 
presented. For additional information about the con- 
trols the reader is referred to ref. 22. 

Determination of the subcellular pH values. The 
subcellular pH values were determined by measuring 
the distribution of 2-'C-5,5'-dimethyloxazolidine- 
2,4-dione ('*C-DMO) ([23] and ref. therein). DMO 
infusion at rates of 5 wCi/min, together with [*H]- 
inulin at rates of 20 wCi/min, was started 5 min prior 
to the freeze stop. In the fractionated liver tissue, 
subcellular DMO concentrations were determined 
by liquid scintillation spectroscopy. These concen- 
trations have been corrected for extracellular space 
by the simultaneous determination of the [*H]-inulin 
radioactivity. Concentration gradients of DMO 
between cytosol and perfusate or mitochondria and 
cytosol together with the pH value of 7.4 in the 
effusate served for the calculation of mitochondrial 
and cytosolic pH values by using the equation: 


Jog DMO- in 
SDMO- out 


Chemicals and biochemicals. All chemicals (ana- 
lytical grade) were purchased from Merck (Darms- 


= pHi, — PHow = 4 pH. 


Table 2. Concentration (mM) of di- and tricarboxylic acids (malate, citrate, 2-oxoglutarate) 
in mitochondria and cytosol after freeze stop and subcellular fractionation [13] of the 
perfused liver 





DMAP (mM) - 
Experiment controls 





Mitochondria 
Malate 

Citrate 
2-Oxoglutarate 


Cytosol 
Malate 
Citrate 
2-Oxoglutarate 


0.29 + 0.02 
0.20 + 0.04 
0.35 + 0.05 





Concentration ratios (m/c) 
Malate 

Citrate 

2-Oxoglutarate 
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Table 3. Subcellular pH values calculated from the distribution of '*C-DMO in cytosol and 
mitochondria after freeze stop and subcellular fractionation [13] of the perfused liver 





DMAP (mM) — 
Experiment controls 





PH perfusate 7.4 
PH cytosol 7.0 
pH mitochondria 13 
A pH cyt.-perf. —0.41 
+0.004 
0.30 
+0.001 


A pH mit.-cyt. 


—0.30 





tadt), biochemicals and enzymes from Boehringer 
(Mannheim) or Sigma (Miinchen). “C-DMO, 
11 mCi/mole, and *H-inulin, 84 mCi/g were obtained 
from New England Nuclear (Boston, MA). 4-dime- 
thylaminophenol hydrochloride was prepared by 
Farbwerke Hoechst (Hoechst). 

Terminology. Without further specification, the 
words “metabolism”, “metabolic (rates)” or “metab- 
olite(s)” are used in their biochemical sense and 
refer to endogenous cellular metabolism or to its 
metabolites, but not to the biotransformation of 
DMAP. 


@ 
+ 
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RESULTS 


Effects of DMAP on metabolic rates and redox 
ratios. Single pass perfusion with 0.3 mM prehepatic 
DMAP (Fig. 1) stimulated both oxygen consumption 
and the rate of glycolysis (sum of lactate and pyru- 
vate). With the onset of DMAP infusion, both rates 
increased rapidly within 30 sec followed by a slower 
increase thereafter. The lactate/pyruvate ratio, 
reflecting the cytosolic NADH/NAD | system, 
increased briefly, fell during the next 2 min to half 
the starting value and then slowly returned to the 
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Fig. 1. Time course of metabolic rates (oxygen consumption, L + P, B + A, scale on left side of figure) 
and redox ratios (L/P, B/A, scale on right side of figure) during single pass perfusion with 0.3 mM 
DMAP (single experiment shown). 
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Fig. 2. Time course of metabolic rates (oxygen consumption, L + P, B + A, scale on left side of figure) 
and redox ratios (L/P, B/A, scale on right side of figure) during single pass perfusion with 1 mM DMAP 
(single experiment shown). 


initial condition. The only effect of DMAP on the 
mitochondrial NADH/NAD redox potential, indi- 
cated by the 3-hydroxybutyrate/acetoacetate ratio, 
was a brief, transitory decrease of this ratio. Keto- 
genesis (sum of 3-hydroxybutyrate and acetoacetate) 
was unaffected by this concentration of DMAP. 

The metabolic effects of DMAP were more pro- 
nounced at 1mM (Fig. 2). Oxygen consumption 
showed a fast initial increase, reaching a plateau 
after 30 sec with subsequent slower increase until a 
maximum was reached after 10 min. At this time the 
oxygen consumption fell rather abruptly. The rate 
of glycolysis increased twice, first at the onset of 
DMAP infusion by 35 per cent and again 10 min 
thereafter by about 100 per cent of the initial value. 
Changes in the L/P ratio were similar to those found 
with 0.3mM DMAP up to 10 min after the start of 
DMAP infusion, then there was a 6-fold increase in 
this ratio within 60sec. The B/A ratio remained 
initially constant for 10 min, then it increased from 
0.7 to 3 at the end of perfusion (note the different 
scaling for B/A in Fig. 1 and Fig. 2). With the 
addition of DMAP, there was a steady decrease in 
the rate of ketogenesis until this rate was inhibited 
by 80 per cent after 10 min. 

Overall cellular content of metabolites. In Table 
1 the contents of metabolites in lyophilized rat livers, 
freeze-clamped after control perfusion or perfusion 
with 0.3 or 1mM DMAP, are shown. The contents 


of adenine nucleotides and of coenzyme A were the 
same in controls and in livers perfused with 0.3 mM 
DMAP. The ATP/ADP ratio, however, was lowered 
from 4 to 1.5. Citrate and malate contents were 
enhanced, while the 2-oxoglutarate content was half 
the amount measured in controls. After perfusion 
with 1mM DMAP, the contents of all the metab- 
olites were lowered. Only 65 per cent of the adenine 
nucleotides and only 35 per cent of coenzyme A was 
found relative to the controls. The ATP/ADP ratio 
was 1; citrate, malate and 2-oxoglutarate contents 
were about half the controls. 

Effects of DMAP on subcellular distribution of 
citric acid cycle intermediates. Table 2 shows the 
mitochondrial and cytosolic concentrations of cit- 
rate, malate and 2-oxoglutarate. In livers perfused 
with 0.3mM DMAP, the concentration of malate 
was slightly higher in both compartments compared 
to the controls. The subcellular concentration ratios 
for citrate and 2-oxoglutarate were decreased due 
to lower intramitochondrial concentrations. The 
cytosolic concentration of citrate was slightly higher 
and the cytosolic concentration of 2-oxoglutarate 
slightly lower than the corresponding control values. 
After perfusion with 1 mM DMAP, the concentra- 
tions of all three metabolites were lowered drastically 
in the mitochondria and somewhat less pronounced 
in the cytosol. In the case of malate, this effect 
resulted in an inversion of the concentration ratio. 
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Effect of DMAP on subcellular pH values. In Table 
3 the mitochondrial and cytosolic pH values and the 
corresponding pH gradients are listed. DMAP 
(0.3 mM) caused an alkalinization of the cytosol by 
0.6 pH units without affecting the intramitochondrial 
pH, thus reversing the mitochondrial and cellular 
transmembrane pH gradients. After perfusion with 
1mM DMAP, the alkalinization was observed in 
both compartments with mitochondria 0.8 and cyto- 
sol 0.9 pH units more alkaline than the controls. The 
pH gradient between mitochondria and cytosol was 
therefore similar to the controls, while the gradient 
across the cell membrane was inverted. 


DISCUSSION 


It has been suggested [7] that DMAP toxicity is 
caused by the inhibition of various enzymes due to 
the formation of DMAP-thioethers with thiol groups 
once the cellular glutathione pool has been depleted 
by DMAP conjugation. Nevertheless, the possibility 
was not ruled out that deleterious effects of DMAP 
are caused by more specific disturbances in endogen- 
ous metabolism. In the following we shall discuss the 
changes in metabolic rates and concentrations of 
endogenous metabolites due to DMAP, which will 
foster some insight into the regulation of the cellular 
intermediary metabolism and into the mechanism of 
DMAP toxicity. 

Changes in intracellular pH. The cellular alkalin- 
ization induced by DMAP (Table 3) can be explained 
by the assumption that only DMAP but not DMAP- 
H* is able to diffuse into the hepatocytes. DMAP 
is a weak base with a pK of 6.2 at the dimethylamino 
group (the pK of the phenolic group is above 10 and 
can be neglected at physiological pH). Thus, DMAP 
binds protons which have to be supplied by the 
intracellular buffer. Since this buffer has a limited 
capacity, this reaction will lead to an intracellular 
alkalinization. Metabolic consequences due to this 
alkalinization will be discussed below. 

At 0.3mM DMAP only cytosolic alkalinization 
has been observed; at 1 mM DMAP the mitochon- 
drial compartment was alkalized in addition. This 
observation in connection with the differences in 
ketogenesis (see below) leads to the conjecture that 
the inner mitochondrial membrane is less permeable 
for DMAP relative to the cell membrane, necessi- 
tating higher concentrations of DMAP for observ- 
able intramitochondrial metabolic effects. 

Changes in metabolic rates. The rapid onset of the 
biphasically enhanced O, consumption is explained 
by the chemiosmotic hypothesis [24]. According to 
this hypothesis, respiration is coupled to ATP syn- 
thesis by a protonmotive force acting across the inner 
mitochondrial membrane. The observed cytosolic 
alkalinization by DMAP reverses the A pH term of 
the protonmotive force. This means at least partial 
uncoupling of oxidative phosphorylation with sub- 
sequent stimulation of oxygen consumption and 
inhibition of mitochondrial ATP synthesis, until 
coupling is restored by an increase of the A y term 
due to further transport of protons by the respiration. 

The second phase in the increase in oxygen con- 
sumption seems to be due to a reaction in which 
DMAP catalyses the transport of electrons from 
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Fig. 3. Oxidation of DMAP by oxygen and reduction of 
the phenoxylradical and the quinonimine by NAD(P)H 
according to Eyer et al. [2-4]. 


NADH to oxygen as shown in Fig. 3. Additional 
experiments (not shown in Results) where the res- 
piratory chain was inhibited by 0.23 mg Antimycin 
A/g liver, 10 min prior to the perfusion with 0.3 mM 
DMAP, support this notion. In these experiments 
95 umoles extra oxygen were consumed per gram 
liver per hour at steady state ca. 10 min after DMAP 
addition; half of this rate was reached within 90 sec 
in a monophasic time course similar to the ‘second 
phase’ mentioned above. A simultaneous drop in 
the lactate/pyruvate ratio from 17 to 5.5 revealed 
NADH oxidation. For the interpretation of the time 
course of oxygen consumption at 1mM DMAP 
(Fig. 2), asuperposition of increasing DMAP autoxi- 
dation with progressive inhibition of the mitochon- 
drial respiration has to be considered. 

The rate of glycolysis, represented in our experi- 
ments by the sum of lactate and pyruvate, is regulated 
(among other factors) by the cytosolic pH [25], by 
the cytosolic redox potential of NAD [26], and by 
the cytosolic phosphorylation potential [27]. The 
increase in the rate of glycolysis immediately with 
DMAP addition seems to be caused by changes at 
all of these regulation sites. Alkalinization brings the 
phosphofructokinase reaction closer to its pH opti- 
mum at pH 8.2 and diminishes allosteric inhibition 
by ATP and other endogenous metabolites (i.e. cit- 
rate [28]), thus increasing the turnover of this regu- 
latory enzyme. Since the redox potential of the NAD 
system is defined by 107°" x [NADH]/[NAD‘], 
alkalinization will lower this potential. In addition, 
it will be lowered further in the presence of oxidized 
DMAP (Fig. 3), thus facilitating glycolysis. The tran- 
sitory uncoupling of oxidative phosphorylation men- 
tioned above interrupts the cytosolic supply with 
mitochondrially synthesized ATP and thereby stimu- 
lates glycolysis. The redox state of the cytosolic and 
mitochondrial NAD system, represented in our 
experiments by the lactate/pyruvate (L/P) and the 
3-hydroxybutyrate/acetoacetate (B/A) ratios, reflect 
this uncoupling effect, clearly recognizable, espe- 
cially in Fig. 1. In Fig. 2, this effect is obscured by 
the coarser scale used for B/A. Similar to livers 
perfused with classical uncouplers [27], infusion of 
DMAP reduced the cytosolic NAD system while it 
was oxidized simultaneously in the mitochondrial 
compartment, suggesting that rates of cytosolic 
NADH production, via glycolysis, and mitochondrial 
consumption, via respiration at the increased rate 
during uncoupling, exceed the rate of hydrogen 
transport into the mitochondria [29]. 

DMAP toxicity. In perfusion experiments with 
0.3mM DMAP, the metabolic rates approached a 





1752 


new steady state within 10 min, in contrast to 1 mM 
DMAP where the metabolic state of the liver 
changed abruptly at about this time (Fig. 2), depict- 
ing an inhibition of oxidative energy metabolism. 
This toxic effect has been observed reproducibly at 
different metabolic conditions in liver (unpublished 
results) and in rat kidney [9]. 

Analysis of the freeze-stopped liver tissue revealed 
an unchanged sum of adenine nucleotides (which 
should be invariant to metabolic conditions) at 
0.3mM, but a depletion by one-third at 1mM 
DMAP. This indicates partial loss of these com- 
pounds. due to a damage of the liver cell mem- 
brane at high DMAP concentrations. The overall 
ATP/ADP ratio, which mainly reflects the cytosolic 
phosphorylation potential [22], was lowered at both 
concentrations of DMAP, pointing to a partial 
inhibition of mitochondrial ATP synthesis at 0.3 mM 
DMAP which cannot be derived from the metabolic 
rates. 

It is known that di- and tricarboxylates are not 
equally distributed within the liver cell [21]. The 
differentiation of mitochondrial and cytosolic metab- 
olite concentrations has revealed some inhibition of 
the citric acid cycle even at low concentrations of 
DMAP not observable by other means. At 


0.3 DMAP, the mitochondrial malate content was 
slightly enhanced compared to the control, whereas 
citrate was lowered less than 2-oxoglutarate. This 
pattern of concentrations points to some inhibition 
of the citric acid cycle at the side of the citrate 
synthesis without decreased activity of the malate— 
asparate shuttle system. The method for the deter- 


mination of subcellular metabolite distribution 
requires the measurement of the citrate synthase 
activity [13]. No differences in the specific activity 
of citrate synthase compared to controls have been 
observed at 0.3 mM DMAP, therefore citrate cycle 
inhibition has to be due to some indirect factors. 

Whereas 0.3 mM DMAP did not affect ketogene- 
sis, 1 mM DMAP reduced B+A immediately. Since 
formation of ketone bodies depends on the availa- 
bility of mitochondrial CoA, depletion in the intra- 
mitochondrial CoA pool may be expected. In fact, 
cellular CoA (90 per cent intramitochondrial [21}) 
was identical with the controls at 0.3 mM DMAP 
but diminished by 65 per cent at 1 mM DMAP. Since 
the method used for the determination of CoA does 
not differentiate between CoA-SH and CoA-SS- 
CoA, the amount of CoA available for metabolism 
may be even lower. Because of N,N-dimethylquino- 
nimine quickly forms thioethers with GSH [6], 
thioether formation with CoA-SH has also to be 
assumed. 

In conclusion, in single pass perfused rat liver the 
effects of 0.3 mM DMAP seem to be confined to the 
cytosolic compartment. In spite of the futile oxida- 
tion of cytosolic NADH, the metabolic disturbance 
induced by DAMP at this concentration is compen- 
sated by the cell and DMAP exhibits no acute tox- 
icity. If higher concentrations of DMAP are infused 
into the liver, however, the capacity of the cytosolic 
metabolism to lower the cytoplasmic concentration 
of either free DMAP (i.e. sulfate and glucuronide 
conjugation [10]) or oxidized DMAP (i.e. reduction 
by NADH [4, 5]), and thus to prevent the penetra- 
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tion of DMAP (in metabolic relevant amounts) into 
mitochondria, is exhausted. 

Oxidation of intramitochondrial DMAP to N,N- 
dimethylquinonimine and subsequent conjugation 
with CoA-SH will deplete the mitochondrial CoA 
pool, resulting in a complete inhibition of all energy 
yielding processes within the mitochondria. For any 
aerobic cell, this is a deleterious metabolic condition, 
leading to cellular necrosis. Therefore, the ultimate 
cause of DMAP toxicity is most likely a depletion 
of the mitochondrial key metabolite, coenzyme A. 
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Abstract—The tricyclic antidepressant drug desipramine (DMI) binds specifically to cultured cells from 
the fetal rat brain tissue in a saturable, displacable manner. The number of the binding sites is small 
during the first 48 hr in culture and increases markedly from day 4 and on, in a time-dependent course 
which parallels early synaptogenesis. DMI binding is effectively inhibited following chronic treatment 
of the cultures with 6-hydroxydopamine (6-OH-DA). In morphologically mature cultures, the IC<) value 
of [*H]-DMI is 4 x 10°°M and the maximal number of binding sites is 160-200 pmoles/mg protein. The 
binding characteristics and the pharmacological profile of desipramine in developing cerebral cells are 
in excellent agreement with those found in adult rat brain. 


The binding of tricyclic antidepressants in rat brain 
has been recently shown to be both specific and 
saturable [1, 2]. In a previous study [3], we have 
found that binding of [*H]-desipramine (DMI), char- 
acterized by low affinity and high capacity, is associ- 
ated mainly with nerve terminals. The ontogenetic 
appearance of tricyclics binding sites in the devel- 
oping nervous system has, so far, not been investi- 
gated. In the present study we have studied this 
problem using cells derived from the fetal rat brain 
which, under culture conditions, express several of 
the properties characteristic of mature nervous tissue 
[4]. These cultures provide a useful tool for devel- 
opmental studies, since it is possible to correlate 
neurochemical events with morphology and ultra- 
structure, under controlled conditions. We wish to 
report on the rise of [*H]-DMI binding sites as a 
function of the appearance of synapses in cerebral 
cells in culture. The pharmacological profile of the 
drug was also compared to that found for adult rat 
brain homogenates [3]. Further confirmation of the 
possible localization of the binding sites for DMI 
was obtained using chronic treatment with 6- 
hydroxydopamine (6-OH-DA) to produce degener- 
ation of presynaptic catecholaminergic nerve ter- 
minals [5]. 


METHODS 


Cell culture. The experiments were performed on 
cultures obtained from fetal rat brain tissue at 16 
days gestation, as described elsewhere [4]. In brief, 
dissociated cerebral cells were seeded onto polyly- 
sine precoated petri dishes in Basal Medium Eagle 
(BME) augmented with glucose (0.6 g%), containing 
20% fetal calf serum and 10% egg ultrafiltrate. The 
initial plating medium was replaced after 48 hr by 
BME containing 10% serum and the medium 
changed every 10-12 days thereafter. 


Drugs and pharmacology. {*H]-Desipramine 
hydrochloride (44 Ci/mmole) was purchased from 
IAEC, Beer-Sheva, Israel. Unlabeled DMI (Ciba- 
Geigy), fluxethine (Eli Lilly), mianserine (Organon) 
and amitriptyline (Teva) were gifts from the respec- 
tive companies. The other drugs used were obtained 
from commercial sources. The affinities of the var- 
ious antidepressants and antagonists for the [*H]- 
DMI binding sites were determined by measuring 
their IC, values. 

Binding assay. On the appropriate day, monolay- 
ers from 2-3 culture dishes were scraped off with a 
rubber policeman in Ca**, Mg’* free phosphate 
buffered saline (PBS) (pH 7.4) and centrifuged at 
500 g for 2 min. The pellet was homogenized in 10 
vol of ice cold 0.32 M sucrose, first in a glass—glass 
and then in a glass-teflon homogenizer. Aliquots 
(50 yl) of the homogenate were incubated with [*H]- 
DMI in a final volume of 2 ml modified Krebs—Hen- 
sleit buffer (pH 7.4). After 20 min at 25° the reaction 
was terminated by filtering through GF/C filters. The 
filters were washed with 4 x 3 ml portions of the ice- 
cold incubation buffer, transfered into vials contain- 
ing 10 ml of 33% (v/v) Triton X-100, 0.8% PPO and 
0.01% POPOP in toluene and counted by liquid 
scintillation spectrometry. 

The specific binding of [*H]-DMI was defined as 
total binding minus the binding in the presence of 
2 x 10-*M of unlabeled DMI or amitriptyline. Pro- 
tein was determined by the method of Lowry et al. 
[6] and the DNA content was measured according 
to Burton [7]. 


RESULTS 


The specific binding of [*H]-DMI to the cultured 
fetal brain cells was saturable over a wide concen- 
tration range (Fig. 1a). In comparison to adult rat 
brain homogenates [3], the non-specific binding (per 
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Fig. 1. Binding of [*H]-DMI to homogenates from 12-day- 

old cultures at low (panel a) and high (panel b) drug 

concentrations. The lower line in both panels represents 

non-specific binding in the presence of an excess of unla- 

beled DMI. The upper line is the specific binding, defined 
as total binding minus the non-specific binding. 


mg protein) was found to be considerably lower. The 
specific binding was linearly proportional to the 
amount of homogenate in the assay and very similar 
to that in the adult brain homogenates. The binding 
process reached equilibrium within 1 min, and had 
an ED. value of 104M and a B,,,, of 160-200 


Table 1. Displacement of [°H]-DMI binding (20 uM) by 
various ligands ° 





Ligand ICso(M) 





DMI 

Amitriptyline 

Fluxethine 

Mianserine f 
Dopamine >100 
Haloperidol K 
Norepinephrine >100 
Serotonin >100 
Methiothepin 0.6 
Atropine >100 
GABA >100 
Picrotoxin >100 
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Fig. 2. Ontogenesis of specific [*H]-DMI binding to cultured 
brain cells homogenates, determined in the presence of 
5 nM[*H]-DMI. Panel a: specific binding expressed per 
ug DNA; panel b: specific binding per mg protein, nor- 
malized as percentage of the maximal attainable binding. 
Each point represents the mean value + S.D. of 3 different 
experiments. 


pmoles/mg protein (Fig. 1b), which is comparable 
with the value in the adult rat brain homogenate [3]. 
The pharmacological profile of [*H]-DMI binding 
sites is shown in Table 1. It is evident that the IC., 
values of various antidepressants and a number of 
antagonists are all in the uM range. 

The ontogenesis of the [*H]-DMI binding sites is 
depicted in Fig. 2. Only little specific [*H]-DMI bind- 
ing was detected in the cells during the first 48 hr in 
culture. Binding activity increased markedly there- 
after and reached a maximal level between 6 and 10 
days in vitro. From day 10 to 16, a decrease in 
binding activity, as normalized per cellular protein, 
was evident (Fig. 2b). However, when normalized 
per cellular DNA, this decrease was less pronounced 
(Fig. 2a), since in contrast to cellular proteins, the 
DNA content after 1 week in culture is practically 
unchanged [8]. Cultures maintained for prolonged 
periods in vitro and consisting mainly of glial and 
ependymal cells had a low binding activity, when 
normalized either per DNA or per protein. This 
value is similar to that of 3-day-old cultures. 

Chronic treatment with 7uM 6-OH-DA for 48 hr 
caused a 43 per cent inhibition of the binding activity, 
as shown in Table 2. When the concentration of 6- 
OH-DA was doubled, a 78 per cent inhibition was 
observed. Morphologically, the cytotoxic effect of 
6-OH-DA was pronounced mainly on the neuritic 
processes which showed an abundance of 
varicosities. 





Binding sites in developing fetal rat cerebral cells 


Table 2. The effect of chronic treatment of cerebral cells 
by 6-OH-DA on binding of [*H]-DMI 





Residual specific 


6-OH-DA (M) Time (hr) binding (%) 





- 100 
10°-*-10~* - 99-95 
7x 10~° 48 56 
7x 10~° 72 57 
1.4x 10° 48 22 





* Cerebral cells after 14 days in culture were incubated 
for 48 or 72 hr in the presence of varying concentrations 
of 6-OH-DA. The medium was rinsed off and the mono- 
layer washed 3 times with PBS. The [*H]-DMI binding was 
performed on homogenates, as described in Methods. 
Homogenates of untreated cultures incubated in the pres- 
ence of 10-* or 10°°M 6-OH-DA served as controjs. Each 
experiment was performed on duplicate cultures. 


DISCUSSION om 


The present study demonstrates that [*H]-DMI 
binds to primary fetal rat brain cultures in a specific 
and saturable fashion. Other antidepressants and 
some dopaminergic, serotonergic and a and B adre- 
nergic antagonists, but not agonists (see Table 1), 
are capable of displacing [*H]-DMI specific binding. 
These binding characteristics are almost identical to 
those found in adult rat brain homogenates [3]. This 
indicates that many properties of antidepressant 
interactions with the central nervous tissue may be 
investigated in this in vitro system. 

On studying the appearance of the [*H]-DMI bind- 
ing sites at various stages of differentiation, we have 
found little specific binding in the cells during the 
first 2 days in culture. Morphologically, this period 
is characterized by cell migration, establishment of 
a neuritic network and by the absence of synapses 
[9]. Following the second day in culture, binding 
activity increases markedly and reaches its maximal 
value between days 6 and 10. At this period numer- 
ous growth cones or axonal swellings containing clear 
vesicles are seen and the first immature synapses 
appear [9]. These first synapses are characterized by 
very few synaptic vesicles and by a slight, symmetr- 
ical membrane thickening. Synapses are more fre- 
quently observed after 10 days in culture, demon- 
strating further structural development, with 
asymmetrical membrane thickening and increased 
numbers of clear synaptic vesicles. From day 10 to 
20 in vitro, when the cultures become enriched with 
ultrastructurally mature synapses, the binding 
activity of DMI decreases slowly (see Figs. 2a and 
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b). This is in contrast to the increase in muscarinic 
receptors recently demonstrated in similar cultures 
[10]. It appears, therefore, that the peak in [°H]- 
DMI binding sites precedes the period of synapse 
maturation. The slow decrease in the number of 
binding sites might be due to a selective loss in their 
population with time in culture. 

The marked reduction in [*H]-DMI binding sites 
in 30 to 40-day-old cultures can be attributed to the 
loss of neuronal cell bodies and neurites. This loss 
can be enhanced by repeated changes of the growth 
medium (unpublished observations), resulting in an 
enrichment of ependymal and glial cells, the latter 
containing large amounts of astrocyte-specific glial 
fibrillary acidic protein [11]. The reduced binding of 
[?H]-DMI provides further evidence of its association 
with neuronal elements in the nervous system. 

The preferential association of [*H]-DMI with pre- 
synaptic areas was demonstrated by electron micro- 
scopic autoradiography [12], and in an in vivo study 
[13] using 6-OH-DA lesioned rats. Additional evi- 
dence for the localization of the DMI binding was 
obtained by chronic treatment of the cells in culture 
with 6-OH-DA. The marked loss in the number of 
[(?H]-DMI binding sites suggests that in vitro, as in 
vivo, the presynaptic structures of catecholaminergic 
nerve endings account for the major part of [*H]- 
DMI binding. 
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Abstract—The binding of indomethacin to human serum albumin (HSA)§ has been studied with HSA 
immobilized in microparticles of polyacrylamide, by equilibrim dialysis and by circular dichroism. 
Indomethacin is bound to three sites with high affinity. The association constants are 1.5-2.1 x 10°, 
3.5 x 10° and 5.5 x 10*M™', respectively, as found by spectropolarimetric titration and from Scatchard 
plots of data obtained from the studies with microparticles. The evaluation of the CD-data is simplified 
by the different extrinsic Cotton effects engendered when indomethacin binds to the different sites. 
With specific probes, binding exclusively to single sites, we have shown that indomethacin primarily 
binds to the warfarin-(azapropazone-) site and tertiarily to the diazepam-(flurbiprofen-) site on HSA. 
The identity of the secondary site has not been established. Probenecid does not affect the first site of 
indomethacin, but improves the binding of indomethacin to the second site, probably via allosteric 


effects from the third site. 


Indomethacin is extensively bound to plasma pro- 
teins. Some papers report that the binding degree 
is over 96 per cent in plasma or serum [1-3] and with 
isolated human serum albumin (HSA) [4]. However, 
lower binding has also been reported [5] and con- 
flicting results concerning the binding constants and 
number of binding sites have appeared [1, 4, 5]. In 
addition, the possibilities of other drugs interacting 
with the binding of indomethacin have not yet been 
fully clarified. Phenylbutazone, for instance, has 
been reported both to improve [1] and to inhibit [6] 
the binding of indomethacin. The contradictions 
seem to depend substantially on the fact that indo- 
methacin is bound to several sites on albumin [1, 4, 7] 
with significant affinity. The specificity of these sites 
is certainly different, which means that the binding 
can be differently affected by different drugs depend- 
ing on the number of sites which are occupied by 
indomethacin. The concentration and character of 
different endogenous substances inhibiting the bind- 
ing [2, 8] can also vary considerably between serum 
samples used in the different studies. In addition, 
both competitive displacement and allosteric mech- 
anisms can differently affect the binding to different 
sites [1, 6, 7, 9]. 

In order to be able to predict any drug interactions 
on the protein binding level involving indomethacin, 
it is necessary to know in some detail the sites on 
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HSA having affinity for indomethacin and their bind- 
ing characteristics. Such a study can conveniently be 
done with circular dichroism (CD) measurements 
and with HSA immobilized in microparticles of 
polyacrylamide. Indomethacin is known to give 
strong extrinsic Cotton effects when bound to HSA 
[10, 11], and in the present paper, CD measurements 
have been used to identify the binding sites on HSA. 
The HSA-microspheres have been used to determine 
quantitatively the binding to HSA [12]. We have 
earlier shown with such particles that indomethacin 
can bind to at least two sites, namely, the diazepam 
and warfarin sites [7]. The capacity of probenecid 
to interact sterically with the binding of indomethacin 
has also been studied. 


MATERIALS AND METHODS 


Human serum albumin. HSA was prepared from 
outdated blood as described by McMenamy et al. 
[13] or was bought from AB KABI, Stockholm, 
Sweden. Any bound small molecules were removed 
by treatment with active charcoal at pH 3 according 
to Chen [14]. The HSA gave only one band in 
polyacrylamide-gel electrophoresis at pH 8.3. The 
concentration was determined from the optical den- 
sity at 280 nm (A/%,, = 5.8), and 66,500 was used as 
the molecular weight. 

Drugs. {'*C] Indomethacin (13.8 mCi/mmole or 
509 MBq/mmole) was obtained from Merck, Sharp 
& Dohme, Rahway, NY. The radiochemical purity 
(>99 per cent) was checked by thin-layer chroma- 
tography. Unlabelled drugs were gifts from the dif- 
ferent. manufacturers oor their Swedish 
representatives. 

Microparticles. Microparticles with immobilized 
HSA were prepared according to the method of 


1759 





1760 


Ekman and Sjoholm [15] by emulsion polymerization 
of acrylamide and bisacrylamide together with albu- 
min. The total concentration of monomers was 8 per 
cent and the crosslinking degree 25 per cent. The 
mean diameter of the microparticles was about 1 xm. 
The HSA content was determined by amino acid 
analysis after hydrolysis for 24 hr in 5.9M HCl at 
105°. 

Binding studies. Binding studies with HSA-micro- 
particles were carried out as described by Kober et 
al. [12]. Incubation with HSA-particles and drugs 
were performed in plastic tubes (5.5 x 1.1m) at 
room temperature (22-24°) in 0.1M KCI with 
0.005 M phosphate, pH 7.4. The maximal final con- 
centration of ethanol, used to dissolve the drugs, 
was 0.33% in the samples. After equilibrium had 
been obtained (<15 min), the tubes were centrifuged 
in a table centrifuge at 3000 g for 20 min. Aliquots 
(100 yl in duplicates) were removed from the super- 
natant and the free drug concentration determined 
from the radioactivity as found by liquid scintillation 
counting. Protein binding data were analysed accord- 
ing to Scatchard [16]. The equation 

—_ = ee 
(D) PF 


was used, where r = moles of bound drug/moles of 
albumin, (D) = concentration of unbound drug, 
n = number of binding sites and K,,,, = the apparent 
association constant. In the Scatchard plots, linear 
regression was analysed using r as the independent 
and r/(D) as the dependent variable. The experi- 
mental points selected for such analyses are defined 
in the Results section. 

Circular dichroism (CD) spectra. These were 
obtained at room temperature using an automatic 
spectropolarimeter JASCO J-41 A, Japan Spectro- 
scopic Co., Tokyo, Japan. The instrument was cal- 
ibrated with D-10 camphorsulphonic acid. Rectan- 
gular cells with path lengths of 5-20 mm were used, 


—-r.kK 


app 














Fig. 1. Scatchard plots of the binding of indomethacin to 

human serum albumin immobilized in microparticles in 

9.1 M KCI with 0.005 M phosphate buffer (pH 7.4) at 23°. 

The results are taken from several experiments with HSA 

concentration varying between 5.54 and 13.58 uM in the 

absence (-O-O-) and presence (-+-+-) of probenecid 
added in a molar ratio to HSA of 1.4:1. 
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Fig. 2. Circular dichroism spectra of HSA (1.14 mg/ml, 

——), of HSA: indomethacin in molar ratio 1:0.89 

(——+———) and of HSA: indomethacin in molar ratio 

1:4.45 (— — -) in 0.1 M KCI with 0.005 M phosphate buffer, 
pH 7.4. 


in order to optimize the measuring conditions. CD 
is expressed as molar ellipticity, {O} , in 
degrees x cm’ x dmole™', calculated with reference 
to the HSA concentration, or as difference molar 
ellipticity, 4{@}. The measurements were made in 
0.1 M KCI with 0.005 M sodium phosphate, pH 7.4. 

Spectropolarimetric titrations. These were per- 
formed at 270 nm as described earlier [17, 18] with 
HSA (13.6 ~M) and indomethacin at pH 7.4 in 0.1 M 
KCI and 0.005 M phosphate buffer. 

Equilibrium dialysis. The protein binding was also 
determined by equilibrium dialysis at room temper- 
ature in 0.1 M KCI with 0.005 M phosphate buffer, 
pH 7.4, using Technicon Type A standard mem- 
branes as described earlier [2]. After equilibration 
for 8 hr, radioactivity was determined in duplicates 
on both sides of the dialysis cells in 10 ml Instagel 
(Packard Instrument Co.) using a Beckman Scintil- 
lation Counter, LS 100-C. 


RESULTS 


Quantitative characterization of the binding of 
indomethacin. The binding of indomethacin to HSA 
was studied by the solid-phase technique with micro- 
particles of polyacrylamide as described above. A 
Scatchard plot for the binding of indomethacin to 
HSA-microparticles is shown in Fig. 1. From this 
plot it can be concluded that HSA has one primary 
binding site for indomethacin with very high associ- 
ation constant, K,, and at least two or three sec- 
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Fig. 3. Panel a: Difference CD spectra of indomethacin—HSA, (1.1: 1, + 
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) and indomethacin- 


HSA (5.1:1,-— —-) after subtraction of the HSA spectrum. Panel b: Absorption spectra of indomethacin 
(1.02 mg/100 ml of 0.1 M KCI with 10% ethanol) at pH 2.6 (——O——), pH 3.5 (——@——_) and pH 
4.7-9.7 (—+—). 


ondary binding sites with moderate affinity. Figure 
1 also includes the Scatchard plot with indomethacin 
in the presence of probenecid (at a drug—HSA ratio 
of 1.4: 1). As can be seen probenecid does not inter- 
fere with the binding of indomethacin to its primary 
site. Regression analyses of the data with r<0.8 
gave K,=2.12 and 2.29 x 10°M™', respectively, 
which are within the experimental errors. The sec- 
ondary binding of indomethacin was, on the other 
hand, significantly improved. This means that the 
association constants are higher in the presence of 
probenecid. However, no calculation of the values 
has been done, since the number of binding sites is 
not known, and the curves do not contain sufficient 
information for a significant estimation of n. Equili- 
brium dialysis studies performed under similar con- 
ditions confirmed that probenecid has no influence 
on the binding of indomethacin to its primary binding 
site and increases the binding to secondary sites. 

Spectropolarimetric characterization of the binding 
of indomethacin to albumin. The binding of indo- 
methacin to HSA was also followed qualitatively in 
the spectropolarimeter in the wavelength region 250— 
350 nm. When a drug binds to a protein, new extrin- 
sic Cotton effects are obtained at wavelengths where 
the drug has absorption bands. Figure 2 shows the 
CD spectra for HSA alone, and with indomethacin 
at two different concentrations. At the lower con- 
centration, indomethacin is essentially bound only 
to the first site and the ellipticity was decreased over 
all the wavelength region. When the concentration 
was increased to almost a 5-fold excess, the ellipticity 
was increased. 

Indomethacin has no ellipticity of its own and the 
changes seen can be fully ascribed to the extrinsic 
Cotton effects obtained when indomethacin was 
bound to the protein surface. The changes produced 
can be better seen in the difference spectra presented 
in Fig. 3a. Here the HSA spectrum was subtracted 
from the spectra obtained with the drug present. The 
resulting extrinsic Cotton effects are directly pro- 
portional to the concentration of the drug bound at 


the respective sites. Evidently, indomethacin gives 
a negative Cotton effect with maximum at 270 nm 
when bound to the primary binding site on HSA. 
However, at higher concentration, indomethacin will 
give positive effects, which have positive maxima at 
270 and 325 nm. 

In Fig. 3b the extrinsic Cotton effects can be 
compared with absorption spectra of indomethacin 
at different pH in 10% ethanol. Indomethacin is an 
acid with pK, around 4 (depending on the solvent) 
and the salt has an absorption maximum at 319 nm 
(probably originating from the indol chromophore) 
and an inflection at 270 nm. These two bands seem 
to be responsible for the extrinsic Cotton effects 
noted when the drug binds to HSA. 

Obviously, the 270-band may be used for spectro- 
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Fig. 4. Spectropolarimetric titration of HSA with indo- 
methacin at 270 nm (——). Probenecid was added in sep- 
arate experiments to molar ratio 0.99: 1 (- —- —) and 4.93: 1 

). The concentration of HSA was 0.903 mg/ml. The 
experimental conditions were the same as in Fig. 2. The- 
oretical ellipticity values (+ ) were calculated for the bind- 
ing of indomethacin to HSA with the association constants 

and AO jx -values given in the text. 
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Fig. 5. Panel a: The effect of probenecid on the CD difference spectrum of indomethacin. The 
concentration of HSA was 1 mg/ml and the molar ratio of indomethacin—-probenecid—-HSA was 1.1:0:1 
( ), 0.8:1:1 (—+—-) and 0.8: 10:1 (——-—). Panel b: The effect of probenecid on the CD difference 
spectrum of indomethacin. The concentration of HSA was | mg/ml and the molar ratio of indomethacin- 


probenecid—HSA was 5.1:0:1 ( 


polarimetric titration of the binding of indomethacin 
to HSA [17, 18]. Such a titration is shown in Fig. 4. 
As expected, a negative ellipticity is obtained 
initially, but when the first site is saturated the pos- 
itive Cotton effects from secondary sites will neu- 
tralize the negative one and eventually produce a 
strong positive increase. 

The titration curve shown with indomethacin in 
Fig. 4 suggests that at least two binding sites can 
produce Cotton effects when indomethacin binds to 
HSA. However, no reasonable results were obtained 
in a numerical analysis of the curve when a 2-sites 
program was used [18]. Computer simulation with 
a 3-site program was then tried, starting with the 
binding constants obtained from the Scatchard plots 
of the results with the HSA-particles. As seen in Fig. 
4, a good fit to the experimental curve with well- 
discriminating variables was obtained with this 
model, when the K,:s 1.5 10°, 3.5 x 10°, 
5.5x10°M"! and A@O,,.:s —-66, -—52 and 
+310 x 10° degrees x cm’ x dmole™', respectively, 
were used. At higher indomethacin—HSA ratios, 
small deviations from the curve can be seen, sug- 
gesting that interactions between the sites or binding 
to weaker sites may occur. However, the experi- 
mental conditions do not allow estimation of the 
binding characteristics of these sites. 

The spectropolarimetric titration thus shows that 
the first two sites on HSA for indomethacin give 
negative Cotton effects, when the drug is bound, 
and that the third site gives rise to a positive Cotton 
effect at 270 nm. 

The effect from probenecid on the spectropolar- 


), 3.9:1:1 (—+—) and 3.9:10:1 (---). 


imetric titration curve at 270 nm is also seen in Fig. 
4, where the results with probenecid present in two 
different concentrations are included. Probenecid 

















Wavelength, nm 


Fig. 6. The CD difference spectra of azapropazone-HSA 

(——O——) and flurbiprofen-HSA (——@——) obtained 

after subtraction of the HSA contribution. The concentra- 

tion of HSA was 1.24 mg/ml and the drugs were added in 

a molar ratio of 0.97: 1. The experimental conditions were 
the same as in Fig. 2. 
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Fig. 7. The CD difference spectra obtained with indo- 

methacin—-HSA in the presence of azapropazone, after sub- 

traction of the contribution from the azapropazone-HSA 

spectrum. The molar ratio of indomethacin—azapropazone- 

HSA was 0.97:0.97:1.0 (——O——-) and 4.84:0.97:1.0 

(——-+——). The experimental conditions were the same 
as in Fig. 2. 


itself does not produce any significant extrinsic Cot- 
ton effects at 270nm, when bound to HSA. The 
changes in the titration curve can therefore be 
ascribed to changes in the indomethacin binding. 
Figure 4 shows that the largest effect (a negative 
one) is seen after an equimolar concentration of 
indomethacin is reached. It was earlier concluded 
(from the Scatchard plots in Fig. 1) that probenecid 
promotes an increased secondary binding of indo- 
methacin. This conclusion is confirmed by the 
increased negative ellipticity engendered by 
increased indomethacin binding to its secondary site. 
At higher indomethacin concentrations the ellipticity 
was further decreased, which may be due to a 
decreased binding to the third site or to a decreased 
A@,x for the binding of indomethacin to this site. 

The probenecid effect on the extrinsic Cotton 
effects from indomethacin is further shown in Fig. 
5. In Fig. 5a the primary site for indomethacin is 
studied. As seen, the effect from probenecid is neg- 
ligible. On the other hand, probenecid considerably 
decreases the positive CD-band from the third bind- 
ing site obtained at higher indomethacin concentra- 
tion (Fig. 5b). The decreased ellipticity seen when 
probenecid is present may be due to at least three 
phenomena: probenecid increases A @,,,, of the sec- 
ond binding site for indomethacin, it displaces indo- 
methacin from the third site, and/or it decreases 
A@O,n~x Of this site. The effects detected are most 
evident for the main band at 270 nm, but can also 
be seen at 320 nm. 
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Fig. 8. The CD difference spectra obtained with indo- 

methacin-HSA in the presence of flurbiprofen, after sub- 

traction of the contribution from the flurbiprofen-HSA 

spectrum. The molar ratio of indomethacin-fiurbiprofen- 

HSA was 0.97:0.97:1.0 (——@—-) and 4.84:0.97:1.0 

(—+—). The experimen.al conditions were the same as 
in Fig. 2. 


Identification of the indomethacin binding sites. 
To identify the binding sites of indomethacin, two 
drugs, azapropazone and flurbiprofen, were used as 
probes. It has been known earlier that azapropazone 
strongly binds to the warfarin/bilirubin binding site 
on HSA, while flurbiprofen binds to the diazepam 
site [7]. Their primary association constants are high, 
about 1 x 10°M~'. When bound to HSA these drugs 
give distinct Cotton effects between 250 and 380 nm, 
as shown in Fig. 6. Both the drugs affect the CD- 
effects obtained from the binding of indomethacin 
to HSA (Figs. 7 and 8). 

As is evident from Fig. 7, indomethacin does not 
give any negative Cotton effects when added to HSA 
in equimolar amounts, if azapropazone is present. 
As is obvious from above (compare Figs. 3a and 4), 
binding of indomethacin to the primary site of HSA 
induces negative Cotton effects, which thus are 
blocked by azapropazone. The small positive Cotton 
effects detected in Fig. 7 originate from the fraction 
of the added indomethacin, available in this situation 
to bind to site 3, which produces strong positive 
ellipticities. These positive effects dominate over 
those produced by the fraction of indomethacin dis- 
placing the bound azapropazone at site 1 and from 
indomethacin at site 2. At higher concentrations of 
indomethacin (5-fold molar excess) the positive Cot- 
ton effects from the third site will dominate com- 
pletely. Thus, the results indicate that azapropazone 
binds to the primary indomethacin binding site. 

Figure 8, correspondingly, shows that flurbiprofen 
blocks the tertiary binding site of indomethacin. Only 
the negative Cotton effects from the primary binding 
site of indomethacin, shown in Fig. 3a, are obtained 
at equimolar concentration of indomethacin. At 
higher concentration (5-fold molar excess), the 
strong positive effects originating from the tertiary 
binding are abolished. 
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DISCUSSION 


In the present study, three binding sites for indo- 
methacin on HSA have been detected. The binding 
constant at the primary binding site is high. With 
HSA-microparticles K, = 2.1 x 10°M™ was 
obtained from the Scatchard’ plot and 
K, = 1.5 x 10°M™' from the curve-fitting procedure 
of the CD-data. This value approaches the K, 
(1 x 10°M~') found by Hultmark ef al. with a com- 
mercial HSA preparation [4]. The binding constant 
satisfactorily explains the high binding degree of 
indomethacin in serum and the small apparent dis- 
tribution volume in man (6-101. ref. 19). 

The spectrapolarimetric titration, moreover, 
showed that the secondary binding constant is also 
high, 3.5 x 10°M™', which is higher than K, for the 
binding of e.g. warfarin and diazepam to HSA [12, 
17]. The third site gave a K,-value of about 
5.5 x 10*M~', which is significantly higher than those 
of e.g. salicylic acid [12] or phenytoin*. In patients, 
indomethacin will be bound to all the sites. The 
distribution between the sites will of course depend 
on the blood level and the relation between the 
K,-values, but also on the presence of competing 
drugs or endogenous inhibitors [2, 8]. The partition 
of bound drug between the sites means that the 
displacement of indomethacin at one site can to some 
extent be compensated for by binding to another 
site. It is therefore hardly possible, in spite of the 
small distribution volume of indomethacin in man, 
that displacement phenomena will have any sig- 
nificant pharmacokinetic consequences. 

Spectropolarimetry is an efficient technique to 
study drug—protein interactions. The organization of 
different binding sites of a protein varies from site 
to site, which means that a drug bound to the dif- 
ferent sites will be bound differently. The asymmetric 
conformation around the chromophore will be dif- 
ferent, which theoretically can lead to different 
extrinsic Cotton effects. Indomethacin gave rise to 
negative Cotton effects when bound to the first two 
sites on HSA, while the third site gave a strong 
positive Cotton effect. Similar findings have been 
reported by Rosen for the binding of oxyphenbu- 
tazone to HSA, yielding Cotton effects of different 
signs when the concentration of the drug changes 
[20]. The different Cotton effects make it possible 
to study specifically the events taking place at a 
certain site. 





* A. Kober, Y. Olsson and I. Sj6holm, Molec. Pharmac. , 
in press. 


Earlier, we have characterized the specificity of 
three binding sites on HSA, the diazepam, digitoxin 
and warfarin sites, named after the drug probes used 
in the study [7]. There are also indications that a 
fourth site exists, to which the drug tamoxifen binds 
[7]. To the warfarin site, azapropazone is bound with 
high affinity, producing strong positive Cotton 
effects, and to the diazepam site flurbiprofen is sim- 
ilarily bound. The drugs are essentially bound to just 
their primary sites, when present in equimolar 
amounts relative to HSA. In the present study these 
drugs have been shown to block specifically the for- 
mation of the specific extrinsic Cotton effects from 
indomethacin and thus inhibit the binding to the 
different sites. Thus, we can conclude that the pri- 
mary binding site of indomethacin is the azapropa- 
zone-warfarin site, and that the tertiary site on HSA 
is the flubiprofen—diazepam site. The identity of the 
secondary site is not yet established. 

The binding of indomethacin to the second and 
third sites is specifically affected by probenecid, as 
detected by both the CD measurements and the 
HSA microparticles. The findings can be best inter- 
preted as improved binding of indomethacin to the 
second site, which was shown both with the micro- 
particles and in the CD-studies, while the binding 
to the third site seems to be impaired. It seems 
reasonable to assume that probenecid primarily 
binds to this site and thereby competitively inhibits 
the indomethacin binding. Such binding has earlier 
been detected [7]. Concomitantly, the secondary 
binding site may be allosterically modified so that 
the affinity for indomethacin is improved. Our results 
can be summarized as in Table 1. 

Our results are in accordance with the findings of 
Solomon et al. [6], who showed that indomethacin, 
as expected, displaced warfarin. Moreover, Mason 
and Queen [1] found that ibuprofen only weakly 
displaced indomethacin in vitro. It is now known 
that ibuprofen binds primarily to the diazepam site 
of HSA with very high affinity [21]. The small dis- 
placement of indomethacin seen was thus due to the 
fact that only a small fraction of the indomethacin 
was bound to the diazepam site from which it could 
be displaced and which is the third site of indo- 
methacin. Mason and Queen [1], however, were not 
able to detect any displacement of indomethacin by 
phenylbutazone, which binds to the primary binding 
site of indomethacin, i.e. fhe warfarin site [7]. 
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Table 1. Binding of indomethacin to human serum albumin 





Association 
constant, Difference molar 


ellipticity, 


(degrees x cm? X dmole 7 


Inhibition by 

Effect of 
probenecid 
on binding 


azapropazone _ flurbiprofen 





—66 x 10° 
—§52 x 10° 
+310 x 10° 


- None 
- _ Increase 
_ + Decrease 
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Abstract—N-Acetyl-3-sulphonamoyl-L-alanine methyl ester (Asame) has been previously reported to 
inhibit mitogen-induced DNA synthesis by human lymphocytes in vitro and to exhibit immunosup- 
pressant activity in monkeys in vivo without overt signs of toxicity. We have confirmed and extended 
the in vitro studies by demonstrating that Asame inhibits concanavalin A-induced DNA synthesis and 
blast cell formation by mouse spleen lymphocytes. However, a requirement for L-asparagine by cultured 
lymphocytes could not be demonstrated and the inhibitory effects of Asame were not reversed by L- 
asparagine. Thus, the in vitro immunosuppressant activity of Asame could not be attributed to inter- 
ference with L-asparagine metabolism. Furthermore, no in vivo immunosuppressant activity could be 
demonstrated for Asame in mice. These results cast doubt on the concept that L-asparagine anti- 


metabolites have potential as immunosuppressants. 


In 1975, Visser et al. [1] reported that a sulphonamide 
analogue of asparagine, N-acetyl-3-sulphonamoyl-L- 
alanine methyl ester (Asame), inhibited mitogen- 
induced proliferation of human lymphocytes in vitro 
and delayed renal allograft rejection in monkeys. 
This compound had been shown previously to com- 
pete with L-asparagine in several systems (guinea pig 
serum asparaginase, asparagine-dependent Neuro- 
spora crassa) but to have no toxicity for normal chick 
fibroblasts [2]. Since no obvious toxic effects were 
seen in the treated monkeys, it was suggested that 
this compound was a novel immunosuppressant, pos- 
sibly acting as an L-asparagine antimetabolite, which 
did not have the serious side-effects of conventional 
immunosuppressents [1]. The concept that the 
activity of Asame was due to its acting as an L- 
asparagine antimetabolite was strengthened by the 
literature reports that asparaginase obtained from 
various sources was immunosuppressant in experi- 
mental animals [3-6]. Additional apparently confir- 
matory evidence came from a number of studies in 
which asparaginase added to lymphocyte cultures in 
vitro inhibited their proliferative response to mito- 
gens and antigens [7-10]. These results appeared to 
indicate that lymphocyte function was L-asparagine 
dependent and its removal by asparaginase or antag- 
onism by Asame could lead to immunosuppression. 

We have investigated these claims using in vitro 
and in vivo techniques in mice and failed to dem- 
onstrate a role for L-asparagine in the immune 
response or in vivo immunosuppressant activity for 
Asame. 





*Present address: Merrell Research Center, 2110 E Gal- 
braith, Cincinnati, OH 45215, U.S.A. 

+ Hepes = 4-(2-hydroxyethyl)-1-piperazine-ethanesul- 
phonic acid. 


METHODS 


Lymphocyte proliferation in vitro 

Spleens were removed from male 6 to 8 week-old 
MFI or CFW mice and teased apart in RPMI 1640 
medium containing 10 per cent heat inactivated fetal 
calf serum (Flow Laboratories, Irvine, Scotland), 
20 mM Hepes? (pH 7.4) (Hopkins Williams, Rom- 
ford, Kent, U.K.) and 200 ug/ml gentamycin (Nicho- 
las Laboratories, Slough, Berks, U.K.). 

The spleen capsules were discarded, and single 
cell suspensions were prepared, centrifuged 
(800 r.p.m. X 5 min) and resuspended in medium. 
The cells were incubated at 10° cells/ml in 200 ul 
aliquots in 96 well round-bottomed microtitre plates 
(Nunc, Roskilde, Denmark) with 5 ug/ml of con- 
canavalin A (Sigma Chemical Co., Poole, Dorset, 
U.K.) at 37° in a humidified air atmosphere. Ten 
microliters of 50 wCi/ml [*H]thymidine ([{methyl- 
‘H]thymidine, Cat. No. TRA120, Radiochemical 
Centre, Amersham, Bucks, U.K.) were added to 
each well after 54 hr and the incubation was contin- 
ued up to 72hr. To terminate the incubation, the 
contents of the wells were washed onto glass fibre 
filters with distilled water using an automatic har- 
vester (Flow Laboratories). The radioactivity on the 
filter paper was counted using a conventional liquid 
scintillation counter system. The concentration of 
drug required to inhibit thymidine incorporation by 
50 per cent (I;9) was estimated by interpolation on 
a graph of c.p.m. against concentration. 

In some experiments, 5 x 10° mouse spleen lym- 
phocytes were cultured in plastic bijoux bottles con- 
taining the above medium, supplemented with 
10°°M 2-mercaptoethanol and 5 ug/ml of concana- 
valin A. After 3 days, the size distribution of the 
cell nuclei was measured using a Coulter Counter 
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model ZB with P64 size distribution analyzer and 
XY recorder (Coulter Electronics, Harpenden, 
Herts, U.K.). The orifice diameter was 100 um and 
the cell membranes were lysed with saponin 
(Zaponin, Coulter Electronics) prior to analysis. 


Determination of cell viability 

At various times after setting up the lymphocyte 
cultures for [*H]thymidine incorporation studies, 
100-1 aliquots were removed from the wells after 
mixing and added to 20 wl of 0.4 per cent trypan 
blue. Counts of stained and unstained cells were 
carried out and viability was determined. 


Lymphocyte proliferation in vivo in mice 


The effect of Asame on lymphocyte proliferation 
in vivo in mice was studied as described by Mack- 
aness et al. [11]. This involves determining the effect 
of the drug on [*H]thymidine incorporation into the 
left popliteal lymph node 3 days after stimulation of 
lymph node proliferation by injection of sheep red 
blood celis into the left hind foot pad. 

Groups of five to ten male MFI or CFW mice, 6- 
to 8-weeks-old, were sensitized by injection of 10° 
washed sheep red blood cells (preserved in Alsever 
solution, Tissue Culture Services, Slough) sub- 
cutaneously into the left hind foot pad. Three days 
later [*H]thymidine (1 wCi/g body wt) was injected 
intravenously. After 30 min, the left popliteal lymph 
node was removed, homogenized in ice-cold 5 per 
cent trichloroacetic acid (TCA), washed three times 
in cold 5 per cent TCA, and the pellet, obtained 
after the last wash, was hydrolyzed in 1.2 ml of 5 
per cent TCA for 1 hr at 90°. 

After centrifugation of the hydrolysate, an aliquot 
of the supernatant fraction was added to scintillation 
fluid (NE 260, Nuclear Enterprises Ltd., Sighthill, 
Edinburgh, Scotland) and counted in a liquid scin- 
tillation counter. The d.p.m./node were calculated 
with appropriate quenching correction. The degree 
of stimulation was estimated by comparing the 
d.p.m. in the nodes on the injected and non-injected 
sides in control animals. Asame, dissolved in saline, 
was administered subcutaneously. 


Antibody production in mice 


The effects of Asame on antibody production in 
mice, in response to an intraperitoneal injection of 
2 x 10° sheep red blood cells, were studied by 
measuring hemagglutinating antibody levels in sera 
collected at various days after immunization in 
groups of five to ten mice. The drug, dissolved in 
saline, was administered by various routes. The sera 
were titrated using doubling dilutions in microtitre 
plates. Results are expressed as titres, i.e. — log, of 
the highest dilution causing agglutination. 


Materials 

Asame and L-2-amino-3-sulphonamoyl propionic 
acid were prepared by the published methods [2]. 
L-2-Acetamido-3-sulphonamoyl propionic acid was 
prepared from the amino acid by direct acetylation, 
and methyl L-2-amino-3-sulphonamoyl propionate 
was prepared from methyl L-2-benzyloxycarbonyl- 
amino-3-sulphamoyl propionate [12] by catalytic 
hydrogenolysis. All other reagents were obtained 
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from the sources mentioned under Methods or from 
usual laboratory suppliers. 


RESULTS 


In vitro studies 

The inhibitory activity of Asame in vitro was con- 
firmed on many occasions (Fig. 1). Although inhi- 
bition was always obtained, the potency of the com- 
pound varied from experiment to experiment, e.g. 
Iso in Figs. 1-3 was 80, 35 and 50 uM. No single 
factor could be identified as being responsible for 
this variation, so all experiments were designed to 
be controlled internally and no comparisons were 
made between experiments performed on different 
occasions. Usually in this test, the drug is present 
throughout the 3-day culture period and so has the 
opportunity to act at any of the many stages of the 
lymphocyte response. By adding the drug at different 
times after initiation of the culture, it is possible to 
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Fig. 1. Effect of Asame on lymphocyte proliferation in 

vitro. Asame was added to the cultured lymphocytes at 

t=0, and the effect on thymidine incorporation was 
assessed at 72 hr of culture. 
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Fig. 2. Time dependence of the in vitro action of Asame. 

Asame was added to cultured lymphocytes at various times 

after the initiation of the culture, and the effect on thy- 
midine incorporation was assessed at 72 hr of culture. 





N-Acetyl-3-sulphonamoyl-L-alanine methyl ester 


ASAME CONC (pM) 
@0 0 Wo 
O25 VW 200 
B50 V 400 


COUNTS 


3 


% of ORIGINAL VIABLE 
8 


8 








48 92 
HOURS 


Fig. 3. Effect of Asame on lymphocyte viability in vitro. 

Asame was added to the cultured lymphocytes at t = 0, and 

cell viability was assessed at various times using the trypan 

blue exclusion technique. The inset shows the activity of 

the compound in inhibiting thymidine incorporation in the 
same experiment. 


learn something about its possible mode of action. 
As can be seen from Fig. 2, delaying the addition 
of Asame for up to 2 hr had no effect on its inhibitory 
activity. This indicates that the drug does not act by 
interfering with the interaction between the concan- 
avalin A and the cell membrane, an event which is 
complete well within this time [13]. When addition 
of drug was delayed for 24 hr, there was a slight fall 
in activity, but when the drug was added at 48 hr, 
i.e. only during the period of [*H]thymidine labeling, 
activity was virtually abolished. The data suggest 
that either the Asame-sensitive events occur between 
24 and 48 hr after initiation of the culture or that the 
drug requires in excess of 24 hr to develop its effect. 
Direct interference with [*H]thymidine uptake or 
utilization can be excluded as a mode of action since 
Asame was inactive when present only during the 
labeling period. 

The free amino acid (L-2-amino-3-sulphonamoy] 
propionic acid) and the partially protected deriva- 
tives (methyl-L-2-amino-3-sulphonamoyl propionic 
acid, L-2-acetamido-3-sulphonamoy| propionic acid) 
were inactive at concentrations up to 200 uM. 

Effect of Asame on cell viability in vitro. The 
viability of concanavalin A-stimulated lymphocytes 
exposed to Asame was monitored by trypan blue 
exclusion in an experiment in which the drug was 
present throughout the culture period, and viability 
was assessed at 2, 24, 48 and 72 hr. The total number 
of cells in control cultures (i.e. viable plus non- 
viable) fell by 26 per cent over the 72 hr period, 
presumably due to lysis of a proportion of the dead 
cells. As a result, cell debris accumulated, making 
cell counting more difficult. Figure 3 shows the num- 
ber of viable cells per culture at the various times. 
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Asame caused a roughly dose-related decrease in 
the numbers of viable cells, particularly at 72 hr. 
However, as can be seen from the inset in Fig. 3, 
the inhibition of [*H]thymidine incorporation by 
Asame was much more profound than the effect on 
viability, suggesting that the drug has a more subtle 
effect on lymphocyte function than just non-specific 
cytotoxicity. However, due to the limitations of dye 
exclusion methods of assessing viability [14], no fur- 
ther conclusions can be drawn from these results. 

Effect of L-asparagine on the inhibitory effect of 
Asame in vitro. The usual lymphocyte culture 
medium (RPMI 1640) contained 50 mg/I of L-aspar- 
agine. Addition of L-asparagine to 500 mg/l did not 
shift the dose-response curve to Asame at all. Fur- 
thermore, lymphocyte transformation occurred 
equally well in either RPMI 1640 or Eagle’s MEM 
(which contained no L-asparagine), even when the 
serum used had been dialyzed to remove L-aspara- 
gine. However, the omission of L-glutamine from 
Eagle’s MEM containing 10 per cent dialyzed fetal 
calf serum virtually abolished the response to con- 
canavalin A (15.8 + 2.1 per cent of control, mean 
+ S.E.M. of five replicates). This response could be 
restored by the addition of 300 mg/l L-glutamine 
(100 + 8.8 per cent of control) but not of 50 mg/l L- 
asparagine (21.6 + 3.4 per cent of control). The com- 
bination of L-glutamine and L-asparagine (92.0 + 
11.0 per cent of control) was not better than L- 
glutamine alone. The concentrations of L-glutamine 
and L-asparagine used correspond to those in com- 
plete RPMI 1640. These results suggested that the 
mode of action of Asame cannot be due to inter- 
ference in the metabolism of exogenous L-asparagine 
despite the fact that it was possible to suppress lym- 
phocyte transformation by addition of Escherichia 
coli asparaginase (Fig. 4). 





CPM x10° 
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Fig. 4. Effect of E. coli asparaginase on lymphocyte pro- 

liferation in vitro. Asparaginase was added to the cultured 

lymphocytes at ¢=0, and the effect on thymidine incor- 

poration was assessed at 72 hr. The medium (RPMI 1640) 
contained 50 mg/l asparagine. 
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Fig. 5. Effect of Asame on blast transformation in vitro. 

Cultures were carried out in 5ml volumes of medium 

supplemented with 5 x 10°° M 2-mercaptoethanol. Asame 

was added at t=0, and the size distribution of the cell 
nuclei was assessed at 72 hr. 


Effect of Asame on blast transformation in vitro. 
In order to exclude the possibility that the observed 
inhibition of thymidine incorporation was due to 
some interference with the indicator system and was 
unrelated to inhibition of lymphocyte proliferation, 
the effect of the drug on blast cell formation was 
studied. 

In the method used, the numbers of blast cells 
were determined by analyzing electronically the vol- 
ume of lymphocyte nuclei (blast cells, having large 
nuclei, shift the size distribution curve to the right). 

As shown in Fig. 5, Asame produced an inhibition 
of the number of blast cells formed in response to 
concavalin A stimulation, which proved to be dose- 
related. This result indicated that the drug was 
inhibiting lymphocyte proliferation. 


In vivo studies 

Effect of Asame on antibody production in vivo. 
Despite the use of very high doses of Asame by 
various routes, no inhibition of antibody production 
was Observed (Table 1). In our laboratories, this 
system has proved sensitive to a broad range of 
conventional immunosuppressants. 

Effect of Asame on lymphocyte proliferation in 
vivo. Asame administered at 200mg/kg_ sub- 
cutaneously on days 0, i, 2 and 3 failed to inhibit 
DNA synthesis in stimulated popliteal lymph nodes 
(controls 8770 + 1116 d.p.m./node, Asame-treated 
8634 + 682 d.p.m./node, means + S.E.M., nine 
animals/group). In the control animals, DNA syn- 
thesis in the stimulated (left) popliteal lymph node 
was 16.7-fold greater than in the non-stimulated 
(right) popliteal lymph node. No signs of toxicity 
were seen in any of the animals despite the high 
doses employed. In our laboratories, this test has 
proved sensitive to a broad range of conventional 
immunosuppressants. 


DISCUSSION 


The reported in vitro immunosuppressant activity 
of Asame [1] has been confirmed in these studies. 


Table 1. Effects of Asame on antibody production in vivo 





Titre* 


Treatment of antibody 





Controls 
200 mg/kg, i.v.+ 
400 mg/kg, i.v.7 
800 mg/kg, i.v.7 
800 mg/kg, s.c.7 


Exp. A 7.16 + 0.70 (19) 
8.00 + 0.68 (6) 
8.33 + 0.21 (6) 
8.00 + 0.82 (6) 
8.80 + 0.20 (5) 
Exp. B Controls 
100 mg/kg, i.v.¢ 


5.36 + 0.49 (11) 
5.00 + 0.56 (8) 





* The titre of the sera is —log, of the highest dilution 
causing agglutination of sheep red blood cells. Results are 
means + S.E.M. The number of animals per group is given 
in parentheses. 

+ A daily dose was given on days 0, 1, 2 and 3. Sera 
were collected on Day 4. Day 0 was the day of sensitization 
with 10° SRBC, i.p. 

t A daily dose was given on days — 1, 0, 2 and 3. Sera 
were collected on day 4. Day 0 was the day of sensitization 
with 10° SRBC, i.p. 


The potency of the compound in our mouse lym- 
phocyte system was similar to that observed by the 
original authors [1] using human lymphocytes, thus 
indicating the absence of species specificity. 

However, we have been unable to confirm the 
suggestion that this activity could be due to antag- 
onism of L-asparagine since a 10-fold increase in 
medium t-asparagine levels did not modify the 
effect of Asame and, furthermore, lymphocyte 
(°H]|thymidine incorporation is normal in the com- 
plete absence of L-asparagine from the medium. 

The well-established in vitro and in vivo immu- 
nosuppressant activity of certain asparaginase prep- 
arations is apparently at variance with our data [4]. 
However, it has been shown that many asparaginase 
preparations also contain glutaminase activity 
[15,16]. Since L-glutamine is an absolute requirement 
for lymphocyte function, depletion of L-glutamine 
probably explains the actions of these enzyme prep- 
arations on the immune system. Furthermore, a glu- 
taminase-free asparaginase preparation has been 
shown to be devoid of in vitro immunosuppressant 
activity [17]. Thus, it now seems clear that the in 
vitro biological activity of Asame against lympho- 
cytes is unrelated to L-asparagine metabolism. 

These in vitro effects of Asame are seen at rela- 
tively high concentrations, i.e. 5 x 10~° to 10°*M 
(10-100 g/ml). One explanation for the lack of in 
vivo activity could be that these relatively high levels 
of the drug cannot be achieved in the target tissues. 
Alternatively, the compound could be metabolized 
so rapidly that it fails to reach the target tissues in 
its intact form. The lack of activity in vitro of the 
deprotected forms of the drug supports this sugges- 
tion since the protecting groups are probably bio- 
logically labile. These results provide no encourage- 
ment for further studies on Asame as an 
immunosuppressant. 

The data also cast doubt on the concept that L- 
asparagine antimetabolites have potential as immu- 
nosuppressants since these functions of the immune 
response which we have examined proved to be 
independent of asparagine. On the other hand, the 
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demonstration that L-asparagine is not required by 
normal lymphocytes plus the observation that some 
lymphocytic leukemias do require L-asparagine 
[18, 19] suggests that some L-asparagine antimeta- 
bolites [20] may prove to have anti-leukemic proper- 
ties and be devoid of immunosuppressant activity. 
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Abstract—In order to gain an insight into the mechanism of maintenance of cytochrome P-450 by 
nicotinamide (pyridine-3-carboxylic acid amide) in liver cell culture, the ability of pyridine and substituted 
pyridines to maintain cytochrome P-450 were compared. The structure-activity relationship suggests 
that the feature of nicotinamide important for the maintenance of cytochrome P-450 is a primary amide 
group attached to a pyridine ring. Pyridine itself, but not secondary or tertiary amides of pyridine, is 
also able to maintain cytochrome P-450. To examine the hypothesis that the ability of compounds to 
maintain cytochrome P-450 in liver cell culture may be related to their ability to inhibit protein synthesis, 
the effect of pyridine analogues and cycloheximide were compared. The results suggest that the inhibition 
of protein synthesis is not a mechanism underlying the maintenance of cytochrome P-450 in hepatocyte 


culture. 


Rat liver parenchymal cells lose 70-80 per cent of 
their cytochrome P-450 concentration during the first 
24hr of culture [1,2]. This spontaneous loss of 
cytochrome P-450 makes it difficult to use hepatocyte 
culture to understand precisely cytochrome P-450- 


mediated mechanisms of hepatotoxicity and hepa- 
tocarcinogenesis. However, it has been shown that 
the incorporation of high, unphysiological concen- 
trations of nicotinamide (pyridine-3-carboxylic acid 
amide) in the cell isolation and culture medium main- 
tains the cytochrome P-450 concentration of hepa- 
tocytes cultured for 24 hr at the same level as that 
found in intact liver [3]. 

An obvious consequence of nicotinamide admin- 
istration to experimental animals is an increase in 
the hepatic concentration of NAD [4]. However, the 
ability of nicotinamide to increase the NAD content 
of cultured hepatocytes has been shown to be unre- 
lated to the maintenance of cytochrome P-450 [5]. 

Nicotinamide and its analogues have many diverse 
pharmacological effects (e.g. refs. 4, 6-10), but the 
way in which these could be related to the mainte- 
nance of cytochrome P-450 is unclear. In order to 
gain an insight into the mechanism of maintenance 
of cytochrome P-450 by nicotinamide, the present 
study examines the ability of nicotinamide analogues 
to maintain cytochrome P-450 in cultured hepato- 
cytes. Two main conclusions result from this work. 
The first, purely practical point is that isonicotin- 
amide is the most efficient analogue of nicotinamide 
examined at maintaining cytochrome P-450 in cul- 
tured hepatocytes. Secondly, the proposal that the 
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degradation of cytochrome P-450 in hepatocyte cul- 
ture involves a process dependent on protein syn- 
thesis and hence can be prevented by inhibitors of 
protein synthesis [11] is shown not to be the mech- 
anism regulating the level of cytochrome P-450 in 
cultured hepatocytes. 


METHODS 


Isolation of hepatocytes. Hepatocytes were iso- 
lated from adult (180-250 g) male rats of the Porton 
derived Wistar strain, fed ad lib. on MRC 41B diet, 
by perfusion of the liver with 0.05% (w/v) collagen- 
ase as previously described [12]. This process yielded 
5 x 10° parenchymal cells per liver with a viability 
of 88 + 6 per cent (mean + S.D. of 18 perfusions) 
as assessed by trypan blue exclusion. 

Culture of hepatocytes. Isolated hepatocytes were 
added to the required volume of Williams medium 
E containing the respective nicotinamide analogue 
and 5% (v/v) foetal calf serum plus 50 wg gentami- 
cin/ml (all media from Flow Labs, Irvine, Scotland, 
U.K.). Hepatocytes were cultured at a density of 
10 x 10° cells/10 ml medium in 100mm diameter 
petri dishes (Lux Scientific, supplied by Gateway 
International, Cleveland, U.K.) for the determina- 
tion of cytochrome P-450 or a density of 3 x 10° 
cells/3 ml medium in 60mm diameter dishes (Lux 
Scientific) for the measurement of incorporation of 
'C-nicotinamide or 'C-leucine. 


Assays 

Cytochrome P-450 and cell protein. These were 
measured as previously described [2]. 

Uptake of [carbonyl-*C]-nicotinamide. This was 
obtained from the Radiochemical Centre, Amer- 
sham, Bucks, U.K., and was measured after incu- 
bating hepatocyte monolayers for the time stated in 
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Williams medium E containing 25 mM nicotinamide 
at a specific activity of 54 wCi/mmole. The cells were 
harvested after aspirating the culture medium and 
washing the monolayer with 6 x 5 ml changes of 
unlabelled 25 mM nicotinamide in 0.15 M NaCl. The 
washes were discarded and the cells scraped into 1 ml 
‘emulgen buffer’ [13] and homogenized. A 0.75 ml 
aliquot was then added to 10 ml Instagel (Packard 
Instrument Co., Downers Grove, Illinois, U.S.A.) 
and the radioactivity determined by liquid scintil- 
lation counting; the d.p.m. values were computed 
by using automatic external standardization. 

L-[U-“C]-leucine incorporation into cellular pro- 
tein. This was determined by incubating cells in a 
60 mm diameter dish in 3 ml Williams medium E 
containing 1 wCi L-[U-'C]-leucine (Radiochemical 
Centre, Amersham, Bucks, U.K.) at a final specific 
activity of 0.6 wCi/umole for 1 hr. The medium was 
then aspirated and the monolayer washed with 
6 X Sml of 0.57 mM leucine in 0.15 M NaCl. The 
washes were discarded and the cells scraped into 
0.6 ml ‘emulgen buffer’ [13] and homogenized. A 
0.4 ml aliquot of the cell homogenate was added to 
0.1 ml of a ‘cold carrier’ solution composed of 5 mg 
L-leucine/ml 0.15M NaCl containing 1% bovine 
serum albumin. This was then diluted to 2 ml with 
0.15 M NaCl and the protein precipitated with 2 ml 
10% (w/v) trichloroacetic acid. One hour later the 
precipitate was collected by centrifugation, washed 
once with 4 ml 5% trichloroacetic acid, dissolved in 
1M NaOH, and the radioactivity determined by 
liquid scintillation counting in Instagel. The c.p.m. 
values were corrected for quenching by using auto- 
matic external standardization. 

Conversion of pyridine-3-carboxaldehyde to nico- 
tinic acid. This was determined by thin-layer chroma- 
tography of 100 yl samples of medium on aluminium 
oxide plates of 0.25 mm thickness (Merck F-254 Type 
E supplied by Anderman & Co., East Molesey, 
Surrey, U.K.) The plates were developed in 0.33 M 
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ammonium acetate in 70% (v/v) aqueous ethanol. 
Pyridine-3-carboxaldehyde and nicotinic acid had R,; 
values of 0.83 and 0.43, respectively, when viewed 
under u.v. light. Nicotinic acid was not observed in 
medium containing pyridine-3-carboxaldehyde incu- 
bated without hepatocytes. 

Chemicals. Nicotinamide, pyridine and leucine 
were purchased from British Drug House, Poole, 
Dorset, U.K. Isonicotinamide, nipecotamide, 3-ace- 
tylpyridine, 3-aminopyridine and pyridine-3-carbox- 
aldehyde were purchased from the Aldrich Chemical 
Co., Gillingham, Dorset, U.K. Nicotinic acid, nico- 
tinic acid hydrazide, isonicotinic acid hydrazide, 
N,N-diethylnicotinamide, thionicotinamide and 
cycloheximide were purchased from The Sigma 
Chemical Co., Poole, Dorset, U.K. 

The pyridines were directly dissolved in the cell 
culture medium, neutralized with NaOH or HCI as 
required, and sterilized by passage through a0.22 wm 
Millipore filter except for aminopyridine which was 
used without filter sterilization. 


RESULTS 


Structure-activiiy relationship. Table 1 shows the 
dose-dependent effect of nicotinamide added only 
to the culture medium on the concentration of cyto- 
chrome P-450 found in hepatocytes cultured for 24 hr. 
Nipecotamide (hexahydronicotinamide), a non-aro- 
matic analogue of nicotinamide, is unable to main- 
tain cytochrome P-450, suggesting that the ability of 
nicotinamide to maintain this cytochrome is depen- 
dent on its pyridine nucleus. 

Indeed, pyridine itself is able to maintain cyto- 
chrome P-450 at high levels, as are substituted pyr- 
idines such as 3-acetyl- or 3-aminopyridine (Table 
1). However, with reference to nicotinamide, the 
amide group also seems to be important, as thioni- 
cotinamide, which has a pyridine nucleus, but has 
the oxygen of the carbonyl group of nicotinamide 


Table 1. Dose-response relationship of the effect of analogues of nicotinamide on the loss of cytochrome P-450 in rat 
hepatocytes cultured for 24 hr* 





Cytochrome P-450 (as % of freshly isolated cell concn) after 
24 hr culture with varying analogue concn (mM) 
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3-Aminopyridine 
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Thionicotinamide 
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Nicotinic acid 
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Isonicotinamide 
Isonicotinic acid hydrazide 
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* Rat liver parenchymal cells were isolated as described in Methods and cultured in Williams medium E containing 
the respective analogue at the concn shown above for 24 hr. Cells were then harvested for assay of cytochrome P-450 
as described in Methods. The results above are the means + S.D. of the per cent of cytochrome P-450 remaining in cells 
prepared from 3 different rat livers (viz. N = 3) after 24hr culture under the respective condition. 

+ Indicates significantly different from untreated cells (P < 0.05). The initial cytochrome P-450 concn of hepatocytes 
used in these experiments was 188 + 27 (N = 36) pmoles/mg protein. 





Maintenance of cytochrome P-450 


Table 2. Effect of nicotinamide, isonicotinamide and cycloheximide on cytochrome P-450 concen- 
tration and protein synthesis in hepatocytes cultured for 24 hr* 





Cytochrome P-450 in 
hepatocytes cultured for 24 hr 
(as % freshly isolated cell concn) 


Inhibition of 


Addition to culture medium protein synthesis (%) 





None 37 + 2 (8) 
Nicotinamide (25 mM) 

Isonicotinamide (10 mM) 

Cycloheximide (0.1 4M) 

Cycloheximide (0.25 4M) 

Cycloheximide (0.5 uM) 

Cycloheximide (1.0 4M) 

Cycloheximide (2.5 4M) 

Cycloheximide (5.0 uM) 

Cycloheximide (10.0 uM) 





* Rat liver parenchymal cells were isolated and cultured for 23 hr as described in Methods in 
Williams medium E + the additions referred to abuve. After 23 hr of culture the respective medium 
was changed | to this medium containing 0.6 wCi/umole '*C-leucine and the hepatocytes allowed to 
incorporate '“C-leucine over the next hour before harvesting the cells and assay of the radioactivity 
incorporated into trichloroacetic acid insoluble material and determination of cytochrome P-450 as 
described in Methods. The results are expressed as the average percentage value of cytochrome P- 
450 and the inhibition of protein synthesis compared to untreated cells produced by the treatment 
found in cuitures prepared from two different rat livers except when given as the mean + S.D. The 
number in parentheses indicates the number of different cell preparations. The P-450 concentrations 
of freshly isolated hepatocytes used for these experiments was 180 + 37 pmoles/mg protein (N = 8) 
and the incorporation of '*C-leucine into untreated cells prepared from different rat livers was 7000 + 


1500 d.p.m/hr/mg protein (N = 8). 
3 


replaced by sulphur, is unable to maintain cyto- 
chrome P-450 when incorporated into the medium 
at either millimolar (Table 1) or micromolar con- 
centrations (data not shown). Substitution of the 
amide group of nicotinamide, as in the secondary 
amide (nicotinic acid hydrazide) or the tertiary amide 
(N,N-diethylnicotinamide), leads to an inability to 
maintain cytochrome P-450 in cultured hepatocytes. 
Nicotinic acid is also ineffective and the failure of 
pyridine-3-carboxaldehyde to maintain cytochrome 
P-450 is apparently due to its metabolism, by hepa- 
tocytes, to nicotinic acid. Thus, after 4 hr of culture 
in medium initially containing 10 mM pyridine-3-car- 
boxaldehyde, the hepatocytes were found to convert 
all the pyridine-3-carboxaldehyde to nicotinic acid 
(shown by thin layer chromatography: see Methods. 

In summary, the results presented above suggest 
that a primary amide group attached to a pyridine 
ring is the feature of nicotinamide which is important 
for the maintenance of cytochrome P-450 in hepa- 
tocyte culture. Whether the amide group is attached 
to position 3 of the pyridine ring, as in nicotinamide, 
or to position 4, as in isonicotinamide, seems unim- 
portant as isonicotinamide will also maintain cyto- 
chrome P-450 in cultured hepatocytes (Table 1). As 
in the example of nicotinamide, a secondary amide 
analogue of isonicotinamide (such as isonicotinic acid 
hydrazide) is also unable to maintain cytochrome P- 
450 (cf. effects of nicotinic acid hydrazide with ison- 
icotinic acid hydrazide in Table 1). 

Effect on protein synthesis. Guzelian and Barwick 
[11] have proposed that the conditions of hepatocyte 
culture stimulate the degradation of cytochrome P- 
450 by a process that is inhibited by cycloheximide 
and hence may require protein synthesis. A possible 
common denominator between the ability of pyridine 
and substituted pyridines to maintain cytochrome P- 


450 in hepatocyte culture could therefore be related 
to their ability to inhibit protein synthesis. Accord- 
ingly, the effects of nicotinamide analogues, used in 
the present study, and cycloheximide on cytochrome 
P-450 and protein synthesis were compared. 

Table 2 shows that the concentrations of nicotina- 
mide (25 mM) or isonicotinamide (10 mM) that are 
effective in maintaining cytochrome P-450 in cul- 
tured hepatocytes do indeed produce a marked, 48 + 
11 per cent and 60 + 10 percent, inhibition of protein 
synthesis, respectively. 

The inhibition of protein synthesis found 24 hr 
after culture in media containing either 25 mM nic- 
otinamide or 10 mM isonicontinamide is similar to 
the inhibition produced by culture in medium con- 
taining between 0.5 and 1 uM cycloheximide (Table 
2). Although the culture of hepatocytes in media 
containing different concentrations of cycloheximide 
produced a dose-dependent inhibition of protein syn- 
thesis, measured after 23 hr of culture, which ranged 
between 38 and 95 per cent; cycloheximide was con- 
siderably less effective than isonicotinamide at main- 
taining cytochrome P-450 (Table 2). However, since 
cycloheximide is generally considered to inhibit pro- 
tein synthesis very rapidly after its addition to the 
culture medium, the question was posed as to 
whether the more efficient maintenance of cyto- 
chrome P-450 after 24 hr of culture by nicotinamide 
was due to a different time course of inhibition of 
protein synthesis. 

Table 3 shows the time course of the accumulation, 
in cultured hepatocytes, of the radiolabel derived 
from [carbonyl-C]-nicotinamide and the subse- 
quent inhibition of protein synthesis. The data in 
Table 3 shows that protein synthesis is maximally 
inhibited 6 hr after the addition of nicotinamide and 
that this inhibition coincides with the time course of 
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Table 3. Time course of '*C-nicotinamide uptake and the inhibition of protein synthesis in 
hepatocytes cultured with 25 mM nicotinamide* 





Time of culture 


(hr) 


Incorporation of '*C-nicotinamide 
d.p.m/mg protein 


Inhibition of protein 
synthesis cf untreated cells (%) 





1920 
3960 
4440 
2760 
2280 





* Rat liver parenchymal cells were isolated as described in Methods and cultured in Williams 
medium E containing 25 mM nicotinamide labelled with '4C-nicotinamide (specific activity 54 
uCi/mmole) for the time shown. Replicate culture dishes containing unlabelled 25 mM nicotina- 
mide were used for the determination of the rate of protein synthesis. One hour prior to the time 
shown, each 60 mm diameter dish had 1 uCi '*C-leucine added to give a specific activity of 0.6 
uCi “C-leucine/umole and the cells allowed to incorporate '*C-leucine for 1 hr. Cells were 
harvested for assay of radioactivity associated with '“C-nicotinamide or '*C-leucine as described 
in Methods. The results above are the average of values obtained from duplicate culture dishes 
prepared from the same rat liver. Variation between replicate dishes did not exceed 10 per cent. 


accumulation of '*C derived from nicotinamide. The 
time course of the inhibition of protein synthesis 
produced by culturing cells in medium containing 
10 mM isonicotinamide is similar to that shown in 
Table 3 for nicotinamide. After 2, 4, 6, 18 and 24 hr 
of incubation, medium containing 10 mM isonicotin- 
amide produced 19, 28, 53, 59 and 60 per cent inhi- 
bition of protein synthesis, respectively. Since nic- 
otinamide and isonicotinamide efficiently maintain 
the concentration of cytochrome P-450 and produce 
maximal inhibition of protein synthesis after 6 hr 
incubation, the possibility that cycloheximide could 
produce levels of cytochrome P-450 higher than those 
shown in Table 2, if it was added after 2, 4 and 6 hr 
of hepatocyte culture, was investigated. However, 
the addition of 0.25, 0.5, 1, 2.5 or 5 uM cyclohex- 
imide after 2,4 or 6hr of culture did not increase 
the concentration of cytochrome P-450 found at 24 hr 
above the level found in untreated cells. Although 
these results suggest that an inhibition of protein 
synthesis is not a mechanism underlying the main- 
tenance of P-450 in hepatocyte culture, Table 4 shows 
that there is an apparent correlation between the 


ability of substituted pyridines to maintain cyto- 
chrome P-450 after 24 hr of culture and their effect 
on protein synthesis. Thus, nipecotamide, nicotinic 
acid hydrazide, isonicotinic acid hydrazide and nico- 
tinic acid, which do not maintain cytochrome P-450 
in hepatocyte culture, do not inhibit protein synthesis 
to the same extent as those compounds which main- 
tain cytochrome P-450, e.g. nicotinamide, isonico- 
tinamide, 3-acetylpyridine and 3-aminopyridine. 
Pyridine, however, maintains cytochrome P-450 at 
high levels, yet does not significantly inhibit protein 
synthesis (Table 4). 


DISCUSSION 


The present work shows that although cyclohex- 
imide produces a more efficient inhibition of protein 
synthesis than nicotinamide or isonicotinamide, it 
does not result in the maintenance of cytochrome 
P-450 in hepatocyte culture. This conclusion is in 
contrast to that of Guzelian and Barwick [11]. When 
our results of cycloheximide treatment are expressed 
in the same manner as Guzelian and Barwick [11], 


Table 4. Effect of nicotinamide analogues on protein synthesis and cytochrome P-450* 





Inhibition of protein 
synthesis due to analogue (%) 


Analogue 


Cytochrome P-450 (as per cent 
freshly isolated cell 
concn) after 24 hr 

culture with analogue 





None 

Nipecotamide (5 mM) 

Nicotinic acid hydrazide (10 mM) 
Isonicotinic acid hydrazide (5 mM) 


26 + 11 
+ 36+4 
+4 36+9 


0 43 + 10 


24+1 
48 + 11 
60 + 10 
48+4 
41+6 
12+6 


29+6 
63 + 4+ 
88 + 9+ 
86 + 207 
70 + 13+ 
Rt 


Nicotinic acid (10 mM) 
Nicotinamide (25 mM) 
Isonicotinamide (10 mM) 
3-Acetylpyridine (10 mM) 
3-Aminopyridine (10 mM) 
Pyridine (25 mM) 





* Rat liver parenchymal cells were cultured in medium containing the respective analogue for 23 hr when protein 
synthesis and cytochrome P-450 were measured as described in Table 2. The results are given as the means + S.D. of 
the per cent inhibition of protein synthesis and cytochrome P-450 concn found in cells prepared from three different rat 
livers. 

+ Indicates significantly different from untreated cells (P < 0.05). 
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that is as a percentage of the low P-450 value of 
untreated hepatocytes cultured for 24 hr, they fall 
in the range reported by Guzelian and Barwick [11] 
i.e. 136-175 per cent. However, the specific activity 
of cytochrome P-450 in cycloheximide-treated hepa- 
tocytes is only 50 per cent of that found in intact 
liver or freshly isolated cells and accordingly this 
does not represent a maintenance of cytochrome P- 
450 in our system. Furthermore, pyridine efficiently 
maintains cytochrome P-450 at high levels but does 
not significantly inhibit protein synthesis. These find- 
ings that pyridine can maintain cytochrome P-450 
without producing a significant inhibition of protein 
synthesis, while cycloheximide inhibits protein syn- 
thesis without maintaining cytochrome P-450, clearly 
demonstrate that the inhibition of protein synthesis 
is not a mechanism underlying the maintenance of 
cytochrome P-450 in hepatocyte culture. 
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Abstract—The previously derived rate equation for tight-binding inhibitors has been reinterpreted to 
accommodate: (1) the case where the reaction is not started by the addition of enzyme, and (2) two- 
substrate reactions. Two major types of experimental design, i.e. equilibrium studies and time course 
studies, are developed. For each experimental design, graphical methods (if feasible) and statistical 
methods have been presented. Potential sources of errors are discussed. 


In previous publications [1-5], the inadequacy of 
classical steady-state equations for the study of tight- 
binding and tight-binding inhibitors [4, 5]. To 
equation has been derived which accounts for the 
depletion of free inhibitor by binding and for the 
prolonged pre-steady-state phase of enzyme-inhibitor 
interactions [3]. Experimental procedures have been 
presented which are applicable to some special cases, 
e.g. where I, > E,, for the determination of kinetic 
parameters and inhibition mechanisms [3]. 

Recognizing the wide range of rates at which an 
inhibitor may interact with an enzyme, we have 
classified enzyme inhibitors, by simple criteria, into 
three classes, namely, readily reversible, semi-tight- 
binding and tight-binding inhibitors [4, 5]. To 
determine the class to which an inhibitor belongs, the 
enzyme is assayed in two ways, which differ only in 
whether or not the enzyme is preincubated with the 
inhibitor before addition of the substrate. The 
inhibitor is classified as readily reversible when the 
time courses of the two different assays are identical, 
as semi-tight-binding when they are different but 
attain the same steady state velocity within a reason- 
able time period, or as tight-binding when they are 
different and do not attain the same steady-state 
velocity over a long period of time. The terms “slow 
tight-binding” and “very slow tight-binding” inhibi- 
tion have been introduced by others [6, 7] to describe 
the latter two classes. 

In the present publication, the theory of tight- 
binding inhibitors is expanded. The rate equation is 
analyzed in detail to provide bases for more versatile 
and accurate experimental designs in the study of 
semi-tight and tight-binding inhibitors. Statistical 
methods for data analysis are also presented. 





* This investigation was supported by Grants CA 
24982 and CA 13943, awarded by the National Cancer 
Institute, DHEW. Computer programs written in BASIC 
language for Wang 2200B will be made available upon 
request. 


SYMBOLS 


Symbols are basically the same as before [1, 3] with 
a few changes and additions. Some of these symbols 
which may not be obvious are: 
v, U, Enzyme velocity at any time and the 
background velocity in the absence 
of the enzyme; 
Enzyme velocity in the absence of 
inhibitor, in the presence of inhibitor, 
at zero time and at steady state, 
respectively ; 
k,/k,, dissociation constant of EI 
complex: 
k,/k,, dissociation constant of ESI 
complex to ES and I; 
Michaelis constant; 
Dissociation constant for ESI > El 
+ S; kK, o/kg; 
Rate constants; j is an odd number 
for the forward direction, and an 
even number for the reverse direc- 
tion; 
Apparent first-order rate constant 
(sec *); 
Apparent second-order rate con- 
stant (M~! sec™'); 
Inhibition factor, or apparent K,, 
formerly K°; 
Depletion factor, general case; 
Standard depletion factor; 
Fraction of E, free of bound inhibi- 
tor at zero time; 
Decay factor (sec~'); 
Adjusted decay factor (sec™'); 
Molar equivalency of enzyme, molar 
concn (or equivalent) of enzyme = ¢ 
x (enzyme concn. in any arbitrary 
unit); 
Distribution fraction of inhibitor- 
free enzyme species; 
Distribution fraction of inhibitor- 
bound enzyme species; 
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Q A square root term, [(F, + E, + 1,) 
— 4E1,}*; 

Signifies the provisional value of 
a parameter, when used as a super- 
script. 


0 (superscript) 


BASIC MODEL AND RATE EQUATIONS 


The basic model is the same as that used previously 
[1,3]. In the following schematic representations of 
reaction mechanisms, double-headed single arrows 
(~) denote fast steps; double arrows (=), slow steps; 
and single-headed arrows (—), product-releasing 
steps. 


Mechanism |: Generalised non-competitive inhibition 


K 
b= ‘ ES => 


wilh mal (1) 
K’ 


i ESI 


Previously, it was assumed that the reaction was 
started by the addition of the enzyme [3]. If this 
assumption is excluded (see Appendix for other 
assumptions), the rate equation should be modified 
to be: 

_ v, + [v,(1 — y') — »,Je™™ 


yan —At 


ye 





(2) 


= l-—e* (3) 


_ aos pe Pe 
v.-v, Il-ye 


v.—v 





If the reaction is started by the addition of the enzyme, 
the depletion factor for the general case (y’) becomes 
the standard depletion factor (y), the initial velocity 
(v_) equals the uninhibited velocity (v,), and the rate 
equation becomes identical to that derived previously 


[3] 





i [vo(1 — y) — vJe“™ 


: . 4 
l-—ye * (4) 


Various terms in these equations are defined as 
follows. 
vo = VS/(K,, + S) (5) 
v, = $0, (6) 
ts ae VS/K,, 
* 14+ 1,/K,, + (S/K,,)(. + 1,/K;,) 
» _ F, + Ee —-1)+1,-@ 
'  F,+ E(26—-1)+1,+@ 
__F, +E, +1,-Q_ (F,+£,+1,-Q) 
‘ F,+£E,+1,+Q2 — 4E. I, 
BQ 
Ay = Al + yl — y) 
AF, + E, + 1)/Q 
a + Blev, + 1) 
a = Xkid, = (ke + kgS/K},)/(1 + S/K’) 
B = 2k 6, = (ks + k,S/F_,)/(1 + S/K,,) 


(7) 








(8) 


(9) 








(10) 
(11) 
(11a) 
(11b) 
(12) 
(13) 


_= a/B (14) 


_ (1 + S/K, ke + kgS/K;,) 

~ (1 + S/K‘)(k, + k,S/K,,) 
K,,+ S 

eee _ 
_— 2. 


= K,(K,, + S)/(K;, + S) 

= K,,(1 + S/K,,)/((1 + S/K},) 
Q=([(F, + E,+ 1)? - 4E1,}* 

= [(F, — E, + 1,)? + 4F,E,}' 

= [(F, + E, — 1)? + 4F,1,]?. 


(14a) 





(14c) 
(14d) 

(15) 
(15a) 
(15b) 


The parameter ¢ represents the initial state of the 
enzyme, i.e. that fraction of total enzyme which is free 
of bound inhibitor. Thus, if the reaction is started by 
the addition of the enzyme: 


o =1. 


Or, if the enzyme is preincubated with the inhibitor 
until equilibrium conditions have been reached, and 
the reaction is started by the addition of the substrate: 
@ = {-(F,- E,+1) + [(F,+ £, +1) 
— 4E,I,}*}/(2E,). 


(16) 


(16a) 


New names have been assigned to three kinetic 
parameters: the inhibition factor (F,), the depletion 
factor (y) and the decay factor (A). The significance of 
these are given below. 


Inhibition factor, F, 

In the past, the inhibition factor F, has been 
designated as the apparent K, by various investigators 
[1, 7, 8] and denoted by various symbols such as 
K;, S, D/2(N,/K;). F; is an experimentally determin- 
able parameter, from which K,, and K,, can be 
estimated. The use of this factor simplifies the 
expressions of complicated rate equations. Since it is 
a function of the substrate, it would be improper to 
call F; a constant. Therefore, this author prefers the 
term “inhibition factor” for F; and also prefers to 
reserve the term “inhibition constants” for dissocia- 
tion constants of various enzyme-inhibitor com- 
plexes. 

F, is the ratio of the apparent first-order rate 
constant («) and the apparent second-order rate 
constant (f) as shown in equation 14. The expressions 
of a and f in constants and concentration terms can 
be easily obtained from equations 12 and 13, which 
are based on the concept of steady-state segment [9]. 
The term 6; is the distribution fraction of an inhibitor- 
free enzyme species, i.e. the ratio of the concentration 
of the enzyme species (to which the inhibitor binds 
with the second-order rate constant, k,) to the sum of 
the concentrations of all inhibitor-free enzyme species. 
For example, 6; for E in Mechanism IV (equation 22) 
corresponds to E/E + EA + EAB) at the steady 
state, and k,; is k,. Similarly 6’, denotes the ratio of the 
concentration of inhibitor-bound jth enzyme species 
(from which the inhibitor dissociates with the first- 
order rate constant, k’) to the sum of the concentra- 
tions of all inhibitor-bound enzyme species. 
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Depletion factors, y’ and y 


The general depletion factor (y’) accounts for the 
effect of depletion of the free inhibitor by binding to 
the enzyme. This factor may have any numerical 
value between 0 and 1. It is a function of F,, E, and I, 
as well as @. If the enzyme is entirely free of bound 
inhibitor at zero time, as may be the case when the 
reaction is started by the addition of the enzyme, the 
value of ¢ is 1, and the value of y’ is that of the standard 
depletion factor (y). The values of y as a function of 
E,, 1, and F; are presented in Fig. 1. A truly stoichio- 
metric inhibitor may be considered as the extreme 
case where F, = 0, and the value of y takes the upper 
limit, i.e. 1,/E, if, < E,; E,/I,ifI, > E,; or lif I, = E,,. 
In practical terms, the depletion factor is the product 
of the fraction of total enzyme bound to inhibitor and 
the fraction of total inhibitor bound to the enzyme at 
equilibrium, or 





E I 


t 


te (=) (=) (sum of EJ complexes)? 
y= — | = 


t 


From this, the following relationship can be deduced: 


(18) 


ple = (vo — v7 1,0»). 


However, as will be discussed below, some inherent 
errors exist within this relationship. Nevertheless, it 
can be used for gross estimations of y or when one of 
these factors is known. 
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Fig. 1. Values of the standard depletion factor (y) as a 
function of E,, I, and F;. 


Decay factor, y 


The exponential constant /, which is also a function 
of E,, I,, S and the rate constants, is named the “decay 


factor” because of its similarity to radioactivity decay 
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constants. The time taken for the velocity to reach 
halfway between v, and v, is easily found from 
equation 3: 


ea In(2 = Y) 


A 


(19) 


Note that when »’ = 0, this expression is identical to 
that for first-order decay. This experimentally deter- 
minable decay factor accounts for the slow inter- 
actions of the enzyme and inhibitor. 


Adjusted decay factor, 


As shown in equation 11, the decay factor (A) 
adjusted for the standard depletion factor (y) has a 
rather simple expression. In equation 11b, v, repre- 
sents the enzyme concentration expressed as unin- 
hibited velocity in any arbitrary unit (e.g. AA/min). 
This equation allows the estimation of the values of 
a, B and ¢ from the values of 4, determined for three 
or more different concentrations each of enzyme and 
inhibitor. Then, the set of values of « and f deter- 
mined from at least four (three if K, is known) 
different concentrations of the substrate allows com- 
putation of k,, k,, k,, k,, K,, and K’., from which, 
in turn, the values of K,, and K,, can be calculated. 


EXTENSION OF THE RATE EQUATION TO 
TWO-SUBSTRATE REACTIONS 


The following are some representative inhibition 
mechanisms involving two-substrate enzyme reac- 
tions. 


Mechanism 11: Ordered bi-bi, competition with A 
EAB> 





(20) 


Mechanism III: Ordered bi—bi, competition with B 


EAB—> 


E LA > 


mi 


EAI 


(21) 


Mechanism IV : Ordered bi—bi, non-competitive 


E EA EAB — 


wilh | k, bate (22) 
we ‘ 


EI - EAI : EABI 
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Mechanism V: Rapid equilibrium random bi-—bi, com- 
petitive with one substrate 


(23) 


Mechanism V1: 


S. CHA 


expressions of « and , and hence of F;, (i.e. «/f), are 
readily derived according to equations 12, 13 and 
14, as listed in Table 1. These modifications are 
important important for the analysis of the data to 
determine the inhibition mechanisms and rate con- 
stants. 


EQUILIBRIUM STUDIES 
The use of the Ackerman-Potter plot [1, 2] and the 


plot of J,,. versus E,, as well as the subsequent deter- 
mination of various kinetic parameters and inhibition 


Rapid equilibrium random bi-bi, non-competitive 











(24) 








For all these mechanisms, the rate equations 
derived for the single substrate (equations 2 and 3) 
hold when the definitions of some terms are modified. 
Definitions of y’, y, 4 and Q remain unchanged. 
Those of v,, v, and v, should be changed according to 
the reaction and inhibition mechanisms; however, 
they are inconsequential for the further analysis of 
the data concerning tight-binding inhibitors. The 


(24a) 


EI EABI 
i ad 


Table 1. Apparent rate constants for association and dissociation of tight-binding inhibitor 





Mechanism 


First-order (a)* 


Second-order (f) 





I (non-comp) 


I (comp) 


I (uncomp) 


II 


Ill 


k.KiK,, + k,K,A + k,,AB 
K._K, + KiA + AB 


Vil 


k.K'B + k,,K,A + [k,(1 — p’) + k,,0’JAB 


k,K,, + k,S 
K.+5 
k,.K,/(K,, + S) 
k,SAK,, + S) 
k(K,,.K,+ K.B) 
K,,K, + K,B + K,A + AB 
k,K,A 

K,,K, + K,B + K,A + AB 

k,(K,,K, + KaB) + k,K,A + k,,AB 
K,,K, + K,A + K,B + AB 
k,K,,K, + k,KoB 

K,,K, + K,A + K,B + + AB 


k,K,,K, + k,KaB + ky,K,A + k,,AB 
-K,,Ky + K,A + KaB + AB 
k,K.B 

K,A + K,B + AB 

k,K,B + k,,K,A + [k(1 — p) + k,,p]AB 




















VIIIt : 
Kik, + K\A + KiB + AB 





KK, + K,A + K,B + AB 





* Primed inhibition constants and Michaelis constants e.g. K’, K;,, K’, etc. denote those of the steady- 
state segment consisting of inhibitor-bound enzyme species. : 
+ In the inhibitor-free steady-state segment of the ping-pong bi-—bi reaction: 


kA 








E (EA = FP) 
kh, k,P 


p= kA /(k, + k,); 1 
segment. 


k’, 
(FB EQ) = E 


ey 


— p =k,/(k, + k,); and p’ is defined similarly for the inhibitor-bound steady-state 
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Mechanism VII: Ping—pong bi-bi, competitive with one 
substrate 


val 


E~< 








> FB 


(25) 
EI 


Mechanism VIII: Ping—pong bi-bi, non-competitive 
E~ ~ EA ~ 7 — ~ FB 


7 ao ie ee 


$5 > £0 e+ Fe 





mechanisms [2, 4] have been demonstrated pre- 
viously. Improved experimental designs, various 
graphical methods and statistical methods of data 
analysis are presented below. 


Experimental procedures 


In the absence of substrate, or in the presence of an 
incomplete set of substrates in the case of multi- 
substrate reactions, the enzyme and inhibitor are 
incubated at three or more concentration levels of 
each for a period of time sufficient to establish virtual 
equilibrium conditions. Then the missing substrate(s) 
is added to start the reaction at the standard condi- 
tions (in terms of the final concentrations of sub- 
strates), and the initial velocity is determined. It is 
important to measure the initial velocity before any 
significant portion of the enzyme in EJ complex(es) 
has dissociated and contributed to catalysis. 

In the case of a single substrate reaction such as in 
Mechanism I, this procedure, carried out in the 
absence of the substrate during the preincubation, 
provides information on only K,, (as F;) and the 
molar equivalency of the enzyme «. If the substrate is 
present from the beginning, accurate determination 
of K;, from equilibrium or steady-state data may not 
be feasible because steady-state conditions are not 
established simultaneously among all enzyme species 
before the concentrations of the substrate and the 
product are changed significantly. Therefore, the 
determination of the type of inhibition of single 
substrate reactions (i.e. competitive or non-competi- 
tive) is difficult from equilibrium studies or steady- 
state kinetics, but can be done by the time-course 
studies as shown before [3] and below. 

The above procedure, however, may be applied 
readily to multi-substrate reactions for the determina- 
tion of the inhibition mechanism. For example, in a 
two-substrate reaction inhibited by a tight-binding 
inhibitor (e.g. dihydrofolate reductase inhibited by 
methotrexate), if one substrate (e.g. NADPH) is 
included in the preincubation mixture, the value of F; 
changes with the concentration of this substrate, 
either linearly or hyperbolically, depending on 
whether the inhibitor and the substrate are competi- 
tive (e.g. A and I in Mechanism V) or non-competitive. 
Thus, equilibrium studies, which are not applicable 
to the study of readily reversible inhibitors, can be a 
versatile tool in studies of tight-binding inhibitors. 


Graphical method for the estimation of F, and € 


Data obtained from experiments of the inhibition 
of dihydrofolate reductase (Lactobacillus casei) by 
methotrexate are shown in Fig. 2 as an example of 
how the graphical method of analysis can be used. 
Here, the observed velocities at various levels of the 
enzyme are plotted against the inhibitor concentra- 
tions. Uninhibited velocities are taken as the enzyme 
concentrations in arbitrary units. For each level of 
the enzyme, the location on the experimental line 
where v = }v, is marked. This point corresponds to 





ls 2 \/m4 





VELOCITY(AA « 1000/min) (E,) 











= 3F: © 
Fh 
aFi 


Fig. 2. Example of an equilibrium study. Velocity (AA x 

100/min) of dihydrofolate reductase (L. casei) reaction after 

a 75-min preincubation of the enzyme with methotrexate (/,) 

in the presence of 70 1M NADPH. The curves represent the 

values calculated on the basis of parameters estimated by 
the computer program. 


the J, value for that enzyme concentration. The best 
fitting straight line is drawn through these points. The 
intercept on the abscissa is the value of F; and that on 
the ordinate equals —2F,/e from which ¢ may be 
computed. 

This graphical method is essentially the same as 
that for the J,, method presented obviously [1, 2], 
except that the determination of J, values and the 
analysis of I,, versus E, plot are carried out on one 
graph instead of two. Disadvantages of these graphical 
methods include the likelihood of making substantial 
errors in the determination of I, values, and the fact 
that a large body of information from data points not 
located in the vicinity of 50 per cent of v, is wasted. 
It also must be pointed out that this method is most 
accurate when the ranges of both E, and /, studied are 
closest to the F; value. 

Recently Greco and Hakala [10] evaluated the 
magnitudes of errors of various methods for esti- 
mating F; values of tight-binding inhibitors. It was 
their conclusion that the graphical method of I,, vs 
E, may lead to moderate errors. They also noted that 
the term E, can be eliminated if two equations for the 
expression of I, (1, to cause m%, inhibition) are solved 
simultaneously. As shown below, a slight extension 
of their approach leads to an analytical method which 
allows the use of more available information and 
which hopefully would lead to reduced errors for the 
estimation of F; and «. 
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The Henderson steady-state rate equation [11] for 
Mechanism I in the form of an Easson—Stedman plot 


[12] is: 
I S+K v 
a estes —}. (27 
1 — v,/v9 =e (ase + aK) (2) is 


Let 





(28) 
(28a) 


and express m as a fraction rather than a percentage. 
Then, substituting F; for the coefficient of v,/v; 
according to equation 14b, we have: 


m=1-—0,/v, 


v/v; = 11 — m) 


I, = mE, + [m/l — m)]F;. 


m 


(29) 


On graphs of v against /,, such as Fig. 2, a straight 
line can be drawn for a given value of m (e.g. 0.25, 
0.50 or 0.75) through points corresponding to I,, 
values at each level of enzyme. Then the intercepts on 
the abscissa and ordinate are F,[m/(1 — m)] and 
—F,/(1 — m), respectively. Therefore: 


l 1\ 1 1 

I, — intercept — (5) F, F, om 

As illustrated in the inset of Fig. 2, the plot of 
1/(I,-intercept) against 1/m has a slope of 1/F, and the 
intercept on the abscissa equals — 1/F;, which allows 
the estimation of F;. Once the F; value is known, the 
value of the molar equivalency conversion factor ¢ 
may be estimated from a v-intercept: 
(31) 

Among many methods examined by Greco and 
Hakala [10], the most well-known are the methods 
of Dixon [13, 14] and of Henderson [11, 15]. The 
method of Dixon is the best in its simplicity, but its 
precision for normally obtainable data is no better 
than the /,,, method [10]. The method of Henderson 
[11, 15] according to equation 27 is based on steady- 
state kinetics in the presence of all components; 
therefore, it may be suitable for the study of certain 
semi-tight binding inhibitors but would be inadequate 
for those more tightly binding inhibitors. 


e(v-intercept) = —F;/(1 — m). 


Statistical method for F, and € 


The method of least squares can be applied to fit a 
family of curves to data points by employing iterative 
Newtor—Raphson approximations as described by 
Wilkinson [16] and Cleland [17]. 

Since the uninhibited velocity may be considered 
an arbitrary expression of the enzyme concentration, 
E, may be replaced by ev,. Then, from equations 6 
and 16a we have: 
v,/vg = {-(F; 


— 8&9 + 1,) + [(F, + &9 + 1) 
— 4evoI,]*}/(2ev,), (32) 


where v, is the initial velocity after the preincubation. 

In the first step of computation, the values of vp, 
although subject to experimental error, are taken as 
known parameters, and a bivariate (F; and ¢) linear 
regression procedure is carried out on the approxima- 
tion of equation 32. 


<i (*) = (F,— F)X, +(e—©)X,, (33) 
Vo 0 


Vo 
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where 
X, = Av,/v,)/OF, = {—1 + (F; + evg + 1,)/Q}/ 
x (2ev,) 

O(v,/v,)/de = —{(F; + 1,)(F; + 1, — Q) 

+ ev,(F, - I,)}/(2e?0,Q). (33b) 
The subscript 0 outside of the parentheses denotes 
that the functions inside are evaluated at F° and <°. 
Since the proper weighting factor is generally n/o? 
[17], under the assumption that the variance of v is 


constant throughout the experimental range, equation 
33 may be weighted with: 


(33a) 
X,= 


w = va/(v2 + v?). (34) 

The provisional values, F; and ¢, must be provided 
before the regression procedure is performed. If 
mathematical impossibilities such as the square root 
of a negative number are encountered during the 
computation, or if the iterative procedure does not 
converge, a new set of provisional values must be 
provided. In a non-linear regression procedure such 
as this, the iterative approximation of parameters may 
converge to a false set of values. However, this has 
not been a serious problem in the case of data for 
methotrexate-inhibited dihydrofolate reductase. On 
rare occasions when this has occurred, the parameter 
values were so unrealistic that they were readily 
recognizable, and the correct values were obtained by 
repeating the procedure with a new set of provisional 
values. 

In the second step, the best fitting value of v, is 
determined for each level of enzyme as the average of 
UV, values computed for all experimental points from 
the equation below (equation 35) which can be 
derived by rearranging equation 32: 


vo = v,[1 + I,ev, + F))]. (35) 


The weighting factor for this procedure is: 
(36) 


Finally, with the newly calculated set of v, values, the 
first step (evaluation of F, and e) and the second step 
(calculation of v,) are repeated until no further 
significant refinement of all values can be attained. In 
the process, I, values and the standard errors of F; 
and ¢ are also computed according to the procedures 
presented by Cleland [17]. 


w = (ev, + F)*/[(ev, + F)? + F;I,]. 


Determination of K,., K,; and inhibition mechanism 
The value of F, determined in the absence of a 
substrate during the preincubation period equals K,, 
regardless of whether the inhibition is competitive or 
non-competitive. Therefore, in this case, no informa- 
tion on the inhibition mechanism can be attained. 
However, if one of the substrates (but not a com- 
plete set) is present, in a multi-substrate reaction, 
during the preincubation, F, becomes a function of 
the substrate concentration unless K,, = 
this relationship the values of K,,, K’,, K;, and K;,, 
may be estimated by another iterative procedure, 
according to the linear approximation of equation 
14d. 
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l S 
=, (xp) * ©( ep) 


—(1 + K°S)S 
+ K,(K, - ee (37) 
1 3 3 (1 + K8sy 


where 

K, = K,, K, = 1/K,, and K, = 1/K,,. 
K;, now can be computed as K;, = K;,K',/K,,,. If the 
inhibitor and the preincubated substrate compete 


with each other, K’,= oo, and F; will increase 
linearly with S according to: 


F, = K,,{1 + S/K,,). 


is? 


(38) 


If S and J are non-competitive, the plot of F; versus S 
becomes a hyperbola with either a positive slope 
when K,, < K;,, or a negative slope when K,, > K;,,. 
When K,, = K;,, the value of F; is independent of S. 
A statistical test (e.g. Student’s t-test) for the null 
hypothesis (H,: 1/K’, = 0) determines the probability 
of the inhibition being competitive. 


TIME COURSE STUDIES 


The prolonged transient phase makes the study of 
tight-binding inhibitors by steady-state kinetics diffi- 
cult. The slow rates of enzyme-inhibition interactions, 
however, make possible the determination of the rate 
constants without sophisticated instruments. One can 
simply determine the time course of the reaction and 
estimate the decay factor and the depletion factor, 
from which all the other parameters may be com- 
puted. 

Integration of equation 2, taking into account the 
background velocity which may be due to instability 
of substrate or slow non-enzymic side reactions, 
yields: 


v, — v, 





P= Py + (0, + nh ~( 


A 


i-y’ 


where P, and P are product (or substrate) concentra- 
tions at zero time and time t, respectively. If the 
disappearance of the substrate is measured, the 
velocities take negative values. 


PRODUCT CONC. 


Special cases, graphical methods 


Under the special circumstances where J, > E, and 
I, > F;, (therefore, y’ = 0 and v, ~ 0), equation 3 
reduces to: 

v=v,e 

: (40) 
The pseudo first-order rate constant / can be esti- 
mated from the slope of a straight line on a plot of 
log v versus t. The values of «, B and all other kinetic 
constants can be evaluated from the values of 4 at 
various substrate concentrations, and subsequently 
the inhibition mechanisms can be determined. De- 
tailed procedures have been documented previously, 
for studies with adenosine deaminase inhibited by 
coformycin [3]. 

In general, the time course according to equation 
39 is a concave downward or upward curve depending 
on whether v, > v, or v, < v, as shown in Fig. 3. The 
equation for the asymptote of this curve is: 


P =P, +(v, +0, + (* 5 ")(- = *) i ~ /). 


(41) 


The intercepts of the asymptote on the t-axis (t,), and 
on the y-axis (7,) are: 








(44) 


(45) 


Therefore 


2 = (v, _ v,)/[tolv, + v,) + Py] (46) 


= (v, — v,)(Py) — Xo). (46a) 


A 60 


SUBSTRATE CONC. 
J 





<. / vo 








Fig. 3. Schematic illustration of the time course of enzymic reaction in the presence of semi-tight-binding 
inhibitor. 
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According to this equation, A may be calculated in 
principle, from graphically estimated values of t, or 
m,, even when v, + 0, provided 7’ ~ 0. However, the 
errors of estimation of t, or z, could be considerable. 


General case, statistical method 


In general cases, the value of the depletion factor 
(y’) is not only a function of E,, J, and F,, but also of 
the initial extent of the binding of the inhibitor with 
enzyme as shown in equation 8. When the reaction is 
started by the addition of enzyme, the value of ¢ is 1 
bv definition, and the general depletion factor ()’) may 
be replaced by the standard depletion factor (y). 
Therefore, this mode of enzyme assay is the method of 
choice for time course studies, and the equation for 
the time course would be identical with equation 39 
except for the substitution of y for »’, and v, for v.. 


P = Fo > 10+ v,)t =e (*: i *)( 
A 


where v, is non-enzymic background velocity. 

This laboratory has been unsuccessful in developing 
an algorithm to estimate the five parameters (Po, Uo, 
v, y and 4 with known »,) of this integrated equation 
from a set of data comprising various P values at 
various times. Several versions of iterative approxima- 
tion procedures have been tested. They all either 
converged to incorrect sets of parameter values, or 
did not converge at all. Therefore, at the risk of 
slightly greater errors, the following approach has 
been adopted, and has proven to be satisfactory 
with both simulated error-free data and real data 
for coformycin-inhibited adenosine deaminase and 
for methotrexate-inhibited dihydrofolate reductase. 

The multi-dimensional Newton—Raphson method 
was applied for the least squares fitting of data to 
equation 4 which has two linear (v, and v,) and two 
non-linear (y and A) parameters. 

Step 1: Data input. The data consisting of the 
concentration of product or substrate (P) in arbitrary 
units (e.g. absorbance or reading on the recording 
chart) and the corresponding time (t) may be input in 
an increasing time sequence by any convenient means 
(e.g. keyboard, digitizer, etc.). It has been found that 
thirty or more such data points are required for a 
reasonably accurate estimation of the parameters. 
The velocity at each time point (except the first and 
last) is calculated as: 


0) = [Pia — Pitja, — ty) + (Pj — Pj-)/ 


x (t; — t;-,)]/2 — »,. (48) 


For the first and the last time points: 
v, = (P, — P,)At, —t,) - », (49) 
=, ~ F, At, — ty-1) — Yp 0) 
Note that the non-enzymic background rate, if any, 
is subtracted from each velocity. 
Step 2: Provisional value input. The provisional 
values of v, and v, are input. Usually the absolute 
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value of v, is greater than that of v,, and that of », is 
smaller than that of v,. 

Step 3: Provisional values of y and i. The value of A 
is computed for each assumed value of y ranging from 
0.05 to 0.95 at 0.05 intervals. The decay factor 4 can 
be computed for each data point from equation 4, 
provided that v,, v, and y are known. The average of 
such values serves as a satisfactory preliminary guess. 
Thus, for a given assumed value of y: 


- 2E7In( 0, — %, ) (51) 
nt, \vo — v0, — Wo — ;) 

If the time is 0 or the term after the logarithmic sign 
is not greater than zero, that particular data point is 
omitted from the computation at the present step. 
The set of y and 4 values that gives the smallest sum 
of squares is taken as the provisional values. 

Step 4: Tetravariate non-linear regression. Equation 
4is non-linear with respect to two (y and A) of the four 
parameters. The Newton approximation of equation 
4 may be written as: 


V = UoX, + 0,X, + (y — y°)X,+ (A — AX, 
(52) 





A= 


= (1 — y)e"*"(1 — y®e-4") (52a) 


=) = —(ve — v°\(1l —e~*")e~ 4" (52c) 
0 


x (1 = ye > 


v)( — y)te"*™. (52d) 


= , a 
= — (U5 


By employing the linear regression procedures, a new 
set of values of vo, v,, y and / is obtained. If the sum of 
squares calculated with these new parameter values 
is close enough (six or more significant digits) to the 
previous one, Step 5 is carried out. If not, Step 3 is 
repeated with the current values of the parameters as 
the new provisional values. If the values do not 
converge within several (e.g. seven) iterations, the 
entire procedure is repeated from Step 2 with newly 
input provisional values. If none of the reasonable 
sets of provisional values leads to convergence, then 
the data must be re-evaluated. Input of more data 
points often leads to a satisfactory solution of the 
problems. 

Step 5: Computation of variances and standard 
errors. Variances, covariances and standard errors of 
estimation of all parameters are computed by the 
method described by Cleland [17]. 

Step 6: Additional calculations. The adjusted decay 
factor (A,), which is useful for further analysis of the 
data, can be calculated according to equation 11, and 
its standard error from the variances and the covari- 
ance of y and /. If desired, the theoretical values of P 
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at any time can also be calculated by using equation 
47 and the estimated parameters. 


Further analyses of data 


Once the adjusted decay factors are estimated at a 
given concentration (including zero) of substrate(s) at 
several levels of E, and J,, the values of «, 8 and « are 
computed by a simple linear regression on equation 
11b, and then F, is calculated by equation 14. The 
values of a, # and F; estimated at various levels of the 
substrate(s) then enable one to compute individual 
rate constants and to determine the inhibition 
mechanism according to equation 14 and the expres- 
sions of « and f listed in Table 1. 


DISCUSSION 


Classical steady-state kinetics can be applied to 
studies of readily reversible and semi-tight-binding 
inhibitors, whereas the methods described in this 
paper are suitable for those of semi-tight-binding and 
tight-binding inhibitors. The interpretation of the 
rate equation (equations 2-4) has been expanded to 
accommodate a wide variety of reaction and inhibi- 
tion mechanisms. It must be emphasized, however, 
that the above rate equations have been derived under 
certain assumptions. Therefore, under real conditions 
where one or more assumptions do not hold strictly, 
there may be some discrepancy between the actual 
time course of the reaction and that predicted by the 
rate equation. 

Among six assumptions made previously [3] for 
the derivation of equation 3, four are reasonable for 
reactions involving tight-binding inhibitors and need 
no further discussion. The fact that the depletion 
factor takes different values, depending on whether 
the reaction is started by the addition of the enzyme 
or the substrate, has been dealt with in detail above. 

The assumption that the concentration of product 
is negligibly low may not hold under certain experi- 
mental conditions, and may become a source of 
significant error. During time course studies, the 
overall steady-state velocity (v.) may not be reached 
until a significant portion of the substrate has been 
converted to product. F,, v, and all other parameters 
(a, B, y, A, etc.) are functions of S$ (the concentration of 
substrate, if present) which changes with time. For 
example, the definitions of v, and v, for Mechanism I 
are as in equation 5 and equation 7. When the 
inhibition is readily reversible, these two equations 
hold simultaneously. But if J is a tight-binding 
inhibitor, the S term in v, may be significantly smaller 
than in v,, because v, might be reached only after 
significant depletion of S has taken place. Further- 
more, the expression of v, may have to be corrected 
for the non-negligible product concentration. Under 
such circumstances, the determination of various 
parameters based on the above equations will cer- 
tainly include some inherent errors, somewhat similar 
to those in steady-state approaches. Ideally, one 
could employ complete rate equations based on no 
such restrictive assumptions. Those of Vassent [18] 
and those of Hijazi and Laidler [19] are examples. 
Unfortunately, these equations are so complicated 
and have so many parameters that no simple methods 
are available for the evaluation of all the necessary 
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parameters. Even if a method of numerical analysis is 
developed in the future, it is doubtful whether or not a 
sufficiently large number of accurate data can be 
obtained to allow the estimation of so many para- 
meters. Therefore, given the present state of the art, it 
would be best to design experiments so that the 
steady-state velocity is reached before no more than 
a small fraction (e.g. 10 per cent of the total) of the 
substrate is depleted before the velocity reaches near 
v,. One way to accomplish this would be to work at 
relatively high substrate concentrations with respect 
to the Michaelis constant and a relatively high con- 
centration of J with respect to F.. 

A second source of error is the inaccuracy of 
assigning zero time. Initial velocity and time are 
among the important parameters of the equation 
describing the time course of the reaction (equation 
47). Unless some kind of rapid mixing device is 
employed, assignment of zero time can be consider- 
ably inaccurate. In order to minimize this type of 
error, one could choose concentrations of various 
components (especially that of enzyme) so that the 
initial velocity is reasonably slow. 

A large number of therapeutically important 
compounds belong to the class of tight-binding 
inhibitors, e.g. methotrexate, 5’-deoxyfluorouridylic 
acid, allopurinol and deoxycoformycin. Yet, a prop- 
erty as basic as the inhibition constant cannot be 
estimated accurately by classical steady-state kinetics. 
On the other hand, the methods of studying tight- 
binding inhibitors presented above include some 
inherent sources of error and obviously require a far 
greater amount of work than studies of readily 
reversible inhibitors. These methods, however, enable 
not only reasonably accurate estimations of inhibition 
constants but also of the reaction and inhibition 
mechanisms. Particularly, the time course study 
provides the first- and second-order rate constants 
which cannot be obtained by equilibrium or steady- 
state studies alone. Measurement of these parameters 
may illuminate the structure—activity relationships of 
certain compounds better than the relative activities 
alone, thus contributing to better understanding and 
more rational designs of drugs. 
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APPENDIX 
DERIVATION OF EQUATIONS FOR MECHANISM I 


Equation numbers preceded by T identify the equations 
in the text. 


Assumptions 

(1) Steady-state conditions are reached instantaneously 
between E and ES, and between EI and ESI. 

(2) Prolonged non-steady-state conditions exist between 
E and EI, and between ES and ESI. 

(3) The substrate concentration is much greater than the 
enzyme concentration, so that the depletion of free substrate 
by binding to the enzyme is negligible. 
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(4) Experimental observations are made only while the 
effect of substrate depletion (by conversion to the product) 
and the effect of production inhibition on the reaction 
velocity are negligible. 

(5) The reaction is started by the addition of the enzyme, 
or the substrate. 


Conservation equations 
E,= E + ES + El + ESI 
I, = 1+ El + ESI 
S,= 5+ ES + ESI = S (from Assumption No. 3) 


Steady-state expressions (Assumption No. 1) 


E = (K/S)(ES) 
EI = (K'/S)(ESI) (K’ is the K, for ESI — EI + S) 


(K is the Michaelis constant) 


Non-steady-state expression (Assumption No. 2) 
d(E + ES)/dt = —k,(E)(1) — k,(ES)(I) + k,(ED) 
+ k,(ESI) (6) 
From equation 4: 
d(E + ES) = d[(K/S)(ES) + (ES)] = (K/S + 1)d(ES). (7) 
From equations 1, 2 and 5: 
I =I, — E, + (K/S + 1) (ES). (8) 
From equations 2, 5 and 8: 
EI = [E, — (ES)(K/S + 1)](1 + S/K’. (9) 
From equations 5 and 9: 
ESI = [E, — (ES)(K/S + 1)](S/K’)/(. + S/K’). (10) 


Substituting equations 7-10 into equation 6 and rearranging, 
we have: 
d(ES)/dt = B[ — E,F{S/K)/(1 + S/K) + (ES)(F,; + I, — E,) 
+ (ESP(1 + S/K)(S/K)], (11) 

where 

F; = a/B 

a = (ke + k,S/K’)/(1 + S/K’) 

B = (k, + k,S/K)/(1 + S/K). 


(12) 
(13, T12) 
(14, T13) 


F, defined in equation 12 can be expressed in several 
different ways by the use of the identity, KK;, = K’K,,. 


F, = a/B = [(1 + S/K)(1 + S/K’)][(k, + kgS/K’) 
x (k, + k,S/K)] 
1 + k,S/[(k.K’) 
T+ k,SAk.K) | 
(15) 


= [(1 + S/K)(1 + S/K)] (ke ks) 


Compare the coefficients of S in the numerator and the 
denominator of the last term, and use k,/k, = K;,, k,/k, = 
K,, and KK;, = K’K,,. 


(* () (i (‘s (F) =F") 
kK’ | k,K) — 2) 2) a, oe 
Therefore, the last two terms of equation 15 equal 1, thus 
equation 15 is identical to equation T14d, from which 
equation T14a, T14b and T14c can be derived. 

Now let @ be the fraction of enzyme free of bound 


inhibitor at t = 0. From Assumption No. 1, ES at zero time 
(ES,) is: 


(16) 


ES, = ¢E,S(K + S). (17) 
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Substitute this into equation 11 and let: 
a= —(ES,/@)F; 
b= F,+ 1, —E, 
c = GE,/ES, 
Q = (b? — 4ac)* 
X = ES 
X, = ES). 
Integrating equation 11, we have: 
[ dX/dt = -p| + bX + cX?). 
xo 0 
The solution of this equation is: 
In y'(2cX + b — Q)(2cX +b+Q)=—At, = (25) 
y’ = (2cX, + b — Q(2*X, +b + Q) (26) 
A= BQ. (27, T10) 
Substitution of equations 17 and 19-21 into equation 26 
yields equation T8. If ¢ = 1, as may be the case where the 
reaction is started by the addition of the enzyme (Assumption 
No. 5), equation T9 holds. 
Solving equation 25 for X, we have: 
x = (ob + Dic) + Lb + Oi2eje™* 
l1-—ye* 
Let X = X, att = 0; and X = X,, at t = o0. Then from 
equation 28, we have: 
X,, = (—b + Q)/(2c) 
X, =[-b+ 0+ 7(b + Q)]/[2c(1 — 7’)]. 
Substitution of equation 29 into equation 30 yields: 
y'(b + Q)(2c) = X,(1 — y') — X,,. (31) 


Substituting equation 29 and equation 31 into equation 28, 
we have: 





(28) 


(29) 
(30) 


X,, + [X,(l — ¥) — X,Je™* 
xX = x [ of ) oJe ? (32) 


l1-—ye* 





Let the first-order rate constant for the release of the product 
from ES complex be k. Multiply both sides of equation 32 by 
k. Replace kX, = K(ES,) =v, and kX, = KES,) = »v,. 
Then equation 32 becomes equation T2 which, in turn, can 
be rearranged to equation T3. 


Derivation of equation for asymptote (equation T41) 
The parameters of the equation of asymptote, y = ax + b, 
for a curve, y = f(x) are: 


a = lim y/x 


x7? x 


(33) 


b = lim (y — ax). (34) 
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Abstract—The mechanism by which 7-ribosyl-3-deazaguanine [7R3DG, 6-amino-3-B-D-ribofuranosyl- 
imidazo[4,5-c]pyridin-4(5H)-one] exerts its antibacterial effect was examined. Escherichia coli was found 
to contain an enzyme that exhibited the properties of a nucleoside phosphorylase and that converted 
7R3DG to 3-deazaguanine [3DG, 6-aminoimidazo[4,5-c]pyridin-4(SH)-one], but no mammalian system 
that was examined (Erlich ascites, rat liver and human liver) was able to convert 7R3DG to 3DG. The 
3DG arising from the phosphorolysis of 7R3DG was converted to 3-deaza-GMP [3DGMP., 6-amino-1- 
B-p-ribofuranosylimidazo [4,5-c]pyridin-4(5H)-one-S’-phosphate] by the guanine phosphoribo- 
syltransferase present in E. coli. A strain of E. coli, resistant to 7R3DG, was found to lack this enzyme 
and, therefore, was unable to convert 3DG to 3DGMP. 


7-Ribosyl-3-deazaguanine (Fig. 1, 7R3DG9) was MATERIALS AND METHODS 
shown by Matthews et al. [1] to be a highly active Chhensioats 

antibacterial agent that had significant activity 
against several gram-negative strains. However, it 
exhibits no antiviral activity in vivo against various 
DNA and RNA viruses [2] and no activity as an 
inhibitor of purine biosynthesis de novo [3]. In con- 
trast, 3-deazaguanine (Fig. 1, 3DG) the free base of 
7R3DG, exhibits both antibacterial [4] and antiviral 
[5S, 6] activity and inhibits purine biosynthesis de novo 
[3]. A strain of Escherichia coli resistant to 3DG has 
been shown to be resistant to 7R3DG also [4]. When 
considered together, these results suggested to us 
that E. coli perhaps can convert 7R3DG to 3DG, 
which may be the active form of 7R3DG. Further, 
it appears that mammalians cells cannot convert 
7R3DG to an active form. 

Our studies on the mechanism of the antibacterial 
activity of 7R3DG in E. coli are described herein. 
We found that E. coli can convert 7R3DG to 3DG 
but that mammalian cells apparently do not contain 
the enzymes that mediate this conversion. 


The guanine and guanosine analogs shown in Fig. 
1 were synthesized as described previously [2, 7]. 8- 
PH]-7R3DG (145 mCi/mmole) and 8-[°H]-3DG 





|| To whom reprint requests should be sent. Address: Dr. 
Jon P. Miller, Life Sciences Division, SRI International, 
333 Ravenswood Ave., Menlo Park, CA 94025, U.S.A. 

{| Abbreviations: 7R3DG = 6-amino-3-f-D-ribo-fura- 
nosylimidazo[4,5-c]pyridin-4(5H)-one; 3DG = 6-amino- 
imidazo[4,5-c]pyridin-4(5H)-one; 9R3DG = 6-amino-1- 
B-p-ribofuranosylimidazo[4,5-c]pyridin-4(5H)-one; BAP 
= bacterial alkaline phosphatase; GPRTase = guanine 
phosphoribosyltransferase; 3DGMP = 6-amino-1-$-D- 
ribofuranosylimidazo[4 ,5-c]pyridin -4(5H) - one -5'-phos- 
phate; 7RG = _ 7-f-D-ribofuranosylguanine; 9RG 
= guanosine; and PRPP = PS-phosphoribosyl-1-pyro- 
phosphate. Fig. 1. Structures of compounds studied. 
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(120 mCi/mmole) were prepared by ICN Radio- 
chemicals, Irvine, CA. Toluscint II and Aquascint 
II, scintillation fluids, were also obtained from ICN 
Radiochemicals. 


Isolation of 7R3DG-resistant strain of E. coli Ec 138 

Resistance was induced by serial 24-hr passages 
of E. coli Ec 138 in the presence of 1 uM 7R3DG. 
Resistant organisms appeared within 48 hr. Resist- 
ance was defined as a 100-fold increase in the con- 
centration of 7R3DG required to inhibit growth. 
The resistance was stable to serial passages in agar; 
this was proved by a subsequent check of the identity 
of the E. coli strain with the API 20E System 
(Analytab Products, Carle Place, NY), and of the 
retention of its decreased sensitivity to 7R3DG. The 
resistance was also stable to passage through animals 
and recovery from blood. 


Measurement of the uptake of 7R3DG by 7R3DG- 
sensitive and 7R3DG-resistant strains of E. coli Ec 
138 


Standard medium (9 ml) [8] was inoculated with 
0.5 ml of a stationary-phase culture of either 7R3DG- 
sensitive or -resistant E. coli Ec 138. After shaking 
at 37° for 3hr, the culture was in the logarithmic 
phase of growth, at which time 1 ml of a 10 mg/ml 
solution of 8-[*H]-7R3DG (0.13 wCi/ml) was added. 
At various times (0.5—60 min) after the addition of 
the [*H]-7R3DG, 0.5-ml aliquots of the culture were 
removed and the cells were collected on a millipore 
filter. The cells were oxidized in a Packard sample 
oxidizer; the radioactivity in the resulting [*7H]H,O 
was quantitated by liquid scintillation counting in 
Aquascint II. The values for the percentages of total 
radioactivity associated with the cells were normal- 
ized to 10 mg total dry weight of cells to compensate 
for the cell growth that occurred during the experi- 
ment. In a parallel experiment, growth of the bac- 
teria was monitored as follows: 180 ml of standard 
medium were inoculated with 10 ml of a stationary- 
phase culture of either 7R3DG-sensitive or -resistant 
E. coli Ec 138. After shaking at 37° for 3hr, the 
culture was in the logarithmic phase of growth, at 
which time 20 ml of a 10 mg/ml solution of 7R3DG 
were added. An identical culture of the 7R3DG- 
sensitive strain was left untreated. At various times 
(0-60 min) after the addition of 7R3DG, 10-ml ali- 
quots of the culture were removed and the cells were 
collected on a preweighed millipore filter. The filters 
were dried overnight at 100° in a vacuum oven and 
reweighed to determine the dry weight of cells. 


Separation of metabolites of 7R3DG in extracts of E. 
coli Ec 138 

Standard medium (9 ml) [8] was inoculated with 
0.5 ml of either 7R3DG-sensitive or 7R3DG-resist- 
ant strains of E. coli Ec 138, incubated, and exposed 
to 8-[°H]-7R3DG as described above. After 2-20 min 
of incubation with the 7R3DG, the cells were col- 
lected and washed twice in 0.15 M NaCl by centrifu- 
gation at 10,000 g for 5 min. The cells were disrupted 
by glass-Teflon homogenization with 2 ml of 5% 
HCIO,. The supernatant (acid-soluble) fraction from 
centrifugation (10,000 g for 20 min) was neutralized 
with 2 N KOH; after sitting in ice for 30 min, the 
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resulting precipitate was removed by centrifugation 
(10,000 g for 20 min). The neutralized supernatant 
fraction was concentrated by lyophilization and 
reconstituted in 5% of the original volume. Thin- 
layer chromatography plates (Woelm silica gel, 
0.10 mm thick, 20 x 20cm) were prepared for use 
by developing them in CH,CN-NH,OH-2-pro- 
panol-H,O (7:1:1:1, by vol.) and then drying 
them in a stream of cool air. The concentrated extract 
was applied to these plates and developed in the 
solvent system described above. The R, values of the 
various compounds were: 3-deazaxanthine, 0.54; 
3DG, 0.49; 7R3DG, 0.38; 9R3DG, 0.17; 7R3DG- 
5'-phosphate and 9R3DG-S’-phosphate, 0.0 (see 
Fig. 1 for structures). The absorbent from the regions 
of the plates corresponding to each of the metabolites 
was scraped off and eluted with 3 ml of H,O. The 
radioactivity was quantitated by liquid scintillation 
counting in 15 ml of Aquascint II. In some cases, the 
nucleotides in the extracts from the [*H]-7R3DG- 
treated E. coli were converted to their corresponding 
nucleosides by the addition of 1 wg (in 1 pl) of E. 
coli BAP (Worthington BAPC) to 25 ul of extract 
and incubation at 30° for 1 hr. The BAP-treated 
extract was then chromatographed as described 
above. 


Measurement of the uptake of ['C]guanine and 
['*C]hypoxanthine by 7R3DG-sensitive and 7R3DG- 
resistant strains of E. coli Ec 138 


Cultures of E. coli Ec 138, 7R3DG-sensitive and 
7R3DG-resistant strains, were grown to stationary 
phase in standard media [8]. Aliquots (2.5 ml) were 
transferred to culture tubes containing 2 x 10’ c.p.m. 
of either ['C]hypoxanthine or ['*C]guanine, both 
55mCi/mmole. Duplicate 0.2-ml aliquots were 
removed at 15-min intervals from 0 to 60 min and 
applied to millipore filter discs. The discs were 
immediately washed with 10 ml of 10 mM phosphate 
buffer (pH 7.1) containing 0.15 M NaCl. After being 
air-dried, the discs were cut up and placed in scin- 
tillation vials. The radioactivity was quantitated by 
liquid scintillation counting in 5 ml of Toluscint II. 


Preparation and assay of guanine PRPP transferase 
from E. coli Ec 138 


Guanine PRPP transferase was purified from E. 
coli Ec 138 cells by the method of Miller et al. [9] 
except that cells were broken by the use of a Branson 
ultrasonic probe. Unbroken cells and cell debris were 
removed by centrifugation at 50,000 g (10 min) and 
the supernatant fraction was treated with strepto- 
mycin sulfate. Cellex E chromatography of the strep- 
tomycin sulfate supernatant fraction was then per- 
formed. The ratios of guanine/hypoxanthine PRPP 
transferase activities, determined before and after 
Cellex E chromatography, were 3.2 and 20, respec- 
tively. The latter fraction was stored at —20°. The 
assay [10, 11] mixture contained, in a total volume 
of 0.2 mi: 50 mM Tris-HCl! (pH 7.2), 5mM PRPP, 
0.1mM _ 8-[*H]guanine (30mCi/mmole) or 8-[*H]- 
3DG (120 mCi/mmole). After an appropriate incu- 
bation time (5-20 min, previously determined from 
pilot assays to assure kinetically valid results) at 37°, 
25-ul aliquots were absorbed onto. DEAE (What- 
mann DE-81) discs. The discs were air-dried and 





7-Ribosyl-3-deazaguanine 


washed successively in 2mM ammonium formate 
(pH 9.2), ethanol—-water (1:1), and ethanol. The 
radioactivity in the dried discs was quantitated by 
liquid scintillation counting in 3 ml of Toluscint II. 
Controls lacked PRPP. One unit was defined as that 
amount of enzyme activity that produced 1 nmole 
of product in 1 min under the conditions described 
above. 


Preparation and assay of 7R3DG cleavage activity 


Extracts for the assay of 7R3DG cleavage activity 
were prepared from various sources as described 
below. 

E. coli. Packed cells of E. coli Ec 138 (5-10 g, wet 
wt) were ground with twice the weight of alumina 
(Sigma Chemical Co., St. Louis, MO). The alumina 
cell paste was extracted with 50 ml of 20 mM potas- 
sium phosphate buffer (pH 7.4) and stirred for 
30 min. The extract was centrifuged at 8000 for 
15 min and the supernatant fraction was recentri- 
fuged at 30,000 g for 60 min. The supernatant was 
fractionated with ammonium sulfate; the fraction 
precipitating between 55 and 90% saturation was 
used in assaying the 7R3DG cleavage activity after 
dissolving the pellet in 50 mM potassium phosphate 
buffer (pH 7.4) and storing it at —20°. 

Rat liver. Fresh liver (5—10 g) was minced in 3 ml/g 
of 10mM phosphate buffer (pH 7.4) and hom- 
ogenized in a Kontes glass-Teflon homogenizer. The 
homogenate was centrifuged at 37,000 g for 30 min 
and the supernatant fraction was recentrifuged at 
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37,000 g for 90 min. The resulting supernatant was 
fractionated with ammonium sulfate. The 55-90% 
ammonium sulfate fraction was dissolved in 50 mM 
phosphate buffer (pH 7.4) and stored at —20°. 

Human liver. An extract was prepared from a 
frozen biopsy sample, in the same manner as for rat 
liver. 

Erlich ascites cells. A 25,000 g supernatant frac- 
tion, prepared as described previously [3], was used 
as the enzyme source. 

The 7R3DG cleavage activity was assayed as pre- 
viously described [3]: 200-300 ug of protein from 
each of the above sources were incubated with 
250 nmoles of nucleoside substrate in 6 ml of 10 mM 
potassium phosphate buffer (pH 7.4) at 37° for 18- 
20 hr. Reaction mixtures, which had been heated to 
60° for 4 min before overnight incubation, were used 
as controls. Product formation was determined by 
noting the u.v. spectral shifts [3] associated with the 
conversion of each nucleoside to its corresponding 
free base. 


RESULTS AND DISCUSSION 


Effects of purines and pyrimidines on the antimicro- 
bial activity of 7R3DG 


Our antimicrobial testing was routinely performed 
in a completely chemically defined medium free of 
any added purines and/or pyrimidines [8]. We found 
that the antimicrobial potency of 7R3DG was greatly 


Table 1. Effects of nucleic acid components and their precursors on the antibacterial 
activity in vitro of 7R3DG* 





Minimum concentration required to completely prevent 
antibacterial activity of 20 uM 7R3DG 


Conc. 


Compound (uM) 


Compound 





Adenine > 200 
Adenosine 40 
Deoxyadenosine 20 
Adenylic acid > 200 


Guanine 40 
Guanosine 

Deoxyguanosine 

Guanylic acid 


Hypoxanthine 
Inosinic acid 


Xanthine 
Xanthylic acid 


5-Aminoimidazole- 
4-carboxamide 

1-B-D-Ribofuranosyl- 
5-aminoimidazole 
4-carboxamide 


Uracil 

Uridine 
Deoxyuridine 
Uridylic acid 
Deoxyuridylic acid 


Cytosine 

Cytidine 
Deoxycytidine 
Cytidylic acid 
Deoxycytidylic acid 


Thymidine 


Orotic acid 
Orotidine 





* Standard medium (9 ml) [8] was inoculated with 0.5 ml of a stationary phase culture 
of 7R3DG-sensitive E. coli Ec 138 and shaken at 37° for 3 hr until the culture was in the 
logarithmic phase of growth, at which time 1 ml of a solution containing 200 1M 7R3DG 
and various concentrations (2 «M-2 mM in medium) of the test agent were added. The 
culture was incubated for 1 hr at 37° with shaking. The growth (A;4,) was compared to 
that of a culture receiving 1 ml of medium only. 





D. G. STREETER et al. 


Table 2. 


Metabolism of 7R3DG in E. coli Ec 138* 





Metabolite —BAP 


Percent of total radioactivity 
Sensitive cells 


Resistant cells 


+BAP —-BAP +BAP 





3DG 13 
7R3DG 5 
9R3DG 10 
“Nucleotides” 65 
Other (unidentified) 7 


72 68 
7 9 
6 14 

11 3 
4 6 





* Cells were grown and exposed to [*H]-7R3DG, and extracts were prepared from the cells 
and subjected to chromatographic analysis, as described in Materials and Methods. The metab- 
olites appearing in extracts treated with bacterial alkaline phosphatase (BAP) prior to chroma- 
tography are designated “+BAP”, while metabolites appearing in untreated extracts are des- 


ignated “—BAP”. 


diminished when tested in complex media. This 
observation suggested to us that some component 
of the complex media was interfering with the anti- 
microbial activity of 7R3DG. Because it seemed 
likely that the interfering factor was a nucleic acid 
component, we tested the ability of various nucleic 
acid components to reverse the antimicrobial activity 
of 7R3DG in a chemically defined medium. Each 
compound was tested at various concentrations up 
to 200 uM to determine the concentration that com- 
pletely prevented the antibacterial activity of 20 uM 
7R3DG. This concentration of 7R3DG was ten times 
its minimum inhibitory concentration against E. coli 
Ec 138 [1], and was chosen because it allowed us to 
readily titrate the potency of the various compounds 
as inhibitors of the antibacterial action of 7R3DG. 

The results of these studies are summarized in 
Table 1. Guanosine and deoxyguanosine were the 
most potent reversal agents, completely preventing 
the antibacterial activity at concentrations 20 and 
40%, respectively, of that of 7R3DG. These data 
suggest that 7R3DG may be interfering with guanine 
nucleotide synthesis, metabolism, and/or utilization 
for RNA or DNA synthesis. 3DG has been shown 
to inhibit DNA synthesis in E. coli, with little effect 
on RNA synthesis [4], and to inhibit DNA syn- 
thesis—but not RNA synthesis—in L1210 cells [12]. 

It will be shown below that 7R3DG was converted 
to 3DG by a nucleoside phosphorylase and that 3DG 
was converted to 3DGMP by GPRTase. If the phos- 
phorolysis of 7R3DG was mediated by a guano- 
sine/deoxyguanosine phosphorylase, then the rever- 
sal activity of guanosine and deoxyguanosine may 
reflect competition for the phosphorylase. 

Other purines—adenosine, deoxyadenosine, 
guanine and xanthine—also interfered with the 
antimicrobial activity of 7R3DG, but these agents 
were somewhat less potent than guanosine and deox- 
yguanosine, completely reversing the antibacterial 
activity at concentrations one to two times that of 
7R3DG. Since xanthine has been reported to be an 
inhibitor of GPRTase with a K, of 48 uM [9], xan- 
thine may have inhibited the conversion of 3DG to 
3DGMP. Guanine may be less potent than the guan- 
ine nucleosides because it may be taken up by the 
bacteria less efficiently than the nucleosides. The 
mechanism by which adenosine, deoxyadenosine and 
xanthine reverse the action of 7R3DG is unknown, 


but they may eventually be converted to guanine 
nucleotides through the purine salvage pathways. 

Interestingly, some pyrimidine nucleosides—uri- 
dine, deoxyuridine, cytidine, deoxycytidine, and thy- 
midine—were active reversal agents at concentra- 
tions one to four times that of 7R3DG. The 
mechanism by which these pyrimidine nucleosides 
exhibited their reversal action is also not understood, 
but they may have affected either the uptake or 
metabolism of 7R3DG. 


Uptake and metabolism of 7R3DG by sensitive and 
resistant strains of E. coli 


When logarithmically growing cultures of 7R3DG- 
sensitive and 7R3DG-resistant E. coli Ec 138 were 
exposed to 1 mg/ml (4.3mM) 8-[°H]-7R3DG, the 
profiles of total radioactivity associated with the two 
types of cells were quite different (Fig. 2). After 
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Fig. 2. Uptake of 7R3DG by 7R3DG-sensitive and 7R3DG- 


resistant strains of E. coli Ec 138. The experiment was 
performed as described in Materials and Methods. 
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introduction of the drug into the medium, the sen- 
sitive cells took it up at a rate that increased log- 
arithmically with the time until, at 10 min, approx- 
imately 50 per cent of the radioactivity introduced 
into the medium had become associated with the 
cells. In Fig. 2, the values for the percentage of total 
radioactivity associated with the cells were normal- 
ized to account for the increase in the volume of 
cells during the experiment. By 20min, the per- 
centage of the radioactivity associated with the sen- 
sitive cells began to decrease; by 60 min, the level 
was about one-fourth that observed at 10-20 min. 
In contrast, the resistant cells took up the radioac- 
tivity only for the first 2 min after addition of the 
drug to the medium, after which time the cell-associ- 
ated radioactivity decreased logarithmically until at 
1 hr less than 1 per cent of the total radioactivity was 
present in the cells. 

Table 2 shows the metabolites of 7R3DG found 
in extracts of sensitive and resistant cells harvested 
10 min after introduction of the drug into logarithm- 
ically growing cultures. Because the 5’-nucleotides 
of 7R3DG and of 3-deazaguanosine (Fig. 1, 9R3DG) 
are difficult to separate chromatographically, the 
identity of the nucleotides was ascertained by enzym- 
ically converting the nucleotides in the extracts to 
their corresponding nucleosides (+BAP) prior to 
chromatography and looking for an increase in the 
amount of total radioactivity appearing as the various 
nucleosides relative to the untreated (—BAP) 
extract. 

In the sensitive cells, 65 per cent of the radioac- 
tivity was in the form of nucleotides; alkaline phos- 
phatase treatment (+BAP) of the extract prior to 
chromatography resulted in an increase in the rela- 
tive amount of 9R3DG but in no significant change 
in the amount of 7R3DG. The sensitive cells con- 
tained very little 7R3DG and moderate amounts of 
3DG, 9R3DG, and an unidentified metabolite with 
an R, of 0.56-0.57. This latter material may have 
been 3-deazaxanthine, which has an R, of 0.54. 

The resistant cells contained about the same rela- 
tive amounts of 7R3DG and 9R3DG, but consider- 
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ably less nucleotide material, which—as in the sen- 
sitive cells—was apparently phosphates of 9R3DG. 
The decrease in the relative amount of 9R3DG 
nucleotides in the resistant cells compared to the 
sensitive cells was approximately equal to the relative 
increase in 3DG in the resistant cells. The metabolite 
composition was also examined in cells harvested 
2 min and 20 min after introduction of 7R3DG (data 
not shown), and the metabolite composition of both 
the sensitive and resistant cells was essentially the 
same as that observed at 10 min. 

The results show that the resistant E. coli were 
able to efficiently convert 7R3DG to 3DG, which 
accumulated in the cells. The sensitive E. coli were 
also able to convert 7R3DG to 3DG, but instead of 
accumulating 3DG, these cells converted the 3DG 
to nucleotides of 9R3DG. The resistant cells were 
unable to convert 3DG to its nucleotide forms. 


Uptake of hypoxanthine and guanine by 7R3DG- 
sensitive and 7R3DG-resistant strains of E. coli Ec 
138 


Because GPRTase is responsible for the conver- 
sion of guanine to GMP in E. coli [13], this enzyme 
was chosen as the most likely candidate for catalyzing 
the conversion of 3DG to 3-deazaguanosine-5’-phos- 
phate (Fig. 1, 3DGMP), the capability that the 
7R3DG-resistant E. coli lacked. To test this putative 
mechanism, we examined the abilities of the sensitive 
and resistant strains of E. coli Ec 138 to take up 
guanine. Since E. coli is known to contain separate 
purine phosphoribosyltransferases for guanine and 
for hypoxanthine [13], we also examined the ability 
of the sensitive and resistant E. coli to take up 
hypoxanthine, anticipating that this activity might 
not be affected in the 7R3DG-resistant strain. 

The results (Fig. 3) indicate that the sensitive strain 
took up both guanine and hypoxanthine at approxi- 
mately the same rate. In contrast, although the 
resistant strain was able to take up hypoxanthine as 
efficiently as the sensitive strain (Fig. 3, panel B), 
the ability of the resistant strain to take up guanine 
was drastically reduced (Fig. 3, panel A). It therefore 
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Fig. 4. Kinetics of 3DG (A) and guanine (B) as substrates and inhibitors of GPRTase. The assays were 
performed as described in Materials and Methods. 


appears that the basis for the resistance to 7R3DG 
in the one strain is that it lacks GPRTase and has 
the accompanying inability to convert the 3DG, 
derived from 7R3DG, to 3DGMP. These results are 
consistent with the metabolism of 7R3DG presented 
above. In addition, the results complement those of 
Saunders et al. [4], who have shown that a strain of 
E. coli resistant to 3DG has lost the ability, present 
in the sensitive parental strain, to take up guanine 
but retains the ability of the parental strain to take 
up hypoxanthine. 


3DG as substrate for GPRTase from E. coli Ec 138 


3DG was examined for its ability to serve as a 
substrate for a partially purified GPRTase from E. 
coli Ec 138. As shown in Fig. 4 and Table 3, 3DG 
was a substrate for the enzyme, exhibiting a K,,, of 
140 uM, which is more than an order of magnitude 
larger than the K,, of 5.8 uM for guanine. In addi- 
tion, the V,,,,, for 3DG (6.3 units/mg) was approxi- 
mately one-fifth that for guanine (28 units/mg). The 
data in Fig. 4 also show that 3DG was a competitive 
inhibitor of the phosphoribosylation of guanine (Fig. 
4, panel B) and that guanine was a competitive 
inhibitor of the phosphoribosylation of 3DG (Fig. 
4, Panel A). The K;for guanine as an inhibitor of 
3DG phosphoribosylation (5 ~M) was the same as 
the K,, for guanine as a substrate for GPRTase. In 
contrast, the K; for 3DG as an inhibitor of guanine 
phosphoribosylation (1000 4M) was approximately 


Table 3. Kinetic parameters for 3DG and guanine with 
E. coli Ec 138 GPRTase* 





Kn, = K 


Substrate Inhibitor (uM) (units/mg) (uM) 





Guanine 5.8 28 
Guanine 
3DG 
3DG 


3DG 1000 
140 6.3 


Guanine 5 





* Assays were performed as described in Materials and 
Methods. 


seven times greater than the K,,, for 3DG as a sub- 
strate for the enzyme. This difference, considered 
by itself, is not entirely consistent with the proposed 
mechanism for the conversion of 3DG to 3DGMP 
by GPRTase. However, when these results are con- 
sidered together with the observed metabolism of 
7R3DG shown in Table 2, the lack of agreement 
between the K; and K,, of 3DG for GPRTase does 
not force us to reject our proposed mechanism of 
action of 7R3DG. 


Lack of 7R3DG cleavage activity in mammalian 
systems 

Although 7R3DG has potent antibacterial activity 
[i], it is innocuous in all mammalian systems so far 
examined [2, 3]. In contrast, 3DG is active in both 
bacterial and mammalian systems [3-6]. The growth- 
inhibiting activity of 3DG in mammalian systems is 
apparently a result of its conversion to 3DG-con- 
taining nucleotides [14]. Because we have shown 
here that E. coli can also convert 3DG to 3DG- 


Table 4. Cleavage of guanosine analogs by E. coli and 
mammalian extracts* 





Enzyme source 
Erlich Rat 
ascites _ liver 


Human 


Compound E. coli liver 





7R3DG - 
7RG - 
9R3DG - 
9RG (guanosine) + 


+ 
+ - 





* Extracts were prepared and the potential cleavage 
activity was assayed as described in Materials and Methods. 
The + indicates the ability of the extract to convert the 
substrate nucleoside to its respective base (7R3DG and 
9R3DG to 3DG; 7RG and 9RG to guanine) as evidenced 
by the u.v. spectral shifts associated with the conversion 
of each nucleoside to its corresponding free base [3]. The 
— indicates the inability of the extract under the incubation 
conditions used, to convert the substrate nucleoside to its 
respective base, as evidenced by the lack of any u.v. spectral 
change. 
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containing nucleotides and because 3DG has been 
shown to inhibit DNA synthesis in E. coli [4], we 
postulated that the inactivity of 7R3DG in mam- 
malian systems is due to the inability of mammalian 
cells to mediate the conversion of 7R3DG to 3DG, 
which we found to occur in E. coli as reported above. 
To test this hypothesis, we examined some mam- 
malian systems for their ability to convert 7R3DG 
to 3DG. For comparison purposes, we also examined 
7-ribosylguanine (Fig. 1, 7RG), 9R3DG and 9-ribo- 
sylguanine (Fig. 1, 9RG). As shown in Table 4, none 
of the three mammalian enzyme sources examined 
was able to produce any measurable conversion of 
7R3DG to 3DG or of 7RG to guanine, but all three 
of these sources were able to convert 9R3DG to 
3DG and 9RG to guanine. In contrast, the E. coli 
extract was able to cleave both 7-ribosyl nucleosides 
(7R3DG and 7RG) to their respective bases (3DG 
and guanine) and was also able to convert guanosine 
to guanine. However, the E. coli extract did not 
convert 9R3DG to 3DG. These results show that E. 
coli contains an enzyme activity that converts 
7R3DG to 3DG and this activity is lacking in the 
mammalian systems examined. These results are 
consistent with the reported lack of activity of 
7R3DG in mammalian systems [2, 3]. 


Properties of 7R3DG cleavage activity from E. coli 
Ec 138 


The identity of the enzyme in E. coli that converts 
7R3DG to 3DG was investigated further. There are 
three types of enzyme reactions that could mediate 
this conversion. One possibility is hydrolysis cata- 
lyzed by N-ribosylpurine ribohydrolase (EC 2.3.2.1, 
nucleoside hydrolase, nucleosidase). Second, the 
conversion could be a result of phosphorolysis 
mediated by a nucleoside phosphorylase such as 
purine nucleoside:orthophosphate ribosyltransfer- 
ase (EC 2.4.2.1, purine nucleoside phosphorylase). 
A third possibility is the transfer of the ribosyl moiety 
from 7R3DG to a purine or pyrimidine base cata- 
lyzed by nucleoside:purine (pyrimidine) ribosyl- 
transferase (EC 2.4.2.5, nucleoside ribosyl transfer- 
ase). To differentiate among these possibilities, we 
examined the effects of phosphate, purine bases and 
pyrimidine bases on the ability of the E. coli Ec 138 
extract to convert 7R3DG to 3DG. The E. coli 
extract was exhaustively dialyzed against a buffer 
containing 20mM Tris-HCl (pH 7.4) and 10mM 
MgCl, until it was phosphate-free, as assayed by the 
method of Lowry and Lopez [15]. When this phos- 
phate-free extract was assayed, as described in 
Materials and Methods (with 10 mM Tris-HCl, pH 
7.4, replacing the 10 mM potassium phosphate, pH 
7.4), for its ability to convert 7R3DG to 3DG, it was 
completely inactive. This suggested that the 7R3DG 
cleavage activity is not a nucleoside hydrolase. Next, 
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the addition of the following purine and pyrimidine 
bases at 0.1 or 1.0mM to the phosphate-free assay 
did not result in any conversion of 7R3DG to 3DG: 
adenine, guanine, hypoxanthine, xanthine, uracil, 
cytosine, thymine or orotic acid. These results indi- 
cate that the 7R3DG cleavage activity is not a 
nucleoside ribosyltransferase. When 10mM _ phos- 
phate was added to the phosphate-free assay, the E. 
coli extract was able to cleave 7R3DG to 3DG, 
suggesting that the cleavage is occurring by a phos- 
phorolytic mechanism. An examination of the ability 
of the extract to convert the naturally occurring 
nucleosides to their respective bases showed that the 
extract contained phosphorolytic (phosphate-depen- 
dent cleavage) activity for adenosine, guanosine, 
inosine, uridine, cytidine and thymidine (D. G. 
Streeter, M. Miller and J. P. Miller, unpublished 
results). These results do not allow us to determine 
which of the purine or pyrimidine nucleoside phos- 
phorylases is responsible for the phosphorolytic 
cleavage of 7R3DG. This question is currently under 
investigation. 
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Abstract—Various adenosine analogs and adenine nucleotides have been tested as inhibitors of ADP- 
induced aggregation of rat platelets. The potent inhibitors of human platelet aggregation, adenosine, 

2-fluoroadenosine, 2-chloroadenosine, carbocyclic adenosine and N°-phenyl adenosine, had little effect 
on rat platelet aggregation (0-30 per cent inhibition). The effects of adenosine or its analogs on ADP- 
induced aggregation of cross-species platelet-rich plasmas (PRPs) (human platelets suspended in rat 
plasma or rat platelets in human plasma) were similar to those with the native PRPs, indicating that 
these species differences were due to intrinsic factors in the platelets and not in the plasma. When these 
analogs were tested in the presence of the cyclic AMP stig. 3-0 inhibitor papaverine, strong 
inhibiton of rat platelet ADP-induced aggregation was seen. 2'-Deoxyadenosine and 3’-deoxyadenosine 
were not inhibitory to ADP-induced aggregation of rat PRP even in the presence of papaverine. 

Adenosine 5'-tetraphosphate strongly inhibited both human and rat platelet aggregation. AMP, like 
adenosine, did not inhibit rat platelet aggregation but became strongly inhibitory in the presence of 
papaverine. This inhibitory effect was abolished by preincubating rat PRP with an adenylate cyclase 
inhibitor, 2’ ,5'-dideoxyadenosine or adenosine deaminase. In the later case, however, if the adenosine 
deaminase inhibitor 2’-deoxycoformycin was included in the incubation mixture, the inhibition by AMP 
plus papaverine was similar to adenosine plus papaverine. About 50 per cent of ['“C]AMP was converted 
to [‘"C]adenosine in rat platelet-free plasma or PRP after a 10-min incubation. a,8-Methylene-ADP 
and B,y-methylene-ATP (200 4M) inhibited rat platelet aggregation by 50 and 64 per cent, respectively. 

Cyclic AMP phosphodiesterase of rat and human platelets gave comparable K,, and V,,,, values (K,, 
0.53 and 0. 21uM and V,,,, 6.0 and 6.7 pmoles/min/10’ platelets, respectively). 


Striking differences are seen in the behavior of blood 
platelets from humans and rats in response to sub- 
stances that induce or block aggregation [1-13]. 
Although aggregation is induced in both species by 
ADP, in the rat it is induced by ATP and is not 
blocked by adenosine or its analogs. By contrast, in 
human platelets, aggregation is blocked by both ATP 


and adenosine-like compounds [14-18]. Recent 
reports [13, 19] from this laboratory demonstrated 
that the induction of aggregation with rat platelets 
by ATP is due to a plasma enzyme, probably creatine 
kinase, that converts ATP to ADP. Rat platelets 
suspended in human plasma no longer respond to 
ATP, whereas human platelets suspended in rat 
plasma become susceptible to ATP-induced aggre- 
gation. On the other hand, the capacity of adenosine 





* Supported by USPHS Grant CA 07340. 


+ Abbreviations used: Ado, adenosine; Cl-Ado, 2-chlo- 
roadenosine; F-Ado, 2-fluoroadenosine; C-Ado, carbo- 
cyclic adenosine, 9-[8-DL-2a,3a-dihydroxy-46-(hydroxy- 
methyl)-cyclopentyl]-adenine; 2’-dAdo, 2’-deoxy- 
adenosine; 3’-dAdo, 3’-deoxyadenosine; 2’ ,5’-DDA, 2’,5’- 
dideoxyadenosine; dCF, 2'-deoxycoformycin, ADA, 
adenosine deaminase (EC 3.5.4.4); cyclic AMP, adenosine 
3',5'-cyclic phosphate; AP,, adenosine 5’-tetraphosphate; 
a,B-Me-ADP, a,B-methylene adenosine 5’-diphosphate; 
B.y-Me-ATP, f,y-methylene adenosine 5’-triphosphate; 
and PRP, platelet-rich plasma. 


to block ADP-induced aggregation is retained in 
human platelets suspended in rat plasma and is not 
acquired when rat platelets are suspended in human 
plasma. Thus, the difference in the response to 
adenosine-type compounds seems to be an intrinsic 
property of the platelets of each species and not due 
to an extrinsic factor. The present report explores 
further the reasons for the inactivity of adenosine- 
type compounds as blockers of ADP-induced aggre- 
gation of rat platelets. A preliminary report of these 
findings has been presented [13]. 


MATERIALS AND METHODS 


Adenosine, 2-chloroadenosine, 2’-deoxyadeno- 
sine, 3'-deoxyadenosine, inosine, papaverine, bov- 
ine serum albumin, adenosine deaminase (calf intes- 
tional mucosa, sp. act. 270 units/mg), and the sodium 
salts of AMP, ADP, ATP and adenosine 5’-tetra- 
phosphate were purchased from the Sigma Chemical 
Co., St. Louis, MO. Cyclic AMP was obtained from 
Plenum Scientific Research, Hackensack, NJ. 
(H]Cyclic AMP (sp. act. 38.7 Ci/mmole) and [U- 
'SC]AMP (sp. act. 377 mCi/mmole) were purchased 
from New England Nuclear, Boston, MA. a,f- 
Methylene-ADP and £,y-methylene-ATP were pur- 
chased from P-L Biochemicals, Milwaukee, WI. N°- 
Phenyl-Adot was obtained from Dr. M. H. Fleysher 
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of Roswell Park Memorial Institute, Buffalo, NY. 
Samples of 2-fluoroadenosine (F-Ado) and 2’,5’- 
dideoxyadenosine (2’,5'-DDA) were supplied by Dr. 
Harry B. Wood, Jr., from the Drug Development 
Branch, Division of Cancer Treatment of the 
National Cancer Institute. The F-Ado was syn- 
thesized by the method of Montgomery and Hewson 
[20]. Carbocyclic adenosine (C-Ado) was the gift of 
Dr. L. Lee Bennett, Jr., of Kettering Meyer Lab- 
oratory, Southern Research Institute, Birmingham, 
AL, and was synthesized by the method of Shealy 
and Clayton [21]. 2’-Deoxycoformycin (Pentostatin, 
dCF) was obtained from Dr. H. W. Dion of Parke, 
Davis & Co., Detroit, MI. Polyethyleneimine (PEI) 
cellulose plates were purchased from the Fisher 
Scientific Co., Fairlawn, NJ. 

Isolation of platelets. Human blood was drawn into 
0.1 vol. of sodium citrate (3.8%) from healthy vol- 
unteers who had not taken aspirin or other drugs 
presently known to affect platelets for at least 1 
week. Human platelet-rich plasma (PRP) was 
obtained by centrifugation of citrated whole blood 
at 377 g for 8 min. Platelet-poor plasma (PPP) was 
obtained by recentrifuging the remaining packed 
cells at 1349 g for 10 min. Platelet-free plasma (PFP) 
was obtained by centrifuging PPP at 12,000 g for 
10 min at 4°. Albino rats (CD strain, Charles River, 
Wilmington, MA), weighing 200-300 g, were anesth- 
etized with ether. Whole blood was obtained by 
cardiac puncture in 0.1 vol. sodium citrate for anti- 
coagulation. Rat PRP and PPP were separated by 
centrifugation of the whole blood, similarly, as in 
the case of human blood. To obtain similar platelet 
counts in rat and human PRP, rat PRP was diluted 
with autologous PPP. Platelet counts were deter- 
mined by use of a coulter counter (model B, Coulter 
Electronics, Hialeah, FL). 

To obtain cross-species PRPs (human platelets in 
rat plasma or rat platelets in human plasma), PRP 
from one species was mixed with 0.15 vol. ACD 
(Acid-Citrate-Dextrose, U.S.P. Formula A) and 
centrifuged at 1200 g for 10 min at 4°. Plasma was 
removed carefully by a Pasteur pipette and the test 
tube walls were wiped with a cotton swab. The 
platelets were then suspended gently with a Pasteur 
pipette in cell-free plasma of the opposite species 
with restoration of the initial PRP volume. As a 
control, PRPs (human and rat) were centrifuged and 
the platelets were resuspended in a similar manner 
in autologous cell-free plasma. All PRP samples 
were placed at room temperature for at least 10 min 
prior to aggregation studies. 

Aggregation studies. Platelet aggregation was per- 
formed at 37° in PRP stirred at 900 r.p.m. and 
measured by the turbidometric method of Born [22] 
as described by Mustard and Glynn [23] using a 
Payton aggregometer (Payton Associates, Inc., Buf- 
falo, NY) attached to a recorder. The extent of 
aggregation was measured by the net maximal per- 
centage increase in light transmission during the 4- 
min period after addition of ADP. PPP was used as 
a blank to represent 100 per cent light transmission. 
The per cent inhibition of aggregation by various 
agents was calculated by the difference in the max- 
imal extent of aggregation after 4 min. 

Platelet lysates and phosphodiesterase assay. 
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Human PRP and rat PRP were mixed with 0.15 vol. 
ACD and centrifuged at 1200 g for 15 min at 4°. The 
platelet pellets were washed once with saline (0.9% 
NaCl). Washed platelets were resuspended in saline 
containing Tris-HCl buffer (S0mM, pH 8.0) to 
obtain a count of about 1 x 10” platelets/ml. Platelet 
lysates were obtained by sonication followed by 
freezing and thawing of the washed platelet suspen- 
sion. Sonication was carried out for 15-20 sec at 110 
W of acoustic energy in an ice bath using a Sonifier 
Cell Disruptor (model W 185D). The lysate was then 
centrifuged at 27,000 g for 40 min at 4°, and the 
supernatant fluid was employed for enzymatic assays. 
The cyclic AMP phosphodiesterase activity was 
measured by a slight modification of the method of 
Rangel-Aldao et al. [24]. Cyclic AMP and its metab- 
olites (AMP, Ado and inosine) were separated on 
20 x 20 cm PEI cellulose plates developed for 60 min 
using KCI (100 mM) as the eluent. 


RESULTS 


The inhibiton of rat and human ADP-induced 
platelet aggregation by Ado, adenine nucleotides 
and a number of their analogs (Fig. 1) is shown in 
Table 1. In confirmation of previous observation, 
Ado and AMP were considerably less effective as 
inhibitors (< 10 per cent) of the aggregation of rat 
platelets than of human platelets. In addition, Cl- 
Ado, F-Ado, C-Ado (1004M) and N-¢-Ado 
(S50 uM) were only weak inhibitors (10-30 per cent) 
of rat platelet aggregation, but were potent inhibitors 
of human platelet aggregation (45-95 per cent). The 
deoxynucleosides, 2’-dAdo and 3’-dAdo (100 4M), 
were only weak inhibitors (< 20 per cent) with both 
species. Oniy AP;, of the compounds studied, 
strongly inhibited both human and rat platelet ADP- 
induced aggregation. For AP, studies, fresh AP, 
solutions were employed and were found to be > 95 
per cent pure when analyzed by high pressure liquid 
chromatography. As reported previously, ATP 
(100 4M) strongly inhibited (97 per cent) human and 
rabbit platelet aggregation [25, 26] but, in contrast, 
induced aggregation of rat platelets [9]. The ADP 


Table 1. Effects of adenosine and adenine nucleotide ana- 
Jogs on ADP-induced aggregation of human and rat PRP* 





Inhibition (%) 
Human Rat 


Conc 


Analogs (uM) 





Ado 
F-Ado 


100 5 5 
100 5 16 
Cl-Ado 100 : 30 
Carbocyclic-Ado 100 10 
N°-Phenyl-Ado 50 : 14 
2’-Deoxy-Ado 100 5 
3’-Deoxy-Ado 100 

100 

100 

100 95 
200 50 
200 : 64 


4 
a,B-Methylene-ADP 
B,y-Methylene-ATP 





* Human or rat PRP was incubated with the analog for 
10 min at 37° followed by addition of ADP (human, 8 uM; 
rat, 4M). 

+ Aggregates platelets of rat PRP. 
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Fig. 1. Structures of adenosine and adenine nucleotide analogs. 
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Fig. 2. Effects of adenosine (Ado), 2-chloroadenosine (Cl- 
Ado) and adenosine 5’-tetraphosphate (AP,) on aggrega- 
tion of rat platelets. Fresh PRP was incubated at 37° with 
Ado, Cl-Ado or AP, (0-200 4M) and, after 10 min, aggre- 
gation was induced by addition of ADP (4 uM). The results 
are expressed as per cent inhibition of aggregation com- 
pared to that of control samples where the addition of the 
analog solution to PRP was replaced by an equal volume 
of normal saline. 


analog a,B-Me-ADP (200 4M) did not cause aggre- 
gation of either human or rat platelets, but moder- 
ately inhibited (50 per cent) rat platelet aggregation. 
The ATP analog B,y-Me-ATP (200 1M) inhibited 
both human and rat platelet aggregation to similar 
extents (75 and 64 per cent, respectively). 

Typical dose-response inhibition curves of ADP- 
induced rat platelet aggregation for Ado, Cl-Ado 
and AP, are shown in Fig. 2. At a high concentration 
(200 4M), inhibition by Ado remained low (< 10 
per cent) and Cl-Ado was only 45 per cent inhibitory. 
A plot of the inhibition by AP, was linear from 0 to 
40 4M, with complete inhibition occurring at 100 uM. 

To determine whether the different effects of Ado 
and its analogs on human and rat PRP resulted from 
inherent platelet or plasma factors, the platelets from 
one species were suspended in plasma of the other 
species. As a control, the centrifuged platelets from 
each species were resuspended in autologous plasma. 
The effect of Cl-Ado on ADP-induced aggregation 
of platelets in control and cross-species PRPs is 
shown in Fig. 3 (A and B). The extent of aggregation 
inhibition by Cl-Ado of rat platelets suspended in 
human plasma was similar to that found with native 
rat PRP, whereas the inhibition by Cl-Ado of human 
platelets suspended in rat plasma closely resembled 
that seen with human PRP. As expected, the control 
experiments with human and rat platelets resus- 
pended in autologous plasma exhibited inhibition 
patterns similar to those with original PRPs. Similar 
results were found with Ado and F-Ado. 
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Fig. 3. Effect of 2-chloroadenosine (Cl-Ado) on human and rat platelet aggregation. (A) Human PRP 

and rat PRP were incubated at 37° with Cl-Ado (40 uM with human and 100 uM with rat PRP) and, 

after 10 min, aggregation was induced by addition of ADP (8 uM). (B) Cross-species PRPs (human 

platelets in rat plasma or rat platelets in human plasma) were incubated with Cl-Ado (100 4M) and, 
after 5 min, aggregation was induced by addition of ADP (8 uM). 


Table 2. Effect of adenosine in the presence and absence of various agents on ADP-induced 
rat platelet aggregation* 





2’ ,5'-Dideoxy- Adenosine 
Adenosine Papaverine adenosine deaminase 
(56 uM) (200 uM) (0.054 units/ml) Inhibition (%) 





— (a) 
- (b) 
= (c) 
~ (d) 
+ (e) 





* Agents were added to rat PRP in the order described in each case. After incubation, 
aggregation was induced by addition of ADP (4 4M): (a) adenosine, 5 min; (b) papaverine, 
5 min; (c) papaverine, 5 min; and adenosine, 5 min; (d) 2’ ,5'-dideoxyadenosine, 2 min; papav- 
erine, 5 min; and adenosine, 5 min; and (e) adenosine deaminase, 1 min; papaverine, 5 min; 
and adenosine, 5 min. 





Rat platelet aggregation 


Table 3. Effects of adenosine analogs and AMP in the 
presence and absence of papaverine on ADP-induced rat 
platelet aggregation* 





Inhibition (%) 
+Papaverine 
(56 4M) 


Conc 


Analogs (uM) —Papaverine 





Ado 

Cl-Ado 

F-Ado 
Carbocyclic-Ado 
2'-Deoxy-Ado 
3’-Deoxy-Ado 
AMP 





* PRP was preincubated at 37° with papaverine solution 
or 0.9% NaCl for 5 min followed by incubation with the 
analog for 5 min. Platelet aggregation was induced by ADP 
(4 uM). 

+ No inhibiton or sometimes 0-15 per cent potentiation 
of aggregation was noticed. 


In order to examine more closely the inability of 
Ado and its analogs to inhibit rat platelet aggrega- 
tion, papaverine, a cyclic AMP phosphodiesterase 
inhibitor [27, 28], was employed (Table 2). Papav- 
erine (56 4M) or Ado (8 uM) individually did not 
significantly inhibit (< 10 per cent) ADP-induced 
aggregation in rat PRP. However, preincubation of 
rat PRP with papaverine caused Ado to become 
inhibitory (60 per cent). This synergistic effect was 
abolished by preincubation of the PRP for 2 min 
with 2’,5’-DDA (200 uM), an adenylate cyclase 
inhibitor, or with adenosine deaminase (ADA), 
which converts Ado into inosine. 


es 5 


CONTROL 


AMP 


LIGHT TRANSMISSION, % 





PAPAVE RINE 


PAPAVERINE + 
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Since papaverine has been reported to inhibit 
nucleoside transport in platelets [29, 30], the ques- 
tion was raised whether its action resulted from 
effects on transport rather than on cyclic AMP degra- 
dation. That this is not true is indicated by studies 
with the nucleoside transport inhibitors [31] p-nitro- 
benzylthioinosine (104M) and_ dipyridamole 
(50 4M). Neither transport inhibitor produced any 
effect on the response of rat platelets to Ado. 

The effect of Ado analogs and AMP on ADP- 
induced rat platelet aggregation in the presence and 
absence of papaverine is shown in Table 3. At low 
concentrations (8-10 4M), Cl-Ado, F-Ado and AMP 
did not inhibit rat platelet aggregation but became 
strongly inhibitory (60-75 per cent) in the presence 
of papaverine. Under similar conditions, C-Ado 
(50 uM) produced 56 per cent inhibition. However, 
2’-dAdo and 3’-dAdo remained non-inhibitory at an 
even higher concentration (100 uM). 

The effect of AMP in the presence of papaverine, 
2’,5'-DDA and ADA on rat platelet ADP-induced 
aggregation is shown in Fig. 4. Papaverine (56 uM) 
or AMP (8 uM) was non-inhibitory (< 10 per cent) 
when added individually to rat PRP. However, when 
rat PRP was preincubated with papaverine, AMP 
became strongly inhibitory (about 65 per cent). As 
with Ado plus papaverine, the inhibition by AMP 
was abolished by preincubation with the adenylate 
cyclase inhibitor 2’,5'-DDA. Also, addition of ADA 
to PRP overcame the inhibition of AMP in the 
presence of papaverine. However, when the tight- 
binding ADA inhibitor dCF was added with ADA, 
the inhibition by AMP plus papaverine on ADP- 
induced aggregation was restored. 

In order to examine the conversion of AMP to 
Ado, rat PFP and PRP were incubated with dCF 


PAPAVERINE 
+ 
ADA 


2)5-DDA 
+ 


+ 
PAPAVERINE AMP 


+ 
AMP 


PAPAVERINE 


+ 
AMP (dCF “ag ADA) 


ADP AMP 


| 
er 
C I min 


Fig. 4. Effect of AMP in the presence of papaverine, 2’ ,5'-dideoxyadenosine (2',5'-DDA), adenosine 
deaminase (ADA) and 2'-deoxycoformycin (dCF) on rat platelet aggregation. These agents were added 
to rat PRP in the order described below, and, after incubation, aggregation was induced by addition 
of ADP (8 uM). (A) AMP (8 uM, 5 min); papaverine (56 uM, 5 min): control (5 min). (B) Papaver- 
ine + AMP: papaverine (56 uM, 5 min) and AMP (8 uM, 5 min); 2’,5'-DDA + papaverine + AMP: 
2',5'-dideoxyadenosine (100 uM, 2 min), papaverine (56 uM, 5min) and AMP (8 uM, 5 min). (C) 
Papaverine + (dCF and ADA) + AMP: papaverine (56 uM, 5 min), dCF and ADA (2'-deoxycofor- 
mycin, 2.2 uM, and adenosine deaminase, 0.027 units; this mixture was preincubated for 15 min) and 
AMP (8 uM, 5 min); Papaverine + ADA + AMP: papaverine (56 uM, 5 min), ADA (adenosine deami- 
nase, 0.027 units, 1 min) and AMP (8 uM, 5 min). 
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Table 4. Per cent conversion of AMP to adenosine in rat 
platelet-free plasma (PFP) and platelet-rich plasma (PRP)* 





% AMP conver- 
sion to Ado 
PFP PRP 


‘ncubation 
(min) 





15.0 
29.3 
49.7 
66.0 


13.6 
27.0 
| 47.0 
l 63.0 





* Aliquots (1.35 ml) of PFP and PRP were preincubated 
with 2'-deoxycoformycin (5M) for 15min. Samples 
(0.15 ml) of [U-'“C]AMP (1 mM) (sp. act. 6.7 wCi/umole) 
were added, and the reaction mixtures were incubated at 
37° in a shaking water-bath. Aliquots (0.3 ml) were 
removed after 2, 5, 10 and 15 min and added immediately 
to equal volumes of ice-cold perchloric acid (9%) and 
stirred vigorously on a Vortex mixer. Precipitated proteins 
were removed after centrifugation and the supernatant 
fluids were neutralized with KOH (SN). Thin-layer 
chromatography on PEI plates was performed to separate 
AMP, Ado and inosine as described in Materials and Meth- 
ods. At each time point, the amount of AMP that disap- 
peared could be accounted for by formation of Ado and 
inosine. Levels of inosine remained less than | per cent 
throughout the 15-min incubation. 


and [U-'*C]AMP, as shown in Table 4. After 10 min, 
47-50 per cent of the [U-"“"C]AMP was converted to 
[U-“C]Ado. Levels of [U-"C]inosine remained less 
than | per cent throughout the 15-min incubation. 
These results demonstrate that AMP inhibits ADP- 
induced platelet aggregation in the presence of 
papaverine as a result of its dephosphorylation to 
Ado. 

The phosphodiesterase activities in both rat and 
human washed platelet lysates were measured (Table 
5). The K,, and V,,,,. values for cyclic AMP were 
determined by Lineweaver—Burk plots using cyclic 
AMP concentrations ranging from 0.03 to 2 uM. The 
K,, values for rat and human platelet enzymes were 
0.53 and 0.21 uM, respectively. The V,,,, values 
obtained were about 6 pmoles cyclic AMP hydro- 
lyzed/min/10’ platelets for both rat and human 
platelets. 


DISCUSSION 


These studies demonstrate conclusively that the 
failure of Ado and its analogs to inhibit ADP-induced 
aggregation in rat platelets is an inherent property 
of the platelet and is not due to external factors in 
the plasma. Important use was made of the cyclic 
AMP phosphodiesterase inhibitor papaverine and 


Table 5. Kinetic parameters (K,, and V.,,x) for platelet 
cyclic AMP phosphodiesterase 





Platelet | V 
phosphodiesterase (uM) 


max, 


(pmoles/min/10° platelets) 





0.21 
0.53 


6.7 
6.0 


Human 
Rat 
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the adenylate cyclase inhibitor 2’,5’-DDA. In the 
presence of papaverine, the behavior of rat platelets 
after the addition of Ado or its analogs was similar 
to that of human platelets in the absence of papav- 
erine. Thus, it appears that papaverine may convert 
insensitive rat platelets into an acceptable animal 
model for study of the aggregation of human plate- 
lets. Furthermore, the effects of papaverine on rat 
platelets were completely reversed by the adenylate 
cyclase inhibitor 2’,5'-DDA. This finding is consist- 
ent with the hypothesis that papaverine acts by block- 
ing the degradation of cyclic AMP to AMP, thus 
permitting the cyclic nucleotide concentrations to 
rise to inhibitory levels. These results are consistent 
with the earlier studies of Michel et al. [10], who 
showed that the elevation of platelet cyclic AMP 
levels in response to the addition of Ado is much 
less pronounced in rat than in human platelets. 

The fact that papaverine caused rat platelets to 
become sensitive to the effects of compounds such 
as Ado, F-Ado, Cl-Ado and C-Ado but not to 2’- 
dAdo or 3’-dAdo (see Table 3) and to the inhibitory 
effects of 2',5'-DDA is in agreement with the concept 
that the adenylate cyclase of rat platelets has both 
stimulatory and inhibitory sites for Ado and its ana- 
logs as has been postulated for human platelets 
[32, 33]. 

Kinetic studies performed with the cyclic AMP 
phosphodiesterases of high speed centrifugation 
supernatant fractions of sonicates of rat and human 
platelets gave comparable K,, and V,,,, values. In 
both cases linear Lineweaver—Burk plots were 
obtained. Although to date we have not undertaken 
separation and study of possible forms of kinetically 
different cyclic AMP phosphodiesterases in rat 
platelets as had been reported for human platelets 
[28], superficially these enzymatic activities appear 
similar. Ado analogs have been reported to inhibit 
cyclic AMP phosphodiesterase with high K; values 
(70-80 uM for Cl-Ado and 400-3800 uM for Ado) 
[28]. Since Ado and its analogs in the presence of 
papaverine inhibit rat platelet aggregation at low 
concentrations (8-10 4M), and this inhibitory effect 
is abolished by an adenylate cyclase inhibitor 2',5’- 
DDA, it is more likely that Ado analogs inhibit 
platelet aggregation by affecting the platelet adeny- 
late cyclase system than by affecting cyclic AMP 
phosphodiesterase activity. Caution must be exer- 
cised, however, before concluding that papaverine 
exerts its effects directly through inhibition of cyclic 
AMP phosphodiesterase. In studies [34] with C-6 
astrocytoma cells, papaverine was shown to cause 
marked rapid decreases in intracellular concentra- 
tions of ATP, creatine phosphate and glycogen. At 
low papaverine concentrations (5 4M) respiration 
was depressed 50 per cent. Therefore, studies of the 
effect of papaverine on the energy metabolism of 
platelets should be performed before drawing con- 
clusions about its site of action. 
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Abstract—Cephalothin, penicillin G and probenecid inhibited GSH organic nitrate ester reductase 
(ONER) and several other enzymatic activities of GSH-S-transferases (EC 2.5.1.18) from rat and guinea 
pig liver. Erythrityl tetranitrate, a substrate for ONER, inhibited the aryl and alkyl transferase activities 
of two guinea pig liver GSH-S-transferases. These findings support the concept that ONER is one of 
the several activities possessed by the GSH-S-transferases. In an examination of possible in vivo action, 
parenteral administration of these inhibitors 2-30 min prior to i.v. administration of ['*C]glyceryl 
trinitrate resulted in a 50-100 per cent increase in the half-time of the metabolism phase of ['*C]glyceryl 
trinitrate clearance from the blood and postponed the appearance of metabolites. This presumably 
occurs through the in vivo inhibition of GSH-ONER activity of the GSH-S-transferases and suggests 
a possible means of prolonging the pharmacologic action of nitrate esters. 


It has been a century since the English physician 
William Murrell [1] first demonstrated the effective- 
ness of sublingually administered nitroglycerin in the 
relief of angina pectoris. In general, many organic 
esters of nitric acid (especially polynitrates) reduce 
or prevent the angina and the hemodynamic mani- 
festations of myocardial ischemia [2]. Although the 
precise mechanism by which organic nitrates exert 
their therapeutic effect is not clear, it most likely lies 
in their effectiveness as potent vasodilators [3]. 

A significant insight into the pharmacodynamics 
of these drugs occurred with the identification and 
partial purification from liver, by several different 
methods, of a GSH-dependent enzymatic activity 
which metabolizes organic nitrates [4-6], organic 
nitrate ester reductase (ONER).§ The overall reac- 
tion occurs according to equation 1. 


R—O—NO, + 2 GSH2™*S 
ROH + GSSG + NO,- + H’*. (1) 


Evidence exists [7, 8] that ONER is one of several 
activities possessed by the multi-functional enzymes, 
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GSH-S-transferases (EC 2.5.1.18). These enzymes 
catalyze several reactions in which the sulfhydryl 
moiety of GSH attacks some electrophilic center, 
either displacing a leaving group or adding to alkenes 
or epoxides. In addition, these proteins bind a variety 
of chemically diverse compounds and have been 
implicated as being important in the transport of 
bilirubin in liver [9, 10] and of organic acids in kidney 
[11]. 

The metabolism of nitrate esters is quite rapid, 
possibly requiring only a single pass through the liver 
[12,13]. Thus, the development of long-acting nitrate 
ester preparations, either through the synthesis of 
a unique drug or the manufacture of a more effective 
pharmaceutical formulation, has been pursued 
[2, 14]. Some agents have been reported to possess 
the properties of a long-acting organic nitrate [14, 15]. 
However, the reports documenting the effectiveness 
of these drugs have been the subject of controversy 
[16, 17]. 

One approach to extending the pharmacologic 
lifetime of nitrate esters which has not yet been tried 
is to inhibit the enzymes which metabolize these 
drugs. Experiments are presented in this paper which 
increase the evidence that the GSH-S-transferases 
do have ONER activity and that inhibitors of the 
transferases will also inhibit the in vivo metabolism 
of organic nitrate esters. 


METHODS 


Partial purification of GSH-S-transferases from 
female guinea pig liver. Partial purification of these 
enzymes was performed according to the procedure 
of Hunter and O’Brien [18] at 04°. Briefly, saline 
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perfused guinea pig livers were homogenized in a 
solution containing 75 mM sucrose, 225mM man- 
nitol, 1 mM EDTA and 1 mg/ml of BSA. Centrifu- 
gation ‘at 73,000g for 1hr removed insoluble 
material. The supernatant fluid was then concen- 
trated by Amicon (Lexington, MA) PM10 mem- 
brane ultrafiltration, and the concentrated solution 
subjected to gel filtration on a Sephadex G-150 col- 
umn (Pharmacia, Piscataway, NJ) (5 x 100cm; 
eluant: 50mM Tris—100 mM potassium phosphate 
and 1mM EDTA, pH 8.4). The fractions corre- 
sponding to the peak of activity were pooled and 
applied directly to a CM Bio-Gel A column (Biorad, 
Richmond, CA) (2.5 X 45cm). The column was 
developed with a 0-100 mM KCI gradient in 500 ml 
of 10mM potassium phosphate, pH 6.7. The peak 
of activity from the previous gel filtration step was 
thus fractioned into three major peaks: a peak of 
activity which eluted from 57 to 160 ml (peak c) and 
two peaks, not resolved to baseline, which emerged 
from 215 to 251 ml (peak a) and from 285 to 340 ml 
(peak aa), following the designations that Jakoby 
and coworkers [8, 19] introduced for the rat. The 
lower case letters are used for guinea pig enzymes 
because the chromatographic peaks are in the same 
area but the substrate specificities are not identical 
with those in the rat, which are designated by capital 
letters. 

Partial purification of female rat liver GSH trans- 
ferases. Livers were removed from Sprague-Dawley 
rats, perfused with isotonic saline, homogenized in 
the solution containing 75mM sucrose, 225mM 
mannitol, 1mM EDTA and 1 mg/ml of BSA, and 
centrifuged at 73,000 g for 45 min. The supernatant 
fraction was treated batchwise with DEAE-Sepha- 
dex in 10 mM Tris-HCl, pH 6.5 (0.25 g dry gel/g of 
liver). The gel was removed by filtration and washed 
with 3 vol. of 10 mM Tris-HCl buffer pH 8.0. The 
filtrate was treated with 0.66 g/ml of ammonium sul- 
fate and allowed to stand overnight. This mixture 
was then centrifuged at 13,500 g for 30min. The 
pellet was dissolved in a small volume of potassium 
phosphate buffer (10 mM, pH 7.4) and diafiltered 
with the same buffer until the ammonium sulfate 
was below 80 mM. Since 25 yl aliquots were used in 
enzyme assays, the final concentration of ammonium 
sulfate in the assay was about 2 mM. 

Assays. GSH-S-aryltransferase activity was deter- 
mined according to a slight modification of the pro- 
cedure of Jakoby and coworkers [19,20]. This 
method is based on the increase in absorbance at 
340 nm (Ae =9.6mM'cm~') as GSH (0.5 mM) 
displaces the chloride from the substrate 1-chloro-2, 
4-dinitrobenzene (CDNB) (0.1 mM) and produces 
S-(2, 4-dinitrobenzene) glutathione. This reaction is 
carried out in a 1-ml cuvette containing 100 mM 
potassium phosphate buffer, pH 6.5. The reference 
cuvette contained buffer and the aryl substrate. In 
some kinetic and inhibitor studies, the aryl substrate 
was 1,2-dichloro-4-nitrobenzene (DCNB), the pH 
7.5, and the Ae 8.5mM~' cm“ at 345nm. This 
substrate is relatively specific for GSH-S-transferases 
a and c. 

GSH-S-alkyltransferase activity was measured 
titrimetically with a Radiometer TTT1 titrator. The 
reaction vessel contained 3.0 ml of a pH 7.2, non- 
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buffered solution of 10 mM CH,I and 1.5 mM GSH. 
The reaction was initiated with the introduction of 
a 20-l aliquot of the protein solution and was mon- 
itored by the rate at which SmM NaOH had to be 
added to maintain a pH of 7.2. Because of the 
phosphate buffer in the enzyme aliquot, the final 
titration mixture was very weakly buffered with 
0.06 mM phosphate. 

ONER activity was measured by following the 
disappearance of Aj. in a coupled reaction with 
glutathione reductase as follows [5]: 


R—ONO, 2 GSH NADP* 
awe pe (2) 
reductase 


R—OH NADPH 


NO, + H* 


In a routine assay, the final volume was 1.0 ml and 
contained 0.1 M potassium phosphate buffer at pH 
7.4, 1mM EDTA, 0.5 mM GSH, 0.1 mM NADPH, 
1.6 units of glutathione reductase and 1 mM GTN. 
The reaction was started by the addition of GTN in 
25 wl ethanol. 

Inhibition kinetics. Initial velocities were deter- 
mined for the conditions indicated in Figs. 1 and 2. 
Inhibition constants were determined from second- 
ary plots of double reciprocal plots [21] and by a 
computer program which fits experimental data 
points to a kinetic model. For competitive inhibition 
the kinetic model was: 


V maxl A ] 
[7] 


K,( 1 + K) + [A] 


V, = 





(3) 


and for non-competitive inhibition the kinetic model 
was: 


V,= aad . (4) 
K,(1 +) + [Al +O) 


u 





One of the substrates (GSH) was held constant. [A] 
is the concentration of the other substrate. 
Determination of blood levels of {['*C]|GTN and 
metabolites in rat. [*C]-1,3-GTN (0.3 wCi/mg) was 
administered through a jugular vein cannula to a 
heparinized (100 units), pentobarbital-anesthetized 
(50 mg/kg) rat. Carotid artery blood samples (0.3 ml) 
were withdrawn from a carotid artery cannula at 
predetermined times and injected into 5 ml of pet- 
roleum ether in 15 x 130 mm screw cap tubes and 
rapidly mixed (Vortex mixer, Scientific Products, St. 
Louis, MO). Blood samples were treated a total of 
three times with 5 ml portions of petroleum ether to 
extract quantitatively ['*C]GTN [12]. The less hydro- 
phobic metabolites of GTN were recovered quan- 
titatively by one extraction with 5ml of absolute 
ethanol [12]. These extracts were added to scintil- 
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Table 1. Jn vitro inhibition of guinea pig liver GSH-S-transferases a and c by erythrityl 
tetranitrate* 





GSH 
(mM) 


GSH-S- 
transferase 


DCNB+ 
(mM) 


Vo 


Approximate 


(mM) 





a 
a 


a 
c 


c 


c 


0.125 
0.094 
0.094 
0.180 
0.071 
0.071 
0.077 
0.077 
0.089 


0.048 0.3 
0.054 
0.51 0.035 0.3 
0.6 
0.35 
0.51 
0.2 
0.52 


0.6 


0.028 
0.021 
0.045 


0.025 0.3 





* V = initial rate in wmoles min 


'_V, = rate with DCNB alone or with ETN alone. V; = rate 


of DCNB removal with ETN also present. K5&'% =~100uM, K9S"=100uM and 
KOCNB — 2.5 mM. The initial rates with ETN and DCNB are 0.5-1 per cent of the rate with 
CDNB, which is not specific for transferases a and c. 

+ DCNB = 1, 2-dichloro-4-nitrobenzene. Disappearance was measured by the increase of A 345 


in 100 mM phosphate buffer, pH 7.5. 


+ ETN = erythrityl tetranitrate. Disappearance was measured by following NADPH disap- 
pearance fluorometrically with glutathione reductase in a coupled enzymatic assay at pH 7.5 


(Needleman and Hunter [5]). 


lation vials, the solvent evaporated just to dryness, 
and the residue was dissolved in 10 ml of scintillation 
fluid [4 g Omnifluor (New England Nuclear, Boston, 
MA)/liter toluene]. Evaporation just to dryness in 
a dessicator under low vacuum proved to be best. 
Excessive rates of evaporation, high air stream flow, 
and prolongation of the time beyond the point of 
dryness result in major losses of ["“"C]GTN by vol- 
atilization. /n vivo inhibition studies were carried 
out with the rat receiving a dose of inhibitor (i.v. or 
ip.) at a preset time before the [‘C]GTN 
administration. 


Inhibition of GSH Transferase 
with Probenecid 
@ =O Probenecid 
A =2mM Probenecid 
© =5mM Probenecid 
[GSH] = O5mM 





100 150 
| 
[CONB| inmM 





Fig. 1. Inhibition of guinea pig liver GSH-S-transferase c 
by probenecid. GSH was held constant and 1-chloro-2, 4- 
dinitrobenzene (CDNB) was varied. Lines were drawn by 
using the kinetic parameters calculated by fitting the data 
to a non-competitive inhibition model [22]. Activity 
unit = 1 wmole min™' at 25°. V,,4, = 18+ 1.3 units/mg; 
K,,CP®® = 0.28 + 0.025mM; K,;=4.5+0.43mM; and 
K,; = 0.98 + 0.11 mM. 


RESULTS 


Interrelationships of GSH-S-transferase activities 
and ONER activity. Purified GSH-S-transferase a 
and c peaks from guinea pig liver were found to 
show ONER activity with ETN as substrate, as has 
been reported for rat. When ETN was present with 
the aryl transferase substrate DCNB, ETN behaved 
as an inhibitor of the aryltransferase activity (Table 
1). Preliminary kinetic studies indicate a mixed type 
of inhibition. When GSH was at concentrations of 
0.4 to 5 mM and DCNB was varied, the approximate 


Inhibition of ONER 
with Probenecid 


[GSH] = 0.5 mM 


@ =0 Probenecid 
4 =2.5 mM Probenecid 
© =5,.0mM Probenecid 





1 


4 





[GTN] in mM 


Fig. 2. Inhibition of guinea pig liver GSH-organic nitrate 
ester reductase activity of transferase c by probenecid. 
GSH was held constant and GTN was varied. Activity 
unit = 1 umol min™! at 25°. Vinay = 0.034 units/mg: K,,0™ 
= 1.25 mM; and KPreveres4 — 7.4 for competitive inhibition. 
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Table 2. In vitro inhibition of partially purified rat liver GSH-S-transferase activities 





* 
Iso 


(mM) 





Inhibitor 


Aryltransferaset 


Alkyltransferase§ 





Probenecid 
Penicillin G 


Cephalothin 2:2 


0.66 0.9 

5 0.5 mM 
(84% inhibition) 

0.61 





* Inhibitor concentration required for 50 per cent inhibition of activity. The number 
of data was too small for full kinetic plot and derivation of K;. 

+ ONER = organic nitrate ester reductase. GTN = 1 mM, GSH = 0.5 mM. 

¢ 1-Chloro-2,4-dinitrobenzene = 0.1 mM; GSH = 0:5 mM. 


§ CH,I = 10 mM, GSH = 1.5 mM. 


K,;for ETN was 0.3 mM for transferase a and for c. 
When the other common aryl transferase substrate 
CDNB, which has a much higher affinity for the 
enzyme, was used, no inhibition of transferase a by 
ETN was observed. 

Inhibition of GSH-S-transferase activities and 
ONER activity. Experiments were conducted to 
determine the sensitivity of ONER activity to inhi- 
bition by several substances [8, 10, 11] which bind 
to transferases and inhibit GSH-S-transferase activ- 
ities. The substances chosen for initial studies, pro- 
bencid, penicillin G and cephalothin, were selected 
from known transferase inhibitors because of low 
toxicity in animals and man. Probenecid inhibited 
both the aryl transferase and the ONER activities 
of purified guinea pig liver GSH-S-transferase peak 
c (Figs. 1 and 2). It appeared to be competitive with 
respect to GTN (Fig. 2), but showed hyperbolic 
mixed inhibition when the transferase substrate 
CDNB was studied (Fig. 1). This implies that the 
binding of probenicid to a second, non-competitive 
site has no effect on the GTN reaction but does 
affect the CDNB reaction [21, 22]. 

Probenecid, penicillin G and cephalothin also 
inhibited the alkyl transferase, aryl transferase and 
ONER activities of a partially purified preparation 
containing the mixture of rat liver GSH-S-transfer- 


ases (Table 2). These inhibitor studies were carried 
out with the high affinity, very high rate of conversion 
substrate, CDNB. 

Blood levels of {“*C\|GTN and metabolites in rat. 
Studies were undertaken to determine if cephalothin 
and probenecid would retard the metabolism of 
['*C]GTN in vivo in the rat. 

Table 3 shows the results of control experiments 
in which the levels of ['""C]GTN and metabolites 
were followed in the blood of rats which had received 
no other drug. Figure 3 presents a semilog plot of 
a specific example of the blood levels of ['‘*C]GTN 
and metabolites vs time. There was a very rapid 
initial phase disappearance of ["C]GTN (T,,. = 8 sec) 
as distribution to tissues occurred. This was followed 
by a slower but still rapid disappearance of GTN 
(metabolism phase, T,,. = 70 sec). The half-life for 
the metabolism of GTN agrees well with the value 
determined by Needleman and coworkers [12, 13]. 
The early rise of metabolite levels in the blood con- 
firms that metabolism was occurring, and the metab- 
olite level plateaued within 2 min (see also refs. 
12, 13, 23). 

Figures 4 and 5 illustrate [‘*C]GTN blood clear- 
ance experiments in which cephalothin or probenecid 
was administered to rats prior to administration of 
[“C]GTN. With both compounds a significant 


Table 3. Summary of in vivo inhibition of organic nitrate ester reductase of the rat 
by probenecid and by cephalothin* 





Ti for 
distribution phaset 
(sec) 


Tj2 for 
metabolism phaset 


Drugs administered (sec) 





8-11 
10-16 
13-32 


[“CJGTN 
['“C]GTN + cephalothin 
['*C]-GTN + probenecid 


70 + 1.6 (5) 
98 + 1.7 (3) 
171+9 (6) 





* Values are means + standard error. The numbers in parentheses are the numbers 
of animals. Sprague-Dawley rats (230-317 g) were used. ['*C]GTN: 2.6 mg/kg, i.v., 
sp. act. 0.3 wCi/mg. Probenecid: 200 mg/kg, i.p., 30min before ['*C]GTN, i.v. 
Cephalothin: 166 mg/kg, i.v., 10 min before ['*C]GTN, i.v. 

+ T, for rapid initial fall of blood level of ['*C]GTN, primarily distribution. 

+ T,, for second slower phase of ['*C]GTN disappearance, primarily metabolism. 
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e('“C]GTN 
o['*C+GTN Metabolites 


a ses ae © 


CPM/ml Blood 


tt= 66sec. ® 





20 40 100 200 
Time (Seconds) 





2 4 
(0 300 


Fig. 3. Disappearance of [‘*C]glyceryl trinitrate from, and 
appearance of ‘C-labeled metabolites in, the blood of the 
rat. Illustrative experiment. Use of a logarithmic scale for 
the ordinate permits illustration of the first order nature 
of the process responsible for disappearance of GTN. The 
appearance of '*C-labeled products from the GTN is plotted 
on the same scale. The rate of product production appears 
proportional to the blood level of [‘*C]GTN, which equi- 
librated rapidly with the liver cells. Metabolites appeared 
very early and continued to accumulate until the [‘“C]GTN 
in the blood fell to low levels. The much slower removal 
of metabolites [12, 13] accounts for the maintenance of a 
plateau after blood [‘*C]GTN had fallen to very low levels. 


increase in the half-time for ["*"C]|GTN metabolism 
was observed. In one experiment, the dose of cephal- 
othin was more than doubled with no further increase 
in the observed half-time for metabolism. No con- 
clusion can be drawn with respect to possible change 
in the T,, for the initial distribution phase because 
of the great difficulty in getting meaningful values 
in the first 10-15 sec. Metabolites were always 
detected at the earliest time intervals and the level 
increased until the GTN level in the blood fell to 
about 50 per cent of the metabolite level. 

Table 3 summarizes experiments with cephalothin 
and probenecid as in vivo inhibitors. 


DISCUSSION 


Extension of the pharmacologic lifetime of a drug 
has sometimes been realized through inhibition of 
its metabolism or elimination. A classic example is 
the inhibition by probenecid of the renal excretion 
of penicillin. Since the enzymatic activity which 
metabolizes organic nitrate esters has been identified 
and partially characterized as one of several activities 
possessed by many GSH-S-transferases, inhibitors 
of these enzymes offer the potential for slowing the 
metabolism of organic nitrate esters, i.e. inhibitors 
of transferase activities should inhibit the reductive 
hydrolysis of organic nitrate esters. 

The inhibition by ETN of the aryl transferase 
(DCNB) activity of guinea pig liver GSH-S-trans- 
ferases a and c supports the hypothesis that ONER 





* Unpublished data of Carl Irwin, Peter Chu and F. E. 
Hunter, Jr. 
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Fig. 4. Effect of cephalothin on ['*C]glyceryl trinitrate 
disappearance and formation of “C-labeled products. Illus- 
trative experiment. A dose of 400mg _ cephalothin/kg 
increased the Tj. for metabolism to 100 sec. The time for 
injection, mixing, distribution and withdrawing the first 
samples was so short that it was experimentally impossible 
to determine the T,,2 for distribution with enough precision 
to draw any conclusion about possible changes. 


activity is a transferase activity. Furthermore, in 
elution profiles for guinea pig liver extract from a 
CM-Biogel A column, transferase activity with 
CDNB and DCNB, and ONER activity with ETN 
show similar relative activity in the major GSH-S- 
transferase peaks. * 

Probenecid is an inhibitor of GSH-S-transferase 
from human liver (K; = 2.7 mM [10]). Cephalothin 
is a competitive inhibitor of rat liver GSH-S-trans- 
ferases AA and B (K,;=0.44mM and 1.5mM, 


10° 


e('*CGTN 
o['*C}GTN Metabolites 


ba a es 


t+=|3sec 


CPM/ml Blood 
=< 


tz =l60 sec 








j 1 4 1 1 1 7 
20 40 100 200 300 
Time (Seconds) 

Fig. 5. Effects of probenecid on ['*C]glyceryl trinitrate 
disappearance and formation of “C-labeled products. IIlus- 
trative experiment. A dose of 200mg_probenecid/kg 
increased the T;,. for metabolism to 160 sec. The data in 
Table 3 suggest that on the average there might have been 
an increase of a few seconds in the T,, for distribution, 
but the technical problems make a firm conclusion 
unwarranted. 
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respectively) and a non-competitive inhibitor of rat 
liver transferases A and C (K; = 0.2 mM for both) 
[8, 20]. These two drugs, as well as penicillin G, 
were tested as inhibitors of aryl- and alkyltransferase 
and ONER activities. Inhibition of all three activities 
was observed (Figs. 1 and 2 for guinea pig, Table 2 
for rat). 

The mechanism by which these compounds exert 
their inhibitory effects on the transferases is inter- 
esting. Transferase B (rat ligandin) has been shown 
to contain two binding sites: an active site in which 
catalysis of the transferase reaction occurs and a 
binding site to which many non-substrates bind and 
some substrates (e.g. bromosulfophthalein and ben- 
zyl chloride) bind [24]. Thus, the observation of both 
competitive inhibition and non-competitive or mixed 
inhibition by several inhibitors may reflect binding 
of the inhibitor to both the active site and the second 
binding site. 

The in vivo experiments were undertaken to 
determine whether the transferase inhibitors could 
extend the plasma half-life of GTN in rat. Table 3 
and Figs. 4 and 5 clearly show that probenecid or 
cephalothin administered to a rat prior to ['"*C]GTN 
slowed the metabolism of the nitrate ester, as judged 
by the disappearance of [““C]GTN from the blood 
and by the appearance of “C-labeled metabolites. 
The clearance of [‘*C]GTN from blood was biphasic, 
as reported by Needleman and coworkers [12, 13]. 
The first phase was an exponential distribution from 
blood to tissues. This was so rapid that precise values 
are difficult to determine. The straight line in semilog 
plots of the second or metabolism phase of [‘*C]GTN 
clearance from blood indicates that it also is expo- 
nential. Thus, 


d{GTN] 
ain. we A 
dt 


A, and A, are constants, and k, and k, are first order 
rate constants for distribution and for metabolism. 

Inhibition of the second phase of [‘*C]GTN clear- 
ance from the blood strongly indicates that the sec- 
ond phase is metabolism, a concept already sup- 
ported by the early appearance of metabolites. Since 
this metabolism is first order, the concentration of 
GTN in the tissue is far below the K,,, of the enzyme. 
All of the transferases showing ONER activity may 
not be inhibited by a single drug. Even with multiple 
transferase inhibitors, 100 per cent inhibition of 
metabolism might not be achieved due to an ONER 
activity that is not transferase related. 

The metabolism of GTN in the rat appears to 
occur primari'y in the liver [12, 13]. However, the 
kidney, with intermediate enzyme levels [25] and a 
large blood flow, and intestinal mucosa, with a spe- 
cific activity on GTN that is higher than that for liver 
[25] probably contribute to metabolism. There is 
some disagreement as to whether any metabolism 
occurs in the erythrocyte. Needleman and coworker 
[12, 13,23] reported very slow disappearance of 
GTN in blood in vitro, but several investigators think 
that some metabolism may occur in erythrocytes 
[26]. There may be species differences in this regard 
[27]. The only GSH-transferase reported for the 
erythrocyte (human) has been stated not to act on 
GTN [28]. 


e ky 4. Ax ky (5) 
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Termination of GTN action [23, 25-27] may 
depend on destruction in other tissues as well as the 
liver, intestinal mucosa and kidney. Inhibition of the 
enzymes involved offers the possibility of slowing 
destruction at all sites. The dose of probenecid and 
of cephalothin used in the in vivo experiments would 
yield a level of 0.6 to 0.9 mM if evenly distributed 
in the body water of the rat. While this concentration 
would cause only 25 per cent inhibition of the ONER 
activity studied in vitro with 1 mM GTN (for rat, K; 
for probenecid = about 1.3 mM, K,,forGTN = about 
1 mM [8]), the concentration of inhibitor in the liver 
and other tissues may well be higher. In addition, 
the GTN concentration in vivo is probably much 
lower, perhaps 20-100 uM. The 59 per cent inhibi- 
tion of ONER, implied when probenecid increases 
the metabolic T,. from 70 to 171 sec, would be 
approximated by in vivo concentrations of 1.6mM 
probenecid and 50 4M GTN. 

In conclusion, reduction of the rate at which GTN 
is metabolized in rat can be achieved through the 
administration of certain drugs. This reduction pre- 
sumably occurs through the in vivo inhibition of 
ONER activity of the GSH-S-transferases. The 
application of this method for prolonging the plasma 
half-life of GTN is suggested as having potential 
therapeutic value for the treatment of ischemic heart 
disease and the relief of angina pectoris. Further 
studies are needed to find better inhibitors and to 
determine what physiologic disturbance may result 
from a high degree of in vivo inhibition of the GSH- 
S-transferases. 
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Abstract—The biochemical processes by which heptachlor epoxide affects transmitter release were 
studied, using rat brain synaptosomes. Heptachlor epoxide stimulated the release of preloaded 
(‘*C]glutamate from isolated synaptosomes in the presence of externally available Ca** or a high 
concentration of K* (71 mM). This stimulatory effect appeared to be independent of the general 
membrane depolarization, since it could still be observed in a synaptosomal preparation suspended in 
a high K* concentration (71 mM). Heptachlor epoxide-treated synaptosomes were also found to take 
up more Ca?* and to release less compared to untreated synaptosomes. By using subcellular preparations 
from disrupted synaptosomes, it was possible to demonstrate that an ATP-dependent Ca** uptake 
process was inhibited by heptachlor epoxide. Experiments in vivo also confirmed the above observation. 
It was noted that all these actions of heptachlor expoxide have the same effect of raising the intracellular 
level of free Ca”*. A working hypothesis has been proposed, therefore, to explain the neurostimulatory 
effect of heptachior expoxide on the basis of its effects on synaptic Ca** regulation, particularly that 


by Ca?*-Mg** ATPase. 


Though the details of the mechanism of action of 
chlorinated cyclodiene insecticides are still obscure, 
it is now generally agreed that they characteristically 
affect the synaptic region of the central nervous 
system in higher animals [1,2]. Electrophysiological 
evidence suggests that these insecticides promote the 
release of neurotransmitters, such as acetycholine, 
from pre-synaptic sites, causing typical excitation 
symptoms [3,4]. 

On the other hand, basic biochemical mechanisms 
of transmitter release are now becoming clear to the 
point that certain triggering processes may be 
defined. Here, the most crucial event appears to be 
the increase in the intracellular concentration of free 
Ca** following the general depolarization of the neu- 
ron. This increase signals the migration and exocy- 
totic movement of synaptic vesicles which are the 
packets containing the transmitter. Within the syn- 
aptosome, free Ca** levels are regulated probably 
by the endoplasmic reticulum [5,6] and mitochon- 
dria, both of which are known to be capable of 
sequestering Ca**. However, from the viewpoint of 
affinity (i.e. effectiveness at low Ca** concentra- 
tions) and speed of response, the latter organelle 
appears to be inferior and, as such, the bulk of 
intricate Ca** regulation related to the transmitter 
release is believed to be carried out by the former. 
Another mechanism of controlling Ca?* has been 
associated with the ‘Ca-pump’ at the plasma mem- 
brane, which extrudes excess Ca** from the cell at 
the expense of metabolic energy derived from ATP. 
Interestingly enough, both of these Ca** regulating 
activities are believed to be controlled by the Ca?*- 
Mg?* ATPase which is present in the synaptic 
components. 

Recently, we found that the synaptic Ca**—-Mg** 
ATPase is inhibited by heptachlor epoxide and other 


chlorinated cyclodiene insecticides in vitro [7]. In 
view of the proposed roles of Ca’*-Mg’* ATPase 
in the process of transmitter release, such an inhibi- 
tory action has at least the potential to explain some 
of the actions of these pesticides. 

The purpose of this work is, therefore, to relate 
our previous finding to the biochemical processes of 
transmitter release and, thereby, to assess the sig- 
nificance of the inhibitory action of cyclodienes on 
the Ca**-Mg** ATPase. 


EXPERIMENTAL 


Animals. Adult male Sprague-Dawley rats, 
weighing 160-200 g, were supplied from Spartan 
Research Animals, Inc., Haslett, MI. The method 
of dissection and the preparation of the rat brain 
homogenate were identical to those reported pre- 
viously by us [7]. In brief, the whole brains of Spra- 
gue—Dawley rats were excised and chilled in 0.32 M 
sucrose. The brains of two to four rats were used for 
a single preparation. After the removal of blood 
vessels, the brains were homogenized in cold 0.32 M 
sucrose with a glass Teflon homogenizer (a clearance 
of about 0.25 mm at 0°) at about 1000 r.p.m. for 
3 min. 

Preparation of synaptosomal fractions. Synapto- 
somes were prepared by the differential and sucrose 
gradient centrifugation procedure of Gray and Wit- 
taker [8] and Hajos [9] from rat brain (mainly gray 
matter). To obtain subcellular fractions, the syn- 
aptosomes, suspended in 0.32 M sucrose, were dis- 
rupted with osmotic shock by adding 10 vol. of ice- 
cold distilled water. Further fractionation of dis- 
rupted synaptosomes was carried out by centrifu- 
gation in a discontinuous sucrose gradient (0.8-1.2 M 
sucrose) at 90,000 g (max. 90 min, 4°) using a Spinco 
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model L2-65B ultracentrifuge with an SW 25.1 rotor. 
They were separated into five fractions: top layer 
(0.03 M sucrose), fraction 1 (interlayer of top layer— 
0.8 M sucrose), fraction 2 (0.8 M sucrose), fraction 
3 (0.8-1.2 M sucrose interlayer), fraction 4 (1.2M 
sucrose), and fraction 5 (precipitate at the bottom). 
The crude synaptic fraction was obtained by the 
method of DeRobertis et al. [10]. This preparation 
was considered to be heterogeneous and to contain 
membrane fragments and distrupted synaptosomes, 
as shown by Wittaker et al. [11]. The crude synaptic 
vesicle fraction was subjected to further fractionation 
by discontinuous sucrose density centrifugation as 
described above for the disrupted synaptosomes. 
Uptake and release of {'*C|glutamate by synapto- 
somes. Synaptosomes (3—4mg protein/ml) were 
incubated at 30° for 10 min with heptachlor epoxide 
in a physiological salt solution, 5 K* medium [12], 
which consisted of 1.3mM MgCl, 1.2mM 
NaH,PO,, 10mM glucose, 5mM mannitol and 
20 mM Tris base (pH was adjusted to 7.65 by titration 
with maleic acid) in addition to 5mM KCI and 
132 mM NaCl, with or without 1.2 mM CaC!,. The 
synaptosomes were preloaded with ['*C]glutamate 
by adding ['*C]-L-glutamic acid with gentle stirring 
(final concentration, 4-5yM). The release of 


['*C]glutamate was studied by changing the ionic 
conditions (see Table 1). A high K* medium, 71 K* 
medium [12], was obtained by mixing 5 K* medium 
with the same volume of high K* saline which con- 
tained 137 mM KCl in place of 5 mM KCland 132 mM 
NaCl. After incubation, synaptosomal suspensions 
were filtered through a millipore filter (HA 0.45 um 


was used throughout) following by washing with ice- 
cold incubation medium. The filters were dried by 
air and radioactivity was assessed by dissolving the 
entire filter in 10 ml of liquid scintillation counting 
solution. 

Uptake and release of “Ca** by synaptosomes. 
“Ca** uptake by synaptosomes was studied by the 
method of Blaustein and Ector [12]. The synapto- 
somes (1.0-1.5 mg protein/ml) were preincubated 
with chemicals in Ca**-free medium at 30° for 10 min, 
and the reaction was initiated by the addition of 
*SCa’* (final concentration, 1.2 mM). The incubation 
was carried out for 1.0 min, and “Ca?* uptake was 
terminated by adding one fifth volume of ice-cold 
stopping solution, which contained 30mM _ Tris— 
EGTA* in place of glucose and mannitol in Ca’*- 
free 5K* medium. Ice-cold Ca**-free 5 K* solution 
(3 vol.) was added to the suspension, and synapto- 
somes were precipitated by centrifugation at 9000 g 
for 4 min. After washing with cold 5 K* medium, the 
pellets were dissolved in 1 N NaOH at 50° and the 
radioactivity of a neutralized aliquot was assayed by 
liquid scintillation spectrometry. 

The release of ““Ca** was examined (see Table 3) 
using synaptosomes preloaded with “Ca** in the 
same way as described above, except that the syn- 
aptosomes were suspended in 50 K* medium, which 
was obtained by adding high K* saline to 5 K* 
medium. After preloading, synaptosomes were 
resuspended in ice-cold 5 K* medium, and they were 





*EGTA = 
acetate. 


ethyleneglycolbis(aminoethylether)tetra- 
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treated with heptachlor epoxide or gramicidin D at 
2° for 10 min. The incubation was carried out at 30° 
for 10 min. The samples were quickly chilled in an 
ice bath, filtered through a millipore filter 
(HA 0.45 um), and washed with ice-cold 5 K* 
medium. The released amount of “Ca”* was assessed 
from the difference of radioactivity in synaptosomes 
(and also in filtrate if necessary) before and after 
incubation. 

““Ca’* binding by disrupted synaptosomes. Freshly 
prepared synaptosomes (containing 0.9mg_pro- 
tein/0.1 ml 0.32M_ sucrose) were disrupted by 
osmotic shock as above. Heptachlor epoxide was 
added and incubated with the system before (pre- 
treated) or after (post-treated) disruption (see Table 
4). The disrupted synaptosomes were incubated with 
EGTA-equilibrated *Ca** (free ion concentration, 
5 x 10°°M; Portzehl er al. [13]) at 30° for 10 min in 
the reaction mixture containing 145 mM KCl, 2mM 
KH;PO, 0.1mM ouabain, 0.2 mM sodium azide, 
0.2 mM 2,4-dinitrophenol, 0.7 ug/ml oligomycin and 
10mM Tris-HCl (pH 7.6), with or without 2mM 
ATP or 3mM MgCl,. The suspensions were cooled 
and filtered through a millipore filter and the radio- 
activity on the filter was assayed as above. 

ATPase assay method. The ATPase activities were 
measured in terms of the liberation of “Pi from y- 
[°P]ATP [14]. The insecticide was added with 5 yl 
of ethanol to the assay mixture containing a 0.1-ml 
aliquot of enzyme source (20-50 wg protein) and 
0.85 ml of the assay buffer (the details of the incu- 
bation conditions are given under Results). The 
reaction was initiated by the addition of 
50 wl [*PJATP (final concentration, 0.5 mM), and 
stopped with 0.2 ml of 10% trichloroacetic acid. The 
enzyme protein was coprecipitated with bovine 
serum albumin (1mg/0.1ml,_ dissolves in 
100 mM KH,PO,), and the remaining [’P]ATP in 
the reaction mixture was eliminated by active char- 
coal (50 mg). The charcoal on the wall of the test 
tubes was rinsed with 0.2ml ethanol and was 
removed by low speed centrifugation (1000 r.p.m., 
5 min). The radioactivity in an aliquot of the super- 
natant fraction was assayed. The Ca**-Mg** ATPase 
activity was defined as enzyme activity stimulated by 
5x 10°°M Ca** over the basal activity (Ca**, 
10°°M). EGTA (0.5 mM) was used to buffer Ca** 
[13]. 

Determination of heptachlor epoxide levels in var- 
ious nerve components. Heptachlor epoxide was 
extracted with ether (5 ml) three times from brain 
homogenate or synaptosomal fractions (2.5 ml) 
which were treated with the pesticide in vivo or in 
situ (i.e. isolated synaptosomes). Ether layers for 
each sample were pooled and the solvent was evap- 
orated under N;>. The residue was dissolved in 2.5 ml 
n-hexane, and heptachlor epoxide was extracted 
from the hexane layer with acetonitrile (2 ml, three 
times). Acetonitrile was removed by bubbling N, at 
70°. The residues were dissolved in acetone and were 
subjected to gas liquid chromatographic (g.I.c.) 
analysis. A Varian Aerograph Series 2400 equipped 
with an electron-capture detector was used. The 
metal column (4 ft) was packed with 30% SE on 
gaschrom Q (column temp. 225°). Injection and 
detector temperatures were 280 and 250°, respec- 





Heptachlor epoxide effects on synaptosomes 


W 
O 


) 


'4C-Glutamate Uptake 
(p moles / mg protein 





IS 


s s + 


Oo5 5 0 
Time, Min. 








Fig. 1. Uptake of ['*C-]glutamate by synaptosomes. Syn- 
aptosomes (3.2 mg protein/ml medium) were incubated in 
5 K* medium (Ca**-free) with or without heptachlor epox- 
ide for 10 min. at 30°. ['*C]-1-Glutamic acid (0.5 wCl; final 
concn. 4.4 4M) was added and further incubation was 
carried out. Aliquots (0.5 ml each) were removed period- 
ically from the incubation mixture. They were transferred 
to chilled Ca**-free 5 K* medium containing ice-cold 5 uM 
glutamate, and immediately filtered through a millipore 
filter. The synaptosomes on the filter were washed by 5 ml 
of Ca**-free 5K* medium with lon-labeled glutamate 
(5 uM) for three times, and the radioactivity on the filter 
was assayed. Key: (Q) control, (0) 107’ M heptachlor, and 
(A) 10°°M heptachlor epoxide. 


tively. The flow rate of carrier gas (N2) was adjusted 
to 25 ml/min. The levels of heptachlor epoxide in 
various brain components were expressed as the 
amount per mg protein. 

Chemicals. Heptachlor epoxide was supplied by 
the Velsicol Chemical Co., Chicago, IL, and was 
free from any impurity as judged by g.|.c. analyses. 
ATP (Tris salt and disodium salt), EGTA, mersalyl, 
ruthenium red, sodium pentobarbital, gramicidin D, 
oligomycin and bovine serum albumin were pur- 
chased from the Sigma Chemical Co., St. Louis, 
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MO. y-[*P]ATP and [*Ca]Cl, were from New Eng- 
land Nuclear, Boston, MA. All other reagents were 
of the highest grade commercially available, and 
distilled—deionized water was used throughout the 
study. 


RESULTS 


Release of [\*C]glutamate from the isolated syn- 
aptosomes. Glutamate was chosen as a model trans- 
mitter since this amino acid is stable and is not readily 
degraded upon release. It is known to be present in 
the rat brain and is regarded as an excitatory trans- 
mitter [15]. In addition, its release has been shown 
to be controlled by Ca’* at the level of the synaptic 
vesicle [16]. 

In the first experiment, isolated synaptosomes 
were incubated with ['*C]glutamate in a low 
K* (5 mM) medium according to a modified method 
(see Fig. 1 caption) of Takagaki [17]. The rate of 
uptake of ['*C]glutamate reached a peak at 5 min at 
30° and showed a slight decline in the next 10 min 
(Fig. 1). In the presence of a high concentration of 
heptachlor epoxide (10~°M), the rate of uptake of 
glutamate was slightly more (about 10 per cent at 
10 min). To preserve the freshness of the synapto- 
some, 10 min was adopted as a standard preloading 
time period. In the second experiment, the com- 
position of the external medium was changed to 
study the nature of the heptachlor epoxide-induced 
increase in the transmitter release (Table 1). Hepta- 
chlor epoxide stimulated the release of glutamate at 
low K* (5 mM) in the presence of Ca’* Increase of 
the external K* concentration to 71 mM clearly 
stimulated the transmitter release as expected from 
the general depolarization effect of K* [12]. It was 
unexpected, however, that heptachlor epoxide 
would still retain the ability to stimulate the release 
of ['*C]glutamate in this high K* medium (Table 1). 
This must mean that heptachlor epoxide stimulated 
both external Ca’*-dependent and independent 
transmitter release mechanisms. 


Table 1. Effects of heptachlor epoxide (HE) and ionic conditions on the release of 
['*C]glutamate from synaptosomes* 





Conditions 
before 
release 


agents 
added 


Releasing 


['*C]Glutamate 
released 
(c.p.m./mg protein/min)? 





5K 0 
5K Ca** (1.2 mM) 
5K K* (71 mM) 
5K 

5K + HE (10°’M) 
5K + HE (10°’M) 
5K + HE (107M) 


Ca** (1.2 mM) 
K* (71 K) 


K* (71 mM) + Ca (1.2 mM) 
0 


0 
3070 + 270 
4930 + 130: 
5810 + 65 

0 
4025 + 205i 
6065 + 115§ 





* Synaptosomes (0.95 mg protein/ml medium) were preloaded with ['*C]glutamate in 
Ca’*-free 5 K* medium containing 132 mM Na, as shown in Fig. 1. The released amounts 
of ['*C]glutamate were determined by the difference of radioactivity remaining in the 
synaptosomes before and after 1 min of incubation at 30°. The preloaded amount of 
[“*C]glutamate was 11,000 + 300 c.p.m./mg protein. 

+ Since the amounts of endogenous glutamate in these synaptosomal preparations were 
not determined, it is not possible to express the amount released in a molarity unit. Each 
value is the mean of nine determinations + standard error. 

+t Difference against SK + 1.2 mM Ca”* significant at 0.025. 

§ Difference against 5K + 71K significant at < 0.005. 
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Fig. 2 . Effect of heptachlor epoxide on the rate of release 
of [' ‘Cc |glutamate from synaptosomes. Conditions of prein- 
cubation of synaptosomes with heptachlor epoxide and 
yg of {'*C]glutamate are as indicated i in the legend 
of Fig. 1. The released amounts of ['*C]glutamate from 
pl A were determined by the difference of radio- 
activity remaining in the synaptosomes before and after 
1 min of incubation at 30° in Ca**-free 71 K* medium. Each 
point represents the mean with standard error. 


In the next experiment, synaptosomes preloaded 
with [‘*C]glutamate in 5 K* medium with or without 
heptachlor epoxide were incubated for an additional 
1.0 min at 30° in the 71 K* medium. The amount of 
radioactivity released to the medium during the 
change of K* concentration was measured by remov- 
ing the intact synaptosomes by millipore filtration. 
The results (Fig. 2) clearly show that heptachlor 
epoxide had a significant stimulator power on the 
process of glutamate release. Even at as low as 
10~° M the level of stimulation was highly significant. 
In this time span, about 30 per cent of the total 
radioactivity loaded in the synaptosome was released 
in the control. The level of stimulation ranged from 
11 to 50 per cent over the control values. 

*“Ca’* uptake by synaptosomes. To test the pos- 
sibility that an increase in Ca** uptake by the intact 
synaptosomes is one of the causes of the stimulatory 
effect of heptachlor epoxide, ““Ca?* was added to 
the external medium (5 K* medium). After incuba- 
tion, synaptosomes were harvested by a millipore- 
filtration method [12], and the amounts of *Ca?* 
picked up by them were assessed. The results shown 
in Table 2 indicate that the rate of *“Ca** uptake was 
stimulated by 10~’M of externally applied hepta- 
chlor epoxide in situ. On the other hand, pentobar- 
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bital which counteracts K*-induced release of trans- 
mitter did not have a significant effect under these 
experimental condition. Since this drug is known to 
reduce transmitter release by inhibiting only the 
portion of Ca’* uptake related to depolarization [12], 
the above result supports the view that this aspect 
of the effect of heptachlor epoxide is related to the 
increase in Ca** uptake unrelated to general 
depolarization. 

On the other hand, stimulation of Ca** uptake 
does not necessarily lead to a high level of intra- 
cellular Ca’*, since a parallel increase in Ca** release 
from the synaptosome would cancel out the uptake 
effect. To examine this possibility, synaptosomes 
preloaded with *Ca** in 50 K* medium were sus- 
pended in 5K* medium, and were treated with 
heptachlor epoxide or gramicidin D. The system was 
transferred to a water bath maintained at 30° and 
incubated for 10 min. The system was chilled, syn- 
aptosomes were removed by millipore-filtration, and 
the amounts of Ca** discharged were assessed from 
the radioactivity in the cell-free medium. The result 
(Table 3) shows that heptachlor epoxide also 
inhibited the process of Ca** release in addition to 
its stimulation of uptake. The overall result must be 
that the Ca** congentration in the synaptosome 
would increase ubpbiss an efficient system of Ca’* 
sequestration is still operative in the synaptosome. 
Gramicidin D, on the other hand, clearly stimulated 
the release of “Ca’*, indicating that for this chemical 
the overall effect must be an increase in Ca** perme- 
ability for both directions. 

*SCa?* binding by the total subcellular components 
of the disrupted synaptosomes. The above experi- 
ment established that one of the effects of heptachlor 
epoxide is to increase the synaptosomal uptake of 
external Ca’*. However, it has been shown pre- 
viously (Table 1) that another effect of heptachlor 
epoxide is to increase the rate of transmitter release 
that is triggered by a high K* concentration (i.e. 
general depolarization) in the absence of externally 
added Ca** Since the transmitter release is actually 
increased by the increase in internal Ca** which can 
be induced by both the increase in uptake of the 
external Ca** and by the release of internal Ca’** by 
Ca**-sequestering organelles, we decided to examine 
the effect of heptachlor epoxide on Ca** uptake by 
subcellular components of the synaptosome. To 
study the binding pattern of “Ca** to subcellular 
components, freshly prepared synaptosomes were 
either incubated with heptachlor epoxide for 10 min 
at 2° and disrupted by osmotic shock (i.e. ‘pre- 
treated’), or they were first disrupted and then 


Table 2. Effects of heptachlor epoxide and pentobarbital on “Ca** uptake by synaptosomes 





Conditions 


4§ 2+ 
*Ca** uptake* 
(umoles/g protein/min) 


No. of independent 
experiments 





Control 

Heptachlor epoxide (107 ’™M) 
Heptachlor epoxide ol ™M) 
+ pentobarbital (10 


0.0290 + 0.0060 9 
0.0338 + 0.00147 6 


0.0345 + 0.0003+ 3 





* All data are expressed as mean + standard error. 
+ Difference against control significant at 0.25. 
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Table 3. Effect of heptachlor epoxide on the release of “Ca** from 
synaptosomes 





Relative amounts of **Ca?* 
released from synaptosomes 
(Control = 100) 





Control 

Heptachlor epoxide (107 °M) 
Heptachlor epoxide (107 ‘M) 
Heptachlor epoxide (107° M) 
Gramicidin D (10 ug/ml) 





* Mean + standard errors. 
+ Difference against control significant at 0.05. 
+ Difference against control significant at < 0.005. 


Table 4. Effect of heptachlor epoxide on ATP-dependent *Ca”* binding by disrupted 
synaptosomes 





ATP-dependent *°Ca** binding” 
Conditions (pmoles/mg protein/10 min) 





Control 1305 + 24 

Heptachlor epoxide 

(pre-treated) 10°°M 1129 + 21 
10-°M 986 + 130+ 
10°*M 961 + 9+ 

(post-treated) 10°°M 974 + 1207 

Mersalyl§ 5x 10°M 82 + 194 





* ATP-dependent “°Ca** binding is defined as the amount of the increase in 
“SCa** binding due to the addition of ATP to the medium containing all other 
constituents including Mg”*. The value for ATP-independent “°Ca** binding was 
337 pmoles/mg protein/10 min (average of four determinations). Data are expressed 
as mean + S.E. 

+ Difference against control significant at 0.05. 

+ Difference against control significant at < 0.005. 

§ Mersalyl was added after disruption of synaptosomes. 


Table 5. Effects of heptachlor epoxide on Ca’*-Mg’* ATPase and Mg** ATPase 
activity in disrupted synaptosomes* 





(nmoles/mg* P; protein/10 min) 





Ca**-Mg”* ATPase Mg** ATPase 





Control 44.2 + 22.07 65 
Heptachlor epoxide (10° M) 0.5+ 6.04 tT 


4+8.2 
ee | 


5. 
ce 





* Disrupted synaptosomes (50 ug protein/reaction mixture) were incubated with 
heptachlor epoxide (107° M) at 2° for 10 min in a medium containing 145 mM KCI, 
3mM MgCl,, 2mM KH PO,, 0.1 mM ouabain, 3mM sodium azide, 0.7 ug/ml oli- 
gomycin, 10 mM Tris-HCI (pH 7.6), and EGTA-equilibrated Ca**, 10° M (basal 
medium) and 5 x 10°°M (medium for activation). The reaction was started by the 
addition of [**P]ATP (0.5 mM; 0.05 uCi), and the incubation was carried out at 30° 
for 10 min. 

+ Mean = standard error. 

+ Difference against control significant at 0.05. 
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Table 6. Effects of heptachlor epoxide on distribution of Ca** in the synaptosomes* 





Centrifugal fractions 


[c.p.m./mg protein] treated 
[c.p.m./mg protein] control 





Ratio = 





Top layer 

Fraction 1 (0.03 M-0.8 M sucrose) 
Fraction 2 (0.8 M sucrose) 
Fraction 3 (0.8 M—1.2 M sucrose) 
Fraction 4 (1.2 M sucrose) 
Fraction 5 (precipitate at bottom) 


1.03 + 0.07 
0.98 + 0.05 
0.82 + 0.06 
1.16 + 0.02 
1.12 + 0.03 
1.05 + 0.06 





* 4Ca** preloaded synaptosomes were treated with 10°°M heptachlor epoxide 
(10°* moles/mg protein) for 10 min at 2° in 50 K* medium. They were transferred 
to 5 K* medium and incubated for 10 min at 30°. The suspensions were chilled in 
ice water and centrifuged at 10,000 g for 10 min. After the pellets were rinsed with 
5 K* medium and 0.32 M sucrose, they were disrupted with osmotic shock. The 
disrupted synaptosomes were centrifuged in a discontinuous sucrose gradient at 
90,000 g for 90 min, and they were fractionated as shown. Data are expressed as the 
ration of specific radioactivities found in treated fractions against control (the mean 


from four experiments + standard error). 


incubated with heptachlor epoxide at 2° for 10 min 
(i.e. ‘post-treated’). In either case, *Ca** was added 
to the disrupted synaptosomal suspension, incu- 
bated, and the uptake of “Ca’* was measured by 
millipore-filtration. The result clearly shows that 
heptachlor epoxide had inhibitory effects on ATP- 
dependent *Ca’* binding in the presence of mito- 
chondrial toxicants (Table 4). Mersalyl (mercur- 
amide), a known inhibitor of -SH enzymes including 
ATPases, clearly inhibited the *Ca** binding pro- 
cess, supporting the contention that the process stud- 
ied here involves -SH proteins. 

Effect of heptachlor epoxide on Ca**—Mg’* 
ATPase of subcellular components of disrupted syn- 
aptosomes. The above inhibitory action of the insec- 
ticide on the ATP-dependent *Ca** uptake may be 
related to its similar action on Ca**-regulating 
ATPases. To test this possibility, Ca’*-Mg’* ATPase 
and Mg**-ATPase of the same preparation were 
examined. Heptachlor epoxide was found to inhibit 
Ca**-Mg** ATPase, but not Mg** ATPase (Table 
5). 

Studies on heptachlor epoxide inhibition of *Ca** 
binding and Ca**-Mg** ATPase in individual sub- 
cellular components of synaptosomes. The above 
findings suggest that some component of the syn- 
aptosome is affected by heptachlor epoxide so that 
its internal Ca** sequestering ability is impaired. The 
fresh synaptosomes were loaded with “Ca**, treated 
with heptachlor epoxide, and disrupted by means of 
osmotic shock. Various intracellular components 
were separated by discontinuous sucrose-density 
centrifugation. Each subcellular fraction was col- 
lected and the distribution of “Ca** was determined. 
The ratios of “Ca** level found in heptachlor epox- 
ide-treated synaptosomes to that of the control was 
calculated for each fraction; the results are sum- 
marized in Table 6. There were two fractions in 
which *Ca** levels were lower in the heptachlor 
epoxide-treated synaptosomes than in the control. 
Fraction | is known to contain synaptic vesicles, 
myelin, axon, and other membranous components, 
and fraction 2 mainly consists of endoplasmic reticu- 
lum and synaptosomal ghosts. 


Studies on the effects of in vivo administered hepta- 
chlor epoxide on synaptosomal ATPases. The most 
crucial test in relating such an inhibition of Ca**- 
Mg** ATPase by heptachlor epoxide to its mode of 
action in live organisms, is to prove that the inhibition 
actually takes place in vivo. Four rats, two for control 
and two for the treatment, were used for this pur- 
pose. Heptachlor epoxide was intraperitoneally 
injected (200 mg/kg) and symptoms were closely 
observed as they developed. At the onset of the 
violent convulsive symptoms (5 hr post-treatment), 
the rats were killed and the synaptosomes were iso- 
lated as before. Disruption by osmotic shock and 
discontinuous sucrose centrifugation gave the same 
subcellular fractions as the previous experiment 
(Table 7). As a result of ATPase assay, it was found 
that the Ca’*—-Mg”* ATPase of the same two fractions 
previously shown to be susceptible in vitro to hepta- 
chlor epoxide was found to be inhibited also in vivo. 

The levels of heptachlor epoxide in the brain and 
subcellular fractions were determined using a g.l.c. 
technique. The total level of heptachlor epoxide in 
the brain was 3.15 p.p.m. on a wet weight basis, 
which corresponds to 10.5 ng/mg protein. On the 
other hand, approximately four times as much hepta- 
chlor epoxide was found in synaptosomes (48.4 ng/mg 
protein). Within the synaptosomal components, 
fractions 1 and 2 had the highest level of heptachlor 
epoxide (160 and 199 ng/mg respectively) (Table 7). 

Since it was observed that the Ca**-Mg** ATPase 
of fractions 1 and 2 was specifically inhibited, while 
the ATPase activity was also high in other fractions, 
particularly in fraction 3, a question must be raised 
as to why only the ATPase of the former two fractions 
was inhibited. This discrepancy can be understood 
if it is assumed that the Ca**-Mg** ATPase in frac- 
tions | and 2 is more accessible to heptachlor epoxide 
than that of fraction 3 in vivo. The residue data on 
the distribution pattern of heptachlor epoxide gen- 
erally agrees with the above assumption. To prove 
the above point, that the Ca’*—Mg’* ATPase in frac- 
tion 3 is not qualitatively different from the one in 
fractions | and 2, an inhibition experiment was con- 
ducted wherein the inhibitor was added directly to 
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Table 7. Effect of in vivo administered heptachlor epoxide on synaptosomal Ca**- 
Mg?* ATF ase activity and its distribution in synaptosomal subfractions* 





Ca? *—Mg" * ATPase activity+ 
(nmoles *“P,/mg protein/20 min) Distribution of 
heptachlor epoxide 


(ng/mg protein) 





Fractions Control Treated 





160 
199 


150+ 42 
504+ 98 
1775 + 134 
1563 + 96 
286 + 102 


Ot 
64 + 48i 
1642 + 186 156 
2054 + 100 130 
292 + 78 33 





* Heptachlor epoxide dissolved in corn oil was intraperitoneally injected into the 
rats (200 mg/kg). When convulsions were observed, the rats were killed and the 
synaptosomes were prepared by the method of Hajos [9]. The synaptosomes were 
disrupted and fractionated as in the legend of Table 6. Ca? *_-Mg** ATPase activity 
was assayed in a medium containing 100 mM KCl, 3mM MgC\), 0.1 mM ouabain, 
30mM_ imidazole-HCl, pH7.2, and EGTA- -equilibrated Ca**, 10°°M (basal 
medium) or 5 x 10-°M (medium for activation). [**P]ATP (0.5 mM) was used as 
substrate. The determination of the level of heptachlor epoxide in the brain and 
subcellular fractions was carried out by gas liquid chromatography after extraction 


by ether. 


+ Expressed as the average of two independent experiments (each experiment 
involving two duplicate determinations) + standard error. 
¢ Difference against control significant at < 0.005. 


each discontinous sucrose gradient fraction obtained 
from the crude synaptic vesicle fraction, and the 
levels of inhibition were determined. The results 
shown in Table 8 clearly indicate that the Ca**—Mg”* 
ATPase in fraction 3 was as sensitive to heptachlor 
epoxide as that in fractions 1 and 2, while its sen- 
sitivity to ruthenium red was different. Ruthenium 
red at this concentration is known to inhibit Ca?*- 
Mg’* ATPase and other Ca** ATPases [5,6]. 


DISCUSSION 


Since we have found in this work that heptachlor 
epoxide induces a variety of effects on biochemical 
processes of the synapse, we feel it is necessary to 
make an effort to integrate all the information lead- 
ing to the increased transmitter release. As shown 
in Fig. 3, heptachlor epoxide clearly stimulated 
external Ca** uptake and reduces Ca** release by the 


Table 8. Sensitivity of Ca?*-Mg** 


synaptosome and, therefore, the net result was an 
increase in the total Ca** content in the synaptosome. 
This aspect of the heptachlor epoxide effect would 
become important when the uptake process of exter- 
nal Ca** is the rate-limiting reaction in the whole 
process of transmitter release. Within the synapto- 
some, heptachlor epoxide reduced Ca** uptake by 
the endoplasmic reticulum, the proposed Ca?’ 
sequestering organelle. This could explain the 
phenomenon that heptachlor epoxide stimulated the 
high K*-induced transmitter release even in the 
absence of externally added Ca’* At any rate, these 
two actions added together should clearly increase 
the availability of Ca** to other intracellular organ- 
elles. The result observed (Table 6) is consistent with 
the above expectation. 

The mechanism by which the increase in the intra- 
synaptic concentration of Ca** resulted in an increase 
in transmitter release is not completely clear. One 


ATPase to heptachlor epoxide and ruthenium red* 





(nmoles*’P,/mg protein/10 min) 





Fraction 





I 2 3 





Control 
Heptachlor epoxide (10° M) 
Ruthenium red (10° M) 


954+6 
420 + 3+ 
40 + 12+ 


1044 + 45 
345 + 718 
836 + 238 


$82 +9 
354 + 75§ 
273 + 1108 





* A crude synaptic vesicle fraction suspended in 0.32 M sucrose (5 mg protein/2 ml) 
was centrifuged at 100,000 g for 2 hr in discontinuous sucrose gradient as in Table 6. 
The resulting layers were separated by aspiration. 

ATPase activity was determined using [**P]ATP as in Table 7 


+ Expressed as mean + standard error. 


t Difference against control significant at <0.005 
§ Difference against control significant at 0.025-0.05. 
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Ca** EXCHANGE 


MITOCHONDRIA 


ENDOPLASMIC 
RETICULUM 


(Ca** -Mg** ATPase) 


SYNAPTIC 
VESICLES 


INCRE ASED 
TRANSMITTER 
RELEASE 


POST SYNAPTIC REGION 


Fig. 3. Schematic illustration of the overall effects of heptachlor epoxide on the processes of transmitter 

release. Arrows represented by solid lines show that the process is stimulated by heptachlor epoxide. 

Those represented by dotted lines show its inhibitory effects. The overall effect of heptachlor epoxide 

is the increase of internal free Ca** which triggers the release of the transmitter. The role of mitrochondria 
in Ca?* regulation was not examined in this work. 


theory is that availability of Ca** to synaptic vesicles 
induces a myosin (on the synaptic vesicle )—actin (on 
the pre-synaptic membrane) type interaction leading 
to exocytotic movement [16]. Whatever the actual 
biochemical mechanisms are, it is clear from much 
experimental evidence that the increase in Ca’* avail- 
ability to synaptic vesicles and other intracellular 
organelles is the key to triggering transmitter release 
[5,6,16, 18]. 

As for the question of a Ca** sequestering orga- 
nelle within the synaptosome, we are aware of the 
existence of two schools of thought. One theory 
considers the function in the endoplasmic reticulum 
to be similar to the mechanism controlling Ca’* in 
muscle sarcoplasmic reticulum [5,6]. The other the- 
ory is the one advocated by Rahamimoff (e.g. Ref. 
18) attributing the major Ca*-regulating activity to 
mitochondria. In the present study, we eliminated 
mitochondrial function by the use of 0.2 mM sodium 
azide and 0.2 mM 2,4-dinitrophenol and, thereby, 
concentrated only on the effect of endoplasmic 
reticulum. It is known that mitochondria play a 
strong role in this regard, and that various cyclodiene 
insecticides (e.g. heptachlor epoxide) inhibit mito- 
chondrial ATPases (e.g. Refs. 19 and 20). However, 
Blaustein et al. [5] have shown that brain mitochon- 
dria pick up little Ca?* when the ionized Ca** level 
is as low as 0.3 uM, the concentration range where 
the active Ca** sequestering organelle should be 
operating to control the transmitter releasing event. 
Moreover, it is also known that mitochondrial poi- 
sons such as 2,4-dinitrophenol and oligomycin do 


not induce typical neuro-excitatory symptoms in 
insects. They are classified among the general res- 
piratory poisons. Certainly the whole question of 
Ca** sequestration in the synaptosome must be 
resolved. Meanwhile, as far as the mechanism of 
action of heptachlor epoxide is concerned, the ques- 
tion of the mitochondrial role appears to be best 
studied as a separate case involving other tissues 
more sensitive than the nervous systém. 

Another key question is the inhibition of Ca**- 
Mg** ATPase by heptachlor epoxide [7] as related 
to its effects on Ca** regulatory function in the syn- 
aptosome. There are two possible roles of Ca**- 
Mg** ATPase: one is the role in the endoplasmic 
reticulum as suggested by Blaustein er al. [5], and 
the other is at the pre-synaptic plasma membrane 
where Ca**—Mg** ATPase acts as a ‘Ca-pump’ as 
suggested by Duncan [21]. Since both of them are 
expected to be present in fractions 1 and 2 [11], there 
is no easy way to distinguish them. For the sake of 
Ca** regulation, however, the question may be 
regarded as moot, inasmuch as their roles are the 
same: i.e. to lower the internal Ca**. Indeed, mem- 
branes of endoplasmic reticulum are generally 
regarded as the extension of the outer cell mem- 
brane, at least in origin, and the intracellular lumen 
of the reticulum may be considered to be equivalent 
of the extracellular space. Thus, inhibition of either 
function would lead to a higher internal level of 
ox. 

Finally, the meaning of heptachlor epoxide stimu- 
lation of glutamate release must be discussed. Shank- 
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land and Schroeder [3] and Uchida et al. [4] have 
shown, by electrophysiological means, that dieldrin 
and y-BHC, respectively, stimulate the release of 
acetylcholine. The Ca**-mediated mechanisms of 
release of these two transmitters are expected to be 
identical. Indeed, Waller and Richter [22] have dem- 
onstrated, using the method of Blaustein and Ector 
[12] (the same method used in the current work), 
that the release of ACh, serotonin, glutamic acid, 
gamma-aminobutyric acid, aspartic acid and glycine 
was stimulated by Ca’*, while the release of alanine 
was not. Also, Puszkin and Kochwa [16] showed that 
glutamate release from the synaptic vesicle in the 
presence of synaptic membrane is Ca** dependent. 
Thus, at this stage, there is no reason to suspect that 
the basic mechanisms of release between glutamate 
and ACh are different. Indeed, Gowdey et al. [23] 
have shown that aldrin induces parasympathomi- 
metic symptoms that most likely are due to the 
increase of ACh release at the parasympathetic gan- 
glia, and Hathway et al. [24] have demonstrated that 
dieldrin increased the level of gamma-aminobutyric 
acid. 

In summary, it has been established that hepta- 
chlor epoxide indices an elevation of intracellular 
Ca** in the synaptosome. This increase most likely 
plays a significant role in the heptachlor epoxide- 
induced increase of the transmitter release. As for 
the cause of the intracellular Ca”* increase, a working 
hypothesis has been proposed that it is related to the 
inhibitory action of heptachlor epoxide on Ca’*- 
Mg”* ATPase, as shown by both in vitro and in vivo 
experiments. 
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Abstract—4 ,6-Dioxoheptanoic acid (succinylacetone, SA) profoundly inhibits 6-aminolevulinic acid 
(ALA) dehydratase, the second enzyme of the heme biosynthetic pathway. When murine eyrthroleu- 
kemia (MEL) cells were grown in defined medium containing 0.3-1.0 mM SA and gelatin as the protein 
source, cellular heme concentrations decreased markedly and growth was inhibited. Growth inhibition 
was partially reversed when hematin (300 pmoles/ml) was added with SA on day 0, but no reversal of 
growth inhibition was seen when this concentration of hematin was added on day 4. Complete reversal 
of growth inhibition produced by 0.3 mM SA occurred when hematin was added in concentrations of 
1-2 nmoles/ml on day 0. Cellular heme content and growth rates indicate that exogenously added 
hematin was taken up from defined medium containing only gelatin as the protein component. The 
decrease of cellular heme concentration was accompanied by a decrease of protein synthesis, which, 
like growth inhibition by SA, was partially reversed by addition of hematin to the medium. Although 
no significant impairment of endogenous cellular respiration was observed in these studies, there was 
a decrease in NADH-stimulated oxygen consumption in heme-depleted cells, suggesting diminished 


respiratory reserve in these cells. 


4,6-Dioxoheptanoic acid (succinylacetone, SA), 


which has been identified in the urine of patients 
with hereditary tyrosinemia, appears to cause 
increased excretion of 5-aminolevulinic acid (ALA) 
through its inhibition of ALA dehydratase, the sec- 
ond enzyme of the heme biosynthetic pathway [1]. 
Since this compound appears to be more specific and 
more active as an inhibitor of heme biosynthesis than 
those studied previously (unpublished data), it is 
now possible to examine more readily the effects of 
heme depletion on various cell functions, including 
cell growth. Heme is well known to be involved in 
a number of cell functions, including mitochondrial 
and microsomal electron transport (respiration and 
drug metabolism), hydrogen peroxide degradation, 
peroxidative functions, tryptophan catabolism, and, 
more recently, initiation of protein synthesis [2-4]. 
Inhibition of heme biosynthesis might produce dif- 
ferent effects in various cell types, depending on the 
relative activities of these heme-derived functions in 
different cells. Through its potent inhibition of ALA 
dehydratase [5], SA provides a method for studying 
the effects of inhibition of heme synthesis on these 
various cell functions. It has been shown previously 
that SA inhibits growth of murine erythroleukemia 
(MEL) cells in culture after approximately two cell 
divisions and also inhibits hemoglobin synthesis after 
stimulation by various inducing agents such as 
dimethylsulfoxide and butyrate [5]. The present 
study was designed to examine the effects of heme 
depletion on protein synthesis and certain aspects 
of cellular respiration, and also to clarify further the 
quantitative relationships between cellular heme 
content and growth in MEL cells. 


MATERIALS AND METHODS 


Cells and culture procedures. MEL cells from clone 
745 were routinely maintained in RPMI 1640 
(GIBCO, Grand Island, NY) containing 10% heat- 
inactivated fetal bovine serum as described pre- 
viously [5, 6]. Cells were conditioned to low protein 
concentration by maintaining them for 2 days in 
RPMI Medium containing 1% heat-inactivated fetal 
bovine serum. Following this conditioning period, 
the cells were centrifuged and resuspended at a final 
concentration of 2-4 x 10° cells/ml in RPMI 1640 
medium containing 1% gelatin (DIFCO, Detroit, 
MI), penicillin-streptomycin—neomycin (10:10:20 
ug/ml), 2mM glutamine, 100 um FeSO, and 30 nM 
insulin (Sigma Chemical Co., St. Louis, MO). SA 
(Proteochem Inc., Denver, CO) and hematin (pre- 
pared in our laboratory) were added as indicated in 
the legends to the figures. Viable cells were deter- 
mined in a hemacytometer by the trypan blue exclu- 
sion procedure. When cell density reached a con- 
centration of 1C° live cells/ml, the cultures were 
divided, i.e. cells at a density of about 2 x 10°/ml 
were added to fresh medium which sometimes con- 
tained hematin and SA, as indicated in the figures. 
Since growth rates in control cultures often differed 
from those treated in various ways, cell cultures 
grown under different conditions were not always 
divided on the same day. 

Protein synthesis. Aliquots of 2 x 10° viable cells 
were centrifuged and resuspended in 1 ml RPMI 
1640 stock solution (with none of the above addi- 
tions) containing 0.5 wCi of '*C-amino acid hydro- 
lyzate (New England Nuclear, Boston, MA). The 
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1 ml suspensions of MEL cells were incubated in test 
tubes for 30 or 60min at 37° with shaking. The 
reactions were stopped by placing the tubes in ice 
and adding 5ml of cold 10% trichloroacetic acid 
(TCA). The incorporation of label into protein was 
linear for at least 60 min. Following centrifugation, 
the precipitates were sequentially washed twice with 
cold 5% TCA, once with 5% TCA at 90° for 20 min, 
three times with ethanol.at 65° for 5 min each, and 
once with ether [7]. The resultant precipitates were 
dissolved “1 1 ml Protosol (New England Nuclear) 
by heating at 55° for 12 hr and counted with Aquasol 
in a liquid scintillation spectrometer. The few 
samples which were colored by the digestion were 
quench-corrected by internal standardization. Data 
on protein synthesis in Figs. 1 and 2 are expressed 
as activity/10° viable cells. The reason that it is not 
expressed as activity/mg protein is because dead cells 
would contribute protein but virtually no incorpor- 
ation of label. This would create an artifact which 
would appear to represent progressively decreasing 
protein synthesis as cell viability decreased. 

Heme determination. The term “heme” is used for 
the endogenous substance and “hematin” is used for 
exogenously added material. Heme was determined 
in duplicate on 4 x 10° cells by the oxalic acid—fiuo- 
rometric procedure of Sassa et al. [8] with minor 
modifications. The cells were washed three times in 
10mM Tris (pH 7.4)-0.15M NaCl, suspended in 
0.5 ml water, and frozen prior to heme determina- 
tion. Heme concentrations are expressed per mg 
protein rather than in terms of viable cells because 
dead cells are presumed to contain heme also. 
Expression of the heme concentration in terms of 
viable cells would create an artifact which would give 
artificially high values, since the heme content of 
dead cells would be included in this value. 

Respiration measurement. Oxygen uptake was 
determined polarographically with the Clark oxygen 
electrode (Yellow Springs Instrument Co., Inc., 
Yellow Springs, OH). One milliliter of the cell sus- 
pension (1.5 x 10’ viable cells in 1 ml of stock RPMI 
1640 medium) was equilibrated with air by prein- 
cubation at 35° in a glass cuvette mounted in a plastic 
thermostated chamber and fitted with a magnetic 
stirrer. After a 3-min equilibration period, the elec- 
trode was inserted, forming an air-tight seal, and the 
recording was begun. Additions to the suspension 
of volumes not exceeding 50 ul were made with 
microliter syringes through a capillary port in the 
cuvette [9]. Statistical comparisons were made by 
means of Student’s f-test. Differences with a P< 
0.01 were considered significant. 


RESULTS 


The effects of three concentrations of SA (0.1, 0.5 
and 1.0mM) on growth rate, heme content and 
protein synthesis in MEL cells grown in defined 
medium (1% gelatin in place of fetal bovine serum) 
are shown in Fig. 1. SA at concentrations in the 
medium of 0.5 and 1.0mM markedly inhibited 
growth and decreased cellular heme concentrations 
to values which ranged from approximately 8 to 18 
per cent of control values on day 3 and afterwards. 

Total cellular protein synthesis was not inhibited 
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Fig. 1. Growth characteristics, heme concentrations and 
rates of protein-synthesis in MEL cells grown in defined 
medium with and without SA. MEL cells were grown in 
RPMI 1640 medium containing 1% gelatin. Growth curves 
beyond day 3 are corrected to show continuous growth. 
This was done because the cultures were subdivided and 
cell counts were corrected to reflect total viable cells based 
on the cell number from day 0. Key: (@——®) control; 
(O——©) 0.1mM SA; (A A) 0.5mM SA; and 
(A——A) 1.0 mM SA. Panel A shows the growth pattern 
of MEL cells grown in medium with three concentrations 
of SA and without SA. Panel B shows the heme concen- 
trations of cells grown in medium with and without SA. 
Panel C shows the rates of protein synthesis on days 3-5 
of viable cells grown in three concentrations of SA and 
without SA. The rationale for the presentation of heme 
concentrations per mg protein and protein synthesis per 10° 
viable cells is presented for Figs. 1-3 in the Materials and 
Methods section for these measurements. Viabilities in SA- 
treated cells declined progressively where growth inhibition 
is indicated in the figures. In the presence of high concen- 
trations of SA, viabilities declined to values as low as 17 
per cent, whereas uninhibited cells usually had viabilities 
in the range of 68-96 per cent. 


on day 3 by 0.5 and 1.0 mM SA, but some inhibition 
was observed on days 4 and 5 at these concentrations. 
Although it was not observed in this experiment, 
some increase of cell growth was observed in a num- 
ber of other experiments when cells were grown in 
0.1 mM SA. Thus, the moderate increase of protein 
synthesis seen in this experiment when cells were 
grown in 0.1 mM SA is compatible with the frequent 
observation of moderate growth stimulation when 
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Fig. 2. Growth characteristics, heme concentrations, and rates of protein synthesis in MEL cells grown 
in defined medium without SA, with SA alone, and with SA in the presence of hematin added on day 
0 or day 4. MEL cells were incubated in RPMI 1640 medium containing 1% gelatin. Growth curves 
beyond day 3 are corrected to show continuous growth. Key: (@——®) control; (O——O) 0.3 mM 


SA; (A——A) 0.3 mM SA + hematin (300 pmoles hematin/ml) added on day 0; and (A 


A)0.3 mM 


SA + hematin (300 pmoles hematin/ml) added on day 4. Panel A shows the growth pattern. Panel B 
shows the cellular heme concentrations. Panel C shows the rates of protein synthesis of viable cells on 
days 3-10. 


cells are grown in low SA concentrations (0.1 mM). 

The effects of SA, with and without added hema- 
tin, on growth, heme content and protein syntheses 
of MEL cells grown in defined medium are shown 
in Fig. 2. When hematin was added to the medium 
on day 0, partial reversal of growth inhibition by 
0.3 mM SA was observed, but addition of hematin 
on day 4 produced no significant reversal of growth 


B.P. 29/12—m 


inhibition. These findings correlate with the observed 
heme concentrations in that cellular heme concen- 
trations increase in the order (a) SA alone, (b) SA 
with hematin added on day 4, and (c) SA with 
hematin added on day 0. In other experiments (not 
shown), addition of higher concentrations (1-2 
nmoles/ml) of hematin on day 0 in the presence of 
0.3mM SA completely reversed growth inhibition. 
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Fig. 3. Growth characteristics and heme concentrations of MEL cells with three concentrations of SA 

in medium containing 1% fetal bovine serum. Growth curves beyond day 3 are corrected to show 

continuous growth. Key: (@——®) control; (A——-A) 0.2mM SA; (O——O) 0.5mM SA; and 

(A——A) 1 mM SA. Panel A shows the growth characteristics of MEL cells. Panel B shows the heme 
concentrations of cells grown with and without SA. 


8 


pmoles HEME/mg PROTEIN 
ros 


N 
oO 








DAYS 


Fig. 4. Heme concentrations of MEL cells grown in medium 
containing 1% gelatin or 0.2% fetal bovine serum with and 
without SA. Key: (O——O) control cells in gelatin; 
(0 0) 0.5 mM SA in gelatin; (O O) 1.0mM SA 
in gelatin, (A——A) 0.5mM SA+ hematin (300 
pmoles/ml) in gelatin; (A——-A) 1.0mM SA + hematin 
(300 pmoles/ml) in gelatin; (@--—-@) control cells in fetal 
bovine serum; and (@-—--@®) 1.0mM SA in fetal bovine 
serum. 


It appears that hematin uptake occurs in the absence 
of albumin or hemopexin. 

Protein synthesis was markedly inhibited in the 
presence of 0.3 mM SA after day 3. An increasing 
degree of reversal of this inhibition by SA occurred 
when hematin was added on day 4 and day 0, respec- 
tively. In Fig. 2, where cells (controls, heme-depleted 
and heme-depleted with hematin supplementation) 
were grown in defined medium, there was a general 
correlation among heme content, protein synthesis 
and growth rate. In cells grown in defined medium 
without exogenous hematin supplementation, there 
is also a general correlation among heme content, 
protein synthesis and growth rate, with the exception 
of protein synthesis in cells grown in the presence 
of 0.1mM SA (Fig. 1). However, there was no 
correlation of growth rate with heme content in cells 
grown in medium containing fetal bovine serum (Fig. 
3). The explanation for this is presumably that, while 
SA caused a marked decline in cellular heme content, 
heme uptake from the medium prevented cellular 
heme levels from declining to the critical concentra- 
tions that appear to be growth inhibitory in this 
medium. 

The effects of SA on growth and heme content of 
cells grown in medium containing 1% fetal bovine 
serum are shown in Fig. 3. Concentrations of SA 
that markedly inhibited growth in defined medium, 
which contained no heme, produced no significant 
inhibition in medium supplemented with 1% fetal 
bovine serum, which does contain heme [5]. 
Although cellular heme concentrations in the pres- 
ence of inhibitor were markedly decreased in 
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Table 1. Respiration of MEL cells* 





Sample 
treatment 


in culture Additions 


Oxygen uptake 


Day 3 





None 
None 


None (control) 
0.3mM SA 
0.3mM SA + 
hematin, day 0 
0.3mM SA + 
hematin, day 4 
None (control) 


None 


None 
Menadione 
Initial 
Final 
Initial 
Final 


None (control) 
0.3mM SA 
0.3mM SA 

0.3mM SA + 

hematin, day 0 Initial 

Final 

0.3mM SA + 

hematin, day 4 Initial 
Final 

NADH 


NADH 


None (control) 
0.3 mM SAt 
0.3mM SA + 
hematin, day 0 
0.3mM SA + 
hematin, day 4 


NADH 


NADH 


16 
26 





* In all experiments related to Table 1, hematin was added at a final concentration of 300 pmoles/ml 
to the medium in which the cells were grown. Oxygen uptake was determined polarographically, as 
described in Materials and Methods, and is expressed as nanoatoms of oxygen/min/10’ viable cells. 
The final concentrations of menadione and NADH were 1 mM. These compounds were added after 
steady state conditions were obtained. Student’s t-tests were performed using all values from each 
group in comparison with all values from the corresponding control group. The growth rates, heme 
contents and protein synthetic rates of cells in this table are presented in Fig. 2. 

+ The mean value of all the numbers in this group was significantly lower (P < 0.001) than the mean 
of controls. None of the other treatments produced significant differences from controls. Only values 
with P < 0.01 by Student’s f-test are considered significant. 


medium containing fetal bovine serum (Figs. 3 and 
4), the values did not decrease to the extent seen in 
defined medium. 

The effect of SA on cellular heme content of cells 
grown in defined medium, with and without heme 
supplementation, and of cells grown in medium con- 
taining fetal bovine serum is seen in Fig. 4. Addition 
of hematin, either directly or as the endogenous 
heme in serum, partially reversed the decrease of 
cellular heme produced by SA. 

In addition to the measurements on growth and 
heme content shown in Fig. 2, the effect of SA 
treatment on the respiration of these MEL cells is 
shown in Table 1. Suspensions of SA-treated and 
control cells exhibited active endogenous respiration 
which was sensitive to cyanide and antimycin. 
Addition of menadione led to an initially rapid rate 
of oxygen consumption for a brief period (0.5- 
1.0 min), followed by a slower stable rate which did 
not differ significantly from the endogenous rate. 
When the slower, stable rate was re-established, 
NADH was added and was found to increase oxygen 
consumption. If NADH was added prior to mena- 
dione, a small increase in oxygen uptake was 
observed which was greatly augmented by the sub- 


sequent addition of menadione, indicative of the 
presence of an NADH: (quinone-acceptor) oxido- 
reductase (EC 1.6.99.5). NADPH was ineffective in 
these experiments. Addition of 0.1% Triton X-100 
had little effect on the oxidation of NADH, showing 
that the MEL cells were permeable to the reduced 
nucleotide under these conditions. The initial rapid 
rate of oxygen uptake observed upon the addition 
of menadione to the respiring cells presumably is 
due to its rapid reduction by endogenous substrates 
followed by nonenzymatic oxidation. It is not known 
how much the endogenous substrates contribute to 
the observed oxygen uptake when menadione is 
added after NADH, although the kinetics of the 
oxygen consumption suggest that it is minimal. 

Although SA produced no effects on the endogen- 
ous respiration of MEL cells, there was a significant 
decrease of NADH-stimulated O2 consumption in 
MEL cells grown in 0.3 mM SA when compared with 
the NADH-stimulated O2 consumption of control 
cells (Table 1). Furthermore, MEL cells grown in 
medium containing SA, but also supplemented with 
low concentrations of hematin (300 pmoles/ml), did 
not differ significantly from control cells in NADH- 
stimulated O2 consumption (Table 1). 
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DISCUSSION 


Kinetic and dialysis studies have shown SA to be 
an irreversible inhibitor of ALA dehydratase.* Pro- 
found inhibition of ALA dehydratase by SA at con- 
centrations of 10~’M is seen in both rat liver hom- 
ogenates (1:4)* and MEL cells [5]. Since ALA 
dehydratase is normally present in most tissues in 
considerable excess above the rate-limiting enzyme 
of heme biosynthesis, it is necessary to inhibit pro- 
foundly ALA dehydratase before diminished heme 
synthesis occurs. When heme biosynthesis is 
inhibited, cellular heme concentrations can decline 
as a result of either cell division or intracellular heme 
turnover. As cellular heme concentrations decline, 
specific cell functions related to various heme-con- 
taining enzymes will be impaired sequentially. The 
order in which these functions are impaired will 
depend on the actual rate of decline of the individual 
heme-containing moieties, along with various other 
factors such as reserve capacity and variations in 
functional demand. 

The present study has examined the effects of 
heme depletion on protein synthesis and respiration 
in MEL cells and has shown that the previously 
demonstrated growth inhibition produced by SA [5] 
can be reversed by hematin administration. 

It has been shown previously that MEL cells, when 
grown in the presence of SA in defined medium, 
undergo about two cell divisions before growth 
ceases and cell death begins [5]. Although low con- 
centrations of SA (0.1mM) caused a significant 
decrease of cellular heme concentration (Fig. 1), 
these values did not decline sufficiently to produce 
growth inhibition. When higher concentrations of 
SA (0.3-1.0 mM) were added to the medium, heme 
concentrations declined to levels which inhibited 
growth (Figs. 1 and 2). Pronounced growth inhibition 
was not observed when cellular heme concentrations 
exceeded approximately 20 pmoles heme/mg protein 
(Figs. 1-3), except for cells grown in medium which 
was supplemented with hematin (300 pmoles/ml) on 
day 4. In this group, cellular heme concentrations 
ranged between 19 and 27 pmoles heme/mg protein 
on days 5-7 when growth inhibition equalled or 
exceeded that produced by SA alone (Fig. 2). It 
appears that growth inhibition always occurs when 
cellular heme is reduced to approximately 15 
pmoles/mg protein or lower. 

It is possible that SA might inhibit growth by 
multiple mechanisms, including some which do not 
involve cellular heme depletion. However, the fact 
that growth inhibition produced by SA could be 
partially or completely overcome by concentrations 
of hematin in the medium of 300 pmoles/ml to 1-2 
nmoles/ml strongly suggests that the major mech- 
anism of growth inhibition by SA is related to cellular 
heme depletion. Furthermore, SA did not inhibit 
growth of MEL cells in medium containing fetal 
bovine serum (Fig. 3), which was shown to contain 
significant concentrations of heme (269 pmoles/mg 
protein) [5]. As seen in Fig. 4, the order of increasing 





*D. P. Tschudy, R. A. Hess and B. C. Frykholm, 
unpublished observations. 


cellular heme concentrations of cells grown under 
various conditions was: (a) defined medium (gelatin 
in place of serum) containing 1.0 mM SA, (b) defined 
medium containing 0.5mM SA, (c) medium con- 
taining fetal bovine serum and 1.0mM SA, (d) 
defined medium containing 1.0mM SA + hematin 
(300 pmoles/ml), (e) defined medium containing 
0.5 mM SA + hematin (300 pmoles/ml), and (f) con- 
trol cells grown in defined medium or medium con- 
taining fetal bovine serum. These findings indicate 
that, in the presence of varying concentrations of 
SA, intracellular heme concentrations are higher 
when hematin is present in the medium, either as 
hematin added to defined medium or as an endogen- 
ous component of fetal bovine serum. It appears that 
hematin can be taken up from the medium in the 
absence of albumin or specific carrier protein. The 
data on intracellular heme content in Figs. 1-4 sug- 
gest that exogenous heme uptake is most obvious in 
cells depleted of heme by the effect of SA. The mean 
value of heme in control cells grown in the presence 
of exogenous heme (contained in fetal bovine serum) 
was actually slightly lower than that of cells grown 
in the absence of exogenous heme. It is possible, 
therefore, that exogenous heme uptake is most 
obvious in heme-depleted cells. This uptake allowed 
cells to overcome much of the growth inhibitory 
effects of SA (Fig. 2). No attempt was made to 
differentiate between intracellular heme and any 
heme that might have remained adsorbed to the cell 
membrane after three washes in Tris—saline when 
heme measurements were performed in cells grown 
in medium supplemented with exogenous hematin. 
The fact that measured heme levels correlated well 
with the partial restoration of protein synthesis and 
cell growth in heme-depleted cells grown in medium 
supplemented with exogenous hematin strongly sug- 
gests that the cellular heme measurements reflect 
functional cell heme. 

Declining intracellular heme _ concentrations 
affected protein synthesis rates. Protein synthesis 
was diminished after day 3 in cells grown in 0.3 mM 
SA (Fig. 2), as well as in cells grown in 0.5 and 
1.0mM SA (Fig. 2). Intracellular heme concentra- 
tions declined below 15 pmoles/mg protein on these 
days in the presence of the above three concentra- 
tions of SA (Figs. 1 and 2). These levels have been 
associated with growth inhibition. 

The inhibition of protein synthesis and cell growth 
during cellular heme depletion is best explained by 
the recent studies which have shown heme to be 
involved in initiation of protein synthesis [2-4]. This 
may involve dissociated heme which may decrease 
during cellular heme depletion more rapidly than 
much of the tightly bound heme. Dabney and Beau- 
det [10, 11] have previously presented evidence that 
heme is capable of stimulating globin synthesis in 
MEL cells. In their first study [10], addition of 50 uM 
hemin to cells cultured in the presence of 0.5% 
dimethylsulfoxide increased globin synthesis. When 
ALA dehydratase was inhibited by 3-amino-1,2,4- 
triazole [12], an inhibitor less active than SA, globin 
chain synthesis was reduced in MEL cells in which 
hemoglobin synthesis had been fully induced by 
dimethylsulfoxide. The inhibition of globin synthesis 
by 3-amino-1,2,4-triazole was prevented by simul- 
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taneous addition of 25 uM hemin to the cultures. In 
later studies [11], hemin was shown to stimulate the 
translation, in extracts of MEL cells, of both 
endogenous mRNA and exogenous globin mRNA 
in both dimethylsulfoxide-induced and uninduced 
cells. Ross and Sautner [13] had previously shown 
induction of globin mRNA synthesis by hemin in 
MEL cells. These studies indicate that heme plays 
a role in stimulating globin synthesis in MEL cells, 
perhaps by a mechanism similar to that which has 
been studied extensively in reticulocytes [2-4]. In 
addition, however, some of the data indicated an 
effect of heme on increasing the levels of globin 
mRNA in MEL cells [10]. More recent studies have 
shown hemin to increase hemoglobin synthesis in 
MEL cells [14, 15]. 

In the present studies, it has not been proved that 
the profound inhibition of growth which results from 
heme depletion in uninduced MEL cells is specifi- 
cally caused by the observed decreases of protein 
synthesis. It is possible that the diminished protein 
synthesis is a result of, rather than the cause of, 
decreased growth. However, if h=me depletion is 
inhibiting growth by diminishing protein synthesis, 
it would seem likely that the synthesis of proteins 
other than globin is inhibited. 

‘though endogenous respiration was unaffected 
by SA, there was a significant decrease of NADH- 
stimulated O2 consumption in cells grown in medium 
containing SA, which was not seen when the SA- 
containing medium was supplemented with hematin 
(Table 1). As seen in Fig. 2, the heme content was 
lowest in those cells in which a significant decrease 
of NADH-stimulated O2 consumption was detected. 
The data suggest that respiratory reserve capacity 
may be diminished in these cells during profound 
heme depletion. The present data indicate that heme 
depletion produced by SA in MEL cells decreases 
protein synthesis before endogenous respiration is 
affected. Therefore, it is most likely that impaired 
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growth in these cells does not result from impaired 
respiration, but may be related to diminished protein 
synthesis, although the proof of this hypothesis 
remains to be determined. Details of the effects on 
protein synthesis and respiratory chain components 
of heme depletion and its relationship to growth 
inhibition require further study. 
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Abstract—2-Formylpyridine thiosemicarbazone, a strong iron (II) and iron(III)-chelating agent, 
removed iron from transferrin only under reductive conditions. The reaction required a bicarbonate- 
labilizing anion such as nitrilotriacetate in order for reduction and release of iron to the thiosemicarbazone 
to occur. Thiols and ascorbate were effective as reducing agents. In one example, thioglycolate served 
the dual roles of anion labilizer and reducing agent. These results are considered in terms of the general 
problem of the removal of iron from transferrin, the known property of a-N-heterocyclic thiosemicar- 
bazones to remove iron from animals and humans, and the design of iron-chelating agents for use in 


treatment of iron-storage problems. 


The removal of iron from biological systems has 
been of major interest because of disease states which 
lead to iron-storage problems directly or indirectly 
because of treatment [1]. Studies in the design of 
biological iron-chelating agents have focused on the 
chelation of Fe(III) from organisms, presumably 
because both major storage and transport proteins, 
ferritin and transferrin, bind iron in the 3* oxidation 
state [2]. However, it is unclear whether these are 
the pools of iron available to external chelation and 
whether such pools contain only iron in this oxidation 
State. 

According to previous studies of transferrin, there 
are two conditions under which iron is released or 
does not bind to this protein: (a) when no bicar- 
bonate is present to complete the ternary complex 
of iron with transferrin or (b) when Fe** is reduced 
to Fe** [3]. Studies have shown that the iron in 
transferrin is normally kinetically inert with ligands 
of large thermodynamic stability with respect to 
Fe**, such as EDTA and desferrioxamine [4, 5]. 
However, the presence of an anion such as nitrilo- 
triacetate (NTA) or pyrophosphate in the system 
leads to the slow removal of the iron and its binding 
as Fe(III) to the competing ligand [6, 7]. It is argued 
that these anions are interacting with the bicarbonate 
binding site to labilize the iron [4, 8-10]. The alter- 
native possibility that a redox reaction is a key to 
the release of iron from transferrin has received little 
attention. Nevertheless, a decade ago Miller and 
Perkins [11] reported that the iron transfer between 
transferrin and ferritin is facilitated in vitro by the 
presence of a reducing agent despite the Fe** oxi- 
dation state of each protein. More recently, Bates 
and Graham [12] have reported that very little Fe(II) 
is removed from transferrin by bathophenanthroline 
sulfonate in the presence of ascorbate. The reaction 
is faster when the ternary complex of apotransferrin, 
iron(III), and nitrilotriacetate without bicarbonate 
is used in place of the natural complex. However, 





* Contribution 108 from the Laboratory for Molecular 
Biomedical Research. 


it is most rapid when HCO is added to the system 
of Tr-Fe-NTA, bathophenanthroline sulfonate and 
ascorbate. 

In the study of the pharmacology of a-N-hetero- 
cyclic carboxaldehyde thiosemicarbazones, it has 
been demonstrated that these compounds can effec- 
tively mobilize iron from animals and man [13-15]. 
Furthermore, it appears as if the iron is excreted as 
the Fe(II) complex of the drugs [14-15]. The great 
avidity of such materials for Fe(II) and Fe(III) has 
also been described [16]. Although 2-formylpyridine 
thiosemicarbazone does slowly extract Fe(III) from 
ferritin, its reaction with transferrin has not been 
examined previously [16]. 

This present study investigates this reaction and 
shows that iron can be mobilized from transferrin 
by a reductive process. It also suggests that thiosemi- 
carbazones may be an effective class of drugs for the 
chelation and removal of iron from _ biological 
systems. 


MATERIALS AND METHODS 


Human apo-transferrin was purchased from the 
Calbiochem-Behring Corp. (San Diego, CA) and 
was saturated with iron by a published method using 
iron-nitrilotriacetate as the donor complex [6]. Final 
preparations had average 280/406 nm absorbance 
ratios of 22. Nitrilotriacetate (NTA) was purchased 
from the Aldrich Chemical Co. (Milwaukee, WI) as 
the Gold Label quality. Mallinckrodt (St. Louis, 
MO) was the source for reagent grade FeC],-6H,O. 
Reagent grade ascorbic acid was obtained from the 
Fisher Scientific Co. (St. Louis, MO). With the 
exception of dithiothreitol (DTT), purchased from 
P & L Biochemicals, (Milwaukee, WI), the various 
thiols used in this study were products of the Aldrich 
Chemical Co. Desferal or desferrioxamine b (H;D) 
was obtained from Ciba-Geigy (Summit, NJ) and 2- 
formylpyridine thiosemicarbazone (HL), which 
binds both Fe(II) and Fe(III), was a gift of F. A. 
French. All other chemicals were reagent grade or 
the highest purity available. 

The reactions of iron-transferrin with ligands were 
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followed spectrophotometrically over the wave- 
length range of 400-600 nm as a function of time. 
When HL served as the ligand for iron, changes in 
the absorbance at 600 nm, the absorbance maximum 
of Fe(II)L2, were used to follow the reaction. When 
HL was not present, the reaction was monitored at 
the absorbance maximum of iron transferrin, 466 nm. 


RESULTS 


Past work has shown that desferrioxamine (H3D) 
can remove iron(III) from transferrin only when a 
labilizing anion is present which interacts with bound 
bicarbonate [9]. There are many such molecules, 
one being nitrilotriacetate. Figure 1 shows the kinet- 
ics of iron-transfer from the protein to receiving 
chelating agents as a function of the presence of 
NTA and reducing agents. As seen by others, H3D 
slowly sequesters Fe(III) when NTA is also in sol- 
ution [9]. However, 2-formylpyridine thiosemicar- 
bazone is ineffective as a receiving ligand for Fe(III) 
in the presence of NTA, possibly because the log 
stability constant of 21 for Fe(III)L, at pH 7.4 
(Fe** + 2 HL yy forms= FeL,) is not as large as the 
value of 25.7 for Fe(III)D at this pH [17, *]. 

This thiosemicarbazone is also an excellent che- 
lator of Fe(II). Thus, the removal of iron from trans- 
ferrin was examined under reductive conditions. 
Table 1 and Fig. 2 summarize the basic observations 
made when ascorbate served as the reducing agent. 
According to Table la, ascorbate alone or in com- 
bination with HL had no effect on the visible absorb- 
ance band of transferrin. However, when NTA was 


present, ascorbate very slowly reduced the iron cen- 
ters. Upon the further addition of HL to this reaction 
mixture, the characteristic spectrum of Fe(II)L2 with 
its band maximum ot 600 nm developed over time, 
as illustrated in Fig. 2, showing that iron was being 





*W. E. Antholine and D. H. Petering, unpublished 
information. 


E. ANKEL and D. H. PETERING 











> Fe REMOVED FROM TRANSFERRIN 


20 

MINUTES 

Fig. 1. Kinetics of transfer of iron from transferrin to other 
ligands. In each run 0.1 mM iron saturated transferrin was 
used. Key: (O) 4mM H:3D; (0) 4mM HL and 15mM 
NTA; (@) 4mM HL, 15 mM NTA and S50 mM ascorbate; 
and (@) 4mM H3D and 15 mM NTA. All reactions were 
carried out in 0.15M 4-(2-hydroxyethyl)-1-piperazine- 

ethanesulphonic acid (Hepes) buffer, pH 7.4, at 20°. 


removed from the protein. The rate of removal was 
comparable but somewhat less than that achieved 
by HD in the presence of NTA (Fig. 1). Thus, iron 
can be reduced and taken out of transferrin but only 
if the anion labilizer, nitrilotriacetate, participates 
in the reaction. 

In Fig. 2 it can be seen that the rate of iron transfer 
from transferrin to HL is dependent upon NTA, 
ascorbate and HL concentrations. The initial, 
observed rates were taken from plots of primary data 
in which a single reactant was varied over a range 
of concentrations, holding the others constant. As 
others have found using H;D and labilizing anions, 
the overall reaction does not follow pseudo first- 
order kinetics, even under conditions of large excess 
NTA, ascorbate and HL [9]. Instead, the figure 
indicates that all three substances participate in the 
rate-determining steps of the reaction mechanism 


Table 1. Reaction of Fe-transferrin under reducing conditions* 





NTA Reductant 


% Change 


Competing ligand in absorbance+ 





Ascorbate 
Ascorbate 


Ascorbate 

Ascorbate 

Dithiothreitol 
Thioglycolate 
Dithiothreitol 
Dithiothreitol 
- Thioglycolate 
+ Dithiothreitol 


i+ 1 + 1+ 1+ 


0 (466 nm) 
0 (466 nm) 
11 (466 nm) 
0 (466 nm) 
0 (466 nm) 
3 (600 nm) 
20 (600 nm) 
0 (466 nm) 
0 (466 nm) 
14 (466 nm) 
0 (600 nm) 
16 (600 nm) 
14 (600 nm) 


HL 
HL 
HL 





* Reaction conditions: final concentrations in reaction mixture: 0.1 mM Fe-transferrin, 
4mM HL (except 0.8 mM HL with dithiothreitol), 50 mM ascorbate, 20 mM NTA, 10 mM 
dithiothreitol and 40 mM thioglycolate. All solutions were made up in 0.2 M Hepes buffer, 


pH 7.4. Temperature 20°. 


+ Per cent change in absorbance for either iron transferrin or for the calculated maximum 
absorbance of FeL2. The wavelength at which the measurement was made is in parentheses. 


All reactions were run for 30 min. 





Reductive iron chelation and transferrin 





Absorbance 








T 





550 
Wavelength nm 
Fig. 2. Visible spectral changes during removal of iron from 


transferrin. Conditions: 0.1mM _ Fe-transferrin, 10 mM 
NTA, 4mM HL and 50 mM ascorbate. 


and that saturating concentrations of each can be 
reached. A detailed study and analysis of the reaction 
kinetics are now in progress. 

The reduction is not unique to ascorbate (Table 
1b). Dithiothreitol can also serve this role but only 
in the presence of a labilizing anion such as NTA. 
Following the report that thioglycolate can act as a 
labilizing anion in the reaction of transferrin with 
desferal, a similar reaction was studied in which HL 
replaced H3D [6]. In contrast to ascorbate or 
dithiothreitol, thioglycolate required no other labil- 
izing anion to participate in the reductive transfer 
of iron to HL. Thus, this thiol appears to serve the 
dual role of reducing agent and competing anion. 


DISCUSSION 


These results demonstrate that a reductive mode 
of iron release is possible in model systems and is 
comparable in efficiency to the ligand substitution 
process. In both types of reactions a labilizing ligand, 
such as NTA, is a necessary component. A minimal 
reaction pathway for the reduction mechanism based 
on previous studies and the present results would be 
steps 1-3. Here NTA interacts with the bicarbonate 
binding site. The efficacy of thioglycollate in replac- 
ing NTA as well as in reducing the Fe(III) supports 
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this model, for previous studies by Bates and cowork- 
ers showed that thioglycollate has the steric require- 
ments to bind in the bicarbonate binding site [18]. 

The alternative route, steps 1, 4-6, has been pos- 
tulated by Carver and Frieden for the reaction of 
transferrin with PP; at pH 6.1 in the presence of 
bicarbonate [19]. 

Here the labilizing ligand NTA serves as an inter- 
mediate chelator of Fe(III). Under conditions of our 
study, NTA in the presence of bicarbonate cannot 
compete thermodynamically with apotransferrin for 
Fe**. The log conditional stability constant for Fe 
NTA at pH is orders of magnitude less than the 
value for Tr-Fe-HCO; of 107* M~'[20, 21]. Consist- 
ent with this, we see no alteration of the visible or 
e.p.r. spectrum of transferrin in the presence of 
NTA. Thus, k,k,/k-,k-, is very small. Given the 
rapidity with which Fe(III) NTA can donate iron to 
transferrin in the standard method for the reconsti- 
tution of the protein with iron, it is difficult to imagine 
the rate-limiting step in this second mechanism being 
other than either step 1 or 4 [6]. If this is so, the 
overall rate would not depend upon either the con- 
centration of reducing agent or receiving ligand for 
Fe(II). Because there is a dependence on each of 
these reagents as shown in Fig. 3, the pathway, 1, 
4-6, is not an attractive mechanism. However, the 
schemes for both mechanisms are qualitative because 
of the complexity of the kinetics and the inability at 
present to define intermediate species in the path- 
way. In either case, however, the empirical obser- 
vation remains that iron can be labilized in transferrin 
by common physiological ligands such as ascorbates 
or thiols. 

At present, there is no direct evidence defining 
the oxidation state of iron during the physiological 
removal or iron from transferrin in vivo. However, 
studies do suggest a reductive step at some point in 
the process of iron uptake by reticulocytes from 
transferrin, after which the iron is available to Fe(II) 
specific chelating agents [22]. Similarly, the present 
work with HL suggests that iron(II) may be available 
to this ligand in vivo via reduction of transferrin. 
That is, because the log binding constant for 
Fe(III)L, at pH 7.4 is 21, some three orders of 
magnitude less than that for iron-transferrin, the 
ligand apparently is thermodynamically unable to 
react with the iron centers of transferrin even in the 
presence of NTA [18, 20]. However, in a reducing 
environment at pH 7.4 HL is both thermodynami- 
cally (log KfSay., = 15.8) and kinetically competent 
to sequester Fe(II) [16, *]. The blue Fe(II) complex 
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Fig. 3. Concentration dependence of kinetics of iron 

removal. Iron-transferrin concentration: 0.1mM; Key: 

(O-O) ascorbate varied, 4mM HL and 10mM NTA; 

(A-A) HL varied, 50mM ascorbate and 10mM NTA; 

(+-+) NTA varied 50mM ascorbate and 4mM HL. 

Reactions were carried out in 0.15M Hepes buffer, pH 
7.4, at 20°. 


thus formed is then presumably excreted tn the urine 
of animals and patients, giving rise to the peculiar 
green—brown urine seen in such studies [14-15]. 

According to human studies utilizing 5-hydroxy- 
2-formylpyridine thiosemicarbazone, the amount of 
iron excreted is 6-100 times the control levels in 
cancer patients [14]. This is comparable to the quan- 
tity of iron which can be mobilized with the clinically 
used iron-chelating agent, desferrioxamine [14]. 
Hence, as suggested earlier, it would be of interest 
to examine selected a-N-heterocyclic carboxalde- 
hyde thiosemicarbazones as agents for the removal 
of iron from individuals with problems of iron- 
overload [15]. 

In one study, 5-hydroxy-2-formylpyridine thio- 
semicarbazone was tested as an iron chelator [23]. 
However, as seen in cancer chemotherapy studies, 
the drug was too toxic for use. It has also been 
suggested elsewhere that some iron complexes of 
ligands showing cytotoxicity may themselves be the 
active forms of the complexes in vivo [24]. Thus, 
some of the iron complexes may produce significant 
host toxicity. Nevertheless, the extensive work of 
French and coworkers shows that there are a number 
of thiosemicarbazones such as 2-formyl-3-hydroxy- 
4-methylpyridine thiosemicarbazone and 1-formyl-5- 
sulfonate-isoquinoline thiosemicarbazone, which 
contain the basic metal-binding structure. These are 
tolerated in animals at concentrations much higher 
than the 5-hydroxy compound and yet have little or 
no antineoplastic activity [25]. Thus, there are 
reasonable candidates for examination among this 
class of compounds. 


More generally, this study points out that the iron 
in transferrin can be removed by a reductive mech- 
anism. Therefore, in the design of potential iron- 
chelating agents for clinical use, there is a chemical 
basis for constructing Fe(II)-specific ligands to com- 
plement the efforts to date which have centered on 
ligands which preferentially bind Fe(III) [2]. 

In summary, this study demonstrates there are 
conditions under which iron may be reductively 
removed from transferrin. An anion to labilize the 
transferrin-bound bicarbonate is needed. This type 
of reaction is a plausible way by which a-N-heter- 
ocyclic carboxaldehyde thiosemicarbazones can bind 
iron in organisms. These findings suggest new 
approaches to the design of iron-chelating agents 
useful in removing iron from humans with iron-stor- 
age problems. 
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Note added in proof—Kojima and Bates [J. biol. Chem. 
254, 8847 (1979)] have recently reported on the reductive 
removal of iron from transferrin. 
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Abstract—Ascorbic acid levels in the gastrointestinal tract were highest in the mucosal layer of the 
duodenum. Barbiturate anaesthesia accentuated a difference between mucosal and serosal layers, 
whereas cervical dislocation decreased this difference, mainly by increasing the serosal concentration. 
Prolonged barbiturate dosage also increased the serosal concentration to a greater extent than the 
mucosal whether the animals were anaesthetized before the experiment or killed by cervical dislocation. 


In previous experiments it has been shown that the 
ascorbic acid content of lung is labile; much of it 
behaved as though it were extracellular and it 
appeared to function as an extracellular antioxidant 
[1-3]. The high concentration in the lung has sug- 
gested that it may act as a detoxicating agent. This 
suggestion has gained support through the reduction 
in toxicity offered by ascorbic acid against some 
forms of oxidative damage [4,5], as well as the 
protective effect offered against agents credited as 
being carcinogenic [6, 7]. The mucosal lining of the 
gastrointestinal (GI) tract appeared to be a similar 
external site, liable to come in contact with an array 
of toxic material. It seemed possible that here also 
ascorbic acid may be required in high concentration. 
The present paper presents differences in the level 
of ascorbic acid of the mucosal and serosal layers of 
the small intestine. In the course of this investigation 
it was found that the concentration of ascorbic acid 
in the intestinal tissues was altered by the method 
of anaesthesia. Accordingly, a more detailed study 
was made of the effect of barbiturate treatment on 
the distribution of ascorbic acid. 


METHODS 


Animals. Male albino rats weighing 150-200 g 
(University of Queensland Central Animal Breeding 
House strain) were fed a commercial breeding ration 
containing no ascorbic acid, and allowed food and 
water ad lib. up to the time of the experiment. Some 
rats were given sodium pentabarbitone (30 mg/day) 
by stomach tube for 5 days before the experiment. 
These rats showed no changes in body weight from 
untreated controls. 

Anaesthesia. Rats were given an intraperitoneal 
dose of sodium pentabarbitone (100 mg/kg) and were 
kept unconscious for 20-30 min before tissue was 
removed. 

Tissue preparation. Anaesthetized rats or rats 
killed by cervical dislocation were bled by severing 
the jugular veins. The GI tissue was removed and 
the small intestine was divided into six equal lengths, 


termed segments I-VI, from the duodenum to the 
ileum. Segment I consisted of the duodenum and a 
small portion of the jejunum, segments II and III 
were the rest of the jejunum and segments IV, V 
and VI were the ileum. The GI tissue was washed 
with 0.9% NaCl to remove contents, blotted with 
filter paper and sampled. Mucosal strips were pre- 
pared by the method of Dickens and Weil-Malherbe 
[8] and Crane and Mandelstam [9]. A portion of 
each segment of intestine was opened lengthwise, 
washed with 0.9% NaCl, blotted, spread mucosa- 
side-up on a glass plate and the mucosal layer scraped 
off with a microscope slide. This procedure was 
carried out rapidly at room temperature and took 
no more than 1-2 min. Histological examination 
showed that the portion remaining, designated ser- 
osal layer, consisted mainly of muscle. The villi and 
underlying glands were removed almost completely 
as the mucosal layer. 

Extraction and chemical assay. Weighed tissue 
samples were extracted with cold metaphosphoric 
acid (5% w/v) and assayed for reduced ascorbic acid 
using the 2 : 4 dinitrophenylhydrazine procedure of 
Roe and Kuether [10] with the modification 
described by Bolin and Book [11]. DNA was esti- 
mated by the diphenylamine method of Burton [12]. 


RESULTS 


Localization of ascorbic acid along GI tract of 
anesthetized rats. The concentration of ascorbic acid 
in entire segments of GI tract which contained 
mucosal, serosal and muscle elements was higher in 
the oesophagus and upper half of the small intestine 
than in the stomach and lower half of the small 
intestine. There was a gradual decrease in the con- 
centration from jejunum to terminal ileum (segments 
II-VI). The results were expressed in terms of DNA 
in order to minimize the effects of fluctuations in 
water content of the tissue (Table 1). When the 
results were expressed in terms of wet weight, the 
range of concentrations was considerably greater; 
similar differences were observed between upper 
and lower small intestine but the concentration in 
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Table 1. Concentration of ascorbic acid in the gastrointes- 
tinal tract of ten anaesthetized rats* 





Tissue ug Ascorbic acid/mg DNA* 





Oesophagus 
Stomach 
Small intestine 





Barbiturate treated 


* The superscript pair (a,b) denotes a statistical differ- 
ence between the means at P < 0.01. The superscript pairs 
(m,n) and (x,y) denote a statistical difference between the 
means at P < 0.05. Results are expressed as means + S.E. 


oesophagus and stomach was about half that of the 
duodenum (Table 2). 

Distribution of ascorbic acid in the layers of the 
GI tract. When tissue was examined from rats sud- 
denly killed, the ascorbic acid in the mucosal layer 
was found to be significantly higher than that of the 
serosal layer (P < 0.01). The concentration of ascor- 
bic acid remained fairly constant throughout the 
length of the small intestine in both mucosal and 
serosal layers (Table 3). 

The difference in ascorbic acid level between 
intestine taken from anaesthetized rats and that 
taken from killed rats is obvious; an analysis of 
variance shows a highly significant difference 
between the treatments (P < 0.001). For anaesthe- 
tized rats, the mucosal layer was found to have a 
significantly higher ascorbic acid level than the ser- 
osal layer (P < 0.001). This difference was greatest 
in the duodenal region and decreased towards the 
end of the ileum (normal in Table 3). Except for 
segment I, the level of ascorbic acid in the serosal 
layer remained almost constant throughout the small 
intestine. The mucosal layer of the duodenal segment 
contained the highest level of ascorbic acid. 

In order to investigate the effect induced by anaes- 
thetic in the level and distribution of ascorbic acid 
in the GI tract, rats were treated orally with sodium 


Cervical dislocation (4g ascorbic acid/mg DNA) 


Mucosat 


Barbiturate treated 


Table 2. Concentration of ascorbic acid in the gastrointes- 
tinal tract of ten anaesthetized rats* 


Anaesthetized (4g ascorbic acid/mg DNA) 
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Tissue ug Ascorbic acid/g tissue 





Oesophagus 170 + 57 

Stomach 131 + 9° 

Small intestine 295 + 33°" 
352 + 39°" 
311 + 24°* 
248 + 12° 
186 + 24> 
181 + 25> 





* Results are expressed as means + S.E. Five values contribute to each mean except in columns marked + where 10 values were used. 














* The superscript pairs (a,b) and (d,e) denote a statistical 
difference between the means at P < 0.01. The superscript 
pairs (a,c) and (x,y) denote a statistical difference between 
the means at P < 0.05. Results are expressed as means + 
S.E. 





Effect of barbiturate on ascorbic acid 


pentabarbitone. Table 3 shows that rats treated with 
barbiturate before anaesthesia had a significantly 
greater concentration of ascorbic acid in their GI 
tracts than the normal anaesthetized rats (P< 
0.001). The concentration of ascorbic acid was 
higher in the mucosal layer than in the serosal layer 
(P < 0.001). Except for segment I, both layers had 
increased ascorbic acid levels which were about 20— 
100 per cent higher than those of normal rats. Both 
mucosal and serosal layers tended to become more 
uniform in concentration and were similar to those 
found in tissues from rats killed by cervical 
dislocation. 

Treatment with barbiturate prior to cervical dis- 
location produced only minor variation in the mean 
values for ascorbic acid in either mucosa or serosa 
from those of normal rats similarly killed. 


DISCUSSION 


Results for the distribution of ascorbic acid in the 
GI tract show that there is considerable variation 
between regions. Those with higher levels, such as 
duodenum, have ascorbate equivalent to that of 
brain, lung or liver [13]. Where concentrations are 
lower, as in stomach and ileum, the level of ascorbate 
is still higher than in skeletal muscle and non-organ 
tissues. When comparison is made between mucosal 
and serosal layers, it is apparent that the mucosa has 
a greater concentration of ascorbic acid than the 
serosa, where the levels of ascorbate are greater than 
those reported for other muscular tissues such as 
skeletal or cardiac muscle [13]. 

The levels of ascorbic acid throughout the GI tract 
were very variable, conforming with the findings of 
Litwornia [14], who measured ascorbate in the 
guinea-pig gut, and of other workers [15-17] who 
found fluctuation in the levels of other GI tissue 
components. Part of this variation may be due to the 
range of water content associated with the tissues. 
Parsons [18] refers to water, perhaps entrained with 
villi, which may amount to more than a third of the 
total tissue water. Results expressed on a cellular 
basis reduced, but did not overcome, the variability 
in results. The great range of metabolic activity in 
the GI tract may account for this variation in cellular 
components. 

The high level of ascorbic acid in the mucosa of 
the small intestine may be a reflection of its require- 
ments in that area. If ascorbic acid functions in the 
small intestine either as an extracellular antioxidant 
or as a detoxicating agent, in a manner similar to 
that in lung [3], it is possible that this role is greatest 
in the mucosa which is exposed to the external 
environment. The duodenal region, where the con- 
centration is highest, may require additional ascorbic 
acid for synthesis of substances such as collagen and 
serotonin which takes place in greater amounts in 
this region due to greater cell renewal [19] and larger 
numbers of enterochromaffin cells [20]. 

The fall in the ascorbic acid levels of rats anaes- 
thetized with barbiturate from the levels in those 
which had been suddenly killed may be due to several 
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causes. Barbiturate may induce a massive urinary 
release of ascorbate, similar to that reported by 
Smythe and King [21] for a range of materials, during 
the period of anaesthesia. Intense sympathetic 
stimulation at the moment of sudden death [22] may 
result in decreased intestinal blood flow and fre- 
quently results in increased intestinal motility, effects 
which are the reverse of those in barbiturate anaes- 
thesia where tone and motility of the GI tract are 
depressed [23]. As blood ascorbic acid levels are low 
[13], differences in diffusion of ascorbic acid out of 
the tissue could account for the different tissue levels. 

Treatment of rats with barbiturates increases 
ascorbic acid production in the rat liver markedly 
and also increases the level in the tissues [24]. It 
appears that GI tissue reaches a plateau concentra- 
tion of ascorbic acid and this is demonstrated by 
either dosage of barbiturate or sudden death. Com- 
bined treatments did not raise this plateau which 
may be influenced by circulatory changes during 
killing. 
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Abstract—Some of the mechanisms involved in the release of mediators of anaphylaxis from passively 
sensitized guinea pig lung were examined. NaF (10mM) markedly enhanced antigen-induced release 
of slow reacting substance of anaphylaxis (SRS-A), whereas release of histamine was not changed. 
Similar results were obtained with equimolar amounts of KF but not with NaCl. When SRS-A, released 
from lung in the presence of NaF, was applied to guinea pig ileum, the tissue contracted. This response 
was selectively antagonized by FPL 55712, an SRS-A antagonist. A23187, a divalent cation ionophore, 
released histamine and SRS from guinea pig lung. NaF and KF, but not NaCl, reduced equally the 
amounts of mediators released by A23187. These results indicate that antigen-induced release of 
histamine and SRS-A can be dissociated by fluoride ions. Furthermore, they suggest that NaF may 
prove useful in dissecting and understanding some of the complex biochemical steps involved in the 


release of SRS-A. 


Slow reacting substance of anaphylaxis (SRS-A) is 
a smooth muscle stimulant released from human and 
animal lung upon antigen challenge [1]. A substance 
designated SRS, which is biologically identical to 
SRS-A, can be released from lung by A23187 [2], 
a carboxylic acid antibiotic that transports divalent 
cations across biological membranes [3]. Antigen 
and ionophore have different starting points in the 
SRS-A/SRS release sequences. To date, no agent 
has been found that can separate the events taking 
place within the lung cell after activation by these 
two substances. 

Patkar et al. [4, 5] demonstrated that sodium fluor- 
ide (NaF) increased the permeability of rat mast cells 
to extracellular Ca**. Cells treated with NaF secreted 
histamine when exposed to Ca’*. In the present 
study, we have investigated the effect of NaF on 
release of histamine and SRS-A (or SRS) in response 
to antigen or to A23187. NaF reduced release of 
histamine and SRS by A23187 and did not alter 
release of histamine caused by antigen. However, 
NaF dramatically increased antigen-induced release 
of SRS-A. The mechanism by which NaF produces 
these effects has not yet been established. Never- 
theless, the present experiments, and those of Patkar 
et al. [4, 5], support the notion that simple molecules 
like NaF may help elucidate the events responsible 
for elaboration of mediators of anaphylaxis. 


METHODS 


Male Hartley guinea pigs (William Cavies, Fern 
Creek, KY), 4-6 weeks old, were decapitated. Lungs 
were excised and perfused through the pulmonary 
artery with Krebs bicarbonate solution of the fol- 
lowing composition in mmoles/l: KCl, 4.6; 
CaCl,-2H,O, 1.8; KH,PO,, 1.2; MgSO,, 1.2; NaCl, 
118.2; NaHCO,, 24.8; and dextrose, 10.0. Poorly 
perfused and bloody areas were discarded. Normal 
lung was cut into 1-mm cubes with a Mcllwain tissue 


chopper, washed with Krebs solution, divided into 
400-mg aliquots, and incubated for | hr at 37° in vials 
containing 2.5ml of antiserum diluted 1/33 with 
Krebs buffer. Hyperimmune serum was prepared by 
actively sensitizing guinea pigs with 2 mg ovalbumin 
in 50% Complete Freund’s Adjuvant, i.p., on day 
1 and day 5. On day 21, the animals were bled and 
serum was collected. 

After passive sensitization, the tissues were 
washed with Krebs solution containing 1 x 10°°M 
indomethacin to optimize mediator release [6]. Tis- 
sue samples were then reincubated at 37° for 15 min 
in 2.25 ml of indomethacin—Krebs solution contain- 
ing an additional 10 mM NaF, KF or NaCl. Sub- 
maximal concentrations of antigen (250 ul, 5 x 
10-° g/ml) or A23187 (250 ul, 5 x 10°°M) were 
added to make a final concentration of 5 x 10° g/ml 
and 5x10°°M respectively. These suboptimal 
amounts of the secretagogues were specifically cho- 
sen to make it easier to quantitate a reduction or 
enhancement of mediator release by NaF. The 
incubation was continued an additional 15 min for 
antigen and 30 min for ionophore. The incubation 
medium was then decanted and centrifuged at 3000 g 
at 4° for 5 min. The supernatant solutions were col- 
lected and assayed for histamine by a modification 
of the automated fluorometric method of Siraganian 
[7] and for SRS and SRS-A by a recently developed 
computerized bioassay using the guinea pig ileum 
[8]. SRS and SRS-A are quantitated by comparison 
with an in-house standard, and the results are 
expressed in terms of arbitrary units. 

Total histamine was determined by adding 2.5 ml 
of indomethacin-Krebs solution to the previously 
challenged tissues and immersing the vials in boiling 
water for 10 min. The amount of histamine released 
into the incubation medium after boiling, plus that 
released by antigen or ionophore challenge, rep- 
resented the total amount of histamine in the tissue. 

In experiments using guinea pig ileum, male or 


1843 


B.P. 29/12—N 





1844 


female guinea pigs, 4-6 weeks old, were decapitated. 
A section of terminal ileum was removed, the lumen 
was cleaned, and the tissue was divided into 2.5-cm 
segments. The ileums were mounted in 10-ml tissue 
baths containing Krebs bicarbonate solution main- 
tained at 37° and aerated with 95% O, and 5% CQ). 
The composition of Krebs bicarbonate solution was 
as above except for CaCl,-2H,O which was 
1.2 mmoles/l. All studies with the guinea pig ileum 
were performed in the presence of 1 x 10°° M atro- 
pine and | x 10°°M pyrilamine. Isometric measure- 
ments were made with a Grass FT03C force dis- 
placement transducer and recorded on a Grass 
polygraph as changes in grams of force. A passive 
force of 0.5 g was applied to the tissues. 

The following drugs were used: ovalbumin grade 
5, indomethacin, atropine sulfate, serotonin creati- 
nine sulfate, bradykinin triacetate and EGTA* 
(Sigma Chemical Co., St. Louis, MO); pyrilamine 
maleate (ICN Pharmaceuticals, Inc.-K & K Labs, 
Plainview, NY); sodium fluoride (J. T. Baker Chem- 
ical Co., Phillipsburgh, NJ); A23187 (Eli Lilly & 
Co., Indianapolis, IN); and FPL 55712 (gift of Fisons 
Ltd., Leicestershire, U.K.). 


RESULTS 


Effect of NaF on antigen- and ionophore-induced 
mediator release: preliminary observations. Prelimi- 
nary experiments on sensitized guinea pig lung sug- 
gested that NaF increased release of SRS-A but not 
of histamine in response to antigen. The largest 
potentiation of SRS-A release occurred when the 
tissue was challenged by submaximal concentrations 
of antigen; the antigen challenge was 5 x 10~° g/ml 
ovalbumin for 15 min, which was previously shown 
to release 63 and 76 per cent of the total releasable 
histamine and SRS-A, respectively [8]. Potentiation 
of antigen-induced SRS-A release always occurred 
with 10 mM NaF, whereas | mM and 0.1 mM NaF 
produced erratic results, and 0.01 NaF generally was 
inactive. In addition, unlike 10mM NaF, 30mM 
NaF released histamine and an SRS-like substance 
when given alone. 

We were unable to find a concentration of A23187 
that would release amounts of histamine and SRS 
equal to those released by ovalbumin (Table 1). A 
concentration of A23187 that released a quantity of 
histamine similar to that released by ovalbumin 





*“ EGTA, _ ethyleneglycol-bis-(8-amino-ethyl 
N,N'-tetra-acetic acid. 
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caused the release of twice as much SRS. This same 
relationship was reported previously for human leu- 
cocytes by Conroy et al. [9]. 

Influence of NaF, KF, and NaCl on ionophore- 
and antigen-induced histamine release. NaF reduced 
the release of histamine after A23187 by nearly 70 
per cent (Fig. 1). To determine if this was due to 
fluoride ions or to an osmotic effect, we examined 
the effects of equal concentrations of KF and NaCl 
on histamine release by A23187. KF inhibited his- 
tamine release to the same extent as NaF did, 
whereas NaC] was inactive, suggesting that the fluor- 
ide ion was the active moiety. NaF and KF had no 
effect on the release of histamine by ovalbumin (Fig. 
2). There was, however, a small (20 per cent) inhi- 
bition of histamine release in the tissues pretreated 
with 10 mM NaCl. 

Influence of NaF, KF and NaCl on ionophore- and 
antigen-induced SRS/SRS-A release. NaF and KF 
decreased release of SRS by A23187 to almost the 
same extent as with histamine (Fig. 3). In these 
experiments, a 20 per cent decrease in SRS release 
was noted in tissues pretreated with NaCl. This is 
similar to the result obtained above with histamine 
release by antigen. More significantly, NaF and KF 
increased antigen-induced SRS-A release 3-fold, 
whereas NaCl did not change the release compared 
to control (Fig. 4). 
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Fig. 1. A23187-induced histamine release from guinea pig 
lung in the presence or absence of 10mM NaF, NaCl or 
KF. The shaded portions of the bars indicate that release 
of histamine by NaF, NaCl or KF alone did not differ from 
basal release. Values represent the mean + S.E. of twelve 
determinations for NaF and six each for NaCl and KF. 


Table 1. Histamine and SRS/SRS-A release from guinea pig lung by A23187 or antigen* 





(% total lung histamine) 


SRS/SRS-A 
(in-house units) 


Histamine 





A23187 
(5 x 10°°M) 
Antigen 
(ovalbumin, 5 x 10° g/ml) 


19.8 + 1.9 70.4 + 5.4 


22219 34.5 + 4.6 





* Values represent the mean+S.E. 


determinations. 


of six experiments containing twelve 
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Fig. 2. Ovalbumin (OA)-induced histamine release from 

guinea pig lung in the presence or absence of 10 mM NaF, 

NaCl or KF, The shaded portions of the bars indicate that 

release of histamine by NaF, NaCl or KF alone did not 

differ from basal release. Values represent the mean + 

S.E. of twelve determinations for NaF and six each for 
NaCl and KF. 


One possible complication in these experiments, 
albeit a small one, was the presence of indomethacin. 
The results could reflect an indomethacin-fluoride 
interaction. To rule this out, a single experiment was 
run without indomethacin on triplicate samples of 
guinea pig lung. NaF (10mM) enhanced SRS-A 
release 3-fold, wheras SRS release was reduced to 
30 per cent of control; NaCl had minimal effects on 
release of SRS-A or SPS. 

Antagonism of responses to SRS-A by FPL 55712. 
The increase in SRS-A release by NaF could have 
resulted from release of anon-SRS-A smooth muscle 
stimulant that contracted the ileum (bioassay). If 
such a substance were assayed along with SRS-A, 
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Fig. 3. A23187-induced SRS release from guinea pig lung 
in the presence or absence of 10mM NaF, NaCl or KF. 
The shaded portions of the bars indicate that release of 
SRS by NaF, NaCl or KF alone did not differ from basal 
release. Values represent the mean + S.E. of twelve deter- 
minations for NaF and six each for NaCl and KF. 
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Fig. 4. Ovalbumin (OA)-induced SRS-A release from 

guinea pig lung in the presence or absence of 10 mM NaF, 

NaCl or KF. The shaded portions of the bars indicate that 

release of SRS-A by NaF, NaCl or KF alone did not differ 

from basal release. Values represent the mean + S.E. of 

twelve determinations for NaF and six each for NaCl and 
KF. 


it would appear that a greater release of SRS-A had 
taken place. This possibility was ruled out in the 
experiment shown in Fig. 5. Two ileums were con- 
tracted with bradykinin, serotonin, SRS-A released 
by antigen alone, and SRS-A_ released by 
antigen + NaF. FPL 55712, a specific SRS-A antag- 
onist [10], was added to the upper tissue bath 1 min 
before each agonist. FPL 55712 selectively blocked 
responses to SRS-A generated by both procedures, 
indicating that a smooth muscle contracting sub- 
stance other than SRS-A was not liberated by the 
combination of NaF + antigen (Fig. 5). 

We also considered whether NaF differentially 
interfered with the bioassay of SRS-A and SRS. In 
three segments of ileum, responses to SRS-A and 
SRS were identical before and after pretreatment 
for 1 min with 1 x 10°*M NaF, the concentration 
usually in the tissue baths during the bioassay. In 
addition, as shown above for SRS-A, we demon- 
strated that responses of the guinea pig ileum to SRS 
can be blocked selectively by FPL 55712. Therefore, 
at least for our purposes, SRS-A and SRS can be 
considered pharmacologically similar. 

Effect of EGTA on antigen-induced mediator 
release. NaF reacts with free Ca** and Mg’* to form 
relatively insoluble fluoride salts. Loss of these ions 
could dramatically influence mediator release. We 
therefore ran an experiment in which mediators were 
released by antigen in the presence of 3 or 10 mM 
EGTA, a chelating agent that forms a tight complex 
with divalent ions. For comparison, mediators were 
also released in the presence of 3 or 10mM NaF. 





J. H. FLEIscH and K. D. HaIscH 


fa 
| 9 
5x10 "M 


100 ul SRS-A 
BRADYKININ 


(RELEASED BY 
ANTIGEN) 


(RELEASED BY 
ANTIGEN + NaF) 


SEROTONIN 


Fig. 5. Polygraph tracings of ileal contractions (two guinea pigs) produced by 100 ul SRS-A released 

by antigen, 5 x 10°’ M bradykinin, 50 ul SRS-A released by antigen + NaF, and 1 x 10~° M serotonin. 

For the top tracing, 1 x 10°°M FPL 55712 was added to the tissue bath 1 min prior to each agonist 
(at arrow). 


Release of histamine and SRS-A was totally abol- 
ished from tissues treated with EGTA, whereas 3 mM 
NaF increased SRS-A release 2.5-fold and 10 mM 
NaF increased SRS-A release 3.6-fold. As previously 
documented (Fig. 2), NaF had no effect on histamine 
release. 


DISCUSSION 


Release of SRS-A from sensitized guinea pig lung 
upon antigen challenge is a complex biologic event 


involving de novo synthesis of SRS-A and numerous 
biochemical steps necessary for the liberation of this 
bronchoconstrictor agent [1]. Our study demon- 
strated that NaF enhanced release of SRS-A. Since 
SRS-A is not preformed in large quantities, its syn- 
thesis was most likely also increased. This was 
accomplished without altering the binding of antigen 
to antibody as evidenced by the lack of effect of NaF 
on histamine release. 

Quite the opposite effects were observed when a 
divalent cation ionophore, A23187, was used to 
release histamine and SRS (to technically distinguish 
it from SRS-A which is released by antigen chal- 
lenge). NaF decreased ionophore-induced release of 
SRS by 50 per cent and histamine release by nearly 
70 per cent. That NaF similarly reduced ionophoric 
release of both mediators is suggestive of a common 
point of attack. 

The present results were due to fluoride ions and 
not to either Na ions or an osmotic effect of the NaF 
molecule since the effects of NaF could be mimicked 
by KF but not by NaCl. Fluoride is known to influ- 
ence cellular processes by at least three mechanisms: 
(1) complex formation with Ca** and Mg?* in the 
surrounding milieu to form CaF, and MgF,, which 
are insoluble; (2) interaction with the cyclic nucleo- 
tide system; and (3) inhibition of ATPase. 

Antigen-induced release of histamine and SRS-A 
from lung tissue is a Ca**-dependent reaction 
[11,12]. When a slight excess (3mM) or a large 
excess (10 mM) of EGTA, an agent that chelates 
divalent cations, was added to the medium, mediator 
release was abolished. Obviously, NaF did not pre- 
cipitate all the available Ca** , and enough remained 


free for release of histamine and SRS-A by antigen. 
We conclude, therefore, that the enhanced release 
of SRS-A was, in fact, due to the presence of the 
fluoride ion. The experiments with NaF suggest that 
ionophore-induced mediator release may be more 
Ca’*-dependent than the release by antigen. 

The cyclic nucleotide system plays a major role 
in antigen-induced mediator release from lung [13]. 
Although controversy exists in the literature, some 
studies have shown that fluoride can increase levels 
of cyclic AMP [14, 15] and cyclic GMP [16] in intact 
cells. Since increased intracellular levels of cyclic 
AMP are associated with a reduction and not an 
increase in release of SRS-A, this mechanism can 
probably be ruled out. Enhanced mediator release 
from human lung, resulting from cholinergic stimu- 
lation, was demonstrated to be accompanied by 
increased levels of cyclic GMP [17]. This might have 
provided an explanation for the action of NaF. The 
increased levels of cyclic GMP, however, coincided 
with a larger release of both histamine and SRS-A 
[17]. In our study, NaF increased antigen-induced 
release of SRS-A but not of histamine. This issue 
can be resolved only by further experiments on the 
relationship between NaF and cyclic nucleotide 
levels in guinea pig lung. 

Fluoride ions inhibit Na*-K* ATPase [18]. Thus, 
this action might be involved in the effect of NaF on 
SRS-A release. The work of Okazaki et al. [19] 
showed that ouabain, the prototypical Na*—K* 
ATPase inhibitor, decreased histamine release from 
antigen-stimulated guinea pig lung. In addition, Few- 
trell and Gomperts [20] demonstrated that quercetin, 
another ATPase inhibitor, reduced histamine release 
from rat peritoneal mast cells. In the present experi- 
menis, NaF did not alter antigen-induced histamine 
release, suggesting that inhibition of ATPase did not 
contribute to the mechanism of action of NaF. 

In conclusion, we have demonstrated a marked 
enhancement of antigen-induced SRS-A release 
from guinea pig lung by NaF. This increased release 
of SRS-A is specific since NaF did not influence the 
simultaneous release of histamine. Our results lend 
support to the previous observations of Orange [21] 
that the immunological release of histamine and of 
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SRS-A from lung can be dissociated. Our results 
permit some interesting speculation. With regard to 
the ionophore, NaF may inhibit A23187-induced 
mediator release by lowering the extracellular con- 
centration of Ca**. For antigen-induced mediator 
release, our data are consistent with either separate 
cellular locations or pools for histamine and SRS-A 
that are differentially affected by NaF, or a chain of 
events subsequent to antigen activation that differs 
for release of histamine and SRS-A with the action 
of NaF favoring an increased synthesis and release 
of SRS-A. 
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SHORT COMMUNICATIONS 


Antiviral, antimetabolic and antineoplastic activities of 2’- or 3’-amino or -azido- 
substituted deoxyribonucleosides 


(Received 21 December 1979; accepted 19 February 1980) 


Several nucleoside analogues are endowed with either 
antiviral activity [e.g. 5-iodo-2'-deoxyuridine (IDU)], 
antitumor activity, or both [e.g. 9-6-D-arabinofuranosy- 
ladenine, araadenosine (ara-A) and 1-$-D-arabinofura- 
nosylcytosine, aracytidine (ara-C]. In attempts to increase 
the selectivity and/or potency of these antiviral and anti- 
tumor agents, various modifications have been carried out 
at either the heterocyclic or sugar moiety. In some cases, 
this approach yielded quite valuable compounds, i.e. (E)- 
5-(2-bromovinyl)-2'-deoxyuridine [1] and 1-(2-fluoro-2- 
deoxy-B-D-arabinofuranosyl)-5-iodocytosine [2], which 
were more active and more selective in their antiherpes 
virus activity than the compounds they were derived from 
(IDU and ara-C, respectively). Similarly, the 5’-aminoan- 
alogue of IDU proved more selective, albeit less active, as 
an antiherpes agent than its parent compound [3, 4]. Yet, 
the 5’-amino and S'-azido analogues of ara-C had no 
antiviral activity [5]. Neither did they inhibit tumor cells 
{5]. 

Here we report on the antiviral and antitumor properties 
of a new series of nucleoside analogues, namely 2’-deoxy- 
and 2’ ,3’-dideoxyribonucleosides, in which an amino or 
azido group was substituted at the 2- and/or 3-position of 
the sugar moiety. Some 2’- or 3’-amino (or azido) nucleo- 
side analogues, viz. 3'-amino-3'-deoxythymidine [6, 7], 2’- 
amino-2'-deoxyaraadenosine [8] and 2’-azido-2'-deoxy- 
araadenosine [8,9], have been synthesized in the past: 
whereas 2’-azido-2'-deoxyaraadenosine possessed an anti- 
viral and antineoplastic activity that was comparable to that 
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Fig. 1. Formulae of 2’- or 3’-amino- or -azido-substituted 
deoxyribonucleosides. References to the synthesis of the 
compounds are indicated in parentheses. 


of ara-A, 2'-amino-2’-deoxyaraadenosine was relatively 
inert as an antiviral or antineoplastic agent [8, 9]. Also, 3’- 
amino-3'-deoxythymidine potently inhibited tumor cell 
growth, but was not good as an antiviral agent [6, 7]. 

The 2'- and 3’-amino (or azido) 2’-deoxyribonucleosides 
that were evaluated for antiviral and antitumor activity are 
depicted in Fig. 1. Their synthesis has been described 
elsewhere [10-15]. One of these nucleoside analogues, 2'- 
azido-2'-deoxycytidine [15], has already been the subject 
of some previous studies: the compound was shown to 
inhibit mammalian cell DNA replication [16], polyoma 
virus DNA replication [17, 18], and, in its 5’-triphosphate 
form, it also inhibited the action of primase in a recon- 
structed E.coli enzyme system [19]. 

The antiviral properties of the compounds were assessed 
in primary rabbit kidney (PRK) cell cultures challenged 
with either vaccinia, herpes simplex or vesicular stomatitis 
virus. The methodology for measuring antiviral activity has 
been described previously [1]. The [D5 for antiviral activity 
was defined as the concentration of compound required to 
reduce viral cytopathogenicity by 50 per cent, when it had 
reached completion in the control virus-infected cell cul- 
tures. The antitumor potentials of the compounds were 
explored with L1210 mouse leukemic cells as the indicator 
system [20]. These assays were performed in Linbro micro- 
plates; L1210 cells were seeded at 50,000 cells per well, in 
the presence of various concentrations of test compound, 
and allowed to proliferate for 48 hr at 37° in a humidified 
CO,-controlled atmosphere. At the end of this incubation 
period, the cells were counted in a Coulter counter. The 
number of dead cells was evaluated by staining with trypan 
blue. The IDs was defined as the concentration of com- 
pound required to reduce the number of living cells by 50 
per cent. In both PRK and L1210 cells DNA synthesis was 
measured by monitoring (°H-methyl]deoxythymidine 
(dThd) incorporation into acid-insoluble material, as has 
also been described previously [1, 20]. The IDs» for anti- 
metabolic activity was defined as the concentration of com- 
pound required to reduce [*H-methyl] dThd incorporation 
by 50 per cent. 

None of the compounds tested appeared to exert an 
appreciable inhibitory effect on either herpes simplex virus 
or vesicular stomatitis virus replication (Table 1). Several 
compounds, i.e. 2'-amino-2'-deoxyadenosine and 3’-azido- 
3’-deoxyadenosine, inhibited vaccinia virus replication at 
a fairly low concentration (4 ug/ml). However, these com- 
pounds were cytotoxic at 40 ug/ml, thus affording a safety 
margin of only 10-fold. Various other compounds, i.e. 2'- 
azido-2-deoxyxytidine, 3’-amino-2’ ,3'-dideoxyguanosine 
and 3’-azido-2',3’-dideoxyadenosine, were active against 
vaccinia virus, but, again, at concentrations that were only 
slightly lower than those afflicting normal cell morphology. 
Some selectivity was displayed by 3’-azido-3’-deoxyaraa- 
denosine, which inhibited vaccinia virus replication at 
20 ug/ml, while not being cytotoxic at 200 ug/ml. However, 
in terms of potency, the 3’-azido analogue of ara-A com- 
pared unfavorably to its parent compound, which inhibited 
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Short communications 


the replication of vaccinia virus at a concentration as low 
as 0.4 ug/ml (Table 1). 

There appeared to be a rather strong correlation (r = 
0.827) between the anti-vaccinia activity of the compounds 
and their inhibitory effects on host cell DNA synthesis (as 
monitored by (°H-methy!] dThd incorporation) (Table 1). 
(3’-Azido-3'-deoxythymidine was excluded from this cor- 
relation analysis, as its inhibitory effect on [°H- 
methyl]dThd incorporation may result from a direct inter- 
ference with the dThd salvage pathway and not necessarily 
reflect an overall inhibition of cellular DNA synthesis.) 
Thus, those compounds that were most effective against 
vaccinia virus, viz. 2'-amino-2’-deoxyadenosine, 3’-azido- 
3’-deoxyadenosine and 3’-azido-2' ,3'-dideoxyadenosine, 
also ranked among the most powerful inhibitors of DNA 
synthesis. These compounds also inhibited viral replication 
and cellular DNA synthesis at approximately the same 
concentration. One may assume, therefore, that their 
antiviral activity was achicved through an inhibition of host 
celi DNA synthesis. 

Various compounds, including 2’-amino-2’-deoxyaden- 
osine, 2’-azido-2'-deoxycytidine, 3’-amino-2' ,3'-dideoxy- 
adenosine, 3’-azido-3'-deoxyadenosine and 3’-azido-2' ,3'- 
dideoxyguanosine, inhibited the proliferation of L1210 cells 
at an IDsp that, like that of ara-A, fell within the 10- 
100 ug/ml range (Table 1). 3’-Amino-2’,3’-dideoxyadeno- 
sine and 3’-azido-2',3’-dideoxyguanosine may be con- 
sidered as rather selective in their antineoplastic action, as 
neither compound was toxic for normal (primary rabbit 
kidney) cells, even at 200 ug/ml. The highest potency as an 
antineoplastic agent was demonstrated by 3'-azido-2’,3’- 
dideoxyadenosine, which suppressed L1210 cell growth at 
an IDs» of about 2 ug/ml. Hewever, the highest selectivity 
as an antineoplastic agent was demonstrated by 2'-amino- 
2'-deoxyguanosine: this compound was not active as an 
antiviral agent and not toxic for rabbit kidney cells, but 
inhibited L1210 cell proliferation at an IDsp of 3.9 ug/ml 
(Table 1). 2'’-Amino-2’deoxyguanosine has also been evalu- 
ated for its inhibitory effects on the growth of Namalva 
and TK (dThd kinase deficient) Raji cells, two human 
lymphoblastoid B cell lines derived from Burkitt’s lym- 
phoma. The IDs, of this compound for TK” Raji cells was 
29.9 ug/ml and the IDs») for Namalva cells was 233 ug/ml, 
and was thus considerably higher than the IDs) for L1210 
cells. For ara-A, the IDs values for TK” Raji and Namalva 
were 4.3 and 17.2 ug/ml, respectively. 

2'-Amino-2’deoxyguanosine (which has recently been 
isolated from Enterobacter cloacae [21]) was not inhibitory 
to [(°H-methyl]dThd incorporation in either primary rabbit 
kidney cells or L1210 cells (Table 1), which contrasts with 
its marked inhibitory effect on L1210 cell growth. Except 
for 2'-amino-2'-deoxyguanosine and 3’-azido-3'-deoxy- 
thymidine, there appeared to be a relatively strong cor- 
relation (r = 0.781) between the antineoplastic activity of 
the compounds and their inhibitory effects on L1210 DNA 
synthesis (as monitored by [*H-methyl]dThd incorpora- 
tion). Thus, as postulated previously for 3’-amino-3’- 
deoxythymidine [7], inhibition of DNA synthesis may 
account for the tumor cell toxicity of most of the 2’- or 3’- 
amino (or azido) nucleoside analogues listed in Table 1. 
Only 2’-amino-2’-deoxyguanosine does not seem to follow 
the rule. The anti-tumor activity of this compound, or at 
least its inhibitory effect on L1210 cell proliferation, may 
be mediated through a mechanism other than inhibition of 
DNA biosynthesis. 

In summary, various 2’- and/or 3’-amino- and -azido- 
deoxyribonucleoside analogues were evaluated for their 
antiviral and antitumor potentials, in primary rabbit kidney 
and mouse leukemia L1210 cell cultures, respectively. Some 
compounds, viz. 2'-amino-2'-deoxyadenosine, 3'-azido-3'- 
deoxyadenosine and  3’-azido-2',3-dideoxyadenosine, 
proved quite effective in inhibiting vaccinia virus replication 
and L1210 cell growth. Their antiviral and antitumor 
properties correlated well with an inhibitory effect on host 
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cell DNA synthesis. However, one particular compound, 
2'-amino-2'-deoxyguanosine, strongly inhibited L1210 cell 
proliferation without a concomitant inhibitory effect on 
DNA metabolism. 
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Transfer of liver cadmium to the kidney after aflatoxin induced liver damage 


(Received 20 December 1979; accepted 6 March 1980) 


Cadmium exposure in man and animals leads to the syn- 
thesis of metallothionein in the liver and kidney, an 
increased concentration of the metalloprotein in the cell 
and the subsequent storage of the metal [1]. Metallothi- 
onein (MT) synthesis has been proposed to be a protective 
mechanism for detoxifying cadmium [2]. However, several 
workers [3-5] have shown that injected metallothionein is 
filtered and reabsorbed by the kidney and subsequently is 
acutely toxic to the kidneys. The biological half-time of 
Cd?* in the liver is less than that in the kidney and at (or 
after) exposure there is apparently a slow transfer of the 
cation from the former organ to the latter [6, 7]. Nordberg 
et al. [8] have proposed that the transfer occurs through 
the release of MT from the liver and its transport in the 
blood to the kidney. It is possible that liver damage in 
cadmium-exposed animals (or man) could lead to the rapid 
transfer of large amounts of MT to the kidney and thus to 
renal dysfunction even though the concentration of cad- 
mium in this target organ remains below the generally 
accepted critical level of 200 p.p.m. Although Webb and 
Etienne [5] were unable to detect such a redistribution 
after. the administration of the hepatotoxins CCl, and 
retrorsine to cadmium-exposed rats, the work described 
herein shows that transfer of cadmium to the kidney does 
occur after liver damage is induced with aflatoxin. The 
implications of this finding to the toxicity of cadmium are 
discussed. 

To produce high hepatic contents of cadmium, male 
Fischer rats (200 + 10 g) were injected subcutaneously with 
three doses on alternate days of 1 mg Cd’*/kg body wt, 
followed by three doses of 2.5 mg Cd’*/kg body wt. Control 
animals were treated in the same manner except that they 
received equivalent volumes of saline (0.1 ml/100g body 
wt). The animals were then left for 1 month to recover 
from the injection regime. 

Liver damage was initiated by an intra-peritoneal (i.p.) 
injection of aflatoxin B, (0.5 mg/kg body wt, Makor chem- 
icals, Jerusalem, Israel) as a solution (0.5 ml/kg body wt) 
in spectroscopic grade dimethylsulphoxide (BDH Chemi- 
cals Ltd., Poole, Dorset, U.K.). Control animals received 
equivalent volumes of dimethylsulphoxide (DMSO). Afla- 
toxin is a potent hepatotoxin [9] and the dose used in this 
experiment has been shown to produce a marked periportal 
necrosis, with bile duct proliferation and oval cell infiltra- 
tion within 48 hr of the injection (Dr. G. E. Neal, personal 
communication). Consequently, the four groups of animals 
(i.e. Group 1, Cd/DMSO; Group 2, Cd/aflatoxin; Group 
3, saline/aflatoxin; Group 4, DMSO) were killed 48 hr after 
the administration of aflatoxin, saline or DMSO. The livers 
and kidneys were removed, weighed and small aliquots 
taken for metal determination and histology. The remaining 
tissue was frozen in liquid N, and then stored at —20°. The 
cadmium-metallothionein content of the frozen tissues was 
determined, as previously described [10], by preparing a 
100,000 g supernatant of the tissue and separating the 
metallothionein on a Sephadex G-75 column. (Pharmacia 
Ltd., London, U.K.). 

Cd’*, Zn** and Cu** were assayed by atomic absorption 
spectroscopy using a Perkin-Elmer 460 spectrophotometer. 
Tissue aliquots were digested with a mixture of “Aristar” 
perchloric and nitric acid (1:4) as described [10] before 
redissolving in 5% HCI and analysing for metals. Column 


fractions were analysed directly. Samples for histology were 
fixed in formol alcohol and mounted in paraffin wax. Sec- 
tions were cut at 5 wm and stained with either haemotoxy- 
lin-eosin or PAS. 

Aflatoxin produced a characteristic histological damage 
in the livers of both the aflatoxin and Cd/aflatoxin animals. 
However, the extent of the lesions in the Cd/aflatoxin was 
significantly less than with aflatoxin alone, and it may be 
that the cadmium treatment has some protective effect 
against aflatoxin. The cadmium concentration in the liver 
after the aflatoxin treatment was unaffected but the total 
cadmium content was reduced by approximately 240 ug 
(Table 1). There was also an accompanying marked liver 
weight decrease, with the Cd/aflatoxin group showing a 3 g 
(25 per cent) decrease in liver weight with respect to the 
Cd/DMSO group (Table 1) and the saline/aflatoxin group 
showing a (30 per cent) decrease with respect to the DMSO 
control. 

The metal contents of the livers from the Cd/DMSO and 
Cd/aflatoxin are shown in Table 1. In terms of Cd** con- 
centration there is no significant difference; however, the 
total Cd?* content of the liver is decreased by approximately 
240 yg (i.e. a 15 per cent decrease in the liver burden) and 
thereby reflects the decrease in liver weight. There is an 
even greater effect on the zinc (31 per cent decrease) and 
copper content (SI per cent). 

The loss of Cd** from the livers of the Cd/aflatoxin 
animals is paralleled by an increase in the Cd’* content of 
the kidneys. Histologically, aflatoxin produced no sig- 
nificant damage in the kidneys and the organ weights were 
similar; consequently, both the Cd** concentration and 
total Cd?* content were increased by 42 and 36 per cent 
respectively. There was little or no change in the copper 
and zinc content. 

It is known that approximately 80 per cent of the cad- 
mium burden in the liver and kidneys of Cd?* exposed rats 
is bound to the inducible protein, metallothionein. In Table 
2 the metallothionein content of the liver and kidneys from 
the treated groups are shown. There is a clear increase in 
the kidney levels of the Cd/aflatoxin treated compared to 
the Cd/DMSO group and this is paralleled by a decreased 
liver content in the Cd/DMSO group. 

These results show that the liver damage produced by 
aflatoxin leads toa decreased liver weight and loss of cr. 
Zn** and Cu’*. In the case of the Cd’*, approximately 
240 ug is lost from the liver, whereas the kidney gains 
100 ) ug. If it is assumed that aflatoxin only affects the liver 
Cd** burden, then the kidneys have accumulated 41 per 
cent of the liberated cadmium. This would indicate that 
the cadmium was in a form which was filtered and reab- 
sorbed in the kidneys with high efficiency. Studies on the 
uptake of cadmium from the blood in the tissues have 
shown that inorganic forms of Cd?* are normally taken up 
predominantly by the liver. However, the simultaneous 
injection of a chelating agent and a cadmium salt results 
in the kidney and not the liver taking up the metal (see 
ref. 11 for review). The molar ratio of chelating agent to 
Cd** to produce this redistribution to the kidney is very 
large; for example, Kennedy [12] used cysteine/Cd ratios 
of 250 to produce cadmium uptake and damage in the 
kidneys. In contrast, McGivern and Masen [13] demon- 
strated that Cd?*/chelating agent complexes at a 1:1 ratio 
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were taken up by the liver and not preferentially by the 
kidney. It is unlikely, therefore, that the liver-kidney trans- 
fer of cadmium demonstrated in this work is due to the 
release of Cd/cysteine type complexes from the necrotic 
liver cells. It is more probable that Cd—metallothionein is 
released (from the necrotic liver cells) and is subsequently 
filtered and reabsorbed by the kidney. It has been proposed 
[5] that the renotoxic effect of Cd—metallothionein is due 
to the lysosomal degradation of the protein releasing the 
toxic Cd’*. The lack of kidney damage observed in the 
cadmium/aflatoxin animals may be due to the fact that the 
endogenous thionein can bind any Cd** released from the 
metallothionein which has been reabsorbed by the kidney 
and thereby prevent a toxic effect. 

In summary, aflatoxin-induced liver damage produces in 
cadmium-treated rats a loss of hepatic cadmium concom- 
itant with an increase in renal cadmium levels. 

It remains to be established whether or not this rapid 
cadmium transfer is a common effect produced by hepa- 
totoxins in general or is peculiar to aflatoxin-induced liver 
damage. It is therefore of interest that a recent study has 
suggested that the induction of zinc—metallothionein pro- 
tects against CC1,-induced liver damage [14]. This finding 
may explain why Webb and Etienne [5] did not produce 
a cadmium transfer with CC1, or retrorsine and the pro- 
tective effect observed in this study. Currently, other 
hepatotoxins, particularly those used in industry, e.g. CS 
and beryllium, are being investigated. If transfer is a general 
response to such agents, clinically this could be important 
not only to those individuals currently exposed to cadmium 
but also to those who have been previously exposed. Thus, 
for example, an individual may have been industrially 
exposed to cadmium without any obvious symptoms. At 
a later stage the individual may suffer hepatic injury (such 
as alcohol-induced cirrhosis), resulting in a subsequent 
transfer of cadmium to the kidney, which if it reached the 
critical concentration (200 p.p.m.) would lead to renal 
damage. 
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Effect of 5-hydroxytryptamine on free amino acid composition of stomach and 
plasma, and on protein synthesis in the stomach of rats 


(Received 19 December 1979; accepted 17 January 1980) 


5-hydroxytryptamine (5-HT) is distributed throughout the 
body and is known to be involved in regulating many 
physiological processes. In stomach and duodenum, where 
it is present in large amounts, the amine is thought to play 
a role in the regulation of gastric secretory activities [1-3]. 
Besides this, the amine is found to affect protein synthesis 
in gastrointestinal tissues. We have recently demonstrated 
that a single injection of 5-HT markedly reduces amino 
acid incorporation into total protein of the stomach, small 
intestine and colon in vivo [4, 5]. The mechanism of inhibi- 
tory action of 5-HT is, at present, unknown. However, our 
earlier observation of higher acid-soluble radioactivity in 
the stomach during the period of lower incorporation after 
5-HT injection [5] indicates that the 5-HT-mediated inhi- 
bition of protein synthesis in the stomach is not due to 
diminished uptake of the precursor amino acid by the 
tissue. To determine further whether 5-HT would affect 
the amino acid pool, the concentration of free amino acids 


in both plasma and stomach was analyzed following a single 
injection of the amine. The incorporation of [* H]- -leucine 
into total protein of the stomach and the specific radio- 
activity of the precursor pool were also measured after 5- 
HT injection. We observed that a single injection of 5-HT 
caused a marked (60.5 per cent) reduction in [*H]-leucine 
incorporation into total protein of the stomach in vivo, 
with no change in specific radioactivity of the precursor 
amino acid. Furthermore, 1 hr after 5-HT administration, 
the concentrations of free amino acids in plasma (excepting 
aspartic acid) were decreased, whereas in the stomach they 
were found to be increased (except for aspartic acid, pro- 
line, threonine and glutamic acid) when compared with the 
corresponding control. 

Adult male Wistar rats (200-250 g) were fasted for 24 hr 
before they were injected (i.p.) with either 0.9% NaCl 
(saline) or 20 mg/kg 5-hydroxytryptamine creatinine sulfate 
(Sigma Chemical Co., MO) in saline, and were decapitated 
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Table 1. Effect of 5-hydroxytryptamine on the concentration of free amino acids in plasma and stomach* 





Amino acids 


Plasma (umoles/ml) 


Stomach (moles/g) 





Control 


5-HT 


Control 


5-HT 





Aspartic acid 
Threonine 
Serine + glutamine 
Glutamic acid 
Proline 
Glycine 
Alanine 

$ Cystine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Histidine 
Arginine 


0.030 + 0.003 
0.347 + 0.035 
0.648 + 0.107 
0.126 + 0.008 
0.203 + 0.035 
0.206 + 0.016 
0.367 + 0.033 
0.052 + 0.011 
0.169 + 0.010 
0.040 + 0.004 
0.085 + 0.003 
0.142 + 0.008 
0.048 + 0.004 
0.055 + 0.001 
0.495 + 0.040 
0.060 + 0.008 
0.114 + 0.016 


0.030 + 0.005 
0.196 + 0.039 (—44) 
0.543 + 0.101 (—16) 
0.088 + 0.034 (—30) 
0.106 + 0.015 (—48) 
0.169 + 0.049 (—18) 
0.254 + 0.044 (—31) 
0.040 + 0.010 (—23) 
0.117 + 0.005 (—31) 
0.020 + 0.009 (—50) 
0.063 + 0.008 (—26) 
0.096 + 0.006 (—33) 
0.039 + 0.005 (—19) 
0.043 + 0.008 (—22) 
0.352 + 0.120 (—29) 
0.044 + 0.007 (—27) 
0.069 + 0.008 (—39) 


1.18 + 0.19 
0.86 + 0.06 
3.08 + 0.10 
3.72 + 0.05 
0.44 + 0.01 
1.65 + 0.11 
1.90 + 0.11 
0.03 + 0.01 
0.43 + 0.03 
0.28 + 0.02 
0.31 + 0.02 
0.60 + 0.06 
0.31 + 0.02 
0.28 + 0.02 
0.79 + 0.03 
0.20 + 0.01 
0.36 + 0.01 


1.20 + 0.05 

0.83 + 0.03 

3.32 + 0.02 (+8) 
2.52 + 0.14 (-—32) 
0.40 + 0.01 (—9) 
1.85 + 0.29 (+12) 
2.11 + 0.17 (+11) 
0.07 + 0.03 (+133) 
0.53 + 0.02 (+23) 
0.38 + 0.02 (+36) 
0.36 + 0.01 (+16) 
0.79 + 0.03 (+32) 
0.43 + 0.03 (+39) 
0.41 + 0.01 (+46) 
0.87 + 0.05 (+10) 
0.24 + 0.01 (+20) 
0.45 + 0.01 (+25) 





* Each value represents the mean + S.E.M. of three experiments. Figures in parentheses represent 


percentage increase or decrease, compared to the respective control. 


Lhr later. L[4,5-*H]-leucine (10 wCi/100 g; 52 Ci/mmole, 
Radiochemical Centre, Amersham, U.K.) was injected 
(i.p.) 30min before being killed. Blood was obtained 
through the neck wound into heparinized centrifuge tubes. 
Blood from 2-3 rats was pooled, and plasma was recovered 
by centrifugation. The stomach (fundic area) was dissected 
out, washed thoroughly in cold saline, and was immediately 
frozen on solid CO2. 

For determination of protein specific radioactivity 
(c.p.m./mg protein) of the stomach, about 100 mg of tissue 
was homogenized in 5 ml 10% (w/v) trichloroacetic acid 
(TCA). Precipitated proteins were collected by centrifu- 
gation and were treated the same way as reported earlier 
[5,6]. The supernatant was saved for the determination of 
precursor pool radioactivity. The concentration of protein 
was measured by the method of Lowry et al. [7]. 

The concentration of free amino acids in plasma and 
stomach was determined on deproteinized filtrates in a 
Beckman Auto Amino acid Analyzer 120-C, as reported 
earlier [6]. 

The present dose (20 mg/kg) of 5-HT was chosen on the 
basis that it produced maximal inhibition of protein syn- 
thesis in the stomach [5]. Such a dose has also been shown 
to inhibit pepsin secretion [8]. One hour after 5-HT injec- 
tion, the incorporation of [“H]-leucine into total protein of 
the stomach in vivo was found to be decreased by 62 per 
cent (c.p.m./mg protein; control = 1850 +65, and 5- 
HT = 730 + 30, N = 6; P < 0.001). On the other hand, the 
TCA-soluble radioactivity (data not shown), as well as the 
free leucine concentration in the stomach (Table 1), were 
found to be higher in the 5-HT-treated groups than in the 
control. Thus, when the specific radioactivity of the leucine 
pool in the stomach was calculated by dividing the amount 
of TCA-soluble radioactivity by the concentration of leu- 
cine in the tissue, the values were found to be the same for 
both groups (yuCi/umole; control = 0.136 and 5-HT 
= ().139). The results suggest that the inhibition of protein 
synthesis by 5-HT, at least in the stomach, is not due to 
either diminished availability of leucine or lower specific 
radioactivity of the precursor pool in the tissue. 

To evaluate whether 5-HT would affect amino acid com- 
position of the stomach, the concentration of free amino 
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acids ir. the tissue was measured. Plasma free amino acids 
were also determined to correlate the changes in tissue 
amino acid levels with plasma. It was observed that, except 
for aspartic acid, threonine, glutamic acid and proline, the 
concentrations of all other amino acids in the stomach were 
increased (8-133 per cent) after administration of 5-HT 
(Table 1). The maximal increment was observed for 3 
cystine. In the stomach, the concentrations of proline and 
glutamic acid were decreased by 9 and 32 per cent, respec- 
tively, and aspartic acid and threonine showed no apparent 
changes following 5-HT treatment (Table 1). Contrary to 
the observation in the stomach, the concentrations of all 
amino acids in plasma (with the exception of aspartic acid) 
were decreased (16-50 per cent) after S-HT administration 
(Table 1). The highest reduction (50 per cent) was noted 
for methionine. 

It is evident that for most amino acids the 5-HT-mediated 
reduction in plasma is accompanied by a concomitant rise 
in the stomach, indicating a shift in amino acid pool from 
plasma to stomach. Such an observation suggests further 
that the 5-HT-mediated inhibition of protein synthesis in 
the stomach is not the result of a diminished supply of 
amino acids in the tissue. The amine is known to exert a 
powerful vascular effect, and in the dog the 5-HT-mediated 
inhibition of gastric secretion is attributed to decreased 
blood supply [9]. On the other hand, in rats 5-HT is found 
to dilate gastric mucosal blood vessels [10], which suggests 
that the increased free amino acid content observed in the 
stomach of 5-HT-treated rats could be the result of a higher 
blood flow in the tissue. Whether changes in endogenous 
5-HT level would also affect protein synthesis and amino 
acid composition in the stomach remains to be evaluated. 


Acknowledgements—A. M. Nakhla is the recipient of a 
post-doctoral fellowship from DANIDA, Ministry of For- 
eign Affairs, Denmark. The project was supported by 
grants to A.N.M. from the Danish Medical Research 
Council. 


Institute of Medical Biochemistry, ATIF M. NAKHLA 
University of Aarhus, ADHIP NANDI MAJUMDAR* 
Dk-8000 Aarhus C, 

Denmark. 





Short communications 


REFERENCES 


1. J. W. Black, E. W. Fisher and A. N. Smith, J. Physiol. 
141, 27 (1958). 

2. J. Hano, L. Bugajski, L. Danek and C. Wantuch, Archs 
Intern. Pharmacodyn. Thér. 216, 28 (1975). 

3. R. H. Resnick and S. J. Gray, Gastroenterology 42, 48 
(1962). 

4. A. P. N. Majumdar and A. M. Nakhla, Scand. J. 
Gastroent. 13, 132 (1978). 

5. A. P. N. Majumdar and A. M. Nakhla, Br. J. Pharmac. 
66, 211 (1979). 


1857 


6. A. P. N. Majumdar, S. Greenfield and H. Rgigaard- 
Petersen, Scand. J. clin. Lab. Invest. 31, 219 (1973). 
7. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 
8. R. Hakanson, B. Lilja, Ch. Owman and S. Thunell, 
Eur. J. Pharmac. 1, 425 (1967). 

9. H. A. Dolcini, E. Zaidman and S. J. Gray, Am. J. 
Physiol. 199, 1157 (1960). 

10. R. H. Rudick, W. G. Gutheroth and L. M. Nyhus, in 
Gastric Secretion Mechanisms and Control (Eds. T. K. 
Schnitka, J. A. L. Gilbert and R. C. Harrison), pp. 
53-59. Pergamon Press, Oxford (1967). 





Biochemical Pharmacology, Vol. 29, pp. 1857-1859. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-295 2/80/0615—1857 $02.00/0 


Progesterone provokes a selective rise of monoamine oxidase A in the female 
genital tract 


(Received 14 January 1980; accepted 6 March 1980) 


We reported earlier a striking increase in human endom- 
etrial monoamine oxidase (MAO) activity during the sec- 
ond half of the menstrual cycle [1] which correlated with 
peak plasma progesterone activity. On giving progesterone 
to female rats, we were, similarly, able to record a sub- 
stantial increase in uterine (but not hepatic) MAO activity 
[2]. Since these experiments were performed, Johnston’s 
classification of MAO [3] into A and B forms, on the basis 
of selective inhibition by clorgyline, has been widely 
accepted. The A form which, by definition, is relatively 
sensitive to clorgyline, selectively oxidizes the neurotrans- 
mitter monoamines, 5-hydroxytryptamine (5-HT) and nor- 
adrenaline; the relatively clorgyline-resistant MAO B acts 
on phenylethylamine (PEA) and benzylamine (Bz) whilst 
tyramine and dopamine can be oxidized by both forms [4]. 
However, these specificities depend to some extent on 
substrate concentration, tissue and species [5,6]. In the 
light of this new information, we thought it interesting to 
re-examine the progesterone effect to determine whether 
both forms of the enzyme are affected equally or whether 
one or other predominates. We now report highly selective 
increases in MAO A activity in certain organs of the human 
and rat female genital tract. 

Endometrial biopsy fragments were obtained by curet- 
tage from 15 normal subjects (age range 20-30 yr), under 
examination for a variety of minor gynaecological dis- 
orders. All had normal menstrual cycle length (28 + 2 days) 
and none was on hormone treatment. The specimens were 
placed immediately on dry ice and later transferred to 
storage at —20°. For the animal experiments six female 


Wistar rats (150-180 g) were injected subcutaneously with 
progesterone, 3.3 mg/kg, at the same time of day, for three 
consecutive days. Six control rats were injected with physio- 
logical normal saline (0.9% w/v), 0.25 ml subcutaneously, 
and 0.75 ml intraperitoneally for three consecutive days. 
This routine was followed to replicate that of the previous 
study [2]. All animals were killed on the fourth day by 
dislocation of the neck. Liver, uterus, ovary and adrenal 
glands were dissected out, freed from connective tissue and 
stored at —20°. All tissue was homogenized in 50 mM 
potassium phosphate buffer, pH 7.4, and made up as a 
10% (w/v) suspension. MAO was assayed radiometrically 
as previously described [7]. Protein was estimated by the 
method of Lowry et al. [8], using bovine serum albumin 
as standard. 

Figure 1 shows MAO activity using three different sub- 
strates, 5-HT, DA and PEA, in endometrial biopsy samples 
taken from women at different stages of the menstrual 
cycle. It is clear that activity, when measured with 5-HT 
and DA, increased markedly during the course of the cycle, 
whereas activity with PEA was relatively constant. Table 
1 shows mean activity from five samples obtained during 
the first week of the cycle compared with five samples from 
the fourth week. Both 5-HT and DA-oxidizing activity 
increased about 7-fold and the difference between first and 
fourth-week values was highly significant (P <0.01). PEA- 
oxidizing activity was low throughout, and did not increase 
significantly from early to late cycle. 

Table 2 shows findings after progesterone injection into 
rats. The drug caused large and significant increases in 5- 


Table 1. Monoamine oxidase activity in human endometrium samples obtained during the 
first and fourth week of the menstrual cycle* 





Substrates 





No. of samples 


DA PEA 





Ist week 
4th week 


3.6+0.3 
7.2+0.8¢ 


43265 
48.7 + 1.8+ 





* Activities are expressed as nmoles product formed per mg protein per 30 min at 37°. 
+ P <0.01 using Wilcoxon rank sum test; fourth week different from first week. 
+ Difference not significant. 
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Table 2. Effect of progesterone injection into rats on MAO activity using 5-HT and PEA as 
substrates* 





5-HT 


PEA 





Progesterone 





Control Progesterone 





w 


wre 


Liver 
Uterus 
Ovary 
Adrenal 


ee ee ne 
I+ I+ I+ I+ 
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a © 0 oo 


nm 
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18.5+0.3 
3.6+0.3 
6.4+0.7 
de 4.0+0.3 
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Mmen 
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i 
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* Activities are expressed as nmoles product formed per mg protein per 30 min at 37°. 
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Fig. 1. Monoamine oxidase activity in human endometrium 
throughout the menstrual cycle. @, 5-HT; O, Da; A, PEA. 


HT-oxidizing activity in uterus and ovary, 5.7- and 4.3- 
fold, respectively, but activity in liver and adrenal gland 
was unchanged. PEA-oxidizing activity was unchanged in 
all four organs studied. 

These results clearly confirm our earlier observation of 
an increase in MAO activity in human endometrium during 
the menstrual cycle [1] and indicate from the rise in 5-HT- 
oxidizing ability but absence of increase of PEA oxidation 
that it is confined to MAO A alone and that MAO B is 
unaffected. DA-oxidizing activity increased in parallel with 
that against 5-HT, suggesting that it is also a substrate for 
MAO A in this tissue, as it is in the placenta and elsewhere 
[9]. The fact that MAO A alone was affected shows the 
specificity of the response and shows clearly that MAO A 
and B are two separate physiological entities under inde- 
pendent control. As both forms are mitochondrial, one 
might expect that any change due to a non-specific alter- 
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P <0.005, difference from control using Wilcoxon rank sum test. 
P <0.02, difference from control using Wilcoxon rank sum test. 


ation in the nature of the mitochondrion would have 
affected both equally. 

The progesterone-induced selective rise in MAO A in 
uterus and ovary (but not in liver and adrenal) supports 
our interpretation of the human endometrial finding as 
deriving, to some extent at least, from the raised concen- 
trations of progesterone circulating during the second half 
of the menstrual cycle. This view receives further support 
from the observation that progesterone injected into preg- 
nant rats increases MAO activity in the brains of the pups 
by about 25 per cent [10]. 

Our results raise the question of the function of MAO 
A in the tissues under scrutiny. Is it to protect the fertilized 
ovum from circulating amines? The placenta is very rich 
in MAO A [11], like the late cycle endometrium, and the 
administration of an MAO inhibitor during pregnancy can 
cause abortion or fetal death [12, 13]. Uterine muscle is 
extremely sensitive to 5-HT [14], as is the placental vas- 
culature [15]. Alternatively, the increase in MAO A 
activity, at least in the human, may be related to the 
menstrual process by some unknown mechanism. These 
problems remain to be explored. 
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Evidence for the external location of alkaline phosphatase activity on the surface 
of Sarcoma 180 cells resistant to 6-thioguanine 


(Received 16 November 1979; accepted 29 December 1979) 


The 6-thiopurines (i.e. 6-mercaptopurine and 6-thioguan- 
ine) are effective agents in the treatment of acute leukemia 
in man. One of the factors which limits the therapeutic 
usefulness of these antimetabolites is the acquisition of 
insensitivity by previously susceptible leukemic cells. To 
exert antineoplastic activity, conversion of these agents to 
the nucleotide level is mandatory, and most transplanted 
tumours achieve resistance by deletion or alteration 
of hypoxanthine-guanine _ phosphoribosyltransferase 
(HGPRT) activity, the enzyme system involved in the 
formation of 6-thiopurine 5’-phosphate [1]. Acute lympho- 
cytic leukemic cells of man, however, do not appear to 
decrease HGPRT activity as the mechanism of acquired 
resistance to these purine antimetabolites [2-5]. Evidence 
is available in a subline of the murine ascitic neoplasm 
Sarcoma 180 resistant to the 6-thiopurines (S180/TG) which 
suggests that insensitivity is the result of an increased rate 
of degradation of 6-thiopurine 5’-phosphate by alkaline 
phosphatase [6,7]. Furthermore, leukocytes of acute 
lymphocytic leukemia patients demonstrated in most 
instances an increase in particulate-bound alkaline phos- 
phatase activity that corresponded to acquired clinical 
insensitivity to the 6-thiopurines [4]. At least two parti- 
culate-bound alkaline phosphatase activities occur in 
$180/TG cells which are distinct in several characteristics 
and these have been purified to homogeneity [7-9]. The 
levels of these enzymes, which appear to be responsible 
for the degradation of 6-thiopurine mononucleotide in 
$180/TG cells, are elevated about 100-fold in the resistant 
tumor [7-9]. The cellular localization of these two isoen- 
zymes has not been studied, and this communication is 
concerned with our initial observations on the location of 
these enzymes in $180/TG cells. Although intracellular 
phosphatase activity would appear to be required to express 
resistance to the 6-thiopurines, the findings presented in 
this report suggest that a significant portion of the cellular 
alkaline phosphatase catalytic activity resides on the exter- 
nal surface of the cell membrane. 

Tumor cells were maintained in female CD-1 mice 
(Charles River Breeding Laboratories, Wilmington, MA) 
by the weekly intraperitoneal inoculation of 1-2 x 10° 
cells/mouse. The activity of alkaline phosphatase was meas- 
ured spectrophotometrically by following the increase in 
absorbance at 410 nm in phosphate-buffered saline (PBS; 
0.137M NaCl, 0.003MKCI and 0.008 M Na,HPO,- 
KH,PO,) containing 1.0mM_p-nitrophenylphosphate 
(PNPP) at 37° as described previously [7]. The assay of 
enzyme activity of intact cells employed incubation (2 x 10° 
cells/ml) in the above medium for varying periods of time, 
followed by measurement of the absorbance of the medium 
after removal of cells by centrifugation for 1 min at 1600 g. 


B.P. 29/12—o 


The rate of hydrolysis of PNPP to p-nitrophenol by intact 
$180/TG cells was about 2.7 times faster than that produced 
by the parent drug-sensitive Sarcoma 180 cells (S180) at 
pH 7.4 (Fig. 1). Since PNPP is negatively charged, it was 
assumed that this material was taken up poorly by cells; 
p-nitrophenol, however, might be expected to readily per- 
meate cells. Thus, measurement of this material in the 
medium should underestimate somewhat the quantity of 
this product formed from intact cells. The possibility that 
$180/TG cells secreted greater amounts of hydrolytic 
enzyme activity into the medium than $180 cells was elim- 
inated by the observation that phosphohydrolase activity 
was minimal in medium freed of cells after incubation of 
each cell line for up to 45 min (Fig. 2); this finding also 
indicated that hydrolytic activity was largely associated with 





p-nitrophenol Formed (nmol) 


° 


° e 
ol&e . ae eet 
fe) 10 20 30 40 50 60 


Incubation Time (min) 








4 





Fig. 1. Hydrolysis of PNPP by intact $180 and $180/TG 
cells. Cells (2 x 10°/ml) were incubated with 1 mM PNPP 
at 37° in PBS (pH 7.4). At various times thereafter, the 
absorbance at 410 nm of the supernatant solution was meas- 
ured, using a supernatant fraction of an incubation mixture 
without PNPP as the blank. The molar absorbance of p- 
nitrophenol employed was 1.7-10* moles -1-'-cm™'. Key: 
phosphohydrolase activity of S180 (@——@) and of 
$180/TG (O——©). 
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Fig. 2. Hydrolysis of PNPP by medium after incubation of 
2 x 10° $180 or $180/TG cells per ml in PBS (pH 7.4) for 
various periods of time at 37°. The catalytic activity of the 
resulting supernatant solution (i.e. the medium) was 
assayed by incubation in the presence of PNPP for 30 min 
at 37°; see legend of Fig. 1 for assay details. Key: phos- 
phohydrolase activity of the medium following incubation 
with $180 (@——®) and S180/TG (O——©). 


intact cells. Variation of the pH of the incubation medium 
from pH 6.0 to 8.0 with $180/TG cells showed about 5-fold 
more hydrolytic activity at pH 8.0 than at pH 7.0, sup- 
porting the concept that alkaline phosphatase activity was 
responsible for the hydrolysis of PNPP (Fig. 3). These 
findings imply that a significant amount of the catalytic 
activity of at least one of the alkaline phosphatase iso- 
enzymes of Si80/TG is expressed on the external surface 
of the cells. We have attempted to obtain further evidence 
for the surface location of alkaline phosphatase by iodi- 
nation of the plasma membrane of S180/TG cells by the 
lactoperoxidase method as described by Phillips and Mor- 
rison [10], followed by purification and separation on 
polyacrylamide gels of alkaline phosphatase isoenzymes 
[7]. These experiments showed that neither band of the 
two major alkaline phosphatase activities present in 
$180/TG cells corresponded to the peaks of radioactivity 
present on these gels (data not shown). The failure to label 
the external surface alkaline phosphatase activity by iodi- 
nation presumably was due to the absence of available 
tyrosine residues in that portion of enzyme present on the 
external surface of the $180/TG cell membrane. 

Several studies have been conducted on the cellular 
localization of alkaline phosphatase activity in other sys- 
tems; these investigations have demonstrated that enzy- 
matic activity was located predominantly in the peripheral 
plasma membrane [11-13]. Electron microscopic studies 
have also provided evidence in two clones of HeLa that 
catalytic alkaline phosphatase activity is expressed on the 
external surface of these cells [14]. The function of alkaline 
phosphatase activity is obscure, and hydrolytic, transphos- 
phorylation and pyrophosphatase actions have been sug- 
gested for this enzyme [15]. It is conceivable that the phos- 
phohydrolytic activity present on the external surface of 
cells may be involved in scavenging phosphorylated com- 
pounds present in the environment of the cells. The physio- 
logic source of such materials is obscure, but may include 


nucleotides, phospholipids and phosphorylated sugars. 


which occur in plasma [16]. 

Should human acute lymphocytic leukemia cells resistant 
to the 6-thiopurines express a portion of their elevated 
particulate alkaline phosphatase activity on the external 
surface of the cell membrane in a manner analogous to 
S180/TG, it is possible that therapeutic advantage of the 
acguisition of resistance to these agents might be attained 
dy employing phosphorylated derivatives of cytotoxic 
agents as prodrugs. Such agents are negatively charged, 
and consequently poorly transported into most cells; how- 
ever, preferential dephosphorylation by 6-thiopurine- 
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Fig 3. Effect of pH on the hydrolysis of PNPP by S180/TG 

cells. Assays were performed in PBS (pH 6.0 to 8.0) by a 

30-min incubation of cells in the presence of PNPP at 37°. 
See legend of Fig. 1 for assay details. 





resistant leukemia cells would lead to high concentrations 
of a transportable form of chemotherapeutic agent in the 
environment of these cells, thereby exploiting the property 
of acquired insensitivity through this biochemical mech- 
anism. A useful agent of this kind might be one that would 
(a) become more lipophilic and transportable by passive 
diffusion after dephosphorylation, and (b) generate a 
reactive form following removal of phosphate, thereby 
creating alkylations in thiopurine-resistant cells. Dephos- 
phorylation of 5’-nucleotides by humans appears to be 
relatively poor, presumably due to low levels of kidney and 
blood phosphohydrolase activity [17, 18]. Thus, it is pos- 
sible that, in man, phosphorylated prodrugs of cytotoxic 
agents might have a sufficiently long blood half-life to be 
of significance in the treatment of patients with acute 
lymphocytic leukemia resistant to the 6-thiopurines through 
increased alkaline phosphatase activity. 
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Cocaine: effect of in vivo administration on synaptosomal uptake of 
norepinephrine 


(Received 24 September 1979; accepted 11 December 1979) 


Ever since reports of coca leaf chewing filtered back to 
Europe in the wake of the Spanish conquest of the Andes, 
interest in cocaine has waxed and waned in sympathy with 
social currents which encouraged or discouraged its use. 
Consequently, with the increase in illicit cocaine traffic 
which has taken place since the mid-1960’s [1], research 
interest in cocaine has been rejuvenated. Recent investi- 
gations have confirmed that cocaine is a central nervous 
system stimulant. As currently reviewed [2], in humans 
cocaine significantly reduces total and rapid eye movement 
(REM) sleep. It produces euphoria, anorexia, perceptual 
and affective changes at low doses, and paranoid psychoses 
at higher doses. In experimental animals, cocaine increases 
locomotor activity and body temperature, and elicits stereo- 
typed behavior and turning toward the lesioned side in 
animals with unilateral lesions of the nigro-striatal dopa- 
minergic pathway. It also reduces food intake, induces a 
desynchronized_ electroencephalogram (EEG), and 
increases multiple unit activity in the reticular formation. 

It has been theorized that the CNS excitation may result 
from inhibition of reuptake of endogenously produced cat- 
echolamines, particularly norepinephrine (NE) [3], though 
an effect of in vivo cocaine on catecholamine uptake in 
brain tissues has not been demonstrated previously. Reup- 
take is considered to be the primary mechanism by which 
catecholamines are inactivated [4]. Inhibition of this process 
would permit neurotransmitter to linger within the synaptic 
cleft and prolong any post-synaptic actions of released 
neurotransmitter. Reuptake is mediated by an energy 
dependent, high affinity transport system (uptake 1) located 
at the axonal membrane of neurons [5] and is highly sodium- 
ion dependent. In the peripheral nervous system, cocaine 
has been shown to be a potent inhibitor of uptake 1 but 
has little effect on uptake 2, a high capacity, low affinity 
system with many differing characteristics from uptake [ 
(6, Tf. 

The action of cocaine is on the neuronal membrane, 
while it is less ellective in inhiviting uplaxe Dy granu)ar 
(vesicular) membrane [8]. Moreover, the uptake of NE by 


sympathetic nerve cell bodies appears to be considerably 
less sensitive to cocaine inhibition than the uptake of this 
transmitter by nerve endings [9, 10]. The inhibition is com- 
petitive [11, 12], that is, cocaine vies with NE for uptake 
receptor sites. 

Though cocaine inhibition of NE uptake has been dem- 
onstrated both in vitro and in vivo in a large number of 
peripheral tissues [2], unfortunately less data are available 
for the central nervous system. Moreover, the results have 
been contradictory. Decreased NE uptake has been 
reported using in vitro incubations with mouse synapto- 
somes [13], brain slices of cats [14], mice [15] and rats [11], 
chopped rat brains [16] and rat pineals [17]. But the rare 
in vivo studies have not demonstrated decreased NE 
uptake, though a reduction in [*H]NE retention after its 
intraventricular injection into cocaine-treated rats has been 
reported [18]. Intraventricular injections of tritiated NE 
showed no decrease in NE uptake in animals receiving 
15 mg/kg of cocaine compared with controls [19], and brain 
slices of mice treated with 40 mg/kg of cocaine took up 
tritiated NE to the same extent as saline-treated animals 
[15]. This suggested that cocaine might not have the same 
action in the brain as it does in the peripheral nervous 
system. However, the numerous problems in methods, 
including their sensitivity, coupled with the uncertainties 
in the interpretation of the results of in vivo uptake studies 
carried out in intact brain preparations, as outlined by 
Maxwell et al. [12], mitigate against the use of these tech- 
niques in characterizing the CNS actions of cocaine. We 
chose to surmount the CNS in vivo problems by performing 
an in vivo cocaine study on nerve endings that would 
subsequently be isolated from supporting glia and the 
blood-brain and liquor—brain barriers (synaptosomes). 
This would permit us to see if they would react to endogen- 
ously bound cocaine as they do to the drug in vitro. The 
syaagtasomal gregaration also permiticd us to examine 
such discrete details of NE uptake as Km aad Vinax (Michae- 
s—Wenren ana)ys)s). 

Adult male Sprague-Dawley rats, each weighing 350 g. 
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Fig. 1. Effect of cocaine on synaptosomal uptake of [*H]NE. Double reciprocal plot of uptake velocity 
(in nmoles of /-norepinephrine taken up per gram of original tissue per 5 min) against the uM 
concentration of /-norepinephrine. 


(Flow Laboratories, Dublin, VA), were injected i.p. with 
1cm* of either cocaine-HCl dissolved in physiological 
saline (10 mg/kg, N = 9, and 35 mg/kg, N = 9) or physio- 
logic saline alone (N = 17). Thirty min later, they were 
decapitated, their brains were rapidly removed, and syn- 
aptosome-rich homogenates were prepared from the cor- 
tices. Dopamine (DA) cortical areas were dissected away 
beforehand so as not to interfere with NE uptake. The 
synaptosomes were suspended in enriched Krebs—Henseleit 
bicarbonate medium and were incubaied with tritiated NE 
in six different concentrations ranging from 0.04 to 0.4 uM. 
For greater detail see the method of Hendley et al. [20]. 
Net active uptake velocities were calculated for each sample 
by correcting for blanks and non-specific uptake. These 
data were subjected to a least-squares non-linear analysis 
[21] to estimate Km and Vmax for each individual experiment 
and these were compared using Student’s one-tailed f-test. 
The intercepts were plotted using the familiar double- 
reciprocal method (Fig. 1). Cocaine dose was plotted 
against Km on semilog graph paper to obtain the EDso for 
NE uptake inhibition. 

The results are what one would expect if the drug indeed 
acted in vivo as it has been shown to act in vitro. A typical 
pattern of competitive inhibition is illustrated (increase in 
Km, see x-intercepts, and no change in Vmax, see y-inter- 
cepts). Further, the amount of inhibition depended upon 
the dose of cocaine. Though only the higher drug dose 
created a significant increase in Km (P < 0.05), the changes 
produced by the lower dose were in the predicted direction. 
Using semilog graph paper to plot dose vs Km, the EDso 
(50 per cent inhibition of control NE uptake) for cocaine 
was 8 mg/kg. The increased Km (decreased NE affinity) 
indicates that the injected cocaine interacted with NE 
uptake receptors in the pre-synaptic membrane of intact 
brain in a manner similar to that noted when cocaine is 
added to brain tissue in the test tube. The unaltered Vinax 
indicates that the drug neither decreased the number of 
uptake receptors present nor their ability to transport 
neurotransmitter. In other words, there was no element of 
non-competitive inhibition. 


The in vivo results shown here are an extension of pre- 
vious findings. They permit us to conclude that competitive 
inhibition of NE uptake at nerve terminals does indeed 
comprise a major action of cocaine in the central nervous 
system. This uptake effect has been anticipated for some 
time but its demonstration has proved elusive. A complete 
picture of the effects of cocaine on NE uptake has been 
more difficult to develop in the CNS than in the periphery. 
In addition to the in vivo problems described earlier, the 
uptake changes in intact brain may be masked by effects 
of cocaine on synthesis, turnover, concentration, metab- 
olism and release of NE. Because of the paucity of CNS 
cocaine studies and the conflicting data in the few studies 
thus far performed, details of these latter events for NE 
have not yet been sorted out. However, the discrepancies 
could also arise from the differences in experimental design. 
While some workers have reported no change in synthesis 
of telencephalic or hypothalmic NE after administration 
of cocaine and either intraventricular or intravenous injec- 
tions of labeled tyrosine, an NE precursor [22-25], others 
have reported decreased NE synthesis after both tritiated 
tyrosine injections and administration of a-methyl para- 
tyrosine, an NE synthesis inhibitor [23, 24]. A similar con- 
flict (no change vs decrease) has resulted after attempts to 
measure endogenous NE concentrations following cocaine 
administration [25-27]. 

Since it is now possible to study concentration, synthesis, 
turnover and metabolism of neurotransmitters in synap- 
tosomes, with almost the same ease as uptake and release, 
it may be possible to arrive more closely at the total orches- 
tration of the effects of cocaine on central catecholamine 
functions, as well as those of other neurotransmitters, by 
studying these effects in isolated nerve endings themselves. 
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The influence of three prostaglandin biosynthesis stimulators on carrageenin- 
induced edema of rat paw 


(Received 26 July 1979; accepted 3 January 1980) 


Paracetamol [1] and four pyrazol-piridine derivatives [2] 
were found to stimulate prostaglandin biosynthesis. Phenol 
[3] and its iododerivative [4] possess the same property, 
which is supposed to be correlated with anti-inflammatory 
activity [3]. In contrast inhibition of prostaglandin biosyn- 
thesis has been accepted as the mode of action of aspirin- 
like anti-inflammatory drugs [5]. 

We compared the effect of 6-(beta-pyridyl)-3-hydroxy- 
pyrazol (3, 4b)-piridine (PPD) with that of 2-aminomethyl- 
4-t-butyl-6-iodophenol (MK-447) and paracetamol on 
cyclo-oxygenase and lipoxidase activity in vitro as well as 
on experimental inflammation in vivo. 

The influence of tested compounds on cyclo-oxygenase 
activity was tested using solubilized enzyme from ram sem- 
inal vesicle microsomes. Microsomes were prepared 
according to the method of Smith [6], except that the 
concentration of diethyldithiocarbamate used was 5 mM. 
Then they were solubilized by the same medium as in the 
original paper [6]. The solubilized enzyme was diluted 15- 
fold with 0.1.M phosphate buffer, pH 7, and oxygen con- 
sumption and malondialdehyde generation was measured 
as previously described [2]. The results were expressed in 
mmoles of oxygen consumed by 1 mg of protein during 
1 min. The initial reaction velocity was calculated from the 
slope of the line obtained on the oxygen monitor recorder. 
Malondialdehyde was estimated after 2 min incubation and 


its amount was expressed in nmoles produced during 1 min 
by 1 mg of protein. The protein was determined by the 
method of Lowry et al. [7]. 

Crystalline soybean lipoxidase was dissolved in 0.1M 
phosphate buffer, pH 7, at a concentration of 5 ug/ml. 
Arachidonic acid (100 4M) was used as the substrate. 
Samples were incubated at 25°. The enzymic activity was 
measured as wmoles of oxygen consumed by | mg of 
enzyme during 1min. Initial reaction velocity was 
calculated. 

Carrageenin edema of hind paw in rats was produced by 
the method of Winter er al. [8]. Tested compounds were 
given s.c. lhr before the carrageenin injection. The 
increase in foot volume was expressed as a percentage of 
the volume before the carrageenin injection. In some 
experiments PPD was injected in a volume of 0.2 ml at a 
concentration of 5% and foot volume was measured every 
hour until the fourth hour. Wistar rats weighing 150-200 g 
were used. 

The reagents used were lipoxidase from soybean (Sigma), 
carrageenin (Marine Colloids), paracetamol (‘‘Polfa’’, 
Poland), diethydithiocarbamic acid (Sigma), flufenamic 
acid (Parke Davis), MK-447 (Merck, Sharp & Dohme). 
PPD was synthesized in The Department of Organic Chem- 
istry, Polish Academy of Sciences, Warsaw, Poland. 

The influence on cyclo-oxygenase activity in ram seminal 
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Table 1. The influence of 1000 uM of MK-447, PPD and paracetamol on oxygen consumption and 
malodialdehyde generation by solubilized enzyme from ram seminal vesicle microsomes* 





Control 
(umoles/mg/min) 


Percentage of control after 
MK-447 PPD Paracetamol 


Arachidonic 
acid 
concentration 

(uM) O, MDA O; MDA O, MDA 0O, 





MDA 





30 2.08 + 0.16 (5) 
100 1.86 + 0.15 (29) 
300 1.30 + 0.29 (9) 


0.025 + 0.003 (6) 127 70 =.228 90 204 90 
0.025 + 0.001 (27) 292 178 429 230 435 198 
0.022 + 0.002 (10) 465 234 519 295 610 290 





* The composition of the incubation mixture is described in the text. In the case of oxygen consumption, 
initial reaction velocity is calculated, and in the case of malondialdehyde, the amount of the product formed 
during 2 min is taken as the basis for calculation of the reaction velocity. Each percentage of control values 
for samples incubated with tested compounds is the mean of three experiments. Number of experiments 


is given in parentheses. 


vesicle microsomes of the three compounds tested in the 
same concentration is shown in Table 1. All the compounds 
tested stimulated oxygen consumption, especially in higher 
substrate concentrations (100 and 300 4M). The stimulation 
of malondialdehyde generation was observed only in the 
concentrations 100 and 300 uM of arachidonic acid. None 
of the compounds tested stimulated soybean lipoxidase 
activity. This activity was 8.3 + 0.52 (N = 12) wmoles of 
oxygen/min/mg of enzyme in control samples and 6.9 + 
0.44 (N = 3), 9.1 + 1.6 (N = 3) and 9.2 + 0.84 (N = 3) in 
the presence of 1000 4M MK-447, PPD and paracetamol, 
respectively. The influence of the tested compounds on 
carrageenin induceu inflammation is shown in Table 2. 
Paracetamol diminished slightly carrageenin-induced 
inflammation three and four hours after carrageenin injec- 
tion. MK-447 prevented carrageenin edema in the doses 
5, 15 and 45 mg/kg over the whole range of investigation 
time. In contrast, PPD had no anti-inflammatory activity 
in the same doses and even potentiated carrageenin- 
induced inflammation. PPD produced foot edema on its 
own. With intraplant injection it caused about 20 per cent 
increase of foot volume at the first, second and third hours 


after the injection (N = 5). Saline injected in the same 
volume did not change the foot volume (N = 3). 

The three compounds tested (MK-447, PPD and para- 
cetamol), when used in vitro at a concentration of 1 mM, 
stimulated cyclo-oxygenase but not lipoxidase activities. 
The stimulation of cyclo-oxygenase was dependent on the 
substrate concentration. It seems that these compounds 
prevent inhibition of the enzymic activity by excess of 
substrate. Our unpublished results showed that MK-447 
and paracetamol enhanced conversion of the labelled 
arachidonic acid mainly to PGE2, similarly to the results 
found previously for a compound possessing a chemical 
structure very close to PPD [2]. Kuehl et al. [4] found that 
MK-447 facilitates the interconversion of PGG2 and PGH2. 
Paracetamol is probabiy a stimulator of the same reaction 
because it also possesses a phenolic group. Phenols were 
suggested to facilitate prostaglandin biosynthesis by remov- 
ing free radicals [4]. PPD does not possess a phenolic group 
in its molecule, but the hydroxyl group in the pyrazol ring 
might have a similar physico-chemical function. 

The role of prostaglandins in inflammation is contro- 
versial. Increase of PGE2 and PGF2a levels were found 


Table 2. The influence of paracetamol, MK-447 and PPD on carrageenin-induced inflammation 





Per cent increase of foot volume after carrageenin 





1st hr 


2nd hr 


3rd hr 


4th hr 





Control 
Paracetamol 
5 mg/kg 
15 mg/kg 
45 mg/kg 
MK-447 
5 mg/kg 
15 mg/kg 
45 mg/kg 
PPD 
5 mg/kg 
15 mg/kg 
45 mg/kg 


22.4 + 1.7 (51) 


19.7 + 5.5 (6) 
16.7 + 2.7 (6) 
17.4 + 3.6 (6) 


11.4 + 3.7 (6)t 
7.3 + 2.8 (6)8 
5.6 + 1.0 (6)8 


31.4 + 4.5 (27) 
26.3 + 4.2 (6) 
23.5 + 2.0 (6) 


47.9 + 3.4 (51) 


46.2 + 3.1 (6) 
44.0 + 6.0 (6) 
53.8 + 6.8 (6) 


19.4 + 4.4 (6)§ 
13.0 + 3.6 (6)§ 
11.8 + 1.8 (6)8 


47.9 + 4.5 (27) 
51.9 + 6.1 (6) 
59.8 + 3.4 (6)t 


62.2 + 2.8 (51) 


45.8 + 2.6 (6)§ 
49.6 + 4.1 (6)t 
49.4 + 3.7 (6)t 


27.4 + 2.5 (6)§ 
24.0 + 4.1 (6)§ 
24.8 + 2.4 (6)8 


61.2 + 5.0 (27) 
75.5 + 4.5 (6)t 
79.6 + 4.2 (6)8 


57.4 + 2.7 (24) 


39.2 + 2.6 (6)§ 
36.7 + 3.2 (6)8 
41.8 + 4.0 (6)t 


20.7 + 2.9 (6)§ 
17.2 + 3.5 (6)8 
18.8 + 1.4 (6)§ 





* The increase of the foot volume is expressed as a percentage of the volume before carrageenin 
injection. The results were analysed using Student’s t-test, and are expressed as means + S.E.M. 
Number of experiments is given in parentheses. 


+ P<0.05. 
+ P<0.01. 
§ P< 0.001. 





Short communications 


during carrageenin-induced inflammation [9]. Therefore 
prostaglandin biosynthesis stimulators should potentiate 
carrageenin-induced edema. This conclusion is not vali- 
dated by our results. Three stimulators of prostaglandin 
biosynthesis tested by us had various effects on carrageenin- 
induced inflammation. MK-447 suppressed both phases of 
rat paw edema. Paracetamol was a weak anti-inflammatory 
agent and inhibited only the second phase of inflammation 
which is thought to be mediated by prostaglandins [8]. The 
inhibition of this phase of edema by paracetamol resembles 
classical anti-inflammatpry drugs [10], although the effect 
of this compound in vitro is opposed to those drugs which 
inhibit prostaglandin biosynthesis. 

PPD had no anti-inflammatory activity. On the contrary, 
it potentiated carrageenin-induced edema and had pro- 
inflammatory action of its own. The discrepancy between 
the effects of tested compounds in vitro and in vivo may 
be explained in two ways: 

(1) Tested compounds may stimulate prostaglandin bio- 
synthesis only in vitro. It was reported that cofactors (e.g. 
hydroquinone) added to the incubation mixture reversed 
a stimulatory effect of paracetamol [1] and pyrazol-piridine 
derivatives [2]. It may be that in vivo in the presence of 
tissue cofactors (e.g. noradrenaline and tryptophane) MK- 
447 and paracetamol do not stimulate but inhibit prosta- 
glandin biosynthesis. In fact, paracetamol was found to 
lower prostaglandin level during experimental inflamma- 
tion in vivo [11]. 

(2) Another possibility has been suggested by Kuehl et 
al. [3]. They suggest that the real pro-inflammatory pros- 
taglandin is PGG2 or free radicals which are formed during 
prostaglandin biosynthesis. Therefore compounds which 
accelerate the transformation of PGG2 into PGH? are anti- 
inflammatory. If this concept is correct, then phenolic com- 
pounds such as paracetamol and MK-447, being radical 
scavengers, would be expected to stimulate transformation 
of PGG2 into PGH2 and to exert an anti-inflammatory 
action. Assuming this concept for paracetamol and MK- 
447, we must reject such a mechanism of action for PPD 
which is pro-inflammatory. 

Previously, colchicine [11] was found to be anti-inflam- 
matory, although it stimulated prostaglandin biosynthesis 
in vitro and enhanced prostaglandin levels in vivo. On the 
basis of these observations, we conclude that neither the 
anti-inflammatory effect of colchicine not the pro-inflam- 
matory effect of PPD are connected with prostaglandin 
biosynthesis. 
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Our final conclusion is that on the basis of influence of 
a chemical compound on prostaglandin generation in vitro 
or even in vivo, it is impossible to forecast its mode of 
action on inflammation in vivo. 
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[!4c]-ADRIAMYCIN TO CELLULAR MACROMOLECULES IN VIV 


BINDING OF 
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Adriamycin (ADR), an anthracycline antitumor drug, is currently one of the most promising 
agents for the treatment of both acute leukemia and solid tumors (1). ADR also causes cyto- 
genetic damage of human cells as evidenced by increased chromosomal aberrations and an in- 
crease in the frequency of sister chromatid exchange (SCE) (2,3). ADR-induced chromosomal 
abnormalities in vivo seem to result from its ability to intercalate into DNA and its effects 
on nucleic acid metabolism (4,5). In this paper, we report the binding of ADR to rat liver 
DNA, RNA and proteins, in vivo, as a possible mechanism of ADR toxicity. 


MATERIALS AND METHODS 


Adriamycin-HC1 (NSC 123,127) and ['4c]-Adriamycin-HCl (11.1 mCi/mmole) were gifts of the 
Drug Development Branch, Division of Cancer Treatment, National Cancer Institute. Two 200 g 
(Charles River) male rats were used to study the binding of ADR to DNA, RNA, and proteins. 
Each rat was injected intraperitoneally with 0.58 mg ADR (1073 M; 1.5 uCi/ml) dissolved in 1. 
ml of 150 mM NaCl. The rats were killed by cervical dislocation. The livers were pooled and 
homogenized in 10 mM sodium acetate buffer (pH 6.8) containing 0.3 M NaCl, 1% sodium dodecyl- 
sulfate (SDS), and 1% iso-amylalcohol. The homogenized livers were extracted with PhOH:CHC1 4 
according to published methods (6). The aqueous layer containing nucleic acids was re- 
extracted with PhOH:CHC1, and centrifuged (6000 g, 5 min). DNA, free of RNA, was obtained by 
selective precipitation with isopropanol and collected by centrifugation. The isolated DNA 
was washed with isopropanol and dissolved in 10 mM acetate buffer, reprecipitated with iso- 
propanol, collected, dissolved, and dialyzed against the acetate buffer. 


RNA was isolated from the isopropanol solution, dissolved in the buffer, and precipitated 
in EtOH. RNA was collected, dissolved, and dialyzed against the buffer. Protein was precip- 
itated by diluting the PhOH:CHC1, solution with large volumes of cold acetone, washed well 
with methanol, and solubilized in 1% SDS. The proteins were reprecipitated with 2% trichloro- 
acetic acid, washed with methanol, and resolubilized in 1% SDS. Protein was assayed by the 
method of Sutherland et al. (7) using bovine serum albumin as the standard. 


The bound radioactivity was measured in a Searle liquid scintillation counter (MARK III) 
using Aquasol (Universal mixture, New England Nuclear Corp., Boston, MA) and appropriate 
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corrections were mad2 for quenching. The nucleotide concentration in solutions was deter- 
mined spectrophotometrically (8) using the following extinction coefficients at 260 nm: 7000 
(DNA); 7200 (RNA). 


RESULTS AND DISCUSSION 


The binding of ADR to cellular macromolecules in liver after i.p. administration of the 
drug is presented in Table 1. The data show that maximum binding of ADR had occurred in 
, 0.5 hr. Binding to DNA decreased very rapidly with time such that in 3 hr less than 10 per- 
cent of the initial binding remained. Similarly, the binding of ADR to RNA and protein also 
decreased with time but at a slower rate. More drug was bound to RNA at each point than DNA. 
The level of binding at 0.5 hr represents 1 ADR adduct/14,700 bases for DNA and1/8,700 bases 
for RNA. A significant amount of the drug was also bound to proteins, confirming the earlier 
observations of Bachur et al. (9). 


Table 1. Binding of [!4c}-adriamycin to cellular macromolecules in liver 





Substrate 0.5 hr 1 hr 3 hr 


DNA* 1.47 x 10° 2.5 x 10° 2.64 x 10° 
RNA* 8.7 x 10° 1.95 x 10° 4.32 x 10° 
Protein’ 29 19 5.15 








* Binding is expressed here as the molar ratio of mononucleotide unit to the drug. 
+ Binding to protein is defined as umoles of the drug bound per g of protein. 


Our previous in vitro studies have shown that, in the presence of a reducing agent (chem- 
ical or enzymatic), ADR binds to nucleic acids (8). The present study shows that ADR also 
_binds to nucleic acids and proteins in vivo. This binding of ADR is time dependent. The 
bound drug is rapidly eliminated from liver DNA, indicating that an enzymatic repair pro- 
cess may be operating. Thus, the genetic damage, including increased SCE, induced by ADR 
may be related to binding of the drug to nucleic acids and proteins in vivo. The species 
and the nature of this binding to these cellular macromolecules are not known at this 
time. However, Moore (10) has postulated formation of the C,-quinone methide which may 
function as an alkylating agent for nucleic acids and proteins. 


REFERENCES 


S.K. Carter, J. Natl. Cancer Inst. 55, 1265 (1975). 
S.M. Sieber and R.H. Adamson, Adv. Cancer Res. 22, 57 (1975). 
Y. Nakanishi and E.L. Schneider, Mutation Res. 60, 329 (1979). 
A. DiMarco, F. Arcamore and F. Zunino, in Mechanism of Action of Antibacterial and 
Antitumor Agents (Eds. J. Cockrans and F.H. Hahn), p. 101. Springer, Berlin (1975). 
A. Theologides, J. Yarbro and B.J. Kennedy, Cancer 21, 16 (1968). 
A, Viviani and W.K. Lutz, Cancer Res. 38, 4640 (1978). 
.W. Sutherland, C.F. Cori, R. Hayes and N.S. Olson, J. Biol. Chem. 180, 825 (1949). 
.K. Sinha and C.F. Chignell, Chem. Biol. Interact. 28, 301 (1979). 
-R. Bachur, A.L. Moore, J.G. Berstein and A. Lui, Cancer Chemother. Res. 54, 89 (1970). 
. Moore, Science 197, 527 (1977). 

















OO OND Pwr 
se £¢ 2 «4 8 “eee 


a" 





Biochemical Pharmacology, Vol. 29, pp. 1869-1870. 
Pergamon Press Ltd. 1980. Printed in Great Britain. 


MULTIPLE BINDING SITES IN HUMAN BRAIN FOR [7H] -CLONIDINE AND (3H) -wB-4101 
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Although rat brain alpha-adrenergic receptors can be labeled by the agonist 34-cloni- 
dine (for a2 receptors) and by the antagonist 3H-WB-4101 (for a] sites; WB-4101 is 2-([2', 
6'-dimethoxy ]-phenoxyethylamino)methylbenzodioxan) (1-5), the present study was done to 
determine whether these 3H-ligands could successfully identify alpha-adrenergic receptors 
in post-mortem brain. 


(7H]-Clonidine (22.2 Ci/mmole) and [>H]-WB-4101 (23 Ci/mmole) were obtained from the 
New England Nuclear Corp. (Boston, MA). Post-mortem neurologically normal brains were from 
individuals 22 to 9l-years-old. The interval between death and freezing of the brains was 
3-25 hr. The causes of death were car accidents, pneumonia, myocardial infarction, broncho- 
genic carcinoma or exposure. Brain areas were dissected from frozen slices; non-frontal 
cerebral cortex was defined as all cerebral cortex other than frontal cortex. 


The binding sites for [°H]-WB-4101 and [3H]-clonidine in the human frontal cortex were 
tested for their rank order of sensitivity to various drugs. The drug concentrations that 
inhibited the binding of these 3H-ligands by 50 percent (ICs59 values) were averaged from 
triplicate determinations on at least three separate human brains. The binding of [3H] -wWB- 
4101 or (3H]-clonidine was defined as that which could be inhibited by 1 uM WB-4101 or 
clonidine, respectively (see general methods in Ref. 4). 


As shown in Table 1, the rank order of drug action on the [3H] -WB-4101 binding site 
indicated that this 3H-ligand bound to an a type of adrenoceptor in the human frontal cortex 
(cf. Refs. 1-3). It was found, moreover, that the concentration-inhibition graphs for 
prazosin, phentolamine and WB-4101 were all biphasic in inhibiting the binding of [7H] -WB- 
4101. The fact that these drugs yielded two distinct IC59 values (see Table 1) for [?’H]-WB- 
4101 suggested that this 3y-1igand bound to at least two sub-types of a; adrenoceptors, an 
observation not previously reported. 


The rank order of drugs which inhibited the binding of [3H] -clonidine to the human fron- 
tal cortex homogenates revealed a pattern of the a9 type of adrenoceptor (cf. Refs. 1-3). 
In addition, it was observed that phentolamine inhibited the binding of [3H]-clonidine in 
two phases, one with an IC5q of 2.8nM and the other having a very high ICs5q value (see Table 
1); these data suggested that [3H]-clonidine might bind to more than one type of site. Also, 
since the amount of [3H]-clonidine inhibited by 1 uM clonidine was only 20 percent of the 
total binding, while phentolamine, epinephrine and norepinephrine inhibited about 70 percent 
of the total (3H]-clonidine binding, this further indicated two types of binding sites for 
[3H]-clonidine. Finally, the inhibition of [3H]-clonidine by clonidine itself revealed a 
Hill coefficient of 0.58, a very low value compatible with the 3H-ligand having more than one 
binding site. 


Table 1. Drug inhibition of the binding of [°H]-wB-4101 and [7H]-clonidine 
to human frontal cortex homogenates 
IC. 4 (nM) 
[°H]-WB-4101 [°H]-Clonidine 


Prazosin 1.5 >1,000 
7,500 











Phentolamine { 7.5 { 2.8 


>10,000 >10,000 
WB-4101 { 9.8 50 

38,000 
Phenoxybenzamine 50 
Epinephrine 660 
Clonidine 3,600 
Norepinephrine 4,500 
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It appears that the high-affinity binding site for (3H]-clonidine may be the functional 
a2 receptor, since epinephrine and norepinephrine only inhibited the binding to that site. 


Scatchard analysis of (3H]-clonidine binding revealed biphasic curves with the largest 
amount of high- and low-affinity binding in the hypothalamus, followed by frontal cortex, 
hippocampus and parieto-occipital cortex (Table 2). 


Table 2. Scatchard analysis of [3H]-clonidine binding in different 
areas of the human brain 





Affinity Kp Bmax 
Region type (nM) (fmoles/mg protein) 





Hypothalamus High 9 51 
Low 12.3 158 


Frontal cortex | High 
Low 


Hippocampus High 
Low 


Non-frontal High 
cerebral cortex Low 




















The present [3H] -WB-4101 and [3H]-clonidine IC59 values in the human brain are consist- 
ent with those found in the calf and rat brain (2). ; 


This study indicates the existence of at least two types of binding sites for (3H]-clon- 
idine as well as for [3H]-WB-4101 in the human brain. Future research must elucidate the 
functional roles of these multiple sites. For example, some brain diseases (e.g. essential 
hypertension) may possibly be associated with abnormal properties of either the post- 
synaptic a, or the autoreceptor a2 sites. 


Acknowledgements: We thank Anna Banaszuk for technical assistance. This work was supported 
by the Ontario Mental Health Foundation and the Medical Research Council of Canada. 





REFERENCES 


S.J. Peroutka, D.A. Greenberg, D.C. U'Prichard and S.H. Snyder, Molec. Pharmac. 14, 

403 (1977). 

D.C. U'Prichard, W.D. Bechtel, B.M. Rouot and S.H. Snyder, Molec. Pharmac. 16, 47 (1979). 
D.C. U'Prichard, D.A. Greenberg and S.H. Snyder, Molec. Pharmac. 13, 454 (1977). 

M. Titeler and P. Seeman, Proc. Natl. Acad. Sci. U.S.A. 75, 2249 (1978). 

J. Vetulani, M. Nielsen, A. Pilc and K. Golembiowska-Nikitin, Eur. J. Pharmac. 58, 95 
(1979). 


























BIOCHEMICAL 
PHARMACOLOGY 


AN INTERNATIONAL JOURNAL 


(FOUNDED BY SIR RUDOLPH A. PETERS) 


VOLUME 29, 1980 


VOLUME CONTENTS AND AUTHOR INDEX 


®) 


PERGAMON PRESS 


OXFORD - NEW YORK :- PARIS - FRANKFURT 





EDITORIAL BOARD 


Chairman: RUDOLPH A. PETERS 
Vice-Chairmen: Z. M. Baca, A. D. WELCH, M. WELSCH 


Regional Editors 
European Continent 


Prof. PETER ALEXANDER 
(Executive Editor) U.K. 
Dr. J. GIFLFN 


Chester Beatty Research Institute, Clifton Avenue, Belmont, Sutton, Surrey, 


Université de Liége, Laboratoire de Chimie Médicale, Institut de Pathologie, 


B-4000 Sart-Tilman par Liége 1, Belgium 


Associate Editor 
Dr. PlERRE LADURON 


Janssen Pharmaceutica Laboratories, B-2340 Beerse, Belgium 


American Continent 


Prof. ALAN C. SARTORELLI 


Yale University School of Medicine, Department of Pharmacology, Sterling 


Hall of Medicine, 333 Cedar Street, New Haven, Connecticut, U.S.A. 


Associate Editors 
Dr. Davip G. JOHNS 


Laboratory of Chemical Pharmacology, National Cancer Institute, National 


Institutes of Health, Bethesda, Maryland, U.S.A. 


Prof. R. H. ROTH 


Yale University School of Medicine, Department of Pharmacology, Sterlin2 


Hall of Medicine, 333 Cedar Street, New Haven, Connecticut, U.S.A. 


Prof. P. A. SHORE 


Managing Editor 
Dr. B. Z. RENKIN 


University of Texas, Southwestern Medical School, Dallas, Texas, U.S.A 


Yale University School of Medicine. Department of Pharmacology, Sterling 


Hall of Medicine, 333 Cedar Street, New Haven, Connecticut, U.S.A. 
HONORARY EDITORIAL ADVISORY BOARD 


American Continent 


JuLius AXELROD—National Institutes of Health, Bethesda, MD 

Epwarb BresNiCkK— University of Vermont, College of Medi- 
cine, peegeee. 

ERWIN pés— University of Texas, Southwestern Medical 


School, Dallas, TX 

Danie. X. FREEDMAN—University of Chicago School of 
Medicine, Chicago, IL 

Rosert C. GALLO—National Institutes of Health, Bethesda, MD 

James R, GILLETTE—National Institutes of Health, Bethesda, 
MD 


iIrnvinG H. GoLpserG—Harvard Medical School, Boston, 
MA 


THEODORE E. GraM—National Institutes of Health, Bethesda, 
MD 


CHARLES HEIDELBERGER—University of S. California Cancer 
Center, Los Angeles, CA 

Russet. Hitr—University of Rochester, Rochester, NY 

G. H. HitcuHincs— Wellcome Research Laboratories, Research 
Triangle Park, NC 

F. EpMUND Hunter, Jr—Washington University School of 
Medicine, St. Louis, MO 

YuTaAKA KopayasHI—LSC Applications Laboratory, New 
England Nuclear Corporation, Boston, 

R. J. Levine—Yale University School of Medicine, New Haven, 
CT 


P. N. MAGEE—Temple University School of Medicine, Phila- 
delphia, PA 


E. J. Ariéns—Faculteit der Geneeskunde, 
Netherlands ( sik : 

Z. M. Bacg (Vice-Chairman)—Université de Liége, Belgium 

A. G. H. Biaketey—Department of Pharmacology, The 
University, Glasgow, 

T. A. Connors—MRC Toxicology Unit, Carshalton, Surrey, 


U.K. 
oO. EICHLER —Gutleuthefweg 18, 69 Heidelberg-Schlierbach, 
F.R.G. 


Nijmegen, The 


G. GerBer—Centre d’Etude de l’Energie Nucléaire, Mol, 
Belgium 

z Gaprnaind—Université Catholique de Louvain, Belgium 

J. GrYGLewski—School of Medicine, Cracow, Poland 

Prof. G. HeusGHemM—Université de Liege, Laboratoire de 
Chimie Médicale, Institut de Pathologie, B-4000 Sart-Tilman 
par Liége 1, Belgium 

Bo Hotmstept—Karolinska Institute, Stockholm, Sweden 

L. L. IversEN—Medical School, University of Cambridge, 
Cambridge, U.K. 

1. Taucd-—tantionte of Pharmacology, Czechoslovak Academy 
of Sciences, Czechoslovakia 

M. JouveT—Université Claude Bernard, Lyon, France 

CLaupDE Litseco—Laboratoire de — 1.S.E.P., Rue des 
Bonnes-Villes, 1 B-4020 Liége ae 

A. Dit Marco—Farmitalia, Milano. taly 


G. J. MANNERING—Department of Pharmacology, University 
. of Fag en Medical School, Minneapolis, MN 
‘AG 
University Medical Center, Stanford 
— E. MCCaMAN—City of Hope Medical Center, Duarte, 
A 


— W. NeBERT—National Institutes of Health, Bethesda, 
CHARLES A. i ny hg anaes 


Research Triangle Park, N 
Gasrie L. —University of Montreal, Quebec, Canada 


Mansour—Department of eis Stanford 


Research Laboratories, 


E. ReichH—Rockefeller University, New York, NY 

EUGENE ROBERTS—City of Hope Medicai Center, Duarte, CA 

G. ALAN Rosison—University of Texas Medical School, 
Houston, TX 

IGor TamM—Rockefeller University, New York, NY . 

Deseo B. Tower—National Institutes of Health, Bethesda, 


MARTHA VAUGHAN—National Institutes of Health, Bethesda, 
MD 


NORMAN WEINER—University of Colorado Medical Center, 
Department of Pharmacology, Denver, CO 

ARNOLD D. WELCH (Vice-Chairman)—Department of Bio- 
chemical and Clinical Pharmacology, St. Jude Children’s 
ae Hospital, 322 North Lauderdale, Memphis, 
T 


as R. WILLIAMSON— University of Pennsylvania, Philadelphia, 
A 


European Continent 


H. McI_wain—Department of Biochemistry, St. Thomas’s 
Hospital Medical School, London, U.K. 
A. E. M. McLeEaN—Department of Clinical eencoy: 
University College Hospital Medical School, London, U 
Jack MOnGAR—University College, London, U.K. 
eis 9 - cet mse Institut der Universitat Mainz, 
R. PAOLeTTI—Instituto di Farmacologie, Milano, Italy 
RUDOLPH A. PETERS eee ae of Biochemistry 
University of Cambridge, nog er by 
E. Reio—University of Surrey, Guildford, 2. U.K. 
E. REINER—Yugoslav Academy of Sciences and Arts, 4100 
Zagreb, Yugoslavia 
M. SANDLER—Bernhard Baron Memorial Research Labora- 
tories, Queen Charlotte’s Maternity Hospital, London, U.K. 
R.L.SmitH—St. Mary’s Hospital Medical Schooi, London, U.K. 
TirptoN—Department of Biochemistry, University of 
Dublin, Trinity C College, Ireiand 
. UvnAs—Karolinska Rstitute, Stockholm, Sweden 
Voct—ARC Institute of Animal Physiology, Babraham, 
Cambridge, U.K. 
. G. WaseR— University of Zurich, Switzerland 
. WELSCH (Vice-Chairman)—Uni‘ersité de Liége, Belgium 
. P. heing ti met vee A! Neurochemie, Max-Planck- 
‘Institut far Biophysikalische Chemie, Géttingen, F.R.G. 





Publishing and Advertising Offices: Headington Hill Hall, Oxford OX3 OBW (Oxford 64881) and Maxwell 
House, Fairview Park, Elmsford, New York 10523. Published twice monthly. Annual subscription rates 1981: 
For libraries, university departments, government laboratories, industrial and all other multiple-reader 
institutions, US $525 (including postage and insurance). Two year rate (1981/82): US $997.50. Specially 
reduced rates to individuals: \n the interests of maximizing the dissemination of the research results published 
in this important international journal, we have established a two-tier price structure. Any individual whose 
institution takes out a library subscription, may purchase a second or additional subscriptions for personal 
use at the much reduced rate of US $70.00 per annum. Subscription enquiries from customers in North 
America should be sent to: Pergamon Press Inc., Maxwell House, Fairview Park, Elmsford, NY 10523, U.S.A., 
and for the remainder of the world to: Pergamon Press Ltd., Headington Hill Hall, Oxford OX3 OBW, U.K. 


Notes for Contributors are published in Nos. 1, 6, 12 and 18. 
For Microform Subscriptions, Back Issues and Copyright Laws, see inside back cover. 


Copyright © 1980 Pergamon Press Limited 





LIST OF CONTENTS 
VOLUME 239, 1980 


Commentary 


KATHERINE A. KENNEDY, 
BeverLy A. TEICHER, SARA ROCKWELL 
and ALAN C. SARTORELLI 


Research Papers 
H. Prybz and T. LYBErRG 


TsuYOSHI MAEKAWA, 
TAKAO OSHIBUCHI, 
AKIHISA IMAMURA and 
HIROSHI TAKESHITA 


Timotny D. PHILLIPS, PING K. CHAN 
and A. WALLACE HAYES 


KATHRYN M. IVANETICH, 
VERONICA MANCA, 
GAISFORD G. HARRISON and 
MERVYN BERMAN 


DEAN J. TUMA, ROWEN K. ZETTERMAN 
and MICHAEL F. SORRELL 


RAYMOND F. Burk, 
RICHARD A. LAWRENCE and 
MariA ALMIRA CORREIA 


Joost P. M. Lips, JAN J. Sixma and 
ANNEMIEKE C. TRIESCHNIGG 


Cet A. HERMAN, TERRY V. ZENSER 
and BERNARD B. Davis 


JOHN M. LASALA, THEODORE J. CICERO 
and CARMINE J. Coscia 


JOSEF KRIEGLSTEIN, HUBERT RIEGER 
and HartTMuT ScHUTZ 


FREDERICK N. MINARD, 
DENNIS S. GRANT, JOHN C. CAIN, 
PETER H. JONES and JAROSLAV KYNCL 


Masao NAKAHARA 


ANDREW R. HOFFMAN, 
STEVEN M. PauL and 
JuLius AXELROD 


THomas M. GUENTHNER, 
GeorGe F. KAHL and 
DanieL W. NEBERT 


ELIZABETH A. DUELL 


JUN YOKOYAMA, SAIICHIROU SEO, 
YOICHIRO TAK1I, Masao Kurose, 
MaSATO MuRAKAMI and 

Kiyomi SAEKI 


1 JANUARY 


l 


The hypoxic tumor cell: a target for selective cancer 
chemotherapy 


Effect of some drugs on thromboplastin (factor III) 
activity of human monocytes in vitro 

Effects of psychotropic drugs on the cerebral energy 
state and glycolytic metabolism in the rat: diazepam, 
clomipramine and chlorpromazine 


Inhibitory characteristics of the mycotoxin penicillic 
acid on (Na*t-K*)-activated adenosine triphos- 
phatase 

Enflurane and methoxyflurane: their interaction with 
hepatic microsomal stearate desaturase 


Inhibition of glycoprotein secretion by ethano! and 
acetaldehyde in rat liver slices 

Sex differences in biochemical manifestations of 
selenium deficiency in rat liver with special reference 
to heme metabolism 

Inhibition of uptake of adenosine into human blood 
platelets 

Effects of alamethicin on hormonal activation of 
renal adenylate cyclase 

Opiate-like effects of norlaudanosolinecarboxylic 
acids on the hypothalamic-pit:1itary-gonadal axis 
Comparative study on the activity of chlorpromazine 
and 7-hydroxychlorpromazine in the isolated perfused 
rat brain 

Metabolism of y-glutamyl dopamide and its carboxy- 
lic acid esters 

Four plasma _ kallikreins generated in acetone- 
activated human plasma 

Estrogen-2-hydroxylase in the rat. Distribution and 
response to hormonal manipulation 


NADPH-cytochrome P-450 reductase: preferential 
inhibition by ellipticine and other type II compounds 
having little effect on NADPH-cytochrome c 
reductase 


Identification of a beta-adrenergic receptor in 
mammalian epidermis 

Effect of histamine on adenosine 3’,5’-cyclic mono- 
phosphate levels in granulation tissue 





JANUARY - continued 


Short Communications 
J. G. LoGAN and D. J. O’DoONOvVAN 


EUGENE M. JOHNSON and 

ALAN S. TAYLOR 

BERNARD DuPERRAY, GEORGES NEMOZ, 
ANNIE-FRANCE PRIGENT and 

HENRI PACHECO 

FarouK KaArouM, 

SAMUEL G. SPECIALE, JR. and 

Norton H. NEFF 


Preliminary Communication 
A. BENEDETTI, M. FERRALI. 
A. F. Casini, S. Prert and 
M. ComportTi 


Notes for Contributors 


Research Papers 


KareEN G. BURNETT and 
MICHAEL R. FELDER 


ANN E. GREEN and 

ANDREAS GESCHER 

Hans-HELMUT PAUL, HELMUT SAPPER 
and WOLFGANG LOHMANN 


James C. K. Lat, JULIAN F. GUuEsT, 
Tuomas K. C. LEUNG, Louis Lim 
and ALAN N. DAVISON 


HirosHi SATO, KAZUO OHUCHI 
and Susumu TsuRUFUJI 


ALAN S. FAIRHURST, 

MICHAEL L. WHITTAKER and 
FREDERICK J. EHLERT 

Maria K. SPassova, 
KONSTANTIN CH. GRANCHAROV, 
Rossitza D. ZAKHARIEVA and 
EvGeny V. GOLOVINSKY 


Gary E. GiBson and 
MASAHISA SHIMADA 


Cuar-es E. Opya, 
THEODORE L. GOODFRIEND and 
CLARA PENA 


Ram P. AGARWAL 


JEAN-MICHEL WAL 


The effect of desipramine on the noradrenaline 
stimulated Na-K ATPase of rabbit synaptic mem- 
branes 

Inhibition of S-adenosyl methionine decarboxylase 
by guanethidine 

Quantitative structure-activity relationships for the 
inhibition of heart and brain cyclic AMP phospho- 
diesterases by some phenylbutenolides 
3,4-Dihydroxyphenylacetic acid content of sym- 
pathetic ganglia as a possible biochemical indicator 
of small intensely fluorescent cell participation in 
ganglionic transmission 


Foot-edema induced by carbonyl compounds origin- 
ating from the peroxidation of liver microsomal 
lipids 


15 JANUARY 


125 Ethanol metabolism in Peromyscus genetically 


deficient in alcohol dehydrogenase 


Drug metabolism interactions with anticancer agents 
in mice 

"H-NMR investigations of a hammet-type substitu- 
ent effect on the hydrogen bond interaction of some 
1,4-benzodiazepines 

The effects of cadmium, manganese and aluminium 
on sodium-potassium-activated and magnesium- 
activated adenosine triphosphatase activity and 
choline uptake in rat brain synaptosomes 


Desensitization to locally injected PGF,, as reflected 
in the vascular permeability and collagen and non- 
collagenous protein synthesis of carrageenin-induced 
granulation tissue in rats 

Interactions of D600 (methoxyverapamil) and local 
anesthetics with rat brain a-adrenergic and muscarinic 
receptors 

Mechanism of inhibitory effect of some pyrazole 
derivatives on purine biosynthesis de nore 


Studies on the metabolic pathway of the acetyl group 
for acetylcholine synthesis 

Bradykinin receptor-like binding studied with 
iodinated analogues 


In vivo inhibition of adenosine deaminase by 2’- 
deoxycoformycin in mouse blood and leukemia L1210 
cells 

Enzymatic unmasking for antibodies of penicilloyl 
residues bound to albumin 


iv 





JANUARY - continued 


KareEN SPUHLER and 
Kepar N. Prasap 


JAMES R. OLSON and 
James M. Fusimoto 


James R. OLSON and 
Jamis M. Fusimoto 


STEVEN PASHKO and 

WOLFGANG H. VOGEL 

SPURGEON J. ANANDARAJ, 
HIREMAGALUR N. JAYARAM, 

Davip A. Cooney, ANIL K. TyYAGi, 
NyYuN HAN, JEANETTE H. THOMAS, 
MANIK CHITNIS and 

JOHN A. MONTGOMERY 


Short Communications 


CHRISTOPHER P. CHENGELIS and 
Rospert A. NEAL 


J. W. Sear and J. D. McGivan 


RAMSEY WALDEN and 
CAROL M. SCHILLER 


KATHERINE S. HILLIKER and 
Ropert A. ROTH 


BARBARA F. HALES and 
RANJANA JAIN 


ANDREW PARKINSON, 
ROGER COCKERLINE and 
STEPHEN SAFF 


Preliminary Communication 
H. G. JoNEN and I. KAUFMANN 


Research Papers 


201 


Inhibition by methylmercuric chloride of prosta- 
glandin E,-sensitive adenylate cyclase activity in 
glioma but not in neuroblastoma cells in culture 


Evaluation of hepatobiliary function in the rat by 
the segmented retrograde intrabiliary injection 
technique 

Demonstration of a D-glucose transport system in the 
biliary tree of the rat by use of the segmented retro- 
grade intrabiliary injection technique 

Factors influencing the plasma levels of amphetamine 
and its metabolites in catheterized rats 


Interaction of t-alanosine (NSC 153,353) with 
enzymes metabolizing L-aspartic acid, L-glutamic acid 
and their amides 


Microsomal metabolism of diethyl ether 


The metabolism of alphaxalone by isolated rat 
hepatocytes 

Prenatal induction of Na,K-stimulated adenosine 
5’-triphosphatase activity in hamster intestine 


Prediction of mescaline clearance by rabbit lung and 
liver from enzyme kinetic data 


Characteristics of the activation of cyclophosphamide 
to a mutagen by rat liver 


Induction of both 3-methylcholanthrene- and 
phenobarbitone-type microsomal enzyme activity by 
a single polychlorinated biphenyl isomer 


Enhanced biotransformation of nitrofurantoin in rats 
after induction with 3-methylcholanthrene or f- 
naphthoflavone 


1 FEBRUARY 


GERARD LE Fur, FrRANcoist GUILLOUX 267 Jn vivo blockade of dopaminergic receptors from 


and ANprRE UZAN 


RICHARD J. CHENERY and 
AnprE E. M. McLEAN 


Cui-MING LIANG, YUNG PIN Liu 
and Bruce A. CHABNER 


AMAL MUKHERJEE and 
VELAMAKANNI S. R. KRISHNAMURTY 


CHARLES L. LITTERST 


different rat brain regions by classical and atypical 
neuroleptics 


Stimulation of aryl hydrocarbon hydroxylase activity 
in cultured cells by human and animal sera. A new 
in vitro approach to human drug metabolism 

Modes of action of hypoxanthine, inosine and 
inosine 5’-monophosphate on cyclic nucleotide 
phosphodiesterase from bovine brain 

Effect of B-diethylaminoethyl-diphenylpropylacetate 
HCI (SKF 525-A) on canine heart mitochondrial 
function 

In vitro hepatic drug metabolism and microsomal 
enzyme induction in genetically obese rats 





FEBRUARY - continued 


DaANIELE CHARLEMAGNE, 

JOCELYNE LEGER, KETTY SCHWARTZ, 
BLANDINE GENY, ALAIN ZACHOWSKI 
and LIoNeL LELIEVRE 

JOHN H. CARTER, 

MarTHA A. MCLAFFERTY and 
PETER GOLDMAN 


Rosert I. GLAZER and 
ANN L. PEALE 


Maria C. F. DE MELLO, 
BARBARA M. BAYER and 
MICHAEL A. BEAVEN 


CLIFFORD J. WHELAN 
C. HuGH REYNOLDS 


P. C. JOCFELYN 


RAPHAFL SALOMON and LEAH BEHAR 


H. Sakurai, G. HFRMANN, H. H. RuF 


and V. ULLRICH 


GarTtH Powis and 
Lisa WINCENTSEN 


M. PeTerRFatvi, V. TORELLI. 
R. Fournex, G. RoussFau. 
M. CLaire, A. MicHAuD and 
P. Corvor 


GIL tAN A. Nimmo and 
KFitH F. Tipton 


G. JEAN KANT, JAuies L. MrverHoer 
and Rosert H. Lenox 


Eric M. DIAMOND and 
Mervyn C. BERMAN 


NORBERT FRANK, 
CHRISTINE JANZOWSKI and 
MANFRED WIESSLER 


Sarsert S. GILL and 
Bruce D. Hammock 


J. Preuner and T. ROTHER 


ACHIM SCHMOLDT, SiGrip L. BuHR 
and Ktaus ALBERSMEYER 


Jay Y. Westcott, HENRY WEINER, 
Jou~ SHULTZ and Rosert D. Myers 


Apnotro M. ROTHSCHILD 


297 


301 


Involvement of tropomyosin in the sensitivity of 
Na* + K* ATPase to ouabain 


Role of the gastrointestinal microflora in amygdalin 
(laetrile)-induced cyanide toxicity 


Comparison between the inhibitory activities of 
sangivamycin and thiosangivamycin on nuclear 
ribonucleic acid synthesis in L1210 cells in vitro 
Evidence that prostaglandins do not have a role in 
the cytostatic action of anti-inflammatory drugs 


The partial purification of slow reacting substance of 
anaphylaxis from rat peritoneal anaphylactic fluid 
and its separation from an arachidonic acid releasing 
substance 

Phosphoenolpyruvate carboxykinase: effects of the 
hyperglycaemic agent 3-aminopicolinic acid 


Glutathione and the mitochondrial reduction of 
some diazenes 

The effect of halogenated amphetamines on protein 
synthesis in newborn rats 

The interaction of aliphatic nitro compounds with 
the liver microsomal monooxygenase system 
Pyridine nucleotide cofactor requirements of indicine 
N-oxide reduction by hepatic microsomal cytochrome 
P-450 

Importance of the lactonic ring in the activity of 
steroidal antialdosterones 


Purification of soluble glutaminase from pig brain 


In vivo effects of apomorphine and 4-(3-butoxy-4- 
methoxybenzyl)-2-imidazolidinone (RO 20-1724) on 
cyclic nucleotides in rat brain and pituitary 

The effect of halothane on the stability of Ca?* 
transport activity of isolated fragmented sarcoplasmic 
reticulum 

Stability of nitrosoacetoxymethy!lmethylamine in in 
vitro systems and in vivo and its excretion by the rat 
organism 

Distribution and properties of a mammalian soluble 
epoxide hydrase 

Influence of decamethonium and suxamethonium on 
the conformation of tryptophan side chain chromo- 
phores of membrane bound extrajunctional acetyl- 
choline receptors 

Effects of inducers and inhibitors of rat liver mono- 
oxygenases on digitoxin metabolism 

In vivo acetaldehyde in the brain of the rat treated 
with ethanol 

Hydrolysis of arginine and tyrosine esters in mast 
cells exposed to epinephrine 








FEBRUARY - continued 












S. M. Ei-ZoGury, S. A. Esten. 429 Effect of oxamniquine on liver, spleen, kidney and 









Z. A. Kuoty, A. A. Saap, bladder B-glucuronidase in normal and Schistosoma 
G. A. Aspet-Tawas, N. A. HAMMOUDA mansoni infected mice 

and Y. A. E.-Gonary . 

ANITA K. Costa, I. DEBRA Katz 433 Trichloroethylene: its interaction with hepatic 
and KATHRYN M. IVANETICH microsomal cytochrome P-450 in vitro 

Encarp E. DeLvin, ALICE ARABIAN 441 Kinetic alterations in rat liver microsomal cholecal- 
and Francis H. Groritux ciferol 25-hydroxylase associated with phenobarbital 






administration 










Short Communications 















Heinz Nav and Coutw Linpiarp 447 Postnatal development of sex-dependent differences 
in the metabolism of diazepam by rat liver 

REINHOLD J. Lats and 449 Trans-membrane alkylation: a new method for 

Hermann M. Bout studying irreversible binding of reactive metabolites 
to nucleic acids 

BRIAN B. HOFFMAN and 452 Anassay for alpha-adrenergic receptor subtypes using 

Rosert J. LerKowitz (°H]dihydroergocryptine 

Jttery B. LANSMAN and 455 Wheat germ agglutinin stimulates cxocytotic hista- 

Davip E. COCHRANE mine secretion from rat mast cells in the absence of 
extracellular calcium 

BINKOH YoDA, BRENT A. SCHACTER 458 Induction of 5-aminolevulinic acid synthetase in 

and Lyonet G. ISRAELS chick embryo kidney 

ANAT BIFGON and Davin SAMUEL 460 Interaction of tricyclic antidepressants with opiate 
receptors 






















ALBERT J. SIEMENS, DONNA WALCZAK 462 Characterization of blood disappearance and tissue 





and FLorence E. BUCKLEY distribution of [>H]cannabidiol 
E.ise ANN BRANDENBURGER BROWN 465 Effects of paraquat and related herbicides on the 
and Harriett M. MALLING acetylcholinesterase of rat lung 


Preliminary Communications 


ViveTte GLover, M. A. REVELEY 467 A monoamine oxidase inhibitor in human urine 
and M. SANDLER 

M. K. Cassipy and J. B. Houston 471 Phenol conjugation by lung in vivo 

B. V. Rama Sastry, 475 Occurrence of methionine enkephalin in huraan 
STANLEY L. BARNWELL. placental villus 


Osama S. Tayes, Victoria F. JANSON 
and Lintian K. Owens 


15 FEBRUARY 
Commentary 
J. M. VAN NUETEN and 479 Improvement of tissue perfusion with inhibitors of 
P. M. VANHOUTTF calcium ion influx 


Research Papers 
G. Amital, Y. KiooG, D. BALDERMAN 483s The interaction of bis-pyridinium oximes with mouse 


and M. SOKOLOvSKY brain muscarinic receptor 

Rosert R. BEN-HaArRari and 489 Uptake of £-phenylethylamine in rat isolated lung 
Y. S. BAKHLE 

KARL WALTER BOCK, 495 Functional heterogeneity of UDP-glucuronyltrans- 
ULrRicH C. V. CLAUSBRUCH, ferase in rat tissues 


ROLF KAUFMANN, 
WERNER LILIENBLUM, FRANZ OESCH, 
Huco Preit and Kart L. PLATT 





FEBRUARY - continued 


MICHAEL J. TISDALE 


P. H. Hutson, P. J: KNOTT 
and G. CuRZON 


TERENCE R. J. LAPPIN and 
DONALD T. ELMORE 


J. Witt1aM Lown and 
ALUMMOOTTIL V. JOSHUA 


JAMES E. SMOLEN and 
GERALD WEISSMANN 


MUTHUKRISHNAN RAMANUJAM and 
KEDAR N. PRASAD 


JOHN J. STEGEMAN and 
MorbDeEcHal CHEVION 


SATOSHI TAKEO, LARRY FLIEGEL, 
Rosert E. BEAMISH and 
NARANJAN S. DHALLA 


Puivip R. Mives, Jo RAE WRIGHT, 
LINDA BOWMAN and 
Howarop D. CoLsBy 


RoGeR K. VERBEECK, ANDRE Bort. 
AGNES BUNTINX and 
Pau J. DE SCHEPPER 


JEFFREY R. Fry, PHILIP WIEBKIN 
and James W. BRIDGES 


Tuu HANSSON, JOSEPH RAFTER 
and JaN-Akr GUSTAFSSON 


JEFFREY W. WILLIAMS, 
RONALD G. DUGGLEBY, 
ROBERT CUTLER and 
JOHN F. MorRISON 


SHAHID LopHI, NORMAN D. WEINER, 
IRIS MECHIGIAN and JOCHEN SCHACHT 


Osamu Suzuk1, Hipeki Hattort, 
MASAKAZUuU Ova and 
YOSHINAO KATSUMATA 


Ceci J. Keccy, Eric Coes, 
Linpa Gaupio and 
Davip W. YESAIR 


DONALD O. ALLEN and 
ELIZABETH A. GARDNER 
CARMEN VIGO, G. P. Lewis and 
PRISCILLA J. PIPER 


NARANJAN S. DHALLA, SHEU L. LEE, 
SATOSHI TAKEO, VINCENZO PANAGIA 
and VEENA BHAYANA 


501 


521 


533 


539 


553 


559 


565 


571 


577 


589 


597 


609 


617 


623 


629 


The effect of the methionine antagonist L-2-amino-4- 
methoxy-frans-3-butenoic acid on the growth and 
metabolism of Walker carcinosarcoma in vitro 


Effect of isoprenaline infusion on the distribution of 
tryptophan, tyrosine and isoleucine between brain 
and other tissues 


The effect of thyroid hormones and other kinetic 
modifiers on bisphosphoglyceromutase from human 
erythrocytes 

Interactions of the glycopeptide antitumor anti- 
biotics bleomycin and tallysomycin with deoxyribo- 
nucleic acid in vitro 


Effects of indomethacin, 5,8,11,14-eicosatetraynoic 
acid, and p-bromophenacyl bromide on lysosomal 
enzyme release and superoxide anion generation by 
human polymorphonuclear leukocytes 


Effect of methylmercuric chioride on gene expression 
in neuroblastoma and glioma cells after acute and 
chronic treatments 


Sex differences in cytochrome P-450 and mixed- 
function oxygenase activity in gonadally mature trout 


Effects of adrenochrome on rat heart sarcolemmal 
ATPase activities 


Inhibition of hepatic microsomal lipid peroxidation 
by drug substrates without drug metabolism 


Plasma protein binding and interaction studies with 
difiunisal, a new salicylate analgesic . 


7-Ethoxycoumarin O-deethylase induction by 
phenobarbitone and 1,2-benzanthracene in primary 
maintenance cultures of adult rat hepatocytes 


Effects of some common inducers on the hepatic 
microsomal metabolism of androstenedione in 
rainbow trout with special reference to cytochrome 
P-450-dependent enzymes 


The inhibition of dihydrofolate reductase by folate 
analogues: structural requirements for slow- and 
tight-binding inhibition 


Ototoxicity of aminoglycosides correlated with their 
action on monomolecular films of polyphospho- 
inositides 

Characteristics of monoamine oxidase in mito- 
chondria isolated from chick brain. liver, kidney and 
heart 


Characterization of the urinary metabolites of 
5-azacytidine in mice 


Antilipolytic action of insulin in the perifused fat 
cell system 


Mechanisms of inhibition of phospholipase A, 


Effects of chlorpromazine and imipramine on rat 
heart subcellular membranes 


viii 





198 





FEBRUARY - continued 


MorTON CIVEN, JOHN E. LEEB, 
ROopNEY M. WIsHNOw, ADA WOLFSEN 
and RoBERT J. MORIN 


Short Communications 


MARTINE AGGERBECK, 
GEORGES GUELLAEN and 
JACQUES HANOUNE 


Gary A. MAIER, CHARLES ARENA 
and Ho-LEUNG FUNG 


ANDRE Rosowsky, HERBERT LAZARUS, 
Grace C. YUAN, WILLIAM R. BELTz, 

LYNN MANGINI, HERBERT T. ABELSON, 
EDwWaRrD J. Mopest and Emir Fre, III 


ANN E. BropiE, JOHN R. BABSON 
and DonALD J. REED 


TATsuO MIYAUCHI, SUMIKO OIKAWA 
and YOSHIMI KITADA 


CHRISTINE L. MELCHIOR, 
ALLAN MUELLER and 
RICHARD A. DEITRICH 


VIVIANA AMZEL and 
THEO A. VAN DER HOEVEN 


BERTIL B. FREDHOLM, PAUL HJEMDAHL 
and SvEN HAMMARSTROM 


Preliminary Communications 


RIcH B. Meyer, Jr. and 
Corey H. LEVENSON 


MARGARET C. BOADLE-BIBER 


BERND SIMON, HELMUT SEITZ 
and Horst KATHER 


Research Papers 


RAFFAELE TRITAPEPE, 
CarLo Di Papova, ENZO CHIESARA 
and Dario Cova 


RoserT A. LEvINE and 
EDMUND H. SCHWARTZEL, JR. 


G. Davip McCoy 


Kazuo T. Suzuki and 
MITSURU YAMAMURA 


OLor Beck, STEFAN BorG, 
Bo HoLMsSTEDT and 
HELENA STIBLER 


FREDERICK C. KAUFFMAN, 
ROXANNE K. EVANS, 
LesTeR A. REINKE, 
STEPHEN A. BELINSKY, 
CHARLES BALLOw and 
RONALD G. THURMAN 


635 


Effects of low level administration of dichlorvos on 
adrenocorticotrophic hormone secretion, adrenal 
cholesteryl ester and steroid metabolism 


Adrenergic receptor of the alpha,-subtype mediates 
the activation of the glycogen phosphorylase in 
normal rat liver 


Relationship between in vivo nitroglycerin metabolism 
and in vitro organic nitrate reductase activity in rats 
Effects of methotrexate esters and other lipophilic 
antifolates on methotrexate-resistant human leukemic 
lymphoblasts 


Inhibition of tubulin polymerization by nitrosourea- 
derived isocyanates 

Effects of lithium chloride on the cholinergic system 
in different brain regions in mice 

Half-lives of salsolinol and tetrahydropapaveroline 
hydrobromide following intracerebroventricular in- 
jection 

Morphine-induced depression of the hepatic micro- 
somal drug-metabolizing enzyme—effect on the lipid 
component 

Stimulation and inhibition of cyclic AMP formation 
in isolated rat fat cell by prostacyclin (PGI,) 


Structure of two hydroxylated metabolites of ftorafur 


Activation of tryptophan hydroxylase from slices of 
rat brain stem incubated with N°,O?’-dibutyryl 
adenosine-3’ :5’-cyclic monophosphate 
Effects of PG E, and PG I, on the adenylate cyclase 
activity in rat intestinal epithelial cells 


1 MARCH 


677 


681 


685 


689 


Effects of ethinyl estradiol on bile secretion and liver 
microsomal mixed function oxidase system in the 
mouse 

Prostaglandin E, inhibition of glucagon-induced 
hepatic gluconeogenesis and cyclic adenosine 3’,5’- 
monophosphate accumulation 


Differential effects of ethanol and other inducers of 
drug metabolism on the two forms of hamster liver 
microsomal aniline hydroxylase 


Isolation and characterization of metallothionein 
dimers 


Levels of 5-hydroxytryptophol in cerebrospinal 
fluid from alcoholics determined by gas chromato- 
graphy—mass spectrometry 

Effects of 3-methylcholanthrene on oxidized nico- 
tinamide—adenine dinucleotide phosphate-dependent 
dehydrogenases and selected metabolites in perfused 
rat liver 








MARCH - continued 


KeitH D. WILNER, IAN J. BUTLER, 
WILLIAM E. SEiFert, JR. and 
YVONNE C. CLEMENT-CORMIER 


Davip A. BENDER 


V. GANAPATHY and 
A. N. RADHAKRISHNAN 


ROBERT G. BrIGGS and 
FREDERICK R. DERUBERTIS 


WosciecH Rope, BRucE J. DOLNICK 
and JosEPH R. BERTINO 


MARGARET W. KENNEDY, 
Nancy K. CARPENTIER, 
PAuL P. DyMERSKI, 
STEPHEN M. Apams and 
LAURENCE S. KAMINSKY 


CLARENCE T. UEDA 


HITOSHI OHMoRI, ITARU YAMAMOTO, 
MASAAKI AKAGI and KENJI TASAKA 


AALT Bast and JAN NOORDHOEK 


USHA VARANASI and 
DENNIS J. GMUR 


GIAMPIETRO SGARAGLI, 

LaAuRA DELLA CorTE, ROBERTA PULITI, 
FRANCESCO De SARLO, 

ROSSELLA FRANCALANCI, 

ANTONIO GUARNA, PIERO DOLARA 

and Myron KOMARYNSKY 


Davip C. Lin 


RACHEL LEWINSOHN, VIVETTE GLOVER 
and M. SANDLER 


ALLAN R. STOWELL, Kat O. LInDROS 
and MIKKo P. SALASPURO 


Hayao Ipe and Yasuo NAKAZAWA 


RICHARD M. SEDMAN and 
THOMAS R. TEPHLY 


TERUO NAKADATE, 
TAKAMURA MURAKI, 
YUKIKO TOKUNAGA and 
RYUICHI KaTo 


JAMES C. DRAKE, KENNETH R. HANDE, 
RICHARD W. FULLER and 
Bruce A. CHABNER 


LESTER A. REINKE, 
FREDERICK C. KAUFFMAN and 
RONALD G. THURMAN 


701 


707 


Biochemical alterations of dopamine receptor re- 
sponses following chronic L-dopa therapy 


Inhibition in vitro of the enzymes of the oxidative 
pathway of tryptophan metabolism and of nicotina- 
mide nucleotide synthesis by benserazide, carbidopa 
and isoniazid 

Sodium-dependent inhibition of amino acid and 
dipeptide transport by harmaline in monkey small 
intestine 


Calcium-dependent modulation of guanosine 3’,5’- 
monophosphate in renal cortex. Possible relation- 
ship to calcium-dependent release of fatty acid 


Isolation of a homogeneous preparation of human 
thymidylate synthetase from HeLa cells 


Metabolism of monochlorobiphenyls by hepatic 
microsomal cytochrome P-450 


Effects of dihydroquinidine on in vitro and in tivo 
quinidine disposition 

Properties of hydrogen peroxide-induced histamine 
release from rat mast cells 


Calculation of competitive inhibition of substrate 
binding to cytochrome P-450 illustrated by the 
interaction of d,/-propranolol with d,/-hexobarbital 


Metabolic activation and covalent binding of 
benzo[a]pyrene to deoxyribonucleic acid catalyzed 
by liver enzymes of marine fish 


Oxidation of 2-f-butyl-4-methoxyphenol (BHA) by 
horseradish and mammalian peroxidase systems 


Involvement of the lipid and protein components of 
(Na* + K*)-adenosine triphosphatase in the inhibi- 
tory action of alcohol 

B-Phenylethylamine and benzylamine as substrates 
for human monoamine oxidase A: a source of some 
anomalies ? 

Breath and blood acetaldehyde concentrations and 
their correlation during normal and calcium car- 
bimide-modified ethanol oxidation in man 


Effect of chlorpromazine on the cytoplasmic phos- 
phatidate phosphohydrolase in rst liver 

Cardiac 8-aminolevulinic acid synthetase activity. 
Effects of fasting, cobaltous chloride and hemin 


Effect of chlorpromazine on plasma adenosine 
3’,5’-cyclic phosphate level 


Cytidine and deoxycytidylate deaminase inhibition 
by uridine analogs 


Stimulation of p-nitroanisole O-demethylation in 
perfused livers by xylitol and sorbitol 








MARCH - continued 










K. TARANATH SHETTY and 821 Effect of the chronic administration of ethinyl 
B. B. GAITONDE estradiol and norgestrel on biogenic amine(s) level 
and monoamine oxidase enzyme activity in rat brain 









Short Communications 


ELEFTHERIOS LYKOURAS, 827 The effect of a SHT agonist on cyclic guanosine 
DONALD ECCLESTON and monophosphate in rat cerebellum 
ELIZABETH F. MARSHALL 


D. ANDREW RopIN, R. ADAM RODIN 828 Stimulation of gluconeogenesis by adenosine in renal 










and E. Davip SAGGERSON cortical tubule fragments from fed rats 
JoHN J. MCCORMACK, 830 Inhibition of cytidine deaminase by 2-oxopyrimidine 
Victor E. MARQUEZ, Paut S. Liu, riboside and related compounds 






Davip T. VISTICA and 
JOHN S. DRISCOLL 


Ray W. Futter, NoRMAN R. Mason 833s Structural relationships in the inhibition of [*H]sero- 
































and BRYAN B. MOLLoy tonin binding to rat brain membranes in vitro by 
1-phenyl-piperazines 

ANDREA POLI, GUIDO FRANCESCHINI, 835 Increased total and high density lipoprotein choles- 

Lina PuG.ist and Cesare R. SIRTORI terol with apoprotein changes resembling streptozo- 
tocin diabetes in tetrachlorodibenzodioxin (TCDD) 
treated rats 

MIRIAM GOLDBERG, DANIEL GOLD, 838 Effect of oxamniquine on Schistosoma mansoni: 

ELIEZER FLESCHER and JAcoB LENGY some biological and ‘biochemical observations 


JesUs Marin and Car.os F. SANCHEZ 840 Release of noradrenaline from cat cerebral arteries 
by different drugs and potassium 


0 Rosert F. WHITING, LAN WEI 842 Enhancement by transition metals of chromosome 
and Hans F. STIcH aberrations induced by isoniazid 
Gorbon F. KaPKE and 845 Hepatic mitochondrial cholesterol hydroxylase 
JEFFREY BARON activity—a cytochrome P-450-catalyzed mono-oxy- 


genation refractory to cobaltous chloride 


Preliminary Communication 


D. Bacu, B. SELA and I. R. MILLER 849 Thermotropic properties of brain lipids in the 
presence and absence of local anesthetics 


15 MARCH 
Commentary 
T. J. FRANKLIN 853 Binding energy and the activation of hormone 
receptors 
Research Papers 
J. A. VAN DER KROGT and 857 Characterization and localization of catecholamine. 
R. D. M. BELFROID susceptible Na-K ATPase activity of rat striatum: 


studies using catecholamine receptor (ant)agonists 
and lesion techniques 


R. L. GotpsBerG, D. P. PARROTT, 869 Effect of gold sodium thiomalate on proliferation of 

S. R. KAPLAN and G. C. FULLER human rheumatoid synovial cells and on collagen 
synthesis in tissue culture 

E. MayYHEw, C. GOTFREDSEN, 877 Interaction of liposomes with cultured cells: effect of 

Y.-J. SCHNEIDER and A. TROUET serum 

J. G. LOGAN 887 Jn vitro effects of lithium chloride on ATPases of 
rabbit cerebral synaptic membranes 

L. DetLa Corte and K. F. Tipton 891 The turnover of the A- and B-forms of monoamine 


oxidase in rat liver 





Y. C. CLEMENT-CORMIER and 
P. E. KENDRICK 


J. W. Lown and H-H. CHEN 


T. BerG and H. TOLLESHAUG 


R. U. Simpson, C. P. CAMPANILE 
and T. L. GoopFRIEND 


D. T. Wona, F. P. BYMASTER, 
S. CHEN and B. B. MOLLoy 


M. E. RAFELSON, J. MIGNE, 
R. SANTONSA, J. C. DEROUETTE 
and L. RosBert 


Short Communications 
R. L. Binper and J. J. STEGEMAN 


H. D. Coisy, M. L.. MARQUESS, 
P. B. JOHNSON, M. R. Pope and 
P. R. HEAPS 


'G. Nistico, R. lentice, D. Rotiroti 
and R. M. Di GiorGio 


W. F. Hoop and R. A. Harris 


P. J. HErtTz0G, V. ILACQUA and 
R. GINGELL 


Preliminary Communications 


R. WATTIAUX and 
S. WATTIAUX-DE CONINCK 


R. A. PETERS 


Announcement 


Notes for Contributors 


Commentary 
Wa ter G. VERLY 


Research Papers 
M. Stopp and H. BRAUNLICH 


H. Vortti and I. E. HASSINEN 


E. Eptr, T. Neupecker, D. Lutz 
and D. HENSCHLER 


MARCH - continued 


897 


905 


917 


927 


935 


943 


949 


951 


954 


957 


Solubilization and characterization of [*H]spiro- 
peridol binding sites from subcellular fractions of 
the calf striatum 


Studies on the effects of the antitumor agent campto- 
thecin and derivatives on deoxyribonucleic acid. 
Mechanism of the scission of deoxyribonucleic acid 
by photoactivated camptothecin 


The effects of ammonium ions and chloroquine on 
uptake and degradation of '?*I-labeled asialo-fetuin 
in isolated rat hepatocytes 


Specific inhibition of receptors for angiotensin II and 
angiotensin III in adrenal glomerulosa 
N,N-dimethyl-a-[2-(p-tolyloxy )ethyl]-benzylamine hy- 
drochloride (LY 125180). Effects on serotonin uptake 
and serotonin synthesis in rat brain in vitro and 
in vivo 

Effect of an alpha-blocking agent, nicergoline, on the 
interaction between blood platelets, elastin and 
endothelial cells 


Induction of aryl hydrocarbon hydroxylase activity 
in embryos of an estuarine fish 

Comparative effects of mixed. function oxidase 
inhibitors on adrenal and hepatic xenobiotic metab- 
olism in the guinea pig 

GABA depletion and behavioural changes produced 
by intraventricular putrescine in chicks 

Effects of depressant drugs and sulfhydryl reagents 
on the transport of calcium by isolated nerve endings 


Comparison of the effects of Enovid and e-naphthyl- 
isothiocyanate on bromosulphophthalein excretion 
in Syrian golden hamsters 


Reversible and irreversible alterations of lysosomes 
in ischemic rat liver. Effects of chlorpromazine 


Ether-O-oxidase 


First International Conference on Immunopharma- 
cology 


1 APRIL 


977 


983 


987 


993 


Prereplicative error-free DNA repair 


In vitro analysis of drug-induced stimulation of renal 
tubular p-aminohippurate (PAH) transport in rats 
A subcellular study of the clofibrate-induced increase 
in coenzyme A concentration in rat liver 
Mutagenic potential of allyl and allylic compounds. 
Structure-activity relationship as determined by 
alkylating and direct in vitro mutagenic properties 


xii 





1980 








H. PAut A. ILLING 


ALAN A. SEAWRIGHT, I. W. WILKIE, 
P. CosTIGAN, J. HRDLICKA and 
D. P. STEELE 


TETSUYA KAMATAKI, MEBAE ANDO, 
YASUSHI YAMAZOE, KENJ! ISHII 
and RyvIcH!I KaATo 


Douc.as E. ROLLINs, 
JAMES W. FRESTON and 
DIxon M. WooDBURY 


Davip J. STEWART and 
JATINDER M. KHANNA 


A. ZENEBERGH, Y.-J. SCHNEIDER 
and A. TROUET 


DOMINIQUE PESSAYRE, 

JOAO-CARLOS WANDSCHEER, 
VERONIQUE DESCATOIRE, 

ANDREAS DOLDER, CLAUDE DEGOTT 
and JEAN-PIERRE BENHAMOU 


STEVEN A. BARKER, JOHN A. MONTI 
and SAMUEL T. CHRISTIAN 


PETER W. WOODMAN, 
Awni M. SarriF and 
CHARLES HEIDELBERGER 


Short Communications 


LAURENCE K. CUTKOMP, 
PUPPALA SUDERSHAN and 
Hyper KHAN 


TADASHI WATABE, AKIRA HIRATSUKA, 


MASAKAZU IsoBE and 
NAOKI OZAWA 


EpitH G. LEIGHTY 


SHINICHI NISHIDA and 
SETSUO TOMIZAWA 


Preliminary Communications 


V. VARGA, F. V. DEFEuDISs, 
L. Ossoca, M. GEFFARD and 
P. MANDEL 


S. B. Kaye and J. A. BoDEN 


Research Papers 


ANN F. WELTON and 
BEVERLY A. SIMKO 


APRIL - continued 


999 


1071 


1073 


1077 


1081 


Lipophilicity of acceptor substrate as a factor in “‘late 
foetal” rat liver microsomal UDP-glucuronosyl- 
transferase activity 


The effect of an equimolar mixture of carbon tetra- 
chloride and carbon disulphide on the liver of the rat 


Sex difference in the O-dealkylation activity of 
7-hydroxycoumarin O-alkyl derivatives in liver 
microsomes of rats 


Transport of organic anions into liver cells and bile 


Concentration-dependent ethanol metabolism in 


perfused liver 


Comparative studies of the accumulation of 
doxorubicin and doxorubicin-DNA in various cell 
lines 

Cumulative effects of repeated doses of compounds 
transformed into reactive metabolites 


Metabolism of the hallucinogen N,N-dimethyl- 
tryptamine in rat brain homogenates 


Inhibition of nucleoside phosphorylase cleavage of 
5-fluoro-2’-deoxyuridine by  2,4-pyrimidinedione 
derivatives 


Effects of two biodegradable 1,1,1-trichloro-2,2- 
bis(p-chlorophenyl)ethane (DDT) analogs on cock- 
roach ATPases 


Metabolism of d-limonene by hepatic microsomes to 
non-mutagenic epoxides toward Salmonella typhi- 
murium 


B-Diethylaminoethyldiphenylpropylacetate(SKF 525- 
A) and 2,4-dichloro-6-phenylphenoxyethylamine-H Br 
(DPEA) inhibition of fatty acid conjugation to 11- 
hydroxy-A?-tetrahydrocannabinol by the rat liver 
microsomal system 


Effects of compound 48/80 on dextran-induced paw 
edema and histamine content of inflammatory exudate 


Binding of muscimol and GABA in sub-fractions of 
a crude membrane fraction of rat brain 


Cross resistance between actinomycin-D, adriamycin 
and vincristine in a murine solid tumour in riro 


15 APRIL 


1085 





Regulatory role of adenosine in antigen-induced 
histamine release from the lung tissue of actively 
sensitized guinea pigs 











JAIME MERINO, MANUELA LIvio, 
GRAZYNA RAJTAR and 
GIOVANNI DE GAETANO 


ELIZABETH M. PEERS, 
GeorrreY A. LyLes and 
BRIAN A. CALLINGHAM 


Fe.icity P. A. CARR, 
STEPHEN A. SMITH and 
CHRISTOPHER I. POGSON 


R. JunG, P. BENTLEY and 
F. OESCH 


LOH-SHENG YU, 
CHRISTOPHER F. WILKINSON 
and MARION W. ANDERS 


E. AcsaT, S. HAUGUEL and 
L. CEDARD 


THIERRY CRESTEIL, 
JEAN-LouIs MAHU, 
PaTRICK M. DANSETTE and 
JEAN-PAUL LEROUX 


ANTOINE YOUNES and 
MARCELLE CONSTANTIN 


TeTSuYA KAMATAKI, 

MITSUKAZU KITADA, KAN CHIBA, 
Haruo KITAGAWA, YOSHIO IMAI 
and Ryo SATO 


H. S. ALLAUDEEN 


HANNU SAARNI, JORMA T. AHOKAS, 
NuLo T. KARKI, OLAVI PELKONEN 
and Eero A. SOTANIEMI 


CRISTOBAL L. MIRANDA and 
RAJENDRA S. CHHABRA 


W. BOLANOWSKA and T. GeEssNER 


CHRISTOPHER J. FOWLER, 
BRIAN A. CALLINGHAM, 
TimoTHy J. MANTLE and 
KEITH F. TIPTON 


CHRISTOPHER J. FOWLER, 
Brian A. CALLINGHAM, 
MICHAEL D. L. O’CoNNor and 
E. KeiIrH MATTHEWS 


Short Communications 


THIRAYUDH GLINSUKON, 
AURANUCH LOOKYEE, 
CHAIVAT TOSKULKAO and 
RONALD C. SHANK 


JOHN Kao and PEARLIE HUDSON 


Preliminary Communications 


THEOPHILE GODFRAIND, 
ALAIN De Pover and 
Di-Nzuzi TONA LUTETE 


APRIL - continued 


1093 


1097 


1103 


1109 


1113 


1123 


1127 


Salicylate reverses in vitro aspirin inhibition of rat 
platelet and vascular prostaglandin generation 


The deamination of isoamylamine by monoamine 
oxidase in mitochondrial preparations from rat liver 
and heart: a comparison with phenylethylamine 


Monoamine oxidase inhibitors and liver metabolism: 
studies with isolated rat hepatocytes 


Influence of carbamazepine 10,11-oxide on drug 
metabolizing enzymes 

Generation of carbon monoxide during the micro- 
somal metabolism of methylenedioxyphenyl com- 
pounds 

The effect of isoproterenol and £-sympathomimetic 
drugs on human placental glycogen metabolism 

In vivo administration of hydroxylated phenobarbital 
metabolites: effect on rat hepatic cytochromes P-450, 
epoxide hydrolase and UDP-glucuronosyltransferase 


Effects of bepridil on mitochondrial ATPase reactions 


Enhancement by cyanide of aniline p-hydroxylation 
activity in rat liver microsomes 


Inhibition of deoxyribonucleic acid polymerases of 
human leukemic leukocytes by 2’,3’-dideoxy- 
thymidine triphosphate 

Dose-dependent effects of medroxyprogesterone 
acetate on the hepatic drug-metabolizing enzyme 
system in rats 

Species differences in stimulation of intestinal and 
hepatic microsomal mixed-function oxidase enzymes 
Drug interactions with acetaminophen. Effects of 
phenobarbital, prednisone and 5-fluorouracil in 
normal and tumor-bearing rats 

The effect of lipophilic compounds upon the activity 
of rat liver mitochondrial monoamine oxidase-A 
and-B 


The effect of sonication upon monoamine oxidase-A 
and -B in the rat liver 


N-Deacetylase activity in subcellular fractions of 
mouse liver 


Induction of the hepatic cytochrome P-450-dependent 
mono-oxygenase system in young and geriatric rats 


Identification with potassium and vanadate of two 
classes of specific ouabain binding sites in a (Na* -+- 
K*)ATPase preparation from the guinea-pig heart 








WINEFRIED BEIL, REGINE KAHL 
and GeorG F. KAHL 


TADATAKA YAMADA and 
NEIL KAPLOWITZ 


CamILa M. SMITH, ANDREW BELCH 
and J. FRANK HENDERSON 


Erratum 
Announcement 


Research Papers 
CHHANDA Mitra and S. R. GuHA 


MaAuarRAJ K. Ticku and 
TROIE BURCH 


RACHEL LEWINSOHN, VIVETTE GLOVER 


and M. SANDLER 


Maurice DICKINs and 
RICHARD E. PETERSON 


SAKTI PRASAD MUKHERJEE 


Masao NAKAHARA 


J. DAvip TURNBULL and 
STANLEY T. OMAYE 


Kirk T. KITCHIN 


Davip ALBIN and YEHUDA GUTMAN 


KANASAGABAI GANESHAGURU, 
A. VICTOR HOFFBRAND, 
Rosert W. Grapy and 
ANTHONY CERAMI 


K. D. RAINSFORD and 
M. W. WHITEHOUSE 


Tatsust IGA, MASAYUKI YOKOTA, 
YUICHI SUGIYAMA, SHOT AWAZU 
and MANABU HANANO 


Short Communications 
James K. CHIPMAN, PAuL C. HiromM 
and PETER MILLBURN 


MICHAEL G. WYLLIE and 
JOHN C. GILBERT 


YoOsHIO NAKAGAWA, KoGo HiRAGA 
and TeTsuyA SUGA 


APRIL - continued 


1201 


1205 


1209 


1211 
1212 


1213 
1217 


1221 


1231 


1239 


1247 


1255 


1261 


1271 


1275 


1281 


1291 


1299 


1302 


1304 





Circadian rhythm of the inhibitory effect of actino- 
mycin D on cytochrome P-448 induction by 3- 
methylcholanthrene 

Binding of ethacrynic acid to hepatic glutathione 
S-transferases in vivo in the rat 

Hemolysis in mice treated with deoxycoformycin, an 
inhibitor of adenosine deaminase 


Fourth Colloquium on Hormones and Cell Regulation 


1 MAY 


Serotonin oxidation by type B MAO of rat brain 


Purine inhibition of [*H}y-aminobutyric acid re- 
ceptor binding to rat brain membranes 


Development of benzylamine oxidase and mono- 
amine oxidase A and B in man 


Effects of a hormone-supplemented medium on 
cytochrome P-450 content and mono-oxygenase 
activities of rat hepatocytes in primary culture 


Mediation of the antilipolytic and lipogenic effects 
of insulin in adipocytes by intracellular accumulation 
of hydrogen peroxide 


Binding and dissociation of Hageman factor, pre- 
kallikrein and high molecular weight kininogen in 
human plasma during contact activation 


Synthesis of cytochrome P-450 heme in ascorbic 
acid-deficient guinea pigs 

Enhanced aryl hydrocarbon hydroxylase activity after 
interaction between solubilized cytochrome P-448 
and microsomes low in endogenous cytochrome 
P-450 


The effect of adrenergic agents and theophylline on 
sodium fluxes across the rabbit colon in vitro 

Effect of various iron chelating agents on DNA 
synthesis in human cells 


Biochemical gastroprotection from acute ulceration 
induced by aspirin and related drugs 

Hepatic transport of indocyanine green in rats 
chronically intoxicated with carbon tetrachloride 


Biliary excretion and enterohepatic circulation of 
aniline mustard metabolites in the rat and the rabbit 


Exocytotic release of noradrenaline from synapto- 
somes 


Biological fate of butylated hydroxytoluene (BHT )— 
Binding of BHT to nucleic acid in vivo 





Preliminary Communications 
LAURENCE H. Hur ey, 

J. STEFAN ROKEM and 

Rusy L. PETRUSEK 

ROBERT S. ARONSTAM, 
AMIRA T. ELDEFRAWI and 
Monyee E. ELDEFRAWI 


Announcements 


Commentary 


KENNETH P. MINNEMAN and 
Perry B. MOLINOFF 


Research Papers 

JOHN CALDWELL, 

MarION MicHEL-Lipowsky and 
Rosert L. SMITH 

DomINIQUE MARCHAIS and 
JoEL BOCKAERT 


RICHARD S. BODANESS and 

PuHiILutie C. CHAN 

WILLIAM E. HEYDORN, JOE MENDELS 
and ALAN FRAZER 


HAROLD H. MILLER, 

PARKHURST A. SHORE and 

Davip E. CLARKE 

BERNARD D. GOLDSTEIN, 

MICHAEL G. ROZEN and 

RICHARD L. KuNnIs 

ANITA LopKer, Leo G. ABoop, 
Wayne Hoss and FABIAN J. LIONETTI 


Susan M. DENEKE and 
Barry L. FANBURG 


Lucy M. ANDERSON and 
MARILYN ANGEL 


PAL L. VAGHY, PAL Bor and . 
LAsz_6 SZEKERES 


FREDERICK J. EHLERT, NORIO KOKKA 
and ALAN S. FAIRHURST 


HANNES BARTH, MARLIES CROMBACH, * 


WALTER SCHUNACK and 
WILFRIED LORENZ 


MAY - continued 


1307 


1311 


Proposed structures of the pyrrolo(1,4)benzodiaze- 
pine antibiotic-deoxyribonucleic acid adducts 


Similarities in the binding sites of the muscarinic 
receptor and the ionic channel of the nicotinic 
receptor 


International Congress on Drugs and Alcohol 
International Symposium on Branched Chain Amino 
and Ketoacids: Metabolism and Clinical Implica- 
tions 


15 MAY 


1317 


1325 


1331 


1337 


1341 


1347 


1355 


1361 


1367 


1375 


1385 


Classification and quantitation of B-adrenergic 
receptor subtypes 


The reversibility of N-oxidation in vivo. The fate of 
'4C-N-hydroxychlorphentermine and '*C-nitrochlor- 
phentermine in the rat 

Is there a connection between high affinity *H- 
spiperone binding sites and DA-sensitive adenylate 
cyclase in corpus striatum ? 

Reaction of indomethacin with singlet molecular 
oxygen 

Effects of darkness and of desmethylimipramine on 
pineal gland concentrations of adenosine 3’,5’-mono- 
phosphate 

In vivo monoamine oxidase inhibition by d-amphet- 
amine 


Role of red cell membrane lipid peroxidation in 
hemolysis due to phenylhydrazine 


Stereoselective muscarinic acetylcholine and opiate 
receptors in human phagocytic leukocytes 
Involvement of glutathione enzymes in O, tolerance 
development by diethyldithiocarbamate 

Induction of dimethylnitrosamine demethylase ac- 
tivity in mouse liver by polychlorinated biphenyls 
and 3-methylcholanthrene 

Protection of oxidative phosphorylation by ben- 
cyclane against the damaging effect of mitochondrial 
swelling 


Muscarinic receptor subsensitivity in the longitudinal 
muscle of the rat ileum following chronic anti- 
cholinesterase treatment with diisopropylfiuoro- 
phosphate 

Evidence for a less high acceptor substrate speci- 
ficity of gastric histamine methyltransferase: methyla- 
tion of imidazole compounds 








RoBerT A. ANDERSON, JR., 


BRIAN R. WILLIS, CHRISTINE OSWALD, 
JAKkiIpDI M. Reppy, STAN A. BEYLER 
and Lourens J. D. ZANEVELD 


Gene F. TUTWILER and 
H. JAMES BRENTZEL 


Short Communications 
INGELORE HACKBARTH, 


WILHELM SCHMITZ, Hasso SCHOLZ, 
Eva WETZEL, ERLAND ERDMANN, 


WOLFGANG KRAWIETZ and 
GUNTER PHILIPP 


Brian A. MCMILLEN 


HERTTA-MAWA HAKKINEN and 


EtNo KULONEN 


C. von BaHrR, H. GLAUMANN, 
J. Gupas and N. KapLowitz 


H. D. Summ, H. P. NEUBAUER 


and H. H. SCHONE 


Commentary 
O. STRUBELT 


Research Papers 


ALLAN FLETCHER and 
Les.ic J. FOWLER 


HIROCHIKA Komal, 
Douc.as R. HUNTER, 
RosBert A. HAWORTH and 
HERBERT A. BERKOFF 


Henry J. STERN and 
RosertT I. GLAZER 


q 
E.izaBeTH A. WOODCOCK, 
CHRISTINE A. OLSSON and 
COLIN I. JOHNSTON 


Jupy S. IRELAND, VENKAT R. MUKKU, 


ALICE K. ROBISON and 
GeorGE M. STANCEL 


KareEN Comal and ANN C. SULLIVAN 


JosePH F. WILLIAMS, SAUL LOWITT 


and ANDOR SZENTIVANYI 


Kayoxko Morol and TETSURO KUGA 


MAnrForD C. CASTLE 


MAY - continued 


1409 


Hormonal imbalance and alterations in testicular 
morphology induced by chronic ingestion of ethanol 


1421 Effect of the oral hypoglycemic agent, pirogliride, on 
gluconeogenesis 
1429 Stimulatory effect of vanadate on cyclic AMP 
levels in cat papillary muscle 
1432 On the mechanism of morphine action on rat striatal 
dopamine metabolism 
1435 Effect of ethanol administration on free proline and 
glutamate in the intact rat liver 
1439 Inhibition of hepatic metabolism of azathioprine by 
furosemide in human liver in ritro 
1441 Effect of insulin and oral antidiabetics on glucose 
appearance and disappearance in the blood of rabbits 
1 JUNE 
1445 Interactions between ethanol and other hepatotoxic 
agents 
1451 y-Aminobutyric acid metabolism in rat brain follow- 
ing chronic oral administration of ethanolamine O- 
sulphate 
1455 Effect of barbiturates on the calcium-induced loss of 
respiratory control in beef heart mitochondria 
1459 Inhibition of methylation of nuclear ribonucleic acid 


1465 


1469 


1475 


1483 


1491 


1497 





in L1210 cells by tubercidin, 8-azaadenosine and 
formycin 

Reduced vascular beta-adrenergic receptors in de- 
oxycorticosterone-salt hypertensive rats 


Stimulation of uterine deoxyribonucleic acid syn- 
thesis by 1,1,1-trichloro-2-(p-chlorophenyl)-2-(0- 
chlorophenyl)ethane(o, p’-DDT) 

In vivo meal model for the evaluation of agents which 
affect the absorption of triglyceride and cholesterol 


Involvement of a heat-stable and heat-labile com- 
ponent of Bordetella pertussis in the depression of the 
murine hepatic mixed-function oxidase system 
Isocarboxazid metabolism in vitro by liver micro- 
somal carboxylesterase of monkey 

Glucuronidation of digitalis glycosides by rat liver 
microsomes: stimulation by spironolactone and 
pregnenolone-16a-carbonitrile 











JUNE - continued 


RONALD L. FELSTED, 1503 
DONALD R. RICHTER, 
Davip M. JoNnEs and 
NICHOLAS R. BACHUR 


ROLAND GRAFSTROM and 1517 
FRANK E. GREENE 


PATRICK E. WARD, 1525 
MARTHA A. SHERIDAN, 
Katy J. HAMMON and Ervin G. Erpés 


WENDY CAMMER 1531 
BRIAN B. HOFFMAN and 1537 
RosertT J. LEFKOWITZ 

YOSHIHIKO FUNAE, 1543 


TADAMITSU Komori, Daizo SASAKI 
and KENJIRO YAMAMOTO 


Davip G. Priest, BARRY E. Leprorp 1549 
and MaRrION T. DoiGc 


ELEONORA CONDREA, 1555 
CHEN-CHUNG YANG and 
PHILIP ROSENBERG 


JEFFREY E. FLETCHER, 1565 
Bruce E. RAPUANO, 

ELEONORA CONDREA, CHEN-CHUNG YANG, 
MICHAEL RYAN and PHILIP ROSENBERG 


JOSEPH J. KERNICH and 1575 
Dat Kee Liu 

Peter C. RUENITZ and 1583 
Mo M. ToLepo 


Short Communications 

L. F. CHASSEAUD, W. H. Down, 1589 
P. L. Grover, R. M. SACHARIN and 

P. Sims 


VIVIENNE A. Percy and 1590 
BrIAN C. SHANLEY 

STEPHEN P. MANN 1593 
DONNA LYNN BarREIs and 1595 


THEODORE A. SLOTKIN 


KENNETH BACHMANN, 1598 
Monica VALENTOVIC and 
RONALD SHAPIRO 


B. K. Park, J. B. Leck and 1601 
A. M. BRECKENRIDGE 
WILLIAM E. THOmas and 1603 


James G. TOWNSEL 





Isolation and characterization of rabbit liver xeno- 
biotic carbonyl reductases 


Differential effects of disulfiram and diethyldithio- 
carbamate on small intestinal and liver microsomal 
benzo[a]pyrene metabolism 


Angiotensin I converting enzyme (kininase II) of the 
brush border of human and swine intestine 


Uncoupling of oxidative phosphorylation in vitro by 
the neurotoxic fragrance compound acetyl ethyl 
tetramethyl tetralin and its putative metabolite 


(7H]WB4101—caution about its role as an alpha- 
adrenergic subtype selective radioligand 


Inhibitor of angiotensin I converting enzyme: (4R)-3- 
[(2S)-3-mercapto-2-methylpropanoy]]-4-thiazolidine- 
carboxylic acid (YS-980) 

Increased thymidylate synthetase in 5-fluorodeoxy- 
uridine resistant cultured hepatoma cells 


Comparison of a relatively toxic phospholipase Az 
from Naja nigricollis snake venom with that of a 
relatively non-toxic phospholipase A, from Hema- 
chatus haemachatus snake venom—I. Enzymatic 
activity on free and membrane bound substrates 


Comparison of a relatively toxic phospholipase A2 
from Naja nigricollis snake venom with that of a 
relatively non-toxic phospholipase A, from Hema- 
chatus haemachatus snake venom—lII. Pharma- 
cological properties in relationship to enzymatic 
activity 

Effect of aldosterone on ribonucleic acid polymerase 
activity in rat kidney cortical and medullary mito- 
chondria 


Inhibition of rabbit liver microsomal oxidative meta- 
bolism and substrate binding by tamoxifen and the 
geometric isomers of clomiphene 


Glutathione S-transferase activity towards benz[a]- 
anthracene 5,6-oxide in the liver, kidney and lung of 
cynomolgus monkeys 


Factors affecting haem degradation in rat brain 


Assay of tyrosine hydroxylase in tissue homogenates: 
effects of Triton-X, sodium, calcium and cyclic AMP 


Maturation of sympathetic neurotransmission in the 
rat heart—III. Developmental changes in reserpine 
inhibition of norepinephrine uptake into isolated 
synaptic vesicles 
A possible role for cyanate in the albumin binding 
defect of uremia 


The dose-dependent effect of warfarin on vitamin K, 
metabolism and clotting factor synthesis in the rabbit 


Insularity of cholinergic components in the central 
nervous system of Limulus polyphemus 





1980 


Wayne R. BIDLACK 


BISWANATH MUKHERII, 

KoHso SUEMARU, Nosoru SAKAI, 
AMAL K. GHOSH and 

Henry A. SLOVITER 


NICOLE AUTISSIER, PAUL Dumas, 
ANNIE LOIREAU and 
RAYMOND MICHEL 


Preliminary Communications 


Sipney D. NELSON, 
ANTHONY J. ForTE and 
Davip C. DAHLIN 


STEPHEN List, MILT TITELER and 
PHILIP SEEMAN 


TERRENCE R. BuRKE, JR., 
Jackie L. MARTIN, JOHN W. GEORGE 
and Lance R. POHL 


HIROYUKI KAWASHIMA, Nosuo MOoNjI 
and ALBERT CASTRO 


Errata 
Announcement 


Commentary 


BerTiL B. FREDHOLM and 
Per HEDQVIST 


Research Papers 


A. Davis, G. N. Wooprurr, 
J. A. Poat and S. B. FREEDMAN 


H. Wo tr, J. SCHLEPPER, 
V. STEINJANS and R. SCHOLZ 


MARTINE AGGERBECK, 
GEORGES GUELLAEN and 
JACQUES HANOUNE 


AMNUAY THITHAPANDHA 


KENNON T. FRANCIS and 
MAYNARD E. HAMRICK 


Davip A. JOHNSON, 
Howarp J. FRIEDMAN, 
RoGerR Cooke and Nancy M. LEE 


GIOVANNI POLIDORO, 
CarMINE D1 ILI0, 
GicsBerto Det Boccio, 
PietRO ZULLI and 
GiorGio FEperIc! 
CaRMEL G. INGEBRETSEN, 


RICHARD A. RaBiNn and 
DoNALD O. ALLEN 


JUNE - continued 


1605 


1608 


Microsomal peroxidase activities—effect of cumene 
hydroperoxide on the pyridine nucleotide reduced 
cytochrome bs steady state 


Effects of morphine and methadone on the isolated 
perfused rat brain 


Thyroid status and effects of 3,5,3’ triiodothyro- 
acetic acid and Fenproporex in genetically lean and 
obese female rats 


Lack of evidence for N-hydroxyacetaminophen as a 
reactive metabolite of acetaminophen in vitro 


High-affinity *H-dopamine receptors (D; sites) in 
human and rat brain 

Investigation of the mechanism of defluorination of 
enflurane in rat liver microsomes with specifically 
deuterated derivatives 

Effect of calcium chloride on aspirin-induced hypo- 
insulinemia in rats 


Gordon Research Conferences 1980 


15 JUNE 


1635 


Modulation of neurotransmission by purine nucleo- 
tides and nucleosides 


Changes in (7H)-ADTN binding to microsomal and 
synaptic membrane fractions from rat striata follow- 
ing kainic acid lesions 

Inhibition of gluconeogenesis in isolated perfused rat 
liver by clanobutin 


The a-adrenergic mediated effect in rat liver. Correla- 
tion between [*H]-dihydroergocryptine binding to 
plasma membranes and glycogen phosphorylase 
activation in isolated hepatocytes 

Characteristics of drugs that penetrate the pre- 
implantation blastocyst 


Effects of dantrolene on adrenal cortical function 


Adaptation of brain lipid bilayers to ethanol-induced 
fluidization. Species and strain generality 


Glutathione S-transferase activity in human placenta 


Acetylcholine modulation of phosphorylase and 
contractility. in rat hearts exposed to anoxia or 
isoproterenol 








Curt PETERSON, ROGER BAURAIN 
and ANDRE TROUET 


GtorGio BELVEDERE, 

HARUKO MILLER, 

Kostas P. Vatsis, Minor J. COON 
and Harry V. GELBOIN 


MARTIN JAVORS and 
V. GENE ERWIN 


J. ADOLFO GaArRCiA-SAINZ, 

ROLANDO HERNANDEZ-MUNOz, 
WALTER GLENDER, ENRIQUE PINA 
and Victoria CHAGOYA DE SANCHEZ 


SUMIKO OKUNO-KANEDA, 

TERUMI SAITO, YASUHIRO KAWASAKI, 
ATSUSHI ICHIKAWA and 

KENKICHI TOMITA 


ANTONIO BAICci, PRATHIMA SALGAM, 
Kurt Feuer and ALBERT BONI 


ARNE ANDERSSON, STEN OLSSON 
and HANs TSJALVE 


Iror D. CaPEL, 

S. J. FRANCES WILLENBROCK, 
MARILYNN JENNER and 
DONALD C. WILLIAMS 


P. MoLpEus, B. ANDERSSON, 
A. NoruinG and K. OrmMsTAD 


REMBERT ELBERS, 
SipYLLE SOBOLL and 
HERMANN G. KAMPFFMEYER 


ANAT BIEGON, ZIVA YAVIN, 
EPHRAIM YAVIN and 
Davip SAMUEL 


Bo EKMAN, TORGNY SJODIN 
and INGVAR SJOGHOLM 


NIALL S. DOHERTY and 
PETER MACHIN 


PIA ViLLA, Lestey J. HocKIN 
and ALAN J. PAINE 


SUNGMAN CHA 


Davip G. STREETER, MARK MILLER, 
THOMAS R. MATTHEWS, 

ROLAND K. Rosins and 

JON P. MILLER 





JUNE - continued 


1687 


1693 


1703 


1709 


1715 


1729 


1737 


1741 


1747 


1755 


1759 


1767 


1773 


1779 


1791 


The mechanism for cellular uptake, storage and 
release of daunorubicin. Studies on fibroblasts in 


culture 


Hydroxylation of benzo[a]pyrene and binding of 
( -)trans - 7,8-dihydroxy - 7,8 - dihydrobenzo[a]pyrene 
metabolites to deoxyribonucleic acid catalyzed by 
purified forms of rabbit liver microsomal cytochrome 
P-450. Effect of 7,8-benzoflavone, butylated hydroxy- 
toluene and ascorbic acid 


Effects of benzodiazepines and valproic acid on brain 
aldehyde reductase and a proposed mechanism of 
anticonvulsant action 


Effects of adenosine on ethanol-induced modifications 
of liver metabolism. Role of hepatic redox state, 
purine and fatty acid metabolism 


Properties of protease in mast cell granules 


Inhibition of human elastase from polymorphonuc- 
lear leucocytes by a glycosaminoglycan polysulfate 
(Arteparon®) 


Chloroquine inhibits the insulin production of isolated 
pancreatic islets 


The effect of ethanol ingestion on the erythrocyte 
antioxidant defence systems of rats 


Effect of chronic ethanol administration on drug 
metabolism in isolated hepatocytes with emphasis on 
paracetamol activation 


Alterations in cellular intermediary metabolism by 
4-dimethylaminophenol in the isolated perfused rat 
liver and the implications for 4-dimethylaminophenol 
toxicity 

Characterization and ontogenesis of |? H]-desipramine 
binding sites in developing fetal rat cerebral cells in 
culture 


Binding of drugs to human serum albumin—XV. 
Characterization and identification of the binding 
sites of indomethacin 


Investigations into the in vitro and in vivo immuno- 
suppressant activity of N-acetyl-3-sulphonamoyl-L- 
alanine methyl ester, a potential t-asparagine anti- 
metabolite 


The relationship between the ability of pyridine and 
substituted pyridines to maintain cytochrome P-450 
and inhibit protein synthesis in rat hepatocyte cul- 
tures 

Tight-binding inhibitors—VII. Extended interpreta- 
tion. of the rate equation. Experimental designs and 
Statistical methods 


7-Ribosyl-3-deazaguanine—mechanism of antibac- 
terial action 





1980 


KAILASH C. AGARWAL, 
ETHAN J. HASKEL and 
Rosert E. Parks, Jr. 


Ross L. Stein, JuDy K. O’Brien, 
Carc I[Rwin, 

JANIS K. TOWNSEND-PARCHMAN 
and F. Eomunpo Hunter, Jr. 


IsAMU YAMAGUCHI, 

Fumio MATSUMURA and 

ATeF A. KApous 

DONALD P. Tscuupy, PAu S. Epert, 
RICHARD A. Hess, 

Bruce C. FRYKHOLM and 

EuGeNE C. WEINBACH 


Ecse ANKEL and 
Davip H. PETERING 


B. A. Oecricus and C. C. KRATZING 


JEROME H. FLEISCH and 
Kaus D. HAIscH 


Short Communications 


Erik DE CLERCQ, JAN BALZARINI, 
JOHAN DescampPs and 
Fritz ECKSTEIN 


KELVIN CAIN and 
BEATRICE GRIFFITHS 


Atif M. NAKHLA and 
ApDHIP NANDI MAJUMDAR 


R. C. MAZUMDER, VIVETTE GLOVER 
and M. SANDLER 


SANG He Lee, CHARLES W. SHANSKY 
and ALAN C. SARTORELLI 


M. Gary HADFIELD, 
Davip E. W. Mott and 
JOHN A. ISMAY 


JADWIGA ROBAK, 
ELzBieTA KOSTKA-TRABKA and 
Zorta DUNIEC 


Preliminary Communications 


BIRANDRA K. SINHA and 
RosertT H. Sik 


PNINA WEINREICH, JOHN DECK 
and PHitip SEEMAN 


Notes for Contributors 
Abbreviations 


JUNE - continued 


1799 


, 1857 


1859 


1861 


1863 


Effects of adenosine analogs and adenine nucleotides 
on adenosine 5’-diphosphate-induced rat’ platelet 
aggregation 

Extension of the blood half-life of glyceryl trinitrate. 
Inhibition of glutathione organic nitrate ester 
reductase activity in the rat and guinea pig 


Heptachlor epoxide: effects on calcium-mediated 
transmitter release from brain synaptosomes in rat 


Effect of heme depletion on growth, protein synthesis 
and respiration of murine erythroleukemia cells 


Iron-chelating agents and the reductive removal of 
iron from transferrin 


Effect of barbiturate on the distribution of ascorbic 
acid in the gastrointestinal tract 


Increase in antigen-induced release of slow reacting 
substance of anaphylaxis from guinea pig lung by 
sodium fluoride 


Antiviral, antimetabolic and antineoplastic activities 
of 2’- or 3’-amino or -azido-substituted deoxyribo- 
nucleosides 


Transfer of liver cadmium to the kidney after 
aflatoxin induced liver damage 


Effect of 5-hydroxytryptamine on free amino acid 
composition of stomach and plasma, and on protein 
synthesis in the stomach of rats 

Progesterone provokes a selective rise of monoamine 
oxidase A in the female genital tract 

Evidence for the external location of alkaline phos- 


phatase activity on the surface of Sarcoma 180 cells 
resistant to 6-thioguanine 


Cocaine: effect of in vivo administration on synapto- 
somal uptake of norepinephrine 


The influence of three prostaglandin biosynthesis 
stimulators on carrageenin-induced edema of rat paw 


Binding of ['*C]-adriamycin to cellular macro- 
molecules in vivo 


Multiple binding sites in human brain for [°H]- 
clonidine and [?H]-WB-4101 





Commentary 


Davip W. CUSHMAN and 
MIGUEL A. ONDETTI 


Research Papers 


RENU ANJANEYULU, 
KOWLURU ANJANEYULU, 
ETIENNE COUTURIER and 
WILLy J. MALAISSE 


DANIEL SCHERMAN and 
JEAN-PIERRE HENRY 


G. JEAN KANT, THOMAS W. MULLER, 
RoBERT H. LENOx and 
JAMES I. MEYERHOFF 


EFRAIN Toro-Goyco, 
Bitty R. MartTIN and 
Louts S. HARRIS 


MITCHELL B. FRIEDMAN, 
CARLTON K. ERICKSON and 
STEVEN W. LESLIE 


ANDREW ALDRIDGE and 
ALLEN H. NEIMS 


HELENE BRUDERLEIN and 
JEROME BERNSTEIN 


A. Duperray and E, M. CHAMBAZ 


ERNST BRANDT, EBERHARD HEYMANN 
and ROLF MENTLEIN 


STEVEN B. LEICHTER, 
THEODORE A. KOTCHEN, 
W. ALLEN RADER and JERRY RADER 


Ezio TuBARO, BRUNO LoTTI, 
GIOVANNI CAVALLO, CARLO CROCE 
and GiorGIo BorRELLI 

Ezio TuBARO, BruNo LotTTI, 
CLAUDIO SANTIANGELI and 
GIOVANNI CAVALLO 

STEPHEN H. NELSON, 

CHRISTINA G. BENISHIN and 

PAUL T. CARROLL 


Short Communications 


EVELYNE ROUER and 
JEAN-PAUL LEROUX 


FRANGOISE LAWRENCE, 
JEAN-CLAUDE CHERMANN and 
MALKA ROBERT-GERO 


DaniEL H. DESMEDT 


JosE VINA, FRANCISCO J. ROMERO, 
JosE M. EsTReva and Juan R. VINA 


1 JULY 


1871 


1879 


1883 


1891 


1897 


1903 


1909 


1915 


1919 


1927 


1933 


1939 


1945 


1949 


1959 


1963 


1966 


1968 


Inhibitors of angiotensin-converting enzyme for 
treatment of hypertension 


Opposite effects of hypoglycemic and hyperglycemic 
sulfonamides upon ionophore-mediated calcium 


transport 


Effect of drugs on the ATP-induced and pH-gradient- 
driven monoamine transport by bovine chromaffin 
granules 

In vivo effects of pentobarbital and halothane anes* 
thesia on levels of adenosine 3’,5’-monophosphate 
and guanosine 3’,5’-monophosphate in rat brain 
regions and pituitary 

Binding of 1-a-acetylmethadol and its metabolites 
to blood constituents 


Effects of acute and chronic ethanol administration 
on whole mouse brain synaptosomal calcium influx 


Relationship between the clearance of caffeine and 
its 7-N-demethylation in developing beagle puppies 
Unexpected difference between human serum al- 
bumin and human serum toward L-tryptophan 
binding 

Steroidogenic properties of prostanoid structures on 
bovine adrenocortical cells in primary culture. 
Structure-activity relationship 

Selective inhibition of rat liver carboxylesterases 
by various organophosphorus diesters in vivo and 
in vitro 


Lack of effect of cholinergic agents or endogenous 
guanosine 3’:5’-monophosphate on renin release by 
slices of rat renal cortex in vitro 


Liver xanthine oxidase increase in mice in three 
pathological models. A possible defence mechanism 


Xanthine oxidase increase in polymorphonuclear 
leucocytes and macrophages in mice in three patho- 
logical situations 


Accumulation and metabolism of choline and 
homocholine by mouse brain subcellular fractions 


Liver microsomal cytochrome P-450 and related 
monooxygenase activities in genetically hyper- 
glycemic (ob/ob and db/db) and lean streptozotocin- 
treated mice 

Metabolism of 5’deoxy-5’[?5S]-isobutyl-thio-adeno- 
sine (SIBA) in rats and mice 


Catecholamine action on thyroid adenylate cyclase: 
evidence for inhibitory a-adrenoreceptors 

Effect of acetaminophen (paracetamol) and its an- 
tagonists on glutathione (GSH) content in rat liver 


xxii 





1980 











MATTHEW J. SERLIN, 


MARK CHALLINER, B. KEVIN PARK, 


PATRICIA A. TURCAN and 
ALASDAIR M. BRECKENRIDGE 
RAINER N. ZAHLTEN, 

C. JAN JACOBSON and 

MICHAEL E. NEJTEK 

A. B. Foster, L. J. GricGs, 

M. JARMAN, J. M. S. VAN MAANEN 
and H.-R. SCHULTEN 


Commentary 
HuGo VAN DEN BOSSCHE 


Research Papers 
VIKTOR STOLC 


JosEPH D. ROBINSON 


RICHARD A, DiCi0cclio, 

BeJAI I. SAHAI SRIVASTAVA, 
KENNETH L. RINEHART, JR., 
VinG J. LEE, ALAN R. BRANFMAN 
and Li-HsienG Li 


YVONNE C. CLEMENT-CORMIER, 
LAURENCE R. MEYERSON and 
ANDREW MCcISsAAc 


R. P. SHARMA and 
E. G. MCQUEEN 


E. M. SAVENIJE-CHAPEL and 
J. NOORDHOEK 


BARBARA F. HALES and 
RANJANA JAIN 


AnGus MCLEAN, Davip NEWELL, 
GEOFFREY BAKER and 
THOMAS CONNORS 


P. K. Das and S. R. GUHA 


MICHAEL A. BEAVEN and 
BARBARA M. BAYER 


YUICHI SUGIYAMA, TATSUJI IGA, 
SHoy1 AWAZu and 
MANABU HANANO 


Short Communications 
Osamu SuZUKI, HIDEKI HATTORI, 
MINORU ASANO, MASAKAZU OYA 
and YOSHINAO KATSUMATA 


JULY - continued 


1971 


1973 


1977 


Cimetidine potentiates the anticoagulant effect of 
warfarin by inhibition of drug metabolism ° 


Underestimation of alcohol dehydrogenase as a 
result of various technical pitfalls of the enzyme 
assay 

Metabolism of tamoxifen by rat liver microsomes: 
formation of the N-oxide, a new metabolite 


15 JULY 


1981 


1991 


1995 


2001 


2009 


2017 


2023 


2031 


2039 


2049 
2055 


2063 


2071 


Peculiar targets in anthelmintic chemotherapy 


Stimulatory effect of ionophores on adenosine 3’,5’- 
monophosphate content in human mononuclear 
leukocytes 


Enzyme modifications that alter interactions of Kt 
and cardioactive steroids with (Na* + K*)- 
dependent ATPase 


Structure-activity relationship, selectivity and mode 
of inhibition of terminal deoxyribonucleotidyl- 
transferase by streptolydigin analogs 


Solubilization of multiple binding sites for the 
dopamine receptor from calf striatal membranes 


The binding of gold to cytosolic proteins of the rat 
liver and kidney tissues: metallothioneins 
Metabolism of formaldehyde during in vitro drug 


demethylation. Effectiveness of protection by semi- 
carbazide 


Effects of phenobarbital and f-naphthoflavone on 
the activation of cyclophosphamide to mutagenic 
metabolites in vitro by liver and kidney from male 
and female rats 


The metabolism of chlorambucil 


MAO types in guinea pig liver mitochondria 


Factors influencing the uptake and disposition of 
indomethacin-[!*C] in cell cultures 


Binding protein for 1-anilino-8-naphthalene sul- 
fonate in rat liver cytoplasm 


Inhibition of monoamine oxidase by d-methamphet- 
amine 











MARION E. SAUERS, 
ROBERT T. ABRAHAM, JOHN D. ALVIN 
and MICHAEL A. ZEMAITIS 


Preliminary Communications 


JANET A. HOUGHTON and 
PETER J. HOUGHTON 


KANAKENDU CHOUDHURY 


Binc K. TANG and 
GIOVANNA CARRO-CIAMPI 


Commentary 
MICHAEL LASKOWSKI, JR. 


Research Papers 


Davip A. ROWLEY, 
RICHARD C. KNIGHT, 
IRENA M. SKOLIMOWSKI and 
Davin I. EDWARDS 


Davip A. BENDER 


J. G. LoGaN and D. J. O’-DONOVAN 


W. RICHARD CHEGWIDDEN and 
Davip C. WATTS 

KATHLEEN K. DOUGHERTY, 

STANLEY D. SPILMAN, 

CaROL E. GREEN, A. RUTH STEWARD 
and James L. BYARD 

RICHARD J. CLEGG, 

BRUCE MIDDLETON, 

G. DUNCAN BELL and 

Davip A. WHITE 


JAN ALEXANDER and JAN AASETH 


Henry G. KAPLAN 


Short Communications 


Mona M. Everett and 
WILLIAM A. MILLER 


DANIELA MIKULikovA and 
and KAREL TRNAVSKY 


DUNCAN P. TAYLOR, 
DEBORAH K. Hys.Lop and 
Lesuice A. RIBLET 


JULY - continued 


2073 


2077 


2081 


2085 


Effect of drug vehicles on N-demethylase activity in 
isolated hepatocytes 


5-Fluorouracil in combination with hypoxanthine 
and allopurinol: toxicity and metabolism in xeno- 
grafts of human colonic carcinomas in mice 
Interaction of nogalamycin with polyadenylic and 
polyuridylic acid 

A method for the study of N-glucosidation in vitro— 
amobarbital-N-glucoside formation in incubations 
with human liver 


1 AUGUST 


2089 


2095 


2099 


2105 


2113 


2117 


2125 


2129 


2135 


2143 


2146 


2149 


An algorithmic approach to sequence-> reactivity 


of proteins. Specificity of protein inhibitors of serine 


proteinases 


The relationship between misonidazole cytotoxicity 
and base composition of DNA 


Effects of benserazide, carbidopa and isoniazid 
administration on tryptophan-nicotinamide nucleo- 
tide metabolism in the rat 

Noradrenaline uptake by synaptosomes and (Nat- 
K*) ATPase 

Salicylate inhibition of monkey muscle creatine 
kinase 

Primary cultures of adult mouse and rat hepatocytes 
for studying the metabolism of foreign chemicals 


Inhibition of hepatic cholesterol synthesis and S-3- 
hydroxy-3-methylglutaryl-CoA reductase by mono 
and bicyclic monoterpenes administered in vivo 


Biliary excretion of copper and zinc in the rat as 
influenced by diethylmaleate, selenite and diethyl- 
dithiocarbamate 

Inhibition of buttermilk xanthine oxidase by folate 
analogues and derivatives 


Diphenylhydantoin induction of intracellular - 
glucuronidase and alkaline phosphate activity in 
cultured bovine dental pulp cells 

Influence of colchicine derivatives on lysosomal 
enzyme release from polymorphonuclear leukocytes 
and intracellular levels of cAMP after phagocytosis 
of monosodium urate crystals 

Trazodone, a new nontricyclic antidepressant without 
anticholinergic activity 





1980 








STEPHEN J. Foster and 
T. KENDALL HARDEN 


SUMNER BURSTEIN, 
SHEILA A. HUNTER and 
CAROLYN SEDOR 


Preliminary Communication 


J. FRANK HENDERSON, 
GEORGE ZOMBOR and 
MILAN MIKO 


Announcement 


Research Papers 


MICHAEL N. BERRY, 
DesraA C. FANNING, 
ANTHONY R. GRIVELL and 
PATRICIA G. WALLACE 


W. PARZEFALL, J. MUNSTER 
and R. SCHULTE-HERMANN 


ABDUL-SALAM ABDUL-GHANI, 
JOAQUIM COUTINHO-NETTO and 
HENRY F. BRADFORD 


YASUSHI YAMAZOE, KENJI ISHII, 
NAOKO YAMAGUCHI, 

TETSUYA KAMATAKI and 
RyYvuIcHI KaTo 


MARSHALL B. WALLER and 
JupDITH A. RICHTER 


YOSHIMASA UEHARA, 
Joyce M. FIsHER and 
Marco RABINOVITZ 


DanicL H. RIcH and Eric T. O. SUN 


RICHARD A. CARCHMAN, 
JOHN C. SHEN, SUNA BILGIN and 
RONALD P. RUBIN 


DOMINIQUE PESSAYRE, 
JOAO-CARLOS WANDSCHEER, 
BARTON COBERT, REGINE LEVEL, 


AUGUST - continued 


2151 


2153 


2155 


2159 


Dexamethasone increases B-adrenoceptor density in 
human astrocytoma cells 


Further studies on the inhibition of Leydig cell 
testosterone production by cannabinoids 


Adenosine triphosphate catabolism in Ehrlich 
ascites tumor cells treated with dactylarin 


International Dopamine Symposium 


15 AUGUST 


2161 


2169 


2179 


2183 


2189 


2199 


2205 


2213 


2219 


CLaupDE DeGcotT, ANNE MARIE BATT, 


NICOLE MARTIN and 

JEAN PIERRE BENHAMOU 
CHRISTOPHER J. FOWLER and 
Lars ORELAND 


Masao NAKAHARA 


2225 


2235 





Ethanol oxidation by isolated hepatocytes from fed 
and starved rats and from rats exposed to ethanol, 
phenobarbitone or 3-amino-triazole. No evidence for 
a physiological role of a microsomal ethanol oxi- 
dation system 


A comparative study on the effects of a-hexachloro- 
cyclohexane and its metabolite §-pentachloro- 
cyclohexene on growth and monooxygenase activities 
in rat liver 


In vivo release of acetylcholine evoked by brachial 
plexus stimulation and tityustoxin 


Reduction of N-hydroxy-2-acetylaminofluorene by 
liver microsomes 


Effects of pentobarbital and Ca?* on the resting and 
K*-stimulated release of several endogenous neuro- 
transmitters from rat midbrain slices 


Showdomycin and its reactive moiety, maleimide. A 
comparison in selective toxicity and mechanism of 
action in vitro 

Mechanism of inhibition of pepsin by pepstatin. 
Effect of inhibitor structure on dissociation constant 
and time-dependent inhibition 

Diverse effects of Ca?* on the prostacyclin and 
corticotropin modulation of adenosine 3’:5’-mono- 
phosphate and steroid production in normal cat 
and mouse tumor cells of the adrenal cortex 


Additive effects of inducers and fasting on acetamino- 
phen hepatotoxicity 


The nature of the substrate-selective interaction 
between rat liver mitochondrial monoamine oxidase 
and oxygen 


Kininases of human polymorphonuclear leucocytes 











GeEorRGE P. BROWMAN, 

CAROLYN GorKA, CyRUS MEHTA, 
HERBERT LAZARUS and 

HERBERT T. ABELSON 


Short Communications 


JouHN J. Cu’1H, JANE L. Wu and 
HsIEN-WEN FENG 


Tromas G. REIGLE and 
JosePH W. HUFF 


GeorcE E. Lasuc and 
Jitt M. BLUNCK 


Satu M. SoMANI, RENuU A. Bajaj, 
T. N. Catvey and T. NORMAN 


W. REUTTER and B. HASSELS 


Kazuo T. Suzuk! and 
MitTsuRU YAMAMURA 


Preliminary Communications 


DArREL HUNTING, GEORGE ZOMBOR 
and J. FRANK HENDERSON 


Tuomas U. L. BrBer and 
Terry L. MULLEN 


STEPHEN I. KANDEL, 

GLENN H. STEINBERG, 

James W. WELLS, MARIANNE KANDEL 
and ALLAN G. GORNALL 


Research Papers 


L. Binperup, E. BRAMM and 
E. ARRIGONI-MARTELLI 


PETER J. SYAPIN, 
VLADISAV STEFANOVIC, 
PauL MANDEL and Ernest P. NOBLE 


FepoR MEDZIHRADSKY, 
EpDwarp I. CuLLeNn, Hsia-Lien LIN 
and Gites G. BOLE 


DerREK GuEST, LAURENCE J. KING, 
GEORGE MARGETTs and 
DENNIS V. PARKE 


EKKEHARD SCHILLINGER and 
GUDRUN PRIOR 
ManrIE STIBOROVA, 


MIROSLAV MATRKA and 
JAN HRADEC 


AUGUST - continued 


2241 


Studies with a 2,4-diamino-5-(3’-4’-dichlorophenyl)- 
6-methylpyrimidine(DDMP)-resistant L1210 leukemia 
cell line without cross-resistance to methotrexate 


Inhibition of poly(A)*- and poly(A)--ribonucleic 
acid synthesis by a nonlethal dose of aflatoxin B, in 
vivo 
Single-dose tolerance to the effects of morphine on 
brain 3-methoxy-4-hydroxyphenylethylene glycol sul- 
fate 


Inhibition of chemical carcinogenesis: early increase 
in tissue uptake and macromolecular binding of 
[*H]-labelled metabolites of the hepatocarcinogen 
3’-methyl-4-dimethylaminoazobenzene in rat liver 
in vivo in the presence of the tumour inhibitor 
chloramphenicol 


Effect of phenobarbitone on the elimination of 
neostigmine and its metabolites in bile 


Protective effect of (+-)cyanidanol-3 on the inhibition 
of protein synthesis and secretion after galactosamine 
injection 

Induction of hepatic zinc-thionein in rat by endotoxin 


Inhibition of inosinate dehydrogenase by 6-azauridine 


Effect of Li and of other ions on Na transport in 


. epithelial cells of frog skin 


Separate binding sites for histaminic drugs in rat 
cerebral cortex 


1 SEPTEMBER 


2273 


2279 


2285 


2291 


2297 


2301 


Effect of p-penicillamine in vitro and in vivo on 
macrophage phagocytosis 


Stimulation of rat C6 glioma ecto-5’-nucleotidase 
by chronic ethanol treatment 


Drug-sensitive ecto-ATPase in human leukocytes 


The dose-dependent toxic effects of phenformin in 
the rat 


Prostaglandin I, receptors in a particulate fraction of 
platelets of various species 

Carcinogenic azo dyes modify the acceptance of 
transfer ribonucleic acid for some amino acids 








Wua BIN Im, DONALD W. Miscu, 
Don W. PowELL and 
RosBert G. FAusT 


STANLEY WATKINS, 
JEFFREY BARON and 
THOMAS R. TEPHLY 


SALVATORE PASSARELLA, 
Pao.o Riccio, ERSILIA MARRA 
and ERNESTO QUAGLIARIELLO 


WILLIAM T. BECK 


TAKASHI DAN and 
MUNEKAZU GEMBA 


DIANE J. BENFORD and 
JAMES W. BRIDGES 


STEPHEN GENE SULLIVAN and 
ARNOLD STERN 


MAQBOOL AHMED, JAMES S. BURTON, 
JONATHAN HADGRAFT and 

IAN W. KELLAWAY 

Ex-Nasir M. A. LALANI, 

Puitip J. WEATHERILL, 

Sue M. E. KeNNeDy and 

BRIAN BURCHELL 


Howarp D. Co.sy, 
MaArSHA L. MARQUESS, 
PeGccy B. JOHNSON and 
MARLENE R. PopPE 

Leo P. A. DE JONG and 
Gre Z. WOLRING 


Rosert J. SmMitH and 
Susan S. IDEN 


Short Communication 


RANDOLPH L. BERENS, 
J. JOSEPH MARR, DONALD J. NELSON 
and STEPHEN W. LAFOoNn 


Commentary 
GeorGE B. FRANK 


Research Papers 


Kazuo T. SuZuKI and 
MiITsuRU YAMAMURA 


SEPTEMBER - continued 


2307 


2319 


2325 


2333 


2339 


2345 


2351 


2361 


2367 


2373 


2379 


2389 


2397 


Phenolphthalein- and harmaline-induced disturbances 
in the transport functions of isolated brush border 
and basolateral membrane vesicles from rat jejunum 
and kidney cortex 


Identification of cobalt protoporphyrin IX formation 
in vivo following cobalt administration to rats 


Effect of amytal on the permeability of the mito- 
chondrial membrane in rat liver mitochondria 


Increase by vinblastine of oxidized glutathione in 
cultured mammalian cells 


Effects of diuretics on calcium uptake and release in 
renal microsomes 


Characterization of the activation of hepatic micro- 
somal hydroxylation by betamethasone and a- 
naphthoflavone 


Interdependence of hemoglobin, catalase and the 
hexose monophosphate shunt in red blood cells 
exposed to oxidative agents 


Partitioning and efflux of phenothiazines from 
liposomes 


The inherited deficiency of hepatic UDP-glucuronyl- 
transferase: structure—activity relationships of in ritro 
stimulators 


Effects of steroid hormones in vitro on adrenal 
xenobiotic metabolism in the guinea pig 


Reactivation of acetylcholinesterase inhibited by 
1,2,2’-trimethylpropyl methylphosphonofluoridate 
(soman) with HI-6 and related oximes 


Pharmacological modulation of chemotactic factor- 
elicited release of granule-associated enzymes from 
human neutrophils. Effects of prostaglandins, non- 
steroid anti-inflammatory agents and corticosteroids 


Antileishmanial effect of allopurinol and allopurinol 
ribonucleoside on intracellular forms of Leishmania 


donovani 


15 SEPTEMBER 


2399 


2407 





The current view of the source of trigger calcium in 
excitation-contraction coupling in vertebrate skeletal 
muscle 


Changes of metal contents and isometallothionein 
levels in rat tissues after cadmium loading 








SEPTEMBER - continued 


FREDERICK BATZOLD, 


RosBert DEHAVEN, MICHAEL J. KUHAR 


and NIGEL BIRDSALL 


NATALIE M. THANASSI, 

RosBertT J. ROKOWSKI, JAMES SHEEHY, 
BetH HART, MARLENE ABSHER and 
KENNETH R. CUTRONEO 


JERRY R. Sm!TH, IRVING W. WATERS 
and LAWRENCE W. MASTEN 


TERENCE C. BARTHOLOMEW, 
GILLIAN M. POWELL, 
KENNETH S. DODGSON and 
CHRISTOPHER G. CURTIS 


STEVEN W. LESLIE, 
MITCHELL B. FRIEDMAN and 
RONALD R. COLEMAN 


Davip L. NELSON, ALAIN HERBET, 
ALAIN ENJALBERT, JOEL BOCKAERT 
and MICHEL HAMON 


Davip L. NELSON, ALAIN HERBET, 
JOELLE ADRIEN, JOEL BOCKAERT 
and MicHEL HAMON 


G. RIBEREAU-GAYON, 
M. G. PALFREYMAN, M. ZRAIKA, 
J. WAGNER and M. J. JUNG 


JEAN DANNER and 
HAROLD RESNICK 


Kone! UmMezu, GONZALO Bustos 
and Rosert H. RoTH 


CAROL M. SCHILLER 


TIMOTHY ROGLER-BROWN and 
RosertT E. Parks, Jr. 


ManrILYN R. Past and 
Davip E. Cook 


LEON Moore 


Short Communications 


M. A. EL-Toukny, S. A. EBIED, 
S. M. E_-ZoGuBy, H. ABp-RABBO, 
N. Hamoupa and Y. A. EL-GOHARY 


JACEK PAZDUR, 
KRZYSZTOF KRZYSTYNIAK and 
Maria Kopeé 


2413 


2417 


Inhibition of high affinity choline uptake. Structure 
activity studies 


Non-selective decrease of collagen synthesis by cul- 
tured fetal lung fibroblasts after non-lethal doses of 
ethanol 


Effect of the catecholamine-depleting agent 1-phenyl- 
3-(2-thiazolyi)-2-thiourea(U-14,624) on drug metab- 
olism in the rat 


Oxidation of sodium sulphide by rat liver, lungs and 
kidney 


Effects of chlordiazepoxide on depolarization-induced 
calcium influx into synaptosomes 


Serotonin-sensitive adenylate cyclase and [*H]sero- 
tonin binding sites in the CNS of the rat—I. Kinetic 
parameters and pharmacological properties 


Serotonin-sensitive adenylate cyclase and [*H] sero- 
tonin binding sites in the CNS of the rat—II. Re- 
spective regional and subcellular distributions and 
ontogenetic developments 


Irreversible inhibition of aromatic-L-amino acid 
decarboxylase by a-difluoromethyl-DOPA and metab- 
olism of the inhibitor 


Use of the fluorescent probe 1-anilino-8-naphthalene 
sulfonate to monitor the interactions of chlorophenols 
with phospholipid membranes (liposomes) 


Regional inhibitory effect of ethanol on monoamine 
synthesis regulation within the brain 


In vitro effects of substituted toluenes on mitochondria 
isolated from rat liver 


Tight binding inhibitors—VIII. Studies of the inter- 
actions of 2’-deoxycoformycin and transport inhibitors 
with the erythrocytic nucleoside transport system 


Absence of cytosol effects on the rates of microsomal 
drug metabolism in alloxan and streptozotocin dia- 
betic rats 


Inhibition of liver-microsome calcium pump by 
in vivo administration of CCl,, CHCl; and 1,1-di- 
chloroethylene (vinylidene chloride) 


Effect of oxamniquine therapy on kynurenine metab- 
olism in liver homogenates of normal and S. mansoni 
infected mice 


Effects of dipyridamole on human blood lymphocytes 








KeltH H. ByINGTON, 
CHRISTOPHER C. Bowe and 
Davip S. MCKINSEY 


Gy6rci NEMECZ and TIBOR FARKAS 


Louise L. Hsu, Ropert C. Smit, 
CAROLYN ROLSTEN and 
DODDAMANE E. LEELAVATHI 


P. JAYARAMAN, P. R. MAHADEVAN, 
M. MEsTER and L. MESTER 


Preliminary Communications 


KalILasH C. AGARWAL and 
RosertT E. Parks, Jr. 


J. FRANK HENDERSON and 
GEORGE ZOMBOR 


Commentary 


JAMES T. STULL, 
DONALD K. BLUMENTHAL and 
ROGER COOKE 


Research Papers 


HamisH P. HUMPHRAY, 
JAMES E. Coote and IAN F. SKIDMORE 


KENNETH F. ILETT, 
CHARLES F. GEORGE and 
DONALD S. DAVIES 


GEORGETTA VOSMER, 
Epwarp M. DEMET and 
ANGELOS E. HALARIS 


PHILIP J. TOFILON, 


RoBERT P. CLEMENT and 
WALTER N. PIPER 


GaRTH Powis and PeGccy L. APPEL 


HirROKO NAKAE, KANJI TAKADA, 
SHOzO ASADA and SHOZO MURANISHI 


PeTeR J. BARBER and 
BEVERLEY J. WILSON 


ZAHID H. SippiK, ROGER Drew and 
THEODORE E. GRAM 


SEPTEMBER - continued 


2518 


Biliary excretion of melphalan by control and anuric 
rats 


2521 Stimulation of phosphatidylcholine breakdown by 
isoproterenol in rat liver plasma membranes 
2524 Effects of acute and chronic phencyclidine on neuro- 
transmitter enzymes in rat brain 
2526 Inhibition of the incorporation of [>HJDOPA in 
Mycobacterium leprue by desoxyfructo-serotonin 
2529 5’-Methylthioadenosine and 2’,5’-dideoxyadenosine 
blockade of the inhibitory effects of adenosine on 
ADP-induced platelet aggregation by different mech- 
anisms 
2533 Effects of misonidazole on purine metabolism in 
Ehrlich ascites tumor cells in vitro 
1 OCTOBER 
2537 Regulation of contraction by myosin phosphoryla- 
tion. A comparison between smooth and skeletal 
muscles 
2545 Stimulation of the secretion of plasminogen activator 


2551 


2557 


2563 


2567 


2573 


2577 


2583 





from activated murine macrophages by microtubule 
disrupting agents and deuterium oxide 


The effect of monoamine oxidase inhibitors on 
‘first-pass’ metabolism of tyramine in dog intestine 


Action of the antidepressant pridefine (AHR-1118) 
on biogenic amines in the rat brain 


Inhibition of the biosynthesis of rat testicular heme 
by 1,2-dibromo-3-chloropropane 


Relationship of the single-electron reduction potential 
of quinones to their reduction by flavoproteins 


Transport rates of hepatic uptake and biliary ex- 
cretion of an organic cation, acetyl procainamide 
ethobromide 


Microsomal conversion of SKF 525-A and SKF 
8742-A 


Metabolism ‘and biliary excretion of sulfobromo- 
phthalein in vitamin A deficiency 











OCTOBER - continued 


ARVIND K. CHATURVEDI and 
B. V. RAMA SASTRY 


Garry K. Brown, JOHN F. POWELL 
and IAN W. CRAIG 


Samir ABOU-KHALIL, 
Wara H. Apsou-KHALIL and 
ADEL A. YUNIS 


TILMANN NEUDECKER, 
Dieter Lutz, ERwWIN EDER 
and DietTrRICH HENSCHLER 


Davip BREWSTER and 
MICHAEL J. RANCE 


PuitipPpe A. HALBAN, 
CLAEs B. WOLLHEIM, 
BENIGNA BLONDEL and 
ALBERT E. RENOLD 


MASAHIKO HIRAFUJI, SUSUMU SATOH 
and YASUMI OGURA 


CHARLES T. GOMBAR, 
WILLIAM P. TonG and 
Davip B. LUDLUM 


CRISTOBAL L. MIRANDA, 
Peter R. CHEEKE and 
DONALD R. BUHLER 


MICHAEL A. SINGER 


A. VALETTE, J. M. REME, 
G. PONTONNIER and J. Cros 


Osamu SuZUKI, MASAKAZU Oya and 
YOSHINAO KATSUMATA 


ENRIQUE ESQUERRO, 
ANTONIO G. GARCIA, 
MAGDALENA HERANDEZ, 
SADASHIV M. KIRPEKAR and 
JOHN C. PRAT 


TUULA HEINONEN and Harri VAINIO 


Short Communications 


TATsuO NAKAHARA, MIKIE KOJIMA, 
HIDEYUKI UCHIMURA, 

MAKOTO HirANO, JANG Soo Kim 
and TAKASHI MATSUMOTO 


2589 


Adenosine 5’-triphosphate-citrate lyase activity in 
mammalian spermatozoa. A new radiometric method 
and characterization of the enzyme in spermatozoa 


Molecular weight differences between human platelet 
and placental monoamine oxidase 
and its 


Differential effects of chloramphenicol 


nitrosoanalogue on protein synthesis and oxidative 
phosphorylation in rat liver mitochondria 


Structure-activity relationship in halogen and alkyl 
substituted allyl and allylic compounds: correlation 
of alkylating and mutagenic properties 


An analogue of thyrotropin releasing hormone with 
improved biological stability both in vitro and in 
vivo 


Long-term exposure of isolated pancreatic islets to 
mannoheptulose: evidence for insulin degradation 
in the B cell 


Sex differences in stimulatory actions of cofactors on 
prostaglandins synthetase in microsomes from rat 
kidney medulla 


Mechanism of action of the nitrosoureas—IV. 
Reactions of bis-chloroethyl nitrosourea and chloro- 
ethyl cyclohexyl nitrosourea with deoxyribonucleic 
acid 


Effect of pyrrolizidine alkaloids from tansy ragwort 
(Senecio jacobaea) on hepatic drug-metabolizing 
enzymes in male rats 


Interaction of drugs with a model membrane pro- 
tein. Effects of four local anesthetics on cytochrome 
oxidase activity 


Specific binding for opiate-like drugs in the placenta 


Characterization of N-methylphenylethylamine and 
N-methylphenylethanolamine as substrates for type 
A and type B monoamine oxidase 


Catecholamine secretory response to calcium re- 
introduction in the perfused cat adrenal gland 
treated with ouabain 


Vinyltoluene induced changes in xenobiotic-meta- 
bolizing enzyme activities and tissue glutathione 
content in various rodent species 


Interaction of oxypertine with rat brain monoamine 
receptors 





Eric D. CLARKE, PETER WARDMAN 


and KENNETH H. GouLDING 


JEAN L. ANDRIEU, MICHEL LiévRE, 
QUADIRI TIMOUR CHAH and 
GEORGES FAUCON 


Y. CARPENTIER, J. KOUAMOUO, 
B. Desoize and J.-C. JARDILLIER 


MaADAN M. Kwatra and 
THEODORE L. SOURKES 


F. J. DARBY 


MABEL HOKIN-NEAVERSON 


Preliminary Communications 
RICHARD G. Poser, 


Francis M. SiroTNAK and 
Pau. L. CHELLO 


M. TaTEIsH!, C. KOITABASHI and 
S. ICHIHARA 


PaTRICIA M. WHITAKER and 
ALAN J. Cross 


Research Papers 


WILLIAM C. TAFT, JR., 
ATA A. ABDEL-LATIF and 
RASHID A. AKHTAR 


HIDEO OHKAWA, HIROKO OsHITA 
and JUNsH! MIYAMOTO 


A. JENEY, G. GYAPAY, K. Lapis, 
B. SZENDE, L. Bursics and 
E. Ty1tHAK 


MEINRAD PETERLIK and 
HELGA GAZDA 


BARBARA GRZELAKOWSKA-SZTABERT, 


MAEGORZATA BALINSKA, 
WANDA CHMURZYNSKA, 
MAEGORZATA MANTEUFFEL- 
CyYMBOROWSKA and 

ZorFiA M. ZIELINSKA 


RICHARD J. CENEDELLA 


OCTOBER - continued 


2684 Anaerobic reduction of nitroimidazoles by reduced 


2687 


flavin mononucleotide and by xanthine oxidase 


Effects of propranolol on the biochemical modifica- 
tions induced by a f-adrenergic drug in ischemic 
hearts 


Relationship between glycolysis and proliferation of 
L 1210 cells in vitro: effect of a new pharmacological 
effector: RA-233 

Monoamine oxidase A and B activities in liver of 
riboflavin-deficient rats 


Lack of effect of phenobarbitone administered in vivo 
on glutathione synthesis by rat liver supernatants 


Actions of chlorpromazine, haloperidol and pimo- 
zide on lipid metabolism in guinea pig brain slices 


Extracellular recovery of methotrexate-polyglu- 
tamates following efflux from L1210 leukemia cells 


New metabolites of isopropylantipyrine in the rat 


3H-Mianserin binding in calf caudate: poscible 
involvement of serotonin receptors in anti-depres- 
sant drug action 


15 OCTOBER 


2713 


2733 


2741 


{*H]quinuclidinyl benzilate binding to muscarinic 
receptors and {*H]JWB-4101 binding to alpha- 
adrenergic receptors in rabbit iris. Comparison of 
results in slices and microsomal fractions 


Comparison of inhibitory activity of various organo- 
phosphorus compounds against acetylcholinesterase 
and neurotoxic esterase of hens with respect to delayed 
neurotoxicity 


Methylation-like reaction of [*H-methyl]-N-5-tri- 
methyllysine (TML) to chromatin components 


Sodium-linked transport of ethacrynic acid by rat 
liver: possible significance for choleretic action 


Target and non-target metabolic effects of amino- 
folates and of a 5-methylquinazoline antifolate in 
mouse cells 


Concentration-dependent effects of AY-9944 and 
U18666A on sterol synthesis in brain. Variable 
sensitivities of metabolic steps 





TusHar K. Ray and 
Larry L. TAGUE 


Paut SKETT, AGNETA Mope, 
JOSEPH RAFTER, LENA SAHLIN and 
Jan-AxeE GUSTAFSSON 


JAMES C. K. LAI, 

THomas K. C. LEUNG, 

JULIAN F. Guest, Louis Lim and 
ALAN N. DAVISON 


PAUL WORKMAN 


JOAQUIM COUTINHO-NETTO, 
ABDUL-SALEM ABDUL-GHANI and 
HENRY F. BRADFORD 


ALBERT L. GREEN and 
Mayyaba A. S. Ex HAIt 


NGuYEN X. THANG, A. BorsopI 
and M. WOLLEMANN 


HANNU P6s6 and A. REETA Pésd 


KATHRYN M. IVANETICH, 
MELANIE R. ZIMAN and 
JEAN J. BRADSHAW 


Nancy M. Lee, Howarp J. FrRifDMAN 


and Horace H. Low 


ALAN C. SWANN, JAMES L. MARINI, 


MICHAEL H. SHEARD and 
James W. MAAS 


OCTOBER - continued 


Secretagogue-induced transport of H* and K* by 
in vitro amphibian gastric mucosa 


The effects of gonadectomy and hypophysectomy on 
the metabolism of imipramine and lidocaine by the 
liver of male and female rats 


The monoamine oxidase inhibitors clorgyline and 
t-deprenyl also affect the uptake of dopamine, 
noradrenaline and serotonin by rat brain synapto- 
somal preparations 


Drug interactions with misonidazole: effects of 
dexamethasone and its derivatives on the pharma- 
cokinetics and toxicity of misonidazole in mice 


Suppression of evoked and spontaneous release of 
neurotransmitters in vivo by morphine 


A new approach to the assessment of the potency of 
reversible monoamine oxidase inhibitors in vivo, and 
its application to (+)-amphetamine, p-methoxy- 
amphetamine and harmaline 


Effects of phospholipids on the binding of [*H]di- 
hydroalprenolol to the f-adrenergic receptor of 
rabbit heart membranes 


Inhibition by aliphatic alcohols of the stimulated 
activity of ornithine decarboxylase and tyrosine 
aminotransferase occurring in regenerating rat liver 


Reaction schemes for the degradation of cytochromes 
P-450 by allyl-iso-propylacetamide and fluroxene 


Effect of acute and chronic ethanol treatment on rat 
brain phospholipid turnover 


Effects of chronic dietary lithium on activity and 
regulation of (Na*,K*)-adenosine triphosphatase in 
rat brain 


Kinetic studies on the deethylation of ethoxybenza- 
mide. A comparative study with isolated hepatocytes 
and liver microsomes of rat 


JIUNN Hue! Lin, YUICHI SUGIYAMA, 
SHoyI Awazu and MANABU HANANO 


BAHJAT A. FARAJ, VERNON M. Camp, Impaired monoamine oxidase activity in dogs with 





JOSEPH ANSLEY, FAROUK M. ALI 
and EuGENE J. MALVEAUX 


Keiko Kuropa and 
MITSUTARO AKAO 


MICHAEL J. TISDALE and 
ALAN D. HABBERFIELD 


Hans JURGEN AHR, 
LAURENCE JOHN KING, 
WOLFGANG NASTAINCZYK and 
VOLKER ULLRICH 


ANITA K. Costa and 
KATHRYN M. IVANETICH 


Short Communications 


Hiroyasu KINEMUCHI 
YOSHIKO WAKUI, YUICHIRO ARAI 
and KazuyA KamMuJO 


portacaval shunt 


Reduction by fumaric acid of side effects of mito- 
mycin C 


Selective inhibition of ribonucleotide reductase by 
the monofunctional alkylating agent 5(1-aziridinyl)- 
2,4-dinitrobenzamide (CB 1954) 


The mechanism of chloroform and carbon monoxide 
formation from carbon tetrachloride by microsomal 
cytochrome P-450 


Tetrachloroethyiene metabolism by the hepatic 
microsomal cytochrome P-450 system 


Inhibition of monoamine oxidase by clorgyline and 
deprenyl in circumventricular structures of rat brain 


se 





A. Tazt, M. M. GALTEAU and 
G. Stest 


Grecory J. BARRITT 


Eva OrBAN, ANDREA MADERSPACH 
and Eva Tomor! 


Erik De CLERCQ, 
TADEUSZ KULIKOWSKI and 
Davip SHUGAR 


RICHARD A. WEISIGER, 
LAWRENCE M. PINnKus and 
WILLIAM B. JAKOBY 


Lity C. Yip, ANTONIO TEDDE and 
M. Ear BALIS 


Preliminary Communications 
James C. DONOFRIO, 

Mary Y. MazzotTta and 
CARLO M. VENEZIALE 


HS!IANG-YUN YANG Hu, 
JOHN M. Davis, 

Wituiam J. HEINZE and 
GHANSHYAM N. PANDEY 


MIcHAEL A. BEAVEN and 
Nancy B. RopERICK 


Erratum 


Research Papers 


Bruce E. DoMEYER and 
Norman E. SLADEK 


JADWIGA A. SZYMANSKA and 
JERZY K. PloTROWSKI 


Derry E. V. WILMAN 


S. M. Et-Sewepy, S. EL-MELEGy, 
S. AKHNOUKH, N. SALLAM and 
A. ABDEL-RAFAA 


A.ois CiHAK, Jikt Vesecy and 
Sixtus HyNie 


JEAN-CHARLES BLANCHARD, 
ALAIN BoIREAU, CLAUDE GARRET 
and Louis JuLou 


OCTOBER - continued 


Effect of imipramine on hepatic gamma-glutamyl- 
transferase in female rats. Interaction with contra- 
ceptives 


Effects of dibucaine on pyruvate and ketone-body 
transport in isolated rat heart mitochondria 


Triton WRe1339 induced changes in the fatty acid 
composition of serum lipids in rats 


The 5’-monophosphates of 5-propyl- and 5-ethyl-2’ 
deoxyuridine do not inhibit the replication of deoxy- 
thymidine kinase deficient (TK~) mutants of herpes 
simplex virus 


Thiol S-methyltransferase: suggested role in de- 
toxication of intestinal hydrogen sulfide 


Effects of 2’-deoxycoformycin infusion on mouse 
phosphoribosyl pyrophosphate synthetase 


The effects of hormones on liver fructose biphos- 
phatase concentration and activity: application of a 
new specific radioimmunoassay 


Effect of chronic treatment with antidepressants on 
beta-adrenergic receptor binding in guinea pig brain 


Impromidine, a potent inhibitor of histamine methyl- 
transferase (HMT) and diamine oxidase (DAO) 


1 NOVEMBER 


Metabolism of 4-hydroxycyclophosphamide/aldo- 
phosphamide in vitro 


Studies to identify the low molecular weight bismuth- 
binding proteins in rat kidney 


Separation of isomers of 4-[bis-(2-bromopropy]l)- 
amino]-2’-carboxy-2-methylazobenzene(CB 10-252) 
and investigation of its activity towards some human 
tumour xenografts 


In vitro effects of some antimonial and non-antimonial 
schistosomicidal drugs on liver B-glucuronidase 
enzyme activity 


Transformation and metabolic effects of 5-aza-2’- 
deoxycytidine in mice 


The use of thioproperazine, a phenothiazine deriva- 


tive, as a ligand for neuroleptic receptors—I. In vitro 
studies 


XXXili 





NOVEMBER - continued 


ALAIN BOIREAU, 
JEAN-CHARLES BLANCHARD, 
CLAUDE GarRreT and Louis JULOU 


DARLENE Y. GRUETTER, 
Car A. GRUETTER, 
BARBARA K. BARRY, 
WILLIAM H. Baricos, 
ALBERT L. HYMAN, 
Puitip J. KADOwITZz and 
Loutrs J. IGNARRO 


Rosert S. BRITTON and 
Yepy ISRAEL 


SAKTI P. BAGCHI, THOMAS M. SMITH 
and Preet! BAGCHI 


Evtse-MaJ SUOLINNA and 
EERO MANTYLA 


H. LULLMANN, H. PLOsCH and 
A. ZIEGLER 


P. J. VAN BLADEREN, D. D. BREIMER, 
G. M. T. ROTTEVEEL-SMUSs, 

R. A. W. DE JONG, W. Buus, 

A. VAN DER GEN and G. R. MOHN 


MIKIKO IKEDA, YOSHIO MIYAKE, 
MASANA OGATA and 
SHINJI OHMORI 


JOHN A. BANTLE, GAYLE E. EDMISTEN 
and Mary p’Arcy DOHERTY 


E. GOORMAGHTIGH, P. CHATELAIN, 
J. Caspers and J. M. RuySSCHAERT 


BRENDA E. OweN and 
PeTeR V. TABERNER 


Short Communications 
O. O. Martins and O. A. DADA 


Ezio TUBARO, BRUNO LOTTI, 
CLAUDIO SANTIANGELI and 
GIOVANNI CAVALLO 


JOHN F. REINHARD, JR., 
YOSHISUKE OZAKI, 
MICHAEL A. MoskOwITz 


C. F. A. VAN BEZOOUEN, 
Y. Sorkawa, M. Onta, M. Nokuso 
and K. KITANI 


RONALD LINDAHL 


SADASHIV M. KIRPEKAR, 
ANTONIO A. GARCIA and 
JOHN C. PRAT 


2939 


The use of thioproperazine, a phenothiazine deriva- 
tive, as a ligand for neuroleptic receptors—II. In vivo 
studies 


Activation of coronary arterial guanylate cyclase by 
nitric oxide, nitroprusside, and nitrosoguanidine— 
inhibition by calcium, lanthanum, and other cations, 
enhancement by thiols 


Effect of 6-n-propyl-2-thiouracil on the rate of ethanol 
metabolism in rats treated chronically with ethanol 


Divergent reserpine effects on amfonelic acid and 
amphetamine stimulation of synaptosomal dopamine 
formation from phenylalanine 


Glucuronide and sulphate conjugation in isolated 
liver cells from control and phenobarbital- or PCB- 
treated rats 


Ca replacement by cationic amphiphilic drugs from 
lipid monolayers 


The role of glutathione conjugation in the mutagen- 
icity of 1,2-dibromoethane 


Metabolism of trichloroethylene 


Effect of chronic ethanol and sucrose ingestion on 
liver polysomal poly(A)mRNA content and incor- 
poration of [5-*H]uridine into MRNA 


Evidence of a complex between adriamycin deriva- 
tives and cardiolipin: possible role in cardiotoxicity 


Studies on the hypnotic effects of chloral hydrate and 
ethanol and their metabolism in vivo and in vitro 


In vitro inhibition of the absorption of oestradiol-17B 
in rat intestine by acetylsalicylic acid 


Xanthine oxidase: an enzyme playing a role in the 
killing mechanism of polymorphonuclear leucocytes 


A specific and sensitive microassay for hydroxyin- 
doles in biological material—application for cerebral 
microvessels, brain, and pineal organ of the rat 


Metabolism of digitoxin by isolated rat hepatocytes 


Differentiation of normal and inducible rat liver 
aldehyde dehydrogenases by disulfiram inhibition in 
vitro 

Calcium and frequency-dependent release of nor- 
epinephrine 





NOVEMBER - continued 


Peter H. JELLINCK and 
ANNE-MARIE NEWCOMBE 


Francis P. HuGerR and 
Barry I. Go_p 


Preliminary Communications 
BERNHARD BOSTERLING, 

JAMES R, TRUDELL, KEELUNG HONG 
and ELuts N. CoHEN 


J. BERNARD L. GEE, 
CYNTHIA A. STEVENS and 
Lois M. HINMAN 


Erratum 


Commentary 

BrIiAN A. MCMILLEN, 
DwiGuT C. GERMAN and 
PARKHURST A. SHORE 


Research Papers 

JAN G. R. ELFERINK, 
Etse J. J. ALSBACH and 
JeELLE C. RIEMERSMA 


Tomas EKsTROM and 
JOHAN HOGBERG 


STEPHAN URWYLER and 
JEAN-PIERRE VON WARTBURG 
OLAVI PELKONEN and 


JUHANI PUURUNEN 


DAN-KARL SCHUSTER, 
RUDOLPH K. ZAHN, 


Hans STERNBACH, MirosLav J. Gasic, 


RUDOLPH BEYER and 
WERNER E. G. MULLER 


BASHEER ALI, SWARAJ KAUR, 
A. Kumar and K. P. BHARGAVA 


KAZUHIKO IWATSUKI 


Pau C. Rumssy and 
Davip M. SHEPHERD 


3031 


3034 


Induction of uterine peroxidase by hexestrol ana- 
logues 


Tetrodotoxin inhibition in vitro of protoveratrine 
A-activated glutamate decarboxylase in synapto- 
somes 


Formation of free radical intermediates during 
nitrous oxide metabolism by human intestinal con- 
tents 


Inhibition by rifampin of elastase and lysozyme 
secretion in mouse peritoneal macrophages 


15 NOVEMBER 


Functional and pharmacological significance of 
brain dopamine and norepinephrine storage pools 


The interaction of fluoride with rabbit polymorpho- 
nuclear leukocytes: induction of exocytosis and 
cytolysis 


Chloroform-induced glutathione depletion and 
toxicity in freshly isolated hepatocytes 


Studies on the subcellular localization of monoamine 
oxidase types A and B and its importance for the 
deamination of dopamine in the rat brain 


The effect of cimetidine on in vitro and in viro 
microsomal drug metabolism in the rat 


Arabinosyl nucleosides—XXXIII. Metabolism of 
9-B-p-arabinofuranosyladenine in yeast cells 


Comparative evaluation of stimulatory effects of 
oral tobacco and nicotine consumption on hepatic 
microsomal N-demethylations 


Effect of propranolol on prolyl hydroxylase activity 
in blood vessels of rats 


The effect of drugs on vitamin B, function in the rat 





NOVEMBER - continued 


Short Communications 
Per ERIK LILLEVOLD 


CHRISTIAN AUCLAIR, 
HuGuETTE GAUTERO and 
PIERRE BOIVIN 


JAN Hom, STEEN INGEMANN HANSEN 
and JORGEN LYNGBYE 


C. GERSTENECKER and H. Sies 


Preliminary Communications 
Gary E. SANDER, 

PATRICK E. LORENZ and 
PRITAM S. VERMA 


JEROME A. ROTH 


Research Papers 


RusseLL M. HAGAN, 
MICHAEL J. RAXWORTHY and 
Peter A. GULLIVER 


ANDREW G. SMITH, JEAN E. FRANCIS 
and FRANCESCO De MATTEIS 


MICHAEL J. FINNEN and 
KENNETH A. HASSALL 


MICHAEL J. FINNEN and 
KENNETH A. HASSALL 


JOHN R. BALDWIN, 
DONALD T. WITIAK and 
DENNIS R. FELLER 


ANNE R, LUCHINS and 
MAYNARD H. MAKMAN 


EUNYONG CHUNG HWANG and 
MELVIN H. VAN WOERT 


JACK Y. VANDERHOEK, 
AMAR N. MAKHEJA and 
J. MARTYN BAILEY 


Effect of cadmium acetate on the uptake and degrada- 
tion of formaldehyde-treated '?*I-labeled human 
serum albumin in rat liver non-parenchymal cells 
in vitro 


Effects of salicylate-copper complex on the metabolic 
activation in phagocytizing granulocytes 


An impurity, N'°-methylfolate, associated with 
methotrexate inhibits folate binding in milk and 
serum 


Restriction of hexobarbital metabolism by f-butyl 
hydroperoxide in perfused rat liver 


Inhibition of the partially purified canine lung 
angiotensin I converting enzyme by opioid peptides 


Presence of membrane-bound catechol-o-methyl- 
transferase in human brain 


Benserazide and carbidopa as substrates of catechol- 
O-methyltransferase: new mechanism of action in 
Parkinson’s disease 


Lobes of rat liver respond at different rates to 
challenge by dietary hexachlorobenzene 


Testicular neonatal imprinting of sex dependent 
differences in hepatic foreign compound metabolism 
in the rat 


A possible primary role for the pituitary in the control 
of sex dependent differences in hepatic foreign com- 
pound metabolism in the rat 


Disposition of clofibrate in the rat. Acute and 
chronic administration 


Presence of histamine and serotonin receptors associ- 
ated with adenylate cyclase in cultured calf-aorta 
smooth muscle cells. Pharmacological characteriza- 
tion of the histamine response 


Comparative effects of various serotonin releasing 
agents in mice 


Inhibition of fatty acid oxygenases by onion and 
garlic oils. Evidence for the mechanism by which 
these oils inhibit platelet aggregation 





DECEMBER - continued 


ESTEBAN MEzEy, JAMES J. POTTER, 
S. MITCHELL HARMON and 
PaNAyYIoTis D. TstrouRAS 


SANFORD S. SINGER, 
ALI MOSHTAGHIE, ARTHUR LEE 
and THOMAS KUTZER 


VivieN M. MASTERS, 
JONATHAN WEBSTER and 
Georrrey M. W. Cook 


Short Communications 
ZOLTAN Kiss 


BRIAN BURCHELL and 
KARL WALTER BOCK 


Kozo IsHIDATE, JOHN C. DRACH, 
JOsePH E. SINSHEIMER and 
JosEPH H. BURCKHALTER 


KENJI NAKAYAMA, MINORU YAMADA 
and Cuisato HIRAYAMA 


Mies D. HousLay 


ALAN J. Paine and 
Lestey J. HOCKIN 


Research Papers 


ERLAND ERDMANN, GUNTHER PHILIPP 
and Hasso SCHOLZ 


P. Lesca, P. LECOINTE, D. PELAPRAT, 
C. PAOLeTT1 and D. MANSUY 
Wal-MING Tom and 


MARK R. MONTGOMERY 


Larry S. GONTOVNICK and 
GalL D. BELLWARD 


IAN N. H. WHITE 


3175 


Effects of castration and testosterone administration 
on rat liver alcohol dehydrogenase activity 


Enzymatic sulfation of steroids—X. Pharmacological 
progesterone effects on rat liver glucocorticoid 
sulfotransferases and brief study of short-term effects 
of hormonal steroids on the enzymes 


Action of immobilized neuraminidase on the accumu- 
lation of 5-hydroxytryptamine by human platelets 


Stimulatory effect of ATP on the activity of adenylate 
cyclase 


Abolition of the apparent deficiency of 2-amino- 
phenol glucuronidation in perfused Gunn rat liver by 
pentan-3-one 


Inhibition of hepatic lipid biosynthesis by 1-(3-chloro- 
phenyl)-1-methyl-2-phenyl-2-(2-pyridine)ethanol, a 
hypocholesterolemic agent 


The effect of ethanol on glycyl-prolyl dipeptidyl- 
aminopeptidase activity in the rat pancreas and liver 


Lipid substitution of mitochondrial monoamine 
oxidase can lead to the abolition of clorgyline 
selective inhibition without alteration in the A/B 
ratio assessed by substrate utilisation 


Nutrient imbalance causes the loss of cytochrome 
P-450 in liver cell culture: formulation of culture 
media which maintain cytochrome P-450 at in vivo 
concentrations 


15 DECEMBER 


Cardiac glycoside receptor, (Nat+K*)-ATPase 
activity and force of contraction in rat heart 


Structure-activity relationships in the inhibitory 
effects of ellipticines on benzo(a)pyrene hydroxylase 
activity and 3-methylcholanthrene mutagenicity 


Bleomycin toxicity. Alterations in oxidative meta- 
bolism in lung and liver microsomal fractions 


Sex and age dependence of the “‘selective” induction 
of rat hepatic microsomal epoxide hydratase follow- 
ing trans-stilbene oxide, J/-a-acetylmethadol, or 
phenobarbital treatment 


Structure-activity relationships in the destruction of 
cytochrome P-450 mediated by certain ethynyl- 
substituted compounds in rats 





DECEMBER - continued 


MICHAEL J. MURPHY, 
DesoraH A. DUNBAR and 
LAURENCE S. KAMINSKY 


I. AHNFELT-RONNE and 
E. ARRIGONI-MARTELLI 


Lance R. POHL, JACKIE L. MARTIN 
and JOHN W. GEORGE 


SHOSUKE ITO, Rout TERADAIRA and 
KEISUKE FUJITA 


RONALD L. Kocn, 
BERNARD B. BEAULIEU, JR. and 
PETER GOLDMAN 


SANTHANAM SWAMINATHAN, 
GERALD M. Lower, Jr. and 
GeorGE T. BRYAN 


Francis M. SIROTNAK, 


Pau L. CHELLO, DONNA M. Moccio, 
James R. PIPER, JOHN A. MONTGOMERY 


and JAMEs C. PARHAM 


PATRICK WAGNER and 
Rocer A. Lewis 


WiLMA K. MECKSTROTH, 
LEON M. DorFMAN and 
RICHARD E. HEIKKILA 


FRANCES J. SHAROM and 
ALAN MELLORS 


M. R. CHALLINER, B. K. PARK, 
J. Opum, T. C. ORTON and 
G. L. PARKER 


Short Communications 


ANASTASIOS PAPAPHILIS and 
GEORGE DELICONSTANTINOS 


Ray W. FuLLer and Cart KAISER 


J. ADOLFo Garcia-SAINz, 
AILA K. HASLER and JOHN N. FAIn 


Pau. L. MCCORMACK and 
Davip G. PALMER 


Preliminary Communications 
KATHLEEN M. GIACOMINI, 
JOHN C. GIACOMINI and 
TERRENCE F. BLASCHKE 


3257 


3265 


3271 


3277 


3281 


3293 


3330 


3333 


Role of hepatic microsomal cytochrome P-450 in 
the toxicity of fluorinated ether anesthetics 


A new antiinflammatory compound, timegadine (N- 
cyclohexyl-N*-4-[2-methylquinolyl]-N’-2-thiazolylgu- 
anidine), which inhibits both prostaglandin and 12- 
hydroxyeicosatetraenoic acid (12-HETE) formation 


Mechanism of metabolic activation of chloroform by 
rat liver microsomes 


Distribution and metabolism of tritium-labelled 5-S- 
cysteinyldopa in mice 


Role of the intestinal flora in the metabolism of 
misonidazole 


Reductive metabolism of the carcinogen 4-(5-nitro-2- 
furyl)thiazole to 1-(4-thiazolyl)-3-cyano-1-propanone 
by rat liver subcellular fractions 


Analog specific aberrancies in antifolate inhibition 
of L1210 cell dihydrofolate reductase 


Interaction between activated nordihydroguaiaretic 
acid and deoxyribonucleic acid 


Reactivity of the hydroxyl radical with amygdalin in 
aqueous solution 


Effects of polychlorinated biphenyls on biological 
membranes. Physical toxicity and molar volume re- 
lationships 


The effects of phenobarbitone on urinary 6£8-hy- 
droxycortisol excretion and hepatic enzyme activity 
in the marmoset monkey (Callithrix jacchus) 


Modulation of serotonergic receptors by exogenous 
cholesterol in the dog synaptosomal plasma mem- 
brane 


Effect of 2-(p-chlorophenyl)cyclopropylamine on 5- 
hydroxyindole concentration and monoamine oxi- 
dase activity in rat brain 


Alpha,-adrenergic activation of phosphatidylinositol 
labeling in isolated brown fat cells 


Sulphydryl dependence of the inhibition of mitogen- 
induced human lymphocyte proliferation by sodium 
aurothiomalate 


Absence of effect of heparin on the binding of prazo- 
sin and phenytoin to plasma proteins 





DECEMBER - continued 


BRIGITTE ILIEN, HUGO GorissEeN and 3341 Solubilization of serotonin receptors from rat frontal 
PIERRE LADURON cortex 


Announcements 3345 





Aaseth, J., 2129 

Abdel-Latif, A.A., 2713 

Abdel-Rafaa, A., 2925 

Abdel-Tawab, G.A., 429 

Abd-Rabbo, H., 2513 

Abdul-Ghani, A-S., 2179, 2777 

Abelson, H.T., 648, 2241 

Abood, L.G., 1361 

Abou-Khalil, S., 2605 

Abou-Khalil, W.H., 2605 

Abraham, R.T., 2073 

Absher, M., 2417 

Adams, S.M., 727 

Adrien, J., 2455 

Agarwal, K.C., 1799, 2529 

Agarwal, R.P., 187 

Aggerbeck, M., 643, 1653 

Ahnfelt-Rgnne, I., 3265 

Ahmed, M., 2361 

Ahokas, J.T., 1155 

Ahr, H.J., 2855 

Akagi, M., 741 

Akao, M., 2839 

Akhnoukh, S., 2925 

Akhtar, R.A., 2713 

Albersmeyer, K., 405 

Albin, D., 1271 

Aldridge, A., 1909 

Alexander, J., 2129 

Ali, B., 3087 

Ali, F.M., 2831 

Alsat, E., 1123 

Alsbach, E.J.J., 3051 

Allaudeen, H.S., 1149 

Allen, D.O., 617, 1681 

Alvin, J.D., 2073 

Amitai, G., 483 

Amzel, V., 658 

Anandaraj, S.J., 227 

Anders, M.W., 1113 

Anderson, L.M., 1375 

Anderson, R.A. Jr., 1409 

Andersson, A., 1729 

Andersson, B., 1741 

Ando, M., 1015 

Andrieu, J.L., 2687 

Angel, M., 1375 

Anjaneyulu, K., 1879 

Anjaneyulu, R., 1879 

Ankel, E., 1833 

Ansley, J., 2831 

Appel, P.L., 2567 

Arai, ¥., 2871 

Arabian, A., 441 

Arena, C., 646 

Arrigoni-Martelli, E., 2273, 
3265 

Aronstam, R.S., 1311 

Asada, S., 2573 

Asano, M., 2071 


AUTHOR INDEX 


Auclair, C., 3105 
Autissier, N., 1612 

Awazu, S., 1291, 2063, 2825 
Axelrod, J., 83 


Babson, J.R., 652 

Bach, D., 849 

Bachmann, K., 1598 
Bachur, N.R., 1503 
Bagchi, P., 2957 
Bagchi, S.P., 2957 
Baici, A., 1723 

Bailey, J.M., 3169 
Bajaj, R.A., 2256 
Baker, G., 2039 

Bakhle, Y.S., 489 
Balderman, D., 483 
Baldwin, J.R., 3143 
Balinska, M., 2741 
Balis, M.E., 2888 
Ballow, C., 697 
Balzarini, J., 1849 
Bantle, J.A., 2993 
Barber, P.J., 2577 
Baricos, W.H., 2943 
Barker, S.A., 1049 
Barnwell, S.L., 475 
Bareis, D.L., 1595 
Baron, J., 845, 2319 
Barritt, G.J., 2877 
Barry, B.K., 2943 

Bast, A., 747 

Barth, H., 1399 
Bartholomew, T.C., 2431 
Bantle, J.A., 2993 
Batt, A.M., 2219 
Batzold, F., 2413 
Bavrain, R., 1687 
Bayer, B.M., 311, 2055 
Beadle-Biber, M.G., 669 
Beamish, R.E., 559 
Beaulieu, B.B.Jr., 3281 
Beaven, M.A., 311, 2055, 2897, 
Beck, 0O., 693 

Beck, W.T., 2333 

Behar, L., 335 

Beil, W., 1201 

Belch, A., 1209 

Bell, G.D., 2125 
Bellward, G.D., 3245 
Belfroid, R.D.M., 857 
Belinsky, S.A., 697 
Beltz, W.R., 648 
Belvedere, G., 1693 
Bender, D.A., 707, 2099 
Benford, D.J., 2345 
Benhamou, J-P., 1041, 2219 
Ben-Harari, R.R., 489 
Benedetti, A., 121 
Benishin, C.G., 1949 


xl 


Bentley, P., 1109 
Berens, R.L., 2397 
Berg, T., 917 
Berkoff, H.A., 1455 
Berman, M.C., 27, 375 
Bernstein, J., 1915 
Berry, M.N., 2161 
Bertino, J.R., 723 
Beyer, R., 3081 
Beyler, S.A., 1409 
Bezooijen, C.F.A. van, 3023 
Bhargava, K.P., 3087 
Bhayana, V., 629 
Bidlack, W.R., 1605 
Biegon, A., 460, 1755 
Biber, T.U.L., 2265 
Bilgin, S., 2213 
Binder, R.L., 949 
Binderup, L., 2273 
Birdsall, N., 2413 
Blanderen, J.P. van, 2975 
Blanchard, J-C., 2933 
Blaschke, T.F., 3337 
Blondel, B., 2625 
Blumenthal, D.K., 2537 
Blunck, J.M., 2252 
Boadle-Biber, M.C., 669 
Boccio, G. Del, 1677 
Bock, K.W., 495, 3204 
Bockaert, J., 1331, 2445, 2455 
Bodaness, R.S., 1337 
Boden, J.A., 1081 
Boel, A., 571 
Boivin, P., 3105 
Boireau, A., 2933 
Bolanowska, W., 1167 
Bole, G.G., 2285 
Bolt, H.M., 449 
Boni, A., 1723 
Bor, P., 1385 
Borg, S., 693 
Borsodi, A., 2791 
Bésterling, B., 3039 
Bossche, H.van den, 1981 
Bowe, C.C., 2518 
Bowman, L., 565 
Bradford, H.F., 2179, 2777 
Bradshaw, J.J., 2805 
Bramm, E., 2273 
Brandenburger Brown, E.A., 465 
Branfman, A.R., 2001 
Brandt, E., 1927 
Braunlich, H., 983 
Breckenridge, A.M., 1601, 
1971 
Breimer, D.D., 2975 
Brentzel, H.J., 1421 
Brewster, D., 2619 
Bridges, J.W., 577, 2345 
Briggs, R.G., 717 





Britton, R.S., 2951 
Brown, E.A.B., 465 
Brodie, A.E., 652 
Brown, G.K., 2595 
Browman, G.P., 2241 
Bruderlein, H., 1915 
Bryan, G.T., 3285 
Buckley, F.E., 462 
Buhler, D.R., 2645 
Buhr, S.L., 405 
Buijs, W., 2975 
Buntinx, A., 571 
Burch, T., 1217 
Burchell, B., 2367, 3204 
Burckhalter, J.H., 3207 
Burk, R.F., 39 

Burke, T.R. Jr., 1623 
Burnett, K.G., 125 
Bursics, L., 2729 
Burstein, S., 2153 
Burton, J.S., 2361 
Bustos, G., 2477 
Butler, I.J., 70Ol 
Byard, J.L., 2117 
Bymaster, F.P., 935 
Byington, K.H., 2518 


Cain, J.C., 69 
Cain, K., 1852 
Caldwell, J., 1325 


Callingham, B.A., 1097, 1177, 


1185 
Calvey, T.N., 2256 
Cammer, W., 1531 
Camp, V.M., 2831 
Campanile, C.P., 927 
Capel, I.D., 1737 
Carchman, R.A., 2213 
Carpentier, N.K., 727 
Carpentier, Y., 2690 
Carr, F.P.A., 1103 
Carro-Ciampi, G., 2085 
Carroll, P.T., 1949 
Carter, J.H., 301 
Cassidy, M.K., 471 
Casini, A.F., 121 
Caspers, J., 3003 
Castle, M.C., 1497 
Castro, A., 1627 


Cavallo, G., 1939, 1945, 3018 


Cedard, L., 1123 
Cenedella, R.J., 2751 
Cerami, A., 1275 

Cha, S., 1779 

Chabner, B.A., 277, 807 
Chah, Q.T., 2687 
Challiner, M.R., 1971, 3319 
Chambaz, E.M., 1919 
Chan, P.C., 1337 

Chan, P.K., 19 
Charlemagne, D., 297 
Chasseaud, L.F., 1589 
Chatelain, P., 3003 
Chaturvedi, A.K., 2589 
Cheeke, P.R., 2645 
Chegwidden, W.R., 2113 


AUTHOR INDEX - continued 


Chello, P.L., 2701, 3293 
Chen H-H., 905 
Chen, S., 935 
Chenery, R.J., 271 
Chengelis, C.P., 247 
Chermann, J-C., 1963 
Chevion, M., 553 
Chhabra, R.S., 1161 
Chiba, K., 1141 
Chiesara, E., 677 
Ch'ih, J.J., 2247 
Chipman, J.K., 1299 
Christian, S.T., 1049 
Chitnis, M., 227 
Chmurzynska, W., 2741 
Choudhury, K., 2081 
Cicero, T.J., 57 
Cihak, A., 2929 
Civen, M., 635 
Claire, M., 353 
Clausbruch, U.C.v., 495 
Clarke, D.E., 1347 
Clarke, E.D., 2684 
Clegg, R.J., 2125 
Clement, R.P., 2563 
Clement-Cormier, Y.C., 70Ol, 
897, 2009 
Clercq, E.de, 1849, 2883 
Cobert, B., 2219 
Cochrane, D.E., 455 
Cockerline, R., 259 
Cohen, E.N., 3039 
Colby, H.D., 565, 951, 2373 
Coleman, R.R., 2439 
Coles, E., 609 
Comai, K., 1475 
Comporti, M., 121 
Condrea, E., 1555, 1565 
Coninck, S.W.D., 963 
Connors, T., 2039 
Constantin, M., 1135 
Cook, D.E., 2499 
Cook, G.M.W., 3189 
Cooke, R., 1673, 2537 
Coon, M.J., 1693 
Cooney, D.A. 227 
Coote, J.E., 2545 
Correia, M.A., 39 
Corte, L.D., 763, 891 
Corvol, P., 353 
Coscia, C.J., 57 
Costa, A.K., 433, 2863 
Costigan, P., 1007 
Coutinho-Netto, J., 2179, 
2777 
Couturier, E., 1879 
Cova, D., 677 
Craig, I.W., 2595 
Cresteil, T., 1127 
Croce, C., 1939 
Crombach, M., 1399 
Cros, J., 2657 
Cross, A.J., 2709 
Cullen, E.I., 2285 
Curtis, C.G., 2431 
Curzon, G., 509 
Cushman, D.W., 1871 


xli 


Cutkomp, L.K., 1065 
Cutler, R., 589 
Cutroneo, K.R., 2417 


Dada, O.A., 3017 
Dahlin, D.C., 1617 
Dan, T., 2339 

Danner, J., 2471 
Dansette, P.M., 1127 
Darby, F.J., 2695 
Das, P.K., 2049 
Davies, D.S., 2551 
Davis, A., 1645 
Davis, B.B., 51 
Davis, J.M., 2895 
Davison, A.N., 141, 2763 
Deck, J., 1869 
DeFeudis, F.V., 1077 
Degott, C., 1041, 2219 
DeHaven, R., 2413 
Deitrich, R.A., 657 
Deliconstantinos, G., 3325 
Delvin, E.E., 441 
DeMet, E.M., 2557 
Deneke, S.M., 1367 
Derouette, J.C., 943 
DeRubertis, F.R., 717 
Descamps, J., 1849 
Descatoire, V., 1041 
Desmedt, D.H., 1966 
Desoize, B., 2690 
Dhalla, N.S., 559, 629 
Diamond, E.M., 375 
Dickins, M., 1231 
DiCoccio, R.A., 2001 
Dodgson, K.S., 2431 
Doherty, N.S., 1767 
Doherty, M.d'A., 2993 
Doig, M.T., 1549 
Dolara, P., 763 
Dolder, A., 1041 
Dolnick, B.J., 723 
Donofrio, J.C., 2891 
Domeyer, B.E., 2903 
Dorfman, L.M., 3307 
Dougherty, K.K., 2117 
Down, W.H., 1589 
Drach, J.C., 3207 
Drake, J.C., 807 
Drew, R., 2583 
Driscoll, J.S., 830 
Duell, E.A., 97 
Duggleby, R.G., 589 
Dumas, P., 1612 
Dunbar, D.A., 3257 
Duniec, Z., 1863 
Duperray, A., 1919 
Duperray, B., 115 
Dymerski, P.P., 727 


Ebert, P.S., 1825 
Ebied, S.A., 429, 2513 
Eccleston, D., 827 
Eckstein, F., 1849 
Eder, E., 993, 2611 
Edmisten, G.E., 2993 





Edwards, D.I., 2095 
Ehlert, F.J., 155, 1391 
Ekman, B., 1759 
Ekstrom, T., 3059 
Elbers, R., 1747 
Eldefrawi, A.T., 1311 
Eldefrawi, M.E., 1311 
Elferink, J.G.R., 3051 
El-Gohary, Y.A., 429, 2513 
El Hait, M.A.S., 2781 
El-Melegy, S., 2925 
Elmore, D.T., 517 
El-Sewedy, S.M., 2925 
El-Toukhy, M.A., 2513 
El-Zoghby, S.M., 429, 2513 
Enjalbert, A., 2445 
Erdmann, E., 1429, 3219 
Erdos, E.G., 1525 
Erickson, C.K., 1903 
Erwin, V.G., 1703 
Esquerro, E., 2669 
Estrela, J.M., 1968 
Evans, R.K., 697 
Everett, M.M., 2143 


Fain, J.N., 3330 
Fairhurst, A.S., 155, 1391 
Fanburg, B.L., 1367 
Fanning, D.G., 2161 
Faraj, B.A., 2831 
Farkas, T., 2521 
Faucon, G., 2687 
Faust, R.G., 2307 
Federici, G., 1677 
Fehr, K., 1723 
Felder, M.R., 125 
Feller, D.R., 3143 
Felsted, R.L., 1503 
Feng, H-W., 2247 
Ferrali, M., 121 
Finnen, M.J., 3133, 3139 
Fisher, J.M., 2199 
Fleisch, J.H., 1843 
Flescher, E., 838 
Fletcher, A., 1451 
Fletcher, J.E., 1565 
Fliegel, L., 559 
Forte, A.J., 1617 
Foster, A.B., 1977 
Foster, S.J., 2151 
Fowler, C.J., 1177, 1185, 
2225 
Fowler, L.J., 1451 
Fournex, R., 353 
Francalanci, R., 763 
Franceschini, G., 835 
Francis, J.E., 3127 
Francis, K.T., 1669 
Frank, G.B., 2399 
Frank, N., 383 
Franklin, T.J., 853 
Frazer, A., 1341 
Fredholm, B.B., 661, 1635 
Freedman, S.B., 1645 
Frei, E. III., 648 
Freston, J.W., 1023 
Friedman, H.J., 1673, 2815 


AUTHOR INDEX - continued 


Friedman, M.B., 1903, 2439 
Fry, J.R., 577 

Frykholm, B.C., 1825 

Fujita, K., 3277 

Fujimoto, J.M., 205, 213 
Fuller, G.C., 869 

Fuller, R.W., 807, 833, 3328 
Funae, Y., 1543 

Fung, H.L., 646 


Gaetano, G. de, 1093 
Gaitonde, B.B., 821 
Galteau, M.M., 2874 
Ganapathy, V., 713 
Ganeshaguru, K., 1275 
Garcia, A.A., 3029 
Garcia, A.G., 2669 


Garcfa-S4inz, J.A., 1709, 3330 


Gardner, E.A., 617 
Garret, C., 2933 
Gasié, M.J., 3081 
Gaudio, L., 609 
Gautero, H., 3105 
Gazda, H., 2733 
Gee, J.B.L., 3037 
Geffard, M., 1077 
Gelboin, H.V., 1693 
Gemba, M., 2339 
Gen, A. van der, 2975 
Geny, B., 297 
George, C.F., 2551 
George, J.W., 1623, 3271 
German, D.C., 3045 
Gerstenecker, C., 3112 
Gescher, A., 131 
Gessner, T., 1167 
Ghosh, A.K., 1608 
Giacomini, J.C., 3337 
Giacomini, K.M., 2975 
Gibson, G.E., 167 
Gilbert, J.C., 1302 
Gill, S.S., 389 
Gingell, R., 960 
Giorgio, R.M.Di, 954 
Glaumann, H., 1439 
Glazer, R.I., 305, 1459 
Glender, W., 1709 
Glinsukon, T., 1189 
Glorieux, F.M., 441 
Glover, V., 467, 777, 1221, 
1857 
Gmur, D.J., 753 
Godfraind, J., 1195 
Gold, B.I., 3034 
Gold, D., 838 
Goldberg, M., 838 
Goldberg, R.L., 869 
Goldman, P., 301, 3281 
Goldstein, B.D., 1355 
Golovinsky, E.V., 163 
Gombar, C.T., 2639 
Gontovnick, L.S., 3245 
Goodfriend, T.L., 175, 927 
Goormaghtigh, E., 3003 
Gorissen, H., 3341 
Gorka, C., 2241 
Gornall, A.G., 2269 


xlii 


Gotfredsen, C., 877 
Goulding, K.H., 2684 
Grady, R.W., 1275 
Grafstrom, R., 1517 
Gram, T.E., 2583 
Grancharov, K.Ch., 163 
Grant, D.S., 69 
Green, A.E., 131 
Green, A.L., 2781 
Green, C.E., 2117 
Greene, F.E., 1517 
Griffiths, B., 1852 
Griggs, L.J., 1977 
Grivell, A.R., 2161 
Grover, P.L., 1589 
Gruetter, C.A., 2943 
Gruetter, D.Y., 2943 
Grzelakowska-Sztabert, B., 
2741 
Guarna, A., 763 
Gudas, J., 1439 
Guellaen, G., 643, 1653 
Guenthner, T.M., 89 
Guest, D., 2291 
Guest, J.F., 141, 2763 
Guha, S.R., 1213, 2049 
Guilloux, F., 267 
Gulliver, P.A., 3123 
Gustafsson, J-8., 583, 2759 
Gutman, Y., 1271 
Gyapay, G., 2729 


Habberfield, A.D., 2845 
Hackbarth, I., 1429 
Hadfield, M.G., 1861 
Hadgraft, J., 2361 
Hagan, R.M., 3123 
Haisch, K.D., 1843 
Hakkinen, H-M., 1435 | 
Halaris, A.E., 2557 
Halban, P.A., 2625 
Hales, B.F., 256, 2031 
Hammarstrom, S., 661 
Hammock, B.D., 389 
Hammon, K.J., 1525 
Hammouda, N.A., 429 
Hamon, M., 2445, 2455 
Hamouda, N., 2513 
Hamrick, M.E., 1669 
Han, N., 227 

Hanano, M., 1291, 2063, 2825 
Hande, K.R., 807 
Hanoune, J., 643, 1653 
Hansen, S.I., 3109 
Hansson, T., 583 
Harden, T.K., 2151 
Harmon, S.M., 3175 
Harris, L.S., 1897 
Harris, R.A., 957 
Harrison, G.G., 27 
Hart, B., 2417 

Haskel, E.J., 1799 
Hasler, A.K., 3330 
Hassall, K.A., 3133, 3139 
Hassels, B., 2258 
Hassinen, I.E., 987 
Hattori, H., 603, 2071 





Hauguel, S., 1123 
Haworth, R.A., 1455 
Hayes, A.W., 19 
Heaps, P.R., 951 
Hedqvist, P., 1635 
Heidelberger, C., 1059 
Heikkila, R.E., 3307 
Heinonen, T., 2675 
Heinze, W.J., 2895 
Henderson, J.F., 1209, 2155, 
2261, 2533 
Henry, J-P., 1883 
Henschler, D., 993, 2611 
Herandez, M., 2669 
Herbet, A., 2445, 2455 
Herman, C.A., 51 
Hermann, G., 341 
Hernandez-Munoz, R., 1709 
Hertzog, P.J., 960 
Hess, R.A., 1825 
Heydorn, W.E., 1341 
Heymann, E., 1927 
Hilliker, K.S., 253 
Hinman, L.M., 3039 
Hirafuji, M., 2635 
Hiraga, K., 1304 
Hirano, M., 2681 
Hiratsuka, A., 1068 
Hirayama, C., 3210 
Hirom, P.C., 1299 
Hjemdahl, P., 661 
Hockin, L.J., 1773, 3215 
Hoeven, T.A. van der, 660 
Hoffbrand, A.V., 1275 
Hoffman, A.R., 83 
Hoffman, B.B., 452, 1537 
Hogberg, J., 3059 
Hokin-Neaverson, M., 2697 
Holm, J., 3109 
Holmstedt, B., 693 
Hong, K., 3039 
Hood, W.F., 957 
Hoss, W., 1361 
Houghton, J.A., 2077 
Houghton, P.J., 2077 
Houslay, M.D., 3211 
Houston, J.B., 471 
Hradec, J., 2301 
Hrdlicka, J., 1007 
Hsu, L.L., 2524 
Hu, H-Y.Y., 2895 
Hudson, P., 1191 
Huff, J.W., 2249 
Huger, F.P., 3034 
Humphray, H.P., 2545 
Hunter, D.R., 1455 
Hunter, F.E. Jr., 1807 
Hunter, S.A., 2153 
Hunting, D., 2261 
Hurley, L.H., 1307 
Hutson, P.H., 509 
Hwang, E.C., 3163 
Hyman, A.L., 2943 
Hynie, S., 2929 
Hyslop, D.K., 2149 


Ichihara, S., 2705 


AUTHOR INDEX - continued 


Ichikawa, A., 1715 
Ide, H., 789 
Iden, S.S., 2389 
Ientile, R., 954 
Iga, T., 1291, 2063 
Ignarro, L.J., 2943 
Ikeda, M., 2983 
Ilacqua, V., 960 
Ilett, K.F., 2551 
Ilien, B., 3341 
Ilio, C. Di, 1677 
Illing, A., 999 
Im, W.B., 2307 
Imai, Y., 1141 
Imamura, A., 15 
Ingebretsen, C.G., 1681 
Ireland, J.S., 1469 
Irwin, C., 1807 
Ishidate, K., 3207 
Ishii, K., 1015, 2183 
Ismay, J.A., 1861 
Isobe, M., 1068 
Israel, Y., 2951 
Israels, L.G., 458 
Ito, S., 3277 
Ivanetich, K.M., 27, 433, 
2805, 2863 
Iwatsuki, K., 3093 


Jacobsen, C.J., 1973 
Jain, R., 256, 2031 
Jakoby, W.B., 2885 
Janson, V.E., 475 
Janzowski, C., 383 
Jardillier, J-C., 2690 
Jarman, M., 1977 
Javors, M., 1703 
Jayaram, H.N., 227 
Jayaraman, P., 2526 
Jellinck, P.H., 3031 
Jeney, A., 2729 
Jenner, M., 1737 
Jocelyn, P.C., 331 
Johnson, D.A., 1673 
Johnson, E.M., 113 
Johnson, P.B., 951, 2373 
Johnston, C.I., 1465 
Jonen, H.G., 263 

Jones, D.M., 1503 

Jones, P.H., 69 

Jong, L.P.A. de, 2379 
Jong, R.A.W. de, 2975 
Joshua, A.V., 521 

Julou, L., 2939 

Jung, M.J., 2465 

Jung, R., 1109 


Kadous, A.A., 1815 

Kadowitz, P.J., 2943 

Kahl, G.F., 89, 1201 

Kahl, R., 1201 

Kaiser, C., 3328 

Kamataki, T., 1015, 1141, 
2183 

Kamijo, K., 2871 

Kaminsky, L.S., 727, 3257 


xliii 


Kampffmeyer, H.G., 1747 

Kandel, M., 2269 

Kandel, S.I., 2269 

Kant, G.J., 369, 1891 

Kao, J., 1191 

Kapke, G.F., 845 

Kaplan, H.G., 2135 

Kaplan, S.R., 869 

Kaplowitz, N., 1205, 1439 

Karki, N.T., 1155 

Karoum, F., 118 

Kather, H., 673 

Kato, R., 801, 1015, 2183 

Katsumata, Y., 603, 2071, 
2663 

Katz, I.D., 433 

Kauffman, F.C., 697, 813 

Kaufmann, I., 263 

Kaufmann, R., 495 

Kaur, S., 3087 

Kawasaki, Y., 1715 

Kawashima, H., 1627 

Kaye, S.B., 1081 

Kellaway, I.W., 2361 

Kelly, C.J., 609 

Kendrick, P.E., 897 

Kennedy, K.A., 1 

Kennedy, M.W., 727 

Kennedy, S.M.E., 2367 

Kernich, J.J., 1575 

Khan, H., 1065 

Khanna, J.M., 1029 

Kholy, Z.A., 429 

Kim, J.S., 2681 

Kinemuchi, H., 2871 

King, L.J., 2291, 2855 

Kirpekar, S.M., 2669, 3029 

Kiss, Z., 3203 

Kitada, M., 1141 

Kitada, Y., 654 

Kitagawa, H., 1141 

Kitani, K., 3023 

Kitchin, K.T., 1261 

Kloog, Y., 483 

Knight, R.C., 2095 

Knott, P.J., 509 

Koch, R.L., 3281 

Koitabashi, C., 2705 

Kojima, M., 2681 

Kokka, N., 1391 

Komai, H., 1455 

Komarynsky, M., 763 

Komori, T., 1543 

Kope¢, M., 2515 

Kostka-Trabka, E., 1863 

Kotchen, T.A., 1933 

Kouamouo, J., 2690 

Krawietz, W., 1429 

Kratzing, C.C., 1839 

Krieglstein, J., 63 

Krishnamurty, V.S.R., 283 

Krogt, J.A., van der, 857 

Krzystyniak, K., 2515 

Kuga, T., 1491 

Kuhar, M.J., 2413 

Kulikowski, T., 2883 

Kulonen, E., 1435 

Kumar, A., 3087 





Kunis, R.L., 1355 
Kuroda, K., 2839 
Kurose, M., 103 
Kutzer, T., 3181 
Kwatra, M.M., 2693 
Kyncl, J., 69 


Labuc, G.E., 2252 
Laduron, P., 3341 
LaFon, S.W., 2397 

Lai, J.C.K., 141, 2763 
Laib, R.J., 449 

Lalani, E-N.M.A., 2367 
Lansman, J.B., 455 
Lappin, T.R.J., 517 
Lapis, K., 2729 

Lasala, J.M., 57 
Laskowski, M. Jr., 2089 
Lawrence, F., 1963 
Lawrence, R.A., 39 
Lazarus, H., 648, 2241 
Leck, J.B., 1601 
Lecointe, P., 3231 
Ledford, B.E., 1549 
Lee, A., 3181 

Lee, N.M., 1673, 2815 
Lee, S.H., 1859 

Lee, S.L., 629 

Lee, V.J., 2001 

Leeb, J.E., 635 
Leelavathi, D.E., 2524 
Lefkowitz, R.J., 452, 1537 
Le Fur, G., 267 

Leger, J., 297 
Leichter, S.B., 1933 
Leighty, E.G., 1071 
Lelievre, L., 297 
Lengy, Y., 838 

Lenox, R.H., 369, 1891 
Leroux, J-P., 1127, 1959 
Lesca, P., 3231 

Leslie, S.W., 1903, 2439 
Leung, T.K.C., 141, 2763 
Level, R., 2219 
Levenson, C.H., 665 
Levine, R.A., 681 
Lewinsohn, R., 777, 1221 
Lewis, G.P., 623 
Lewis, R.A., 3299 

Li, L-H., 2001 

Liang, C-M., 277 
Liddiard, C., 447 
Lievre, M., 2687 
Lilienblum, W., 495 
Lillevold, P.E., 3103 
Lis, L. ,. 141;,. 2763 
Lin, D.C. ; 7 

Lin, J.H., 2825 

Lin, H-L., 2285 
Lindahl, R., 3026 
Lindros, K.O., 783 
Lionetti, F.J., 1361 
Lips, J.P.M., 43 

List, S., 1621 
Litterst, C.L., 289 
fid,.D.%.;, 1575 


AUTHOR INDEX - continued 


Liu, P.S., 830 

Liu, Y.P., 277 

Livio, M., 1093 
Lodhi, S., 597 

Logan, J.G., 111, 887, 2105 
Loh, H.H., 2815 
Lohmann, W., 137 
Loireau, A., 1612 
Lookyee, A., 1189 
Lopker, A., 1361 
Lorenz, W., 1399 
Lorenz, P.E., 3115 
Lotti, B., 1939, 1945, 3018 
Lower, G.M. Jr., 3285 
Lowitt, S., 1483 
Lown, J.W., 521, 905 
Luchins, A.R., 3155 
Ludlum, D.B., 2639 
Lullman, H., 2969 
Lutete, D-N.T., 1195 
Lutz, D., 993, 2611 
Lyberg, T., 9 
Lykouras, E., 827 
Lyles, G.A., 1097 
Lyngbye, J., 3109 


Maanen, J.M.S. van , 1977 
Maas, J.W., 2819 
Machin, P., 1767 
Maderspach, A., 2879 
Maekawa, T., 15 
Mahadevan, P.R., 2526 
Mahu, J-L., 1127 
Maier, G.A., 646 
Majumdar, A.N., 1855 
Makheja, A.N., 3169 
Makman, M.H., 3155 
Malaisse, W.J., 1879 
Maling, H.M., 465 
Malveaux, E.J., 2831 
Manca, V., 27 
Mandel, P., 1077, 2279 
Mangini, L., 648 
Mann, S.P., 1593 
Mansuy, D., 3231 
Manteuffel-Cymborowska, M., 
2741 
Mantle, T.J., 1177 
Mantyla, E., 2963 
Marchais, D., 1331 
Margetts, G., 2291 
Marin, J., 840 
Marini, J.L., 2819 
Marquess, M.L., 951, 2373 
Marquez, V.E., 830 
Marr, J.J., 2397 
Marra, E., 2325 
Marshall, E.F., 827 
Martin, B.R., 1897 
Martin, J.L., 1623, 3271 
Martin, N., 2219 
Martins, 0.0., 3017 
Mason, N.R., 833 
Masten, L.W., 2425 
Masters, V.M., 3189 
Matrka, M., 2301 


xliv 





Matsumoto, T., 2681 
Matsumura, F., 1815 
Matteis, F. de, 3127. 
Matthews, E.K., 1185 
Matthews, T.R., 1791 
Mayhew, E., 877 
Mazzotta, M.Y., 2891 
Mazumder, R.C., 1857 
McCormack, 'P.L., 3333 
McCormack, J.J., 830 
McCoy, G.D., 685 
McGivan, J.D., 248 
McIsaac, A., 2009 
McKinsey, D.S., 2518 
McLafferty, M.A., 301 
McLean, A., 2039 
McLean, A.E.M., 271 
McMillen, B.A., 1432, 2045 
McQueen, E.G., 2017 
Mechigian, I., 597 
Meckstroth, W.K., 3307 
Medzihradsky, F., 2285 
Mehta, C., 2241 
Melchor, C.L., 657 
Mello, M.C.F. de, 311 
Mellors, A., 3311. 
Mendels, J., 1341 
Mentlein, R., 1927 
Merino, J., 1093 
Mester, L., 2526 
Mester, M., 2526 
Meyer, R.B. Jr., 665 
Meyerhoff, J.L., 369, 1891 19 
Meyerson, L.R., 2009 
Mezey, E., 3175 
Michaud, A., 353 
Michel, R., 1612 
Michel-Lipowsky, M., 1325 
Middleton, B., 2125 
Migne, J., 943 

Miko, M., 2155 
Mikulfkova, D., 2146 
Miles, P.R., 565 
Millburn, P., 1299 
Miller, H., 1693 
Miller, H.H., 1347 
Miller, I.R., 849 
Miller, J.P., 1791 
Miller, M., 1791 
Miller, W.A., 2143 
Minard, F.N., 69 
Minneman, K.P., 1317 
Miranda, C.L., 1161, 2645 
Misch, D.W., 2307 
Mitra, C., 1213 
Miyake, Y., 2983 
Miyamoto, J., 2721 
Miyauchi, T., 654 
Moccio, D.M., 3293 
Mode, A., 2759 

Modest, E.J., 648 
Mohn, G.R., 2975 
Moldéus, P., 1741 
Molinoff, P.B., 1317 
Molloy, B.B., 833, 935 
Monji, N., 1627 
Montgomery, J.A., 227, 3293 





Montgomery, M.R., 3239 
Monti, J.A., 1049 
Moore, L., 2505 
Morin, R.J., 635 
Moroi, K., 1491 
Morrison, J.F., 589 
Moshtaghie, A., 3181 
Moskowitz, M.A., 3020 
Mott, D.E.W., 1861 
Mueller, A., 657 
Mukherjee, A., 283 
Mukherjee, S.P., 1239 
Mukherji, B., 1608 
Mukku, V.R., 1469 
Mullen, T.L., 2265 
Muller, T.W., 1891 
Muller, W.E.G., 3081 
Munster, J., 2169 
Murakami, M., 103 
Muraki, T., 801 
Muranishi, S., 2573 
Murphy, M.J., 3257 
Myers, R.D., 411 


Nakadate, T., 801 
Nakae, H., 2573 
Nakagawa, Y., 1304 


Nakahara, M., 77, 1247, 2235 


Nakahara, T., 2681 
Nakayama, K., 3210 
Nakazawa, Y., 789 
Nakhla, A.M., 1855 
Nastainczyk, W., 2855 
Nau, H., 447 
Neal, R.A., 247 
Nebert, D.W., 89 
Neff, N.H., 118 
Neims, A.H., 1909 
Nejtek, M.E., 1973 
Nelson, D.J., 2397 
Nelson, D.L., 2445, 2455 
Nelson, S.D., 1617 
S.H., 
G. 


J. 
L. 
D. 
H 


Nelson, 1949 

' Nemecz, , 2521 

Nemoz, G., 115 

Neubauer, H.P., 1441 
Neudecker, T., 993, 2611 
Newcombe, A-M., 3031 
Newell, D., 2039 

Nimmo, G.A., 359 
Nishida, S., 1073 
Nistico, G., 954 

Noble, E.P., 2279 
Nokubo, M., 3023 
Noordhoek, J., 747, 2023 
Norling, A., 1741 
Norman, T., 2256 

Nueton, J.M. van, 479 


O'Brien, J.K., 1807 
O'Connor, M.D.L., 1185 
O'Donovan, D.J., 111, 2105 
Odum, J., 3319 

Odya, C.E., 175 

Oelrichs, B.A., 1839 
Oesch, F., 495, 1109 


AUTHOR INDEX - continued 


Ogata, M., 2983 
Ogura, Y., 2635 
Ohkawa, H., 2721 
Ohmori, H., 741 
Ohmori, S., 2983 
Ohta, M., 3023 
Ohuchi, K., 147 
Oikawa, S., 654 
Okuno-Kaneda, S., 1715 
Olson, J.R., 205, 213 
Olsson, C.A., 1465 
Olsson, S., 1729 
Omaye, S.T., 1255 
Ondetti, M.A., 1871 
Orban, E., 2879 
Oreland, L., 2225 
Ormstad, K., 1741 
Orton, T.C., 3319 
Oswald, C., 1409 
Oshibuchi, T., 15 
Oshita H., 2721 
Ossola, L., 1077 
Owen, B.E., 3011 
Owens, L.K., 475 

Oya, M., 603, 2071, 2663 
Ozaki, Y., 3020 
Ozawa, N., 1068 


Pacheco, H., 115 

Padova, C. Di, 677 

Paine, A.J., 1773, 3215 

Palfreyman, M.G., 2465 

Palmer, D.G., 3333 

Panagia, V., 629 

Pandey, G.N., 2895 

Paoletti, C., 3231 

Papaphilis, A., 3325 

Parham, J.C., 3293 

Park, B.K., 1601, 1971, 3319 

Parke, D.V., 2291 

Parker, G.L., 3319 

Parkinson, A., 259 

Parks, R.E. Jr., 1799, 2491, 
2529 

Parrott, D.P., 869 

Parzefall, W., 2169 

Passarella, S., 2325 

Pashko, S., 221 

Past, M.R., 2499 

Paul, H., 999 

Paul, H-H., 137 

Paul, S.M., 83 

Pavona, C.D., 677 

Pazdur, J., 2515 

Peale, A.L., 305 

Peers, E.M., 1097 

Pelaprat, D., 3231 

Pelkonen, O., 1155, 3075 

Pena, C., 175 

Percy, V.A., 1590 

Pessayre, D., 1041, 2219 

Peterfalvi, M., 353 

Petering, D.H., 1833 

Peterlik, M., 2733 

Peters, R.A., 967 

Peterson, C., 1687 


xlv 


Peterson, R.E., 1231 
Petrusek, R.L., 1307 
Pfeil, H., 495 
Philipp, G., 1429, 3219 
Phillips, T.D., 19 
Pieri, S., 121 

Pina, E., 1709 

Pinkus, L.M., 2885 
Piotrowski, J.K., 2913 
Piper, J.R., 3293 
Piper, P.J., 623 
Piper, W.N., 2563 
Platt, K.L., 495 
Pldésch, H., 2969 

Poat, J.A., 1645 
Pogson, C.I., 1103 
Pohl, L.R., 1623, 3271 
Poli, A., 835 
Polidoro, G., 1677 
Pontonnier, G., 2657 
Pope, M.R., 951, 2373 
Poser, R.G., 2701 
Posé, A.R., 2799 

Posé, H., 2799 

Potter, J.J., 3175 
Pover, A. de, 1195 
Powell, D.W., 2307 
Powell, G.M., 2431 
Powell, J.F., 2595 
Powis, G., 347, 2567 
Prasad, K.N., 201, 539 
Prat, J.C., 2669, 3029 
Preuner, J., 397 
Priest, D.G., 1549 
Prigent, A-F., 115 
Prior, G., 2297 

Prydz, H., 9 

Puglisi, L., 835 
Puliti, R., 763 
Puurunen J., 3075 


Quagliariello, E., 2325 


Rabin, R.A., 1681 
Rabinovitz, M., 2199 
Rader, J., 1933 

Rader, W.A., 1933 
Radhakrishnan, A.N., 713 
Rafelson, M.E., 943 
Rafter, J., 583, 2759 
Rainsford, K.D., 1281 
Rajtar, G., 1093 
Ramanujam, M., 539 
Rance, M.J., 2619 
Rapuano, B.E., 1565 
Raxworthy, M.J., 3123 
Ray, T.K., 2755 

Reddy, J.M., 1409 
Reed, D.J., 652 
Reigle, T.G., 2249 
Reinhard, J.F. Jr., 3020 
Reinke, L.A., 697, 813 
Reme, J.M., 2657 
Renold, A.E., 2625 
Resnick, H., 2471 
Reutter, W., 2258 





Reveley, M.A., 467 
Reynolds, C.H., 325 
Ribéreau-Gayon, G., 2465 
Riblet, L.A., 2149 
Riccio, P., 2325 

Rich, D.H., 2205 
Richter, D.R., 1503 
Richter, J.A., 2189 
Rieger, H., 63 
Riemersma, J.C., 3051 
Rinehart, K.L. Jr., 2001 
Robak, J., 1863 

Robert, L., 943 
Robert-Gero, M., 1963 
Robison, A.K., 1469 
Robins, R.K., 1791 
Robinson, J.D., 1995 
Rockwell, S., 1 

Rode, W., 723 

Roderick, N.B., 2897 
Rodin, D.A., 828 

Rodin, R.A., 828 
Rogler-Brown, T., 2491. 
Rokem, J.S., 1307 
Rokowski, R.J., 2417 
Rollins, D.E., 1023 
Rolsten, C., 2524 
Romero, F.J., 1968 
Rosenberg, P., 1555, 1565 
Rosowsky, A., 648 

Roth, J.A., 3119 

Roth, R.A., 253 

Roth, R.H., 2477 
Rothschild, A.M., 419 
Rotiroti, D., 954 


Rotteveel-Smijs, G.M.T., 2975 


Rover, E., 1959 
Rousseau, G., 353 
Rowley, D., 2095 
Rozen, M.G., 1355 
Rubin, R.P., 2213 
Ruenitz, P.C., 1583 
Ruf, H.H., 341 
Rumsby, P.C., 3097 
Ruther, T., 397 
Ruysschaert, J.M., 3003 
Ryan, M., 1565 


Saad, A.A., 429 
Saarni, H., 1155 
Sacharin, R.M., 1589 
Saeki, K., 103 

Safe, S., 259 
Saggerson, E.D., 828 
Sahlin, L., 2759 
Saito, T., 1715 
Sakai, N., 1608 
Sakurai, H., 341 
Salaspuro, M.P., 783 
Salgam, P., 1723 
Sallam, N., 2925 
Salomon, R., 335 
Samuel, D., 460, 1755 
Sanchez, C.F., 840 
Sanchez, V.C. de, 1709 
Sander, G.E., 3115 


AUTHOR INDEX - continued 


Sandler, M., 467, 777, 1221, 
1857 

Santiangeli, C., 1945, 3018 

Santonja, R., 943 

Sapper, H., 137 

Sarlo, F. de, 763 

Sarrif, A.M., 1059 

Sartorelli, A.C., 1, 1859 

Sasaki, D., 1543 

Sastry, B.V.R., 475, 2589 

Sato, H., 147 

Sato, R., 1141 

Satoh, S., 2635 

Sauers, M.E., 2073 

Savenije-Chapel, E.M., 2023 

Schacht, 597 

Schacter, B.A., 458 

Schepper, P.J. de, 571 

Scherman, D., 1883 

Schiller, C.M., 251, 2485 

Schillinger, E., 2297 

Schlepper, J., 1649 

Schmitz, W., 1429 

Schmoldt, A., 405 

Schneider, Y-J., 877, 1035 

Scholz, H., 1429, 3219 

Scholz, R., 1649 

Schone, H.H., 1441 

Schulte-Hermann, R., 2169 

Schulten, H-R., 1977 

Schunack, W., 1399 

Schuster, D-K., 3081 

Schiitz, H., 63 

Schwartz, K., 297 

Schwartzel, E.H. Jr., 681 

Sear, J.W., 248 

Seawright, A.A., 1007 

Sedman, R.M., 795 

Sedor, C., 2153 

Seeman, P., 1621, 1869 

Seifert, W.E. Jr., 701 

Seitz, H., 673 

Sela, B., 849 

Seo, S., 103 

Serlin, M.J., 1971 

Sgaragli, G., 763 

Shank, R.C., 1189 

Shanley, B.C., 1590 

Shansky, C.W., 1859 

Shapiro, R., 1598 

Sharma, R.P., 2017 

Sharom, F.J., 3311 

Sheard, M.H., 2819 

Sheehy, J., 2417 

Shen, J.C., 2213 

Shepherd, D.M., 3097 

Sheridan, M.A., 1525 

Shetty, K.T., 821i 

Shimada, M., 167 

Shore, P.A., 1347, 3045 

Shugar, D., 2883 

Shultz, J., 411 

Siddik, Z.H., 2583 

Siemens, A.J., 462 

Sies, H., 3112 

Siest, G., 2874 

Sik, R.H., 1867 

Simko, B.A., 1085 


xlvi 


Simon, B., 673 

Simpson, R.U., 927 

Sims, P., 1589 

Singer, M.A., 2651 
Singer, S.S., 3181 

Sinha, B.K., 1867 
Sinsheimer, J.E., 3207 
Sirotnak, F.M., 2701, 3293 
Sirtori, C.R., 835 

Sixma, J.J., 43 

Sjodin, T., 1759 

Sjoholm, I., 1759 

Skett, P., 2759 

Skidmore, I.F., 2545 
Skolimowski, I.M., 2095 
Sladek, N.E., 2903 
Slotkin, T.A., 1595 
Sloviter, H.A., 1608 
Smith, A.G., 3127 

Smith, M 
Smith, R 2425 
Smith, Cc 2524 
Smith, J 2389 
Smith, L 1325 
Smith, A 1103 
Smith, T.M., 2957 
Smolen, J.E., 533 
Soboll, S., 1747 
Soekawa, Y., 3023 
Sokolovsky, M., 483 
Somani, S.M., 2256 
Sorrell, M.F., 35 
Sotaniemi, E.A., 1155 
Sourkes, T.L., 2693 
Spassova, M.K., 163 
Speciale, S.G. Jr., 118 
Spilman, S.D., 2117 
Spubler, K., 201 
Srivastava, B.I.S., 2001 
Stancel, G.M., 1469 
Steele, D.P., 1007 
Stefanovic, V., 2279 
Stegeman, J.J., 553, 949 
Stein, R.L., 1807 
Steinberg, G.H., 2269 
Steinijans, V., 1649 
Stern, A., 2351 

Stern, H.J., 1459 
Sternbach, H., 3081 
Stevens, C.A., 3037 
Steward, A.R., 2117 
Stewart, D.J., 1029 
Stibler, H., 693 
Stiborova, M., 2301 
Stich, H.P., 842 

Stolc, V., 1991 

Stopp, M., 983 

Stowell, A.R., 783 
Streeter, D.G., 1791 
Strubelt, O., 1445 
Stull, J.T., 2537 
Sudershan, P., 1065 
Suemaru, K., 1608 

Suga, T., 1304 


Sugiyama, Y., 1291, 2063, 2825 


Sullivan, A.C., 1475 
Sullivan, S.G., 2351 





Summ, H.D., 1441 

Sun, E.T.O., 2205 

Suolinna, E-M., 2963 
Suzuki, K.T., 689, 2260, 2407 
Suzuki, O., 603, 2071, 2663 
Swaminathan, S., 3285 
Swann, A.C., 2819 

Syapin, P.J., 2279 
Szekeres, L., 1385 

Szende, B., 2729 
Szentivanyi, A., 1483 
Szymafska, J.A., 2913 


Taberner, P.V., 3011 
Taft, W.C. Jr., 2713 
Tague, L.L., 2755 
Takada, K., 2573 

Takeo, S., 559, 629 
Takeshita, H., 15 

Taki, Y., 103 

Tang, B.K., 2085 
Tasaka, K., 741 
Tateishi, M., 2705 
Tayeb, O.S., 475 
Taylor, A.S., 113 
Taylor, D.P., 2149 
Tazi, A., 2874 

Tedde, A., 2888 
Teicher, B.A., l 
Tephly, T.R., 795, 2319 
Teradaira, R., 3277 
Thanassi, N.M., 2417 
Thang, N.X., 2791 
Thithapandha, A., 1663 
Thomas, J.H., 227 
Thomas, W.E., 1603 
Thurman, R.G., 697, 813 
Tjalve, H., 1729 

Ticku, M.K., 1217 
Tipton, K.F., 359, 891, 1177 
Tisdale, M.J., 501, 2845 
Titeler, M., 1621 
Tofilon, P.J., 2563 
Tokunaga, Y., 801 
Toledo, M.M., 1583 
Tolleshaug, H., 917 
Tom, W-M., 3239 

Tomita, K., 1715 
Tomori, E., 2879 
Tomizawa, S., 1073 

Tona Lutete, D.N., 1195 
Tong, W.P., 2639 
Torelli, V., 353 
Toro-Goyco, E., 1897 
Toskulkao, C., 1189 
Townsel, J.G., 1603 
Townsend-Parchman, J.K., 1807 
Trieschnigg, A.C., 43 
Tritapepe, R., 677 
Trnavsky, K., 2146 
Trouet, A., 877, 1035, 1687 
Trudell, J.R., 3039 
Tschudy, D.P., 1825 
Tsitouras, P.D., 3175 
Tsurufuji, S., 147 
Tubaro, -E., 1939, 1945, 3018 
Tuma, D.J., 35 


AUTHOR INDEX - continued 


Turcan, P.A., 1971 
Turnbull, J.D., 1255 
Tutwiler, G.F., 1421 
Tyagi, A.K., 227 
Tyihak, E., 2729 


Uchimura, H., 2681 
Ueda, C.T., 737 
Uehara, Y., 2199 
Ullrich, V., 341, 2855 
Umezu, K., 2477 
Urwyler, S., 3067 
Uzan, A., 267 


Vaghy, P.L., 1385 
Vainio, H., 2675 
Valentovic, M., 1598 
Valette, A., 2657 
Vanderhoek, J.Y., 
Vanhoutte, P.M., 
Varanasi, U., 753 
Varga, V., 1077 
Vatsis, K.P., 1693 
Veneziale, C.M., 2891 
Verbeeck, R.K., 571 
Verly, W.G., 977 
Verma, P.8., 3i%5 
Vesely, J., 2929 
Vigo, C., 623 

Villa, P., 1773 

Vina, J., 1968 

Vina, J.R., 1968 
Vistica, D.T., 830 
Vogel, W.H., 221 
Voltti, H., 987 
Vosmer, G., 2557 


3169 
479 


Wagner, J., 2465 

Wagner, P., 3299 

Wakui, Y., 2871 

Wal, J-M., 195 

Walczak, D., 462 

Walden, R., 251 

Wallace, P.G., 2161 

Waller, M.B., 2189 
Wandscheer, J-C., 1041, 2219 
Ward, P.E., 1523 
Wardman, P., 2684 
Wartburg, J-P.von, 
Watabe, T., 1068 
Waters, I.W., 2425 
Watkins, S., 2319 
Wattiaux, R., 963 
Wattiaux-DeConinck, S., 963 
Watts, D.C., 2113 
Weatherill, P.J., 2367 
Webster, J., 3189 

Wei, L., 842 

Weinbach, E.C., 1825 
Weiner, H., 411 

Weiner, N.D., 597 
Weinreich, P., 1869 
Weisiger, R.A., 2885 
Weissmann, G., 533 

Wells, J.W., 2269 


3067 


xlvii 


Welton, A.F., 1085 
Westcott, J.Y., 411 
Wetzel, E., 1429 
Whelan, C.J., 319 
Whitaker, P.M., 2709 
White, D.A., 2125 
White, I.N.H., 3253 
Whitehouse, M.W., 1281 
Whiting, R.F., 842 
Whittaker, M.L., 155 
Wiebkin, P., 577 
Wiessler, M., 383 
Wilkie, I.W., 1007 
Wilkinson, C.F., 1113 
Willenbrock, S.J.F., 
Williams, D.C., 1737 
Williams, J.F., 1483 
Williams,J.W., 589 
Willis, B.R., 1409 
Wilman, D.E.V., 2919 
Wilner, K.D., 701 
Wilson, B.J., 2577 
Wincentsen, L., 347 
Wishnow, R.M., 635 
Witiak, D.T., 3143 
Woert, M.H. van, 3163 
Wolf, H., 1649 
Wolfsen, A., 635 
Wollemann, M., 2791 
Wollheim, C.B., 2625 
Wolring, G.Z., 2379 
Wong, D.T., 935 
Woodbury, D.M., 1023 
Woodcock, E.A., 1465 
Woodman, P.W., 1059 
Woodruff, G.N., 1645 
Workman, P., 2769 
Wright, J.R., 565 
Wu, J.L., 2247 
Wyllie, M.G., 1302 


1737 


Yamada, M., 3210 
Yamada, T., 1205 
Yamaguchi, I., 1815 
Yamaguchi, N., 2183 
Yamamoto, I., 741 
Yamamoto, K., 1543 
Yamamura, M., 689, 2260, 2407 
Yamazoe, Y., 1015, 2183 
Yang, C-C., 1555, 1565 
Yavin, E., 1755 

Yavin, Z., 1755 

Yesair, D.W., 609 

Yip, L.C., 2888 

Yoda, B., 458 

Yokota, M., 1291 
Yokoyama, J., 103 
Younes, A., 1135 

Yu, G.., 1iis 

Yuan, G.C., 648 

Yunis, A.A., 2605 


Zachowski, A., 297 
Zahlten, R.N., 1973 
Zahn, R.K., 3081 
Zakharieva, R.D., 163 





AUTHOR INDEX - continued 


Zaneveld, J.D., 1409 Zetterman, R.K., 35 Zombor, G., 2155, 2261, 2533 
Zemaitis, M.A., 2073 Ziegler, A., 2969 Zraika, M., 2465 

Zenebergh, A., 1035 Zielinska, Z2.M., 2741 Zulli, P., 1677 

Zenzer, T.V., 51 _ Ziman, M.R., 2805 





Printed in Great Britain by A. Wheaton & Co. Ltd., Exeter 





Biochemical Pharmacology 


(FOUNDED BY SIR RUDOLPH A. PETERS) 


SUBJECT INDEX FOR VOLUME 29 
1980 


©) Pergamon Press sins. wer vo rt 





EDITORIAL BOARD 


Chairman: RUDOLPH A. PETERS 
Vice-Chairmen: Z. M. Baca, A. D. WeLcu, M. WELSCH 


Regional Editors 
European Continent 


Prof. PETER ALEXANDER 
(Executive Editor) 
Dr. J. GIELEN 


U.K. 


Chester Beatty Research Institute, Clifton Avenue, Belmont, Sutton, Surrey, 


Université de Liége, Laboratoire de Chimie Médicale, Institut de Pathologie, 


B-4000 Sart-Tilman par Liége 1, Belgium 


Associate Editor 
Dr. PIERRE LADURON 


Janssen Pharmaceutica Laboratories, B-2340 Beerse, Belgium 


American Continent 


Prof. ALAN C. SARTORELLI 


Yale University School of Medicine, Department of Pharmacology, Sterling 


Hall of Medicine, 333 Cedar Street, New Haven, Connecticut, U.S.A. 


Associate Editors 
Dr. Davip G. JOHNS 


Laboratory of Chemical Pharmacology, National Cancer Institute, National 


Institutes of Health, Bethesda, Maryland, U.S.A. 


Prof. R. H. ROTH 


Yale University School of Medicine, Department of Pharmacology, Sterlinz 


Hall of Medicine, 333 Cedar Street, New Haven, Connecticut, U.S.A. 


Prof. P. A. SHORE 


Managing Editor 
Dr. B. Z. RENKIN 


University of Texas, Southwestern Medical School, Dallas, Texas, U.S.A 


Yale University School of Medicine, Department of Pharmacology, Sterling 


Hall of Medicine, 333 Cedar Street, New Haven, Connecticut, U.S.A. 
HONORARY EDITORIAL ADVISORY BOARD 


American Continent 


Jutius AXELROD—National Institutes of Health, Bethesda, MD 

Epwarp BrEesNicK— University of Vermont, College of Medi- 
cine, Burlington, VT 

Erwin G. Erpés—University of Texas, Southwestern Medical 


School, Dallas, TX 

Daniet X. FREEDMAN—University of Chicago School of 
Medicine, Chicago, IL 

Rosert C. GALLO—National Institutes of Health, Bethesda, MD 

James R, GILLETTE—National Institutes of Health, Bethesda, 
MD 


InvinGc H. Go._pperG—Harvard Medical School, Boston, 
MA 


THEODORE E, GraM—National Institutes of Health, Bethesda, 
MD 


CHARLES HEIDELBERGER—University of S. California Cancer 
Center, Los Angeles, CA 

Russe_t Hitr—University of Rochester, Rochester, NY 

G. H. HitcuHincs—Wellcome Research Laboratories, Research 
Triangle Park, N' 

F. EpMUND HunrTER, Jrh—Washington University School of 
Medicine, St. Louis, MO 

Yutaka KosBayasHI—LSC Applications Laboratory, 
England Nuclear Corporation, Boston, M 

R. J. Levine—Yale University School of Medicine, New Haven, 
CT 


New 


P, N. MaGEE—Temple University School of Medicine, Phila- 


delphia, PA 


G. J. MANNERING—Department of Pharmacology, University 
of Minnesota Medical School, Minneapolis, MN 

Tac E. MaNsourR—Department of Pharmacology, Stanford 
University Medical Center, Stanford, CA 

RICHARD E. MCCAMAN—City of Hope Medical Center, Duarte, 


A 
— W. NeBert—National Institutes of Health, Bethesda, 


CHARLES A. oe = a Research Laboratories, 
Research Triangle Park, N 

ome. L. PLaAa—University of Montreal, Quebec, Canada 
E. ReichH—Rockefeller University, New York, NY 

EUGENE RosBerts—City of Hope Medical Center, Duarte, CA 

G. ALAN Rosison—University of Texas Medical School, 
Houston, TX 

Icor TaMM—Rockefeller University, New York, NY 

o— B. Tower—National Institutes of Health, Bethesda, 


—— VAUGHAN—National Institutes of Health, Bethesda, 


NORMAN WEINER—University of Colorado Medical Center, 
Department of Pharmacology, Denver, CO 

ARNOLD D. WELCH (Vice-Chairman)—Department of Bio- 
chemical and Clinical Pharmacology, St. Jude Children’s 
aa Hospital, 322 North Lauderdale, Memphis, 


«4 R. WILLIAMSON— University of Pennsylvania, Philadelphia, 


European Continent 


E. J. Ariéns—Faculteit der Geneeskunde, Nijmegen, The 
Netherlands : 

Z. M. Bacg (Vice-Chairman)—Université de Liége, Belgium 

A. G. H. BLakeLtey—Department of Pharmacology, The 
University, Glasgow, U.K. 

T. A. Connors—MRC Toxicology Unit, Carshalton, Surrey, 


U. 
oO. EICHLER—Gutleuthefweg 18, 69 Heidelberg-Schlierbach, 


-R.G. 
G. Gerser—Centre d’Etude de l’Energie Nucléaire, Mol, 
Belgium 
T. Goprrain>— Universit Catholique de Louvain, Belgium 
J. GRYGLEWskI—School of Medicine, Cracow, Poland 
Prof G. HeusGHem—Université de Liege, Laboratoire de 
Chimie Médicale, Institut de Pathologie, B-4000 Sart-Tilman- 
par Liége 1, Belgium 
Bo Hotmstept—Karolinska Institute, Stockholm, Sweden 
L. L. IverseN—Medical School, University of Cambridge, 
Cambridge, U.K. 
1. JankU—lInstitute of Pharmacology, Czechoslovak Academy 
of Sciences, Czechoslovakia 
M. JouveT—Université Claude Bernard, I yon, France 


H. McItwain—Department of Biochemistry, St. Thomas’s 
wy Medical School, London, U.K. 

A. E. McLean—Department of Clinical mate 
University College Hospital Medical School, London 

JACK MONGAR— University College, London, U.K. 

F. Ly emeeen-eence Institut der Universitat Mainz, 

R. PAOLeTTI—Instituto di Farmacologie, Milano, Italy 

RUDOLPH A. Ce aa of Biochemistry 
University of Cambridge, Cambrid ab 

E. Reiw—University of Surrey, Guildford, ‘Surrey, U.K. 

E. ReINER—Yugoslav Academy of Sciences and Arts, 4100 
Zagreb, Yugoslavia 

M. SANDLER—Bernhard Baron Memorial Research Labora- 
tories, Queen Charlotte’s Maternity Hospital, London, U.K. 

R.L.SmitH—St. Mary’s Hospital Medical School, London, U.K. 

K. Tirton—Department of Biochemistry, University of 
Dublin, Trinity College, Ireland 

B. UvnAs—Karolinska nstitute, Stockholm, Sweden 

M. VoGT—ARC _ of Animal Physiology, Babraham, 
Cambridge, U.K. 

P. G. WasER—University of Zurich, Switzerland 


M. WELSCH (Vice-Chairman)— Université de Liége, Belgium 
V. P. WHITTAKER—ApbDteilung fir Neurochemie, Max-Planck- 
Institut far Biophysikalische Chemie, Géttingen, F.R.G. 


CLAUDE LI boratoire de Biochimie 1.S.E.P., Rue des 
Bonnes-Villes, 1 B-4020 Liége, Belgi 


A. Di Marco—Farmitalia, Milano, taly 





Publishing and Advertising Offices: Headington Hill Hall, Oxford OX3 OBW (Oxford 64881) and Maxwell 
House, Fairview Park, Elmsford, New York 10523. Published twice monthly. Annual subscription rates 1981: 
For libraries, university departments, government laboratories, industrial and all other multiple-reader 
institutions, US $525 (including postage and insurance). Two year rate (1981/82): US $997.50. Specially 
reduced rates to individuals: In the interests of maximizing the dissemination of the research results published 
in this important international journal, we have established a two-tier price structure. Any individual whose 
institution takes out a library subscription, may purchase a second or additional subscriptions for personal 
use at the much reduced rate of US $70.00 per annum. Subscription enquiries from customers in North 
America should be sent to: Pergamon Press Inc., Maxwell House, Fairview Park, Elmsford, NY 10523, U.S.A., 
and for the remainder of the world to: Pergamon Press Ltd., Headington Hill Hall, Oxford OX3 OBW, U.K. 


Notes for Contributors are published in Nos. 1, 6, 12 and 18. 
For Microform Subscriptions, Back Issues and Copyright Laws, see inside back cover. 


Copyright © 1980 Pergamon Press Limited 





BIOCHEMICAL PHARMACOLOGY 


SUBJECT INDEX FOR VOLUME 29 


1980 


PREPARED BY W. COCKS 


acebutolol, 
effect on platelet-elastin and platelet- 
endothelial cell interaction, 943 
acetaldehyde, 
in brain in vivo, effect of ethanol 
treatment, 411 
in breath and blood during ethanol 
oxidation in man, 783 
effect on calcium uptake by synaptosomes, 


7 
inhibition of glycoprotein secretion in 
liver slices, 35 
acetaminophen, 
activation in isolated hepatocytes, 
effect of ethanol, 1741 
effect on carrageenin-induced 
inflammation, 1865 
drug interactions in normal and 
tumour=bearing rats, 1167 
effect on glutathione in liver, 1968 
effects of inducers and fasting on 
hepatotoxicity, 2<19 
lack of evidence for N-hydroxyacetamino- 
phen as a reactive metabolite 
in vitro, 1617 
acetanilide 4-hydroxylase, 
in liver microsomes, inhibition by 
ellipticine, 89 
Acetic annydride 


modification of Nai,kt-aiPase, 1995 
acetoacetate, 
transport in heart mitochondria, effect 
of dibucaine, 2877 
N-acetyladriamycin, 


complex with cardiolipin, 3003 
2-acetylaminofluorene, 
N-deacetylation by liver subcellular 
fractions, 1189 
p-acetylaminohipopuric acid 
transport into liver cells and bile, 
1023 
acetylcholine, 
binding in ileum, effect of vFP, 1391 
depletion of P3 fraction of forebrain 
independently of 53 fraction, 1949 
effect on cyclic GM” accumulation 
and renin release by kidney slices, 
1933 
netabolic pathway of acetyl group for 
synthesis of, 167 
modulation of phosphorylase and 
contractility in heart exposed to 
anoxia or isoproterenol, 1681 
release from brain slices, effects of 
pentobarbital and Cac+, 2189 
release in brain, effect of morphine, 
<777 
release evoxed by brachial plexus 
Stimulation and tityustoxin, <179 
turnover in brain regions, effects of 
lithium, 654 
acetylcholine receptors, 
in skeletal muscle, influence of 
decamethonium and suxamethonium on 
oe side chain chromophores of, 
7 


9 
acetylcholinesterase, 


acetylcholinesterase, 
in brain, 
inhibition by organophosphorus 
compounds with respect to delayed 
neurotoxicity, 2721 
effect of phencyclidine, 2524 
in jimulus ganglia, 1603 
in lung, effect of paraquat and 
related herbicides, 465 
soman inhibited, reactivation with 
HI-6 and related oximes, 2379 
acetylcoa, 
formation in spermatozoa, 2589 
N-acetylcysteine, 
effect on glutathione in liver, 1969 
acetylethyltetramethyltetralin, 
uncoupling of oxidative phosphoryl- 
ation, 1531 
l-a-acetylmethadol, 
induction of epoxide hydratase, sex 
and age dependence, 3245 
and metabolites, binding to blond 
constituents, 1897 
acetyl procainamide ethobromide, 
hepato-biliary transport rate, 2573 
acetylsalicylic acid, 
induced hypoinsulinemia 
calciun chloride, 1627 
inhibition of estradiol-17— absorption 
by rat intestine in vitro, 3017 
effect on thrombonlastin ectivity in 
human nonocytes, 9 
li-acetylserotonin, 
microassay in biological materials, 
C20 
N-.cetyl-3-sulphonamoyl-1-alanine, 
methyl ester, 
immunosuppressant activity in vitro 
and in vivo, 1767 
acid phosphatase, 
release from liver lysosomes, effect 
of ischaemia and chlorpromazine, 
re 


effect of 


release from polymorvhonuclear 
leuxocytes after nhagocytosis of 
monosodium urate, effect of 
colchicine derivatives, 2146 
acrolein, 
effect on =hydroxveyclophosphanide/ 
aldophosphanide netadolism in vitro 
2903 
actinomycin Dv, 
ciresdian rnytha of influence on 
eytochrome 2-443 induction by 
3-nethyleholanthrene, 1201 
eross resistance with adrianycia and 
vincristine in a murine solid 
tumour, 1¢81 
actonyosin, 
regulation »y phosphoryletion, 2537 
acyl-Joa: cholesterol acyltransferase 
in adrenal, effect of dichlorvos, 635 
adenine, 
effect on h»ctericidal activity of 
polymorphonuclear lenocytes, 3261.8 
adenine nucleotides 
effect on avd-induced platelet 








2 BIOCHEMICAL PHARMACOLOGY 


Adenine pan eeeanreeceses ) 
aggregation 799 
moduistion of transmission, 1635 
adenocarcinoma 
treatment with 5-fluorouracil in 
combination with hypoxanthine and 
allopurinol, 2077 
adenosine, 
effect on ethanol-induced modifications 
in liver metabolism, 1709 
inhibition of aDP-induced platelet 
aggregation, blockade by 5'-methyl- 
a 2',5 '-dideoxyadenosine, 
moduda tion of neurotransmission, 1635 
potentiation of antigen-induced histamine 
release, 1085 
stimulation of gluconeogenesis in renal 
cortical tubule fragments, 
uptake into human blood platelets, 
inhibition of, 43 
adenosine analogues, 
effect on aDP-induced platelet 
aggregation, 1799 
adenosine deaminase, 
in erythrocytes, role of nucleoside 
transport system in effect of 
Z'-deoxycoformycin, 2491 
a by <'-deoxycoformycin in vivo, 
157 
adenosine diphosphate, 
induced platelet aggregation, 
effect of adenosine analogues ‘and 
adenine nucleotides, 1799 
blockade by 5'-methylthioadenosine 
and 2',5'-dideoxyadenosine of 
effect of adenosine, 2329 
Adenosine kinase, 
in —* cells, substrate specificity, 
3051 
Adenosine-3',5'-monophosphate, 
in adipocytes, effects of insulin and 
hydrogen peroxide, 1239 
in adrenal cells, effect of ca<*+ on 
modulation by prostacyclin and acti, 
221 
in brain, effect of apomorphine and 
in brain regions and pituitary, effect 
of anaesthesia, 1891 
dependent and independent phosphorylation 
of proteins in neural cells, effect 
of methylmercuric chloride, 539 
elevation in cultured aorta cells by 
nistamine and serotonin, 3155 
formation in fat cells, effects of 
prostacyclin, 661 
in glioma and neuroblastoma cells, 
effect of methylmercuric chloride on 
PG} action, 201 
glucagon induced accumulation in liver, 
effect of PGZo, 681 
in granulation tissue, effect of 
histamine, 103 
in human mononuclear leukocytes, 
stimulatory effect of ionophores ,1981 
hydrolysis by brain pnosphodiesterase, 
inhibition by hy ,oxanthine, inosine 
and IMP, <7 
identification of Pceadrenergic receptors 
in pa Alggeel 97 
in ppet lary muscle, effect of vanadate, 
9 


in pineal gland, effects of darkness and 
desmethylimipramine, 1341 


Adenosine~3 ',5 '-monophosphate (contd. ) 
in pituitary, effect of apomorphine 
in = effect of chlorpromazine, 

0 


in polymorphonuclear leukocytes after 
phagocytosis of monosodium urate, 
effect of colchicine derivatives, 
2146 
production by adrenocortical cells, 
effect of prostanoids, 1 
role in effect of acetylcholine on 
catecholamine-stimulated 
phosphorylase in heart, 1681 
effect on tyrosine hydroxylase in 
caudate nucleus homogenates, 1593 
adenosine-3',5'-monophosphate analogues, 
effect on thromboplastin activity in 
human monocytes, 9 
Ga@t+eadenosine triphosphatase, 
in heart 
effects of adrenochrome, 559 
effect of chlorpromazine and 
. imipramine, 629 
Ca°+,Mg?+sadenosine triphosphatase, 
in muscle sarcoplasmic reticulum, 
effect».of halothane, 375 
in synaptosomes, effect of 
eyclodienes, 1815 
ecto-adenosine triphosphatase, 
in human leukocytes, 2285 
Mg?+-adenosine triphosphatase, 
in brain synaptosomes » effects of 
cd2+, inet and 4l°t, 141 
in = effect of DoT analogues 
10 
in heart, effects of chlorpromazine 193 
and imipramine, 629 
in synaptic membranes, effect of 
lithium chloride, 387 
Nat ,Xt-acenosine triphosphatase, 


in brain, 
effect of chronic dietary lithiun, 
2819 
inhibitory action of penicillic 
acid, 19 


involvement of lipid and protein 
components in inhibitory action 
of alcohol, 771 
noradrenaline stimulated in 
synaptic membranes, effect of 
desipramine, 111 
in synaptic membranes, effect of 
lithium chloride, 887 
in synaptosqmes ffects of cd@+, 
uine+ and al-+, 141 

in heart 
effects of adrenochrome, 559 
effect of benpridil, 1135 
effects of chlorpromazine and 
imipramine, 629 
identification of ouabain binding 
sites, 1195 
in relation to ouabain binding, 
3219 

in intestine 
brush border and basolateral 
membrane vesicles, effects of 
phenolphthalein and harmaline ,2307 
prenatal induction, 251 

involvement *4 tropomyosin on 
sensitivity to ouabain, 297 

in kidney brush border and basolateral 
membrane vesicles, effects of 
phenolphthalein and harmaline ,2307 





BIOCHEMICAL PHARMACOLOGY 


Nat,Kt-adenosine triphosphatase (contd. ) 
modifications that alter interactions 
ioe K+ and cardioactive steroids, 
9 
role in noradrenaline uptake by 
synaptosomes, 2105 
in striatun, catecholamine -susceptible 
characterization and localiza ion 897 
Adenosine triphosphate, 
in on effect of psychotropic drugs, 


catabolism in Ehrlich ascites tumour cells, 
effect of misonidazole, 2533 
treated with dactylarin, 2155 

dependent monoamine transport by 
chtomaffin granules, 1883 

in isolated perfused rat brain, effects 
of morphine and methadone, 1608 


in eer effect of 3-methylcholanthrene, 
7 


rel a3 as co-transmitter and transmitter, 


release from synaptosomes, 1302 
ies. eed effect on adenylate cyclase, 
0 
Adenosine triphosphate-citrate lyase, 
in spermatozoa, radiochemical 
determination, 2589 
S-Adenosyl-L-methionine, 
in walker carcinoma, effect of 
8007-7957, 501 
S-Adenosyl methionine decarboxylase, 
inhibition by guanethidine, 113 
Adenylate cyclase, 
in aorta cells, sensitivity to histamine, 
elie em and adrenaline, 
y) 
catecholamine stimulated in human 
astrocytoma cells, effect of 
dexamethasone, 2151 
dopamine sensitive in striatum, 
effect of chronic LeDOPa therapy,701 
connection with high affinity 
spiperone binding sites, 1331 
effect of kainic acid, 1645 
effect of oxypertine, 2681 
heart sarcolemma, effects of 
adrenochrome, 559 
5Sehydroxytryptamine sensitive in brain, 
properties, 24 
regional and subcellular distribution 
and ontogenetic development, 2455 
intestinal epithelial cells, effects 
of prostaglandins Ed and I2, 673 
kidney, effect of alamethicin on 
hormonal activation, 51 
liver plasma membranes, stimulation 
by AIP, 3202 
lung, inhibition by adenosine and 
its analogues, 1085 
PGgl-sensitive in glioma and neuro- 
blastoma cells, effect of methyl- 
mercuric chloride, 201 
in platelets, effect of 2',5'-dideoxy- 
coo and 5! methyl thioadenosine, 
252 
role of GIP in activation of, 853 
in thyroid, effect of catecholamines 
andgeadrenergic antagonists, 1966 
adenylosuccinate synthetase, 
inhibition by Lealanosine, <<7 
adipocytes, 
hydrogen peroxide as 2 messanger of 
insulin, 1239 
adipose tisse 
antilipolytic action of insulin, 617 


in 


in 
in 
in 
in 


Adjuvant arthritis, 

effect of penicillamine on macro- 

phage phagocytosis, 2273 
Adrenal, 

effect of calcium on prostacyclin 
and corticotropin modulation of 
cyclic AMP and steroid production 

in, 2213 
effect of dantrolene on cortical 
function, 1669 

effect of adchiorvos on steroid 
metabolism, 635 

effects of mixed function oxidase 
inhibitors on xenobiotic metabol- 
ism in, 

Na-Ca exchange mechanism in relation 
to catecholamine secretory 
mechanism, 2669 

specific inhibition of angiotensin 
receptors in glomerulosa, 927 

effect of steroid hormones dn vitro 
on xenobiotic metabolism, 

Adrenalectomy , 

effect on progesterone-stimulated 

_ cortisol sulfotransferase, 


Adrenaline, 
effect on cyclic AMP in granulation 
tissue, 103 
effect on dihydroergocryptine binding 
in liver, 1653 
effect on hydrolysis of arginine and 
tyrosine esters in mast cells ,419 
effect on labelling of brown fat 
cell phospholipids, 3330 
stimulated lipolysis, inhibition by 
insulin, 617 
yest po fnyroid adenylate cyclase, 
adrenaline receptor, 
in aorta cells, association with 
adenylate cyclase, 3155 
adrenergic activity, 
effects of chlorpromazine, 801 
Adrenergic agents, 
effect on sodium fluxea across 
rabbit colon in vitro, 1271 
a-adrenergic receptors 
in blood platelets, {nvolvement in 
interaction with elastin, 
brain, 
interactions of y600 and local 
anaesthetics, 155 
effect of oxypertine, 2681 
post-mortem, 1869 
heart, effect of phospholipids 
on dihydroalprenolol binding ,<791 
inhibition of thyroid adenylate 
cyclase stimulation by isoproter- 
enol, l 
in iris, 2713 
in liver, 1653 
in uterus, assay for subtypes using 
dihydroergocryptine, 452 
Gj-adrenergic recentors 
activation of phos phatidylinositol 
labelling of isolated brown fat 
cells, 3330 
in liver, activation of glycogen 
phosphorylase,._ 
Geadrenergic receptor subtypes 
ee as a selective radioligand, 
1 
feadrenergic receptors, 
effects of adenosine, 1635 
in artery membranes from 


in 


in 





4 BIOCHEMICAL PHARMACOLOGY 


f-acrenergic receptors(contd. ) 
deoxycorticosterone-salt hyper- 
tensive rats, 1465 
in astrocytoma cells, effect of 
dexamethasone on density of, 2151 
in brain, effect of antidepressants on 
dihydroalprenolol binding, 2895 
biochemical modification in ischaemic 
heart, effects of propranolol, 2687 
f2-adrenergic receptor 
in mam: lian epidermis, 97 
f-Adrenergic receptor subtypes 
classification and quantitation, 1317 
;-adrenergic stimulation 
effect on disposition of tryptophan, 
tyrosine and isoleucine in rats, 509 
adrenochronie , 
effect on heart sarcolemmal ATPase 
activities, 553 
Adrenocortical cells, 
steroidogenic properties of prostanoid 
structures, 1919 
adrenocorticotropic hormone, 
modulation of cyclic AMP and steroido- 
genesis in adrenal cells, effect of 
cact, 2213 
in plasme, effects of dichlorvés, 635 
Adriamycin, 
binding to macromolecules in vivo, 1667 
complex with cardiolinin, JOC 
effect on xO. tumour and actinomycin 
resistant subline, 1081 
aflatoxin, 
induced liver damage, transfer of liver 
cadmium to kidney, 1852 
‘inhibition of poly(4)t- and poly(a)-- 
wNa Synthesis, 2247 
alamethicin, 
effect on hormonal activation of renal 
adenylate cyclase, 51 
alanine, 
' effect on ethanol metabolism in perfused 
liver, 1029 
release from brain slicgs ; effects of 
pentobarbital and Ca<i+, 2189 
L-Alanosine, 
interaction with enzymes metabolizing 
glutamic acid, aspartic acid and 
their amides, 227 
Albumin, 
bovine serum, effect of cyanate on 
warfarin binding, 1598 
human serum, Pe 
125]-labelled, effect of cd<+ on 
uptake and degradation in liver cells 
in vitro, 31C1 
indomethacin binding sites, 1759 
tryptophan binding, 1915 
cg > mote binding, enzymatic unmasking, 
9 
Alcohol dehydrogenase 
in liver, effects of castration and 
testosterone administration, 3175 
negative Peromyscus , ethanol metabolism 
in, l 
pitfalls of enzyme assay, 1973 
Alcoholics, 
5-hydroxytryptophol in CoF, 693 
alcohols, 
innibition of synthesis of ornithine 
decarboxylase and tyrosine amino- 
transferese in regenerating liver, 
2799 
Aldehyde dehydrogenases, 
in liver 
differentiation of normal and 


Aldehyde dehydrogenases, 
in liver(contd. ) 
inducible forms by disulfiram 
inhibition in vitro, 3026 
inhibition of, 2903 
aldehyde oxidase, 
in liver, inhibition of, 2903 
Aldehyde ‘reductase, 
in brain, effects of benzodiazepines 
and valproic acid, 1703 
Aldosterone 
renal binding sites, effect of 
spironolactones , 
effect on RNA polymerase in kidney 
cortical and medullary mitochondria 
1575 
algorithn, 
sequence-reactivity in proteins ,2089 
Alkaline phosphatase, 
in cultured dental pulp cells, 
diphenylhydantoin induction, 2143 
external localization on surface of 
sarcoma 180 cells resistant to 
6-thioguanine, 1859 
Alkylation 
of nucleic acids by metabolites of 
xenobiotics in liver microsomal 
incubations, 449 
allopurinol, 
antileishmanial effect, 2397 
effect on bactericidal activity of 
polymorphonuclear leukocytes ,3018 
effect on infections in mice, 1939 
allopurinol ribonucleoside 
antileishmanial effect, 2397 
Alloxan diabetic rats, 
absence of cytosol effects on 
microsomal drug metabolism, 2491 
Allyl compounds, 
mutagenic potential, 993 
Allylic compounds, 
correlation of allylating and 
mutagenic properties, 2611 
mutagenic potential, 993 
Allyl-iso-propylacetamide, 
degradation of cytochrome P-450,2805 
Allyl 2,2,2-trifluoroethyl ether, 
role of cytochrome P=-450 in toxicity 
of, 3257 
Alphaxalone, 
wer age by isolated hepatocytes, 
2 


Aluminiun, 
effect on Nat,k+-aTPase and Mg?+- 
ATPase activity and choline 
uptake in brain synaptosomes, 141 
Amethopterin 
response of mouse Lecells, 2741 
amfonelic acid, 
pe «Pye striatal dopamine metabolism 
effect on dog, ~~ paaaa dopamine 
formation, 2957 
amnidopyrine 
N-demethylation in liver microsomes, 
effects of oral tobacco and 
nicotine, 3087 
Amino acids, 
in stomach and plasma, effect of 
5-hydroxytryptamine, 1855 
y-Aminobutyric acid, 
binding in subfractions of brain 
synaptic membrane fraction, 1077 
in brain, effect of intraventricular 
putrescine, 95% 
metabolism in brain following 





BIOCHEMICAL PHARMACOLOGY 5 


Y-Aminobutyric acid(contd. ) 
chronic oral administration of 
ethanolamine 0-sulphate, 14 
purine inhibition of receptor binding 
to brain membranes, 1217 
release from brain slicgs , effects of 
pentobarbital and Ca<t, 2189 


release in brain, effect of morphine, 


2777 
Y-aminobutyric aeid transaminase, 
in brain 
effect of ethanolamine Q-sulphate, 
>? at of intraventricular putrescine, 


2'= and 3'-gmino 2'-deoxyribonucleosides, 
antiviral, antimetabolic and antineo- 
plastic activities, 1849 
2-amino-6 ,7-dihydroxy-1,2,3,4-tetrahydro- 
naphthalene , 
changes in binding to microsomal and 
Synaptic membrane fractions of 
striatum following kainic acid 
lesions, 1645 
stimulation of Na+,K*-aTPase in 
striatun, 
Aminofolates, 
target and non-target metabolic effects 
in mouse cells, 2741 
Aminoglycosides, 
ototoxicity correlated with action on 
phosphoinositide films, 597 
p-Aminohippurate 
renal tubular transport in rats 
drug-induced stimulation, 983 
2-amino-6-[ (2-hydroxy-5-nitrobenzyl )thio]- 
9-Bp-D-ribofuranosyl purine, 


effect on adenosine deaminase inactivation 


by 2'-~deoxycoformycin, 2491 
5 -amino-4-imidazole-N-sucanocarboxamide 
ribonucleotide synthetase, 
inhibition by alanosine, 227 
$-aminolevulinic acid, 
effect on heme degradation in brain,1590 
incorporation into testicular heme, 
ot ake of 1,2-dibromo-3-chloropropane, 
2 


role in modulation of adverse effects 
of ascorbic acid depletion, 1255 
§-aminolevulinic acid synthetase 
in chick embryo kidney, induction, 458 
in heart, effects of fasting, cobaltous 
chloride and hemin, 795 
L-2-amino-4-methoxy-trans-3-butenoic acid, 
effect on growth and metabolism of 
walker carcinoma da vitro, 501 
2-aminome thyl-4-t-buty1-6-iodophenol, 
effect on carrageenin-induced 
inflammation, 1863 
2-amino-6-{ (4-nitrobenzyl )seleno]-9-B-D- 
ribofuranosyl purine, 
effect on adenosine deaminase inactivat- 
ion by 2'-deoxycoformycin, 2491 
o-Amincphenol, 
conjugation in isolated liver cells ,2963 
2-Aminophenol , 
deficiency of glucuronidation in Gunn 
rat liver, effect of pentan-3-one, 
3204 
3-aminopicoliniec acid, 
effect on phosphoenolpyruvate 
carboxykinase, 325 
Aninopterin, 
~~ of dihydrofolate reductase, 
9 
response of mouse L-cells, 2741 


aminopterin analogues, 
inhibition of 11210 cell dihydro- 
folate reductase, 3293 
aminopyrine, 
inhibition of lipid peroxidation in 
liver microsomes, 56 
metabolism by liver microsomes, 
effect of castration, 3133 
effect of cimetidine, 3075 
diabetic rats, absence of cytosol 
effects, 2491 
obese rats, 289 
Aminopyrine N-demethylase, 
in liver microsomes 
effect of phenobarbitone, 3319 
effect of 1-pheny1-3-(2-thiazoly1) 
-2-thiourea, 2425 
Sous" of trans-stilbene oxide, 
2 
trout, sex differences, 553 
3-amino-triazole, 
effect on ethanol oxidation by 
isolated hepatocytes, 2161 
anitriptyline, 
bake on naloxone binding in brain, 
0 
ammonium ions, * 
effect on uptake and degradation of 
asailo-fetuin in hepatocytes, 917 
Amobarbital N-glucoside, 
formation in human liver, 2085 
Amphetamines 
halogenated, effect on protein 
synthesis in newborn rats, 335 
inhibition of monoamine oxidase 
in vivo, 1347, 2871 
metabolism in catheterized rats, 221 
effect on ayeaghece dopamine 
formation, 2957 
amphiphilic drugs, 
replacement of calcium from lipid 
monolayers, 2969 
aAmygdalin, 
induced cyanide toxicity, role of 
gastréintestinal microflora, 301 
reactivity with hydroxyl radical ,3307 
Amytal, 
effect on calcium induced loss of 
respiratory control in beef 
heart mitochondria, 1455 
effect on permeability of liver 
mitochondrial membrane, 2325 
anaesthesia, 
effect on cyclic nucleotides in brain 
regions and pituitary, 1°91 
anaesthetics 
fluorinated ethers, role of 
cytochrome 2-450 in toxicity of, 
3257 
mtg on hepatic stearate desaturase 


local, 
effect on cytochrome oxidase 
activity, 2651 
interactions with brain ceadren- 
a and muscarinic receptors, 


effect on monoamine oxidase in 
liver, 1177 
effect on thermotropic properties 
of brain lipids, 849 
anaphylaxis 

increase fo antigen-induced release 
of slow reacting substance by 
sodium fluoride, 1843 

separation of slow reacting substance 





6 BIOCHEMICAL PHARMACOLOGY 


Anaphylaxis (contd. ) 
from othef mediators, 319 
Androstenedione 
cytochrome P-450-mediated metabolism in 
trout liver microsomes, 
Angina pectoris, 
—_- of prevention by propranolol, 


Angictendin I peel. enzyme, 
on human and swine intestinal brush 
border, 1525 
inhibitors, treatment of hypertension, 
1871 
in lung ? 
inhibition by opoid peptides, 3115 
inhibition by Y¥S-980, 1543 
angiotensin II and III receptors 
in adrenal glomerulosa, specific 
inhibition, 927 
Aniline 
inhibition of lipid peroxidation in 
liver microsomes, 565 
metabolism in liver microsomes, 
effect of castration, 3133 
enhancement by cyanide, 1141 
diabetic rats, absence of cytosol 
effects, 2491 
effect on P=450 reductase and cytochrome 
¢ reductase in liver microsomes, 89 
aniline hydroxylase, 
in liver microsomes, 
ofa of Bepertussis components, 
1 


ee induction of two forms, 


effect of ethinyl estradiol, 677 
effect of hydroxylated phenobarbital 
metabolites, 1127 
obese rats, 289 
effect of 1 -pheny1~3~(2-thiazoly1 )=2~ 
thiourea, 2425 
Aniline mustard metabolites, 
biliary excretion and enteronepatic 
circulation in rat and rabbit, 1299 
l-anilino-8-naphthalenesulfonate, 
binging protein in rat liver cytoplasm, 
C 


use to monitor chlorophenol-liposome 
interactions, 247} 
anoxia, 
effect of acetylcholine on response in 
heart, 1681 
anthelmintics, 
peculiar targets in chemotherapy, 1981 
anthiomaline 
effect on 8 -clucuronidase in liver, 2925 
anthraaycin-DNa adduct, 
structure, 1307 
antialdosterones 
importance of 
353 
anticancer agents, 
drug metabolism interactions in mice, 131 
antidepressant drugs, 
effect on feadrenerzic recepbor binding” 
in guinea pig brain, 2895 
anticholinergic activity, <149 
effect on ecto-aTpase in leukocytes, 
acl 
possible involvement of 5-hydroxy- 
tryptamine receptors in action of,27C9 
antidiabetic drugs, 
effect on glucose kinetics in blood,1441 
antidiuretic hormone, 
stimulated renal adenylate cyclase, 
effect of alamethicin, 51 


tactone ring in activity of, 


antigen, 
induced histamine release from lung, 
effect of adenosine, 1085 
Antiinflammatory drugs, 
biochemical raed bs ls 7” aa ftom 
acute ulceration, 12 
effect on chemotactic factor-elicited 
release of granule-associated 
enzymes from neutrophils, 9 
role of “eet rag in cytostatic 
action of, 3511 
Antimonial drugs, 
at > B-glucuronidase in liver, 


Antipyrine 
penetration of preimplantation 
blastocyte, 1663 
Antitumour antibiotics, 
reactions with DNA in vitro, 521 
Anuric rats, 
biliary excretion of melphalan, 2518 
Aorta cells, 
elevation of cyclic AMP by histamine 
and 5<hydroxytryptamine, 3155 
Apomorphine 
effect on cyclic nucleotides in 
brain and pituitary in vivo, 
stimulation of Na+,K+-ATPase in 
striatum, 857 
9-B-D-Arabinofuranosyladenine 
metabolism in yeast cells, 3081 
Arachidonic acid, 
inhibition of angiotensin receptors 
in adrenal glomerulosa, 927 
metabolism in hepatoma cells, effect 
of antieinflammatory drugs, 311 
metabolism in platelets, effect of 
onion and garlic o1lé, 316 
Arachidonic acid releasing substance, 
oorgpe ree in anaphylactic fluid, 


369 


Arginine esters, 
hydrolysis in mast cells exposed to 
adrenaline, 419 
Aroclor 1254, 
effect on activation of eyclo- 
phosphamide to a mutagen, 256 
effect on aniline hydroxylase in 
hamster liver microsomes, 
induction of arylhydrocarbon 
hydroxylase in F.heteroclitus 
eggs, W9 
induction of dimethylnitrosamine 
demethylase in liver, 1375 
Aromatic L-amino acid decarboxylase 
inhibition by a-difluoromethy1-DOPA, 


Arteparon, 

inhibition of elastase from human 

polymorphonuclear leukocytes ,1723 
Arteries, 

Beadrenergic receptors in, deoxy- 
corticosterone-salt hypertensive 
rats, 1465 

cerebral, noradrenaline release by 
drugs and potassium, 540 

coronary, guanylate cyclase in,2943 

Aryl hydrocarbon hydroxylase 

in cultured cells, stimulation by 
human and animal sera, 271 

in embryo of esturine fish, induction 
of, 949 

in liver microsomes, 
effect of cumene hydroperoxide, 
1261 
inhibition by ellipticine, 89 
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Aryl hydrocarbon hydroxylase 
in liver microsomes (contd. ) 
obese rats, 289 
effect of pyrrolizidine alkaloids 
from tansy ragwort, 264 
Ascorbic acid, 
effect on benzo[a]pyrene and (- - 
7,8-dihydrodiol oxidation, 1 
= of deficiency on heme metabolism, 


distribution in gastrointestinal tract, 
effect of barbiturate, 1839 
induced lipid peroxidation in liver 
microsomes, substrate inhibition, 565 
Asialo-fetuin, 
effects of ammonium ions and chloroquine 
on uptake and degradation in 
hepatocytes, 917 
L-Asparagine, 
role in immune response to N-acetyl-3- 
ee methyl ester, 
L-ASparagine aminohydrolase, 
inhibition by L-alanosine, 227 
Aspartate, 
effect of alanosine on transport by 
lymphoblasts, 227 
release from brain slices, effects of 
pentobarbital and Cast, 2189 
sone in brain, effect of morphine, 
777 
Aspartate aminotransferase, 
inhibition by L-alanosine, 227 
Aspartate transcarbamylase, 
inhibition by L-alanosine, 227 
L-Aspartyl tXNA synthetase, 
inhibition by Lealanosine, 227 
aspirin, 
induced ulceration, biochemical 
gastroprotection, 1281 
reversibility of effect on vascular 
prostaglandin generation, 1093 
Astiban, 
effect on Beglucuronidase in liver, 2925 
astrocytoma cells, 
dexamethasone increases f-adrenoceptor 
density, 2151 
Aurothiomalate, 
sulphydryl dependence of inhibition of 
mitogen-induced human lymphocyte 
proliferation, 3333 
avocado fruit extracts, 
— of cytochrome P=450, 3253 
AY=-994+4+, 
concentration dependent effect on sterol 
syntnesis in brain, 2751 
8-azaadenosine, 
effect on synthesis and methylation of 
naNA in L1210 cells, 1459 
5eazacytidine, 
urinary metabolites in mice, 609 
5-Aza-2'=deoxycytidine, 
transformation and metabolic effects in 
mice, 2929 
azathiopurine 
metabolism dn human liver, inhibition by 
furosemide in vitro, 1439 
6-Azauridine, 
inhibition of cytidine deaminase, 807 
pene gees of inosinate dehydrogenase, 
2261 
2'= or 3'-azido deoxyaucleosides, 


esprit | antimetabolic and antineoplastic 
i 


activities, 1849 
5(l-ariridinyl )2,4-dinitrobenzamide, 
inhibition of ribonucleotide reductase 


5(l-Aziridinyl )-2,4-dinitrobenzamide 
(contd. ) 
in tumours, 2845 

Azo 


dyes , 
modification of acceptance of tRNA 
for some amino acids, 2301 
Azo mustards, 
isomers, activity towards human 
tumour xenografts, 2919 


Barbital, 
penetration of Oe agar 
blastocyte, 1663 
Barbiturates, 
effect on calcium induced loss of 
respiratory control in beef 
heart mitochondria, 1455 
effect on distribution of ascorbic 
ae34 in gastrointestinal tract, 


Basolateral membrane vesicles, 
effects of phenolphthalein and 
1 aaa on transport functions, 
2307 
Beagles 
caffeine metabolism in puppies, 1909 
pencyclane, 
protection of oxidative phosphoryl- 
ation, 
Benserazide, 
inhibition of tryptophan-niacin 
metabolism, 707, 2099 
substrate of catechol-Q-methyl- 
transferase, 3123 
Benzamides , 
effect on in vivo binding of 
spiroperidol in brain regions ,267 
Benzanthracene, 
induction on 7-ethoxycoumarin 
— in rat hepatocytes, 
77 
Betamethasone, 
activation of hepatic microsomal 
droxylation, 2345 
3enz[ajanthracene 5 ,6~oxide, 
glutathione S-transferase activity 
towards in monkey tissues, 1589 
3enzimidazoles, 
anthelmintic activity, 1981 
Benzocaine, 
ae + a cytochrome oxidase activity, 
(4 


Benzodiazepines 
anticonvulsant mechanism, 1703 
'H-NMR investigations of a Hammet.- 
type substituent effect on hydrogen 
bond interaction of, 137 
7 ,8=-3enzoflavone, 
effect on benzo[aJpyrene and 
(7 )tE -7,8-dihydrodiol oxidation, 


effect on drug metabolism in adrenal, 


neselateeniids 

DNA binding of metabolites, inhibition 
by ellipticine 9 

inhibition of lipla peroxidation in 
liver microsomes 

metabolism and binding to DNA in 
fish, 75 

metabolism in Hogg of Fundulus 

9 


ie tered tue 
metabolism in liver microsomes, 


effect of cimetidine, 3075 
effect of disulfiram and 
diethyldithiocarbamate, 1517 
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Benzo[a]pyrene, 
metabolism in liver microsomes (contd. ) 
after interaction between cytochrome 
P=4+48 and microsomes, 1261 
effect of modifiers, 1693 
metabolism by purified cytochrome P=-450, 
effect of modifiers, 1693 
metabolism by small intestine, effects 
of disulfiram and diethyldithio- 
carbamate, 1517 
Cer aes renee activity 
towards, +95 
penzo[a]pyrene hydroxylase, 
in adrenal, 
effect of inhibitors, 951 
oe of steroid hormones in vitro, 


7 
in intestinal microsomes, species 
differences in stimulation of, 1161 
in liver microsomes 
inhibition by ellipticines, 3231 
effect of medroxyprogesterone 
acetate, 1155 
effect of trans-stilbene oxide, 3245 
trout, sex differences, 553 
N-senzoyl-arginine-ethyl-ester, 
hydrolysis in mast cells exposed to 
adrenaline, 419 
a es, Oy ha pets egal 
hydrolysis in mast cells exposed to 
adrenaline, 419 
Senzphetamine, 
demethylation by adrenal microsomes, 
effect of steroid hormones, 2373 
demethylation in liver microsomes, 
effect of bleomycin, 3239 
effect of hydroxylated phenobarbital 
metabolites, 1127 
induction in young and geriatric 
rats, 1191 
demethylation in lung microsomes, effect 
of bleomycin, 3239 
3,4-3enzpyrene hydroxylase, 
in liver microsomes, effect of ethinyl 
estradiol, 677 
senzyl alcohol, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
senzylamine, 
as substrate for hHwman monoamine 
oxidase-a, 777 
senzylamine oxidase, 
in human tissues during development, 1é2<cl 
sepridil, 
etrect on mitochondrial ATPase reactions, 
1135 
sile, 
ontenete* of aniline mustard metabolites, 
299 
transsort of organic anions, 1023 
Bile flow, 
effects of ethinyl estradiol in mice ,677 
in hamsters, effect of gnovid, 960 
stimulation by ethacrynic acid, 2733 
Bilharcid, 
effect on P-glucuronidase in liver, 2925 
Biliary tree, 
glucose transport demonstrated by 
segmented retrograde intrabiliary 
injection technique, 213 
mode of drug transfer evaluated by 
segmented retrograde intrabiliary 
injection technique, 205 
Biphenyl 4-hydroxylase, 
in liver microsomes, obese rats, 289 
in primary hepatocyte culture, effect 


Biphenyl 4-nydroxylase(contd. ) 
ee rite mrenogs medium, 
1231 
Biphenyl hydroxylation 
activation by betamethasone and 
a-naphthoflavone 
4-{34s-(2-bromopropyl jamino]-2'- 
carboxy -2-methylazobenzene , 
separation of isomers, 2919 
Bis-1,3-@-chloroethyl )-l-nitrosourea, 
Anni bition of tubulin polymerization, 
reaction with DNA, 2639 
Bis(4-cyanophenyl )phosphate, 
ee of liver carboxylesterases 
7 
Bismuth-binding earns 
in kidney, 291 
Bis (4-nitrophenyl )phosphate, 
— of liver carboxylesterases, 
7 
Bisphosphoglyceromutase, 
in human erythrocytes, effect of 
thyroid hormones and other kinetic 
modifiers, 517 
sladder, 
S-mamsoni infected mice, effect of 
—e on P-glucuronidase in, 
9 
Blastocyst, 
—— drugs that penetrate, 
©, 


Bleomycin, 
effect on oxidative metabolism in 
lung and liver microsomes, 3239 
reaction with DNA in vitro, 521 
Blood pressure, 
role of angiotensin converting enzyme 
in regulation of, 1871 
Blood vessels, 
effect of propranolol on prolyl 
hydroxylase in, 3093 
Blood viscosity, +79 
Bone marrow progenitor cells 
toxicity of showdomycin and 
maleimide, 2199 


Bordetella pertussis 
depression of drug metabolism, 1483 


porneol, 
inhibition of pepe the cholesterol 
synthesis, 2125 
Brachial plexus stimulation, 
evoked release of acetylcholine from 
sensory motor cortex, 2179 
3radykinin, 
receptor-like oindin; studied with 
iodinated analogues, 175 
Breath, 
acetaldehyde concentrations during 
ethanol oxidation in man, 783 
3romobenzene , 
cumulative effects of reactive 
metabolites, 1041 
5 -sromodeoxyuridine 
inhibition of cytidine deaminase ,807 
Bromo-lasalocid ethanolate, 
effect on cyclic AMP in human 
mononuclear leukocytes, 1991 
p-3romophenacyl bromide, 
effect on lysosomal enzyme release 
» ra: ome amie arse leukocytes, 


Brown fat cells, 
aj-adrenergic activetion of 
uaa aan aa a labeling, 
0 : 
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Brush border vesicles, 
effect of phenolphthalein and harmaline 
on transport functions, 2307 
Bume tanide , 
effect on calcium uptake and release by 
kidney microsomes, 2339 
a-Bungarotoxin 
binding in Ligulus 
choline uptake, 1 
Burimamide, 
antagonism of histamine action on 
cyclic AMP in granulation tissue ,103 
Butan-l-ol, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Butylated hydroxytoluene, 
effect on benzo[a]pyrene and (=) trans 
7,8-dihydrodiol oxidation, 1 
binding to nucleic acid in vivo, 1304 
t-3utyl hydroperoxide 
restriction or hexobarbital metabolism by 
perfused rat liver, 3112 
n-3utylisocyanide spectra, 
of liver microsomes of genetically 
hyperglycaemic anda streptozotocin- 
treated mice, 4959 
2-t-3utyl-4+-methoxyphenol , 
oxidation by horseradish and mammalian 
peroxidase systems, 763 
§-3utyrolactone 
effect on striatal dopamine, 1432 


ganglia, effect on 
03 


Cadmium, ; 
effect on ATPase activity and choline 
uptake in brain synaptosomes, 141 
effect on metals and isometallothionein 
levels in rat tissues, 2407 
transfer from liver to kidney after 
aflatoxin-induced liver damage, 1852 
Cadmium acetate, 
effess on uptake and degradation of 
1“DI-HSA in vitro, 3103 
vaffeine, 
metabolism in beagle pupvies, 1909 
penetration of preimplantation 
blastocyte, 1663 
Calciun, 
binding by heart subcellular membranes, 
effects of chlorpromazine and 
imipramine, 629 
effect on coronary arterial guanylate 
cyclase, 2 
dependent modulation of cyclic GMP in 
renal cortex, role of fatty acids,717 
devolarization induced influx into 
synaptosomes, effect of chlordiaz- 
epoxide, 2439 
effect on Erequency -dependent release of 
noradrenaline, 3029 
3ffect on 5<hydroxytryptamine inducea 
release of noradrenaline from 
cerebral arteries, 840 
induced exocytosis in fluoride treated 
PMNs, 3051 
induced loss of respiratory control in 
beef heart mitochondria, effect of 
barbiturates, 1455 
influence on wheat germ agglutinin 
stimulation of histamine secretion 
from mast cells, 455 
influx into synaptosomes, effect of 
ethanol, 190 
improvement of tissue perfusion with 
inhibitors of flux, 479 
ionophore-mediated transport, effect of 
sulfonamides, 1879 


Calcium(contd. ) 


effect on neurotransmitter release 
from midbrain slices, 2189 
effect on prostacyclin and cortico- 
tropin modulation of cyclic AMP 
and steroid production in 
adrenocortical cells, 2213 
pump in liver microsomes, effect 
of hepatotoxins, 2505 
regulation in synaptosomes, effect 
of heptachlor epoxide, 1815 
replacement by cationic amphiphilic 
drugs from lipid monolayers, 2969 
source of in excitation-contraction 
coupling in skeletal muscle42399 
transport in sarcoplasmic reticulum, 
effect of halothane on stability 
of, 375 
transport by synaptosomes, effect 
of depressant drugs and 
sulfhydryl reagents, 957 
effect on tyrosine hydroxylase in 
caudate nucleus homogenates, 1593 
uptake and release in renal micro- 
somes, effect of diuretics, 2339 
Caacium antagonists, 
verapamil and D600, interactions 
with brain receptors, 155 
Calcium carbimide 
effect on acetaldehyde in breath 
and blood, 783 
Calcium chloride, 
effect on aspirin-induced hypo- 
insulinemia in rats, 1627 
Calcium-sodium exchange, 
in adrenal, relationship with 
catecholamine secretory 
mechanism, 2669 
Camptothecin, 
photolysis with DNA, 905 
cancer chemotherapy , 
hypoxic tumour cell, l 
Cancrenoate, 
effect on digitoxin metabolism by 
rat liver microsomes, 405 
Cannabichromene, 
inhibition of testosterone production 
by Leydig cells, 2153 
cannabicyclol, 
inhibition of testosterone production 
by Leydig cells, 2153 
cannabidiol, 
blood disappearance and tissue 
distribution, 462 
inhibition of testosterone production 
by Leydig cells, 2153 
Cannabinol, 
inhibition of testosterone production 
by Leydig cells, 2153 
canrenone , 
activity in vivo and in vitro, 353 
Captopril, 
antihypertensive action, 1871 
inhibition of angiotensin I convert- 
ing enzyme in intestine, 1525 
carbachol, 
binding in ileum, effect of DFP,1391 
Carbamazepine 10,ll-oxide, 
pee > on drug metabolizing enzymes, 
09 
Carbamyl phosphate synthetase II, 
inhibition by L-alanosine, 227 
Carbidopa, 
effect of chronic therapy on 
dopamine receptors, 701 
inhibition of tryptophan-niacin 
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Carbidopa(contd. ) 
metabolism in liver, 707, 2099 
as substrate of catechol O-methyl- 
transferase, 3123 
p-Carbmethoxyphenyldimethyltriazene, 
effect on drug metabolism in mice, 131 
Carbohydrates, 
— of mixed-function oxidation, 


Carbon disulphide, 
protection against effects of carbon 
tetrachloride in rats, 1007 
Carbon monoxide, 
formation from carbon tetrachloride by 
cytochrome P=450, 2855 
generation during microsomal metabolism 


of methylenedioxyphenyl compounds ,1113 
effect on metabolism of SKF 525-A and 
SKF 8742-4, 2577 
Carbon tetrachloride, 
ore potentiation of hepatotoxicity, 


effect on hepatic transport of indocyanine 
green, 1291 
—— of microsomal calcium pump, 
0 
mechanism of chloroform and carbon 
eee formation by cytochrome P=450, 
Carbon tetrachloride - carbon disulphide, 
equimolar mixture, effect on rat liver, 
1007 
Carbonyl compounds, 
originating from peroxidation of liver 
microsomal lipids, induction of 
foot edema, 1 
Carbonyl reductases, 
in liver, 1503 
Carboxylesterases 
in liver, inhibition by organophosphorus 
diesters in vivo and in vitro, 1927 
Carboxyphosphamide, 
formation in vitro, 2903 
Cardiolipin 
complex with adriamycin derivatives, 3003 
Carmustine, 
effect on drug metabolism in mice, 131 
Carrageenin 
induced edema of rat paw, effect of 
Papp eansee biosynthesis stimulators, 


Carrageenin granuloma, 
effects of prostaglandin Fo,, 147 
Castration, 
ala +t alcohol dehydrogenase in liver, 
17 
effect on hepatic drug metabolisn, 
133, 3139 
effect on progesterone-stimulated 
—" cortisol sulfotransferase, 


Catalase, 
interdependence of hemoglobin and 
— metabolism in red blood cells, 
1 


Catecholamines, 
secretory response to calcium reintro- 
duction in perfused adrenal treated 
with ouabain, 
ouqguestble Na*+,K*-aTPase in striatum, 


7 
synthesis in hippocampal and olfactory 
= slices, effect of ethanol, 
; 7 
transport by chromaffin granules ,1883 
Catechol-Q-methyltransferase, 


| 
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Catechol-Q-methyltransferase, 
benserazide and carbidopa as 
substrates, 3123 
in human brain, 3119 
Celiac ganglion, 
a of dopamine metabolism in, 
1 
Cephalothin, 
inhibition of glutathione organic 
nitrate ester reductase, 1807 
Cerebellun, 
cyclic GMP in, effect of 5-methoxy- 
dimethyl-tryptamine, 827 
Cerebrospinal fluid, 
effect of chronic L=DOPA therapy on 
biogenic amine metabolites, 7Cl 
from alcoholics, 5-hydroxytryptophol 
in, 693 
Cesium, 
effect on sodium transport in skin 
epithelial cells, 226 
Chemotactic peptide, 
elicited release of granule- 
associated enzymes from neutrophils, 
pharmacological modulation, 3389 
Chick embryp kidney, 
induction of S-aminolevulinic acid 
synthetase, 458 
chick, 
monoamine oxidase in liver, kidney 
and heart, 603 
Chloral hydrate, 
hypnotic effect and metabolism 
in vivo and in vitro, interaction 
with ethanol, 3011 
Chlorambucil, 
metabolism in rats, 2039 
Chloramphenicol, 
and its nitroso analogue, effect on 
protein synthesis and oxidative 
phosphorylation in liver 
mitochondria, 2605 
effect on uptake, distribution and 
macromolecular binding of 
3 '=«methyl-4-dimethylaminoazo- 
benzene and metabolites in liver, 
2252 
Chlordiazepoxide, 
effect on depolarization-induced 
a influx into synaptosomes, 
p-Chloroamphetamine , 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
effect on protein synthesis in 
newborn rats, 335 
2-, 3-,and 4-Chlorobiphenyls, 
metabolism by hepatic microsomal 
cytochrome P-450, 727 
1-(2-Chloroethyl )-3-cyclohexyl-1- 
nitrosourea 
cca. ts of tubulin polymerization, 
17) 
Zhloroethyl cyclohexyl nitrosourea, 
reaction with DNA, 2639 
Chloroform, 
formation from carbon tetrachloride 
by cytochrome P=450, 2855 
induced glutathione depletion end 
toxicity in hepatocytes, 3059 
inhibition of microsomal calcium 
pump, 2505 
mechanism of metabolic activation by 
rat liver microsomes, 3271 
p-Chloromercuribenzene sulfonic acid, 
effect on gastric H+ and Kt 
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p-Chloromercuribenzene sulfonic acid(contd. ) 


transport 
p-Chloro-N-methylaniline, 
demethylation in hepatocyte primary 
cultures, 2117 
Chloroolefins, 
correlation of alkylating and 
mutagenic properties, 2611 
Chlorophenols, 
interaction with liposomes, monitored 
with ANS, 2471 
<-(p-CLoroppeds oveloprovylasine 
effect on 5-hydroxyindol concentration 
and monoamine oxidase activity in 
brain, 3328 
p-Chlorophenylethylamine, 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
1-(3-Chlorophenyl )-l-methyl-2-phenyl-2- 
(2-pyridine )ethanol 
inhibition of hepatic 1ipid biosynthesis, 
' 320 
Chloroquine , 
inhibition of insulin production of 
isolated pancreatic islets, 1729 
effect on uptake and degradation of 
asialo-fetuin in hepatocytes, 917 
Chlorozotocin, 
effect on drug metabolism in mice, 131 
Chlorpromazine 
effect on alterations in a in 
ischaemic rat liver, % 
antagonism of noradrenaline activation 
of synaptic Nat,K+-ATPase, 111 
effect on calcium uptake by synaptosomes, 


957 
effect on catecholamine transport by 
chromaffin granules, 1883 
effect on cerebral energy state and 
glycolytic metabolism, 15 
comparison with effects of 7-hydroxy- 
chlorpromazine in perfused brain, 63 
effect on cyclic AMP in plasma, 801 
effect on cytoplasmic phosphatidate 
phosphohydrolase in rat liver, 789 
he on heart subcellular membranes, 


effect on in vivo binding of spiroperidol 
in brain regions, 26 
effect on lipid metabolism in brain + 
Slices, 2097 
partitioning and efflux from liposomes, 
Sholecalciferol 25-nydroxylase, 
in liver microsomes, effect of 
phenobarbital administration on 
Kinetics of, 441 
Cholestasis 
effects of wnovid on bromosulpho- 
phthalein excretion in hamster, 960 
cholesterol, 
in as effect of ethinyl estradiol, 


77 
biosynthesis in liver, effect of 
1-(3-chloropheny1 )-1-methyl-2-phenyl- 
2-(2-pyridine )ethanol, 3207 
inhibition of phospholipase A2, 623 
modulation of serotonergic receptors in 
synaptosomal plasma membrane, 3325 
in plasma, total and high density 
lipoprotein, effect of tetrachloro- 
dibenzodioxin, 835 
sereening method for agents affecting 
absorption, 1475 
synthesis in liver, inhibition by 
mono= and bicyclic monoterpenes ,2125 


Cholesterol (contd. ) 
effect of Triton WR-1339 on 
esterification of, 2879 
Cholesterol ester hydrolase, 
in adrenal, effect of dichlorvos ,635 
Cholesterol hydroxylase, 
in liver mitochondria, effect of 
cobaltous chloride, 84 
Cholestryamine, 
meal-feeding model for effect on 
lipid absorption, 1475 
Choline, 
accumulation and metabolism by brain 
subcellular fractions 1949 
in brain, effect of lithium, 65% 
synaptosomal uptake, A 
effect of Cd-+, Mn2+ and al5+,141 
inhibition by analogues, 2413 
uptake by us ganglia, effect of 
a-bungarotoxin, 1603 
Choline acetyltransferase, 
in ra effect of phencyclidine, 


in Limulus ganglia, 1603 


Cholinergic agents, 
effect on cyclic GMP accumulation 
and renin release by xidney 
slices, 1933 
Cholinergic system, 
in } S polyphemus CNS, insularity 
of, 0 
Cholinesterase, 
effect of chronic inhibition on 
muscarinic receptor sensitivity 
in ileum, 1391 
Chromaffin cells, 
Na-Ca exchange, relationshiv with 
4 agra: aes secretory response, 


Chromaffin granules, 
effect of drugs on monoamine 
transport, 1883 
Chromatin, 
ee of N-5-trimethyllysine to, 


chromochelatin, 
kidney, 2913 
Chromosome aberrations, 
induced by isoniazid, enhancement 
by transition metala, 842 
Cimetidine 
binding tn cerebral cortex 2269 
effect on drug metabolism tn vivo 
and in vitro, 1971, 3075 ~ 
Cineole, 
inhibition of hepatic cholesterol 
synthesis, 2125 
Cinerubin, 
complex with cardiolipin, 3003 
Circadian rnaytha, 
inhibitory effect of actinomycin D 
on cytochrome 2-448 induction by 
3-methylcholanthrene, 1201 
citrate 
formation of acetyl-CoA in 
spermatozoa, 2 
role in acetylcholine synthesis in 
synaptosomes, 167 
Clanobutin, 
inhibition of gluconeogenesis in 
isolated perfused liver, 1649 
Clofibrate, 
effect on CoA in liver subcellular 
fractions, 987 
metabolism in the rat, 3143 
Clomiphene isomers 
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Clomiphene isomers, 
inhibition of liver microsomal 
oxidative metabolism and substrate 
binding, 1583 
Clomipramine, 
effect on cerebral energy state and 
glycolytic metabolism, 15 
Clonazepan, 
anticonvulsant mechanism, 1703 
Clonidine, 
multiple binding sites in human brain, 
1869 
Clophen A, 
effect on androstenedione metabolism in 
trout liver microsomes, 5 
Clorgyline, 


is * amine transport in synaptosomes, 


ie on dopamine uptake in synaptosomes, 


067 
effect on hepatic metabolism, 1103 
effect on 5-hydroxytryptamine oxidation 
by brain monoamine oxidase, 1213 
iauhibition of monoamine oxidase in brain, 
effect of amphetamine, 2781 
inhibition of monoamine oxidase in 
chick organs, 603 
inhibition of monoamine oxidase in 
circumventricular structures of 
brain, 2871 
inhibition of monoamine oxidase 
placenta, lung and liver, 777 
— of monoamine oxidase in liver, 
2049 
effect of lipid substitution of 
mitochondrial membrane, 3211 
riboflavin-deficient rats, 2693 
effect on isoamylamine inetabolism by 
heart and liver, 1097 
effect on turnover of monoamine oxidases 
in rat liver, 891 
Jlotting factor, 
synthesis in raboit, effect of warfarin, 
1601 
cobalt protoporphyrin Id, 
formation ia vivo following cobalt 
administration to rats, 219 
cobaltous chloride, 
effect on S-aminolevulinic acid 
synthetase in heart, 795 
effect on hepatic microsomal and : 
mitochondrial cytochrome P=450, 845 
cocaine, 
effect of in vivo adainistration on 
mparyoacans uptake of noradrenaline, 
1561 


in human 


Cochlear microphonic potentials, 
effect of aminoglycosides, 597 
Cockroach, 
effect of two biodegradable DDT analogues 
on ATPases, 1065 
coenzyme A, 
in liver subcellular fractions, effect 
of clofibrate, 987 
colchicine, 
stimulation of secretion of plasminogen 
activator from macrophages, 2545 
Colchicine derivatives, 
effect on lysosomal enzyme release from 
polymorphonuclear leukocytes and 
levels of cyclic AMP after phago-~ 
cytosis of monosodium urate, 2146 
Colestipol 
meal-feeding model for effect on 
livid absorption, 1475 
collagen, 
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Collagen, 
synthesis by cultured feta). lung 
fibroblasts, effect of ethanol, 
2417 
synthesis in cultured human synovial 
cells, effect of gold sodium 
thiomalate, 869 
synthesis in granulation tissue, 
effect of prostaglandin Fo,, 147 
Colon, 
effect of adrenergic agents and 
theophylline on sodium fluxes 
in vitro, 1271 
Colon carcinomas, 
5-fluorouracil metabolism in, effect 
of hypoxanthine and allopurinol, 
2077 
Colon carcinoma bearing rats, 
nate ats with acetaminophen, 
1 


7 
Compound 48/80, 
effect on dextran-induced paw edema 
and histamine content of inflamm- 
atory exudate, 1073 
Contraceptive steroids, 
effect on brain amine levels, 821 
interaction with imipramine on effect 
on gamma-glutamyltransferase in 
female rat liver, 287 
copper, 
biliary excretion, effect of diethyl- 
maleate, selenite and diethyl- 
dithiocarbamate, 2129 
in eo tissues after cadmium loading, 
07 
Copper=binding protein, 
in kidney, 2913 
Copoer-glycine, 
effect on chromosome aberrations 
induced by isoniazid, 842 
Ccopoer=salicylate complex 
effect on metabolic activation in 
phagocytizing granulocytes, 3105 
Coronary artery, 
guanylate cyclase in, activators and 
inhibitors, 2943 
sorticosteroids, 
effect on adrenal xenobiotic metabol- 
ism, 2373 
effect on chemotactic factor-elicited 
release of granule-associated 
enzymes from neutrophils, 2389 
Cortisol 
production by adrenocortical cells, 
effect of prostanoids, 1919 
Cortisol sulfotransferase, 
in liver, effect of progesterone ,3181 
Cortisone, 
effect on fructose bisrhosphatase in 
liver, 2891 
creatine dnase s 
in muscle, salicylate inhibition,2113 
cross-resistance, 
between actinomycin D, adriamycin 
and vincristine in a murine solid 
tumour in vivo, 1081 
Cultured cells, 
stimuletion of aryl hydrocarbon 
hydroxylase by serum, 271 
Cumene hydroperoxide, 
effect on pyridine nucleotide 
reduced cytochrome bs steady 
state, 1605 
cyanate, 
possible role in albumin binding 
defect in uremia, 1598 
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(+)Cyanidanol, 
protective effect on inhibition of 
protein synthesis and secretion after 
galactosamine injection, 2258 
Cyanide 
effect on aniline hydroxylation by 
liver microsomes, 11 
role of gastrointestinal microflora in 
amygdalin induced toxicity, 301 
Cyanophos 
inhibition of acetylcholinesterase and 
neurotoxic esterase in brain, 2721 
16a-Cyanopregnenolone, 
effect on androstenedione metabolism in 
trout liver microsomes, 583 
Cyclic nucleotide phosphodiesterase, 
in brain, 
effect of hypoxanthine, inosine and 
inosine 5'-nonophosphate, 277 
inhibition by phenylbutenolides ,115 
in or alee inhibition by phenylbutenolides 
11 
cyclohexyl isocyanate 
oa of tubulin polymerization, 
Syclo-oxygenase, 
in seminal vesicle microsomes, effect 
of prostaglandin biosynthesis 
stimulators, 1863 
Cyclopventhiazide 
effect on p-aminohi awe transport 
in rat kidney, 9 
Cyclophosphamide, 
characteristics of activation to a 
mutagen by rat liver, 256 
metabolism in vitro, 2903 
effect of phenobarbital and f-naphtho- 
flavone on activation in vitro, 2051 
effect on RCS tumour and actinomycin 
resistant subline, 1081 
cyproterone, 
effect on digitoxin metabolism by 
rat liver microsomes, 405 
5-S-Ccysteinyldopa, 
ee opus and metabolism in mice, 
277 
cytidine deaminase 
inhibition by uridine analogues, 407 
in kidney, inhibition by 2-oxopyrimidine 
riboside and related compounds, %30 
cy tochrome 26. 
in liver microsomes, 
effect of cumene hydroperoxide on 
+ gan nucleotide redox state of, 
160 
effect of ethinyl estradiol, 677 
Cytochrome be reductase, 
quinone reGuction by, 2567 
cytochrome c reductase, 
in liver microsomes, 
distinction from NAv?H-cy tochrome 
P=450 reductase, 89 
effect of ethinyl estradiol, 677 
re in young and geriatric rats, 
191 
cies of medroxyprogesterone acetate, 
1155 
Cytochrome oxidase, 
effect of local anaesthetics on 
activity of, 2651 
Cytochrome P4448, 
enhanced aryl hydrocarbon hydroxylase 
activity after microsomal interaction 
with, 1261 
enhanced biotransformation in rats after 
induction with 3-methylcholanthrene 


Cytochrome P-4+48(contd. 
. and gee tnthorievone , 263 
in liver microsomes, circadian rhythm 
of inhibitory effect of actinomycin 
D on induction by 3-methylcholan- 
threne, 1201 
Cytochrome P=450, 
catalysed metabolism of monochloro- 
biphenyls, 727 
catalysed rere | i in liver 
mitochondria, 345 
at as by acetylenic compounds, 


estimation of inhibition of 
substrate binding, 747 
form(s) involved in activating 
cyclophosphamide to a mutagen, 256 
in hepatocytes, 577 
effect of ethanol administration, 
1741 
in hepatocyte culture, 
effect of hormone-suyplemented 
medium, 1231 
rte ae of nicotinamide analogues, 
177 
interaction with aliphatic nitro 
compounds 
in intesténal microsomes, species 
differences in stimulation of,1161 
in kidney, trout, sex differences ,553 
in liver cell culture, formulation 
of media to maintain in vivo 
concentrations, 3215 
in liver microsomes, 
cw hed of 3-pertussis components, 
effect of carbamazepine oxide,11C9 
effects of carbon tetrachloride 
plus carbon disulphide, 1007 
catalyzing 7-propoxycoumarin 
O-depropylation, sex differences 
n rats, 1015 
effect of cumene hydroperoxide ,1261 
degradation by allyl-iso-propyl 
acetamide and fluroxene, <805 
effect of ethinyl estradiol, 677 
genetically hyperglycaemic mice 
+8 streptozotocin-treated mice, 
999 
effect of hydroxylated phenobarbital 
metabolites, 1127 
interaction with cimetidine, 307 
interaction with ellipticines ,3<31 
interaction with tetrachloro- 
ethylene, 2863 
iw with triarylethylenes, 
¢¢ apenas with trichloroethylene, 
3 


isocytcchrome involved in digitoxin 
metabolism, 405 

effect of medroxyprogesterone 
acetate, 1155 

effect of morphine, 658 

obese rats, 289 

effect of phenobarbitone, 3319 
effect of l-phenyl-3-(2-thiazolyl)- 
2-tniourea, 2425 

efrect of pyrrolizidine alkaloids 
from tansy ragwort, <ok5 

effect of repeated doses of 
bromobenzene, trichloroetuylene 

and vinyl chloride, 1041 

role in toxicity of fluorinated 
etner anaestaetics, 3257 

trout, effect of inducers, 583 
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cytochrome P=450, 
in liver microsomes (contd. ) 
trout, sex differences, 55. 
effect of vinyl toluene, 2675 
young and geriatric rats, 1191 
mechanism of chloroform and carbon 
monoxidé formation from carbon 
tetrachloride, 2855 
as. reduction of indicine N-oxide, 
7 
wicrosomal conversion of sikF 525=4 and 
SkF 8742-4, 2577 
purified forms from liver licrosomes, 
benzo[a]pyrene and (-)trans-7,8-~- 
dihydrodiol oxidation 
cuinone reduction by 2567 
role in carbon monoxide formation from 
methylene dioxybenzenes, 1113 
synthesis in ascorbic acid deficient 
guinea pigs, 1255 
in testes, effect of 1,2-dibromo-3- 
chloropropane, 2563 
cytochrome P] 450, 
in hepatocytes, 577 
cytochrome 2-450 reductase, 
in liver microsomes, preferential 
inhibition by ellipticine, 89 
cytosine arabinoside, 
deamination in vitro, inhibition by 
uridine analogues, 807 


Dacarbazine, 

effect on drug metabolism in mice, 131 
Dactylarin, 

effect on ATP catabolism in shrlich 

ascites tumour cells, 2155 

pantrolene, 

effect on adrenal cortical function,1669 
Darkness 

mee: ne cyclic AMP in pineal gland, 


Daunorubicin, 
—— reductases in rabbit liver, 
150 
uptake, storage and release in 
fibroblasts, 1687 
-Lbeacetylase, 
in liver subcellular fractions, 1189 
Deacetylcolchicine, 
effect on lysosomal enzyme release from 
polymorphonuclear leukocytes and 
levels of cyclic AMP after -phago- 
cytosis of monosodium urate, 2146 
l-veaza-4+-amino-4-deoxypteroate, 
— of dihydrofolate reductase, 
9 
3-vDeazauridine 
inhibition of cytidine deaminase, 807 
vecamethoniun, 
influence on tryptophan side chain 
chromophores, 397 
bemecolcine, 
effect on lysosomal enzyme release from 
oolymorphonuclear leukocytes and 
levels of cyclic AMP after phago- 
cytosis of monosodium urate, 2146 
stimulation of secretion of plasminogen 
activator from macrophages, 2545 
Lental pulp cells 
diphenylhydantoin induction of 
Beglucuronidase and alkaline 
phosphatase, 2143 
2'-veoxycoformycin 
effects of infusion on mouse phospho- 
ribosyl pyrophosphate synthetase ,2888 


2'.Deoxycoformycin(contd. ) 
inhibition of adenosine deaminase 
in vivo, 187 
interaction with erythrocyte nucleo- 
dide transport system, 2491 
effects on mouse erythrocytes, 1209 
veoxycorticosterone-salt hypertensive 
rats, 
reduced vascular B-adrenergic 
receptors in, 146 
Deoxycytidine deaminase, 
inhibition by uridine analogues, 807 
5 '-Deoxy=5[ 35S ] -isobutyl-thio-adenosine, 
metabolism in rats and mice, 1963 
Deoxyribonucleic acid 
benzo[a]pyrene binding in marine 
fish, 753 
cleavage by camptothecin and 
derivatives, 90 
interaction with nordihydroguaiaretic 
acid, 3299 
prereplicative error-free repair,977 
proposed structure of pyrrolo(1,4§- 
benzodiazepine-adducts, 1307 
reactions with bleomycin and 
tallysomycin, 521 
reaction with nitrosoureas, 2639 
synthesis in human cells, effect of 
iron chelating agents, 1275 
synthesis in liver, effect of 
mitomycin C and fumaric acid, 2839 
synthesis in uterus, stimulation by 
° Mat 1469 
Deoxyri onucleic acid glycosylases, 


977 
Deoxyribonucleic acid polymerages, 
in human leukemic leukocytes, 
inhibition by at 92 nendenay = 
thymidine triphosphate, 1149 
Deoxyribonucleosides, 
2'= or 3'-amine’ or azido substituted, 
antiviral, antimetabolic and 
antineoplastic activities, 1849 
Deprenyl, 
effect on amine transport in 
synaptosomes, 2763 
effect on dopamd ne uptake in 
synaptosomes 7 
effect on hepatic metabolism, 1103 
effect on 5-hydroxytryptamine 
oxidation by brain monoamine 
oxidase, 1213 
inhibition of monoamine oxidase in 
chick organs, 603 
inhibition of monoamine oxidase in 
circumventricular structures of 
brain, 2871 
inhibition of monoamine oxidase in 
guinea pig liver mitochondria,2049 
inhibition of monoamine oxidase in 
human placenta, lung and liver,777 
Depressant drugs 
effect on calcdum transoort by 
synaptosomes, 957 
vesipramine, 
effect on P-adrenergic receptor 
binding in guinea pig brain, 2895 
binding sites in developing fetal rat 
cerebral cells, 1755 
“or on naloxone binding in brain, 
effect on noradrenaline stimulated 
Nat,Kt-aTPase of synaptic 
membranes, 111 
Desmethylimipramine, 


198 
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Desmethylimipramine , 
wis Ge cyclic AMP in pineal gland, 


Desoxyfructo-serotonin, 
inhibition of DOPA incorporation in 
M.leprea, 2526 
Deuterium oxide, 
effect on secretion of plasminogen 
activator from macrophages, 2545 
Development 
amine oxidases in human tissues, 122} 
— metabolism in beagle puppies, 


909 
desipramine binding sites in, fetal rat 
cerebral cells, 1755 
5-hydroxytryptamine-sensitive adenylate 
cyclase and Jahy droxy tryptamine 
binding sites in brain, 2455 
as a neurotransmission in heart, 
9 


Dexamethasone, 
effect on B-adrenoceptor density in 
human astrocytoma cells, 2151 
effect on misonidazole metabolism and 
toxicity in mice, 2769 
effect on thromboplastin activity in 
human monocytes, 9 
Dextran, 
induced paw edema, effect of compound 
48/80, 1073 
Diabetic rats, 
absence of cytosol effects on microsomal 
drug metabolism, 2491 
Diacetyl tetramethyl tetralin, 
aa as of oxidative phosphorylation, 


Diamine oxidase, 
inhibition by impromidine, 2897 
in al inhibition by guanethidine, 
11 


2,4-Diamino-5-(3',4'-dichlorophenyl )-6- 
methylpyrimidine, 
resistant L1210 leukemia cells, 2241 
Diazenes, 
san Se LT and mitochondrial reduction 
of, 
Diazepam, 
anticonvulsant mechanism, 1703 
binding to brain membranes, purine 
inhibition, 1217 
effect on cerebral energy state and 
glycolytic metabolism, 1 
metabolism by liver, postnatal develooment 
of sex-dependent differences, 447 
Diazoxide, 
effect on ionophore-mediated calcium 
transport, 1879 
Dibenzepine, 
effect on naloxone binding in brain, 460 
1,2-Dibromo-3-chloropropane’, 
inhibition of testicular heme 
biosynthesis, 2563 
1,2-Dibromoethane 
role of glutathione conjugation in 
mutagenicity of, 2975 
Dibucaine, 
oftece on cytochrome oxidase activity, 
1 


effect on pyruvate and ketone body 
transport in heart mitochondria ,2877 
effect on thermotropic properties of 
brain lipids, 849 
Dibutyryl cyclic AMP 
activation of tryptophan hydroxylase in 
brain stem slices, 669 


15 


bibutyryl cyclic AiMP(contd. ) 
effect on H+ and K* transport in 
gastric mucosa in vitro, 2755 
effect on thromboplastin activity 
in human monocytes, 9 
3 ,5-Dicarbethoxy-1,4-dihydrocollidine, 
induction of S-aminolevulinic acid 
synthetase in chick embryo 
kidney, 458 
1,1-bichloroethylene, 
inhibition of microsomal calcium 


pump, 250 
2,4=pichi oro-6-phenylphenozyethylamine, 
inhibition of fatty acid conjugation 
to ll-hydroxy-A/-tetrahydro- 
cannabinol by rat liver microsomes, 
1071 
Dichlorvos, 
effect on plasma ACTH and adrenal 
steroid metabolism, 635 
2',5 '-Dideoxyadenosine 
blockade of effect of adenosine on 
— platelet aggregation, 
9 
2',3'-Dideoxythymidine triphosphate, 
inhibition of DNA polymerases of 
human leukemic leukocytes, 1149 
Diethylcarbazine, 
antihelmintic action, 1981 
Diethyldithiocarbamate, 
effect on benzo[a]pyrene metabolism 
in small intestine and liver,1517 
effect on biliary excretion of 
copper and zinc, 2129 
effect on oxygen toxicity, involve- 
ment of glutathione enzymes ,1367 
viethyl ether, 
microsomal metabolism, 247 
vDiethylmaleate 
effect on biliary excretion of 
copper and zinc, <129 
vifluaisal, 
plasma protein binding, 571 
a-Difluoromethy1-DOPA, 
inhibition of aromatic L-amino acid 
decarboxylase and metabolism of 
the inhibitor, 2465 
vigitalis glycosides, 
glucuronidation by liver microsomes, 


vbigitoxin 
netaboll sa by isolated hepatocytes, 
re) 


metabolism by liver microsomes, 
effect of inducers and inhibitors 
of mono-oxygenases, 405 
bihydroalprenolol, 
binding to a-adrenergic receptor in 
eens effect of phospholipids, 


9 
binding in guinea pig brain, effect 
of antidepressants, 2895 
examination of P-adrenergic 
receptors, 13517 
Lihydrocanrenone , 
activity in vivo and in vitro, 353 
Dihydroergocryptine, 
assay for u-adrenergic receptor 
subtypes, 452 
binding to liver plasma membranes, 
correlation with glycogen 
phosphorylase activation in 
hepatocytes, 1653 
characterization of a-adrenergic 
receptor in liver, 
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Dihydrofolate reductase, 
inhibition by folate analogues, 589 
in L-cells, effect of antifolates, 2741 
in L1210 cells, analogue specific 
—- in antifolate inhibition, 
9 
in methotrexate resistant human 
leukemic lymphoblasts, 648 
7 ,8-Dihydromethotrexate 
— of dihydrofolate reductase, 


589 
Dihydromorphine, 
binding to human leukocytes, 1361 
Dihydroquinidine, 
effects on in vitro and in vivo quinidine 
disposition, 
(-)trans-7 ,8-Dihydroxy-7 ,8-dihydrobenzo[a] 
pyrene, 
a to DNA binding metabolites, 
1 


efrect on coronary arterial guanylate 
cyclase, 2943 
3,4-Dihydroxyphenylacetic acid, 
in striatum 
effect of amphetamine, 1347 
effects of haloperidol or morphine, 
1432 
Diisopropylfluorophosphate, 
effect on sensitivity of muscarinic 
receptor in ileum, 1391 
4-Dimethylaminoazobenzene , 
carcinogenic derivatives modify 
acceptance of tRNA for some amino 
acids, <50l 
+-Dimethylaminophenol 
effect on cellular {atermediary 
metabolism, implications for 
toxicity, ik 
1,2-Dimethylhydrazine, 
prenatal induction of ATPase in hamster 
intestine, 251 
Dimethylnitrosamine demethylase, 
in liver microsomes, induction by 
polychlorinated biphenyls and 
3-methylcholanthrene, 1375 
3,7-Dimethyl-1-(5-oxyhexyl )-xanthine, 
carbonyl reductases in rabbit liver,1503 
N,N '-Dimethylphenobarbital, 
N-demethylation in isélated hepatocytes, 
effect of vehicle, 2073 
N,N-Dimethyl-a-{ 2-(p-tolyloxy )ethyl]- 
bdDenzylaminehydrochloride, 
effects on 5-hydroxytryptamine uptake 
and synthesis in brain in vivo and 
in vitro, 935 
N,N-Dimethyltryptamine, 
metabolism in rat brain homogenate ,1049 
3 ,5-Dinitro-4-chloro-a,c,a-trifluorotoluene , 
ah on liver mitochondria in vitro, 


Dipalmitoyl-lecithin, 
aed? is induced by phospholipase 22, 


Dipeptides, 
ws by intestine, effect of harmaline, 
71 
3,4-Diphenylacetic acid, 
in sympathetic ganglia as indicator of 
small intensley fluorescent cell 
participation in ganglionic trans- 
mission, 118 
Diphenylhydantoin, 
effect on calcium uptake by synaptosomes, 


957 


Diphenylhydantoin(contd. ) 
induction of B-glucuronidase and 
alkaline phosphatase in cultured 
dental. pulp cells, 2143 
2,5-DiphenyloxazolLe hydroxylase, 
in liver microsomes, effect of 
medroxyprogesterone acetate ,1155 
Dipyridamole, 
effect on adenosine deaminase 
= by 2'-deoxycoformycin 
9. 
effect on adenosine uptake into 
human platelets, 
ae human blood lymphocytes, 


Diquat, 
effect on acetylcholinesterase in 
lung, 46 
Diaulfiran, 
effect on acetaldehyde in brain and 
blood, 411 
effect on aldehyde dehydrogenases 
in rat liver, 3026 
effect on benzo{a]pyrene metabolism 
in small intestine and liver,1517 
Dithiothreitol 
effect on metabolism of SKF 525-A 
and SKF 8742-a, 2577 
Diuretics, 
effect on calcium uptake and: release 
in renal microsomes, 2339 
L=DOPA, 
effect of chronic therapy on 
dopamine receptors, 701 
incorporation into u,Leprae 
inhibition by desoxyfructo- 
s¢ rotonin , 2526 
LOPA decarboxylase inhibitors 
in Parkinson's disease, 3123 
Dopamine, 
effect on action of chlorpromazine 
and haloperidol on phospholipid 
synthesis, 2697 
in brain 
ettect of contraceptive steroids, 
1 
effect of pridefine, 2557 
formation in synaptosomes, effect of 
reserpine on stimulation by 
amfonelic acid and amphetamine, 
2957 
metabolism in celiac ganglion, 
modulation by receptor agonists 
and antagonists, 118 
metabolism in isolated perfused 
brain, effect of chlorpromazine 
and 7-hydroxychlorvromazine, 63 
metabolism in striatum, mechanism 
of morphine action, 1432 
release from X-glutamyl dopamide by 
kidney, 6 
sensitive adenylate cyclase in 
striatum, connection with high 
+ aed spiperone binding sites, 
1331 
wing binding sites in striatum, 
009 
stimulation of ATPase in striatum, 


57 a 
storage pools in brain, 3045 
synaptosomal uptake, 
effect of clorgyline and 
deprenyl, 2763, 3067 
effect of L¥125180, 935 
synthesis in olfactory tubercle 
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Dopamine (contd. ) 
slices, effect of ethanol, 2477 
Dopamine f-hydroxylase, 
release from synaptosomes, 1302 
Dopamine receptors, 
in brain 


blockade in vivo by neuroleptics ,267 


calf striatum, solubilization, 897 


effect of chronic L-DOPA therapy ,701 


human and rat, 1621 
effect of oxypertine, 2681 
use of thiopropazine as a ligand, 
in vitro, 2933 
in vivo, 2939 
Dopamine receptor D3, 
in human and rat brain, 1621 
Doxepin 


effect on naloxone binding in brain, 460 


Doxorubicin 

accumulation in cell lines, 1035 
Doxorubicin-DNA 

accumulation in cell lines, 1035 


Ecto-5 '-nucleotidase 
in glioma cells, stimulation by 
chronic ethanol treatment, 2279 
Edema , 


induced by carbonyl compounds originating 
from peroxidation of liver microsomal 


lipids, 121 
Ehrlich ascites tumour cells, 


> of dactylarin on ATP catabolism in, 


effect of misonidazole on purine 
metabolism in, 2 
Bicosatetraynoic acid 
inhibition of angiotensin receptors in 
adrenal glomerulosa, 927 
effect on lysosomal enzyme release by 
polymorphonuclear leukocytes, 533 
Blastase, 


from human polymorphonuclear leukocytes, 


inhibition by Artevaron, 1723 
secretion in peritoneal macrophages, 
effect of rifampin, 3039 
Elastin, 
interaction with platelets, effect of 
nicergoline, 
Electroconvulsive shock, 


effect on P-adrenergic receptor binding 


in guinea pig brain, 2895 
Electron transfer, 
in liver microsomes, effect of 
anaesthetics, 27 
ckectroshock-induced convulsions 
effect of benzodiazepines, 1705 
Sllipticines, 
preferential inhibition of NAb?H- 
cytochrome 2-450 reductase, 39 
structure-activity relationships in 
inhibitory effects of, 3231 
Eaclomiphene, 
inhibition of liver microsomal 
oxidative metabolism and substrate 
binding, 1583 
iadocytosis, 
etiegs of cacmiua acetate on uptake of 
1oIeisé ia vitro, 3101 
Sadometrium, 
effect of nrogesterone on monoamine 
oxidase in, 1857 
f-andornhin, 
in human »nlacental villus, 475 
inhibition of angiotensin I converting 
enzyme in lung, 3115 


Endothelial cells, 
interaction with platelets, effect 
of nicergoline, 
Endotoxin, 
a of hepatic zinc-thionein, 


induced thromboplastin activity in 
human monocytes, 9 
Buergy state, 
in brain, effect of psychotropic 
drugs, 15 
Enflurane, 
rapier on hepatic stearate desaturase, 


mechanism of defluorination in rat 
liver microsomes, 162 
Enkephalins, 
inhibition of angiotensin I converting 
enzyme in lung, 3115 
Enovid, 
effect on bromosulphophthalein 
excretion by hamsters, 960 
Environmental factors, 
effect on amphetamine metabolism in 
rats, 22 
Epvidermis 
identification of fo-adrenergic 
receptor, 97 
ipoxide hydrase, 
in liver microsomes, effect of 
pyrrolizidine alkaloids from 
tansy ragwort, 264 
in mammalian tissues, distribution 
and properties, 385 
gpoxide hydratase, 
in liver microsomes, selective 
induction, 3245 
in liver mitochondria, effect of 
carbamazevine oxide, 1109 
Spoxide hydrolase, 
in liver microsomes, effect of 
hydroxylated phenobarbital 
metabolites, 1127 
2,3-%poxypropyl 2,2,2-trifluorcethyl 
ether, 
role of cytochrome 2-450 in toxicity, 
3257 


arythrocytes, 

effect of deoxycoformycin, 1209 

effect of ethanol ingestion on 
antioxidant defence systems, 1737 

inhibition of adenosine deaminase by 
2'-deoxycoformycin in vivo, 187 

effect of inhibitors of Ca flux on 
deformability, 479 

interdependence of hemoglobin, 
catalase and glucose metabolism, 
2351 

role of membrane lipid peroxidation 
in hemolysis due to phenylhydrazine, 
15 


urythroleukemic cells, 
effects of succinylacetone, 1325 
ESstradiol-178, 
inhibition of absorstion in rat 
intestine by acetylsalicylic acid, 
3017 
istrogen-2-hydroxylase, 
distribution and resxonse to hormone 
manipulation in the rat, 83 
uthacryuic acid, 
binding to hepatic glutathione 
S-transferases in vivo, 1205 
effect oa calcium uptake and release 
by kidney microsomes, 2339 





18 
Ethacrynic acid(contd. ) 


chloretic action of, 2733 

effect on g late cyclase in coronary 
artery, 294. 

oe transport by rat liver, 
27. 


Ethanol 


acetaldehyde in breath and blood during 
oxidation in man, 78 

oy: on acetaldehyde in brain in vivo, 
11 


neh > on amphetamine metabolism in rats, 


effect on aniline hydroxylase in hamster 
liver microsomes, 

effect on calcium uptake by synaptosomes, 
957, 1903 

effect on collagen synthesis by cultured 
fetal lung fibroblasts, 2417 

concentration dependent metabolism in 
perfused liver, 1029 

effect on drug metabolism in isolated 
hepatocytes, 1741 

elimination in rats, effect of castration 
and testosterone administration, 3175 

effect on erythrocyte antioxidant 
defence systems in rats, 1737 

effect on free proline and glutamate in 
intact rat liver, 1435 

effect on glycyl-prolyl dipeptidyl- 
——* in pancreas and liver, 

210 

5-hydroxytryptophol on Csf 
intoxication, 693 

induced alteration in male reproductive 
function, 14cg 

induced fatty liver, erfect of adenosine, 


during 


1709 

induced fluidization of brain lipid 
bilayers, 1673 _ 

inhibition of Na™,a*-AT?ase, involvement 
of lipid and protein components of, 


771 
inhibition of glycoprotein secretion in 
liver slices, 35 
interaction with chloral hydrate 
in vivo and in vitro, 3011 
iateraction with other hepatotoxic 
agents, L445 
iwetabolism in alcohol dehydrogenase 


negative ESECHYSCUS » 1<5 
effect on monoamine synthesis regulation 


in brain regions, 2477 

oxidation by isolated hepatocytes, 2161 

effect on phospholinid turnover in 
brain, 2815 

effect of O-n-propylec-taiouracil on 
metabolic rate, <951 

stimulation of vb gliome ecto-5'- 
sacleotidase , 2279 

effect on synthesis of ornithine 
decarboxylase and tyrosine anino- 
transferase in regenerating liver, 


2799 


Sthanol-sucrose, 


effect on liver volysomal poly(s)awiA 
content aac uridine incorporation 
into mita, <993 


uthanolamine U-sulonate 


effect on GaBA metabolism in brein,1451 


Ether-C-oxide, 


in liver microsomes, 967 


Bthinyl estradiol, 


effect on bile secretion and liver 
microsomal mixed function oxidase 
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Ethninyl estradiol (contd. ) 
system in mice, 677 

effect on biogenic amines and 

monoamine oxidase in brain, 821 
Ethoxybenzamide, 

deethylation by hepatocytes and liver 
microsomes, 2825 

7-Dthoxycoumarin, 

Q-deethylation in liver microsomes, 
induction in young and geriatric 
rats, 1191 
effect of vinyltoluene, 2675 

7-Ethoxycoumarin O-deethylase, 

induction in rat hepatocytes, 577 

in intestinal microsomes, species 
differences in stimulation of,1161 

in liver microsomes, 

effect of carbamazepine oxide,1109 
genetically hypnerglycaemic and 
streptozotocin treated rats, 1999 
effect of hydroxylated phenobarbital 
metabolites, 1127 
effect of medroxyprogesterone 
acetate, 1155 
effect of phenobarhitone, 3319 
primary hepatocyte culture, effect 
of hormone supplemented medium, 
1231 
7-athoxyresorufin OQ-deethylase, 

in primary hepatocyte culture, effect 
of hormone supplemented medium, 
1231 

5=-Ethyl-deoxyuridine 5'-monophosphate, 

antiviral properties, 2863 

gthylmorphine, 

inhibition of lipid peroxidation in 
liver microsomes, 565 

metabolism by liver microsomes, 
effect of castration, 3133, 3139 
effect of triarylethylenes, 158 

sthylmorphine demethylase, 

in adrenal, effect of inhibitors ,951 

in liver microsomes, 
effect of 3.nertussis components, 
1483 
inhibition by ellinticine, 89 

gthyl 4enitrophenyl vhenylonosnhono- 
thionate, 

inhibition of acetylcholinesterase 
and neurotoxic esterase in brain, 
2721 

gthyl 2,2,2-trifluoroethyl ether, 
sige cytochrome P=450 in toxicity, 
a 


in 


Gthynyl substituted compounds, 
destruction of cytochrome 2-450, 3253 
3torphine, 
binding in pvlacenta, 2657 
Strenol 
effect on PBeglucuronidase in liver, 
2925 
axcitation-contractioa coupling, 
in skeletal muscle, source of 
trigger calcium, 2399 
Sxocytosis, 
in nolymorphonuclear leukocytes, 
induction by fluoride, 3051 


Fasting 
effect on S-aminolevulinic 2cid 
synthetase in heart, 795 
Fat cells, 
antilinolytic action of insulin, 617 
effect of prostecyclin on cyclic AMP 
formation, 661 
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fatty acids, 
Ca“t+-dependent release in kidney, 
' correlation with cyclic GMP 
accumulation, 717 
composition of serum lipids, effect of 
friton wig 8 2879 
conjugation by liver microsomal system, 
inhibition by SXF 525-A and DPEA,1071 
ns in liver, effect of adenosine, 
09 
Fatty acid oxygenases, 
inhibition by onion and garlic oils ,3169 
feminizing factor, 2759 
Fenbendazole 
anthelmintic activity, 1981 
fenfluramine 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
effect on protein synthesis in 
newborn rats, 335 
Fenitrothion, 
inhibition of acetylcholinesterase and 
neurotoxic esterase in brain, 2721 
Fenproporex, 
effect on genetically lean and obese 
rats, 1612 
Ferrous ions, 
inactivation of phosphoenolpyruvate 
carboxykinase, protection by 
3-aminopicolinic acid, 325 
Fetus, 
aiine oxidases in tissues, 1221 
collagen synthesis by cultured Lung 
fibroblasts, effect of ethanol ,2417 
Fibroblasts, 
daunorubicin Erene » storage and 
release, 1687 
doxorubicin and doxorubicin-DNA 
accumulation, 1035 
fetal lung, effect of ethanol on 
collagen synthesis, 2417 
interaction with liposomes, 877 
Fish(Fundulus heteroclitus), 


induction of aryl hydrocarbon hydroxylase 
M9 


in embryo 





Fish(Platichthys stellatus and Onchorhynchus 
Kisutch) 


? 
benzolLa]oyrene metabolism and DNA 
binding, 753 
Flavin mononucleotide, 
pare a reduction of nitroimidazoles, 


Flavoproteins, 
quinone reduction, 2567 
Flunarizine, 
prevention of vascular spasms, 479 
fluoride, 
interaction with polymorphonuclear 
leukocytes, 3051 
Fluorinated ether anaesthetics, 
as cytochrome P-4+50 in toxicity of, 


7 
5-Fluorodeoxyuridine 
inhibition of cytidine deaminase, 807 
inhibition of phosphorolysis by 
2,4-pyrimidinedione derivatives ,1059 
resistant hepatoma cells, increased 
thymidylate synthetase in, 1549 
5-Fluorouracil, 
effect on acetaminophen metabolism in 
normal and tumour-bearing rats, 1167 
in combination with hypoxanthine and 
allopurinol, toxicity and metabolisa 
in human colonic carcinomas in mice, 
2077 


Fluoxetine, 
comme with effects of LY125180, 


9 
aa * on naloxone binding in brain, 
0: 


Fluphenazine, 
partitioning and efflux from 
liposomes, 2361 
Flurazepam, 
anticonvulsant mechanism, 1703 
Fluroxene 
degradation of cytochrome P=450,2805 
pg cytochrome P-450 in toxicity, 
7 


Folate 
binding in milk and serum, effect of 
methotrexate, 3109 
folate analogues 
inhibition of buttermilk xanthine 
oxidase, 2135 
a of dihydrofolate reductase, 
299 
Food 
effect on amphetamine metabolism in 
rats, 221 
Formaldehyde , 
metabolism during in vitro drug 
demethylation, 20 
Formycin, 
effect on synthesis and ig apeaas 
of nxNA in L1210 cells, 1459 
i-Formyl-methionyl-leucyl-pherylalanine, 
induced enzyme release, effect of 
prostaglandins, non-steroid anti- 
inflammatory drugs and 
corticosteroids, 2389 
2-formylpyridine thiosemicarbazone, 
reductive removal of tron from 
transferrin, l 
Formyltetrahydrofolate synthetase, 
in <- effect of antifolates, 


Fosazepam, 
anticonvulsant mechanism, 1703 
Fructose bisphosphatase, 
in liver, radioimmunoassay, effect 
of hormones, 2891 
Ftorafur, 
structure of two hydroxylated 
metabolites, 665 
Fumaric acid, 
reduction of side effects of 
witomyeia cS, 2339 
furosemide, 
effect on calcium uptake and release 
by kidney microsomes 9 
inhibition of azathioprine metabolism 
in human liver in vitro, 1439 


G=418, 
ototoxicity and action on poly- 
phosphoinositide films, 597 
Galactosamine, 
inhibition of protein synthesis and 
secretion in liver, protective 
effect of (+)cyanidanol, 2258 
p-Galactosidase 
release from liver lysosomes, effects 
po patos and chlorpromazine, 


Ganglionic transmission 
role of small intensely fluorescent 
cells, 118 
Garlic oils, 
inhibition of fatty acid oxygenases, 
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Garlic oils(contd. ) 
316 


Gastric mucosa, 
H+ and K+ transport in vitro, 2755 
Gastrointestinal microflora 
role in amygdalin metabolism and 
toxicity, 301 
Gastrointestinal tract, 


effect of barbiturate on distribution of 


ascorbic acid, 1839 
Gastroprotection 
biochemical, 1281 
Gentamicin Cis, 
ototoxicity and action on polyphospho- 
inositide films, 597 
Geriatric rats, 
induction of hepatic mixed function 
Oxidase enzyme system, 1191 
Germ free rats, 
me a and metabolism of amygdalin, 
01 
Gliclazide, 
effect on ionophore-mediated calcium 
transport, 1879 
Glioma cells C-6, 
inhibition by methylmercuric chloride 
of prostaglandin E]-sensitive 
adenylate cyclase, 201 
effects of methylmercuric chloride ,539 
stimulation of ecto-5'-nucleotidase by 
chronic ethanol treatment, 2279 
Glucagon, 
effect on bisphosphoglyceromutase in 
erythrocytes, 517 
effect on fructose bisphosphatase in 
liver, 2891 
induced hepatic gluconeogenesis, effect 
of PGE, 681 
stimulated lipolysis, inhibition by 
insulin, 617 
Glucocorticolds, 
effect on fructose bisphosphatase in 
liver, 2891 
in serum, effect of dantrolene, 1669 
Glucocorticoid sulfotransferase, 
in liver, effect of progesterone, 3181 
Gluconeogenesis, 
in isolated perfused liver, effect of 
clanobutin, 1649 
in kidney, effect of pirogliride, 1421 
in hepatocytes, effects of monoamine 
oxidase inhibitors, 1103 
in liver, 
effect of pirogliride, 1421 
effect of prostaglandin Eo, 681 
in renal cortical tubule fragments, 
stimulation by adenosine, 52 
Glucdse, 
acetylcnoline synthesis from in 
synaptosomes, 107 
ottoes on aspirin-induced ulceration, 
1261 


in blood 
effect of insulin and oral 
antidiabetics, 1441 
effect of phenformin, 2291 

in eo effect of psychotropic drugs, 
1 


consumption by isolated perfused rat 
brain, effect of morphine and 
methadone, 1608 


consumption by L1210 cells, relationship 


with proliferation, 2690 
metabolism in red blood cells, inter- 


dependence of hemoglobin and catalase, 


Glueose (contd. ) 
2351 


in serum, effect of aspirin and 
calcium, 1627 
transport dn biliary tree demonstrated 
by segmented retrograde intra- 
biliary injection technioue, 213 
utilization in adipocytes, effects of 
insulin and hydrogen peroxide ,1239 
utilization by nancreatic islets, 
eftect of mannoheptulose, 2625 
Glucose 6-phosphate dehydrogenase, 
in lung, effect of diethyldithio- 
carbamate and 0s, 1367 
N-Glucosidation 
of amobarbital in vitro, 2085 
--Glucuronidase, 
in cultured dental pulp cells, 
diphenylhydantoin induction, 2143 
in liver, effect of schistosomicdde 
drugs, 2925 
modulation of chemotactic factor- 
elicited release fron neutrophils, 
2389 
release from polymorphonuclear 
leukocytes, 
effects of indomethacin, 5,8,11,14- 
eicosatetraynoic ecid and P-bromo- 
phenacyl bromide, 933 
after phoageytosis of monosodium 
urate, effect of colchicine 
derivatives, 2146 
in tissues of -chistosoma mansoni- 
infected mice, effect of 
oxamnigquine, 429 
Glucuronidation 
in isolated iiver cells, 2963 
relevance of acceptor substrate 
lipophilicity in ‘late fetal' 
UbP-glucuronosyl transferase, 999 
Glutamate, 
effect of alanosine on metabolizing 
enzymes, 227 
in liver, effect of ethanol, 1435 
release from brain slices, effects 
of pentobarbital and Ca“+, 2189 
release in brain, effect of morphine, 
2777 
release from synaptosomes, effects 
of hevtachlor evoxide, 1815 
Glutamate decarboxylase, 
in brain 
effect of ethanolamine O-sulvhate, 
1451 
effect of intraventricular 
putrescine, 954 
effect of phencyclidine, 2524 
inhibition by alanosine, 227 
in striatal synaptosomes, tetrodotoxin 
inhibition of ne es 4 
activation, 3034 
Glutaminase, 
activity of L-asparaginase, inhibition 
by L-alanosine, 227 
cig brain, purification of soluble 
forn, 359 
Glutanine synthetase, 
inhibition by L-alenosine, 227 
¥-Glutamyl dopamine, 
and its carboxylic acid esters, 
metabolism of, 69 
¥-Glutanyltransferase, 
in female rat liver, effect of 
imipramine and contraceptives ,2s74 
Glutathione, 
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Glutathione, 
in hepatocytes, chloroform induced 
depletion, 3059 
in be pgtoma cells, effect of vinblastine, 


in liver 
effect of acetaminophen and its 
antagonists, 1968 
effect of repeated doses of bromo- 
benzene, trichloroethylene and 
vinylchioride, 1041 
effect of bi gga species 
differences, 2675 
— reduction of diazenes, 
role of conjugation in mutagenicity of 
1,2-dibromoethane, 2975 
stimulation of prostaglandin synthetase 
in kédney, sex differences, 2 
synthesis by liver supernatants effect 
of phenobarbitone in vivo, 2695 
Glutathione S-aryltransferase, 
in liver, 
obese rats, 289 
effect of vitamin A deficiency, 2583 
Glutathione organic nitrate ester 
reductase 
in liver, 1807 
Glutathione peroxidase, 
in erythrocytes, effect of ethanol 
ingestion, 1737 
in liver 
effect of ethanol ingestion, 1737 
sex differences in effect of 


selenium deficiency, 39 
in lung, effect of diethyidithiocarbam- 


ate and 02, 1367 
Glutathione reductase 
in lung, effect of diethyldithio- 
carbamate and 05, l 
Glutathione 5-transferase 
activity towards benz[alanthracene 5,6- 
oxide in monkey liver, lung and 
kidney, 1589 
in erythrocytes, effect of ethanol 
ingestion, 1737 
in human placenta, 1677 
in liver, 
7 i of ethacrynic acid in vivo, 
12C5 
effect of carbamazevine oxide, 1109 
effect of pyrrclizidine alkaloids 
from tansy ragwort, 2ok5 
sex differences in effect of 
selenium deficiency, 39 
Glycerol, 
incorporation into lipids in brain, 
effect of ee haloperidol 
an¢ pimozide, 2679 
Glyceryl trinitrate 
extension of blood half-life, 1807 
Glycine, 
release from brain slicgs, effects of 
pentobarbital and Ca“t, 2189 
Glycineamideribotide, 
effect of pyrazole derivatives on 
synthesis of, 163 
Glycogen, 
metabolism in human placenta, effect 
of isoproterenol and f-sympatho- 
minetic drugs, 1123 
3lycogen phosphorylase, 
in heart, effect of acetylcholine 
followimg exposure to anoxia or 
isoproterenol, 1681 


Glycogen phosphorylase(contd, ) 
in hepatocytes, correlation between 
activation of and dihydroergo- 
cryptine binding to plasma 
membranes, 1 
in liver, activation mediated by 
a)-adrenergic receptor, 643 
in ptacenta , effect of isoproterenol 
and P-sympathomimetic drugs, 1123 
Glycogen synthase 
in placenta, effect of isoproterenol 
and B-sympathomimetic drugs, 1123 
Glycoprotein 
secretion tn liver slices, effect 
of ethanol and acetaldehyde, 35 
Glycosaminoglycan polysulfate, 
inhibition of elastase from human 
polymorphonuclear leukocytes, 1723 
Glycyl-leucine 
uptake by intestine, effect of 
harmaline, 713 
Glycyl-proline 
uptake by intestine, effect of 
harmaline, 713 
Glycyl-prolyl diveptidyl-aminopeptidase, 
in liver and nr effect of 
ethanol, 3210 
Gold, 
binding to cytosolic proteins in 
liver and kidney, 2017 
Gold compounds 
inhibition of mitogen-induced human 
lymphocyte proliferation, 3333 
Gold sodium thiomalate, 
effect on human synovial cells, 869 
Gonadectomy , 
effect on imipramine and lidocaine 
metabolism by liver of male and 
female rats, 2759 
Granulation tissue 
ee of histamine on cyclic AMP in, 
10. 
effect of prostaglandin Fog, 147 
Granule associated enzymes 
modulation of chemotactic factor- 
elicited release from neutrophils, 
2389 
Granulocytes, 
ecto-ATPase in, 2235 
muscarinic acetylcholine and opiate 
receptors in, 1361 
uuanethidine, 
inhibition of S-adenosyl methionine 
decarboxylase, 113 
Guanosine-3' ,5'-monoohosphate, 
in brain, effect of apomorphine and 
RO 20-1724 in vivo, 36 
in brain regions and pituitary, effect 
of anaesthesia, 1891 
Ca2+-dependent accumulation in renal 
cortex, relationship with release 
of fatty acids, 717 
in cerebellum, effect of 5-methoxy- 
dimethyl-tryotamine, 827 
nydrolysis by brain phosphodiesterase 
inhibition by hypoxanthine, 
inosine and IMP, 277 
effect on renin celease by renal 
cortex slices, l 
role in action of acetylcholine in 
heart, 1681 
role in vascular smooth muscle 
relaxation, 2943 
wuanosine triphosphate 
effect on agonist interactions with 
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Guanosine triphosphate(contd. ) 
Peadrenergic receptors, 1317 
effect on 5-hydroxytryptamine-sensitive 
adeay ince Syeieee and pahydroxy = 
tryptamine binding in brain, 2 3} 
in regulation of adenylate cyclase, 3 
effect on spiperone binding sites, 1331 
Guanylate cyclase, 
in coronary arte activators and 
inhibitors, 2u3 
Gunn rat 
abolition of deficiency of 2-aminophenol 
glucuronidation in liver by 
pentan-3-one, 32 
inherited deficiency of hepatic UDP- 
glucuronyltransferase, in vitro 
stimulators ,2369 
Ht, 
gastric transport in vitro, 2755 
Hageman factor 
binding and dissociation in human 
plasma during contact activation,1247 
Haloolefins, 
correlation of alkylating and mutagenic 
properties, 2611 
Haloperidol, 
effect on catecholamine transport by 
chromaffin granules, 1883 
effect on neo apenas acid 
in striatum, 1432 
effect on lipid metabolism in brain 
Slices, 2697 
in vivo blockade of brain dopaminergic 
receptors, 267 
Halothane, 
effect on cyclic nucleotides in brain 
regions and pituitary, 1891 
effect on stability of calcium 
transport system in isolated 
sarcoplasmic reticulum, 375 
Hamster, 
differential induction of liver aniline 
hydroxylase, 6 
Harmaline, 
effect on amino acids and dipeptide 
uptake by monkey intestine, 713 
inhibition of monoamine oxidase in 
guinea pig liver mitochondria, 2049 
inhibition of monoamine oxidase 
in vivo, 27 
effect on transport funcfions of 
isolated brush border and basoleteral 
membrane vesicles, 2307 
Harmine 
oxidation in hepatocytes, effect of 
ethanol, 1 
HB 419, 699, 180, 
— On glucose kinetics in blood,1441 
dear 


effects of adrenochrome on sarcolemmal 
ATPase activities, 559 
S-aminolevulinic acid synthetase in, 


effects of fasting, cobaltous chloride 


and hemin, 795 
cardiac glycoside receptor, ATPase and 
force of contraction, 3219 
effects of cnlorpromazine and imipramine 
oa subcellular membranes, 629 
deamination of isoamylamine, 1097 
effect of dibucaine on pyruvate and 


ketone body transvort in mitochondria, 


2877 


acetyteholine inotropy and phosphorylase, 


Heart(contd. ) 

identification of ouabain binding 
sites of Nat+,K+-aTPase, 1195 

effect of phospholipids on dihydro- 
alprenolol binding to a-adrenergic 
receptor, 2791 

effect of propranolol on biochemical 
modifications induced by a 
Or aa aca drug during ischaemia, 


7 
effect of SKF a57-4 on mitochondrial 
function, 283 
effect of vanadate on cyclic AMP in 
papillary muscle, 1429 
HeLa cells, 
— of thymidylate synthetase, 


7 
Hemachatus haemochatus , 
‘ phospholipase A2 in venom, 1555, 1565 
Heme, 
biosynthesis in testes, effect of 
1,2-dibromo-3-chloropropane, 2563 
aga in rat brain, 15 
effects of depletion on growth, 
protein synthesis and respiration 
of Friend cells, 1825 
metabolism in ascorbic acid-deficient 
guinea pigs, 1255 
Heme oxygenase, 
in liver, sex differences in effect 
of selenium deficiency, 39 
Hemicholiniun-3, 
devleted acetylcholine levels in 
brain, effects of lithium, 654 
Hemin, 
effect on S-aminolevulinic acid 
synthetase in heart, 795 
Hemoglobin, 
interdependence of catalase and 
hexose monophosphate shunt in red 
blood cells, 2351 
Hemolysis, 
in — treated with deoxycoformycin, 
09 
role of red cell membrane linid 
peroxidation, 1355 
Heparin, 
absence of effect on binding of 
prazosin and phenytoin to plasma 
proteins, 3337 
Hepatobiliary function 
evaluation by segmented retrograde 
intrabiliary injection 
technique, 205, 213 
Hepatocytes, 
alphaxolone metabolism, 248 
effect of ammonium ions and chloro- 
guine on protein degradation,917 
chloroform-induced glutathione 
depletion and toxicity, 3059 
correlation between activation of 
glycogen phosphorylase in and 
dihydroergocryptine binding to 
olasma membranes, 1653 
digitoxin metabolism by, 3023 
effect of drug vehicles on 
Nedemethylase activity, 2073 
effect of ethanol administration on 
drug metabolism, 1741 
ethanol oxidation by, 2161 
ethoxybenzamide deethylation, 2825 
formulation of culture media which 
maintain cytochrome 2-450 at 
in vivo concentrations, 3215 
iaduction of 7-ethoxycoumarin 
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Hevatocytes (contd. ) 

Q-deethylase, 577 

maintenance of cytochrome P-450 by 
pyridines, 1773 

effect on monoamine oxidase inhibitors 
on metabolism of, 1103 

primary culture, effect of hormone- 
supplemented medium on mono-oxygenase 
activities, 1231 

primary cultures for studying the 
metabolism of foreign chemicals, 2117 

Hepatoma cells, 

effect of disulfiram on aldehyde 
dehydrogenase in, 3026 

doxorubicin and doxorubicin-DNA 
accumulation, 1035 

5-Pluorodeoxyuridine resistant, increased 
thymidylate synthetase in, 1 

prostaglandins and cytostatic action 
of anti-inflammatory drugs, 311 

ee disposition of indomethacin, 
0 


effect of vinblastine on glutathione in, 


2333 
2,3,3',4+,4',5,5'-Hentachlorobiphenyl, 
md xed {nauc tion capability, 259 
Hevtachlor enoxide, 
effects on caleium mediated transmitter 
release from synaptosomes, 1815 
Herpes simplex, 
antiviral properties of 5-monophosphate 
of d-propyi= and 5-ethyl-2'-deoxy- 
uridine, 2833 
Hexachlorobenzene, 
lobes of rat liver respond at different 
rates, 3127 
a-Hexachlorocyclohexane, 
effect on rat liver growth and 
monosoxygenase activities, 2169 
1 9253 » +59, 9-Hexachloro-1 94 4a 59 3° 97 95 ,8a@- 
dctahydro-6 ,7-dimethy1-6,7-epoxy- 
1,4-methanonaphthalene, 
testicular neonatal imprinting of sex 
= ‘dina differences in metabolism, 
1 
primary role of pituitary in sex dependent 
differences in hepatic metabolism, 


9 
dexanethylmelamine , 
effect on drug metabolism in mice, 131 
Hexan-l-ol, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Hexestrol analogues 
induction of uterine peroxidase, 3031 
Hexobarbital, 
interaction with cytochrome P-450, 747 
metabolisn by verfused liver, effect 
of t-butyl hydroperoxide, 3112 
sleeping time, effect of cimetidine, 
3075 
dexose monooshosphate shunt, 
in red blood cells, interdependence of 
_ hemoglobin and catalase, 2351 
HI-o0 
reactivation of soman-inhibited 
acetylcholinesterase, 2379 
dinvocampus , 
effect of ethanol on aonoamine 
synthesis in slices of, 2477 
Histamine, 
antigen-induced release from lung, 
effect of adenosine, 1085 
calcium-dependént secretion from mast 
cells, effect of wheat germ 


23 


Histamine (contd. ) 

agglutinin 

effect on eyel 
tissue, 103 

in exudate from dextran-induced paw 
be Bae effect of compound 48/80, 

: 07 

effect on H+ and <* transport in 
gastric mucosa in vitro, 2755 

hydrogen peroxide induced release 


455 
ic AMP in granulation 


from mast cells, 741 
Histamine methyltransferase, 
gastric mucosa, methylation of 
imidazole comounds, 1399 
in aaaey » inhibition by impromidine, 


Histamine receptors, 
in aorta cells, association with 
adenylate cyclase, 3155 
Histamine-sensitizing factor, 
Bepertussis, effect on hepatic drug 
meta sn, l 
Histaminic drugs, 
separate binding sites in cerebral 
cortex, 9 
Histidine decarboxylase, 
inhibition by impromidine, 2897 
Homocholine 
accumulation and metabolism by brain 
subcellular fractions, 1949 
Homovanillic acid, 
in usF, effect of chronic L-DOPa 
therapy, 701 
in striatum. effect of chlorpromazine 
and 7-hydroxychlorpromazine, 63 
Hormone receptors, 
binding energy and activation of, 353 
Hs-3 and HS-=6, 
interaction with brain muscarinic 
receptor, 403 
Human drug metabolism, 
new in vitro approacn, ¢71 
dycanthone, 
antischistosomal activity, 1981 
Hydrallazine, ; 
effect on vitamin 36 function in 
rats, 3097 
Hydrazine 
prenatal induction of Na+,X+-ATPase 
in hamster intestine, 3 1 
Hydrogen veroxide, 
as a messanger of insulin, 1239 
generation in lung microsomes, 
effect of bleomycin, 3239 
effect on hemoglobin, catalase and 
glucose metabolism in red blood 
cells, 2351 
induced histamine release from 
mast cells, 741 
iydrogen sulfide, 
role of thiol S-aethyltransferase 
in detoxication, 2805 
uydrosamic acid derivatives, 
effect on DNA synthesis in human 
cells, 1275 
h=-iydroxyacetaminopnen, 
lack of evidence for reactive 
metabolite of acetaminophen 
in vitro, 1617 
Nedydroxy-d-<acetylauinofluorene , 
_ reduction by liver xicrosomes, <183 
Jeorydroxy-anthranilate oxidase, 
in liver, effects of Benserazide, 
varbidopa and isoniazid, 707 
1¢5I-Hydrocybenzylpindolol, 
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1¢5]~iydroxybenzylpindolol, 
binding in astrocytoma cells, effect of 
deXanetnasone, <151 
3-:iydroxy butyrate, 
transport in heart mitochondria, effect 
of dibucaine, <877 
N-Hydroxychlorphentermnine, 
fate in the rat, 13<5 
7-iiydroxy chlorpromazine 
comparison with effects of chlorpromazine 
in verfused brain, 03 
o-4ydroxycortisol, 
urinary excretion in marmoset monkey. 
effect of phenobarbitone, 3319 
7-ydroxycoumarin O-alkyl derivatives, 
sex differences in Q-dealxylation 
activity in rat microsomes, 1015 
4~Iydroxycyclophosphamide/aldophosvhamide, 
metabolism in vitro, 2903 
6-ilydroxydovamine, 
effect on desipramine binding in fetal 
rat cerebral cells, 1755 
effect on hemoglobin, catalase and 
glucose metabolism in red blood 
cells, 2351 
12-dydroxyeicosatetraenoic acid, 
mess of timegadine on formation of, 
5-Hydroxyindoleecetic acid, 
in brain, effect of 2+(p-chloropheny1 )- 
cyclopropylamine, 3328 
Hydroxyindoles, 
microassay in biological materials ,3020 
4ydroxylation, 
by liver microsomes, activation by 
— and a-naohthoflavone, 
2 
16-iydroxylation 
of androstenedione in trout liver 
microsomes, 583 
3-3-uydroxy-3-methylglutaryl-Coa reductase, 
in liver, inhibition by mono- and 
bicyclic-monoterpenes, 2125 
p- and m-4ydroxyphenobarbital, 
eftects of in vivo administration, 1127 
17-Hy droxyvrogesterone, 
effect on adrenal xenobiotic metabolism, 


<57. 
11 -4y droxy-A?-tetrahydrocannabinol, 
fatty acid conjugation by liver micro- 
somes, inhibition by SAF 525-A and 
DPSA, 1071 
5-iy droxy tryptamine 
accumulation by platelets, action of 
immobilized we pcp x 3189 
Cc 


effect of an agonist on cycl Gif 
in cerebellum, 827 

Dinding to rat brain membranes, 
 iepgpaana by l-phenyl-piperazines, 
VY. 

binding sites in brain, 
proverties, 2415 
regional and subcellular distribution 
and ontogenetic development, 2455 
brain, 
effect of 2-(n-chlorophenyl )cyclo- 
propylamine, 3323 
effect of contraceptive steroids, 821 
effect of pridefine, 2557 

effect on free amino acid composition of 
stomach and plasma and on protein 
synthesis in stomach, 1855 

induced release of noradrenaline from 
cerebral arteries, 840 

netabdolism in brain, effect of releasing 


5-iHydroxy tryptamine (contd. ) 

agents, 

metabolism in nervous system, effect 
of ethanol, 693 

— in biological materials, 

0<0 

oxidation by monoamine oxidase B of 
rat brain, 1213 

release from brain slices, effects 
of pentobarbital and Ca@+, 2189 

sensitive adenylate cyclase in brain, 
properties, 24 
regional and subcellular distrib- 
Buss" and ontogenetic development, 


synaptosomal uptake, effect of 
clorgyline and deprenyl, 2763 
uptake and synthesis in brain, 
effect of LY125180 in vivo ana 
in vitro, 935 
5-lydroxytryptamine receptors, 
in aorta cells, associatior with 
adenylate cyclase, 3155 
in brain, 
effect of oxypertine, 2681 
solubilization, 3341 
involvement in antidepressant drug 
action, are9 
in synaptosomal plasma membrane, 
effect of cholesterol 25 
5-Hydroxy tryptamine releasing agents, 
comparative effects in mice, 3163 
5-Hydroxytryptophol, 
in CSF from alcoholics, 693 
Hyperglycaemic mice 
mono-oxy genase activities in, 1959 
Hypertension, 
angiotensin-converting enzyme 
inhibitors for treatment of ,1871 
Hypertensive rats, 
pat tx P-adrenergic receptors in, 


Hyperthermia, 
sensitivity of hypoxic cells, l 
Hypophysectony, 
effect on hepatic drug metabolism, 
3139 
effect on imipramine and lidocaine 
metabolism by liver of male and 
female rats, 2759 
dypoxanthine, 
inhibition of cyclic nucleotide 
phosphodiesterase in brain, 277 
inhibition of GABA binding to brain 
membranes, 1217 
Hypoxic tumour cell, 
chemotherapy, 1 


Ileun, 
muscarinic Ages rg sensitivity 
after DFP, 1591 
Imidazole compounds, 
methylation by gastric histamine 
methyltransferase, 1399 
Imipramine, 
effect on ¥-glutamyltransferase in 
liver of female rats, interaction 
with contraceptives, 2874 
effect on heart subceliular 
membranes, 629 
metabolism by liver of make and 
female rats, effects of gonade 
ectomy and hynophysectomy, 2759 
we on naloxone binding in brain, 
nN 
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Immune complexes, 
induced thromboplastin activity in 
human monocytes, 9 
Immunosuppressants, 
activity of Ni-acetyl-3-sulphonamoyl-L- 
alanine methyl ester in vitro and 
in vivo, 1767 
Impromidine, 
inhibition of histamine methyltransferase 
histidine decarboxylase and diamine 
oxidase, 2897 
Indicine N-oxide, 
pyridine nucleotide cofactor requirement 
for microsomal reduction of, 347 
Indocyanine green, 
hepatic transport in carbon tetrachloride 
intoxicated rats, 1291 
Indomethacin, 
binding to human serum albumin 
microspheres, 1759 
cytostatic activity, role of 
prostaglandins, 311 
effect on lysosomal enzyme release by 
polymorphonuclear leukocytes, 533 
reaction with singlet molecular 
oxygen, 1337 
effect on thromboplastin activity in 
human monocytes, 9 
uptake and disposition in cell 
cultures, 2055 
Inflammation, 
dextran induced, effect of comvound 
48/80, 1073 
effect of prostaglandin biosynthesis 
stimulators, 1863 
effect of penicillamine on macrophage 
phagocytosis, 2273 
role of carbony1 compounds originating 
from peroxidation of liver microsomal 
lipids, 121 
Inosinate dehydrogenase 
inhibition by 6-azauridine, 2261 
Inosine 
inhibition of cyclic nucleotide 
phosphodiesterase in brain, 277 
inhibition of GABA binding to brain 
membranes, 1217 
Inosine 5'-monophosphate, 
inhibition of cyclic nucleotide 
phosnhodiesterase in brain, 277 
Insulin 
antilipolytic action in perifused fat 
cell system, 617 
degradation in f cell, effect of 
mannoheptulose, 3 


hydrogen peroxide as a messanger of, 1239 


and oral antidiabetics, effect on 
glucose kinetics in blood, 1441 
production by isolated pancreatic islets, 
inhibition by chloroquine, 1729 
in serum, effect of aspirin and ealcium 
chloride, 1627 
Intestinal contents, 
formation of free radical intermediates 
during nitrous oxide metabolism ,3037 
Intestinal epithelial cells, 
effects of prostaglandins 53 and Is on 
adenylate cyclase in, 67 
Intestinal flora 
role in metabolism of misonidazole ,3281 
Intestine, 
angiotensin I converting enzyme of 
brush border, man and pig, 1525 
effect of barbiturate on ascorbic acid 
distribution, 1839 


Intestine (contd. ) 


effects of disulfiram and diethyl- 
dithiocarbamate on benzola]pyfrene 
metabolism, 1517 

effect of harmaline on uptake of 
dipeptides, 713 

inhibition of estradiol-17B absorption 
by acetylsalicylic acid, 3017 

effects of phenolphthalein and 
hatmaline on transport functions 
of brush border and basolateral 
membrane vesicles; 2307 

peenaeat induction of Nat ,Kt+-ATPase 


role in metabolic inactivation of 
tyramine, 2551 
role of thiol S-methyltransferase 
ir. detoxication of hydrogen 
sulfide, 2885 
screening method for agents affecting 
lipid absorption, 1475 
species differences in stimulation 
of mixed-function oxidases, 1161 
Iodobradykinins 
receptor binding 175 
Iodohy droxybenzylpindolol, 
binding in artery membranes from 
deoxycorticosterone-salt 
hypertensive rats, 1465 
bi «act of B-adrenergic receptors 


Ionophore 423137, 
effect on cyclic AMP in human 
mononuclear leukocytes, 1991 
induced histamine release from 
peritoneal mast cells, effect of 
adenosine, 1085 
induced thromboplastin activity in 
human monocytes, 9 
mediated calcium transport, effect 
of sulfonamides, 1879 
Ionophore X537A, 
induced release of noradrenaline 
from cerebral arteries, 840 
Iproniazid, 
effect on N,li-dimetayltryptamine 
metabolism in brain, 1049 
effect on hepatic metabolisa, 1103 
Iris 
muscarinic and a-adrenergic recevotors 
in, 2713 
Iron, 
inactivetion of vhosnhoenolpyruvate 
carboxykinase, protection by 
3-aminopicolinic acid, 325 
in rat tissues after cadmium 
loading, 2407 
reductive removal frou transferrin, 
1833 
stimulated lipid veroxidation in 
liver microsomes, substrate 
inhibition, 565 
Iron chelating agents, 
effect on DNA synthesis in human 
cells, 1275 
Iron-EDTA, 
effect on chromosome aberrations 
induced by isoniazid, 842 
Ischaemia 
alteration in liver lysosomal 
= effect of chlorpromazine, 


Islets of Langerhans 
effect of chloroquine on insulin 
production, 1729 
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Isoainylamine 
deamination by monoamine oxidase in rat 
liver and heart mitochondria, 1097 
3-Isobutyl-l-methylxanthine, 
effect on histamine action on cyclic A:iP 
in granulation tissue, 10 
Isocarboxazid 
wetabolisa 4n vitro by mankey liver 
microsomal Carboxylesterase, 1491 
Tsoleucine 
effect of isonrenaline infusion on 
disnosition of, 509 
Isometallothioneins 
in rat tissues after cadmiuna loading, 
2407 
Isoniazid, 
induced chromosone aberrations, 
enhancement by transition metals , 342 
penetration of vreimplantation 
lastocyte, 1603 
inhibition of tryotonhan-niacin 
metabolism; 707, 2099 
Isoprenaline 
effect of Infusion on distribution of 
tryptophan, tyrosine and isoleucine 
between brain and other tissues, 509 
Isopropylantipyrine 
new metabolites in the rat, 2705 
Isoproterenol, 
wie sad acetylcholine on response to, 


biochemicsl1 iodifications in ischaemic 
heart, effect of propranolol, 26387 
effect on labelling of brown fat cell 
phospholinids, 3330 
pet: > ae placental glycogen metabolism, 
ie 
effect on sodium fluxes across rabbit 
colon in vitro, 1271 
stimlation of phosphatidylcholine 
=a in liver plasma membranes, 
2521 
effect on thyroid adenylate cyclase ,1966 
Isosulpride, 


effect on in vivo binding of spiroperidol 


in brain regions, 267 
Isoxsuprine, 
effect on glycozen metabolisa in human 
placenta, 1123 


sainie acid, 
wit gs (3H)eAvf2N binding in striatum, 
1 


effect on liat,it-ATPase in striatun,357 
effect on 5-hydroxytryptamine-sensitive 
adenylate cyclase and 5-hydroxy- 
Po Sim binding sites in brain, 
< 


2allikreins, 
in acetone-2ctivated human plasaa, 77 
binding in »slasma to keolin surface 
during contact activation, 1247 
Kanaayein A.and B, 
ototoxicity and action on nolyphosaho- 
inositide films, 597 
xetone-body, 
tranégoort in heart mitochondria, effect 
of dibucaine, 2877 
sidney, 
adenylate cyclase in, effect of 
anethicin on hormonal activation, 


51. . . 
adenosine stimiation of zlnconeozenesis 
in cortical tubule fragnents, 828 
p-aminohippurate transport, 983 


sidney (contd, ) 
Cact+-dependent accuwlation of 
cyclic GP, 717 
chick embryo, induction of §$-amino- 
levulinic acid synthetase, 458 
effect of diuretics on calcium 
uptake and release in microsomes; 


9 
identity of bismith-binding proteins, 
2913 
metabolism of J-glutamyl dopamide ,69 
metal content and isonetallothionein 
levels after cadmium loading ,2407 
monkey, glutathione 5-trensferase 
activity towards benz[ajanthracene 
oyidation of sodium sulphide, 2431 
effects of nnenolphthalein and 
harmaline on transport functions 
of brush border and basolateral 
membrane vesicles, 2307 
renin release by cortex slices, 
effect of cholinergic agents and 
cyclic GP, 1933 
aNa polymerase in cortical and 
medullary mitochondria, effect 
of aldosterone, 1575 
sex differences in stimulatory action 
of cofactors on prostaglandin 
synthetase, 2635 
effect of vinyltoluene on 
glutathione in, 2675 
sidney cells, 
effect of ethanol on paracetamol 
activation, 1741 
xininases, 
in human polymorphonuclear 
leukocytes, 2: 
sinin receptor, 
binding of iodinated analogues of 
bradykinin, 175 
sininogen, 
binding and dissociation in human 
plasma during contact activation, 
1247 
synureninase 
in liver, effects of 3enserazide, 
Sarbidopa and isoniazid, 707 
aynurenine, 
metabolis:n in liver of normal and 
S-euansoni infected mice, effect 
of oxamnicuine therany, 2513 
aynurenine aminotransferase, 
in kidney, effect of hydrallazine 
and prenelzine, 3097 
Lactete, 
in blood, effect of phenforwin,2291 
formation in heart, effects of 
ischaemia, isonroterenol and 
propranolol, 2637 
wactate dehydrogenase, 
in baa effect of antifolates, 


Leathamin, 
effect on guanylate cyclase in 
coronary artery, 2943 
L-cells 
tarzet and non-target, resnonse to 
aminofolates, 2741 
Lectins 
effect on thromboplastin activity of 
human monocytes, 9 


Leishmania donovani, 
effect of allonirinol and its ribo- 
nucleoside on intracellular forms, 
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Leishmania donovani(contd. ) 
97 
Leptophos 
inhibition of acetylcholinesterase ind 
neurotoxic esterase in brain, 2721 
Leukemia cells £1210, 
effects of adenosine analogues on 
methylation of nkNA, 1459 
analogue specific aberran¢es in 
antifclate inhibition of dinydro- 
folate reductase, 3293 
2,4-diamino-5-(3' ,4'-dichloronheny!l )-6- 
nethylpyrimidine resistance, 2241 
doxorubicin and doxorubicin-bvNA 
accumulation, 1035 
extracellular recovery of methotrexate- 
oolyglutamates following efflux, 2701 
inhibition of adenosine deaminase by 
2'=deoxycoformycin in vivo, 187 
interaction with liposomes, 877 
relationship between glycolysis and 
proliferation, effect of 4-233, 2690 
effect of sangivamycin and thiosangiva- 
ye on nucleic acid synthesis in, 
0 
toxicity of showdomycin and maleimide, 
2199 
Leukemic lymphoblasts, 
methotrexate resistant, effect of 
livophilic antifolates, 648 
Leukocytes, 


drug-sensitive ecto-aTPase in, 2285 

inhibition of DNA polymerases by 
oo ee ae ee triphosphate, 
1149 

muscarinic acetylcholine and opiate 
recentors in, 1361 


Levimasole, 
anthelmintic action, 1931 
Leydig cells, 
inhibition of testosterone production 
by cannabinoids, 2153 
Lidocaine 
interaction with brain a-adrenergic 
and muscarinic receptors, 155 
metabolism by liver of male and female 
rats, effects of gonadectomy and 
hypophysectomy, 2759 
Lignocaine, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Lilly 51641, 
inhibition of monoamine oxidase in 
guinea vig liver mitochondria, 2049 
Limonene, 
inhibition of hepatic cholesterol 
Synthesis, 2125 
metabolism by liver microsomes to 
non-autagenic enoxides, 1068 


Limulus volyphemus 
~ insularity of cholinergic components 
in CNS, 1603 
Lipase, 
in adinocytes, mediation of effects of 
insulin by hydrogen peroxide, 1239 
Lipid, 
in brain, thermotropic properties in 
the presence and absence of local 
anaesthetics, 849 
inhibition of hepatic biosynthesis by 
1-(3-chlorophenyl )-1-methyl-2- 
phenyl-2-(2-pyridine )ethanol, 3207 
metabolism in brain slices, effect of 
chlorpromazine, haloperidol and 
pimozide, 2697 


Lipid(contd. ) 
screening method for agents affecting 
apsorption, 1475 i 
in serum, effect of Triton «k-1339 
on fatty acid composition, 2879 
substitution of liver «nitochondrial 
aembrene, effect on monoamine 
oxidase in, 3211 
a * bilayers, 
dco ylepingssyrreenccr- ae fluidization, 
Lipid monolayers, 
Ca<+ replacement by cationic 
amphiphilic drugs, 2969 
complex between adriamycin derivatives 
and cardiolipin, 3003 
Lipid veroxidation, 
effect of carbonyl compounds on 
inflemaation, 121 
by liver microsomes, 
effect of bleomycin, 3239 
substrate inhibition, 565 
by lung microsomes, effect of 
bleomycin, 3239 
in red cell membranes, role in 
hemolysis due to phenylhydrazine, 
1355 
Linogenesis, 
in adipocytes, mediation of effects 
of insulin by hydrogen peroxide, 
1239 
Lipophilic cpmpounds, 
efrect on monoamine oxidase in liver 
mitochondria, 1177 
Livolysis 
inhibition by insulin in perifused 
fat cell system, 617 
Livoprotein, 
tetrachlorodibenzodioxin induced 
changes, 3835 
Liposomes , 
couplex between adriawycin derivatives 
and cardiolipin, 3003 
interaction with chloronhenols, 
monitored with ANS, 2471 
interaction with cultured cells, 
effect of serum,877 
partitioning and efflux of pheno- 
thiazenes, 2361 
Lipoxidase, 
in seminal vesicle microsomes, effect 
of vrostaglandin biosynthesis 
stimulators, 1863 
Linoxygenase 
in platelets, inhibition by 
timegadine, 3265 
Lithiun 
effect on ATPases in cerebral 
Synaptic membranes in vitro, 807, 
effect on cholinergic system in 
brein regions, 65% 
dietary, effect on Nat,xt-aTPase in 
brain, 2819 
effect on sodium transport in skin 
epithelial cells, 2265 
Lomustine, 
effect on drug metabolism in mice,131 
Lorazevam, 
anticonvulsant mechanism, 1703 
Lung 5 
acetylcholinesterase in, effect of 
aes and related herbicides, 


adenosine potentiation of antigen. 
induced histamine release, 1085 
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Lung (contd. ) 

effect of bleomycin on oxidative 
metabolism in microsomes, 3239 

fetal, collagen synthesis by cultured 
fibroblasts, effect of ethanol, 2417 

human, monoamine oxidase A in, 777 

inerease in antigen-induced release of 
slow reacting substance of anaphylaxis 
by sodium fluoride, 1843 

inhibition of angiotensin I converting 
enzyme by opoid peptides, 3115 

monkey, glutathione S-transferase 
activity towards benz[a]anthracene 
5 ,6-oxide, 1589 

oxidation of sodium sulphide, 2431 

phenol conjugation in vivo, 471 

ore uptake and metabolism, 


prediction of mescaline clearance from 
enzyme kinetic data, 253 
thromboxane Ap release, 319 
Luteinizing hormone, 
in serum, effect of norlaudanosoline- 
Carboxylic acid, 57 
Lymphocytes 
effects of dipyridamole, 2515 
ecto-ATPase in, 2285 
effect of iron chelating agents on 
DNA synthesis in, 1275 
effects of polychlorinated biphenyls 
oh membranes, 3311 
sulphydryl dependence of inhibition of 
mitogen-induced proliferation, 3333 
Lysolecithin, 
solubilization of serotonin receptors 
from rat frontal cortex, 3341 
Lysosomal enzymes 
release from polymorphonuclear leuco- 
cytes, 533 
Lysosomes 
alterations in ischaemic rat liver, 
effect of chlorpromazine, 963 
Lysozyme, 
modulation of chemotactic factor elicited 
release from neutrophils, 2389 
secretion in macrophages, effect of 
rifampin, 3039 


Macrophages, 
effect of D-penicillamine on phagocytosis 
in vitro and in vivo, 2273 
effect of rifampin on elastase and 
lysozyme secretion, 3039 
stimulation of secretion of plasminogen 
activator by microtubule pay * mag 
agents and deuterium oxide, 2545 
xanthine oxidase increase in pathological 
situations, 1945 
Magnesiun, 
effect on coronary arterial guanylate 
cyclase, 2943 
Manganese, 
effect on ATPase activity and choline 
uptake in brain synaptosomes, 141 
effect on chromosome aberrations induced 
by isoniazid, 842 
effect on coronary arterial guanylate 
cyclase, 29435 
Maleimide, 
toxicity and mechanism of action 
in vitro, 2199 
Malic enzyme, 
in aaser's effect of 3-methylicholanthrene, 


97 
Mannoheptulose, 


Mannoheptulose, 
ont ees pancreatic islet function, 


Mast cells 
effect of adrenaline on hydrolysis of 
arginine and tyrosine esters, 419 
properties of hydrogen peroxide- 
induced arginine release, 741 
protease in, 1715 
MD 780515, 
effect on tyramine metabolism in 
intestine, 2551 
Mebendazole 
anthelmintic activity, 1961 
Medroxyprogesterone acetate, 
dose-dependent effects on hepatic 
drug metabolism, 1155 
Melphalan, 
biliary excretion Py control and 
anuric rats, 251 
Membrane protein, 
drug interaction, 2651 
Menthol, 
inhibition of hepatic cholesterol 
synthesis, 2125 
Menthone, 
inhibition of hepatic cholesterol 
synthesis, 2125 
Mepyramine, 
antagonism of histamine action on 
_— AMP in granulation tissue, 
10. 
binding in cerebral cortex, 2269 
Mequitazine, 
a and efflux from liposomes, 
1 


(42 )<3[ (2S )-3-Mercapto-2-methylpropanoyl ] 
-4+-thiazolidine carboxylic acid, 
inhibition of angiotensin I converting 
enzyme, 1543 
Mersalyl acid, 
effect on caleium uptake and release 
by kidney microsomes, 2339 
Mescaline 
prediction of clearance by rabbit 
lung and liver from enzyme 
kinetic data, 253 
Mestranol-Norethynodred, 
interaction with imipramine on effect 
on S-glutamyltransferase in female 
rat liver, 2874 
Metallothioneins, 
ore _ to cytosolic proteins, 
017 
in liver and kidney of cadmium- 
ies rats, effect of aflatoxin, 
1 
in Oe tissues after cadmium loading, 


07 
Metallothionein dimers, 
in liver, isolation and characteriz- 
ation, 689 
Methadone, 
effect on isolated perfused rat 
brain, 1608 
d-Methamphetamine, 
inhibition of monoamine oxidase, 2071 
Methionine, 
effect on hepatic glutathione after 
acetaminophen overdose, 1969 
transport in Walker carcinoma, effect 
of n007-7957, 501 
Methionine enkephalin, 
in human placental viilus, +75 
Methionine synthetase, 


19 
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Methionine synthetase, 
in L-cells, effect of antifolates, 2741 
Methotrexate 
effect on folate binding in milk and 
serum, 3109 
— of dihydrofolate reductase, 


9 
resistant human leukemic lymphoblasts, 
effect of methotrexate esters and 
other lipophilic antifolates, 648 
Methotrexate-polyglutamates, 
extracellular recovery following efflux 
from L1210 cells, 2701 
P-Methoxyamphetamine, 
“a of monoamine oxidase in vivo, 
5-Methoxy-dimethyl-tryptamine, 
effect on cyclic GMP in cerebellum, 827 
Methoxyflurane, 
_ effect on hepatic stearate desaturase, 27 
3-Methoxy -4-hydroxyphenylethyleneglycol, 
in CSF, effect of chronic L-DOPA 
: therapy, 701 
3-Methoxy -4-hydroxyphenylethyleneglycol 
sulfate, 
in brain, single-dose tolerance to 
effects of morphine, 2249 
p-Methoxyphenylethylamine, 
effect on brain 5-hydroxytryptamine 
metabolism, 3163 
Methoxyverapamil, 
interaction with brain a-adrenergic 
and muscarinic receptors, 155 
Methyl 4-amino-4-deoxy-10-methylpteroate, 
—— of dihydrofolate reductase, 


589 
3-Methylcholanthrene, 

effect on androstenedione metabolism 
in trout liver microsomes, 583 

effect on aniline hydroxylase in 
hamster liver microsomes, 685 

effect on capacity of liver to form 
NADPH, 697 

enhanced biotransformation of nitro- 
furantoin in rats, 263 

met on estrogen-2-hydroxylase in rats, 


induction of cytochrome P-4+48, circadian 
rhythm of the influence of actinomycin 
D, 1201 
induction of dimethylnitrosamine 
demethylase in liver, 1375 
induction of UbP-glucuronyl transferase 
in rat tissues, 495 
effect on metabolism and hepatotoxicity 
aa ia mpg effect of fasting, 
2419 
mutagenicity, effect of ellipticines ,3231 
stimulation of mixed-function oxidases, 
species differences, 1161 
3'-Methyl-4-dimethylaminoazobenzene, 
uptake, distribution and macromolecular 
binding of metabolites in liver, 
effect of chloramphenicol, 2252 
Methylenedioxybenzenes, 
carbon monoxide generation during 
microsomal metabolism, 1113 
4-Methyl-c-ethyl-m-tyramine 
effect on brain 5-hydroxy tryptamine 
metabolism, 3163 
y2°-Methylfolate, 
methotrexate impurity, inhibition of 
ei binding in milk and serun, 
109 
Methylmercuric chloride, 


Methylmercuric chloride, 
effect on gene expression in neural 
cells, 
inhibition of PGE),~sensitive 
ag cyclase in glioma cells, 
20. 
Methylneobiosamine, 
ototoxicity and action on poly- 
phosphoinositide films, 597 
Methylparathion, 
inhibition of acetylcholinesterase 
and neurotoxic esterase in brain, 


27 
N-Methylphenylethylamines, 
aS monoamine oxidase substrates ,2663 
4-N-Methyl piperidyl benzilate, 
effect of bis-pyridimium oximes in 
brain, 
2-Methyl-2-propanol 
effect on synthesis of ornithine 
decarboxylase and tyrosine 
aminotransferase in regenerating 
liver, 2799 
4-Methylpyrazole, 
effect on ethanol oxidation by 
isolated hepatocytes, 2161 
5-Methylquinazoline antifolate C33703, 
metabolic effects in mouse cells, 
2741 
5 '-jMethylthioadenosine 
blockade of effect of adenosine on 
og platelet aggregation, 
2529 
Methylumbelliferone, 
<— in isolated liver cells, 


Metrifonate 
antischistosomal activity, 1981 
Metronidazole, 
radiosensitization, hypoxic 
cytotoxicity, 1 
Metyrapone, 
effect on androstenedione metabolism 
in trout liver microsomes, 5 
— 1 reductases in rabbit liver, 
150 
effect on drug metabolism in 
adrenal, 951 
effect on P=450 reductase and 
cytochrome c reductase in liver 
microsomes, 89 
Mevalonate, 
incorporation into sterols in brain, 
effect of AY-9944 and U18666a, 
2751 
Mezilamine, 
effect on in vivo binding of 
sparpper tie brain regions, 
7 


Mianserin, 
binding in calf caudate, 2709 
atines on naloxone binding in brain, 
0 
Microtubule disrupting agents, 
stimulation of secretion of 
plasminogen activator from 
macrophages, 2545 
Misonidazole, 
metabolism, brain penetration and 
an? effect of dexamethasone, 
2769 
effect on purine metabolidm in 
Ehrlich ascites tumour cells, 
2533 
radiosensitization, hypoxic 
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Misonidazole(contd. ) 
cytotoxicity, 1 
relationship between cytotoxicity and 
base composition of DNA, 2095 
role of intestinal flora in metabolism 
of, 3281 
Mitochondria, 
heart 
effect of barbiturates on calcium 
ings loss of respiratory control, 
effect of dibucaine on pyruvate ketone 
body transport, 77 
protection of oxidative phosphoryl- 
ation by bencyclane, 1385 
_* of SKF 525-A on function of, 


kidney, effect of aldosterone on RNA 
polymerase in, 1575 
liver, effect of amytal on membrane 
permeability, 2325 
Mitomycin C, 
hypoxic tumour cell chemotherapy, 1 
reduction of side effects by fumaric 
acid, 2839 
MMB-4+, 
interaction with brain muscarinic 
receptor, 483 
Monkey (Callothrix jacchus), 
effect of phenobarbitone on urinary 
6<hydroxycortisol excretion and 
hepatic enzyme activity, 3319 
Monoamine oxidase, 
in brain, 
effect of aa ees hae 
propylamine, 3328 
in circumventricular structures, 
inhibition by clorgyline and 
deprenyl, 2871 
effect of contraceptive steroids ,821 
a oxidation by 
type 3, 121 
inhibition by d-methamphetamine, 2071 
N-methylphenylethylamines as 
substrates, 2663 
effect of portocaval shunt, 2831 
in striatum, in vivo inhibition by 
d-amphetamine, 1 
subcellular localization of types 
A and B, 3067 
chick organs, 603 
£30" tract, effect of progesterone, 
7 
heart, isoamylamine deamination, 1097 
human placentae, lung and liver, 
substrates and inhibitors, 777 
human placenta and platelets, 
molecular weight differences, 2595 
human tissues during development, 1221 
liver, 
guinea pig, 2049 
isoamylamine deamination, 1097 
effect of lipid substitution of 
mitochondrial membrane, 321i 
effect of lipophilic compounds, 1177 
effect of portocaval shunt, 2831 
riboflavin-deficient rats, 2693 
effect of sonication, 118 
substrate-selective interaction with 
oxygen, 2225 
turnover of A and 3 forms, 891 
Monoamine oxidase inhtbitors, 
ane ag amine upteke by synaptosomes, 


27) 
effect on 'first-pass' metabolism of 


Monoamine oxidase inhibitors (contd. ) 
tyramine in 40g intestine, 2551 

in human urine, 7 
reversible, assessment of potency, 


Monochlorobiphenyls, 
metabolism by hepatic microsomal 
cytochrome P-450, 727 
Monocytes, 
effect of drugs on thromboplastin 
activity of, 9 
muscarinic acetylcholine and opiate 
receptors in, 1361 
Mononuclear leukocytes, 
effect of ionophores on cyclic AMP 
in, 1991 
Morfamquat, 
effect on acetylcholinesterase in 
lung, 
Morphine 
N-demethylation in liver microsomes, 
effect of oral tobacco and 
nicotine, 3087 
effect on hepatic drug-metabolizing 
enzymes and phospholipid, 658 
effect on isolated perfused rat 
brain, 1608 
mechanism of action on striatal 
dopamine metabolism, 1432 
single-dose tolerance of brain 
resp Sega - < gue a tana 
glycol sulfate, 2249 
suppression of in vivo release of 
neurotransmitters, 2777 
Muscarinic receptors, 
in brain, 
interaction with bis-pyridinium 
oximes, 4+ 
interactions of D600 and local 
anaesthetics, 155 
in human leukocytes, 1361 
in aoe subsensitivity after DFP, 
1391 
in iris, 2713 
similarities with nicotinic ionic 
channel binding sites, 1311 
Muscimal, 
binding in subfractions of brain 
synaptic membrane fraction, 1077 
Muscle, 
effect, of halothane on stability of 
Cact+ transport in sarcoplasmic 
reticulum, 375 
newborn rats, effect of halogenated 
amphetamines on protein synthesis 
in, 
skeletal, 
regulation of contraction by 
myosin phosphorylation, 2537 
Salicylate inhibition of 
creatine kinase, 2113 
source of trigger calcium in e-c 
coupling, 2399 
smooth, regulation of contraction 
by myosin phosphorylation, 2537 
Mutagenicity, 
of allyl and allylic compounds, 993 


Mycobacterium leprae 
WeSnibition of DOPA incorporation by 


desoxyfructo-serotonin, 25 
Myosin 
reguiation of muscle contraction by 
phosphorylation, 2537 


NADH, 
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NADH, 
carbohydrate stimulation of mixed- 
function oxidation, 813 
support of cytochrome P-450 mediated 
OO N-oxide reduction, 347 
a ? 
formation in liver, effect of 3-methyl- 
cholanthrene, 6 
induced lipid peroxidation in liver 
microsomes, substrate inhibition,565 


Naja nigricollis, 
phosp pase A2 in venom, 1555, 1565 


Naloxone, 
effect of antidepressant drugs on 
binding in rat brain, 460 
binding in brain membranes, effect of 
norlaudanosoline carboxylic acid,57 
carbonyl reductases in rabbit liver, 1503 
effect on neurotransmitter release 
in vivo, 2777 
Naltrexone, 
carbonyl reductases in rabbit liver, 1503 
a-Naphthoflavone, 
activation of hepatic microsomal 
hydroxylation 
effect on androstenedione metabolism in 
trout liver licrosomes, 583 
B-Naphthoflavone, 
effect on activation of cyclophosphamide 
to a mutagen, 256, 2031 
enhanced biotransformation of nitro- 
furantoin in rats, 263 
induction of mixed-function oxidase 
— in young and geriatric rats, 
1191 
a-Naphthylisothiocyanate, 
effect on bromosulphophthalein excretion 
by hamsters, 960 
1,4-Naphthoquinone-2-sulfonic acid, 
effect on hemoglobin, catalase and 
ot he metabolism in red blood cells, 


Neamine, 
etotoxicity and action on polyphospho- 
inositide films, 597 
Neomycin 3 
ototoxicd ty and action on polyphospho- 
inositide films, 597 
Neostigmine, 
and metabolites, effect of phenobarbitone 
on elimination in bile, 2256 
Neothramycins A and B = DNA adducts, 
structure, 1307 
Nerve stimulation, 
release of purine compounds, 1635 
Neuraminidase, 
immobilized on macrobeads, effect on 
Le te forsiag < + ua accumulation by 
platelets, 3189 
Neuroblastoma cells, 
NBP?, effects of methylmercuric chloride, 
Ol, 539 
Newroleptic drugs, 
blockade in vivo of brain dopaminergic 
receptors, 207 
effect on lipid metabolism in brain, 2697 
Neuroleptic receptors 
use of thioproperazine as a ligand, 
in vitro, ey 
in Vivo, 2939 
Neurotoxic esterase 
in brain, inhibition by organophosphorus 
compounds with respect to delayed 
neurotoxicity, 2721 
Neurotransmission, 


31 


Neurotransmission, 
modulation by purine nucleotides and 
nucleosides, 1635 
Neurotransmitters 
effect of pentobarbital on release 
from midbrain slices, 2189 
suppression of in vivo release by 
morphine, 
Neutrophils, 
modulation of chemotactic factor- 
elicited release of granule 
associated enzymes, 2389 
Niacin, 
urinary excretion of metabolites, 
effect of benserazide, carbidopa 
and isoniazid, 2099 
Nicergoline, 
effect on interaction between blood 
platelets, elastin and 
endothelial cells, 943 
Nicotinamide analogues, 
effect oh cytochrome P-450 in 
cultured hepatocytes, 1773 
Nicotinamide nucleotides, 
effect of hydrazine derivatives on 
enzymes of synthesis, 707 
metabolism in rat, effect of benser- 
azide, carbidopa and isoniazid, 
2099 
Nicotine, 
effect on hepatic microsomal 
-demethylases, 3987, 3087 
Nicotinic ionic channel binding sites, 
ek «5 hal with muscarinic receptor, 
Nitrate esters, 
extension of half-life in blood,1807 
Nitrazepam, 
anticonvulsant mechanism, 1703 
Nitric acid, 
activation of coronary arterial 
guanylate cyclase, 2943 
p-Nitroanisole 
Q-demethylation in perfused liver, 
stimulation by xylitol and 
sorbitol, 813 
p-Nitroanisole 0-demethylase, 
in liver microsomes, 
effect of anticancer agents, 131 
effect of hydroxylated phenobarbital 
metabolites, 1127 
effect of 1-phenyl-3-(2-thiazolyl )- 


2-thiourea, 2425 
6-[ (4-Nitrobenzyl )thio]-9-f8-D-ribo- 
furanosyl purine, 
effect on adenosine deaminase 
oe by 2'-deoxycoformycin, 
9. 
Nitrochlorphentermine 
fate in the rat, 1325 
Nitrocyclohexane, 
microsomal metabolism, 341 
Nitrofurantoin 
enhanced biotransformation in rats 
after induction with 3-methyl- 
ee or B-naphthoflavone, 


4-(5-Nitro-2-furyl )thiazole, 
reductive metabolism to 1-(4-thiazolyl ) 
-3-cyano-l-propanone by liver 
subcellular fractions, 3285 
Nitroglycerin 
metabolism in vite? relationship with 
in ro organic nitrate reductase 
act in rats, 
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Nitroimidazoles, 
anaerobic reduction by reduced flavin 
mononucleotide and by xanthine 
oxidase, 2684 


radiosensitization, hypoxic cytotoxicity, 
1 


Nitromethane, 
microsomal metabolism ,341 
p-Nitrophenol, 
conjugation in isolated liver cells ,2963 
2-Nitrophenyl-phenyl-phosphate, 
inhibition by liver carboxylesterases, 
1927 
4-Nitrophenyl-phenyl-phosphate, 
inhibition of liver carboxylesterases, 
1927 
p-Nitrophenylphosphatase, 
in brain, effect of lithium, 2819 
2-Nitropropane, 
microsomal metabolism, 341 
Nitroprusside, 
activation of coronary artery 
guanylate cyclase, 2943 
Nitrosoacetoxymethylmethylamine, 
stability in vitro and in vivo, 383 
Nitroso-chloramphenicol 
effect on protein synthesis and 
oxidative ~~ ine in liver 
mitochondria, 2605 
Nitrosoguanidine, 
activation of coronary arterial 
guanylate cyclase, 2943 
Nitrosourea-derived isocyanates, 
ae of tubulin polymerization, 


Nitrosoureas 
reaction with DNA, 2639 
w-Nitrostyrene, 
microsomal metabolism, 341 
Nitrous oxide 
formation of free radical intermediates 
during metabolism by human intestinal 
contents, 3037 
Nocodazole 
stimulation of secretion of plasminogen 
activator from macrophages, 2545 
Nogalamycin, 
complex with cardiolipin, 3003 
interaction with agape and 
polyuridylic acids, 20 
Non-parenchymal cells, 
liver, effect of cadmium acetage on 
uptake and degradation of 1¢51-usa, 
3101 
Noradrenaline, 
in brain, 
effect of contraceptive steroids ,821 
effect of pridefine, 2557 
calcium and frequency-dependent release 
from spleen, 3029 
effect on dihydroergocryptine binding 
in liver, 1653 
exoc = release from synaptosomes, 
130 
inhibition of release by adenosine and 
adenine nucleotides 


1 
effect on phosphatidylinositol metabolism, 


blockade by chlorpromazine and 
haloperidol, 2697 

release from cerebral arteries by drugs 
and potassium, 840 

role in level of cyclic AMP in pineal 
gland, 1341 

stimulation of Na*+,k*-aTPase in 
striatum, 857 


Noradrenaline(contd 


) 
stimulation of Na*,<*-aTPase in 
synaptic membranes, effect of 
desipramine, 111 
stimulation of prostaglandin 
synthetase in kidney of male and 
female rats, 2635 
storage pools in brain, 3045 
synaptosomal uptake 
i of clorgyjine and deprenyl, 
effect of cocaine administration, 
1861 
developmental changes in reserpine 
inhibition, 1595 
effect of LY125180, 935 
role of Nat+,K*=-aTPase, 2105 
ec by chromaffin granules, 


Nordihydroguaiaretic acid 
interaction with DNA, 3399 
Norgestrol, 
effect on biogenic amines and 
monoamine oxidase in brain, 821 
Norlaudanosoiinecarboxylic acids, 
opiate-like effects on hypothalamic- 
pituitary-gonagal axis, 57 
Nortrjptyline, 
saci on naloxone binding in brain, 
.¢) 
Nucleic acids, 
trans-membrane alkylation, 449 
Nucleoside phosphorylases 
inhibition of 55fluoro-2'-deoxy- 
uridine cleavage by 2,4-pyrimidine 
dione derivatives, 1039 
Nucleoside transport system 
in erythrocytes, interaction of 
2'-deoxycoformycin and transport 
inhibitors, 2491 
5'-Nucleotidase, 
in —- cells, effect of ethanol, 


79 
inhibition by emma ence 
biphenyls, 3311 


Obese rats, 
hepatic drug metabolism and 
microsomal enzyme induction in, 


289 
thyroid function, 1612 
Octan-l-ol, 
effect on monoamine oxidase in liver 
mitochondria, 1177 
Octylamine, 
effect on metabolism of SKF 525-A 
and SKF 8742-a, 2577 
effect on P=450 reductase and 
cytochrome c reductase in liver 
microsomes, 89 
Olfactory tubercle 
effect of ethanol on monoamine 
synthesis in slices, 2477 
Olivetol, 
inhibition of testosterone production 
by Leydig cells, 2153 
Onion oils, 
pe of fatty acid oxygenases, 
9 


Opiate-like drugs 
norlaudanosol inecarboxylic acids, 


57 
specific binding in placenta, 2657 
Opiate receptors, 
in human leukocytes, 1361 
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Opiate receptors(contd. ) 


sasereeneon with tricyclic antidepressants 


Opoid peptides 
inhibition of angiotensin I converting 
enzyme in lung, 3115 
Organic cation, 
hepato-biliary transport rate, 2573 
Organophosphorus compounds 
inhibition of acetylcholinesterase and 
neurotoxic esterase in brain with 
oa to delayed neurotoxicity, 
Organophosphorus diesters, 
inhibition of liver carboxylesterases 
in vivo and in vitro, 1927 
Ornithine decarboxylase, 
in liver during regeneration, effect of 
aliphatic alcohols, 2799 
Ornithine transaminase, 
in Schistosoma mansoni, effect of 
ox quine, 
Ototoxicity, 
of aminoglycosides, correlated with 
action on polyphosphoinositide 
films, 597 
Ouabain, 
binding in heart in relation to ATPase 
and force of contraction, 3219 
binding sites in ATPase from heart 
microsomes, 1195 
interaction with ATPase, effect of 
chemical modification, 1995 
involvement of tropomyosin on ATPase 
sensitivity, 297 
ae of preimplantation blastcyte, 
1 


treated adrenal, effect of calcium on 
catecholamine secretory response, 
2609 
Ovary, 
effect of progesterone on monoamine 
oxidase in, 1857 
Oxamniquine, 
effect on Se ehcp in liver,2925 
effect on B-glucuronidase in tissues 
2 Schistosoma mansoni infected mice, 
29 
effect on kynurenine metabolism in liver 
of normal and Schistosoma mansoni 
infected mice, 
effect on Schistosoma mansoni, 838 
7-0xa-13-prostynoic acid, 
inhibition of angiotensin receptors in 
adrenal gomerulosa, 927 
Oxazepam, 
anticonvulsant mechanism, 1703 
N-Oxidation 
reversibility in vivo, 1325 
Oxidative phosphorylation, 
in heart mitochondria, 
protection by bencyclane, 1385 
effect of SKF 525-A, 283 
in liver mitochondria, 
effects of chloramphenicol and its 
nitroso analogue, 2605 
uncoupling bY acetyl ethyl tetramethyl 
tetralin, 1531 
Oximes 
reactivation of soman-inhibited 
acetylcholinesterade, 2379 
Oxisuran, 
sa. reductases in rabbit liver, 
150 


2-Cxopyrimidine riboside analogues, 


2-Oxopyrimidine riboside analogues, 
inhibition of cytidine deaminase ,830 
Oxotremorine, 
binding in ileum, effect of DFP, 1391 
Oxygen, 
role of glutathione-related enzymes 
in tolerance development by 
diethyldithiocarbamate, 1367 
Oxypertine 
interaction with brain monoamine 
receptors, 2681 


Pancreas, 
effect of ethanol on amylase and 
glycyl-propyl dipeptidyl- 
aminopeptidase in, 3210 
effect of mannoheptulose on islet 
function, 262 
Pancreatic islets, 
effect of chloroquine on insulin 
production, 1729 
mediated calcium enone? effect 
of sulphonamides, 1879 
Pantothenic acid 
incorporation Into CoA in liver, 
effect of clofibrate, 987 
Papillary muscle 
effect of vanadate on cyclic AMP 
levels, 1429 
Paraoxon 
inhibi tion of liver carboxylesterases, 
9 
Paraquat, 
effect on acetylcholinesterase in 
lung, 
Parathyroid hormone, 
stimulated renal adenylate cyclase, 
effect of alamethicin, 51 
Pargyline, 
binding to monoamine oxidase in 
human platelets and placenta ,2595 
effect on hepatic metabolism, ilo 
inhibition of monoamine oxidase in 
guinea pig liver mitochondria, 
2049 
effect on turnover of monoamine 
oxidases in rat liver, 891 
Parkinson's disease, 
hee. abet drones inhibitors in, 


Pellegra, 
effect of isoniazid on tryptophan- 
niacin metabolism in rats, 2099 
D-Penicillamine, 
effect on macrophage phagocytosis 
in vitro and in vivo, 2273 
effect on vitamin Bg function in 
rats, 30 
Penicillic acid, 
inhibition of Nat,Kt-ATPase, 19 
Penicillin G, 
inhibition of glutathione organic 
nitrate ester reductase, 1807 
Penicilloyl residues, 
bound tc albumin, enzymatic 
unmasking for antibodies of, 195 
B-Pentachlorocyclohexane, 
effect on rat liver growth and 
monooxygenase activities, 2169 
Pentagastrin, ‘ 
effect on H* and K” transport in 
gastric mucosa in vitro, 2755 
Pentan-3-one, 
abolition of 2-aminophenol glucuron- 
idation deficiency in perfused 
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Pentan-3-one(contd. ) 
Gunn rat liver, 320% 
Pentobarbital, 
effect on agar urate transport 
in rat kidney, 38S 
effect on calcium induced loss of 
respiratory control in beef heart 
mitochondria, 1455 
effect on calcium uptake by 
synaptosomes, 957 
effect on cyclic nucleotides in brain 
regions and pituitary, 1891 
effect on neurotransmitter release from 
midbrain slices, 2189 
sleeping time, effect of 1-phenyl-3- 
(2=thiazolyl )-2-thiourea, 2425 
Pentobarbitone, 
effect on distribution of ascorbic 
acid in gastrointestinal tract, 1839 
ae time, effect of cimetidine, 
1 


Pepsin, 
inhibition by pepstatin analogues, 2205 
Pepstatin analogues, 
inhibition of pepsin, 2205 
Perhydrohistrionicitoxin, 
binding to ionic channels of nicotine 
receptors, effect of muscarinic 
antagonists, 1311 
Peromyscus culatus, 
cohol d rogenase negative animals, 
ethanol metabolism in, 125 
Peroxidase, 
= of 2-t-butyl-4+-methoxyphenol, 
7 
in uterus, induction by hexestrol 
analogues, 3031 
Perphenazine, 
ent aceege and efflux from liposomes, 


Pethidine, 

N-demethylation in liver microsomes, 
effects of oral tobacco and nicotine, 
3087 

Phagocytes, 

xanthine oxidase increase in pathological 

situations, l 
Phagocytosis 

induced metabolic activation in PMN 

effect of salicylate-copper complex, 


3205 
ps a penicillamine on macrophages, 


227. 
release of kininases from polymorpho- 
nuclear leukocytes, 2 
Phencyclidine, 
ra? on calcium uptake by synaptosomes, 
957 
effect on neurotransmitter enzymes in 
rat brain, 2524 
Phenelzine, 
effect on Beadrenergic receptor binding 
in guinea pig brain, 2895 
effect on hepatic metabolism, 1103 
inhibition of monoamine oxidase in 
brain, effect of d-amphetamine, 
1347, 2781 
atmaet on vitamin Be function in rats, 


097 
Phenformin, 
ee er eee toxic effects in rats, 


Pheniprazine, 
inhibition of monoamine oxidase in brain, 
effect of amphetamine, 2781 


Phenobarbital, 

effect on acetaminophen metabolism 
in normal and tumour-bearing 
rats, 1167 

effect on activation of cyclophosph- 
amide to a mutagen, 256, 2031 

effect on androstenedione metabolism 
in trout liver microsomes, 583 

effect on aniline hydroxylase in 
hamster liver microsomes 

effect on butylated hydroxy toluene 
— to liver macromolecules, 


0 

effect on digitoxin metabolism by 
rat liver microsomes, 

— on estrogen-2-hydroxylase in 
rats, 

effect on glucuronide and sulphate 
conjugation in isolated liver 
cells, 2 

hydroxylated metabolites, effect of 
in vivo administration, 1127 

induction of epoxide hydratase, sex 
and age dependence, 3245 

induction of UDP-glucuronyl trans- 
ferase in rat tissues, 495 

effect on kinetics of cholecalciferol 
Sfrpeooy anes in liver microsomes 


— induction in obese rats, 


effect on mixed function oxidase 
enzyme system in liver of 
young and geriatric rats, 1191 
stimulation of intestinal mixed 
function oxidases, species 
differences, 1161 
Phenobarnitone 
effect on biliary excretion of 
= and its metabolites, 
effect on ethanol oxidation by 
isolated hepatocytes, 2161 
effect on hammers synthesis in 
liver, 95 
induction of 7-ethoxycoumarin 
Q-deethylase in hepatocytes, 577 
effect on urinary 6f-hydroxycortisol 
excretion and hepatic enzyme 
activity in marmoset monkey ,3319 
Phenol, 
conjugation by lung in vivo, +71 
Phenolphthalein, 
effect on transport functions of 
isolated brush border and baso- 
lateral membrane vesicles, 2307 
Phenothiazines, 
effect on dopamine metabolism of 
perfused brain, 63 
pac: ecto-ATPase in leukocytes, 
partitioning and effiux from 
liposomes, 
Phenoxy benzamine, 
effect on spiperone binding in 
striatum, 1331 
Phentolamine, 
antagonism of noradrenaline 
activation of synaptic ATPase,lll 
effect on sodium fluxes across 
rabbit colon in vitro, 1271 
Phenylalanine 
synaptosomal dopamine formation, 2957 
Phenylbutazone, 
cytostatic activity, role of 





BIOCHEMICAL PHARMACOLOGY 35 


Pears pecemnmetere es 
prostaglandins, 311 
Phenylbutenolides, 
inhibition of brain and heart cyclic AMP 
phosphodiesterases, structure-activity 
relationships, 115 
Phenylephrine, 
effect on sodium fluxes across rabbit 
colon vitro, 1271 
B-Phenylethylamine, 
as substrate for human monoamine 
oxidase A, 777 
metabolism by monoamine oxidase in rat 
heart and liver mitochondria, 1097 
uptake by isolated lung, 489 
Phenylhydrazine, 
role of red cell membrane lipid 
peroxidation in hemolysis, 1355 
Phenylnitromethane, 
microsomal metabolism, 341 
1-Phenyl-piperazines, 
inhibition of 5-hydroxytryptamine 
binding to rat brain membranes, 833 
1-Phenyl-3-(2-thiazolyl )-2-thiourea, 
eat + agg drug metabolism in the rat, 


Phenytoin, 
binding to plasma proteins, absence of 
effect of heparin, 3337 
Phlorizin, 
on on biliary retention of glucose, 


Phosphatidate phosphohydrolase, 
in liver, effect of chlorpromazine,789 
Phosphatidylcholine, 
stimulation of breakdown by isoproterenol 
in rat liver plasma membranes, 2521 
bie Mh in brain, effect of ethanol, 
2 
Phosphatidylcholine liposomes, 


a and efflux of phenothiazenes, 


Phosphatidylethanolamine, 
ae ta in brain, effect of ethanol, 
Phosphatidylinositol, 
al-adrenergic activation of labelling 
in isolated brown fat cells, 3330 
Phosphatidylinositol/phosphatidylserine, 
eta in brain, effect of ethanol, 
Phosphoenolpyruvate carboxykinase, 
in liver, effects of 3-aminopicolinic 
acid, 325 
6-Phosphogluconate de 
in Sl effect of 


drogenase, 
-methylcholanthrene, 


97 
Phospholipase A2, 
mechanisms of inhibition, 623 
from snake venoms, 
activity on free and membrane bound 
substrates, 1555 
pharmacological properties in 
relation to enzymatic activity, 1565 
Phospholipids, 
in brain, 
effect of chlorpromazine, haloperidol 
and pimozide on synthesis of, 2697 
effect of local anaesthetics on 
thermotropic properties, 849 
effect on dihydroalprenolol binding to 
a-adrenergic receptor in heart, 2791 
in liver microsomes, effect of 
morphine, 058 
in serun, effect of Triton wik-1339 on 


Phospholipids (contd. ) 
fatty acid composition, 2879 
turnover in brain, effect of ethanol 
treatment, 2815 
ar ts eee: 6 membranes, 
interaction with chlorophenols, 
monitored with ANS, 24 
Phospholipid monolayers, 
Ca*+ replacement by cationic 
amphiphilic drugs, 2669 
Phosphoribosyl pyrophosphate synthetase 
in mouse tissues, effect of 
2'=deoxycoformycin infusion, 2888 
Pial arteries, 
noradrenaline release by drugs and 
potassium, 840 
Pimozide, 
effect on lipid metabolism in brain 
slices, 2697 
Pineal gland, 
effect of darkness and desmethyl- 
imipramine on cyclic AMP in, 1341 
5-hydroxytryptamine in, 3020 
Piperazine, 
anthelmintic action, 1981 
Pirogliride, 
effect on gluconeogenesis, 1421 
Pituitary, 
effect of anaesthesia on. cyclic 
nucleotides in, 18 
effects of oie and Ro20-1724 
in vivo, 369 
role in drug metabolism, 2759, 3139 
Pituitary - adrenal axis, 
effects of dichlorvos on diurnal 
changes, 63 
Placenta, 
glutathione S-transferase in, 1677 
effect of isoproterenol and 
B-sympathomimetic drugs on 
glycogen metabolism, 1123 
methionine enkephalin In villus 
tissue, +75 
monoamine oxidase A and B in, 777 
monoamine oxidase in, molecular 
pm of active site subunits, 
9 
specific binding for opiate-like 
drugs, 2657 
Plasmalemmal microsomes 
conformation of proteins, 397 
Plasminogen activator, 
stimulation of secretion from 
activated macrophages, 2545 
Platelets, 
ADP induced aggregation, 
effect of adenosine analogues and 
adenine nucleotides, 1799 
5! «methyl thioadenosine and 2',5'- 
dideoxyadenosine blockade of 
st effect of adenosine, 
9 
S-hydroxytryptamine accumulation, 
action of immobilized 
neuraminidase, 3189 
inhibition of adenosine uptake, 43 
inhibition of fatty acid oxygenases 
by onion and garlic oils, 3169 
interaction with elastin and 
endothelial cells, effect of 
nicergoline, 
monoamine oxidase in, molecular 
weight of subunits, 2595 
prostaglandin I> receptors in, 2297 
reversal of aspirin inhibition of 
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Platelets (contd. ) 
prostaglandin generation, 1093 
Pluronic L-10l, 
meal-feeding model for effect on 
lipid absorption, 1475 
Polyadenylic acid, 
interaction with nogalamycin, 2081 
trans-membrane alxylation, 449 
Poly(A)t=- and poly(A)"=RNA, 
inhibition of synthesis by aflatoxin B) 
in vivo, 2247 
Poly (A)mRNA, 
in liver polysomes, effect of chronic 
ethanol and sucrose ingestion, 2993 
polyamines, 
in superior cervical ganglia, effect of 
guanethidine, 113 
Polychlorinated biphenyls, 
effects on biological membranes, 3311 
effect on glucuronide and sulphate 
canta in isolated liver cells, 


hepatic microsomal metabolism of 
Sea as a model for, 
7°27 
induction of dimethylnitrosamine 
demethylase in liver, 1375 
Polychlorinated biphenyl isomer, 
mixed induction capability, 259 
Polyglutamates-methotrexate 
efflux from L1210 cells, 2701 
Polymorphonuclear leukocytes, 
effect of colchicine derivatives on 
lysosomal enzyme release and cyclic 
AMP in after phagocytosis of 
monosodium urate crystals, 2146 
effects of indomethacin, 5,8,11,14- 
eicosatetraynoic acid and B-bromo- 
phenacyl-bromide on lysosomal enzyme 
=" and superoxide generation, 


inhibition of elastase by Arteparon,1723 

interaction with fluoride, 3051 

kininases in, 2235 

role of xanthine oxidase in killing 
properties, 1945, 3018 

effect of salicylate-copper complex on 
metabolic activation, 3105 

Polyphosphoinositides, 


involvement in aminoglycoside ototoxicity, 


597 
Polyuridylic acid, 
interaction with nogalamycin, 2081 
Porphyria 
lobes of rat liver respond at different 
rates to challenge by dietary 


hexachlorobenzene, 3127 
portocaval shunt, 
inpenee monoamine oxidase in dog liver, 
1 


Potassiun, 
gastric transport in vitro, 2755 
induced release of noradrenaline from 
cerebral arteries, 840 
effect on sodium transport in skin 
epithelial cells, 2265 
stimulated release of neurotransmitters 
from midbrain slices, 2189 
Praziquantel 
anthelmintic activity, 1981 
Prazosin, 
assay of a-adrenergic receptor subtypes 
using dihydroergocryptine, 452 
binding to plasma proteins, absence of 
effect of heparin, 3337 


Prednisone, 
effect on acetaminophen metabolism in 
normal and tumour-bearing rats, 
1167 
Pregnenolone-l6a-carbonitrile 
effect on digitoxin metabolism by 
rat liver microsomes, 405 
effect on glucuronidation of digitalis 
a by liver microsomes, 
1 


Preimplantation blastocyst 
drugs that penetrate, 1603 
Prekallikrein, 
binding and dissociation in human 
plasma during contact activation, 
1247 
Pridefine, 
effect on biogenic amines in rat 
brain, 2557 
Probenecid, 
effect on indomethacin binding to 
human serum albumin, 1759 
inhibition of glutathione organic 
nitrate ester reductase, 1807 
Procainamide, 
effect on monoamine oxidase in liver 
mitochohdria, 1177 
Procaine, 
ms on cytochrome oxidase activity, 
1 


effect on monoamine oxidase in liver 
mitochondria, 1177 
Procarbazine, 
effect on drug metabolism ih mice,131 
Prochlorperazine, 
partitioning and efflux from 
liposomes, 2361 
Progesterone, 
effect on adrenal xenobiotic 
metabolism, 2373 
effect on cortisol sulfotransferase 
in liver, 3181 
effect on monoamine oxidase in female 
genital tract, 1857 
Proline, 
incorporation into protein in 
granulation tissue, effect of 
prostaglandin F2,, 147 
in liver, effect of ethanol, 1435 
Prolyl hydroxylase, 
in blood vessels, effect of 
propranolol, 3093 
Promazine, 
partitioning and efflux from 
liposomes, 
Promethazine, 
partitioning and efflux from 
liposomes, 2361 
effect on thromboplastin activity of 
human monocytes, 9 
l- and 2-Propanol, 
effect on synthesis of ornithine 
decarboxylase and tyrosine 
aminotransferase in regenerating 
liver, 2799 
Propranolol, 
effect on biochemical modification 
induced by an B-adrenergic drug 
in ischaemic hearts, 2687 
effect on calcium uptake by 
synaptosomes 957 
influence on effect of histamine on 
ig AMP in granulation tissue, 
interaction with cytochrome P-4+50,747 
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Propranolol (contd. ) 
effect on labelling of brown fat cell 
phospholipids, 3330 
effect on prolyl p * aaa in rat 
blood vessels, 3093 
5-Propyl-2'-deoxyuridine 5'-monophosphate, 
antiviral properties, 2883 
6-n-Prolyl-2-thiouracil, 
er > ae ethanol metabolism in rats, 
9 
Prostacyclin, 
effect on adenylate cyclase in intestinal 
epithelial cells, 673 
modulation of cyclic AMP and steroido- 
genesis in adrenal cells, effect of 
Gast, 2213 
receptors in platelets, 2297 
stimulation and inhibition of cyclic AMP 
formation in isolated fat cells, 661 
Prostaglandins, 
effect on chemotactic -factor-elicited 
release of granule associated 
enzymes from neutrophils, 2389 
generation in platelets, salicylate 
— of aspirin inhibition of, 
0 
role in cytostatic action of anti- 
inflammatory drugs, 311 
role in human mam: toc 
leukocytes, 53 
Prostaglandin Ej, 
sensitive adenylate cyclase in glioma 
and neuroblastoma cells, effect of 
methylmercuric chloride, 201 
Prostaglandin Eo, 
effect on adenylate cyclase in intestinal 
epithelial cells, 673 
inhibition of glucagon induced hepatic 
gluconeogenesis and cyclic AMP 
accumulation, 681 
Prostaglandin Faq, 
effect on granulation tissue, 147 
Prostaglandin biosynthesis stimulators, 
effect on carrageenin-induced paw 
edema, 1 
Prostaglandin synthetase, 
in kidney microsomes, sex differences 
=< action of cofactors, 
2 
in rabbit and rat tissues, inhibition 
by timegadine, 32 
in seminal vesicle, inhibition by 
onion and garlic oils, 3169 
Prostanoid structures, 
on adrenocortical cells, steroidogenic 
properties, 1919 
Protease, 
in mast cell granules, 1715 
Protein, 
an algorithmic — to sequence- 
reactivity, 2089 
synthesis in liver mitochondria, effect 
of chloramphenicol and its 
nitrosoanalogue, 2605 
synthesis in newborn rats, effect of 
halogenated amphetamines, 335 
synthesis in stomach, effect of 
5-hydroxytryptamine, 1855 
Protein protease inhibitors, 
2090 
Prothrombin complex, 
in ar plasma, effect of warfarin, 
1601 
Protoveratridine A, 
activated glutamate decarboxylase in 


Protoveratridine A(contd. ) 
synaptosomes, inhibition by 
tetrodotoxin, 3034 

Psychotropic drugs, 

effect on cerebral energy state and 
glycolytic metabolism, 15 
effect on noradrenaline-stimnulated 
ATPase in synaptic membranes, 111 
Purine, 
inhibition of GABA binding to brain 
membranes, 1217 
inhibitory effect of pyrazole 
derivatives on biosynthesis of ,163 
metabolism in Ehrlich ascites tumour 
cells, effects of misonidazole, 
2533 
Purine nucleosides, 
modulation of neurotransmission, 1635 
Purine nucleotides 
effect on adenosine uptake into 
human platelets, & 
modulation of neurotransmission, 1635 
Putrescine, 
effect on behaviour and GABA in brain 
in chicks following intraventric- 
ular administration, 954 
Pyrazole derivatives, 
mechanism of inhibition of purine 
biosynthesis, 163 
Pyridines, 
effect on cytochrome P-4+50 in 
cultured hepatocytes, 1773 
effect on cytochrome P-450 reductase 
and cytochrome c reductase in 
liver microsomes, 89 
Pyridine nucleotide, 
reduced cytochrome bs in liver 
microsomes, effect of cumene 
hydroperoxide, 1605 
bis-Pyridinium oximes, 
interaction with mouse brain 
muscarinic receptor, 483 
Pyridoxal 5'-phosphate, 
in liver, effect of drugs affecting 
vitamin Bg function, 3097 
6-(B-?yridyl )-3-hydroxy=-pyrazol(3,4#b)- 
piridine, 
effect on carrageenin-induced 
inflammation, 1 
2,4-Pyrimidinedione derivatives, 
inhibition of nucleoside phosphorylase 
Cleavage of 5-fluoro-2'-deoxy- 
uridine, 1059 
Pyrimidine nucleoside phosphorylase, 
inhibition by 2,4-pyrimidinedione 
derivatives, 1059 
Pyrimido pyrimidines, 
inhibition of adenosine uptake into 
human platelets, 43 
Pyrrolizidine alkaloids, 
from tansy ragwort, effect on hepatic 
drug metabolizing enzymes in rats, 
2645 
Pyrrolo(1,4)benzodiazepines, 
antibiotic-DNA adducts, proposed 
structures, 3307 
Pyruvate, 
transport in heart mitochondria, 
effect of dibucaine, 2877 


quinidine, 
effects of dihydroquinidine on 
a vitro and in vivo disposition, 
737 


Quinones, 
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Quinones, 
hypoxic tumour cell chemotherapy, l 
reduction by flavoproteins, 2567 
Quinuclidinyl benzilate, 
binding in brain, 
> be of D600 and local anaesthetics 
effect of nicotinic antagonists ,1311 
binding in hippocampus, effect of 
tricyclic antidepressants, 2149 
pee to human phagocytic leukocytes, 


binding * ileum after treatment with 
DFP 

binding to muscarinic receptors in 
rabbit iris, 2713 


RA=-233 9 
effect on glycolysis and proliferation 
of L1210 cells, 2690 
Radiosensitization, 
nitroheterocyclic compounds, l 
Reactive metabolites, 
cumulative effects, 1041 
Receptors, 
binding energy and activation, 853 
Renal ligation 
ia melphalan in plasma and bile, 
251 


Renin, 
release by rehal cortex slices, effect 
of cholinergic agents and cyclic GMP, 
1933 
Reserpine, 
effects on amfonelic acid and 
amphetamine stimulation of synaptosomal 
dopamine formation, 2957 
effect on catecholamine transport by 
chromaffin granules, 1853 
inhibition of noradrenaline uptake into 
synaptic vesicles, developmental 
eee 1595 
Reuber H-55 hepatoma bearing rats, 
ke: | ae comes with acetaminophen, 
7 
Rheumatoid synovial cells, 
effect of gold sodium thiomalate on 
roliferation and collagen synthesis, 


9 
Rhodomycin, 
complex with cardiolipin, 3003 
Riboflavin deficiency, 
mpd = on monoamine oxidase in liver, 


Ribonucleic acid 
synthesis in i210 cells, effect of 
— and thiosangivamycin, 
(6) 


Ribonucleic acid polymerase, 
in kidney microsomes, effect of 
aldosterone, 1575 
mkibonucleic acid, 
in liver polysomes, effect of ethanol 
oo on uridine incorporation, 
9 q 
nRibonucleic acid, 
in L1210 cells, effects of tubercidin, 
formycin and 8-azaadenosine on 
synthesis and methylation, 1459 
tRibonucleic acid, 
carcinogenic azo'‘dyes modify the 
acceptance for some amino acids,2301 
tkibonucleic acid methylase, 
in walker carcinoma, effect of 
ROO7=7957, 501 
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Ribonucleotide reductase, 
in human lymphocytes, effect of iron 
chelators, 1275 
in tumours, inhibition by 5(l-azirid- 
inyl )-2;4-dinitrobenzamide, 2845 
Ribostamicin, 
ototoxicity and action on poly- 
phosphoinositide films, 597 
7-Ribosyl-3-deazaguanine, 
eo of antibacterial action, 


791 
Ridgway osteogenic sarcoma, 
cross resistance between actinomycin 
D, adriamycin and vincristine ,1081 
Rifampin, 
inhibition of elastase and lysosomal 
secretion in mouse peritoneal 
macrophages, 3039 
effect on cyclic nucleotides in 
brain and pituitary in vivo, 369 
RO7=5205, 
anticonvulsant mechanism, 1703 
Rubidazone, 
complex with cardiolipin, 3003 
Rubidium, 
effect on sodium transport in skin 
epithelial cells, 2265 


sagsharomicre cerevisiae, 
9-B-D-arabinofuranosyladenine 
metabolism, 3081 

interaction with brain muscarinic 

receptor, 483 
Salbutamol , 

effect on glycogen metabolism in 
human placenta, 1123 

identification of Bo-adrenergic 
receptor in epidermis, 97 

Salicylanilides, 
anthelmintic activity, 1981 
Salicylate, 

effect on aspirin inhibition of 

= prostaglandin generation, 
0 

—_—a of muscle creatine kinase, 

penetration of preimplantation 
blastocyte, 1663 

Salicylate-copper complex 

effect on metabolic activation in 

phagocytizing granulecytes, 3105 
Salmonella typhimuriun,. 

Mutagenic activity of halogen and 
alkyl substituted allylic 
compounds, 261] 

Salsolinol, 

half-life following intracerebro- 

ventricular injection, 657 
Sangivamycin, 

effect on RNA and DNA synthesis in 

L1210 cells, 305 

Sarcolemma, 

heart 

effects of adrenochrome on 
ATPase activities, 559 
effects of chlorpromazine and 
imipramine on calcium binding 
and ATPase, 629 

Sarcoma 180 cells 

resistant to 6-thioguanine , external 
localization of alkaline 
phosphatase on surface of, 1859 

Sarcoplasmic reticulum, 
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Sarcoplasmic reticulum, 
effect, of halothane on stability of 
Ca‘+ transport, 375 


schistoso oni 
tntected ese : 


effect of oxamniquine on f-glucuronid- 
ase in tissues, +29 
effect of oxamniquine on kynurenine 
metabolism in liver, 2513 
effect of oxamniquine, 83 
Schistosomiasis 
anthelmintic therapy, 1981 
Schistosomicidal drugs 
effect on B-gluctronidase in liver ,2925 
Schmidt-Ruppin sarcoma cells, 
doxorubicin and doxorubicin-DNA 
accumulation, 1035 
Segmented retrograde intrabiliary injection 
technique 
evaluation of hepatobiliary function, 
205, 213 
Selenite, 
effect on biliary excretion of copper 
and zinc, 2129 
Seleniun 
in erythrocytes, effect of ethanol 
ingestion, 1737 
Selenium deficiency, 
sex-differences in biochemical 
manifestations, 39 
Semicarbazide, 
protection of formaldehyde from 
metsbolic degradation, 2023 
Serine hydroxymethyltransferase, 
in Lecells, effect of antifolates, 2741 
Serine proteinases, 
sa sce of protein inhibitors of, 
059 


Serotonin receptors, 
solubilization from frontal cortex ,3341 
in synaptosomal plasma membrane, effect 
of cholesterol, 332 
Serotonin syndrome, 


comparative effects of 5-hydroxytryptamine 


releasing agents in mice, 31 
Serun, 
stimulation of aryl hydrocarbon 
hydroxylase in cultured cells, 271 
Sex difference, 
in activation of cyclophosphamide 
in vitro, 2031 
in biochemical manifestations of 
selenium deficiency, 39 
in cytochrome P-450 and mixed-function 
oxygenase in trout, 553 
in Q-dealkylation activity of 7-hydroxy- 
coumarin O-alkyl derivatives in rat 
liver microsomes, 1015 
in diazepam metabolism by rat liver, 
post natal development, +47 
in drug metabolism, 
primary role of pituitary, 3139 
testicular neonatal imprinting ,3133 
in hepatic metabolism of imipramine and 
lidocaine, 2759 
in effect of progesterone on gluco- 
corticoid sulfation, 3181 
in prostaglandin synthetase in kidney 
microsomes, 2635 
Showdomycin, 
toxicity and mechanism of action 
in vitro, 2199 
Sialosyl residues, 
on platelets, function, 3189 
Sibiromycin-DNA adduct, 


Sibiromycin-DNA adduct, 


structure, 1307 


Singlet molecular oxygen, 


reaction with indomethacin, 1337 


SKF 525A, 


effect on androstenedione metabolism 


in trout liver microsomes 

effect on benzodiazepine protection 
against electroshock induced 
convulsions, 1703 

binding in liver microsomes, effect 
of triarylethylenes 83 

ih on drug metabolism in adrenal, 


effect on heart mitochondrial 
function, 

inhibition of fatty acid conjugation 
to ll-hydroxy-4/-tetrahydro- 
cannabinol by rat liver microsomes 


1072 
inhibition of lipid peroxidation in 
liver microsomes, 565 
microsomal conversion, 2577 


SKF 8742-a, 


microsomal conversion, 2577 


Skin 
idéntification of Bo-adrenergic 


receptor in epidermis, 97 
effect of Lit, K*, Rb+ and Cst on 
94 transport in epithelial cells, 


Slow reacting substance of anaphylaxis, 


separation from arachidonic acid 
releasing substance, 319 
effect of sodium fluoride on antigen- 
induced release, 1843 
Small intensely fluorescent cells, 
participation in ganglionic 
transmission, 118 
Social interaction, 
effect on amphetamine metabolism in . 
rats, 221 


Sodium 9 
dependent inhibition of dipeptide 
transport by harmaline in 
intestine, 713 
dependent transport mechanisms, 
effect of phenolphthalein and 
harmaline, 2307 
fluxes across rabbit colon in vitro, 
effect of adrenergic agents a7 
theophylline, 1271 
transport in skin epithe} ial cells, 
effect of Lit, K*, Rb” and Cs‘, 
2265 
Sodium-calcium exchange, 
in adrenal, relationship with 
catecholamine secretory 
mechanism, 2669 
Sodium dichloroacetate,; 
effect on phenformin-induced hypo- 
— and hyperlactataemia, 
1 


9. 
Sodium fluoride, 
increase in antigen-induced release 
of slow reaoning substance of 
anaphylaxis, 1843 
Sodium sulphide, 
oxidation by rat liver, lung and 
kidney, 2431 
Sonication, 
effect on monoamine oxidase in 
liver mitochondria, 1185 
Sorbitol, 
stimulation of mixed-function 
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Sorbitol (conta. ) 
oxidation, 813 
Spermatozoa 
ATP-citrate lyase in, radiochemical 
determination, 2589 
Spiperone, 
binding in rat frontal cortex 
solubilization by lysolecithin, 3341 
Spironolactone, 
effect on digitoxin metabolism by rat 
liver microsomes, 405 
effect on glucuronidation of digitalis 
glycosides by liver microsomes, 1497 
importance of lactone ring in activity 
of, 353 
Spiroperidol, 
binding in brain regions, effect of 
neuroleptics in vivo, 267 
binding in striatum, 2009 
effect of chronic L-DOPA therapy ,70l 
connection with dopamine-sensitive 
adenylate cyclase, 1331 
effect of oxypertine, 2681 
sOlubilization and characterization 
of sites, 897 
Spleen, 
metabolism of 5-aza-2'-deoxycytidine, 
2925 
Squalene, 
mevalonate incorporation in brain, 
effect of AY-9944 and 0186664, 2751 
Stearate desaturase, 
in liver microsomes, effect of enflurane 
and methoxyflurane, 27 
Steffimycin 
complex with cardiolipin, 3003 
Steroid, 
enzymatic sulphation, 3181 
metabolism in adrenals, effects of 
dichlorvos, 635 
Steroid hormones, 
at ag adrenal xenobiotic metabolism, 
7 
Steroidogenesis 
in adrenal cells, effect of Ca°+ on 
ene by prostacyclin and ACTH, 
Steroidogenic activity, 
of prostanoid structures on adrenocortical 
cells, 1919 
Sterol, 
synthesis in brain, concentration 
aepenenee effects of AY-9944 and 
U18666A, 2751 
Stibophen, 
effect on B-glucuronidase in liver,2925 
trans-Stilbene oxide, 
nduction of epoxide hydratase, sex and 
age dependence, 3245 
Stomach 
effect 4 barbiturate on ascorbic acid 
in 9 
effect of 5<-hydroxytryptamine on free 
amino acid composition and protein 
synthesis, 1855 
Streptolydigin analogues, 
inhibition of terminal deoxyribonucleo- 
tidyltransferase, 2001 
Streptozotocin diabetic rats, 
absence of cytosol effects on microsomal 
drug metabolism, 2491 
Streptozotocin-treated mice, 
monooxygenase activities in, 1959 
Stress, 
effect on amphetamine metabolism in rats, 
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Stress (contd. ) 
at 


Striatum 
characterization and localization of 
catecholamine-susceptible 
Nat,k+-aTPase, 857 
connection between high affinity 
spiperone binding sites and 
dopamine-sensitive adenylate 
cyclase, 1331 | 
effect of kainic acid on 
binding, 1645 
solubilization of spiroperidol 
binding sites, 897 
Strophanthidin, - 
interaction with Nat,K*-ATPase 
i of chemical modification, 
199 
Succinylacetone, 
effect on Friend cells, 1825 
Sulfamethoxypyridazine, 
effect on  Spremigge- seed transport 
in rat kidney, 98 
Sulfobromophthalein 
excretion in hamsters, effects of 
Enovid and a-naphthylisothio- 
cyanate, 960 
metabolism and biliary excretion in 
vitamin A deficiency, 2583 
—” into liver cells and bile, 
0 
Sulfonamides 
effect on Jonophore-mediated calcium 
transport, 1879 
Sulphate conjugation, 
in isolated liver cells, 2963 
Sulphide 
oxidation by rat liver, lung and 
kidney, 2431 
Sulphydryl, 
reactivity of aurothiomalate in 
inhibition of mitogen-induced 
lymphocyte proliferation, 3333 
Sulphydryl reagents, 
effect on calcium transport by 
synaptosomes, 957 
Sulpiride, 
effect on in vivo binding of 
spiroperidol in brain regions ,267 
Superoxide dismutase, 
in erythrocytes, effect of ethanol 
ingestion, 1737 
Superoxide oxide, 
generation in polymorphonuclear 
leukocytes, inhibition by 
B-bromophenacyl bromide, 533 
Suxamethoniun, 
influence on tryptophan side chain 
chromophores, 397 
Sympathetic neurotransmission, 
in heart, developmental changes in 
reserpine inhibition of 
noradrenaline uptake, 1595 
B-Sympathomimetic drugs 
effect on placental glycogen 
metabolism, 1123 
Synaptic membranes, 
effect of cholesterol on serotonergic 
receptors, 3325 
effect of desipramine on noradren- 
aline stimulated ATPase, 111 
effect of kainic acid lesions on 
ane binding in striatum, 
effect of lithium chloride on 


(3H)-ADTN 





BIOCHEMICAL PHARMACOLOGY 


Synaptic membranes (contd. ) 
ATPases in 


887 
muscimol and GaBA binding in sub-fractions 


1077 
Synaptic vesicles, 
developmental changes in reserpine 
oo of noradrenaline uptake, 
9 
Synaptosomes 
acetylcholine synthesis from (u-l+c). 
glucose, 167 
calcium transport, 
chlordiazepoxide inhibition of, 2439 
effect of depressant drugs and 
sulphydryl reagents 937 
effect of ethangl, 190 
effect of Cd2+, Mn“+ and Al3+ on ATPase 
activity and choline uptake, 141 
dopamine uptake, inhibition by 
clorgyline and deprenyl, 3067 
ethanol-induced fluidization of 
lipid bilayers, 1673 
— sorte release of noradrenaline, 
0. 
heptachlor epoxide effect on transmitter 
release, 1815 
inhibition of high affinity choline 
uptake, 2413 
effect of monoamine oxidase inhibitors 
on amine transport, 2763 
noradrenaline uptake, 
effect of cocaine administration ,1861 
role of Na*,Kt-ATPase, 2105 
effect of pridefine on amine uptake 
and release, 2557 
effects of reserpine on amfonelic acid 
and amphetamine stimulation of 
dopamine formation, 2957 
tetrodotoxin inhibition of protovera- 
trine A-activated glutamate 
decarboxylase, 303% 
Synovial cells : 
human, effect of gold sodium thiomalate 
on proliferation and collagen 
synthesis, 869 


Tallysomysin 
reaction with DNA in vitro, 521 
Tamoxifen 
inhibition of liver microsomal oxidative 
metabolism and substrate binding ,1583 
metabolism by liver microsomes, 1977 
Tansy ragwort, 
effect of pyrrolizidine alxaloids on 
hepatic arue metabolizing enzymes 
in rats, 2645 
Tartar emetic, 
effect on P-glucuronidase in liver, 2925 
Teprotide, 
antihypertensive action, 1871 
Terminal deoxynucieotidyltransferase, 
Sa by streptolyldigin analogues, 
0 
Terpenes 
inhibition of — cholesterol 
synthesis, 2125 
Testes, 
alterations in morphology induced by 
ethanol, 1409 
inhibition of heme biosynthesis by 
1,2-dibromo-3-chloropropane, 2563 
role in neonatal imprinting of sex 
dependent differences of drug 
metabolism, 3133 
Testosterone, 


Testosterone, 
effect on adrenal xenobiotic 
metabolism, 2373 
effect on alcohol dehydrogenase in 
liver, 3175 
in plasma, effect of ethanol, 1409 
production by Leydig cells, effect 
of cannabinoids 3 
in serum, effect of norlaudanosoline- 
carboxylic acids, 57 
Tetrabenazine, 
effect on catecholamine ae" 
by chromaffin granules, 1883 
Tetracaine, 
sai cytochrome oxidase activity, 


interaction with brain a-adrenergic 
and muscarinic receptors, 155 
effect on monoamine oxidase in liver 
mitochondria, 1177 
effect on thermotropic properties 
of brain lipids, 849 
Tetrachlorodibenzodioxin, 
effect on plasma total and high 
rt aieeed lipoprotein cholesterol, 


Tetrachloroethylene, 
metabolism by rd Pe microsomal 
cytochrome P=450 system, 2863 
Al-Tetrahydrocannabinol, 
inhibition of testosterone production 
by Leydig cells, 2153 
Tetrahydropapaveroline 
half-life following intracerebro- 
ventricular injection, 657 
Tetrahydrouridine, 
effect on 5-azacytidine metabolism 
in mice, 6069 
Tetramisole 
anthelmintic activity, 1981 
Tetrodotoxin, 
inhibition in vitro of protoveratrine 
A-activated glutamate decarboxyl- 
ase in synaptosomes, 3034 
Theophylline, 
effect on adenosine potentiation of 
antigen-induced histamine 
release from lung, 1085 
effect on sodium fluxes across 
rabbit colon in vitro, 1271 
Thiabendazole, 
anthelmintic activity, 1981 
Thianytal, 
effect on calcium induced loss of 
respiratory control in beef 
heart mitochondria, 1455 


Thiocyanate, 


mei on gastric H+ and Kt transport, 
7 


5-Thio-D-glucose, 
hypoxic cytotoxicity, 1 
6-Thioguanine , 
resistant Sarcoma 180 cells, external 
localization of alkaline 
phosphatase, 1859 
Thiol S-methyltransferase, 
role in detoxication of intestinal 
hydrogen sulfide, 2885 
Thiopental, 
effect on calcium induced loss of 
respiratory control in beef 
heart mitochondria, 1455 
penetration of preimplantation 
blastocyte, 1663 
Thioperazine, 
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Thioproperazine, 
use as a ligand for neuroleptic receptors 


in vitro, 2933 
it vite,’ 2989 
Thiosangivamycin, 


effect on RNA and DNA synthesis in 
L1210 cells, 305 
Thiosemicarbazone, 
chelation and removal of iron from 
transferrin, 1 
Thromboplastin, 
activity of human monocytes, effect of 
drugs, 9 
Thromboxanes 
induced release from perfused lungs, 319 
role in human — 
leukocytes, 53 
Thymidine, 
incorporation into DNA in human cells, 
effect of iron chelators, 1275 
Thymidylate synthetase 
increase in 5-fluorodeoxyuridine 
ie cultured hepatoma cells, 
9 
isolation from HeLa cells, 723 
in Lecells, effect of antifolates, 274k 
Thyroid gland, 
effect of catecholamines and a-adrenergic 
— on adenylate cyclase in, 


Thyroid hormones 
role in ethanol metabolism in rats, 2951 
Thyroid status 
effect of 3,$,3'-tridodothyroacetic 
acid and Fenproporex in eterie 
lean and obese rats, 161 
Thyrotropin releas hormone, 
tr emethyl-proline amide analogue, 
Te ened biological stability 
vitro and in vivg, 2619 


Thyroxine, 
effect on bisphosphoglyceromutase in 


erythrocytes, 517 
effect on rT re ereriece in 
male rats, 8 
effect on fructose bisphosphatase in 
liver, 2891 
in serum of lean and obese rats, 1612 
Tight-binding inhibitors, 
interaction of 2'-deoxycoformycin and 
transport inhibitors with erythrocyte 
nucleoside transport system, 2491 
rate equation, experimental design and 
statistical methods, 1779 
Timegadine , 
inhibition of prostaglandin and 12- 
ee acid formation, 


Tissue perfusion 
improvement with inhibitors of calcium 
ion flux, 479 
Tityustoxin 
evoked release of acetylcholine from 
sensory motor cortex, 2179 
evoked release of neurotransmitters, 
effect of morphine, 2777 
Tobacco 
effect of oral intake on hepatic 
microsomal N-demethylations, 3087 
Toluenes, 
ort ees liver mitochondria in vitro, 
N-p-Toluenesulfonyl-arginine-methyl-ester, 
drolysis in mast cells exposed to 
adrenaline, 419 


N(p-Tolysulfonyl )-N'-butylurea, 
effect on glucose kinetics in 
blood, 1441 
Tomaymycin-DNA adduct, 
structure, 1307 
Toxogonin 
interaction with brain muscarinic 
receptor, 
Transferrin, 
reductive iron chelation, 1833 
Transition metals, 
enhancement of chromosome aberrations 
induced by isoniazid, 842 
Trans-membrane alkylation, 
irreversible binding of reactive 
metabolites to nucleic acids, 449 
Tranylcypromine, 
effect on hepatic metabolism, 1103 
effect on tyrosine metabolism in 
intestine, 2551 
Trazodone 
anticholinergic activity, 2149 
Triamcinolone, 
effect on fructose bisphosphatase 
in liver, 2891 
Triarylethylenes 
inhibition of liver microsomal 
oxidative metabolism and substrate 
binding, 1583 
Triazenopyrazoles, 
inhibition of purine biosynthesis ,163 
1,1,1-Trichloro-2,2-bis (p-chloropheny1)- 
ethane, 
penetration of preimplantation 
blastocyst, 1663 
effect of two biodegradable analogues 
on cockroach ATPases, 1065 
alga pes pak. ey ga lahat 
(o-chloropheny! )ethane, 
hs at of uterine DNA synthesis, 


9 
Trichloroethanol, 
effect on ethanol sleeping time,3011 
Trichloroethylene, 
cumulative effects of reactive 
metabolites, 1041 
interaction with hepatic cytochrome 
P=450, 433 
metabolism in liver in vitro, 2983 
Tricyclic antidepressants, 
a aes with opiate receptors, 
0 
2,2,2-Trifluoroethyl vinyl ether, 
role of cytochrome P-450 in toxicity 
of, 3257 
Triglyceride, 
Screening method for agents affecting 
absorption, 1475 ; 
in serum, effect of Triton wk-1339 
on fatty acid composition, 2879 
2,3,4-Trihydroxybenzylhydrazine, 
as substrate of catechol-0- 
methyltransferase, 3123 
Triiodothyroacetic acid, 
effect on genetically lean and 
obese rats, 1612 
Triiodothyronine, 
effect on bisphosphoglyceromutase 
in erythrocytes, 517 
Trimeprazine, 
partitioning and efflux from 
liposomes, 2361 
Trimethopria, 
inhibition of dihydrofolate 
reductase, 589 
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N-5-Trimethyllysine, 
reaction to chromatin, 2729 
1,2,2-Trimethylpropyl methylphosphono- 
fluoridate 
inhibited acetylcholinesterase, 
reactivation with HI-6 and related 
oximes, 
Trinitrobenzene sulfonate, 
modification of Nat,K*-ATPase, 1995 
Triton WR-133 


induced changes in fatty acid composition 


of serum lipids, 2879 
Triton X-100, 
“a assay of tyrosine hydroxylase, 


effect on monoamine oxidase in liver 

mitochondria, 1177 
Tropomyosin, 

involvement in sensitivity of Na*,x*- 

ATPase to ouabain, 297 
Trout, 

regulation of cytochrome P-450 in, 583 

sex differences in mixed-function 
oxygenase activity, 553 

Tryptophan, 

binding by human serum and human serum 
aloumin, 1915 

effect of {soprenaline infusion on 

a of, 509 
metabolism in rats, effects of penicill- 
Soon” hydrallazine and phenelzine, 
09 
Tryptophan hydroxylase, 

in brain stem slices, activation with 

dibutyryl cyclic AMP, 669 
Tryptophan-eniacin metabolism, 

in vitro inhibition, 707 

In rat, effects of benserazide, carbi- 
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It appears that the high-affinity binding site for {3H]-clonidine may be the functional 
a9 receptor, since epinephrine and norepinephrine only inhibited the binding to that site. 


Scatchard analysis of (7H]-clonidine binding revealed biphasic curves with the largest 
amount of high- and low-affinity binding in the hypothalamus, followed by frontal cortex, 
hippocampus and parieto-occipital cortex (Table 2). 


Table 2. Scatchard analysis of (3H]-clonidine binding in different 
areas of the human brain 





Affinity Kp Bmax 
Region type (nM) (fmoles/mg protein) 





Hypothalamus High 9 51 
Low 3 158 


Frontal cortex High ~ 32 
Low ‘i 118 


Hippocampus High 26 
Low > 86 


Non-frontal High ) 10 
cerebral cortex} Low 59 




















The present [3H] -wB-4101 and (3H]-clonidine IC59 values in the human brain are consist- 
ent with those found in the calf and rat brain (2). 


This study indicates the existence of at least two types of binding sites for [3H]-clon- 
idine as well as for (3H]-wB-4101 in the human brain. Future research must elucidate the 
functional roles of these multiple sites. For example, some brain diseases (e.g. essential 
hypertension) may possibly be associated with abnormal properties of either the post- 
Synaptic a, or the autoreceptor a2 sites. 


We thank Anna Banaszuk for technical assistance. This work was supported 
by the Ontario Mental Health Foundation and the Medical Research Council of Canada. 
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COMMENTARY 


INHIBITORS OF ANGIOTENSIN-CONVERTING ENZYME FOR 
TREATMENT OF HYPERTENSION 


Davip W. CUSHMAN and MIGUEL A. ONDETTI 
The Squibb Institute for Medical Research, Princeton, NJ 08540, U.S.A. 


One elusive goal of biochemical pharmacologists has 
been the design of drugs for precise fit with their 
macromolecular receptors. At the present time, 
however, the only potential drug receptors for which 
small molecule interactions are understood in any 
detail are the active-sites of enzymes, and most of 
the best characterized enzymes do not appear to play 
essential roles in disease processes. However, cata- 
lytic mechanisms of enzymes tend to fall into general 
classes, and it is often possible by studying various 
properties of a biologically important enzyme to 
deduce the general nature of its active-site. In 
attempting to design specific inhibitors of such an 
enzyme, one usually need be concerned only with 
binding of the potential drug to its receptor (acti- 
vesite), and not with secondary conformational 
changes that are important for ‘activation’ of mem- 
brane-bound receptors such as those mediating hor- 
mone action. 

The history of development of specific inhibitors 
of an unusual peptidase known historically as ‘angio- 
tensin-converting enzyme’ (EC 3.4.15.1) provides 
an instructive model for the study, in general, of 
enzyme inhibitors as drugs. In the study of inhibitors 
of this enzyme, it has been possible to develop a 
number of assay procedures in vitro and in vivo that 
have been of great importance for logical stepwise 
expansion from inhibitory action of a compound in 
cell-free extract to the ultimate use of inhibitors for 
treatment of human disease. It has also been pos- 
sible, by considering the probable nature of the 
active-site of this enzyme, to optimize the interac- 
tions of inhibitors with the enzyme, and to develop 
drugs with outstanding potency and specificity. 


Bz-Gly-His-Leu «===> Bz—-Gly + 


ANGIOTENSIN I 
Asp-Arg-Val-Tyr-Ile-His- Pro-Phe-His-Leu 


Angiotensin-converting enzyme: a key enzyme in 
blood pressure regulation j 

Enzyme inhibitors can have therapeutic value only 
if the enzyme target plays a key role in some disease 
process. However, one cannot usually be certain of 
the pathophysiological importance of a particular 
enzyme until specific inhibitors have been developed 
and tested in animal models of the disease in ques- 
tion. Angiotensin-converting enzyme is potentially 
of great importance for regulation of blood pressure 
by virtue of either of two different reactions that it 
catalyzes (Fig. 1). Angiotensin I, the inactive deca- 
peptide product of the action of renin (EC 3.4.99.19), 
is ‘converted’ to the potent hypertensive octapeptide 
angiotensin II, with the dipeptide His-Leu released 
as a byproduct [1, 2]. The same enzyme inactivates 
bradykinin, the hypotensive nonapeptide product of 
kallikrein (EC 3.4.21.8), again by hydrolytic release 
of one or more carboxyl-terminal dipeptide residues 
[2,3]. Both reactions can contribute to increased 
blood pressure in the intact organism, and, thus, 
specific inhibitors of the enzyme have potential 
antihypertensive action. 


Discovery and design of specific inhibitors 

Two rather different inhibitors of angiotensin-con- 
verting enzyme have been studied as antihyperten- 
sive drugs (Fig. 2). Teprotide (SQ 20,881) is a non- 
apeptide that owes its potency and selectivity as a 
converting enzyme inhibitor to natural selection, 
since it is a normal component of the venom of a 
Brazilian viper, Bothrops jararaca [4,5]. The evo- 
lutionary advantage of such an inhibitor to the snake 


FLUOROME TRIC 
ASSAY 


His-—Leu 


SPEC TROPHOTOMETRIC 
ASSAY 


INACTIVE FRAGMENTS 
Arg-Pro-Pro-Gly- Phe + Ser-Pro + Phe-Arg 


ANGIOTENSIN 
CONVERTING 


ENZYME 


ANGIOTENSIN II 


Asp-Arg-Val-Tyr-—Ile— His—Pro-Phe + His—Leu 


VASOCONSTRICTION 
SODIUM RETENTION 


BRADYKININ 
Arg-Pro-Pro-Gly- Phe-Ser-Pro-Phe-Arg 


VASODILATION 
SODIUM EXCRETION 


Fig. 1. Some reactions catalyzed by angiotensin-converting enzyme. 
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ANGIOTENSIN-CONVERTING ENZYME 





<Glu—Trp—Pro—Arg-Pro—Gin—I le—Pro-Pro - 


CAPTOPRIL 


¢ > gene 
. § " ! 
: HSCHgtH—C—N—Lec=o (SQ 14,225) 


TEPROTIDE 
(SQ 20,88!) 


Fig. 2. Specific inhibitors of angiotensin-converting enzyme and their probable enzyme-binding inter- 

actions. The circular clefts represent subsites on or near the active-site of angiotensin-converting enzyme 

that may interact to varying degrees with the side-chains of amino acid residues of peptide substrates 
or inhibitors. 


may be its ability to enhance the capillary permea- 
bility effect of another venom constituent, brady- 
kinin, and thus to facilitate distribution of the toxic 
venom factors within the body of the victim. Cap- 
topril (SQ 14,225) owes its potency and selectivity 
to chemical design, guided by a hypothetical active- 
site model that was based on the observed properties 
of angiotensin-converting enzyme and on analogy to 
the known active-site of a related zinc-containing 
peptidase [6, 7]. 

The binding of teprotide to the active-site of 
angiotensin-converting enzyme has been studied 
mostly by testing the inhibitory activities of analogs 
of this nonapeptide with one or more amino acid 
substitutions and of similar analogs of the more 
potent but short-acting venom pentapeptide BPP,, 
(<Glu-Lys-Trp-Ala-Pro). Such studies [8] have 
indicated that both of these competitive peptide 
inhibitors bind to angiotensin-converting enzyme as 
shown for teprotide in Fig. 2, with the negatively 
charged, terminal carboxyl group binding ionically 
with a postively charged residue on the enzyme, and 
with the carboxyl-terminal amino acid sequence lined 
up on the active-site of the enzyme in the same 
manner as the analogous sequence of a peptide sub- 
strate. A tripeptide with a free terminal carboxyl 
group is the minimal structural requirement for bind- 
ing and cleavage of substrates by angiotensin-con- 
verting enzyme, and the analogous tripeptide 
sequence is of great importance for competitive bind- 
ing of venom peptide inhibitors such as teprotide. 
The optimal tripeptide sequence for such competitive 
binding appears to be that found in BPP;,, Trp-Ala- 
Pro, but the less favorable sequence, Ile-Pro-Pro, 
found in teprotide provides much greater biological 
stability [8]. Teprotide binds more tightly to angio- 
tensin-converting enzyme than typical substrates 
because many of its amino acid residues beyond 
the carboxyl-terminal tripeptide residue interact with 
‘subsites’, represented as circular clefts in Fig. 2, that 
do not interact as strongly with amino acid residues 
of substrates such as angiotensin I or bradykinin. 

The binding of captopril to angiotensin-converting 
enzyme (Fig. 2) has been studied in much greater 
detail than that of teprotide. In fact, the relatively 
‘simple structure of captopril is the end result of an 
extensive series of structure—activity correlations 
designed to study and optimize each of five postu- 
lated interactions with the active-site of angiotensin- 
converting enzyme [6-8]. The resulting structure of 
captopril is partially analogous to the favorable car- 


boxyl-terminal dipeptide residue, Ala-Pro, of BPP;,, 
and four of its five strong interactions with the 
enzyme are similar to those of the two terminal 
amino acid residues of this venom pentapeptide. 
Captopril, however, cannot be cleaved by angioten- 
sin-converting enzyme or by most other peptidases, 
and it has a fifth and very strong interaction of its 
sulfhydryl group with the tightly bound zinc ion of 
angiotensin-converting enzyme that is entirely dif- 
ferent from any binding interactions of the snake 
venom peptides. 


Development of inhibitors as antihypertensive drugs 


It is usually not difficult to uncover reasonably 
potent inhibitors of any enzyme, or to quantitatively 
compare inhibitory activities of large numbers of 
compounds or structural analogs, if a reliable assay 
method is available for measuring enzyme activity 
in cell-free extract. However, other much less com- 
mon properties that are essential for use of inhibitors 
as drugs, such as specificity, biological stability and 
adequate distribution within the whole organism, are 
not revealed by such a simple test in vitro, and tests 
in whole animals are usually much too variable and 
time consuming for use in searching for such favor- 
able properties among large numbers of compounds. 
For development of inhibitors of angiotensin-con- 
verting enzyme, it has been of great importance to 
have available a series of test systems, each rep- 
resenting a level of biological complexity greater 
than the preceding one. These test systems have 
allowed not only accurate screening of large numbers 
of inhibitors, but also rapid elimination from con- 
sideration of those inhibitors with properties that 
would compromise their eventual use as antihyper- 
tensive drugs. This sequence of test systems provides 
a good model for systematic development of inhibi- 
tors of any biologically important enzyme, even 
though a complete logical series of such testing sys- 
tems may be difficult to develop for certain enzymes. 

Inhibition of the isolated enzyme. A simple quan- 
titative assay procedure, essential for enzyme puri- 
fication and characterization and for the initial testing 
of inhibitors, may not always be available for a 
particular biologically important enzyme that has not 
been ‘popular’ with enzymologists. Before 1970, the 
activity of angiotensin-converting enzyme was usu- 
ally assayed by a bioassay method that took advan- 
tage of the difference in biological activity between 
angiotensins I and II. The enzyme was often studied 
by investigators with a physiological bias, to whom 
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angiotensin I appeared to be the ‘natural’ substrate 
for this enzyme, a bias that is not supported by the 
phylogeny or the presently understood substrate 
specificity of this particular enzyme. The develop- 
ment of simple spectrophotometric [9] and fluoro- 
metric [10] methods for quantitative assay of angi- 
otensin-converting enzyme, using small peptide 
substrates such as Bz-Gly-His-Leu (hippuryl-.-his- 
tidyl-L-leucine) and Z-Phe-His-Leu (benzyloxycar- 
bonyl-L-phenylalanyl-L-histidyl-L-leucine), has been 
essential for quantitative studies of properties of the 
enzyme. Bz-Gly-His-Leu (Fig. 1) is particularly use- 
ful for assay of angiotensin-converting enzyme 
activity under a great variety of circumstances. 
Unlike the angiotensins, it is not cleaved by most 
other types of peptidases present in tissue extracts. 
The most stable product, hippuric acid (Bz-Gly), 
can be measured spectrophotometrically with great 
accuracy, after extraction from assay incubation 
mixtures employing the crudest extracts as source 
of the enzyme. The other product, His-Leu, can be 
measured fluorometrically with great sensitivity, 
using slightly more purified preparations of the 
enzyme [11]. Such simple chemical assay methods 
were essential for fractionation of angiotensin-con- 
verting enzyme inhibitory peptides such as teprotide 
from the venom of B. jararaca [5, 11], and for the 
exhaustive structure—activity correlations used to 
optimize the structure of captopril for specific inhi- 
bition of angiotensin-converting enzyme [6-8]. 
Inhibition of the enzyme in excised smooth muscle. 
The quantitative inhibitory activities (1Csp* or K; val- 
ues) obtained for compounds by study of their 


inhibition of angiotensin-converting enzyme in cell- 
free extract give us a measure of their potency, but 
tell us little about their specificity as inhibitors. The 
evaluation of specificity by studying the inhibitory 
actions of compounds on several closely related pep- 
tidases (Table 1) is a time-consuming operation that 





* Concentration of inhibitor causing 50 per cent 
inhibition. 
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cannot be performed routinely. In an excised smooth 
muscle such as guinea pig ileum, angiotensin-con- 
verting enzyme is present in its most natural (hydro- 
phobic) environment, attached to cell membranes, 
and may, in this environment, show a somewhat 
different susceptibility to inhibitors than does the 
isolated, soluble enzyme. Guinea pig ileum also con- 
tains a complement of metabolizing enzymes that 
should be capable of inactivating many biologically 
unstable inhibitors, especially since activity of angio- 
tensin-converting enzyme in this system cannot be 
artificially favored by manipulation of assay incu- 
bation conditions, as is the case with the isolated 
enzyme. Such a smooth muscle assay system rep- 
resents a step toward greater biological complexity 
without any major problems of drug absorption or 
distribution. It also allows one to test readily for 
specificity of action of inhibitors of angiotensin-con- 
verting enzyme. 

Contraction of a guinea pig ileum strip induced 
by angiotensin I is due to conversion of this deca- 
peptide to the active contractile agent, angiotensin 
II, by converting enzyme within the tissue. Thus, 
specific inhibitors of angiotensin-converting enzyme, 
that can maintain their action within the muscle strip, 
inhibit contractions induced by angiotensin I, but 
not those induced by angiotensin II or most other 
biologically active agents that contract guinea pig 
ileum. However, since the same enzyme inactivates 
bradykinin, the contractile action normally observed 
with this peptide is greatly enhanced and prolonged 
by specific inhibitors of angiotensin-converting 
enzyme. Table 1 shows the specific effects obtained 
with teprotide and captopril [8, 12] on various agon- 
ists contracting guinea pig ileum. Both inhibitors at 
low concentrations block the contractile action of 
angiotensin I and augment that of bradykinin, but 
neither, at 500—-20,000 times higher concentrations, 
has any effect on the contractile actions of a variety 
of other biologically active agents. Augmentation of 
bradykinin action is a particularly good index of 


Table 1. Actions in vitro of specific inhibitors of angiotensin-converting enzyme* 





Test system 


ECs, (4M) 





Teprotide Captopril 





Peptidase inhibition 
Angiotensin-converting enzyme 
Carboxypeptidase A 
Carboxypeptidase B 
Leucine aminopeptidase 
Trypsin 
Chymotrypsin 

Effect on myotropic action 

in guinea pig ileum 
Angiotensin I inhibition 
Bradykinin potentiation 
Angiotensin II 
Acetylcholine 
Histamine 
Prostaglandin E, 


0.56 0.02 
1800 1500 
520 800 
31,000 69 
1000 > 1000 
380 > 1000 


0.023 
0.003 
> 500 
> 500 
> 500 
> 500 


0.060 
0.002 
> 30 
> 30 
> 30 
> 30 





* ECso is defined as the concentration producing a 50 per cent inhibition of 
peptidase activity, a 50 per cent augmentation of bradykinin-induced contraction 
of guinea pig ileum, or a 50 per cent inhibition of contraction induced by angiotensin 


I or other agonists. 
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specificity of action of inhibitors of angiotensin-con- 
verting enzyme, since non-specific compounds 
sélected at random usually inhibit rather than poten- 
tiate the contractile action of this nonapeptide. A 
50 per cent inhibition of the converting enzyme of 
guinea pig ileum usually leads to well over a 100 per 
cent augmentation of bradykinin action; thus, the 
ECs Values for bradykinin potentiation listed in Table 
1 are much lower values (and more variable) than 
the ICs) values for inhibition of angiotensin I action. 

Inhibition of the enzyme in vivo. The relatively 
few inhibitors of angiotensin-converting enzyme that 
retain their activity in guinea pig ileum and show the 
requisite specificity of action are tested for their 
primary enzyme inhibitory action in whole animals 
by studying their ability to inhibit blood pressure 
elevation produced by exogenous angiotensin I in 
the rat. A similar study of the effects of these com- 
pounds on the actions of bradykinin and other vaso- 
active agents allows confirmation in vivo of the spe- 
cific action of a particular inhibitor. This initial test 
of inhibitors in vivo also provides a preliminary 
indication of their absorption, bioavailability, bio- 
logical stability, duration of action, and toxicity or 
side effects. 

Teprotide administered intravenously to rats at a 
dose of 0.5 mg/kg produced an 80 per cent inhibition 
of the vasopressor response to angiotensin I and a 
150 per cent augmentation of the vasodepressor 
response of the animal to bradykinin, without affect- 
ing the blood pressure increase induced by angi- 
otensin II [13]. This nonapeptide was also active by 
subcutaneous or intramuscular routes of administra- 
tion, but was not orally active. Captopril, which is 
orally active, inhibited the pressor action of angi- 
otensin I by 50 per cent and augmented the depressor 
action of bradykinin by at least 100 per cent at an 
oral dose of 0.17 mg/kg in the rat [12, 14]; it did not 
alter the blood pressure effects of angiotensin II or 
acetylcholine when administered at 1 mg/kg. In other 
species, captopril has been shown to have a similar 
specificity in vivo, and also to be without effect on 
blood pressure changes induced by catecholamines 
or prostaglandins [14]. The duration of the enzyme 
inhibitory action of teprotide or captopril in rats was 
dose dependent. After oral administration at 
1 mg/kg, captopril maintained its maximal (85-100 
per cent) inhibitory action for about | hr in rats 
[12,14]. A similar maximal inhibitory effect of 1-hr 
duration would appear to require the intravenous 
administration of teprotide at about 5-10 mg/kg [13]. 

Antihypertensive action. Inhibitors of angiotensin- 
converting enzyme that meet the standards of 
potency, specificity, absorption, distribution and 
duration of action in the in vitro and in vivo tests 
describe above can then be tested for their desired 
therapeutic action in animal models of the disease 
against which they were initially targeted. Several 
animal models of hypertensive disease have been 
developed in rats and other species. The two kidney, 
one clip renal hypertensive rat appears to be a good 
model of renovascular hypertension in humans, with 
the elevated blood pressure associated with increased 
activity of the renin—angiotensin system during at 
least the first few weeks following the initial restric- 
tion of blood flow to one kidney [15]. This has been 
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the primary model employed for detailed study of 
the antihypertensive activity of inhibitors of angio- 
tensin-converting enzyme. Another useful model 
has been the spontaneously hypertensive rat, which 
develops high blood pressure of genetic origin with- 
out any obvious activation of the renin—angiotensin 
system [16]; this has often been considered to be a 
good model of human essential hypertension, that 
is, hypertension of unknown etiology. 

Teprotide administered subcutaneously to two 
kidney, one clip renal hypertensive rats at doses of 
30 or 100 mg/kg produced a dramatic lowering of 
mean blood pressure from about 190 mm Hg to 135- 
140 mm Hg [14, 17]. A similar acute antihypertensive 
effect was observed with captopril given orally at 
10-30 mg/kg; at the highest dose, the maximal anti- 
hypertensive effect persisted for 6 hr, and the blood 
pressure remained significantly depressed even after 
24 hr [14,17]. Captopril did not appreciably lower 
the blood pressure (ca. 120 mmHg) of normotensive 
rats in sodium balance [14, 17]. Sodium-depleted 
normotensive animals, however, have a greater than 
normal dependence on the renin—angiotensin system 
for maintenance of blood pressure, and show an 
appreciable hypotensive response to converting 
enzyme inhibitors such as teprotide and captopril 
[18]. 

Captopril has been shown to be remarkably effec- 
tive for long-term treatment of high blood pressure 
in animals models of hypertension. In two kidney, 
one clip renal hypertensive rats, captopril given 
orally at 30 mg/kg maintained its effective antihy- 
pertensive action for at least 1 year, produced a 
dramatic increase in survival, and reversed cardiac 
hypertrophy [14, 19, 20], effects that were even more 
pronounced if the action of the drug was combined 
with the sodium-depleting action of a diuretic. 
Administration of such high doses of captopril over 
a major portion of the life span of the rat was not 
associated with any obvious toxicity or side effects. 
Intermittent removal of the drug did not cause 
‘rebound hypertension’; in fact, several days were 
required for the blood pressure to increase back to 
the pre-drug hypertensive level. Captopril has also 
been shown to normalize blood pressure in the spon- 
taneously hypertensive rat after several months of 
treatment [14, 21], despite the prevailing opinion 
that the renin—angiotensin system plays no role in 
this hypertensive animal model. 


Clinical studies with inhibitors as antihypertensive 
drugs 

Teprotide and captopril have both been shown to 
be effective antihypertensive drugs in a high per- 
centage of the human hypertensive population, and 
their actions parallel those obtained in preclinical 
studies with animal models. Both converting enzyme 
inhibitors have few, if any, acute side effects. Tepro- 
tide, the first such inhibitor to be studied in the 
clinic, produced marked lowering of blood pressure, 
with a total duration of up to 16hr, when given 
intravenously at doses of 0.25 to 4 mg/kg [22-24]. Its 
antihypertensive action was enhanced by coadmin- 
istration of a diuretic, and, although tested in a 
relatively few patients, it appeared to lower blood 
pressure in most patients with either high or normal 
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levels of plasma renin. Studies with teprotide in man 
have confirmed the utility of inhibitors of angioten- 
sin-converting enzyme for use as novel antihyper- 
tensive drugs, and have greatly stimulated the basic 
research studies that led to development of the orally 
active drug captopril, an inhibitor of angiotensin- 
converting enzyme that can be _ conveniently 
employed for long-term control of high blood 
pressure. 

Captopril has now been studied in hundreds of 
patients, in some cases for more than 1 year. Given 
orally two to four times a day at total doses of 3— 
14 mg/kg, captopril has been found to normalize 
blood pressure in about 50 per cent of all patients 
tested, and to produce a significant reduction of 
blood pressure in about 80 per cent [25, 26]. As with 
teprotide, the antihypertensive action of captopril 
is augmented, in patients whose blood pressures 
were not already normalized, by coadministration 
of a diuretic. The antihypertensive effect does not 
diminish, and may increase, after several months or 
more than a year of treatment [25-28]. It is probable 
that lower doses that those presently employed will 
be effective for chronic lowering of blood pressure 
in most hypertensive patients. Chronic drug-related 
side effects of captopril include a reversible rash 
syndrome and occasional loss of taste discrimination, 
but the drug is free from most of the more burden- 
some side effects often encountered with antihyper- 
tensive drugs that act on the central or sympathetic 
nervous systems. Hypotension, even at high doses, 
is a problem only in severely volume depleted 
patients. The clinical profile of the action of captopril 
is essentially that which would be predicted from 
preclinical animal studies. Its relative freedom from 
side effects is related at least in part to its logical 
development, and to the careful optimization of its 
chemical structure for maximum potency and 
specificity. 


Mechanism of antihypertensive action of inhibitors 


Captopril was designed and developed as a potent 
and specific enzyme inhibitor, not primarily as an 
antihypertensive drug, although blood pressure low- 
ering was tested for certain intermediate compounds 
in the succession that led: to captopril. Captopril is 
the end result of a process of selection and optimi- 
zation that resulted in a 25,000-fold increase in 
enzyme inhibitory potency over that of the initial 
prototype [6-8]. Thus, as an enzyme inhibitor, cap- 
topril has an extremely selective action, but, as a 
drug postulated to act by any other mechanism, it 
would have to be considered a purely random choice. 
The extremely low probability of existence of an 
antihypertensive mechanism unrelated to enzyme 


inhibition, however, has not deterred some inves- 


tigators from suggesting such an action, based on 
certain results obtained in whole animals [29-32]. 
Captopril does lower blood pressure in anesthe- 
tized normotensive dogs even after nephrectomy or 
administration of the angiotensin receptor blocker 
saralasin, results that have been interpreted to 
involve an antihypertensive mechanism unrelated to 
inhibition of the renin—angiotensin system [29, 30]. 
Saralasin, however, is not as effective as captopril 
in blocking the activity of the renin—angiotensin sys- 
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tem, both due to its intrinsic weak agonistic action 
and to the fact that it binds to its receptor with no 
greater affinity that its competitive agonist, angio- 
tensin II, whereas captopril binds to its receptor, the 
active-site of angiotensin-converting enzyme, 1000 
times more effectively than angiotensin I, with which 
it competes. Of course, saralasin also cannot poten- 
tiate bradykinin actions. The unexpected effective- 
ness of captopril in nephrectomized animals may be 
due to the presence of a functional renin—angio- 
tensin system in vascular walls [32,33]. Another 
argument put forward for an unknown antihyper- 
tensive mechanism for captopril [30] is the fact thet 
captopril does not lower blood pressure over the 
same range of concentrations for which it produces 
effective inhibition of angiotensin-converting 
enzyme in vivo. But it is not at all surprising that 
near maximal inhibition of the enzyme is necessary 
to achieve the decrease in the steady-state blood 
level of angiotensin II required for even a weak 
blood pressure lowering effect. One group of inves- 
tigators [31] observed a good antihypertensive action 
of captopril in patients, apparently in the absence 
of any inhibition of angiotensin-converting enzyme. 
However, their measure of inhibition in vivo was 
inhibition of the normal activity of plasma angioten- 
sin-converting enzyme in blood samples withdrawn 
from the patient during the antihypertensive 
response, and captopril is quite susceptible to inac- 
tivation by oxidation to its disulfide dimer under 
certain conditions, including those obtaining in 
plasma samples [33]. Certainly, no antihypertensive 
mechanism for captopril or teprotide unrelated to 
their enzyme inhibitory activity has ever been 
directly demonstrated. Neither drug is a direct 
vasodilator, has any direct effect on the sympathetic 
nervous system, or is even significantly distributed 
into the central nervous system [34, 35]. 

Even when one accepts the high probability that 
captopril lowers blood pressure by inhibiting the 
angiotensin-converting enzyme, the precise mech- 
anisms of its acute and chronic antihypertensive 
actions are far from being clear. Blood pressure 
decrease could be due to elimination (via decreased 
synthesis) of the direct constrictor action of angio- 
tensin II on blood vessels, or to elimination of the 
intrarenal or aldosterone-mediated actions of this 
peptide that produce increased effective blood vol- 
ume via sodium and fluid retention. Coverting 
enzyme inhibitors may also prolong the direct vaso- 
dilatory effect of bradykinin or the intrarenal action 
of this peptide as a stimulator of the release of fatty 
acid precursors of vasodilatory and natriuretic 
prostaglandins or prostacyclin. 

In hypertensive patients there is at least a rough 
correlation between pretreatment plasma renin 
activity and the acute blood pressure lowering 
obtained with inhibitors of angiotensin-converting 
enzyme [22-24, 26-28, 36]. The blood level of angio- 
tensin II also decreases [36-38], but it is difficult 
to measure very low levels of this octapeptide, 
especially in the presence of up to 30-fold increased 
levels of the decapeptide angiotensin I [36-38], which 
cross-reacts with angiotensin II in the radioimmuno- 
assay [36, 39]. Administration of converting enzyme 
inhibitors has usually been shown to reduce the 
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slightly elevated aldosterone levels of hypertensive 
patients back to the level associated with normal 
blood pressure [22, 27, 28, 36-38]. Most investigators 
have not observed increased blood levels of brady- 
kinin accompanying the antihypertensive action of 
converting enzyme inhibitors [36-38], and the small 
increases that have been observed [40] seem insuf- 
ficient to maintain a lowered blood pressure through 
direct peripheral vasodilation. Within the kidney, 
however, a much greater accumulation of bradykinin 
may occur in response to converting enzyme inhi- 
bition, and lead to a greatly increased production of 
the precursors of prostaglandins or prostacyclin [41, 
42]. Increased urinary kinin secretion and increased 
plasma prostaglandin E, levels have been observed 
in hypertensive patients treated with teprotide [38]. 

It will probably not be possible in the near future 
to adequately study all of the potential consequences 
of specific inhibition of angiotensin-converting 
enzyme in hypertensive patients or animal models. 
Use of such specifically acting drugs is probably the 
best method available for unraveling complex patho- 
logical mechanisms, but in this case, as in many 
others, there are several important secondary conse- 
quences of the specific drug action. Although 
improved methods for measuring blood or tissue 
levels of bradykinin, angiotensins I and II, and 
prostaglandins continue to be developed, it is likely 
that the development of additional specific drugs 
affecting the renin—angiotensin or kallikrein—kinin 
systems will be the most effective method for clari- 
fying the roles of these systems in hypertension and 
in the antihypertensive action of drugs such as cap- 
topril. Potent and specific inhibitors of renin, for 
instance, would prevent angiotensin formation with- 
out affecting bradykinin and its important secondary 
effects on sodium excretion and prostaglandin syn- 
thesis. A specific bradykinin receptor antagonist 
might similarly help to resolve many of the ambi- 
guities encountered with the converting enzyme 
inhibitors. From a therapeutic point of view, how- 
ever, the inhibitors of angiotensin-converting 
enzyme, whatever their complex mechanism of 
action, or perhaps because of it, are remarkable 
antihypertensive drugs both in their effectiveness 
and in their relative freedom from side effects or 
toxicity. 
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Abstract—Hypoglycemic sulfonylureas (gliclazide, tolbutamide) were able to mediate Li-Ca or Na—Ca 
countertransport in an artificial system, and enhanced A23187-mediated Ca countertransport. Diazoxide 
failed to cause Ca countertransport and inhibited A23187-mediated countertransport. The inhibitory 
effect of diazoxide was abolished by gliclazide. Comparable results were obtained when an extract of 
pancreatic islets was used instead of A23187 as the reference ionophoretic material. The response to 
hypoglycemic and/or hyperglycemic sulfonamides in the present system was qualitatively identical to 
their effect upon *°Ca net uptake and insulin release in intact islets. This analogy suggests that these 
drugs may act in the islet cells primarily by interfering with the transport of cations by native ionophores. 


Hypoglycemic sulfonylureas (e.g. tolbutamide and 
gliclazide) stimulate insulin release [1], and are 
widely used in the treatment of non-insulin-depen- 
dent diabetic patients. The intimate mode of action 
of these drugs in the pancreatic B cell is poorly 
understood [2]. We have exposed elsewhere our 
reasons for believing that the insulinotropic action 
of hypoglycemic sulfonylureas cannot be attributed 
to a primary effect on either the metabolism of 
nutrients or the synthesis and breakdown of cyclic 
AMP in islet cells [3]. As an alternative explanation, 
it was proposed that the primary effect of hypogly- 
cemic sulfonylureas consists in a stimulation of Na 
and Ca transport across the B cell plasma membrane 
[3,4]. This view is based, inter alia, on the findings 
that hypoglycemic sulfonylureas are able to trans- 
locate Na and Ca into or across a hydrophobic 
domain, and that the latter process is suppressed by 
organic calcium antagonists (e.g. suloctidil) which 
are potent inhibitors of sulfonylurea-stimulated “Ca 
net uptake and insulin release in isolated pancreatic 
islets [3-8]. 

We now wish to report on the effect of gliclazide 
and diazoxide upon the uphill transport of calcium 
as mediated by either the antibiotic ionophore 
A23187 or native ionophoretic material extracted 
from pancreatic islets. In such a system, we were 
able to disclose for the first time opposite effects of 
hypoglycemic and hyperglycemic sulfonamides, 
respectively, upon the ionophore-mediated transport 
of calcium. 


MATERIAL AND METHODS 


In all experiments, 0.15 ml of an organic mixture 
(toluene : butanol, 7/3, v/v) was transferred back and 
forth between two tubes each containing 0.30 ml of 
aqueous medium and 0.05 ml of the same organic 


mixture. The two aqueous media consisted of a tri- 
ethanolamine-HCl buffer (20mM, pH 7) with 
initially the same concentration of CaCl, (“Ca and 
SCa) but different concentrations (2 and 200 mM, 
respectively) of either LiCl or NaCl. The organic 
phase contained, as required, gliclazide, tolbutam- 


ide, diazoxide, A23187 and an extract of pancreatic 
islets prepared as described elsewhere [9]. After each 
transfer, the aqueous medium and organic mixture 
were vigorously mixed for 1 min to ensure equilib- 
rium partition of cations between these two phases 
[10]. After each two or three back-and-forth transfers 
of the organic mixture, paired samples (10 ul) were 
removed from the aqueous media with a micro- 
syringe, and examined for their radioactive content. 
The present system for the study of ionophore- 
mediated cation transport was selected [11] instead 
of the Pressman cell because, in the latter model, 
several months would be required to complete a 
single experiment at the low concentration of ion- 
ophoretic material here used. In control experiments 
performed in the absence of any drug, no translo- 
cation of “Ca could be detected whether in the 
absence or presence of a Na’ or Li* gradient (data 
not shown). The results are presented as the differ- 
ence in “Ca content (A) of paired samples and 
expressed as a percentage of the total radioactivity 
found in the first two samples. 


RESULTS 


When the two aqueous media contained initially 
the same concentration of Ca and when gliclazide 
(5 mg/ml) was added to the organic mixture, Ca was 
progressively transported (Fig. 1) from the medium 
containing little Li* (2 mM) to that containing Li* 
in high concentration (200 mM). The magnitude of 
this phenomenon of uphill Ca translocation was 
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Fig. 1. The translocation of *Ca was mediated by an organic 
phase containing, as required, gliclazide (G) and diazoxide 
(D) at the stated concentration (mg/ml), and occurred 
between aqueous media intially containing “CaCl, 
(0.2 mM; 1 wCi/ml) and either 2 (@ closed circles) or 200 
(O open circles) mM LiCl. The *°Ca content of the aqueous 
media was measured in paired samples removed after each 
two back-and-forth transfers of the organic phase, and is 
expressed as percentage of the total radioactive content of 
the first samples. 


related to the concentration of gliclazide (Fig. 1, 
Table 1). Diazoxide (5 or 10 mg/ml) failed both to 
cause Ca translocation and to affect significantly 
gliclazide- or tolbutamide-mediated Ca _ counter- 
transport (Table 1). When used at the same con- 
centration (10 mg/ml), tolbutamide was less active 
than gliclazide. 

In the second series of experiments, the ionophore 
A23187 was added to the organic mixture. A23187 


Table 1. Li-Ca countertransport in the presence of tol- 
butamide (T), gliclazide (G) and diazoxide (D)* 





Drug (mg/ml) 





T (10) 

T (10) + D (10) 

G (5) 

G (10) 

G (10) + D (5) 
D (5) 
D (10) 


It I+ I+ I+ 


“ey 
Sa 
co 


+ 2.701 + 0.189% 
~ 0.040 + 0.0344 
+ 0.043 + 0.0404 





* All drugs were added to the organic phase at the stated 
concentration. The translocation of “Ca between media of 
low and high LiCl concentration (see Fig. 1) was calculated 
from the difference in radioactive content of paired samples 
(A) and expressed as a percentage of the total radioactivity 
of the first samples. The regression coefficients (A per 
sample) and its sample standard error (b + s,) are shown 
together with the significance of the correlation coefficient. 

*+P<0.001. 

+ Not significant. 
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Fig. 2. The translocation of “Ca was mediated by an organic 
phase containing A23187 (0.1 mM) either alone (@ closed 
circles; middle curve) or in combination with diazoxide 
(5 mg/ml, ¢ diamonds, lower curve), gliclazide (5 mg/ml; 
O, open circles) or both sulfonamides (* stars). The dif- 
ference in “Ca content of paired samples (mean + S.E.M.; 
N = 3 in each case) is expressed as in Fig. 1. Other experi- 
mental conditions were the same as those given in the 
legend to Fig. 1. 


alone caused Li-Ca countertransport (Fig. 2), con- 
firming a recent report [11]. Gliclazide facilitated 
and diazoxide inhibited the phenomenon of A23187- 
mediated Ca countertransport (P < 0.005). In the 
concomitant presence of A23187, gliclazide and dia- 
zoxide, the,results were not significantly different 
from those found with A23187 in the sole presence 
of gliclazide. Thus, in the presence of A23187, the 
slope of the regression line characterizing the 
increasing difference in “Ca concentration (A) as a 
function of the sample number (samples 1-15 inclu- 
sive) ranged as follows: diazoxide (2.28 + 0.06) < 
control (3.65 + 0.14) < gliclazide (6.30 + 
+ 0.15) ~ gliclazide + diazoxide (6.41 + 0.15), each 
mean value (+ sample S. E.) being derived from 3 
separate experiments. 

In the last series of experiments, we investigated 
the effects of gliclazide and diazoxide upon Ca coun- 
tertransport as mediated, in the presence of a Na* 
gradient, by ionophoretic material extracted from 
pancreatic islets (Fig. 3, Table 2). In the absence of 
the islet extract, gliclazide caused a modest uphill 
translocation of Ca, whereas diazoxide failed to do 
so and failed to significantly affect gliclazide- 
mediated Ca countertransport. The islet extract itself 
caused an obvious uphill translocation of Ca. This 
phenomenon was augmented by gliclazide and 
inhibited by diazoxide, both changes being sig- 
nificant. When both drugs were used in combination 
with the isiet extract, the results were essentially the 
same as those found with the extract in the sole 
presence of gliclazide. Thus, no significant difference 
between the two latter experimental conditions could 
be detected, whether the translocation of “Ca was 
analysed by regression analysis or by comparison 
with the appropriate control values found when the 
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Fig. 3. The translocation of “Ca was mediated by an organic 
phase containing, as required, diazoxide (D; 4 mg/ml), 
gliclazide (G; 4 mg/ml) and an islet extract (E; each 0.4 ml 
of the organic phase contained material extracted from 125 
islets), and occurred between aqueous media initially con- 
taining SCaCl, (0.1 mM; 2 wCi/ml) and either 2 or 200 mM 
NaCl. The difference in *°Ca content of the aqueous media 
(high minus low Na* concentration) was measured in paired 
samples obtained after each three back-and-forth transfers 
of the organic phase. Mean values are expressed as in Fig. 
1 and refer to two to four individual experiments, the 
S.E.M. being shown only for the points most distant from 
the calculated regression line. 
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same islet extract had been used alone (Table 2, last 
column). 


DISCUSSION 


The present results clearly indicate that gliclazide 
and diazoxide exert opposite effects upon Ca coun- 
tertransport in our artificial system. This finding 
shouid be considered in the light of the following 
observations. 

First, the present system represents a useful model 
for the study of such processes as Na—Ca counter- 
transport [12] and Ca—Ca exchange [13] and the 
influence thereupon of pharmacological agents such 
as organic calcium antagonists [13-15]. We had 
observed previously that hypoglycemic sulfonylureas 
are able to translocate Ca into [5] or across [16] the 
organic mixture in the absence of any gradient of 
monovalent cations. Diazoxide exerts no obvious 
effect upon calcium transport in the absence of a 
gradient of monovalent cations [16]. In the present 
study, the effect of hypoglycemic sulfonylureas and 
diazoxide alone or in combination with either the 
antibiotic ionophore A23187 or native ionophores 
extracted from pancreatic islets was tested in the 
presence of a Li’ or Na‘ gradient because such a 
situation made it possible to reveal the opposite 
effects of gliclazide (or tolbutamide) and diazoxide, 
respectively. 

Second, in pancreatic islet cells, like in other tis- 
sues [17], a process of Na—Ca countertransport is 
thought to participate in the uphill extrusion of Ca 
from the cell against the prevalent electrochemical 
gradient [18]. It could be argued, therefore, that the 
stimulation by gliclazide or such a process cannot 
account for the stimulatory effect of gliclazide upon 
“Ca net uptake by islet cells. However, other aspects 
of the ionophoretic effects of gliclazide should be 
taken into account. On one hand, the modulatory 
effect of this drug upon Ca transport may also con- 
cern the downhill influx of Ca into the islet cells; and 
indeed, hypoglycemic sulfonylureas stimulate both 
the downhill transport of Ca in the present system 


Table 2. Na—Ca countertransport in the presence of diazoxide (D), gliclazide (G) and an islet 
extract (E)* 





Line Agent(s) b+s, 


A (% of control) 





—0.241 + 0.1234 
+0.522 + 0.0877 
+0.889 + 0.1087 
+1.324 + 0.1137 
+1.907 + 0.0837 
+2.351 + 0.121+ 
+2.882 + 0.127+ 


vs 2:NS 

vs 5:< 0.01 74.1 + 3.8+ (10) 
100.0 (20) 
141.6 + 5.4% (15) 
133.8 + 7.5+ (10) 


vs 5:< 0.03 
vs 6:NS 





* The regression coefficients and their sample standard errors (b + s,), as derived from the data 
illustrated in Fig. 3, are given together with the significance of the correlation coefficient and the 
number of individual measurements (N). Also shown is the significance (P) of differences between 
mean slopes, taking into account the number of individual experiments in each group. In the last 


column, the A in * 


Ca content of the aqueous media (samples 12-16 inclusive) are expressed as 


percentage of the paired control value found when the same islet extract was used alone; mean 
values (+ S.E.M.) are shown together with the significance of differences between experimental 
and control values and the number of individual measurements (in parentheses). 


+ P<0.001. 
+ Not significant. 
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[16] and the entry of Ca into the islet cells [3]. On 
the other hand, a stimulation of Na influx may lead 
to an increase in the cytosolic concentration of Na 
and, by doing so, cause both mobilization of Ca from 
intracellular stores [19] and secondary inhibition of 
Ca outwards transport; and indeed, hypoglycemic 
sulfonylureas stimulate Na translocation in the 
organic phase [16] and cause both increased net 
uptake of “Na [4] and inhibition of Ca outward 
transport [20] in the islet cells. 

Third, the concentration of tolbutamide or glicla- 
zide added to the organic mixture was not higher 
than that presumed to be found in the hydrophobic 
domain of the plasma membrane, taking into account 
the estimated volume for such a domain (0.6 per 
cent of the cell volume) and the published values for 
uptake of sulfonylureas by isolated islets [21, 22]. In 
these calculations, it was assumed that islet cells are 
spherical structures with a diameter of 10 wm and 
a plasma membrane thickness of 10 nm, and that 
sulfonylureas do not penetrate islet cells beyond the 
plasma membrane [2]. If these assumptions are cor- 
rect, the biological material extracted from the islets, 
although being considerably diluted in the organic 
mixture, was exposed to a concentration of sulfon- 
ylurea of the same order of magnitude as that present 
in the plasma membrane of intact cells when the 
latter are exposed to incubation media containing 
the drug at the same concentration as that used in 
most in vitro studies [7, 8, 21, 22]. 

Last, there was a striking analogy between the 
present results and the effects of drugs upon “Ca 
uptake and insulin release in isolated islets, these 
processes being stimulated by gliclazide and inhibited 
by diazoxide [20, 23]. Moreover, when the two sul- 
fonamides were used in combination, the effect of 
diazoxide was masked by that of gliclazide. Likewise, 
hypoglycemic sulfonylureas abolish the inhibitory 
effect of diazoxide upon glucose-stimulated insulin 
release [24]. In view of these analogies and the above- 
mentioned considerations, it is tempting to speculate 
that the interference of hypoglycemic and hypergly- 
cemic sulfonylureas with the transport of cations, as 
mediated by native ionophores, represents a primary 
effect of these drugs in the islet cells and, hence, 
accounts for their insulinotropic action. 
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Abstract—Reserpine, tetrabenazine and the neuroleptics chlorpromazine and haloperidol blocked the 
ATP-dependent uptake of noradrenaline and tyramine by ghosts derived from bovine chromaffin 
granules. The drugs did not affect chromaffin granules energization since they were without any effect 
on the membrane ATPase activity and on the transmembrane potential and pH-gradient generated by 
the ATP-dependent H*-translocase. Differences were observed in the inhibitory effect of the drugs on 
the monoamine uptake by ghosts acidic with respect to the external medium. These differences were 
accounted for by the existence under these conditions of two mechanisms of uptake, as shown by kinetic 
experiments. Noradrenaline was taken up by a carrier-mediated process which was blocked by all drugs, 
whereas tyramine transport involved non-specific diffusion of its unprotonated form, a process which 
was sensitive to neuroleptics and high doses of reserpine. From the kinetic and pharmacological studies 
of tyramine uptake, it is concluded that the ATP-dependent active transport of monoamines requires 
a carrier-mediated process even for amines which are rapidly transported by non-specific diffusion 


through the membrane. 


Reserpine and tetrabenazine are known to be inhibi- 
tors of the in vitro uptake of monoamines by chro- 
maffin granules, the catecholamine storage organ- 
elles [1-3]. This process is also blocked by the 
neuroleptics chlorpromazine and haloperido! [3]. 
The uptake is ATP-dependent [1, 4] and is thought 
to be carrier-mediated since it shows stereospecificity 
and saturation kinetics [2, 5]. Although much effort 
has been devoted to the study of these drugs, their 
mechanism of action on monoamine uptake is not 
fully understood. Progress should be expected since 
our knowledge of bioenergetic processes in chro- 
maffin granules is increasing rapidly [6]. A 
Mg’*-activated ATPase (EC 3. 6. 1. 3) of the mem- 
brane has been shown to be an inward proton pump. 
H*-translocation results in generation of a trans- 
membrane potential positive with respect to the 
external medium [7, 8] and, when permeant anions 
are added, in acidification of the vesicle interior [9]. 
In terms of Mitchell’s chemiosmotic hypothesis, it 
has been proposed that the transport of catechol- 
amines is driven either by the pH gradient [10-12] 
or by the potential difference [6, 13]. In the absence 
of ATP, chromaffin granules or ‘ghosts’ with an 
acidic internal medium accumulate catecholamines 
which become distributed berween the inside and 
the outside of the vesicle according to the pH gra- 
dient [11, 12, 14]. 

In the present communication, the effects of drugs 
on the ATP-dependent chromaffin granule energi- 
zation and on the ATP-induced and ApH-driven 
uptakes of noradrenaline and tyramine have been 





* Abbreviations used: Mes, 2 (N-morpholino) ethane- 
sulfonic acid; Hepes, N-2-hydroxyethylpiperazin-N’-2- 
ethanesulfonic acid. 


investigated. Two different types of transport have 
been distinguished on pharmacological and kinetic 
grounds and the sites of action of the different drugs 
have been defined. Our observations also give insight 
on the mechanism of active transport. 


MATERIALS AND METHODS 


Materials. [Side chain-2-'*C]-tyramine hydrochlo- 
ride (50 mCi/mmole), /-[7-°H] noradrenaline hydro- 
chloride (15 Ci/mmole), ['*C]thiocyanate (59 mCi/ 
mmole) and p-[U-“C]sorbitol (191 mCi/mmole) 
were obtained from the Radiochemical Centre 
(Amersham, Bucks, U.K.); ['C]methylamine 
(38 mCi/mmole) and *H,O were from CEA, France. 

Reserpine (free base) was obtained through 
Sigma, tetrabenazine (free base) and chlorpromazine 
chlorhydrate were gifts of Hoffman—La Roche 
(Basle, Switzerland) and Rhone Poulenc (Paris, 
France), respectively. Tetrabenazine (4mM) and 
haloperidol (free base) {4mM) were dissolved in 
90% ethanol, chlorpromazine (10mM) in water; 
reserpine was made 10 mM in 2M acetic acid and 
was diluted ten times in 0.1M phosphate buffer 
(pH 6.5). 

Preparation of chromaffin granule ‘ghosts’. Chro- 
maffin granules were prepared by successive differ- 
ential centrifugation at 27,000, 21,000 and 16,300 g 
for 30 min in 0.3 M sucrose, 10 mM Hepes,* pH 7.0 
[7]. Such preparations were homogenous on electron 
micrographs. Lysis was performed by dropwise 
addition of the granules (15-20 mg protein/ml) to an 
hypo-osmotic buffered solution containing 2mM 
MgSO,, 0.1mM dithiothreitol, 10 4M CaCl, and 
either 5 mM Tris-succinate (pH 5.9) or 5 mM Hepes 
(pH 7.0) [15]. The solution was stirred for 10 min at 
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4°C and then centrifuged (37,000 g for 30 min). The 
pellet was washed in the same medium, centrifuged 
and resuspended in half the volume of the granule 
preparation. The resuspension medium was similar 
to the lysis buffer but contained 0.3 M sucrose and 
no CaCl,. ‘Ghosts’ lost, respectively, more than 99.5 
per cent and 70-75 per cent of their catecholamines 
and their proteins. The internal specific volumes of 
‘ghosts’ preparations were estimated to be 2.3 + 
0.3 ul/mg of protein. Their monoamine oxidase 
activity assayed as in [5] with 50 uM [C]-tyramine 
hydrochloride as a substrate was less than 0.25 nmole 
tyramine oxidized/min/mg protein. Adrenal mito- 
chondria, when assayed under the same conditions, 
had an activity of 1.5 nmoles tyramine oxidized/ 
min/mg protein. 

Preparation of purified chromaffin granule mem- 
branes. ATPase activity was measured on mem- 
branes derived from granules purified by discontin- 
uous 0.3 M-1.8 M sucrose gradients [16]. Lysis was 
performed as above in the pH 7.0 buffer, but the 
membranes were collected by centrifugation at 
140,000 g for 45 min in a Spinco ultracentrifuge. 

ATP-induced amine uptake. Granules (approxi- 
mately 1 mg protein/ml) or ‘ghosts’ prepared at 
pH 7.0 (2 mg protein/ml) were added to a medium 
containing 0.3M sucrose, 5mM ATP, 2.5 mM 
MgSO,, 10mM Hepes (pH 7.0), drug where indi- 
cated, and the radioactive amine. The final volumic 
activities were usually: /-[7-°H]noradrenaline 
(4 wCi/ml), [side chain-2-"C]-tyramine (2 wCi/ml) 
and ['C]-methylamine (1.4 wCi/ml). Where indi- 
cated, the granules or ‘ghosts’ were preincubated 
with the same drug concentration at 4° for 4 min. 
The complete mixture was incubated for various 
times at 37°; 100 wl aliquots were then withdrawn, 
diluted in 0.3M ice-cold buffered sucrose (1 ml), 
and rapidly filtered through 0.45 xm millipore filters 
(HAWP) [17]. The filters were washed twice with 
the same buffer (2 ml), dried, and counted in toluene 
containing PPO (5 g/l) and POPOP (0.3 g/l). The 
results were corrected for amine adsorption on the 
membrane by subtracting control values obtained in 
the absence of ATP and in the presence of 10 uM 
reserpine. Such controls were in general less than 
5 per cent of the corresponding experiment. 

ApH-driven amine uptake. ‘Ghosts’ prepared at 
pH5.9 (which were preincubated with drugs as 
above, where indicated) were added at a final con- 
centration of 2 mg protein/ml to a solution containing 
0.3 M sucrose, 20mM Hepes (pH 8.5) and amines 
as above. ‘Ghosts’ were added in the minimal volume 
in order not to perturb the pH of the incubation 
mixture. After incubation for various times, the 
samples were treated as previously described for the 
ATP-induced uptake. Controls were performed at 
an external pH of 5.9 and in the presence of 10 uM 
reserpine. The controls were always less than 10 per 
cent of the corresponding experiment. 

Transmembrane potential measurements. The pro- 
cedure of Casey er al. [9] was applied. For each 
measurement, four 0.25-ml aliquots of chromaffin 
granules (2 mg of protein) preincubated with drugs 
were mixed with the same volume of 0.3 M sucrose, 
40mM Mes (pH 6.6) containing 5mM ATP and 
2.5mM MgSO,. After a 3 min incubation at 20°, 
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isotopes (20 ul) were added: two samples were used 
to estimate the internal exchangeable water space 
(sorbitol exclusion volume) and two for the trans- 
membrane potential. The first used *H,O and 
p-[U-"C} sorbitol and the latter ['"C] SCN~ and 
3H,O. Final isotope activities were (in mCi/ml): 
3H,O, 2; p-[U-“C] sorbitol 0.1 mM, 1; ['*C] SCN™ 
25M, 1.5. The samples were equilibrated for 
2.5 min at 20° and centrifuged for 10 min at 27,000 g 
at the same temperature. Both supernatant and pel- 
let fractions were treated as in [9], their radioactivity 
measured in 10 ml of scintillation mixture (NE 260, 
Nuclear Enterprise, Edinburgh, U.K.) or alterna- 
tively the pellets dissolved in 0.5 ml of 2% Triton X- 
100 and the samples counted in a Triton—toluene 
scintillation fluid. Internal water space, and internal 
to external concentration ratios of SCN” were 
derived as in [9] from the relative activities of the 
isotopes in pellets and supernatants. 

Granule internal water spaces ranged from 1.8 to 
2.5 ul/mg of vesicle protein. Transmembrane poten- 
tials were calculated as: 

(SCN) in 
(SCN) out © 
pH-gradient measurements. For each measure- 
ment, four 0.25-ml aliquots of granules (2 mg of 
protein) were preincubated with drugs and mixed 
with an equal volume of hypertonic 40mM Mes, 
0.3M KCl (pH6.6) buffer containing 5mM ATP 
and 2.5mM MgSO, and, after 30 min of incubation 
at 37°, isotopes (20 ul) were added: *H,O (2 wCi/ml) 
and p-[U-'C]-sorbitol (0.1 mM, 1 «Ci/ml) for inter- 
nal water space measurements and *H,O and ["*C] 
methylamine (36 uM, 1.35 wCi/ml) for methylamine 
partition which was derived as above from activities 
of the isotopes in pellets and supernatants. The pH 
gradient was calculated as: 


Yin — Wow (MV) = 57.6 log 


(MeNH.),, 
© (MeNH,) ou. 

ATPase activity. Purified membranes (50-100 yg 
protein/ml) were incubated with drugs or an equiv- 
alent volume of ethanol (less than 1 per cent) in 
25mM Tris-HCl buffer (pH 7.5) for 4 min at 37°. 
ATP (2 mM, final concentration) and MgSO, (1 mM) 
were then added; aliquots (50 wl) were withdrawn 
at intervals and assayed for inorganic phosphate by 
the method of Anner and Moosmayer [18]. 

Liposome preparation. Liposomes I were prepared 
according to Nichols and Deamer [19]. A 2.5 ml 
solution in ether of freshly prepared egg lecithin 
(3.5 wmoles/ml) was slowly injected with an infusion 
pump into 5 mi of citrate-phosphate buffer, pH 5.0 
(200 mM POH Na, titrated by 100 mM citric acid), 
at 55°. Liposomes were filtered through 1.2 wm Mil- 
lipore filters, but phospholipid assays showed that 
no multilamellar liposomes were retained on the 
filter. 

Liposomes II were obtained by sonication under 
argon at 22° for 30 min of a suspension of lecithin 
(2 wmoles/ml) in pH 5.0 citrate phosphate buffer. 
The clarified solution was then centrifuged for 1 hr 
at 140,000 g at 8°. 

A pH-induced amine uptake by liposomes [19]. 
Liposomes (1 ml) in pH 5.0 buffer were incubated 
for 2 min at 22° with the drugs. They were titrated 


PH. — PHin = lo 
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to pH8 with 2N NaOH and /-[7-H] nor- 
adrenaline (150,000 c.p.m./ml) or [2-'C] tyramine 
(350,000 c.p.m./ml) was then rapidly added. After 
incubation at 22°, the mixture was layered onto a 
Sephadex G-50 column (1 x 18cm) which was 
washed by citrate—-phosphate buffer, pH 8.0. Frac- 
tions (0.5 ml) were collected and their radioactivity 
measured in 10 ml of Bray scintillation mixture [20]. 

Protein and catecholamine assays. Proteins were 
estimated according to Lowry et al. [21] with bovine 
serum albumin as standard, following precipitation 
in 5% trichloacetic acid and redissolution in 2% 
deoxycholate, 3% NaOH. Catecholamines were 
assayed according to Von Euler et al. [22] without 
separation of the various amines. 


(100 4M) 


(40 uM) 


Haloperidol Chlorpromazine 


RESULTS 


and more than 8 min for methylamine. 


Effect of drugs on ATP-induced amine uptake. 
The concentration of drug causing 50 per cent inhi- 
bition (EC;,) of the ATP-induced uptake of /-nor- 
adrenaline (100 uM) by bovine chromaffin granules 
has been derived from dose-inhibition curves. Tetra- 
benazine, reserpine, haloperidol and chlorproma- 
zine gave figures of 0.1, 0.1, 6 and 35 uM, respec- 
tively. These values are comparabie to those 
previously reported for ‘ghosts’ [3]. Tetrabenazine 
and reserpine, which are specific blockers of this 
process, were the most potent inhibitors with EC.» 
values two orders of magnitude lower than halo- 
peridol and chlorpromazine. 

With chromaffin granules the interpretation of 
uptake experiments is often obscured by the presence 
of high ATP and catecholamine concentrations in 
the vesicles. This difficulty has been circumvented 
by the use of resealed membranes (‘ghosts’) as pro- 
posed by Taugner [23] and Phillips [17]. This prep- 
aration accumulated /-noradrenaline efficiently and, 
at 10 uM amine, 20 min were required to reach a 
plateau of 3 nmoles noradrenaline/mg protein (Table 
1). This plateau was not a result of noradrenaline 
deamination by monoamine oxidase since addition 
to the incubation mixture of 1 mM pargyline did not 
change the time course of the uptake reaction (data 
not shown). Tyramine was taken up at a similar 
initial rate but its incorporation stopped more rap- 
idly, leading to a 3-fold decrease of the plateau. The 
reaction was not affected by 1mM pargyline. Its 
lower plateau value did not originate in oxidation 
of tyramine by dopamine-B-hydroxylase, since di- 
ethyldithiocarbamate, which at 104M _ inhibited 
copamine-B-hydroxylase (data not shown) did not 
affect the time course of uptake up to 100 4M con- 
centration (data not shown). With the same prep- 
aration and under the same conditions, only a limited 
ATP-dependent transport of methylamine was 
observed. This transport was slow and did not reach 
a defined plateau, as in the noradrenaline and tyra- 
mine case. The lack of methylamine accumulation 
could not be attributed to technical problems since 
addition of 30mM thiocyanate to the incubation 
mixture, which allowed electroneutral transport of 
protons and thus rapid acidification of the interior 
of the ‘ghosts’, resulted in an increase of methylam- 
ine uptake (data not shown). 

Inhibition by drugs of noradrenaline uptake in 


(10 uM) 


aliquots withdrawn at intervals. Initial rates 


Drug inhibition (%)*+ 


Reserpine 
(1 uM) 
ine, respectively, 
g inhibition. 


Tetrabenazine 
(10 uM) 
for tyramine and noradren 


amount 
accumulated 
1060 + 80 
3050 + 370 


(pmoles/mg protein) 


5 min 


ind 


oi 
ac 


Table 1. ATP-induced amine uptake by ‘ghosts’ 
plateau 
(min) 


S.E. of at least three experiments. 


Time for 


+ 


$ was measured under the same conditions and inhibition was determined at the plateau. Controls without 


Uptake in absence of drug* 


Initial 
rate of 


(pmoles/min/mg protein) 
1900 + 130 





ed for ethanol. Results are means 


* ‘Ghosts’ (2 mg protein/ml) prepared at pH 7.0 were incubated, at the same pH, as described in Materials and Methods. Time courses of methylamine, 
Methylamine uptake was slow and gave an ill defined plateau, preventing measurement of dru 


tyramine and noradrenaline uptakes were derived from measurement of the radioactivity bound to the vesicles on 


were derived from the linear period of the uptake reaction: 


+ The time course of uptake in presence of drug 


oo 
+ 











Methylamine (10 uM) 
Tyramine (10 uM) 
Noradrenaline (10 4M) 
Noradrenaline (100 uM) 


drug were adjust 
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granules and ‘ghosts’ were comparable (Table 1). 
The effect of the same concentration of drugs on 
tyramine uptake by ‘ghosts’ has also been studied 
(Table 1). The transport was inhibited by all drugs 
tested and inhibitions were similar to those observed 
for noradrenaline uptake. 

Effect of drugs on chromaffin granule energization. 
To understand the mechanism(s) of inhibition, we 
investigated the effects of the drugs on various com- 
ponents of the uptake process. In agreement with 
previous observations [3, 24], drugs at doses which 
blocked the ATP-dependent catecholamine uptake 
were without any significant effect on the ATPase 
activity (Table 2). Chlorpromazine inhibited the 
enzyme by 12, 32 and 55 per cent at concentrations 
of 100, 200 and 300 uM, respectively, but the 96 per 
cent inhibition of the noradrenaline uptake observed 
at the lowest drug concentration cannot be accounted 
for by the slight ATPase inhibition. 

The ATPase activity of chromaffin granule mem- 
brane has been shown to be associated with an elec- 
trogenic H*-translocase which polarizes positively 
the granule interior [7, 8]. The effect of the drugs 
on the transmembrane potential is shown in Table 
2. None of them affected the potential difference 
(interior positive) observed in presence of ATP, and 
tetrabenazine, reserpine and haloperidol even 


slightly enhanced it. This enhancement might orig- 
inate in the inhibition by the drug of the continuous 
reuptake of catecholamines by the granules. Under 
appropriate conditions [9], the H*-translocating 
ATPase induced an acidification of the granule 
interior (Table 2). Drugs did not significantly affect 


this property. 

Effect of drugs on the ApH-driven amine uptake 
by ‘ghosts’. The driving force for catecholamine 
uptake is thought to be either the ApH resulting 
from the ATP-dependent H*-translocase activity or 
to involve also the transmembrane potential gen- 
erated by this enzyme. Since neither the ApH nor 
the potential difference were affected by the drugs, 
the site of action of these compounds should reside 
in the mechanism of amine entry, presumably at the 
level of the specific carrier. To further substantiate 
this hypothesis, the energization process was by- 
passed and the effect of drugs on the ApH-driven 
amine uptake was studied. ‘Ghosts’ resealed at 
pH 5.9 and suspended at pH 8.5 accumulated amines 
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in absence of any added ATP (Table 3). Noradren- 
aline, tyramine and methylamine were transported 
under these conditions and total amounts accumu- 
lated were very similar, as expected if the ApH was 
the only driving force 

Differences were observed in the effect of drugs 
on the ApH-driven uptake of the three amines 
(Table 3). Tetrabenazine inhibited noradrenaline but 
not methylamine or tyramine uptakes, which at 
10 4M were completely unaffected by this drug. 
Inhibition of noradrenaline transport by reserpine 
was considerable and similar at 1 and 10 uM drug 
concentrations, but the drug had only a limited effect 
on tyramine and methylamine uptakes at 1 uM. Neu- 
roleptics were also more potent inhibitors of nor- 
adrenaline uptake but had nevertheless an appreci- 
able blocking effect on the transport of methylamine 
and tyramine. These results differ from those 
obtained on the ATP-induced process (Table 1) 
where tyramine and noradrenaline were equally well 
blocked by the drugs. It should also be noted that, 
even with noradrenaline, inhibitions were less 
marked in the case of the ApH-driven process. 

Kinetics of noradrenaline and tyramine uptakes by 
the ATP-dependent and ApH-driven processes. The 
resistance of the ApH-driven tyramine uptake to 
tetrabenazine and reserpine is somewhat surprising. 
A possible interpretation is that in this type of 
experiment tyramine did not enter the granule mem- 
brane through the catecholamine carrier as it did in 
the ATP-driven process. Since a carrier mediated 
process is defined as having saturation kinetics, this 
hypothesis was tested by comparing the kinetics of 
tyramine and noradrenaline uptakes by the ATP- 
dependent and ApH-driven processes. In the ATP- 
induced experiments, both tyramine and noradren- 
aline had saturation kinetics, whereas with the ApH- 
driven processes, only noradrenaline uptake was 
saturable (Fig. 1). The initial rate of the ApH-driven 
tyramine uptake increased linearly with amine con- 
centration. Since this reaction was very rapid and 
thus difficult to follow accurately, it was repeated at 
20° and with a ApH of only 1.0 pH unit (using ‘ghosts’ 
prepared at pH 7.0 and incubated at pH 8.0). Again, 
non-saturable kinetics were observed (data not 
shown), thus suggesting that in the presence of a 
ApH tyramine simply diffused through the 
membrane. 


Table 2. Effect of drugs on chromaffin granule energization* 





Concentration 


Drug (uM) 


ATPase 


(% of control) 


Transmembrane 
potential 
(mV) 


activity 


PHour a PHin 





Control without ATP 

Control with ATP 

Tetrabenazine 10 
Reserpine 10 
Haloperidol 40 
Chlorpromazine 100 


0.75 + 0.05 
1.06 + 0.06 
1.10 + 0.03 
1.00 + 0.03 
1.08 + 0.02 
1.10 + 0.03 


100 

100 +5 
100 +3 
100-+ 5 
88 +8 





* The effects of drug concentrations 3- to 100-fold higher than ECs) have been tested on the 
ATPase activity of purified membranes and the ATP-induced granule transmembrane potential and 
PH gradient in absence of monoamine. The untreated ATPase control had an activity of 235 nmoles 
P;/min/mg protein. Ay and ApH were measured at pH 6.6 and ATPase activity at pH 7.5. Results are 
means + S.E. of duplicate measurements on two similar experiments. 
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nmoles/min/mg protein 
ca) 
nmoles/min/mg protein 


» 


Chlorpromazine 
(100 ~M) 








Rate of noradrenaline uptake, 
n 
Rate of tyramine uptake, 


i = | 
100 200 


Amine concentration, uM 





°o 
Haloperidol 
(40 uM) 


Fig. 1. Dependence of the ApH-driven initial rate of uptake 
on amine concentration. The same ‘ghost’ preparation was 
used to determine the kinetics of noradrenaline (™) and 
tyramine (@) uptake. Incubation mixtures were as 
described in Materials and Methods with a ‘ghost’ concen- 
tration of 2.2 mg protein/ml. Aliquots were withdrawn at 
20, 40, 60 and 90sec for noradrenaline uptake and at 5, 
10, 15 and 30sec for tyramine uptake. Uptake was linear 
for 40sec and 10sec for noradrenaline and tyramine 
uptake, respectively. 


Drug inhibition (%)+ 
(10 uM) 


Reserpine 


(1 uM) 
and Methods. Aliquots were withdrawn at 5, 10 


(10 uM) 


Where observed, the saturation kinetics have been 
further characterized. The three kinetics were non- 
Michaélian and showed a concave deviation from 
linearity on Eadie plots. Hill plots of the three 
kinetics drawn using maximal initial velocities were 
shown to be linear. Moreover, the three sets of data 
gave rise to very close lines and to very similar kinetic 
parameters (Table 4). Thus noradrenaline ATP- 
induced and ApH-driven uptakes, but also tyramine 
ATP-induced uptake, had very close Hill numbers 
(h) and substrate concentrations at half saturation 
(Sos). Tyramine and noradrenaline ATP-dependent 
transport kinetics differed mainly by their maximal 
velocity. With tyramine, it should be noted that the 
ATP-dependent uptake, which is presumably car- 
rier-mediated, is considerably slower than its 4 pH- 
driven counterpart. 

ApH-driven uptake of amines by liposomes. The 
neuroleptics haloperidol and chlorpromazine had 
inhibitory effects on the ApH-driven uptake of tyra- 
mine (Table 3). They thus appeared to affect not 
only the carrier-mediated process but also non-spe- 
cific diffusion of amines through the membrane. 
Additional evidences supporting this view were pro- 
vided by the effect of these drugs on the uptake of 
amines by liposomes [19]. Liposomes in which the 
interior was acidic with respect to the external 
medium took up amines by diffusion of their neutral 
form through the phospholipid bilayer since in this 
case no specific carrier was involved. Noradrenaline 
(Fig. 2) and tyramine were accumulated into lipo- 
somes, but it may be noted that tyramine was taken 
up at faster rates than noradrenaline (Table 5). 

Chlorpromazine, at doses which blocked the ApH- 
driven uptake of catecholamines by chromaffin gran- 
ule membranes, efficiently blocked tyramine and 
noradrenaline uptake by liposomes (Table 5). High 
concentrations (10 4M) of reserpine had also an 


Tetrabenazine 


(1 uM) 


810 + 90 


amount 
accumulated 
830 + 36 


(pmoles/mg protein) 


ra 
2 
g 
= 
ob 
> 
co 
v 
“a 
ro 
s 
Vv 
= 
5 
= 
y 
= 
= 
z 
hs 
— 
[= 
< 
3 
Vv 
<= 
S 
e 


reaching 
(sec) 


Uptake in absence of drug* 
Time for 
plateau 


uptake 
(pmoles/min/mg protein) 
6700 + 1500 
560 + 105 





+ The time course in the presence of drugs was measured under the same conditions and inhibition values determined at the plateau. Controls without drugs 


were adjusted for ethanol. Up to 100 uM, no chlorpromazine precipitation was observed at pH 8.5. Results are means + S.E. of at least three experiments. 


* ‘Ghosts’ (2 mg protein/ml) prepared at pH 5.9 were incubated at pH 8.5 as described in Materials 
and 30sec for methylamine and tyramine uptakes and at 20, 40, 60, 90, 180 and 240 sec for noradrenaline uptake. Methylamine uptake was at the plateau 





of uptake. For noradrenaline the uptake was linear for 40-60 sec. The final concentrations of the accumulated amines were estimated to be 350, 360 and 


at 5 sec and was too fast to allow rate determination. Tyramine uptake reached a plateau at 10-15 sec and the value at 5 sec was used to determine the rate 
370 uM for methylamine, tyramine and noradrenaline, respectively. 








Methylamine 
Noradrenaline 


Tyramine 
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Table 4. Kinetic parameters of catecholamine uptake* 





Nature of V Sos 
uptake Catecholamine (pmoles/min/mg protein) (uM) h 





4300 140 
5650 140 
3000 160 


0.85 
0.85 
0.70 


Noradrenaline 
Noradrenaline 
Tyramine 


ATP-induced 
ApH-driven 
ATP-induced 





* ‘Ghosts’ concentration was 2.2 mg protein/ml. The kinetic parameters were derived from 
Hill and Eadie plots of initial velocities of uptake. V is maximal uptake velocity; Sp.5, substrate 
concentration at half maximal uptake velocity; h, Hill coefficient. The correlation coefficients 
for the Hill plot were 0.999, 0.998 and 0.990 for noradrenaline ATP-induced, noradrenaline 
ApH-driven and tyramine ATP-induced uptakes, respectively. 


inhibitory effect which was nevertheless less marked 
than that of chlorpromazine. Tetrabenazine had no 
effect either on noradrenaline or on tyramine 
transport. 


DISCUSSION 


Involvement of a specific carrier in noradrenaline 
and tyramine uptake. The present communication 
describes the uptake of monoamines by chromaffin 
granule ‘ghosts’ under different and well-defined 
conditions. In the ATP-dependent reaction there is 
no initial ApH between the two sides of the mem- 
brane. Addition of ATP induced only a limited and 
slow acidification, as shown by limited methylamine 
accumulation. On the other hand, during the ApH- 
driven uptake, granule energization was by-passed 
and noradrenaline and tyramine accumulations were 
similar to that of methylamine and were thus related 
only to the magnitude of the imposed ApH. With 
these two model systems, the mechanism of amine 
permeation has been shown to be dependent not 
only on the nature of the amine but also on that of 
the driving force. Thus tyramine was transported 
through a specific carrier during the ATP-driven 
process but this carrier was not involved in the ApH- 
driven process. We define a carrier-mediated uptake 
as being slow (about 400 pmoles/min/mg protein at 
10 4M substrate concentration), saturable with 
respect to amine concentration and inhibited by 
tetrabenazine and reserpine at 1 wM. The similar 
values of h, S,); and V obtained for tyramine and 
noradrenaline suggest a unique carrier for the two 
amines. 

Our measurement of V for ATP-driven noradren- 
aline uptake gave results similar to the figures of 7.7 


and 6.0 nmoles/min/mg protein obtained by Phillips 
[5] and Da Prada et al. [2], whereas S).; values agree 
with Da Prada et al. and Slotkin [25] but are higher 
than the 18 uM figure noted by Phillips. Phillips has 
also reported a positive cooperativity for noradren- 
aline uptake, which contrasts with the negative effect 
that we have observed. Such discrepancies might be 
due to differences in the vesicle preparation, which 
have been resealed in different media. In contrast 
with tyramine, noradrenaline ApH-4riven uptake is 
totally carrier-mediated. The differences observed 
between the two amines can be attributed to the 
lower passive permeability of lipidic membranes to 
noradrenaline. This hypothesis is supported by our 
experiments with liposomes (Table 5) which indicate 
a difference of at least one order of magnitude in 
the passive permeabilities towards the two amines. 
The lack of passive permeability may be related to 
the presence of two hydroxyl groups on the phenyl 
ring of noradrenaline since this amine shares this 
property with other catecholamines such as dopa- 
mine and adrenaline which also show an ATP- 
dependent uptake completely blocked by reserpine 
[2]. 

The fast tetrabenazine-resistant uptake of tyra- 
mine observed after a pH jump is thought to be the 
result of non-specific diffusion of the neutral form 
of tyramine across the membrane and of its accu- 
mulation inside the vesicle in accordance with the 
pH gradient. Under different conditions, such a non- 
specific ApH-driven transport might be superim- 
posed on the ATP-dependent uptake. With intact 
chromaffin granules and in the case of tyramine and 
metaraminol, the pH-difference existing between the 
granule interior and the medium would induce a 
non-specific process which might explain the limited 


Table 5. ApH-driven catecholamine uptake by liposomes* 





Catecholamine Uptake 


Liposomes (10 uM) 


(pmoles/min/mg phospholipid) 


Inhibition (%) 





Tetrabenazine 
(10 uM) 


Reserpine 
(10 uM) 


Chlorpromazine 
(100 uM) 





I Noradrenaline 15.7 
II Noradrenaline 8 
II Tyramine 61 


26 
43 
64 





.. * Liposomes I (obtained by vaporization of an ether solution of phospholipid) and liposomes II (obtained by sonication 
of an aqueous solution of phospholipid) were prepared at pH 5.0 and titrated to pH 8.0 as described in Materials and 
Methods. Uptake was measured after 20 min of incubation with noradrenaline or 4 min with tyramine and is expressed 
as pmoles/min/mg phospholipid for comparison, but these values are not intended to be rate measurements. 
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or lack of stimulation by ATP and the partial inhi- 
bition by reserpine observed in this case [26, 27]. 

Differences in the drug effects. Our studies clearly 
showed that the drugs used in the present com- 
munication did not affect, at concentrations which 
blocked monoamine uptake, chromaffin granule 
energization. They were neither inhibitors of the H’- 
translocase activity nor uncouplers (H*-ionophores) 
since ApH and Aw generations were unaffected. It 
was assumed, therefore, that the drugs only altered 
the passage of catecholamines through chromaffin 
granule membrane. 

Differences have been noted in the effects of the 
various drugs. Throughout this study tetrabenazine 
(1-10 4M) inhibited only the carrier-mediated pro- 
cess. Reserpine at low doses (1 4M) was also a 
specific inhibitor of the catecholamine carrier. At 
higher doses (10 uM), this drug also affected pro- 
cesses not mediated by the catecholamine carrier, 
such as the ApH-driven uptake of tyramine by 
‘ghosts’ or liposomes or of noradrenaline by lipo- 
somes. In this regard, reserpine bears resemblance 
to the neuroleptics haloperidol and chlorpromazine. 
This effect may be interpreted as a decrease of the 
rate of passive amine fluxes. It may also result from 
a perturbation of the imposed pH gradient since the 
total amount of accumulated amine was decreased. 
The drugs would thus perturb the transient ApH 
imposed on weakly buffered ‘ghosts’, but would not 
destroy the pH gradient continuously generated by 
the proton pump in the well buffered granules. Neu- 
roleptics also blocked the catecholamine carrier, 
since they inhibited the ATP-driven uptake of tyra- 
mine and noradrenaline without affecting energi- 
zation. This effect is not surprising since numerous 
reports [28,29] have described inhibition of facili- 
tated fluxes by neuroleptics, detergent and 
anesthetics. 
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Inhibition by chlorpromazine of the ATP-induced 
adrenaline uptake by ‘ghosts’ has recently been 
explained by an uncoupling effect of the drug [30]. 
Nevertheless, it has to be noted that the concentra- 
tion of chlorpromazine reported to affect the Aw 
involved in the mechanism of uptake [13], i.e. that 
observed after addition of ATP, was higher than the 
concentration which blocked the active transport. 
We thus suggest that chlorpromazine presents not 
only a non-specific effect which increases the perme- 
ability of the membrane to protons, as proposed in 
[30] and as indicated by its effect on monoamine 
uptake by liposomes or ApH-driven uptake of meth- 
ylamine and tyramine by ‘ghosts’, but also inhibits 
the carrier-mediated process. The fact that ‘ghost’ 
ApH-driven uptake of noradrenaline is more sensi- 
tive to chlorpromazine than tyramine is further evi- 
dence of an inhibition of the carrier. 

Mechanism of catecholamine uptake. The basic 
question is the relative importance of the ApH and 
the Aw generated by the H*-translocase as driving 
forces of catecholamine uptake. Although not 
intended in that purpose, the present communication 
gives some insight on that problem. We have shown 
that methylamine, which is a pH probe and which 
is not transported through the catecholamine carrier, 
is not significantly accumulated by the ATP-depen- 
dent process (Table 2). This result suggests that, in 
the absence of an added permeant anion, the pH 
gradient generated in ‘ghosts’ by the proton pump 
is weak and cannot induce by itself an accumulation 
of methylamine comparable to that of specifically- 
transported amines. The uptake of tyramine is also 
interesting in this respect. As noted before, in 
response to an imposed ApH this amine was trans- 
ported by the same non-specific route as methylam- 
ine. But when ‘ghosts’ were energized by addition 
of ATP, tyramine was transported by the specific 





Liposome~-bound 
catecholamines 





SEES / 


Free catecholamines 


xX 


/\\ 


[\\ 
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20 
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Fig. 2. Separation of liposome-bound and free (?H] noradrenaline on Sephadex G-50 columns. Type 
I liposomes prepared at pH5.0 were incubated with (*H]noradrenaline, either at pH 8 (x) or at 
pH 5 (@). 
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carrier and this process was efficient whereas the non 
carrier-mediated uptake of methylamine was very 
limited. Under these conditions the carrier-mediated 
process thus appears to be an absolute requirement 
for active transport. This observation is consistent 
with the hypothesis involving the potential difference 
as a driving force in the mechanism of uptake [6, 13] 
since such an hypothesis assumes net exit of positive 
charges coupled with catecholamine influx, an 
exchange mechanism which implies participation of 
the catecholamine carrier [6]. 
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IN VIVO EFFECTS OF PENTOBARBITAL AND 
HALOTHANE ANESTHESIA ON LEVELS OF ADENOSINE 
3’ ,5'-MONOPHOSPHATE AND GUANOSINE 3’,5’- 
MONOPHOSPHATE IN RAT BRAIN REGIONS AND 
PITUITARY 
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Abstract—The effects of two general anesthetics, pentobarbital and halothane, on in vivo levels of 
cyclic AMP and cyclic GMP were examined in seventeen brain regions and the pituitary in the rat. 
Ventilation was controlled to produce normal values of arterial pH, pCO, and pO, , to eliminate changes 
in cerebral perfusion and oxygen delivery which occur as a result of the respiratory depressant effect 
of these drugs. Arterial pressure was monitored and colonic temperature was maintained within normal 
limits. Pentobarbital was given as a single i.p. injection of 80 mg/kg. Control animals received an 
equivalent volume of vehicle solution. Induction of halothane anesthesia was accomplished by placing 
the animals in a jar flushed with 3% halothane in air. After 3 min the animals received 2% halothane 
in air via a nose cone. Control animals for this experiment were placed in an air-filled jar. Experimental 
and control animals were killed by microwave irradiation 1 hr after the start of anesthesia. Both drugs 
decreased levels of cyclic GMP in virtually all regions. The largest changes occurred in the cerebellum, 
where cyclic GMP dropped to 7.4 per cent of control with pentobarbital and to 9.8 per cent of control 
following halothane. Levels of cyclic AMP significantly increased in the cerebellum, brainstem and 
hypothalamus after halothane, by 58, 49 and 65 per cent, respectively. Both pentobarbital and halothane 
markedly increased cyclic AMP levels in the pituitary (to 784 and 270 per cent of control values, 
respectively). These results show that halothane and pentobarbital, which modify synaptic transmission, 


selectively alter cyclic AMP and cyclic GMP levels in specific brain regions and the pituitary. 


Inquiry into the neurochemical basis of the action 
of general anesthetics and other central nervous sys- 
tem depressant drugs has led a number of investi- 
gators to examine the effects of these drugs on levels 
of the cyclic nucleotides adenosine 3’ ,5’-monophos- 
phate (cyclic AMP) and guanosine 3’ ,5’-monophos- 
phate (cyclic GMP). Both cyclic AMP and cyclic 
GMP are found in the CNS in relatively high con- 
centrations, and both compounds have been sug- 
gested as mediators of synaptic transmission [1, 2]. 
At present, a large body of evidence points to alter- 
ations in synaptic transmission as being responsible 
for much of the phenomena of general anesthesia 
[3, 4]. 

Biebuyck et al. [5] found that whole brain levels 
of cyclic AMP were increased approximately 2-fold 
after 1 hr of anesthesia with halothane, ketamine or 
morphine in rats ventilated to control pCO, at nor- 
mal values. Nahrwold et al. [6] reported no significant 
change in cyclic AMP in mouse cortex, cerebellum 
or spinal cord during halothane anesthesia, except 
for a decrease in cyclic AMP in the cortex at con- 
centrations of halothane of 2.4% or greater. These 
higher doses of halothane were associated with 
hypoxemia and attendant acidosis. 

Barbiturates produce centrally mediated behav- 
ioral effects but their mode of action remains 


unknown. Neurochemical studies in rats during acute 
barbiturate administration have shown changes in 
the turnover of the catecholamines, serotonin and 
acetylcholine [7]. These changes might cause alter- 
ations in the post-synaptic activities of the cyclic 
AMP and cyclic GMP systems. Cyclic GMP levels 
in the cerebellum have been shown to decrease with 
acute administration of pentobarbital [8,9] and our 
laboratory has reported cyclic GMP decreases in 
many brain regions in rats maintained chronically on 
barbiturates [10]. 

Mueller et al. [11] have demonstrated an inverse 
correlation between cerebellar cyclic GMP and pCO, 
as ventilation was varied. Their studies illustrate the 
need to verify that arterial blood gas values are in 
the normai range before the effects of a drug on 
brain cyclic GMP levels can be reliably assessed. 

Microwave irradiation minimizes post-mortem 
changes in the levels of cyclic nucleotides by pro- 
viding rapid tissue inactivation while leaving the 
brain in a condition suitable for regional dissection. 
Using this method, this laboratory has been able to 
measure in vivo levels of cyclic AMP and cyclic GMP 
from rat brain regions [10, 12]. 

The aim of this study was to provide data on 
regional changes in cyclic GMP and cyclic AMP 
produced by two general anesthetics with quite dif- 


1891 





1892 


ferent properties under conditions where arterial 
pressure, pO,, pCO,, pH and body temperature were 
known to be within the normal physiologic range. 


MATERIALS AND METHODS 


Animals. Male albino rats (300-353 g), WRC stock 
from the Walter Reed Army Institute of Research 
colony, were used in all experiments.* The animals 
had free access to food and water, and were main- 
tained in a 12-hr light-dark cycled room. Experi- 
ments were performed between 8:30 a.m. and 4: 30 
p.m. Control and anesthetized animals were alter- 
nately killed within each experiment. 

Solutions. Pentobarbital was obtained from 
Abbott (North Chicago, IL) and contained pento- 
barbital (SO mg/ml) in an aqueous vehicle containing 
40% propylene glycol and 10% alcohol. Halothane 
was obtained from Halocarbon (Ontario) Ltd. 

Administration of anesthesia. Pentobarbital was 
given as a single intraperitoneal injection of 80 mg/kg. 
Control animals received an equivalent volume of 
vehicle solution and were then returned to their 
home cages. After pentobarbital, the animals were 
placed on a warming blanket, a colonic thermistor 
probe was inserted, and colonic temperature was 
maintained between 37 and 38°. Tracheostomy was 
performed and the animals were ventilated with 
room air using a Harvard rodent respirator via a 14- 
gauge Medicut cannula. In all animals, ventilation 
was begun within 6 min of the pentobarbital injec- 
tion. An incision was made to expose the femoral 
artery, which was cannulated with polyethylene tub- 
ing and flushed with a solution of heparin in 0.9% 
NaCl. The arterial line was connected to a Statham 
model P-37 transducer, and periodic measurements 
of arterial pressure were made. At 30 and 55 min 
after the start of anesthesia, a 0.6-ml aliquot of 
arterial blood was withdrawn into a syringe rinsed 
with a solution of heparin, and analyzed immediately 
for pCO,, pO, and pH, using a Corning model 161 
blood gas analyzer. After each sample was removed, 
the animals received a slow injection of 0.6 ml of 
0.9% NaCl solution through the arterial catheter. 

Induction of halothane anesthesia was accom- 
plished by placing the animals in an 8-liter jar which 
had been previously filled and continually flushed 
with 3% halothane in air. Control animals were 
placed in an air-filled jar for 3 min and returned to 
their home cage. After loss of righting reflex and 
response to stimulation (about 3 min), the animals 
were placed on the warming blanket and they 
received 2% halothane in air via a nose cone while 
tracheostomy and placement of colonic temperature 
probe were performed. After placing a 14-gauge 
Medicut cannula into the trachea, the halothane 
concentration was reduced to 1% in air, and venti- 
lation was controlled with a Harvard rodent respir- 
ator for the remainder of the 60-min anesthetic. In 





* In conducting the research described in this report, the 
investigators adhered to the Guide for Laboratory Animal 
Facilities and Care, as promulgated by the Committee of 
the Guide for Laboratory Animal Facilities and Care of 
the Institute of Laboratory Animal Resources, National 
Academy of Sciences, National Research Council. 


G. J. KANT et al. 


all animals, controlled ventilation was begun within 
9 min from the beginning of halothane administra- 
tion. Halothane was delivered and the concentration 
was varied using a calibrated Fluotec Mark II vapor- 
izer. Arterial cannulation and blood gas sampling 
were performed as described for the animals receiv- 
ing pentobarbital. 

Microwave irradiation. At 59 min after the start 
of induction of anesthesia the temperature probe 
was removed, and the animals were disconnected 
from the arterial pressure transducer and the ven- 
tilator, and were positioned in a plexiglass holder. 
Preliminary experiments demonstrated that the 
measured physiologic variables remained within nor- 
mal limits for over 1 min after the animal was 
removed from the ventilator. Control animals were 
taken from their home cages and placed in the 
plexiglass holder. The holder was inserted into a 
hole in the short-circuiting endplate of a WRC 430 
waveguide exposure chamber in such a manner that 
the longitudinal axis of the rat head was perpen- 
dicular to the microwave E field. The animals were 
killed 60 min from the start of anesthesia by micro- 
wave irradiation at 2450 MHz. The power source 
and waveguide were modified to achieve greater 
uniformity and efficiency of inactivation [13, 14]. 
Animals were exposed for approximately 5 sec with 
2.5 kW forward power (1-3% reflected). 

Sample preparation. Following microwave irradia- 
tion, the heads were cooled briefly on dry ice for 
ease of handling. The brain was then carefully 
removed and the desired regions were dissected as 
described previously [15]. The tissue pieces were 
weighed, placed in 50 mM sodium acetate buffer (pH 
6.2) and then sonicated with a Heat Systems model 
185 for 5—30 sec, depending on tissue.size, at a power 
setting of 50 W. The sonicates were centrifuged at 
25,000 g for 15 min. The supernatant fractions were 
stored at —70° until assayed. 

Cyclic nucleotide assay. Cyclic AMP and cyclic 
GMP levels were determined by a slight modification 
of the radioimmunoassay described by Steiner et al. 
[16]. The reaction volume of 0.5 ml differed in that 
it contained 200ug of rabbit gamma globulin 
(Schwarz/Mann, Orangeburg, NY). After 16hr at 
4°, separation of free and bound cyclic nucleotides 
was accomplished by addition of 1.5 ml of ice-cold 
50 mM sodium acetate (pH 6.2) with 16% Carbowax 
6000 (Schwarz/Mann) and 1 mg/ml rabbit gamma 
globulin, followed by centrifugation at 4° for 10 min 
at 2000 g with subsequent aspiration of the super- 
natant fraction. 

For measurement of the cyclic nucleotides in the 
smaller brain regions, a further modification of the 
method described by Harper and Brooker [17] was 
employed. Standards and brain samples were ace- 
tylated at the 2’0 position in 50 mM sodium acetate 
(pH 4.8) using a freshly prepared 2:1 mixture of 
triethylamine/acetic anhydride. Following the ace- 
tylation procedure, the radioimmunoassay pro- 
ceeded as noted above. 

The data were analyzed by computer using a non- 
linear four parameter logistic model weighted for 
non-uniformity of variance [18]. The respective sen- 
sitivities (minimal detectable amounts) for cyclic 
AMP and cyclic GMP were 0.10 and 
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0.025 pmole/assay tube for the routine assay and 
3 fmoles for the acetylated assay. Phosphodiesterase 
treatment of tissue extracts reduced cyclic AMP and 
cyclic GMP to undetectable levels, representing a 
reduction of greater than 95 per cent for cyclic AMP 
and 80 per cent for cyclic GMP in each region. 


RESULTS 


Physiologic variables. All animals receiving pen- 
tobarbital or halothane were found to have pO), 
pCO,, pH and mean arterial pressure within the 
physiologic range, as seen in Table 1. The only 
borderline value, and the only pO, less than 65 Torr, 
was a pO, of 56 in one animal in the halothane 
group. This animal had no concomitant acidosis, 
hypotension, or other evidence of hemodynamic or 
respiratory compromise and hence was included in 
the study. 

The difference in mean arterial pressure between 
the pentobarbital and the halothane groups (Table 
1) is a reflection of the greater degree of depression 
of myocardial contractility seen with halothane. 

Effects of pentobarbital on regional cyclic GMP 
and cyclic AMP levels. Pentobarbital significantly 
decreased levels of cyclic GMP in fourteen of the 
seventeen brain regions examined (Fig. 1), as well 
as in the pituitary (Fig. 2). In most of these regions, 
the cyclic GMP levels were decreased by over 50 per 
cent. The most dramatic decreases were seen in the 
cerebellum (to 7 per cent of control levels), the 
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Table 1. Physiologic variables* 





Variables Pentobarbital Halothane 





72.0 (69-76) 
38.7 (35-43) 
7.417 (7.39-7.45) 
122 (95-135) 


84.2 (56-95) 
38.0 (36-42) 
7.423 (7.35-7.46) 
83 (67-104) 





* Gas tensions and mean arterial pressure (MAP) are 
expressed in Torr. Values represent the mean of the 
measurements made on each of the six animals in each 
grouping during min 55 of anesthesia. The range of the six 
measurements is in parentheses. 


pineal (to 13 per cent of control) and in the cortical 
areas (24-33 per cent of control). 

A striking increase of more than 7-fold in pituitary 
cyclic AMP was found after I hr of pentobarbital 
anesthesia (Fig. 2). Other statistically significant 
changes occurred in the frontal cortex where cyclic 
AMP levels dropped by 28 per cent and in the 
amygdala where cyclic AMP levels were increased 
by 27 per cent. All other regions showed small and 
statistically insignificant changes with pentobarbital. 

Effects of halothane on regional cyclic GMP and 
cyclic AMP levels. Halothane significantly decreased 
levels of cyclic GMP in fifteen of the seventeen brain 
regions measured (Fig. 3) and in the pituitary (Fig. 
2). Again, the decreases in the cerebellum and pineal 
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Fig. 1. Levels of cyclic AMP and cylic GMP in rat brain regions after | hr of pentobarbital anesthesia 
expressed as percent of control. Each value is the mean + S.E.M. of six animals. Control levels of 
(cyclic AMP, cyclic GMP) for each brain region, expressed as pmoles/mg wet wt, and regional abbrevi- 
ations are: CB, cerebellum (0.463, 0.505); BS, brainstem (0.397, 0.089); MB, midbrain (0.554, 0.097), 
HIP, hippocampus (0.450, 0.032); SN, substantia nigra (0.636, 0.047); TH, thalamus (0.498, 0.026); 
HY, hypothalamus (0.730, 0.049); AM, amygdala (0.361, 0.035); SE, septal region (1.643, 0.041); OT, 
olfactory tubercle (1.022, 0.044); NA, nucleus accumbens (0.543, 0.049); ST, striatum (0.536, 0.039); 
CX, cortex (0.639, 0.049); FCX, frontal cortex (0.734, 0.060); PCX, pyriform cortex (0.457, 0.031); 
OB, olfactory bulb (0.652, 0.097); and PIN, pineal (1.288, 0.082). Student’s t-test was performed on 
absolute levels (two-tailed). Key: (*)P < 0.05, and (**)P < 0.005 (significantly different from control 
level). 
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Fig. 2. Levels of cyclic AMP and cyclic GMP in rat pituitary 
after Ihr of pentobarbital or halothane anesthesia 
expressed as per cent of control. Each value is the mean + 
S.E.M. of six animals. Control levels are expressed as 
pmoles/mg wet wt: cyclic AMP, 1.194 (pentobarbital), 
1.070 (halothane) and cyclic GMP 0.055 (pentobarbital) 
and 0.077 (halothane). Key: (*) P<0.05, and (**) P< 
0.005 (significantly different from control level). 
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were most marked (to 10 and 12 per cent of control 
levels, respectively). 

Halothane elevated cyclic AMP levels in the pitui- 
tary to 270 per cent of control levels after 1 hr of 
anesthesia (Fig. 2). Significant increases (with levels 
reported as percentage of control) were also 
observed in the cerebellum (158 per cent), brainstem 
(149 per cent) and hypothalamus (165 per cent). In 
the striatum, levels were significantly decreased to 
75 per cent of control levels. 


DISCUSSION 


Both pentobarbital and halothane anesthesia 
greatly decreased levels of cyclic GMP in most of 
the brain regions examined. These data are consist- 
ent with observations that sedative or depressant 
drugs generally decrease rat brain cyclic GMP levels, 
especially in the cerebellum which has been most 
extensively studied (8-10, 19-22]. Conversely, cere- 
bellar cyclic GMP has been found to increase after 
administration of stimulant drugs [19, 23]. In addi- 
tion to such drug-induced changes in cyclic GMP 
levels, we have also reported that locomotor activity 
itself may affect levels of cyclic GMP in some brain 
regions. Cerebellar cyclic GMP levels increase mark- 
edly after 5 min of activity in a running wheel [24] 
and decrease significantly following 15 min of forced 
immobilization. Thus, some of the decrease in cyclic 
GMP levels observed after 1 hr of anesthesia may 
be linked to the decreased level of motor activity in 
the anesthetized animals. 
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Fig. 3. Levels of cyclic AMP and cyclic GMP in rat brain regions after 1 hr of halothane anesthesia 
expressed as per cent of control. Each value is the mean + S.E.M. of six animals. For brain region 
abbreviations, see Fig. 1. Control levels of (cyclic AMP, cyclic GMP) are expressed as pmoles/mg wet 
wt: CB (0.304, 0.823), BS (0.351, 0.117), MB (0.582, 0.120), HIP (0.568, 0.029), SN (0.742, 0.077), 
TH (0.536, 0.018), HY (0.674, 0.052), AM (0.543, 0.061), SE (0.904, 0.061), OT (0.718, 0.069), NA 
(0.678, 0.065), ST (0.528, 0.052), CX (0.385, 0.050), FCX (0.680, 0.044), PCX (0.729, 0.061), OB 
(0.905, 0.107) and PIN (1.236, 0.181), (*) P< 0.05, (**) P< 0.005 [Student's t-test (two-tailed) on 
absolute levels]. 
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The anesthetics could also affect levels of cyclic 
GMP in particular brain regions by modification of 
pre- or post-synaptic transmission in specific neu- 
ronal pathways. For example, pentobarbital has been 
shown to enhance inhibitory GABAergic transmis- 
sion [25, 26], and an inverse relation between GABA 
and cyclic GMP has been demonstrated in the rat 
cerebellum [27]. More work of this type is required 
to elucidate the interplay of anesthetics, neurotrans- 
mitters and cyclic GMP at the cellular level. 

The changes in cyclic AMP observed were less 
widespread throughout the brain and specific to a 
few regions, especially the pituitary. We did not 
observe changes in cyclic AMP levels in a previously 
reported chronic sodium barbital model in which 
pituitary cyclic AMP was not measured. The lack of 
significant alterations in cyclic AMP levels after pen- 
tobarbital in any regions except the amygdala (27 
per cent increase) and the pituitary (680 per cent 
increase) is thus consistent with the chronic data 
[10]. The pituitary cyclic AMP system appears to be 
remarkably responsive. We have recently reported 
large pituitary cyclic AMP increases after phospho- 
diesterase inhibition with RO 20-1724 or after the 
dopamine agonist apomorphine [23]. Catechol- 
amine-sensitive adenylate cyclases have been found 
in the anterior and posterior pituitary [28, 29]. 
Reserpine has also been found to increase pituitary 
cyclic AMP in vivo [30]. Possibly, the pentobarbital- 
induced cyclic AMP rise reported here is mediated 
via alterations in activity in the tubero-infundibular 
dopamine system, or other neuropeptide-neuro- 
transmitter systems linked to the pituitary. 


Alternatively, pentobarbital might increase pitui- 
tary cyclic AMP via increased release of adenosine 
as recently reported by Cohn and Cohn [31] for 
whole brain. 

The pattern of cyclic AMP response after halo- 
thane was qualitatively different than that after pen- 


tobarbital. Again, pituitary cyclic AMP was 
increased, although to a lesser extent than seen after 
pentobarbital. Possibly changes in transmitter turn- 
over in the hypothalamo-pituitary regions are 
responsible. Halothane has also been reported to 
directly increase adenylate cyclase activity in the 
uterus [32], and this anesthetic might affect adenylate 
cyclase activity directly in the pituitary as well as in 
the other brain regions (hypothalamus, cerebellum 
and brainstem) where cyclic AMP increases were 
observed. 

Although cyclic AMP in the pituitary was less 
increased after halothane than after pentobarbital, 
cyclic AMP levels in several brain regions were 
increased after halothane but not after pentobarbital. 
These findings are consistent with the reported 
increases in whole brain cyclic AMP after halo- 
thane [5]. However, as this regional study demon- 
strates, the increases in cyclic AMP after halothane 
are not uniform but restricted to specific brain 
regions. 

In summary, these results show that two anes- 
thetics which modify synaptic transmission selec- 
tively alter cyclic GMP and cyclic AMP levels in 
specific brain regions and the pituitary. The neuronal 
pathways involved in each instance and the exact 
molecular mechanisms remain to be defined. 
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Abstract—The distribution in vitro of (-)l-a-acetylmethadol (LAAM) in human blood constituents was 
studied. In concentrations close to those found in humans who are maintained on LAAM (0.35 nmole/ml 
serum), the drug was distributed almost evenly between plasma proteins and red blood cells. At similar 
concentrations of the drug in plasma alone, over 80 per cent was bound to protein. The strength of 
binding to proteins was very weak, as demonstrated by our inability to obtain a protein-LAAM complex 
by conventional Sephadex G-200 column chromatography. However, equilibration and elution of the 
column with buffer containing 0.35 nM drug, using [*H]LAAM as tracer, allowed the identification of 
a LAAM-protein complex. The fraction responsible for the bulk of LAAM binding in serum was 
identified as an a-globulin with a molecular weight of about 400,000. Equilibrium dialysis experiments 
showed that the role played by albumin in the binding of LAAM was insignificant. The binding of 
LAAM to serum proteins was highly reversible, as attested by the displacement of [“H]LAAM from 
its binding sites by unlabeled drug. The major metabolites of LAAM, noracetylmethadol and dinor- 
acetylmethadol, were also weakly and reversibly bound by serum proteins and competed with LAAM 
for protein binding sites. A Scatchard plot, after equilibrium dialysis of various concentrations of LAAM 
against human serum, indicates that the maximum specific binding of drug was 8.2 nmoles/ml serum. 
These data suggest that, assuming at least one binding site per protein molecule, the binding occurs to 
a protein of very low concentration (about 1 mg/ml) in plasma. This is consistent with the data that 
suggest an insignificant role of human serum albumin in the binding of LAAM and the identification 
of a very high molecular weight protein as the possible binding entity. The data suggest that LAAM, 
its metabolites, and methadone compete for the same protein binding sites and that the binding capacities 
of plasma for both LAAM and methadone are of the same order of magnitude. The results failed to 
show any cooperativity on the plasma protein binding of LAAM, its metabolites or methadone. 


A complete study of the physiological, pharmaco- 
logical, biochemical and physico-chemical properties 
of the narcotic analgesic 1|-a-acetylmethadol 
(LAAM), a long-acting derivative of methadone 
developed originally as an analgesic and having a 
opiate-like profile [1], would be useful prior to its 
large-scale introduction in the treatment of heroin 
addiction in humans. 

A diversity of reports indicates that in vivo the 
narcotic analgesic LAAM is converted to two major 
metabolites, namely a-acetylmethadol (nor-LAAM) 
[2] and a-acetyldinormethadol (dinor-LAAM) [3]. 
Both metabolites have been found to remain in the 
circulation for prolonged periods [4], and there is 
existing evidence that a significant portion of the 
activity of LAAM is due to its metabolites [3, 5]. 
LAAM and its metabolites have been found to bind 
to the opiate receptors of rat brain [6]. 

Despite the fact that the binding of drugs to plasma 
proteins is well established as an important variable 
in the pharmacological and therapeutic activities of 
medicinal agents, to our knowledge no studies have 
been reported on the binding and distribution of 
LAAM and its major metabolites to blood 
constituents. 





* To whom reprint requests should be addressed. 


In this work we report the distribution of LAAM 
between red blood cells and plasma proteins. By 
using the techniques of gel filtration and equilibrium 
dialysis, we studied in vitro the nature, extent and 
reversibility of the binding of LAAM and its metab- 
olites to plasma proteins. We also identified a LAAM 
binding fraction present in low (1-2 mg/ml) concen- 
tration in plasma and characterized it as a high mol- 
ecular weight a-globulin. 


MATERIALS AND METHODS 


Drugs. PH|LAAM, tritiated in carbon 2 of the 
heptyl chain sp. act. 40.3mCi/mmole; [*H]nor- 
LAAM, tritiated in the 0,0’ carbon atoms of the 
phenyl rings, sp. act. 1.40 Ci/mmole; [*H]dinor- 
LAAM, tritiated in the 0,0’ carbon atoms of the 
phenyl rings, sp. act. 94mCi/mmole; and 
[°H]methadone, tritiated in the 0,0’ carbon atoms 
of the phenyl ring, sp. act. 16.7 Ci/mmole, were 
obtained as their hydrochloride salts from the 
Research Triangle Institute (Research Triangle 
Park, NC, U.S.A.) as authorized by the National 
Institute on Drug Abuse. All the compounds were 
over 95 per cent pure as determined by radioscan 
after thin-layer chromatography. The above named 
unlabeled compounds were also supplied in crystal- 
line form by the same organization. 
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Materials. All chemicals were reagent grade except 
cesium ‘chloride (CsCl), which was optical grade 
ultrapure. Sephadex G-200 (40-120 um, 30-40 ml 
bed vol/g dry gel) was obtained from Pharmacia 
(Uppsala, Sweden). Gravity flow columns 
(1.5 x 100cm, 1.5 x 60cm, and 5.0 x 100 cm) were 
used for gel filtration chromatography (Glenco 
Scientific, Houston, TX, U.S.A.) 

Methods. The gel filtration chromatography was 
carried out at a room temperature of 20 + 3°. 
Absorbancies were detected with an ISCO UA-5 
absorbance monitor and recorder (Instrumentation 
Specialties Co., Lincoln, NE, U.S.A). The eluant 
was collected in tubes in an automatic fraction col- 
lector. Radioactivity was counted in a Beckman 
liquid scintillation counter (Beckman Instruments, 
Palo Alto, CA, U.S.A.), and quench was corrected 
by external standardization. 

Blood was collected in disodium edetate vacutai- 
ners (Becton—Dickinson, Rutherford, NJ, U.S.A.), 
from non-fasting, apparently healthy individuals with 
no current or past history of narcotic abuse. When 
serum was desired, blood samples were collected in 
the absence of anticoagulants, allowed to clot at 
room temperature and centrifuged immediately 
thereafter. The serum was removed and stored at 
4°. For larger amounts of plasma, outdated blood 
from the institution’s blood bank was used. 

The time course of binding of the different drugs 
to serum proteins was determined by dialysis. Equi- 
librium dialysis was used to determine per cent bind- 
ing of drugs to protein. Bound/free ratios were cal- 
culated at various concentrations of drug for Scat- 
chard plots [7]. 

The basic apparatus for the dialysis has been 
described before [8] and consisted of a magnetic 
stirrer, a stirring bar, a dialysis bag, a short glass 
tube (inserted in a rubber stopper) to which the 
dialysis bag was fastened with surgical silk, and a 
250-ml graduated cylinder to hold the dialyzing sol- 
ution. The opening made by the glass tube allowed 
the serial removal of serum aliquots at various time 
intervals. The dialysis tubing was prepared by heat- 
ing for 1 hr at 80° in the presence of 1% EDTA and 
soaking in water with 0.1% EDTA until used. 
Dialysis was carried out at 20 + 3°. At the start of 
the run, 200 ml of the buffer (150 mM NaCl, 1 mM 
KH,PO,, pH 7.35) were added to the graduated 
cyclinder, and the desired amount of drug was added 
from stock 1 mM solutions. Two milliliters of serum 
were pipetted inside the bag and equilibration was 
allowed to proceed. 

For partial characterization of the LAAM-binding 
fraction of plasma, chromatographic columns 
(5 x 100cm) were used to fractionate 15 ml of 
plasma or serum by gel filtration. The desired frac- 
tions were collected, enough CsCl was added to 
bring their densities to 1.21 g/ml, and they were 
centrifuged for 30hr at 286,000g in a Beckman 
model L3-40 ultracentrifuge using a model SW41T1 
swinging bucket rotor. The supernatant fluid from 
the tubes was removed and discarded. The lowest 
1-ml fraction in the bottom of the tubes was collected, 
dialyzed exhaustively against 0.1 M NH,HCO,, and 
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lyophilized. The electrophoretic mobility of this 
material was characterized by Sepraphore polyace- 
tate electrophoresis and its molecular weight esti- 
mated by sodium dodecylsulfate (SDS) gel electro- 
phoresis. Gels were prepared as described by Maizel 
[9] and molecular weights were estimated according 
to Weber and Osborn [10]. Proteins of known mol- 
ecular weights (Sigma Chemical Co., St. Louis, MO, 
U.S.A.), were used as standards in the calibration 
curve for molecular weight determination. 
Quantitative protein determinations were made 
by Sutherland’s [11] modification of the Folin reac- 
tion. Spectrophotometric measurements were done 
in a model 635 Varian UV-Vis spectrophotometer 
(Varian Associates, Palo Alto, CA, U.S.A.). 


RESULTS 


Distribution of LAAM in blood constituents. The 
results presented in Table 1 indicate that in whole 
blood, LAAM is distributed nearly evenly between 
red blood cells and plasma: the results are consistent 
for the six subjects studied. The subjects used for 
this study had not been recently exposed, to our 
knowledge, to LAAM or any other opiate-like drugs, 
and significant differences could occur in individuals 
exposed to LAAM or analogous drugs. Evidence of 
the weak nature of the binding of LAAM to plasma 
protein was obtained by Sephadex G-200 gel filtra- 
tion, as illustrated in Fig. 1. The elution pattern 
indicated that, even when the serum proteins were 
allowed to equilibrate for 18-24 hr with [H]LAAM, 
the binding was easily reversible since almost all the 
drug eluted after the proteins. The radioactivity 
coincided with the elution of other small molecules 
present in plasma which absorb at 280 nm and that 
elute with the total volume (or volume accessible for 
diffusion) of the chromatographic columns. Similar 
results were obtained with other plasma samples 
(N = 4). This chromatographic behavior is in marked 
contrast to highly lipophilic drugs, such as the can- 
nabinoids, that are strongly bound to plasma proteins 
and elute from the column together with the pro- 
teins*. Since the metabolites of LAAM (nor-LAAM 
and dinor-LAAM) have been found to last for 
periods of over 48 hr in plasma, we also performed 
a gel chromatographic study of these drugs after 
equilibration with plasma to ascertain whether their 
chromatographic behavior was different from that 
of LAAM. The elution behavior of nor-LAAM and 
dinor-LAAM did not differ from that of LAAM. 

Equilibrium dialysis. Our experimental approach 
to equilibrium dialysis was to allow the plasma pro- 
teins to accumulate the drug until saturation. The 
time taken to attain saturation was determined by 
removal of aliquots from the dialysis bag and dia- 
lyzing buffer at various time intervals until the ratio 
of bound/free drug reached a plateau. The plateau 
for LAAM was attained 24hr after start of the 
dialysis, as can be seen in Fig. 2. Bound/free ratios 
were also calculated from samples removed at 36 hr 
or longer. A 5-fold dilution of the serum reduced 
the maximum bound/free ratios from 4.0 to approx- 
imately 2.5. 

Reversibility of the binding of LAAM. Figure 3 
shows the reversibility of the binding of LAAM. 
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Table 1. Distribution of /H]LAAM between red blood cells and plasma in human subjects*. 





Subject Hematocrit Blood+ 


Plasmat+ 


RBC+ RBC/plasma 





5.86 
5.85 
5.16 
5.66 
5.28 
4.99 


0.81 
1.08 
0.94 
0.98 
0.81 
0.81 


6.44 
5.65 
3.31 
5.70 
5.76 
5.47 





* Two milliliters of heparinized blood were incubated in duplicate with [;HJLAAM (7 uM) 
for 1 hr at 37°. Blood (0.5 ml) was removed from each tube and counted for radioactivity. 
The remaining blood was centrifuged, and plasma (0.5 ml) was removed for counting. 
Binding to RBC was calculated from the following relationship: d.p.m./ml RBC = [d.p.m./ml 
blood-d.p.m./ml plasma x (1-hematocrit)] + hematocrit. 

+ Concentration of H]LAAM expressed as nmoles/ml. 


ABSORBANCY AT 280 NM.OD. UNITS) 
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ELUTION VOLUME (ML) 


Fig. 1. Sephadex gel filtration chromatography of human serum (2 ml) incubated with (HJLAAM (2 ug) 
overnight prior to chromatography. Dimensions of the column were 90 x 1.5 cm; Key: absorbancy at 


280 nm ( 


BOUND/FREE LAAM 








TIME OF DIALYSIS (HR) 


Fig. 2. Time course for the saturation of (7H]LAAM 

(0.35 nmole/ml buffer) with serum proteins. Equilibration 

was allowed to proceed as described in the text. Key: 2 ml 

of undiluted serum ( ); and 0.4 ml of serum diluted 
to 2.0 ml ( i. 


); and PH]LAAM ( 





[3H] LAAM Bound (pmoles /ml serum) 





r 
40 
TIME OF DIALYSIS (HR) 





Fig. 3. Time course for the equilibration of [‘H]LAAM 
with serum (2 ml) at various ratios of labeled to unlabeled 
drug. A ratio of 1:5 is indicated by closed triangles 
(4——A), with a starting concentration of [HJLAAM of 
0.07 nmole/ml buffer; a ratio of 1:25 is indicated by open 
squares (O-O-D); a ratio of 1:50 is indicated by closed 
circles (@—@). An arrow (| ) indicates a shift to 1:50 in 
the labeled to unlabeled ratio after equilibrium had been 
attained. 
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Table 2. Comparison of the binding by human serum of various opiate-like 
analgesics* 





Drug 


Bound/Free (24 hr) 


Bound/Free (48-hr) 





[(°H]Methadone 
H|LAAM 
[(SH]Nor-LAAM 
(°H]Dinor-LAAM 


3.66 
4.06 
3.96 
3.19 


2.48 
3.14 
4.22 
3.83 





* Binding was determined by equilibrium dialysis. Each drug was added to 
the buffer (1 nmole/ml) and the amount bound by 2 ml of serum measured at 


24 hr and 48 hr. 


When the drug was incubated with plasma, and the 
ratio of labeled:unlabeled drug was 1:5, serum pro- 
teins bound a significantly higher amount of radio- 
activity than when lower ratios (1:25 and 1:50) were 
used. After the addition of a 45-fold excess of unla- 
beled drug, thus decreasing the labeled to unlabeled 
ratio from 1:5 to 1:50 (as indicated by the arrow in 
Fig. 3), the amount of radioactivity bound dimin- 
ished, reaching the values of radioactivity bound 
when the dialysis was started with a labeled to 
unlabeled ratio of 1:50. An identical effect was 
observed when LAAM (labeled to unlabeled ratio 
of 1:5) was incubated with serum in the presence of 
an excess of either unlabeled nor-LAAM or dinor- 
LAAM. The addition of a 20- and 45-fold excess of 
either unlabeled metabolite at the beginning of the 
dialysis decreased [‘H]LAAM binding by almost 50 
per cent. When the 1:5 ratio of [H]LAAM/LAAM 
was shifted to 1:50 with nor-LAAM and dinor- 
LAAM (after 48hr), a decrease in binding of 
[‘H]LAAM similar to that in Fig. 3 was observed. 
It can be inferred from these results that the binding 
of LAAM is highly reversible and that the metab- 
olites compete for the same binding sites. 

The reversal of the situation, the displacement of 
(’H}dinor-LAAM and [*H]methadone from their 
binding sites by LAAM, was also studied. After a 
24-hr equilibration of serum with the radiolabeled 
drugs (1 nmole/ml buffer), addition of a 50-fold 
excess of unlabeled LAAM caused their displace- 
ment from the binding sites, as shown by a decrease 
in the amount of bound radioactivity per ml plasma. 

The data presented in Table 2 show that the bind- 
ing affinities for LAAM, its major metabolites, mor- 
LAAM and dinor-LAAM, and methadone are of 
the same order of magnitude when their respective 
concentrations in plasma are identical (1 nmole/ml). 
We also found that when [*H]LAAM, [*H]nor- 
LAAM, [*H]dinor-LAAM and [*H]methadone were 
added to serum at a concentration of 1 nmole/ml, 
a 5- to 10-fold excess of all unlabeled drugs studied 
was equally effective in displacing the radiolabeled 
ligand. These results are also consistent with the fact 


that binding is weak and reversible and that the four 
drugs studied here compete for the same binding 
sites. The degree of drug—drug competition has not 
been established at lower ligand concentrations. 

Identification of the LAAM-binding fraction. Our 
failure to isolate and identify a protein-LAAM com- 
plex by gel filtration led us to simulate conditions 
that favor equilibrium between drug and protein. 
Equilibrium of a chromatographic column with a 
buffer containing a given concentration of drug (in 
this case LAAM) favors the possibility of identifying 
a LAAM-protein complex no matter how weak it 
may be. This is true for any ligand, provided appro- 
priate concentrations of the ligand are found in the 
eluting buffer. 

A typical elution pattern for such an experiment 
is illustrated in Fig. 4. We are able to identify a 
protein fraction that binds LAAM. This fraction 
eluted between the first and second protein peak of 
the chromatogram shown in Fig. 1. Having identified 
the probable elution behavior of the protein fraction 
binding LAAM, we fractioned serum in the same 
column and removed three fractions corresponding 
to three different points in the chromatogram. These 
three corresponded to the LAAM-binding protein, 
the immunoglobulins, and albumin. An aliquot of 
each fraction was analyzed for protein content, and 
the remainder was used for the determination of 
LAAM binding by equilibrium dialysis. The results 
of this experiment are summarized in Table 3. The 
fraction binding the most radioactivity in the equi- 
librium experiment in the chromatographic column 
proved to be the one having the highest affinity for 
LAAM. The immunoglobulins, as expected, did not 
bind LAAM. Surprisingly, albumin plays a minor 
role in the binding of LAAM. 

Further characterization of the LAAM-binding 
fraction. Further characterization of the LAAM- 
binding protein indicates that it had the electropho- 
retic mobility of an a-globulin. On SDS gel electro- 
phoresis, because of dissociation of polypeptide 
chains in the several proteins comprising this frac- 
tion, several different bands of varying molecular 


Table 3. Binding of LAAM to plasma fractions from a Sephadex column 





Protein 
(ug/ml) 


Fraction No. Component 


LAAM bound 
(ng/ml) 


Drug 
(ng/ug protein) 





a-Globulin 94 
y-Globulin 260 
Albumin 274 


75 
0 
23 
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Fig. 4. Elution pattern of human serum equilibrated overnight with [*H]LAAM (0.07 nmole/ml); 

labeled:unlabeled ratio, 1:5) and chromatographed in Sephadex G-200 with a buffer containing LAAM 

(0.35 nmole/ml). Dimensions of the column were 60 x 1.5cm. Key: absorbency at 280 nm ( ); 
and [SHJLAAM (- - -). 


weights were observed. Two of the sharpest bands 
in the gel, however, corresponded to particles of 
molecular weights close to 400,000. 

The Scatchard plot presented in Fig. 5 indicates 
that 1 ml of plasma binds specifically 8.2 nmoles of 
LAAM. These results corroborate the previous data 
which indicate that albumin plays an insignificant 
role in the binding of LAAM and that the drug must 
be bound by a protein of low concentration in 
plasma. 

We also performed equilibrium dialysis experi- 
ments using methadone as a ligand to determine its 
binding behavior in plasma. A Scatchard plot (data 
not included) yielded results very similar to those 
found for LAAM. 


DISCUSSION 


Several factors determine the rate at which a drug 
leaves the circulation. Among these are the drug’s 
partition coefficient (ratio of solubility in lipid to 
solubility in water), molecular weight, and state of 
aggregation in plasma. For drugs like LAAM and 
its metabolites, which are of low molecular weight 
and water-soluble, these factors alone would favor 
their rapid disappearance from plasma. The remain- 
ing factor, state of aggregation, may be very impor- 
tant in determining their long-lasting presence. Our 
results show that, at the drug levels found in humans 
treated with these drugs (100-1000 ng/ml serum) 
[4, 12], the fractional binding and the partition coef- 
ficient could be important parameters in determining 
their continuous presence in plasma. In the absence 
of an active renal process for the clearance of the 
drug from plasma, only glomerular filtration will 
account for their removal in urine. If the fractional 
binding is high, as shown by the results presented 
in Fig. 5 and Table 2, the amount of drug available 





* E. Toro-Goyco, unpublished data. 


for glomerular filtration rate is diminished signifi- 
cantly. Despite a high fractional binding, strength 
of binding is weak. This last factor favors rapid 
removal from plasma. Unfortunately, there is no 
information available as to the the fate of LAAM 
and its metabolites after glomerular filtration. The 
indirect evidence at hand (long duration in spite of 
weak plasma binding) suggests that re-entry of the 
drug into the circulation by reabsorption cannot be 
discarded as a possibility. 

It has been reported [13] that, in subjects receiving 
LAAM, 24-hr plasma levels show the simultaneous 
presence of LAAM and its two major metabolites, 
but the bulk consists of the metabolites. Our results 
suggest that this can be accounted for by the dis- 
placement of LAAM from its binding sites by its 
metabolites. Probably the higher lipid:water parti- 
tion ratio of LAAM* contributes to its removal from 
plasma in preference to its metabolites. 

In the evaluation of protein—drug interactions, in 
addition to considering protein—drug affinities and 


“4 


BOUND/FREE 








BOUND (nMOLES/ML) 


Fig. 5. Scatchard plot for the binding of LAAM by human 
plasma. The data are an average of four experiments. 
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the fractional binding of a drug, a remaining impor- 
tant consideration is the size of the protein to which 
it is bound. For a bound drug the rate of transcap- 
illary passage will be determined by the rate of 
transcapillary passage of the protein. Capillaries of 
various Organ systems show a wide variation in their 
permeability to substances. For example, those of 
the liver allow macromolecules to permeate easily. 
We can expect a metabolizable drug bound to albu- 
min to be easily permeable to the hepatic cells. The 
opposite will be true if the drug is bound to a protein 
of larger size. The evidence presented here suggests 
that transcapillary passage of LAAM and its metab- 
olites can be expected to be slower because of the 
binding to a high molecular weight protein (Fig. 4 
and Table 3). However, the almost equal distribution 
between plasma and red blood cells suggests a very 
similar pattern of distribution in body tissues. 

Taking into consideration all these factors we must 
conclude that our evidence is not strong enough to 
justify a statement asserting that the long-lasting 
presence of LAAM and its metabolites in plasma 
can be explained on the basis of the strength, nature, 
and magnitude of their binding to plasma proteins. 

An unexpected finding in this work has been the 
weak role played by albumin in the binding of these 
drugs. Albumin plays the most important role in 
drug binding by plasma proteins and is usually taken 
as a model protein for drug studies. Olsen [14] has 
shown that methadone binds to albumin, but our 
data show that this binding is readily reversible. It 
has been reported previously that methadone binds 
mostly to a globulin fraction [8]. The same author 
reports a cooperative phenomenon for the binding 
of the drug by albumin, that is, a higher binding 
fraction with increasing concentrations of the drug. 
We used serum for our experiments (containing 
about 40 mg/ml albumin) but were unable to detect 
such cooperativity with any of the drugs. 

Being aliphatic amines, LAAM and its metabolites 
are protonated at physiological pH. It would be 
logical to expect binding to the albumin molecule 
because of its large number of carboxyl groups avail- 
able to form salt-like linkages. This is not the case 
since binding occurs preferentially to a globulin. It 
is possible that another negatively charged group 
(possibly a sulfate) may be forming a salt-like linkage 
with the amine, although this remains to be 
documented. 

The experimental approach used to identify a pro- 
tein—-drug complex (Fig. 4) is very helpful in cases 
where protein—drug complexes are difficult to iden- 
tify because of the weakness of the association. This 
approach has been used before to identify plasma 
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protein-calcium complexes in human serum [13]. 
The results shown in Fig. 5 (Scatchard plot) confirm 
the findings shown in Fig. 4. It shows that 1 ml of 
serum (or plasma) is capable of specifically binding 
about 8.2 nmoles of LAAM. If we assume a mini- 
mum of one binding site per protein molecule, we 
conclude that albumin binding is a very likely pos- 
sibility since 1ml of plasma contains close to 
600 nmoles of albumin. On the other hand, if we 
suppose the binding globulin to be a very scarce 
protein in plasma, as suggested by the results in Figs. 
1 and 4, and this protein to be a high molecular 
weight entity of around 400,000 as calculated from 
SDS gel electrophoresis experiments, we can safely 
conclude that a protein with a concentration of 1- 
2 mg/ml plasma could very well be the binding pro- 
tein. Small changes in the concentration of this bind- 
ing protein, without a significant change in total 
plasma proteins, could cause marked changes in the 
LAAM.-binding capacity of the blood. 
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Abstract—Whole brain synaptosomes, isolated from pair-fed acute in vitro (sucrose-Sustacal diet for 
10 days), acute in vivo [4.5 g/kg, 20% (w/v) i.p. ethanol pretreatment] and chronic in vivo (ethanol— 
Sustacal diet for 10 days) female, Swiss-Webster mice, were challenged in vitro with ethanol (80 mM, 
final concentration) in either an incubation medium (12-min exposure), a depolarizing medium (2-min 
exposure with 74 mM KCl) ora nondepolarizing medium (2-min exposure with 5 mM KCl). Depolarizing 
and nondepolarizing media also contained **Ca?* (2 wCi/umole). The results showed (1) a significant 
enhancement of *Ca?* influx when synaptosomes isolated from acute in vitro and acute in vivo mice 
groups were challenged in vitro by ethanol (80 mM) in the depolarizing medium (74mM KCl), (2) a 
significant enhancement by 80 mM ethanol of *Ca~* accumulation by nondepolarized synaptosomes 
isolated from the acute in vitro mouse group, (3) a significant increase in “Ca~* accumulation in 
synaptosomes from acute in vivo mice as compared with acute in vitro mice without an in vitro ethanol 
challenge, and (4) a significant decrease in **Ca** accumulation by synaptosomes isolated from chronic 
in vivo mice as compared to acute in vitro synaptosomes. The results presented here demonstrate the 
ability of ethanol to significantly increase calcium accumulation into whole brain synaptosomes and that 
tolerance to this phenomenon occurs in parallel with behavioral tolerance to the sedative action of 
ethanol. These ethanol-induced changes in calcium accumulation may be involved in the production 


of sedation and tolerance to sedation. 


Although the use and abuse of ethanol have been 
present in every culture, the mechanisms by which 
it produces central nervous system depression are 
still shrouded in controversy. Much of this contro- 
versy centers upon the effects of ethanol on neu- 
rotransmitter activity in the central nervous system. 
Many studies have been undertaken to elucidate the 
changes in neurotransmitter activity subsequent to 
the administration of ethanol. Erickson and Graham 
[1] demonstrated with cortical collecting cups, the 
ability of ethanol to depress acetycholine release. 
Kalant et al. [2] also showed a decreased nondepo- 
larized release of acetycholine in rat brain slices. In 
contrast, Richter and Werling [3] demonstrated an 
increased nondepolarized release af acetylcholine 
from brain slices in the presence of ethanol. Tabakoff 
[4] has recently reviewed the various conflicting 
reports concerning serotonin, dopamine and y-ami- 
nobutyric acid release subsequent to both acute and 
chronic ethanol exposure. The apparent confusion 
in the literature concerning the actions of ethanol 
on neurotransmitter systems may be reduced some- 
what when experimental variables, such as the con- 
centrations of ethanol used and the time periods for 
assessing the effects of ethanol on neurotransmitter 
release, turnover, and synthesis, are examined in 
detail. Another important aspect of this problem is 
the biphasic nature of the behavioral effects of 
ethanol. An understanding of this may provide 
insight into the conflicting reports since, in the pro- 
cess of human intoxication, initial stimulation by 
ethanol is reversed, resulting in depression. It is 
reasonable to assume that the definition of a cellular 
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mechanism which could explain these behaviors 
would provide significant information relating to the 
observed discrepancies in neurotransmitter activity. 

Recent investigations in our laboratory demon- 
strated that calcium-mediated “stimulus—secretion 
coupling” is a locus of action for barbiturate-induced 
central nervous system depression [5-8]. The bar- 
biturates inhibit potassium-stimulated calcium 
uptake into synaptosomes, and tolerance develops 
to this inhibition within the same time frame as 
behavioral tolerance. Such an inhibition of calcium 
uptake would then result in a decrease in neuro- 
transmitter release subsequent to drug exposure [9]. 
Further examination of this phenomenon has shown 
that different brain areas are affected to varying 
degrees [8]. 

These results led to the present study involving 
ethanol and synaptosomal calcium influx to deter- 
mine if ethanol shares a common site of action with 
the barbiturates in disrupting calcium influx and if 
biochemical events relating to behavioral tolerance 
could be observed. 


MATERIALS AND METHODS 


Female Swiss-Webster mice (18-25 g) were kept 
on a 12/12 hr light/dark cycle with food and water 
ad lib. before being randomly divided into three 
groups: acute in vitro, acute in vivo and chronic in 
vivo. Acute in vitro animals were pair-fed a sucrose— 
Sustacal diet along with the chronic in vivo animals 
which received an ethanol-Sustacal diet. The 
ethanol-Sustacal diet consisted of 315 ml of choco- 
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late Sustacal mixed with 53ml of a 3.5 kcal/ml 
ethanol solution. This mixture was diluted to a final 
volume of 500 ml with distilled water. The sucrose— 
Sustacal diet was the same, substituting 53 ml of a 
3.5 kcal/ml sucrose solution for the ethanol solution. 
Animals were kept on the diets for 10 days prior to 
the preparation of synaptosomes. At no time were 
the animals allowed to be without ethanol prior to 
decapitation. Blood levels were taken every morning 
by decapitating the animals and collecting 50 ul 
samples from ten animals chosen at random. Acute 
in vivo animals received a 4.5 g/kg i.p. dose of 
ethanol (20%, w/v) 45 min prior to decapitation. 

Ethanol ‘sleep-time’ (loss of righting reflex, uncon- 
sciousness) was used to determine tolerance devel- 
opment in the chronic in vivo group. Animals were 
given a 4.5 g/kgi.p. dose of ethanol (20%, w/v) on 
days 2 and 9 of the diet regimen. Sleep-times were 
recorded as time from loss of righting reflex to time 
of regaining the righting reflex, which was defined 
as the ability to turn over from a supine position 
twice within | min. 

Synaptosomes were prepared from whole brain by 
the method of Cotman [10]. Whole brains were 
homogenized using a Thomas size C homogenizing 
tube with a Tefion pestle at the lowest possible speed 
setting on a Sorvall Omni-mixer using ten up and 
down strokes. Centrifugation procedures were ident- 
ical to those of Cotman [10]. The final synaptosomal! 
pellet was resuspended in incubation medium to give 
a protein concentration of 0.6—0.8 mg/ml as deter- 
mined by the method of Lowry et al. [11]: 

The accumulation of *Ca** by synaptosomes was 
studied as described by Leslie er al. [12]. A 0.5 ml 
aliquot of the synaptosomal preparation from each 
treatment group was added to 0.5 ml of incubation 
medium (NaCl, 136mM; KCI, 5mM; CaCl,-2H,0, 
1.2 mM; MgCl), 1.3 mM; glucose, 10 mM; Tris base, 
20 mM; pH adjusted to 7.65 with 1 M maleic acid) 
and allowed to equilibrate for 12 min at 30° in a 
Dubnoff metabolic shaker. Ethanol (80 mM, final 
concentration) was added to some of the incubating 
samples for 12 min to examine the effects of an in 
vitro ethanol challenge at this time interval. Loading 
of synaptosomes with *Ca** was initiated by the 
addition of depolarizing medium (KCI, 213 mM; 
CaCl,-2H,O, 1.2mM; MgCl, 1.3mM; glucose, 
10 mM; Tris base, 20 mM; pH adjusted to 7.65 with 
1 M maleic acid) containing *Ca** (sp. act. of 2 wCi 
“Ca’*/umole “Ca**) and in some cases 80mM 
ethanol (final concentration). This resultedina 1.5 ml 
incubation volume containing 80 mM ethanol (final 
concentration) for ethanol samples and 74mM KCl 
to depolarize the synaptosomal membrane [13]. 
After a 2 min incubation period, “Ca** loading was 
stopped by adding 5.0 ml of ice-cold EGTA® stop- 
ping solution (NaCl, 136mM; KCl, 5mM; MgCl, 
1.3mM; EGTA 3 mM; glucose, 10 mM; Tris base, 
20 mM; pH adjusted to 7.65 with 1 M maleic acid). 
Each sample was immediately filtered on a pre- 
soaked (250mM KCl) 0.45 um Millipore cellulose 
acetate filter using a Millipore microfiltratien man- 





* EGTA, ethyleneglycol-bis(beta-aminoethyl 
N,N'-tetra-acetic acid. 
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ifold. Each filter was washed with 10.0 ml of 0.32 M 
sucrose solution and placed in a:scintillation vial 
containing Beckman Redy-Solv. Samples were 
counted using a Beckman LS-8000 scintillation coun- 
ter. Counting efficiency was found to be approxi- 
mately 72 per cent. Nondepolarized samples were 
handled in a similar manner except that, after the 
12-min incubation period, 0.5ml of incubation 
medium (5mM _ KCl) containing *“Ca** (2 uCi 
“Ca?*/umole ““Ca**), and in some cases 80mM 
ethanol (final concentration), was added. The expo- 
sure of synaptosomes to ethanol (80 mM, final con- 
centration) in either the initial incubation medium 
or in the depolarizing or nondepolarizing media, 
allowed exposure times to ethanol to be either 12 
or 2 min. Initial studies using concentrations of 40, 
60 and 80mM ethanol (final concentration) have 
provided support for a dose-response relationship 
for this effect (data not shown). Net influx of calcium 
across the synaptosomal membrane was calculated 
by the subtraction of the nondepolarized (5 mM KCl) 
values from the depolarized (74mM KCl) values. 
This difference is expressed as A, (potassium- 
induced change) and represents the calcium which 
is intimately involved in “stimulus—secretion coup- 
ling” events. 

Blood alcohol values were determined using a 
Perkin-Elmer Multifract F40 gas chromatograph 
equipped for automatic head space analysis. Fifty- 
microliter samples of whole blood were placed in 
sealed glass containers and kept frozen until used. 
Samples were incubated in a 60° water bath for 15 min 
prior to automatic sample injection on a 20 m long 
by 2.7 mm (i.d.) diameter aluminum column with a 
carbowax 1500-chromosorb packing. Column tem- 
perature was 190°, carrier gas (N2) flow was 
30 ml/min, and retention time was 190sec for 
ethanol. External standards were used _ for 
comparison. 


RESULTS 


Figure 1 represents the observed time course of 
the effect of ethanol on both depolarized (74mM 
KCl) and nondepolarized (5 mM KCl) “Ca?* accu- 
mulation by whole brain synaptosomes isolated from 
naive mice. In both the presence and the absence 
of 80 mM ethanol (final concentration), the plateau 
period for “Ca** influx appears to have begun at 
about a 2-min exposure to the depolarizing medium, 
and for this reason this time period was chosen for 
subsequent studies. It is apparent from these data 
that ethanol significantly increased calcium accu- 
mulation by both depolarized and nondepolarized 
synaptosomes as compared to control. The increase 
seen was most prominent up to the 4-min time 
period. 

Figure 2 shows data from a series of experiments 
demonstrating the ability of ethanol to enhance cal- 
cium influx by both depolarized and nondepolarized 
synaptosomes subsequent to an in vitro ethanol chal- 
lenge. In this set of experiments, ethanol significantly 
enhanced calcium accumulation in all samples, as 
compared to control, when a 2-min exposure was 
used. In agreement with data from Fig. 1, Fig. 2 
shows that the same trend for increased “Ca** influx 





Effect of ethanol on calcium influx into synaptosomes 


@ Ethanol 

© Control 

— Depolarized 
--- Nondepolarized 


3 


Amoles ®cq*t, gram protein 








o- NWS HAAN @ O 


TIME , minutes 


Fig. 1. Effects of ethanol (80 mM, final concentration) on 
the time course of “Ca?* accumulation by depolarized 
(74 mM KCl) or nondepolarized (5 mM KCl) synaptosomes 
isolated from naive mice. Some synaptosomes were 
exposed to ethanol (80 mM) in either depolarizing or non- 
depolarizing media containing SCa** for the times indi- 
cated, subsequent to a 12-min incubation at 30°, and com- 
pared to synaptosomes exposed to “Ca** in either 
depolarizing or nondepolarizing medium alone. Each point 
represents the mean + S.E. of nine experiments (thirty-six 
animals). An asterisk (*) represents statistical significance 
as compared to the respective control value at P < 0.05 as 
determined by Students’ /-test. 


was present for the 12-min ethanol challenge but 
lacked a significant response as compared with con- 
trol. The A, showed a significant increase in syn- 
aptosomes treated with 80 mM ethanol for 2 min. 
Figure 3 shows the effect of an in vitro ethanol 
challenge on *Ca** accumulation by synaptosomes 
isolated from animals which were decapitated 45 min 
subsequent to the administration of 4.5 g/kg of 
ethanol (20%, w/v) i.p. The results demonstrate that 
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Fig. 2. Effects of an acute in vitro ethanol challenge (80 mM, 
final concentration) on *Ca** accumulation by depolarized 
(74 mM KCl) or nondepolarized (5 mM KCl) synaptosomes 
isolated from naive mice. Synaptosomes were challenged 
in vitro for either a 12-min or 2-min time period and 
compared with synaptosomes with no in vitro challenge. 
Each point represents the mean + S.E. of thirteen experi- 
ments. An asterisk (*) represents significance at P < 0.05 
as determined by analysis of variance and Student-Neuman- 
Keuls. 


|] CONTROL 
KJ 80 mM ETOH, 12 min incub. 
2min * 


NN 


WY 


amoles *5¢q*, g Protein 











DEPOLARIZED NONDEPOLARIZED 4x 


Fig. 3. Effects of an acute in vitro ethanol challenge (80 mM, 
final concentration) on *°Ca** accumulation by depolarized 
(74 mM KCl) or nondepolarized (5S mM KCl) synaptosomes 
isolated from mice that received 4.5 g/kg of ethanol (20%, 
w/v) i.p. 45 min prior to synaptosomal isolation. Synap- 
tosomes were challenged in vitro for either a 12-min or 2- 
min time period and compared with synaptosomes with no 
in vitro challenge. Each point represents the mean + S.E. 
of nine experiments. An asterisk (*) represents significance 
at P<0.05 as determined by analysis of variance and 
Student-Neuman-Keuls. 


synaptosomes prepared from acutely treated animals 
showed a significant enhancement of depolarization- 
induced “Ca** accumulation as compared with the 
control in the 2-min exposure interval. No significant 
difference in either the nondepolarized or A, values 
was seen as compared to control. This indicates that 
an acute adaptive response may have occurred to 
the in vivo ethanol challenge, when one recalls the 
data in Fig. 2. 

Data shown in Fig. 4 represent the effects of 
ethanol (80 mM) in vitro on *Ca’* accumulation by 
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Fig. 4. Effects of an acute in vitro ethanol challenge (80 mM, 
final concentration) on “*Ca** accumulation by depolarized 
(74 mM KCl) or nondepolarized (5 mM KCl) synaptosomes 
isolated from mice chronically exposed to ethanol by feed- 
ing them an ethanol-Sustacal diet for 10 days prior to 
synaptosomal isolation. Synaptosomes were challenged in 
vitro for either a 12-min or 2-min time period and compared 
with synaptosomes with no in vitro ethanol challenge. Each 
point represents the mean + S.E. of nine experiments. 
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synaptosomes which were collected from mice chron- 
ically treated in vivo with an ethanol-Sustacal diet 
for 10 days. Although the same general trend in 
response to an in vitro ethanol challenge was 
observed (i.e. an increased calcium accumulation) 
as in the previous experiments, no significant dif- 
ference was found between any of the treatment 
groups as compared with control. This finding indi- 
cates that chronic in vivo ethanol exposure resulted 
in an adaptation which manifested itself as a dimi- 
nution in the ability of ethanol to enhance calcium 
influx across the nerve end. 

Figure 5 illustrates the effects of in vivo ethanol 
administration on “Ca** accumulation by whole 
brain synaptosomes. Examination of these data 
shows that depolarized calcium accumulation was 
increased significantly in synaptosomes prepared 
from animals receiving an acute in vivo ethanol 
exposure. Conversely, chronic exposure in vivo to 
ethanol significantly decreased *Ca** accumulation 
(depolarized, nondepolarized and A,) in synapto- 
somes prepared from animals chronically exposed 
to ethanol as compared to animals receiving no 
ethanol exposure. These data indicate that significant 
changes had occurred subsequent to in vivo ethanol 
administration which modified the responsiveness of 
synaptosomes even in the absence of an in vitro 
ethanol challenge. 

Table 1 contains the ethanol sleep-time data 
obtained from animals treated chronically with an 
ethanol-Sustacal diet for 10 days. Animals served 
as their own controls, showing a significant reduction 
in ethanol sleep-time subsequent to a challenge dose 
of ethanol. Dietary consumption data are also shown 
indicating that average consumption per animal per 
day was 6.9 ml corresponding to 17.1 g/kg ethanol 
over a 24-hr period. Data from blood samples taken 
on the morning of days 2, 4, 6, 8 and 10 show that 
blood alcohol levels were maintained throughout the 
course of the study. Animals showed signs of intox- 
ication, exhibiting ataxia and ptosis at various times 
during the 10-day exposure. 
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Fig. 5. Effects of in vivo ethanol administration on *Ca?* 
accumulation by depolarized (74 mM KCl) or nondepolar- 
ized (S mM KCl) synaptosomes isolated from mice which 
received no in vitro challenge. The data presented here are 
represented as ‘control’ data in Figs. 2, 3 and 4. Group I 
represents acute in vitro data, Group II represents acute 
in vivo data and Group III represents chronic in vivo data. 
An asterisk (*) represents significance at P < 0.05 as deter- 
mined by analysis of variance and Student-Neuman-Keuls. 


In a separate experiment, pair-fed sucrose control 
animals were compared with animals on plain lab- 
oratory chow ad lib. No significant difference 
occurred when synaptosomes prepared from the 
respective control groups were challenged with 
ethanol in vitro (data not shown). 


DISCUSSION 


That calcium is a necessity for stimulated release 
of neurotransmitters and other substances is well 
established [14]. Upon stimulation of the neuron, an 
inward calcium current is generated, with calcium 
flowing down a concentration gradient. Once inside, 
calcium couples the stimulus to a release of neuro- 
transmitter via exocytosis. 


Table 1. Sleep-time and blood alcohol concentration of rats treated chronically 
with ethanol 





Average wt 
Group* (g) 


Average sleep-time (X + S.E.) 
(min) 





Control pie 
Ethanol 8. 


54.4+ 4.4 
20.4 + 2.94 





Days on diet 


Blood alcohol conc¢ (X + S.E.) 
(mg/dl) 





60.0 + 0.98 
115.1 + 30.3 
98.6 + 15.2 
148.0 + 28.7 
88.4 + 18.6 





* Ethanol-treated animals consumed approximately 6.9 ml of the ethanol- 
Sustacal diet every 24 hr. This corresponds to a daily consumption of 17.1 g/kg 
of ethanol based on the mean weight of the animals. N = 19. 

+ Represents significance at P < 0.01 using Students’ t-test (unpaired). 

+ Represents ethanol found in blood samples taken in the morning of the day 
listed. Analysis of variance of blood alcohol date showed no significant difference 
in blood alcohol values between days. N = 10. 





Effect of ethanol on, calcium influx into synaptosomes 


Recent work has suggested that barbiturates may 
produce central nervous system sedation by inhibit- 
ing the depolarization-induced calcium influx across 
the nerve end [5, 7, 8, 13]. In addition, we have 
demonstrated that tolerance develops to this effect 
in parallel with the development of behavioral tol- 
erance [5, 7, 8]. The results of the current study show 
that in vitro ethanol administration increased calcium 
accumulation by synaptosomes isolated from control 
mice. Chronic ethanol administration, however, 
resulted in a marked reduction in calcium accumu- 
lation by isolated synpatosomes. Thus, ethanol 
altered synaptosomal calcium accumulation, but its 
actions in this regard were essentially opposite to 
those observed with barbiturates. 

Evidence exists for a depolarizing effect of ethanol 
on neuronal membranes. Eidelberg and Wooley [15] 
demonstrated a depolarizing effect of ethanol on 
spinal cord neurons. Sauerland ef al. [16] have 
reported previously on the ability of ethanol to 
depolarize pre-synaptic trigeminal afferents. Gage 
[17], as well as others, has reported on the ability 
of ethanol to increase the frequency and amplitude 
of miniature end plate potentials (MEPP). Gallego 
[18] demonstrated the ability of ethanol to depolarize 
motoneurons and suggested that a depolarization 
blockade of sciatic nerve conduction was responsible 
for the action of ethanol in his preparation. In agree- 
ment with the idea that ethanol may produce a 
depolarization blockade, our results show that 
ethanol exposure facilitated synaptosomal calcium 
accumulation by resting synaptosomes for up to 
4 min, after which time calcium accumulation in the 
presence of ethanol returned to control levels (Fig. 
1). Also, Cooper and Dretchen [19] have examined 
the effects of ethanol on the neuromuscular junction 
and have proposed that the central effects of ethanol 
might be due to its excitatory pre-synaptic action. 
A recent report by Degani et al. [20] shows an 
increase in spontaneous norepinephrine release from 
the rat vas deferens in the presence of ethanol and 
calcium. They suggest that such an action by ethanol 
could conceivably decrease the ‘signal to noise ratio’ 
in the central nervous system, thereby interfering 
with neuronal communication. 

In addition to the evidence of a peripheral depo- 
larizing action of ethanol, reports concerning a cen- 
tral action, possibly indicating a central depolarizing 
response, exist as well. As noted earlier, Richter and 
Werling [3] showed an enhanced (although slight) 
nondepolarized release of acetylcholine in the pres- 
ence of ethanol. Seeman and Lee [21] have pre- 
viously reported an enhanced spontaneous release 
of dopamine from rat caudate synaptosomes in the 
presence of ethanol. That ethanol can increase cal- 
cium accumulation, perhaps via a direct depolarizing 
action on the neuronal membrane, suggests an 
enhanced release of neurotransmitter. 

We have demonstrated that ethanol further 
enhances calcium uptake by potassium-stimulated 
synaptosomes as well (Fig. 1). The fact that ethanol 
enhanced calcium uptake in both stimulated and 
non-stimulated nerve ends may possibly explain the 
variety of results obtained by other workers who 
have measured neurotransmitter activity in the pres- 
ence of ethanol. It appears from our data that both 
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increased and decreased neurotransmitter release 
might be observed depending upon the time course 
of the experiment. 

An apparent paradox is how one group of drugs 
can inhibit calcium accumulation (i.e. barbiturates) 
while the other enhances calcium accumulation (i.e. 
ethanol), yet both produce behavioral depression. 
Such a paradox in drug effects is not unique. A 
classic example of a similar situation is the neuro- 
muscular blocking agents, one group of which pre- 
vents depolarization of the motor end plate while 
the other produces a depolarizing blockade; the two 
drugs have apparently opposite mechanisms but pro- 
duce the same result. 

Another aspect of the actions of ethanol relates 
to its ability to modify synaptosomal responsiveness 
subsequent to chronic in vivo ethanol administration 
and without an in vitro challenge, as depicted in Fig. 
5. Chin and Goldstein [22] have previously shown 
the necessity for an in vitro ethanol challenge in 
order to see membrane fluidity changes in membrane 
fractions isolated from animals chronically exposed 
to ethanol. We have reported a similar finding in our 
previous work with the barbiturates [5, 7,8]. The 
explanation for these differences remains elusive. 

Consistent with the date presented here, Michaelis 
and Myers [23] have recently shown changes in cal- 
cium binding to a synaptosomal fraction from both 
acute in vitro and chronic in vivo ethanol challenge 
situations. This work shows that acute ethanol 
exposure, in vitro, leads to an increase in calcium 
binding followed by a decrease in calcium binding 
subsequent to chronic ethanol exposure. This 
decrease in calcium binding subsequent to chronic 
ethanol exposure was observed in the absence of an 
in vitro ethanol challenge. An in vitro challenge with 
ethanol produced no significant change in binding 
by the fraction isolated from chronically exposed 
animals, indicating an adaptive response at the level 
of the neuronal membrane. 

Our data support the hypothesis that some of the 
pharmacologic effects of ethanol may be attributable 
to its ability to depolarize excitable membranes, as 
evidenced here by its ability to enhance calcium 
accumulation by synaptosomes. We have further 
shown that tolerance to this effect of ethanol on 
calcium influx develops within the same time frame 
as behavioral tolerance to the sedative effects of 
ethanol. Such an effect by ethanol may lead to either 
a depolarizing blockade or a decrease in the signal 
to noise ratio in the central nervous system, as has 
been suggested previously [20]. Further, Lugqmani 
etal. [24] have recently shown that muscarinic recep- 
tors in synaptosomal membranes are greatly reduced 
in number following extended treatment with elec- 
trical pulses and veratridine, both of which serve as 
depolarizing stimuli. Thus, a complex picture of the 
actions of ethanol can be envisioned when one con- 
siders the implications of a depolarizing response 
coupled with such variables as differential effects 
due to the size of the neuron [25, 26] as well as 
differences in basal firing rates [27]. 
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Abstract—Caffeine and eleven of its potential metabolites have been assayed, by high performance 
liquid chromatography, in the blood and urine of developing beagle puppies. The clearance of caffeine 
from blood increased from 31.4 + 6.0 ml-kg~'-hr~' at 2 days to 279.1 + 45.4 ml-kg™!-hr7! at 29 days 
of age. This change reflected an increased first-order elimination rate constant since the apparent volume 
of distribution did not change significantly. Coincident with this increase in clearance, the fraction of 
a dose of caffeine excreted unchanged in urine decreased 18-fold. The remainder of the dose was 
metabolized to a series of di- and mono-methylxanthines and urates. In 2-day-old puppies, the caffeine 
metabolites potentially derived from the paraxanthine, theophylline or theobromine pathway accounted 
for 42, 33 and 14 per cent, respectively, of the identified products in urine. Between 2 and 22 days of 
age, the metabolite pattern of caffeine changed substantially, with those metabolites potentially derived 
from the theophylline pathway (theophylline 1-methylurate, 1-3-dimethylurate and 3-methylxanthine) 
increasing from 33 to 82 per cent. We suggest, therefore, that the change in caffeine clearance seen 
during development of the beagle puppy is determined primarily by the rate of maturation of caffeine- 


7-N-demethylase. 


Caffeine (1,3,7-trimethylxanthine) is eliminated 
more slowly by premature and full-term newborn 
infants than by adult human beings [1, 2]. This find- 
ing in itself is not unexpected since it is well known 
that many drugs that require metabolic oxidation 
prior to efficient excretion are eliminated more 
slowly in the neonatal period than in adulthood [3]. 
However, the magnitude of the deficit with caffeine 
is more pronounced than that seen with other drugs. 
The half-life of caffeine in premature infants given 
the drug for treatment of apnea is approximately 
100 hr [1], compared to about 6 hr in non-smoking 
adults [4]. This deficit is not due to prematurity per 
se or illness, since healthy full-term infants who had 
received caffeine transplacentally exhibited a mean 
half-life of caffeine of approximately 80 hr [2]. The 
urinary metabolite pattern of caffeine in newborn 
infants reveals a distinct lack of demethylated prod- 
ucts, both after a theurapeutic dose of caffeine [5] 
and after transplacental acquisition [6]. Indeed, dur- 
ing the first month after birth, caffeine itself accounts 
for 85 per cent of the methylxanthines and methyl- 
urates excreted [5]. The fraction of caffeine excreted 
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unchanged in the urine slowly decreases with age 
such that by age 7-9 months caffeine accounts for 
only 1-2 per cent of the total methylxanthines and 
methylurates recovered. The series of partially 
demethylated xanthines and urates which appear by 
this age are similar to the metabolites seen in adult 
urine [5, 7, 8]. 

Studies of the disposition of caffeine in animals 
have suggested that the metabolism of caffeine is 
catalyzed, at least in part, by the cytochrome(s) P- 
450 mono-Oxygenase system [9-12]. Moreover, in 
rats, caffeine is a particularly good substrate for the 
form(s) of the enzyme complex induced by polycyclic 
aromatic hydrocarbons [10-12]. It is tempting, there- 
fore, to postulate that the maturational deficit of 
caffeine elimination in man reflects the slow post- 
natal development of this form of the mono-oxy- 
genase complex, but extrapolation between species 
is hazardous and in vivo experiments with the neo- 
natal rat are difficult. 

Warszawski et al. [13] have found that the elim- 
ination half-life of caffeine in newborn mongrel pup- 
pies is about 48 hr compared to an adult value of 
about 6hr [13,14]. These results prompted us to 
initiate detailed studies of the metabolism of caffeine 
in the dog. Beagle dogs metabolize caffeine primarily 
by an initial 7-N-demethylation to yield theophylline, 
with the subsequent excretion of 3-methylxanthine, 
1,3-dimethylurate and 1-methylurate [15]. The 
metabolism of caffeine in these animals is stimulated 
not only by pretreatment with a polycyclic aromatic 
hydrocarbon, but also by pretreatment with phen- 
obarbital [15]. Phenobarbital did not modify the 
urinary metabolite pattern, but B-naphthoflavone 
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seemed to preferentially stimulate the 3-N-demethyl- 
ation of caffeine. We have now extended our inves- 
tigation to the beagle puppy in order to explore the 
relationship between the specific N-demethylations 
of caffeine and the maturation of caffeine clearance. 


METHODS 


The disposition of single intravenous doses of caf- 
feine was studied in groups of four female beagle 
puppies at ages 2,8, 15,22 and 29 days. The same 
four puppies were used at 2,8 and 15 days of age. 
By day 22 of age, two of the puppies were replaced 
by more vigorous animals matched for age, sex and 
weight; one additional substitution was required for 
study at age 29 days. Each subject was housed with 
mother and littermates in a separate pen and allowed 
to suckle feeely. Bitches were allowed free access 
to food and water. 

Solutions of caffeine in 150mM NaCl were ster- 
ilized by passage through a 0.45 wm Millipore filter. 
At each designated age, caffeine at a dose of 20 mg/kg 
of body weight was administered via the jugular vein 
over a 1-min interval. Blood samples (0.1—0.3 ml) 
were collected in heparinized syringes from the 
contralateral jugular vein at various times before 
and after the administration of caffeine and stored 
at 4° until assay. Urine samples (0.2-2.0 ml) were 
collected by gentle suprapubic pressure at the same 
time points as blood collections. Urine was stored 
at —15° until assay. 

Blood (0.1-0.3ml) was mixed with 0.3g of 
ammonium sulfate and sufficient water to achieve 
a final volume of 0.5 ml before extraction with 15 ml 
of chloroform—isopropanol (85: 15, v/v). The mixture 
was shaken for 30 min and then vortexed for 5 sec 
to separate the two layers. The upper aqueous layer 
was aspirated and discarded. Twelve millilitres of 
the organic layer were transferred to another test 
tube and evaporated to dryness under nitrogen at 
50°. The residue was dissolved in water to give a 
volume twice that of the initial sample of blood. An 
aliquot of 50 ul was injected directly into a high 
performance liquid chromatograph (Waters Associ- 
ates Inc., Milford, MA). Urine was extracted for 
caffeine and its metabolites as described previously 
[5]. Caffeine and eleven of its methylxanthine and 
methylurate metabolites were assayed as described 
previously [5] with one modification: a reversed 
phase silica column (RP-10; Brownlee Labs, Santa 
Clara, CA) was used instead of wBondapak cj, 
(Waters Associates Inc.) to improve the separation 
of theophylline and paraxanthine. 

Standard curves in blood or water (for urine) were 
generated for all compounds involved. Caffeine and 
its metabolites were quantitated by peak height. 
Under the conditions described, the minimal con- 
centration of each compound in blood or urine that 
could be detected with confidence was 0.1 ug/ml. 

The elimination rate constant was computed using 
a log-linear least squares regression analysis. C,", 
the blood concentration at time 0 hr, was estimated 
from the intercept of the extrapolated blood con- 
centration—-time curve. The apparent volume of dis- 
tribution was calculated by dividing the dose by C,”’. 
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The clearance of caffeine from blood was calculated 
as the product of the apparent volume of distribution 
and elimination rate constant. The areas under the 
concentration (yg/ml)-time curves (AUC) for blood 
and urine were calculated by the trapezoidal rule, 
using the concentration at time 120 hr as 0. In order 
to assess the relative proportion of each compound 
excreted in urine, urinary AUC’s were converted 
from »g-ml”'-hr to moles-1~'- hr and expressed as 
percentages of the total identified methylxanthines 
and methylurates. All values are reported as means 
+ S.E. No attempt at material balance was made 
because complete recovery of urine from these pup- 
pies was impractical. 

Caffeine (as the free base) was obtained from the 
Sigma Chemical Co., St. Louis, MO. All other ref- 
erence compounds and chemicals were obtained as 
described previously [5]. 


RESULTS 


Regardless of age, the beagle puppies exhibited 
first-order elimination of caffeine when the com- 
pound was administered intravenously at a dose of 
20 mg/kg (Fig. 1). The data were analyzed according 
to a one-compartment, open model. During the first 
few days after birth, caffeine disappeared from blood 
with an elimination rate constant of 0.035 + 0.008 
hr! (mean T),2, 23.3 hr; Table 1). The elimination 
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TIME (hours) 
Fig. 1. Effect of age on the blood caffeine concentration- 
time curves in beagle puppies. Caffeine (20 mg/kg) was 
administered i.v. and assayed in whole blood by high per- 
formance liquid chromatography. Each point represents 
the mean caffeine concentration from four puppies. The 
number associated with each is the age, in days, of the 
puppies at the time of dosing. 





Caffeine metabolism in beagle puppies 


Table 1. Pharmacokinetics of caffeine in developing beagle puppies* 





Pharmacokinetic parameterst 





Age at dosing 


(days) ket 


AVg Cl 





2 0.035 + 0.008 
8 0.114 + 0.027 
15 0.173 + 0.019 
22 0.234 + 0.024 
29 0.369 + 0.022 


0.928 + 0.087 
0.865 + 0.113 
0.776 + 0.066 
0.823 + 0.157 
0.781 + 0.172 


31.4+ 6.0 

98.8 + 26.9 
132.1 + 12.4 
187.1 + 30.5 
279.1 + 45.4 





* All values are derived from four individual puppies and expressed as means + S.E. 
+ The pharmacokinetic parameters studied were elimination rate constant, k,, (hr~'), 
elimination half-life, T,2 (hr), apparent volume of distribution, AV, (I- kg” ') and clearance, 
Cl (ug-ml~'-hr~'). The method of calculation of each parameter is described in the 


text. 


rate constant for caffeine increased with increasing 
age such that by 29 days of age the mean value was 
0.369 + 0.022 hr™' (mean Tj», 1.7 hr). During the 
first month of life, the apparent volume of distri- 
bution of caffeine decreased from 0.928 + 0.087 
1-kg™' (2 days) to 0.781 + 0.172 1-kg™' (29 days). 
Clearance of caffeine from blood increased from 
31.4 + 6.0 to 279.1 + 45.4 ml-kg™'-hr~' over the 
same time period. The increase in clearance reflected 
the increase in elimination rate constant since the 
apparent volume of distribution did not increase, 
but actually decreased slightly. These values for 
clearance (Table 1) are essentially the same as those 
obtained by dividing the dose by the area under the 
blood concentration-time curves, a finding that sup- 


ports applicability of the one-compartment, open 
model. 
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The disappearance of caffeine from blood depends 
primarily upon metabolism because the majority of 
a dose of caffeine was excreted as metabolites in 
urine, with caffeine accounting for only a small per- 
centage of the identified products. The three initial 
dimethylxanthine metabolites, paraxanthine (1,7- 
dimethylxanthine), theobromine (3,7-dimethylxan- 
thine) and theophylline (1,3-dimethylxanthine), 
were detected in blood in all age groups (Fig. 2). 
The peak concentration of theophylline in blood 
increased 6-fold with increasing age, whereas the 
increase for paraxanthine and theobromine was 
much less pronounced. The time to peak concentra- 
tion of all three dimethylxanthine metabolites 
decreased with increasing age. The AUC’s for caf- 
feine and its metabolites in blood are shown in Table 
2. The AUC for theophylline increased from 52.3 
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Fig. 2. Effect of age on the blood concentration-time curves of the three dimethylxanthine metabolites 
of caffeine in beagle puppies. Caffeine (20 mg/kg) was administered i.v. to each puppy, and theophylline, 
paraxanthine and theobromine were assayed in whole blood by high performance liquid chromatography. 
Each point represents the mean concentration of each metabolite from four puppies. The number 
associated with each curve is the age, in days, of the puppies at the time of dosing. 
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Table 2. Area under the blood concentration-time curves for caffeine and its metabolites in developing 
beagle puppies* 





Age (days) at dosing 





i] 


Comnound 8 15 





280.6 + 80.2 
76.6 + 12.2 
67.8:= IS. 
111-5 = 30:5 
22.0 + 9.5 


180.1 + 23.0 
103.2 + 22.8 
86.0 + 10.1 
138.8 + 6.8 


59.6 + 10.0 


666.3 
52.3 
96.4 

130.1 


Caffeine 
Theophylline 
Paraxanthine 
Theobromine 
3-Methylxanthine 


th & 
It I+ I+ I+ I+ 





* Area under the blood concentration-time curves estimated by trapezoidal rule, assuming a con- 
centration of zero at time 120 hr. All values are expressed as means + S.E. (ug- ml ' hr) (N = 4). 


to 103.2 wg-ml~'-hr during the first 15 days of life, 
and then decreased to 38.3 ug-ml-'- hr by 290 days 
of age. The AUC’s for paraxanthine and theobrom- 
ine remained relatively constant for the first 22 days 
after birth and then decreased. The only other 
metabolite of caffeine that was found and measured 
in blood was 3-methylxanthine. The AUC for this 
metabolite increased steadily during the first month 
of age (Table 2). These changes in AUC with devel- 
opment do not necessarily indicate a change in the 
amount of metabolite produced since AUC also 
‘depends on the rate of elimination of each 
compound. 

Caffeine and eleven of its metabolites were found 
in urine (Table 3 and Fig. 3). In 2-day-old puppies, 
the major compounds excreted were 1-methylurate 
(18 per cent), caffeine (18 per cent) and 1,7- 
dimethylurate (16 per cent). With increasing age the 
metabolite ratio changed substantially. The amount 


1-MU CA 17-DMU TB 1,3,7-TMU 


|,3-DMU TP 


of caffeine excreted decreased such that by 22 days 
of age caffeine represented only 1 per cent of the 
identified products. The only urinary metabolites 
which increased with age were 1-methylurate, 1,3- 
dimethylurate and 3-methylxanthine. The molar per- 
centage of all other metabolites decreased with 
development. The fraction of caffeine excreted as 
1,3-dimethylurate increased 5-fold (from 6 per cent 
at 2 days of age to 29 per cent at 22 days of age), 
and that as 3-methylxanthine increased 30-fold (from 
1 to 30 per cent over the same time period). The 
change in fraction of 1-methylurate with develop- 
ment was not statistically significant. The fraction of 
metabolites retaining the 7-methyl grouping 
decreased during the first 3 weeks after birth from 
59 to 16 per cent. Conversely, the fraction of metab- 
olites containing the 1- or 3-methyl groupings exclud- 
ing caffeine and 1,3,7-trimethylurate increased dur- 
ing the same time period (Table 4). 
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Fig. 3. Urinary excretion of caffeine and eleven of its metabolites as a function of age. Each column 
represents the mean excretion of each compound from four puppies, expressed as the molar percentage 
of all identified metabolites + S.E. Caffeine (20 mg/kg) was administered i.v. to each puppy, and the 
methylxanthines and methylurates were assayed in urine by high performance liquid chromatography. 
The abbreviations used are: 1-MU, 1l-methylurate; CA, caffeine; 1,7-DMU, 1,7-dimethylurate; TB, 
theobromine; 1,3,7-TMU, 1,3,7-irimethylurate; 1,3-DMU, 1,3-dimethylurate; TP, theophylline; PX, 
paraxanthine; 3,7-DMU, 3,7-dimethylurate; 1-MX, 1-methylxanthine; 3-MX, 3-methylxanthine; and 


7-MU, 7-methylurate. 





Caffeine metabolism in beagle puppies 


Table 3. Caffeine and its metabolites in urine of beagle puppies as a function of age* 





Age (days) at dosing 





Compound 


2 


8 


_ 


n 


22 





7-Methylurate 
1-Methylurate 
3,7-Dimethylurate 
3-Methylxanthine 
1-Methylxanthine 
1,3-Dimethylurate 


0.53 + 0.31 
17.72 + 6.39 
3.25 + 0.90 
1.27 + 0.58 
3.14 + 1.81 
5.99 + 1.80 


0.95 + 0.36 
21.06 + 2.38 
0.93 + 0.38 
15.04 + 3.22 
1.32.20.13 
23.13 + 5.45 


1.14 + 0.48 
21.73 + 2.41 
0.66 + 0.36 
29.61 + 3.68 
1.51 + 0.64 
29.50 + 1.57 


9.12 + 2.39 
16.32 + 5.00 
4.57 + 1.18 
4.65 + 1.55 
7.85 + 1.36 
17.51 + 9.91 


Theobromine 
1,7-Dimethylurate 
Paraxanthine 
Theophylline 
1,3,7-Trimethylurate 
Caffeine 


2.93 + 0.44 
6.42 + 0.60 
1.57 + 0.20 
1.18 + 0.20 
2.68 + 0.52 
1.07 + 0.27 





* All values are expressed as the molar percentage (mean + S.E., N = 4) of the total identified 


compounds. 


+ Statistical comparisons are between groups of puppies at 2 and 22 days of age (unpaired Student’s 


t-test). NS = not significant. 


DISCUSSION 


Caffeine is eliminated by a first-order process from 
the blood of 2- to 29-day-old beagle puppies in accord 
with a one-compartment, open model. During this 
time, the capacity to eliminate caffeine matures 
appreciably. The elimination rate constant increases 
10-fold, from 0.035 hr~' at 2 days of age to 0.369 
hr~' at 29 days of age, a value that even exceeds that 
of the adult beagle dog (0.174 hr~', [15]). Since the 
apparent volume of distribution changes insignifi- 
cantly during the first month, the 9-fold increase in 
clearance reflects the change in elimination rate con- 
stant. Coincident with this increase in elimination 
rate, the fraction of a dose of caffeine excreted 
unchanged in the urine decreased 18-fold. This 
change is not due to a change in the efficiency with 
which the kidney excretes caffeine because the 
urine/blood caffeine concentration ratio in all experi- 
ments was found to be about 1.5, regardless of age. 
The sum of these findings strongly suggests that 
maturation of the process of caffeine elimination is 
due to an increase in the rate of metabolism of the 
trimethylxanthine. 


Table 4. Urinary excretion of methylxanthines and meth- 
ylurates in beagle puppies as a function of age and position 
of the methyl groups* 





Position of 
methyl 
grouping 2 8 15 22 


Age (days) at dosing 








59.15 35.49 
49.64 62.53 
77.75 76.84 


19.86 
64.74 
70.77 


16.47 
67.63 
65.66 


7-Methyl 
3-Methyl 
1-Methyl 





* All values are expressed as the sum of the molar 
percentages of the excreted methylxanthines and methyl- 
urates containing either a 1-, 3- or 7-methyl grouping. Some 
metabolites contain more than a single specific methyl 
grouping; thus, the totals for each age group may exceed 
100 per cent. The values do not include caffeine or 1,3,7- 
trimethylurate. 


In the adult beagle dog the major route of metab- 
olism of caffeine involves an initial N-demethylation 
at the 7-position to yield theophylline, which is fur- 
ther metabolized to 3-methylxanthine, 1 ,3-dimethyl- 
urate, 1-methylxanthine and 1-methylurate [15]. 
These compounds account for approximately 77 per 
cent of the total identified metabolites of caffeine in 
the urine of adult beagle dogs. These same com- 
pounds account for 82 per cent of the identified 
metabolites in the urine of 22-day-old beagle pup- 
pies. However, in the 2-day-old puppies a different 
metabolite pattern is observed. Aside from the 
increased fraction of caffeine noted above, one does 
not observe selectivity toward the initial 7-N- 
demethylation. Indeed, the potential metabolites of 
the paraxanthine, theophylline and theobromine 
pathways account for 42, 33 and 14 per cent of iden- 
tified products respectively. Between ages 2 and 22 
days, there is an overall 7-fold increase in the clear- 
ance of caffeine. The maturation of caffeine clear- 
ance seems to correlate closely with an increase in 
the rate of the 7-N-demethylation of caffeine to yield 
theophylline. Between 2 and 22 days of age, the 
proportion of 1,3-dimethyl derivatives increases 3- 
fold, whereas those of the 3,7- and 1,7-dimethyl 
metabolites decrease 3-fold. If one includes the 
monomethyl derivatives in the analysis, the same 
trend is indicated, but interpretation is complicated 
since each monomethyl metabolite could have been 
derived from either of two dimethylxanthines. 

N-Demethylations of xenobiotics are character- 
istically catalyzed by the cytochrome(s) P-450 mono- 
oxygenase system [16, 17], and circumstantial evi- 
dence suggests the primary involvement of these 
enzyme(s) in the metabolism of caffeine [4, 10-12, 
15]. In adult beagle dogs, pretreatment with either 
phenobarbital or B-naphthoflavone increases the 
clearance of caffeine. Phenobarbital stimulates the 
7-N-demethylation of caffeine to theophylline, and 
B-naphthoflavone stimulates the 3-N-demethylation 
of caffeine to paraxanthine [15]. It is the develop- 
ment of a form(s) of cytochrome P-450 with substrate 
specificity similar to, or identical to, the phenobar- 
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bital-inducible caffeine-7-N-demethylase of adult 
dogs which seems to correlate with the maturation 
of caffeine clearance observed in the beagle puppy. 
The details of this conclusion may not apply to human 
infants since human beings first metabolize caffeine 
to paraxanthine via a 3-N-demethylation reaction 
[5, 7, 8]. 
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Abstract—The binding of L-tryptophan to human serum albumin (HSA) Fr. V in Krebs-Ringer 
phosphate buffer and to HSA in serum was studied by equilibrium dialysis. At constant albumin 
concentration (in the in vivo range) and various L-tryptophan concentrations, binding was greater in 
serum, with an apparent association constant (k) equal to 4.88 x 10* l/mole and the number of binding 
sites (n) equal to 0.62. The corresponding kinetic parameters obtained at constant HSA Fr. V concen- 
tration and various L-tryptophan concentrations in Krebs-Ringer phosphate buffer were 7.61 x 10° l/mole 
and 0.28, respectively. The Scatchard plot obtained from experiments with various albumin concen- 
trations and a constant L-tryptophan concentration had a negative slope in serum and a positive slope 


in Krebs-Ringer phosphate buffer. 


Rheumatoid arthritis is a disease associated with 
marked alterations in serum protein levels. A 
decreased content of albumin and an increased gly- 
coprotein content of both alpha- and beta-globulin 
fractions were noted in both human [1-3] and rat 
sera [4-6]. An increased level of bound and total 
L-tryptophan was also reported in arthritic human 
serum [7, 8], and this alteration has been considered 
an important index of the course of rheumatoid 
arthritis and its response to anti-rheumatoid drug 
therapy [9], although a similar change has not been 
observed in serum of adjuvant rat.* Since 
McMenamy has already established that L-trypto- 
phan binds specifically to albumin in human serum 
[10], the simultaneous occurrence of increased total 
and bound t-tryptophan levels and the decreased 
level of albumin is surprising and may reflect a qual- 
itative change in this protein which alters its binding 
properties. One possible explanation for this is that 
a decrease in molecular aggregation [11] may occur 
at reduced albumin concentration, thereby enhanc- 
ing the albumin binding capacity. The association 
constant (k) and the number of bindings sites (n) for 
some acidic and basic drugs were found to be depen- 
dent upon albumin concentration [12-15]. More- 
over, Bowmer and Lindup [16, 17] reported that the 
binding capacity of bovine serum albumin (BSA) 
toward L-tryptophan increases upon albumin dilu- 
tion. The investigation of the effect of dilution of 
albumin upon L-tryptophan binding using human 
serum and human serum albumin (HSA) over ranges 
related to the in vivo situation constitutes the basis 
of this report. 


MATERIALS AND METHODS 


Materials. Human serum obtained from healthy 
volunteers was pooled and used without freezing. 





*H. Bruderlein, J. Bernstein, M. Kraml and R. R. 
Martel, manuscript submitted for publication. 


HSA Fr. V lot No. 47C-0442-2, a-globulin (bovine) 
Fr. IV lot No. 97C-0345, B-globulin (bovine) Fr. III 
lot No. 26C-01971, y-globulin (bovine) Fr. II lot No. 
78C-0398, and unlabeled t-tryptophan were 
obtained from the Sigma Chemical Co., St. Louis, 
MO. Omnifluor and ['*C]-L-tryptophan, with a spe- 
cific activity of 54.7 Ci/mole, were obtained from the 
New England Nuclear Corp., Boston, MA, and 
Soluene was obtained from the Packard Chemical 
Co., Downers Grove, IL. The stainless steel dialysis 
block was made according to the design of M. Kraml 
and W. T. Robinson from Ayerst Research Labora- 
tories, Montréal, Canada. The dialyzing membranes 
were Type C, part No. 105-1058 POIA. These were 
obtained from Technicon Instruments Corp., Tarry- 
town, NY. 

Determinations. The determination of total L-tryp- 
tophan level, based on norharman formation, and 
the determination of free L-tryptophan level, using 
equilibrium dialysis, were performed according to 
Wood et al. [18]. The albumin concentration was 
determined with bromocresol green according to the 
method of Lehane et al. [19]. 

Binding studies. For the binding studies which 
involved a constant L-tryptophan concentration and 
varying concentrations of albumin, the serum or 
HSA (4%, w/v) solution in Krebs—Ringer phosphate 
buffer, pH 7.4 [20], was diluted with the same buffer, 
to which L-tryptophan was added to give a concen- 
tration of 12.4 ug/ml. For the alternate study which 
involved a constant albumin concentration and vary- 
ing concentrations of L-tryptophan, 0.2 ml of sol- 
utions containing various concentrations of L-tryp- 
tophan in Krebs-Ringer buffer, or the buffer alone, 
were added to 5 ml of serum on HSA (4%, w/v). 
The pH of these solutions was measured on a 
Radiometer pHM61 laboratory pH meter. One set 
of HSA samples with constant albumin concentration 
and another set of samples with varying albumin 
concentration had their pH adjusted to 7.4, with 
small volumes of 0.1 N NaOH. The free L-trypto- 
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phan concentration was determined by equilibrium 
dialysis, using a multiple cells block. One milliliter 
of serum or HSA solution was dialyzed against an 
equal volume of buffer containing 93 pmoles ['*C]- 
L-tryptophan. The dialysis was terminated after 16 hr 
of incubation in a metabolic shaker at 22°. Samples 
(0.1 ml) were withdrawn from both protein and 
buffer compartments, placed in scintillation vials 
containing 0.5 ml Soluene and 15 ml of a 4% (v/v) 
Omnifluor solution in toluene (scintillation grade), 
and counted in a Beckman LS 8000 liquid scintillation 
counter, with an efficiency for '*C of 90 per cent. 
When the possible effect of adding globulins to 4% 
HSA solution was inspected, 1% of a-, B-, or y- 
globulin (bovine) was added either separately or 
together to 4% HSA Fr. V in Krebs-Ringer phos- 
phate buffer solution using a single concentration of 
L-tryptophan of 12 g/ml. All experiments were per- 
formed in triplicate or quadruplicate. 

Calculations. The results were analyzed by means 
of the Scatchard equation for the law of mass action, 
r/d = nk — rk, where r is the molar ratio of bound 
L-tryptophan to albumin, d is the molar concentra- 
tion of free L-tryptophan at equilibrium, & is the 
association constant and n the number of binding 
sites [21]. The molecular weight of albumin was 
taken as 66,248 [22]. The slope, the intercept and 
the correlation coefficient were calculated by linear 
regression analysis since the resulting data were well 
fitted with a straight line. 
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Fig. 1. Scatchard plot for the binding of L-tryptophan to 

human serum at 22°. Key: (@) L-tryptophan (29.1- 

247.8 uM) binding to 4.9% (w/v) albumin; (@) L-trypto- 

phan (30.4 4M) binding to a range of albumin concentra- 

tions; the numerals are the albumin concentrations (%, 

w/v) at the points indicated. Each point is the mean of four 
experiments. 
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RESULTS AND DISCUSSION 


The total L-tryptophan level in the pooled human 
serum was found to be 12.4 ug/ml. The albumin 
content was 5.1 g/100 ml. These values are within 
the normal ranges [7, 22]. Two studies were done 
with the human serum. In the first study, the albumin 
concentration was varied and the L-tryptophan con- 
centration was kept constant. In the second study, 
the albumin concentration was kept constant and the 
L-tryptophan concentration was varied. The Scat- 
chard plots of the data are shown in Fig. 1. Both 
slopes are negative and the data points are overlap- 
ping. The association constant, k, calculated by lin- 
ear regression analysis for the experiment at constant 
albumin concentration, is equal to 4.88 x 10* I/mole, 
and the number of binding sites, n, is equal to 0.62 
(correlation coefficient = 0.979). Three studies were 
done with HSA solutions in Krebs—Ringer phosphate 
buffer solution. The first study was done with vari- 
able albumin concentration and constant L-trypto- 
phan concentration. It had already been shown that 
the L-tryptophan binding capacity of albumin 
increases with increasing pH [10, 23]. These obser- 
vations prompted us to check the pH of our solutions. 
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Fig. 2. Scatchard plot for the binding of L-tryptophan to 
HSA. Key: (@) L-tryptophan (29.1-214.3 uM) binding to 
4% (wiv) HSA at pH7.4 and 22°; (™@) L-tryptophan 
(30.4 uM) binding to a range of concentrations (%, w/v) 
at the points indicated, pH equals 6.29 at 4%, 6.48 at 3%, 
6.71 at 2% and 7.18 at 1% (w/v) HSA concentration; the 
numerals are the HSA concentrations (%, w/v) at the 
points indicated; (A) L-tryptophan (30.4 uM) binding to 
a range of concentrations of HSA at pH7.4. Each point 
is the mean of three experiments. 





Tryptophan binding and albumin concentration 


Significant changes were found with the HSA sol- 
ution, going from pH 6.29 for the 4% solution to 
pH 7.18 for the 1% solution. Since these changes 
could induce some variation in the binding capacity 
of albumin, two more studies were done, one using 
constant albumin concentration and the other using 
variable albumin concentration with controlled pH 
at 7.4. The results of these studies are shown in Fig. 
2. The Scatchard plot which was obtained from the 
experiment using a constant HSA concentration with 
varying concentrations of L-tryptophan at pH 7.4 has 
a negative slope from which the association constant 
can be determined to be equal to 7.61 x 10° I/mole 
and n, the number of sites, equal to 0.28 (correlation 
coefficient = 0.976). In the two experiments with 
varying albumin concentrations, the slopes are pos- 
itive, and nearly identical. However, the absolute 
value of the data points shows, as expected, an 
improved binding capacity of the albumin at higher 
pH. The positive slopes are to be related to the 
similar results of Bowmer and Lindup [16] using 
varying concentrations of BSA in phosphate buffer, 
with a constant concentration of L-tryptophan. These 
authors suggested that the decreased binding 
capacity which occurs at a higher concentration is 
due to increased protein-protein interactions which 
mask the binding site. In human serum, no such 
phenomena occurs; both slopes are negative and the 
data points overlap. This contrasting behavior sug- 
gests that, in serum, no aggregation or polymeri- 
zation of albumin does occur. The serum may contain 
some molecules (protein or endogenic ligand) which 
prevent the aggregation of albumin in the range of 
concentrations studied and leave the binding site 
available. The higher association constant and the 
larger number of binding sites support this hypoth- 
esis. The per cent L-tryptophan bound versus the 
albumin concentration is shown in Fig. 3. The per 

cent binding is much higher with human serum, and 
its decrease with decreasing albumin concentration 
is very slow at the in vivo concentration. From these 








Albumin conc., 9/100 


Fig. 3. Effect of the albumin concentration on the % 
binding of L-tryptophan (30.4 4M) . Key: (™) human 


serum; (@) HSA at pH 6.29 to 7.18; and (A) HSA at pH 
7.4. Each point is the mean of three or four experiments. 


1917 


results it appears that the reduced albumin concen- 
tration is not responsible for the increased L-tryp- 
tophan binding capacity depicted in arthritic human 
serum [7, 8]. The possibility that the increased glob- 
ulin fraction is responsible for this increased binding 
capacity is very small, since McMenamy found that 
the L-tryptophan did not bind appreciably to any 
plasma fraction at pH 7.4 unless it contained albu- 
min. Moreover, the addition of 1% of a-, B-, or y- 
globulin (bovine), added either separately or 
together to 4% HSA Fr. V. in Krebs—Ringer phos- 
phate buffer, did not change significantly the amount 
of bound L-tryptophan. The increased binding 
capacity could be due to a change in albumin con- 
formation induced by a change in some ligand con- 
centration. This is the hypothesis that is now under 
investigation in our laboratory. 

In conclusion, the binding of L-tryptophan to HSA 
may vary considerably depending on whether the 
binding occurs in serum or in Krebs—Ringer phos- 
phate buffer. At a constant albumin concentration 
(in the in vivo range), and various L-tryptophan 
concentrations, binding is greater in serum, the con- 
stant of association being about six times larger, and 
the number of binding sites twice as large. Moreover, 
the Scatchard plot obtained from experiments with 
various albumin concentrations and a constant L- 
tryptophan concentration has a negative slope in 
serum and a positive slope in Krebs—Ringer phos- 
phate buffer. These results imply that the albumin 
in serum is not aggregated. since dilution did not 
improve its binding capacity. Consequently, the 
reduced albumin concentration found in the sera of 
rheumatoid-arthritic patients may not be responsible 
for the observed increased binding of L-tryptophan. 
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Abstract—Reticulo-fasciculata bovine adrenocortical cells grown in monolayer primary culture were 
used to examine the steroidogenic properties of a series of twenty-six prostanoid structures, including 
prostacyclin, two endoperoxide analogs and various modified primary PGs. The steroidogenic activity 
of these cultures was examined either in the continuous presence of effector or under short-term 
stimulation experiments, thus allowing measurement of cAMP in addition to cortisol production. 
Primary PG of the E series were found to be the most potent effectors of both parameters, whereas 
prostacyclin was ineffective. All modifications involving the cyclopentane ring of the PG structure 
appear to be deleterious to the biological activity. Although a disulfide analog of PGH) had no effect, 
two endoperoxide analogs were steroidogenic, U-44069 being highly potent. The structure—activity 
relationship among the PG structures was similar in long- or short-term experiments. In addition, a 
good correlation was found between steroidogenic potency and adenylate cyclase activation, either in 
intact cells or in a purified plasma membrane preparation. 


Despite several reports on the effect of prostaglan- 
dins (PG) in the regulation of adrenal steroidogene- 
sis, an obligatory role of these substances in the 
stimulation of this process by adrenocorticotrophic 
hormone (ACTH) has not been unequivocally estab- 
lished [1-4]. Use of inhibitors of PG biosynthesis has 
led to the suggestion that endogenous PG may act 
at the hypothalamo-pituitary level in vivo [5-7]. On 
the other hand, the direct effect of exogenous PG 
on steroidogenic activities of various adrenocortical 
preparations in vitro has been documented in recent 
years. A stimulatory effect has generally been 
observed with primary PG, especially of the E series 
[8-15] and recently with prostacyclin [16]. However, 
inconsistency and variability of response from pre- 
paration to preparation have been emphasized by 
several research groups [10, 12, 13, 15, 16], espe- 
cially when using highly sensitive enzymatically-dis- 
persed cells [13, 15, 16]. In an attempt to use fresh 
adrenocortical cell suspensions of bovine origin to 
establish a quantitative structure—activity relation- 
ship for a number of natural and modified PGs, we 
have also observed such a variability, despite a main- 
tained response of these cells to ACTH. Since this 
difficulty may be related to uncontrolled variations 
in the metabolic state of freshly obtained cells, we 
decided to use the same cellular preparations after 
various times in primary culture, during which the 
cells may recover their basal metabolic character- 


istics. This approach provided an homogeneous bio- 
logical system which appears to represent a well 
suited tool for the quantitative study of PG steroi- 
dogenic properties. This was established upon both 
short- (2 hr) and long-term (24 hr) incubations. The 
active PGs stimulated corticosteroid and cyclic AMP 
productions in a related manner. This relationship 
was examined further using purified adrenocortical 
cell membrane preparations enriched in responsive 
adenylate cyclase activity. Twenty-six prostanoid 
structures, including prostacyclin and two endo- 
peroxide analogs, were compared as to their effect 
upon cyclic AMP and cortisol productions in an 
attempt to establish a possible structure—activity 
relationship. 


MATERIALS AND METHODS 


Eagle’s minimum essential culture medium 
(MEM), serum and antibiotics were purchased from 
Gibco. The culture medium was made of MEM 
supplemented with 10% foetal calf serum and con- 
taining penicillin (100U/ml), — streptomycin 
(100 ug/ml) and kanamycin (20 ug/ml). Trypsin 
(TRL) and lima bean trypsin inhibitor were from 
Worthington and synthetic B 1-24 ACTH from Ciba. 
(?H]-cortisol (40-60 Ci/mmole) was furnished by 
New England Nuclear. [!*°I]-cyclic AMP and cyclic 
AMP antiserum were from the Institut Pasteur, 
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Paris. Primary prostaglandins, *thromboxane B, and 
two endoperoxide analogs* (U-44069 and U-46619) 
were a generous gift from Dr. J. Pike, Upjohn Co. 
Prostacyclin was kindly donated by Dr. Lagarde 
(Lyon). The other prostanoid structures* [17-19] 
were prepared and kindly provided by P. Crabbe 
(Grenoble). 


Bovine adrenocortical cell preparation and culture 
conditions 

Isolated adrenal cell suspensions were prepared 
according to Kloppenborg et al. [20] as modified by 
Sayers et al. [21]. Bovine adrenal glands obtained 
from the local slaughterhouse were kept in ice-cold 
MEM before processing within 1 hr after slaughter 
under sterile conditions. The glands were defatted, 
halved and the medulla was carefully scraped off. 
The adrenal cortex was cut into 0.5 mm thick slices 
with a Stadie—Riggs microtome. The first (inner) 
slice was discarded; the two following slices, rep- 
resenting mainly fasciculoreticulata cells, were col- 
lected (3-4 g) and transferred into a siliconized 60- 
ml flask containing 40 ml sterilized MEM and 50 mg 
trypsin. After 30 min at 37° with stirring, the super- 
natant fluid was discarded and the procedure 
repeated (6-8 times) with 20 min of stirring. The 
corresponding supernatants were pooled in a plastic 
flask at 4° and then centrifuged at 100g for 10 min 
at room temperature. The cell pellet was resus- 
pended in 50 ml of sterile MEM containing 50 mg 
of trypsin inhibitor. After a second centrifugation 
at 100g (10 min), the final pellet was resuspended 
in culture medium and the cells were counted using 
a hematimeter. Usually, 10° cells were seeded in 
5 ml of culture medium in stoppered Falcon culture 


bottles (25 cm? area) at 37° after equilibration with: 


air—CO, (95% :5%). Thereafter, the medium was 
changed every 24 hr. 

Cell counting. The culture medium was withdrawn 
and | ml of a 1% aqueous solution of Triton X-100 
was added. After standing for 5 min, the nuclei were 
counted using a Neubaeur hematimeter. 

Measurement of cortisol production. The culture 
medium was extracted with 5 vol. dichloromethane. 
Cortisol was measured by radioimmunoassay, using 
a specific rabbit antiserum obtained in the 
laboratory. 

Cyclic AMP determination. Following withdrawal 





* Trivial names and abbreviations used: Primary prosta- 
glandins (PG): PGA,, PGA;, PGE,, PGE, PGF,,, PGF2,, 
PGB;; 15(S)-15 methyl- PGF>,, 15 Me-PGF,,; Thrombox- 
ane Bz, TxB>; prostacyclin, PGI,; 15(S)-hydroxy-9a,1la- 
(epoxymethano)prosta 5-Z,13 E-dienoic acid, U-44069; 
15(S)-hydroxy-1la,9a-(epoxymethano) prosta 5-Z, 13 E- 
dienoic acid; U-46619. Modified PG [17-19] were: 11-deoxy 
PGE;; lla-methyl-11-deoxy PGE,, 11-Me PGE; lla- 
butyl-1l-deoxy PGE,, 11l-butyl PGE;; 1la-phenyl-11- 
deoxy PGE>, 11-Phe PGE;; 1la-benzyl-11-deoxy PGE), 
11-benzyl PGE,; 11-deoxy PGF,; 11-deoxy PGF ,; disul- 
fide analog of PGH>, SS-PGH); 9a,11a-trithiocarbonate of 
9,11-bisdeoxy PGF,; 1la-mercapto-11-deoxy PGF,,; lla- 
mercapto-1l-deoxy PGF2,; 9a,1la-dimercapto-9, 1 1-bis- 
deoxy PGF; 15a-hydroxy-11la-methyl-10-oxo-9-aza-10- 
homo-prosta-5,13-dienoic acid; 15a-hydroxy-10-oxo-9-aza- 
10.homo-prosta-5,13-dienoic acid; 3’,5’,cyclic adenosine 
monophosphate, cAMP. 
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Fig. 1. Cortisol production by bovine adrenocortical cells 

in monolayer culture with the continuous presence of 

ACTH or PGE,, as a function of time. @, control (no 

effector added); @, ACTH (100 mU/ml); A, PGE, 

(10-°M). Each point is the mean of six independent 
observations. 


of the culture medium, 2.5 ml of MEM containing 
1 mM of methylisobutyl xanthine (and effectors as 
indicated) were added. After 15min at 37°, the 
incubation was stopped by 5 ml of absclute ethanol 
at —20°. Cells were scraped from the culture bottle 
with a rubber policeman; the mixture was kept at 
—20° for at least 2hr. After centrifugation, the 
supernatant was collected and an aliquot evaporated 
to dryness. After acetylation [22], the cyclic AMP 
content was measured by radioimmunoassay [23]. 

Adrenal cortex plasma membrane preparation. 
Plasma membranes were prepared from bovine 
adrenal glands by the method of Schlegel and Schwy- 
zer [24]. 

For determination of adenylate cyclase activity, 
the assay medium contained ATP (1 mM), MgCl, 
(6mM), phosphoenolpyruvate (20mM), pyruvate 
kinase (0.2 mg/ml), theophylline (7 mM) in pH 7.4, 
20 mM Tris-HCl buffer. When used, sodium fluoride 
was present at a 10 mM final concentration. Plasma 
membrane suspensions containing 0.1-0.2 mg of 
protein were added to initiate the reaction. Following 
incubation for 15 min at 30°, the reaction was stopped 
upon addition of absolute ethanol. After 2 hr at 
—20° and centrifugation, the cyclic AMP content 
was measured as described above. 


RESULTS 


Steroidogenic activity of bovine adrenocortical cells 
in the continuous presence of prostanoids. The ster- 
oidogenic properties of the bovine adrenocortical 
cell system in primary culture were characterized in 
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Fig. 2. Effect of increasing PGE, concentration on cortisol 

production by bovine adrenocortical cells in monolayer 

culture. Cells were grown in the continuous presence of 

various PGE, concentrations; cortisol production during 

day 2 of culture was measured. Each point is the mean + 
S.E.M. of four experiments. 


detail! in separate experiments, using synthetic 
ACTH as the typical effector added to the culture 
medium. It was observed that the cell population 
responded to ACTH in a dose-dependent manner 
and that 100 mU/ml in the culture medium elicited 
a maximal cortisol production, as measured after 
24 hr incubations, for 10° cells plated as described 
above. These conditions were thus taken as a ref- 
erence to study the effect of the available prosta- 
noids. Figure 1 shows that when ACTH was present 
in the culture medium (100 mU/ml) from the begin- 
ning of the culture, the cortisol production measured 
every 24 hr sharply increased during the second and 
third days. Despite the continuous presence of 
ACTH, the steroid production thereafter declined, 
in agreement with data from another group [25], 
from day 7 to 12. Cortisol production was measured 
each 24 hr in the continuous presence of PGE, 
(10°° M), added at the beginning of the culture. 
Figure 1 shows that maximal release of cortisol in 
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Fig. 3. Cortisol production during a 2-hr exposure to various 

ACTH concentrations by cultures previously grown for five 

days in the absence of effector. Each point is the mean + 
S.E.M. of three observations. 


the medium was observed (as with ACTH) during 
days 2 and 3. The steroidogenic activity thereafter 
decreased, despite the continuous presence of PGE). 
The same pattern was observed with all other potent 
prostanoids mentioned. It was concluded, therefore, 
that the most sensitive test of stimulation would be 
the determination of cortisol released during the 
second day of culture, the effector being present 
from zero time. These conditions were then used to 
choose the most convenient prostanoid concentra- 
tion to be employed. Figure 2 gives the dose response 
obtained when increasing PGE, concentrations 
(10°°-10°* M) were present in the culture medium. 
Whereas a significant stimulatory effect on cortisol 
release was detected at 10°°M_ concentration, 
maximal stimulation was observed at 10°° M PG. At 
higher doses, the stimulatory effect was impaired, 
suggesting a toxic effect on the cell functions. Con- 
sequently, the prostanoids to be studied were all 
introduced in the culture medium at zero time and 
10°°M_ concentration; cortisol released in the 
medium during the second day of culture was meas- 
ured as the index of steroidogenic activity of the 
system. 


Table 1. Effect of prostanoids on cortisol production by adrenocortical cells 
during day 2 of culture in the continuous presence of the effector (10° M PG) 
from zero time, as compared to that of ACTH (100 mU/ml)* 





Cortisol 


(ug/10° cells x 24 hr) 





Control 
ACTH (100 mU/ml) 
PGE, 

PGE, 

PGA, 

PGA, 

PGF,, 

PGF;, 

15-Me PGF), 
11-deoxy PGE, 
U-44069 
U-46619 

PGB, 
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* Means and standard deviations were calculated from triplicates (quadru- 
plicates for the control). Other prostanoids tested and showing no significant 


effect have been omitted. 
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Fig. 4. Cyclic AMP level as a function of time in the culture 
medium of cells previously grown as in Fig. 3. @, in the 
absence of effector; A, after addition of ACTH (1 mU/ml) 
at zero time, together with methylisobutylxanthine (1 mM). 
Each point is the mean + S.E.M. of three observations. 


Table 1 illustrates the data obtained under these 
conditions with all the available PG structures. PGE, 
appeared to be the most effective molecule of the 
series, although its effect remained about half that 
of a maximal dose of ACTH. The other primary PG 
were also active. No significant difference was 
observed in the activity with increasing unsaturation 


of the side chains (1 and 2 series). TxB, was totally 
ineffective. Introduction of an alkyl substituent on 
the PG ring totally blunted the steroidogenic effect 
of the corresponding primary PG. Changing the 
C-15 hydroxy group of PGE,, to a tertiary alcohol 
(15-methyl PGF,,,) did not enhance significantly the 
steroidogenesis activators; whereas U-46619 was 


moderately active, its isomer U-44069 was about as 
active as PGE;. 

Measurement of cyclic AMP in the culture medium 
under these continuous stimulation experiments 
yielded values not significantly different from those 
of the blank of the method. This holds for PG as 
well as for ACTH stimulation and suggests that 
cAMP was metabolized during these long-term 
incubations (24 hr). Use of phosphodiesterase inhibi- 
tors to block this metabolism was avoided since these 
drugs could have led to undesirable metabolic effects 
in these long-term culture experiments. Acute stimu- 
lation experiments were therefore designed to take 
into account both cAMP and cortisol production as 
cell response parameters to PG challenge. 

Acute stimulation of cAMP and cortisol pro- 
duction. Bovine adrenocortical cells were maintained 
in culture for five days without any effector added 
to the medium. Thereafter these cells were chal- 
lenged with the effector under study. As with long- 
term experiments (see above), the system was first 
characterized using ACTH in order to define the 
most sensitive conditions to evaluate its steroido- 
genic activity. As illustrated in Fig. 3, these cells 
exhibited a high sensitivity to ACTH as compared 
to the long-term stimulation conditions: 100 wU/ml 
in the medium elicited a maximum steroidogenic 
response over 2-hr incubations. In the presence of 
ACTH (1 mU/ml), the cAMP level in the culture 
medium sharply increased, reaching a maximum 
after 20min stimulation (Fig. 4) and thereafter 
declining slowly. It was concluded, therefore, that 
the best means of evaluating the cell response is to 
measure cortisol after 2 hr and cAMP after 15 min 
incubation of these 5-day-old cultures in the presence 
ot the effector under study. When these conditions 
were used with increasing concentrations of PGE,, 
the dose-response obtained for cortisol release 
showed that 10°°M PG was sufficient to elicit a 
maximal steroidogenesis (Fig. 5). However, the 


Table 2. Effect of prostanoids on cAMP and cortisol production by adrenocortical cells in culture, as 
compared to that of ACTH* 





Cortisol 


(ng/10° cells x 2 hr) 
4 


% ACTH 
(1mU/ml) 


% ACTH 
(1mU/ml) 


Cyclic AMP 
(ng/10° cells x 15 min) 





Control 76 +5 
ACTH 
(1 mU/ml) 


PGE, 


712 + 42 
115 = 37 
603 + 45 
503 + 32 
528 + 53 
226 + 26 
202 + 33 
203 + 27 
145 + 29 
698 + 56 
218 + 27 
13+4 
450 + 42 


11-deoxy PGE, 
U-44069 
U-46619 

PGI, 

PGB, 


10+1 


720 + 40 
231 +19 
211 + 20 
125+9 
118 + 12 
130 + 14 
103 + 13 
105 +9 
53 +6 
227 + 28 
OS ae 
15+3 
95+7 





* After five days in culture without effector, the cells were challenged by addition of PG (107° M) or 
ACTH (1 mU/ml); cortisol was measured in the medium after 2 hr and cAMP after 15 min stimulation. 
Means and standard deviations were calculated from triplicates (quadruplicates for the control). Other 
prostanoids tested and showing no significant effect are not included. 
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Fig. 5. Response of bovine adrenocortical cells to acute 

stimulation by PGE, after five days of culture without 

effector. A, cortisol production after a 2-hr exposure to 

PGE, at various concentrations; @, cAMP production after 

a 15-min exposure to PGE, in the presence of methyliso- 

butylxanthine (1 mM). Each point is the mean + S.E.M. 
of three determinations. 


cAMP production plateaued at a higher PG concen- 
tration (10~° M). It may be noticed that no deleteri- 
ous effects on cortisol production were observed at 
this high PG concentration, by contrast to what was 
seen in long-term experiments. It thus appears that 
these short-term stimulations of previously unchal- 
lenged 5-day-old cell cultures provided a system 
which exhibited a much higher sensitivity than that 
given by the long-term (24hr) stimulation experi- 
ments. In addition, this system allowed the exami- 
nation of two response parameters, namely adeny- 
late cyclase activity and corticosteroidogenesis. This 
system was therefore used to compare the effect of 
the available prostanoids, all tested at 10-° M con- 
centrations. Table 2 gives the corresponding data, 
as well as the maximal effect of ACTH (1 mU/ml) 
which may be taken as reference. PGE, again 
appears to be the most effective prostanoid and 
under these conditions exhibits a steroidogenic effect 
equivalent to that of ACTH. However, PGE, is only 
one-third as potent as ACTH in increasing cAMP 
level. A similar potency on both response parameters 
is exhibited by the endoperoxide analog U-44069. 
Another observation concerns only the short-term 
stimulations which allowed measurement of cAMP 
production; although as powerful as ACTH in elicit- 
ing steroidogenesis, the most active PG structures 
exhibited, at best, about 30 per cent of the ACTH 
effect on adenylate cyclase activity. However, there 
is no discrepancy between the steroidogenic effect 
and the stimulation of cAMP production when both 
parameters are available for a given PG structure 
(Table 2). 

Adenylate cyclase activity of purified membrane 
preparation. Bovine adrenal cortex plasma mem- 
brane preparations were used in looking for a struc- 
ture—activity relationship of the available prostanoids 
on adenylate cyclase activity. This activity was meas- 
ured under basal conditions (control) and in the 
presence of fluoride, a well known stimulus of the 
cyclase [26]. ACTH (10 mU) was included as a ref- 
erence test as in afore-mentioned experiments. All 
the available prostanoids were tested at 10~° M final 
concentration in the incubations. Corresponding 
adenylate cyclase activities and relative potency of 
PGs on this system with regard to ACTH are given 
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Table 3. Effect of prostanoids on adenylate cyclase activity 
of adrenocortical plasma membrane preparation, as com- 
pared to that of ACTH and sodium fluoride* 





Cyclic AMP 


(ng/min/mg protein) % ACTH 





Control 

NaF (10 mM) 
ACTH (107° M) 
PGE, 

PGE, 

PGA, 

PGA; 

PGF, 

PGF,, 

15-Me PGF, 
11-deoxy PGE, 
U-44069 
U-46619 

PGB, 

PGI, 
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* All prostanoids were used at 10~° M final concentra- 
tion. Means and standard derivations were calculated from 
triplicate determinations (quadruplicates for the control). 
Other prostanoids showing no significant effect are not 
included. 


in Table 3. As expected from the data obtained with 
whole cells, PG of the E series were the most potent 
primary PG and were as effective as ACTH. A 
discrepancy appears in the case of PG of the F series, 
which had no effect on membrane adenylate cyclase 
activity although they were moderately active on 
cAMP production by the whole cells (see Table 2). 
On the other hand, one of the endoperoxide analogs 
(U-44069) appeared to be the most powerful pros- 
tanoid on this isolated system, being more potent 
than ACTH (135%), while the U-46619 isomer had 
no detectable effect. 


DISCUSSION 


A possible solution to the problem of response 
variability from preparation to preparation when 
using fresh adrenocortical cell suspensions to test the 
steroidogenic properties of prostanoid structures 
[13, 15, 16] was examined using similar cell pre- 
parations kept in primary culture. These cultures 
appeared to meet satisfactorily the first aim of this 
work: when the cells responded to ACTH by 
increased steroidogenesis, they were always found 
to be sensitive to potent prostanoids. When the PG 
effect was compared to that of ACTH (both under 
maximal stimulation conditions), a very good 
reproducibility was obtained with independent cell 
cultures. The system appears very flexible since its 
steroidogenic response could be examined either in 
long-term (continuous presence of the effector stud- 
ies) or in short-term experiments. Previously unchal- 
lenged five-day-old cultures appear to be the most 
sensitive system in short-term incubations, both with 
ACTH and PG, and allow the simultaneous assess- 
ment of adenylate cyclase and steroidogenesis 
activations. 
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The reproducibility of response to PG (and 
ACTH) observed when adrenocortical cells are kept 
in culture may be explained by the fact that under 
culture conditions, the cells recover their metabolic 
machinery and correct for possible damages due to 
enzymatic and/or mechanical treatments applied 
during the cell dispersion procedure. This may be 
particularly important in the case of PG since adreno- 
cortical prostaglandin receptor has been reported to 
be destroyed by trypsin treatment, whereas ACTH 
receptor was preserved under the same conditions 
[27, 28]. 

Although previously unchallenged cell cultures 
appear to be most sensitive to stimulation, this work 
shows a good correlation between the relative ster- 
oidogenic properties of the PG structures under short 
(2 hr) or prolonged (24 hr) stimulations. Under both 
conditions PGE, and U-44069 endoperoxide analog 
appear the most potent PG compounds (Tables 1 
and 2). There is also a good correlation between the 
steroidogenic potency of the active PG structures 
and their ability to stimulate adenylate cyclase in the 
intact cell. When adenylate cyclase activity of pur- 
ified adrenocortical membrane preparations was 
used as the target system, again PGE, and U-44069 
were the most active PG. However, the potency of 
these PG relative to ACTH was much higher in this 
system than in the intact cell. This observation sug- 
gests that whereas stimulation of adenylate cyclase 
in intact cell involves a PG membrane receptor, the 
enzyme may be exposed to an additional direct effect 
of PGs in broken cell preparations. The result was 
particularly striking in the case of U-44069 which 
was more efficient than ACTH (135 per cent) in 
activating membranous adenylate cyclase. A yet 
unexplained finding is the absence of an effect of 
PGF in this system, while these PG appeared active 
on adenylate cyclase activity in intact cells. Taken 
together, these results do not point to any dissocia- 
tion between steroidogenic and cAMP production 
under cell stimulation by potent PG. These findings 
are thus in agreement with the proposal that the 
initial rise in cAMP is the major intracellular mes- 
senger in the steroidogenesis stimulation by exogen- 
ous PG in the intact cell [29]. 

All primary PG (A, E, F) appear to be potent 
positive effectors of adrenocortical steroidogenic as 
well as adenylate cyclase activities in culture. Under 
all conditions, PGE, was the most active structure, 
although it should be noted that evaluation of ster- 
oidogenic activity was limited to glucocorticoid (cor- 
tisol) measurement. Whereas modification of the 
side chains (one or two double bonds, methyl at C- 
15) did not modify the activity of the corresponding 
primary PG, changes in the ring substitution greatly 
impaired their potency on our biological system; 11- 
desoxy PGE, was about five times less active than 
PGE, and the PGE; structures bearing an alkyl sub- 
stituent at C-11 were totaily inactive. However, the 
presence of an oxygen at C-11 does not seem man- 
datory since A and B types primary PG appeared 
actively steroidogenic. By contrast to data reported 
by others [16] using feline adrenocortical cells, pros- 
taglandin I, was not able to stimulate bovine fasci- 
culoreticulata cells in culture under our conditions. 
It is difficult to explain this somewhat unexpected 
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finding, although stability of PGI, might have been 
critical in our incubation system. Although a disul- 
fide analog of PGH, was ineffective, two epoxy- 
methano-endoperoxide analogs exhibited interesting 
steroidogenic properties in contrast to the reported 
ineffectiveness of U-46619 on the feline system [16]. 
A new observation was the relatively high potency 
of the 9a,11a-epoxymethano structure (U-44069) on 
the intact cell activity and most strikingly on the 
isolated membrane adenylate cyclase activity. These 
epoxymethano-endoperoxide analogs have been 
shown to be active on platelet aggregation while a 
very small increase in cAMP production was 
observed in this system [30]. This would suggest that 
endogenous endoperoxides, which could be pro- 
duced during PG biosynthesis in adrenocortical tis- 
sue, may be worth considering as potential modu- 
lators of corticosteroidogenesis. 
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Abstract—Five purified carboxylesterases/amidases of rat liver are susceptible to inhibition by 
various organophosphorus diesters and triesters. The inhibitory effect of these esters generally de- 
creases in the order paraoxon>bis(4-nitrophenyl)phosphate >4-nitrophenyl-phenyl-phosphate >bis(4- 
cyanophenyl)phosphate>2-nitrophenyl-phenyl-phosphate. After in vivo application of radioactive bis(4- 
nitrophenyl)phosphate, all microsomal carboxylesterases of rat liver—including the five hydrolases 
investigated in vitro—are irreversibly labeled. We conclude that all carboxylic ester hydrolases of rat 
liver that act at neutral pH can be classified as serine hydrolases. The hydrolases pI 6.2 and 6.4 that 
have the highest monoleylglycerol-cleaving activities are relatively insensitive to inhibition by organ- 
ophosphorus diesters as compared to the hydrolases with lower pI. The very similar hydrolases pI 6.2 
and 6.4 may be distinguished in vitro by the action of 0.1 mM HgCl, which inhibits hydrolase pI 6.4 
almost completely. Among the organophosphorus diesters investigated, bis (4-cyanophenyl)phosphate 
is a surprisingly specific inhibitor for the acetanilide-cleaving hydrolase pI 5.6 both in vitro and in vivo. 
This inhibitor allows a clear discrimination between the hydrolases pI 5.2 and 5.6 that have similar 
substrate specificity and chemical properties. After intraperitoneal injection into mice, bis(4-cyano- 
phenyl)phosphate exhibits extremely low toxicity. : 


Recently, we described the isolation of six serine 
hydrolases from rat liver [1]. Individual members of 
this group of closely related enzymes have previously 
been classified as carboxylesterases (EC 3.1.1.1.), 
aryl acylamidases (EC 3.5.1.13) and monoacylgly- 
cerol lipases (EC 3.1.1.23) [1]. Since all of the pur- 
ified hydrolases split amides, monocleylglycerol and 
simple aliphatic and aromatic esters (see ref. 1 and 
unpublished results), and unambiguous classification 
is not possible at present. Therefore, we use here 
the preliminary nomenclature introduced in our pre- 
ceding paper [1] (compare ref. 2). Although a physio- 
logical function of this group of enzymes is not 
known, it is obvious that they play an important role 
in drug metabolism [2]. 

A commonly used scheme for the classification of 
carboxylesterases and related enzymes (A-, B- and 
C-esterases) is based on their behaviour towards 
certain inhibitors [2], especially organophosphates 
and mercury compounds. The objectives of this 
investigation were to find out whether this scheme 
can be applied to the five isolated enzymes, and to 
detect inhibitors that allow differentiation between 
the rat liver isoenzymes. 

Bis(4-nitrophenyl)phosphate is a well known 
inhibitor of liver carboxylesterases [3]. It acts by 
irreversible phosphorylation of the active sites of 
these enzymes and it has been widely used both in 
biochemical [1, 2, 4-6] and in pharmacological stud- 
ies [2, 7-9]. A further objective of this study is to 
decide which of the many carboxylesterase isoen- 
zymes of rat liver are susceptible to inhibition by 
bis(4-nitrophenyl)phosphate and related organo- 
phosphorus diesters. 


MATERIALS AND METHODS 


Enzymes and reagents 


Rat liver microsomes and the five highly purified 
microsomal hydrolases were prepared as previously 
described. Paraoxon (diethyl-4-nitrophenyl-phos- 
phoric acid triester) was a gift from Bayer AG (Lev- 
erkusen, F.R.G.). Bis(4-nitro['*C]phenyl)phosphate 
was from Hoechst AG (Frankfurt, F.R.G.). Unla- 
beled bis(4-nitrophenyl)phosphate was from Merck 
(Darmstadt, F.R.G.), 4-hydroxy-mercuribenzoate 
(former name: p-chloro-mercuribenzoate) was from 
Serva, Heidelberg, F.R.G. Bis(4-cyanophenyl)- 
phosphate (cyclohexylammonium salt) was syn- 
thesized according to Kolbe [10]. Thanks are due to 
Drs. Kolbe and Schnekenburger (Kiel, F.R.G) for 
the gift of 4-nitrophenyl-phenyl-phosphoric acid 
diester and 2-nitrophenyl-phenyl-phosphoric acid 
diester (cyclohexyl-ammonium salts). 


Enzyme assays 


The hydrolysis of methyl butyrate (20 mM) was 
followed titrimetrically at pH 8.0 and 30° by means 
of the pH-stat technique (autotitrator TTT 1c with 
automatic burette and continuous registration of the 
NaOH consumption, Radiometer, Copenhagen, 
Denmark). 

The liberation of nitrophenol from 4-nitrophen- 
ylacetate (1.6 mM) at pH 8.0 and 30° was followed 
spectrophotometrically [11]. The enzymatically- 
formed aniline from acetanilide (10 mM) at pH 8.6 
and 30° was determined by a modification of the 
diazotization procedure of Brodie and Axelrod [12]. 
The enzyme concentrations for the esterase tests 
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were in the range of 1 ug/ml, and for the amidase 
test in the range of 10 ug/ml. 


In vitro inhibition experiments 

Samples of approximately 20 wg purified hydro- 
lases or 1 mg of microsomal protein were preincu- 
bated with tne inhibitor in the absence of substrate 
(total volume: 0.1 ml of 20mM phosphate buffer, 
pH 8.0, 30°). Aliquots of 10 or 50 ul were taken 
from the mixture and analysed for remaining esterase 
or amidase activity. The inhibition was referred to 
parallel controls without inhibitors. 

Application of phosphoric acid diesters in vivo. 
Adult female Wistar rats weighing about 200g 
received intraperitoneal (i.p.) injections of  bis- 
(4-nitro['*C]phenyl)phosphate (specific _— radio 
activity 75 wCi/mg; dose 10 mg/kg) or of bis-(4- 
cyanophenyl)phosphate (100 mg/kg) dissolved in 
0.9% saline. A control series received an equal vol- 
ume of saline without inhibitor. The animals were 
decapitated and liver microsomes were prepared by 
differential centrifugation [13]. 

The toxicity of bis(4-cyano-phenyl)phosphate was 
assayed in several groups of ten female mice of the 
NMRI strain (Hagemann, Bosingfeld, F.R.G.) that 
received i.p. injections of this inhibitor in saline. The 
highest concentrations (700 mg/kg) were injected as 
suspensions dispersed by ultrasonification. Twenty- 
four hours after these injections the animals were 
decapitated and the carboxylesterase/amidase activi- 
ties of the liver microsomes were assayed as 
described above. 

Isoelectric focusing 

Analytical isoelectric focusing in polyacrylamide 
slab gels was performed as described earlier [1]. The 
microsomal samples contained 1% Nonidet P 40 to 
solubilize the esterases and amidases [1]. The gels 
were stained for esterase activity with 1-naphthyl- 
acetate [1]. After staining (3-4 min), the protein 
bands were precipitated in the gels by incubation 
with 12.5% trichloroacetic acid [1 hr]. The gels were 
then washed with 7% acetic acid (6 hr) and dried on 
filter paper in vacuo. For autoradiography the dried 
gels were pressed onto X-ray films (Agfa—Gevaert 
Osray T 4) for several weeks. 


RESULTS AND DISCUSSION 


Influence of various inhibitors on purified carbox- 
ylesterase/amidase isoenzymes in vitro. The five car- 
boxylesterases/amidases investigated here represent 
almost the entire activity of rat liver against simple 
aromatic and aliphatic esters at neutral and slightly 
alkaline pH [1]. The results of our in vitro inhibition 
experiments are summarized in Table 1. The com- 
plete inhibition of all carboxylesterase/amidase 
isoenzymes by paraoxon confirms that they are ser- 
inehydrolases [1]. 4-Hydroxymercuribenzoate is 
practically without effect; thus these enzymes bear 
no SH-groups that are essential for their activity. 
This observation is contrary to an earlier report on 
the hydrolase pI 5.6 [14]. No mercury-activable 
enzyme (C-esterase [2]) is among the hydrolases 
investigated here. In contrast, HgCl, is a powerful 
inhibitor of all isoenzymes. The inhibition is prac- 
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tically complete with the hydrolase pI 6.4. We con- 
clude from these results that no A- or C-esterases 
are among the five enzymes investigated here, and 
that the five esterases can unambiguously be classi- 
fied as B-esterases according to the scheme intro- 
duced by Aldridge [15]. 

It can be assumed that the inhibitory efficiency of 
all phosphoric acid diesters is based on an irreversible 
phosphorylation of the active site of liver carboxy- 
lesterases/amidases, as has been shown for bis(4- 
nitropheny!)phosphate [16]. If this is so, the figures 
in Table 1 correspond to differing phosphorylation 
velocities: Low values of remaining activity corre- 
spond to high rates and vice versa. The rate of 
inhibition by organophosphorus esters for all isoen- 
zymes decreases in the order paraoxon > bis- 
(4-nitrophenyl)phosphate > (4-nitrophenyl)phenyl- 
phosphate>(2-nitrophenyl)phenyl phosphate. The 
effect of bis(4-cyanophenyl)phosphate is similar to 
that of the last compound, except for its action on 
hydrolase pI 5.6. The surprisingly specific inhibition 
of this acetanilide-cleaving enzyme by _bis(4- 
cyanophenyl)phosphate is confirmed by the corre- 
sponding experiment with microsomes (Table 1), 
where only the acetanilide-cleaving activity is com- 
pletely inhibited, and by the in vivo studies (see 
below). This result is relevant to drug metabolism, 
because the hydrolase pI 5.6 is responsible for the 
hydrolysis of procaine and phenacetin in liver (R. 
Mentlein and E. Heymann, unpublished results). 

Among the five hydrolases investigated, those with 


a 8. ¢.. @ 


Fig. 1. Isoelectric focusing of extracts from rat liver micro- 
somes after injection of inhibitors in vivo. Liver microsomes 
obtained after decapitation of the animals were treated 
with 1% Nonidet P 40. A: Untreated rat: esterase stain. 
B: Rat killed 3hr after i.p. injection of bis(4-cyano- 
phenyl)phosphate (100 mg/kg); esterase stain. C: Rat killed 
3hr after ip. injection of 10mg __ bis(4- 
nitro['*C]phenyl)phosphate per kg body wt; esterase stain. 
D: Autoradiograph of C. 





‘(Auaydourd-p = ,y ‘Auaydontu-z = .y ‘Auayd = 2y 
‘jAusydostu—p = ,Y ‘sjuautadxa 9014) JO sanyea uRoW aie synsai *(Q°g Hd ‘,O¢) UW OE JO} (WW 1D) JOUNQIyUT YUM payeqnoulsid sem ouAzZUA , 





0 ad 9¢ 0 rol SS opruRjaoy 
(46 Lv OF ral rol O¢ ayeshing [AWW 
a)e]3998 
€9 68 Sr 66 8Z jAuaydonin—p SOWOSOINI 
9781908 (p°9 Id) 
0OT OOT L9 00! Z jAusydonIn-p asejoipAH 
9383908 (z'9 Id) 
L6 86 O¢ jAusydonINn—-p asejoipAY 
89 OL PZ aresAyng jAIOW 
93e1208 (0'9 1d) 
el $6 6Z [Auaydonin—p ase[oipAH 
br 66 opyuRjoVy 
Or OI aqeshyng JAZ 
9383908 (9° Id) 
6P 56 LI [Auaydontn-p asejoipAH 
8S 98 97 ayesAyng [Aya 
93e)908 (z's 1d) 
9L 19 76 O€ jAusydontn—p asejoipAy 





“od(O,w) —“OdlO (ORD —“Od(O,W(O,N) _“Od(O,e)  — uoxoeIeg 9]80ZU9q 7103H ayeqsqng awAzuq 
-lndJ0uI 
$19}SdIp poe sU0Yydsoyg -kxo1pAH-p 





2) 
o 
n 
3 
— 
o 
2 
an 
= 
> 
4 
° 
5S 
we 
a 
s) 
me 
© 
= 
_— 
3 
be 
— 
° 
= 
aS] 
| 
= 
= 
a 
a 
ry 
p 
$=) 
5 
= 
cm) 
7) 





(%) ,Awanoe Surureway 





O4N1A_U1 SISL[OIPAY IIAT JVI UO SIOJQIYUI JO JIA “T JQey 





E. BRANDT, E. HEYMANN and R. MENTLEIN 





remaining activity (%) 











10 


15 


time after dosing (h) 


Fig. 2. Kinetics of esterase/amidase 


inhibition and recovery after i.p. 


injection of bis(4- 


cyanophenyl)phosphate in rats. A single dose of bis(4-cyanophenyl)phosphate (100 mg/kg) in 0.9% 

saline was injected into female rats. The animals were decapitated at varying times after the injection 

and the enzyme activity was estimated in the liver microsomes. Enzyme activities are given in per cent 

of the control group that received a single injection of saline without inhibitor. Each symbol represents 

the mean of six animals + §.D. Hydrolysis of >---> methyl butyrate, O--O 4-nitrophenyl acetate 
and ®—®@ acetanilide. 


pI 6.2 and 6.4 are relatively insensitive to inhibition 
by the organophosphorus diesters (Table 1). How- 
ever, since all of the isoenzymes bind bis(4-nitro- 
phenyl)phosphate irreversibly (Fig. 1), it can still be 
assumed that they are susceptible to phosphorylation 
by these esters. 

In vivo effects of bis (4-cyanophenyl)phosphate. 
After i.p. injection of bis(4-cyanophenyl)phosphate 
in rats (100 mg/kg), only the multiple forms of the 
acetanilide-cleaving esterase (arrow in Fig. 1) are 
inhibited completely (see |.c. [1] for the correlation 
of the isoelectrofocusing band pattern with the pur- 
ified esterases). 

-On the other hand, the structurally very similar 
inhibitor bis(4-nitropheny!)phosphate is bound to all 
of the esterase isoenzymes (l.c. [16], compare fig. 
1D), though the inhibition is incomplete especially 
with the higher pI isoenzymes. Thesefore, it can be 
assumed that bis(4-cyanophenyl)phosphate also 
binds to all isoenzymes. This assumption has to be 
confirmed by an experiment with radioactive inhib- 
itor which is not yet available. 

Figure 2 shows the kinetics of esterase/amidase 
inhibition and recovery after i.p. injection of bis(4- 
- cyanophenyl) phosphate into adult female Wistar 
rats. Only the acetanilide-cleaving activity is almost 
completely inhibited 2 hr after the injection. This 
agrees well with the in vitro results, because this 
activity can almost entirely be attributed to the 
hydrolase pI 5.6. In contrast, bis(4-nitro- 
phenyl)phosphate inhibits esterolytic activities and 
the acetanilide-cleaving activity at very similar rates 
[9]. The kinetics shown in Fig. 2 differ from similar 
experiments with bis(4-nitrophenyl)phosphate [9] 
insofar as the inhibition is generally slower with the 
- new inhibitor. The recovery of enzyme activity can 
be attributed to the de novo synthesis of these 
enzymes [16]. In female mice the difference in the 
degree of inhibition of the acetanilide- and the ester- 
cleaving activities after i.p. injection of bis(4-cyano- 


phenyl) phosphate (100 mg/kg) is less pronounced 
than in rats. Twenty-four hours after application of 
the inhibitor the remaining liver activities were 11.2 
per cent for methyl butyrate, 16.8 per cent for 4- 
nitrophenyl acetate and 18.3 per cent for acetanilide 
(mean values obtained from three animals; control 
group without injection = 100 per cent). It is remark- 


able that after injection of only 10 mg/kg the remain- 
ing activities were almost the same: 11.7 per cent 
for methyl butyrate, 17.3 per cent for 4-nitrophenyl 
acetate and 19.3 per cent for acetanilide 
(N=3). This suggests a high affinity of 
bis(4-cyanophenyl)phosphate to mouse liver ester- 
ases/amidases, but unlike rats no_ preferential 
inhibition of the amidase activity is found. From 
published data [9, 16] on the in vivo action of bis(4- 
nitrophenyl)phosphate on rat liver carboxylester- 
ases/amidases, it can be concluded that the action 
of this inhibitor is similarly independent of the 
applied dose: i.p. injection of both 10 and 100 mg/kg 
leads to about 90% inhibition of the liver 
carboxylesterases. 

The toxicity of bis(4-cyanophenyl)phosphate 
seems to be very low. It was not possible to kill mice 
by i.p. injections of 700 mg of this diester per kg 
body wt. The LDsy of bis(4-nitrophenyl)phosphate 
has been reported to be 410 mg/kg in mice [3]. How- 
ever, this difference might be due to the toxicity of 
4-nitrophenol that is cleaved from bis(4-nitro- 
phenyl)phosphate by phosphodiesterases [17]. Rats 
survive intraperitoneal injections of 100 mg bis(4- 
nitrophenyl)phosphate or _ bis(4-cyanophenyl)- 
phosphate per kg body wt without impairment of 
their well-being. 
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Abstract—Cyclic GMP, in concentrations exceeding 50 4M, and cyclic AMP, in concentrations exceeding 
1 uM, significantly increased the release of renin by slices of rat renal cortex. Stimulants of cyclic AMP 
accumulation, such as epinephrine or norepinephrine, 1 4M, produced a significant increase of renin 
release but did not alter cyclic GMP levels. In contrast, acetylcholine, carbamylcholine, bethanachol, 
methachol and NaN; increased cyclic GMP accumulation without modifying renin release. These results 
suggest that exogenous cyclic GMP acts as a weak agonist of cyclic AMP on renin release in renal 
cortex. The effects observed with exogenous cyclic GMP, however, may not represent a physiological 
action since various stimulants of endogenous cyclic GMP accumulation did not alter renin secretion. 


Cyclic AMP stimulates renin release by rat kidney 
[1-3], and may mediate the stimulatory effects of 
catecholamines on renin release [1,2,4~6]. The 
effect of cyclic GMP on renin secretion has not been 
investigated in detail. In the present study, we exam- 
ined the effects of cyclic GMP and stimulants of 


cyclic GMP accumulation on renin release by slices 
of rat renal cortex. 


MATERIALS AND METHODS 


Female Sprague-Dawley rats, 200-250 g, were 
killed by cervical fracture. The kidneys were 
removed and placed in ice-cold 0.25 M sucrose. Fol- 
lowing bisection, cortices were separated from med- 
ullae. Slices of superficial renal cortex, 40-60 mg, 
were prepared with a Stadie—Riggs microtome. 

Slices were incubated at 37° in a 95% O,-5% CO; 
atmosphere in Krebs-Ringer bicarbonate buffer [7]. 
Bovine serum albumin (Fraction V) (250 mg/100 ml), 
dextrose (200 mg/100 ml), and where indicated, 
theophylline (180 mg/100 ml) were added. The 
buffer was adjusted to 300 mOsmoles/| by the addi- 
tion of mannitol. Pilot experiments demonstrated 
that renin release by slices incubated in this buffer 
was equal to or greater than release by slices incu- 
bated in Robinson’s medium [8]. The O,-CO, 
atmosphere was introduced over the incubates, at 
a partial pressure of 10 mm Hg, rather than bubbled 
through the medium [9]. After 30 min, the slices 
were placed in 2.1 ml of fresh buffer, containing test 
substances or their diluents, and were incubated for 
2-15 min in a metabolic incubator. 





* Supported, in part, by a grant from the Kentucky Heart 
Association. 

+ Presented, in part, at the Sixty-first Annual Meeting 
of the Endocrine Society, 13-15 June 1979, Anaheim, CA. 


Assay of renin release by renal cortical slices. 
Incubations were terminated after 15 or 30 min by 
removing the slices and placing the vials with medium 
in an ice—water slurry. A 100-1 aliquot of incubate 
was added to 900 ul of renin substrate (1000 ng/ml) 
prepared from plasma of anephric sheep [10]. To 
maintain constant pH, 0.1 ml phosphate buffer 
(pH 7.4) was added. Angiotensinases and converting 
enzyme were inhibited by addition of 8-hydroxyqui- 
noline (10 wl of a 0.34M solution/ml), dimercapto- 
propanol (10 ul of a 2% solution/ml) and neomycin 
sulfate. The mixture was incubated for 60 min at 37°. 
The incubations were terminated by immersion in 
an ice—water slurry. Radioimmunoassay for angi- 
otensin I (AI) was carried out with 10- and 50-yl 
aliquots of these incubates according to the method 
of Haber ef al. [11]. Results are expressed as ng 
Al/ml/30 min/g wet tissue weight, in order to facil- 
itate comparison with previous studies [1, 3, 4]. Pilot 
experiments demonstrated that neither Krebs buffer 
nor Robinson’s medium, incubated without tissue 
slices, contained any detectable renin activity in this 
assay. In addition, none of the test substances added 
to these media in the experiments presented below 
altered the generation of AI in this system. 

Studies on cyclic nucleotide accumulation. Slices 
of renal cortex were preincubated for 15 min, and 
incubated for 2 min, as described above. The incu- 
bations were terminated, and cyclic nucleotides were 
extracted by our modifications [12, 13] of the method 
of Chase [14]. Tissue slices were removed from the 
incubates, quick-frozen in liquid nitrogen, and boiled 
for 10 min in 0.05 M acetate buffer, pH 6.25. The 
slices were homogenized, centrifuged for 30 min at 
10,000 g, again quick-frozen, thawed, and centri- 
fuged once more at 10,000g for 30min. Radio- 
immunoassays for, cyclic AMP and cyclic GMP were 
carried out on the final supernatant fraction by the 
method of Steiner et al. [15] with a commercial kit 


1933 





1934 


(New England Nuclear, Boston, MA). Samples 
acetylated before assay [16] yielded the same results 
as unacetylated samples. 

Materials. Cyclic AMP, cyclic GMP, epinephrine, 
norepinephrine, acetylcholine, hexamethonium, 
carbamylcholine, bethanachol, methachol, sodium 
azide, bovine serum albumin (Fraction V), atropine 
sulfate, cellulose gel and theophylline were all pur- 
chased from the Sigma Chemical Co. (St. Louis, 
MO.). Radioimmunoassay kits for cyclic AMP and 
GMP were obtained from New England Nuclear. 
All solutions were prepared fresh daily. The stability 
of stock acetylcholine and carbamylcholine was 
tested periodically by thin-layer chromatography 
with cellulose gel [17]. 


RESULTS 


Effects of exogenous cyclic GMP on renin release. 
The effects of exogenous cyclic GMP or cyclic AMP 
(0.1-100 uM) on renin release were compared. 
Neither cyclic nucleotide at a concentration less than 
1 uM increased renin release. Significant stimulation 
of renin release with cyclic AMP was noted with 
concentrations exceeding 1 uM (Fig. 1). Concentra- 
tions of cyclic GMP exceeding 50 4M were necessary 
to cause a detectable increase in renin release, 
although the stimulation by 104M cyclic GMP 
approached statistical significance. The stimulation 
of renin release by submaximal concentrations of 
cyclic AMP and cyclic GMP were additive (not 
shown); however, combinations of maximal stimu- 
latory concentrations of cyclic AMP and GMP were 
not additive (Fig. 2). 
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Fig. 1. Effects of increasing concentrations of exogenous 
cyclic AMP or exogenous cyclic GMP on renin release by 
slices of rat renal cortex (N = 8). Key: (*) P < 0.07 that 
the difference between this value and the control value 
would occur by chance; and (**) P< 0.01 that the differ- 
ence between this value and the control value would occur 
by chance. 
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Fig. 2. Effects of exogenous cyclic AMP and exogenous 

cyclic GMP on renin release by slices of rat renal cortex 

(N = 16). Key: (*) P< 0.05 that the difference between 

this value and the control value would occur by chance; 

and (**) P<0.01 that the difference between this value 
and the control value would occur by chance. 


Effects of acetylcholine on cyclic GMP accumu- 
lation and renin release. We investigated the effects 
of acetylcholine on both endogenous cyclic GMP 
accumulation and renin release by slices of rat renal 
cortex. Acetylcholine (10nM to 104M) caused a 
significant increase in the levels of cyclic GMP, but 
failed to alter renin release after 15 min (Fig. 3) or 
after 30 min of incubation (not shown). The addition 
of 1 uM eserine sulfate alone or with acetylcholine 
was without effect on renin release (not shown). The 
stimulation of cyclic GMP accumulation by acetyl- 
choline was abolished by 1 uM atropine sulfate, but 
not by 1 uM hexamethonium (Fig. 4). 

Effects of other cholinergic agents on cyclic GMP 
accumulation and renin release. The effects of car- 
bachol, methachol and bethanachol on cyclic GMP 
accumulation and renin release by slices of rat renal 
cortex were tested. As with acetylcholine, 10 nM or 
10 uM bethanachol increased the concentration of 
cyclic GMP in these slices from 47 + 1 to 138 + 3 or 
185 + 5 pmoles/g tissue, respectively; however, renin 
release was unaffected. Carbachol and methachol 
also increased cyclic GMP accumulation without 
altering renin release (not shown). 

Effects of catecholamines on cyclic nucleotide 
accumulation and renin release. In contrast to chol- 
inergic agents, both epinephrine and norepinephrine 
(10 nM to 10 uM) stimulated renin release by slices 
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Fig. 3. Effects of acetylcholine on cyclic GMP accumulation and renin release by slices of rat renal 

cortex (N = 16). Key: (*) P< 0.05 that the difference between this value and the control value would 

occur by chance; and (**) P < 0.001 that the difference between this value and the control value would 
occur by chance. 
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Fig. 4. Cyclic GMP accumulation in slices of rat renal cortex (N = 6). Key: (*) P<0.01 that the 
difference between this value and the control value would occur by chance. 


Table 1. Renin release by slices of rat renal cortex in vitro 





Renin release No. of 
Addition (ng Al/ml/30 min/g wet tissue wt) slices 





None 1074+7 40 
Epinephrine (10~° M) 2515 + 34 23 
Norepinephrine (10° M) 1994 + 30 23 
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Table 2. Cyclic nucleotide concentration in slices of rat renal cortex* 





Addition 


Cyclic nucleotide concentration 
(pmoles/g wet tissue wt) 
cAMP cGMP 





None 
Norepinephrine (10~° M) 
Epinephrine (10~° M) 


1155 + 35 
2741 + 2444 (18) 
1932 + 133% (15) 


(47)+ 42.5 + 1.9 (35) 
49.4 + 2.8 (18) 


48.7 + 4.5 (15) 





* Slices (40-60 mg) were preincubated and incubated, as described in the 
text. Theophylline (180 mg/100 ml) was added to all preincubates and incubates. 


+ Number of observations. 
+P<0.01. 


of rat renal cortex (Table 1). This increase was 
associated with an increase in tissue levels of cyclic 
AMP, but not of cyclic GMP (Table 2). 


DISCUSSION 


Since cyclic AMP is known to stimulate renin 
release [1, 3, 4, 18], there was a basis for investigating 
whether cGMP also has an effect on renin release. 
Effects of cyclic GMP on renin secretion have been 
investigated in two previous studies [18, 19]. In one 
study, the infusion of exogenous cyclic GMP into an 
isolated, perfused rat kidney was noted to cause a 
slight increase in the renin content of the perfusate 
[19]; however, whether this was a direct effect of 
cyclic GMP on juxtaglomerular cells, or an indirect 
effect mediated by alterations in renal hemo- 
dynamics was unclear. In another study, 8-bromo-c 
GMP had no effect on renin release [18] 

The results of the present study indicate that 
exogenous cyclic GMP, like cyclic AMP, stimulates 
renin release by slices of rat renal cortex in vitro. 
Cyclic GMP is a less potent stimulus than cyclic 
AMP. Concentrations of cyclic AMP as low as 1 uM 
produced a significant increase in renin release by 
these slices. In comparison, concentrations of cyclic 
GMP exceeding 5 x 10°° M were necessary to pro- 
duce a significant increase. These data are consistent 
with previous results in other tissues, such as liver 
or adipose tissue, showing that exogenous cyclic 
GMP mimics the effects of cyclic AMP on hepatic 
glucose metabolism [20-23] or lipolysis [24]. 

The present study, however, also suggests that 
effects noted with exogenous cyclic GMP and renin 
secretion in our system may not be representative 
of the physiological actions of endogenous cyclic 
GMP in renal cortex. In contrast to exogenous cyclic 
GMP, a variety of cholinergic agents or NaN,, which 
stimulate endogenous cyclic GMP accumulation, do 
not alter renin release by renal cortical slices. These 
effects were noted over a wide concentration range 
with each substance, and the various concentrations 
of each agent studied included concentrations which 
-effectively stimulated cyclic GMP accumulation. In 
addition, these data show that a combination of 
maximum stimulatory concentrations of exogenous 
cyclic AMP and cyclic GMP do not have additive 
effects on renin secretion, suggesting that exogenous 
cyclic GMP and cyclic AMP may stimulate renin 
secretion via the same or similar mechanisms. Dif- 
ferential effects of exogenous versus endogenous 


cyclic GMP have been reported in other systems. 
Whereas exogenous cyclic GMP stimulates glyco- 
genolysis in liver [12, 20], acetylcholine may cause 
a stimulation of glycogen synthesis [25]. Similarly, 
exogenous cyclic GMP inhibits the hepatic L-form 
of pyruvate kinase activity [23], but cholinergic 
agents or sodium azide may not modify this enzyme 
activity [26]. Thus, the present study and these pre- 
vious reports raise questions about the relevance of 
studies using exogenous cyclic GMP to investigate 
the physiological actions of this cyclic nucleotide. 
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Abstract—Liver xanthine oxidase (XO) levels were determined in mice during bacterial or protozoal 
infection or with Ehrlich ascitic carcinoma. A long-lasting, but not permanent, increase in XO activity 
was observed in all three pathological models. Direct administration of liver XO or cow milk XO to 
mice with bacterial infection resulted in a significant decrease in mortality rate. Administration of 
superoxide dismutase (SOD) to infected animals significantly increased the mortality rate. A non- 
specific defence mechanism is indicated, probably involving enhanced oxidative processes. 


In previous studies we have found a significant 
increase in liver xanthine oxidase (XO) activity in 
animals during the 24-48 hr following bacterial infec- 
tion [1]. This increase, due to exo-endotoxins, is 
prevented by cortisone [2] and appears to be unre- 
lated to bacterial pathogenicity. Other investigations 
have shown increased liver XO activity in various 
pathological conditions, including mice infected with 
Listeria [3], Schistosoma mansoni [4] or certain 
viruses [5]; in normal compared with germ-free new- 
born mice [6]; in starved re-fed rats [7] and in chick- 
ens kept in a low-temperature environment [8]. 

Our previous results suggest that increased liver 
XO activity may be a defence mechanism. To test 
this hypothesis further, we have investigated (i) the 
duration of the liver XO increase by defining time- 
effect relationships, and (ii) its specificity using 
models of bacterial and protozoal infection and of 
carcinoma. 


MATERIALS AND METHODS 


Charles River Swiss CD; albino mice, weighing 
23 + 2g, were injected with a culture of Staphylo- 
coccus aureus CN6538 (2.5 x 10°/10 g) or Plasmo- 
dium berghei 1.S.S. (1 x 10°/10 g). Male albino mice, 
weighing 23 + 1 g, were injected i.p. with Ehrlich 
hyperdiploid carcinoma cells (4 X 10°/animal). 
Median lethal time, determined on groups of 10 mice 
each, was 17.5 + 0.9 days. 

Groups of 6-10 animals per day were decapitated. 
The livers were removed, weighed and homogenized 
with a glass Teflon homogenizer in 5 vol. of 0.1M 
phosphate buffer (pH 7.4) containing 0.005% EDTA 
w/v. The homogenate was centrifuged at 1000 r.p.m. 
for 20 min at 4°. In preliminary experiments, super- 
natants were dialysed for 3hr at 4° against three 
changes of 100 vol. each of 0.1 M phosphate buffer 
(pH 7.4) containing 0.005% EDTA w/v. There were 
no differences between dialysed and non-dialysed 


samples and this procedure was omitted in later 
experiments. 
XO levels were determined in air using Fried’s 
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Fig. 1. Liver xanthine oxidase in 22 + 1g female albino 
mice infected i.v. with S. aureus CN6538 (2.5 x 10° micro- 
organisms/10 g). Six infected and six control animals were 
killed daily by cervical dislocation, their liver excised, 
weighed, immediately homogenized and the XO levels 
determined. Values are reported as per cent increase of 
enzymic activity in infected animals (controls = 0); 
O——O refers to total XO per liver, A--- A to XO per 
mg fresh tissue, and D—-—O to XO per mg protein. After 
the fourth day, infection was always ascertained by the 
presence of kidney at«cesses. * P<0.05, ** P<0.01, 
*  P<0.001. 
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[9] modification of the spectrophotometric method 
of Nachlas et al. [10]. 

To assess how much of the XO activity determined 
by this aerobic method may be attributed to the 
oxidase, rather than dehydrogenase, activity of the 
enzyme, determinations were carried out in the pres- 
ence of varying amounts of superoxide dismutase 
(SOD). A comparison of the xanthine 
oxidase/xanthine dehydrogenase ratio in infected 
and contro] animals was carried out using parallel 
experiments. The effect of the presence or absence 
of a fixed amount of SOD (768 U/ml) on liver XO 
activity was determined in groups of 5 mice 
infected 2 days previously i.p. with S. aureus CN6538 
(2.5 x 10° microorganisms/0.2 ml/10 g) and in groups 
of 5 control animals. 

The effect of direct administration of XO to 
infected animals was investigated. Partially purified 
liver XO liver from Charles River Swiss CD; albino 
mice was administered s.c. to mice 72, 48, 24 and 
O.Shr before infection with S. aureus Smith 
ATCC13709. The liver XO was extracted according 
to the method of Murray [11] and suspended in 
0.01M phosphate buffer (pH 7.8) containing 
50 mcg/ml EDTA Naz. Cow milk XO (Boehringer, 
Mannheim GmbH, F.R.G.) was administered s.c. 
to mice'at various time intervals before and after i.p. 
infection with S. aureus Smith ATCC13709 and E. 
coli 1.8.8.406 and CN6455. The milk XO was pre- 
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Fig. 2. Liver xanthine oxidase increase in 24 +2g male 
albino mice infected i.p. with Plasmodium berghei 1.S.S. 
(1 x 10°/10 g). Ten infected and ten control animals were 
killed daily by cervical dislocation, their liver excised, 
weighed, immediately homogenized and the XO levels 
determined. Values are reported as per cent increase of 
enzymic activity in infected animals (controls = 0); 
O——O refers to total XO per liver, A--- A to XO per 
mg fresh tissue, and -—-O to XO per mg protein. The 
experiment was interrupted when animals started to die. 
**P<0.01, ***P<0.001, without asterisk: not 
significant. 
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Fig. 3. Liver xanthine oxidase in 23 + 1 g male albino mice 
injected i.p. with Ehrlich hyperdiploid carcinoma cells 
(4 x 10°/animal). Ten injected and ten control animals were 
killed daily by cervical dislocation, their liver excised, 
weighed, immediately homogenized and the XO levels 
determined. Values are reported as per cent increase of 
enzymic activity in injected animals (controls = 0); 
O——O refers to total XO per liver, A--- A to XO per 
mg fresh tissue, and 0-—-O to XO per mg protein. 
PF <26.01, *** P< 6:001. 


viously dialysed for 24 hr at 4° in 0.01 M phosphate 
buffer (pH 7.8) containing 50 mcg/ml EDTA Naz 
(ratio of XO:suspension buffer 1:1000 v/v), and 
then suspended in the same buffer. All controis 
received the same volume of buffer as the treated 
animals. In all experiments, mortality was evaluated 
8 days after infection and the results were statistically 
treated with the Fisher exact test. 

To assess the effect of SOD on experimental 
infection, the survival rate of mice infected i.v. with 
S. aureus Smith ATCC13709 and injected s.c. with 
7125 units/kg SOD, was evaluated. Diethyldithio- 
carbamate (15 mg/kg), an in vivo inhibitor of SOD 
[12], was administered i.p. to mice infected i.v. with 
S. aureus NCTC8719. 


RESULTS 


In Fig. 1, maximum liver XO activation occurs on 
the second day after bacterial infection and pro- 
gressively decreases during the next 6 days. The high 
values of XO/mg protein are probably a consequence 
of liver steatosis during S. aureus infection. 

During Plasmodium berghei infection (Fig. 2), 
liver XO activity is characterized by a 4-day induction 
phase followed by a sharp response on day 5, which 
continues to increase during subsequent days. Figure 
3 illustrates liver XO increase in Ehrlich ascitic car- 
cinoma. The curve shows two maxima, the first on 
day 2 and the second, which is less pronounced, on 





Liver xanthine oxidase increase 


Table 1. The effect of SOD on liver XO activity in controls and in animals infected 
with S. aureus CN6538* 





XO activity (mcg of iodoformazan/ 


mg protein/min/37°) 





No external SOD 


Inhibition 


(%) 





Controls 16.7 + 1.00 
Infected 


animals 28.9 + 2.1 


64.7 


77.5 





* Liver XO activity determined according to Fried [9]. Each value is the mean 


from 5 animals. 


day 6. The two peaks are separated by a distinct 
minimum on day 4. 

Addition of SOD during the determination of liver 
XO results in a decrease in apparent XO activity; 
the relationship of inhibition of XO activity to SOD 
concentration (expressed as units/mg liver protein) 
is linear in a semi-log plot. In Table 1, the effect of 
SOD on control and infected animals is compared. 
Inhibition of XO activity by SOD is evident for both 
groups, although a slightly higher value is observed 
with the infected animals. 


Administration of partially purified liver XO or 
cow milk (a heterologous enzyme) to infected ani- 
mals affords significant protection against bacterial 
infection (Table 2). The effect is greater when the 
enzyme is administered before, rather than after, 
infection. Table 3 gives the results of administration 
to infected mice of allopurinol and adenine, two 
well-known inhibitors of XO. Both substances lead 
to an increase in mortality rate, showing a linear 
dose-effect relationship. 

Administration of SOD to infected animals sig- 


Table 2. The effect of administration of mouse liver XO and cow milk XO on bacterial infection in mice 





No. of 
micro- 
organisms/ 
0.25 ml/10 g 


Infecting 
micro- 
organism 
Group (i.p.) 


XO dose 
(U/10 g)* 


Administration 





S. aureus 
Smith 
ATCC13709 


Controls 


Mouse liver 
XO-treated 


Controls 


Cow milk 
XO-treated 


Controls 


Cow milk 
XO-treated 


Controls 


Cow milk 
XO-treated 
Cow milk 
XO-treated 


S. aureus 
Smith 
ATCC13709 


S. aureus 
Smith 
ATCCi3709 


S. aureus 
Smith 
ATCC13709 


E. coli 
1.S.S.406 
E. coli 
1.S.S.406 


E. coli 
CN6455 
E. coli 
CN6455 
E. coli 
CN6455 


1.1 x 10° 


1.75 x 10” 
in 5% hog 
gastric 
mucin 
1.75 x 10° 
in 5% hog 
gastric 
mucin 

4.7 x 10” 


4.7 x 10° 


2.75 x 10° 
2.75 x 10 


2.75 x 10° 


0.0203 


0.018 


0.018 


0.020 


0.020 


72, 48, 24, 0.5 hr b.i.7 


3 hr b.i. 
20, 40 hr a.i.t 


<0.01 


<0.001 


<0.01 





* U = Kalckar units [13]. 
+ b.i. = before infection. 
¢ a.i. = after infection. 
§ n.s. = not significant. 





~ 
S 
~ 
v 
a 
4 
ra 
a 
—) 


E. 


“‘Sy/Bw (CLES) Pre) O€P SEM Poro}stulWpeR A]]eIO 


jouumndoyye jo "Sat “8y/Sw (9° OP7-L' Ll) TH] SBA ‘9's pordisiuttupe jouLNdo]ye jo "Sal *Z pue | ‘ON S]UdUIDdXa UT se ajNpayos UONRAYSIUIWIpR owes ay) SUIS 





0°06 
0°S9 
O'SP 
0'0¢ 


07/81 
Oc/tl 
0C/6 
07/9 


uoloayul 
Joye IY Sp 


[WE Sc'0/ 


oOl XZ apiuounaud *y 


uonoajul 
Jaye IY 8] 

‘a10joq 
Jy] pues 


ouluspy 
ouluspy 
ouiuspy 
sjonUoD 





Ol/el 
91/7 
91/6 
OL/P 


uonsajul 
Jaye sAep g] 


[UW 07 °0/ 


oOl * PSS 1ays4aq “d 


sasop Aylep Z 
OV poplAlp 

g¢ pue yp ¢ 
Z ‘9 Shep UD 


jouundolyy 
jouundojyyv 
jouundoyyy 

sjouoD 





(9°O0I-1°8) 
S76 


O1/El 
91/8 
s1/9 
L/P 


uondajul 
Jaye skep 9] 


JW 07'O 


gL X PS'S 12Y842q “d 


sasop Aylep Z 
OVU! PaplAIp 
¢ pue p ¢€ 
‘0 SAvP UO 


jouundoyyy 
jouttndoyy 
jouundolyy 

sjoUuo0D 





(061-781) 
L's! 


O1/6 
OL/P 
OL/0 
O1/0 


uONoasUl 
Jaye IY 99 


1 oc'0, 


O1X bl  S8€S9ND 702 “| 


uondajul 
aye IY gy 
*a10jJ9q 

4y | pure ¢ 


joutndoly 
jourmndoyy 
jouundoyy 

sjoUu0D 





(L°L€-v'ST) 
8c 


uonoayul 
Jaye Jy 99 


[4 S70, 


Ol x vl 8tS9ND 199 “A 


uOyoaJUI 
Jaye JY BI 

‘a10Jaq 
Jy] pue ¢ 


jouundoyy 
jouundoyy 
jouundolyy 

sjomuog 





(34/3u) 
“TO pure %qq 


AVRO 


1210} 
/peaq 


syjeap jo 
uonenyead 
jo SOW 


suusiues10 
-O1OIUI 
Sunoojuy 


3 oii 
“UIT JO ‘ON 


uonoojul 
jo a]noy 


uonen (3¥/sw) sniq 
-siulmpe  osoqg 
jo 
anoy 


uoneisiulUpy 





IU Ul SUONIIJUI UO SIOIQIYU! OK BWIOS JO 1DIIJA“¢€ BIQVy 





Liver xanthine oxidase increase 


nificantly reduces the survival rate. If diethyldithio- 
carbamate, an in vivo inhibitor of SOD [12] is 
administered, the survival rate of the infected ani- 
mals is significantly improved. 


DISCUSSION 


Enhancement of liver XO levels has not previously 
been considered of importance as a possible defence 
mechanism, with the single exception of Buengener 
[14], who postulated a role for this enzyme in malarial 
infection. We have found that liver XO activity is 
significantly increased in bacterial infection, plas- 
modium infection and in Ehrlich ascitic carcinoma. 
The magnitude and duration of the observed increase 
and the similarity of response in such different patho- 
logical models lends support to our hypothesis that 
the phenomenon represents a non-specific defence 
mechanism involving increased oxidative processes. 
We have found that most of the XO activity is 
expressed as an oxidase, especially in infected ani- 
mals (Table 1). Our results also seem to rule out the 
possibility that the dehydrogenase is converted into 
the oxidase form of the enzyme as a response to 
infection. 

The protection against bacterial infection observed 
when XO is administered directly to the animals, 
particularly before infection (Table 2), is further 
evidence of a non-specific mechanism. In agreement, 
administration of XO inhibitors to infected animals 
worsens the infection (Table 3). The results of allo- 
purinol administration (Table 3) suggest that allo- 
purinol-treated patients may become more suscep- 
tible to infection. This possibility is ruled out by 
clinical observations on patients normally prone to 
infections, such as cancer patients. Moreover, in our 
experiments with mice, the deleterious effect of 
allopurinol on the infection is observed with doses 
9-27 times greater than the therapeutic dose for 
human patients. It remains to be clarified whether 
the need for this high dosage is due to different 
species specificity or is associated with varying drug 
penetration at particular sites. 

It has been stated that XO, localized in liver cells 
in the same cellular compartment as SOD, is the 
main producer of superoxide anions in the body [15]. 
Superoxide anions play a definite role in leucocyte 
bactericidal activity during phagocytosis [16, 17], and 
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an investigation into the effect of SOD on experi- 
mental infection is relevant. We found that SOD 
significantly reduced the survival rate. of mice 
infected with S. aureus, whilst administration of an 
in vivo inhibitor of SOD significantly improved the 
infection. With these results in mind, we believe that 
the physiological role of XO should be reconsidered 
in the light of its possible impact on the defence 
systems through the production of superoxide 
anions. 

All results reported in this paper refer to liver XO; 
as an obvious development, levels of this enzyme in 
other areas will be studied, commencing with poly- 
morphonuclear leucocytes and macrophages. These 
might, in fact, represent the final sites of the liver 
enzyme. 
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Abstract—Polymorphonuclear leucocytes and peritoneal macrophages from mice infected with S. aureus 
or P. berghei, or inoculated with Ehrlich solid carcinoma show a significant increase in xanthine oxidase 
(XO) levels. Characteristic time curves, similar to the corresponding time curves observed with liver, 
have been obtained for each pathological situation. The magnitude of the increase in XO activity 
suggests that it may be a natural defence mechanism, although it does not appear to be specific to the 


pathological condition. 


A substantial increase in xanthine oxidase (XO) 
activity has been reported in the liver of mice inocu- 
lated with Ehrlich carcinoma cells, or infected with 
either bacteria or protozoa [1]. This is a persistent, 
but not permanent, effect with a time course typical 
for each pathological situation studied. Exogenous 
XO administered subcutaneously (to . mimic 


endogenous XO) to mice with bacterial infections 
results in increased survival time, whereas allopu- 
rinol, a specific inhibitor of XO, accelerates the 


course of the infection in a linear dose-effect rela- 
tionship [2]. These findings support the concept 
previously suggested [2,3] of a natural defence 
mechanism involving XO. To investigate the 
phenomenon further we studied XO levels in poly- 
morphonuclear leucocytes (PMN) and in macro- 
phages (MC) using the three pathological situations 
previously employed, i.e. bacterial or protozoal 
infection, or inoculation with Ehrlich carcinoma. 


MATERIALS AND METHODS 


Swiss CD; albino mice (Charles River) were 
injected with a culture of Staphylococcus aureus 
CN6538 (i.v.), Plasmodium berghei 1.S.S. (i.p.) or 
Ehrlich hyperdiploid carcinoma cells (s.c. into the 
axillary cavity). 

Polymorphonuclear leucocytes were elicited using 
the method of Drath and Karnowsky [4] by i-.p. 
injection of 1.5 ml of 12 % (w/v) sodium caseinate. 
The cells were harvested 16 hr later by double lavage 
with 0.1M phosphate buffer (pH 7.8), washed, 
resuspended in the same medium and counted. They 
were then disrupted by freezing and thawing accord- 
ing to the method of Quie et al. [5]. The preparation 
was Clarified by centrifugation. 

Macrophages were elicited using the same tech- 
niques; the cells were harvested 72hr after i.p. 
injection of 1.5 ml of 1.2 % (w/v) sodium caseinate. 

XO levels were determined spectrophotometri- 
cally using the method of Fried [6], and a standard 
curve was plotted as described by Nachlas [7]. 
Reactions were stopped using allopurinol 0.4 M. The 


effect of superoxide dismutase (SOD) in infected 
and control animals was determined in parallel 
experiments. XO activity in polymorphonuclear leu- 
cocytes was determined in the presence or absence 
of a fixed amount of SOD (768 U/ml) in groups of 
5 mice infected i.v. 5 days earlier with §. aureus CN 
6538 (2.5 x 10® microorganisms/0.1 ml/10 g), and in 
groups of 5 control animals. XO activity was deter- 
mined, according to the method of Fried [6], as mcg 
of iodoformazan/10°PMN/min at 37°. 

XO levels in polymorphonuclear leucocytes were 
determined in 6 control animals, and in two groups 
of 6 mice (body wt 20 + 1 g) infected (i.v.) with 
2.5 x 10° S. aureus/0.1 ml/10 g or with 3.25 x 10° S. 
aureus/0.1 ml/10 g, respectively. Polymorphonuclear 
leucocytes were elicited as described above, on 
alternate days, collected and washed; XO content 
was determined and expressed as a percentage 
increase relative to the controls. Similarly, XO levels 
in peritoneal macrophages were determined in 8 
control animals and 8 mice infected (i.v.) with 
1.25 x 10° S. aureus/0.1 ml/10 g. 

XO levels in polymorphonuclear leucocytes were 
determined both in controls and in mice (body 
wt 20+ 1g) infected i.p. with 6.2 x 10° erythro- 
cytes/0.1 ml/10 g taken from mice on the 5th day 
after infection with P. berghei. PMN’s were elicited 
on alternate days, collected and washed; XO levels 
were determined and expressed as a percentage 
increase relative to the controls. Each experimental 
group consisted of 12 animals, although in the 
infected group, due to coma and eventual death of 
some animals, measurements were restricted to 9 
mice on day 9 and 4 mice on day 11. 

Using the same techniques, XO levels in macro- 
phages were determined in 6 control animals and 
in 6 animals infected with 6.0 x 10° 
erythrocytes/0.1 ml/10 g taken from mice on the 5th 
day after infection with P. berghei. 

XO levels were measured both in polymorpho- 
nuclear leucocytes and in macrophages in groups of 
8 mice inoculated s.c. with Ehrlich solid carcinoma 
(3.0 x 10° cells/0.1 ml/10 g) and in 8 control animals 
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(body wt 20 + 1g). As before, the polymorphonu- 
clear leucocytes or macrophages were elicited on 
alternate days, collected and washed; XO levels were 
determined and expressed as a percentage increase 
relative to the controls. 


RESULTS 


The effect of bacterial infection on XO levels in 
polymorphonuclear leucocytes and _ peritoneal 
macrophages are shown in Figs. 1 and 2. In PMN’s 
an approximately 4-fold increase in XO levels was 
observed on the 4th or Sth day after infection, 
depending upon the number of microorganisms 
administered. This peak was followed by a progres- 
sive decrease until the original levels were reached 
on day 15 (Fig. 1). 

A significant increase in XO levels was also 
observed in macrophages, although it was less pro- 
nounced, but prolonged compared with the response 
in polymorphonuclear leucocytes. 

Similar elevated values for XO were observed 
both in PMN’s and in macrophages taken from mice 
infected with P. berghei (Fig. 3). No conclusions can 
be made, however, on the persistence of the effect, 
as the animals became severely ill after day 7, and 
death eventually occurred. 

In mice inoculated with Ehrlich carcinoma cells 
(Fig. 4), significant induction of XO occurred in 
macrophages. The response in polymorphonuclear 
leucocytes was negligible. 

To determine any possible correlation between 
XO induction in liver and in phagocytes, the cor- 
relation coefficients were calculated from time curves 
of XO induction (following infection with S. aureus 
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Fig. 1. XO Levels in PMN In mice infected i.v. with S. 
aureus. *** P< 0.001, ** P< 0.01, * P < 0.05. Dotted line 
refers to a second experiment. 
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Fig. 2. XO levels in peritoneal macrophages in mice infected 
i.v. with S. aureus. *** P< 0.001, ** P< 0.01. 


or P. berghei) in PMN’s and macrophages, and com- 
pared with those previously obtained in the liver [1] 
(Table 1). Correlations using data from mice inocu- 
lated with Ehrlich carcinoma were not made, as 
different tumour types were used in the two experi- 
ments (ascitic and solid type). 





XO PERCENT VARIATIONS REFERRED TO CONTROLS 











Fig. 3. XO levels in PMN (straight line) and macrophages 
(dotted line) in mice infected i.p. with P. berghei. *** P< 
0.001, ** P<0.01, * P< 0.05, %% Death occurred on fol- 


lowing day. 





Xanthine oxidase increase in murine phagocytes 
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Fig. 4. XO levels in PMN (straight line) and macrophages 
(dotted line) in mice inoculated with Ehrlich solid carci- 
noma. *** P<0.001, ** P<0.01, * P< 0.05. 


In order to repeat the findings of our previous 
studies in liver [1], that the enzyme activity occurred 
mainly as the oxidase, XO determinations were car- 
ried out in disrupted polymorphonuclear leucocytes 
from normal and infected animals, in the presence 
or absence of superoxide dismutase (Table 2). 

Both in the control and in the infected animals, 
SOD significantly inhibited XO activity, higher val- 
ues of enzyme activity being observed in the infected 
group. Thus, the results obtained in liver confirmed 
that the enzyme activity occurs principally as the 
oxidase. For polymorphonuclear leucocytes at least, 
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this appears to eliminate the possibility that the 
increase in enzyme activity is due to conversion of 
dehydrogenase into oxidase in response to infection. 


DISCUSSION 


The results indicate that a bacterial or protozoal 
infection produce significant increases in XO levels 
both in polymorphonuclear leucocytes and in macro- 
phages; inoculation of carcinoma cells produces a 
corresponding effect in macrophages but not in 
PMN. Each pathological condition appears to have 
a characteristic time curve for XO induction similar 
to the corresponding time curve observed in the 
liver. 

Statistical analysis of XO induction curves in phag- 
ocytes, following either bacterial or protozoal infec- 
tion, shows a correlation with XO induction curves 
in the liver. The delayed peak XO values in some 
of the phagocyte curves compared with those of the 
liver indicate the possible passage of the enzyme 
from the liver to the phagocytes. 

The significant increases in XO activity both in 
macrophages and, particularly, in polymorphonu- 
clear leucocytes following bacterial infection of mice 
is in accord with the known role of polymorpho- 
nuclear leucocytes during bacterial infection. Simi- 
larly, the increase in XO activity, observed only in 
macrophages from mice inoculated with Ehrlich 
hyperdiploid carcinoma cells, is not unexpected since 
it is well known that macrophages play a role in 
tumour resistance. This is modified by serum inhibit- 
ing or enhancing factors [8,9] and may be demon- 
strated by the use of antimacrophage agents acting 
as promoters of tumour growth [10]. 

It is known that destruction of bacteria by phag- 
ocytes is due to the generation of O2 , H2O2 or the 
product of the reaction between them [11]; this may 
be shown using SOD or catalase which suppresses 
bacterial destruction by phagocytes without inter- 
fering with phagocytosis itself. Although the final 


Table 1. Correlation coefficients from time curves of XO induction 





Type of infection Comparisons* 


Regression coefficient t 





Liver vs PMN 
PMN vs MC 
Liver vs MC 
Liver vs PMN 
PMN vs MC 
Liver vs MC 


S. aureus 


P. berghei 


4.747 
1.40 
0.94 
5.54% 
3.354 
4.84% 


0.89 
0.49 
0.36 
0.93 
0.79 
0.91 





* Comparisons between curves obtained in the experiments using S. aureus were 
made by superimposing the curves in order to abolish the 2 day differences in the 


maxima. 
+P<0.01. 
+ P<0.001. 


Table 2. Effect of SOD on XO levels in disrupted PMN’s 





XO Activity 


Experimental group 


No external SOD 


+ SOD Inhibition (%) 





Controls 
Infected animals 


0.53 + 0.07 
1.22 + 0.28 


0.13 + 0.03 Ta 
0.28 + 0.09 Ths 


1 
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stages of the oxidative pathway are known to depend 
upon SOD and catalase, the initial stages, i.e. the 
major physiological sources, are yet to be identified 
[12]. Our results suggest that XO, considered until 
now only as a possible producer of O2” and H202 
[13], might participate in the oxidative processes 
during phagocytosis. 

The magnitude of the increase in XO activity in 
polymorphonuclear leucocytes and macrophages 
suggests that this may be a natural defence mech- 
anism; further, as the effect occurs in response to 
three different challenges, it appears to be non-spe- 
cific in nature. 

It seems possible that an increase in the oxidative 
activity of phagocytes may be a non-specific defence 
mechanism against infection which occurs during the 
lag phase of the immunological response. 
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Abstract—Minces of mouse forebrain were incubated in Krebs or a Krebs solution containing high K* 
(32.7 mM) and Li’, instead of Na*, for 30 min at 37°; subcellular fractions were prepared, and the 
levels of ACh in the S; and P; fractions were determined and compared for the two treatments. 
Incubation of minces in the Krebs solution with high K* and Li”, instead of Na*, depleted the ACh 
content of the P; fraction 70 per cent, without altering that of the S; fraction with respect to incubation 
of minces in normal Krebs. Subsequent incubation of the depleted minces in normal Krebs containing 
['*C]choline (0.1 mM) and paraoxon (0.1 4M) refilled the depleted P; fraction with newly synthesized 
['*C]ACh, and the ratio of ['*C]ACh to total ACh in this fraction (0.63) exceeded that of the S$; (0.33). 
Incubation of depleted minces in normal Krebs solution containing the choline analog ['*C]homocholine 
(0.1mM) and paraoxon (0.1 4M) also refilled the depleted P3; fraction with newly synthesized 
['*C]acetylhomocholine, and the ratio of [‘*C]acetylhomocholine to ACh in this fraction (7.26) exceeded 
that of the S; (0.44). Refilling of the depleted P; fraction was due to an increase in the accumulation 
of precursor ({'*C]choline 84 per cent and ['“C]homocholine, 76 per cent) which occurred independently 
of the $3. Incubation of depleted minces with either extracellular ['*C]ACh or ['*C]acetylhomocholine 
did not refill the depleted P; fraction with these compounds. These results suggest that ACh, lost from 
the crude vesicular fraction, can be replaced with newly synthesized ACh independently of the cytoplasm. 


Acetylcholine (ACh) in brain tissue is stored in at 
least two subcellular pools within cholinergic nerve 
endings: the cytoplasm and the synaptic vesicles 
[1,2]. The functional significance of this compart- 
mentation to neurotransmission remains obscure. In 
the classical model of a cholinergic nerve ending, 
ACh is synthesized in the cytoplasm and then trans- 
ferred to vesicles from where it is released [3, 4]. 
Unequivocal neurochemical evidence for this model 
is scarce and not all studies support it. In particular, 
acetylcholine transport into isolated vesicles above 
diffusional levels has not been shown [5,6], and 
several recent studies report that the enzyme which 
synthesizes ACh, choline-O-acetyltransferase (EC 
2.3.1.6, ChAT), not only exists in the cytoplasm 
[7,8], but may also be associated with neuronal 
and/or vesicular membranes [9-15]. Thus, it is pos- 
sible that transmitter synthesized and translocated 
into vesicles is that synthesized by ChAT associated 
with them, and not ACh synthesized in the neuronal 
cytosol. 

The present experiments were designed to test this 
possibility by making use of the previously reported 
finding [16] that exposure of brain tissue to a Krebs 
medium containing elevated potassium and lithium, 
instead of sodium, caused depletion of fraction P, 
ACh, but not of S; ACh. If such tissue is subsequently 
exposed to [C]choline and allowed to replete its 
depleted P; ACh, then, by measuring the specific 
activity of S; and P; ACh, it should be possible to 
distinguish between cytoplasmic and vesicular syn- 
thesis of ACh. If the vesicular ACh is synthesized 
locally, its specific activity would be expected to 


exceed that of cytoplasmic ACh, and if vesicular 
ACh is derived from cytoplasmic ACh, it would not. 

In the present experiments, the acetylation of 
homocholine and the subcellular distribution of ace- 
tylhomocholine were also measured, to determine 
whether they differ from choline. This analogue of 
choline is transported into rat brain synaptosomes 
and the cat superior cervical ganglion, and acetylated 
[17, 18]. It is released from the latter as acetylhomo- 
choline during stimulation by a calcium-dependent 
process [18]. Homocholine differs from choline in 
that it is not acetylated by solubilized ChAT [18-22], 
but is acetylated by intact rat brain synaptosomes 
[18], possibly because homocholine is acetylated by 
ChAT associated with vesicular and/or neuronal 
membranes [22]. 


METHODS AND MATERIALS 


Materials. Choline chloride [1,2'*C] (sp. act. 6.34 
mCi/mmole), acetylcholine iodide [acetyl-1-'"C] (sp. 
act. 1.2 mCi/mmole), ATP [*P] (sp. act. 17-35 
Ci/mmole), toluene standard ["C], acetyl CoA 
[acetyl-1-""C] sp. act. adjusted to 2 mCi/mmole), and 


methyl iodide ["C] (sp. act. 20.0 and 49.0 
mCi/mmole) were obtained from the New England 
Nuclear Corp. (Boston, MA). Unlabeled methyl 
iodide and 3-dimethylamino-1-propanol and 3-hep- 
tanone were purchased from Aldrich Chemicals 
(Milwaukee, WI). Acetic anhydride was obtained 
from the Eastman Kodak Co. (Rochester, NY), ace- 
tyl CoA from CalBiochem (San Diego, CA), choline 
kinase (EC 2.7.1.32), AChE (EC 3.1.1.7) and para- 
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oxon from the Sigma Chemical Co. (St. Louis, MO), 
and sodium tetraphenylboron from the Fisher Scien- 
tific Co. (Medford, MA). 

Preparation of homocholine iodide. Unlabeled 
methyl iodide (1.5 ml, 24.1 mmole) when added to 
3-dimethylamino-l-propanol (3.5 ml, 29.6 mmole), 
immediately produced a white precipitate. The pre- 
cipitate was washed (2 x 10 ml) with anhydrous ether 
and centrifuged at 3500 r.p.m. for 10 min at 4°. The 
supernatant fractions were decanted, and the prod- 
uct was dried in vacuo to afford 5.61 g (95%) of 
homocholine iodide, m.p. 196-198.5°;  p.m.r. 
(DMSO-d,) o 4.75 (t,l,J = 5Hz, OH), 3.49 (M,4,- 
CH,-CH,-CH,-), 3.14 [S,9,N(CH;)3] and 1.92 
(P,2,-CH,-CH,-CH,). 

N-[Me“C]Homocholine iodide was synthesized as 
described above except that 2 wl of ['*C]CH;I were 
diluted with 20 wl of unlabeled CHI to a specific 
activity of 4.85 mCi/mmole. The labeled product was 
then dissolved in distilled water (pH 6.5) and stored 
at —20°. The specific activity was determined to be 
2.30 mCi/mmole. 

Preparation of acetylhomocholine iodide. Homo- 
choline iodide (2.0 g; 8.1 mmole) was dissolved in 
20 ml of acetic anhydride and refluxed for 4 hr while 
stirring under an atmosphere of N, (g), according to 
the method of Waltz et al. [23]. The excess anhydride 
was removed under reduced pressure to yield a 
brown precipitate. The solid was washed (2 x 10 ml) 
with anhydrous ethyl ether which removed a colored 
contaminant. The colorless product was recrystal- 
lized by dissolving it in a minimal amount of absolute 
ethanol and then adding ethyl ether to the cloud 
point. The supernatant fraction was decanted and 
the crystalline material was filtered and washed with 
anhydrous ether (5 X 2-3 ml). The product was dried 
in vacuo over P,O; for 24hr to provide 2.15g 
(91.5%) of acetylhomocholine iodide: m.p. 96-97.5°; 
p.m.r. (DMSO-d,) o 4.12 (t,2,J = 6Hz,-CH,-CH,- 
O-), 3.51 (M,2,(CH;)N-CH,;-CH,-), 3.17 
[S,9,N(CH;);], 2.07 (S,3,0-CH,-CH;) and 2.07 
(P,2,-CH,-CH,-CH,-). 

Anal. Calc. for CgH;g,NO,I: C, 33.46; H, 6.32; N, 
4.88. Found: C, 33.29; H, 6.16; N, 5.01. 

N-[Me“C]Acetylhomocholine iodide was syn- 
thesized in a similar manner, except that the specific 
activity of the undiluted methyl iodide was 49.0 
mCi/mmole. The final recrystallized product, how- 
ever, was dried by a stream of dry (H,SO,) nitrogen 
gas. The product was dissolved in distilled water (pH 
6.5) and stored at —20°. The specific activity was 
determined to be 5.42 mCi/mmole. Melting points 
were determined with a Thomas—Hoover apparatus 
and are uncorrected. The proton magnetic resonance 
spectra were obtained on a Varian A-60 spec- 
trometer, using tetramethylsilane (TMS) as an inter- 
nal standard. Descending paper chromatography 
with a solvent system of n-butanol—-ethanol-1 N 
acetic acid—water (8:2:1:3) was used to ascer- 
tain homogeneity of [“C]homocholine and 
['*C]acetylhomocholine. 

Choline-O-acetyltransferase activity in subcellular 
fractions. The extent of overlap between the S, and 
P; fractions was determined by measuring choline- 
O-acetyltransferase (EC 2.3.1.6) activity in the 
respective fractions by the procedure of McCaman 
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and Hunt [24] as modified by Fonnum [25] and 
described by Spyker et al. [26]. Subcellular fractions 
were prepared as described below, and the choline- 
O-acetyltransferase, that was ionically bound to 
membranes (P;) following hypo-osmotic rupture of 
the P, fraction and centrifugation, was removed using 
two 100mM sodium phosphate buffer (pH 7.4) 
washes of the P; fraction. Approximately 84 per cent 
of the choline-O-acetyltransferase activity that was 
recovered from the P, fraction existed in the pooled 
wash and §; fractions, and approximately 15.6 per 
cent of the activity remained in the washed P, 
fraction. 

Preparation of brain minces. Male (CD-1) albino 
mice were killed by cervical dislocation in a cold 
room (4°) where the brains (minus cerebellum, pons 
and medulla) were removed and sectioned through 
the median sagittal fissure. Each hemisphere was 
weighed and placed in several hundred milliliters 
(ice-cold) of the same ionic medium that was to be 
used for incubation. Following their removal, they 
were minced and maintained in a petri dish until the 
onset of incubation. 

Tissue fractionation. The procedure of Gray and 
Whittaker [27] as modified by Collier et al. [28] and 
Salehmoghaddam and Collier [29] was used. Follow- 
ing incubation, minces were washed twice in 5 ml of 
0.32 M ice-cold sucrose and then homogenized in 
5 ml of 0.32 M sucrose at 840 r.p.m. using eight up 
and down strokes in a teflon-to-glass homogenizer. 
The homogenate was centrifuged (4°) at 1000 g for 
10 min, and the pellet was discarded. The superna- 
tant fraction (S,) was centrifuged at 17,000 g for 


15 min to prepare the P, fraction (nerve ending frac- 
tion). The S, fraction was discarded. The P, fraction 
was resuspended in 2 ml of ice-cold glass distilled 
H,O (pH 4.0) containing paraoxon (0.1 4M) and 
homogenized at 500 r.p.m. using eight up and down 


strokes. This homogenate was centrifuged at 
100,000 g for 90 min to yield a pellet (P;) and a 
supernatant fraction (S;). ACh in the P, fraction 
includes ACh in synaptic vesicles as well as any ACh 
included in other organelles. ACh in the S, fraction 
includes ACh in the cytoplasm of cholinergic nerve 
terminals as well as any ACh that has leaked from 
occluded stores during tissue preparation. The P, 
pellet was surface-washed twice with 8 ml of glass- 
distilled water to reduce overlap between it and the 
S; fraction. 

Endogenous ACh assay. To determine the amount 
of ACh present in the S; fraction, a 10 wl aliquot was 
dried and then assayed by a modified method of 
Goldberg and McCaman [30]. In this procedure, the 
extraction of ACh by tetraphenylboron/3-heptanone 
(TPB/3-heptanone) was eliminated. Determination 
of ACh in the §S; fraction was linear when 1-20 ul 
aliquots of the 2000 ul sample were used. Omission 
of AChE during the second stage of the Goldberg 
and McCaman procedure [30] resulted in values 
equivalent to blank, suggesting that only ACh was 
being determined. 

To compare this procedure with that using the 
TPB/3-heptanone extraction, a 100 ul aliquot of the 
S; fraction was mixed with 300 ul] TPB/3-heptanone 
(5 mg/ml). After thorough mixing and a 20-min 
centrifugation at 1000g, a 200 ul aliquot of the 
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organic layer was removed, mixed with 100 wl of 1 N 
HCl, and centrifuged. The organic layer was then 
discarded, and a 25 ul aliquot of the aqueous layer 
was transferred to a new tube and dried. Determi- 
nation of ACh in the cytoplasmic fractions of minces 
prepared from four brains that had been incubated 
with ['*C]choline (0.1 mM) and paraoxon (0.1 uM) 
in Krebs bicarbonate buffer produced values (17.6 + 
4.5 nmoles/g) similar to those obtained for the same 
samples using the modified procedure (18.9 + 2.9 
nmoles/g). In tissue samples incubated with either 
[“C]homocholine or ['*C]acetylhomocholine, the 
tetraphenylboron extraction was employed. Hom- 
ocholine did not interfere with the assay of ACh. 

To extract the ACh present in the P; fraction, the 
100,000 g pellets were transferred to ground glass 
homogenizers (Duall 20) containing 500 yl of formic 
acid—acetone (FA/A, 15:85, v/v) and allowed to 
stand for at least 20 min in the cold to permit com- 
plete extraction of ACh [31]. The samples were then 
centrifuged for 20 min at 1000 g, and a 10 wl aliquot 
of the supernatant fraction was transferred to a tube 
and dried. Determination of ACh was done directly 
on the dried samples and was linear when 1-10 ul 
aliquots of the 500 ul sample were used. Omission 
of AChE during the second stage of the Goldberg 
and McCaman assay yielded values equivalent to 
blank. To compare the modified procedure with that 
using TPB/3-heptanone extraction, a 50 ul aliquot 
of the FA/A was dried in a tube. Then, 50 ul of a 
10mM sodium phosphate buffer (pH 6.6) were 
added to the dried tube and subsequently mixed with 
200 ul of TPB/3-heptanone (5 mg/ml). After a brief 
centrifugation, 150 ul of the organic phase were 
transferred to a tube containing 75 ul of 1 N HCl. 
After thorough mixing and a 10-min centrifugation 
at 1000 g, the organic layer was removed and a 25 ul 
aliquot of the aqueous layer was transferred to a 
new tube and dried. Determination of ACh in the 
P; fraction of six brain samples incubated with 
[C]choline (0.1 mM) in Krebs for 4 min yielded 
ACh values (8.8 + 1.4 nmoles/g) similar to those 
(9.3 + 1.4 nmoles/g, N = 8) using the modified pro- 
cedure. In tissue samples incubated with either 
[“*C]homocholine or ['*C]acetylhomocholine, the 
tetraphenylboron extraction was employed. When 
the TPB/3-heptanone extraction is not used, the 
results are reliable for amounts of tissue below 
2.5 mg, whereas greater amounts of tissue result in 
erroneously high values, as described in a recent 
report [32]. In each assay, ACh standards were 
assayed simultaneously with test samples and were 
used to quantitate the amount of ACh in the test 
sample. The addition of 100 pmole ACh standards 
to tissue samples prepared from minces that had 
been incubated in Krebs or lithium—Krebs solution 
indicated that neither tissue nor lithium interfered 
with the ACh determination. 

In one group of samples incubated in normal Krebs 
or lithium—Krebs solution, paraoxon was omitted 
during the tissue preparation. Its absence resulted 
in a reduction of S$; ACh content to non-detectable 
levels, whereas the ACh content of the P; fraction 
did not differ significantly from those samples in 
which paraoxon was included during the tissue prep- 
aration (data not shown). 
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Determination of labeled ACh and acetylhomo- 
choline. To determine the amounts of labeled ACh 
and acetylhomocholine present in the S, and P; frac- 
tions, a 10 wl aliquot of the S; fraction and a 10 ul 
aliquot of the P; fraction (after homogenization in 
500 ul FA/A) were dried, and the labeled substrates 
were converted to. labeled phosphoryl substrates 
using choline kinase (EC 2.7.1.32), and were then 
separated from their respective acetyl derivatives 
using TPB/3-heptanone (75 mg/ml) as described pre- 
viously [33, 34]. This procedure phosphorylates both 
['*C]choline and ['*C]homocholine standards linearly 
from 25 to 200 pmoles, and virtually none of the 
phosphorylated substrates are extracted into the 
TPB/3-heptanone layer. The extraction of unphos- 
phorylated ['*C]choline, ['*C]homocholine, 
[“C]ACh and [“C]acetylhomocholine from the 
aqueous phase into the TPB/3-heptanone phase is 
complete. To determine the amounts of non-extract- 
able metabolites of ['*C]choline or ['*C]homocholine 
formed during incubation of brain tissue with these 
compounds, the same procedure as described above 
was employed except that choline kinase and ATP 
were omitted during the incubation of tissue samples. 
The amount of radioactivity present in the aqueous 
phase after TPB/3-heptanone addition was then 
determined. 

Incubation procedures. Initially, brain minces 
were incubated in 10 ml of Krebs solution (mM con- 
centration: NaCl, 117; KCl, 3.5; KH,PO,, 1.2; 
CaCl,, 2.5; MgSO,-7H,O, 1.2; NaHCO,, 28.0; and 
glucose, 11.0) for two 15-min periods (fresh solution 
was added after the initial 15 min) while contralateral 
minces were incubated similarly in a medium in 
which LiCl replaced NaCl (mM concentration: LiCl, 
7; EGA, 35; Bere. 1.2; Cole, 25; 
MgSO,-7H,0, 1.2; NaHCO;, 28.0; and glucose, 
11.0). Following incubation, minces were washed 
twice with 5 ml of 0.32 M sucrose, and the amounts 
of ACh present in the subcellular fractions were 
determined. Since lithium has been reported to 
impair tissue respiration [35], potassium bicarbonate 
was substituted for sodium bicarbonate in all experi- 
ments, with the exception of the first set (Table 1), 


Table 1. Differential effect of lithium-containing media on 
the levels of ACh in the S; and P; fractions* 





ACh (nmoles/g) 





Treatment 


Subcellular fractions 
S; P; 





(1) Krebs 
(2) Lithium 
(3) Krebs 
(4) Lithium 


(32.7 mM K”*) 2.5 + 0.4% (12) 





* Minces of mouse forebrain were incubated for 30 min 
in one of the ionic media and subcellular fractions were 
prepared. The ionic medium used in treatment 2 contained 
117 mM Li* and 28 mM Na’. The ionic medium used in 
treatment 4 contained 117 mM Li*, 32.7mM K” and no 
Na’. Each value represents the mean + S.E.M. The num- 
bers in parentheses = the number of experimental animals 
used. 

+ Results differ significantly from Krebs treatments 1 or 
3 at P< 0.05 (analysis of variance: one-way classification). 
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Table 4. Facilitated accumulation of cholinergic precursors in a P3 fraction with reduced ACh 
content* 





Incubation 1 Incubation 2 


S; P; 
(d.p.m./mg) (d.p.m./mg) 





Krebs 
Lithium (32.7 mM K*) 
Krebs 
Lithium (32.7 mM K*) 


Krebs + ['*C]choline 
Krebs + ['*C]choline 
Krebs + ['“C]homocholine 
Krebs + ['*C]homocholine 


346.3 12) 88.1+8.5 (12) 
163.0 + 8.3% (12) 
34.6+1.3 (16) 


61.6 + 3.57 (16) 





* Minces were preincubated for 30 min in either Krebs or a lithium solution (32.7 mM K”, and 
Li* instead of Na*) and then incubated another 30 min in Krebs solution with ['*Cjcholine (0.1 mM, 
sp. act. 13.95 d.p.m./pmole) and paraoxon (0.1 4M) or ['*C]homocholine (0.1 mM, sp. act. 5.1 
d.p.m./pmole) and paraoxon (0.1 4M). Results are expressed as mean + S.E.M. The numbers in 
parentheses = the number of experimental animals. 

+ Results differ significantly from Krebs at P < 0.05 (analysis of variance: one-way classification). 


to maintain tissue respiration in the presence of 
lithium. This medium contained K* (32.7 mM) and 
LiCl instead of NaCl. The pH of the ionic media 
used for incubation remained at pH 7.4+0.1 
throughout the tissue incubation periods. 

In other experiments (Tables 2-5), forebrain 
minces were preincubated in Krebs or lithium—Krebs 
solution (32.7 mM K* and Li” instead of Na*) for 
a total of 30 min, washed twice with ice-cold Krebs 
[the second wash contained paraoxon (0.1 uM)], and 
then incubated for 30 min in Krebs containing para- 
oxon (0.1 4M) and one of the following compounds: 
{*C]choline (0.1 mM), {'*C]homocholine (0.1 mM), 
{*C]ACh (0.1 mM) or ['*C]acetylhomocholine 
(0.1mM). Following the second incubation, the 
minces were washed twice with 5ml of ice-cold 
0.32 M sucrose, and the ratio of labeled ACh or 
labeled acetylhomocholine to ACh was determined 
in the subcellular fractions. It should be noted that 
the nmoles of ['*C]ACh formed in the tissue from 
[*C]choline represent a minimum amount, since 
production of choline by the tissue during incubation 
can dilute added ["*C]choline [36]. 

The concentrations of ['*C]choline (0.1 mM) and 
[*C]homocholine (0.1mM) used in the present 
experiments are of sufficient magnitude to support 
both high and low affinity choline transport systems 
in minces of mouse brain [33]. 

In those experiments in which minces were incu- 
bated with [“C]homocholine, and the ratios of 
['*C]acetylhomocholine to ACh were determined for 
the S; and P; fractions for individual brains, the 
amounts of ACh present in the S, and P; fractions 
were estimated by subtracting the amount of 
[*C]acetylhomocholine (determined as described 
previously) from the amount of total acetylated pro- 
duct ({'C]acetylhomocholine and ACh) measured 
by the procedure of Goldberg and McCaman [30]. 

ACh release. Minces of mouse forebrain were pre- 
pared as described before except that the washing 
solution contained paraoxon (0.1 4M). Minces were 
then incubated for 30 min at 37° under 95% O,-5% 
CO, at 90 cycles/min in 3 ml of one of the following 
solutions: Krebs, lithium—Krebs solution (replace- 
ment of NaCl with LiCl), high K* (32.7 mM) Krebs 
or high K* (32.7mM) Krebs with Li* instead of 


Na*. At the end of the incubation period, the 
samples were chilled and centrifuged, and an aliquot 
of the supernatant fraction was used for the deter- 
mination of ACh. The supernatant fraction (100 ul) 
was mixed with 300 ul of TPB/3-heptanone (5 mg/ml) 
and centrifuged. Then 200 ul of the organic phase 
were transferred to a tube containing 100 ul of 1N 
HCl. After thorough mixing and centrifugation, the 
organic layer was discarded and a 30 ul aliquot of 
the 1 N HCI solution was transferred to a new tube 
and dried. The ACh contents of these samples were 
determined by the method of Goldberg and 
McCaman [30]. Standards ranging from 200 to 2000 
pmoles were added to 100 ul aliquots of each of the 
ionic media. 


RESULTS 


Selective reduction of P; ACh. We reported pre- 
viously that incubation of forebrain minces in a 
medium containing high K* (32.7mM) and Li* 
instead of Na* selectively reduced P; ACh approxi- 
mately 70 per cent without altering the $; ACh with 
respect to incubation of minces in a normal Krebs 
medium [16]. Results shown in Table 1 indicate that 
incubation of forebrain minces in a medium con- 
taining low K* (4.7 mM) and Li* instead of Na’ also 
selectively reduced P; ACh approximately 70 per 
cent without altering S; ACh. 

The amounts of ACh released from forebrain 
minces incubated either in a medium containing high 
K* (32.7 mM) and Li* instead of Na* or ina medium 
containing low K* (4.7 mM) and Li* instead of Na* 
were similar (29.9 + 1.8 nmoles/g/30 min, N = 8, and 
33.7 + 4.8 nmoles/g/30 min, N = 12, respectively). 
These amounts are significantly lower than the 
amounts of ACh released from forebrain minces 
incubated in either a Krebs medium (54.4 + 6.1 
nmoles/g/30 min, N = 12) or a high K* (32.7 mM) 
Krebs medium (132.0+ 10.8 nmoles/g/30 min, 
N = 8). 

Can a P; fraction depleted of its ACh content be 
refilled with newly synthesized ACh independently of 
the S; fraction? The results presented in Table 2 
indicate that, when forebrain minces were preincu- 
bated in a medium containing high K* and Li* 
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instead of Na* in order to deplete the P; ACh and 
were then subsequently incubated in a Krebs medium 
containing ['*C]choline in order to replete it, a higher 
ratio of labeled to total ACh was attained in the 
repleted P; fraction (0.63) than in the non-depleted 
P; fraction of minces preincubated in Krebs (0.35). 
The ratio of labeled to total ACh in the repleted P, 
fraction (0.63) exceeded that in the S; fraction (0.33). 
Additionally, the total amount of ACh in the 
repleted P; fraction (9.6 + 1.7 nmoles/g) was similar 
to the total amount of ACh present in the non- 
depleted P; fraction (10.5 + 2.4 nmoles/g). 

Greater amounts of both unacetylated |'*C|choline 
and ['*C]ACh were found in the repleted P; fraction 
(5.9 + 0.4and 5.1 + 0.4 nmoles/g, respectively) than 
in the non-depleted P; fraction (3.7 + 0.4 and 2.6 + 
0.2 nmoles/g, respectively). Conversely, the amounts 
of ['*C]choline and ['*C]ACh found in the §, fraction 
of minces preincubated in high K* and Li’ instead 
of Na* (18.7 + 0.9 and 4.9 + 0.7 nmoles/g, respec- 
tively) did not exceed the amounts found in the S, 
fraction of minces preincubated in Krebs (17.4 + 1.4 
and 4.2 + 0.6 nmoles/g, respectively). 

Can a P; fraction depleted of its ACh content be 
refilled with newly synthesized acetylhomocholine 
independently of the S, fraction? The results shown 
in Table 2 suggest that the P, fraction depleted of 
its ACh content was refilled with newly synthesized 
ACh independently of the S, fraction. To test 
whether a P, fraction depleted of its ACh content 
can also be refilled with newly synthesized acetyl- 
homocholine independently of the S; fraction, fore- 
brain minces were preincubated in a medium con- 
taining high K* and Li*® instead of Na* and 
subsequently incubated in a Krebs medium contain- 
ing [‘“C]homocholine. The results shown in Table 
3 indicate that a substantially higher ratio of labeled 
acetylhomocholine to ACh was attained in the 
repleted P, fraction (7.26) than was attained in the 
non-depleted P; fraction (0.46). The ratio of labeled 
acetylhomocholine to ACh in the repleted P, fraction 
(7.26) also greatly exceeded that of the S, fraction 
(0.44). The amount of ACh in the repleted P; fraction 
(2.6 + 0.3 nmoles/g) was similar to the amount of 
ACh in the depleted P, fraction (2.5 + 0.4 nmoles/g, 
see Table 1). The total amount of acetylated product 
in the repleted P; fraction (4.7 + 0.3 nmoles/g of 
[“C]acetylhomocholine plus 2.6 + 0.3 nmoles/g of 
ACh) was not significantly below the total amount 
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of acetylated product in the non-depleted P; fraction 
(2.1 + 0.2 nmoles/g of ['*C]acetylhomocholine plus 
7.2 + 1.5 nmoles/g of ACh). 

Greater amounts of both  unacetylated 
[“C]homocholine and __ ['*C]acetylhomocholine 
existed in the repleted P; fraction (7.2 + 0.5and4.7 + 
0.3 nmoles/g, respectively) than in the non-depleted 
P; fraction (4.1 + 0.2 and 2.1 + 0.2 nmoles/g, respec- 
tively). Conversely, only the amount. of 
['*Cjacetylhomocholine present in the S, fraction of 
minces preincubated in high K* and Li” instead of 
Na* (5.3 + 0.3 nmoles/g) exceeded the amount pre- 
sent in the S; fraction of minces preincubated in 
Krebs (3.4 + 0.2 nmoles/g), whereas the amounts of 
unacetylated homocholine present in the S, fraction 
of the two sets of pretreated minces were similar 
(11.5 + 0.6 vs 11.7 + 0.7 nmoles/g). Preincubation 
of minces in the medium containing high K* and Li* 
instead of Na* resulted in a higher ratio of labeled 
acetylhomocholine to total ACh in the S; fraction 
(0.44) as compared with minces preincubated in 
Krebs (0.26). 

Does selective reduction of P; ACh content facilitate 
accumulation of cholinergic precursors in this fraction 
independently of the S;? Some studies suggest that 
ACh levels may regulate the transport of extracel- 
lular choline into cholinergic nerve terminals [37, 38]. 
Another study indicates that pre-ganglionic stimu- 
lation augments accumulation of the precursors cho- 
line and homocholine in the superior cervical gan- 
glion [18]. The results presented in Table 4 show 
that preincubation of minces in a medium containing 
high K* and Li* instead of Na’ in order to selectively 
deplete P; ACh content augmented the accumulation 
of both extracellular |'“C|choline (84 per cent) and 
['*C]homocholine (76 per cent) in the P,; fraction 
when minces were subsequently incubated in a Krebs 
medium containing these compounds. Conversely, 
the pretreatment did not facilitate the accumulation 
of either precursor in the S; fraction. This pretreat- 
ment also did not enhance the accumulation of 
[C]choline by the P, or S, fractions (N = 4, data 
not shown). 

Can a depleted P, pool of ACh be refilled with 
preformed extracellular ACh or acetylhomocholine? 
The results shown in Tables 2 and 3 indicate that a 
depleted P; pool of ACh can be refilled with either 
ACh newly synthesized from extracellular choline 
or acetylhomocholine newly synthesized from extra- 


Inability of a P; fraction with reduced ACh content to refill with either extracellular [*C]ACh or 


['*C]acetylhomocholine* 





Incubation 1 Incubation 2 


Hc ae : or ['*C]acetylhomocholine/total ACh 
P; 





Krebs 
Lithium (32.7 mM K”*) 
Krebs 
Lithium (32.7 mM K*) 


Krebs + [“CJACh 
Krebs + [Wc JACh 
Krebs + [ *Clacetylhomocholine 
Krebs + ['*C]acetylhomocholine 


().46 + 0.04 (12) 
0.39 + 0.03 (12) 
0.16 + 0.04 (8) 
0.22 + 0.04 (8) 


0.14 + 0.03 (12) 
0.20 + 0.05 (12) 
0.09 + 0.02 (8) 
0.09 + 0.01 (8) 





* Minces were preincubated in Krebs or lithium solution (32.7 mM K* 


and Li* instead of Na”) and then incubated 


another 30 min in Krebs solution with either [‘*C]ACh (0.1 mM, sp. act. 2 .65 d.p.m./pmole) and paraoxon (0.1 4M) or 
[' *Cjacetylhomocholine (0.1 mM, sp. act. 11.9 d.p.m./pmole) and paraoxon (0.1 4M). Results are expressed as mean + 
S.E.M. The numbers in parentheses = the number of experimental animals. 
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cellular homocholine. To test whether the preformed 
products, ACh and acetylhomocholine, can also refill 
a depleted P; pool of ACh, forebrain minces were 
preincubated in the medium containing high K* and 
Li* instead of Na* to deplete vesicle-bound ACh 
and were then subsequently incubated in Krebs with 
either [“C]ACh or [*C]acetylhomocholine. These 
results (Table 5) indicate that similar ratios of 
labeled to total ACh are attained in the initially 
depleted P; fraction (0.20 + 0.05) and in the non- 
depleted P; fraction (0.14 + 0.03). The ratios of 
acetylhomocholine to total ACh attained in the 
initially depleted P,; fraction (0.09) and in the non- 
depleted P; fraction (0.09) were the same. In these 
experiments, the ratios of labeled ACh or labeled 
acetylhomocholine to total ACh attained in the P, 
fraction initially depleted did not exceed those ratios 
present in the cytoplasm. 


DISCUSSION 


The aim of the present experiments was to initially 
deplete the ACh content of a P; fraction of mouse 
forebrain independently of the S, fraction by first 
incubating brain minces in a Krebs medium con- 
taining high K* and Li* instead of Na* and then to 
subsequently incubate the minces in a Krebs medium 
containing either ['*C]choline or ['*C]homocholine 
to determine whether the depleted P, fraction could 
be replenished with either newly synthesized 
[“C]ACh or ['*C]acetylhomocholine independently 
of the S; fraction. 

Results obtained in the present study confirm pre- 
viously reported results that the P; fraction of ACh 
can be depleted independently of the S, fraction by 
incubating brain minces in a Krebs medium con- 
taining Li* instead of Na* [16]. In addition, they 
indicate that the presence of elevated potassium in 
the lithium-containing Krebs is not essential to this 
selective depletion. A higher ratio of labeled to total 
ACh was attained in the P; fraction of minces prein- 
cubated in a Krebs medium containing high K* and 
Li* instead of Na* and subsequently incubated in 
a Krebs medium containing [""C]choline than was 
attained in the S, fraction; thus, the ACh, syn- 
thesized to replace that lost from the P, fraction, 
appears to occur in close association with this fraction 
rather than by exchange with the S, fraction. A 
similar result was obtained when the choline analog 
homocholine was used in this model. The results 
obtained in this study, however, do not support or 
refute the possibility that homocholine is exclusively 
acetylated by choline-O-acetyltransferase closely 
associated with vesicles and not with the cytoplasm. 
Additionally, they do not support the study indicat- 
ing that acetylhomocholine formation preferentially 
occurs in non-vesicle stores of transmitter [39], since 
the results in the present study indicate that the ratio 
of S; to P; ['*C]acetylhomocholine is similar to that 
of ['*C]ACh, rather than greater. 

Forebrain minces depleted of P; ACh inde- 
pendently of S; ACh accumulated more extra- 
cellular [‘C]choline (84 per cent) and more 
{“*C]homocholine (76 per cent) than did non- 
depleted minces; enhanced accumulation of precur- 
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sor did not occur in the S, fraction, suggesting that 
a P; fraction depleted of its ACh content may acquire 
extracellular precursor directly. Furthermore, the 
enhanced accumulation of the two precursors, 
[“C]choline and ['C]homocholine, resulted in 
higher ratios of labeled to total ACh and of labeled 
acetylhomocholine to ACh in the repleted P; fraction 
(0.63 and 7.26, respectively) than in the non-depleted 
P; fraction (0.35 and 0.46, respectively), indicating 
that the depleted P, fraction may refill with newly 
synthesized transmitter preferentially over pre- 
formed ACh. Additionally, the total amount of 
acetylated product present in the repleted P; fraction 
of minces postincubated with ['C]homocholine 
(2.6 + 0.3 nmoles/g of ACh plus 4.7 + 0.3 nmoles/g 
of ['*C]acetylhomocholine) only exceeds the amount 
of transmitter present in a depleted P; fraction (2.5 + 
0.4 nmoles/g of ACh) by the amount of newly syn- 
thesized acetylhomocholine present there. 

The ratios of labeled to total ACh and of labeled 
acetylhomocholine to ACh in the P; fraction of fore- 
brain minces initially depleted and subsequently 
incubated in Krebs with either ["“C]ACh or 
{*C]acetylhomocholine (0.20+0.05 and 0.09 + 
0.01, respectively) were not higher than those in the 
P; fraction of non-depleted minces (0.14 + 0.03 and 
0.09 + 0.02, respectively). The amounts of pre- 
formed products acquired by a depleted P, fraction 
(1.7. and 1.2 nmoles/g of [“C]ACh and 
['*C]acetylhomocholine, respectively) also did not 
replete the depleted P; fraction, whereas the pre- 
cursors, ['*C]choline and ['*C]homocholine, did refill 
a depleted P; fraction with acetylated products (5.1 
and 4.7 nmoles/g, respectively). Accumulation of 
extracellular ACh by brain tissue, unlike that of 
extracellular choline, is not believed to be specific 
for cholinergic nerve terminals [40, 41] and thus the 
distributions of ACh and acetylhomocholine follow- 
ing incubation of minces with these compounds can- 
not meaningfully be compared between the S, and 
P; fractions. 

Greater amounts of both unacetylated precursor 
and acetylated products are found in the repleted P; 
than in the non-depleted P; fraction, a result which 
is somewhat similar to that obtained in the superior 
cervical ganglion in which pre-ganglionic stimulation 
not only increases the amount of acetylhomocholine 
but also of unacetylated homocholine as compared 
with the unstimulated control ganglion [18]. These 
authors suggested that acetylation might be rate lim- 
iting. In the present experiments, it cannot be ascer- 
tained whether the increased amounts of ['*C]choline 
and ['*C]homocholine associated with the repleted 
P; fraction were available for acetylation or were 
stored in the same releasable pool as the products, 
making the results difficult to interpret. 

Depletion of P; ACh did not significantly aug- 
ment accumulation of either [C]choline or 
['*C]homocholine by the S,; fraction of forebrain 
minces, although an increased amount of 
['*C]acetylhomocholine, but not of ['*C]ACh, was 
found in the S; fraction. The reason for this differ- 
ence is unclear. 

Forebrain minces incubated in the two lithium- 
containing media not only released similar amounts 
of ACh (29.9 + 1.8 vs 33.7 + 4.8 nmoles/g/30 min) 
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but also exhibited similar magnitudes of selective 
decrease in the ACh content of the P; fraction (70 
per cent) suggesting that the presence of high K* in 
the lithium-containing medium did not disrupt ACh 
metabolism. Incubation of brain tissue in a high K* 
Krebs medium also lowers the ACh content of the 
P; fraction [29] but, as we have shown, results in a 
substantially greater release of ACh (132 + 10.8 
nmoles/g/30 min) than does incubation of brain tissue 
in a high K* Krebs medium with Li* instead of Na* 
(29.9 + 1.8 nmoles/g/30 min). This difference in ACh 
release for the two media may be explained in the 
following way. Both Li* [42] and high K* are 
believed to act as depolarizing agents and, thus, 
brain tissue incubated in Li* Krebs, Li* high K* 
Krebs or high K* Krebs may release similar amounts 
of preformed ACh from the P; fraction and thereby 
lower its ACh content. This lowering of P; ACh 
during incubation in high K* Krebs may allow more 
extracellular choline to enter cholinergic nerve end- 
ings and be released as newly synthesized ACh into 
the medium. Some investigators report that a reduc- 
tion in tissue level of ACh facilitates extracellular 
choline transport [37, 38] and that extracellular cho- 
line can be utilized to support the Ca’*-dependent, 
K*-induced release of newly synthesized ACh [33]. 

When brain tissue is incubated in either a Li* low 
K* or a Li*® high K* medium, similar amounts of 
preformed ACh may be released into the respective 
media from the P; fraction, but the presence of Li* 
will block the transport of extracellular choline into 
the tissue [43, 44] and thereby reduce the K*-induced 
release of newly synthesized ACh released during 
a 30 min incubation while supporting choline-O- 
acetyltransferase activity |45]. 

Another study using somewhat different experi- 
mental conditions reported that substitution of Li* 
for Na* in a high K* medium significantly reduced 
the amount of newly synthesized ACh released from 
brain tissue [46]. In our experiments the release of 
ACh from forebrain minces incubated in either a 
Li’ low K* medium or a Li’ high K* medium 
(approximately 30 nmoles/g/30 min) exceeded the 
amount of ACh depleted from the P; fraction by 
these incubation conditions (approximately: 5-6 
nmoles/g); some of the ACh being released must, 
therefore, originate from continued turnover of some 
other ACh store. 

Some of the reduction of the P; ACh content 
caused by the two Li*-containing media may be due 
to the absence of Na* in these media rather than to 
the presence of Li*. Other investigators have 
reported that incubation of brain tissue in a Na*- 
free medium depletes brain ACh content [47] and 
that subsequent incubation of brain tissue in normal 
Krebs restores it [28]. Additionally, choline transport 
is Na*-dependent [43, 44] and thus the lack of Na* 
in the Li*-containing media may deplete P; ACh. 

In summary, these results suggest that the extra- 
cellular precursors, choline and homocholine, may 
be directly accumulated by a crude vesicular fraction 
of mouse forebrain, independently of the cytoplasm, 
and may be utilized to replace lost ACh. Addition- 
ally, they suggest that the extracellular products, 
ACh and acetylhomocholine, may not be capable of 
replacing ACh lost from a crude vesicular fraction. 
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SHORT COMMUNICATIONS 


Liver microsomal cytochrome P-450 and related monooxygenase activities in 
genetically hyperglycemic (ob/ob and db/db) and lean streptozotocin-treated mice 


(Received 24 December 1979; accepted 19 March 1980) 


Since the first report of Dixon et al. [1] on drug metabolism 
in alloxan-diabetic rats, further pertinent observations have 
accumulated, using streptozotocin, which leads to a similar 
hypoinsulinemic diabetes by destroying f cells. Both 
increase and decrease of oxidative metabolism have been 
reported in chemically-induced diabetes. For example, an 
increase of aniline metabolism was observed in alloxan 
diabetes by Dixon er al. [2] and Kato et al. [3], as in 
streptozotocin diabetes by Past and Cook [4] and Donahue 
and Lindsay [5], whereas Ackerman and Leibman [6] 
reported an inhibition of this metabolism. Such conflicting 
reports may be explained by varying degrees of severity of 
the induced diabetes, as suggested by the study of Donahue 
and Lindsay [5], but strain, sex and age of the experimental 
animals may also introduce some variations. 

Since strains of genetically hyperglycemic hyperinsuli- 
nemic mice are now available, it seemed interesting to 
study some drug-metabolizing enzymes in those animals, 
and compare them with the modifications induced by chem- 
ical diabetogenics in the corresponding wild strains. In this 
way, the relative effects.of blood glucose and blood insulin 
levels should be clarified. Furthermore, the two forms of 
animal diabetes may to some extent be considered as a 
model for the two similar forms of human diabetes: hyper- 
insulinemic maturity-onset diabetes on the one hand, 
hypoinsulinemic juvenile diabetes on the other hand. 

Seven- to nine-weeks-old male mice, either obese hyper- 
glycemic (C57BL/6 Orl ob/ob) or of the corresponding lean 
strain, and 12- to 14-weeks-old male mice, either diabetic 
(C57BL/Ks Orl db/db) or of the corresponding wild strain, 
were obtained from the ‘Centre d’Elevage du CNRS’, 
Orléans, France. Some lean C5S7BL/6 mice received a single 
intraperitoneal (i.p.) injection of streptozotocin (200 mg/kg) 
freshly dissolved in saline at pH 4.5. The streptozotocin- 
injected mice were divided into two groups: one remained 
untreated, while the other one week later received an i.p. 
injection of 1 unit of protamine-zinc-insulin per 100 g body 
wt every 12 hr for one week. All mice were killed 2 weeks 
after the initial injection of streptozotocin, 2 hr after the 
last injection (at 8:30 a.m.) for the insulin-treated group. 
Mice of the insulin-untreated group were hyperglycemic 
but not ketonuric. Animals were decapitated and blood 
was collected for glucose analysis. Microsomes were pre- 
pared as previously described [7]. 

Plasma glucose was determined by the glucose oxidase 
method using a Beckman analyser. Microsomal proteins 
were measured after precipitation by trichloracetic acid as 
described by Lowry et al. [8] using bovine serum albumin 
as standard. Glucose-6-phosphatase activity was deter- 
mined as indicated by Swanson [9]. Cytochrome P-450 was 
measured in homogenates and microsomes as described by 
Greim [10] and Omura and Sato [11]. Aniline hydroxylase, 
p-nitroanisole-O-demethylase and 7-ethoxycoumarin-O- 
deethylase were assayed as previously indicated [12]. 
Benzo[a]pyrene hydroxylase was measured according to 
the fluorimetric method of Nebert and Gelboin [13] using 
a Jobin Yvon JYD 3 spectrofluorometer, with 3-hydroxy- 
benzo[a]pyrene as reference. n-Butylisocyanide (20 uM) 
spectra were recorded on a Beckman Acta MVI spectro- 


photometer with microsomes in 30% glycerol-Tris buffer, 
pH 7.40. 

Streptozotocin (STZ) was obtained from Sigma and 
insulin (endopancrine zinc protamine) from Organon. 
Benzo[a]pyrene (Sigma) was recrystallized from benzene- 
methanol (1:5). 3-Hydroxybenzo[a]pyrene was kindly sup- 
plied by Dr. F. Decloitre (Villejuif). 7-Ethoxycoumarin 
was prepared as described by Ullrich and Weber [14] and 
hydroxylamines as previously described [12]. SKF 525A 
was obtained from Smith Kline & French Laboratories; 
metyrapone from Ciba; n-butylisocyanide from Aldrich. 

Some physiological characteristics (body and _ liver 
weight, blood glucose level) of the mice used in this study 
are shown in Table 1. Blood glucose is moderately increased 
(1.8-fold) in ob/ob mice, but highly increased (3.5- to 3.7- 
fold) in db/db and STZ-injected lean mice. Chemically 
induced diabetes leads to a loss in both body and liver 
weight, whereas those parameters increase 1.3- to 1.9-fold 
in spontaneously hyperglycemic (ob/ob and db/db) mice. 
Insulin treatment of STZ-injected mice antagonizes the 
observed abnormalities at least partly. 

The hepatic content of cytochrome P-450 (Table 1) is 
indicated both in the whole homogenate (as nmoles per g 
liver), and in the microsomal fraction (as nmoles per mg 
microsomal proteins). In ob/ob mice as compared to their 
lean controls, liver cytochrome P-450 appears to be slightly 
increased, unmodified or decreased according to as it is 
related to 1 mg of microsomal proteins, one whole liver 
(data not shown) or | g of liver, respectively. This apparent 
discrepancy may be explained by a decreased content of 
endoplasmic reticulum in ob/ob mouse liver. Determina- 
tions of glucose-6-phosphatase activity (results not shown) 
confirmed this assumption: it was increased 3-fold in 
microsomes (per mg microsomal protein), but less than 2- 
fold in crude homogenates (per g liver). Thus, though the 
microsomal concentration of cytochrome P-450 is slightly 
increased, its total content per g liver appears to be 
decreased. However, when the cytochrome P-450 was 
expressed per whole liver, normal values were recovered, 
since liver is much larger in ob/ob mice than in their lean 
controls (Table 1). In db/db mice, the microsomal content 
of cytochrome P-450 is moderately increased with reference 
to wild controls. 

Table 2 shows the effects of spontaneous or chemically 
induced hyperglycemic states on some monooxygenase 
molecular activities. Enzyme activities of ob/ob and db/db 
mice must be compared to those of the respective wild 
strains, which appear to be rather different from each 
other, either genetically or as a consequence of age 
(CS7BL/Ks mice were slightly older when studied). Dif- 
ferences appear between ob/ob or db/db strains and their 
respective controls, but they are neither very important 
nor systematic, though usually increased molecular activi- 
ties are observed in db/db mice. Using qualitative criteria 
(inhibition of 7-ethoxycoumarin-O-deethylase, n-butyl- 
isocyanide spectra), no significant differences appear 
between spontaneously hyperglycemic mice and their con- 
trols, except for the extent of inhibition of 7-ethoxycou- 
marin-O-deethylase activity by hydroxylamines. The sig- 
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nificant difference of 7-ethoxycoumarin-O-deethylase 
inhibition by hydroxylamines between ob/ob mice and their 
lean controls may be explained by a difference in affinity 
and rate of formation of the inhibitory complex absorbing 
at 455 nm [12]: towards 2-hydroxylaminopropane, K, was 
2.6 + 0.2 uM in ob/ob mice and 1.4 + 0.2 uM in control 
mice; similarly, the initial rate of formation of the com- 
plex (at 0.2mM_ substrate) was 0.011 + 0.001DO 
units. min™'. nmole~' cytochrome P-450 in ob/ob mice and 
0.021 + 0.001 DO units. min! . nmole~! cytochrome P-450 
in control mice (means + S.E. of the mean, three deter- 
minations). Thus, it may be postulated that the modification 
of one of the components of the mixed function oxidase 
system, leading to modified accessibility of the active centre 
and consequently to modified affinity towards its substrates, 
might account for the small variations of drug metabolism 
observed. A report of Varandani et al. [15] indicates that 
the microsomal phospholipid composition in ob/ob mice 
is modified when compared to that in lean mice. This fact 
is in agreement with our hypothesis, since the permissive 
role of phospholipid on drug metabolism is well known 
[16]. 

In contrast to the slight modifications observed in spon- 
taneously hyperglycemic mice, STZ treatment produces a 
large increase of cytochrome P-450 (2.5-fold; Table 1) and 
some monooxygenase activities, especially p-nitroanisole- 
O-demethylase and  7-ethoxycoumarin-O-deethylase 
(Table 2). Specific activities (per mg microsomal protein) 
increase 10-fold (not shown), and molecular activities 
(per nmole of cytochrome P-450) 4-fold, which suggests 
both quantitative and qualitative differences at the cyto- 
chrome P-450 level. The existence of qualitative differences 
is confirmed by the inhibition pattern of 7-ethoxycoumarin- 
O-deethylase:STZ treatment increases inhibition by 
metyrapone and decreases inhibition by 2-hydroxyl- 


aminopropane. Insulin corrects most STZ-induced modi- 


fications either completely or partially. 

The marked increase of cytochrome P-450 and some 
related monooxygenase activities in STZ-injected animals 
might result from a simple inducing effect of the drug. The 
inhibition pattern of 7-ethoxycoumarin-O-deethylase, n- 
butylisocyanide spectra and the minute increase of 
benzo[a]pyrene hydroxylase activity certainly exclude the 
involvement of cytochrome P-448-like species, as was also 
shown in rat by the lack of effect of STZ on biphenyl-2- 
hydroxylation, a 3-methylcholanthrene-induced enzyme 
activity [17]. However, the correction of STZ effects by 
insulin, also observed in rat for some activities [17], is quite 
inconsistent with a direct inducing action of STZ on the 
monooxygenase system, as are also the following obser- 
vations: analogues of STZ without diabetogenic properties 
fail to modify drug-metabolizing activities [17]; moreover, 
in our experiments, one single injection of STZ would 
retain inducing properties two weeks later, which is quite 
unusual among common inducers. It must also be stressed 
that STZ has no effect on drug-metabolizing enzymes when 
added in vitro to a microsomal suspension [6]. 

A direct effect of elevated blood glucose may also be 
ruled out: as compared with STZ-treated animals, genet- 
ically hyperglycemic mice exhibit very moderate increases 
of cytochrome P-450 and related monooxygenase activities, 
although their blood sugar (especially for db/db) is in the 
same range. 

The main difference between STZ-treated and sponta- 
neously hyperglycemic animals lies in their blood insulin 
level, decreased in the former, increased in the latter. 
Glucagonemia is high in both cases [18-20]. Results and 
interpretations of Ackerman and Leibman [6] about the 
possible inhibitory effects of glucagon and cAMP upon 
drug metabolism in rat certainly do not hold in diabetic 
mice whose enzyme activities are increased. Thus, it might 
be postulated that, at least in male mice, insulin regulates 


monooxygenase activities, and behaves as a ‘repressor’ of 
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certain forms of cytochrome P-450, but not of cytochrome 
P-448. A more precise identification of the forms possibly 
regulated by insulin, as compared with phenobarbital- 
induced cytochromes P-450, is presently in progress. 

In summary, as compared with the corresponding wild 
strains, spontaneously hyperglycemic mice exhibit some 
slight qualitative and quantitative differences in their 
mixed-function oxidase system, whereas a marked increase 
of some monooxygenase molecular activities is observed 
in streptozotocin-treated lean mice. Insulin treatment coun- 
teracts the effects of streptozotocin. In streptozotocin- 
treated animals, neither the increased blood level, nor a 
simple inducing effect of streptozotocin is responsible for 
the observed modifications of the monooxygenase system, 
which appear to be related to the decreased level of blood 
insulin. £ 
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Metabolism of 5’deoxy-5’[**S]-isobutyl-thio-adenosine (SIBA) in rats and mice 


(Received 20 December 1979; accepted 20 February 1980) 


Numerous structural analogues of S-adenosyl-homocy- 
steine (SAH)* have been synthetized as potential antiviral 
and anticancer drugs [1-6]. One of them, 5’-deoxy-5’-S- 
isobutyl-thio-adenosine (SIBA) [7] has been reported to 
inhibit cell transformation induced by oncogenic RNA or 
DNA viruses [1, 8,9], the growth of transformed mouse 
mammary cells [10] and the mitogen-stimulated blastoge- 
nesis of lymphocytes [11]. SIBA has also an antimalarial 
activity against Plasmodium falciparum in culture [12]. 
When tested in mice in vivo, SIBA is effective against 
Friend’s leukemia virus, 1 mg SIBA prolongs survival time 
by about 42 per cent (J. C. Chermann, in preparation). 
Since there is an increasing interest in the possible thera- 
peutic use of this compound and analogues, some of the 
pharmacokinetic properties (tissue distribution and elim- 
ination) have been studied in mice and rats. Jn vitro only 
three metabolic products of SIBA had been identified: 5’- 
deoxy-5'-S-isobutyl-thio-inosine (SIBI), 5’-deoxy-5’-S- 
isobutyl-thio-ribose and adenine, SIBI being a weaker 
inhibitor of focus formation than SIBA [13]. 


Compounds 

5'-deoxy-5’[*°S]-isobutyl-thioadenosine (8 mCi/mmole) 
was obtained from the Commissariat a l'Energie Atomique 
(Saclay, France.) All chemicals used were of the highest 
purity available and came from the following sources: salts 
and 2-mercaptoethanol, Merck; thin layer silica gel plates, 
Schleicher & Schiill F1500 LS 254; Kodirex films, Eastman 





*Abbreviations used: SIBA, 5'-deoxy-5’-S-isobutyl- 
thioadenosine; SIBI, 5’-deoxy-5’-S-isobutyl-thioinosine; 
IBR, 5’-deoxy-5-S-isobutyl ribose; SAH, S-adenosyl hom- 
ocysteine; Iso-SIBA, 5’-deoxy-5’-S-(1_ methyl propyl)- 
thioadenosine. 


Kodak; Protosol and Econofluor, New England Nuclear 
Corp. 


Animals 


Female Wistar rats weighing approximately 250 + 20g 
and 6-week-old male DBA, mice were used in these 
experiments. 

Drug administration and collection of samples. In rats, 
single doses of [*S]-SIBA dissolved in 0.9% NaCl 
(125 umoles 0.3mCi) were administered under ether 
anaesthesia in the jugular vein. The animals were killed 
15, 45, 90 and 120 min after drug administration, and blood 
and internal organs were collected and frozen. Urine and 
feces were collected in the usual metabolic cages for rats 
killed 90 and 120 min after drug administration. 

In mice, intraperitoneal injections were performed 
(21 umoles 0.13 mCi) and animals were killed after 2, 4, 
6, 8 and 10hr. Internal organs were collected and frozen 
until use. 

Protein concentration. This was determined by the 
method of Lowry et al. [14] using crystalline bovine serum 
albumin as standard. 

Measurement of radioactivity. Radioactivity was meas- 
ured in Econofluor solution with an Intertechnic liquid 
scintillation spectrophotometer model SL 30. 

Specific radioactivity. Tissue samples were weighed, 
minced in a counting vial, and solubilized with Protosol 
overnight at 55°. After cooling, 10 ml of Econofluor were 
added; samples were equilibrated 1 hr in the counter before 
counting. The specific radioactivity is expressed as c.p.m./g 
wet wt. 

Cell-free extracts and thin layer chromatography. Extrac- 
tion was carried out at 4°. Tissue samples were homogenized 
in a Dounce homogenizer in 20 mM potassium phosphate, 


Table 1. Specific radioactivity of various rat organs as a function of time after injection 
of [°S-SIBA]* 





Organs 15 45 


Time (min) 
90 





Bladder _ 


480 + 125 


608 + 8 
366 + 17 
558 +9 
668 + 7 
250 + 14 
201 + 10 
468 + 3 
248 +2 
118 + 20 
790 + 39 
166 + 3 
66 + 1 
68 + 2 


433 + 15 
Ze? 238 
432+4 


Kidney 866 + 208 
Liver 688 + 177 
Intestine 594+ 19 
Lungs 439 + 130 
Spleen 355. = 27 
Muscle 327+ 55 
Aorta 324+9 
Heart 295 + 85 
Stomach 249 + 35 
Skin 214+17 
Ovary 180 + 34 
Bone 108 +9 
Brain 82+ 6 
Feces 

Blood+ 265 + 27 


158 +5 


217+ 14 
Urine+ — — — 


38,462 + 1524 





*Results are expressed in 10° c.p.m./g wet wt, except for blood and urine (+) which 
are expressed as 10° c.p.m./ml. [*°S]SIBA was administered intravenously as described 
in the text. 
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pH 7.2, containing 10 mM 2-mercaptoethanol. The hom- 
ogenate was deproteinized with ethylacetate methanol (9 : 1, 
v/v). The resulting solution was evaporated to dryness, 
taken up in water and spotted on silica gel thin layers. The 
chromatograms were developed with ethylacetate—meth- 
anol (9:1). Radioactivity was located by autoradiography 
(exposure time 2-10 weeks). The radioactive spots were 
scraped off and radioactivity was counted. 


Results and discussion 

Tissue distribution. Specific radioactivity of the various 
rat organs at 15, 45, 90 and 120 min after [*°S]-SIBA 
administration is shown in Table 1. The drug levels found 
in kidney, liver, intestine, lungs and bladder are signifi- 
cantly higher than those in the brain and bone. The ratio 
between the highest and the lowest specific activities is 10 
at 15, 45 and 90 min after injection. After 120 min this ratio 
is lowered to 6. Similar results were obtained when specific 
activities were expressed in c.p.m./mg of protein in a crude 
extract. The specific radioactivity decreases rapidly with 
time: at 120 min the values are 18-81 per cent of those 
obtained at 15 min, depending on the organs; liver spleen 
and kidney having a higher elimination rate (72-82 per 
cent loss) than brain (38 per cent loss) and skin (20 per 
cent loss) The specific radioactivity in urine (c.p.m./ml) 
is about 250 times more elevated than that of the blood 
after 2 hr. 

In mice, the distribution of the radioactivity is similar to 
that observed in the rat at 2 hr after injection (Table 2). 
As in the rat the ratio between the highest (kidney) and 
the lowest (brain) specific activity is 5 after 2 hr, and falls 
to 2.7 after 10 hr. 

These, results clearly show that the drug is rapidly and 
widely distributed; it can cross the blood-brain barrier, and 
is eliminated at different rates according to the organs, the 
half life varying between 40 and 150 min (in rats). 

Metabolism of SIBA. Analysis of radioactive materials 
after chromatography of rat extracts on thin layer silica gel 
plate showed 6-10 distinct radioactive spots in the solvent 
system used, according to the tissue sample considered and 
the time studied (Table 3). 

In rat urine, 120 min after administration of SIBA 9 spots 
could be detected: 29 per cent of the radioactivity was in 
spot I, 62 per cent in spot II a and b, 3.4 per cent in spot 
Ill and 2.9 per cent in spot [V. Only traces of radioactivity 
(0.3 per cent) were excreted as the unchanged drug (spot 
IV). 

In blood, four main radioactive products were found, 
spots I, Il a, b and VI, representing 16-32 per cent, 10-40 
per cent and 11-23 per cent of the radioactivity, respec- 
tively, according to the time. SIBA (spot IV) represented 
4-8 per cent of the total radioactivity. 
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In tissue samples 6-11, radioactive spots could be 
detected after autoradiography. Product(s) I represents 3- 
55 per cent of the radioactivity according to the tissue; the 
highest percentage was found in kidney and liver (50-55 
per cent) and the lowest in brain (3-20 per cent). There 
was a great variation of this ratio with the time. Products 
II a and b represented 20-70 per cent of the material 
according to the tissues. For most of the organs studied, 
product III was relatively constant as a function of time, 
except in brain and lungs where the percentage decreased 
with time, and in the kidneys and liver where the ratio was 
increased with time. Product IV represented less than 5 
per cent of the radioactivity at all the times studied and for 
all the organs tested. Product V varied according to the 
tissue and as a function of time, all the organs tested 
presenting a peak between 45 and 90 min. Percentage of 
peak VI represented 1-5 per cent of the tissue radioactivity. 
In mice, the same metabolites were obtained. 

Identification of some metabolites. R; values, colori- 
metric analyses of functional groups and u.v. absorbancy 
of spot III, IV and VI were similar to those reported in 
our previous work [13] for 5’-deoxy-5’-S-isobutyl-thioino- 
sine (SIBI), SIBA and 5’-deoxy-5’-S-isobutyl-thioribose, 
respectively. Products I, II a and b are under investigation. 
Product V was ultraviolet negative, aniline phtalate nega- 
tive and oxidizable by permanganate. The fact that it is 
produced when SIBA is incubated with purified 5’adenylic 
acid deaminase and purine nucleotide phosphorylase in the 
presence of 0.2 M potassium phosphate suggest that prod- 
uct V is the 5’-S-isobutyl ribose 1 phosphate. 

In conclusion, after intravenous administration of SIBA, 
the radioactivity was widely distributed in rats and mice. 
SIBA crosses the blood-brain barrier in rats and mice. This 
is in accordance with observations by Pacheco et al. 
(unpublished results) of the effect of SAH and isoSIBA on 
the central nervous system of rabbits. 

The drug was rapidly metabolized since 15 min after 
injection the percentage of unchanged drug was very small: 
2-5 per cent in all tissues tested, and 0.3 per cent in the 
urine 2 hr after injectton. 

It is interesting that the percentage of the various metab- 
olites in rat organs are very different from those found in 
chick embryo fibroblasts in vitro. In these cells two major 
metabolic pathways for SIBA degradation have been 
observed [9]: an oxidative deamination to 5’-deoxy-5’-S- 
isobutylthioinosine (the main product) and hydrolysis to 
5'-deoxy-5'-S-isobutyl-thioribose and adenine. Only traces 
of other metabolites were found. In contrast in rats SIBI 
and 5’-deoxy-5’-S-isobutyl-thioribose were found in small 
amounts and products II and V were the main metabolites. 
These differences in metabolism are related to in vitro-in 
vivo systems and not to species differences, since, when 


Table 2. Specific radioactivities of different mouse organs after intraperitoneal injection of [*°S]- 
SIBA* 





Organs 


Time (hr) 


oO 


8 





Kidney 
Lung 
Liver 
Spleen 
Heart 
Brain 
Blood+ 
Urinet 


450 + 3 
394+2 
439 +2 
213 + 
204 + 
98 + 


I+ I+ I+ I+ I+ I+ 


are UN fe 


1877 


66,660 + 


wn 


‘oO 


— 
oS 


191 
240 
196 
182 
134 
102 


11l0+4 


It I+ I+ I+ 1+ + 
I+ I+ 1+ I+ I+ I+ 


32,050 + 953 





: Results are expressed in 10° c.p.m./g wet, except for blood and urine (+) which are expressed 
as 10° c.p.m./ml. [*S]SIBA was administered intraperitoneally (0.17 mCi/0.2 ml) as described 


in the text. 
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Tissue sample 


Muscle 








0.00 
0.01 
0.09 
0.12 
0.21 
0.31 
0.43 
0.60 


0.80 


I 


Ila 


b 


Ill = SIBI 


IV 
Vv 


SIBA 


VI = IBR 


VII 


Vill 


IX 
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Front 





* Results are expressed as percentage (+ 0.3 per cent) of the total radioactivity in a given tissue sample. 


mice and chick cells were incubated in vitro with SIBA the 
first main product to appear was SIBI. 

Thus, in summary, the tissue distribution and metabolism 
of [*S-]-labelled 5’-deoxy-5’-S-isobutyl-thioadenosine 
(SIBA), a synthetic analogue of S-adenosyl-homocysteine, 
was studied in female rats and mice. After a single injection, 
the radioactivity is rapidly and widely distributed, It is 
uneven: at each time studied the highest specific radioac- 
tivity was found in kidney, liver, intestine, lungs and blad- 
der, and the lowest in brain and bone. The elimination rate 
of the drug varies with the organs; it is rather rapid, except 
in brain. 

SIBA is quickly metabolized; 15 min after its adminis- 
tration, the percentage of intact drug was less than 5 per 
cent in all the tissues tested. 
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Catecholamine action on thyroid adenylate cyclase: evidence for inhibitory 
a-adrenoreceptors 


(Received 29 November 1979; accepted 19 February 1980) 


Cyclic AMP is known to mediate some of the control 
mechanisms involved in thyroid functions [1, 2]. The exist- 
ence of adrenergic nerve endings has been shown in the 
gland [3,4], and catecholamines were demonstrated to 
stimulate cyclic AMP [5-7] and iodine release [8], probably 
through B-adrenergic receptors. 

More recently, however, it was shown that a-adreno- 
receptors might exist in the thyroid, but their roles and 
modes of action remained conflicting. It was first suggested 
that at least some of the adenylate cyclase complexes were 
stimulated through a-adrenergic binding sites while others 
were sensitive to f-adrenergic agents [9]. Maayan et al. 
[10] later showed that a-adrenergic agonists could reversi- 
bly inhibit TSH and dibutyryl cyclic AMP-stimulated T3 
and T4 release without altering cyclic AMP respone to 
TSH activation.* They were thus led to postulate that a- 
adrenergic agonists were active on a step beyond cyclic 
AMP synthesis. However, Yamashita er al. [11] found that 
norepinephrine could inhibit TSH-elicited cyclic AMP 
increase in dog thyroid slices. This effect was abolished by 
the antagonist phentolamine. 

In an attempt to resolve some of these conflicting data, 
the action of catecholamines and a-adrenergic antagonists 
was analysed on a broken cell preparation of horse thyroid. 
The results presented here suggest that adenylate cyclase 
may be stimulated by f agonists and inhibited by a agents 
in the same tissue, according to a mechanism not unlike 
the one exisiting in platelets [12, 13]. 

Materials and methods. Epinephrine, norepinephrine, 
isoproterenol, phenylephrine, propranolol, Tris-HCl, 
dithiothreitol and ascorbic acid were bought from Sigma; 
ATP, cAMP, phosphocreatine and creatine kinase from 
Boehringer Mannheim; phentolamine came from Ciba- 
Geigy and dihydroergocryptine from Sandoz. [8—"H]-cyclic 
AMP (20-30Ci/mmole) and [a-*P]-ATP  (0.5- 
10Ci/mmole) were obtained from the Radiochemical 
Centre (Amersham, U.K.). Neutral aluminium oxide was 
from Macherey Nagel. 

Horse thyroids were obtained from the local slaughter- 
house. The fibrous capsula was removed and the glands 
were chopped with scissors. The tissue was homogenized 
in 10 vol. ice-cold Tris-HCI (25mM, pH 7.4), sucrose 
(0.3 M), dithiothreitol (1 mM) with four strokes of a loose- 
fitting teflon—-glass homogenizer. The homogenate was fil- 
tered through two layers of cheesecloth and was centrifuged 
for 15 min at 1000 g. The pellets were resuspended in 2 vol. 
Tris-HCI (50 mM, pH 7.4) and used immmediately. The 
whole procedure took place at 4° or lower and lasted for 
less than three hours. 

As previously described [14], incubations took place for 
15 min at 30° in 200 ul of a medium containing 50 mM Tris- 
HCl, pH 7.4, 3mM [a-*P]-ATP (0.8-1.5 x 10° c.p.m.), 
5mM MgCl, 2mM[8--H]-cyclic AMP (20-40 x 19° 
c.p.m.), 0.1% bovine serum albumin, 10 mM creatine phos- 
phate, 0.3 mg/ml phosphocreatine kinase and approxi- 
mately 10 mg/ml protein of the thyroid pellet. Catechol- 
amines were dissolved in 6mM thiourea, 6mM ascorbic 
acid just prior to use and were added in a 5 wl volume. 
Controls contained the same concentration of ascorbic acid 





* Abbreviations used: TSH, thyroid stimulating hor- 
mone; T3, triiodothyronine, T4, thyroxine. 


and thiourea (e.g. 0.15mM of each). The reaction was 
started by the addition of the thyroid preparation and 
stopped by adding 100 wl ice-cold carrier solution (cyclic 
AMP 20 mM, ATP 50 mM). Labeled cyclic AMP was sep- 
arated from ATP by elution on dry alumina columns using 
Tris-HCl, 50mM, pH 7.4. Losses of cyclic AMP either 
through degradation by phosphodiesterases during the 
incubation or by any other mechanism were monitored by 
[8-*H]-cyclic AMP recovery. They accounted for less than 
40 per cent. Contamination of the eluate by “P (enzyme 
blank) was less than 10 per cent of the lowest measured 
radioactivity, and was subtracted from the results. The 
results are expressed as picomoles cyclic AMP formed per 
minute and per milligram protein (determined by the 
method of Lowry); each point is the mean of 4 measure- 
ments. Preliminary experiments had shown the reaction to 
be a linear function of time up to 20 minutes. 

Results. Figure 1 illustrates the action of various adre- 
nergic agents on thyroid adenylate cyclase, and their inter- 
action with dihydroergocryptine, an a-adrenergic antag- 
onist. The B-adrenergic agonist isoproterenol, at 10 ~ M— 
a concentration known to elicit submaximal stimulation in 
our system [7]—stimulated the enzyme, while phenyle- 
phrine, epinephrine and norepinephrine, all possessing 
a-adrenergic agonist properties, were ineffective at the 
same concentration. Addition of dihydroergocryptine 
(10 ° M) did not modify significantly base- or isoproterenol- 
stimulated levels; however, in the presence of epinephrine 
or norepinephrine (thus inhibiting the a-adrenergic com- 
ponent of their actions) a highly significant activation was 
evoked (P < 0.001, using Student’s /-test). No consistent 
effect was seen with phenylephrine. In another experiment 
epinephrine and dihydroergocryptine, used together at the 
concentration of 10°” M each, stimulated adenylate cyclase 
from 11.5+0.6pmoles cyclic AMP/min/mg protein to 
20.3 + 0.9 pmoles cyclic AMP/min/mg proteins; however, 


pmoles cAMP/ mg protein 











Fig. 1. Action of catecholamines on horse thyroid adenylate 
cyclase, in the absence or presence of dihydroergocryptine 
(DHE) 10° M. All agents were used at a concentration of 
10°°M. IP = Isoproterenol, PE = phenylephrine, 
NE = norepinephrine, E = epinephrine. The actions of 
isoproterenol, NE + DHE and E + DHE were all highly 
significant (P < 0.001, Student’s r-test), while the effect of 
phenylephrine was not. Duration of the incubation was 
15 min. Results are expressed as picomoles cyclic AMP 
formed per minute and per mg of protein. 
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Fig. 2. Action of ,ePinephrine (E) and phentolamine (PH) 
at 10°° and 10°*M on horse thyroid adenylate cyclase. 
Each curve represents the effect of epinephrine at increas- 
ing phentolamine concentrations. Epinephrine or phen- 
tolamine alone had no significant action. 


the addition of the B-adrenergic blocker propranolol at 
10°*M to epinephrine and dihydroergocryptine reduced 
the activity to 12.2 + 0.8 pmoles cyclic AMP/min/mg pro- 
tein. Propranolol had no significant action on base level. 
This suggests that the stimulation of adenylate cyclase by 
epinephrine in the presence of an a-adrenergic antagonist 
is due to B-adrenoreceptors. 

In order to test the specificity and the concentration 
dependence of the action of a-adrenergic blockers, various 
concentrations of epinephrine were studied in conjunction 
with phentolamine, as shown in Fig. 2. Epinephrine or 
phentolamine alone had no effects at 10-° and 10°*M, 
although when combined they stimulated adenylate cyclase 
in a concentration-dependent way. 

To strengthen further the hypothesis that a-agonists 
could inhibit thyroid adenylate cyclase, the action of 
norepinephrine was investigated on isoproterenol-stimu- 
lated adenylate cyclase (Fig. 3). Norepinephrine (10° M) 


pmoles cAMP/ mg protein 











Fig. 3. Inhibition of the stimulation by isoproterencl in the 
presence of norepinephrine. Isoproterenol (IP), norepine- 
phrine. (NE) and dihydroergocrytpine (DHE) were all used 


at 10°° M. DHE had no action on base (first two bars) or 

isoproterenol stimulated (third group of columns) levels. 

It revealed a stimulation by norepinephrine (second group). 

Norepinephrine inhibited the action of isoproterenol in the 

absence, but not in the presence of DHE (fourth pair of 

bars). This effect was highly significant (P < 0.001, Stu- 
dent’s f-test). 
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was found to inhibit the activation by isoproterenol sig- 
nificantly (P < 0.001). The addition of dihydroergocryptine 
(107° M) brought back the activity to the same level as with 
isoproterenol alone. 

Discussion. Catecholamines which possess a- and B-adre- 
nergic properties are able to stimulate thyroid adenylate 
cyclase but only when the a component of their activity is 
inhibited by phentolamine or dihydroergocryptine. Fur- 
thermore, norepinephrine inhibits the stimulation by iso- 
proterenol. These findings raise the question of the exist- 
ence of inhibitory a-adrenoreceptors directly linked to 
adenylate cyclase in the thyroid. 

Inhibitory a-adrenoreceptors have been demonstrated 
in various tissues, including melanocytes [15], adipocytes 
[16], platelets [12, 13], endocrine pancreas [17], heart [18], 
ileal mucosa [19] and neuroblastoma x neuroglioma hybrid 
cultured cells [20]. 

Maayan ef al. [10] showed that a-adrenergic agonists 
could inhibit TSH-induced T3 and T4 release, without 
modifying cyclic AMP levels, suggesting an action on a 
regulatory step located beyond cyclic AMP synthesis. Our 
results suggest that agonist may also act directly on adeny- 
late cyclase: in our broken cell preparation the cyclic AMP 
formation was measured directly from [a-*"P]-ATP, mon- 
itoring any possible cyclic AMP losses by the recovery of 
[8-° H]-cyclic AMP present in the medium since the begin- 
ning of ‘the measurement. Such a direct inhibition by a- 
adrenoreceptors is in line with data on adenylate cyclase 
of platelets [12, 13] and neuroblastoma X neuroglioma cells 
[20]. It substantiates the hypothesis of Yamashita er al. [11] 
using thyroid slices. The divergence from the work of 
Maayan ef al. [10] could be related to the different animal 
species used, as the catecholamine actions are known not 
to be identical in the thyroid of different animals [4]. 

We were able to show that norepinephrine, which pos- 
sesses the a-adrenergic properties in addition to certain 
B-adrenergic characteristics, could inhibit the action of an 
almost pure agomist, i.e. isoproterenol. This suggests that 
the action of the adrenergic receptor is not restricted to 
antagonizing TSH stimulation as already demonstrated 
[10, 11] but also inhibits activation through the B-adreno- 
receptors in the thyroid. It would explain why mixed a— 
B-adrenergic agonists are ineffective when used alone and 
require blocking of the a component to stimulate adenylate 
cyclase. A similar potentiation of catecholamine action has 
been found in adipocytes [16] and platelets [12]. 

The properties of the thyroid a-adrenergic response was 
thus similar to the one in platelets. The same concentration 
range of agonists and antagonists was found to be effective 
in both systems. However, in the horse thyroid we did not 
find any significant modification of basal activity by epi- 
nephrine or norepinephrine alone, as opposed to what was 
shown in thrombocytes. An inhibitory component could 
have been masked by the stimulatory action and thus pass 
unnoticed due to the difficulty of measuring small decreases 
of an already low basal level. Alternatively, in the thyroid, 
a-adrenergic receptors may act by inhibiting the activation 
and coupling of the catalytic subunit of adenylate cyclase 
with the activatory receptors. Yamashita er al. [11] similarly 
failed to demonstrate inhibition of basal cyclic AMP levels 
by norepinephrine in conditions antagonizing TSH 
activation. 

In conclusion, isoproterenol, a B-adrenergic agonist, was 
found to stimulate adenylate cyclase in a 1000 g pellet of 
horse thyroids, while phenylephrine, epinephrine and 
norepinephrine were ineffective at the same concentration 
of 10°° M. However, when the a-adrenergic component of 
epinephrine or norepinephrine was antagonized by dihy- 
droergocryptine (10°° M), both agents were found to be 
stimulatory. Similarly, phentolamine could induce stimu- 
lation of adenylate cyclase by epinephrine in a concentra- 
tion-dependent way. Norepinephrine was able to inhibit 
the stimulation by isoproterenol; this inhibition was absent 
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when dihydroergocryptine was added. These data suggest 
the existence of a-adrenergic receptors inhibiting the stimu- 
lation of thyroid adenylate cyclase by isoproterenol. 
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Effect of acetaminophen (paracetamol) and its antagonists on glutathione (GSH) 
content in rat liver 


Received 19 November 1979; accepted 19 February 1980) 


Acetaminophen (paracetamol) overdose may be fatal due 
to hepatic centrilobular necrosis [1,2]. Mitchell and his 
colleages showed that liver necrosis was due to covalent 
binding to macromolecules of a reactive metabolite [3] and 
proposed a protective role for reduced glutathione (GSH)* 
in mice [4] and man [5]. 

It has been shown that acetaminophen toxicity can be 
decreased by oral administration of charcoal which slows 
the absorption of the drug from the intestinal tract [6]. 
Other treatments are based on the administration of a 
variety of substances, including methionine [7] and N-acetyl 
cysteine [8, 9], to counteract the toxic effects of acetamino- 


phen. According to the GSH protective hypothesis of 


Mitchell et al. [4,5], these compounds may act by pre- 
venting GSH depletion. Other authors have proposed a 
direct binding of the antagonists of acetaminophen to a 
reactive metabolite of the drug [10]. 

In this communication we report the effect of methionine 
and of N-acetyl cysteine on GSH depletion due to acet- 
aminophen overdose and also that high doses of N-acetyl 
cysteine alone decrease hepatic GSH content in rats. 

Animals. Wistar rats were fed on a standard diet for rats 
and mice. (Sandersa Industrial S.A. Pinto, Madrid, Spain). 
They always had free access to food and water. Although 





* Abbreviations used: GSH, 
GSSG, oxidized glutathione. 


reduced glutathione; 


some previous studies on acetaminophen toxicity in rats 
have been carried out in fasted animats [10] we used well 
fed rats because fasting significantly decreases hepatic GSH 
content in rats [11]. 

Acetaminophen and aminoacids were dissolved in a smali 
volume of physiological saline and injected intraperito- 
neally (i.p.). N-acetyl cysteine was injected i.p. as a 10% 
aqueous solution. It was tested that injection of similar 
amounts of both solvents did not affect hepatic GSH con- 
tent. The dose of acetaminophen injected was 0.5 g/kg body 
wt (3.3 mmoles/kg). A similar dose had been previously 
used by other authors [10]. 

Chemicals. Acetaminophen was a gift of the Department 
of Pharmacy of the Faculty of Medicine (Valencia, Spain). 
Amino acids and other chemicals were of the highest purity 
available. 

Determination of GSH and GSSG. Reduced glutathione 
(GSH) was determined by the glyoxalase method of Racker 
[12]. 

Rats were killed by cervical dislocation and livers 
removed, weighed and homogenized in 2% perchloric acid 
in physiological saline. Analysis of GSH in rapidly frozen 
livers showed that the above procedure did not affect the 
hepatic GSH content. Normal GSH concentration was 
5.40 + 0.37 zmoles/g (four observations). Oxidized gluta- 
thione (GSSG) was determined as previously described 
[13]. 
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Table 1. Effect of methionine on the maintenance of hepatic glutathione (GSH) 
after acetaminophen overdose* 





Dose of methionine 
injected 
(g/kg body wt [mmoles/kg]) 


Per cent 


Hepatic GSH content of 
(micromoles/g fresh wt) 


normal 





0 [0] 
0.1 [0.6] 
0.5 [3.3] 
1.5 [10] 


2.26 + 0.96 (4)+ 
3.93 + 0.40 (3) 
4.41 + 0.41 (3) 
4.71 + 0.12 (3) 





* Rats were injected with 0.5 g/kg body wt (3.3 mmoles/kg body wt) of acet- 
aminophen and killed 10 hr after the injection. Methionine was injected together 


with acetaminophen. 


+ Numbers in parentheses indicate number of observations. 


Comparison of the effects of N-acetyl cysteine and meth- 
ionine on hepatic GSH content after administration of acet- 
aminophen. Figure 1 shows the time course of the depletion 
of liver GSH content after administration of acetaminophen 
(0.5 g/kg = 3.3 mmoles/kg) alone, acetaminophen (0.5 g/kg 
= 3.3 mmoles/kg) plus methionine (1.0 g/kg = 6.0 
mmoles/kg) and acetaminophen (0.5 g/kg = 3.3 mmoles/kg) 
plus N-acetyl cysteine (1.0 g/kg = 5.0 mmoles/kg). It is also 
shown that hepatic GSH content 10hr after injection of 
acetaminophen is not significantly different from the value 
obtained for acetaminophen plus N-acetyl cysteine, but 
that in the case of acetaminophen and methionine the value 
is similar to the physiological content. 

When N-acetyl cysteine was injected to rats intoxicated 
with paracetamol (0.5 g/kg = 3.3 mmoles/kg). in five suc- 
cessive doses (1, 3, 5, 7 and 9hr after injection of para- 
cetamol) but injecting each time 0.2 g/kg (1.0 mmoles/kg) 
(i.e. a fifth of the total N-acetyl cysteine used previously 
in one single dose), and the rats were killed 10 hr after 
paracetamol administration, hepatic GSH content was 
2.53 + 0.60 zmoles/g (three observations), a value not dif- 
ferent from that obtained in rats injected with paracetamol 
alone. 

In view of the protective effect of methionine on hepatic 
GSH, we tested the effects of various doses of methionine 
injected together with 0.5 g/kg (3.3 mmoles/kg) acetamino- 
phen (Table 1). Even when methionine at a dose of 0.1 g/kg 
(0.6 mmoles/kg) was injected 4hr after acetaminophen 
(0.5 g/kg = 3.3 mmoles/kg) administration, GSH content 
10 hr after injection of acetaminophen was maintained at 
4.28 + 0.12 wmoles/g fresh wt [3]. 

Mitchell et al. [4,5] showed that GSH plays a key role 
in protecting liver against acetaminophen toxicity. We have 
shown that methionine is effective in minimizing GSH 
depletion after acetaminophen overdose. It is significant 
that in rats injected with 0.5 g/kg (3.3 mmoles/kg) of acet- 
aminophen, a dose of 0.1 g/kg (0.6 mmoles/kg) of meth- 
ionine, i.e. a fifth of the amount of acetaminophen injected, 


was sufficient to maintain high concentrations of hepatic 
GSH, both when the amino acid was injected together with 
acetaminophen and when the amino acid was injected 4 hr 
after the acetaminophen injection. This provides further 
experimental support for the suggestion of McLean [14] 
that it might be useful to include methionine in proprietary 
tablets of acetaminophen or to treat acetaminophen over- 
dose with methionine within the first few hours after the 
ingestion of the drug. 

The finding that methionine is more effective than N- 
acetyl cysteine is in keeping with a report by Thor et al. 
[15] who found that methionine was a potent protective 
agent against bromobenzene toxicity whereas cysteine did 
not prevent a decrease in GSH content induced by bro- 
mobenzene in isolated hepatocytes. 

McLean and Day [14] observed, in rats, that methionine 
was effective at lower doses than cysteine—HCl at protecting 
against acetaminophen-induced liver injury, as judged by 
measurement of plasma isocitrate dehydrogenase or by 
histological examination. However, they did not measure 
GSH in livers of rats injected with acetaminophen and 
cysteine or acetaminophen and methionine. 

Thor et al. [16] observed recently in isolated hepatocytes 
incubated in the presence of N-acetyl cysteine and acet- 
aminophen that only the GSH conjugate of acetaminophen 
was formed. However, our results show that injection of 
N-acetyl cysteine did not accelerate the recovery of hepatic 
GSH content in rats intoxicated with acetaminophen (see 
Fig. 1). Since N-acetyl cysteine has proved to be a good 
antagonist for acetaminophen toxicity [8,9], the hepato- 
protective role of liver GSH against acetaminophen intox- 
ication has to be reconsidered. A similar conclusion was 
suggested by Wendel et al. [17] studying acetaminophen- 
induced lipid peroxidation. 

A possible explanation for the failure of N-acetyl cysteine 
to accelerate GSH recovery after paracetamol-induced 
GSH depletion is that N-acetyl cysteine is rapidly deace- 
tylated in liver and that the cysteine moiety is then oxidized 


Table 2. Effect of N-acetyl cysteine alone on hepatic glutathione (GSH)* 





Dose of N-acetyl cysteine 
injected 
(g/kg body wt [mmoles/kg]) 


Per cent 
Hepatic GSH content of 
(uwmoles/g fresh wt) normal 





0.25 [1.5] 
0.50 [3.0] 
1.00 [6.0] 
1.50 [9.0] 


4.97 + 0.12 (2)+ 
4.46 + 0.21 (3) 
4.23 + 0.21 (4) 
3.05 + 0.31 (4) 





* Rats were killed 2 hr after the injection. 
+ Numbers in parentheses indicate number of observations. 
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Table 3. Time course of GSH depletion induced by N- 
acetyl cysteine 1.0 g/kg (5.0 mmoles/kg) body wt* 





Per cent 
Hepatic GSH content of 
(wmoles/g fresh wt) control 


Time after injection 





UNNN +s 
m— OMNwWh 
NAN Ww 
I+ I+ I+ I+ I+ 





* Normal GSH content was 5.40 + 0.37 umoles/g fresh 
wt (four observations). 

+ Numbers in _ parentheses 
observations. 


indicate number of 


to cystine which is not a good precursor for GSH synthesis 
in liver [16]. 

Effect of N-acetyl cysteine (and cysteine) on liver GSH. 
Since hepatic GSH content of rats injected with acetamino- 
phen (0.5 a/kg = 3.3 mmoles/kg) and N-acetyl! cysteine was 
lower than that of rats injected with acetaminophen 
(0.5 g/kg = 3.3 mmoles/kg) alone, both when the dose of 
N-acetyl cysteine used was 1.0 g/kg (5.0 mmoles/kg) (see 
Fig. 1) and when it was 0.2 g/kg (0.5 mmoles/kg) (GSH 
content 2 hr after injection: 1.01 + 0.28 wmoles/g fresh wt, 
for three observations), we decided to test the effect of N- 
acetyl cysteine alone on hepatic GSH content and found 
a decrease in the GSH content that was dependent on the 
dose of N-acetyl cysteine administered (Table 2). We found 
no significant changes in hepatic GSSG content in rats 
injected with N-acetyl cysteine. Injection of large doses of 
methionine alone did not significantly affect hepatic GSH 
or GSSG content. 

The time course of GSH depletion after injection of N- 
acetyl cysteine (1 g/kg = 5.0 mmoles/kg) is shown in Table 
x 

N-acetyl cysteine is used as a mucolytic and as a protective 
agent in acetaminophen overdose [8, 9]. However, the rec- 
ommended dose of N-acetyl cysteine in man is about 0.3 g/kg 
(1.5 mmoles/kg) body wt. Our results (Table 2) show that 
in the rat this would not cause a significant decrease in 
GSH content. 

N-acetyl cysteine is readily taken up by liver and hydro- 
lysed to cysteine [5]. When free cysteine 
(0.5 g/kg = 4.1 mmoles/kg) was injected into rats, hepatic 
GSH content fell to 2.60 + 0.30 uwmoles/g wet wt. We 
showed previously the depletion of GSH induced by cys- 
teine in isolated hepatocytes [18] and suggested a possible 
explanation for the GSH depletion induced by high con- 
centrations of cysteine in isolated hepatocytes [19]. 

The relevant points reported in this communication are: 
(1) methionine showed a protective effect on hepatic GSH 
depletion due to acetaminophen overdose even when 
administered 4hr after the injection of the drug; (2) N- 
acetyl cysteine did not decrease‘ hepatic GSH depletion 
caused by acetaminophen overdose; (3) large doses of N- 
acetyl cysteine or cysteine alone decrease hepatic GSH 
content in rats. 
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Fig. 1. Time course of hepatic GSH depletion after injection 

of acetaminophen 0.5 g/kg (3.3 mmoles/kg) ( ), acet- 

aminophen 0.5 g/kg (3.3mmoles/kg) and methionine 

1.0 g/kg (6.0 mmoles/kg) (---------- ), and acetaminophen 

0.5 g/kg (3.3 mmoles/kg) plus N-acetyl cysteine 1.0 g/kg 
(5.0 mmoles/kg) ( oz 
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Cimetidine potentiates the anticoagulant effect of warfarin by inhibition of drug 
metabolism* 


(Received 16 November 1979; accepted 6 March 1980) 


Cimetidine (N’-cyano-N-methyl-N’ -{2-[(5-methylimidazol- 
4-yl)methylthioJethyl}guanidine), a histamine H>-receptor 
antagonist [1], has been shown to potentiate the antico- 
agulant effect of warfarin in man, but the mechanism has 
not been established [2]. We have therefore studied the 
effect of cimetidine on the pharmacokinetics and phar- 
macodynamics of warfarin in the rat and determined the 
mechanism of the interaction. 

Warfarin studies. Twelve male inbred Wistar rats (250 g) 
were given a single intraperitoneal (i.p.) injection of 
racemic sodium warfarin (0.22 mg/kg) (Ward Blenkinsop) 
containing 43yCi ['C]warfarin‘mg (Radicchemical 
Centre, Amersham, U.K., sp. act. 51 mCi/mmole). They 
then receivedi.p. injections of either cimetidine (120 mg/kg) 
or 0.9% saline at 12-hr intervals, commencing 1 hr after 
warfarin, to allow for absorption of warfarin. Three further 
rats were given cimetidine (120 mg/kg) as above but did 
not receive warfarin. Blood samples (0.9 ml) were taken 
from the tail artery, under light ether anaesthesia, and 
added to 3.8% trisodium citrate (0.1 ml). Prothrombin 
times were measured by the one stage technique and con- 
verted to prothrombin complex activity (PCA) by reference 
to a standard dilution curve [3]. Concentration of 
['*C]warfarin in plasma was measured by scintillation spec- 
trometry after extraction and thin layer chromatography 
as previously described [4]. The recovery of warfarin from 
plasma was 83.9 + 2.2 per cent (mean + S.D., N = 9). 
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Fig. 1. The effect of i.p. warfarin (0.22 mg/kg) on 

prothrombin complex activity. A—A;; saline treated rats 

(N = 6), @—®; cimetidine 120 mg/kg 12 hourly treated 

rats (N = 6). @ —-@; cimetidine treated rats which did not 

receive warfarin (N = 3). Results are expressed as mean + 
S.E.M. 
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The elimination half lives of warfarin in individual rats 
were calculated by linear regression of the monoexponen- 
tial slopes of plasma warfarin concentration vs time [4}. 

The relationship between plasma warfarin concentration 
and the rate of synthesis of prothrombin complex was 
investigated using the mathematical model of Nagashima, 
et al. [5]. The rate constant of degradation of P.C.A. was 
calculated by dosing 8 rats with warfarin (5 mg/kg) i.p. and 
measuring P.C.A. 3 hourly until a level of less than 5 per 
cent had been achieved. (This dose of warfarin inhibits 
clotting factor synthesis completely in the rat [6].) 

Zoxazolamine paralysis times. Paralysis times were 
determined in groups of 4 male Wistar rats after i.p. injec- 
tion of zoxazolamine (75 mg/kg) (Aldrich Chemical Com- 
pany) in dimethylsulphoxide, 30min after cimetidine 
(120 mg/kg) or 0.9% saline. 

Pentobarbitone sleeping times. Sleeping times were 
determined in groups of 5 male Wistar rats (250-300 g) 
after i.p. injection of pentobarbitone (40 mg/kg) (Sagatal, 
May & Baker) 30min after i.p. injection of cimetidine 
(30 mg/kg, 60 mg/kg, 120 mg/kg) or 0.9% saline. In a further 
experiment sleeping times were determined after i.p. injec- 
tion of pentobarbitone (40 mg/kg), containing ['*C]pen- 
tobarbitone (0.3 wCi/mg) (New England Nuclear, sp. act. 
56 mCi/mmole), 30 min after cimetidine (120 mg/kg) or 
0.9% saline. On waking, blood was obtained by cardiac 
puncture under ether anaesthesia and the waking concen- 
tration of ['‘C]pentobarbitone measured [7]. 

Chronic dosing studies. Rats were treated with either 
cimetidine (120 mg/kg) or 0.9% saline 12-hourly for 4 days 
with a 24 hr rest before (a) determination of pentobarbitone 
sleeping time, or (b) measurement of liver microsomal 
protein concentration [8], cytochrome P-450 content [9] 
and cytochrome c-reductase activity [10]. 

In vitro metabolism. Liver microsomes were prepared 
(after phenobarbitone induction) as previously described 
[11]. The effect of cimetidine on microsomal N-demethyl- 
ation of aminopyrine (2 x 10°*M) was determined by 
measuring both formaldehyde and 4-amino-antipyrine for- 
mation [12]. 


Table 1. The effect of acute cimetidine treatment on pen- 
tobarbitone sleeping time* 





Treatment group (N = 5) Sleeping time (min) 





98 +9 

208 + 117 
326 + 24+ 
410 + 218 


0.9% Saline (control) 
Cimetidine (30 mg/kg) 
Cimetidine (60 mg/kg) 
Cimetidine (120 mg/kg) 





* Results are given as mean (N = 5) + S.E.M. Animals 
received either saline or cimetidine 30 min before pento- 
barbitone (40 mg/kg). 

+P<0.001. Significance of the difference between 
groups sequentially; using analysis of variance. 

+ P<0.01. 

§ P< 0.05. 
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Table 2. The effect of chronic cimetidine treatment on liver 
enzyme activity and pentobarbitone sleeping time* 





Saline Cimetidine 





Body weight (g) 319 + 17 286 + 18 
Liver weight (g/100g 
body wt) 

Microsomal protein 
(mg/g liver) 
Cytochrome c reductase 
(nmoles/mg/min) 
Microsomal P-450 
(nmoles/mg) 
Pentobarbitone sleeping 
time (min) 


4.19 + 0.10 4.13 + 0.07 
28.1 + 1.8 
58.9 + 6.8 
0.54 + 0.02 0.72 + 0.017 


82 +3 84+ 11 





* Results are given as mean (N = 4) + S.E.M. Animals 
received either saline or cimetidine (120 mg/kg) twice daily 
for four days prior to determinations. 

+ Statistical difference from saline treated using Student’s 
t-test, P< 0.001. 


Results and discussion. From Fig. 1 it can be seen that 
cimetidine potentiates the anticoagulant effect of warfarin 
in the rat. Cimetidine alone had no anticoagulant effect. 
Cimetidine produced a significant (P < 0.02) increase in 
the elimination half life of warfarin from 11.1 + 0.6 to 
13.9+0.7hr (mean +S.E.M.), but did not affect the 
plasma concentration of warfarin required to produce max- 
imum ‘nhibition of clotting factor synthesis (cimetidine- 
treated rats 0.14 + 0.01 g/ml: controls 0.13 + 0.02 ug/ml) 
indicating that the interaction is purely pharmacokinetic 
[5]. 
‘ We therefore investigated the effect of cimetidine on the 
in vivo metabolism of other drugs. There was a significant 
(P < 0.05) increase in zoxazolamine paralysis time from 
229 + 39 to 395 + 39 min. Cimetidine increased pentobar- 
bitone sleeping time in a dose-dependent manner (Table 
1), but waking concentrations of ['"C] pentobarbitone were 
not significantly different in the rats treated with cimetidine 
or saline (cimetidine-treated 15.3 + 1.1 ug/ml; controls 
11.7 + 1.2 ug/ml). Chronic pretreatment with cimetidine 
did not affect the sleeping time (Table 2), indicating that 
the inhibition was reversible. 

Furthermore, there was no change in hepatic microsomal 
cytochrome c reductase activity or in microsomal protein 
concentration and there was in fact a small (33 per cent) 
increase in microsomal cytochrome P-450 content. Finally, 
we found that cimetidine inhibited the in vitro demethyl- 
ation of aminopyrine and the Isp was 1.5 x 1077 M. 
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sham, U.K. 


Short communications 


Our studies demonstrate that cimetidine enhances the 
anticoagulant effect of warfarin in the rat, as it does in 
man, and that this interaction is due to enzyme inhibition. 
These results are in agreement with the preliminary report 
of Puurunen and Pelkonen [13]. Cimetidine is a 4(5)-sub- 
stituted imidazole and Wilkinson et al. [14] have demon- 
strated that such compounds may be potent inhibitors of 
hepatic microsomal enzyme activity. 
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Underestimation of alcohol dehydrogenase as a result of various technical pitfalls 
of the enzyme assay 


(Received 29 October 1979; accepted 21 January 1980) 


Recently, Crow et al. [1] summarized the rates of ethanol 
elimination in rats in vivo, obtained by several laboratories, 
which varied from 2.3 to 4.6 uwmoles/g liver/min (average 
value: 3.32 + 0.14 wmoles/g liver/min). Plapp [2] discussed 
the relationship of alcohol dehydrogenase (ADH) activities 
and in vivo oxidation rates in a major review. He concluded 
from a survey of the world literature that in several species 
the apparent ADH activity accounts for only 40-80 per 
cent of ethanol elimination rates in vivo. On the basis of 
this apparent ADH deficiency, some authors [3] have con- 
sidered the microsomal ethanol-oxidizing system (MEOS) 
as a pathway which might quantitatively contribute to 
ethanol oxidation in vivo. But recently, Crow er al. [1] have 
convincingly demonstrated that in normal rat liver the 
ADH activities are as high as 5.05 + 0.21 umoles/g 
liver/min. Thus, the ADH present in liver can easily account 
for the ethanol disappearance rate in vivo. We have 
attempted to explore some possible mechanisms of an 
apparent underestimation of ADH as the reason for the 
frequently reported discrepancies between ADH activities 
and in vivo disappearance rates. Some authors [4] have 
previously described high unexplained background rates 
of the ADH assay (40 per cent of total rate) and others 
[5, 6] have recommended ethanol substrate concentrations 
up to 600mM which had been shown by Krebs [7] and 
Dickinson and Dalziel [8] to be inhibitory for ADH in 
horse liver. These and other reports led us to investigate 
such technical problems as contamination of nicotinamide 
adenine dinucleotide (NAD) with ethanol as well as sub- 
strate inhibition of ADH by high ethanol concentrations 
and its pH dependency. 

Materials and methods. Male Sprague-Dawley rats (250- 
500 g) fed on normal rat chow diet were used throughout 
the experiment. The following buffer systems were utilized 
for ADH measurements: (a) 0.5 M Tris buffer, pH, 9.5; 
(b) 85.5mM sodium-pyrophosphate buffer/19.1mM _gly- 
cine, pH 9.0 [5]; (c) 12.5mM imidazole buffer, pH 7.2; 
and (d) 0.5 M Tris buffer, pH 7.2 [1]. ADH activities were 
measured at 38° with a ZEISS PM = 2-DL 
spectrophotometer. 

Gas chromatography. NAD analysis was performed on 
a Hewlett-Packard Gas Chromatograph, model 5830A, 
using a 6 foot glass column packed with 0.1% SP-1000, 
100/120 Carbopack C, G-3237, Supelco, Inc., Bellefonte, 
PA, U.S.A. The details of the gas chromatographic analysis 
program are shown in Fig. 3. 

Chemicals. NAD was purchased from three different 
suppliers: (1) NAD ChromatoPure (TM) (NAD-PL), No. 
2088, PL-Biochemicals, Inc., Milwaukee, WI, U.S.A.; (2) 
NAD, Grade III (NAD-Sigma), No. N-7004, Sigma Chem- 
ical Co., St. Louis, MO, U.S.A.; and (3) NAD, free acid 
Grade I (NAD-Boehringer), 100% pure, No. 15298, Boeh- 
ringer Mannheim Biochemicals, Indianapolis, IN, U.S.A. 
Several lots from each supplier were tested, and the results 
were found to be consistent with our gas chromatographic 
analysis. 4-Methylpyrazole, a specific inhibitor for ADH, 
was obtained from Research Plus Laboratories, Inc., Den- 
ville, NJ, U.S.A. Alcohol dehydrogenase (EC 1.1.1.1) 
from yeast was purchased from Boehringer Mannheim 
GmbH, Federal Republic of Germany, No. 15420, lyo- 


philysate, 400 units/mg protein. A rat liver 40,000 g super- 
natant fraction was prepared according to Crow et al. [1]. 
The ADH assays were started by addition of substrate 
(ethanol) except where stated otherwise. 

Alcohol dehydrogenase and NAD contamination. During 
application of various assay systems for rat liver ADH, we 
observed a background rate which was clearly pH depen- 
dent. Figure 1 shows the significantly increased background 
rate at pH 9.5 (A) compared to the background rate at pH 
7.2 (B). Addition of 5mM ethanol further increased the 
rate of ethanol oxidation at pH 7.2 (B) but had no further 
effect on the rate observed at pH 9.5 (A). The use of Tris 
buffer, pH 7.2, instead of imidazole buffer (B) (not shown) 
did not alter the results. 

4-Methylpyrazole (1 mM) inhibited ethanol oxidation 
completely in both (A) and (B) of Fig. 1. 4-Methylpyrazole 
also eliminated the background rate (Fig. 1C) at pH 7.2 
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Fig. 1. Effects of various buffer systems of different pH 
values on the background rates of the ADH assay. A 40,000 
g rat liver supernatant fraction was used as the enzyme 
source. The concentration of ethanol added as substrate 
(start of reaction) was 5mM, NAD-PL was 2.8 mM, and 
4-methylpyrazole was 1 mM; temperature, 38°. 
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Fig. 2. Dependency of ADH background rates on increasing concentrations of NAD in the absence of 
additional substrate (ethanol). 


in the absence of additional substrate (5 mM _ ethanol), 
suggesting that the background rate resulted from ADH. 
A subsequent search for possible ethanol contamination 
of buffers (TRIZMA-base, imidazole or glycine) was 
unsuccessful. Because we had exclusively utilized chro- 
matographically pure NAD from PL-Biochemicals, Inc., 
we compared the effect of NAD from three commercial 


GLC 
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suppliers (NAD-PL, NAD Sigma, NAD-Boehringer) on 
the background rate of the ADH assay over an increasing 
NAD concentration range (Fig. 2). Under the specified 
conditions of 0.5 M Tris buffer, pH 7.2, 38°, and rat liver 
40,000 g supernatant fraction as the enzyme source, in the 
absence of added substrate (ethanol), a linear increase in 
background rate was observed as the NAD concentration 














Fig. 3. Gas chromatographic analysis of NAD of various commercial sources. NAD* represents NAD- 

Sigma, and NAD** represents NAD-PL. Analysis of NAD-Boehringer (not shown) was identical to 

NAD-Sigma. A 30mM NAD solution (0.1 wl) in distilled water was injected on the glass column. 
Details of the analytical program are printed above. EtOH = ethanol. 





Short communications 





5mM ETHANOL 


% MAX. ACTIVITY 


@---@ RAT LIVER ADH 
a—A YEAST ADH 











A ABSORBANCE UNITS/ MIN 


@--@ NAD-PL 
&——4 NAD-SIGMA 











Zo 30 40 50 
(MICROLITER SUPERNATANT) 
Fig. 4. Dependency of ADH activities of rat liver and yeast 
upon the pH of the assay system (A) as well as upon the 
amount of supernatant fraction added (B). 


was increased from 1 to 4mM. This effect could only be 
demonstrated with NAD from PL-Biochemicals, Inc., and 


was not observed with NAD-Sigma or NAD-Boehringer. 
Since this background rate (Fig. 1C) was sensitive to inhi- 
bition by 4-methylpyrazole, the contaminant was suspected 
to be ethanol itself. 

Solutions of NAD from the three commercial suppliers 
were prepared and injected into a Hewlett-Packard Gas 
Chromatograph (Fig. 3) to measure adventitious ethanol. 
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The sample of NAD-Sigma contained essentially no ethanol 
(neither did NAD-Boehringer) yet NAD-PL contained a 
significant peak at 0.89 min retention time which was ident- 
ical to the ethanol standard (Fig. 3). The amount of adven- 
titious ethanol in a cuvette containing 2.8 mM NAD-PL 
was ().28 mM. This value is close to the apparent K,,, value 
for ethanol of rat liver ADH (0.26-0.5 mM; Ref. 2). 

Since increasing pH enhances ADH activity (Fig. 4A) 
at a fixed substrate concentration of 5mM ethanol, con- 
tamination of NAD with alcohol would result in unac- 
ceptably large background rates at pH 9.5 (Fig. 1A). These, 
when subtracted from the rates after substrate (ethanol) 
addition, could falsely lower the overall calculated ADH 
activities by a large percentage. In contrast, if one deter- 
mines ADH activities in the presence of V,,,, concentrations 
of ethanol (5 mM) plus any one of the NAD compounds 
by starting the reaction with addition of various amounts 
of supernatant enzyme, the inherent problem of NAD 
ethanol contamination is undetectable (Fig. 4B) since no 
initial background rate has been monitored. In the presence 
of NAD-PL, the final ethanol concentration in the cuvette 
would be 5.28mM, instead of the 5mM concentration 
when non-contaminated NAD is used. 

Alcohol dehydrogenase, ethanol concentration and pH. 
Another problem which could significantly affect the proper 
determination of rat liver ADH is the concentration of 
substrate (ethanol) used. Although Dickinson and Dalziel 
[8] have previously reported substrate inhibition of horse 
liver ADH with increasing ethanol concentrations above 
8 mM, the assay described for yeast by Bergmeyer [5] and 
Bernt and Gutmann [6] using 600 mM ethanol as substrate 
has occasionally been utilized [9]. Since this assay is the 
only ADH assay offered in Bergmeyer’s book, investigators 
may be led to believe in its general application for any 
ADH system. But, as shown in Fig. 5, yeast ADH reached 
Vinax Fates only in the neighbourhood of 600 mM ethanol, 
whereas rat liver ADH was inhibited by 60 per cent at this 
ethanol concentration. This problem is emphasized in Fig. 6 
where rat liver ADH and yeast ADH were compared at 
two different pH values and two different substrate levels, 
namely 5 mM and 600 mM ethanol. Rates at 5 mM ethanol 
have been set equal to 100 per cent as point of reference, 
but the absolute rate with 5mM ethanol at pH 9.0 was 
approximately 40-50 per cent higher than at pH 7.2. 
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Fig. 5. Substrate concentration curves of ADH activities from yeast and rat liver (100,000 g supernatant 
fraction; insert). Assay conditions were: 0.5 M Tris buffer, pH 7.2; 2.8 mM NAD-Sigma; temperature 
38°. 
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Fig. 6. Comparison of low (5 mM) and high (600 mM) ethanol concentrations on the activities of rat 

liver and yeast ADH at two different pH values (pH 7.2 vs pH 9.0). For pH 7.2, the assay of Crow et 

al. [1] was used. For pH 9.0, the assay of Bergmeyer [5] was applied. Rates at 5 mM ethanol! were set 

equal to 100 per cent activity. At pH 9.0, the absolute ADH activity at 5mM ethanol was enhanced 
as compared to pH 7.2 (see also Fig. 4A). 


Although some investigators [9] determined rat liver ADH 
activities with 600mM ethanol as substrate [5, 6], their 
rates (4.37 + 0.77 umoles/g liver/min) were only moder- 
ately below the range of the maximum rates recorded by 
Crow et al. [1]. The reason for the moderate inhibition is 
that two counteractive events almost completely masked 
the inherent problem of substrate inhibition. At pH 7.2, 
600 mM ethanol inhibited rat liver ADH by almost 60 per 
cent (Figs. 5 and 6), but by choosing pH 9.0 [5, 6] for the 
assay rat liver ADH was enhanced (Fig. 4A) by ca. 40 per 
cent compared to pH 7.2. The subsequent addition of 
600 mM ethanol inhibited this rate by approximately 40- 
50 per cent (Fig. 6). The end result was a 10-20 per cent 
inhibition of ADH activity when compared to assays per- 
formed at pH 7.2 and 5 mM substrate concentration. These 
interactions of pH and substrate concentration explain the 
values reported previously [9]. If one chooses to perform 
the ADH assay of Bergmeyer [5] and Bernt and Gutmann 
[6] at the physiological pH of 7.2 instead of pH 9.0 as 
recommended by these authors, rat liver ADH activites 
will be underestimated by at least 60 per cent. 

In summary, two major causes of apparent underesti- 
mation of rat liver ADH, which has been experienced by 
us and seems to be evident from the published literature, 
have been explored. First, high pH-dependent background 
rates can result from contamination of commercially avail- 
able NAD. Second, the basic assay principles recom- 
mended for yeast ADH by Bergmeyer [5] and Bernt and 
Gutmann [6] are not directly applicable to rat liver ADH 
because of strong substrate inhibition observed at 600 mM 
ethanol. This effect becomes most prominent if the assay 
system is altered toward a more physiological pH value of 
7.2. Unaware of these consequences, another major hand- 
book of enzymology [10] recommends an assay especially 
for rat liver ADH with substrate concentrations between 
500 and 600 mM ethanol in the cuvette. The great number 
of low ADH values published in the literature suggests that 
underestimation on the basis of technical problems may be 
more prevalent than previously appreciated. Since proper 
measurements of ADH according to the method by Crow 
et al. [1] will yield enzyme activities greater than the rate 
of ethanol disappearance in vivo, a quantitative contribu- 
tion of MEOS to ethanol removal in vivo in the normal rat 
is unlikely. 
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Metabolism of tamoxifen by rat liver microsomes: formation of the N-oxide, a 
new metabolite 


(Received 24 December 1979; accepted 6 March 1980) 


Tamoxifen [1, 2] [compound 1, Nolvadex, ICI 46,474, trans- 
1 - (p-B-dimethylaminoethoxypheny)) - 1,2 - diphenylbut - 1 - 
.ene see Scheme] is a non-steroidal antiestrogen which 
is in current use for the treatment of breast cancer [3]. 
Fromson et al. [4,5] reported that in rat, mouse, rhesus 
monkey and dog, tamoxifen was extensively metabolized 
and the major route of excretion was via the bile into the 
faeces. It was concluded [4] that the major pathway of 
metabolism involved aromatic hydroxylation and that the 
preponderant faecal metabolite was the glucuronide of 4- 
hydroxytamoxifen (compound 2). However, in women 
given “C-labelled tamoxifen, it was found [5] that slow 
excretion of radioactivity in the faeces occurred, that 
unchanged drug and conjugated hydroxylated metabolites 
accounted for less than 30 per cent of faecal radioactivity, 
and that the 4-hydroxy derivative 2 was a major serum 
metabolite. 

More recently, Adam et al. |6| have reported that the 
major serum metabolite of tamoxifen in humans is the N- 
desmethyl derivative compound 3 and not the 4-hydroxy 
derivative 2. 

The metabolites 2 and 3 could be formed by cytochrome 
P-450-mediated oxidation of tamoxifen and in seeking to 


ascertain the balance between aromatic hydroxylation and 
N-demethylation, the metabolism of tamoxifen using 
initially rat liver microsomes, was investigated. 
Metabolism was carried out in the conventional manner 
[7] using microsomes prepared from the livers of male 
Wistar rats pretreated with sodium phenobarbital. Tamox- 
ifen and its metabolites were extracted with ether from the 


basified incubate and subjected to reverse-phase high pres- 
sure liquid chromatography (h.p.l.c.). The major metab- 
olite (20 per cent) had the same retention time and mass 
spectrum as the synthetic [6] N-desmethyl derivative 3. A 
minor metabolite (1.5 per cent) with the retention time of 
the 4-hydroxy derivative 2 was also present, but its structure 
was not confirmed. In addition to 2 and 3 a third metabolite 
(6 per cent) was detected and subsequently identified as 
tamoxifen N-oxide (compound 4). 

The electron impact (EI) mass spectrum of the small 
amount of metabolite 4 isolated contained no peak for the 
molecular ion (m/z 387) but a prominent signal at m/z 326 
corresponding to the olefin compound 5 was present which 
would be formed [8] by thermal elimination of the dime- 
thylamine oxide moiety from 4. Otherwise, the EI mass 
spectrum of 4 resembled that of tamoxifen, as would be 
predicted from the readiness with which N-oxides lose an 
oxygen atom under EI conditions [9]. Structural investi- 
gation of the metabolite was restricted by the small 
amounts available, but this limitation was removed by the 
finding that the treatment of tamoxifen with aqueous 30% 
hydrogen peroxide in methanol (conditions used to convert 
N, N-dimethylcyclohexylmethylamine into its N-oxide [10]) 
gave a product with chromatographic and mass spectral 
properties identical to those of the new metabolite. The 
H-n.m.r. spectrum (60 MHz) of the synthetic product, 
which indicated that it was a single substance, was similar 
to that [1,2] of tamoxifen, except that the signals for the 
NMe, and —CH,CH,N groups were shifted downfield, 
consistent with deshielding consequent on N-oxidation. 


‘=H, R” =M, (Tamoxifen) 
“=OH, R”=Me (4- Hydroxytamoxifen) 
‘=R” =H (N- Desmethyitamoxifen) 


O 


bi \ 
(2S) 2) 


mw, 


4. (Tamoxifen WV- oxide) 


: ¢\ 





1978 


Moreover, the only signal in the high mass range (i.e. 
m/z>400) of the field desorption (FD) spectrum of the 
synthetic product occurred at m/z 775, which is the cluster 
ion [2M + H]* for tamoxifen N-oxide (4). Such cluster ions 
are typical [11] of FD spectra and when formed are diag- 
nostic of molecular weight. Thus, the synthetic product is 
tamoxifen N-oxide (4) and it follows that the new metab- 
olite has the same structure. 

The finding that N-demethylation greatly preponderates 
over aromatic hydroxylation during metabolism of tamox- 
ifen with rat liver microsomes does not necessarily mean 
that it occurs in vivo and in this context [12] the metabolism 
of tamoxifen using freshly isolated hepatocytes is being 
investigated. It is possible that the N-oxide 4 is an inter- 
mediate [13] in the N-dealkylation leading to 3. It is note- 
worthy that 4 is immobile in the t.l.c. system [Kieselgel 
GF,;4 (Merck), benzene-triethylamine, 9:1] used by From- 
son et al. [4, 5] for analysis of the “C-labelled components 
present in human serum following the administration of a 
single dose of ['*C]-tamoxifen. The material remaining at 
‘ the origin in their study contained 28-47 per cent of the 
total serum radioactivity, some of which might be tamoxifen 
N-oxide. With the solvent system chloroform—methanol 
(9:1), the N-oxide 4 had R; 0.13 (cf. 0.50 for tamoxifen). 
The antiestrogenic properties and toxicity of tamoxifen N- 
oxide are being studied. 

Metabolism. The preparation of microsomes from male 
Wistar albino rats was as previously described [7]. 

Incubations were carried out in 25-ml conical flasks which 
were shaken gently at 37° for 50 min after gassing with 
oxygen. Each flask contained 1.5 ml of a microsomal sus- 
pension (equivalent to 375 mg of liver), 1.43 wmoles of 
NADP’, 30.6umoles of D-glucose 6-phosphate, 
24.6 umoles of MgCl,.6H2O and 2.5 ul of a solution of 
glucose-6-phosphate dehydrogenase (5 mg/ml, 140 u/mg) 
in a total volume of 10 ml buffered at pH 7.4 with 0.1M 
Tris-HCl. Cofactors and microsomes were each added in 
three portions after 0, 15 and 30 min. Tamoxifen citrate 
(500 xg) was added as a solution in N, N-dimethylformam- 
ide (25 wl). Since the substrate was not completely soluble 
in the aqueous solution, its final concentration in the incu- 
bate was <100 ug/ml. Controls involved adding tamoxifen 
citrate after the incubation period. 

After incubation, the pH of each incubate was adjusted 
to 9 with 0.13 M NaOH (2.8 ml) which was then extracted 
with ether [14] (3 x 32 ml). The combined extracts were 
dried (Na,SO,) and concentrated. A solution of the residue 
in methanol (5.8 ml) was applied to a Cis Sep-Pak cartridge 
which was eluted with methanol (8 ml). The eluate was 
passed through a 0.5m Fluoropore membrane filter 
(Millipore Corp.), concentrated, and a solution of the 
residue in methanol (300 yl, h.p.l.c. grade) was subjected 
to reverse-phase h.p.l.c. using a Waters Model ALC/GPC 
204 liquid chromatograph equipped with a Model 6000A 
solvent delivery system, a U6K injector, a Model 440 dual 
channel absorbance detector operated at 254nm, and a 
 Bondapak Cg column (30 cm X 3.9 mmi.d.). The column 
was eluted with methanol—water-diethylamine (90: 10:0.1) 
at | ml/min. H.p.l.c.-grade methanol was purchased from 
Rathburn Chemicals (Walkerburn) Ltd., water was doubly 
distilled in all glass apparatus, and diethylamine was redis- 
tilled commercial material (b.p. 55.0—55.5°). 

Retention times in minutes of (a) standards were: 4- 
hydroxytamoxifen, 4.66; tamoxifen, 8.02; N-desmethylta- 
moxifen, 9.84; and of (b) products extracted from incubate 
were 4-hydroxytamoxifen(1.5%, determined from peak 
area), 4.7; tamoxifen N-oxide (6%), 6.2; tamoxifen (72%), 
8.2; (N-desmethyltamoxifen (20.5%), 9.84. Under these 
conditions the peak for 4-hydroxytamoxifen was poorly 
resolved. Better resolution was obtained with a more polar 
solvent system (methanol—water—diethylamine 80:20:0.1). 

In subsequent separations the peaks (other than for 4- 
hydroxytamoxifen) were collected and the contents were 
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subjected to mass spectrometry (AEI MS-12 spectrometer, 
70eV, trap current 100 uA, ion-source temperature 130- 
150°, direct insertion technique). The mass spectra of 
tamoxifen are noted below; N-desmethyltamoxifen (syn- 
thetic and metabolic) gave inter alia peaks at m/z 357 (M~ 
of 3, 77%), 300 ({[3-CH2CH,NHCH,]", 100%) and 58 
({CH,CH,NHMe]", 59.3%). 

Tamoxifen-N-oxide (compound 4). A solution of tamox- 
ifen (50 mg, 0.135 mmole) in methanol (3 ml) and aqueous 
30% hydrogen peroxide (1 ml) was stored for 2 days at 
room temperature. The mixture was then stirred with plati- 
num oxide (20 mg) until evolution of oxygen ceased (~4 hr), 
filtered, and concentrated below 40° under reduced pres- 
sure. Benzene was distilled from the residue to remove 
residual water. Crystallization from benzene-cyclohexane 
then gave 4 (52 mg) as small colourless needles, m.p. 134— 
136°, repeated elemental analyses of which were consistent 
and indicated HO + HO, of crystallization. The tendency 
of N-oxides for form hydrates and HO, adducts is well 
documented [13]. (Found: C, 70.85; H, 7.23; N, 3.21. 
Cx6H29NO2.H,O.H>0) requires C, 71.07 per cent; H, 7.52 
per cent; N, 3.19 per cent). On heating 4 at ~80° and 
12 mmHg for 2 days the loss in weight corresponded to 
volatilization of HX0+H,O,. The EI mass spectrum of 4 
contained a prominent peak at m/z 34 corresponding to 
H,0,”. 

The product 4 was homogeneous by t.1.c. (chloroform- 
methanol, 9:1; Ry 0.13; cf. 0.50 for tamoxifen) and h.p.l.c. 
(see below). The EI mass spectrum contained, inter alia, 
peaks at m/z 387 (M*’, 1.7%), 385 ({M — 2H], 0.6%), 371 
({M — O]*, 12%), 357 (M™: of 3, 4.4%), 326 (M™: of 5, 
29.9%), 311 ([1-CH,NMe,]*, 3.4%), 300 ({1- 
CH 2CH,N(Me)CH)]", 11.2%), 72 ([CHsCH.NMe,]", 
28.9%), 58 ({CH==NMe,]*, 100%); the EI mass spectrum 
of tamoxifen contained peaks at m/z 371 (M*’, 14.8%), 300 
(3.4%), 72 (23.7%) and 58 (100%). FD spectrum (Varian 
MAT 731 spectrometer, emitter heating current 0-25 mA) 
of 4 (signals m/z <775 >10% of base peak): m/z 775 
({2M + H]*, 1.34%), 387 (M*’, 27.4%), 385 ({M — 2H], 
27.3%), 372 ((M-O+H]*, 32.5%), 371 ((IM-O]", 
100%), 357 (14.1%), 327 (11.6%), 326 (52.5%); the FD 
spectrum of tamoxifen (no emitter heating) contained only 
peaks at m/z 371 (M*’, 100%), 372 (30.8%) and 373 (10%). 

N.m.r. data (60 MHz, CDCl;, internal Me,Si): 6 0.91 
(t, 3 H, J 7 Hz, CH;CH3), 2.45 (q, 2 H, CH3;CH)2), 3.25 
(s, 6 H, NMe>), 3.60 (t, 2 H, J 5 Hz, NCH»CH)), 4.40 (t, 
2 H, OCH>CH3), 6.49 and 6.75 (2 d, each 2 H, J 8.5 Hz, 
aromatic AB system), 7.09 and 7.24 (2 s, each 5 H, 2 Ph). 
The corresponding signals in the n.m.r. spectrum of tamox- 
ifen (same coupling constants unless otherwise stated) were 
at 6 0.88, 2.44, 2.24, 2.60 (J 6 Hz), 3.88, 6.50, 6.76, 7.09 
and 7.24. 
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COMMENTARY 
PECULIAR TARGETS IN ANTHELMINTIC CHEMOTHERAPY 


HUGO VAN DEN BosscHE 
Laboratory of Comparative Biochemistry, Janssen Pharmaceutica, B-2340 Beerse, Belgium 


Worm infections are one of the major problems in 
countries where sanitary conditions, environment 
and a low standard of living are conducive to the 
preservation and spreading of parasites. 

Schistosomiasis is a parasitic disease caused by 
trematodes living in the blood. Calcified eggs of 
schistosomes [1] were identified in the kidneys of 
two mummies of the twentieth dynasty (1250-1000 
B.C.). To-day it is one of the major tropical diseases 
that affect 200,000,000—300,000,000 people in 
Africa, Asia, South America and the Caribbean 
Islands [2]. This geographical spreading is best 
explained by Chernin’s recipe: “warmth, water and 
poverty are the basic ingredients, add a few snails 
and a dash of faeces or urine and you have schis- 
tosomiasis” [3]. 

At least 20 million people living in tropical Africa, 
Yemen, Mexico and Central and South America are 
infected by Onchocerca volvulus [4]. O. volvulus is 
transmitted by Simulium damnosum, the blackfly. 
This blackfly breeds in fast-flowing water, for exam- 
ple around the sluice-gates of dams. Dams create 
also breeding-grounds for mosquitoes that transmit 
Wuchereria bancrofti and Brugia malayi. These filar- 
iae infect about 250,000,000 people in West, Central 
and East Africa, Egypt, Madagascar, South-East 
Asia, China, the Philippines, Central and South 
America [2, 5, 6] with resulting lymphangitis and in 
more severe forms elephantiasis |7]. 

Hookworm disease (ancylostomiasis), an infection 
by Ancylostoma duodenale or Necator americanus, 
occurs in 20-25 per cent of the world population [8]. 
This disease primarily occurs in agricultural areas 
where soil temperatures between 23 and 33° and a 
high humidity create ideal living conditions for the 
development of infectious larvae. 

In tropical countries 70-90 per cent of the popu- 
lation should be infected with Ascaris lumbricoides, 
but Ascaris also regularly occurs in countries with 
a moderate climate [2, 9]. 

Just like Ascaris and the hookworm, Trichuris 
trichiura is a soil-transmitted nematode. Trichuris is 
a cosmopolite. Infections by T. trichiura are trans- 
mitted especially by coprophagy, which explains why 
trichuriasis so often occurs in institutions for the 
mentally insane. 

Human behavioural patterns are often signifi- 
cantly related to man’s risk of acquiring parasitic 
diseases. The nomadic Turkana people living in the 
desert of north-western Kenya is one of the popu- 
lation groups in the world infected most heavily with 
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Echinococcus granulosus [10]. The adult Echino- 
coccus lives in the intestine of dogs and other car- 
nivores; sheep, camels, goats act as intermediate 
hosts by ingesting grass or water contaminated with 
eggs. The cycle is completed when dogs eat livestock 
offal containing one of the resultant hydatid cysts. 
Man becomes infected by ingesting eggs present in 
water, soil or on his hands after stroking a diseased 
dog. The Turkana people are fond of their dogs 
which are left to look after young infants whom they 
lick and care for as they would their own puppies. 
The people rarely eat meat themselves; however, 
the dogs devour even the most diseased animals. 
This close interaction between man, dog and live- 
stock, plus lack of water for washing, provides ideal 
conditions for E. granulosus [11]. 

Hydatidosis is not limited to the north-western 
Kenya. This zoonosis constitutes a public health 
problem of nearly global dimensions. For example, 
it is a well-known phenomenon in Europe [12]. 

Cattle infected with Cysticercus bovis cysts, the 
intermediate stage of the human tapeworm, Taenia 
Saginata, represent another example of an important 
human health and economic problem. 

A parasitic disease common in countries where 
raw fish is considered a delicacy or where fish is often 
the only source of animal protein is clonorchiasis. 
This disease is due to infestation with the Chinese 
liver fluke, Clonorchis sinensis. Clonorchiasis is prev- 
alent in China, Vietnam, Korea and Taiwan [9]. 
Complete protection is achieved simply by cooking 
the freshwater fish. However, as pointed out by 
Schmidt and Roberts [13] “it would be a futile 
exercise to try to get millions of people to change 
centuries-old eating habits’. 

People who eat undercooked or ‘underfrozen’ 
bear, walrus, wild or domestic pig meat are at risk 
of becoming infected with Trichinella spiralis. 

These are only a few examples of zoonosis, vector- 
or soil-transmitted worm infestations. 


Therapy 


Fortunately, several anthelmintics (chemical 
structures are presented in Table 1) are available to 
reduce the incidence of a great part of the worm 
diseases. A few examples to illustrate this follow. 
Trimestrial administration of levamisole to heavily 
infected African school children has almost led to 
a complete eradication of Ascaris, whereas the out- 
put of hookworm eggs and Strongyloides stercoralis 
larvae was reduced by 77 and 87 per cent, respec- 
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Table 1. Chemical structures 
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Table 1—Continued 
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Table 1— Continued 
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tively, at the end of the year [14]. It is of interest to 
note that levamisole, besides its anthelmintic 
activity, also restores host defence in immunocom- 
promised patients. For this reason levamisole is being 
used in a variety of immunodeficiency diseases, 
including rheumatoid arthritis, where it is thought 
to act through the free sulphydril group of its major 
metabolite OMPI [15, 16]. 

Broad-spectrum anthelmintics, like mebendazole 
[i7] and flubendazole [18], are available for large 
scale chemotherapy of the soil-transmitted nema- 


todal infections caused by the classic triad: Ascaris, 
hookworms and Trichuris. Mebendazole is successful 
in the treatment of intestinal capillariasis [19] and 
shows great promise in the treatment of trichinosis 
[20-22]. Mebendazole also may be the opening to 
the chemotherapy of hydatid disease [23-26]. 
Anticestodal drugs of special interest are niclo- 
samide and bunamidine. The novel antischistosomal 
drug, praziquantel, proves to be effective against 
mature cestodes in animals and man (27, 28]. This 
pyrazinoisoquinolinone derivative is active against 
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Schistosoma mansoni, S. haematobium and S. japon- 
icum. The activity against S. japonicum is notewor- 
thy. If this can be confirmed in further clinical trials, 
population-based chemotherapy of S. japonicum by 
a non-metal anthelmintic may become a reality in 
the future [29, A. Davis, personal communications]. 

Oxamniquine is a promising single-dose oral agent 
for the treatment of S. mansoni infections [30]. In 
South America, this hydroxytetrahydroquinoline 
derivative is considered to be the drug of choice 
against this infection [31]. 

The cheap organophosphorus cholinesterase 
inhibitor, metrifonate, is effective in the treatment 
of S. haematobium but lacks activity in humans 
infected with S. mansoni [32]. 

Thus some effective compounds are currently 
available for treatment of schistosomiasis. However, 
there is still need for a cheap broad-spectrum anti- 
schistosomal drug. 

Promising results are obtained with relatively high 
doses of praziquantel in the treatment of clonor- 
chiasis, paragonimiasis and metagonimiasis [33]. No 
satisfactory agent was available before. Certainly 
much more studies are needed to achieve an inex- 
pensive, simple treatment of these distomiases. 

_ In 1948, Hewitt et al. [34] discovered significant 
antifilarial action in a series of piperazine deriva- 
tives. One of these compounds, diethylcarbamazine 
(DEC), is still the only drug known that will reliably 
kill the microfilariae of the mosquito-transmitted W. 
bancrofti and B. malayi [31]. DEC also is microfi- 
laricidal against O. volvulus [35]. 

Suramin, a compound introduced by Bayer in 
1920, is macrofilaricidal against O. volvulus but its 
toxicity is such as to preclude its use in both brugian 
and bancroftian filariasis [36]. DEC and suramin are 
far from ideal. They can only be administered under 
strict medical supervision [37]. Therefore a new drug 
is certainly needed. Recently, filaricidal activity was 
found in some benzimidazole carbamates, e.g. 
mebendazole, flubendazole, albendazole, and in 
avermectins [38]. Based on these results, clinical 
studies with mebendazole and flubendazole are 
proceeding. 

Most, if not all, of the available anthelmintics had 
their origin in a rational exploitation of massive 
empirical screening. I believe that for a given time, 
this approach will keep playing an important role in 
the search for new tools for better control of worm 
populations. However, it is difficult to imagine that 
the harvest of new information originating from 
immunologists, molecular biochemists, cell biolo- 
gists or from what C. de Duve calls, the enthusiasts 
of the ‘new biology’ [39] will not fertilize, sooner or 
later, the search for tools that interfere with the 
host-parasite interface. Therefore, I also believe that 
screening will be increasingly helped by and even 
orientated towards the so-called rational approach. 


Comparative biology and mode of action studies 


Comparative biology studies are an essential part 
of investigations relevant to chemotherapy. These 
studies are aimed at uncovering differences in metab- 
olism, structure and function of cell membranes, 
forces that govern the development and differentia- 
tion of tissues, electrophysiological processes and at 
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elucidating the mechanisms that the helminths may 
use to escape the host immune response. Another 
type of investigation relevant to chemotherapy is 
concerned with the question “how does that anthel- 
mintic work?”. Such studies may provide insight into 
the way drugs reach and affect their target in the 
parasite. This not only opens the way to new screen- 
ing systems but, and perhaps at the moment still 
more important and urgent, it also increases our 
knowledge of the molecular biology of the invading 
organisms. 

In this commentary we will focus on general sites 
of action of some anthelmintics. 


Anthelmintics and neuromuscular systems 

The survival of parasitic helminths greatly depends 
on their ability to remain in situ when exposed to 
peristalsis in the case of intestinal parasites or to the 
flow of lymph or blood for some systemic helminths 
[40]. 

There is sufficient evidence available to demon- 
strate that piperazine induces reversible paralysis by 
acting on the neuromuscular system (for reviews see 
refs. 41 and 42). Summing up, piperazine has been 
found to increase the resting potential of the Ascaris 
muscle. Since the degree of muscle hyperpolarization 
induced by piperazine depends upon the extra-cel- 
lular chloride concentration, del Castillo and col- 
leagues draw the conclusion that the hyperpolari- 
zation is brought about by a specific increase in the 
permeability of the cell surface membrane to chloride 
ions [41]. 

The experiments of Kaushik et al. [43] on Ascaridia 
galli and those of Natarajan et al. [44] on micro- and 
macrofilariae of Breinlia sergenti indicate that the 
piperazine derivative, diethylcarbamazine, also 
affects parasite motility. 

However, it is not certain whether this piperazine- 
like effect is at the basis of diethylcarbamazine’s 
antifilarial activity. In patients infected with O. vul- 
vulus and treated with diethylcarbamazine, acute 
nests of inflammation around dead and degener- 
ating microfilariae are found in the dermis [45, 46]. 
Recent electron microscopic research has shown that 
the cuticle of the microfilariae collected from patients 
after treatment with this piperazine derivative is 
changed [47]. On the basis of these observations, the 
following hypothesis was advanced: diethylcarbam- 
azine would alter the microfilariae to such an extent 
that they are regarded by the host as alien bodies 
and hence can be destroyed by the host’s defence 
system [47]. This has become an appealing hypoth- 
esis, especially after the study of Martinez-Palomo, 
in which it was shown that the immunogenic deter- 
minants of the Onchocerca microfilaria are protected 
by an acellular cuticle [48]. 

Anthelmintics whose interference with the neu- 
romuscular system certainly represents an important 
facet of their mode of action are tetramisole and its 
levorotatory isomer levamisole. 

In vitro, levamisole is immediately and almost 
completely absorbed by Ascaris suum via a transcu- 
ticular mechanism [49]. This is consistent with the 
rapid occurrence of a levamisole-induced spastic con- 
traction of the Ascaris muscle [50]. In incubated 
larval and adult nematodes, the presence of lev- 
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amisole causes a contraction followed by tonic par- 
alysis [42]. Whether this effect is reversible depends 
on the worm species, the stage in the cycle, the 
concentration of levamisole and the incubation cir- 
cumstances [42,51]. Pharmacological experiments 
have demonstrated that levamisole acts as a ganglion- 
stimulating compound [50,51] and that afterwards 
it induces a neuromuscular inhibition of the depo- 
larizing type [51]. By using isolated Ascaris muscles 
it could be shown that levamisole decreases the rest- 
ing potential from a normal —30mV to —15mV 
(unpublished results). 

Bephenium hydroxynaphtoate, methyridine, pyr- 
antel and its analogues morantel and oxantel are, as 
levamisole, anthelmintics that paralyse nematodes 
[41,42]. Pyrantel causes depolarization of muscle 
cells and spastic contraction of A. suum which is 
inhibited by two cholinergic blocking agents, tubo- 
curarine and piperazine [51,52]. Nippostrongylus 
brasiliensis is protected from levamisole-induced 
spastic paralysis by pyrantel and methyridine, sug- 
gesting that levamisole, pyrantel and methyridine 
act at the same site [51, 53]. However, unlike the 
pyrantel-induced contraction, the levamisole- 
induced one is not inhibited by piperazine and tub- 
ocurarine, suggesting pharmacological differences 
[51, 52]. 

Much more knowledge of the neurophysiology 
and underlying biochemical processes is required 
before the mode of action of the above-mentioned 
anthelmintics can be better understood. 

Not only antinematodal drugs affect parasite 
motility, important antischistosomal drugs also do. 
The organophosphorus compound, metrifonate, has 
a reversible paralysing effect on S. mansoni and S. 
haematobium [54]. This paralysis originates from 
cholinesterase inhibition [55]. Paralysing S. hae- 
matobium causes the flukes to relax, thus resulting 
in a shift to the lungs from which relocation to the 
urinary bladder veins may be impossible. In the case 
of S. mansoni paralysis will result in a ‘hepatic shift’. 
As the effect of the drug diminishes, the S. mansoni 
can relocate itself in the mesenteric veins [40]. This 
may be at the origin of the lower susceptibility. 

Numerous clinical trials with the thioxanthenone 
derivative, hycanthone, indicate high efficacy against 
both S. mansoni and S. haematobium. It is a non- 
competitive inhibitor of the schistosomal acetylcho- 
linesterase activity [56]. The effectiveness of such 
inhibition is related to the species. It is very weak 
against eel or bovine esterase and relatively strong 
against that of schistosomes [56, 57]. Physostigmine, 
a strong inhibitor in mammalian systems, is much 
less active against the cholinesterase in schistosomes 
[56]. Although the mechanism of the therapeutic 
action of hycanthone may not be related to this 
acetylcholinesterase inhibitory capacity, the differ- 
ences between parasite and host enzymes may be 
exploited for new antischistosomal compounds. 

The antischistosomal activity of hycanthone has 
also been related to inactivation of the acetylcholine 
receptor site (56, 58]. It was found that hycanthone 
blocks the paralysis of S. mansoni that normally 
occurs when carbachol (carbamylcholine) is applied 
to worms [56]. Using a histochemical technique in 
which schistosomes are labelled with a dansylated 
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analogue of acetylcholine, hycanthone was found to 
be an effective blocker of this labelling. This results 
suggest that hycanthone has an anticholinergic 
activity in schistosomes. However, hycanthone has 
no cholinomimetic or anticholinergic activity in 
mammals. This, together with the fact that atropine 
and d-tubocurarine, two of the most active cholin- 
ergic blocking agents on mammalian synapses, only 
affect the neuromuscular activity of trematodes at 
high concentrations [40, 56, 59], further proves that 
the acetylcholine receptor may be substantially dif- 
ferent from those found in mammalian systems. 

Oxamniquine is another antischistosomal drug 
that, like hycanthone, possesses an alkylamino ethyl- 
amino group para to a hydroxymethyl group. Like 
hycanthone, oxamniquine has anticholinergic 
activity [60]. However, here too, many more studies 
are needed. 

Other drugs whose primary target could be the 
neuromuscular system are praziquantel and the ben- 
zodiazepine derivative, Ro 11-3128. At low concen- 
trations these drugs will produce a rapid and marked 
spastic paralysis of the musculature of schistosomes 
[61-63]. This drug-induced spastic paralysis 
appeared to be independent of any action that the 
drug may have on S. mansoni’s neurotransmitter 
receptors. Thus it was observed that the praziquantel 
or Ro 11-3128-induced response could not be 
blocked by compounds such as dopamine, 5- 
hydroxytryptamine, carbachol, spiroperidol, brom- 
lysergic acid diethylamide and atropine. All of these 
drugs are known to act at neuroreceptive sites in S. 
mansoni [63]. 

The addition of praziquantel or Ro 11-3128 to S. 
mansoni preparations causes a rapid depolarization 
of the muscle cells of the schistosome [64]. Assuming 
that the resting membrane potential of S. mansoni 
muscle cells is maintained in a manner similar to that 
in other animals, one would predict a sodium ion 
influx and a potassium ion efflux in these cells. The 
results obtained by Pax et al. [63] show that both 
drugs stimulate the uptake of *Na* but inhibit the 
uptake of “K*. A rapid depolarization can also be 
explained by an increased permeability for calcium 
ions. Uptake studies of calcium by male schistosomes 
indicate that both compounds stimulate the influx 
of *Ca** [63]. These studies indicate that the inter- 
ference with inorganic ion transport mechanisms by 
Ro 11-3128 and praziquantel may be related to their 
antischistosomal action. 

Praziquantel at concentrations as low as 1 ng/ml 
also stimulates movement in hymenolepid cestodes 
and pre-adult Echinococcus [65]. Concentrations of 
0.01-0.1 and 1-10 ug/ml cause contraction in the 
relaxed state and paralysis in the contracted state 
within 10 min and 10-30 sec, respectively [65]. 


‘Metabolic blockers’ 


Praziquantel affects glucose uptake and lactate 
production [65-66]. However, this may be secondary 
to the effects on the musculature. 

It has also been suggested that the praziquantel- 
induced inhibition of glucose uptake by Hymenolepis 
diminuta might be mediated through modulation of 
mitochondrial enzymes [65]. Praziquantel diffuses 
into the Ascaris muscle mitochondria where it 
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inhibits the various mitochondrial NADH-oxidizing 
activities including NADH oxidase and NADH 
fumarate reductase systems [65, 67]. Since in Ascaris 
muscle mitochondria the major respiratory-chain- 
linked phosphorylation activity is related to a 
NADH-linked reduction of fumarate to succinate, 
this inhibitory effect will result in a decreased ATP 
synthesis. 

The fumarate reductase system is an essential 
component of carbohydrate metabolism in many 
parasitic stages of helminths (for reviews see refs. 
42, 68-70). It is well known that the succinate 
dehydrogenase-fumarate reductase complex from 
aerobic organisms has a high rate of succinate oxi- 
dation relative to fumarate reduction. For mam- 
malian cells this ratio is about 60 [65]. On the other 
hand, the succinate oxidation/fumarate reduction for 
the facultative anaerobe Propionibacterium is about 
3 [71], whereas for the obligate anaerobe Micrococ- 
cus lactilyticus, a ratio of 0.03 is found [72]. This 
ratio is about 8.3 in Trichinella pseudospiralis, thus 
resembling that of the facultative anaerobe [73]. 
Similar ratios were found with preparations of Syp- 
hacia muris [74], Haemonchus contortus larvae [75] 
and F. hepatica [76]. 

This substantial difference between the energy 
metabolism in mitochondria from mammalian or 
worm sources provides an important target for 
chemotherapeutic attack. 

The first anthelmintics found to inhibit the fumar- 
ate reductase system in Ascaris muscle mitochondria 
were tetramisole and its isomer levamisole [42, 67, 77— 
79]. It is interesting to note that the laevoisomer 
proved to be a more potent inhibitor of the enzyme 
system, a fact compatible with its more potent anthel- 
mintic action [79]. Tetramisole also inhibits the 
fumarate reductase system in A. galli, Toxocara cati, 
Dictyocaulus viviparus, H. contortus larvae and 
adults, 7. spiralis and F. hepatica [42]. 

In addition to praziquantel, tetramisole and lev- 
amisole, thiabendazole cambendazole, morantel tar- 
trate and disophenol also seem to affect the fumarate 
reductase system [42, 80]. The fumarate reductase 
from thiabendazole-resistant Haemonchus contortus 
is resistant to thiabendazole and cambendazole 
[81, 82]. This apparently supports the suggestion that 
both benzimidazoles act by inhibiting the fumarate 
reduction system. However, cross-resistance occurs 
between thiabendazole and mebendazole in some 
H. contortus strains [83, 84], although mebendazole 
does not inhibit the reduction of fumarate. Further- 
more, the benzimidazole-tolerant strains did not so 
far show cross-resistance to the non-benzimidazoles 
levamisole, morantel and disophenol [83, 85-87]. 
This suggests that the effect of the described anthel- 
mintics on the fumarate reductase system in parasitic 
helminths represents only one aspect of their mode 
of chemotherapeutic action. Studies of Kohler and 
Bachmann [67] indicate that levamisole, thiaben- 
dazole and praziquantel inhibit various NADH path- 
ways in Ascaris muscle mitochondria. However, suc- 
cinate oxidase and succinate—cytochrome c reductase 
activities were only significantly inhibited by thia- 
bendazole. This would indicate at least an additional 
site of inhibition by thiabendazole. 

A better knowledge of the organization and func- 
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tion of mitochondrial electron transport in parasitic 
helminths may provide us with a chemoreceptor 
which has no analogue in the organs of the host and 
may thus lead to the development of more selective 
inhibitors. 

Mebendazole is capable of exerting a number of 
effects which, taken together, may account for its 
broad spectrum anthelmintic activity (for reviews see 
refs. 42, 88, 89). Progressive time-related morpho- 
logical changes in cestodes and nematodes after 
treatment of the hosts with mebendazole have been 
reported [90-92]. The first effect observed is a dis- 
appearance of the cytoplasmic microtubules of the 
tegumental or intestinal cells of the parasitic worms. 
Similar results were obtained with the fluorine 
analogue of mebendazole, flubendazole [91]. The 
disappearance of microtubules and the subsequent 
block in transport of secretory vesicles may lead to 
impaired coating of the membranes, followed by a 
decreased digestion and absorption of nutrients. In 
fact, mebendazole affects in vitro and in vivo the 
glucose uptake by nematodes and cestodes. This is 
followed by an increased utilization of endogenous 
glycogen and/or decreased synthesis of this polysac- 
charide [42,93]. Mebendazole was also found to 
have a number of effects on energy metabolism in 
helmintks. For example, it affects malate-induced 
phosphorylation in Ascaris mitochondria [42] and in 
vitro and in vivo it decreases ATP synthesis in Mon- 
iezia expansa [93, 94]. 

Another benzimidazole carbamate, fenbendazole, 
also interferes with the absorption of glucose and 
especially with the incorporation of glucose into gly- 
cogen by Ascaris [95]. Fenbendazole shares with 
mebendazole and other benzimidazole derivatives, 
e.g. albendazole, nocodazole, oxibendazole, par- 
bendazole, benomyl, carbendazin and cambenda- 
zole, the ability to bind to mammalian tubulin and 
to inhibit the assembly of microtubules [96-98]. At 
high concentrations, thiabendazole also affects the 
polymerization of bovine brain tubulin. Fifty per 
cent inhibition was achieved at 5.49 x 10°*M [98]. 
Thiabendazole also binds to fungal tubulin [99], a 
property common to carbendazin [99] and nocoda- 
zole [100]. A high degree of homology between 
fungal and mammalian tubulin can be derived fiom 
their property to co-polymerize [100, 101]. However, 
the inhibitor constant K,; of nocodazole for fungal 
tubulin has shown to be 8 x 10°°M [102]. This is 
about 120 times lower than the K; obtained for rat 
brain tubulin [96], therefore indicating that distinct 
differences may be present. In current work, P. A. 
Friedman finds that the inhibition constant of 
mebendazole for Ascaris embryonic tubulin is about 
380 times less than that of mebendazole for brain 
tubulin (Friedman, personal communication). These 
observations further suggest that tubulin from dif- 
ferent phylogenetic sources may have differential 
binding affinities and may explain, at least partly, 
the selective action of the benzimidazole derivatives. 
However, studies on tubulin from Ascaris intestinal 
cells are needed before definite conclusions can be 
drawn. A better characterization and a greater 
understanding of the biochemistry of helminth tub- 
ulin may lead to the finding of new targets for specific 
chemotherapy. 
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Other examples of important targets are the 
phosphofructokinase, the limiting enzyme of the gly- 
colytic pathway of schistosomes (for review see refs. 
40. 60) and the fixation of CO, into phosphoenol- 
pyruvate, a reaction catalysed by the phosphoenol- 
pyruvate carboxykinase (for reviews see refs. 70, 
103, 104). The latter enzyme is a key enzyme in the 
catabolism of carbohydrates in, for example, Ascaris 
[105], F. hepatica [106] and M. expansa [93]. In 
mammalian cells this enzyme is biologically active 
in the direction of phosphoenolpyruvate formation. 
Here it is a key enzyme in the biosynthesis of 
glycogen. 

A series of important anthelmintics belongs to the 
salicylanilides, of which niclosamide and rafoxanide 
are well-known examples. A recently developed sal- 
icylanilide is closantel, an intramuscularly and orally 
active anthelmintic drug, efficacious in cattle and 
sheep against F. hepatica, F. gigantica, bloodsuck- 
ing nematodes and the insect larval stages of Oestrus 
ovis, Dermatobia sp. and Hypoderma sp. (D. Thien- 
pont et al., personal communication). Experimental 
evidence obtained thus far indicates that closantel, 
in vitro and in vivo, disturbs the mitochondrial phos- 
phorylation in F. hepatica and can be classified as 
an antiparasitic hydrogen ionophore [107]. 

Although this salicylanilide also uncouples 
mammalian mitochondria in vitro, it has no effect 
in vivo on liver mitochondria from uninfected rats 
and on heart mitochondria from both normal and 
infected rats [107]. Liver mitochondria isolated from 
rats with adult liver flukes seemed to be completely 
uncoupled. When these rats were injected i.m. with 
5 mg closantel/kg body wt, the liver mitochondria 
returned to the more tightly coupled state and 
became fully comparable to controls [107]. 

Since mitochondria from the parasite and host are 
equally sensitive in vitro to closantel and other sal- 
icylanilides, whereas in vivo at therapeutic doses 
only the parasite mitochondria are affected, it would 
be fair to assume that the selectivity is associated 
with binding to proteins and distribution within the 
host and differential absorption by Fasciola [42, 80]. 
This certainly calls attention to the role of phar- 
macokinetic studies in the development of anthel- 
mintics. Here also much groundwork remains to be 
done. 


Conclusion 


The studies discussed here indicate that the door 
is ajar for a glance at the physiological world of 
parasitic helminths. However, many more questions 
than answers are visible. In fact, thus far the field 
of parasitic diseases has received only crumbs of the 
“new biology’s cake”’. 

The World Health Organization has dedicated its 
efforts to the attainment, by the year 2000, of a level 
of health by all peoples of the world that will permit 
them to lead a socially and economically productive 
life. The provision of primary health care is seen as 
the fundamental vehicle for achieving this goal [108]. 

Although socioeconomic improvement and a more 
rational utilization of existing effective drugs will 
already be of great help, we have to kick open the 
door as far as possible to meet the challenge. 
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Abstract—Ionophores A23187 and bromo-lasalocid ethanolate enhanced the cyclic AMP content in 
human mononuclear leukocytes. The maximum effect of A23187 with a 10-min incubation was found 
with 0.3-1.0 uM concentrations with or without /-isoproterenol (1 4M) or prostaglandin E, (PGE;) 
(0.3 4M). The maximum effect after 5 min of incubation at 37° was observed with 0.05, 0.2 and 1 uM 
A23187. The effect of ionophore A23187 was enhanced by both aminophylline (1 mM) and isobutyl- 
methylxanthine (1 mM). Calcium (1 mM), aspirin (1 mM) and indomethacin (100 4M) decreased the 
stimulatory action of A23187. Bromo-lasalocid ethanolate increased cyclic AMP content in cells max- 
imally at a 3 uM concentration with or without 0.3 uM PGE). 


Ionophores produce significant effects in a wide var- 
iety of biological systems [1]. In lymphocytes, ion- 
ophore A23187 has a moderately good mitogenic 
effect [2-4]. Although the mechanism of its action 
is unknown, it has been reported that this drug 
increases calcium influx [5] and cyclic AMP* for- 
mation in mononuclear leukocytes [5, 6]. These two 
effects are incompatible because studies to date have 
shown that calcium inhibits adenylate cyclase activity 
and cyclic AMP formation in most tissues [7-10]. 
However, the adenylate cyclases of adrenal and cer- 
ebral cortex are calcium dependent [11, 12]. 

Ionophore A23187 is a lipophilic compound [13], 
and it probably dissolves in the lipid matrix of the 
cell plasma membrane. This may disturb the steady 
state of receptors and catalytic subunits of the adeny- 
late cyclase and may lead to a temporary rearrange- 
ment of the adenylate cyclase complex with the 
resulting activation of the enzyme. In addition, ion- 
ophore A23187 binds many cations [13], the influx 
or efflux of which may affect the activity of ion- 
dependent adenylate cyclase [14]. 

The aim of the present study was to analyze the 
mechanism of ionophore A23187 action on cyclic 
AMP production in human mononuclear leukocytes. 
Another ionophore, bromo-lasalocid ethanolate, 
was also used. Both ionophores caused an elevation 
of cyclic AMP content in mononuclear leukocytes. 
The increased level was additionally enhanced by 
PGE,, /-isoproterenol and phosphodiesterase inhibi- 
tors. In contrast, calcium and prostaglandin synthesis 
inhibitors decreased the stimulatory action of ion- 
ophore A23187. 


MATERIALS AND METHODS 


Materials. *H-Labeled cyclic AMP 
(37.7 Ci/mmole) was purchased from the New Eng- 





* Abbreviations used: cyclic AMP, adenosine 3’ ,5’-mon- 
ophosphate; and PGE,, prostaglandin E,. 


land Nuclear Corp., Boston, MA. Ionophore 
A23187 was donated by Dr. R. J. Hosley, The Eli 
Lilly Co., Indianapolis, IN, and bromo-lasalocid 
ethanolate by Dr. W. E. Scott, Hoffman-La Roche, 
Inc., Nutley, NJ. PGE, was a gift of Dr. J. Pike, 
The Upjohn Co., Kalamazoo, MI. The buffy coats 
for mononuclear leukocyte isolation were purchased 
from the Central Blood Bank of Pittsburgh. 

Isolation of human mononuclear leukocytes. The 
cells were harvested from buffy coats donated by 
blood donors. The precise protocol was described 
previously [10]. Briefly, the buffy coats were mixed 
with dextran solution (3 g/100 ml, 200,000—300,000 
mol. wt) containing 3 units heparin/ml. The white 
blood cell layer was removed after 30 min and pel- 
leted by centrifugation. The remaining erythrocytes 
were lysed in hypotonic NaCl, and the leukocytes 
were fractionated by the Ficoll-Hypaque technique 
[15]. The upper layer containing mononuclear leu- 
kocytes was washed twice and finally resuspended 
in the incubation buffer. 

Incubation of mononuclear leukocytes. The cells 
were incubated in buffer consisting of: NaCl 
(123mM), KH,PO, (1.23mM), KCl (4.9mM), 
MgSO, (1.23 mM), glucose (1 mg/ml) and Tris/HCl 
(21 mM) (pH adjusted at room temperature to 7.4). 
The basal concentration of calcium in the incubation 
buffer was 3 uM and was determined by the method 
of Borle and Briggs [16]. Approximately 2 x 10’ cells 
were incubated in duplicate or triplicate in a total 
voiume of 2 or 3ml. The ionophores A23187 and 
bromo-lasalocid ethanolate were dissolved in dime- 
thylsulfoxide, and PGE, was dissolved in ethyl 
alcohol. Equal volumes of solvents were added to 
the control cells. The final concentration of dimethyl 
sulfoxide or ethyl alcohol in the incubation solution 
was less than 1 ul/ml. The mononuclear leukocytes 
were incubated with the drugs for various time inter- 
vals at 37° and after the incubation were cooled to 
4° in an ice-bath and separated from the incubation 
medium by centrifugation (1600 g, 2 min at 4°). The 
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cell pellet was immediately homogenized by soni- 
cation (Quigley-Rochester Inc., setting 80 for 30 sec) 
in 0.5 ml trichloroacetic acid (6 g/100 ml). 

Determination of cyclic AMP. The technique of 
Gilman [17] was employed; the precise protocol for 
cyclic AMP determination was described previously 
[10]. Cyclic AMP was determined in an aliquot of 
the ether-extracted trichloroacetic acid supernatant 
fluid. The assay was performed in duplicate in a total 
volume of 0.2 ml and the bound *H-labeled cyclic 
AMP was determined in a liquid scintillation coun- 
ter. A standard curve with non-radioactive cyclic 
AMP was included in each experiment. 


RESULTS 


Figure 1 shows the effects of various concentra- 
tions of A23187 on cyclic AMP content in human 
mononuclear leukocytes. The additional stimulatory 
effect of PGE, (0.3 4M) or /-isoproterenol (1 uM) 
is also shown. The maximum stimulatory effect of 
A23187 was produced by a 1 wM concentration, at 
which the cyclic AMP concentration in the cells was 
approximately four times above the basal level. The 
addition of PGE, or /-isoproterenol did not change 
significantly the concentration of A23187 that pro- 
duced the maximum effect. A23187, at the 10 uM 
level, did not have any effect on cyclic AMP content 
in mononuclear leukocytes; the same pattern was 
found in the cells treated simultaneously with ion- 
ophore A23187 and the two agonists. 

The time dependence of the effect of various con- 
centrations of A23187 on cyclic AMP content is 
shown in Fig. 2. A23187 at 0.05, 0.2 and 1 uM 
concentrations maximally stimulated cyclic AMP 
content at 5 min of incubation. There was an abrupt 
decrease of cyclic AMP level after this time interval, 
and after 120 min of incubation the cyclic AMP levels 
in the control and ionophore-treated cells were 
almost identical. 

The effect of A23187 was further enhanced by the 
phosphodiesterase inhibitors aminophylline and iso- 
butylmethylxanthine, both of which approximately 
doubled the basal cyclic AMP level and increased 
the A23187 effect 5- to 6-fold (Table 1). The max- 
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Fig. 1. Effect of ionophore A23187 on cyclic AMP for- 

mation in mononuclear leukocytes in the presence of 

agonists. The cells were incubated without (1) or with 

0.3 uM PGE, (2) or 1.0 uM /-isoproterenol (3) for 10 min 
at 37°. Mean of five experiments. 


imum effect, however, was found when aminophy]l- 
line (1mM), PGE, (0.3 wM) and A23187 (1 uM) 
were added simultaneously to the mononuclear leu- 
kocytes. Although calcium (1 mM) increased the 
cyclic AMP content in control mononuclear leuko- 
cytes, it had an inhibitory effect on cyclic AMP 
content when the cells were incubated simulta- 
neously with it and A23817. 

As shown in Table 2, the effect of A23187 was 
decreased by about 50 per cent when the cells were 
preincubated before the ionophore addition with 
aspirin (1 mM) or indomethacin (100 uM). 

Bromo-lasalocid ethanolate also increased the 
cyclic AMP content in mononuclear leukocytes 
(Table 3). The maximum effect was found at the 
3 uM level. The addition of 0.3 uM PGE, increased 
further the cyclic AMP content in the cells but had 


Table 1. Cyclic AMP formation in mononuclear leukocytes* 





Group Additions 


Cyclic AMP 
(pmoles/10° cells) 





A23187 
Control (1 uM) 





l None 
Aminophylline (1 mM) 
PGE, (0.3 uM) 
Aminophylline + PGE, 


None 
Isobutylmethylxanthine 
(1 mM) 


None 
Calcium (1 mM) 


26.9 + 2.49 43.8 + 4.47 
43.8 + 4.47 248.0 + 35.0 
216.0 + 38.7 — 368.0 + 17.0 
315.0 + 19.0 538.0 + 26.2 


56.2 + 8.32 
280.0 + 27.2 


85.2 + 7.31 
67.3 + 5.68 





* Cells were incubated with drugs for 
experiments + S.D. are shown. 


10 min at 37°. The averages of each of six 
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Fig. 2. Effect of ionophore A23187 on cyclic AMP for- 
mation in mononuclear leukocytes in relation to dose and 
time of incubation. The cells were incubated at 37° with 
1 (1), 0.2 (2) and 0.05 uM A23187 (3). The cyclic AMP in 
the control cells is also shown (4). Mean of four 

experiments. 


little or no effect on the ionophore concentration 
that maximally stimulated the cyclic AMP content 
in the cells. 


DISCUSSION 


Ionophores A23187 and bromo-lasalocid ethano- 
late increased the cyclic AMP content in human 
circulating mononuclear leukocytes. The ionophore 
A23187, in a mitogenic dose, caused a transient, 
sharp increase of the cyclic AMP content in mono- 
nuclear leukocytes that peaked 5 min after its addi- 
tion. However, over a period of 30-60 min, the cyclic 
AMP content declined to control values. Similar 
findings have also been reported by Greene et al. 
[5]. In contrast, Gallin et al. [6] have found an 
increased cyclic AMP formation that persisted for 
30 min in mononuclear leukocytes after the addition 
of ionophore A23i87. This discrepancy may be 
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Table 2. Effect of prostaglandin synthesis inhibitors on 
cyclic AMP* 





Cyclic AMP 
(pmoles/107 cells) 





Addition Control A23187 





16.7 + 1.33 
20.0 + 1.23 
20.9 + 2.49 


79.7 + 9.52 
39.9 + 6.16 
38.7 + 6.23 


None 
Aspirin (1 mM) 
Indomethacin (100 uM) 





* Mononuclear leukocytes were preincubated for 15 min 
at 37° with aspirin or indomethacin, and then ionophore 
A23187 (1 uM) was added for 10min. Mean + S.D. for 
seven experiments. 


caused by the methodological procedure that was 
used, because Gallin et al. [6] analyzed the cyclic 
AMP levels in the cells plus the medium, whereas 
we determined the cyclic AMP content in the cells 
only. The possibility of cyclic AMP efflux from the 
stimulated mononuclear leukocytes into the incu- 
bation medium cannot be ruled out. 

It has been reported recently that A23187 stimu- 
lates prostaglandin synthesis in rat and human tissues 
[18]. We can support this observation indirectly as 
the stimulatory effect of ionophore A23187 was par- 
tially abolished in the presence of the prostaglandin 
synthesis inhibitors aspirin and indomethacin. 

Whether or not ionophore A23187 has a specific 
or general stimulatory effect on cyclic AMP for- 
mation, its stimulation of cyclic AMP formation 
appears to be related to mononuclear leukocytes 
only [2, 5, 19, and this report]. No effect was found 
un umbilical artery [20], bone organ culture medium 
[21], brain tissue [22], tracheal smooth muscle [23], 
renal tissue [24] or human granulocytes [25]. The 
reason for this specific stimulatory action of iono- 
phore A23187 on cyclic AMP formation is unknown, 
but it may be related to the intrinsic organization of 
the mononuclear leukocyte plasma membrane. 
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Table 3. Effect of bromo-lasalocid ethanolate on cyclic AMP* 





Cyclic AMP 
(pmoles/10’ cells) 





Bromo-lasalocid ethanolate 
(uM) 


Control PGE, (0.3 uM) 





20.8 + 0.56 

0.01 23.1 + 0.70 

0.03 20.6 + 0.71 

0.1 27.3 + 1.09 ’ 
0.3 205 + 10.6 
1.0 ; , 250 + 20.6 
3.0 ; ; P93 E233 
10.0 220 + 19.8 


None 





* Mononuclear leukocytes were incubated with ionophore and PGE, for 
10 min at 37°. Mean + S.D. for seven experiments. 
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Abstract—Treatment of a purified (Na* + K*)-dependent ATPase preparation from dog kidney medulla 
with acetic anhydride or trinitrobenzene sulfonate (TNBS) produced a dose-dependent irreversible 
inactivation of the (Na~ + K*)-ATPase and K*-phosphatase reactions catalyzed by the enzyme. Both 
K* and the cardioactive steroid strophanthidin protected against inactivation. Prior treatment with 
concentrations of acetic anhydride or TNBS that produced only partial inactivation also modified the 
residual activity of the enzyme, as manifested by an increase in the Ky; for K” as activator of the 
phosphatase reaction (mediated through the moderate-affinity a-sites for K~) but not in the Ky s for K° 
as activator of the ATPase reaction (mediated through the high-affinity B-sites for K"); correspondingly, 
the I;9 values (concentrations required to produce 50 per cent inhibition) for ouabain and strophanthidin 
as inhibitors of the ATPase reaction were increased, and the binding of ["H]ouabain was decreased, 
by such treatment. Ouabain activated the phosphatase reaction in the absence of K~ and, after similar 
treatment, the apparent affinity for ouabain as activator was also decreased. These experiments 
demonstrate interactions between cardioactive steroids at their sites on the extracellular face of this 
transmembrane enzyme and K°™ at its moderate-affinity a-sites on the intracellular face, and further 
indicate that K* can modulate enzyme-drug interactions at such sites, as well as through K ‘-sites on 


the extracellular face of the enzyme. 


The (Na* + K*)-dependent ATPase is the enzymatic 
correlate of the plasma membrane sodium pump, 
and both enzyme activity and cation transport are 
inhibited by the pharmacologicaily important car- 
dioactive steroids such as ouabain, which may exert 
their therapeutic effects through this interaction [1- 
5]. Inhibition of enzyme and pump and binding of 
the steroids to the enzyme are sensitive to a variety 
of ligands, most notably (i) an increased inhibition 
and binding in the presence of Mg’* plus inorganic 
phosphate or of Mg’* plus Na* plus ATP, and (ii) 
a decreased inhibition and binding in the presence 
of K* [6-11]. A further indication of the intimate 
interrelationships among enzyme, K*, and cardioac- 
tive steroids is demonstrated in studies of the K*- 
dependent phosphatase reaction that is also cata- 
lyzed by this enzyme. Pitts and Askari [12, 13] 
showed that, although ouabain inhibits the phos- 
phatase reaction in the presence of K*, it can activate 
it in the absence of K* (presence of Mg** and 
substrate). 

Recently, we showed that treatment of the ATPase 
with acetic anhydride or TNBS? can lead to specific 
modifications of enzymatic activity [14]. Thus, at 
concentrations of either reagent that produce only 
partial inactivation of the (Na* + K*)-ATPase or 





* Supported by U.S. Public Health Service Research 
Grant NS-05430. 

+ Abbreviations used: TNBS, trinitrobenzene sulfonate; 
EDTA, ethylenediamine tetracetate; K* -phosphatase, K*- 
dependent phosphatase; and (Na’ + K*)-ATPase, 
(Na* + K*)-dependent ATPase. 


K*-phosphatase reactions, the residual enzymatic 
activity displays a decreased apparent affinity for K* 
as activator of the phosphatase reaction, an activa- 
tion mediated through moderate-affinity a-sites for 
K* [15], but displays no decrease in apparent affinity 
for K* as activator of the ATPase reaction, an acti- 
vation mediated through high-affinity B-sites for K* 
[15]. 

Such modifications thus present the opportunity 
for exploring further the relationships among the 
therapeutically important cardioactive steroids, the 
(Na* + K*)-ATPase which may be their receptors, 
and the modulating cation K*. In this paper we 
describe experiments examining (i) the effects of 
acetic anhydride and TNBS on cardioactive steroid 
binding to, and inhibition of, the enzyme as well as 
on K*-activation of enzymatic activity, (ii) the effects 
of both cardioactive steroids and K* on inactivation 
by those reagents, and (iii) the effects of those 
reagents on cardioactive steroid-activation of the 
phosphatase reaction. 


METHODS 


The enzyme preparation was obtained from the 
medullae of frozen canine kidneys by a modification 
[16] of the procedure of Jorgensen [17]; purity, 
estimated by sodium dodecylsulfate gel electropho- 
resis, Was approximately 85 per cent. 

(Na* + K*)-ATPase activity was measured at 37° 
in terms of the production of inorganic phosphate, 
as described previously [18]; the standard medium 
contained 30 mM histidine - HCI-Tris(pH 7.8),3 mM 
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ATP, 3mM MgCl, 90mM NaCl and 10mM KCI. 
K-phosphatase activity was routinely measured in 
terms of the production of p-nitrophenol from p- 
nitropheny! phosphate during incubations at 37°, as 
described previously [19]; the standard medium con- 
tained 30 mM histidine: HCl-Tris (pH 7.8), 3 mM 
nitropheny! phosphate, 3mM MgCl, and 10mM 
KCl. In experiments measuring ouabain-activated 
phosphatase activity, 0.2mM umbelliferone phos- 
phate was substituted for nitrophenyl phospate as 
the substrate, and KCl was omitted from the 
medium; production of umbelliferone was measured 
spectrophotofluorometrically, as described pre- 
viously [20]. [*H]Ouabain binding was measured 
according to Van Winkle er al. [21]: the standard 
medium contained 30mM_ _histidine-HCI-Tris 
(pH 7.8), 2mM MgCl,, 1mM EDTA, and, rou- 
tinely, 1 wM [*H]ouabain, plus either (i) 2mM ATP 
and 50 mM NaCl, or (ii) 2 mM inorganic phosphate; 
after incubation with the enzyme preparation for 
5min at 37°, 1l-ml portions of the mixture were 
filtered through Gelman membrane filters (pore size 
0.45 wm), which were then washed four times with 
ice-cold water. The radioactivity remaining on the 
filters was measured by liquid scintillation counting. 
Non-specific binding under each experimental con- 
dition was estimated in parallel incubations contain- 
ing, in addition, 250 wM unlabeled ouabain. 

For reaction with acetic anhydride, the enzyme 
preparation was first equilibrated at 0° in a medium 
containing 30mM _ imidazole-HCl (pH7.8) plus 
other reagents as noted, and the inactivation incu- 
bation was then begun by adding, routinely, 0.15 pl 
acetic anhydride/ml of medium. After incubation for 
10 min at 0°, the mixture was diluted with 10 vol. of 
0.25M sucrose; the enzyme preparation was then 
collected by centrifugation and resuspended in 
0.25M sucrose for assay [14]. For reaction with 
TNBS, the enzyme preparation was first equilibrated 
at 25° in a medium containing 30 mM imidazole - HCl 
(pH 7.8) plus other reagents as noted, and the inac- 
tivation incubation was then begun by adding, rou- 
tinely, 0.03% (w/v) TNBS. After incubation in the 
dark for 15 min at 25°, the mixture was diluted with 
sucrose and the enzyme was collected as described 
above, except that the preparation was shielded from 
light until completion of the assay [14]. With both 
reagents, parallel control incubations were per- 
formed with identical treatment except for the omis- 
sion of acetic anhydride and TNBS. 

Data presented are averages of four experiments, 
each performed in duplicate or triplicate, + standard 
error of the mean where appropriate. 


RESULTS 


As demonstrated previously with a partially pur- 
ified enzyme preparation from brain [14], acetic 
anhydride and TNBS inhibited, in a dose-dependent 
fashion, the (Na* + K*)-ATPase activity of a puri- 
fied kidney enzyme preparation. Total inactivation 
occured after incubation of the enzyme with 0.03% 
(v/v) acetic anhydride for 10 min at 0°, although after 
treatment with 0.015% acetic anhydride, one-fourth 
of the (Na* + K*)-ATPase activity remained. Ana- 
logously, incubation of the enzyme for 15 min at 25° 
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Fig. 1. Protection by KCI against acetic anhydride-induced 
loss of activity. The enzyme preparation was incubated for 
10 min at 0° in media containing 30 mM imidazole: HCl, 
0.015% acetic anhydride, and the concentrations of KCl 
(@ or ©) or NaCl (@ or DD) indicated. After dilution, 
collection by centrifugation, and resuspension, as described 
under Methods, the residual (Na*~ + K*)-ATPase activity 
(@ or @) and [‘H]ouabain binding activity in the presence 
of Mg~* plus P; (O or 0) were measured, as described 
under Methods. Data are presented as per cent of the 
values for concurrent controls in which acetic anhydride 
was omitted. 
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Fig. 2. Effects of acetic anhydride and TNBS on K°-acti- 
vation of the phosphatase reaction. The enzyme prep- 
aration was first treated with 0.015% acetic anhydride 
(OQ), 0.03% TNBS (@) or neither reagent (@), as described 
under Methods, and then the nitrophenyl phosphatase 
activity was measured in the standard medium, but with 
the concentrations of KCI indicated. Data are presented 
in double-reciprocal form; for ease of comparison the 
velocity with 10mM KCI was, in each case, set at 1.0, 
although after treatment with acetic anhydride this velocity 
was 26 per cent of control values, and after treatment with 
TNBS it was 54 per cent. The Ky.5 values were, for control 
preparations, 1.4mM; for acetic anhydride-treated, 
4.0 mM; and for TNBS-treated, 2.7 mM. 
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with 0.2% (w/v) TNBS totally inactivated the 
enzyme, whereas incubation with 0.03% TNBS 
reduced the (Na* + K*)-ATPase activity only by 
half. With both reagents, at both concentrations, the 
effects were irreversible: the loss of activity persisted 
after dilution and successive washing of the treated 
enzyme preparations. 

Inclusion of KCI in the inactivation medium with 
either acetic anhydride (Fig. 1) or TNBS (data not 
shown) protected against inactivation by these 
reagents; NaCl was ineffective. Moreover, the con- 
centration of KCI required for half-maximal protec- 
tion (Fig. 1) was, with both reagents, near 1 mM. 
This value corresponds to the Kp for K~ at the 
moderate-affinity a-sites of the enzyme [15]. 
(Although acetic anhydride and TNBS decrease the 
apparent affinity for K* at the a-sites [14], such an 
effect would be minimal here if occupancy of the 
a-sites by K* markedly decreases the likelihood of 
inactivation by acetic anhydride, whereas enzyme 
that previously reacted with acetic anhydride is 
afforded negligible protection against further inac- 
tivation by K* binding to a-sites of diminished affin- 
ity. On the other hand, although the K,; for K*- 
activation of the (Na* + K*)-ATPase reaction, an 
effect mediated through the high-affinity B-sites [15], 
is frequently reported as near 1 mM (e.g. Ref. 18), 
such measurements are made in the presence of high 
concentrations of Na*, and Na* acts as a competitor 
toward K* at the B-sites; when the K,; for K* is 
corrected to the absence of Na* [22], the Ky; for K* 
is then 0.1 mM or lower. Moreover, treatment with 
acetic anhydride and TNBS did not increase the Ky ; 
for K* at the B-sites (see below)). 

Treatment of the enzyme preparation with 0.015% 
acetic anhydride or 0.03% TNBS also affected the 
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Fig. 3. Effects of acetic anhydride and TNBS on K’-acti- 
vation of the (Na*~ + K*)-ATPase reaction. The enzyme 
preparation was first treated with 0.015% acetic anhydride 
(O), 0.03% TNBS (@) or neither reagent (@), as described 
under Methods, and then the (Na~ + K*)-ATPase activity 
was measured in the standard medium but with the con- 
centrations of KCI indicated. Data are presented in double- 
reciprocal form; for ease of comparison the velocity with 
10mM KCI was, in each case, set at 1.0, although after 
treatment with acetic anhydride, the velocity was 24 per 
cent of control values, and after treatment with TNBS it 
was 59 per cent. 
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Fig. 4. Effects of acetic anhydride and TNBS on Na‘*- 

activation of the (Na~ + K*)-ATPase reaction. Experi- 

ments were performed and the data are presented as in 

Fig. 3, except that the NaCl concentration in the assay 

incubation was varied as indicated. Key: preparation 

treated with 0.015% acetic anhydride (©), or 0.03% TNBS 
(@), or neither reagent (@). 


kinetic properties of the residual K*-phosphatase 
activity, most notably causing an increase in the Ky ; 
for K*-activation (Fig. 2), an activation also 
mediated through the moderate-affinity a-sites. By 
contrast, the Ky; values for K*- and Na*-activation 
of the residual (Na* + K*)-ATPase reaction cata- 
iyzed by the treated enzyme preparation were not 
increased (Figs. 3 and 4). These findings thus confirm 
earlier studies [14] with the partially purified enzyme 
preparation from brain. 

Since interactions betwen cardioactive steroid and 
the enzyme are sensitive to K* [1-11], modification 
of the enzyme with acetic anhydride and TNBS 
(which, as shown above, is both sensitive to the 
presence of K* at the a-sites and influences activation 
at the a-sites) might alter such interactions as well. 
This was the case, as shown in Table 1| and Figs. 1 
and 5. Prior treatment of the enzyme preparation 
with 0.015% acetic anhydride or 0.03% TNBS 
increased the Is) (concentration required to produce 
50 per cent inhibition) for the cardiac glycoside oua- 
bain and the aglycone strophanthidin as inhibitors 
of the residual enzymatic activity (Table 1). Simi- 
larly, maximal binding of [*H]ouabain measured in 
the presence of Mg** plus Na* plus ATP was 
reduced, and the apparent Kp increased, by prior 
treatment of the enzyme with acetic anhydride or 
TNBS (Fig. 5). With both reagents the increases in 
Kp correspond to the increases in Is) values noted 
above (Table 1); however, the absolute I, values 
are about 3-fold higher, probably reflecting the dif- 
ferent experimental conditions in binding and kinetic 
experiments. Treatment with these reagents pro- 
duced similar changes in ["HJouabain binding meas- 
ured in the presence of Mg** plus P; as well (data 
not presented). The presence of K* in the inacti- 
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Table 1. Effect of chemical modification of the enzyme on the Is, for cardioac- 
tive steroids* 





Iso for 
ouabain (uM) 


Treatment 


Is for 
strophanthidin (4M) 





None 
Acetic anhydride 
TNBS 


0.41 + 0.04 
0.73 + 0.09 
0.64 + 0.11 





* The concentration of ouabain and of strophanthidin required to produce 


+ 


50 per cent inhibition of the (Na* + K*)-ATPase reaction, the Is9, was deter- 
mined for untreated (control) enzyme preparations, and for those first reacted 
with 0.015% acetic anhydride or 0.03% TNBS, as described under Methods. 


Table 2. Effect of strophanthidin on chemical modification of the enzyme* 





None 1.00 1.00 


Strophanthidin, 10 uM 

Acetic anhydride, 0.015% 

Strophanthidin plus 
acetic anhydride 

TNBS, 0.03% 

Strophanthidin plus 
TNBS 


1.01 + 0.03 
0.26 + 0.02 


0.36 + 0.02 
0.53 + 0.05 


0.92 + 0.05 
0.31 + 0.04 


0.42 + 0.03 


0.80 + 0.04 





* The enzyme preparation was first incubated in 30 mM imidazole (pH 7.8). plus the 
additions noted, for 10 min at 0° with acetic anhydride or for 15 min at 25° with TNBS, 
as described under Methods. The inactivation medium was then diluted with 10 vol. of 
0.25 M sucrose and the enzyme preparation was collected by centrifugation and resus- 
pended in 0.25 M sucrose. The residual (Na* + K*)-ATPase and | ‘H]ouabain binding (in 


the presence of Mg** 


plus Na” plus ATP) were measured as described under Methods; 


data are presented relative to the control preparation (no additions to the inactivation 


medium). 


vation medium protected against this loss of [*H]- 
ouabain binding, in the same concentration range 
as it protected against the loss of enzymatic activity, 
and again Na* was ineffective (Fig. 1). 


BINDING OF OUABAIN 
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Fig. 5. Effects of acetic anhydride and TNBS on the binding 
of [*HJouabain. Binding of [*H]ouabain to untreated 
enzyme (@) or to that first reacted with 9.015% acetic 
anhydride (QO) or 0.03% TNBS (M) was measured as 
described under Methods: the enzyme preparations were 
incubated with the concentrations of [° H]ouabain indicated, 
in the presence of 2mM MgCl, 50mM NaCl and 2 mM 
ATP, for 5 min at 37°. Data are presented relative to the 
binding of | 4M ouabain to the untreated enzyme defined 
as 1.0. 


Further evidence for the interrelationship between 
K*- and ouabain-binding sites was provided by 
experiments testing whether the cardioactive steroids 
could, like K*, protect against enzyme modification 
by acetic anhydride and TNBS. In these experiments 
strophanthidin was used because it is more easily 
removed from the enzyme than ouabain [23]. Inclu- 
sion of strophanthidin in the preincubation medium 
protected against the loss of both enzyme activity 
and of [*H]ouabain binding (Table 2). 

Finally, the observations by Pitts and Askari 
[12, 13] that cardioactive steroids could activate the 
phosphatase reaction in the absence of K* afforded 
another opportunity to test the relationship among 
the modifying reagents, the cardioactive steroids, 
and the K* at the a-sites. With the purified enzyme 
preparation, phosphatase activity in the absence of 
KCI was less than 1 per cent of that with the optimal 
10mM KCl, whereas addition of 0.1mM ouabain 
(Fig. 6) increased activity to nearly 20 per cent of 
that with 10 mM KCI. (These measurements were 
made with 0.2 mM umbelliferone phosphate as sub- 
strate, since the stimulation by ouabain is greater at 
non-saturating levels of substrate [12] and the fluo- 
rometric assay of umbelliferone is more sensitive 
than the colorimetric assay of nitrophenol formed 
from the more usual substrate nitrophenyl phos- 
phate.) Treatment of the enzyme preparation with 
acetic anhydride reduced both the maximal level of 
stimulation by ouabain and the apparent affinity for 
ouabain, shifting the dose-response curve to the 
right (Fig. 6), just as it did in the experiments measur- 
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Fig. 6. Effect of ouabain on umbelliferone phosphatase 
activity in the absence of KCI. Umbelliferone phosphatase 
activity was measured, as described under Methods, with 
untreated control enzyme preparations (@) or with those 
first reacted with 0.015% acetic anhydride (OQ). Assay 
incubations were in the absence of KCI but in the presence 
of the ouabain concentrations indicated. Phosphatase 
activity is presented relative to that of untreated control 
enzyme preparations, incubated in the absence of ouabain 
and the presence of 10 mM KCI, defined as 1.0. 





ing [*H] ouabain binding (Fig. 5). The concentrations 
of ouabain to produce half-maximal stimulation cor- 
respond well with the I;) values for ouabain (Table 
1), also measured in kinetic experiments. The reduc- 
tion in maximal activation by ouabain was less than 
that by K*, although it corresponds to the reduction 
in maximal binding of [*H]ouabain (Fig. 5). 


DISCUSSION 


Previous studies [14] demonstrated that, after par- 
tial inactivation of the (Na* + K*)-ATPase by either 
acetic anhydride or TNBS, the properties of the 
residual enzymatic activity were also modified. Thus, 
some of the enzyme molecules subjected to such 
treatment retained at least part of their catalytic 
activity, but their kinetic properties, and conse- 
quently the aggregate kinetic properties of the entire 
preparation, were irreversibly altered. Most notably, 
the Ky; for K* as activator of the phosphatase reac- 
tion was increased (Fig. 2), and the effect of K* on 
the K,, for ATP was decreased [14]; both may be 
attributed to a diminished effect of K* at the a-sites 
[15, 24]. Correspondingly, K+, with a concentration- 
dependence fitting its occupancy of the a-sites, pro- 
tected against inactivation (Fig. 1). By contrast, the 
Ky; for K* as activator of the (Na* + K*)-ATPase 
reaction, an effect mediated through the B-sites [15], 
was not increased (Fig. 3), nor was the Ky; for Na* 
as activator of the ATPase (Fig. 4) or the K; for Na* 
as inhibitor of the phosphatase reaction [14]. The 
experiments with the purified enzyme preparation 
from kidney reported here confirm the earlier studies 
and extend such considerations to the relationships 
beteen the enzyme and the pharmacologically impor- 
tant cardioactive steroids. 
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The (Na* + K*)-ATPase spans the plasma mem- 
brane in vivo, and has specific sites accessible from 
either extracellular or intracellular media. Ouabain 
binds only when added to the extracellular face [9] 
and K* activates the ATPase reaction at sites (B- 
sites) accessible from that face also [25]. In contrast 
to earlier reports [26, 27], recent studies [28] localize 
the K*-sites that activate the phosphatase reaction 
(a-sites) to the intracellular face. On this basis, early 
results [8] showing K* in the extracellular medium 
antagonizing inhibition by cardioactive steroids 
could not be attributable to K* at the a-sites. More 
recent studies [11], however, indicate that K* at 
intracellular sites (or Na* at intracellular sites) is 
required for extracellular K* to exert its antagonism 
to cardioactive steroids. 

The experiments described here support such for- 
mulations of interactions between cardioactive ster- 
oids at their (extracellular) binding sites and K* at 
its (probably intracellular) a-sites. First, cardioactive 
steroids can, at their sites, substitute for K* at its 
a-sites, as activator of the phosphatase reaction, as 
originally demonstrated by Pitts and Askari [12, 13], 
and the apparent affinities for both the cardioactive 
steroids and K* as activators are decreased by prior 
treatment of the enzyme with acetic anhydride or 
TNBS (Figs. 2 and 6). Second, binding of 
[‘H]ouabain to the enzyme and inhibition of the 
enzymatic reactions by cardioactive steroids are both 
modified by such treatment (Table 1; Fig. 5). Finally, 
both K* (at concentrations corresponding to its fill- 
ing of the a-sites) and cardioactive steroids protect 
against the modification of acetic anhydride or TNBS 
(Fig. 1; Table 2). The nature of the chemical modi- 
fications produced by acetic anhydride and TNBS 
that so affect enzyme activity and drug—receptor 
interaction is an intriguing question awaiting further 
study. 
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Abstract—Three of thirty-one streptolydigin analogs resembled the parent compound in selectively 
inhibiting terminal deoxyribonucleotidyltransferase (terminal transferase) when compared with cellular 
DNA polymerases a, B and y, simian sarcoma virus DNA polymerase, herpes simplex virus-induced 
DNA polymerase and cellular RNA polymerase II. The other twenty-eight compounds either did not 
inhibit any of these enzymes or inhibited all of these enzymes without selectivity for terminal transferase. 
Two analogs that selectively inhibited terminal transferase (K; = 0.12 mM) were 2- to 3-fold more potent 
than streptolydigin (K; = 0.32 mM). All the selective inhibitors of termininal transferase are 3-acylte- 
tramic acids with various substituent groups at the 1-, 3- and 5-positions. One of these, a less potent 
inhibitor of terminal transferase than streptolydigin, lacks the 3- and 5-substituents of streptolydigin but 
has virtually the same 1-substituent. The substituent groups of the other two selective inhibitors are 
structurally different from those of streptolydigin but essentally identical to each other. The mode of 
inhibition of terminal transferase by selective inhibitors was the same as for streptolydigin, but different 
from an analog which non-selectively inhibited terminal transferase. Evidence suggested that the 
selective inhibitors specifically interacted with terminal transferase and not with initiator (oligo- or 
polydeoxyribonucleotide), substrate (deoxyribonucleoside 5’-triphosphates) or the divalent cation 
(Mn?*) required for enzyme activity. The data also implied that these compounds bind to the enzyme 
at a site(s) other than the initiator or substrate binding sites. In contrast, an analog which non-selectively 
inhibited terminal transferase apparently interacted with many proteins and polydeoxyribonucleotides 
non-specifically. 


Despite these findings, the intracellular function of 


Terminal transferase|| catalyzes the polymerization 
terminal transferase is unknown. Therefore, selec- 


of deoxyribonucleotides on the 3’-hydroxyl ends of 


oligo- or polydeoxyribonucleotide initiators [1]. 
Initially, this enzyme was found only in thymus [2]. 
Subsequently, high activities were discovered in leu- 
kocytes from patients with acute lymphoblastic leu- 
kemia [3, 4] or with rare cases of both acute [5] and 
chronic [6-8] myelocytic leukemia, while the activity 
was hardly detectable in normal leukocytes or leu- 
kocytes from chronic lymphocytic and most cases of 
chronic and acute myelocytic leukemia. In acute 
lymphoblastic leukemia, the specific activity of ter- 
minal transferase changes with the status of disease. 
It is high upon diagnosis, low upon remission and 
high again upon relapse [4, 9]. Thus, terminal trans- 
ferase is a valuable marker for certain leukemias. 





« + Address reprint requests to Dr. Srivastava. 

|| Abbreviations: terminal transferase, terminal deoxy- 
nucleotidyltransferase; SSV, simian sarcoma virus; HSV, 
herpes simplex virus; DEAE, diethylaminoethyl; Buffer 
A, 25 mM Tris/sulfate (pH 8.3) containing 1 mM MgSO,, 
6mM NaCl, 1 mM dithiothreitol and 0.1 mM (ethylene- 
dinitrilo tetraacetic acid; and Is9, concentration of com- 
pound yielding 50 per cent inhibition of enzyme activity. 
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tive inhibitors of terminal transferase might be useful 
in characterizing its function. Furthermore, such 
inhibitors may be of value for the treatment of leu- 
kemia exhibiting abnormal terminal transferase 
activity. Previously, we reported [10] that strepto- 
lydigin, an antibiotic isolated from Streptomyces 
lydicus [11], selectively inhibited terminal transferase 
in comparison with cellular DNA polymerases a, 
B and y [12], SSV DNA polymerase and cellular 
RNA polymerase II. In this investigation, we exam- 
ined thirty-three analogs of streptolydigin (Table 1) 
to find additional inhibitors of terminal transferase 
and to determine the structural requirements of com- 
pounds needed for selective inhibition. 


MATERIALS AND METHODS 


Structures of streptolydigin and its analogs are 
shown in Table 1. Tirandamycin was supplied by 
The Upjohn Co., Kalamazoo, MI. Streptolydigin 
analogs II, IV, V, XVI-XVIII, XXIII-XXVII and 
XXXI [13] and analogs I, III, VI-XV, XIX-XXII, 
XXVIII-XXX and XXXII (V. J. Lee et. al., J. med. 
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Table 1. Structures of streptolydigin analogs 





General formula: 
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XIX R = CH;; R’ = CH;; R"” = CH,SCH>C,Hs 


XX R = CH;; R’ = CH;; R” = =CHSCH2C,H; 
XXI R = CH;; R’ = H; R" = CH,COOC,H; 


XXII R= CH;;R'=<_): R"=H; 


XXIII R = CH;(CH = CH); R’ = “2 ; R" =H; 


XXIV R = CH;(CH = CH),; R’ = CH,C,H,OCH;; R” = Hz 

XXV R = CH;(CH = CH),; R’ = CH2C,Hs; R” = H 

XXVI R = CH;(CH = CH),; R’ = H; R” = H; 

XXVII R= CEH © CCE = CO, R’ = CHC 6H,OCH;; R" = H2 
CH; 

XXVIII 





Inhibition of terminal transferase 


Table 1—Continued 





Compound 


Structure 





Streptolydigin 


Tirandamycin 


; R" = CHCONHCH; 





Chem., manscript submitted for publication) were 
prepared as reported. Other compounds were 
obtained from the following sources: calf thymus 
DNA (Worthington Biochemical Corp., Freehold, 
NJ); poly (A) + (dT)j2-1. and (dT) j243 (P. L. Bio- 
chemicals Inc., Milwaukee, WI; (dA),.i. and 
(dG),21 (Collaborative Research Inc., Waltham, 
MA; tritium-labeled deoxyribonucleoside 5’-tri- 
phosphates (Schwartz-Mann, Orangeburg, NY): 
unlabeled deoxyribonucleoside 5’-triphosphates 
(Plenum Scientific Research Inc., Hackensack, NJ); 
and DEAE-Sephadex A-25 (Pharmacia Fine Chem- 
icals Inc., Piscataway, NJ). All other reagents were 
the highest commercial grade available. 
Lymphoblasts from an acute lymphoblastic leu- 
kemia patient and phytohemagglutinin-stimulated 
normal human lymphocytes were obtained as 


described previously [14]. Molt-4 cells are of acute 
lymphoblastic leukemia origin. Their culturing and 
harvesting have been described [14]. Terminal trans- 
ferase and DNA polymerases a, f and y were pre- 
pared according to our published procedures 
[14, 15]. DNA polymerases a, B and y were prepared 
from all these cell types, whereas terminal transfer- 
ase was prepared only from leukemic lymphoblasts 
and Molt-4 cells since phytohemagglutinin-stimu- 
lated normal human lymphocytes have little of this 
enzyme. RNA polymerase II (a-amanitin sensitive) 
was obtained from Molt-4 cells according to the 
method of Roeder and Rutter [16] which involves 
(NH,),SO, precipitation and DEAE-Sephadex A-25 
chromatography. SSV DNA polymerase was pre- 
pared according to the method of Abrell and Gallo 
[17]. All final enzyme preparations were dialyzed 
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against Buffer A containing 50% (v/v) glycerol and 
stored at —20°. The specific activities of these 
enzymes were similar to those reported previously 
and their properties have been described [14-17]. 
One unit of enzyme activity equals 1 nmole of 
tritium-labeled nucleotide polymerized in 1 hr. 
Homogenous terminal transferase (30,186 units/mg 
protein) from calf thymus was prepared as described 
previously [18]. Its properties were the same as those 
reported for a homogenous terminal transferase from 
leukemic lymphoblasts [19]. HSV-induced DNA 
polymerase was obtained from RPMI-8226 cells 12 hr 
after infection with HSV-type I. RPMI-8226 cells 
are lymphoid cells of multiple myeloma origin; they 
were cultured, infected with HSV, and harvested as 
described by Mizrahi et al. [20]. Purified chromatin 
was obtained from infected cells [21] and the chro- 
matin was extracted with 2 M NaCl, dialyzed against 
0.14M NaCl, and centrifuged to pellet the DNA- 
histone formed [14]. The supernatant fraction was 
removed and (NH,),SO, was added to 70% satu- 
ration. The precipitate formed was recovered by 
centrifugation (25,000 g, 15 min), dissolved in Buffer 
A containing 5% (v/v) glycerol and 0.4 M NaCl, and 
dialyzed against several changes of the same buffer. 
The dialysate was clarified by centrifugation, layered 
onto linear (10-30%) glycerol gradients prepared in 
Buffer A containing 0.4 M NaCl, and centrifuged as 
described previously [14]. The gradients were frac- 
tionated [14], and the fractions were assayed for 
various DNA polymerase activities. Two kinds of 
DNA polymerases were found. The major activity 
had properties previously reported for HSV-induced 
DNA polymerase [22-25]. It had a sedimentation 
coefficient of 8S, was stimulated 3- to 4-fold by 0.15 M 
KCl, and was inhibited 75 per cent by 7.2 uM 
phosphonoacetic acid. This activity was well sep- 
arated and distinguished from a minor DNA poly- 
merase B activity which sedimented at 34S, was 
inhibited by 0.15 M KCI, and was resistant to 7.2 uM 
phosphonoacetic acid. Neither DNA polymerase a 
nor y activities were detected in the gradient frac- 
tions. These activities are distinguished from HSV- 
induced DNA polymerase by resistance to 7.2 uM 
phosphonoacetic acid, inhibition by 0.15M KCl 
(DNA polymerase a) and utilization of the tem- 
plate/primer, poly (A) - (dT),213, by DNA polymer- 
ase y. Gradient fractions containing HSV-induced 
DNA polymerase were pooled, dialyzed against 
Buffer A containing 50% (v/v) glycerol, and stored 
at —20°. The protein concentration of the enzyme 
preparation was below the amount detectable by the 
method of Lowry et al. [26], and therefore, specific 
activity was not determined. 

Enzymes were assayed in a final volume of 0.2 ml 
as follows: (a) for DNA polymerases a@ or B, 
10 wmoles Tris-HCl (pH 8.3), 1.2 wmoles magne- 
sium acetate, 4.0 umoles dithiothreitol, 0.16 umole 
each of dATP, dGTP and dCTP, 0.01 umole 
H]dTTP (144c.p.m./pmole), 30 ug of activated 
[14] calf thymus DNA, and enzyme; (b) for DNA 
polymerase y, l0mumoles Tris-HCl (pH/7.5), 
0.1 umole MnCl, 20umoles KCl, 0.6 umole 
dithiothreitol, 8g bovine serum albumin, 
0.001 umole [*H]dTTP (1036 c.p.m./pmole), 2.4 ug 
poly (A) -(dT),.:s, and enzyme; (c) for terminal 
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transferase, 10 wmoles Tris-HCl (pH 7.5),0.1 umole 
MnCl, 20 zmoles KCI, 0.6 uwmole dithiothreitol, 8 ug 
bovine serum albumin, 0.01 umole [*H]dGTP 
(115 c.p.m./pmole), 2.4 wg (dA). is, and enzyme; 
(d) for SSV DNA polymerase, the same as for DNA 
polymerase y except that 0.04 umole [,H]dTTP 
(412 c.p.m./pmole) was used; (e) for HSV-induced 
DNA polymerase, 10 wmoles Tris-HCl (pH 8.0), 
0.5 mole MgCl,, 30 mmoles KCl, 0.2 umole 
dithiothreitol, 0.00013 wmole each of dATP, dGTP, 
dCTP and [*H]dTTP (10,482 c.p.m./pmole),10 ug of 
activated calf thymus DNA, and enzyme; and (f) for 
RNA polymerase II, 10 wzmoles Tris-HCI (pH 8.0), 
0.4 umole MnCl,, 0.2 umole MgCl, 0.2 umole 
dithiothreitol, 0.13 umole each of ATP, GTP and 
CTP, 0.0018 umole [H]UTP (708 c.p.m./pmole), 
20 wg of heat-denatured calf thymus DNA, and 
enzyme. The addition sequence for assay mixtures 
was template/primer or initiator, streptolydigin ana- 
log, the components of the assay mixture, and finally 
enzyme. Concentrated stock solutions of streptoly- 
digin analogs were prepared in dimethylsulfoxide 
and diluted 40-fold into assay mixtures. Controls 
without streptolydigin analogs contained the same 
amount of dimethylsulfoxide, which by itself was not 
inhibitory. Routinely, each enzyme was tested for 
inhibition at five different duplicate streptolydigin 
analog concentrations ranging from 0.04 to 0.80 mM. 
Very active compounds were also tested at lower 
concentrations. Assay mixtures were incubated at 
37° (30° for DNA polymerase y) for 30 min and kept 
in an ice bath. Fifty micrograms of yeast RNA and 
1 ml of ice-cold 20% trichloroacetic acid containing 
3% sodium pyroposphate were added immediately. 
After 10min the precipitates were collected on 
nitrocellulose membrane filters and were washed 
with ice-cold 5% trichloroacetic acid, dried and 
counted using a toluene-based scintillation fluid [14]. 
All enzyme activities were linear with respect to time 
and protein concentration. Data describing the 
inhibition of terminal transferase by streptolydigin 
analogs at various concentrations of dGTP were 
plotted according to Lineweaver and Burk [27]. 
Inhibition constants were determined by replotting 
the y-intercepts of these graphs versus inhibitor con- 
centrations [28]. 


RESULTS 


Listed in Table 1 are the structures of streptoly- 
digin analogs which were tested for inhibition of 
terminal transferase, DNA polymerases a, B and 
y, SSV DNA polymerase, HSV-induced DNA 
polymerase and RNA polymerase II. Compounds 
I-VII, XV-XVIII, XX-XXIII, XXVITI-XXX and 
XXXII did not appreciably inhibit any of these 
enzymes. Compounds VIII, IX, XII, XIX, XXIV- 
XXVII and XXXI non-selectively inhibited all of 
these enzymes (e.g. Fig. 1D). The inhibitory actions 
of compounds X and XI could not be assessed 
because these compounds, unlike all the others, pre- 
cipitated nucleoside 5'-triphosphates from solution 
(data not shown). Three streptolydigin analogs 
(XIII, XIV and tirandamycin), like streptolydigin, 
selectively inhibited terminal transferase (Fig. 1) 
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Fig. 1. Inhibition of nucleotide polymerases by streptolydigin analogs. Standard assay mixtures with 
and without streptolydigin analogs were incubated with either 0.01, 0.16, 0.16, 0.02, 0.03, 0.004 or 0.03 
unit of terminal transferase (TdT), DNA polymerases a, B or y, SSV DNA polymerase, HSV-induced 
DNA polymerase, or RNA polymerase II (RP), respectively. Controls without streptolydigin analogs 
incorporated 46, 80, 82, 10, 14, 2 or 14 pmoles of radioactively labeled nucleoside monophosphate for 
each enzyme, respectively. Structures of compounds are given in Table 1. Concentrations of tirandamycin 
greater than 0.46mM could not be used because of solubility problems. Cellular DNA polymerases 
were obtained from leukemic lymphoblasts but quantitatively identical results were obtained with 
enzymes from phytohemagglutinin-stimulated normal human lymphocytes and Molt-4 cells. 


[10]. Tirandamycin (Iso = 0.34 mM) was a weaker 
inhibitor of terminal transferase than streptolydigin 
(Iso = 0.15 mM), whereas compounds XIII (Isp = 
0.07mM) and XIV (Is) =0.04mM) were more 
potent inhibitors. Compound XIII and XIV were 
the only analogs tested that have 1-acetyl substi- 
tuents. The concentrations (0.65—0.75 mM) of com- 
pounds XIII and XIV that inhibited terminal trans- 
ferase by 95 per cent inhibited the other enzymes by 
less than 25 per cent. 

To determine if the mode of inhibition of terminal 
transferase by compounds XIII and XIV was similar 
to that previously reported for streptolydigin [10], 
experiments involving variation of assay mixture 
components were conducted. For additional com- 
parison, a non-selective inhibitor of terminal trans- 
ferase, compound XXXI, was included in these 
experiments. Inhibition of terminal transferase by 
compounds XIII and XIV was not substantially 
affected by the concentration or type of initiator, by 
the type of substrate, or by the concentration of 
bovine serum albumin or Mn’* used in the assay 


mixtures (Table 2). However, inhibition was depen- 
dent upon enzyme concentration. In contrast, inhi- 
bition of terminal transferase by compound XXXI 
was dependent upon the type and concentration of 
initiator and the concentration of bovine serum 
albumin or enzyme used in assay mixtures, but 
independent of the type of substrate or concentration 
of Mn?*. The effect of variation of substrate (dGTP) 
concentration on the inhibition of terminal transfer- 
ase by compounds XIII, XIV and XXXI is shown 
by double reciprocal plots (Fig. 2). Each compound 
was non-competitive inhibitor, implying that inhi- 
bition was independent of substrate concentration. 
Apparent inhibition constants for compounds XIII, 
XIV and XXXI were determined to be 0.13, 0.12 
and 0.008 mM, respectively, which are lower than 
that reported for streptolydigin (0.32 mM) [10]. 
Preincubation of compounds XIII, XIV or XXXI 
with either terminal transferase, (dA);2 13, or dGTP 
(5 min, 37°), followed by addition of the remaining 
constituents of the assay mixtures and standard assay 
conditions, resulted in amounts of inhibition similar 
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Table 2. Effect of variations of assay mixture components on inhibition of terminal transferase by 
streptolydigin analogs* 





Enzyme activity (% of controls) 





Substitution 
to standard assay 
mixture 


absent 


Inhibitor 


(controls) 


Inhibitor present 





XXXI 
(0.005 mM) 


XIII 
(0.08 mM) 


XIV 
(0.05 mM) 





100 (43) 
100 (40) 
100 (39) 
100 (23) 
100 (10) 
100 (96) 


None 

27 ug (dA))2-18 

54 ug (dA))2-18 

2.4 ug (dG);> 18 
7.2 ug (dT))2-18 

30 ug Activated DNA 


100 (8) 
100 (45) 
100 (16) 
100 (35) 


0.01 umole [7H]dATP 
0.01 umole [*H]dCTP 
0.01 umole [’H]dTTP 
1.0 umole Mn? 
100 ug Bovine 

serum albumin 100 (47) 
None 100 (79) 
8.8 Enzyme units 


100 (4774) 


53 


83 90 





* Standard assay mixtures (0.2 ml final volume) for terminal transferase contained: 10 umoles Tris— 
HCI (pH 7.5), 0.1 umole MnCl,, 20 umoles KCI, 0.6 umole dithiothreitol, 8 ug bovine serum albumin, 
0.01 umole [°H]dGTP (115 c.p.m./pmole), 2.4 ug (dA))2-1s, and either 0.01 unit of enzyme from leukemic 
lymphoblasts (experiment 1) or 0.16 unit of enzyme from calf thymus (experiment 2). Substitutions 
of the concentration or type of initiator, substrate, divalent cation, bovine serum albumin or enzyme 
were made as indicated. When substituted for [‘H]dGTP, the specific activities of H]dATP, [*H]dCTP 
and [*H]dTTP were 365, 141 and 306c.p.m./pmole, respectively. Values in parentheses under the 
inhibitor absent column signify the pmoles of tritium-labeled nucleoside monophosphate incorporated 


into DNA by controls. 


to controls in which inhibitor alone was preincubated 
(data not shown). 

The degree of inhibition of terminal transferase 
by compound XIV was independent of time (Fig. 3). 
This is a classical characteristic of reversible inhibi- 
tors [29]. When added at zero time or 10 min after 
the start of an uninhibited reaction, compound XIV 
inhibited terminal transferase immediately, suggest- 
ing that this compound prevents both the initiation 
of DNA synthesis and the elongation of DNA chains. 
Similar results were obtained for compounds XIII 
and XXXI (data not shown). The reversibility of 
inhibition of terminal transferase by compounds 
XIII, XIV and XXXII was also demonstrated by 
dilution experiments (data not shown) which were 
conducted as described previously for streptolydigin 
[10]. 


DISCUSSION 


Only three (compounds XIII, XIV and tiranda- 
mycin) of thirty-one streptolydigin analogs tested 
resembled the parent compound in selectively 
inhibiting terminal transferase in comparison with 
other nucleotide polymerases. These selective inhibi- 
tors are 3-acyltetramic acids with different 1-, 3- and 
5-substituents (Table 1). 


Tirandamycin lacks the 1- and 5-substituents of 
streptolydigin but differs only slightly in the 3-sub- 
stituent. The similarity of its behaviour to that of 
streptolydigin suggests that the 1- and 5-substituents 
are not required for inhibition of terminal transfer- 
ase. However, the more potent inhibition of terminal 
transferase by streptolydigin suggests that the 1- and 
5-substituents of streptolydigin improve its activity. 
Four analogs (XXIV—XXVII), which contain 3-dien- 
oyl groups similar to tirandamycin, also inhibited 
terminal transferase, but not selectively. Thus, 
inhibition of terminal transferase appears to be a 
characteristic of 3-dienoyl substituents, On the other 
hand, related 3-carbaikoxy (I-V) and 3-acetyl (XV- 
XVIII, XXI, XXII) analogs were inactive. 

The other sizable group of potent terminal trans- 
ferase inhibitors consists of tetramic acids with 5- 
benzylidene substituents (VIII, IX, XII-XIV). Com- 
pounds VIIi, [X and XII did not selectively inhibit 
terminal trensferase, but compounds XIII and XIV 
not only selectively terminal transferase, but were 
more inhibitory than streptolydigin. Compound XIII 
differs from compound XIV by the presence of a p- 
chloro substituent on the benzylidene group, but this 
difference had little if any effect on the selectivity, 
degree or mode of inhibition of terminal transferase 
by these two compounds. Comparison of the struc- 
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Fig. 2. Inhibition of terminal transferase by streptolydigin 
analogs at various concentrations of substrate. Terminal 
transferase (0.36 unit) from leukemic lymphoblasts was 
assayed in reaction mixtures containing: (A) the indicated 
concentrations of compound XIII and dGTP, (B) the 
indicated concentrations of compound XIV and dGTP, or 
(C) the indicated concentrations of compound XXXI and 
dGTP. Other components of reaction mixtures and incu- 
bation conditions are specified in Materials and Methods. 
Data were plotted according to Lineweaver and Burk [27]. 





tures of compounds XIII and XIV with compounds 
VIII, IX and XII, which are non-selective inhibitors 
of nucleotide polymerases, reveals that while the 5- 
substituent of these compounds is virtually the same, 
their 1- and 3-substituents differ (Table 1). Thus, it 
appears that the 1- and/or 3-acetyl groups of XIII 
and XIV may be essential for selective inhibition of 
terminal transferase. Moreover, the l-acetyl group 
alone may be the primary determinant of selective 


dGMP incorporated (p moles) 








10 15 
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Fig. 3. Time course of inhibition of terminal transferase 
by compound XIV. Terminal transferase (0.10 unit) 
from leukemic lymphoblasts was assayed using standard 
reaction mixtures with or without compound XIV. Key: 
(O——©) enzyme activity without compound XIV; 
(A A) enzyme activity with compound XIV (0.05 mM) 
added at zero time; (A A) enzyme activity with com- 
pound XIV (0.74 mM) added 10 min after the start of an 
uninhibited reaction; and (@——®), enzyme activity with 
compound XIV (0.74 mM) added at zero time. 


inhibition, because many compounds (XV-XXII) 
which are non-inhibitory or non-selective inhibi- 
tors have a 3-acetyl group (Table 1). The only other 
two analogs which inhibited any of the polymerases 
were compounds XIX (with a 5-dialkysulfoxide sub- 
stituent) and XXX] (with a 4-dienoyloxy substituent) 
and they were non-selective for terminal transferase. 
In summary, either a 3-dienoyl or a 5-benzylidene 
group appears to be sufficient for inhibition of one 
or more polymerases, but selective inhibition of ter- 
minal transferase depends on additional factors. 
Four lines of evidence indicate that compounds 
XIII and XIV inhibited terminal transferase by bind- 
ing reversibly and specifically to the enzyme and not 
to the initiator, substrate or divalent cation. First, 
the degree of inhibition was independent of time and 
reversed by dilution. Second, inhibition was reduced 
by adding extra amounts of a homogenous enzyme 
preparation to assay mixtures but not by adding a 
foreign protein (bovine serum albumin). Third, 
inhibition was independent of the type or concen- 
tration of initiator or substrate. Fourth, inhibition 
was not affected by excess Mn**. The third of these 
also implies that compounds XIII and XIV bind to 
terminal transferase at a site(s) other than the initi- 
ator or substrate binding sites. This mode of inhi- 
bition of terminal transferase by compounds XIII 
and XIV is the same as that previously reported for 
streptolydigin [10]. In contrast to streptolydigin and 
compounds XIII and XIV, inhibition of terminal 
transferase by a non-selective inhibitor (compound 
XXXI) was dependent upon the type and concen- 
tration of initiator and the concentration of bovine 
serum albumin used in assay mixtures. This indicates 
that compound XXXI non-specifically binds to pro- 
teins and even to nucleic acids. Thus, the mode of 
inhibition of streptolydigin and its analogs that are 
selective inhibitors of terminal transferase differs 
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from that of a streptolydigin analog which non-selec- 
tively inhibited terminal transferase. 

The discovery of selective inhibitors of terminal 
transferase provides valuable agents for the char- 
acterization of this enzyme. Furthermore, these 
inhibitors may have potential in the treatment of 
leukemias which have abnormal terminal transferase 
activity. 
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Abstract—Specific dopamine binding sites from calf striatum were solubilized using potassium chloride. 
The solubilized salt extract was found to have the same properties as the native membrane preparation, 
including binding affinity and stereoselectivity. The binding site required the presence of potassium 
chloride for solubilization, but not for the maintenance of binding. Multiple binding sites were detected 
in the potassium chloride extract. Hill coefficients for selected agonists and antagonists using three 
different ligands which interact with the dopamine receptor, [*H]spiroperidol, [°H]-2-amino-6,7-dihy- 
droxy 1,2,3,4-tetrahydronapthalene (ADTN) and (°H]-N-propylnorapomorphine, revealed the presence 
of more than one population of agonist binding sites. In addition, gel filtration chromatography on 
Sephacryl S-200 demonstrated three peaks of stereospecific [*H]spiroperidol binding. Similar results 
were obtained following gel filtration chromatography of the potassium chloride extract on Sephadex 
G- 100. The predominant specific site which was labeled by [*H]apomorphine, [‘H]ADTN and 
(*H]spiroperidol on this column had a calculated molecular weight of about 50,000, as calibrated for 
globular proteins. These data confirm the existence of multiple binding sites for the dopamine receptor 


in the central nervous system. 


Recently, the multiplicity and heterogeneity of the 
dopamine receptor have been reported by several 
investigators using in vitro binding assays. Multiple 
binding sites for the dopamine receptor have been 
identified using radiolabeled ligands such as apo- 
morphine [1], 2-amino-6,7-dihydroxy 1,2,3,4-tetra- 
hydronapthalene (ADTN) [2, 3], haloperidol [4, 5] 
and spiroperidol [6, 7]. Kinetic analysis of the bind- 
ing sites using these ligands revealed biphasic satu- 
ration curves and non-linear Scatchard plots. These 
data, which demonstrate multiple binding sites for 
a given ligand [5, 8], lend support to a variety of in 
vivo evidence suggesting the existence of multiple 
dopamine receptors [9-12]. 

The ability to obtain specific [*H]spiroperidol bind- 
ing sites from rat and calf striatum in a soluble form 
[13, 14] has made it possible to isolate and study 
these multiple receptor sites, using established chro- 
matographic techniques. The data which appear here 
present the results of such studies on the solubili- 
zation and isolation of multiple binding sites for the 
dopamine receptor. 


EXPERIMENTAL PROCEDURE 


Materials. Frozen bovine brains were obtained 
from Pel-Freeze and stored at —20° until use. 
(?H]Spiroperidol (26.4Ci/mmole), [*H-N-propyl- 
norapomorphine (80Ci/mmole) and [*H]JADTN 
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(18 Ci/mmole) were purchased from New England 
Nuclear (Boston, MA). Unlabeled haloperidol was 
obtained from Janssen Pharmaceuticals (Beerse, 
Belgium). (+)- and (—)-Butaclamol were gifts from 
Ayerst Laboratories (Toronto, Ontario, Canada), 
and Norit SGX was purchased from the Sigma Chem- 
ical Co. (St. Louis, MO). All other drugs and chem- 
icals were obtained from their respective commercial 
sources in the highest purity available. 

Subcellular fractionation. Calf caudate nuclei were 
dissected, frozen and stored overnight at —20°. All 
subsequent fractionation procedures were conducted 
at 0-4°. The tissue was homogenized in 10 vol. of 
0.32 M sucrose-2mM Tris (hydroxymethylamino- 
methane maleate, pH 7.4). The crude synaptosomal 
fraction (P,) and the microsomal (P;) fractions were 
obtained as follows. The homogenate was centri- 
fuged at 900 g for 10 min, yielding a pellet (P,) and 
a supernatant fraction (S,). The S; was further cen- 
trifuged at 11,500 g for 20 min to yield a crude syn- 
aptosomal pellet (P,) and a supernatant fraction (S,). 
The P, was suspended in half the original volume of 
the homogenizing buffer and recentrifuged for 20 min 
to yield a washed pellet (P,’) and supernatant frac- 
tion (S,'). S, and S,’ were combined and centrifuged 
at 100,000 g for 75 min to yield a microsomal pellet 
(P;) and the cytosolic fraction (S;). 

Solubilization. The P; microsomal pellet was 
resuspended in chilled 0.25M sucrose, 15mM 
Na,HPO, (pH 7.2) at a volume equivalent to 20 per 
cent of that originally used for homogenization. KCl 
(50%, w/w) was added to the P; suspension and was 
immediately homogenized. Unless indicated other- 
wise, the salt-treated homogenate was allowed to 
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stand on ice for 15 min and was then centrifuged at 
20,000 g to remove the excess undissolved salt. The 
supernatant fraction from the 20,000 g spin was then 
centrifuged at 100,000 g for 60 min. The resultant 
supernatant fraction was taken as the soluble extract. 

Binding assay. The standard assay constituents for 
binding studies (final volume, 1.0 ml) contained 
15 mM Tris-HCl (pH 7.4), 5 mM Na,EDTA, 1.1 mM 
ascorbate, *H-ligand, 800 pl of the solubilized tissue 
preparation (400 wg protein, plus test substance as 
indicated. The reaction was routinely initiated by 
the addition of the soluble extract and was incubated 
for 16hr at 0°. Similar results were obtained with 
incubation for 10 min at 37°. The binding reaction 
was terminated as described previously [14]. The 
method essentially involves the addition of 100 ul of 
a Norit SGX slurry to bind free ligand. The Norit 
SGX slurry contained 50 mM Tris—HCl, 8 mM theo- 
phylline, 6mM £-mercaptoethanol containing 2% 
BSA, and 10% Norit SGX. The tubes were allowed 
to stand on ice in the presence of the slurry for 5 min 
and were then centrifuged for 4 min in a Brinkmann 
microfuge. Aliquots of the supernatant fraction 
(400-600 yl) were withdrawn and added to scintil- 
lation vials containing 7ml of Biofluor (NEN). 
Radioactivity was measured in a Searle Mark III 
liquid scintillation spectrometer. 

Gel filtration chromatography. Gel filtration of the 
soluble extract was performed on 2.4 x 50cm col- 
umns of Sephacryl S-200 and on Sephadex G-100, 
equilibrated with 15 mM sodium phosphate contain- 
ing 0.25 M sucrose (pH 7.0). The column jacket and 
effluent were maintained at 4° throughout the pro- 
cedure. A 2-ml aliquot of the soluble extract (2 mg 
protein) was applied to the column via an automatic 
sample injector and was eluted at a constant pressure 
flow rate of 2.5 ml/min. Five-ml fractions were col- 
lected, utilizing an automatic refrigerated fraction 
collector (Buchler Instruments). An_ ultraviolet 
detector set at 280nm was used to monitor the 
effluent peaks. Both columns were calibrated with 
Aldolase (158,000), BSA monomer (66,000), oval- 
bumin (48,000), chymotrypsinogen A (25,000), and 
ribonuclease A, (13,500), for molecular weight 
estimations. 

Gel electrophoresis. The SDS system was essen- 
tially that described by Laemmli [15], with gel 
dimensions of 11 x 16 x 4cm and staining for pro- 
tein in 0.25% coomassie blue—10% acetic acid for 
1 hr, followed by destaining overnight in 7.5% acetic 
acid. 

Protein determination. Protein concentrations 
were determined by the method of Lowry et al. [16] 
or Bradford [17]. 


RESULTS 


[°H]Spiroperidol binding sites from calf striatum 
were solubilized using salt extraction with KCI. The 
results in Table 1 show the effect of various solu- 
bilizing agents on the extraction of a macromolecular 
component from the striatum which exhibits specific 
[*H]spiroperidol binding. Detergents such as Triton 
and Lubrol WX did not produce a significant increase 
in specific binding activity, as defined by displace- 
ment in the presence of 10°’ M (+)-butaclamol. The 
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Table 1. Effect of various solubilizing agents on 


(°H]spiroperidol binding* 





Specific [*H]spiroperidol 
binding 
(fmoles/mg protein) 


Test substance 





KCl 
Deoxycholate 
Octyl-8-D-glucopyranoside 
Brij-35 
Brij-W-1 
Triton X-100 
Triton X-207 
Triton X-305 
Triton X-405 
Triton X-15 
Triton CF-21 
Triton B-1956 
Triton QS-15 
Lubrol WX 
Lubrol DX 
NP 40 
Digitonin 





* The data are taken from a representative experiment 
testing the effects of various solubilizing agents on a micro- 
somal pellet of the calf striatum. All agents were suspended 
in 15 mM K,HPOsg, pH 7.4, at the indicated concentrations. 
The error range for the values shown is approximately 10 
per cent from samples assayed in triplicate. The concen- 
tration of all detergents used was 0.1% except for digitonin 
which was 0.2%. The concentration of KCI was 400% 
(w/w). The concentration of [*H]spiroperidol was 0.2 nM. 


largest number of binding sites was observed when 
KCI was used as the solubilizing agent. The recovery 
of the soluble receptor, compared to the membrane 
bound site, averaged between 20 and 30 per cent. 
Specific [*H]spiroperidol binding in the KCl-treated 
extract represented a 2-fold increase in binding over 
that observed in the crude striatal homogenate. Con- 
centrations of detergent greater than 1%, up to 10%, 
did not alter the number of specific [*H]spiroperidol 
binding sites (data not shown) from that reported 
in Table 1. These data do not rule out the possibility 
that variations in the concentration of detergent as 
well as other biochemical variables such as pH, ionic 
strength and stabilizing agents, may yield a prep- 
aration exhibiting specific binding activity. In addi- 
tion, the use of frozen tissue, which seems to be 
required for KCI extraction, is probably not optimal 
for detergent extraction, since most procedures using 
detergents utilize fresh tissue. 

The displacement of [*H]spiroperidol binding to 
the sites in the KCI-P, extract by various neuroleptic 
drugs is shown in Table 2. The concentration of 
(+)-butaclamol which displaced 50 per cent of the 
total counts (5 x 10°’ M) was equal to that of the 
particulate site. Other neuroleptic drugs and agonists 
of dopamine had ICs) values for [*H]spiroperidol 
binding in the soluble fraction that were equivalent 
to those observed in the particulate fraction. 
Removal of the KCI present in the extract by over- 
night dialysis neither altered the binding activity for 
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Table 2. Displacement of specific [*H]spiroperidol binding 
sites from calf caudate microsomes solubilized with potas- 
sium chloride* 





ICso 


Drug (nM) 





Chlorpromazine 
Fluphenazine 
Promazine 
a-Fluphenthixol 
(+)-Butaclamol 
Dopamine 
Apomorphine 


2000 
280 





* The ICsg values shown are the concentrations of test 
substances required to inhibit the binding of 0.2nM 
(?H]spiroperidol in a calf striatal microsomal preparation 
(P3, which has been treated with KCI as described in the 
Experimental Procedure); (—)-butaclamol, serotonin, and 
norepinephrine were inactive in this preparation, with an 
ICsg value > 10,000 nM. Each result represents the average 
of four experiments. 


(?H]spiroperidol (Table 3) nor changed the binding 
affinity for displacement by various neuroleptic drugs 
(data not shown). 

The soluble state of the [*H]spiroperidol binding 
sites that were released by treatment with KCI was 
verified by subjecting the extract to a number of 
experimental manipulations, including ultracentri- 
fugation, protein precipitation, dialysis, gel filtra- 
tion, millipore filtration and electron microscopy. 
When the KCI extract was ultracentrifuged at 
100,000 g for 4hr, no sedimented material was 
detected and, after passage of the supernatant frac- 
tion through a 0.45 or 0.22 um millipore filter, no 
decrease in binding activity was observed. Extensive 
dialysis of the KCI extract or filtration through 
BioGel P,, followed by centrifugation at 100,000 g 
for 2 hr, did not alter binding activity. In addition, 
electron microscopy indicated a total absence of any 
recognizable membrane vesicles or fragments in the 
solubilized preparation. This solubilization pro- 
cedure was also specific for a dopaminergic brain 


2011 


region. When the cerebellum was used as the tissue 
source for treatment with KCl, specific [*H]spiro- 
peridol binding was not detected in the 100,000 g 
supernatant fraction. 

The soluble [*H]spiroperidol binding site was 
found to be relatively thermostabile. Preincubation 
of the solubilized P; extract at 60° for various time 
periods in the presence of either Na,HPO, or 
K,HPO, for 10 min at 60° reduced the total binding 
capacity. However, 251..M Na,HPO, at pH 7.4 was 
more effective in protecting the soluble binding site 
from the long-term exposure to 60°. When K,HPO, 
was substituted for Na,HPO, at equal molar con- 
centrations, protection against thermal denaturation 
was not observed. The presence of ascorbate (0.1%), 
sucrose (0.25%), albumin (1%), dithiothreitol 
(5mM) or mercaptoethanol (1%), alone, did not 
protect the solubilized binding site against 5-min 
thermal denaturation at 60°. The presence of 10% 
glycerol or 5mM EDTA did offer some protection 
against thermal denaturation, but the amount of 
specific binding observed with either of these agents 
alone was 50 per cent of that observed with 25 mM 
Na HPO, after a 5-min exposure to 60° (Fig. 1). 

The nature of the specific binding of such dopa- 
mine agonists and antagonists was assessed by analy- 
sis of their competitive behaviors with *H-antagonists 
and *H-agonists. Theoretically, if the ligand has a 
relatively low binding constant and a sufficiently high 
specific activity, so that only a small fraction of 
receptors are occupied, the depression of specific 
binding can be viewed as a direct measure of receptor 
site occupancy. The ligand selected for this purpose 
was [°H|-N-propylnorapomorphine ([*H]NPNA), 
with a specific activity of 80 Ci/mmole. Receptor 
occupancy of less than 10 per cent can be obtained 
with 10°-'’-10-?M PH|JNPNA. As shown in Fig. 2, 
the displacement in the P;-KCI extract of [H]NPNA 
binding by apomorphine did not follow the simple 
mass action law. The experimental curve is flatter 
than the theoretical curve for a single binding site, 
suggesting the presence of multiple binding sites. 

Additional support for multiple binding sites for 
[7H]NPNA can be derived from the analysis of the 


Table 3. [*H]spiroperidol binding in the presence and absence of KCI* 





Condition Addition 


Binding 
activity 
(fmoles/10 mg 
protein) 


% Specifically 
bound 





KCI extract None 


(+)-Butaclamol (10~’ M) 33 71 
(—)-Butaclamol (10° ‘ M) 


Dialyzed KCI extract None 


(+)-Butaclamol (10~’ M) ‘ 68 
(—)-Butaclamol (107 M) 


KCI extract/Biogel P, None 


(+)-Butaclamol (10° . M) 25 67 


(—)-Butaclamol (107’ M) 





* The data represent the mean from three separate experiments with each point assayed in 
triplicate; the S.E.M. was less than 15 per cent. The procedure for the assay of binding activity 
is described in the text. Dialysis was carried out overnight at 4° and the dialysate was centrifuged 
at 100,000 g for 2 hr before assaying for binding activity. 
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Fig. 1. Heat denaturation of [°H]spiroperidol binding sites. Specific ["H]spiroperidol binding was defined 

as the difference between total binding and that determined in the presence of 10°’ M (+)-butaclamol 

using one of the following buffers, all at pH 7.4: 100 mM K,HPO, (&). 50mM K,HPO, (@), 25 mM 

Na,HPO, (QO), and .50mM Na,HPO, (&). The potasium chloride extract in each buffer system was 

exposed to 60° for 5min or 20 min prior to assay for binding activity. The level of specific binding 

shown is calculated on the basis of binding observed in each buffer system without any preincubation. 
The data represent the aveiage of three separate experiments. 


% INHIBITION 








10 10° 10” 
APOMORPHINE CM] 


9 


Fig. 2. Competitive binding of sites labeled with [/H]NPNA by apomorphine. Occupancy concentration 
curve for apomorphine derived by inhibition of the specific binding of [SHJNPNA. The closed circles 
(@—®) represent a theoretical profile for the simplest type of receptor binding, only one binding site. 
In this system, the ligand-receptor complex behaves as a homogenous system obeying mass action law 
where Brngx equals that of the actual data generated. The open circles (O—©) represent the displacement 


of 3nM ["H]NPNA by the indicated concentrations of apomorphine, using the salt-treated extract of 

the striatal microsomes. The extract was prepared and the binding assay was performed as described 

in the Experimental Procedure. The data represent the mean from three separate experiments; the 
S.E.M. was less than 10 per cent. 
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Fig. 3. Saturation curve for [7H]NPNA binding to the salt extract of striatal microsomes. Non-specific 

binding was determined in the presence of 10~°M apomorphine. Each concentration of ligand was 

assayed in triplicate. The data represent the mean from three experiments; the S.E.M. was less than 
10 per cent. The inset is the Scatchard plot of the saturation curve. 


Table 4. Calculated Hill coefficients for selected agonists and antagonists of the dopamine 
receptor 





Test substance (°H]Spiroperidol (H]JADTN H]NPNA 





Apomorphine . 0.60 1.08 
ADTN ; 0.90 0.21 
Epinine : 0.87 0.30 
Dopamine , 0.72 0.25 
(+)-Butaclamol , 0.30 0.16 
(—)-Butaclamol : 0.60 0.50 
Spiroperidol ‘ 0.45 0.38 
(+)-Sulpiride : 0.17 0.60 
(—)-Sulpiride j 0.80 0.88 
(a)-Fluphenthixol : 2.00 1.60 
(B)-Fluphenthixol d 2.20 2.00 
Chlorpromazine ‘ 0.50 0.60 
Fluphenazine , 2.00 
Domperidone : 1.12 
Clozapine : 0.70 





* Hill plots were generated from the results of displacement experiments, in which 

a fixed concentration of radiolabeled ligand was incubated with increasing concentrations 
of unlabeled ligands. Seven different concentrations of each unlabeled ligand were used 
to generate a displacement curve. The specific radioligand binding (total minus blank) 
occurring in the absence of any displacing agent was taken as the B,,,,. Binding occurring 
in the presence of displacing agents was expressed as a percentage of By. The data 
were plotted as 

l Jo B nax 

°F 100% — %B max 
vs log (displacer), to yield a Hill plot. The Hill coefficient which appears in the table 
represents the slope of such a line. The S.E.M. for all members replotted was 10 per 
cent or less. The blanks used for [*H]spiroperidol, (7HJADTN and [*H]NPNA were 
(+)-butaclamol, ADTN and apomorphine, respectively, at concentrations of 10-° M. 
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saturation curve for specific binding, as shown in 
Fig. 3. Scatchard analysis of the data reveals the 
presence of at least two binding sites, a high affinity 
site with a K, of 0.01 nM and a low affinity site with 
a K, of 20 nM. 

The use of Hill plots is another means of detecting 
deviations from mass action. As seen in Table 4, the 
slopes for the competitive displacement of 
[‘H]NPNA by selected agonists are less than one. 
Similar results were obtained with agonist displace- 
ment of the antagonist ligand, [*H]spiroperidol. The 
values are close to unity for antagonist displacement 
of [*H]spiroperidol which suggests that these agents 
were displacing the labeled compound from only one 
site. The Hill coefficients for the displacements by 
agonists of sites labeled with [SH]JADTN are about 
one and are less than one for all the antagonists 
except for flupenthixol. The calculated value for 
flupenthixol is greater than one for both [*H]ADTN 
and [‘H]NPNA competitive binding. One explana- 
tion for such flat Hill plots is that there may be some 
heterogeneity in the population of agonist binding 
sites. 

Following gel filtration chromatography of the 
KCI-P; extract on Sephacryl S-200, three zones of 


a 
UV Absorbance 
0.16 OD 
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specific [*H]spiroperidol binding were observed, as 
determined by stereoselective ligand displacement 
using (+)- and (—)-butaclamol (Fig. 4B). The eluted 
fractions possessing specific spiroperidol binding 
activity had molecular weights of approximately 
96,000 and 50,000 (zone I), 25,000 (zone IT) and 
13,000 (zone III), as calibrated for globular proteins 
(Fig. 4D). The rank order of potency for displace- 
ment of specific [*H]spiroperidol binding for the zone 
I protein was (+)-butaclamol > promazine > apo- 
morphine > dopamine >>norepinephrine >> ser- 
otonin, and the respective ICs) values for each com- 
pound were similar to those reported in Table 2. A 
less extensive series of experiments using a fixed 
concentration of antagonist (10~°M) showed that 
the rank order of antagonist potency for zones II 
and III was (+)-butaclamol = fluphenazine = a-flu- 
penthixol > promazine >> (—)-butaclamol. Multi- 
ple binding peaks for [*H]apomorphine were also 
observed on the eluates chromatographed from the 
Sephacryl S-200 column (data not shown). 
Chromatography of the dialyzed P;-KCI extract 
on Sephadex G-100 revealed multiple peaks of spe- 
cific binding for  [*H]spiroperidol § and 
[*H]apomorphine (Fig. 5). The multiple peaks shown 
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Fig. 4. Specific [*H]spiroperidol binding. (A) Ultraviolet absorbance of the Sephacryl $-200 column 
effluent at a flow rate of 2.5 ml/min. The u.v. sensitivity was 0.160 AuFs. The chart speed was 6 inches/hr 
and the recorder setting was 5 mV. (B) Binding of 0.2 nM [*H]spiroperidol detected in the presence of 
10~’ M butaclamol. The column was run at 4° using 15 mM K,HPO, (pH 7.4) containing 0.25 M sucrose 
as the mobile phase. The column length was 50cm and the diameter was 2.6 cm (i.d.). Five-milliliter 
fractions were collected following the collection of 73 ml. A total of fifty-two 5-ml fractions were 
collected. The data for protein kinase are expressed as a percentage of maximum activity where 100 
is equivalent to | unit/mg protein. (C) The SDS-PAGE of the soluble extract. The gel was run as 
described in the Experimental Procedure and represents a 10-15% gradient SDS gel. Molecular weight 
markers for the gel are indicated. (D) Molecular weight calibration of the Sephacryl S-200 column 
using standard molecular weight markers. 
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Fig. 5. Specific binding of [*H]spiroperidol and [*H]apomorphine. A microsomal KC\I-treated extract, 
prepared as described in the Experimental Procedure was applied to a Sephadex G-100 column: 2-6 cm, 
bed length 38.7 cm. The void volume of the column was 80 ml, the bed volume was 265 ml, and the flow 
rate was 6 ml/hr. The column was equilibrated with 15 mM K,HPQO, and twenty-seven 4-ml fractions 
were collected using this buffer for elution. A solution of 1 M KCl, 15 mM K,HPO, (pH 7.2) was then 
added to the column, and eight additional 4-ml fractions were collected. The eluates were assayed for 
(’H]apomorphine binding (3 nM) and [*H]spiroperidol binding (2 nM). Apomorphine 10~° M was used 
to define specific binding for [*H]apomorphine and (+)-butaclamol (10°°M) was used for 
(°H]spiroperidol. The data shown represent the specific binding of both of these ligands from a 
representative column run repeated three times. The molecular weight equilibration of this column 
using known molecular weight standards is shown on the right. 
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Fig. 6. Specific binding of [*H]ADTN and [7H]NPNA. A microsomal KCl-treated extract, prepared as 

described in the Experimental Procedure, was applied to a Sephadex G-100 column as described in the 

legend to Fig. 5. Fractions of 6 ml each were collected and assayed for specific binding, using [“H]NPNA 

(0.3 nM) and [7HJADTN (1 nM). Apomorphine (10° M) and ADTN (10~° M) respectively, were used 

to define the non-specific binding. The data shown represent specific binding from a representative 
column run repeated three times. 
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for [*H]spiroperidol, a-f, were reproducibly 
observed. It is noteworthy that three of the column 
eluates showed exclusively antagonist binding. The 
profile for [‘H]apomorphine was similar to that 
obtained with [PH]NPNA (Fig. 6). Three major 
peaks of binding sites which recognized both ligands 
are shown. There are some minor peaks for which 
only one ligand preferentially labeled a site. The 
largest peak of specific [*H]apomorphine binding 
had a calculated molecular weight of approximately 
50,000, which corresponds to peak Ib from the 
Sephacryl S-200 column. Also shown in Fig. 6 is the 
elution profile for specific binding sites labeled with 
(SH]ADTN. The calculated molecular weight of the 
major peak labeled by [*HJADTN is about 50,000. 


DISCUSSION 


The biophysical and molecular characteristics of 
a receptor can be studied by measuring a variety of 
bicchemical variables. Two such variables which 
have been successfully measured in an effort to char- 
acterize the dopamine receptor in the past include 
dopamine-sensitive adenylate cyclase activity and 
radioligand binding. However, because the receptor 
is membrane-bound, such measurements do not 
identify all of the components associated with the 
receptor site. For this purpose, a soluble macro- 
molecule that specifically binds ligands that recognize 
the dopamine receptor would be more appropriate. 

Attempts to solubilize and purify membrane pro- 
teins in aqueous buffers have successfully employed 
detergents, salts, chelating agents and organic sol- 
vents. Some receptor proteins are solubilized by 
more than one procedure. For example, the acetyl- 
choline receptor can be extracted from membranes 
with either sodium chloride or detergents [18]. The 
data presented here demonstrate that potassium 
chloride can be used to extract a soluble dopamine 
receptor from partially purified membranes of the 
calf striatum. This receptor was found to-be relatively 
thermostabile and to exhibit binding affinities for 
selected compounds similar to those reported for 
native membrane sites. 

The results also demonstrate that multiple binding 
sites exist in the potassium chloride microsomal 
extract of the caudate nucleus. The saturation curve 
for the binding of the agonist [SH]NPNA demon- 
strates at least two binding sites for this ligand. These 
results are corroborated by the finding that the Hill 
coefficients calculated for selected dopaminergic 
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agonists in competitive binding experiments were 
less than one. Interestingly, the chromatographic 
analysis of these agonist binding sites on Sephadex 
G-100 indicates at least three specific binding sites 
for this ligand. Preliminary studies show that the 
rank order of potency for selected agonists and 
antagonists for each site is similar to that for the 
membrane-bound dopamine receptor. A more 
detailed study is in progress to evaluate each peak 
for the presence of high affinity and low affinity 
binding. 

In summary, the finding of multiple agonist bind- 
ing sites in a soluble extract of the caudate nucleus 
is consistent with the hypothesis that the dopamine 
receptor exists as a subpopulation of sites. The iden- 
tification of a functional role for each binding site 
remains to be established. 


REFERENCES 


. M. Titeler, P. Weinreich, D. Sinclair and P. Seeman, 
Proc. natn. Acad. Sci. U.S.A. 75, 1153 (1978). 

. Y. C. Clement-Cormier and M. S. Abel, Res. Commun. 
Chem. Path. Pharmac. 22, 15 (1978). 

. I. Creese and S. Snyder, Eur. J. Pharmac. 50, 459 
(1978). 

. I, Creese, R. Schneider and S. Snyder, Eur. J. Phar- 
mac. 46, 377 (1977). 

. Y. C. Clement-Cormier and R. George, Life Sci. 23, 
539 (1978). 

. J. Z. Fields, T. Reisine and H. I. Yamamura, Brain 
Res. 136, 587 (1977). 

. J. E. Leysen, W. Gommeren and P. M. Laduron, 
Biochem. Pharmac. 27, 307 (1978). 

. Y. C. Clement-Cormier and R. George, J. Neurochem. 
32, 1061 (1978). 

. J. W. Kebabian and D. B. Calne, Nature, Lond. 277, 
93 (1979). 

. A. R. Cools, H. A. J. Struyker Boudier and J. M. Van 
Rossum, Eur. J. Pharmac. 37, 283 (1976). 

. J. R. Walters and R. H. Roth, Naunyn-Schmiedeberg’s 
Archs Pharmac. 296, 5 (1976). 

. B. S. Bunney, G. K. Aghajanian and R. H. Roth, 
Nature New Biol. 245, 123 (1973). 

. H. Gorissen and P. M. Laduron, Life Sci. 23, 575 
(1978). 

. Y. C. Clement-Cormier and P. E. Kendrick, Biochem. 
Pharmac. 29, 897 (1980). 

. U. K. Laemmli, Nature, Lond. 227, 680 (1970). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

. M. M. Bradford, Analyt. Biochem. 72, 248 (1976). 

. P. Alberts and T. Bartfai, J. biol. Chem. 251, 1543 
(1976). 





Biochemical Pharmacology, Vol. 29, pp. 2017-2021 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/07 15-2017 $02.00/0 


THE BINDING OF GOLD TO CYTOSOLIC PROTEINS OF 
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Abstract—Male Wistar rats were given a single s.c. injection of 2.5 mg gold per kg body wt and the 
binding of gold to the cytosolic proteins was investigated over a period of 21 days. In both the organs, 
gold was bound to two groups of high and one group of low molecular weight cytosolic proteins. Gold 
was present in the metallothionein fractions (the low mol. wt Au-binding proteins) within 0.5 hr after 
exposure to gold. The binding of gold to the cytosolic proteins in the kidney was significantly higher, 
up to 17 times that in the liver. The incorporation of gold into the metallothionein fraction was complete 
within 24 hr in the liver but continued to increase over a period of four days in the kidneys. Up to 51 
per cent of the cytosolic gold in the kidney was bound to the metallothionein fractions. It is suggested 
that the ‘metallothioneins’ may play an important role in the sequestration and the intracellular 


localization of gold, particularly in the kidneys. 


Gold salts, particularly sodium aurothiomalate, have 
been used successfully for many years in the treat- 
ment of rheumatoid arthritis, but little is known 
about the mode of therapeutic action and the mech- 
anism of the chronic toxicity of the drug. Current 
theories of the mode of action of gold postulate an 
effect on subcellular organelles and in particular on 
the lysosomal bodies [1-5]. Our previous investi- 
gations demonstrated a steady accumulation of gold 
in subcellular organelles of the liver, kidney and the 
spleen tissues in rhesus monkeys [6]. However, a 
significant amount of intracellular gold was also pres- 
ent in the cytosol and hence it is desirable to attempt 
to define the nature of the binding proteins in the 
cytosol, particularly in view of the contribution that 
low molecular weight metal-binding proteins (metal- 
lothioneins) make to the sequestration of metals such 
as Zn**, Cu’*, Cd’* and Hg** [7-9]. 

Recent investigations have demonstrated that 
Au(IIT) binds to low molecular weight cytosolic pro- 
teins and stimulates the biosynthesis of the metal- 
loprotein in the liver [10] and kidney [11]. Further- 
more, it has been shown [5, 12] that Au(I) may also 
bind to the metallothioneins. In the present experi- 
ments, the incorporation of Au(I) by liver and kidney 
tissues, subcellular particles and cytosolic proteins 
of rats given single doses of sodium aurothiomalate 
has been investigated. 

Since only supportive evidence has been provided 
for the actual identity of the low molecular weight 
gold-binding proteins, the term ‘metallothionein’, in 
inverted commas, is used to denote the gold-binding 
proteins. 


METHODS 


Eleven groups of three male Wistar rats (weighing 
approx. 250 g) received a single s.c. injection con- 
taining 2.5mg Au/kg body wt as Myocrisin (May 
& Baker Ltd., Dagenham, U.K.) in isotonic saline. 
Two more groups of three rats were used as controls 


and received a single injection of isotonic saline. The 
animals were exsanguinated in groups of three at 
intervals during the following three weeks. The liver 
and kidneys were obtained and either fractionated 
immediately or frozen and analysed later. 

Equal weights of the liver and kidney tissues within 
each group were pooled, minced and washed in ice- 
cold 0.25 M sucrose solution. The tissues were then 
homogenized at 4° in 25% (w/v) 0.25M sucrose 
solution using a Sorvall Omni-Mixer Homogeniser. 
The homogenates were centrifuged at 10,000 g (av.) 
for 30 min in a Sorvall RC-2B refrigerated (4°) cen- 
trifuge. The supernatant obtained was centrifuged 
again at 100,000 g (av.) for 1 hr in a Beckman L-4 
ultra-centrifuge using a Beckman 60Ti fixed angle 
rotor. 

A portion (5 ml) of the clear supernatant fraction 
(the cytosol) was applied to a column (2.5 x 75 cm) 
of Sephadex G-75 (Pharmacia Fine Chemicals AB, 
Uppsala, Sweden), equilibrated and eluted with 
0.1 M ammonium formate solution containing 8 mM 
Tris-HCl, pH 8.0. Fractions of 5 ml were collected 
with an ISCO (Instrumentation Specialties Co. Inc.) 
Refrigerated Fraction Collector. The protein content 
of the eluates was determined by monitoring the 
absorbance at 254 and 280 nm with an ISCO Dual 
Beam Optical Unit Type 4, Channel Alternator 
Model 1130 and Absorbance Monitor Model UA-4. 
To determine the relative molecular weights of the 
cytosolic proteins, the Sephadex column was cali- 
brated with blue dextran, bovine serum albumin, 
cytochrome c (obtained from horse heart muscle), 
Cd-thionein-feat kidney) and potassium dichromate. 

The eluates were analysed for Au by graphite 
furnace atomic absorption spectrometry with an 
Instrumentation Laboratory Model 351 Spectropho- 
tometer and Model 555 CTF Flameless Atomiser. 
Samples of serum, liver and kidney tissues, the homo- 
genates, subcellular particles and the cytosol were 
also analysed for Au. The average recovery of Au 
from the samples was 99.1 + 1.5 per cent. The 


2017 





2018 


average recovery from the Sephadex column was 
100.8 + 4.8 per cent. 

Portions (10 ml) of the metallothionein fractions 
from the liver and kidney were heated to determine 
the heat stability of the low molecular weight proteins 
in a water bath at 75° for 5 min. The samples were 
chilled immediately, then centrifuged and the super- 
natant analysed for Au. This experiment was carried 
out for samples obtained at 0.5 hr, 24 hr and 21 days 
after the administration of Au. 

The fractionation of the tissues and the subsequent 
analysis of the cytosolic proteins was performed in 
duplicate (or triplicate) and the values expressed in 
Results are an average of the two. 

The u.v. absorption maxima of the supernatants 
from the heat treated liver and kidney metallothi- 
onein fractions (24hr samples only) was also 
measured. 


RESULTS 


Gold uptake by the kidney tissues, subcellular 
particles and the cytosol (Fig. 1a) reached maximum 
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concentrations at 48hr. The time course of Au 
uptake (Fig. 1b) into the liver tissue, subcellular 
particles and cytosol shows that the maximum con- 
centrations of Au were reached within 24 hr. How- 
ever, the concentrations of Au in the kidney samples 
were approximately 14 times those in the liver. 

The binding of Au to various cytosolic proteins 
of the kidney tissues at 7 days is shown in Fig. 2a. 
Gold was present in basically two groups of proteins; 
a group of high molecular weight (H.M.W.) proteins 
eluting near the void volume and a group of low 
molecular weight (L.M.W.) proteins eluting with a 
Vp (relative elution volume) close to that of Cd- 
thioneins (rat kidney). In the liver cytosol at 7 days 
(Fig. 2b), Au was bound to three groups of proteins; 
two groups of H.M.W. proteins, one eluting near 
the void volume and the other eluting with a Vp 
similar to albumin, and a group of L.M.W. proteins 
eluting with a Vz similar to that of Cd-thioneins. 
The binding of Au to the H.M.W. proteins in the 
kidney cytosol was not resolved to the same extent 
as for the liver cytosol. 

The Au-bound L.M.W. proteins present in the 
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Fig. 1. Time course of Au uptake into the rat kidney (panel a) and liver (panel b) tissues, subcellular 
particles and the cytosol. 
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Fig. 2. Binding of Au to the rat kidney (panel a) and liver 
(panel b) cytosolic proteins, chromatographed on a Sepha- 
dex G-75 column, equilibrated and eluted with 0.1M 
ammonium formate buffer at pH 8.0. The H.M.W. proteins 
were eluted between fraction Nos. 25 and 45 and the 
‘metallothioneins’ between fraction Nos. 55 and 65. 
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kidney and liver cytosol were found to be heat stable 
at 75°. The recovery of Au from the metallothionein 
fractions after heat treatment is shown in Table 1. 
An average of 96.0 + 3.7 per cent of the L.M.W. 
protein-bound Au remained in the soluble fraction 
after the heating. The supernatants of the heat 
treated L.M.W. Au-binding proteins from the liver 
and the kidney both approached an absorption 
maximum at 225 nm. 

In the kidney, Au was present in the metallothi- 
onein fractions (L.M.W. gold-binding proteins) 
within 0.5 hr after the administration of Na-auro- 
thiomalate. The binding of Au to H.M.W. proteins 
was rapid, achieving maximum incorporation within 
24 hr (Fig. 3a). Uptake of Au into the metallothi- 
onein fractions was not complete until 4 days after 
the administration of Au. In the liver, as in the 
kidney, Au was present in the metallothionein frac- 
tions of the cytosol within 0.5 hr after exposure to 
Na-aurothiomalate. However, the incorporation of 
Au into the metalloprotein(s) was complete within 
7hr and into the H.M.W. proteins in about 24 hr 
(Fig. 3b). The binding of Au to the ‘metallothi- 
onein(s)’ in the kidney was significantly higher, 
increasing to up to 38 times (at 4 days) those in the 
liver. Between days 3 and 4 about 50 per cent of the 
rat kidney cytosolic Au was bound to the 
‘metallothionein(s)’. 

Up to 44 per cent of the ‘metallothionein’-bound 
Au in the kidney was retained at the end of the 
experimental period (Fig. 3b). About 96 per cent of 
the rat liver ‘metallothionein’-bound Au_ was 
retained at 21 days after the exposure to Na- 
aurothiomalate. 


DISCUSSION 


The present experiments have shown that a sig- 
nificant proportion (an average of 35 per cent) of 
the intracellular gold in the rat kidney and liver was 
bound to the cytosolic proteins (Figs. la and b). 
Separation of the cytosolic proteins on a Sephadex 
G-75 column revealed that gold was bound to two 
groups of H.M.W. proteins and to a group of 
L.M.W. proteins (Figs. 2a and b). Some of the 
physical and chemical properties of the L.M.W. Au- 
binding protein(s) studied (heat stability, relative 
molecular weight, absorption at’225 nm, and the 


Table 1. Recovery of Au from metallothionein fractions after heating 





Source of 
metallothionein 
fraction 


Time after exposure 
to Au 


Weight of Au(ng) 
Before After 
heating heating 


Recovery 
of Au 
(%) 





Liver 
Kidney 
Liver 
Kidney 
Liver 
Kidney 


0.5 hr 
24 hr 


21 days 


67.0 
186.0 
78.0 
1070.0 
58.3 
951.0 


90.5 
96.4 
97.2 
93.3 
97.8 
100.8 


74.0 
193.0 
80.2 
1150.0 
59.6 
945.0 
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Fig. 3. Time course of Au incorporation into the H.M.W. protein fractions and the metallothionein 
fractions in the rat kidney (panel a) and the liver (panel b) cytosol. 


ability to incorporate Au, Cd, Cu and Zn*) show 
close similarity to the characteristic properties of 
metallothioneins [13, 14]. It has been established [15] 
that the L.M.W. Au-binding protein present in the 
cytosol of rat liver and kidney tissues following 
administration of Na-aurothiomalate is in fact metal- 
lothionein. 

The presence of L.M.W. Au-binding protein, ‘Au- 
metallothionein’, within 0.5 hr (in both the kidney 
and the liver cytosol) indicates that, at least initially, 
Au(I) may incorporate into the presynthesized 
metaliothionein. It was evident, however, that a 
substantial increase in the cytosolic ‘metallothi- 
onein’-bound Au(I) in the kidney continued over a 
four-day period. This was also evident, although to 
a lesser degree and over a shorter period, in the liver. 
Recent studies show that Au(III) binds to metallo- 
thioneins in the rat liver [10] and kidney [11] cytosol 
and that the cation induces the synthesis of the 
L.M.W. Au-binding protein. It would seem likely 
that the increased uptake of Au(I) into the ‘metal- 
lothionein’ in the kidney cytosol (Fig. 3a) of rats 
exposed to Na-aurothiomalate, and the similarity in 





* R. P. Sharma, unpublished data. 


the renal uptake of Au(I) in the present experiments 
and that of Au(III) recently [11] studied, would 
suggest that Au(I) may similarly induce biosynthesis 
of renal ‘metallothionein’. Furthermore, the simi- 
larity in the binding of Au(I) and Au(III) to the liver 
‘metallothioneins’, and the stimulation of hepatic 
(and renal) uptake of Cu (by 36 per cent) into the 
‘metallothionein’ by Na-aurothiomalate* suggests 
that Au(I) may also enhance the biosynthesis of 
‘metallothioneins’ in the liver as well as the kidney. 

The lower percentage retention of gold in the 
kidneys (44 per cent retention), as against the liver 
(96 per cent retention), at 7 days after the admin- 
istration of Na-aurothiomalate may be due to the 
significantly higher concentration of the metal in the 
kidney cytosol, which may have exceeded the ability 
of Au(I) to stimulate the biosynthesis of the renal 
L.M.W. gold-binding protein. This may also explain 
the time difference between the liver (within 7 hr) 
and the kidney (about 4 days) for the complete 
incorporation of Au into the metallothionein frac- 
tions (Figs. 3a and b). 

Metalloproteins have been classified into two types 
[16], one which controls metal ion concentration, 
the sequestering proteins (e.g. metallothioneins), 
and one which contains metals which control the 
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substrate concentration (e.g. haemoglobin). The 
sequestering proteins not only control the metal con- 
centration and carry it to the site that requires it, 
but in addition can act as catalysts in placing the 
metal ion into its new molecule (e.g. transferrin 
which transports Fe to a porphyrin ring to make the 
heme group). The significant binding of Au to 
‘metallothioneins’, particularly in the kidney (up to 
51 per cent of cytosolic Au), suggests that these 
proteins may play an important role in the seques- 
tration and localization of intracellular gold. The 
transport of Au from other tissues to the kidney, 
coupled with a high glomerular filtration and cumu- 
lative tubular reabsorption by the endocytic epi- 
thelial cells [17], together with the incorporation and 
retention of Au by the ‘metallothioneins’, may to 
some extent account for the increasingly higher pres- 
ence of the metal in the kidney tissues. 

Treatment of rheumatoid arthritis with Au salts 
is limited by the chronic toxic reactions it may pro- 
voke in the skin, the liver and in particular the 
kidneys. In animals, the most extensive damage 
caused by Au in high dosage is in the proximal 
tubules [18]. The primary site of injury in man is also 
the tubules [19-21]. It is possible that protection 
against the chronic toxicity of Au might be conferred 
by pretreatment with low doses of Au and/or other 
metallothionein biosynthesis stimulating agents such 
as zinc [22]. Recent investigations [9, 23, 24] with 
Cd** and Hg’* ions have indicated that predosing 
with small amounts of the metals stimulates the 
biosynthesis of the metalloproteins which then take 
up any additional amount of the toxic metals, thereby 
reducing the chances of toxicity. Such a mechanism 
may also explain the lower susceptibility to toxicity 
of Au in patients receiving small doses of Au salts 
and also in patients who receive oily suspensions of 
Au salts rather than the fast absorbing aqueous sol- 
utions [25]. 

The pathogenetic mechanism whereby Au salts 
may act as a nephrotoxic agent ultimately responsible 
for an immune complex nephritis is not known. 
Skrifvars [26] suggests that Au, the primary ‘antigen’, 
couples to tissue or serum proteins and the resultant 
gold—protein conjugate acquires immunogenic 
properties and provokes an antibody response. 
Immune complexes then become deposited in the 
glomeruli and ultimately give rise to membranous 
glomerulonephritis. The sensitivity of immune sys- 
tems to exposure to heavy metals [27] warrants fur- 
ther investigations into the role (if any) of ‘Au- 
metallothionein(s)’ in the formation of the immune 
complexes. 

The significance of the binding of Au to the 
‘metallothioneins’ with respect to the mode of thera- 
peutic action of the metal is not clear. Further studies 
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with regard to the induction of metallothionein bio- 
synthesis by Au and the presence (or absence) of 
Au-thionein in the human synovial cells are planned. 
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Abstract—Formaldehyde formation is usually determined as a measure of the metabolism of drug 
substrates in vitro. We have studied the fate of formaldehyde added to incubates of rat liver microsomes 
or 9000 g supernatant fraction as well as the effectiveness of semicarbazide in protecting formaldehyde 
from metabolic degradation. Formaldehyde is known to be oxidized by a cytosolic NAD- and GSH- 
dependent (form)aldehyde dehydrogenase. We found that, in addition, some other NAD-independent 
reactions take place in the cytosol. We observed, moreover, that formaldehyde is also metabolized by 
the 9000 g supernatant fraction fortified with cofactors for hepatic monooxygenase in the absence of 
NAD. This finding could be attributed to a hitherto unknown, cytosolic NADP-dependent, GSH- 
requiring dehydrogenase. The microsomal fraction metabolized formaldehyde only to a small extent. 
Therefore, in order to use formaldehyde formation as a parameter of drug metabolism, semicarbazide 
is necessary to protect formaldehyde from further metabolism in the 9000 g supernatant fraction and 
microsomes. By determining amounts of both formaldehyde and p-chlor-aniline during p-clor- 
N-methylaniline demethylation, it was shown that semicarbazide (4 mM) only partially protected for- 
maldehyde from further metabolism in the 9000 g supernatant, although semicarbazone formation from 
the added formaldehyde and semicarbazide progressed more rapidly than formaldehyde metabolism. 
As higher semicarbazide concentrations inhibit microsomal demethylations, it is concluded that deter- 
mination of formaldehyde is not a suitable method for determining drug demethylation by the 9000 g 
liver supernatant. In microsomal incubates, only a low semicarbazide concentration (1.0 mM) was 


necessary to protect formaldehyde from further metabolism. 


During demethylation reactions catalysed by hepatic 
microsomal cytochrome P-450, formaldehyde is 
formed. The amounts of this product are usually 
taken as a measure of the velocity of the reaction. 
In vivo, formaldehyde is further metabolized to 
formic acid and ultimately to carbon dioxide. 
Exhaled carbon dioxide, in fact, is used as an esti- 
mate of the capacity for hepatic demethylation in 
vivo [1-3]. However, in vitro oxidation of formal- 
dehyde may also occur [4-8]. Since the earliest pub- 
lications in the field, therefore, 1-10 mM _ semicar- 
bazide has been used by most workers [9-17] to 
protect formaldehyde by forming a semicarbazone. 
Recently, however, Matsubara ef al. [18] reported 
a strong inhibitory effect of semicarbazide on amino- 
pyrine demethylation by rat liver microsomes, 
whereas, at the same time, it seemed that semicar- 
bazide addition was not necessary because formal- 
dehyde apparently remained stable in microsomal 
incubates. The authors concluded that semicarbazide 
should be omitted from such incubates. Dewaide 
and Henderson [19] observed that high concentra- 
tions of semicarbazide interfered with the reaction 
of formaldehyde with Nash reagent, a finding which 
might explain the apparent inhibitory effect of semi- 
carbazide on demethylation reactions. 





* Present address: Department of Pharmacology, Fac- 
ulty of Pharmacy, State University Utrecht, Catharijnesin- 
gel 60, 3511 GH Utrecht, The Netherlands. 


The present study was undertaken in order to 
determine whether or not formaldehyde is metab- 
olized during incubations with liver microsomes or 
with the 9000 g supernatant fraction under conditions 
used to determine demethylation reactions and to 
decide which cofactors are necessary. In addition, 
the protection of formaldehyde by semicarbazide 
from further metabolic conversion was investigated 
in both the microsomal suspensions and the 9000 g 
liver supernatant fraction. Different substrates for 
demethylation were investigated, including p-chlor- 
N-methylaniline, the demethylation of which was 
determined by two methods. In this way, the effect 
of semicarbazide could be investigated on hepatic 
microsomal demethylation reactions as well as on 
formaldehyde recovery. 


MATERIALS AND METHODS 


Male Wistar (WU) rats, weighing about 200 g, 
were obtained from the central Animal Breeding 
Institute TNO, Zeist, The Netherlands. All animals 
were kept under similar conditions in Makrolon 
cages, with a bedding of wood shavings, and received 
standard food pellets (Hope Farms) and water ad 
lib. 

Chemicals. Ethylmorphine, aminopyrine and 
cocaine (Pharm. Ned.) were obtained from Brocacef; 
analytical grade N-methylaniline and p-chlor-aniline 
(PCA) from Fluka; p-chlor-N-methylaniline 
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Fig. 1. Effect of semicarbazide (4.17 mM) on the metabolism of formaldehyde (0.167 mM) in incubation 
mixtures containing rat liver microsomes, 76,000 g supernatant fraction or 9000 g supernatant fraction. 
Values represent means + S.E.M. (N = 6). 


(PCNMA) from CalBiochem. Monomethylamino- 
pyrine was a gift from Hoechst. NADP (grade I), 
NAD (grade I), NADH (grade I), glucose-6-phos- 
phate (disodium salt) and glucose-6-phosphate 
dehydrogenase (grade I) were purchased from Boeh- 
ringer. Diethylmaleate was obtained from Fluka. All 
other chemicals used were of at least reagent grade 
purity. 

Enzyme determinations. Ethylmorphine, amino- 
pyrine, cocaine, N-methylaniline and monomethyl- 
aminopyrine demethylations were assayed by 
measuring the formation of formaldehyde. p-Chlor- 
N-methylaniline demethylation was determined by 
measuring the formation of both formaldehyde and 
p-chlor-aniline. 

The 9000 g supernatant fraction and the micro- 
somes, prepared as described by van den Berg et al. 
[20], were incubated at 37°, with shaking, air being 
freely admitted. The incubation mixture contained 
NADP (1.5 pmole), glucose-6-phosphate 
(12.5 wmoles), glucose-6-phosphate dehydrogenase 
(11.U.) (for microsomal incubates), MgCl, 
(12.5 uwmoles), substrate, semicarbazide as indicated 
in the tables and figures, and 9000 g supernatant or 
microsomes, derived from 1/6 g liver, in a total vol- 
ume of 3 ml. The incubation mixtures used for for- 
maldehyde metabolism are given in the figures. The 
reaction was initiated by the addition of the enzyme 
and stopped after 10 min by mixing 1 ml of the 9000 g 
supernatant incubates or 3 ml of the microsomal 
incubates with 0.5ml ZnSO, (40%) and 1.0 ml 
Ba(OH), (saturated). After centrifugation, formal- 
dehyde was determined using the Nash reagent [21], 
as described by van den Berg et al. [20]. Demethyl- 
ation of p-chlor-N-methylaniline was also deter- 
mined by the formation of p-chlor-aniline, as 
described by Kupfer and Bruggeman [22]. 

The rate of formation of a semicarbazone from 
formaldehyde and semicarbazide was determined by 


recording the absorbance at 232 nm using an Aminco 
DW 2A recording spectrophotometer in the split 
beam mode. The reaction rate constant k was cal- 
culated using the equation AA = AA,,,,(1 — e™). 


RESULTS 


Effect of semicarbazide on the determination of 
formaldehyde with Nash reagent. It has been reported 
by Dewaide and Henderson [19] that concentrations 
of semicarbazide exceeding 10 mM interfere with the 
reaction of formaldehyde with Nash reagent. Semi- 
carbazide has been used in concentrations of 1- 
10mM in measurements of hepatic microsomal 
demethylations. However, using the highest of these 
semicarbazide concentrations (10 mM), we failed to 
demonstrate interference with formaldehyde deter- 
minations carried out with Nash reagent, at formal- 
dehyde concentrations ranging from 0.03 to 
0.167 mM. This is in agreement with the results of 
Dewaide and Henderson [19] who also found no 
important inhibitory effect with up to 8mM 
semicarbazide. 

Metabolism of formaldehyde by different liver cell 
fractions. Figure 1 shows the percentage disappear- 
ance of added formaldehyde in different liver cell 
fractions, using the same incubation conditions as 
those used for demethylation reactions. In micro- 
somal incubations there was very little disappearance 
(+ 6 per cent) of formaldehyde in the absence of 
semicarbazide and none in the presence of 4.17 mM 
of this compound. In the 9000 g and the 76,000 g 
supernatant incubation mixtures without semicar- 
bazide, 70 and 80 per cent, respectively, of the for- 
maldehyde disappeared. In the presence of 4.17 mM 
semicarbazide, metabolism of formaldehyde was 
reduced to about 4 per cent. 

We investigated the cofactors necessary for for- 
maldehyde metabolism in the 9000 g liver superna- 
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Fig. 2. Effect of GSH depletion by diethylmaleate on the metabolism of formaldehyde (0.167 mM) in 

different incubation mixtures containing the 9000 g supernatant fraction. Cofactor concentrations were 

0.5 mM NAD, 0.5 mM NADH, 0.5 mM NADP and 4.17 mM G-6-P. Values represent means + S.E.M. 
(N = 3). 


tant fraction (Fig. 2). All incubation mixtures con- 
tained Mg’*. In the absence of NAD or NADP some 
formaldehyde metabolism still took place (Fig. 2), 
presumably performed by peroxisomal catalase 
[8, 23] which does not require these cofactors. It was 
found that NADP significantly increased formalde- 
hyde metabolism. The presence of G-6-P did not 
alter this effect of NADP, indicating that no reduc- 
tive metabolism takes place. NAD had a strong 
stimulatory effect on the disappearance rate of for- 
maldehyde which must have been due to a specific 
NAD formaldehyde dehydrogenase [4, 6, 7, 23]. 
NADH exerted a similar effect. This could have 
been due to formation of NAD which is formed from 
NADH by the enzyme NADH oxidase [24, 25]. 
NAD formaldehyde dehydrogenase is known to be 
GSH dependent [5, 7, 26]. To investigate whether 
GSH is also a necessary cofactor for the NADP- 
dependent dehydrogenase, the effect of GSH deple- 
tion was studied. GSH was depleted to 5—10 per cent 
of control livers, which contained 4.2 +0.2 
umoles/g, by diethylmaleate, administered i.p. 1 hr 
prior to liver removal, at a dose of 0.7 ml/kg. This 
treatment had no effect on formaldehyde metabolism 
in the 9000 g control incubates (Fig. 2). The metab- 
olism of formaldehyde was significantly lowered, 
however, in incubates containing NAD or NADH, 
as cofactors. In the presence of NADP, GSH deple- 
tion completely inhibited the NADP-induced stimu- 
lation of formaldehyde metabolism. GSH addition 
completely restored the enzyme activity (unpub- 
lished results). 

Effect of semicarbazide on demethylation of dif- 
ferent substrates. Using aminopyrine and ethylmor- 
phine at low concentrations, relative to the apparent 
K,, of the demethylation reaction, we studied the 
effect of semicarbazide, in concentrations from 1 to 
10 mM, on the rate of demethylation in both hepatic 
microsomes and the 9000 g supernatant fraction (Fig. 


3). Using hepatic microsomes and aminopyrine as 
substrate, a favourable effect on the amount of for- 
maldehyde determined was observed at low semi- 
carbazide concentrations, whereas higher concen- 
trations did not significantly inhibit aminopyrine 
demethylation (Fig. 3). A similar effect of low sem- 
icarbazide concentrations was observed using ethyl- 
morphine as a substrate (Fig. 3). High semicarbazide 
concentrations, however, inhibited ethylmorphine 
demethylation. 

Using the 9000 g liver supernatant fraction, com- 
pletely different results were obtained, in compari- 
son to those obtained with microsomes. In the 
absence of semicarbazide, considerably less formal- 
dehyde could be detected during ethylmorphine 
demethylation (Fig. 3). By increasing semicarbazide 
concentrations formaldehyde recovery was clearly 
improved, but the amounts of formaldehyde meas- 
ured at low semicarbazide concentrations were sig- 
nificantly lower than the amounts measured when 
using microsomes (Fig. 3). An optimum was found 
at 4.17 mM semicarbazide; higher concentrations did 
not improve formaldehyde recovery and inhibited 
ethylmorphine demethylation. This was also found 
for aminopyrine demethylation, but, using this sub- 
strate, there was no difference between the amount 
of formaldehyde formed by microsomes and the 
9000 g supernatant fraction at low concentrations of 
semicarbazide. At high semicarbazide concentra- 
tions we even observed a somewhat faster demethyl- 
ation using the 9000 g supernatant fraction (Fig. 3). 
The effect of semicarbazide on the demethylation 
reaction was also investigated for other substrates. 
We found no influence of semicarbazide, in concen- 
trations of 1.0 and 4.17 mM, on the production of 
formaldehyde during microsomal demethylation of 
N-methylaniline or cocaine at either low or high 
substrate concentrations (Table 1). A significant pro- 
tecting effect on formaldehyde recovery was only 
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Fig. 3. Effect of different concentrations of semicarbazide on the recovery of formaldehyde produced 
as a result of demethylation of ethylmorphine (0.13 mM) and aminopyrine (0.13 mM) by rat liver 9000 g 
supernatant fraction or microsomes. Values represent means + S.E.M. (N = 10). 


observed with the high (1.3 mM) concentration of 
monomethylaminopyrine, as also was observed using 
ethylmorphine as substrate. 

Effect of semicarbazide on p-chlor-N-methylaniline 
demethylation determined using both products of 
microsomal and 9000 g incubations. In order to clar- 
ify whether the formaldehyde formed is completely 
protected by semicarbazide, we determined both 
PCA and formaldehyde formed in the same incu- 
bations during PCNMA demethylation in 9000 g 
supernatant fraction and microsomal incubates. 
Semicarbazide did not significantly lower PCA pro- 
duction in microsomal incubates (Table 2). Using 
the 9000 g supernatant fraction similar observations 
were made. The demethylation reaction itself there- 
fore was not inhibited by semicarbazide at concen- 
trations up to 4.17 mM. 

In microsomal incubates formaldehyde formation 
equalled PCA production in the presence of semi- 
carbazide, using 0.13 mM PCMNA. Ata higher sub- 
strate concentration, formaldehyde formation was 


slightly but significantly lower than PCA production, 
even when semicarbazide was present. However, 
using hepatic 9000 g supernatant fraction as the 
enzyme source, the amount of formaldehyde deter- 
mined was much lower than the PCA concentration. 
Even 4.17mM semicarbazide could only partially 
abolish this difference. It seems, therefore, that pro- 
tection of formaldehyde by semicarbazide is incom- 
plete, especially when the rate of formaldehyde for- 
mation is high due to high substrate concentrations. 

Rate of formaldehyde-semicarbazone formation. 
Formaldehyde has no absorption spectrum in the 
ultraviolet region above 200 nm, while semicarbazide 
has an absorption peak at 204 nm. When combined, 
however, a large semicarbazone peak appears at 
232 nm, whereas the smaller 204 nm semicarbazide 
peak disappears. The formation of semicarbazone 
was followed at 232 nm for different formaldehyde 
concentrations and with both 1.0 and 4.17mM 
semicarbazide in 0.1 M phosphate buffer, pH 7.4 
(Fig. 4). The reaction rate constant for complex 


Table 1. The effect of semicarbazide on the N-demethylation of various substrates in liver 
microsomal incubates (nmoies formaldehyde/min/g liver)* 





Substrate 
concentration 


Semicarbazide (mM) 
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N-Methylaniline 
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Monomethylaminopyrine 
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31.7 + 4.6 
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115.8 + 3.8 
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* Results are means + S.E.M. for six determinations. 
+ P<0.01 for difference from 0 mM semicarbazide. 
+ P< 0.001 for difference from 0 mM semicarbazide. 
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Table 2. The effect of semicarbazide on the N-demethylation of PCNMA and formaldehyde recovery from hepatic 
microsomes and the 9000 g supernatant fraction (nmoles/min/g liver)* 





Product 
measured 


PCNMA 


Cell fraction concentrations (mM) 


Semicarbazide (mM) 





0 


1.0 


4.17 





HCHO 
PCA 
Microsomes 
HCHO 
PCA 


39.6 + 5.2 
40.0 + 5.4 
n.s 
87.6 + 10.9 
136.7 + 4.0 
P<0.01 


50.7 + 4.4 
49.9 + 2.0 
n.s 
109.8 + 5.8 
135.3 + 4.7 
P<0.01 


49.2+4.4 
46.4 + 3.0 
n.s 
99.6+ 6.3 
124.9+ 5.3 
P<0.01 





HCHO 
PCA 


Supernatant fraction 
(9000 g) HCHO 


PCA 


17.1+ 4.1 
52.3+8.8 
P<0.01 


54.3 + 3.8 
199.2% 17.7 
P< 0.001 


25.3 + 3.4 
$207.7 
P<0.01 


80.3 + 4.97 
180.0 + 12.0 
P< 0.001 


24.7 + 3.4 
50.3 + 9.4 
P< 0.05 


109.6 + 6.44 
173.4 + 13.9 
P< 0.001 





* Results are means + S.E.M. for six determinations. 
+ P<0.01 for difference from 0 mM semicarbazide. 
+ P<0.001 for difference from 0 mM semicarbazide. 


formation using 4.17 mM semicarbazide was 0.86 + 
0.02 per min. At 1 mM, the reaction rate constant 
was 0.21 + 0.01 per min. In both cases the reaction 
rates were independent of the initial concentrations 
of formaldehyde. 


DISCUSSION 


Hepatic microsomal demethylations are usually 
determined by measuring formaldehyde formation. 
This method may lead to artificially low results, 
because formaldehyde may be further metabolized 
in the incubate. Formaldehyde metabolism in rat 
liver has been studied by several investigators. It was 
found that formaldehyde is mainly dehydrogenated 
by a NAD- and GSH-dependent formaldehyde 
dehydrogenase [4-8, 25]. The importance of GSH 
in formaldehyde metabolism was also demonstrated 
by Jones et al. [27] using isolated hepatocytes. The 
subcellular localization of this enzyme was investi- 


Absorbance 232 nm 


gated by Koivula et al. [4] who found two NAD- 
dependent formaldehyde dehydrogenases in the 
cytoplasmic fraction and almost no dehydrogenase 
activity towards formaldehyde in the microsomal 
fraction. In addition, some dehydrogenation of for- 
maldehyde by nonspecific aldehyde dehydrogenases 
may take place, these enzymes also requiring NAD 
as a cofactor [4,5, 25]. As yet, no formaldehyde 
dehydrogenase activity has been found in rat liver 
which requires NADP as a cofactor [4, 7,25]. In 
microsomal or 9000 g supernatant-containing incu- 
bates NAD is not usually added, but NADP is, 
because this is a cofactor for microsomal mono- 
oxygenase. Therefore, we were interested to know 
(i) whether or not formaldehyde metabolism takes 
place under these circumstances, (ii) the subcellular 
localization of the enzyme system responsible for 
formaldehyde metabolism and (iii) the cofactors 
required for the reaction. 

The present data show that, in addition to the 
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Fig. 4. Rate of semicarbazone formation from formaldehyde (3-167 4M) and semicarbazide | mM (left) 
and 4.17 (right) at 37°. 
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known NAD-dependency of formaldehyde dehydro- 
genase, there is also NADP dependency. NAD and 
NADP added together had no additional effect 
(unpublished results). The enzymes are localized in 
the cytosol and have either a complete (NADP) or 
partial (NAD) requirement for GSH. Formaldehyde 
dehydrogenase, which is both NADP-and GSH- 
dependent, has as yet not been described in rats. In 
human liver, on the other hand, Uotilla and Koi- 
vusalu [28] detected an NADP- and GSH-dependent 
formaldehyde dehydrogenase. Formaldehyde 
metabolism, therefore, is likely to occur in incubates 
containing the 9000 g liver supernatant fraction, but 
some metabolism also occurs in microsomal incu- 
bates, as shown in the present work. 


Semicarbazide is usually added to protect for- 
maldehyde by forming a semicarbazone. This may 
lead to inhibition of drug demethylation reactions, 
as recently shown by Matsubara [18]. The present 
work shows that addition of semicarbazide has some- 
times a small inhibitory effect on hepatic microsomal 
demethylation reactions. This effect, however, is 
much smaller than reported by Matsubara. The 
apparent inhibitory effect of semicarbazide is not 
due to interference with the Nash reaction, as was 
also shown in the present work. The effect of semi- 
carbazide increased with increasing concentration 
and was also dependent on the concentration and 
the nature of the substrate. The protection of added 
formaldehyde by semicarbazide seemed to be com- 
plete when 1 mM semicarbazide was present in the 
microsomal incubates. Addition of 4mM _ semicar- 
bazide to the 9000 g supernatant-containing incu- 
bates led to maximal recovery of the formaldehyde 
produced by demethylation of ethylmorphine and 
aminopyrine. Higher concentrations clearly 
inhibited these demethylation reactions. Even 4 mM 
semicarbazide inhibits some demethylation reac- 
tions, especially at low substrate concentrations. 
Through studying PCNMA demethylation, by 
measuring both the formation of formaldehyde and 
PCA, it was demonstrated that 4.17 mM _ semicar- 
bazide did not completely protect formaldehyde. 
This could have been due to a relatively slow for- 
mation of the semicarbazone, since the rate constant 
for the complex formation using 4.17 mM semicar- 
bazide with added formaldehyde was found to be 
0.86 per min. The amount of added formaldehyde 
metabolized by the 9000 g liver supernatant fraction 
in the absence of semicarbazide is 70 per cent, from 
which a reaction rate constant of 0.12 per min can 
be calculated. This proves that the complex forma- 
tion takes place much faster than the metabolism of 
formaldehyde. Nevertheless, the amount of formal- 
dehyde recovered is lower than the amount of PCA 
determined when 4.17 mM semicarbazide is present 
in the 9000 g supernatant-containing reaction mix- 
tures used for PCNMA demethylations. These 
apparently contradictory results may be due to the 
fact that formaldehyde is formed during demethyl- 
ation reactions within the microsomal membrane 
and is not added to the reaction mixture as in our 
experiments. If the formaldehyde dehydrogenase is 
somehow concentrated near the microsomal mem- 
brane, it might oxidize the formaldehyde before it 
comes into contact with the semicarbazide. An anal- 
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ogous explanation was provided by Denk et al. [29] 
for their finding that formaldehyde generated during 
microsomal aminopyrine demethylation is metab- 
olized more efficiently by mitochondria than added 
formaldehyde. This was attributed to juxtaposition 
of mitochondria and endoplasmic reticulum frag- 
ments. Absorption of formaldehyde dehydrogenase 
onto the microsomal membrane might also explain 
the residual enzyme activity observed when micro- 
somes are used. The recovery of formaldehyde is 
somewhat lower than found by Kupfer and Brugge- 
man [22] and Fuller et a/. [30] for 1.5 mM PCNMA. 
At lower substrate concentrations the recovery is 
even lower, which may lead to error in the deter- 
mination of kinetic constants for hepatic oxidative 
demethylation reactions. 

It appears from the foregoing that 4.17 mM semi- 
carbazide is not sufficient to protect formaldehyde 
from further metabolism if it is formed by oxidative 
demethylation using 9000 g supernatant fraction as 
the enzyme source. Because higher semicarbazide 
concentrations, and even 4.17 mM, might inhibit the 
demethylation reactions, it should be regarded as 
impossible to determine accurately hepatic N- 
demethylation by estimation of formaldehyde for- 
mation using 9000g supernatant fraction as the 
enzyme source. When microsomes are used, addition 
of 1mM semicarbazide is required to protect for- 
maldehyde for further metabolism. 
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Abstract—The activation of cyclophosphamide to metabolites that are mutagenic to Salmonella typhi- 
murium TA 1535 by liver microsomes and kidney S9 fractions from male and female rats was studied. 
In addition, the effect of pretreatment with inducers of cytochromes P-450, phenobarbital and B- 
naphthoflavone on the activation of cyclophosphamide by these tissues was evaluated. The activation 
of cyclophosphamide to mutagenic metabolites with microsomes from male rat liver was three times 
that obtained with microsomes from female rat liver. Whereas pretreatment of either male or female 
rats with phenobarbital increased hepatic activation of cyclophosphamide to mutagenic metabolites 
about 10-fold, the increase in cytochrome P-450 content was only about 2-fold. 6-Naphthoflavone 
pretreatment of either male or female rats decreased hepatic activation of cyclophosphamide by one- 
half despite an increase of 1.4-fold in hepatic cytochrome P-450 content. Kidney S9 fractions from male 
rats had one-third to one-half the ability of liver microsomes to activate cyclophosphamide to mutagenic 
metabolites; however, no enzymatic activation of cyclophosphamide to mutagenic metabolites by female 
rat kidney was noted. Neither phenobarbital nor B-naphthoflavone pretreatment altered the metabolic 
activation of cyclophosphamide to mutagenic metabolites by kidney fractions from either sex. These 
results demonstrate that enzymatic activation of cyclophosphamide to mutagenic metabolites differs 
markedly between the sexes, between different tissues (liver vs kidney), and in response to inducing 


agents. 


Cyclophosphamide is used widely both as an anti- 
neoplastic agent and as an immunosuppressive agent. 
Active metabolites of cyclophosphamide, rather than 
the parent compound, have alkylating and mutagenic 
activities and cause cytotoxic reactions, mutations, 
chromosomal aberrations and oncogenic transfor- 
mation [1-6]. The activation of cyclophosphamide 
to therapeutic and toxic metabolites is catalyzed by 
a cytochrome P-450 mono-oxygenase system [2]. It 
is now well established that there are multiple cyto- 
chromes P-450, each differing with respect to sub- 
strate specificity, carbon monoxide difference spec- 
trum, response to a variety of inducing agents, and 
sensitivity to different inhibitors [7-9]. We estab- 
lished previously that the production of mutagenic 
metabolites of cyclophosphamide by male rat liver 
is enhanced by phenobarbital pretreatment and is 
decreased by pretreatment with /-naphthoflavone 
[10]. Thus, the form of cytochrome P-450 involved 
in the production of mutagenic metabolites of cyclo- 
phosphamide by microsomes from male rat liver is 
responsive to induction by phenobarbital rather than 
by B-naphthoflavone [10]. 

Sex differences have been observed with respect 
to certain hepatic cytochrome P-450 catalyzed reac- 
tions [11-14]. Microsomes from male rat liver pro- 
duced alkylating metabolites of cyclophosphamide 
at a rate six to seven times faster than that produced 
by microsomes of female rat liver [2]. However, no 


such proportional differences in the in vivo metab- 
olism of cyclophosphamide to alkylating metabolites 
by male and female rats have been found [2]. In 
contrast, the activation of cyclophosphamide to 
mutagenic metabolites has not been studied exten- 
sively [4,6], and no comparison of such activities 
between male and female has been reported. 

One interpretation of the lack of correlation 
between in vivo metabolism of cyclophosphamide 
to alkylating metabolites in male and female rats and 
hepatic in vitro metabolism is that cyclophosphamide 
is also converted to alkylating metabolites in extra- 
hepatic tissues. Both cytochrome P-450 and mono- 
oxygenase activity are present in a variety of tissues 
other than liver [15, 16]. Several laboratories com- 
pared different tissues with respect to their abilities 
to activate cyclophosphamide to alkylating metab- 
olites in vitro. Although most alkylating activity was 
found in the liver, Brock and Hohorst [17] and 
Kondo and Muragishi [18] reported the existence in 
rat kidney of enzymes catalyzing the activation of 
cyclophosphamide. Other investigators [2, 19], how- 
ever, have not been able to detect such activation 
in kidney. Metabolites of cyclophosphamide (spe- 
cifically acrolein) are excreted in the urine and cause 
cystitis [20]; thus, it was not surprising that neph- 
rectomy prevented this cystitis [21]. Yet, Levine and 
Sowinski [21] found that anuria produced a greater 
increase in cyclophosphamide lesions in brain, eye 
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and spleen than did nephrectomy. Consequently, it 
was hypothesized that the kidneys play a role in the 
in vivo production of cytotoxic metabolites of cyclo- 
phosphamide. 

The data presented below demonstrate that there 
is a sex difference with respect to liver activation of 
cyclophosphamide to mutagenic metabolites. Both 
male and female hepatic activation can be induced 
by phenobarbital, but not by B-naphthoflavone. The 
activation of cyclophosphamide to mutagenic metab- 
olites can also be catalyzed by male kidney S9 frac- 
tions. Renal activation of cyclophosphamide is not 
induced by pretreatment with either phenobarbital 
of B-naphthoflavone. 


MATERIALS AND METHODS 


Chemicals. Cyclophosphamide was purchased 
from Koch-Light Laboratories Ltd., Colnbrook, 
England; B-naphthoflavone from ICN Pharmaceut- 
icals, Inc., Plainview, NY, U.S.A.; and phenobar- 
bital from Allen & Hanburys, Toronto, ON, Canada. 
Glucose-6-phosphate, glucose-6-phosphate dehy- 
drogenase, NADP and bovine serum albumin were 
purchased from the Sigma Chemical Co., St. Louis, 
MO, U.S.A. 

Animals. Male and female Sprague-Dawley rats 
(175-200 g), obtained from Canadian Breeding Lab- 
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oratories (St. Constant, Quebec), were housed on 
pine chips in the McIntyre Animal Center (McGill 
University, Montreal, Quebec), and given Purina 
rat chow and water ad lib. for at least 1 week before 
the initiation of treatments. Each group of animals 
consisted of five rats. Induced rats were treated with 
phenobarbital or B-naphthoflavone according to 
established procedures for induction of the hepatic 
mono-oxygenase system [22]. The phenobarbital- 
pretreated rats received 0.1% of the drug in the 
drinking water for 1 week before being killed; control 
rats were not treated. The B-naphthofiavone-pre- 
treated animals received B-naphthoflavone intraper- 
itoneally (40 mg/kg) in corn oil (10 mg/ml) on day 
1, day 2 and day 3 before being killed on day 5; 
control rats received corn oil on these days. 

Tissue preparation. Rats were decapitated. The 
excised tissues from each group (five rats) were 
pooled and homogenized using a Potter-Elvehjem 
homogenizer in ice-cold 0.15M KCI (3 ml/g. wet 
weight of tissue). Homogenates were centrifuged for 
10 min at 9000 g and the pellet was discarded. The 
supernatant fraction (S9) was distributed in 3-ml 
portions in small polypropylene tubes, frozen in 
liquid nitrogen, and stored at —80°. Since liver from 
phenobarbital-pretreated male rats is the tissue that 
can best activate cyclophosphamide to mutagenic 
metabolites, it was used to determine the effects of 


Fig. 1. Requirements for the enzymatic activation of cyclophosphamide to mutagenic metabolites. S. 

typhimurium TA 1535 (0.1 ml), cyclophosphamide (500 ug in 0.1 ml) and ‘mix’ (0.5 ml) containing the 

designated combination of NADPH-generating system and microsomal fraction from control male rat 

liver (0.1 ml/plate) were mixed rapidly in molten top agar at 45° and poured on minimal glucose agar 
plates. Values are means + S.E.M. (N =5). 
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freezing and storage on the activation of cyclophos- 
phamide. No loss of ability to activate cyclophos- 
phamide to mutagenic metabolites was observed 
after storage for up to 6 weeks; because storage for 
longer time periods did result in a decrease in 
activity, enzyme preparations were assayed in less 
than 6 weeks. To prepare the microsomal fraction, 
the S9 fraction was defrosted and centrifuged at 
105,000 g for 60 min, and the pellet was resuspended 
in the original volume of cold 0.15 M KCI. 

Cytochrome P-450 content. Cytochrome P-450 was 
assayed, by its carbon monoxide difference spectrum 
after reduction with dithionite according to the pro- 
cedure of Omura and Sato [23], with the use of a 
Beckman model 35 spectrophotometer. An extinc- 
tion coefficient of 91 mM~'cm™' between 450 and 
490 nm was assumed. The protein concentration was 
determined by the method of Lowry et al. [24], using 
bovine serum albumin as a standard. 

Mutagenicity assay. Salmonella typhimurium 
strain TA 1535 (provided by Dr. Bruce Ames) was 
used to assay for mutagenic activity. TA 1535 is a 
histidine-requiring auxotroph that is reverted to pro- 
totrophy by mutagens that cause DNA base-pair 
substitutions. The plate incorporation assay was per- 
formed according to the procedures of Ames et al. 
[22]. The NADPH-generating system contained 
4mM NADP, 5mM glucose-6-phosphate and 2 
units/ml of glucose-6-phosphate dehydrogenase. All 
assays were done in duplicate. After incubation for 
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2 days at 37°, the colonies were counted. The spon- 
taneous reversion rate (no cyclophosphamide) was 
similar to that reported by Ames et al. [22] for TA 
1535 (Fig. 1). The inclusion of enzyme fractions from 
liver or kidney of male or female rats did not alter 
this spontaneous reversion rate. Cyclophosphamide 
alone (500 yg/plate) induced mutations in TA 1535 
(Fig. 1). This mutagenic response was not changed 
by the addition of either the NADPH-generating 
system alone or the microsomal fraction alone; how- 
ever, the number of revertants per plate was sig- 
nificantly increased (P <0.01) by the addition of 
both the NADPH-generating system and the micro- 
somal fraction from control male rat liver (Fig. 1). 
The mutagenic response in TA 1535 induced by 
cyclophosphamide in the absence of an enzyme frac- 
tion has been subtracted in subsequent experiments, 
thus allowing the measurement of the enzymatic 
activation of cyclophosphamide. As described pre- 
viously [10], this mutagenicity assay was linear with 
both cyclophosphamide concentration and amount 
of male liver enzyme (S9 fraction or microsomal 
fraction). 

Statistical analysis. Data were analyzed on a Hew- 
lett—-Packard 9830 calculator according to procedurgs 
described by Snedecor and Cochran [25]. Reversion 
rates obtained with increasing amounts of enzyme 
were compared to the rates obtained with cyclo- 
phosphamide alone (no enzyme), using multiple 
range and/or linear regression analyses as applicable. 
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Fig. 2. Comparison of the activation of cyclophosphamide to mutagenic metabolites by untreated and 

phenobarbital-pretreated male and female rat liver microsomes. S. typhimurium TA 1535 (0.1 ml), 

cyclophosphamide (500 ug in 0.1 ml) and mix (NADPH-generating system and various amounts of 

resuspended microsomes from control or phenobarbital-induced rat liver, 0.5 ml) were mixed rapidly 

with molten agar at 45° and plated. Values are means + S.E.M. (control male, N = 8; phenobarbital 
male, N = 6; control female, N = 4; phenobarbital female, N = 3). 
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Table 1. Cytochrome P-450 content in liver and kidney microsomes from male and female rats 





Cytochrome P-450 content* (nmoles/mg microsomal protein) 





Tissue Control 


Treatment group 
Phenobarbital 


Corn oil B-Naphthoflavone 





Liver 
Male 
Female 

Kidney 
Male 
Female 


1.38 + 0.03 
1.01 + 0.02 


0.55 + 0.04 
0.56 + 0.06 


0.11 + 0.03 
0.06 + 0.01 


0.07; 0.07 
0.07; 0.07 


0.99; 0.77 
0.53 + 0.06 


0.65 + 0.05 
0.37 + 0.03 


0.10 + 0.02 
0.09; 0.09 


0.07; 0.07 
0.11; 0.12 





* Cytochrome P-450 content was measured as described in the text. Values represent either the 


miean + S.E.M. for N = 3 or individual values. 


Enzyme fractions from different sources were com- 
pared, with respect to activation of cyclophospha- 
mide, by two-way analysis of variance. 


RESULTS 

Hepatic activation of cyclophosphamide to muta- 
genic metabolites by control and phenobarbital-pre- 
treated male and female rats is illustrated in Fig. 2. 
Activation of cyclophosphamide to mutagenic 
metabolites by liver microsomes from untreated male 
rats was significantly greater (P<0.001 with 
100 l/plate, or more) than the mutagenic response 
to cyclophosphamide alone (no enzyme), and the 
mean was linearly related to the amount of micro- 
somes used (r = 0.98). As reported previously [10], 
this activity was induced 4- to 14-fold by phenobar- 
bital pretreatment, whereas cytochrome P-450 cou- 
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centration (Table 1) was induced only 2.6-fold. With 
phenobarbital-induced microsomes from male liver, 
maximal enzyme activity was obtained with 50 yl of 
resuspended microsomes/plate (P < 0.001). Increas- 
ing the amount of enzyme above 50 ul of micro- 
somes/plate did not increase significantly the number 
of revertant colonies/plate (P > 0.10). 

Activation of cyclophosphamide to mutagenic 
metabolites by microsomes from female liver was 
also significantly greater (P < 0.01) than that with 
cyclophosphamide alone, at amounts of microsomal 
fraction above 100 ul/plate. However, this activation 
by microsomes from female rat liver was approxi- 
mately one-third of that by microsomes from male 
liver. Despite this sex difference in activation of 
cyclophosphamide, there was no difference in cyto- 
chrome P-450 content between microsomes from 
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Fig. 3. Comparison of the activation of cyclophosphamide to mutagenic metabolites by corn oil and 

B-naphthoflavone-pretreated male and female rat liver microsomes. Experiments were done as described 

in the legend to Fig. 2. Values are means + S.E.M. (N = 3 for all groups except for the B-naphthoflavone 
male where N = 6). 
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male and female liver (Table 1). Phenobarbital pre- 
treatment of female rats induced hepatic activation 
of cyclophosphamide 10- to 13-fold, increasing 
activity to the same peak level as was observed for 
phenobarbital-induced male microsomes. Hepatic 
cytochrome P-450 content was induced 1.8-fold in 
the female rats (Table 1). Maximal activation of 
cyclophosphamide was not observed until 100 ul of 
resuspended microsomes/plate from female liver was 
used; this is in contrast to the lower amount 
(50 ul/plate) of microsomes needed to reach maximal 
activation in the male. 

The effect of pretreatment with corn oil or f- 
naphthoflavone in corn oil on the capacity of liver 
microsomes to activate cyclophosphamide to muta- 
genic metabolites is shown in Fig. 3. The mean acti- 
vation of cyclophosphamide by microsomes from 
corn oil-pretreated male rats was linearly related 
(r =0.98) to the amount of microsomes and sig- 
nificantly greater (P<0.05) than that without 
enzyme (100 pl/plate or more). Pretreatment of male 
rats with B-naphthoflavone decreased the hepatic 
activation of cyclophosphamide to mutagenic metab- 
olites. Using as much as 150 yl/plate of microsomes 
from B-naphthoflavone-pretreated male rats, there 
was no significant (P > 0.05) enzymatic activation of 
cyclophosphamide; however, the cytochrome P-450 
content of these microsomes was increased 1.4-fold 
above the corn oil-treated control microsomes (Table 
1). Enzymatic activation by hepatic microsomes from 
corn oil-pretreated female rats was significantly 
greater (P < 0.01) than that with cyclophosphamide 
alone (150 wl of microsomal fraction/plate). Again, 
B-naphthoflavone pretreatment of female rats 
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appeared to decrease activation of cyclophospha- 
mide when compared to the corn oil control; this 
decrease, however, was not statistically significant 
(P >0.15). As in the male, the content of cyto- 
chrome P-450 in female liver was increased 1.4-fold 
by B-naphthoflavone pretreatment. 

Activation of cyclophosphamide to mutagenic 
metabolites by the 9000 g supernatant fraction from 
the kidneys of male and female control and pheno- 
barbital-pretreated rats is illustrated in Fig. 4. 
Enzymatic activation of cyclophosphamide to muta- 
genic metabolites by control male kidney S9 was 
significantly higher (P < 0.05) than the non-enzy- 
matic mutagenic response (150ml of S9 
fraction/plate). Enzymatic activation by male kidney 
S9 fraction was approximately one-third of that 
obtained with liver microsomes from control ani- 
mals. Since there was no difference between the liver 
S9 fraction and the liver microsomal fraction with 
respect to ability to activate cyclophosphamide [10], 
the decreased activity was not due to the use of the 
S9 fraction. Phenobarbital pretreatment did not 
result in a further increase in the enzymatic activation 
of cyclophosphamide (P > 0.15) or in kidney cyto- 
chrome P-450 content (Table 1). 

Activation of cyclophosphamide to mutagenic 
metabolites by female kidney S9 fraction was not 
linear with the amount of S9 fraction, nor was it 
significantly different from the non-enzymatic muta- 
genic response to cyclophosphamide. Phenobarbital 
pretreatment had no effect on renal cytochrome P- 
450 content of the female rat (Table 1) or on the 
ability of S9 fractions from female kidneys to activate 
cyclophosphamide to mutagenic metabolites. 
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Fig. 4. Comparison of the activation of cyclophosphamide to mutagenic metabolites by untreated ana 
phenobarbital-pretreated male and female rat kidney 9000 g supernatant fractions. Experiments were 
done as described in the legend to Fig. 2. Values are means + S.E.M. (N = 3). 
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Activation of cyclophosphamide to mutagenic 
metabolites by renal S9 fractions from male or female 
rats pretreated with corn oil did not differ (P > 0.05) 
from the results with cyclophosphamide alone. No 
sex difference in kidney enzyme was observed in 
corn oil-treated animals. B-Naphthoflavone pretreat- 
ment of either male or female rats did not induce 
renal cytochrome P-450 (Table 1), nor did it alter 
the ability of the kidney to activate cyclophospha- 
mide to mutagenic metabolites. 


DISCUSSION 


Levin et al. [26], studying the turnover of cyto- 
chrome P-450, found two pools of cytochrome P-450 
in rat liver. The half-life of one pool was 7-8 hr and 
that of the other was 44-48 hr. The ratio of the ‘fast’ 
to the ‘slow’ component was 3.44.4 in adult female 
animals but only 1.9 in adult males. This sex differ- 
ence in the turnover of cytochrome P-450 found in 
male and female rat liver is probably a reflection of 
differences in substrate specificity, e.g. N-demethyl- 
ation of ethylmorphine [11, 14] and activation of 
cyclophosphamide to alkylating metabolites [2]. 
Such a sex difference was found in this report with 
respect to the ability of hepatic microsomes to cata- 
lyze the activation of cyclophosphamide to muta- 
genic metabolites. Microsomes from male liver had 
a 3-fold greater ability to activate cyclophosphamide 
to mutagenic metabolites than did microsomes from 
female rat liver. The consequences of this sex dif- 
ference in terms of the form(s) of cytochrome P-450 
invoived in the activation or in the toxicity of cyclo- 
phosphamide are not known. This sex difference in 
hepatic’ activation of cyclophosphamide was abol- 
ished by pretreatment with phenobarbital. 

Induction with B-naphthoflavone decreased the 
abilities of male and female rat liver microsomal 
fraction to activate cyclophosphamide to mutagenic 
metabolites. Polycyclic aromatic hydrocarbons (3- 
methylcholanthrene or B-naphthoflavone) induce 
more than one form of cytochrome P-450 [27, 28]. 
The failure of B-naphthoflavone to induce cyclo- 
phosphamide activation by hepatic or renal enzyme 
fractions probably means that aromatic hydrocar- 
bon-induced cytochromes are not involved in this 
reaction. 

Renal activation of cyclophosphamide to muta- 
genic metabolites was approximately one-third of 
liver activation in male rats. In female rats, no renal 
enzymatic activation of cyclophosphamide to muta- 
genic metabolites was observed. Renal activity was 
not responsive to induction by either phenobarbital 
or B-naphthoflavone. Phenobarbital pretreatment 
has been reported previously to have no effect on 
renal mono-oxygenase activity or cytochrome P-450 
content [29, 30]. However, induction with a poly- 
cyclic aromatic hydrocarbon has been reported to 
increase both renal cytochrome P-450 content and 
mono-oxygenase activity toward other substrates 
[27, 28]., 

In phenobarbital-induced rats, male or female, the 
predominant site of activation of cyclophosphamide 
to mutagenic metabolites appears to be the liver. In 
male rats the kidney probably also contributes to the 
activation of cyclophosphamide. This contribution 
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could be important in the local production of reactive 
metabolites in vivo. Such metabolites might have a 
role in the production of cystitis [20, 31] or of bladder 
cancer associated with the administration of cyclo- 
phosphamide. If toxic metabolites of cyclophospha- 
mide are produced by the kidney, selective inhibition 
of renal mixed function oxidase activity might 
decrease the incidence of toxic effects without alter- 
ing the therapeutic efficacy of cyclophosphamide. 
In summary, there are tissue and sex differences 
in the activation of cyclophosphamide to mutagenic 
metabolites in vitro in control animals, and these 
differences can be compounded by pretreatment with 
xenobiotics. The in vivo significance of these differ- 
ences in terms of cyclophosphamide toxicity remains 
to be elucidated. ’ 
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Abstract—After injection of chlorambucil into rats, metabolites have been isolated from blood and 
identified by g.l.c.-mass spectrometry as (E)-4-[4N,N-bis (2-chloroethyl)aminophenyl] 3-butenoic acid 
(3,4-dehydrochlorambucil) and 2-[4-N, N-bis (2-chloroethyl)aminophenyl] acetic acid (phenyl acetic acid 
mustard). Analysis of urine 24hr after administration indicates the absence of chlorambucil, 3,4- 
dehydrochlorambucil and phenyl acetic acid mustard but the presence of 2-[4-N(2-chloroethyl) ami- 
nophenyljacetic acid as the major metabolite. All metabolites isolated have been independently syn- 
thesized, allowing confirmation of structures proposed by g.1.c.-mass spectrometry. It has been shown 
that 3,4-dehydrochlorambucil is an intermediate in the f-oxidation of chlorambucil by injecting an 
authentic sample into rats and observing the production of phenyl acetic acid mustard in the blood. The 
contribution that metabolism makes to the anti-tumor activity of chlorambucil is discussed. 


Metabolism studies with the alkylating agents cyclo- 
phosphamide [1], aniline mustard [2] and the azo 
mustard, 2'-carboxy-4-bis(2-chloroethyl) amino-2- 
methyl azobenzene [3] have demonstrated the 
important contribution that metabolism can make 
to the activity of the anti-tumour agents. In these 
studies workers have been successful in isolating 
metabolites after in vivo administration and in vitro 
incubations. At present, chlorambucil is used clini- 
cally in the treatment of chronic lymphocytic leu- 
kaemia and ovarian carcinoma. Specific interest in 
the metabolism of chlorambucil was aroused by 
reports [4, 5] supporting the hypothesis that chlor- 
ambucil was transformed metabolically into a more 
active compound. One group of researchers [4] have 
experienced an enhancement in the in vivo anti- 
tumour effect of chlorambucil in animals pretreated 
with phenobarbitone and have postulated that 
metabolic activation may make a contribution to the 
anti-tumour activity of chlorambucil. Similarly, a 
second group of workers [5] have observed an accen- 
tuation of chlorambucil cytotoxity in vitro by phen- 
obarbitone and postulated a role for metabolic 
activation. Chlorambucil differs from cyclophospha- 
mide in that it acts directly and does not require 
metabolic activation to be cytotoxic, but the possi- 
bility of metabolism to a more cytotoxic compound 
must be considered. Studies by Godeneche et al. [6] 
employing radiolabelled chiorambucil have dem- 
onstrated that f-oxidation of the butyric acid side 
chain occurs during the in vivo metabolism of chlor- 
ambucil; however, no alkylating metabolites were 
isolated. A preliminary account of certain aspects 
of work presented in this publication has appeared 
[7] and describes the isolation of B-oxidation prod- 
ucts of chlorambucil from rat blood. Mitoma et al. 
[8] have presented a study of urinary metabolites of 
chlorambucil and identified ten metabolites by mass 
spectrometry. Most metabolites had undergone 
oxidation of the butyric acid side chain. The present 


report comprises a complete description of the results 
obtained from a study of the metabolism of chlor- 
ambucil in male Sprague-Dawley rats (Fig. 1). 


MATERIALS AND METHODS 


Radiolabelled chlorambucil 


[*H]Chlorambucil (3Ci/mmole) was prepared by 
tritium exchange of 4[4'-bis(2-chloroethyl)amino-2’- 
iodophenyl] butyric acid and purified as described 
previously [9]. [‘H]Chlorambucil was stored in ben- 
zene (10 ml) as a2.13 mM solution. Ring '*C-labelled 
chlorambucil (Radiochemical Centre, Amersham, 
U.K.: 1.9 mCi/mmole) was stored in benzene (5 ml) 
as a 9.38mM_ solution. The _ purity of 
[°H]chlorambucil and ['*C]chlorambucil was checked 
prior to administration by t.l.c. plate-scanning and 
autoradiography, respectively. Similarly, residual 
quantities of injection solutions were investigated by 
this methodology and demonstrated to be free of 
hydrolysis products. Organic solvents were concen- 
trated by using a Bichi rotary evaporator under 
reduced pressure. 


Synthesis of metabolites 
2-[4-N ,N-bis(2-chloroethyl)aminophenyl] acetic 
acid (phenyl acetic acid mustard). Phenyl acetic acid 
mustard was prepared by the method of Wall et al. 
[10] and 4-[4’-N-(2-chloroethyl)-N-(2-hydroxy- 
ethyl) |aminophenyl butyric acid was obtained by the 
method of Jarman et al. [11]. 
(E)-4-[4N,N-bis(2-chloroethyl)aminophenyl| 3- 
butenoic acid (3,4-dehydrochlorambucil) (3). (E)- 
Methyl 4-(paracetylaminopheny])-3-butenoate. B-(4- 
acetylaminobenzoyl) propionic acid (53.5g, 
0.23 mole), prepared as previously described [12], 
was stirred with water (250 ml) containing sodium 
hydroxide (9.0 g, 0.25 mole) and the pH of the sol- 
ution adjusted to 13 with 2 M sodiur- hydroxide. To 


2039 





2040 


this solution sodium borohydride (5.35 g, 0.14 mole) 
was added and stirred for 2hr. The solution was 
chilled to 0° and cold concentrated hydrochloric acid 
was added to bring the pH to 4.0, causing precipi- 
tation of a white solid which was dried over P.O; to 
yield the hydroxy acid (7, 43.1 g). To a solution of 
the hydroxy acid (43.1 g) in methanol (650 ml) was 
added p-toluene-sulphonic acid (3.8 g, 0.02 mole) 
followed by refluxing for 2 hr. Evaporation of the 
solvent gave a gum which was dissolved in ethyl 
acetate (600 ml). This solution was shaken with satu- 
rated sodium bicarbonate solution (300 ml) and then 
dried (Na,SO,) before evaporation to give a gum 
(40.0 g). T.l.c. (ethyl acetate) showed a principal 
product (R; 0.25) plus an impurity (R,0.5) adjudged 
to be a deacetylated product. This impurity was 
removed by dissolving the gum in methanol (50 ml) 
and reacting with acetic anhydride (50 ml). After 1 hr 
at room temperature the solution was evaporated to 
yield a brown solid (40.0 g) adjudged, on the basis 
of p.m.r., to be the methoxyester (8). P.m.r. 
(CDCI,): 6 8.1 (bs, 1H, NH exchangeable); 7—7.5 
(AB q, 4H, aromatic protuns); 4.1 (5, J = 6 Hz, 1H, 
—CH (OCH;)CH,—); 3.6 (s, 3H, —CO-CH,); 3.1 
(s, 3H, OCH,), 1.8-2.6 (m, 4H, —CH,CH,—); 2.7 
(s, 3H, —NHCOCH,). The methoxyester, 8, was 
dissolved in dry toluene (500 ml) and anhydrous p- 
toluenesulphonic acid (1.0g, 0.0058 mole) was 
added. The solution was raised to the boil and the 
toluene (250 ml) was distilled off over 40 min. 

The solution was extracted with saturated sodium 
bicarbonate (200 ml) and the toluene layer dried 
(Na,SO,) and concentrated to give a brown solid 
(38.0 g). Recrystallization from ethyl acetate pro- 
duced methyl 4-(p-acetylaminopheny])-3-butenoate 
(9), (28.0 g, 53 per cent overall yield from 6) m.p. 
i105-106°. Anal. caled. for C,;H,;NO;:C, 67.0; 
H, 6.43; N, 6.0. Found: C, 66.99; H, 6.49; N, 
5.99. P.m.r. (CHCI;): 6 8.3 (s, 1H exchangeable 
NH); 7-7.5 (ABq, Ja_, = 8.5 Hz, 4H, aromatic pro- 
tons); 6-6.6 (m, ABX, Ja_3 = 8.5 Hz, 4H, aromatic 
protons); 6-6.6 (m, ABX, Ja, = 15 Hz, Jp. = 6.1 
Hz, Ja. <1, 2H, —CH,=CHy—CH)x); 3.7 (s, 
3H, —CO,CH;), 3.24 (d, Jgx=6.1Hz, 2H, 
—CH, = CH,—CH) x); 2.1 (s, 3H, —NCOCH;). 
Ir. v max (CH Cl,)cm™!: 3450 (N-H); 1740 


): 1695 (—NHCOCH;); 970 


(E)-methyl 4-[4-N .N-bis (2-hydroxyethyl)- 
aminophenyl]| 3-butenoate (10). Methyl 4-(p-acetyl- 
aminophenyl)-3-butenoate (4.5g, 0.19 mole) was 
refluxed under nitrogen for 3hr with 0.75M 
sulphuric acid in methanol (63 ml). The solution 
was concentrated to 20ml before equilibrating 
between dichloromethane (50ml) and saturated 
sodium sulphate and evaporated to give methyl 4(p- 
aminophenyl)3-butenoate as a red oil (3.5 g, 94%). 
P.m.r. (CDCI;) 6 6.5-7.3 (ABq,Ja4-3 = 9 Hz, 4H, 
aromatic protons); 5.7-6.3 (m,ABX, 2H, olefinic 
protons); 3.7 (s, 3H—CO,CH,); 3.8 (s, 2H —NH), 
exchangeable) 3.2 (d, J=6 Hz, 2H, —CH = CH— 
CH,—). Immediately the amine was mixed with 
12.5% acetic acid in water (3.5 ml) under nitrogen 
and the mixture was frozen by immersing ‘in dry ice— 
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acetone at —20°, ethylene oxide (5.5 ml, 0.11 mole) 
was added and the reaction vessel sealed under 
nitrogen. After 15 hr at room temperature the reac- 
tion mixture had become one phase and the product 
was extracted into dichloromethane (100 ml). The 
organic layer was washed with sodium bicarbonate 
(100 ml), separated, dried (Na,SO,), and evaporated 
to yield a brown oil (5.0 g). Purification on silica gel 
60 (250 g), eluting with 1 litre ethyl acetate—pet- 
roleum ether (b.p. 60-80) (4:1), then ethyl acetate 
allowed isolation of methyl 4-[4-N,N-bis (2- 
hydroxyethyl)aminophenyl]-3-butenoate, 10, as a 
gum (3.5 g, 65%) which solidified on standing. Re- 
crystallization from petroleum ether (b.p. 60-80) 
and ethyl acetate (1:1) gave pure material, m.p. 
58-60°. Anal. caled. for C,;H,,NO,: C, 64.5; H, 7.5; 
N, 5.0. Found: C, 64.29; H, 7.68; N, 4.97. P.m.r. 
(CDCl;): 6 6.5-7.3 (ABq, Jg3=9Hz, 4H, aro- 
matic protons); 5.8-6.5 (m, 2H, olefinic protons); 
4 (s, 2H, exchangeable —CH,CH,OH); 3.7 (s, 
3H, —CO,CH;); 3.7-3.8 (m, 4H, —N—CH.—); 
3.5-3.6 (m, 4H —O—CH,—CH,—OH); 3.15 
(d, J=6.3, 2H, —CH=CH—CH,.—). Ir v max 


\ 
(CHCI,) cm~!: 3400 (OH); 1740 [a j 970 
NOcu. 


(E)-methyl 4-[4-N ,N-bis (2-chlorethyl)- 
aminophenyl| 3-butenoate. Methyl 4-[4-N, N-bis(2- 
hydroxyethyl)aminophenyl]3-butenoate (2.5 g, 
0.00896 mole) was dissolved in dry pyridine (25 
ml) and cooled to —20° before slowly adding 
methane sulphonyl chloride (1.625 ml, 0.02 mole). 
The reaction solution was allowed to come to room 
temperature and stirred for 3 hr before adding lith- 
ium chloride (5.0 g, 0.12 mole) and heating the sol- 
ution at 75° for 35 min with stirring. The product was 
isolated by pouring into ethyl acetate (500 ml) and 
water (250 ml). HCl (6N) was added whilst stirring 
the mixture until the pH was 4.0 and the organic 
layer separated. After washing with sodium bicar- 
bonate the ethyl acetate layer was dried (Na,SO,) 
and evaporated to give a brown oil (1.9 g), and this 
was purified by prep. h.p.l.c. (Waters Prep. 500) 
using hexane, ethyl acetate (20: 4) to yield methyl 
4-[4-N, N-bis(2-chloroethyl)aminophenyl] 3-buten- 
oate (11) as an oil (1.3 g, 46%). Anal. calcd. for 
C,sH;oClLNO,: C, 56.9; H, 6.0; N, 4.5. Found: C, 
56.5; H, 6.10; N, 4.3. P.m.r. (CDCI;): 6 6.5-7 (ABq 
Js, = 9Hz, 4H, aromatic protons); 5.9-6.4 (m, 
ABX, 2H, CH,=CH,—CH2,—); 3.7 (s, 3H, 
CO,CH;); 3.5-3.7 (m, 8H, —N—CH.;CH,Cl): 3.2 
d, J = 6.3Hz, 2H, —CH=CH—CH,—). Lr. v max 


1740 é« ; 
OCH, 


(CHCI,)em™!: 


H 
\ we 
k foe ) 
(E)-4-[4-N ,N-bis(2-chloroethyl)aminophenyl|  3- 
butenoic acid. Methyl 4- [4-N,N-bis(2 
chloroethyl)aminophenyl] 3-butenoate (2.0g, 


0.0063 mole) was reacted with potassium hydroxide 
(1.62 g, 0.289 mole) in analar acetone—water medium 
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(1 : 1) containing lithium chloride (2.12 g, 0.05 mole) 
under nitrogen for 1 hr at room temperature. The 
acetone was evaporated from the solution under 
reduced pressure and the aqueous residue was 
adjusted to pH 4 with 1N HCl before extracting the 
product into dichloromethane (200 ml). The organic 
layer was dried (Na,SO,) and evaporated to give a 
red oil (1.8 g) which was chromatographed on silica 
gel H (25.0g) eluting with 10% ethyl acetate in 
petroleum ether (b.p. 60-80) under a nitrogen pres- 
sure of 5 lb/in’. The eluates were evaporated to yield 
3,4 dehydrochlorambucil as an oil (1.5g, 79%), 
which solidified on standing. Recrystallization was 
carried out from ethyl acetate—petroleum ether 60- 
80 (1 : 1) and white crystals were obtained, m.p. 77- 
78°. Anal. caled. for C),H;7CI,NO;: C, 55.6; H, 5.6; 
N, 4.6, Cl, 23.5. Found: C, 55.7; H, 5.7; N, 4.5; Cl, 
23. P.m.r. (CDCI;): 610.5 (s, 1H, exchangeable 
CO-H); 6.6-7.3 (AB,, Ja.s = 9HZ, 4H, aromatic 
protons); 5.9-6.6 (m, ABX, Ja, = 15.8Hz, Jg_x 
™ 6.4HZ, Ja_-x = 0, 2H, —CH,=CH,—CH)>x-); 
3.5-3.8 (m, 8H, —N—CH-CH:—Cl); 3.25 (d, Jp_x 
= 6.4Hz, 2H, —CH,z=CHs—CH:>x). Lr. v max 
(CHCIl;)cm™'; 3500 (OH); 1720 (C=O); 960 

a REI ane 

C=C 
H’ \ 

(27,990). 

2[4-N(2-chloroethyl)aminophenyl| acetic acid. 
Ethyl p-aminophenylacetate (5.0 g, 0.028 mole) was 
dissolved in dry toluene (25ml) and anhydrous 
potassium carbonate (7.8 g, 0.057 mole) was added. 
Bromochloroethane (4.0 g; 0.028 mole) was added 
and the mixture was refluxed for 3 hr, whereupon 
another quantity of bromochloroethane (4.0 g, 
0.028 mole) was added and refluxing under nitrogen 
was continued for 12 hr. The carbonate was filtered 
off and evaporation of solvent gave a brown oil 
(4.45 g), which was purified by chromatography 
(150 g, Kieselgel 60) eluting with petroleum ether 
(b.p. 60-80)-ethyl acetate (80-20) to yield ethyl 2- 
[4-N(2-chloroethyl)aminophenyl] acetate (13) as an 
oil (1.9 g, 32%). This was dissolved in concentrated 
hydrochloric acid (18 ml) in a pressure bottle and 
heated for 5 hr at 110° before pouring into salt water 
solution. (400 ml, sat.) at pH 8.5. The solution was 
extracted with ethyl acetate (500 ml) and the aqueous 
layer was adjusted to pH 4 using cold concentrated 
hydrochloric acid to give a white precipitate which 
was filtered and dried over P,O; (1.2g, 71%). 
Recrystallization from acetone gave the acid (5), 
m.p. 160-161°. Anal. calcd. for CjpHj,CINO,; C, 
56.2; H, 5.6; N, 6.55. Found; C, 56.3; H, 5.6; N, 
6.45. P.m.r. (CD,;COCD;): 6 6.5-7.1 (m, 4H, aro- 
matic protons); 3.4-3.7 (m, 8H, NH—CH,— 
CH.—Cl, —CH;CO,H). L.r. vmax (nujol)em | 3200 
(N—H); 1695 (—C=O). 


. U.v. A max. (CH;OH)nm: 290 


OH 


Incubation of chlorambucil with rat liver microsomes 


Male Sprague-Dawley rats (150-200g) were 
treated i.p. with 100 mg/kg sodium phenobarbitone 
on three consecutive days and killed by cervical 
dislocation 24 hr after the final injection. The micro- 
somal fraction of the liver was then prepared by 
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Fig. 1. Scheme for metabolism of chlorambucil. 


homogenization and differential centrifugation by 
the method of Shenkman [13] and the cytochrome 
P-450 content assayed by the procedure of Sato [14]. 
Chliorambucil was used as the sodium salt and the 
complete system contained, in a 3 ml volume, 0.1M 
Tris-HCl buffer (pH 7.4), NADP 1 umole, 3 umoles 
MgCl,, 25 umoles glucose 6-phosphate, 1.2 units glu- 
cose-6-phosphate dehydrogenase, 7.8 umoles chlor- 
ambucil + tritiated chlorambucil (25 wCi) and 2 mg 
microsomal protein from phenobarbital induced 
animals. Samples were incubated for 20 min at 37° 
and the reaction terminated by freezing. Drug 
derived materials were extracted with ethyl acetate 
(8 vol.). The dried extracts (Na,SO,) were concen- 
trated under reduced pressure and analysed by t.l.c. 
using chloroform—methanol (25 : 3). 


In vivo Metabolism of ch »rambucil 


Blood \1hr. The sodium salt of chlorambucil 
(16mg) prepared as described by Ross [15] was 
dissolved in phosphate buffered saline (10 ml, pH 
8). An aliquot of the [*H]chlorambucil benzene stock 
solution (1 ml = 6.33 mCi) was concentrated and the 
residue redissolved in the non-radioactive chlor- 
ambucil solution producing an injection solution of 
tritiated chlorambucil (1.6mg/ml, 0.4 mCi/mg). 
Eleven male Sprague-Dawley rats (140-180 g) were 
treated i.p. with the chlorambucil injection solution 
(8 mg/kg). After 1 hr blood (total 65 ml 7.3 x 10° 
d.p.m.) was obtained from the animals as previously 
described [7]. 

(a) Composition of organic phase. The ethyl acet- 
ate extract contained 4.58 x 10° d.p.m. (63 per cent 
of total blood radioactivity) and prep. t.l.c. allowed 
purification and isolation of metabolites (R; 0.3; 
3.77 x 10° d.p.m.), which were methylated with dia- 
zomethane [7]. Unmetabolized chlorambucil (Ry, 
0.53; 6.13 x 10’ d.p.m.) was also recovered from the 
plate. The methylated metabolites were analysed by 
g.l.c.-mass spectrometry (Figs. 2 and 3). 

(b) Composition of aqueous phase. The aqueous 
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Fig. 2. 


Mass spectra of: methylated metabolite with g.l.c. retention time 7 min from methylated 


metabolite mixture 1 hr after administration (panel a); and synthetic methyl 2-[4-N,N bis(2-chloro- 
ethyl)aminophenyl] acetate (panel b). 


phase (63 ml, 2.7 x 10° d.p.m.) was diluted with an 
equal volume of phosphate buffered saline (63 ml). 
Four volumes ethanol (500 ml) were added and the 
mixture was homogenized with a Silverson high 
speed mixer at 4° for 70 min. The precipitated protein 
was removed by centrifugation and the ethanol : water 
_supernatant (555 ml, 5 x 10’ d.p.m.) decanted, prior 
to concentration by rotary evaporation at 0-10° and 
freeze drying. The lyophilysate was redissolved in 
water (5 ml) and applied to an Amberlite XAD-II 
column (19 x 1.5cm). Elution was carried out with 
water (100 ml) and then methanol (90 ml). The water 
fraction contained 2.1 x 10°d.p.m. and the methanol 
fraction contained 2.8 x 10’ d.p.m. The methanol 
fraction was investigated by t.l.c. (solvent system 
A); however, the radioactive material was immobile 
in the system. A second aliquot of the methanol 
eluate was treated with diazomethane and the prod- 
uct examined by t.l.c. (solvent system B), but again 
only immobile material was observed. 

Blood 4 hr. Eight male Sprague-Dawley rats (240- 
265 g) were injected i.p. with [*H]chlorambucil 
sodium salt at 8mg/kg body wt (injection 


solution = 1.6 mg/ml, 1.01 mCi/mg). The total quan- 
tity injected was 16.2 mg (1.43 x 10'° d.p.m.). Four 
hours later blood was removed and combined to give 
a total of 60 ml (1.47 x 10° d.p.m., 1.02 per cent 
injected material). As described previously [7], an 
ethyl acetate extract was prepared and contained 
7.48 x 10’ d.p.m. 

Treatment of the organic phase. The ethyl acetate 
extract was purified as described for 1 hr blood 
extract. T.l.c. indicated one radioactive zone Ry. 
0.42) and the metabolite material (2.68 x 10’ d.p.m.) 
was isolated, methylated and purified by t.l.c. as 
previously described [7]. The methylated metabolite 
material (7.2 x 10° d.p.m.) was analysed by g.l.c.— 
mass spectrometry. 

Treatment of aqueous phase. The aqueous phase 
(60 ml) was processed as described for the corre- 
sponding 1 hr aqueous phase. The aqueous eluate 
from the XAD-II column comprised 125 ml, 
2.29 x 10° d.p.m. and the methanol eluate 100 ml, 
9.97 x 10° d.p.m. Extensive t.l.c. analysis of the 
methanol eluate gave results analagous to those 
obtained with 1 hr material. 
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Fig. 3. Mass spectra of: methylated metabolite with g.l.c. retention time 19min from methylated 
metabolite mixture 1 hr after administration (panel a); and synthetic methyl ester of 3,4-dehydroch- 
‘ lorambucil (panel b). 


Urine 24hr. Three male Sprague-Dawley rats 
(200 g) in a suitable cage were injected i.p. with 
['*C]chlorambucil sodium salt at 10 mg/kg body wt 
(injection solution = 2 mg/ml, 2.72 x 10° d.p.m./ 
mg). Animals were given access to food and water 
and 24hr after injection the total urine (15 ml, 
4.93 x 10°d.p.m. = 30.2 per cent injected dose) was 
removed from the cooled flask (0-10°). After satu- 
ration of the urine with sodium chloride extraction 
was carried out with two portions of ethyl acetate 
(4 vol.). The combined extracts (120 ml, 3.65 x 10° 
d.p.m.) were dried over sodium sulphate, concen- 
trated and analysed by t.l.c. (solvent system A). 
Radiochromatogram scanning and overnight auto- 
radiography exposure of the plate indicated one 
principal u.v. active metabolite of coincidental R, 
(0.5) with the synthetic 2-[4-N(2-chloroethyl)- 
aminophenyl] acetic acid. The radioactive metabolite 
zone was segregated and the methanol eluate of the 
silica gel contained 1.11 x 10° d.p.m. (30.5 per cent 
total urine extract). The metabolite was converted 


to the methyl ester and purified by t.l.c. (solvent 
system B) prior to examination by mass spectrometry 
(Fig. 4). 


In vivo metabolism of 3,4 dehydrochlorambucil 


The male Sprague-Dawley rats (200-250 g) were 
injected i.p. with 8 mg/kg of 3,4-dehydrochloram- 
bucil dissolved in ethanol (1 vol.) and diluted with 
phosphate-buffered propylene glycol (9 vol.; 0.12 M 
K,HPO, in 45% v/v propylene-glycol). After 1 hr 
the blood was removed as described previously and 
plasma (27 ml) obtained by centrifugation at 500 g 
for 10min. The separated blood cells and plasma 
were stored at —20° prior to analytical investigation. 
The plasma was adjusted to pH 4 and extracted with 
ethyl acetate (4 vol.). The extract was concentrated 
and the volume adjusted to 5 ml. The extract was 
investigated qualitatively for the presence of chlor- 
ambucil, dehydrochlorambucil and phenyl acetic 
mustard at 20, 40 and 60 min after injection by a 
recently developed h.p.l.c. analysis [16]. 
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Fig. 4. Mass spectra of: methyl ester of major metabolite from urine 24 hr after drug administration 
(panel a); and synthetic methyl ester of 2-[4-N(2-chloroethyl)aminopheny]] acetic acid (panel b). 


Analytical techniques 


Autoradiography was carried out using Kodirex 
X-ray film (Kodak, Hemel Hempstead, U.K.) 
clamped to the t.l.c. plate and exposure at —28°. X- 
ray films were developed in Kodak D-19 developer 
for 10min, washed in water and fixed in Kodak 
Unifix for 15 min. T.].c. was carried out on Merck 
precoated silica gel HF,;, plates (20 x 5 x 0.25 mm 
and 20 x 20 x 0.25 mm) and unless otherwise stated 
the solvent systems used were ethyl acetate—pet- 
roleum ether (b.p. 60—-80°)-ether, 50 : 46:4 (sat. with 
water) (A) and petroleum ether (b.p. 60—80°)-ethyl 
acetate, 80 : 20 (B), respectively. Liquid scintillation 
counting was carried out on a Beckman LS100 scin- 
tillation counter (High Wycombe, U.K.) using ali- 
quots (10 ml) of scintillant prepared from the scin- 
tillant NE 233 (Nuclear Enterprises, Edinburgh, 
U.K. 8 vol.), Triton X-100 (4 vol.) and ethanol (3 
vol.). Estimation of radioactivity in samples of whole 
blood was achieved by the external standard ratio 
method. H.p.l.c. was performed using a Waters 


Associates Inc. chromatograph model ALC/GPC 
204. U.v. spectra were determined in a Unicam SP 
800 spectrophotometer. G.|.c. was performed on a 
Pye Unicam 104 (Cambridge) gas chromatograph 
using a 9 ft 3% SE 30 on Gas-Chrom Q column at 
220° with a helium flow of 50 ml/min. For mass 
spectral analysis of metabolites separated by g.l.c. 
the chromatograph was linked to an AEI (Man- 
chester) MS-12 single focusing instrument employing 
an ion source of 290° and a line temperature of 250°. 
A silicon rubber separator was used and maintained 
at 150°, and injection port temperature was 230°. 
N.m.r. spectra were taken on a Brukker 90 MHz 
instrument using approximately 10-15% (w/v) sol- 
ution in deuteriochloroform with tetramethylsilane 
as the internal standard. Infrared spectra were 
recorded on a Pye Unicam (Cambridge 257 spec- 
trometer). Melting points were recorded on a K6fler 
block melting point apparatus. Microanalysis were 
carried out by Mr. K. Jones of this department. 
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RESULTS 


With three animals in each group the level of 
cytochrome P-450 in microsomes obtained from 
phenobarbital pretreated animals was 1.23 + S.D. 
0.16 mmole/mg microsomal protein compared with 
0.41 + $.D 0.03 mmole/mg microsomal protein for 
the control group. This elevation was examined stat- 
istically and found to be significant (t-test; P < 0.01). 
Employing the induced microsomes it was not pos- 
sible to detect any products arising from an enzyme- 
mediated process. T.l.c. analysis of ethyl acetate 
extracts (8 vol.) and comparison with authentic stan- 
dards demonstrated that the only products obtained 
were the hydrolysis products of chlorambucil. 

The metabolite material obtained by prep. t.l.c. 
lhr after drug treatment was investigated by u.v. 
spectroscopy and two significant absorbance maxima 
were observed, one at 264 nm and asecond at 290 nm. 
Similarly, the purified methylated metabolite 
material retained these chromophores, which cor- 
responded to A max for chlorambucil/phenyl acetic 
mustard and 3,4 dehydrochlorambucil, respectively. 
G.l.c. of the methylated metabolite mixture resolved 
the mixture into three components and allowed their 
structure to be investigated by mass spectrometry. 
In order of elution, the metabolites were: 

(1) a metabolite (peak area 2) of identical retention 
time (7 min) to the methyl ester of phenyl acetic 
mustard and indistinguishable from it by mass spec- 
trometry (Fig. 2); 

(2) a metabolite (peak area < 0.1) of retention 
time 14min with mass spectral characteristics of a 
dehydrochlorambucil methyl ester; 

(3) a metabolite (peak area 1) of identical retention 
time (19 min) to the methyl ester of 3,4 dehydroch- 
lorambucil and indistinguishable from it by mass 
spectrometry (Fig. 3). 

The recovery of metabolite material from animals 
4 hr after treatment was considerably lower than that 
obtained after 1 hr; therefore u.v. examination was 
precluded. G.l.c. indicated that the methylated 
metabolite material comprised two components. In 
order of elution the metabolites were: 

(1) ametabolite (peak area 8) of identical retention 
time (7 min) to the methyl ester of phenyl acetic 
mustard and indistinguishable from it by mass 
spectometry; 

(2) a metabolite (peak area 2.5) of retention time 
14 min with mass spectral characteristics of a dehy- 
drochlorambucil methyl ester. 

The mass spectrum of the methyl ester of the 
principal urinary metabolite (30.5 per cent total uri- 


2045 


nary activity) was indistinguishable from that of the 
authentic synthetic specimen of methyl 2-[4-N(2- 
chloroethyl)aminophenyl]acetate (Fig. 4). 

H.p.l.c. analysis [16] of the plasma of animals 
which had been injected with dehydrochlorambucil 
demonstrated the metabolic generation of phenyl 
acetic mustard, but no chlorambucil could be 
detected. 

The in vivo activity of the compounds was assessed 
against the Walker 256 tumour (Table 1). 


DISCUSSION 


The in vivo experiments confirm that the butyric 
acid side chain of chlorambucil is rapidly metab- 
olized by B-oxidation and that the extent of metab- 
olism is such that the activity of these metabolites 
must be considered. Extensive use of mass spectro- 
metry has been made to study the structures of 
metabolites derived from biological alkylating agents 
and diagnostic spectral features are well described 
[1, 2]. Methylated chlorambucil metabolites conform 
to the general pattern, exhibiting a cluster of peaks 
at the parent ion indicative of two chlorine atoms 
being present, each giving rise to peaks attributable 
to *Cl and “Cl. Normally the base peak in the 
spectrum of such compounds arises from a loss of 
the CH,Cl fragment from the molecular ion. Pre- 
viously, extensive t.l.c. examination of the metab- 
olite material (and the methylated metabolite 
material) from blood at 1 hr had failed to produce 
a separation, despite mass spectral evidence indi- 
cating two components. Application of gas-liquid 
chromatography coupled to mass spectrometry pro- 
vided the solution to this problem and resolved the 
mixture into the methyl ester of phenyl acetic mus- 
tard (M* 289,291) and the less volatile methyl ester 
of a dehydrochlorambucil (M* 315,317) as the major 
components. A trace quantity of a methyl ester of 
an isomeric dehydrochlorambucil was observed at 
an intermediate retention time (14 min). Initially, 
when the mass spectrum of the methylated metab- 
olite mixture was first recorded it was considered 
likely that the major dehydrometabolite (retention 
time 19min) was the 2,3 isomer since this is the 
established intermediate in -oxidation of fatty acids. 
Literature precedent [17], however, indicated the 
possibility of double bond isomerization from the 
2,3 to the 3,4 position. The u.v. spectra of the 
metabolite material had chromophores at 264 and 
290 nm. Gas-liquid chromatography experiments 
indicated only two major compounds; therefore it 
was deduced that the chromophores at 264 and 


Table 1. The activity of chlorambucil and its metabolites against the Walker tumour 





Compound 


Cr 
(LDs/IDgo) 


LDso 
(mg/kg) 


ID 
(mg/kg) 





Chlorambucil 

Dehydrochlorambucil 

2-[4-N,N-bis(2-chloroethyl) 
aminopheny]] acetic acid 

2-[4-N-(2-chloroethyl)aminopheny]] 
acetic acid 


12:9 
12.8 


28.3 2.19 
28.3 pe 


11.5 2.0 5.8 
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2°; CH=CH-CH,~-CO,CH, 


(1) CH,OH/H* 


in 
CH,-CH, 


N(CHCHOH) » 


H=CH~-CH.CO.H 


2 


N(CHCH,C1) 5 


3 


Fig. 5. Synthesis of (E)-4-[4-N,N-bis(2-chloroethyl)aminophenyl]3-butenoic acid. 


290 nm were due to phenyl acetic acid mustard (A 
max 264) and dehydrochlorambucil, respectively. On 
the basis of molecular structure, 2,3 dehydrochior- 
ambucil (2) would be expected to have a similar A 
max in the u.v. to phenyl acetic acid mustard and 
chlorambucil, but 3,4 dehydrochlorambucil (3) has 
a double bond conjugated with the N-bis 2-(chloro- 
ethyl)amino group through the benzene ring and 
would be expected to have a u.v. absorbance at 
longer wavelength. Independent synthesis of 3,4- 
dehydrochlorambucil (Fig. 5) demonstrated that the 
chromophore of the synthetic compound (290 nm) 
was coincidental with the longer wavelength absorb- 
ance of the metabolite mixture. G.l.c.—-mass spec- 
trometry confirmed that the metabolite was indistin- 
guishable from the synthetic compound, whilst 
additional evidence was provided by cochromatog- 
raphy on h.p.l.c. 

Comparison of blood metabolites at 1 and 4 hr is 
of interest since it allows proposals to be made 
regarding the mechanism of formation of 3,4-dehy- 
dro isomer. At 4hr the 3,4-dehydro isomer was 
absent, but a minute quantity of another dehydro 
isomer (also present at | hr) persisted. It is postulated 
that this metabolite is the 2,3 isomer which is formed 
directly by dehydrogenation. The 2,3 isomer is pro- 
cessed further by the f-oxidation cycle and results 
in the formation of the phenyl acetic mustard but it 
is envisaged that a competing isomerization of the 
double bond occurs to form the 3,4-dehydro isomer. 
On the basis of the recorded chemical stability of 4- 


phenyl but —2,3-eneoic acid under neutral conditions 
[18] and the known action of the isomerase, croton- 
ase [19], it is envisaged that this isomerization is 
enzyme-catalysed. The metabolic generation of the 
phenyl acetic acid mustard from 3,4-dehydro chlor- 
ambucil indicates in an unambiguous fashion that 
3,4-dehydrochlorambucil is an intermediate towards 
the production of phenyl acetic acid mustard 


(Fig. 1). 


CH,CO,C5H. 


BrCH CHCl 


Neu CHCl 


2 


ae 
5 


CH.CH.Cl 


H a 


Fig. 6. Synthesis of 2-[4-N(2-chloroethyl)aminopheny]] 
acetic acid. 





Metabolism of chlorambucil 


Although the dechlorethylation of chlorambucil 
was not observed in vitro, the isolation of 2[4-N- 
(2-chloroethyl)aminophenyl]acetic acid mustard as 
the major urinary metabolite (confirmed by inde- 
pendent synthesis; Fig. 6) demonstrates that in vivo 
the phenyl acetic acid mustard is subjected to bio- 
logical hydroxylation. It is postulated that in an 
analogous fashion to 4-methyl-cyclophosphamide 
[20], loss of chloroacetaldehyde follows hydroxyla- 
tion and the dechlorethylated metabolite results. No 
attempt has been made to identify the large number 
of minor metabolites. The observation of 2-[4-N(2- 
chloroethy!)aminophenyllacetic acid mustard as a 
major metabolite was consistent with the work of 
Mitoma [8] who has identified this compound in rat 
urine by g.l.c.—mass spec. 

The conversion of chlorambucil to phenyl acetic 
acid mustard is regarded as production of a com- 
pound which is more polar and water soluble but of 
similar in vivo activity to chlorambucil (Table 1), 
when tested against the Walker tumour [21]. Not 
surprisingly, the metabolic intermediate 3,4 dehy- 
drochlorambucil, when tested in vivo, had similar 
activity to chlorambucil. The dechlorethylation of 
phenyl acetic acid mustard is a process producing a 
mono 2-chloroethylamine derivative which is inac- 
tive as an antitumour agent and considerably reduced 
in toxicity. Previously [22], monofunctional alky- 
lating agents were often found to be as toxic as the 
corresponding difunctional analogue without pos- 
sessing their antitumor action. Therefore, compar- 
ison of the biological activity of 2-[4-N(2-chloro- 
ethyl)aminophenyl] acetic acid and 2-[4-N,N-bis 
(2-chloroethyl) aminopheny]| acetic acid provides an 
example where the reduction in antitumour activity 
is accompanied by a corresponding reduction in tox- 
icity. The in vitro testing of the synthesized metab- 
olites is relevant since it will provide information 
about the intrinsic cytotoxicity of each compound 
and. presently the activity of these metabolites is 
under investigation in a human stem cell assay. (D. 
S. Alberts and A. McLean, unpublished results). 
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Abstract—MAO of guinea pig liver mitochondria actively deaminated dopamine, tyramine, serotonin 
and 5-methoxy-tryptamine, while tryptamine, 5-methyl-tryptamine and 7-methyl-tryptamine were mod- 
erately deaminated. Very little deamination occurred when benzylamine, noradrenaline and B-phenyl- 
ethylamine were used as substrates. The in vitro inhibition patterns of MAO of guinea pig liver 
mitochondria by some selective inhibitors were investigated in the presence of tyramine, tryptamine 
and serotonin. Tryptamine oxidation showed biphasic inhibition pattern with harmaline, clorgyline and 
Lilly 51641, while the inhibition curves in the presence of pargyline and deprenyl were sigmoidal. The 
inhibition curves for tyramine oxidation were biphasic with all the inhibitors except pargyline. Serotonin- 
MAO inhibition curves, on the other hand, were sigmoidal with all the inhibitors except Lilly 51641. 
Thermal treatment of guinea pig liver mitochondria produced rapid inactivation of serotonin and 
tryptamine oxidizing activity, while benzylamine oxidizing activity was found to be most thermostable. 


Tissues rich in monoamine oxidase (MAO, EC 
1.4.3.4) activity produce a pigment-like substance 
when incubated with indolealkylamines such as tryp- 
tamine, serotonin, etc. [1-4]. The production of pig- 
ment by guinea pig liver mitochondria in the presence 
of tryptamine was found to be inhibited by various 
MAO inhibitors [5], indicating the possible involve- 
ment of MAO in pigment formation. MAO appears 
to exist as type A and type B [6-9] and it is suggested 
that serotonin (5-HT) is a specific substrate for type 
A MAO, while tryptamine is metabolized by both 
types [7]. However, there are some conflicting 
reports with tryptamine which appears to be a sub- 
strate for type B of the enzyme from certain sources 
[10].‘On the other hand, pig brain MAO, which is 
essentially a type B MAO, is nevertheless active 
towards 5-HT [11]. In order to get a clear picture 
of the role of MAO in pigment formation, it was 
deemed necessary to elucidate the nature of MAO 
types in guinea pig liver mitochondria and an attempt 
was made to characterize MAO types of guinea pig 
liver mitochondria employing type-specific sub- 
strates and some selective MAO inhibitors, the 
results of which are presented in this communication. 


MATERIALS AND METHODS 


The liver of male guinea pigs (500-600 g) were 
removed and placed immediately in ice-cold 0.25 M 
sucrose, blotted dry and homogenized in 0.25M 
sucrose to give a 10% suspension (w/v) and the 
mitochondrial fraction was prepared by the method 
of Schneider and Hogeboom [12]. The mitochondrial 
fraction was washed twice with 0.25 M sucrose and 
finally resuspended in 0.25 M sucrose at a final con- 
centration of 3.5—4.0 mg protein/ml and divided into 
suitable aliquots for storage at —5°. All experiments, 
unless stated otherwise, were performed with mito- 
chondrial fractions which were stored for not more 
than two weeks after preparation and had been 
frozen and thawed only once. MAO activity 
remained unaltered during this storage period. 

The standard reaction mixture for MAO assay 


system contained 0.025 M phosphate buffer, pH 7.5, 
1.8-3.0 mg mitochondrial protein, 0.0125 M semi- 
carbazide and 0.01 M amine substrate in a final vol- 
ume of 2 ml. All incubations were performed at 37° 
with air as the gas phase. The enzyme activity was 
determined by measuring the aldehyde or ammonia 
formed by the methods of Green and Haughton [13] 
or Conway and Byrne [14], respectively. Preliminary 
experiments were performed to ensure that enzyme 
activity was linear with respect to time and enzyme 
concentration employed. 

When MAO inhibitors (MAOIT) were used, the 
enzyme was preincubated with the inhibitors at 37° 
for 30min in the case of clorgyline, pargyline, 
deprenyl, Lilly 51641 and for 10 min in the case of 
harmaline. Among the different MAOI employed 
in the present study, harmaline has been reported 
by various workers to be a reversible inhibitor [15- 
17]. However, experiments to ascertain the nature 
of harmaline inhibition of guinea pig liver mito- 
chondrial MAO by dialysis, preincubation of the 
enzyme with the inhibitor for varied times, Acker- 
mann Potter plot [18] and washing the mitochondria 
several times following preincubation with the inhib- 
itor according to Udenfriend et al. [15], rather sug- 
gested the irreversible nature of harmaline inhibi- 
tion. To determine the thermal stability of the 
enzyme, mitochondrial suspension was kept at 55° 
for varying time intervals. 

Protein concentration was determined by the 
method of Lowry ef al. [19] using bovine serum 
albumin as the standard. 

The substrate amines and harmaline were com- 
mercial products of Sigma Chemical Co., (St. Louis, 
MO, U.S.A.) and other reagents used in this study 
were of analytical grade. 


RESULTS 


The deamination by guinea pig liver mitochondrial 
preparation is maximum with dopamine as substrate, 
followed by tyramine, serotonin and 5-methoxy- 
tryptamine (Table 1). Tryptamine and its 5-methyl 


2049 





2050 


Table 1. Specific activity of guinea pig liver mitochondrial 
MAO* 





Substrate nmoles NH,/hr/mg protein 





928.5 + 17.8 
814.8 + 32.3 
719.1 + 54.9 
642.0 + 11.1 
360.9 + 7.1 

331.4 + 20.0 
163.8 + 10.8 


Dopamine 

Tyramine 

Serotonin 
5-methoxy-tryptamine 
5-methyl-tryptamine 
Tryptamine 
7-methyl-tryptamine 
Benzylamine 
Noradrenaline 
B-phenylethylamine 





* Each value is the mean + S.E. of six determinations. 
The final concentration of each amine was 0.0! M. Other 
details are given in the text. 


derivative are deaminated at a moderate rate, while 
B-phenylethylamine was found to be the least oxi- 
dized under the present experimental conditions. 

MAO inhibition curves in the presence of deprenyl 
(Fig. 1) with 5-HT and tryptamine as substrates are 
sigmoid with relatively high deprenyl concentrations 
being required for inhibition. A small portion of 
tyramine deaminating activity was, however, 
inhibited by low deprenyl doses exhibiting a biphasic 
pattern. In the presence of pargyline, the inhibition 
patterns of oxidation of these three amines were very 
similar (Fig. 2). 5-HT oxidation was the least sen- 
sitive to inhibition by pargyline. 

Tyramine oxidation is inhibited biphasically by 
harmaline with a plateau occurring at about 70 per 
cent inhibition (Fig. 3). The oxidation of the two 
indolealkylamines are, however, differently affected 
by this inhibitor. While 5-HT deamination is very 
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Fig. 1. Inhibition in vitro of monoamine oxidase activity 
in guinea pig liver mitochondria by deprenyl. Different 
concentrations of deprenyl as indicated in the figure were 
added to the otherwise complete reaction mixture and 
incubated at 37° for 30 min, followed by the addition of 
substrate (final concentration 0.01M). (O——©) Tyra- 
mine, (@——®) serotonin, (A——-A) tryptamine. Each 
value in the figure is the mean of 6-8 experiments and the 
bar encompasses all determinations. 
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Fig. 2. Inhibition in vitro of monoamine oxidase activity 
in guinea pig liver mitochondria by pargyline. Different 
concentrations of pargyline as indicated in the figure were 
added to the otherwise complete reaction mixture and 
incubated at 37° for 30 min followed by the addition of 
substrate (final concentration 0.01 M). (O——O) Tyra- 
mine, (@——®) serotonin, (A A) tryptamine. Each 
value in the figure is the mean of 6-8 experiments and the 
bar encompasses all determinations. 


strongly inhibited by low concentrations of harma- 
line, the bulk of the oxidation of tryptamine is 
inhibited at higher doses of the inhibitor. Although 
the latter curve does show a plateau-like region, it 
does not occur at the same harmaline concentration 
region as that of tyramine oxidation. 

With Lilly 51641 (Fig. 4), MAO inhibition curves 
in the presence of the three amine substrates show 
plateaus between 10°’ and 10°° M inhibitor concen- 
trations. Of course, the per cent inhibition at plateau 
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Fig. 3. Inhibition in vitro of monoamine oxidase activity 
in guinea pig liver mitochondria by harmaline. Different 
concentrations of harmaline as indicated in the figure were 
added to the otherwise complete reaction mixture and 
incubated at 37° for 10 min followed by the addition ,of 
substrate (final concentration 0.01M). (O——©) Tyra- 
mine, (@——®) serotonin, (A A) tryptamine. Each 
value in the figure is the mean of 6-8 experiments and the 
bar encompasses all determinations. 
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Fig. 4. Inhibition in vitro of monoamine oxidase activity 
in guinea pig liver mitochondria by Lilly 51641. Different 
concentrations of Lilly 51641 as indicated in the figure were 
added to the otherwise complete reaction mixture and 
incubated at 37° for 30 min followed by the addition of 
substrate (final concentration 0.01M). (O——©O) Tyra- 
mine, (@——®) serotonin, (A——A) tryptamine. Each 
value in the figure is the mean of 6-8 experiments and the 
bar encompasses all determinations. 


varies greatly from substrate to substrate, from about 
75 per cent with 5-HT to 25 per cent with tryptamine. 
At lower concentrations of Lilly 51641 (10~'’- 
10-°M), the degree of inhibition changes very 
slightly over a 100-fold increase in inhibitor concen- 
trations, which perhaps indicates that the enzyme 
activity is not susceptible to inhibition at such low 
doses of Lilly 51641. Interestingly, the sensitivity of 
MAO in the presence of the three amines is very 
similar in this region. 

With clorgyline, MAO in the presence of tyramine 
and tryptamine as substrates shows a double sigmoid 
inhibition pattern, having plateaus at 70 and 80 per 
cent inhibition, respectively (Fig. 5). 5-HT oxidation, 
however, shows a sigmoid pattern of inhibition, 
being almost complete at clorgyline concentrations 
at which the plateaus occur with tyramine and tryp- 
tamine. Among the three substrate amines, tyramine 
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Fig. 5. Inhibition in vitro of monoamine oxidase activity 
in guinea pig liver mitochondria by clorgyline. Different 
concentrations of clorgyline as indicated in the figure were 
added to the otherwise complete reaction mixture and 
incubated at 37° for 30 min followed by the addition of 
substrate (final concentration 0.01M). (O——O) Tyra- 
mine, (@——®) serotonin, (A——A) tryptamine. Each 
value in the figure is the mean of 6-8 experiments and the 
bar encompasses all determinations. 


oxidation showed relatively less sensitivity to clor- 
gyline than oxidation of the other two amines. 5-HT 
oxidation in the present system, however, is much 
more sensitive than any other MAO preparation 
described elsewhere, to the best of our knowledge. 
About 20 per cent inhibition of 5-HT oxidation 
occurs at a clorgyline concentration of 10°" or 
10-'* M (see also Table 2). 

Subminimal concentrations of clorgyline (10~'* or 
10-'* M) sometimes caused a slight increase of MAO 
activity in some preparations. When characterization 
of this phenomenon was attempted under controlled 
conditions, it was observed that this apparent acti- 
vation was most frequently encountered when freshly 
prepared unfrozen mitochondrial preparations were 
employed (Table 2). The same tissue preparation, 
when frozen and thawed only once, failed to show 
any activation and was instead slightly inhibited by 


Table 2. Effect of freezing and thawing of guinea pig liver mitochondrial suspension on 
serotonin and tyramine oxidation in the presence of a low concentration of clorgyline* 





Per cent activation (+) or 
inhibition (—) of MAO activity 





Times mitochondrial suspension were frozen and 


Concentration 
of clorgyline 


thawed 





Substrate (M) 


0 1 





1073 
107'4 
1073 
107!4 


Serotonin 


Tyramine 


5 
+2 
+9 
+5 


—16 
-14 
=i 
—10 





* Freshly prepared guinea pig liver mitochondrial suspension was frozen and thawed as 
indicated in the table, prior to addition to the assay system, and was preincubated with 
clorgyline for 30 min followed by the addition of substrate. Each value is the average of three 
determinations. Other details are given in the text. 
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Fig. 6. Thermal inactivation of guinea pig liver mitochon- 
drial MAO as a function of time. The mitochondrial sus- 
pension was first incubated at 55° and at different time 
intervals as indicated in the figure aliquots were taken and 
added to the otherwise complete reaction mixture and 
assayed for MAO activity. (0 O) Benzylamine, 
(O——©) tyramine, (@——®) serotonin, (A——A) 
tryptamine. Each value in the figure is the mean of 4-6 
experiments and the bar encompasses all determinations. 


the same clorgyline concentrations. Freezing and 
thawing seven times increased the degree of inhi- 
bition by clorgyline. 

5-HT and tryptamine oxidations were found to 
have very similar heat inactivation time courses at 
55° and were more heat labile than benzylamine 


oxidation (Fig. 6). Tyramine oxidation shows inter- 
mediate heat sensitivity, being inactivated to a 
slightly greater extent than benzylamine oxidation. 


DISCUSSION 


The classification of MAO into two types on the 
basis of substrate specificity and inhibitor sensitivity 
can at best be considered relative rather than abso- 
jute [20]. Although enzyme preparations from dif- 
ferent species and tissues have been reported to 
contain the above MAO types in various ratios, 
observations in different preparations do not necess- 
arily fit into the above scheme of classification and 
many anomalies have come to light [8, 10, 11, 21, 22]. 

The substrate activity pattern of guinea pig liver 
MAO indicates that this contains predominantly type 
A MAO, since 5-HT, the widely accepted type A 
specific substrate, is oxidized very fast while ben- 
zyiamine, on the other hand, is deaminated at a 
much slower rate. The ratio of specific activities with 
these two substrates, which is a suggested measure 
of A/B ratio [23], is about 90/10. NE, which is also 
a type A specific substrate, has a specific activity 
similar to that of benzylamine. However, NE is not 
one of the best substrates for MAO and is chiefly 
metabolized by COMT. 

When selective inhibitors are used and MAO 
activity is determined using a common substrate like 
tyramine, the position of the plateau in the inhibition 
curve can also be taken as a measure of A/B ratio 
in that enzyme preparation [24]. However, the two 
MAO forms may not necessarily have the same 


affinity for the common substrates. Thus the position 
of the plateau may change depending upon the sub- 
strate employed. With the exception of Lilly 51641, 
5-HT oxidation shows a sigmoid inhibition pattern 
with all the other selective inhibitors, being more 
sensitive to clorgyline and harmaline, and less sen- 
sitive to pargyline and deprenyl. This is in conformity 
with the results obtained with most other enzyme 
preparations in being exclusively metabolized by 
type A MAO. Tyramine oxidation, on the other 
hand, is inhibited in a biphasic manner by all the 
inhibitors except pargyline. The positions of the pla- 
teaus with type A and type B selective inhibitors are 
in rough agreement, indicating an A/B ratio of tyra- 
mine oxidation of about 75/25. The existence of 
another plateau-like region in the inhibition curve 
of tyramine oxidation corresponding to low clorgy- 
line concentrations indicates that type A MAO itself 
may not be homogenous and a small percentage of 
the activity is supersensitive to clorgyline. That type 
A MAO may not be homogenous was further borne 
out from the inhibition patterns of Lilly 51641 where 
5-HT-MAO activity also showed a double sigmoid 
inhibition curve with a plateau occurring at about 
75 per cent inhibition. It may be recalled here that 
similar biphasic inhibition of 5-HT—-MAO by Lilly 
51641 has been reported in rat brain [25]. So it 
appears that a part of type A MAO (about 75 per 
cent) is inhibited by low concentrations of Lilly 
51641, that is, lower than plateau concentration. It 
may also be pointed out that the plateau at about 
53 per cent inhibition of tyramine oxidation in the 
presence of Lilly 51641 represents exactly 75 per 
cent of type A portion of tyramine oxidation 
observed in the presence of harmaline and clorgyline. 
Unlike the other selective inhibitors, Lilly 51641 
does not seem to discriminate too well between type 
A and type B MAO; rather, a part of type A MAO 
(about 75 per cent) is very sensitive to this inhibitor 
and the rest has sensitivity similar to type B MAO 
and hence those two portions consisting of the less 
sensitive part of type A MAO and the portion which 
represents type B MAO are inhibited together in the 
second step of inhibition. 

The inhibition curves of tryptamine oxidation 
show a great deal of anomaly. Except for deprenyl 
and pargyline, other selective inhibitors show 
biphasic inhibition patterns, suggesting that both 
forms of the enzyme participate in oxidation of this 
amine. However, tryptamine-deaminating activity 
resembles type A MAO in its deprenyl sensitivity 
and in the fact that the bulk of this activity is inhibited 
by low doses of clorgyline. On the other hand, most 
of the tryptamine-oxidizing activity is inhibited only 
by high concentrations of harmaline and Lilly 51641, 
indicating type B characteristics. So it is apparent 
that tryptamine-MAO activity of guinea pig liver 
mitochondria does not fit into the accepted scheme 
of MAO classification at all. The oxidation of tryp- 
tamine, however, resembles that of 5-HT very closely 
in its heat sensitivity. It may be mentioned that 
Squires [8] also reported that in guinea pig liver type 
A MAO is more thermolabile that the B form of the 
enzyme. The above observation was confirmed in 
the present study and it was found that the oxidation 
of benzylamine is more slowly inactivated than 5-HT 
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oxidation during exposure at 55°. Though tyramine 
oxidation shows intermediate heat sensitivity, the 
results with selective inhibitors indicate that the bulk 
of tyramine oxidation (about 75 per cent) is carried 
out by type A MAO and this activity could have 
been expected to be more quickly inactivated by 
heat. Squires [8] also calculated the A/B ratio in 
guinea pig liver which does not quite agree with the 
present estimates. This disagreement, however, may 
be due to his use of kynuramine which is not a 
physiological substrate and the use of a much shorter 
preincubation period for the enzyme with the inhibi- 
tors which is perhaps not adequate for the inhibition 
to reach its completion. 

The slight activation of MAO by subminimal con- 
centrations of clorgyline was also reported by other 
investigators [26, 27]. The activation caused by very 
low doses of clorgyline is found to be characteristi- 
cally related only to freshly prepared mitochondria 
and.the phenomenon is lost on freezing and thawing, 
indicating that some distortion in the micro-environ- 
ment of MAO possibly counteracts the activating 
effects of clorgyline. It may be that clorgyline also 
binds itself with membrane protein apart from MAO, 
as has been reported in the case of pargyline [28], 
thereby producing some conformational change 
which ultimately causes activation of MAO. It is 
possible that due to changes in the membrane micro- 
environment on account of repeated freezing and 
thawing of mitochondria, addition of clorgyline fails 
to produce any activation of MAO. 
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Abstract—Previous studies have shown that indomethacin arrests growth of rat hepatoma (HTC) cell 
cultures in the G, phase, and that removal of the drug leads to resumption of synchronous growth. The 
arrest was dependent on the concentration of the drug and the serum content of the medium. To 
determine how these and other factors affect the uptake of distribution of the drug in cell cultures, 
further studies were undertaken with indomethacin{'*C]. The passage of indomethacin into the cells 
was rapid and reversible. The labeled drug was taken up by two processes; one was highly concentrative 
and possessed a high affinity for the drug but was saturated by therapeutic concentrations of the drug; 
the other was nonsaturable over the range of concentrations studied (5-800 uM). In the absence of 
serum, the drug reached concentrations six to twelve times that in the medium. With increasing 
concentrations of serum in the medium, the ability of the cells to concentrate the drug was diminished, 
and with a high concentration of serum (> 30 per cent), the intracellular level of drug in the cells was 
one to two times that in the medium. Small decreases in pH (+ 0.4 units) induced by changes in CO, 
levels or buffer resulted in a 2- to 3-fold increase in intracellular drug levels. The findings indicate that 
small changes in protein content, pH and COQ, levels can have a marked influence on the cellular levels 
of indomethacin, and point to the possible usefulness of cell cultures to study the dynamics of drug 


distribution at the cellular level. 


Our earlier studies showed that indomethacin and 
other acidic nonsteroidal anti-inflammatory drugs 
arrest growth of transformed and nontransformed 
cells [1-3] in the G, phase of the cell cycle [1, 3]. 
The inhibition was dependent on drug concentration 
and serum content of the medium, and paralleled 
the anti-inflammatory activity of the drugs. The 
effect was reversible and, upon removal of drug, all 
cells resumed cycling in synchrony to produce a surge 
and decline in DNA synthesis and, after 24 hr, cell 
division [1,3]. Although the 24-hr period was 
thought to reflect the time required for the cells to 
pass from the G, state through the remainder of the 
cycle, it was not determined whether drug or metab- 
olite was retained by the cells for a significant period 
of time and contributed to the delayed resumption 
of growth. The present studies were designed to 
answer this question and to obtain additional infor- 
mation on the effects of pH, serum concentration 
and other factors that are likely to influence the 
distribution and potency of the drug both in cell 
cultures and in vivo. 


METHODS 
Materials. The study was made possible by a gift 
of indomethacin[(2C)-"C],* 12.5 mCi/mmole (Lot 
No. L590, 226-02E86), from Merck, Sharpe & 
Dohme, Rahway, NJ. A stock solution, 50 uCi in 





* An attempt to prepare tritium-labeled indomethacin 
by catalytic tritium exchange in glacial acetic acid was 
unsuccessful. Analysis by chromatography and crystalli- 
zation with unlabeled indomethacin indicated that less than 
0.1 per cent of the tritiated product was indomethacin. 


200 ul dimethylsulfoxide, was prepared and stored 
at —20°. This solution was diluted with Eagle’s 
medium containing 10 per cent fetal calf serum as 
needed. 

Unlabeled indomethacin (Sigma Chemical Co., 
St. Louis, MO), 14.3 mg, was dissolved in 200 wl of 
dimethylsulfoxide, neutralized with 1 N NaOH (final 
pH 7.4) and brought to a final volume of 10 ml with 
Eagle’s medium containing 10 per cent fetal calf 
serum to make a 4mM solution. 

Media were prepared by the Media Unit, Division 
of Research Services at the National Institutes of 
Health. Other reagents were obtained from sources 
described in earlier papers [2,3]. All reagents and 
media were sterilized by filtration before use. 

Preparation of cultures. Rat hepatoma mother cul- 
tures were grown in flat-bottom, plastic, screw- 
capped flasks (Falcon Division, Becton-Dickinson 
& Co., Rutherford, NJ, Cat. No. 3024, 75 cm? grow- 
ing surface) and were replated weekly. The cells 
were grown in Eagle’s medium, supplemented with 
Earle’s salts, 2mM glutamine and 10% fetal calf 
serum in an atmosphere of 95% air and 5% CO, at 
36°. 

For individual experiments, 5-day old confluent 
cultures were shaken vigorously, and the resultant 
suspensions were diluted with medium to give 
20,000—30,000 cells/ml. Aliquots (1 ml) of the sus- 
pension were dispensed into parallel rows of tissue 
culture cluster plates (Costar, Cambridge, MA, Cat. 
No. 3524). One row of wells was used to determine 
indomethacin uptake, the other for measurement of 
cell count. Unless stated otherwise, cultures were 
grown to 50-70 per cent confluency (5-7 x 10° 
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cells/well) before each experiment. Each value 
quoted is the mean + S.E. of six wells. 

Indomethacin["“*C], 10 nmoles (125nCi), was 
added to each well, alone or as a mixture with 
unlabeled indomethacin, in a volume of 10-100 pl. 
Sufficient medium was removed from the culture 
beforehand to maintain a final volume of 1 ml. Where 
the composition of the medium was varied, the cul- 
tures were washed twice with the new medium before 
addition of 1 ml of the new medium. 

Measurement of uptake and efflux of indometha- 
cin{'*C]. Incubations were carried out in a Forma 
Scientific model 3171 incubator (Marietta, OH) with 
an automatic air/CO, control adjusted to give an 
atmosphere of 95 per cent air, 5 per cent CO, and 
100 per cent humidity. All other experimental 
manipulations were carried out in an adjacent sterile 
laminar-flow hood heated to 37°. 

The cellular levels of indomethacin{'C] were 
determined after removing the culture medium, 
washing the cultures twice with 0.1 ml of ice-cold 
Ca**- and Mg’*-free Dulbecco’s medium (pH 7.4), 
and adding 0.2 ml of 0.4mM perchloric acid. The 
perchloric acid was removed and the precipitated 
cells, which adhered to the bottom of the well, were 
extracted twice with 0.1 ml of an ethanolic solution 
(0.4 mM) of unlabeled indomethacin. The ethanolic 
extracts were assayed for radioactivity by liquid scin- 
tillation spectrometry (efficiency of counting, 85 per 
cent). Preliminary studies indicated that the two 
washes with the Ca?’ - and Mg’* - free Dulbecco’s 
medium removed all of the extracellular label and 
6-8 per cent of the drug in the cells. The drug 
remained in the cell residue after precipitation with 
perchloric acid but was extracted quantitatively from 
the residue into ethanol or an ethanolic solution of 
unlabeled indomethacin. 

To study the time course of uptake, labeled indo- 
methacin (20 nmoles or 250 nCi/well) was added to 
cultures under an atmosphere of air and 5 per cent 
CO;. These were then returned to the incubator. 
Plates were removed from the incubator at intervals, 
and the amount of label taken up by the cells was 
determined as described above. To study the time 
course of release, single cultures were incubated with 
60 nmoles (750 nCi) indomethacin[{'*C] for 60 min. 
The cultures were washed quickly, twice with 0.1 ml 
Ca** - and Mg’* -free Dulbecco’s medium, and 1 ml 
of Eagle’s medium with 10 per cent fetal calf serum 
was added back to the cultures. At the indicated 
times thereafter, cultures were gently shaken and 
10-41 samples of media were removed for assay of 
radioactivity. The amount of radioactivity remaining 
in the cells at the end of the experiment was also 
determined. 

Determination of cell number and size. Cultures 
were washed with Ca** - and Mg’* -free Dulbecco’s 
medium and incubated with 0.025 per cent trypsin 
solution at room temperature (24°). Detachment of 





* Cell volumes (l/10° cells), measured on different days 
of culture growth, were: 1.86 + 0.12 on day 1 (64,000 
cells/well); 1.89 + 0.05 on day 2 (94,700 cells/well); 1.80 + 
0.10 on day 3 (200,500 cells/well); and 1.74 + 0.04 on day 
4 (715,000 cells/well). Measurement of the tritiated water 
and ['*C]inulin space in untrypsinized cultures gave variable 
results for cell volume (1-2 ul/10° cell). 
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celis was assessed by microscopic examination and, 
when complete, the reaction was stopped by addition 
of soybean trypsin inhibitor (0.5 per cent) solution. 
Dispersion of the cells was aided by repeated aspi- , 
ration of the cultures through the tip of a 1-ml * 
Eppendorf pipette. Dispersion was complete within 
3-5 min, and the cells suffered no visible damage by 
this procedure. For the majority of experiments, 
cells were counted in a Neubauer counting chamber. 

Cell size was determined with a Particle Data 
Counter (Particle Data, Inc., Elmhurst, IL) that was 
coupled to a logarithmic amplifier and a computer 
with an X-Y printout. The instrument was equipped 
with a 1000-1 flow meter and a 120-yl orifice, and 
was calibrated with latex particles of known diam- 
eter. The trypsiaized cell suspensions were diluted 
with Isoton (Fisher Scientific, Washington, DC) to 
give 3-6 x 10° cells/ml. Size distribution analysis of 
the trypsinized cell suspension indicated a single 
peak (mean cell volume, 1.7—1.9 yl/10° cells) and an 
absence of cell fragments or clumps. A value of 
1.8 ul/10° cells was selected to estimate cellular con- 
centration of drug.* 

Metabolism studies: chromatography of medium 
and cell extracts. Six HTC cultures were incubated 
for 4 days with 125nCi (10nmoles) indo- 
methacin[“C]. The culture medium was pooled, 
and unlabeled indomethacin (in 100 ul dimethylsul- 
foxide) was added to make a 0.4mM solution. 
Ethanolic extracts of the cells were: prepared, as 
described above, and pooled. Ter ul of the pooled 
samples was spotted onto thin-layer 5 x 20 cm pre- 
coated silica gel plates (LOD plates from Quantum 
Industries, Fairfield, NJ) and the plates were placed 
in a solvent system consisting of chloroform— 
ethanol-heptane—water—ammonia (40:40:40:2.8:1.6 
parts by volume). Indomethacin was located by 
exposing the plates to iodine vapor, and the radio- 
activity was assayed in 2-mm wide segments of gel 
scraped from the plate. The recovery of indometh- 
acin[C], added to Eagle’s medium (with 10 per cent 
serum) and treated in the same mariner was 75 per 
cent. 

Measurement of binding of indomethacin{'*Cj to 
serum protein. A solution of indomethacia{'*C] (final 
concentration 10 uM) in Eagle’s medium with 10 per 
cent fetal calf serum was incubated for 15 min at 37°. 
The mixture (volume 100 sl) was centrifuged for 4 hr 
at 160,000 g (max) in a Beckman Airfuge 
Ultracentrifuge Centrifuge (Beckman Corp., Los 
Angeles, CA) equipped with an A-100 rotor. 
Samples (5 ul) were removed carefully from the sur- 
face and assayed for radioactivity. Under these con- 
ditions, the clearing time of albumin, based on a 
sedimentation coefficient of 4.6 S, was calculated to 
be 2.4 hr. Completeness of sedimentation was tested 
by recentrifugation of the sample for 2 hr. Incubation 
of indomethacin[{'*C] with 100 per cent fetal calf 
serum indicated 97-98 per cent binding of drug to 
serum. Samples containing indomethacin[{"*C] and 
Eagle’s medium without fetal calf serum were also 
run as controls and showed no measurable binding 
of drug. 


RESULTS 


Uptake and metabolism of indomethacin by HTC 
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Fig. 1. Uptake of indomethacin ['*C] on different days of HTC culture growth. Two- to five-day cultures 

were incubated with indomethacin ['*C] (10 nmoles/ml culture) for 60 min, and the uptake was deter- 

mined as described in Methods. Each is the mean + S.E. of six cultures. Total volume of the cells, as 

measured in the Particle Data Counter, was 0.06, 0.27, 0.85 and 2.07 ul/well on days 2, 3, 4 and 5 of 

growth, respectively. Calculation of cellular concentration of drug, based on these measurements, 

indicated that the cellular concentration of drug was 3.0—-4.7 times that in the medium, and showed no 
significant change trom day to day. 


cultures. At 10 uM concentrations, the uptake of a few minutes. Uptake was rapid both for low 


indomethacin['*C] was similar at all stages of culture 
growth and was proportional to the number of cells 
in the culture (Fig. 1). Measurement of cell volume 
and drug content indicated that the cellular concen- 
tration of drug was four to five times that in the 
medium. 

The uptake of labeled drug was rapid (Fig. 2A), 
as was its rate of release (Fig. 2B), and equilibrium 
of drug between cell and medium was reached within 
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(20 uM) and high (400 uM) concentrations of drug 
(Fig. 2A). In previous studies [3], drug was removed 
by washing the cell cultures twice with 1 ml of Eagle’s 
medium (with 10 per cent fetal calf serum). This 
procedure was found to remove > 98 per cent of the 
label from the cells. 

Little or none of the drug was metabolized. In 
cultures incubated for 5 days with 10 uM indometh- 
acin['*C], most of the label in the medium and cells 
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Fig. 2. Time course of (A) uptake and (B) release of indomethacin [“C] in and out of cells of 4-day- 

old HTC cell cultures. Panel A: the amount of indomethacin['*C] taken up by cells after addition of 

indomethacin['*C] (20 or 400 nmoles/ml). Panel B: the percentage of label appearing in the medium 

from cells previously labeled by incubation with indomethacin{'*C]. Each value in panel A is the mean 

+ S.E. for six cultures. The data in panel B are representative of two experiments (see Methods for 

details). Average cell counts were 604,000 cells/well for experiment A and 640,000 cells/well for 
experiment B. 
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(130 nCi) was added (to give a final concentration of 10 uM) and the plates were incubated for a further 90 min. The pH (Radiometer pH meter) was 


determined in cultures containing unlabeled indomethacin. 
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Table 1. Effect of pH on cellular levels of indomethacin{'*C]* 


Fig. 3. Thin-layer chromatograms (silica gel) of radioactive 

material in medium and cells of cultures incubated with 

indomethacin{'*C] (10 nmoles/ml culture) for 5 days. The 

profile of radioactivity for incubations containing indo- 

methacin{'*C] and Eagle’s medium only is shown in the 
upper panel. 


5% air + 5% CO, 
+ S.E.M. for six cultures. 


migrated as indomethacin upon chromategraphy on 
thin-layer plates (Fig. 3). A small amount (> 0.2 per 
cent of the label added) of the radioactivity in the 
cells migrated with the solvent front (Fig. 3). This 
material was not identified. 

Influence of drug concentration on indomethacin 
uptake. The uptake of indomethacin was not satu- 
rable (solid lines, Fig. 4A and B) over the range of 
concentrations studied (5-800 uM), although a plot 
of the ratios of cell to medium drug levels (dashed 
lines, Fig. 4A and B) showed that uptake was 
biphasic. There was a sharp decline in the ratio when 
the concentration of drug was increased from 5 to 
50 uM, and a much shallower decline thereafter. The 
pattern was similar in the absence (Fig. 4A) or pres- 
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t A total cell volume of 1.8 ul was assumed for the calculation (see text). 


* Each value is the mean 











1-piperazine-ethanesulphonic acid (HEPES) buffer, was added. The plates were incubated for 10 min at 37° in air or in air with 


(2) MEM/95% air + 5% CO, (pH 7.4) 
(3) MEM + Hepes (50 mM)/9 


Incubation conditiont 
(1) MEM/air (pH 7.8) 
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Fig. 4. Relationship of indomethacin uptake and drug concentration. Four-day HTC cultures were 

incubated for 30 min with indomethacin{'*C], and various amounts of unlabeled indomethacin in the 

absence (A), and in the presence (B) of 10 per cent fetal calf serum. A Scatchard plot of the data in 

panel A is shown in panel C as described in text. The range of indomethacin concentrations studied 

was 5-800 4M. Mean cell count was 740,000 cells/well and a cell volume of 1.8 yl/10° cells was assumed 
(see Methods). Each value is the mean of six cultures. 


ence (Fig. 4B) of fetal calf serum, but uptake was 
reduced in the latter case. 

Assuming that the levels of free drug in the cells 
and medium were the same, and that the additional 
drug held in the cell was bound or sequestered, a 
Scatchard plot (Fig. 4C) indicates two components, 
one having an apparent dissociation constant (K,) 
of 35 uM and 0.5 nmole binding sites/10° cells (107 
molecules/cell), and the other a K, value of 600 nM 
and 20 nmoles sites/10° cells. Thus, two processes 
may be present, one involving high affinity and a 
limited number of binding sites and another involving 
low affinity and high capacity for sequestering 
indomethacin. 

Effect of changes in serum concentration on drug 
uptake. The cells accumulated high levels of drug in 
the absence of fetal calf serum, and drug concentra- 
tions in the cell ranged from 5.4 to 11.8 (mean 9.5) 
times that in the medium in four experiments. In the 
presence of serum, the ability of the cells to con- 
centrate drug diminished sharply. In one experiment, 
the ratio of cell to medium drug levels declined from 
5.4 to 2.5 (Fig. 5), and in another from 11.5 to 5.8, 
when the concentration of serum was increased from 
0 to 10 per cent. With high concentrations of serum 
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Fig. 5. Influence of fetal calf serum concentration on the 
uptake of indomethacin{'*C] by HTC cultures. The drug 
(10 nmoles/ml culture) was added to 4-day-old HTC cul- 
tures in which medium had been replaced with Eagle’s 
medium containing the indicated concentration of fetal calf 
serum. To calculate the ratio of concentration of drug in 
cells to that in the medium, cell volume was assumed to 
be 1.8 ul/10° cells (see Methods). Mean number of cells 
was 754,000 cells/well. Each value is the mean + S.E. of 
six wells. 
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(30 per cent and beyond), there was little further 
change (Fig. 5), and intracellular levels of drug were 
one to two times that in the medium. Protein binding 
measurements indicated that with 10 per cent fetal 
calf serum in the medium and a drug concentration 
of 10 uM (the concentration used in these studies) 
56-80 per cent of the drug was bound to the serum 
protein. 

pH and drug uptake. Small changes in pH, pro- 
duced by changes in CO, concentration or by the 
addition of buffer, had a profound effect on the 
distribution of drug. The ratio of cell to medium 
drug levels varied from 2.4 in the absence of CO, 
(pH 7.8) to 7.6 in the presence of 5 per cent atmos- 
pheric CO, and a neutral pH (7.0) (Table 1). 


DISCUSSION 


The above studies indicate that (1) indomethacin 
distributes rapidly between medium and HTC cells 
and, in the absence of serum, becomes concentrated 
within the cells, (2) the intracellular levels of drug 
are dependent on serum concentration and pH of 
the medium, and (3) small changes in either of these 
two parameters will result in large changes in drug 
levels in the cells. The ability of indomethacin to 
bind to albumin in plasma [4-7] or, as shown in these 
studies, to serum protein(s) in the culture medium 
is the most likely reason for the increased uptake of 
drug in the absence of serum and for the fact that 
the cytostatic activity of indomethacin is increased 
when the serum content of the culture medium is 
reduced (unpublished data). 

If indomethacin (pK, 4.5) crosses the lipid cell 
membrane in the nonionized state and equilibrates 
with its lipid-insoluble ionized form on both sides of 
the membrane, the distribution of drug will be gov- 
erned by the pH of the intra- and extracellular spaces, 
the higher concentrations of drug being present in 
the space with the higher pH. The partition of drug 
between the lipid and aqueous phases of the cell will 
also be influenced by pH. The dissociation constants 
of most nonsteroidal anti-inflammatory drugs are 
such that small changes in pH markedly alter drug 
distribution in tissues. For example, Brune er al. 
calculated that a shift from 7.4 to 6.8 in the extra- 
cellular pH and from 7.0 to 7.2 in the intracellular 
PH will result in a 4-fold increase in the intracellular 
concentration of phenylbutazone (pK, 4.5) and 
showed that such a shift is accompanied by an 
increased inhibition of the phagocytic activity of 
blood granulocytes by this drug [9]. The 3- to 4-fold 
increase in indomethacin concentration in the HTC 
cells (noted in Table 1) also illustrates the importance 
of pH in regulating the distribution of the drug. The 
relation between uptake and drug concentration 
(Fig. 4), however, indicates that additional factors 
come into play, and that at least two processes are 
involved in the uptake of indomethacin. One process 
appears to be saturated at low and therapeutic [2] 
concentrations of drug. The other is not saturated 
even at relatively high concentrations of indometh- 

“acin. Two phenomena that would be consistent with 
the data are binding of drug to protein or other 
components in the cell and solubilization of nonion- 
ized drug in lipid structures. Whatever the mech- 
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anism, it is apparent that at therapeutic concentra- 
tions (10-20 4M) the drug is highly concentrated 
within the cell. Fluorescence microscopic studies 
with human fibroblast cultures suggest that the drug 
does become localized in intracellular lipid bodies 
(B. M. Bayer and H. Kruth, unpublished data). 

The studies confirm that changes in both pH [8, 9] 
and protein composition of the extracellular fluid 
produce large changes in the cellular concentration 
of the acidic anti-inflammatory drugs. These effects 
are important in relation to the therapeutic and toxic 
actions of the drug, as inflammatory exudates tend 
to be acidic [8, 10], and these drugs concentrate in 
inflamed tissues [8, 11]. Extravasation of plasma pro- 
teins [12] and changes in the CO,/carbonate equilib- 
rium might also contribute to the higher levels of 
drug in inflamed tissue. 

Although indomethacin is extensively metabolized 
in man, rats and other species [4, 12-14], and the 
liver is a major site of metabolism [4, 10], the rat 
HTC cells do not metabolize indomethacin. Unlike 
the isolated rat hepatocyte preparations that have 
been used as a model to study drug metabolism in 
vitro [15-18], the transformed cells appear to have 
lost the ability to perform this specialized function. 
The absence of metabolism also suggests that the 
effects of indomethacin on cell proliferation are due 
to the drug itself rather than to a metabolite. 

The ability to remove indomethacin completely 
from the cultures by simple washing techniques 
enhances the possible usefulness of this drug in 
inducing synchronous growth in cell cultures. The 
time sequence of changes in DNA synthesis, mitosis 
and cell division after removal of the drug indicates 
that the cultures resume growth with a high degree 
of synchrony [1, 3]. Moreover, the cells can be held 
in the G, state for prolonged periods of time without 
impairment of viability or the ability of the cells to 
resume growth once indomethacin is removed [1, 3]. 
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Abstract—The Z-fraction in rat liver cytoplasm, defined first by Levi et al. [J. clin. Invest. 48, 2156 
(1969)] as an organic anion binding fraction of small molecular weight (10,000-14,000) was further 
purified by the method of ion-exchange chromatography. The purification was characterized by the use 
of 1-anilino-8-naphthalenesulfonate (ANS) in sensitively detecting the organic anion binding protein 
in the Z-fraction. The Z-fraction was found to contain three protein fractions having fairly high binding 
activities for ANS and sulfobromophthalein (BSP). Among these fractions, the D,-fraction, which 
eluted earlier on a DEAE-Sephadex column, had the highest binding affinity for these anions. This D>- 
fraction was further purified by CM-Sephadex chromatography. The ANS binding protein, thus purified, 
was similar in physico-chemical properties to the aminoazodye-binding protein of Sy 1.6s (Form IIT) 
reported by Ketterer et al. [Biochem. J. 155, 511 (1976)]. The binding affinities for both ANS and BSP 
were little influenced by the purification. By the fluorescence method, about 30 per cent of the protein 
in the Z-fraction was found to be this binding protein. The binding stoichiometries for the high affinity 


sites were 0.7 for ANS and 0.4 for BSP. 


The Z-fraction of hepatic cytoplasm elutes with a 
molecular weight of about 10,000—14,000 on a Sepha- 
dex G-75 column and binds to sulfobromophthalein 
(BSP), bilirubin and other organic anions [1-3]. A 
method of isolation of the Z-protein from the Z- 
fraction, based on both BSP binding activity and 
radioimmunoassay, was reported by Kamisaka ef al. 
[3] and Fleischner er al. [4]. The detailed binding 
characteristics during the isolation, however, have 
not been reported. Other proteins in the Z-fraction, 
that have the characteristics of Z-protein, have been 
‘implicated in multi-binding activities to xenobiotics 
and biological substances such as azocarcinogen 
metabolites [5, 6], cortisol metabolites [7], fatty acid 
and fatty acid Coenzyme A [8, 9], and thyroid hor- 
mone [10]. A fatty acid binding protein [8, 9] that 
is closely related or identical to the Z-protein in rat 
liver, is also present in rat small intestine [11]. 
Recently, Warner and Neims [12] described a puri- 
fied Z-protein with an affinity for uncharged hexa- 
chlorophene. Ketterer et al. [13] also purified a pro- 
tein of Sy, 1.6s and mol. wt 14,000, on the basis 
of covalent binding to a metabolite of azodye 
carcinogen. 

Our previous report [14] revealed that the fluor- 
escence quantum yield of 1-anilino-8-naphthalene- 
sulfonate (ANS) bound to the Z-fraction is signifi- 
cantly greater than those to the other binding 
fractions, X and Y. In addition, competition of BSP 
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for the ANS binding sites of the Z-fraction was 
demonstrated [14]. These findings prompted us to 
purify the ANS-binding protein and to compare the 
binding properties for ANS and BSP during the 
purification. 


MATERIALS AND METHODS 


Materials 

ANS (sodium salt) was purchased from the Tokyo 
Chemical Industries Co. Ltd., Tokyo, Japan. BSP 
(in injection form) was purchased from the Daiichi 
Chemical Industries Co. Ltd., Tokyo, Japan. Stan- 
dard proteins for the determination of molecular 
weight were obtained from Boehringer GmbH, 
Mannheim, West Germany. Sephadex G-75, 
DEAE-Sephadex A-50 and CM-Sephadex C-50 were 
purchased from the Pharmacia Fine Chemical Co. 
Ltd., Uppsala, Sweden. Acrylamide and methylene 
bis-acrylamide were purchased from the Seikagaku 
Kogyo Co. Ltd., Tokyo, Japan. All the chemicals 
were used without further purification. Cells for the 
equilibrium dialysis method were obtained from the 
Kokugo Gomu Co. Ltd., Tokyo, Japan. Visking 
tubing (wall thickness 0.001 inch) was purchased 
from the Union Carbide Co., Chicago, IL, U.S.A. 
All other reagents were commercially available and 
of analytical grade. 


Animals 

Male Donryu rats (Nihon Rat Co. Ltd., Tokyo, 
Japan), weighing 270-330 g, were used as the liver 
source. 
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Purification of Z-protein 

All procedures were performed in the cold room 
(4°) or on ice. 

Step 1. Preparation of the supernatant fraction: A 
100,000 g supernatant fraction was prepared from a 
50% homogenate of 200 g of liver from eighteen rats 
as described previously [15]. 

Step 2: Sephadex G-75 gel filtration (the first time): 
The 140 ml of supernatant fluid from Step 1 was 
divided into equal-volume fractions (70 ml). Both 
fractions were chromatographed on a Sephadex G- 
75 column (5.4 x 85 cm) which was equilibrated with 
50 mM Tris-HCl buffer, pH 7.4 (buffer A). Elution 
was performed with buffer A using a pump driven 
downward flow (45 ml/hr), and aliquots of 10 ml were 
collected. The Z-fraction, of which the fraction num- 
ber was determined preliminarily, was collected. 

Step 3: Sephadex G-75 gel filtration (the second 
time): The Z-fraction from Step 2 (250 ml) was con- 
centrated to 20 mi by lyophilization after dialysis 
against distilled water. The concentrated Z-fraction 
was chromatographed on the same Sephadex G-75 
column under the same conditions as described in 
Step 2. Samples around the protein peak at the same 
fraction numbers as in Step 2 were collected. 

Step 4: DEAE-Sephadex chromatography: The 
fraction from Step 3 (120 ml) was concentrated to 
20 ml by lyophilization and dialyzed against 10 mM 
Tris-HCI buffer (pH 8.2) (buffer B) for 24 hr. The 
dialyzed sample was centrifuged at 10,000 r.p.m. for 
30 min; the clear supernatant fraction was placed on 
a DEAE-Sephadex A-50 column (1.4 x 21 cm) equi- 
librated with buffer B. After eluting the column with 
160 ml of buffer B, a linear gradient composed of 
150 ml of buffer B and the same volume of buffer 
B containing 0.5 M NaCl was used to elute the col- 
umn. Aliquots of 4 ml were collected at a flow rate 
of 12 ml/hr. In order of elution, the protein fractions 
were designated D,, D,, D;, Dy, D; and Dy. These 
fractions were dialyzed against buffer A and diluted 
with the same buffer to a concentration of 0.13 
absorbance units at 280nm. ANS (0.1 ml, 1 mM) 
was then added to 3 ml of each fraction; the fluor- 
escence was measured at 480 nm (excited at 400 nm) 
in a Hitachi MPF-4 fluorospectrometer. 

Step 5: CM-Sephadex chromatography: The D,- 
fraction (25 ml) from Step 4 was concentrated to 8 ml 
by ultrafiltration, using a Diafilter G-OST membrane, 
and dialyzed for 24 hr against 50 mM acetate buffer 
(pH 6.0) (buffer C). The dialyzed sample was placed 
on a CM-Sephadex C-50 column (1.4 x 15 cm) equi- 
librated with buffer C. Elution was performed with 
200 ml of buffer C at a flow rate of 12 ml/hr. The 
first protein fraction that eluted was designated as 

_the C,-protein. The second protein fraction remain- 
ing in the column was eluted with buffer C containing 
0.5M NaCl, and was designated as the Cy,c- 
fraction. 


Preliminary identification of the Z-fraction 


The peak of the Z-fraction of the gel filtration was 
preliminarily determined as follows. The supernatant 
fraction (10 ml) was mixed with BSP (10 umoles) 
and the mixture was placed on a Sephadex G-75 
column under the same conditions as described in 
the purification procedure. Three peaks of BSP bind- 
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ing to the proteins were obtained and identified as 
the X-, Y- and Z-fraction, respectively, following 
the nomenclature of Levi et al. [1]. 


Protein concentration 


The concentration of protein was determined by 
the method of Lowry et al. [16] with bovine serum 
albumin as the standard. The concentration of bovine 
serum albumin was determined from the extinction 
coefficient, E+ = 6.7. 


Electrophoresis 


Polyacrylamide electrophoresis (7.5% acryla- 
mide) was carried out by the method of Davis [17] 
on a running gel at pH 8.9. 

Sodium dodecylsulfate—-polyacrylamide gel elec- 
trophoresis was performed as described by Weber 
and Osborn [18]. Prior to the electrophoresis, the 
proteins were incubated with 1% mercaptoethanol 
for 15-20 hr at room temperature. The gels were 
fixed with 50% trichloroacetic acid for 1hr and 
stained with 0.25% Coomassie brilliant blue-20% 
trichloroacetic acid. 


Molecular weight determination 


The molecular weight was estimated by gel filtra- 
tion on a column (2.8 x 54cm) of Sephadex G-75 
equilibrated with buffer A. The molecular weight of 
the polypeptide chain was determined by sodium 
dodecylsulfate—polyacrylamide gel electrophoresis. 
The proteins used for the calibration of molecular 
weight were cytochrome c (12,500), myoglobin 
(17,000), chymotrypsinogen (25,000) hen egg albu- 
min (45,000) and bovine serum albumin (67,000), 
respectively. 

Equilibrium dialysis 

The protein samples were previously dialyzed 

against buffer A for 20-30 hr. Equilibrium dialysis 


was performed using the dialysis cell. The details 
were described in a previous paper [15]. 


Determination of binding constant for ANS by flu- 
orescence intensity 


Binding studies for ANS were performed in a 
Hitachi MPF-4 fluorospectrometer at room temper- 
ature. To the cuvettes containing 3 ml of protein in 
buffer A were added small samples (2-10 ul) of ANS 
stock solution (5mM), up to a 30 ul total sample 
volume. The solution was stirred with a glass rod 
after each addition and the fluorescence was meas- 
ured at 480 nm (excited at 400 nm). If necessary, the 
fluorescence intensity was corrected for the ‘inner 
filter’ effect by the method of Chignell.[19]. The 
apparent binding constant was calculated from a plot 
of the reciprocal of the variation in fluorescence 
against the reciprocal of total ANS concentration; 
the intercept of the abscissa gives the apparent bind- 
ing constant for ANS [20]. The reciprocal of the 
intercept of the ordinate gives the /,,,, value, which 
is proportional to the number of ANS binding sites 
per g of protein if the quantum yield of ANS bound 
is assumed to be constant. 


Determination of the stoichiometry for binding of 
ANS and BSP to C,-protein 


The stoichiometry of the binding of ANS to C,- 
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protein was determined from the fluorescence data. 
The fraction of ANS bound (f,) was calculated using 
the following equation, 


Cc 

fo=G = (lo~ Wy 1), (1) 
where C, and C, are the concentrations of total ANS 
and bound ANS, respectively, and J, and /;are the 
fluorescence intensities of a given concentration of 
ANS in the solution with low protein concentration 
and in the solution without protein, respectively; /, 
is the fluorescence intensity of the same concentra- 
tion of totally bound ANS, i.e. the fluorescence 
intensity of ANS in the presence of excess C,-protein. 
Thus, C, and free concentration of ANS (C,) are 
given, and the stoichiometry is calculated with a 
Scatchard plot assuming the molecular weight of C,- 
protein to be 13,000 (see text). 

The stoichiometry of the binding of BSP to C,- 
protein was determined by the equilibrium dialysis 
method. The concentration of C,-protein was 
9.1 uM, and the concentration of BSP in the buffer 
solution ranged from 2 to 17 uM. The binding par- 
ameters were obtained with a non-linear iterative 
least squares method using a Hitachi 8700/8800 
digital computer. 


RESULTS 
Preparation of ANS binding protein 


A summary of the purification steps is presented 
in Table 1. 

The Z-fraction, obtained after gel filtration twice, 
was placed on a DEAE-Sephadex column. The elu- 
tion pattern is shown in Fig. 1. Six fractions (D,, D2, 
D;, D,, D; and D,), shown by the horizontal bars, 
were pooled and the binding activities for ANS were 
determined from the fluorescence intensity. The 
D,-, D;- and D,-fractions had high binding activities, 
but other fractions had little activity, as shown in the 
inset of Fig. 1. 

Double-reciprocal plots of ANS binding to these 
three fractions (D,, D; and D,), plotted by the 
method of Wang and Edelman [20], are shown in 
Fig. 2. Apparent binding constants of 5 x 10*M"', 
1.8 x 10*M™' and 1.8 x 10*M™' were obtained for 
the D.-, D3- and D,-fraction, respectively. 


Figure 3 shows the Scatchard plots of BSP binding 
to these proteins. Binding constants of 1.6 x 10° 
M"', 0.45 10°M™! and 0.2 x10°M"' were 
obtained for the D,-, D.- and D,-fractions, respec- 
tively. Since the D,-fraction had the highest binding 
affinity of the three fractions, further purification 
was performed on a CM-Sephadex column. The 
protein that eluted on the CM-Sephadex column had 
a high binding affinity for ANS, whereas the protein 
that remained in the column (Cy, <,-fraction) did not 
show any binding affinity for ANS. 


Binding of ANS to the fractions in the purification 
process 


The binding of ANS to the Z-fraction, the D.- 
fraction, and the <,-protein was determined by the 
fluorescence method for each purification step. The 
protein concentration of each fraction or protein was 
0.13 absorbance units at 280 nm. The titration curves 
of these fractions and protein with ANS were plotted 
by the method of Wang and Edelman [20] as shown 
in Fig. 4. It is clear that the apparent binding constant 
was not influenced by the purification, since the 
intercepts of the abscissa in these plots are the same. 
On the other hand, the reciprocal of the intercept 
of the ordinate, i.e. /,,,., increased with purification. 
Table 1 summarizes the results of the purification on 
the basis of the /,,,, value (specific intensity). Con- 
sequently, this procedure resulted in a 67-fold puri- 
fication of ANS binding protein from the liver 
cytosol. 


Electrophoresis of the Z-fraction 


The result of polyacrylamide gel electrophoresis 
of the different samples obtained in the purification 
process is shown in Fig. 5. The final C,-protein 
migrated as a single band. The Z-fraction, after gel 
filtration twice, contained two major protein bands, 
namely band 1 and band 2. Band 1 corresponded to 
the major protein in the D,-fraction, i.e. C,-protein, 
while band 2 corresponded to the major protein in 
the D,-fraction. 

In the dodecylsulfate-gel electrophoresis, the Z- 
fraction and the D,-fraction migrated to the same 
position as a single band. This finding indicates that 
the proteins in the Z-fraction may have been of the 
same molecular weight. 


Table 1. Purification table of ANS binding protein in the Z-fraction 





Total Specific Total 
protein intensity* intensity* Yield Purity 
Purification step (mg) (units/mg) (units) (%) (%) 





(1) Supernatant fraction 7500 
(2) Sephadex G-75 gel 
filtration 172 
(3) Sephadex G-75 gel 
filtration 
(Z-fraction) 
(4) DEAE-Sephadex 
(D,-fraction) 
(5) CM-Sephadex 
(C,-protein) 


3.6 27,000 1.5 


62 10,664 2 26 


74 8140 : 32 
162 551 


234 515 





* Arbitrary units. 
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Fig. 1. Elution profile of the Z-fraction on a DEAE-Sephadex A-50 column. Z-fraction, obtained after 

two gel filtrations (G-75), was placed on a DEAE-Sephadex A-50 column (20 x 1.4cm) equilibrated 

with 10 mM Tris-HCl buffer, pH 8.2. Elution was performed with a linear gradient of NaCl at a flow 

rate of 12 ml/hr, and aliquots of 4 ml were collected. Six fractions, shown by the horizontal bars, were 

pooled, and binding activities for ANS were determined by the fluorescence enhancement. See text for 
details. 


Molecular weight determination 


Molecular weights of purified C,-protein, esti- 
mated by both gel filtration and dodecylsulfate-gel 
electrophoresis, were 14,000 and 13,000, re- 
spectively. 


Ultraviolet-absorption spectrum 


The ultraviolet-absorption spectrum of the puri- 
fied C,-protein in 50 mM Tris-HCl buffer (pH 7.4) 
revealed an explicit shoulder at 285 nm. This char- 
acteristic was reported previously by Ketterer et al. 
[13] in the protein of Form III. The ratio of the 
absorbance at 280 to that at 260 nm was 1.32. Table 
2 summarizes the 280/260 ratio for the various protein 
fractions in the purification process. The D,-, D;- 


N 
— 


1 / FLUORESCENCE INTENSITY 
1 








T 1 
0,05 0.1 
1/ANS,pm™ 


Fig. 2. Double-reciprocal plots of ANS binding to D-, D3- 
and D,-fractions. These fractions were obtained after Step 
4 (see text for details). The protein concentration of each 
fraction was 0.13 absorbance units at 280 nm. Key: (@) D.- 
fraction; (A) D;-fraction, and (O) D,-fraction. 


and D,-fractions, which bind ANS with higher affin- 
ity, have similar 280/260 ratios (1.34—-1.35), whereas 
the D,-fraction, which binds little ANS, has a 280/260 
ratio of 1.68. 


Stoichiometry of the binding characteristics 


The stoichiometry of ANS binding to purified C,- 
protein was determined from the x-intercept of the 
slope of a Scatchard plot (Fig. 6), and the value of 
0.7 mole of ANS bound per mole of C,-protein was 
obtained. The binding constant (K,) was also deter- 
mined from the slope; the K, was 0.4 x 10°M“™'. 

The stoichiometry of BSP binding to the C,-pro- 
tein was also determined by the equilibrium dialysis 
method; a Scatchard plot of the results is shown in 








T 
20 
r, pmole/g 


Fig. 3. Scatchard plots of BSP binding to D,-, D3- and D,- 

fractions obtained by the equilibrium dialysis method. The 

protein concentrations used were: 350 ug/ml for the D2- 

fraction, 400 ug/ml for the D;-fraction and 410 ug/ml for 

the D,-fraction. Key: (@) D,-fraction, (A) D3-fraction. 
(OC) D,-fraction. 
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Table 2. Ultraviolet-absorption spectrum in the purification 
process 





Abs(280 nm) 


Purification step* Fraction Abs(260 nm) 





3 Z-fraction 

4 D,-fraction 
D,-fraction 
D;-fraction 
D,-fraction 

5 C,-fraction 





0.05 0. 
1/ANS , um 
Fig. 4. Double-reciprocal plots of the titration curves for 
ANS binding to the Z-fraction, the D-fraction and C,- 
protein. The protein concentration of each fraction and/or 
protein was 0.13 absorbance units at 280nm. Key: (A) 
after Sephadex G-75 gel filtration (second time, Step 3), 
(@) D.-fraction after DEAE-Sephadex chromatography 
(Step 4), and (O) purified C,-protein after CM-Sephadex 
chromatography (Step 5). 


Fig. 7. The curvature of the plot suggests the exist- 
ence of at least two classes of binding site. The 
binding parameters obtained by the least squares 
method are n, = 0.44, n. = 2.44, K, =2.75 x 10° 
M~'. The binding constant for the high affinity site 


2 3 4 





* See details in Materials and Methods. 


(2.8 x 10° M~) is in fairly good agreement with the 
value (2.5 x 10°M~') as reported by the authors 
using the crude Z-fraction [14]. 


DISCUSSION 


By the fluorescence method, the Z-fraction, which 
was homogenous in molecular weight (Fig. 4) was 
found to contain three protein fractions (D,, D; and 
D,) having high binding affinities for ANS. Among 
these fractions, the D,-fraction had the highest bind- 
ing affinity for both ANS and BSP (Figs. 2 and 3). 
Recently, Ketterer et al. [13] isolated three proteins 
of 1.6s and mol. wt 14,000 with isoelectric points of 


1 


Fig. 5. Panel a: Polyacrylamide disk gel electrophoresis of the various samples obtained in the purification 

process (7.5% acrylamide at pH 8.9). (1) C,-protein, (2) D3-fraction, (3) D2-fraction, and (4) Z-fraction 

obtained after gel filtration twice. Electrophoresis of the Z-, D- and D;-fractions was carried out at 

the same time; the positions of the bands can be compared. Panel b: Dodecylsulfate-gel electrophoresis 

of Z- and D,-fractions. Prior to electrophoresis, the proteins were incubated with 1% mercaptoethanol 
for 15-20 hr at room temperature. (1) D»-fraction, and (2) Z-fraction after gel filtration twice. 
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Fig. 6. Scatchard plot of ANS binding to purified C,-pro- 

tein, as measured by fluorescence intensity. The sample 

correlation coefficient r is expressed in moles of ANS bound 

per mole of C,-protein, assuming its molecular weight to 

be 13,000. The concentration range of ANS was 6 to 50 uM, 

and the concentration of C,-protein was 25 uM. See text 
for details. 








UJ a T 
0.5 1.0 1.5 
r 
Fig. 7. Scatchard plot of BSP binding to a purified C,- 
protein determined by the equilibrium dialysis method. 
The concentration range of BSP was 2 to 17 uM, and the 
concentration of C,-protein was 9.1 4M. The solid line was 
calculated by a non-linear iterative least squares method 
using a digital computer, and the binding parameters 
obtained were: m; = 0.44, ny = 2.44, K, = 2.75 x 10°M™', 
and K, = 1.08 x 10°M!. 


5.0 (Form I), 5.9 (Form If) and 7.6 (Form III), 
respectively, by a method involving isoelectric focus- 
ing of rat liver cytosol. They also reported that the 
basic protein (Form III) had the highest binding 
affinity for BSP, estrone sulfate and palmitate; the 
results of the present study support their findings. 
Our preliminary study by isoelectric focusing of the 
Z-fraction also suggests that the D,-fraction corre- 
sponds to the fraction with a pI of about 7.5 (unpub- 
lished data). On the other hand, Z-protein isolated 
by Kamisaka et al. [3] was reported to be acidic. 


Furthermore, the fatty acid binding protein, which 
was isolated by Ockner and Manning [11] from rat 
intestinal mucosa and appeared to be identical with 
Z-protein by a comparison of molecular weight, BSP 
binding activity, and immunological reactivity, had 
a pI value of 5.55. Accordingly, on the basis of the 
isoelectric point, the C,-protein that we purified is 
similar to the protein reported by Ketterer et al. [13], 
but different from those reported by Kamisaka et al. 
[3] and Ockner and Manning [11]. A possible expla- 
nation for these discrepancies is that the Z-protein 
by Kamisaka et al. [3} and Ockner and Manning [11] 
corresponds to the D,- or D,-fraction in the present 
study and not to the D,-fraction. A detailed immu- 
nochemical study, however, would be necessary for 
definite identification. Discrepancies in the quanti- 
tation of Z-protein by BSP binding and immuno- 
logical methods were also recently reported by Stein 
et al. [21]. Such diverse findings may result from the 
multiplicity of the Z-fraction found in the present 
study. 

Previous investigators reported the binding stoi- 
chiometry of various substrates to Z-protein, e.g. a 
molar stoichiometry of 0.5 for bilirubin [3] and of 
1 for hexachlorophene [12], BSP, and estrone sulfate 
[13]. The Scatchard plot of BSP binding showed a 
curvature, and the best-fitting curve was obtained 
with an n, value of 0.44, using a digital computer 
(Fig. 7). The number of high affinity binding sites 
for both ANS and BSP to Z-protein seems to be less 
than 1. This might have been the result of partial 
aggregation of Z-protein, as suggested previously 
{3, 12]. 

The binding constants for both ANS and BSP do 
not seem to have been affected by the purification 
procedures (Fig. 4). On the other hand, Ketterer et 
al. [13, 22] reported that the crude Z-fraction bound 
various compounds, including BSP, more strongly 
(6- to 30-fold) than did purified Z-protein, e.g. the 
binding constants for BSP were 0.25-0.7 x 10°M™! 
(purified Z-protein) and 2.5-8 x 10°M™' (crude Z- 
fraction), respectively. However, the C,-protein, 
purified in the present study, seems to have retained 
a fairly high binding affinity for BSP, i.e. 2.5 x- 10° 
M™', which is practically the same value obtained in 
the crude Z-fraction [14, 15]. 

Previous experiments in this laboratory [14] 
revealed that the fluorescence quantum yield of ANS 
bound to the Z-fraction was greater than that to the 
Y-fraction, suggesting a higher hydrophobicity of the 
ANS binding site on the Z-fraction. This ANS tech- 
nique was used previously by Ketley er al. [23] to 
study the ligand binding properties of ligandin (glu- 
tathione S-transferase B) isolated from the Y-frac- 
tion of rat liver cytosol. In the present study, this 
sensitive tool using ANS was employed for the 
detection of the organic anion binding proteins in 
the Z-fraction of rat liver cytosol. 
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SHORT COMMUNICATIONS 


Inhibition of monoamine oxidase by d-methamphetamine 


(Received 21 December 1979; accepted 20 February 1980) 


Because of the great spread of amphetamine abuse in 
Europe and the U.S.A. and its unique pharmacological 
effect on the central nervous system, much interest has 
been centered around the biochemical mechanisms of its 
action [1]. Amphetamine has been shown to be an inhibitor 
of monoamine oxidase [amine: oxygen oxidoreductase 
(deaminating, flavin-containing); EC 1.4.3.4] (MAO) in 
vitro [2-4] and in vivo [5]. In Japan, however, d-meth- 
amphetamine (MA) is much more common than amphet- 
amine and is now causing serious social problems. 
Although, many years ago, MA was briefly described to 
be an MAO inhibitor [6, 7], to our knowledge, its detailed 
action has never becn determined. Since mitochondrial 
MAO is believed to exist in many tissues in two functional 
forms called type A and type B [8-10], in the present 
investigation we have studied the inhibition of type A and 
type B MAO by MA. 

A crude mitochondrial fraction was isolated from whole 
brains of male Sprague-Dawley rats, weighing 100-200 g, 
as described previously [11]; a suspension of it was used 
as an enzyme source. For studies on MAO pretreated with 
se or deprenyl, the enzyme was incubated with 

M clorgyline or 10-7 M deprenyl at 37° for 30 min and 
poet mae at 18,000 g for 10 min. The resulting pellet was 
suspended in 30 ml of a 0.25 M sucrose solution and recen- 
trifuged at 18,000 g for 10 min. This procedure was repeated 
once to wash the enzyme completely. The resulting pellet 
was suspended in a small amount of the sucrose solution 
and used as an enzyme source. 

MA-HCI was purchased from the Dai-Nippon-Seiyaku 
Co., Osaka, Japan. Clorgyline, a selective inhibitor of type 
A MAO [8], was supplied by May & Baker Ltd., Dag- 
enham, U.K. Deprenyl, a selective inhibitor of type B 
MAO [12], was donated by Prof. J Knoll, Department of 
Pharmacology, Semmelweis University of Medicine, 
Budapest, Hungary. 

MAO activity toward 5-hydroxytryptamine (5-HT) was 
determined by a slight modification of a new photometric 
assay [13], as described previously [14]. In this method, the 
hydrogen peroxide formed in reaction with MAO is meas- 
ured photometrically by converting 2',7’-dichlorofiuores- 
cin to 2’,7’-dichlorofluorescein in the presence of perox- 
idase. The assays were carried out at 37° and pH 7.4 for 
10 or 15 min. MAO activity toward tyramine and f-phenyl- 
ethylamine (PEA) was measured fluorometrically by a 
slight modification of the methods of Guilbault et al. [15] 
and Snyder and Hendley [16]. The details of the procedure 
were described in our previous paper [11]. The assays were 
carried out at 37° and pH 7.4 for 30 min. Under the con- 
ditions used, all MAO assays were confirmed to be linear 
with time of incubation. 

For kinetic analysis, the MAO activity at five or six 
different substrate concentrations was measured in dupli- 
cate over the concentration range of 200-800 uM for 5-HT, 
75.0-400 uM for tyramine and 5.0-40.0 uM for PEA. The 
respective K,, and K; values were determined graphically 
from Lineweaver-Burk plots. 


For inhibition studies, MA was dissolved in distilled : 


water, added to the assay mixture without substrate, and 
preincubated at 37° for 10 min. Seven different concentra- 


tions of MA were employed over the range of 10°°- 
10-* M. It was confirmed that MA did not interfere with 
the photometry or the fluorometry when hydrogen peroxide 
was added directly. 

Protein was determined by a slight modification [17] of 
the conventional biuret method using bovine serum albu- 
min as a standard. 

The inhibition of MAO by various concentrations of MA 
was studied using 5-HT, grrr and PEA as substrates. 
As can be seen in Fig. 1, MAO was hardly affected by 
10~° ,M MA and was almost completely inhibited by a 
10~> M concentration of the inhibitor for all substrates. The 
sensitivity of the MAO activity toward 5-HT was signifi- 
cantly (P<0.01, when the difference was more than 10 per 
cent) higher than that toward PEA; the sensitivity of the 
activity toward tyramine appeared intermediate. Fifty per 
cent inhibition was achieved at 4.6 x 10°° M MA for 5-HT, 

at 6.0 x 107° M for tyramine and at 1.2 x 10°* M for PEA. 

Type A MAO was obtained by pretreatment of the 
enzyme with 10°2M deprenyl, a selective inhibitor of type 
B MAO [12]; type BMAO was also obtained by pretreat- 
ment of the enzyme with 107’ M clorgyline, a selective 
inhibitor of type A MAO [8], as described earlier. Type 
A MAO was specifically inhibited by 10’ M clorgyline and 
type B enzyme specifically by 10°’M deprenyl. These 
enzyme preparations were subjected to inhibition by var- 
ious concentrations of MA, using tyramine as substrate. 
As illustrated in Fig. 2, the sensitivity of the deprenyl- 
treated enzyme (type A MAO) to MA was higher (P< 
0.01, when the difference was more than 10 per cent) than 
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Fig. 1. Effect of various concentrations of MA on MAO 
activity toward 5-HT (O——), tyramine (@——®) and 
PEA (A——A), using rat brain mitochondria as an enzyme 
source. The concentrations of 5-HT, tyramine and PEA 
were 100, 100 and 10 uM, respectively. Each point rep- 
resents the mean of four determinations of a single enzyme 
source prepared from the pooled brains of seven rats. For 
no point was the S.D. >5 per cent of the mean. 


2071 





Short communications 





Percent inhibition 








J i 
5 4 


Concentration of MA (-log M) 





Fig. 2. Effect of various concentrations of MA on the 
activity of rat brain mitochondrial MAO pretreated with 
10°’ M clorgyline (@©——@) or 10°’ M deprenyl 
(O——), using tyramine as substrate. The concentration 
of the substrate was 100 uM. Each point represents the 
mean obtained from four determinations of a single enzyme 
source prepared from the pooled brains of seven rats. For 
no point was the S.D. >5 per cent of the mean. The 
procedure for the treatment is described in the text. 


that of the clorgyline-treated enzyme (type B MAO). Fifty 
per cent inhibition was achieved at 4.1 x 10°°M MA for 
the deprenyl-treated enzyme and at 1.5 x 10-*M for the 
clorgyline-treated enzyme. 

Lineweaver—Burk plots for MAO were carried out in the 
absence and in the presence of MA using the three sub- 
strates. The inhibition of rat brain mitochondrial MAO by 
the drug was fully competitive for all substrates. The respec- 
tive K,, and K; values are presented in Table 1. The K; 
value with 5-HT was much lower than that of the corre- 
sponding K,, value, while the value with PEA was higher 
than the corresponding K,,, value. 

To further study kinetically the inhibition of MAO by 
MA, rat brain mitochondrial MAO pretreated with 10°’ M 

clorgyline or 10~’ M deprenyl was analyzed by Lineweaver- 
‘ Burk plots, using tyramine as substrate. The inhibition by 
MA was also fully competitive (reversible) for both enzyme 
preparations. The K; value for the deprenyl-treated enzyme 
(type A MAO) was much lower than that for the clorgyline- 
treated enzyme (type A MAO) to MA was higher (P< 
K,, values were taken into account (Table 1). 





* To whom all correspondence should be addressed. 


In the present communication, we have studied MAO 
inhibition by MA with respect to the type A and type B 
classification. Although it is not clear if each type of MAO 
represents a different protein, it is unequivocally accepted 
that both types of MAO are demonstrable both in vitro 
and in vivo [18, 19] in their substrate specificity and inhibitor 
sensitivity. Type A MAO has been shown to be active with 
5-HT and norepinephrine as substrates, and to be sensitive 
to inhibition by a low concentration of clorgyline. Type B 
MAO has been shown to be active with PEA and benzy- 
lamine, and to be sensitive to inhibition by a low concen- 
tration of deprenyl. Some substrates, such as tyramine, 
tryptamine and dopamine, are oxidized by either type of 
MAO. 

We demonstrated substrate-selective MAO inhibition by 
MA; MAO activity toward 5-HT, a type A substrate, was 
more sensitive to MA than that toward PEA, a type B 
substrate (Fig. 1). In addition, it was observed that the 
activity of MAO pretreated with deprenyl (type A MAO) 
was more sensitive to the drug than that of MAO pretreated 
with clorgyline (type B MAO) (Fig. 2). These data show 
that MA is a more potent inhibitor of type A MAO than 
of type B MAO. This was also evidenced by the K; values 
using different substrates and the clorgyline- and the 
deprenyl-treated enzyme (Table 1). Amphetamine is also 
more selective toward type A than type B (3, 4]. Deprenyl, 
which is very close to MA in chemical structure, is, in 
contrast, a potent type B inhibitor. 

MA, like other amphetamines, may enhance the release 
of catecholamines such as norepinephrine and dopamine 
and inhibit the reuptake of the neurotransmitters in the 
brain [1]. Both norepinephrine and dopamine were 
reported to be metabolized by type A MAO in their neurons 
in vivo [20]. Therefore, the type A MAO inhibition by MA 
may play some role in vivo in protecting the catecholamines 
from destruction in the synaptic cleft, and thus may serve 
to prolong its pharmacological or toxic effects. 

In summary, the present study shows that MA is a 
competitive (reversible) MAO inhibitor that is more potent 
for type A MAO than for type B MAO. 
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Table 1. Substrate and inhibitor constants for rat brain mitochondrial MAO* 





Substrate 


Pretreatment of MAO 


K,, K; for MA 
(uM) (uM) 





5-HT 
Tyramine 
PEA 
Tyramine 
Tyramine 


Untreated 
Untreated 
Untreated 


Clorgyline-treated* 
Deprenyl-treated* 100 


606 pS 
156 30.5 
21.3 70.8 
356 119 
19.2 





* Each kinetic constant was determined graphically from Lineweaver-Burk plots 
using five or six concentrations assayed in duplicate of a single enzyme source 
prepared from the pooled brains of seven rats. The assay methods are described 


in the text. 


+ The procedure of the treatment is given in the text. 
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Effect of drug vehicles on N-demethylase activity in isolated hepatocytes 


(Received 5 December 1979; accepted 20 February 1980) 


The use of isolated hepatocytes to study in vitro metabolism 
of drugs and other xenobiotics has become an important 
technique during the past 10 years. A problem often 
encountered in such studies is preparation of concentrated 
stock solutions of poorly soluble substrates for subsequent 
addition to incubation mixtures. It is often necessary to 
dissolve substrates in an organic solvent and subsequently 
add small amounts of this solution directly to hepatocyte 
incubations or to dry an aliquot of solution in the incubation 
vessel prior to cell addition. If the solvent is added directly 
to hepatocyte suspensions, it may, by several mechanisms, 
modify drug metabolism in the preparation. On the other 
hand, when poorly water soluble substrates are dried onto 
glass incubation vials, the rate of dissolution in the incu- 
bation mixture may be variable, resulting in poor repro- 
ducibility and unreliable estimates of actual substrate con- 
centrations. Typical vehicles used in drug metabolism stud- 
ies with hepatocytes include: ethanol [1-3], acetone [3-6] 
and dimethylsulfoxide [1, 7, 8]. 

Although N-demethylation can be quantitated in micro- 
somal suspensions by monitoring formaldehyde formation 
from water soluble substrates such as ethylmorphine HCl, 
similar studies in hepatocyte suspensions are virtually 
impossible. When formaldehyde is formed in hepatocyte 
suspensions, it is further metabolized to formate and ulti- 
mately CO,, making quantitation difficult [9]. Moreover, 
after dealkylation of many substrates, the dealkylated 
metabolite is further conjugated with sulfate or glucuronic 
acid in the hepatocyte system, again making quantitation 
difficult [5]. In order to overcome these problems, we have 
recently studied several substrates for N-demethylation that 
can be utilized in isolated hepatocyte suspensions. We have 
found that N,N’-dimethylphenobarbital (DMPB) is an 
excellent substrate since it is metabolized almost exclusi- 





*R. Abraham, M. Sauers, M. Zemaitis and J. Alvin, 
manuscript submitted for publication. 


vely to N-methylphenobarbital (MPB) with little subse- 
quent formation of phenobarbital or other metabolites.* 
Moreover, use of ['“C]DMPB allows one to accurately 
monitor formation of [‘*C]MPB and not have to rely on 
formaldehyde measurements. Since DMPB is only slightly 
soluble in water, it was necessary to make concentrated 
stock solutions in organic solvents for subsequent addition 
to hepatocyte suspensions. Although organic solvents are 
often used to add substrates to microsomal suspensions and 
their effects on metabolism have been reported, it became 
apparent that extrapolation of microsomal data to the iso- 
lated hepatocyte system was not valid. We found during 
the development of the DMPB N-demethylase assay that 
the rate of the reaction in hepatocytes was highly dependent 
on the solvent used to dissolve DMPB. This report sum- 
marizes our initial observations and describes a subsequent 
study designed to quantitate vehicle effects on N-demethy- 
lase activity in isolated hepatocytes. 

Male Wistar rats (225-300 g), obtained from Hilltop 
Labs, Scottdale, PA, were maintained on Purina Lab Chow 
and water ad lib. and were used throughout the experi- 
ments. Animals were fasted for 24 hr before being killed. 
Hepatocytes were isolated essentially as described by Berry 
and Friend [10], incorporating modifications introduced by 
Seglen [11]. After cannulation of the portal vein, the liver 
was perfused with calcium-free Krebs—Henseleit bicarbon- 
ate buffer (pH 7.5) for approximately 10 min. After hepa- 
tectomy, the liver was placed in a perfusion apparatus 
(MRA Corp., Boston, MA) and perfused: for another 10- 
15 min with a recirculating solution of Sigma Type IV 
collagenase (90 units/ml) in Krebs-Henseleit buffer. After 
disruption of the liver capsule, cells were suspended in ice- 
cold Krebs-Henseleit buffer, successively filtered through 
gauze and weighted silk, and washed twice. Hepatocytes 
were finally resuspended to a final concentration of approx- 
imately 40 mg cells/ml in ‘fortified’ Krebs—Henseleit buffer 
containing 5.5 mM glucose, 2% bovine serum albumin, and 
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Table 1. Effect of drug vehicle on dimethylphenobarbital 
(DMPB) N-demethylation in isolated hepatocytes* 





MPB formed 


Solvent (umoles/g dry wt/15 min) 





Acetonet 

Acetone 
Acetonitrile 
Dimethylsulfoxide 
Ethanolt 





* Twenty microliters of 75 mM DMPB was added to 2.0- 
ml incubation mixtures as described in the text. Incubations 
were carried out for 15 min (in triplicate for each solvent) 
and the formation of methylphenobarbital was subse- 
quently determined. 

+ Cells were added to 1 ml of buffer containing 20 ul of 
DMPB after a 20-min preincubation to allow for evap- 
oration of acetone from the solution. 

¢ Fifty microliters of a 30mM solution of DMPB in 
ethanol was used due to limited solubility of DMPB in 
ethanol. 


Eagle’s Minimum Essential Medium. Cell viability, as 
determined by Nigrosin exclusion, was consistently greater 
than 80 per cent. 

Incubations were carried out by mixing | ml of hepato- 
cyte suspension and | ml of ‘fortified’ Krebs—Henseleit 
buffer to which had been added 20 ul of 75 mM ['*C]DMPB 
(0.027 mCi/mmole) dissolved in acetone, dimethylsulfoxide 


Short communications 


or acetonitrile. Since the solubility of DMPB in ethanol is 
less than in the other solvents tested, 50 ul of a 30mM 
solution of DMPB in ethanol was used. In addition, during 
certain experiments with acetone as the drug vehicle, 20 ul 
of 75 mM DMPB was added to | ml of ‘fortified’ Krebs— 
Henseleit buffer, and the mixture was preincubated at 37° 
for 20 min to evaporate most of the solvent, prior to cell 
addition. The final DMPB concentration in the incubation 
was 0.75 mM, and incubations were carried out at 37° for 
15 min in a 95% O,/5% CO, atmosphere. The reaction was 
stopped by removing 1.0 ml of the incubation mixture and 
immediately adding it to 4.0.ml of ice-cold isooctane. All 
incubations were carried out in triplicate and ‘zero time’ 
blanks were prepared by extraction with isooctane immedi- 
ately after addition of cells to the incubation. 

In order to quantitate further vehicle effects on DMPB 
metabolism, a second study was done in which 1.2 ml of 
75mM DMPB in acetone was slowly added to 60 ml of 
‘fortified’ Krebs-Henseleit buffer with constant stirring. 
The solution was then incubated at 37° for 30min to 
evaporate as much acetone as possible. The volume of the 
buffer (now containing 1.5 mM DMPB) was measured and 
brought back to a volume of 60 ml with distilled water. To 
1.0 ml of buffer containing 1.5 mM DMPB was added either 
2,5, 10 or 15 ul of a specific vehicle and 1.0 ml of hepatocyte 
suspension. Incubations were then carried out as described 
previously. Since the effects of 20 ul of acetone on DMPB 
metabolism were minimal (Table 1), smaller additions of 
acetone were not included in the second study. Although 
propylene glycol is not a good solvent for DMPB, it is a 
commonly used solvent for other compounds and, there- 
fore, this vehicle was included in the second study. Con- 
version of DMPB to N-methylphenobarbital was analyzed 
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Fig. 1. Effect of selected drug vehicles on dimethy!phenobarbital (DMPB) N-demethylation by isolated 
hepatocytes. Various amounts of each vehicle were added to hepatocyte suspensions (containing 0.75 mM 
DMPB) and the metabolism of DMPB was measured after a 15-min incubation. Key: acetonitrile 


( ); propylene glycol ( 


); ethanol (-—-—-); and dimethylsulfoxide ( 


). Each point 


represents the mean of triplicate incubations. 
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Fig. 2. Rate of dimethylphenobarbital (DMPB) dissolution in incubation buffer. Twenty microliters of 

75 mM [‘*C]DMPB (0.027 mCi/mmole) in acetone was dried onto the inside of a series of incubation 

vials. Two milliliters of ‘fortified’ Krebs-Henseleit buffer was then added to each flask and incubated 

for various time periods at 37° with constant shaking. At each time point the percentage of total counts 
in the buffer was calculated. Values graphed are the means of triplicate incubations. 


by differential extraction and liquid scintillation counting 
as described previously. * 

Although direct vehicle effects on hepatocyte metabolism 
can be avoided by drying an aliquot of substrate solution 
onto incubation vials prior to addition of cells, the disso- 
lution of poorly soluble substrates into the incubation mix- 
ture may be incomplete, especially during short incuba- 
tions. To evaluate this possibility with DMPB, 20 ul of 
75mM [‘C]DMPB (0.027 mCi/mmole) in acetone was 
dried in a series of incubation vials. To each vial was added 
2.0 ml of ‘fortified’ Krebs-Henseleit buffer, and the mixture 
was incubated for various time periods. At the end of each 
period 1.0-ml samples were removed from three vials, and 
each sample was added to 10 ml of ACS-Aqueous Counting 
Scintillant (Amersham/Searle Corp., Arlington Heights, 
IL). Triplicate ‘control’ samples were prepared by adding 
1.0 ml of buffer and 10 ul of 75 mM ["*C]DMPB directly 
to 10 ml of ACS. The samples were counted, and the mean 
value for each time point was compared to the mean control 
value to determine what percentage of substrate had 
actually dissolved in the buffer. 

Table 1 summarizes a typical study using the same batch 
of hepatocytes to which DMPB was added in different 
vehicles. The fastest rate of metabolism occurred in incu- 
bations to which DMPB was added in acetone followed by 
a 20-min preincubation to evaporate the vehicle; direct 
addition of DMPB in acetone without preincubation 
resulted in a 14 per cent decrease in DMPB N-demethyl- 
ation. The rate of DMPB demethylation in the presence 
of acetonitrile was similar to activity in the presence of 
acetone. However, addition of DMPB in 20 ul of dime- 
thylsulfoxide or 50 ul of ethanol decreased metabolism by 
about 80 per cent in each case. 

To characterize further the effects of drug vehicles on 
N-demethylase activity in isolated hepatocytes, various 





*R. Abraham, M. Sauers, M. Zemaitis and J. Alvin, 
manuscript submitted for publication. 


amounts of acetonitrile, propylene glycol, ethanol or 
dimethylsulfoxide were added to hepatocyte suspensions 
containing 0.75 mM DMPB (previously added in acetone 
and preincubated). Figure 1 summarizes the effect of each 
vehicle on DMPB metabolism. The volume of each vehicle 
added per 2-ml incubation was 2, 5, 10 or 15 ul; these 
additions are converted to the final mM concentration of 
each vehicle on the x-axis of Fig. 1. Consistent with the 
data in Table 1, acetonitrile had the least effect on DMPB 
N-demethylation; below a 50mM final concentration, 
inhibition was less than 5 per cent. Below this concentra- 
tion, propylene glycol also produced only minimal inhibi- 
tion, but above 50 mM it was more inhibitory than equal 
concentrations of acetonitrile. In contrast to acetonitrile 
and propylene glycol, ethanol and dimethylsulfoxide were 
potent inhibitors of DMPB metabolism even at concentra- 
tions below 50 mM. 

In order to overcome vehicle effects on in vitro metab- 
olism in hepatocyte suspensions or microsomal prep- 
arations, aliquots of drug solution are often dried onto 
incubation vessels prior to addition of other components. 
However, we found that this method had drawbacks in our 
system since it took at least 30min for 80 per cent of 
[“*C]DMPB dried onto a vial to be recovered in the sus- 
pension buffer. The time course of dissolution of DMPB 
at several points during a 1-hr incubation is presented in 
Fig. 2. 

The previous studies demonstrate that drug vehicles can 
have profound effects on drug metabolism reactions meas- 
ured in vitro using isolated hepatocytes. At least for the 
N-demethylase reaction studied, addition of drug in acetone 
to an aliquot of buffer, followed by a preincubation prior 
to cell addition, is the best method to handle the poorly 
soluble substrate. Of the vehicles tested, acetone, aceton- 
itrile and propylene glycol appear to have only slight effects 
on N-demethylation if the volume is ‘kept below 5 ul 
vehicle/ml incubate. On the other hand, ethanol and 
dimethylsulfoxide significantly inhibited DMPB 
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N-demethylation even at concentrations as low as 1.0- 
2.5 ul/ml incubate. Therefore, these solvents appear to be 
poor vehicles for metabolism studies with isolated hepa- 
tocytes despite their use in several studies [1-3, 7, 8]. It 
should be noted, however, that our results were obtained 
with only one substrate, and when other reactions are 
studied, the effects of various vehicles may differ. Never- 
theless, our studies demonstrate that drug vehicles used 
during metabolism studies can be a critical variable that 
must be investigated before data obtained with isolated 
hepatocytes is reported. Our studies also indicate that 
simply drying substrates on the surface of incubation vials 
prior to addition of incubation components does not guar- 
antee that poorly soluble substrates will rapidly dissolve in 
the medium. In most cases, the rate of dissolution can be 
easily determined and should be calculated before metab- 
olism is measured in hepatocyte suspensions when this 
method of substrate addition is used. This is particularly 
critical during time course studies involving short incuba- 
tion times or in kinetic studies where precise substrate 
concentrations are required. 

With the increasing use of isolated hepatocytes to study 
in vitro drug metabolism, careful control of incubation 
variables, such as drug vehicles, is essential. Proper selec- 
tion of appropriate vehicles and reporting of vehicle effects 
will serve to standardize many techniques and simplify 
comparison of data from one laboratory to another. 
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Experimentally, allopurinol (Hpp) antagonizes the cytotoxicity of 5-fluorouracil (FUra) 
in L5178Y, L1210, P388 and Sarcoma 180 cells, but not in Walker 256 or HeLa cells in culture 
[1,2]. A similar antagonism was observed in L5178Y cells in vitro when FUra was incubated 
simultaneously with hypoxanthine (Hx) [3]; in addition, Hpp has been reported to reduce the 
tedicity of FUra in mice and rats {1,2,4). The preferential utilization of 5- 
phosphoribosyl-1l-pyrophosphate (PRPP) for the conversion of FUra to FUMP by orotate phos- 
phoribosyltransferase (OPRTase) is thought to occur in murine leukemias, while other cell 
lines, such as the Walker 256, appear to activate FUra by the sequential action of uridine 
phosphorylase (UP) and uridine kinase (UK). In tissues utilizing PRPP preferentially for FUra 
conversion, the accumulation of orotic acid (OA) from the inhibition of OMP decarboxylase or 
of Hx from the inhibition of xanthine oxidase, by Hpp or metabolites of Hpp [5-7], may lead to 
competition between OA or Hx and FUra for PRPP in the conversion of OA to OMP and of Hx to IMP 
by OPRTase and Hx-guanine phosphoribosyltransferase (HGPRTase) respectively. 

This study was designed to examine the possibilities for increasing the therapeutic index 
of FUra in the treatment of adenocarcinoma of the colon by using FUra in varying combinations 
with Hx and Hpp. Toxicity induced in the normal limiting tissues of 8- to 12-week-old CBA/CAJ 
mice, and the metabolism of FUra in two human colon tumors maintained in immune-deprived 
CBA/CAJ mice were examined. 

The tumor lines, designated HxGC, (FUra-insensitive) and HxELC2 (FUra-sensitive), immune- 
deprivation of the mice, and tumor implantation have been described previously [8]. Hx and 
Hpp were dissolved initially in 1 M NaOH; solutions were subsequently back-titrated with 1 M 
HCl to approximately pH 8.9. Incorporation of FUra into RNA has previously been shown to 
correlate with gastrointestinal toxicity of FUra in CBA/J mice (9). Preliminary investiga- 
tions on the scheduling of Hx and Hpp by i.p. injection to tumor-bearing mice 30 minutes 
before, simultaneously or 30 minutes after the i.p. administration of FUra demonstrated that 
the simultaneous schedule offered the greatest therapeutic advantage between the incorporation 
of drug into the RNA of gastrointestinal tissues and uptake by the tumors. The determination 
of intratumor concentrations of fluorinated metabolites between 1 hr and 7 days after i.p. 
injection of FUra, with or without the simultaneous administration of Hx and Hpp, using T.L.C. 
procedures, has been reported [8,9]. The toxicity of a single dose of FUra (400 mg/kg) given 


i.p., either with or without the simultaneous i.p. administration of various doses of Hx (50, 


100 or 200 mg/kg) or Hpp (10, 20 or 40 mg/kg) either alone or in combination, was assessed 


from the weight loss of normal individual male mice during a period of 20 days, as described 


previously [9]. 
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Fig. 1. Toxicity of a single i.p. administration of FUra (400 mg/kg) alone (@), or in combi- 
nation with Hx (50 mg/kg) (4), Hpp (10 mg/kg) (4), or Hx (50 mg/kg) and Hpp (10 mg/kg) (0) 
in normal male CBA/CAJ mice. Deaths are indicated by the solitary symbols representing the 
appropriate dose-group. 


Treatment with FUra alone resulted in 80 percent lethality between days 8 and 11 after 
drug administration (Fig. 1). Protection from both gastrointestinal toxicity (days 1-8) and 
bone-marrow toxicity (days 8-20) after FUra treatment was obtained with both Hx and Hpp, 
either alone or in combination. The optimal doses that offered the greatest protection with 
the highest survival rate (100 percent) were 50 mg/kg for Hx, 10 mg/kg for Hpp, and these same 
dosage levels for the combination of Hx with Hpp. It is evident that the purine combination 
afforded superior protection from FUra toxicity over either Hx or Hpp alone. 

Tumor-bearing mice received [6-°H]FUra (100 mg/kg) either alone, or simultaneously with 
Hx (50 mg/kg), or Hpp (10 mg/kg), or both, by i.p. administration. Intratumor concentrations 


of total fluorinated anabolites consisting of FUra, FUrd, FdUrd and FUra ribo- and deoxyribo- 


nucleotides were determined between 1 and 168 hr after treatment in HxELCg and HxGC3 tumors 


(Fig. 2). In the FUra-sensitive line, HxELCg, either Hx or Hpp administered singly with FUra 
produced little effect on the total FUra anabolites formed, although slight potentiation was 
observed at 4 hr after Hpp administration; in contrast, fluorinated metabolite concentrations 
were elevated between 4 and 48 hr after administration of the three-agent combination and 
remained slightly elevated above the FUra control for up to 7 days. Similarly in HxGC3 
tumors, Hpp had a slight effect in potentiating FUra metabolite formation at 1 and 4 hr after 
treatment; Hx, however, yielded elevated FUra-metabolite concentrations greater than those 
observed with Hpp, during the first 24 hr after treatment, and Hx and Hpp in combination with 
FUra further induced elevated metabolite concentrations between 1 and 48 hr after drug 
administration. It is apparent that the effect of Hx and Hpp, in combination, on the metabo- 
lism of FUra was greater than after administration of either purine alone in the 2 xenograft 
lines studied. This suggests that the potentiation of elevated levels of Hx by Hpp is re- 
sponsible for the increased formation of FUra anabolites in the tumors. It is possible that, 
by increasing the levels of endogenous purines, and subsequently of .ribose-1l-phosphate from 


the breakdown of IMP, that FUra may be converted more readily to its nucleoside. 
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Fig. 2. Intratumor concentrations of total FUra anabolites in HxELCy and HxGC3 human colon 
xenografts between 1 and 168 hr after i.p. administration to tumor-bearing mice of (6-3H] FUra 
(100 mg/kg) alone (@) or in combination with Hx (50 mg/kg) (A), Hpp (10 mg/kg) (a), or Hx 
(50 mg/kg) and Hpp (10 mg/kg) (0). 

In normal tissues, the superior protection from FUra toxicity afforded by the simul- 
taneous administration of Hx and Hpp may be due to rapid depletion of PRPP by the conversion 
of these purines, and the metabolite of Hpp, oxipurinol, to their nucleoside monophosphates by 
HGPRTase (or OPRTase in the case of oxipurinol), thus reducing the availability of PRPP for 
FUra conversion. Further, the inhibition of xanthine oxidase would potentiate levels of Hx 
for extended periods of time, and may ultimately lead to a prolonged depletion of PRPP; in 
gastrointestinal tissues, since incorporation of FUra into RNA is largely complete within 4 hr 
after drug administration, then this could account for the increased protection observed. 

Concentrations of FUMP, FUDP;,; FUTP, FdUMP, FUrd and FUra (pmoles/mg DNA) measured at 
various times after the administration of [6-°H]FUra with or without Hx and Hpp in HxELC» and 
HxGC3 tumors are shown in Table 1. In HxGC3, the elevation of metabolite concentrations 
during the first 48 hr after treatment was associated with increases in FdUMP, FUMP and FUrd; 
FUra was increased during the first 4 hr whereas the formation of FUTP and FUDP was decreased 
for up to 48 hr. In HxELC2, FUra was the only metabolite that was not present at increased 
concentrations after administration of the combination. FUrd concentrations were elevated 
after administration of the three-agent combination to a greater extent than the other FUra 
anabolites in both tumor lines. It is possible that in the presence of high concentrations of 


FUrd, uridine kinase becomes rate limiting in conversion of the agent to ribonucleotides. 


The data suggest that the possibility for increasing the therapeutic index of FUra in 


4 


xenografts of human colorectal carcinomas in mice is worthy of further study; thus, our 
studies are currently being expanded to encompass an additional four lines of such xenografted 
human neoplasms. Such a study could result in the elucidation of the relative importance of 


OPRTase and UP/UK in the anabolism of FUra by human colon xenografts. 
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Table 1. Metabolism of FUra.* 





Metabolite Treatment Concentration of FUra anabolites (pmoles/mg DNA) 
4 hr 1 day 2 days 4 days 7 days 








HxELC, colon xenografts 
Combination 102 80 88 
FUra alone 35 40 11 


Combination 97 102 75 
FUra alone 21 23 10 


Combination 162 97 56 
FUra alone 266 169 17 


FdUMP Combination 525 293 82 
FUra alone 128 101 31 


FUrd Combination 22,500 1,990 100 
FUra alone 1,440 834 


Combination 765 404 
FUra alone 1,030 514 


HxGC3 colon xenografts 


Combination 78 125 
FUra alone 218 184 


Combination 80 122 
FUra alone 195 189 


Combination 287 236 
FUra alone 207 76 


Combination 1,470 882 383 210 124 
FUra alone 672 129 209 216 140 


Combination 49 ,800 50,400 11,700 491 121 
FUra alone 20,900 7,640 1,930 834 194 


FUra Combination 20 , 800 5,530 1,170 514 123 
FUra alone 13,300 3,150 1,800 756 151 





*The concentrations of FUra anabolites were determined in HxELCg and HxGC3 human colon 
xenografts between 1 hr and 7 days after the i.p. administration of [6-°H]FUra (100 mg/kg) 
with or without the simultaneous i.p. administration of Hx (50 mg/kg) and Hpp (10 mg/kg) to 
tumor-bearing mice. 
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The mechanism of interaction of the anthracycline 
antitumour antibiotic,nogalamycin with DNA has been a subject of investiga- 
tion in recent time (1-7).The detailed model for interaction was not 
available due to the lack of a full structure of the drug,which has now 
been elucidated (8).Evidences point to a strong intercalative mode of 
binding associated with weak electrostatic interactions.However,the reports 
regarding the DNA base specificity required for nogalamycin binding were 
confusing.Inhibition of DNA dependent RNA synthesis was correlated with 
presence of adenine and thymine in DNA (9-11).Nogalamycin induced decrease 
in buoyant density of DNA could be correlated with increasing G+C content 
of DNA (12),but the binding parameters (n and k) calculated from spectral 
titration could not be correlated with G:C content of DNA (6).Moreover, 
nogalamycin undergoes typical spectral changes in presence of dG, :aC, (9) as 
also polyuridylic (poly U) and polyadenylic (poly A) acids (6).Although 
detailed models for interaction can not yet be formulated,an analysis of 
binding parameters for interaction of nogalamycin with homopolymers would 
lead to a better understanding of the binding mechanisms, 

The equilibrium of drug with synthetic homopolymers 
was studied by spectral titration (2).Nogalamycin was a kind gift from 
Upjohn Company,USA,voly U and poly A were products of Sigma Chemical Company, 
USA. 

The spectral changes associated with the binding of 
nogalamycin with poly U and poly.A are similar to that obtained for binding 
with DNA (2).Interaction of the drug with poly U and poly A cause hypochro- 
micity and bathochromic shift in drug absorption of 10nm and 5nm respectively 
A binding curve calculated according to Scatchard equation (13) is shown in 
Figure-I.The r/c versus r plots for binding of nogalamycin with both the 
polynucleotides are nonlinear.Scatchard equation,considering the presence 
of a single class of binding site,predicts a straight line.However, the 
curvature of the plot at higher values of 'r' is indicative of the presence 
of more than one class of binding sites with different affinities or the 
presence of single type of binding site with negative cooperativity.Presum- 
ing the presence of two classes of binding sites,it is possible to express 
the binding constants from the four intercepts in the Scatchard plot (6). 


After proper algebric manipulations,the equation given by Fletcher (14) 
may be written according to Hunston (15). 
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respective number of available binding sites,'n' is the total number of 


binding sites, and k is the intrinsic binding constant. 


0-6 

















Figure-I, Scatchard plots for binding between nogalamycin 
and poly U (0---0) and poly A (@---@) in 1m Tris- 
HCl buffer ( pH-7.4 ). 
Nevertheless this simple treatment sets up a theoretical framework for the 
discussion of the complexity arising from fitting of binding data to the 
stepwise equilibrium model (14). The Scatchard model obtained by relatively 
crude method of graphical estimation may adequately fit data inspite of 
the fact that the model may have no true interpretation as a binding model 
(16). Therefore,binding process need not necessarily satisfy Scatchard's 
assumptions even though the data are adequately fitted by Scatchard model. 
Calculated values of binding parameters obtained from 
these plots are shown in Table-I, It indicates that nogalamycin could 
strongly bind to both poly U and poly A. Though the drug has greater affin- 
ity for poly A,the available drug binding sites in poly A is less than 
that present in poly U. 
The binding parameters are apnarently related to the con- 
formation of the polymer which governs the spatial arrangements of binding 
sites, In a very compact structure,in which average spatial distance among 
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Table-I, Parameters of binding of nogalamycin with poly U and poly A, 





Polymer n, n> i, (M7!) (M7!) k(M7!) 





6 


3106.104 7"81.10° 


poly U 0'095 101225 10132 =} 2157.10 





poly A 01058 $0°166 $0'22m | 1*11,107 1914.10° | 2141,10° 























all the binding sites is short,large intrinsic binding constants should be 
expected, It is known that poly A forms single-stranded stack in solution 
(17),it has a more ordered conformation than poly U (18) owing to a greater 
hydrophobic stacking interaction, It is not surprising that the average 
spatial distance among all the phosphate groups is shorter in poly A than 
that in poly U. Therefore,the number of neighbouring drug binding sites 
excluded due to the binding of one nogalamycin molecule are more in poly A 
than poly U,resulting the less number of available binding sites in poly A, 

The intercalation model of Lerman (19),has been 
accepted for strong binding process between native DNA and nogalamycin, but 
to explain the binding of drug with these single-stranded polynucleotides 
‘modified intercalation model' has been postulated by Pritchard (20). Acco- 
rding to this model,the drug molecules are inserted between the neighbour- 
ing bases of the same strand, The plane of the drug molecules remain para- 
llel to the bases, This model does not require the double helix for the stre 
ong binding. Therefore,the primary mode of interaction between nogalamycin 
and these homopolymers could reasonably be explained by the modified inter- 
calation model of Pritchard. The secondary binding probably involves weak 
electrostatic interaction between the amino group of the drug and nucleotide 
phosphate, 

The author wishes to express sincere thanks to Dr.R,. 
K.Neogy,for his guidance and constructive criticism and also to Dr.J.Roy 
Choudhury for her interest in the project. 
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N-Glucosidation, as a major pathway of the metabolism of barbiturates in man, was dis- 
covered in this laboratory during the course of pharmacogenetic investigations with amobarbi- 
tal [1,2] and phenobarbital [3]. The biochemistry of formation of the newly identified bar- 
biturate-N-glucosides and of N-glucosides in general is at the present time totally unexplored. 
In fact, the one other report of mammalian N-glucosidation was based on in vivo observations 
only [4]. The biological significance of the new metabolic pathway is also unknown. Studies 
of O-glucosidation, an analogous though not identical reaction, suggested that conjugation 
with glucose may be relevant to the physiological role of steroids [5,6]. 

Preliminary attempts in this laboratory to study N-glucosidation of amobarbital in vitro 
[7] revealed the need for a re-examination of the methods developed earlier for the purpose 
of in vivo measurements. As will be shown, a two-dimensional thin-layer chromatographic sep- 
aration (2xD TLC) was devised which made use and combined the advantages of two previously 
worked out TLC solvent systems [8]. Application of this method to the analysis of incubation 
mixtures with amobarbital, UDP-glucose and human liver microsomes led to the demonstration 


of in vitro formation of amobarbital-N-glucoside. 


Materials and Methods 





All non-radiolabelled biochemicals were purchased from Sigma Chemical (St. Louis, Mo.). 


UDP-[6-°H] glucose, specific activity 3.1 Ci/mmol,was obtained, as the ammonium salt, from 


Amersham (Oakville, Ontario). (14 cyamo, specific activity 5.0 Ci/mol, and C-OH were synthe- 


sized as reported earlier [8].* Amo-N-glu was prepared as follows: 1-(2,3,4,6-tetraacetyl - 
8-D-glucopyranosyl) amobarbital was synthesized by condensation of N-(2,3,4,6-tetraacetyl-§- 
D-glucopyranosyl) urea and 2-ethyl-2-(3-methylbuty)malonyl chloride as described previously 
[3]. Methane CI mass spectrum gave m/e 557 (MH*), 497 (MH*-60), 331, 271 and 227. Amo-N-glu 
was synthesized by acid hydrolysis (0.8 ml 6N HCl) of the tetraacetyl derivative (1.1 mmole 
in 3 ml of methanol) at 60° for 2 hrs. The mixture after being dried was redissolved in 1 ml 
of water and extracted with three 4 ml portions of ethyl acetate. After separation and 
drying of the organic phase, the resulting gum-like substance weighed 320 mg. A white amor- 
phous solid was obtained after recrystallization from ethyl acetate and ether, m.p. 143°-144°C. 
The methane CI mass spectrum gave m/e 389 (MHt), 227, 163, 145, 127. Anal. (C, 7H,gN50g)C,H,N. 
Human urine containing [4c] Amo and metabolites was collected during a previous study 
[8] and stored at -20°C. Extraction with three 5 ml portions of ethyl acetate in the presence 


of saturating (NHq4)2 SO4 gave greater than 99% extraction efficiency. Human liver specimens 


*Abbreviations 14 14 

Amo = amobarbital; [ “C]Amo = [2- C]amobarbital; Amo-N-glu = amobarbital-N-glucoside or 

5 tO geecepreaneny? } amobarbital; [14c¢] Amo-N-glu = [2-14c] amobarbital -N-glucoside; 
Amo-N-[°H]glu = amobarbital-N-[6-3H] glucoside; C-OH = 3'-hydroxyamobarbital; G6P = glucose- 
6-phosphate; G6PDH = glucose-6-phosphate dehydrogenase. 
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were obtained from kidney donor cases (Kz, Ky; Ks) and autopsy cases (Aj g> 12 hours after 
death) at the Toronto General Hospital, quick-frozen with liquid nitrogen as 1 cm” cubes and 


kept. in storage < -80°C. All incubations, 5 ml total volume, containing 92 mM KCl, 80 mM 


KH,PO, (pH 7.4) and microsomes prepared from 1 g of liver according to standard procedures 


[7], were carried out at 37°C, under air, for periods of 20 to 75 minutes. The reactions 
were stopped by addition of 0.2 ml 1N HCl and cooling. 

Incubations using [4c] amo as radiolabel contained 25 uM (4 cyamo, specific activity 
1 Ci/mol, and were carried out with or without 1-5 mM UDP-glucose, 2 mM MgCl, or the NADPH 
generating system. Extraction from incubation mixtures was performed as for urine. Dry 
extracts were redissolved in 5-100 ul of dioxane and a fraction or all was spotted on pre- 
coated silica gel TLC plates, 0.25 mm (GF - 254, obtained from E. Merck/B.D.H., Toronto, 
Ontario). The plates were developed in two different solvent systems, system A: n-butyl 
chloride and dioxane, 1:1 (v/v), and system B: n-butanol and water, 93:7 (v/v), alone or 
combined. Half or one centimeter segments of silica gel were scraped from the plate, and the 
radioactivity measured by scintillation counting and expressed as percent of the total radio- ° 
activity on plate, i.e. of the mixture analyzed. Percentage radioactivity values associated 
with a TLC peak were converted into numbers of picomoles of metabolite formed. 

Incubations using UDP-[°H] glucose as radiolabel containing 5-20 uM UDP-[°H] glucose, 
specific activity 13-25 Ci/mol, were carried out with or without 5 mM Amo. Extraction and TLC 
were performed as described above. Calculation of number of picomoles of metabolite formed 


was based on the absolute amount of radioactivity associated with a TLC peak. 


Results and Discussion 


any é , ; ; ; , : 14, 
Preliminary results obtained during in vitro testing of human livers with [  C]Amo as 


a substrate revealed that, due to small yields of Amo-N-glu, the one-dimensional TLC used for 
in vivo studies were not adequate for either identification or quantitation (Table 1). As 
may be seen in Fig. 1, two-dimensional combination of solvent systems A and B benefited both. 
[t permitted accurate comparison of the Rp value with that of authentic compound and sep- 


aration of Amo-N-glu from all interferences listed in Table 1. The elimination of inter- 


4 ‘ ~ gee. ; ; ; : a : 
Table 1. Properties of [ “C]Amo-N-glu in One-dimensional TLC with Different Solvent Systems 





Properties System A™ System A and B, sequentiallyt 





Re value 
(amount -dependent ) 


Interferences 


+ 
polar materials* 
metabolite "'X''? 
C-OH 
and/or Amo 





System A: n-butyl chloride and dioxane, 1:1 (v/v); system B: n-butanol and water, 93:7 
(v/v). 


Development first with solvent system A to 15 cm and, secondly with solvent system B to 


1 cm. 
Unknown materials, see Fig. 1. 


Non-identified metabolite, see Fig. 1. 
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In Vivo In Vitro 






































Fig. 1. Two-dimensional TLC separation of [4c] Amo and metabolites: development first with 
solvent system A (A) to 15 cm (radiochromatograms shown on the left of each plate), and 
secondly with solvent system B (B) to 11 cm along a direction at right angle to the first. 
The location of individual radioactivity peaks was as follows: Amo: cm 9-10 (A), 8-9 (B); 
C-OH: cm 5-7 (A), 8-9 (B); metabolite "X": cm 3-4 (A), 6-7 (B); Amo-N-glu, shown as dotted 
solid: cm 0-2 (A), 6-7 (B); polar materials: cm 0-2 (A), 0-2 (B), and: 0-2 (A), 8-9 (B). 

In Vivo: human urine; In Vitro: 60 min incubation with 25 uM [!4C]Amo, Kz human liver 
microsomes, 1 mM UDP-glucose, 2 mM MgCl7, 0.4 mM NADP, 1 mM NADH, 4 mM GOP and 2 units G6PDH. 


[*C] Amo-N-glu Amo-N-[SH]glu 


no addition 
2mM MgCipy -- noAmo 


2mM MgClo + — 5mM Amo 
5mM UDP-glucose 





Counts per minute 
Counts per minute 








Fig. 2. UDP-Glucose-dependent formation of Amo-N-glu with human liver microsomes. Radio- 
chromatograms were obtained by 2xD TLC and represent: cm 0-2.5 (A) and 0-10 (B) (see Fig. 1). 
Left panel: 65 min’ incubations with 25 uM (14c]Amo and Aj9 liver. Right panel: 75 min 
incubations with 5 uM UDP-[5H]glucose, 2 mM MgCl2 and kq4 liver. 
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Table 2. Rates of Amo-N-glu Formation with Human Liver Microsomes, as pmol/hr/g liver 





Incubations with 25 uM (14c] amo Incubations with 5 uM UDP-[°H] glucose 








no MgCl, mM MgCl, + Liver 2 mM MgCl. 2 mM MgCl, 
no UDP-glucose 5 mM UDP-glucose no Amo ~ 5 mM Amo ~ 





4 


z* 
e) 


11 


Control 
(no liver) 





* 
Shown on Fig. 2. 


t Average of duplicates within experiment. 


20 uM UDP-[°H] glucose. 


ference from polar materials was of particular value since these were relatively more 
abundant in vitro than in vivo (Fig. 1) and varied depending on incubation conditions (Fig. 1 
and Fig. 2, left panel). UDP-Glucose-dependent formation of Amo-N-glu by human liver micro- 
somes was demonstrated with either [4c] amo or UDP-[°H] glucose as radiolabel (Fig. 2). 
Reproducibility of the method is shown on Table 2. 

In summary, in order to undertake in vitro studies of amobarbital -N-glucosidation, 
a sensitive and specific method was developed, based on 2xD TLC separation of amobarbital -N- 
glucoside from over 99.5% other material of lesser or greater polarity. Synthesis of amo- 
barbital-N-glucoside and requirement for UDP-glucose were demonstrated with human liver 
microsomal preparations. This method will be used in further studies aimed at the optimiza- 


tion and characterization of the enzyme involved in this novel metabolic pathway. 
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COMMENTARY 


AN ALGORITHMIC APPROACH TO 
SEQUENCE — REACTIVITY OF PROTEINS 


SPECIFICITY OF PROTEIN INHIBITORS OF SERINE PROTEINASES* 


MICHAEL LASKOWSKI, JR. 
Department of Chemistry, Purdue University, West Lafayette, IN 47907, U.S.A. 


The Olympian View 
The central dogma of molecular biology 


translation 
RNA 


transcription 
panies. ata 


DNA Protein 


2, 


replication 


is a starkly simple and beautiful statement. However, 
those concerned with fundamental biological 
research wish to elaborate on it. Two different 
approaches to such an elaboration are possible— 
mechanistic and algorithmic. The mechanists deal 
with such important matters as how the various listed 
steps (as well as the later organelle, cell and organ- 
ismic assembly) take place. The algorithm construc- 
tors build algorithms such as the base pairing rules 
for DNA or for RNA complementary to the DNA 
and the translation algorithm—the genetic code. 

The ultimate success of the algorithmic approach 
might be achieved when it becomes possible to pre- 
dict from reading the DNA sequence of their gen- 
omes that rats have long tails while guinea pigs do 
not. This objective seems to me still relatively dis- 
tant, but highly worthwhile. 

Since I am a protein chemist, I propose to con- 
centrate only on that section of the algorithm which 
deals with proteins. This can be stated as 


Protein Protein Protein 
sequence folding reactivity 


be 
function 
Clearly, were we able to develop the protein 
sequence — protein function algorithm, we would 
become the darlings of our skeptical competitors, 
penny-pinching granting agencies and even of the 
general public. Unfortunately, such a pure algorithm 
is likely to be most difficult to obtain without intro- 
duction of additional information. We already know 
a great many cases where proteins of closely related 


proposed path 





* Work from my laboratory is supported on a long-term 
basis by the National Institutes of Health Grant GM 10831. 
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specificity and amino acid sequence do entirely dif- 
ferent ‘jobs’. For example, some trypsin-like serine 
proteinases digest food, others clot blood, dissolve 
the unneeded blood clots, produce and eliminate 
protein hormones and allow spermatozoa to pen- 
etrate ova. It is likely to prove very difficult (although 
maybe not impossible) to decide from sequence 
alone for which of these tasks a given enzyme mol- 
ecule is especially fitted. It should prove to be a far 
easier task to predict the detailed specificity of an 
enzyme on various peptide and ester substrates. It 
is for this reason that, in spite of the continual din 
of ‘Structure—Function’ Symposia, I like the two 
distinct concepts, protein reactivity and protein func- 
tion. I hope that it is obvious that by the vague term 
reactivity I mean primarily the various interactions 
with biologically important molecules and not reac- 
tivity toward some chemical reagents taken off the 
shelf. 

In dealing with the protein sequence — protein 
reactivity algorithm, most workers prefer the hier- 
archical order. They reason that it is absolutely 
required to determine the sequence — folding algo- 
rithm first, and then to predict the reactivity from 
folding. One could not argue that knowing the exact 
folding would not be helpful in predicting reactivity. 
However, while it would be immensely helpful to 
have a sequence — folding algorithm, it is not essen- 
tial. The recent progress in developing such algo- 
rithms is not highly encouraging, in spite of the fact 
that their development attracted the attention of 
many of the most talented protein chemists. From 
the point of view of being utilized as a starting point 
of sequence to reactivity algorithm, the present 
sequence to folding algorithms have three shortcom- 
ings. First, they are not accurate enough. Second, 
they predict the regular structures—qa helices, B 
sheets and bends. These, while they have a lot to do 
with the overall structure of proteins, have less to 
do with the active sites, which are often at places 
where regular structures are distorted or totally 
irregular. Third, even when correct, the algorithms 
often predict regular structures displaced by 1-3 
residues from positions where these are actually 
found. If the prediction of an active site is to be 
based on these—the active site residue may well be 
predicted wrong by a few residues—yet, for what 
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follows, it is essential that the active site be predicted 
exactly right. 

Thus I propose that in 
sequence — reactivity algorithm, 
should be altered. I propose instead 


protein protein 
sequence family 


=~, 


active 
site assignment 


ford 
reactivity 
This approach eliminates the direct need for deter- 
mination or prediction of folding. It substitutes for 
it the law of homology—homologous proteins have 
similar three-dimensional structures and similar 
mechanisms of action. The !aw of homology is not 
exact, but it is far better than any current folding 
algorithm. The introduction of the law of homology 
is associated with a formidable cost—the loss of 
generality. However, it is quite likely that no general 
- protein sequence (or folding) — reactivity algorithm 
can be developed. Proteins differ a great deal from 
nucleic acids in the great complexity of their folding 
and in their functional versatility. It is probably a 
situation which defies general algorithms. Most 
authorities estimate that there are of the order of 
10° homologous protein families; thus, approxi- 
mately 10° algorithms will be needed. As the number 
of families is so relatively, but not impossibly, large, 
we should, at first, start developing those algorithms 
which wil! be the most interesting and the easiest to 
obtain. In the remainder of this commentary, | shall 
argue that protein inhibitors of serine proteinases 
are one of the best systems to initiate this approach. 
Such an ideal system should be composed of very 
small proteins since not only are they easier to 
understand, but also it is easier to obtain and 
sequence the numerous homologs needed. Further- 
more, the reactivity we talk about should be chem- 
ically well defined, not a black box (i.e. not a muscle 


the search for a 
the approach 





* The account of proteinase inhibitors given here is highly 
simplified and woefully incomplete. For more complete 
reviews see Refs. 1-3. 
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twitch), and the mechanism of interaction should be 
known as well as possible. Finally, we should have 
an easy source of interesting homologs for study. 

Proteinase inhibitors fulfill the first two objectives 
admirably. However, it is their special property that 
they fulfill the third so well. Proteinase inhibitors 
frequently remain active after semi-synthetic 
replacement of residues in their reactive sites. Prob- 
ably as a consequence of this chemical property, they 
do not strongly conserve their reactive sites during 
evolution, thus providing us with a truly large num- 
ber of interesting inhibitors with altered specificity. 
In most proteins we would view amino acid replace- 
ments as leaving the activity unchanged or turning 
it off. In inhibitors many replacements alter speci- 
ficity in an interesting way. None of this is meant to 
imply that proteinase inhibitors are the only system 
on which such an algorithm can be constructed. 
Indeed, the work of others on serine proteinases, 
globins, cytochromes, etc. has implicitly or explicitly 
produced similar algorithms. 


Protein proteinase inhibitors* 


Protein proteinase inhibitors are ubiquitous; they 
were isolated from various tissues of animals, plants 
and micro-organisms. Of those thus far described, 
a large majority are strictly specific for the inhibition 
of serine proteinases. This group of inhibitors can, 
in turn, be divided into two subgroups. The first 
subgroup is made up of extremely stable (both to 
denaturation and to wanton proteolysis) proteins, 
containing one or more disulfide bridges, which are 
either very small (40-200 amino acid residues) or 
consist of several small inhibitory domains or hom- 
ology regions. All of these inhibitors interact with 
their cognate enzymes according to a standard mech- 
anism detailed below. This group, which includes a 
large majority of known inhibitors, is listed in Table 
1. The second subgroup is made up of relatively 
large, rather unstable inhibitors, frequently devoid 
of intramolecular disulfides, and primarily present 
in mammalian biood plasma, e.g. a, proteinase 
inhibitor, a antichymotrypsin, a, antiplasmin and 
antithrombin III. The mechanism of interaction of 
these inhibitors with their cognate enzymes is less 
well understood—it may or may not be closely similar 
(but not identical) to what is described below. We 
will not concern ourselves with this group any 
further. 


Table 1. Families of those protein inhibitors of serine proteinases which: 
obey the standard mechanism* 





(I) Bovine pancreatic trypsin inhibitor (Kunitz) family 
(II) Pancreatic secretory trypsin inhibitor (Kazal) family 


(III) 
(IV) 


Streptomyces subtilisin inhibitor family 
Soybean trypsin inhibitor (Kunitz) family 


(V) Soybean proteinase inhibitor (Bowman-Birk) family 


(VI) 
(VII)+ 
(VIII)+ 


(IX) Other families 


Potato I inhibitor family 
Potato II inhibitor family 
Ascaris trypsin inhibitor family 





* From Ref. 3. 


+ Information on families VII and VIII is rather marginal. It may be 
that establishment of these families is not yet justified. 





An algorithmic approach to sequence — reactivity of proteins 


Before going on it should be pointed out that 
many inhibitor molecules consist of multiple 
domains, each with a single inhibitory reactive site. 
The multiple reactive sites are brought together by 
a variety of means, e.g. noncovalent association (S- 
SI inhibitor, potato I inhibitor), multiple disulfide 
bridged chains [testudin (I. Kato and W. J. Kohr, 
unpublished observations)], tandem gene elongation 
to produce disulfide bridged homology regions 
(Bowman-Birk inhibitors), and tandem gene elon- 
gation to produce tandem domains (ovomucoid, 
ovoinhibitor). In most of these situations, the reac- 
tive sites on the various domains are not identical. 
It thus makes little molecular sense to talk about the 
specificity of an ovomucoid from a certain bird 
species. What we want to talk about is the specificity 
of each individual domain. 

Each inhibitory domain contains in it a single, 
special peptide bond located on the surface of the 
molecule—the reactive site. This bond serves as the 
substrate for the cognate enzyme—surprisingly the 
k.a/K», Value for this interaction is generally very 
high (10°-10° M™' sec™'), frequently higher than for 
good synthetic peptide substrates (esters and anilids 
are generally better) for the enzyme. Thus, one 
requirement for an inhibitor is that it should be a 
good substrate, as judged by the high k,,,/K,, cri- 
terion. Fortunately for our work, the specificity of 
serine proteinases is one of the most studied prob- 
lems in biochemistry so that a huge amount of data 
is available. The sequences surrounding most reac- 
tive sites are those we would expect of good sub- 
strates for their cognate enzymes. 

The appropriate sequence may not be sufficient 
to ensure high k,,,/K,,. The sequence must also be 
sterically accessible to the active site of the enzymes. 
Both enzymes and inhibitors are relatively rigid and 
full of protrusions. These protrusions may get in the 
way of one another and thus prevent the interaction 
between the active site of the enzyme and the reactive 
site of the inhibitor. This type of steric hindrance 
was demonstrated by computer confrontation of 
molecular models of pancreatic trypsin inhibitor 
(Kunitz) [4] and of soybean trypsin inhibitor (Kunitz) 
[5] with the molecular model of subtilisin. In neither 
case was it possible to get the desired interaction. 
Gratifyingly, neither inhibitor (or semi-synthetic 
analog with altered P,) (see Fig. 1 for definition) 
inhibits subtilisin when tested in solution in the lab- 
oratory. It is quite likely that several additional fail- 
ures to inhibit can be explained by steric hindrance. 

However, inhibitors are not simply substrates with 
high k./K,. If this were so, they might rapidly 
become exhausted after all of the molecules are 
hydrolyzed. In order to prevent this, the hydrolysis 
must be operationally reversible. Inhibitors arrange 
for this reversibility first of all by placing the reactive 
site in a disulfide loop. Thus, hydrolysis of the 
reactive site peptide bond does not lead to the pro- 
duction of two fragments, but rather to the opening 
of a disulfide bridged ring. This is, however, not 
enough. In addition, the residues surrounding the 
reactive site heavily interact with the remainder of 
the inhibitor molecule so that upon hydrolysis there 
is relatively little gain in motional freedom and, 
therefore, a small increase in entropy. Thus, the 


' 
_ P; 


Py — Ps — Pp — P, —P; —P; 


....Ala — Cys — Thr — Leu — Glu — Tyr — Arg — Pro 


$ ————> to Cys at P,, 


Fig. 1. Diagrammatic representation of a reactive site of 

a protein proteinase inhibitor (top line) in Berger—Schech- 

ter notation and (bottom line) the amino residues sur- 

rounding the reactive site of the third domain of turkey 

(Meleagris gallopavo) ovomucoid. This domain strongly 

inhibits chymotrypsin, elastase and subtilisin, but not tryp- 
sin. The arrow indicates the reactive site [6]. 


equilibrium constant for reactive site peptide bond 
hydrolysis is near unity at neutral pH and the inhib- 
itor with the peptide bond hydrolyzed is thermo- 
dynamically as good an inhibitor as the inhibitor with 
the peptide bond intact. 

Having arranged for all that, nature is not yet 
finished. If the k,,/K,, value were partitioned into 
its k.,,and K,, components in a normal fashion, e.g. 
Keat!/Km = 10° M7! sec™!; Kea: = 1 sec™!, Kn, = 10°? M, 
we would have little inhibition and very rapid reac- 
tive site hydrolysis at neutral pH. In fact, inhibitors 
partition the high k,,./K,, value very unusually into 
a very low k,,,and exceptionally low K,,,. For exam- 
ple, in the bovine f trypsin, soybean trypsin inhibitor 
(Kunitz) at neutral pH, the k,,,/K,, value is approx- 
imately 10° M™' sec™’, k,q, is approximately 10~° 
sec! (a million times slower than normal) and K,, is 
10-” M (a billion times lower than normal). It is this 
low K,, that is responsible for the extremely strong 
inhibition. We do not, as yet, understand clearly 
what sequence characteristics of the inhibitor and of 
the enzyme are responsible for this unusual parti- 
tioning. In absence of this knowledge, we cannot 
solve the problem of what is a good inhibitor deduc- 
tively; we must—as do almost all algorithm construc- 
tors—consult the experimental data. A very large 
number (approximately 200) of inhibitors (more 
properly inhibitory domains) have been sequenced 
and the specificities of the sequenced inhibitors (par- 
tially) determined. The work suffers from two major 
difficulties. First, it is far easier to talk about inhi- 
bition qualitatively (‘inhibits or does not inhibit”’) 
while, in fact, such a distinction is not very reliable. 
What we should have is equilibrium constants for 
enzyme-inhibitor complex formation, rates of for- 
mation and of dissociation of complexes, and the 
rates of reactive site hydrolysis and resynthesis. Such 
data are very difficult to obtain and are available for 
very few systems, but we are trying to get this infor- 
mation for more systems. Second, there are truly 
very many serine proteinases and, therefore, the task 
of determination of specificity seems almost endless. 
In this article I will talk only about trypsin (bovine 
B trypsin), chymotrypsin (bovine chymotrypsin Aq), 
elastase (porcine elastase I) and subtilisin (subtilisin 
BPN’). However, such a restriction omits the excit- 
ing findings that frequently bovine trypsin is inhibited 
strongly, human trypsin less strongly [7] and trypsin 
1 from the starfish Dermasterias imbricata very 
weakly [8]. Accordingly, trypsin 1, human trypsin 
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Table 2. Inhibitory specificity to be expected from various amino acid residues at 
position P; 





Footnotes 


Residue Enzymes inhibited 





. 


+ 


* 


Elastase 

Unknown 

Unknown 

Probably an analog of Staphyloccocal 
proteinase V8 

Phe Chymotrypsin, trypsin weakly 

Gly Unknown 

His Unknown 

Ile Unknown 

Lys Trypsin strongly, chymotrypsin weakly 
Leu Chymotrypsin, elastase, subtilisin 
Met Chymotrypsin, elastase, subtilisin 
Asn Unknown 

Pro Unknown 

Gln Unknown 

Arg Trypsin strongly, chymotrypsin weakly 
Ser Elastase (chymotrypsin C only) 

Thr Unknown 

Val Elastase 

Trp Chymotrypsin 

Tyr Chymotrypsin 

Deletion Inactive 


Ala 
Cys 
Asp 
Glu 


| ¥2<V2PVOVSZZOMA™“TZAN Moony 





* In first homology regions of soybean inhibitor CII [9] and garden bean inhibitor 
II [10], both Bowman-Birk family; third domain of chicken ovomucoid—inactive 
[6]. 

+ Present in first domains of Japanese quail [6] and of francolin (I. Kato and W. 
J. Kohr, unpublished observations) ovomucoids. 

t While we have not found Staphyloccocal proteinase V8 to be inhibited, it 
specifically hydrolyzes the reactive site bonds, suggesting that a related enzyme will 
be inhibited [11]. 

§ Present in the second homology region of lima bean inhibitor IV [12], chicken 
ovoinhibitor (domain V) (I. Kato, unpublished observations), and in semi-synthetic 
derivatives of soybean trypsin inhibitor (Kunitz) [13, 14] and of pancreatic trypsin 
inhibitor (Kunitz) [15]. 

|| Extremely common. 

| Extremely common; when present in Kazal, S-SI and Ascaris families, all three 
enzymes are inhibited; in Bowman-Birk inhibitors only chymotrypsin is inhibited. 

** Present in chachalaca ovomucoid third domain [6], but this domain does not 
inhibit any of numerous enzymes tested—probably not due to P; Gln, but due to 
other residues. 

++ Present in bobwhite quail ovomucoid third domain [6]. 

tt Present in goose ovomucoid third domain [6]. 

§§ In semi-synthetic derivatives of soybean trypsin inhibitor (Kunitz) [13, 14] and 
of pancreatic trypsin inhibitor (Kunitz) [15]. 

\||| Present in Japanese quail ovoinhibitor fifth domain [16], and in adzuki bean 
(Bowman-Birk) inhibitor, second homology region [17]. 

4 Conclusion is based on semi-synthetic studies and on a lack of inhibitory 
activity of 6,-bungarotoxin [18] 


plicity (or lack of a broad enough data base). With 
a sufficient number of workers these can become 


and bovine trypsin hydrolyze the reactive sites of 
trypsin inhibitors rapidly, slowly and very slowly— 


a clear example that inhibition is related to k.a/K, 
partitioning. I also omit the physiologically impor- 
tant distinctions between the inhibition of trypsin, 
plasmin, thrombin, Factor Xa, acrosin and other 


trypsin-like enzymes. Similarly, many other 
enzymes, e.g. Streptomyces griseus proteinases A 
and B, proteinase K, a@ lytic proteinase and asper- 
gillopeptidase B, are omitted for the sake of sim- 


incorporated. 

Sequencing of inhibitors, which obey the standard 
mechanism, revealed an important fact. All of these 
are not homologous. Instead they belong to a number 
of separate families that are listed in Table 1. How- 
ever, given a sequence of a protein, it is quite easy 
to decide whether or not it belongs to one of the 
well characterized families, especially if it is a mem- 





An algorithmic approach to sequence — reactivity of proteins 


ber of families I-V (where relatively many examples 
are available). Once the assignment to a specific 
family is made, it is readily possible to assign the 
reactive site position by homology.* We (and others) 
routinely make such assignments and so far we have 
never been wrong. The turkey ovomucoid third 
domain reactive site was assigned in this way. 
Recently (W. Ardelt, unpublished observations), we 
have shown experimentally that it is this site which 
inhibits chymotrypsins A, B and C, subtilisins (BPN’ 
and Carlsberg), S. griseus proteinases A and B, 
proteinase K, and elastase I. Once the reactive site 
is assigned, we can look up residue P, in Table 2 
and make a reasonably accurate prediction of inhibi- 
tory specificity. Such a prediction will, however, be 
far from perfect, because while the specificity is 
dominated by residue P,, it is not dictated by it. 
Additional residues modulate specificity. Let us 
examine some of these. 

The residue P, (when allowed to vary—in Family 
I, P, must be Cys) exerts a significant effect on 
inhibition. In trypsin inhibitors, Thr (which is fre- 
quently found there) seems to lead to stronger 
inhibition than alternatives (K. A. Wilson and R. 
W Sealock, unpublished observations). A negative 
charge at this residue (avoided by nature) greatly 
weakens inhibition [9]. In many families P; must be 
Cys so we have little information here. A negative 
charge at P, greatly weakens inhibition of the 
enzymes which have an extended binding site (sub- 
tilisin and elastase). The third domains of Gambel’s 
quail and of chestnut bellied scaled quail ovomucoids 
[6] differ only in the residue shown 


P, —P, —P, —P, tp: 


Scaled . . Asp-Cys-Thr-Leu-Glu. . . 
Gambel’s . . Ala—Cys-Thr—Leu-Glu. . 


Yet, Gambel’s quail third domain is a strong inhibitor 
of chymotrypsin, elastase and subtilisin, while scaled 
quail third domain inhibits chymotrypsin strongly, 
elastase weakly and subtilisin almost not at all (M. 
Empie, unpublished observations). This is in accord 
with the general opinion that the binding site in 
chymotrypsin is narrow and in elastase and subtilisin 
extended. 

On the other side of the reactive site, P,’ residues 
generally vary widely with little effect on inhibitory 
activity. There are two important exceptions. In the 
Bowman-Birk inhibitor family P,’ is always Ser [9]. 
Semi-synthetic studies show that its replacement 
weakens the inhibitor [9]. Pro occurs very rarely as 
a P,’ residue but a striking case is that of the second 
domain of golden and silver pheasant ovomucoids 
(W. J. Kohr, unpublished observations). 





* What is actually easy to assign is the ‘putative reactive 
site’. This has always turned out to be the reactive site for 
those inhibitors which were found to be active. However, 
some proteins, clearly homologous to inhibitors, do not 
inhibit any enzymes against which they have thus far been 
tested and indeed may not be active against any enzyme 
(they are ‘dead’ domains). In such cases, it may not be 
strictly proper to talk about the reactive site but rather 
about the ‘putative reactive site’, for example, in golden 
pheasant ovomucoid second domain. 
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P, —P, —P, —P, 4p) 
. . «Leu-Cys—Asn-Lys-Pro. . . 
. . .Leu-Cys—Asn-Lys—Ala. . . 


Silver pheasant ovomucoid inhibits trypsin, golden 
pheasant ovomucoid does not. 

The prohibition against Pro appears to extend to 
the P,’ position (at least in Kazal inhibitors) since 
tinamou ovomucoid (W. J. Kohr, unpublished 
observations) with the first domain reactive site 
sequence 


Golden 
Silver 


P, —P, —P, £P,' -P,’ 
. . .Cys—Pro-Lys-Thr-Pro. . . 


does not inhibit- trypsin. The strict prohibitions 
against Pro in P,’ and P,’ can be understood fairly 
readily. The residues surrounding the reactive site 
of inhibitors must have a required set of Rama- 
chandran angles @ and y [5]. Proline cannot adopt 
the required @ angle at P,’ and P,’. On the other 
hand, it has the required angle at P,, P;, P, and P,' 
and P,', and it is frequently found there in many 
active inhibitors. 

This set of modulating rules concentrated only on 
residues surrounding the reactive site in the 
sequence. Yet X-ray crystallographic studies of the 
few enzyme-inhibitor complexes [5, 20, 21] studied 
show that, aside from these few, more residues of 
the inhibitor (about 5—7) not adjacent to the reactive 
site in the sequence touch the enzyme. We have 
numerous examples to show that these contacts also 
make important contributions to inhibition. I did not 
list here the few definite cases where we can assign 
(or guess at) roles of such individual residues because 
these are highly tentative and also because they apply 
only to individual inhibitor families, not to all inhibi- 
tors following the standard mechanism. 

I should caution the reader that the present set of 
rules is not complete. As a dramatic, but far from 
only, example, I wish to point out that they predict 
that the chicken ovoraucoid first domain [6] should 
inhibit trypsin. It does not. (The inhibitory site for 
trypsin in chicken ovomucoid is on the second 
domain, which we also predict should inhibit tryp- 
sin.) There are several other interesting questions 
of inhibitor specifity to which we cannot as yet give 
an answer. 

However, let me restate again what can be done. 
Given a completely new protein sequence, we can 
with reasonable confidence say whether or not it 
belongs to any of the first five inhibitor families listed 
in Table 1 (with somewhat less certitude we could 
also decide whether it belongs to one of the other 
listed families). If the answer is no, we cannot reach 
any other conclusions about its inhibition of serine 
proteinases as it may belong to some as yet unchar- 
acterized inhibitor family. If the answer is yes, we 
can unambigously assign in it (by homology) the 
position of the reactive site. With this information 
in hand we can apply our algorithm and conclude 
(but we will sometimes be wrong) whether it will be 
active and, if so, what enzymes it will inhibit. While 
a scoring method for judging the validity of this 
algorithm was not yet developed, it seems that the 
predictions are reasonably good. 

I believe that similar algorithms may be developed 


Tinamou 
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by others (some already exist) for other proteins, 
thus increasing the generality of this woefully non- 
general approach. 

The genetic code is a beautifully general algorithm. 
However, it translates from one totally abstract lan- 
guage, whose functional consequences we do not 
understand, to another equally abstract language. 
The protein sequence — reactivity algorithms trans- 
late from an abstract to a concrete language we 
understand. But the genetic code is a complete dic- 
tionary. We, on the other hand, provide a dictionary 
for only a dozen or so words and even then not a 
very good dictionary. Proteins are far more compli- 
cated than nucleic acids. 
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Abstract—The damage induced by electrolytically reduced misonidazole on DNAs of varying base 
composition has been measured. Damage assessment using a variety of techniques including viscometry, 
helix renaturation, hydroxyapatite chromatography and agarose gel electrophoresis indicates that 
damage is related to A + T content, suggesting that misonidazole cytotoxicity involves a specific target 


in DNA. 


Misonidazole (2-nitro-l-imidazolyl-3-methoxy-2- 
propanol) is a promising radiosensitizer of hypoxic 
tumours which is presently undergoing clinical trials 
[1]. In addition to its radiosensitizing properties this 
compound has also been shown to exert a cytotoxic 
effect in both hypoxic and oxic tumour cells [2]. The 
mechanism of radiosensitization has been studied in 
some detail [3], but the cytotoxic mechanism remains 
obscure, although it is known that reduction of the 
nitro-group is a necessary prerequisite for both these 


effects. tds ape 
Recent studies in this laboratory, using a technique 


involving selective electrolytic reduction of the nitro- 
group in the presence of DNA, have gone some way 
towards clarifying the mechanism of cytotoxicity of 
misonidazole and other nitroimidazoles. The damage 
induced in DNA by reduced compounds has been 
measured using a variety of techniques including 
viscometry, thermal hyperchromicity, melting and 
renaturation profiles, hydroxyapatite chroma- 
tography, agarose gel electrophoresis and sucrose 
density gradient centrifugation [4-7]. This has estab- 
lished that the major effects of reduced nitroimi- 
dazoles are strand breakage of DNA and concomi- 
tant destabilization of the helix which results in the 
formation of single-stranded regions. More recent 
work has demonstrated that the cytotoxic effect of 
nitroimidazoles is decreased in the presence of 
aminothiols [8] and also that the extent of this pro- 
tection is related to the difference between the 
reduction potential of the drug and the aminothiol 
redox couples [9]. 

We now report that the extent of DNA damage 
by reduced misonidazole is related to the base com- 
position of the DNA, and in particular the A + T 
content. This suggests that cytotoxicity involves a 
specific target rather than random scission of the 
phosphodiester backbone of DNA. 





* To whom reprint requests should be addressed. 


MATERIALS AND METHODS 


DNAs from calf thymus (type I), Escherichia 
coli (type VIII), Micrococcus lysodeikticus (type XI) 
and Clostridium perfringens (type XII) were 
obtained from Sigma Chemical Co. Ltd., Poole, 
Dorset, U.K. Poly [d(A-T)] was obtained from the 
Boehringer Corporation, London, U.K. Misonida- 
zole was a gift from Roche Products Ltd., Welwyn 
Garden City, Herts, U.K. 

Polarography and electrolytic reduction of misoni- 
dazole were carried out as previously described [5, 6], 
as also were viscometric and hydroxyapatite chro- 
matographic analysis of the DNA and agarose gel 
electrophoresis [6, 7]. 

Determinations of the mid-point of the helix—coil 
transition of each DNA (the 7m value) and hyper- 
chromicities were made in 15mM NaCl, 1.5mM 
trisodium citrate, pH 7.1 (0.1 SSC) using a Pye 
Unicam SP 1750 spectrophotometer with a SP 1805 
Programme Controller. The cuvette holder was 
heated electrically from a SP 876 series-2 Temper- 
ature Programme Controller at a heating rate of 0.5°. 
min~'. Temperature and absorbance at 260 nm were 
automatically recorded on a Philips PM 8120 X-Y 
recorder. Samples were dialysed prior to analysis to 
remove any absorbing species arising from the drug 
molecule and to reduce the ionic concentration, 
which may rise during the electrolytic reduction, to 
that of 0.1 SSC. No corrections to absorbance read- 
ings were made to allow for expansion of the cuvette 
contents during heating. 

The 7m values once determined were used to 
calculate the base composition of each DNA [10, 11] 
and the values obtained were found to be consistent 
with those published elsewhere [11]. Since a linear 
relationship exists between DNA base composition 
and the maximum hyperchromicity between double- 
and single-stranded forms [12], this parameter was 
estimated from the base composition and confirmed 
experimentally. 

Renaturation analysis was carried out as pre- 
viously described [7] and the percentage renaturation 
was calculated from the following equation using 
hyperchromicity data shown in Table 1. 
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Table 1. 





Figure reference Source 


%G+C Hyperchromicity (%) 





Clostridium perfringens 
Calf thymus 


Escherischia coli 


Micrococcus lysodeikticus 


29 44 


41 


39 


33.5 








% renaturation 


where X7,, is the Ax of the DNA at its Tm, Xo; is 
the Ax of the DNA at 95°, X50 is the A269 Of the DNA 
at 50° after cooling from the 7m, and hm is the 
hyperchromicity. 

The percentage single-strandedness (% s.s) from 
the hydroxyapatite chromatography results was cal- 
culated using the equation: 





where Az; is the Az of a 0.12 M sodium phos- 
phate eluate, Ax E> is the Axo of a 0.4 M sodium 
phosphate eluate and hm is the hyperchromicity as 
above. 


RESULTS AND DISCUSSION 


The results of this study provide further insight 
into the mechanism of misonidazole cytotoxicity by 
showing that the degree of damage incurred by DNA 
is directly related to its base composition. Thus, 
when damage is measured as a decrease in relative 
viscosity (1,.,) of the DNA solution a general trend 
is observed in which damage to Cl. perfringens DNA 
is more extensive than that to M. lysodeikticus DNA 
(Fig. 1). A decrease in viscosity provides an indi- 
cation of general, unspecified damage to DNA, how- 
ever, and if more specific techniques are employed 
the trend becomes clearer. This is apparent in Fig. 
2 which shows the results of renaturation experi- 
ments designed to measure the amount of intact 
helix present in the DNA. 

Confirmation of the linear nature of the relation- 
ship between damage and DNA base composition 
comes from the results of the hydroxyapatite chro- 
matographic analysis (Figs. 3 and 4) which measure 
the increase in single-strand content of the DNA by 
local unwinding at a site of single-strand breakage. 

Results from similar experiments using poly [d(A- 
T)] indicate that this nucleotide polymer is most 
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Fig. 1. The effect of reduced misonidazole on the per- 

centage decrease in relative viscosity of DNAs of different 

base composition. The letters refer to the source and base 

composition of the DNAs as given in Table 1. Viscosity 

was measured using an Ubbelohde-type miniature sus- 

pended-level viscometer at 30° + 0.01°. The reduced drug- 
nucleotide ratio in each case is 1.0. 
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Fig. 2. The effect of reduced misonidazole on the rena- 

turation of DNAs of different base composition. The letters 

refer to the source of the DNAs as given in Table 1. 

Renaturation was measured spectrophotometrically as pre- 
viously described (Rowley et al., 1979). 
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Fig. 3. The effect of reduced misonidazole on the single 

strand content of DNAs of different base composition as 

measured by hydroxyapatite chromatography. The letters 

refer to the DNA source as given in Table 1 and D/N refers 
to the reduced drug—nucleotide ratio. 
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Fig. 4. The relationship between reduced misonidazole- 
induced damage and DNA base composition. The DNAs 
may be identified by reference to Table 1. 





susceptible to the damaging effects of reduced 
misonidazole. However, since the buffer conditions 
used here were different to those used in the study 
of natural DNAs, direct quantitative comparisons 
are questionable. 

When damage is assessed as a decrease in mol- 
ecular weight of DNA as measured by the migration 
distance of the DNA in agarose gels, corroborative 
evidence of our findings is obtained. An increased 
migration rate and an increase in band width indicate 
a lower molecular weight average and an increased 
polydispersity or molecular weight range of the 
DNA, respectively [13-17]. In addition, since the 
gels contain the fluorescent intercalator acridine 
orange, a decrease in the fluorescence intensity under 
U.V. light indicates a loss in intact helix related to 
the ability of the acridine to intercalate the DNA 
molecule [14-17]. As is shown in Figs. 5 and 6, all 
these effects are observed in DNA exposed to 
reduced misonidazole. The decrease in molecular 
weight is attributable to double-strand breakage 
which probably occurs as a result of extensive single- 
strand breakage. 
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Fig. 5. The effect of reduced misonidazole on the electro- 
phoretic migration of DNAs in acridine-impregnated aga- 
rose gels. The gels (1.5%) were electrophoresed at 12.5mA 
for 20 hr. The numbers refer to the percentage reduction 
of misonidazole or (if divided by 100) the reduced drug- 
nucleotide ratio. The letters refer to the DNA source as 
given in Table 1. The schematic diagram is drawn to scale. 
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Fig. 6. The effect of reduced misonidazole on the electro- 

phoretic migration of Clostridium perfringens (A) and 

Micrococcus lysodeikticus (D) DNA. The numbers refer 

to the percentage drug reduction or (if divided by 100) the 
reduced drug-nucleotide ratio. 
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It is evident from these results that the cytotoxic 
action of misonidazole on DNA does not involve 
random strand breakage but rather cleavage at a 
specific site in the adenine and/or thymidine residues 
of the DNA. Preliminary studies (to be published 
elsewhere) indicate that the target is thymidine since 
thymidine phosphates are specifically cleaved from 
intact DNA suggesting an action not unlike that of 
bleomycin [18]. It is clear that such a cytotoxic mech- 
anism would also enhance the radiation-induced 
damage since radiosensitization has been shown to 
involve preferential damage to thymidine residues 
[19]. 

Since other electron affinic nitroimidazoles have 
been shown to possess an identical mode of action 
[4-7] it is likely that this base specificity may be a 
general feature of radiosensitizing nitroimidazoles. 
It has not escaped our attention that the relationship 
between DNA damage and A + T content is a 
contributory factor in the selective toxicity of these 
drugs against infections caused by anaerobes. The 
most important organisms clinically in this respect 
are the protozoa Trichomonas vaginalis and Enta- 
moeba histolytica which have A + T contents of 71 
per cent and 62-78 per cent, respectively [20-23] and 
the bacteria Bacteroides and Clostridia with A + T 
contents of 59 and 73 per cent, respectively [10, 24]. 
All these organisms are very susceptible to metron- 
idazole, having minimum inhibitory concentrations 
of 1 yg.cm™ or less. In contrast, Rhodospirillum and 
Rhodopseudomonas have A + T contents of 38.4 
and 33 per cent, respectively [10, 25] and are approx- 
imately 25 times less sensitive to nitroimidazoles 
[26, 27]. 
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Abstract—Weanling rats were maintained on a diet providing marginally adequate amounts of nicotina- 
mide and vitamin B,, with a considerable excess of tryptophan to allow endogenous synthesis of 
nicotinamide nucleotides. Groups of animals received Benserazide or Carbidopa at 0.9 mg/kg bod 

wt/day or isoniazid at 1.3 mg/kg body wt/day. All three drugs led to a reduction in the excretion of N’- 
methyl nicotinamide (the principal metabolite of nicotinamide nucleotides in the rat) after 2 and 3 days, 
compared with control animals receiving the same diet. After 7 days, excretion of this metabolite had 
returned to the control level. All three drugs are potent inhibitors of tryptophan oxygenase, kynureninase 
and 3-hydroxyanthranilate oxidase, but the effects of administration in vivo were not related to the 
apparent K; values determined in vitro. All three drugs also caused an increase in the activity of 
nicotinamide deamidase, which may lead to increased efficiency of utilization of dietary nicotinamide 
in response to deficiency, and hence explain the recovery in N'-methyl nicotinamide excretion towards 
the end of the experiment. Urinary excretion of tryptophan metabolites (xanthurenic and kynurenic 
acids and kynurenine) was not as expected. Benserazide and Carbidopa had no significant effect, while 
isoniazid caused an increase in kynurenine excretion and a decrease in xanthurenic acid excretion. It 
is suggested that this may be due to a reduced activity of kynurenine hydroxylase, although isoniazid 
had no effect on the activity of this enzyme after administration for 11 days, or when added in vitro. 
The results are discussed in relation to the mechanisms of isoniazid-induced pellagra and Benserazide- 


and Carbidopa-induced niacin depletion in man. 


It is well established that administration of isoniazid 
(iso-nicotinic acid hydrazide) can lead to the devel- 
opment of pellagra in some patients. This may be 
the result of formation of a Schiff base between the 
hydrazide drug and the pyridoxal phosphate cofactor 
of the enzyme kynureninase (L-kynurenine hydro- 
lase, EC 3.7.1.3). This results in reduced oxidative 
metabolism of tryptophan, and hence in reduced 
endogenous synthesis of nicotinamide nucleotides 
and increased reliance on dietary niacin. If the diet- 
ary intake is inadequate, pellagra (niacin deficiency) 
results. Administration of supplementary vitamin B, 
(pyridoxine) together with isoniazid overcomes this 
cofactor depletion and prevents the development of 
pellagra [1]. 

Bender and Russell-Jones [2] have reported on a 
patient in whom clinically and biochemically con- 
firmed pellagra developed during treatment with 
isoniazid, despite apparently adequate supplemen- 
tation with vitamin B,. It is assumed that this was 
the result of inhibition by isoniazid of enzymes other 
than kynureninase in the tryptophan oxidative path- 
way (see Fig. 1). It has been shown previously [3] 
that isoniazid will also inhibit tryptophan oxygenase 
(L-tryptophan: oxygen  oxido-reductase, EC 
1.13.1.12), 3-hydroxyanthranilate oxidase (3- 
hydroxyanthranilate: oxygen 3,4-oxido-reductase 
(decyclizing), EC 1.13.11.6) and nicotinamide 
phosphoribosyltransferase (nicotinamide nucleo- 
tide : pyrophosphate phosphoribosyltransferase, 


EC 2.4.2.12) in rat liver homogenates. The inhibition 
of the latter two enzymes is only slight, having a very 
high apparent K;, so it was assumed that neither 
inhibition would be important when the drug was 
administered to animals. 

A previous report from this laboratory [4] showed 
that .patients treated with Benserazide [Ro4-4602, 
N-seryl-N'-(2, 3, 4-trihydroxybenzyl)-hydrazine] or 
Carbidopa (MK-486, a-hydrazino-3, 4-dihydroxy- 
phenyl-a-methyl propionic acid) showed reduced 
excretion of N'-methyl nicotinamide, indicative of 
niacin deficiency; N'-methyl nicotinamide is the prin- 
cipal metabolite of nicotinamide nucleotides. How- 
ever, pellagra has not been reported in Parkinsonian 
patients treated with dopa together with either of 
these inhibitors of dopa decarboxylase (L-aromatic 
amino acid carboxy-lyase, EC 4.1.1.28). Studies with 
rat liver homogenates [3] have shown that Benser- 
azide and Carbidopa are considerably more potent 
inhibitors of tryptophan oxygenase and kynureninase 
in vitro than is isoniazid. Since about the same 
amounts of all three drugs are used clinically, it is 
surprising that the two decarboxylase inbibitors do 
not seem to lead to the development of pellagra, 
while isoniazid does. 

In the present study, the effects of all three drugs 
have been assessed in vivo. The changes in urinary 
excretion of tryptophan and niacin metabolites in 
response to drug treatment have been measured in 
animals receiving known intakes of these two 
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Fig. 1. The oxidative pathway of tryptophan metabolism and pathways for the incorporation of dietary 
niacin into nicotinamide nucleotides. 


nutrients in their diet. The activities of the enzymes 
of the tryptophan-nicotinamide nucleotide pathway 
have been measured in liver homogenates following 
administration of the drugs to rats at doses equivalent 
to those used clinically, in an attempt to explain the 
differences between isoniazid and the dopa decar- 
boxylase inhibitors. 


METHODS 


Animals and diets. The diet used in this study was 
based on that described by Carter et al. [5] for studies 
of tryptophan and niacin metabolism, consisting of 
maize meal and sucrose, with small amounts of vit- 
amin-free casein and gelatin. A mixture of essential 
amino acids was also added to complement the pro- 
tein of the diet. Additional energy was provided by 
corn oil, in which vitamins A,D,E and K were dis- 
solved. Other vitamins and a mineral salt mixture 
were also included in the diet, to meet the National 
Research Council recommendations [6] for all 
nutrients except nicotinamide, which was added at 
only 0.75 mg/kg dry matter of the diet. The diet 
contained 1g of tryptophan/kg dry matter, which 
would be more than adequate to permit synthesis of 
nicotinamide nucleotides to compensate for the nic- 
otinamide deficiency, and 10 g ascorbic acid/kg dry 
matter, which was added to act as an anti-oxidant 
when the decarboxylase inhibitors were incorporated 
in the diet. Preliminary studies (B. I. Magboul and 
D. A. Bender, unpublished) showed that this diet 
was adequate to permit growth of weanling rats to 
at least the same extent as a standard animal house 
diet (Diet 86, Northern Farmers Ltd.). Benserazide 


and Carbidopa were incorporated in batches of the 
diet at 30 mg/kg dry matter, and isoniazid at 45 mg/kg. 

For convenience, the major dry ingredients of the 
diet and the corn oil were mixed in the usual way, 
but the gelatin was dissolved in warm water (10 ml/g 
gelatin), and tryptophan, nicotinamide, ascorbic 
acid and drugs as appropriate were dissolved in the 
gelatin solution. This was then mixed with the dry 
ingredients to give a stiff paste, which set to a firm 
jelly on cooling, and could conveniently be stored 
at —20° until required. Feeding cubes of this jelly 
diet to animals minimized the wastage that occurs 
with powder diets, simplified measurement of food 
intake (and hence drug dosage), and prevented 
blockage of the urine/faeces separator of the metab- 
olic cages by particles of spilled food. 

Male Wistar rats, bred in the Courtauld Institute, 
were weaned onto the control (drug-free) diet, and 
after 21 days they were randomly allocated to one 
of the three experimental diets (containing Benser- 
azide, Carbidopa or isoniazid); a control group 
remained on the drug-free diet throughout the 
experiment. Food intake was measured daily, and 
urine was collected for 24-hr periods at intervals over 
11 days. The animals were then killed by decapita- 
tion, and their livers were dissected out, frozen in 
liquid nitrogen and stored at —20° until required for 
analysis. 

Analytical methods. Urine xanthurenic and kyn- 
urenic acids were determined fluorimetrically and 
kynurenine colorimetrically after ion exchange 
chromatography, as described previously [7], a modi- 
fication of the methods of Satoh and Price [8] and 
Joseph and Risby [9]. 
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Urine N'-methyl nicotinamide was determined by 
the following small-scale modification of the alkali- 
ketone condensation method of Carpenter and 
Kodicek [10]: 0.5 ml aliquots of a 3-fold dilution of 
urine were mixed with an equal volume of either 
water or a standard solution of N'-methy! nicotin- 
amide (about 20 umoles/l) as an internal standard, 
0.5ml of butanone and 0.25ml of 5M sodium 
hydroxide. This mixture was shaken vigorously for 
5 min, then 0.325 ml of 5M hydrochloric acid was 
added, and the mixture heated in a boiling water 
bath for 5 min. After rapid cooling to below 10°, 2 ml 
of 200 g/l potassium dihydrogen phosphate and 6 ml 
of water were added. After mixing, the fluorescence 
at 460 nm (excitation 430 nm) was measured using 
an Aminco-Bowman spectrophotofluorimeter. It 
was found that an internal standard was required for 
each sample of urine because of the presence of 
varying amounts of interfering materials which 
quenched the fluorescence of the N'-methyl nicotina- 
mide derivative. It was also found necessary to carry 
an unreacted sample of each urine through the same 
procedure, with water replacing the sodium hydrox- 
ide and hydrochloric acid, because of the presence 
of interfering materials that have a similar fluor- 
escence spectrum to the N'-methyl nicotinamide 
derivative. 

Portions of liver were homogenized while still 
frozen in either 0.15 M sodium chloride or 0.25 M 
sucrose, depending on the enzyme to be measured. 
The following preparations were used for determi- 
nation of enzyme activity by the methods that have 
been described previously [3]: 

(a) unfractionated homogenate: tryptophan oxy- 
genase and kynureninase; 

(b) 100,000 g supernatant: 3-hydroxyanthranilate 
oxidase and picolinate carboxylase [amino-carboxy- 
muconate semialdehyde decarboxylase (3'-oxo- 
prop-2-amino-but-2-ene dioate carboxy-lyase), EC 
4.1.1.45]; 

(c) charcoal-treated 100,000 g supernatant: quin- 
olinate phosphoribosyl-transferase (nicotinate 
nucleotide:pyrophosphate phosphoribosyltransfer- 
ase (carboxylating) EC 2.4.2.19) and nicotinate 
phosphoribosyltransferase (nicotinate nucleotide: 
pyrophosphate phosphoribosyltransferase, EC 
2.4.2.11); 

(d) protamine sulphate fractionated 100,000 g 
supernatant: nicotinamide phosphoribosyltransfer- 
ase (nicotinamide nucleotide: pyrophosphate phos- 
phoribosyltransferase, EC 2.4.2.12); 
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(e) deoxycholate lysed mitochondria: kynurenine 
hydroxlase (L-kynurenine; NADPH:oxygen oxido- 
reductase (hydroxylating), EC 1.14.12.9; 

(f) microsomal pellet: nicotinamide deamidase 
(nicotinamide amidohydrolase, EC 3.5.1.19). 

The activities of all enzymes were expressed per g 
wet wt of tissue. 


RESULTS 


Preliminary studies showed that the diet used in 
this experiment would permit the growth of weanling 
rats at least to the same extent as would a stock diet; 
Table 1 shows that none of the three drugs used had 
any effect on the growth rate of the animals from 
21 days after weaning until the end of the experiment 
11 days later. Similarly, none of the drugs had any 
significant effect on the food intake of the animals, 
so that tryptophan, nicotinamide and vitamin B, 
intakes were similar in all cases. The intake of the 
drugs per kg body wt are shown in Table 1. 

Table 2 shows the urinary excretion of N'-methyl 
nicotinamide and three tryptophan metabolites, xan- 
thurenic and kynurenic acids and kynurenine. 

During the early part of the experiment (days 2 
and 3 after the initiation of the experimental diets) 
all three drugs led to a significant decrease in the 
excretion of N'-methyl nicotinamide, compared with 
the control animals. However, by days 8 and 9 of 
the experiment the excretion of this metabolite was 
the same in the drug-treated animals as in the control 
group. 

A sample of 48 hr urine collection for each animal 
was used for determination of xanthurenic and kyn- 
urenic acids and kynurenine, to allow adequate sen- 
sitivity after ion exchange chromatography. The 
figures in Table 2 are corrected to show excretion 
per 24hr. Benserazide and Carbidopa had no sig- 
nificant effect on the excretion of these metabolites, 
while isoniazid led to a significant reduction in the 
excretion of xanthurenic acid and an increase in the 
excretion of kynurenine. 

Table 3 shows the effects of administration of the 
drugs on the activities of the enzymes of the tryp- 
tophan-nicotinamide nucleotide pathway. Trypto- 
phan oxygenase, kynureninase and 3-hydroxyan- 
thranilate oxidase were all inhibited significantly by 
Carbidopa and isoniazid; the inhibition of trypto- 
phan oxygenase and 3-hydroxyanthranilate oxidase 
by Benserazide was not statistically significant at this 


Table 1. Weight gain of animals, food intake and drug dosage through experimental period* 





Food intake 


(g wet wt/kg 
body wt/day) 


Drug dose 
(mg/kg body wt) 





Weight gain 


(%) Day 2+ 





Day 9 Day 2 Day 9 





62.1 + 9.4 
58.9 + 7.2 
65.2 + 11.4 
60.4 + 21.3 


142 + 14 
136 + 11 
137 + 25 
137 + 23 


Control 
Benserazide 
Carbidopa 
Isoniazid 


130 + 6 
127 + 24 
126+ 8 
13+ T7 


0.9 + 0.2 
0.9+0.1 
13=0;2 





* Results expressed as mean + S.D. of five animals per group. 
+ Days refer to number of days since introduction of experimental diet at 21 days after 


weaning onto control diet. 
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dose of the drug. None of the other enzymes inves- 
tigated was significantly inhibited. 

There was a significant increase in the activity of 
nicotinamide deamidase in response to all! three 
drugs. 


DISCUSSION 


0.14 + 0.05 
0.25 + 0.114 


Kynurenine 


Previous studies of the effects of Benserazide, 
Carbidopa and isoniazid on the activity of enzymes 
of the tryptophan-nicotinamide nucleotide pathway 
in rat liver homogenates [3] showed that all three 
drugs inhibited kynureninase, presumably by for- 
mation of a metabolically inactive complex between 
the hydrazine derivative and the pyridoxal phosphate 
cofactor of the enzyme. All three drugs also inhibit 
tryptophan oxygenase, and hence would be expected 
to reduce the entry of tryptophan into the pathway 
of nicotinamide nucleotide synthesis [3]. Inhibition 
of tryptophan oxygenase by Benserazide [11] and 
Carbidopa [12] has been reported previously, and 
Frieden et al. [13] showed that a number of phenolic 
compounds will inhibit this enzyme, apparently 
interacting with the haem binding site. This would 
explain the action of Benserazide and Carbidopa on 
tryptophan oxygenase, since both are phenolic com- 
pounds, but would not account for the inhibition by 
isoniazid, which is not phenolic. There is no evidence 
that this enzyme is pyridoxal phosphate dependent, 
so interaction with this cofactor is unlikely to explain 
the action of isoniazid. However, it is possible that 
isoniazid is capable of interacting with the inhibitory 
nicotinamide nucleotide binding site of tryptophan 
oxygenase [14]. Madras et al. [12] have shown that 
a number of hydrazine derivatives of tryptophan 
analogues are more potent inhibitors of tryptophan 
oxygenase than are the parent compounds, and sug- 
gested that the hydrazines can interact with the haem 
binding site of the enzyme, thus preventing activation 
of apo-tryptophan oxygenase. 

In studies in vitro |3] it was shown that isoniazid, 
but not the other two drugs, also inhibited 3-hydroxy- 
anthranilate oxidase and nicotinamide phospho- 
ribosyltransferase, although the apparent K; values 
for these two enzymes were so high that it was 
considered unlikely that either enzyme would be 
significantly inhibited following administration of the 
drug at normal levels. However, as can be seen from 
Table 3, all three drugs, when given for 11 days, led 
to significant inhibition of 3-hydroxyanthranilate 
oxidase. Neither isoniazid nor the two decarboxylase 
inhibitors had any effect on the activity of nicotina- 
mide phosphoribosyltransferase. 

A further difference between the apparent K; val- 
ues determined in vitro and effective inhibitory 
potency following administration is shown by the 
effects on tryptophan oxygenase and kynureninase. 
As can be seen from Table 3, all three drugs are 
approximately equipotent in vivo, yet the apparent 
K; of isoniazid is 20-fold higher for tryptophan 
oxygenase that are the K; values of Benserazide and 
Carbidopa, and about 100-fold higher for kynuren- 
inase [3]. These differences suggest that pharma- 
cokinetic factors are important. 

The diet used in these experiments provided con- 
siderably less nicotinamide than the recommended 


0.48 + 0.25 
0.26 + 0.14 
0.29 + 0.14 
0.25 + 0.17 


On days 5 + 6 (pooled sample) (umoles/24 hr) 
Kynurenic 


Xanthurenic 
1.59 + 0.66 
1.27 + 0.47 
1.39 + 0.92 
0.89 + 0.234 





2.74 + 0.35 
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1.70 + 0.25¢ 


N'-methyl nicotinamide (umoles/24 hr) 
2.06 + 0.27 





1.34 + 0.16§ 
1.39 + 0.33§ 


1.52 + 0.41§ 
+ Days refer to number of days since introduction of experimental diet, at 21 days after weaning onto control diet. 


t Significantly different from control, 0.1 > P > 0.05, unpaired f-test. 


* Results expressed as mean + S.D. of five animals per group. 
§ Significantly different from control, P < 0.05, unpaired f-test. 


Benserazide 
Carbidopa 
Isoniazid 
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Table 3. Liver enzyme activities following administration of drugs for 11 days* 





Enzyme activity (nmoles product formed/min/g wet wt) 


Control 


Benserazide 


Carbidopa Isoniazid 





49.6 + 12.4 
25.5 + 2.0 
25.6 + 1.9 


Tryptophan oxygenase 
Kynurenine hydroxylase 
Kynureninase 
3-Hydroxyanthranilate 
oxidase 
Quinolinate phospho- 
ribosyltransferase 
Nicotinate phospho- 
ribosyltransferase 
Nicotinamide phospho- 
ribosyltransferase 
Nicotinamide deamidase 
Picolinate carboxylase 


113 + 30 


0.48 + 0.09 


44 


0.62 + 0.16 


0.84 + 0.13 


28.1 + 2.5¢ 


17.6 + 3.5 
29.6 + 9.6 
19.9 + 2.77 


et 9.9 30.9 + 1.7+ 
Foe Be ihe 24.9+ 4.5 
ee 1.67 20.2 + 1.27 
87 + 21 


51 + 22+ 43 + 15+ 


0.65 + 0.15 0.52 + 0.22 


0.83 + 0.03 0.77 + 0.12 


1.74 + 0.39 1.69 + 0.17 
21.4 + 3.2¢ 
5.3 + 0.5 


1.54 + 0.24 
26.6 + 3.87 


5.5 + 0.4 5.4+0.4 





* Results expressed as mean + S.D. of five animals per group. 
+ Significantly different from control, 0.1 > P > 0.05, unpaired t-test. 
¢ Significantly different from control, P < 0.05, unpaired t-test. 


intake for the rat [6], so it might be expected that 
the animals would be dependent on endogenous 
synthesis of nicotinamide nucleotides from trypto- 
phan. Hence, any inhibition of the pathway night be 
expected to lead to some degree of niacin deficiency. 
The data for urinary excretion of N'-methyl nicotina- 
mide shown in Table 2 reflect this to some extent. 
During the early stages of the experiment (after 
receiving the drug for 2 and 3 days), the animals 
receiving the drugs excreted significantly less of this 
metabolite than did the drug-free control animals. 
However, by days 7 and 8 of the experiment they 
had apparently recovered, in that their excretion of 
N'-methyl nicotinamide was no different from that 
of control animals. When the animals were killed 
after 11 days of drug treatment, their livers had a 
significantly greater activity of nicotinamide deam- 
idase than did those of the control animals. Any 
change in the activity of an enzyme that is due to 
change in the amount of enzyme present (i.e. due 
to changes in the rate of synthesis or degradation) 
would be expected to develop relatively gradually, 
perhaps over several days, unlike an effect on the 
activity of pre-existing enzyme, such as simple inhi- 
biton or activation, which would be expected to be 
apparent immediately after initiation of treatment. 
Therefore, either there was an increase in the amount 
of nicotinamide deamidase present in the tissue 
under these conditions, or the enzyme was activated 
by some metabolite of the drugs that accumulates 
only gradually during administration. These results 
provide evidence for the hypothesis that the major 
pathway of utilization of dietary nicotinamide is by 
deamidation to nicotinic acid and incorporation into 
nicotinic acid nucleotide, rather than by direct incor- 
poration into nicotinamide nucleotides by the action 
of nicotinamide phosphoribosy] transferase [15]. An 
increase in the activity of nicotinamide deamidase, 
as seen in this experiment, would lead to an increase 
in the efficiency of utilization of dietary nicotina- 
mide, and hence compensate to some extent for 
inhibition of endogenous synthesis of nicotinamide 
nucleotides from tryptophan. This would explain the 
changes in N'-methyl nicotinamide excretion 


between days 2 and 3 and 7 and 8 shown in Table 
2. 

The excretion of xanthurenic and kynurenic acids 
and kynurenine in response to tryptophan admin- 
istration is a standard test of vitamin B, nutritional 
status [16], reflecting the activity of kynureninase, 
which is a pyridoxal phosphate dependent enzyme. 
In this experiment the animals were provided with 
an adequate amount of vitamin B, [6], and were 
effectively in a state of continuous tryptophan load, 
as the diet provided 1 g of tryptophan/kg dry matter 
(about 1.2 nmoles of tryptophan/kg body wt/day). 
Therefore, if inhibition of kynureninase were a major 
effect of the drugs, the excretion of all three metab- 
olites would be higher in the drug-treated than in 
the control animals. However, as can be seen from 
Table 2, this is not so. Benserazide and Carbidopa 
had no significant effect on tryptophan metabolite 
excretion; isoniazid led to a significant fall in xan- 
thurenic acid excretion, and a corresponding increase 
in kynurenine excretion, with no effect on kynurenic 
acid. This effect is similar to that reported in a patient 
treated with isoniazid who had developed pellagra 
[2], in whom administration of 2 g of tryptophan led 
to the expected increase in kynurenic acid and kyn- 
urenine excretion, with only a small increase in xan- 
thurenic acid. Both in the case of this patient and 
in the present study, this effect could be explained 
by inhibition of kynurenine hydroxylase. As can be 
seen from Fig. 1, inhibition of this enzyme would 
lead to a relatively greater formation of kynurenic 
acid than xanthurenic acid in response to an 
increased flux of metabolites through the oxidative 
pathway. However, as can be seen from Table 3, 
none of the drugs had any effect on the activity of 
kynurenine hydroxylase, as measured by the method 
of Chiancone [17] when there is an excess of NADFH 
in the incubation medium. The enzyme has been 
reported to have a relatively high K,, for NADPH 
(0.25 x 10-* M) [18], and it is therefore possible that 
it is especially sensitive to small changes in the liver 
concentration of NADPH, such as might be expected 
to occur during the early stages of this experiment. 
It is also possible that isoniazid may compete with 
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NADPH for the catalytic site of the enzyme, an 
effect that would be masked by the saturating amount 
of NADPH used in the incubation. 

The present study thus confirms to some extent 
the results obtained with Benserazide, Carbidopa 
and isoniazid in vitro as inhibitors of the enzymes 
of tryptophan oxidative metabolism in the rat [3], 
but shows that pharmacokinetic factors are impor- 
tant, in that the apparent K; values determined in 
vitro are not reflected in relative inhibitory potency 
following administration of the drugs. Nevertheless, 
it is still not possible to explain why pellagra is 
observed in patients treated with isoniazid (even 
when supplementary vitamin B, is given), yet has 
not been reported in Parkinsonian patients treated 
for long periods with Benserazide or Carbidopa. 
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Abstract—The uptake of HINA by synaptosomes prepared from rat cerebral cortex and brain stem 
was studied. The results indicate that there are two distinct systems for the uptake of noradrenaline. 
One system which predominates in cortical tissue has a sodium-dependent maximum rate of transport. 
This uptake system has a number of characteristics which are similar to the synaptic membrane 
(Na*-K*) ATPase. The activity of this enzyme was studied and the influence of a number of amines 
determined. Serotonin, tyrosine, /-Dopa, dopamine, noradrenaline and adrenaline were all stimulants 
of the (Na*-K*) ATPase. Fenfluramine, phentolamine, chlorpromazine and desipramine antagonized 
the amine stimulation of (Na*-K*) ATPase. Desipramine, which was a more potent inhibitor of 
noradrenaline uptake than was chlorpromazine, was less effective than chlorpromazine as an antagonist 
of the amine stimulation of (Na*-K*) ATPase. Although there was some similarity between the 
noradrenaline uptake system and the noradrenaline-stimulated (Na*-K*) ATPase, these results did not 
support the contention that synaptosomal uptake of noradrenaline was a primary active transport 


process. 


Catecholamines released from nerve endings for the 
purpose of synaptic transmission are believed to have 
their physiological actions terminated by a presy- 
naptic membrane recapture mechanism. This re- 
uptake process has been studied in synaptosomes 
and is a saturable process obeying Michaelis-Menten 
kinetics [1]. There is evidence that the uptake of 
noradrenaline is sodium-dependent [2,3], potas- 
sium-dependent [4], and ouabain-sensitive [5], and 
is inhibited by metabolic inhibitors [6], thus sug- 
gesting than an energy-dependent, active transport 
process is involved. The conditions for noradrenaline 
(NA) uptake are very similar to those for (Na*-K*)- 
stimulated Mg-dependent activity and it has been 
postulated that the energy for the transport of nor- 
adrenaline into synaptosomes is derived from the 
inward-directed Na* concentration gradient across 
the synaptosomal membrane, which is maintained 
by (Na*-K*) ATPase [5]. 

The sodium gradient hypothesis explains the time 
lag between the blockade of noradrenaline uptake 
by ouabain and the inhibition by the drug of the 
(Na‘-K*) ATPase [5]. However, noradrenaline has 
been reported to antagonize the ouabain inhibition 
of synaptic membrane (Na*-K*) ATPase [7]. The 
sodium gradient hypothesis has also been challenged 
by the findings of White and Keen [8], who dem- 
onstrated that increasing the external (Na*) from 
155 to 286 mM in the presence of metabolic inhibitors 
did not result in an increase in NA accumulation. 

It is possible that the (Na*-K*) ATPase is directly 
involved in the uptake of noradrenaline since the 
biogenic amines have been reported to stimulate 
(Na*-K*) ATPase in various brain preparations 
[7, 9-15]. Schaefer et al. [9] reported that the soluble 
fraction of rat brain homogenates contained a heat 
stable dialysable fraction which inhibited the ATPase 
activity of the particular fraction. This inhibition 
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could be overcome by catecholamines. Chlorprom- 
azine was observed to inhibit the ATPases [16]. 
However, it is the metabolites and not the parent 
phenothiazine which possess the property of inhibit- 
ing the (Na*-K*) ATPase. 

This paper investigates the role of (Na*-K*) 


ATPase in the uptake of noradrenaline into cerebral 
synaptosomes. More specifically, it reports on the 
influence of sodium ions on the kinetics of nora- 
drenaline transport and the nature of the noradren- 
aline-stimulated (Na*-K*) ATPase of cerebral syn- 
aptic membranes. 


MATERIALS AND METHODS 


Preparation of synaptosomes. The synaptosomes 
were prepared from cerebral cortices of rats of the 
Wistar strain by the method previously described 
[17]. The resultant crude P, fraction was layered on 
a discontinuous sucrose density gradient and centri- 
fuged at 35,000 g for 3 hr at 4° in an 8 X 50 ml angle 
head centrifuge. The synaptosomes were collected 
at the 0.8-1.2 M sucrose interphase and were used 
within 24 hr of the animal’s death. 

Determination of the uptake of noradrenaline by 
synaptosomes. The synaptosomes were incubated for 
1 min at 37°. Previously it was determined that the 
uptake of noradrenaline was linear for the first 90 sec 
but then rapidly fell off to a plateau after 4 min. The 
details of the incubation media are given in the text 
and legends to the figures and tables. The incubations 
were commenced by adding 1 ul of [*H]NA to the 
incubation medium. The incubation was stopped 
60 sec later by passing through a millipore filter of 
pore size 0.45 um. The filters were washed twice with 
2 vol. of ice-cold incubation media. The filters were 
placed in 10 ml of scintillation medium consisting of 
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4 g of PPO; 0.4 g of PoPoP dissolved in 11. of Tolu- 
ene. The radioactivity was determined using a Tri- 
carb Liquid Scintillation spectrophotometer, and the 
quenching was corrected for by the automatic exter- 
nal standards ratio method. 

Accumulation of NA is the amount of unchanged 
exogenous amine inside the synaptosomes after a 
period of incubation. After a 10min incubation 
period 80 per cent of the radioactivity recovered 
from the synaptosomes could be recovered as nor- 
adrenaline. Nialamide, a monoamine oxidase inhib- 
itor, increased the percentage recovery to 90 per 
cent and in some cases 95 per cent. The initial rates 
of [HJNA accumulation by synaptosomes after 
incubation for 1 min with various concentrations of 
amine in imidazole-HCl buffer, pH 7.4, containing 
150 mM Na*, 10mM K*, 5mM Mg” and 10g of 
glucose/1. of buffer, were determined. The data sug- 
gest that accumulation was mediated by more than 
one process. The initial rates for the first process 
approached saturation at an amine concentration of 
approximately 1.5 uM. The second process showed 
a linear relationship with the amine concentration 
which suggested that this second process represented 
simple diffusion of the amine into the synaptosomes. 
By extrapolating the linear segment of the total 
uptake back to the y axis one can describe this 
diffusion process superimposed upon accumulation 
due to the active transport mechanism. Thus the y 
axis intercept represent zero accumulation by dif- 
fusion. The difference between the extrapolated lin- 
ear segment and the y intercept describes the accu- 
mulation due to diffusion at any given amine 
concentration as the difference between the total 
accumulation and the diffusion component. 

The measurement of [*H]NA recoverable from syn- 
aptosomes. Synaptosomes were incubated in | ml of 
incubation medium, pH 7.4, at 37°. The incubation 
was started by adding 10 ul of [*H]noradrenaline to 
a final concentration of 5uM. Incubation was 
stopped 10 min later by passing through a millipore 
filter of fine size’0.45 um. The filters were washed 
twice with 2 ml of ice-cold medium and extracted 
with 5 ml of acetone—HCl (1:1). One drop of 9.5% 
EDTA was added and the pH adjusted to 8.5 with 
1 N NaOH. Ten microlitres of this extract was added 
to 10 ml of scintillation cocktail as before. Four mil- 
litres of the extract were passed through an alumina 
oxide column, and the noradrenaline eluted with 
15S mi of 0.4M acetic acid. The columns were 
obtained from the Boehringer Corp. The [*H] con- 
tent of 100 ul of the eluate was determined as before. 
The efficiency of the columns were determined (45- 
58%). 

Determination of synaptosomal integrity. The 
degree of intactness of the synaptosomes was assayed 
by the occluded LDH method [18]. Cerebral syn- 
aptosomes precincubated at 0° or 37° had occluded 
LDH values of 12.3 + 2.7 and 3.8 + 1.6 units/mg of 
protein, respectively. Studies on the effect of tem- 
perature on NA accumulation in the range 0—40° 
revealed an optimal temperature of 27°. This may 
be related to the structural integrity of the 
synaptosomes. 

Preparation of synaptic membranes. Synaptic 
membranes were prepared by osmotically rupturing 
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the synaptosomes using distilled water and centri- 
fuging the resultant suspension at 50,000 g for 1 hr. 
Synaptic membranes which are rich in (Na‘-K*) 
ATPase are pelleted by this procedure. 

Assay of ATPase. ATPase were assayed by deter- 
mination of the rate of release of inorganic phosphate 
(Pi). Membranes were incubated at 37°, unless other- 
wise stated, in a 50 mM imidazole-HCl buffer, pH 
7.4 (unless otherwise stated), for 20min. Total 
ATPases activity was assayed in a medium containing 
Na, K, Mg and ATP, at final concentrations given 
in text. The Mg ATPase was assayed in a medium 
containing Mg and ATP. All data presented here 
was obtained using Boehringer disodium ATP. The 
membranes were added to a final concentration of 
10 g/m! and the incubation was commenced by the 
addition of ATP. Preliminary experiments showed 
that the optimum conditions for the assay of rat brain 
(Na*-K*) ATPase were 150 mM [Na‘*], 10 mM [K*], 
5 mM [Mg], 5 mM [ATP] pH 7.4 and a temperature 
of 37°. The ATPase activity was linear for at least 
30 min under these assay conditions, and the ATPase 
activity increased linearly with concentrations rang- 
ing from 5 to 20 ug of protein. 

Determination of Pi. The incubations were stopped 
by adding 4 ml of colour solution prepared by dis- 
solving 10g of ammonium molybdate and 10g of 
Lubrol WX in 1000 ml of 0.9M H,SO,. The colour 
was left to develop for 30 min and was stable for 3 hr 
at room temperature. NA (10~*) affects the esti- 
mation of Pi by this method. When possible this was 
overcome by using NA at concentrations not greater 
than 20M. However, if [NA] greater than 20 uM 
were required, standard Pi graphs were prepared for 
each [NA] used. The psychotropic drugs also affected 
the estimation of Pi. Standard graphs were prepared 
for each drug. 

Protein assay. Protein was assayed by the method 
of Lowry et al. [19]. 


RESULTS 


The influence of Na* on noradrenaline uptake sys- 
tem and ATPase of rat cerebral synaptic membranes. 
The uptake of monoamines into synaptosomes is a 


saturable sodium-dependent process obeying 
Michaelis-Menten kinetics. The influence of sodium 
ions on the kinetic constants for noradrenaline 
uptake has been studied in whole rat brain and rabbit 
brain stem [3, 8,20]. The initial rate of uptake is 
linear over the first 90 sec of incubation (Fig. 1). The 
transport process found in brain stem has a sodium- 
dependent affinity constant, K,,, (0.25 uM in medium 
containing 150 mM Na‘), and a sodium-independent 
maximum rate of transport (6nmoles/mg/min). 
However, the amine transport system which pre- 
dominates in cerebral cortex homogenates has a 
sodium-dependent V,,,, (25 nmoles/mg/min) and a 
sodium-independent K,, (0.9 uM NA) (Fig. 2). In 
cerebral synaptosomes at low amine concentrations 
there is a linear relationship between the 60sec 
accumulation of [*7H]NA and the external sodium 
concentration (60-160mM). However, at higher 
amine concentrations the response is less linear with 
respect to the external sodium concentration. These 
results are interesting because they validate the 
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Accumulation of *H-noradrenaline by whole rat brain synaptosomes 
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Fig. 1. Synaptosomes, 2 mg of protein, prepared from rat cerebral cortex, were incubated in 20 ml of 
imidazole buffer, PH 7.4, at 37° gassed with 95% O, and 5% CO, and containing 150 mM Na*, 10mM 
K*, 5mM Mg”, 200 mg of glucose, 0.02 M NA. At various intervals, a 1 ml sample was removed and 
filtered through a millipore filter of pore size 0.45 um. The filters were washed twice with ice-cold 
medium and the °*H content determined as described. The accumulation was expressed at 10° cpm per 
mg of synaptosomal protein. Each point is the mean of three experiments, the bars represent the S.D. 


DOUBLE RECIPROCAL PLOT OF UPTAKE AND NORADRENALINE CONCENTRATION 
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Fig. 2. Synaptosomes, 100g of protein, prepared from rat cerebral cortex, were incubated for 60 sec 

in 1 ml of imidazole-HC! buffer, pH 7.4, at 37° and containing 10 mM K*, 5 mM Mg”*, 10 mg glucose 

and either 150 mM Na‘ or 112 mM Na’. Incubation was commenced by the addition of 3H NA to the 

tubes and the medium was gassed ¢t = 0 with 95% O, and 5% CO. All points are the mean of five 
experiments and the bars represent the S.D. 
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assumption that the Briggs-Haldane—Michaelis the- 
ory adequately describes the noradrenaline transport 
mechanism found in synaptosomes, 


i.e. 
_ V sae [S] 
. Erin 


At low [S] equation 1 tends to 


Vinax [5] 
> 


v= 


Differentiating 


dx d[Na]. 


, dv dv ‘aaa a 


dv dx 


d{[Na] dx d[Na] 
Substituting K,,, for x, 


& - V3 ‘ d K,, 
d{Na]} K,2 © d{Na]’ 





(2) 


i.e. anon linear response as observed in brain stem. 
Substituting V,,.. for x, 


THE EFFECTS OF (Na”], ON NORADRENALINE ACCUMULATION 
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& .. £. 4% (3) 
d{[Na] K,, d[Na] 

Since in cerebral cortex dV,,,,,/dNa is a constant (Fig. 
3), and K,, is sodium-independent (Fig. 2) and 


dv 
d[Na] 


is constant at low amine concentrations, then it is 
clear that the assumption underlying the data plot 
in Fig. 2 is valid. 

Cyanide inhibited the accumulation of [7H]NA by 
the synaptosomes. Increasing the external sodium 
ion concentration to 295 mM did not result in an 
increase in the rate of [SHJNA accumulation. How- 
ever, synaptosomes are relatively leaky to sodium 
ions, thus there is a large increase in the sodium 
content of synaptosomes incubated in solutions con- 
taining high concentrations of sodium ions (Fig. 4). 
The rate at which synaptosomes accumulate sodium 
is dependent on the permeability of the synaptosomal 
membrane to sodium and also on the rate of sodium 
extrusion. The efflux of sodium from synaptosomes 
has been studied and there are apparently two com- 
ponents of efflux [21]. There is a fast component of 
efflux with a time constant of 2.387 hr~', which lasts 
for only three or four minutes, and a slower efflux. 
Neither efflux is stimulated by noradrenaline. The 
slower component of efflux could imply contami- 
nation of the synaptosomal fraction with gliasomes, 


THE EFFECTS OF (Na"), ON VMAX OF NORADRENALINE UPTAKE 
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Fig. 3. Panel a. The accumulation of [* H]noradrenaline by rat cerebral cortical synaptosomes incubated 
in medium containing various concentrations of sodium ions. The isotonicity was maintained by replacing 
the sodium removed with sucrose. The accumulation in the absence of sodium is thought to be due to 
diffusion. The slope of the line is assumed to represent the rate of increase in synaptosomal uptake with 
respect to the external sodium concentration, dv/dNa, see equation 2. The incubation medium was 
essentially that used in studies reported in Fig. 1. Panel b. The effects of external sodium ion 
concentrations on Vinax. The Vina, Was computed from the intercept of the y axis as in Fig. 2. The data 
from experiments with external sodium concentrations in the range 90-150 mM could be fitted to a 
straight line. Thus it is concluded that dV,,,,/dNa is a constant. 
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membrane vesicles from glial cells. In view of this, 
it would be wrong to interpret the data in Fig. 4 as 
evidence that there was an inward directed sodium 
gradient across the synaptosomal membrane, even 
in the initial period following the addition of high 
external sodium concentrations. It has been sug- 
gested that an ATPase may be directly involved in 
the uptake of noradrenaline by synaptosomes. 
ATPases are characterized by their requirement of 
a divalent ion for the enzyme-substrate interaction. 
The Mg-dependent ATPases of rat cerebral synaptic 
membrane were studied. In the absence of potassium 
ions, sodium stimulated Mg ATPase activity. The 
sodium stimulation of Mg ATPase had a maximum 
response at 60mM Na’ and the half maximum 
response around 40 mM (Fig. 4). (Na*-K*) ATPase 
of rat cerebral synaptic membranes has a Ky, value 
of 80 mM. 

The effect of neurotransmitters on Mg ATPase. 
The effects of neurotransmitters and phenethylamine 
derivatives on Mg ATPase were studied. Acetylcho- 
line, noradrenaline, adrenaline, serotonin and 
amphetamine have no effect on Mg ATPase; how- 
ever, fenfluramine and norfenfluramine, fluoride- 
substituted derivatives of amphetamine, inhibited 
Mg ATPase; Mg ATPase activity 26.3 + 1.27 was 
reduced to 22.7 + 0.8 and 20.3 + 1.51 moles Pi/mg/hr 
(S.E.M. N = 6) with 10~* M fenfluramine and nor- 
fenfluramine, respectively. 

Phentolamine, an a-adrenergic receptor blocking 
agent, and propanalol, a B-blocker, did not affect 
Mg ATPase. Noradrenaline, serotonin and dopa- 
mine (10-> M) stimulated Na-Mg ATPase. Nora- 
drenaline did not influence the optimal conditions 
for the Na-Mg ATPase which were 100mM Na, 
1 mM Mg and 1 mM ATP. Thus since the optimum 
[Na*] for Na-Mg ATPase is not similar to the opti- 
mum [Na*] for noradrenaline uptake, then it should 
be concluded that the amine stimulation of Na-Mg 
ATPase is not an enzymic representation of the 
monoamine transport mechanism. 

The influence of amine on (Na*-K*) ATPase. It 
is well known that amino acids and amines may act 
as chelating agents for divalent ions and Godfraind 
et al. [11] suggested that catecholamine-induced 
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THE ACCUMULATION OF DIFFUSIBLE SODIUM IONS BY SYNAPTOSOMES 
INCUBATED IN HIGH SODIUM MEDIA 
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Fig. 4. Synaptosomes prepared from rat cerebral cortex 
and incubated at 37° for 8 min in 50 mM histidine buffer, 
pH 7.4, containing 150 mM Na, 10 mM K, 2mM Mg, and 
1 g/l. of glucose and in the presence or absence of 2mM 
NaCN. The synaptosomal protein concentration was 
7.5mg/ml at 8min, t=06, 1ml of the suspension was 
removed and | ml of *M NaCl was added to the incubation 
medium. The media were gassed throughout with 95% O, 
and 5% CO). Samples were removed at various time inter- 
vals and filtered as before. Filters were washed with 2 vol. 
0.25 M sucrose and then placed in 10 ml of 15mM SiCI 
overnight to elute the diffusible sodium ions. The sodium 
content of the elute was determined by atomic emission 
spectroscopy. 


stimulation of (Na*-K*) ATPase was due to the 
calcium chelating effects of the amines. However, 
in this study aliphatic amino acids, e.g. lysine, serine, 
alanine, leucine, glutamic acid, glycine and aspar- 
gine, had no significant effect on Mg ATPase, Na- 
Mg ATPase or (Na*-K*) ATPase at concentrations 
in the range 10~* to 10°° M. Similarly, the indo- 
leamines tryptamine and tryptophan had no effects 
on the ATPases, although 5-OH-tryptamine (sero- 
tonin) had a pronounced stimulating effect on (Na*- 
K*) ATPase at 5 x 10°’ M (P<0.01). Serotonin 


Table 1. Effects of phenethylamine derivatives on (Na-K) ATPase* 





Enzyme activity as per- 
centage of control 


Drug concn. producing max- 
imum stimulation 
(M) 





Control 

Dopamine 
Noradrenaline 
Adrenaline 
Isoprenaline 

pHO phenethylamine 
Amphetamine 
Norfenfluramine 
Fenfluramine 
Phenylephrine 


100 + 3.9 
123 + 2.2 
136+ 5.1 
125 + 2.7 
94+0.8 —_ 
105 + 2.6 — 
123 + 1.5 
117 + 3.7 
117+ 1.6 
95 + 3.7 — 


5x 107’ 
2x 107 
1x 1074 


5x 10° 
5x 107’ 
1x 107’ 





* Specific activity of (Na*-K*) ATPase was 15.7 + 0.37 umoles Pi.mg ‘hr! (S.E.M., N = 
15). The percentage enzyme activity was calculated for each experiment. The data presented 
are the means + S.E. of at least five experiments at the drug concentration giving maximum 
reponse. 
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Fig. 5. The stimulation of (Na*-K*) ATPase by phenethy- 
lamine derivatives. (—A—) fenfluramine, —CO— nora- 
drenaline, —C— adrenaline, —@— noradrenaline + 
10~* fenfluramine. The data represents the mean percent- 
age increase over control (Na-K) ATPase, 15.7 + 0.37 
moles Pi/mg/hr (S.E.M., N = 15). Each point is the mean 
of two experiments in triplicate, the bars represent S.E. 
* fenfluramine (10-"M) inhibits the noradrenaline stimu- 
lation of (Na*-K*) ATPase (P < 0.01). 


(10-° M) produced a 100 per cent increase in enzyme 
activity. Phenylalanine (10° M) had no effect on 
the ATPases. However, 107° M tyrosine (hydroxy- 
phenylalanine) and /-dihydroxyphenylalanine were 
capable of stimulating (Na*-K*) ATPase. The cat- 
echolamines dopamine, noradrenaline and adrena- 
line stimulated (Na*-K* ATPase (Table 1). Nora- 
drenaline was a more potent stimulant than 
adrenaline (Fig. 5). Isoprenaline and phenylephrine 
had no significant effect on (Na*-K*) ATPase. The 
order of potency of adrenergic agonists was nora- 
drenaline = adrenaline > isoprenaline = phenyle- 
phrine which is not consistent with the classic adreno- 
receptor classification; however, this may indicate 
that a catecholic moiety may be an important factor 
for the stimulation of (Na*-K*) ATPase since phen- 
ylephrine exhibits only a very weak effect if at all. 
OH-phenethylamine had no effect on the ATPases, 
although amphetamine, p-chloramphetamine, fen- 
fluramine and norfenfluramine stimulated (Na*-K”*) 
ATPase. The amphetamine analogues were stimu- 
lants of (Na*-K*) ATPase at 10-’ M. However, their 
maximum effects were less than the maximum effect 
of noradrenaline (P < 0.001). At 10°°M fenflura- 
mine antagonized the noradrenaline stimulation of 
(Na*-K*) ATPase. 

The in vitro effects of psychotropic drugs on (Na*- 
K*) ATPase. Harmaline (10°* M), a monoamine 
oxidase inhibitor (MAOI) inhibits (Na*-K*) 
ATPase; however, the other MAOT, harmine, which 
is structurally similar to harmaline and nialamide, 


did not affect (Na*-K*) ATPase. Noradrenaline 
(10-*-10~* M) did not affect the degree of inhibition 
of (Na*-K*) ATPase by harmaline. Chlorpromazine 
(10-° M), which has both adreno- and dopaminergic 
receptor antagonist properties, did not affect (Na*- 
K*) ATPase. However, chlorpromazine was a potent 
inhibitor of noradrenaline stimulation of (Na*-K*) 
ATPase. The tricyclic antidepressants desipramine 
and imipramine, which are potent inhibitors of 
adrenaline uptake, were less potent than chlorprom- 
azine as inhibitors of noradrenaline-stimulated (Na’*- 
K*) ATPase. The ICs) values/drug concentration 
required to inhibit the noradrenaline effect by 50 per 
cent were chlorpromazine, 5.7 + 0.7 x 10°’ M; 
desipramine, 1.1 + 0.2 x 10-5; imipramine, 2.7 + 
0.3 x 10°°M (S.E.M.). 

The effects of chlorpromazine and desipramine on 
noradrenaline uptake. Synaptosomes (crude P, frac- 
tion) were incubated at 0° and at 27°; the optimal 
temperature for noradrenaline accumulation. This 
is a lower optimum temperature than that described 
by Sachs. However, in these studies, the synapto- 
somes were considerably more leaky at 37° than at 
27°-estimated by changes in occluded LDH values. 
Noradrenaline accumulation was markedly reduced 
at 0°, which confirms the findings of Dengler et al. 
[22]. Noradrenaline uptake was estimated as the 
difference in 60 sec accumulation of [‘H]NA by syn- 
aptosomes incubated at 0° and 27°. Chlorpromazine 
(10~° M) and desipramine (10~° M) had no. effect on 
accumulation of 0°. However, both drugs signifi- 
cantly inhibited the uptake of noradrenaline. The 
concentration of desipramine required to inhibit nor- 
adrenaline uptake by 50 per cent (ICs9) was 8.9 + 
1.1 x 10°’M. The ICs) for chlorpromazine 2.8 + 
+ 0.7 x 10°°M. Similar ICs) values for these drugs 
were obtained at 37°, 7.1+1.5 x 10-’ and 4.7+ 
+ 1.2 x 10°°M desipramine and chlorpromazine, 
respectively. 


DISCUSSION 


A transport system which carries solute against a 
prevailing concentration gradient requires the 
expenditure of free energy. Depending on whether 
the coupling to free energy sources is direct or 
indirect, the resulting uphill transport is a primary 
active or secondary active process. Intrasynaptoso- 
mal transport of monoamines is complicated by the 
fact that a second transport system is operating within 
the synaptosomes transferring the amine into intra- 
synaptic storage vesicles and which therefore may 
alter the concentration of free substrate within the 
axoplasm. When accumulation of the amine in the 
tissue is taken as a measure of uptake, enzymic 
degradation of the translocated substrate by MAO 
and COMT may produce a further difficulty. Accu- 
mulation as a parameter of neuronal or extraneu- 
ronal net uptake favours contributions by intracellu- 
lar binding. However, it is important to realize that 
initial rates of accumulation do reflect initial rates 
of uptake although initial rates of accumulation are 
difficult to obtain; the observation that accumulation 
is linear for the first 90 sec of incubation justifies our 
use of the 60sec accumulation as a measure of 
uptake. 





Noradrenaline uptake by synaptosomes and (Na*-K*) ATPase 


Numerous studies have shown that the neuronal 
accumulation of noradrenaline and related amines 
is sodium-dependent [4, 23, 24]. The requirement for 
sodium is absolute as it cannot be replaced by Li’, 
K*, Rb*, Cs* or choline [4, 25]. It has been shown 
that accumulation of noradrenaline by synaptosomes 
is not determined by the intracellular [Na*] [8] but 
a reduction in the external [Na*] impaired the intra- 
neuronal storage of noradrenaline [4] and acceler- 
ated the efflux of noradrenaline from the cytoplasm 
of adrenergic neurones [26]. In this present study, 
a reduction in external Na* impaired the 60sec 
accumulation of noradrenaline, a finding consistent 
with that of White and Paton [2], which suggests that 
noradrenaline uptake is also Na*-dependent. The 
effects of varying the external [Na*] revealed 
regional variations in the noradrenaline uptake sys- 
tems; in cortical tissues, the maximum rate of trans- 
port was influenced by [Na*], whereas in the brain- 
stem the affinity of the carrier was increased by Na’. 

Although ouabain inhibits the accumulation of 
noradrenaline in a noncompetitive manner [5, 27] 
there is no conclusive evidence that ouabain inhibits 
the neuronal uptake of the amine. Ouabain increases 
the intracellular Na* in synaptosomes within 60 sec, 
yet the inhibitory effects of ouabain take some 4 min 
to appear [4,5]. However, noradrenaline initially 
antagonizes ouabain inhibition of synaptic mem- 
brane (Na*-K*) ATPase. So it could be postulated 
that the energy for the uptake of noradrenaline was 
provided by the transmembrane sodium gradient. 
To test this hypothesis synaptosomes were poisoned 
with CN-, then incubated for 60 sec in medium con- 
taining 295 mM Na* and 1.0 uM [°H]NA. It has been 
shown that the synaptosomal Na* content does not 
equilibrate under these conditions for at least 6 min 
(Fig. 4). In view of the failure to promote NA uptake 
under these conditions, it should be concluded that 
the sodium gradient is not the sole source of energy 
for the synaptosomal noradrenaline uptake. It is 
possible in this situation part of the required energy 
is provided by a direct link between the transport 
process and the vectorial chemical reaction. If this 
is so, then is noradrenaline stimulation of (Na*-K*) 
ATPase an enzymic representation of the noradren- 
aline uptake system? 

The concentration of sodium giving half maximum 
stimulation of noradrenaline uptake was 80 mM. The 
Ky, of Na-Mg ATPase was 40 mM. The noradren- 
aline uptake was potassium-dependent. The (Na‘*- 
K*) ATPase (ouabain-sensitive) has a Ky, of 80 mM. 
There is a superficial similarity between sodium- and 
potassium-dependent ouabain-sensitive noradrena- 
line uptake and the ouabain-sensitive (Na*-K*) 
ATPase which is stimulated by noradrenaline. 

In this study, none of the amino acids tested had 
any significant effect on the activity of the ATPases. 
Dopamine and noradrenaline, adrenaline, amphet- 
amine, norfenfluramine and fenfluramine were able 
to stimulate (Na*-K*) ATPase. The noradrenaline 
concentration giving half maximum stimulation of 
(Na*-K*) ATPase was 6 uM. The maximum effect 
was observed at 10°° M noradrenaline. The K,, for 
NA uptake was 1 uM NA and the uptake system is 
saturated at NA concentrations greater than 4 uM. 
The noradrenaline uptake site displays rather low 
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specificity since various adrenergic neurone blocking 
agents and hydroxylated tryptamines are also sub- 
strates for uptake. The uptake of noradrenaline is 
competitively inhibited by a variety of phenethylam- 
ine derivatives [1]. Figure 2 shows that fenfluramine 
is a partial agonist for (Na*-K*) ATPase; at 10°° M, 
fenfluramine is an inhibitor of noradrenaline stimu- 
lation of (Na*-K*) ATPase. Chlorpromazine was a 
more selective inhibitor of the noradrenaline-stimu- 
lated (Na*-K*) ATPase than desipramine. ID val- 
ues were 5.7 + 0.7 x 10°’ Mand 1.1 + 0.2 x 10°°M, 
respectively. The IDs) values for inhibition of nor- 
adrenaline uptake were 8.9 + 1.1 x 10°’ M desipra- 
mine and 2.8 + 0.7 x 10°° M chlorpromazine. These 
results, although indicating some similarity between 
the noradrenaline uptake system and the noradren- 
aline stimulated (Na*-K*) ATPase, do not support 
the contention that synaptosomal noradrenaline 
uptake is a primary active transport process. How- 
ever, synaptic membranes have a high specific 
activity of (Na*-K*) ATPase which, from a func- 
tional standpoint, is directly proportional to ion flux 
[28]. The observation that NA and SHT stimulate 
(Na*-K*) ATPase of cerebral synaptic membranes 
[7] suggest that (Na*-K*) ATPase may have a regu- 
latory role in synaptic events. The amine activated 
ATPase could be present simultaneously at several 
sites, both pre- and post-synaptic. Synaptosomes 
(pinched-off nerve endings) have an internal volume: 
protein ratio of 2.9 ul/mg [29] and it is estimated that 
the synaptosomal surface area ranges from 19.6 to 
25.6 cm’/mg of protein [30]. Thus nerve endings have 
a large surface area to volume ratio and it is con- 
ceivable that the amine stimulation of the membrane 
sodium pump would be necessary to maintain the 
electrical excitability of the nerve endings and facil- 
itate transmitter release. Gilbert et al. [23] suggested 
that the inhibitory feedback mechanism creating 
transmitter release, which is ouabain-sensitive, 
involved a NA-stimulated sodium pump. Noradren- 
aline (10~° M) has no effect on the active extrusion 
of “Na from synaptosomes [24]. 

The questions to be posed now are “What is the 
role of (Na*-K*) ATPase in the uptake of nora- 
drenaline?” and “Is there a physiological role for the 
noradrenaline-stimulated (Na*-K*) ATPase?” In 
answer to the latter, let us concede that if there is 
a physiological role, then it is unlikely to be the 
presynaptic uptake of noradrenaline. The former 
question requires a more fundamental analysis of 
the evidence in support of the contention that nor- 
adrenaline uptake into nerve endings of the cerebral 
cortex is a (Na*-K*) ATPase-dependent process. If 
we concur that the enzyme is involved, then perhaps 
it generates an electrical potential gradient across 
the membrane. 
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Abstract— Creatine kinase is inhibited in both the forward and back reactions by salicylate compounds. 
The inhibition process is complex, resulting in curved Dixon plots, and is non-competitive with respect 
to creatine. Salicylate does not affect the inhibition caused by chloride ions but reduces the activation 
by acetate. The ionizations responsible for the pH/activity curve are also suppressed. These results are 
interpreted to indicate that more than one salicylate molecule binds per active centre at a site away 
from that for the transferable phosphoryl group. Inhibition probably involves binding to a particular 
enzyme conformational state that also prevents activation by acetate. 


The inhibition of rabbit muscle creatine kinase 
(ATP: creatine phosphotransferase, E.C.2.7.3.2) by 
simple anions has been known for a long time but 
only recently has it been realized that they may be 
classified in terms of the kinetic nature of the effect 
and the specific nature of the binding site [1]. In this 
way three classes of anions were recognized. Class 
I anions, such as acetate, activate the enzyme in the 
direction of ATP synthesis. Class II anions, such as 
NO, and Cl’, appear to mimic the transferable 
phosphoryl group and stabilized the formation of the 
dead end complex, enzyme-creatine-MgADP. Class 
III anions, such as SO7, are competitive inhibitors 
of MgATP and phosphocreatine but noncompetitive 
inhibitors of creatine and MgADP and presumably 
bind at the site for the transferable phosphoryl group 
in its normal tetrahedral configuration. 

Much of this work has been confirmed and 
extended by using the creatine kinase isolated from 
rhesus monkey skeletal muscle [2, 3]. More recently 
our attention has turned to the investigation of phar- 
macologically active anions. The present results 
report on the compiex properties of some salicylate 
compounds that appear to act in a manner different 
from the three classes so far recognized. 


MATERIALS AND METHODS 


Creatine kinase was purified from the skeletal 
muscles of Macaca mulatta as described previously 
[2]. The preparations had specific activities in the 
range 130-170 u equivalent H*/mg protein as deter- 
mined by the pH-stat assay at pH 8.6 in unbuffered 
solution at 30° for the forward reaction [2] (phos- 
phocreatine synthesis). The back reaction was also 
assayed titrimetrically but at pH 8.0 [2]. The com- 
positions of the reaction mixtures used are given in 
the legends to the figures and tables. 





* Present address: Department of Biological Sciences, 
Sheffield City Polytechnic, Pond Street, Sheffield S1 1WB, 
U.K. 


All reagents used were as described previously 
[2] or were obtained from BDH Chemicals Ltd., 
Poole, Dorset, U.K. 


RESULTS 


Table 1 compares sodium salicylate with a series 
of related compounds as inhibitors of monkey muscle 
creatine kinase. Enzyme activity is measured in the 
direction of phosphocreatine synthesis (forward 
direction). This inhibition is reversed by dialysis or 
dilution. The effects of sodium sulphate and sodium 
lactate are also given for comparison. In these 
experiments it is not possible to control the ionic 
strength but the lack of inhibition by lactate shows 
that any non-specific ionic strength effect is negli- 
gible. Inhibition by the salicylate series is noticably 
greater than with benzene sulphonate, although the 
introduction of additional or larger substituents into 
the aromatic ring decreases effectiveness. Benzene 
sulphonate is itself one-third more potent as an 
inhibitor than the plain sulphate anion. 

Salicylate was also found to inhibit creatine kinase 
in the direction of ATP synthesis, although to a 
lesser extent than in the forward direction. The 
effects on the forward reaction of varying the con- 
centrations of the salicylate compounds are shown 
in Fig. 1. The data are expressed as Dixon plots [4] 
and, instead of the usual linear form, give curves 
which are concave upwards for all three inhibitors. 
This suggests there is binding of more than one 
inhibitor molecule to the same site on the enzyme 
or to the same kinetic form. Alternatively, the bind- 
ing of the first molecule is promoting the binding of 
subsequent molecules in a cooperative manner. Since 
all the salicylate compounds behave in much the 
same way, subsequent investigations were carried 
out only with sodium salicylate which, because of its 
greater solubility, was most easy to handle. 

Figures 2 (a and b) show, also as Dixon plots, the 
effect of varying the concentration of sodium sali- 
cylate with two lower concentrations each of creatine 
and MgATP than those used for Fig. 1. It can be 
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Table 1. Inhibition of creatine kinase activity in the forward reaction by various 
anions* 





Source of anion 


Concentration (moles/l) 


Inhibition (%) 





Sodium salicylate 

Sodium salicylate 

Sodium acetyl salicylate 
Sodium p-amino salicylate 
Sodium benzene sulphonate 
Sodium sulphate 

Sodium lactate 

Sodium glycollate 

Sodium pyruvate 


0.10 93 
0.05 70 
0.05 50 
0.05 38 
0.10 43 
0.10 33 
0.10 0 
0.10 0 
0.10 0 





* The reaction mixture comprised creatine, 40 mmoles/l; ATP, 4 mmoles/l; mag- 
nesium acetate, 5 mmoles/l and mercaptoacetic acid, 1 mmole/I. 


seen that the plots are still of the same curved form 
showing that the departure from linearity does not 
depend on substrate concentration. The same data 
expressed as double-reciprocal plots (not shown) 
suggested, assuming these to be linear, that inhibi- 
tion may be non-competitive with respect to creatine 
but competitive with respect to MgATP. 

When the effect of varying the salicylate concen- 
tration was tested with the back reaction a similar 
plot to that obtained in Fig. 1 was obtained, showing 
that the same complexity of binding also applies in 
the direction of ATP synthesis. 

As mentioned in the introduction, chloride ions 
are believed to inhibit creatine kinase by binding at 
the site of the transferable phosphoryl group [1]. 
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Fig. 1. A comparison of the effects of varying the concen- 
tration of sodium salicylate, sodium acetyl salicylate and 
sodium p-amino salicylate on the reciprocal of the relative 
initial velocity (v) of the creatine kinase forward reaction. 
(O) Plus sodium salicylate; (@) plus sodium acetyl salicy- 
late; (A) plus sodium p-amino salicylate. Concentrations 
of other components of the reaction mixture were: creatine, 
40 mmoles/l,; ATP, 4mmoles/l; magnesium acetate, 
5 mmoles/l; mercaptoacetic acid, 1 mmole/l. The enzyme 


concentration was 1.3 ug/cm’. 


Figure 3 shows that this inhibition by chloride ions 
is not affected by progressively increasing the con- 
centration of sodium salicylate. Hence it may be 
concluded that salicylate binding does not involve 
interaction with the transition state or a quasi-tran- 
sition state of the enzyme. 

In order to examine further the nature of salicylate 
inhibition the concentration of salicylate was varied 
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Fig. 2. Panel a: Dixon plots obtained for the creatine kinase 
forward reaction by varying the concentration of sodium 
salicylate at fixed creatine concentrations. (O) Plus 
10 mmoles/I creatine; (@) plus 20 mmoles/I creatine. Panel 
b: Dixon plots obtained for the creatine kinase forward 
reaction by varying the concentration of sodium salicylate 
at fixed MgATP concentrations. (O) Plus 1 mmole/l ATP; 
(@) plus 2 mmoles/l ATP. The magnesium acetate concen- 
tration was fixed at 1 mmole/I above the ATP concentration 
in each case. Concentrations of reaction mixture compo- 
nents were as in Fig. 1 except where otherwise stated. 
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Fig. 3. Inhibition of the creatine kinase forward reaction 
by sodium chloride in the presence of varying sodium 
salicylate concentrations. (O) Relative initial velocity in 
the absence of sodium chloride (V;); (@) relative initial 
velocity in the presence of sodium chloride, 100 mmoles/I 
(V2); (A) per cent inhibition by 100 mmoles/l sodium 
chloride 

: (V; — V2) 
i.e. ——— 
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x 100%. Other conditions were as in Fig. 1. 


in the presence and absence of acetate. Figure 4 
shows that acetate activates in the forward direction 
of the creatine kinase reaction. As the salicylate 
concentration is increased this activation is progres- 
sively abolished. From these results it may be 
inferred that there is competition between the two 


anions although they need not necessarily bind at 
the same site on the enzyme. Figure 5 shows the 
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Fig. 4. Activation of the creatine kinase forward reaction 
by sodium acetate in the presence of varying sodium sali- 
cylate concentrations. (O) Relative initial velocity in the 
absence of sodium acetate (V,); (@) relative initial velocity 
in the presence of sodium acetate, 100 mmoles/l (V2); 
(A) per cent activation by 100 mmoles/l sodium acetate 
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x 100%. Other conditions were as in Fig. 1. 
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Fig. 5. The effect of pH on creatine kinase activity in the 
forward reaction (panel a) and the back reaction (panel b) 
(©) with no added anions; (@) in the presence of 
0.1 mmole/l sodium acetate; (A) in the presence of 
0.025 mole/l sodium salicylate. Concentrations of other 
assay components were as described in Table 1 for the 
forward reaction; for the back reaction these were 
10 mmole/I phosphocreatine, 1.25 mmole/l ADP, 2 mmole/I 
magnesium acetate and 1 mmole/l mercaptoacetate. The 
specific activity is expressed as umoles H* released or 
absorbed/min/yg protein. 


effect of pH on the inhibition of the forward and 
back reactions by a fixed concentration of sodium 
salicylate. Substrate conditions for the forward 
reaction give approximately 75 per cent of V,,,,. It 
can be seen (Fig. 5a) that the presence of salicylate 
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effectively suppresses the normal pH curve. Similar, 
though not so striking results are obtained for the 
back reaction (Fig. 5b). 


DISCUSSION 


Although the concentrations of salicylate com- 
pounds required to inhibit creatine kinase are con- 
siderably greater than those required for pharma- 
cological effects, they are considerably more potent 
than simpler anions such as sulphate, chloride or 
lactate. Furthermore, the inhibition, although com- 
plex, appears to be fairly specific and all three sal- 
icylate compounds appear to behave in much the 
same way with the binding of more than one molecule 
being involved in the inhibition. This applies to both 
the forward and back reactions catalysed by the 
enzyme. As with the simpler anions, inhibition is 
reversed by dialysis or dilution (Fig. 1). A similar 
pattern of inhibition has been reported for the 
inhibition of plasma amine oxidase by the antide- 
pressant drug, clorgyline [5]. Unlike that system, 
however, a semi-log dose-response curve for the 
inhibition of creatine kinase by salicylate showed no 
indication of a biphasic reaction. 

The salicylate binding site seems to be distinct 
from the binding site for chloride ions (Fig. 3) so 
that inhibition by this drug is unlikely to result from 
direct interaction at the site of the transferable phos- 
phoryl group. There is clearly an interaction with 
the acetate binding site (Fig. 4) providing evidence 
that the acetate and chloride binding sites are distinct 
from each other. However, while acetate activates 
competitively with respect to creatine [3], salicylate 
inhibits non-competitively with respect to creatine. 
Since activation by acetate is most probably mediated 
by inducing a specific conformational change in the 
enzyme [3] it seems reasonable to conclude that 
salicylate inhibits by binding to a different confor- 
mational form of the enzyme. 

The effect of salicylate on the pH profiles of crea- 
tine kinase suggests that inhibition also involves an 
effect on the normal ionizations that are responsible 
for the bell-shaped activity curve. Thus, in the for- 
ward direction the percentage inhibition by salicylate 
increases with pH as the enzyme activity increases 
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but falls off again as the enzyme activity falls. This 
results in the pH profile in the presence of salicylate 
becoming almost flat (Fig. 5a). 

Salicylate was found to give a qualitatively similar 
pattern of inhibition for the back reaction (ATP 
synthesis) as for the forward reaction. Under the 
conditions used the extent of inhibition was less 
pronounced, as illustrated by the effect on pH 
(Fig. 5b). This may be partly because while there 
appears to be a negligible ionic strength effect on 
the forward reaction (Table 1), there is a marked 
ionic strength effect on the back reaction caused by 
decreasing the stability constant for MgADP [6]. As 
free ADP is itself inhibitory, investigations of other 
modifiers of the back reaction, such as salicylate, 
should be interpreted with extreme caution. It was 
shown by Mahowald et al. [7] that rabbit muscle 
creatine kinase was inhibited extremely rapidly by 
2,4-dinitrofluorobenzene and that this occurred by 
reaction with the reactive thiol group on the enzyme. 
It seems possible from the general similarity in struc- 
ture that this reagent could act by binding to the 
same site on the enzyme as is used by salicylate. The 
effect of salicylate compounds on the reactive thiol 
group and on its inhibition by 2,4-dinitrofluoroben- 
zene would make an interesting future study. 
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Abstract—A primary hepatocyte culture was developed as a model system to investigate the metabolism 
of foreign chemicals. Hepatocytes were prepared from adult male Charles River CD-1 mice and adult 
male Sprague-Dawley rats by in situ pre-perfusion of the liver with ethyleneglycol-bis-(8-amino-ethyl 
ether) N, N’-tetra-acetic acid (EGTA) followed by perfusion with calcium and collagenase. The digested 
liver was dispersed, and hepatocytes were isolated by filtration and differential centrifugation yielding 
10° hepatocytes per mouse liver and 5 x 10° hepatocytes per rat liver. More than 90 per cent of the 
hepatocytes excluded trypan blue. Hepatocytes were prepared aseptically, plated on tissue culture 
dishes coated with rodent tail collagen (2.5 x 10° cells/60 mm dish), and cultured in serum-free modified 
Waymouth’s medium. Within 4hr the hepatocytes attached to the collagen, and by 24hr they had 
flattened and formed a monolayer. A non-metabolizable alanine analog, a-aminoisobutyric acid, 
accumulated in mouse hepatocytes with peak incorporation occurring at 24 hr. Cultured mouse and rat 
hepatocytes were able to N-demethylate para-chloro-N-methylaniline (PCMA). An NADPH-generating 
system stimulated N-demethylation 2.75-fold in freshly isolated mouse hepatocytes, but did not stimulate 
metabolism in cultured mouse hepatocytes. SKF 525-A inhibited PCMA N-demethylation in cultured 
mouse hepatocytes with an Iso of 3.75 x 10°°M. Hormonal supplementation of the culture medium 
stimulated PCMA metabolism measured in 24- and 48-hr cultures. These studies demonstrate the utility 


of rodent hepatocyte cultures as models of hepatic metabolism of foreign chemicals. 


The metabolism of foreign chemicals has been stud- 
ied in vivo with perfusion systems, organ slices, cells, 
homogenates, subcellular fractions and isolated 
enzymes. The study of metabolism in primary cell 
cultures is advantageous for two reasons: the culture 
medium can be completely defined, and the cultures 
more closely approximate in vivo conditions, com- 
pared to homogenates or subcellular fractions, while 
still allowing replicate experiments from one animal. 
Since the liver is the major site of metabolism of 
most foreign chemicals, liver cell cultures offer a 
good model system for the study of the hepatic 
metabolism of foreign chemicals. 

The collagenase perfusion method has been widely 
used to isolate adult rat [1-5] and mouse [6] hepa- 
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+ Abbreviations used are as follows: MFO, mixed func- 
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methyl-D-glucose; PCMA, para-chloro-N-methylaniline; 
PDAB, paradimethylaminobenzaldehyde; PCA, para- 
chloroaniline; and SDS, sodium dodecylsulfate. 


tocytes. The primary culture of rat hepatocytes has 
been reported from several laboratories [7-12]. Both 
freshly isolated and cultured hepatocytes have been 
used to study various hepatic functions including 
reactions catalyzed by mixed function oxidases 
(MFO)+, probably the most important enzyme 
activity for the metabolism of foreign chemicals. 
Several reactions catalyzed by MFO have been stud- 
ied with suspensions of freshly isolated adult rat 
hepatocytes. Hayes and Brendel [13] observed the 
hydroxylation of quinine and the N-demethylation 
of antipyrine and dansylamide. Holtzman et al. [14] 
reported the oxidation of ethylmorphine, aniline and 
3,4-benzo[a]pyrene. Burke et al. [15] reported the 
metabolism of benzo[a]pyrene to organic soluble 
and aqueous soluble metabolites and the effect of 
inhibitors on the formation of benzo[a]pyrene 
metabolites that bind to DNA. Bock et al. [16] found 
that naphthylene was converted to naphthalene 
dihydrodiol glucuronide. Moldéus ef al. [17] 
observed the metabolism of alprenolol to polar 
metabolites, and the metabolism of p-nitroanisole 
and p-nitrophenol [18]. Corona etal. [19] used freshly 
isolated rabbit hepatocytes to study the metabolism 
of amitryptiline to its basic metabolites. Hepatocytes 
isolated from adult rhesus monkeys, and cultured in 
medium containing 10% calf serum, were shown by 
Poole and Urwin [20] to convert nicotine to cotinine. 
Leffert et al. [21] showed that 2-acetylaminofluorene 
was N-hydroxylated by adult rat liver cells cultured 
with fetal bovine serum. Decad et al. [22], using rat 
hepatocytes cultured in a defined medium, demon- 
strated the conversion of aflatoxin B, to aflatoxin 
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M;, polar metabolites, and metabolites covalently 
bound to macromolecules. 

To investigate MFO catalyzed reactions and their 
induction at the cellular level, a technique was 
developed for the isolation and primary culture of 
mouse and rat hepatocytes. The N-demethylation of 
PCMA was used to assess the utility of hepatocyte 
cultures as a model for hepatic metabolism of foreign 
chemicals and as a model for the induction of this 
metabolism. 


MATERIALS AND METHODS 


Animals. Adult male CD-1 mice, 4 weeks post 
weaning, were obtained from Charles River Breed- 
ing Laboratories (Charles River, MA). Adult male 
Sprague-Dawley rats, 180-210g, were obtained 
from Simonsen Laboratories (Gilroy, CA). The 
animals were housed in temperature- and light-con- 
trolled rooms prior to use. The light-dark cycle was 
maintained at 12 hr light and 12 hr dark. Food (Pur- 
ina Lab Chow, Ralston Purina Co., Saint Louis, 
MO) and water were allowed ad lib. 

Chemicals. PDAB (B grade), PCMA (A grade), 
PCA (A grade), and HEPES were obtained from 
CalBiochem (San Diego, CA). Pentex BSA, fraction 
V, fatty acid poor, was obtained from Miles Lab- 
oratories (Kankakee, IL). Waymouth’s medium 
752/1 and Swim’s medium S-77 were obtained as 
powdered formulations from the Grand Island Bio- 
logical Co. (Grand Island, NY). Gentamicin sulfate 
was obtained from the Schering Corp. (Kenilworth, 
NJ). Insulin U-40 was obtained from Eli Lilly & Co. 


(Indianapolis, IN). [1-'*C]-A1B (2-10 mCi/mmole) 


and 3-O-[“C]MG (20-55mCi/mmole) were 
obtained from the New England Nuclear Corp. 
(Boston, MA). All other biochemicals were obtained 
from the Sigma Chemical Co. (Saint Louis, MO). 

Perfusates and culture medium. EGTA perfusate 
consisted of 100 ml HBSS [23] (10x without NaCl), 
5.945 g NaCl, 11.9g HEPES, 350mg NaHCO,, 
100 mg streptomycin sulfate, 2 ml gentamicin sulfate 
(50 mg/ml), 0.125 ml insulin (40 unitséml), 190 mg 
sodium EGTA, and H,O (distilled, deionized) to 1 
liter. Collagenase perfusate consisted of 100ml 
HBSS (10x without NaCl), 5.945g NaCl, 11.9¢g 
HEPES, 350 mg NaHCO,, 100 mg streptomycin sul- 
phate, 2 ml gentamicin sulfate (SO mg/ml), 0.125 ml 
insulin (40 units/ml), 735 mg CaCl,-2H,O, and H,O 
to 1 liter. The working collagenase solution was 
prepared by dissolving 75 mg collagenase in 150 ml 
of collagenase perfusate immediately before use. 
The culture medium contained Waymouth’s medium 
752/1 supplemented with 2 g BSA, 5 mg oleic acid, 
5 mg linoleic acid, 11.2 mg alanine, 24 mg aspara- 
gine, 12.8 mg serine, 8 mg insulin, 100 mg strepto- 
mycin sulfate, 100mg gentamicin sulfate, 2.24 g 
NaHCO, and H,0 to 1 liter. Perfusates and culture 
medium were equilibrated with air: CO, (95% : 5%) 
at 37° before adjusting the pH to 7.4 with NaOH. 
Perfusates and culture medium were sterilized by 
filtration through a 0.2 um membrane filter and were 
stored at 4° until ready for use. 





* Michael W. Pariza, Food Research Institute, Univer- 
sity of Wisconsin, Madison, WI, personal communication. 
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Collagen. Collagen was extracted from mouse and 
rat tail tendons according to Elsdale and Bard [24] 
and Wood and Keech [25] as modified by Pariza et 
al. [11,12]. The collagen was sterilized by cen- 
trifugation at 17,000 g for 21 hr. Protein was deter- 
mined by the method of Lowry et al. [26] using calf 
skin collagen as a standard. Collagen coated dishes 
were prepared according to the method of Pariza* 
by pipetting 2.0 ml of Swim’s medium S-77, pH 7.4, 
into a Falcon tissue culture dish (60mm), and 
then adding 100 wg collagen previously diluted to 
0.5 mg/ml with 1 : 10 Swim’s medium S-77, pH 4.2. 
The dishes were swirled to mix the solutions, allowed 
to stand for 4 hr at room temperature, and incubated 
at 37° overnight before use. 

Preparation of parenchymal cells. Cells were iso- 
lated by a two-step perfusion based on methods 
developed by Seglen [3-5] and Bonney et al. [8, 10]. 
Animals were anesthetized with ether. The abdomen 
was shaved, washed with pHisoHex (Winthrop Lab- 
oratories, New York, NY), rinsed with water, 
swabbed with Betadine (The Purdue Frederick Co., 
Norwalk, CT), and rinsed with 95% ethanol. The 
animal was moved to a sterile hood. All procedures 
from this point on were carried out under sterile 
conditions. The abdomen was opened with a midline 
and two lateral incisions. The portal vein was 
exposed and cannulated with an 18-gauge needle for 
the rat and a 19-gauge needle for the mouse. The 
abdominal inferior vena cava was severed and EGTA 
perfusate at 37° was pumped through the liver. A 
flow rate of 8 ml/min for the mouse and 50 ml/min 
for the rat was maintained by means of a peristaltic 
pump. As soon as the liver began to clear of blood, 
the chest cavity was opened and the thoracic inferior 
vena cava was severed. After a 7-min pre-perfusion, 
EGTA perfusate was replaced by collagenase per- 
fusate and the perfusion continued until the liver 
was digested (about 20 min for rat and mouse). In 
the mouse, this procedure was also carried out by 
perfusing the liver through the abdominal inferior 
vena cava, although the yield of hepatocytes was less 
by this method. In the rat, it was necessary to recir- 
culate the collagenase perfusate to conserve colla- 
genase; the liver was removed from the body after 
pre-perfusion with EGTA perfusate and suspended 
on a wire screen in a funnel. The collagenase per- 
fusate was pumped through the liver and collected 
in a flask by way of the funnel. The perfusate in the 
flask was constantly gassed with CO, : O, (5% : 95%) 
and recirculated to the liver. Following digestion, 
the liver was transferred to a plastic centrifuge tube . 
containing approximately 20 ml of ice-cold EGTA 
perfusate and was drawn slowly into and out of a 
wide bore Pasteur pipette until the cells were dis- 
persed. The suspension was filtered through 263 um 
mesh, and then through 64 um mesh nylon bolting 
cloth. The resulting filtrate was centrifuged twice for 
2 min at 50g. After each Centrifugation, the super- 
natant fraction was aspirated with a Pasteur pipette 
and the pellet was resuspended in ice-cold EGTA 
perfusate by gentle swirling. Following the second 
centrifugation, an aliquot of the hepatocytes was 
counted using a hemocytometer, and the viability 
was determined by trypan blue exclusion (0.4% sol- 
ution, pH 7.4, 10-min incubation). The remaining 
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hepatocyte suspension was centrifuged at 50g for 
2 min and the resulting pellet was suspended in cul- 
ture medium. The hepatocytes were plated on tissue 
culture dishes precoated with rodent tail collagen at 
a density af 2.5 x 10° cells/60 mm dish or 20 x 10° 
cells/150 mm dish. Cells were incubated at 37° in an 
atmosphere of air: CO, (95% : 5%). The medium, 
with or without hormones, was changed 4 hr after 
plating, 24hr after plating, and every 24hr 
thereafter. 

AIB uptake. The method of Kletzien et al. [27] 
was used to measure the accumulation of the non- 
metabolizable alanine analogue, AIB, in mouse 
hepatocytes. The culture medium was removed from 
60 mm dishes of cells after 10.5, 22.5, 34.5 and 46.5 hr 
in culture. HBSS (2 ml) containing 8 mM glucose, 
0.02 M HEPES, pH 7.4 (HBSS—-HEPES-glucose) 
and 0.5mM [“C]AIB (0.1 to 0.2 umCi/ml) was 
added to the cells. The cells were incubated for 3 hr 
at 37° in an atmosphere of air: CO, (95% : 5%) 
without shaking. After removing the medium and 
rinsing with ice-cold PBS, 1 ml of alkaline SDS (5% 
SDS plus 0.2 N NaOH) was added to each dish. Cells 
were then removed from the dish by scraping with 
a tygon policeman. Aliquots were taken for protein 
determination and for scintillation counting. Protein 
was determined by the method of Lowry et al. [26], 
using BSA as a standard. Aliquots were added to 
Patterson—Greene scintillation fluid [28] and assayed 
for radioactivity in a Packard Tri-Carb liquid scin- 
tillation spectrometer. To determine the intracellular 
concentration of AIB, the amount of intracellular 
water was determined by measuring the uptake of 
non-metabolized 3-MG by the method of Kletzien 
et al. [29]. The distribution ratio was then calculated 
as the ratio of intracellular to extracellular AIB 
concentration. To determine AIB uptake by freshly 
isolated mouse hepatocytes, the above procedure 
was modified as follows: freshly prepared cells (6- 
8 x 10°) were rinsed with ice-cold HBSS-HEPES- 
glucose, and centrifuged at 50 g for 2 min; then the 
wash medium .was removed by aspiration. Six mil- 
liliters of HBSS-HEPES-glucose containing 0.5 mM 
['*C]AIB (0.2 wCi/ml) were added. Two-ml portions 
of this suspension of cells were added to 60 mm tissue 
culture dishes (without collagen) and incubated at 
37° for 30 min. The cells (which did not attach to the 
dishes) were aspirated into test tubes and kept on 
ice. Aliquots were taken for protein determination 
and for scintillation counting. The cells to be assayed 
for radioactivity were sedimented by centrifugation 
(50 g for 2 min). The medium was aspirated, and the 
cells were transferred to a Millipore filter (1.2 um 
pores), and immediately rinsed six times with 2 ml 
of cold PBS. The filter and cells were added to a 
scintillation vial along with 1 ml of water and 10 ml 
of Patterson—Greene scintillation fluid. The experi- 
ment was completed within 3 hr following isolation 
of the cells. 

Determination of N-demethylase activity. The pro- 
cedure for measuring N-demethylation of PCMA, 
described previously by Kupfer and Bruggerman 
[30], was modified for use in hepatocyte cultures as 
follows: The medium was aspirated, and the hepa- 
tocytes were washed with 2 ml HBSS. The cells were 
then incubated with 3 uymoles PCMA in 2.0 mi HBSS 
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in air: CO, (95% : 5%) at 37°. At the end of the 
incubation period the incubate was aspirated to a 
test tube. The cells were washed twice with 1 ml 
HBSS, and the combined washes were added to the 
original incubate. The washed cells were resus- 
pended (using a rubber policeman) in 0.5 ml HBSS 
for DNA determination. In some experiments, 
60 mM HEPES was added to HBSS (HBSS—HEPES) 
to increase buffering capacity. PDAB, in sulfuric 
acid, was added to the combined incubate and washes 
to convert the metabolite, PCA, to a yellow complex. 
The solution was centrifuged at 8000 g for 10 min, 
the supernatant fraction was removed, and its 
absorbance was measured at 445nm. The micro- 
moles of PCA formed were determined using a 
standard curve. 

Inhibition of PCMA N-demethylation by SKF- 
525A. Mouse hepatocytes cultured for 24 hr were 
washed with 2 ml HBSS and incubated for 1 hr with 
2 ml HBSS or 2 ml HBSS containing 10~*, 10~* or 
10°°M SKF-525A. After a 1-hr incubation, the 
HBSS solutions were aspirated and the cultures were 
washed with 2ml HBSS. Determination of N- 
demethylase activity was carried out as described 
above. 

DNA determination. DNA was determined color- 
imetrically by the diphenylamine method [31]. 


RESULTS 


Isolation and culture of hepatocytes. Light micro- 
scopic observation revealed that freshly isolated cells 
were more than 99 per cent hepatocytes (Fig. 1A). 
The yield was approximately 10° hepatocytes per 
mouse liver and 5 x 10° hepatocytes per rat liver. 
The viability of freshly isolated hepatocytes was 90 
per cent or greater. The hepatocytes attached firmly 
to rodent tail collagen within 4hr (Fig. 1B) and 
flattened out until contact was made with neighbor- 
ing cells, resulting in a monolayer (Fig. 1, panels C 
and D). 

AIB uptake. The distribution ratio of AIB after 
a 30-min incubation with mouse hepatocytes cultured 
for 21 hr was 3.34 + 0.07 (S.E.). The distribution 
ratio of AIB for freshly isolated hepatocytes from 
the same preparation was only 0.11 + 0.02, sug- 
gesting that these cells had sustained membrane 
damage, so that any attempt to wash radioactivity 
from their surface resulted in the removal of AIB 
from the cytosol. AIB uptake for cells at various 
times in culture is shown in Fig. 2 (3-hr incubations). 
The maximum uptake occurred in hepatocytes cul- 
tured for 24 hr, producung a distribution ratio of 9.5. 

PCMA metabolism. Two considerations guided 
the choice of a time in culture at which to carry out 
metabolic studies. First, freshly isolated cells were 
found to have leaky membranes. Whilst most freshly 
isolated hepatocytes excluded a large molecule such 
as trypan blue (mol. wt 961), they were leaky to a 
smaller molecule such as AIB (mol. wt 103). The 
AIB data indicate that by 24 hr in culture the mem- 
brane damage had been repaired (Fig. 2). The second 
consideration was the general deterioration of cul- 
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Fig. 1. Light microscopic photographs of hepatocytes. (A) Freshly isolated mouse hepatocytes (dark 
field illumination, 200 x). (B) Mouse hepatocytes cultured for 4 hr (200 x). (C) Mouse hepatocytes 
cultured for 24 hr (200 x). (D) Rat hepatocytes cultured for 24 hr (200 x). 
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Fig. 2. Time course of a-aminoisobutyric acid uptake in 

cultured mouse hepatocytes. Each point (@) represents the 

mean + S.E. of three dishes from one animal. The incu- 

bation time was 3 hr and the AIB concentration was 0.5 mM 
in Hanks-HEPES-glucose. 


tures with time as would be expected from cells 
which have been removed from the humoral factors 
which maintain the differentiated state in vivo. This 
deterioration was indicated by microscopic obser- 
vation of the cells after 24 hr in culture (at 48 hr in 
culture the cells began to appear granular and show 
blebs on the surface of the plasma membranes), and 
also by the declining ability of the cells to concentrate 
AIB (Fig. 2). Using these data as a guideline, 24 hr 
was chosen as a compromise between intact mem- 
branes and the declining state of the cell. 

Both rat and mouse hepatocyte cultures were able 
to metabolize PCMA to PCA in the absence of 
added cofactors (Table 1). The addition of an 
NADPH-generating system stimulated PCMA 
metabolism in freshly isolated mouse hepatocytes 
but did not stimulate PCMA metabolism in cultured 
mouse hepatocytes. This result, in agreement with 
AIB uptake data in freshly jsolated versus cultured 
hepatocytes, indicates that freshly isolated cells are 
leaky while cultured hepatocytes are relatively more 
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Fig 3. Time course of para-chloro-N-methylaniline 
demethylation in cultured mouse hepatocytes. (A) Incu- 
bation in HBSS. Each point (O) represents the mean value 
from two dishes from one animal. Values from duplicate 
dishes had a range between 5 and 20 per cent of the mean 
value. The PCMA concentration was 1.5mM. (B) Incu- 
bation in HBSS-HEPES. Each point (@) represents the 
mean value of four dishes from one animal. The PCMA 
concentration was 1.5 mM. 


intact. All subsequent studies were done with cul- 
tured mouse hepatocytes. 

Following the initial observations that PCMA N- 
demethylation could be measured colorimetrically 
in cultured hepatocytes, experiments were con- 
ducted to maximize the assay conditions. When 
HBSS was used as the incubation medium, the rate 
of metabolism of PCMA to PCA increased with time 
up to 4 hr (Fig. 3A); the rate, however, decreased 
with time of incubation. When HBSS-HEPES was 
used as the incubation medium, the rate of N- 
demethylation increased and was linear for up to 2 hr 
(Fig. 3B), presumably because the additional buffer- 
ing capacity prevented acidification of the incubation 
medium. Using a 1-hr incubation with 2 ml HBSS, 
3.0 umoles of PCMA was found to be the optimum 
amount of substrate (Fig. 4). 

To determine that PCMA was being metabolized 
by the hepatocytes and not by some unknown com- 
ponent of collagen or the incubation medium, a 
control experiment (results not shown) was con- 
ducted using collagen-coated culture dishes contain- 


Table 1. N-Demethylation of PCMA in cultured rat and mouse hepatocytes 





Species Hepatocytes* 


Cofactorst 


(pmoles PCAt/ug DNA-min) 





Mouse Freshly isolated 
Cultured 24 hr 


Rat 


105 + 22 (5) 
289 + 18 (5) 
18+ 5 (4) 
16+ 2 (3) 
32+ 1 (3) 





* Incubations with suspensions of freshly isolated hepatocytes (10° cells/dish) were 
carried out in 60 mm diameter plastic tissue culture dishes without collagen. Hepatocytes 
(2.5 x 10°/dish) were cultured for 24 hr on 60 mm diameter plastic tissue culture dishes 


coated with rodent tail collagen. 


+ Cofactors were present during the 2-hr incubation with PCMA and included: NADP, 
0.8 mM; glucose-6-phosphate, 8 mM; MgCl), 15 mM; and glucose-6-phosphate dehydro- 


genase, 1 unit per dish. 


¢ Each incubation was for 2 hr at 37° in air : CO, (95% : 5%). PCMA concentration 
was 3 moles in 2 ml HBSS-HEPES. Average values are shown with the standard deviation 
and number of dishes assayed. DNA determinations were by the diphenylamine method 


(31). 
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Fig. 4. Effect of substrate concentration on para-chloro-N- 
methylaniline demethylation in cultured mouse hepato- 
cytes. The symbols (A) and (@) represent the mean values 
from two separate experiments (two dishes/point). Within 
each experiment, values from duplicate dishes had a range 
between 2 and 33 per cent of the mean value. 


ing HBSS but no hepatocytes. Metabolism of PCMA 
did not occur in the absence of hepatocytes. 

Experiments were conducted to determine if PCA 
was degraded or further metabolized under the con- 
ditions of the assay. After a 2-hr incubation of PCA 
with hepatocytes, approximately 92 per cent was 
recovered in the incubation medium while 4-5 per 
cent of the PCA was found unchanged in the cells. 
Further metabolism of PCA by conjugation was 
investigated by heating the aspirate with 1 N HCl for 
5 min at 100°. No additional absorbance at 445 nm 
was produced after adding PDAB, indicating that 
no PCA was released from acid- and/or heat-hydro- 
lyzable conjugates. 

To determine if PCMA metabolism in cultured 
hepatocytes is mediated by MFO, experiments were 
conducted to examine the effect of SKF-525A, a 
known inhibitor of MFO catalyzed reactions, on the 
metabolism of PCMA to PCA. A dose-dependent 
inhibition of PCMA N-demethylation was observed 
in each of two experiments with mouse hepatocytes 
(Fig. 5), indicating that the N-demethylation of 
PCMA was mediated by MFO. The I, for this 
inhibition was found to be 3.8 x 10-° M. 

Hormonal supplementation of the culture media 
stimulated the rate of N-demethylation of PCMA 
(Table 2). The difference in metabolism between 
hepatocytes cultured with and without hormones 
increased with the age of the culture (Table 2). 


DISCUSSION 


The isolation and culture of mouse and rat hepa- 
tocytes reported here are based on methods pub- 
lished by Seglen [3-5], Bonney ef al. [8-10] and 
Pariza et al. [11,12]. Perfusion through the portal 
vein with EGTA followed by collagenase was modi- 
fied from the work of Seglen [3-5]. Our experience 
supports Seglen’s findings that pre-perfusion with 
EGTA leads to a more complete digestion of the 
liver, permitting the use of less mechanical force to 
disperse the cells. Cell dispersion, filtration and cen- 
trifugation were adapted from the procedure devel- 
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Fig. 5. Inhibition of para-chloro-N-methylaniline 
demethylation in cultured mouse hepatocytes pretreated 
with SKF-525A. The symbols (A) and (@) represent the 
mean values from two separate experiments (three 
dishes/point). Hepatocytes cultured for 24hr were incu- 
bated for 1 hr with SKF-525A (107°, 107*, 107° M). The 
SKF-525A was washed from the dishes and 1.5 mM PCMA 
was incubated with each culture for 2 hr. 


oped by Bonney et al. [8-10]. These procedures 
resulted in a cell pellet which consisted of single cells 
or small groups of cells with high viability. The use 
of rodent tail collagen coated tissue culture dishes 
for culturing hepatocytes was adopted from methods 
modified by Pariza et al. [11, 12], and greatly facil- 
itated cell attachment and formation of a monolayer 
in the absence of serum. The advantage of using 
serum-free medium in metabolism studies is that all 
the components of the culture are known, providing 
a more chemically defined cellular model for liver 
metabolism. The usefulness of freshly isolated, 


Table 2. Effect of hormones on the N-demethylation of 
PCMA in primary cultures of mouse hepatocytes 





Age of 
culture 
(hr) 


PCAt 


Expt. Hormones* _(pmoles/culture/min) 





800 + 200 (6) 
1700 + 3002(6) 
1800 + 400 (6) 
2300 + 4008(5) 

190+ 70 (5) 
1000 + 60+(3) 

310+ 40 (3) 
1030 + 370%(3) 


1 24 
2 24 
K 48 


4 48 


eit Led 





* The following hormones were added to the culture 
media: D-thyroxine, 1075 M; glucagon, 5 x 107° M; testos- 
terone, 10~° M; estradiol, 10° M; corticosterone, 10° M; 
and progesterone, 10~° M. 6-Amino levulinic acid, 10°°M, 
and vitamin E, 5 mg/ml, were also added. 

+ Each incubation was carried out for 2hr at 37° in 
air : CO, (95% : 5%). PCMA concentration was 3 ymoles 
in 2ml HBSS-HEPES. Each culture represents 2.5 x 10° 
plated cells. Average values are shown with the standard 
deviation and the number of dishes assayed. 

+ P< 0.01, Student’s f-test. 

§ 0.05 < P<0.1, Student’s t-test. 
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compared to cultured, hepatocytes as cell models for 
liver metabolism rests with an understanding of the 
advantages and disadvantages of each method. Prob- 
ably the major advantage of the use of freshly iso- 
lated hepatecytes is that they contain in vivo levels 
of MFO. Additional advantages are that the cell 
preparation is easier and faster, and bacterial con- 
tamination is not a consideration. One of the dis- 
advantages of using freshly isolated hepatocytes is 
that they have been shown to be leaky to small 
molecules, such as AIB [27]; depleted of ATP [7]; 
and do not exhibit normal liver cell morphology, i.e. 
there are no cords of cells with tight junctions 
between adjacent cells and no bile cannuliculi. An 
advantage of studying metabolism in cultured, com- 
pared to freshly isolated, hepatocytes is that cultured 
hepatocytes morphologically more closely resemble 
hepatocytes in vivo. The cell membrane is intact, as 
indicated by the AIB uptake and PCMA metabolism 
data, and the cells have re-established many features 
of normal liver cell morphology, i.e. cells are 
attached to collagen substratum, flattened, ar“ ‘1ave 
formed bile cannuliculi and tight junctions between 
adjacent cells {11, 32, 33]. Added cofactors are not 
needed for optimal activity, and metabolic studies 
can be carried out non-destructively; solutions of 
chemicals can be added to the culture and removed 
without disrupting the cells. Cultured cells are firmly 
attached and hence the medium is more easily 
manipulated than with freshly isolated cells. For 
metabolic studies, a serious disadvantage of the cul- 
ture method is that the cytochrome P-450 concen- 
tration decreases when cells are cultured in the 
absence of in vivo humoral control. 

In rat hepatocyte cultures, cytochrome P-450 con- 
centration has been reported to decrease to 10-20 
per cent of control after 24 hr in culture [34], greatly 
limiting the usefulness of these cultures as a model 
for in vivo hepatic metabolism of foreign chemicals. 
In a previous report from this laboratory [22], in 
vivo levels of MFO had been maintained in rat 
hepatocyte cultures for 24 hr by hormonal supple- 
mentation of the culture medium. A similar decline 
in MFO was seen in mouse hepatocyte cultures. The 
addition of hormones (those known to affect MFO 
levels in vivo) maintained MFO activity at levels 
higher than those obtained in the absence of hor- 
mones. These results suggest that there is also an 
appropriate hormonal supplementation of the 
medium which will produce mouse hepatocyte cul- 
tures whose MFO activity reflects that of the liver 
in vivo. 
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Abstract—The ability of a variety of mono- and bicyclic monoterpenes to inhibit hepatic HMGCoA 
reductase measured 17 hr after in vivo administration to rats was determined. Of the terpenes tested, 
menthol and cineole inhibited by 70 per cent, while borneol and methone were slightly less inhibitory 
(50 per cent) when dosed at the same rate. Limonene, a rapidly metabolized terpene, also showed 
significant inhibition, while pinene and camphene were without effect. This inhibition of reductase 
correlated well with inhibition of C,-flux into non-saponifiable lipid (r = 0.86, P < 0.001). There were 
no changes in a variety of other microsomal membrane activities, indicating that the effect was specific 
rather than due to generalized hepatoxicity. Possible mechanisms for the inhibition of reductase are 


discussed. 


The formation of cholesterol gallstones in both man 
[1] and hamsters [2] is associated with increased 
activity of hepatic S-3-hydroxy-3-methylglutaryl 
coenzyme A (HMGCOoA) reductase. Rowachol, a 
proprietary choleretic containing the mono- and 


bicyclic monoterpenes menthol (32% w/v), pinene 
(17% w/v), menthone (6% w/v), borneol (5% w/v), 
camphene (5% w/v) and cineole (2% w/v) in olive 
oil, has been shown recently to cause dissolution of 
cholesterol gallstones in man [3] and to inhibit 
hepatic HMGCOoA reductase activity in rats [4] when 
administered in vivo. Isler et al. [5] screened a wide 
variety of acyclic semi-, mono-, sesqui- and triter- 
penes as inhibitors of sterol biosynthesis but found 
no evidence for any action in vivo (with the exception 
of squalene), although several acyclic terpenes gave 
very significant inhibitions in vitro of acetate incor- 
poration into sterol. This paper reports investigations 
into the effect of mono- and bicyclic terpenes on rat 
hepatic HMGCOA reductase activity and sterol bio- 
synthesis after in vivo administration. 


MATERIALS AND METHODS 


[3-“C]HMGCoA, [2-“C]acetate and _ [1,2- 
H]cholesterol were purchased from The Radio- 
chemical Centre, Amersham, Bucks., U.K. [5- 
3H]Mevalonic acid (DBED salt) was purchased from 
New England Nuclear Corp., Boston, MA. Acetyl 
Coenzyme A synthetase (E.C. 6.2.1.1), glucose 6- 
phosphate, glucose 6-phosphate dehydrogenase 
(E.C. 1.1.1.49) and NADP” were obtained from 





+ Abbreviations used: HMGCoA, 3-hydroxy-3-methyl- 
glutaryl coenzyme A; DBED, dibenzylethylenediamine; 
EDTA, _ ethylenediaminetetraacetic —_acid; DTT, 
dithiothreitol. 


Boehringer, Mannheim, F.R.G. Fisofluor scintilla- 
tion fluid was from Fisons U.K. Ltd. Menthol, 
pinene, menthone, borneol, camphene and cineole 
were supplied by Rowa Ltd., Bantry, Eire. Ail ter- 
penes were adjudged to be pure by g.1.c. analysis on 
10% Carbowax 20N. 

Male Wistar rats (220-250 g) were adapted to a 
lighting schedule where lights were on from 3:00 
p.m. till 3:00 a.m. Rowachol (Rowa Ltd., Bantry, 
Eire) was administered daily at 2.0 ml/kg body wt 
and individual terpenes (in olive oil) at 3 mmole/kg 
body wt (the concentration of menthol in the 
Rowachol dose). Animals receiving the drug did not 
become anorexic; examination of stomach contents 
post mortem revealed no differences from control 
animals. 

Livers were excised and a portion homogenized 
in the medium of Goldstein and Brown [6]. The 
supernatant fraction obtained after spinning at 
12,000 g for 15 min was centrifuged at 48,000 g for 
1 hr to obtain a microsomal pellet. This fraction was 
washed by resuspension in the homogenization 
buffer followed by centrifugation at 48,000 g for 1 hr 
and finally suspended in 100 mM phosphate buffer, 
pH 7.5, containing 10 mM EDTA and 5mM DTT 
to a final concentration of 10-20 mg protein/ml. A 
second portion of liver was homogenized and a 5000 g 
supernatant fraction prepared by the method of 
Dugan et al. [7]. 

Assay procedures. The incorporation of ['*C] acet- 
ate into non-saponifiable lipid was assayed according 
to Dugan et al. [7] except that acetyl CoA synthetase 
(0.2 units/ml) was included in the incubations. After 
incubation for 100 min the reaction was terminated 
by addition of 2.5 ml of 10% ethanolic KOH. Carrier 
[1,2-*H]cholesterol (1 mg, 20,000 dpm) was added 
to each tube as recovery standard. Tubes were 
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saponified for 1 hr and non-saponifiable lipid was 
extracted into petroleum ether as described by 
Dugan etal. [7]. ['*C]Acetate incorporation into non- 
saponifiable lipid was found to be linear with time 
and protein under the conditions used. Analysis of 
this fraction showed that incorporation into sterols 
accounted for the majority of the radioactivity in all 
experiments. 

HMGCOA reductase was assayed essentially as 
described by Goldstein and Brown [6] using a prein- 
cubation of 10 min and starting the reaction with [3- 
4C]HMGCOA. The 0.3 ml incubation system con- 
tained: pi-[3-“C]HMGCoA (3000 dpm/nmole), 
100 uM; NADP, 2.5mM; _glucose-6-phosphate, 
20 mM; glucose-6-phosphate dehydrogenase, 3 U/ml; 
dithiothreitol, 5mM; EDTA, 10 mM; 50-750 ug of 
microsomal protein and potassium phosphate, pH 
7.5, 100mM. The reaction was terminated after 
15 min with 20 ul 10 M HCl and [5-*H] mevalonate 
(40,000 dpm) was added as recovery standard. After 
lactonization the mevalonolactone was separated by 
thin layer chromatography and counted for radio- 
activity as described by Shapiro et al. [8]. Formation 
of ['*C]-mevalonate under these conditions was lin- 
ear with time and protein and product recovery 
averaged 90 per cent. 


RESULTS AND DISCUSSION 


The terpene mixture, Rowachol (1.2 g terpene/kg 
body wt), caused a significant inhibition of hepatic 
HMGCOA reductase measured at the peak of the 
diurnal rhythm, 17 hr after dosing (Table 1). The 


effect was persistent since activity was still 50 per 
cent inhibited 41 hr after dosing. Preliminary experi- 
ments had shown that menthol was active in the 
above inhibition and the other individual terpenes 
of the parent drug were also assessed for their inhibi- 
tory action. Rats were given terpenes at a molar 


Table 1. Inhibition of HMGCoA reductase by terpenes* 





HMGCOA reductase activity 


Terpene administered (nmoles.min™'.mg™') 





1.08 + 0.30 (10) 
0.43 + 0.10 (10)+ 
0.26 + 0.13 (6)+ 
0.92 + 0.29 (4) 
0.45 + 0.21 (7)+ 
0.44 + 0.15 (3)t 
0.76 + 0.11 (6) 
0.27 + 0.10 (6)+ 
0.61 + 0.05 (3)§ 


Control 
Rowachol 
Meuthol 
Pinene 
Menthone 
Borneol 
Camphene 
Cineole 
Limonene 





* Rats were intubated with individual terpenes 
(3 mmoles/kg) in olive oil, or Rowachol (1.2 g terpene 
mixture/kg) in olive oil or with olive oil alone (2 ml/kg) and 
17 hr later the livers were removed and the microsomal 
fraction isolated. HMGCoA reductase was assayed as 
described in Materials and Methods and its activity 
expressed as nmoles mevalonate produced/min per mg 
microsomal protein + $.D. with the number of animals in 
parentheses. Statistical significance with respect to controls 
is shown. 

+ P<0.001. 

+ P<0.01. 

§ P< 0.05. 
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HMGCoA REDUCTASE ACTIVITY 
(pmol/min/mg. protein) 








ACETATE INCORPORATION 
(pmol/min/ma. protein) 
Fig. 1. Correlation of hepatic HMGCOoA reductase activity 
with incorporation of [2-'*C]acetate into non-saponifiable 
lipid after olive oil (O) and cineole (@) treatment in vivo. 
Samples from the same liver were fractionated for micro- 
somal and post mitochondrial supernatant fractions and 
these were used for the reductase assay and acetate incor- 
porations, respectively. Each point represents the mean of 
duplicate estimations from individual animals. 


dose equivalent to that of menthol in the original 
mixture. Table 1 shows the effect of in vivo dosing 
of the individual terpenes on hepatic reductase meas- 
ured 17 hr after dosing. Another monocyclic terpene, 
limonene, not a component of Rowachol, was 
included because considerable information is avail- 
able on its metabolism and excretion in the rat [9]. 
Approximately 70 per cent inhibition was caused by 
both cineole and menthol (oxy- and hydroxy-sub- 
stituted, respectively), whereas borneol, a bicyclic 
hydroxyterpene, and menthone, a keto-monocyclic 
terpene, inhibited approximately 50 per cent. The 
other two components of the mixture, pinene and 
camphene, containing no oxygen substituents had 
no significant effect. Limonene, like camphene and 
pinene, has no oxygen substituent but did give sig- 
nificant inhibition of reductase activity. This differ- 
ence in response may reflect limonene’s very rapid 
metabolism to hydroxy-metabolites in the rat [9]. 

Dietschy and Brown [10] have shown that activity 
of rat hepatic HMGCOoA reductase correlates very 
well with the C,-flux rate into cholesterol under a 
variety of dietary and stress conditions; such a cor- 
relation holds true after dosing of individual terpenes 
as illustrated for cineole in Fig. 1. The terpene- 
induced inhibition of hepatic HMGCoA reductase 
correlated well (r = 0.86, P < 0.001) with reduction 
of incorporation of acetate into non-saponifiable 
lipid. A major site of action of the terpenes in the 
inhibition of sterol synthesis was thus at the level of 
HMGCOA reductase. 

Comparison of the structures of the terpenes sug- 
gested that only oxygen-containing terpenes or ter- 
penes such as limonene which are rapidly converted 
to such compounds are the inhibitory agents. The 
effect is not due to a generalized hepatotoxicity as 
microsomal yield, cytochromes b; and P-450 con- © 
centrations, arylesterase and cholesterol 7 -hydroxyl- 
ase activities are unchanged after a single dose of 
the terpene mixture. Because inhibition of 
HMGCOA reductase after menthol administration 
in vivo is considerably more potent than the inhi- 
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bition seen after administering the same amount of 
menthol plus the other terpene components of 
Rowachol (Table 1), it is clear that competition can 
occur between inhibitory and _ non-inhibitory 
terpenes. 

Isler et al. [5] showed that high concentrations 
(300 mM) of certain acyclic monoterpenes in vitro 
inhibited acetate incorporation into sterol in hom- 
ogenates but did not investigate the effect on sterol 
synthesis after pretreating animals with terpenes. A 
direct effect of the terpenes on HMGCOA reductase 
is unlikely in the present system because terpene 
concentrations in the washed microsomal prep- 
arations will be much less than that used by Isler et 
al. [5]. 

Because HMGCOoA reductase has a short half-life 
[11] the observed inhibition might be exerted at the 
level of enzyme synthesis and/or degradation or con- 
version into the less active phosphorylated form [12]. 
Preliminary evidence suggests that, as with inhibition 
by dietary cholesterol [13], the former is more likely. 
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Abstract—An i.p. diethylmaleate injection (dose: 3.9 mmoles/kg) decreased the endogenous Cu and 
Zn excretion in rat bile to 20 and 50 per cent, respectively. A corresponding decrease of the glutathione 
levels in liver and bile suggests that copper, at least partly, is excreted in the bile as a glutathione 
complex or by other glutathione-dependent mechanisms. Similar mechanisms may also be active for 
Zn. Selenite (5 umoles/kg) or diethyldithiocarbamate (67 umoles/kg) treatment also decreased the 
copper excretion in bile, but the glutathione levels were not significantly affected. These agents may 
act either by forming metal complexes which are not excreted, or by blocking the transfer of the metal 
from proteins to glutathione in liver cells. Selenite and diethyldithiocarbamate did not significantly 
influence the excretion of zinc in the bile. Orally given selenite (5.7 or 57 umoles/100 g food) increased 
the kidney levels of copper and zinc and decreased liver levels of zinc, whereas diethyldithiocarbamate 
(6.7 mmoles/100 g food) caused increased liver content of copper and decreased kidney levels of copper 
and zinc. The differences observed between copper and zinc distribution when using selenite or 
diethyldithiocarbamate treatment may be due to different organ retention of the metal complexes 


formed. 


Bile is known to be the main excretory route of 
copper and zinc [1]. The mechanisms of transport 
of copper and zinc from liver cells to bile are 
unknown [2], although several copper-binding sub- 
stances in bile have been suggested [3-5]. Copper 
and zinc resemble methyl mercury and cadmium in 
their complexing abilities, as they form stable mer- 
captides with thiols [6]. Both methyl mercury and 
cadmium occur in rat bile as glutathione complexes 
[7, 8]. Administration of substances which bind glu- 
tathione in the liver cells, i.e. diethylmaleate (DEM) 
and bromsulphtalein, leads to a depressed biliary 
excretion of methyl mercury and cadmium [8, 9]. It 
is therefore presumed that the secretion of these 
toxic metals across the canalicular membrane of the 
liver cell into bile involves glutathione as the carrier 
molecule. A question is if the same metal-complexing 
carrier is active in the physiological biliary excretion 
of copper and/or zinc. 

Previous studies have shown that selenium [10] 
and diethyldithiocarbamate (DDC) [11] affect 
methyl mercury metabolism by inhibiting the biliary 
excretion and influencing the organ distribution in 
rats. 

In the present work, we have injected rats with 
diethylmaleate, selenite or DDC in order to study 
if the mechanism of biliary copper and zinc excretion 
may be similar to that of methyl mercury and 
cadmium. 


MATERIALS AND METHODS 


Female Wistar rats of our own breed as well as 
from M@llegaard, Copenhagen, Denmark, weighing 
about 200 g, were used for the experiments on biliary 
excretion. The organ distribution was studied in male 


and female Wistar rats from M@llegaard, Denmark. 
The rats were fed on a standard diet (Institute of 
Occupational Health, Oslo, Norway). Diethyldi- 
thiocarbamate and diethylmaleate were obtained 
from Koch Light Ltd., U.K. Selenite was obtained 
from Merck, Darmstadt, Germany. 

Studies on biliary excretion of copper, zinc and 
thiols. The bile duct was canulated during barbiturate 
anasthesia (pentobarbitone sodium, Mebumalum 
NFN). A tracheal tube was inserted to ensure free 
airways during the collection period, and the body 
temperature was kept constant. The bile flow was 
0.5-1.0 mi/hr. The bile was collected for control pur- 
pose for 1hr prior to the i.p. injection of either 
selenite or DDC. Diethylmaleate was injected 30 min 
after starting bile collection. Subsequently, the bile 
was collected over periods of 30 min. The total period 
of bile sampling was 4 hr. The biliary concentration 
and total content of copper and zinc was determined 
by atomic absorption spectrophotometry after 
weighing each sample. The rats were killed by blood 
collection from the abdominal aorta and serum 
samples were prepared for copper and zinc 
determinations. 

Experiments with thiol excretions into bile were 
also done in female rats and bile was sampled over 
periods of 30min into vials containing ice-cold 
EDTA (ethylenediamine tetraacetic acid). Total 
thiol (SH) concentration in bile was determined spec- 
trophotometrically with Ellman’s reagent [12]. Spe- 
cific determination of glutathione was done by the 
use of glutathione reductase in combination with 
Ellman’s reagent [9] as well as by ion exchange 
chromatography method (Joel, automatic amino acid 
analyzer). 

Organ distribution studies. Since the effects of 
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selenite and DDC on biliary metal excretion were 
difficult to interpret, organ distribution studies on 
copper and zinc were undertaken in rats given oral 
treatment with these agents. After one day of fasting, 
the rats were fed either standard diet (controls) or 
diet containing appropriate amounts of selenite or 
DDC. The rats had free access to water. After one 
week of treatment, the animals were killed by blood 
collection from the aorta, and organs were removed 
for copper and zinc determinations. 

Analysis of copper and zinc in bile and tissues. 
Duplicate specimens of 50 ul serum or bile were 
diluted with 200 ul 1% HNO). This dilution liberates 
copper and zinc from insoluble proteins (unpublished 
results). The solutions were analyzed by atomic 
absorption spectrophotometry with flame atomiza- 
tion technique (instrument: Perkin Elmer 403). 

Standard solutions for the analyses were prepared 
by adding different amounts of copper and zinc to 
bile or serum samples. The obtained standard curves 
for absorbance vs added metal were found to be 
linear for both copper and zinc in these body fluids. 
The metal contents in the standard sample before 
addition of copper and zinc could be obtained by 
extrapolation. By comparing sets of standard series 
from different serum samples, it was found that the 
matrix effect did not vary between the samples. 
Hence, the metal concentration in serum samples 
were found from their absorbance by using the 
obtained standard curve. To control the precision 
of our analyses, aliquots from a human serum sample 
with predetermined copper and zinc concentration 
were included in each series. The matrix effect in 
bile was found to be negligible. All test samples were 
analysed as duplicates and averages were used in 
calculations and figures. 

The trace elements in organs were determined 
after digestion with Lumatom (H. Kiirner, Neyberg, 
F.R.G.) with atomic absorption spectrophotometry. 
Aliquots were diluted with ethanol. A parallel sam- 
ple was prepared for each aliquot by adding standard 
solutions of copper and zinc. A standardized bovine 
liver sample (National Bureau of Standards, U.S.A.) 
was analysed for copper and zinc using the above 
mentioned method. The results obtained on the lat- 
ter standard sample were within 5—10 per cent of the 
given values. 

Statistical treatment. Differences in organ content 
or bile concentration of copper, zinc or thiols were 
considered to be significant when P < 0.05, using 
Wilcoxon two-sample test, two-tailed. 

For the biliary excretion experiments, each rat 
was used as its own control by recording biliary 
excretion for a 30 or 60 min period before treatment. 
Since the various treatments did not influence the 
bile flow significantly, the concentration of copper 
and zinc was used as a parameter for excretion. The 
mean biliary copper concentration (range: 14.2- 
42.5 umoles/l) and mean zinc concentration (range: 
4.6-24.5 umoles/l) during the first 30 min after start- 
ing collection of bile, were taken as control value 
(100 per cent) for each rat. 


RESULTS 


The bile flow and colour were not affected sig- 


J. ALEXANDER and J. AASETH 


Bile Cu-conc 


> @ am | 








4. 
ye 
| 


b 1 --}-+-+4 _—-{ Diethyimaleate (4) 
VW 


| | | 1 
60 90 120 150 


Time, min 


| 


J J J 
180 210 240 








Fig. 1. Effect of diethylmaleate on biliary copper concen- 
tration. Bile samples were collected from anesthesized rats 
as described in the text, and copper was analysed by the 
atomic absorption method. Each value and vertical bar 
represents the mean and experimental range for copper 
concentration in the samples collected during the time 
indicated. The mean concentration during the first 30 min 
was set to 100 per cent for each animal. The number of 
animals is given in parentheses. The arrow indicated the 
time for the intraperitoneal injection of diethylmaleate 
(3.9 mmoles/kg). 
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nificantly by the treatment with DEM, selenite or 
DDC in these: experiments. Cannulation of the bile 
duct for 4hr did not influence the serum levels of 
copper or zinc (results not shown). Following the 
injection of DEM (3.9 umoles/kg), there was a rapid 
and parallel depression of both the copper and the 
thiol concentration in the bile (Figs. 1 and 2). The 
glutathione concentration in the bile from 4 rats was 
1.2-1.4 mmoles/|. Cysteine accounted for only 0.06— 
0.1 mmoles/l of the biliary thiols. The initial biliary 
thiol concentration in eight rats was 1.0-2.4 mmoles/I. 
After the DEM treatment, the total biliary thiol level 
was reduced to about 0.1 mmoles/] whereas the level 
did not change in the control rats (Fig. 2). The biliary 
copper level was reduced to 20-50 per cent of the 
control levels. 
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Fig. 2. Effect of diethylmaleate on biliary thiol concentra- 
tion. The total concentration of thiols in the collected 
samples of bile was determined spectrophotometrically by 
Ellman’s method [12]. This SH-concentration varied from 
1.0 to 2.4mmoles/I in the 8 rats before treatment. Di- 
ethylmaleate (3.9 mmoles/kg) was injected to 4 rats at the 
time indicated by the arrow, and 4 untreated rats served 
as controls. The results for one control and one treated rat 
which are given in the figure are characteristic for the two 
groups of animals. 
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Fig. 3. Effect of selenite (3.0 umoles/kg) and diethyldi- 
thiocarbamate (67 umoles/kg) on biliary copper concentra- 
tion. Each value and vertical bar represents the mean and 
experimental range for copper concentrations in the 
samples collected during the time indicated. The mean 
concentration during the first 30 min was set to 100 per cent 
for each animal. The number of animals is given in par- 
entheses. The arrow indicates the time for treatment. 
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Injection of DDC (67 umoles/kg) or selenite 
(5 umoles/kg) were followed by a decreased biliary 
excretion of copper (Fig. 3). The biliary copper 
concentration remained low for 3 hr when using di- 
ethylmaleate or selenite, whereas DDC caused a 
concentration decrease of shorter duration. DDC 
and selenite did not influence significantly the biliary 
excretion of zinc (Fig. 4). DEM, however, caused 
a reduction of zinc levels in bile to about 50 per cent 
of control values (not shown). 

Oral treatment with selenite (5.7 umoles/100 g 
food) for 7 days increased considerably the kidney 
copper as compared to the controls (Table 1). The 
same treatment did not cause any significant changes 
in the content of copper in the serum, liver, brain 
or spleen. A higher dose of selenite (57 umoles/100 g 
food) yielded similar results, i.e. raised kidney levels, 
but unchanged copper levels in the other organs 
tested. Oral DDC treatment (dose: 6.7 mmoles/100 g 
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Fig. 4. Effect of selenite and diethyldithiocarbamate on 

biliary zinc concentration. Each value represents the mean 

of the samples collected during the time indicated. The 

mean concentration during the first 30 min was set to 100 

per cent for each animal. The number of the animals is 

given in parentheses. The arrow indicates the time for 
treatment. 


J ! 
30 60 


food) caused a moderate increase in the liver and 
spleen copper, and a slight decrease in the kidney 
content of copper, whereas the contents in serum 
and brain were unaffected (Table 1). 

As far as zinc was concerned, the treatment with 
selenite lowered its liver concentration and increased 
kidney concentration. Neither the serum, brain nor 
spleen levels of zinc were altered by selenite treat- 
ment (Table 2). DDC treatment caused a slight 
decrease in serum and kidney content of zinc. The 
levels of zinc in any of the other organs measured 
did not change (Table 2). 


DISCUSSION 


The effect of diethylmaleate injected to rats is 
characterized by an immediate decrease of the trans- 
port of unconjugated glutathione into bile, reflecting 
a depletion of glutathione in liver cells [9, 13]. The 
demonstrated depression of biliary excretion of cop- 


Table 1. Effect of selenite or diethyldithiocarbamate (DDC) on copper concentration (nmoles/g wet tissue, mean and 
range) 





Controls (6 ?)* Selenite+ (6 2) 


DDC? (6 2) 


Controls (5 0’) Selenite§ (5 0’) 





22.0 
(18.9-26.8) 


20.7 
(18.9-26.8) 
62.6 56.7 
(58.2-66.1) (47.2-63.0) 
111.0 266 
(67.7-230.0) (214-312) 
19.9 18.9 
(17.3-26.8) (17.3+20.5) 
38.9 37.8 
(34.6-44.1) (36.2-41.0) 


Serum 
Liver 
Kidney 
Spleen 


Brain 


15.7 
(15.7-17.3) 
47.2 
(40.9-55.1) 
301.0)) 
(216.0-362.0) 
17.3 
(17.3-18.9) 
40.9 
(39.3-44.1) 


15.4 
(14.2-17.3) 
55.4 
(48.8-61.4) 
116.0 
(67.7-146.0) 
19.8 
(17.3-22.0) 
39.0 
(33.0-42.5) 


23.6 
(20.5-26.8) 


(23.6-25.2) 
39.3 
(34.6-44.1) 





* Number of animals. 

+ 5.7 umoles selenite/100 g food. 

+ 6.7 mmoles DDC/100 g food. 

§ 57 umoles selenite/100 g food. 

|| Different from control, P < 0.05. 
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Table 2. Effect of selenite or diethyldithiocarbamate (DDC) on zinc concentration (nmoles/g wet tissue, mean and range) 





Controls (5 0’) Selenite§ (5 ©’) 


Controls (6 ?)* 


Selenitet (6 2) 


DDC? (6 9) 





Serum 17.9 
(15.3-19.9) 
Liver 382 
(271-548) 
Kidney 227 
(199-239) 
Spleen 225 
(207-259) 
Brain 145 
(124-167) 


15.3 


(13.8-16.8) 


249}| 
(236-265) 
288\| 
(269-311) 
240 
(229-248) 
155 
(147-159) 


15.3 
(15.3) 
343 
(294-401) 
188] 
(176-205) 
252 
(242-277) 
151 
(139-173) 


20.2 


(16.8-24.5) 


337 
(318-353) 
266 
(205-292) 
223 
(165-283) 
168 
(153-193) 


19.9 
(18.4-21.4) 
278\| 
(252-300) 
294) 
(251-344) 
223 
(176-242) 
162 
(159-167) 





* Number of animals. 

+ 5.7 umoles selenite/100 g food. 

t 6.7 mmoles DDC/100 g food. 

§ 57 umoles selenite/100 g food. 

|| Different from control, P < 0.05. 


per parallel to this binding of glutathione by di- 
ethylmaleate is similar to the previously shown 
inhibition of the methyl mercury excretion [9]. The 
most probable interpretation of these results is that 
copper compounds are excreted into bile, at least 
partly, by glutathione-dependent biochemical pro- 
cesses. Hepatic detoxification of copper and methyl 
mercury by glutathione conjugation, i.e. by the for- 
mation of transportable metal-glutathione com- 
plexes within the liver cells, appears to be an attrac- 
tive hypothesis [9]. This hypothesis is consistent with 
the reported findings of Evans and Cornatzer [14], 
who suggested that copper in the bile is bound to a 
small molecular peptide or an amino acid. Such 
binding of copper to glutathione seems to depend 
upon the activity of transferring enzymes (transfer- 
ases), since increased copper and methyl mercury 
excretion have been observed in bile following injec- 
tion of microsomal enzyme inducers, i.e. spirono- 
lactone [15, 16]. A glutathione-dependent mechan- 
ism also seems to contribute to the biliary zinc 
excretion. 

From a chemical point of view, it seems reasonable 
that thiol groups are the most important complexing 
ligands of copper in vivo, owing to the ‘soft’ character 
of the copper ions [6]. The concentration of gluta- 
thione in rat bile (1-2.5 mmoles/l) [17] accounts for 
more than 90 per cent of the total SH-content [9], 
and is about 50 times higher than the biliary con- 
centration of copper (= 30 umoles/l). Jn vitro studies 
of complexes between copper and glutathione have 
revealed the existence of both a stable 1: 1-species 
and an even more stable diligandic (1:2) species of 
Cu(I)/glutathione complex at the pH of bile [18]. 
The stability constant of the 1: 1-species is reported 
to be about 10”. The ‘overall’ stability constants of 
copper—amino acid complexes are reported to be 
much lower, viz. around 10'° [19]. Furthermore, the 
concentration of most of the essential amino acids 
in rat bile are lower than 0.1 mmole/I (J. Alexander 
and J. Aaseth, to be published). Accordingly, it 
seems most likely that the main fraction of biliary 
copper is bound to glutathione rather than to L- 
amino acids. To the authors’ knowledge, however, 
direct identification of Cu-glutathione complexes in 


bile has not been reported. This may be explained 
as follows: The thiol group of glutathione is not 
stable in sampled bile (pH 8.0-8.5). The presence 
of copper, iron and also the enzyme A-glutamyl 
transpeptidase will catalyse oxidation of glutathione 
to the corresponding disulphide and to ‘mixed disul- 
phides’ with other thiols [20-22]. The A-glutamyl 
transpeptidase may also catalyse hydrolytic cleavage 
of the tripeptide [21]. The end result of these reac- 
tions which can proceed in collected bile is a reduced 
concentration of free glutathione. The consequent 
shift in chemical equilibria leads to transfer of methyl 
mercury from glutathione to proteins, even in bile 
stored frozen overnight [23]. A similar transfer of 
copper to proteins, and also to bile pigments or bile 
salts (taurochenodeoxycholate), may explain the 
findings of previous authors on copper-binding sub- 
stances in bile (3-5, 24, 25]. The findings of these 
authors may, however, also suggest the existence of 
other mechanisms for the biliary excretion of copper. 

Our proposed hypothesis for the biliary copper 
excretion, involves several steps: firstly, the intra- 
cellular formation of a transportable Cu-glutathione 
complex which requires glutathione and available 
copper compounds, and secondly, an active [2] efflux 
into bile of the formed copper complexes. In contrast 
to DEM, neither DDC (T. Norseth, personal com- 
munication) nor selenite [10] have been found to 
influence the giutathione efflux into bile to a sig- 
nificant degree. The inhibited transfer of methyl 
mercury [10, 11] and copper from liver cells into bile 
after treatment with DDC or selenite may be due 
to occupation of intracellular copper or inhibition 
of the necessary enzymes. It is known that DDC 
[26], as well as selenide [27], can form very stable 
copper complexes in vitro and DDC can even extract 
copper bound to ceruloplasmin [26]. It is reasonable 
to assume that a similar complex formation can take 
place in liver cells and perhaps also in other tissues. 

Previous studies [28] have reported increased cop- 
per levels in the brain, following intravenous DDC- 
treatment after “Cu-exposure, and intravascular for- 
mation of lipophilic complexes have been suggested 
as an explanation. Orally-given DDC may, however, 
be partially broken down by stomach acid [29], and 
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thus the effect of DDC in our distribution studies 
might have been limited as compared to other 
reports. 

The increased renal levels of copper in selenium 
treated rats may be attributed to copper-selenide 
complex formation, presumably not only in the liver, 
but also intravascularly. Studies in silver-exposed 
individuals have shown that silver-selenide com- 
plexes are deposited in the kidney [30]. Furthermore, 
it is known that selenite treatment is able to decrease 
the binding of heavy metals (e.g. Hg** , Cd?*) to the 
sulphur-rich protein metallothioneine [31,32] and 
change the organ distribution of the same heavy 
metals [33]. A similar mechanism may be active in 
the selenite induced redistribution of copper and 
zinc, since the liver uptake of the metal ions, par- 
ticularly of zinc, is known to be associated with 
complexation to metallothioneine [34]. 

Several investigators have reported retention of 
copper in later stages of liver cirrhoses, including 
primary biliary cirrhosis and Wilson’s disease [35, 36]. 
Their findings are consistent with our hypothesis of 
Cu-glutathione conjugation as a necessary (and per- 
haps rate-limiting) step for the excretion of the metal 
into bile. The existence of an impaired glutathione 
conjugation of some foreign substances, e.g. 
bromsulphtalein and acetaminophen, in similar liver 
diseases, is in accordance with our hypothesis of the 
involvement of glutathione in biliary copper 
excretion. 
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Abstract—Folic acid has been reported recently to be an effective agent for the treatment of hyperur- 
icemia, although conflicting data exist. The relative inhibitory activities of this compound and its 
breakdown products, pterin aldehyde and 6-hydroxymethylpterin, for the enzyme xanthine oxidase 
have not been clear. In this study, folic acid purified from these two compounds competitively inhibited 
buttermilk xanthine oxidase under aerobic conditions by a mechanism kinetically distinct from that of 
pterin aldehyde, with an inhibition constant (K;) of 0.12 4M. Methotrexate, leucovorin and N°- 
methylH,folate were competitive inhibitors of the enzyme with K; values rang from 12 to 53 uM. 
MethyleneH, folate, H2folate and H,folate did not inhibit xanthine oxidase. N°’-MethylH,folate could 
r. »e evaluated by the reduction of cytochrome c because of the nonenzymatic oxidation of this folate 
derivative by cytochrome c to a compound. shown to..be .N°-methylH>folate. Unless high intracellular 
concentrations of unchanged folic acid, pterin aldehyde or hydroxymethylpterin can be achieved or 
folic acid proves to be a more effective inhibitor of reduced than of oxidized enzyme, it is unlikely that 


this compound will be an effective clinical agent for the inhibition of xanthine oxidase. 


In 1948, Kalckar and Klenow [1] demonstrated that 
low concentrations of folic acid (pteroylglutamic 
acid, PGA) inhibited the enzyme xanthine oxidase 
(xanthine:oxygen oxido reductase, EC 1.2.3.2) 
which catalyzes the conversion of xanthine to uric 
acid. Subsequently, Lowry et al. [2, 3] showed that 
2-NH,-4-OH-pteridine-6-carboxaldehyde _— (pterin 
aldehyde), a breakdown product of folic acid pro- 
duced by exposure of PGA to ultraviolet light, was 
a 100- to 1000-fold more potent inhibitor of this 
enzyme. Kalckar et al. [4,5] confirmed this obser- 
vation and suggested that the previously observed 
inhibition by folic acid was, in reality, due to con- 
tamination of the folate with pterin aldehyde. More 
recently, Stea et al. [6] have suggested that hydrox- 
ymethylpterin, another breakdown product of PGA, 
is also a potent inhibitor of xanthine oxidase. 
Oster [7] has reported that clinical hyperuricemia 
can be effectively treated without toxicity by the oral 
administration of 40-80 mg of folic acid daily and 
has suggested that this may be due to inhibition of 
xanthine oxidase. Similar studies by Plouvier and 
Devulder [8], however, showed only a 10 per cent 
fall in urinary uric acid excretion in patients following 
initiation of folate therapy. This fall was transient. 
For these reasons, a study was initiated to examine 
in depth the effect of folic acid on xanthine oxidase 
activity. In addition, other folates and folate ana- 
logues were evaluated because of both the frequent 
use of high doses of these agents in the treatment 
of neoplastic diseases [9] and the known in vivo 
conversion of folic acid to other folate species [10]. 





* Supported by NCI Grants: S07 RR 05765, P30 CA 
13943 and P01 CA 20892. 

+ Present address: Department of Medicine, University 
of Washington, Health Sciences RG-20, Seattle, WA 
98195, U.S.A. 


METHODS 


Chemicals. [3,5,9(n)--H]Folic acid (41 Ci/mmole) 
and [5-'*C]methylH,folate (58 mCi/mmole) were 
purchased from Amersham-Searle, Arlington 
Heights, IL. Methotrexate (MTX) and 5-formyl- 
H,folate (leucovorin, calcium salt) were provided by 
Dr. Ronald Stoller of our institution. Pterin aldehyde 
was provided by Dr. Robert Angier of Lederle Lab- 
oratories, Pearl River, NY. Tert-butyl alcohol and 
2,5-dimethylfuran were purchased from Aldrich 
Chemicals, Milwaukee, WI. 2,4-Dinitrophenylhy- 
drazine (DNPH) was obtained from Eastman 
Organic Chemicals, Rochester, NY. All other 
organic chemicals, including H,folate and H, folate, 
were purchased from the Sigma Chemical Co., St. 
Louis, MO. N°N'°-MethyleneH, folate was prepared 
as described previously [11]. Buttermilk xanthine 
oxidase (1.68 units/mg protein as defined by the 
manufacturer) was the highest purity grade available 
from Sigma. MN300F cellulose, DEAE cellulose and 
ECTEOLA cellulose thin-layer chromatography 
(t.l.c.) plates were from Brinkman Instruments, 
Westbury, N.Y. 

Gel electrophoresis. Polyacrylamide gel electro- 
phoresis with lauryl sulfate was performed according 
to the method of Weber and Osborn [12]. Gel elec- 
trophoresis without lauryl sulfate was carried out by 
the same procedure, except that the gel buffer was 
100 mM Tris containing 20 mM glycine and 1 g/100 ml 
Triton X-100 (New England Nuclear), pH 7.2. 

Enzyme assay. Xanthine oxidase activity was 
assayed by two different spectrophotometric meth- 
ods. Uric acid production was measured by an 
increase in optical density at 295 nm [13]. In the 
standard assay, xanthine (100 nmoles) was combined 
with 15 yg (25.3 munits) of enzyme preparation pro- 
tein and inhibitor in the presence of 80 nmoles 
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EDTA-Na, and 40 umoles potassium phosphate 
buffer, pH 7.4, in a volume of 1 ml. Enzyme was 
the final reactant added except in the preincubation 
studies. 

Alternatively, activity was assayed by the cyto- 
chrome c reduction method [14]. The incubation 
conditions were identical to those in the uric acid 
production assay with the exception that cytochrome 
c (90 nmoles, Type VI, Sigma) was included in the 
reaction mixture, and the change of optical density 
was followed at 550 nm. This reaction was completely 
inhibited by the presence of 80 units of superoxide 
dismutase and both reactions gave similar blank rates 
(omitting either xanthine or xanthine oxidase) except 
in the presence of N°-methylH,folate (see below). 

All spectrophotometric measurements were car- 
ried out in a Beckman DU spectrophotometer fitted 
with a constant temperature water bath, a Gilford 
automatic cuvette changer and continuous chart 
recorder, at 23° using | cm light path cuvettes. Radio- 
activity measurements were performed in a Packard 
Tri-Carb liquid scintillation counter with 10 ml 
Aquasol (New England Nuclear, Boston, MA) as 
scintillant. Counting efficiency for tritium was 47 per 
cent and for carbon-14 it was 90 per cent. 


RESULTS 


Enzyme purity. The purity of xanthine oxidase 
was assayed by gel electrophoresis. With polyacry- 
lamide gels in Tris—glycine buffer a single protein 
band was found. When more than 10 yg of protein 
was loaded onto gels, two other faint bands were 
visible. In sodium dodecylsulfate (SDS)—polyacry- 
lamide gel electrophoresis, three bands were found, 
corresponding to molecular weights of 18,000, 37,000 
and 74,000. Optical density measurements in potas- 
sium phosphate buffer (pH 7.4) revealed that 
Ex0/ E459 = 6.0 [15]. 

Because MTX is known to be a substrate for 
aldehyde oxidase but not xanthine oxidase [16], spe- 
cific tests for the presence of aldehyde oxidase were 
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carried out. Using the xanthine oxidase enzyme 
preparation, no oxidation of N '_methylnicotinamide, 
a substrate of aldehyde oxidase but not xanthine 
oxidase, could be detected at concentrations up to 
ten times its reported K,, for aldehyde oxidase with 
either ferricyanide or cytochrome c as the electron 
acceptor [17]. Similarly, menadione, an inhibitor of 
aldehyde oxidase but not of xanthine oxidase [18], 
did not inhibit enzyme activity, whether measured 
by uric acid production from xanthine or by reduction 
of cytochrome c by xanthine oxidation at menadione 
concentrations up to 10 uM. 

Folic acid purity. Folic acid (Sigma, Lot N.25C- 
0216) was assayed to be 299.6 per cent pure by 
Sigma. Stock solutions were prepared in 0.025N 
KOH and dilutions were made in double distilled 
water. However, because of the question of contam- 
ination of folic acid with the potent xanthine oxidase 
inhibitors pterin aldehyde and hydroxymethylpterin, 
detailed analysis and purification of the folic acid 
were carried out. 

The commercially obtained PGA was eluted from 
a 0.9 x 30cm DEAE-Sephadex A-25 column at 4° 
utilizing a linear gradient of 0.2 to 2.0 M NH, acetate 
with 0.01 M 2-mercaptoethanol (ETSH) throughout 
[19]. Using PH]JPGA alone, a number of rapidly 
migrating impurities were separated (Fig. 1) and not 
further characterized. Unlabeled PGA was then 
applied to the column and eluted similarly. A single 
peak of optical density at 285 nm was found which 
coincided with the major tritium peak. The fractions 
containing the PGA peak were then pooled, lyophi- 
lized and stored at —20° for future use. All pro- 
cedures were carried out in the dark to prevent 
ultraviolet radiation-induced breakdown of the folic 
acid. PGA concentration was determined using the 
molar extinction coefficient at 282 nm 
(Ei = 27,600) [20]. Experiments using [7H]PGA 
were carried out with labeled PGA prepared in this 
manner. 

When pterin aldehyde was co-chromatographed 
with PGA, three peaks were eluted (Fig. 2). Aliquots 
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Fig. 1. Purification of folic acid by column chromatography. Either 2.5 pmoles (1 wCi) of [HJPGA 

(@) or 3.3 mg of unlabeled (™@) PGA was applied to a 0.9 x 30cm DEAE-Sephadex A-25 column 

equilibrated with 0.2 M NH, acetate containing 0.01 M ETSH and eluted with a linear gradient from 

0.2 to 2.0 NH, acetate (0.01 M ETSH throughout). Each fraction contained 2.5 ml, and the flow rate 
was 14 ml/hr. Temperature was 4°, and gel filtration was carried out in the dark. 
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Fig. 2. Co-chromatography of pterin aldehyde, hydroxy- 

methylpterin and folic acid. Three milligrams PGA and 

2.4 mg pterin aldehyde were applied and eluted from a 

DEAE-Sephadex column under conditions shown in 
Fig. 1. 
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Fig. 3. Lineweaver-Burk plot for the inhibition of xanthine 
oxidase by folic acid. Xanthine oxidase, 15 wg (25.3 munits) 
of enzyme preparation protein, was combined with 
100 nmoles xanthine, 80 zmoles EDTA-Na, and 40 uzmoles 
potassium phosphate buffer (pH 7.4) in a volume of 1 ml 
with 0 (@), 0.9 (x) or 1.2 (A) nmoles PGA, and reaction 
velocity was monitored at 23° at 295 nm using a 1 cm light 
path cuvette. 
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from each peak were analyzed by t.l.c. using 
MN300F cellulose plates with 3% (w/v) NH,CI sol- 
vent [21]. Material from peak I gave a single spot 
with R; = 0.32, peak II a single spot with R, = 0.62, 
and peak III a single spot with R; = 0.24, consistent 
with pterin aldehyde, hydroxymethyl pterin and folic 
acid, respectively [6, 21]. The ultraviolet spectra of 
these compounds were determined and were con- 
sistent with data published previously [22]. 

The PGA was also chromatographed on MN300 
ECTEOLA TLC plates [3% (v/v) NH,OH] and 
DEAE-cellulose TLC plates [3% (v/v) NH,OH]. In 
each instance, a single spot was observed with 
R,; = 0.81 and R; = 0.73, respectively. 

Inhibition of xanthine oxidase by folates. Xanthine 
oxidase was not inhibited significantly by H,folate, 
H,folate or N°N'°-methyleneH,folate at concentra- 
tions up to 100 uM in the presence or absence of 
0.1M ETSH. Folic acid (Figs. 3 and 4), as well as 
MTX, leucovorin and N*-methylH,folate, produced 
competitive inhibiton. The inhibition constants (K; 
values) determined graphically from reciprocal plots 
are noted in Table 1. Methotrexate, leucovorin and 
N*methylH,folate were comparably weak inhibitors 
of the enzyme. PGA had a somewhat lower K; of 
0.12 4M. Determination of inhibition constants 
yielded comparable results using either xanthine 
oxidase assay method (Fig. 5) except in the case of 
N°-methylH, folate. Using this compound, nonlinear 
reaction rates were obtained with the cytochrome 
c reduction assay (see below). The pH curve of the 
inhibition of xanthine oxidase by folic acid demon- 
strated a broad plateau for degree of inhibition 
extending from pH 6.0 to 8.0. This is in contrast to 
uninhibited enzyme activity which rose steadily with 
increasing pH to pH 8.5 and then leveled off, a 
finding in agreement with previous reports [15]. 

The kinetic behavior of PGA-induced inhibition 
of xanthine oxidase was compared to that of pterin 
aldehyde. Preincubation of enzyme and PGA in the 
absence of xanthine for up to 60 min at 23° gave the 
same degree of inhibition as that obtained without 
preincubation with PGA concentrations from 0.05 
to 0.4 uM. Preincubation of pterin aldehyde with 
enzyme resulted in an initial increase of inhibition 
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Fig. 4. Dixon plot for the inhibition of xanthine oxidase by folic acid. Amounts of xanthine included 
were 8 (A), 16 (<) or 27 (@) nmoles. All other conditions were as in Fig. 3. 
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Inhibition constants of folates for xanthine 


oxidase* 


Table 1. 





Folate derivative 





Folic acid 
5-FormylH,folate 
Methotrexate 
5-MethylH, folate 
H>folate 

H,folate 
MethyleneH,folate 





* K; values were determined graphically from plots of 
1/v vs [folate] as in Fig. 4. Enzyme activity was determined 
by measuring the change of optical density at 295 nm with 
time in the absence of cytochrome c with xanthine as 
substrate. 


followed by a slower decrease as preincubation was 
prolonged beyond 10 min (Fig. 6). 

Preincubation of PGA with DNPH was carried 
out exactly according to the methods of Kalckar et 
al. [5]. The PGA concentration was 8 uM and that 
of DNPH was 10 mM during preincubation. During 
enzyme assay the PGA concentration was 0.53 uM. 
No decrease of inhibition was observed when prein- 
cubation was carried out for 10-30 min at room tem- 
perature. In contrast, when pterin aldehyde (2 uM) 
was preincubated with the same amount of DNPH, 
inhibition of xanthine oxidase was blocked. This 
occurred whether or not the pterin aldehyde had 
been purified with ETSH-containing solutions. 

Folates as substrates for xanthine oxidase. Folic 
acid, leucovorin, MTX and N°-methylH,folate were 
evaluated as substrates for xanthine oxidase using 
the cytochrome c reduction assay in the absence of 
xanthine. No activity was demonstrated at folate 
concentrations up to ten times the previously deter- 
mined K; values. 

Since 2-amino-4-hydroxypteridine is known to 
undergo hydroxylation at the 7-position in the pres- 
ence of xanthine oxidase [23, 24], new products were 
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Fig. 6. Preincubation of xanthine oxidase with folic acid 
or pterin aldehyde. Xanthine oxidase, 15 wg (25.3 munits) 
of enzyme preparation protein, was preincubated at 23° 
with 0.8nmoles PGA (@), 0.2nmole pterin aldehyde 
(A) or water(O) for varying periods of time with 40 umoles 
potassium phosphate buffer (pH 7.4) and 80nmoles 
EDTA-Na, in a volume of 825 yl. After the preincubation 
period, 100 nmoles xanthine and 90 nmoles cytochrome c 
were added in a volume of 175 wl, and reaction velocity 
was followed at 550 nm. 


also sought using DEAE-Sephadex chroma- 
tography. Sixteen nmoles (10 wCi) of [H]PGA was 
incubated with 15 wg of enzyme protein preparation 
in 2.5 ml of 50 mM potassium phosphate buffer con- 
taining 0.1 mM EDTA (pH 7.4) for 30 min at 23°. 
An equal amount of additional [*H]PGA was added 
and an aliquot was applied immediately to a DEAE- 
Sephadex column, according to the procedure out- 
lined above. The only radioactive peak noted cor- 
responded to that of unreacted folic acid. Similarly, 
incubation of enzyme with [*H]PGA revealed no 
additional peaks of radiactivity by t.l.c. analysis. 
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Fig. 5. Dixon plot for the inhibition of xanthine oxidase by folic acid. Xanthine oxidase, 15 yg 
(25.3 munits) of enzyme protein, was combined with folic acid and 10 (A), 18 (x) or 25 (@) nmoles 
xanthine. All other conditions were as in Fig. 3 except that 90 nmoles of cytochrome c was included 
in the reaction mixture, and reaction velocity was measured by the change in optical density at 550 nm. 





Xanthine oxidase inhibition by folates 


N*°-MethylH,folate and cytochrome c. When N°- 
methylH,folate was evaluated in this study, high 
nonlinear blank rates were observed in its presence 
in the cytochrome c assay, but not in the uric acid 
production assay. This change in optical density at 
550 nm occurred when N°-methylH,folate and cyto- 
chrome c were combined in the absence of either 
xanthine or xanthine oxidase, suggesting a nonen- 
zymatic reaction. This reaction was not inhibited by 
100 mM mannitol, 80 units/ml superoxide dismutase, 
1 mM 2,5-dimethylfuran, 100 mM tert-butyl alcohol 
or 8.25 units/ml catalase [25]. The cytochrome c 
preparation (horse heart type VI) that was used 
migrated as a single band in Tris—glycine polyacry- 
lamide gel electrophoresis [12]. 

Three milligrams (6.5 umoles) N°-methylH, folate 
was combined with 1.33uCi  [5-“C]-N- 
methylH,folate and purified as above on a DEAE- 
Sephadex column [19]. The fractions containing the 
compound were pooled, lyophilized and redissolved 
in water. This material had an R; of 0.80 in t.l.c., in 
agreement with literature values for N*- 
methylH,folate [23]. A solution of 0.54 umole of 
purified N°-methylH,folate (0.2 mCi/mmole) and 
0.54 umole of cytochrome c in a total volume of 1 ml 
was incubated for 30 min at 23° and then applied to 
the DEAE-Sephadex column. The cytochrome c 
eluted immediately after the void volume in fractions 
2-9, as monitored by optical density at 410 nm. The 
radioactivity eluted primarily in fractions 27—34 (Fig. 
7, peak I). Radioactivity from an aliquot of fraction 
30 migrated with an Ry of 0.88 in t.l.c., in close 
agreement with the value of 0.87 reported previously 
for N°-methylH>folate [23]. Radioactivity from an 
aliquot from fraction 44 (peak II) migrated with the 
same R; as N°-methylH,folate. These experiments 
suggest that oxidation of N°-methylH,folate to N*- 
methylH.folate is stimulated by cytochrome c. 


DISCUSSION 

The discovery of allopurinol as a potent inhibitor 
of xanthine oxidase has made a dramatic impact on 
the clinical treatment of hyperuricemia. However, 
its usefulness has been limited by the development 
of allergic reactions, the lack of general availability 
of a parenteral form of the drug, and its reported 
possible myelosuppressive effects which appear to 
be independent of its capacity to inhibit xanthine 
oxidase [26, 27]. 

Allopurinol bears a close structural resemblance 
to the pteridine ring of folic acid. Indeed, 2-NH,-4- 
OH-pteridine-6-aldehyde is one of the most potent 
known inhibitors of xanthine oxidase [2-5] and 
hydroxymethylpterin has been reported to be almost 
as potent an inhibitor [6]. When Kalckar et al. [5] 
proposed that PGA-induced inhibition of xanthine 
oxidase was, in fact, due to contamination with pterin 
aldehyde, they pointed out that: (1) the degree of 
inhibition varied with the purity of the preparation; 
(2) incubation of folic acid with 2,4-dinitropheny- 
lhydrazine decreased (but did not abolish) inhibition; 
(3) preincubation of PGA and enzyme altered the 
amount of inhibition observed; and (4) butanol 
extraction of folate also decreased inhibition. How- 
ever, the inhibitory activity of pure folic acid was 
not reported. Since folic acid is available in both oral 
and parenteral forms and appears to be relatively 
nontoxic, we explored the inhibitory potential of this 
compound for xanthine oxidase. 

Buttermilk xanthine oxidase was used in these 
studies. It is available in relatively pure form and 
Bergmann and Dikstein [28] have demonstrated a 
close correlation of substrate specificities between 
milk enzyme and that of human liver. Boss and 
Ragsdale [29] have recently published data compar- 
ing the effects of PGA on bovine milk and human 
liver xanthine oxidase. Using xanthine as the sub- 
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Fig. 7. Elution of N°-methylH, folate and its products of reaction with cytochrome c. N°-MethylH,folate, 
3 mg (6.5 umoles), was combined with 2 «Ci [5-'4C]-N°-methylH,folate and eluted from a DEAE- 
Sephadex column as in Fig. 1 yielding a major peak in fractions 40-50 (@) (peak II). This material was 


pooled and lyophilized. Then 0.54 umole [5-' 


C]-N°-methylH,folate (0.3 mCi/mmole) was incubated 


with 0.54 umole cytochrome c at 23° for 30 min in a volume of 1 ml containing 50 wzmoles potassium 

phosphate buffer (pH 7.4) and 1 wzmole EDTA-Nay, after which an aliquot was reapplied to the column 

and eluted as previously, yielding a major peak in fractions 27-34 (™). Cytochrome c eluted in fractions 
2-9, as monitored by optical density at 410 nm. Fractions contained 2.5 ml. Flow rate = 15 mW/hr. 
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strate, PGA yielded a K; of 0.9 uM for the bovine 
milk enzyme and 0.8 «4M for the human liver enzyme, 
suggesting that the two enzymes behave similarly 
toward PGA. However, they did not provide data 
on the source of PGA used or its purity. Studies 
similar to those presented in this paper, using human 
enzyme and highly purified PGA, will be necessary 
to confirm the similarity in behaviors of the human 
liver and buttermilk enzymes toward PGA. 

Because the purity of the PGA that was used was 
critical to these studies, detailed analyses of the 
purity of the PGA were carried out. No pterin-6- 
aldehyde could be detected by t.l.c. or ultraviolet 
spectral analysis. The folic acid preparation was pur- 
ified on a DEAE-Sephadex column by a method 
demonstrated to separate PGA from pterin aldehyde 
and hydroxvmethylpterin (Figs. 1 and 2). After 
incubation of [7H]PGA with enzyme, no new peaks 
of radioactivity were noted, suggesting that neither 
the aldehyde nor hydroxymethylpterin was produced 
during incubation of [7H]PGA with enzyme. The 
kinetic behavior of PGA was that of a freely reversi- 
ble competitive inhibitor of xanthine oxidase (Figs. 
3-5), whereas Lowry et al. [2] have shown that pterin 
aldehyde is such a tight-binding inhibitor of xanthine 
oxidase that its inhibition does not conform to simple 
Michaelis-Menten kinetics. In addition, we have 
demonstrated that preincubation of folic acid with 
xanthine oxidase in the absence of substrate does 
not affect the degree of inhibition, whereas prein- 
cubation of pterin aldehyde with enzyme results in 
an initial increase of inhibition followed by a slow 
decline (Fig. 6). The early increase of inhibition is 
consistent with the analyses of Cha et al. [30, 31] 
demonstrating that tight-binding inhibitors often 
have relatively slow association rates. The gradual 
decrease of inhibition was attributed previously to 
oxidation of pterin aldehyde to less active inhibitors 
by xanthine oxidase [5]. 

Finally, inhibition of xanthine oxidase by folic acid 
was not affected by preincubation with 2,4-dinitro- 
phenylhydrazine, while pterin aldehyde-induced 
inhibition was blocked by identical conditions. 
Therefore, by chemical analysis, purification, and 
kinetic behavior, the inhibition of xanthine oxidase 
by folic acid was shown to be distinct from that by 
pterin aldehyde and hydroxymethylpterin. 

In man, the major form of folate both in serum 
and intracellularly in liver and red blood cells is N°- 
methylH,folate [32]. Previous investigators have 
estimated total liver folate content to be approxi- 
mately 20 wmoles/kg [33], with much of the folate 
existing as polyglutamates. However, Stea et al. [6] 
have shown that a variety of malignant cells in tissue 
culture metabolize folic acid to 6-hydroxymethyl 
pterin, possibly via production of pterin aldehyde 
[2, 3]. It would be of interest, therefore, to examine 
human liver for the possible production of these 
metabolites after the administration of pharmacol- 
ogic doses of folic acid. 

The K; of MTX for xanthine oxidase is 25 uM. 
Many investigators have shown that levels in excess 
of this are reached in humans during ‘high-dose 
MTX’ therapy with leucovorin [9] and thymidine 
[34] ‘rescue’. However, this is a transient state and 
unlikely to be of clinical significance. 
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Despite earlier studies demonstrating the 7- 
hydroxylation of 2-NH,-4-OH-pteridine by xanthine 
oxidase [23, 24], we were unable to show enzymatic 
oxidation of any of the folates tested. However, 
cytochrome c is reduced in the presence of N*- 
methylH, folate, extending the observation of Don- 
aldson and Keresztesy [35], who hypothesized the 
oxidation of -methylH,folate to N- 
methylH,folate to explain the alteration of the 
capacity of N°-methylH,folate to support 
methyleneH, folate reductase activity after exposure 
to a variety of oxidizing agents including cytochrome 
c. The behavior of the product of N°-methylH,folate 
and cytochrome c in t.l.c. confirms its identity as N°- 
methylH.folate [21]. The failure of scavengers of 
superoxide anion, hydrogen peroxide, singlet oxygen 
and hydroxyl radicals to inhibit this reaction makes 
their participation in the oxidation of N- 
methylH,folate unlikely [25]. 

Further evaluation of folic acid and its analogues 
as Clinically useful inhibitors of xanthine oxidase is 
needed. Of special interest would be the behavior 
of folates with reduced xanthine oxidase. Many of 
the folates evaluated in the present study, as well as 
a variety of other compounds already reported, 
exhibit K; values in the range of 10-1000 nM under 
the conditions used here [15, 36]. However, allo- 
purinol, the clinically used xanthine oxidase inhibi- 
tor, is converted in vivo to oxypurinol which has an 
extremely high affinity for reduced xanthine oxidase, 
producing 50 per cent inhibition of enzyme activity 
at drug concentrations of approximately 0.5nM 
[37, 38]. Agents which would maintain this enzyme 
preparation in the reduced state under aerobic con- 
ditions, such as dithionite, however, would also 
reduce folic acid. While Boss and Ragsdale [29] have 
reported that H,folate also inhibits oxidized xanthine 
oxidase, we have been unable to confirm this obser- 
vation. Therefore, we have not yet examined the 
inhibition of reduced xanthine oxidase by PGA. 

Unless extremely high intracellular concentrations 
of unchanged folic acid or pterin aldehydes can be 
achieved, or folates prove to be more effective as 
inhibitors of reduced rather than oxidized xanthine 
oxidase, it seems unlikely that folic acid will be an 
effective clinical agent for inhibiting xanthine 
oxidase. 
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SHORT COMMUNICATIONS 


Diphenylhydantoin induction of intracellular B-glucuronidase and alkaline 
phosphate activity in cultured bovine dental pulp cells 


(Received 8 February 1979; accepted 29 December 1979) 


Diphenylhydantoin (DPH) or phenytoin (previously known 
as Dilantin; Parke, Davis & Co., Detroit, MI) is the ‘drug 
of choice’ in the treatment of grande-mal epileptic seizures. 
Patients are often treated with the drug for many years and 
may develop side-effects of varying clinical severity and 
importance. 

One of these side-effects is the induction of numerous 
enzymes, particularly those found in the microsomal frac- 
tion of the liver. Among those thus far described are 
microsomal enzymes and lactic dehydrogenase in the liver 
[1] and oxidative enzymes (cytochrome oxidase, NADH 
cytochrome c reductase, and NADPH cytochrome c reduc- 
tase) in gingiva [2]. DPH has been shown to interfere with 
proline hydroxylation [3, 4] and also appears to alter 
hydroxylation of vitamin D to that of the more polar 
inactive metabolites [5, 6]. Many other effects related to 
abnormal collagen metabolism have been described [7-9]. 

During a pilot study of bovine dental pulp cells grown 
in monolayer culture when DPH was included in the 
medium, we noticed a great increase in intracellular B- 
glucuronidase, demonstrated histochemically, in these cells 
as compared to controls but could show no corresponding 
biochemical phenomenon [10]. We report in this paper a 
more detailed study which explains the initial discrepancy. 


METHODS AND MATERIALS 


(A) Cells 


Bovine dental pulp cells were prepared by ficin disso- 
ciation according to the method of Miller et al. [11]. 


(B) Cultures 


Cells from (A) were counted and appropriately diluted 
in culture medium to give 10° viable cells/25 cm* Falcon 
plastic T-flask. These were cultured 1n Minimal Essential 
Medium (MEM) with Hanks’ salts and 10% (v/v) fetal calf 
serum. The medium contained DPH [27 ug/ml (10~* M); 
2.7 wg/ml (10-°M); or 0.27 ug/ml (10-°M)] and ethanol 
(1%, v/v), ethanol (15%, v/v) alone, or no additives. 
Ethanol was used to initially solubilize DPH. 


(C) Cell sonicates 


(1) Other cells from (A) were further washed with physio- 
logical saline, centrifuged, and resuspended in 5 ml saline. 
The suspension was immersed in an ice bath and sonicated 
with a Branson (W185 Heat Systems, Ultrasonics, Inc., 
Plainville, NY) sonicator for 2 min. 

(2) Cultured cell sonicates were prepared by decanting 
medium and cutting off the cell-free side of each Falcon 
flask with the flattened tip of a soldering iron. (Cells were 
not allowed to dry.) The monolayer was washed with 2 ml 
of physiological saline, which was decanted, and another 
ml of saline was added. Cells were scraped free with a 
rubber scraper and the saline—cell suspension was carefully 
removed with a pipette. An additional 1 ml of saline was 
added to the flask, which was then agitated, and this rinse 
was added to the cell suspension. The suspensions were 
stored on ice and sonicated as above. 


(D) Histochemical methods on monolayer cultures in situ 


(1) B-Glucuronidase [12]. Naphthol AS-BI glucuronide 
substrate was incubated with hexazotized pararosaniline in 
acetate buffer at pH 5.2. Substrate concentration was dou- 
ble the amount recommended by Pearse [12] because higher 
substrate concentrations are necessary to penetrate the 
semi-intact cell membranes of monolayers. A control was 
run which contained only diazonium salt and no substrate. 

(2) Alkaline phosphatase [13]. The simultaneous azo- 
coupling method of Gomori [14], which utilizes a-naphthol 
acid phosphate as a substrate and fast blue RR as a dia- 
zonium salt, was employed. Substrate concentration was 
four times the suggested amount. Again, substrate-free 
controls were included. 


(E) Biochemical methods on cell sonicates 


All biochemical methods employed were micro-modifi- 
cations of Sigma kit methods (Sigma Chemical Co., St. 
Louis, MO) except that for total protein [15] which was 
also modified to a micro-method. Details of these modi- 
fications are given with each technique. Results are 
expressed as arbitrary units because of these modifications, 
but comparisons are made only within experiments. No 
attempt has been made to convert these data to the usual 
clinical units. All methods are colorimetric and were read 
on a Bausch & Lomb colorimeter (Spectronic 20) with a 
microcuvette adaptor and matched microcuvettes. 

(1) pH Profile of B-glucuronidase in uncultured dental 
pulp cells. Cell sonicates prepared as in (Cl) were 
assayed for B-glucuronidase [16] by combining 50 yl soni- 
cate with 50 wl phenolphthalein-glucuronic acid (0.03 M) 
and 200 wl of 0.2 M sodium acetate-acetic acid buffer at 
pH 4.5, 4.75, 5.0, 5.25 and 5.5 in 2-ml test tubes. These 
were stoppered, agitated, and incubated at 56° in a water 
bath for 1 hr. At the end of the incubation, 1 ml of 0.1M 
2-amino-methyl-1-propanol buffer, pH 11, was added. This 
method was modified from a Sigma kit (Sigma Technical 
Bulletin No. 325). Absorption was read at 550 nm against 
a reagent blank. Results were compared with a pheno- 
phthalein calibration curve and expressed as ug/ml phen- 
ophthalein x 107°. Each pH point was assayed in triplicate 
and the results presented are an average. 

(2) Comparison of B-glucuronidase activity at pH 4.5 and 
5.25 in cells cultured with 0.27, 2.7 and 27 ug/ml DPH. 
Sonicates were prepared as in (C2) from three flasks from 
each experimental group and duplicate assays were per- 
formed on each sonicate. Reagents were identical to those 
in (E1) but proportions were 100 yl cell sonicate to 50 wl 
substrate and 300 ul buffer at pH 4.5 or 5.25. One milliliter 
of 0.1 M 2-amino-methyl-1-proponal buffer was added to 
the tubes‘after incubation. 

(3) Alkaline phosphate activity in cells cultured with 0.27, 
2.7 and 27 g/ml DPH. Cell sonicate (50 yl) was added to 
100 ul p-nitrophenyl phosphate substrate [100 mg Sigma 
104 phosphatase substrate (Sigma Technical Bulletin No. 
104) to 33.2 ml water] and 250 yl of 0.1 M glycine in 0.001 M 
magnesium chloride, pH 10.5. Tubes were stoppered, agi- 
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Fig. 1. B-Glucuronidase activity in bovine dental pulp at 

a range of pH values. Notice that the prominent peak at 

pH 4.5 is quite distinct from the lesser peak at pH 5.2. The 

number at the top of each column represents the standard 

error. Values indicated by an asterisk (*) show pH at the 
end of the assay if a change occurred. 


tated and incubated for 30 min at 37°. One milliliter of 
0.2 N NaOH was added, and absorbance was read at 420 nm 
and compared with a calibration curve of p-nitrophenol. 
Duplicate assays were made on each of the three sonicates 
from each group. 

(4) Total protein. Total protein was determined by a 
micro-modification of the method of Lowry et al. [15]: 
100 yl cell suspension was added to 1 ml of Lowry’s solution 
C and 50 wl of Folin and Ciocalteu’s reagent diluted 1:1 
with distilled water. Tubes were incubated for 1 hr at room 
temperature. A calibration curve was prepared with dilu- 
tions of Sigma protein standard (Sigma Stock No. 540- 
10:50 mg/ml human albumin, Fraction 4, and 30 mg/ml 
human globulin, Fraction II) incubated at the same time. 
The results were read against this and expressed as wg of 
protein/ml. Each sonicate was assayed in triplicate. The 
results from biochemical methods (E2) and (E3) were 
corrected for total protein. 


RESULTS 


Figure 1 and Table 1 summarize the data obtained from 
the biochemical studies. 


B-Glucuronidase activity in uncultured bovine dental 
pulp cells maximized sharply as the pH was increased to 
4.5 but decreased as the pH became more alkaline (Fig. 
1). At pH5S.5 activity again increased. The minimum at 
PH 5.25 is not statistically significant but the increase at 4.5 
is highly significant. A subsequent pH check showed that 
the pH shifted slightly downward during the reaction. 

B-Glucuronidase activity in cultured cells, when assayed 
at pH 4.5, reflected no significant differences between cells 
cultured with ethanol or any concentration of DPH (Table 
1). When the assay was carried out at pH 5.2, however, a 
very different picture was obtained (Table 1). The ethanol 
control did not differ from the medium control, but addition 
of DPH in even the lowest concentration (0.27 ug/ml) 
produced a very significant increase in biochemically 
demonstrable fB-glucuronidase. The next concentration 
(2.7 ug/ml) produced yet another statistically significant 
increment, but a further increase in DPH concentration to 
27 ug/ml did not elicit any greater B-glucuronidase activity. 

The per cent activity at pH 5.2, when compared to that 
at pH 4.5, was increased from approximately 60 per cent 
in the controls to 85-90 per cent in DPH-treated cultures. 

Histochemical analysis of B-glucuronidase, at pH 5.2, in 
contrast to the biochemical findings, demonstrated a con- 
sistent and corresponding increase in enzyme activity with 
increasing DPH concentration in the culture medium. The 
increase in activity between 2.7 and 27 ug/ml DPH was 
very marked, however, while the increase between controls 
and 0.27 and 2.7 ug/ml DPH, while detectable, was not so 
striking. 

Biochemically demonstrable alkaline phosphatase was 
found to increase only when cells were cultured with 
27 ug/ml DPH (Table 1). The increase was significantly 
different from the medium control but not from the ethanol 
control, most probably because of the large standard error 
of the latter. The depression of activity at 0.27 g/ml is not 
Statistically significant. Histochemically, no increase in 
alkaline phosphatase activity could be discerned readily. 


DISCUSSION 


The pH profile of B-glucuronidase present in uncultured 
pulp cells suggests that two isoenzymes may be present. 
Mills [17] has shown that isoenzymes exist which have 
maxima of 4.5 and 5.2. The maximum at 4.5 is obvious 
(Fig. 1) but the maximum at the more alkaline pH is not 


Table 1. #Glucuronidase and alkaline phosphatase activity of cells cultured with and without 
diphenylhydantoin 





$-Glucuronidase, 
pH 4.5 

[(units x 10~?/ug 

protein) + S.E.]} 


Culture 
conditions 


Alkaline 
phosphatase 
[(units x 1073/ug 
protein) + S.E.]} 


B-Glucuronidase, 
pH 5.2 
[(units x 10~?/ug 
protein) + S.E.] 





Medium control 1.82 + 0.31 
(MEM)* 

Ethanol control 
(MEM + 1% EtOH)t+ 
0.27 Hs DPH/mlt 
(10° M) 


2.04 + 0.44 
2.77 + 0.13 


2.69 + 0.26 


2.7 ug DPH/mlt 
(10°° M) 

27 ug DPH/mlt, § 
(10°"ppM) 


2.97 + 0.33 


1.03 + 0.12 4.92 + 0.33 


1.24 + 0.25 4.88 + 0.69 
1.94 + 0.07 
(P < 0.025)+ 
2.43 + 0.21 
(P < 0.0005)+ 
2.67 + 0.27 
(P < 0.005)+ 


4.39 + 0.42 
5.62 + 0.48 


6.07 + 0.20 
(P <0.05)| 





* Minimal essential medium, Hanks’ salts, 10% calf serum. 
+ Diphenylhydantoin was obtained from Parke Davis & Co. and added to the medium as a 100 


x conc in ethyl alcohol. 


§ The normal plasma concentration of this drug is 7-30 ug/ml. 


¢ Significance of difference from EtOH control. 


|| Significance of difference from medium control. 
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quite as striking. The apparent slight shift in the 5.2 max 
is due to the pH having dropped during the assay, and later 
assays on cultured pulp cells contained a larger proportion 
of buffer in an attempt to alleviate this problem. 

The statistical analysis on B-glucuronidase assayed at 
pH 4.5 on pulp cells cultured with and without DPH sug- 
gests that no significant increase in activity could be found 
in this experiment. There can be no doubt, though, that 
enzyme activity assayable at pH 5.2 is selectively induced. 
This finding explains the original discrepancy between the 
biochemical and histochemical data. 

Drugs such as phenobarbital and diphenylhydantoin 
(phenytoin) are typically detoxified by mixed function liver 
microsomal oxidases by first hydroxylation of one phenyl 
group and then conjugation as a glucuronide [18]. Induction 
of these enzymes by DPH has been shown by Andreasen 
and Bremmalgaard [1] who also demonstrated that DPH- 
treated rats had an increased ethanol-oxidizing activity. 
Other drugs such as meprobomate may also be metabolized 
more quickly if DPH is also administered [19]. These find- 
ings would suggest that an over-production of these 
enzymes occurs. 

The enzyme responsible for glucuronide conjugation is 
‘ UDP-glucurony] transferase [20]. The transferase involved 
in bilirubin clearance has also been demonstrated to 
increase with administration of anti-epileptic drugs [21]. 
BGlucuronidase is responsible for clearing the glucuronide 
after transport of the drug. In the case of cultured cells, 
one might expect to find extracellular rather than intra- 
cellular B-glucuronidase. However, Hanstrom (personal 
communication) has shown an increase in intracellular than 
extracellular 6-glucuronidase in gingival explants organ- 
cultured with DPH. He suggests that this might be a result 
of decreased permeability of the cell membrane to enzymes. 

Increased intracellular B-glucuronidase may have some 
unexpected ramifications. Its most obvious result would be 
to produce an excess of glucuronide, and that this occurs 
in vivo is suggested by the increase in glucaric acid excretion 
in DPH and phenobarbital-treated patients (22, 23]. Glu- 
caric acid is a metabolite of glucuronate; glucuronate is 
also important to the synthesis of both ascorbic acid and 
acid mucopolysaccharides. 

Glucuronic acid is also an important component of acidic 
glycosaminoglycans which are associated with connective 
tissue ground substance. Chondroitin sulfate, hyaluronic 
acid and dermatan sulfate all have glucuronic acid as a 
major component. Cheng and Staple [24] have shown that 
hexosamine content of rat skin is increased after chronic 
DPH administration. 

Patients who have received long-term treatment with 
DPH may have increased serum levels of alkaline phos- 
phatase [25]. This is particularly true of those who exhibit 
Dupuytren’s disease (thickening and hyalinization of col- 
lagen bundles in the hand) [26]. Alkaline phosphatase is 
often associated with mineralization or cell proliferation. 

In dental pulp monolayers, alkaline phosphatase activity 
usually occurs in areas of greatest cell density. The cultures 
treated with 27 ug/ml DPH, though, were less dense than 
the others. 

Hassel et al. [27] have demonstrated that fibroblasts from 
gingival biopsies of individuals undergoing long-term 
diphenylhydantoin therapy (when placed in monolayer cul- 
ture) produce twice as much collagen as those from control 
patients. This occurs for several cell generations even thogh 
no DPH is included in the culture medium. These authors 
suggest that DPH ‘selects for’ cells which have these proper- 
ties and that such a selection process may occur in vivo. 
Induction of microsomal enzymes has been implicated in 
connective tissue disorders [26] so one may ask whether 
the ability to respond and detoxify dilantin may not be 
invoived in such a selection process. Perhaps the two fea- 
tures are related. 

In conclusion, diphenylhydantoin (0.27, 2.7 or 27 ug/ml) 
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in culture medium of primary bovine dental pulp mono- 
layers induced #-glucuronidase activity which is demon- 
strable biochemically at pH 5.2. Histochemical techniques 
demonstrated this increase to be intracellular. Because an 
overabundance in intracellular f-glucuronidase probably 
leads to an excess of glucuronide, as suggested by increased 
glucaric acid excretion in DPH- and phenobarbital-treated 
patients, an increase in other metabolites of that compound, 
such as ascorbic acid and acid mucopolysaccharides, may 
be postulated. High concentrations of DPH in the culture 
fluid (27 ug/ml) also cause an increase in biochemically 
demonstrable phosphatase which is not apparent 
histochemically. 
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Influence of colchicine derivatives on lysosomal enzyme release from 
polymorphonuclear leukocytes and intracellular levels of cAMP after phagocytosis 
of monosodium urate crystals 


(Received 27 December 1979; accepted 17 March 1980) 


Colchicine and its analogues belong to the group of micro- 
tubular inhibitors [1]. Microtubules are involved in the 
transport towards lysosomes of extracellular material 
wrapped in vesicles. Drug-induced tubulostasis may lead 
to reduced digestion of phagocytozed material and could 
prevent metabolic transformation of this material. These 
events possibly play a role in the inhibition of the generation 
of inflammatory mediators [2]. Colchicine does not stabilize 
isolated lysosomes [3], so its primary action on polymor- 
phonuclear functions (release of lysosomal enzymes and 
chemotactic factors, motility, etc.) is possibly mediated 
through its antimicrotubular activity [4]. 

Some of the colchicine derivatives exhibit similar effects 
as the parent compound, e.g. demecolcine and deacetyl- 
colchiceine, and are equivalent to colchicine in anti-gout 
activity [5]. Deacetylcolchiceine is nearly as effective as 
colchicine in inhibition of urate-stimulated motility of PMN 
[6] and less active in urate-induced paw swelling in rat [7]. 

Since enzyme release from PMN is probably crucial for 
the tissue injury in gouty arthritis [8], the influence of 
colchicine derivatives—demecolcine and deacetylcolchi- 
ceine—on lysosomal enzyme release from PMN after 
phagocytosis of monosodium urate crystals (MSU) and on 
the intracellular level of 3’, 5’ cyclic adenosine mono- 
phosphate (cAMP). 

Demecolcine and deacetylcolchiceine were kindly sup- 
plied by Prof. F. Santavy, M.D., Biochemical Institute of 
the Medical Faculty, Palacky University, Olomouc, 
Czechoslovakia. 

MSU microcrystals (0.5-30 um) were a gift from Dr. 
Tovarek, University Hospital, Brno, Czechoslovakia. 

Separation of leukocytes [9]. Leukocytes were obtained 
from the venous blood of healthy young men. Blood 
(450 ml) was drawn into plastic flasks with 0.9. ml of heparin 
(5000 U per ml) and 90 ml of a 6% dextran solution. Sedi- 
mentation was allowed to proceed in the same flasks for 
40 min at room temperature. The cell-rich supernatant was 
sedimented at 100 g for 8 min at room temperature. The 
erythrocytes were removed by hypotonic lysis (90 ml 0.85% 
NaCl for 30sec, 270 ml distilled water added for 20sec, 
90 ml 2.6% NaCl added, and the leukocytes were washed 
two more times in 0.15 M NaCl and resuspended in the 
buffered medium to a concentration of 5 x 10’ leukocytes 
per ml medium (1% glucose in phosphate buffered saline, 
pH 7.4, containing 500 U of heparin per 100 ml.) Neutro- 
phils were 60-75 per cent of total leukocytes. 

Measurement of enzyme release. Portions of cell suspen- 
sion 0.7 ml were dispensed into 10 x 75 mm plastic test 
tubes. The cells were incubated at 37° with gentle shaking 
with demecolcine or with deacetylcolchiceine in various 


concentrations 0.5 ml. Autologous serum was added to a 
concentration of 10%. After 1 hr incubation the cells were 
exposed for 1 hr to particles of microcrystalline monoso- 
dium urate 0.2 ml. The final concentration of urate was 
0.5 mg per ml medium. At the end of experiments, tubes 
were centrifuged at 755 g at 4°. The cell-free supernatant 
fractions were used for enzyme determination. Portions 
(0.5 ml) of 0.05M Tris-HCl! buffer (pH 7.5) containing 
4mM EDTA were added to sediments (EDTA acts as a 
phosphodiesterase inhibitor to prevent degradation of 
cyclic nucleotides by plasma enzymes). Samples were 
heated to 100° and centrifuged at low speed. Supernatant 
fractions were stored at —20° for determination of cAMP. 

Estimation of enzymatic activities. Lactate dehydrogen- 
ase (EC 1.1.1.27) was determined by the method of Berg- 
meyer et al. [10] and neutral proteases (EC 3.4.4) activity 
was estimated by the procedure reported by Ignarro [11]. 

Beta-glucuronidase (EC 3.2.1.31) activity was measured 
with phenolphthalein glucuronide as substrate [12] and 
acid phosphatase (EC 3.1.3.2) was established using 
p-nitrophenyl-phosphate as substrate [13]. 

Determinations of total enzyme activities were made 
after cells either incubated with tested drugs or without 
incubation were lysed by six freeze-thaw cycles. Broken 
cells preparations were centrifuged and enzyme activities 
were then determined. Incubation with added drugs did 
not influence the total enzyme activity in comparison with 
untreated cells. 

The cyclic nucleotide levels were estimated by cyclic 
AMP assay kit (The Radiochemical Centre, Amersham, 
U.K.) [14, 15]. 

Polymorphonuclear leukocytes incubated with MSU 
crystals released lysosomal enzymes as well as cytoplasmic 
marker enzyme—LDH (Tables 1 and 2). The preincubation 
with both colchicine derivatives in various concentrations 
resulted in a decrease of lysosomal enzyme release. The 
inhibition was dose-dependent. The release of cytoplasmic 
enzyme LDH tended to decrease but not to such an extent 
as the release of lysosomal enzymes, especially in the 
experiment with demecolcine. Phagocytosis of MSU crys- 
tals induced the decrease of cAMP level (Table 3). In the 
presence of tested colchicine derivatives (in concentrations 
10~* and 10~* M) there was an elevation in cAMP. This 
increase was dose-dependent. 

The release of lysosomal enzymes may be influenced by 
several pharmacologic agents [16]. Three major types of 
compounds have been studied: (1) those that interfere with 
the levels of cyclic nucleotides—elevation of cAMP cellular 
levels reduces the enzyme release. Accumulation of cGMP 
results in enhancement of enzyme release from PMN; (2) 
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._ Table 3. The influence of demecolcine (DEME) and 
deacetylcolchiceine (DAC) on cyclic AMP levels* 





Cyclic AMP 
(pmoles/5 x 10’ cells) 





Polymorphonuclear 
leukocytes (PMN) 

PMN + urate (U) 

PMN + U + 10 °M DEME 
PMN + U + 10°*M DEME 
PMN + U + 10°°M DEME 


Polymorphonuclear 
leukocytes (PMN) 

PMN + urate (U) 

PMN + U + 10°°M DAC 
PMN + U + 10°*M DAC 
PMN + U + 10°°M DAC 


16.13 + 0.26 
15.47 + 1.18 
26.53 + 0.617 
26.30 + 1.144 
19.33 + 0.71 


13.73 + 1.03 
9.20 + 0.55 
16.27 + 0.52t 
14.96 + 0.75+ 
9.87 + 0.64 





* Each number represents the mean of five samples. 
+ Siatistically significant difference. P < 0.01. 


agents which affect the state or function of cytoplasmic 
microtubules; (3) agents that are known to stabilize 
biomembranes. 

Colchicine inhibits microtubule assembly both in vitro 
and in vivo by binding to tubulin with high affinity the 
major protein constitutent of microtubules. Malawista uses 
this mechanism for explanation of the fact that colchicine 
actively inhibits the extracellular release of lysosomal 
enzymes [17]. Colchicine also potentiates the increase of 
cAMP in human leukocytes induced by beta-adrenergic 
agonists and phosphodiesterase inhibitors [18]. 

The structure-activity relationship of colchicine deriva- 
tives has been investigated in several models. The results 
do not support the unitary hypothesis for colchicine activity, 
based on its interference with microtubular subunit protein 
aggregation. Deacetylcolchiceine, used in our study, is an 
active drug in acute gout, as in colchicine [19]. Deacetyl- 
colchiceine has no effect on microtubular precursor protein 
and even in high concentrations has little or no antimitotic 
effect in a variety of cell systems in vivo and in vitro [20, 21]. 
Deacetylcolchiceine is nearly as effective as colchicine in 
inhibiting the PMN motility in vitro but [6] has no influence 
on the urate-induced paw swelling in mice [7]. Demecol- 
cine, on the other hand, inhibits the urate-induced paw 
swelling in rat, as does colchicine [22, 23]. Demecolcine is 
about equipotent to colchicine in inhibiting the uptake of 
nucleoside in various mammalian cell lines [20]. Deace- 
tyicolchiceine did not inhibit the nucleoside transport. 

Conclusion. MSU crystals-induced release of lysosomal 
marker enzymes from PMN was inhibited by both colchi- 
cine derivatives—deacetylcolchiceine and demecolcine. 
Pretreatment of the cells with both drugs resulted in a 
intracellular elevation of cAMP. It seems that there is a 
certain correlation between the activity of these agents and 
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the level of cAMP. This effect could be primary and may 
mediate later via the intracellular level of cyclic nucleotides 
the influence on the integrity of the microtubular system. 
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Trazodone, a new nontricyclic antidepressant without anticholinergic activity 


(Received 12 January 1980; accepted 15 February 1980) 


Tricyclic antidepressant therapy is associated with atropine- 
like side effects including difficulty in urination, exacer- 
bation of glaucoma symptoms, dry mouth and constipation 
[1]. These may be hazardous to the patient or interfere 
with compliance by middle-aged and elderly individuals 
who constitute the majority of the population being treated 
for depression. Trazodone (Desyrel) is a new antidepres- 
sant agent which is therapeutically equivalent to the tricyclic 
antidepressants. It has a rapid onset of action, with ben- 
eficial therapeutic effects evident by 3-7 days [2]. The 
pharmacological profile of trazodone is quite different from 
that of the tricyclic antidepressants and reveals a low level 
of anticholinergic activity in standard tests with laboratory 
animals [3]. We have obtained in vitro biochemical evi- 
dence, corroborated by in vivo test data, which predicts 
that trazodone therapy will exhibit a lower incidence of 
anticholinergic side effects compared to the conventionally 
used tricyclic compounds. 

The displacement of [*H]-3-quinuclidinyl benzilate 
(PHJQNB) from washed membranes [4] obtained from rat 
hippocampi was used to evaluate the relative affinities of 
trazodone and various tricyclic antidepressants for mus- 
carinic cholinergic binding sites. Male Sprague-Dawley rats 
were decapitated, the brains removed, and the hippocampi 
dissected and held at —80° until required. Pooled hippo- 
campi were homogenized (Polytron), and membranes were 
recovered and washed once by centrifugation at 39,000 g 
for 10min in 200 vol. of HEPES-KOH, pH 7.4.* The 
washed membranes were resuspended in 20 vol. of ice-cold 
buffer. Specific binding was measured by incubating mem- 
branes (75-100 ug protein) in the presence of 33 pM 
(HJQNB (New England Nuclear, sp. act. = 29.4 Ci/mmole; 
less than Kp of 75 pM) and drug in duplicate for 90 min at 
25°. Atropine (10 uM) displaced 87 per cent of the total 





* Abbreviations used: HEPES, 4-(2-hydroxyethyl)-1- 
piperazine-ethanesulphonic acid; and ICs9, concentration 
required to produce 50 per cent inhibition. 


Table 1. In vitro and in vivo estimates of anticholinergic 
activity of antidepressants* 





Inhibition of 
physostigmine 
lethality, EDs 

(umoles/kg) 


Inhibition of 
PHJQNB 
binding, 


Drug ICso (nM) 





0.51 + 0.41 
75,300 + 500+ 
160 + 90 
170 + 40 
470 + 170 
94 + 38 


4.0 (2.9-5.6)+ 
> 980§ 

58 (47-71) 
537 (340-770) 
538 (390-730) 
230 (190-280) 


Atropine 
Trazodone 
Amitriptyline 
Comipramine 
Desipramine 
Imipramine 





* Each result is the mean + S.E.M. for three different 
hippocampal preparations. 

+ Ninety-five per cent fiducial limits in parentheses. 

+ P<0.01 vs all other compounds (paired Student’s t- 
test). 

§ No protection provided at this dose. 


counts bound. Filtration and counting techniques have been 
described [4]. The 1Csg values were obtained from linear 
regression analysis of log-probit plots at five concentrations 
of each drug. 

The in vivo estimate of anticholinergic activity was 
obtained in fasted, male Charles River (CD-1) mice. Var- 
ious dose levels of drug were administered orally and, at 
a previously determined time of peak effect, the animals 
were injected with 1.25 mg/kg, i.p., physostigmine sulfate 
(> LDgg). Drugs were tested at three or more dose levels 
on groups of ten mice. Animals observed alive after 1 hr 
indicated positive anticholinergic activity. The EDs9 values 
(and 95 per cent fiducial limits) were determined according 
to the method of Berkson [5]. 

The results of these experiments are shown in Table 1. 
The tricyclic antidepressants have 0.1-0.5 per cent the 
potency of atropine in inhibiting the binding of [‘H]QNB 
in vitro, while trazodone is 150- to 800-fold weaker (0.0007 
per cent of atropine). Trazodone was not found to possess 
anticholinergic activity in vivo whereas all of the tricyclic 
compounds demonstrated atropine-like activity. 

A dose of trazodone comparable to that clinically 
administered to humans [2] would yield an equilibrium 
plasma concentration of 200-600 nM in rats [6]. The ther- 
apeutic steady-state concentration of imipramine has been 
determined to be 450-800 nM, and plasma levels for other 
tricyclic compounds are in the same range [7]. Thus, the 
in vivo plasma concentrations of trazodone and the con- 
ventional tricyclic antidepressants which result in thera- 
peutic benefit are probably spread over the same concen- 
tration range. In particular, the therapeutic plasma 
concentrations of the tricyclic antidepressants are of the 
same order as the concentrations found to inhibit cholin- 
ergic binding by 50 per cent in vitro, while the predicted 
therapeutic plasma concentration of trazodone is less than 
0.8 per cent of the ICso in vitro. Therefore, it would be 
predicted that a therapeutically equipotent regimen of tra- 
zodone, compared to conventional tricyclic antidepressant 
therapy, would lack the anticholinergic side effects associ- 
ated with the latter. In fact, a recent 15-center double-blind 
trial revealed a significantly higher incidence of anticholin- 
ergic side effects for imipramine versus trazodone or pla- 
cebo, while there was no significant difference in side effects 
when trazodone and placebo were compared [8]. In addi- 
tion to the important clinical implications of our work, 
there is the suggestion that, in contrast to current thinking 
(see Ref. 9 for a brief review), cholinergic mechanisms 
may have little influence on the pathophysiology and phar- 
macotherapy of affective illness. 

In summary, the anticholinergic activity of trazodone, 
a new non tricyclic antidepressant, was compared with 
other established tricyclic antidepressants. [H]QNB bind- 
ing was used as the in vitro method for comparing anti- 
cholinergic activity. Prevention of death after physostig- 
mine administration was used as the in vivo estimate of 
activity. Trazodone was found to have much less anti- 
cholinergic activity than the tricyclic antidepressants. 
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Dexamethasone increases B-adrenoceptor density in human astrocytoma cells 


(Received 10 February 1980; accepted 31 March 1980) 


The density of B-adrenoceptors has been shown to vary 
under a number of experimental paradigms. Thus, during 
the process of catecholamine-induced desensitization, a 
reduction in the number of B-adrenoceptors occurs [1-5]. 
Conversely, drug-induced decreases in norepinephrine lev- 
els in vivo result in a compensatory increase in B-adreno- 
ceptor density [6-8]. We have recently demonstrated [9] 
that the marked alterations in catecholamine-stimulated 
adenosine cyclic 3’,5’ monophosphate (cyclic AMP) accu- 
mulation which occur during growth of human astrocytoma 
cells in culture are mediated by similar changes in the 
density of B-adrenoceptors. Finally, B-adrenoceptor den- 
sities can be influenced by a number of chemicals of unre- 
lated structure. Thus, sodium butyrate has been shown to 
induce B-adrenoceptors in Hela cells [10], while triiodo- 
thyronine increased the density of these receptors in rat 
heart [11] and in cultured heart cells [12]. 

Glucocorticoid steroids have been shown to be involved 


Percentage of control 








T T 
8 -7 
Dexamethasone concentration ( log M) 


Fig. 1. Effect of dexamethasone concentration on basal, 
NaF- and isoproterenol-stimulated adenylate cyclase 
activity and the density of B-adrenoceptors. Adenylate 
cyclase activity and fB-adrenoceptors were measured as 
previously described [9]. The concentration of '“IHYP 
used in the f-adrenoceptor binding assay was 70 pM 
(80,000 dpm). The figure is constructed using the mean 
values obtained from the raw data where control values 
for adenylate cyclase activity were: basal (@), 6.3 + 0.6; 
10mM NaF (@), 64.3 + 1.4; 10 uM Isoproterenol (A), 
64.3 + 1.3 pmoles min™' mg™' protein and for B-adreno- 
ceptor binding (O) was 8.1 + 0.2 fmoles mg ' protein. Val- 
ues are the means + S.E.M. (N =5). Values are signifi- 
cantly different from controls as indicated: P < 0.001 (*); 
P<0.01 (+); P< 0.02 (4); N=5. 





* Data not shown. 


in the regulation of B-adrenoceptor density in the liver [13] 
and in the catecholamine responsiveness of lymphocytes 
[14, 15]. In this report we demonstrate that the synthetic 
glucocorticoid, 9a-fluoro-16a-methyl prednisolone (dexa- 
methasone) can regulate the density of B-adrenoceptors 
and catecholamine-stimulated adenylate cyclase (EC 
4.6.1.1) activity in human astrocytoma cells. 

The human astrocytoma cells (1321N1) used in these 
experimenis have been extensively studied with respect to 
their hormone-sensitive cyclic AMP system [5, 9, 16, 17]. 
The cells were cultured in Dulbecco’s modified Eagle’s 
medium as previously described [9]. For experimental pur- 
poses the cells were grown in 150 mm plastic tissue culture 
dishes (Falcon) for 8 days with medium changed at 3-day 
intervals. After incubation for 6 hr with the indicated con- 
centrations of dexamethasone, the growth medium was 
aspirated, and the cell sheets were rinsed twice with an ice- 
cold lysing medium consisting of 1 mM Tris-HCl, pH 7.8, 
at 0°; 1mM MgCl. The cells were allowed to swell for 
15 min and were then lysed by scraping the culture dish 
surface with a rubber policeman. The lysate was diluted 
with ice-cold 50 mM Tris-HCl, pH 7.8, and centrifuged at 
17,000 g for 10 min at 4°. The pellet was resuspended in 
buffer and assayed immediately. Adenylate cyclase activity 
was measured by the method of Salomon et al. [18] as we 
have previously described [9]. 251 iodohydroxybenzylpin- 
dolol was prepared [19] and the density of B-adrenoceptors 
assessed as has been reported for 1321N1 cells [9]. Protein 
concentration was determined by the method of Lowry et 
al. [20]. 

Figure 1 demonstrates that dexamethasone produced a 
dose-dependent increase in  isoproterenol-stimulated 
adenylate cyclase activity which correlated with a similar 
increase in the number of f-adrenoceptors. This increase 
in B-adrenoceptor number and isoproterenol-stimulated 
adenylate cyclase activity was 150-160 per cent of control 
values. At higher dexamethasone concentrations, basal and 
NaF-stimulated adenylate cyclase activities were also sig- 
nificantly elevated above that of control. In addition, we 
have observed that adenylate cyclase activity in the pres- 
ence of 5’-guanylyl-imidodiphosphate is increased in mem- 
branes from dexamethasone treated cells.* 

The glucocorticoid dependent increase in isoproterenol- 
stimulated adenylate cyclase activity was a time-dependent 
process in which B-adrenoceptor number and isoproterenol- 
stimulated adenylate cyclase activity increased in parallel. 
In cells incubated with 14M dexamethasone, a lag of 
approximately 60 min occurred, after which time the den- 
sity of receptors and isoproterenol-stimulated enzyme 
activity increased to a maximal value (60 per cent above 
control) after 6-8 hr and remained constant for at least 
24 hr in the presence of dexamethasone. As shown in Fig. 
2, the dexamethasone-induced increase in '**I-hydroxyben- 
zylpindolol ('*°THYP) binding was due to an increase in the 
density of f-adrenoceptors per cell rather than to an alter- 
ation in the affinity of radioligand. Furthermore, the 
capacity of isoproterenol to inhibit STH YP binding was 
unaffected by incubation of cells with dexamethasone. * 

It was of interest to characterize further the nature of 
these steroid-induced changes in B-adrenoceptor density. 
For example, does the enhancement of receptor density 
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Table 1. Inhibition of dexamethasone-induced B-adrenoceptor number by cycloheximide* 





Incubation time 


with drugs (hr) No drug 


Cycloheximide 


Cycloheximide 
+ 


Dexamethasone Dexamethasone 





6 ‘ei 
24 12.7+0.8 


8.2+0.1 
11.9+0.7 


10.0 + 0.8 
10.5 + 0.6 


19.5 + 1.6 
19.7 + 0.7 





* Cells were grown in 100 mm dishes for four days, then incubated with cycloheximide (Sug/ml) and/or 
dexamethasone (1 4M) for the times indicated. The cells were then lysed and the density of 8-adrenoceptors 
was determined. Data are presented as fmoles mg’! protein and are the means of five individual dishes + 
S.E.M. These data are representative of three similar experiments. 


require protein synthesis or are latent receptors expressed 
as a result of incubation of cells with the steroid? As 
demonstrated in Table 1, the appearance of the B-adreno- 
ceptor is dependent on protein synthesis since cyclohex- 
imide (Sug ml~'), at a concentration which inhibited 
[*H]leucine incorporation into protein by greater than 90 
per cent, inhibited the increase in B-adrenoceptor density 
induced by dexamethasone. Although these data do not 
directly demonstrate the synthesis of new receptor protein, 
they are consistent with the idea that dexamethasone affects 
the synthesis of protein which ultimately results in an 
increase in the specific activity of f-adrenoceptors in these 
cells. 


¢ Dexamethasone treated (1M) 
@ 4 Kp = 23.3pM 


Bmax * 2-6f mol /mg protein 


¢ Control 
24 Kp = 19.5pM 


Bnax” 38.2 f mol / mg protein 


Ss 
ail 


= 
1 


Bound / free (litres / mg x 104) 
oo Ss 
l it 


Q 
% 
T T T ] 
20 40 60 
125) Hyp bound (f mol / mq) 








Fig. 2. Scatchard analysis of '“IHYP binding to crude 
membranes prepared from control or dexamethasone- 
treated 1321Ni cells. Approximately 35 ug of cell lysate 
protein were incubated with various concentrations (30- 
400 pM) of '“IHYP and the amount of radioligand specifi- 
cally bound at each concentration was determined. The 
ratio of the amount of bound ligand to free ligand (ordinate) 
is plotted vs the amount of '*IHYP bound mg"! of protein 
[22]. Data points are the means of triplicate determinations. 
Lines represent the best least squares fit. The intercepts 
of the abscissa represent maximal binding capacity and the 
slope is equal to —1/Kp. The data shown is representative 
of three separate experiments, the mean Kp values of which 
were: control, 21.9 + 1.4 pM; 1 uM dexamethasone-treated 
cells, 24.5 + 2.6 pM. 





* Present address: Department of Biochemistry, I.C.I. 
Ltd., Pharmaceuticals Division, Mereside, Alderley Park, 
Macclesfield SK10 4TG, Cheshire, U.K. 


The data reported here suggests that dexamethasone can 
increase the concentration of the components of the adeny- 
late cyclase system in the plasma membrane of 1321N1 
astrocytoma cells. Brostrom et al. [21], using C6 glioma 
cells, have also observed an increase in basal and both 
NaF- and norepinephrine-stimulated adenylate cyclase 
activities in homogenates prepared from glucocorticoid- 
treated cells. These workers attributed these changes to an 
increase in the amount of the catalytic component of adeny- 
late cyclase. It is of interest to point out that while dexa- 
methasone causes an increase in the expression of various 
components of the f-adrenoceptor/adenylate cyclase sys- 
tem of astrocytoma cells, lymphocytes [14,15] and C-6 
glioma cells [21], treatment of adrenalectomized rats with 
glucocorticoids results in a decrease in B-adrenoceptors and 
catecholamine-stimulated adenylate cyclase activity in liver 
membranes [13]. The physiological significance of these 
seemingly opposite effects is unknown. 

The time course of the effect of dexamethasone on the 
density of B-adrenoceptors and the dependence on protein 
synthesis suggest that the synthesis of B-adrenoceptors may 
be enhanced in response to glucocorticoids. Such an alter- 
ation in receptor number could also explain the increased 
response of lymphocyte and leukocyte cell populations to 
catecholamines in cells taken from control and high-dose 
corticosteroid therapy patients [14] and in vitro experiments 
[15] and, as such, may have clinical significance. 

In summary, we conclude that growth of human astro- 
cytoma cells in the presence of dexamethasone results in 
a concentration-dependent increase in the number of f- 
adrenoceptors per cell which correlates with an increase 
in catecholamine-stimulated adenylate cyclase activity. 
Experiments with cycloheximide indicate that the increase 
in B-adrenoceptor density is dependent on protein syn- 
thesis. Furthermore, this dexamethasone-induced increase 
in B-adrenoceptor density may potentially provide a model 
system in which f-adrenoceptor turnover can be 
investigated. 
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Further studies on the inhibition of Leydig cell testosterone production by 
cannabinoids 


(Received 27 February 1980; accepted 10 April 1980) 


Earlier reports from our laboratory have shown that 
A!-tetrahydrocannabinol (A'-THC), the psychoactive prin- 
ciple of marihuana, can inhibit the synthesis of testosterone 
by isolated Leydig cells [1,2] and of progesterone by iso- 
lated luteal cells [3]. A detailed study of this effect revealed 
that the site of inhibition was the cholesterol esterase which 
provides precursor for steroid hormone biosynthesis [4]. 
A number of substances that are structurally related to 
A'-THC and that do not exhibit psychoactivity occur in 
cannabis preparations to which subjects would be exposed 
when using marihuana, hashish, etc. [5]. Our previous 
reports [1-3] suggested that the non-psychoactive canna- 


binoids may be physiologically active, since one of these, 
namely cannabinol (CBN), showed a potency similar to 
that of A'-THC in lowering testosterone levels. We now 
present the results of a more extensive study that included 
the major naturally occurring cannabinoids (Fig. 1). 

The Leydig cells were prepared from testes of 60- to 90- 
day-old mice (Charles River, CD-1) as described previously 
[2]. Aliquots containing 2 x 10° cells each in Krebs-Ringer 
bicarbonate buffer (2 ml, pH 7.4) were then incubated for 
2 hr with 25 mIU hCG (Organon “‘Pregnyl’’) at 32° under 
95%/O,: 5% CO. Testosterone production averaged 
20.3 ng/10° cells for non-drug-treated controls. The can- 


Table 1. Inhibition of testosterone production in isolated mouse Leydig cells* 





Inhibition of testosterone production 





0.032 0.16 0.32 


Cannabinoid concentration (uM) 
EB 


1.6 


9.0 16 





15.6+0.18+ 25.3 + 1.6¢ 
16.1 + 0.75t¢ 
22.6 + 0.53§ 
19.1 + 0.31§ 
35.4 + 3.57 
17.5 + 0.24§ 
3.3 + 0.10 


CBG 
CBD 
CBCy 
CBN 
A'-THC 
CBC 
Olivetol 


0.5 + 0.01 


9.2 + 0.32t 
5.5 + 0.25 


3.0 + 0.06 


4.6 + 0.06 1.5 + 0.05 


47.7 + 0.878 
62.1 + 2.83§ 
53.5 + 1.288 
51.3 + 1.25§ 
36.7 + 0.717 
13.7 + 0.464 
15.4 + 0.28§ 


74.5+2.88§ 82.9+2.59§ 85.4+ 1.69§ 
68.8 + 1.62§ 
49.6 + 4.04 


25.5 + 0.74§ 


84.5 + 30.08 
63.7 + 1.13§ 


65.4 + 12.4§ 
46.4 + 2.8§ 





* Values are per cent inhibition + S.E. (N = 5). Individual controls were provided for each cannabinoid. Abbreviations: 
CBG, cannabigerol; CBD, cannabidiol; CBCy, cannabicyclol; CBN, cannabinol; A'-THC, A'-tetrahydrocannabinol; and 


CBC, cannabichromene. 
+ P<0.05. 
+ P<0.005. 
§ P< 0.001. 
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Table 2. Comparison of the inhibitory activities of the 
cannabinoids 





IDso 





Cannabinoid (ug/ml) or (ng/mg) 


Cannabigerol 
Cannabidiol 
Cannabicyclol 0.35 
Cannabinol 0.53 
A'-Tetrahydrocannabinol 1.0 
Cannabichromene 3.1 





0.28 
0.32 





nabinoids (NIDA) in 20 ul ethanol were added in doses 
ranging from 0.032 to 16 uM; control incubations of 20 ul 
ethanol alone had no effect on testosterone levels. At the 
end of 2hr, the cells were removed by centrifugation at 
1500 g, and the supernatant fraction was analyzed for tes- 
tosterone by radioimmunoassay (NEN “RIA Pak”). Can- 
nabinoids at the highest level used did not interfere with 
the assay and had no observable effect on cell viability as 
determined by Trypan blue exclusion. 

Table 1 gives the extent of inhibition of testosterone 
synthesis by the various cannabinoids and olivetol, which 
is structurally related to the cannabinoids. Table 2 lists the 
dose of each cannabinoid required to reduce testosterone 
production by 50 per cent (IDs») under the above conditions; 
the dose was determined by extrapolation of the data in 
Table t. Cannabigerol showed the greatest potency (IDsy = 
0.90 uM), while cannabichromene was the least active with 
only about one-tenth the potency. Interestingly, A'-THC 
was among the least active substances tested. 

No obvious structure—activity relationship can be seen 
from the series reported here. Olivetol represents the struc- 
tural denominator of the cannabinoids and, although it 
showed slight activity, it was clearly less potent than any 
of the cannabinoids. It does seem, however, that the ter- 
penoid portions of the various cannabinoids generally 
enhance activity when compared with olivetol. This differs 
from our previous observations on the relative potencies 
of a similar series of cannabinoids in inhibiting the synthesis 
of prostaglandin E, by bovine seminal vesicle microsomes 
_ [6]..In that system, olivetol showed a potency greater than 
that of most of the cannabinoids tested and CBN was the 
most active cannabinoid. This suggests that the two effects 
operate by different mechanisms. Most probably all of the 
cannabinoids inhibit testosterone production by the same 
mechanism as A'-THC, does, i.e. by inhibition of choles- 
terol esterase [4]. 

Our findings indicate that clinical studies involving ster- 
oid hormone levels should take into account the abundance 
of each of the cannabinoids in the drug samples used. 
Assuming that the distribution and metabolism of each of 
the cannabinoids are similar [7], chronic exposure to can- 
nabis could lead to appreciable levels of non-psychoactive 
cannabinoids at steroidogenic sites in vivo. The attainment 
in vivo of levels similar to those used in this study has been 
reported for A'-THC in dogs [8], suggesting that our find- 
ings could be of toxicological importance in humans. A 
further conclusion that may be drawn from our results is 
that some of the non-psychoactive cannabinoids may be 
useful in therapeutic applications where a reduction in the 
synthesis of hormonally active steroids is desired, e.g. in 
the treatment, of steroid-dependent tumors. * 





* T. Scott Shoupe, personal communication. 
+ Author to whom all correspondence should be 
addressed. 
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OLIVETOL 


Fig. 1. Structures of substances tested. Abbreviations: 

A'-tetrahydrocannabinol (A'-THC), cannabigerol (CBG), 

cannabidiol (CBD), cannabinol (CBN), cannabichromene 
(CBC), and cannabicyclol (CBCy). 
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Dactylarin is a tricyclic, quinone-containing antibiotic of the geodin 
type (1), which Miko et al. (2) have recently shown to be an inhibitor of 
energy generating processes in Ehrlich ascites tumor cells in vitro. At 
relatively low dactylarin concentrations oxidative phosphorylation was un- 
coupled, whereas at higher concentrations aerobic glycolysis was inhibited 
also. Related compounds (substances 66A, and 66A,) had similar metabolic 


effects. 


Studies of other compounds that inhibit energy generating processes have 
shown that (a) they induce the catabolism of ATP, (b) the conditions under 
which catabolism is maximal differ from one inhibitor to another, and (c) the 
relative rates of alternative pathways of ATP catabolism also vary, depending 
on the inhibitor and the conditions used (3-6). 


In this study the extent and pathways of ATP catabolism in dactylarin- 
treated Ehrlich ascites tumor cells have been investigated, and it has been 
found that dactylarin has unique effects on this process. 


Sources of most materials, methods of tumor cell preparation and incuba- 
tion, and procedures for the separation and measurement of radioactivity in 
purine bases, ribonucleosides and ribonucleotides have been reported pre- 
viously (7,8}. ATP and its metabolites were separated by thin-layer chroma- 
tography, and their radioactivity was measured. The initial total concentra- 
tion and specific activity of ATP were determined by these methods plus high- 
performance liguid chromatography; it has previously been established (3) 
that there is no compartmentation of radioactive and non-radioactive ATP 
with respect to catabolism. Changes in concentrations of metabolites were 
calculated from the initial specific activity of ATP. Dactylarin and the 
related compound 66A, were prepared in 0.154 M sodium chloride; as the molecu- 
lar weight of 66A, i5 not known, drug concentrations are expressed in pg/ml. 
In stock solution’ of 250 ug/ml, 66A, was completely dissolved, but dactylarin 
was only partially dissolved; the latter was completely dissolved at the final 
concentrations used, however. 


To study ATP catabolism, tumor cells were,first incubated with t?4e)- 
adenine to produce radioactive ATP. Unused [~ C]adenine was removed by 
centrifugation and resuspension in fresh medium. Concentrations of radio- 
active metabolites were measured in cells incubated for an additional 30 min 
under various conditions, with and without dactylarin or 66A,. Details are 
given in the legend of Table 1. 


The effects of dactylarin and 66A, on ATP catabolism were studied first 
under conditions in which the cells relied solely on oxidative phosphorylation 
for energy generation, i.e. aerobic incubation in the absence of glucose. 
Table 1 shows that dactylarin treatment induced measurable ATP catabolism 
at 0.15 pg/ml, and 90 percent of cellular ATP was catabolized at a concentra- 
tion of 3.12 pg/ml; 0.78 pg/ml (ca. 2.5 wM) produced ca. 50 percent catabolism 
in the time period (30 min) studied. 66A, had approximately the same dose- 
response relationship, though low concent#ations were not quite as toxic as 
dactylarin. 
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Because 66A.,. was more water soluble than dactylarin, further experiments 
were carried out using the former compound. The effects of 66A., therefore, 
were next studied in cells that depended upon both oxidative phosphorylation 
and glycolysis for energy generation (i.e. aerobic incubation in the presence 
of glucose); in these cells glycolysis is the predominant pathway under these 
conditions. Table 1 shows that 0.78 ug/ml 66A.,. produced about the same degree 
of ATP catabolism under these conditions as in the absence of glycolysis, but 
higher drug concentrations were much less effective. Thus, glycolytic activ- 
ity seemed partially to protect ATP from catabolism. 


* 
Table 1. ATP catabolism induced by dactylarin and 66A, 





Drug Conditions ATP concentration (percent of control) 
Drug concentration (pg/ml) 
0.15 0.31 0.78 1.56 3.12 6.25 42,5 

Dactylarin 0,-glucose 83.1 61.9 42.5 17.6 9.07 6.37 4.59 
66A, 0,-glucose 98.6 86.0 53.8 re 6.72 4.65 1,63 
66A3 05+glucose 3.2 48.4 43.6 24.1 16.8 
66A3 N5+glucose 100 100 100 100 100 

“two ml of 2 percent (v/v) Ehrlich ascites tumor cell suspension in calcium- 
free Krebs-Ringer medium containing 25 mM phosphate and 5.5 mM glucose was 
incubated in 10-ml Erlenmeyer flasks at 37° with shaking, with an air atmos- 
phere. After 20 min, [  C]Jadenine (ca. 50 mCi/mmole) was added to a final con- 
cegtration of 100 uM, a incubation was continued for 30 min to synthesize 
{[ CJATP. Unutilized [~ C]Jadenine was then removed by centrifugation and 
resuspension of the cells twice in fresh, warmed medium containing glucose. 
Portions (100 pl total volume) were then incubated with and without drug, under 
various conditions. Values reported are averages of duplicate measurements 
and are representative of results obtained in two experiments. Within each 
experiment, average deviation of individual analyses from the mean was less 
than 7 percent. Control ATP, 2285 nmoles/g cells. 











Finally, the effect of 66A,. was studied in cells that depended solely 
on glycolysis (i.e. anaerobic incubation with glucose). Table 1 shows that 
under these conditions even 12.5 yg/ml (as well as 25 yg/ml; data not shown) 
had no effect on ATP concentrations. 


These studies, then, confirm the findings of Miko et al. (2) that the 
most sensitive target of dactylarin and 66A, action was oxidative energy 
generating processes of the cell, and are codmpatible with their findings that 
these compounds uncouple oxidative phosphorylation. In agreement with Horakcva 
et al. (9), low drug concentrations had no effect on glycolysis; in contrast 
to the results of Miko et al. (2), however, concentrations up to 25 pg/ml 
also did not appear to affect glycolysis in the present study. 


These results may be compared with similar studies carried out using 
ethidium (4), isometamidium (4) and bikaverin (5). Isometamidium (250 uM) 
produced very substantial ATP catabolism under both aerobic and anaerobic 
conditions in the presence of glucose, and also aerobically in the absence 
of glucose. Ethidium (250 uM) produced 50 percent ATP catabolism when cells 
were incubated aerobically without glucose, and only 7-14 percent catabolism 
in cells glycolyzing either aerobically or anaerobically. Bikaverin (50 yg/ml) 
resembled ethidium in these respects, though it was more potent. Dactylarin 
and 66A., thus are different from these other compounds in both their potency 
and their relationship between incubation conditions and extent of ATP catab- 
Olism (i.e. different effects under conditions of oxidative phosphorylation, 
aerobic glycolysis, and anaerobic glycolysis). 


The second phase of this study was to investigate the relative rates of 
alternative pathways of ATP catabolism in cells treated with dactylarin and 
66A,; only results with the latter compound are reported. Following catabo - 
lisito adenylate, two alternative pathways potentially may be followed; one 
is deamination to inosinate, while the second is dephosphorylation to adeno- 
sine (which in these cells normally is deaminated rapidly to inosine; the 
latter is converted partially to hypoxanthine). Any inosinate formed may also 
be metabolized via two alternative routes; one is conversion to xanthylate, 
while the second is dephosphorylation to inosine. Because the incubation 
medium used does not contain glutamine, xanthylate is not further metabolized 
to guanine nucleotides. 
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Initial studies indicated that hypoxanthine and inosine were formed as 
a result of 66A.,-induced ATP catabolism, and experiments were conducted to 
ascertain the rélative extent to which these compounds were formed via de- 
phosphorylation of adenylate and deamination of adenosine, and via the 
alternative pathway of deamination of adenylate and dephosphorylation of 
inosinate. To do this, cells were treated with deoxycoformycin to inhibit 
adenosine deaminase (10). This approach has been used previously to determine 
the relative rates of these pathways in Ehrlich ascites tumor cells (11) and 
in human erythrocytes (6). Inhibition of adenosine deaminase by deoxycoformy- 
cin did not alter the extent of ATP catabolism or the amounts of hypoxanthine 
and inosine that were formed; virtually no adenosine accumulated in either 
the presence or the absence of deoxycoformycin. The conclusion can therefore 
be drawn that adenylate catabolism proceeded totally via deamination to inosin- 
ate, and that none was dephosphorylated to adenosine. 


Table 2. Metabolites of ATP in cells treated with 66A, 





Drug Metabolite concentration (percent of control) * 

concn Adenine Adenylate Inosinate Xanthylate Hypoxanthine 
(ug/ml) nucleotides + inosine 
0.78 67.2 164 224 275 184 

1.56 34.6 213 436 377 309 


* 
Control values (nmoles/g cells): adenine nucleotides, 2622; adenylate, 
33, inosinate, 4; xanthylate, 6; and hypoxanthine + inosine, 87. 








Table 2 shows the relative changes in concentrations of major intermedi- 
ates and end products of ATP catabolism in cells treated with moderate doses 
of 66A,. It is seen first that the decrease in concentration of total adenine 
nucleotides was not as great as that of ATP (shown in Table 1); this is 
accounted for chiefly by some accumulation of adenylate. Much of the aden-— 
ylate formed during ATP catabolism was deaminated to inosinate, however, and 
of this inosinate, some accumulated, some was converted to xanthylate, and 
some was dephosphorylated to inosine; part of the latter was then phosphoro- 
lyzed to hypoxanthine. The pattern of ATP catabolism in dactylarin-treated 
cells was the same as when 66A, was used. 


As a way of comparing the relative rates of alternative pathways in 
these experiments to those found in previous studies for ethidium, isometa- 
midium and bikaverin, the relative extents of accumulation of adenylate, 
inosinate and xanthylate were calculated. Inosinate accumulation by cells 
treated with ethidium and isometamidium was ca. 60 percent greater than 
adenylate accumulation, whereas in bikaverin-treated cells this value was 
345 percent; in 66A,-treated cells inosinate accumulation exceeded that of 
adenyiate by ca. 40°percent. Xanthylate accumulation was considerably greater 
than that of adenylate in cells treated with ethidium (395 percent), isomet- 
amidium (232 percent) and bikaverin (402 percent); in contrast, this value 
was ca. 70 percent in cells treated with 66A,.. Though these experiments 
cannot be compared precisely, such calculatiéns do indicate that 66A,. induces 
a pattern of ATP catabolism that differs somewhat from those produced by 
other inhibitors. 


The present results, together with other studies (3-6), show that the 
relative rates of alternative pathways of purine metabolism in cells treated 
with a variety of inhibitors of energy generating processes vary considerably 
depending on the inhibitor and conditions used. The enzymatic bases of these 
differences remain to be precisely defined. 
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ANNOUNCEMENT 


INTERNATIONAL DOPAMINE SYMPOSIUM 


An International Symposium on Dopamine will be held in Okayama, Japan, on 26-28 July 1981 as a satellite 
to the 8th International Congress of Pharmacology. The programme includes presentations (given by invited 
speakers) on: dopamine pathways in the brain, clinical aspects of dopamine, classification of dopamine 
receptors, pre and postsynaptic dopamine receptors in CNS and periphery, the role of dopamine in the 
kidney, electrophysiological studies on dopamine, endocrinological aspects of dopamine, the uptake and 
release of dopamine, chemistry of dopamine agonists, dopamine receptor binding, neuroleptics, interactions 
between dopamine and other transmitters, and behavioural actions of dopaminergic drugs. 


Further details from Dr. G. N. Woodruff, Department of Physiology and Pharmacology, University of 
Southampton, Southampton, SO9 3TU, U.K. 
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Abstract—In isolated hepatocytes from fed and starved rats, basal rates of ethanol oxidation were 1.15 
and 0.71 zmoles/g wet wt, respectively, and were unchanged over the ethanol concentration range 8- 
96 mM. The addition of 4-methyl pyrazole (4mM), a competitive inhibitor of alcohol dehydrogenase, 
largely abolished ethanol oxidation from 8 mM ethanol, while at an ethanol concentration of 96mM, 
the oxidation rate was inhibited by 87 per cent. Pyrazole was a less effective inhibitor of alcohol 
oxidation than 4-methyl pyrazole. In hepatocytes isolated from rats treated with ethanol, phenobarbitone 
or 3-amino-triazole, basal rates of ethanol oxidation were the same at ethanol concentrations of 8- 
96 mM and the rates were similar to, and never exceeded, the rate found in hepatocytes from normal 
fed rats. 4-Methyl pyrazole inhibited ethanol oxidation to the same extent in all liver cell preparations, 
regardless of the treatment the donor animal had received. Pyruvate stimulated cellular ethanol oxidation 
irrespective of the prior treatment of the donor animal. This stimulation, together with the ethanol- 
induced accumulation of lactate, was abolished by 4-methyl pyrazole. This suggests that the capacity 
for alcohol oxidation in isolated liver cells is generally limited by the lack of suitable acceptors for the 
hydrogen generated in the cytoplasm by the alcohol dehydrogenase-catalysed oxidation of ethanol to 
acetaldehyde. Methylene blue, phenazine methosulphate and menadione stimulated both ethanol 
oxidation and respiration, irrespective of the prior treatment of the donor animal. This enhancement 
of ethanol oxidation and respiration was prevented by 4-methyl pyrazole. These artificial electron 
acceptors appear to act by circumventing normal pathways for the oxidation of cytoplasmic NADH 
generated in the conversion of ethanol to acetaldehyde. In cells from each treatment group, antimycin 
was more effective than rotenone as an inhibitor of ethanol oxidation; inhibition of ATP formation by 
oligomycin had least effect on alcohol oxidation. Ethanol oxidation by cells from alcohol-treated rats 
was most affected by these inhibitors of mitochondrial respiration. These results indicate that under a 
wide variety of experimental conditions the contribution of the postulated microsomal ethanol oxidizing 
system to ethanol oxidation in isolated, intact liver cells appears minimal. Thus they cast doubt on a 
physiological role for this system in vivo. 


Since the description of an hepatic microsomal 
ethanol oxidizing system termed ‘MEOS’ by Lieber 
and De Carli [1], there has been continuing debate 
concerning the physiological role, if any, that it plays 
in ethanol oxidation by the liver in vivo. MEOS has 
been suggested to contribute significantly to ethanol 
oxidation at high ethanol concentrations, because of 
its high K,, for ethanol of 7-10 mM [2], in contrast 
to a K,, of 0.5-2mM ethanol for the cytoplasmic 
alcohol dehydrogenase [2]. Reports of higher rates 
of ethanol oxidation at high ethanol concentrations 
[3-6] have tended to support the idea of a second 
pathway of ethanol oxidation in addition to alcohol 
dehydrogenase, as have observations of increased 
rates of ethanol oxidation in rats fed an ethanol diet 
[7]. However, other studies have suggested that the 
rate of ethanol oxidation does not increase with 
increased ethanol concentrations [8] and that MEOS 


has little [9] or no role [10] in ethanol oxidation in 
vivo. In addition, a role for catalase in ethanol 
oxidation has also been suggested [5]. 

In view of these apparent discrepancies and incon- 
sistencies, and because some of these studies have 
been done in liver slices [8, 9] and some in isolated 
enzyme systems [2,5], with relatively few in intact 
liver preparations [7, 11], it seemed desirable to try 
to assess the possible physiological roles of alcohol 
dehydrogenase, MEOS and catalase, by a detailed 
examination of ethanol oxidation in isolated hepa- 
tocytes. Accordingly, rates of ethanol oxidation at 
low and high ethanol concentrations have been 
determined in liver cells isolated from normal fed 
and starved rats, and from rats chronically fed 
ethanol or treated with phenobarbitone or 3-amino- 
triazole. The effects of these two drugs were studied 
because phenobarbitone is known to cause prolifer- 
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ation of the endoplasmic reticulum [12] and to 
enhance drug metabolism, while 3-amino-triazole is 
a known inhibitor of catalase [5]. 


MATERIALS AND METHODS 


Collagenase was a product of Worthington Bio- 
chemical Corp. (Freehold, NJ,  U.S.A.). 
[1-'*C]Ethanol was obtained from the Radiochemical 
Centre Ltd., Amersham, U.K. Any contaminating 
j1-'*C]acetaldehyde was removed by distillation. The 
redistilled ethanol remained stable for at least one 
month. Methylene blue, menadione and mitochon- 
drial inhibitors were purchased from Sigma (St. 
Louis, MO, U.S.A.). Pyrazole and phenazine meth- 
osulphate were obtained from K and K Laboratories 
Inc., Hollywood, CA, U.S.A. and 4-methyl pyrazole 
was a gift from Dr. N. Grunnet, Copenhagen, 
Denmark. 

Male hooded Wistar rats weighing between 250 
and 300 g were used either in the fed state or after 
being starved for 18 hr to deplete hepatic glycogen. 
Phenobarbitone treatment consisted of intraperito- 
neal (i.p.) injections (0.1 mg/g body wt) on five con- 
secutive days. Animals were used for liver cell prep- 
aration on the seventh day. 3-Amino-triazole 
(2.4 mg/g body wt) was injected i.p. 24hr prior to 
use. Two liquid ethanol diets were employed, one 
equivalent to the high-fat, ethanol diet of Lieber et 
al. [13], in which fat contributed 40 per cent of total 
calories, ethanol 36 per cent, protein 18 per cent and 
carbohydrate 6 per cent, and the other a low-fat 
ethanol diet in which fat supplied 5 per cent of 
calories, ethanol 36 per cent, protein 18 per cent and 
carbohydrate 41 per cent. The diets were as described 
in detail by Savolainen et al. [14]. The ethanol con- 
tent of the diet was gradually increased to the maxi- 
mum by the end of the first week. The rats were kept 
on the liquid diet for 21-28 days prior to use. A 


M.N. BERRY et al. 


control group of rats was kept on a liquid diet with 
sucrose replacing ethanol. This control group had 
the same rates of ethanol utilization as the normal 
chow-fed rats. 

Suspensions of isolated cells were prepared as 
described elsewhere [15] by a simplified version of 
the method of Berry and Friend [16]. The standard 
procedure did not work satisfactorily for the chronic 
alcohol-fed rats, especially those on the high-fat diet. 
The liver was perfused and digested with collagenase 
as usual, but the resultant isolated cell population 
had a very low percentage of intact cells. It was 
necessary to shake the cell suspension for 2 min with 
DNase (2 mg) and trypsin (3 mg) [17] to digest the 
damaged cells and to allow harvesting of the intact 
cells. This procedure did not affect rates of ethanol 
oxidation in cell suspensions prepared from normal 
liver (M. N. Berry, unpublished observations). 
Yields of liver cells from rats on the high-fat ethanol 
diet were still very low (< 1 g wet wt per liver) but 
over 90 per cent excluded trypan blue and there was 
no excessive loss of lactate dehydrogenase. 

{1-'*C]Ethanol oxidation and oxygen uptake were 
estimated as described previously [18]. All results 
are expressed on the basis of liver wet wt [18]. 


RESULTS 


Ethanol oxidation by isolated cells from fed and 
starved rats. Ethanol oxidation by isolated hepato- 
cytes from fed rats was linear with time and pro- 
ceeded at the same rate (1.15 wmoles/min/g) at con- 
centrations of 8, 32, 48 and 96mM ethanol. The 
competitive inhibitors of alcohol dehydrogenase, 
pyrazole and 4-methyl pyrazole, were used to evalu- 
ate the contribution of this enzyme to ethanol oxi- 
dation. At an ethanol concentration of 8 mM, pyr- 
azole (4mM) inhibited ethanol oxidation by 90 per 
cent and 4-methyl pyrazole (4 mM) by 95 per cent 


Table 1. Rates of ethanol utilization by isolated liver cells from fed and starved rats. Effects of 4- © 
methyl pyrazole, pyrazole and pyruvate* 





Rate of ethanol oxidation (umoles/min/g) 





Fed 


Starved 





8mM 


Additions Ethanol 


8mM 
Ethanol 


96 mM 
Ethanol 


96 mM 
Ethanol 





1.15 + 0.03 
0.07 + 0.01 
0.06 + 0.01 
0.12 + 0.01 
0.10 + 0.01 
2.87 + 0.32 


None 

4-Methyl pyrazole 1mM 
4mM 
4mM 
16mM 


10 mM 


Pyrazole 


Pyruvate 

Pyruvate 10 mM + 
4-methyl 
pyrazole 


4mM 0.08 + 0.01 


0.17 
0.15 + 0.01 


1.16 + 0.04 0.71 + 0.06 0.71 + 0.04 
+ 0.02 
0.07 + 0.01 


0.12 + 0.02 


0.17 + 0.02 


0.61 + 0.05 0.56 + 0.11 


0.29 + 0.03 


2.81 + 0.13 2.95 + 0.17 


2.357 SU22 


0.14+ 0.01 0.09 + 0.01 0.18 + 0.02 





* Liver cells from fed or starved rats were incubated in the presence of 8 or 96 mM [1-'*C]ethanol 
in a medium containing 0.115 M NaCl, 5.4mM KCl, 0.8 mM MgSo,, 2mM CaCl, 10mM sodium 
phosphate and 25 mM NaHCO. The medium was maintained at pH 7.4 by gassing with O, + CO; 
(95:5 v/v). Pyrazole and 4-methyl pyrazole were added at the concentrations indicated. Pyruvate was 
added at an initial concentration of 10 mM. The final volume was 2 ml containing 60-80 mg wet wt 
cells, and incubations were carried out for 30 min at 37°. Results are given as means + S.E. Data 
represent results from at least 5 experiments. 
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(Table 1). At an ethanol concentration of 96 mM, 
4 and 16mM pyrazole inhibited ethanol oxidation 
47 and 75 per cent respectively. The corresponding 
inhibitions with 4-methyl pyrazole, which is a more 
potent inhibitor of alcohol dehydrogenase, were 87 
and 93 per cent respectively. 

In isolated hepatocytes from starved rats ethanol 
oxidation proceeded at the rate of 0.71 umoles/min/g 
(Table 1). This rate was appreciably lower than the 
rate in cells from fed rats but again was essentially 
constant over the range 8-96 mM ethanol. Ethanol 
oxidation was largely abolished by 4-methyl pyrazole 
(4 mM), although pyrazole (4 mM) was less effective, 
especially in the presence of 96 mM ethanol. These 
inhibitor studies suggest that most of the ethanol 
oxidation occurring, even at very high ethanol con- 
centrations, can be attributed to a pathway involving 
alcohol dehydrogenase. 

These findings are not conclusive since these rates 
of ethanol oxidation by isolated hepatocytes incu- 
bated in an unsupplemented saline medium are sub- 
stantially less than that observed in vivo [19]. It 
appears that a number of substances which serve as 
carriers of reducing equivalents from the cytosol to 
the mitochondrion are eluted from the cells during 
the preparative procedure. In consequence, inter- 
compartmental hydrogen transfer can become rate- 
limiting for ethanol oxidation. This difficulty can be 
overcome by supplementing the incubation medium 
with pyruvate which acts as a cytoplasmic sink for 
ethanol hydrogen. 

The presence of pyruvate stimulated ethanol 
oxidation by cells from both fed and starved animals 
to a rate of about 2.9 umoles/min/g, again irrespec- 
tive of whether the initial ethanol concentration was 
8 or 96mM (Table 1). Lactate accumulated in the 
medium under these conditions at a rate of 3.28 + 
0.12 wmoles/min/g (N = 5). This enhanced oxidation 
of ethanol was virtually abolished by the addition of 
4-methyl pyrazole (4mM). Moreover, the rate of 
lactate accumulation was reduced to that observed 
in the absence of added ethanol. These findings imply 
that the pyruvate-induced stimulation of ethanol 
oxidation was mediated entirely by alcohol dehy- 
drogenase, since lactate accumulation should have 
been unaffected or perhaps enhanced if MEOS was 
the target of 4-methyl pyrazole inhibition. Thus 
cytoplasmic alcohol dehydrogenase is capable of 
catalysing a rate of ethanol oxidation equal to that 
observed in vivo, when a suitable sink is available 
for the hydrogen generated in the cytoplasm by the 
oxidation of ethanol to acetaldehyde. 


3-Amino-triazole 
1.04 + 0.10 
0.14 + 0.03 


0.99 + 0.02 
0.03 + 0.01 
0.10 + 0.02 
2.84 + 0.15 
0.04 + 0.01 
phenobarbitone or 3-amino-triazole were 


Ethanol 
1.04 + 0.10 
0.13 + 0.04 
2.23 + 0.22 
0.14 +0.04 


Phenobarbitone 


1.03 + 0.01 
0.05 + 0.01 
0.12 + 0.01 
2.55 + 0.21 


, phenobarbitone or 3-amino-triazole. Effects of 4-methyl pyrazole, 
0.05 + 0.01 


1.03 + 0.06 
0.17 + 0.01 
47 


2.12 + 0.13 


0.15 + 0.01 


Rate of ethanol oxidation (umoles/min/g) 
0. 
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1.15 + 0.08 
0.03 + 0.01 
1.87 + 0.19 


0.08 
0.04 + 0.01 


0.99 + 0.04 
0.16 + 0.01 
2.28 + 0.27 
0.14 + 0.04 


0.58 


Ethanol-fed 
(high-fat) 








0.96 + 0.05 
0.04 + 0.01 
2.09 + 0.14 
0.04 + 0.01 


0.10 


Ethanol oxidation by liver cells from rats treated 
with alcohol, phenobarbitone or 3-amino-triazole. 
The rates of ethanol oxidation at 8 and 96mM 
ethanol in hepatocytes from rats chronically fed 
ethanol are shown in Table 2. In all instances the 
rate of ethanol oxidation was independent of the 
concentration of ethanol presented to the cell (8 or 
96 mM). The rate in cells from rats on the low-fat 
ethanol diet was somewhat higher than in cells from 
rats on the high-fat ethanol diet, but neither was 
higher than the rates in cells from normal fed rats. 
The alcohol dehydrogenase inhibitors pyrazole and 
4-methyl pyrazole inhibited ethanol oxidation to the 


Additions 
* Liver cells from rats chronically fed a high-fat ethanol diet or a low-fat ethanol diet and from rats treated with 


incubated as described for Table 1. For details of diets and treatments see Materials and Methods. 


4-methyl pyrazole (4 mM) 
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Pyruvate (10 mM) + 


4-Methyl pyrazole 
Pyruvate (10 mM) 


None 
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same extent in cells from the ethanol-fed rats as in 
cells from normal fed rats, implying that alcohol 
dehydrogenase was responsible for ethanol oxidation 
in both groups. Ethanol oxidation by cells from 
alcohol-fed rats was increased by the addition of 
pyruvate and this stimulated activity was abolished 
by the addition of 4-methyl pyrazole (Table 2). Thus, 
alcohol dehydrogenase activity in liver cells from 
alcohol-fed rats is also limited by the rate of removal 
of cytoplasmic hydrogen. 

The rate of ethanol oxidation in cells from pheno- 
barbitone-treated rats was the same whether 8 or 
96 mM ethanol was present in the incubation medium 
(Table 2). Phenobarbitone treatment, despite its 
known capacity to cause proliferation of the endo- 
plasmic reticulum membrane system [12], did not 
increase the rate of ethanol oxidation. Ethanol 
oxidation in cells from phenobarbitone-treated rats 
showed the same response to inhibition by 4-methyl 
pyrazole and pyrazole and to stimulation by pyru- 
vate. This stimulated activity remained totally sensi- 
tive to inhibition by 4-methyl pyrazole (Table 2) 

In order to assess the role of catalase in ethanol 
oxidation in vivo, rats were injected with the catalase 
inhibitor 3-amino-triazole. The rate of ethanol oxi- 
dation in isolated liver cells from these rats was the 
same whether 8 or 96 mM ethanol was in the incu- 
bation medium (Table 2), and was similar to the rate 
in cells from normal fed rats. Again, pyrazole and 
4-methyl pyrazole inhibited to the same extent as in 
cells from fed animals. Ethanol oxidation was stimu- 
lated by pyruvate and the total activity was largely 
abolished by 4-methyl pyrazole (4mM). These 
results imply that in liver cells from 3-amino-triazole- 
treated rats, ethanol was oxidized almost entirely via 
a pathway catalysed by alcohol dehydrogenase. 
Moreover, inhibition of catalase activity had no 
effect on the rate of ethanol oxidation. 

Effect of artificial electron acceptors on the rate of 
ethanol oxidation. A number of artificial electron 
acceptors were tested for their effects on ethanol 
oxidation. Since these agents promote NAD(P)H 
oxidation they would be expected to stimulate 
alcohol dehydrogenase-mediated ethanol oxidation 
but impair any NADPH-dependent (microsomal) 
ethanol oxidation. The results are shown in Table 
3. Methylene blue, phenazine methosulphate and 
menadione each stimulated both ethanol oxidation 
and respiration in cells from fed rats. This supports 
the contention that in these experimental circum- 
stances the rate of ethanol oxidation by the cells was 
limited by the rate of oxidation of cytoplasmic 
NADH. Again, the stimulated activity was abolished 
by the addition of 4-methyl pyrazole (4 mM), indi- 
cating that the increased ethanol oxidation was 
accounted for by alcohol dehydrogenase activity. 

The addition of artificial electron acceptors 
increased the rate of ethanol oxidation in cells from 
starved rats and from fed rats treated with pheno- 
barbitone or 3-amino-triazole to about the same level 
as in cells from normal fed rats (Table 3). However, 
the artificial electron acceptors were less effective 
in stimulating ethanol oxidation in cells from alcohol- 
treated rats. Cells from phenobarbitone-treated rats 
showed a very high rate of respiration in the presence 
of phenazine methosulphate and menadione, pre- 
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sumably reflecting increased extra-mitochondrial 
respiration associated with the proliferation of the 
endoplasmic reticulum membranes. In cells from all 
treatment groups ethanol oxidation in the presence 
of the electron acceptors was reduced by the addition 
of 4-methyl pyrazole (4mM) to 0.04 wmoles/min/g 
at 8 mM ethanol and to 0.16 wmoles/min/g at 96 mM 
ethanol, indicating that alcohol dehydrogenase 
activity was responsible for the increased ethanol 
oxidation. Moreover, in the presence of the electron 
acceptors, 4-methyl pyrazole reduced the respiratory 
rate by about 1.5 wmoles/min/g. 

Effect of mitochondrial inhibitors on ethanol oxi- 
dation. The effects of rotenone, antimycin and oli- 
gomycin on the basal rates of ethanol oxidation in 
cells from fed or fasted rats and from rats treated 
with ethanol, phenobarbitone or 3-amino-triazole 
are shown in Table 4. Antimycin, which inhibits both 
NAD *-dependent and flavin-linked oxygen uptake, 
was slightly more inhibitory in cells from both fed 
and fasted rats than was rotenone, which inhibits 
only NAD*-dependent oxygen uptake. Oligomycin, 
which inhibits ATP formation during oxidative phos- 
phorylation, was much less inhibitory than either 
antimycin or rotenone, indicating that some of the 
respiration associated with ethanol oxidation may 
not be coupled to phosphorylation. 

In cells from alcohol-treated rats, ethanol oxida- 
tion was much more sensitive to inhibition by these 
mitochondrial inhibitors (Table 4). Ethanol oxida- 
tion in cells from phenobarbitone-treated rats was 
less sensitive to rotenone inhibition than cells from 
fed and fasted rats, but antimycin and oligomycin 
inhibited to the same extent as in normal cells. Cells 
from 3-amino-triazole treated rats were more sen- 
sitive to antimycin inhibition than were cells from 
untreated rats, but were affected by rotenone and 
oligomycin to the same degree as in normal cells. 


DISCUSSION 


Pathways of ethanol oxidation in cells from normal 
rats. The activity of alcohol dehydrogenase in the 
liver of normal rats is sufficient to account for the 
rate of ethanol oxidation in vivo [19]. Hence in order 
to demonstrate a contribution by other pathways it 
is necessary to identify features of ethanol oxidation 
which are clearly not attributable to alcohol dehy- 
drogenase. For example, use can be made of the 
differences in K,,, for ethanol between alcohol dehy- 
drogenase (0.5-2mM) and MEOS or catalase 
(~8 mM). If the rate of ethanol oxidation is shown 
to increase at ethanol concentrations above 10 mM, 
this implies the involvement of a pathway other than 
alcohol dehydrogenase. Another approach is to use 
inhibitors of alcohol dehydrogenase such as pyrazole 
[20] or the more potent 4-methyl pyrazole [21]. It 
can be assumed that in the presence of these inhibi- 
tors ethanol oxidation is proceeding by pathways not 
involving alcohol dehydrogenase. However, the 
inhibition is of a competitive nature [21] and may 
not be complete particularly at high ethanol con- 
centrations, since it is possible that the pyrazole 
derivative may not readily enter the liver cell. 

Initial studies on the effect of ethanol concentra- 
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Table 4. Effect of inhibitors of mitochondrial oxygen consumption on the rate of ethanol oxidation by isolated liver cells 
from fed and starved rats, and from rats treated with ethanol, phenobarbitone or 3-amino-triazole* 





Inhibitor 





Rotenone 


Antimycin Oligomycin 








Ethanol 

removal 

(umoles/ 
min/g) 


Initial 
ethanol 
concentration 


Pre-treatment 
of animal 


Inhibition 
(%) 


Ethanol 

removal 

(umoles/ 
min/g) 


Ethanol 

removal 

(umoles/ 
min/g) 


Inhibition 
(%) 


Inhibition 
(%) 





0.62 + 0.06 42 
0.71 + 0.02 38 
0.41 + 0.05 
0.45 + 0.03 
0.32 + 0.03 
0.42 + 0.03 
0.76 + 0.04 
0.86 + 0.07 
0.61 + 0.01 
0.57 + 0.01 


8mM 
96 mM 
8mM 
96 mM 
8mM 
96 mM 
8mM 
96 mM 
8mM 
96 mM 


Fed 

Starved 

Ethanol-fed 
(low fat) 


Phenobarbitone 


3-Amino-triazole 


0.77 + 0.01 28 
0.84 + 0.07 23 
0.52 + 0.03 27 
0.55 + 0.02 yA 
0.38 + 0.03 67 
0.45 + 0.05 56 
0.67 + 0.08 35 
0.77 + 0.09 26 
0.64 + 0.01 35 
0.75 + 0.04 28 


0.61 + 0.04 43 
0.65 + 0.03 43 
0.39 + 0.05 45 
0.37 + 0.05 48 
0.17 + 0.02 85 
0.26 + 0.02 75 
0.55 + 0.08 47 
0.55 + 0.07 47 
0.38 + 0.05 62 
0.41 + 0.06 61 





* Liver cells were incubated as described in Table 3. Initial concentrations of rotenone (15 uM, added in 5 ul acetone), 
antimycin (11 uM, added in 5 ul acetone) and oligomycin (5 yg in 5 ul acetone) were added as indicated. Control values 


without inhibitors are shown in Table 3. 


tion on ethanol oxidation revealed that in the first 
10 min of the incubation period, there was an appar- 
ent enhancement of ethanol oxidation that was 
directly proportional to the ethanol concentration. 
This phenomenon proved to be due to the contam- 
ination of [1l-"C]ethanol with another volatile, 
labelled material which was rapidly metabolized to 
a form not volatile in alkali. This substance was most 
likely [1-'*C]acetaldehyde which is formed during 
storage of [1-""C]ethanol (H. E. Hargraves, Radio- 
chemical Centre, Amersham, U.K., personal com- 
munication). When this was removed by distillation, 
the redistilled ethanol remained stable for at least 
one month. 

After purification of the [1-'C]ethanol it was 
found that the rate of ethanol oxidation was linear 
with time and constant over a range of ethanol con- 
centrations of 8-96mM. This was the case in the 
absence of added substrate or in the presence of 
pyruvate for cells from fed or fasted rats. Hence in 
these experiments no evidence was obtained for a 
pathway for ethanol oxidation catalysed by an 
enzyme with a lower affinity for ethanol than alcohol 
dehydrogenase. Our studies with pyrazole and 4- 
methyl pyrazole likewise revealed no evidence for 
a significant contribution to ethanol oxidation of 
pathways other than alcohol dehydrogenase. 

Since the hydrogen arising in ethanol oxidation 
catalysed by alcohol dehydrogenase is transferred in 
large part to the mitochondria [22], it would seem 
feasible to employ inhibitors of mitochondrial 
metabolism to discriminate between alternate path- 
ways of ethanol oxidation. The hydrogen arising in 
catalase or MEOS-catalysed ethanol oxidation 
reacts in the cytosol and it can be anticipated that 
mitochondrial inhibitors would be less effective in 
reducing the activity of these enzymes. However, as 


shown in Table 4, the oxidation of ethanol by cells 
from normal rats was blocked to the same extent by 
mitochondrial inhibitors in the presence of 8 or 
96 mM ethanol. 

An alternative approach is to examine the effects 
on ethanol oxidation of agents which might be 
expected to inhibit a microsomal ethanol-oxidizing 
system. Since this system requires NADPH for 
activity [2], substances which deplete the hepatic cell 
of NADPH should reduce the rate of ethanol oxi- 
dation. On this premise the actions of menadione, 
phenazine methosulphate and methylene blue were 
tested. These artificial electron carriers all strongly 
increased oxygen uptake and stimulated ethanol 
oxidation over the range 8-96 mM, although glu- 
coneogenesis was substantially reduced (M. N. 
Berry, unpublished observations). It seems probable 
that the stimulatory effect of these agents was 
mediated through the regeneration of cytoplasmic 
NAD, the rate-limiting step for alcohol dehydro- 
genase-dependent ethanol oxidation under these cir- 
cumstances [23]. The absence of any inhibitory effect 
on ethanol oxidation even in the presence of 96 mM 
ethanol suggests that availability of NADPH was not 
a requirement for ethanol oxidation and that MEOS 
was not functional in this system. 

Pathways of ethanol oxidation in aicohol-fed rats. 
It is difficult to maintain in rats an alcohol intake 
high enough to mimic the intake of alcoholics. Such 
high levels of alcohol ingestion have been achieved 
by providing a total liquid diet. Whereas Lieber et 
al. [13] chose to supply the residual calories largely 
as fat, others [14] have used a low-fat diet where fat 
provided only 5 per cent of the calories. 

We found considerable difficulty in obtaining 
preparations of intact cells in good yield from the 
very fatty livers of rats fed an ethanol high-fat diet. 
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For this reason the low-fat diet of Savolainen et al. 
[14] was preferred for most experiments. Even so, 
it was found that neither diet caused any increase 
in the oxidation of ethanol by isolated cells and again 
no discrimination was observed between the effects 
of 8 and 96 mM ethanol. Recently, Kondrup ef al. 
[24] have reported a lack of stimulation of ethanol 
oxidation by perfused livers from rats fed an ethanol 
high-fat diet. 

Using perfused livers from normal and chronic 
ethanol-fed rats, Damgaard et al. [4] found no dif- 
ferences in the rates of ethanol oxidation at high and 
low concentrations. On the other hand, in a recent 
paper Cederbaum et al. [7] reported an increased 
rate of ethanol oxidation in cells from ethanol-fed 
rats when incubated with 12.5mM ethanol. This 
phenomenon was observed oniy when ethanol was 
being oxidized at about 45 per cent of maximal rate 
in each preparation due to the lack of a hydrogen 
acceptor such as pyruvate. When pyruvate was added 
to the cells the rates of ethanol oxidation were similar 
whether or not the cells were obtained from normal 
or ethanol-treated rats and approached the level seen 
in vivo. Thus, the data of Cederbaum et al. [7] agree 
essentially with our own in that maximal rates of 
ethanol oxidation were similar in cells from normal 
and from ethanol-treated rats. 

Pathways of ethanol oxidation in rats fed pheno- 
barbitone. The effectiveness of phenobarbitone 
treatment in stimulating proliferation of the hepatic 
endoplasmic reticulum was confirmed by the sub- 
stantial residual respiration in the presence of 
rotenone (1.95 uwmoles/min/g for cells from pheno- 
barbitone-treated rats compared with 1.23 umoles/ 
min/g for cells from fed rats), and the extremely high 
respiration observed in the presence of phenazine 
methosulphate or menadione (Table 3). Neverthe- 
less, phenobarbitone treatment failed to bring about 
a stimulation of ethanol oxidation. In addition, the 
residual ethanol oxidation in cells poisoned with 
antimycin or oligomycin was not greater than that 
of normal cells incubated with either 8 or 96mM 
ethanol. Thus, these data provide no evidence that 
phenobarbitone administration brought about the 
induction of an ethanol-oxidizing system in the pro- 
liferating endoplasmic reticulum. 

Role of catalase in ethanol oxidation. Treatment 
of donor fed or fasted rats with 3-amino-triazole 24 hr 
before cell preparation had no effect on endogenous 
rates of ethanol oxidation by hepatocytes. Likewise, 
pyruvate-stimulated ethanol oxidation was similar 
in cells from normal and 3-amino-triazole-treated 
rats. These studies, which were carried out with both 
8 and 96 mM ethanol, imply that catalase is of little 
or no importance under these conditions. However, 
glycollate-stimulated ethanol oxidation was substan- 
tially impaired by pre-treatment of rats with 3-amino- 
triazole (M. N. Berry, unpublished observations). 
Hence, it is evident that under certain circumstances 
catalase can be responsible for a significant propor- 
tion of ethanol oxidation. 

Physiological role of hepatic ethanol-oxidizing sys- 
tems. In the present studies pyruvate and artificial 
electron acceptors greatly stimulated the rate of 
ethanol oxidation in cells from all treatment groups, 
although cells from ethanol-treated rats showed least 
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stimulation. In all instances this stimulated activity 
was totally abolished by 4-methyl pyrazole, dem- 
onstrating that the pathway of ethanol oxidation 
consistently involved alcohol dehydrogenase. Rates 
of ethanol oxidation obtained in the presence of 
stimulating agents were close to those observed in 
vivo. Hence, alcohol dehydrogenase clearly has suf- 
ficient capacity to account for total ethanol oxidation, 
provided that hydrogen generated in the cytoplasm 
can be transferred to oxygen. Although this circum- 
stance will not always pertain in isolated cells which 
may have been depleted of key metabolites by wash- 
ing, there is no evidence that a deficiency of carrier 
or acceptor molecules for the hydrogen arising in 
ethanol oxidation exists in vivo. 

In the present studies no evidence has been 
obtained either for an increased rate of ethanol 
oxidation at high ethanol concentrations or for an 
increased rate of ethagol oxidation in hepatocytes 
from ethanol-fed or phenobarbitone-treated rats. 
These studies therefore provide no support for the 
view that a ‘microsomal ethanol-oxidizing system’ 
is likely to have a significant role in the hepatic 
oxidation of ethanol in vivo. 
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Abstract—The present study adds support to the hypothesis that #-pentachlorocyclohexene (f-PCH) 
is a primary intermediate in a-hexachlorocyclohexane (a-HCH)§ metabolism in the rat. Degradation 
of a-HCH to B-PCH was shown to occur in vitro and in vivo, partially by non-enzymic catalysis. B-PCH 
accumulated in liver and adipose tissue of a-HCH treated rats, which had received the glutathione- 
lowering agent diethyl maleate. 6-PCH disappears from the body much more rapidly than the parent 
compound a-HCH: about 50 per cent of a single i.p. dose were degraded within 2.5 hr, while half-life 
of a-HCH is known to be approximately 130 hr. To maintain equimolar liver concentrations, B-PCH 
must be given in doses 100-fold higher than a-HCH. B-PCH and a-HCH were fed for a period of ten 
days at various dose levels to give steady-state liver concentrations. It was found that 6-PCH has similar 
hepatic effects to a-HCH: both agents induced liver growth and a phenobarbital-type pattern of 
monooxygenase activities, as measured by the following substrates: aminopyrine, ethylmorphine, 
benzphetamine, 4-nitroanisole, aniline, benzo[a]pyrene, ethoxyresorufin and 2,5-diphenyl-oxazole. 
Threshold doses for these effects were 30-43 umoles/kg/day for B-PCH and 1.0-1.7 umoles/kg/day for 
a-HCH. However, on the basis of molar hepatic concentrations B-PCH was a more potent inducer than 
a-HCH (2-10 times). Threshold concentrations ranged from 0.4 to 0.6 nmoles B-PCH/g liver and from 
0.7 to 1.5 nmoles a-HCH/g liver. 6-PCH concentrations in livers of rats treated even with high doses 
of a-HCH were below the threshold for induction of liver growth and of monooxygenase increases. It 


is, therefore, highly unlikely that B-PCH is responsible for the effect of a-HCH on rat livers. 


The a- and f-isomers of hexachlorocyclohexane 
(HCH), by-products of commercial y-HCH (lindane) 
synthesis, are subject of increasing public concern, 
mainly as a result of their persistence in biological 
systems. In rodents, HCH isomers are known to 
cause liver growth [3-5], induction of drug metab- 





* A brief account of parts of this work has been published 
[1]. This paper continues previous studies on the synthesis 
and chemical properties of B-PCH [2]. 

+ Present address: McArdle Institute for Cancer 
Research, University of Wisconsin, Madison, WI 53706, 
U.S.A. 

+ To whom correspondence should be addressed. 

§ Abbreviations used: An, aniline; AP, aminopyrine; 
BP, benzo[a]pyrene; BPA, benzphetamine; DCPMA, 
dichlorophenylmercapturic acids; DEM, diethyl maleate; 
EM, ethylmorphine; ER, 7-ethoxyresorufin; g.l.c., gas 
liquid chromatography; GSH, glutathione; a-HCH, 
a-hexachlorocyclohexane (also known as a-benzene hexa- 
chloride); 3-MC, 3-methylcholanthrene; pNA, p-nitroan- 
isole; PB, phenobarbital; PC, propylenecarbonate; PCN, 
pregnenolone-16a-carbonitril; PCH, PCCHE (pentachlo- 
rocyclohexene); PPO, 2,5-diphenyloxazole. 

|| R. Schulte-Hermann and W. Parzefall, manuscript in 
preparation. 

§{ This compound was previously synthesized from 
monochlorobenzene by Kolka et al. [20] and termed f- 
PCH, but the relationship to any HCH isomer remained 
unclear. Kurihara et al. [21] isolated B-PCH by the iso- 
merization of 6-PCH and used a different nomenclature 
[22] [B-PCH = (dl)-346/5S-PCCHE). 


olizing enzymes [6,7] and resistance towards the 
effects of convulsants [8-10]. The induction of liver 
growth, particularly prominent with respect to a- 
HCH, has recently been shown to be associated with 
tumor promotion in rodent liver [11, ||]. The mech- 
anism(s) of action leading to the biological effects 
described above are largely unknown at present but 
it would seem feasible that metabolites are involved 
in this process [12, 13]. 

Two major pathways of a-HCH metabolism have 
been established in recent years. The first one 
depends on cytochrome P-450[14, 15] and the second 
includes conjugation reactions with glutathione 
(GSH) [14, 16-18]. In this latter pathway penta- 
chlorocyclohexenes seem to be primary intermedi- 
ates [18]. Chemically, PCHs are formed from HCHs 
by base catalysed monodehydrochlorination. The 
monodehydrochlorination product of a-HCH was 
identified by Miinster [2, 19] as B-PCH4. Attempts 
to demonstrate B-PCH formation in rats exposed to 
a-HCH have so far been unsuccessful and at best, 
only traces of this compound were found [15, 19], 
which could be the result of rapid metabolic clear- 
ance of this compound. Indeed, in vitro breakdown 
of B-PCH is a very rapid GSH-dependent process 
[17, 18]. The experiments reported below show that 
B-PCH is formed in vivo in rats treated with a-HCH. 
Furthermore, exogenous administration of 6-PCH 
to rats was found to induce liver growth and drug- 
metabolizing enzymes. Finally we investigated 
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whether or not #-PCH formed endogenously from 
a-HCH plays an active role in the induction of 
changes produced in rat liver by the latter compound. 


MATERIALS AND METHODS 


Substances 

a-HCH (mol. wt = 291) and PCN were gifts of 
Boehringer, Ingelheim & Schering AG, Berlin; 7- 
ethoxyphenoxazole (ethoxyresorufin, ER) was syn- 
thesized by U. Greeff, Inst. fir Pharmakologie und 
Toxikologie, Marburg. B-PCH (mol. wt = 254) was 
synthesized as described by Minster ef al. [2]. It was 
purified by crystallization and silica gel column 
chromatography with propylene-carbonate (PC) as 
the stationary phase (SiO,:PC 5:2, w/v), and PC- 
saturated petroleum ether as eluent. Purity of A- 
PCH: 99.7 per cent, contamination with a-HCH < 
0.001%. [*H]Thymidine, sp. act. 6.5 mCi/mmole, 
was supplied by NEN, Frankfurt, [U-"C]a-HCH, 
sp. act. 48 mCi/mmole, was supplied by Amersham 
Buchler and was purified by column chromatography 
as described above. Bovine serum albumin was 
obtained from Behringwerke, Marburg. Myrj, anon- 
ionic dispersing agent, was obtained from Serva, 
Heidelberg. All other substances were purchased 
from commercial sources. 


Animals and treatment 

Female SPF-Wistar rats (5S—10 weeks old) weighing 
100-170 g, were purchased from the Zentralinstitut 
fiir Versuchstiere, Hannover, F.R.G. For most of 
the experiments both Altromin 1324 feed and tap 
water were supplied ad /ib. In experiments designed 
to study the effects of the inducers on liver DNA 
synthesis, rats were adapted to an inverted day—light 
cycle (dark from 9:00 a.m. to 9:00 p.m.), and food 
was supplied for 5 hr per day only (from 9:00 a.m. 

_to 2:00 p.m.). This regimen is known to synchronize 
hepatocellular DNA synthesis [5, 23]. 

The inducers were administered orally by stomach 
tube unless indicated otherwise. B-PCH, a-HCH and 
3-MC were dissolved in corn oil or olive oil; PB was 
dissolved in 0.9% NaCl; PCN was ground to a fine 
powder and suspended in 0.9% NaCl with 0.1% 
Myrj. 

‘Control animals received carrier or were not 
treated at all. Oil was administered in doses up to 
10 ml/kg. Treatment of the animals was carried out 
between 8:00 and 10:00 a.m. [’H]Thymidine was 
injected into a tail vein at the time of maximum 
DNA synthesis, i.e. approximately 10-11 hr after the 
start of food consumption [5, 23]. The animals were 
killed 75 min after thymidine injection. Diethylma- 
leate (DEM) dissolved in corn oil (14% w/v) was 
administered i.p. at a dose level of 700 mg/kg. The 
animals were decapitated between 8:00 and 11:00 
a.m., unless stated otherwise. The liver was quickly 
excised, weighed and cooled to 0°, homogenized and 
processed to obtain the microsomal fractions. Liver 
DNA samples were stored at —15° for some days 
prior to analysis. 

Continuous exposure experiments. In order to 
obtain constant inducer levels in the liver, rats 
received B-PCH and a-HCH continuously via the 
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diet, and the circadian rhythm of food intake was 
suppressed. Seventeen-day-old rats of both sexes 
(in which rhythmic feeding is not yet developed) 
were adapted to and maintained on continuous light 
until the end of experimentation. They were weaned 
on day 20. From day 21 onwards the animals (weigh- 
ing 25-45 g) were fed diets containing either B-PCH 
or a-HCH ad lib for a period of 10 days. Diets were 
prepared by mixing with solutions of 6-PCH and 
a-HCH in acetone and subsequent drying in air; 
inducer concentrations were controlled in random 
samples by g.l.c. and were 1.7, 9.5, 43 and 83 mg 
a-HCH/kg diet and 150, 190, 420, 840, 1610, 1670, 
3150, 3340, 3980 and 6250 mg B-PCH/kg diet. Food 
intake and body weights were recorded once daily 
and additionally from day 4 to 7 in 12-hr intervals. 
No differences could be detected in feeding activities 
between the different phases of the 24-hr period. 
The various a-HCH treatments were started by oral 
administration of initial doses (D,) of 2, 11, 52 and 
106 mg/kg, resp. followed by exposure to dietary 
maintenance levels (D,,) of a-HCH, which were 
calculated according to Dost [24]: D,, = D; . In2/tos . 
An initial dose of 6-PCH was not given because it 
has a half-life of less than 3 hr (see Results). 


Extraction procedures 


Whole body. Rats were killed with ether, minced 
and frozen in liquid nitrogen as quickly as possible. 
The mincing procedure was repeated until a fine 
frozen powder was obtained. The powder was mixed 
with anhydrous sodium sulfate (1:1, w/w), ground 
to dryness, and subjected to exhaustive extraction 
with acidified acetone (1% HCl) in a Soxhlet appar- 
atus. The extract was concentrated under reduced 
pressure and the remaining residue was extracted 
into petroleum ether. Chlorinated hydrocarbons 
were separated from lipid components by repeated 
extractions into PC. The combined PC-phases were 
mixed with water (1:2, v/v) and reextracted with 
petroleum ether. Completeness of each extraction 
procedure was controlled by counting radioactive 
residues. B-PCH and a-HCH were completely sep- 
arated by three consecutive runs on a silica gel col- 
umn (experimental details were as described above). 
Recovery for a-HCH and £-PCH was 97.7-103 per 
cent. 

Livers. Since preliminary experiments had shown 
that liver 6-PCH concentrations rapidly decrease 
after decapitation, liver samples were taken in situ 
under ether/oxygen anesthesia using a pair of tongs, 
cooled to —196° in liquid nitrogen (freeze stop 
method [25]). 

Frozen liver (0.5—1.0 g) was weighed immediately 
and homogenized with 5.0 ml ice-cold 2% perchloric 
acid. The homogenate was extracted with 5.0 or 
10.0 ml n-hexane under continuous mixing for 1 hr 
at room temperature. Compound recovery from liver 
homogenates were 94 + 6 per cent for B-PCH and 
97 + 1 per cent for a-HCH. 

Blood samples. Blood samples (1 g) obtained by 
cardiac puncture were mixed with 5.0ml 0.2M 
Soerensen buffer and extracted with 10.0ml n- 
hexane. 

Fat. Retroperitoneal adipose tissue (0.1-0.3 g) 
was mashed and equilibrated with 5.0 ml n-hexane. 





Effects of a-HCH and £-PCH on rat liver 


The mixture was shaken at regular intervals and 
concentrations were measured 48 hr later. 

Muscle tissue. Samples (0.2-0.5g) were hom- 
ogenized in 15.0ml Soerensen buffer. The hom- 
ogenate was extracted with 30.0 ml n-hexane. Resi- 
due analyses on chlorinated hydrocarbons were 
conducted with g.l.c. 


G.L.C.—Conditions and radioactivity measurements 


A Hewlett-Packard HP 5730A chromatograph 
with an 3080A integrator and an 7671A automatic 
sampler was used. Detector: [*NiJelectron capture 
detector, 300°; column: glass, 1.28 m, i.d.: 2.4mm, 
carrier: gaschrom Q (100-120 mesh), stationary 
phase: 3% OV-1; column temperature: 125 or 140°; 
carrier gas: argon—methane (9 + 1), 90 or 40 ml/min, 
resp.; injection port: 200°. Results were quantitated 
with the use of an external standard calibration 
curve. 

Radioactivity measurements were conducted using 
Isocap/300 or Tricarb 3380 scintillation counters. 
Counting efficiency was calculated with internal or 
external standardization. 


Enzyme assays 


The activities of drug-metabolizing enzymes were 
determined in isolated microsomal fractions in vitro. 
The microsomes were prepared through a standard 
procedure using differential centrifugation [26]. 
Unless stated otherwise, pooled microsomal frac- 
tions were stored for several days at —15° prior to 
incubation. Incubation mixtures in a final volume of 
0.5ml contained NADP 5x 10°*M, isocitrate 
5 x 10°°M, isocitrate dehydrogenase 20 mU, MgCl, 
3 x 10°°M, microsomes from 20 mg liver tissue, and 
one of the following substrates: aminopyrine (AP) 
10-*M, ethylmorphine (EM) 5 x 10-*M, benzphet- 
amine (BPA) 1 x 10°°M, aniline-HCl (An) 2 x 
10-°M or 4-nitroanisole (pNA) 0.5 x 10~°M. All sub- 
stances were dissolved in Soerensen phosphate 
buffer, pH 7.4, M/15. Samples were incubated for 
20 min at 37° in a shaking water bath. Enzyme 
reaction was stopped by transfer to an ice bath and 
addition of trichloroacetic acid, 1.8 M, 250 ul. 

Metabolic conversion of AP, EM and BPA was 
monitored by measurements of formaldehyde pro- 
duction [24]. p-Nitroanisole-O-demethylation was 
assayed by measuring p-nitrophenol formation [28] 
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and aniline metabolism by analysis of p-aminophenol 
formation [29]. Ethoxyresorufin-deethylation was 
assayed by recording the initial velocity of resorufin 
formation [30, 31], using a Zeiss spectrofluorimeter 
with two monochromators. Diphenyloxazole (PPO) 
metabolism was assayed as described by Cantrell er 
al. [32]. Fluorescence intensities of the extracted 
(still unidentified) phenol were used to compare 
enzyme activities. Benzo[a]pyrene (BP) hydroxylase 
activity was assayed with a slight modification [33] 
of the method described by Gielen ef al. [34]. 

All enzyme assays were conducted in triplicate. 
Liver cytochrome P-450 content was assayed with 
CO-difference spectra. Each cuvette contained 
1.3 mg microsomal protein per ml. The concentra- 
tion of cytochrome P-450 was calculated using the 
extinction coefficient &459 499 = 91 x 10° I/mol/em 
[35]. 


DNA, glutathione and protein assays 


For DNA assays liver samples (1 g) were hom- 
ogenized in 10.0 ml 0.2M ice-cold perchloric acid. 
After centrifugation the pellet was washed twice with 
0.2M perchloric acid. The pellet was dried with 
ethanol/ether (3:1) and ether (100%). Ether resi- 
dues were allowed to evaporate and the dried pellet 
was subsequently resuspended in 1.0 ml of 0.5M 
perchloric acid followed by extraction for 30 min at 
80°. After centrifugation DNA was assayed color- 
imetrically in the supernatant [36]. 

Reduced glutathione (GSH) was assayed as non- 
protein-thiol using Ellmans reagent [38]. Protein was 
determined as described by Lowry et al. [39]. 


Statistical analyses 


Means and standard deviations are given. Treat- 
ment means were tested on significance using Stu- 
dent’s f-test. 


RESULTS 


(1) Some pharmacokinetic properties of B-PCH. 
Administration of 6-PCH to rats was well tolerated. 
Exposure to 700 mg B-PCH/kg body wt daily for 10 
days via the diet had no effects on body growth or 
animal behaviour. However, 930 mg/kg daily 
resulted in suppressed body growth. A single dose 


Table 1. Organ concentrations of B-PCH after application of a single dose of the compound* 





Experiment I: 200 mg/kg p.o. 


Experiment II: 300 mg/kg p.o. 





Muscle 
(ug/g) 


Blood 
(ug/g) 


Fat 
(ug/g) 


Fat 
(ug/g) 


Liver 
(ug/g) 





0.6 + 0.14 
0.7 + 0.3 
0.9+ 0.4 


0.9+0.4 
0.8+0.1 


0.1 + 0.04 
0.08 


cn 
Dw 
It It | i+ i+ | 
= oO 


— 


8 


14.9 + 8.3 


63 + 29 


= 
—_ 


NS) 


280 + 175 
166 + 44 


0.52 + 0.6 


cou 
te tn 


| ++ | i | 





* Results expressed as mean + S.D. from three to five animals. 
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Table 2. Liver growth induced by B-PCH and a-HCH in rats* 





Relative 
liver weight 


No. of 
animals 


Treatment 
(mg/kg) 


Liver DNA 





mg 
mg —_—__—_—_—— 
100 g body 
g liver G wt 





None 13 4.4+0.4 
B-PCH 
6 x 150 
6 x 450 
a-HCH 


2 x 200 5 5.9 + 0.74 


2.87 + 0.19 100 


12.7 + 1.01 


13.8 + 0.54+ 


92 15.6 + 1.12¢ 





* Animals (120-150 g) were killed 144 hr after beginning of treatment. 


+ P<0.0S5. 
+ P<0.001. 


of 1020 mg/kg i.p. killed the animals (2/2 rats) within 
36 hr.’ 

Absorption of 6-PCH administered either i.p. or 
orally was almost complete, and the rate of absorp- 
tion increased in the order s.c. < p.o. <i.p. Four 
hours after i.p. administration of 200 mg/kg (6 rats) 
or 1020 mg/kg (4 rats) only 1-5 per cent of the f- 
PCH dose was found in the abdominal cavity. Eight 
hours after oral administration of B-PCH (200 mg/kg) 
25 per cent of the dose was found, and 24 hours after 
application only traces were found unchanged in the 
contents of the gastro-intestinal tract. In feces col- 
lected during 72 hr after oral administration only 1 
per cent of the dose could be detected. After a 
subcutaneous application (500 mg/kg) B-PCH con- 
centration reached its maximum in retroperitoneal 
fat tissue not earlier than 24 hr after s.c. application, 
which indicates that complete absorption of the com- 
pound may at least require a similar time interval. 

Organ distribution of a single oral dose of B-PCH 
is shown in Table 1. Highest concentrations were 
reached in adipose tissue and were, at the time of 
maximum organ concentrations, almost 100-fold 
higher than in blood. a-HCH is known to be distri- 
buted similarly, the fat:blood concentration ratio 
being nearly 200 [39]. As the partition coefficients 
in n-heptane:water were 1010 for 6-PCH and 1930 
for a-HCH, the similarity in organ distribution was 
not unexpected. 

_&PCH elimination from the organs studied was 


almost complete 72 hr after administration (Table 
1). Calculations of elimination rates from these data 
showed that half-life of 6B-PCH was in the region of 
a few hours. In another experiment only 30-35 per 
cent of a single i.p. dose of 200 mg/kg B-PCH were 
still present in the bodies of the animals 4 hr after 
application, suggesting that half of the dose disap- 
peared within 2.5 hr (mean + S.D. from 4 rats: 2.5 + 
0.6 hr; for experimental conditions: see Table 5). 
In contrast, the half-life of a-HCH in the liver and 
fat was calculated to be approximately 130 hr (data 
from ref. 40). That 6-PCH disappears from the body 
much more rapidly than a-HCH is also shown by 
findings reported below (section 3). 

(2) Comparative studies on the effects of B-PCH 
and a-HCH on rat liver. B-PCH was administered 
to rats at various dose levels. Six applications of 
450 mg 6-PCH/kg body wt caused approximately 30 
per cent liver enlargement (Table 2). This effect was 
accompanied by decreases of liver DNA concentra- 
tion; however, the total liver DNA content was 
slightly increased (9 per cent). These effects were 
similar, although less pronounced, than those seen 
after 2 x 200 mg a-HCH/kg. Liver DNA synthesis 
in B-PCH treated rats was also enhanced (Table 3); 
this effect, too, was less pronounced than that pro- 
duced by a-HCH. These results indicate that 6-PCH, 
like its parent compound a-HCH, is an inducer of 
liver growth. However, the effects of B-PCH seem 
to require higher dose levels and this may be 


Table 3. Liver DNA synthesis after oral treatment with a-HCH and p-PCH* 





Dose 





Treatment mmoles/kg mg/kg 


Experiment I 
(dpm/ug DNA) 


Experiment II 
(dpm/ug DNA) 





None — — 
B-PCH 0.17 45 
0.52 135 
1.18 300 
1.59 405 
0.17 50 
0.52 150 


a-HCH 


4 (11) 
8.1 + 1.9 (5) 
13.9 + 3.8 (5) 
28.8 + 9.6 (5)7 


64 + 14.3 (4)+ 


I+ I+ I+ 





* Body weights: 110-120 g. Number of animals in brac«ets. In experiment II, 6-PCH 


was administered i.p. 
+ P<0.005. 
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Fig. 1. Induction of rat liver microsomal mono-oxygenases by B-PCH, a-HCH and other stimuli. Panel 
A: Six rats (150-180 g) per group were treated as follows (doses in mg/kg): B-PCH i.p.: 3 x 300 (1); 
a-HCH, i.p.: 1 x 50 (3) (upper row); p.o.: 150 + 100 (2) (lower row); PB p.o.: 6 x 100 (1); 3-MC p.o.: 
6 X 20 (1); PCN p.o.: 6 x 100 (1). Repeated doses were given on consecutive days. In brackets: days 
between last treatment and death of animal. Control activities (= 100 per cent) expressed per mg of 
microsomal protein and 20 min incubation time were as follows: AP = 67, EM = 33, BPA = 47 nmoles 
formaldehyde; pNA = 10.8 nmoles p-nitrophenol; An = 8.3 nmoles p-aminophenol; BP = 1.37 nmoles 
3-OH-BP/mg protein/10 min; P-450 = 0.67 nmoles/mg microsomal protein. Panel B: Three to four rats 
(80-90 g) per group were treated as follows (dose in mg/kg): B-PCH s.c.: 1 x 500 + 2 x 300; a-HCH 
p.o.: 1 x 100; PB p.o.: 3 x 100; 3-MC p.o.: 3 x 20. Repeated doses were given on consecutive days. 
Decapitation was on the fourth day after the beginning of treatment. Control (CO) activities (= 100 
per cent) were: AP = 43.7, EM = 23, BPA = 40 nmoles formaldehyde, pNA = 10.8 nmoles p-nitro- 
phenol/mg microsomal protein/20 min; ER = 8.5 pmoles resorufin/mg protein/min. 


explained by the shorter half-life of B-PCH (see 
above). 

Both B-PCH and a-HCH enhanced the activities 
of the hepatic monooxygenase system, as evidenced 
by increases of cytochrome P-450 levels (+19 per 
cent) and by enhanced turnover rates of AP, EM 
and BPA (Fig. 1). Biotransformation of other sub- 
strates, i.e. pNA, An, BP, ER, PPO, was increased 
to a lesser extent or remained unchanged. These 
different substrates were used to test the specificity 
of the enzyme(s) induced. 6-PCH and a-HCH had 
no pronounced effects on P-448 specific substrates, 
such as BP, ER and PPO, and this suggests that the 
compounds do not belong to the class of *3-MC-type’ 
microsomal enzyme inducers. This confirms results 
of a previous study in which a-HCH was found to 
be an inducer of the phenobarbital type [40]. PB 
pretreatment produces increases in turnover rates 
of N-demethylases in the order AP<EM<BPA (Fig. 
1). Relative increases (related to AP=1) were 
1:1.3-1.5:2.2 (AP:EM:BPA). 6-PCH tended to 


induce a similar pattern of enzyme activities. This 
could be shown most clearly in an experiment with 
continuous feeding of the inducers for ten days (Fig. 
3, see below). Turnover of the substrates 
AP:EM: BPA increased in a relation of 1:1.3:1.9 
as calculated from the slopes of the concentration— 
response curves. a-HCH produced a similar pattern, 
as characterized by a 1: 1.8:2.3 relation of the slopes 
(Fig. 3). After pretreatment of rats with PCN, which 
is known to be a different type of inducer [40, 41, 
cf. Fig. 1A], this relation was 1:2.3:0.9 (calculated 
from the date shown in Fig. 1A). These findings 
strongly suggest that 6-PCH and a-HCH induce the 
same cytochrome P-450 species. 

(3) Inductive potential of B-PCH and a-HCH. In 
view of the widely differing half-lives of B-PCH and 
a-HCH, the inductive potentials could not be com- 
pared on the basis of the administered doses; instead, 
liver concentrations were considered to provide a 
more useful basis for comparisons. Rats were 
exposed to various cietary levels of both compounds 
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Fig. 2. Relationship between dose levels and liver concentration of B-PCH and a-HCH after application 

for 10 days. Doses were calculated daily on the basis of food intake and body weights, means + S.D. 

are indicated by horizontal bars. Liver concentrations were measured in individual animals by g.l.c., 

means + §.D. are shown by vertical bars. Correlation coefficients (r) are indicated. For other details 
see Materials and Methods. 


for a period of 10 days in an attempt to produce 
steady-state liver concentrations. Daily exposure 
levels, calculated on the basis of food intake, are 
shown in Fig. 2 and ranged from 0.2 to 14mg a- 
HCH/kg body wt and from 27 to 930 mg B-PCH/kg 
body wt. Liver concentrations increased linearly with 
the dose in double logarithmic (Fig. 2) and linear 
plots. As expected from the different half-lives of 
the two compounds, maintenance of equimolar liver 
concentrations required 100-fold-higher doses of B- 
PCH than of a-HCH. Hepatic concentrations of the 
two compounds observed after 9 and 9.5 days of 
feeding were similar to those found at the end of the 
experimental period (Table 4). This suggests that 
liver concentrations had reached a steady state and 
that no major circadian fluctuations were present. 
Relative liver weights increased linearly with the 
logarithm of the respective inducer concentrations 
(Fig. 3). High doses of B-PCH, i.e. 1000 mg/kg body 
wt, caused depressed body growth, which resulted 
in overproportional increases in relative liver weight. 
These results were not included for estimations of 
threshold concentrations in liver. On a molar basis, 
B-PCH appeared to be a more potent inducer of liver 





* It is of interest to note that dieldrin threshold concen- 
trations in rodent liver are similar to those reported in this 
study for a-~HCH and f-PCH ([42], and private communi- 
cation of A. S. Wright). 


enlargement than a-HCH. Three nanomoles f- 
PCH/g liver was associated with liver enlargement 
similar to that seen in rats with 30 nmoles a-HCH/g 
liver. Threshold concentrations (in nmoles/g liver) 
for the induction of liver growth were calculated to 
be 0.5 for B-PCH and 1.5 for a-HCH. B-PCH also 
appeared to be a more potent inducer of microsomal 
N-demethylase activities than a-HCH (Fig. 3). Eight 
nanomoles B-PCH/g liver produced an increase in 
aminopyrine N-demethylase activity similar to that 
seen in livers containing 30 nmoles a-HCH/g liver. 
Threshold concentrations for the induction of liver 
monooxygenases were 0.4-0.6 nmoles/g liver for f- 
PCH and 0.7-1.3 nmoles/g liver for a-HCH.* 

The results of the experiment shown in Figs. 2 and 
3 indicate that a dose of 300 mg f-PCH/kg daily, 
when administered orally at a constant rate through- 
out the day, induces increases in activities demethy- 
lating AP, EM and BPA by +100, +115 and +180 
per cent. In contrast, i.p. application of the same 
dose once daily (Fig. 1A) produced considerably 
smaller increases (+37, +29 and +64 per cent). 
Although the two experiments are not entirely com- 
parabie, these observations suggest that continuous 
exposure to 6-PCH is more effective than a single 
pulse-like i.p. application. This suggestion is sup- 
ported by the considerable increase of demethylating 
activity following s.c. treatment with similar doses 
of 6-PCH (Fig. 1B). As noted above, absorption of 
B-PCH from a s.c. depot is relatively slow. 


Table 4. Liver concentrations of B-PCH and a-HCH after feeding for 9-10 days* 





Intake per day 


Compound (mg/kg body wt) 


9 9.5 10 





nmoles inducer/g liver 
Duration of treatment 
(days) 





a-HCH 
B-PCH 


1.35 + 0.26¢ 
493 + 1074 


9.3/11.5 


4.1 3.6/4.3 
9.6/10.4 


4.2/3.9/4.0//4.2+ 
5.0/8.2/ 15 //9.8+ 





* Livers were analysed for B-PCH and a-HCH concentrations 24 and 12 hr before and at 
the end of experiment. Results shown are from single rats or, where indicated by +, were 


calculated from Fig. 2. 
+ Means + S.D. of daily intake. 
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Fig. 3. Relationship between log liver concentration and inductive effects of B-PCH and a-HCH after 

application for 10 days. O: B-PCH, @: a-HCH. Results from individual treated animals are indicated 

and are expressed as a percentage of the mean of the control group (eight animals). 100 per cent were: 

4.08 gliver/100 g body wt; AP = 70,EM = 50, BPA = 46 nmoles HCHO/mg microsomal protein/20 min + 

S.D. of controls is indicated by the dotted lines.&, &: values not included in the calculation of regression 
lines and coefficients. For other details see Materials and Methods and legend to Fig. 2. 


It seemed of interest from a practical toxicological 
point of view to calculate threshold doses for the 
induction of liver growth and enzyme increases by 
continuous administration of a-HCH and f-PCH 
(Figs. 2 and 3). Values found were 0.3—0.5 mg (1.0— 
1.7 umoles) a-HCH/kg and day and 8-11 mg (30- 
43 umoles) B-PCH/kg and day. 

(4) Formation of B-PCH from a-HCH. In a first, 
preliminary attempt to prove the formation of f- 
PCH from a-HCH in the whole rat, [‘*C]a-HCH 
was administered and ‘cold’ 6-PCH was given 12 hr 
later in order to trap any ['*C]$-PCH. At this time 
(12 hr) liver a-HCH concentration has reached its 
maximum [39]. The rats were killed 4 hr later, when 
liver B-PCH concentrations were maximal (data not 
shown). The whole body was immediately hom- 
ogenized and, after separation of B-PCH from a- 
HCH, radioactivity found in the 6-PCH fraction was 
calculated as a percentage of that in the a-HCH 
fraction. Results varied considerably and an average 
of 1.45 per cent was found (Table 5). A control rat 
received radioactive a-HCH i.p. after being killed 
and was processed immediately. Here 1.7 per cent 


of the radioactive a-HCH was degraded to 6-PCH. 
Only a little 8B-PCH was formed during the analytical 
procedure (Table 5). These findings suggest that 
a-HCH is degraded to B-PCH in the rat, but it is 
not clear whether degradation occurs by enzymic or 
non-enzymic catalytic effects of biological material. 

In vitro, B-PCH is formed slowly from a-HCH in 
aqueous solution at physiological pH (Table 6); p- 
PCH formation was enhanced several-fold by addi- 
tion of denatured liver homogenate and even more 
by addition of native serum albumin. These results 
show that 6-PCH can be formed from a-HCH in the 
presence of unspecific protein. Formation of 6-PCH 
by similar mechanisms should be possible also in 
vivo. 

Small amounts of B-PCH (less than 0.1 per cent 
of the a-HCH present) were consistently found in 
livers and adipose tissue of a-HCH treated rats 
(Table 7). Jn vitro, B-PCH has been shown to accu- 
mulate during incubation of a-HCH with liver cyto- 
sol protein prepared by acetone precipitation and 
thus being free of GSH [18]. Therefore, we depleted 
a-HCH treated rats of most (90 per cent) of their 
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Table 5. Formation of {'*C]A-PCH in rats treated with ['*C]a-HCH* 





a-HCH specific activity 





Recovery of 

radioactivity 

(% of applied 
dose) 


Prior to 
treatment 
Experiments 


(dpm/mmole) 


B-PCH/a-HCH-ratio 
in the purified fractions 


After termination 
of experiment 
(dpm/mmole) 





2054 
1092 
1092 


Rat 1 70 
Rat 2 72 
Rat 3 73 


Rat 4 
(control) 78 
Procedure 

without rat 


1092 


97.7 1962 


1921 
1020 
1081 
Mean 1.45 + 1.18 


1.72 


0.16 





* Rats were treated with [‘“C]a-HCH p.o. (160 mg/kg). Twelve hours later they received cold p- 
PCH i.p. (200 mg/kg), and were killed 4 hr after 6-PCH treatment. The control rat was killed by ether 


and received 200 mg/kg ['*C]a-HCH i.p. 


liver GSH. This procedure resulted in small but 
reproducible (three experiments) increases of B-PCH 
concentration in liver and adipose tissue (Table 7). 
Even under conditions of GSH-depletion, liver 
B-PCH concentrations in a-HCH treated rats were 
0.38 nmoles/g at maximum (Table 7), which is below 
the observed threshold concentration for induction 
of liver growth and drug metabolizing enzymes (0.4— 
0.7 nmoles/g liver, Fig. 3). These results strongly 
suggest that the rate of B-PCH formation from a- 
HCH in vivo is not sufficient to induce the changes 
produced in rat liver by the latter compound. 


DISCUSSION 


The present investigation adds support to previous 
suggestions [18] that 6-PCH is an intermediate in 
a-HCH metabolism in vivo. It is shown that B-PCH 
is formed in vivo from a-HCH. These results are in 
agreement with previous studies in which trace 
amounts of 6-PCH were demonstrated in a-HCH 
treated rats [15,19]. That the amounts of B-PCH 
found in a-HCH treated rats are very small is easily 
explained by the short half-life of B-PCH. The 
formation of a common metabolite, i.e. an isomeric 
pentachlorocyclohexene (356/4-PCH), in th> livers 
of rats treated with either a-HCH or £-PCH provides 
additional support for the intermediary role of p- 
PCH in a-HCH metabolism (present study, data not 
shown).* Other metabolites common to a-HCH and 
B-PCH, i.e. dichlorophenylmercapturic acids 
(DCPMA), have been obtained in vitro after incu- 
bation with cytosol or with an isolated GSH-S-trans- 
ferase (E.C. 2.5.1.18) in the presence of GSH [18]. 
The relative proportions of the 4 DCPMA isomers 
formed from a-HCH or f£-PCH were almost ident- 
ical, but were different from those obtained with 
other HCH’s or PCH’s. 

In vitro formation of 6-PCH from a-HCH is shown 





* Identification of 356/4-PCH rested on combined g..c.- 
mass-spectrometry and g.l.c. on two different stationary 
phases (OV1 3% and DEGS 15%). Isomerization of. B- 
PCH to 356/4-PCH can be explained by hydrogen—chlorine 
exchange at the double bond. 


to occur by unspecific catalysis of proteins. The turn- 
over rates of a-HCH in the presence of denatured 
liver protein (10 pmoles/hr/mg protein) or serum 
albumin (25 pmoles/hr/mg protein) would be suffic- 
iently high to account for B-PCH accumulation in 
the liver in vivo, as observed in the experiment 
shown in Table 7 (approximately 0.5 pmoles/hr/mg 
protein). However, enzymic catalysis also seems to 
participate in a-HCH degradation [18, 43, 44]. The 
isolated enzyme was shown to catalyze a-HCH 
dechlorination in vitro much more effectively 
(Vinax = 300 nmoles/hr/mg protein [43}) than did de- 
natured liver protein or serum albumin. Therefore, 
degradation of a-HCH to B-PCH in vivo may occur 
by both enzymic and non-enzymic catalysis. 

Since a-HCH elimination follows almost first order 
kinetics with a half-life of about 130 hr (see above 
and ref. 40), it may be calculated that 0.5 per cent 
of the dose is degraded per hour. From 10 to 20 per 
cent of a single dose of a-HCH is excreted in the 
form of DCPMA (J. Portig, personal communica- 
tion). Hence, approximately 0.05—0.1 per cent per 
hour is metabolized via GSH-conjugation. It is of 
interest that the rate of 6B-PCH accumulation in liver 
and adipose tissue of a-HCH treated, GSH-depleted 
rats appears to be of the same order of magnitude 
(0.02-0.04 mole% per hr, as estimated from the data 
shown in Table 7). These findings are in agreement 
with the assumption that 6-PCH is an intermediate 
of GSH-dependent a-HCH metabolism. 

The concentration of 0.2-0.4nmole B-PCH/g of 
tissue, as found in the liver of a-HCH treated rats, 
is below the observed threshold concentration for 
induction of liver growth and hepatic monooxygen- 
ase(s). Since B-PCH concentration was measured at 
the time of maximum a-HCH levels in the liver [39], 
it may be concluded that the amount of #-PCH 
formed will at no time suffice to make a significant 
contribution to the effects of a-HCH. The findings 
make it also unlikely that metabolites of 6-PCH 
mediate the a-HCH effects. One might speculate 
that intermediates of the P-450-dependent pathway 
of a-HCH metabolism could be involved. In this 
pathway the only intermediary products sufficiently 
siable appeared to be tri- and tetrachlorophenols 
{14, 45]. However, several chlorophenols, namely 
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Table 6. B-PCH formation from a-HCH in vitro* 





Soerensen buffer 





Incubation pH 7.4 
time 


(hr) 


pH 6 








pmoles/ml % pmoles/ml %e 


Denatured liver 


Serum albumin 
homogenate 








pmoles/mg protein pmoles/mg protein 





0.02 
0.055 
0.14 
0.45 


0 1.7 
0.022 4.7 
0.022 12 
0.053 39 


2.6 : 1.4 
29 ; 78.2 
53 : 128 
173 220 





* The incubation mixture (2.0 ml) contained 5 ug a-HCH (17.2 nmoles) in Soerensen buffer and 2.2 mg/ml denatured 
liver protein or 3.7 mg/ml bovine serum albumin as indicated. pH was 7.4 unless stated otherwise. The reaction was 
studied at 37° for the periods shown. Liver protein was denatured by HCIO,, followed by boiling for 5 min. 


trichlorophenols [46,47] and pentachlorophenol 
[47-49], were shown to be essentially ineffective as 
inducers of liver growth and of phenobarbital-indu- 
cible monooxygenases. In conclusion, there is no 
evidence to indicate that any metabolite of a-HCH 
is responsible for the changes induced in rat liver by 
this agent. This suggests that induction of liver 
growth and of hepatic monooxygenase activities is 
essentially due to direct action of the parent com- 
pound a-HCH. 

In most studies on induction of liver growth and 
drug-metabolizing enzymes reported so far, inducers 
with relatively long biological half-lives have been 
used. Substances with short half-lives were fre- 
quently found to be weak inducers, e.g. short-lived 
barbiturates [50-52]. However, the present study 
shows that B-PCH as a short-lived inducer, when 
administered at a sufficiently high level and at a 
constant rate rather than as a single i.p. ‘pulse’, 
causes quantitatively similar effects to long-lived 
agents such as a-HCH or phenobarbital. Based on 


steady state concentrations in the target organ, f- 
PCH was even more potent than a-HCH. These 
findings provide experimental support for the con- 
tention that an inducer must be present at its target 
for a certain critical period of time in order to induce 
the eventual initiation of DNA replication and of 
cytochrome P-450 synthesis. 6-PCH may be a useful 
tool to study the nature of early inducer-dependent 
steps in the induction process. 
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IN VIVO RELEASE OF ACETYLCHOLINE EVOKED BY 
BRACHIAL PLEXUS STIMULATION AND TITYUSTOXIN 
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Abstract—The in vivo release of acetylcholine from the sensorimotor cortex evoked by sensory stimu- 
lation via the brachial plexus and by administration of tityustoxin has been studied using a superfusion 
technique. Electrical stimulation of the brachial plexus of the contralateral forelimb of anaesthetized 
animals evoked a significant increase in acetylcholine release from the sensorimotor cortex into the 
superfusion fluid. This was reversed on cessation of stimulation. Stimulation of the ipsilateral brachial 
plexus was without effect. Tityustoxin applied topically to the surface of the superfused area caused 
myoclonic jerks of the contralateral forelimb which was accompanied by an increase of 86 per cent in 
the rate of acetylcholine release. These effects of tityustoxin were entirely prevented by tetrodotoxin 
(0.1 uM) applied to the cortex surface via the superfusion cannula. 


Changes in the rates of acetylcholine (ACh) release 
from the cerebral cortex in vivo have been reported 
to be caused by a wide range of drugs. Thus, an 
increase in release has been seen to follow treatment 
with Atropine and Scopolamine [1-8], Pentylene- 
tetrazole [1, 3, 9-11] and picrotoxin [12]. Augmented 
acetylcholine release follows unilateral stimulation 
of the lateral geniculate body [6] and direct cortical 
stimulation [13]. In contrast, a decrease in acetyl- 
choline release was observed to follow treatment 
with morphine [2, 14, 15], °A-tetrahydrocannabinol 
[16] and Pentobarbital [2, 17]. Most of these experi- 
ments were carried out using small cups placed on 
the exposed cortex to collect the released transmitter 
[1, 6]. 

Previous studies in our laboratory have shown that 
brachial plexus stimulation [18] and tityustoxin [19] 
caused a significant increase in the in vivo release 
of neurotransmitter amino acids to superfusion fluids 
washing the surface of the cerebral cortex [20]. 

This present study describes the effects of stimu- 
lation of the brachial plexus of the forelimb and the 
application of the depolarizing neurotoxin, tityus- 
toxin, on the release of acetylcholine from the sen- 
sorimotor cortex in vivo. This toxin is a component 
of the venom of the yellow scorpion Tityus serrulatus. 
It is a polypeptide (molecular weight 6995 daltons) 
and appears to exert its effects by a depolarizing 
action [33]. 


MATERIALS AND METHODS 


Superfusion method 


Female hooded Rowett rats (220-250 g body wt) 
were used in all experiments. Anaesthesia was 
induced with avertine (250 mg/kg) and atropine 
(1.7 mg/kg) given intraperitoneally and repeated at 
smaller doses to maintain light anaesthesia as tested 
by positive corneal reflex during implantation of the 
cannulae. The animals were then cooled to approx. 
21° (rectal temperature) in a cold room to reduce 
cerebral oedema during surgery. Body temperature 


was kept low during surgery due to anaesthetic 
action. After exposing the skull surface, a 4mm 
diameter hole was cut in the bone immediately over 
the sensorimotor cortex, taking care to remove the 
underlying dura and arachnoid membranes without 
damaging the pia mater and the cortex surface. 
Then the sterilized cannula was fixed firmly into the 
hole using a dental powder-—cyanoacrylic cement 
mixture. 

The design, construction and method of implan- 
tation of the cannula (15 ul vol.; 4 mm diameter) has 
been described in full detail elsewhere [21]. The 
superfusion system is designed to prevent the deliv- 
ery and collection leads from twisting whilst allowing 
the animal to move freely. 

After implantation of the superfusion cannula the 
animal was returned to its cage and allowed at least 
15 hr to recover before experiments were performed. 
All the surgery and subsequent experiments were 
performed in a temperature-stabilized room (24°) in 
which the lighting system was on a 12 hr ‘lights on’ 
and 12 hr ‘lights off’ cycle [20]. 

Superfusion fluid. This was sterilized saline (0.85% 
w/v) containing 1.3 mM CaCl). 


Stimulation 


In experiments involving sensory stimulation of 
the sensorimotor cortex, the nerve trunks of the 
brachial plexus of both forelimbs were exposed and 
gently clamped in small silver electrodes [18]. Elec- 
trical stimulation of the brachial plexus employed 
square wave pulses of 3-6 V amplitude, 1-3 mA cur- 
rent, 1 msec pulse duration and 2-3 Hz frequency. 
Seven-minute periods of stimulation were applied, 
and these always evoked clearly-visible muscular 
jerking in the ipsi-lateral forelimb. Clonic seizures 
were never seen to occur. Contralateral stimulation 
activated the cortex of the cannulated hemisphere, 
while ipsilateral stimulation should affect mainly the 
cortex of the uncannulated hemisphere. 

In other experiments, tityustoxin, the purified 
scorpion venom toxin [22], was dissolved in sterile 
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saline (1.0 uM) and sterilized by filtration through 
a millipore filter pre-washed with albumin (1 mg/ml 
in sterile saline). The purified toxin was dissolved 
in saline and applied to the cortex via the superfusion 
cannula. 

Tityustoxin. This is a basic polypeptide (mol. wt. 
6995 daltons; pI, 8.25) which was purified from the 
venom of a Brazilian yellow scorpion (Tityus ser- 
rulatus) by the method of Coutinho-Netto and Diniz 
[22]. The procedure involved extraction and chro- 
matographic separation on Sephadex G-50 and CM- 
Cellulose-52. The toxin was homogeneous as judged 
by electrophoresis in polyacrylamide gels with or 
without added sodium dodecyl sulphate. Only one 
N-terminal (L-lysine) was detected in the prep- 
aration. It showed an LDsp of 18 wg/kg in mice when 
administered intraperitoneally. The preparations 
were found to be relatively free of contamination by 
amino acids. 

Determination of acetylcholine 

The superfusate was continuously collected in 1- 
ml fractions in plastic tubes held in a fraction col- 
lector. These contained 20 wl of HCl (1.0 N), an 
amount sufficient to give a final pH of 3.5-4.0. They 
also contained 10 yl of eserine-sulphate (0.1 mg/ml) 
to give a final concentration of 0.01 mg/ml to prevent 
cholinesterase action. The fractions were each boiled 
at 100° for 10 min and stored in the freezer until 
analysis for acetylcholine which followed within 3 
days after collection. The acetylcholine content was 
bioassayed using the guinea pig ileum preparation 
as described by Paton [23]. Acetylcholine perchlor- 
ate was employed as standard. A bracketing method 
of assay was employed in which the samples were 
alternated with standards selected to give a similar 
response. Spasmogenic substances present in the 
superfusate were inactivated by boiling for a few 
minutes in an alkaline medium. The responses were 
all antagonized by atropine (10~° M final concentra- 
tion) and destroyed by adding acetylcholine esterase 
to samples collected without added eserine. This 
characterized the signals as being due to acetylcho- 
line and not to other substances which contract the 
ileum. 

Tetrodotoxin. This was purchased from the Sigma 
Chemical Co., London. 


RESULTS 


Spontaneous release of acetylcholine. The rates of 
spontaneous release of acetylcholine from the sen- 
sorimotor cortex of both conscious and anaesthetized 
rats was measured. Relatively high values (7.0— 
7.5 ng/ml/min/cm’) were found for conscious ani- 
mals, whilst those anaesthetized, using an avertine— 
atropine mixture, showed a very much reduced 
rate of spontaneous acetylcholine release, i.e. 4.5- 
5.3 ng/ml/min/cm’. 

It seems that the pattern of spontaneous acetyl- 
choline release is dependent on the state of activity 
of the cerebral cortex. In all subsequent described 
experiments animals were kept under light anaes- 
thesia as monitored by the maintenance of a positive 
corneal reflex and a negative pain reflex. 

Effect of brachial plexus stimulation. Stimulation 
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of the brachial plexus contralateral to the cannulated 
cortex by application of square wave electrical pulses 
always evoked clear muscular jerking in the stimu- 
lated forelimb. This was accompanied by a significant 
increase (41 per cent; P < 0.025) in the rates of 
release of acetylcholine from the stimulated senso- 
rimotor cortex of anaesthetized animals. These 
changes in acetylcholine release returned to control 
levels 10 min after cessation of the stimuli (Fig. 1). 
Stimulation of the brachial plexus of the forelimb 
ipsilateral to the hemisphere being superfused caused 
no change in acetylcholine release. 
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Fig. 1. Jn vivo release of acetylcholine from sensorimotor 
cortex at rest and during periods of sensory stimulation via 
the brachial plexus. Data are ACh levels in 10 min fractions. 
Histobars represent the mean + S.E.M. for the number of 
observations indicated above them. These observations 
were collected from 5 animals for contralateral stimulation, 
3 for ipsilateral stimulation, 3 for control awake and 3 for 
tetrodotoxin. Animals were lightly anaesthetized during 
brachial plexus stimulation. Code is as follows: BS = before 
stimulation; S = during stimulation; AS = after stimula- 
tion. In other experiments tetrodotoxin (TTX; 0.1 4M) 
was infused through the cannula using awake animals. 
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Fig. 2. In vivo release of acetylcholine from sensorimotor 
cortex at rest and during infusion of tityustoxin. Data are 
ACh levels in 10 min fractions. Points represent the mean + 
S.E.M. for at least 9 observations from 3 animals. After 
an initial period of 60 min of superfusion with saline, tityus- 
toxin was infused in saline (1.0 uM) for at least a further 
60 min. A mixture of tityustoxin (1.0 4M) and tetrodotoxin 
(TTX; 0.1 4M) was then infused for at least a further 
60 min. The solid line in the third period represents the 
level of ACh release when tityustoxin infusion alone was 
continued. 





Acetylcholine evoked by brachial plexus stimulation and tityustoxin 


Effect of tityustoxin. Tityustoxin was introduced 
into the superfusion stream (1 nmole/ml superfusate) 
and delivered to the sensorimotor cortex of awake 
normally-behaved animals. Myoclonic jerks of the 
contralateral forelimb started 15 min later. The fre- 
quency of the limb jerks increased gradually and 
continued throughout the period of toxin infusion, 
but stopped entirely 20-30 min after washing the 
cortical tissue with toxin-free saline. When tetro- 
dotoxin (0.1 uM in saline) was applied through the 
cannula together with tityustoxin, the myoclonic limb 
jerks were either decreased in frequency or entirely 
prevented. 

The content of acetylcholine in the superfusate 
was sharply increased (2-fold) immediately after first 
applying the tityustoxin, but 20 min later during con- 
tinuous infusion of the agent, the increase in ace- 
tylcholine release reduced and stabilized at 160 per 
cent of control levels. This additional acetylcholine 
release was reduced to zero when a mixture of tityus- 
toxin (1 uM) and tetrodotoxin (0.1 ~M) was intro- 
duced (Fig. 2). However, tetrodotoxin applied alone 
(0.1 uM in saline) reduced the locomotory activity 
of the conscious animals, and caused a relatively 
small but significant decrease of 20 per cent (P< 
0.02) in the rates of spontaneous acetylcholine 
release (Fig. 1). 


DISCUSSION 


Spontaneous release of acetylcholine. The rates of 
release of acetylcholine from the sensorimotor cortex 
into the superfusate measured in awake animals was 
substantial (7.0-7.5 ng/ml/min/cm’) and well main- 
tained. Very similar rates of acetylcholine release 
were observed to occur from the visual cortex of 
conscious rabbits [17]. Since the two cortical areas 
were washed either continuously or periodically with 
salines containing anticholinesterase drugs, the ace- 
tylcholine released during normal resting activity 
could be expected to be efficiently collected since 
specific re-uptake mechanisms for acetylcholine are 
absent or ineffective [24,37]. Thus diffusion from 
layers 5 and 6 of the cortex, where acetylcholine- 
releasing terminals are predominantly located 
[25, 26], should occur with little loss of acetylcholine, 
the flow of superfusate providing an additional trap. 
When cups were used to collect acetylcholine 
released from the cortical surface [1], it was found 
that after 15-min periods of collection an equilibrium 
was approached between the acetylcholine in the 
cup and the brain, due to a re-entry process. This 
suggests that acetylcholine leaves the cortex by sim- 
ple diffusion and it would be transferred in the 
opposite direction if acetylcholine was added to the 
cup. 

During anaesthesia induced by atropine—avertine 
(tribromoethanol), the rate of acetylcholine release 
was decreased by 40 per cent. This is essentially in 
agreement with previous reports on the actions of 
other kind of anaesthetics where the liberation of 
acetylcholine from the surface of the cortex was 
found to be dependent on the depth of anaesthesia 
(1, 7, 17, 27]. 

Acetylcholine release due to sensory stimulation. 
In view of the considerable cholinergic innervation 
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of the cerebral cortex and its relatively high content 
of acetylcholine [1], the patterns of release evoked 
by its sensory stimulation via the nerves of the fore- 
limb were entirely expected. Since only contralateral 
stimulation of these afferent fibres caused a sig- 
nificant increase in the release of acetylcholine (ipsi- 
lateral being without effect), a clear linkage to acti- 
vation of nerve terminals in the appropriate cortical 
area is indicated. Any acetylcholine release due to 
changed blood-flow or other response to the stimu- 
lation must be smal! and was undetected by our 
collection and analysis system. Such responses would 
be expected to be bilateral. In addition, the cessation 
of the acetylcholine release-signal and the return to 
control levels when nerve stimulation was stopped 
indicates that well-controlled physiological processes 
had been activated. 

In view of the absence of response to ipsilateral 
stimulation, it seems unlikely that the fibres of the 
corpus callosum, which connect the two homotropic 
cortical areas, employ acetylcholine as a neuro- 
transmitter. 

The same kind of sensory stimulation coupled with 
the same superfusing system caused a_ specific 
increase in the release of glutamate and GABA from 
rat sensorimotor cortex [18, 28]. Similar increases in 
acetylcholine release from the somatosensory cortex 
of cat have been evoked by contralateral stimulation 
of the forepaw or of the sciatic nerve [1]. The max- 
imal effects were seen at lowest frequency, and ipsi- 
lateral stimulation was without effect. A small 
increase occurred when the sensorimotor cortex was 
activated by transcallosal stimulation. 

Evoked release of acetylcholine from the visual 
cortex was detected following stimulation of the lat- 
eral geniculate body [6, 17, 29]. Using the method 
for spinal cord superfusion described by Morton [30], 
acetylcholine release was evoked by application of 
electrical stimulation to the cord surface [31, 32]. 
Newly synthesized (*H)-acetylcholine has been pref- 
erentially released from the caudate nucleus and 
from the cerebral cortex, into the perfusate of a 
push-pull cannula following application of a wide 
range of different kinds of stimuli, i.e. electrical 
pulses, high-K* concentration and pentylenetetra- 
zole [11], and Dudar and Szerb [7] have shown 
acetylcholine release due to application of 45mM 
K* to the cortical surface. 

The action of tityustoxin. Application of tityustoxin 
for 15 min directly onto the sensorimotor cortex pro- 
duced contralateral myoclonic forelimb jerks. Sim- 
ilar responses were produced by other depolarizing 
agents, e.g. Veratrine and electrical pulses. 

The release of acetylcholine from cerebral cortex 
in vivo, shown here, is complementary to in vitro 
studies where scorpion venom has been shown to 
increase its release from slices of rat cerebral cortex 
[34] and from segments of guinea-pig ileum [35]. 

As for sensory stimulation via the brachial plexus, 
tityustoxin also released GABA, glutamate and 
aspartate, other amino acids being unaffected [19]. 
Thus, though several neurotransmitter systems are 
activated by the two very different modes of stimu- 
lation, the responses do seem to be specific to neu- 
rotransmitters, other soluble compounds showing no 
tendency to efflux. These responses are not, there- 
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fore, likely to be due to non-specific increases in 
permeability of the cells of the CNS. 

Since tetrodotoxin prevented both myoclonic jerks 
and release of acetylcholine in the present experi- 
ments, and the release of amino acid neurotrans- 
mitters in previous experiments in vitro [19] (this 
release being Ca**-dependent), activation of trans- 
mitter release mechanisms due to Ca**-entry is 
clearly indicated. Additional support for this 
interpretation comes from in vitro studies where 
depolarization evoked by both electrical stimuli and 
by administration of tityustoxin caused an increase 
in the release of acetylcholine from rat brain slices 
[34] and synaptosomes [36]. 

Our results also confirm that tityustoxin is likely 
to cause a nonspecific depolarization of neurones 
with subsequent specific release of neuro- 
transmitters. 
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Abstract—The reduction of N-hydroxy-2-acetylaminofluorene(N-hydroxy-AAF) to 2-acetylamino- 
fluorene and 2-aminofluorene by liver microsomes was studied. The reductase preferred NADPH rather 
than NADH as a cofactor and was strongly inhibited by carbon monoxide and oxygen. Further, the 
inhibitors of hepatic mixed function oxidase effectively inhibited the reductase activity. Pretreatments 
of rats with 3-methylcholanthrene and PCB markedly induced the reductase activity. From these results 
it was suggested that the reduction of N-hydroxy-AAF was catalysed by cytochrome P-450, especially 
by cytochrome P-448. The reductase activity was also detected in microsomes from lung, kidney and 
small intestinal mucosa, and the rates of the reduction were about 6, 7 and 27 per cent, respectively, 
of that in liver microsomes. Species difference in the reductase activity of liver microsomes was also 
examined. The highest activity of the reductase was found in hamsters, followed by guinea pigs and 


rabbits. 


A wide variety of carcinogenic and mutagenic com- 
pounds have been well recognized as exerting their 
toxic effects after undergoing metabolic activation. 
The metabolites thus formed are not believed to 
remain in the body for an appreciable period since 
there are some other mechanisms involved in the 
detoxication of the active metabolites. Among the 
numerous metabolic reactions, the N-hydroxylation 
reaction is a common reaction which activates car- 
cinogenic aromatic amine compounds. Regarding 
the detoxication of the active metabolite of 2-acetyl- 
aminofluorene (AAF), N-hydroxy-2-acetylamino- 
fiuorene (N-hydroxy-AAF), reduction of this metab- 
olite to form the parent compound by an enzyme(s) 
present in the liver of experimental animals has been 
known. 

Lotlikar et al. [1] and Grantham et al. [2] reported 
that N-hydroxy-AAF was reduced to AAF and 2- 
aminofluorene (AF) by liver homogenates in an 
atmosphere of nitrogen. However, no reports are 
available describing the enzyme system mediating 
the reduction of N-hydroxy-AAF. We have reported 
that the reduction of tertiary amine N-oxides [3, 4] 
and benzo[a]pyrene 4,5-oxide [5,6] were catalysed 
by microsomal cytochrome P-450. In this report, we 
characterized the enzymatic mechanism which cata- 
lysed the reduction of N-hydroxy-AAF. 


MATERIALS AND METHODS 


Animals and treatments. Unless otherwise stated, 
male rats of the Sprague-Dawley strain (6-8 weeks 
old) were used. When necessary, the animals were 
treated intraperitoneally (i.p.) with phenobarbital 
(PB), in saline, or with 3-methylcholanthrene (MC), 
dissolved in corn oil, for three successive days at a 
daily dose of 80 and 40 mg/kg, respectively. A com- 
mercial polychlorinated biphenyl (PCB) mixture, 
KC-500, dissolved in corn oil, was given to rats at 


a dose of 500 mg/kg i.p., seven days before the rats 
were killed. Adult male New Zealand white rabbits, 
Hartley guinea pigs, Syrian golden hamsters and ICR 
mice were also used. All animals were fasted for 
approximately 18 hr before being killed. 

Preparation of microsomes. The animals were 
stunned by a blow on the head and decapitated. The 
livers were immediately perfused with 1.15% potas- 
sium chloride solution from inferior vena cava to 
portal vein according to the method previously 
described [7]. Liver microsomes obtained after 
sequential centrifugation at 9000 g for 20 min and 
105,000 g for 1 hr were washed once by resuspension 
with 1.15% potassium chloride solution and recen- 
trifugation. Pulmonary microsomes were prepared 
according to the method described by Capdevila et 
al. [8]. Intestinal mucosa microsomes were prepared 
by the method of Hoensch et al. [9]. 

Assay methods. The incubation mixture for de- 
termination of N-hydroxy-AAF-induced NADPH 
oxidation rate contained 3 mg protein of liver micro- 
somes and 150 umoles of Na,K-phosphate (pH 7.4) 
in a final volume of 3.0 ml. The mixture was bubbled 
with oxygen-free nitrogen for 5 min, followed by 
addition of NADPH (0.3 umole) and N-hydroxy- 
AAF (3 umoles). The NADPH oxidation rate was 
measured by recording the decrease of absorption 
at 340 nm using a glass cuvette sealed with a rubber 
cup. When necessary, carbon monoxide was bubbled 
through the mixture for 30 sec after introducing the 
nitrogen gas. NADPH oxidation rate was calculated 
using a molar extinction coefficient of 6.2mM™! 
cm™'. The incubation mixture for the assay of the 
reductive reaction of N-hydroxy-AAF to AAF and 
aminofluorene (AF) contained 1 mg protein of 
microsomes, 0.8 umole of NADP, 8 umoles of glu- 
cose 6-phosphate, 11.U. of glucose 6-phosphate 
dehydrogenase, 6 umoles of MgCl, and 50 umoles of 
Na,K-phosphate (pH 7.4) in a final volume of 1.0 ml. 
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The incubation tube was sealed with a rubber serum 
cup and the mixture was bubbled through a needle 
with oxygeti-free nitrogen gas for 5 min. NADPH 
generating system was added after bubbling with the 
nitrogen gas. The reaction was started by addition 
of N-hydroxy-AAF (1 umole in 20 ul of acetone) 
after preincubation at 37° for 2 min. Incubations 
were carried out at 37° for 10 min with appropriate 
shaking and terminated by addition of 1.5 N potas- 
sium hydroxide (0.5 ml). Diethylether (5.0 ml) and 
internal standard solution (0.1 ml) containing 
100 nmoles of phenacetin were added to the mixture 
and shaken for 5min. A portion (4.0 ml) of the 
organic layer was transferred to another tube and 
then evaporated to dryness under a current of nitro- 
gen gas. The residue was resolved in 100 ul of aceto- 
nitrile and an aliquot (15 ul) was subjected to high 
performance liquid chromatography (h.p.l.c.). For 
the h.p.l.c. analysis reported here, a Waters 
GPC/ALC model 204 liquid chromatograph 
equipped with uBondapak C,,column (30 cm x 4 mm) 
and u.v. detector model 440 was used. A precolumn 
(2.5cm X 4mm) containing uBondapak C;, was also 
used to prevent deterioration of the separation col- 
umn. A mobile phase of acetonitrile-water (50:50) 
was utilized at a flow rate of 1.2 ml/min. AAF, AF 
and phenacetin were eluted from the column with 
retention times of 5.2, 6.5 and 3.0 min, respectively. 
The samples were injected to the column using WISP 
model 710 automatic sampler and the chromatogram 
was recorded with a dual pen recorder (Nippon 
Denshi Kagaku, model V-225M). 

Mass spectrometry. The mass spectrum of N- 
hydroxy-AAF was obtained by direct probe insertion 
of the sample into JEOL JMS-D 300 instrument 
(electron energy 30 eV, ionizing current 250 wA, ion 
source pressure 2 x 10°’ Torr., ion source temper- 
ature 250°). Mass spectra of AAF, AF and N-chloro- 
N-trifluoroacetylaminofluorene were obtained by gas 
chromatography—mass spectrometry using the same 
instrument equipped with JEOL 20K gas chroma- 
tograph fitted with a glass column (1 m X 2 mmi.d.) 
of 3% OV-1 on chromosorb W HP(80/100 mesh) at 
205° with helium as the carrier gas (30 ml/min). The 
instrument was operated in the e.i. mode (electron 
energy 25 eV). 

Chemicals. NADH, NADPH, NADP, glucose 6- 
phosphate and glucose 6-phosphate dehydrogenase 
were purchased from Oriental Yeast, Tokyo, Japan. 
Glucose oxidase was obtained from Sigma Chemical 
Co., St. Louis, MO. AAF, 2-nitrofluorene, nitroso- 
benzene and n-octylamine were from Tokyo Kasei 
Kogyo, Tokyo, Japan and «-naphthoflavone (ANF) 
and phenacetin were from Wako Pure Chemicals, 
Osaka, Japan. AF and methylviologen (NN’- 
dimethyl-r,r’-dipyridium dichloride) were purchased 
from Nakarai Chemicals, Kyoto, Japan. DPEA (2,4- 
dichloro-6-phenyl-phenoxyethylamine), _tiaramide 
N-oxide (4-{ [5-chloro-2-oxo-3(2H)-benzothiazolyl]- 
acetyl}-l-piperazine ethanol-l-oxide) and SKF 525- 
A were generous gifts from Eli Lilly Research Lab- 
oratories (Indianapolis, IN), Fujisawa Research 
Laboratories (Osaka, Japan) and Smith Kline & 
French Laboratories (Philadelphia, PA), respec- 
tively. N-Hydroxy-AAF was synthesized from nitro- 
fluorene by the modification of the method described 
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by Hinson et al. [10] for the synthesis of N-hydroxy- 
phenacetin. The mass spectrum of N-chloro-N-tri- 
fluoroacetyl-derivative of N-hydroxy-AAF was 
identical with the spectrum reported previously [11]. 
N-Hydroxy-AAF was recrystallized sequentially 
from acetone and benzene before use. 


RESULTS 


Effects of N-hydroxy-AAF on the rate of NADPH 
oxidation. To know if NADPH can be an electron 
donor required for the reduction of N-hydroxy-AAF, 
the effect of N-hydroxy-AAF on the rate of NADPH- 
oxidation was measured under an anaerobic atmos- 
phere. NADPH was oxidized at a slow rate in the 
absence of the substrate while the addition of the 
substrate brought about an increased oxidation rate 
of NADPH. It has been reported that reductive 
reactions such as those from p-nitrobenzoate to p- 
aminobenzoate [12], from benzo[a]pyrene 4,5-oxide 
to benzo[a]pyrene [5, 6] and from tiaramide N-oxide 
to tiaramide [3, 4] are catalysed by cytochrome P- 
450. To look into the possibility of whether N- 
hydroxy-AAF is also reduced by cytochrome P-450, 
the effect of carbon monoxide on the rate of NADPH 
oxidation induced by N-hydroxy-AAF: was meas- 
ured. As shown in Fig. 1, N-hydroxy-AAF-induced 
NADPH oxidation was effectively inhibited by car- 
bon monoxide. The inhibition was about 67 per cent. 

Isolation and identification of reductive metabolites 
of N-hydroxy-AAF. The reductive metabolites of N- 
hydroxy-AAF were separated by h.p.l.c. as 
described in Materials and Methods. The elution 
profile of the metabolites is shown in Fig. 2. Two 
metabolite peaks formed during anaerobic incuba- 
tion (p-1, p-2) were identified as AAF and AF, 
respectively, using gas chromatography—mass spec- 
trometry (data not shown). The formation of AAF 
and AF ‘have also been observed previously, utilizing 
liver homogenates as the enzyme source [1, 2]. AF 
is assumed to be formed mainly by deacetylation of 
AAF. Thus, in some cases the activity of microsomal 
N-hydroxy-AAF reductase was represented by the 
sum of these metabolite formation reactions. The 
properties of microsomal N-hydroxy-AAF reductase 
were examined (Table1). In the presence of 
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Fig. 1. Effect of carbon monoxide on the rate of N-hydroxy- 

AAF-induced NADPH oxidation. The reaction was started 

by addition of N-hydroxy-AAF at the time indicated. Other 

experimental conditions were as described in Materials and 
Methods. 
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Fig. 2. Separation by high performance liquid chroma- 
tography of AAF, AF and phenacetin (internal standard). 
The peaks were detected by their absorbance at 280 nm. 


NADPH-generating system, N-hydroxy-AAF was 


reduced to AAF and AF at a rate of 
9.73 nmoles/mg/10 min. No detectable reduction was 
observed in the absence of microsomes, and the 
activity was decreased to only 2 per cent of control 
when microsomes were heated at 70° for 5 min prior 
to addition to the incubation mixture. NADH (1 mM) 
was about 35 percent as effective as NADPH in 
supporting the reductase activity. Further, the 
addition of NADH to the incubation mixture con- 
taining NADPH-generating system did not show any 
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Fig. 3. Effect of methylviologen on the rate of AAF and 
AF formations as a function of methylviologen concentra- 
tions. The experimental conditions were as described in 
Materials and Methods, except that various amounts of 
methylviologen were added to the incubation mixture. Each 
value is the mean of duplicate determinations. 


synergistic effects on the reductase activity. To 
obtain higher anaerobicity in the incubation medium. 
glucose and glucose oxidase were added. The addi- 
tion of these reagents, however, did not lead to 
further increase in the reductase activity. In accord- 
ance with the results shown in Fig. 1, the reductase 
activity as measured by the product formation was 
also inhibited markedly by carbon monoxide. The 
decrease in the activity was also seen when incu- 
bations were carried out aerobically, in accord with 
the results observed by Lotlikar et al. [1] with liver 
homogenates. The effects of inhibitors of the drug 
metabolizing enzymes on the N-hydroxy-AAF 
reductase activity were investigated (Table 2). 
DPEA and n-octylamine, which are known to exhibit 
type II difference spectra when bound to cytochrome 
P-450, inhibited the reductase activity while SKF 525- 
A, a well known typeI compound, inhibited less 
effectively. «-Naphthoflavone, a widely used specific 
inhibitor of cytochrome P-448, slightly enhanced the 
activity. It is of interest that the reductase activity 
was almost completely inhibited by tiaramide N- 
oxide, which is reduced by cytochrome P-450 as 


Table 1. Properties of microsomal N-hydroxy-AAF reductase* 





Gas phase Addition 


Reductase activity 





AAF plus AF formed 
(nmole/mg protein/10 min) 





N> Microsomes plus NADPH? (control) 
Heat-treated microsomes? plus NADPH 


Microsomes plus NADH (1 mM) 


Microsomes plus NADPH and NADH (1 mM) 


9.73 
0.19 
3.38 
8.18 


Microsomes plus NADPH and giucose—glucose 


oxidase system§ 
CO Microsomes plus NADPH 
Air Microsomes plus NADPH 


8.25 
0.90 
1.28 





* The activities were calculated by subtracting the amounts of the products without incubation. Results 
are expressed as the mean of duplicate determinations. 
+ NADPH was added as an NADPH-generating system as described in Materials and Methods. 


+ Microsomes were heated at 70° for 5 min. 


§ Glucose-glucose oxidase system contained 2.2 umoles of glucose and 7 units of glucose oxidase. 





Y. YAMAZOE et al. 


Table 2. Effects of various reagents on N-hydroxy-AAF reductase activity* 
g J ; y 





Addition 


Reductase activity 





AAF plus AF formed 
nmole/mg protein/10 min 





None (control) 
n-Octylamine (1 mM) 

DPEA (0.1 mM) 

SKF-525A (0.5 mM) 
«-Naphthoflavone (0.02 mM) 
Tiaramide N-oxide (1 mM) 
Nitrosobenzene (1 mM) 





* The incubation conditions are the same as described in Materials and Methods 
except that a reagent noted above is contained. Results are expressed as the 


mean of duplicate determinations. 


Table3. Effects of pretreatments 


of rats 


with phenobarbital (PB), 3- 


methylcholanthrene(MC) and PCB on N-hydroxy-AAF reductase activity 





Reductase activity 
nmoles/mg protein/10 min formed 





Pretreatment AAF 


AF Total 





None (control) 0.21 + 0.12 
PB 0.98 + 0.72 
MC 9.22 + 2.46 
PCB 10.63 + 4.18 


10.51 + 1.30 


6.92 + 2.71 


8.11 + 4.30 
6.06 + 0.66 
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* Results are expressed as the mean + S.D. of triplicate determinations. 


Table 4. Microsomal reductase activity of N-hydroxy-AAF 
in various rat tissues* 





Reductase activity 
nmoles/mg 
protein/10 min formed 





Tissue AAF AF Total 





Liver 

Kidney 

Lung 

Small intestinal mucosa 


0.18 
0.16 
0.07 
0.59 


6.81 
0.35 
0.37 
1.31 


6.99 
0.51 
0.44 
1.90 





* Each value is the mean of two separate determinations. 


reported previously [3, 4]. Thus, it seems reasonable 
to assume that tiaramide N-oxide competes with N- 
hydroxy-AAF for cytochrome P-450 at the active 
site located very close to the heme iron. In support 


of this assumption, nitrosobenzene, which is known 
to interact with cytochrome P-450 in the heme 
region, was found to inhibit the reductase activity 
strongly. 

Previous reports from this laboratory have shown 
that cytochrome P-450-mediated reduction of ter- 
tiary amine N-oxide [13], benzo[a]pyrene 4,5-oxide 
[14] and carbon tetrachloride [15] is markedly 
enhanced by addition of methylviologen to the 
incubation mixture. The enhancement by methyl- 
viologen is probably due to the fact that methyl- 
viologen increases the electron flow to cytochrome 
P-450 [13]. The effects of methylviologen on the N- 
hydroxy-AAF reductase activity were also examined 
(Fig. 3). As was expected, the reductase activity 
increased markedly with increasing the amount of 
methylviologen added. The maximal rate of the 
reduction was obtained at the concentration of meth- 
ylviologen of 5 mM. The maximal rate calculated as 


Table 5. Microsomal reductase activity of N-hydroxy-AAF in various species 





Species 


Reductase activity 
nmoles/mg protein/10 min formed 





Total Yr 





Rat (6) 


Rabbit (6) 


Hamster (5) 
Guinea pig (5) 


Mouse (4) 


0.15 + 0.02 5.08 + 1.: Sale ; 100 


1.06 + 0.19 
15.32 + 3.00 
1.06 + 0.92 
0.19 + 0.06 


249.6 
1817.3 
1082.8 

38:7 


0.30 


1.83 + 





* Results are expressed as the mean + §.D. Number of experiments given in parentheses. 
+ Per cent of total activity in rat. 
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sum of AAF and AF formations was 27.6 nmoles/mg 
protein/10 min. The enhancement was more pro- 
nounced in AAF formation than in AF formation. 
Thus, AAF formation in the presence of 5 mM meth- 
ylviologen was 139 times higher than that in the 
absence of methylviologen. 

Effects of inducers of the drug metabolizing 
enzymes on N-hydroxy-AFF reductase activity. 
Effects of pretreatment with PB, MC and PCB on 
N-hydroxy-AAF reductase activity were examined. 
As can be seen in Table 3, pretreatment of rats with 
these inducers resulted in an increase of the reductase 
activity. MC was the most effective inducer, followed 
by PCB and PB. It should be noted that MC and 
PCB increased AAF formation more than AF for- 
mation. The rate of AAF formation was enhanced 
approximately 44- and 51-fold by MC and PCB, 
respectively. 

N-Hydroxy-AAF reductase activity of rat hepatic 
and extra-hepatic organs. The highest reductase 
activity with respect to formation rate of AAF was 
observed in microsomes of small intestinal mucosa 
(Table 4). The highest activity of formation of AF 
was seen in the liver. The ratios of formation of 
AAF to AF thus varied considerably from one organ 
to another. The variation may be caused by the 
difference in the N-deacetylase activity among these 
organs. The reductase activity in various tissues were 
not in proportion to the content of cytochrome P- 
450. The content in kidney, lung and small intestinal 
mucosa was 0.04, 0.02 and 0.01 nmole/mg protein, 
respectively. 

Species difference in the N-hydroxy-AAF reductase 
activity. Species difference in the reductase activity 
was investigated using rats, rabbits, hamsters, guinea 
pigs and mice. As shown in Table 5, microsomes 
from hamster livers had the highest reductase activity 
with respect to either or both AAF and AF for- 
mations. The ratio of formation of AAF to AF varied 
among the animal species, though AF formation was 
faster than AAF formation in all animal species 
employed. 


DISCUSSION 


Kadlubar et al. [16] have demonstrated that there 
is an NADH-dependent flavin enzyme which reduces 
hydroxylamine compounds in porcine liver micro- 
somes. The hydroxylamine reductase is not likely to 
be identical to N-hydroxy-AAF reductase since the 
hydroxylamine reductase has been reported to be 
insensitive to carbon monoxide and oxygen, and 
since the reductase prefers NADH rather than 
NADPH as an electron donor. In fact, Kodlubar et 
al. noted that several carcinogenic hydroxylamines 
were not reduced by the porcine hydroxylamine 
reductase [16]. From the evidence that carbon mon- 
oxide inhibited N-hydroxy-AAF reductase activity, 
it was postulated that the reduction was catalysed 
by cytochrome P-450. In support of this hypothesis, 
several inhibitors of hepatic mixed function oxidase 
effectively inhibited the reductase activity. It is 
noteworthy that tiaramide N-oxide inhibited the 
reductase strongly since tiaramide N-oxide has 
already been confirmed to be reduced by cytochrome 
P-450 by the authors [4, 17]. Among the inducers 
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employed, PCB and MC induced N-hydroxy-AAF 
reductase activity more than PB. This result suggests 
that cytochrome P-448 induced by PCB and MC is 
more active than other cytochrome P-450 species in 
the reduction of N-hydroxy-AAF. In accordance 
with this idea, our preliminary studies have shown 
that cytochrome P-448 purified from MC-treated rats 
is more active than cytochrome P-450 purified from 
PB-treated rats (unpublished results). Nevertheless, 
we found that the specific inhibitor of cytochrome 
P-448, «a-naphthoflavone, enhanced rather than 
inhibited the reductase activity. The reason why a- 
naphthoflavone does not inhibit cytochrome P-448- 
mediated reduction reaction is obscure at present. 
In the present experiment, we found a marked 
species difference in the reduction of N-hydroxy- 
AAF by liver microsomes. It is of interest that guinea 
pig liver microsomes showed high activity in the 
reduction of N-hydroxy-AAF, since AAF is known 
to be a low or non-active carcinogen in guinea pigs 
[18]. Although the rates of N-hydroxylation and/or 
enzymatic sulfate conjugation must be considered, 
it is possible that the high activity in N-hydroxy-AAF 
reduction may be one of the factors responsible for 
the low carcinogenic activity in guinea pigs. Micro- 
somes from hamster liver have the highest reductase 
activity among the types examined, while AAF has 
been shown to be carcinogenic in this species, prob- 
ably due to its high N-hydroxylase activity [19]. 
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Abstract—The release of endogenous amino acids [y-aminobutyric acid (GABA), glutamate, aspartate, 
glycine and alanine] and of 5-hydroxytryptamine (5-HT) and acetylcholine (ACh) from rat midbrain 
slices was examined under various conditions of superfusion. Depolarization with high K* stimulated 
the release of all substances examined, but the K‘-stimulated release was Ca~* dependent only for 
GABA, glutamate, aspartate, 5-HT and ACh. Pentobarbital, although not substantially affecting resting 
release, inhibited the K*-stimulated release of GABA, glutamate, aspartate and ACh markedly and 
significantly. The effect of pentobarbital on K *-stimulated 5-HT release was not statistically significant 
in this series of experiments. These results are consistent with the hypothesis that the barbiturate inhibits 
stimulated transmitter release by inhibiting Ca** influx during depolarization. The tissue content of 
amino acids and 5-HT decreased considerably from fresh tissue levels after 50 min of perfusion in 
regular low K* medium; in contrast, ACh tissue levels increased slightly during this time. K~ stimulation 
resulted in an increased synthesis particularly of GABA, glutamate, glycine, alanine and ACh, for the 
amount released into the medium was far more than that lost from the tissue. 5-HT and possibly 
aspartate, on the other hand, were released into the medium on stimulation largely at the expense of 


tissue stores, under our experimental conditions. 


In previous studies in our laboratory we demon- 
strated that barbiturates inhibit K*-stimulated Ca’*- 
dependent acetylcholine (ACh) release from rat 
midbrain slices [1,2]. As a result of the findings of 
Blaustein and Ector [3] that these drugs inhibit 
depolarization-induced Ca”* influx by nerve endings, 
it can be predicted that the Ca’*-dependent stimu- 
lated release of all putative transmitters will be 
inhibited by them. But, data in the literature on 
transmitters other than ACh are meager and often 
conflicting. 

Pentobarbital at a relatively high concentration 
reportedly enhanced electrically evoked release of 
radioactive y-aminobutyric acid (GABA) [4]. Cutler 
et al. [5], however, also reported that pentobarbital 
and amobarbital (but not hexobarbital or pheno- 
barbital) inhibited K*-stimulated [*H]GABA 
release. Furthermore, an inhibitory effect of pen- 
tobarbital on K’*-stimulated Ca**-dependent 
(PH]JGABA release from synaptosomes has been 
reported by Haycock et al. [6], but Olsen et al. [7] 
found no inhibition. To our knowledge the only 
study of stimulated endogenous GABA release was 
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that by Cutler and Young [8], who demonstrated 
inhibition by several barbiturates including amobar- 
bital and pentobarbital but not by phenobarbital or 
secobarbital. Pentobarbital also inhibited the stimu- 
lated release of glutamate, but amobarbital did not. 
In olfactory cortex slices in vitro, stimulated via the 
lateral olfactory tract, phenobarbital inhibited stimu- 
lated ['*C]glutamate release [9]. 

The diverse effects of the various barbiturates on 
amino acid release are not understood readily; K*- 
stimulated ACh release was inhibited by all of the 
several barbiturates tested [2]. In the studies by 
Blaustein and Ector [3] on the inhibition of stimu- 
lated Ca** uptake by barbiturates, phenobarbital 
was not effective in one experiment at 0.9 mM. Sohn 
and Ferrendelli [10], however, observed an inhibi- 
tion with 4.0 mM phenobarbital. 

Relatively little work has been done on the effects 
of barbiturates on the release of other putative trans- 
mitters. Pentobarbital inhibited catecholamine 
release from perfused adrenal glands that had been 
stimulated by several different methods [11]. The 
electrically induced release of [*H]norepinephrine 
(NE) from rat cerebral cortex slices was not inhibited 
by 10°*M pentobarbital [12], but 2x 10°M 
pentobarbital did inhibit K*-stimulated release of 
PHJNE from rat cerebral cortical synaptosomes 
[6]. Phenobarbital inhibited the K*-stimulated 
release of [°H-5-hydroxytryptamine (5-HT) from 
brain slices [13, 14]. 

We decided it would be valuable to study the 
effects of pentobarbital on several putative trans- 
mitters at the same time so that, if differing effects 
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on the various transmitters were found, they could 
not be the result of differing experimental conditions. 
Because radioactively labeled transmitters may not 
always simulate the behavior of endogenous sub- 
stances and, because no more than two transmitters 
can be studied simultaneously by radioactive tagging 
procedures, we chose to measure the release of 
endogenous putative transmitters. Our results sug- 
gest that the K*-stimulated release of GABA, glu- 
tamate, aspartate, 5-HT and ACh is at least partially 
Ca’**-depéndent and is inhibited by pentobarbital. 


METHODS 


Tissue preparation. Male Wistar rats (200-300 g) 
were decapitated for superfusion studies in vitro. 
The brain was removed and dissected on a petri dish 
on ice. The midbrain was isolated by removing the 
cerebral cortex, the hippocampi, the striatum and 
the septum. A transverse cut immediately caudal to 
the colliculi separated the midbrain from the cere- 
bellum and pons-medulla. Each midbrain was 
weighed, and then prisms were prepared by cutting 
at 0.4 mm intervals in two planes at a 45° angle with 
a Brinkman—Mcllwain tissue chopper. The slices 
were then suspended in 5 ml of incubation medium 
and the total suspension was loaded into a 25 mm 
Swinnex (Millipore Corp., Bedford, MA) and super- 
fused with medium at 37° at 0.5 ml/min as described 
previously [15]. The medium contained (mM): 
120 NaCl, 0.75 CaCl, 1.2MgCl, 1.2 KH,PO,, 
25 NaHCO,, 10 glucose, either 5 or 50 KCI, and 5 x 
10°°M_ paraoxon (diethyl-p-nitrophenylphosphate, 
Sigma Chemical Co., St. Louis, MO) and was con- 
tinuously bubbled with 5% CO,/95% QO, (final pH 
7.5). Ascorbic acid (0.2 mg/ml of medium) was added 
to retard auto-oxidation of the monoamines. A Ca?*- 
deficient medium was prepared by replacing the 
CaCl, with distilled water and by adding ethylene- 
glycol-bis (f-aminoethyl ether) tetraacetic acid 
(EGTA) (final concentration 2 mM) to chelate any 
remaining calcium. When 50 mM KCI or Ca?’*-defi- 
cient media were used, no adjustments were made 
in the concentration of the other ions. Sodium pen- 
tobarbital (5 x 10°* M) was included in the medium, 
as indicated in Results. Samples of superfusate 
(2.5 ml) were collected as timed fractions (5 min) 
with a fraction collector. Tissue was recovered by 
forcing excess medium out of the Swinnex with a 
syringe filled with air and transferring the tissue with 
a spatula to a homogenizer containing 1 ml of the 
medium with which the tissue had last been perfused. 
The tissue was homogenized on ice with eight strokes 
of a pestle rotating at 840 rpm. To determine the 
amount of each putative neurotransmitter in unper- 
fused tissue, rats were decapitated and the midbrain 
was dissected as described above. However. after 
chopping, the prisms were immediately hom- 
ogenized in 1 ml of 5mM KCl medium. 

Assay of compounds. The acetylcholine in 500 ul 
superfusate samples and in 250 ul of the tissue hom- 
ogenate was measured by the method of Goldberg 
and McCaman [16] with modifications [15]. In this 
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radioenzymatic method, blanks and standards were 
prepared in low K* medium (since other medium 
constituents such as increased K* concentrations, 
pentobarbital and EGTA did not affect the assay) 
and then treated identically to experimental samples. 
An internal standard (0.2 wCi [*7H]ACh) was added 
to samples and standards to enable correction for 
recovery. The amount of ACh in the samples was 
determined by reference to the standard curve, which 
was linear over the range of our samples. Samples 
were counted in 12 ml of Aquasol (New England 
Nuclear Corp., Boston, MA) or ACS (Amersham-— 
Searle Corp., Arlington Heights, IL) scintillation 
solution in a model 3375 Packard scintillation coun- 
ter. Internal standards were used to determine count- 
ing efficiency and, because two isotopes were 
counted, the results were corrected for overlap. 

A 400 ul superfusate sample and a sample of the 
tissue homogenate calculated to contain the equiv- 
alent of 20 mg tissue (100 ul) were assayed for alan- 
ine, glycine, y-aminobutyric acid, glutamate and 
aspartate. The amino acids were quantified on a 
model 220 Tracor gas chromatograph after conver- 
sion to their respective 2,4-dinitrophenol-amino acid 
methyl ester derivatives [17]. Blanks and standards 
were prepared routinely in regular low K* incubation 
medium because preliminary tests showed that the 
concentrations of KCI, CaCl,, paraoxon, pentobar- 
bital, EGTA and ascorbic acid used did not affect 
the assays. These blanks and standards were treated 
identically to experimental samples in each experi- 
ment. Methyl stearate was added to all samples 
before chromatography to allow correction for vari- 
ations in the sensitivity of the machine from sample 
to sample. The quantity of amino acids in the samples 
was calculated by reference to the results obtained 
for the standards, so that the results were corrected 
automatically for losses throughout the preparation. 
The assumption that the losses were equivalent in 
identically treated samples was verified (C.V. <8 
per cent). Standards also demonstrated that the assay 
was linear with respect to the amount of amino acid 
added. 

The norepinephrine and 5-hydroxytryptamine in 
a 1 ml superfusate sample and 500 ul of the tissue 
homogenate (equivalent to approximately 100 mg 
tissue) were isolated and measured concurrently by 
the methods of Anton and Sayre [18] and Maickel 
and Miller [19], respectively, using the modifications 
described previously [17]. The fluorescence of each 
sample was determined by an MKI Farrand spectro- 
fluorometer. Blanks and standards prepared in low 
K* medium containing paraoxon and ascorbate were 
treated identically to experimental samples, and the 
amounts in experimental samples were calculated by 
reference to the standard curve. The assay was linear 
over the range of our samples. 

Results are expressed as the amount of each com- 
pound in samples derived from 1 g (wet weight) of 
tissue + S.E.M. The per cent inhibition of stimulated 
release by a treatment was calculated from the 
amount of transmitter released under the following 
conditions: 


(high K * contro 1OW | a (high K "mane SON K pee 
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Fig. 1. Time courses of release of five amino acids, ACh and 5-HT during superfusion under various 

conditions. Rat midbrain slices were superfused and the substances that were released into the medium 

were assayed as described in Methods. Results are expressed as nmoles of substance released from | g 
of tissue in 2 min at the superfusion rate of 0.5 ml/min (mean + S.E.M.). 


Student’s t-test was used to determine the statistical 
significance (P < 0.05) of the differences between 
the means. 


RESULTS 


The resting release from midbrain slices of the 
seven substances measured 45-50 min after super- 
fusion began varied considerably (Table 1). The rate 
for 5-HT was lowest and that of ACh was next 
lowest. Among the amino acids, glutamate, glycine 
and alanine were the highest; aspartate was less than 


half that of glutamate, while GABA was by far the 
lowest of all the amino acids. When expressed as a 
fraction of the tissue levels at 50 min, however, the 
resting release rates between 45 and 50 min varied 
in a somewhat different order (Table 1). Glycine 
and alanine still had the highest rates, but 5-HT and 
ACh were the next highest. Aspartate was still less 
than glutamate, although not dramatically so, and 
GABA still had the lowest rate. Between 45-50 and 
135-140 min of superfusion, resting release rates 
declined precipitously for GABA and glutamate, 
less dramatically for aspartate, glycine and alanine, 
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Table 1. Resting release of amino acids, ACh and 5-HT at two different times during superfusion with regular low 
K* medium 





Fractional release rate* 


Resting release 
(min~') 


(nmoles/g/min) 


Tissue content 


(nmoles/g) 





After 50 min superfusion 


In low K* 45-50 min 


At 45-50 min 





GABA 
Glutamate 
Aspartate 
Glycine 
Alanine 
ACh 

5-HT 


0.595 
6.75 
2.54 
8.15 
8.05 
0.24 
0.0111 


0.00026 
0.0031 
0.0023 
0.014 
0.049 
0.0086 
0.0060 





After 140 min superfusion 


In low K* 135-140 min 


Percent of 


At 135-140 min 45-50 min 





GABA 
Glutamate 
Aspartate 
Glycine 
Alanine 
ACh 
5-HT 


0 0 
0.535 
0.57 
2.37 
2.76 
0.195 
0.0075 


0.00028 
0.00054 
0.0067 
0.032 
0.0082 
0.0059 





* Fractional release rate was calculated by dividing the resting release by the tissue content. 


and relatively little for ACh and 5-HT (Table 1 and 
Fig. 1). Among the amino acids, the lower the frac- 
tional release rate at 45-50 min, the more rapid was 
the decline throughout the experiment. 5-HT and 
ACh, however, did not fit this pattern because they 
had only moderate fractional release rates at 45- 
50 min and showed essentially no change in the rest- 
ing release between 45-50 and 135-140 min. 
Raising the concentration of K* in the superfusing 
medium to 50 mM significantly increased the release 
of all these substances. This can be observed qual- 
itatively in the graphs of the release with time (Fig. 
1) and quantitatively by considering either the areas 
under the curves in these graphs or the peak release 
rate (60-65 or 65-70 min) relative to the resting 
release rate at 45-50 min just before high K* was 
introduced (Table 2). The magnitude of the increase 
in release rate caused by high K* varied considerably 
among the substances considered here. GABA 


release was stimulated to the greatest extent—some 
15- to 20-fold. Glutamate, aspartate and ACh were 
stimulated 3- to 4-fold, and 5-HT, glycine and alanine 
release were stimulated to a lesser, but nevertheless 
significant, degree. 

Similarly, the calcium dependence of the stimu- 
lated release was examined in several ways. From 
the data graphed in Fig. 1, the nearly complete 
dependence on Ca’* of the stimulated release of 
ACh and 5-HT is evident, while the dependence of 
GABA, glutamate and aspartate, although partial, 
is clearly significant. The stimulated release of gly- 
cine and alanine, however, did not show a clear 
dependence on Ca** in the extracellular medium. 
This may in part be the result of the greater degree 
of variability. When just the peak time of stimulated 
release is considered (60—65 or 65-70 min, see Table 
3), a similar conclusion is reached. In addition, the 
data in Table 3 show that there was no significant 


Table 2. K* stimulation of release of amino acids, ACh and 5-HT* 





Resting release 
45-50 min 
(nmoles/g/ml) 


release 


Peak K °-stimulated 


Stimulated release/ 
Resting release 
(area under curve values) 


Stimulated release/ 
Resting release 
(peak values) 





GABA 
Glutamate 
Aspartate 
Glycine 
Alanine 
ACh 
5-HT 


119 +0.266 
13:5 + 1.08 
5.08 +0.546 
16.3 2 i398 


(37) 2.734 
(38) 35.6 +1.83+ 
(36) + 1.63+ 
(37) + 6.0+ 
16.1 +0.892 (38) 27.9 +5.10% 
0.48 +0.024 (35) 
0.0223 + 0.0017 (38) 


1.66 + 0.1707 
0.045 + 0.00587 (9) 


(9) 
(8) 
(9) 
(9) 
(8) 
(8) 


— We SS NN WN 


NUADUNW 
mW Nw Wh 
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* Release rates, in nmoles-g™!-ml™', are given as means + S.E.M. with the number of experiments in parentheses. 
+ Denotes values significantly greater than the corresponding resting release rate (P < 0.05, Student’s t-test, one-tail). 
The areas under the curves (from which the stimulated release/resting release was calculated) are given in Table 6. 
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, in that the rate of release with high 


was more variable and did not decline as dra- 


the drug, but not significantly except at 95-100 min. 


Stimulated glycine release showed a somewhat dif- 
matically with time; the effect of pentobarbital on 


stimulated glycine release, if any, 


ferent pattern 


| 


When 5 x 10°-*M pentobarbital was added to the 


superfusing medium, the stimulated release of 


effect of removing Ca** on the resting release of any 
GABA, glutamate, aspartate or ACh was clearly 


of these substances at that time point. 


appeared only at 


the very latest time examined (135-140 min). In Fig. 


and significantly depressed (see Fig. 1 and Table 4). 
The stimulated release of 5-HT was decreased by 
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Table 6. Comparison of amount lost from the tissue with that recovered in the medium for amino acids, ACh and 5-HT* 





GABA 


Glu Asp Gly Ala ACh  5-HT 





(1) Tissue levels (low K* 50 min — low K* 140 min) 
= lost from tissue (nmoles/g) 

(2) Area under low K”* curve 
= nmoles/g released in 90 min 

(3) Tissue levels (low K* 50 min — high K* 140 min) 
= lost from tissue (nmoles/g) 

(4) Area under high K* curve 
= nmoles/g released in 90 min 

(5) Tissue levels (low K* 140 min — high K* 140 min) 
= lost from tissue due to high K* alone, 
nmoles/g 

(6) Area under high K* curve — area under 
low K* curve 
= nmoles/g released by high K* alone 


0.57 


246 


817 329 694 





* Values for tissue levels at different times under different superfusion conditions are given in Table 5. Negative 
numbers in line 5 signify an increase in the tissue levels. Key: Glu, glutamate; Asp, aspartate; Gly, glycine; and Ala, 


alanine. 


1, the data for resting release at 45—50 min are pre- 
sented as either with or without pentobarbital, since 
the drug was added at zero time. At 45—50 min there 
was an apparent significant decrease in the resting 
release of GABA and aspartate by pentobarbital 
(Fig. 1). At 65-70 min (Table 4), however, there was 
No statistically significant effect of the drug on resting 
release although the trend was still there for aspar- 
tate. There were no other remarkable effects of 
pentobarbital on resting release. 

Tissue levels of these seven substances were meas- 
ured both at the end of 50 min of superfusion (at the 
point just before high K* would normally be intro- 
duced) and at the end of 140 min of superfusion with 
the various treatments; for comparison fresh tissue 
levels were also determined (Table 5). All of the 
amino acids and 5-HT decreased considerably from 
fresh tissue levels after the 50-min superfusion in 
low K* (or low K* and 5 x 10°*M pentobarbital). 
Only ACh tissue levels did not decrease; they 
increased during this 50 min of superfusion by 32 per 
cent. The decrease in glutamate of 81 per cent was 
particularly large; the decrease in GABA was less 
marked (48 per cent). There were some further 
decreases in the tissue contents between 50 and 
140 min of superfusion with normal low K* medium. 
ACh, in particular, returned almost to the fresh 
tissue level. Superfusion with high K* medium 
between 50 and 140 min caused little additional loss 
compared with low K* medium. 

The amount lost from the tissue has been com- 
pared with the amount released into the medium 
(from the areas under the curves) (Table 6). During 
low K* superfusion, the amount of GABA released, 
i.e. collected in the medium, was considerably less 
than that lost from the tissue, whereas for the other 
amino acids and ACh and 5-HT, the amount lost 
was less than or similar to that recovered in the 
medium. When the tissue was superfused with high 
K* medium, the picture changed. K*-stimulation 
caused increased synthesis of GABA, glutamate, 
glycine, alanine and ACh, for the amount released 
into the medium was more than that lost from the 


tissue (compare lines 5 and 6 in Table 6). For aspar- 
tate and 5-HT, however, there was, apparently, rela- 
tively little synthesis to compensate for the amounts 
released by high K*. At one extreme, both in low 
K* and high K* medium, ACh synthesis kept pace 
with release, so there was little change in the tissue 
levels. On the other hand, 5-HT appeared to be lost 
to the medium from the tissue with little additional 
synthesis, especially under depolarizing conditions. 
This difference between ACh and 5-HT occurred in 
spite of the fact that the resting release of both 
transmitters remained relatively constant over the 
50-140 min period (see Fig. 1). It should be noted, 
however, that the medium contained paraoxon to 
protect the released ACh from degradation, whereas 
no efforts were made to preserve the released 5-HT 
from reuptake and/or metabolism. Differences in the 
amounts of precursors available (choline and tryp- 
tophan) could also account for the difference in 
synthesis of ACh and 5-HT. 


DISCUSSION 


Our choice of rat midbrain slices for this study was 
dictated in part by previous data we had obtained 
with this preparation [1] and in part by the possibility 
that the barbiturates have a primary action on sub- 
cortical regions [20]. When extended to the several 
putative transmitters studied here, our results are 
consistent with the hypothesis that barbiturates block 
Ca?*-dependent stimulated transmitter release. This 
is clearly shown for ACh, glutamate, aspartate and 
GABA. The results with 5-HT probably fit this pat- 
tern also, although the substantial inhibition by pen- 
tobarbital that was observed did not reach statistical 
significance. Other studies in our laboratory using 
rat midbrain slices incubated without superfusion 
confirm that K*-stimulated [*H]-5-HT release and 
endogenous 5-HT release (measured by high per- 
formance liquid chromatography) are both Ca’*- 
dependent and inhibited by phenobarbital or pen- 
tobarbital [14]. 

It should be recalled that the barbiturates are not 
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very potent drugs. Thus, although the concentration 
of pentobarbital used in these experiments was rela- 
tively high, it resulted in slice concentrations only 
about ten times the estimated in vivo brain concen- 
trations after a hypnotic dose (see Ref. 1). We have 
not tested other concentrations here, but the con- 
centration-related nature of the inhibition of K*- 
stimulated transmitter release has been shown for 
ACh [1, 2]. 

The results with glycine are more equivocal. If 
only the time of peak effect is examined, the K*- 
stimulated release of glycine was neither Ca** depen- 
dent nor inhibited by pentobarbital. Nevertheless, 
the calculations of per cent inhibition suggest that 
there may be an effect of Ca-* removal. The vari- 
ability of these data precludes any stronger state- 
ments. A test of whether or not stimulated glycine 
release is indeed Ca** dependent and inhibited by 
barbiturates needs to be made in a system in which 
less variable data can be obtained, such as a region 
where glycine has a more prominent transmitter role 
(see below). 

Alanine, included as a control amino acid, is not 
suspected of having a transmitter role [21]. Our 
results demonstrate that the small amount of alanine 
release stimulated by high K* was not very Ca** 
dependent and was not inhibited by pentobarbital. 
The specificity of the effect of the barbiturates on 
the depolarization-induced Ca”* influx is further sub- 
stantiated by the findings of Haycock et al. [6], who 
showed that pentobarbital did not affect [7H]NE or 
[“C]GABA release when the Ca** influx was 
induced by the ionophore A23187. 

The inhibition of K*-stimulated GABA release, 
however, is difficult to reconcile with the physio- 
logical findings that pre-synaptic inhibition, presum- 
ably mediated by GABA, is enhanced and prolonged 
by the barbiturates [22, 23]. It may be, as suggested 
by Haefely [24], that the depression of ‘excitatory’ 
transmission predominates at higher doses of the 
barbiturates and that the enhancement of GABA- 
induced synaptic inhibition occurs only at lower 
doses. Our results (even if at only one concentration 
of pentobarbital) do not reveal a weaker inhibitory 
effect on GABA release compared to the other 
transmitters examined (see Table 4). Such a distinc- 
tion might better be sought in a more physiological 
preparation in which normal inputs can be stimulated 
electrically and the release of GABA as well as other 
transmitters can be examined simultaneously. Alter- 
natively, the enhancement of GABAergic pre-syn- 
aptic inhibition may be related to an action on the 
GABA system other than GABA release, as is now 
thought to be the case for benzodiazepines [25]. 

There have been a large number of studies on the 
in vitro release of radioactive amino acids; the use 
of a variety of tissue preparations, methods of stimu- 
lation and other conditions have often made it dif- 
ficult to determine whether or not the stimulated 
release was selective for transmitter candidates 
and/or Ca’* dependent (e.g. see Refs. 9 and 26-39). 

Furthermore, preincubating the tissue with radio- 
active amino acids and then looking at the release 
of radioactivity (even when it is identified as the 
amino acid in question and not a metabolite) can 
give rise to other problems: the radioactive material 
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may not mix completely with, and thereby may not 
measure the behaviour of, the endogenous sub- 
stance, or the radioactive material may be taken up 
and then released from sites that do not normally 
release it. In some in vitro preparations, radioactive 
amino acid release and endogenous amino acid 
release have been shown to give similar results [40], 
but in other cases they have not [41]. With glutamate 
and GABA, in particular, the possibility of the 
exogenously supplied amino acid being taken up into 
glia and then released on stimulation in a Ca’*- 
dependent manner has been considered. Ca**- 
dependent K*-stimulated release of radioactive 
GABA from glia has been found in some studies 
[41,42] but not in others [43, 44]. K*-stimulated, 
Ca?*-dependent release of endogenous amino acids 
from non-neuronal sites may be less of a problem 
[41]. 

In spite of these considerations, the release of 
endogenous amino acids has been less thoroughly 
examined in preparations in vitro. K*-stimulated, 
Ca**-dependent GABA release has been demon- 
strated in brain slices [40, 45, 46] and synaptosomes 
[47]. Ca?*-dependent release of glutamate has also 
been shown in slices [48, 49], and glutamate release 
and aspartate release have been demonstrated in 
slices [46] and in synaptosomes [47]. Ca”*-dependent 
release of endogenous glycine stimulated electrically 
and by high K* has been demonstrated only in syn- 
aptosome preparations from the spinal cord [50]. 

Identification of the transmitter utilized by a par- 
ticular nerve tract or in a particular brain region can 
most readily be made also by measuring the release 
of the endogenous substance [49]. This has been a 
particular issue with glycine. Although some inves- 
tigators have shown that labeled glycine is not 
released from cortical slices on stimulation [28, 51], 
others have released radioactive glycine with high 
K* or electrical stimulation from cortical prep- 
arations as well as spinal cord preparations 
[29, 32, 34-37], and in many of these cases it was 
also Ca** dependent. Endogenous glycine release 
from cortical synaptosomes, however, was not stimu- 
lated [52]. 

In stimulated slice preparations in vitro, the 
amount of radioactive glycine that is released from 
the cortex has generally been less than that of other 
amino acids released, such as GABA, as well as less 
than the amount of glycine released from the spinal 
cord. It has been suggested that the small amount 
of stimulated, Ca**-dependent glycine release from 
the more rostral portions of the neuroaxis might be 
occurring from a relatively small number of neurons 
in these regions utilizing glycine as a neurotrans- 
mitter [32]. In contrast to others [53-55], Davidoff 
and Adair [32] have observed a small amount of high 
affinity Na*-dependent glycine uptake in the cortex, 
which might mediate the removal of released glycine 
from the synaptic cleft of these few glycinergic neu- 
rons. Our data on the midbrain may be consistent 
with the possibility that there are a few neurons using 
glycine as a transmitter in this region, for some 
methods of calculation indicate there is a release that 
is Ca?* dependent (Table 3). The data, however, are 
too variable to make a more definitive statement. 

Stimulated release of [*H]-5-HT from brain slices 
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has been observed by others [51,56], but when 
tested, the stimulated release was not Ca** depen- 
dent. Ca**-dependent, K*-stimulated release from 
synaptosomes of [*H]-5-HT [57] and endogenous 5- 
HT (58, 59] has been shown. 

We were unable to detect dopamine (DA) in the 
superfusates, and NE was detected infrequently. 
Attempts to preserve the NE and DA released, use 
of a different brain region to increase the proportion 
of dopamine neurons, and use of a more sensitive 
assay method may be necessary to obtain reliable 
results with these transmitters. K*-stimulated, Ca*- 
dependent release of endogenous NE and DA has 
been measured recently in slice preparations [60, 61]. 

Our data clearly show a Ca**-dependent, K*- 
stimulated release for the amino acids GABA, glu- 
tamate and aspartate, as well as for 5-HT and ACh, 
which suggests that these substances play a trans- 
mitter role in the midbrain region. The relative 
degree of stimulation observed is in the range of that 
found by others, with the exception of GABA. The 
15- to 20-fold stimulation of release by 50 mM KCl 
is greater than that seen in other systems. Others 
have found that, even without efforts to inhibit 
GABA transaminase, GABA released into the 
incubation medium is not greatly metabolized 
[42,46]. Thus, the magnitude of the stimulated 
release might be attributed to the use of a superfusion 
system that would tend to remove the released 
GABA before it could be taken back up by the tissue 
again. The lesser degree of stimulation in the case 
of glutamate and aspartate, on the other hand, may 
be the result of rapid metabolism, as has been 
reported [42,46]. 5-HT also could have been 
decreased by metabolism because, even though 
monoaminoxidase is an intracellular enzyme, broken 
cells in the slice preparation could have allowed the 
5-HT to be metabolized. It would be of interest to 
determine if the stimulated rate of release of glu- 
tamate, aspartate or 5-HT can be enhanced by 
inhibitors of their metabolism. Since some reuptake 
could be occurring, even with the superfusion sys- 
tem, inhibition of this process could also be tested 
for its effect on release. ACh was protected from 
metabolism by including paraoxon in the medium, 
and ACh is not taken up readily by the choline 
transport system [62]. Pre-synaptic feedback mech- 
anisms, however, have been shown to alter ACh 
release, so the release of this transmitter was also 
probably not at the highest possible rate [63, 64]. 

Expression of the release as a fractional efflux may 
not be entirely appropriate or very accurate because 
all the substances were not released from a finite 
store (synthesis of GABA, glutamate, glycine, alan- 
ine and ACh appears to occur during K” stimula- 
tion). In addition, Nadler et al. [46] have noted that 
the magnitude of the Ca**-dependent, K *-stimulated 
release is independent of the tissue amino acid con- 
tent and suggested that only a small pool was affected 
by the releasing conditions. 

In our preparations, the amount of glutamate 
released was greater than the amount of aspartate 
released. The possibility of aspartate having a unique 
transmitter role, or serving only to modulate glu- 
tamate action, has been discussed [65]. In some 
situations, such as stimulation of the lateral olfactory 
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tract, only glutamate is released [49]. The relative 
amounts of glutamate and aspartate released in the 
present experiments, however, probably have little 
particular significance since the tissue is so 
heterogeneous. 

All of the substances examined were released at 
maximum rates within 10-15 min of the switch to 
superfusion with high K* medium, and then the rate 
declined. (The delayed peak is primarily the result 
of the dead space in the system; see Ref. 15). The 
tissue stores of GABA, glutamate and ACh were 
not diminished at the end of superfusion, which 
might suggest that sufficient transmitter should have 
been available for continued maximal release. How- 
ever, if the releasable store is a small fraction of the 
total tissue content, depletion would not be detect- 
able. A rapid rise and then fall of stimulated release 
of GABA, glutamate and aspartate were also noted 
when very short periods of stimulation were used 
[46]. These authors had additional data that argued 
against the suggestion that there is a decline in Ca** 
permeability with continuous stimulation, but they 
could offer no other explanation. In the case of ACh, 
it has been shown [15] that the presence of the 
precursor choline in the superfusing medium main- 
tains the stimulated release near the maximal rate. 
The possibility that glutamine may serve as a pre- 
cursor of glutamate and can enhance the amount of 
glutamate released has been investigated [48, 66, 67]. 
The minimal synthesis of aspartate during stimulated 
release may suggest that insufficient glutamate is 
available for transamination to releasable aspartate. 
The almost complete lack of synthesis during stimu- 
lated release of 5-HT might also simply reflect a 
relative lack of tryptophan available in the prep- 
aration. It would be of interest to determine whether 
or not providing glutamine or other suitable pre- 
cursors would allow the stimulated release of 
GABA, glutamate and aspartate to be maintained 
at their highest rates. 
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Abstract—Showdomycin, «a C-nucleoside antibiotic, was twice as toxic to L1210 murine leukemia cells 
as to murine bone marrow progenitor cells of the granulocyte-macrophage series. Its aglycone, mal- 
eimide, was equally toxic to both cell lines. Cysteine, adenosine and the potent nucleoside transport 
inhibitor 6-[(2-hydroxy-5-nitrobenzyl)thio]-9-B-p-ribofuranosylpurine (HNBMPR) reversed the early 
stages of toxicity of showdomycin to L1210 cells, but did not reduce the toxicity of maleimide. At 
cytotoxic concentrations, showdomycin progressively inactivated the nucleoside uptake system to com- 
pletion. This inhibition of nucleoside uptake was reversed by cysteine under conditions where it reversed 
cytotoxicity. The binding of 6-[(4-nitrobenzyl)thio]-9-8-p-ribofuranosylpurine (NBMPR) by L1210 cells 
was also inhibited by showdomycin, indicating that the antibiotic inactivated the nucleoside transport 
site. The data suggest that the C-nucleoside structure confers some selectivity to the cytotoxic action 
of maleimide, directing it toward the nucleoside transport system of the tumor cell. 


Showdomycin (Fig. 1) is a C-nucleoside antibiotic 
whose activity is due to the alkylating property of 
its maleimide moiety [1, 2]. It is active against both 
gram positive and gram negative bacteria [2], HeLa 


cells in vitro and the Ehrlich ascites carcinoma in 
vivo [3]. The transport of showdomycin in Esche- 
richia coli has been shown to be similar to that of 
a wide variety of nucleosides [4]. Its mechanism of 
action may, therefore, be explained by both its 
uptake as a nucleoside analog and its reactivity as 
a maleimide sulfhydryl reagent. We here report on 
two aspects of showdomycin cytotoxicity to mam- 
malian cells: (1) a comparison between the C-nucleo- 
side and its maleimide moiety with regard to selective 
toxicity toward L1210 tumor cells and a normal 
renewal system, the macrophage-granulocyte pro- 
genitor cells of the bone marrow, and (2) the speci- 
ficity of its mechanism of action. 


MATERIALS AND METHODS 


Materials. Bovine serum albumin was obtained as 
serum fraction V from Miles Laboratories, Elkhart, 
IN. Fetal calf serum was purchased from Flow Lab- 
oratories, Rockville, MD, and RPMI 1630 medium, 
Dulbecco’s phosphate-buffered saline, penicillin and 
streptomycin were supplied by the NIH Media Unit. 
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Modified McCoy’s 5A medium was obtained from 
Grand Island Biological Co., Grand Island, NY. 
Showdomycin was supplied by Dr. John Douros, of 
the Natural Products Branch of the Developmental 
Therapeutics Program, DCT, NCI, and was pre- 
pared asa stock solution of 20-40 mM in cold distilled 
water. Maleimide, a product of the Aldrich Chemical 
Co., Inc, Milwaukee, WI, was dissolved in chilled 
distilled water to a concentration of 200 mM before 
use. Pregnant mouse uterine extract, a source of 
colony stimulating factor (CSF) in the bone marrow 
assays [5], was a gift of Dr. T. R. Bradley of the 
Cancer Institute, Melbourne, Australia, and of Dr. 
Richard Knazek of the Laboratory of Pathophys- 
iology, NCI, Bethesda, MD. [5,6-*H]Uridine (47 
Ci/mmole) and [2,8-"H]adenosine (36.7 Ci/mmole) 
were purchased from New England Nuclear, Boston, 
MA. They were diluted with the respective unlabeled 
nucleosides and used at concentrations indicated in 
the text. [G-*H]Nitrobenzylthioinosine (NBMPR)§ 
was obtained from Moravek Biochemicals, City of 


OH OH 


SHOWDOMYCIN MALEIMIDE 
Fig. 1. Structures of showdomycin and maleimide. 
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Industry, CA, as a solution of 20 Ci/mmole in meth- 
anol. The silicone oil, Versilube F-50, was obtained 
from the Harwick Chemical Corp., Cambridge, MA. 

Tumor cell cytotoxicity. L1210 cells were grown 
in RPMI 1630 medium supplemented with 16% heat- 
inactivated fetal calf serum. These were harvested 
in the logarithmic phase of growth (5-10 x 10° 
cells/ml), washed twice by suspension and centrifu- 
‘gation in Dulbecco’s phosphate-buffered saline 
(PBS) containing 0.1 mM bovine serum albumin and 
0.25% glucose (PAG), and suspended at 10° cells/ml 
in the same buffer system. Showdomycin or maleim- 
ide was then added and the incubation continued for 
30 min. Cells were harvested by centrifugation, 
resuspended in growth medium containing 40 ug/ml 
gentamicin (Schering), and washed two additional 
times by suspension in this medium and centrifu- 
gation. Cytotoxicity was assessed either by clonal 
growth of surviving cells for 2 weeks in soft nutrient- 
agar according to the procedure of Chu and Fischer 
[6] with minor modifications [7], or by static growth 
for 45 hr in RPMI 1630 supplemented with 16% 
heat-inactivated fetal calf serum and containing 40 
ug/ml gentamicin. 

Bone marrow cytotoxicity. Male CDF, mice, 
weighing 20—25 g, were killed by cervical dislocation, 
and the femurs were removed and gently flushed 
with PAG: The contents were washed twice with 
this medium and suspended in it at 10° nucleated 
cells/ml. The experimental protocol for exposure to 
showdomycin or maleimide was identical to that 
described above for L1210 cells. Toxicity to murine 
hematopoietic precursor cells was assessed after 
clonal growth for 1 week in modified McCoy’s 5A 
medium supplemented with 15% fetal calf serum, 
20 units/ml penicillin and 20 ug/ml streptomycin, in 
a humidified atmosphere of 10% carbon dioxide [8]. 

Pregnant mouse uterine extract was used at a 
concentration that resulted in maximal colony for- 
mation of 90-100 macrophage and granulocyte col- 
onies per 100,000 nucleated bone marrow cells; no 
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colony formation occurred in its absence. Cell aggre- 
gates were scored as colonies if they contained 50 
or more cells. 

Uptake of nucleosides by L1210 cells. Logarithmic 
phase L1210 cells were harvested by centrifugation 
at 300 g for 5 min and washed twice with transport 
medium composed of Dulbecco’s PBS containing 0.1 
mM bovine serum albumin and 0.1% glucose. They 
were than suspended at a concentration of 10° 
cells/ml. Uptake was either initiated by simultaneous 
addition of labeled nucleosides and showdomycin, 
maleimide or water as a control, or cells were first 
treated with showdomycin and maleimide for the 
times indicated, washed twice, suspended at a con- 
centration of 10° cells/ml and incubated with labeled 
nucleosides. Aliquots of the incubation mixture were 
layered on Versilube F-50 silicone oil in a micro- 
centrifuge tube and uptake was terminated by cen- 
trifugation of the cells through the oil at 12,000 g for 
1 min in an Eppendorf microcentrifuge. Tips con- 
taining the cell pellet were cut off, the pellets were 
solubilized in 0.2 M NaOH and neutralized with 
acetic acid, liquid scintillation fluor was added, and 
samples were counted on a Beckman liquid scintil- 
lation counter. Uptake estimates were performed in 
duplicate. 

NBMPR binding assay. Logarithmic phase L1210 
cells were harvested and washed twice with PAG 
and suspended in transport medium at a concentra- 
tion of 10° cells/ml. Binding assays were initiated by 
adding [*H]-NBMPR, and assay intervals were ter- 
minated by centrifuging 200ul samples through sili- 
cone oil at 12,000 g for 1 min. The cell pellets were 
assayed for associated radioactivity as described 
above. 


RESULTS 


Cytotoxicity of showdomycin and maleimide to 
L1210 and bone marrow progenitor cells. Showdo- 
mycin was twice as toxic as maleimide to L1210 cells, 








j 


CONCENTRATION, uM 


Fig. 2. Cytotoxicity of showdomycin and maleimide toward L1210 and bone marrow progenitor cells. 

Cell suspensions (10° cells/ml), prepared as described in Materials and Methods, were incubated for 30 

min in PAG at 37° with the indicated concentrations of showdomycin (O) or maleimide (@). They were 

then harvested and washed, and the toxicity of showdomycin and maleimide was estimated by clonal 
growth, as described in the text. 
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Fig. 3. Onset and reversibility of showdomycin (A) and maleimide (B) cytotoxicity to L1210 ceils. Cell 

suspensions (10° cells/ml) were incubated with showdomycin (20 uM) or maleimide (20 uM). Cysteine 

(50 uM) (A) or adenosine (2 mM) (™) was added as indicated. Cells were washed twice with RPMI 
1630 growth medium and toxicity was estimated by growth in static culture for 45 hr. 


but the two compounds were equally toxic to bone 
marrow cells (Fig. 2). This indicates that the nucleo- 
side carrier moiety contributed selective toxicity 
toward the tumor cell type. 

Reversal of showdomycin and maleimide cytotox- 
icity by cysteine, adenosine and HNBMPR. When 
L1210 cells were incubated with showdomycin at 20 
uM, cytotoxicity progressed rapidly as shown in Fig. 
3A. Toxicity was reversed when cysteine or adeno- 
sine was added, only during its early stages (Fig. 3A, 
Table 1). HNBMPR, a specific nucleoside transport 
inhibitor [9, 10], also reversed showdomycin toxicity, 
but adenine did not (Table 2). If cells were first 
incubated with these compounds, except for adenine, 
showdomycin cytotoxicity was abolished completely 
(data not shown). 


Maleimide cytotoxicity showed a_ different 
response to cysteine and adenosine. If cysteine were 
present before maleimide addition, no cell kill was 
observed and, as expected, adenosine offered no 
protection from maleimide (data not shown). The 
reversal of cytotoxicity by these compounds was not 
observed even during the early stages of inhibition 
(Fig. 3B, Table 1). Similar results were obtained 
with bone marrow cells (data not shown). In these 
assays, cysteine (50 uM), adenosine (2 mM) or 
HNBMPR (10 uM) did not affect the growth of 
either L1210 or bone marrow cells. 

Effect of showdomycin and maleimide on the 
nucleoside uptake system. When showdomycin and 
labeled uridine were added simultaneously to L1210 
cells, uridine uptake was normal for the first few 


Table 1. Reversal of showdomycin cytotoxicity to L1210 cells as determined by clonal 
growth 





Addition at 
zero time 


Additions at 5 min 


Per cent survival* 





5 min 15 min 





Showdomycin (20 uM) 


33 4 


Cysteine (50 uM) 74 
Adenosine (2 mM) 60 


Maleimide (20 uM) 


32 35 


Cysteine (50 uM) 35 
Adenosine (2 mM) 32 





* Cells were incubated as indicated in the legend of Fig. 3. Clonal growth was 
estimated as described in Materials and Methods. 
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Table 2. Reversal of showdomycin cytotoxicity to L1210 cells 





Addition at 
zero time 


Additions at 5 min 


Cell proliferation rate* 
(% of control) 





5 min 15 min 





Showdomycin (20 uM) 


20 0 


Cysteine (50 uM) 70 


Adenosine (1 mM) 53 
HNBMPR (10 uM) 37 
Adenine (1 mM) 3 





* Population doublings in 45 hr as a percentage of rates in cultures without additives 


(3.5 doublings in 45 hr). 


minutes, but inhibition developed progressively and 
later uptake was blocked completely (Fig. 4). Mal- 
eimide, on the other hand, inhibited uridine uptake 
partially and at a constant rate throughout the incu- 
bation period (Fig. 4). 

Prior exposure of L1210 cells to showdomycin, 
followed by washing and incubation in drug-free 
medium, resulted in almost complete inactivation of 
the uridine (Fig. 5) and adenosine (Fig. 6) uptake 
systems. An equitoxic concentration of maleimide 
did not inactivate uridine uptake (Fig. 5). The inac- 
tivation of adenosine uptake by showdomycin was 
partially reversed by the addition of cysteine (Fig. 
7). 

Inactivation of the nucleoside transport site by 
showdomycin. To determine whether showdomycin 
inhibition of nucleoside uptake was due to inacti- 
vation of the nucleoside transport site [11] or to 
inhibition of subsequent metabolism [12], the effect 


16; 
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MINUTES 
Fig. 4. Effects of showdomycin and maleimide on uridine 
uptake by L1210 cells. Cell suspensions (10° cells/ml) were 
incubated at 37° in transport medium containing [5,6- 
*Huridine (1.0 uM) and either showdomycin (20 uM) 
(@), maleimide (20 uM) (A), or an equivalent volume (10 
ul) of water (O) as control. Uridine uptake was also fol- 
lowed at 0° (©) and was estimated as described in Materials 
and Methods. 


of the antibiotic on NBMPR binding was studied. 
This nucleoside has been shown by Lauzon and 
Paterson [13] to bind specifically to nucleoside trans- 
port sites of the plasma membrane. As shown in Fig. 
8, cells incubated with showdomycin were inhibited 
in binding of NBMPR, indicating that the antibiotic 
inactivated the nucleoside transport sites. 


DISCUSSION 


Komatsu and Tanaka [14] found that both show- 
domycin and N-ethylmaleimide inhibited deoxyri- 
bonucleotide syntheses equally in E. coli, and Roy- 
Burman and Visser [15] reported that in this organ- 
ism the inhibition of glucose and nucleoside uptake 
by showdomycin and N-ethylmaleimide occurred at 
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Fig. 5. Inactivation on uridine uptake by showdomycin. 
L1210 cell suspensions (10° cells/ml) were incubated in 
PAG with showdomycin (20 uM) for 5 min (@) or 30 min 
(©); maleimide, (20 uM) for 5 min (A) or 30 min (V) or 
with an equivalent volume (10 ul) of water (O) as control. 
Cells were harvested by centrifugation, washed with trans- 
port medium, and resuspended at 1 x 10° cells/ml. [5,6- 
H]Uridine was added to a final concentration of 10 uM, 
and uptake was estimated as described in Materials and 
Methods. 
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Fig. 6. Inactivation of adenosine uptake by showdomycin. 
L1210 cell suspensions (10° cells/ml) were incubated in 
PAG with showdomycin (20 uM) for 5 min (@) or an 
equivalent volume (10 ul) of water (O) as control, washed 
with transport medium, and resuspended at 10° cells/ml. 
[2,8-*H]Adenosine was added to a final concentration of 
10 uM, and uptake was estimated as described in 
Materials and Methods. Adenosine uptake was also fol- 
lowed at 0° (@). 
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Fig. 7. Recovery of adenosine uptake in cysteine-treated 
L1210 cells. A cell suspension (10° cells/ml) was incubated 
in PAG with showdomycin (20 uM) for 5 min. Cysteine 
was added to a final concentration of 50 uM, and the 
incubation continued for an additional 10 min. Cells were 
washed with transport medium, and adenosine uptake was 
compared with that of cells treated with showdomycin for 
5 min or 15 min but without subsequent incubation with 
cysteine. Key: untreated controls (O), showdomycin treat- 
ment for 5 min (@) or 15 min (0), and showdomycin for 
5 min then cysteine for 10 min (A). 
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Fig. 8. Inactivation of NBMPR binding by showdomycin. L1210 cell suspensions (10° cells/ml) were 

incubated with showdomycin (20 uM) for 5 or 15 min in PAG at 37°, washed with transport medium, 

and resuspended at 10° cells/ml. [*H]-Nitrobenzylthioinosine was added to a final concentration of 10 

nM, and binding was estimated as described in Materials and Methods. Key: untreated controls (O), 
and showdomycin treatment for 5 min (A) or 15 min (A). 
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similar concentrations. Since both compounds 
exerted their primary inhibitory effect by alkylation 
of susceptible sulfhydryl groups, it was suggested 
that showdomycin acted in the same non-specific 
manner as maleimide and other sulfhydryl reagents. 
We report a marked difference between the two 
compounds in mammalian cells, both in toxicity and 
mechanism of action. Showdomycin has selective 
toxicity toward L1210 tumor cells when compared 
to normal bone marrow progenitor cells and shows 
specificity in inactivating the nucleoside uptake 
system. 

There may exist a difference in the rate or char- 
acter of alkylation of showdomycin vs maleimide, 
because cysteine and adenosine reversed the early 
stage of showdomycin cytotoxicity but not that of 
maleimide. The protective and reversal effects of 
adenosine and HNBMPR may be due to competition 
with showdomycin for initial binding to the transport 
carrier, and the reaction by cysteine with the mal- 
eimide moiety will make it unavailable for interaction 
with cellular sulfhydryl sites. These results suggest 
that showdomycin had not yet reacted with. cellular 
sites during the early stages of incubation, while 
maleimide reacted immediately. The onset of mal- 
eimide cytotoxicity was also much more rapid than 
that of showdomycin (Fig. 3). The slower reaction 
rate of showdomycin may be due in part to the 
location of the ribose moiety at the 2 position; how- 
ever, citraconimide, the 2-methyl analog of maleim- 
ide, is much slower to react with cysteine and glu- 
tathione than either showdomycin or N-ethyl- 


maleimide [16, 17]. The observation may also be due 
’ 
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to the low affinity of a C-nucleoside for initial binding 
to nucleoside transport sites (Fig. 4). 
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MECHANISM OF INHIBITION OF PEPSIN BY PEPSTATIN 
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Abstract—Investigations were made of the inhibition of pepsin by pepstatin and nine synthetic analogs 
of pepstatin. Analysis of progress curve data indicated that the inhibition produced by pepstatin (1) 
conforms to a mechanism in which a rapidly formed enzyme-inhibitor complex (collision complex) is 
transformed slowly to a more tightly bound complex (tightened complex). Dissociation constants for 
the collision complex (k2/k,) and first-order rate constants for formation (k3) and reversal (k,4) of the 
tightened complex are reported for pepstatin and nine pepstatin analogs. The data show that at least 
three structural parameters are needed to induce the lag transient characteristic of the tight-binding 
inhibition of pepsin by pepstatin. These are: a 3(S)-hydroxyl group in the third residue of pepstatin, 
an isopropyl group or its equivalent in the first residue, and some portion of the C-terminal dipeptidyl 
group —Ala-Sta. The data indicate that these groups interacted cooperatively to induce the time- 
dependent increase in inhibition. Removal of any of these binding groups affected, predominatly, k,, 
the first-order rate constant for return of tightened complex to collision complex. The proposal that 
pepstatin is an analog of the transition state for pepsin catalyzed hydrolysis of amide bonds is discussed. 


Pepstatin, isovaleryl-L-valyl-L-valyl-(3S,4S)-4-ami- 
no-3-hydroxyl-6-methylheptanoyl-L-alanyl-(3S,4S)- 
4-amino-3-hydroxyl-6-methylheptanoic acid (1) (Fig. 
1), is one of several enzyme inhibitors isolated by 
Umezawa et al. [1] in an effort to find naturally 
occurring inhibitors of therapeutically important 
enzymes [2]. Pepstatin strongly inhibits several car- 
boxyl proteases, including pepsin and cathepsin D 
[3] and renin [3-7], but does not inhibit trypsin, 
chymotrypsin, plasmin, kallikrein, thrombin, throm- 
bokinase or papain [3]. Pepstatin binds to the active 
sites of pepsin [5] and of Rhizopus chinensis acid 
protease [8] but exhibits non-competitive patterns 
for inhibition of renin and pepsin [4], and pseudo- 
renin [9]. The tight binding (K; = 4.6 x 10~'' M) [10] 
and the specificity for carboxylprotedses led to 
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CH3—CH 
CH, CH 


CH3——CH 
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Fig. 1. Structure of pepstatin A. Numbers under each 
amino acid are residue numbers referred to in the text. 
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suggestions that pepstatin may be a transition-state 
analog inhibitor of these enzymes [11, 12]. 

In spite of the widespread use of pepstatin in 
biological studies, relatively little is known about 
either the minimal structural features of pepstatin 
needed to produce an inhibitor with a very low 
dissociation constant or the origin of its specificity 
for carboxyl proteases. We report here the kinetics 
of inhibition of pepsin by pepstatin and by synthetic 
analogs of pepstatin. Our results show that tight- 
binding inhibition is characterized by a time-depen- 
dent phenomenon, or lag-transient, that is strongly 
dependent on inhibitor structure. 


EXPERIMENTAL PROCEDURES 


Materials 


Synthetic analogs of pepstatin, prepared from 
optically pure synthetic t-butyloxycarbonyl-statine 
[13] using a stepwise solution strategy, are listed in 
Table 1. Each analog was fully characterized using 
amino acid analysis, microanalysis, mass spectro- 
metry and nuclear magnetic resonance spectroscopy. 
Details of these syntheses have been reported sep- 
arately [14]. 


Enzymatic studies 


Heptapeptide substrate, Phe—Gly-—His- 
Phe(NO),—Phe—Ala—Phe-OMe, was prepared as 
described previously [16]. Porcine pepsin was pur- 
chased from the Sigma Chemical Co., St. Louis, 
MO. Pepsin activity was assayed by spectrophoto- 
metric measurement of the hydrolysis of the 
—Phe(NO),— bond of the heptapeptide substrate at 
25° in pH 4.0 formate buffer. Absorbance at 310 nm 
was monitored as described by Medzihradszky et al. 
[17]. The analogs were dissolved in methanol and 
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Table 1. Structure of pepstatin analogs 





Compound 


Number Structure*+ 





Iva-Val—Val—(3S,4S)Sta-Ala—(3S ,4S)Sta 
Iva—Val-Val—-DeoxySta—Ala—DeoxySta 
Ac-(3S,4S)Sta~Ala—-NH'C;H, 
Iva~—(3S,4S)Sta~Ala-NH'C;H), 
Iva—Val-(3S,4S)Sta—Ala-NH'C;Hj, 
Iva-Val-(3R,4S)Sta—Ala-NH'C;H), 
Iva-Val-DeoxySta—Ala—-NH'C;H); 
Iva-Val-(3S 4S) AHPPA-Ala—-NH'C;H; 
Iva—Val-Val-Sta 
Ac-Sta 
Ac-DeoxySta 


CmAAIDUMNSLWN 


— 





* Abbreviations used: Sta, 3-hydroxy-4-amino-6-methyl 
heptanoic acid (statine); DeoxySTa, 4(S)-amino-6-methyl 
heptanoic acid; NH'C;Hj;, isoamyl amide; Iva, isovaleryl; 
and AHPPA, 4(S) amino-3(S)hydroxy-5-phenyl pentanoic 
acid. 

+ R and S configurations are defined in Cahn et al. [15]. 


added to buffer. The fina! concentration of methanol 
in both sample and control was about 1.6%. 
Reaction velocities expressed as AO.D./min were 
first analyzed graphically as double-reciprocal plots 
and were also processed on a digital computer 
according to the procedure described by Cleland 
[18]. Inhibition data were fitted to equations for both 
linear competitive and linear noncompetitive inhi- 
bition. The kinetic analysis of dideoxypepstatin (2) 
using this procedure has been described [16]. 
Dissociation constants for the reiatively tight-bind- 
ing analogs (5) and (8) were measured at steady state 
and estimated by fitting the data to the rate equa- 
tions. The enzyme and inhibitor were equilibrated 
for 5 min and the reactions were initiated by addition 
of substrate. A lag transient was evident for reactions 
carried out in this manner (Fig. 4). Steady-state rate 

















15 45 60 
Fig. 2. Time-dependent inhibition of pepsin by pepstatin. 
Recorder tracings of initial velocity for hydrolysis of hep- 
tapeptide substrate catalyzed by pepsin. The incubation 
mixture was comprised of 0.61 ml of 0.04 M formate buffer, 
pH 4.0, containing 89.3 uM substrate, 1.93 x 10™* M pepsin 
and various concentrations of inhibitors: (A) control, [/] = 0; 
(B) dideoxypepstatin, 3 x 10°’M; (C) pepstatin, 2 x 
10-* M; and (D) pepstatin, 2 x 107° M. In A, B and C, the 
enzyme was added last. In D, pepstatin and pepsin were 
equilibrated for 5 min, and the substrate was added last. 


75 90 Seconds 


data were collected from the linear portion of the 
curve. 


RESULTS 


Characterization of time-dependent inhibition of pep- 
sin by pepstatin 

Inhibition of pepsin by pepstatin depended on the 
length of time the enzyme and inhibitor were equi- 
librated (Fig. 2). Figure 2C shows the reaction pro- 
gress curves when pepstatin (2 x 10~* M) was used, 
without preincubation of enzyme with inhibitor, at 
a concentration slightly greater than that of pepsin. 
The initial velocity clearly was non-linear, and inhi- 
bition increased with time. The pepstatin inhibition 
was non-linear during the time period in which the 
initial velocities of control (Fig. 2A) and dideoxy- 
pepstatin (Fig. 2B) were linear. When this concen- 
tration of pepstatin was equilibrated with pepsin for 
3-5 min before substrate was added, no product was 
formed (Fig. 2D). The latter result was also observed 
by Kunimoto et al. [5]. The data in Fig. 2 established 
that the binding of pepstatin to pepsin did not reach 
a steady state for at least 2-3 min. 

The time-dependent increase in inhibition shown 
by pepstatin is consistent with the mechanisms 
depicted in Scheme 1 where k; and k, are slow, and 
k; >k,. 

ky k3 


Mechanism A E£ +15 Els *EI* 


ko kg 


k3 kyl 


Mechanism B Es E* s *El* 


ka ko 


slow 


Mechanism C E+/15 El 


Scheme 1 


In Mechanism A, the time-dependent increase in 
inhibition is caused by slow changes in the initially 
formed collision complex (E/) leading to a new 
enzyme-inhibitor complex (*E/*) in which inhibitor 
is more tightly bound to the enzyme. The latter 
complex is termed the ‘tightened’ complex. In Mech- 
anism B, the time-dependent increase in inhibition 
is caused by a slow conformational change from one 
free enzyme form to another form of the unbound 
enzyme prior to formation of the tightened complex 
(*EI*). It is evident from the data in Figs. 2 and 3A 
that reaction velocity from time zero is inhibited by 
pepstatin. This allows us to exclude Mechanism C 
in which pepstatin binds slowly to the enzyme. Mech- 
anism A is consistent with a dependence of initial 
velocity on pepstatin concentration. 

As a working hypothesis, we considered that the 
inhibition of pepsin by pepstatin follows Mechanism 
A where the approach to equilibirium requires 3- 
5 min for completion. Because the approach to equi- 
librium is slow (k; is small) and leads to increasing 
inhibition with time, k, is very small relative to k;. 
When the reaction progress curve for the off reaction 
(Fig. 2D) is followed for several hours, no dissocia- 
tion of the tightened complex between pepstatin and 
pepsin is observed. Thus, under the assay conditions 
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employed here k, = 0 and the lag transient can be ir 
analyzed using Scheme 2. 

Scheme 2 has been used to determine the kinetic 
parameters of irreversible inhibition of enzymes [19], 
and can be used to analyze the pepstatin results by 
plotting the reciprocal of the pseudo-first-order rate 
constant (k,,,) versus the reciprocal of the inhibitor 
concentration [/] according to equation 1. 


ky k3 


E+IsS EI— *Er 


ky 


Scheme 2 








This analysis allows one to estimate values for the 
apparent dissociation constant of the collision com- 
plex (k,/k,) and for the rate constant for the lag 
transient (k;). 





(1) 


The analysis was carried out in the following man- 
ner. The initial velocity of hydrolysis of the hepta- 
peptide substrate was measured at increasing con- 
centrations of pepstatin; the data are given in Fig. 
3A. Measuring the slope of each curve at time (7) 
gave the inhibited velocity (V;) at time, T. The slope 
can be used because the final velocity at steady state 
is zero. A plot of In inhibited velocity (V;) vs time 
(T), is shown in Fig. 3B; the slope of each line gives 
k.»;. The plot of 1/k,,, vs 1/[I] is shown in Fig. 3C. 
From Fig. 3C and equation 1 the following constants 
are obtained: k,/k,(app) = 1.22 x 10°7M, k = 
0.022 sec"! and 7, = 31 sec. The value for k,/k, 
after correction for substrate concentration 
(1 + S/K,,) gives k,/k, = 1.3 x 10°°M. The double- 
reciprocal plot (1/k,,, vs 1/[/]) obtained for the pep- 
statin—pepsin systems is linear, which is consistent F , 
with k, approaching zero under the assay conditions Seconds 
[20]. 

Mechanism A outlined in Scheme | represents the 
minimum mechanism that would produce the time- 
dependent phenomena. It is not known if the binding 
of pepstatin to pepsin produces other complexes in 
addition to those depicted in Scheme 1. Kinetic 
analysis of Mechanism A, expanded to include three 
(or more) complexes (e.g. El = 'El' = "EI") would 
yield plots identical to Fig. 3A—C, but the limiting 
value for k,,,,at infinite inhibitor concentration would 
be a function of several rate constants for individual 
steps and would not be interpretable in terms of a 
single transition between complexes. 


@ 
eae a a 

















Fig. 3. Panel A: Initial velocity for hydrolysis of hepta- 
peptide substrate in the presence of different pepstatin 
concentrations. The incubation mixture was comprised of 
0.61 ml of 0.04 M formate buffer, pH 4.0, containing 340 uM 
substrate, 1.98 x 10°°M pepsin, and various concentra- 
tions of pepstatin: (A) 3.93 x 10-*M; (B) 5.9 x 10°°M; 
(C) 9.84 x 107° M; and (D) 11.84 x 107° M. Reaction was 
initiated by the addition of enzyme. Panel B; Determination 
of k,,;. The natural logarithms (In V;) of inhibited velocity 
at time T were plotted against time. Panel C: Reciprocal 

plot of k,y; Vs pepstatin. ‘TPepstatin) 
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Fig. 4. Recorder tracings of initial velocity for hydrolysis 
of heptapeptide substrate in the presence of various pep- 
statin analogs. Substrate was 211 uM. Pepsin was 19 nM. 
(A) control, J = 0; (B) (3R,4S) tripeptide 6, 1.38 uM; (C) 
analog 4, 1.29 uM; (D) analog 3, 159 uM and (E and F) 
(3S8,4S) tripeptide (5), 22.6nM. In F, the inhibitor and 
pepsin were preincubated for 5 min before substrate was 
added. All other reactions were started by adding the 
enzyme. 


Tripeptide (5) (Iva—Val—(3S,4S)-Sta—Ala— 


NH'C;H,,) was found to produce a measurable time- 
dependent increase in inhibition. However, as the 
reaction progress curve in Fig. 4F shows, this inhib- 
itor—pepsin complex dissociated much faster than the 
pepsin—pepstatin complex. Since the complex of 5 
dissociated (k, is finite), Scheme 2 could not be 
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1l/ 
Fig. 5. Determination of Ko and (k3 + ks) for (3S,4S) tri- 
peptide (5). The method of Fridovich [21] was used to 
obtain the rate constant for the approach to steady state, 
kops. Substrate was 211 uM. Pepsin was 19 nM. 


assumed to be valid for analyzing this system under 
the described assay conditions. Instead, the graphical 
method of Fridovich [21] was used to generate a 
series of concentration-dependent k,,,. Following 
the equations of Strickland et al. [20], k, was esti- 
mated to be 0.015 sec”! and (k; + ks) to be about 
0.07 sec”! (Fig. 5). The other rate constants (k,/k,), 
however, could not be accurately determined 
because they could only be obtained at high con- 
centrations of inhibitor and, under these conditions, 
the transient state was too short to be observed 
accurately without stopped-flow techniques. 

The kinetic parameters determined for each pep- 
statin analog are presented in Table 2. “Net” dis- 
sociation constant (K;) refers to the kinetically deter- 
mined dissociation constant and is defined in 
equation 2. 


K ots k, 
net K; = Kp X k.. = kJk, Xx gre (2) 
When k, < k;, then net K; = K,/k, X kj/k3; and 
Kops = k3. When k,>k;, then net K,; = k,/k, and 
Kobs - k; = ky. 

The net dissociation constant for the pepsin—pep- 
statin complex was determined by Workman and 
Burkitt [10]. For the remaining analogs, net disso- 
ciation constants were determined by fitting kinetic 
data obtained at steady state to programs for both 
competitive and non-competitive inhibition [18]. For 
the tight-binding analogs 5 and 8, these values are 
approximate values since the equations of Cleland 
do not correct for mutual depletion of inhibitor and 
enzyme due to tight binding [22]. Plots of V~' vs 
S-' at different inhibitor concentrations revealed 
littie deviation from linearity when the rate data for 
5 were plotted for competitive inhibition. The rate 
data for 5 also could be fitted to the computer pro- 
gram for competitive inhibition. Thus, the net K; for 
5 should be close to the kinetically measured K;. The 
data for compound 8, however, could not be fitted 
to the competitive inhibition program, so the appar- 
ent net dissociation constant may be too large and 
the correct net K; somewhat smaller than the value 
obtained kinetically. 

With compounds showing increasing inhibition 
with time (1, 5 and 8), the collision dissociation con- 
stant (k,/k,) does not equal net K;. The decrease in 
net K; caused by the slow, first-order transient from 
the collision compiex to the tightened complex is 
kJ(k; + ks) (see equation 2). For pepstatin, 
k,/(k; + kx) was calculated from the reported dis- 
sociation constant (K; = 4.57 x 10~'' M) [10] and the 
value of k,/k, determined here. Using these rela- 
tionships and the value obtained for k;, it was pos- 
sible to calculate the value of k, shown in Table 2. 
For compounds 5 and 8 accurate values of k,/k, could 
not be obtained directly from the graphical analysis 
for the reason cited previously. Values of k,/k, were 
estimated by dividing net K; by k,/(k3 + kz). 

Competitive inhibiton patterns were obtained for 
all the analogs in Table 2 except pepstatin and com- 
pound 8. The non-competitive pattern obtained for 
pepstatin was seen because k, = 0 under our assay 
conditions and, therefore, the assay system is not at 
steady state. The theoretical basis for observing non- 
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Table 2. Effect of inhibitor structure on kinetic parameters 
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Analog* k; (sec ') 
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0.022 
T.N.O.§ 
T.N.O. 
T.N.O. 

(kz + ks) = 0.07 
T.N.O. 
T.N.O. 

(kz + ky) = 0.08 
T.N.O. 
T.N.O. 
T.N.O. 
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* Structures given in Table 1. 
+ C, competitive; N, non-competitive. 


£ k,/k, (corr) is the dissociation constant obtained by correcting for substrate competition by multiplying (1 + S/K,,) 


§ Transient was not observed. 


-1 


{| K, was estimated. Analog 7 was sparingly soluble in the solvent system employed | for kinetic studies. At concentrations 
of 10°'M or lower, no inhibition of pepsin activity was detectable. At 1 x 10°°M, slight inhibition was observed. 
However, direct measurement of K; was not possible since the compound precipitated when the concentration was 


increased to 2-3 x 10°°M. 


competitive inhibition patterns under non-steady 
state reaction conditions with tight-binding inhibitors 
has been presented [23-25]. 

In the case of the AHPPA analog 8, kinetic data 
were collected after the system had reached steady 
state. A plot of V~' vs S“' at different inhibitor 
concentrations gave a small intercept effect. The rate 
data also could be fitted to a computer program for 
non-competitive inhibition better than to a program 
for competitive inhibition. Thus, the apparent non- 
competitive inhibition pattern probably indicates 
that tight binding caused a significant curvature of 
the double-reciprocal plots due to mutual depletion 
of free enzyme and inhibitor concentrations as 
described by Morrison [22]. 


Effect of structure on inhibition 


Compound 5 was used as the standard peptide for 
making a comparative analysis of the.effect of struc- 
ture on net K; and on time-dependent inhibition. It 
is a tight-binding inhibitor that shows the time- 
dependent inhibition found with pepstatin. Com- 
pound 5 is a superior model for structure—activity 
work, however, because it is a readily reversible, 
competitive inhibitor of pepsin and, therefore, is 
more easily analyzed kinetically than pepstatin. 

Hydroxyl group. Modification of the hydroxyl 
group in 5 was studied first. Compounds 6 and 7 
illustrate that deleting the hydroxyl group or chang- 
ing its chirality from 3(S) to 3(R) led to 1000- to 
2000-fold weaker inhibitors of pepsin (Table 2). No 
time-dependent inhibition was found for either ana- 
log. Simple derivatives of statine are not tight-bind- 
ing inhibitors of pepsin. The analog N-acetyl-statine 
(10) is only eighteen times more potent than N- 
acetyl-deoxystatine (11), in which the hydroxyl group 


is absent [26]. This is in sharp contrast to the 4000- 
fold difference in potency between pepstatin and 
dideoxypepstatin. These data indicate that the 
hydroxyl group must be incorporated within larger 
molecules in order to obtain a potent inhibitor. 

Minimal size. Although modifications of the two 
C-terminal residues in pepstatin were not studied 
systematically here, several semi-synthetic analogs 
of pepstatin are known in which the C-terminal 
-Ala-Sta residues have been deleted [11, 27, 28]. 
These compounds are much weaker inhibitors than 
1, 5 or 8, with dissociation constants between 10~° 
and 10-’M [14]. Therefore, certain portions of the 
—-Ala-Sta residues are needed for tight-binding 
inhibition. 

N-terminus. The data in Table 2 and Fig. 3 show 
that increasing the chain length by addition of 
hydrophobic residues to the N-terminus of the pep- 
tide chain (e.g. 3 — 5) increased binding 10,000- 
fold. In the transition of 4— 5, the 300-fold tighter 
binding also was accompanied by the appearance of 
time-dependent inhibition (Fig. 4). 


DISCUSSION 


Characterization of time-dependent inhibition for the 
pepstatin—pepsin system 

While studying pepstatin inhibition of pepsin, we 
observed a progress curve transient that depended 
on the length of time the enzyme and pepstatin were 
incubated (Fig. 2). When enzyme and inhibitor were 
mixed, and substrate added after 5 min to initiate 
the reaction, no transient was observed. When pep- 
statin and substrate were added to pepsin, however, 
a lag of inhibition occurred. This was especially 
obvious when preincubation of a slight stoichiometric 
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excess of pepstatin with pepsin completely inhibited 
the enzyme. The half-life for the onset of inhibition 
was 31sec and the half-life for dissociation of the 
enzyme-inhibitor complex was more than 3 hr. 
Several explanations for the time-dependent 
phenomena have been considered. The time-depen- 
dent increase in inhibition observed for pepstatin 
cannot be caused by a slow bimolecular collision 
between enzyme and inhibitor (Mechanism C). Rate 
constants for bimolecular collisions are dependent 
on the size (and shape) of both molecules and on 
diffusion. For molecules this size, k, ranges between 
10’ and 10° M“'sec™! [29]. For a pepstatin concen- 
tration of 2 x 10°° M, k,,, for the bimolecular associ- 
ation would be about 0.2 sec”', for which a half-life 
of 3.5sec can be calculated. The half-life of the 
process shown in Fig. 2C is 31 sec and is, therefore, 
too long to reflect a bimolecular association. This 
calculation is supported by the kinetic properties of 
the structurally related inhibitor, dideoxypepstatin 
(2), which reaches a steady state with pepsin rapidly 
(Fig. 2B). Since both pepstatin (1) and dideoxypep- 
statin (2) have nearly identical molecular weights 
and shapes, they are likely to form bimolecular col- 
lision complexes with pepsin at nearly identical rates. 
A mechanism involving a slow isomerization of one 
unbound enzyme form to another (Mechanism B) 
prior to inhibitor binding must be excluded because 
reaction velocity is dependent on inhibitor concen- 
tration (Fig. 3B). The lag transient also cannot arise 
from multiple pepstatin binding sites on pepsin 
because pepstatin forms 1:1 complexes with pepsin 
[4] and with Rhizopus chinensis pepsin [18], and in 
the latter study the crystallographic data show the 
inhibitor bound to the active site of the enzyme. 
The lag transient we observed for the pepstatin— 
pepsin interaction is consistent with Mechanism A 
(Scheme 1) in which the isomerization of collision 
complex (E/) to tightened complex (*E/*) is slow. 
One consequence of Mechanism A is that the rate 
of conversion of the initial complex to the tightened 
complex (k,,;) Should be dependent on the structure 
of the inhibitor at saturating inhibitor concentra- 
tions. Indeed, our early inhibition data [16, 26] 
indicated that the rate constant for the time-depen- 
dent inhibition (k,,,) was dependent on inhibitor 
structure in that a lag transient for pepsin inhibition 
was not observed in the case of dideoxypepstatin 
(2). This could have occurred because there was no 
second (or tightened) complex formed, i.e. k; ~ 0, 
or it could arise if k,; > k;. In the latter case, k,,, 
= (k, +k) which would lead to a transient that is 
too fast to have been observed by the methods avail- 
able to us when k, approaches 0.1 sec™'. Further- 
more, as k, > k;, K;— k,/k,. This could explain why 
the apparent dissociation constant for the pepstatin— 
pepsin collision complex (k,/k, = 1.3 x 10° M) was 
similar to the net dissociation constant for the 
dideoxypepstatin-pepsin complex (2 x 10°’ M). To 
further define this system a more comprehensive 
structure—activity study was initiated. 


Effect of inhibitor structure on time-dependent 
inhibition 

Kinetic analysis of the inhibition of pepsin by 
pepstatin using heptapeptide substrate Phe—Gly- 
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His—Phe(NO,)—-Phe—Ala—Phe(OMe) provides a very 
sensitive method for probing the nature of the 
enzyme-inhibitor interaction. Using this assay, it is 
possible to characterize the inhibition produced by 
each analog in terms not only of net K; as is usually 
done in enzyme inhibitor studies but also in terms 
of the constants for the lag transient, k; and k,, and 
the apparent collision dissociation constant k,/k,. 
This allows us to determine which of these par- 
ameters is most affected by modifications of the 
structure of the inhibitor. 

To carry out this comparative analysis we used 
analog 5 as the reference structure. Compound 5 
formally corresponds to a pepstatin analog in which 
the C-terminal statine residue has been converted 
to an isoamyl amide group. This corresponds to 
replacement of the #-hydroxy propionic acid 
[-CH(OH)CH;CO;H] moiety by a hydrogen atom. 
Since Miyano et al. [30] showed that the hydroxyl 
and carboxyl groups in the C-terminal residue of 
pepstatin are not essential for potent inhibition of 
pepsin, the isoamyl amide group was expected to 
replace this statine without decreasing its contribu- 
tion to inhibition. As shown in Table 2, analogs 
containing the C-terminal isoamyl amide group, 5 
and 8, are good pepsin inhibitors with net dissocia- 
tion constants approaching that of pepstatin. These 
analogs have the advantage of quickly reaching 
steady state with pepsin and, thereby, allow kinetic 
analysis via standard methods. 

Our results show that at least three structural 
features are needed to induce the lag transient char- 
acteristic of the tight-binding inhibition of pepsin by 
pepstatin. These are: a 3(S) hydroxyl group in the 
third residue of pepstatin, an isopropyl group or its 
equivalent in the first residue of pepstatin, and some 
portion of the C-terminal dipeptidyl group —Ala-Sta. 
The minimum size of the C-terminal group has not 
been determined, but the potency of compound 5 
shows that the B-hydroxy propionic acid group is not 
essential for tight-binding inhibition of pepsin. Some 
portion of the -Ala~-NH'C;H,,; group in compounds 
1 and 5 is essential because compounds like Iva—Val- 
Val-Sta (9), which lack this group, are weak 
inhibitors. 

These structural requirements are illustrated in 
Fig. 6 where the structures of pepstatin and com- 
pound 5 are compared. The isovaleryl group in 5 
(or 8) corresponds to a deaminovaline residue which 
can be postulated to bind to the same site on pepsin 
that the valine in residue one of pepsatin binds to. 
This appears to be an important binding site since 
removal of this group, as in compound 4, causes a 
300-fold decrease in binding to pepsin and disap- 
pearance of the lag transient. 

The data in Table 2 suggest that these groups 
interact cooperatively with pepsin after binding to 
effect the time-dependent increase in inhibition. 
When the 3(S) hydroxyl group is added to dideoxy- 
pepstatin (2) or compound 7, the increased binding 
is too much to be caused by simple hydrogen bond- 
ing. A 10- to 20-fold decrease in dissociation constant 
can be attributed to simple hydrogen bonding by the 
3(S) hydroxyl group in this inhibitor system. For 
example, acetylstatine (10) binds to pepsin about 
eighteen times tighter than does acetyldeoxystatine 





Inhibition of pepsin by pepstatin analogs 


I CHs 
< / (s) \ ' 
R,-c HC ONH-CH-C ONH-C H-CH-C H,CONH-CH-C ONH-CH~R, 
ets 


5: R)*H; Ro H 


J: R, = Iva-NH-; 


Fig. 6. Comparison of structures of tight-binding pepstatin 

analog 5 and pepstatin. The dotted lines represent prob- 

able binding sties on pepsin for the encircled groups. Num- 

bers under amino acids designate residue number found 
in text. 


(11). Addition of this 3(S)-hydroxyl to dideoxypep- 
statin decreases k,/k, about 10-fold [26], a value close 
to that expected from acetyl statine and acetyl- 
deoxystatine data. Both estimates of the effect of 
the hydroxyl group on the dissociation constant are 
consistent with the expected 10-fold decrease in dis- 
sociation constant for a hydrogen bond between 
enzyme and substrate in aqueous media in the 
absence of cooperative effects [31]. Our results sug- 
gest that further decreases in net K; attributable to 
the 3(S) hydroxyl group develop in the transition 
from the collision complex to the tightened complex. 

We interpret these results to indicate that the (3S) 
hydroxyl group on the statine residue, the elongated 
N-terminal acyl group on the statine residue, and 
portions of the C-terminal dipeptidyl unit act coop- 
eratively to stabilize the tightened complex (*E/*) 
and, thereby, decrease k;. The nature of the tran- 
sition from EJ — *EI* probably involves a confor- 
mational change, but additional data are needed to 
determine this. The data in Table 2 show that the 
decrease in net K; produced by elongating the N- 
terminal substituents on the statine residue (e.g. 
compare compounds 3, 4 and 5) is caused primarily 
by a decrease in k,. In the case of pepstatin, k, is 
very small and the half-life for dissociation from 
pepsin was more than 3 hr. In contrast, k, was about 
300-fold greater in compound 5, and the dissociation 
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pepstatin tetrahedral intermediate 


Fig. 7. Comparison of statine portion of pepstatin with 


structure of postulated transition state for amide bond 
hydrolysis. 
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half-life was on the order of seconds. The remaining 
individual rate constants (k3, k,/k,) for these two 
compounds do not appear to differ by more than 5- 
fold. 

The absence of time-dependent inhibition in ana- 
logs with shortened peptide chains (e.g. 3, 4 and 9) 
or in analogs lacking the (3S) hydroxyl group (e.g. 
2, 6 and 7) can be rationalized in terms of a large k,. 
It is clear that shortening the N-terminal portion of 
the peptide chain by one valine residue caused k, to 
increase 300-fold. A further shortening of the chain 
would be expected to continue this increase which 
would render k, > k;. Since k,,, = (k3 + ks) and k, 
approaches 0.1 sec™', the lag transient would become 
too fast to be observed without stopped-fiow kinetic 
methods. Additional analogs with intermediate 
affinities for the tightened complex will be needed 
to test this interpretation; the synthesis of these 
analogs is in progress. 

In some respects the kinetics of interaction of 
pepstatin analogs with pepsin parallel the interaction 
of pepsin substrates with pepsin [32]. The appearance 
of the lag transient with elongation of the N-terminal 
and C-terminal portions of pepstatin analogs appears 
to parallel the increase in k,,, for substrates modified 
in a similar manner. However, in contrast to the 
large increases in k,,, (> 10-fold) observed when 
substrate side-chains are changed from isobutyl 
groups to benzyl groups [31], replacement of the 
isobutyl side-chain in the statine residue in com- 
pound 5 with the benzyl side-chain derivative, 
AHPPA (8), did not alter substantially either net K;, 
or the first-order constant (k,,,) for the lag-transient 
(Table 2). Thus, the effect of structure on k,,, for 
the inhibitors is different from the effect of structure 
on k,,, for substrates. 

One objective of this study has been to determine 
if the tight binding of pepstatin to acid proteases is 
related to the catalytic mechanism of carboxyl pro- 
teases, as suggested by others [11-12]. The structure 
of the statine portion of pepstatin is compared in 
Fig. 7 with a postulated tetrahedral intermediate for 
hydrolysis of an amide bond by pepsin. To mimic 
the transition state an inhibitor must bind to the 
active site of the enzyme. Enzyme alkylation experi- 
ments [5] and X-ray data [8] have established that 
pepstatin does bind to acid protease active sites. 
Because pepstatin and the heptapeptide substrate 
are too large to be bound simultaneously to the 
active-site of pepsin, pepstatin should give com- 
petitive inhibition patterns, and not the non-com- 
petitive patterns observed [4]. 

The non-competitive patterns probably are seen 
because of mutual depletion of enzyme and inhibitor 
at the enzyme concentrations used. Morrison [22] 
has shown that, at steady state, plots of V' vs S"' 
are non-linear, concave downward hyperbolas for 
tight-binding inhibitors whether inhibition is com- 
petitive or non-competitive, and he noted that linear 
extrapolation of data obtained at low substrate con- 
centrations can produce an apparent non-competi- 
tive pattern. Our data support this interpretation. 
As net dissociation constant for each analog (Table 
2) decreases, inhibition patterns change from com- 
petitive to non-competitive. Compound 8, the most 
potent synthetic analog we have prepared, could not 
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be fitted to a standard program for competitive 
inhibition. Because of its limited solubility we could 
not increase the concentration of the heptapeptide 
substrate to levels sufficient to detect curvature in 
V~' vs S“' plots. Pepstatin, which has a smaller net 
dissociation constant, would also deplete enzyme 
concentration and double-reciprocal plots of velocity 
versus substrate should be non-linear when the 
analysis is carried out under steady-state conditions 
using hemoglobin as the substrate. In view of this 
analysis plus the X-ray crystallographic data [8], it 
is probable that both pepstatin and analog 8 are 
competitive inhibitors of pepsin, as are the other 
inhibitors in Table 2. 
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Abstract—Isolated cat adrenocortical cells exposed to corticotropin (ACTH) (2-50 wU) and prostacyclin 
(PGI,) (10~* to 10°*M) demonstrated dose- and time-dependent increases in cyclic AMP formation 
and steroid production. In the absence of extracellular Ca**, ACTH (5 uU) did not augment cyclic 
AMP levels and steroid release. In contrast, Ca“* deprivation did not affect the ability of PGI, 
(10-°M) to augment cyclic AMP levels and only partially depressed PGI,-induced steroid release, 
indicating that ACTH and PGI, affect the adenylate cyclase-cyclic AMP system differently. The 
distinctive effects of PGI, and ACTH were further demonstrated in mouse adrenal tumor (Y-1) cells, 
which responded to ACTH and cholera extertoxin (choleragen) (107? M) with increases in cyclic AMP 
formation and steroidogenesis, whereas PGI, elicited a profound decrease in cyclic AMP levels and 
failed to enhance steroid production. The basis of these characteristic effects of ACTH and PGI, on 
normal and adrenal tumor cells appears to be their particular actions on membrane receptors, which 


modulate cyclic AMP metabolism through different Ca”*-mediated mechanisms. 


Existing evidence supports the hypothesis that cor- 
ticotropin (ACTH) binds to membrane receptors in 
close association with adenylate cyclase on the sur- 
face of the adrenocortical cell, enhancing the activity 
of this enzyme and elevating intracellular levels of 
cyclic AMP [1]. The particular mechanism(s) by 
which this cyclic nucleotide interacts with other bio- 
logical components to synthesize and extrude steroid 
from the cell remains uncertain, although it appears 
that cellular components such as Ca”* and the prosta- 
glandins must be brought into play for the elevation 
of cyclic AMP to be coupled effectively to steroid 
production [2]. Ca** deprivation depresses ACTH- 
induced cyclic AMP production and steroid release 
by intact cat adrenal glands [3] and by isolated rat 
cortical cells [4] and agents that are known to alter 
Ca** metabolism (D-600, ruthenium red and 
A23187) inhibit the steroidogenic response to ACTH 
in Y-1 adrenal tumor cells [5]. An important role 
for the prostaglandins in steroidogenesis is indicated 
by our previous findings that these unsaturated fatty 
acids are present in adrenocortical cells [6] and that 
when added exogenously they are capable of increas- 
ing cyclic AMP and enhancing steroid production 
and release in bovine and feline cortical cells respec- 
tively [7, 8]. Prostacyclin (PGI), a vasodilator and 
inhibitor of platelet aggregation [9], is by far the 
most active prostaglandin in promoting steroido- 
genesis in cat cortical cells [8]. The steroidogenic 
action of prostaglandins has been attributed to inter- 
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actions with specific membrane receptors coupled to 
the adenylate cyclase-cyclic AMP system [8, 10, 11]. 

Previous studies had demonstrated the presence 
of multiple specific receptors in normal and neo- 
plastic adrenal tissue [12-15]. The various adrenal 
tumors are markedly heterogeneous with regard to 
their responses to several stimulating agents, includ- 
ing ACTH and certain prostaglandins [11, 14, 16]. 
Using Y-1 functional mouse adrenal tumor cells and 
isolated cat adrenal cells, we have examined the 
relative activities of PGI, and ACTH in relation to 
their abilities to increase cyclic AMP levels and to 
enhance steroid release. The importance of Ca** to 
some of these responses was also assessed. This 
comparative approach was adopted to provide 
additional information concerning the properties of 
the cortical adenylate cyclase-cyclic AMP system 
and thereby lend additional insight into the molecu- 
lar mechanisms implicated in the steroidogenic 
process. 


MATERIALS AND METHODS 


Cell preparations. Cat adrenal glands were per- 
fused in situ with Locke’s solution to wash out 
residual blood from the glands. The adrenals were 
removed from the animal, the cortical tissue was 
separated from the medulla as completely as possi- 
ble, and the cortical cells were isolated by a pre- 
viously described trypsin-dispersion procedure [17]. 
The final incubation medium contained modified 
Eagle’s Minimal Essential Medium supplemented to 
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contain 5mM Hepes* (pH 7.5), 25mM NaHCO,, 
0.04% lima bean trypsin inhibitor, and 0.2% bovine 
serum albumin. After trypsin treatment, the cortical 
cells (2.5 x 10° cells/ml) were incubated for various 
time intervals at 37° in 1 ml of medium in the presence 
or absence of PGI, (10°* to 10°*M) or ACTH (2- 
50 uU). The incubation was terminated by the 
addition of 400 ul of cold trichloroacetic acid 
(17.5%); the samples were chilled on ice and 
decanted into small centrifuge tubes. The beakers 
were washed once with 5% trichloroacetic acid 
(100 ul); the tubes were then centrifuged at 15,000 g 
for 20 min; and the supernatant fluid was removed, 
placed in a chilled test tube, and frozen for subse- 
quent cyclic nucleotide assay. The assay, performed 
in this manner, measured cyclic AMP in both the 
cells and medium. In experiments involving Ca?’ 
deprivation, Eagle’s Minimal Essential Medium with 
Spinner’s salts minus Ca** (F-18, GIBCO, Grand 
Island, NY) was used and was supplemented with 
25 mM NaHCO,, 5 mM Hepes (pH 7.5), 
0.04% trypsin inhibitor, 0.2% bovine serum albu- 
min, and 0.2mMEGTA. The pH of this medium 
was adjusted to 7.4 with 8% NaHCO;. When 
required, CaCl, was added to give a final concen- 
tration of 2mM. Functional mouse adrenal tumor 
cells (Y-1) were obtained from the American Type 
Culture Collection, Rockville, MD, and maintained 
in a growth medium of Hams F-10 (GIBCO) sup- 
plemented with glutamine (an additional 2mM), 
pencillin (50 1.U./ml), streptomycin (50 ug/ml), fetal 
calf serum (5%) and horse serum (12.5%) (GIBCO). 


Cells were grown in 25cm’ Falcon tissue culture 
dishes at 37° in a mixture of 95% air and 5% carbon 
dioxide at 100% humidity. Experiments were con- 
ducted with acell density of approximately 1 x 10° per 
dish. Immediately prior to an experiment, cells were 


washed three times with serum-free incubation 
medium. The Y-1 cells contained in the culture dishes 
were incubated under various conditions, the media 
decanted, and 1 ml of 5% trichloroacetic acid (4°) 
was added‘immediately to each dish. Cells treated 
in this manner were removed with a Teflon scraper, 
transferred to individual centrifuge tubes, and cen- 
trifuged at 15,000 g for 20 min. The supernatant fluid 
was then frozen for subsequent cyclic nucleotide 
assay. The assay performed in this manner reflects 
cellular levels of cyclic AMP. 

Steroid assay. After a 60-min incubation, the ster- 
oid was extracted from cat cortical cells with meth- 
ylene chloride and assayed by competitive protein 
binding using human corticosteroid-binding globulin 
[18]. Values are expressed as nanograms of corti- 
costeroid released by 2.5 x 10° cells/I hr. The end 
product of the steroidogenic pathway in Y-1 cells is 
20-a-dihydroprogesterone, which was extracted 
from the medium and assayed by the fluorescence 
method of Kowal and Fiedler [19], using 20-a-di- 
hydroprogestrone as the standard. Steroid content 
of the medium was expressed as micrograms of ster- 
oid released by 10° cells during the 2-hr incubation 
(ug/10° cells/2 hr). 





piperazine-ethanesulfonic acid; EGTA, ethyleneglycol- 
bis(aminoethylether)tetra-acetate; and MES, 2[N-mor- 
pholinoJethanesulfonic acid. 
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Cyclic nucleotide assay. Approximately 10° cpm of 
[’H]cyclic AMP (38 Ci/mmole) (Amersham/Searle 
Co., Arlington Heights, IL), repurified over 
Dowex 50 resin, were added to each sample in order 
to monitor recovery of cyclic AMP. The trichloro- 
acetic acid-precipitated samples obtained from nor- 
mal and tumor cells were then centrifuged at 15,000 g 
for 20min and the supernatant fluid (1 ml) was 
applied to a AG 1X8 column (formate form, 200- 
400 mesh) (Bio-Rad Laboratories, Richmond, CA). 
The column was washed with 10 ml of 0.1 N formic 
acid; cyclic AMP was eluted with 10 ml of 2 N formic 
acid, shell frozen, and lyophilized. The lyophilized 
residue was then brought up to 500 ul in 0.05 M MES 
buffer (pH 6.2). Various aliquots of the samples were 
then assayed using the radioimmunoassay method 
of Steiner et al. [20]. Cyclic GMP was also deter- 
mined in the same samples analyzed for cyclic AMP. 
Approximately 10*cpm of [*H]cyclic GMP 
(21 ci/mmoles), repurified as for cyclic AMP, were 
added so that cyclic GMP recovery could be moni- 
tored. Following the elution of cyclic AMP (10 ml 
of 2N formic acid), 10 ml of 4N formic acid was 
added to elute cyclic GMP. Samples were then 
assayed according to the method of Steinc: et al. 
[20]. Determinations were done in duplicate with an 
experimental variability of <10per cent. Cyclic 
nucleotide values are expressed as pmoles/10° cells, 
or values for drug-treated cells are expressed as a 
percentage of values derived from corresponding 
untreated cells. The paired Student’s f-test was 
applied to assess statistical significance. 


RESULTS 


Effects of ACTH and PGI, on cyclic AMP and Ste- 
roidogenesis in cat adrenocortical cells. The effect of 
various concentrations of ACTH on cyclic AMP 
levels in cat cortical cells is shown in Fig. la. ACTH 
(2 uwU) evoked a transient increase in cyclic AMP 
levels only at 5 min (150+ 10 per cent of control) 
(P < 0.05). ACTH (5 wU) and (S50uU) significantly 
increased cyclic AMP levels at 2 min to 135+ 9 per 
cent of control respectively. Whereas 50 uU ACTH 
elevated cyclic AMP levels even at 60 min (550+ 
43 per cent of basal), with 5 wU ACTH, cyclic AMP 
levels had returned to control values by 60 min. 
ACTH also elicited graded increases in the amount 
of steroid released into the medium during a 60 min 
incubation, which paralleled the increases in tissue 
cyclic AMP levels (Table 1). PGI, was tested during 
60-min incubations at three concentrations (Fig. 1b). 
PGI, (10°* M) produced a relatively small increase 
in cyclic AMP at 5 min (150 + 6 per cent of control) 
with levels remaining significantly above basal levels 
for 30min (P<0.05). PGI, (10°°M) produced a 
larger increase in cyclic AMP that was evident at 
2min (300+25per cent of control) and _ that 
decreased to 150 per cent of control by 60 min (P< 
0.05). PGI, (10°*M) produced an early increase 
(150 + 9 per cent) in endogenous cyclic AMP levels 
that reached a peak response (400 + 53 per cent of 
control) at 30 min and then declined to 160 + 12 per 
cent of control by 60 min (Fig. 1b). These three 
concentrations of PGI, also elicited graded increases 
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Fig. 1. Effects of ACTH (a) and PGI, (b) on cyclic AMP levels in cat adrenocortical cells. Cells were 

incubated at 37° for up to 60 min in the presence or absence of various concentrations of ACTH or 

PGI). Each point is the mean value obtained from at least four different preparations. Average basal 

cyclic AMP values after a 60-min incubation were: 0.68 + 0.10 pmole/10° cells (N = 7) and 0.61 + 
+ 0.02 pmole/10° cells (N = 4) in (a) and (b), respectively. 


in steroid release (Table 1). Ethanol, the PGI, 
vehicle, had no significant effect on either basal cyclic 
AMP levels or steroid release. 

Cortical cells that were incubated in Ca’**-free 
medium did not respond to ACTH (5 wVU) with an 
increase in cyclic AMP at 5 min (Fig. 2a); a 20-30 per 
cent decrease was observed. ACTH (50 uU) 


increased cyclic AMP levels at 15 min in the presence 
and absence of Ca** to 600+23 and 200+ 35 per 


cent of control, respectively. PGI, (10-° M), which 
exhibited steroidogenic activity comparable to that 
of ACTH (5uU), by contrast, was still able to 
increase cyclic AMP levels at 5 min to 415 + 45 per 
cent in the absence of Ca**, which compares favour- 
ably with an increase to 450+55 per cent in the 
presence of Ca** (Fig. 2b). After a 15-min exposure 
to PGI, in the absence of Ca**, cyclic AMP levels 
rose to 290 + 22 per cent of control, which was similar 
to the 320 per cent increase obtained in the presence 
of Ca**. 


ACTH (2-50 uU) did not augment steroid release 
from cells incubated in a Ca’ *-free medium (Table 1). 
In contrast, the effect of PGI, as a steroidogenic 
agent was depressed but not completely abolished 
in the absence of Ca** (Table 1); Ca** lack reduced 
the steroidogenic effects of 10~° and 10°* M PGI, by 
70 and 51 per cent respectively. 

In contrast to their clearcut actions on cyclic AMP 
metabolism, ACTH and PGI, exerted variable 
effects on cyclic GMP formation. With ACTH 
(5 uwU), maximal effects were observed at 5 min, the 
cyclic GMP levels rising to 146 + 32 per cent of con- 
trol (N = 7) (P>0.5). Similarly, PGI, (10~° M) also 
manifested a peak effect after 5 min, with cyclic 
GMP levels reaching 141 + 22 per cent of control 
(N = 7) (P>0.5). 

Effects of ACTH, choleragen and PGI1, on cyclic 
AMP and steroidogenesis in adrenal tumor cells. The 
effect of a steroidogenic concentration of ACTH 


Table 1. Effect of Ca** deprivation on the steroidogenic response of feline adrenocortical 
cells to PGI, and ACTH and the relationship of the cyclic AMP response to 
steroidogenesis* 
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* Experiments were carried out as described in Fig. 2. Values are means + S.E. each 
derived from at least six to eight different preparations 

+ These numbers represent the average per cent increase in cyclic AMP during a 60- 
min exposure. Data were taken in part from Fig. 1. 
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Fig. 2. Comparative effects of Ca** deprivation on cyclic 
AMP levels in response to ACTH and PGI). Cat cortical 
cells were prepared as described in Materials and Methods 
and washed twice with Ca’‘-free medium. The cells 
(2.5 x 10°/ml) were incubated for 5 min in the presence or 
absence of Ca** with or without ACTH (5 uU) or PGI, 
(10°°M). Cyclic AMP levels were determined in triplicate 
from three different preparations. 


(250 uwU) on cyclic AMP levels in Y-1 functional 
adrenal tumor cells is depicted in Fig. 3. Exposure 
to this concentration of ACTH caused cyclic AMP 
levels to increase from 1.98 + 0.24 pmoles/10° cells 
for control cells to 160 + 10 per cent of this value at 
5 min (P<0.05); cyclic AMP returned to control 
levels over the ensuing 25 min (Fig. 3). In contrast 
to the change in cyclic AMP levels produced by 
ACTH, cyclic GMP formation was not altered sig- 
nificantly from control levels (0.234+ 
0.034 pmole/10° cells) during the course of the 60- 
min incubation. ACTH (250 uU) produced a 2.5 + 
0.3-fold increase in the amount of steroid released 


200 5 


4 


cAMP (% of control) 


(min) 


Fig. 3. Time course of cyclic AMP formation in Y-1 adrenal 
tumor cells during exposure to ACTH or choleragen. Y-1 
adrenal cells were grown in tissue culture dishes as 
described in Materials and Methods and incubated at 37° 
for up to 120 min in the presence or absence of ACTH 
(250 uU) or choleragen (10 °M). Each point is the mean 
value derived from three different preparations. 


during a 60-min incubation as compared to control 
cells (0.15 + 0.02 ug/2 hr/10° cells) (N = 3). 

Studies were also carried out to determine whether 
the bacterial enterotoxin choleragen (10~’ M) could 
elevate endogenous cyclic AMP levels in Y-1 adrenal 
tumor cells. Choleragen had a latent period of more 
than 60 min before producing a significant increase 
(180 + 6 per cent) in cyclic AMP (Fig. 3) (P<0.05). 
Cyclic AMP levels remained elevated for the dura- 
tion of the incubation (4 hr; data not shown). Under 
the conditions of this study, no effect of choleragen 
on cellular cyclic GMP levels was observed. The 
amount of steroid released into the medium after a 
120-min exposure to choleragen was 0.89+ 
0.03 ug/2 hr/10° cells, compared to an average basal 
value of 0.22 + 0.012 ug/2 hr/10° cells (N = 2). Cell 
viability during the course of this study was > 95 per 
cent, when determined by trypan blue exclusion. 

PGI, (10°° M) also altered cyclic AMP levels in 
Y-1 cells (Fig. 4). The overall pattern of cyclic AMP 
concentrations with respect to time was a marked 
depression that was manifest within the first 5 min 
after exposure to PGI, and that reached a nadir over 
the ensuing 60 min (10 per cent of control) (Fig. 4), 
followed by a return to control levels after 120 min 
(data not shown). In addition, cyclic AMP levels in 
the medium did not show any significant changes 
under conditions where cellular nucleotide levels 
were depressed (data not shown). No statistically 
significant change in basal endogenous cyclic GMP 
levels (0.17 + 0.015 pmole/10° cells) was observed 
during the 120-min incubation period in the presence 
of 10°°M PGI, (N = 3). The levels of both cyclic 
nucleotides remained essentially unchanged in naive 
(untreated) and ethanol-treated (PGI, vehicle) con- 
trol cells during the incubation period (0-120 min), 
while steroid levels in the medium or in cells were 
unaltered by the addition of PGI, (data not shown). 
The viability of PGI,-treated cells at the termination 
of an experiment was > 95 per cent. 
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Fig. 4. Effect of PGI, on cyclic AMP levels in Y-1 adrenal 

tumor cells. Cells were incubated for up to 60 min in the 

presence or absence of PGI, (10°°M). Each point is the 
mean +S.E. of triplicate plates (N = 4). 
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DISCUSSION 


In trypsin-dispersed cat adrenal cells, graded con- 
centrations of PGI, and of ACTH produced changes 
in intracellular levels of cyclic AMP that were dose- 
and time-dependent, in that the magnitude and 
duration of the response were increased with increas- 
ing concentrations of PGI, and ACTH. The cyclic 
AMP response mirrored the steroidogenic response 
it) that the magnitude of ACTH and PGI, stimulation 
of cyclic AMP levels was related to the magnitude 
of steroid release (cf. Table 1). These effects contrast 
with those on rat adrenal cells, in which PGI, 
increased cyclic AMP levels without discernibly 
enhancing steroid release [21]. Although the effects 
of ACTH on cyclic AMP and steroid production 
were completely depressed in Ca** depressed cells, 
the effects of PGI, were not blocked completely by 
a lack of Ca?*. These observations support previous 
studies of both normal and neoplastic cortical tissue 
[10, 11, 14], in which it was concluded that ACTH 
and prostaglandins activate adenylate cyclase by 
actions on different receptors. The lack of impair- 
ment of PGI,-induced cyclic AMP formation by Ca’* 
deprivation may explain at least partially the pres- 
ence of a low level of steroidogenesis under these 
conditions. The importance of cyclic AMP to Ca’*- 
deprived cells may be its capacity to regulate Ca** 
availability within the cortical cell [22]. The effect 
of Ca** deprivation on the response to ACTH cannot 
be explained by effects on binding of the hormone 
to its receptor [23, 24], but appears to be localized 
to the mechanism that couples receptor activity to 
adenylate cyclase [4]. On the other hand, at the 
highest dose of ACTH tested, a significant increase 
in cyclic AMP was seen in the absence of Ca’*, 
though no steroid was produced. This is consistent 
with our previous findings on perfused cat adrenal 
glands [3, 18] in that, although ACTH caused a Ca’*- 
dependent increase in cortical cyclic AMP, a dis- 
sociation of augmented cyclic AMP levels and steroid 
release was observed with various experimental con- 
ditions. These observations also strengthen the 
argument that Ca** may affect steroidogenesis at 
one or more sites distal to cyclic AMP formation 
{1, 25]. 

The Y-1 functional mouse adrenal tumor cell 
responded to certain steroidogenic agents in a pre- 
dictable fashion. ACTH and choleragen, which are 
purported to interact with different cortical mem- 
brane receptors [13, 26], enhanced both cyclic AMP 
production and steroid release in tumor cells, con- 
firming earlier investigations [27-29]. In contrast to 
its stimulatory action on feline cortical cells, PGI, 
in Y-1 cells caused a profound and prolonged depres- 
sion of basal cellular cyclic AMP levels. After the 
cyclic AMP levels returned to control values at 2 hr, 
the cells were still viable and firmly attached to the 
plate, but had not produced steroid. This, to the 
best of our knowledge, is the first account of a 
depression of basal cyclic AMP formation elicited 
by PGI, in an endocrine cell, although PGI, was 
reported recently to decrease cyclic AMP content 
of coronary vascular tissue [30], and one or another 
of the prostaglandins has been shown to be capable 
of inhibiting basal and stimulated cyclic AMP for- 
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mation in the adipocyte [31, 32] and blood platelet 
[33]. 

The ability of PGI, to diminish cyclic AMP levels 
in adrenal tumor cells shows that the ineffectiveness 
of PGI, in promoting steroidogenesis did not result 
from a lack of interaction with these cells. Several 
explanations directly involving adenylate cyclase 
could account for the dramatic fall in cyclic AMP, 
although an increase in phosphodiesterase activity 
cannot be ruled out. Guanyl nucleotide binding sites 
have been implicated as an essential component in 
the activation of adrenocortical adenylate cyclase 
[34]. The previous finding that GTP converts pros- 
taglandin endoperoxide (PGH);)-induced inhibition 
of basal adenylate cyclase in fat cell ghosts to stimu- 
lation [32] suggests that an important clue to the 
inhibitory action of PGI, on cyclic AMP levels in Y- 
1 adrenal tumor cells may involve the interaction of 
guanine nucleotides with adenylate cyclase. Alter- 
natively, PGI, may act to enhance directly the avail- 
ability of free intracellular Ca®*, which in turn could 
exert an inhibitory action on adenylate cyclase [35]. 
Finally, the induction of specific Ca’*-dependent 
regulator proteins by PGI, or ACTH to modulate 
adenylate cyclase activity could explain the enhance- 
ment and depression of cyclic AMP accumulation 
that we observed in normal and tumor cells respec- 
tively. Initially we had hoped to explore the role of 
Ca** in cyclic AMP and steroid metabolism by Y-1 
cells, but due to their absolute Ca** requirement in 
order to adhere to the substratum, we were tech- 
nically unsuccessful in these attempts. Kowal et al. 
[28], using adrenal tumor cells, have previously 
reported a requirement for Ca”* in the stimulation 
of steroid and cyclic AMP formation by ACTH. 

Based upon these observations and those using 
other adrenocortical cell systems [10, 11, 14], it 
seems clear that a variety of steroidogenic agents 
interact through different membrane receptors to 
activate adenylate cyclase. The findings that ACTH 
and PGI, stimulate cyclic AMP and steroid pro- 
duction in feline cortical cells, but that PGI, inhibits 
cyclic AMP formation and does not augment ster- 
oidogenesis in tumor cells, suggest that adenylate 
cyclase activation and steroidogenesis are linked 
somehow. This conclusion is in harmony with pre- 
vious studies demonstrating that cortical cells that 
lose the ability to respond to ACTH or prostaglandin 
with increased adenylate cyclase activity also lose 
the ability to respond to these substances with 
increased steroidogenesis [16, 36]. In contrast, our 
observations do not support a role for cyclic GMP 
in steroidogenesis elicited by any of the agents used 
in Our experiments; our results essentially support 
the conclusions of other investigators [29] and of a 
recent study carried out in isolated rat adrenocortical 
cells showing that cyclic GMP is not a mediator of 
steroidogenesis [37]. 

Although particular attention has been paid to the 
adenylate cyclase-cyclic AMP system, ACTH may 
also express its effects in other ways, as for example 
by its recently demonstrated ability to stimulate pros- 
taglandin synthesis by activation of a Ca’*-depen- 
dent phospholipase A, [2, 38]. The physiological sig- 
nificance, however, of prostaglandins, such as PGI), 
in adrenocortical function is still unknown and is the 
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subject of continuing investigation in our laboratory. 
Nevertheless, the potential importance of PGL,, par- 
ticularly, is heightened by its potent steroidogenic 
activity in cat adrenocortical cells [8] and by the 
knowledge that its metabolite, 6-keto-PGF,,, has 
been found in rather high concentrations in isolated 
rat adrenocortical cells [21]. Our preliminary find- 
ings, that this metabolite of PGI, did not alter basal 
or ACTH-induced increases of cyclic AMP levels in 
either Y-1 cells or medium and is much weaker as 
a steroidogenic agent than PGI, in cat cortical cells 
[8], imply that PGI, itself, rather than its metabolite, 
is the active moiety. 
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Abstract—Acetaminophen is activated by cytochrome P-450 into a reactive metabolite which may bind 
either to glutathione and be inactivated or may bind to hepatic macromolecules; the latter binding may 
be involved in acetaminophen hepatotoxicity. In this study, we compared the effects of pretreatment 
with 3-methylcholanthrene, fasting, or the combination of both on the metabolism and the hepatotoxicity 
of acetaminophen (500 mg/kgi.p.)in male Sprague-Dawley rats. Pretreatment with 3-methylcholan- 
threne increased the depletion of hepatic glutathione, the amount of metabolite irreversibly bound to 
hepatic proteins, and the extent of liver cell necrosis after administration of acetaminophen. Fasting 
for 42 hr decreased basal and post-treatment hepatic glutathione concentration, increased the amount 
of metabolite irreversibly bound to hepatic proteins, and increased liver cell necrosis after administration 
of acetaminophen. In rats that were both pretreated with 3-methylcholanthrene and fasted, hepatic 
glutathione concentration fell to lower levels, the amount of bound metabolite was higher, and liver 
cell necrosis was more severe than in rats that were only pretreated or only fasted. These observations 
suggest that microsomal enzyme inducers, which increase the formation of the reactive metabolite, and 
fasting, which decreases the inactivation of the reactive metabolite by hepatic glutathione, may have 
additive effects on the hepatotoxicity of acetaminophen. 


Acetaminophen is widely used as an analgesic in 
man. The drug is transformed into a reactive metab- 
olite which may either bind to hepatic glutathione 
and be inactivated or may bind to hepatic 
macromolecules; the latter binding may be involved 
in acetaminophen hepatotoxicity [1-8]. In man, 
hepatitis consistently occurs after huge overdoses 
[9] but may also occur after therapeutic doses in a 
few patients [10, 11]. Occurrence of hepatitis after 
therapeutic doses strengthens the need for a better 
knowledge of those factors which may, alone or in 
combination, increase the hepatotoxicity of acet- 
aminophen. In rats, the hepatotoxicity of acetamino- 
phen may be increased by microsomal enzyme 
inducers [1, 7] or by fasting [12, 13]. The possibility 
was investigated that inducers and fasting in com- 
bination might have additive effects on the hepato- 
toxicity of acetaminophen in the rat. 


MATERIALS AND METHODS 


Animals, treatments and diets. Male Sprague- 
Dawley rats weighing 180-220g were purchased 
from Charles River France (St-Aubin les Elbeuf, 
France). Some rats were pretreated with phenobar- 
bital, 100 mg/kg i.p. daily for five days, and were 
used 24 hr after the last dose of phenobarbital. Other 
rats received 3-methylcholanthrene, 20 mg/kg i.p. in 
1 ml corn oil, and were used 72 hr after the single 
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dose of 3-methylcholanthrene. Pretreatments were 
administered at 9.00-10.00 a.m. All rats were 
allowed water ad lib. Some rats were fed throughout 
with a normal standard diet (Autoclavé 113, UAR) 
given ad lib. Other rats were fasted for 42 hr before 
the administration of acetaminophen; fasting was 
begun at 3:00-5:00 p.m. 

Unlabeled acetaminophen was obtained from 
Sigma Chem. Co., St. Louis, MO. [*H]Acet- 
aminophen (generally labeled, sp. act. 3.4 Ci/mmole) 
was purchased from New England Nuclear, Boston, 
MA; its radiochemical purity was found by thin layer 
chromatography to be higher than 99 per cent. Acet- 
aminophen, 500 mg/kg, either unlabeled or labeled 
(0.15 mCi/mmole) was administered i.p. as a basic 
solution in 0.5 ml NaOH (final pH, 11.5) at 8:00- 
10:00 a.m. Until killed, rats were maintained on the 
same diet as before the administration of 
acetaminophen. 

Microsomal enzymes. Rats were stunned and their 
livers were removed. Liver fragments were minced 
and then homogenized with a glass—Teflon Potter— 
Elvehjem homogenizer in 3 vol. 0.154 M KCI-0.01 M 
sodium potassium phosphate buffer, pH 7.4. The 
liver homogenate was centrifuged at 10,000 g and 
microsomal pellets were prepared by centrifuging 
the 10,000g supernatant fraction at 100,000 g. 
Hepatic microsomal protein concentration, hepatic 
microsomal cytochrome P-450 level, NADPH-cyto- 
chrome c reductase activity, ethylmorphine N- 
demethylase activity and benzo[a]pyrene hydroxyl- 
ase activity were measured as previously reported 
[14]. Acetaminophen UDP-glucuronosyltransferase 
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Inducers and fasting on acetaminophen hepatotoxicity 
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Fig. 1. Effects of pretreatments and diets on hepatic glutathione concentration before and after the 

administration of acetaminophen. Hepatic glutathione concentration was measured in rats that had not 

received acetaminophen and in rats that had received acetaminophen, 500 mg/kg i.p., 1 hr before. Rats 

were either fed a normal standard diet or fasted for 42 hr before the administration of acetaminophen. 

Some rats were pretreated with phenobarbital, 100 mg/kg i.p. daily for five days, or with 3-methyl- 
cholanthrene, 20 mg/kg i.p. Results are means + S.E.M. for ten rats. 


activity was measured by the technique of Mulder 
and Van Doorn [15]. 

Glutathione. Rats were killed at 10:00-11:00 a.m.; 
liver fragments were homogenized in 3 vol. of 5% 
trichloroacetic acid and hepatic glutathione was 
measured according to the technique of Ellman [16]. 

Irreversible binding. Animals were killed 5 hr after 
the administration of [*H]acetaminophen (500 mg/kg, 
0.5 mCi/kg). Liver fragments were homogenized in 
3 vol. of 0.154M KCl, 0.01M Na* K* phosphate 
buffer, pH 7.4. Proteins in the crude liver hom- 
ogenate were precipitated, washed three times with 
trichloroacetic acid, and repeatedly extracted with 
various solvents of various polarities as previously 
described [12]; the radioactive material that 
remained irreversibly bound to hepatic proteins was 
then counted. It was verified that pretreatment of 
the animals with CoCl,, 6 H,O, 35 mg/kg s.c. twice 
daily for three days, decreased the amount of bound 
material by 70 per cent. 

Hepatotoxicity. Serum glutamic pyruvic trans- 
aminase (SGPT) activity was measured by the 
method of Reitman and Frankel [17]. Liver frag- 
ments from ten rats per group were placed in Bouin’s 
fluid. They were embedded in paraffin 24 hr later. 
Paraffin sections were stained with hematoxylin and 
eosin. The slides were examined by a pathologist 
unaware of the treatments or diets. In each rat, the 
extent of necrosis was graded as 0,+,++ or +++ 
as previously reported [1] (0, no necrosis; +, necrosis 
of up to 5 per cent of the hepatocytes; ++, necrosis 
of 6-25 per cent of the hepatocytes; +++, necrosis 
of more that 25 per cent of the hepatocytes). A 
necrosis ‘score’ was then calculated as the total 
amount of + in each group of ten rats. 


RESULTS 


Microsomal enzymes. Pretreatment with pheno- 
barbital increased the liver weight/body weight ratio, 
hepatic microsomal protein concentration, hepatic 
cytochrome P-450 levels, NADPH-cytochrome c 
reductase activity and ethylmorphine N-demethylase 


activity (Table 1). Pretreatment with 3-methylchol- 
anthrene increased the liver weight/body weight 
ratio, cytochrome P-448 and _ benzo[a]pyrene 
hydroxylase activity (Table 1). 

Fasting for 42 hr decreased the liver weight/body 
weight ratio, tended to increase microsomal protein 
concentration, did not change hepatic cytochrome 
P-450 levels or NADPH-cytochrome c reductase 
activity, and either did not change or slightly 
decreased mixed function oxidase activities (Table 
1). 

Acetaminophen UDP-glucuronosyltransferase 
activity was increased by phenobarbital pretreatment 
but not by pretreatment with 3-methylcholanthrene 
(Table 2). 

Hepatic glutathione. Basal hepatic glutathione 
concentration was lower in rats fasted for 42 hr than 
in fed rats (Fig. 1). Administration of acetamino- 
phen, 500 mg/kg, decreased hepatic glutathione con- 
centratign in fed rats and further decreased hepatic 
glutathione concentration in fasted rats (Fig. 1). 
Pretreatment with phenobarbital did not modify 
basal or post-treatment hepatic glutathione concen- 
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Fig. 2. Effects of pretreatments and diets on the amount 

of acetaminophen metabolite irreversibly bound to hepatic 

proteins. [*H]Acetaminopiien (500 mg/kg: 0.5 mCi/kg) was 

administered i.p.; rats were killed 5 hr later and the amount 

of metabolite irreversibly bound to hepatic proteins was 

determined as described in Materials and Methods. Results 
are means + S.D for five rats. 
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Fig. 3. Effects of pretreatments and diets on serum glutamic pyruvic transaminase (SGPT) activity 

before and after the administration of acetaminophen. SGPT activity was measured in rats that had not 

received acetaminophen and in rats that had received acetaminophen, 500 mg/kg i.p., 5 or 10 hr earlier. 
Results are means + S.E.M. for ten rats. 


trations in fed or in fasted rats (Fig. 1). Pretreatment 
with 3-methylcholanthrene decreased post-treat- 
ment hepatic glutathione concentration in fed and 
in fasted rats (Fig. 1). Post-treatment hepatic glu- 
tathione concentration was thus lower in rats that 
were both fasted and pretreated with 3-methylchol- 
anthrene than in rats that were only fasted or only 
pretreated with 3-methylcholanthrene (Fig. 1). 

Irreversible binding. The amount of metabolite 
irreversibly bound to hepatic proteins 5 hr after the 
administration of [‘H]acetaminophen was higher in 
fasted rats than in fed rats (Fig. 2). Pretreatment 
with phenobarbital did not modify the amount of 
bound metabolite in fed or in fasted rats (Fig. 
2). Pretreatment with 3-methylcholanthrene 
increased the amount of bound metabolite in fed 
and fasted rats (Fig. 2). The amount of bound 
metabolite was thus higher in rats that were both 
fasted and pretreated with 3-methylcholanthrene 
than in rats that were only fasted or only pretreated 
with 3-methylcholanthrene (Fig. 2). 

Hepatotoxicity, mortality. Fasting increased SGPT 
activity 5 and 10 hr after the administration of acet- 
aminophen (Fig. 3). Pretreatment with phenobar- 
bital had no significant effect on SGPT activity in 
fed or in fasted rats (Fig. 3). Pretreatment with 3- 
methylcholanthrene increased SGPT activity in fed 
and in fasted rats (Fig. 3). SGPT activity was thus 
higher in rats that were both fasted and pretreated 
with 3-methylcholanthrene than in rats that were 
only fasted or only pretreated with 3-methylchol- 
anthrene (Fig. 3). 

Histological examination of liver specimens 
obtained 5 hr after the administration of acetamino- 
phen usually showed no necrosis in fed non-pre- 
treated rats and in fed rats pretreated with pheno- 
barbital (Fig. 4). Necrosis was usually present but 
moderate in fasted but non-pretreated rats, in fasted 
rats pretreated with phenobarbital, or in fed rats 
pretreated with 3-methylcholanthrene (Fig. 4). 
Necrosis was constant and more severe in rats that 
were both fasted and pretreated with 3-methylchol- 
anthrene (Fig. 4). Thus, the extent of necrosis was 


higher in rats that were both fasted and pretreated 
with 3-methylcholanthrene than in rats that were 
only fasted or only pretreated with 3-methyl- 
cholanthrene. 

No deaths occurred in the first 10 hr following the 
administration of acetaminophen but several deaths 
occurred subsequently. Mortality measured 24 hr 
after the administration of acetaminophen in 20 rats 
per group was zero in fed or fasted control rats and 
in fed rats pretreated with phenobarbital; it was 10 
per cent in fasted rats pretreated with phenobarbital 
and in fed rats pretreated with 3-methylcholanthrene 
but was 55 per cent in rats that were both fasted and 
pretreated with 3-methylcholanthrene. 


DISCUSSION 


Acetaminophen is either conjugated with glucu- 
ronate (Table 2) or sulfate, or is activated by cyto- 
chrome P-450 into a reactive metabolite which may 
either bind to hepatic glutathione, the concentration 
of which in the liver is, in the process, decreased 
(Fig. 1), or may bind to hepatic macromolecules 
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Fig. 4. Effects of pretreatments and diets on the extent of 

liver cell necrosis after the administration of acetamino- 

phen. Ten rats per group received acetaminophen, 

500 mg/kg i.p., and were killed 5 hr later. In each rat, the 

extent of liver cell necrosis was graded as 0, +, ++. or 

+++, as previously described [1]. The necrosis ‘score’ is 
the total number of + in each group of ten rats. 
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(Fig. 2); the latter binding may be involved in acet- 
aminophen hepatotoxicity (Fig. 3 and 4). Adminis- 
tration of microsomal enzyme inducers alone [1, 7] 
or fasting alone [12, 13] may increase the hepato- 
toxicity of acetaminophen in rats. In this study, we 
tested the hypothesis that inducers and fasting in 
combination might have additive effects on the 
hepatotoxicity of acetaminophen in the rat. 

Microsomal enzyme inducers alone. Pretreatment 
with phenobarbital induced both mixed function 
oxidase enzymes (Table 1) and acetaminophen UDP- 
glucuronosyltransferase activity (Table 2). Whereas 
the former effect should tend to increase the for- 
mation of the reactive metabolite of acetaminophen, 
the latter effect should tend to decrease it by decreas- 
ing the amount of acetaminophen available for 
metabolic activation by cytochrome P-450. Whether 
the former effect predominates or not over the latter 
may explain why phenobarbital pretreatment may 
either slightly increase [2] or not modify [7] (Figs. 
1-4) acetaminophen hepatotoxicity. 

Pretreatment with 3-methylcholanthrene induced 
mixed function oxidase enzymes (Table 1) but 
not acetaminophen UDP-glucurono:yltransferase 
activity (Table 2). Results reported in this study 
(Figs. 1-4) and previous findings [7] suggest that 
pretreatment with 3-methylcholanthrene increases 
the formation and thus the effects of the reactive 
metabolite of acetaminophen. 

Fasting alone. It has been shown previously [12] 
that fasting does not modify metabolic activation of 
acetaminophen by cytochrome P-450 but instead 
decreases the inactivation of the reactive metabolite 
of acetaminophen by glutathione, therefore increas- 
ing its binding to hepatic macromolecules, and 
increases the hepatotoxicity of acetaminophen. 
Results reported in this study (Figs. 1-4) are con- 
sistent with this view. 

Microsomal enzyme inducers and fasting. In fasted 
as well as in fed rats, pretreatment with phenobar- 
bital had little effect on acetaminophen binding and 
toxicity (Figs. 1-4). 

In rats that were both pretreated with 3-methyl- 
cholanthrene and fasted, hepatic glutathione con- 
centrations fell to lower values (Fig. 1), the amount 
of metabolite irreversibly bound to proteins was 
higher (Fig. 2) and hepatic necrosis was more severe 
(Figs. 3 and 4) than in rats that were only pretreated 
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with 3-methylcholanthrene or only fasted. These 
observations suggest that inducers which increase 
the formation of the reactive metabolite and fasting, 
which decreases its inactivation by hepatic glutathi- 
one, may have additive effects on the hepatotoxicity 
of acetaminophen in the rat. 


Acknowledgement—This work was supported in part by 
Grant CRL 79-5-482-7 from Institut National de la Santé 
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Abstract—The activity of rat liver monoamine oxidase was increased in an uncompetitive manner with 
increasing concentrations of oxygen. However, the value of the Michaelis constant for oxygen, estimated 
from determinations of enzyme activity with 6 oxygen concentrations and 5-6 amine substrate concen- 
trations, was dependent upon the amine substrate used to assay for activity. In an attempt to determine 
the nature of these differences, the value of the Michaelis constants for oxygen have been related to 
the k,., (rate constant of the limiting step in the overall enzyme-catalysed reaction) values of the enzyme 
towards the different amine substrates. The results are consistent with the hypothesis that the two forms 
of monoamine oxidase in rat liver are not independent enzyme forms, but interact one with the other 


in some way. 


Monoamine oxidase (monoamine: O, oxidoreduc- 
tase, MAO, EC 1.4.3.4) is thought to exist as two 
forms, termed MAO-A and MAO-B, on the basis 
of the sensitivity to inhibition by substrate-selective 
inhibitors, such as clorgyline and |-deprenil (see ref. 
1). MAO-A is sensitive to inhibition by clorgyline 
but fairly resistant to inhibition by 1|-deprenil, 
whereas the reverse is true for MAO-B [2, 3]. 
According to this definition, in the rat liver, 5- 
hydroxytryptamine is metabolized by MAO-A 
alone, 6-phenethylamine and benzylamine by MAO- 
B alone, and tyramine, dopamine and tryptamine 
by both forms of the enzyme [4,5]. Furthermore, 
clorgyline and |-deprenil are so potent as inhibitors 
of the two forms of MAO that it has been possible 
to use them to ‘titrate’ the concentrations of these 
two enzyme forms [6-8]. 

In a variety of tissues, MAO has been shown to 
follow a ping-pong, or double-displacement reaction 
pathway [9-12]. As a consequence of this, the activity 
of MAO is increased in an uncompetitive manner 
as the concentration of the second substrate, oxygen, 
is increased. Parallel regression lines on a Line- 
weaver—Burk plot for enzyme activity assayed under 
atmospheres of air and oxygen have also been shown 
for a variety of substrates in rat liver [13], rat heart 
[14], human platelet [15] and human brain {16}, 
consistent with a ping-pong reaction. However, the 
degree of increase in activity with increased oxygen 
concentrations, and hence the value of the apparent 
Michaelis constant for oxygen (Ky) that can be esti- 
mated from these data, depends upon the amine 
substrate used to assay for MAO activity [13-16]. 
A similar conclusion can be derived from the data 
of Von Korff [17] for rabbit brain MAO. 

It was suggested previously that these differences 
in Ky values could be due to some sort of enzyme 
heterogeneity unrelated to MAO-A or -B [13]. Ther- 
mal inactivation experiments have also suggested 
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heterogeneous forms of MAO-B in mouse tissues 
and in pig heart [18, 19], and in the rat liver, the 
deamination of two MAO-B substrates, f-phen- 
ethylamine and benzylamine, are affected differen- 
tially by tris buffers [20]. The interaction between 
MAO and oxygen has therefore been studied in 
greater detail, in an attempt to establish whether or 
not these differences in Ky values are due to some 
novel enzyme multiplicity, or due to the nature of 
the enzyme reaction pathway. A preliminary report 
of some of these data has been presented [21]. 


MATERIALS AND METHODS 


Six rats, of body weight 253 + 1 g (liver weight 
12.5 + 0.3 g), were killed by a blow to the head, and 
the livers rapidly removed, blotted on filter paper 
and weighed. The livers were homogenized 1 : 8 (w/v) 
in ‘sucrose buffer’ (0.25 M sucrose, 10 mM potassium 
phosphate, pH 7.8) in an MSE Atomix blender at 
setting 1 for 10 sec. The homogenates were centri- 
fuged at 600 g for 15 min to remove nuclei and cell 
debris, and the resulting supernatants were then 
centrifuged at 6500 g for 20 min to yield pellets which 
were washed (by resuspension followed by centrifu- 
gation at 6500 g for 20 min). The washed pellets were 
then resuspended in sucrose buffer and stored frozen 
until used for assay. This procedure has been shown 
to produce a preparation of mitochondrial mem- 
branes with little contamination from mitochondrial 
matrix, lysosomal or microsomal marker enzymes 
[14], presumably due to the shearing action of the 
Atomix homogenizer. This membrane structure was 
also confirmed by electron microscopy [14]. The 
properties of the MAO in the membrane fraction 
were the same as those found for the enzyme in 
crude homogenates homogenized by either Atomix 
or in a conical glass homogenizer [14]. 

Monoamine oxidase activity was assayed radio- 
chemically by the method of Callingham and Laverty 
[22], as modified by Fowler er al. [15]. Briefly, ali- 
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quots of the enzyme preparation were incubated in 
15 ml glass centrifuge tubes with the radiolabelled 
substrate (of specific activity 0.5-2.0 uCi/uM, dis- 
solved in sucrose buffer) at 37° in a final volume of 
100 ui before inactivation by the addition of 10 ul of 
3M hydrochloric acid. Time courses of the reaction 
were drawn for incubation periods of between | and 
20 min, and incubation periods throughout were cho- 
sen to be on the linear phase of the reaction. The 
deaminated metabolites were extracted into ethyl 
acetate-toluene (1:1 v/v, saturated with water) and 
the radioactivity in each sample determined by scin- 
tillation spectroscopy. Values from blanks (where 
distilled water was used in place of the enzyme 
preparation) were subtracted from the values in the 
presence of the enzyme preparation to give the net 
recovered radioactivity, which was converted into 
nmoles of substrate metabolized. All stages of the 
assay up to the acid inactivation, with the exception 
of the incubation periods, were carried out at 0°. 
Unless otherwise stated, all incubations were carried 
out under an atmosphere of air. ' 

The efficiency of extraction of the deaminated 
metabolites into the organic layer was determined 
in two ways. First, a concentrated preparation of 
mitochondrial membranes was incubated with sub- 
strate (20 uM) for 20 min, and the metabolites were 
then extracted and counted for radioactivity. At 
incubation times of longer than 20 min, no further 
deamination was found, so it could be assumed that 
all of the available substrate had been metabolized. 
The efficiency of extraction was then calculated as 
the net radioactivity recovered/net radioactivity orig- 
inally added, and expressed as a percentage. This 
value represents a lower limit to the extraction effi- 
ciency, as it does not take into account other time- 
dependent factors that might be present, such as the 
stability of the substrate over the long incubation 
periods, which would prevent the reaction going to 
completion. Secondly, acid-inactivated reaction mix- 
tures, containing 20 uM substrate before incubation, 
were extracted four times into the organic layer, the 
extraction efficiency being calculated as the net 
recovered radioactivity from the first extraction/the 
net recovered radioactivity in all four extractions, 
and expressed as a percentage. This method gives 
an upper limit to the extraction efficiency as it biases 
against products that are very poorly extracted. None 
of the procedures employed in this investigation were 
found to change the efficiency of extraction. 

In experiments where the concentration of oxygen 
was varied, the assay mixtures were gassed with 
different mixtures of oxygen and nitrogen (the partial 
pressure of oxygen ranging from 10 to 100 per cent 
of the gas mixture) at a flow rate of 55 ml/sec for 
3 sec prior to stoppering the tubes with rubber stop- 
pers, and allowing the gas and liquid phases to equi- 
librate. The oxygen concentrations in the homogen- 
ates were taken to be directly proportional to the 
partial pressure of oxygen in the gas phase, the 
concentration of oxygen in air saturated water at 37° 
(0.217 mM) being taken as reference (see refs. 
23, 24). 

When clorgyline and |-deprenil were used to 
inhibit the enzyme activity, they were preincubated 
with the enzyme preparation for 240 min at 37° 
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before addition of substrate. This time allows for the 
selective inhibition of MAO-A by clorgyline and 
MAO-B by |I-deprenil to reach completion [25]. 
Preincubation with distilled water for 240 min did 
produce a small (about 15 per cent) decrease in the 
observed activity of MAO with respect to samples 
that were not preincubated. However, this decrease 
in activity was the same for all substrates used in the 
investigation. After the preincubation step, no fur- 
ther inhibitor was added to the reaction mixture to 
reduce the possibility of further enzyme-inhibitor 
reactions taking place. Thus, the concentrations of 
clorgyline and |-deprenil given throughout refer to 
those at preincubation. 

Specific activities of MAO, corrected for the mean 
efficiency of extraction, are expressed as nmoles (of 
substrate metabolized )/mg protein/min. Protein con- 
centrations of the enzyme preparations were deter- 
mined by the method of Lowry er al. [26], with 
human serum albumin as standard. 

The radioactive substrates for MAO, 5-hydroxy- 
tryptamine-[side chain-2-'*C]-binoxalate (5-HT), 
tyramine-[ethyl-1-'*C]-hydrochloride, | dopamine- 
[ethyl-1-'*C]-hydrobromide, tryptamine-|side chain- 
2-“C]-bisuccinate and f-phenethylamine-[ethyl-1- 
'C]-hydrochloride were obtained from New Eng- 
land Nuclear, Boston, MA. Benzylamine-[methyl- 
ene-1-'*C]-hydrochloride was obtained from ICN 
Pharmaceuticals Inc., Irvine, CA. All non-radioac- 
tive substrates, with the exception of benzylamine, 
were bought as salts, as the purity of the salts over 
a long period could be guaranteed better than the 
free bases, and substrate contamination has been 
shown to produce inaccuracies in kinetic experiments 
(see ref. 27). Benzylamine was converted into the 
hydrochloride by dissolution of the free base in ethyl 
acetate and addition of concentrated hydrochloric 
acid, the insoluble hydrochloride being collected and 
recrystallized in ethyl acetate—ethanol. 

Clorgyline hydrochloride was a gift from May & 
Baker Ltd., Dagenham, U.K. |-Deprenil hydro- 
chloride was a gift from Prof. J. Knoll, Department 
of Pharmacology, Semmelweis University of Medi- 
cine, Budapest, Hungary. All other reagents were 
standard laboratory reagents of analytical grade 
wherever possible. Male Sprague-Dawley rats were 
obtained from Anticimex AB, Stockholm, Sweden. 


RESULTS 


The efficiencies of extraction of the metabolites 
from all six substrates used in this study, determined 
by both lower and upper limit methods, are shown 
in Table 1. All the data included in this paper have 
been corrected for the appropriate mean extraction 
efficiencies. 

Preincubation of rat liver mitochondrial mem- 
branes for 240 min at 37° with 2 x 10° M clorgyline 
was found completely to inhibit the activity of MAO- 
A with little effect on the activity of MAO-B. The 
reverse was found when 2 x 107° M I-deprenil was 
used. Thus, for each substrate, the percentage of the 
total activity metabolized by MAO-A was given by 
the percentage activity remaining in the presence of 
2 x 10°*M I-deprenil, and that of MAO-B by the 
percentage activity remaining in the presence of 
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Table 1. Extraction efficiencies of the deaminated products of six monoamines into 
the organic layer of the assay medium* 





Extraction efficiency (%) 





Substrate Lower limit 


Upper limit Mean 





56.5 
88.9 
53.6 
39.2 
85.8 
74.3 


5-Hydroxytryptamine 
Tyramine 

Dopamine 
Tryptamine 
f-Phenethylamine 
Benzylamine 


74.4 
92.4 
66.9 
68.6 
92.5 
86.8 





* The lower and upper limit extraction efficiencies of the deaminated metabolites 
into the ethyl acetate-toluene (1:1 v/v, saturated with water) extraction medium were 
determined as described in Materials and Methods. Each value represents the mean 
of four determinations in a pooled preparation of mitochondrial membranes derived 
from six rats. The substrate concentration was in all cases 20 uM. 


2 x 10°°M clorgyline. The relative activities of the 
two forms of MAO towards all six substrates are 
shown in Table 2. 

When the membranes were preincubated with 
different concentrations of clorgyline for 240 min at 
37°, the inhibition of the MAO activity towards 5- 
HT increased in a manner linear with increasing 
concentrations of clorgyline (Fig. 1A). The inhibition 
of tryptamine oxidation by clorgyline when prein- 
cubated simultaneously with 2 x 10-° M I-deprenil 
was also linear (Fig. 1A). Similarly, the inhibition 
of benzylamine oxidation by |-deprenil was linear, 
as was the inhibition of tryptamine oxidation by this 


compound in the presence of 2 x 10~* M clorgyline 
(Fig. 1B). Essentially similar results were obtained 
when tyramine and dopamine were used as substrates 
for both forms of MAO, and when f-phenethylamine 
was used as a substrate for MAO-B. From the con- 
centration of each inhibitor required to produce 100 


per cent inhibition of enzyme activity, the concen- 
tration of each enzyme form could be calculated. 
These values are shown in Table 2. 

When the enzyme preparations were incubated 
with amine substrates under different oxygen-nitro- 
gen gas mixtures, the activity was in every case 
increased in an apparent uncompetitive manner with 
increasing concentrations of oxygen. Similarly, when 
the data was replotted as 1/v against 1/oxygen con- 
centration, increasing amine concentrations caused 
an uncompetitive increase in activity to be found. 
As examples, the data with dopamine and 5-HT as 
substrates are shown in Figs. 2A and B and 3A and 
B. Secondary plots of the intercepts of these lines 
on the 1/v axis against 1/(the concentration of the 
substrate that was held constant for each line) were 
linear in all cases, and were used to calculate the 
maximum velocity (Vinx), and the Michaelis con- 
stants of the enzyme towards the amine substrate 


Table 2. Relative activities and absolute concentrations of MAO-A and MAO-B in rat liver* 





Relative activity (%) 


Enzyme concentration (pmoles/ 
mg protein) 





Substrate 


MAO-A MAO-B 





5-Hydroxytryptamine 
Tyramine 

Dopamine 
Tryptamine 


~ 
SYS 


11.8+ 0.4 — 

10:1+3:5 11.0+0.2 
10.1+0.4 11.2+0.3 
10.2 + 0.5 11.8+0.1 


os 15.9+0.8 
— 13.3 + 0.4 


21.0 +0.9 
§.1213 


B-Phenethylamine 
Benzylamine 


I+ It It I+ I+ I+ 


NRK NK Ww 
NmNWD 


— 
—_ 


103.1 





* Relative activities of MAO-A were calculated as the per cent activity remaining in the presence of 
2 x 10°°M I-deprenil. Relative activities of MAO-B were calculated as the per cent activity remaining 
in the presence of 2 x 10° M clorgyline. The MAO-A enzyme concentration with 5-HT as substrate 
was determined from the amount of clorgyline required to produce 100 per cent inhibition of enzyme 
activity. MAO-B enzyme concentrations assayed with B-phenethylamine and benzylamine were calcu- 
lated in the same manner but with I-deprenil as inhibitor. For tyramine, dopamine and tryptamine as 
substrates, MAO-A concentrations were calculated from the inhibition by six concentrations of clorgyline 
in the presence of 2 x 10-*M I-deprenil, and the MAO- B concentrations from the inhibition by seven 
concentrations of |-deprenil in the presence of 2 x 10°°M clorgyline. In all cases, the membrane 
preparations were preincubated with the inhibitor for 240 min before the addition of substrate. The 
mean protein concentration at preincubation was 0.78 mg/ml. The substrate concentration was in all 
cases 100 uM. Each value represents the mean (+ S.E.M. or S.E.R.) of duplicate determinations in six 
membrane preparations. 
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Fig. 1. The effect of clorgyline and I-deprenil upon rat liver mitochondrial MAO. Each point represents 
the mean (+ S.E.R.) of duplicate determinations of the per cent inhibition of the MAO activity in six 
mitochondrial membrane preparations. The enzyme preparations were preincubated with inhibitor for 
240 min prior to addition of substrate. The mean protein concentrations of the fractions at preincubation 
were 0.78 mg/ml. 

Panel A: Clorgyline used as inhibitor. Substrates used were: 100 uM 5-HT (@) and 100 uM tryptamine 
(©). When tryptamine was used as substrate, the membrane preparations were preincubated in the 
presence of 2 x 10~°M I-deprenil. Panel B: I-Deprenil used as inhibitor. Substrates used were: 100 uM 
benzylamine (@) and 100 uM tryptamine (OC). When tryptamine was used as substrate, the membrane 

preparations were preincubated in the presence of 2 x 107° M clorgyline. 


and oxygen (K,,, and K,, respectively). These kinetic DISCUSSION 


parameters are summarized in Table 3. The values 


of the Michaelis constants of the enzyme towards 
oxygen were significantly higher when tyramine, 
tryptamine and /-phenethylamine were used as sub- 
strates than when 5-HT and benzylamine were used. 
The values for 5-HT and benzylamine were not sig- 
nificantly different one from the other, and nor were 
the values for tyramine, tryptamine and /-phen- 
ethylamine. Only the values for tryptamine were 
significantly different (P<0.005) from those 
obtained when dopamine was used. 





[Dopamine] , 
(A) 


In the assay of MAO activity, a variety of solvents 
have been used to separate the deaminated products 
from the amine substrates (for review, see ref. 28). 
The data shown in Table 1 would suggest that the 
ethyl acetate-toluene solvent system extracts the 
metabolites from all the substrates used in this study 
reasonably well. This conclusion was also reached 
by Tipton and Youdim [28] for benzene-ethyl acet- 
ate, although this solvent system did not extract the 
metabolites of dopamine particularly well. This dif- 
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Fig. 2. Double reciprocal plots of the activity of rat liver MAO assayed with various concentrations of 
oxygen and dopamine. Each point represents the mean of duplicate determinations of activity in six 
preparations of rat liver mitochondrial membranes. 

Panel A: Data plotted as 1/(initial velocity in nmoles/mg protein/min) against 1/(dopamine concentration 
in mM). Oxygen concentrations were: 108.5 uM (A), 151.9 uM (4), 217.0 uM (O), 325.5 uM (@), 
542.5 uM (V) and 1085.0 uM (¥). Panel B: Data plotted as 1/(initial velocity in nmoles/mg protein/min) 
against 1/(oxygen concentration in mM). Dopamine concentrations were: 72 uM (A), 120 uM (A), 

180 uM (O), 300 uM (@) and 600 uM (Vv). 
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Fig. 3. Double reciprocal plots of the activity of rat liver MAO assayed with various concentrations of 
oxygen and 5-HT. Each point represents the mean of duplicate determinations of activity in six 
preparations of rat liver mitochondrial membranes. 

Panel A: Data plotted as 1/(initial velocity in nmoles/mg protein/min) against 1/(5-HT concentration 
in mM). Oxygen concentrations were: 108.5 uM (A), 151.9uM (W), 217.0uM (O), 325.5 uM (@), 
542.5 uM (7) and 1085.0 uM (A). Panel B: Data plotted as 1/(initial velocity in nmoles/mg protein/min) 
against 1/(oxygen concentration in mM). 5-HT concentrations were: 30 uM (A), 50 uM (W), 75 uM 

(O), 125 uM (@), and 250 uM (¥). 


ference is not due to the substitution of the benzene 
by toluene [14, 28], but could possibly be due to the 
difference in the water saturation of the two solvent 
systems. Although the actual extraction efficiencies 
of tyramine, 6-phenethylamine and benzylamine can 
be estimated with a reasonable degree of accuracy 
by the use of the lower and upper limit extraction 
efficiency methods (Table 1), the differences 
between the two values for 5-HT, dopamine and 
particularly tryptamine are large. However, similar 
values were found for this solvent system when 


human brain rather than rat liver was used as the 
enzyme source [29]. Another method for the esti- 
mation of the upper limit extraction efficiency, 
involving back-extraction of the deaminated metab- 
olites (see ref. 6), gave extraction efficiencies that 
were in all cases higher than the upper limit values 
determined by the repeated extraction method 
described here. Due to the differences between the 
upper and lower limit values, the mean extraction 
efficiencies used here must be regarded as approx- 
imate, especially as the ratio of acid to alcohol metab- 


Table 3. Kinetic parameters of rat liver monoamine oxidase* 





a ae 
(nmoles/mg protein/min) 


K, 


am 
Substrate (uM) 





26 + 3 
188 + 35 
202 + 31 
355 
7+ 2 


o7 +7 


26.9 + 2.9 
110.3 + 17.9 
39.4+ 8.6 
56.0 + 6.9 
95.2 + 12.4 
47.1+ 3.6 


5-Hydroxytryptamine 
Tyramine 

Dopamine 
Tryptamine 
B-Phenethylamine 
Benzylamine 


303 + 307 
156 + 39 
299 + 25+ 
228 + 24+ 
109 + 14 





* Km Values were determined by linear regression analysis of the initial velocities at 
infinite oxygen concentrations for each amine substrate concentration, plotted as S/v 
against S. K, values were determined in the same way from plots of initial velocities at 
infinite amine concentration for each oxygen concentration. V,,,x values obtained from 
the two methods were in all cases within 8 per cent of each other, and the average value 
was taken. Initial velocities at the infinite first or second substrate concentrations were 
determined by linear regression analysis for duplicate determinations of activity at a fixed 
concentration of one substrate and a varying concentration of the other plotted as S/v 
against S. In all cases six oxygen concentrations and five to six amine concentrations were 
used. The values shown in the table represent means + S.E.M. of determinations in six 
membrane preparations. Oxygen concentrations varied between 108.5 and 1085.0 uM. 
Amine concentrations varied between 20 and 250 uM (5-hydroxytryptamine), 60 and 
500 uM (tyramine), 72 and 600 uM (dopamine), 12 and 100 uM (tryptamine and f-phe- 
nethylamine) and 30 and 250 uM (benzylamine). 

+ Significantly higher than values for 5-hydroxytryptamine and benzylamine (P < 0.005, 
two tailed paired t-test). 
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olites has been shown to change as the monoamine 
substrate concentration is changed (see ref. 30), but 
the values at least allow some comparison to be 
made between the different substrates. 

The acetylenic inhibitors of MAO are thought to 
cause inhibition by a reversible association with the 
active centre of the enzyme followed by a ‘suicide 
reaction’ to form a covalent adduct with the flavine 
prosthetic group (see refs. 31-33). Clorgyline and 
l-deprenil are so potent as inhibitors of MAO-A and 
-B, respectively, that the tree concentrations of these 
inhibitors are depleted by the formation of reversible 
and irreversible enzyme-inhibitor complexes (see 
refs. 6, 34), and in consequence can be used to titrate 
the number of enzyme active centres [6-8]. After 
240 min of preincubation, when all reactions between 
enzyme and inhibitor have stopped [25], the inhi- 
bition of MAO-A and -B by clorgyline and 1- 
deprenil, respectively, is linear with inhibitor con- 
centration (Figs. 1A and B). The number of enzyme 
active centres in the membranes can be calculated 
from the concentration of inhibitor required to pro- 
duce 100 per cent inhibition (see ref. 6). In this way, 
the concentration of MAO-A and -B has been 
determined for each substrate. For substrates metab- 
olized by both forms of MAO, the enzyme concen- 
tration of each form was determined in the presence 
of 2 x 10°°M inhibitor of the other form. This con- 
centration was found to produce almost complete 
inhibition of the activity of one form with little effect 
on the other (Table 2), although some residual 
oxidation of the MAO-B substrate #-phenethylam- 
ine was found. This effect may be due to the relatively 
high concentration of /-phenethylamine used to 
assay for activity in these experiments (100 uM), 
since a significant deamination of this substrate by 
rat liver MAO-A has been found at high, but not 
low substrate concentrations [35]. The concentra- 
tions of MAO-A determined as described in Table 
2 were similar when 5-HT, tyramine, dopamine and 
tryptamine were used as substrates, which would 
suggest that these substrates are metabolized by the 
same enzyme ‘pool’ in the mitochondrial mem- 
branes. The same conclusion appears to be true for 
MAO-B when tyramine, dopamine, tryptamine, /- 
phenethylamine and benzylamine were used as alter- 
native amine substrates (Table 2), in agreement with 
a recent study (with benzylamine and f-phenethyl- 
amine as substrates) [36]. This method, however, 
does not take into account factors such as the non- 
specific binding of the inhibitor to sites other than 
the active centre of MAO, and metabolism of the 
inhibitor, both of which have been demonstrated for 
clorgyline in rat liver crude homogenates, although 
much shorter preincubation periods were used and 
reversible reactions were still present [14, 34]. Non- 
specific binding has also been demonstrated for I- 
deprenil in the human brain [29]. These factors have 
been found to be absent, however, for the inhibition 
of rat heart and human brain MAO-A by clorgyline 
[6, 29]. The use of long periods of preincubation (in 
order to allow the irreversible reaction between 
enzyme and inhibitor to go to completion, and thus 
displace both specific and non-specific equilibria), 
together with the use of a preparation of mitochon- 
drial membranes with little microsomal contamina- 
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tion (to minimize drug metabolism), should reduce 
these effects considerably. 

The activity of MAO with all six substrates was 
increased in an uncompetitive manner with increas- 
ing concentrations of oxygen, consistent with a ping- 
pong, or double displacement reaction. The Michae- 
lis—Menten equation can be written (see ref. 12): 


V 


max : 1 
K (1) 


[oxygen] 





K 


am o 





[amine] 


where K,,, and K, are the Michaelis constants for the 
amine substrate and oxygen, respectively. It should 
be stressed, however, that these Michaelis constants 
are not dissociation constants, but are groups of rate 
constants derived from the steady-state equations 
(see refs. 9,12). V,., is defined as the maximum 
velocity attainable when the enzyme is saturated 
with both of its substrates, and K,,, and K, are the 
concentrations of the appropriate substrate (the 
amine substrate and oxygen, respectively) necessary 
to produce half-maximum velocity when the enzyme 
is saturated with the other substrate. The V,,.,, Kam 
and K, values for the enzyme assayed with six amine 
substrates are shown in Table 3. The K, values for 
tyramine and benzylamine are similar to those found 
in a previous study where considerably lower con- 
centrations of oxygen were used [12,37], which 
would indicate that the differences in K, values for 
the different amine substrates reported in this study 
are not due to substrate-inhibitory effects by high 
concentrations of oxygen. In agreement with pre- 
vious estimations of the K, values from determina- 
tions of MAO activity in oxygen and air [13], the 
value of K, appears to depend upon the amine sub- 
strate used to assay for activity. The values obtained 
when tyramine, tryptamine and /-phenethylamine 
were used as substrates were found to be significantly 
higher than when 5-HT and benzylamine were used 
(Table 3). 

When first reported, these differences in K, values 
were thought to be due to some sort of enzyme 
heterogeneity unrelated to MAO-A or -B, and a 
new classification of MAO activity was tentatively 
suggested [13]. However, it was stated at the time 
that this heterogeneity would need to be proved 
rigorously before such a classification could be 
justified. 

Equation 1 above shows that a graph of 1/initial 
velocity against 1/oxygen concentration will have a 
slope of K,/Vinax Which will be independent of the 
concentration of the amine [the amine concentration 
is incorporated in the intercept, thus leading to the 
parallel lines found when the data is plotted in this 
way (see Figs. 2B and 3B)]. For a single enzyme 
acting on a variety of different amine substrates, the 
value of K,/Vy,x Would be expected to be constant 
at a constant enzyme concentration. In the case of 
monoamine oxidase, however, there are two species 
of enzyme present with different activities towards 
each substrate, and this would be expected to lead 
to a departure from this simple relationship. The 
effects of differences in the concentrations of the 
two enzyme forms upon this relationship can, how- 
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Table 4. k,,, values for rat liver MAO-A and -B* oxygen and should be independent of the nature of 
the amine substrate used. 

‘cat Values of k.,,can be calculated for both enzyme 
(moles/mole MAO/min) forms acting on the different amine substrates from 





Substrate MAO-A MAO-B 





the enzyme concentrations and the relative contri- 
butions of the two forms (Table 2) together with the 
5-Hydroxytryptamine 2270 + 197 values of V,,,x (Table 3), and are shown for the two 
Tvramine 5221 + 854 0). forms in Table 4. The values of k,,, for the two 
Dopamine 2089 + 453 enzyme forms towards common substrates are rather 
Tryptamine 2720 + 293 2387 + 326 ~—s similar. From these data, assuming that the two 
B-Phenethylamine — 5911 +526 enzyme forms are separate entities, k.,, values for 
Benzylamine - 3561 +316 the enzyme system as a whole can be calculated, and 
are shown plotted against K, in Fig. 4A. The 
expected proportionality between these two con- 








* ko values for each form of MAO were calculated as 


(Vmax ™* fractional activity due to enzyme ; : ie 
form)/(concentration of enzyme form). The values rep- stants is not seen, and the correlation coefficient of 


resent means + S.E.M. for Kea: Values determined in six rat _ the linear regression analysisis rather low (r = 0.497). 
liver mitochondrial preparations. The data used tocalculate Furthermore, the regression line appears to cut the 
the k,,, values are summarized in Tables 2 and 3. X-axis away from the origin, which would not be 
expected if the strict proportionality between k,. 

and K, were obeyed. A possible explanation for this 

ever, be nullified, since V,,,, is defined by the behaviour would be that the two forms of the enzyme 
relationship: differed in their rates of interaction with oxygen. 
eet ae However, this seems unlikely since there is a very 

_ nine good correlation (r = 0.860) when the values of K, 

where e represents the enzyme concentration and are plotted against k,., with 5-HT (substrate for 
k.a. is the rate constant for the limiting step in the MAO-A alone), f-phenethylamine and benzylamine 
overall enzyme-catalysed reaction (i.e. the maximum (substrates for MAO-B alone) as amine substrates. 
molecular turnover number). The ratio k,../K, rep- The enzyme rhodanese (thiosulphate : cyanide sul- 
resents the apparent first-order rate constant forthe phurtransferase, EC 2.8.1.1), which also obeys a 
combination between the reduced enzyme and ping-pong mechanism, has also been shown not to 
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moies/mole MAO / min it moles /mole MAO / min 


(A) (B) 


Fig. 4. Panel A: Relationship between the k,.,, values and the K, values for rat liver MAO, assuming 
that MAO-A and -B are entirely separate entities (see Discussion). Ordinate: K, values in uM; abscissa: 
ka, Values in moles/mole MAO/min. Each point represents the mean + S.E.M. of determinations in six 
mitochondrial fractions. The dotted line indicates the regression line (of the type y = ax + b, where y 
= K,and x = k,.,) calculated from the 36 individual points. The correlation coefficient of the regression 
line was 0.497. Substrates used were: O, 5-HT; @, tyramine; A, dopamine; V, tryptamine; 4, f- 
phenethylamine; Vv, benzylamine. The regression line cuts the x-axis at a k,,, value of 1804 + 591 (mean + 
S.E.M.) moles/mole MAO/min. Panel B: Relationship between the k,,, values and the K, values for 
rat liver MAO, assuming that the two forms of the enzyme interact one with the other (see Discussion). 
Ordinate: K, values in uM; abscissa: k,, values in moles/mole MAO/min. Each point represents the 
mean + S.E.M. of determinations in six mitochondrial fractions. The dotted line indicates the regression 
line (of the type y = ax + b, where y = K, and x = k,,,) calculated from the 36 individual points. The 
correlation coefficient of the regression line was 0.729. Substrates used were: O, 5-HT; @, tyramine; 
A, dopamine; ¥, tryptamine; A, f-phenethylamine; V, benzylamine. The regression line cuts the x- 
axis at a k,,, value of 423 + 414 (mean + S.E.M.) moles/mole MAO/min. 
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give a constant value of k.,,/K,, towards its second 
substrate (cyanide); the value being dependent upon 
the nature of the sulphur-donor substrate [38]. In 
this case, the behaviour has been explained in terms 
of ‘enzyme memory’, which suggests that different 
conformational changes are induced in the enzyme 
by different donor substrates, and that these persist 
when the sulphur-substituted enzyme is formed, thus 
affecting the interaction between this form and 
cyanide. A similar model might provide an expla- 
nation of the behaviour of monoamine oxidase, but 
in this case, there is also an alternative, simpler, 
explanation for the results. 

The calculations used above have assumed that 
the two enzyme forms are separate entities, as has 
indeed been claimed to be the case from the results 
of mixed-substrate experiments carried out with the 
enzyme from rat lung [39]. Similar studies with the 
enzyme from rat liver have, however, suggested that 
the two forms may not be independent, but interact 
in some way [5, 40, 41]. If the enzyme forms are 
dependent one upon the other, the calculations of 
the k.,, values for 5-HT, #-phenethylamine and ben- 
zylamine must take into account the contributions 
from both enzyme forms, even though the activity 
of one of these forms is zero. In this case, the values 
of k.., are calculated most simply as V,,,,/([{MAO- 
A] + [MAO-B]). When the k,,, values calculated in 
this way are plotted against the K, values, there 
seemed to be good proportionality between k,,, and 
K, (Fig. 4B), with a much higher correlation coef- 
ficient for the regression line (r = 0.729). Further- 
more, the regression line appeared to pass effectively 
through the origin. Thus it would seem that a model 
for rat liver MAO where the two forms interact one 
with the other is more compatible with the data 
presented in this study than a model where the two 
enzyme forms are wholly independent. 

One explanation for this kinetic behaviour is that 
the substrates for both forms of MAO display ‘half- 
sites reactivity’, i.e. although there are two sites for 
the substrate, only one of the sites is catalytically 
active at any one time, although, if one of the two 
sites is inhibited (by clorgyline or |-deprenil), the 
other can function independently. A variety of 
enzymes, including ox liver glutamate dehydrogen- 
ase and yeast aldehyde dehydrogenase, display half- 
sites reactivity (for review, see ref. 42). Another 
possibility is that 5-HT, 6-phenethylamine and ben- 
zylamine are in fact metabolized by both MAO-A 
and -B active centres, but these active centres are 
arranged on the enzyme in such a way that selective 
inhibition of one of the active sites (by clorgyline or 
l-deprenil) produces inhibition of the other active 
site. This seems unlikely, as it would then be 
expected that, for example, the oxidation of 5-HT 
would be equally sensitive to inhibition by clorgyline 
and I-deprenil, which it is not (Table 2). 

Although the values for tryptamine appear to dif- 
fer somewhat from the values for the other five 
substrates (Fig. 4B), it is unlikely that this is due to 
enzyme heterogeneity, particularly as the concen- 
trations of the two forms responsible for the metab- 
olism of this substrate are the same as for the other 
substrates used here (Table 2). It seems more likely 
that this anomalous result is due to the large error 
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in the estimation of the efficiency of extraction of 
the deaminated metabolites of tryptamine (Table 1). 
It should be possible to resolve this difficulty by the 
use of an assay procedure where no organic step is 
required, such as the aldehyde dehydrogenase 
coupled assay of Houslay and Tipton (see ref. 43). 

Thus the results would indicate that the differences 
in the K, values found when different substrates are 
used to assay for activity are not in themselves an 
indication of enzyme heterogeneity. A similar con- 
clusion has been drawn for human brain MAO [16]. 
Furthermore, the data presented above would also 
support the notion that, in the rat liver, the two 
enzyme forms are interactive and may display half- 
sites reactivity, although, in view of the errors 
involved in the analysis described above, further 
work is required to prove this point conclusively. In 
a variety of tissues, including the rat liver, both 
purified and ‘native’ MAO have been shown to exist 
in subunits [44-49]. Furthermore, immunological 
studies [50] have indicated that, in the human liver, 
the MAO-A faces the inner surface of the outer 
mitochondrial membrane, whereas the -B form faces 
the outer surface. It is tempting to suggest that the 
two forms of MAO are located as a complex across 
the mitochondrial outer membrane. Such a hypoth- 
esis would allow an easy explanation for the inter- 
action between the two forms of MAO postulated 
above. 


Acknowledgements—The authors would like to express 
their gratitude to Prof. K. F. Tipton, for his invaluable 
advice and help. L. O. would like to thank the Swedish 
Medical Research Council (Grant No. 04X-4145) for their 
continued support. During the course of this work, C. J. 
F. was in receipt of a Royal Society European Postdoctoral 
Science Research Fellowship. 


REFERENCES 
1. C. J. Fowler, B.A. Callingham, T. J. Mantle and K. 

Tipton, Biochem. Pharmac. 27, 97 (1978). 

P. Johnston, Biochem. Pharmac. 17, 1285 (1968). 

Knoll and K. Magyar, Adv. biochem. Psychophar- 

ac. §, 393 (1972). 

4.D. W. R. Hall, B. W. Logan and G. H. Parsons, 
Biochem. Pharmac. 18, 1447 (1969). 

5. M. D. Houslay and K. F. Tipton, Biochem. J. 139, 645 
(1974). 

. C. J. Fowler and B. A. Callingham, Molec. Pharmac. 
16, 546 (1979). ’ 

. T. Egashira, B. Ekstedt, H. Kinemuchi, A. Wiberg 
and L. Oreland, Med. Biol. 54, 272 (1976). 

. L. Oreland and C. J. Fowler, in Monoamine Oxidase; 
Structure, Function and Altered Functions (Eds. T. P. 
Singer, R. W. Von Korff and D. L. Murphy), pp. 389- 
396. Academic Press, New York (1979). 

. K. F. Tipton, Eur. J. Biochem. 5, 316 (1968). 

. A. G. Fischer, A. R. Schulz and L. Oliner, Biochim. 
biophys. Acta 159, 460 (1968). 

. S. Oi, K. Shimada, M. Inamasu and K. T. Yasunobu, 
Archs Biochem. Biophys. 139, 28 (1970). 

. M. D. Houslay and K. F. Tipton, Biochem, J. 135, 735 
(1973). 

. C.J. Fowler and B. A. Callingham, Biochem. Pharmac. 
27, 1995 (1978). 

. C. J. Fowler, Ph.D. Thesis, University of Cambridge 
(1978). 

. C. J. Fowler, B. Ekstedt, T. Egashira, H. Kinemuchi 
and L. Oreland, Biochem. Pharmac. 28, 3063 (1979). 


pA 
a. 


c 
F. 
b 
J. 
m 





Rat liver MAO and oxygen 


. J. A. Roth, in Monoamine Oxidase; Structure, Function 
and Altered Functions (Eds. T. P. Singer, R. W. Von 
Korff and D. L. Murphy), pp. 153-168. Academic 
Press, New York (1979). 

. R. W. Von Korff, Biokhimiya 42, 396 (1977). 

. R. F. Squires, Biochem. Pharmac. 17, 1401 (1968). 

. G. A. Lyles and J. W. Greenawalt, Biochem. Pharmac. 
27, 923 (1978). 

. C. J. Fowler, B. A. Callingham and M. D. Houslay, 
J. Pharm. Pharmac. 29, 411 (1977). 

. C. J. Fowler and L. Oreland, in Monoamine Oxidase; 
Structure, Function and Altered Functions (Eds. T. P. 
Singer, R. W. Von Korff and D. L. Murphy), pp. 145- 
151. Academic Press, New York (1979). 

. B. A. Callingham and R. Laverty, J. Pharm. Pharmac. 
25, 940 (1973). 

. M. Dixon and K. Kleppe, Biochim. biophys. Acta 96, 
357 (1965). 


. L. Della Corte, Ph.D. Thesis, University of Cambridge - 


(1975). 

. T. Egashira, B. Ekstedt and L. Oreland, Biochem. 

Pharmac. 25, 2583 (1976). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall, J. biol. Chem. 193, 265 (1951). 

.K. F. Tipton, T. J. Mantle and M. D. 
Biochem. Pharmac. 26, 1525 (1977). 

. K. F. Tipton and M. B. H. Youdim, in Monoamine 
Oxidase and its Inhibition. Ciba Foundation Sympos- 
ium 39 (Eds. G. E. W. Wolstenholme and J. Knight), 

* pp. 393-403. Elsevier, Exerpta Medica, North Holland, 
Amsterdam (1976). 

. C. J. Fowler, L. Oreland, J. Marcusson and B. Win- 
blad, Naunyn-Schmiedeberg’s Archs Pharmac., 311, 
263 (1980). 

. K. F. Tipton, M. D. Houslay and A. J. Turner, Essays 
Neurochem. Neuropharmac. 1, 103 (1977). 

. R. R. Rando, Science N.Y. 185, 320 (1974). 

. L. Oreland, H. Kinemuchi and B. Y. Yoo, Life Sci. 
13, 1533 (1973). 


Houslay, 


i 
34. 
35: 
36. 
3. 
38. 
39. 


40. 
41. 


42. 
43. 
44. 


45. 
46. 
47. 


48. 


2233 


A. L. Maycock, R. H. Abeles, J. I. Salach and T. P. 
Singer, Biochemistry 15, 114 (1976). 


C. J. Fowler and B. A. Callingham, J. Pharm. Pharmac. 
30, 304 (1978). 

E. J. Dial and D. E. Clarke, Pharmac. Res. Commun. 
11, 491 (1979). 

C. J. Fowler and L. Oreland, J. Pharm. Pharmac., in 
press. 

K. F. Tipton, Adv. biochem. Psychopharmac. 5, 11 
(1972). 

R. Jarabak and J. Westley, Biochemistry 13, 3237 
(1974). 

Y. S. Bakhle and M. B. H. Youdim, Br. J. Pharmac. 
56, 125 (1976). 

B. Ekstedt, Biochem. Pharmac. 25, 1133 (1976). 

T. J. Mantle, K. Wilson and R. F. Long, Biochem. 
Pharmac. 24, 203 (1975). 

F. Seydoux, O. P. Malhotra and S. A. Bernhard, CRC 
crit. Rev. Biochem. 2, 227 (1974). 

M. D. Houslay and K. F. Tipton, Biochem. J. 135, 173 
(1973). 

L. Oreland, H. Kinemuchi and T. Stigbrand, Archs 
Biochem. Biophys. 159, 854 (1973). 


G. G. S. Collins and M. B. H. Youdim, Biochem. 
Pharmac. 24, 703 (1975). 

N. Minamiura and K. T. Yasunobu, Archs Biochem. 
Biophys. 189, 481 (1978). 

N. Minamiura and K. T. Yasunobu, Biochem. Phar- 
mac. 27, 2737 (1978). 

B. A. Callingham and D. Parkinson, in Monoamine 
Oxidase; Structure, Function and Altered Functions 
(Eds. T. P. Singer, R. W. Von Korff and D. L. 
Murphy), pp. 81-86. Academic Press, New York 
(1979). 


. D. J. Edwards and K. Y. Pak, Biochem. biophys. Res. 


Commun. 86, 350 (1979). 


. S. M. Russell, J. Davey and R. J. Mayer, Biochem. J. 


181, 7 (1979). 








Biochemical Pharmacology, Vol. 29, pp. 2235-2239. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/0815-2235 $02.00/0 


KININASES OF HUMAN POLYMORPHONUCLEAR 
LEUCOCYTES 


MaAsAo NAKAHARA 
Department of Orthopaedic Surgery, Sapporo Medical College, Sapporo, Japan 


(Received 28 January 1980; accepted 31 March 1980) 


Abstract—Four kininases were isolated from human polymorphonuclear (PMN) leucocytes by gel 
filtration. The molecular weights of kininases I, II, III and IV were 270,000, 90,000, 47,000 and 4000, 
respectively. No appreciable difference among these kininases was observed in the optimum pH between 
7.5 and 8.5. The K,, value of the four kininases for bradykinin hydrolysis was 0.20 x 10~° M. These 
kininases did not hydrolyse hippuryl-hystidyl-leucine and hippuryl-L-lysine, in sharp contrast to plasma 
kininase. The kininase activity of the enzymes was completely destroyed by neutral proteases in the 
PMN cell lysosomal granule extract or after heating at 56° for 30 min. Kininases II, III and IV were 
released extracellularly during phagocytosis of kaolin pellets (200 ug/ml). The properties of the PMN 
cell kininases are discussed in relation to their possible role in the kinin system at the imflammatory 


site. 


Polymorphonuclear leucocytes (PMN) are the first 
cells to appear in the acute inflammatory exudate. 
Tissue leucocytosis followed by their accumulation 
is closely related to the delayed response which is 
considered to be the essential part of the inflam- 
matory reaction [1-4]; the onset of the delayed 
permeability response coincides with the onset of 
leucocytosis and the decline of this response with 
massive leucocytosis. A number of neutral proteases 
are present in human PMN cells. A kininase was 
first described in the PMN cells by Schwab [5] and 
this finding has been confirmed by many colleagues 
using cell-lysed samples [6-8]. As well as kininase, 
a kinin-forming enzyme has been demonstrated in 
the PMN cells [6, 9, 10] and isolated by Movat et al. 
[11]. With regard to the kinin system in the PMN 
cells, it has been known that the kininase is present 
in the extra-lysosomal fraction of the PMN cells 
while the kinin-forming enzyme is mainly present in 
the lysosomal fraction. The kininase and kinin-form- 
ing enzyme in the PMN cells may be able to shift 
the balance of bradykinin level to reduction or 
enhancement at an inflammatory site. For these 
enzyme activities, a shift of pH to the acidic or 
alkaline range was suggested to be an important 
factor [6]. However, the question of how the proper- 
ties of these enzymes in the PMN cells participate 
in the kinin system during inflammation has 
remained unanswered. The author found four kin- 
inases in human PMN cells. This paper deals with 
isolation of four kininases, release of kininases dur- 
ing phagocytosis, and an interaction in the kinin 
system between PMN cells and plasma. 


MATERIALS AND METHODS 


Isolation of PMN leucocytes. ADC blood was 
obtained from Green Cross Blood Bank. To isolate 
PMN cells, dextran sedimentation techniques [12] 
were used for the initial separation and the further 
steps were performed by the method of Fallon et al. 


[13]. The PMN cells were counted and adjusted to 
2 x 10’/ml. 

Preparation of extra-lysosomal fraction and lyso- 
somal granule extract. The pooled cells were dis- 
rupted in a Potter-Elvehjem homogenizer with a 
motor-driven Teflon pestle. The suspension was cen- 
trifuged at 400 g for 10 min to remove unbroken cells 
and nuclei. The resulting supernatant fraction was 
centrifuged at 8000 g for 15 min to collect the lyso- 
somal granule fraction. The supernatant obtained 
was used as an extra-lysosomal fraction. The lyso- 
somal granule fraction was homogenized in 0.15 M 
KCI using a Potter-Elvehjem homogenizer with a 
motor-driven glass pestle and centrifuged at 25,000 g 
for 30 min. The supernatant was used as a lysosomal 
granule extract (80 ug protein/ml). The extract pos- 
sessed kinin-forming activity and generated kinin 
equivalent to 2100 ng bradykinin/10 min/mg protein. 

Gel filtration of PMN cell kininase. The extra- 
lysosomal fraction, which is a crude PMN cell kin- 
inase preparation, was subjected to gel filtration on 
a 3.5 x 50cm column of Sephadex G-200 equili- 
brated with 0.05 M phosphate buffer, pH 7.4, con- 
taining 0.1 M NaCl. Some of the active fractions 
were again gel-filtered on Sephadex G-200 
(3.5 x 50cm) or G-75 (1.5 x 140 cm) column equi- 
librated with the same buffer as before. 

Plasma kallikrein. Plasma kallikrein was prepared 
as described previously [14]. 

Plasma kininase. Plasma was treated according to 
the method of Rinvik ef al. [15]. 

Enzyme assays. Kininase activity was estimated 
by inactivation of bradykinin as described previously 
[16]. The hydrolysis of hippuryl-histidyl-leucine 
(HHL) and hippuryl-L-lysine (HLL) was measured 
according to Folk et al. [17] and Erdos er al. [18]. 
The cleavage of benzoyl-prolyl-phenylalanyl-argi- 
nine-p-nitroanilide (PPAN) for kallikrein activity 
was measured by the method of Claeson et al. [19]. 
The kininogenase activity was estimated using kin- 
inogen by the method previously described [14]. 
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Protein. The protein content of the solutions was 
determined by the method of Kalckar [20]. 

Chemicals. Bradykinin, HHL and HLL were 
obtained from the Protein Research Foundation, 
Osaka, Japan; soy bean trypsin inhibitor (SBTI) and 
lima bean trypsin inhibitor (LBTI) from Sigma 
Chemical Co., St. Louis, MO; trans-aminomethyl- 
cyclohexene-carboxylic acid (t-AMCHA) from Dai- 
ichi Seiyaku, Co., Tokyo, Japan and PPAN from A 
B Kabi, Sweden. 


RESULTS 


PMN cell kininase in the extra-lysosomal fraction 
and their properties. The extra-lysosomal fraction 
was first subjected to Sephadex G-200 gel filtration. 
Four peaks having kininase activity were eluted as 
shown in Fig. 1. The fractions from each of these 
peaks were pooled.and concentrated. The first (1) 
and second peak (II) were again subjected to gel 
filtration on a Sephadex G-200 column, and the third 
(III) and fourth peak (IV) on a Sephadex G-75 
column. Each kininase activity appeared as a single 
peak. These kininases were used as enzyme sources. 
The molecular weights of these kininases were esti- 
mated on Sephadex columns using human kininase 
I (mol. wt 280,000), human gamma globulin (mol. 
wt 160,000), human plasma kallikrein (mol. wt 
100,000), bovine serum albumin (mol. wt 67,000), 
cytochrome c (mol. wt 12,500) and trasylol (mol. 
wt 6500) as protein markers. The molecular weights 
of PMN kininases I, II, III and IV were approxi- 
mately 270,000, 90,000, 47,000 and 4000, respec- 
tively. No appreciable difference among these four 
kininases was observed in the optimum pH for the 
kininase activity, showing that their activity with the 
optimum pH between 7.5 and 8.0 rapidly declined 
at a pH less than 6.0. K,,, values of the enzymes for 
bradykinin hydrolysis were determined by means of 
a Lineweaver—Burk plot. The K,, value of the PMN 
cell kininase I, II, III and IV was 0.20 x 10°°M. 
This value is close to 0.17 x 10°°M, the value 
obtained for human plasma kininase II and its sub- 
units [14]. But all of these enzymes did not hydrolyse 
HHL and HLL, in sharp contrast to plasma kininase 
[14, 21, 22]. The kininase activities of the enzymes 
were completely destroyed after heating at 56° for 
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30 min or at 65° for 10 min as well as bringing the 
PH to 5.0 at 37° for 15 min, while these enzymes 
were stable for a few days after standing at 4°. The 
alterations induced by various agents on the hydroly- 
sis of bradykinin of the enzymes are shown in Table 
1. Table 1 shows similarities in behaviour among 
these kininases except for CuSQ,. All of the PMN 
cell kininases were readily inhibited by HgCl,, SBTI 
and trasylol but not by 1,10-phenanthroline and 
DFP, indicating that there is some discrepancy 
between the kininases discussed in this paper and 
the non-isolated kininase previously described [5- 
7, 23]. The behaviour of the enzymes toward EDTA 
and 1,10-phenanthroline is greatly different from 
plasma kininases [14]. 

Inactivation of the PMN cell kininases by lysosomal 
extract. The concentration of each sample of the 
PMN cell kininases I, II, III and IV in phosphate 
buffer, pH 7.4, was adjusted to such a level that 50 
per cent hydrolysis was not exceeded during a 10- 
min incubation, and the samples were incubated with 
0.1 ml of the lysosomal extract at 37° for 10 min. All 
kininases were completely inactivated by neutral 
proteases in the lysosomal extract, indicating that 
the neutral proteases in the lysosomal extract contain 
an enzyme able to destroy the PMN cell kininases. 

Release of the kininases from the PMN cell sus- 
pension incubated with a kaolin pellet. A suspension 
of isolated PMN cells containing 5 x 10’ per ml was 
prepared in Krebs III buffer containing 50 mg glu- 
cose per ml. Ten milliliters of the PMN cell suspen- 
sion were incubated with a kaolin pellet at a final 
concentration of 200 ug per ml at 37° for 30 min in 
siliconized glassware. The supernatant fraction 
obtained by centrifugation was subjected to Sepha- 
dex G-100 gel filtration. Three peaks having kininase 
activity were eluted as shown in Fig. 2a. The mol- 
ecular weights of these three kininases were esti- 
mated to be 90,000, 47,000 and 4000. All of the three 
kininases were inhibited by HgCl,, CuSO,, SBTI 
and trasylol, but not 1,10-phenanthroline and DFP. 
The K,, value of these three kininases was 0.20 x 
10~° M for bradykinin hydrolysis. These results sug- 
gest that these three kininases represent PMN cell 
kininases II, III and IV in Fig. 1. Asmall amount 
of kinin-forming enzyme was found at a molecular 
weight of 20,000, as shown in Fig. 2a. The kinin- 
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Fig. 1. Gel filtration of PMN cell kininases on a 3.5 x 50cm column of Sephadex G-200. Ten millilitres 

of extra-lysosomal fraction (4.2 mg protein/ml) were applied to the column. Three milliliter fractions 

were collected at a flow rate of 10 ml/hr. The column was calibrated with human plasma kininase I 

(HPKI), human gamma globulin (HGG), human plasma kallikrein (HPK) and bovine serum albumin 
(BSA). 





Kininases of human polymorphonuclear leucocytes 


Table 1. Inhibition of hydrolysis of bradykinin by PMN kininases* 





Agent Concentration 


PMN kininase 








x 107M 
ZnCl, x 107M 
ZnSO, x 10°*M 
CuSO, x 10°*M 
EDTA x 10°*M 
1,10-Phenanthroline x 107M 
SBTI 10 ug 
LBTI 100 ug 
Trasylol 10U 
50U 
1x10°*M 
1x10*M 


HgCl, 


DFP 
t-AMCHA 


0 
0 0 0 0 





* ++, more than 60 per cent inhibition; +, 20-59 per cent inhibition; 0, 0-19 per cent 
inhibition. For assay of inhibition, the kininase samples were preincubated with inhibitor at 


37° for 10 min. 


forming enzyme may be the same as the kininogenase 
described by Movat et al. ]11]. When the PMN cell 
suspension was incubated with kaolin pellet at a final 
concentration of 1000 ug per ml, a large amount of 
the kinin-forming enzyme having a molecular weight 
of 20,000 and four kininases were eluted with a 
striking contrast to their distribution in Fig. 2a, as 
shown in Fig. 2b. The findings obtained from mol- 
ecular weight and behaviour toward kininase inhibi- 
tors suggest that these four kininases represent the 
PMN cell kininases I, II, III and IV in Fig. 1. The 
result showing that all of the PMN cell kininases 
were found extracellularly may be due to lysis of the 
PMN cells. In fact, severe lysis of the PMN cells was 
observed microscopically after incubation. A negli- 
gible amount of kininase and kinin-forming enzyme 
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was eluted in the control experiment carried out 
without addition of a kaolin pellet. 

Effect of neutral proteases in the lysosomal extract 
on the kinin system in plasma. The experiment was 
carried out using phosphate buffer, pH 7.4. Kinin- 
forming activity of plasma kallikrein was adjusted 
to a concentration of 100 ng bradykinin generation 
per 10 min per ml, and kininase activity of plasma 
kininases to a concentration stated in the experiment 
on the inactivation of the PMN cell kininases. 
Neither plasma kallikrein nor plasma kininases 
showed changes in their activities after incubation 
with 0.1 ml lysosomal extract at 37° for 10 min. Non- 
contact plasma (0.1 ml), lysosomal extract (0.1 ml) 
and phosphate buffer (0.8 ml) were mixed and incu- 
bated at 37° for 30 min. No evidence of prekallikrein 


ait 
o 
°o 


Bradykinin hydrotysis(O—o) 


(ng brady./10min/ml) 
Kininogenase activity(@~@) 


(ng brady./10 minsml) 





IN 





100 


Tube number 


b 
| 


a ee 100 


Absorbance at 280 nm . ——) 
°o 
i) 
or 











on 
°o 


Nn 
oa 
Bradykinin hydrolysis(O—O) 


(ng brady./10 min/mi) 
Kininogenase activity (@—~@) 


(ng brady. /10min/mi) 


—A 








150 


Tube number 


Fig. 2. Gel filtration on a 2.3 x 128 cm column of Sephadex G-100 of the supernatant obtained from 
the PMN suspension after incubation with a kaolin pellet. Three milliliter fractions were collected at 
a flow rate of 13 ml/hr. Panel a: the kaolin pellet was suspended at a final concentration of 200 ug/ml. 
Panel b: the kaolin pellet was suspended at a final concentration of 1000 ug/ml. The columns were 
calibrated with human plasma kallikrein (HPK), bovine serum albumin (BSA) and cytochrome c (CC). 
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activation was observed in the mixture by PPAN 
cleavage for kallikrein activity. 


DISCUSSION 


The release of bradykinin and prostaglandin has 
been described in exudate produced in various types 
of experimental inflammation [24-27]. The early 
inflammatory response yields an extravascular reac- 
tion dominated by PMN cells which may be accu- 
mulated by bradykinin released in the inflammatory 
site. Thus, phagocytosis of microorganisms or 
immune complexes may be commenced by phago- 
cytic function of the accumulated PMN cells. In this 
study, four kininases were isolated by gel filtration. 
Three kininases except for the 270,000 mol. wt kin- 
inase were released from the PMN cells during pha- 
gosytosis of kaolin pellet (200 ug per ml). This finding 
suggests that the release of kininases observed during 
phagocytosis is not due to lysis of the PMN cell 
membrane, although the invagination of cell mem- 
brane and formation of a digestive pouch are con- 
tained in the phagocytic process [28-30]. Further- 
more, it is implied that an extracellular release of 
the neutral proteases in lysosomal granules was not 
‘involved in the process of the kininase release, 
because a concomitant release of the kininases and 
neutral proteases would result in inactivation of the 
kininases by the neutral proteases as described in 
the results. The finding that the PMN cell kininase 
activities were reduced with addition of the kaolin 
pellet as shown in Fig. 2b may be attributed to a 
concomitant release of the kininases and the neutral 
proteases induce by cell lysis during phagocytosis. 

PMN cell granules contain a number of neutral 
proteases [31] such as kinin-forming enzyme [6, 
11], the PMN cell kininase-inactivating enzyme 
described in the results, collagenase [31] and elastase 
[32-34]. It is known that controlled granule lysis 
occurs for discharge of the neutral proteases into the 
digestive pouch during phagocytosis [30, 35-37]. The 
controlled granule lysis induced by phagocytosis may 
be only responsible for the extracellular release of 
the kininases from the PMN cells but not for the 
extracellular release of the neutral proteases. The 
extracellular release of the whole enzymes in the 
PMN cells could be induced by lysis of the digestive 
pouch and cell membrane which may occur during 
phagocytosis of an excess amount of small particles. 
Thus, participation of the kininase and kinin-forming 
enzyme in the kinin system at the inflammatory site 
might be different whether lysis of the digestive 
pouch and cell membrane develops or not. In an 
early inflammatory state in which the controlled 
granule lysis is in progress, the PMN cell kininases 
may play a role as an extra-plasma kininase source, 
resulting in an enhancement of kininase activity in 
the interstitial fluid which contains plasma kininases. 
In a state in which the lysis of the digestive pouch 
and cell membrane is in progress, the plasma kininase 
resistant to the neutral proteases in the PMN cell 
granules becomes the main kininase because the 
PMN cell kininases are inactivated by the neutral 
proteases. Furthermore, plasma kallikrein resistant 
to the neutral proteases and the kinin-forming 
enzyme in the neutral proteases may contribute to 
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shifting the balance of local bradykinin level to 
enhancement. The perpetual generation of brady- 
kinin induced by lysis of the PMN cells could be 
responsible for a prolonged reaction such as the 
delayed response of enhancement of vascular perme- 
ability. In summary, it is conceivable that the PMN 
cells are able to act in inflammation by enhancement 
of local bradykinin inactivation or formation. 
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Abstract—An L1210 leukemia cell line resistant to 2,4-diamino-5-(3’ ,4'-dichlorophenyl)-6-methylpyr- 
imidine (DDMP) (L1210/DDMP) was developed in vivo by treatment of tumor-bearing mice. Resistance 
to DDMP was confirmed by subsequent in vivo survival experiments and by in vitro dose-response 
curves. The L1210/DDMP line demonstrated little cross-resistance to another folate analog, metho- 
trexate (MTX). This was confirmed both in vivo, with survival experiments, and in vitro, using dose- 
response curves. A statistical analysis of the in vivo data confirmed DDMP resistance with lack of MTX 
cross-resistance. Dihydrofolate reductase (DHFR) activity in the L1210/DDMP/R; line was no greater 
than in the parent cell line (L1210/S), and the K,, of DHFR for dihydrofolate was the same in the 
L1210/DDMP/R; and L1210/S lines. The K; for DHFR of the L1210/DDMP/R; cell line versus the 
L1210/S cell line was increased 3.0-fold for MTX and 3.5-fold for DDMP. Total accumulation of 
[('*C]DDMP was identical in the two cell lines. The explanation for the lack of MTX cross-resistance 


in the L1210/DDMP/R;; line is unknown. 


DDMP _ [2,4-diamino-5-(3’ ,4’-dichlorophenyl)-6- 
methylpyrimidine] is a substituted pyrimidine deriva- 
tive active against experimental animal tumors and 
human cancer [1-3]. Its mechanism of action is 
thought to be related to its antifolate effect and there 
is strong evidence that the compound acts in a man- 
ner similar to the folate analogs [4]. Reduced folate 
in'the form of N°-formyl tetrahydrofolate will modify 
the toxic and therapeutic effects of DDMP in experi- 
mental animals [5]. It is a very strong inhibitor of 
dihydrofolate reductase (DHFR) with an inhibition 
constant (K;) of 10-'’M for DHFR purified from 
L1210 cells [6]. Experimental tumors resistant to 
methotrexate (MTX) on the basis of impaired cel- 
lular transport may, however, be sensitive to DDMP 
[7]. A methotrexate-resistant L1210 cell line with 
elevated DHFR has demonstrated cross-resistance 
to DDMP [6]. 

During the course of investigations designed to 
evaluate the potential clinical role of antifolate com- 
binations, a DDMP-resistant L1210 cell line 
(L1210/DDMP) was produced which, when tested 
in vivo and in vitro, was not cross-resistant to MTX. 
This paper describes initial studies with this cell line. 
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MATERIALS AND METHODS 


L1210 murine leukemia cells and male BDF, (C57 
black x DBA,) mice were obtained from the Arthur 
D. Little Co. (Cambridge, MA). DDMP and 
DDMP-[2-'*C] (13.8 mCi/mmole) were provided as 
a gift from Dr. C. A. Nichol, Burroughs—Wellcome 
Co. (Research Triangle Park, NC). For in vivo use, 
DDMP was prepared as a suspension in 10% Emul- 
phor, 10% absolute alcohol and 80% normal saline. 
For in vitro use, DDMP and ['*C]DDMP were dis- 
solved in lactate and the pH was adjusted with 
NaOH. MTX was supplied as a lyophilized powder 
(Drug Development Branch, NCI, Bethesda, MD) 
and was reconstituted with sterile water just before 
use. Dihydrofolic acid (FH,) and reduced nicotina- 
mide adenine dinucleotide phosphate (NADPH) 
were obtained from the Sigma Chemical Co. (St. 
Louis, MO). Eagle’s minimal essential tissue culture 
medium was obtained in powder form from Micro- 
biologic Associates (Bethesda, MD) and ammonium 
sulfate was purchased from the Fisher Scientific Co. 
(Fair Lawn, NJ). Biofluor scintillation counting fluid 
was obtained from the New England Nuclear Corp. 
(Boston, MA). All routine chemicals were analytical 
grade. 


In vivo experiments 


The L1210/DDMP cell line was produced in vivo 
by subcutaneous (s.c.) injection of DDMP 
(40 mg-kg™') 1 day after intraperitoneal (i.p.) 
implantation of 10° L1210/S tumor cells during serial 
passages. Sensitivity of the cells to DDMP or MTX 
was assessed in vivo by determining the effect of a 
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single injection of DDMP (40 mg-kg"', s.c.) or 
MTX (3.0 mg: kg™', i.p.) daily for 4 days, on the 
median survival time (MST) of tumor-bearing mice. 
Results are expressed as per cent increase in life 
span (% ILS) of a group of treated mice vs a group 
of untreated mice bearing the same tumor, and cal- 
culated according to the formula: 


MST-treated group 
MST-untreated group 





% ILS = ( 


“ 1) x 100%. 


For in vivo assessment, ten mice per group were 
used in each experiment. 

The difference in % ILS between mice bearing 
DDMP-treated cells and mice bearing cells never 
previously exposed to DDMP (L1210/S) was ana- 
lyzed statistically by the methods of Cox [8] and Peto 
et al. [9] to confirm the presence of resistance. 


In vitro experiments 

Drug sensitivity studies. Once tumor growth was 
evident (by the appearance of ascites) following in 
vivo treatment with DDMP, tumor cells were har- 
vested, washed, and maintained in asynchronous 
logarithmic growth in medium supplemented with 
10% fetal bovine serum, 1 x 10°°M 2-mercapto- 
ethanol, streptomycin sulfate (100 ug/ml), sodium 
penicillin G (100 units/ml), Hepes* buffer (20 mM) 
_ and L-glutamine (0.03%). Dose-response curves to 
DDMP and MTX were obtained after 48 hr of con- 
tinuous exposure of cells to different concentrations 
of drug. The number of remaining cells was enum- 
erated ina Coulter Counter model F. Cell sensitivity 
to drug was expressed as the concentration of drug 
which inhibited cell growth by 50 per cent (IDs) 
according to the method described by Jackson et al. 
[10]. Drug resistance was expressed as the ratio of 
IDs) Values for cells exposed to DDMP in vivo 
(L1210/DDMP) vs previously unexposed cells 
(L1210/S) passaged in vivo through six transplant 
generations. 

Enzyme studies. DHFR was partially purified from 
a sonicated extract of L1210 cells by ammonium 
sulfate fractionation according to the method of Per- 
kins et al. [11]. Cells were suspended in 50 mM Tris 
buffer, pH 7.5, and sonicated for 30 sec: at setting 
No. 3 using a Branson model 185 cell disruptor. The 
sonicate was centrifuged at 27,000 g for 20 min at 4° 
in a Beckman J21B centrifuge. The supernatant frac- 
tion was adjusted to pH 5.1 with 0.1 N HCl, stirred 
for 15 min at 4°, and then respun at 27,000 g for 
30 min at 4°. The resulting supernatant fraction was 
adjusted to pH 6.0 with 0.1 N KOH and then 34.6 g 
of ammonium sulfate was added to every 100 ml. 
This mixture was stirred for 20 min at 4°, and then 
spun at 27,000g for 30min. The precipitate was 
discarded, and to every 100 ml (original volume) of 
supernatant fraction was added 26.4 g ammonium 
sulfate. This was stirred for 1 hr at 4° and centrifuged 
as before. The supernatant fraction was discarded 
and the precipitate, containing the enzyme, was dis- 
solved in 0.15M potassium phosphate buffer, pH 





* Hepes, 
phonic acid. 
+ Performed by Dr. L. I. Hart. 
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6.8. The protein content was determined by the 
method of Lowry ef al. [12], using bovine serum 
albumin (BSA) as standard. 

DHFR activity was measured spectrophotometr- 
ically at 23° using a Beckman model 25 double-beam 
instrument. The reaction mixture contained 25 ul 
FH, (2.3mM in 10% NaHCO, and 0.25 M 2-mer- 
captoethanol), 25 ul NADPH (2.4mM aqueous), 
35-160 ug enzyme and 0.15 M potassium phosphate 
buffer, pH 6.8, in a total volume of 1 ml. The reaction 
was initiated by addition of FH,, and monitored 
spectrophotometrically at 340 nm. 

For K; determinations DHFR activity was meas- 
ured as described except that 25 ul of appropriately 
diluted inhibitor (DDMP or MTX) was included in 
the reaction mixture to achieve the final desired 
inhibitor concentrations. The volume of buffer was 
accordingly adjusted to a final volume of 1 ml. For 
DDMP, the final concentration in the reaction mix- 
ture ranged from 5.6 x 10°’M to 1.4 x 10°°M to 
produce a range of inhibition from 10 to 90 per cent. 
MTX concentrations ranged from 8.25 x 10°’ M to 
2.75 x 10°’ Mand produced inhibition ranging from 
8 to 85 per cent. Seventeen experimental points were 
used to determine the K;of DDMP for DHFR from 
L1210/S and twenty points to determine the K; of 
MTX for the same enzyme. For DHFR from 
L1210/DDMP/R, twelve experimental points were 
used to determine the K,;of DDMP and twenty points 
for the K; of MTX. The apparent K; (K;..,,) was 
determined from the DHFR inhibition curves by use 
of a modified version of the Fortran program of 
Henderson [13] for tight-binding zone B inhibitors.+ 
The rationale for such an analysis is presented by 
Henderson [13, 14] and Jackson et al. [15], and is 
based on considerations raised by Straus and Gold- 
stein [16]. Once the K;,,,, was computed, the true 
K; was calculated according to the formula: 


K,, app 
substrate concentration 
K,, 


The molar concentration of the substrate, FH, was 
checked spectrophotometrically at 283 nm using a 
molar extinction coefficient of 19,000 at pH 8.3. 

The K,, of FH, for DHFR of both control and 
DDMP-resistant cells was determined spectropho- 
tometrically at 340 nm by addition of a limiting quan- 
tity of substrate to the reaction mixture and following 
the reaction to completion. K,, was calculated using 
an integrated form of the Michaelis-Menten equa- 
tion derived from serial measurements of substrate 
concentrations over time [17]. 

[*C]DDMP accumulation _ studies. Total 
[“C]DDMP accumulation in  L1210/S and 
L1210/DDMP/R; cell lines was compared using a 
filtration technique described by Sedwick et al. [18]. 
Cells (10°/ml) were suspended in 5 ml of Eagle’s 
medium, supplemented with 10% dialyzed fetal bov- 
ine serum, and incubated at 37°. After 5 min, 
[*C]DDMP was added to a final specific activity of 
0.7 wCi/ml (final concentration DDMP, 50 uM) and 
10 min later a 0.5-ml aliquot of cell suspension was 
removed and placed in 5ml of cold Tris—saline 
(50 mM Tris) buffer, pH 7.5. The celis were then 
poured onto Whatman GF/C glass fibre discs and 


K; = [15] 
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washed twice with 5 ml of cold buffer, taking care 
not to allow drying between washes. After the last 
wash the filters were dried and placed in glass scin- 
tillation vials and the cells were solubilized with 
0.5 ml of 2 N NaOH and left sitting overnight at 50°. 
Subsequently, 0.5 ml of 3 N HCI was added, to mini- 
mize quench, and then 18 ml Biofluor was added and 
the samples were counted in a Beckman LS-230 
scintillation counter with a counting efficiency for 
'C of 42 per cent. Results are expressed as disin- 
tegrations per minute (dpm) per 10° cells. The 10- 
minute accumulation was measured since a plateau 
of drug uptake occurs at this time [18]. 


RESULTS 


In vivo experiments 


Table 1 shows the effect of DDMP and MTX on 
the median survival time (MST) of mice bearing 
L1210/S tumor cells. When used as single agents, 
DDMP and MTX produce an ILS of 79 and 59 per 
cent respectively (passage 0). The effect of DDMP 
on the survival of mice bearing tumor cells exposed 
to the drug during serial passages is also shown 
(passages 1-8). The ILS produced by DDMP fell to 
25 per cent after one passage, to 14 per cent after 
three passages, and to 0 per cent by the fifth passage, 
at which time DDMP resistance was considered com- 
plete. Even when the dose of DDMP was. raised 
from 40 to 60mg-kg™', there was only a small 
increase in survival (14 per cent) of mice bearing 
cells that had been exposed through eight passages 
to the lower drug dose. The degree of in vivo cross- 
resistance of the L1210/DDMP cells to MTX is also 
shown in Table 1. After exposure of cells to DDMP 
through three passages, when ILS had fallen from 
79 to 14 per cent, the corresponding change in ILS 
to MTX exposure in vivo was minor (59-43 per cent). 
At the fifth passage, when in vivo DDMP resistance 
was complete (% ILS = 0), MTX continued to pro- 
duce an ILS of 40 per cent. This cytotoxic effect of 
MTX on DDMP-resistant cells continued through 
eight passages, during which cells were continually 
exposed to DDMP. Cells exposed to a higher dosage 
of DDMP (60 mg - kg" 's.c. x 1) through two further 
transplant generations also continued to demonstrate 
the absence of MTX cross-resistance. 
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A statistical analysis for the in vivo data confirmed 
that the above determinations were true indicators 
of DDMP resistance without MTX cross-resistance 
(see Appendix A). 


In vitro experiments 


Drug sensitivity. At passages 5 and 7, when in vivo 
DDMP resistance was complete (% ILS = 0), the 
ratio of the IDs) for L1210/DDMP/R; to that for 
L1210/S cells was 4.8 + 0.5(N =7). The IDs ratio 
of these cell lines for MTX was 1.00 + 0.07 (N = 6), 
thus confirming the absence of cross-resistance to 
MTX using this in vitro test. Figure 1 illustrates 
representative dose-response curves of MTX and 
DDMP for the cell lines L1210/S and 
L1210/DDMP/R,, indicating the shift of the DDMP 
dose-response with little change in the dose- 
response to MTX. 

Enzyme studies. Table 2 shows studies involving 
DHFR from L1210/S and L1210/DDMP/R; cells. 
The results include DHFR activity, K,,, for FH,, and 
K;for DDMP and MTX. DHFR activity, expressed 
as umoles - min~' - mg™' protein, was similar in the 
L1210/S and L1210/DDMP/R; cell lines (0.179 and 
0.160, respectively). 

Enzyme activity was also measured from an L1210 
line made resistant to both DDMP and MTX in 
combination (L1210/DDMP-MTX). This line was 
completely resistant to both drugs in vivo, and the 
ratio of the in vitro IDs) of L1210/DDMP-MTX to 
L1210/S was 5.8 for DDMP and 6.8 for MTX (each 
value represents the mean of three separate experi- 
ments). DHFR activity of this cell line was 
0.396 umole - min“! - mg™' protein, 2.5 times greater 
than for L1210/S and L1210/DDMP/Rs. 

The K,, values of FH, for the enzyme from 
L1210/DDMP/R; and L1210/S cell lines were not 
significantly different (3.82 x 10°-’M and 4.03 x 
10~’ M, respectively), and are similar to values pre- 
viously reported from DHFR derived from other 
L1210 cells [15]. The K;of MTX for DHFR from the 
L1210/S line was 2.4x10°"M and for the 
L1210/DDMP/R; line, 7.1 x 10°'*M. The K;, of 
DDMP for DHFR _ from L1210/S_ and 
L1210/DDMP/R, lines was 2.5 10°'"°M_ and 
8.7 x 10°’ M, respectively. 

[“C]DDMP accumulation studies. DDMP is a 


Table 1. Effect of DDMP and MTX on survival of L1210/S and the cross-resistance 
of L1210/DDMP-resistant cells to MTX in vivo* 





In vivo resistance 
to DDMP 
(% ILS + S.E.) 


Passage 


In vivo cross-resistance 
of L1210/DDMP cells 
to MTX 
(% ILS + S.E.) 





0 (L1210/S) 

1 (DDMP/R,) 
3 (DDMP/R;) 
5 (DDMP/R;) 
8 (DDMP/Rs) 
8t (DDMP/Rs) 


79 + 8 (3)7 


59 + 3 (6) 


43, 43 (2) 
37, 43 (2) 
43 (1) 
7-6 6 





* DDMP, 40 mg - kg", s.c., day 1; MTX 3.0 mg - kg ', i.p., days 1-4. 

+ The numbers in parentheses indicate replicate experiments. 

+ Cells treated for eight transplant generations with DDMP 40 mg - kg™’, s.c., 
day 1, and two further transplant generations with 60 mg- kg™', s.c., day 1. 





G. P. BROWMAN et al. 


Dose response to MTX 


DDMP 


% control cell growth ot 48 hr. 
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10°8 


Drug concentration, M 


Fig. 1. Jn vitro dose-response curves of control cells and DDMP-resistant cells to MTX and DDMP. 


Table 2. 


Results of studies with DHFR from control cells and resistant cells 





DHFR 


Cell line activity* K,,, FH 


(; DDMP + 2 S.D. K; MTX + 2 S.D. 





L1210/S 0.179 
(N = 2) 


0.160 


L1210/DDMP/R; 


(N = 2) 


L1210/DDMP-MTX 0.396 


3.82 x 10°’M 


4.03 x 10°7M 


0.2 x 10°'°M 2.4+0.9x 107M 


8.7+1.4x 10°" M 7.1+0.6x 10°"2M 





* DHFR activity (umoles - min~' - mg”! protein). 


lipophilic compound and the kinetics of drug trans- 
port are, therefore, difficult to measure. In order to 
obtain information regarding possible differences in 
DDMP transport between the parent and DDMP- 
resistant cell lines, total cellular drug accumulation 
was measured at a time when a plateau of drug 
uptake was expected [18]. The studies were repeated 
twice with <5.0 per cent variation. The mean accu- 
mulation of ['“C]DDMP at 10 min was 3888 dpm/10° 
cells for the parent line (L1210/S) and 3767 dpm/10° 
cells for L1210/DDMP/R;. 


DISCUSSION 


Mechanisms of resistance to MTX have been well 
defined in experimental tumor systems. These mech- 
anisms include impairment of cell membrane 
transport, increased levels of DHFR and altered 
affinity of the drug for DHFR [19, 20]. 

One approach to circumventing these mechanisms 
of resistance has been to use ‘small molecule’ anti- 
folates (i.e. DDMP) that can more easily penetrate 
the cell membrane by passive diffusion. The pyrimi- 
dine derivatives DDMP and pyrimethamine are the 
most effective of these compounds in experimental 
tumor systems. The cytotoxic effects of DDMP in 
vitro and in vivo, in both mouse and man, can be 
prevented or reversed by the use of reduced folates 
[S,21, 22]. Jn vitro, the inhibitory effect of DDMP 


on cell growth can be partially prevented by purines 
and thymidine [6]. Thus, the mechanism of cytotox- 
icity of this compound is thought to be related to its 
antifolate effect. It was, therefore, surprising to find 
a cell resistant to DDMP which did not display MTX 
cross-resistance. 

The studies described in this paper were designed 
to examine aspects of the drug—-enzyme interaction 
which might account for the absence of MTX resist- 
ance in this DDMP-resistant cell line. The activity 
of DHFR in the resistant line was not increased over 
control levels. This was not unexpected since, in a 
previous study, it was shown that an increased level 
of DHFR associated with acquired MTX resistance 
was accompanied by increased resistance to DDMP 
[6]. Moreover, increased DHFR activity produced 
by in vivo exposure of cells to MTX and DDMP in 
combination (L1210/DDMP-MTX) was associated 
with resistance to both agents (Table 2). There was 
no difference in the apparent K,,, values of FH, for 
DHFR isolated from either the L1210/S_ or 
L1210/DDMP/R; lines. 

Since the membrane transport routes of MTX and 
DDMP are felt to be different, the observed absence 
of MTX cross-resistance might be explained by a 
decreased transport for DDMP which does not affect 
MTX transport. This possibility was examined by 
measuring the accumulation of ['‘C]DDMP in the 
two cell lines. At 10min, when a plateau of drug 
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uptake was expected [18], the total accumulation of 
label in the two cell lines was almost identical. Due 
to the lipophilic nature of DDMP, cell transport 
kinetics are difficult to measure and differences in 
cellular transport K,, or V,z,x between the two cell 
lines cannot be ruled out on the basis of this data. 
It is possible that non-specific binding of ['*C]DDMP 
to the cell membrane might, in fact, mask differences 
in DDMP accumulation between the two cell lines. 
When affinity of MTX or DDMP for DHER was 
examined, both DDMP and MTX had a higher 
affinity for the enzyme from the L1210/S vs the 
L1210/DDMP/R; cell line. In both cell lines, MTX 
had a 100-fold greater affinity for DHFR than did 
DDMP. The K; values of MTX and DDMP for 
DHFR from the L1210/S cell line are similar to those 
reported previously for other L1210 cells [6, 15]. The 
ratios of the K; values of MTX and DDMP for the 
dihydrofolate reductases from L1210/DDMP/R; vs 
L1210/S cells are 3.0 and 3.5, respectively, suggesting 
a possible alteration in affinity of both drugs for the 
enzyme. Whether this smal! difference in K; values 
is sufficient to explain the differential resistance 
might be tested by mathematical modeling [23]. 
Although it is not possible to determine the mech- 
anism of DDMP resistance from these studies, the 
fact that resistance to one class of antifols can be 
produced without producing cross-resistance to 
another class of antifols is a potentially important 
finding. It suggests that there may be a clinical role 
for the use of these compounds in combination. 
Furthermore, clinical resistance to one antifol may 
not necessarily preclude the use of other classes of 


antifolate compounds. To use antifolates such as 
MTX and DDMP to their maximum advantage, the 
mechanisms of antifolate resistance in human tumors 
must be elucidated. 
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APPENDIX A 


Five successive DDMP-treated tumor cell generations 
(DDMP/R,;, DDMP/R;, DDMP/R;, DDMP/R, and 
*DDMP/Rg) were tested in vivo for their resistance to 
DDMP and MTX as already described. Each tumor gen- 
eration was implanted into three groups of animals. 

Group 1 (control) received no therapy while group 2 and 
group 3 animals received MTX and DDMP, respectively. 
The survival time of each animat was noted. For each of 
the cell generations the survival curves of the treated and 
control groups were compared using the Log rank test 
procedure [9]. It was observed that MTX-treated animals 
consistently survived longer than control animals. The dif- 
ference was highly statistically significant across all cell 
generations (P < 0.001). On the other hand, the DDMP- 
treated animals survived significantly longer than control 
animals only for cell generations DDMP/R, and DDMP/R;3. 
For all other cell generations there was no significant dif- 
ference between the two treatments. 

A formal test of the specific hypothesis that cells devel- 
oped resistance to DDMP was next performed, using a 
regression model [8]. This model can establish the relative 
contributions of several prognostic variables which simul- 
taneously affect survival time. The following five prognostic 
variables were used in the model: 


V, = 1 if MTX was the treatment; = 0 otherwise. 

V, = 1 if DDMP was the treatment; = 0 otherwise. 
V;=1 if the cell generation was DDMP/R,, or 
DDMP/R;; = 0 otherwise. 


= V . . 9: 
Ve mee, Vs These are ‘interaction terms’ in the model. 
Vs =V2V3 


The model revealed that only V, and Vs were statistically 
significant prognostic variables affecting survival 
(P = 0.00001 and 0.004, respectively). This implies that: 
(1) MTX-treated animals have an improved prognosis 
regardless of the cell generation, and (2) although neither 
the cell generation by itself nor DDMP by itself is a sig- 
nificant prognostic variable, the interaction between the 
two is significant. Thus, DDMP-treated animals have an 
improved prognosis in the early cell generations (DDMP/R, 
and DDMP/R;) but not in the later cell generations. 
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Inhibition of poly(A) *- and poly(A) -ribonucleic acid synthesis by a nonlethal 
dose of aflatoxin B, in vivo 


(Received 1 February 1980; accepted 12 March 1980) 


Since the earliest reports that in vivo administration of 
aflatoxin B, (AFB) to rats causes inhibition of liver nuclear 
RNA synthesis in intact animals [1, 2], liver slices [2] and 
isolated nuclei [3], major efforts have been directed toward 
the elucidation of the possible mechanism involved. The 
inhibition in vitro of RNA synthesis by AFB requires the 
presence of a microsomal fraction [4], and it is recognized 
that this effect is caused by a metabolite(s) of the toxin 
rather than by AFB itself. There is a substantial amount 
of information suggesting that the metabolite(s) acts at the 
level of the DNA template [5-9]. There is also strong 
evidence showing that either one or both of the nuclear 
RNA polymerases are affected [4, 10-12]. Studies with 
solubilized and DEAE-Sephadex column purified RNA 
polymerases, assayed in the presence or absence of a- 
amanitin, with endogenous or exogenous template, suggest 
that AFB inhibition of rat liver RNA synthesis is due to 
both impairment of the nucleolar DNA template function 
and direct inhibition of the enzyme function of RNA 
polymerase II [13]. Most of the studies, whether in vivo 
or in vitro, measured the incorporation of labeled precur- 
sors into tissue RNA as acid-insoluble radioactive materials 
[1-5, 7-13] or into RNA released from the polysomes and 
displayed by sucrose-density centrifugation [6]. No 
attempts were made to characterize and isolate the tran- 
scriptional products, poly(A)*- and poly(A)~-RNA. 

It is known that during and after inhibition of protein 
synthesis by cycloheximide (CHI), there is an increased 
transcriptional activity resulting in an enhancement of 
poly(A) *-mRNA in cells [14, 15] and tissues [16-18]. CHI 
does not affect the activity of rat liver nuclear RNA poly- 
merase I and II either in vitro or in vivo [19, 20]; therefore, 
the CHI-induced transcriptional activity is thought to be 
associated with the DNA template function. In fact, an 
elevated level of specific mRNA for liver tyrosine amino- 
transferase or tryptophan pyrrolase has been identified 
[17, 18]. In the present study, we have examined the effect 
of a nonlethal dose of AFB at the transcriptional level by 


analyzing the in vivo synthesis of liver poly(A)*- and 
poly(A) -RNA in normal as well as CHI-pretreated rats. 

Male Sprague-Dawley rats (190 + 20 g) were fed chicken 
diet (Taiwan Sugar Corp., Taipei, Taiwan) and water ad 
lib. Animals were divided into four groups: Group I, 
untreated normal; Group II, AFB-treated [AFB (Makor 
Chemical Co., Jerusalem, Israel), dissolved in dimethyl- 
sulfoxide—1,2-proplyeneglycol (1:1), was injected i.p. at 
a dose of 1 mg/kg body wt 2hr before the animals were 
killed]; Group III, CHI-treated [CHI (Sigma Chemical 
Co., St. Louis, MO. U.S.A.), in 0.9% NaCl was injected 
i.p. at a dose of 2.0 mg/kg body wt 18 hr prior to killing]; 
and Group IV, CHI-AFB-treated [AFB was administered 
to CHI-pretreated animals 2 hr before the animals were 
killed]. 

In each experiment, livers of two to three animals in a 
group were pooled and homogenized in 6 vol. of 0.25M 
sucrose/2 mM _ Tricine/i mM EDTA, pH 7.6, with six 
strokes of a motor-driven Teflon-glass Potter-Elvehjem 
homogenizer. The homogenate was filtered through two 
layers of cheesecloth before the various determinations 
were made. For the isolation of cytoplasmic ribonucleo- 
protein complexes (RPC), the MgCl, precipitation method 
of Palmiter [21] was used as described previously [16]. 
Cytoplasmic RNA species were extracted from the RPC 
by the phenol-chloroform procedure outlined by Palmiter 
[21]. Poly(A)*- and poly(A)"-RNA were separated by 
chromatography on oligo(dT)-cellulose (Collaborative 
Research, Waltham, MA, U.S.A.) by the method of Aviv 
and Leder [22]. 

To measure the RNA synthesis in vivo, 50 uCi/100 g 
body wt of [*H]orotic acid (24 Ci/mmole, Radiochemical 
Center, Amersham, U.K.) was injected i.m. 60 min before 
killing the animals. To measure the protein synthesis, 
(*H]leucine (40-60 Ci/mmole, Radiochemical Center, 
Amersham, U.K.), 20 wCi/100 g body wt, was injected i.m. 
60 min before killing. Samples containing radioactive label 
were precipitated with 10% trichloroacetic acid and col- 


Table 1. Jn vivo effects of aflatoxin B, on the synthesis of liver RNA and protein in rats treated with or without 
cycloheximide 





Liver RNA 


Group Treatment (10° dpm/g liver) 


Liver protein 


Ribonucleoprotein RNA i 
(10° dpm/g liver) 


(10° dpm/A 36) 





10.3 + 0.7* (100) 
4.1 + 0.9% (40) 
14.6+0.2 (100) 
4.2 + 0.9+ (29) 


I Untreated control 
II AFB-treated 
Ill CHI-treated control 
IV CHI-—AFB-treated 


3.9 + 0.4* (100) 
3.8+0.4 (97) 
4.2+0.5 (100) 
3.6+0.6 (86) 


1.2 + 0.1* (100) 
0.47 + 0.14 (39) 
2.15+0.1 (100) 
0.45 + 0.1¢ (21) 





* Mean + S.E.M. 


+ Indicates P values less than 0.05 when compared with the corresponding control group. The percentage of control 


value is given in parentheses. 
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Table 2. Content and synthesis of poly(A) *- and poly(A) -RNA in animals treated with aflatoxin B,, cycloheximide or 
both 





: Content 
Treatment 


Synthesis 





Group CHI AFB Poly(A’ )-RNA 


Poly(A~)-RNA 
(%) 


Poly(A*)-RNA Poly(A” )-RNA 
(10° dpm/A 26) 





— _ 5+0.4 
~ 2+0.8 
+ — .1+0.4 

+().8 


+ + 


1.03 + 0.2 (100) 
0.31 + 0.1* (30) 
1.88 + 0.1 (100) ’ 
0.34 + 0.1* (18) 


8.67 + 1.1 (100) 
2.07 + 0.6* (24) 
11.40 + 1.2 (100) 
0.8 3.08 + 0.6* (27) 


I+ I+ It I+ 





* Indicates P values less than 0.05 when compared with the corresponding control group. The percentage of control 


value is given in parentheses. 


lected on Millipore filter discs as described by Devlin and 
Ch’ih [23]. Protein was determined by the method of Lowry 
et al. [24] with crystalline bovine serum albumin (Sigma 
Chemical Co.) as the standard. Data presented are means + 
S.E.M. of four to five experiments. Differences between 
means were evaluated using Student’s /-test, and a P value 
of less than 0.05 was considered to be significant. 

As shown in Table 1, significant inhibition of |°H]orotic 
acid incorporation into liver RNA was observed 2 hr after 
the administration of a nonlethal dose of AFB. In rats 
without CHI pretreatment, there was 60 per cent inhibition 
of [*H]orotate incorporation by the liver homogenate and 
purified RNA isolated from the RPC, results that are in 
agreement with the report of Gelboin et al. [3], who showed 
a 35-70 per cent inhibition of in vitro transcriptional activity 
of nuclei isolated 2hr after the administration of AFB 
(1 mg/kg) to Sprague-Dawley rats weighting 200g. The 
decrease in the rate of [*H]orotate incorporation observed 
is not attributable to either a change of the precursor pool 
or reutilization, for it is known that orotic acid incorpor- 
ation into the nucleotide pool is not affected by AFB 
treatment [2,5, 6]. Furthermore, the precursor could not 
be reutilized to a large extent because a 1-hr labeling time 
is necessary for maximum radioactivity to appear in RNA 
associated with both free and membrane-bound polysomes 
in the cytoplasm [16]. The lack of inhibition of protein 
synthesis observed in this study (Table 1), as well as by 
others [5, 9], indicates that the reduced rate of RNA syn- 
thesis is not secondary to the effect of AFB on protein 
synthesis. In CHI-treated animals, the stimulation of RNA 
synthesis and the lack of inhibition on protein synthesis 
confirm the findings of Ch’ih et al. [16, 25]. When AFB was 
given to CHI pretreated rats, CHI-induced RNA synthesis 
was eliminated completely and showed a rate of RNA 
syntheses similar to that of the AFB-treated group. The 
inhibition was highly significant (P values < 0.05), indicat- 
ing that the nonlethal dose of AFB (1 mg/kg) used in this 
study was sufficient to affect RNA synthesis in vivo. 

To distinguish the gene product types that were affected, 
poly(A) °- and poly(A) -RNA were isolated by oligo(dT)- 
cellulose column chromatography. As shown in Table 2, 
there were no significant differences in the relative amounts 
of the two RNA species in the various experiments. Poly 
(A)*-RNA comprised about 2 per cent of the RNA isolated 
from the RPC, whereas poly(A) -RNA constituted 98 per 
cent. The higher rate of [*H]orotate incorporation into 
poly(A) -RNA (183 per cent as the normal) than into 
poly(A) *-RNA (131 per cent as the normal) in CHI-treated 
animals was similar to that reported by Ch’ih et al. [16], 





* Author is a Senior International Fellow (F06- 
TW00262-01) of the Fogarty International Center, National 
Institutes of Health. Current address: Department of Bio- 
logical Chemistry, Hahnemann Medical College and Hos- 
pital, Philadelphia, PA 19102, U.S.A. 


suggesting that nucleolar DNA template activity was selec- 
tively activated. The 70 per cent inhibition caused by AFB 
of poly(A) "-RNA synthesis is similar to the inhibition 
observed by Yu [13] of RNA synthesis in vitro in isolated 
nuclei or nucleoli using endogenous DNA template. 
Because it is known that both AFB and CHI do not affect 
the RNA polymerase I activity [11, 13, 19, 20], the 82 per 
cent inhibition of poly(A) -RNA synthesis by AFB in CHI- 
treated animals (Table 2, Group IV) supports the theory 
that the specificity of the carcinogen on DNA template 
activity resides in nucleolar, and not nucleoplasmic, DNA. 

As to the synthesis of poly(A) *-RNA, 76 and 73 per cent 
inhibition (compared with the corresponding controls) was 
observed in the AFB-treated and CHI-AFB-treated ani- 
mals, respectively (Table 2). In studies with purified RNA 
polymerase II, the inhibition caused by in vivo adminis- 
tration of AFB was shown to vary from 57 to 67 per cent 
[11-13]. A greater inhibition, which could not be accounted 
for by the inhibition of the enzyme, was observed here. 
This difference suggests that AFB, in addition to inhibiting 
RNA polymerase II activity, may have an additional effect 
on either the nucleoplasmic DNA template function or 
mRNA processing, or on both. The observed inhibition by 
AFB of the activities of cortisol-induced tyrosine amino- 
transferase and tryptophan pyrrolase [1, 2, 5, 9] strengthens 
this view. Nevertheless, data presented in this report clearly 
show that AFB impairs the function of nucleolar DNA 
template, resulting in the inhibition of the synthesis of 
poly(A) -RNA. 
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Single-dose tolerance to the effects of morphine on brain 3-methoxy-4- 
hydroxyphenylethylene glycol sulfate* 


(Received 29 December 1979; accepted 26 March 1980) 


Measurements of the concentration of 3-methoxy-4- 
hydroxyphenylethylene glycol sulfate (MOPEG-SO,), the 
major rat brain metabolite of norepinephrine [1], have 
been used in several recent studies to obtain an index of 
the effects of various treatments on brain norepinephrine 
turnover [2-4]. In agreement with previous studies dem- 
onstrating an increased synthesis of brain norepinephrine 
from radiolabeled tyrosine [5], the acute administration of 
morphine has been shown to produce dose-dependent 
increases in MOPEG-SO, in whole rat brain [6] and several 
of its parts [7]. Recent evidence from our laboratory indi- 
cates that this observed increase in brain norepinephrine 
turnover is a specific opiate receptor effect [8]. Thus, mor- 
phine and related opiate agonists produce dose-dependent 
increases in rat brain MOPEG-SO, that exhibit character- 
istic potency differences, stereospecificity, and naloxone 
antagonism, and that do not occur as a result of interference 
with the transport of this major metabolite from brain [8]. 
An additional criterion for specific opiate action is the 
development of tolerance, and the effect of morphine on 
brain MOPEG-SO, has been shown to be attenuated fol- 
lowing chronic administration [6]. However, significant tol- 
erance to the analgesic effect of morphine has been dem- 
onstrated following the administration of a single dose of 
the opiate [9], and single-dose morphine tolerance has also 
been exhibited by the depletion of rat brain calcium [10]. 
The requirement for newly synthesized protein in tolerance 
development has been implicated in both of these instances 
by demonstrations of tolerance prevention after prior 
administration of protein synthesis inhibitors [10, 11]. The 
present study was designed to further characterize the 
relationships between increased brain norepinephrine turn- 
over, Opiate action, and tolerance development by evalu- 
ating the ability of morphine to induce single-dose tolerance 
to its effect on brain MOPEG-SO, and the ability of cyclo- 
heximide, an inhibitor of protein synthesis, to antagonize 
the development of single-dose tolerance to this effect. 





* A preliminary report appeared in Fedn Proc. 38, 3288 
(1979). 


Male Sprague-Dawley rats (Holtzman, 170-230 g) were 
injected i.p. with either isotonic sodium chloride or a 
10 mg/kg dose of morphine sulfate (Mallinckrodt, Inc., St. 
Louis, MO). Twenty-four hours after this initial injection, 
one of several doses of morphine was administered, and 
the animals were decapitated 1 hr following the second 
injection at the time of the peak effect on brain MOPEG- 
SO, [8]. Whole brain MOPEG-SO, concentrations were 
determined by the fluorometric method of Meek and Neff 
[12]. In experiments designed to evaluate the antagonism 
of tolerance, a 1 or 2 mg/kg i.p. dose of cycloheximide 
(Aldrich Chemical Co., Milwaukee, WI) was administered 
1 hr prior to the initial 10 mg/kg injection of morphine [10], 
and the subsequent schedule was repeated exactly as 
described above. The effect of cycloheximide (2 mg/kg) on 
the increase in brain MOPEG-SO, produced by single 
injections of morphine was determined by killing groups 
of cycloheximide (1 hr and 24 hr) pretreated animals 1 hr 
after the administration of morphine (10 mg/kg). Brain 
MOPEG-SO, levels were expressed as picomoles per gram 
of brain (wet weight), and appropriate statistical compar- 
isons were made with a one-way analysis of variance and 
Student’s t-test (« = 0.05). 

The degree of protein synthesis inhibition produced by 
the. intraperitoneal administration of these doses of cyclo- 
heximide in rats was determined by measuring the incor- 
poration of L-[U-C]valine (ICN Pharmaceuticals, Irvine, 
CA, 250 Ci/mole) into brain protein according to the pro- 
cedure of Sperk et al. [13]. Rats were injected with saline 
or cycloheximide (1 or 2 mg/kg, i.p.) 1 hr before intraper- 
itoneal administration of ['*C]valine and killed 1 hr after. 
The ['*C]valine was diluted with a saturated solution of 
cold valine (50 mg/ml) so that the final concentration of the 
label was 2.5 uCi/ml and each rat was given 5 wCi/100 g of 
body weight. Brains were homogenized in 10 ml of 10% 
(w/v) trichloroacetic acid (TCA). Following lipid extrac- 
tion, the pellets were dried, weighed, dissolved by heating 
in 1N NaOH, neutralized with glacial acetic acid, and 
added to 15 ml of commercial counting solution (Scintiv- 
erse, Fisher Scientific, Fair Lawn, NJ). Radioactivity was 





Short communications 


@—@ Saline Treated 
&—& Morphine Treated 


wu 
> 
T 


BRAIN MOPEG-SOq (p moles/g) 
S wn 
T | 


450F- 


voc: 


420 l 


as Cx, + Morphine Treated 


O-O C,,- Morphine Treated 


1 1 J 





5 10 
LOG DOSE MORPHINE-SOq (mg/kg) 


20 40 


Fig. 1. Log dose-response curves of the effect of morphine on brain MOPEG-SO, in rats treated 24 hr 
previously with saline, morphine (10 mg/kg i.p.), or cycloheximide (1 and 2 mg/kg, i.p., 1 hr; Cx, and 
Cx>) plus morphine (10 mg/kg i.p.). Animals were killed 1 hr after the indicated doses of morphine. 


NaCl (@ 


) = saline control (432 + 7 pmoles/g) measured 1 hr after two saline injections given 24 hr apart. 


Vertical bracketed lines indicate S.E.M. N = eight to twelve animals for each dose of morphine 
examined. 


counted in a Beckman LS-100C scintillation counter util- 
izing quench correction by external standard and channels 
ratio, and ['‘C]valine in TCA-precipitable protein was 
expressed as disintegrations per minute per milligram 
pellet. 

In agreement with previous findings [8], morphine doses 
between 5 and 20 mg/kg produced significant, dose-depen- 
dent increases in the concentration of brain MOPEG-SO, 
in 24-hr saline-pretreated controls (Fig. 1, @——-@). Dose- 
dependent increases in brain MOPEG-SOQ, were also pro- 
duced in animals treated with morphine (10 mg/kg) 24 hr 
prior to the administration of opiate challenge doses. Tol- 
erance, to this effect, however, was evidenced by more 
than a 2-fold shift of the dose-response curve to the right 
(Fig. 1). A shift of the dose-response curve to the right 
was also obtained in animals treated with a 1 mg/kg dose 
of cycloheximide 1 hr prior to the initial injection of mor- 
phine. But, as evidenced by the generation of a dose- 
response curve superimposed on that obtained in 24-hr 
saline-pretreated controls, a 2 mg/kg dose of cycloheximide 
lhr prior to the initial administration of morphine 
(10 mg/kg) totally prevented single-dose tolerance to the 
effect of morphine on brain MOPEG-SO, (Fig. 1). Brain 
concentrations of MOPEG-SO, were not significantly dif- 
ferent from control 24 hr after a single 10 mg/kg dose of 
morphine (424 + 11 vs 423 + 5 pmoles/g). 

Additional experiments demonstrated that cyclohexim- 
ide pretreatment (2 mg/kg) given 1 or 24hr prior to mor- 
phine did not alter the increase in brain MOPEG-SO, 
produced | hr after a single 10 mg/kg injection of the opiate 
(NaCl = 433 + 4, My = 483+9, Cx. + Mi = 483 + 
6pmoles/g for 1 hr, Cx2:NaCl = 438 + 7, My = 467 + 6, 
Cx, + Mio = 477+ S5pmoles/g for 24hr Cx2). Further, 
cycloheximide alone (2 mg/kg) had no significant effect on 
brain MOPEG-SO, concentration at times corresponding 
either to the scheduled injections of morphine or the sub- 
sequent MOPEG-SO, analysis in the single-dose tolerance 
experiments described above, i.e. 1 hr (425 + 10 pmoles/g) 


or 24-26 hr (429 + 7 to 441 + 6 pmoles/g) after cyclohexim- 
ide administration. 

The effects of cycloheximide (1 and 2 mg/kg, i.p.) on the 
incorporation of ['*C]valine into brain protein are shown 
in Table 1. These data indicate that, although brain protein 
synthesis was inhibited more than 50 per cent 1-2 hr after 
both doses of cycloheximide, 2 mg/kg of this agent produced 
a significantly greater inhibition than | mg/kg (P < 0.02). 

The results of this study illustrate the development of 
single-dose tolerance to the effect of morphine on brain 
MOPEG-SO, and the prevention of this tolerance by prior 
administration of sufficient doses of cycloheximide. These 
findings are comparable to those obtained from evaluations 
of the analgesic, and other, actions of morphine [11, 10] 
and, together with previous evidence [8], greatly strengthen 
the concept that the production of an increase in brain 
norepinephrine turnover is a specific component of the 
pharmacological actions of narcotic analgesics. 

The requirement for brain protein synthesis has been 
incorporated into several theories concerning the mech- 
anism of opiate tolerance development [11], and the pre- 
vention of tolerance by cycloheximide suggests that single- 
dose tolerance to both analgesia and enhanced norepine- 
phrine turnover requires an activated production of protein. 
It has also been suggested that cycloheximide is effective 
in inhibiting tolerance development only when protein syn- 
thesis is maximally suppressed [14]. Since a 63 per cent 
inhibition of brain protein synthesis was apparently suffic- 
ient to prevent single-dose tolerance to the increase in brain 
MOPEG-SO, produced by morphine in the present study 
but a 52 per cent inhibition apparently was not (Table 1), 
the present findings suggest that levels of protein critical 
to the initiation of single-dose opiate tolerance are suffic- 
iently suppressed when 50-60 per cent of total brain protein 
synthesis is inhibited. 

Cycloheximide (2 mg/kg) administered 1 or 24 hr prior 
to morphine had no effect on the increase in brain MOPEG- 
SO, produced by a single injection of the opiate. Thus, this 
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Table 1. Effects of cycloheximide (Cx) on the incorporation of ['*C]valine into 
brain protein* 





['*C]valine 


Treatment (dpm/mg pellet) % Inhibition 





Saline 8.39+0.20 (7) 
Cx (1 mg/kg, i.p.) 3.99+0.12+ (7) 
Cx (2 mg/kg, i.p.) 3.09 + 0.25+,4 (8) 





* Rats were injected with saline or cycloheximide 1 hr prior to the i.p. admin- 
istration of ['*C]valine (5 uCi/100 g) and killed 1 hr thereafter. Brains were removed 
and assayed for ['*C]valine in TCA-precipitable protein by the method of Sperk 
et al. [13]. Results are means + S.E.M. of the number of animals indicated in 


parentheses. 
+ P<0.01 vs saline. 
+ P<0.02 vs Cx). 


protein synthesis inhibitor did not exert a delayed effect 
on the initial morphine response, and increased protein 
synthesis was not required for the increase in brain 
norepinephrine turnover that was observed. The enhance- 
ment of brain norepinephrine turnover may, therefore, 
occur prior to any activation of protein synthesis that these 
drugs produce. 
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Inhibition of chemical carcinogenesis: early increase in tissue uptake and 
macromolecular binding of [*H]-labelled metabolites of the hepatocarcinogen 3’- 
methyl-4-dimethylaminoazobenzene in rat liver in vivo in the presence of the 
tumour inhibitor chloramphenicol 


(Received 23 November 1979; accepted 11 April 1980) 


The antibiotic chloramphenicol (CAP)* inhibits tumour 
induction in several tissues by a variety of carcinogens [1- 
4], including 3’-methyl-4-dimethylaminoazobenzene 
(3’MeDAB) [5], but the mechanism of protection is 
unknown. Many other inhibitors of chemical carcinogenesis 
apparently protect against tumour induction by inhibiting 
the metabolic activation and/or subsequent covalent bind- 
ing of carcinogens to molecules in the target tissues [6]. 
However, CAP had no effect on levels of protein-bound 
3'MeDAB metabolites when both compounds were pair- 
fed to rats for up to 20 days [7], although both protein [8, 9] 
and nucleic acid binding [9] of acetylaminofluorene deriva- 
tives in rat liver were apparently depressed by CAP. 
Although CAP modifies several early effects of 3; MeDAB 
feeding on the liver [5, 7, 10-14], it had no effect on the 
time of maximum liver protein binding of 3’MeDAB 
metabolites with an azo linkage [7] at 10 days. 

CAP may inhibit tumour induction by competing for 
critical intracellular binding sites of the carcinogen [8, 9]. 
To ,test this hypothesis, the effects of ['*C]CAP on the 
uptake, subcellular distribution and covalent binding of 
["H]3'MeDAB metabolites to DNA, RNA and protein 
from liver subcellular fractions were investigated very soon 
after the commencement of feeding both compounds and 
at the time of maximal liver protein binding. 

Male Sprague-Dawley rats (200-250 g) were random- 
bred from local departmental stock. Weight-matched pairs 
were housed in individual cages and pair-fed [7] diets con- 
taining [°H]3’MeDAB alone or in combination with 2% 
('“C]CAP for 4 or 10 days. Unlabelled 3’MeDAB and CAP, 
and [°H]3’MeDAB (sp. act. 119 mCi/mmole, labelled on 
toluidine ring) were obtained as described previously [10]. 
(Dichloroacetyl-l-'"C)-CAP (sp. act. 7.18 mCi/mmole) was 
purchased from the Radiochemical Centre, Amersham, 
U.K. The specific activities of [*H]3’MeDAB and ['*C]CAP 
in the diets used for the 4-day feeding were 119 mCi/mmole 
and 32.3 uCi/mmole, respectively, and in the 10-day feeding 
47.6mCi/mmole and 9.66 uCi/mmole, _ respectively. 
Despite the isotope dilution in the 10-day diets, approxi- 
mately half of the rats died during the feeding period. A 
plan to feed further groups of rats for 20 days was therefore 
abandoned. 

Rats were killed by exsanguination under light ether 
anaesthesia, and livers were excised and homogenized in 
2 vol. of a buffer containing 0.25 M sucrose, 0.05 M Tris- 
HCl, 0.025 M KCl and 0.005 M MgCl,(pH 7.5). Differential 
centrifugation of the homogenates yielded crude nuclear 
(755 g, 15 min precipitate), crude mitochondrial (10,000 g, 
15 min precipitate), microsomal (100,000 g, 60 min precip- 
itate) and cytosol fractions (100,000 g, 60 min supernatant 
fraction). Purified nuclei were isolated from the crude 
nuclear pellets by the method of Blobel and Potter [15]. 
RNA was isolated from the mitochondrial, cytosol, micro- 
somal and purified nuclear fractions by the phenol/sodium 





* Abbreviations used: CAP, 


sodium dodecylsulphate; TCA, trichloroacetic acid 


chloramphenicol; 
3'MeDAB, 3’-methyl-4-dimethylaminoazobenzene; SDS, 


dodecyl sulphate (SDS) method described by Muramatsu 
[16]. Protein was precipitated from the first two portions 
of the phenol phase obtained from the deproteinization of 
each of the RNA samples by adding 1.5 vol. of acetone at 
4° overnight. The RNA and protein preparations were 
washed repeatedly with organic solvents (ethanol or ethanol 
and acetone, respectively) at 20° and 60° until negligible 
radioactivity was detected in the supernatant fractions. 
Nuclear DNA was extracted from the crude nuclear fraction 
by the method of Phillips and Blunck [17]. Protein was 
redissolved in 0.01M phosphate (pH7.1)/1% SDS/1% 
mercaptoethanol and RNA and DNA were hydrolysed in 
0.3 M KOH at 60° for 60 min and 5% (w/v) trichloroacetic 
acid (TCA) at 100° for 30 min, respectively. Protein, RNA 
and DNA contents of the subcellular fractions and purified 
macromolecules were determined by the method of Lowry 
et al. [18], u.v absorption [19] and the indole method [20], 
respectively, except for the RNA contamination of DNA 
which was determined by the orcinol method [21]. Protein 
of the purified nuclear fraction and the proteins extracted 
from the subcellular fractions were freed of substances 
interfering with the Lowry reaction by quantitative precip- 
itation of protein with deoxycholate/TCA [22] prior to the 
Lowry assay. The mean (+ S.E.M.) percentage yields of 
extracted protein, RNA and DNA were 89.8 + 5.2 per 
cent, 49.8 + 2.6 per cent and 38.1 + 3.9 per cent, respec- 
tively, of the total tissue fraction contents. The levels of 
protein contamination of the extracted RNAs and DNA 
were 4.7 + 0.8 per cent and 3.8 + 0.7 per cent, respectively; 
the level of DNA contamination of nuclear RNA was 10.9 + 
4.3 per cent. RNA contamination of DNA and DNA or 
RNA contamination of protein could not be detected. The 
yields of extracted macromolecules and the levels of cross 
contamination did not differ in preparations from rats fed 
either diet. 

For determination of isotope uptake into the liver, ali- 
quots (0.1 ml) of tissue were heated in 0.3 M KOH (0.9 ml) 
at 60° for 60 min, acidified with conc. HCI (0.1 ml) and 
added to a scintillation mixture (8.0 ml) which comprised 
toluene/Triton X-100 (2/1), 0.4% 2, 5-diphenyloxazole and 
0.05% — 1,4-bis-[2-(4-methyl-5-phenyloxazolyl)]-benzene. 
Covalent binding of isotope to the acid-insoluble material 
(generally >90 per cent protein) of the various fractions 
was estimated by precipitating acid-insoluble material with 
TCA/acetone/ethanol [23], washing the precipitate exten- 
sively with TCA, ethanol and acetone at 20° and 60° and 
redissolving it in 0.3 M KOH at 60° for 60 min. Aliquots 
of the KOH solution were added to scintillation mixture 
as described for isotope uptake into the liver. Bovine serum 
albumin (2 mg/0.5 ml) was added to the purified nuclear 
fraction as a carrier prior to acid precipitation. Covalent 
binding of isotope to purified protein and DNA prep- 
arations was determined by adding aliquots directly to 
scintillation mixture, whereas RNA preparations were first 
acidified with conc. HCI (0.01 vol.). The [*H] and ['*C] 
channels were set according to the procedure described by 
Neame and Homewood [24]. 

When both [“C]CAP and [*H]3’MeDAB were fed to 
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rats for four days at levels that inhibit 3’MeDAB-induced 
hepatocarcinogenesis, there was an increase rather than a 
decrease in total liver content and content in all liver 
subcellular fractions of [*H]3’MeDAB derivatives (Fig. 1). 
Covalent binding of [*H]3’MeDAB metabolites to acid- 
insoluble material from each subcellular fraction and to 
DNA, RNA and protein from these subcellular fractions 
was likewise increased (Fig. 2). The increases were stat- 
istically significant for liver content of [‘H]3’MeDAB (P< 
0.05), and for content in and for covalent binding of 
[H]3’MeDAB metabolites to acid-insoluble material from 
total homogenate, cytosol and microsomal fractions 
(Fig. 1). The pattern of results was similar regardless of 
the manner in which the data were expressed (content/g 
liver or content/total liver, data not shown). Covalent bind- 
ing of [*H]3’MeDAB metabolites to mitochondrial and 
microsomal RNA (binding/mg RNA, Fig. 2) or to purified 
nuclear RNA and to RNA and protein from both cytosol 
and microsomal fractions (binding/g liver, data not shown) 
was also significantly increased after four days on the diet 
containing both ['*C]CAP and [*H]3’MeDAB. 

The percentage of the total [°H]3’MeDAB present in 
each of the subcellular fractions that was covalently bound 
to acid-insoluble material (figures under columns, Fig. 1) 
was not increased to the same extent as the absolute levels 
of binding (per g liver or per total liver) when both 
('*C]CAP and [*H]3’MeDAB were fed. The increased 
[°H]3’MeDAB metabolite binding in these rats is therefore 
probably secondary to the increased [°H]3’MeDAB content 
of the liver rather than to any specific increase in 3; MeDAB 


activation to binding metabolites or in the availability of 
binding sites. The increased liver content of [*H]3’MeDAB 
may be a consequence of the relative decrease in the activity 
of mixed function oxidases after four days of 3’MeDAB 
feeding [10], which would be expected to depress the con- 
version of 3’MeDAB to inactive nonbinding derivatives. 
Liver uptake of [*H]3’MeDAB could also be increased at 
this time, as liver uptake of leucine is increased [25] and 
liver plasma membrane-associated enzyme activities are 
altered [26] when 3’MeDAB and CAP are fed to rats. 

At least some of the factors that contributed to the 
increased liver [*H]3’MeDAB content in rats fed both 
('¢C]CAP and [*H]3’MeDAB for four days were obviously 
altered by ten days, when the increase was no longer 
apparent. Likewise, at ten days the content of 
[°H]3’MeDAB in liver subcellular fractions, the covalent 
binding of [°H]3’MeDAB metabolites to acid-insoluble 
material and the DNA, RNA and protein from the sub- 
cellular fractions were similar in rats fed both [‘*C]CAP 
and [°H]3’MeDAB to the levels in rats pair-fed 
(°H]3’MeDAB (Figs. 1 and 2). This finding was likewise 
independent of the manner in which the data were 
expressed. Thus at the time of maximum protein binding 
of 3’MeDAB metabolites in rat liver [7], CAP has no 
apparent effect either on the absolute levels of 3’ MeDAB 
binding to macromolecules or on the subcellular distribu- 
tion of this binding. 

The failure of CAP to inhibit binding of [*H]3’MeDAB 
metabolites to macromolecules isolated from liver sub- 
cellular fractions wher. both compounds were administered 
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concurrently in vivo for ten days confirms earlier reports 
of the general lack of effect of CAP on protein-bound dye 
levels in the livers of rats fed 3’MeDAB [7] and on meta- 
bolic activation of [*H]3’MeDAB to RNA-binding meta- 
bolites by a cell-free system from rat liver [10]. However, 
in the earlier study using a colorimetric assay [7], no effect 
of CAP on 3'MeDAB metabolite binding after four days 
on the diets was observed. Possible explanations of the 
discrepancy between that report and the present one are 
that the [*H]3’MeDAB metabolite binding measured here 
includes that of some derivatives lacking an azo linkage 
[27, 28] that would not be estimated by the colorimetric 
determination of protein-bound dye [29]. Furthermore, the 
binding assay using [°H]3’MeDAB has been claimed to be 
more sensitive than the colorimetric procedure [27]. 
['*C]CAP was present in all subcellular fractions of the 
liver of the rats fed {‘“C]CAP and [*H]3’MeDAB and was 
apparently covalently bound to the acid-insoluble material 
and to the extracted DNA, RNA and protein of each of 
these fractions (data not shown). The tissue content and 
levels of binding of [‘*C]CAP were between 20 and 200 
times greater than the corresponding levels for 
[*H]3’MeDAB metabolites in the same subcellular frac- 
tions, although the pattern of subcellular distribution and 
covalent binding was similar for both [7H]3’MeDAB and 
['*C]CAP. This finding confirms that of an earlier report 
that CAP derivatives bind to proteins of liver and other 
tissues [30]. Some binding is due to the production of an 
unstable electrophilic oxamyl chloride derivative by oxi- 
dative dechlorination of CAP [31,32], although recent 


evidence indicates that labelled CAP breakdown products 
are reutilized for synthesis of endogenous macromolecules 
with consequent overestimation of ['*C]CAP binding [33]. 
Nevertheless, the sites involved in authentic ['*C}]CAP bind- 
ing are clearly not those to which |°H]3’MeDAB metab- 
olites bind, for the levels of [*H]3’MeDAB metabolite 
binding in vivo were not depressed by concurrent ['*C]CAP 
feeding to the rats. 

There are other reports in the literature describing 
inhibitors of azo dye carcinogenesis that do not decrease 
carcinogen binding [34, 35]. These compounds might affect 
noncovalent cellular interactions of 3’ MeDAB or its metab- 
olites that could be relevant to carcinogenesis, but in at 
least some instances the mechanism of inhibition probably 
operates at some subsequent stage in carcinogenesis. CAP 
may be able to prevent the expression of critical effects of 
carcinogen-induced damage, for it can phenotypically sup- 
press the expression of some prokaryotic mutants [36]. In 
rat liver, CAP reverses the decreased liver RNA/DNA 
ratio [7, 12], normalizes the altered phase distribution of 
mitosis [5, 12] and increases both nuclear RNA synthesis 
[13] and RNA polymerase activity [14] when it is fed 
concurrently with 3’MeDAB for 4-20 days. 

In conclusion, the antibiotic CAP, when fed concurrently 
with 3’MeDAB, fails to decrease the level of binding of 
(°H]3’MeDAB metabolites to liver macromolecules in the 
early stage of a dietary regimen that inhibits 3’MeDAB- 
induced hepatocarcinogenesis. After only four days of feed- 
ing, the binding of 3'MeDAB metabolites was actually 
increased. Our findings suggest that CAP is not inhibiting 
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metabolic activation of 3’MeDAB or competing with 
3’MeDAB metabolites for intracellular binding sites. Pos- 
sibly, CAP could inhibit carcinogenesis by phenotypically 
suppressing the expression of carcinogen-induced damage 
to the cell. Inhibition of 3’MeDAB-induced hepatocarcin- 
ogenesis in the rat by CAP may therefore prove to be a 
suitable experimental model for the steps in tumour induc- 
tion subsequent to carcinogen activation and binding to 
cellular macromolecules. 
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Effect of phenobarbitone on the elimination of neostigmine and its metabolites in 
bile 


(Received 29 October 1979; accepted 28 February 1980) 


Drugs such as phenobarbitone, that induce hepatic micro- 
somal enzymes, may enhance the biliary excretion of other 
foreign compounds [1-3]. This phenomenon may be related 
to the effects of phenobarbitone on drug metabolism [i], 
bile flow [2], ligandin formation [3], canalicular transport 
[3] or hepatic blood flow [4], but the role of these different 
processes has not been defined precisely. 

In the present experiments, we have studied the effects 
of phenobarbitone on the biliary excretion of neostigmine 
and its metabolites because this quaternary amine provides 
a novel opportunity to investigate the various hepatic mech- 
anisms affected by enzyme induction. In the rat, neostig- 
mine is mainly hydrolyzed by hepatic enzymes to 3- 
hydroxyphenyltrimethylammonium, which is subsequently 
conjugated to a 3-oxyglucuronide [5-7]. Although both of 
these metabolic steps are dependent on microsomal enzyme 
systems [5, 6], only glucuronide conjugation is induced by 
pretreatment with phenobarbitone [8]. By contrast, biliary 
excretion of unchanged neostigmine (and related quater- 
nary amines) is probably due to direct transfer from hepatic 
arterial blood, via the peribiliary vascular plexus [9]. This 
study of the effects of phenobarbitone on the biliary elim- 
ination of neostigmine and its metabolites was undertaken 
to provide some insight into the various processes involved. 

Male Sprague-Dawley rats (230-370 g) were pretreated 
with either saline (0.9%, 1.0 ml, i.p., daily for 5 days; 
control group) or phenobarbitone sodium (50 mg/kg, i.p., 
twice daily for 5 days; phenobarbitone-treated group). 
Animals were anesthetized with urethane (1.4 g/kg, i.p.), 
the trachea was exposed by a midline incision, and a poly- 
ethylene cannula (PE 50) was inserted into an external 
jugular vein. Respiration was assisted, when necessary, by 
means of an endotracheal tube. The bile duct was exposed 
through an upper abdominal incision and cannulated with 


polyethylene tubing (PE 10) approximately 1 cm above its 
entry into the duodenum. Rectal temperature was main- 
tained at 37° by a heat lamp, in order to prevent the 
reduction in biliary flow induced by hypothermia. 

After the collection of a control (15min) sample of 
bile, ['*C]neostigmine iodide (120ug/kg; sp. act. 
5.33 mCi/mmole) was injected into the jugular vein. 
Samples of bile were collected at 15, 30, 45, 60, 75, 90, 
105, 120, 150, 180, 210 and 240 min. The volumes of the 
bile samples were calculated by dividing the weight of each 
specimen by a previously determined value for the specific 
gravity of bile (1.011). The total radioactivity in samples 
of bile was measured with an efficiency of approximately 
50 per cent by liquid scintillation spectrometry. The samples 
of bile were combined at hourly intervals, and 
['*C]neostigmine was separated from ['*C]hydroxyphenyl- 
trimethylammonium and its glucuronide conjugate by chro- 
matographic techniques, as described in detail elsewhere 
[7]. The relative elimination of the unchanged drug and its 
metabolites in control and phenobarbitone-treated rats was 
calculated from the total radioactivity in bile and the results 
of chromatography. 

Bile flow rates in control rats ranged from 44 + 8 to 53 + 
7 ul-kg~'-min™' (mean + S.E.M.) at the various time 
intervals; in animals pretreated with phenobarbitone, bile 
secretion rates were approximately double (range = 73 + 
2 to 102+ 9yl-kg'- min~'; mean + S.E.M.). The pro- 
portion of the total radioactivity that was eliminated in the 
bile at succeeding time intervals after intravenous 
['*C]neostigmine was increased by pretreatment with phen- 
obarbitone (Table 1). In the control animals, the proportion 
increased from 0.48 + 0.05 per cent at 1 hr to 2.30 + 0.38 
per cent at 4hr; by contrast, the percentage eliminated in 
phenobarbitone-treated rats increased from 1.09 + 0.08 per 


Table 1. Elimination of {'*C]neostigmine and its metabolites in bile of control and phenobarbitone-treated rats* 





Proportion of dose (%) eliminated in bile as 





Total 
radioactivity 


Time 
Treatment (hr) 


['*C]Neostigmine 


['*C]Hydroxyphenyl- 
trimethylammonium 
glucuronide 


['*C]Hydroxyphenyl- 
trimethylammonium 





Control 


De 


0.072 + 0.008 
0.124 + 0.016 


0.349 + 0.036 
1.024 + 0.133 


0.010 + 0.001 
0.025 + 0.003 


Phenobarbitone 


Nee 
te oo 


1.09 + 0.08 
(127) 
2.53 + 0.11 
(105) 
3.56 + 0.13 
(197) 
4.19+ 0.14 
(182) 


0.159 + 0.024 
0.208 + 0.034 


0.186 + 0.014 
(158) 
0.315 + 0.043 
(154) 
0.408 + 0.037 
(157) 
0.464 + 0.016 
(123) 


0.036 + 0.005 
0.051 + 0.008 


0.022 + 0.002 
(120) 
0.051 + 0.004 
(104) 
0.061 + 0.004 
(69) 
0.080 + 0.003 
(57) 


1.546 + 0.231 
1.932 + 0.319 


0.732 + 0.054 
(110) 
1.940 + 0.142 
(89) 
2.750 + 0.202 
(78) 
3.248 + 0.109 
(68) 





* Each value of the proportion of the total radioactive dose of ['*C]neostigmine and of its metabolites in bile is the 
mean + S.E.M. of six experiments. Values in parentheses are the mean percentage increases in excretion in phenobar- 
bitone-treated animals when compared with the control rats. 
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cent to 4.19+ 0.14 per cent during this period. In both 
groups of animals, more than 90 per cent of the radioactivity 
in the bile was invariably eliminated as the 3- 
oxyglucuronide of 3-hydroxyphenyltrimethylammonium; 
minor amounts were excreted as the unconjugated phenol, 
other unidentified metabolites, or unchanged neostigmine 
(Table 1). Nevertheless, pretreatment with phenobarbitone 
had differential effects on the excretion of these compounds 
in bile. Phenobarbitone pretreatment increased the elim- 
ination of unchanged neostigmine by 123-158 per cent and 
more than doubled the proportion detected in bile. Pre- 
treatment with phenobarbitone enhanced the excretion of 
neostigmine metabolites in bile to a lesser extent. Thus, 
the elimination of 3-hydroxyphenyltrimethylammonium 
was increased by 57-120 per cent, and that of its glucuronide 
conjugate by 68-110 per cent, when compared with the 
results in control animals (Table 1). Increased excretion 
of neostigmine and its metabolites was most apparent. dur- 
ing the first 1-2 hr of the experiments and then declined 
progressively (Table 1). Nevertheless, these results show 
that the elimination of each of the identified radiolabeled 
compounds was enhanced by pretreatment with pheno- 
barbitone and that the relative increase in excretion of the 
metabolites of ['*C]neostigmine was considerably less than 
of the parent drug. 

Although it is generally accepted that treatment with 
phenobarbitone can increase the elimination of some drugs 
and their metabolites in bile [1-3], the mechanisms involved 
are obscure and may vary from compound to compound. 
In the case of drugs that are largely or completely metab- 
olized by the liver, increased biliary excretion has usually 
been attributed to the induction of microsomal enzymes 
[1]. Although neostigmine is metabolized extensively by 
hepatic microsomes [5, 6], it is unlikely that the increased 
biliary excretion of the drug and its metabolites after pre- 
treatment with phenobarbitone is related to enzyme induc- 
tion. Previous studies suggest that phenobarbitone only 
enhances the conjugation of 3-hydroxyphenyltrimethylam- 
monium by microsomal glucuronyltransferase, and has little 
or no effect on the hydrolysis of neostigmine [8]. Since the 
proportional increase in the elimination of the glucuronide 
conjugate was usually less than that of either unchanged 
neostigmine or hydroxyphenyltrimethylammonium, it is 
difficult to explain the present results in terms of induction 
of microsomal enzymes. 


In the present experiments, bile flow rate increased by, 


70-100 per cent in animals pretreated with phenobarbitone, 
thus augmenting the effective gradient between the liver 
cell and the canaliculus. When choleresis is induced by 
sodium dehydrocholate, a 2- to 3-fold increase in bile flow 
enhances the elimination of neostigmine and its metabolites 
by approximately 50 per cent [10]. The increased excretion 
of neostigmine and its metabolites may be partially related 
to the effects of phenobarbitone on bile flow, but indirect 
evidence suggests that other factors may have been 
involved. Most of the radioactivity in bile was eliminated 
as hydroxyphenyltrimethylammonium glucuronide; in the 
rat, canalicular transport may be the limiting step governing 
the elimination of this and other glucuronides in bile [11]. 
In these conditions, enhanced canalicular transport induced 
by phenobarbitone, as proposed on different grounds by 
other authors [3], may be responsible for the increased 
elimination of the conjugate in bile. 
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Treatment with phenobarbitone more than doubled the 
small proportion of the dose of neostigmine that was elim- 
inated in bile. The percentage increase in the biliary excre- 
tion of the unchanged drug at different time intervals (123- 
158 per cent) was greater than either of its metabolites, 
and is difficult to explain in terms of the known effects of 
phenobarbitone on hepatic function. Experimental evi- 
dence suggests that the biliary excretion of neostigmine 
and related quaternary amines is not dependent on can- 
alicular transport, but is mediated by direct transfer from 
blood to bile via the peribiliary vascular plexus [9]. 
Although phenobarbitone increases hepato-portal blood 
flow in the rat by approximately 30 per cent, it has little 
or no effect on hepatic arterial flow [12]; thus the increased 
amounts of unchanged neostigmine eliminated in bile are 
unlikely to be derived from the peribiliary plexus. It is 
possible that tributaries of the portal vein supply the ducts 
downstream from the canaliculus, or that the increased 
amounts of neostigmine in bile are due to its enhanced 
transport from the liver cell. 

In summary, treatment of male rats with phenobarbitone 
doubled the excretion of ['*C]neostigmine and its metab- 
olites in bile. Elimination of both neostigmine and its two 
main metabolites in bile was invariably increased; the pro- 
portional rise in the excretion of the unchanged drug was 
greater than that of either 3-hydroxyphenyltrimethylam- 
monium or its 3-oxyglucuronide. It is proposed that 
enzymne induction plays little or no part in the increased 
elimination of neostigmine and its metabolites in bile. The 
explanation for the enhanced excretion of unchanged neo- 
stigmine is a matter of conjecture. 


SATU M. SOMANIt 
RENU A. BaJaAs* 
T. N. CALVEY 
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Department of Pharmacology, 
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School of Medicine, 
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Protective effect of (+)cyanidanol-3 on the inhibition of protein synthesis and 
secretion after galactosamine injection 


(Received 1 June 1979; accepted 11 March 1980) 


Synthesis and secretion of serum proteins are two of the 
specific functions of the liver. Besides the rough endo- 
plasmic reticulum where protein synthesis takes place, the 
process of secretion is localized in three subcellular struc- 
tures, the smooth endoplasmic reticulum, the Golgi appar- 
atus with its vacuoles and the plasma membrane, and 
involves the action of several glycosyltransferases [1]. This 
process is no more fully instrumental when these subcellular 
structures are altered. One parameter of an intact secretion 
process is the time between the injection of a labelled 
amino acid and the appearance of protein-bound radio- 
activity in the plasma. This time difference is normally 
15 min [2, 3]. After the injection of galactosamine this time 
is substantially prolonged [4]. Furthermore, it is well estab- 
lished that the respective membranous structures are dam- 
aged [4-6]. In an earlier study it could be shown that by 
pretreatment of rats with the flavonoid (+ )-cyanidanol-3 
the plasma membrane-damaging effect of galactosamine 
is ameliorated |7]. In the present study synthesis and secre- 
tion of plasma proteins of (+ )-cyanidanol-3 pretreated rats 
were investigated after injection of galactosamine. 

Female Wistar rats (Invanovas; Kisslegg, F.R.G), weigh- 
ing 160-180g each, were fed on a commercial diet 
(Altromin, Altromin GmbH, Lage-Lippe, F.R.G.) and 
given water ad lib. 


A =normal range 
B = Cyanidanol -3+GaiN 


=) 
° 
=) 


Counts x min -! x mg -1 of serumprotein 








Time after injection of '4C -Leucine (min) 


Fig. 1. Measurement of the secretion of plasma proteins. 

Effect of pretreatment with (+)-cyanidanol-3 with a daily 

injection for two days on the inhibitory effect of p-galac- 

tosamine-HCl (375 mg/kg body wt). For experimental 
details see the text. 


p-Galactosamine-HCl (purissimum) was purchased as 
1 AClLew from C. Roth OHG (Karlsruhe, F.R.G.). 
*C]Leucine (61 mCi/mmole) was obtained from a 
cen Center (Amersham, U.K.). All other chem- 
icals of analytical grade were obtained from E. Merck AG 
(Darmstadt, F.R.G.). (+)-Cyanidanol-3 was a kind gift of 
Zyma GmbH (Miinchen, F.R.G.). 

The animals received at daily intervals two intraperito- 
neal (i.p.) injections of (+)-cyanidanol-3 as an aqueous 
suspension. D- Galactosamine was given Shr before the 
administration of L-[1-'*C]leucine. 

For the determination of the kinetics of serum protein 
secretion the method of Schreiber er al. has been followed 
[2, 3]. The anesthetized rats (40 mg pentobarbital/kg body 
wt) received 50 uCi L-[1-"C Jleucine/ /kg body wt via the 
vena cava. Blood samples (0.15 ml each) were withdrawn 
from this vessel at timed intervals. The radioactivity of 
labelled proteins was determined by the method of Mans 
and Novelli [8]. The time between the injection of L-[1- 
7 Jleucine and the appearance of labelled proteins in the 
serum is called ‘secretion time’. Protein was determined 
by the biuret method with bovine serum albumin as a 
standard [9]. For the determination of protein-bound radio- 
activity the livers were removed under pentothal anes- 
thesia. About 1-2 g of the right liver lobe were suspended 
in an ice-cold Tris-KCI-MgCl, buffer as described [2] and 
homogenized using a motor-driven Potter-Elvejhem type 
homogenizer for 1 min. After centrifugation at 750g for 
15 min using a SS34 type rotor from Sorvall, the supernatant 
fraction was used for the measurement of penne: bound 
radioactivity [8] and protein [9]. 

Table | shows that the administration of D-galactosamine 
leads to an inhibition of the incorporation of labelled L- 
leucine into the proteins of liver and also of the serum, 
confirmatory to previous findings [4]. After pretreatment 
of the rats with (+)-cyanidanol-3 the incorporation of L- 
leucine is still decreased but not to the same extent as 
without (+)-cyanidanol-3. By lowering the dose from 250 
to 66 mg (+)-cyanidanol-3 kg body wt, its beneficial effect 
is greatly reduced. It should be noticed that the beneficial 
effect of this flavonoid is more marked on the secreted 
proteins. It may be assumed that (+)-cyanidanol-3 exerts 
its protective action on membranous structures involved 
in the secretion process of plasma proteins. This becomes 
evident also from measurements of the secretion times with 
the result that the prolongation after galactosamine admin- 
istration could not be observed in the (+)-cyanidanol-3 
pretreated rats. However, the specific activity in plasma 
proteins is always decreased as also shown in Table 1. 
These findings suggest that (+)-cyanidanol-3 shows its 
action mainly at the level of membranous structures and 
not to the same extent on the protein synthesis of the liver 
cell. This assumption correlates with our previous inves- 
tigations which have shown that galactosamine-induced 
alterations of the plasma membrane [6] are significantly 
ameliorated when (+)-cyanidanol-3-pretreated animals 
were injected with this amino sugar [7]. 

The effectiveness of (+ )-cyanidanol-3 towards the endo- 
plasmic reticulum of the jiver in vitro could also be shown 
by Danni et al. [10]. Also lysosomal membranes have been 
shown to be more resistant to liver damaging substances 
if the animals have been pretreated with the flavonoid [11]. 
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Table 1. Dose dependency of the effect of pretreatment with (+)-cyanidanol-3* 





Treatment (+)-Cyanidanol-3 —- + 
(mg/kg) 
Galactosamine—HCl 


(375 mg/kg) 


aa 66 125 


. > 





2430 + 90 
669 + 213 


Serum 
Liver 


Organ 


2610 + 110 
710 + 95 


660 + 50 
336 + 49 


1980 + 210 
386 + 85 


2850 + 430 
422 + 102 


3110 + 410 
402 + 900 





* The animals were injected i.p. with (+)-cyanidanol-3 at 8:00 a.m. and 7:00 p.m. for two days. At the third day the 


rats received galactosamine at 8:00 a.m. and [ 


‘C]ieucine 5 hr later. One hour after the injection of the label the serum 


and liver was removed under pentothal anesthesia. For further experimental detail see text. Values are given as c.p.m./mg 


protein. 


From these findings it seems to be likely that (+)-cyani- 
danol-3 is capable of interacting with the metabolism of 
membranous structures of the liver. This may be done by 
stimulation of the biosynthesis or inhibition of the degra- 
dation of essential membrane constituents. 

In summary, by the injection of D-galactosamine—HCl 
(375 mg/kg body wt) synthesis and secretion of proteins by 
the rat liver are inhibited. Pretreatment of the animal with 
(+)-cyanidanol (250 mg/kg body wt) for two days reduces 
this action of D-galactosamine. The beneficial effect seems 
to be mainly directed on the secretory function of the liver 
and is suggestive of an endomembrane-directed action of 
this flavonoid. 


W. REUTTER 
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Induction of hepatic zinc-thionein in rat by endotoxin 


(Received 20 February 1980; accepted 18 April 1980) 


Induction and depletion pathways of hepatic zinc-thionein 
by injection of endotoxin were correlated with time-depen- 
dent changes of metal concentrations in serum, liver and 
kidney supernatant fluids. Low serum zinc level (28 per 
cent of the control value) induced between 6 and 24hr 
after injection of endotoxin was accompanied by a con- 
comitant increase of zinc level in liver supernatant fluid 
(highest level at 12 hr after injection). The increased zinc 
in the liver supernatant fluid was attributed to zinc-thionein 


less of at least higher levels of zinc than the control value 
during the experiment. Induction and depletion pathways 
of hepatic zinc-thionein initiated either by excess (zinc 
injection) [2] or by normal zinc levels (endotoxin injection) 
were similar except for the faster pathway of the latter 
case. 

thank Dr. 
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encouragement. 


on an SW column [1], as shown in Fig. 1, metallothionein- 
II being a predominant isometallothionein during the 
experiment without any appreciable changes of zinc peaks 
other than metallothionein peaks. Although copper con- 
centrations in serum and liver supernatant fluid did not 
change significantly, that in kidney supernatant fluid gradu- 
ally decreased (45 per cent of the control value during 
1-2 days after injection) and then recovered to the control 
level, as was also observed for zinc injection [2]. Zinc in 1. K. T. Suzuki, Analyt. Biochem. 102, 31 (1980). 

kidney metallothionein fraction decreased with the 2.K. T. Suzuki and M. Yamamura, Toxic. Lett., 6, 59 
decrease of copper in the kidney supernatant fluids, regard- (1980). 
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Retention Time ( min ) 


Fig. 1. Gel permeation-zinc atomic absorption chromatograms of liver supernatant fluids after injection 
of endotoxin. Female rats of the Wistar strain (mean body wt + $.D., 264 + 14g) were injected 
intraperitoneally with endotoxin (lipopolysaccharide E. coli 055:B5, Difco Lab.) at a dose of 1.2 mg/kg 
body wt once and the animals (six rats per group) were exsanguinated 1, 3, 6, 12, 18 hr, 1, 2, 3. 4 and 
7 days after injection. Livers and kidneys were homogenized in 3 vol. of 0.1 M Tris-HCI buffer (pH 
7.4, 0.25 M glucose) and the homogenates were centrifuged at 170,000 g for 60 min. Concentrations of 
zinc, copper and iron in serum, liver and kidney supernatant fluids were determined by atomic absorption 
" spectrophotometry. Distribution profiles of zinc in the liver supernatant fluids were investigated on an 
SW 3000 column [TSK GEL, Toyo Soda, Tokyo, 21.5 x 600mm with a precolumn (21.5 x 100 mm)]} 
connected to a high speed liquid chromatograph with a flame atomic absorption spectrophotometer as 
a detector of metals. A 1-ml portion of the supernatant fluids were applied to the column which was 
eluted with 50 mM Tris-HCl buffer (pH 8.6) at a flow rate of 3.7 ml/min. I and II indicate metallothionein- 
I and -II, respectively. 
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INHIBI‘ ION OF INOSINATE DEHYDROGENASE BY 6-AZAURIDINE 


Darel Hunting, George Zombor and J. Frank Henderson 
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Edmonton, Alberta, Canada T6G 2H7 


(Received 11 May 1980; accepted 30 May 1980) 


The growth inhibitory effects of the pyrimidine nucleoside analog, 
6-azauridine have been ascribed primarily to inhibition of orotidylate 
decarboxylase by azauridine 5'-phosphate (reviews: refs. 1,2). Asa 
result of this block, concentrations of pyrimidine nucleotides decline, 
and other secondary alterations in pyrimidine metabolism may occur. Though 
most attention has been focused on these effects of azauridine on pyrimidine 
metabolism, some effects on purine metabolism have also been reported. These 
include accumulation of hypoxanthine in Escherichia coli treated with aza- 
uracil or azauridine (3,4), altered concentrations of adenosine triphosphate 
(ATP), guanosine triphosphate (GTP) and inosinate in cultured murine lymphoma 
L5178Y cells treated with azauridine (5), and increased urinary excretion of 
uric acid in normal and leukemic humans given azauridine (6). 





The basis of the effects of azauridine on purine metabolism has not pre- 
viously been investigated. Here we provide evidence that inosinate dehydro- 
genase, an enzyme of purine ribonucleotide interconversion, is inhibited in 
animal cells treated with azauridine,. 


6-Azauridiné was obtained from Sigma Chemical Co. and dissolved in 0.154 
M sodium chloride. Sources of other materials, as well as procedures for 
the thin-layer chromatographic separation of purine bases, ribonucleosides 
and ribonucleotides and measurement of their radioactivity, have been reported 
previously (7,8). Nucleotide concentrations were determined using HPLC (9). 


Two biological systems were used in these studies. Murine Ehrlich 
ascites tumor cells were incubated as 2% (v/v) suspensions for 30 min in 
Fischer's medium containing 5.5 mM glucose, and Chinese hamster ovary (CHO) 
cells were grown in Alpha Minimal Essential Medium containing 10% dialyzed 
fetal calf serum, or incubated for 30 min in the same medium. 


Table 1. Effects of azauridine on ribonucleotide 
concentrations in CHO cells* 





Azauridine Time Growth Rate Nucleotide Concentrations 
concn. (percent of (percent of control) 

(hr.) control) UTP CTP GTP ATP 

6 89 36 29 97 

86 25 i5 120 

ND 16 3 123 

74 Le 2 128 

55 8 1 135 


* 

Initial cell density, 100,000 to 200,000 cells/ml. 

Control values (nmoles/19°% cells): UTP, 2.39; CTP, 1.23; GTP, 1.07; 
ATP, 5.58. 
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Table 1 shows that while azauridine treatment of CHO cells produced the 
expected decreases in concentrations of uridine triphosphate (UPT) and cyti- 
dine triphosphate (CTP), the concentration of GTP also decreased, though 
not to the same extent; the concentration of ATP was elevated slightly. At 
the drug concentrations and treatment times used, growth was inhibited 
slightly or moderately. These results would be compatible with inhibition of 
one or both of the reactions leading from inosinate to guanylate in the 
pathway of GTP synthesis de novo. As the medium used contains no purines, 
alternative pathways of nucleotide synthesis do not have to be taken into 
consideration. Furthermore, the fact that ATP concentrations did not decrease 
suggests that the pathway of inosinate synthesis de novo was not inhibited. 


Table 2. Effects of azauridine on purine nucleotide synthesis 
from [14c) hypoxanthine in CHO cells* 





Azauridine Nucleotide Radioactivity 
concn. (percent of control) 

(uM) Guanine nucleotides Inosinate Adenine nucleotides 

0 100 100 100 
82.9 101 112 
78.5 126 113 
Siee 415 be 
44.7 1476 116 


"Initial cell density, 510,000 cells/ml. The final concentration of 
(+4c} hypoxanthine (53 mCi/mmole) was 100 pM. Control radioactivity 
(counts per min.): guanine nucleotides, 15,960; inosinate, 1,500; adenine 
nucleotides, 62,120. 











To examine the effects of azauridine treatment on the individual re- 
actions of purine ribonucleotide metabolism in more detail, CHO cells were 
incubated with radioactive hypoxanthine, which is converted to inosinate and 
thence to both ATP and GTP. As shown in Table 2, the incorporation of hypox- 
anthine into guanine nucleotides decreased progressively with the concentra- 
tion of azauridine used; the extents of inhibition observed were similar to 
the decreases in GTP concentrations reported in Table 1. Concentrations of 
radioactive xanthylate were very low, and were not affected by azauridine 
treatment (not shown). Inosinate, however, accumulated to a very considerable 
degree, and in a dose-related manner in azauridine-treated cells. These 
results suggest strongly that azauridine was producing its effects on purine 
metabolism by inhibition of inosinate dehydrogenase rather than by an effect 
on xanthylate aminase. The observed increase in incorporation of radioactive 
hypoxanthine into adenine nucleotides presumably was due to a limited redis- 
tribution of the inosinate which was not used for guanine nucleotide synthesis. 


The accumulation of either inosinate or xanthylate because of drug 
action would be expected (10) to result in the dephosphorylation of part or 
all of these nucleoside monophosphates to inosine and xanthosine, respectively; 
thus analysis of radioactivity in these nucleosides would help provide evi- 
dence for the conclusions reached so far. This is technically difficult in 
the CHO system, however, because of the cell density used and the large volume 
of medium that would have to be analyzed. For this reason further experiments 
were conducted using Ehrlich ascites tumor cells incubated at higher cell 
densities. 


Table 3 shows that the incorporation of radioactive hypoxanthine into 
GTP was inhibited to approximately the same extent in azauridine-treated 
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Table 3. Effects of azauridine on purine nucleotide 
metabolism in Ehrlich ascites tumor cells* 





Azauridine Incorporation of (+4cj) hypoxanthine 
concn. (percent of control) 

GTP Inosinate Inosine ATP 

100 100 

104 143 

112 145 

118 150 

132 171 


* the final concentration of (+ 4cj}nypoxanthine was 100 pM. 
Control radioactivity (counts per min.): GTP, 10,430; 
inosinate, 4,740; inosine, 31,430; ATP, 114,430. 











Ehrlich ascites tumor cells as in CHO cells. Inosinate also accumulated in 

a dose-related manner, and a progressive increase in inosine was also observed. 
(In these cells inosine is formed almost exclusively by the dephosphorylation 
of inosinate, rather than from hypoxanthine (11).) The concentrations of 
xanthylate, xanthosine and xanthine remained very low at all azauridine 
concentrations, again providing evidence that azauridine treatment results 

in inhibition of inosinate dehydrogenase. Increased incorporation of radio- 
activity into ATP presumably was due to redistribution of inosinate; it 

would appear that excess inosinate is used more extensively for ATP synthesis 
in Ehrlich ascites tumor cells than in CHO cells. 


Experiments using pyrazofurin, another inhibitor of orotidylate decar- 
boxylase (12), showed no evidence of inhibition of inosinate dehydrogenase. 
Thus the effects observed here are specific to azauridine, and not simply 
secondary to inhibition of the target enzyme or to reduced concentrations 
of UTP and CTP. 


Clearly, several questions remain to be investigated. First, is the 
effect on inosinate dehydrogenase observed here due to azauridine itself or 
to azauridine 5'-phosphate? Second, to what extent does inhibition of ino- 
sinate dehydrogenase contribute to azauridine-induced growth inhibition and 
cytotoxicity, in view of more potent effects on orotidylate decarboxylase? 
Finally, is the effect of azauridine (or its metabolites) direct or indirect? 
In this case, a direct effect is suggested by the structural resemblance of 
azauridine to several other heterocyclic inhibitors of inosinate dehydro- 
genase, including virazole (1-8-D-ribofuranosyl-1,2,4-triazine-3-carboxamide) 
(13), bredinin (4-carbamoyl-1-ribofuranosyl-imidazolium-5-olate) (14), and 
2-amino-1,3,4-thiadiazole (15); however, this point requires further study. 
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EFFECT OF Li AND OF OTHER IONS ON Na TRANSPORT IN EPITHELIAL CELLS OF FROG SKIN 


Thomas U.L. Biber and Terry L. Mullen 


Department of Physiology, Medical College of Virginia, Richmond, Virginia 23298 
(Received 12 April 1980; accepted 2 May 1980) 


We have used the isolated frog skin preparation of Rana pipiens as a model membrane to 
investigate the effect of Te and of other monatomic ions on Na* transport in epithelial 
cells. We found that addition of Te K*, Rb* and Cs” causes a decrease in Na’ absorption 
whereas addition of Br” and I~ results in an increase in Na* absorption. 

The experiments were done by mounting the frog skin in a chamber which is specifically 
designed to prevent damage to the tissue where it is attached to the chamber (1). Under con- 
trol conditions, the solutions bathing the blood side (basolateral side) and the external 
side (apical side) of the epithelial cells were identical, containing 15 mM NaCl, 100 mM 


choline chloride (chC1), 2.5 mM KHCO., and 1 mM CaCl After completion of the control mea- 


9° 
surements, the 100 mM chCl in the external solution was replaced by an equimolar amount of a 
monatomic test salt. This allowed us to examine whether the addition of a given ion changed 
the Na* transport when the Na” concentration remained 15 mM on both sides of the epithelial 
cells. Except for the brief (<5 sec) interruptions needed for bath changes, the potential 
across the epithelial cells (PD) was maintained at zero throughout the experiment by applying 
an automatic voltage clamping device. Therefore, the electrochemical potential for Na’ re- 
mained equal on both sides of the epithelial cells during the experiment. This experimental 
setup has the advantages that any net movement of Na* across the epithelial cells could be 
assigned to active transport (other forces for net Na* movement were not present) and that 
the current measured under these conditions, the so-called short-circuit current (I,); is 
equal to net Na* movement provided no other ion is transported across the cells (2). The ex- 
perimental design allowed direct determination of the two unidirectional Na* fluxes, namely 
the absorptive Na’ flux (Na influx) from the apical to the basolateral side of the cells 
(i.e. from external bath to "blood side" bath) and the backflux of Na* (Na efflux) which 


22a by 


proceeds in opposite direction across the cells. The Na* fluxes were measured with 
using standard techniques involving liquid scintillation spectrometry (1,3). 

The change in Na’ flux observed in this study began immediately after the introduction 
of the test salt into the external bath and was readily reversible upon return to control 
conditions. This suggested that the changes in absorption of Na* (i.e. Na influx) could be 
due to alterations in the properties of the apical cell membrane, particularly since, under 
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many conditions, the entry of Na” across the apical cell membrane (Na uptake) is the rate- 
limiting step for absorption of Na across the entire epithelium (4,5). 

The relative ability of the substituent ions to inhibit Na influx was, in decreasing 
order, Lit>k*>Rb*>Cs*>choline’ and the relative ability to stimulate was, in decreasing or- 
“>Br >Cl_ (see Figure 1). In general, changes in Na efflux followed the same pattern 
except that the stimulation of Na efflux was larger in presence of Br than in presence of I” 
(the changes in presence of Rb’ and cs* were not significant). Under the conditions tested, 
the net Na flux (Na influx minus Na efflux) was for all practical purpose equal to the Na 
influx since the Na efflux was only a very small fraction of the Na influx. For example, un- 
der control conditions the Na efflux was 0.023 + 0.002 ueq/cm-hr, whereas the Na influx was 


1.004 + 0.048 weq/cm“hr (64 observations for each average). With the exception of uf. the 


sequence of changes in Na influx is identical to the sequence of changes in i. and in PD 


(Figure 1). Of all the cations tested, Li* produced the strongest inhibition of Na* trans- 


port. Li’ is transported actively in the inward direction (i.e. from apical to basolateral 
side) across the epithelial cells of the frog skin (6) by a process involving at least two 
major steps: (1) the entry of Li* into the cells across the apical cell membrane (Li uptake) 
and (2) the extrusion of Li* from the cell across the basolateral cell membrane on the other 
Side of the cell. It has been known for some time that Na and Li uptake across the apical 


cell membrane are closely related. Previous experiments have shown that the Na uptake ex- 
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Figure 1. Average percentage changes + SEM after substitution of 100 mM chCl by different 
test salts. Number of observations for Na influx, Na efflux, PD and short-circuit current 
measurements was 8, 16, 24 and 24, respectively. 
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hibits saturation kinetics and can be described as: 


)/ (Kya Lg Na aye)? + (aNa 


Na uptake = ((e Na ) 


ext ext 
where J" is the maximal Na uptake, Kya is an "apparent Michaelis constant", a is a perme- 


ability coefficient and Na is the Na concentration in the external bath (7). In this 


ext 
equation, the last term, ONG At describes a linear component which is very small when com- 
pared to the saturating component (first term in equation). J” and Kya were determined to be 
4.0 yeq/cm¢hr and 14.3 mM, respectively. In the same study it was discovered that when Li* 


is added to the external bath, Na uptake is inhibited competitively with an inhibitor con- 


stant for t Ki ge of about 25 mM (7). This suggests that Na’ and Li’ share a common path- 


way or site for entrance into the cells. Another explanation, that inhibition of the Na up- 
take is exclusively the result of a Li*-induced shift in cell membrane potential (8) is not 
tenable since the degree of inhibition is vastly different from the one calculated from the 
magnitude of the cell membrane potential shift. i” uptake proceeds along a favorable elec- 
trochemical gradient since, in the short-circuited preparation, the intracellular potential 
is substantially negative, even in presence of high Li’ levels in the external bath (8). In 
fact such potentials account for the observed accumulation of i to ten times the level in 
the external bath (9,10). On the other hand the extrusion of Li* across the basolateral cell 
membrane must be assigned to active transport since this transfer proceeds against an elec- 
trochemical gradient. 

Figure 1 indicates that Li* proceeds in an inward direction at a considerable rate when 
added to the external bath, since the current increased by 20% instead of decreasing in pro- 
portion to the Na influx to 15% of the control values. From this and from earlier work which 
showed that net movement of Li* is accompanied by an equivalent current (6) one must con 
clude that ie” absorption proceeded at a slightly higher rate than the Na influx under 
control conditions (0.6 ueq/cmehr). It should be noted here that the experiments with Li® 
were the only ones in which short-circuit current differed from the Na influx. 

Studies done on toad urinary bladder indicate that ty cannot be transported against 
as great an electrochemical gradient as Na (11). This limited capability for reabsorption 
against a gradient has been used by Hayslett and Kashgarian (12) as possible explanation for 
their observation that, in the rat kidney, no Li* is reabsorbed in the distal parts of the 
nephron in which Li® faces a large adverse electrochemical gradient, whereas 75% of the fil- 
tered Li* is reabsorbed in more proximal parts of the nephron. 

This study shows that K* causes a 45% inhibition of Na influx, presumably because it 
inhibits Na transport at the apical cell membrane. This view is supported by other experi- 
ments in which inhibition of Na uptake by K* was observed in direct measurements of Na entry 
across the apical cell membrane (13). 


The nature of the interaction of ions other than Li* with Na uptake remains to be de- 
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dermined. It is interesting to note that both the decrease in inhibition of Na influx in 

the cation series as well as the increase in stimulation of Na influx in the anion series 

are correlated with the size of the radius of the crystal of the different ions (see Fig- 

ure 2). This suggests that dimensional properties of these ions are an important factor in 
the interaction with Na transport. Further studies are under way to try to characterize this 


interaction more fully. 
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Figure 2. Changes in Na influx shown in Figure 1 plotted against the square of the crystal 
ion radius. 


REFERENCES 


.U.L. Biber and T.L. Mullen, Am J. Physiol. 231, 995 (1976), 


.H. Ussing and K. Zerahn, Acta Physiol. Scand. 23, 110 (195i), 





.U.L. Biber and P.F. Curran, J. Gen. Physiol. 51, 606 (1968), 





.U.L. Biber and L.J. Cruz, Am. J. Physiol. 225, 912 (1973), 
.J. Cruz and T.U.L. Biber, Am J. Physiol. 231, 1866 (1976), 
. Zerahn, Acta Physiol. Scand. 33, 347 (1955), 


.U.L. Biber and P.F. Curran, J. Gen. Physiol. 56, 83 (1970), 





. Nagel, J. Membrane Biol. 37, 347 (1977). 


. Hvid Hansen and K. Zerahn, Acta Physiol. Scand. 60, 189 (1964), 





. Leblanc, Pfluegers Arch. 337, 1 (1972). 


F.C. Herrera, R. Egea and A.M. Herrera, Am. J. Physiol. 220, 1501 (1971), 





J.P. Hayslett and M. Kashgarian, Pfluegers Arch. 380, 159 (1979), 


C.A. Rotunno, F.A. Villalonga, M. Fernandez and M. Cereijido, J. Gen. Physiol. 55, 716 





-(1970), 





Biochemical Pharmacology, Vol. 29, pp. 2269-2272. 0006-2952/8008 15-2269$02.00/0 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


SEPARATE BINDING SITES FOR HISTAMINIC DRUGS IN RAT CEREBRAL CORTEX 
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Saturable binding in brain has been reported for the H, antihistamine [3H]mepyramine in 
several mammalian species [1-4], the H2 antihistamine [°H]cimetidine in guinea pig [5], and 
[3H]histamine itself in rat [6]. A comparison of the sites occupied by these probes is ren- 
dered difficult, however, by differences both in species and in experimental conditions among 
the different laboratories. Comparative studies with mepyramine, for example, have shown 
that a seven-fold difference in affinity exists between guinea pig and rat [3,4]. To probe 
the relationships among these sites, we have measured the binding of all three radiolabelled 
drugs in the same subcellular fraction from rat cerebral cortex. The results indicate that 
each site is distinct and raise the possibility that Hp antihistaminic effects do not arise 


from simple occlusion of a receptor otherwise accessible to an agonist. 


MATERIALS AND METHODS 

All assays were carried out on a crude synaptosomal preparation similar to that de- 
scribed elsewhere [7]: P2 pellets were prepared from the pooled cerebral cortices of 20-40 
male rats (Charles River Wistar, 176-225 g) and suspended in a modified Krebs-Henseleit 
buffer at pH 7.5. Protein concentration was estimated by the Lowry method using bovine serum 
albumin as the standard. Radioligands were purchased from either New England Nuclear ([3H]- 
mepyramine, 28.5 and 27.0 Ci/mmol; [°H]histamine, 8.13 and 8.80 Ci/mmol) or Amersham Corpora- 
tion ([°H]cimetidine, 17.0 Ci/mmol). 


Binding was measured as described by Birdsall et al.[7]; reaction mixtures containing 
the drugs and the synaptosomal suspension (1.0-1.7 mg protein per ml) were allowed to equil- 
ibrate for 45 min at 30° and assays were performed in quintuplicate. In competitive experi- 
ments, the specific component of binding constituted approximately 20% of total binding for 
[3H]histamine, 26% for [°H]cimetidine, and 60% for [3H]mepyramine at the concentrations of 
radioligand used. Full inhibition of the specific component was taken as a region of the 
competition profile in which binding was independent of the concentration of unlabelled 
ligand. Concentrations in this region were chosen to define the non-specific component when 
binding was measured directly; that is, when the amount of radiolabelled ligand was varied. 
For each radiolabelled probe, the ratio of specific to non-specific binding was the same with 
several unlabelled histaminic drugs. Free and bound radioactivity were separated by rapid 
filtration through fibreglass filters (Whatman GF/F) in competitive experiments with [°H]- 


mepyramine, and by microcentrifugation in all other experiments. 


Direct binding curves typically contained 10-14 data points and competition curves 14-20 


data points; good fits of the data were obtained with a rectangular hyperbola and the Hill 


equation, respectively. Standard errors on each point generally were less than 2% with [3H]- 


histamine and [H]mepyramine, and less than 1% with [%H]cimetidine. Parametric values were 


estimated using the non-linear, iterative procedure of Marquardt [8]. 
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RESULTS AND DISCUSSION 
Two experimental approaches have been used to confirm that the binding data are inter- 


nally consistent for the three ligands available in tritiated form. With [3H]mepyramine and 


[*H]histamine, good agreement is obtained between affinities measured directly (Ky> Table 1) 


and by dilution with the non-radiolabelled analogue (K.» Table 2). For these two ligands, 
specific binding was measurable at concentrations of the radiolabel sufficient to occupy more 
than 60% of the sites. Capacity thus was determined simultaneously with affinity when fitting 
a rectangular hyperbola to the direct binding data. With [3H]cimetidine, however, the rela- 
tively low affinity precludes direct measurements above 45% occupancy and restricts competi- 
tive studies to lower levels where the ratio of specific to total binding is more favourable. 
The affinity of this drug thus was determined from cimetidine/[2H]cimetidine competition pro- 
files obtained at two concentrations of the radioligand: 2.2 nM and 23 nM. Assuming only 
that binding is to a single population of sites, the fitting procedure yielded a value of 

6.86 for -log Ka (Table 1) that was in excellent agreement with all of the data. The capacity 
for cimetidine then was determined by assigning this value to -log Ka when fitting a rectan- 
gular hyperbola to the direct binding data. With all three probes, competitive profiles 
obtained by dilution with the unlabelled analogue were characterised by Hill coefficients 


near one. 


Several lines of evidence indicate that the three probes label different sites in the 
suspension. (a) Whereas absolute capacities differed markedly among groups of 20-40 animals 
(Table 1), relative capacities within any particular preparation yielded a constant ratio of 
approximately 1:2:11 for [*H]histamine, [*H]mepyramine, and [°H]cimetidine, respectively. 
(b) A'series of histaminic drugs including three antagonists, six agonists, and histamine 
itself all exhibit different competitive potencies versus each of the three, radiolabelled 
probes (Table 2). (c) The affinities of histamine, mepyramine, and cimetidine permit each 
site to be saturated selectively; that is, each of the three drugs can be added at a concen- 
tration that saturates its site of highest affinity while occupying only a negligible frac- 
tion of the other two sites. A series of competitive experiments has demonstrated that the 
affinity of any one drug measured via the progressive dilution of its radiolabelled analogue 


is not affected by selective saturation of either of the other two sites (data not shown). 


Good agreement exists for H, antihistamines between binding affinity at the [ H]- 
mepyramine site and H, pharmacological potency in the guinea pig ileum [1,2]. Similarly, the 
affinities of cimetidine and metiamide at the [°H]cimetidine site recall their Hz pharmacolo- 
gical potencies in the guinea pig right atrium (Table 2). Among H, agonists, however, there 
is no apparent agreement at any of the three sites between binding affinity and H, pharmaco- 
logical potency in the ileum, although the similarity of affinities introduces some uncer- 
tainty into the rank order (Table 2). At the [°H]mepyramine site, for example, there is only 
a 1.2-fold difference in K. between 2-pyridylethylamine and 2-methylhistamine. In contrast, 


Ho-active agonists apart from histamine exhibit a strong correlation (P < 0.05) and a marked 


numerical similarity between affinity at the { 3H]histamine site and H2 pharmacological potency 
in the atrium (Table 2). No such agreement is found for these agonists at either of the other 
two sites. With the Hp antagonists cimetidine and metiamide, affinities measured at the [°H]- 
histamine site are 6-26 times lower than reported pharmacological potencies in the atrium 


(Table 2). 


The present data describe a paradox wherein agreement between binding affinity and H2 
pharmacological potency occurs at one site for Hz antagonists and at a separate and mutually 
independent site for Hz agonists. No interconversion of these sites has been observed under 


the conditions of the binding studies. While this pattern appears to argue in favour of 





Preliminary Communications 


Table l. Direct binding of histaminic ligands* 





[ 3H] Ligand Capacityt 
(pmol/g protein) 





(7H]Histamine 8 (5) 7.84+.04 (5) 
[ 3H ]Mepyramine 8 (4) 8.43 +.09 (4) 
{ °H]Cimetidine 21 to 27 (3) 6.86 + .04 





* Concentrations of unlabelled ligands used to define non-specific 
binding were as follows: 2 uM triprolidine or promethazine with [ 3HJ- 
mMepyramine, 32 uM metiamide or cimetidine with [ °9H]cimetidine, 10 uM 
histamine with [°H]histamine. Parametric values were determined as 
described in the text and are presented as mean + S.E.M. The number 
of independent experiments is shown in parentheses. Where the number 
of experiments exceeds one, the error reflects the variability among 
experiments; where only one experiment was made, the error reflects 
the fit of the model to the data. 

t+ Values indicate the range found for the number of experiments shown. 


Competitive binding and reported pharmacological activity of histaminic ligands* 





-log Kt -log ECso 





[°H]Mepyramine [°H]Cimetidine [°H]Histamine Guinea pig Guinea pig 
atrium ileum 





Histamine 366+ .16 ©) 3.76% (1) 8.15 + (8) 5.96 [ 9] 


Mepyramine 8.19 + .08 (3) 3.252 .05: (2) S.168't (2) 
Cimetidine 3.25.+..06 3) 6.74+ .08 (4) 4.89 + (2) 6.53il 
Metiamide 3.14+.10 (1) 6.47+ .09 (1) 5.442. (2) 6.199 


2-Methylhistamine 3.90 +.07 (1) 3.29+.07 (1) 4.94+ (3) 4.70 [ 9] 6.4758 
2-Thiazolylethylamine 3.85+. (1) <3.0 (1) 4.07+.08 (2) x 6.678 
2-Pyridylethylamine 3.822. (1) 3.10 t .14 CL) 4.34% «27 2) ak 6.008 


4-Methy lhistamine 3.10 + (1) 3.87 +t .09 (1) 5.43 + .03 (2) 5.51 [ 9] 4.615 
Impromidine 4.71+ (1) 5.75  .06 (1) 7.48+.10 (2) 7.60 [10] <3.0 [10] 
Dimaprit 3.52% (1) <3.0 (1) 6.07 + <5. (5) 5.74 [11] oi 





* Concentrations of the radiolabelled ligand in competitive binding experiments were as 
follows: [°H]mepyramine, 0.7-0.9 nM; [3H]cimetidine, 2-23 nM; [3H]histamine, 5-10 nM. 
Further experimental details are described in the text and in the legend to Table l. 

+ The molar concentration of unlabelled ligand required to inhibit the specific component 
of binding by 50% was obtained by fitting the Hill equation to the competition profile; this 
value was corrected by the factor (1+[ [*H] Ligand] /K,) to yield Ko. 

§ Potency was calculated from the reported percentage activity [12] relative to that of 
histamine. The value shown for histamine represents the mean (S.E.M. = 0.20) from five pub- 
lished dose-response curves [13,14]. 

| Value of pA2 measured against impromidine [10]. 

1 ‘Value of pAp measured against dimaprit [11]. 

** Reported to exhibit less than 1% the activity of histamine [12]. 
tt Reported to exhibit less than 0.0001% the activity of histamine [11]. 
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separate sites for agonists and antagonists in controlling Hz responses im vivo, it must be 
noted that a correlation does not in itself establish that a binding site is indeed a receptor. 
Caution particularly is required in the case of agonists and when the comparisons are between 
observations in different tissues. Moreover, histamine itself exhibits a range of pharmacolo- 
gical potencies, often the result of both H, and Hp effects, that generally fall between its 


binding affinities at the [3H]histamine and the [°H]cimetidine sites. 
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Abstract—Preincubation of rat peritoneal macrophages with D-penicillamine increased their uptake of 
labelled aggregated human gamma globulin ({'*IJAHG) without affecting the rate of degradation of 
the aggregates. Administration of D-penicillamine (50 mg.kg ‘day ' p.o.) to normal rats resulted in 
increased uptake of ['*I]AHG by peritoneal macrophages after 4 days of treatment, but not after 14 
and 28 days of treatment. In contrast, macrophages from rats with adjuvant arthritis treated with p- 
penicillamine (50 mg.kg '.day' p.o.) exhibited an increased uptake of ['"IJAHG throughout the course 
of the disease. Administration of D-penicillamine in vivo had no effect on the rate of degradation of 
['I]AHG by freshly prepared macrophages. Culture for 24 hr in vitro prior to incubation with 
['>1]|AHG led to a decrease in the rate of degradation of the labelled aggregates by macrophages from 
untreated or D-penicillamine-treated rats and from rats with adjuvant arthritis, but not by macrophages 
from D-penicillamine-treated adjuvant arthritic rats. It is suggested that D-penicillamine may exert a 
stimulatory effect on the reticuloendothelial function during chronic inflammatory disease, and that this 


effect may be mediated via an interaction with the macrophage plasma membrane. 


p-Penicillamine has been used for more than twenty 
years in the treatment of rheumatoid arthritis, but 
its mechanism of action still remains obscure. Treat- 
ment with D-penicillamine has been reported to 
influence a number of immunological parameters 
during the course of rheumatoid arthritis [1-4]. A 
consistent feature is the reduction in the level of 
circulating immune complexes which has been 
observed both in patients with rheumatoid arthritis 
[5-7] and with primary biliary cirrhosis [8]. It has 
been suggested that D-penicillamine may alter the 
antigenic stimulus to immunoglobulin production 
[5], interfere with cellular immunological reactions 
leading to immunoglobulin synthesis [9] or interact 
with the de novo formation of complexes [10]. 
Another possibility is that treatment with D-penicil- 
lamine may increase the removal of immune com- 
plexes by a stimulatory effect on the reticuloen- 
dothelial system. pD-Penicillamine has previously 
been shown to influence macrophage functions in a 
number of animal studies. Rat peritoneal macro- 
phages preincubated with D-penicillamine were 
found to modulate the response of purified lympho- 
cytes to Concanavalin A [11]. /n vivo administration 
of D-penicillamine to rats has been shown to increase 
the response of spleen and lymph node cells to Con- 
canavalin A, but only in the presence of intact macro- 
phages [12]. Jn vitro ['C]p-penicillamine binds to 
the plasma membrane of macrophages, but not to 
lymphocytes [13], and D-penicillamine enhances the 
uptake of ["“Cjp-glucosamine by rat peritoneal 
macrophages [11]. 

In the present study the effect of D-penicillamine 
in vitro and in vivo on macrophage phagocytosis was 
investigated. The uptake and rate of degradation of 
'25T-labelled human heat-aggregated gamma globulin 
by rat peritoneal macrophages were studied using 
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macrophages preincubated with D-penicillamine and 
macrophages from  D-penicillamine-treated rats. 
Experiments were also performed with macrophages 
from rats with adjuvant arthritis in order to study 
the effect of D-penicillamine on the phagocytic pro- 
cess during chronic inflammatory disease. 


MATERIALS AND METHODS 


Preparation of macrophages. Macrophages were 
obtained from the peritoneal cavity of inbred, female 
Lewis rats (body wt 180-200 g) by injection of 10 ml 
sterile saline. The abdomen was gently massaged 
and the cells were aspirated, counted, washed, and 
resuspended in culture medium at 0.5 x 10° cells/ml. 
The culture medium consisted of RPMI 1640 sup- 
plemented with 2 mM glutamine, 100 units/ml pen- 
icillin, and 100 ug/ml streptomycin. Macrophages 
were collected from normal rats and from rats with 
adjuvant arthritis. Adjuvant arthritis was induced by 
injecting 0.3 mg of heat-killed Mycobacterium buty- 
ricum (Difco) suspended in 0.1 ml of mineral oil into 
the footpad of the right hind paw. Animals treated 
with p-penicillamine were dosed daily with 50 mg/kg 
orally (D-penicillamine, free base, pyrogen-free, 
Sigma Chem. Co.) and macrophages were collected 
24 hr after the last dose. 

Preparation of labelled aggregated human gamma 
globulin ['*1|AHG. Human IgG (Sigma Chem. Co., 
Cohn fraction V, 4 mg/ml) was aggregated at 63° for 
30 min and centrifuged at 1500 g for 30 min to remove 
any insoluble aggregates. Iodination was performed 
by the chloramine-T method [14], using 2 mCi of 
carrier free ['*I] (100 mCi/ml, The Radiochemical 
Centre, Amersham, U.K.) per ml of aggregated IgG. 
['°I]AHG was dialysed against phosphate buffered 
saline (PBS), pH 7.4, for 24hr, with four changes 
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of buffer, and centrifuged at 2000 g for 30 min. The 
preparation was adjusted to 2 mg/ml of protein, with 
a specific activity of 3.3 x 10° cpm/ug protein, and 
stored at 4° for a maximum of 3 weeks. 

Assay of phagocytosis. The test was performed in 
flat bottomed tissue-culture-treated multidishes 
(Nunc No. 145-68357, Denmark) with 24 wells. The 
wells were pretreated for | hr with culture medium 
containing 10% heat-inactivated Lewis rat serum to 
reduce nonspecific adherence of ['*I|AHG to the 
plastic surface [15]. Aliquots of 0.5 ml macrophage 
suspension (0.5 x 10° cells/ml) were added to each 
well and the macrophages were allowed to adhere 
for 1 hr at 37° in 5% CO, in air. Nonadherent cells 
were removed and counted. Adherent cell mono- 
layers were found to consist of 99 per cent pure 
macrophages, as assessed by staining for membrane- 
associated nonspecific esterase [16]. A 0.5 ml portion 
of medium containing 10 ug/ml ['*I]AHG was added 
to each well. After incubation for 60 min at 37°, the 
cultures were washed with 4 x | ml medium and the 
adherent cells were solubilized in 0.5 N NaOH over- 
night and counted. In some experiments the cultures 
were preincubated with pD-penicillamine (0- 
500 ug/ml) for 2hr prior to incubation with 
['SIJAHG. 

All samples were performed in triplicate and the 
results were calculated as mean cpm/10° macro- 
phages, corrected for nonspecific adherence of 
['°I]AHG. Nonspecific adherence was assessed both 
in cultures with ['*IJAHG, but without macro- 
phages, incubated for the same period of time as the 
cultures with macrophages, and in cultures where 
['°I]JAHG was added to the macrophages just prior 
to the washings. The two methods gave comparable 
results, nonspecific adherence being about 10 per 
cent of the total amount of ['*I] incorporated. 
Macrophages were collected and assayed individu- 
ally from three rats from each experimental group, 
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with the exception of the experiments with D-peni- 
cillamine in vitro where pooled macrophages from 
three rats were used. All experiments were repeated 
three times and the results were expressed as cpm/10° 
macrophages + S.E.M. Statistical analysis was per- 
formed using Student’s t-test. The viability of the 
cells was determined before culture and at the end 
of incubation by the eosin Y exclusion method. 

Degradation of {'“1|AHG. Macrophages (0.5 x 10° 
cells/ml) were incubated with 10 ug/ml of ]'*I]AHG 
for 60 min, washed with 4 x 1 ml medium and rein- 
cubated in 1 ml medium. At various times aliquots 
of 100 ul medium were removed and precipitated 
with 1 ml 6% trichloroacetic acid (TCA); 25 ul of 
serum was added as carrier protein. The amount of 
nonprecipitable ['*°I] was determined in the super- 
natant fraction. Calculation of the half-life of 
['°I]JAHG was performed as described by Tew and 
Mandel [17]. 


RESULTS 


Effects of D-penicillamine in vitro on macrophage 
phagocytosis. Uptake of ['*I]-labelled aggregated 
human IgG ({'*I]AHG, 10 ug/ml) by rat peritoneal 
macrophages (0.5 x 10° cells/ml) was found to be 
maximal after 60 min of incubation. Longer periods 
of incubation resulted in degradation of the aggre- 
gates taken up, as measured by the appearance of 
nonprecipitable ['*I]AHG in the culture medium 
(results not shown). An incubation time of 60 min 
was therefore adopted throughout the experiments. 
Preincubation of rat peritoneal macrophages with D- 
penicillamine (0-500 ug/ml) for 2hr prior to the 
addition of ['*I]AHG resulted in a dose-dependent 
increase in the uptake of labelled aggregates (Fig. 
1), with a 57 per cent increase for the highest con- 
centration of D-penicillamine. No decrease in cell 
viability or in the number of adherent cells was found 
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Fig. 1. Uptake of ['SI]JAHG by D-penicillamine-preincubated macrophages. Peritoneal macrophages 

(0.5 x 10° cells/ml) pooled from three Lewis rats were preincubated with D-penicillamine (0-500 ug/ml) 

for 2hr, washed and reincubated with 10 ug/ml ['“IJAHG for 60min. Uptake of radioactivity was 

determined after digestion of the macrophages with 0.5 N NaOH. Each point represents the mean of 
three separate experiments, expressed as cpm/10° macrophages (+S.E.M.). 
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Fig. 2. Degradation of ['*IJAHG by p-penicillamine-preincubated macrophages. Peritoneal macro- 

phages (0.5 x 10° cells/ml) pooled from three Lewis rats were preincubated with D-penicillamine 

(O—O 0 ug/ml; @—® 100 ug/ml; B—® 250 ug/ml; O——O 500 ug/ml) for 2 hr, washed and 

reincubated with 10 ug/ml ['*°I]AHG for 60 min. The cells were washed and the release of nonprecipitable 

['*I] was measured after 0.5, 1.0, 2.0, 4.0 and 18.0 hr. Each point represents the mean of three separate 
cultures, expressed as per cent release of ['*I] from the ('1]AHG taken up. 


under these conditions. The rate of degradation of 
the [‘°I]AHG taken up was next measured. Figure 
2 shows the release of nonprecipitable ['**I] from 
macrophages preincubated with D-penicillamine 
(100, 250 and 500 ug/ml). The half-life of the labelled 
aggregates was found to be 1.5hr in untreated 
macrophages, while no significant differences were 
observed with macrophages preincubated with p- 
penicillamine. 

Uptake of ['*I]JAHG by macrophages from rats 
treated with D-penicillamine. In order to study the 
effect of D-penicillamine in vivo on the uptake of 
['>I]AHG, peritoneal macrophages were obtained 
from Lewis rats treated orally with D-penicillamine 
(50 mg.kg™'.day~') for various periods of time. Max- 
imum uptake of ['*I]AHG by macrophages occurred 


after 60 min of incubation of cultures from both 
untreated and D-penicillamine-treated rats (results 
not shown). Table 1 shows that the recovery of 
macrophages from the peritoneal cavity was unaf- 
fected by treatment with D-penicillamine. After four 
days of treatment with D-penicillamine, the uptake 
of ['“I]AHG was significantly increased (by 158 per 
cent), compared to the uptake by macrophages from 
untreated rats. After 14 and 28 days of treatment 
with D-penicillamine, however, increased uptake of 
['°I]AHG was no longer evident (Table 1). No dif- 
ferences in cell viability or in the number of adherent 
cells were observed throughout the experiment. 
Uptake of {'°I|AHG by macrophages from rats 
with chronic inflammation. To study the effect of 
treatment with p-penicillamine on the uptake of 


Table 1. Uptake of ['*IJAHG by macrophages from rats treated with D-penicillamine* 





Recovery of 
macrophages 


Treatment (10° cells/rat + $.D.) 


Uptake of ['*I]JAHG 
(cpm/10° macrophages 


Increase 


+ S.E.M.) in uptake (%) 





Control rats 
(N = 15) 

D-penicillamine 

50 mg.kg™'.day~' (4x) 
(N = 15) 

D-penicillamine 

50 mg.kg"'.day~' (14x) 
(N = 9) 

D-penicillamine 

50 mg.kg”'.day~' (28x) 
(N = 9) 


10.19 + 1.07 


9.15 + 1.92 


11.10 + 1.54 


10.30 + 1.31 


30,744 + 2625 
79,242 + 8820 <0.001 


31,772 +6448 


30,246 + 2929 = n.s. 





* Peritoneal macrophages (0.5 x 10° cells/ml) were collected from Lewis rats, treated with D-penicillamine 
(50 mg.kg~'.day~! p.o.) for 4, 14, and 28 days. The macrophages were incubated with 10 ug/ml ['*I]JAHG for 60 min 
and the uptake of radioactivity was expressed as cpm/10° macrophages (+S.E.M.). N = number of rats in each 


experimental group, n.s. = not significant. 
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['I]AHG by macrophages during chronic inflam- 
matory disease, adjuvant arthritis was induced in 
Lewis rats. Macrophages were collected from the 
peritoneal cavity of normal and adjuvant arthritic 
rats, untreated or treated with D-penicillamine 
(50 mg.kg™'.day' orally) for various periods of time. 
Figure 3 shows that the uptake of ['*I|AHG by 
macrophages from untreated adjuvant arthritic rats 
was not significantly different from that of the cor- 
responding cultures of macrophages from normal 
rats, with the possible exception of day 8 after 
induction of adjuvant arthritis where the uptake was 
inhibited by 46 per cent. This value, however, did 
not reach statistical significance. On the other hand, 
macrophages from adjuvant arthritic rats treated 
with D-penicillamine showed a significantly increased 
uptake of ['*IJAHG at all times of assay, with a 
mean increase of 140 per cent, compared to the 
cultures from untreated adjuvant arthritic rats. No 
differences in cell viability, recovery of cells or in 
the number of adherent cells were observed between 
any of the experimental groups. Maximum incor- 
poration of ['“I[AHG was always observed after 
60 min of incubation. 

Degradation of {'*1|AHG by macrophages from 
rats with chronic inflammation. Figure 4, panel a, 
shows the release of nonprecipitable ['~I] from 
freshly prepared macrophages from normal and 
adjuvant arthritic rats, untreated or treated with D- 
penicillamine for 14 days. Macrophages from all 
experimental groups released ['*I] at a comparable 
rate; the half-life of the ['*IJAHG being 1.0-1.5 hr. 
In contrast, when the macrophages were cultured 
for 24 hr before incubation with ['“I|AHG, the rate 
of degradation was found to be much slower. Only 
50 per cent of the label was released after 6 hr of 
incubation from macrophages from normal rats, 
untreated or treated with D-penicillamine and from 
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rats with adjuvant arthritis (Figure 4, panel b). 
Macrophages from D-penicillamine-treated adjuvant 
arthritic rats, however, released ['**I] at a rate com- 
parable to that observed with freshly prepared 
macrophages, and all the ['*I|AHG taken up was 
degraded after 6hr of incubation. No differences 
were observed in the uptake of ['*I]AHG by freshly 
prepared macrophages and macrophages cultured 
for 24 hr prior to incubation with ['~I]AHG (results 
not shown). All cultures were found to contain more 
than 90 per cent viable cells after 24 hr of culture. 


DISCUSSION 


D-penicillamine was found to increase the uptake 
of labelled aggregated human gamma globulin 
({'IJAHG) by rat peritoneal macrophages when 
added in vitro in concentrations from 100 to 
500 ug/ml. ['°I]AHG was degraded with a half-life 
of 1.5hr both by untreated and p-penicillamine- 
preincubated macrophages, in accordance with the 
reported value of 2hr for clearance of human 
immune complexes by mouse peritoneal macro- 
phages [17]. D-penicillamine has previously been 
shown to bind to the plasma membrane of rat per- 
itoneal macrophages [13] and this interaction may 
result in an increased access to or exposure of recep- 
tors for immune complexes and IgG aggregates. 
Alternatively, binding of D-penicillamine to the 
macrophage membrane may increase membrane 
turnover, thus increasing the rate of internalization 
of bound aggregates. Evidence in favour of this 
possibility may be provided by the findings of 
increased ['*C]-glucosamine uptake in macrophages 
incubated with p-penicillamine [11]. 

When pD-penicillamine was administered in vivo 
to rats an increased uptake of ['*I]JAHG was found 
after four days of treatment. Despite continuous 














% 28 days after induction 
of adjuvant arthritis 


Fig. 3. Uptake of ['“IJAHG by macrophages from rats with adjuvant arthritis. Peritoneal macrophages 

were collected from normal rats (Q), rats with adjuvant arthritis (Z) and rats with adjuvant arthritis 

treated with 50 mg.kg '.day '. p.o. of D-penicillamine (@). The macrophages (0.5 x 10° cells/ml) were 

incubated with 10 ug/ml ['“I|AHG for 60 min and the uptake of radioactivity was expressed as cpm/10° 

macrophages. Each bar represents the mean (+S.E.M.) of three separate experiments, each experi- 
mental group consisting of three rats. 
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Fig. 4. Degradation of ['°I]JAHG by macrophages from rats with adjuvant arthritis. Release of 
nonprecipitable [!”°I] from peritoneal macrophages (0.5 x 10° cells/ml) was measured at selected intervals 
after incubation with 10 ug/ml ['°1]AHG for 60 min. (a) Freshly prepared macrophages. (b) Macrophages 
cultured for 24 hr prior to incubation with ['I]AHG. Macrophages were collected 14 days after the 
induction of adjuvant arthritis from rats receiving no treatment (@——®) or from rats treated with 
50 mg.kg”'.day ' of D-penicillamine (&#——@®). Control macrophages were collected from nonarthritic 
rats receiving no treatment (O——©) or treated with 50 m .kg”'.day~! of p-penicillamine for 14 days 
(O——(). Each point represents the mean release of ['*I] from three separate cultures prepared 
individually from three rats from each experimental group. 


administration of D-penicillamine, this effect was not 
found at later times of assay. Treatment with D- 
penicillamine has previously been shown to increase 
the response of rat lymphocytes to the T cell mitogen 
Concanavalin A [12]. This effect was self-limiting 
and vanished after two to three weeks, despite con- 
tinued administration of the drug. These observa- 
tions suggest that the organism may respond by a 
feedback mechanism to control the stimulatory 
effects of D-penicillamine. In contrast, treatment 
with D-penicillamine of rats with adjuvant arthritis 
resulted in an increased uptake of ['*I]AHG by the 
peritoneal macrophages throughout the course of 
the disease, thus giving rise to a longlasting effect 
of D-penicillamine on phagocytic functions during 
experimental chronic inflammatory disease. These 
results are consistent with previous reports describ- 
ing an increased clearance of carbon particles in New 
Zealand White rabbits treated with D-penicillamine 
[18] and an increase in the phagocytic rate of poly- 
morphonuclear leucocytes from patients with rheu- 
matoid arthritis after treatment with D-penicillamine 
19]. 

_ ane with D-penicillamine in vivo had no 
effect on the rate of degradation of ['“I[AHG by 
freshly prepared macrophages. Macrophages col- 
lected from normal untreated and D-penicillamine- 
treated rats and from rats with adjuvant arthritis and 
maintained in culture for 24 hr prior to incubation 
with ['*I]JAHG exhibited a decreased rate of degra- 
dation of the labelled aggregates, despite an 
unchanged uptake of ['*I]JAHG. This may be due 
to membrane alterations induced by culture of 
macrophages in serum free medium [20]. It is pos- 
sible to speculate that binding of |'“I]AHG to mem- 
brane receptors may proceed normally, but that 
membrane internalization or phago-lysosome for- 
mation may be impaired. In contrast, macrophages 


collected from rats with adjuvant arthritis treated 
with D-penicillamine displayed a rate of degradation 
of ['°I]AHG similar to that found with freshly pre- 
pared macrophages. These findings provide addi- 
tional evidence for an effect of D-penicillamine at 
the level of the macrophage membrane but require 
further investigations in order to clarify the exact 
mechanism of action. 

The reported observations may contribute to an 
understanding of the clinical effects of D-penicillam- 
ine. A stimulatory effect of D-penicillamine on the 
reticuloendothelial system resulting in increased 
clearance of circulating immune complexes may be 
of special benefit in view of the recently described 
deficient function of the splenic reticuloendothelial 
system in patients with rheumatoid arthritis [21]. 
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Abstract—Treatment of rat C6 glioma cells in culture with 100 mM ethanol led to increased ecto-5’- 
nucleotidase activity. Studies were performed to obtain information on the mechanism(s) of action for 
this effect. Growth of C6 glioma cells in 100mM ethanol for 6 days increased ecto-5’-nucleotidase 
activity but had no effect on the pH optima or substrate specificity of the ecto-enzyme. A comparison 
of enzyme activity of intact cells with that of disrupted cells revealed a selective stimulation of the ecto- 
enzyme, i.e. the enzyme on the outer plasma membrane. Kinetic studies of cells continuously treated 
with 100 mM ethanol for 6 days showed an apparent increase in affinity of the ecto-enzyme for 5’- 
AMP, with no appreciable change in the maximum velocity (V,,x). The concentration-dependent 
inhibition of ecto-5'-nucleotidase activity by Concanavalin A (Con A) was antagonized by ethanol 
treatment. Double reciprocal plot analysis showed that ethanol acted in an apparently noncompetitive 
manner with respect to Con A inhibition. It appears that the availability of the catalytic site of the ecto- 
5’-nucleotidase to exogenous substrates was increased. The data are consistent with rearrangement of 


the plasma membrane resulting from continuous exposure to ethanol. 


The enzyme 5’-nucleotidase (5’-ribonucleotide phos- 
phohydrolase, EC 3.1.3.5) is a component of most 
mammalian cell plasma membranes and is often used 
as an enzyme marker in studies on this cellular struc- 
ture [1]. In several cell types this enzyme. has been 
shown to behave as an ecto-enzyme, that is, as one 
being present on the outer surface of the cell mem- 
brane [2-5]. 

In the nervous system, 5’-nucleotidase is associ- 
ated with glial cell membranes [6, 7] and has been 
shown to be an ecto-enzyme in glioma [5] cell cul- 
tures. The enzyme appears to be part of an extra- 
cellular chain of enzymes that catalyze the break- 
down of membrane-impermeable nucleotides into 
membrane-permeable nucleosides [8]. In nervous 
tissue the enzyme may be particularly important for 
the production of adenosine, a nucleoside with con- 
siderable neuromodulating activity [9-12]. 

We previously reported an increase in the ecto- 
5'-nucleotidase activity of the rat glioma C6 cell line 
after exposure to ethanol [12]. In that study we 
determined that the stimulatory effect of ethanol 
treatment was not a consequence of changes in cell 
viability, of increased leakiness of substrate into or 
enzyme out of the cell, or of the acute effect of 
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ethanol treatment. In the present investigation we 
have examined enzyme characteristics of the ecto- 
5’-nucleotidase in order to elucidate possible mech- 
anisms involved in the ethanol-induced enzyme 
stimulation. Comparisons have been made between 
enzyme activity in cell homogenates and intact cells, 
with and without prior treatment with 
100 mM ethanol. Substrate specificity, the effect of 
pH on enzyme activity, enzyme kinetics and inhi- 
bition of activity by Concanavalin A were also 
studied. 


METHODS 


Cell culture. Cells were grown in a medium con- 
sisting of 90% Dulbecco’s modified Eagle’s medium 
and 10% fetal calf serum (v/v), supplemented with 
penicillin G (50 units/ml) and streptomycin sulfate 
(25 ug/ml). Cultures were maintained in a humidified 
atmosphere of 5% CO, and 95% air at 37°. The 
medium in the culture flasks (15 ml) was changed 
every 2 days for 5—6 days at which time the cells were 
detached from the flasks by treatment with trypsin 
and suspended in fresh growth medium. One-millil- 
iter aliquots of the culture (1-4 x 10° cells/ml) were 
transferred into 60 mm diameter dishes to which 4 ml 
of growth medium was added. Every second day as 
well as 18-24 hr prior to use in the present experi- 
ments, the cultures were replenished with fresh 
medium. 

Cell cultures chronically$ exposed to ethanol 
received the drug (100 mM initial concentration) in 
the growth medium and were otherwise treated in 
the same manner as control cultures. Direct 
measurement revealed evaporation of the ethanol 
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to 50-60 per cent of the initial concentration during 
the 48 hr between media changes.* Therefore, con- 
tinuously treated cells were actually exposed to less 
than 100mMethanol for most of the treatment 
period. For clarity, however, reference to ethanol 
concentrations will be to the initial concentrations. 

Chronic treatment of C6 cells with 100 mM ethanol 
has only a slight and variable effect on cell growth. 
The effect of continuous treatment’ with 
100 mM ethanol on 5’-nucleotidase as a function of 
cell growth has been examined [12]. With chronic 
stimulation, activity increased with cell density but 
was not dependent upon it. In the studies reported 
here, the cell densities of the control cultures and 
of the chronically treated cultures were not signifi- 
cantly different. 

For the studies on the acute effects of ethanol, 
cultures were grown as above. Acute exposure 
occurred with the addition of ethanol-containing 
incubation medium to cells rinsed three times with 
incubation medium (see below). A 5-min equilibrium 
period was allowed to elapse prior to measurement 
of enzyme activity. 

Assays for 5'-nucleotidase. The measurement of 
the ecto-5’-nucleotidase activity of intact C6 cell 
cultures growing in 60 mm dishes was as described 
previously [5, 12]. Incubation times varied but were 
maintained within the linear range for activity of the 
enzyme. 

Total cellular 5’-nucleotidase activity was meas- 
ured in cells collected by removing the growth 
medium and washing the cell monolayer three times 
with 10m! of fresh incubation medium 
(130 mM NaCl, | mM MgCl, and 5.5 mM glucose in 
40 mM Tris-HCl buffer, pH7.4). Cells were 
removed from the surface of the dish by scraping 
with a rubber policeman. The suspended cells were 
collected by centrifugation and frozen at —20° until 
assayed. Cells were lysed in 1 ml of doubly distilled 
water using a Potter-Elvehjem homogenizer fitted 
with a teflon pestle. Fifty-microliter aliquots of hom- 
ogenate were diluted with incubation medium and 
assayed at 37° with the specified substrate in a total 
volume of 600 ul; incubations were performed in 
duplicate. After 20 min, the reaction was terminated 
by the addition of chilled trichloroacetic acid to give 
a final concentration of 5% (w/v). The samples were 
centrifuged and the liberated inorganic phosphate 
was measured in the supernatant fluid by the method 
of Gomori [13]. Values were corrected for non- 
enzymatic hydrolysis of substrate and for endogen- 
ous inorganic phosphate in the homogenates. 

Materials. The tissue culture medium, serum and 
antibiotics were purchased from Gibco (Grand 
Island, NY). Plastic culture ware was obtained from 
Falcon Plastics (Oxnard, CA). Rat glioma cell line 
C6 (CCL 106) was obtained from the American 
Types Culture Collection (Rockville, MD). Concan- 
avalin A, grade IV, was obtained from the Sigma 
Chemical Co. (St. Louis, MO) and used without 
further purification. Phosphate ester-containing 
compounds and a-methyl-D-manneside were also 
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Fig. 1. Effect of pH on ecto-5’-nucleotidase activity of 
control and chronically ethanol-treated cells. Cultures were 
grown for 6days in the presence or absence of 
100 mM ethanol in the growth medium. Forty mM Tris— 
HCI buffer was used throughout and adjusted with either 
1NHCI or solid Tris to the desired pH. Open circles 
(O) are controls; closed circles (@) are chronically ethanol- 
treated cells. Incubation time was 6 min. Each point is the 
mean of three determinations. Vertical bars represent + 

S.E. 


obtained from Sigma. Ethanol (95%, v/v) (U.S.P. 
equivalent) was obtained as an azeotrope with water 
and used without further purification. 


RESULTS 


Chronic ethanol treatment and the pH optimum of 
ecto-5'-nucleotidase. The activity of ecto-5’-nucleo- 
tidase of chronically ethanol-treated and nontreated 
C6 cells was determined between pH 6.5 and 9.5 
(Fig. 1). Nonspecific ecto-phosphatase activity [4] 
was measured at the same time at each pH and 
subtracted from the total activity to give specific 
ecto-5’-nucleotidase activity [12]. C6 cells were 
found to have a two pH optima for ecto-5’-nucleo- 
tidase activity, at pH 7.4 and 9.0. Chronic treatment 
with ethanol did not change the pH optima; however, 
treatment resulted in a more active enzyme near the 
higher of the pH optima. 

Substrate specificity. Ecto-enzymatic activity 
towards different phosphate ester-containing sub- 
strates was examined in treated and nontreated cells. 
Total enzyme activity in whole cell homogenates 
using the same substrates was also measured. The 
results are shown in Table 1. The ecto-enzyme 
hydrolyzed 5'-AMP most rapidly, but was substan- 
tially active with other 5'-mononucleotides as sub- 
strate. The ecto-enzyme showed low activity with p- 
nitrophenylphosphate and _— glucose-6-phosphate 
(Table 1) as well as with 5’-dAMP. The relative 
order of activity was found to be 5’'-AMP>5'’- 
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Table 1. Effect of chronic ethanol treatment on substrate specificity of ecto- and total 5’-nucleotidase activity of C6 cells* 





Ecto-5’-nucleotidase activity 
(umoles P, formed-mg protein™'-hr~') 


Total 5’-nucleotidase activity 
(umoles P; formed-mg protein™'-hr~') 





Ethanol- 
treated 
cells 


(B) 


Control 
cells 
(A) 


Substrate 
[3 mM] 


Ethanol- 
treated 
cells 
(D) 


Control 


(B - A) (D -C) 





2.63 + 0.10 
1.64 + 0.08 
1.03 + 0.03 
1.11 + 0.03 
0.33 + 0.12 
0.21 + 0.02 
0.09 + 0.01 


1.70 + 0.10 
1.29 + 0.09 
0.79 + 0.01 
0.77 + 0.01 
0.31 + 0.05 
0.19 + 0.01 
0.05 + 0.01 


5’-AMP 

5’-CMP 

5’-GMP 

5'-IMP 

5’-dAMP 
p-Nitrophenylphosphate 
Glucose-6-phosphate 


1.04 
0.25 
0.23 
0.37 
1.22 
0.53 


0.93 
0.35 
0.27 
0.34 
0.02 
0.02 
0.04 


4.17+0.17 
2.59 + 0.28 
1.46 + 0.83 
1.70 + 0.20 
2.24 + 0.15 
0.71 + 0.07 
ND 





* Cells were grown in the presence or absence of 100 mM ethanol in the medium for 6 days. Values are mean + S.E. 
of three determinations for each substrate. Enzyme activity was determined on intact cells (ecto-activity) and cell 


homogenates (total activity) as described in Methods. 
+ ND = not determined. 
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Fig. 2. Lineweaver-Burk plots for control and chronically 
ethanol-treated cells. Cultures were grown for 6 days in the 
presence or absence of 100mMethanol in the growth 
medium. Substrate concentrations varied as indicated, with 
the p-nitrophenylphosphate concentration remaining at 
1 mM. Open circles (O) are controls; closed circles (@) are 
chronically ethanol-treated cells. Initial velocity was meas- 
ured as umoles P; liberated-mg protein” '-hr~'. Incubation 
time was 8 min. Each point is the mean of three determi- 
nations. Lines were constructed by the method of least 
squares. 


CMP >5’-GMP = 5'-IMP_ for control cells and 
remained unchanged after chronic treatment of cells 
with 100 mM ethanol. The greatest per cent stimu- 
lation by ethanol treatment was seen using 5’-AMP 
as substrate. The difference in activity between con- 
trol and treated cells (Table 1, column B—A) was 
2.7 times greater using 5'-AMP as substrate than 
using 5’-CMP, the second most active compound, 
as substrate. 

The specificity of total 5’-nucleotidase toward 
these substrates is also shown in Table 1. The relative 
order of activity for control and treated cell hom- 
ogenates was again 5’-AMP > 5’-CMP > 5'-GMP = 
5'-IMP. Cell homogenates contained three to six 
times the activity of intact cells toward 5’-dAMP. 
Whether this was due to 5’-nucleotidase or another 
enzyme was not determined. 

From the data in Table 1, ecto-5’-nucleotidase 
activity of control cells was found to be 59 + 2 per 
cent of the total cellular 5’-nucleotidase activity. 
After chronic ethanol treatment this value was 
increased to 66 + 2 per cent (P<0.05, Student’s t- 
test for paired data). The increase in 5'-nucleotidase 
activity following chronic ethanol treatment was cal- 
culated for each substrate and is shown in columns 
(B—A) and (D-—C) of Table 1 for intact and hom- 
ogenized cells, respectively. This calculation shows 
that exposure to ethanol did not significantly increase 
the enzyme activity of cell homogenates compared 
to that of intact cells. The data indicate that chronic 
treatment with 100 mM ethanol stimulated only the 
5'-nucleotidase present as the ecto-enzyme. 

Enzyme kinetics. Lineweaver—Burk plots were 
constructed for the ecto-5’-nucleotidase of non- 
ethanol and chronically ethanol-treated intact cells 
(Fig. 2). The K,, values were determined after least 
squares regression analysis of the data. A decrease 
in the K,, (increased affinity) from 1.67 x 10° M for 
the control cells to 1.00 x 10°°M for the cells 
exposed to 100 mM ethanol was observed. The Vy, 
increased only slightly after ethanol treatment. 

Studies of inhibition by Concanavalin A (Con A). 
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Fig. 3. Inhibition of ecto-5'-nucleotidase activity by Con- 
canavalin A. Cultures were grown for 6 days in the presence 
or absence of 100 mM ethanol in the growth medium. Ecto- 
5'-nucleotidase activity was assayed in the incubation 
medium minus glucose and containing the indicated con- 
centration of Concanavalin A. Cultures were preincubated 
for 5 min at 37° in the presence of Concanavalin A prior 
to determination of activity. Incubation time was 10 min. 
Open circles (O) are controls; closed circles (@) are chron- 
ically ethanol-treated cells. Each point is the mean of three 
determinations. Vertical bars denote + S.E. 


Con A is a potent inhibitor of ecto-5’-nucleotidase 
activity in intact C6 cells [15]. Inhibition is due to 
the binding of the lectin to the cell surface. In the 
present study, Con A was found to inhibit the ecto- 
5'-nucleotidase activity of cells chronically exposed 
to 100 mM ethanol and of nonexposed cells in the 
same manner (Fig. 3). 

A double reciprocal plot of the inhibition by Con A 
of exposed and nonexposed cells revealed that 
ethanol treatment acted as an apparently noncom- 
petitive antagonist to Con A inhibition (Fig. 4). Sim- 
ilar results were found after acute treatment of cells 
with 100 mM ethanol (Fig. 4). The data in Table 2 
confirm that the Con A inhibited the ecto-5’-nucleo- 
tidase activity by binding to the cell. Enzyme activity 


_ was reduced in cells that were exposed to Con A and 


subsequently rinsed to remove unbound Con A from 
the medium. The inhibition was also reversed by 
treatment with a-methyl-D-mannoside, which com- 
petes for the Con A binding site [14]. Cells treated 
with Con A and then washed were not stimulated 
acutely by 100 mM ethanol, but when Con A was 
competitively removed with a-methyl-D-mannoside, 
acute treatment with ethanol stimulated enzyme 
activity. Prior exposure of cells to 100 mM ethanol 
for 6days made them unresponsive to the acute 
stimulatory action of ethanol seen with control cells 
(Table 2). This form of tolerance has been described 
in detail [12] and appears to be retained even after 
successive treatment with Con A, a-methyl-D-man- 
noside and acute ethanol. 


DISCUSSION 


The data presented in this study support the 
hypothesis that enhanced 5’-nucleotidase activity of 
intact cells chronically exposed to ethanol occurs 
through changes in the plasma membrane. This 


Table 2. Concanavalin A inhibition of ecto-5’-nucleotidase activity—effect of carbohydrate reversal 
and acute ethanol on chronically ethanol-treated and non-treated cells* 





Non-ethanol-treated 


Treatment 


Ecto-5’-nucleotidase activity (%) 
Chronically ethanol-treated 


cells cells 





None 
Ethanol (100 mM) 
Con A (10 ug/ml) 
Con A (10 g/ml) then washed 3x 
Con A (10 ug/ml) washed 3x 
+ ethanol (100 mM) 
Con A (10 ug/ml) washed 3x 
+ a-methyl-D-mannoside (0.26 m) 
Con A (10 ug/ml) washed 3x 
+ a-methyl-D-mannoside (0.26 M) 
+ ethanol (100 mM) 


100+ 100+ 

148 109 
70 70 
70 79 
71 74 


113 113 


139 110 





* Cells were grown in the presence or absence of 100mM ethanol for 6 days. Treatment was 
carried out at 37° by incubating cultures in 5 ml of the following: Con A in medium minus glucose, 
a-methyl-D-mannoside in medium minus glucose or ethanol-containing medium. Rinses were made 
with normal incubation medium. Treatment times were 5 min with Con A, 10 min with a-methyl- 
D-mannoside and 5 min with acute ethanol. Activity was measured after appropriate treatment by 
an 8-min incubation. Each entry was calculated based upon the mean value of three replicate 


determinations for each condition. 


+ Activity = 1.54 + 0.29 umoles P; liberated-mg protein” '-hr7!. 
t Activity = 2.69 + 0.35 umoles P; liberated-mg protein™!-hr~!. 
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Fig. 4. Double reciprocal plots of inhibition of ecto-5’- 
nucleotidase activity by Concanavalin A and the effect of 
ethanol treatment. Cultures were or were not exposed to 
100 mM ethanol for 6days. Cells acutely treated with 
100 mM ethanol were also grown for 6 days. Cultures were 
preincubated for 5 min with Concanavalin A in the incu- 
bation medium minus glucose at the concentrations indi- 
cated. Incubation time was 16 min. Open circles (O) show 
control cell activity; closed circles (@) show chronically 
exposed cell activity; and open triangles (A) show acutely 
exposed cell activity. Each point is the mean of three 
determinations. Best-fit lines were constructed by the 
method of least squares regression. 


interpretation is based upon the following observa- 
tions. First, 5’-nucleotidase activity of intact cells 
resulted from the breakdown of substrate at the 
external cell surface; thus an ecto-enzyme is 
involved. This finding was described previously 
[5, 12]. Second, ethanol treatment antagonized Con 
A inhibition of ecto-5'-nucleotidase. Con A, which 
binds to specific sugars at the cell surface [14], pow- 
erfully inhibited the enzyme activity of intact C6 
cells, possibly through a reduction in the amount of 
active enzyme available on the cell surface [15]. Since 
Con A binding reduced the activity of chronically 
treated cells to control levels, the increased activity 
seen after chronic ethanol treatment presumably was 
due to enzymatic activity expressed at the cell sur- 
face. The apparently noncompetitive nature of 
ethanol’s antagonism of the ConA effect (Fig. 4) 
suggests that the ethanol was acting at sites in the 
membrane different from those which bind Con A. 
Third, studies on both intact and disrupted cells with 
various 5’-mononucleotides showed that the 
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increased 5’-nucleotidase activity resulted from a 
selective increase in ecto-5’-nucleotidase activity 
(Table 1). Fourth, the K,,, of intact cells after chronic 
ethanol exposure (Fig.2) was reduced without 
changing the V,,,, appreciably. This result suggests 
that there is an increased affinity for the substrate 
by the enzyme and/or an increased exposure of the 
catalytic site on the enzyme [16]. Fifth, previous 
investigation has shown that cell viability, measured 
by dye staining, and leakage of cytoplasmic enzymes 
into the media are not altered by exposure of intact 
cells to 100 mM ethanol [12]. 

In the liver, ethanol increases enzyme activity 
through enzyme induction, as seen for drug-metab- 
olizing enzymes [17]. However, ethanol appears not 
to have induced 5’-nucleotidase in the C6 cell line. 
5'-Nucleotidase was present both intracellularly and 
as the ecto-enzyme in C6 cells, as demonstrated by 
increased activity in homogenized versus intact cell 
preparations (see Table 1). If, therefore, enzyme 
induction had occurred, it would be expected to have 
led to an increase in activity in cell homogenates that 
was greater than in intact cells. This, however, did 
not occur. Instead, the increased activity measured 
in cell homogenates can be accounted for solely by 
the increased activity measured at the cell surface. 
The possibility that ethanol might have selectively 
induced only ecto-5’-nucleotidase of C6 cells is also 
unlikely. If induction of only the ecto-enzyme 
occurred, the V,,,, of the system would be expected 
to increase. This was not observed. 

A third point which argues against enzyme induc- 
tion is the antagonism by ethanol treatment of 
inhibition by ConA (Fig. 4). If chronic ethanol 
exposure served merely to increase the number of 
enzyme molecules, a competitive antagonism should 
be observed. The data, however, correspond to the 
type of curves found for a noncompetitive antag- 
onism [18]. 

These findings strongly support the idea that chro- 
nic treatment of C6 cells with ethanol stimulates 
ecto-5’-nucleotidase activity through a change in 
plasma membrane conformation [12]. The exact 
components or primary mechanism ultimately 
responsible still remains to be determined. Whether 
the 5'-nucleotidase molecule itself or its surrounding 
physicochemical environment is altered will require 
further studies. 
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Abstract—An ecto-ATPase has been described in human leukocytes. The enzyme is present in both 
granulocytes and lymphocytes, exhibiting higher activity and substrate affinity in the latter cells, K,,, 
values ranged from 0.06 mM in lymphocytes to 0.3 mM in the unresolved | leukocyte fraction. Enzymatic 


activity had a pH optimum in the physiological range, required Mg”* 
Potent inhibitors of ecto-ATPase were tricyclic antidepressants and substituted 


ouabain and Ca** 


, and was insensitive toward 


phenothiazines, to which the enzyme in lymphocytes was most susceptible. These drugs also decreased 
the phagocytic ability of leukocytes. However, while drug inhibition of the enzyme was reversible by 


washing, the effect on phagocytosis was not. 


We have described previously an ecto-ATPase in rat 
leukocytes and reported the potent inhibition of the 
enzymatic activity by tricyclic antidepressants and 
substituted phenothiazines [1,2]. These drugs also 
markedly inhibited phagocytosis [3]. The inhibitory 
effects were not reproduced by a variety of drugs of 
different structures, investigated at identical con- 
centrations. In human platelets, inhibition of ecto- 
ATPase has been linked to the loss of aggregating 
ability [4]. Our preliminary work provided evidence 
for the existence of ecto-ATPase in human leuko- 
cytes [5]. In view of the unknown function of this 
enzyme, and considering its potent inhibition by a 
number of drugs of wide clinical use, it was of interest 
to investigate further the properties of the ecto- 
ATPase in human leukocytes, including granulocytes 
and lymphocytes, and to characterize its interaction 
with drugs. 


MATERIALS AND METHODS 


Materials. The drugs used in this study were pro- 
vided by Dr. H. H. Swain, Department of Phar- 
macology, The University of Michigan. The bio- 
chemicals and enzymes were purchased from the 
Sigma Chemical Co., St. Louis, MO, and from the 
Boehringer Mannhein Co., Indianapolis, IN. Plas- 
magel and Isolymph, solutions utilized for cell iso- 
lation, were purchased from the HTI Corp., Buffalo, 
NY and from Gallard-Schlesinger, Carle Place, NY, 
respectively. 

Isolation of cells. Blood was obtained by veni- 
puncture from healthy male and female volunteers 
not taking medications. Leukocytes were isolated 
according to a previously described procedure yield- 
ing cells of high purity and long term viability in 
vitro [6]. Granulocytes and lymphocytes were 
obtained by a recently developed method for the 
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concurrent isolation of these cells from the same 
sample of blood, focusing again on high purity and 
viability, particularly concerning plasma membrane 
integrity [7]. 

Buffer media and handling of cells. Many of the 
experimental steps were described previously in our 
study of this enzymatic activity in rat leukocytes 
[1,2]. Freshly isolated leukocytes, granulocytes or 
lymphocytes were suspended in a medium with the 
following composition (mM): Na*, 155.7; K*, 4.9; 
Mg?*, 1.2; Cl”, 131.3; SO,-, 1.2; HPO,2-, 13.3; and 
H,PO,~, 2.7. These concentrations include the 
amounts of Ci~ and Na* needed for pH adjustment. 
The medium was prepared as follows: 0.77 M NaCl, 
200 ml; 0.77 M KCl, 8 ml; 0.77 M MgSO,, 2 ml; 0.5 M 
Na,HPO, buffer, adjusted to pH 7.4 with HCI, 40 ml; 
and H,0, 1000 ml. Glucose, in amounts to give 
10 mM final concentration, was added in solid form 
to aliquots of the above medium. The final pH of 
the medium was adjusted to 7.4 with NaOH. In 
general, the freshly isolated cells were incubated for 
60 min at 37° prior to starting the particular experi- 
ment. After the cell count was determined, the sus- 
pension was centrifuged at 80g for 7 min and the 
pellet was resuspended at 37° to the required cell 
concentration with a buffer medium of the following 
composition (mM): Tris, 35; NaCl, 120; KCl, 5; 
MgCl, 2.5; and glucose, 10. The pH of the medium 
was adjusted to 7.4 with HCl. 

Enzyme kinetics and inhibition. For the determi- 
nation of kinetic constants (Kn, Vmax), 50 ul of cell 
suspension in the Tris-based medium and 50 ul of 
the medium containing ATP at twice the final con- 
centration desired were pipetted into 1.5 ml poly- 
ethylene tubes (Eppendorf Microanalytical System). 
Mixing of these solutions represented the beginning 
of the enzyme assay. The latter was terminated at 
30 min by the addition of 400 ul of ice-cold 0.6M 
HCIO,. The tubes were centrifuged for 10 min at 
1900 g in the cold, and inorganic phosphate (P;) was 
determined in the supernatant fraction by a pro- 
cedure described previously [1]. 
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Briefly, aliquots of 250 ul were placed in 4 ml tubes, 
and 250 ul of a color reagent was added. The com- 
position of the latter was 144 mM FeSO, in 8.15 mM 
ammonium molybdate/580 mM H,SO,. The absorb- 
ance of the samples at 700 nm was determined within 
the linear range of the standard curve, established 
by using potassium phosphate. Blanks, containing 
either ATP and no biological material or of the 
opposite composition, were included in each assay. 
Some of the drugs used in this study interfered in 
the colorimetric determination of P;. In such cases, 
P, was quantitated by an enzymatic method using 
phosphorylase a, phosphoglucomutase and glucose- 
6-phosphate dehydrogenase to measure fluorometr- 
ically the formation of reduced nicotinamide adenine 
dinucleotide phosphate [8]. If P; was determined by 
the latter method [1], the ATPase reaction was ter- 
minated by placing the tubes in a boiling water bath 
for 8 min, followed by centrifugation at 1900 g for 
10min. Aliquots of the supernatant fluid were 
added to 1 ml of the prepared reagent containing all 
the necessary components except for phosphorylase. 
After mixing and taking the initial reading of flu- 
orescence, the reaction was started by the addition 
of the latter enzyme. The rate of enzymatic reaction 
was monitored on a recorder. After its completion, 
the second reading of all the samples was taken. 
Appropriate standards of P; were included in each 
set of analyses. 

In expetiments on enzyme inhibition, the meth- 
odology outlined above was followed in general with 
the following exceptions. To 40-ul aliquots of the 
cell suspension was added 10 ul of a solution of the 
drugs in the buffer medium at concentrations five 
times that utilized during the assay. The suspension 
was subsequently incubated for 15 min at 37°, at 
which time 50 ul of double-strength ATP solution 
was added and the assay mixture further incubated 
for 30 min. The subsequent steps were as outlined 
above. 

Determination of phagocytic index. Quantitation 
of phagocytosis was carried out as described [9]. 
Briefly, 100 ul each of leukocyte suspension, fresh 
human serum, buffer medium and _ heat-killed 
Staphylococcus aureus in phosphate-buffered saline 
(to give a 10-fold excess of bacterial particles over 
the number of cells) were mixed at 0° using silicon- 
ized glassware. Cover slip preparations of the above 
mixture were incubated at 37° for 30 min in a moist 
chamber, and then dried and treated with Wright’s 
stain. By microscopic examination at 2080 x mag- 
nification, the total number of particles ingested by 
100 consecutively counted phagocytic cells was 
averaged and expressed as the phagocytic index. 

Determination of protein. The method of Lowry 
et al. [10] was applied. 


RESULTS 


Characterization of ecto-ATPase activity in leu- 
kocytes. Linearity of the enzyme assay with time and 
protein concentration was established initially (Fig. 
1). Unaltered permeability of the cells during the 
experiment was ascertained by measuring the cell 
content of K* (Table 1), a sensitive criterion of 
membrane integrity [11]. The pH optimum of 
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Fig. 1. Linearity of ecto-ATPase assay with time and pro- 

tein. Approximately 1 x 10° leukocytes were incubated in 

the presence of 3mM ATP for various lengths of time at 

37° (upper graph). In other experiments, various concen- 

trations of cells corresponding to the amount of protein as 

indicated were incubated for 30 min at 37°. The further 

steps, including the assay of enzymatic activity, were carried 

out as described under Materials and Methods. Presented 
are the results of a representative experiment. 
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Fig. 2. Kinetic constants and pH dependence of ecto- 
ATPase in leukocytes. Data for Lineweaver-Burk plots of 
ATPase activity (upper graph) were obtained by incubating 
cells in the presence of various concentrations of ATP for 
30 min at 37°. Liberated P,; and protein were determined 
as described under Materials and Methods. Enzymatic 
activity as a function of pH (lower graph) was determined 
in the presence of 3mM ATP. Prior to the assay, the pH 
of the phosphate-based buffer medium described under 
Materials and Methods was adjusted to the values indi- 
cated. Unaltered cell viability under such conditions was 
ascertained by the determination of cellular K*. Presented 
are results of representative experiments. 
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Table 1. Plasma membrane permeability of leukocytes incubated under var- 
ious conditions* 





Conditions of 
incubation 


Ratio 
(cell K*/cell Na*) 





In ATPase assay medium: 
10 min, 37° 
30 min, 37° 
45 min, 37° 
60 min, 37° 


9 
1 
9 
8 


3; 


In ATPase assay medium, 45 min, 37°, with: 


Desipramine (0.5 mM) 
Amitriptyline (0.5 mM) 
Mesoridazine (0.5 mM) 
Promazine (0.5 mM) 
Trifluoperazine (0.5 mM) 
Thioridazine (0.2 mM) 
Thioridazine (0.5 mM) 


4.1+0.4 
4.3+0.2 
4.0+0.1 
3.5262 
0.1 
0.2 


0.1 





* Mean values and standard deviations of three to four experiments are 


shown. 


enzyme activity included the physiological range, 
and extended above pH 8 before sharply declining 
(Fig. 2). The insensitivity of the enzyme towards 
ouabain and metabolic inhibitors, and the strong 
inhibitory effect of EDTA (Table 2) were properties 
similar to those observed in rat leukocytes [2]. The 
specific dependence of the enzyme on Mg”* was 
demonstrated, and an interference by glucose phos- 
phate phosphatases was excluded. ATPase activity 
did not increase as a result of various procedures 
used to disrupt the plasma membrane (Table 2). The 
K,, and Vmax Of ATPase in intact leukocytes was 
0.32 mM and 1.83 umoles/mg protein/hr respectively 


(Fig. 2). 


While tricyclic antidepressants and substituted 
phenothiazines potently inhibited the ecto-ATPase 
(Table 3), drugs of different structure had no effect 
on the enzyme. It was ascertained that ATPase 
inhibition can be obtained under conditions of 
unaltered plasma membrane permeability, as shown 
by the unchanged ratio of cellular K*/Na* during 
the assay in the presence of the particular inhibiting 
drugs (Table 1). On the other hand, several halogen- 
containing drugs that potently inhibited ecto-ATPase 
also induced a marked loss of cellular K*. 

Inhibition of ecto-ATPase and the suppression of 
phagocytosis by drugs in human leukocytes exhibited 
a positive correlation (Table 3). Both phenomena 


Table 2. Effects of various agents and of cell-disrupting procedures on 
ecto-ATPase* 





Agent (final concn. in mM) 


or treatment of cells 


ATPase activity 
(% of control) 





EDTA (5) 
N-Ethylmaleimide (1) 
2,4-Dinitrophenol (3) 
Sodium arsenite (5) 
Iodoacetamide (1) 
Ca?* (6) 

Oligomycin (57 ug/ml) 
p-Chloromercuribenzoic acid 
Ouabain (0.5) 
Hypotonicity+ 

French press 
Hypertonicity+ 
Freeze-thaw§ 


Freeze-thaw and homogenization{ (hand) 
Mechanical homogenization (3000 rpm) 


Mechanical homogenization (hand) 





* Shown are mean values of four experiments except for hypo- and 
hypertonicity, which were tested in two experiments, all run in triplicates. 
The standard deviation around the mean was in all cases less then 10 


per cent. 


+ Cells were suspended in deionized water for 30 sec at 37°. 
+ Leukocytes were exposed to a 5-fold hypertonic Tris buffer medium 


for 30 sec at 37°. 


§ Cells were rapidly frozen at —70° and thawed to room temperature. 
The cycle was carried out three times. 
{ An all-glass Potter-Elvehjem homogenizer was used. 
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Fig. 3. Reversibility of ecto-ATPase inhibition by drugs. 
Suspensions of leukocytes were incubated with and without 
0.5 mM desipramine or 0.15 mM thioridazine for 15 min 
at 37°. Subsequently, the cell suspension was centrifuged 
at 3000 g for 5 min and the supernatant fluid was decanted. 
The pellet was resuspended with either buffer medium 
containing the drug at a concentration identical to that used 
in the incubation, or with buffer alone. After repeating the 
washing procedure, aliquots of the suspension were sub- 
jected to assay to ATPase activity and of phagocytosis as 
described under Materials and Methods. Presented are 
mean values of four experiments utilizing different prep- 
arations of the cells. In all experiments the standard devia- 
tion around the mean was less than + 5 per cent. 


were assessed with cells from the same preparation 
of leukocytes. Enzyme inhibition by both tricyclic 
antidepressants and substituted phenothiazines was 
reversible (Fig. 3). Although the degree of inhibition 
by desipramine and thioridazine was markedly dif- 
ferent, the per cent recovery of enzymatic activity 
after washing was comparable. On the other hand, 
phagocytosis, inhibited by either desipramine or 
thioridazine, did not exhibit a trend toward recovery 
after washing of the cells (Fig. 3). 
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Fig. 4. Kinetic constants of ecto-ATPase in granulocytes 
and lymphocytes. Approximately 1 x 10° cells were incu- 
bated with various concentrations of ATP as indicated. 
Further steps were as described in the legend to Fig. 2. 
The data were plotted according to Lineweaver—Burk. Pre- 
sented are the mean values of three experiments. 


Characteristics of ecto-ATPase in granulocytes and 
lymphocytes. It should be emphasized that these two 
populations of leukocytes were isolated concurrently 
from the same sample of blood. The kinetic constants 
of ecto-ATPase in granulocytes and lymphocytes 
were: K,,,, 0.12 mM and 0.06 mM, V,,,,, 0.7 and 1.56 
umoles/mg protein/hr (Fig. 4). The pattern of 
enzyme inhibition obtained with desipramine and 
promazine, representative of tricyclic antidepres- 
sants and substituted phenothiazines, was similar in 
both cell types (Fig. 5). However, the enzyme in 
lymphocytes was more sensitive to drug inhibition. 
As observed with the unresolved fraction of leuko- 
cytes, phenothiazines were more potent inhibitors 
of ecto-ATPase. Among the latter compounds, 
promazine was selected for this study because it 
inhibited the enzyme without affecting plasma mem- 
brane permeability (Table 1). 


Table 3. Effects of drugs on ecto-ATPase and on phagocytosis in leukocytes* 





ATPase activity (% of control) 


Phagocytic index 





Drugs 0.2 mM Drug 


(% of control) 





0.5 mM Drug 0.5 mM Drug 





Imipramine 
Desipramine 
Amitriptyline 
Nortriptyline 
Protriptyline 
Mesoridazine 
Promazine 
Chlorpromazine 
Perphenazine 
Trifluoperazine 
Thioridazine 
Amphetamine 
Morphine 
Phenobarbital 
Phenelzine 


60+4 
49 +3 
47+6 
45 +3 
43 +6 
81+8 
48 +2 
32.25 
26 +3 
18 +3 
14+1 
99 +4 
98 +3 
95 +3 
100 + 3 


OD RK WNN 
o 





* Mean values and standard deviations of three to four experiments are shown. 
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Fig. 5. Inhibition by drugs of ecto-ATPase in granulocytes 
and lymphocytes. Aliquots of cell suspensions correspond- 
ing to approximately 3 x 10° cells were incubated with the 
indicated concentrations of desipramine (#::) or promazine 
(S) for 15 min at 37°. After the addition of 1.0mM and 
0.6mM ATP to granulocytes and lymphocytes, respec- 
tively, the suspensions were further incubated for 30 min 
and then placed in ice. Subsequent treatment of the cells 
and the determination of P; were as described under 
Materials and Methods. Shown are the mean values and 
standard deviations of three experiments. 


DISCUSSION 


Ecto-ATPase activity was present in both granu- 
locytes and lymphocytes. Its localization was estab- 
lished by ascertaining plasma membrane integrity 
during the course of the enzyme assay. The latter 
property was assessed by the cellular levels of K’, 
a sensitive criterion of plasma membrane pertur- 
bation [11, 12]. Furthermore, disruption of the cells 
by various methods did not lead to an increase of 
ATPase activity. Ecto-ATPase had been described 
previously in human platelets [4] and, in a prelimi- 
nary communication, we reported its presence in 
human leukocytes [5]. Subsequently, an ecto- 
ATPase in human granulocytes was reported [13]. 
In the present study, the characteristics of ecto- 
ATPase in human leukocytes were investigated, fol- 
lowed by a comparison of its properties in granu- 
locytes and lymphocytes. The characteristics of the 
enzyme in human leukocytes were similar to those 
described for such enzymes in other cells (e.g. in 
Refs. 14-16), with the exception of a neuroblastoma 
cell line in which ecto-ATPase was stimulated by 
Ca** [17]. The human leukocyte ecto-ATPase was 
dependent on Mg”*, had a pH optimum in the 
physiological range, and its K,, was 0.3mM. 
Although information on ATP concentration in 
human plasma is equivocal, ranging from low uM 
levels to completely absent [15], in human blood the 
level of this compound reaches 1 mM [18]. 

The effect on the enzyme of various inhibitors, 
including ouabain and metabolic poisons, was similar 
to that observed in rat leukocytes [2] and in human 
granulocytes [13]. The most potent inhibition was 
obtained by N-ethylamaleimide, whereas Ca** mod- 
erately decreased the enzyme activity. A specific 
feature of ecto-ATPase in rat leukocytes was its 
inhibition by drugs [1]. The corresponding human 
enzyme also exhibited this property, displaying a 
positive correlation between enzyme inhibition and 
suppression of phagocytosis. This phenomenon was 
not observed in human granulocytes, in which inhi- 
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bition of ecto-ATPase by suramin did not impair 
phagocytic ability [13]. Our investigation of the link 
between leukocyte ecto-ATPase and phagocytosis 
was based on the assumed involvement of the enzyme 
in cell-specific surface phenomena, in analogy to the 
observed correlation in human platelets between 
inhibition of ecto-ATPase and cell aggregation [4]. 
The observed inhibition by drugs of ecto-ATPase 
and of phagocytosis in leukocytes of the rat [3] and 
human (Table 3) led us to investigate the activity of 
the enzyme and its properties in both granulocytes 
and lymphocytes from human blood. The two types 
of leukocytes were separated from the same sample 
blood by a recently developed procedure yielding 
cell fraction of high purity [7]. Considering the virtual 
lack of cross-contamination, the possibility that the 
ecto-ATPase observed in this study in lymphocytes 
was due to contamination by granulocytes can be 
excluded. Furthermore, compared to the latter cells, 
the enzymatic activity in lymphocytes exhibited both 
high activity and affinity for its substrate and an 
increased sensitivity towards inhibitors. Although no 
previous information is available on ecto-ATPase in 
human leukocytes per se, the reported kinetic con- 
stants of the enzyme in granulocytes [13] agree well 
with those determined in this work. In general, K,, 
values for ecto-ATPase from various sources range 
between 0.03 and 0.3 mM (e.g. Refs. 2, 15 and 17). 
On the other hand, a much greater difference exists 
in the reported data for Viyax. 

The inhibition by drugs occurred without changes 
in membrane permeability, as indicated by the 
unaltered cell content of K* after exposure to drugs. 
However, several of the halogenated substituted 
phenothiazines, in addition to inhibiting the enzyme, 
greatly increased the permeability of the plasma 
membrane, suggesting further-going drug—mem- 
brane interaction. In contrast to the partial reversal 
of enzyme inhibition by washing of the cells, this 
step had no effect on phagocytosis. Such dissociation 
of the two phenomena represents suggestive evi- 
dence for differences in the mechanisms by which 
drug inhibition of ecto-ATPase and of phagocytosis 
occurs. Although the effects of the tricyclic drugs on 
platelet ecto-ATPase have not been investigated, the 
inhibition of platelet aggregation by imipramine and 
chlorpromazine has been reported [19]. The inhibi- 
tory concentrations of the drugs (Table 3) were con- 
siderably higher then their therapeutic range, e.g. 
plasma levels of combined desipramine and imipra- 
mine ranged between 107 and 698 ng/ml, the latter 
value corresponding to approximately 2.5 uM [20]. 
However, non-specific protein binding of these drugs 
is substantial and thus their accumulation in tissues 
is likely [21]. 

Considering the ecto nature of leukocyte ATPase, 
any hypothesis on the functional role of this enzyme 
has to postulate the availability of extracellular ATP. 
While uncertainties exist about the concentration of 
ATP in plasma, its compartmentation within the 
plasma membrane, as suggested for platelets, cannot 
be ruled out [22]. Extracellular synthesis of ATP by 
various normal and malignant cell lines [23] and 
transfer of cytoplasmic ATP to the extracellular 
environment have been reported [24]. An additional 
aspect requiring clarification is the biological conse- 





2290 


quence of the hydrolysis of extracellular ATP by 
ecto-ATPase. Possible functional roles of such a 
process have been discussed, including the regulation 
of negative charges on cell surfaces [25] and an 
involvement in the blood clotting mechanism by 
providing extracellular ADP [15]. Included in such 
considerations is a possible function of ecto-ATPase 
in granulocytes of hydrolyzing ATP derived from 
tissue damage, within the scavenger role of these 
cells. The involvement of ecto-ATPase in leukocyte 
aggregation, in analogy to such a relationship shown 
in platelets, has not been investigated. Although 
human granulocytes but not lymphocytes responded 
to chemotactic factors [26], recently such a response 
was reported also for rat lymphocytes [27]. Accord- 
ing to a recent report, extracellular ATP, at con- 
centrations of 0.5mM, increased passive plasma 
membrane permeability [28], particularly of trans- 
formed cells [29]. It is of interest that this concen- 
tration of ATP correlates well with the observed K,,, 
values for leukocyte ecto-ATPases. By its involve- 
ment in the control of extracellular ATP, an ecto- 
ATPase could assume a role in regulating cell mem- 
brane permeability. 
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Abstract—Determination of the blood lactate and glucose concentrations in the normal rat after 
increasing doses of phenformin (50-150 mg/kg, i.p) shows that the hyperlactataemic and hypoglycaemic 
effects of the drug are dose-related, and suggests the existence of a critical dose in the rat of 120- 
135 mg/kg. At this critical dose a marked increase in blood lactate and decrease in blood glucose is seen 
without a correspondingly large increase in plasma phenformin concentration. The major metabolite 
of phenformin in the rat, 4-hydroxyphenformin, did not affect blood glucose or lactate levels. The toxic 
effects of phenformin at high doses may represent saturation of the capacity of the liver to extract and 
metabolize the drug. These findings may be especially relevant to the predisposition to lactic acidosis 
of patients with renal and/or hepatic insufficiency. Sodium dichloroacetate (300 mg/kg/hr), infused 
intravenously, was effective in preventing hyperlactataemia and enhanced the hypoglycaemia associated 


with phenformin. 


Despite the large amount of data on the effects of 
biguanides both in vivo and in vitro, the mechanism 
by which hypoglycaemia is produced is not clearly 
understood. A very important aspect is the relation- 
ship between the mode of action of the biguanides 
and lactate metabolism. There is no doubt, from 
clinical and experimental evidence, that lactate 
metabolism is influenced by the biguanides, and that 
in special circumstances, when lactate metabolism 
is disturbed, the drugs can exert a toxic action. 

Although a slight elevation of blood lactate is 
common in patients treated with phenformin (N'- 
phenethylbiguanide) [1-3], a significant increase is 
unlikely to occur except in cases where some other 
factor is present, such as poor renal function, liver 
disease, reduced circulatory efficiency, severe infec- 
tion or acute alcoholosis [4-10]. 

The biochemical effects of phenformin such as 
glycogen depletion [11, 12], inhibition of oxidative 
phosphorylation [13] or reduced hepatic gluconeo- 
genesis [14, 15] have been observed only with con- 
centrations of the drug higher than those measured 
in the plasma of patients after therapeutic doses. 
Therefore, the hypoglycaemia and hyperlactataemia 
produced in animals by high doses of phenformin is 
a toxic effect that may be produced by a mechanism 
which is different from that responsible for its anti- 
diabetic action. 

The objectives of the present study were to inves- 
tigate the dose-response effects of phenformin on 
blood glucose and lactate concentrations in the rat, 
in parallel with the determination of plasma phen- 
formin concentrations. In addition, the effects of 4- 
hydroxyphenformin, the major metabolite of phen- 
formin in the rat, on blood glucose and lactate con- 
centrations were investigated. The results obtained 
are discussed in relation to the current data available 
on the metabolism and disposition of phenformin 
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and its relevance to the toxic effects of the drug. The 
effects of sodium dichloroacetate (DCA) on phen- 
formin-induced hypoglycaemia and hyperlactatae- 
mia were also studied in the light of recent reports 
that DCA can prevent [16] or reverse [17] the lactic 
acidosis caused by high doses of the drug. 


MATERIALS AND METHODS 


Chemicals. Lithium lactate, lactate dehydrogenase 
and NAD were obtained from Sigma (London) 
Chemical Co. Ltd., Poole, Dorset, U.K. Guaiacum, 
peroxidase and glucose oxidase (Fermcozyme 
653AM) reagents were purchased from Hughes & 
Hughes (Enzymes) Ltd., Romford, Essex, U.K. 
Dichloroacetic acid (reagent grade) was supplied by 
Fisons, Loughborough, Leics., U.K., and was con- 
verted to the sodium salt by neutralizing the aqueous 
solution with sodium hydroxide and freeze-drying. 
The solid was pulverized and stored in an amber- 
glass bottle until used. Phenformin hydrochloride 
and 4-hydroxyphenformin dihydrochloride were 
kindly donated by Sterling Winthrop Research Lab- 
oratories, Fawdon, Newcastle-upon-Tyne, U.K. All 
other chemicals were purchased from common lab- 
oratory suppliers and, unless otherwise specified, 
were of reagent grade. 

Materials. Neutral glass collection tubes (2 ml) 
were obtained from Glass Wholesale Supplies Ltd., 
London, U.K. Autoanalyser cups (1 ml) with con- 
cave base (FO7/c) pretreated with fluoride—oxalate 
were purchased from Stayne Laboratories Ltd., 
Marlow, Bucks., U.K. 

Administration of dose. Phenformin hydrochloride 
(50-150 mg/kg) or 4-hydroxyphenformin dihydro- 
chloride (150 or 183 mg/kg, the molar equivalent of 
120 mg/kg and 150 mg/kg phenformin hydrochloride, 
respectively) in saline were administered as single 
i.p. injections. 

Effect of phenformin on the blood concentration 
of lactate and glucose. Male, Wistar albino rats (200- 
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300 g) were anaesthetized with sodium pentobarbital 
(60 mg/kg) and blood samples collected from the tail 
vein at 0.5 hr intervals over a period of 4hr after 
phenformin or 4-hydroxyphenformin administra- 
tion. The end of the tail was cleaned to prevent 
surface contamination of the blood and the first 
sample discarded as tissue damage and venous stasis 
may cause an elevation of blood lactate concentra- 
tion. Blood samples were collected into fluoride— 
oxalate-heparin-treated Autoanalyser cups and 
appropriate aliquots taken for the determination of 
lactate and glucose. All animals were killed before 
recovery from anaesthesia. 

In experiments incorporating sodium dichlorace- 
tate (DCA) the right femoral vein was catheterized 
with a butterfly infusion catheter and DCA (50 mg/ml 
isotonic saline, pH 7.4) administered as boluses at 
10-min intervals (300 mg/kg/hr; [18]) commencing 
lhr before the administration of phenformin or 
saline. 

Comparison between plasma phenformin concen- 
tration and the hyperlactataemic and hypoglycaemic 
responses. The experiment was performed over a 
period of 3 days on groups of 3 rats (200-300 g) per 
dose group with the doses randomized for each day. 
Saline injected control rats were examined at the 
beginning and end of each day’s experiment to 
determine any changes in resting levels of lactate 
and glucose. Blood samples from the tail vein were 
taken from the pentobarbital-anaesthetized rats 
immediately before and 2.5hr after dosing with 
phenformin (50-150 mg/kg) i.p. for the determina- 
tion of lactate and glucose. A larger sample of blood 
(2.0-3.0 ml), taken immediately by cardiac puncture, 
was extracted and derivatized with trifluoroacetic 
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Fig. 1. Concentrations of lactate and glucose in rat blood 
following the single i.p. administration of phenformin. 
Phenformin hydrochloride was administered in saline 
(0.5 ml) at the following doses: A , 75 mg/kg; 0, 120 mg/kg; 
O, saline control. Points represent the means of three to 
nine experiments + S.E.M. represented by vertical bars. 
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anhydride (Sterling Winthrop Research Labora- 
tories, personal communication, 1974) and analysed 
for phenformin essentially by the g.l.c. method of 
Matin et al. [19]. 

Determination of lactate and glucose. Lactate con- 
centrations were determined by the method of 
Hohorst (see Henry ef al. [20]) modified for small 
blood samples (0.2 ml). Blood glucose concentra- 
tions were determined by the glucose oxidase method 
of Marks et al. [21] using 0.1 ml samples of heparin- 
ized blood. 

Analysis of data. Significant differences between 
the blood lactate or glucose concentrations in the 
different groups were determined using a modified 
form of Student’s f-test for small samples; where 
variances in the population were shown by a vari- 
ance-ratio test to be statistically unequal,-a second 
modified form of t-test was used [22]. The level of 
significance chosen was P < 0.05. 


RESULTS 


The maximum effect of phenformin upon blood 
lactate and glucose concentrations occurred at 2.0— 
2.5 hr after administration (see Fig. 1). After a single 
75 mg/kg dose of phenformin, lactate concentrations 
were increased from a resting value of 12 mg/100 ml 
(1.3mM) to 17 mg/100 ml (1.9mM) at 2.5 hr and 
glucose concentrations decreased from 100 mg/100 ml 
(5.6 mM) to 70 mg/100 ml (3.9 mM). After a single 
dose of 120 mg/kg phenformin blood lactate concen- 
trations were twice those in control animals 
(24 mg/100 mg, 2.7 mM) at 2.5 hr while glucose con- 
centrations fell to 65 mg/100 ml (3.6 mM). 

The results of the dose-response studies with 
phenformin are shown in Fig. 2. The curves were 
fitted by computer using a non-linear least-squares 
method. Lactate levels in the rat after a 50 mg/kg 
dose of phenformin were not significantly different 
from those in control animals, but after doses of 75, 
90 and 105 mg/kg small but significant increases up 
to 40 per cent were measured compared to controls. 
At doses of 120-150 mg/kg lactate levels increased 
100-225 per cent. The hypoglycaemic response fol- 
lowed a related pattern, although it should be noted 
that a dose of 50 mg/kg produced a 20 per cent 
decrease in blcod glucose concentrations without 
increasing lactate levels. Glucose concentrations 
after doses of 75-120 mg/kg showed a fairly uniform 
reduction to 65-70 per cent of resting levels, while 
135 and 150 mg/kg doses produced a sharp fall to 40 
per cent of resting levels. Plasma phenformin con- 
centrations increased with increasing doses and 
ranged from about 0.2 g/ml at 50 mg/kg to 2.7 ug/ml 
at 150 mg/kg. 

The effects of DCA infusion on blood lactate and 
glucose concentrations are shown in Fig. 3. DCA 
produced a significant 40 per cent reduction in blood 
lactate levels to 5.6 mg/100 ml (0.6 mM) after 1 hr. 
Subsequent administration of phenformin (120 
mg/kg) caused a 30 per cent increase in lactate con- 
centrations in 2-2.5 hr, but the levels did not exceed 
normal resting concentrations. In the absence of 
DCA the same dose of phenformin produced a 100 
per cent increase over normal resting concentrations. 
DCA has a slight but significant effect on resting 
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Fig. 2. Effects of dose on blood concentrations of lactate and glucose and plasma concentration of 

phenformin after i.p. administration of phenformin to rats. Phenformin hydrochloride was administered 

in saline (0.5 ml). Blood samples were taken 2.5 hr after dosing. Points represent the means of three 
experiments + S.E.M. represented by vertical bars. 


blood glucose concentrations in the rat. Throughout 
the 5 hr period of the experiment in the DCA-treated 
saline injected animals the mean blood glucose con- 
centration (90 mg/100 ml, 5.0 mM) was significantly 
lower than that of rats studied for 4 hr after admin- 
istration of saline alone (103 mg/100 ml, 5.7 mM). 
Administration of phenformin (120 mg/kg) to DCA- 
infused rats resulted in a severe hypoglycaemia 
reaching a maximum effect at 2 hr, at which time 
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Fig. 3. Blood concentrations of lactate and glucose in the 
rat following a single i.p. administration of phenformin 
alone, or in conjunction with an i.v. infusion of dichloro- 
acetate. Phenformin hydrochloride (120 mg/kg) was admin- 
istered in saline (0.5ml); sodium  dichloroacetate 
(300 mg/kg/hr) in saline, pH 7.4, was infused intravenously 
(1.2-1.4 ml/hr) commencing 1 hr before administration of 
phenformin or saline. Treatments are indicated as follows: 
O, phenformin alone; &, phenformin plus dichloroacetate; 
O, saline alone; @, saline plus dichloroacetate. Points 
represent the means of three to six experiments + S.E.M. 
represented by vertical bars. 


blood glucose levels were reduced to 30 per cent of 
normal levels (27 mg/100 ml, 1.5 mM). In phenfor- 
min treated animals not receiving DCA blood glu- 
cose levels fell to 65-70 per cent of resting levels at 
2 hr. The blood glucose levels in rats receiving phen- 
formin and DCA were significantly lower than those 
in rats receiving phenformin alone at all times after 
0.5 hr. 

Following a single i.p. administration of 4-hydroxy- 
phenformin at doses equivalent to 120-150 mg 
phenformin/kg, blood lactate levels were unchanged 
(see Fig. 4). The molar equivalent doses of phen- 
formin produced 100-225 per cent increases in blood 
lactate by 2.5 hr (see Figs. 1 and 2). At the higher 
dose of 4-hydroxyphenformin no changes in blood 
glucose concentrations were detected, while the 
equivalent dose of phenformin (150 mg/kg) produced 
a 55-60 per cent reduction in blood glucose levels 
by 2.5 hr (see Fig. 2). 
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Fig. 4. Blood concentrations of lactate and glucose in the 

rat following the single i.p. administration of 4-hydroxy- 

phenformin. 4-Hydroxyphenformin dihydrochloride was 

administered in saline (0.5 ml) at the following doses: @, 

150 mg/kg; O,, 185 mg/kg; O, saline control. Points rep- 

resent the means of four to eight experiments + S.E.M. 
represented by vertical bars. 
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DISCUSSION 


In the normal rat the hyperlactataemic and hypo- 
glycaemic effects of phenformin were dose-related 
(see Figs. 1 and 2). The maximum effect with these 
parameters occurred at around 2.5hr. The time- 
effect curves (Fig. 1) suggest that these effects would 
have returned to normal by about 6 hr. The dose— 
effect relationships in Fig. 2 suggest the existence of 
a critical dose of phenformin in the normal rat of 
between 120 and 135 mg/kg (i.p.), at which point 
blood lactate concentrations rise sharply by 100—225 
per cent of normal levels and glucose concentrations 
fall to 40 per cent of resting levels. The plasma 
phenformin concentration 2.5 hr after doses of 120- 
135 mg/kg was 2-3 ug/ml (1.0-1.5 x 10-° M). These 
plasma concentrations are considerably lower than 
the drug concentrations used in most in vitro experi- 
ments demonstrating glycogen depletion and respir- 
atory inhibition (10-°-10~’ M; [11]), inhibition of 
enzymes of the Krebs cycle (2 x 10-*M; [13, 23]) 
and inhibition of hepatic gluconeogenesis (4 x 
10°*M to 10°°M; [14,15]). There is, however, 
some dispute as to the concentration of phen- 
formin required to produce some of these inhibitory 
effects. Thus, while Soling [12] has reported that no 
evidence of reduced oxidative phosphorylation is 
seen in rat livers perfused in vitro with biguanides 
at 2.5 x 10°°M, Woods and Alberti [24] reported 
that 10°°M phenformin caused a 45 per cent inhi- 
bition of gluconeogenesis in rat liver. It remains 
possible, therefore, that the rapid onset of hyper- 
lactatemia and hypoglycaemia as seen in Fig. 2 


indicates the point at which inhibition of oxidative 


phosphorylation become 


evident. 

The slight but significant reduction in blood glu- 
cose levels in DCA-treated rats is in contrast with 
previous reports that the compound lowers blood 
glucose concentrations only in diabetic or starved 
rats [25-27]. Previously, however, DCA has been 
administered either p.o. or i.p., while in the present 
studies the compound was given i.v. This may have 
resulted in a greater inhibition of the peripheral 
release of gluconeogenic precursors by DCA, an 
effect which contributes to its hypoglycaemic action 
[18, 28, 29]. 

DCA was effective in controlling phenformin- 
associated hyperlactataemia and enhanced the 
hypoglycaemic response to the drug (see Fig. 3). 
Similar findings have been reported using SKF 525A- 
treated [30] and starved rats [17]. A combination of 
DCA and a reduced dose of phenformin may be 
valuable, therefore, in the treatment of some forms 
of diabetes and may significantly reduce the hazard 
of lactic acidosis. However, more extensive bio- 
chemical and toxicological studies are required to 
determine the therapeutic potential of the combined 
treatment. The risks of ketosis are increased [16, 17], 
but this may cause less difficulty in ketoacidosis- 
resistant diabetes. 


The pharmacological activity of phenformin is 
enhanced in animals treated with inhibitors of the 
microsomal mixed-function oxidase system [17, 30], 
suggesting that this compound is metabolized to a 
less active form. The major metabolite of phenfor- 


and _ gluconeogenesis 


min in the rat is 4-hydroxyphenformin which, 
together with its glucuronic acid conjugate, accounts 
for more than half the radioactivity eliminated in the 
24hr urine (35-40 per cent of the dose) after a 
100 mg/kg i.p. dose of [2’-'*C] phenformin [31]. 4- 
Hydroxyphenformin had no effect on blood lactate 
or glucose concentrations in the rat at doses equiv- 
alent to 120 or 150 mg phenformin/kg (see Fig. 4). 
However, this compound was not devoid of bio- 
logical activity, as at a higher dose (305 mg/kg— 
equivalent on a molar basis to 250 mg/kg phenfor- 
min) it was lethal to all of the five rats used. Beck- 
mann [32] reported that oral administration of 4- 
hydroxyphenformin (200-400 mg/kg) does not pro- 
duce hypoglycaemia in the mouse and Heuclin et al. 
[8] found no change in blood lactate levels in rats 
with surgically-induced renal insufficiency after 
administration of 4-hydroxyphenformin (unspecified 
dose) for 8 days. In contrast, Wick et al. [33] have 
reported that the 4-hydroxy metabolite possesses 
half the hypoglycaemic activity of phenformin in the 
rat, but no details of this study were given. 

It appears, therefore, that in the rat hydroxylation 
at the 4-position effectively inactivates phenformin. 
In the rat, after oral administration of a low dose of 
[2'-'*C] phenformin (7 mg/kg), almost 90 per cent of 
the 24hr urinary radioactivity (45 per cent of the 
dose) is eliminated as 4-hydroxyphenformin (free 
and conjugated with glucuronic acid) and only small 
amounts of phenformin (3 per cent of the dose) are 
eliminated unchanged [31]. After a higher dose 
(100 mg/kg, p.o.) about 24 per cent of the 24hr 
urinary radioactivity (12 per cent of the dose) is 
attributable to the parent compound [31]. These data 
suggest that a first-pass elimination process occurs 
in the rat and that at high doses of phenformin the 
hepatic capacity to extract and/or metabolize the 
drug may be saturated. The saturation of such a 
system may lead to dose-dependent disposition 
kinetics [34] and could explain the relatively constant 
increase in plasma phenformin concentrations with 
each dose increment above 50 mg/kg (see Fig. 2). 
Thus, high doses of phenformin may lead to the 
appearance of large amounts of unchanged drug in 
the peripheral circulation and the onset of the con- 
ditions such as respiratory inhibition and inhibition 
of hepatic gluconeogenesis which lead to lactic aci- 
dosis. These findings support the current view that 
lactic acidosis only occurs in the presence of abnor- 
mally high plasma levels of phenformin [35, 36] and 
may explain the predisposition of patients treated 
with phenformin to lactic acidosis when renal and/or 
hepatic dysfunction is present. 
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Abstract—The binding of [*H]PGI, to a particulate fraction of human, bovine, canine and rat platelets 
was measured. Saturation of the binding sites was reached within 10-15 min at 0°. The dissociation 


constant Kp was in the range of 3.5 to 6.3x107° 


moles/1 with only little interspecies variation. A 


structure—binding relationship was obtained from the competition curves after a logit-log transformation. 
PHIPGI, was displaced by a five-fold higher concentration of PGE,. PGE, and PGF,, were much less 
effective. The high specificity of the platelet receptor should allow the characterization of stable PGI,- 


derivatives. 


The binding of PGI, to specific receptor sites at the 
cell membrane of thrombocytes can be considered 
as an essential step for its biological activity. Previous 
studies have demonstrated high specificity binding 
of [H]PGE, and [*H]PGI, to intact platelets [1, 2]. 
Schafer et al. have recently shown binding of 
[7H]PGE, to a particulate fraction of washed human 
platelets [3]. Due to close similarities in the bio- 
chemical profile between PGE, and PGI, it was 
inferred in these studies that the two prostaglandins 
may share the same receptor site. 

We now wish to present direct evidence that 
[°H]PGI, binds to a particulate fraction of platelets 
of various species and that PGE, competes for the 
same binding site. 


MATERIAL AND METHODS 


[9H]PGI,, tetramethylammonium salt (sp. act. 
12.6 Ci/mmole), was purchased from New England 
Nuclear, Boston, MA, U.S.A. The radiochemical 
purity was greater than 90 per cent by H.P.L.C. 
(reversed phase chromatography on LiChrosorb RP- 
18, elution. with a_ gradient of phosphate 
buffer/methanol) and t.l.c. (solvent system of ethyl 
acetate—acetic acid—iso-octane—water = 90:20:5:100, 
organic phase). Unlabeled prostaglandins were 
kindly provided by Dr. Skuballa and Dr. Radiichel 
from the Department of Synthetic Chemistry, Scher- 
ing AG, F.R.G. 

Blood from rats, dogs, bulls and human volun- 
teers was collected using citric acid, citrate and glu- 
cose as anticoagulant according to the ACD USP 
XVII Formula B. The blood was centrifuged at 160 g 
for 20 min at room temperature to remove red and 
white blood cells. The following steps were per- 
formed in the cold. The platelet-rich plasma was 
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oratories of Schering AG, Miillerstrasse 170-178, 1000 
Berlin 65, Federal Republic of Germany. 


further centrifuged for 10min at 1600¢ and the 
resulting pellet suspended in a medium containing 
140 mmoles/l NaCl, 5 mmoles/l KCl, 5 mmoles/l 
glucose, 5.75 mmoles/| citric acid and 2 mmoles/| 
sodium citrate. The platelets were disrupted by freez- 
ing and thawing. The material was sonicated twice 
for 10sec with a MSE sonifier. The sonicate was 
centrifuged at 105,000 g for 30 min. The precipitate 
was suspended in the glucose citrate medium which 
had been adjusted to pH 7.5 with 2 moles/I Tris base. 
The final protein concentration was 1.5—2.5 mg/ml 
determined according to the method of Lowry et al. 
[4]. 

Portions (10 pmoles) of [*H]PGI, in 10 ul 0.02 
moles/l Tris-HCl, pH 8, and 10 wl of unlabeled 
prostaglandins in appropriate concentrations, as 
shown in the figures, were added to 180 ul of the 
platelet particles in the suspension buffer of pH 7.5. 
The samples were incubated for 10 min in an ice 
bath and applied to a short Sephadex G-50 column 
to separate free from particle-bound PGI,. To pre- 
pare the columns, Sephadex G-50 was suspended in 
0.01 moles/l Tris-HCl, pH 7.5, containing 0.154 
moles/I NaCl, and applied to Pasteur pipettes which 
had each been fitted with a small plug of quartz 
wool. The column bed volume was 2 ml. Prior 
experiments had shown that protein-bound PGI, was 
eluted with 1 ml of buffer. Unbound PGI, was quan- 
titatively released from the column with 3.5 ml of 
Tris—-NaCl buffer. The separation was performed at 
4° in a cold room. The time required to elute bound 
PGI, was generally less than 2 min. After adjusting 
the volumes of the eluates with buffer, radioactivity 
was counted in both fractions with Instagel in a 
Packard Liquid Scintillation counter. Specific bind- 
ing was defined as the amount of the total [*H]PGI, 
bound that was displaced by 10~* moles/I unlabeled 
prostaglandin. 


RESULTS 


Binding of [*H]PGI, to a particulate fraction of 
bovine platelets was readily saturable within 10- 
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10° moles /| PGI, 








f moles [3H] - PGI specifically bound/mg protein 


Time, min 


Fig. 1. Association and dissociation of [*H]PGI, in a bovine 
platelet particulate fraction. After incubation of 5 x 
10-* moles/I [7H]PGI, for 30 min, 10~* moles/l unlabeled 
PGI, was added to measure dissociation. The points 
represent the mean of two experiments. 


15 min at 0°. Specifically bound [*H]PGI, could be 
displaced to about 50 per cent by high concentrations 
of unlabeled PGI, (Fig. 1). Binding of PGI, was 
dependent on the protein concentration of the par- 
ticles of the platelet preparation (Fig. 2). The trans- 
formation of saturation curves according to Scat- 
chard [5] allowed the determination of binding 
parameters. Two binding sites were found in particles 
of bovine platelets with dissociation constants of 3.5+ 
0.7 x 10°§ moles/l and 3.2+1.9 x 10°’ moles/l, 
respectively (Fig. 3). The high affinity site could bind 
0.36 pmole/mg of protein and the low affinity site 
2.82 pmoles/mg of protein. Dissociation constants 
were also determined in human, canine and rat pla- 
telets. The high affinity, low capacity sites from the 
three platelet types had dissociation constants of 6.3 
x 107°, 4.2 x 10°° and 5.5 x 10° moles/l, respec- 
tively. All experiments had been performed at least 
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Fig. 2. Dependency of [*H]PGI, binding on the protein 
concentration of a bovine platelet particulate fraction. 
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Fig. 3. Scatchard plot of [7H]PGI, bound to a bovine platelet 
particulate fraction. The points represent the mean of three 
experiments. 


in duplicate. The interspecies differences were only 
small. Although there was little variation in the 
dissociation constants between each experiment, the 
number of binding sites varied considerably. 

In order to determine the relative binding affinity 
of other prostaglandins, the displacement of 
[‘H]PGI, by unlabeled material was plotted as per 
cent binding vs the log molar concentration. Such 
displacement curves can be linearized by a logit—log 


’ transformation [6]. The results of parallel line assay 


analysis show that PGE, was 5.4 times less active 
than unlabeled PGI, in displacing radioactivity from 
the receptor (Fig. 4). PGE, was about 230 and PGF,, 
more than 500 times less potent than PGI. 6-Keto- 
PGF,,, the stable isomerization product of PGI), 
had no affinity for the receptor. The fact that five 
times higher concentrations of PGE, were needed 
to displace PGI, from the binding site was in good 
agreement with the dissociation constant found from 
Scatchard plots with [*H]PGE,. The affinity was 1.2 + 
0.1 x 10°’ moles/l, which is about 3.5 times that of 
PGI,. Because the displacement curves for PGI, 
after logit-log transformation were parallel and 


Logit B/B, 








107” io ® 10° 
Unlabeled PG added, 


Fig. 4. Relative binding activity of PGI,, (@), PGE, (x), 
PGE, (O) and PGF), (A) after logit-log transformation. 


moles/| 





Prostaglandin I, receptors 


because a double reciprocal plot of the data sug- 
gested competitive inhibition it is conceivable that 
PGI, and PGE, may share the same receptor 
molecule. 


DISCUSSION 


Saturation of the receptor molecules by prosta- 
glandins is generally obtained within 30-60 min at 
room temperature [7, 8]. From the present experi- 
ments and also from those of Schafer et al. [3] it is 
apparent that the velocity of binding of PGI; is much 
faster than that seen with other prostaglandins. Even 
at 0° almost complete saturation of the binding sites 
is reached after only 10 min. The association of PGI, 
with the receptor in vivo is probably even more 
rapid. Similar fast association reactions are only seen 
with receptors of neurotransmitters [9]. 

The integrity of the PGI,-receptor appears to be 
highly susceptible to inactivation. Already minute 
changes during the isolation procedure of the pla- 
telets prevented binding of [*H]PGI, to the high 
affinity site. 

The specificity of the PGI,-binding site correlates 
well with the anti-aggregatory potency of these 
prostaglandins in platelet rich plasma. PGI, has so 
far been the most potent inhibitor of platelet aggre- 
gation, PGE, having about 6-12 per cent of the 
activity of PGI,. PGE, prevents platelet aggregation 
only in very high concentrations whereas PGF,, is 
practically inactive (W. F. Losert, personal com- 
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munication). [*H]PGI, is displaced from the receptor 
site by these prostaglandins in a corresponding 
fashion. We have previously shown that PGI, has no 
affinity for the PGE, receptor in human uterine 
particles, in contrast to PGE, which showed 100 per 
cent cross-reactivity [10]. It appears, therefore, that 
the anti-aggregatory PGE,, unlike PGI,, recognizes 
the geometry of both the PGI, and PGE, receptor 
molecule. Species variations in the characteristics of 
the PGI,-binding site in platelet particulate fractions 
have not been observed. 
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Abstract—Postmitochondrial supernatant fractions of rat liver were incubated with 11 carcinogenic and 
non-carcinogenic derivatives of 4-dimethylaminoazobenzene and tRNA was isolated from this material. 
Only initiator tRNA from preparations pretreated with carcinogenic compounds showed a significantly 
enhanced acceptance for methionine. This effect was dependent from the dose and time of preincubation. 
Also the formation of lysyl- and alanyl-tRNA was stimulated after pretreatment of postmitochondrial 
supernatant fractions with carcinogenic derivatives whereas the synthesis of glycyl-tRNA was only 
slightly affected. No correlations were found between the carcinogenic activity of azo dyes and the 
charging of tRNA with phenylalanine, isoleucine, valine and arginine. All derivatives tested significantly 
inhibited the formation of leucyl-tRNA, carcinogenic compounds being more effective in this respect 
than non-carcinogenic ones. No changes in the charging of tRNA with amino acids were found if 
cytosols in the absence of microsomes were pretreated with the compounds tested. Only the presumed 
metabolite of 4-dimethylaminoazobenzene, 4’-hydroxy-4-dimethylaminoazobenzene, enhanced signifi- 
cantly the charging of initiator tRNA if preincubated with cytosol or with pure tRNA. Parent carcinogenic 
azo dyes are apparently converted into active intermediates by microsomal enzymes present in post- 
mitochondrial supernatant fractions and these ultimate carcinogens react with initiator tRNA and some 
other tRNA species and modify their acceptance. 


Interaction of chemical carcinogens or their active 


metabolites with macromolecules in the target cell 
seems to be an essential event in chemical carcino- 
genesis (see Ref. 1 for review). At least some car- 
cinogens exhibit a greater affinity in this respect for 
RNA than for DNA or proteins [2]. Several reports 
indicate that tRNA may be a preferential target 
molecule for carcinogenic compounds and that the 
extent of binding of these compounds to tRNA may 
exceed that to the other RNA species [3-7]. 

Because of the important role of tRNA in the 
translation of the genetic message, the pattern of 
individual tRNA species was studied in various 
physiological as well as pathological conditions and 
evidence has been presented that changes in the 
abundance of different tRNA species are associated 
with metabolic regulation, cellular differentiation 
and neoplastic transformation and growth [2, 8, 9]. 
Interaction of chemical carcinogens with tRNA 
results in apparently specific alterations of its accept- 
ance for amino acids, codon recognition and the 
binding to ribosomes [10]. Evidence has been pre- 
sented that N-nitroso carcinogens and triazenes 
enhance the charging of tRNA with L-leucine [11]. 
Only carcinogenic but not similar non-carcinogenic 
polycyclic aromatic hydrocarbons were shown to 
enhance the acceptance of initiator tRNA for L- 
methionine [12]. 





+ Abbreviations used: DAB, 4-dimethylaminoazoben- 
zene; DA-1-N, dimethylaminobenzene-1-azo-1’-naphthal- 
ene; DA-2-N, dimethylaminobenzene-1-azo-2’-naph- 
thalene. 


Experiments described in this paper were per- 
formed to find out whether the effect of carcinogenic 
hydrocarbons is specific for this class of compounds 
only or is a general property of carcinogenic com- 
pounds. Evidence is presented that only carcinogenic 
derivatives of DAB# enhance the formation of Met- 
tRNA™* in a similar way as carcinogenic hydro- 
carbons, that non-carcinogenic derivatives are free 
from this effect and that this influence is mediated 
by microsomal enzymes. 


MATERIALS AND METHODS 


Animals. Wistar rats of both sexes (120-150 g) 
bred in this laboratory and fed a standard pelleted 
diet were used. 

Chemicals and radiochemicals. Azo dyes were pre- 
pared by the reaction of arenediazonium salts with 
N,N-dimethylaniline [13]. All other chemicals were 
described by Hradec et al. [12]. 

L-[*°S]Methionine (1155 Ci/mmole) was purchased 
from the Radiochemical Centre, Amersham, Bucks., 
U.K., L-[U-“C] arginine (240 mCi/mmole), L-[U- 
4C] alanine (120 mCi/mmole), L-[U-'*C} phenylala- 
nine (360 mCi/mmole), [U-“C]glycine (80 
mCi/mmole), L-[U-'C]isoleucine (240 mCi/mmole), 
L-[U-“C]leucine (240 mCi/mmole), t-[U-'C]lysine 
(240 mCi/mmole) and 1-[U-“C]valine (200 
mCi/mmole) were products of the Institute for 
Research, Production and Uses of Radioisotopes, 
Prague, Czechoslovakia. 

Isolations. Postmitochondrial supernatant frac- 
tions (the S-30 fraction) from rat liver were isolated 
and incubated with compounds to be tested as 
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described by Hradec et al. [12]. Cytosol was prepared 
by centrifuging the S-30 fraction at 300,000 g and 4° 
for 60 min in a Beckman 70 Ti rotor using a L5-65 
ultracentrifuge. Total tRNA was isolated from the 
cytosol by phenol extraction [14] and deacylated as 
described by Stanley [15]. Crude aminoacyl-tRNA 
synthetases from E. coli were isolated as described 
by Matthaei et al. [14] and aminoacyl-tRNA synthe- 
tases from rat liver were partially purified using the 
method of Stanley [15]. 

Incubations. Mixtures for the charging of initiator 
tRNA with L-methionine were composed and incu- 
bated as described by Hradec et al. [12]. Charging 
of tRNA with the other amino acids in the presence 
of aminoacyl-tRNA from rat liver was assayed in 
mixtures described by Hradec and DuSek [16]. 
Samples for the assay of radioactivity were prepared 
and the radioactivity was assayed as described by 
Hradec et al. [12]. 


RESULTS 


If postmitochondrial supernatant fractions were 
preincubated with DAB, tRNA isolated from these 
preparations was charged with L-methionine in the 
presence of bacterial aminoacyl-tRNA synthetases 
significantly more efficiently than in control mix- 
tures, indicating an enhanced acceptance of initiator 
tRNAF" [15] for this amino acid. This effect was 
dose-dependent and doses of DAB required for the 
maximum stimulating effect were in the range of 
10 pmoles DAB/ml of the S-30 fraction. Higher as 
well as lower doses of the compound tested were 
considerably less effective. Essentially the same 
dose-dependence was found if tRNA isolated from 
the preparations preincubated with the azo dye was 
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Fig. 1. Effect of different doses of DAB on the acceptance 

of unfractionated tRNA of rat liver for L-methionine (@) 

and L-alanine (O). Preincubation with DAB of the post- 

mitochondrial supernatant fraction was for 60 min at 37° 
as described in Materials and Methods. 
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Fig. 2. Effect of different preincubation times on the charg- 

ing of tRNAM* with L-[°°S]methionine. The dose used for 

the preincubation was 30 pmoles DAB/ml postmitochon- 
drial supernatant fraction. 


charged with L-alanine in the presence of aminoacyl- 
tRNA synthetases from rat liver (Fig. 1). 

Also, the time for which the postmitochondrial 
supernatant fraction had been treated with the com- 
pound tested was of considerable importance and a 
preincubation for 1 hr at 37° was found to be the 
most satisfactory period (Fig. 2). Preincubation had 
no significant effect on the charging with any amino 
acids used of tRNA isolated from control mixtures 
containing only the solvent. 

Pretreatment of the postmitochondrial superna- 
tant fraction with the azo dyes prior to the isolation 
of tRNA revealed a high degree of correlation 
between the carcinogenic activity of these com- 
pounds and their enhancing effect on the acceptance 
of initiator tRNA. Thus both 3’-methyl- and 3’-meth- 
oxy-substituted DAB, which exhibit a similar car- 
cinogenic activity to the parent DAB, enhanced the 
acceptance to a very similar extent. Moreover, 3’- 
chloro- and 3’-nitro-derivatives of a considerably 
lower carcinogenic activity also showed a lower effect 
on initiator tRNA. Non-carcinogenic derivatives did 
not affect the charging of initiator tRNA. A par- 
ticularly significant difference in this respect was 
found with both naphthalene derivatives tested. 
Whereas the 1’-substituted compound is non-carcin- 
ogenic and without effect on the charging of tRNA, 
the derivative substituted at the 2’ position is strongly 
carcinogenic and exhibited also a significant enhanc- 
ing effect on the acceptance of initiator tRNA. The 
presumed metabolites of DAB [17], 4’-hydroxy- 
DAB, showed a stimulating effect in the system used 
similarly as the 2’-hydroxy derivative (Table 1). 

Carcinogenic azo dyes did enhance the acceptory 
activity of unfractionated tRNA not only for L-meth- 
ionine but also for L-alanine and L-lysine if total 
tRNA isolated from the S-30 fraction pretreated with 
these compounds was charged with these amino acids 
in the presence of aminoacyl-tRNA synthetases from 
rat liver. The acceptance of both tRNA*" and 
tRNA was affected by individual azo dyes tested 
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Table 1. Charging of tRNA? pretreated with DAB and its derivatives with L-[*°S]methionine* 





No. Compound 


Carcinogenicity 


Reference Met-tRNAM* 





DAB 
3'-CH3-DAB 
3’-COOH-DAB 
3’-Cl-DAB 
3’-OCH;-DAB 
3’-NO,-DAB 
3’-Br-DAB 
4’-CH;-DAB 
4’-OH-DAB 
2'-OH-DAB 

11 DA-1-N 

12 DA-2-N 


Strong 
Strong 
Weak 


Strong 


OCAONKDMNSPWNR 


Weak 
Weak 


Strong 


Intermediate 
Intermediate 


Non-carcinogenic 
Non-carcinogenic 


Non-carcinogenic 


250.6 
301.2 
108.8 
141.0 
257.3 
148.8 
101.0 
100.2 
159.7 
161.1 

91.5 
200.0 





* All values are per cent of controls (postmitochondrial supernatant fractions pretreated 
with the solvent only) obtained with saturating amounts of unfractionated tRNA isolated 
from the S-30 fraction preincubated with 30 pmoles of compounds tested/ml postmitochondrial 
supernatant fraction. Charging was performed using aminoacyl-tRNA synthetases from E. 
coli as described in Materials and Methods. In control mixtures tRNA} was charged with 


0.717 pmole methionine/nmole tRNA. 


essentially in the same way as that of tRNA‘. The 
same holds true also for tRNA®”, although much 
less significant differences were found between 
individual derivatives of DAB in this respect. 

No correlation, however, could be found between 
the carcinogenic activity and the acceptance of 
tRNA“, tRNA, tRNA" and tRNA for their 
amino acids. In contrast to the results obtained with 
all other species of tRNA studied, the acceptance 
of tRNA‘* for its amino acid was significantly 
decreased following the pretreatment of the S-30 
fraction with any of the azo dyes tested, irrespective 
of their carcinogenic activity, although carcinogenic 
compounds seemed to be a little more active in this 
respect (Table 2). 

No changes in the acceptory activity of tRNA for 
any amino acid tested were found if cytosols free of 
microsomes were preincubated with azo dyes instead 
of the postmitochondrial supernatant fractions con- 
taining microsomes (results not shown). The single 


exception in this respect was 4’-hydroxy-DAB, the 
preincubation of which with the cytosol significantly 
enhanced (by 64 per cent) the acceptory activity of 
initiator tRNA. Moreover, this compound was also 
the only one which enhanced the acceptance of 
tRNA™* if incubated with purified unfractionated 
tRNA in the absence of any other cellular constitu- 
ents or cofactors. Doses required for this effect were, 
however, higher than those necessary for the max- 
imum effect with the S-30 fraction or cytosol (Fig. 
3). 


DISCUSSION 


Results presented in this paper clearly indicate 
that the presence of microsomes in the subcellular 
fraction used for the preincubation with azo dyes is 
a prerequisite absolutely necessary for the effect of 
carcinogenic compounds of this class on the accep- 
tory activity of tRNA for amino acids. Carcinogenic 


Table 2. Charging of unfractionated tRNA pretreated with DAB and its derivatives with various amino 
acids* 





Zz 
9 


Compound Ala Arg 


Phe 


tRNA charged with 


Gly Ile Lys Val 





DAB 
3’CH;-DAB 
3'-COOH-DAB 
3'-Cl-DAB 
3'-OCH;-DAB 
3’-NO,-DAB 
3’-Br-DAB 
4'-CH;-DAB 
4'-OH-DAB 
2'-OH-DAB 
11 DA-1-N 

12 DA-2-N 


185.6 
183.5 
182.9 
132.7 
173.6 
127.6 

96.5 
109.6 
120.3 
136.7 

99.0 
258.7 


136.5 
99.9 
54.2 
89.6 
91.2 
72.8 
91.2 
76.2 
97.2 

105.1 
78.5 
83.5 


COmONANIDUNPWNe 


95.2 
100.1 
147.8 
103.7 
109.8 
114.9 
105.1 
104.9 

99.4 

76.9 

85.8 
STi 


136.8 
144.0 
104.6 
133.9 
142.2 
105.1 
71.1 
80.1 
114.6 
114.2 
99.5 
89.9 


246.8 
269.8 
149.0 
164.0 
261.4 
230.3 
100.9 
100.0 
179.1 
138.8 
184.5 
236.8 


171.0 
74.3 
95.7 
63.3 

we a | 
96.7 

144.0 

105.3 

153.4 

155.9 

109.7 

165.9 


128.1 
130.3 
89.6 
61.7 
120.7 
118.3 
100.2 
99.8 
139.1 
76.4 
102.2 
368.0 





* All values represent per cent of controls (preincubation with ethanol only) pretreated with com- 
pounds tested as described in legend for Table 1. Unfractionated tRNA was charged in the presence 
of aminoacyl-tRNA synthetases from rat liver. The following chargings were obtained in control 
mixtures (pmoles amino acid/nmoles tRNA): Ala, 3.86; Arg, 2.89; Phe, 0.36; Gly, 2.02; Ile, 0.88; Leu, 


0.57; Lys, 1.05; Val, 0.55. 
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Fig. 3. Effect of the incubation of 4’-hydroxy-DAB with 
tRNA on the acceptance of tRNA} for L-[*°S]methionine. 
Unfractionated tRNA (10mg) from rat liver in 1 ml of 
Tris-HCI! buffer, pH 7.5, was incubated with 0.1 ml of 
ethanol containing the quantities of 4'-hydroxy-DAB as 
indicated for 60 min at 37°. After that, tRNA was precip- 
itated with ethanol [14] and its acceptance was tested in 
the presence of aminoacyl-tRNA synthetases from E. coli 
as described in Materials and Methods 


azo dyes are typical procarcinogens requiring micro- 
somal enzymes for their conversion into active ulti- 
mate carcinogens [18] which are apparently only able 
to modify the acceptance of tRNA for amino acids. 
In agreement with this opinion, 4’-hydroxy-DAB, 
which is a metabolite of the parent DAB [17], was 
the only compound in our experiments capable of 
modifying the acceptance of tRNA" in the absence 
of microsomes. Because this compound is able to 
affect initiator tRNA even by incubation with tRNA 
alone in the absence of any further additions, it 
would seem that at least some metabolites of DAB 
are able to react with tRNA directly by chemical 
rather than by enzymic mechanisms. Possible binding 
of these compounds to tRNA [3-7] or reactions with 
certain nucleotides should be considered in this 
respect. From this point of view, the presence of 
microsomes would be essential only for the conver- 
sion of parent inactive compounds to active metab- 
olites and not for their interaction with tRNA. 

It cannot be excluded that the difference between 
modified and control tRNA may depend on a dif- 
ferent degree of uncompensated -CCA and shorten- 
ing, as incubation mixtures containing aminoacyl- 
tRNA synthetases from rat liver were not supple- 
mented with CTP. However, this does not apply for 
the charging of tRNA with methionine by synthe- 
tases from E. coli where CTP was present [12, 14]. 

Alterations of the acceptory activity of tRNA may 
result from the changes in tRNA structure induced 
by active metabolites of carcinogens. Administration 
of 3'-methyl-4-aminoazobenzene, ethionine and 
some other carcinogens resulted in a significant 
change of chromatographic profile of tRNA in the 
liver [7, 19,20]. A complex of the azo dye with 
tRNA?" was demonstrated in the liver of rats fed 


3'-methyl-DAB [21]. Convincing evidence has been 
presented to show that the major dye-containing 
components obtained by the hydrolysis of liver RNA 
from rats given N-methyl-4-aminoazobenzene is 
N(guanosin-8-yl)-methyl-4-aminoazobenzene and 
the same compound has been also identified 
if N-benzoyloxy-methyl-4-aminoazobenzene was 
reacted with RNA in vitro [22-24]. 

Different carcinogens are apparently able to react 
with or to become bound to different species of 
tRNA. The administration of N-acetoxy-2-acetylam- 
inofluorene to rats stimulated the synthesis of argi- 
nyl-tRNA but inhibited the formation of several 
other aminoacyl-tRNAs [10]. On the other hand, 
ethionine seems to react preferentially with tRNA‘ 
[25]. N-Nitroso carcinogens and triazenes enhanced 
the formation of Leu-tRNA in vitro [11]. Both car- 
cinogenic hydrocarbons [12] and azo dyes in the 
present experiments seem to have tRNA* as a 
common target. 

Both hydroxy derivatives of DAB used in our 
experiments enhanced the acceptance of initiator 
tRNA to an extent characteristic for compounds with 
an intermediate carcinogenie activity. However, the 
ring hydroxylation of DAB is believed to represent 
a detoxification mechanism leading to inactive com- 
pounds [26]. On the other hand, both these hydroxy 
derivatives were demonstrated to be weakly carcin- 
ogenic [27]. It has been suggested that the 4’-hydrox- 
ylation of aminoazo dyes might be related in some 
obscure way to their carcinogenicity [28]. This may 
well correlate with the unique effect of this com- 
pound found in our experiments. Moreover, it should 
be considered that the carcinogenicity of azo dyes 
is tested mostly by feeding these compounds and it 
seems reasonable to suppose that natural metabolites 
administered in this way may be excreted without 
reaching the target liver cell. This assumption can 
help to explain the disagreement between the 
reported carcinogenic activity and the effect of both 
hydroxy derivatives on the charging of initiator 
tRNA in our experiments. 

Striking similarities exist between the results of 
our earlier experiments with carcinogenic hydrocar- 
bons [12] and those with azo dyes reported in this 
paper. In both instances tRNAf" was affected, an 
identical period of preincubation was required and 
the presence of microsomes was absolutely necessary 
for the effect. The influence of both classes of com- 
pounds was strictly dose-dependent, although opti- 
mum doses for azo dyes are somewhat lower than 
those of polycylic aromatic hydrocarbons. Even 
more important, the enhanced acceptance of initiator 
tRNA was induced only by carcinogenic compounds 
whereas closely chemically related non-carcinogenic 
derivatives were ineffective. 

From the chemical point of view, scarcely any 
similarities can be found between polycyclic aromatic 
hydrocarbons and azo dyes. The requirement for a 
prior metabolic activation seems to be the only com- 
mon property for both these classes of compounds. 
Thus it would seem that the interaction of carcino- 
genic compounds with tRNA, in particular with 
initiator tRNA, may be characteristic for carcinogens 
irrespective of their chemical nature, although fur- 
ther experiments with compounds of different struc- 
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tures are undoubtedly required for a more gener- 
alized conclusion. 

At the moment it is not possible to see any cor- 
relation between the effect of azo dyes on the charg- 
ing of tRNA and the in vivo carcinogenic activity of 
these compounds. It is not known whether they 
directly affect translation either by enhancing protein 
synthesis or by inducing synthesis of abberant 
proteins. 


Acknowledgement—The careful technical assistance of 
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Abstract—Phenolphthalein and harmaline were examined with respect to their effects on the transport 
functions of purified brush border and basolateral membrane vesicles from rat jejunum and kidney 
cortex. Phenolphthalein (0.5 mM) inhibited Na*-coupled D-glucose uptake by intestinal brush border 
membrane vesicles without affecting Na’ -coupled L-alanine transport, Na* transport or Na’ -independent 
D-glucose transport. In renal brush border membrane vesicles, the same concentration of this drug did 
not even affect Na*-coupled D-glucose uptake. At a concentration of 1mM or higher, however, 
phenolphthalein rendered both intestinal and renal vesicles leaky to these solutes. In intestinal and 
renal basolateral membrane vesicles, phenolphthalein at a concentration of 0.5 mM noticeably inhibited 
(Na*-K*)-ATPase activity, but showed no effect on phloretin-sensitive Na*-independent D-glucose 
uptake. At 1 mM this drug also inhibited ouabain-insensitive ATPase activity. Harmaline, at concen- 
trations greater than 2 mM, inhibited not only Na*-coupled p- -glucose and L-alanine uptake by both 
intestinal and renal brush border membrane vesicles, but also Na* translocation. The drug, however, 
affected neither Na*-independent D-glucose uptake nor the general permeability of these membranes. 
Harmaline also inhibited (Na*-K*)-ATPase activity of intestinal and renal basolateral membrane 
vesicles without affecting ouabain-insensitive ATPase. It did not influence, however, phloretin-sensitive 
Na‘*-independent D-glucose uptake by these vesicles. These observations suggest that harmaline acts 
as an inhibitor of Na* and Na‘*-dependent transport mechanisms in intestinal as well as renal brush 
border membranes. Phenolphthalein at the lower concentration selectively inhibited certain transport 
processes in these membranes as well as in basolateral membranes, whereas at the higher concentration 
it caused widespread structural disturbances, possibly through its chaotropic action on membranes. 


Phenolphthalein, a cathartic drug, and harmaline, _ thelia[19, 20]. For instance, drug-induced alterations 


a plant alkaloid that produces hallucinogenic effects, 
have been subjects of several recent investigations 
because of their ability to inhibit various transport 
activities of mammalian cells. In most of these studies 
intact intestinal tissue was employed, and it has been 
reported that these drugs inhibit the uptake of Na* 
and Na‘*-coupled D-glucose and neutral amino acids 
[1-11]. Several studies [12-18] also reported the 
inhibitory action of the drugs on (Na*—K*)-ATPase 
activity. On the basis of kinetic analyses of these 
data, it has been postulated that phenolphthalein 
interacts with carriers of D-glucose and neutral amino 
acids [7], and that harmaline interacts with Na*-sites 
of the nonelectrolyte carrier complexes [10]. The 
interpretation of these studies, however, is not 
definitive because of general methodological diffi- 
culties inherent in using intact tissue, as well as the 
existence of a functional polarity in intestinal epi- 
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in Na*-coupled nonelectrolyte transport could be 
attributed either to direct action of the drugs on 
intestinal brush border membrane carriers or/and to 
dissipation of the Na*-gradient across the brush bor- 
der membrane. This latter effect could be due to the 
inhibitory action of the drugs on (Na*—K*)-ATPase 
in the basolateral membrane or on metabolism. 

The primary objective of our study was to examine 
the effects of phenolphthalein and harmaline on the 
transport functions of intestinal polar epithelial cells 
by utilizing isolated brush border and basolateral 
membrane vesicles. Thus, a better understanding of 
the mechanism of action of these drugs on membrane 
transport processes, without the complications pro- 
duced by metabolic effects, could be expected. For 
this purpose, we developed rapid and simple pro- 
cedures for isolating functionally active brush border 
and basolateral membrane vesicles from rat jejunum 
as well as kidney cortex. The effect of these drugs 
on transport functions of renal polar epithelia [21] 
is of physiological significance since these drugs enter 
the blood circulation. 

Vesicular uptake experiments indicated that 
phenolphthalein (0.5 mM) inhibited the intestinal 
brush border Na*-coupled D-glucose uptake, but had 
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no effect on Na*-coupled p-glucose transport in 
brush border membrane vesicles obtained from the 
proximal tubules of kidney. Low concentrations also 
inhibited (Na*-K*)-ATPase. Concentrations of 
1 mM or higher, however, disturbed the general 
permeability. Harmaline, on the other hand, 
inhibited various membrane systems having Na’ 
binding sites, e.g. Na*-coupled active nonelectrolyte 
transport systems, the Na* transport system itself, 
and (Na*-K*)-ATPase, with no adverse effect on 
membrane permeability. 


MATERIALS AND METHODS 


The jejunal segments and kidneys were removed 
from six male Wistar rats (weighing approximately 
170 g) obtained from the Charles River Research 
Laboratory, Boston, MA. All the procedures 
described below were carried out at 4° unless speci- 
fied otherwise. 

Preparation of intestinal brush border and baso- 
lateral membrane vesicles. Jejunal segments were 
everted and vibrated with a Vibro Mixer El (Che- 
mapec Inc., Hoboken, NJ) while suspended in 100 ml 
of a solution containing 300 mM mannitol and 12 mM 
Tris-HCl, pH 7.4 (mannitol buffer). Mucus and 
debris were removed from the everted jejunal sur- 
face by vibrating at medium speed for 10 min. After 
replacing with fresh mannitol buffer, the intestinal 
segments were vibrated twice at a higher speed, 5/6 
of the maximum, for another 10 min each. Practically 
all of the villous cells were released intact during the 
last two periods of vibration (monitored by light and 
electron microscopy). Suspensions containing intact 
villous cells were combined and filtered through 
nylon cloth (approximately 189 meshes/in’). The 
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Scheme 1. Isolation of brush border and basolateral mem- 
brane vesicles from rat jejunum. 
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cells were collected by centrifuging the suspensions 
at 4500 g for 10min. Then they were resuspended 
in 30 ml of a solution containing 150 mM mannitol, 
10mM Tris-HCl, 5mM MgCl, 30mM< succinate, 
0.1 mM MnCl, and 5 mM potassium phosphate, pH 
7.4 (mannitol-succinate buffer). 

The following procedures were developed for iso- 
lation of functionally active brush border and baso- 
lateral membranes from the same tissue. The cell 
suspension was homogenized at 1200 rpm with 75 
strokes of a Teflon glass homogenizer (Kontes, clear- 
ance 0.0035-0.0045 inches). The homogenate was 
incubated for 30 min on ice while stirring to allow 
mitochondria and endoplasmic reticulum to form 
heavy aggregates, which can be easily separated from 
plasma membranes by centrifugation [22]. In flow 
Scheme 1 the differential centrifugation steps are 
shown in order to obtain fraction P;, a crude mixture 
of brush border and basolateral membrane vesicles. 
P; was resuspended in 5 ml of a solution containing 
100 mM mannitol, 20 mM Hepes-Tris, 2 mM MgCl, 
pH 7.4 (mannitol transport buffer), and hom- 
ogenized in a 15 ml Dounce homogenizer with a tight 
fitting pestle (20 strokes).* Then the suspension was 
layered on a density gradient consisting of 25, 30, 
35, 40 and 50% (w/w) sucrose solution containing 
2mM MgCl, and 2mM Hepes-Tris, pH 7.4, and 
centrifuged at 107,000 g for 90min in a SW 50.1 
rotor. Each interfacial band was tested for enzyme 
markers of the brush border membrane, alkaline 
phosphatase and maltase, and for that of the baso- 
lateral membrane, (Na*—K*)-ATPase (see Table 1). 
According to the analysis, most basolateral mem- 
branes were located at the interface between 30 and 
35% of sucrose (Band 3) and the brush border mem- 
branes between 40 and 50% (Band 5). These bands 
were washed separately with 40 vol. of mannitol 
transport buffer by centrifugation and usually were 
resuspended in 2 ml of the same buffer. 

Preparation of renal cortical brush border and 
basolateral membrane vesicles. Twelve decapsulated 
rat kidneys were used to prepare cortical slices, 1- 
2mm thick. The slices, usually weighing around 3 g, 
were suspended in 30 ml of the mannitol-succinate 
buffer. This tissue suspension was homogenized 
three times in a Sorvall Omni-Mixer at the maximum 
speed for 1 min each. Scheme 2 shows the various 
steps involved in the isolation of the membrane 
vesicles. In preliminary experiments we found that 
the apparent densities of brush border and basola- 
teral membranes were similar. In the presence of 
Mg’*, however, the majority of the basolateral mem- 
branes sedimented in the 6000 g pellet fraction con- 
taining mainly nuclei and other cellular organelles, 
while the brush border membrane vesicles stayed in 
the supernatant fraction. Therefore, as an initial 
step, the homogenate was incubated for 30 min on 
ice while stirring in the mannitol-succinate buffer 
containing Mg’*. Then the homogenate was centri- 
fuged at 6000 g for 12 min. The fraction, P,, con- 
taining intracellular organelies and the basolateral 
membranes, was resuspended in the mannitol buffer 
without Mg** or other divalent cations and hom- 





* Hepes, 4-(2-hydroxyethyl)-1-piperazine-ethanesul- 
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Scheme 2. Isolation of brush border and basolateral membrane vesicles from rat kidney cortex. 


ogenized with 30 strokes of the Teflon glass hom- 
ogenizer. This step facilitated the separation of the 
basolateral membranes from intracellular organelles. 
The crude brush border and basolateral membrane 
fractions, P,, and P3, respectively, were suspended 
in 3 ml of the mannitol transport buffer and were 
layered on a density gradient consisting of 27, 31, 
34, 37 and 40% (w/w) of the sucrose solution con- 
taining 2 mM Hepes-Tris and 2 mM MgCl, pH 7.4. 
The centrifugation was at 107,000 g for 90 min with 
the SW 50.1 rotor. Analysis of each interfacial band 
(see Tables 2A and 2B) showed that Band 4a 
between 34 and 37% of sucrose from P,, retained 
most of the alkaline phosphatase and maltase activi- 
ties (the brush border membrane markers), while 
membrane vesicles of the same density, Band 4, 
from P; showed the highest (Na‘—-K*)-ATPase 
activity (the basolateral membrane marker). 

These bands were washed with 40 vol. of the man- 
nitol transport buffer and usually they were resus- 
pended in 2 ml of the same buffer. 

Enzyme assays. The alkaline phosphatase activity 
of various membrane fractions was estimated accord- 
ing to the method of Hiibscher and West [23] by 
measuring hydrolysis of p-nitrophenolphosphate in 
the presence of potassium fluoride. Maltase activity 
was measured using the method of Dahlqvist [24]. 
(Na*-K*)-ATPase activity was determined in an 
incubation medium containing 120 mM NaCl, 7 mM 
KCI, 5 mM Hepes, 4mM MgCl, 0.7mM EDTA, 
0.5 mM deoxycholate, and 4 mM Na,*-ATP, pH 7.4, 
with or without 1 mM ouabain. The inorganic phos- 
phate released was measured by the method of Tsai 
et al. [25]. (Na*-K*)-ATPase activity refers to the 


portion of ATP hydrolysis that was inhibited by 
ouabain. The remaining activity was referred to as 
the ouabain-insensitive ATPase activity. It should 
be noted that harmaline interferes with the color- 
imetric assay for inorganic phosphate. Therefore, 
HCl-washed charcoal was used to remove harma- 
line after termination of the ATPase reaction and 
before released inorganic phosphate was measured. 

The following enzyme activities were assayed in 
the various membrane fractions to monitor the extent 
of subcellular organelle contaminations: succinate- 
cytochrome c reductase for mitochondria [26], 
NADPH-cytochrome c reductase for endoplasmic 
reticulum [27], acid phosphatase using /-glycero- 
phosphate for lysosomes [28], and lactic dehydro- 
genase for the cytosol [29]. Protein was estimated 
by the method of Lowry et al. [30]. All the assays 
were performed under the conditions at which reac- 
tion rates are linear with respect to reaction time 
and protein concentrations. 

Transport assays. Transport of various solutes into 
the membrane vesicles was measured using the mem- 
brane filtration technique [19,31]. For measure- 
ments of Na* or Na*-coupled nonelectrolyte uptake, 
the incubation medium contained 100 mM NaSCN, 
100 mM mannitol, 2mM MgCl, 1% bovine serum 
albumin (BSA), and 10mM Hepes-Tris, pH 7.4. 
Uniformly labeled ['*C]-p-glucose or L-alanine was 
added at a concentration of 150 uM (100 cpm/pmole) 
when indicated. Carrier-free [”Na]Cl was added 
when Na* uptake was measured. For the Na*-inde- 
pendent component of the solute uptake, NaSCN 
was replaced with KSCN. It should be noted that 
harmaline solubility was greatly reduced in the pres- 
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Table 2B. Specific activities and recovery of marker enzymes for cell structures from rat kidney cortex (basolateral 
membrane preparation)* 





Marker 


Sucrose density gradient fractions Percentage 





Cell 


structure enzyme Homogenate 


4b 5b 6b 


of enzyme 
recovery? 





Alkaline 
phosphatase 335 
Maltase 191 
(Na’-K")- 
ATPase 
Succinate 
cytochrome c 
reductase 
NADPH 
cytochrome c 
reductase 
Acid 
phosphatase 
Lactic 
dehydrogenase 


Brush 
border 
membrane 
Basolateral 
membrane 
Mitochondria 


Endoplasmic 
reticulum 
Lysosomes 


Cytosol 


276 (1.7)4 
101 (1.1) 


1698.9 (7.5) 


57.05 (0.16) 


7.02 (0.67) 
117.5(0.07) 


38.1 (0.015) 


85.0 
81.0 


210 (0.8) 
58 (0.4) 


74 (0.6) 
Not detectable 


1054.2 (6.9) 167.0 (6.8) 92.8 


19.28 (0.19) 


12.72 (1.44) 2.63 (1.84) 


58.1 (0.4) 30.6 (1.2) 


39.8 (0.019) 30.2 (0.055) 





* Enzyme activity is expressed as nmoles/mg protein/min. 


+ Includes recovery at all steps prior to density gradient centrifugation. 
+ Numbers in parentheses are percentage recovery of the enzyme in the fraction with respect to the amount of enzyme 
in the homogenate. Enzyme activity in the homogenate is considered to be 100 per cent. 


ence of SCN ions. Therefore, in experiments with 
harmaline, NaCl or KCI was used instead of NaSCN 
or KSCN to prepare the appropriate transport 
medium. For glucose-dependent Na* uptake [32], 
the incubation medium contained 100mM KCI, 
2mM MgCl, 1% BSA, 10 mM Hepes-Tris, pH 7.4, 
and 100mM mannitol or a mixture of 50mM p- 
glucose and 50 mM mannitol. Then 0.1 mM [”Na]Cl 
was added finally. Additions of inhibitors or drugs 
when indicated were made by replacing mannitol 
iso-osmotically. The incubation media and the mem- 
brane suspensions, usually in the mannitol transport 
buffer containing 1% BSA, were incubated sep- 
arately at 22°, the reaction temperature, for 5 min. 
Typically, the transport reaction was initiated by 
mixing 20 ul of the membrane suspensions (~70 mg 
protein) with 100 ul of the incubation media. After 
a designated period of incubation at 22°, the trans- 
port activity was stopped by adding 2 ml of ice-cold 
150mM _ potassium chloride solution containing 
0.5 mM phloridzin to brush border membrane ves- 
icles and 0.3 mM phloretin to basolateral vesicles. 
The suspension was immediately filtered over a Mil- 
lipore filter (HAWP 0.45 um pore size) under con- 
stant vacuum (27mmHg). The membrane filters 
were washed twice with 2 ml of the stopping solution. 
After air drying, the filters were dissolved in 10 ml 
of Tritosol scintillation fluid [33]. The radioactivity 
was counted with a Nuclear Chicago Mark I liquid 
scintillation system. 

In earlier experiments, we found that the intestinal 
. brush border membrane vesicles lost 50 per cent of 
their Na*-coupled D-glucose transport activity after 
45 min at 22°. When 1% BSA was included in the 
transport medium, this did not occur during the 
duration of the experiments (up to 100 min). There- 
fore, BSA was always included in the transport media 
as a Stabilizing factor. 

Data from a typical single experiment are pre- 


sented throughout this paper. Several similar experi- 
ments were performed in each case with variations 
of less than 10 per cent. 

Radioactive D-glucose and L-alanine, uniformly 
C-labeled, were obtained from ICN (Irvine, CA). 
Carrier-free [”Na*] was purchased from the New 
England Nuclear Corp. (Boston, MA). Microcrys- 
talline white phenolphthalein, N.F., came from the 
Monsanto Chemical Co. (St. Louis, MO), and was 
supplied by the Ex-Lax Pharmaceutical Co., Inc. 
(Brooklyn, NY). Harmaline, phloridzin and phlor- 
etin were obtained from the Sigma Chemical Co. 
(St. Louis, MO). All other chemicals used were of 
reagent grade from standard sources. 


RESULTS 


Purification of isolated intestinal brush border and 
basolateral membrane vesicles. Table 1 shows the 
recoveries and specific activities of the various 
marker enzymes measured in each of the sucrose 
gradient bands obtained from P; after the density 
gradient sedimentation (see Scheme 1). Band 5 rep- 
resented almost 30—40 per cent of the total activities 
of maltase and alkaline phosphatase in the hom- 
ogenate. This major brush border membrane frac- 
tion showed the highest specific activities of these 
marker enzymes, being about ten times higher than 
those of the homogenate. Furthermore, this band 
showed negligible activities of marker enzymes for 
mitochondria, endoplasmic reticulum, lysosomes 
and cytosol. Band 5 had no noticeable enrichment 
of (Na*-K*)-ATPase, the basolateral membrane 
marker (only 4 per cent of the homogenate). Band 
3, on the other hand, contained about 25 per cent 
of the total (Na*-K*)-ATPase activity in the hom- 
ogenate. The specific activity of this basolateral 
membrane marker was about fifteen times greater 
than that of the homogenate. This fraction showed 
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Fig. 1. Time course profiles of D-glucose (A), L-alanine (B) and Na* (C) uptake by intestinal brush 

border membrane vesicles in the absence (open symbols) or in the presence of 0.5 mM phenolphthalein 

(solid symbols). Panel A: D-glucose uptake in a medium containing either 80 mM NaSCN (circles) or 

KSCN (triangles). The media were buffered with 20 mM Hepes-Tris, pH 7.4. The concentration of pD- 

glucose was 120 uM, and the incubation was done at 22°. Panels B and C: uptake of L-alanine, 120 uM, 

or [Na*] as a tracer in the medium containing 80 mM NaSCN. The other conditions were the same 
as described for Panel A. 


negligible contamination from mitochondria, lyso- 
somes and cytosol. Endoplasmic reticulum and brush 
border membrane enzymes represent also a minor 
impurity in Band 3, the total amount of which is less 
than 3 per cent of the homogenate. 

Purification of isolated renal brush border and 
basolateral membrane vesicles. Tables 2A and 2B 
show specific activities and per cent recoveries of the 
various marker enzymes in the sucrose density gra- 
dient bands obtained from P;,, the crude brush bor- 
der membrane fraction, and P;, the crude basolateral 
membrane fraction, respectively (see Scheme 2). 

As shown in Table 2A, Band 4a was mostly 
enriched with the brush border membrane markers, 
maltase and alkaline phosphatase, representing 
about 15-20 per cent of the total homogenate activi- 
ties and a 6- to 7-fold purification as compared to 
the homogenate. No significant contamination from 
intracellular organelles was detected in this band, 
which contained only 1.4 per cent of the (Na*-K*)- 
ATPase activity found in the homogenate. As shown 
in Table 2B, Band 4b was concentrated in (Na*- 
K*)-ATPase, the basolateral membrane marker. 
The specific activity of this enzyme was about twelve 
times as high as that of the homogenate. This major 
basolateral membrane fraction showed no major 
contamination from mitochondria, endoplasmic 
reticulum, lysosomes or the cytosol. This fraction 
also had considerably lower specific activities of the 
brush border membrane markers as compared with 
those of the homogenate. Note that a considerable 
amount of (Na*-K*)-ATPase was also located in 
Band 5b, although the specific activity was lower 
than that of 4b. 

Effect of phenolphthalein on the transport activities 
of intestinal and renal brush border membrane ves- 
icles. Figure 1A shows the time course profiles of 
Na*-coupled and Na‘ -independent D-glucose uptake 
by the intestinal brush border membrane vesicles in 
the absence and presence of 0.5mM_phenol- 
phthalein. The intestinal membrane vesicles showed 


typical Na*-coupled transient uptake of D-glucose 
in the NaSCN medium. This transient accumulation 
reached a maximum within 1 min, and decreased 
gradually to an equilibrium in about 30 min. In the 
absence of the Na* gradient, D-glucose uptake by 
the membrane vesicles amounted to less than 5 per 
cent of the Na*-coupled uptake in the early minutes 
of the incubation, but reached the same equilibrium 
level after 30 min. Phenolphthalein at a concentra- 
tion of 0.5mM drastically inhibited the transient 
accumulation of D-glucose, but did not affect the 
equilibrium level. Also, the drug did not influence 
Na*-independent D-glucose uptake by the intestinal 
brush border membrane vesicles. 

Panels B and C of Fig. 1 show the time course 
profiles of L-alanine and Na* uptake by intestinal 
brush border membrane vesicles in the NaSCN 
medium in the absence and presence of 0.5mM 
phenolphthalein. The drug had no effect on either 
Na‘*-coupled L-alanine or Na* uptake. 

To examine a dose-response profile of the phenol- 
phthalein action on D-glucose uptake, we measured 
D-glucose accumulation by the intestinal membrane 
vesicles in a NaSCN medium during the first 30 sec 
of the incubation period in the presence of various 
concentrations of phenolphthalein. At the same time 
the D-glucose level at equilibrium (30 min) was meas- 
ured to determine if there were any alterations in 
the intravesicular volume due to changes in phenol- 
phthalein concentrations. The results are shown in 
Fig. 2A. As the phenolphthalein concentration was 
raised to 0.5 mM, the transient accumulation of D- 
glucose gradually decreased with no noticeable 
changes in the D-glucose equilibrium level. At 
phenolphthalein concentrations above 0.6 mM, how- 
ever, the D-glucose equilibrium level decreased con- 
siderably, indicating disturbances in the permeability 
(structural integrity) of the brush border membranes. 

With renal brush border membrane vesicles, how- 
ever, phenolphthalein at concentrations up to0.6 mM 
did not affect Na*-coupled p-glucose transport. 
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Fig. 2. Dose-response profiles of phenolphthalein action on D-glucose (120 uM) uptake by intestinal 

(A) and renal (B) brush border membrane vesicles in a medium containing 80 mM NaSCN at 22°. The 

plots show changes in D-glucose uptake during the first 30 sec of the incubation period (@) or after 

30 min of the incubation (O) as a function of phenolphthalein concentration. The other conditions were 
the same as described in Fig. 1. 
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Fig. 3. Time course profiles of Na*-coupled D-glucose uptake by intestinal (A) and renal (B) brush 
border membrane vesicles in the absence (O) or in the presence (@) of 10 uM phloridzin. The incubation 
was in a medium containing 80 mM NaSCN and 120 uM p-glucose at 22°. 
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Fig. 4. Time course of D-glucose (A), L-alanine (B) and Na* (C) uptake by intestinal brush border 
membrane vesicles in the absence (open symbols) or in the presence (solid symbols) of 10 mM harmaline. 
The other conditions were the same as described in Fig. 1. 


Also, this drug did not influence Na*-coupled L- 
alanine and Na‘ uptake (data not shown). Never- 
theless, phenolphthalein at a concentration above 
0.6mM reduced the p-glucose equilibrium level of 
the renal vesicles close to that of the intestinal brush 
border membrane vesicles (see Fig. 2B). 

To have a better understanding of the action of 
phenolphthalein on p-glucose uptake, we have 


examined the effects of phloridzin on Na*-coupled 
D-glucose uptake by intestinal and renal brush border 
membrane vesicles. As shown in Fig. 3, 0.01 mM 
phloridzin reduced the initial rates of Na*-coupled 
D-glucose uptake by intestinal as well as renal brush 
border membrane vesicles by more than 60 per cent. 
Phloridzin at a concentration as high as 1 mM did 
not affect Na* and Na*-coupled L-alanine uptake in 
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Fig. 5. Time course profiles of uptake of Na* at 0.1mM 
(NaCl) by intestinal brush border membrane vesicles in a 
medium containing 80 mM KCI. Key: in the absence of D- 
_ glucose (O), in the presence of 50 mM D-glucose (@), and 
in the presence of D-glucose with 0.5mM_ phloridzin 
(A), with 0.5mM phenolphthalein (A) or with 10mM 
harmaline (0). See Materials and Methods for details of 
the procedure. 


the intestinal and renal membrane vesicles (data not 
shown). The primary difference in the action of 
phenolphthalein from that of phloridzin, therefore, 
resides in the inability of phenolphthalein to inhibit 
Na*-coupled p-glucose uptake by the renal brush 
border membrane vesicles. 

Effects of harmaline on the transport activities of 
intestinal and renal brush border membrane vesicles. 
Figure 4 shows the time course profiles for uptake 
of Na*-coupled and Na*-independent D-glucose (A), 
Na*-coupled L-alanine (B), and Na* (C) by intestinal 
brush border membrane vesicles in the absence or 
presence of 10 mM harmaline. Harmaline inhibited 
the transient accumulation of D-glucose and L-alan- 
ine in the NaCl medium and also reduced the initial 
rate of Na* uptake. The drug did not affect, however, 
the equilibrium levels of these solutes. Furthermore, 
harmaline did not inhibit Na*-independent D-glucose 
uptake by the intestinal brush border membrane 
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Fig. 6. Time course profiles of D-glucose uptake by intes- 

tinal basolateral membrane vesicles in a medium containing 

80mM KCI with no inhibitor (O), 1 mM phloretin (@), 

1mM phloridzin (A), 0.5mM phenolphthalein (A) or 

5 mM harmaline (0). The other conditions were the same 
as described in Fig. 1. 
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Fig. 7. Effects of harmaline and phenolphthalein on (Na*- 

K")-ATPase and ouabain-insensitive ATPase activity of 

intestinal basolateral membrane vesicles. See Materials and 
Methods for details of the assay conditions. 


vesicles. Similar inhibitory results were obtained with 
harmaline on the uptake of D-glucose, L-alanine and 
Na* by renal brush border membrane vesicles. The 
dose-responses of harmaline on the transient accu- 
mulation of D-glucose in the NaCl medium (30 sec) 
were identical in intestinal and in renal brush border 
membrane vesicles (50 per cent inhibition at 6 mM). 

Effects of phenolphthalein and harmaline on v- 
glucose-dependent Na* uptake by intestinal brush 
border membrane vesicles. So far the process of Na*- 
coupled nonelectrolyte transport has been examined 
only with respect to the movement of nonelectro- 
lytes. Kheogenic Na* transport is an integral part of 
this complex transport process. Therefore, we stud- 
ied Na* uptake in response to the movement of D- 
glucose. Figure 5 shows that 50 mM p-glucose in the 
incubation medium accelerated the initial rate of 
Na’* uptake by the intestinal brush border membrane 
vesicles from a solution with a Na* concentration of 
0.1mM. Phenolphthalein (0.5mM), harmaline 
(10mM) and phloridzin (0.5mM) abolished the 
enhanced rate of Na* uptake due to D-glucose. 

Effects of phenolphthalein and harmaline on the 
transport functions of intestinal and renal basolateral 
membrane vesicles. Figure 6 illustrates time course 
profiles of D-glucose uptake in a KC] medium by 
intestinal basolateral membrane vesicles in the 
absence or presence of 0.5mM _ phenolphthalein, 
5mM harmaline, 1 mM phloretin or 1 mM phlor- 
idzin. Only phloretin inhibited a measurable portion 
of D-glucose uptake during the early minutes of the 
incubation period. Final equilibrium levels of D-glu- 
cose uptake determined after 40 min were not notice- 
ably altered by the presence of these inhibitors. 
Similar results were obtained with renal basolateral 
membrane vesicles (data not shown). 

Figure 7 illustrates the effects of harmaline and 
phenolphthalein on the ATPase activity of intestinal 
basolateral membrane vesicles. Phenolphthalein at 
a concentration of 0.5mM _ inhibited (Na*-K*)- 
ATPase activity by almost 80 per cent. When the 
concentration of phenolphthalein was raised to 
1 mM, it inhibited not only the residual (Na*-K*)- 
ATPase activity, but it also reduced a considerable 





2316 


portion of the ouabain-insensitive ATPase activity. 
Similar results were obtained with renal basolateral 
membrane vesicles. 

Harmaline at a concentration of 1 mM inhibited 
(Na*-K*)-ATPase activity in intestinal membranes 
by more than 60 per cent, but did not affect the 
ouabain-insensitive ATPase activity even at 5mM. 
In renal basolateral membranes, harmaline at 1 mM 
also inhibited (Na*-K* )-ATPase preferentially, as 
observed with intestinal membranes. 


DISCUSSION 


In studies with intact intestine, phenolphthalein 
at concentrations below 0.5mM was reported to 
inhibit Na*, Na*-coupled pD-glucose and neutral 
amino acid transport [1-7]. The present study with 
intestinal! brush border membrane vesicles, however, 
showed that a 0.5mM concentration of the drug 
selectively inhibited Na*-coupled D-glucose uptake 
without affecting Na* or Na‘-coupled L-alanine 
uptake. We have also shown that phenolphthalein 
inhibited the rheogenic Na* cotransport with p-glu- 
cose by the membrane vesicles (see Fig. 5). In intact 
tissue, however, phenolphthalein, an extremely 
lipophilic molecule, could rapidly reach the serosal 
side of intestinal epithelial cells by free diffusion 
across the brush border, by lateral diffusion along 
the phospholipid bilayers, and even through the par- 
acellular pathway. Thus, phenolphthalein could 
inhibit (Na*—K*)-ATPase in the basolateral mem- 
brane and cause dissipation of a Na* gradient across 
the brush border membrane. The inhibition of Na*- 
coupled neutral amino acid uptake observed in intact 
intestine [1,6, 7] could, therefore, be a secondary 
effect of the action of the drug on (Na*—K*)-ATPase 
activity. In any event, the inhibitory effects of 
phenolphthalein on intestinal Na *-coupled D-glucose 
transport and (Na*—K*)-ATPase activity could con- 
tribute to the laxative action of the drug. Concerning 
the mechanism of inhibitory action of phenol- 
phthalein on p-glucose uptake, Hand et al. [6] 
pointed out the structural similarity among phenol- 
phthalein, phloridzin and phloretin with the presence 
of acommon phenol group in their structures. In our 
study, however, we have found a marked difference 
in the effect of phloridzin and phenolphthalein. For 
example, phloridzin was very effective in inhibiting 
Na*-coupled D-glucose uptake by renal as well as 
intestinal brush border membrane vesicles, whereas 
phenolphthalein at a concentration fifty times greater 
failed to inhibit Na*-coupled p-glucose uptake by 
renal brush border membrane vesicles. This differ- 
ential effect between phenolphthalein and phloridzin 
suggests that the phenolphthalein inhibition of Na’- 
coupled D-glucose uptake by intestinal brush border 
membrane vesicles should not be attributed to its 
interaction with the D-glucose binding sites. Phenol- 
phthalein also failed to inhibit phloretin-sensitive D- 
glucose transport by intestinal basolateral membrane 
vesicles. 

The actions of phenolphthalein could arise from 
its membrane-perturbing property inherent in its 
chemical structure, i.e. the two phenolic hydroxyls 
and three aromatic rings that are essential for laxative 
activity of various phenolphthalein analogs [34]. 
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Phenolphthalein at 1 mM or higher could possibly 
cause widespread structural disturbances of biologi- 
cal membranes. At 0.5mM or less, however, the 
drug could cause only selective regional disorders of 
the biological membranes assuming regional vari- 
ance of the drug affinity. Thus, phenolphthalein 
could inhibit Na*-coupled D-glucose transport by 
intestinal membrane vesicles without affecting Na* 
or Na*-coupled L-alanine uptake. In addition, the 
ineffectiveness of phenolphthalein on the renal sys- 
tem may be attributed, on the basis of this hypoth- 
esis, to a lower affinity of the drug to the membrane 
region surrounding the brush border membrane car- 
rier involved in Na*-coupled D-glucose transport as 
compared to its counterpart in the intestinal system. 

With isolated intestinal brush border vesicles we 
have shown that harmaline inhibited a variety of 
functions requiring Na* as substrate, i.e. the Na*- 
coupled active D-glucose and L-alanine transport sys- 
tems, the Na* transport system in the brush border 
membrane, and D-glucose stimulated Na* transport. 
These observations support the hypothesis advanced 
by other investigations [8-10] with intact intestinal 
tissue that harmaline interacts with Na” sites of the 
nonelectrolyte carrier complex. While our work was 
in progress, Alvarado et al. [35] reported that har- 
maline inhibited Na* and Na‘*-coupled p-glucose 
uptake by isolated brush border membrane vesicles 
from rabbit jejunum. Our results confirm their find- 
ing in another species. Although the studies with 
intact intestine appear to have correctly predicted 
harmaline interaction with the Na* site of nonelec- 
trolyte carriers, the effectiveness of the drug in 
inhibiting (Na*—K*)-ATPase as shown in the present 
study certainly suggests that dissipation of the Na*- 
gradient across the brush border membrane could 
also contribute to the inhibitory action of the drug 
on nonelectrolyte transport. 

The difficulty in interpreting transport studies with 
intact tissue has been more evident with investiga- 
tions of the effects of harmaline on proximal renal 
tubular transport processes. Septilveda and Robin- 
son [8] reported that harmaline inhibited Na*-cou- 
pled p-glucose and L-phenylalanine uptake by kidney 
cortical slices. Samarzija et al. [11], however, 
reported that in kidney micropuncture experiments 
harmaline showed no direct effect on Na*-coupled 
D-glucose and amino acid cotransport systems. We 
have shown with brush border membrane vesicles 
isolated from the kidney cortex that harmaline 
inhibited Na*-coupled p-glucose and L-alanine 
uptake. Similar observations with rabbit renal cor- 
tical brush border membrane vesicles have been 
reported recently by Aronson et al. [36]. In addition, 
we have shown that harmaline inhibited the trans- 
location of Na* alone by the brush border mem- 
brane. These observations and the demonstration of 
a competitive interaction between harmaline and 
Na* transport sites [35, 36] suggest that harmaline 
probably acts as an inhibitor of Na* binding sites. 
The hallucinogenic effect of harmaline may be attri- 
buted to this property of the drug. 

The inhibitory effect of harmaline on (Na*-K*)- 
ATPase activity may be more complex. In our study, 
harmaline inhibited (Na*-K*)-ATPase without 
affecting the ouabain-insensitive ATPase in both 
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intestinal and renal basolateral membranes. Evi- 
dence presented by Robinson [18] indicates that 
harmaline decreases the apparent affinities for K* 
as well as Na* in this enzymatic reaction in brain 
microsomes. Furthermore, Samarzija et al. [11] have 
reported that harmaline also inhibits renal plasma 
membrane ATPase activities that are not stimulated 
by either Na* or K*, i.e. Mg’* and HCO; ATPases. 
The differences in these findings still remain to be 
resolved. 

In conclusion, the present investigation has dem- 
onstrated that pertinent information can be obtained 
about the mechanism of drug actions on membrane 
transport functions of polar ceils by utilizing rela- 
tively pure vesicles of their luminal and contralu- 
minal membranes which have been isolated by rapid 
and simple procedures. 
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Abstract—An electron paramagnetic resonance method for the identification and quantitation of cobalt 
protoporphyrin IX has been developed to provide definitive evidence for the formation of the cobalt 
chelate of protoporphyrin IX in vivo. Both authentic and enzymatically generated cobalt protoporphyrin 
exhibited a characteristic primary resonance at g = 2.32 at 100° Kelvin (K) in the reduced state. At low 
concentrations, signal averaging was found to improve considerably the signal to noise ratio and thereby 
allow for the measurement of low concentrations of cobalt protoporphyrin. It was possible to determine 
concentrations of cobalt protoporphyrin IX as low as 0.5 uM in biologic preparations, and the signal 
height of the e.p.r. resonance was linear with cobalt protoporphyrin concentrations up to at least 8.0 uM. 
Following the administration of cobaltous chloride to rats, cobalt protoporphyrin IX was demonstrated 
in livers at times when alterations in heme biosynthesis are known to occur. Cobalt protoporphyrin IX 
at the level of 4.8 nmoles/g liver was detected 120 min after the administration of cobaltous chloride 
at a dose of 60 mg/kg of body weight. This finding supports the concept that cobalt protoporphyrin IX 
is rapidly produced in vivo after the administration of cobaltous chloride and may be responsible for 


the observed inhibition of hepatic heme biosynthesis. 


The administration of cobaltous chloride to rats leads 
to marked effects on hepatic heme synthesis, par- 
ticularly hepatic microsomal cytochrome P-450 syn- 
thesis, and on mixed-function oxidase reactions 
dependent on this hemoprotein [1, 2]. The inhibition 
of heme biosynthesis results from a rapid reduction 
of the rate-limiting enzyme 6-aminolevulinic acid 
synthetase [3-8], and inhibition of the activity of 
ferrochelatase [9, 10], the catalyst for the last step 
in heme biosynthesis. In addition, hepatic heme 
catabolism has been reported by Maines and Kappas 
[11], DeMatteis and Unseld [12] and Tephly et al: 
[8] to increase after cobalt administration; this is 
probably related to an enhanced hepatic heme 
oxygenase activity [11, 12]. Guzelian and Bissell [13] 
have suggested that cobalt administration also inter- 
feres with heme-apocytochrome P-450 interaction. 

‘ The question of whether cobalt acts directly or as 
the protoporphyrin chelate has been a source of 
some controversy [14]. Igarashi et al. [15] have iden- 
tified a substance with spectral properties similar to 
cobalt protoporphyrin IX in livers of rats treated 
with allylisopropylacetamide and cobaltous chloride. 
However, neither the specific optical absorption 
properties nor the concentrations of the cobalt pro- 
toporphyrin complex in liver were reported. Sinclair 
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et al. [16] have also provided evidence for the for- 
mation of cobalt protoporphyrin IX in vitro by com- 
paring the absorption spectra of authentic cobalt 
protoporphyrin IX and solubilized protein pellets 
isolated from hepatic homogenates that had been 
incubated previously with cobalt and protopor- 
phyrin. In both of these studies, the spectroscopic 
evidence for the presence of cobalt protoporphyrin 
IX was limited by its non-specific visible absorption 
characteristics and by the necessity for efficient sep- 
aration of the cobalt protoporphyrin IX from iron 
protoporphyrin [X in the homogenate. In addition, 
in neither of the studies was the concentration of the 
cobalt protoporphyrin IX in the homogenates 
reported. 

The present investigation, using electron para- 
magnetic resonance (e.p.r.) spectroscopy, provides 
a definitive method for the quantitative determina- 
tion of cobalt protoporphyrin IX in liver homogen- 
ates of rats treated with cobaltous chloride under 
conditions that have been shown to provoke alter- 
ations in heme biosynthesis. A major advantage of 
the use of e.p.r. spectroscopy for the detection of 
cobalt protoporphyrin IX is that in the reduced state 
the cobalt complex exhibits a characteristic reso- 
nance, while reduced iron protoporphyrin is not 
paramagnetic and gives no resonance. In addition, 
e.p.r. spectroscopy can be used to detect para- 
magnetic species in homogenates or subcellular par- 
ticles without the necessity of prior extraction. Yone- 
tani etal. [17, 18] have prepared cobalt heme proteins 
and have characterized them by visible and e.p.r. 
spectroscopic methods. We have taken advantage 
of the e.p.r. technique and can demonstrate con- 
clusively that cobalt protoporphyrin IX is synthesized 
in liver preparations in vitro and that this substance 
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is also present in livers of rats that have been treated 
with cobaltous chloride. Furthermore, our studies 
allow for an estimate of the concentration of the 
cobalt protoporphyrin IX complex present in liver 
following cobalt administration at a time when the 
biological effects of cobalt are manifest. 


MATERIALS AND METHODS 


Materials. Cobalt (III) protoporphyrin IX was pre- 
pared by the method of Yonetani et al. [17]. Free 
protoporphyrin IX used for the preparation was 
obtained from Porphyrin Products (Logan, UT) and 
was sealed and stored at 4°. Sodium dithionite, pur- 
ified grade, was obtained from the J. T. Baker Chem- 
ical Co. (Phillipsburg, NJ) and stored in a desiccator. 
All other chemicals and biochemicals employed were 
of the highest purity available. 

Analytical procedures. Chemically synthesized 
cobalt protoporphyrin IX was analyzed by visible 
absorption and atomic absorption spectroscopy. 
Samples of cobalt protoporphyrin were prepared in 
an alkaline pyridine solution (100 ml pyridine, 195 ml 
water, and 3 ml of 1 M sodium hydroxide). Reduced 
minus oxidized difference spectra were recorded 
using an Aminco DW2 UV/Vis spectrophotometer. 
The reference cuvette contained 0.04 mM potassium 
ferricyanide while the sample cuvette contained 1 mg 
sodium dithionite/3 ml. Absolute spectra were 
obtained against the alkaline pyridine solution. 

Cobalt was determined by atomic absorption spec- 
troscopy using a Perkin-Elmer model 360 spec- 
trometer in the flame mode. Measurements were 
made at 240.7 nm with a spectral slit width of 0.2 nm. 
Cobalt standards were prepared in alkaline pyridine 
solution and used on the day of preparation. 

Electron paramagnetic resonance spectra were 
obtained using a Varian E-104A EPR spectrometer 
with a variable temperature accessory. Samples were 
frozen in matched, quartz capillary tubes by immer- 
_sion in liquid nitrogen. The appropriate instrument 
parameters were: modulation amplitude, 20 G; mod- 
ulation frequency, 100 kHz; power, 50mW; and 
temperature 100 Kelvin (K). A Nicolet model 535- 
4 signal averager was used to obtain signal height 
values. 

Tissue preparation. Adult male albino Holtzman 
rats weighing 200-350g were used. Rats were 
injected subcutaneously with CoCl,-6H,0 (60 mg/kg 
body wt) and decapitated. Livers were homogenized 
[20 per cent or 50 per cent (w/v)] in ice-cold 0.25 M 
sucrose. 

Homogenates were solubilized for e.p.r. analysis 
by adding 1 ml of pyridine and 0.2 ml of 10 M sodium 
hydroxide to 4ml of the homogenate. In certain 
studies, homogenates (20 per cent, w/v) were cen- 
trifuged for 20 min at 18,000 g in a Sorvall RC2-B 
refrigerated centrifuge, and the protein pellet and 
supernatant fraction were each solubilized in pyri- 
dine and 10 M sodium hydroxide. The samples were 
vortexed at room temperature and, after a homo- 
geneous gel was obtained, the samples were centri- 
fuged gently to remove trapped air. The mixture was 
diluted with distilled water to a known volume. Final 
concentrations of pyridine and sodium hydroxide 
were 2-2.5 M and 0.3-0.4 M, respectively. Sodium 
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dithionite was added to the sample, and the reduction 
was monitored potentiometrically using an apparatus 
similar to that described by Dutton [19]. The mixture 
was transferred to a 50-ml standard taper two-necked 
flask equipped with a calomel reference electrode 
and a platinum indicating electrode. Each electrode 
was mounted in a rubber stopper and extended to 
the bottom of the flask. Sixteen-gauge needles were 
mounted in the stoppers to provide an inlet and 
outlet for purging gas. A polyethylene tube extend- 
ing from the bottom of the flask through one of the 
rubber stoppers was used to transfer the reduced 
sample to the e.p.r. tubes. A Gilmont 2.0 ml micro- 
buret was used for the addition of the sodium dithion- 
ite solution (approximately 40 mM in 25 mM sodium 
borate). Prior to and during reduction, the flask was 
purged with oxygen-free nitrogen. Reduction with 
sodium dithionite was initiated after purging the 
apparatus for 10-15 min. Potential measurements 
were made using a pH meter operated in the minus 
mV range. Titration was terminated when the poten- 
tial stabilized between —0.65 and —0.85 V. At this 
point, the sample was transferred by positive pres- 
sure from the flask to the e.p.r. tube which had been 
purged previously with oxygen-free nitrogen. The 
tube was then stoppered and immediately immersed 
in liquid nitrogen. 

When cobalt protoporphyrin IX was generated 
enzymatically in liver homogenates, the preparation 
was diluted with a half volume of the alkaline pyr- 
idine solution and reduced with sodium dithionite 
to between —0.65 and —0.85 V. 

Liver samples (1.6-1.8g) were prepared for 
atomic absorption spectroscopy by homogenization 
in distilled water. The mixture was digested with 
4.0 ml of concentrated nitric acid at 109° until solu- 
bilization was achieved. The samples were cooled 
to room temperature, and 2.0 ml of 30 per cent 
hydrogen peroxide was added. The mixture was 
heated slowly for about 1 hr, transferred quantita- 
tively, and diluted to volume in 10-ml volumetric 
flasks. Cobalt standards were prepared in 1.0. per 
cent nitric acid. 


RESULTS 


Spectroscopic properties of chemically synthesized 
cobalt protoporphyrin 1X. Chemically synthesized 
cobalt protoporphyrin IX was characterized initially 
by visible spectroscopy. All concentrations of cobalt 
protoporphyrin IX were based on cobalt content as 
determined by atomic absorption spectroscopy. A 
molecular weight of 778 for the molecular complex 
[Co(HP)Py,] was used, where HP represents the 
monoprotonated form of protoporphyrin, Py rep- 
resents pyridine and cobalt exists in the +3 oxidation 
state. Purity of about 99 per cent was estimated. 

The reduced minus oxidized difference spectrum 
of the pyridine complex of cobalt protoporphyrin IX 
yielded absorption band maxima and minimum 
(Table 1) comparable to those reported by Johnson 
and Jones [20], where cobalt was inserted enzymat- 
ically into protoporphyrin IX. The Ag, value, 
555nm minus 535 nm, is also comparable to the 
value reported by Johnson and Jones. The absolute 
absorption spectrum has three characteristic absorp- 
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Table 1. Difference spectra of the reduced and oxidized 
pyridine complex of cobalt protoporphyrin [X* 





Absorption maxima and minimum 
(nm) 





Amo 
|: (€a-€ minimum) 
513 
512 


Baie Minimum 





8.2 mM! cm7! 
9.1mM~!cm7! 


555 
+554 


535 
533 





* Cobalt protoporphyrin IX was dissolved in alkaline 
pyridine solution, reduced with sodium dithionite and com- 
pared to a solution oxidized with potassium ferricyanide. 

+ Johnson and Jones [20]. 


tion bands (Table 2) that are similar to those reported 
by Yonetani et al. [17]. Molar absorptivities, how- 
ever, differ somewhat from those reported by Yone- 
tani et al. [17]. This discrepancy cannot be explained 
at this time, although a commercial source of cobalt 
protoporphyrin [X, obtained from Porphyrin Pro- 
ducts, yielded values similar to those seen in Table 
2. 

Cobalt protoporphyrin [X, dissolved in alkaline 
pyridine solution and reduced with sodium dithion- 
ite, exhibited an e.p.r. spectrum at 100K with a 
primary resonance at g = 2.32. In this spectrum, 
seven of the eight expected resonances produced by 
nuclear hyperfine coupling were observed (Fig. 1). 
The oxidized form of cobalt protoporphyrin [IX was 
not paramagnetic and gave no resonance. When 
chemically synthesized cobalt protoporphyrin IX was 
added to a liver preparation in alkaline pyridine and 
reduced with sodium dithionite, a resonance at g = 
2.32 was observed (Fig. 2), although the hyperfine 
structure was not apparent. The addition of sodium 
dithionite to a liver preparation in the absence of 
cobalt protoporphyrin IX did not result in a reso- 
nance at g = 2.32 (Fig. 3). 

Synthesis of cobalt protoporphyrin IX in vitro. 
When cobalt and protoporphyrin IX were incubated 
together in vitro with liver homogenates for 60 min, 
an e.p.r. spectrum (Fig. 4) similar to that obtained 
upon the addition of authentic cobalt protoporphyrin 
IX to a liver preparation, as described in Fig. 2, was 
observed. In addition to the resonance at g = 2.32, 
there is evidence of some hyperfine structure remi- 
niscent of that observed using chemically synthesized 


Table 2. Absolute absorption spectra of the pyridine com- 
plex of cobalt protoporphyrin IX* 





Absorption maxima and minimum 
Minimum |: Soret 


536 425 
535 424 
11.5 132 


Amax 





569 
569 
12.0 


A (nm) 554 
A(nm)+ 


EmM 





* Cobalt protoporphyrin IX was dissolved in alkaline 
pyridine solution and oxidized with potassium ferricyanide. 
The millimolar absorptivity values were determined from 
the ratio of the measured absorbance to the cobalt con- 
centration determined by atomic absorption spectroscopy. 

+ Yonetani et al. [17]. 
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Fig. 1. Electron paramagnetic resonance spectrum of 
authentic cobalt protoporphyrin IX (15 uM) in alkaline 
pyridine solution and reduced with sodium dithionite. 


cobalt protoporphyrin [X. When e.p.r. spectra were 
determined using homogenates incubated with either 
cobaltous chloride or protoporphyrin IX alone, a 
resonance was not observed at g = 2.32. Also, zero- 
time samples yielded no evidence of the cobalt pro- 
toporphyrin [IX complex. 

Synthesis of cobalt protoporphyrin IX in vivo. 
Evidence for the synthesis in vivo of cobalt proto- 
porphyrin IX was obtained by the e.p.r. spectro- 
scopic method. The e.p.r. spectrum obtained using 
pellets from 20 per cent homogenates prepared from 
livers of rats treated with cobaltous chloride 
(60 mg/kg) 30 min prior to being killed was similar 
to those obtained with chemically and enzymatically 
produced cobalt protoporphyrin IX (Fig. 5). 

Experiments were designed to determine the con- 
centration of cobalt protoporphyrin [X in rat liver 
at times during which the biological effects of cobalt 
are known to occur. Thus, rats injected with 60 mg/kg 
of cobaltous chloride were killed 120 min after cobalt 
administration, livers were removed, and 50 per cent 
(w/v) homogenates were prepared and analyzed for 
cobalt protoporphyrin IX by the e.p.r. spectroscopic 
method. About 4.8 nmoles of cobalt protoporphyrin 
IX/g of liver was observed at this time period. Further 
studies are in progress to determine the localization 
of cobalt protoporphyrin [X in subcellular fractions. 


j \ | g=2.32 


Fig. 2. Electron paramagnetic resonance spectrum of 
authentic cobalt protoporphyrin IX added to a pellet of a 
liver homogenate which had been obtained by centrifu- 
gation of a 20 per cent (w/v) homogenate at 18,000 g for 
20 min and processed as described in Materials and Meth- 
ods. The final concentration of cobalt protoporphyrin IX 
was 2.18 uM. The spectrum represents the average of four 
2-min scans. 
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Fig. 3. Electron paramagnetic resonance spectrum of a 

liver homogenate processed as described in Fig. 2 but 

without cobalt protoporphyrin IX added. The spectrum 
represents the average of four 2-min scans. 


DISCUSSION 


The feasibility of detecting cobalt protoporphyrin 
IX in hepatic tissue by e.p.r. spectroscopy is based 
on the characteristic spectrum at 100 K of reduced 
cobait protoporphyrin IX. A characteristic reso- 
nance at g = 2.32 was observed for both chemically 
and enzymatically synthesized cobalt protoporphyrin 
IX. This resonance is similar to that reported for 
cobalt porphyrin proteins by Yonetani et al. [18]. 
Previous e.p.r. studies dealing with cobalt porphyrins 
involved model compounds such as octaethylpor- 
phyrin or tetraphenylporphyrins with emphasis on 
the effect of adduct, such as molecular oxygen, on 
the e.p.r. parameters of the cobalt porphyrin com- 
plex [21]. A major advantage of the use of e.p.r. 
spectroscopy for the demonstration of the formation 
of cobalt proporphyrin IX is that iron porphyrin 
complexes do not interfere with the cobalt proto- 
porphyrin IX e.p.r. spectrum. The e.p.r. technique 
allows for the detection of the complex in a matrix 
of cell fragments and components without having to 
perform separating procedures. The work of Sinclair 
et al. [16] suggests that the cobalt protoporphyrin 
complex is tightly bound to hepatic proteins. These 
workers were unable to separate the cobalt complex 
using the usual solvent extraction techniques 
employed for heme. Igarashi et al. [15] were able to 
isolate the cobalt protoporphyrin [X complex using 


| 9232 


\y 

V 
Fig. 4. Electron paramagnetic resonance spectrum of cobalt 
protoporphyrin IX enzymatically generated in vitro. Five 
milliliters of a 20 per cent (w/v) liver homogenate was 
incubated with 3.2 uM CoCl, and 66 uM protoporphyrin 
IX for 60 min at 37°. The reaction mixture was then mixed 
with a half volume of alkaline pyridine solution and reduced 

with sodium dithionite. 


Fig. 5. Electron paramagnetic resonance spectrum of cobalt 
protoporphyrin [X obtained from livers of rats treated with 
CoCl,-6H,0 (60 mg/kg of body wt) 30 min prior to killing. 
Liver homogenates (20 per cent, w/v) were centrifuged at 
18,000 g for 20 min and the pellets were treated as described 
in Materials and Methods. The spectrum represents the 
average of four 2-min scans. A similar spectrum is observed 
using a 50 per cent (w/v) liver homogenate. 


chloroform extraction procedures. The current study 
avoids extraction procedures. The alkaline pyridine 
solution employed in our studies disrupts membrane 
structure and converts iron protoporphyrins to dia- 
magnetic forms. Further studies are now underway 
in our laboratory to compare solvent extraction 
methods with the solubilization technique described 
in the current work. 

The current studies also took advantage of signal 
averaging technology. Using a signal averager, it was 
possible to increase the signal to noise ratio and 
thereby increase the sensitivity of the method. Thus, 
using the method described in the text, it was possible 
to determine with reliability an amount of cobalt 
protoporphyrin [X equal to 0.5 uM in liver prep- 
arations. Furthermore, the peak—peak signal height 
of the resonance at g = 2.32 was linear up to at least 
8.0 uM. Using this technique, it was possible to 
estimate the concentration that was present in rat 
liver 120 min after the injection of cobalt: about 
4.8 nmoles/g liver was observed. 

The cobalt protoporphyrin IX complex may be a 
very powerful inhibitory substance toward 6-ami- 
nolevulinic acid synthetase activity. The activity of 
6-aminolevulinic acid synthetase is reduced to 10 per 
cent of control values within 1 hr after the treatment 
of rats with cobaltous chloride [3-8]. Sedman and 
Tephly [22] have shown that cobalt does not directly 
inhibit cardiac 6-aminolevulinic acid synthetase 
activity. Studies on the hepatic enzyme yield similar 
data. Igarashi et al. [15] have shown that cobalt 
protoporphyrin IX injected into allylisopropylace- 
tamide-treated rats leads to marked decreases in 
6-aminolevulinic acid synthetase activity similar to 
that observed when cobaltous chloride is adminis- 
tered. The current studies, however, were performed 
in animals that had not received allylisopropylace- 
tamide, and the results obtained demonstrate the 
formation of cobalt protoporphyrin [X in the livers 
of rats treated only with cobaltous chloride. Thus, 
the results presented in this report show that low but 
measurable amounts of cobalt protoporphyrin IX 
are produced in liver at a time when marked bio- 
logical effects are observed. 
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Abstract—The effect of 5-ethyl, S-isoamyl barbituric acid (amytal) on the permeability of the mito- 
chondrial membrane has been investigated using rat liver mitochondria. It was found that amytal inhibits 
the malonate—malonate exchange, mediated by the dicarboxylate carrier, in a purely non-competitive 
manner. Furthermore, amytal causes release of intramitochondrial Pi from the matrix in the presence 
of N-ethylmaleimide. Some features of the Pi efflux induced by amytal in rat liver mitochondria have 
been studied. The effiux shows saturation characteristics, pH and temperature dependence according 
to a carrier-mediated process. It is suggested that the dicarboxylate carrier caused the efflux of Pi 
induced by amytal. The existence of subunits in the molecule of the dicarboxylate carrier is tentatively 


proposed. 


For a long time barbiturates have been known to 
inhibit mitochondrial respiration. 5-Ethyl, 5-isoamyl 
barbituric acid (amytal) has been used widely in 
addition to the fish poison rotenone [1] as a specific 
agent for blocking the aerobic oxidation of substrates 
linked to pyridine nucleotides. Moreover, amytal, 
unlike rotenone, has been found to influence some 
energy transfer reactions such as the inorganic ortho- 
phosphate-ATP exchange [2] and the dinitrophenol- 
induced adenosine triphosphatase [3]. Inhibition of 
succinate oxidation by amytal has been mentioned 
by several authors [4-6] and more recently the 
inhibition of the metabolite permeation by barbitu- 
rates has been proposed in rat liver mitochondria, 
and amytal found to be a competitive inhibitor of 
succinate oxidation and transport [7]. On the other 
hand, a purely non-competitive inhibition by amytal 
of the oxoglutarate—oxoglutarate exchange in rat 
liver mitochondria has been reported [8]. However, 
knowledge about the molecular effect of this drug 
on the permeability properties of the mitochondrial 
membrane is far from being clarified at the moment. 
In view of the importance of the transport processes 
in mitochondrial bioenergetics and in cellular 
activity, we decided to investigate the effect of bar- 
biturates, namely amytal, on the activity of the 
dicarboxylate carrier and generally on the permea- 
bility of the mitochondrial membrane in rat liver 
mitochondria. : 

This study aims to increase the general knowledge 
of the influence shown by different drugs on the 
carrier-mediated transport of substrates in mito- 
chondria. With regard to this, the effect of the 
diuretic ethacrynic acid on the permeability of the 
mitochondrial membrane in rat liver mitochondria 
has been recently reported [9]. The reported results 
demonstrate that amytal does inhibit the dicarboxy- 
late carrier and that the mechanism of the inhibition 
depends on the nature of the translocated anions. 
Moreover, amytal causes release of inorganic phos- 
phate from the mitochondrial matrix. 


METHODS 


Preparation of rat liver mitochondria. All studies 
utilized 200-250 g male Wistar rats. Mitochondria 
were isolated in 0.25 M sucrose, 20 mM Tris-HCl, 
(pH 7.25) and 1 mM EGTA, as previously described 
[10]. The final mitochondrial pellet was suspended 
in the same medium to give a protein concentration 
between 40 and 60 mg/ml. 

Loading of mitochondria with labelled or unla- 
belled metabolites. This was achieved essentially 
according to [11]. The mitochondria (40—S0 mg pro- 
tein) were incubated at 20° in 10 ml of medium 
consisting of 100 mM KCl, 1mM EGTA, 20mM 
Tris-HCl (pH 7.0), in one case with Pi and in the 
other with malonate (2 mM). After 2 min the mito- 
chondria loaded with malonate were washed in the 
medium without the metabolites and then suspended 
(40-SO mg of mitochondrial protein/ml). To the 
mitochondria loaded with Pi, on the other hand, 
1.5mM N-ethylmaleimide (NEM) was added after 
2 min, and | min later the mitochondria were washed 
and suspended as described. In the presence of Pi, 
5 ug/ml of oligomycin was added to inhibit the incor- 
poration of Pi into ATP. In some experiments the 
mitochondria were labelled with “Pi. This was 
achieved by loading the mitochondria with Pi as 
described above and by introducing into the suspen- 
sion carrier-free “Pi in amounts of 1 uCi/ml each. 
Equilibration of the radioactive isotope between the 
extramitochondrial and intramitochondrial pools of 
Pi is obtained after 10 min at 0°. Oligomycin was 
present throughout the entire procedure. The mito- 
chondria loaded in this way and suspended for 2 min 
at 8° in 1 ml of reaction mixture in the absence of 
counteranion contained metabolites at a concentra- 
tion ranging between 14 and 36mM, whereas the 
extramitochondrial concentration was less than 
10 um. 

Measurement of the rate of oxygen uptake. Mito- 
chondrial oxygen uptake was measured polarograph- 
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ically at 26° with a Clark electrode using an incu- 
bation” medium containing 0.2 M sucrose, 20mM 
N-2-hydroxyethyl-piperazine-N’ -2-ethanesulfonate 
(HEPES)-Tris (pH 7.0), 1 mM MgCl, 10 mM KCl 
and 3 ug/ml rotenone. Mitochondria (1-2 mg pro- 
tein) were added and the assay was started by the 
addition of 5 mM succinate, followed by the addition 
of carbonyl-cyanide p-trifluoromethoxyphenylhy- 
drazone (FCCP) (final concentration 1 uM). At the 
time indicated, phenyl succinate, butylmalonate, 
mersalyl, bathophenanthroline and amytal at the 
indicated concentrations were added. 

Measurement of the Pi efflux. Mitochondria 
labelled with “Pi (about 2 mg of protein) were incu- 
bated at 8° in 1.0ml of medium containing 0.2 M 
sucrose, 20 mM HEPES-Tris (pH 7.0), 1 mM MgCl, 
10 mM KCl, 1 mM NEM and 1 yg rotenone. In some 
reactions the medium included one of the inhibitors 
mersalyl, bathophenanyhroline, phenylsuccinate or 
butylmalonate. After 1 min the reaction was started 
by the addition of amytal, sulphate or Pi and ter- 
minated 30 sec later either by centrifugation in an 
Eppendorf microcentrifuge for amytal-induced 
efflux, or by addition of 20 mM butylmalonate when 
the efflux of Pi was induced by sulphate or Pi. 

The percentage of efflux was calculated according 
to the equation: percentage of efflux = 100 (Ca — 
Cp)/Ca, where Cp represents the radioactivity 
(c.p.m.) measured in the presence of amytal or other 
substrates and Ca represents the radioactivity meas- 
ured in the absence of any substrate. The results 
were corrected for small time-dependent sponta- 
neous leakages of radioactivity. 

Measurement of uptake of substrate. The kinetics 
of the uptake were studied by using the inhibitor 
stop method essentially according to the procedure 
described previously [11]. Mitochondria loaded with 
the metabolite indicated were incubated at 8° in 1 ml 
of medium consisting of 0.2M sucrose, 20mM 
HEPES-Tris (pH 7.0), 1mM MgCl, 10mM KCI, 
1 ug rotenone and 3 ug oligomycin. After 1 min the 
assay was Started by the addition of labelled substrate 
and terminated at the time indicated by rapid. addi- 
tion of 20mM butylmalonate. During the first 4-6 
sec the rate of uptake was constant within the limits 
of experimental error. 

Other methods. After rapidly centrifuging the 
mitochondria in an Eppendorf microcentrifuge for 
1 min at 0°, the radioactivity in the pellet and super- 
natants was measured as previously described 
[11, 12]. The mitochondrial protein was determined 
by a modified biuret method [13]. Inorganic phos- 
phate was estimated by the method of Beremblum 
and Chain [14]. To measure the amount of metab- 
olites in the matrix, the space available to *H,O and 
'C-sucrose was determined in parallel experiments 
as previously described [11, 12]. 


RESULTS 


The effect of amytal on the activity of the dicar- 
boxylate carrier was invystigated by measuring the 
possible inhibition by the barbiturate on the rate of 
uptake of malonate and Pi measured according to 
the stop inhibitor method. Figure 1 shows the 
dependence of the rate of malonate—malonate 
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Fig. 1. Kinetic analysis of the inhibition of the malonate— 
malonate exchange by amytal using the Dixon plot. Malon- 
ate-loaded mitochondria (1.7 mg protein) were incubated 
for 1 min at 8° in 1.0 ml of standard medium consisting of 
0.2 M sucrose, 20 mM HEPES-Tris (pH 7.0), 1 mM MgCl, 
10mM KCI, 1 mM N-ethylmaieimide and 3 ug rotenone. 
The reaction was started by the addition of 0.2 (@) or 
0.06 mM (™) malonate added in the presence or absence 
of increasing concentrations of amytal. The exchange was 
stopped 6 sec later by rapid addition of 20 mM butylma- 
lonate and the rate of uptake calculated as described in 
Methods. The inset is a replot of the data where i= 1— 
v/v3v; and v are the rates of malonate uptake in the presence 
or in the absence of amytal, respectively. 


exchange on increasing concentrations of amytal, 
investigated according to Dixon. The concentrations 
of malonate were 0.2 and 0.06 mM. Amytal gives a 
non-competitive inhibition, for which the value of 
K; was 6.5 mM. The inset, in which the reciprocal 
plots of the fractional inhibition (i) against inhibitor 
concentrations are reported as advised (see ref. 15), 
shows that linear functions are obtained which inter- 
sect the ordinate at unit, indicating that amytal is a 
pure non-competitive inhibitor with respect to 
malonate entry into rat liver mitochondria. It should 
be noted that under the conditions used the exchange 
is catalysed entirely by the dicarboxylate carrier, 
given that the affinity of malonate for the oxoglu- 
tarate carrier is much lower [16]. 

It is known that the dicarboxylate carrier can cata- 
lyse the uptake of dicarboxylates and Pi in exchange 
with intramitochondrial Pi [8]; thus the effect of 
amytal on the rate of malonate-Pi and Pi-Pi 
exchange was investigated by using Pi-loaded mito- 
chondria. Amytal inhibits both these exchanges; 
however, the Dixon plots do not show straight lines 
when the malonate and Pi concentrations are 0.2 mM 
and 0.5 mM, respectively, so the results shown report 
the per cent of the control increasing concentrations 
of amytal. It appears that amytal strongly inhibits 
both the reactions and 50 per cent of the control is 
obtained at about 2.5mM amytal (Fig. 2, panels a 
and b). 

The amount of the intramitochondrial Pi was 
measured in the pellet of the same mitochondrial 
preparation after stopping the uptake of the sub- 
strates in the presence or in the absence of amytal. 
The dependence of the intramitochondrial content 
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Fig. 2. Inhibition by amytal of the rate of malonate—Pi exchange and Pi—Pi exchange and dependence 
of the intramitochondrial content of Pi on increasing concentrations of amytal. In Panels a and b, Pi 
loaded mitochondria (1.4 mg protein in a and 1.55 in b), were incubated under experimental conditions 
as in Fig. 1. The rate of uptake of 0.2mM malonate (a) and 0.5 Pi (b) was measured as previously 
described in the absence or presence of increasing concentrations of amytal. The intramitochondrial 
inorganic phosphate content was measured in aliquots or perchloric extract of the mitochondria obtained 
in the experiment reported in panels a and b and plotted in panels a’ and b’, respectively, as a function 
of the amytal concentration. In a’ the amount of Pi in the absence of amytal was 36 nmoles/mg protein, 
in b’ 14 nmoles/mg protein. 


of Pi on the concentration of amytal is described in 
Fig. 2, panels a’ and b’. Surprisingly, in the presence 
of amytal, which inhibits the malonate/Pi and Pi/Pi 
exchange, the amount of the intramitochondrial Pi 
strongly decreases with respect to that nresent in the 
mitochondria after the reaction of uptake in the 
absence of inhibitor. It should be noted that, under 
the experimental conditions used (reaction stopped 
after 6 sec uptake), only 3 nmoles of internal Pi 
could be extruded in exchange for the malonate 
taken up, according to a malonate/Pi exchange. 
Moreover, no change in the intramitochondrial Pi 
content occurs in the case of Pi—Pi exchange. Thus 
the presence of amytal in the reaction medium causes 
the release of Pi from the mitochondrial matrix. 

It has been reported that amytal does not inhibit 
mitochondrial swelling in ammonium phosphate and 
that the uptake of Pi is inhibited by amytal only if 
this compound is preincubated with mitochondria 
[7]. We tested the effect of amytal on the exchange 
arsenate—Pi catalysed by the Pi carrier. Inhibition 
was found. This datum, together with [7], is not 
consistent with the possibility of efflux of Pi induced 
by amytal via Pi carrier. The possibility of a reaction 
of efflux mediated by the dicarboxylate carrier was 
examined. 

Firstly, the sensitivity of the efflux of Pi to known 
inhibitors of the dicarboxylate carrier caused by 
amytal was examined in Pi-loaded mitochondria. 
Phenylsuccinate and butylmalonate, compounds 


which bind to the dicarboxylate binding site of the 
carrier [17], were tested with respect to their ability 
to inhibit Pi efflux induced by amytal in the presence 
of NEM. Phenylsuccinate, up to a concentration of 
9 mM, does not inhibit the efflux of Pi in 30 sec as 
well as does butylmalonate. No inhibition was found 
even if the dicarboxylates were added to the mito- 
chondrial before amytal. 

The mercurial mersalyl and the metal-complexing 
agent bathophenanthroline, both used in concentra- 
tions up to 150 uM, were also tested with respect to 
their ability to inhibit the amytal-induced efflux of 
Pi. Both these compounds are competitive inhibitors 
of the dicarboxylate uptake, but non-competitive 
inhibitors of the Pi uptake via the dicarboxylate 
carrier [18, 19]. The efflux of Pi appears to be insen- 
sitive to these compounds, even if used at high con- 
centration or if preincubated with the mitochondria. 

In order to investigate further whether simple 
diffusion or carrier-mediated efflux of Pi occurs, 
some features of the reaction have been investigated. 
The time course of the efflux of Pi caused by the 
addition of amytal to the mitochondrial suspension 
was studied. As a comparison in the same experi- 
ment, the sulphate—Pi exchange was measured (Fig. 
3). It is known that sulphate is a specific substrate 
of the dicarboxylate carrier [20,21]. After 30 sec 
incubation with 1mM amytal, roughly maximum 
exchange was achieved; the amount of Pi effluxed 
at equilibrium appeared to be rather lower with 
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Fig. 3. Time course of the efflux of Pi induced by amytal 
or sulphate. Pi-loaded mitochondria (1.8 mg protein) were 
incubated under the experimental conditions described in 
Fig. 1. The efflux was started by the addition of 1mM 
amytal (M) or 1 mM sulphate (@) and stopped at the time 
indicated by rapid centrifugation for amytal or by the 
addition of 20 mM phenylsuccinate for sulphate. For further 
details see Methods. 


respect to that obtained when 1 mM sulphate was 
added; however, in this case the equilibrium was 
reached after 3 min incubation. The dependence of 
the efflux of Pi on the concentration of amytal was 
also investigated. The results of a typical experiment 
are reported in Fig. 4 as a double reciprocal plot. 
Saturation characteristics have been found. The 
maximum efflux occurring in the time allowed for 
the measurement (30 sec) was about 90 per cent, 
corresponding to 57nmoles/min/mg protein. It 
should be noted that this value is fairly consistent 
with the value of V,,,, for the dicarboxylate carrier 
[8]. The apparent K,,, i.e. the concentration of 
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Fig. 4. Dependence of the efflux of Pi on increasing con- 

centrations of amytal using the double reciprocal plot. 32pj. 

loaded mitochondria (2 mg of protein) were incubated 

under the experimental conditions described in Fig. 1. The 

efflux was started by the addition of amytal at the indicated 

concentration and stopped 30 sec later by rapid centrifu- 
gation as described in Methods. 


amytal which gives half maximum efflux, is 4 mM in 
this experiment. In four other experiments it was 
found that the K,, value ranged from 2.5 to 4mM, 
whereas the maximum exchange corresponded to 
55-110 nmoles/min/mg protein. It should be noted 
that the different values of K,,, very likely reflect the 
different intramitochondrial content of Pi. 

The pH dependence of the efflux of Pi induced on 
the one hand by 2mM amytal and on the other by 
0.5 mM Pi was compared in the same experiment. 
Similar patterns are obtained; the optimum pH for 
both the reactions is 6.75 (Fig. 5). The activation 
energy for the Pi efflux induced by amytal or Pi was 
also measured by means of the Arrhenius plot 
between 4 and 25°. For both the reactions, the Ea 
value was 29 Kcal/mole. 

The saturation characteristics, the high tempera- 
ture and the characteristic pH dependence suggest 
the possibility that the efflux of Pi may be a carrier- 
mediated process. The dicarboxylate carrier seem 
to be the best candidate for this reaction, as suggested 
by the similar pH dependence and by the same value 
for the activation energy for both Pi- and amytal- 
stimulated efflux of Pi. 

This conclusion, however, is not consistent with 
the insensitivity shown by the amytal-stimulated 
efflux to known inhibitors of the dicarboxylate carrier 
such as dicarboxylate analogues, mersalyl and bath- 
ophenanthroline. The possibility that amytal could 
in some manner influence the inhibition by these 
compounds on the dicarboxylate carrier activity was 
tested; the succinate oxidation stimulated by the 
umcoupler FCCP was examined. It was reported in 
fact that the succinate oxidation is controlled by the 
activity of the dicarboxylate carrier [22]. The effects 
of phenylsuccinate, butylmalonate, mersalyl and 
bathophenanthroline on the respiration of succinate 
were investigated both in the presence and in the 
absence of amytal. Typical experiments are sum- 
marized in Table 1. In all cases it was found that the 
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Fig. 5. pH dependence of the efflux of Pi induced by amytal 
or Pi. Pi-loaded mitochondria (2.1 mg of protein) were 
incubated under the experimental conditions described in 
Fig. 1, except that the pH of the medium was as indicated. 
The efflux was started by the addition of 2mM Amytal 
(A) or 0.5 mM Pi (@) and stopped, respectively, after 30 
sec by rapid centrifugation or after 6 sec by addition of 
20 mM butylmalonate. For further details see Methods. 
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rate of oxidation is strongly decreased by the com- 
bination of inhibitors and amytal. If amytal is added 
1 min after the inhibitor, the resulting inhibition is 
significantly similar to the sum of the inhibitions 
given by amytal and inhibitors added, in different 
experiments. But if amytal is added before the 
inhibitor, the resulting inhibition is less than this 
sum. This finding could be interpreted in view of a 
possible interaction between the carrier and the 
inhibitor, the carrier and amytal, or between all 
three in such a way that the affinity of the inhibitor 
and/or amytal to the carrier decreases. 

This result was investigated further by testing the 
effect of amytal in influencing the ability of 20 mM 
phenylsuccinate to inhibit the rate of exchange 
malonate/malonate and Pi/Pi in malonate or Pi- 
loaded mitochondria. The reaction was started by 
addition of the substrate in the presence of 20 mM 
phenylsuccinate, alone or plus amytal. The mito- 
chondria were collected and the radioactivity meas- 
ured as described in Methods. The data reported 
reflect the aspecific binding of the substrate and the 
amount of substrate taken up in the presence of the 
inhibitor. Amytal slightly decreases the amount of 
maionate taken up in malonate-loaded mitochondria 


Table 1. Effect of amytal on the inhibition by phenylsuc- 
cinate, butylmalonate, mersalyl and bathophenanthroline 
of succinate oxidation stimulated by FCCP* 





Inhibition 
(%) 


Time of addition Additions V 





Expt. I Succinate FCCP — 
1 min BP 45 
2 min Amy 75 
Expt. II Succinate FCCP 
1 min Amy 32 
2 min BP 
Expt. Ill Succinate FCCP 
1 min BuMa 
2 min Amy 
Expt. IV Succinate FCCP 
1 min Amy 
2 min BuMa 
Expt. V Succinate FCCP 
1 min Mersalyl 
2 min Amy 
Expt. VI Succinate FCCP 
1 min Amy 
2 min Mers 
Expt. VII Succinate FCCP 
1 min PheSu 
2 min Amy 
Expt. VIII Succinate FCCP 
1 min Amy 
2 min PheSu 





* Mitochondria (1.6 mg of protein) were incubated in 
1 ml of medium consisting of 0.2 M sucrose, 10mM KCI, 
1mM MgCl,, 20mM HEPES-Tris (pH 7.0) at 26°. Suc- 
cinate (5 mM) was added, followed 30sec later by 1 uM 
FCCP. The following additions were made after 1 min and 
2 min as indicated in the table at the following concentra- 
tions: phenylsuccinate (PheSu) 3mM, _butylmalonate 
(BuMa) 1 mM, mersalyl (Mers) 70 uM and bathophenan- 
throline (BP) 50 uM. The concentration of amytal (Amy) 
was 1mM (Expts. I-II) or 2mM (Expts. II-VIII). The 
rate of oxygen uptake V was expressed as natoms 
O,/min/mg protein. 
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Table 2. Effect of amytal on the inhibition of [!*C] malonate 
and [Pi] uptake by phenylsuccinate in malonate or Pi- 
loaded mitochondria* 





Substrate associ- 
ated with the 
mitochondria 
(nmoles/mg 


Additions protein) 





Expt. I 

0.2 mM malonate 

0.2 mM malonate + 2mM amytal 

0.2 mM malonate + 4mM amytal 
Expt. Il 

0.2 mM malonate 

0.2 mM malonate + 2 mM amytal 

0.2 mM malonate + 4mM amytal 
Expt. II 

0.04 mM malonate 

0.04 mM malonate + 2mM amytal 

0.04 mM malonate + 4mM amytal 
Expt. IV 

0.5 mM Pi 

0.5 mM Pi + 0.5 mM amytal 

0.5 mM Pi + 2mM amytal 

0.5mM Pi + 3mM amytal 





* Malonate-loaded mitochondria (Expts. I-III) or Pi- 
loaded mitochondria (Expt. IV) were incubated for 1 min 
under the experimental conditions as in Fig. 1 in the pres- 
ence of 20mM phenylsuccinate. The reaction was started 
by the addition of ['*C]malonate (Expts. I-III) or 
[°*Pi](Expt. IV) in the absence or in the presence of amytal 
at the indicated concentrations. After 5 sec the mitochon- 
dria were centrifuged in an Eppendorf microcentrifuge and 
the nmoles of labelled substrate associated to the mito- 
chondria were measured as reported in Methods. Mito- 
chondrial protein was 1.2 (Expt. I-III) or 1.3 mg (Expt. 
IV). The data are reported in duplicate. 


in the presence of phenylsuccinate; in contrast, when 
the Pi-Pi exchange is studied, amytal strongly 
decreases the ability of phenylsuccinate to inhibit 
the uptake of Pi (Table 2). Thus amytal is a poor 
inhibitor of the exchange malonate—malonate (K; = 
6.5 mM) and its inhibition is added to that of phenyl- 
succinate. But, on the contrary, if Pi is involved in 
the exchange, amytal is a strong inhibitor and pre- 
vents inhibition by phenylsuccinate. 


DISCUSSION 


The results reported in this paper give further 
insight into the effect of barbiturates on the structure 
and function of the mitochondrial membrane. It is 
confirmed that amytal inhibits metabolite anion 
transport. An additional effect, moreover, has to be 
considered: efflux of Pi from the matrix caused by 
amytal in the presence of N-ethylmaleimide. Amytal 
inhibits the transport of citric cycle intermediates in 
rat liver mitochondria [7]. As regards the dicarboxy- 
late carrier, non-competitive inhibition of the malon- 
ate—malonate exchange has been found with a high 
value of K;. The dicarboxylate carrier also catalyses 
dicarboxylate—Pi or Pi-Pi exchange. The mechanism 
of inhibition, however, is different: it is stronger and 
no linear functions can be obtained in the Dixon 
plot. Given that amytal promotes Pi efflux and that 
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the intramitochondrial content of Pi influences the 
activity of the dicarboxylate carrier, it is worth con- 
sidering that the inhibition by amytal could be due 
to the decreased intramitochondrial content of Pi. 
The succinate oxidation and transport was inhibited 
in a competitive manner with a low value of K; [7]. 
However, these indirect measurements were carried 
out in the presence of 5 mM Pi in such a way that 
the experimental conditions appear to be rather dif- 
-ferent with respect to the uptake measured by the 
stop inhibitor method. The presence of Pi in the 
external medium could possibly determine an active 
state of the carrier causing high affinity for amytal 
and competitive inhibition. Besides the malonate- 
malonate exchange, the oxoglutarate—oxoglutarate 
exchange via the oxoglutarate carrier is inhibited 
also, in a purely non-competitive way [8]. Thus the 
proposal of an electrostatic interaction between the 
anions and the membrane negatively charged by 
amytai in such a way that a negative surface potential 
would repel negatively-charged metabolites [7] is not 
consistent with the nature of the inhibition of the 
dicarboxylate and oxoglutarate carrier which was 
found. It should be noted that amytal causes a slight 
efflux of substrate from substrate-loaded mitochon- 
dria: oxoglutarate and malate (in small amounts) 
and Pi (in large amounts) can be extruded from the 
mitochondria. Thus the inhibition of metabolite 
transport could be due to an interaction of the mito- 
chondrial membrane with amytal which reduces the 
activity of the carrier, possibly by allowing release 
of intramitochondrial or substrates which have just 
entered. The efflux of Pi from the mitochondria 
induced by amytal appears to proceed according to 
a carrier-mediated process. The saturation charac- 
teristics, the high dependence on temperature and 
the sensitivity to pH are in favour of this conclusion. 
The dependence on temperature and pH of the efflux 
of Pi induced by Pi, is the same as the dependence 
on temperature and pH of the efflux of Pi induced 
by amytal. This, together with the maximum efflux 
induced by amytal, similar to the V,,,, value of the 
dicarboxylate carrier [8], suggests that the efflux of 
Pi induced by amytal is catalysed by this carrier. 
However, the mechanism of the efflux of Pi via the 
dicarboxylate carrier appears not to be consistent 
with the evidence that the dicarboxylates phenyl- 
succinate and butylmalonate, as well as the mercurial 
mersalyl and the metal-complexing agent batho- 
phenanthroline, well-known inhibitors of the dicar- 
boxylate carrier, do not inhibit Pi efflux induced by 
amytal. But this discrepancy can be @vercome by 
considering that it has been found that amytal by 
itself decreases the affinity of these inhibitors to the 
carrier as revealed by the measurements of succinate 
oxidation stimulated by FCCP and by the results 
reported in Table 2. Thus the possible hypothesis 
arises that amytal ‘uncouples’ the transport of dicar- 
boxylates from the transport of Pi, probably by 
inducing a conformational change and/or a bound 
leakage in the carrier molecule. This phenomenon 


could cause the Pi release from the matrix. Therefore ° 


the amytal inhibits in addition to butylmalonate when 
malonate—malonate exchange occurs. However, 
when Pi-Pi exchange occurs or succinate uptake in 
exchange with Pi is tested, the addition of amytal 
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decreases the power of butylmalonate and the other 
inhibitors to inhibit Pi or succinate uptake, even if 
real uptake is inhibited by amytal. Thus two subunits 
can be proposed tentatively in the carrier molecule, 
probably sensitive to amytal. In the absence of 
amytal dicarboxylate analogues and the other inhibi- 
tors inhibit the transport of Pi. In the presence of 
amytal, however, the linkage of the two hypothetical 
subunits should change so that the (non-competitive) 
inhibition of the Pi uptake disappears. Furthermore, 
it is assumed that the Pi subunit translocates Pi from 
the mitochondria according to a concentration gra- 
dient. The dicarboxylate carrier, independent of the 
intramitochondrial Pi content, could be influenced 
by amytal in such a way that the activity decreases. 
It is clear that other experimental data are required 
to substantiate this proposal and more attention 
should be given to the role of N-ethylmaleimide. 
However, the suggested possibility of different sub- 
units in the carrier molecule offer the possibility of 
speculation mainly in the mechanism of regulation 
of the carrier activity which could occur in vivo by 
means of subunit-substrate interactions. It should 
be noted that two different subunits have been 
described in the ADP-ATP carrier [23]. 

The efflux of Pi induced by amytal from fresh or 
Pi-loaded mitochondria could be utilized in order to 
study the dependence of uptake of substrate on the 
intramitochondrial concentration of Pi-in addition 
to the possibility of washing out amytal from mito- 
chondria maintaining the same rate of respiration 
[1]. Similar studies were carried out by Sluse et al. 
in dicarboxylate-loaded rat heart mitochondria (see 
ref. 8). The findings reported in this paper offer 
further explanations of many results obtained some 
years ago when the carrier-mediated processes were 
not known and no possibility could be imagined 
concerning the possible efflux of substrates induced 
by amytal. The inhibitory effect shown by amytal on 
Pi-ATP exchange (e.g. [2]) could be explained con- 
sidering the decrease of the intramitochondrial con- 
tent of Pi due to the presence of amytal. The exten- 
sion of these studies to other barbiturates, such as 
seconal, dial, veronal, etc., should be interesting. 
We found that barbituric acid neither inhibits oxo- 
glutarate—oxoglutarate exchange nor causes efflux 
of Pi, so the presence of the aliphatic chain in the 
barbiturate molecule appears to be relevant for the 
possibility of the drug interacting with the mito- 
chondria. It is not possible to know what is the effect 
of barbiturates on the mitochondrial metabolism in 
vivo; drug administration to animals and studies on 
isolated cells and mitochondria should be done. 
Studies in this field are in progress. 
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Abstract—When added to monolayer cultures of H-35 rat hepatoma cells, vinblastine sulfate caused 
a marked increase in cellular levels of oxidized glutathione, going from a zero-time value ranging from 
0-24 pmoles/mg protein to 1736 pmoles/mg protein in 4 hr. During this time, there was little measurable 
change in cellular levels of reduced glutathione. This effect of vinblastine, which was concentration- 
related, was produced by other vinca alkaloids, vincristine and vindesine, but not by other classes of 
anticancer drugs, such as those represented by adriamycin and methotrexate. Vinblastine inhibited 
[*H]leucine incorporation into protein in this system, and this effect was also concentration-related. A 
reciprocal relationship existed between the cellular levels of oxidized glutathione and the inhibition of 
protein synthesis produced by vinblastine. The vinca alkaloids may alter cellular glutathione levels and, 
consequently, inhibit protein synthesis, possibly through their effects on microtubule dynamics. 


Recent studies on the physiological regulation of 
tubulin/microtubule dynamics have generated the 
plausible hypothesis that these processes are 
mediated by glutathione, which may be involved in 
the maintenance of the sulfhydryl groups of tubulin 
in a reduced form for assembly [1-4]. Tubulin 
apparently cannot be polymerized if the’ sulfhydryl 
groups are oxidized or if oxidized glutathione 
(GSSG) is present [1,5,6]. Moreover, it appears 
that mixed disulfides of protein and glutathione may 
act as a physiologic reservoir for glutathione [4]. 

It is known that the vinca alkaloids bind specifically 
to tubulin molecules and thus prevent the assembly 
and cause the disassembly of microtubules [7-9]. 
The actual mechanism by which these drugs perturb 
microtubule dynamics, however, remains obscure. 
Since glutathione may be involved normally in the 
assembly and disassembly of microtubules, it is 
appropriate to ask whether the vinca alkaloids also 
alter cellular glutathione levels and, if so, whether 
this can account for some of the other actions of 
these drugs. Evidence is presented to show that vinca 
alkaloids produce a marked increase in the cellular 
levels of GSSG, and that this phenomenon has conse- 
quences for the synthesis of proteins. 


MATERIALS AND METHODS 


Chemicals and supplies. The following chemicals 
and supplies were purchased: reduced glutathione 
(GSH), GSSG and diazenedicarboxylic acid bis 
(N,N-dimethylamide) (diamide), from Calbiochem 
(San Diego, CA); 5,5’-dithiobis (2-nitrobenzoic 
acid) (DTNB), N-ethylmaleimide (NEM), sodium 
dodecylsulfate (SDS) and bovine serum albumin 
(fraction V) from the Sigma Chemical Co (St. Louis, 
MO); [4,5-*H]-t-leucine, 6Ci/mmole, from 
Schwarz—Mann (Orangeburg, NY); cell culture 
media and trypsin from Gibco (Grand Island, NY); 


fetal calf serum from Flow Laboratories (Rockville, 
MD); plastic culture dishes from the Lux Scientific 
Corp. (Newbury Park, CA); and plastic culture flasks 
from Falcon (Oxnard, CA). All other chemicals and 
supplies were also obtained from commercial 
sources. Vinca alkaloids were supplied by Eli Lilly 
& Co. (Indianapolis, IN), through the courtesy of 
Dr. Robert J. Hosley. Adriamycin was obtained 
from Adria Laboratories (Wilmington, DE), and 
methotrexate from the Division of Cancer Treat- 
ment, National Cancer Institute (Bethesda, MD). 

Cells and culture conditions. Reuber H-35 rat 
hepatoma cells (obtained from Dr. F. Kenney, 
through Prof. E. S. Canellakis) were grown in a 
humidified chamber at 37° in an atmosphere of 95% 
air and 5% CQO, in Eagle’s Minimal Essential 
Medium (Hanks’ salts), supplemented with a 4-fold 
higher level of amino acids, vitamins and sodium 
pyruvate, as well as 13% heat-inactivated fetal calf 
serum. 

Stock cells were grown in 75-cm? flasks, collected 
by mild trypsinization, and resuspended for replicate 
plating in dishes (60 x 15mm) at the appropriate 
cell density in the medium described. After 3 days 
of growth (cell density ~ 2-4 x 10°/dish), the 
medium was removed, the cell layer was washed 
(once) with 2.5 ml of warm 0.9% NaCl, and serum- 
free, unsupplemented Eagle’s Minimal Essential 
Medium was added to each dish. It was determined 
that, under these conditions, cells remain viable for 
at least 6 days and will resume normal growth and 
metabolic activities after the readdition of the serum- 
containing, supplemented medium. 

Assays for GSH, GSSG and protein. Cellular GSH 
was measured by a modification of the method of 
Beutler et al. [10]. Fresh, serum-containing medium 
(+ vinblastine, VLB) was aspirated from the dishes 
at various times, and the monolayers were washed 
rapidly (twice) with 2.5 ml of 0.9% NaCl. Precipi- 
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tating solution (0.8 ml, containing 30% NaCl, 0.2% 
Na,EDTA, and 1.67% glacial meta-phosphoric acid) 
was added to each dish and after 10 min the contents 
were scraped, removed to a tube, and centrifuged 
at 10,000 g for 10 min. To 200 ul of the supernatant 
fluid was added 800 ul of Ellman reagent (700 ul of 
0.3 NasHPO, and 100 ul of 0.4 mg/ml of DTNB in 
1% sodium citrate). The optical density was read at 
412 nm against a blank of precipitating solution only, 
and the content of GSH was calculated by using a 
value of 13,600 M_~' for the molar extinction coef- 
ficient of the DTINB-GSH complex [10]. 

Cellular GSSG was measured by a modification 
of the method of Burchill et al. [4]. Fresh, serum- 
containing medium (+ VLB) was aspirated from the 
dishes at various times and the monolayers were 
washed (once) with 2.5 ml of ice-cold 0.9% NaCl. 
One‘ milliliter of 0.1 M NEM was added to the cells, 
which were then scraped, removed to tubes and 
centrifuged at 10,000 g for 10 min. The supernatant 
fluid was decanted and the pellet was treated with 
500 ul of cold 10% trichloroacetic acid (TCA), mixed 
well, and centrifuged again. This second supernatant 
fluid was added to the first and extracted five times 
with ether; residual ether was removed by bubbling 
N, through these supernatant fractions. The samples 
were then assayed for GSSG by the Tietze method, 
as described by Burchill et a/. [4]. Protein was deter- 
mined by the method of Lowry et al. [11]. 

Protein synthesis was estimated by measuring the 
incorporation of [*H]leucine into TCA-precipitable 
material. Three-day, serum-starved monolayers 
were re-fed with fresh medium containing serum and 
[*H}leucine (1 wCi/ml). In other experiments, cul- 
tures were pulsed with [*H]leucine (3 uCi/dish) 5 min 
before collecting the cells. At the times indicated, 
the medium was aspirated, the dishes were washed 
three times with 2.5 ml of ice-cold 0.9% NaCl, and 
the monolayers were dissolved in 2.0 ml of 0.1% 
SDS. Cold 20% TCA (500 ul) was added to 500 ul 
of the SDS-digest, chilled, and collected on Millipore 
filters which were counted for radioactivity. Protein 
concentration in these experiments was determined 
by the method of Bradford [12]. 


RESULTS 


Effects of vinca alkaloids on cellular levels of GSH 
and GSSG. The effects of VLB on GSH and GSSG 
were examined in serum-s.arved monolayer cultures 
of H-35 rat hepatoma cells that had been re-fed with 
fresh serum-containing medium. Under these con- 
ditions, cells that had been growth arrested resumed 
normal growth; the vinca alkaloids interfered with 
this. It can be seen in Fig. 1 that 8.2 x 10°°M VLB, 
which can inhibit 2-day cell growth by 50-66 per 
cent,* had little effect on the level of cellular GSH 
during a 3-hr period of study. The drug caused a 
great increase in the cellular content of GSSG, how- 
ever, which in this experiment rose from a zero-time 
value of 0 pmoles/mg protein (undetectable) to a 4- 
hr value of 1736 pmoles/mg protein; over this time 





* W. T. Beck, unpublished observation. 
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Fig. 1. Effect of VLB (8.2 x 10-° M) on GSSG and GSH 

leveis in monolayer cultures of H-35 rat hepatoma cells. 

Three-day, serum-starved monolayers were re-fed with 

fresh mediui.1 + VLB; at the times indicated, cells were 

harvested and analyzed for glutathione content as described 

in the text. Key: (O), GSSG, in pmoles/mg protein; (@) 
GSH, in nmoles/mg protein. 


period, GSSG levels in untreated controls changed 
very little (0-23.7 pmoles/mg protein). Since the 
ratio of GSH to GSSG in the cell is normally 
~ 1000: 1, such large changes in cellular GSSG could 
be mediated by slight, barely detectable changes in 
GSH. 

Dose-response experiments revealed that this 
effect of VLB on cellular GSSG levels was concen- 
tration dependent. Figure 2 shows that, by increasing 
the concentrations of VLB in the medium, the cel- 
lular GSSG content rose to correspondingly higher 
levels, and this occurred earlier after drug addition. 
These effects on cellular GSSG also occurred with 
the other vinca alkaloids (vincristine and vindesine), 
but not with the other oncolytic drugs (methotrexate, 
adriamycin) (Table 1). Additionally, the vinca alka- 
loids varied in their abilities to produce this effect 
(vinblastine > vincristine > vindesine). Preliminary 
experiments indicated that this effect of VLB on 
GSSG levels could be reversed within 30-60 min 
after washing the dishes and incubating the cells in 
drug-free medium.* 
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Fig. 2. Effect of VLB on GSSG levels in H-35 monolayers. 

See legend to Fig. 1 for details. Key: concentrations of 

added VLB (M x 107°): (@) 5.5; (O) 8.2; (A) 11.0; and 
(A) 22.0. 
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Table 1. Cellular GSSG levels in H-35 monolayer cultures 3 hr after addition of 
drugs* 





Concentration 


Expt. Drug 


GSSG 


(M) (pmoles/mg protein) 





I None 


Vinblastine 


Serum-starved 
Re-fed cultures 
5.5 x 1078 - 436 


28.3 
rs ef 


8.2 x 10°* 664 
1.1 x 1077 838 
2.2 x 1077 968 


Vincristine 
Adriamycin 


None 


1.1 x 1077 282 
1.8 x 1077 


Serum-starved OF 


49.0 


Re-fed cultures 0 


Vinblastine 
Vindesine 


1.1 x 107’ 480 
5.5 x 10-8 
1.1 x 107” 


45.3 
74.8 


2.2 x 107’ 159 


Methotrexate 


1.0 x 10~° 0 


1.0 x 107° 0 
1.0 x 10~* 0 





* Three-day, serum-starved monolayer cultures were re-fed with fresh serum- 
containing medium + drugs at the designated concentrations. Cells were prepared 
and the levels of GSSG were measured according to the methods described. Each 
measurement, the average of five dishes that were pooled, was done in duplicate. 

+ Value for the sample was below that for the blank. 


Effects of VLB on protein synthesis. It has been 
demonstrated that GSSG inhibits protein synthesis 
in eukaryotic and other systems [13-15]. Although 
the mechanism of this inhibition is not clear, it may 
be related to an inability of ribosomal proteins to be 
maintained in the reduced state or, more specifically, 
to the activation of an inhibitory protein kinase [15]. 
It was shown some years ago that the vinca alkaloids 
inhibit protein synthesis in murine cells, but the 
mechanism of this effect has never been resolved 





3000 


nm 
fo] 
fo] 
°o 


DPM/100 yg protein 


8 
°o 


. 
oa 


0 10 30 60 120 
Minutes after additions 











Fig. 3. Effect of VLB on [*H]leucine incorporation into 
TCA-precipitable material in monolayer cultures of H-35 
cells. Three-day, serum-starved monolayers were re-fed 
with fresh medium + VLB and containing [*H]leucine. At 
the times indicated, the monolayers were harvested and 
analyzed for radioactivity and protein as described in the 
text. Each point is the mean of triplicate determinations; 
the standard deviation for each point was + 5-10 per cent 
of the mean. Key: (@) control, re-fed, drug-free cultures; 
VLB-treated dishes: (O) 8.2 x 10°°M;(A) 11.0 x 10°°M; 
(A) 22.0 x 10° M. 


[16-18]. In light of these observations, we deter- 
mined if inhibition of protein synthesis was a conse- 
quence of the elevated levels of GSSG produced by 
vinca alkaloids. Figure 3 illustrates that VLB 
inhibited protein synthesis in a dose-related manner, 
becoming progressively greater with time, so that by 
180 min, 8.2 x 10°°M VLB produced an inhibition 
of 25 per cent in the incorporation of [*H]leucine 
into TCA-precipitable material, and 22.0 x 10°°M 
VLB inhibited [*H]leucine incorporation by 60 per 
cent. Under these conditions, VLB had no noticeable 
effect on [*H]leucine uptake, when compared with 
controls (data not shown). 

Relationship between cellular levels of GSSG and 
protein synthesis. When inhibition of protein syn- 
thesis was expressed as the ratio of drug-treated to 
control leucine incorporation, and then plotted in 
relation to VLB-induced changes in the concentra- 
tion of cellular GSSG with respect to time, the results 
shown in Fig. 4 were obtained. As the concentration 
of VLB was increased, the highest level of GSSG 
attained was increased, and this maximum was 
reached earlier. Concomitantly, progressive inhibi- 
tion of protein synthesis occurred as the concentra- 
tion of VLB was raised—this effect also occurred 
earlier with higher VLB concentrations. Figure 4 
illustrates a reciprocal relation between the level of 
GSSG and the inhibition of protein synthesis pro- 
duced by increasing concentrations of VLB. Thus, 
the previously reported inhibition of protein syn- 
thesis produced by vinca alkaloids may be mediated 
through the effects of these drugs on the level of 
GSSG within cells. 

The results in Fig. 4, however, do not prove that 
elevated levels of GSSG are responsible for the 
observed inhibition of protein synthesis. To study 
this relationship, experiments were done with diam- 
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Fig. 4. Reciprocal relation between oxidized glutathione (GSSG) and protein synthesis ({°H]leucine 

incorporation) produced by VLB. Serum-starved monolayer cultures of H-35 cells were re-fed with 

medium containing [*H]leucine and VLB at 8.2 x 10°*M (A), 11.0 x 10°°M (B), or 22.0 x 10°°M 

(C). See legends to Figs. 2 and 3 for other details. Key: (O) GSSG, in pmoles/mg protein; and (@) 
[H]leucine incorporation, VLB-treated/control. 


ide (diazenedicarboxylic acid bis[N,N-dimethylam- 
ide]) a glutathione-oxidant [19]. This compound, as 
do the vinca alkaloids, blocks the polymerization of 
tubulin into microtubules and promotes the disas- 
sembly of microtubules [1]. These effects on micro- 
tubule dynamics are due apparently to oxidation of 
GSH (and protein-SH) to GSSG (and protein-SSG). 
We reasoned that, if this compound causes a tran- 
sient elevation in cellular levels of GSSG, it should 
be able to block protein synthesis over a similar time 
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Fig. 5. Effects of diamide on the level of GSSG and the 
rate of [*H]leucine incorporation into TCA-precipitable 
material in monolayer cultures of H-35 cells. Three-day, 
serum-starved monolayers were re-fed with fresh medium + 
diamide (final concentration, 1 x 10~*M). Five minutes 
before harvesting the cells, the monolayers were pulsed 
with 3 uCi [*H]leucine per dish. At the times indicated, the 





monolayers were harvested and analyzed for GSSG, radio- 


activity, and protein as described in the text. Each point 

is the mean value from three dishes. Key: (O) GSSG, in 

pmoles/mg protein; and (@) [*H]leucine incorporated, 
diamide-treated/control (T/C). 


period. Figure 5 shows that diamide produced a 
rapid increase in cellular GSSG that reached a peak 
at 2.5 min, followed by a decline to control levels at 
60 min. Accompanying the increase in GSSG, there 
was a decrease in protein synthesis that reached a 
nadir at 10 min and returned to normal at 60 min. 
Although these results with diamide are not conclu- 
sive, they are suggestive and lend support to our 
VLB data. It appears, therefore, that an inverse 
relationship exists between elevated GSSG levels 
and subsequent inhibition of protein synthesis. 


DISCUSSION 


These studies show that vinca alkaloids produce 
a marked elevation in the level of celiular GSSG 
and that, as a consequence, the synthesis of pro- 
teins is inhibited. How might these agents cause a 
rise in GSSG? It is possible to envisage a state of 
dynamic equilibrium of microtubules = reduced 
tubulin = oxidized tubulin, as depicted in Fig. 6. 
Vinca alkaloids bind to tubulin molecules, thereby 
preventing their polymerization into microtubules 
and causing the depolymerization of these micro- 
tubules [7, 8]. Since the regulation of the assembly 
and disassembly of microtubules is dependent on 
free -SH groups [5,6], and because glutathione 
appears to be a cellular compound necessary for the 
maintenance of the -SH groups of tubulin and other 
proteins in the reduced form [1-4], it is conceivable 
that, by binding to tubulin subunits and interfering 
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Fig. 6. Proposed scheme for the role of glutathione in 
the dynamic equilibrium of microtubules = reduced tub- 
ulin = oxidized tubulin. 
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with microtubule dynamics, the vinca alkaloids per- 
turb the equilibrium between tubulin and microtu- 
bules and between GSH and GSSG. As a conse- 
quence, the cell would utilize its GSH-reducing 
capacity in an attempt to maintain the activity of the 
assembly—disassembly system. Since the ratio of 
GSH to GSSG in the cell is ~ 1000: 1, the cell would 
be much more sensitive to changes in the GSSG 
levels than to changes in the GSH levels; very small 
changes in cellular GSH would be reflected in large 
changes in the levels of GSSG, as shown in this 
paper. It is also possible that the vinca alkaloids 
increase the levels of GSSG by inhibiting glutathione 
reductase or by interfering with the production of 
reducing equivalents (NADPH,) through some as 
yet undescribed effect on the activity of the pentose 
shunt pathway. All of these possibilities can be tested 
experimentally. 

In conclusion, VLB causes an increase in the 
cellular level of GSSG, which in turn may be the 
cause of the inhibition of protein synthesis observed. 
Since cell death might result from the prevention of 
the synthesis (or the degradation) of a few key pro- 
teins, this effect of VLB on cellular levels of GSSG 
may be a critical event leading to the lethal effect 
of these drugs on cells. 
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Abstract—A variety of diuretics were tested for their effects on Ca** uptake and release by microsomes 
isolated from rat kidneys. Mersalyl acid, ethacrynic acid, furosemide and bumetanide inhibited Ca?’ 
uptake by microsomes. Cysteine abolished the inhibitory effects of mersalyl acid and ethacrynic acid 
on Ca** uptake. No appreciable differences in the inhibition were seen between microsomes from 
kidney cortex and those from medulla. Acetazolamide had no significant effect on Ca** uptake; however, 
hydrochlorothiazide stimulated Ca** uptake activity. The effects of the diuretics on Ca** uptake by 
microsomes were entirely on the process of Ca** accumulation in microsomes, since release of Ca*’ 
that had been taken up previously was not influenced by any of the diuretics tested. These results 
provide information concerning the biochemical mechanisms of action of diuretics on Ca** reabsorption 


in the kidney. 


The effects of diuretics on excretion of Ca’* by the 
kidney have been widely studied by clearance and 
micropuncture methods. In an earlier review, Suki 
et al. [1] reported that Ca’* excretion during the 
administration of furosemide, ethacrynic acid or 
mercurials is increased and that it is slightly affected 
by the administration of acetazolamide and thiazides. 
Our previous work indicated that, in the rat, bume- 
tanide also increased Ca** excretion, but acetazol- 
amide does not [2]. The increase in Ca** excretion 
with furosemide and other diuretics apparently 
involves inhibition of tubular reabsorption of Ca** 
[1]. On the other hand, it has been demonstrated 
that thiazides decrease Ca** excretion [3-5]. In a 
more recent study it was suggested that chlorothia- 
zide enhances renal Ca** reabsorption [6]. However, 
the mechanisms of action of diuretics on the renal 
tubule are still incompletely known in terms of Ca** 
reabsorption. 

Experiments with both plasma membrane and 
microsomal fractions of kidney indicate that ATP- 
dependent Ca’* pump activity occurs in these frac- 
tions, suggesting that such activity plays an important 
role in Ca** transport and in the regulation of intra- 
cellular Ca** [7-10]. Harada er al. [11] showed that 
Ca** uptake by renal microsomes may be useful as 
a model system for studying Ca** transport in the 
kidney. In this present paper we examine the effects 
of diuretics on ATP-dependent Ca** uptake and 
Ca** release by microsomes isolated from rat kidneys 
in order to obtain information relating to the mech- 
anism of action of diuretics on Ca** transport in 
renal plasma membrane. 


MATERIALS AND METHODS 


Materials. Furosemide (Lasix, Hoechst Japan 
Ltd., Tokyo, Japan) and acetazolamide (Diamox, 
Lederle Japan Ltd., Tokyo, Japan) were dissolved 





* To whom reprint requests should be addressed. 


in redistilled water. Mersalyl acid (Sigma Chemical 
Co., St. Louis, MO, U.S.A.), ethacrynic acid (Japan 
Merk Banyu Co., Tokyo, Japan), and bumetanide 
(Sankyo Co. Ltd., Tokyo, Japan) were dissolved in 
Tris and adjusted to pH 6.6 with HCl. The final 
concentration of Tris in the assay system was less 
than 32 mM. The concentration of Tris used did not 
affect microsomal Ca** uptake and release. 
Hydrochlorothiazide (Sandoz Pharmaceuticals Ltd., 
Tokyo, Japan) and the divalent cation ionophore 
A 23187 (Lilly Research Corp., Indianapolis, IN, 
U.S.A.) were diluted in 50% ethyl alcohol. The final 
concentration of ethy! alcohol was 2.5% in the assay 
medium. EGTA (glycoletherdiamine tetra-acetic 
acid) and ATP (Tris salt, Sigma Chemical Co., St. 
Louis, MO, U.S.A.) were adjusted to pH 6.6 with 
Tris. 

Preparation of microsomes from rat renal cortex 
and medulla. Male Wistar rats, weighing 200-250 g, 
were used in all experiments. After decapitation, 
both kidneys were removed immediately, decapsu- 
lated and cooled in ice-cold 0.25 M sucrose. There- 
after the kidneys were divided with scissors into 
cortex and medulla. Homogenization was performed 
in 0.25 M sucrose containing 10 mM imidazole-HCl 
buffer (pH 6.6) at 0°. The procedure used for prep- 
aration of microsomes was the same as that reported 
previously, except that final centrifugation at 
105,000 g was omitted [2]. The final precipitate was 
used as the microsomal fraction after resuspension 
in 0.25 M sucrose containing 10 mM imidazole—HCl 
buffer (pH 6.6). The micrcsomes were used immedi- 
ately after preparation for assay of Ca** uptake and 
release. 

Assay of Ca** uptake. Ca** uptake studies were 
carried out at 37° in a standard medium containing 
the components specified in the legends of the figures 
and tables. The standard medium contained 
100 mM KCl, 30 mM imidazole—HCl buffer (pH 6.6), 
5 mM NaN;, 20 mM ammonium oxalate, 5 mM ATP, 
50 uM CaCl,, 5mM MgCl, “CaCl, (0.1 uCi/ml), 


2+ 


2339 





2340 


25mM sucrose and microsomes (0.2-0.3 mg pro- 
tein/ml) as final concentrations. The assay was initi- 
ated by the addition of microsomal fraction. Aliquots 
(0.5ml) of the assay were filtered through 
0.3 um membrane filters (Sartorius SM 11325) after 
incubation, and the separated microsomes on the 
filters were washed with 0.25Msucrose (3 ml). 
Accumulated *Ca-* in microsomes was determined 
by liquid scintillation spectrometry. 

Assay of Ca** release. Calcium release was meas- 
ured after loading microsomes with Ca** for 20 min 
at 37° in 3 ml of the standard medium for Ca** uptake 
studies. At zero time, 0.5-ml aliquots were removed 
for determination of “Ca** loaded in microsomes; 
then Ca’’ release was initiated by the addition of 
0.5 ml of 100mM KCI plus EGTA solution contain- 
ing reagents specified in the legends of the figures 
and tables. The final concentration of EGTA was 
2 mM. The rate of Ca** release was determined by 
measuring filtered *“Ca** aliquots at the times 
indicated. 

Protein assay. Protein was determined by the 
method of Lowry ef al. [12] using bovine serum 
albumin as standard. 

Calculations. ATP-dependent Ca** uptake was 
calculated by subtracting Ca** binding of micro- 
somes in the absence of ATP in the medium from 
total Ca** uptake in its presence. Linear regression 
of a Hofstee plot, computed by least squares analysis, 
was used to obtain values for apparent K,, and Vjyax 
for Ca** uptake. K; values, concentrations of diuret- 
ics producing 50 per cent inhibition of Ca** uptake, 
were also calculated using linear regressions. 


RESULTS 


Properties of Ca** uptake by renal microsomes. 
Calcium uptake by microsomes isolated from rabbit, 
rat or cat kidney has been studied by other workers 
[7, 8, 11]. Their results, however, show a variety of 
values for Ca** uptake and sensitivity to oxalate. 
Therefore the properties of Ca** uptake were first 
re-examined with microsomes isolated from rats. 

Calcium was accumulated by microsomes of the 
renal cortex in the presence of ATP but not in its 
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Fig. 1. Time course for total Ca** uptake. Microsomes of 

renal cortex were incubated in the standard medium with 

(@—®) or without (O- - -O) 5 mM ATP. Each point rep- 

resents the mean of four experiments. Vertical bars indicate 
S.E.M. 
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Fig. 2. Dependence of microsomal Ca?* uptake of renal 

cortex on oxalate. Assays of Ca’* uptake were performed 

in the standard medium containing various concentrations 

of ammonium oxalate. Each point represents the mean of 
four experiments. Vertical bars indicate S.E.M. 


absence (Fig. 1). In the standard medium, the initial 
rate of Ca** uptake was maintained at least for 
30 min. In the absence of ATP there was no change 
in Ca** content of microsomes during incubation. 
The residual activity in its absence probably rep- 
resents binding of Ca** to microsomal membranes; 
the experimental conditions in the following did not 
affect Ca?* binding. Therefore, the Ca** uptake 
activity of microsomes described in the following has 
been calculated after subtracting Ca** binding from 
the total Ca’* uptake, and the term—Ca** uptake— 
signifies ATP-dependent Ca’* uptake. 

The dependence of Ca** uptake on oxalate is 
shown in Fig. 2. Ca** uptake by microsomes was 
increased in a concentration-dependent way. At 
20 mM oxalate, Ca?* uptake was almost maximal. 
The increased Ca** uptake was probably due to the 
precipitation of calcium oxalate in the interior of the 
microsomal vesicles. 

Figure 3 illustrates the effect of the Ca** concen- 
tration of the medium on Ca** uptake by micro- 
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Fig. 3. Microsomal Ca** uptake of renal cortex as a function 
of the concentration of Ca**. CaCl, was added to the 
standard medium to give final concentrations ranging from 
10 to 50 uM. The inset shows the data plotted according 
to the Hofstee equation. The ordinate of the inset rep- 
resents Ca** concentration/microsomal Ca** uptake 
(uM Ca-* ‘mg protein-20 min/nmoles Ca?*) and the abscissa 
represents Ca“* concentration (uM). Each point represents 
the mean of four experiments. Vertical bars indicate S.E.M. 
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Fig. 4. Dose-response relationship between microsomal 
Ca** uptake of renal cortex and various diuretics. Key: 
mersalyl acid (@—@), ethacrynic acid (O—O), bumetanide 
(A—A), furosemide (A—A), acetazolamide (x—x ) and 
hydrochlorothiazide (M%—®!). Control uptake values in 
the standard medium without or with 2.5% ethyl alcohol 
were 49.03+2.88 or 35.78+9.40nmoles Ca**/mg 
protein/20 min, respectively. Vertical bars indicate S.E.M. 


somes. The stimulation of Ca** uptake was depen- 
dent on the Ca’* concentration of the medium. A 
Hofstee plot of the data is presented in the inset. 
The apparent V,,,, was 77.1 + 8.2 nmoles Ca**/mg 
protein/20 min at 37°. The K,,, for Ca** in the medium 
was 20.8 + 4.4 uM. 

Omission of sodium azide from the incubation 
medium had no effect on the Ca’* uptake (data not 
shown). Therefore, Ca** uptake by the microsomal 
fraction was not ascribable to a contamination with 
Ca’* uptake by mitochondria. 

Effects of diuretics on microsomal Ca** uptake. 
The effects of several diuretics on Ca** uptake by 
renal cortical microsomes are represented in Fig. 4. 
Mersalyl acid, ethacrynic acid, bumetanide and 
furosemide inhibited Ca** uptake. The 50 per cent 
inhibitory concentrations (K;) of these diuretics were 
calculated by least-squares regression analysis: 
0:85 uM mersalyl acid, 0.21 mMethacrynic acid, 


Table 1. Effects of cysteine on the inhibition by diuretics 
of Ca** uptake by renal cortical microsomes* 
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0.44mM bumetanide and _ 0.66mM furosemide. 
Acetazolamide did not affect Ca** uptake in the 
range of concentrations between 0.1 and 2 mM. The 
rate of Ca** uptake, however, was increased sig- 
nificantly by hydrochlorothiazide, with an optimum 
concentration of 0.5 mM. 

The possibility that cysteine modifies the inhibitory 
action of diuretics on Ca** uptake was examined 
(Table 1). Cysteine (2 mM) increased Ca** uptake 
in the standard medium (see legend) and markedly 
diminished the inhibitory effects of mersalyl acid and 
ethacrynic acid on Ca** uptake. Bumetanide and 
furosemide, however, decreased the Ca** uptake 
activity of renal cortical microsomes in both the 
presence and the absence of cysteine. 

It is well known that mercurials, ethacrynic acid, 
furosemide and bumetanide act on the loop of Henle 
in addition to the proximal tubule [1, 13], so the 
effects of these diuretics on Ca** uptake by micro- 
somes from the renal medulla were tested. As shown 
in Table 2, no significant differences in Ca** uptake 
activity were observed in microsomes isolated from 
renal cortex and medulla in the medium without 
diuretics. The inhibitory effects of diuretics on Ca?’ 
uptake were also observed in microsomes of kidney 
medulla as well as in those of cortex. 

Calcium release from microsomes and the effects 
of diuretics. Calcium uptake measured in the pres- 
ence of oxalate is believed to represent active Ca** 
transport alone, because oxalate reduces the passive 
outflow of Ca** by precipitating the Ca** taken up 
[8,14]. The divalent cation ionophore A 23187 
(0.5 uM) inhibited completely Ca?* uptake in the 
presence of 20 mM oxalate (data not shown). After 
Ca** uptake had progressed in the standard medium 
with oxalate for 20 min, Ca** release was initiated 
by the addition of 2mM EGTA as a final concen- 
tration. As seen in Fig. 5, gradual Ca** release from 
microsomes was observed during 30 min of incuba- 
tion. Further addition of A 23187 (0.5 uM) caused 
rapid Ca?* release. On the basis of the above data, 
it is suggested that A 23187 enhances the permea- 
bility to Ca** of the microsomal membranes of kid- 
ney. Therefore, the effect of the diuretics on Ca?’ 
release from renal microsomes was studied (Fig. 5). 
If the inhibitory effects of diuretics on Ca** uptake 
were due to an increase in the rate of Ca** release 
such as with A 23187, Ca** release with EGTA 
would be changed by these diuretics. 


Table 2. Effects of diuretics on Ca** uptake by microsomes 
of renal cortex and medulla* 





None 

Mersalyl acid 
Ethacrynic acid 
Bumetanide 
Furosemide 


1x 10~° 
2x 1074 
5x 1074 


1x 1073 43.6 +0. 


Microsomal Ca** uptaket 
(nmoles Ca**/mg protein/ 
20 min) 





Concn 


Diuretics (M) Cortex Medulla 





* Calcium uptake was measured after incubation for 
20 min at 37° in the standard medium with or without 
2mM cysteine. Diuretics were added at the concentrations 
indicated. 

+ Data are the means + S.E.M. of four experiments. 

¢ Calcium uptake activities in the standard medium in 
the absence and presence of cysteine were 58.29 + 9.00 
and =: 72.33 + 11.07 nmolesCa**/mg _protein/20 min, 
respectively. 


51.40 + 11.84 
18.45+ 2.79 
26.12+ 5.10 
26.90 + 6.50 
25.38 + 5.98 


58.29 + 9.00 
22.98 + 2.63 
24.96 + 3.67 
23.95 + 4.37 
24.58 + 3.80 


None 

Mersalyl acid 
Ethacrynic acid 
Bumetanide 
Furosemide 


ee | 
2x 10°* 
5x 1074 
1x 1073 





* Microsomes were incubated in the standard medium 
with diuretics as indicated. 
+ Data are the means + S.E.M. of four experiments. 
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Fig. 5. Time course for Ca** release from renal cortical 
microsomes. At zero time, Ca** release was initiated by 
addition of EGTA (@—®), EGTA plus ethyl alcohol 
(O—O) and EGTA, ethyl alcohol plus A 23187 (x—x). 
The final concentrations of EGTA, ethyl alcohol and 
A 23187 were 2 mM, 2.5% and 0.5 uM, respectively. Each 
point represents the mean of four experiments. Vertical 
bars indicate S.E.M. 


As seen in Table 3, no diuretic influenced the rate 
of Ca** release from microsomes at concentrations 
that significantly affected Ca** uptake of 
microsomes. 


DISCUSSION 


The present study demonstrates that Ca** uptake 
by renal cortical microsomes is differentially sensitive 


to various diuretics. Mersalyl acid, in uM concen- 
trations, strongly inhibited Ca** uptake. The high 
ceiling diuretics, ethacrynic acid, furosemide and 
bumetanide, also decreased Ca** uptake, but acet- 
azolamide did not. Mersalyl acid and the high ceiling 
diuretics also inhibited Ca** uptake by microsomes 
isolated from renal medulla. On the other hand, 
hydrochlorothiazide significantly increased Ca’* 
uptake activity, with an optimum concentration of 
0.5 mM. 

It is well established that cysteine and dithioth- 
reitol abolish the effects of ethacrynic acid and mer- 
curials on mitochondria, cell membranes or cell-free 
preparations [15-19]. As shown in Table 1, cysteine 
prevented the inhibitory effects of mersalyl acid and 
ethacrynic acid on Ca** uptake by renal cortical 


Table 3. Effects of diuretics on Ca?* 


microsomes, indicating that both diuretics exert their 
actions on Ca** uptake by reacting with sulfhydryl 
groups of microsomal membranes. However, cys- 
teine could not block the effects of furosemide and 
bumetanide. The results suggest that the mechanisms 
of inhibition by furosemide and bumetanide of Ca*’ 
uptake are different from the actions of mersalyl 
acid and ethacrynic acid. 

It has been demonstrated that the divalent cation 
ionophore A 23187 makes biological membranes 
permeable to Ca’* [20, 21]. The present study also 
showed that A 23187 made kidney microsomal mem- 
brane permeable to Ca** (Fig. 5), but diuretics did 
not affect at all the rate of Ca** release from renal 
cortical microsomes (Table3). More recently, 
Moore and Landon [22] have demonstrated that the 
high ceiling diuretics, ethacrynic acid and furosem- 
ide, inhibit the Ca** pump activity of microsomes 
isolated from whole kidneys and that furosemide 
acts as a reversible, non-competitive inhibitor. 
Although their light microsomal fraction was slightly 
different from our microsomal preparation, their 
results of inhibitory effects of both drugs were very 
similar to the data obtained in the present study. 
However, on the basis of our results it seems that 
mersalyl acid and high ceiling diuretics inhibit Ca** 
accumulation and hydrochlorothiazide accelerates 
it. 

In earlier findings obtained in vivo, it was dem- 
onstrated that mersalyl acid and high ceiling diuretics 
increase urinary Ca** excretion but that thiazides 
decrease Ca** excretion [1-6]. The effects of diuret- 
ics on urinary Ca’* excretion involve their action on 
tubular reabsorption of Ca?*. There may exist a 
causal relationship between the effects of diuretics 
on Ca** reabsorption by renal tubules and their 
influence on Ca’* uptake by kidney microsomes. We 
do not have any data on the renal cytoplasmic levels 
of diuretics after administering the drugs to rats in 
vivo. The K;, values for the diuretics, except for 
mersalyl acid, were found not to be very small. 
Therefore, further study is needed to determine the 
effects of diuretics on Ca** uptake by microsomes 
isolated from kidney after the injection of pharma- 
cologically active dosages. 

An ATP-dependent Ca’* uptake system has been 
demonstrated in the microsomes of renal cortex, 
suggesting the importance of the system in the regu- 
lation of cytosol Ca’* [8]. This concept is 


release from renal cortical microsomes* 





Concn 


Diuretics (M) 


Ca*” release+ 
oe . . 
(nmoles Ca~*/mg protein/20 min) 





None 

Mersalyl acid 
Ethacrynic acid 
Bumetanide 
Furosemide 
Hydrochlorothiazide 


tx 10° 
2x1i0°° 
$x10°° 
1x 1073 
5x 1074 


11.53 + 0.96 
10.98 + 1.44 
13.36 + 0.94 
12.25 + 1.44 
13.68 + 1.39 
11.17 + 0.51 





" Microsomes were preincubated in the standard medium for 20 min before 
addition of 2mMEGTA and diuretics as indicated. Calcium release from the 
microsomes was measured after subsequent incubation for 20 min at 37°. 

+ Data are the means + S.E.M. of four experiments. 





Effect of diuretics on Ca** uptake in renal microsomes 


strengthened by the finding that Ca’* uptake by 
cortical and papillary microsomes is enhanced by 
perfusion with parathyroid hormone [11]. In addi- 
tion, the present data indicate that Ca** uptake by 
renal microsomes is responsive to diuretics and that 
the effects of the drugs on this uptake are similar to 
their effects on Ca?* reabsorption in vivo. These 
data provide further support for renal microsomes 
being a useful model system to study Ca”* transport 
in the kidney. Although it is not clear how micro- 
somal Ca?* uptake relates to overall transepithelial 
Ca** transport in kidney, one may speculate that the 
direct action of diuretics on Ca** uptake by renal 
microsomes probably participates in their mechan- 
isms of action on tubular Ca** reabsorption. 
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Abstract—Biphenyl 2-hydroxylation is selectively activated in vitro by incubation of betamethasone or 
a naphthoflavone with control male rat liver microsomes. Biphenyl 3- and 4-hydroxylation activities are 
unchanged or marginally inhibited. The nature of the enzymes involved in the activation has been 
investigated. Metyrapone (1 mM) completely inhibited the expression of the activation but had a lesser 
effect on the basal 2-, 3- and 4-hydroxylation activities. SKF525A (1 mM)? inhibited both basal and 
betamethasone-activated enzyme activities by 25-35 per cent. Of other drug metabolizing enzymes 
investigated, only benzo[a]pyrene hydroxylation activity was increased by betamethasone and 
a naphthoflavone. Acetone (0.6 M) caused a small activation (40 per cent) of biphenyl 2-hydroxylation 
but inhibited 4-hydroxylation. The non-ionic detergent Brij 35 inhibited biphenyl 2-, 3- and 4-hydroxy- 
lation. It was concluded that activation of biphenyl 2-hydroxylation differs from activation of aromatic 
amine hydroxylation and glucuronyl transferase but may be related to activation of benzo[a]pyrene 


hydroxylation by naphthoflavones. 


There are a number of examples of in vitro enhance- 
ment of drug metabolizing enzymes which, unlike 
induction, does not involve de novo protein syn- 
thesis. The hydroxylation of certain aromatic amines 
can be activated by various agents including acetone 
[1,2], ethyl isocyanide [3], 2,2’-bipyridine [4], 
metyrapone [5] and diethylmaleate [6]. It has been 
suggested that these may either be due to a change 
in equilibrium between two forms of cytochrome P- 
450 [1] or to a direct effect on the rate-limiting step 
in the cytochrome P-450 sequence [7]. Glucuronyl 
transferases are activated by a wide range of chemical 
and physical means [8]. This is thought to be 
mediated by effects on the phospholipid and possibly 
protein of the endoplasmic reticulum membrane, 
increasing the availability.of the substrate and/or 
cofactors to the active site of the enzyme [9]. Acti- 
vation of benzo[a]pyrene hydroxylation by 
a naphthoflavone has been reported in rat [10] and 
human [11] liver. Again the existence of two different 
forms of the enzyme has been suggested. 

Certain steroids, especially betamethasone, selec- 
tively activate 2- but not 3- or 4-hydroxylation of 
biphenyl [12, 13]. The objective of the present study 
was to characterize the types of cytochrome P-450 
involved in basal and betamethasone-activated 
biphenyl hydroxylation by performing inhibition 
studies. The activation of biphenyl 2-hydroxylation 
was also compared with other known activations and 
a preliminary investigation made to discover alter- 
native substrates for the enzyme. 





* To whom all correspondence should be addressed. 

+ Abbreviations used: a@NF, a _ naphthoflavone; 
SKF525A,2-diethylaminoethyl-2,2-diphenylvalerate; 
DMF, dimethyl formamide; h.p.l.c., high pressure liquid 
chromatography. 


MATERIALS AND METHODS 


Animals. Control male Wistar albino rats (80- 
100 g) were used. All animals were maintained on 
Sterolit bedding and fed on Spiller No. 1 laboratory 
animal diet and water ad lib. 

Chemicals. Biphenyl (BDH Chemicals Ltd., 
Poole, U.K.) was twice recrystallized from ethanol 
to give a product of melting point 70°. Betametha- 
sone, NADP and DL-trisodium isocitrate were pur- 
chased from Sigma, London (Poole, U.K.). 
Benzo[a]pyrene and @ naphthoflavone (aNF) were 
from Aldrich Chemical Co. (Dorset, U.K.). Isocit- 
rate dehydrogenase (EC. 1.1.1.42) was obtained 
from Boehringer Mannheim Co. (F.R.G.). Standard 
3-hydroxybenzo[a]pyrene was obtained from the 
Carcinogenesis Research Program, National Cancer 
Institute (Bethesda, MD). All other chemicals were 
of at least analytical reagent grade. 

Enzyme assays. Preparation of tissues and the 
biphenyl hydroxylation assay were performed as 
described previously [13]. For the inhibition studies, 
metyrapone, SKF525A and aNF were added to the 
incubation mixtures as solutions in DMF prior to 
preincubation, as for betamethasone. Biphenyl 
metabolism was measured in the presence of inhibi- 
tor, betamethasone, inhibitor plus betamethasone, 
and solvent alone. The DMF concentration was 1% 
in all incubations and was shown to have no sig- 
nificant effect on biphenyl metabolism. In experi- 
ments studying the effect of the non-ionic detergent, 
Brij 35, on biphenyl hydroxylation, Tween 80 (the 
detergent used to solubilize biphenyl in other experi- 
ments) was omitted from the incubations. Biphenyl 
was added in DMF solution to give the same final 
concentration (3.25 mM). Again DMF concentration 
did not exceed 1%. 

Other enzyme assays included aniline 4-hydroxy- 
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lation [14], glucurony! transferase [15] using Brij 35 
as activator, benzo[a]pyrene hydroxylation by an 
adaption of the fluorimetric method of Dehnen et 
al. [16] and an adaption of the high-pressure liquid 
chromatographic (h.p.|.c.) method of Selkirk et al. 
[17], ethoxyresorufin O-deethylation [18], 7-ethoxy- 
coumarin O-deethylation [19] and ethylmorphine N- 
demethylation [20]. Microsomal protein was deter- 
mined by the method of Lowry et al. [21]. 

In experiments planned to investigate alternative 
substrates for the activatable enzyme, the biphenyl 
concentration was reduced to 1 mM and test sub- 
strates (also 1 mM) were added before incubation. 


RESULTS 


Inhibition studies. Metyrapone had only a small 
effect on biphenyl 4-hydroxylation in microsomes 
from male rat livers, 7 per cent inhibition being 
observed at 10°°M (Fig.1). Biphenyl 2- and 
3-hydroxylation were increasingly inhibited by 
metyrapone concentrations of greater than 10-° M. 
At 10°’ M the levels of inhibition were 57 and 68 per 
cent for 2- and 3-hydroxylation, respectively. Beta- 
methasone (10~*M) activated biphenyl 2-hydroxy- 
lation 3- to 5-fold with no effect on 3- and 4-hydrox- 
ylation [13]. The betamethasone-activated 2- 
hydroxylation activity was inhibited more markedly 
and commenced at a lower metyrapone concentra- 
tion (10~° M) than in controls. Activation was com- 
pletely prevented by 10°°M metyrapone. In this 
experiment betamethasone and metyrapone were 
both added to the reaction mixture before prein- 


cubation. Altering the sequence of addition did not 
significantly alter the activation. 


% Control Activity 








Metyrapone Conc (Log, )M) 


Fig. 1. Effect of metyrapone on rat hepatic microsomal 
biphenyl hydroxylation. The figure shows inhibition of 
2-hydroxylation (@), 3-hydroxylation (), 4-hydroxylation 
(@) and 2-hydroxylation in the presence of betamethasone 
(10-*M) (©). 3- and 4-hydroxylation are unchanged by 
betamethasone. Each point represents the mean of three 
experiments + S.E.M. The control values were: @, 0.28 + 
0.03; x, 0.09+0.01; @, 0.78+0.06; O, 0.89+ 
0.06 nmoles/min/mg microsomal protein. 
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SKF525A (107° M) inhibited biphenyl 2-, 3- and 
4-hydroxylation by 20, 25 and 25 per cent, respec- 
tively. The betamethasone activated biphenyl 2- 
hydroxylation was inhibited 35per cent by 
10°? MSKF525A. Lower concentrations of 
SKF525A (10-’7-10-*M) had no significant effect 
(data not shown). 

aNF (5 x 10°*M) had no effect on biphenyl 
4-hydroxylation but activated biphenyl 2-hydroxy- 
lation in male rat hepatic microsomes by 370 + 75 per 
cent (Fig. 2). The effects of aNF and betamethasone . 
(10-* M) were not additive but resulted in an acti- 
vation equal to that of betamethasone alone. aNF 
had little or no effect on biphenyl 2-hydroxylation 
of liver microsomes from mature female rats or male 
hamsters (results not shown). 

Effects of betamethasone on other enzymes. To 
ascertain whether this activation is unique to 
biphenyl 2-hydroxylation, the effect of betametha- 
sone on other drug metabolizing enzymes was exam- 
ined. Aniline 4-hydroxylation, ethymorphine 
N-demethylation and 7-ethoxycoumarin-O-deethy- 
lation were unaffected, whereas ethoxyresorufin-O- 
deethylation and glucuronyl transferase (with 4- 
nitrophenol as substrate) activities were inhibited by 
10-15 per cent at the concentrations of betametha- 
sone tested (10°-10°*M) (data not shown). 
Benzo[a]pyrene hydroxylation as determined fluori- 
metrically [16] was subject to a small but significant 
activation (13per cent) when betamethasone 
(10~°) was included in the incubation. This was con- 
firmed by use of [*H]benzo[a]pyrene, metabolites of 
which were separated by h.p.|.c. and fractions col- 
lected for liquid scintillation counting. A 15 per cent 
increase in the formation of a tritiated metabolite 


% Control Activity 
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Fig. 2. Effect of aNF on rat hepatic microsomal biphenyl 
hydroxylation. The figure shows the effect of aNF on 
2-hydroxylation (@), 4-hydroxylation (M@) and 2-hydroxy- 
lation in the presence of betamethasone (10-*M) (0). 
4-Hydroxylation is unchanged by betamethasone. Low 
solubility prevented the use of higher concentrations of 
aNF. Each point represents the mean of three experi- 
ments + S.E.M. The control values were: @, 0.28 + 0.03; 
, 0.78 + 0.06; O, 0.89 + 0.06 nmoles/min/mg microsomal 
protein. 
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with the same elution time as standard 3-hydroxy- 
benzo[a]pyrene was found with betametha- 
sone (10°°M). The formation of other metabolites 
was largely unaffected. The selective effect of beta- 
methasone on certain P-450 activities only suggests 
that the interaction of the corticosteroid is at P-450 
itself and not at the level of electron flow to P-450. 
a@NF (10°°M) also caused similar, activations to 
betamethasone when benzo[a]pyrene metabolism 
was measured both fluorimetrically and by h.p.l.c. 
Activation of biphenyl 2-hydroxylation was also 
compared with other known activations: of aniline 
4-hydroxylation by acetone [1] and of glucuronyl 
transferase by the detergent Brij 35 [15]. Aniline 
4-hydroxylation was found to be activated maximally 
by 0.68 M acetone, which gave an increase of 115 per 
cent. The effects of acetone on biphenyl hydroxy- 
lation can be seen in Fig. 3. An increase in 2-hydrox- 
ylation of about 40 per cent was seen with acetone 
concentrations of 0.4-0.8 M. Other concentrations 
of acetone had no significant effect on biphenyl 
2-hydroxylation. Biphenyl 3-hydroxylation was mar- 
ginally increased (16 per cent) by 0.34 M acetone, 
but inhibited above 0.68 M. Biphenyl 4-hydroxyla- 
tion was inhibited most strongly and was 40 per cent 
of control activity at 1M acetone. Brij 35 (0.1%) 
produced an increase of 245 per cent in glucuronyl- 
transferase activity to 4-nitrophenol but had no 
‘ effect, or marginally inhibited biphenyl hydroxyla- 
tion in the 2-, 3- and 4-positions (data not shown). 
Cortisol, corticosterone, oestradiol, testosterone, 
tyrosine, tryptophan and vitamin D all had no effect 


% Control Activity 








Acetone Conc (1!) 


Fig. 3. Effect of acetone on rat hepatic microsomal biphenyl! 

hydroxylation. The figure shows the effect of acetone on 

2-hydroxylation (@), 3-hydroxylation (x) and 4-hydroxy- 

lation (@). Each point represents the mean of four experi- 

ments + S.E.M. The control values were: @, 0.28 + 0.03; 

x, 0.09 + 0.01; M, 0.78 + 0.06 nmoles/min/mg microsomal 
protein. 
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on activation of biphenyl 2-hydroxylation by beta- 
methasone when included in incubations in equi- 
molar concentrations with biphenyl (data not shown) 
and were thus thought unlikely to be natural sub- 
strates for the activatable enzyme. 


DISCUSSION 


Metyrapone is a potent inhibitor of adrenal steroid 
hydroxylation and of a number of cytochrome P-450 
related drug metabolizing enzymes in liver micro- 
somes from both control and phenobarbitone treated 
rats [5]. It appears to inhibit metabolism of a number 
of substrates showing type 1 binding spectra whereas 
metabolism of some type II compounds such as ace- 
tanilide are enhanced [1]. Metyrapone had only a 
small effect on biphenyl 4-hydroxylation, contrary 
to previous reports [22], but inhibited 2- and 3- 
hydroxylation more markedly. The similarity 
between inhibition of 2- and 3-hydroxylation seen 
in Fig. 1 was unexpected as 3-hydroxylation resem- 
bles 4-hydroxylation in its induction characteristics 
[23] and also in its lack of sensitivity to glucocorti- 
coids. It has been suggested that conversion of 
cytochrome P-450 to P-448 may be responsible for 
the activation of biphenyl 2-hydroxylation [24]. 
However, we have found that the activation is com- 
pletely inhibited by additio_ of metyrapone with 
betamethasone before incubation, suggesting that a 
species of cytochrome P-450 more sensitive than P- 
448 to metyrapone is involved. Metyrapone appears 
to inhibit the activated enzyme rather than inhibiting 
the activation process as it has similar effects when 
added to the incubation before, after or concomi- 
tantly with betamethasone. These results are con- 
sistent with our suggestion that two enzymes may be 
involved in the activation [13]. 

SKF525A is another inhibitor of cytochrome 
P-450 related enzymes from livers of control and 
phenobarbitone-treated rats [1]. However, it was 
less effective than metyrapone as an inhibitor of 
biphenyl 2- and 3-hydroxylation. It has a similar 
effect on hydroxylation activity in all three positions 
with only slightly greater inhibition of betametha- 
sone-activated 2-hydroxylation. The results with 
these two inhibitors suggest the form of the enzyme 
that is activated by glucocorticoids may be similar 
to that which is responsible for steroid hydroxylation, 
as these are often more sensitive to metyrapone 
inhibition [25]. 

aNF is a potent inhibitor of liver microsomal drug 
metabolizing enzymes from animals treated with 
¥methylcholanthrene but has less effect on control 
and phenobarbitone-treated animals [10,22]. If 
enhancement of bipheny! 2-hydroxylation reflected 
a change from cytochrome P-450 to P-448 as pre- 
viously suggested [24], then it should have been 
inhibited by aNF. However, aNF had no effect on 
the activation by betamethasone when added con- 
coinitantly to the incubation, but when added alone 
it caused an activation equal to that produced by 
betamethasone. Betamethasone has little or no effect 
on biphenyl 2-hydroxylation of liver microsomes 
from mature female rats or male hamsters [13]. 
Similar results were found with aNF, suggesting that 
aNF resembles betamethasone in its effect on control 
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and phenobarbitone-induced microsomes. However, 
betamethasone also activated biphenyl 2-hydroxy- 
lation in liver microsomes from 3-methylcholan- 
threne-treated rats whereas anapthaflavone pro- 
duced a marked inhibition. This difference may be 
simply due to the marked inhibition of the 3-methyl- 
cholanthrene-induced enzyme activity by aNF, 
masking rather than preventing activation of the 
basal enzyme activity. 

Glucuronyl transferase is a membrane-bound 
enzyme that is activated by many different agents 
including non-ionic detergents [8]. This is thought 
to be due to a membrane permeability change per- 
mitting increased substrate and/or cofactor access to 
the enzyme which is deep in the endoplasmic reticu- 
lum [9]. As glucuronyltransferase was unaffected by 
betamethasone and Brij35 inhibited biphenyl 
2-hydroxylation, this type of membrane effect cannot 
explain the activation reported here. 

Ethylmorphine N-demethylation and 7-ethoxy- 
coumarin O-deethylation are, like biphenyl 
4-hydroxylation, largely cytochrome P-450 depen- 
dent. As expected, they were unaffected by beta- 
methasone. Acetone caused slight activation of 
biphenyl 2- (and 3-) hydroxylation. In contrast, 
aniline 4-hydroxylation was unaffected by beta- 
methasone. It is thus unlikely that betamethasone 
has a similar action to acetone but the effect of 
acetone on biphenyl hydroxylation cannot be 
explained at present. 

Benzo[a|pyrene hydroxylation, ethoxyresorufin 
O-deethylation and aniline 4-hydroxylation have 
been suggested to be cytochrome P-448 dependent 
but only the first of these was activated by beta- 
methasone. Analysis of metabolites by h.p.l.c. sug- 
gested the increase was in the formation of 3- 
hydroxybenzo[a]pyrene only. In contrast, induction 
of cytochrome P-448 by treatment with 3-methyl- 
cholanthrene results in 3 to 4-fold increases in 3- and 
9-hydroxylation of benzo[a]pyrene but much larger 
increases (20 to 25-fold) in formation of the 7,8- and 
9,10-diols [26]. Thus an increase in cytochrome P- 
448 activity cannot explain the specificity of the 
activation caused by betamethasone. aNF caused a 
similar activation of benzo[a]pyrene 3-hydroxyla- 
tion. It has been shown previously that aNF stimu- 
lates benzo[a]pyrene hydroxylation in liver micro- 
somes from control and phenobarbitone-treated rats 
but inhibits in liver microsomes from 3-methylchol- 
anthrene-treated rats [10, 22]. These effects appear 
to be dependent on age and sex; activation is high 
in young male and female control rats and decreases 
with age [27]. In mature control male rats aNF has 
a slight inhibitory effect whereas in female rats the 
enzyme is inhibited by 50 per cent [27]. A similar 
age and sex dependence was found for the enhance- 
ment of biphenyl 2-hydroxylation by betamethasone 
except that inhibition does not occur [28]. Enhance- 
ment was found with adult male but not female rat 
liver microsomes. Thus aNF appears to have a 
biphasic effect in that it both inhibits and activates 
drug metabolizing enzymes. Betamethasone resem- 
bles aNF in the enhancing action only. Inhibition of 
biphenyl hydroxylation has not been found at any 
concentration of betamethasone [13]. aNF has been 
shown to stimulate metabolism of aflatoxin B,, 
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benzo[a]pyrene, zoxazolamine and antipyrine in 
human liver homogenates [11, 29]. Betamethasone 
also. activates biphenyl 2-hydroxylation and 
benzo[a]pyrene hydroxylation in human liver micro- 
somes (D. J. Benford, A. R. Boobis, D. S. Davis 
and J. W. Bridges; unpublished data). The structural 
relationship between betamethasone and aNF which 
is not immediately apparent is being investigated. 
Because betamethasone appears to be very selective 
in its activating effects on P-450 dependent enzymes, 
is free from significant obfuscating inhibitory proper- 
ties and its effects are preserved when endoplasmic 
reticulum membrane modifiers are added, it should 
provide a very valuable and subtle probe for studying 
the properties of cytochrome P-450. 
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Abstract—Hydrogen peroxide, 1, 4-naphthoquinone-2-sulfonic acid and 6-hydroxydopamine were used 
as biochemical probes to study the interdependence of hemoglobin, catalase and the hexose mono- 
phosphate shunt in protection of red blood cell (red cell) function against superoxide, hydrogen peroxide 
and organic free radicals. It was shown that catalase may remove hydrogen peroxide both catalatically 
and peroxidatically in the red cell and that glucose metabolism supplies electron donors for the 
peroxidatic function of catalase. The hexose monophosphate shunt is known to participate in removal 
of hydrogen peroxide by supplying electrons for the action of glutathione reductase and glutathione 
peroxidase. Experiments in which red cell catalase was irreversibly inhibited by interaction with hydrogen 
peroxide and 3-amino-1, 2, 4-triazole showed that both catalase and the hexose monophosphate shunt 
share in the removal of hydrogen peroxide from red cells. The effect of the hemoglobin oxidation state 
on the interaction of red cells and oxidative agents was studied using red cell preparations containing 
hemoglobin, carbonmonoxyhemoglobin or methemoglobin. Oxyhemoglobin was able to accelerate the 
production of superoxide and hydrogen peroxide with agents like 1, 4-naphthoquinone-2-sulfonic acid, 
whereas oxyhemoglobin had little effect with 6-hydroxydopamine. In experiments with red cells con- 
taining oxyhemoglobin, the accumulation of catalase in the form of Compound II, with resulting loss 
of available catalatic activity, was directly proportional to formation of methemoglobin. The close 
relationship between loss of catalatic activity and formation of methemoglobin may indicate that catalase 
has a protective effect on hemoglobin. Experiments with red cells containing methemoglobin indicated 
that once methemoglobin is formed it protects the red cell from further loss of the catalatic activity of 
catalase. In some circumstances oxyhemoglobin was formed from methemoglobin as a by-product of 
the protective effect of methemoglobin on red cell function. Formation of oxyhemoglobin by this 
mechanism was many times faster than oxyhemoglobin formation by the methemoglobin reductase 
system. 


The red blood cell (red cell) has a variety of mech- 
anisms to protect hemoglobin and membrane func- 
tion from superoxide and H,O,. While superoxide 
dismutase and catalase enzymatically remove super- 
oxide and H,0O,, respectively, red cell reducing 
equivalents, mainly glutathione, NADH and 
NADPH, may react directly with superoxide and 
H,O, [1-3]. The activity of the hexose monophos- 
phate shunt is important since it produces NADPH, 
the necessary cofactor for glutathione production by 
glutathione reductase. The reduction of H,O, to 
water is catalyzed by glutathione peroxidase and 
possibly by the peroxidatic activity of hemoglobin 


[4]. 





* The terminology used in this paper is based on the 
chemistry of catalase which is known to function either 
catalatically or peroxidatically in vitro [8]. Ferricatalase 
reacts with H,O, to form the two-electron oxidation prod- 
uct, Compound I. Compound I may undergo either a con- 
certed two-electron reduction by H,O, (catalatic activity) 
or substrates such as ethanol (peroxidatic activity) with the 
formation of ferricatalase or two successive one-electron 
reductions by appropriate electron donors with the sequen- 
tial formation of Compound II and ferricatalase (peroxi- 
datic activity). 
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We have recently studied the chemistry of red cell 
catalase using 1, 4-naphthoquinone-2-sulfonic acid 
[5], a vitamin K analog which reacts with oxyhem- 
oglobin generating superoxide and H,O, (6, 7]. It 
was demonstrated that catalase accumulates as Com- 
pound II* in red cells incubated with 1, 4-naphtho- 
quinone-2-sulfonic acid when glucose is unavailable 
[5]. When glucose is added, the accumulated Com- 
pound II is reduced to ferricatalase by products of 
glucose metabolism. Experiments with red cell lys- 
ates [9] or purified components [10] have shown that 
NADPH and NADH can both donate electrons to 
Compound II and are probable intracellular electron 
donors. These results indicate that catalase may func- 
tion both peroxidatically and catalatically in the red 
cell. It was also observed that methemoglobin for- 
mation was directly proportional to accumulation of 
Compound II. While the addition of glucose restored 
ferricatalase content within a 90-min period, the 
methemoglobin reductase system required between 
24 and 48 hr to restore oxyhemoglobin [5]. 

In this paper we have explored the interdepend- 
ence of hemoglobin, catalase and glucose metab- 
olism in red cells exposed to H,O;, 1, 4-naphtho- 
quinone-2-sulfonic acid and 6-hydroxydopamine. 
Cells were exposed to H,O, mainly as a control to 
help in interpreting the more complex results 
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obtained with the organic agents. 1, 4-Naphtho- 
quinone-2-sulfonic acid is an oxidizing agent which 
reacts with reducing agents to yield its semiquinone 
and quinol derivatives [7]. The semiquinone deriva- 
tive may act as an oxidizing or reducing agent in the 
red cell. 1, 4-Naphthoquinone-2-sulfonic acid reacts 
with oxyhemoglobin to generate superoxide, H,O, 
and methemoglobin [6,7]. 6-Hydroxydopamine, a 
quinol, is a reducing agent which undergoes autox- 
idation to its quinone derivative [11]. The semiqui- 
none of 6-hydroxydopamine may be formed as an 
intermediate in autoxidation [12]. Superoxide. H.O,, 
hydroxyl radical and singlet oxygen are formed dur- 
ing autoxidation of 6-hydroxydopamine [13, 14]. The 
quinone of 6-hydroxydopamine may be reduced to 
the quinol by products of glucose metabolism, giving 
rise to cycles of autoxidation and, therefore, super- 
oxide and H,O, production [15-17]. 


MATERIALS AND METHODS 


Red cell preparations. Adult human blood was 
drawn daily into 3.8% sodium citrate solution. After 
centrifugation, plasma and white cells were removed, 
and red cells were washed three times with phos- 
phate-buffered saline (9 parts 0.9% NaCl; 1 part 
0.1 M KH,PO,/K,HPO,, pH 7.4). A 25% (v/v) sus- 
pension of red cells was prepared in Krebs-Ringer 
phosphate buffer (100 parts 0.154 M NaCl; 4 parts 
0.154 M KCl; 1.5 parts 0.11 M CaCl,; 1 part 0.154 M 
MgSO,; 21 parts 0.1 M NaH,PO,/Na,HPOQ,, pH 7.4). 

Experiments were carried out with three types of 
red cell preparations, characterized by the hemoglo- 
bin: oxyhemoglobin, carbonmonoxyhemoglobin and 
methemoglobin. For experiments with normal red 
cells, that is, containing oxyhemoglobin, red cells 
were collected from a 25% suspension in Krebs— 
Ringer phosphate and resuspended at 25% in fresh 
Krebs-Ringer phosphate with or without 5 mM p- 
glucose immediately prior to use. Red cells contain- 
ing carbonmonoxyhemoglobin were prepared by 
blowing CO over the red cell suspension until the 
visible spectra of red cell lysates reached a maximum 
at 569 nm. The red cells were then washed once with 
oxygenated phosphate-buffered saline and resus- 
pended at 25% in Krebs—Ringer phosphate with or 
without 5 mM p-glucose. Red cells containing meth- 
emoglobin were prepared by incubating a volume 
of red cells with an equal volume of 1% NaNO, in 
phosphate-buffered saline for 10 min at room tem- 
perature. After incubation, red cells were washed 
five times with phosphate-buffered saline to remove 
nitrite and resuspended at 25% in Krebs-Ringer 
phosphate with or without 5 mM p-glucose. Visible 
spectra of red cell lysates were obtained using a Cary 
14 spectrophotometer. Ten microliters of a 25% red 
cell suspension in Krebs-Ringer phosphate were 
lysed in 1 ml HO, and absorbance was read against 
an H,O reference. Red cell preparations contained 
essentially 100 per cent oxyhemoglobin, carbonmo- 
noxyhemoglobin or methemoglobin at the beginning 
of-experiments. After 90 min of incubation at 37°, 
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red cells containing oxyhemoglobin or methemoglo- 
bin showed essentially no change in their hemoglo- 
bin. After 90 min at 37°, cells containing carbon- 
monoxyhemoglobin contained about 20 per cent 
oxyhemoglobin. 

Agents producing superoxide and H,Q),. The inter- 
actions of the red cells with three agents were stud- 
ied: H,O,, 1,4-naphthoquinone-2-sulfonic acid 
(Eastman Kodak Co., Rochester, NY) and 6- 
hydroxydopamine (Aldrich Chemical Co., Milwau- 
kee, WI). In experiments with H,O,, wells contain- 
ing 0.3 ml of 30% H,O, were included in 25-ml 
stoppered Erlenmeyer flasks containing | or 2 ml of 
red cell suspension. This procedure allowed for the 
gaseous diffusion of H,O, from the center well to 
the red cells at a steady rate [18]. Stoppered flasks 
with wells containing 0.3 ml of H,O were used as 
controls. In other experiments, 1, 4-naphtho- 
quinone-2-sulfonic acid was dissolved in Krebs- 
Ringer phosphate and a small volume was added to 
red cell suspensions such that there was little effect 
on incubation volume. Equal volumes of Krebs— 
Ringer phosphate without drug were added to red 
cell suspensions as controls. 6-Hydroxydopamine 
was dissolved in 140 mM NaCl, | mM KCl, pH 2.0. 
The low pH is necessary to prevent autoxidation of 
the 6-hydroxydopamine before addition to red cell 
suspensions. A small volume of 6-hydroxydopamine 
was added to red cell suspensions such that there 
was no significant change in pH (pH 7.4) or volume 
of the red cell suspensions. Equal volumes of 140 mM 
NaCl, 1 mM KCl, pH 2.0, without drug were added 
to red cell suspensions as controls. 

Assay for catalatic activity of red cell catalase. 
Catalase activity was measured in red cell lysates by 
observing the decrease in absorbance at 240 nm of 
a hydrogen peroxide solution, as described by Beers 
and Sizer [19]. A 0.03 ml portion of a 25% red cell 
suspension was lysed in 1 ml H,O and 3 ml 10°*M 
EDTA, 0.1 M NaH,PO,, pH 7.4, was added to give 
4.03 ml of red cell lysate. A 0.5 ml portion of this 
lysate was added to 4 ml of 0.05 M NaH,PO,, pH 6.8, 
and 2 ml of this mixture was added to a sample 
cuvette and 2 ml to a reference cuvette in a Cary 14 
spectrophotometer. The contents of the sample 
cuvette were constantly mixed by a small magnetic 
stirring bar. A 0.04ml portion of 0.78M H,O,, 
0.05 M NaH,PO,, pH 6.8, was injected into the sam- 
ple cuvette, and the decrease in absorbance at 240 nm 
was measured. The decrease in absorbance was lin- 
ear with time and proportional to catalase activity 
up to 20 sec after injection. Since this assay measures 
only ferricatalase and Compound I, any accumula- 
tion of Compound II or other forms [8] will appear 
as a loss of catalase activity. 

Measurement of the flux of glucose metabolism. 
The flux of glucose through the hexose monophos- 
phate shunt and glycolysis was measured by a modi- 
fication of the method of Pescarmona et al.* Two 
milliliters of a 25 per cent red cell suspension in 
Krebs-Ringer phosphate with 5mM p-glucose was 
added to a 25-ml Erlenmeyer flask. A blank was run 
using a red cell suspension that had been boiled for 
10 min. When appropriate, 1, 4-naphthoquinone-2- 
sulfonic acid, 6-hydroxydopamine, or wells contain- 
ing H,O, were added at this time. A 0.3 ml portion 
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of p- [1-"*C]glucose (Amersham) in Krebs-Ringer 
phosphate with 5 mM p-glucose (0.5 wCi/0.3 ml) was 
added to each flask. Flasks were stoppered with wells 
containing 0.2 ml of 2M KOH and incubated in a 
shaking water bath at 37° for 1 hr. The reaction was 
stopped by addition of 0.7 ml of 35% perchloric acid 
and incubated for 30 min to ensure that released 
'8CO, was trapped in the KOH. Contents of the well 
(KOH with trapped “CO,) were transferred into 
10 ml Oxosol (National Diagnostic, NJ) and counted 
in a liquid scintillation counter. The flux through the 
hexose monophoshate shunt was calculated after 
subtracting blank values and expressed as umoles 
CO, produced per hr per ml of red cells. After 
addition of and incubation with perchloric acid, the 
contents of the incubation flasks were transferred to 
centrifuge tubes, and the flasks were washed with 
2 ml H,O, bringing the total volume in the centrifuge 
tube to 5 ml. After centrifugation at 8000 g for 10 min, 
1 ml of supernatant fluid was added to 1 ml of 0.5M 
Tris, 0.78 M KOH and centrifuged to remove perch- 
lorate as the potassium salt. One-tenth ml of this 
supernatant fluid was added to a 25-ml Erlenmeyer 
flask with 0.9ml of 3.3mM ATP, 1mM NADP, 
6.5mM MgCl, 1.41.U. glucose-6-phosphate dehy- 
drogenase, 0.1 M Tris, pH 7.6, and 0.05 ml contain- 
ing 2.81.U. hexokinase and 0.241.U. 6-phospho- 
gluconate dehydrogenase. Flasks were stoppered 
with wells containing 0.2 ml of 2M KOH and incu- 
bated in a shaking water bath at 37° for 30 min. The 
purpose of this procedure is to decarboxylate the 
remaining glucose, leaving intermediates of glycoly- 
sis as the only radioactive species in the flask. The 
reaction was terminated by the addition of 0.2 ml of 
7% perchloric acid, and the flasks were further 
incubated for 30 min. The flask contents were cen- 
trifuged and 0.25 ml of the supernatant fluid was 
transferred to 10 ml Oxosol and counted in a liquid 
scintillation counter. The flux through glycolysis was 
calculated, after subtracting blank values and cor- 
recting for dilution, and expressed as moles gly- 
colytic intermediates produced per hr per ml red 
cells. 


RESULTS 


Peroxidatic activity of catalase. Table 1 shows that, 
in the absence of glucose, both 4 x 10™° M 1, 4-naph- 
thoquinone-2-sulfonic acid and 6 x 10°* M 6-hydrox- 
ydopamine (administered in three equal doses at 0, 
30 and 60 min) caused accumulation of catalase Com- 
pound II. The catalase assay we used measures only 
ferricatalase and Compound I so that loss of catalase 
activity using this assay implies accumulation of 
Compound II. When glucose was added at 90 min 
to red cell suspensions incubated with 1, 4-naphtho- 
quinone-2-sulfonic acid or 6-hydroxydopamine, 
intracellular electron donors formed by glucose 
metabolism restored ferricatalase, as shown at 150 
and 240 min. Three equal doses of 6-hydroxydopa- 
mine were more effective than one larger dose in 
causing significant accumulation of Compound II, 
probably because autoxidation of 6-hydroxydopa- 
mine at pH 7.4 is complete in about 2 min and the 
resulting quinone is not reduced in the absence of 
glucose metabolism [15-17]. Hydrogen peroxide 
alone did not cause accumulation of Compound II 
(Table 1) even if added dropwise in high concentra- 
tion (data not shown). 

Removal of H,O, by catalase and the hexose mon- 
ophosphate shunt. Both catalase and the hexose 
monophosphate shunt (by supplying electrons for 
the action of glutathione reductase and glutathione 
peroxidase) can contribute to removal of H,O, in 
the red cell. This can be emphasized by measuring 
the flux of glucose metabolism through the hexose 
monophosphate shunt in conditions where catalase 
is inactivated. 3-Amino-1, 2, 4-triazole irreversibly 
inhibits catalase in the presence of H,O, by forming 
a complex between Compound I and 3-amino-1, 2, 4- 
triazole [20, 21]. By incubating red cells with 0.05 M 
3-amino-1, 2, 4-triazole and using 4 x 10°°M 1, 4- 
naphthoquinone-2-sulfonic acid as a source of H,O>, 
red cell catalase was irreversibly inactivated and did 
not recover with the addition of glucose (Table 2). 
Measurement of the flux of glucose through the 
hexose monophosphate shunt showed that 4 x 


Table 1. Formation of Compound II and restoration of ferricatalase by glucose metabolism* 





Catalase activity (mmoles HO; - sec 


~!. mi”! red cells) 





90 min 150 min 240 min 





1.47 
0.81 ¢ | ae r3 


H,0, 
1, 4-Naphthoquinone-2- 
sulfonic acid 


6-Hydroxydopamine 0.52 ¢ 1.0 11 





* One milliliter aliquots of a 25% red cell suspension in Krebs-Ringer phosphate without glucose 
were incubated at 37° for 240 min in a shaking water bath. One aliquot was incubated from zero time 
in a stoppered flask containing a well with 0.3 ml of 30% H,O;. A second aliquot contained 4 x 
10-° M 1, 4-naphthoquinone-2-sulfonic acid. A third aliquot received equal additions of 6-hydrox- 
ydopamine at 0, 30 and 60 min to give a total dose of 6 x 10°*M 6-hydroxydopamine. Red cell 
catalase activity was measured at 0, 90, 150 and 240 min. 

+ Catalase activity remained at 1.4 up to 240 min in the absence of glucose. 

+ p-Glucose was added at 90 min to a concentration of 5mM. 
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Table 2. Irreversible inactivation of catalase in the presence of 3-amino-1, 2, 4-triazole* 





Catalase activity (mmoles H,Q,; - sec 


“|. ml7! red cells) 





Additions 0 min 


60 mint 120 min 





None & 

1, 4-Naphthoquinone-2- i. 
sulfonic acid 

3-Amino-1, 2, 4-triazole . 

1, 4-Naphthoquinone-2- I. 
sulfonic acid + 

3-amino-1, 2, 4-triazole 





* One milliliter aliquots of a 25% red cell suspension in Krebs-Ringer phosphate without glucose 
were incubated at 37° for 120 min in a shaking water bath. Additions made at zero time: 4 x 10°°M 
1, 4-naphthoquinone-2-sulfonic acid and 0.05 M 3-amino-1, 2, 4-triazole. Red cell catalase activity 


was measured at 0, 60 and 120 min. 


+ p-Glucose was added at 60 min to a concentration of 5mM. 


10° M 1, 4-naphthoquinone-2-sulfonic acid caused 
an 8-fold increase in flux (Table 3). With the addition 
of 0.05M 3-amino-1, 2, 4-triazole and resulting 
inactivation of catalase, a 12-fold increase in flux was 
observed. 

Catalase and hemoglobin. To study the relation- 
ship between catalase chemistry and red cell hemo- 
globin, we prepared red cells containing carbon- 
monoxyhemoglobin or methemoglobin — before 
addition of superoxide and H,O, producing agents. 
Cells containing carbonmonoxyhemoglobin approx- 
imate conditions where the heme group is unavail- 
able for reaction; however, by the end of the 90-min 
incubation period, about 20 per cent of the hemo- 
globin reverted to oxyhemoglobin, so that some 
effect of oxyhemoglobin can be expected in these 
experiments. Cells containing methemoglobin were 
used to exaggerate the effect of the small amount 
of methemoglobin present or produced in conditions 
where superoxide and H,O, are present. 

Table 4 shows the accumulation of Compound II 
with different agents and red cell preparations. 
Incubation with H,O, caused little or no accumu- 
lation of Compound II with any of the red cell 
preparations. 1, 4-Naphthoquinone-2-sulfonic acid 
in the presence of oxyhemoglobin caused almost half 
of the red cell catalase to accumulate as Compound 
II in 90 min. The removal of most of the oxyhem- 
oglobin, as in preparations containing carbonmo- 
noxyhemoglobin, resulted in only 14 per cent accu- 


mulation of CompoundII. There was no 
accumulation of Compound II when red cells con- 
taining methemoglobin were incubated with 1, 4- 
naphthoquinone-2-sulfonic acid. 6-Hydroxydopa- 
mine caused equal Compound II accumulation in red 
cells containg oxyhemoglobin or carbonmonoxy- 
hemoglobin. When red cells containing methemo- 
globin were incubated with 6-hydroxydopamine, 
however, little Compound II accumulated. 

Besides causing no accumulation of Compound II, 
incubation with H,O, also had no effect on the hemo- 
globin in red cell preparations containing oxyhem- 
oglobin, carbonmonoxyhemoglobin or methemoglo- 
bin. Figure 1 shows the effects of 1,4- 
naphthoquinone-2-sulfonic acid on hemoglobin in 
various red cell preparations. In the presence of 
oxyhemoglobin, 1, 4-naphthoquinone-2-sulfonic 
acid caused significant methemoglobin formation, as 
indicated by changes in the visible spectra at 500, 
541, 577 and 631 nm (Fig. la). In the presence of 
carbonmonoxyhemoglobin, a much smailer amount 
of methemoglobin was formed, probably the result 
of interaction between 1, 4-naphthoquinone-2-sul- 
fonic acid and the small amount of oxyhemoglobin 
present in these cells (Fig. 1b). Red cells containing 
methemoglobin showed no change in hemoglobin 
content after a 90-min incubation with 1, 4-naphtho- 
quinone-2-sulfonic acid (Fig. 1c). The effects of 6- 
hydroxydopamine on hemoglobin in various red cell 
preparations are shown in Fig. 2. Significant met- 


Table 3. Flux through the hexose monophosphate shunt in conditions causing catalase 
inactivation* 





Additions 


(umoles glucose metabolized - hr~ 


Flux through the hexose monophosphate shunt 


ml”! red cells) 





None 

1, 4-Naphthoquinone-2-sulfonic acid 

3-Amino-1, 2, 4-triazole 

1, 4-Naphthoquinone-2-sulfonic acid 
+ 3-amino-1, 2, 4-triazole 


0.086 
0.670 
0.069 
1.05 





* Concentrations: 4 x 10~° M 1, 4-naphthoquinone-2-sulfonic acid and 0.05 M 3-amino-1, 2, 4- 
triazole. The flux of glucose through the hexose monophosphate shunt was measured as 


described in Materials and Methods. 





Hemoglobin, catalase and glucose metabolism in red blood cells 


Table 4. Catalase activity in different red cell preparations exposed to various agents* 





Red cell preparation 


Per cent inhibition of 
catalase activity 





Oxyhemoglobin 7 
Carbonmonoxyhemoglobin 8 
Methemoglobin 0 


2-sulfonic acid 
1, 4-Naphthoquinone- 
2-sulfonic acid 
1, 4-Naphthoquinone- 
2-sulfonic acid 
6-Hydroxydopamine 
6-Hydroxydopamine 
6-Hydroxydopamine 


Oxyhemoglobin 
Carbonmonoxyhemoglobin 


Methemoglobin 
Oxyhemoglobin 
Carbonmonoxyhemoglobin 
Methemoglobin 





* One milliliter aliquots of a 25% red cell suspension in Krebs-Ringer phosphate 
without glucose were incubated at 37° for 90 min in a shaking water bath. Three different 
red cell preparations were used as described in Materials and Methods. Preparation of 
red cell suspensions containing carbonmonoxyhemoglobin and methemoglobin did not 
result in loss of catalase activity. Doses of HO, 1, 4-naphthoquinone-2-sulfonic acid and 
6-hydroxydopamine were as described in the footnote to Table 1. Red cell catalase activity 
was measured at 90min and compared to the catalase activity of controls incubated 
without oxidative agents (see Materials and Methods). 
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‘ Fig. 1. Effects of 1, 4-naphthoquinone-2-sulfonic acid on 
red cell hemoglobin. One milliliter aliquots of a 25% red 
cell suspension in Krebs-Ringer phosphate without glucose 
were incubated at 37° for 90 min in a shaking water bath. 
Red cells containing oxyhemoglobin (a), carbonmonoxy- 
hemoglobin (b) and methemoglobin (c) were prepared as 
described in Materials and Methods. Aliquots were incu- 
bated with or without 4 x 107° M 1, 4-naphthoquinone-2- 
sulfonic acid. At 90 min, red cell lysates were prepared and 
visible spectra were recorded as described in Materials and 
Methods. Key: (——) controls, (- - —-) samples with 4 x 

10~° M 1, 4-naphthoquinone-2-sulfonic acid. 
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Fig. 2. Effects of 6-hydroxydopamine on red cell hemo- 
globin. Red cell suspensions were treated as described in 
Fig. 1 except that aliquots received equal additions of 6- 
hydroxydopamine at 0, 30 and 60 min to give a total dose 
of 6x 104M 6-hydroxydopamine. Preparation of 6- 
hydroxydopamine and treatment of controls are described 
in Materials and Methods. At 90 min, red cell lysates were 
prepared and visible spectra were recorded as described 
in Materials and Methods. Red cell preparations contained 
oxyhemoglobin (a), carbonmonoxyhemoglobin (b) or 
methemoglobin (c). Key: ( ) controls, and (---) 
samples with 6-hydroxydopamine. 
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Table 5. Flux of glucose metabolism through the hexose monophosphate shunt and glycolysis in 
different red cell preparations* 





Flux (umoles glucose metabolized - hr 


'. ml”! red cells) 





Red cell preparation 


Hexose monophosphate shunt 


Glycolysis 





Oxyhemoglobin 
Carbonmonoxyhemoglobin 
Methemoglobin 


0.088 
0.073 
0.258 


0.93 
0.96 
1.13 





* Preparation of red cells and measurement of flux are described in Materials and Methods. 


hemoglobin formation took place in red cells con- 
taining both oxyhemoglobin (Fig. 2a) and carbon- 
monoxyhemoglobin (Fig. 2b). In red cell prep- 
arations containing methemoglobin, incubation with 
6-hydroxydopamine resulted in significant formation 
of oxyhemoglobin, as indicated by changes in the 
visible spectra at 470, 541, 577 and 631 nm (Fig. 2c). 


The flux of glucose metablism. Table 5 shows the 
flux of glucose metabolism in red cell preparations 
containing oxyhemoglobin, carbonmonbxyhemoglo- 
bin and methemoglobin. In red cells containing 
oxyhemoglobin and carbonmonoxyhemoglobin, the 
flux through glycolysis was ten to thirteen times 
greater than through the hexose monophosphate 
shunt. In red cells containing methemoglobin, the 
flux through both pathways was increased but most 
striking was the 3-fold increase in the hexose mon- 
ophosphate shunt. 

The effects of H,O,, 1, 4-naphthoquinone-2-sul- 
fonic acid and 6-hydroxydopamine on the flux of 
glucose metabolism in the three red cell preparations 
is shown in Table 6. The results are given as the 
increase or decrease in flux as compared to the 
controls in Table 5. The doses of H,O, and 1, 4- 
naphthoquinone-2-sulfonic acid were the same as in 


previous experiments. It was found that only a single 
dose of 6-hydroxydopamine was required to observe 
major changes in the flux of glucose metabolism, 
unlike the results in experiments in the absence of 
glucose (Tables 1 and 4, Fig. 2). 

Hydrogen peroxide, 1, 4-naphthoquinone-2-sul- 
fonic acid and 6-hydroxydopamine all caused major 
increases in the flux of the hexose monophosphate 
shunt, with smaller decreases in the flux of glycolysis 
(Table 6). The decreases in glycolysis are approxi- 
mately proportional to the increases in the hexose 
monophosphate shunt. Since our assay for glycolysis 
measures the flux of [1- '*C]glucose-6-phosphate into 
glycolysis, the entrance into glycolysis of unlabeled 
fructose-6-phosphate and _ glyceraldehyde-3-phos- 
phate, formed from the pentoses produced by the 
hexose monophosphate shunt, will not be measured. 
Therefore, the actual total flux of glycolysis is little 
affected by the agents studied. 

Hydrogen peroxide increased the flux through the 
hexose monophosphate shunt in all red cell prep- 
arations (Table 6), but the change in flux was twice 
as high in red cells containing methemoglobin as in 
red cells containing oxyhemoglobin or carbonmo- 
noxyhemoglobin. 1, 4-Naphthoquinone-2-sulfonic 
acid caused the greatest increases in flux through the 


Table 6. Flux of glucose metabolism in different red cell preparations exposed to various agents* 





Agent 


Red cell preparation 


Change in flux (umoles glucose 
metabolized - hr’! ml! red 
cells) 





Hexose 
monophosphate 


shunt Glycolysis 





H,O, 

H,0, 

H,0, 

1, 4-Naphthoquinone- 
2-sulfonic acid 

1, 4-Naphthoquinone- 
2-sulfonic acid 

1, 4-Naphthoquinone- 
2-sulfonic acid 

6-Hydroxydopamine 

6-Hydroxydopamine 

6-Hydroxydopamine 


Oxyhemoglobin 
Methemoglobin 


Oxyhemogiobin 


Methemoglobin 
Oxyhemoglobin 


Methemoglobin 


Carbonmonoxyhemoglobin 


Carbonmonoxyhemoglobin 


Carbonmonoxyhemoglobin 


+0.185 
+0.138 
+().352 


—0.06 
—0.06 
~@.12 


+0.659 —(.23 


+(0).213 —().06 
+(0).337 
+(0).570 
+(0).333 
+0.540 


—0.20 
—0.14 
—0.00 
—0.25 





* Preparation of red cells and measurement of flux are described in Materials and Methods. 
Aliquots were incubated at zero time with wells containing 0.3 ml of 30% H,O>, with 4 x 
10° M 1, 4-naphthoquinone-2-sulfonic acid, or with 2 x 10°*M 6-hydroxydopamine. Control 
aliquots were incubated without oxidative agents (see Materials and Methods). The change in 
flux caused by oxidative agents is the increase (+) or decrease (—) in flux as compared to 


controls. 
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hexose monophosphate shunt in red cells containing 
oxyhemoglobin. The increase in red cells containing 
methemoglobin was half that of red cells containing 
oxyhemoglobin and least of all in red cells containing 
carbonmonoxyhemoglobin. 6-Hydroxydopamine 
caused about equal increases in flux through the 
hexose monophosphate shunt in red cells containing 
oxyhemoglobin and methemoglobin and slightly less 
of an increase in red_ cells containing 
carbonmonoxyhemoglobin. 


DISCUSSION 


One mechanism for a possible peroxidatic function 
of catalase in the red cell requires the availabilty of 
one-electron donors to convert Compound I to Com- 
pound II and, then, to convert Compound II to fer- 
ricatalase. The reverse of these reactions, one-elec- 
tron oxidation of the ferric state to Compound II 
and one-electron oxidation of Compound II to Com- 
pound I, has been shown to occur with horseradish 
peroxidase [22] and may be possible with red cell 
catalase given appropriate one-electron acceptors. 
The accumulation of Compound II in the absence 
of glucose is evidence for the presence of one-elec- 
tron donors or acceptors in the red cell. The con- 
version of accumulated Compound II to ferricatalase 
by glucose metabolism in the intact red cell consti- 
tutes evidence that catalase may be able to function 
intracellularly through a Compound II intermediate. 
We have previously used 1, 4-naphthoquinone-2- 
sulfonic acid as an intracellular source of HO, and 
observed accumulation of Compound II followed by 
restoration of ferricatalase after addition of glucose 
[5]. In this report, red cells were incubated with 1, 4- 
naphthoquinone-2-sulfonic acid and 6-hydroxydo- 
pamine as sources of H,O, and one-electron donors 
or acceptors, while red cells were incubated with 
H,O, alone as a control. In the absence of glucose, 
incubation with H,O, did not cause accumulation of 
Compound II even if H,O, was added dropwise in 
high concentration (not shown), whereas incubation 
with 1,4-naphthoquinone-2-sulfonic acid or 6- 
hydroxydopamine caused significant accumulation 
of Compound II. Three equal doses of 6-hydroxy- 
dopamine added sequentially were more effective 
than one larger single dose in causing accumulation 
of Compound II, probably because autoxidation of 
6-hydroxydopamine at pH 7.4 is complete in about 
2 min and the resulting quinone is not reduced in the 
absence of glucose metabolism [15-17]. Both ferri- 
catalase and Compound I are expected to be present 
in red cells incubated with 1, 4-naphthoquinone-2- 
sulfonic acid, 6-hydroxydopamine or H,Q, alone. 
Incubation with 1, 4-naphthoquinone-2-sulfonic acid 
or 6-hydroxydopamine but not with H,O, alone 
makes one-electron donors or acceptors available 
and Compound II accumulates. Likely one-electron 
donors or acceptors are superoxide and the semi- 
quinone derivatives of the organic agents. Conver- 
sion of accumulated Compound II to ferricatalase 
takes place when products of glucose metabolism 
become available. Experiments with red cell lysates 
[9] or purified components [10] have shown that 
NADPH and NADH can both convert Compound II 
to ferricatalase and are probable intracellular elec- 
tron donors formed by glucose metabolism. The 
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results indicate that one function of red cell catalase 
may be to remove free radicals through the Com- 
pound I to Compound II conversion and to utilize 
electrons from NADPH to NADH to restore 
ferricatalase. 

A controversy exists over the relative importance 
of catalase and the hexose monophosphate shunt 
with associated glutathione reductase and glutathi- 
one peroxidase in the catabolism by the red cell of 
physiological concentrations of hydrogen peroxide. 
Results have focused on the importance of hexose 
monophosphate shunt activity [18, 23] and catalase 
activity [24], and on the shared role of both the 
hexose monophosphate shunt and catalase [25-27]. 
Eaton et al. [9] presented evidence which suggests 
that the formation of catalase Compound II and its 
reduction by NADPH activate the hexose mono- 
phosphate shunt by increasing intracellular NADP* 
levels. We have further demonstrated the partici- 
pation of catalase in the removal of H,O, by observ- 
ing the flux of glucose metabolism through the hexose 
monophosphate shunt in experiments in which cata- 
lase was inhibited irreversibly. Using 1, 4-naphtho- 
quinone-2-sulfonic acid as a source of intracellular 
H,0O,, inactivation of catalase by 3-amino-1, 2, 4-tria- 
zole caused the flux through the hexose monophos- 
phate shunt to increase by 50 per cent. This implies 
that H,O, removed by catalase in control red cells 
is removed by the hexose monophosphate shunt with 
associated glutathione reductase and glutathione 
peroxidase in red cells with inactivated catalase. 

Increases in the flux of glucose metabolism 
through the hexose monophosphate shunt and gly- 
colysis can be used as an estimate of intracellular 
formation of superoxide, H,O, and organic free rad- 
icals. Increases in the flux through the hexose mon- 
ophosphate shunt are particularly informative since 
this pathway acts to maintain glutathione and is 
especially important in removal of H,O, by gluta- 
thione peroxidase. Control studies on the flux of 
glucose metabolism in red cells containing oxyhem- 
oglobin, carbonmonoxyhemoglobin or methemoglo- 
bin showed that there is a 3-fold increase in the 
hexose monophosphate shunt in red cells containing 
methemoglobin compared to red cells containing 
oxyhemoglobin. It has been suggested that the 
increase in flux in red cells containing methemoglo- 
bin results mainly from the multiple washing required 
to rid the red cells of nitrite used to convert oxy- 
hemoglobin to methemoglobin [28]. In our labora- 
tory, however, multiple washings of control red cell 
preparations did not increase flux through the hexose 
monophosphate shunt. The activity of the meth- 
emoglobin reductase system may account for part 
of these increases in flux in red cells containing 
methemoglobin. 

Since both 1, 4-naphthoquinone-2-sulfonic acid 
and 6-hydroxydopamine are sources of not only H,O, 
but also superoxide, quinols, semiquinones and qui- 
nones, controls were carried out with H,O, alone. 
The removal of H,O, by the red cell is very efficient 
even in the absence of glucose [29]. When the red 
cell is challenged with H,O, alone, no accumulation 
of Compound II and no changes in hemoglobin con- 
tent are observed in a 90-min incubation period. 
Accumulation of Compound II and changes in hemo- 
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globin seem to require the presence of reactive 
organic species and their products: quinols, semi- 
quinones, quinones and superoxide. In particular, 
the conversion of Compound I to Compound II 
requires a one-electron donor. In the presence of 
glucose, H,O, causes the expected increase in the 
flux through the hexose monophosphate shunt to 
- maintain levels of reduced glutathione [29]. It has 
been observed previously that the hexose mono- 
phosphate shunt is capable of a much greater 
response to oxidative stress that glycolysis |27, 30]. 
The increase in flux through the hexose monophos- 
phate shunt when red cells containing methemoglo- 
bin are incubated with H,O, is double that of red 
cells containing oxyhemoglobin. The reason for this 
difference is not understood. 

The effects of 1,4-naphthoquinone-2-sulfonic acid 
on the red cell can be understood by referring to its 
reaction with oxyhemoglobin. 1,4-Naphthoquinone- 
2-sulfonic acid reacts with oxyhemoglobin yielding 
methemoglobin, superoxide, H,O,, and the semi- 
quinone and quinol derivatives [7]. In agreement 
with this reaction, when red cells containing oxy- 
hemoglobin were incubated with 1, 4-naphtho- 
quinone-2-sulfonic acid, methemoglobin formation 
was observed and the flux through the hexose mono- 
phosphate shunt increased. Intracellular H,O, for- 
mation and the availability of one-electron donors 
resulted in the accumulation of the catalase inter- 
mediate, Compound II. Preparations of red cells 
containing carbonmonoxyhemoglobin had only small 
amounts of oxyhemoglobin (up to 20 per cent after 
a 90-min incubation) available for reaction with 1, 4- 
naphthoquinone-2-sulfonic acid, and therefore had 
much lower methemoglobin formation, accumula- 
tion of Compound II, and increase in flux through 
the hexose monophosphate shunt. 1, 4-Naphtho- 
quinone-2-sulfonic acid can also react with sulfhydryl 
groups on methemoglobin yielding the semiquinone 
which can react further with methemoglobin to 
restore oxyhemoglobin [7]. In red cell preparations 
containing methemoglobin we did not observe 
oxyhemoglobin formation by reaction of 1, 4-naph- 
thoquinone-2-sulfonic acid with methemoglobin or 
other cellular electron donors during the 90-min 
incubation period. However, the reaction of 1, 4- 
naphthoquinone-2-sulfonic acid with methemoglo- 
bin or other cellular donors produced enough free 
radicals or H,O, to increase the flux through the 
hexose monophosphate shunt to 50 per cent of the 
increase observed in red cells containing oxyhemo- 
globin. More interesting was the observation that, 
in spite of this significant increase in flux through the 
hexose monophosphate shunt, no accumulation of 
Compound II was observed in red cells containing 
methemoglobin and incubated with 1, 4-naphtho- 
quinone-2-sulfonic acid. This raises the possibility 
that methemoglobin has a protective effect on cata- 
lase activity. 

6-Hydroxydopamine autoxidizes without require- 
ment for red cell components. 6-Hydroxydopamine 
autoxidation yields superoxide, H,O,, hydroxyl rad- 
ical, singlet oxygen and the quinone derivative with 
the semiquinone as a possible intermediate [11-14]. 
In the presence of glucose, the quinone resulting 
from 6-hydroxydopamine autoxidation may be 
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reduced to the quinol by the products of glucose 
metabolism causing multiple cycles of autoxidation 
and H,O, production [15-17]. For this reason, 
experiments where red cells were incubated with 
glucose required a smaller dose of 6-hydroxydopa- 
mine as a source of H;O, and free radicals. Since 
oxyhemoglobin is not required for the autoxidation 
of 6-hydroxydopamine, incubation of red cells con- 
taining either oxyhemoglobin or carbonmonoxyhem- 
oglobin with 6-hydroxydopamine resulted in equiv- 
alent Compound II accumulation and increases in 
flux through the hexose monophosphate shunt. More 
methemoglobin formation was observed in red cells 
containing oxyhemoglobin than in those containing 
carbonmonoxyhemoglobin because of the greater 
availability of heme groups on oxyhemoglobin for 
reaction with products of 6-hydroxydopamine autox- 
idation. With red cells containing methemoglobin, 
6-hydroxydopamine caused the expected increase in 
flux through the hexose monophosphate shunt, but 
no Compound II accumulation was observed. The 
presence of methemoglobin had a protective effect 
on catalase activity possibly by scavenging one-elec- 
tron donors which would otherwise cause the con- 
version of Compound I to Compound II. It was also 
observed that in the presence of 6-hydroxydopamine 
significant quantities of methemoglobin were 
restored to oxyhemoglobin at a rate much faster than 
the maximum rate of the methemoglobin reductase 
system. Methemoglobin is known to have peroxidatic 
activity in vitro [4] which presumably proceeds 
through one-electron step intermediates related to 
the peroxidatic intermediates, Compound I and 
Compound II. Methemoglobin may scavenge intra- 
cellular one-electron donors by this mechanism and 
thereby protect catalase activity. The restoration of 
oxyhemoglobin as a by-product of this reaction is 
equivalent to the formation of the peroxidatic inter- 
mediate, Compound III [31]. 

With substances like 1, 4-naphthoquinone-2-sul- 
fonic acid and adriamycin [32], intracellular oxyhem- 
oglobin can accelerate the formation of toxic sub- 
stances with resultant methemoglobin formation. 
Our results show that methemoglobin, once formed, 
may scavenge toxic intermediates by functioning 
peroxidatically, restoring the oxyhemoglobin con- 
tent of the red cell as a by-product of peroxidatic 
activity. It has been shown previously that catalase 
may prevent methemoglobin formation in the red 
cell (24-27, 29]. Our results with 1, 4-naphtho- 
quinone-2-sulfonic acid and 6-hydroxydopamine 
indicate that the presence of methemoglobin may 
prevent accumulation of catalase Compound II and 
loss of catalatic activity. 
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Abstract—The partitioning and efflux of eight phenothiazine derivatives from egg phosphatidylcholine 
liposomes has been studied and a linear relationship between the equilibrium partition coefficient (K) 
and first-order efflux rate constant derived. Higher coefficients were found for the phenothiazines 
partitioning into egg phosphatidylcholine compared with dipalmitoy!phosphatidylcholine liposomes at 
37°. The concentration dependence of K for chlorpromazine was determined and found to increase at 
low concentrations but to decrease above 1.4 x 10°-*M. The equilibrium partition coefficients of per- 
phenazine were pH dependent, with maximum liposomal incorporation at pH values greater than the 
pK, of the base. The efflux of mequitazine was enchanced from liposomes containing cholesterol. 


Multilamellar liposomes can entrap ions and small 
molecules, and release them at controlled and vary- 
ing rates. This concept has been employed, for 
example, in cancer chemotherapy [1] and in the 
treatment of leishmaniasis [2]. Thus it is important 
to understand the factors governing the distribution 
and interaction of drug molecules with liposomes. 

The distribution of a drug within a liposome 
depends on its structure and lipophilicity. Drugs are 
located in either the hydrophobic interior of the 
bilayer, in the aqueous channels or associated with 
the polar head groups at the surface of a liposome. 
Using electron spin-resonance spectroscopy, per- 
phenazine and chlorpromazine have been shown to 
be preferentially located in the polar part of the 
bilayer whereas oxidized derivatives of chlorprom- 
azine are found principally in the hydrophobic 
interior of the bilayer [3]. The measurement of 
partition coefficients of the drug between the 
aqueous phase and the pure phospholipid bilayer 
provides a useful guide to the transport of drugs 
across the liposome membrane [4]. Although most 
lipid-soluble ions are not normally absorbed, the 
transport of some lipid-soluble ions has been 
reported [5-6] to occur in three steps: (a) adsorption 
at the membrane interface, (b) diffusion within the 
membrane, (c) desorption into the aqueous phase 
from the opposite interface. A number of mechan- 
isms have been implicated in the way in which drugs 
can partition into liposomes and be transported 
across the bilayer [7-8]. 

In this paper, an attempt is made to correlate the 
partitioning of phenothiazines with transport rates 
across liposome membranes. The effect of choles- 
terol, pH, and drug concentration on partitioning 
and permeation across liposome membranes is also 
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considered. The ability of phenothiazines to alter 
the permeability of liposomes has been previously 
studied [9], and the interaction of chlorpromazine 
with liposomes determined [10, 11]. An extensive 
study of the partitioning of phenothiazines into 
dipalmitoyllecithin was recently reported by Jain and 
Wu [12]. 


MATERIALS AND METHODS 


Materials. The following companies kindly 
donated the phenothiazine drug samples. May & 
Baker, Dagenham, Essex, U.K., provided prometh- 
azine hydrochloride, trimeprazine tartrate, proch- 
lorperazine mesylate, and chlorpromazine hydro- 
chloride. Wyeth Laboratories, Maidenhead, Berks, 
U.K., provided promazine hydrochloride. Squibb 
& Sons, Merseyside, U.K., provided fluphenazine 
hydrochloride. Allen & Hanburys, Bethnal Green, 
London, U.K., provided perphenazine base. Berk 
Pharmaceuticals, Guildford, Surrey, U.K., provided 
mequitazine base. All the phenothiazine derivatives 
were of pharmaceutical grade and used without fur- 
ther purification. Egg phosphatidylcholine (EPC) 
was purified and re-crystallized from the crude egg 
lecithin (BDH Chemicals) [13]. The purified EPC 
was stored under acetone at 4°. The re-crystallized 
EPC was found to be chromatographically pure with 
an R; value of 0.55 using chloroform : methanol : H,O, 
14:6:1 as a solvent system. L-a-dimyristoylphos- 
phatidylcholine (DMPC), L-a-dipalmitoylphospha- 
tidylcholine (DPPC), L-a-distearoylphosphatidyl- 
choline (DSPC) (Sigma Chemical Co., St. Louis, 
MO), and cholesterol (Fluka, A.G.) were used with- 
out further purification. 

Methods. The preparation of multilamellar lipo- 
somes has been the subject of a number of publi- 
cations (e.g. Refs. 14 and 15). In this study the 
compounds of very low water solubility were added 
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to the organic phase, whereas the more water soluble 
phenothiazine derivatives were added to the aqueous 
phase (0.9% saline, pH 7.4). A final concentration 
of 1 mg-ml"! of phospholipid and 0.1 mg- ml"! of 
phenothiazine drug was obtained. The adjustment 
of pH of thie aqueous phase was achieved by the 
addition of either 0.1 M hydrochloric acid or sodium 
hydroxide solution. 

The liposomes were stirred for a predetermined 
equilibrium time of 28 hr at a constant speed in a 
water bath kept at 37°. The equilibrium partition 
coefficient was determined by removing aliquots of 
the equilibrated liposomes and separating these by 
centrifugation at 70,000 g for 1 hr. The supernatant 
was assayed by u.v. spectrophotometry (Beckman 
Model 25, U.S.A.) for free phenothiazine content 
[10, 16]. The amount of phenothiazine drug associ- 
ated with the liposomes was found by difference. 

The first-order efflux rate constant (k) was deter- 
mined over a 4-hr period by diluting an equilibrated 
sample ten-fold with 0.9% saline at 37°. Since chlor- 
promazine is known to be adsorbed by various 
materials, e.g. PVC tubing [17], care was taken in 
the choice of the filtration membrane. Amicon UM20 
membranes were found to be the most satisfactory. 
Aliquots were removed every 30 min and filtered 
under pressure through an ultrafiltration cell using 
a UM20 membrane [18]. The free drug solution was 
assayed as before. All solutions containing pheno- 
thiazines were protected from light. 


RESULTS AND DISCUSSION 


The first-order efflux rate constants (k, hr~') for the 
eight phenothiazine drugs were calculated using a 
general equation of a first order reaction: 

In C, = In C, — kt, (1) 
where C,= concentration of liposome-associated 
drug at time ¢; C, = concentration of liposome- 
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associated drug at time t = 0; and k = the first-order 
rate constant. 

Hence, from the gradients of the In per cent lipo- 
some-associated drug vs time graphs, k may be cal- 
culated. Initially, two methods of challenging equi- 
librium and studying efflux rates from liposomes 
were investigated. Firstly, the equilibrated sample 
was diluted ten-fold and the efflux rate followed. 
Secondly, the sample was centrifuged, the super- 
natant discarded, the pellet of liposomes resus- 
pended, and the efflux of the drug determined. It 
was found that the efflux rate from the resuspended 
liposomes was 7 per cent higher than that from the 
diluted liposomes. This would be expected as the 
concentration gradient is higher in the latter case. 
However, the ten-fold dilution method was selected 
and used throughout the study due to the ease of 
manipulation and the possible changes in liposome 
size distribution resulting from resuspending the 
pellet. 

Figure 1 shows a linear relationship between the 
equilibrium partition coefficient and the first-order 
rate constant for phenothiazine efflux from lipo- 
somes, using the seven commercially available - 
phenothiazines. 

The relationship is 

K= -—20.20 k + 4.49, 
with correlation coefficient r= 0.9766 and proba- 
bility P > 0.99. This suggests that the transport rate 
of phenothiazines is determined by the lipophilicity 
of the drug molecule |19]. From the partitioning data 
in DPPC and EPC liposomes (Fig. 2), the following 
linear relationship is found: 

In Kpppc = 1.80 In Kepc — 1.84, with r = 0.8672, 
P > 0.99 (N = 8). 

This relationship is of the form suggested by Col- 
lander [20]. One can conclude, therefore, that 
although partitioning into membranes is dependent 
on the membrane lipid composition, it is possible to 
derive empirical relationships for similarly structured 
membrane systems. It is also evident from Fig. 2 
that phenothiazine drugs partition more into EPC 
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Fig. 1. The relationship between equilibrium partition coefficient (K) and first-order rate constant (k, 
hr ') for seven phenothiazine derivatives in egg phosphatidylcholine liposomes. Temperature 37°, pH 
7.4. (a) Promethazine hydrochloride, (b) trimeprazine tartrate, (c) prochlorperazine mesylate, (d) 
chlorpromazine hydrochloride, (e) promazine hydrochloride, (f) fluphenazine hydrochloride, (g) per- 
phenazine base, (h) mequitazine base. The straight line gives the best mean squares fit. 
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Fig. 2. The relationship between the partitioning of eight 

phenothiazines in dipalmitoylphosphatidylcholine and in 

egg phosphatidylcholine liposomes. Temperature 37°, pH 
7.4. 


liposomes than into DPPC liposomes. This is to be 
expected since the EPC liposomes are in a more 
fluid state at 37° compared with the DPPC which is 
in the more rigid gel or crystalline state and has a 
transition temperature of 41°. 

Since pH controls the ratio of ionized to unionized 
drug, it plays an important role in the absorption of 
drugs from the gastrointestinal tract and their sub- 
sequent distribution in the body. Perphenazine, 
which has a second pK, of 7.8 [21], was used to study 
this phenomenon in vitro. The partioning of per- 
phenazine was found to increase with increasing pH 
up to 7.8, the pK, of the drug. Little increase in 
partitioning was observed at pH values above the 
pK,. For maximum incorporation of perphenazine 
into lipid bilayers and hence membrane transport, 
the pH should therefore exceed the pK, of the base. 
These results are in agreement with the work of 
Seeman and Kwant [22] who showed that chior- 
promazine-induced membrane expansion in eryth- 
rocyte ghosts increased with increasing pH. 

The concentration-dependent distribution of 
chlorpromazine within biomembranes was assessed 
by measuring the partition coefficient (K) in EPC 
liposomes (Fig. 3). K was found to increase at low 
concentrations, but to decrease above 1.4 x 10°°M, 
which may reflect pre-micellar aggregation and dimer 
formation of the chlorpromazine. At post critical 
micelle concentrations, solubilization of the lipo- 
some occurred, possibly caused by the formation of 
mixed micelles. The formation of pre-micellar aggre- 
‘ gates and mixed micelles in the aqueous phase 
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Fig. 3.. The relationship between equilibrium partition coef- 

ficient (K) and varying concentrations of chlorpromazine 

HCI in liposomes containing 1.28 x 10~°M egg phospha- 

tidylcholine. Temperature 37°, pH 7.4. The standard 
deviation is shown as a vertical bar. 


reduced the distribution of chlorpromazine in the 
phospholipid bilayer. Our results for chlorpromazine 
are in agreement with the published data [23]. 

Rigid molecules of cholesterol are a component 
of natural membranes together with other lipids. In 
the mitochondria and microsomes of liver the cho- 
lesterol : phospholipid ratio ranges from 0.11 to 0.33, 
whereas mitochondria from brain and intestine are 
found to have higher cholesterol : phospholipid ratios 
of 0.51 and 0.6 [24]. The effect of cholesterol on the 
partitioning of mequitazine into DPPC liposomes 
was therefore investigated. The incorporation of 
mequitazine into DPPC liposomes was found to be 
dependent on the concentration of cholesterol in the 
liposomes (Fig. 4). The amount incorporated 
decreased up to a mole ratio of 1.0 and thereafter 
increased with increasing cholesterol content. It has 
been suggested that above 1:1 mole ratio choles- 
terol: phospholipid, the system coexists in two 
phases, that is, a 1: 1 cholesterol : phospholipid com- 
plex and free crystalline cholesterol [25]. The inter- 
action of cholesterol with phospholipids has been 
studied using various instrumental techniques [26] 
and the maximum molar ratios of lecithin cholesterol 
in aqueous dispersions reported to be 2:1, 1:1, or 
1:2. The evidence suggests the complex 1:1 is 
metastable. 

Table 1 shows the efflux of mequitazine from 
various phospholipid liposomes in the absence and 
presence of cholesterol at 2:1 w/w ratio of 
phospholipid: cholesterol. All four phospholipids 
retain mequitazine poorly in the presence of cho- 
lesterol. The results for DPPC and DSPC liposomes 
are in accordance with the literature, where it has 
been suggested that cholesterol enhances the perme- 
ability of liposomes derived from saturated lecithins 
below their transition temperature [24]. This is 
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Fig. 4. The effect of cholesterol concentration on the par- 

titioning of mequitazine base between dipalmitoylphos- 

phatidylcholine liposomes and 0.9% w/v saline at 37°, pH 

7.4. Equilibrium partition coefficient (K) is calculated on 

the basis of total lipid present. The standard deviation is 
shown as a vertical bar. 





because cholesterol can exhibit a liquifying effect on 
crystalline lipids, leading to an intermediate gel state. 
At temperatures above the transition temperature, 
cholesterol has a condensing effect on the bilayer 
and is therefore expected to reduce the permeability 
of liposomes. However, this was found not to be the 
case for mequitazine efflux from EPC and DMPC 
liposomes, with transition temperatures well below 
the experimental temperature of 37°. For better 
retention of mequitazine, the liposomes consisting 
of phospholipids alone would be more appropriate. 

Figure 5 shows the effect of the length of saturated 
hydrocarbon chains in the phospholipid molecule on 
the efflux of mequitazine in the absence and presence 
of cholesterol. In the absence of cholesterol, the 
partitioning and hence the amount of mequitazine 
incorporated is dependent on the hydrocarbon chain 
length. The incorporation of mequitazine decreases 
with increasing chain length. The transport of 
mequitazine, indicated by the first-order rate con- 
stant, is also dependent on the chain length and 
increases with an increase in chain length. In the 
presence of cholesterol the partitioning of mequi- 
tazine exhibited little dependence on the saturated 
hydrocarbon chain length whilst the transport was 
found to increase markedly with chain length. Cho- 
lesterol addition resulted in higher values of k and 
lower values of K. Hence, for the entrapment and 
release of drugs from liposomes, the absence or 
presence of cholesterol is an important factor. Elev- 
ated cholesterol levels in vivo therefore may result 
in changes in the kinetics of drug absorption. 
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Fig. 5. The efféct of phospholipid chain length on the relationship between equilibrium partition 

coefficient (K) and the first-order rate constant (k, hr~') of mequitazine base at 37°, pH 7.4. O, 

phospholipid alone; 0, phospholipid:-choJesterol ratio, 2:1 w/w. Cy4, Cis, and Cig are dimyristoyl-, 
dipalmitoyl-, and distearoylphosphatidylcholine, respectively. 


Table 1. The release rates of mequitazine base from various phospholipid liposomes. 
Phospholipid: cholesterol ratio of 2:1 w/w 





First order rate constant (k. hr~') 





Phospholipid in liposomes 


Without cholesterol 


With cholesterol 





Egg phosphatidylcholine 
Dimyristoylphosphatidylcholine 
Dipalmitoylphosphatidylcholine 
Distearoylphosphatidylcholine 


0.0598 
0.0489 
0.0620 
0.0786 


0.1824 
0.0704 
0.1043 
0.1852 
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Phenothiazines, being amphiphilic molecules, are 
useful model drugs for studying distribution, reten- 
tion and penetration of drugs in liposomes. The 
information obtained from such physical studies may 
assist in the interpretation of the kinetics and route 
of penetration of the drug to its site of action in vivo. 
The thermodynamics of partitioning into liposomes 
of closely related phenothiazines presently being 
investigated should permit a group-contribution 
analysis to be undertaken of the relationships existing 
between phenothiazine structure and membrane 
transport. 
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Abstract—More than 18 compounds have been tested for their ability to stimulate defective UDP- 
glucuronyltransferase activity of Gunn rat liver homogenates towards 2-aminophenol, up to levels of 
transferase activity in similarly treated Wistar rat liver homogenates. The minimum structural require- 
ments of an effective compound are a combination of the presence of an electron-attracting atom or 
group and a sparing solubility in water. The activation of defective UDP-glucuronyltransferase towards 
2-aminophenol by pentan-3-one is reversible. The possible mechanism of action of alkyl ketone activators 


is discussed. 


Defective glucuronidating ability in humans can 
result from an inherited genetic deficiency. The 
hyperbilirubinaemic condition can be merely 
troublesome, as in Gilbert’s syndrome, or lethal, as 
in Crigler-Najjar syndrome [1]. A mutant strain of 
rat, Gunn rat, is considered a good animal model 
for the study of the human Crigler-Najjar syndrome 
[2]. The biochemical lesion in Gunn rat liver results 
in the complete absence of bilirubin UDP-glucuron- 
yltransferase activity and poor ability to glucuroni- 
date 2-aminophenol (see ref. 3). Stevenson et al. [4] 
showed that the carcinogen diethylnitrosamine, 
when added to Gunn rat liver extracts in vitro, stimu- 
lated the deficient UDP-glucuronyltransferase 
activity towards 2-aminophenol up to the enhanced 
activity levels observed in diethylnitrosamine-treated 
homogenates of Wistar rat liver; the deficiency of 
UDP-glucuronyltransferase activity towards 2-ami- 
nophenol was no longer apparent. This unusual 
effect has been widely investigated and shown to be 
limited to a few substrates (see ref. 3). However, 
recent work from this laboratory has shown that 
considerably less hazardous alkyl ketones are as 
effective as diethylnitrosamine in overcoming the 
apparent deficiency [5]. 

We have examined further the unexplored poten- 
tial of these compounds as tools for investigation of 
this inherited genetic deficiency disease by attempt- 
ing to answer three further questions concerning 
their action in vitro: 

(a) What are the essential structural features of 
the compound which causes an optimal 
response? 

(b) Could reduced levels of a compound with 
improved structural properties be used? 

(c) Is the effect reversible? 


MATERIALS AND METHODS 


Chemicals. Butan-2-one, chloroform, carbon 
tetrachloride, diethylamine, diethylether, diethyl- 
formamide, dichloromethane, dimethylformamide, 


octan-2-ol, methanol, pentan-2-one, pentan-3-one, 
propan-2-ol, propan-2-one and 2-aminophenol were 
all obtained from BDH Chemicals, Poole, Dorset, 
U.K., Analar grade being purchased whenever pos- 
sible. Decan-2-one and dodecan-2-one were from 
ICN Pharmaceuticals, Plainsville, NY, U.S.A., 
dimethylsulphoxide was obtained from Ralph N. 
Emmanuel, Wembley, U.K. UDP-glucuronic 
acid and 1-chloro-3-tosylamido-7-amino-L-2-heptan- 
one HCl were purchased from Sigma (London) 
Chemical Co., Kingston-upon-Thames, Surrey, 
U.K. 

Animals. Gunn and Wistar rats were from the 
colonies maintained in the Institute’s animal unit. 

Addition of activators. Liver homogenates (20%, 
w/v) were prepared in ice cold 0.25 M sucrose by 
using three strokes of a Teflon—-glass homogenizer. 
Small aliquots of aqueous solution of activators were 
added to incubation mixtures for UDP-glucurony!- 
transferase assays (0.2ml-see below) containing 
approximately 2.5mg of homogenate protein. After 
mixing, the solutions were maintained at 0—S° for 
10 min. The assays were then started by addition of 
UDP-glucuronic acid. 

Enzyme assays. UDP-glucuronyltransferase was 
assayed with 2-aminophenol as substrate by the 
method of Winsnes [6] and with bilirubin as substrate 
by the method of Heirwegh et al. [7]. Protein con- 
centrations were measured by the method of Lowry 
et al. [8] and Bradford [9]. 

Isolation of UDP-glucuronyltransferase. Liver 
ammonium sulphate extracts were prepared as pre- 
viously described by Weatherill and Burchell [10]. 


RESULTS 


Structural requirements for optimal activation of 
Gunn rat liver UDP-glucuronyltransferase in vitro. 
All Gunn rat liver homogenates were assayed for 
UDP-glucuronyltransferase activity towards bili- 
rubin. This enzyme activity was completely absent 
from all the Gunn rat livers used in these studies. 
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Table 1. Jn vitro stimulation of UDP-glucuronyltransferase activity of Gunn and Wistar rat liver homogenates by various 
compounds 





UDP-glucuronyltransferase activity 
(pmoles 2-aminophenylglucuronide formed/min/mg protein) 





Females Males 





Ratio of activities 
(Gunn/ Wistar) 


Ratio of activities 
(Gunn/Wistar) 


Activator 


(10mM) Wistar Gunn Wistar 





0.33 
0.43 
0.45 
0.49 
0.27 
0.74 
0.92 
1.18 
0.96 
0.49 
0.30 


Methan-1-ol ig 
Propan-2-ol 
Dimethylsuphoxide 
Dimethylformamide 
None ' 
Propan-2-one 
Butan-2-one 
Pentan-3-one 
Diethy!formamide 
Diethylether 
Diethylamine 


‘= 
* 


0.13 
0.61 
1.08 
0.93 
0.76 
0.49 
0.10 


+ 


to 
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Enzyme assay mixtures were prepared using 20% (w/v) liver homogenates. Activities are presented as means of at 


least four results + S.E.M., except where indicated by asterisk (*) which shows average of three results. 


More than 18 compounds were tested for their 
ability to activate Gunn rat liver UDP-glucuronyl- 
transferase in vitro. The effects of ten of these com- 
pounds, which are completely miscible with and solu- 
ble in water at the concentrations used are shown 
in Table 1. These compounds were selected to 
indicate what structural requirements are essential 
for optimal activation of Gunn rat liver transferase 
towards 2-aminophenol. Optimal results were 
obtained using butan-2-one and _pentan-3-one, 
which, as previously reported [5], completely abolish 
the apparent deficiency of UDP-glucuronylirans- 
ferase towards this substrate. Table 1 also shows that 
the apparent deficiency is not abolished by diethyl- 
amine. However, the gradual introduction of a car- 
bonyl group and extension of the hydrocarbon side 
chain both increase the activating ability of these 
compounds. Substitution of a sulphonyl group in 
dimethylsulphoxide does not appear to be as effec- 
tive as the carbonyl group in acetone. Octan-2-ol, 
decan-2-one and dodecan-2-one did not activate the 
transferase, although it was impossible to obtain 
suitable aqueous solutions of these compounds. Thus 
the presence of a carbonyl group and an ethyl side 
chain group appear to be minimal requirements for 
optimal activation. 


However, Table 2 shows that dichloromethane, 
trichloromethane and tetrachloromethane also acti- 
vate the defective UDP-glucuronyltransferase 
activity towards 2-aminophenol in Gunn rat liver 
homogenates. The effectiveness of these compounds 
seemed to increase with the number of chlorine 
atoms present in the molecule. This combination of 
an electron-attracting group and a hydrophobic com- 
ponent appears to be the only common structural 
feature. 

Effect of alkyl ketone concentration on UDP-glu- 
curonyltransferase activity in Gunn rat liver. We have 
investigated the effect of alkyl ketone concentration 
on Gunn rat liver homogenate transferase activity, 
to find out whether or not lower concentrations of 
these stimulators could be employed. Figure 1 shows 
the results of this experiment using three alkyl 
ketones. UDP-glucuronyltransferase activity of 
female Gunn rat liver homogenates was measured 
in the presence of up to 100 mM alkyl ketone. The 
results show that the optimal effect could be obtained 
with as little as 5 mM pentan-2-one, whereas 100 mM 
propane-2-one was required. Overall, pentan-2-one 
was slightly more effective than butan-2-one at con- 
centrations below 5 mM, and butan-2-one was more 
effective than propan-2-one over the whole (- 


Table 2. The effect of chloromethanes on the UDP-glucuronyltransferase activity of 
female Gunn and Wistar rat liver homogenates in vitro* 





UDP-glucuronyltransferase 
activity (units/mg protein) 


Ratio of 
activities 





Activator 


(10 mM) Gunn 





Wistar Gunn/ Wistar 





Dichloromethane (4) 12 
Trichloromethane (5) 24 
Tetrachloromethane (4) 27 
Control (5) $7 


we 


_ 


It 1+ 1+ I+ 


0.48 
0.75 
0.90 
0.26 





* Enzyme assay mixtures were prepared using 20% (w/v) liver homogenates. One 
unit of enzyme activity is expressed as I pmole of 2-aminophenylglucuronide 
formed/min. Activities are presented as means + S.E.M. Figures in parentheses indicate 


the number of samples used. 
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Fig. 1. Effect of alkyl ketone concentration on UDP-glucuronyltransferase activity of female Gunn rat 
liver homogenates. Enzyme assay mixtures were prepared using 20% (w/v) liver homogenates 
and 2-am:inophenol as substrate. Mean values of three complete experiments are shown. Points with 
vertical bars show the extent of the variation of each three values obtained: B——H propan-2- 


one; A 


100 mM concentration range. All these three com- 
pounds appear to be equally effective when used at 
100 mM final concentration. 

We have also examined the effect of the detergent 
Lubrol 12A9 on UDP-glucuronyltransferase activity 
towards 2-aminophenol in female rat liver hom- 
ogenates to compare the mechanism of activation by 
alkyl ketones with that by detergents. Figure 2 shows 
the results of this experiment. Both Gunn and Wistar 


pmoles/ min per mg protein 


is 
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A butan-2-one; ®@———® pentan-2-one. 


rat liver UDP-glucuronyltransferase(s) appear to be 
optimally stimulated approximately 2-fold by a final 
detergent concentration of 1 mM. This concentration 
of detergent is somewhat different to the concentra- 
tion of alkyl ketone required for activation of defi- 
cient Gunn rat liver transferase activity and also does 
not abolish the apparent enzyme deficiency. Thus 
the activation of defective Gunn rat liver UDP-glu- 
curonyltransferase towards 2-aminophenol by alkyl 
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Fig. 2. Effect of Lubrol 12A9 concentration on UDP-glucuronyltransferase activity of female Gunn 


(@——_@) or Wistar (A 


A) rat liver homogenates. Enzyme assay mixtures were prepared using 


20% (w/v) liver homogenates and 2-aminophenol as substrate. Mean values of three complete experi- 
ments are shown. Points with vertical bars show the extent of the variation of each three values obtained. 


B.P. 29/17—G 





E-N. M. A. LALANI et al. 


Table 3. Reversible activation of partially purified UDP-glucuronyltransferase 
by pentan-3-one* 





UDP-glucuronyltransfer- 
ase activity 
(nmoles 2-aminophenyl- 
glucuronide formed/ 
min/mg protein) 





Sample Female Male 





Ammonium sulphate 

fraction + buffer 

Ammonium sulphate 

fraction + 10 mM pentan-3-one (A) 
Dialysed (A) 

Dialysed (A) + 10 mM pentan-3-one 


0.00 0.03 
0.39 
0.04 
0.38 


0.26 
0.01 
0.34 





* Ammonium sulphate fractions were prepared from 4 female or 4 male 
Gunn rat livers as previously described [10]. Either pentan-3-one (10 mM in 
dialysis buffer) or dialysis buffer were added to aliquots of ammonium sulphate 
fractions. After assay, these test and control experimental mixtures were then 
dialysed overnight at 4° against 250 vol. of dialysis buffer. The resulting 
mixtures were then assayed for UDP-glucuronyltransferase activity + 10 mM 


pentan-3-one. 


ketones appears to occur by a different mechanism 
to the small activation caused by Lubrol 12A9. 
Mechanism of interaction of pentan-3-one with 
UDP-glucuronyltransferase. We have attempted to 
examine the nature of the alkyl ketone interaction 
with UDP-glucuronyltransferase. Neither the deter- 
gent Lubrol 12A9 (Fig. 2), phospholipids [10] or 


UDP-N-acetylglucosamine (unpublished work) act 
in the same manner as alkyl ketone. Diethylnitros- 
amine has been shown to activate purified defective 
Gunn rat liver UDP-glucuronyltransferase by appar- 
ently directly interacting with the enzyme protein 
[10]. How does pentan-3-one bind to UDP- 
glucuronyltransferase? 

Crude ammonium sulphate extracts of liver, in 
which the transferase is stable during dialysis, were 
employed to answer this question. Results are shown 
in Table 3. Gunn rat liver extracts (10 mg protein/ml) 
were treated with 10mM_ pentan-3-one, which 
increased the transferase activity towards 2-amino- 
phenol in Gunn rat liver preparations 13-fold. UDP- 
glucuronyltransferase activity of Gunn rat liver 
extracts cannot be ‘completely’ activated up to the 
levels exhibited by Wistar rat liver extracts, due to 
a differential inactivation of the transferase during 
isolation [10]. However, the significant activation of 
both liver extracts can be reversed by dialysis of 
alkyl ketone-treated extracts against 5 1. of 25 mM 
phosphate buffer/0.05% Lubrol, pH 7.4 for 16 hr. 
Dialysed ammonium sulphate extracts were also 
treated with 10 mM pentan-3-one and the transferase 
assayed to indicate further the reversibility of this 
phenomenon and the stability of the transferase in 
the ammonium sulphate extracts. Table 3 shows that 
ammonium sulphate fractions can be reactivated by 
further pentan-3-one treatment. Dialysis of other 
portions of ammonium sulphate fractions as control 
experiments indicated that the transferase activity 
towards 2-aminophenol does not change during 
dialysis. Thus the interaction of pentan-3-one with 
UDP-glucuronyltransferase is completely reversible. 


DISCUSSION 

The minimum structural properties of stimulators 
required to abolish the apparent genetic deficiency 
of Gunn rat liver UDP-glucuronyltransferase activity 
towards 2-aminophenol appear to be an electron- 
attacking group and a hydrophobic characteristic. 
They are all polar solvents. These are the only 
properties of the stimulators that can be identified 
from molecules as diverse in structure as carbon 
tetrachloride and pentan-2-one. Carbon tetra- 
chloride and pentan-2-one may act in the same man- 
ner, for, when used in combination, their effects are | 
not additive. Similarly, diethylnitrosamine and pen- 
tan-2-one do not produce an additive effect on the 
transferase activity. How do these compounds exert 
this remarkable effect on Gunn rat liver UDP- 
glucuronyltransferase? 

Earlier work has shown that high concentrations 
(150 mM) of -pentane [13] and high concentrations 
(0.55-2.7 M) of acetone, chloroform and ethyl-ether 
[14] activated Wistar rat liver microsomal UDP-glu- 
curonyltransferase up to 5-fold. Kinetic measure- 
ments of the transferase activity indicate that this 
phenomenon is due to release of latent activity, and 
the same effect can -be reproduced using Triton X- 
100 [13]. Alkyl ketones (10 mM) activate Wistar rat 
liver UDP-glucuronyltransferase only 1 to 2-fold, 
and chloromethanes (10 mM) by only 30 per cent. 
However, these same concentrations of alkyl ketone 
stimulate Gunn rat liver UDP-glucuronyltransferase 
some 20-fold, suggesting that this latter effect is not 
a simple release of latent activity. The alkyl ketone 
activation cannot be reproduced by addition of the 
non-ionic detergent Lubrol 12A9, UDP-N-acetyl- 
glucosamine (unpublished work) or phospholipids 
[12]. Indeed, if latency of the transferase is abolished 
by solubilization and purification of the defective 
enzyme from Gunn rat liver, alkyl ketones are still 
able to stimulate the purified enzyme [5]. These 
results stress the unusual nature of this activation 
phenomenon. 
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Abstract—Studies were carried out to determine the effects of steroid hormones in vitro on adrenal and 
hepatic microsomal benzphetamine demethylation and benzo|a|pyrene hydroxylation. Testosterone 
inhibited adrenal drug metabolism but had no effect on hepatic enzymes, whereas 6/-hydroxytestosterone 
had no effect in either tissue. All of the corticosteroids tested (cortisol, corticosterone, 11-deoxycortisol, 
11-deoxycorticosterone, progesterone, and 17-hydroxyprogesterone) produced a concentration-depen- 
dent inhibition of adrenal drug metabolism, but had little or no effect on hepatic metabolism. The 17- 
deoxy-steroids were more potent inhibitors of adrenal metabolism than were their 17-hydroxylated 
counterparts. Cortisol was a potent inhibitor of adrenal benzphetamine and benzo[a]pyrene metabolism, 
produced a type I difference spectrum in adrenal microsomes, and diminished the magnitude of the 
benzphetamine-induced spectrum; 6 f-hydroxycortisol had none of these effects. Prior addition of 
benzphetamine to adrenal microsomes reduced the size of cortisol-induced spectral change. The results 
demonstrate that the effects of corticosteroids in vitro are relatively specific for adrenal enzymes and 
established a close association between the 6 f-hydroxylase and some drug-metabolizing enzymes. 


Adrenal steroids may have an important role in the regulation of adrenal xenobiotic metabolism. 


For many years adrenal cytochrome P-450-contain- 
ing enzymes (mixed function oxidases) were thought 
to be highly specific for endogenous steroid sub- 
strates and to function only in steroid hormone bio- 
synthesis (see refs. 1 and 2). However, it is now well 
known that many drugs, carcinogens and other 
xenobiotics are also metabolized by adrenal micro- 
somes [3-17]. In fact, some foreign substances are 
metabolized far more rapidly by adrenal than by 
hepatic microsomes. Adrenal drug-metabolizing 
activity has been found to be particularly high in the 
human and monkey fetus [5-10] and in both fetal 
and adult guinea pigs [11-16]. 

Although adrenal xenobiotic metabolism has been 
investigated in a number of laboratories, there is still 
relatively little known about its overall significance 
and regulation by physiological and pharmacological 
factors. Among the questions to be resolved is the 
relationship between drug-metabolizing and steroid- 
hydroxylating mixed function oxidases in the adrenal 
cortex. It is not known, for example, if different 
cytochrome P-450 moieties are responsible for the 
metabolism of exogenous and endogenous substrates 
by adrenal microsomes. Multiple species of cyto- 
chrome P-450 with varying substrate specificities 
have been identified in hepatic microsomes [18, 19] 
and in adrenal mitochrondria [20,21] but not in 
adrenal microsomes. If adrenal microsomal mixed 
function oxidases have overlapping substrate speci- 
ficities, steroids may play an important role in the 
regulation of adrenal xenobiotic metabolism by serv- 
ing as competitive substrates. Such effects would be 
of particular significance in an organ like the adrenal 
cortex which normally contains high concentrations 
of steroids. The following studies were, therefore, 


carried out to evaluate the direct effects of steroids 
on adrenal xenobiotic metabolism in vitro. In addi- 
tion, by comparing the actions of structurally related 
steroids, we have attempted to determine which of 
the steroid hydroxylases are most closely associated 
with adrenal drug-metabolizing enzymes. Effects on 
hepatic metabolism were also examined to determine 
the specificity of steroid actions on adrenal enzymes. 


METHODS 


Adult (750-900 g), male English Short Hair 
guinea pigs were obtained from the Camm Research 
Institute (Wayne, NJ) and maintained under stan- 
dardized conditions of light (6:00 a.m.—6:00 p.m.) 
and temperature (22°) on a diet of Wayne Guinea 
Pig Diet and water ad lib. All guinea pigs were 
allowed at least 7 days to become acclimated to the 
housing conditions prior to being killed. 

Animals were decapitated between 8:00 and 
9:00 a.m. Adrenal glands and livers were quickly 
removed and microsomes were prepared as 
described previously [15]. Benzo[a]pyrene hydroxy- 
lation was determined by the fluorometric assay of 
Nebert and Gelboin [22]. Quinine sulfate was cali- 
brated against authentic 3-hydroxybenzo[a|pyrene 
and routinely used as the fluorescence standard. The 
demethylation of benzphetamine by adrenal and 
hepatic microsomes was assayed as the production 
of formaldehyde [23], as described previously [15]. 
None of the steroids studied interfered with either 
the benzo[a]pyrene hydroxylase or benzphetamine 
demethylase assays. 

Substrate-induced difference spectra in adrenal 
and hepatic microsomes were obtained using an 
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Table 1. Effects of testosterone, 6f6-hydroxytestosterone, and estradiol on adrenal and hepatic benz- 
phetamine demethylase and benzo[a]pyrene hydroxylase activities 





Steroid Benzphetamine demethylation* Benzo[a]pyrene hydroxylation* 


conc 
(uM) 





Adrenal Liver Adrenal Liver 





Control 100+ 100¢ 100§ 100]| 
Testosterone 
2 97 +4 
5 91+4 
10 83 + 5] 
40 57+ 5] 


6B-OH-testosterone 


99 +6 
97+8 
108 + 11 
103 + 6 


99+1 
99 +3 
97 +6 
91+5 


93 +4 
79 + 69 
69 + 49 
49 + 3 


102 +6 
98 +5 
96 +6 
101 +5 


100 + 6 
97 +5 
102 +5 
97+5 


96 +6 
99 +5 
101+5 
97 +7 


99 +4 
101 +5 
97 +6 
98 +5 
Estradiol 
2 97 +1 
5 95+2 
10 95 +19 
40 86 + 29 


97 +3 
111 + 34 
120 + 19 
122 + 34 


98+1 
97+2 
99+2 
91+ 29 


117+ 49 
113 +7 
100 + 7 
102 +2 





* Values are expressed as mean per cent of control + S.E.; six to eight determinations per value. 
+ Equivalent to 12.1 nmoles/min/mg protein. 

+ Equivalent to 2.2 nmoles/min/mg protein. 

§ Equivalent to 625 pmoles/min/mg protein. 

|| Equivalent to 195 pmoles/min/mg protein. 

4 P <0.05 (vs control). 


adrenal microsomes but had no effect on the activi- 


Aminco DW-2a recording spectrophotometer as 
ties of hepatic enzymes (Table 1). 6 6-Hydroxytes- 


described previously [14]. Steroids were added to 


the sample cuvette in small volumes of ethanol (5- 
10 wl), and an equal volume of the vehicle alone was 
added to the reference cuvette.Benzphetamine was 
added to microsomes dissolved in water. All spectra 
were corrected for the baseline of equal light absorb- 
ance. Microsomal protein concentrations were deter- 
mined by the method of Lowry ef al. [24] using 
bovine serum albumin as the standard. 


RESULTS 


Testosterone decreased the rates of benzpheta- 
mine and benzo[a]pyrene (BP) metabolism by 


tosterone, in contrast, had no effect on enzyme 
activity in either tissue. Estradiol decreased benz- 
phetamine demethylation in both adrenal and liver 
microsomes, but only at high steroid concentrations. 
Adrenal BP hydroxylase activity was increased by 
estradiol at concentrations between 5 x 10~° and 
4x 10°°M; hepatic BP metabolism was increased 
only by the lowest concentration of estradiol. 
Progesterone produced a concentration-depen- 
dent inhibition of adrenal benzphetamine and BP 
metabolism but had considerably less effect on 
hepatic metabolism of both substrates (Table 2). 17- 
Hydroxyprogesterone was a less potent inhibitor of 


Table 2. Effects of progesterone and 17-hydroxyprogesterone on adrenal and hepatic benzphetamine 
demethylase and benzo[a]pyrene hydroxylase activities 





Steroid 


Benzphetamine demethylation* 


Benzo[a]pyrene hydroxylation* 





conc 


(uM) Adrenal 


Adrenal Liver 





Control 100 
Progesterone 


40 
17-Hydroxyprogesterone 
9 


> 
10 
40 


100 


94+3 
86 + 67 
74+ 7+ 
58 + 8+ 


It I+ I+ 
— Wee 


i) 
nN 
so OO 
noe 
wore 
= = 


i+ I+ I+ I+ 
a 


I+ I+ I+ I+ 
N we 





* Values are expressed as mean per cent of control + S.E.; six to eight determinations per value. 


+ P< 0.05 (vs control). 
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Table 3. Effects of 11-deoxycorticosterone and 11-deoxycortisol on adrenal and hepatic benzphetamine 
demethylase and benzo[a]pyrene hydroxylase activities 





Steroid 


Benzphetamine demethylation* 


Benzo|[a]pyrene hydroxylation* 





conc 


(uM) Adrenal 


Adrenal Liver 





Control 100 
11-Deoxycorticosterone 
2 66 + 107 
5 55 + 8+ 
10 46 + 8+ 
40 26 + 4+ 
11-Deoxycortisol 
9 


“ 


5 
10 
40 


=r 


DH 0 0 

RK WwrNmmn 

Wn G2 We 
* 


I+ I+ I+ I+ 


wn 
=F 


100 


I+ I+ I+ I+ 
aU N 
I+ I+ I+ I+ 


95 
100 
98 
9? 


\+ 


=} 


Wm HAWN 
It I+ I+ I+ 
Sw w 


~— 
af 


I+ I+ I+ I+ 
I+ I+ I+ 





* Values are expressed as mean per cent of control + S.E.; six to eight determinations per value. 


+ P <0.05 (vs control). 


adrenal drug metabolism than progesterone and also 
had little effect on hepatic metabolism. 

The presence of the C-21 hydroxyl group did not 
diminish the inhibitory effects of corticosteroids on 
adrenal benzphetamine demethylation and BP 


hydroxylation (Table 3). 11-Deoxycorticosterone 
was a potent inhibitor of both reactions in adrenal 
microsomes but had no effect on either reaction in 
hepatic microsomes. The 17-hydroxylated counter- 
part of 11-deoxycorticosterone, 11-deoxycortisol, 
also did not affect hepatic xenobiotic metabolism 
(Table 3). However, the presence of the 17-hydroxyl 


group again decreased the inhibitory effects on 
adrenal BP and benzphetamine metabolism. Thus, 
11-deoxycortisol was a less potent inhibitor of 
adrenal metabolism than 11-deoxycorticosterone. 
The presence of a hydroxyl group at the C-11 
position had little effect on steroid inhibition of 


adrenal drug metabolism (Table 4). Corticosterone, 
which is structurally identical to 11-deoxycortico- 
sterone except for the 11-hydroxyl group, was as 
potent an inhibitor of adrenal benzphetamine and 
BP metabolism as 11-deoxycorticosterone. Similarly, 
the effects of cortisol were at least as great as its 11- 
deoxy equivalent, 11-deoxycortisol. The  17- 
hydroxylated corticosteroid, cortisol, was a less 
potent inhibitor of adrenal drug metabolism than the 
17-deoxy compound, corticosterone. Neither cortisol 
nor corticosterone affected the rates of hepatic BP 
and benzphetamine metabolism.In contrast to the 
actions of cortisol, 66-hydroxycortisol had no effects 
on adrenal xenobiotic metabolism. Hepatic enzyme 
activities were also not affected by 6, 
hydroxycortisol. 

Addition of cortisol or benzphetamine to adrenal 
microsomes produced a type I difference spectrum. 


Table 4. Effects of corticosterone, cortisol and 6 B-hydroxycortisol on adrenal and hepatic benz- 
phetamine demethylase and benzo[a]pyrene hydroxylase activities 





Steroid 


Benzphetamine demethylation* 


Benzo[a]pyrene hydroxylation* 





conc 


(uM) Adrenal 


Liver 


Adrenal Liver 





Control 
Corticosterone 
2 
5 
10 
40 
Cortisol 
2 
5 
10 
40 
6fB-OH-cortisol 
2 
5 
10 
40 


i+ I+ I+ 


N= = = 


a oe oe 
100 + : 

96 + : 

96 + 





* Values are expressed as mean per cent of control + S.E.; six to eight determinations per value. 


+ P< 0.05 (vs control). 
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Fig. 1. Cortisol- and benzphetamine-induced difference 
spectra in adrenal microsomes. Cuvettes contained 1.1 mg 
of adrenal microsomal protein/ml. On the left, curve a was 
recorded after addition of 5 x 10-°M benzphetamine to the 
sample cuvette and an equal volume of water to the ref- 
erence cuvette. Curve b was obtained by addition of 5 x 
10°°M benzphetamine to the sample cuvette after adding 
5 x 10°°M cortisol to both the sample and reference 
cuvettes. On the right, curve a was recorded after addition 
of 5 x 10™°M cortisol to the sample cuvette and an equal 
volume of ethanol to the reference cuvette. Curve b was 
obtained after addition of 5 x 10 ~°M cortisol to the sample 
with 5 x 10-' M benzphetamine present in both cuvettes. 


The spectra produced by saturating concentrations 
of each compound are shown in Fig. 1. There was 
no detectable spectral change produced by 6/- 
hydroxycortisol. Prior addition of cortisol to adrenal 
microsomes diminished the magnitude of the benz- 
phetamine-induced spectral change (Fig. 1). Simi- 
larly, addition of benzphetamine prevented the cor- 
tisol-induced spectrum. 6f-Hydroxycortisol had no 
effect on the spectra produced by benzphetamine or 
by cortisol. 


DISCUSSION 


The results establish that a wide variety of steroid 
hormones influence the activities of drug-metaboliz- 
ing enzymes in guinea pig adrenal microsomes. 
Those steroids which inhibited drug metabolism also 
produced type I spectral changes in adrenal micro- 
somes and diminished the magnitude of the benz- 
phetamine-induced type I spectrum. We have done 
Lineweaver—Burk plots for several steroids (cortisol, 
corticosterone and testosterone) and the results 
indicate that the inhibition of adrenal xenobiotic 
metabolism by steroids is competitive in nature. 
Thus, the steroids are probably interacting with the 
same species of cytochrome P-450 that is required 
for drug metabolism. 

A relative specificity of steroid interactions with 
adrenal enzymes is indicated by the failure of most 
of the steroids to affect hepatic drug metabolism. 
The same steroids also failed to produce type I 
spectral changes in hepatic microsomes, and their 
prior addition to the microsomal preparations did 


not affect the magnitude of the type I spectrum 
produced by benzphetamine. Other investigators 
have reported that some steroids are potent inhibi- 
tors of hepatic drug metabolism in rats and mice 
[25-29], observations which we have confirmed. In 
the guinea pig, however, hepatic drug-metabolizing 
enzymes appear to be more substrate-specific than 
those in other rodents since relatively little, if any, 
effect was exerted by any of the steroids tested. 
These observations are consistent with other known 
species differences in the catalytic properties of 
hepatic microsomal mixed function oxidases [30, 31]. 

The effects of testosterone on adrenal drug metab- 
olism in the guinea pig are similar to those reported 
previously for the mouse [26] and rat [29]. In all 
three species, testosterone inhibits the microsomal 
metabolism of xenobiotics. The effects of estradiol, 
however, appear to be species dependent. In rats 
and mice, estradiol inhibits adrenal BP hydroxylase 
activity [26, 29]. In the guinea pig, high concentra- 
tions of estradiol decrease benzphetamine demethyl- 
ase activity but enhance the metabolism of BP. The 
mechanisms responsible for the increase in BP 
hydroxylase activity are not known but may involve 
changes in the profile of BP metabolic products. 
That possibility is presently being investigated with 
the use of high pressure liquid chromatography to 
quantify individual metabolites. 

One of the principal objectives of these studies 
was to determine if any relationship could be estab- 
lished between specific steroid hydroxylases and 
drug-metabolizing enzymes in adrenal microsomes. 
We had demonstrated previously that adrenal 21- 
hydroxylase activity and xenobiotic metabolism were 
independently controlled by several physiological 
and pharmacological factors [14-16, 32,33]. The 
results of those studies also suggested that different 
cytochrome P-450 moieties were involved in steroid 
21-hydroxylation and drug metabolism. The latter 
conclusion is also supported by the present studies. 
The inhibitory effects of corticosteroids on adrenal 
benzphetamine and benzo[a]pyrene (BP) metab- 
olism were independent of whether or not the ster- 
oids were 21-hydroxylated. Compounds with 21- 
hydroxyl groups (11-deoxycorticosterone, 11-deoxy- 
cortisol), and which accordingly do not interact with 
the 21-hydroxylase cytochrome P-450, produced as 
much or more inhibition than their 21-deoxy ana- 
logues (progesterone, 17a-hydroxyprogesterone) 
which are substrates for 2i-hydroxylation. Thus, the 
species of cytochrome P-450 required for 21- 
hydroxylation is probably distinct from that (those) 
catalyzing adrenal xenobiotic metabolism. Similarly, 
the 11-hydroxylase enzyme complex appears to be 
independent of the drug-metabolizing mixed func- 
tion oxidases since the presence of an 11/-hydroxyl 
group also did not diminish the inhibitory effects of 
steroids on adrenal drug metabolism. The latter is 
not surprising because 11f-hydroxylase is a mito- 
chondrial enzyme while benzphetamine demethylase 
and BP hydroxylase activities are located in the 
microsomal fraction. 

Our observations suggest that there is some degree 
of overlapping substrate specificity between the 17a- 
hydroxylase and the drug-metabolizing mixed func- 
tion oxidases in adrenal microsomes. Steroids with- 
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out 17-hydroxyl groups (progesterone, 11-deoxycor- 
ticosterone and corticosterone) are more potent 
inhibitors of adrenal drug metabolism than their 17- 
hydroxylated counterparts (17-hydroxyprogester- 
one, 11-deoxycortisol and cortisol). Thus, the ability 
to interact with 17a-hydroxylase cytochrome P-450 
seems to increase the potency of steroids as inhibitors 
of benzphetamine and BP metabolism. 

A very close association between the 66-hydroxyl- 
ase and drug-metabolizing enzymes in adrenal 
microsomes is also indicated by our data. Cortisol 
and testosterone were potent inhibitors of both benz- 
phetamine and BP metabolism by adrenal micro- 
somes but their 66-hydroxylated metabolites had no 
effect on either reaction. We have found similar 
steroid effects on adrenal metabolism of other 
xenobiotics, including ethylmorphine, biphenyl and 
hexobarbital. In addition, cortisol produced a type 
I spectral change in adrenal microsomes and 
decreased the size of the benzphetamine-induced 
spectrum whereas 6f-hydroxycortisol did neither, 
suggesting that interactions with the 6f-hydroxylase 
are important for steroid inhibition of drug metab- 
olism. Furthermore, prior addition of benzpheta- 
mine to adrenal microsomes prevented the cortisol- 
induced spectral change, indicating that the two com- 
pounds were competing for a common binding site. 
Previous studies have also established a very close 
relationship between adrenal 6f-hydroxylase and 
drug-metabolizing activities as a function of strain 
differences in guinea pigs [32, 34, 35]. Adrenals from 
the inbred Strain 2 and Strain 13 guinea pigs have 
very high rates of drug metabolism and 6f-hydrox- 
ylation but 21-hydroxylase activity is similar to that 
in outbred strains, suggesting common genetic regu- 
lation of the 6f-hydroxylase and drug-metabolizing 
mixed function oxidases. Thus, all of the data are 
consistent with the hypothesis that at least some of 
the drug-metabolizing enzymes and the 6f-hydroxyl- 
ase share a common cytochrome P-450 moiety which 
is different from the 21-hydroxylase cytochrome P- 
450. 

All of the steroids used in our studies are naturally 
occurring compounds, produced either by the 
adrenal cortex or by other steroidogenic tissues. 
Those steroids secreted by the adrenal gland or serv- 
ing as intermediates in the production of adrenal 
secretory products are found in relatively high con- 
centrations within the gland. The results presented 
in this communication suggest that such endogenous 
steroius may play an important part in the regulation 
of adrenal xenobiotic metabolism. We demonstrated 
previously that ACTH administration to guinea pigs 
decreased adrenal ethylmorphine demethylase 
activity without affecting cytochrome P-450 levels 
[14]. It is possible that the effects of ACTH on 
adrenal drug metabolism are mediated by an increase 
in steroidogenesis. If so, adrenal drug-metabolizing 
activity may, in general, be inversely related to ster- 
oidogenic activity. Additional studies are now 
needed to more fully examine this hypothesis. 
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REACTIVATION OF ACETYLCHOLINESTERASE 
INHIBITED BY 1,2,2'-TRIMETHYLPROPYL 
METHYLPHOSPHONOFLUORIDATE (SOMAN) WITH HI-6 
AND RELATED OXIMES 


Leo P. A. DE JONG and GRE Z. WOLRING 
Prins Maurits Laboratory TNO, Lange Kleiweg 137, Rijswijk (Z.H.), The Netherlands 


(Received 7 November 1979; accepted 24 March 1980) 


Bovine erythrocyte acetylcholinesterase inhibited by 1,2,2'-trimethylpropyl methylphosphonofluoridate 
(soman) is reactivated rapidly but incompletely by 1 mM of the bispyridintum mono-oximes HI-6, HS- 
6, HGG-12 and HGG-42 (pH 7.5, 25°). These oximes, especially HI-6 and HS-6, show a higher 
reactivating potency than conventional reactivators, like P2S, obidoxime or TMB4. The incomplete 
reactivation is studied in more detail with HI-6, which is found to be the most potent reactivator. Rapid 
reactivation and aging take place in the presence of the oxime (10-70 uM). The reactions are not 
consistent with a minimum scheme involving simultaneous aging of the inhibited enzyme and reactivation 
and aging of an inhibited enzyme—oxime compiex. The formation of aged enzyme can be described as 
a first-order process. The formation of reactivated enzyme proceeds in a more complicated manner. 
HI-6 appears to have no effect on aging of the soman-inhibited enzyme. It is concluded that HI-6, being 
able to compete with the rapid aging of soman-inhibited acetyicholinesterase, has an extremely high 
reactivating potency, on which the therapeutic effect of the oxime is based. 


Intoxication by a number of organophosphates can _ of the same order of magnitude as the rate of aging, 
effectively be treated by certain oximes. The thera- _ or the oxime, in addition to being a reactivator, is 
peutic activity of these compounds is based on their able at the same time to retard or even stop the 
ability to reactivate acetylcholinesterase which has aging. In this paper also experiments are described 
been inhibited by the organophosphate. The reac- _ to investigate the mechanism according to which the 
tivation may be hampered by a transformation of _ reactivation by the most potent reactivator, HI-6, 
the inhibited acetylcholinesterase into a form which __ is achieved. 
cannot be reactivated by any known means, the so- 
called aging. Acetylcholinesterase inhibited by HON=HC (a) (b) LR 
1,2,2'-trimethylpropyl methylphosphonofluoridate “EN ‘oe . 
(soman) exhibits a relatively very rapid aging in vitro Steet: ex 
as well as in vivo- [1-4]. As a consequence, the 
conventional oximes, such as the pyridinium-oxime 
P2S and the bispyridinium di-oximes obidoxime Code name 
(Toxogonin) and TMB4 (see Fig. 1 for structural 
formulae), do not show a satisfactory therapeutic HS-6 3 
effect [5-8]. 4) -6 4 
During the last decade some bispyridinium mono- 
oximes became available as a result of the synthetic HGG-l2 3 C(O)C.Hs 
2 
4 
4 





R 





C(O) NH, 
C(0)NH, 


work in the laboratory of Prof. I. Hagedorn (Frei- HGG-42 C(O)C.H,, 
burg, F.R.G.). Representatives of these compounds, 

HS-6, HI-6, HGG-12 and HGG-42 (see Fig. 1), were Obidoxime 
reported to be effective antidotes in rodents [6-11] ™MB4 
and in dogs [12, 13]. The reactivating potency in vitro 

of these oximes has hardly been investigated. Only P2S * - 
HS-6 was described as a more potent reactivator of eaten 
soman-inhibited acetylcholinesterase than TMB4 or 
obidoxime [14]. 

In the present work the reactivating potency in 
vitro of some bispyridinium mono-oximes was tested 
and compared with that of some well-known con- 
ventional oximes. After addition of an oxime to MATERIALS AND METHODS 
soman-inhibited acetylcholinesterase, two parallel 
reactions may proceed: reactivation and aging. Con- Materials. Bovine erythrocyte acetylcholinesterase 
sequently, if the enzyme is reactivated to a certain (acetylcholine hydrolase, EC 3.1.1.7) was obtained 
extent, the oxime should have such a reactivating from Sigma Chemical Co., St. Louis, MO, and had 
potency that the rate of the reactivation reaction is a specific activity of 27 nkat/mg protein at 25° in 0.6 
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CH=NOH 
CH=NOH 





Fig. 1. Chemical structures of oximes studied. 
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mM phosphate buffer, pH 7.5, containing 3.2 mM 
acetylcholine perchlorate and 0.1 M potassium chlor- 
ide. P2S was purchased from Dr. F. Raschig, GmbH, 
F.R.G., and obidoxime from E. Merck, Darmstadt, 
F.R.G. Soman, TMB4 and the bispyridinium mono- 
oximes were prepared in this laboratory. HS-6 and 
HI-6 were synthesized according to Schoene [15], 
and HGG-12 and HGG-42 according to Hagedorn 
[16]. 3-Cyclohexyl-pyridine, one of the starting com- 
pounds for the synthesis of HGG-42, was obtained 
according to Schélkopf et al. [17] and Bregovec et 
al. [18]. All other reagents were commercial products 
of an analytical grade. 

General outline of reactivation and aging experi- 
ments. A general outline of the reactivation and 
aging experiments is given in Fig. 2. Soman-inhibited 
acetylcholinesterase was formed by incubation of the 
enzyme with soman at pH 10.2 (step I) in order to 
prevent as much as possible premature aging of the 
inhibited enzyme formed. At this pH the rate of 
aging of phosphonylated acetylcholinesterases is very 
slow. At the same time the excess of inhibitor will 
be removed by a rapid hydrolysis of the organo- 
phosphate. The procedure is essentially equal to that 
described previously for the formation of cyclopentyl 
methylphosphonylated acetylchélinesterase, the 
aging of which also proceeds rapidly at pH 7.5 and 
25° (t; = 10 min) [19]. The cyclopentyl methylphos- 
phonylated enzyme formed in this way could be 
reactivated up to 98 per cent. In a control experiment 
incubation of the enzyme for 1 hr at pH 10.2 and 
25° did not influence the enzyme activity. 

Aging and reactivation of the inhibited enzyme 
were started by addition of an oxime solution in 
phosphate buffer, pH 7.4 (step II). In reactivation 
experiments samples of this mixture were taken after 
various times (ft) and added to an acetic acid/NaOH 
buffer, pH 5.0 (step III). At the final pH of this 
mixture, being 6.0, the reactivation reaction is 
stopped. A further incubation for at least 1 hr ensures 
the aging of all reactivatable inhibited enzyme. By 
this step it was possible to store samples taken at 
short time intervals until their activities (AIR’) could 
be determined in a rather time-consuming titrimetr- 
ical assay (step IV). Blanks were treated in the same 
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manner, except that for the determination of the 
activity of the enzyme (A) [soman] = 0 (step I) and 
[oxime] = 0 (step II), for the determination of the 
activity of the enzyme incubated with oxime (AR) 
[soman] = 0 (step I), and for the determination of 
the activity of the inhibited enzyme (AI) [oxime] = 0 
(step II). Blanks were determined at the start of an 
experiment. For the determination of the reactiva- 
tion after 24 hr, values of A and AR measured after 
approximately 24 hr (¢ = approx. 24 hr in step II) 
were used. 

The percentage of reactivation obtained at time 
t in a reactivation experiment (% react’) was cal- 
culated according to 





(1) 


In aging experiments steps I and II are identical to 
those of a reactivation experiment. Aging was fol- 
lowed from the decrease of the ability of the inhibited 
enzyme to be reactivated. Samples taken at various 
times (t) were mixed with a HS-6 solution and incu- 
bated for 3-10 hr (step V). The non-aged, inhibited 
enzyme is rapidly, but partially (see Results), reac- 
tivated by the relatively high concentration of HS- 
6. Maximum reactivation will be attained within 0.5 
hr (see Results). For practical purposes, however, 
an incubation period of 3-10 hr was chosen. In the 
subsequent activity assay (step VI) the sum of the 
activity of the inhibited enzyme reactivated in step 
V and of the activity of the inhibited enzyme reac- 
tivated already at time ¢ (step II) is determined 
(AIR?). For the determination of aging in the 
absence of an oxime an aging experiment was carried 
out in which only the buffer was used in step II 
instead of an oxime solution in buffer. 

Blanks were determined at the start of an experi- 
ment and were carried out in the same manner, 
except that for the determination of the activity of 
the enzyme (A) [soman] = 0 (step I), [oxime] = 0 
(step II) and [HS-6] = 0 (step V), for the determi- 
nation of the activity of the enzyme incubated with 
oxime and subsequently with HS-6 (ARR’) 


I: Qvol. enzyme + | vol.soman solution 
(pH 10.2, 25°) 
Time = 30min 


IT: | vol. + 9 vol. oxime solution in buffer 
(pH 7.4, 25°) 
Time = ¢ 


IZ: imi + | 5m buffer, pH 5.0 
(final pH 6.0) 


Time = | hr or more 


IV: Activity assay 
Enzyme activity = AIR; 


Reactivation experiment 





V: 2ml+O5mli HS-6 solution 
(final oxime concn 3 mM) 


Time =3- /Ohr 


Wi: Activity assay 
Enzyme activity = AIR’ 


Aging _experiment 


Fig. 2. General outline of a reactivation and of an aging experiment. 





Reactivation of soman-inhibited acetylcholinesterase 


[soman] = 0 (step I), and for the determination of 
the activity of the inhibited enzyme (AI) [oxime] = 0 
(step II) and [HS-6] = 0 (step V). 

The percentage of reactivation obtained at time 
t in an aging experiment (% react‘) was calculated 
according to 





Reactivation experiments. Inhibited acetylcholin- 
esterase was obtained by incubating a mixture of 9 
vol. of a solution of 9.3 mg enzyme/ml (approx. 43 
nM of active sites) in 6.6 mM veronal buffer, with 
1 vol. of 3 uM soman in water for 30 min at pH 10.2 
and 25° in a Radiometer pH-stat equipment. Under 
these conditions over 95 per cent of the enzyme was 
phosphonylated. After incubation of a mixture of 
0.2 ml of the inhibited enzyme solution and 1.8 ml 
of 0.9 mg acetylcholinesterase/ml of 40 mM phos- 
phate buffer, pH 7.4, for 5.5 hr at 25°, less than 5 
per cent inhibition was observed, indicating an 
almost complete hydrolysis of the excess of inhibitor. 
Reactivation and aging was started by addition of 
1 vol. of the inhibited enzyme solution to 9 vol. of 
an oxime solution in 40 mM phosphate buffer, pH 
7.4. In the reactivation experiments with 1 mM of 
the various oximes the final pH was 7.35-7.4. 
Samples of 1 ml were taken after 0.5, 1, 1.5 and 24 
hr of reactivation at 25°. In the reactivation experi- 
ments with various concentration of HI-6 the final 
pH was 7.40-7.45. The enzyme was allowed to reac- 
tivate at 25° for 40-45 min. Samples of 1 ml were 
taken every 0.5 min or, in the experiment with 10 
uM HI-6, every 1 min, during the first 5 or 10 min, 
respectively. During the subsequent 35-40 min 
another 5-10 samples were taken. The reactivation 
reaction was stopped by adding the samples to 1.5 
ml acetic acid/NaOH buffer, pH 5.0, adjusting the 
PH to 6.0. Next, this mixture was incubated at room 
temperature for at least 1 hr to allow all reactivatable 
inhibited enzyme to age. After addition of 25 ul 1N 
NaOH the enzyme activity of 2 ml was measured by 
using an apparatus developed by Keijer [20] for the 
automatic performance of pH-stat titrations. In the 
Radiometer titration equipment of the apparatus the 
burette unit SBU 1a was exchanged for an ABU 13 
with a 0.25 ml-burette assembly. The activity assay 
was performed at pH 7.5 and 25° with 23 ml of a 3.2 
mM acetylcholine perchlorate solution in 0.1M 
potassium chloride. The titrant was 0.05 N NaOH. 
Enzyme activities were corrected for spontaneous 
hydrolysis of the substrate. In a control experiment 
the enzyme activity was measured after certain times 
of reactivation, both directly and after treatment 
with the acetic acid/NaOH buffer. It was found that 
the treatment with the buffer stops the reactivation 
completely and has no effect on the restored enzyme 
activity. 

Aging experiments. The inhibition of the enzyme 
and the removal of the excess of inhibitor were 
carried out as described for the reactivation experi- 
ments. The aging, or aging and reactivation, was 
started by addition of 1 vol. of the inhibited enzyme 
solution to 9 vol. of 40 mM phosphate buffer, pH 
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7.4, without or with added HI-6, respectively. The 
mixture had a pH within the range 7.41-7.48. 
Samples of 2 ml were taken every 0.5 min during 
the first 5 min, or every 1 min during the first 10 min 
in the experiments without HI-6 and with 10 uM HI- 
6. During the subsequent 35 or 30 min another 10- 
12 samples were taken. The samples were added to 
0.5 ml of a 15 mM HS-6 solution in 50 mM disodium 
hydrogen phosphate, the pH of which was adjusted 
to 7.8. The final pH was adjusted to 7.9 by addition 
of 10 wl 1.2 N NaOH and the samples were allowed 
to reactivate for 3-10 hr at 25°. Samples of 1 ml were 
assayed for enzyme activity as described for the 
reactivation experiments, except that the assay was 
carried out at pH 7.8. In addition, the enzyme activity 
of a sample of the mixture of the inhibited enzyme 
and phosphate buffer with HI-6 incubated for 24 hr 
at 25° was measured. 


RESULTS 


Reactivating potency of various oximes 


More than 95 per cent of the enzyme was already 
inhibited within 5 min of incubation of the enzyme 
with soman at pH 10.2 and 25°. The degradation of 
the excess of soman, however, required an incuba- 
tion period of 30 min. After this treatment the 
inhibited enzyme was reactivated to 71 per cent by 
3 mM HS-6 (pH 7.9, 25°). After incubation of the 
inhibited enzyme at pH 10.2 for longer time periods 
up to 120 min, 3 mM HS-6 restored the enzyme 
activity to a lower percentage, viz. 1-1.5 per cent 
less per incubation period of 30 min. From this it 
can be extrapolated that 2 per cent 

a 100 
| 71 + (1 or 1.5) 





x (1 or 1.5)| 


of the total enzyme activity is not reactivatable at 
the start of the reactivation and aging reactions, i.e. 
after incubation of the enzyme with soman for 30 
min at pH 10.2 and 25°. 

Maximum reactivation was obtained with 1 mM 
of the oximes studied within 30 min of reactivation. 
The averages of the percentages of reactivation 
found after 0.5, 1, 1.5 and 24 hr of reactivation are 
given in Table 1. The incomplete reactivation may 
be due to the simultaneous occurrence of reactivation 
by the oxime and of aging of the soman-inhibited 
enzyme even in the presence of an oxime. The 
reactions were further investigated for the most 
potent reactivator, HI-6. 


Table 1. Percentage of maximum reactivation (% react’) 
of soman-inhibited acetylcholinesterase on incubation with 
1 mM oxime at pH 7.4 and 25° 





Oxime % React’, 





P2S 

TMB4 
Obidoxime 
HS-6 

HI-6 
HGG-12 
HGG42 
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In the activity assay the oximes present at a con- 
centration of 0.03 mM showed some inhibiting effect 
on the rate of hydrolysis of acetylcholine. The inhi- 
bition was independent of the time of incubation of 
the enzyme with the oxime, except in the case of 
HGG-12. This oxime initially caused 39 per cent of 
inhibition, but after 24 hr of incubation 80 per cent 
of the enzyme activity was inhibited. 


Reactivation and aging in the presence of HI-6 
Reactivation and aging experiments of soman- 
inhibited acetylcholinesterase with HI-6 were carried 
out with oxime concentrations ranging from 10 to 
70 uM. At the lowest HI-6 concentration a reason- 
ably measurable increase of activity with time was 
obtained in the reactivation experiment (final reac- 
tivation: 14 per cent) and at the highest concentration 
a decrease of reactivation with time which was still 
reasonably measurable, was obtained in the aging 
experiment (total decrease: 22 per cent of reacti- 
vation). An example of the results of a reactivation 
and of an aging experiment is given in Fig. 3. A final 
percentage of reactivation seems to be obtained 
within 30 min. These values (% react’.) are 3-7 per 
cent less than the final value obtained in the corre- 
sponding aging experiments (% react*.). After 24 hr 
of incubation, however, the percentage of reacti- 
vation is approximately equal to the value of 
% react’.. Apparently, a small part of the inhibited 
enzyme is slowly reactivated and does not age in the 
presence of HI-6. In the absence of the oxime the 
aging proceeded according to first-order kinetics up 
to 90 per cent conversion of the inhibited enzyme, 
after which the rate of aging slowed down. 
Expression of values of % react’ and % react* as 
enzyme concentrations. To analyse kinetically the 
results of the reactivation and aging experiments the 
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values obtained of % react" and of % react* are 
expressed as enzyme concentrations in the following 
manner. Let [E], [EI’] and [EI] be the concentrations 
of all forms of reactivated, aged and inhibited, but 
still reactivatable, enzyme, respectively. At the start 
of reactivation and aging [E], = [EI’],, = 0 and, since 
it was found that 2 per cent of the total inhibited 
enzyme concentration ([E,,,]) was not reactivatable 
98 


[EJ], = 100 [EWd. (3) 


At time ¢ of the reactions 


[E], + [EI‘], + [El], = [El]. (4) 


For the results of the reactivation experiments it 
follows that 


% react; [E], (5) 
100 [E.ad ‘ 
and after complete reaction 


% react — [E}. 
100 my 
To transform values of % react* into an expression 
of enzyme concentrations it is assumed that after 
different times of incubation of the inhibited enzyme 
with HI-6 the same fraction (a) of the reactivatable 
inhibited enzyme is reactivated by the subsequent 
incubation with 3 mM HS-6. Then, it follows for the 
results of the aging experiments that 


% react, af El], 
100 [Evol 


% react’ [E], + a{El], 
100 [Ev 








791026 





% reactivation 





T 











| 





25 35 
time (min) 


Fig. 3. Percentage of reactivation obtained in a reactivation experiment (O, % react’, see Eqn. 1) and 
in an aging experiment (x, % react‘, see Eqn. 2) carried out with soman-inhibited acetylcholinesterase 
in the presence of 40 uM HI-6 at pH 7.4 and 25°. 





Reactivation of soman-inhibited acetylcholinesterase 


% react. — [E]. 
100 [Evol 
From Egns. (3) and (7) it follows that 
% react’ 
9 
Kinetic analysis according to a minimum reaction 
scheme. The minimum reaction scheme to describe 
the simultaneous reactivation and aging of phos- 


phonylated acetylcholinesterase in the presence of 
an oxime (OX) is 


(9) 


(10) 


E + Products 
a 


kr 


EI + OX =~ EI: OX. 


, ky 
k_4 
EI’ 


Spontaneous reactivation of the soman-inhibited 
enzyme was not observed. For this scheme it was 
derived [21] that 


[El], = [EI], e*™ 


(11) 


[E]. = [E].(1 - e“™), 


where 


k 
ha + k'[OX] +k [OX] 
1 





Koos = (14) 


ka 
—+[OX 
7 + [0x] 


After substitution of [E], and [E].. according to Eqns. 
(5) and (6), Eqn. (13) leads to 


In (% react. — % react’) 


(15) 
= In (% react.) — kc. 


From Egns. (13), (8) and (9) it is derived after 
substitution of a{EI], in Eqn. (8) by using Eqns. (12) 
and (7), that 


In (% react? — % react‘) (16) 


= In (% react? — % react%) — Kod. 


The data obtained in the reactivation and aging 
experiments were plotted according to Eqns. (15) 
and (16), respectively. An example is given in Fig. 
4. Similar plots were obtained with the other HI-6 
concentrations. Obviously, the results do not obey 
the minimum reaction scheme (11). The plots give 
straight lines except for the last part of the reactions, 
but the slopes of the plots for the reactivation experi- 
ments and for the corresponding aging experiments, 
which should be equal (K,,,), differ significantly (P < 
0.01, Behrens—Fisher test) and the intercepts of the 
plots of log (% react’. — % react’) vs t for the data 
obtained in the experiments with 40-70 uM HI-6 
largely deviate from the value of log (% react’) 
(Eqn. 15). 





~% react }) (0) 


r 
fe) 


log (react  -%react&) (x) 


log( %react 





0.2 





oe 





| 


12 14 
time ( min) 


Fig. 4. Plot of log (% react’, — % react;) vs t (©) according to Eqn. (15) for data of a reactivation 

experiment and plot of log (% react — % react‘) vs t (x) according to Eqn. (16) for data of an aging 

experiment carried out with soman-inhibited acetylcholinesterase in the presence of 40 uM HI-6 at pH 
7.4 and 25°. 
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Fig. 5. Plots of 100 [EI’]/[E,..] against f, 100[EI]/[E,.,] dt. The data were calculated (see Eqns. 19 and 

20) from results obtained in reactivation and aging experiments with soman-inhibited acetylcholinesterase 

carried out at pH 7.4 and 25° in the presence of HI-6 at a concentration of (a) 30 uM (@), 40 uM 
(©) or 50 uM (x); (b) 10 uM (@), 60-uM (O) or 70 uM (x). 


Evaluation of the overall rate constant of aging. 
Aging is a first-order reaction of a phosphorylated 
or phosphonylated acetylcholinesterase. In the pres- 
ence of HI-6 the soman-inhibited enzyme may be 
present in more than one form, for instance as such 
and as a complex with the oxime, which may age at 
different rates. Nevertheless, the overall rate of for- 
mation of the aged enzyme might be described by 

q{EI’] _ 
dt 
where k,, represents the overall rate constant of 
aging. Whether the obtained results obey this equa- 
tion was examined as follows. 
Equation (17) can be written as 


100{EI’] { 100[EI] 
<a os he, dt. 
[Eo] F [Eval 


k (EI), (17) 


From Egns. (5), (8) and (10) it is obtained that 
LOO[EI], 98(% react’ — % react?) 
= = (19) 
[El % react“ 
and from Egns. (4), (5), (7), (10) and (19) it is 
derived that 
100{EI’], 
[E,1 





= 98 — % react! 


98(% react’ — % react’) 


. : (20) 
% react’ 





The integral 


{ 98 (% react’ — % react’) ie 





% react‘ 


was calculated for each time ¢ at which values of 
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Table 2. Rate constant of aging of soman-inhibited acetyl- 
cholinesterase and the overall rate constant of aging in the 
presence of HI-6 (k,, of Eqn. 17) at pH 7.4 and 25° 





Rate constant of aging 
(min~') 


HI-6 concentration 
(uM) 


cae 0.16 
10 0.14 
30 0.15 
40 0.17 
50 0.19 
60 0.15 
70 0.18 








% react? and % react; were determined, according 
to the trapezoidal rule, by means of a computer 
Values of % react$ were found by extrapolation of 
plots of log (% react? — % react%.) vs t as given in 
Fig. 4. The values obtained for the integral were 
plotted against the corresponding values of 100 
[EI’],/[E,1] calculated according to Eqn. (20). The 
plots obtained for the various concentrations of HI- 
6 are given in Figs. Sa and b. The data taken from 
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the part of the reactions in which approximately 80 
per cent of the final concentration of the aged enzyme 
is formed, reasonably fit Eqn. (18). The data from 
the last part of the reactions deviate from a single 
line. Values of k,, were calculated as the slopes of 
the plots by means of the method of least-squares. 
The values are given in Table 2 together with the 
rate constant of aging determined in the absence of 
HI-6 which was calculated as the slope of a plot of 
log % react? vs ¢. 
Analogously, the rate of formation of reactivated 
enzyme might be represented by 
q[E] _ 


dt = Kreacl ET] (21) 


LOO[E] _ 100[ET] 
[Evdd [Ev] 


where K,eac is the overall rate constant of reactiva- 
tion. Plots of values obtained for the integral against 
the corresponding values of % react’, (= 100 
[E]/[E.o], see Eqn. 5) are given in Figs. 6a and b. 
The data cover that part of the process in which 
approximately 80 per cent of the final concentration 


k dt, (22) 
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Fig. 6. Plots of 100 [E]/{E,..] against fi 100 [EI)/[E,,,] dt. The data were calculated (see Eqns. 5 and 

20) from results obtained in reactivation and aging experiments with soman-inhibited acetylcholinesterase 

carried out at pH 7.4 and 25° in the presence of HI-6 at a concentration of (a) 10 uM (@), 30 uM 
(O) or 40 uM (xX); (b) 50 uM (@), 60 uM (O) or 70 uM (x). 
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of the reactivated enzyme is formed. The results 
clearly show that the reactivation process cannot be 
described by Eqn. (22). 


DISCUSSION 


Incubation of acetylcholinesterase with soman at 
pH 10.2 and 25° for 30 min appears to be a suitable 
procedure for the formation of soman-inhibited 
enzyme which is almost completely reactivatable. 
For the assay of the reactivation of the inhibited 
enzyme at short time intervals the pH of the samples 
taken was lowered to 6.0 which stops the reactiva- 
tion. At the same time reactivatable inhibited 
enzyme is rapidly transferred into aged enzyme at 
this pH. So, it was possible to store samples of the 
reactivation mixture until their activities could be 
measured in the time-consuming titrimetrical assay. 
Aging of inhibited acetylcholinesterase is mostly 
determined from the decrease of the ability of the 
inhibited enzyme to be reactivated by an oxime. 
None of the oximes studied, however, was able to 
reactivate completely soman-inhibited acetylcholin- 
esterase. It was shown that the percentages of incom- 
plete reactivation obtained can be used to calculate 
the rate constant of aging provided that the same 
fraction of the reactivatable enzyme in the samples 
taken at different times of aging is reactivated by the 
oxime added. 

The bispyridintum mono-oximes clearly show a 
much higher reactivating potency in vitro of soman- 
inhibited acetylcholinesterase than the conventional 


oximes. This result corresponds with the therapeutic 
activities found for these oximes against soman in- 
toxication. The most potent reactivators are HS-6 
and HI-6. HS-6 was already found to be a more 
potent reactivator than the conventional oximes of 
soman-inhibited acetylcholinesterase [14] and of 


cyclopentyl methylphosphonylated acetylcholin- 
esterase, which also exhibits a rapid aging [t, (pH 
7.5, 25°) 10 min] [19]. A time-dependent inhibition 
of acetylcholinesterase by one of the oximes, HGG- 
12, was observed, indicating that the enzyme reacts 
with HGG-12 or possibly with a decomposition prod- 
uct of the oxime formed at pH 7.5. 

Aging and reactivation of soman-inhibited acetyl- 
cholinesterase proceed simultaneously in the pres- 
ence of the oximes studied. Similar observations 
made for acetylcholinesterase inhibited by ethyl 
dimethylphosphoramidocyanidate (tabun) with P2S 
and some |-alkyl analogues [21] and for the cyclo- 
pentyl methylphosphonylated enzyme with |-pentyl 
and I|-heptyl analogues of P2S [19] could be described 
with the minimum scheme (11). The reactions of 
soman-inhibited acetylcholinesterase in the presence 
of HI-6 do not obey this scheme. Aging of the soman- 
inhibited enzyme is shown to proceed in the presence 
of the oxime as a first-order process. The reactivation 
process is more complicated. Previously, the mini- 
mum scheme was also found not applicable to the 
reactivation and aging of cyclopentyl methylphos- 
phonylated acetylcholinesterase in the presence of 
P2S [19]. Results were obtained indicating that rein- 
hibition by the phosphonylated oxime formed on 
reactivation plays a substantial role in the reactions. 
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This may afford an explanation for the present results 
too. 

Aging of soman-inhibited acetylcholinesterase 
proceeds initially according to first-order kinetics, 
but becomes slower after 90 per cent of the inhibited 
enzyme has been converted. A similar observation 
was reported by Michel et al. [3]. The kinetics of 
aging occurring in the presence of HI-6 also show 
deviation from first-order as the reaction nears com- 
pletion. This phenomenon may be due to the chirality 
of soman. Four stereoisomers are present in racemic 
soman owing to the chiral phosphorus atom and a 
chiral carbon atom in the pinacolyl group. The rela- 
tive concentrations of the inhibited acetylcholines- 
terases formed by incubation with a large excess of 
racemic soman are determined by the ratio of the 
rate constants of inhibition for the stereoisomers. 
Since acetylcholinesterase shows a large stereo- 
specificity in its reaction with the stereoisomers of 
soman having a different configuration around the 
phosphorus atom [22], only phosphonylated enzymes 
with the same configuration around the phosphorus 
atom will be obtained on inhibition with excess of 
racemic soman. The rate of reactivation and of aging 
of these inhibited enzymes may differ. The small 
part of the soman-inhibited acetylcholinesterase 
which shows slower aging and a much slower reac- 
tivation by HI-6 might be the inhibited enzyme 
formed with the slower inhibiting one of the two 
rapidly inhibiting stereoisomers having a different 
configuration around the carbon atom. 

An effective reactivation of soman-inhibited 
acetylcholinesterase has to compete with the very 
rapid aging occurring simultaneously. This difficulty 
is overcome, at least partially, if a reactivator is able 
to retard the aging. Quaternary ammonium com- 
pounds not having any reactivating properties have 
been reported to retard the aging of acetylcholin- 
esterase inhibited by soman [4, 23], and by other 
organophosphates [21, 24-26]. In the stuc¢y of Harris 
etal. [4] an enhanced reactivation of soman-inhibited 
acetylcholinesterase by TMB4 or obidoxime in the 
presence of 1,1’-[oxybis(methylene)]bis[4-(1,1- 
dimethylethyl)-pyridinium| dichloride (SAD-128), 
which retards the aging of the inhibited enzyme, was 
found. This retarding effect by SAD-128 should 
increase the ratio of the rate of reactivation to that 
of aging, resulting in a higher final percentage of 
reactivation. In addition, binding of SAD-128 to a 
regulatory site and production of a conformational 
change rendering the inhibited enzyme more sus- 
ceptible to reactivation by oxime, as proposed by’ 
Harris et al.[4], may contribute to the augmentative 
effect by this compound. For a proper understanding 
of the influence of a reactivator on aging it is useful 
to distinguish between the effect of the compound 
directly on aging itself, resulting in a different rate 
constant for the reaction, and the effect of indirectly 
slowing down of aging by withdrawing inhibited 
enzyme from the aging reaction owing to reactiva- 
tion. Reactivators have been reported to reduce the 
rate constant of aging of cyclopentyl methylphos- 
phonylated acetylcholinesterase [19], but to enlarge 
that of the tabun-inhibited enzyme [21]. The retard- 
ing or termination of the aging of soman-inhibited 
acetylcholinesterase found by Fleisher et al. [2] by 
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using high concentrations of P2S is probably mainly 
due to withdrawal of inhibited enzyme from the 
aging reaction by reactivation. The present results 
indicate that HI-6 has no effect on aging of the 
soman-inhibited enzyme, whereas this oxime is the 
most powerful reactivator known. The concentration 
of enzyme reactivated in the presence of 1 mM of 
the oxime is over three times as high as that of aged 
enzyme formed. This implies an extremely high reac- 
tivating potency of HI-6 for soman-inhibited acetyl- 
cholinesterase on which the therapeutic effect of this 
oxime is based. 
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Abstract—Human neutrophils demonstrated a selective release of granule-associated B-glucuronidase 
and lysozyme but not of cytoplasmic lactate dehydrogenase during cell contact with N-formyl-methionyl- 
leucyl-phenylalanine (FMLP). Enzyme discharge was dependent upon treatment of neutrophils with 
cytochalasin B prior to exposure to FMLP. Prostaglandins (PG) D2, E> and I, inhibited enzyme release 
from cytochalasin B-treated neutrophils incubated with FMLP in phosphate buffered saline, pH 7.4, 
at 37°. Flurbiprofen, ibuprofen, indomethacin, ketoprofen and benoxaprofen reduced the extrusion of 
B-glucuronidase and lysozyme from FMLP-stimulated neutrophils; acetylsalicylic acid was inactive. 
Methylprednisolone sodium succinate, hydrocortisone sodium succinate, prednisolone sodium succinate 
and triamcinolone acetonide hemisuccinate also demonstrated the capacity to inhibit the selective 
release of granule-associated enzymes from human neutrophils. Aldosterone hemisuccinate and de- 
oxycorticosterone hemisuccinate were inactive. These studies indicate that certain pharmacological and 
therapeutic agents may function to alleviate various inflammatory conditions by curtailing the extrusion 


of degradative enzymes from neutrophils. 


Numerous substances, both particulate and soluble, 
have been reported to induce the release of granule- 
associated enzymes from neutrophilic leukocytes. In 
this regard, the synthetic formyl methionyl peptides 
represent one of the more potent classes of soluble 
degranulating agents yet described [1,2]. The tri- 
peptide, N-formyl-methionyl-leucyl-phenylalanine 
(FMLP), in addition to stimulating enzyme extrusion 
[1-4], has been demonstrated to elicit neutrophil 
aggregation [5], superoxide production [6] and chem- 
otaxis [7]. Furthermore, the discovery of the simi- 
larities in structure between FMLP and an enzyme 
releasing, bacterial-derived chemotactic factor [8] 
indicates that FMLP represents a relevant stimulus 
to be utilized for the study of the regulation of 
granule enzyme release. The purpose, therefore, of 
this investigation was to evaluate the capacity of 
certain prostaglandins, nonsteroid anti-inflamma- 
tory agents (NSAIA) and corticosteroids to modu- 
late granule-associated enzyme release from human 
neutrophils stimulated with the chemotactic peptide, 
FMLP. 


MATERIALS AND METHODS 


Preparation of neutrophils. Blood from normal 
human donors was drawn by venipuncture into one- 
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tenth volume of 3.8% citrate in conical plastic tubes. 
Neutrophils were purified employing standard tech- 
niques of dextran sedimentation, centrifugation on 
Ficoll/Hypaque, and hypotonic lysis. Final cell sus- 
pensions contained a minimum of 98% neutrophils. 
Viability of the neutrophils was always more than 
99 per cent, as determined by trypan blue exclusion. 

Incubation conditions. Neutrophils (5 x 10°) in 
2 ml of phosphate buffered saline (PBS), pH 7.4, 
containing 138 mM NaCl, 8.1 mM Na,HPO,, 1.5 mM 
KH,PO,, 2.7mM KCl, 0.6mM CaCl, 1.0mM 
MgCl, and 0.1% glucose were incubated at 37° in a 
Dubnoff shaker set at 120 excursions/min according 
to the various procedures described under Results. 
After incubation, the samples were centrifuged at 
750 g (4°) for 3 min and the clear supernatant frac- 
tions were assayed for enzyme activities. The net 
percentage of enzyme activity released was calcu- 
lated by subtracting the percentage released in buffer 
alone from the percentage attributable to a given 
test agent. 

Enzyme assays. B-Glucuronidase (EC 3.2.1.31), 
lysozyme (EC 3.2.1.17) and lactate dehydrogenase 
activities (EC1.1.1.27) were determined as 
described previously [2, 9]. 

Drug solutions and sources. All solutions of test 
agents were freshly prepared and were used within 
5 min. The agents employed in this study were: 
acetylsalicylic acid, N-formyl-methionyl-leucyl- 
phenylalanine (Sigma Chemical Co., St. Louis, 
MO); indomethacin (Merck, Sharp & Dohme, West 
Point, PA); ketoprofen (Ives Laboratories, Inc., 
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New York, NY); benoxaprofen (Eli Lilly & Co., 
Indianapolis, IN); flurbiprofen, ibuprofen, methyl- 
prednisolone sodium succinate, prednisolone sodium 
succinate, hydrocortisone sodium succinate, prosta- 
glandins (PG) D,, E, and I, (The Upjohn Co., 
Kalamazoo, MI); triamcinolone acetonide hemisuc- 
cinate (E. R. Squibb & Sons, Inc., New Brunswick, 
NJ); cytochalasin B (Aldrich Chemical Co., Mil- 
waukee, WI). 

All NSAIA and _  WJN-formyl-methionylI-leucyl- 
phenylalanine were dissolved in dimethylsulfoxide. 
Solutions of corticosteroids and mineralocorticoids 
were prepared in PBS except for triamcinolone ace- 
tonide hemisuccinate, which was dissolved in 
ethanol. Prostaglandins D, and E, and cytochalasin 
B were prepared in ethanol. Prostaglandin I, was 
dissolved in Tris buffer. All agents were soluble 
under the defined incubation conditions and they 
produced no alteration in pH of the incubation 
media. The small amounts of dimethylsulfoxide and 
ethanol (final concentration of 0.05%) employed as 
vehicles did not alter cell viability or enzyme release. 


RESULTS 


Release of enzymes from cytochalasin B-treated 
human neutrophils in the presence of FMLP. The 
data in Fig. 1 demonstrate that FMLP induced a 
time-dependent discharge of the granule-associated 
enzymes, {£-glucuronidase and lysozyme, from cyto- 
chalasin B-treated neutrophils during 15 min of 
incubation, with maximum release occurring approx- 
imately 2 min after cell contact with FMLP. The 
absence of significant release of cytoplasmic lactate 
dehydrogenase is indicative of selective granule 
enzyme extrusion during cell exposure to FMLP. 

FMLP-induced_ release of granule-associated 
enzymes from human neutrophils in the presence and 
absence of cytochalasin B. Neutrophils pretreated 
with cytochalasin B released a maximum of 24.6 + 
2.15 and 38.9 + 3.25 per cent of total cell activity 
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for P-glucuronidase and lysozyme, respectively, 
when exposed to FMLP (Table 1). Neutrophils 
incubated with FMLP (10-’M) in the absence of 
cytochalasin B, however, released 2.2 + 0.15 and 
6.0 + 0.54 per cent of total glucuronidase and 
lysozyme activity, respectively. 

Effects of prostaglandins (PGD,, PGE, and PGI,) 
on the release of B-glucuronidase and lysozyme from 
human neutrophils. PGD,, PGE, and PGI, inhibited 
FMLP-induced extrusion of #-glucuronidase and 
lysozyme from cytochalasin B-treated neutrophils 
(Table 2). 

Effects of nonsteroid anti-inflammatory agents on 
the discharge of fB-glucuronidase and lysozyme from 
human neutrophils. Flurbiprofen, ibuprofen, keto- 
profen, indomethacin and benoxaprofen inhibited 
f-glucuronidase and lysozyme release from cyto- 
chalasin B-treated neutrophils in the presence of 
FMLP (Table 3). Acetylsalicylic acid had no sig- 
nificant effect on FMLP-induced enzyme release. 

Effects of corticosteroids on B-glucuronidase and 
lysozyme release from human neutrophils. Methyl- 
prednisolone sodium succinate, hydrocortisone 
sodium succinate, prednisolone sodium succinate 
and triamcinolone acetonide hemisuccinate demon- 
strated a dose-dependent inhibition of FMLP- 
stimulated release of B-glucuronidase and lysozyme 
from cytochalasin B-treated neutrophils (Table 4). 
The relative effects of the corticosteroids indicate 
that methylprednisolone > triamcinolone aceton- 
ide’> prednisolone > hydrocortisone. Aldosterone 
and deoxycorticosterone were inactive. 

Recovery of enzyme activities from human neutro- 
phils treated with corticosteroids, nonsteroid anti- 
inflammatory agents or prostaglandins. Recovery of 
total lysozyme and f-glucuronidase activities in 
excess of 95 per cent was obtained from cells and 
incubation media containing corticosteroids, non- 
steroid anti-inflammatory agents or prostaglandins 
(Tables 5 and 6). Therefore, essentially all enzyme 
activities were accounted for after all incubations, 
and the presence of FMLP, cytochalasin B and the 
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Fig. 1. N-formyl-methionyl-leucyl-phenylalanine (FMLP)-induced release of 6-glucuronidase, lysozyme 

and lactate dehydrogenase from cytochalasin B-treated human neutrophils. Neutrophils (5 x 10°) were 

preincubated with cytochalasin B (5 ug/ml) for 10 min at 37°. The cells were then incubated with FMLP 

(10-7 M) in PBS for the time periods indicated. Total cell enzyme activities were: 208.8 + 19.5 ug 

phenolphthalein/18 hr/S x 10° cells for B-glucuronidase; 30.4 + 3.6 ug lysozyme std/3 min/5 x 10° cells 

for lysozyme; and 430.2 + 39.7 absorbancy units/min/5S x 10° cells for lactate dehydrogenase. Data 
represent the mean + S.E.M. of four experiments. 
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Table 1. Effect of cytochalasin B on N-formyl-methionyl-leucyl-phenylalanine (FMLP)-induced 
release of B-glucuronidase and lysozyme from human neutrophils 





Enzyme release* 
(% of total activity) 





With cytochalasin B Without cytochalasin B 





Incubation 


time* (min) B-Glucuronidase Lysozyme B-Glucuronidase Lysozyme 





0.9 + 0.02 
29.4 + 2.57 
35.5 + 2.98 
38.9 + 3.25 
38.7 + 3.19 
38.6 + 3.77 
38.6 + 2.84 
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* Neutrophils (5 x 10°) were preincubated with or without cytochalasin B (5 ug/ml) for 10 min 
at 37°. The cells were then incubated with FMLP (10 ‘ M) for the time periods incidated. 

+ Total cell enzyme activities were: 231.7 + 21.6 ug phenolphthalein/18 hr/5 x 10° cells for p- 
glucuronidase; and 28.1 + 2.3 ug lysozyme std/3 min/5 x 10° cells for lysozyme. Each value is the 
mean + S.E.M. of three experiments. 


Table 3. Effects of nonsteroid anti-inflammatory agents on 
granule enzyme release from human neutrophils* 
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Table 2. Effects of prostaglandins on granule enzyme 
release from human neutrophils* 





Granule enzyme discharge 
(% of control) 





Agent 


(uM) B-Glucuronidase Lysozyme 





Prostaglandin D, 
100 
50 
10 
s. 
1 


Prostaglandin E, 
100 
50 
10 
, 
1 


Prostaglandin I, 
100 
50 
10 
5 
1 
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* Neutrophils (5 x 10°) were preincubated with or with- 
out the respective agents for 5 min followed by a 10-min 
incubation with cytochalasin B (5 ug/ml). The cells were 
then incubated with N-formyl-methionyl-leucyl-phenylala- 
nine (10~’ M) for 2 min at 37°. Control incubations yielded 
a value of 65.0 + 4.6 ug phenolphthalein/18 hr/5 x 10° cells 
(27.1 per cent of total cell activity) for the release of f- 
glucuronidase and 12.1 + 0.9 ug lysozyme std/3 min/5S x 10° 
cells (42.9 per cent of total cell activity) for release of 
lysozyme. Each value is the mean + S.E.M. of five separate 
experiments. 

+ Significant at P < 0.01 vs control. 

+ Significant at P < 0.05 vs control. 


Agent 
(uM) 


(% of control) 





f-Glucuronidase 


Lysozyme 





Flurbiprofen 
250 
100 
50 


Ibuprofen 
250 
100 
50 


Ketoprofen 
250 

100 

50 


Indomethacin 
250 
100 
50 


Benoxaprofen 
250 
100 
50 


Acetylsalicylic acid 
250 
100 
50 


50.3 + 4.5 
70.0 + 3.7 
84.9+ 4.9 3 


50.5 + 3.4 4 
68.4 + 4.5 
80.2 + 5.6 i 


10.1+0.4+ 
33.9 + 1.9 7 
70.3 + 6.8 7 


90.4 + 6.8 
91.3+ 8.9 
95.4+7.8 





* Neutrophils (5 x 10°) were preincubated with cyto- 
chalasin B (5 ug/ml) for 5 min followed by a 5-min incu- 
bation with or without the respective agents. The cells were 
then incubated with N-formyl-methionyl-leucyl-phenylala- 
nine (10° M) for 2 min at 37°. Control incubations yielded 
a value of 75.2 + 6.4 ug phenolphthalein/18 hr/5 x 10° cells 
(32.7 per cent of total cell activity) for release of f-glu- 
curonidase and 13.4+ 1.4ug lysozyme std/3 min/S5 x 10° 
cells (41.4 per cent of total cell activity) for release of 
lysozyme. Each value is the mean + S.E.M. of three sep- 
arate experiments. 

+ Significant at P < 0.01 vs control. 

¢ Significant at P < 0.05 vs control. 
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Table 4. Effects of corticosteroids on granule enzyme release from human 
neutrophils* 





Granule enzyme discharge 
(% of control) 





Agent 
(uM) 


f-Glucuronidase 


Lysozyme 





Methylprednisolone 
sodium succinate 
250 
100 
50 
10 


Triamcinolone acetonide 
hemisuccinate 
250 
100 
50 
10 


Prednisolone 
sodium succinate 


Hydrocortisone 
sodium succinate 

250 

100 

50 

10 


Aldosterone 
hemisuccinate 
100 
50 


Deoxycorticosterone 
hemisuccinate 
100 
50 


CoOUMwW 

PAS 
one 
I+ I+ I+ I+ 


CANN 
ee a 
G0 G0 


I+ I+ I+ I+ 


64.2 + 5.9 + 
64.5 + 6.3 + 
71.5 + 7.4 ¢ 
84.3+8.1¢4 


I+ It |+ I+ 
ANID 
Co COW 
be et 


92.3 + 8.7 
98.5 + 6.6 


94.4+9.9 
I fe at Be 





* Neutrophils (5 x 10°) were preincubated with or without the respective 
agents for 20 min followed by a 10-min incubation with cytochalasin B (5 ug/ml). 
The cells were then incubated with N-formyl-methionyl-leucyl-phenylalanine 
(10°' M) for 2 min at 37°. Control incubations yielded a value of 53.9 + 5.1 ug 
phenolphthalein/18 hr/5 x 10° cells (29.7 per cent of total cell activity) for 


release of B-glucuronidase and 14.6 + 1.2 ug lysozyme std/3 min/5 x 10 


cells 


(47.1 per cent of total cell activity) for release of lysozyme. Each value is the 
mean + S.E.M. of three separate experiments. 


+ Significant at P < 0.01 vs control. 
¢ Significant at P < 0.05 vs control. 


aforementioned test agents did not alter enzyme 
activities appreciably. 


DISCUSSION 


The neutrophil represents one of the principal 
effector cells observed in numerous inflammatory 
diseases. In response to various stimuli, neutrophils 
discharge the contents of their cytoplasmic granules 
into the extracellular space. The enzymatic constitu- 
ents of these granules, having been released, cause 
much of the tissue injury associated with the inflam- 
matory process [10-12]. Therefore, the abrogation 
of neutrophil degranulation would serve to curtail 


the enzymatic degradation of such tissue components 
as proteoglycan [13, 14] and collagen [15]. 

The data presented here show that prostaglandins 
D,, E, and I, inhibit the discharge of 6-glucuronidase 
and lysozyme from neutrophils in contact with 
FMLP. These results suggest that prostaglandins may 
function to attenuate the release of deleterious con- 
stituents from neutrophils that are known to mediate 
tissue injury [10, 16]. However, to our knowledge 
this report demonstrates, for the first time, the 
capacities of PGD, and PGI, (prostacyclin) to curtail 
enzyme release from neutrophils. 

There have been numerous reports on the possible 
role(s) of prostaglandins as mediators of the inflam- 
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Table 5. Recovery of enzyme activities from human neutrophils treated with 
prostaglandins 





Per cent recovery 





Experimental condition* f-Glucuronidase Lysozyme 





5 x 10° Neutrophils (N) 100.5 + 4.8 

N + cytochalasin B (CB) + FMLP 100.7 + 6.6 

N + prostaglandin D, 

(100 uM) + CB + FMLP 95.6 + 7.6 

N + prostaglandin E, 

(100 uM) + CB + FMLP 95.6 + 6.5 

N + prostaglandin I, 

(100 uM) + CB + FMLP 100.8 + 5.5 100.3 + 3.7 





* Incubations of neutrophils were conducted at 37° for 15 min with or without the 
respective agents [drug, cytochalasin B (5 ug/ml)] and for an additional 2 min with 
FMLP (10°'M). Samples were then incubated further with Triton X-100-0.04 M 
Tris acetate, pH 7.4, for 15 min, centrifuged, and the supernatant fractions were 
then assayed for enzyme activities. Recoveries of enzyme activities were calculated 
on the basis of control values of total enzyme activities. Values for control total cell 
enzyme activities were: f-Glucuronidase, 270.4+21.6ug phenolphthalein/ 
18hr/5 x 10° cells and lysozyme, 24.9 + 1.2 ug lysozyme _ std/3 min/ 
5 x 10° cells. Each value is the mean + S.E.M. of duplicate experiments. 


Table 6. Recovery of enzyme activities from human neutrophils treated with corticosteroids 
or nonsteroid anti-inflammatory agents 





Per cent recovery 





Experimental condition* f-Glucuronidase Lysozyme 





5 x 10° Neutrophils (N) 100.8 + 6.5 100.2 + 9.3 
N + cytochalasin B (CB) + FMLP 100.7 + 5.5 100.5 + 8.6 
N + methylprednisolone sodium 

succinate (250 uM) + CB + FMLP 100.4 + 8.8 97.5+7.4 
N + hydrocortisone sodium 

succinate (250 uM) + CB + FMLP 100.8 + 6.7 100.3 + 8.5 
N + prednisolone sodium 

succinate (250 uM) + CB + FMLP 100.6 + 9.2 98.5 + 8.4 
N + triamcinolone acetonide 

hemisuccinate (250 uM) + CB + FMLP 98.2 + 7.5 100.5 + 6.8 
N + acetylsalicylic acid (250 uM) 

+ CB + FMLP 100.4 + 9.3 100.6 + 8.9 
N + benoxaprofen (250 uM) + 

CB + FMLP 6+ 6. 100.1 + 5.9 
N + flurbiprofen (250 uM) + 

CB + FMLP : 2 100.9 + 7.3 
N + ibuprofen (250 uM) + CB + FMLP ‘ : 100.3 + 6.5 
N + indomethacin (250 uM) + 

CB + FMLP 100.8 + 7.5 100.5 + 6.3 
N + ketoprofen (250 uM) + 

CB + FMLP 100.7 + 8.2 100.3 + 4.9 





* Incubations of neutrophils were conducted at 37° for 30 min with or without cortico- 
steroids and cytochalasin B (5 ug/ml) or 10 min with or without nonsteroid anti-inflam- 
matory agents and cytochalasin B (5 ug/ml) and for an additional 2 min with FMLP 
(10~’ M). Samples were incubated further with Triton X-100-0.04 M Tris acetate, pH 7.4, 
for 15 min, centrifuged, and the supernatant fractions were then assayed for enzyme 
activities. Recoveries of enzyme activities were calculated on the basis of control values 
of total enzyme activities. Values for control total cell enzyme activities were: B-Glucu- 
ronidase, 207.5 + 15.4 ug Phenolphthalein/18 hr/S x 10° cells and lysozyme, 27.6 + 0.9 ug 
lysozyme std/3 min/5 x 10° cells. Each value is the mean + S.E.M. of duplicate experiments. 
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matory process. For example, Willoughby and 
DiRosa [17] found that prostaglandin-like substances 
were associated with various experimentally induced 
models of inflammation. Willis [18] showed that 
prostaglandin E, could be isolated from inflamma- 
tory exudates in the rat. Conversely, our data, 
together with the findings of others showing that 
prostaglandins inhibit phagocytosis [19-21], lym- 
phokine secretion [22], and histamine release from 
basophils [23, 24], suggest that prostaglandins may 
function as modulators of the inflammatory process 
by curtailing the extrusion of mediators of inflam- 
mation and regulating other inflammatory cellular 
activities. 

The capacity of FMLP to stimulate granule enzyme 
release from human neutrophils was also inhibited 
by the therapeutically effective NSAIA, flurbipro- 
fen, ibuprofen, ketoprofen, indomethacin and 
benoxaprofen; acetylsalicylic acid was inactive. The 
rank order of effectiveness of these agents 
(indomethacin > benoxaprofen > ketoprofen > flur- 
biprofen = ibuprofen) correlates with their ability to 
suppress the inflammatory process in experimental 
models of inflammation [25-28] in which granule- 
associated enzymes have been localized at the site 
of tissue injury [29, 30]. The mechanism(s) by which 
NSAIA retard FMLP-elicited enzyme release, how- 
ever, remains conjectural. We reported previously 
that NSAIA inhibited calcium inophore (A23187)- 
elicited enzyme release by interfering with calcium 
association with cells [31]. We have also indicated 
that FMLP-stimulated release of granule enzymes 
from human neutrophils requires extracellular cal- 
cium [2]. Because calcium has been demonstrated 
to play an integral role in membrane fusion [32-34], 
it is possible that NSAIA inhibit FMLP-induced 
enzyme release by modulating the association of 
calcium with neutrophils. Our data appear to cor- 
respond with and support the findings which dem- 
onstrate that NSAIA inhibit FMLP-elicited super- 
oxide radical generation [35], which is a calcium- 
dependent process [6, 36]. In addition, NSAIA have 
been shown to curtail phagocytosis [9, 21] and chem- 
otaxis [37], which are calcium-mediated events 
[7, 38]. These data, together with our findings, sug- 
gest that NSAIA, in addition to inhibiting prostag- 
landin synthesis, may exert their anti-inflammatory 
effects by regulating other activities of inflammatory 
cells. 

The  nonsteroid  anti-inflammatory agents 
employed in this study were evaluated at concentra- 
tions that may be somewhat higher than the free 
plasma levels achieved in man with therapeutic doses 
of these drugs. The free plasma levels of these agents, 
however, may not be indicative of the effective doses 
of these drugs. In this regard, Graf et al. [39] and 
Brune et al. [40] showed that the concentration of 
acidic nonsteroid agents was three times greater in 
the inflammed area of a carrageenan-induced inflam- 
matory reaction than the control values, which sig- 
nifies preferential accumulation of drug at the site 
of inflammation. Furthermore, agents such as indo- 
methacin are bound to plasma proteins in excess of 
90 per cent [41]. Whether or not the pK, and/or 
structure of these agents, as well as the pH at the 
site of inflammation, contribute to the concentration 
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of these drugs in the diseased area [39, 40, 42, 43] 
remains a subject of speculation at the present time. 
The concentrations of prostaglandins (1-10 uM) 
demonstrated to inhibit enzyme release may also 
parallel the concentrations achieved at the site of 
tissue injury. Willis [18} has reported microgram 
amounts of prostaglandins in inflammatory exudates; 
and neutrophils [44], as well as macrophages [45], 
have been demonstrated to synthesize and release 
prostaglandins. The accumulation of these cell types 
at the site of an inflammatory reaction could facilitate 
the attainment of a concentration of prostaglandins 
that would surpass the blood levels of these agents. 
Theiefc re, the concentrations of nonsteroid anti- 
inflammatory agents and prostaglandins required to 
effectively curtail granule enzyme release may 
approximate the concentrations of these agents at 
their sites of action in vivo. 

We report here that methylprednisolone sodium 
succinate, hydrocortisone sodium succinate, pred- 
nisolone sodium succinate and triamcinolone ace- 
tonide hemisuccinate inhibit FMLP-induced release 
of 6-glucuronidase and lysozyme from human neu- 
trophils. The relative effectiveness of these corti- 
costeroids (methylprednisolone > _ triamcinolone 
acetonide > prednisolone > hydrocortisone) in 
inhibiting enzyme extrusion approximates the rank 
order of anti-inflammatory activity of these agents 
in human and laboratory animals. Therefore, the 
effects of these agents on an inflammatory cell such 
as the neutrophil appear to correlate with their 
therapeutic effects. It is relevant to note that aldos- 
terone hemisuccinate and deoxycorticosterone hem- 
isuccinate, which are mineralocorticoids and do not 
possess anti-inflammatory activities, had no sig- 
nificant effect on granule enzyme release. Therefore, 
the curtailment of enzyme discharge appears to be 
specific for those steroids demonstrating anti-inflam- 
matory activity. These data are supported by reports 
demonstrating that corticosteroids suppress other 
mechanisms of degranulation from human neutro- 
phils [46-49]. 

Numerous hypotheses have been presented con- 
cerning the mechanism(s) by which corticosteroids 
abrogate granule enzyme release. In this regard, it 
is important to note that a soluble stimulus such as 
FMLP appears to elicit enzyme discharge via exo- 
cytosis, as opposed to phagocytic release described 
by Weissmann ef al. [19]. Exocytosis entails the 
translocation of cytoplasmic granules to the plas- 
malemma, whereby an interaction and subsequent 
fusion of plasma and granule membranes occur, 
resulting in the discharge of granule constituents. 
Corticosteroids, because of their lipophilicity, 
may complex with the plasma and/or granule mem- 
branes and interfere with the fusion process, which 
would lead to inhibition of exocytosis. This effect of 
corticosteroids could be related to their capacity to 
stabilize granule membranes and thus prevent the 
release of the granule constituents [50-52]. 

We have demonstrated that the chemotactic pep- 
tide, FMLP, induces selective extracellular release 
of granule-associated enzymes from human neutro- 
phils. The observation that enzyme discharge is 
dependent upon the pretreatment of cells with cyto- 
chalasin B is consistent with and confirms, with 
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human neutrophils, reports concerning rabbit neu- 
trophils [1], as well as indicating that FMLP-elicited 
extrusion of granule-associated enzymes is analogous 
to the mechanism of frustrated endocytosis [53]. 

In summary, we have described the capacity of 
naturally occurring prostaglandins to curtail granule 
enzyme release from human neutrophils resulting 
from cell contact with the tripeptide, FMLP. We 
have also indicated that certain therapeutically effec- 
tive corticosteroids and nonsteroid anti-inflamma- 
tory agents have the capacity to inhibit FMLP- 
induced granule enzyme release. Furthermore, the 
recovery of total #-glucuronidase and lysozyme 
activities in excess of 95 per cent, from neutrophils 
treated with the respective agents, indicates that 
these agents exert selective effects on enzyme 
release. The fact that these agents can modulate the 
activity of FMLP, which is structurally and func- 
tionally similar to an endogenous mediator of inflam- 
mation, suggests that degradative enzyme discharge 
stimulated with FMLP represents a valuable model 
for both the development of more effective thera- 
peutic agents and the elucidation of the mode of 
action of existing drugs on the cellular process of 
exocytosis. In addition, an evaluation of the activities 
of endogenous participants in inflammation, such as 
prostaglandins, may enhance our knowledge of the 
pathogenesis of various inflammatory diseases. 
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SHORT COMMUNICATION 


Antileishmanial effect of allopurinol and allopurinol ribonucleoside on 
intracellular forms of Leishmania donovani* 


(Received 2 February 1980; accepted 10 March 1980) 


Previous investigations from this laboratory have shown 
that allopurinol (4-hydroxypyrazolo[3,4-d]pyrimidine, 
HPP) is biologically active against the cultured forms of 
both the pathogenic leishmania and Trypanosoma cruzi 
[1, 2]. Biochemical investigation of the metabolism of HPP 
by these organisms [2, 3] has shown that this compound is 
metabolized by a sequential conversion to allopurinol 
mononucleotide and 4-aminopyrazolo[3,4-d]pyrimidine 
(APP) mono-, di- and trinucleotides (Fig. 1). The latter 
are incorporated into RNA. Further investigations have 
shown that allopurinol ribonucleoside (HPPR) is metab- 
olized in a similar sequence of reactions in the leishmania 
[4]. Since the intracellular, or amastigote, state is the path- 
ogenic form in man, it is imperative to demonstrate that 
HPP and its ribonucleoside have similar biological effects 
and undergo the same biochemical transformation in the 
intracellular form as has been demonstrated for the extra- 
cellular promastigote form. Similarities in HPP metabolism 
between amastigotes and promastigotes were suggested 
from the results of transformation experiments [4] in which 
it was found that both HPP and HPPR significantly reduce 
the percentage of an amastigote population capable of 
transforming to the promastigote. 

The chemotherapeutic effectiveness of HPP and HPPR 
was tested using an in vitro model system in which the 
murine macrophage P388D, cell line serves as the host cell 
[5]. Intracellular forms of Leishmania donovani (strain $1) 
were isolated from infected hamster spleens as described 
previously [6] and used to infect cultures of P388D, cells 
growing in Leighton tubes. Both HPP and HPPR (Fig. 2) 
were effective in reducing infection in the cell population 
over a period of 3-10 days. The percentage of infected cells 
in the untreated control cultures increased, as did the 
average number of amastigotes per infected cell. Drug- 
treated and non-treated infected macrophages showed 
identical growth kinetics. 

Experiments designed to compare HPP metabolism in 
the promastigote and the intracellular forms included : (1) 
exposure of free amastigotes to [6-'*C]HPP; (2) incubation 
of minced, infected hamster spleen preparations with [6- 
'SC]HPP; and (3) incubation of infected P388D, cultures 
with [6-'*C]HPP. The amastigotes of L. donovani produced 
HPPR monophosphate as well as three ribonucleotides of 
APP (Table 1). While the concentrations were low com- 
pared to the promastigotes [3], conversion of HPP to its 
ribonucleotide and subsequent conversion to APP ribo- 
nucleotides did occur. Under these conditions there was 
no morphological transformation of amastigotes to pro- 
mastigotes [6]; however, since these organisms were not 
in their usual intracellular environment, these results might 
not reflect normal metabolism of an amastigote. To elim- 
inate this possibility the following experiments were done. 

A minced, infected, hamster spleen that was incubated 
for 24 hrin medium containing [6-'"C]HPP also formed 
radiolabeled HPPR monophosphate and APP ribonucleo- 
tides (Table 1). Under identical conditions uninfected 
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spleen yielded radiolabeled HPPR monophosphate at one- 
tenth the concentration found in the infected spleen. 
Uninfected spleen did not form APP ribonucleotides. 

Incubation of an infected P388D, cell culture for 24 hr 
in medium containing [6-'*C]HPP resulted in a labeling 
pattern similar to that for minced spleen in that HPPR 
monophosphate and APP ribonucleoside mono-, di- and 
triphosphates were formed (Table 1). Uninfected macro- 
phages produced a small amount of HPPR monophosphate 
but no APP ribonucleotides. The appearance of HPPR 
monophosphate in P388D, cells is not unexpected and is 
in agreement with earlier investigations which showed that 
mammalian cells were capable of forming small amounts 
of this nucleotide but were unable to form APP ribonu- 
cleotides from HPPR monophosphate [7]. None of the 
APP ribonucleotide was excreted into the incubation 
medium in any of the above experiments, indicating that 
the inability to detect these compounds in the uninfected 
spleen and tissue culture was not due to rapid elimination 
of these nucleotides from the host cells. 

In these experiments (Table 1), HPP was converted to 
HPPR, which was found in the incubation medium. Since 
the latter is active against leishmania promastigotes [4] and 
amastigotes (Fig. 2), its metabolism in infected macro- 
phages was investigated. Using HPPR (U['*C]ribose) at 
2.5 ug/ml, we demonstrated that, in 24 hr, HPPR mono- 
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Fig. 1. Metabolic transformations of allopurinol and allo- 
purinol ribonucleoside in Leishmania and in Trypanosoma 
cruzi. The major metabolic pathway of allopurinol in these 
protozoans is to allopurinol ribonucleotide (HPPR-MP), 
mediated through a phosphoribosyltransferase. Allopuri- 
nol ribonucleoside is converted, through a single-step phos- 
phorylation, to HPPR-MP; this is mediated by a nucicoside 
phosphotransferase. The HPPR-MP is converted subse- 
quently by the adenylosuccinate synthetase to APP ribo- 
nucleotide (APPR-MP). This compound is converted sub- 
sequently to the diphosphate (DP) and triphosphate (TP) 
and incorporated into RNA. Aminopyrazolopyrimidine 
(APP) can be converted directly to APPR-MP by a phos- 
phoribosyltransferase, probably the adenine phosphori- 
bosyltransferase. Abbreviations: PP;, inorganic pyrophos- 
phate; PRPP, phosphoribosyipyrophosphate; and XP, 
unknown phosphate donor. 
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Table 1. Metabolism of allopurinol by amastigotes of L. donovani* 





Amastigote 
suspension 
(pmoles/10° cells) 


Allopurinol 


metabolites Infected 


Hamster spleen 


(pmoles/mg) 


Intracellular amastigotes 
P388D, macrophages 
Infected Noninfected 
(pmoles/10° cells) 


Noninfected 





HPP 
HRRP-MP 
APPR-MP 
APPR-DP 
APPR-TP 





* The amastigote suspension (1.7 x 10° organisms/ml) was exposed to [6-'“C)HPP (37 uM; 
1.1 uCi/umole) for 12 hr. The amastigotes were prepared from infected hamster spleen as described 
previously [6]. A minced, infected, hamster spleen preparation was exposed to [6-'"C]HPP (37 uM; 
1.1 wCi/umole) for 6 hr. The weight of the infected hamster spleen was 804 mg. The spleens from 
three noninfected hamsters (total weight 354 mg) were combined, minced, and exposed to (6-'"C]HPP. 
A culture of P388D, macrophages (1 x 10° cells/cm”) was infected as described in Fig. 2 and exposed 
for 24 hr to [6-'“C]HPP (16 uM; 52.4 wCi/umole). Perchloric acid extracts of cells were analyzed by 
high pressure liquid chromatography on Partisil 10/SAX (Whatman) with a 0.015-1.0 M gradient of 
KH>POg,, pH 3.5. The metabolic products were identified as described previously [8]. Nondetectable 
levels (ND) are <0.1 pmoles/mg for hamster spleen and > 0.001 pmoles/10° for the macrophages. 


phosphate and APP ribonucleoside triphosphate were 
formed at 0.4 and 0.02 pmoles/10° cells, respectively, in the 
infected P388D, macrophages. 

Our previous investigations demonstrated that allopu- 
rinol and allopurinol ribonucleoside are antileishmanial 
and undergo a series of metabolic conversions unique to 
these pathogens [1, 3, 4]. Irrespective of the experimental 
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Fig. 2. Inhibition of intracellular growth of L. donovani by 
HPP and HPPR. Intracellular forms of L. donovani (strain 
$1) were isolated from infected hamster spleens. The 
P388D, murine macrophages at mid-log growth, in Leigh- 
ton tubes, were infected for 2hr with the amastigotes 
obtained from the hamster spleens at an infection ratio of 
10 parasites per host cell. At the end of this exposure, the 
cultures were washed to remove the non-phagocytized 
parasites, and cover slips were removed as a zero time 
control. Fresh media containing 37 uM of either HPP or 
HPPR (10 ug/ml and 20 ug/ml, respectively) were added 
to the remaining tubes and changed every 24hr. Non- 
treated, infected cells and uninfected, treated cells were 
run in parallel as controls. Cover slips were removed every 
24hr from both experimental and control cultures, fixed 
in methanol, stained with Giemsa stain, and a minimum 
of 200 cells was counted to determine the number of amas- 
tigotes per cell and the percentage of infected cells. 





* Reprint requests should be addressed to: Dr. J. Joseph 
Marr, Department of Internal Medicine, St. Louis Uni- 
versity School of Medicine, 1325 South Grand Boulevard, 
St. Louis, MO 63104, U.S.A. 


conditions under which the amastigotes are placed—in 
suspension, within the phagocytic cells of the hamster 
spleen, or within a murine macrophage tissue culture—the 
metabolism of HPP and HPPR is the same as in the extra- 
cellular forms [3, 4]. 

Both compounds are effective in eliminating the intra- 
cellular parasites from these macrophages. This investi- 
gation supports the hypothesis that pyrazolopyrimidine 
metabolism is identical in the extracellular and intracellular 
forms of L. donovani and suggests that data obtained with 
extracellular forms will be useful in predicting the chemo- 
therapeutic response of the amastigotes. 
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COMMENTARY 


THE CURRENT VIEW OF THE SOURCE OF TRIGGER CALCIUM 
IN EXCITATION-CONTRACTION COUPLING IN VERTEBRATE 
SKELETAL MUSCLE 


GEORGE B. FRANK 
Department of Pharmacology, The University of Alberta, Edmonton, Alberta, T6G 2H7, Canada 


The idea that calcium ions play an important role 
in excitation—contraction (e—c) coupling is not new. 
In 1883, Ringer [1] demonstrated that the frog heart 
fails to contract and remains relaxed when calcium 
ions are absent from its perfusion fluid. By about 15 
years later it had been shown that the depolarization 
of the muscle fibre membrane is the electrical event 
responsible for initiating the mechanical response 
[2]. About 30 years after Ringer’s work it was shown 
that when the frog heart is relaxed by perfusion with 
a calcium-free (0-Ca*) solution the rhythmic, spon- 
taneous cardiac action potentials are still present in 
an only slightly modified form [3]. 

In 1947, Heilbrunn and Wiercinski [4] demon- 
strated that calcium was the only physiologically 
occurring cation which would cause shortening when 
injected in low concentrations into bits of skeletal 
muscle fibres. This finding was later confirmed under 
more physiological conditions [5]. One obvious 
explanation of these findings was that the action 
potential or membrane depolarization permits or 
promotes the entrance of calcium ions from the 
surface to the interior of the muscle fibre and that 
these ions then initiate the mechanical response. A 
working hypothesis of this type was proposed in 1952 
by Sandow [6]. 

In 1930 in a review on skeletal muscle physiology, 
Gasser [7] made the important distinction between 
contractions initiated by action potentials, and mus- 
cle shortening or tension produced by other means. 
The latter he called contractures to distinguish them 
from the twitches or tetani called contractions. In 
studying e-c coupling, we are primarily concerned 
with determining the mechanism linking the action 
potential with the mechanical response of the muscle, 
i.e. contractions. As will be discussed below, the 
careful and cautious use of contractures has been 





* It has been suggested in a recent voltage-clamp study 
[13] that this is not so and that replacement of sodium by 
lithium ions reduces the strength of depolarization-induced 
contractures. However, in all previous studies in this area 
the tensions of potassium-induced contractures are unred- 
uced by the replacement of sodium ions by choline or other 
monovalent cations unless the membrane potential is 
greatly altered. Also twitches, even in isolated fibres, are 
only potentiated slightly by the use of lithium in place of 
sodium ions in the bathing solution until sufficient lithium 
ions have entered the cell to depolarize the membrane and 
make the cell inexcitable (unpublished results). 
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useful in these investigations. On the other hand, 
the indiscriminate use of contractures or the unthink- 
ing use of experimental conditions liable to produce 
contractures instead of or in addition to contractions 
has led to much confusion and has hindered progress 
in this area. 


Development of the trigger calcium hypothesis for 
e-c coupling 

Since the conclusion in the classic study of A. V. 
Hill [8] that there was not sufficient time for calcium 
ions entering at the surface of a skeletal muscle to 
initiate the twitch virtually eliminated for a time any 
further consideration of a role for calcium in e-c 
coupling, the modern studies on this subject can be 
considered to have begun about 20 years ago with 
the investigations of Bianchi and Shanes [9] and 
Frank [10,11]. These studies which reopened the 
subject were stimulated by the demonstration by 
Hodgkin and Keynes [12] that an influx of calcium 
ions accompanies each action potential in the squid 
giant axon. 

Bianchi and Shanes [9], using “Ca, demonstrated 
that there was also an influx of calcium ions 
accompanying action potentials and potassium 
depolarizations which produce twitches and con- 
tractures, respectively, in frog twitch fibres. They 
also showed that the replacement of chloride by 
nitrate anions, which increases the twitch tension, 
also increased the calcium influx per twitch. 

In my initial studies, potassium-induced contrac- 
tures of frog toe muscles were used as a model for 
the events occurring during e—c coupling and the 
sodium ions in the bathing solutions were replaced 
by choline ions since it was known that sodium ions 
were not required for coupling.* This model was 
employed to avoid the complicating effects produced 
by changes in extracellular calcium concentration on 
excitability. Using this model it was shown that: (1) 
there was a rapid and complete elimination of the 
mechanical response in a 0-Ca** solution [10, 11]; 
(2) diffusion of calcium ions out of the extracellular 
spaces of the toe muscle is the rate-limiting step in 
the elimination of the mechanical response [11]; (3) 
in the absence of extracellular calcium ions the 
potassium-induced depolarization is not reduced and 
the resting membrane potential is only slightly 
reduced or unchanged at the instant when the 
mechanical response is completely eliminated 
[10, 14]; (4) the size of the potassium-induced con- 
tracture can be partly reduced by a partial reduction 
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in the extracellular calcium concentration [11, 15]; 
and (5) unmodified caffeine-induced contractures 
can be obtained in muscles kept in a 0-Ca** solution 
for a length of time sufficient to eliminate completely 
the potassium-induced contracture [11]. Since caf- 
feine is able to induce contractures by directly releas- 
ing calcium ions from intracellular stores [16, 17], 
this is a useful means of showing that removal of 
extracellular calcium ions does not directly depress 
the intraceilular contractile apparatus but rather 
modifies e—c coupling. 

Initially in these studies it was thought that the 
extracellular calcium ions entering during the action 
potential served to initiate the mechanical response 
and, while this may well be the case in some other 
muscle types and in some invertebrate striated mus- 
cles [18], it soon became obvious that this was not 
the case in vertebrate skeletal muscle. Thus, it was 
found that the replacement of chloride ions by bro- 
mide ions, which potentiated twitches and potas- 
sium-induced contractures by an effect at the muscle 
surface membrane, increased the time required for 
the loss of the potassium contracture response in a 
0-Ca** solution [15]. It seemed highly unlikely that 
the bromide ion produces this effect by decreasing 
the rate of calcium diffusion out of the extracellular 
spaces of the muscle. Next it was found that several 
divalent and some trivalent cations and low, sub- 
contracture concentrations of caffeine could restore 
potassium contractures previously eliminated in a 0- 
Ca** solution [17]. However, after prolonged expo- 
sure to the 0-Ca** solution, these ions no longer 
supported contracture production. However, the lat- 
ter was restored by reexposing the muscles to calcium 
ions. This naturally led to a consideration of the role 
of cellularly ‘bound’ calcium ions in e—c coupling. 

When calculations using the Ca** influx data of 
Bianchi and Shanes [9] indicated that insufficient 
extracellular Ca** entered per twitch to activate fully 
the contractile proteins, it was proposed that the 
Ca** entering the sarcoplasm during the membrane 
depolarization serve to produce some other intra- 
cellular event which eventually leads to mechanical 
activation [19]. Since there is evidence that a rise in 
the sarcoplasmic Ca** concentration initiates a 
mechanical response and that most of this Ca*’ 
comes from the calcium stored in the sarcoplasmic 
reticulum [20], presumably the trigger calcium which 
enters from the surface serves to stimulate the release 
of calcium from the sarcoplasmic reticulum. A more 
detailed and elaborate form of this trigger calcium 
type of mechanism was later proposed by Bianchi 
[21, 22]. My most recent model for this type of mech- 
anism [23] will be presented and discussed below. 


Subsequent developments in this area 

In the 15 years or so that have passed since the 
initial development of the trigger calcium hypothesis, 
a large number of studies have been reported in the 
area of e—c coupling. Unfortunately, it is beyond the 
scope of this commentary to review all of this work; 
however, there have been some important findings 
that do require mention and consideration here. 

Although Hill’s early objection to a role for cal- 
cium in e-c coupling [8] could be set aside by the 
findings indicating that there was an anatomical sys- 
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tem for carrying the electrical information from the 
outer surface of the muscle fiber to its center [24, 25], 
the indispensable role played by this system, the t- 
tubular system, in e—c coupling in vertebrate twitch 
fibres was only revealed by the results obtained using 
the glycerol exposure-removal technique [26-29]. 
Following such a treatment which closes off the 
surface openings of the t-tubules, action potentials 
and caffeine contractures still could be produced but 
twitches and potassium-induced contractures could 
not. In addition to showing the essential role of the 
t-tubules, these experimental results also demon- 
strated the fundamental similarity and the identical 
site of action of e-c coupling produced by action 
potentials and potassium depolarizations. 

Using skinned muscle fibres in which some of the 
sarcolemma has been removed, it has been shown 
more recently that calcium ions can cause a large, 
rapid release of calcium from the sarcoplasmic reticu- 
lum and thereby produce a mechanical response [30- 
33]. Although the physiological role played by this 
mechanism has been questioned [34], more recent 
studies have tended to support a physiological role 
for this process [35, 36]. Considering the unphysiol- 
ogical status of such preparations, a dispute of this 
nature is not surprising. Nevertheless the demon- 
stration that calcium ions can induce the release of 
greater amounts of calcium ions from the sarco- 
plasmic reticular calcium stores provided an essen- 
tial piece of evidence supporting the trigger calcium 
hypothesis. The existence of this release process was 
earlier predicted by proponents of the trigger calcium 
hypothesis and, in fact, is required for this mech- 
anism to work. 

As mentioned above, several divalent and some 
trivalent cations at a concentration of 1 mM support 
the development of potassium-induced contractures 
in a 0-Ca?* solution [17]. When later it was found 
in many cells and tissues that higher Mn** concen- 
trations inhibited inward Ca** movements, the 
effects of these higher Mn** concentrations on e-c 
coupling were investigated in vertebrate skeletal 
muscles [37-39]. It was found that 10mM Mn?** 
greatly depressed the twitch within 8 sec in isolated 
fibres [37] and completely blocked the twitch in 2- 
3 min in whole sartorius muscles [38, 39]. The action 
potentials were little affected by 10mM Mn’. 
Potassium-induced contractures were more resistant 
to this block [37,39], and 15-20 mM Mn?** was 
required to produce a complete block [38]. Caffeine 
contractures still occurred in the presence of 10 mM 
Mn’’. 

Similar effects have been observed with La**, 
another cation known to interfere with calcium 
movements at cell membranes. At a concentration 
lower than the cations mentioned above, La®** 
(0.1 mM) could maintain the production of potas- 
sium-induced contractures in a 0-Ca** solution [40]. 
Higher concentrations (up to 1 mM) inhibited potas- 
sium-induced contractures in the presence of calcium 
ions [40-42] but not caffeine contractures. La** 
(1 mM) also reduced the twitch amplitude without 
reducing the size of the action potential [41]. Thus, 
by the use of these cations which interfere with 
calcium movements at cell membranes, e—c coupling 
could be greatly inhibited or blocked, without reduc- 
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ing the action potential, blocking the internal con- 
tractile apparatus, or modifying the structure of the 
triad (i.e. the t-tubule with the two associated ter- 
minal cisternae of the sarcoplasmic reticulum) [39]. 

The final topic to be considered in this section is 
the recent findings suggesting an irreducible latent 
period greater than 1.0 msec between the start of the 
muscle action potential and the start of the release 
of calcium from the sarcoplasmic reticulum. This 
minimum latent period has been found in two dif- 
ferent lines of research: (1) studies on the mechanism 
for latency relaxation (the small decrease in tension 
which precedes the twitch following a stimulus), and 
(2) optical studies of e—c coupling in skeletal muscles. 

In 1966, Sandow [43] proposed that latency-relax- 
ation (LR) was caused by the physical effects 
accompanying the release of calcium from the sar- 
coplasmic reticulum. Subsequently, Mulieri [44] and 
Gilai and Kirsch [45] have confirmed that LR is 
concurrent with and caused by the release of Ca** 
from the sarcoplasmic reticulum. There was a mini- 
mum latent period before the start of LR of 1.2 msec 
in sartorius muscle fibres and 2.2 msec in semiten- 
dinosus muscle fibres. Under the conditions of these 
experiments using a mass stimulation technique, the 
electrotonic potentials should have reached a maxi- 
mum by about 0.2-0.3 msec and be gone before or 
just at the start of LR. Thus, there is a gap of 1- 
2 msec between the maximum of the electrical poten- 
tial and the start of the calcium release from the 
sarcoplasmic reticulum. 

In both optical birefringence studies and fluor- 
escence studies using dyes, a signal has been found 
which corresponds in time to LR and these signals 
have been interpreted as indicating a change in the 
membranes of the sarcoplasmic reticulum corre- 
sponding to the calcium release process [46]. This 
interpretation was challenged recently by the finding 
that the birefringence signal was suppressed by the 
intracellular injection of EGTA* (a calcium chela- 
tor) into frog skeletal muscle fibres [47]. This was 
interpreted to suggest that the birefringence signal 
was directly produced by the increase in sarcoplasmic 
free calcium levels rather than by a sarcoplasmic 
reticular membrane change associated with the cal- 
cium release. However, there is another interpre- 
tation of the latter findings which is more consistent 
with the results in other optical studies, in LR studies 
and with the trigger calcium mechanism. This is that 
the intracellular EGTA chelates the small amount 
of trigger calcium released from the t-tubular mem- 
brane into the triadic junction thereby preventing 
these ions from reaching the terminal cisternae of 
the sarcoplasmic reticulum and, thus, the calcium 
release process is not initiated and no birefringence 
signal is produced. 

This minimum latent period of about 1-2 msec 
between the maximum of the electrical potential and 
the start of the calcium release from the sarcoplasmic 
reticulum cannot be explained by a mechanism 
depending upon the t-tubular electric currents or 
potentials to initiate directly and maintain the release 
of calcium from the sarcoplasmic reticulum. The 





* EGTA, ethyleneglycolbis(aminoethylether)tetra-acetate. 
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most reasonable explanation for this delay is that it 
is the time required for a substance released from 
the membrane of the t-tubule to diffuse across the 
triadic junction and to act upon the membranes of 
the sarcoplasmic reticulum. The situation may be 
viewed as similar to that of synaptic transmission in 
which there is a delay of about 1 msec when a chem- 
ical transmitter is released from the pre-synaptic 
ending and has to diffuse across the synaptic junc- 
tional space to act on the post-synaptic cell but there 
is no delay in the start of the post-synaptic potential 
change when the junction is electrically coupled. 


Block of e-c coupling by removal of extracellular 
calcium and some experimental problems 

As already mentioned, the demonstration that 
bathing a skeletal muscle in a 0-Ca’* solution will 
eliminate e—c coupling before sufficient intracellular 
calcium is removed to block a mechanical response 
is one of the main experimental supports for the 
trigger calcium hypothesis. When using whole mus- 
cles with small cross-sections, such as the frog toe 
muscle, the loss of the potassium-contracture was 
determined by the rate at which calcium ions diffused 
out of the extracellular spaces of the muscle [11]. 
However, when isolated fibres are used and the effect 
of calcium removal on the twitch is investigated, the 
loss of the twitch, although rapid (usually 2-5 min) 
[48-51], is considerably longer than would be 
expected for the time required for calcium to diffuse 
out of the t-tubules. 

These findings make it clear that, although under 
ordinary circumstances extracellular calcium ions are 
required to maintain the surface membrane store of 
trigger calcium ions, the extracellular calcium ions 
do not directly serve as the trigger calcium ions. For 
example, even in large (i.e. 100 um diameter) single 
fibres it can be calculated that the calcium concen- 
tration in the t-tubules should be essentially zero in 
less than 1 min in a 0-Ca** solution (M. N. Oguz- 
toreli, personal communication). Thus, the twitch 
response can continue for several minutes in the 
absence of extracellular calcium ions in the t-tubules 
and only disappears when the store of trigger calcium 
is lost, presumably by diffusion into the external 0- 
Ca** solution. 

Even more dramatic separations between the loss 
of extracellular and the loss of trigger calcium ions 
can be obtained by pharmacological means. The 
most obvious way is by the addition of appropriate 
concentrations of many divalent or trivalent cations, 
which inhibit the removal of trigger calcium, to the 
0-Ca** solution. This effect, already discussed in 
relation to potassium-induced contractures, also 
occurs with contractions [23, 52, 53]. 

Ordinarily the inhibitory effects of multivalent 
cations on trigger calcium removal should present 
no difficulty. However, an effect of this type some- 
times subtly complicates studies in this area. This is 
due to Mg** which, in mammalian skeletal muscle 
as in many other tissues, antagonizes Ca**-mediated 
effects [54] but in frog skeletal muscle supports 
mechanical responses for a considerable time in a 
0-Ca** solution [17]. Mg’ is not required in Ringer’s 
solution, and isolated frog skeletal muscle can func- 
tion for 8 hr or more without this ion. Thus, it usually 
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Fig. 1. Elimination of twitch in isolated frog semitendinosus muscle fibre by 0-Ca?* solutions, and 
antagonism of this effect by Tris or phosphate buffered solutions. The Ca?* concentration (in mM) in 
the solution bathing the fibre is indicated by lines immediately below each record. Changes in buffer 
are indicated by a second line below the line for Ca’* in E. Fibre in the solution is indicated at the start 
of each test for at least 10 min before the start of records. Tests were conducted in the order shown: 
B, 20 min after A; C, 29 min after B; D, 28 min after C; and E, 28 min after D. With the exception of 
E, only one type of buffered solution was used for each test. See text for further details. (From Ref. 


50.) 


is not included in Ringer’s solution even though frog 
plasma does contain 1.2 mM Mg’* [55]. However, 
some investigators have included Mg** in their 
Ringer’s solution [56-61]. No doubt it is of benefit 
to the homeostasis of the frog to have a substance 
in the plasma which prevents or delays the depletion 
of trigger calcium ions, and probably there are other, 
as yet unrecognized substances with such a function 
in the plasma of all vertebrates. Nevertheless, the 
addition of Mg** to frog’s Ringer's, by interfering 
with the removal of trigger calcium ions greatly com- 
plicates the interpretation of the results obtained in 
studies on e-c coupling with frog and probably other 
amphibian muscles. 

The loss of trigger calcium into a 0-Ca’* solution 
also can be greatly delayed by the use of buffers 
other than a bicarbonate buffer in Ringer’s [50, 51]. 
The effects of a phosphate and a Tris buffer are 
illustrated in Fig. 1. This effect was variable, and 





* HEPES, 4-(2-hydropyethyl)-1-piperazine-ethanesul- 
fonic acid; and PIPES, 1,4-piperazinebis-ethanesulfonic 
acid. 


twitch elimination in isolated fibres in a 0-Ca** phos- 
phate buffered solution takes from 4.5 to > 35 min 
[48, 50, 51, 62] but always longer than in a 0-Ca’*, 
bicarbonate buffered Ringer’s solution when com- 
pared on the same fibre. The use of Tris instead of 
bicarbonate also delayed the twitch loss but its effect 
was not as great as phosphate and the twitch was 
usually gone in 0-Ca**, Tris-buffered Ringer’s by 
8 min [49-51]. Although they have yet to be carefully 
investigated, it would seem likely that the more 
exotic buffers occasionally employed (e.g. imidazole, 
HEPES, PIPES, etc.)* might well have a similar 
effect on e—c coupling. 

It has been mentioned above that replacing Cl” 
by Br” slows down the loss of trigger calcium ions 
into a 0-Ca** solution. Presumably a similar effect 
would be produced by other lyotropic anions. In 
addition, several organic anions modify e—c coupling, 
probably by an action on surface membrane bound 
Ca’* [63]. Anions, both organic and inorganic, are 
often indiscriminately substituted for Cl” in Ringer’s 
or in other physiological solutions without any seri- 
ous consideration of their possible effects on e-c 
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coupling or their other pharmacological effects. A 
frequent offender is methylsulfate which has been 
shown to modify e—c coupling [64, 65]. 

Another frequently unrecognized problem is that, 
unless a neuromuscular blocking agent is used, the 
acetylcholine released from intramuscular nerve 
endings by electric stimulation or potassium depo- 
larization will interfere with the loss of trigger cal- 
cium ions into 0-Ca** solutions. In potassium con- 
tracture experiments this can induce repetitive 
twitching [66], and it takes longer to eliminate the 
twitch response in a 0-Ca** solution than the potas- 
sium contracture (unpublished results). More impor- 
tantly, acetylcholine, like the divalent cations, 
inhibits the loss of trigger calcium ions into a 0-Ca’* 
solution [67]. 

Many other chemicals and drugs interfere with 
trigger calcium movements and effects. In contrast 
to the few specific problems mentioned in this sec- 
tion, when these other chemicals are used it is usually 
recognized that they are producing a pharmacologi- 
cal effect which requires consideration and interpre- 
tation. It is beyond the scope of this commentary to 
go into this large area of the pharmacology of e-c 
coupling. 

Finally, another technical problem which can pro- 
duce conflicting and confusing results is the use of 
excessive stimulating currents. Such currents can 
produce a twitch-like response even when the action 
potential is blocked by tetrodotoxin or by choline’ 
replacement of Na* in the bathing solution [23]. The 
mechanism for the production of this response is of 
necessity different from the normal e-—c coupling 
process and it may be similar to the one responsible 
for the mechanical responses produced in skinned 
fibres by strong longitudinal currents [68]. These 
twitch-like responses are resistant to rapid elimina- 
tion by removal of extracellular Ca** and possibly 
might be due to the direct release of Ca?* from the 
sarcoplasmic reticulum [69] without the intervention 
of the normal e—c coupling process. 


Alternative mechanisms 

Although it is not the purpose of this commentary 
to analyze alternative hypothetical coupling mech- 
anisms, consideration should be given to the reasons 
leading some investigators to seek and propose such 
alternatives. One reason often put forward results 
from the difficulty that some investigators experience 
in eliminating rapidly the twitch or contracture in a 
0-Ca** solution because of the pharmacological and 
physiological factors detailed above which inhibit the 
loss of trigger calcium ions. Usually the source of 
this problem is unrecognized by the investigator, but 
one wonders about investigators working in this area 
who over the years change their experimental sol- 
utions in ways known to inhibit the loss of the 
mechanical response in 0-Ca** solutions (e.g. Refs. 
61 and 70). 

Another source of confusion results from a large 
but variable membrane depolarization recorded by 
some workers (but not by others) using intracellular 
microelectrodes in 0-Ca** solutions. When it is 
found, the investigator then proposes that the loss 
of the mechanical response is due to inexcitability 
caused by the large membrane depolarization. When 
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tested, however, membrane depolarizations pro- 
duced by potassium cause a distinctly different pat- 
tern of effects on the twitch [71]. In addition, these 
large depolarizations are not recorded when using 
a sucrose-gap apparatus, and they have been shown 
to be a recording artifact produced by the insertion 
of microelectrodes into the muscle membranes with 
increased fragility caused by the 0-Ca** solution [72]. 
It must be concluded that this variably occurring 
artifact does not provide an explanation for the loss 
of e-c coupling in 0-Ca* solutions. 

The first and most enduring alternative mechanism 
was the suggestion that intracellular currents pro- 
duced by the surface action potential directly cause 
the release of Ca** from the sarcoplasmic reticulum. 
This mechanism was proposed despite a large body 
of evidence, starting with the work of Biedermann 
[2], repeatedly demonstrating that it is the membrane 
depolarization and not intracellular currents which 
cause e—c coupling. In the final review of a recent 
active worker in this area [73], it was concluded that 
there was insufficient current flow through the mem- 
brane of the sarcoplasmic reticulum to cause calcium 
release from this intracellular store when the surface 
membrane is depolarized by an action potential (for 
further discussion see Ref. 23). 

Two more recent alternative hypotheses are: (1) 
that changes in fixed surface membrane charges are 
involved in e—c coupling [74], or (2) that a surface 
‘gating mechanism’ modifying charge movement 
causes e—c coupling by a mechanical linkage to the 
sarcoplasmic reticulum [75]. However, the experi- 
ments purporting to support these mechanisms were 
conducted under such abnormal physiological and 
pharmacological conditions (e.g. Refs. 76-78) that 
it is difficult to determine what relation, if any, these 
findings have to the normal physiological function 
of skeletal muscle. 


A model for the trigger calcium mechanism 

Presented in Figs. 2 and 3 is a recent version of 
the model first proposed by Bianchi [21, 22]. This 
model distinguishes among several locations and 
actions of skeletal muscle cell calcium. In the resting 
cell, the free Ca** concentration in the myoplasm 
(Cay) is below the threshold level for mechanical 
activation. The free Ca** concentration in the triadic 
junction (Ca,;) is in equilibrium with Ca,,, and is 
presumably the same. Most of the cell calcium is 
sequestered in the terminal cisternae of the sarco- 
plasmic reticulum (Cas). The trigger calcium (Ca,,,) 
is shown bound to the intracellular surface of the t- 
tubular membrane. This would seem to be the most 
likely location for the trigger calcium because it is 
rapidly released by depolarization into the triadic 
junction yet it takes several minutes for it to be 
depleted by diffusion into a 0-Ca** solution in the 
t-tubule lumen. Finally, there is Ca** (Ca,,) loosely 
bound to the luminal surface of the t-tubular mem- 
brane. The latter is in equilibrium with extracellular 
Ca’* in the lumen of the t-tubule (Ca,). 

When the t-tubular membrane is depolarized, 
some of the trigger calcium (Ca,,,) is released into 
the triadic junction. It diffuses across this junction 
during the latent period to reach and act on the 
terminal cisternae membrane thereby causing the 
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Fig. 2. Working model for the trigger calcium mechanism for e-c coupling: I. Resting, coupling and 
recovery. T-tubule on right and terminal cisternum on left. Abbreviations: t, t-tubular lumen; ts, luminal 
surface of t-tubule membrane; mb, t-tubular membrane; tj, triad junction; my, myoplasm; SR, sar- 
coplasmic reticulum; E, efflux; I, influx; and Ca, calcium. See text for further details. (From Ref. 23.) 


release of Cas into the myoplasm raising the [Ca,,,] 
to above the threshold concentration required to 
produce.a mechanical response. 

Recovery (or relaxation) is brought about by active 
processes pumping the Ca,,, back into the sarco- 
plasmic reticulum or out of the fibre. During recov- 
ery, the Ca,,, also must be restored to resting levels. 
This is particularly important to the normal physio- 
logical functioning of skeletal muscle fibres in which 
isolated action potentials are rare and activity tends 
to come in bursts. 

The luminal surface Ca,, helps to bind the trigger 
calcium to the membrane. This has two effects: (1) 
to inhibit the loss of Ca,,, from its binding site and 
thereby to maintain a sufficient level of Ca,,, for 
coupling, and (2) to control the amount of Ca,, 
released by depolarization into the triadic junction. 
When the [Ca,,] is reduced by lowering [Ca,] (Fig. 
3), submaximal depolarization contractures or 
twitches are potentiated because the binding of Ca,,, 
is weakened and more is released into the triadic 
junction for a given amount of depolarization. These 


mechanical responses are only reduced or blocked 
when the [Ca,,,] is reduced to very low levels. 

Several multivalent cations, by taking the place 
of Ca,, at these extracellular binding sites, can pre- 
vent the loss of Ca,,, into a 0-Ca** solution and 
thereby maintain e-c coupling in a 0-Ca** solution 
(shown as the Co** effect in Fig. 3). Not shown is 
that several of these multivalent cations will poten- 
tiate the twitch or potassium contracture response 
when added to Ringer’s in very low concentrations 
(10° M), presumably by replacing some of the Ca,, 
but producing a weaker binding of Ca,,,. This will 
permit more of the Ca,,, to be released by the action 
potential. Finally, several of these multivalent 
cations can inhibit or block e—c coupling when added 
to Ringer’s in high concentrations. These include 
Mn?* (10-20 x 107M), La** (10°°M) and Ca** 
itself (=5 x 10-* M). This suggests that there might 
be a surplus of these luminal surface binding sites 
and, when they are more fully occupied, the release 
of Ca,,, by an action potential is inhibited. 

In frog ventricular muscle {|22] and in some mol- 
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luscan smooth muscles [79, 80] it has been demon- 
strated that the trigger calcium located at the intra- 
cellular side of the surface membrane serves as the 
source of the Ca’* required to raise [Ca,,,] suffi- 
ciently to produce a contraction. By analogy, the 
possibility has been suggested that in vertebrate skel- 
etal muscle as well, Ca,,, might supply the Ca** for 
increasing [Ca,,,] during e—c coupling and that the 
sarcoplasmic reticulum store serves mainly to main- 
tain the level of Ca,,, [22]. However, since it takes 
several hours with the muscle in a 0-Ca** solution 
to deplete Casz but only a few minutes to deplete 
Ca,» [17], this suggestion seems unlikely. 

On the other hand, the trigger calcium mechanism 
as proposed here is very similar to the e—c coupling 
mechanism recently proposed for mammalian ven- 
tricular muscle [81, 82]. The main difference is that 
in the latter muscle type it is proposed that the trigger 
calcium is not bound to the surface membrane but 
is a trans-sarcolemmal influx of extracellular calcium 
occurring during the plateau of the mammalian 
action potential. 

In conclusion, it must be emphasized that this is 
only a working model which attempts to incorporate 


the mostrecent results in this area of study. Although 
not a final answer, this mechanism and model incor- 
porate the most reliable results obtained in studies 
on e-c coupling in vertebrate skeletal muscle during 
the past century. In addition, this mechanism (and 
model) is particularly important for pharmacologists 
because it indicates that one of the most promising 
areas for study involves the investigation of the 
effects on membrane Ca** of a large number of 
chemical substances known or suspected to modify 
muscle contraction by an effect on the muscle surface 
membrane rather than at an intracellular site. 
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Abstract—Concentrations of metals (Cd, Zn, Cu and Fe) in serum, liver and kidneys changed with 
time after a single injection of cadmium chloride into rats. The injected cadmium disappeared from 
serum within 6hr and transferred mainly to liver. Distribution patterns of cadmium, zinc and copper 
in the tissue supernatant fractions were investigated mainly on a SW 3000 column (which was connected 
to a high speed liquid chromatograph with a flame atomic absorption spectrophotometer) and also on 
a Sephadex G-75 column. Cadmium in the liver supernatant fractions changed distributions among 
protein fractions with time and was mostly present as metallothionein 6hr after the injection. The 
ratios of both metallothionein-I/-II and Cd/Zn in each isometallothionein changed with time, which 
suggested active degradation and resynthesis of metallothionein in the liver regardless of the constant 
metallothionein level. Cadmium in the kidney supernatant fractions increased slowly but consecutively 
with time and was present mostly as three isometallothioneins on a SW column due to high copper 


content. 


Induction of metallothionein has been well docu- 
mented in liver and kidneys of laboratory animals 
after cadmium loading [1-7]. However, there has 
been no detailed study which examined the time- 
dependent changes of isometallothioneins in liver 
and kidneys by analysing not only cadmium, an 
inducer metal, but also zinc and copper. 

Recently we have explored a new analytical 
method for metallothioneins which made it far easier 
to investigate metallothioneins at isometallothionein 
level [8]. The outlet of a high speed liquid chro- 
matograph equipped with a gel permeation column 
(TSK GEL SW 3000) was directly connected to a 
nebulizer tube of a flame atomic absorption spec- 
trophotometer (HLC-AAS) and the column was 
eluted with alkaline buffer solution. Metallothi- 
oneins in tissue supernatant fractions were analysed 
as separate isometallothioneins within an hour at a 
small sample consumption. The new analytical 
method was effectively applied to characterize 
metallothionein dimers [9] and kidney metallothi- 
oneins induced by loadings of cadmium-thionein and 
earthworm cadmium-binding proteins [10, 11]. 

The present study was intended to investigate the 
induction of metallothioneins in liver and kidneys 
at isometallothionein levels by analysing not only 
cadmium, an inducer metal, but also zinc and copper. 
At the same time, the changes of metal concentra- 
tions induced by cadmium loading were traced in 
serum for cadmium, copper and iron, and compared 
with changes in liver and kidneys. 


MATERIALS AND METHODS 


Induction of metallothionein. Sixty female rats of 
the Wistar strain (JCL, Clea Japan; 18-week-old; 
mean body wt + S.D. 264.4 + 13.9 g) were injected 
once intraperitoneally (i.p.) with cadmium chloride 
at a dose of 1.12 mg Cd/kg body wt. Six animais for 


each group were killed 1, 3, 6, 12 and 18hr, 1, 2, 
3, 4 and 7 days after the injection by exsanguination 
under light ether anaesthesia. Control animals (12 
rats) were killed without treatment at the middle 
point of the experiment. Liver and kidneys were 
removed, washed in chilled Tris-HCI buffer solution 
(0.1M, pH 7.4, containing 0.25M glucose), and 
stored at —20°. 

Preparation of tissue supernatants. A four gram 
wet weight portion of liver and whole kidneys were 
homogenized in 3 vol. 0.1. M Tris-HCl buffer sol- 
ution (pH 7.4, containing 0.25 M glucose) using a 
polytron homogenizer under ice—water cooling and 
a nitrogen atmosphere. The homogenates were cen- 
trifuged at 170,000 g for 60 min at 4° in a Beckman 
50 Ti rotor. 

Determination of metal concentrations. A one-ml 
portion of serum was digested with mixed acid (1 ml, 
HC10,-HNO,, 1:5 v/v) and diluted to 5ml with 
doubly distilled water. Liver and kidney supernatants 
were diluted 10-fold with doubly distilled water. 
Concentrations of Cd, Zn, Cu and Fe were deter- 
mined on an atomic absorption spectrophotometer 
with deuterium background correction (Shimadzu 
640-12). 

Gel filtration chromatography on a Sephadex G- 
75 column. Four millilitre samples of liver and kidney 
supernatant fractions were pooled in each group and 
a 10-ml portion of the pooled supernatant fractions 
was applied to a column (2.6 x 90 cm) of Sephadex 
G-75 (Pharmacia). The column was eluted with 1 mM 
Tris-HCI buffer solution, pH 8.6, at a flow rate of 
62 ml/hr. Absorbances at 254 and 280 nm and con- 
ductivity were continuously recorded on a three-pen 
recorder (Rikadenki PG-3 with pen gap adjustment 
memory) using flow cells by a dual wave length u.v. 
detector (Altex Model 152) and a conductivity meter 
(M & S Instruments Inc., Model CD-35M II), 
respectively. Fractions (5 ml) were collected and 
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concentrations of cadmium, zinc and copper were 
determined in each fraction on an atomic absorption 
spectrophotometer (Hitachi AA 170-50A). 

Gel permeation chromatography on a SW 3000 
column [8]. The outlet of a high speed liquid chro- 
matograph (Toyo Soda HLC 803A) equipped with 
a gel permeation column [TSK GEL SW 3000 col- 
umn, Toyo Soda, 21.5 x 600 mm with a precolumn 
(21.5 x 100 mm)] was directly connected to a nebu- 
lizer tube of a flame atomic absorption spectropho- 
tometer (Hitachi AA 170-50A). A one ml aliquot of 
the pooled tissue supernatant fractions from each 
group was applied and the column was eluted with 
50mM _ Tris-HCl buffer solution (pH 8.6 at 25°, 
containing 0.1% NaN,; dissolved gas was removed 
at 80° under reduced pressure) at a flow rate of 
3.7 ml/min. Molecular absorbances at 254 and 280 nm 
and atomic absorbance of one of the three metals 
(Cd, Zn and Cu) were recorded on a three-pen 
recorder. 


RESULTS 


Cadmium was injected i.p. into rats once at a dose 
of 1.12 mg Cd/kg body wt as described in Materials 
and Methods. Concentrations of metals (Cd, Zn, Cu 
and Fe) in serum and liver and kidney supernatant 
fractions changed with time after the injection of 
cadmium as shown in Fig. 1. 


Cadmium was not 
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detectable in control serum and liver and kidney 
supernatant fractions. Cadmium found in serum 1 hr 
after the injection decreased with time and stayed 
at a low level after 6 hr post-injection. Cadmium in 
liver increased with time to attain a constant level 
6 hr after the injection (data not shown). The con- 
centrations of cadmium in the liver supernatant frac- 
tions changed with time and increased to reach their 
highest level 18 hr after the injection, then remaining 
at a relatively constant level. The decrease of cad- 
mium and zinc concentrations observed 2 and 3 days 
after the injection can be explained by the changes 
of liver weight; namely 8.25 + 0.24 g (1 day), 9.37 + 
0.41 g(2 days), 10.69 + 0.84 g (3 days), 9.05 + 1.09 g 
(4 days) and 8.32 + 0.74 g (7 days) (mean + S.D.). 
Cadmium in the kidney supernatant fractions con- 
tinued to increase slowly with time during the 
experiment. 

Zinc in serum decreased to the lowest level (about 
25 per cent of the control value) after a temporary 
increase shortly post-injection, and thereafter started 
to increase up to 2 days after the injection to reach 
near the control level. Zinc in the liver supernatant 
fraction started to increase with time and attained 
the highest level 18 hr after the injection (as also 


-observed for cadmium) and then stayed at this high 


level. Although the zinc level in the kidney super- 
natant fractions fluctuated after the injection, the 
level increased with the increase of cadmium. 
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Fig. 1. Changes of metal concentrations in serum and in liver and kidney supernatant fractions after 
injection of cadmium. Cadmium chloride was injected i.p. into female rats (mean body wt 264 g) at a 
dose of 1.12 mg Cd/kg body wt. The animals (6 rats/group) were exsanguinated 1, 3, 6, 12 and 18 hr, 
1, 2, 3, 4, and 7 days after the injection. Serum was separated by centrifuging blood at 2300 for 
10 min. Liver and kidneys were homogenized in three volumes of 0.1 M Tris-HC! buffer solution and 
the homogenates were centrifuged at 170,000 g for 60 min to produce supernatant fractions. Concen- 
trations (ug/ml serum or supernatant fraction) were indicated as mean + S.D. of six samples in each 
group. C indicates control values. 





Changes of metal contents and isometallothionein levels in rat tissues 


Copper in serum decreased for the first 6 hr and 
then started to increase up to 2 days after the injec- 
tion. Thereafter, it decreased slowly to level off at 
a control level. Copper in the liver supernatant frac- 
tions stayed almost at constant low level during the 
experiment. On the other hand, copper in the kidney 
supernatant fractions fluctuated for the first 2 days 
(as also observed for zinc) and then started to 
increase from the lowest level 2 days after the injec- 
tion. Iron in serum fluctuated without significant 
changes from the control value. 

Distribution patterns of cadmium in the liver 
supernatant fractions were investigated on a Sepha- 
dex G-75 column (data not shown). Cadmium was 
mostly present in the high molecular weight fraction 
for the first 3 hr after the injection and then redis- 
tributed mostly to the metallothionein fraction 6 hr 
after the injection on a Sephadex G-75 column, as 
reported by Nordberg et al. [1]. The cadmium redis- 
tributed to the metallothionein fraction stayed at the 
same profile on a Sephadex G-75 column during the 
experiment. The distribution patterns of cadmium 
were also investigated on a SW column which was 
found to have both gel filtration and cation exchange 
chromatographic properties [8]. A SW 3000 column 
connected to a high speed liquid chromatograph was 
eluted with alkaline buffer solution in order to sep- 
arate metallothionein into isometallothioneins and 
the outlet of the column was directly connected to 
a nebulizer tube of a flame atomic absorption spec- 
trophotometer (HLC-AAS) for simultaneous and 
continuous determination of cadmium concentration 
in the eluate. The distribution profiles of cadmium 
were similar to those on a Sephadex G-75 column 
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except for the separation of metallothionein into the 
two isometallothioneins (metallothionein-I and -II 
at retention times of 39.6 and 37.2 min, respectively) 
on a SW 3000 column. As shown in Fig. 2, cadmium 
was mostly localized in the high molecular weight 
fraction for the first 3 hr and thereafter was localized 
in the metallothionein fraction. Although cadmium 
in the metallothionein fraction was observed as a 
single peak without any apparent changes on a 
Sephadex G-75 column during the experiment, the 
distribution profiles on a SW 3000 column clearly 
indicated that the ratio of the two isometallothi- 
oneins changed with time. The changes of isome- 
tallothionein ratios with time without any appreci- 
able changes of metallothionein level indicated the 
active degradation of metallothionein followed by 
resynthesis of new metallothioneins with different 
isometallothionein ratios from the degraded metal- 
lothioneins. The ratios of metallothionein-I to -II 
were unity at 6hr, less than unity between 12 and 
24hr, again about unity at 2 days, and more than 
unity for the rest of the experiment. 

Distribution profiles of zinc in the liver superna- 
tants were also investigated both on a Sephadex G- 
75 column and on a SW 3000 column. Zinc in the 
metallothionein fraction started to increase 6 hr after 
the injection and then the Zn/Cd ratio stayed at 
nearly constant level on a Sephadex G-75 column 
(data not shown). Distributions of zinc on a SW 3000 
column (HLC-AAS) also changed with time in the 
metallothionein fraction, as observed for cadmium, 
regardless of no appreciable changes on a Sephadex 
G-75 column. The ratio of metallothionein-I to -II 
was less than unity from 6 hr to 3 days, unity between 
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Fig. 2. Gel permeation-cadmium atomic absorption chromatograms of liver supernatant fractions after 
injection of cadmium. A 1- ml portion of the pooled supernatant fractions from each group was applied 
to a high speed liquid chromatograph equipped with a gel permeation column [TSK GEL SW 3000, 
21.5 x 600 mm with a precolumn (21.5 x 100 mm)]. The column was eluted with 50 mM Tris-HCI buffer 
solution (pH 8.6 at 25°) at a flow rate of 3.7 ml/min. Atomic absorbance of cadmium was continuously 
monitored by directly connecting the outlet of the column to a nebulizer tube of a flame atomic 
absorption spectrophotometer. The detector level of the spectrophotometer was set as indicated with 
a vertical bar. I and II indicate metallothionein-I and -II, respectively. 
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Fig. 3. Gel permeation—zinc atomic absorption chromatograms of liver supernatant fractions after 

injection of cadmium. A 1- ml portion of the pooled liver supernatant fractions from each group was 

applied to a high speed liquid chromatograph as indicated in the legend of Fig. 2. Atomic absorbance 

of zinc was continuously monitored, instead of cadmium as in Fig. 2. The detector level of an atomic 

absorption spectrophotometer was set as indicated by a vertical bar. I and II indicate metallothionein- 
I and -II, respectively. 


3 and 4 days, and more than unity 7 days after the 
injection. The ratios of metallothionein-I to -II in 
Fig. 3 changed differently from those of Fig. 2 (the 
ratios monitored by zinc changed with time delay 
from those monitored by cadmium) and thus the 
Cd/Zn ratios in each isometallothionein were also 
found to change with time. Zinc peaks other than 
metallothionein peaks remained at constant pattern 
without any appreciable changes during the experi- 
ment. Although zinc peaks at retention times of 47.0 
and 49.8 min were not identified, those peaks were 
found to originate from the high molecular weight 
fraction on a Sephadex column and to be unstable 
to heat treatment (80° for 10 min) [13]. 

The distribution profiles (the cadmium profile 
increased consecutively in the kidney supernatant 
fractions after the injection) were also investigated 
both on a Sephadex G-75 column (data not shown) 
and on a SW 3000 column. In contrast to the dis- 
tribution profiles of cadmium in the liver supernatant 
fractions, cadmium in the kidney supernatant frac- 
tions was mainly present in the metallothionein frac- 
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tion even lhr after the injection. The cadmium 
added to the kidney supernatant fractions with time 
was found in the metallothionein fraction and the 
cadmium in the metallothionein was eluted at the 
same rate with zinc and copper on a Sephadex G-75 
column, as already reported [12]. The distribution 
profiles of cadmium in the kidney supernatant frac- 
tions were different from those of liver supernatant 
fractions on a SW column. Cadmium in the metal- 
Jothionein fraction was separated into three peaks 
as shown in Fig. 4. The first peak, which corresponds 
to metallothionein-II, was eluted at a retention time 
of 36.8 min and was far smaller than the second one; 
the second peak, which corresponds to metallothi- 
onein-I, was eluted at a retention time of 39.2 min; 
and the third peak, with a retention time of 43.0 min, 
was present as a third isometallothionein peak in the 
kidney supernatant fractions. The third peak has 
been observed only when copper content is high in 
the metallothionein fraction as observed for cad- 
mium ion loadings [13] and in vitro replacement of 
zinc and/or cadmium with cupric ion in liver metal- 


Le. coe ee 
2 days Zn 

3 days i ae 

4 days eee 

Lh a . oe 

















min ) 


Fig. 4. Gel permeation-cadmium atomic absorption chromatograms of kidney supernatant fractions 

after injection of cadmium. A 1-ml portion of the pooled kidney supernatant fractions from each group 

was applied to a SW 3000 column as indicated in Fig. 2. The detector level of an atomic absorption 

spectrophotometer was set as indicated by a vertical bar. I, II and III indicate metallothionein-I and 
-II and the third peak, respectively. 





Changes of metal contents and isometallothionein levels in rat tissues 
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Fig. 5. Gel permeation-zince atomic absorption chromatograms of kidney supernatant fractions after 

injection of cadmium. A 1-ml portion of the pooled kidney supernatant fractions from each group was 

applied to a SW 3000 column as indicated in Fig. 2. The detector level of an atomic absorption 

spectrophotometer was set as indicated by a vertical bar. I, II and III indicate metallothionein-I and 
-II, and the third peak, respectively. 


lothionein (liver metallothionein is low in copper 
content [7]) [14]. 

Figure 5 shows the distribution profiles of zinc in 
the kidney supernatants on a SW 3000 column. Zinc 
peak at a retention time of 30.4 min corresponds to 
superoxide dismutase. Zinc in the metallothionein 
fraction was separated into three peaks as observed 

‘ for the distribution profiles of cadmium in Fig. 4. 
The three isometallothionein peaks continued to 
increase with the increase of cadmium peaks in Fig. 
4. Zinc peaks with larger retention times than iso- 
metallothionein peaks were. not observed in the kid- 
ney supernatant fractions. 

Figure 6 illustrates the distribution profiles of cop- 


per in the kidney supernatant fractions on a SW 3000 
column. Copper in the metallothionein fraction was 
again separated into three peaks and showed similar 
changes of elution profiles to those of cadmium and 
zinc. Copper peak at a retention time of 30.4 min 
corresponds to superoxide dismutase. 


DISCUSSION 


Metallothionein is known to be a mixture of two 
isometallothioneins with different isoelectric points 
and is separable into the two isoproteins by ion 
exchange column chromatography [15], column and 
flat-bed electrofocusing [16] and electrophoresis [3]. 
Although ion exchange column chromatography is 
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a preferable procedure due to easy detection of 
metals in solution, the analytical procedure is time- 
consuming and often lacks reproducibility. There- 
fore, metallothionein has not been routinely sep- 
arated into isometallothioneins. Recently we have 
explored a new analytical method for metallothi- 
oneins which made it possible to analyse metallo- 
thioneins routinely at isometallothionein level: direct 
connection of a high speed liquid chromatograph 
equipped with a ge! permeation column (TSK GEL 
SW 3000) and a flame atomic absorption spectro- 
photometer (HLC-AAS), and elution of the column 
with alkaline buffer solution [8]. 

‘Separations of metallothionein into isometallo- 
thioneins were demonstrated to be highly effective 
for the understanding of dynamic aspects of metal- 
lothionein. The present results for the changes of 
both Cd/Zn ratios in each isometallothionein and 
ratios between metallothionein-I and -II support the 
results for active degradation and resynthesis of 
metallothionein obtained by using labeled amino 
acid [5]. Although the reasons why metallothionein 
of different isometallothionein ratios and different 
Cd/Zn ratios are biosynthesized with time in liver 
after cadmium loading are not known, these results 
have not so far been recognized. The changes might 
be related to different stability of isometallothioneins 
to proteolytic enzymes and _ stability constants 
between metals (Cd and Zn) and iso-thioneins. 

In contrast to the dramatic changes of isometal- 
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Fig. 6. Gel permeation—copper atomic absorption chromatograms of kidney supernatant fractions after 

injection of cadmium. A 1-ml portion of the pooled kidney supernatant fractions from each group was 

applied to a SW 3000 column as indicated in Fig. 2. The detector level of an atomic absorption 

spectrophotometer was set as indicated by a vertical bar. I, II and III indicate metallothionein-I and 
-II and the third peak, respectively. 
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lothionein and metal ratios with time in the liver 
supernatant fractions, isometallothioneins in the kid- 
ney supernatant fractions remained at constant pro- 
files. The latter result also contrasted with the dra- 
matic changes observed for kidney supernatant 
fractions after induction of kidney metallothionein 
by the injection of cadmium-thionein [10]. The dif- 
ferent isometallothionein profiles observed in the 
kidney supernatant fractions are related to the chem- 
ical forms of injected metal, cadmium ion or cad- 
mium-thionein. In the case of injection of cadmium 
ion reported in the present paper, cadmium is trans- 
ferred consecutively but very slowly into the kidneys. 
A small amount of metallothionein (Cu, Zn-thi- 
onein) is always present in the kidneys of adult rats, 
and the metallothionein is assumed to be actively 
degraded and resynthesized. Therefore, the slow 
transfer of cadmium may not stimulate a further 
induction of mRNA for metallothionein biosyn- 
thesis. On the other hand, rapid transfer of cadmium 
into the kidneys may induce a further transcription 
of the specific mRNA. Induction of metallothionein 
in kidneys by cadmium ion injection (present result) 
is probably the former case and inductions of metal- 
lothionein in liver by cadmium ion injection (present 
result) and in kidneys by cadmium-thionein injection 
[10] are probably the latter case. 
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Abstract—Sodium-dependent, high affinity choline uptake in brain synaptosomes was inhibited by 
various choline analogues. When substituents were placed on the quaternary nitrogen, the compounds 
became weaker inhibitors as the bulk of the substituents increased. None of the compounds with 
changes in the hydroxyl group part, except for a bis-quaternary compound, were potent inhibitors. 
Increasing the oxygen-nitrogen distance resulted in a weaker inhibition. Data from crystallographic 
studies [M. E. Senko and M. Templeton, Acta crystallogr. 13, 281 (1960); and F. G. Canepa, Nature, 
Lond. 207, 1152 (1965)] and inspection of Dreiding molecular models suggest an optimal oxygen- 
nitrogen distance of about 3.3 A. These results support earlier suggestions that a hydroxyl group and 
a quaternary nitrogen are necessary for interaction with the carrier. 


The high affinity choline transport system in chol- 
inergic neurons has many properties suggesting that 
it is a rate-limiting and regulatory step in the synthesis 
of acetylcholine (for review, see Ref. 1). While there 
have been suggestions and speculations, the mech- 
anism of the transport system is unknown. One can 
get some information about the active site of the 
carrier by structure—activity studies. We and others 
have previously studied the inhibition of choline 
uptake by various choline analogues [2-4]. Other 
workers have also examined the uptake, acetylation 
and release of various choline analogues [5-10]. 
Taken together, these studies suggest certain struc- 
tural requirements for transport by the high affinity 
carrier. It appears that a free hydroxyl group is 
necessary (however, bis-quaternary compounds 
without a hydroxyl are good inhibitors of transport; 
see below). Also, it appears that a quaternary nitro- 
gen group is necessary; however, the methyl groups 
can be replaced by ethyl groups which suggests that 
only limited bulk on the nitrogen is acceptable. There 
is some evidence that the hydroxyl-quaternary nitro- 
gen distance can be increased by the addition of a 
carbon atom [7]. In this study, we performed a more 
detailed structure—activity study of the inhibition of 
choline uptake by choline analogues. While we did 
not examine the transport of the analogues, only 
their inhibition of choline transport, this data should 
still provide some idea of the active site of the carrier. 
Our results are in general agreement with these 
earlier hypotheses. 


METHODS 


Choline uptake studies were performed as 
described by Simon ef al. [11] with certain minor 
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modifications. Uptake reactions were begun by add- 
ing [*H]choline and the inhibitor to synaptosomal 
preparations in Krebs—Ringer buffer that had been 
preincubated for 5 min at 37°. The final concentration 
of [*H]choline was 0.6 uM. After a 4-min incubation 
period, the reactions were terminated by the addition 
of 2 ml of ice-cold Krebs-Ringer medium. Uptake 
activity was calculated as described previously [11]. 

The data were analyzed by log-probit analysis and 
presented as ICs) (concentration required to produce 
50 per cent inhibition) values [2]. Experiments were 
repeated three times, and ICs) values varied by less 
than 15 per cent. 

Choline analogues were either purchased from 
standard supply sources or synthesized by standard 
procedures and were characterized by spectroscopic 
methods. Compounds 2-5 were prepared by the 
addition of the appropriate alkyl iodide with N,N- 
dimethylethanolamine. Compounds 9-12 and 15-17 
were prepared by the substitution of the appropriate 
halogen analog by trimethylamine. Compounds 14 
and 24 were prepared by the quaternarization of the 
respective amines with methyl iodide. Other details 
are available on request. 


RESULTS 


The inhibition of [*H]choline uptake by twenty- 
four compounds was examined. Their ICs) values 
were determined as described in Methods (see Table 
1). 

A number of compounds were tested which had 
changes in the substituents on the quaternary nitro- 
gen (see compounds 1-8, 20 and 21). When using 
unlabeled choline to obtain an ICs, value for itself 
(actually its K;) we found a value of 0.63 uM. When 
changes were made on the quaternary nitrogen, all 
of the compounds tested showed a loss of potency, 
although some were still quite potent. Substitution 
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Table 1. Structures of some compounds used (referred to on left by number) 








Compound 2 : ICsq (uM) 





. Choline *h; h: . 0.63 (Kr) 
. N-Ethylcholine , / 2 
. N-Propylcholine 
. N-Isopropylcholine 
. N-Butylcholine 
. N-Benzyl-N, N-diethylaminoethanol 
. N-Benzylcholine 
. N-Butyl-N, N-diethylaminoethanol 
9. Chlorocholine 
. Fluorocholine 
. O-Methylcholine 
. O-Ethylcholine 
3. Homocholine 
. Butylcholine CH,CH,0H 
5. (CH3)3-N *—CH,—C=N 
" (CH;);—N *—CH,—-C—-NH, 
| 
O 
. (CH;);—N *—CH,—C—OH 
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Fig. 1. Schematic of tentative choline site on the high 
affinity carrier. See text for discussion. 





with an ethyl or a normal-propyl resulted in a 3-fold 
change in the ICs) value. Compound 21 was also 
fairly potent even though the quaternary nitrogen 
had both a ring structure and an ethyl group. All of 
the other compounds tested showed a greatly 
reduced potency. 

A number of compounds with substitutions at the 
hydroxyl part of the molecule were tested (Com- 
pounds 9-12 and 15-18). None of these compounds 
were potent inhibitors. Thus, halogen substitution, 
the formation of ethers, lengthening the carbon 
chain, or the production of other alterations resulted 
in a weak inhibition of uptake. Compound 19, a bis- 
quaternary compound, stood out as a surprisingly 
good inhibitor. 

Other compounds with changes in the hydroxyl 
to quaternary nitrogen distances, as well as with 
other changes, were examined (Compounds 13, 14, 
22 and 24). The sharp loss in potency between Com- 
pounds 13 and 14 suggests that there are limits to 
how far one can separate the hydroxyl group from 
the quaternary nitrogen. The striking difference in 
potency between Compounds 22 and 23 supports 
this idea. Based on crystallographic studies of the 
choline molecule [12, 13], one might conclude that 
the nitrogen—oxygen (N—O) distance in the preferred 
conformation is about 3.26A (Fig. 1). We used 
Dreiding molecular models to obtain a semi-quan- 
titative measure of the N—O distance in the other 
compounds. Compound 22, the rigid 3-quinuclidinol 
methiodide, has an N—O distance of about 3.4 A, 
while Compound 23, the piperidinol derivative, has 
a significantly larger N-O distance of 3.7-3.8A 
(assuming the more stable ‘chair’ form of No. 23). 
Compound 24 has an even larger N—O distance and 
less inhibitory potency (Table 2). Compounds 22 


Table 2. Comparison of nitrogen—-oxygen distance and 
uptake inhibitory potency for some compounds 





Nitrogen—Oxygen 
distance* 


(A) 


Choline 3.26 
22 3.4 
23 3.7-3.8 
24 4.1 


Choline uptake ICs9* 
Compound 








* Data are from crystallographic studies (choline) [12, 13] 
and from estimations with Dreiding models. See text. 
+ See Table 1 and Fig. 1. 
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and 23 are racemic mixtures and one could resolve 
them into the d and / forms. It is quite possible that 
one of the forms would be a better inhibitor than 
the other. 


DISCUSSION 


The results found here are in general agreement 
with earlier observations in experiments with both 
brain synaptosomes and T-sacs from Torpedo [2-4]. 
Not only is there a requirement for a quaternary 
nitrogen [2], but there appears to be some size lim- 
itation on the nitrogen substituent. The larger the 
substituent, the less effective the compound is as an 
inhibitor. There did not seem to be any particularly 
strong or sharp cutoff point in that series, although 
potency dropped off quickly after n-propylcholine. 
Also in agreement with earlier studies [2], our results 
indicate that a hydroxyl group is quite necessary for 
inhibition of uptake (the bis-quaternary compounds 
are an exception to this; see below). No tested sub- 
stitution resulted in a good inhibitor. With regard 
to the length of the carbon chain between the qua- 
ternary nitrogen and the hydroxyl group, there 
appears to be some limitation. Going from three 
carbons (homocholine) to four carbons resulted in 
a 100-fold loss of inhibitory potency. Thus, while 
there appears to be some flexibility in the length of 
the carbon chain, it apparently cannot be any greater 
than three carbons. 

Even though a compound may be a good uptake 
inhibitor in this study, we have no way of knowing 
with the present data whether or not it can be a 
substrate for the carrier. In the past, the approach 
taken to test this was to synthesize radioactive cho- 
line analogues and test for uptake, acetylation and 
release [S—10]. Several compounds have been found 
to be substrates for this system and to be false neu- 
rotransmitters [S—10]. 

Compound 19 appeared to be an unusually good 
uptake inhibitor. The reasons for this are unclear; 
however, it has been reported that compounds with 
two quaternary nitrogens separated by carbon chains 
are very potent inhibitors of uptake [14]. In fact, 
compounds in this series can be as potent as homi- 
cholinium-3 and some 50-100 times more potent 
than choline itself [14, 15]. There is no evidence that 
bis-quaternary compounds are transported. 

By comparing estimated N—O distances for some 
compounds from crystallographic data [12, 13] and 
Dreiding models, one arrives ,at a tentative N-O 
distance of about 3.3 A for a fit to the carrier. Com- 
pounds with a larger N—O distance become poor 
inhibitors of uptake, presumably because of a poor 
fit with the carrier. Homocholine, a compound that 
is a substrate for the carrier [6,7], can fold to the 
postulated N-O distance of about 3.3 A. Further 
studies would be required to substantiate these ideas. 

Lastly, these and other results permit some ten- 
tative description of the active site of the carrier. 
The requirement for a quaternary nitrogen implies 
the existence of an anionic site on the carrier for 
electrostatic attraction. The length of the side chain 
carbons on the quaternary nitrogen is important and 
it cannot get too large. The requirement for a 
hydroxyl group suggests a possible requirement for 





2416 


hydrogen bonding. The distance between the pre- 
sumed anionic site and the hydroxyl site is possibly 
of the order of 3.3 A. Given this data, the carrier 
seems optimally designed for choline itself. 

While choline transport has been studied in other 
tissues such as kidney slices [16] and erythrocytes 
[17], one cannot assume that our findings with brain 
will apply to these other tissues. Rather, there is 
evidence that the carriers are different. For example, 
choline uptake by erythrocytes appears to have a 10- 
fold higher K; for choline [17] and a different rank 
order of inhibitory potencies for analogues [18] com- 
pared to the high affinity uptake for brain. 
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Abstract—Addition of ethanol to cultured fetal lung fibroblasts resulted in decreases of both collagen 
and noncollagen protein syntheses. The inhibitory effect of ethanol on protein synthesis was dependent 
on the concentration of ethanol and the number of treatments with ethanol. Significant inhibition of 
collagen and noncoilagen protein synthesis was observed 3 hr after a single treatment in 0.25% (v/v) 
ethanol. The maximum inhibitory effect of ethanol on protein synthesis was observed at 6 hr after drug 
addition. Inhibition of protein synthesis was observed when either proline or glycine was used as the 
precursor amino acid. An inhibition of alcohol dehydrogenase did not block the ethanol-mediated 
inhibition of protein synthesis. Ethanol, added to cell cultures throughout the log phase, inhibited cell 
growth during the late log and stationary phases. Ethanol inhibition of collagen and noncollagen protein 
synthesis was reversed when the cell cultures were washed and suspended in fresh media for 24 hr. 
These inhibitory effects of ethanol on macromolecular syntheses were not engendered by killing of 
cells. The viability of the cells, as indicated by trypan blue exclusion, was not affected significantly at 
the concentrations of ethanol used. The inhibitory effect of ethanol on protein synthesis also did not 
originate from drug-mediated inhibition of precursor amino acid uptake. Polysomes isolated from 
ethanol-treated fibroblasts incorporated proline into protein at a rate which was reduced commensurate 
with cellular protein synthesis. The resultant inhibition by ethanol of protein synthesis was not attri- 
butable to a direct effect of drug on polysomes. Treatment of fetal lung fibroblasts with ethanol also 
caused a marked inhibition of radioactive thymidine and uridine incorporation, indicating a reduction 
of both total cellular DNA and RNA synthesis. Accordingly, the decrease of protein synthesis resulted 
from inhibition of RNA synthesis. Furthermore, messenger RNA synthesis may have decreased since 
polysomes isolated from ethanol-treated fibroblasts synthesized less protein in the wheat germ cell-free 
system. Unlike other biochemical variables that were inhibited by ethanol treatment, the level of prolyl 
hydroxylase activity was elevated significantly. The elevated level of prolyl hydroxylase activity, however, 
was related neither to the rate of collagen polypeptide synthesis nor to the degree of proline hydroxylation 
of cellular collagen. The data suggest that the growth-retarding effects of nonlethal doses of ethanol 
on fetal development may result from inhibition of macromolecular synthesis in fetal fibroblasts. 


The effect of acute ethanol treatment on protein 
synthesis has been studied in a number of tissues and 
cells. Ethanol has been shown to inhibit both heme 


The most widely abused drug in today’s society is 
ethanol. Although the potential teratogenic effects 
of ethanol had been suspected, it was not until the 


work of Lemoine et al. [1] and Jones et al. [2] that 
a dysmorphic condition called ‘fetal alcoholic syn- 
drome’, in which there is severe physical growth 
retardation was recognized. The effects of ethanol 
on the metabolic processes of fetal fibroblasts are of 
importance in light of the fetal growth retardation 
effect of ethanol. Fibroblasts synthesize collagen, 
which constitutes a major portion of the bulk weight 
of animals. é 
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and protein syntheses in animals and human red 
blood cell precursors [3,4]. Ethanol inhibition of 
rabbit reticulocyte protein synthesis occurs as a result 
of decreased heme synthesis involving inhibition of 
the rate-limiting enzyme 6-aminolevulinic acid syn- 
thetase [5]. Ethanol given in vivo has also been 
shown to reduce hepatic albumin synthesis [6]. This 
loss of albumin-synthesizing potential is associated 
with a reduction of hepatic ribonucleic acid and a 
disaggregation of the endoplasmic membrane-bound 
polysomes [7]. Ethanol in vitro depresses the incor- 
poration of amino acids into protein in rat liver slices 
[8]. In still another study, hepatocytes exposed to 
ethanol had a reduced level of protein synthesis that 
did not result from a reduction of amino acid uptake 
[9]. Furthermore, the decrease in hepatic protein 
synthesis observed in ethanol-treated rats does not 
result from a reduction in free amino acid pools [10]. 
Acute ethanol administration also results in a 
decrease of protein synthesis in rat brain [11]. 


2417 





2418 


The effect of chronic administration of ethanol on 
hepatic collagen metabolism has been studied exten- 
sively. Prolyl hydroxylase is elevated in the liver of 
rats and baboons after long-term feeding of ethanol 
[12]. The elevation of this key enzyme in collagen 
synthesis is associated with elevations of hepatic 
hydroxyproline content and an increased ability of 
tissue minces to form hydroxyproline [12]. Increased 
prolyl hydroxylase activity also has been demon- 
strated in liver samples of patients with alcoholic 
hepatitis [13]. Percutaneous liver biopsies from chro- 
nic alcoholic patients synthesize hydroxyproline 
present in proteins at increased rates [14, 15]. 

The effects of ethanol on collagen synthesis in 
connective tissues are limited. Incubation of embry- 
onic chick tibia preparations with ethanol at low 
concentrations resulted in increased hydroxyproline 
in proteins, whereas at high concentrations, 
decreased hydroxyproline synthesis was observed 
[16]. Mouse 3T6 fibroblast cultures treated with 
ethanol had a reduction of hydroxyproline content 
in the cell layer [17]. This decrease in hydroxyproline 
content [17] could be related to either decreased 
collagen synthesis or increased collagen degradation. 
The concentrations of ethanol used in both of these 
latter studies are lethal blood levels in man. 

The present study was undertaken to determine 
the effects of treatment with nonlethal doses of 
ethanol that produce moderate to advanced intox- 
ication in humans on various measures of collagen 
synthesis in cultured fetal lung fibroblasts. Our data 
indicate that nonlethal concentrations of ethanol 
produced marked inhibition of collagen synthesis. 
At no concentration was a stimulation of collagen 
synthesis observed as described previously for cal- 
varia minces [16]. The data further indicate that the 
reduced level of collagen synthesis was accompanied 
by a general decrease of protein synthesis. The 
decrease in protein synthesis in ethanol-treated cell 
cultures v.as not due to an inhibition of amino acid 
uptake or an alteration of amino acid precursor 
pools, since polysomes isolated from ethanol-treated 
cell cultures incorporated amino acids into protein 
in the wheat germ lysate system at a reduced rate. 
The decreased protein synthesis resulted from 
decreased cellular RNA synthesis, possibly including 
messenger RNA synthesis, because polysomes iso- 
lated from’ ethanol-treated cells 
decreased amounts of protein in a cell free system. 


MATERIALS AND METHODS 


Materials. Triton X-100,  [2-H]glycine 
(15 Ci/mmole) and [5,6-*H)uridine-5’-triphosphate 
(35 Ci/mmole) were obtained from the New England 
Nuclear Corp. (Boston, MA). [5-°H)Proline (24 
Ci/mmole) and [methyl-*H]thymidine (50 Ci/mmole) 
were obtained from Amersham/Searle (Arlington 
Heights, IL). Sodium ascorbate was obtained from 
CalBiochem (Los Angeles, CA). Bio-Rad (Rich- 
mond, CA) supplied the Dowex 50 W-X8 (200—400 
mesh). Form III collagenase was obtained from the 
Advance Biofactures Corp. (Lynbrook, NY). Fetal 
bovine serum, Eagle’s minimum essential media with 
Earle’s balanced salt solution, L-glutamine, trypsin, 
versene, sodium bicarbonate (7.5%, w/v), and gen- 
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tamycin were obtained from Microbiological Associ- 
ates (Bethesda, MD). Chlorotetracycline hydrochlo- 
ride solution was obtained from the Grand Island 
Biological Co. (Grand Island, NY). Corning tissue 
culture flasks were obtained from Fischer (Boston, 
MA). 

Cell culturing. IMR-90 fetal lung fibroblasts were 
obtained commercially from the Institute for Medical 
Research (Camden, NJ). SCOR IA fetal lung fibro- 
blasts were collected as part of the SCOR program 
at the University of Vermont College of Medicine; 
this fibroblast cell line was grown initially from a 
lung biopsy specimen. These fibroblasts (SCOR IA) 
are a normal diploid cell line and have been char- 
acterized [18]. 

Fibroblasts were plated in 25 cm” flasks at a density 
of 1.4 to 1.8 x 10° cells. The cells were cultured in 
minimum medium supplemented with 10% (v/v) 
fetal calf serum and an antibiotic, either gentamycin 
(100 ug/ml) or chlortetracycline (100 ug/ml). The 
medium was changed on days 3 and 7 of growth. On 
days 8 and 9, the cells were supplemented with 
sodium ascorbate (2 x 10°*M) and ethanol at the 
concentrations indicated; this concentration of ascor- 
bate gave the maximum degree of collagen prolyl 
hydroxylation in control cultures. On day 10 of cul- 
ture, the cells were supplied with ascorbate for 1 hr, 
followed by the addition of either radioactive pro- 
line, glycine, uridine or thymidine for the next 2 hr. 
The medium and cells were centrifuged at 1200 g for 
20 min. The supernatant fraction was discarded and 
the cells were suspended in 0.9% (w/v) sodium chlor- 
ide, 0.05 M Tris-HCI (pH 7.5) and washed twice. 

Cell growth. The cells were plated as described 
previously. At the times indicated, the medium was 
suctioned off. The cells were washed with a versene— 
EDTA solution (1:5000). To detach the cells, 1 ml 
of a 0.25% (w/v) trypsin solution in calcium- and 
magnesium-free phosphate-buffered saline was 
applied to the monolayer for 5 min. The resuspended 
cells were removed and counted in a Coulter 
Counter. 

Cellular collagen and_ noncollagen protein 
syntheses. Fibroblasts were grown to stationary 
phase. Two hours prior to collection either radio- 
active proline (100 uwCi) or glycine was added to each 
flask. The cells were collected by scraping and were 
washed. The cells were suspended in 0.1 M NaCl, 
50 mM Tris-HCl (pH 7.5). The sample was hom- 
ogenized in a Polytron ST homogenizer (Brinkmann 
Co., Westbury, NY) for 45 sec and then placed in 
a boiling water bath for 10 min followed by hom- 
ogenization for 30 sec. The sample was digested with 
collagenase [19] and the protein concentration was 
determined by the method of Lowry et al. [20], using 
bovine serum albumin as standard. 

DNA and RNA syntheses. DNA and RNA 
syntheses were determined by radioactive thymidine 
and uridine incorporation, respectively. Cells were 
grown to stationary phase. Either tritium-labeled 
uridine (50 wCi/flask) or thymidine (100 uCi/flask) 
was added for 2hr prior to the collection of cells. 
The cells in which uridine incorporation was deter- 
mined were suspended in water and homogenized 
for 45 sec. An equal volume of trichloroacetic acid 
(10%, w/v) was added and the sample was allowed 
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to incubate on ice for 10 min. The sample was then 
centrifuged at 31,000 g for 20 min. The precipitate 
was washed with 20 ml of 5% (w/v) trichloroacetic 
acid, three times, and finally suspended in water. 
The sample was then homogenized for 45 sec and 
aliquots were used for either radiochemical analysis 
in 10 ml Aquasol-2 or protein determination. 

After labeling with tritiated thymidine, the cells 
were collected, washed, suspended in H,O and hom- 
ogenized. After washing and centrifuging the tri- 
chloroacetic acid precipitated residue, the pellet was 
suspended in 6N HCI and incubated at 90° for 20 
min. The sample was then neutralized with NaOH 
and aliquots were assayed for radioactivity and pro- 
tein concentration. 

Cell viability. The cells from one flask were col- 
lected by trypsin treatment as described previously 
and suspended in serum-containing medium; an ali- 
quot was added to a 0.4% (w/v) trypan blue solution. 
A total of at least 200 cells was counted with a 
hemocytometer and the percentage of viable cells 
was determined from the number of cells excluding 
trypan blue. 

Cell culture preparation for the prolyl hydroxylase 
assay. Cells were grown to stationary phase and 
treated with ascorbate and ethanol as described 
above. After collecting the cells from flasks by scrap- 
ing, they were suspended in 1 ml of a buffer con- 
taining 0.1% (w/v) Triton X-100 [19], and then hom- 
ogenized and centrifuged at 20,000 g for 20 min. The 
supernatant fluid was assayed for prolyl hydroxylase 
activity as described [19]. Duplicate cultures were 
counted after trypsin release as described above. 

Hydroxylproline formation. The cells were grown 
to stationary phase, treated with ethanol and ascor- 
bate (see above), and then incubated with tritiated 
proline for 6 hr. The cells from six flasks were sus- 
pended in 6 ml of the Tris—NaCl buffer and homo- 
benized for 45 sec, and then placed in a boiling water 
bath for 10 min and homogenized for an additional 
« 30sec. An aliquot was taken for collagenase diges- 
tion as described previously [19]. To the remaining 
homogenate an equal volume of 20% (w/v) tri- 
chloroacetic acid was added; the sample was incu- 
bated on ice for 15 min and then centrifuged at 
31,000 g for 20 min. The pellet was resuspended in 
25 ml of 5% (w/v) trichloroacetic acid and washed 
three times with trichloroacetic acid; the resulting 
pellet was suspended in 6 N HCl, hydrolyzed, deco- 
lorized and neutralized as described earlier [21]. The 
radioactive hydroxyproline was then isolated by 
Dowex chromatography [21]. 

Isolation of polysomes. IMR-90 fetal lung fibro- 
blasts were grown to stationary phase and treated 
with ethanol and ascorbate; the cells were collected 
by scraping and washed as described above. The 
cells from six flasks were suspended in 15 ml of buffer 
[22]. The cell suspension was made to 0.5% (w/v) 
sodium deoxycholate and 0.2% (w/v) Triton X-100 
and then was gently homogenized in a glass hom- 
ogenizer with ten strokes by hand. The homogenate 
was centrifuged at 10,000 g for 30 min. The resulting 
supernatant fluid was layered over a 1.5 M sucrose 
cushion, and the polysomes were obtained as 
described previously [22] and translated in a wheat 
germ lysate prepared as described previously [22]. 
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Determination of total collagenolytic activity. Cells 
were grown to stationary phdse and treated with 
ascorbic acid and ethanol as described previously. 
Six hours prior to collection, the culture medium 
was replaced with serum-free medium containing 
[5-*H]proline (100 wCi/10 ml). At the end of this 6- 
hr period each cell culture was placed on ice for 20 
min. The cells were harvested with the aid of a 
rubber policeman, recombined with the culture 
medium, and homogenized for 1 min using the 
polytron ST system. Each sample was split into two 
fractions; the first was dialyzed, the second was not 
dialyzed. Dialysis was performed four times against 
400 ml of H,O. An equal volume of 12 N HCI was 
then added to each fraction. The samples were 
hydrolyzed, and the radioactive hydroxyproline was 
isolated by Dowex chromatography as described 
previously [21]. 

RESULTS 


The effect of ethanol treatment on cell growth of 
IMR-90 fetal lung fibroblasts is illustrated in Fig. 1. 
Ethanol treatment during the log growth phase 
caused a decrease of growth during late log and 
stationary phases. The ethanol concentrations that 
caused a diminution of growth were 0.1% (v/v) (Fig. 
1A) and 0.25% (v/v) (Fig. 1B). In all subsequent 
experiments, cells were grown to stationary phase 
before the addition of ethanol. 

The responses of collagen and noncollagen protein 
synthesis to various concentrations of ethanol are 
shown in Fig. 2. Statistically significant inhibition of 
collagen and noncollagen protein synthesis was 
observed at ethanol concentrations of 0.05, 0.10, 
0.25 and 0.5% (v/v). Concentrations as high as 2% 
resulted in inhibition of protein synthesis. At no 
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Fig. 1. Growth curves of IMR-90 fetal lung fibroblasts 
grown in the presence and absence of ethanol. IMR-90 
fetal lung fibroblasts were plated at a density of 1.4 to 
1.8 x 19° cells. After 2 days, ethanol (0.1%, v/v) (A) or 
(0.25%, v/v) (B) was added to the cultures (first arrow) 
and the cells were allowed to grow for another 2 days. The 
medium was then changed and the cells again received 
ethanol (second arrow). After another 2 days (third arrow) 
the cells were again treated with ethanol without changing 
the medium. Cell counts are the mean values of either 
duplicate or triplicate flasks. Key: control (-O-); and 
ethanol-treated (-@-). 
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Fig. 2. Response of collagen and noncollagen protein syn- 


‘ thesis in IMR-90 fetal lung fibroblasts to various concen- 


trations of ethanol. IMR-90 fetal lung fibroblasts were 
plated in T-25 flasks at a density of 1.4 to 1.8 x 10° cells. 
The medium was changed on days 3 and 7 of growth. On 
days 8 and 9, the cells were treated with ethanol and 
ascorbic acid (2 x 10°*M). The cell medium was not 
changed. On day 10, ascorbate was added. After 1 hr, [5- 
3H]proline was added (100 uCi/10 ml medium). The cells 
were allowed to incorporate radioactive proline for 2 hr, 
and were then collected and proline incorporation into 
collagen and noncollagen protein was measured as 
described in the text. Collagen and noncollagen protein 
syntheses decreased 58 and 51 per cent, respectively, in 
0.25% (v/v) ethanol when the data were expressed as the 
amount of proline incorporation into collagen and non- 
collagen protein per 10° cells. Each value is the mean + 
S.E. of three cultures. An asterisk (*) indicates a significant 
difference from control at P < 0.05. 


concentration was a stimulation of collagen synthesis 
observed. The degree of inhibition of collagen syn- 
thesis was the same as that of noncollagen protein 
synthesis, thus indicating that ethanol caused a gen- 
eral inhibition of protein synthesis. 

The temporal response of collagen and noncol- 
lagen protein synthesis to 0.25% ethanol is seen in 
Fig. 3. Significant inhibition of both collagen and 
noncollagen protein synthesis was observed as early 
as 3hr after a single treatment with ethanol. The 
maximum inhibition of collagen and noncollagen 
protein synthesis was observed at 6 hr. The inhibition 
of protein synthesis was less at 12 hr than at 6hr 
after a single treatment with ethanol. Addition of 
more ethanol at 20 hr resulted in a further depression 
of protein synthesis. The data in Figs. 2 and 3 indicate 
that the inhibitory effect of ethanol on collagen syn- 
thesis was not specific but was rather the result of 
a general inhibition of protein synthesis. 

The ethanol-mediated inhibition of protein syn- 
thesis was also observed when tritium-labeled glycine 
was used as the precursor amino acid. The degree 
of inhibition of collagen and noncollagen protein 
synthesis was similar to that obtained with tritiated 
proline (data not shown). 

The effect of ethanol on protein synthesis was also 
determined using another fetal lung fibroblast cell 
line (SCOR IA). Ethanol concentrations of 0.1 and 
0.25% depressed both collagen and noncollagen pro- 
tein syntheses to the same extent as that observed 
in IMR-90 fetal lung fibroblasts (data not shown). 
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Fig. 3. Time response of ethanol inhibition of collagen and 
noncollagen protein synthesis. IMR-90 fetal lung fibroblasts 
were plated in T-25 flasks at a density of 1.4 to 1.8 x 10° 
cells. The medium was changed on days 3 and 7 of growth. 
On days 8, 9 and 10, ascorbic acid (2 x 10~*M) was added 
to the cultures. Experimental cell cultures received 0.25% 
(v/v) ethanol at the times indicated by the arrows. Proline 
was added 2 hr before the harvesting of cells at the time 
periods indicated in the figure. The per cent-of-control 
values were determined from the mean values of data from 
at least three cultures. 





Ethanol-mediated inhibition of collagen and non- 
collagen protein synthesis was reversible (Table 1). 
Cell cultures were treated for 2 days with 0.25% 
(v/v) ethanol. The medium was then withdrawn and 
the cells were replenished with fresh medium. After 
24hr, the level of collagen synthesis was equal to 
that of control cultures, while the level of noncol- 
lagen protein synthesis was elevated, compared to 
the control value. On days 2 and 3, collagen and 
noncollagen protein syntheses were equal to control 
values. 

The inhibition of collagen and noncollagen protein 
synthesis did not result from an ethanol-mediated 
killing of cells. At concentrations of 0.1, 0.25 and 
0.5% (v/v) ethanol, the cells were 95-97 per cent 
viable, as determined by trypan blue exclusion (data 
not shown). 

Pyrazole, a potent inhibitor of alcohol dehydro- 
genase [23-25], did not block the inhibition of protein 
synthesis by ethanol (Table 2). Lower doses of pyr- 
azole also had no effect, whereas higher doses of 
pyrazole inhibited protein synthesis in these cells. 

The effect of ethanol treatment on prolyl hydroxyl- 
ase of IMR-90 fetal lung fibroblasts was also exam- 
ined. Although collagen synthesis was decreased, 
prolyl hydroxylase activity per cell was elevated by 
71 per cent (Table 3). Accordingly, the level of prolyl 
hydroxylase activity following ethanol treatment of 
fetal lung fibroblasts was not associated with an 
increase of collagen synthesis. Since prolyl 
hydroxylase activity was elevated after ethanol treat- 
ment, we determined the degree of proline hydroxy- 
lation of cellular collagen (Table 4). Ethanol treat- 
ment inhibited the formation of hydroxyproline and 
collagen polypeptide synthesis to the same extent. 
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Table 1. Reversibility of the ethanol-mediated decrease in collagen and noncollagen 
protein synthesis in IMR-90 fetal lung fibroblasts* 





Collagen Noncollagen 
(dpm/mg protein x 10~* 


— 


Days of culture Treatment 





32.2 + 1.6 (3) 
14.4 + 1.4% (3) 
30.8 + 2.0 (4) 
32.3 + 2.0 (4) 


10 Control 
Ethanol 

il Control 
Ethanol: 
washed 

12 Control 
Ethanol: 23.9 
washed 


13 Control 
Ethanol 


Nn 


+ It I+ I+ 
oo 


2.8 (4) 
2.9 (4) 


32.0+ 
3.94 


29.3 + 4.9 (4) 
28.8 + 1.2 (4) 





" IMR- 90 fetal lung fibroblasts were plated in T-25 flasks at a density of 1.4 to 
1.8 x 10° cells. The cells were grown to stationary phase and treated with ascorbate 
and ethanol (0.25%, v/v) as described in the legend of Fig. 2. Two hours before 
collection on day 10 of cell culture, the cells were given radioactive proline (100 uCi). 
One hour before administration of radioactive proline, the cells were treated with 
ascorbate (2 x 10-*M). On day 10 the remaining ethanol cultures were replenished 
with fresh medium after being washed twice with serum-free media. Proline incor- 
poration into collagen and noncollagen protein was determined by the collagenase 
digestion assay. Each value is the mean + S.E. The values in parentheses are the 
numbers of samples. 

+ Significantly different from control at P < 0.05. 


Table 3. Effect of ethanol treatment on prolyl hydroxylase 


Table 2. Lack of effect of pyrazole on the ethanol-mediated 
activity of IMR-90 fetal lung fibroblasts* 


inhibition of protein synthesis in IMR-90 fetal lung 
fibroblasts* 





Prolyl hydroxylase activity 
(dpm of [*H]water formed/10° cells x 107%) 





Proline incorporation — Treatment 


(dpm/mg protein x 10°”) 





Treatment 
5.9 + 0.5 (3) 


10.1 + 0.9% (4) 


Control 
Ethanol 





+ 0.2 (3) 
+ 0.2+ (4) 
+ 2.0 (5) 


0.87 (3) 


No addition 13.3 
Ethanol 7.5 
14.7 
$3 





*IMR-90 fetal lung fibroblasts were plated in T-25 flasks 
at a density of 1.4 to 1.8 x 10° cells. The cells were grown 
to stationary phase and treated with ascorbate and ethanol 


Pyrazole (2 mM) 
Ethanol + pyrazole (2 mM) 





* Cell cultures were plated in T-25 flasks at a density of 
1.4 to 1.8 x 10° cells. The cells were grown to stationary 
phase and treated with ascorbic acid (2 x 10° *M) and 
ethanol (0.25%) on days 8 and 9 of growth. The medium 
was not changed during this treatment period. On day 10 
the cells were treated with ascorbate and [5-*H]proline was 
added. 

+ Significantly different at P < 0.05. 


(0.25%, v/v) as described in the legend of Fig. 2. On day 
10 of cell culture prolyl hydroxylase activity was determined 
by the tritium release assay. Each value is the mean + S.E. 
The values in parentheses are the numbers of samples. 

+ Significantly different from control P < 0.05. 


Table 4. Lack of effect of ethanol treatment on the degree of hydroxylation of proline 
residues in cellular collagen* 





Hydroxyproline 
formed (A) Collagen (B) 
(dpm/mg protein x 10~*) 


Treatment A/B 





0.79 + 0.07 
0.75 + 0.02 


69.0 + 4.3 (3) 
39.0 + 1.8% (3) 


Control 
Ethanol 





¢ IMR- 90 fetal lung fibroblasts were plated in T-25 flasks at a density of 1.4 to 
1.8 x 10° cells, grown to stationary phase, and treated with ascorbate and ethanol 
(0.25%, v/v) as described in the legend of Fig. 2. Six hours before collection on day 
10 of cell culture, the cells were treated with radioactive proline (100 wCi/10 ml). 
Hydroxyproline formation and radioactive collagen were determined. Each value is 


the mean + S.E. The values in parentheses are the number of samples. 


+ Significantly different at P + 0.05. 
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Table 5. Protein synthesis by polysomes isolated from 
ethanol-treated IMR-90 fetal lung fibroblasts in the wheat 
germ lysate system* 





Proline incorporation 


Treatment (dpm/A 2 unit of polysome x 10~*) 





142.0 + 9.0 (3) 
80.2 + 3.3+ (3) 


Control 
Ethanol 





*IMR-90 fetal lung fibroblasts were plated in T-25 flasks 
at a density of 1.4 to 1.8 x 10° cells, grown to stationary 
phase, and treated with ascorbate and ethanol (0.25%, v/v) 
as described in the legend of Fig. 2. On day 10 of cell 
culture the polysomes were isolated and translated in the 
wheat germ lysate system. Each value is the mean + S.E. 
The values in parentheses are the numbers of samples. 

+ Significantly different at P =< 0.05. 


Table 6. Lack of a direct effect of ethanol on the ability 
of pdlysomes to synthesize protein in the cell free system* 





Ethanol 
conc 
(%) 


Proline incorporation 
. . + 
(dpm/A 9 unit of polysome x 10°”) 





0.0 107.4 
0.01 111.9 
0.02 108.5 
0.03 108.8 
0.05 

0.08 

0.1 

0.13 

0.15 

0.25 

0.50 





* Polysomes were isolated as described in the text. 
Polysomes were incubated for 5 min at room temperature 
with the ethanol concentrations indicated above. The 
remaining components of the in vitro protein synthetic 
system were added and the samples were incubated for an 
additional 60 min. Each value is the mean of duplicate 
samples. The polysomes used in these experiments were 
isolated from cells different than those in Table 4, which 
accounts for the difference in incorporation rate per A 69. 


However, ethanol did not increase the degree of 
proline hydroxylation of cellular collagen. 

The reduced level of protein synthesis observed 
in ethanol-treated cell cultures could have resulted 
from a decrease of precursor amino acid uptake. 
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Table 8. Lack of effect of ethanol on total collagenolytic 
activity of IMR-90 fibroblasts* 





Per cent dialyzable 


Treatment hydroxyproline 





Control 
Ethanol 


82.3 + 3.8 (3) 
82.7 + 3.3 (3) 





* IMR-90 fetal lung fibroblasts were plated in T-25 flasks 
at a density of 1.4 to 1.8 x 10° cells and grown to stationary 
phase. The cells were treated with ascorbate and ethanol 
as described in the legend of Fig. 2. Six hours prior to 
collection, the culture medium was replaced with serum- 
free medium containing [5-*H]proline (100 uCi/10 ml). The 
amount of proteinaceous radioactive hydroxyproline was 
determined for both dialyzed and undialyzed samples. The 
per cent dialyzable hydroxyproline was calculated by sub- 
tracting the amount of radioactive hydroxyproline in the 
dialyzed fraction from that in the undialyzed fraction, 
dividing this number by the radioactive hydroxyproline in 
the undialyzed fraction, and multiplying by 100. Each value 
is the mean + S.E. The values in parentheses are the 
numbers of samples assayed. 


However, when polysomes were isolated from con- 
trol and ethanol-treated cell cultures and translated 
in the wheat germ lysate system, the degree of 
inhibition of protein synthesis was similar to that 
observed for cellular protein synthesis (Table 5). 
Incubation of control poiysomes with ethanol in vitro 
did not result in a loss of ability of these polysomes 
to synthesize protein in the cell free system (Table 
6). 

Ethanol treatment of IMR-90 fetal lung fibroblasts 
also caused a marked inhibition of incorporation of 
thymidine into DNA and of uridine into RNA (Table 
7). Uridine incorporation was depressed by 44 per 
cent, while thymidine incorporation was reduced by 
33 per cent. Because polysomes isolated from 
ethanol-treated cells synthesized reduced amounts 
of protein in the cell free system, an ethanol- 
mediated decrease in messenger RNA synthesis may 
be the cause of the inhibition of cellular protein 
synthesis. 

Although ethanol inhibited collagen synthesis, col- 
lagen degradation was not altered (Table 8). Accord- 
ingly, the ethanol-mediated inhibition of collagen 
accumulation by IMR-90 fibroblasts must have 
resulted from an alteration of collagen synthesis and 
not of degradation. 


Table 7. Inhibitory effect of ethanol on thymidine and uridine incorporation by IMR- 
90 fetal lung fibroblasts* 





(*H]Uridine incorporation 
(dpm/mg protein x 10~*) 


(°H]Thymidine incorporation 
(dpm/mg protein x 107°) 


Treatment 





30.2 + 3.5 (3) 
20.2 + 0.8% (3) 


Control 
Ethanol 





* IMR-90 fetal lung fibroblasts were plated in T-25 flasks at a density of 1.4 to 1.8 
x 10° cells. The cells were grown to stationary phase, and treated with ascorbate and 
ethanol (0.25%, v/v) as described in the legend of Fig. 2. On day 10 of cell culture, 
[H]thymidine or [*H]uridine was added for 2 hr before the cells were collected. 
Nucleotide incorporation was determined as described in the text. Each value is the 
mean + S.E. The values in parentheses are the number of samples. 

+ Significantly different from control at P < 0.05. 
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DISCUSSION 

In the present study, the addition of nonlethal 
concentrations of ethanol to the culture medium 
resulted in a marked inhibition of protein synthesis 
by fetal lung fibroblasts. These results may be related 
to the known growth-retarding effect of maternal 
alcohol ingestion in the ‘fetal alcoholic syndrome’ 
[1,2]. The inhibition of fetal fibroblast protein syn- 
thesis is a likely molecular basis for the growth- 
retarding effect of ethanol in fetuses, since collagen 
is synthesized predominantly by fibroblasts and this 
protein accounts for a significant amount of the bulk 
weight of animals. One cannot exclude, however, 
nutritional, genetic and immunologic mechanisms 
that were not investigated in this cell culture model. 

Chronically administered ethanol induces fibrosis 
and an elevation of hepatic protein synthesis [11], 
in particular an increase of collagen synthesis 
[12, 14, 15]. In contrast, acute ethanol treatment 
results in a depression of hepatic protein synthesis 
[8,9, 11, 26]. One study reported that addition of 
ethanol to liver biopsy specimens from patients with 
alcoholic hepatitis or active cirrhosis caused an 
increase in the incorporation of proline and hydroxy- 
proline by collagen [14]. Another study demon- 
strated a selective increase of hydroxyproline for- 
mation after the addition of ethanol to calvaria 
minces. Both of these experiments were proposed 
as models of the ethanol stimulation of collagen 
synthesis that occurs during ethanol-induced hepatic 
fibrosis. In the present study, however, an inhibition 
of collagen synthesis was observed after addition of 
ethanol to IMR-90 or SCOR IA fetal lung fibro- 
blasts. Furthermore, the effect on collagen synthesis 
of ethanol was not selective, since noncollagen pro- 
tein synthesis was decreased to the same extent as 
collagen synthesis. 

The ethanol-mediated decrease of collagen and 
noncollagen protein syntheses in fetal lung fibro- 
blasts was not not due to either inhibition of pre- 
cursor amino acid uptake or decreased cell viability. 
The degree of inhibition of protein synthesis was 
similar in whole cells and polysome preparations. 
The ethanol-mediated inhibition of protein synthesis 
also was not due to cell killing. Although the viability 
of liver cells is markedly decreased by 0.25% and 
higher concentrations of ethanol [27], this dramatic 
decrease of cell viability was not observed in IMR- 
90 fetal lung fibroblasts. 

Ethanol inhibition of protein synthesis in brain 
and liver is associated with a decrease of RNA syn- 
thesis [26, 28]. Ethanol inhibition of protein synthesis 
by fetal lung fibroblasts may be mediated by a 
decrease in RNA synthesis and, specifically, mes- 
senger RNA synthesis, since polysomes isolated from 
ethanol-treated fibroblasts synthesized less protein 
than did polysomes isolated from control cells in a 
cell free system. The diminished ability of polysomes 
isolated from ethanol-treated fibroblasts to synthes- 
ize protein in the cell free system was not due to a 
direct effect of ethanol on polysomes, as indicated 
in Table 6. 

The data presented in this report also are impor- 
tant because ethanol has been used as a vehicle to 
study the effects of glucocorticoids on protein syn- 
thesis in isolated fibroblasts. Concentrations of 
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ethanol of 0.05-1% (v/v) have been used to admin- 
ister glucocorticoids to cell cultures [29-37]. The 
present study demonstrates that treatment of IMR- 
90 or SCOR 1A fetal lung fibroblasts with these 
concentrations of ethanol results in a marked 
decrease in both collagen and noncollagen protein 
synthesis. Accordingly, ethanol should not be used 
as a drug vehicle in cell culture, since this alcohol 
may mask the effects of the drug on collagen and 
noncollagen protein syntheses. 
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Abstract—Male rats injected with 1-phenyl-3-(2-thiazolyl)-2-thiourea (U-14,624) (25 mg/kg/day i.p.) for 
3 days prior to induction of anesthesia with pentobarbital (40 mg/kg, i.p.) slept significantly (P < 0.05) 
longer than control animals. Plasma and brain half-lives of pentobarbital were also prolonged in the 
treated animals, but both control and treated groups awakened with similar brain levels of pentobarbital. 
In addition, the plasma half-life of antipyrine in treated animals was also prolonged significantly. 
Subacute administration of U-14,624 (50 mg/kg/day i.p.) to male rats for 5-7 days suppressed the 
activities of aminopyrine N-demethylase, aniline hydroxylase and p-nitroanisole O-demethylase enzymes 
in vitro; this effect could not be demonstrated at lower doses. Single doses of U-14,624 (100-200 mg/kg, 
i.p.) also suppressed the activities of the three oxidative enzymes. The suppression was positively 
correlated with reduced levels of hepatic microsomal cytochrome P-450. Levels of cytochrome bs; and 
NADPH-cytochrome c reductase activity were not affected consistently by acute dosage with U-14,624. 
The inhibitory effects of single doses (100-400 mg/kg, i.p.) on all enzymatic systems were reversible, 
and recovery was complete within 48 hr. Whereas all three oxidative drug-metabolizing enzymes were 
inhibited in a mixed manner by in vitro exposure to U-14,624 ( 107->-10~? M), neotetrazolium diaphorase 
was not inhibited by U-14,624 at concentrations as high as 5 mM. Inhibition of oxidative drug metabolism 
by U-14,624 is mechanistically related to depletion of cytochrome P-450, but inhibition of these enzymes 


in vitro indicates that a second inhibitory mechanism may also be operative. 


1-Phenyl-3-(2-thiazolyl)-2-thiourea (U-14,624) has 
been used extensively as a pharmacological tool to 
deplete central norepinephrine (NE) levels as a 
consequence of its ability to inhibit the copper-con- 
taining enzyme, dopamine f-hydroxylase [1-4]. 
Effects associated with U-14,624 administration 
alone or prior to other drugs have usually been 
interpreted in terms of the central dopaminergic 
system without consideration of a possible peripheral 
contribution to pharmacological responses [5-22]. 
At least two effects of U-14,624, its ability to protect 
against the neurotoxicity of 6-hydroxydopamine and 
its ability to impair the diabetogenic action of 
alloxan, apparently are unrelated to its inhibition of 
dopamine f-hydroxylase [23]. Preliminary studies in 
this laboratory indicated that animals pretreated with 
U-14,624 were more sensitive to pentobarbital anes- 
thesia than were control animals under similar 
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experimental conditions. Potentially, this finding 
may be explained by a central and/or peripheral 
action of U-14,624. The present study was initiated 
to investigate the possibility that this highly lipophilic 
metal chelator may modify the functional status of 
the hepatic mixed-function oxidase system in the 
male rat. 


MATERIALS AND METHODS 


Animals. Male Sprague-Dawley rats (Carworth 
Farms, New York, NY) weighing 150-260 g were 
used in all studies, except as noted. Purina lab chow 
and water were available ad /ib. during a 12-hr, light- 
dark cycle (6:00 a.m.—6:00 p.m.). Six or seven ani- 
mals were housed together in wire-mesh cages over 
SAN-I-CEL bedding (Paxton Processing Co., Inc., 
Whitehouse Station, NY) in rooms maintained at 
22-25°. 

Drugs and dosing. U-14,624 (Aldrich Chemical 
Co., Milwaukee, WI) was uniformly suspended in 
0.9% saline solution containing 1% Tween 80 (Sigma 
Chemical Co., St. Louis, MO). The final concentra- 
tion of the suspension was 25mg U-14,624 per 
ml of suspension. The control suspending agent or 
suspensions of U-14,624 were administered intra- 
peritoneally in all experiments. A minimum of 24 hr 
or a maximum of 48 hr intervened between final drug 
injections and the initiation of remaining experi- 
mental protocols. 
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In vivo procedures. The LDsp (48-hr, i.p.) of U- 
14,624 was established in two weight ranges of male 
rats (184-208 g and 400-510 g) in order to define a 
useful, nontoxic dosage range for U-14,624. The LDs» 
was computed from the number of deaths at each 
dosage level by the moving average interpolation 
method of Weil [24]. Four animals were used in each 
dosage group. 

Analysis of pentobarbital in plasma and brain. 
Pentobarbital elimination from plasma and brain 
tissues was assessed in animals pretreated with U- 
14,624 (25 mg/kg/day x 3, i.p.) and in control ani- 
mals. Twenty-four hr after the last treatment, control 
and treated animals were divided into groups of five. 
Killing and tissue sampling were begun 10 min after 
an intraperitoneal injection of pentobarbital 
(40 mg/kg) and were terminated when a group of 
control and a group of treated animals awakened. 
Blood was drawn by aortic puncture under ether 
anesthesia and brains (minus cerebella) were 
removed following decapitation. Analysis of pen- 
tobarbital in tissues was performed according to the 
method of Brodie et a/. [25] using a double extraction 
with the organic phase. 

Plasma clearance of antipyrine. The plasma clear- 
ance of antipyrine was monitored in additional 
animals (N = 5) pretreated with U-14,624 as above. 
Under light ether anesthesia each animal was can- 
nulated via the external jugular vein for bolus anti- 
pyrine injections (100 mg/kg) and via the femoral 
artery for blood collections (0.5 ml) at approximately 
20, 40 and 60 min post-antipyrine injection. Plasma 
antipyrine was assayed according to the method of 
Brodie et al. [26], except that plasma protein was 
precipitated with 0.3 N barium hydroxide and 5% 
zinc sulfate. 

Microsomal enzyme assays. After either subacute 
(50 mg/kg/day x 3-7 days) or acute (50-400 mg/kg) 
treatment with U-14,624, groups of control and 
treated animals were decapitated; their livers were 
excised and homogenized in 3 vol. (25%, w/v) of ice- 
cold 50 mM Tris—1.15% KCI buffer (pH 7.5). After 
centrifugation at 12,000 g for 10 min, 1.0-ml aliquots 
of the soluble fractions were assayed for aminopyrine 
N-demethylase [27], aniline hydroxylase [28] and p- 
nitroanisole O-demethylase [29, 30] activities. Oxi- 
dative drug metabolism was evaluated under the 
optimal incubation conditions as outlined by Fouts 
[31]. Microsomes were isolated from hepatic soluble 
fractions by centrifuging aliquots of the soluble frac- 
tion for 1 hr at 100,000 g. The resulting pellet was 
assayed for protein content by the method of Lowry 
et al. [32], using bovine serum albumin as the ref- 
erence standard. The cytochrome P-450 and cyto- 
chrome b; contents of microsomal suspensions were 
determined with an Aminco DW-2 spectrophoto- 
meter as described by Omura and Sato [33, 34], using 
extinction coefficients of 91mM~='cm™' and 171 
mM~'cm™', respectively. NADPH-cytochrome c 
reductase activity of these suspensions was estimated 
according to the method of Phillips and Langdon 
[35] on the same instrument operated at 550 nm in 
the time base and split-beam modes. The reductive 
process was followed for 5 min at 25°; during this 
time the assay was linear. An extinction coefficient 
of 18.8 mM~'cm~! was employed for determinations 
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of NADPH-cytochrome c reductase activity. This 
extinction coefficient was calculated from the sodium 
dithionite reduction of oxidized cytochrome c (Sigma 
Type III). 

In vitro enzyme kinetics. Lineweaver—Burk plots 
were used to ascertain the capacity of U-14,624 to 
inhibit three enzyme systems in vitro. In these kinetic 
studies the source of the oxidative enzyme systems 
was hepatic supernatant fraction (12,000 g) prepared 
from livers of naive male rats, whereas the source 
of reductive enzymes, (neotetrazolium diaphorase) 
was microsomal suspension (7.5 mg protein/ml) from 
identical animals. U-14,624, dissolved in acetone 
(20 mg/ml), was added to incubation beakers, and 
the acetone was evaporated prior to initiation of 
incubations. 

In ail kinetic studies, hepatic fractions (12,000 g 
supernatant fractions or 100,000 g suspensions) were 
routinely incubated with U-14,624 for 10 min prior 
to initiating enzymatic reaction by substrate addition. 
Control reactions were run in the absence of U- 
14,614; however, the vehicle (acetone) was added 
to each and then evaporated. Oxidative enzyme 
activities were determined as mentioned previously; 
the reductive activity of neotetrazolium diaphorase 
was determined in vitro according to the method of 
Williams and Kiamin [36]. An extinction coefficient 
of 14mM ‘cm! was used to quantify neotetrazolium 
formazan formation. This reductive pathway was 
monitored in order to determine whether U-14,624 
would inhibit a microsomal pathway which does not 
require cytochrome P-450. 

Statistics. The Student’s two-tailed f-test for inde- 
pendent samples was used to test for statistical sig- 
nificance (P < 0.05) between U-14,624 and control 
treatments. All curves represent best-fit regression 
curves. 


RESULTS 


The intraperitoneal LDs) (48-hr) of U-14,624 in 
male rats was found to vary with their age and size. 
In animals weighing from 184 to 208 g, the LD<) was 
found to be 519 mg/kg (95 per cent confidence inter- 
val = 436-617 mg/kg). As the animals aged and 
increased in weight (400-510g), they became 
approximately three times more susceptible to the 
lethal effects of U-14,624, an effect evidenced as a 
reduction in the LDsy to 178 mg/kg (95 per cent con- 
fidence interval = 101-313 mg/kg). 

As shown in Fig. 1, U-14,624 pretreatment (3 days 
at 25 mg/kg/day, i.p.) prolonged the time required 
for clearance of pentobarbital from both the plasma 
and brain. The T,,. of pentobarbital elimination from 
plasma was increased from a control value of 48 + 
0.3 min to 78 + 0.4 min by U-14,624 pretreatment. 
Similarly, U-14,624 pretreatment increased the T,,. 
of pentobarbital elimination from brain from 53 + 
0.7 min to 90 + 0.7 min. The pentobarbital sleep 
time of treated animals (106 + 7 min) was signifi- 
cantly (P < 0.05) prolonged relative to that of con- 
trols (64 + 2 min). At the termination of hypnosis, 
the mean plasma and brain levels of pentobarbital 
(+ S.E.) in control animals were 14.2 + 0.2 ug/ml 
and 20.5 + 1.1 ug/g, respectively, while the corre- 
sponding levels of the treated animals were 15.3 + 
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Fig. 1. Brain and plasma clearances of pentobarbital (40 mg/kg, i.p.) in male rats 24 hr after the cessation 


of three daily intraperitoneal injections of U-14,624 


(25 mg/kg/day). Pentobarbital concentrations of 


either brain or plasma are shown on the ordinate; the abscissa represents time (min) from the loss of 
the righting reflex. Bold arrows denote the return of the righting reflex. At least five animals were used 
to establish each point. An asterisk (*) indicates P < 0.05. 


0.8 ug/ml and 20.2 + 0.8 ug/g. An identical dosage 
schedule also resulted in protracted elimination of 
antipyrine from the plasma of treated animals. U- 
14,624 pretreatment in this instance increased the 
plasma half-life of antipyrine to 152 + 13 min, which 
was 49 per cent greater than the control half-life of 
102 + 7 min. 

Although administration of U-14,624 at 
25 mg/kg/day, i.p., for 1-4 days was associated with 
no significant change in the activities of aminopyrine 
N-demethylase, aniline hydroxylase or p-nitroani- 
sole O-demethylase in vitro, it was possible to inhibit 
these hepatic drug-metabolizing enzymes by increas- 
ing the daily dose of U-14,624 to 50 mg/kg/day as 
shown in Table 1. A pattern of enzyme inhibition 
was seen with all three enzyme systems in treated 
animals with significant suppression (P < 0.05) of 


aminopyrine N-demethylase and aniline hydroxylase 
occurring within 5 days, while 7 days were required 
to inhibit significantly p-nitroanisole O-demethylase 
activity in vitro. 

Single doses of U-14,624 (100-200 mg/kg, i.p.) 
produced linear, dose-dependent suppressions of 
aminopyrine N-demethylase, aniline hydroxylase 
and p-nitroanisole O-demethylase activities. As seen 
in Fig. 2, suppression of oxidative enzymatic activity 
is strongly correlated with reductions in microsomal 
cytochrome P-450 levels. Other components of the 
hepatic microsomal electron transport chain 
(NADPH-cytochrome c reductase and cytochrome 
bs) were not modified consistently by U-14,624 treat- 
ments. Recovery from the acute inhibitory effects 
of U-14,624 was complete within 48hr in all 
survivors. 


Table 1. Activities of hepatic microsomal oxidative enzymes in vitro 24 hr after U-14,624 admin- 


istration (50 mg/kg/day 


i.p.) to male rats 





Days 
pretreatment 
with 
U-14,624 Treatment Aminopyrine 
(days) group N-demethylase 


Aniline p-Nitroanisole 
x hydroxylaset+ O-demethylaset 





3 96.8 + 4.3 (6) 
86.7 + 5.9 (6) 
4 117.3 + 6.3 (6) 
106.5 + 7.6 (6) 
5 108.6 + 3.9 (6) 
78.8 + 6.68(6) 
7 107.6 + 5.2 (4) 
40.3 + 6.08§(4) 


9.0 (6) 


NN 
NEE ANNICH 
ODN OH & 


6.3 + 0.78(6) 
12.5+0.5 (4) 
3.6 + 1.28(4) 


NRF RENN 
DBNUWNIRKAIDS 


I+ I+ I+ I+ I+ I+ I+ I+ 


SW 





* Values represent mean activities expressed as nmoles CHO formed per 30 min per mg 
microsomal protein + $.E. The numbers of animals are in parentheses. 

+ Values represent mean activities expressed as nmoles p-aminophenol formed per 20 min 
per mg microsomal protein + S.E. The numbers of animals are in parentheses. 

t Values represent mean activities expressed as nmoles p-nitrophenol formed per 20 min per mg 
microsomal protein + S.E. The numbers of animals are in parentheses. 


§ P<0.05. 
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Fig. 2. Least squares regression curves and correlation coefficients demonstrating the relationship 

between hepatic microsomal cytochrome P-450 levels and oxidative enzymatic activities 24 hr after a 

single i.p. dose of U-14,624: (1) 200 mg/kg, N = 6; (2) 150 mg/kg, N = 6; (3) 100 mg/kg, N = 12; and 

(4) 50 mg/kg, N = 6. Key: (A) aminopyrine N-demethylase (@); (B) aniline hydroxylase (A); and (C) 
p-nitroanisole O-demethylase (@). 


Repeated doses (> 25 mg/kg/day i.p.) and single 
doses of U-14,624 impeded normal body weight gain, 
but reduced initial body weights by less than 10 per 
cent in all instances. Liver weight to body weight 
ratios and total microsomal protein were not 
depressed consistently by doses of U-14,624. 

Figure 3 demonstrates that U-14,624 (10°-°-10~? 
M) is directly inhibitory when added to oxidative 
drug metabolism systems in vitro. The inhibition 
appears to be of a mixed type with an increased 
apparent K,, as well as reduced V,,,, for all three 
systems [37]. Although U-14,624 is inhibitory to 
hepatic microsomal aminopyrine N-demethylase, 
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aniline hydroxylase and p-nitroanisole O-demethyl- 
ase in vitro, it failed to inhibit microsomal neotetra- 
zolium diaphorase activity in vitro at concentrations 
as great as 5 x 10°°M. 


DISCUSSION 


In contrast to the work of Khalsa and Davis [18], 
we observed that the acute toxicity of U-14,624 
(LDsp = 519 mg/kg) is not great in young, healthy 
male rats. However, as our animals aged and as 
respiratory difficulties appeared, the LDs) value was 
observed to decrease. We suspect that the apparent 
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Fig. 3. Double reciprocal plots of oxidative drug metabolism in the absence (controls) and in the 

presence of U-14,624. (A) aminopyrine N-demethylase: 2, 4 and 8 x 107? M aminopyrine; (B) aniline 

hydroxylase: 4 and 8 x 10°*M and 2 x 10°°M aniline HCI; and (C) p-nitroanisole O-demethylase: 

1, 2 and 3 x 10°°M p-nitroanisole. Concentrations of U-14,624 used were: controls (O), 10°°M 

(<), 10°* M (@), 10°" M (@) and 10°? M (A). The source of oxidative enzyme systems and glucose- 

6-phosphate dehydrogenase was hepatic soluble fraction (12,000 g) equivalent to 250 mg of liver (7.5 mg 
of microsomal protein). 





U-14,624 and drug metabolism 


discrepancy between the LDs» values is a function of 
the respiratory difficulties seen with chronically 
maintained rats together with the CNS depressant 
properties of U-14,624. Animals receiving either 
multiple (> 25 mg/kg/day, i.p.) or single doses of U- 
14,624 developed static body weight growth patterns. 
In the present experiments, U-14,624 depressed nor- 
mal body weight increases, but did not cause the 
pronounced weight decrements noted by Khalsa and 
Davis [38]. Liver mass was not depressed by rela- 
tively toxic doses of U-14,624. 

Small, nontoxic doses of U-14,624 significantly 
impaired the biotransformation of two type I sub- 
strates, pentobarbital and antipyrine, in vivo. In the 
case of pentobarbital, clearance of the drug was 
slowed and sleeping times were prolonged without 
any apparent increase in the sensitivity of the CNS 
to the anesthetic. In the absence of increased CNS 
sensitivity as indicated by identical plasma and brain 
pentobarbital levels at awakening, increased bar- 
biturate sleeping times can be attributed to inhibition 
of barbiturate inactivation by microsomal enzymes 
[39]. Welch et al. [40] have demonstrated that the 
plasma clearance of antipyrine accurately reflects the 
functional status of several hepatic drug-metaboliz- 
ing enzymes. Accordingly, the depressed hydroxy- 
lation of antipyrine found in the present experiments 
reinforces the hypothesis that U-14,624 is inhibitory 
to drug-metabolizing systems in vivo. 

Although the activities of hepatic microsomal 
aminopyrine N-demethylase, aniline hydroxylase 
and p-nitroanisole O-demethylase were inhibited by 
multiple as well as single dosage regimens of U- 
14,624, the latter regimen is especially effective in 
inhibiting oxidative drug metabolism. This suppres- 
sion of activity is correlated positively with reduc- 
tions in hepatic microsomal cytochrome P-450 levels, 
but not with reductions in cytochrome b; levels or 
NADPH-cytochrome c reductase activity. The pat- 
tern of cytochrome P-450 depression with minimal 
effects on other components of the mixed-function 
oxidase system very closely simulates the interaction 
of disulfiram with these same components [41]. Fur- 
thermore, both U-14,624 and disulfiram produce 
reductions in the microsomal cytochrome P-450 con- 
tent that are quantitatively similar to the reduced 
levels of cytochrome P-450 initiated by certain trace 
metal deficiencies [42, 43]. It appears from the work 
of Wagner and Tephly [44] and Johnson et al. [5] 
that both U-14,624 and disulfiram chelate copper 
and in this manner depress cytochrome P-450 levels 
by interfering with heme biosynthesis. In addition, 
both drugs, as chelators of heavy metal ions, may 
negatively influence heme synthesis by chelation of 
zinc ions which are required for 6-aminolevulinic 
acid dehydratase activity and by chelation of mag- 
nesium ions which are essential to the functioning 
of d6-aminolevulinic acid synthetase [43, 45]. Since 
the half-life of the porphyrin moiety in cytochrome 
P-450 is short-lived (22 hr) relative to that of cyto- 
chrome b; (45 hr) [46], the content of cytochrome 
P-450 would decrease prior to any change in the 
levels of cytochrome b; as observed in our 
experiments. 

Mixed inhibition of aminopyrine N-demethylase, 
aniline hydroxylase and p-nitroanisole O-demethyl- 
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ase resulted when enzymatic preparations from naive 
animals were exposed to U-14,624 in vitro. Inhibition 
kinetics of this type are frequently interpreted in 
terms of two or more enzymes catalyzing the same 
reaction or of a single enzyme that is only partially 
inhibited [47]. Another explanation for the mixed 
inhibition is suggested by the work of Hunter and 
Neal [48] and DeMatteis [49]. These investigators 
have reported that certain sulfur-containing chemi- 
cals cause inhibition of drug metabolism and loss of 
cytochrome P-450 on incubation with microsomes 
in vitro or after their administration to rats in vivo. 
Among these chemicals are disulfiram, diethyldi- 
thiocarbamate and thionosulfur compounds of 
diverse structure. Metabolic activation by way of 
oxidative desulfuration has been implicated in the 
mechanism of toxicity of all of these chemicals. 
Activation of U-14,624 to a substance which is toxic 
to cytochrome P-450 could well be instrumental in 
producing the inhibition of drug metabolism 
observed in these studies. The evidence of such a 
mechanism must await further experimentation. 

U-14,624 failed to inhibit the reduction of neo- 
tetrazolium to its formazan derivative in vitro. Since 
this reaction can proceed via an alternate pathway 
not involving cytochrome P-450 [50], this result was 
not unexpected. This observation supports the 
impression that U-14,624 acts specifically on cyto- 
chrome P-450 with minimal involvement of other 
MFO components. 

Studies which employ U-14,624 to evaluate the 
pharmacologic manifestations of drugs after the 
establishment of catecholamine imbalance should be 
interpreted cautiously. The present data demon- 
strate that U-14,624 impairs the bioconversion of 
several drugs and prolongs the exposure of animals 
to these compounds. In the presence of U-14,624, 
pharmacologic responses to administered drugs may 
or may not relate directly to inhibition of dopamine 
B-hydroxylase. 
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Abstract—Heparinized rat blood containing sodium [**S]sulphide was perfused through isolated rat 
lungs, kidney or liver. The rate and extent of sulphide oxidation varied from one organ to another. In 
the isolated perfused lung system, [**S]sulphide was oxidized slowly to [**S]thiosulphate; only small 
amounts of [**S]sulphate were detectable, possibly due to the absence of sulphide oxidase. In the 
isolated perfused kidney system, [*°S]sulphide was oxidized to [*°S]sulphate with [°° S]thiosulphate as a 
possible intermediate. In liver perfusion experiments [*°S]sulphide was oxidized rapidly and almost 
exclusively to [*°S]sulphate. The addition of unlabelled thiosulphate inhibited the formation of 
[*°S]sulphate and caused the release of [**S]thiosulphate from the isolated liver. This suggests that 
thiosulphate is an intermediate in sulphide oxidation to sulphate. A mechanism for the rapid oxidation 
of sulphide to thiosulphate was shown to be present in rat liver mitochondria and, in the presence of 
glutathione, the thiosulphate was oxidized to sulphate. These results are discussed in relation to the 
contribution of lungs, kidney and liver to the oxidation of sulphide in vivo. 


The detoxication capacity, with respect to sulphide, 
of both plasma and blood cells in vitro has been 
attributed to the binding of sulphide to proteins [1]. 
However, intravenously administered sulphide has 
only a transient existence in blood and is rapidly 
oxidized to sulphate in the whole animal [2] and by 


the isolated perfused rat liver [1]. The rapid rate of 
sulphide oxidation in the isolated liver suggested 
enzymic oxidation. Earlier work in the dog [3] also 
suggested that an enzyme, sulphide oxidase, was 
involved. In contrast, studies by Sorbo [4] do not 
support this view, although no unequivocal evidence 
has yet emerged which excludes the existence of 
sulphide oxidase [5]. 

Autoradiographic studies following intravenous 
administration of [**S]sulphide [1] have shown the 
accumulation of isotope in areas corresponding to 
the lungs and kidneys. The present study attempts 
to measure the capacity of these organs to oxidize 
inorganic sulphide and to investigate further the 
subcellular site(s) and mechanism of sulphide oxi- 
dation in the liver. 


MATERIALS AND METHODS 


The materials, analytical and experimental tech- 
niques were as previously described [1], except for 
the following: glutathione (oxidized and reduced), 
lipoic acid and dihydrolipoic acid, were purchased 
from Sigma Chemical Co. Ltd., London, U.K. 
Sodium sulphide and all other reagents were AR 
grade. N-Ethyl [2, 3-'*C]maleimide (4mCi/mmole) 
was purchased from the Radiochemical Centre, 
Amersham, Bucks., U.K. Unlabelled N-ethyl mal- 
eimide was added to the labelled compound to give 
a final concentration of 0.1M in water. This solution 
was frozen until required. 

Electrophoretic mobility of adducts formed 
between ['*C]-labelled N-ethylmaleimide ({'*C|NEM) 
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and sulphur compounds. A number of workers have 
utilized the reaction of N-ethylmaleimide (NEM) 
with various sulphur compounds for qualitative 
analysis. Mudd [6] has shown that sulphite can be 
stabilized in this way and Ellis [1] has used NEM for 
the analysis of sulphide and sulphite. 

Crystals of Na,S, Na,S,O; and Na,SO, were 
washed with water to remove surface impurities and, 
after blotting dry, the crystals were dissolved in 
0.15M phosphate buffer at pH 7.4. Each sulphur 
compound (0.08 ml of an 0.025M solution) was 
mixed with 0.2 ml of 0.1 M aqueous ['*C]NEM and 
allowed to stand at room temperature for 30 min. 
Aliquots (10 ul) were subjected to paper electro- 
phoresis in the presence and absence of authentic 
inorganic [*S]sulphate. The mobilities of the 
['*C]NEM adducts were measured relative to that 
of inorganic [**S]sulphate. 

Similar experiments were carried out in the pres- 
ence of either rat plasma or whole blood. Reaction 
mixtures contained one of the sulphur compounds 
(0.08 ml), ['*C]NEM (0.02 ml) and either plasma or 
whole blood (0.2 ml). After mixing for 30 min at 
room temperature, aliquots (10ul) were subjected 
to paper electrophoresis in 0.1M sodium acetate 
buffer at pH 4.5, using a potential gradient of 10V/cm 
for 1.5 hr. 

Free thiosulphate was detected on electrophore- 
tograms after spraying with starch-iodide reagent 
[8] or a fluorescein-silver nitrate reagent [9]. 

Experiments with isolated perfused rat liver.Rat 
livers were perfused with heparinized homologous 
blood [10]. 

The metabolic fate of Na,*’S in the isolated per- 
fused rat liver was investigated under two sets of 
conditions: 

(A) In the first experiment, NaS (50 umoles 
dissolved in 5 ml of 0.15 M phosphate buffer, pH 7.4) 
was added to the circulating perfusate (140 ml). To 
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minimize losses of *S as H,*°S, the Na.*°S was added 
slowly (over 3 min) to the perfusate and the artificial 
lung was excluded from the circuit for the first 15 min. 
Samples of the perfusate were withdrawn after 
15 min and the glass lung was then included in the 
circuit. Further samples of the perfusate were taken 
after 0.5, 1.0 and 2.0 hr. 

(B) In a second set of experiments, the ability of 
the isolated rat liver to metabolize Na,*S in the 
presence of unlabelled inorganic thiosulphate was 
investigated. Sodium thiosulphate (either 0.2 or 
Immole dissolved in S5ml of 0.15M_ phosphate 
buffer, pH 7.4) was added to the circulating perfusate 
(140 ml). The blood/thiosulphate mixture was cir- 
culated through the liver for 10 min before adding 
Na,*S (50 umoles). Samples of the perfusate were 
removed at 15 min, 30 min, | hr and 2 hr and assayed 
for radioactive content by paper electrophoresis and 
scanning [1]. 

Perfusion of isolated lungs. The essential features 
of the perfusion apparatus are shown in Fig. 1. The 
heparinized blood [1], after filtration, enters the 
lungs from a reservoir, the height of which is adjust- 
able and regulates the perfusion pressure. Lungs 
were perfused at a pressure of 8-9 cm of water. The 
lungs were suspended by a cannula inserted into the 
trachea and maintained in a humid atmosphere by 
enclosure in a glass chamber lined with moistened 
gauze. Lungs were inflated via the trachea using a 
Palmer respiratory pump. Expired gases from the 
lung were passed through two traps, in series, con- 
taining 3 ml of 1M NaOH. Adequate deflation of 
the lungs was ensured by maintaining a slight nega- 
tive pressure in the tracheal cannula. 
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Fig. 1. Schematic representation of the apparatus for the 
perfusion of isolated rat lungs. 
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In preliminary experiments it was observed that 
the blood flow through the lungs dropped sharply 
within a short time (15 min) after the isolated lungs 
were connected to the perfusion apparatus. This was 
possibly due to the presence of vasoconstrictor sub- 
stances in the blood and the problem was overcome 
in subsequent experiments by routinely perfusing an 
isolated rat liver for 1.5 hr before the lungs were 
attached to the apparatus. Lungs perfused using this 
protocol gave perfusion rates of 8-12 ml/min. 

Operative procedure for the perfusion of isolated 
rat lungs. The donor rat was anaesthetized with ether 
and a glass cannula (with side arm) was inserted into 
the trachea. Anaesthesia was maintained with Nem- 
butal (6 mg/200 g body wt in 0.2 ml of 0.15 M NaCl) 
administered via a cannula inserted into the right 
jugular vein. 

The abdominal cavity was incised along the 
bloodless abdominal line and lateral incisions were 
made in the abdominal wall immediately distal to 
the diaphragm. The thoracic cavity was incised along 
the sternum and the ribs were removed to provide 
access to the lungs. The tracheal cannula was then 
attached to the respiratory pump. The animal was 
exsanguinated via the abdominal aorta (to prevent 
bleeding into the thoracic cavity when the heart was 
incised). The right ventricle of the heart was incised 
and a glass cannula (with an attached 10 ml syringe 
filled with oxygenated blood at 37°) inserted through 
the right ventricle into the pulmonary artery. The 
cannula was secured with ligatures. Oxygenated hep- 
arinized blood was slowly infused from the attached 
syringe and removal of the major portion of the left 
ventricle and the lower section of the left atrium 
allowed the efflux of venous blood. The lungs were 
dissected from the thorax, transferred to the per- 
fusion apparatus and perfused with oxygenated hep- 
arinized blood at 8-12 ml/min. 

In three separate experiments, Na,*S (50 umoles 
dissolved in 5 ml of 0.15 M phosphate buffer, pH 7.4) 
was added (over 2-3 min) to the circulating perfusate 
(120 ml). Lungs were perfused for 2 hr and samples 
of the perfusate were taken at 15 min, 30 min, | hr 
and 2hr, and assayed quantitatively and qualitita- 
tively for **S-labelled materials. 

Perfusion of the isolated kidney.Rat kidney was 
perfused with heparinized blood at 0.8—1.0 ml/min 
[11]. 

Na,*’S (50 umoles dissolved in 5 ml of 0.15 M phos- 
phate buffer, pH 7.4) was added to the perfusate 
(140 ml) at a point immediately before entry of the 
perfusate into the kidney. Samples of the perfusate 
were taken after 15 min, 30 min, | hr and 2hr. In 
addition, a sample of blood was taken from the renal 
vein after 2hr perfusion. The blood and urine 
samples were assayed quantitatively and qualita- 
tively for *S-labelled materials. 

The contribution of the perfusate to the conversion 
of [*S]sulphide to [*S]thiosulphate was evaluated 
in experiments in which Na;*S was added to hep- 
arinized rat blood in the presence and absence of 
unlabelled thiosulphate. Oxygenated rat blood 
(10 ml) was mixed with Na.*S (4 umoles in 0.4 ml 
of 0.15 M phosphate buffer, pH 7.4) and 0.4 ml of 
0.15 M phosphate buffer, pH 7.4 was added. Oxy- 
genated rat blood (10 ml) was also mixed with sodium 
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thiosulphate (80 umoles in 0.15 M phosphate buffer, 
pH 7.4) and after 10 min, 4 umoles of Na;*°S was 
added. Both mixtures were incubated at 37°. Samples 
were removed from each flask at 15 min, 30 min and 
1 hr after the addition of sulphide and assayed for 
*§-labelled materials. 

Subcellular fractionation of rat liver. This was car- 
ried out by the method of De Duve et al. [12], as 
detailed by Milsom [13]. When the microsomal frac- 
tion only was required, conditions were ‘biased’ for 
the preparation of a ‘pure’ microsomal fraction [10]. 

Preparation of rat liver mitochondria. This was 
carried out by the method of Chappell and Hansford 
[14]. 

Marker enzymes. Rhodanese (thiosulphate—cyan- 
ide sulphotransferase, EC 2.8.1.1) was assayed as 
described by Rosenthal et al. [15], arylsulphatase C 
by the method of Dodgson et al. [16], as modified 
by Milsom et al. [17], and acid phosphatase by the 
method of Gianetto and De Duve [18]. These 
enzymes were assayed in sub-cellular fractions in 
order to establish the purity of the fractions. 

Measurement of protein. Protein was determined 
by the method of Gornall et al. [19] using bovine 
serum albumin as standard. 

Measurement of inorganic sulphide. Fresh solution 
of sulphide were prepared for each experiment and 
sulphide concentration was measured according to 
the method of Johnson and Nishita [20]. 

Measurement of oxygen consumption. This was 
carried out using an oxygen electrode as described 
by Chappell [21]. 


RESULTS 
Electrophoretic mobility of {'*C] NEM adducts 


The mobility of the adducts formed between 
[“C]NEM and buffered solutions of sulphide, sul- 
phite and thiosulphate are shown in Table 1. NaS 
and Na,SO, adducts both gave single radioactive 
species which could be separated from each other 
and from Na,*°SO, by paper electrophoresis. In con- 
trast, the reaction between ['*C]NEM and thio- 
sulphate resulted in the formation of two distinct 
radioactive species, having the same mobilities as 
[“C]NEM-sulphide and = ["C]NEM-sulphite 
adducts. 

When whole blood or plasma was included in the 
reaction mixtures the mobilities of the ['*C]NEM- 
sulphide and ['*C]NEM-sulphite complexes were not 
affected. However, the results obtained with thio- 
sulphate were quite different. Only trace amounts 
of radioactivity corresponded in mobility with the 
NEM-sulphide and NEM-sulphite adducts. These 
results suggest that in the presence of either blood 


Table 1. Electrophoretic mobilities relative to inorganic 
[*S]sulphate of the products formed between 2,3['*C] N- 
ethyl maleimide and some sulphur compounds 





NEM-adduct Mobility (relative to *SO,?-) 





Sulphide 

Sulphite 

Thiosulphate 0.0 
0.43-0.45 
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or plasma very little reaction occurs between NEM 
and thiosulphate. The minimum amount of blood or 
plasma required to inhibit the reaction between 
NEM and thiosulphate has not, as yet, been 
determined. 

The electrophoretic mobility of untreated thio- 
sulphate in blood and plasma was 1.18-1.20 relative 
to inorganic [*S]sulphate. 

Liver perfusion. (A) After perfusion for 15 min, 
94 per cent of the total radioactivity in the perfusate 
was associated with the plasma. Subsequently, the 
distribution of *S between plasma and cells remained 
relatively constant up to 2hr, although the TCA- 
insoluble*S in the plasma decreased from 25 per 
cent (of the total *S in plasma) after 15 min to 14 
per cent after 2 hr. Only small amounts of radioac- 
tivity (6-10 per cent of the *’S in the perfusate) were 
associated with the cells. Scans of electrophoreto- 
grams of the NEM-perfusate adducts (Fig. 2, panel 
a) showed that after 15 min the major radioactive 
component in the perfusate (70 per cent of total *S) 
was identical in mobility with inorganic [*°S]sulphate. 
This value rose to 82 per cent after 2 hr perfusion 
(Fig. 2, panel b). 

(B) When unlabelled thiosulphate (200 umoles) 
was added to the perfusate, electrophoretograms of 
the perfusate showed that  [*S]thiosulphate 
accounted for 54 per cent of the radioactivity present 
after 15min perfusion. Inorganic [*S] sulphate 
accounted for 22 per cent of the total [*S] in the 
perfusate (Fig. 2, panel c) at this time. After per- 
fusion for 30min the relative proportions of 


[*S]thiosulphate and [*S]sulphate were reversed, 


the inorganic [*S]sulphate (approx. 46 per cent) 
predominating. The amount of radioactivity remain- 
ing at the origin decreased during the perfusion and 
accounted for approximately 13 per cent after 2 hr 
perfusion (Fig. 2, panel d). At this time 
[*°S]thiosulphate could not be detected. 

In contrast, when | mmole of unlabelled thio- 
sulphate was added to the perfusate the major radio- 
active peak in all samples of the perfusate corre- 
sponded to inorganic [**S]thiosulphate (Fig. 2, panels 
e and f). Between 15 min and 2 hr perfusion, the 
percentage of total radioactivity present in the pur- 
fusate as [*°S]thiosulphate remained relatively con- 
stant (approx. 75 per cent). A radioactive peak cor- 
responding to inorganic [**S]sulphate was detected 
after 15 min but this represented only 6.3 per cent 
of the total radioactivity. The proportion of inorganic 
[*°S]sulphate increased to approximately 19 per cent 
after 2hr and this coincided with a proportional 
decrease in the radioactivity remaining at the orgin. 
The relative distribution of total **S-labelled material 
between the plasma and cells was very similar to that 
obtained in the absence of any added thiosulphate. 

Lung perfusion. During the first 15 min perfusion, 
32 per cent of the administered dose was lost from 
the blood as volatile *S but after 15 min no further 
losses were observed. The distribution of *S between 
plasma and cells remained relatively constant over 
the 2 hr perfusion period with approximately 90 per 
cent of the total radioactivity associated with the 
plasma. At 15 min, 61 per cent of *S in plasma was 
TCA-insoluble. This value decreased to 54 per cent 
after 2hr. In the cells all the *S-labelled material 
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in Origin Origin 
Fig. 2. Effect of thiosulphate on the oxidation of Na»’’S by the isolated perfused rat liver. Distribution 
of *°S on electrophoretograms obtained ‘following the perfusion of rat liver with heparinized blood 
(140 ml) containing Na,*°S (50 umoles). Scans (a) and (b) are the controls and were obtained 15 min 
and 2 hr after the addition of Na,*’S to perfused rat liver; (c) and (d) show the distribution of *°S after 
15 min and 2hr, respectively, when Na2S,O; (0.2 mmole) was added 10 min before the addition of 
Na,"’S; (e) and (f) were also obtained after 15 min and 2 hr perfusion when Na,S,O; (1.0 mmole) was 


added 10 min prior to the addition of Nay*’S 


was TCA-insoluble. Scans of electrophoretograms 
of the N-ethylmaleimide adducts (Fig. 3, panels a 
and b) showed that the [*S]sulphide was slowly 
oxidized to [*S] thiosulphate. Trace amounts only 
of [*°S]sulphate were detectable after 2 hr perfusion. 

Kidney perfusion. After 15 min perfusion, 70 per 
cent of the radioactivity was associated with the 
plasma fraction and this value increased to 84 per 
cent after 2 hr. The amount of TCA-insoluble *S in 
the plasma remained relatively constant at approx- 


imately 30 per cent of plasma radioactivity. How- 
ever, in the whole perfusate, the total TCA-insoluble 
*°§ decreased from 52 per cent after 15 min to 42 per 
cent after 2 hr. Urine flow was considerably reduced 
following the addition of Na,*S to the pérfusate and 
only 2.9 per cent of the administered “S appeared 
in the urine over 2 hr. 

Scans of electrophoretograms of the NEM-per- 
fusate mixture after 15 min (Fig. 3, panel c) showed 
two major radioactive peaks. The larger peak (65 


Fig. 3. Oxidation of Na,*’S by isolated perfused rat lungs or kidney. Distribution of *°S on electro- 

phoretograms obtained following perfusion of rat lungs or kidney with heparinized blood (120 and 

140 ml, respectively) containing NaS (50 umoles). Scans (a) and (b) were obtained 15 min and 2 hr 

after addition of Naz”S to isolated perfused lungs; (c) and (d) were obtained 15 min and 2 hr after 

addition of Na*’S to perfused kidney; (e) and (f) show distribution of *°S in renal vein blood after 2 hr 
perfusion and in 0-2 hr urine, respectively. 
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per cent of the radioactivity) remained at the origin, 
while the other peak was identical in mobility with 
[*S]thiosulphate. The distributions of radioactivity 
in samples obtained between 30 min and 2 hr (Fig. 
3, panel d) were essentially the same except for a 
small but clearly distinguishable peak of 
[**S]sulphate. By contrast, blood obtained from the 
renal vein after 2 hr showed radioactive peaks cor- 
responding to [*S]sulphate (40 per cent) and 
[*S]thiosulphate (29 per cent) (Fig. 3, panel e). In 
the urine collected over 2 hr, [*°S]thiosulphate and 
[*S]sulphate were the major components (Fig. 3, 
panel f). 

In control experiments in which Na,*°S was incu- 
bated with the perfusate alone, the scans of electro- 
phoretograms of the NEM adducts showed that 
similar small amounts of [*°S]thiosulphate were pro- 
duced in the presence and absence of added unla- 
belled thiosulphate. 

Oxygen consumption by mitochondria in the pres- 
ence of sodium sulphide. Rat liver mitochondria were 
prepared by the method of Chappell and Hansford 
[14] and the rate of oxygen consumption was meas- 
ured in the presence and absence of sodium sulphide. 

A typical trace of the oxygen utilization obtained 
following the addition of sodium sulphide to a sus- 
pension of rat liver mitochondria is shown in Fig. 4. 
Each addition of sulphide (32 nmoles) was charac- 
terized by an immediate increase in the rate of 
oxygen utilization lasting approximately 8 sec. This 
was followed by a much slower rate of oxygen con- 
sumption, although this rate was slightly higher than 
the basal level obtained in the absence of sulphide. 
This biphasic response was reproducible with each 
new addition of sulphide and was not recorded when 
mitochondrial protein was omitted or when heat 
denatured mitochondrial protein was used. Increas- 
ing the sulphide concentration to 30 and 60 uM (Fig. 
5) extended the duration of the rapid phase of oxygen 
uptake to 18 and 86 sec, respectively, while the sec- 
ondary phase remained relatively unaffected. How- 
ever, increasing the sulphide concentration to 60 uM 


ng atoms 


Oxygen uptake, 








40 sec 


Time 


Fig. 4. Mitochondrial oxidation of Na.S. Oxygen utilization 
following the addition of Na,S (5 ul samples of a 6.4mM 
solution) to a suspension of rat liver mitochondria (5.2 mg 
of protein in 2.1 ml of 0.15 M KCI, 10 mM Tris-HCl, pH 7.4 
at 30°). The arrows indicate each addition of sulphide and 
the rates of oxygen utilization (ng atom/min) were: I, 50; 
II, 334; III, 84; IV, 301: V, 74; VI, 403 and VII, 74. 




















40 sec 
Time 


Fig. 5. Effect of sulphide concentration on mitochondrial 
oxidation of NaS. To a suspension of rat liver mitochondria 
(5.2 mg protein in 2.1 ml of 0.15 M KCI, 10 mM Tris-HCl, 
pH 7.4 at 30°) was added (a) Sul; (b) 10 ul and (c) 20 ul 
aliquots of 6.4 mM Na)S (in 0.2 M KCl, 10 mM Tris-HCl, 
pH 7.4). Rates of oxygen utilization (ng atom/min) were 
I, 50; II, 334; III, 84; IV, 50; V, 352; VI, 84; VII, 50; VIII, 
142 and IX, 83. 


resulted in a dual effect. The duration of the rapid 
phase was increased, but the rate of oxygen uptake 
was reduced. 

Oxygen utilization during the rapid phase was 
directly proportional to the amount of sulphide 
added. In each case, at the end of the rapid phase 
the ratio of oxygen used to sulphide added was 
approximately 1:5:1. This would imply mitochon- 
drial oxidation of sulphide to thiosulphate (S,O7), 
although further oxidation (at a much reduced rate) 
could occur. In a similar series of experiments, the 
rate of oxygen consumption was measured following 
the addition of sodium sulphide (30-200 uM) to 
either rat liver microsomes or supernatant fractions 
(2-10 mg protein). With these fractions there was no 
significant change in the rate of oxygen consumption. 
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The products of *S sulphide oxidation by rat liver 
mitochondria in vitro. Mitochondria preparations 
(2-10 mg protein) were incubated (10 min at 30°) 
with Na,S (0.1 mM) and the volumes of the incu- 
bation mixtures were adjusted to 1 ml with 0.12M 
KCl:10 mM Tris-HC1, pH 7.4. Controls contained 
mitochondria denatured by boiling for 2 min. The 
reaction was stopped by adding 0.2 ml of 1 M cad- 
mium acetate which precipitates the protein and free 
sulphide. After centrifuging, 0.2 ml samples of the 
supernatants were mixed with 0.025 ml of 0.1M 
NEM and stored at room temperature for 30 min 
prior to electrophoresis and scanning. 

Electrophoretograms (Fig. 6, panel a) showed 


NEM- *°SO, 


Origin 


Fig. 6. Distribution of radioactivity on electrophoretograms 
following incubation of rat liver mitochondria with Na»’’S. 
Incubations contained mitochondrial protein (5 mg) and 
NaS (0.1 umole) in 1 ml of 0.12M KCl, 10mM Tris- 
HCl, pH 7.4. Reactions were stopped after 10 min at 30° 
by the addition of 0.2 ml of 1M cadmium acetate. After 
centrifuging (2000 g for 10 min) aliquots of the supernatant 
fraction were subjected to electrophoresis with (a) and 
without (b) the addition of N-ethylmaleimide (25 ul of a 
10mM solution of NEM per 0.2 ml of reaction mixture 
supernatant fraction). Sample (c) shows the oxidation prod- 
ucts obtained under the same conditions except for the 
inclusion of reduced glutathione (1 mM) in the reaction 
mixture. 
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three major radioactive components corresponding 
to inorganic [**S]sulphate, [*°S]thiosulphate and the 
NEM adduct of [*°S]sulphite. The NEM[*’S]sulphite 
adduct was the major component. However, it was 
subsequently shown that in the absence of protein, 
NEM at a concentration of 0.011 M reacts with 
[*S]thiosulphate yielding the NEM adducts of sul- 
phite and sulphide. The sulphide is then precipitated 
by the cadmium ions present. Therefore, in subse- 
quent experiments, N-ethyl maleimide was not 
added to the supernatants and under these conditions 
only [*S]thiosulphate and [*S]sulphate were 
detected on the electrophoretograms (Fig. 6, panel 
b). With heat-denatured mitochondria *S-labelled 
oxidation products could not be detected. 

When glutathione (oxidized or reduced), lipoic or 
dihydrolipoic acids were included at a final concen- 
tration of 1 mM, the pattern of oxidation was altered 
(Fig. 6, panel c), the main product being 
[*S]sulphate with only small amounts of 
[*S]thiosulphate. Neither unlabelled thiosulphate 
nor sulphite up to concentrations of 4mM had any 
apparent effects on the mitochondrial oxidation of 
Na,*S. 


DISCUSSION 


When blood containing Na;°S was perfused 
through either isolated rat lungs, or kidney or liver, 
oxidation products were formed. However, the rate 
and extent of oxidation varied with each organ. With 
the isolated lung, the release of volatile “S in the 
expired air provides an explanation for the apparent 
accummulation of *S in this organ [1]. The 
[*S]sulphide remaining in the blood was oxidized, 
albeit slowly, to [*°S]thiosulphate and it is therefore 
unlikely that the lungs make a major contribution 
to the oxidation of exogenous sulphide to sulphate. 
Small amounts only of [*S]sulphate were detected 
in the perfusate and this may be due to the absence 
of suiphite oxidase in lungs [22]. 

In the isolated kidney, Na,*S was also oxidized 
slowly, the major product in the perfusate after 2 hr 
being [**S]thiosulphate. However, it is not possible 
from these studies to assess the contribution made 
by the kidneys in the intact animals to the oxidation 
of Na,*S. This is due to the relatively poor perfusion 
rate (0.8—1.0 ml/min) obtained with the kidney com- 
pared with the lungs and liver (8-12 mi/min and 30- 
35 ml/min, respectively). Since the total volume of 
the perfusate was approximately 140 ml, it is clear 
that oxidation products produced in the blood itself 
could mask the contribution made by the kidney. 
Nevertheless, the amount of [**S]thiosulphate in the 
perfusate was greater than that formed in blood 
alone. The appearance of [**S]sulphate as the major 
radioactive component in renal vein blood and the 
appearance of both [*S]thiosulphate and 
[*Sjsulphate in the urine demonstrates the capacity 
of rat kidney to oxidize [*°S]sulphide to [*S]sulphate 
with [*S]thiosulphate as a possible intermediate. 

In liver perfusion experiments Nay”S is oxidized 
rapidly and almost exclusively to [*S]sulphate; no 
[*°S]thiosulphate was detected in the petfusate. How- 
ever, the ability of unlabelled thiosulphate to prevent 
the formation of [*S]sulphate from [*S]sulphide and 
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cause the release of [*S]thiosulphate from the iso- 
lated liver into the perfusate suggests that 
[*S]thiosulphate is an obligatory intermediate. In 
the present study, a mechanism for the rapid oxi- 
dation of sulphide to thiosulphate was shown to exist 
in the liver mitochondria. However, this mechanism 
operates only at low concentrations of sulphide. At 
sulphide concentrations of 60 uM and above, oxygen 
consumption by the mitochondria is reduced due to 
the inhibition of the cytochrome oxidase system (Dr. 
R. G. Hansford, personal communication). Oxygen 
consumption by mitochondria in the presence of 
sulphide is a biphasic process consisting of an initial 
rapid phase followed by a slower phase. The ratio 
of oxygen consumed to sulphur added is approxi- 
mately 1.5 at the end of the rapid phase, which 
suggests that thiosulphate is the major oxidation 
product. This was confirmed by electrophoretic 
analysis of the oxidation products using Na,*S as 
substrate even at the relatively high concentration 
of 0.1 mM. 

The subcellular site(s) for the subsequent oxida- 
tion of thiosulphate generated by liver mitochondria 
is not known. However, in the presence of gluta- 
thione the major product of [*S]sulphide oxidation 
by the mitochondria is [**S]sulphate. This has also 
been demonstrated by Koj et al. [23]. The glutathione 
is involved in the reductive cleavage of thiosulphate 
to give sulphite, which is then oxidized to sulphate, 
and some form of sulphide, which is recycled to give 
more thiosulphate. Thus, liver mitochondria have 
the ability to bring about the complete oxidation of 
sulphide to sulphate, with thiosulphate and sulphite 
as intermediates. 
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Abstract 


Female, Swiss-Webster mice (20-28g) were randomly divided into three experimental 


groups: control, acute (received a single i.p. dose of chlordiazepoxide, 20 mg/kg) and tolerant [received 
dietary chlordiazepoxide (2.5 mg/g milled Purina Lab Chow), for 8 days]. Synaptosomes were isolated 
from whole brains of mice from each group, and the inhibitory effects of chlordiazepoxide on KCI- 
induced *Ca?* influx were examined. Both in vitro (0.15 mM), and acute in vivo (20 mg/kg, i.p.) 
chlordiazepoxide significantly inhibited KCl-induced *Ca** influx (A,) into synaptosomes isolated from 
control and acute mice, respectively. Chronic dietary chiordiazepoxide administration resulted in the 
development of tolerance to the inhibitory effects of chlordiazepoxide during the same time period that 
behavioral tolerance developed. The results suggest that chlordiazepoxide-induced sedation may be 
mediated, at least partially, by inhibition of calcium influx into nerve ends. In addition, tolerance to 
chlordiazepoxide sedation may be mediated by an adaptation of the nerve end such that the degree of 
inhibition of calcium influx is reduced after chronic chlordiazepoxide administration. 


Although the cellular mechanisms underlying the 
sedative, antianxiety, and/or anticonvulsant actions 
of benzodiazepines are unknown, recent work has 
clearly established that some or possibly all of these 


effects are related to changes in y-aminobutyric acid 
(GABA). Low concentrations of benzodiazepines 
(10° ) facilitate KCl-induced pre-synaptic GABA 
release from rat frontal cortex prisms, whereas 
higher concentrations (10°*M) inhibit GABA 
release [1]. It has been suggested that benzodiaze- 
pines may facilitate GABA-mediated activity post- 
synaptically by competing with an endogenous 
inhibitory protein that modulates GABA receptor 
activity [2]. Benzodiazepines specifically modulate 
GABA-mediated post-synaptic inhibition in cultured 
mammalian neurons [3]. Low doses of diazepam and 
chlordiazepoxide facilitate, and high doses antag- 
onize GABA-mediated post-synaptic inhibition. 
Geller et al. [4] recently showed that diazepam 
enhanced GABA-mediated inhibition in rat cere- 
bellum in situ at doses that did not change sponta- 
neous firing rates. They suggested that the actions 
of diazepam may be mediated, at least in part, by 
a specific increase in GABA-mediated inhibition in 
the central nervous system. 

Although the evidence in the literature clearly 
shows a relationship between GABA and benzodi- 
azepines, it has not been established conclusively 
whether the GABA-mediated actions contribute to 
sedation, relief of anxiety, or suppression of seizure 
activity or to all of these. Recent evidence has shown 
that a functional loss of GABAergic inhibitory syn- 
apses in sensorimotor cortex leads to epileptic 
activity of cortical pyramidal neurons [5]. 

The purpose of the present investigation was to 
examine chlordiazepoxide-mediated changes of cal- 
cium influx into synaptosomes to determine if a 


relationship exists between sedation produced by 
chlordiazepoxide and alterations in calcium- 
mediated ‘stimulus-secretion coupling’ events. 
Recent work in our laboratories has shown that 
barbiturates [6-8] and chlorpromazine [9] markedly 
inhibit depolarization-induced synaptosomal *Ca?' 
influx at concentrations that are consistent with those 
required to produce sedation. In addition, chronic 
administration of both barbiturates and chlorprom- 
azine resulted in the development of tolerance to 
this inhibition of depolarization-induced synapto- 
somal *Ca?* influx at the same time that behavioral 
tolerance developed. We report here that chlordi- 
azepoxide appears to have a similar inhibitory effect 
on *“Ca?* influx across the nerve end, which may 
contribute to its sedative effects. 


MATERIALS AND METHODS 


Female, Swiss-Webster mice (20-28 g) were kept 
on a 12/12 hr light-dark cycle with food and water 
ad lib. for at least 5 days. The mice were then divided 
into three experimental groups: control, acute and 
tolerant. Control mice were maintained on a Purina 
Lab Chow diet ad lib. Acute mice received a single 
dose of chlordiazepoxide (20 mg/kg, i.p.) and were 
killed 30 min later. Animals in the tolerant group 
received a food cup containing a milled diet (Purina 
Lab Chow) thoroughly mixed with 2.5 mg chlordi- 
azepoxide/g diet as their sole food source, using the 
method of Belknap et al. [10]. Mice in the tolerant 
group were maintained on the chlordiazepoxide diet 
for 8 days and were then killed. 

Tolerance was assessed by administering an i.p. 
dose of chlordiazepoxide hydrochloride (20 mg/kg) 
to mice that had received the chlordiazepoxide diet 
(2.5 mg chlordiazepoxide/g milled Purina Lab Chow) 
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for 8 days or to control mice. Fifteen minutes after 
injection and at the same time in the afternoon, 
spontaneous activity was measured in a photocell 
activity monitor (43 * 31 x 12 cm) divided into four 
equal compartments with the openings between the 
compartments being at alternate ends. Activity 
scores were expressed as the number of beam cross- 
ings in a 5-min test period. 

At the appropriate times, mice from each of the 
three treatment groups were killed and synapto- 
somes were isolated by the method of Cotman [11]. 
Briefly, whole brains were homogenized using a 
Thomas size C homogenizing tube with a Teflon 
pestle at the lowest possible speed setting on a Sorvall 
Omni-Mixer using eight up and down strokes. Cen- 
trifugation procedures were identical to those 
described by Cotman [11]. The final synaptosomal 
pellet was resuspended in incubation medium to give 
a protein concentration of approximately 0.7- 
1.3 mg/ml. 

The accumulation of “Ca-' by synaptosomes was 
studied as described by Leslie et al. [9]. A 0.5-ml 
aliquot of the synaptosomal preparation from each 
treatment group was added to 0.5 ml of incubation 
medium (136mM NaCl, 5mM_ KCI, 1.2mM 
CaCl,-2H,O, 1.3 mM MgCl, 10 mM glucose, 20 mM 
Tris base, with the pH adjusted to 7.65 with 1M 
maleic acid) and allowed to equilibrate for 12 min 
at 30° in a Dubnoff metabolic shaker. Chlordiaze- 
poxide-HCl (0.15mM, final concentration) was 
added to some of the incubating samples (for 12 
min) to examine the inhibitory effects of an in vitro 
chlordiazepoxide challenge. For depolarized 


samples, “Ca** loading was initiated by the addition 
of 0.5 ml of depolarization medium (213 mM KCl, 
1.2mM CaCl,:2H,O, 1.3mM MgCl, 10mM _ glu- 
cose, and 20 mM Tris base, with the pH adjusted to 


7.65 with 1M maleic acid) containing “Ca~* (sp. 
act. = 2uCi *Ca°*/umole “'Ca-*). This resulted in 
a 1.5 ml incubation volume containing 74mM KCl 


Table 1. Effects of in vitro chlordiazepoxide on 
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to depolarize the synaptosomal membranes [12]. 
After a 2-min incubation period, *Ca-* joading was 
stopped by adding 5.0 ml of ice-cold EGTA stopping 
solution (136 mM NaCl, 5mM KCl, 1.3 mM MgCl, 
3mM EGTA [ethyleneglycol-bis-(beta-aminoethyl 
ether)N,N’-tetraacetic acid], 10mM _ glucose, and 
20 mM Tris base with the pH adjusted to 7.65 with 
1M maleic acid). The 2-min *Ca-* loading period 
was chosen because our previous work had shown 
that peak influx occurs at this time [6, 9]. Each sam- 
ple was immediately filtered on a presoaked (250 mM 
KCl) 0.45 um Millipore cellulose acetate filter using 
a Millipere microfiltration manifold. Each filter was 
washed with 10.0 ml of 0.32 M sucrose and placed 
in a scintillation vial with 15 ml of Beckman Ready- 
Solv'™. Samples were counted using a Beckman LS- 
8000 liquid scintillation counter. Counting efficiency 
was determined using an H number and was found 
to be approximately 72 per cent. Non-depolarized 
samples were handled in the same manner except 
that after the 12-min incubation period 0.5 ml of 
incubation medium (5mM KCl) containing *Ca** 
(2 uCi *“Ca**/umole “'Ca**) was added. Synaptoso- 
mal protein concentration was assayed by the method 
of Lowry et al. [13]. Net influx of calcium across the 
synaptosomal membrane was calculated by subtract- 
ing the non-depolarized (5 mM KCl) values from the 
depolarized (74 mM KCl) values. This difference is 
expressed as A, (potassium-induced change) and 
represents the amount of calcium that traverses the 
plasma membrane. 


RESULTS 


Table 1 shows the effects of in vitro chlordiaze- 
poxide on depolarization-induced (74mM_ KCl) 
*“Ca** accumulation, depolarization-independent 
(SmM KCl) *Ca** accumulation, and net *Ca*' 
influx (A,) into synaptosomes isolated from control 
mice. Chlordiazepoxide (0.15mM) significantly 
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Ca~" accumulation by synaptosomes 


isolated from control mice* 





Son 34. ‘ 
(umoles ~“Ca~"+/g protein) 


Depression 
(%) 





Depolarized accumulation 

Depolarized accumulation plus 
0.15 mM chlordiazepoxide 

Non-depolarized accumulation 

Non-depolarized accumulation plus 
0.15 mM chlordiazepoxide 

A, 

A, 0.15 mM chlordiazepoxide 


6.58 + 0.41 
5.17 + 0.214 21.4 
.85 + 0.09 


3.14+0.13 — 0 
3.73 + 0.12 


2.03 + 0.068 45.6 





* Synaptosomes were isolated from naive Swiss—Webster mice: drug-treated synaptosomes 
were challenged in vitro with 0.15 mM (final concentration) chlordiazepoxide. For depo- 
larized accumulation of “Ca, synaptosomes were incubated for 2 min with 74mM KCI. 
Non-depolarized synaptosomes were incubated with incubation medium (5 mM KCl) con- 
taining **Ca** for 2 min. A, values (net “Ca*’ influx) were calculated by subtracting non- 
depolarized accumulation values from depolarized accumulation values for each of the 
respective control or chlordiazepoxide-treated samples. Statistical significance was deter- 
mined by analysis of variance using Neuman-Keuls as the post-hoc test. 

+ Mean + S.E.: N = 6. 

¢ Indicates significant (P < 0.05) inhibition, compared to depolarized accumulation. 

§ Indicates significant (P < 0.05) inhibition, compared to A, values. 





Chlordiazepoxide inhibition of calcium influx 


‘ , P Ahi 24 F 
Table 2. Effects of in vitro chlordiazepoxide on net “Ca~* influx (A,) into synaptosomes 
isolated from control, acute and tolerant mice groups* 





Net *Ca** influx (Ax) 
(umoles *Ca**/g protein) 


Depression 





Control (N = 6) 

Control plus 0.15 mM chlordiazepoxide 
(N = 6) 

Acute (N = 6) 

Acute plus 0.15 mM chlordiazepoxide 
(N = 6) 

Tolerant (N = 8) 

Tolerant plus 0.15 mM chlordiazepoxide 
(N = 8) 


3.72 + 0.12 


2.03 + 0.06? 


2.63 + 0.09" 23.3 





* Synaptosomes were isolated from Swiss-Webster mice from control, acute and chronic 
groups; drug-treated synaptosomes were challenged in vitro with 0.15 mM (final concentration) 
chlordiazepoxide. Data represent net *Ca?* influx into synaptosomes, which was calculated 
by subtracting non-depolarized *Ca’* accumulation values from depolarization-induced (74 mM 
KCl) “Ca?* accumulation. Statistical significance was determined by analysis of variance using 
Neuman-Keuls as the post-hoc test. Values significantly different from one another (P < 0.05) 
include: a vs b, a vs d, avs e, avs h, dvs g, g vs h, h vs b, and h vs e; values are means + 


S.E.M. 


inhibited (P < 0.05) the depolarized accumulation 
of “Ca?* (21.4 per cent), which represents the total 
amount of *Ca** accumulated by control synapto- 
somes in the presence of 74 mM KCI. Non-depolar- 
ized accumulation, which represents the total 
amount of “Ca** accumulated in the absence of 
depolarization by KCl, was not altered significantly 
by 0.15 mM chlordiazepoxide. This suggests that in 
vitro chlordiazepoxide inhibits depolarization- 
induced *“Ca?* uptake by synaptosomes but not 
“SCa** accumulation by resting synaptosomes. Con- 
sequently, the subtraction of the respective non- 
depolarized *Ca** accumulation from the depolar- 
ized accumulation of “Ca** revealed a 45.6 per cent 
inhibition of net “Ca?* influx (A,) by chlordiaze- 
poxide (Table 1). 

Table 2 shows the inhibitory effects of in vitro 
chlordiazepoxide on net *Ca** influx (A,) into syn- 
aptosomes isolated from control, acute and tolerant 
mice groups. /n vitro chlordiazepoxide (0.15 mM) 
inhibited by 45.6 per cent the net influx of *Ca** 
into synaptosomes isolated from control mice. 
Addition of chlordiazepoxide (0.15 mM) to synap- 
tosomes isolated from mice of the acute group 
resulted in a 39.5 per cent depression of **Ca’* influx. 

Table 2 also shows the effects of in vitro chlor- 
diazepoxide on “Ca’* influx into synaptosomes iso- 
lated from tolerant mice; addition of 0.15 mM chlor- 
diazepoxide to these synaptosomes resulted in a 23.3 
per cent inhibition of “Ca?* influx. Chronic chlor- 
diazepoxide treatment apparently resulted in an 
adaptive response to in vitro chlordiazepoxide inhi- 
bition of “Ca’* influx into isolated synaptosomes. 
This is supported by the observation that net “*Ca?* 
influx into synaptosomes isolated from tolerant mice, 
in the absence of an in vitro chlordiazepoxide chal- 
lenge, was the same as that observed for control 
synaptosomes (3.43 + 0.16 and 3.72 + 0.12 umoles 
“Ca**/g protein, respectively), whereas acute in vivo 
chlordiazepoxide administration (20 mg/kg, i.p.) 
resulted in a significant reduction in “Ca** influx 


(2.72 + 0.29 umoles *Ca**/g protein; 26.9 per cent 
reduction) as compared to control. 

Figure 1 summarizes the in vivo effects of chlor- 
diazepoxide on *Ca** accumulation by synapto- 


amoles “cat*/g protein 
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Fig. 1. Effects of in vivo chlordiazepoxide on “Ca** accu- 
mulation by synaptosomes isolated from control, acute and 
tolerant mice groups. Each bar represents the mean + S.E. 
of six to eight experiments. Control mice were maintained 
on a Purina Lab Chow diet ad lib. prior to being killed. 
Acute mice were given 20 mg/kg chlordiazepoxide, i.p. and 
were killed 30 min later. Tolerant mice were maintained 
on a chlordiazepoxide-adulterated, milled Purina Lab 
Chow diet (2.5 mg chlordiazepoxide—HCl/g diet) for 8 days 
prior to being killed. Data were statistically analyzed by 
analysis of variance using Neuman-Keuls as the post-hoc 
test. Asterisks indicate a significant difference (P < 0.05) 
between acute or chronic values and their respective control 
values. 
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Fig. 2. Behavioral assessment of chlordiazepoxide (CDP) 
tolerance development using a photocell activity monitor 
and dietary consumption. Each bar on the left side of the 
figure represents the mean + S.E. value for activity scores 
obtained from ten mice. Each bar on the right side of the 
figure represents mean dietary chlordiazepoxide consump- 
tion data obtained from ten mice. Tolerance was assessed 
by administering an intraperitoneal dose of chlordiazepox- 
ide-HCI (20 mg/kg) to mice that had received the chlor- 
diazepoxide diet (2.5 mg CDP-HCl/g milled Purina Lab 
Chow) for 8 days (chronic) or to mice that had received 
no prior treatment (control). Fifteen minutes after chlor- 
diazepoxide injection, activity was measured in a photocell 
activity monitor (43 x 31 x 12 cm) divided into four equal 
compartments with openings between them at alternate 
ends. The activity scores represent the number of beam 
crossings in a 5-min test period. 


somes that were isolated from control, acute and 
tolerant mice groups. As suggested from the results 
in Table 2, Fig. 1 shows that acute i.p. administration 
of chlordiazepoxide (20 mg/kg) resulted in significant 
reduction in *Ca** influx (A,) compared to control 
values. However, after chronic administration of 
chlordiazepoxide (2.5 mg/g Purina Lab Chow diet 
for 8 days), *Ca’* influx into synaptosomes isolated 
from tolerant mice was the same as that observed 
in control synaptosomes. Figure | also shows that 
depolarized accumulation and _ non-depolarized 
accumulation of *Ca** by synaptosomes from tol- 
erant mice were significantly reduced from control 
values. This suggests that, although net influx of 
*Ca** into synaptosomes isolated from tolerant mice 
was no different from that observed from control 
mice, other mechanisms involving calcium, such as 
membrane binding, may have been significantly 
reduced. 

Figure 2 shows the behavioral assessment of 
chlordiazepoxide tolerance development in mice 
maintained on the chlordiazepoxide diet for 8 days. 
To assess tolerance development, both control mice 
and mice that were maintained on the chlordiaze- 
poxide diet for 8 days were given an i.p. injection 
of chlordiazepoxide (20 mg/kg); spontaneous activity 
was measured 15 min later. Figure 2 shows that 
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spontaneous activity of chronically treated chlordi- 
azepoxide mice was markedly increased over that of 
control mice, suggesting behavioral tolerance devel- 
opment subsequent to chronic exposure to chlordi- 
azepoxide. Figure 2 shows that consumption of diet- 
ary chlordiazepoxide was markedly increased (39 per 
cent) on day 8 vs day 1. This further suggests the 
development of tolerance to the drug since activity 
scores were higher in chronic mice, compared to 
control mice. 


DISCUSSION 


Although recent evidence suggests that benzodi- 
azepines act specifically to augment GABA- 
mediated inhibitory activity in the central nervous 
system [14], the results of the present investigation 
demonstrate that chlordiazepoxide, in sedative-hyp- 
notic concentrations (20 mg/kg i.p. and 0.15 mM in 
vitro) [15,16] markedly inhibits depolarization- 
induced *“Ca** influx into synaptosomes isolated 
from control animals. Because calcium is so inti- 
mately coupled with exocytotic release of neuro- 
transmitters [17], a process known as ‘stimulus— 
secretion coupling’, these results suggest that chlor- 
diazepoxide may acutely inhibit calcium-mediated 
‘stimulus-secretion coupling’ events to cause seda- 
tion. Chronic administration of dietary chlordiaze- 
poxide resulted in the development of tolerance to 
this inhibitory effect on “Ca** influx during the same 
time period in which behavioral tolerance developed. 
This adaptation after chronic chlordiazepoxide 
exposure may be involved in functional tolerance 
development. The effects of chlordiazepoxide on 
synaptosomal calcium uptake are strikingly similar 
to the effects of barbiturates [6,7] and chlorprom- 
azine [9], both of which are potent central nervous 
system depressants. As with pentobarbital and chlor- 
promazine, acute, in vitro, chlordiazepoxide addition 
markedly inhibited depolarization-induced **Ca** 
uptake but did not alter non-depolarized *Ca’* 
accumulation. These results suggest that all three 
drugs depress depolarization-induced, passive cal- 
cium movement but do not alter calcium movements 
or binding under resting conditions. 


Chlordiazepoxide also appears to be similar to 
barbiturates and chlorpromazine in its actions on 
synaptosomal “Ca** influx, in that chronic dietary 
administration resulted in a reduced sensitivity to 
the depressant effect of the drug. The same type of 
reduced sensitivity to the inhibitory effects of bar- 
biturates and chlorpromazine is observed after chro- 
nic administration of each of these drugs [6, 7, 9]. 

The results of this investigation suggest that, 
although chlordiazepoxide may have specific effects 
on GABA-mediated inhibitory functions which are 
not shared by barbiturates and other sedative drugs 
[14], it shares a common action with barbiturates 
and chlorpromazine of inhibiting calcium influx 
across the nerve end which might possibly contribute 
to sedation [6, 7, 9, 12]. 
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Abstract—The 5-HT receptor linked to adenylate cyclase and the high affinity binding site for [*H]-5- 
HT were compared on the basis of their kinetic and pharmacological properties in the CNS of new born 
rats. Under normal assay conditions, the apparent affinity of S-HT for its specific binding sites (Ky = 
1-2 nM) was much higher than that for the receptor coupled to adenylate cyclase (K, app = 0.5- 
1.0 uM). When measured under the conditions of the cyclase assay, the apparent K, for the binding 
was increased to 11.9 nM, a value which is still more than 40 times lower than the K,, app characterizing 
the activation of adenylate cyclase by 5S-HT. GTP affected both the binding of [°H]-5-HT and the 5-HT- 
sensitive adenylate cyclase. Guanyl nucleotides appeared to be essential for the activation of adenylate 
cyclase by 5-HT as 5-HT was inactive in a preparation of washed membranes unless added in the 
presence of GTP or GppNHp. In whole homogenates, GTP increased the affinity of 5-HT for the 
receptor—adenylate cyclase complex (K, app = 0.33 uM in the presence of 10 uM GTP). The specific 
binding of [*H]-5-HT was reduced by GTP and GppNHp but not GMP or ATP. However, the range 
of concentrations inducing a significant effect (=0.10mM GTP) was far higher than those which 
increased the 5-HT-induced activation of adenylate cyclase. 

There was little in common between the pharmacological profiles of the two systems. A group of 5- 
HT agonists containing a piperazine heterocycle [1- (m- trifluoromethylphenyl) piperazine, quipazine 
and MK-212] effectively displaced [*H]-5-HT from its binding sites but exerted no action on the 5-HT- 
sensitive cyclase, affecting neither the basal nor the 5-HT-stimulated cAMP production. Likewise, there 
was no correlation between the respective potencies of a series of 5-HT antagonists for inhibiting the 
binding of [*H]-5-HT and the 5-HT-induced cAMP production. These data suggest that the 5-HT 
receptor linked to adenylate cyclase is not identical with that which is measured by the binding of [*H]- 
5-HT and, thus, provide evidence for the possible existence of multiple receptors for 5-HT in the rat 
brain. 


The existence in brain membranes of an adenylate 
cyclase activity which can be stimulated by serotonin 
(5-hydroxytryptamine, 5-HT) has been described by 


denervation supersensitivity phenomenon have been 


observed on several occasions; thus, selective 
degeneration of serotoninergic terminals [9], long- 


several authors [1-6]. As expected of an enzyme 
coupled with a 5-HT receptor, the 5-HT-sensitive 
adenylate cyclase activity can be stimulated by spe- 
cific agonists [1, 5]. Conversely, known 5-HT antag- 
onists inhibit the stimulating effect of 5-HT on adeny- 
late cyclase activity [1, 5]. 

Serotonin receptors in the CNS have also been 
studied by measuring the binding of radioactive 5- 
HT to membranes. With this technique, specific high- 
affinity binding sites for [*H]-5-HT have been iden- 
tified [7-10]. Although it is difficult to prove that 
these binding sites correspond to functional 5-HT 
receptors, they do exhibit the appropriate pharma- 
cological profile [7-10]. Furthermore, alterations in 
(?H]-5-HT binding possibly related to some kind of 
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term depletion of 5-HT stores produced by chronic 
treatment with para-chlorophenylalanine [11], chro- 
nic [12] and even acute [13] treatment with 5-HT 
receptor blocking agents significantly increased the 
number of [*H]-5-HT binding sites in various brain 
areas. 

The large difference between the affinities of 5- 
HT for its specific binding sites (Ky, = 1-2 nM [9]) 
and for the receptor coupled with adenylate cyclase 
(K, app = 0.5-1.0 uM [4]) suggests that they cor- 
respond to two distinct classes of 5-HT receptors. 
However, other possibilities must also be examined, 
including the differences in the assay conditions and 
in the tissue preparations used for measuring these 
two parameters. Thus, whereas [*H]-5-HT binding 
was usually measured on brain membranes from 
adult rats, most experiments dealing with 5-HT-sen- 
sitive adenylate cyclase were performed with tissue 
preparations from newborn rats. This resulted from 
the fact that the activity of 5-HT-sensitive adenylate 
cyclase in cell-free extracts from adult rats is too low 
for reliable quantitative measurements [1, 4]. 
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In the present study, attempts were made to com- 
pare the kinetic characteristics and pharmacological 
properties of [*H]-5-HT binding sites and 5-HT-sen- 
sitive adenylate cyclase under conditions as nearly 
identical as possible. In particular, both the adeny- 
late cyclase activity and the [*H]-5-HT specific bind- 
ing were measured in preparations from newborn 
animals. The persistence of large differences in the 
properties of these two markers of receptors, 
together with those reported in the accompanying 
paper.[14], stongly suggests that they do correspond 
to two distinct types of central 5-HT receptors. 


MATERIALS AND METHODS 


Chemicals. The following compounds were used: 
5-hydroxytryptamine creatinine sulfate (5-HT, 
Merck); ATP, GTP, GMP and 5’-guanylylimidodi- 
phosphate [Gpp (NH)p], cyclic AMP, creatine kin- 
ase and creatine phosphate were purchased from 
Boehringer—Mannheim; ethylene glycol bis (f-amino 
ethylether)-N, N’-tetraacetic acid (EGTA) and theo- 
phylline were from Sigma. Psychotropic drugs were: 
1-(m-trifluoromethylphenyl) piperazine (Aldrich); 
quipazine (Miles); metergoline (Farmitalia); cinan- 
serine and fluphenazine (Squibb & Sons); d-lysergic 
acid diethylamide (d-LSD) and pizotifen (Sandoz); 
spiroperidol (Janssen); methiothepin (Hoffman— 
LaRoche); clozapine (Dr. A. Wander, Bern); thio- 
properazine (Rhéne—Poulenc); MK-212 [6-chloro-2- 
(1-piperazinyl) pyrazine] and cyproheptadine 
(Merck, Sharp & Dohme); a-flupenthixol (Labaz) 
and mianserine (Organon). 

[GH]-5-HT (generally _— labelled, —-10.7- 
15.2 Ci/mmole), [a-"P]ATP (sodium salt, 10- 
20 Ci/mmole) and cyclic [*H]-AMP (ammonium salt, 
25 Ci/mmole) were obtained from the Radiochemical 
Centre, Amersham, U.K. [*H]-5-HT was purified in 
the morning of each binding experiment according 
to the procedure of Hamon et al. [15]. 

All other compounds (salts, etc.) were the purest 
commercially available. 

Animals. Sprague-Dawley (Charles River strain) 
rats were housed in a controlled environment (24°, 
60% relative humidity, alternate cycles of 12hr light 
and 12hr darkness, food and water ad lib.) for at 
least 7 days before being used. Newborn animals 
were used regardless of sex while only male adults 
(250-350 g) were taken. Animals were decapitated, 
and their brains were dissected in the cold (4°). All 
subsequent steps in the tissue preparations (see 
below) were also carried out at 0-4°. 

Preparation of membranes. The membranes for 
the binding assays were prepared as previously 
described [9]. Briefly, tissues were homogenized in 
10 vol. (v/w) of 0.32M sucrose using a Potter— 
Elvehjem apparatus fitted with a Teflon pestle. The 
homogenate was centrifuged at 750 g for 10 min and 
the supernatant was carefully decanted and further 
centrifuged at 10,000 g for 30min. The resulting 
pellet (P2) was resuspended in 10 vol. of ice-cold 
water and gently stirred for 30 min. The osmotically 
shocked material was then centrifuged at 35,000 g 
for 20 min. The sedimented membranes were resus- 
pended in 40 vol. of 0.05 M Tris-HCl, pH 7.4, and 
incubated for 10min at 37° in order to remove 
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endogenous 5-HT still adsorbed to them (see Ref. 
9). After further centrifugation at 35,000 g for 20 min, 
the collected pellet was washed once by resuspension 
in 40 vol. of 0.05 M Tris-HCl, pH 7.4, and centrifu- 
gation. The final pellet was gently homogenized in 
40-80 vol. of 0.05 M Tris-HCl, pH 7.4, containing 
5.7mM ascorbic acid, 10 uM pargyline and 4mM 
CaCl,. This suspension was directly used for the 
[°H]-5-HT binding assay. 

Measurement of [*H]-5-HT binding. The binding 
of [*H]-5-HT was measured according to the method 
of Bennett and Snyder [7] using the modifications 
previously described [9]. In brief, 2 ml aliquots of 
the final membrane suspension (corresponding to 
(0). 15—-0.96 mg protein) were incubated at 37° for 7 min 
in the presence of various concentrations of [*H]-5- 
HT from 0.30 to 6.0nM. The samples were then 
rapidly filtered through Whatman GPF’B filters under 
vacuum. The filters were washed three times with 
5 ml of ice-cold 0.05 M Tris-HCl, pH 7.4, containing 
ascorbic acid, pargyline and CaCl, (as above). After 
drying, they were finally vigorously stirred in 10 ml 
of Aquasol® for radioactivity counting by liquid scin- 
tillation spectrometry. 

When increasing concentrations of unlabelled 5- 
HT were added to the assay mixture, the binding of 
[SH]-5-HT to brain membranes progressively 
decreased to a plateau corresponding to 15-30 per 
cent of that in the absence of unlabelled ligand. This 
plateau was reached with 0.5 uM of unlabelled 5- 
HT. The specific [*H]-5-HT binding (i.e. the dis- 
placeable component) was calculated as the differ- 
ence between total binding minus that persisting in 
the presence of a large excess, 10 uM, of unlabelled 
5-HT. In all cases, binding assays in the absence or 
the presence of unlabelled 5-HT were done at least 
in triplicates. 

Under these conditions, [*H]-5-HT bound to spe- 
cific sites distinct from those on monoamine oxidase 
A and on the reuptake carrier in synaptosomal mem- 
branes (see Ref. 9). 

Measurement of adenylate cyclase activity. Adeny- 
late cyclase activity was measured as described by 
Enjalbert et al. [4]. Tissues were homogenized using 
a Dounce homogenizer and then filtered through a 
silk screen (150 um pore diameter) before use. The 
final assay mixture (40 wl) contained 25 mM Tris- 
maleate (pH 7.2), 0.5mM unlabelled ATP, 1mM 
MgSO,, 0.5 mM EGTA, 0.2 mg/ml creatine kinase, 
20mM creatine phosphate, 10mM _ theophylline, 
2.0 uCi [a-*P]ATP, 1.0 nCi cyclic H]AMP (added 
as the recovery standard) and 10 wl of a 1 : 20 hom- 
ogenate. This mixture was incubated for 5 min at 
30°, and the reaction was stopped by the addition 
of 100 ul of a solution containing 5mM ATP, 5mM 
cyclic AMP, 50mM Tris-HCl (pH 7.4) and 1% 
sodium lauryl sulfate. Isolation of cyclic [**P]- and 
[°H]-AMP was accomplished using Dowex AG 50W- 
X8 and alumina columns as described by Salomon 
et al. [16]. 

Protein concentrations were determined by the 
method of Lowry et al. [17] using bovine serum 
albumin as the standard. 

Statistical determinations were performed accord- 
ing to Snedecor and Cochran [18] with P = 0.05 
chosen as the maximum level of significance. 
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RESULTS 


Comparison of the properties of the binding sites 
for ()H]-5-HT in adult and newborn rats. Whereas 
all binding studies using [°H]-5-HT as the labelled 
ligand have been performed with membranes pre- 
pared from adult rats, most data on the 5-HT-sen- 
sitive adenylate cyclase were obtained with cell-free 
preparations from newborn rats (see introduction to 
paper). Therefore, the direct comparison of the 
characteristics of [‘H]-5-HT binding and 5-HT-sen- 
sitive adenylate cyclase already reported in the lit- 
erature is not possible. This led us to analyse the 
properties of [*H]-5-HT binding sites in newborn 
animals. 

As in adult rats, [*H]-5-HT was found to bind to 
specific sites in lysed P2 fractions from the CNS of 
newborns. Scatchard analysis indicated that the 
affinity of [*H]-5-HT for binding sites was not dif- 
ferent from one area to the other in newborn rats 
(Table 1 and data not shown for other brain areas). 
Furthermore, it was also identical with that calcu- 
lated from experiments using lysed P2 fractions from 
adult rats (Table 1). In contrast, marked differences 
were noted in the concentrationszof binding sites in 
tissues from newborn and adult rats; as shown in 
Table 1 for the hippocampus and the striatum, B,,,, 
values (per g of fresh tissue) in 1-week-old animals 
were about 25 per cent of those found in adults. 
Further details concerning the ontogenetic changes 
of [H]-5-HT binding in other brain areas are pro- 
vided in the accompanying paper [14]. 

The displacement by various drugs of [*H]-5-HT 
from its binding sites in membranes from adult or 
newborn forebrain also suggested that the same site 
was measured in both age groups. As seen in Fig. 1, 
there was no difference in the logit-log displacement 
curves of [*H]-5-HT binding for the 5-HT agonist, 
quipazine, or for the antagonist, spiroperidol. Sim- 
ilar conclusions were drawn using other drugs such 
as fluphenazine, methiothepin and metergoline (data 
not shown). 

Effect of the assay conditions for the measurement 
of adenylate cyclase activity on the binding of [*H]- 
5-HT. Another complicating factor in the compari- 
son of the kinetic properties of the binding sites of 
[?H]-5-HT and the 5-HT-sensitive adenylate cyclase 
is the differences in the media in which the measure- 
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Fig. 1. Logit~log plots of the inhibition of ["H]-5 -HT binding 
by quipazine (A) or spiroperidol (B) in newborn and adult 
rats. The binding of [*H]-5S-HT was measured in lysed P2 
fractions from whole forebrains of newborn (1-day-old) or 
adult rats in the presence of 1.5 nM of the labelled ligand 
and various concentrations of quipazine or spiroperidol. 
The ICsg (the concentration of added drug required to 
inhibit by 50 per cent the binding of [*H]-5-HT) was cal- 
culated from the logit-log plots using linear regression 
analysis, as was the slope(s) of the curve. Each point 
represents the mean of triplicate determinations. Full sym- 
bols: adult rats; empty symbols: newborn rats. 


ments are carried out. As indicated in Materials and 
Methods, binding is usually measured using washed 
membranes suspended in a rather simple medium, 
while adenylate cyclase is assayed in a whole hom- 
ogenate in the presence of a variety of added chem- 
icals. To see if these differences in composition could 
explain the differences in the measured kinetic val- 
ues, the effects of each component of the cyclase 
milieu on the binding of [*H]-5-HT was examined 


Table 1. Kinetic parameters of [*H]-5-HT specific binding in the striatum and the hip- 
pocampus of newborn and adult rats* 





Striatum 
Newborn 


Hippocampus 
Adult 





Ka 1.80 + 0.15 
Binax 1.90 + 0.28 + 


1.82 0 
8.56 23 





* Lysed P2 membranes were prepared from newborn (1-week-old) or adult (3-month- 
old) rats as described in Materials and Methods. Binding assays in triplicates were 
performed with six different concentrations of [°H]-5-HT ranging between 0.61 and 
5.55 nM. The dissociation constant (K,) and the total number of binding sites (B,,4x) for 
(°H]-5-HT were determined from Scatchard plots. For adult as well as for newborn rats, 
these plots gave only one straight line in agreement with previous findings [9]. K, is 
expressed in nM, Byax in pmoles of (°H]-5-HT bound to membranes prepared from 1 g 
of fresh tissue. Each value is the mean + S.E.M. of 5-18 individual experiments. 

+ P<0.05 when compared to values from adult animals. 
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Table 2. Effects of the adenylate cyclase incubation medium on the binding of [*H]-5- 
HT to membranes from colliculi of newborn rats* 





Addition 


Specifically bound [*H]-5-HT 





None 

10 mM Theophylline 

20 mM Creatine phosphate 
Creatine kinase (4 ug/ml) 

75 mM Sucrose 

0.5 mM ATP 

1.0 mM MgSO, 

0.5 mM ATP + 1.0 mM MgSO, 
0.5 mM EGTA 


ai 


NrokMNwWNMwN 
Om UMwBWN 


0.5 mM ATP + 1.0mM MgSO, + 0.5 mM EGTA 


Complete cyclase medium 





* Lysed P2 fractions were prepared from colliculi of 6-day-old rats in the standard 
fashion (see Materials and Methods) except that the final resuspension was carried out 
in 25 mM Tris-maleate, pH 7.2. The specific binding of [°H]-5-HT was measured in the 
presence of 2 nM of the labelled ligand and various compounds as indicated in the left 
column. Given concentrations are those reached in the final binding assay mixtures. 
They are equal to those used for the measurement of adenylate cyclase activity. 
Specifically bound [*H]-5-HT, expressed as fmoles/mg protein, is the mean + S.D. of 
triplicate determinations for each condition. 


3 normal binding medium ~] 
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Fig. 2. Effect of the addition of the soluble tissue fraction 
on the binding of [°H]-5-HT. The specific binding of [°H]- 
5-HT was carried out at a concentration of 1.40 nM of the 
labelled ligand. Membranes were prepared from the fore- 
brains of 1-day-old rats in the standard fashion (see 


Materials and Methods) except that for the final step, a, 


fraction of the membranes was resuspended in the medium 
used for the adenylate cyclase assay rather than the normal 
binding medium. For the preparation of the soluble frac- 
tion, the forebrains were homogenized in 20 vol. of 50 mM 
Tris-HCl, pH 7.4, using a Polytron tissue disrupter, and 
the homogenate was centrifuged at 40,000 g for 20 min. 
The supernatant was decanted and labelled as the ‘solu- 
ble fraction’. A 0.5 ml portion of this fraction diluted to 
2 ml for the binding assay was equivalent to the concen- 
tration of the soluble fraction present in the cyclase assay. 


using membranes from colliculi of newborn rats. This 
structure was chosen because it has often been used 
in studies concerning 5-HT-sensitive adenylate 
cyclase [1, 4, 5]. As shown in Table 2, slight changes 
were produced by creatine phosphate (— 15 per cent) 
and MgSO, (+19 per cent). The MgSO,-induced 
increase in [*H]-5-HT binding persisted in the pres- 
ence of ATP but was completely prevented by EGTA 
(Table 2). When all the components of the cyclase 
medium were included, the specific binding of [*H]- 
5-HT was reduced by ~ 13 percent (Table 2). Kinetic 
analysis revealed that this effect was due to a slight 
decrease in the apparent affinity of [°H]-5-HT for its 
binding site (a 28 per cent increase in the K, value 
was detected when the binding was measured in the 
complete cyclase medium; see Table 3). 

Because the adenylate cyclase activity was meas- 
ured in a whole homogenate which contains soluble 
cell components, the influence of the addition of this 
soluble fraction on the binding of [*H]-5-HT was also 
examined. For these experiments, forebrains from 
newborn rats were used in order to obtain enough 
membranes and soluble materials. As shown in Fig. 2, 
replacing the normal binding medium (0.05 M Tris— 
HCl, 5.7 mM ascorbic acid, 10 uM pargyline, 4mM 
CaCl,, final pH 7.4) by the complete cyclase medium 
(see Table 2) resulted in a slight reduction in [*H]- 
5-HT binding to forebrain membranes (— 17 per cent) 
quite comparable to that observed with collicular 
preparations (Table 2). The addition of increasing 
amounts of the soluble fraction progressively 
decreased the binding of [*H]-5-HT measured either 
under ‘normal’ or ‘cyclase assay’ conditions (Fig.2). 
At a concentration of the soluble fraction which 
equalled that found in the adenylate cyclase assay 
and in the presence of the cyclase medium, specific 
[(°H]-5-HT binding was only 23 per cent of that 
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Table 3. Kinetic parameters of [*H]-5-HT binding to forebrain membranes from 
newborn rats under various assay conditions* 





(PH]-5-HT binding 


Assay conditions Kz (nM) Bmax (fmoles/mg protein) 





1.97 165 
9.21 158 
2.52 171 
11.89 157 


— Normal binding medium 
+ Soluble fraction (0.5 ml) 
— Cyclase assay medium 

+ Soluble fraction (0.5 ml) 





* Forebrain membranes and the ‘soluble fraction’ were prepared as described 
in the legend to Fig. 2. (PH]-5-HT binding was measured with 0.45-3.60 nM of the 
labelled ligand under normal or cyclase assay conditions and in the presence or 
the absence of 0.5 ml (per 2 ml final volume) of the soluble fraction. Scatchard 
plots of [*H]-5-HT binding gave only one straight line under all conditons. K, and 
Bnax Were calculated by linear regression analysis of these plots. Each value is the 


mean of two independent experiments. 


occurring under normal binding conditions (Fig.2). 
Kinetic analysis revealed that this reduction was 
associated with a marked decrease in the affinity of 
[°H]-5-HT for its binding site (Table 3). No change 
in the total number of binding sites (B,,,,) was 
detected under these conditions (Table 3). Even with 
this reduction in the affinity of [*H]-5-HT for its 
binding site, the K, (11.89 nM, Table 3) was still at 
least 40 times lower than the K, app (0.5—1.0 uM) 
of the 5-HT-sensitive adenylate cyclase. 

Effects of GTP on the binding of [*H]-5-HT and 
on the activation of adenylate cyclase by 5-HT. GTP 
has been shown to play an important role in the 
activation of a number of adenylate cyclase systems, 
its presence appearing to be essential for optimal 
coupling between the enzyme and its receptor (see 
Ref. 19 for a review). Indeed, when adenylate 
cyclase activity was measured in a whole homogenate 
from colliculi of newborn rats, the addition of GTP 
significantly increased the stimulating effect of 5-HT. 
Previous studies [20] have shown that the maximal 
effect was reached with 10 uM GTP. Similar findings 
were obtained using a lysed P2 fraction from colliculi 
of newborn rats. Whereas 5-HT alone did not exert 
any significant action on the basal adenylate cyclase 
activity, in the presence of 10 uM of either GTP or 
GppNHp, 1-100 uM of the indoleamine produced 
slight (S 25 per cent) but significant increases in the 


enzymic activity (Table 4). In addition, data in Table 
4 also indicate that 10 uM GTP or GppNHp alone 
stimulated the adenylate cyclase activity in washed 
membranes whereas no effect was detected with 
whole homogenates from colliculi of newborn rats 
[20]. With a whole homogenate of colliculi from 
newborn rats‘as the source of 5-HT-sensitive adeny- 
late cyclase, kinetic analysis revealed that the K, 
app of 5-HT was reduced from 0.56 to 0.33 uM by 
the addition of, 10 uM GTP to the assay mixture 
(Fig.3). 

GTP was also found to affect the binding of [*H]- 
5-HT. In this case, the addition of the nucleotide 
caused a decrease in the specific binding of the ligand 
to membranes prepared from the forebrains of new- 
born rats (Table 5). However, GTP was markedly 
less potent in affecting the binding than the cyclase, 
having no significant effect at 10 uM; even at a con- 
centration of 1 mM, the nucleotide only inhibited 
{°H]-5-HT binding by 47 per cent (Table 5). This 
effect was relatively specific since GppNHp, but 
neither GMP nor ATP, also induced a reduction in 
[(°H]-5-HT binding (Table 5). 

Pharmacological properties of (*H]-5-HT binding 
sites and the receptor coupled with the 5-HT-sensitive 
adenylate cyclase. Although all known 5-HT antag- 
onists displaced [*H]-5-HT specifically bound to 
membranes from the forebrains of newborn rats, 


Table 4. Effects of GTP and GppNHp on 5-HT-sensitive adenylate cyclase activity in washed 
membranes from colliculi of newborn rats* 





Cyclic AMP production (pmoles/min/mg protein) 


(5-HT) 5-HT alone + 10°° M GTP 


(A) + 10°° M GppNHp (A) 





0 
10°’M 

10°°M 

10° M : Y m— 
10°*M 6.19 + 0.07 + 


4.05 + 0.19 


4.67 + 0.07 + 


5:07: = 0.15 7 


(0.17) (0.62) 


(0.94) (1.02) 





* A lysed P2 fraction from colliculi of 1-day-old rats was prepared as described in Materials 
and Methods and finally suspended in 2 mM Tris-maleate, pH 7.2, containing 2mM EGTA and 
300 mM sucrose as whole homogenates for the measurement of adenylate cyclase activity [4]. 
Adenylate cyclase activity was then measured in the presence of various concentrations of 5-HT 
with or without 10 uM GTP or 10 uM GppNHp. Results are expressed as means + S.E.M. of 
triplicate determinations in two independent experiments. A is equal to the difference between 
basal cyclic AMP formation and that occurring in the presence of 5-HT. 

+ P<0.05, ¢ P <0.01 when compared to corresponding values in the absence of added 5-HT. 
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Fig. 3. Hofstee plots of activity of 5-HT-sensitive cyclase as a function of 5-HT concentration with or 
without 10 uM GTP. Adenylate cyclase was measured in a collicular homogenate from 1-day-old rats 
in the presence of 0.25-5 uM 5-HT. V corresponds to the production of [**P]cyclic AMP due to 5-HT 


and is expressed as pmoles/mg protein and per min. 


Each point is the mean of triplicate determinations. 


The concentrations of 5-HT producing half maximal stimulation of the adenylate cyclase activity (K, 
app and K’, app) were calculated by linear regression analysis of the plots. 


large differences were observed with respect to their 
potencies. For instance, the efficacy of metergoline 
for displacing bound [*H]-5-HT was more than 100 
times greater than that of mianserine (Table 6). It 
was thus possible to classify 11 putative antagonists 
according to their relative potencies. As shown in 
Table 6, this order did not apply to their blocking 
action on 5-HT-sensitive adenylate cyclase as the 
least active on [*H]-5-HT binding, i.e. cyprohepta- 
dine was in fact more potent than metergoline for 
inhibiting the enzyme (Table 6). As illustrated by 
the large differences in R value (R = ratio of ICsp for 
the adenylate cyclase to ICs) for [‘H]-5-HT binding) 
from one drug to the other, no correlation was found 
between the efficacies of a given antagonist for dis- 
placing bound [*H]-5-HT and for inhibiting 5-HT- 
sensitive adenylate cyclase activity (Table 6). 

5-HT agonists of the piperazine series were also 
quite potent for displacing [*H]-5-HT bound to fore- 
brain membranes from newborn rats (Table 6). How- 


ever, none of these drugs (from 0.1 uM to 0.1 mM) 
were found to affect 5-HT-sensitive adenylate cyclase 
activity in collicular homogenates from newborn 
animals. The basal adenylate cyclase activity was 
also unaffected except with quipazine which induced 
a slight reduction (—23 per cent) at the highest 
concentration used (0.1 mM). 


DISCUSSION 


Previous studies on the 5-HT-sensitive adenylate 
cyclase in newborn rats [4,5] and the specific high 
affinity binding of [*H]-5-HT in adults [9] revealed 
marked discrepancies between the characteristics of 
these two markers of 5-HT receptors in the CNS. 
In particular, the affinity of 5-HT for binding sites 
(K, = 1-2 nM) appeared to be almost three orders 
of magnitude higher than for the receptor coupled 
to the adenylate cyclase (K, app = 0.5—1.0 uM). 
Although this difference could mean that the 5-HT- 


Table 5. Effects of nucleotides on the binding of [*H]-5-HT* 





Concentration 


of nucleotide GTP 


Binding of [*H]-5-HT in the presence of 


ATP 





10 uM 
100 ui 
1 mM 


97.7 + 2.6 
87.6 + 0.7 
52.8 + 6.6 


94.9+0.7 
83.6 + 0.6 





* The specific binding of [*H]-5-HT was measured in the presence of 1.0nM of the 
labelled ligand. Membranes were prepared from the forebrains of 6-day-old rats in the 
following way: the forebrains were homogenized in 40 vol. of 50mM Tris-HCl, pH 7.4, 
using a Polytron tissue disrupter and were then centrifuged at 40,000 g for 20 min. The 
crude membranes were washed by resuspension in the buffer, recentrifuged, and then 
resuspended and incubated at 37° for 10 min to eliminate endogenous 5-HT (see Ref. 9). 
After the incubation, the membranes were washed twice as above and finally resuspended 
in 50 vol. of 50 mM Tris-HCl, pH 7.4, for use in the binding assays. Each value represents 
the mean + S.E.M. of triplicate determinations from two separate experiments and is 
expressed as per cent of control binding measured in the absence of added nucleotide. 
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Table 6. Effects of various drugs on the specific binding of [*H]-5-HT and the 5-HT-sensitive 
adenylate cyclase activity* 





ICso 





(PH]-5-HT 
binding (nM) 


Drugs 


5-HT-sensitive 
adenylate cyclase (uM) 





Antagonists 


Metergoline 
Cinanserine 
Pizotifen 
Clozapine 
Methiothepin 
Spiroperidol 
Mianserine 
a-Flupenthixol 
Fluphenazine 
Thioproperazine 
Cyproheptadine 


Agonists 

1-(m-trifluoromethylphenyl)- 
piperazine 

Quipazine 

MK-212 


236 
287 
353 
463 
500 
647 
964 
1950 
2366 
6000 


117 
365 
2050 


5.8 


— em DO — DNre 
-—- OMe © ~~) We Tn OO = 0O 
NMNOMWND WOH WN 


— 
t 


NE + 
NE 
NE 





* The specific binding of [*H]-5-HT was measured using a lysed P2 fraction from forebrains 
of 1-day-old rats. The concentration of the labelled ligand was 1.45 nM. The 5-HT-sensitive 
adenylate cyclase activity was measured in-collicular homogenates from 1-day-old rats in the 
presence of 10 uM 5-HT. 1Csp values (concentrations required for reducing by half [°H]-5-HT 
binding or 5-HT-sensitive adenylate cyclase activity) were determined from logit—log plots 
(see Fig. 1). Each value is the mean of two to three independent experiments. R is the ratio 
of ICsp for adenylate cyclase to that for [°H]-5-HT binding. 


+ NE: no effect in the range 0.1 uM-0.1 mM. 


sensitive adenylate cyclase and the [*H]-5-HT bind- 
ing sites correspond to distinct classes of 5-HT recep- 
tors, other explanations could be put forward. Thus, 
the same class of receptors might well undergo pro- 
found alterations during ontogenetic development, 
exhibiting a higher affinity in adults than during the 
early life period. In addition, respective assay con- 
ditions for the measurement of [*H]-5-HT binding 
and 5-HT-sensitive adenylate cyclase might influence 
differently the same receptor. Finally, the same 
receptor could exist under active (coupled with 
adenylate cyclase) and desensitized (uncoupled with 
the enzyme) forms exhibiting different affinities for 
5-HT. These various hypotheses were examined in 
the present study. 

Analysis of [*H]-5-HT binding in membrane prep- 
arations from newborn rats revealed that high affinity 
binding sites also exist with the same characteristics 
as in adult rats. In particular, the K, value and the 
ability of competing drugs to displace [*H]-5-HT 
from these sites were identical in newborns and in 
adults. Although the accurate determination of K, 
app of 5-HT-sensitive adenylate cyclase could not 
be made with brain homogenates from adult rats 
(the stimulation by 5-HT was too low [1, 4, 14]), it 
has to be emphasized that the range of efficient 5- 
HT concentrations (0.5—50 uM) for stimulating this 
particular enzyme is similar in preparations from 
adults or newborns [14]. This led to the conclusion 
that the affinity of S-HT for the receptor.coupled to 
adenylate cyclase is very likely unaltered during 
ontogenetic development. Therefore, the large dif- 


ference between K, (for [*H]-5-HT binding) and K, 
app (for S-HT-sensitive adenylate cyclase) could not 
result from developmental changes. 

Addition of the chemicals used in the cyclase assay 
to the standard membrane preparation for the bind- 
ing assay only resulted in a 10-15 per cent decrease 
in the binding of [*H]-5-HT. A larger reduction was 
seen when the binding was carried out in the presence 
of the cyclase medium with the addition of the soluble 
tissue fraction (Fig. 2) which is normally present in 
the measurement of adenylate cyclase activity but 
which is absent from the washed membranes of the 
binding assay. Under these conditions, the affinity 
of 5-HT for its binding sites was decreased 6-8 times 
when compared to that found with optimal condi- 
tions. This probably resulted from the addition of 
endogenous inhibitors contained in the soluble 
extracts, notably 5-HT (see Ref. 9) and GTP (this 
paper). The Kp value characterizing [*H]-5-HT bind- 
ing under adenylate cyclase assay conditions, i.e. 
11.9 nM, was still more than 40 times less than the 
K, app of the 5-HT-sensitive adenylate cyclase. 
Therefore, the respective assay conditions could not 
completely explain the large difference between the 
affinities of 5-HT for the specific binding sites and 
the 5-HT-sensitive adenylate cyclase. 

If the [‘H]-5-HT binding site were indeed identical 
to the 5-HT receptor linked to adenylate cyclase, the 
discrepancy between K, and K, app might be 
explained by a ‘low degree’ of coupling between the 
receptor and the enzyme. Because GTP apparently 
regulates the degree of coupling of adenylate cyclase 
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to its receptors (for a review see Ref. 19), its effects 
on 5-HT-sensitive adenylate cyclase and [*H]-5-HT 
binding sites were measured. GTP was found to 
increase the cyclic AMP production induced by 5- 
’ HT with a shift of K, app from 0.56 to 0.33 uM. In 
fact, GTP or its stable analog, GppNHp, appeared 
to be an absolute requirement for the activity of 5- 
HT-sensitive adenylate cyclase because 5-HT was 
inactivé in a washed membrane preparation in the 
absence of these compounds (Table 5). This is in 
agreement with other reports showing that GTP 
increases the 5-HT-stimulated cyclic AMP formation 
in mammalian brain tissues [6, 20], neuroblastoma— 
brain hybrid cells [21,22] and membranes from the 
liver fluke [23]. 

Although GTP was also found to affect the binding 
of [*H]-5-HT in membranes from newborn animals, 
it was less potent than in the 5-HT-sensitive adeny- 
late cyclase system. At 10 uM, the optimal concen- 
tration for increasing 5-HT-stimulated cAMP pro- 
duction, GTP had no effect on the binding, and 
raising the concentration to 1 mM only resulted in 
a 47 per cent decrease in the specific binding of [*H]- 
5-HT. This discrepancy between the ranges of effi- 
cient GTP concentrations with respect to the enzyme 
and the [*H]-5-HT binding might suggest that the 
nucleotide affects these two systems by completely 
different mechanisms. Indeed, Marchais and Bock- 
aert (personal communication) recently observed 
that GTP could affect the binding of ligands to sites 
independent of any adenylate cyclase. Therefore, 
the GTP effect on [*H]-5-HT binding does not itself 
allow the conclusion that these binding sites were 
associated to adenylate cyclase. Furthermore, under 
optimal ‘coupling conditions’, i.e. with 10 uM GTP, 
the K, app of the 5-HT-sensitive adenylate cyclase 
was still almost 30 times higher than the K, of [*H]- 
5-HT binding under the adenylate cyclase assay 
conditions. 

All these observations strongly suggest that [*H]- 
5-HT did not label the 5-HT receptor coupled with 
adenylate cyclase. This conclusion is strengthened 
by analysing the respective pharmacological proper- 
ties of [‘H]-5-HT binding and 5-HT-sensitive adeny- 
late cyclase. Thus, whereas some antagonists (cypro- 
heptadine, thioproperazine) were approximately 
equipotent for inhibiting [*H]-5-HT binding and 5- 
HT-sensitive adenylate cyclase activity, others 
(pizotifen, metergoline) were much more potent 
against the binding than against the 5-HT-sensitive 
enzyme. Studies on the effects of agonists further 
emphasized these discrepancies because, apart from 
the indole-agonists (bufotenine, 5-methoxy-N, N - 
dimethyltryptamine) which both activated the 5-HT- 
sensitive adenylate cyclase [1, 5] and displaced bound 
[°H]-5-HT [7, 8], those of the piperazine group (qui- 
pazine and derivatives, [24-26]) affected only [*H]- 
5-HT binding. This suggests a considerable differ- 
ence between the structural properties of the [*H]- 
5-HT binding sites and the 5-HT receptor linked to 
adenylate cyclase. 

Recent studies on the 5-HT-dependent myoclonus 
in the guinea pig [27] suggested that a correlation 
might exist between the efficiencies of various drugs 
in this behavioral test and their potencies for acti- 
vating or blocking the 5-HT-sensitive adenylate 
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cyclase [5]. In contrast, no correlation apparently 
existed between the behavioral effects and the 
actions of various drugs on the specific high affinity 
binding of [*H]-5-HT ([9], this paper). In particular, 
quipazine and other piperazine derivatives which 
efficiently displaced [*H]-5-HT from specific binding 
sites were very poorly active for evoking occasional 
myoclonic jerking in the guinea pig [27]. However, 
further studies will be necessary to compare more 
precisely the pharmacological properties of the 5- 
HT-sensitive adenylate cyclase and of the [*H]-5-HT 
high affinity binding with the potencies of various 
drugs for inducing or blocking 5-HT-dependent 
behaviours. 

In conclusion, the present study offers evidence 
for two types of 5-HT receptors in rat brain: the first 
one, which is sensitive to uM concentrations of 5- 
HT, is linked to an adenylate cyclase whereas the 
second one, characterized by a high affinity for 5- 
HT, is apparently not linked to such an enzyme. 
Recently, Fillion et al. [28] reported the stimulation 
of adenylate cyclase activity with nM concentrations 
of 5-HT in rat striatal membranes, thus suggesting 
that the high affinity binding site for 5-HT might also 
be coupled to this enzyme. Attempts to confirm their 
findings were completely negative [20] and no sat- 
isfactory explanation can be given for this discrep- 
ancy at present. Whatever the membrane component 
(cyclase, ionophore. . .) that is associated with the 
high affinity binding site for 5-HT, the present data 
strongly suggest that the concept of multiplicity of 
5-HT receptors already proposed for the periphery 
[29], cultured neuroblastoma hybrid cells [22] and 


ganglionic nervous system of molluscs [30] can be 
extended to the CNS in the rat. 
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Abstract—The 5-HT receptor linked to adenylate cyclase and the high affinity binding site of [*H]5S-HT 
were compared on the basis of their localization and ontogenetic changes in the CNS of the rat. 
Subcellular fractionation of cerebral tissues from newborn rats showed a good correlation between the 
distributions of 5-HT-sensitive cyclase and [*H]5-HT binding sites, with the mitochondrial fraction 
exhibiting the highest specific adenylate cyclase activity and density of binding sites. There was also a 
good correlation between the regional distributions of the cyclase and the binding in the CNS of newborn 
rats. However, when the regional distribution of [*H]5-HT binding in newborns was compared to that 
of adults, no correlation was found, showing that large changes were occurring during ontogenesis. In 
the cortex and hippocampus, there was little change in the amount of 5-HT-sensitive adenylate cyclase 
during development whereas [*H]5-HT binding increased approximately 7-fold from birth to adulthood. 
Only in the striatum was there a positive correlation between the changes in the cyclase and the binding. 
The injection of kainic acid into the striatum of 10-day-old rats produced large decreases in both DA- 
and 5-HT-sensitive adenylate cyclase activities. The specific binding of [*H]5-HT was also reduced in 
the injected striatum but to a smaller extent. Therefore, the 5-HT-sensitive adenylate cyclase but not 
the (°H]5-HT- high affinity binding site appeared to be preferentially associated with neurons destroyed 
by kainic acid, i.e. neurons intrinsic to the striatum. The findings that the 5-HT-sensitive adenylate 
cyclase and the [*H]5-HT binding sites can develop independently and are localized, at least partly, on 
different types of cells provide additional evidence for the existence of multiple types of 5-HT receptors 


in the CNS of the rat. 


In the accompanying paper [1], we have provided 
evidence that the serotonin (5-HT) receptor linked 
to adenylate cyclase in the central nervous system 
(CNS) of the rat [2, 3] exhibits different properties 
from those of the binding sites for [‘H]5-HT [4-6]. 
In particular, their respective affinities for 5-HT and 
sensitivities to various pharmacological agents were 
markedly different [1]. 

These findings strongly suggest that the 5-HT-sen- 
sitive adenylate cyclase and the [*H]5-HT binding 
sites correspond to two distinct classes of 5-HT 
receptors. However, other criteria must be fulfilled 
to confirm this hypothesis. The best would consist 
of the physical separation of the 5-HT receptor-— 
cyclase complex from the [*H]5-HT high affinity 
binding sites. Attempts in this direction were made 
in the present study by examining carefully the 
respective regional and subcellular distributions of 
these two markers of central 5-HT receptors. In 
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addition, their patterns of evolution were compared 
during ontogenesis in defined areas such as the hip- 
pocampus, the striatum and the cerebral cortex. 
Finally, since kainic acid-induced lesions appeared 
to be very useful for demonstrating the heterogeneity 
of other receptor types in the CNS [7-9], such lesions 
were realized in young rats, at a period when both 
the activity of 5-HT-sensitive adenylate cyclase and 
the specific [*H]5-HT binding could be accurately 
measured [1-3, 10]. 

The large differences observed in the respective 
changes in [*H]5-HT binding and 5-HT-sensitive 
adenylate cyclase activity during ontogenesis on the 
one hand and following kainic acid-induced lesions 
on the other hand further support the concept of 
multiple classes of central S-HT receptors already 
proposed in the accompanying paper [1]. 


MATERIALS AND METHODS 


Chemicals. The following compounds were used: 
5-hydroxytryptamine creatinine sulfate (5-HT, 
Merck); ATP (disodium salt), cyclic AMP, creatine 
kinase and creatine phosphate were from Boehrin- 
ger—-Mannheim; kainic acid, ethylene glycol bis-(B- 
aminoethylether)-N,N’'-tetraacetic acid (EGTA) 


2455 
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and theophylline were purchased from Sigma. 
Dopamine (DA) and L-glutamic acid were from Cal- 
biochem. Pargyline was generously donated by 
Abbott. [G-*H]5-HT (generally labelled, 10.7- 
15.2Ci/mmole), [a-"P]ATP (sodium salt, 10- 
20 Ci/mmole) and cyclic [/H]AMP (ammonium salt, 
25 Ci/mmole) were obtained from the Radiochemical 
Centre, Amersham, U.K. [*H]5-HT was purified [11] 
just before each binding experiment. All other com- 
pounds (salts, etc.) were the purest commercially 
available. 


Animals 


Sprague—Dawley rats were housed in a controlled 
environment (24°, 60% humidity, alternate cycles of 
12 hr light and 12 hr darkness, food and water ad 
lib.) before being used. Newborn animals were used 
regardless of sex, whereas only male adults (250- 
350 g) were taken. Animals were decapitated, and 
the brains were dissected in the cold (4°) according 
to the procedure of Glowinski and Iversen [12]. All 
subsequent steps in the tissue preparations (see 
below) were also carried out at 0-4°. 

Injection of kainic acid into the striatum of newborn 
rats. Six- or ten-day-old rats were anaesthetized with 
ether and placed in a stereotaxic apparatus. Then, 
2 ug of kainic acid in 0.25 ul of an artificial cerebral 
spinal fluid (with or without a saturating concentra- 
tion of L-glutamic acid) was injected during 2 min at 
each of two sites in the right striatum according to 
the following coordinates: (1) A=3.8mm, L = 
3.0mm, H=+5.0mm; (2) A=3.2mm, L= 
3.7 mm, H = +4.0 mm. These coordinates are based 
on a zero taken at the intersection of a line through 
the auditory canals with the midline (see Ref. 13). 
After the injections, the rats were returned to their 
litter mates and, if necessary, nourished by intra- 
oesophagal feeding with powdered milk (Neocarnis). 

The addition of L-glutamic acid to the injection 
solution was based on the report by Biziére and 
Coyle [14] that this amino acid potentiates the neu- 
rotoxicity of kainic acid in animals lacking the glu- 
tamatergic corticostriatal innervation, like newborn 
rats [15]. 


Preparations of membranes 


Lysed P, fractions. The complete procedure has 
been previously described [6]. These fractions cor- 
responded to membranes from lysed synaptosomes 
[P.] which were preincubated to remove endogenous 
5-HT. 

Crude membrane preparation. Tissues were hom- 
ogenized in 70 vol. of 50mM Tris-HCl, pH 7.4, 
using a Polytron disrupter (type PT 10 OD) and 
centrifuged at 40,000 g for 20 min. The supernatant 
fraction was discarded and the pellet was washed 
twice by suspension in 40 vol. of Tris buffer followed 
by centrifugation. The resulting pellet was gently 
homogenized in 40 vol. of Tris buffer and incubated 
for 10 min at 37° (see Ref. 6). Membranes were then 
collected by centrifugation, washed once as above 
and finally suspended in 40-50 vol. of 50 mM Tris— 
HCl, pH 7.4. [*H]5-HT binding was measured using 
1 ml aliquots of this preparation. 
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Subcellular fractionation 


The subcellular fractionation was carried out 
essentially as described by Laduron er al. [16]. 
Briefly, the tissue was homogenized in 5 vol. of 
0.25 M sucrose using a Potter-Elvehjem apparatus 
fitted with a teflon pestle. Successive centrifugations 
of this homogenate at 600 g for 10 min, 10,000 g for 
15 min, 20,000 g for 15 min and 82,000 g for 100 min 
produced the sedimentation of the nuciear (N), 
heavy mitochondrial (M), light mitochondrial (L) 
and microsomal (P) fractions, respectively. The 
82,000 g supernatant fraction was called the soluble 
(S) fraction. All of the sedimented fractions (N, M, 
L, P) were finally suspended in either 0.05 M Tris— 
‘HCl, pH 7.4, for use in the binding assays or in a 
solution containing 300 mM sucrose, 2mM EGTA 
and 2mM Tris-maleate, pH 7.2, for the adenylate 
cyclase assay. 


Measurement of |*H|5-HT binding 

The binding of [*H]5-HT was measured according 
to the method of Bennett and Snyder [4] using the 
modifications previously described [6]. In brief, this 
consisted of incubating the membranes (0.30—1.10 mg 
protein) for 7 min at 37° in 2 ml of 50 mM Tris-HCl 
containing 5.7 mM ascorbic acid, 10 uM pargyline, 
4mM CaCl, and 0.5-8.0 nM of [*H]5-HT, final pH 
7.4. Membranes were collected by filtration on 
Whatman GF’/B filters. Specific binding is the dif- 
ference between total radioactivity entrapped by the 
filter minus that found with similar samples contain- 
ing 10 uM unlabelled 5-HT. 


Measurement of adenylate cyclase activity 

Adenylate cyclase activity was measured as 
described by Enjalbert et a/. [3]. Tissues were hom- 
ogenized using a Dounce homogenizer and then 
filtered through a silk screen before being used. The 
final assay mixture (40 ul) contained 25 mM Tris- 
maleate (pH 7.2), 0.5mM unlabelled ATP, 1mM 
MgSO,, 0.5 mM EGTA, 0.2 mg/ml creatine kinase, 
20mM creatine phosphate, 10mM _ theophylline, 
2.0 uCi [a-**P] ATP, 1.0 nCi cyclic [SH]AMP (added 
as the recovery standard) and 10 ul of a 1:20 hom- 
ogenate. Samples were incubated for 5 min at 30° in 
the presence or the absence of various concentrations 
of 5-HT (usually 10 uM). The reaction was stopped 
by adding 100 ul of a solution containing 5 mM ATP, 
5mM cyclic AMP, 50 mM Tris-HCI (pH 7.4) and 
1% sodium lauryl sulfate. Isolation of cyclic [*P] 
and [*H]AMP was accomplished using Dowex AG 
50 W-X8 and alumina columns [17]. The activity of 
5-HT-sensitive adenylate cyclase is expressed as the 
increase in [*P]cyclic AMP production (in 
pmoles/mg protein/min) due to the addition. of 5-HT 
to the assay mixture. 

Protein concentrations were determined using 
bovine serum albumin as the standard [18]. 

Statistical determinations were performed accord- 
ing to Snedecor and Cochran [19] with P = 0.05 
chosen as the maximum level of significance. 


RESULTS 


Regional localizations of 5-HT-sensitive adenylate 
cyclase and [*H]5-HT binding sites. When the bind- 
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Fig. 1. Comparison of the regional distributions of L H]5-HT binding and 5-HT-sensitive adenylate 
cyclase i in the CNS of newborn rats. The binding of [° H]5-HT was measured in lysed P, fractions from 
various regions of the CNS of 5-day-old rats with 1.12 nM of the labelled ligand. The data for the 
distribution of 5-HT-sensitive adenylate cyclase is taken from Ref. 3 and correspond to pmoles cyclic- 
[°P]AMP formed per mg protein and per min in the presence of 10 uM 5-HT. Comparison of the 
distributions of [° H]5-HT binding and 5-HT-sensitive adenylate cyclase using linear regression analysis 
gave a coefficient of correlation (r) of 0.965 (P < 0.001) for all the structures examined, excluding the 
cerebellum. 


ing of [*H]5-HT was measured in various regions of 
the CNS of newborn rats and compared to the 5-HT- 
sensitive adenylate cyclase activity, a good correla- 
tion was found, with the exception of the cerebellum 
(Fig. 1). 

Previous studies indicated that: (1) the topograph- 
ical distribution of the 5-HT-sensitive adenylate 
cyclase in the CNS of newborn rats is significantly 
correlated with that of endogenous 5-HT in adult 
animals [3]; (2) no correlation exists between the 
regional distributions of endogenous 5-HT levels and 
(°H]5-HT binding in the CNS of adult rats [6]. There- 
fore, it was of interest to compare the distributions 
of [*H]5-HT binding in the CNS of adult and newborn 
rats. As expected of these two observations just 
mentioned, large differences were noted between 
the repartitions of [‘H]5-HT binding sites in the CNS 
of adult and newborn rats (Fig. 2). For anterior areas 
such as the cerebral cortex, the hippocampus and 
the striatum, [*H]5-HT binding was markedly higher 
in adults than in newborns. Conversely, in the spinal 
cord and the cerebellum, a reduction of [*H]5-HT 
binding was noted in adults as compared to newborns 
(Fig. 2). 

It should be noted here that for the comparison 
of binding between adult and newborn rats, the 
results are expressed on a per gram wet weight basis 
(Fig. 2, see also Ref. 4). Differences in the protein 
content of the tissues and in the recovery of protein 


in the P, fraction between the two age groups pre- 
clude the expression of data on a per mg protein 
basis for valuable comparison. 

Subcellular distributions of [*H]5-HT binding and 
5-HT-sensitive adenylate cyclase. For these experi- 
ments, pooled colliculi, hippocampi and striata were 
used because they correspond to well defined areas 
with relatively high [*H]5-HT binding capacities and 
5-HT-sensitive adenylate cyclase activities (Figs. 1 
and 2). All fractions, except the 82,000 g supernatant 
fraction (S), obtained by differential centrifugations 
[16] of sucrose homogenates from newborn tissues 
had the capacity to synthesize cyclic[*P]AMP in the 
presence of 5-HT and to specifically bind [*H]5-HT 
(Table 1). When expressed on a per mg protein 
basis, the [*H]5-HT binding and the cyclase activity 
in the newborn were greatest in fraction M and 
lowest in fraction N. In fact, the comparison of [*H]5- 
HT binding and 5-HT-sensitive adenylate cyclase in 
all the fractions revealed that the respective subcel- 
lular distributions of these two markers of 5-HT 
receptors were significantly correlated (r = 0.802) in 
tissues of newborn rats (Table 1). 

The distributions of [*H]5-HT binding were dif- 
ferent between newborns and adults because fraction 
P was found to have the greatest capacity (on a per 
mg protein basis) to bind specifically the labelled 
ligand in older animals (Table 1). Consequently, the 
subcellular repartition of [‘H]5-HT binding in tissues 
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Fig. 2. Comparison of the regional distributions of the binding of [° *H]S-HT in the CNS of adult and 


newborn rats. 


The specific binding of [*H]5-HT was measured in lysed P, fractions prepared from 


various brain regions of newborn (5-day -old) and adult rats as described in Materials and Methods. The 
concentration of [‘H]S5-HT was 1.12 nM. Data are expressed as pmoles of [*H]5-HT specifically bound 
to membranes prepared from | g of fresh tissue. Linear regression analysis indicates that no significant 


correlation (r = 


= 0.417, P > 0.05) existed between respective adult and newborn values. The slope of 


the straight line is equal to 1.0 so that points situated above indicate that [>H]S-HT binding was higher 
in adults than in newborns for the corresponding region. Reciprocally, [°H]S-HT binding in the spinal 
cord and the cerebellum was greater in newborn than in adult rats. 


from adults was correlated neither with that of the 
cyclase nor with that of the binding in newborns 
(r < 0.327, P > 0.05). 

As shown in Table 1, the distribution of proteins 
in the various fractions differed markedly between 
newborn and adult rats. Thus for instance, 65 per 
cent of the total protein content of the sedimented 
material (N+M+L+P) were found in the ‘micro- 
somal fraction P’ from newborn tissues whereas this 
proportion was reduced to 43 per cent with tissues 
from adult animals (Table 1). Therefore, in addition 
to the determination of the [*H]5-HT binding 
capacity and the adenylate cyclase activity per mg 
protein in each fraction, it was also of interest to 
consider the total binding and cyclase activity per 
fraction. As indicated in Table 1, these calculations 
led to good correlations between the subcellular 
distributions of [*H]5-HT binding in newborns and 
in adults on the one hand (r = 0.993) and between 
these two repartitions and that of the 5-HT-sensitive 
adenylate cyclase on the other hand (r = 0.995). The 
fraction containing the highest proportions of 5-HT- 
sensitive adenylate cyclase and [*H]5-HT binding 
capacity was the microsomal (P) fraction (Table 1). 
Other fractions were at least three times less active 
in regard to these two markers of 5-HT receptors 
(Table 1). 

Changes in |*H|5-HT binding and 5-HT-sensitive 
adenylate cyclase during ontogenesis in discrete areas 
of the rat brain. When the binding of [*H]5-HT was 


examined at various times after birth, it was noted 
that the binding capacity per g of fresh tissue 
increased steadily from birth to adulthood in both © 
the hippocampus and cortex (Table 2). Binding also 
increased greatly during development in the stria- 
tum, although the capacity found in adults was 
slightly lower than that found at 3 weeks of age 
(Table 2). 

Adenylate cyclase activity presented a somewhat 
different pattern of development. In the case of the 
striatum, the ontogenetic evolution of the 5-HT-sen- 
sitive adenylate cyclase closely resembled that of 
[°H]5-HT binding. As indicated in Table 2, a sig- 
nificant correlation (r = 0.968) was found between 
the developments of [*H]5-HT binding and 5-HT- 
sensitive adenylate cyclase in this structure. In the 
hippocampus, there was only a slight increase in 5- 
HT-sensitive cyclase activity during the first two 
weeks after birth followed by a decrease so that the 
activity was lower in adults than at birth. In the 
cerebral cortex, there was little change in the cyclase 
during development (Table 2). Thus, there was no 
correlation between developmental patterns of 
[H]S-HT binding and 5-HT-sensitive adenylate 
cyclase activity in either the hippocampus or the 
cerebral cortex (Table 2). 

Effects of the local injection of kainic acid on [*H]5- 
HT binding and DA-and 5-HT-sensitive adenylate 
cyclases in the striatum of newborn rats. The injection 
of 2 ug kainic acid into the right striatum of 6-day- 
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Table 3. Effects of local injection of kainic acid with or without L-glutamic acid on the 
activity of 5-HT-sensitive adenylate cyclase in the striatum* 





5-HT-Sensitive adenylate cyclase 





Injection Death 


Control 


Kainic acid 
Kainic acid 


L-glutamic acid 





6th day 15th day 


10th day 15th day 


9.13 + 0.88 


9.02 + 0.78 


7.15 + 0.76 3.66 + 1.397 
(78) (40) 

oo 1.14 + 0.647 
(13) 





* Kainic acid (2 ug) was injected with or without L-glutamic acid in the right striatum 
of 6- or 10-day-old rats. Animals were killed when 15 days old and the cyclic [°P]|AMP 
production due to 10 uM 5-HT was measured in homogenates of their right striatum as 
described in Materials and Methods. The control 5-HT-sensitive adenylate cyclase activity 
was determined in striatal homogenates from 15-day-old untreated rats. Each value (in 
pmoles cyclic[’*P]AMP formed per mg protein and per min) is the mean + S.E.M. of 
four to seven separate determinations. Figures in parentheses are percentages of respective 


control values. 


+ P<0.05 when compared to control values. 


old rats resulted in a slight decrease (22 per cent) 
in 5-HT-sensitive adenylate cyclase as observed on 
the ninth following day (Table 3). The co-injection 
of L-glutamic acid significantly improved the neu- 
rotoxicity of kainic acid because the decrease in 5- 
HT-sensitive adenylate cyclase activity thus reached 
60 per cent (Table 3). As already reported by Cam- 
pochiaro and Coyle [15], the effect of kainic acid 
was markedly age-dependent because the adminis- 
tration of this neurotoxic + L-glutamic acid in 10- 


(10) 


S.HT_sensitive adenylate cyclase activity 
(% of contro! | 














0 
Days after kainic acid injection 


Fig. 3. Time course changes in 5-HT-sensitive adenylate 
cyclase activity in the striatum after local injection of kainic 
acid. Kainic acid (2 ug in 0.25 ul of saline saturated with 
L-glutamic acid) was injected in the right striatum of 10- 
day-old rats (see Materials and Methods). The animals 
were killed 1, 2 or 3 days after the injection, and cyclic- 
[°P]AMP production due to 5-HT (104M) was 
measured in the lesioned striata. Control values were 
taken from the striata of non-lesioned age-paired rats. 
Results (means + S.E.M.) are expressed as per cent of 
control values. The range for cyclic-[”*P]AMP production 
due to 10uM 5-HT in the controls was 6.05- 
12.65 pmoles.min.-'.mg protein™'. The numbers in 
.parentheses refer to the number of individual animals at 
each time point. 


day-old rats produced a greater reduction in the 
cyclase activity (87 per cent) than that observed in 
rats treated on the sixth postnatal day (Table 3). The 
examination of the time-course of changes produced 
by kainic acid + L-glutamic acid injection revealed 
that the decrease in the 5-HT-sensitive enzymic 
activity was very rapid. As shown in Fig. 3, the 
lowest activity level of the 5-HT-sensitive adenylate 
cyclase was observed as soon as the second day after 
the treatment. Measurements of the 5-HT-sensitive 
adenylate cyclase activity on the fifteenth day after 
the administration of kainic acid + L-glutamic acid 
in the right striatum indicated that the reduction in 
this enzymic activity was long-lasting (Table 4). 
However, the decrease observed on the fifteenth day 
was regularly less than that seen on the second day 
following the kainic acid + L-glutamic acid admin- 
istration (Table 4). In contrast, the basal adenylate 
cyclase activity in the right striatum was decreased 
to the same extent (20-25 per cent) on the second 
(Fig. 4) and the fifteenth day (not shown) after the 
local administration of kainic acid + L-glutamic acid. 
Kinetic analyses of the 5-HT-sensitive adenylate 
cyclase clearly indicated that the reduction produced 
by kainic acid treatment involved the maximal 
enzymic activity (Fig. 4). No conclusion could be 
drawn about the K,app (concentration of 5-HT pro- 
ducing half maximal stimulation) because the activity 
was too low for its accurate determination. 
Because the DA-sensitive adenylate cyclase is con- 
sidered as a good marker of neuronal degeneration 
following intrastriatal kainic acid administration (see 
Ref. 20), it was of interest to measure its activity 
under the present experimental conditions. As 
already described in adult rats [20], a marked 
decrease in the DA-sensitive adenylate cyclase 
activity was noted in the right striatum of young 
animals treated with kainic acid + L-glutamic acid. 
As shown in Fig. 4, this kainic acid-induced effect 
was due to a marked reduction in the maximal 
enzymic activity with no change in the K,app (Fig. 


4) 


The binding of [*H]5-HT was also decreased in 
the striatum after the injection of kainic acid. This 
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(SH]5-HT Binding 








5-HT-Sensitive adenylate cyclase 





Lesioned 


Control 


Lesioned 


Control 


Lesioned 


Control 


Injection 





7.7 + 10.6% 


4 


l 


5 


L791 = 7. 


.02 + 0.08 


5 


1.19 + 0.49% 


9.53 + 0.74 


145.7 + 25.1¢ 


49.1 + 43.4 


y 


1.98 + 0.64 


2.58 + 0.407 


8.13 + 0.45 
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days later. The 5-HT- 


5 ¢ 
protein in the presence of 10 uM 5-HT. [*H]5-HT 


and. Byax (total number of binding sites calculated from Scatchard plots) is expressed as fmoles 


2g 


gend to Fig. 3), and the animals were killed 2 or | 


€ 


37 


ght striatum of 10-day-old rats (see the le 
sensitive adenylate cyclase activity is expressed as pmoles of [°“P]cyclic AMP produced per min and per m 


* Kainic acid was injected into the ri 





asured with 0.40-3.50 nM of the labelled lig 


e 


e 
& 


binding was m 


when compared to respective control values. The percentage decrease produced by kainic acid-induced lesion is indicated in parentheses. 


5 


bound/mg protein and Ky as nM. Each value represents the mean + S.E.M. of four to six separate determinations. 
*+P<0.0 


change was due to a decrease in the number of 
binding sites with no change in the apparent affinity 
of the receptor for its ligand (Table 4). However, 
the reduction in [*H]5-HT binding did not reach the 
magnitude of that of the 5-HT-sensitive adenylate 
cyclase activity. Thus, two days after the injection 
of kainic acid, this enzymic activity was decreased 
by 88 per cent whereas [*H]5-HT binding was only 
reduced by 29 per cent (Table 4). Although the 
reduction in [°H]5-HT binding increased slightly on 
the fifteenth day following the administration of the 
neurotoxin, it was still markedly less than that of the 
5-HT-sensitive adenylate cyclase activity (Table 4). 


DISCUSSION 


We have already presented evidence suggesting 
that, in the rat CNS, the 5-HT receptor linked to 
adenylate cyclase is not identical to the high affinity 
[°H]5-HT binding site [1]. Indeed, no relationship 
could be found between the pharmacological sen- 
sitivities of these two markers of 5-HT receptors. In 
particular, direct acting 5-HT agonists of the piper- 
azine series displaced [*H]5-HT from its high affinity 
binding sites, but had no effect on the cyclase, affect- 
ing neither the basal nor the 5-HT-stimulated activity 
[1]. In the present paper, additional facts indicate 
that the 5-HT receptor linked to adenylate cyclase 
is different from the [*H]5-HT binding site. How- 
ever, these two entities could not be distinguished 
by subcellular fractionation or by their regional dis- 
tributions in the CNS of newborn rats. 

The examination of the subcellular distributions 
of [*H]5-HT binding and 5-HT-sensitive adenylate 
cyclase showed, within the limits of the technique 
used, no significant difference in their localizations 
suggesting that the membranes containing these two 
receptors have some similar properties. 

Another point of convergence between the 5-HT- 
sensitive adenylate cyclase and the specific binding 
of [PH]5-HT concerned their regional distributions 
in newborn animals. With the exception of the 
cerebellum which exhibited a surprisingly high 
capacity to specifically bind [*H]5-HT, there was a 
good correlation between the levels of 5-HT-sensi- 
tive adenylate cyclase activity and the amount of 
[°H]5-HT binding (Fig. 1). However, except in the 
striatum, this correlation did not persist during 
ontogenesis. For example, in the hippocampus and 
the cerebral cortex, there were large increases in 
(SH]S5-HT binding during development while little 
change occurred in the activity of the 5-HT-sensitive 
adenylate cyclase (Table 2). 

Because both the 5-HT-sensitive adenylate cyclase 
and the [*H]5-HT binding sites appear to be post- 
synaptic [3-6, 21, 22], kainic acid was injected into 
the striatum of young rats to see if their position 
could be further localized to intrinsic neurons or to 
nerve terminals of afferent fibres. Campochiaro and 
Coyle [15] have previously observed that kainic acid 
is less efficacious in destroying neurons in the stria- 
tum of young as compared to adult rats, presumably 
due to the lack of glutamatergic corticostriatal inner- 
vation in the young animals. This problem was over- 
come by injecting kainic acid in the presence of L- 
glutamic acid: as previously shown in adult rats by 
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Fig. 4. Effects of kainic acid injection into the striatum on 5-HT- and DA-sensitive adenylate 
cyclases. Kainic acid was injected into the right striatum of 10-day-old rats as described in the legend 
to Fig. 3. Animals were killed two days later. 5-HT-sensitive (A) and DA-sensitive (B) adenylate 
cyclase activities were measured in homogenates of lesioned striata (pooled from 13 rats) or of 
striata from 12-day-old contro! animals (7 rats). Each point is the mean+S.E.M. of triplicate 
determinations in two independent experiments. K,app corresponds to the concentration of 5-HT 
(A) or DA (B) producing half maximal stimulation of cyclic-[*°P]AMP formation. @: Control rats; 
x: kainic acid-treated rats. 


Biziére and Coyle [14], we did observe a marked 
increment of the neurotoxicity of kainic acid when 
it was co-injected with L-glutamic acid in young 
animals. Under these conditions, DA-sensitive 
adenylate cyclase was decreased by 71 per cent two 
days after the treatment in 10-day-old animals. This 
effect closely resembles that previously noted in adult 
rats as Schwarcz and Coyle [20] mentioned a 85 per 
cent reduction in striata} DA-sensitive adenylate 
cyclase activity two days after the local administra- 
tion of kainic acid. 

5-HT-sensitive adenylate cyclase was also 
destroyed by injection of kainic acid + L-glutamic 
acid into the striatum of young rats. Very recently, 
Fillion et al. [23] also observed a marked decrease 
in the stimulating effect of 5-HT on striatal adenylate 
cyclase activity following the local injection of kainic 
acid in adult rats. Apparently, this 5-HT-sensitive 
enzyme is quite different from that presently studied 
because it was activated by nM concentrations of 5- 
HT whereas we failed to detect any significant stimu- 
lation with 5-HT concentrations lower than 0.1 uM 
under the experimental conditions presently 
reported. On the basis of experiments with various 


subcellular fractions, Fillion et al. [24] have proposed 
that the 5-HT-sensitive adenylate cyclase that is 
activated by uM concentrations of 5-HT might be 
localized on glial cells. The present findings strongly 
suggest that this hypothesis is not correct because 
the selective neuronal loss produced by kainic acid 
was associated with a marked reduction in this par- 
ticular enzymic activity. Indeed, recent experiments 
using primary cultures of glial cells from colliculi 
(the brain area containing the highest activity of 5- 
HT-sensitive adenylate cyclase in newborn rats [2, 3]) 
confirmed that no 5-HT-sensitive adenylate cyclase 
was present on glial elements (Bockaert et al., in 
preparation). 

Although the 5-HT-sensitive adenylate cyclase was 
markedly affected by the intrastriatal injection of 
kainic acid, [*H]5-HT binding was only decreased by 
about 29 per cent within two days and by 42 per cent 
on the fifteenth following day. In both cases, this 
was due solely to a reduction in the number of 
binding sites with no change in the K,. The discrep- 
ancy between the respective reductions in [*H]5-HT 
binding and in 5-HT-sensitive adenylate cyclase 
activity suggests that these two markers of 5-HT 
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receptors are not located on the same cells. Accord- 
ing to Fillion and coworkers, [*H]5-HT-high affinity 
binding sites that disappeared after intrastriatal 
kainic acid administration [23] would be associated 
with neuronal elements [23, 24] whereas the adeny- 
late cyclase sensitive to uM concentrations of 5-HT 
which persisted (at least partly [23]) under these 
conditions would be a glial enzyme [24]. As discussed 
above, neither of these two markers—at least in 
young animals—is likely to be associated with glial 
cells. Accordingly, our findings suggest that most of 
the (uM) 5-HT-sensitive adenylate cyclase is located 
on neurons intrinsic to the striatum whereas [*H]5- 
HT binding sites are preferentially distributed on the 
terminals of afferent fibres or on intrinsic neurons 
not destroyed by kainic acid. Previous data obtained 
in adult rats [25] also led to the conclusion that a 
great proportion (46 per cent) of [*H]5-HT binding 
sites are not associated with intrinsic striatal neurons 
sensitive to the neurotoxic effect of kainic acid. 

In conclusion, the 5-HT receptor which is coupled 
to adenylate cyclase in the rat CNS is not the same 
as that measured by the binding of [*H]5-HT. This 
is shown by the differences in: (1) the pharmaco- 
logical profiles of these receptors [1]; (2) the K,app 
for the activation of the cyclase and the K, for 
(°H]5-HT binding which persist when the enzymic 
activity and the binding are measured under identical 
conditions [1]; (3) the developmental patterns of 
(H]5-HT binding and 5-HT-sensitive adenylate 
cyclase during ontogenesis as observed in the hip- 
pocampus and the cerebral cortex (this paper); (4) 
the locations of these two markers of 5-HT receptors 
in the striatum as revealed by their respective sen- 
sitivities to kainic acid (this paper). Thus, as already 
demonstrated in other tissues [26-28], our results 
strongly suggest that at least two different types of 
5-HT receptors exist in the rat brain. Because neither 
of these two entities seems to correspond to that 
labelled with [*H]spiroperidol [10] or to presynaptic 
autoreceptors [11, 29, 30], it can be concluded that 
the central effects of 5-HT very likely involve mul- 
tiple specific receptors. 
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Abstract— In vitro, a-difluoromethy! DOPA (DFMD, RMI 71801), at concentrations from 2 to 20 uM, 
inhibits aromatic-L-amino acid decarboxylase (AADC) in a time-dependent manner. After inhibition, 
the activity of the enzyme cannot be restored by dialysis. The inhibition is prevented by addition of an 
excess of the substrate L-DOPA. Near to one mole of ring-tritiated DFMD binds to one mole of enzyme 
during the inhibition process. The absorption spectrum of AADC is slightly modified by DFMD. No 
transformation product of the inhibitor is accumulated during incubation with the enzyme. It is concluded 
that DFMD is an enzyme-activated inhibitor of AADC. Jn vitro and in vivo, DFMD is a substrate of 


catechol O-methyltransferase. 


We have recently reported that two newly syn- 
thesized DOPA analogues, a-acetylenic DOPA and 
a-viny! DOPA, competitively inhibit aromatic-L- 
amino acid decarboxylase (EC 4.1.1.26, AADC) 
from hog kidney [1], but inhibition appeared to have 
also an irreversible component. Jn vivo, these com- 
pounds inhibit the decarboxylation of exogenously- 
supplied L-DOPA and 5-hydroxytryptophan in the 
periphery with a consequent short-lasting elevation 
of brain catecholamines and serotonin. 

Two other irreversible inhibitors of AADC have 
been reported to be more potent and to have longer 
durations of action in vivo than the two compounds 
above. These inhibitors are a-difluoromethyl DOPA 
(DFMD) [2] and a-monofluoromethyl DOPA 
(MFMD) [3]. Only MFMD was potent enough to 
reduce synthesis of biogenic amines in the periphery 
and in the brain [3]. MFMD did not show preferential 
peripheral effects at doses higher than 5 mg/kg, while 
DFMD was selective in its action in the periphery 
at 500 mg/kg. DFMD might therefore be used in 
combination with L-DOPA to increase the synthesis 
of dopamine in the brain. 

This paper provides direct evidence that DFMD 
inhibits AADC by a mechanism previously proposed 
by Palfreyman et al. [2] and describes the in vitro 
and in vivo metabolism of the compound. During 
the course of these experiments Kollonitsch ef al. 
[4] reported that the same mechanism is valid for 
MFMD. 


MATERIALS AND METHODS 


Chemicals. DFMD was synthesized in our labora- 
tories [5]. [Ring 2,5,6--H]DFMD was synthesized by 
the “Commissariat a l’Energie Atomique” in Saclay, 
France. The synthesis was done by tritium exchange 
and the specific activity was 0.7 Ci/mmole. [1-'C]L- 
DOPA, 1-5 mCi/mmole, and [ring 2,5,6--H]DOPA, 
20-40 Ci/mmole, were purchased from the Radio- 
chemical Center (Amersham, U.K.). All other com- 
pounds were of analytical grade and commercially 
available. 


Enzymes. AADC was purified from hog kidney 
and its activity was determined as _ previously 
described [1]. The specific activity of the purified 
enzyme (7500-8000 units/mg) was in the range of 
that obtained by Christenson et al. [6] for the enzyme 
purified to homogeneity. The enzyme was kept at 
0°. It lost about 50 per cent of its activity in six 
weeks. Specific activity was determined at the time 
of each experiment by the CO, trapping method 
described by Christenson et al. [6]. One unit of 
activity is defined as the total amount of enzyme 
which produces 1 nmole of CO, per min with [1- 
C]L-DOPA as substrate. 

Catechol O-methyltransferase was partially puri- 
fied according to the method of Axelrod [7]. For 
determination of activity, 100 ul enzyme preparation 
was incubated in 10 mM phosphate buffer, pH 7.4, 
with 70uM _ S-adenosyl-L-methionine, 125 uM 
MgCl, 100 uM [*H]DFMD (100 Ci) in a final vol- 
ume of | ml at 30°. 

The reaction was stopped by addition of 500 ul of 
5M acetic acid and the mixture was chromato- 
graphed on cellulose t.1.c. plates using butanol-acetic 
acid—water (60 : 20 : 20) as solvent. The radioactivity 
of the separated compounds was determined with 
a t.l.c. plate radioactivity scanner (Dinnschicht- 
Scanner II from Berthold, Wildbad, F.R.G.). 

Time-dependent inhibition of AADC. To 100 wl of 
50 mM phosphate buffer, pH 7.2, containing 10 mM 
mercaptoethanol, were added 50 ul of an aqueous 
solution of the inhibitor and 50 ul of enzyme solution. 
The mixture was incubated at 37° and 20 ul aliquots 
were withdrawn to measure AADC activity at the 
times indicated. 

Binding of [ring-2,5,6°H]DFMD to AADC. Ten 
millimolar phosphate buffer, pH 7.2, containing 
10mM mercaptoethanol and 20 uM [*H]DFMD 
(0.7 Ci/mmole) and enzyme (0.15 mg protein/ml) in 
a final volume of 1 ml was incubated at 30°. Aliquots 
(100 wl) were withdrawn at various times after the 
addition of enzyme. These aliquots were mixed with 
100 ul of bovine serum albumin (2 mg/ml). Then 20 ul 
of 0.3 M trichloroacetic acid (TCA) were added and 
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the tubes were kept in ice for 30 min. The mixtures 
were filtered on a 0.45 um millipore filter and washed 
with 50 ml 0.3 M TCA. The filters were solubilized 
by incubation for 48 hr in 1 ml soluene (Packard) 
and 0.5 ml HO. The radioactivity was measured by 
liquid scintillation spectrometry employing Dimil- 
ume (Packard) as scintillation medium. Results were 
corrected for quenching. The time-dependent inhi- 
bition of AADC during the binding of DFMD was 
determined in conditions identical to those indicated 
above. 

Absorption spectrum of AADC. The spectrum of 
an AADC solution containing 10mM_ phosphate 
buffer, pH 7.2, and 5mM mercaptoethanol, was 
recorded with a spectrophotometer Acta III from 
Beckman Instruments Inc. (Fullerton, CA). DFMD 
was then added in excess, its concentration being 
about 10-fold that of the enzyme. The spectrum of 
the mixture was recorded at different times after 
mixing. 

Metabolism of DFMD by AADC. DFMD was 
measured in incubation mixtures by high perform- 
ance liquid chromatography (h.p.|.c.) as follows: to 
850 ul of 50 mM phosphate buffer, pH 7.2, contain- 
ing 10 mM mercaptoethanol, 100 ul of 2mM DFMD 
and 50 ul of enzyme (40 ug protein) were added. 
Where indicated, pyridoxal phosphate (PLP) was 
50 uM. After various times of incubation at 20°C, 
100 ul aliquots were mixed with 20 ul of 0.6 M TCA. 
Following centrifugation, aliquots of the TCA sol- 
ution (l0ul) were directly injected into a 
30cm X 3.9mm wBondapak C,g column from 
Waters Assoc. (Milford, MA). Elution with 0.02 M 
acetic acid was achieved at a flow rate of 1 ml/min. 
A waters model 204 liquid chromatograph, consisting 
of a 6000A solvent delivery system, a U6K universal 
injector and an u.v. absorbance detector, model 440, 
was employed. The absorbance of the eluant was 
monitored at 280 nm. 

Condensation of DFMD and .-DOPA with pyri- 
doxal phosphate (PLP). The products of conden- 
sation between DFMD or t-DOPA with PLP were 
obtained by mixing under nitrogen equimolar 
amounts of aqueous solutions of both compounds, 
at pH 7.0 and 37°, for 15hr. Using [*H]DFMD, 
under similar conditions, the formation of a new 
compound was detected on cellulose t.l.c. plates. 

Both products were then precipitated by a slow 
addition of 5M HCI at 0°. The compounds were 
redissolved in the minimum amount of water and re- 
precipitated by adding 5 M HCl. The same procedure 
was repeated a third time. The purity of the com- 
pounds was checked by h.p.|.c. by monitoring the 
eluates by both u.v. and electrochemical detection 
(model LC 15 detector from Bioanalytical Systems, 
West Lafayette, IN) [8]. 

Metabolism of PH|DFMD. _ [Ring-2,5,6- 
‘“H]DFMD was administered orally to overnight 
fasted male rats (Sprague-Dawley, 150-200 g) at the 
dose of 100 mg/kg, 10 mCi/kg. The rats were then 
housed for various times in metabolic cages and the 
urine was collected in flasks surrounded by dry ice. 
Urine aliquots (10-100 yl) were directly applied on 
t.l.c. cellulose plates for separation of metabolites 
from the original drug. Tissue metabolites were 
extracted by homogenization of the organs (brain, 
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liver or kidney) in 10 vol. water. The homogenates 
were centrifuged at 35,000 g for 30 min, then depro- 
teinized by filtration with an immersible molecular 
separator (Millipore). The ultrafiltrate was concen- 
trated by lyophilization and then chromatographed 
on cellulose t.l.c. plates. 

In a separate experiment, [‘H]DFMD was admin- 
istered orally to rats as described above and after 
various times the rats were decapitated and samples 
(0.5 g or less) of brain and liver were lyophilized. 
The radioactivity of the dry tissues and of the water 
recovered by lyophilization was determined with a 
sample oxidizer IN 1401 from Intertechnique (Plai- 
sir, France). For comparison, in vivo tritium 


exchange was also determined following oral admin- 
istration of [ring-2,5,6--H]DOPA. 


RESULTS 


Time-dependent inhibition of AADC by DFMD. 
Incubation of AADC with DFMD resulted in a 
time-dependent loss of enzyme activity, as shown in 
Fig. 1. At 10 uM DFMD the enzyme lost 50 per cent 
of its activity in about 10 min. 

In order to determine if the observed inhibition 
was irreversible, the enzyme, incubated for 30 min 
with DFMD at various concentrations from 2 to 
100 uM, was extensively dialysed. The experimental 
details and the data obtained are shown in Table 
1. After 24hr dialysis there was no recovery of 
activity compared to a control preparation similarly 
dialysed. After 48 hr dialysis there was a partial 
recovery of activity only at 2 and 10 uM DFMD. It 
is therefore concluded that the enzyme inhibitor 
complex is not readily dissociable. 

When inhibition of AADC by DFMD was studied 
in the presence of 4mM t-DOPA, the inhibitory 
effect was markedly attenuated (Fig. 2). 
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Fig. 1. Time-dependent inhibition of hog kidney aromatic 
L-amino acid decarboxylase (AADC) by a-difluoromethyl 
DOPA (DFMD). AADC (78 units) was incubated (37°) 
with various concentrations of DFMD in 50 mM phosphate 
buffer, pH 7.2, containing 10mM mercaptoethanol in a 
total volume of 200 ul. At the times indicated, 20 ul aliquots 
were withdrawn to measure enzyme activity (4972 units per 
mg protein at 0 time). 
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Table 1. Effect of dialysis on the activity of aromatic-L- 
amino acid decarboxylase inhibited by a-difluoromethyl 
DOPA (DFMD)* 





Aromatic-L-amino acid decarboxylase activity 
(% of activity of control) 





After 24 hr 
dialysis 


After 48 hr 
dialysis 





100 
46 
5 

2 


0 





* The incubation mixtures (1 ml) contained: AADC (390 
units), 20 mM phosphate buffer pH 7.2, 10 mM mercapto- 
ethanol and DFMD at the concentrations indicated. The 
mixtures were incubated for 30 min at 37°. Enzyme activi- 
ties were determined on 40 ul aliquots and the remaining 
parts were dialysed (at 40°) against 500 ml of 50 mM phos- 
phate buffer containing 10 mM mercaptoethanol and 10 uM 
pyridoxal phosphate with 2 changes of buffer per 24 hr. 
Enzyme activity before dialysis was 5190 units per mg of 
protein in the control and there was no detectable loss of 
activity after 48 hr dialysis. 


Binding of (H|DFMD to AADC. Binding of 
[‘H]DFMD to AADC was determined as described 
in Materials and Methods. Saturation of binding of 
the tritiated inhibitor to the enzyme was obtained 
in 10min (Fig. 3). Inhibition of the enzyme pro- 
ceeded in parallel with binding. It was almost com- 
plete after 10 min; 50 per cent of maximum binding 
and 50 per cent of enzyme inhibition was observed 
at 1.5-2 min. 

When the enzyme was saturated by [*H]DFMD, 
it was found that 0.83 mole of DFMD was bound to 
one mole of enzyme. For the calculation, it was 
assumed that DFMD binds only to the active form 
of AADC (specific activity 8000 units/mg, mol. wt 
112,000 dalton [6]) and not to the degradation prod- 
uct of the enzyme which formed during storage. 
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Fig. 2. Protection of AADC by L-DOPA against inhibition 
by DFMD. Incubation and AADC measurements were 
done as described in the legend to Fig. 1. 
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Fig. 3. Correlation between binding of DFMD to AADC 

and loss of enzyme activity. Purified AADC (3053 units 

per mg, 0.15 mg/ml) was incubated with 20 uM[*H]DFMD 

(0.7 Ci/mmole) as indicated in Materials and Methods. At 

various time intervals, 100 ul aliquots were withdrawn, 

assayed for remaining enzyme activity (O) and acid-insolu- 
ble radioactivity (@). 


TIME (min) 


Effect. of DFMD on the absorption spectrum of 
AADC. The absorption spectrum of purified AADC 
(0.75 mg/ml), dissolved in 10 mM phosphate buffer 
containing 5 mM mercaptoethanol, is shown in Fig. 
4. It has two bands, one at 420 nm and one at 340 nm. 
By adding DFMD, there was a modification of the 
spectrum as shown in Fig. 4. The absorption band 
at 420 nm decreased slowly with a complete disap- 
pearance within 15min. The absorption band at 
340 nm was shifted to 335 nm; at the same time the 
maximum at 335 nm increased slightly immediately 
after mixing and then remained constant. This rapid 
change of the absorption spectrum might be related 
to the rapid inhibition of the enzyme at high con- 
centrations of DFMD (see Fig. 1). 

Metabolism of DFMD in vitro. The flattening of 
the curves of Fig. 1 suggested that either a substantial 
part of the inhibitor was removed from the medium 
or that the enzyme became protected by a reaction 
product. However, when DFMD was incubated for 
up to 24 hr with AADC, but in the absence of PLP, 
no change in its concentration was found and no 
metabolite was detectable in the incubation medium 
(Table 2). Under the same experimental conditions, 
L-DOPA was totally transformed to dopamine (data 
not shown). In contrast, in the presence of PLP, 
concentrations of DFMD and PLP in the incubation 
mixture were decreased in similar amounts. This 
decrease occurred even when no enzyme was pres- 
ent, suggesting that a non-enzymatic reaction 
between DFMD and PLP occurred. A new substance 
was detected in the reaction mixture by h.p.l.c. with 
a retention time of 25.5 min (DFMD 8.8 min; PLP 
6.7 min). 

Condensation of DFMD with PLP. Spectra of an 
initial mixture of equimolar amounts of DFMD and 
PLP showed a time-dependent decrease of the 390 nm 
absorption band with a new band appearing around 
330 nm, thus indicating a decrease of the amount of 
free PLP and the formation of a new compound. 

The new compound was purified as indicated in 
Materials and Methods. Its absorption spectrum 
showed two maxima (325 and 288 nm) (Fig. 5). This 
spectrum is similar to the spectrum of the tetrahy- 
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Fig. 4. Effect of DFMD on the absorption spectrum of 


AADC. Curve 1:enzyme (0.75 mg/ml, 8009 units/mg) 

alone; curve 2 : enzyme + 75 uM DFMD immediately after 

mixing ; curve 3: enzyme + 75 uM DFMD after 5 min; 
curve 4: enzyme + 75 uM DFMD after 15 min. 


droisoquinoline which is formed by the condensation 
of L-DOPA with PLP (Fig. 5). The elemental analysis 
and the 'H nuclear magnetic resonance spectrum 
(data not shown) of the DFMD-PLP condensation 
product corresponded to the structure of the 
tetrahydroisoquinoline shown in Fig. 6. 

O-Methylation of DFMD. When [*H]DFMD was 
incubated with partially purified catechol-O- 
methyltransferase in the presence of the co-substrate 
S-adenosyl-L-methionine, a radioactive reaction 
product was detected (Fig. 7). If S-adenosyl-L-meth- 
ionine was omitted from the incubation mixture, 
DFMD was not transformed. It is therefore sug- 
gested that DFMD is a substrate for catechol-O- 
methyltransferase. It was not determined which one 
of the two possible O-methyl derivatives was formed. 

Twenty-four hours after oral administration of 
(7H]DFMD to rats, two radioactive spots were sep- 
arated from urine chromatographed on cellulose 
t.l.c. plates. One had the chromatographic charac- 
teristics of DFMD and the other that of the metab- 
olite formed in vitro by catechol-O-methyltransfer- 
ase catalysis. 
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Fig. 5. Absorption spectra of the condensation product of 
L-DOPA and DFMD with pyridoxal phosphate (PLP). 
Concentration: 0.2 mM. 


Incubation of urine with glucuronidase and aryl- 
sulfatase at 37° for 1 hr did not produce a change in 
the chromatographic behaviour of the metabolite. 
Furthermore, when the catechols of the urine were 
fixed on alumina, then extracted and chromato- 
graphed, only one spot corresponding to DFMD was 
obtained, confirming the non-catechol nature of the 
metabolite. 


DISCUSSION 
DFMD inhibits purified hog kidney AADC in a 
time-dependent manner. The inhibition cannot be 
reversed by dilution or extensive dialysis. The pres- 
ence of t-DOPA markedly slows the rate of inhi- 
bition. Using ring-tritiated DFMD it was found that 
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Fig. 6. Structure of the tetrahydroisoquinoline formed by 
condensation of DFMD with pyridoxal phosphate (PLP). 


Table 2. /n vitro interaction between DFMD and pyridoxal phosphate (PLP)* 





Control (without enzyme) 


AADC added 





Time of No PLP + PLP 


No PLP + PLP 





incubation 
(hr) DFMD 


(uM) 


DFMD 
(uM) 


PLP 
(uM) 


DFMD 
(uM) 


DFMD 
(uM) 


PLP 
(uM) 





0 200 200 
5 184 188 
24 200 150 


50 200 
a2 190 168 35 
8 194 152 10 


200 50 





* The incubation mixtures (1 ml) contained: 50 mM _ phosphate buffer, pH 7.2, 10 mM mer- 
captoethanol and, when indicated, 200 uM DFMD, 50 uM PLP and 40 ug of AADC (4640 units 
per mg of protein). The other conditions were as indicated in Materials and Methods. 
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Fig. 7. Reaction of [H]DFMD with catechol-O-methyl- 
transferase. Panel A: radiochromatogram of the incubation 
mixture at 0 time. Panel B: radioactivity pattern after 
incubation for 15min. [Ring-2,5,6--H]DFMD (100 uM, 
100 wCi) was incubated with 70 uM S-adenosyl-L-methion- 
ine, 125 uM MgCl, at pH 7.4 in 10 mM phosphate buffer, 
at 30°. The reaction was stopped by addition of acetic acid 
and the mixture chromatographed on t.1.c. cellulose plates 
using butanol-acetic acid—water (60:20:20) as solvent. 
Radioactivity was recorded with a radioactivity scanner. 


the inhibitor was bound, probably covalently, to the 
protein and that the enzyme inhibition developed at 


a rate similar to the incorporation of radioactivity 
into the protein. The binding was nearly stoichio- 
metric (0.83 mole of inhibitor bound per mole of 
AADC) indicating that a_ specific alkylation 
occurred. Thus, DFMD might be a useful tool to 
label the active site of the enzyme and to determine 
its amino acid sequence. 

The absorption spectrum of AADC was slightly 
modified during enzyme inactivation. The observed 
spectral changes were smaller than those described 
by Borri-Voltattorni and Minelli for carbidopa (L- 
a-methyl-a-hydrazino-3.4-dihydroxy-phenyl-propi- 
onic acid) [9]. Indeed the hydrazino group of car- 
bidopa binds stoichiometrically to the aldehyde func- 
tion of the cofactor PLP, and thus induces a profound 
modification of the spectrum of the enzyme. In con- 
trast, DFMD should mainly bind to a specific amino 
acid residue of the active site, producing less dra- 
matic spectral changes. 

Although in the present study the loss of CO, 
during enzyme inactivation has not been examined, 
as for the related compound S-a-monofluoromethy] 
DOPA [4], the above data indicate that the inhibition 
by DFMD is consistent with an enzyme-activated 
mechanism. 

The rate of inhibition by DFMD deviated mark- 
edly from pseudo-first-order kinetics; a flattening of 
the inhibitory curves was observed (Fig. 1). The 
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decrease of the rate of inhibition by DFMD did not 
correlate with a noticeable disappearance of the com- 
pound from the incubation medium and appearance 
of a reaction product of the inhibitor. As proposed 
by Maycock ef al. [10], the existence of isozymes of 
AADC may explain this phenomenon. 

DFMD and PLP were found to react sponta- 
neously to form most likely a tetrahydroisoquinoline 
(Fig. 6) by the well-known Pictet-Spengler reaction 
[11]. The purified reaction product formed from 
DFMD and PLP had no inhibitory effect on AADC 
and tyrosine hydroxylase activity. This compound 
was not detected in tissues or urine of DFMD-treated 
rats under the experimental conditions described in 
this paper. 

DFMD is a substrate of catechol-O-methyltrans- 
ferase in vitro and in vivo. The presence of O-meth- 
ylated DFMD was demonstrated in urine, liver and 
kidney of DFMD-treated rats. The use of tritiated 
DFMD did not allow us to determine the in vivo rate 
of this reaction because a large proportion of the 
tritium (80 per cent in 4 hr) of [ring-2,5,6--H] DFMD 
was exchanged with hydrogen from water. This 
exchange also took place with ring-triated L-DOPA 
and indicates that metabolic studies using ring- 
tritiated t-DOPA should be interpreted with 
caution. 

In conclusion, DFMD is a selective and potent 
enzyme-activated inhibitor of purified hog kidney 
AADC. In vivo, the major metabolic transformation 
of DFMD appears to be O-methylation. 
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Abstract—The fluorescence intensity (F4go), at pH 8, of 1-anilino-8-naphthalene sulfonate (ANS) bound 
to phospholipid membranes (liposomes) was decreased in the presence of mono-, di- and pentachlo- 
rophenols (pesticides and chemical intermediates that are toxic to animals). No shifts in emission spectra 
occurred, and no decreases in ANS fluorescence intensity were observed, in the presence of chlorophenols 
if liposomes were absent. An exception was 2,6-dichlorophenol which, at pH 8, had no effect on 
membrane-bound ANS-F 439. Using liposomes prepared from dimyristoyi lecithin, a 30 per cent decrease 
in membrane-bound ANS-Fyg9 was produced by 0.046 mM pentachlorophenol and 0.2-0.5 mM dich- 
lorophenols (excluding the 2,6-derivative). These results are consistent with published toxicological data 
on polychlorinated phenols that show an order of toxicity: pentachlorophenol > 2,4-dichlorophenol > 2,6- 


dichlorophenol. 


The widespread use of chlorinated phenols in indus- 
try and agriculture [1, 2] is a current cause of concern 
due to their increasing contamination of the environ- 
ment. PCP* in particular is an extensively used bio- 
cide [2] and was reported to be the cause of several 
cases of accidental infant poisonings [3]. PCP has 
also been found, along with a metabolite, in the 
urine of exposed workers [4, 5]. 

The toxicities of chlorinated phenols have been 
measured by whole animal toxicological studies, and 
LDsy Values have shown that there is a gradation of 
response [6]. One of the difficulties posed by the 
whole animal studies is the inability to monitor the 
effects of low exposures that do not result in overt 
symptoms. An alternative approach is to use a model 
system that mimics cellular processes, e.g. mem- 
brane mediated phenomena. 

The use of a model membrane system for the study 
of chlorinated phenols appeared feasible due to the 
known membrane active properties of the deriva- 
tives. They uncouple oxidative phosphorylation 
[7, 8], alter the microsomal electron transport system 
[9], and inhibit amino acid transport across cell mem- 
branes [10,11]. PCP itself induces electrical con- 
ductivity in model membranes [12]. Furthermore, 
the membrane activities of other biologically active 
substances, e.g. drugs and pesticides, have been 
monitored by model membranes (liposomes) [13- 
15]. 





* Abbreviations: PCP, pentachlorophenol; ANS, 1- 
anilino-8-napthalene sulfonate; FCCP, carbonylcyanide-p- 
trifluoromethoxyphenylhydrazone; EL, egg lecithin; and 
DML, dimyristoylecithin. 

+ A preliminary account of this work was presented in 
abstract form to the FASEB Meetings, Anaheim, CA, 
April 1980. 


The alteration in the fluorescence intensity of 
membrane-bound ANS that is produced by the her- 
bicide dicryl [15] suggested that this particular system 
may be able to monitor the interaction(s) of the 
chlorinated phenols with membranes. The present 
study was undertaken to test this possibility. The 
data show that liposome-bound ANS can be used to 
monitor the binding of chlorophenols to membranes 
and suggest that the number and positions of the 
chlorine atoms may play a role in the relative tox- 
icities of these substances. 


MATERIALS AND METHODS 


o- and m-Chlorophenol, and 2,4- and 2,5-dichlo- 
rophenol were purchased from the Eastman—Kodak 
Co. (Rochester, NY). 2,3-, 2,6-, 3,4- and 3,5-Dich- 
lorophenol, pentachlorophenol and pentachloroben- 
zene were products of the Aldrich Chemical Co. 
(Milwaukee, WI). p-Chlorophenol was purchased 
from the Fisher Scientific Co. (Fairlawn, NJ). ANS 
was purchased from the Alfred Bader Chemical Co. 
(Milwaukee, WI) and recrystallized as the Mg’*-salt 
[16]. Phenol was purchased from the Mallinckrodt 
Chemical Co. (New York, NY). Stock solutions of 
the above compounds were prepared in 95% ethanol 
(EtOH) and stored in the dark at 4°. Lecithins (egg 
yolk and dimyristoyl) and dicetylphosphate were 
products of the Sigma Chemical Co. (St. Louis, 
MO). All other chemicals were reagent grade. 
Deionized glass distilled water was used for all 
experiments. 

Liposomes were prepared from dried phospholipid 
by the method of Huang and Thompson [17]. Son- 
ication (Heat Systems Sonifier, model W185) was 
carried out for 1 hr at 16° for EL and 37° for DML. 
These temperatures are above the transition tem- 
peratures for the respective phospholipids [18]. The 
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sonicated material was spun for | hr at the sonication 
temperature and the supernatant fraction used within 
24hr. Liposome preparations were maintained 
above the transition temperatures to minimize 
aggregation to multilamellar structures [19, 20]. 
Phospholipid concentration was based on total phos- 
phate analysis [21] in which Elon was the reducing 
agent. 

Fluorescence measurements were carried out on 
a Farrand Mark I spectrofluorometer equipped with 
a Heath Servo Recorder, model EU 2026, and a 
filter to cut off light below 400 nm. The slit widths 
were 5nm for excitation and 10 nm for emission. 
The excitation wavelength was set at 380 nm and 
the emission wavelength at 480 nm. The data have 
been expressed as relative fluorescence intensity 
(Fy). : 

Measurements were carried out in 10 °-M 
Tris: HCl (pH 8) + 10°'M KCI at 23° (EL lipo- 
somes) or 40° (DML liposomes) unless otherwise 
stated. Samples were incubated for at least 15 min 
at the appropriate temperature in a Lauda K-4/R 
circulating water bath. The content of each tube was 
transferred to a cuvette that was kept in a thermo- 
stated jacket through which water at the desired 
temperature was circulated. In this way, neither the 
ANS nor the chlorophenols were exposed to the high 
intensity ultraviolet light that might have partially 
destroyed the aromatic moieties [22], and no sig- 


nificant temperature changes occurred during the 
transfer toythe fluorometer cuvette. 

Ultraviolet absorption spectra were recorded on 
a Carey 14 spectrophotometer. 


Intensity 


Fluorescence 
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RESULTS 


Effect of pentachlorophenol. The emission spec- 
trum of ANS in the presence of EL liposomes is 
shown in Fig. 1. When liposomes were omitted, the 
fluorescence intensity was negligible, but a broad 
peak around 515 nm was observed. Hence, in Fig. 
1 we are observing ANS associated with liposomes. 
After PCP was added, the emission spectrum of ANS 
bound to liposomes exhibited a decrease in intensity 
but no change in the emission peak. Furthermore, 
the order of addition of ANS and PCP did not alter 
the results. The decreased fluorescence intensity of 
ANS in the presence of PCP required the presence 
of membranes. In their absence, the ANS emission 
spectrum was unaltered by the presence of PCP in 
aqueous buffer or 95% EtOH. 

The effect of PCP concentration on the fluor- 
escence intensity of ANS bound to EL liposomes is 
shown in Fig. 2. Under the conditions of the experi- 
ment, 0.037mM PCP produced a 50 per cent 
decrease in F4y9. When DML liposomes were used, 
0.046 mM PCP produced a 50 per cent decrease. 

The contributions of the chlorine atoms and the 
hydroxyl group of PCP to the change in Fy) were 
investigated by using pentachlorobenzene and 
phenol in place of PCP. Pentachlorobenzene 
(0.034 mM) resulted in a 28 per cent decrease in Figo, 
whereas PCP at the same concentration caused a 
decrease of 39 per cent. Higher concentrations of 
the former were not used because of its limited 
solubility. Phenol had no effect up to a concentration 
of 1 mM. 
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Fig. 1. Effect of PCP on the fluorescence intensity of ANS bound to EL liposomes. [ANS] = 7.5 uM; 

[PCP] = 0.25 mM; [EL] = 0.33mM + 4mole% dicetylphosphate. Curve A: ANS + EL liposomes. 

Curve B: PCP added to EL liposomes preincubated with ANS. Curve C: ANS added to EL liposomes 
preincubated with PCP. 
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Fig. 2. Effect of PCP concentration on the decrease in F4go 

of ANS bound to EL liposomes. [ANS] = 16 uM; [EL] = 

0.092 mM. Fago (f/i): Fago in the presence of PCP/F4go in the 
absence of PCP. 


Effect of mono- and dichlorophenols. To gain some 
insight into the contribution of the individual chlor- 
ine atoms, the effects of dichlorophenol isomers on 
the fluorescence intensity of DML liposome-bound 
ANS were studied. The data in Fig. 3 and Table 1 
show that, whereas 2,3-, 2,4-, 2,5-, 3,4- and 3,5- 
dichlorophenol caused a decrease in Figo, the 2,6- 
analogue did not. Spectral shifts did not accompany 
intensity changes. 

The absence of an effect by 2,6-dichlorophenol 
was also observed by ultraviolet spectroscopy. 
Whereas the presence of DML liposomes caused a 
change in the u.v. spectrum of 2,4-dichlorophenol, 
no such change was observed for 2,6-dichlorophenol 
(Fig. 4). 

o-, m- and p-Chlorophenol (1 mM) also caused a 
dimunition in the fluorescence intensity of ANS 
bound to DML liposomes. The decreases were 29, 
49 and 43 per cent with o-, m- and p-chlorophenol, 
respectively. 
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Fig. 3. Effect of 2,5- and 2,6-dichlorophenol concentrations 

on the Fyg9 of ANS bound to DML liposomes. [ANS] = 

4.8 uM; [DML] = 0.14mM + 4 mole% dicetylphosphate. 
In the absence of dichlorophenol, Fygo was 2.3. 


Double reciprocal plots were constructed to deter- 
mine if the chlorophenols and ANS were interacting 
in a competitive manner with the liposomes [23]. 
The data of Fig. 5 suggest that under the conditions 
of the experiment the decreases in Fy) brought about 
by PCP and 2,4-dichlorophenol were due to com- 
petition with ANS for binding sites. Under the con- 
ditions specified in Fig. 5, an apparent fluorescence 
dissociation constant for ANS was estimated at 
41 uM, assuming that the interactions were a result 
of binding to specific sites [24]. 

Effect of pH. To determine the relative importance 
of the neutral and ionized phenolic species, the 
effects of the phenols on membrane-bound ANS 
were observed at pH 4 as well as pH 8. The data of 
Fig. 6 show that at pH 4 the decrease in Fy) caused 
by PCP was similar to that at pH 8. 

Similar results were obtained with 3,4- and 3,5- 
dichlorophenol (Table 2). 2,3-, 2.4- and 2,5-Dich- 
lorophenol, on the other hand, were slightly more 
effective at the lower pH. 2,6-Dichlorophenol, which 
at pH 8 exhibited a negligible effect on DML-bound 
ANS, became active at pH 4. Phenol, however, had 
little effect on membrane-bound ANS at either pH. 
In the absence of chlorophenols, the fluorescence 
intensity of DML-bound ANS was altered only 
slightly at pH 4. 


Table 1. Effect of dichlorophenols on membrane-bound ANS-F4go* 





Positions of chlorine 
atoms in dichlorophenol 


[Dichlorophenol]p 5+ 


LDsy-Rat, oral [6] 


(mM) (mg/kg) 





0.21 
0.21 
0.23 
6.45 
0.51 
ND§ 


580 


2940 





* [DML] = 0.14 mM + 4 mole% dicetylphosphate, [ANS] = 4.8 uM. 

+ [Dichlorophenol]p 5: concentration of dichlorophenol required for a 50 per cent decrease 
in fluorescence intensity of membrane-bound ANS. 

+ LDs9 for PCP = 50 mg/kg [6]; [PCP]; = 0.05 mM using DML liposomes. 


§ Not detected. 
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Fig. 4. Ultraviolet spectra of 2,4-dichlorophenol and_2,6- 
dichlorophenol in the presence or absence of DML lipo- 
somes. [DML] = 0.35mM + 4mole% dicetylphosphate; 
[dichlorophenol] = 0.1 mM. The samples were incubated 
for 15 min at 40° and the spectra were recorded at ambient 
temperature. Tandem cells (d = 0.439 cm) were used. The 
reference contained buffer. The sample cuvette contained 
dichlorophenol (with or without liposomes) in the back 
compartment and buffer or liposomes (respectively) in the 
front. Key: ( ) dichlorophenol incubated without 
liposomes; and (---—-) dichlorophenol incubated with 
liposomes. 


DISCUSSION 


The present study shows that liposome-bound 
ANS monitors the interaction of polychlorinated 
phenols with liposomes in a manner consistent with 
toxicological data. Monochlorophenols, which have 
LDsp Values similar to 2,4-dichlorophenol [6], are less 
consistent than expected with the ANS-DML system 
(text and unpublished data). This apparent discrep- 
ancy may be a reflection of the closer resemblence 
of monochlorophenols to phenol which had a neg- 
ligible effect on membrane-bound ANS-F gp. 


0.05 mm PCP 


0.05 mm 
2,4 dichlorophenol 


No additions 





0.04 


(um) 


Fig. 5. Double reciprocal plot of Fygy of ANS bound to 

DML liposomes. [DML] = 0.14mM + 4mole% dicetyl- 

phosphate. Key: (O) no additions; (0) 0.05 mM 2,4-dich- 
lorophenol; and (A) 0.05 mM PCP. 
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Fig. 6. Effect of pH and PCP on the Fygo of ANS bound 

to DML liposomes. [DML] = 0.23 mM + 4 mole% dice- 

tylphosphate. Key: (0, @) pH 4; and (O, @) pH 8. pH 4: 

10°? M acetate (Na*)+10°'M KCl. pH 8: 10°°M 
Tris-HCI + 107'M KCl. 





The relative inactivity of phenol and 2,6-dichlo- 
rophenol, at pH 8, may be due to: (1) a high pro- 
portion of the unionized phenolic species; (2) an 
orientation effect imposed by two ortho chlorine 
atoms that precludes a favorable interaction with the 
membranes; or (3) a mechanism of binding that is 
different from the other chlorophenols. The first is 
probably not solely operative because at pH 4, where 
all chlorophenols are protonated [12, 25, 26], the 
dichloro- and pentachloro-phenols caused a reduc- 
tion in the liposome-bound ANS-F,g). Furthermore, 
at pH 8 the monochlorophenols with pK, values 
greater than 8 [25, 26] caused a similar decrease. In 
the case of phenol, the lack of effect at the lower 
pH suggests that, if binding does occur, its mech- 
anism is different from that for the chlorinated 
species. 

The association of ANS with the liposomes could 
be due to binding or partitioning or a combination. 
Binding was probably operative because the lines in 
the double reciprocal plot intersected the negative 
x-axis [24]. Haigh et al. [24] have shown that when 
partitioning occurs different curves are generated. 
The double reciprocal plot (Fig. 5) is consistent with 
a reversible binding process [23], which was also 


Table 2. Effect of pH on the Fygy) of membrane*-bound 
ANS? in the presence of chlorophenols 





Fygo (f/1)¢ 





Positions of chlorine 


atoms in dichlorophenol pH 8§ pH 4|| 





0.56 
O52“ 
0.45 
0.52 
0.64 
0.54 
0.90 


0.51 
0.55 
0.61 
0.71 
0.74 
0.91 
0.84 


3,5 (0.25 mM) 
3,4 (0.25 mM) 
2,4 (0.25 mM) 
2,3 (0.25 mM) 
2,5 (0.25 mM) 
2,6 (1.0 mM) 
(Phenol-1.0 mM) 





* [DML] = 0.35 mM + 4 mole% dicetylphosphate. 

+ [ANS] = 4.8 uM. 

+ F4go (f/i): Fygo in the presence of dichlorophenol/F4go in 
the absence of dichlorophenol. 

§ 10°? M Tris-HCI + 10-'M KCl. 

|| 10-?M Acetate + 107'M KCI. 





Chlorophenol-liposome interactions 


suggested by the coincidence of the emission scans 
regardless of the order of addition of ANS and PCP. 

The lack of spectral shifts accompanying the 
decrease in fluorescence intensity in the presence of 
chlorophenols indicates that the environment of the 
remaining ANS did not change [27]. Similar results 
were obtained with warfarin and microsome-bound 
ANS [28]. It is interesting to note that FCCP—like 
PCP and dichlorophenol, an uncoupler of oxidative 
phosphorylation [7,8]—caused an efflux of ANS 
from energized electron transport particles [29]. 

This study has shown that a non-covalently bound 
model membrane probe can monitor the interactions 
of biologically active substances such as chlorophen- 
ols. The method is not subject to the uncertainties 
found in whole animal studies that arise from 
extended time periods, species differences, and small 
test populations. Model membrane systems similar 
to the one described here are amenable to experi- 
mental control and hence provide a means for reli- 
ably analyzing the effect of putative toxic substances 
on biological systems. Furthermore, some insight 
may be gained into the manner in which compounds 
such as the chlorophenols interact with cellular com- 
ponents, e.g. membranes. 


REFERENCES 


1. C. Rappe, H. R. Buser and H-P. Bresshardt, Ann. 
N.Y. Acad. Sci. 320, 1 (1979). : 

2. A. Bevenue and H. Beckman, Residue Rev. 19, 83 
(1967). 

3. R. W. Armstrong, E. R. Erchner, D. E. Klein, W. F. 


Barthel, J. V. Bennett, V. Jonsson, H. Bruce and L. 
E. Loveless, J. Pediat. 75, 317 (1969). 

4. U. G. Ahlborg, J. E. Lingren and M. Mercier, Arch. 
Tox. 32, 271 (1974). 

5. T. R. Edgerton and R. F. Moseman, J. agric. Fd. 
Chem. 27, 197 (1979). 

6. NIOSH Registry of Toxic Effects of Chemical Sub- 
stances, Vol. I and Il. DHEW/PHS/CDC/NIOSH, Cin- 
cinnati, OH (1977). 


. W. F. Loomis, Fedn. Proc. 8, 220 (1949). 
. E. G. Weinbach, J. biol. Chem. 210, 545 (1954). 
. E. Arrhenius, L. Renberg, L. Johansson and M-A. 


Zetterqvist, Chem. Biol. Interact. 18, 35 (1977). 


. T. B. Brummet and G. W. Ordal, Archs. Biochem. 


Biophys. 178, 368 (1977). 


. P. J. Hissiu and R. Hilf, Biochem. J. 176, 205 (1978). 
. P. Smejtek, K. Hsu and W. H. Perman, Biophys. J. 


16, 319 (1976). 


. M. Maoi, T. Suzuki and K. Yagi, Biochem. Pharmac. 


28, 295 (1979). 


.S. G. Wood, A. M. Symons and J. W. Bridges, 


Biochem. Pharmac. 28, 393 (1979). 


. J. R. Lakowicz and D. Hogan, Membrane Toxicity 


(Eds. M. W. Miller and A. E. Shamoo), p. 509. Plenum 
Press, New York (1976). 


. G. Weber and L. B. Young, J. biol. Chem. 239, 1415 


(1964). 


. C. Huang and T. E. Thompson, Meth. Enzym. 32B, 


485 (1974). 


. M. W. Hill, Ann. N.Y. Acad. Sci. 308, 101 (1978). 
. J. Sururkuusk, B. R. Lentz, Y. Barenholz, R. L. Bil- 


tonen and T. E. Thompson, Biochemistry 15, 1393 
(1976). 


. T. Y. Tsong and M. I. Kanetua, Biochemistry 16, 2674 


(1977). 


. G. A. LePage, in Manometric Techniques (Eds. W. W. 


Umbrecht, R. H. Burris and J. F. Stauffer), p. 273. 
Burgess Publishing Co., Minneapolis, MN (1957). 


. L. C. Mitchell, J. Ass. off. agric. Chem. 44, 643 (1961). 
. M. Dixon and E. C. Webb, Enzymes, p. 315. Academic 


Press, New York (1964). 


. E. A. Haigh, K. R. Thulborn, L. W. Nichol and W. 


H. Sawyer, Aust. J. biol. Sci. 31, 447 (1978). 


. H. A. Soher (Ed.) Handbook of Biochemistry, 2nd 


p. J. 195. CRC Press, Cleveland (1970). 


n., 
. R. C. Weast (Ed.) Handbook of Chemistry and Physics, 
D- 


Ed 
P 


120. CRC Press, Cleveland (1971-1972). 


. A. S. Waggoner and L. Stryer, Proc. natn. Acad. Sci. 


U.S.A. 67, 579 (1970). 


. R. P. Diaugustine, T. E. Eling and J. R. Fouts, Chem. 


Biol. Interact. 2, 17 (1970). 


. J. R. Brokelhurst, R. B. Freidman, D. J. Hancock and 


K. Radda, Biochem. J. 16, 721 (1970). 








Biochemical Pharmacology, Vol. 29, pp. 2477-2483. 0006-2952/80/0915-2477 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


REGIONAL INHIBITORY EFFECT OF ETHANOL ON 
MONOAMINE SYNTHESIS REGULATION WITHIN THE 
BRAIN 


KoHEI UMEzZU, GONZALO Bustos* and RoBERT H. RoTH+ 


Departments of Pharmacology and Psychiatry, Yale University School of Medicine, New Haven, 
CT 06510, U.S.A. 


(Received 5 December 1979; accepted 29 February 1980) 


Abstract—Catecholamine biosynthesis from labeled tyrosine was examined in hippocampal and olfactory 
tubercle slices. The presence of depolarizing concentrations of potassium (25-55 mM) resulted in 
significant increases in catecholamine synthesis in both tissue preparations. Following depolarization 
of slices in 25 mM potassium, the major portion of newly synthesized catecholamine was retained in 
the tissue whereas incubation in 55mM potassium resulted in a significant portion of the newly 
synthetized catechols being released into the media. Addition of ethanol in concentrations of 0.2-0.8% 
(w/v) to tissue slices prepared from brain regions rich in dopaminergic nerve terminals, such as olfactory 
tubercles, caused a dramatic reduction in dopamine synthesis from labeled tyrosine induced by potassium 
depolarization. The ability of ethanol to inhibit the potassium-induced acceleration of catecholamine 
biosynthesis appeared to be related to the dopaminergic innervation of the tissue. Catecholamine 
synthesis in slices of depolarized hippocampi, tissue which is relatively free from substantial dopaminergic 
innervation, was unaffected by ethanol in concentrations as high as 1.2% (w/v). These results are 


discussed in terms of the selectivity and mechanisms of the ethanol-induced effects. 


In recent studies we have reported that ethanol (0.2- 
0.8%, w/v) added to striatal slices inhibits both the 
in vitro activation of tyrosine hydroxylase induced 
by K*-depolarization, and the in vitro increase in 
dopamine synthesis induced by K *-depolarization or 
by addition of dibutyryl-cAMP to the incubation 
medium [1-3]. In view of these observations, it 
seemed possible that some of the CNS effects elicited 
by administration of ethanol might be mediated 
through a disturbance of the regulatory mechanisms 
that normally operate in catecholaminergic neurons 
to adjust transmitter synthesis to meet demands 
incurred by altered impulse flow. 

In order to determine the selectivity of this action 
of ethanol, we have analyzed whether the above in 
vitro effects of ethanol on catecholamine biosynthesis 
displayed any regional specificity within the brain or 
whether they were restricted to dopaminergic ter- 
minals. Specifically, we have determined whether 
similar effects can be observed in noradrenergically 
innervated brain regions. In previous experiments 
we had demonstrated that dopamine synthesis in two 
dopamine rich brain areas, the striatum and the 
olfactory tubercle, was inhibited by addition of 
ethanol to the incubation media. Dopamine synthesis 
in mesolimbic dopaminergic terminals was relatively 
less sensitive to the inhibitory effects of ethanol 
compared to nigro-striatal dopaminergic nerve ter- 
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minals [4], but the effects of ethanol were not inves- 
tigated in non-dopaminergic regions of brain. Hip- 
pocampal slices were chosen for the current study 
because this tissue possesses very few, if any, dopa- 
minergic nerve terminals and is densely innervated 
with noradrenergic nerve terminals of the dorsal 
noradrenergic pathway. This paper describes a study 
in which we have used the in vitro tissue slice system 
to compare the effect of ethanol on the regulation 
of catecholamine biosynthesis in two distinct brain 
structures: the olfactory tubercle and_ the 
hippocampus. 


MATERIALS AND METHODS 


Studies on catecholamine formation. Male Spra- 
gue-Dawley rats, weighing about 200-250 g were 
decapitated and the olfactory tubercles and the hip- 
pocampi were rapidly dissected. Slices from olfactory 
tubercles and hippocampus (0.23 mm in thickness) 
were prepared with a Sorvall tissue chopper. Tissue 
slices, weighing about 60-80 mg, were incubated at 
37° in beakers containing 2 ml of either Krebs— 
Ringer-MOPSi (KRM), pH 7.4, or KRM-high K* 
(25 or 55mM K’*), pH 7.4, saturated with 95% 
O, + 5% CO;. After a 10-min preincubation period, 
labeled .-tyrosine [ring-2,6-‘H] (New England 
Nuclear, Boston, MA) was added to the beakers 
containing the incubation media. When olfactory 
tubercles were used, L-tyrosine[*H] with a sp. act. 
of 14.2 mCi/mmole was added to the media, pro- 
ducing a final tyrosine concentration of 6 x 10° M. 
When hippocampal slices were used, the specific 
activity of the labeled L-tyrosine[*H] added and the 
final tyrosine concentration attained were 
616 mCi/mmole and 4.3 x 10° M respectively. After 
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addition of labeled tyrosine, the slices were incu- 
bated for an additional 20 min, the beakers were 
chilled on ice, and the slices were separated from 
the media by passage under vacuum through mem- 
brane filters which contained a nylon mesh top (pore 
size, 35 um). The slices collected on the nylon mesh 
were then homogenized in 10% trichloroacetic acid 
(TCA), and each incubation medium was acidified 
with 5 ml of 10% TCA. When ethanol was employed, 
it was added to the media at the beginning of the 
preincubation period. Preliminary experiments dem- 
onstrated that the concentration of ethanol in the 
incubation medium remained constant throughout 
the time course of the incubation. Tissue blanks were 
run by incubating tissue slices as described above 
but in the presence of a-methyl-p-tyrosine (2 x 
10°-* M), an inhibitor of tyrosine hydroxylase. Similar 
blank values were obtained by incubating tissue slices 
which had been initially precipitated with 10% TCA. 

Chromatographic procedures and _ radioactivity 
determinations. Unlabeled dopamine, norepine- 
phrine and L-dopa (50 ug each) were added to both 
tissue homogenates and media and the precipitated 
protein was then removed by centrifugation at 
12,000 g for 20 min. Separation and analysis of the 
tissue and the media for labeled dopamine and nora- 
drenaline were carried out as described previously 
by adsorption chromatography through Alumina col- 
umns [1,5]. Eluates from the columns containing 
_ labeled catechols were analyzed for *H in a Packard 
Tri-carb liquid scintillation spectrometer. The count- 
ing efficiency under the conditions of these experi- 
ments was 29.5 per cent. Analysis through Amberlite 
and Dowex columns demonstrated that labeled 
dopamine and noradrenaline account for 80-85 per 
cent of the labeled catechols synthesized or released 
after K* stimulation [1, 4,5]. Reported values have 
not been corrected for recovery. Results are 
expressed, unless stated otherwise, as cpm of [*H] 
catechols synthesized per mg of wet tissue during the 


3H-CATECHOLS SYNTHESIZED 
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20-min incubation period. The [*H]tyrosine taken up 
by the tissue during the incubation period was also 
separated from the catechols and determined as 
described previously [1, 3]. 


Solutions and chemicals. The Krebs—Ringer- 


MOPS (KRM) used in these experiments had the 
following composition: 1.28 mM NaCl, 4.8 mM KCl, 
1.3mM CaCl, 1.2 mM MgSO,, 15.8 mM MOPS at 
pH 7.4, and 11.1 dextrose. Potassium-enriched KRM 


o Total 
e Media 
4 Tissue 
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3H-CATECHOLS SYNTHESIZED 
(cpm/mg wet tissue) 








TIME (min) 


Fig. 1. Time-course of formation of [*H]catechols in hip- 
pocampal slices. Hippocampal slices were prepared by 
means of a Sorvall tissue chopper and incubated in a 
medium containing saturating concentrations of 
[*H]tyrosine (4.3 x 10°°M, sp. act. 616mCi/mmole and 
53 wCi/flask) for different time periods at 37°. [SH]Catechols 
were separated by column chromatography, and radioac- 
tivity was determined in a Packard Tri-carb scintillation 
spectrometer. Results represent the average of two differ- 
ent experiments. 
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Normal Media 
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Fig. 2. [*H]Catechol formation in hippocampal slices as a function of external [*H]tyrosine concentration. 

The striatum was removed by dissection and slices were prepared by means of a Sorvall tissue chopper. 

Incubation of the slices was carried out for 20 min at 37° both in normal and high K* (55 mM) media 

and in the presence of increasing external [*H]tyrosine concentrations. Separation of [*H]catechols was 
as described under Fig. 1. Results represent the average of two different experiments. 
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containing 55 mM or 25 mM KCI was prepared by 
replacing a portion of the NaCl with an equimolar 
amount of KCl. 


RESULTS 


[°H] Catechol synthesis in hippocampal slices. 
Figure 1 shows the time-course for the formation of 
[?H]catechols in hippocampal slices. In this experi- 
ment, hippocampal slices were incubated at different 
time periods in a KRM medium in the presence of 
[’H]tyrosine. A linear relationship was found for up 
to 20 min, whether the [*H]catechols synthesized 
were measured in the tissue or in the medium. There- 
after, and up to 40 min, [*H]catechol formation 
seemed to proceed at a faster rate. 

A Michaelis—Menten relationship was found when 
the synthesis of [*H]catechols in the hippocampus 
was followed for 20 min in the presence of increasing 
external concentrations of [*H]tyrosine (Fig. 2). 
Under these experimental conditions, saturation and 
maximal velocities were attained at a concentration 
of 4 x 10°° M tyrosine. [*H]Catechol formation was 
increased significantly when the slices were incubated 
in the presence of depolarizing conditions with K* 
(55 mM). However, even under this last condition, 
maximal velocities of [*H]catechol formation were 
obtained in the presence of 4 x 10°° M tyrosine. 

As shown in Fig. 3, potassium depolarization 
markedly increased the rates of [*H]catechol for- 
mation and release in hippocampal slices. The rate 
of release was found to be highly dependent on the 
presence of Ca’* in the incubation medium. Omis- 
sion of Ca’* from the KRM-high K* (55 mM) 
medium completely abolished both [*H]catechol for- 
mation and release induced by K*-depolarization. 
By contrast, [*H]catechol formation of slices in nor- 
mal KRM medium was unaffected by the omission 
of Ca** from the medium (Fig. 3). 


CONTROL MEDIA 
Ca** FREE 
HIGH K* (55mM) 


3H-CATECHOLS SYNTHES!ZED 
(cpm/mg wet tissue) 
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Effect of ethanol on [*H]catechol synthesis in olfac- 
tory tubercle and hippocampal slices. The formation 
of [*H]catechols from [*H]tyrosine was followed both 
in hippocampal and olfactory tubercle slices, in the 
presence of depolarizing conditions and in the 
absence and presence of ethanol (0.8 and 1.6%, 
w/v). As shown in Fig. 4, incubation of hippocampal 
slices in a KRM-high K* (55 mM) medium resulted 
in a substantial increase in the rate of total 
[*H]catechol formation and release. Since the total 
[*H]catechols synthesized represent the sum of the 
[*H]catechol content in slices plus the [*H]catechol 
content in the medium, it can be safely concluded 
that the net formation of [*H]catechols was increased 
by K*-depolarization. Ethanol, added to the incu- 
bation medium at two different concentrations (0.8 
and 1.6%, w/v), was not able to me dify this increased 
formation and the release of rewly synthesized 
catechols that occurred in hippocampal slices sub- 
jected to depolarizing conditions of incubation. In 
addition, ethanol did not alter the rate of 
[’H]catechol formation measured in hippocampal 
slices incubated in normal KRM medium. 

Potassium depolarization also markedly increased 
the extent of [*H]catechol formation and release 
when olfactory tubercle slices were used for such a 
study (Fig. 4). Under the experimental conditions 
reported, the synthesis of [*H]catechols was linear 
for up to 45 min when using a saturating [*H]tyrosine 
concentration of 4 x 10°° M [4]. More than 50 per 
cent of the total, newly synthesized [*H]catechols 
formed during K*-depolarization was accounted for 
by the [*H]catechols present in the medium (Fig. 4). 
In fact, the ratio of tissue/medium [*H]catechols after 
55 mM K’*-depolarization was less than 1.0 as com- 
pared to a ratio of close to 4.0 when incubations 
of the tissue slices were carried out in a normal KRM 
medium. This is due both to the stimulatory effect 
of high K* (55 mM) on the release of newly syn- 
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Fig. 3. Effect of potassium depolarization on [*H]catechol formation and release in hippocampal slices. 

The hippocampus was removed by dissection and slices were prepared by means of a Sorvall tissue 

chopper. The slices were incubated in the different media containing saturating concentrations of 

[’H]tyrosine (4.3 x 10°°M, sp. act. 616mCi/mmole and 53 uCi/flask) for 20 min at 37°. The 

separation and determination of |*H]catechols are as described under Fig. 1. Each result is the mean 
+§.E.M. of three different experiments. 
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Fig. 4. Effect of ethanol on [*H]catechol synthesis in olfactory tubercle and hippocampal slices. The 
hippocampus and olfactory tubercle were removed by dissection and slices were prepared by means of 
a Sorvall tissue chopper. Thereafter, the slices were incubated in the different media containing 
saturating concentrations of [*H]tyrosine for 20 min at 37° (see legend to Fig. 3 for details). An external 
K* concentration of 55 mM was used as the depolarizing condition. At the end of the incubation period, 
the [*H]catechols were separated by column chromatography, and radioactivity was determined as 
described under Fig. 1. The number of individual experiments is indicated at the bottom of each column. 
The brackets indicate the standard error of the mean. The single asterisk (*) indicated P < 0.001 when 
compared to respective controls without ethanol. 


thesized catechol and to its inhibitory effect on the 
reuptake of the monoamine [6, 7] by the tissue slices. 
In contrast to the results obtained with hippocampal 
slices, ethanol (0.8 and 1.6%, w/v) was found to 
significantly block the K*-induced formation of 
[*H]catechols in olfactory tubercle slices while it had 
no effect on the [*H]catechol formation studied in 
the presence of normal KRM medium. However, it 
is difficult to determine whether the inhibitory effect 
of ethanol on K*-induced formation of total cate- 
chols was due to a direct effect of ethanol upon the 
synthesis or to its effect upon the release of newly 
formed catechols. The data presented in the lower 


panel of Fig. 4 suggest that the latter possibility may 
have been the case since ethanol markedly reduced 
the increase in the amount of [*H]catechols normally 
appearing in the medium after K*-depolarization. 
However, other experiments in which the effects of 
ethanol on the release of exogenously loaded dopa- 
mine were examined indicate that ethanol in similar 
concentrations does not influence dopamine release 
[4]. 

The effect of ethanol on catechol formation, in 
dopaminergic and noradrenergic nerve terminals, 
was studied following the exposure of hippocampal 
and olfactory tubercle slices to 25 mM external K* 
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Fig. 5. Effect of ethanol on [*H]catechol synthesis in olfactory tubercle and hippocampal slices. The 
hippocampus and olfactory tubercle were removed by dissection and slices were prepared by means of 
a Sorvall tissue chopper. Thereafter, the slices were incubated in the different media containing 
saturating concentrations of (H]tyrosine for 20 min at 37°. An external K* concentration of 25 mM was 
used as the depolarizing condition. At the end of the incubation period, the [*H]catechols were separated 


by column chromatography, and radioactivity was determined as described under Fig. 1. 


The 


number of individual experiments is indicated at the bottom of each column. The brackets indicate the 
standard error of the mean. A single asterisk {*) indicates P <0.001 when compared to respective 
controls without ethanol. 


concentrations. Under these experimental condi- 
tions, most of the increased [*H]catechol formation 
that resulted after K*-depolarization could be 
accounted for by the [*H]catechols present in the 
tissue (Fig. 5). In fact, the tissue/medium ratio of 
[*H]catechols was close to 9.0 after incubating olfac- 
tory tubercle slices in a KRM-high K* (25 mM) 
medium (compared to a ratio of less than 1.0 
obtained when incubations were performed in a high 
K* (55 mM) KRM medium). However, even under 
this latter condition, ethanol (0.8 and 1.6%, w/v) 
significantly antagonized the K*-induced formation 
of [*H]catechols in olfactory tubercle slices, whereas 
it produced no inhibitory effect when the formation 


of [*H]catechols was studied in hippocampal slices. 
The results, obtained under depolarizing conditions 
of 25mM K", seem to further argue against the 
possibility that the inhibitory effect of ethanol upon 
K*-induced formation of newly synthesized cate- 
chols in mesolimbic dopaminergic terminals was due 
to a prior action of ethanol upon the release of the 
newly formed monoamine. 

It is possible that the inhibitory effect of ethanol 
on K‘*-induced formation of newly synthesized 
[*H]catechols was mediated through an inhibitory 
effect of ethano! on [*H]tyrosine uptake by olfactory 
tubercle slices. In order to test this possibility, the 
[H]tyrosine taken up by the tissue slices at the end 
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Fig. 6. Effect of ethanol on K*-induced formation of newly synthesized [*H]catechols in hippocampal 

and olfactory tubercle slices. Incubation conditions of the slices and separation of the [°H]catechols 

formed are described under Figs. 3 and 4. [*H]Tyrosine taken up by the tissue was separated by column 

chromatography; the number of individual experiments is indicated at the bottom of each column. The 

brackets indicated the standard error of the mean. A single asterisk (*) indicates P < 0.001 when 
compared to respective controls without ethanol. 


of the incubation period was measured, and the 
results were expressed as conversion index 
(*H]catechols synthesized/[*H]tyrosine in tissue. The 
results are shown in Fig. 6 and indicate that ethanol 
inhibited the K*-induced formation of newly syn- 
thesized [*H]catechols in olfactory tubercle slices 
regardless of any effect on [*H]tyrosine uptake. 
Again, using this conversion index, similar ethanol 
concentrations produced no alteration of the K’- 
induced [*H]catechol synthesis in hippocampal slices. 


DISCUSSION 


Potassium-induced depolarization of cortical and 
striatal slices produces an acceleration of catechol- 
amine synthesis that seems to arise primarily as a 
result of the removal of tyrosine hydroxylase from 
end-product inhibition subsequent to the release of 
transmitter [1,5]. Recent findings indicate that the 
acceleration of transmitter synthesis after potassium 
depolarization could also be mediated, in part, by 
a kinetic activation of the rate-limiting enzyme 
tyrosine hydroxylase. Thus, increased enzyme 
activity was found when tyrosine hydroxylase pre- 
pared from K’* -depolarized striatal slices was assayed 
in vitro in the presence of sub-saturating concentra- 
tions of tyrosine and pterin cofactor [2]. This acti- 
vation appeared to be mediated by an increase in 
the apparent affinity of the enzyme for pterin cofac- 
tor and a decreased affinity for the end-product 
inhibitor dopamine. We have recently shown that 
ethanol (0.2-0.8%, w/v) specifically blocks the 
increase in dopamine synthesis observed in striatal 
slices after K*-depolarization while having no effect 
on dopamine synthesis measured in non-depolarized 


striatal slices. Although it is of interest to determine 
the mechanism(s) underlying these effects of ethanol 
[2, 3], it is also important to know whether this ability 
of ethanol displays any regional specificity within the 
brain. 

We chose two different brain areas for this study: 
the hippocampus, a brain region rich in noradre- 
nergic nerve terminals, and the olfactory tubercle, 
an area rich in dopaminergic nerve terminals. In 
recent studies we have shown that the olfactory 
tubercle can be a suitable tissue to study transmitter 
synthesis regulation in dopaminergic nerve terminals 
and that ethanol has an effect in inhibiting dopamine 
synthesis in this brain region as well as in the striatum 
[4]. By contrast, the hippocampus seems to be a 
tissue well suited to study transmitter synthesis regu- 
lation in noradrenergic terminals in the brain. In this 
tissue, the synthesis of monoamines showed linearity 
as a function of time for up to 20 min, and maximal 
velocities for catechol formation were reached with 
external tyrosine concentrations of around 4 x 
10-° M. Moreover, K*-depolarization increased the 
formation of newly synthesized catecholamines in a 
fashion that was Ca**-dependent. In previous experi- 
ments, conducted in cortical and olfactory tubercle , 
slices, it has been demonstrated that the stimulation 
of catecholamine synthesis induced by K*-depolari- 
zation is exerted at the level of the tyrosine hydroxyl- 
ase enzyme [4,7]. The advantage of using hippo- 
campal as opposed to cortical slices is that the 
hippocampus has very few, if any, dopaminergic 
nerve terminals. 

In contrast to results previously reported for stria- 
tal slices, ethanol at two different concentrations 
(0.8 and 1.6%, w/v) was found to be without effect 
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on the K*-stimulated catecholamine synthesis in the 
hippocampus. The same ethanol concentrations pro- 
duced a striking inhibitory effect on the K*-induced 
increase in catechol synthesis in slices of olfactory 
tubercle and striatum [4]. Thus, using similar experi- 
mental conditions and ethanol concentrations, it is 
possible to demonstrate a regional difference for the 
ethanol effects on catecholamine synthesis in the 
brain: transmitter synthesis regulation seems to be 
affected in dopaminergic nerve terminals whereas 
noradrenergic terminals seem to be unaffected. In 
this regard it is of interest to point out that other 
workers involved with investigating the effects of 
acute ethanol administration in vivo on catechol- 
amine metabolism have come to a similar conclu- 
sion—that ethanol appears to have a selective action 
on dopamine neurons, leaving the noradrenaline 
neurons unaffected. In one study Liljequist and 
Carlsson [8] have shown that the administration of 
a small dose of ethanol (2.36 g/kg) markedly retards 
the formation of 3-methoxytyramine, the O-methy- 
lated dopamine metabolite. No effect of ethanol on 
the accumulation of normetanephrine, the O-methy- 
lated noradrenaline metabolite, was observed in this 
study. In another study by Bacopoulos et al. [9], it 
was found that a 2 g/kg dose of ethanol did not alter 
noradrenaline turnover in most of the brain regions 
investigated. However, the same dose of ethanol 
significantly reduced the turnover of dopamine in 
the substantia nigra and caudate nucleus. These in 
vivo results are compatible with the in vitro findings 
described in this paper in which we have shown that 
ethanol inhibits the potassium depolarization-depen- 


dent increase in catecholamine synthesis in dopa- 
mine-rich areas such as the olfactory tubercle but 


not in  noradrenaline-rich areas such as_ the 


hippocampus. 
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Although it might appear that the ethanol con- 
centrations used in this study are relatively high (0.8 
and 1.2%, w/v), we have previously shown that 
concentrations of ethanol as low as 0.2% (w/v) or 
40 mM are able to inhibit the potassium-dependent 
increase of dopamine synthesis in striatal and olfac- 
tory tubercle slices [1,4]. However, what is inter- 
esting is that, even at these relatively high ethanol 
concentrations of 0.8 and 1.2% (w/v), the synthesis 
of catecholamines in noradrenergic-rich nerve ter- 
minals of the hippocampus is unaffected by the pres- 
ence of the drug. 
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Abstract—3,5-Dinitro-4-chloro-a@,a,a-trifluorotoluene (DNCTT) is an intermediate in the synthesis of 
the herbicide trifluralin and is structurally similar to the known uncouplers of oxidative phosphorylation 
2,4-dinitrophenol (DNP) and pentachlorophenol. Therefore, investigations were initiated to examine 
the in vitro effects of DNCTT on the respiration of isolated rat liver mitochondria. DNCTT (1 mM) 
completely inhibited mitochondrial respiration with succinate (1.2 mM) as substrate and in the presence 
of adenosine 5’-diphosphate (0.1 mM). Although DNP (0.2 mM) uncoupled state 4 respiration in the 
absence of DNCTT, DNP (0.2mM) did not uncouple DNCTT inhibited respiration. In addition, 
DNCTT (2.5 mM) inhibited significantly the activity of the mitochondrial enzyme succinic dehydro- 
genase, but had no effect on the activity of cytochrome c oxidase and Mg-stimulated adenosine 5’- 
triphosphatase. The inhibitory effects of DNCTT were greater than those of eight other substituted 
toluenes that were examined. From the results of these studies, it appears that the effects of DNCTT 
on respiratory activity are a consequence of the inhibition of the mitochondrial enzyme succinate 


dehydrogenase. 


3,5 - Dinitro - 4 - chloro - a@,a,q@ - trifluorotoluene 
(DNCTT) is an intermediate in the synthesis of the 


widely used herbicide trifluralin (commonly known 
as Treflan). Trifluralin (3,5-dinitro-4-N, N-dipropyl- 
w,@,a-trifluorotoluene) has a low acute toxicity in 
mammals (acute LDsy oral 5.0 g/kg, mice [1]). How- 
ever, it increases the incidence of hepatocellular 
carcinomas in female mice, while not effecting a 
similar increase in male mice or male and female 
rats [2]. When trifluralin was examined in a variety 
of microbial test systems, no mutagenic activity was 
detected [3]. 

Recently, environmental contamination by 
w,a,a-trifluorotoluene derivatives was observed in 
an area of northeastern Italy [4]. Some of the well 
water was found to be tinted yellow and smelled 
unpleasant. The levels of 4-chloro-a,q,a-trifluoro- 
toluene (CTT), 3-nitro-4-chloro-a,qa,a-trifluoroto- 
luene (NCTT) and DNCTT detected in the water 
from the region ranged from 0.50 to 90, 0.6 to 450 
and 0.7 to 56 ug/l, respectively [5]. Initial examina- 
tion of these three derivatives indicated no mutagenic 
activity in microbial tests with and without in vivo 
and in vitro activation [6]. Results from the DNA 
repair test with human epithelial cells were positive 
for CTT and NCTT, but DNCTT showed no gen- 
otoxic activity [7]. Little additional information is 
currently available concerning the chronic toxicity 
of these compounds. 

DNCTT is structurally similar to the known 
uncouplers of oxidative phosphorylation 2,4-dinitro- 
phenol and pentachlorophenol. Therefore, investi- 
gations were initiated to examine the in vitro effects 
of DNCTT and its analogues on the mitochondrial 
respiration of isolated rat liver mitochondria. 


MATERIALS AND METHODS 


Animals. Adult male, specific pathogen-free rats 
(Charles River, CD strain) were used in these 
experiments. The animals were fed ad lib. on Wayne 
Sterilizable Lab-Blox and weighed from 200 to 250 g. 
The animals were decapitated at 9:00 a.m. 

Chemicals. t-Ascorbic acid, ethyleneglycol-bis 
(B-amino-ethyl ether) N,N’-tetraacetic acid 
(EGTA), cytochrome c (Type ill), (ethylenedini- 
trilo)tetra-acetic acid (EDTA), phenazine methyl- 
sulfate (PMS), 2,4-dinitrophenol (DNP) and bovine 
serum albumin (BSA) were obtained from the Sigma 
Chemical Co., St. Louis, MO. N,N,N’ ,N’-Tetra- 
methyl-p-phenylene diamine HCl (TMPD) was 
obtained from ICN-K & K Laboratories, Inc., Plain- 
view, NY. Substituted, a-halogenated toluenes 3,5- 
dinitro-4-chloro-a,q@,a-trifluorotoluene (DNCTT), 
3,4-dichloro-a@,q@,a-trifluorotoluene (DCTT), 3- 
amino-a@,q@,qa-trifluorotoluene (NH,TT), 3-nitro- 
w,a,a-trifluorotoluene (NTT) and 3-nitro-4-chloro- 
trifluorotoluene (NCTT) were provided by Professor 
B. Paccagnella, Institute of Hygiene, Verona, Italy. 
All other substrates and cofactors were obtained 
from Boehringer Mannheim Biochemicals, Indian- 
apolis, IN. 

Mitochondrial preparation. The liver tissue was 
quickly removed, weighed, and homogenized as a 
5% (w/v) suspension with a Potter-Elvehjem tissue 
grinder in a medium that contained 5 mM Tris-HCl, 
0.3M sucrose and 0.5mM EGTA, pH7.5. The 
mitochondria were isolated and washed in isotonic 
Tris-KCl [20 mM Tris and 125mM KCI (pH 7.4)] 
as described previously [8]. The final mitochondrial 
pellet was resuspended in isotonic Tris-KCl and 
contained 30-40 mg/ml protein. 
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Assay methods. Under the conditions chosen the 
reaction rates were linear with time and protein 
concentration. All assays were performed in dupli- 
cate on each fresh mitochondrial preparation. 

Succinate dehydrogenase (SDH, EC 1.3.99.1) was 
assayed spectrophotometrically by measuring the 
rate of reduction of cytochrome c at 550 nm in the 
following reaction mixture, V, = 3 ml: 0.1 M potas- 
sium phosphate buffer, pH 7.6, 1 mM EDTA, 0.1% 
BSA, 0.05% cytochrome c, 0.00025% phenazine 
methylsulfate and 6 mM succinate. Under these con- 
ditions, each 2 umoles of reduced cytochrome c 
indicates the oxidation of 1 umole of succinate to 
form fumarate [9]. 

Cytochrome c oxidase (EC 1.9.3.1) was assayed 
polarographically by measuring the rate of oxygen 
consumption in the following reaction mixture, V, = 
2 ml: 75mM potassium phosphate buffer, pH 7.2, 
0.03 mM cytochrome c, 3.75 mM sodium ascorbate, 
and 0.3 mM TMPD. The rate of oxygen consumption 
was calculated based on the solubility of oxygen in 
water at 27° [10]. 

Mg-stimulated adenosine 5’-triphosphatase (Mg- 
ATPase, EC 3.6.1.3) was assayed by measuring 
colorimetrically the liberation of inorganic phos- 
phate [11] in the following reaction mixture, V, = 
3.0 ml: 0.03 M Tris-HCl buffer, pH 7.1,5 mM ATP, 
7.5mM MgCl, and, when added, 0.1mM DNP. 
Under these conditions the liberation of 1 umole of 
inorganic phosphate indicates the hydrolysis of 
1 umole of ATP [12]. 

Other methods. Respiration was measured polar- 
ographically with a Yellow Springs model YS5331 
Clark oxygen electrode (see Fig. 1 for details of the 
incubation conditions [13]). Respiratory control 
ratios were assessed by comparing the state 3 rate 
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with the state 4b rate following complete utilization 
of the added ADP [14]. The ADP:0 values were 
calculated from the amount of ADP added and the 
traces of oxygen uptake recorded [14, 15]. 

Protein was determined with the phenol reagent 
[16] and with bovine serum albumin as the standard. 


RESULTS 


Effects of substituted toluenes on mitochondrial 
respiration. The effects of ring-substituted, a,a,a- 
trifluorotoluenes on the respiration of mitochondria 
isolated from rat liver were examined polarograph- 
ically. The initial experiments utilizing final concen- 
trations of 0.25-1.0mM_ substituted toluenes 
revealed both stimulation and inhibition of respi- 
ration. A representative oxygen consumption experi- 
ment is presented to illustrate the effects of the 
solvent (1% ethanol), 1mM DNCTT and 1mM 
NCTT on mitochondrial respiration (Fig. 1). Tracing 
la indicates that ethanol produced only a small 
alteration in oxygen consumption. The presence of 
1.0mM DNCTT completely inhibited respiration, 
while 1.6mM NCTT markedly altered respiratory 
control, i.e. state 4b is similar to state 3. 

The effects of five substituted toluenes on mito- 
chondrial respiration are compared to control and 
solvent (1% ethanol) values in Table 1. A remark- 
able decrease in respiratory control was observed in 
the presence of ring-substituted, a,a,a-trifluoroto- 
luenes such as NCTT, NH,TT and DCTT, at a final 
concentration of 0.25mM. DNP-stimulated respi- 
ration was also inhibited. The decrease in respiratory 
contro! caused by these substituted toluenes resulted 
from an inhibition of state 3 respiration and/or an 
acceleration of state 4 respiration. In contrast, NTT 
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Fig. 1. Effects of ethanol, DNCTT, and NCTT on the respiratory activity of isolated rat liver mito- 

chondria. Mitochondria (4.4 mg) from rat liver were suspended in 2.0 ml of a medium (pH 7.4, 27°) 

that contained 125 mM KCl, 20mM Tris-HCl, 2 mM K;PO, and 1 mM MgCl). Substituted, a-halogen- 

ated toluenes dissolved in ethanol were introduced into the medium and were followed 1 min later by 

the addition of 1.2 mM sodium succinate as substrate, 0.1 mM ADP, and then 0.2 mM DNP, ai certain 

intervals. Oxygen consumption was measured polarographically. Key: (a) — — — control, 1% ethanol; 
(b) 1.0mM DNCTT; and (c) 1.0mM NCTT. 





Effects of substituted toluenes on mitochondria 


Table 1. Comparison of the inhibition of rat liver mitochondrial respiration by substituted, a- 
halogenated toluenes t 





. 


Oxygen consumption* 
(natom O/min-mg mitochondrial protein) 





Experiment State 4a State 3 


State 4b DNP 





31.1 
22.8 
31.3 
89.0 


120.1 
132.5 

58.0 
285.5 


Control 
Ethanol, 1% 
NCTT, 0.25 mM 
NTT, 0.25 mM 
NH)TT, 0.25 mM 39.3 105.6 
DCTT, 0.25 mM 24.9 95.2 
DNCTT, 0.25 mM 8.3 8.3 


31,1 124.2 
39.3 192.8 
ati a 
190.8 264.9 
93.2 4.2 
49.7 Van 

8.3 8.3 





* Mitochondria (3.0 mg protein) were incubated with 0.25 mM substituted toluene dissolved in 
ethanol for at least 1 min before adding 1.2 mM sodium succinate, 0.05 mM ADP, and then 0.2 mM 
DNP. Other conditions were the same as for Fig. 1. 

+ Both ADP:0 and respiratory control ratios (RCR = state 3/state 4b) were calculated from the 
oxygen consumption traces as described in Materials and Methods. 





x) 
3° 


Ostate 40 respiration 
ostate 3 respiration 
@state 4b respiration 
# ONP-stimulated 
respiration 


® @ 
° oO 


% of Control (ONCTT,OmM) 
b 
° 











04 O6 O8 
DNCTT (mM) 


Fig. 2. Concentration dependence of the DNCTT inhibition 
of respiratory activity of isolated rat liver mitochondria. 
Experimental conditions were the same as for Fig. 1. Key: 
(O-O) state 4a respiration (succinate present); (O—L) state 
3 respiration (ADP present); (@-@) state 4b respiration 
(ADP expended); and (S—™) DNP-stimulated respiration. 
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increased state 4a, 3 and 4b as well as DNP-stimu- 
lated respiration. Of the substituted toluenes exam- 
ined, DNCTT produced the most complete inhibi- 
tion of respiration. The rate of oxygen consumption 
in the presence of DNCTT (0.25 or 1.0mM) was 
essentially the same as that of the background rate 
and was not stimulated by either ADP or DNP. In 
addition, it was observed that at final concentrations 
of 1mM CTT, 2-fluoro-benzyl chloride (FBC), 2- 
chloro-6-fluorotoluene (CFT) and 2-chloro-6-fluo- 
robenzaldehyde (CFB) had no effect on respiratory 
activity (data not shown). 

The concentration dependence of the inhibition 
of DNCTT on mitochondrial respiration and ADP- 
and DNP-stimulated respiration is shown in Fig. 2. 
DNP-stimulated respiration was the most sensitive 
to DNCTT i.e., 82 per cent inhibition at 0.1 mM 
DNCTT. Succinate-mediated respiration, state 4a, 
was the least sensitive to DNCTT, i.e. only 50 per 
cent inhibition at 0.5 mM DNCTT. This concentra- 
tion-dependent inhibition of ADP- and DNP-stimu- 
lated respiration is illustrated further in Fig. 3. In 
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Fig. 3. Inhibition of ADP- and DNP-stimulated respiration of isolated rat liver mitochondria by DNCTT. 
Experimental conditions were the same as for Fig. 1 except for the concentration of mitochondrial 
protein (1.5 mg/ml) and that DNCTT was added after the respiration rate had been stimulated. 
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Table 2. Inhibition of succinic dehydrogenase and cytochrome c oxidase activities of rat liver 
mitochondria by DNCTT 





DNCTT 
(2.5 mM) 


Control Inhibition 


Enzyme (Ethanol, 2.2%) 





10.6 + 1.86* 
0.143 + 0.022 


0.51 +0.24 
0.119 + 0.019 


Succinic dehydrogenase 
Cytochrome c oxidase 





* Measurements are given in umoles/(min-mg) of mitochondrial protein and are expressed 
as the mean + S.E.M. for the determinations on four separate preparations of rat liver 
mitochondria. Aliquots of mitochondria were incubated with 2.5mM DNCTT for 2 min 
before the addition of the final assay reagent. Other conditions were as described in Materials 
and Methods. 

+ Comparison of activity of control and DNCTT-inhibited preparations by a paired f-test 


indicated a statistically significant difference for SDH only (P < 0.95). 


contrast to the previous experiments, the ADP or 
DNP stimulation occurred prior to the additions of 
DNCTT in the tracings in Fig. 3. 

Inhibition of mitochondrial enzymes. The possible 
sites of action of DNCTT were examined further by 
monitoring the effects of DNCTT on several mito- 
chondrial enzymes. Since DNCTT inhibited succi- 
nate-mediated respiration in the polarographic stud- 
ies, isolated mitochondria were assayed for succinic 
dehydrogenase activity in the absence and presence 
of 2.5mM DNCTT (Table 2). Whereas 2.5mM 
DNCTT markedly inhibited mitochondrial succinic 
dehydrogenase activity, only a slight effect was seen 
on cytochrome c oxidase activity. The concentration 
dependence of the inhibition of succinic dehydro- 
genase by DNCTT is illustrated in Fig. 4. This con- 
centration—inhibition curve is similar to that obtained 
for the DNCTT inhibition of mitochondrial respi- 
ration (Fig. 2). 

It is well known that mitochondrial, latent ATPase 
activity is stimulated by uncouplers and that this 
stimulated ATPase activity is inhibited by certain 
energy trahsfer inhibitors such as oligomycin or res- 
piratory inhibitors [17]. Neither NCTT nor DNCTT 
(final concentrations of 0.01 to 1.0 mM), however, 
had any effect on mitochondrial ATPase activity 
when assayed as described in Materials and Methods 
(data not shown). 
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Fig. 4. Concentration dependence of the inhibition of mito- 

chondrial succinic dehydrogenase by DNCTT. The experi- 

mental conditions are described in Materials and Methods. 

The concentration of mitochondrial protein in the assay 
was 0.50 mg/ml. 


DISCUSSION 


Since the recent episode of environmental con- 
tamination by the intermediates in the synthesis of 
the herbicide trifluralin, there has been increasing 
concern about the biological effects of the substi- 
tuted, a-halogenated toluenes. Of special interest is 
the compound DNCTT since it has been detected 
in well water and is structurally similar to known 
uncouplers of oxidative phosphorylation. Although 
chronic toxicity studies are not available, the results 
of the current in vitro investigation indicate possible 
harmful effects. 

A screen for an effect on the respiratory activity 
of isolated mitochondria reveals four levels of 
response to the substituted toluenes (final concen- 
trations, 0.25-1 mM). These are: (1) no effect on 
respiratory activity, e.g. CTT, FBC, CFT and CFB; 
(2) stimulation of respiratory activity, e.g. NTT; (3) 
moderate inhibition of respiratory activity, e.g. 
NCTT, NH,TT and DCTT; and (4) complete inhi- 
bition of respiratory activity, e.g. DNCTT. No sim- 
ple structure inhibitory relationship is obvious from 
these results. The presence of the three ring-substi- 
tuents (3,5-dinitro-4-chloro-), however, conveys 
marked inhibitory properties. 

Detailed study of the effects of DNCTT indicates 
that this compound readily inhibits both state 4a and 
state 3 respiration in the presence of succinate and 
ADP, respectively, and when ADP is expended (Fig. 
1 and Table 1). In addition, both ADP- and DNP- 
stimulated respiration is inhibited by DNCTT (Fig. 
3). These data suggest that the site of action of 
DNCTT is before the energy transfer system. The 
lack of effect of DNCTT on Mg-ATPase or DNP- 
stimulated Mg-ATPase activities supports this 
suggestion. 

In addition, DNCTT markedly inhibits succinic 
dehydrogenase, which is the initial enzyme involved 
in the utilization of succinate as a substrate for mito- 
chondrial oxidation. The concentration-dependent 
inhibition curve obtained for SDH (Fig. 4) is strik- 
ingly similar to that obtained for the DNCTT inhi- 
bition of respiratory activity in state 3, with ADP 
present, (Fig. 2). As a consequence of these inves- 
tigations, it appears that the effect of DNCTT on 
respiratory activity is a result of the inhibition of the 
mitochondrial enzyme SDH. 

These investigations do not reveal a similarity 
between the effects of DNP and DNCTT on respi- 
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ration. It has been demonstrated, however, that 
some of the substituted toluenes are marked inhibi- 
tors of mitochondrial respiratory activity, especially 
DNCTT. In view of the marked effects of DNCTT 
on mitochondrial activity, further work on the pre- 
cise mechanism of action and chronic toxicity of 
DNCTT is warranted. 


Acknowledgement—I would like to express my appreciation 
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Abstract—Studies were performed to extend earlier observations that the rate-limiting step in the 
inactivation of intraerythrocytic human adenosine deaminase (ADA) by 2’-deoxycoformycin (dCF) is 
the nucleoside transport system (NTS). The NTS inhibitors 2-amino-6-[(2-hydroxy-5-nitrobenzyl)thio]- 
9-B-b-ribofuranosyl purine (HNBTGR), 6-[(4-nitrobenzyl)thio]-9-8-D-ribofuranosyl purine (NBMPR), 
2-amino-6-[(4-nitrobenzyl)seleno]-9-8-D-ribofuranosyl purine (NBSeGR), dipyridamole and the com- 
petitive permeant, uridine, all decreased the rate of ADA inactivation by dCF in a concentration- 
dependent manner. Lineweaver—Burk plots of 1/k, (where k, is the pseudo first-order rate constant 
for the inactivation of ADA) 1/dCF concentrations were linear, giving a K,,, for dCF for the NTS of 
6 x 10’ M. The maximal k, calculated by extrapolation to infinite dCF concentrations was 6 x 107° per 
sec which corresponds to a T, of about 115 sec. Similar plots for experiments with the NTS inhibitors 
and uridine yielded classic patterns of competitive inhibition for NBMPR, HNBTGR, NBSeGR and 
uridine, whereas with dipyridamole a pattern of non-competitive inhibition was obtained. Dissociation 
or inhibition constants have been reported for several of these compounds (determined by other 
methods) and values similar to these were obtained. Inhibition by dipyridamole was non-competitive 
(K, = 2.5 x 10°’ M) and was of a bi-phasic nature with respect to time. Dipyridamole caused rapid 
and irreversible inhibition for the first 7-15 min with slow and progressive but reversible inhibition 
thereafter. These observations are consistent with the hypothesis that NBMPR, HNBTGR, NBSeGR 
and uridine interact with the same site on a macromolecular component of the NTS that forms ligands 
with dCF. The behavior of dipyridamole appears more complex and will require more extensive study. 


Interest has been directed to the enzyme adenosine 
deaminase (ADA)? as a target for inhibitors that 
might potentiate the action of chemotherapeutic 
adenosine analogs and also serve as immunosup- 
pressive agents [1-9]. A number of ADA inhibitors 
of varying potency have been identified, and several 
have been studied intensively in this laboratory and 
elsewhere during the past few years. Because of its 
unusually high potency and specificity for ADA, the 
antibiotic 2’-deoxycoformycin (dCF, pentostatin, 
Covidarabine) has received special attention and has 
shown promise in initial clinical trials [5]. 

Earlier studies with purified human erythrocytic 
ADA indicated that dCF has a K;, of about 2.5 x 
10°” M [8]. Direct measurements of the rate of 
dissociation of the ADA-dCF complex demonstrated 
a T, value of 25-30 hr with a first-order velocity 





* This work was supported by USPHS Grants CA 07340, 
CA 13943 and CA 20892. 

+ Abbreviations used: ADA, adenosine deaminase 
(adenosine aminohydrolase, EC 3.5.4.4); dCF, 2'-deoxy- 
coformycin, Covidarabine, pentostatin, or [3-(2'-deoxy-f- 
D-erythropentofuranosyl)-6, t 8-trihydroimidazo 
[4, 5-d] [1, 3}]diazepin-8-(R)-ol]; NBMPR, 6-[(4-nitroben- 
zyl)thio]-9-B-p-ribofuranosy] purine; HNBTGR, 
2-amino -6-[(2-hydroxy-5-nitrobenzyl)thio] -9-B-D-ribo- 
furanosyl purine; NBSeGR, 2-amino-6-[(2-hydroxy-4- 
nitrobenzyl)seleno]-9-B-D-ribofuranosyl purine; and NTS, 
facilitated nucleoside transport system of human 
_ erythrocytes. 


constant of about 6.6 x 10°° sec’'. Recent studies 
of the effects of dCF on ADA in erythrocytes and 
Sarcoma 180 cells, however, gave very different 
results [9]. The rate of inactivation in intact cells was 
300 to 500-fold slower than with purified enzyme, 
and it was not possible to demonstrate significant 
reactivation of dCF-inhibited ADA in isolated intact 
cells by a variety of techniques, e.g. dialysis, repeated 
washing, and suspension of the cells in hemoglobin- 
coated charcoal. When dCF-treated erythrocytes 
were hemolyzed and stirred with charcoal, however, 
reactivation of the ADA occurred in a manner 
essentially identical to that found with the purified 
enzyme. These observations indicated that the intact 
céllular membrane plays a crucial role in the behavior 
of dCF. Studies that employed uridine (not meta- 
bolizable in erythrocytes) and the nucleoside trans- 
port inhibitor, HNBTGR, also offered support for 
the concept that the nucleoside transport system of 
the erythrocytic membrane is intimately involved in 
the transport of dCF into the cell [9]. To test this 
hypothesis further, experimental approaches and 
analytical methods were used that are similar to 
those often employed for the study of enzymes and 
their interactions with substrates and inhibitors. The 
results of these investigations are described below. 
The structures of dCF and some of the nucleoside 
transport inhibitors studied are shown in Fig. 1. 
Preliminary reports of these investigations have been 
presented elsewhere [10-12]. 
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Fig. 1. Structures of the adenosine deaminase inhibitor 2'-deoxycoformycin (dCF), the nucleoside 
transport inhibitors NBMPR, HNBTGR and NBSeGR, and the vasodilator dipyridamole (Persantine). 


MATERIALS AND METHODS 


Samples of 2'-deoxycoformycin (dCF, pentostatin, 
Covidarabine) were provided by Dr. H. W. 
Dion of Parke, Davis & Co., Detroit, MI [13], and 
Dr. John Douros of the Drug Development Branch 
of the National Cancer Institute, Bethesda, MD. 
The concentrations of solutions of dCF were deter- 
mined spectrophotometrically (&. in H,O = 8 x 
10°) [13]. NBMPR (é in HO = 2.5 x 10*) and 
HNBTGR(e;;; in H,O = 1.9 x 10*) were gifts from 
Dr. A. R. P. Paterson of the University of Alberta, 
Edmonton, Alberta [14]. NBSeGR was synthesized 
by Dr. Shih-Hsi Chu of Brown University, and 
dipyridamole ([{2,6-bis(diethanolamino)-4,8-dipiper- 
idinopyrimido-(5,4-d)pyrimidine] Persantine) was a 
gift of Dr. Ralph P. Miech. Human erythrocytes 
were obtained through the Division of Hematolog- 
ical Research, Memorial Hospital, Pawtucket, RI. 

Preparation of cells. Human erythrocytes were 
separated from plasma and buffy coat by washing 
twice in 0.9% NaCl and were suspended in 1 vol. 
of Standard Medium (potassium phosphate buffer, 
50 mM, pH 7.4; NaCl, 75 mM; MgCl, 2mM; glu- 
cose, 10mM; penicillin, 10,000 units/l; and strep- 
tomycin, 10 mg/l). After determination of the 
hematocrit, the cells were diluted to a final suspen- 
sion of 20% (v/v) by addition of Standard Medium. 

Determination of k, with 2'-deoxycoformycin and 
adenosine deaminase in intact erythrocytes. As 
described in an earlier publication, k, values were 


determined from the T, of the pseudo first-order 
decay curves of the inactivation of intraerythrocytic 
ADA by dCF, through the relationship: 


k, = 0.693/Tj. 


The units of k, are reciprocal time, i.e. 

Because prior studies of NTS inhibitors uncovered 
several compounds with unusually low dissociation 
constants [15], it was suspected that they might dis- 
play the characteristic behavior of semi-tight-binding 
enzyme inhibitors [8]. Therefore, erythrocytes were 
preincubated with prospective NTS inhibitors before 
addition of dCF. Suspensions of human erythrocytes 
(20%, v/v) were preincubated at 30° in a Dubnoff 
metabolic incubator for the following time periods: 
uridine and dipyridamole, 15min; NBMPR, 
HNBTGR and NBSeGR, 30min. After preincu- 
bation with the appropriate transport inhibitors or 
permeants, dCF (usual range 0.5—2.0 4M) was added 
to initiate the inactivation of intraerythrocytic ADA. 
At zero time and periodically thereafter, aliquots 
(0.5 ml) were withdrawn and centrifuged in a clinical 
centrifuge at 1350 g for 30 sec. The supernatant fluids 
were discarded and the erythrocytic pellets were 
resuspended to a final volume of 10 ml in cold Stan- 
dard Medium. The suspensions were centrifuged at 
1350 g for at least 2 min, the supernatant fluids were 
removed, and cold distilled water was added to a 
final volume of 3 ml with stirring on a vortex mixer 
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Fig. 2. Determination of the transport inhibition constant K, for uridine transport in human erythrocytes, 
utilizing 2'-deoxycoformycin (dCF) as a molecular probe. A 20%(v/v) suspension of human erythrocytes 
was incubated with uridine for about 15 min at 30°. Transport activity was measured by adding dCF to 
the suspension at varying concentrations and assaying the intraerythrocytic inactivation of ADA by 
dCF. Utilizing /k, values vs 1/dCF concentration, K,, (App) values were determined. A replot of K,,, 
(App) values gave an inhibition constant (K,) for the nucleoside permeant uridine of 4 x 10°*M. 


for about 15 sec to promote hemolysis. Hemolysates 
rather than intact cells were used to assay ADA in 
studies of the nucleoside transport inhibitors because 
compounds such as NBMPR interfere with ADA 


assays in intact erythrocytes [16]. The ADA activities 
of these hemolysates agreed with those in which 
isotonicity was restored. The ADA activity of intact 
cells and hemolysates was measured by the ammonia 
liberation procedure described previously [9]. 


RESULTS 


Competitive nucleoside transport inhibitors and 
permeants. Earlier evidence showed that the rate of 
formation of the dCF—ADA complex in intact eryth- 
rocytes is decreased by HNBTGR and uridine [9]. 
We now have found that the association reaction 
between dCF and intraerythrocytic ADA can be 
used as a tool to evaluate the interactions of per- 
meants and inhibitors with the NTS. When human 


erythrocytes were preincubated with several con- 
centrations of uridine, a know permeant of the NTS 
[17], the rate of ADA inactivation was decreased in 
a concentration-dependent manner. Lineweaver- 
Burk plots of 1/k, (the reciprocals of the pseudo 
first-order velocity constants) vs 1/dCF gave graphs 
characteristic of competitive inhibition (Fig. 2). The 
K,, for dCF binding to the NTS was found to be 
6x 10°’M. The maximal k, value estimated by 
extrapolation to infinite concentrations of dCF is 
6.0 x 10~* sec”'. This corresponds to a maximal T, 
of 115 sec. As seen in the inset of Fig. 2, the replot 
of the apparent K,, values [K,, (App)] gave an 
inhibition constant for uridine of 4 x 10°* M, a value 
consistent with the dissociation constant of uridine 
for the NTS (7 x 10°*M) as determined by Oliver 
and Paterson [17] who used different experimental 
techniques (see Table 1). 

As shown in Figs. 3-5, the nucleoside transport 
inhibitors, NBMPR, HNBTGR and NBSeGR, also 


Table 1. Kinetic values of transport inhibitors and permeants 





Transport inhibitors 


Type of 
interaction 





NBMPR 
HNBTGR 
NBSeGR 
Dipyridamole 


Competitive 

Competitive 

Competitive 
Non-competitive 





Transport permeants 


Type of 
interaction 





Uridine 
2'-Deoxycoformycin 


Competitive 
Competitive 





* For uridine: K;. 
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Fig. 3. Determination of the transport inhibition constant K, for the nucleoside transport inhibitor 

NBMPR. The experiment was performed as described for Fig. 2, except that NBMPR was incubated 

with erythrocytes for 30 min in the absence of uridine. A replot of the K,,, (App) values gave a K; value 
of 1.6 x 10-7M. 


block the inactivation of ADA in intact erythrocytes 
competitively with dCF. Table 1 presents the K, 
values of these three compounds determined by 
replotting the data as shown in the insets to Figs. 3- 


5. These values compare favorably with the K, values 
determined by the use of other techniques 
[14, 15, 17, 18]. When uridine or the transport inhibi- 
tors were incubated with hemolysate or purified 
ADA, the rates of inactivation by dCF were 
unaffected. 

Dipyridamole, a non-competitive nucleoside trans- 
port inhibitor. When human erythrocytes were prein- 
cubated with varying concentrations of dipyridamole 


for 15 min and the rate of inactivation of ADA was 
measured at varying concentrations of dCF, Line- 
weaver—Burk plots gave patterns characteristic of 
non-competitive inhibition, as shown in Fig. 6. The 
replot of this data (see inset Fig. 6) gave a K,; value 
of 2.5 x 10°’M. It must be emphasized that these 
results were obtained under specified conditions, i.e. 
a 15-min preincubation with dipyridamole in Stan- 
dard Medium at 30°. In experiments in which the 
time of incubation was varied from 7 min to 6 hr the 
degree of inhibition of the NTS increased progres- 
sively, e.g. with 2.5 x 10°’ M dipyridamole from 60 
per cent inhibition to 80 per cent after 6 hr. When 
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Fig. 4. Determination of the transport inhibition constant K, for the nucleoside transport inhibitor 
HNBTGR. The experimental details were as described in Fig. 3. A replot of the K,,, (App) values gave 
a K; value of 1.0 x 10°°M. 
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Fig. 5. Determination of the transport inhibition constant K, for the nucleoside transport inhibitor, 
NBSeGR. The experiment details were as described in Fig. 3. A replot of the K,,, (App) values gave 
a K, value of 1.5 x 10°°M. 


cells were preincubated for 6hr and then washed 
repeatedly with Standard Medium, the degree of 
inactivation of the NTS decreased from 80 to 60 per 
cent, whereas repeated washing did not increase the 
NTS activity of cells preincubated for 7 min. 


DISCUSSION 


These studies confirm and extend earlier obser- 
vations that identified a role for the NTS of the 
plasma membrane in the inactivation of ADA by 


dCF in intact erythrocytes [9, 10]. The NTS is rela- 
tively non-specific in these cells and interacts with 
2'-deoxyribonucleosides and ribonucleosides of both 
purine or pyrimidine bases [19]. Since the rate of 
inactivation of intraerythrocytic ADA is 300-500 
times slower than with hemolysates or the isolated 
enzyme, it was proposed that the interaction of dCF 
with the NTS is the rate-limiting step in the intact 
cell [9]. Also, the rate of reactivation of dCF- 
inhibited ADA is so slow, i.e. T, = 25-30 hr [8] that 
it may be considered negligible. Furthermore, reac- 
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Fig. 6. Determinations of the inhibition constant K,;, by the use of 2'-deoxycoformycin (dCF), for 
dipyridamole (Persantine) interacting with the nucleoside transport system (NTS) in human erythrocytes. 
Dipyridamole was added to a 20% (v/v) suspension of human erythrocytes and incubated for 15 min 
at 30° in a Dubnoff metabolic incubator. Transport activity was measured by adding the appropriate 
concentration of dCF and measuring the inactivation of intraerythrocytic adenosine deaminase by dCF. 
These data are plotted as a Lineweaver—Burk plot of 1/k, versus 1/dCF concentration. A replot of the 
k, (max) values versus dipyridamole concentration gave a K; for dipyridamole transport inhibition of 
2.5 xX 10°'M. 
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Fig. 7. A molecular and kinetic model depicting the mem- 
brane association of the nucleoside transport system and 
adenosine deaminase, and their interactions with the 
nucleoside permeant, 2’-deoxycoformycin, and specific 
nucleoside transport inhibitors (example shown is 
NBMPR). Broken line represents negligible activity. 


tivation has not been detected in intact erythrocytes 
[9]. Recent studies with rhesus monkeys given dCF 
indicate that recovery of erythrocytic ADA occurs 
with a T, of about 35 days and probably results from 
the introduction of new cells into the peripheral 
blood from the bone marrow [20]. Studies on the 
incorporation of radiolabeled adenosine into intra- 
erythrocytic nucleotides in the presence and absence 
of an NTS inhibitor indicated that ADA is physically 
associated with the inner surface of the plasma mem- 
brane close to the transport site [16]. These obser- 
vations suggest the working model shown in Fig. 7. 

This mode! assumes a specific interaction of dCF 
with the plasma membrane-associated NTS, fol- 
lowed by a much faster and irreversible binding to 
the catalytic center of the membrane-associated 
ADA. These assumptions are similar to those of the 
original Michaelis-Menten equation that attempted 
to explain interactions between substrates and 
enzymes [21]. The K,, value based on this model 
closely approximates the dissociation constant (K,) 
of the dCF-NTS complex: 


K, aa K,= k,/k,. (2) 


In addition, the K, values of competitive inhibitors 
such as NBMPR are equal to the K, of the inhibitor- 
NTS complex: 


K,= K,= k6/ks. (3) 


In accord with this proposal are the linear Line- 
weaver—Burk plots of Figs. 2-6. The K,,, (or K,) of 
dCF is 6 x 10~’M in contrast to the K, of dCF with 
human erythrocytic ADA of 2.5 x 10°" M [8]. Also 
consistent is the close approximation of the K, values 
of uridine, NBMPR and dipyridamole reported here 


and the K, values determined elsewhere by the use 
of entirely different techniques (Table 1). 

On the basis of binding studies with radiolabeled 
NBMPR, Paterson ef al. [19] have estimated that 
there are 1 x 10° nucleoside transport sites per 
human erythrocyte. Since it has been proposed that 
ADA is physically associated with the NTS in eryth- 
rocytes, it is of interest to estimate the number of 
molecules of this enzyme per cell. Earlier evidence 
indicated that this enzyme is monovalent with a 
molecular weight of 33,000 [1]. The molar equival- 
ency has been estimated to be 1 x 10°'’ moles/unit 
of enzymatic activity [7]. The mean activity of ADA 
is about 0.3 units/ml of packed cells and 1 ml contains 
about 1 x 10'° erythrocytes. With the use of these 
assumptions and Avogadro’s number, one may cal- 
culate that one unit of ADA consists of 6 x 10" 
molecules and that each erythrocyte contains 
1.8 x 10° molecules of ADA and 1 x 10°’ gof ADA 
protein. If these estimations and those of Paterson 
et al. are valid, they indicate a ratio of transporter 
sites to ADA molecules in the order of 6:1. It is 
appreciated that phenomena such as the non-specific 
binding of NBMPR to sites other than the NTS or 
the degradation of ADA molecules in ageing eryth- 
rocytes would result in estimates of a higher number 
of transport sites or lower activity of ADA per cell 
than actually occurs. Both factors would bring this 
ratio closer to unity. In any case it is of interest that 
these estimated values fall well within one order of 
magnitude. 

Although the NTS has been examined in some 
detail in human erythrocytes, information is incom- 
plete for other mammalian tissues. Recent studies 
with HeLa cells indicate the existence of four sep- 
arate mechanisms for the uptake of nucelosides 
which increase in activity during G, and S phases of 
the ceil cycle [22]. When adequate supplies of the 
ribonucleoside coformycin become available, it will 
be of interest to compare its activity with that of dCF 
as a permeant of various mammalian cells. If dif- 
ferences in NTS specificity occur from one tissue to 
the next in the interactions of ribonucleosides and 
2'-deoxyribonucleosides, this may be detected and 
analyzed by the use of these tight-binding ADA 
inhibitors. It may also become possible to design 
specific inhibitors for the different NTS mechanisms. 
If such differences occur, they might offer attractive 
therapeutic opportunities. Thus, it may be possible 
to inhibit selectively the ADA of particular tissues 
by the use of either dCF or coformycin or protect 
specific tissues by use of the appropriate NTS 
inhibitor. 

The results obtained here indicate that dipyrida- 
mole behaves differently to the other inhibitors of 
the NTS, e.g. NBMPR. Studies with various cell 
systems indicate that dipyridamole can inhibit the 
transport of anions [23], purine bases, 2-deoxy-D- 
glucose and p-glucosamine [24]. This indicates a 
relatively non-specific mechanism of action, perhaps 
on a component of the plasma membrane that is 
common to several specific transport mechanisms. 
The finding of non-competitive inhibition of the NTS 
by dipyridamole is in accord with this suggestion. 
On the other hand, it has been reported that dipyr- 
idamole can displace ‘C-labeled NBMPR from bind- 
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ing sites on HeLa cells [19], suggesting a more spe- 
cific mechanism of action. It is possible that 
dipyridamole is a tight-binding competitive inhibitor 
of the NTS, but yields Lineweaver—Burk plots char- 
acteristic of non-competitive inhibition because of 
the preincubation periods used in these studies as 
has been described for the tight-binding competitive 
inhibitor of ADA, coformycin [7]. Obviously, the 
action of dipyridamole is complex and will require 
further study for its elucidation. A topic of immediate 
interest is the use of methods employed in the above 
studies to monitor behavior of dipyridamole during 
clinical use. It may be possible to assess directly the 
degree of inhibition of the NTS by measuring the 
rates of inactivation of ADA by dCF in erythrocytes 
drawn before and during treatment with 


dipyridamole. 
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Abstract—The hypothesis that diabetes or cyclic AMP induces a cytosol (supernatant)-located inhibitor 
of hepatic microsomal drug metabolism was examined with diabetic male rats. The existence of such 
an inhibitor has been postulated because inhibition of microsomal drug metabolism occurred after 
preincubation of normal microsomes with cyclic AMP-treated cytosol and after direct addition of 
diabetic cytosol to normal microsome-catalyzed reaction mixtures. In the present investigation, the rate 
of microsomal metabolism of aminopyrine was decreased while that of aniline was increased as a result 
of both alloxan and streptozotocin diabetes. However, the rates of metabolism of these substrates were 
not affected by preincubation of normal microsomes with cytosol from either alloxan or streptozotocin 
diabetic rats. Likewise, the metabolism of these substrates was not affected by the addition of either 
normal or diabetic cytosol directly to the microsomal catalyzed reaction mixtures. The present results, 
therefore, do not support the hypothesis of a diabetes-related cytosol-located inhibitor of drug metab- 
olism. Rather, this investigation supports the hypothesis that diabetes-related changes in drug metabolism 


are due to alterations in the microsomal enzyme system itself. 


It has been postulated that the inhibition of hepatic 
drug metabolism observed after injection of male 
rats with large doses of dibutyryl cyclic AMP [1-3] 
or glucagon plus theophylline [3] or after induction 
of diabetes [4-9] is mediated by a cytosol-located 
inhibitor [8, 10]. In the present study, this postulated 
mechanism, a cytosolic-component effect on the rate 
of microsomal drug metabolism in diabetic male rats, 
was investigated using two separate methods to 
expose microsomes to cytosol (supernatant fraction): 
preincubation of microsomes with various cytosols 
[3] and inclusion of various cytosols in the micro- 
somal drug metabolism reaction mixtures [5, 8]. The 
results do not support the hypothesis that the altered 
rates of drug metabolism by diabetic rat livers are 
mediated by a cytosol-located inhibitor. Rather, the 
results support the concept that the altered rates of 
metabolism that occur under such conditions are 
related to changes in the microsomal cytochrome 
containing protein per se. 


MATERIALS AND METHODS 


Chemicals. Alloxan and aniline hydrochloride 
were obtained from the Eastman Kodak Co., Roch- 
ester, NY; streptozotocin from The Upjohn Co., 
Kalamazoo, MI; aminopyrine from the Aldrich 
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Chemical Co., Inc., Milwaukee, WI; and glucose-6- 
phosphate and glucose-6-phosphate dehydrogenase 
from the Sigma Chemical Co., St. Louis, MO. 

Animals. Male Sprague-Dawley rats (120-140 g), 
obtained from SASCO, Inc., Omaha, NE, were 
maintained on standard laboratory chow and water 
ad lib. Diabetes was routinely induced with alloxan 
(50 mg/kg in 0.9% saline). For comparison, some 
experiments were conducted in which streptozotocin 
(80 mg/kg in 0.1 M citrate buffer, pH 5.1) was used 
to induce diabetes. Both diabetogenic compounds 
were dissolved immediately prior to intravenous 
injection. Rats were considered diabetic only if their 
blood glucose concentration exceeded 300 mg/100 ml 
as measured by a commercially available glucose 
oxidase method (GOD-Perid, Boehringer Mann- 
heim, Indianapolis, IN). Animals were diabetic for 
at least 7 days before use. 

Microsomal and cytosolic fraction preparation. 
Animals were decapitated and their livers were 
immediately removed and routinely placed in 3.5 vol. 
of ice-cold 0.01 M Na‘/K* phosphate buffer con- 
taining 0.15M KCl, pH 7.4 [11]. All subsequent 
steps in the preparation of microsomes were done 
at 4°. A glass-teflon Potter-Elvehjem homogenizer 
was used to homogenize the livers, and the hom- 
ogenates were centrifuged at 10,000 g¢ for 20 min 
[11]. After careful removal of lipid, the resulting 
supernatant fractions were removed and recentri- 
fuged at 105,000 g for lhr. Again, after careful 
removal of any lipid material, the supernatant 
(cytosol) fractions were removed and placed on ice 
for use in the cytosol-microsome mixing experi- 
ments. The microsomal pellets obtained were 
rehomogenized in buffer and recentrifuged prior to 
use. 
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Exposure protocols. Microsomes were exposed to 
cytosol by two methods. In Method A [3], the recen- 
trifuged microsomes were resuspended in a volume 
of either buffer, normal cytosol, or diabetic cytosol 
equivalent to the volume of the cytosolic or super- 
natant fraction associated with the original micro- 
somal pellet and were preincubated on ice for 15 min. 
After preincubation, the microsomes were separated 
from the preincubation medium by centrifugation 
and then suspended in the appropriate buffer for 
drug metabolism assays. In Method B [5,8], the 
recentrifuged microsomes were resuspended as in 
Method A in either buffer, normal cytosol, or dia- 
betic cytosol, but were used directly in the drug 
metabolism assay. In both methods the protein con- 
centration of the resuspended microsomes was 10- 
14 mg/ml. Microsomal protein concentrations were 
determined by either the method of Lowry et al. [12] 
or the biuret method [13]. 

Enzyme assays. The reactions were carried out in 
25 ml Erlenmeyer flasks at 37° under air in a Dubnoff 
metabolic shaker at 120 oscillations/min. Reagent 
and tissue blanks were prepared and carried through 
the incubation and assay procedures. The system 
used for aminopyrine incubation was that described 
by Mazel [11], modified to contain 2 umoles NADP’, 
22.5 umoles semicarbizide, 12.5 umoles MgCl, 
S5umoles glucose-6-phosphate, 2 I.U. glucose-6- 
phosphate dehydrogenase, 0.25 ml microsomal stock 
suspension and 2.5 umoles aminopyrine in sufficient 
0.5 M Na‘/K* phosphate buffer, pH 7.4, to give a 
final volume of 3.0 ml. After 20 min, 2 ml of 20% 
trichloroacetic acid was added to stop the reaction. 
The extent of N-demethylation of aminopyrine was 
estimated by measuring the amount of formaldehyde 
formed by the Nash method [14]. The incubation 
system described by Mazel [11] for determining 
aniline metabolism was modified to contain 2 umoles 
NADP", 12.5 umoles MgCl. 5 umoles glucose-6- 
phosphate, 2 I.U. glucose-6-phosphate dehydrogen- 
ase, 2.5 umoles aniline HCI, 0.25 microsomal stock 
suspension and sufficient 0.1 M Na*/K* phosphate 
buffer, pH 7.4, to give a final volume of 2.0 ml. The 
* reactions were stopped with 1 ml of 20% trichloro- 
acetic acid after 20 min of incubation. The formation 
of p-aminophenol was used to determine the extent 
of aniline hydroxylation [15]. The rates of metab- 
olism with both normal and diabetic microsomes in 
the incubation systems used for both aminopyrine 
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and aniline were linear with time and were a function 
of the microsomal (enzyme) concentration. Addition 
of 50 uM EDTA to these reaction mixtures to mini- 
mize possible lipid peroxidation and subsequent 
destruction of cytochrome P-450 [16, 17] did not alter 
the effects of diabetes on the rates of metabolism of 
either substrate and, therefore, was not routinely 
used. 

Tris buffer experiments. When the effects of Tris 
buffer were examined, the livers were homogenized 
in 3.0 vol. of ice-cold 0.04 M Tris—0.15 M KCl, pH 7.4 
[3]. All subsequent preparation, preincubation, 
reaction, and assay steps were identical to those 
described above except that Tris buffer was used 
[3]. 

Statistics. The significance of the difference 
between the means was established by Student’s t- 
test. 


RESULTS 


Alloxan diabetes and preincubation experiments. 
The inhibition of aminopyrine metabolism by 
alloxan diabetic male rats has been widely observed 
[S-7,9]. It is also well documented that aniline 
hydroxylation in male rats. is increased by diabetes 
[5—7, 9]. If these changes in the rates of drug metab- 
olism by diabetic liver microsomes are mediated by 
a factor or factors in the cytosol, then normal micro- 
somes exposed to diabetic cytosol should be affected 
so as to cause the rates of drug metabolism catalyzed 
by such exposed microsomes to be comparable to 
the rates obtained with diabetic microsomes. One 
method of exposing microsomes to various cytosols 
is to incubate microsomes with the cytosol in question 
prior to using the microsomes in a typical in vitro 
drug metabolism system. This preincubation tech- 
nique has been extensively used by Weiner et al. [3] 
and is referred to as Method A in Materials and 
Methods. With this method, the rate of aminopyrine 
metabolism by diabetic microsomes preincubated 
with buffer was, as expected, only 77 per cent of the 
control rate exhibited by normal microsomes prein- 
cubated with buffer (Table 1). Preincubation of nor- 
mal microsomes with diabetic cytosol, however, 
failed to change the rate of microsomal aminopyrine 
demethylation compared to the control rate or the 
rate obtained after preincubation with normal cyto- 
sol (Table 1). Therefore, although diabetes 


Table 1. Effect of preincubation of microsomes with normal or alloxan diabetic cytosol (Method A) on 
the rates of drug metabolism by normal and alloxan diabetic microsomes* 





Preincubation 
supernatant 


Microsomes fraction 


Aminopyrine metabolism 
(formaldehyde produced) 


Aniline metabolism 
(p-aminophenol produced) 
(nmoles - min“! - mg protein™') 





5.00 + 0.22 
5.49 + 0.27 
4.84 + 0.50 
3.85 + 0.28 7 
3.73 + 0.25 
3.69 + 0.25 7 


0.55 + 0.02 
0.56 + 0.02 
0.52 + 0.02 ° 
1.26 + 0.11 
1.23 + 0.11 
1.21+0.10 


Buffer (control) 
Normal cytosol 
Diabetic cytosol 
Buffer 

Normal cytosol 
Diabetic cytosol 


Normal (control) 
Normal 

Normal 

Diabetic 
Diabetic 
Diabetic 





* Each value is the mean + S.E.M. of four to five separate experiments. 
+ P<0.01 vs normal (control) microsomes with buffer. 
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Table 2. Effect of Tris buffer on the rates of drug metabolism by normal microsomes preincubated 
with normal cytosol or alloxan diabetic cytosol (Method A)* 





Preincubation 
supernatant 


Microsomes fraction 


Aminopyrine metabolism 
(formaldehyde produced) 


Aniline metabolism 
(p-aminophenol produced) 
(nmoles - min”! - mg protein™') 





Buffer (control) 
Normal cytosol 
Diabetic cytosol 
Buffer 


Normal 
Normal 
Normal 
Diabetic 


0.42 + 0.02 

0.27 + 0.04 + 
0.29 + 0.02 + 
0.26 + 0.01 + 


0.36 + 0.04 

0.21 + 0.02 + 
0.24 + 0.02 £ 
0.63 + 0.04 + 





* Each value is the mean + S.E.M. of four separate experiments. The experiments were conducted 
exactly as described in Table 1 except that Tris instead of phosphate buffer was used throughout. 

* P<0.01 vs normal (control) microsomes with buffer. 

¢ P <0.02 vs normal (control) microsomes with buffer. 


decreased the rate of microsomal aminopyrine 
metabolism, the rate of aminopyrine metabolism by 
normal microsomes was not affected by this method 
of exposure to diabetic cytosol. Similarly, diabetes, 
as expected, increased the microsomal metabolism 
of aniline to 229 per cent of the control rate (Table 
1). Again, however, preincubation of normal micro- 
somes with either normal or diabetic cytosol (Method 
A) did not affect the ability of the microsomes to 
catalyze aniline hydroxylation. Therefore, like ami- 
nopyrine metabolism, the rate of aniline metabolism 
appeared to be independent of the origin of the 
preincubation cytosol and a function only of the 
origin of the microsomes. The above experiments 
were conducted with phosphate buffer. Other inves- 
tigators, however, have used Tris buffer in compar- 
able experiments designed to show the effects of 
variously treated liver cytosols on the ability of 
microsomes to metabolize drugs [2, 3, 8]. As shown 
in Table 2, Tris buffer itself affected the results of 
the preincubation experiments. That is, although 
diabetic microsomes metabolized both substrates as 
expected compared to normal control microsomes, 
preincubation exposure of Tris-prepared micro- 
somes to either normal or diabetic Tris-prepared 
cytosol decreased the subsequent microsomal metab- 
olism of aminopyrine as well as aniline. Such an 
inhibition of aniline metabolism is clearly not reflec- 
tive of the accelerated rate of aniline metabolism 
observed with diabetic microsomes prepared in 
either buffer (Tables 1 and 2). 

Streptozotocin diabetes and preincubation experi- 


ments. The effects of streptozotocin diabetes on 
microsomal drug metabolism were, as expected, the 
same as those observed with alloxan diabetic micro- 
somes—a decrease in aminopyrine metabolism and 
an increase in aniline metabolism (Fig. 1). These 
results are in agreement with those previously 
observed with microsomes [9] and with isolated per- 
fused liver [18]. As with alloxan diabetes (Table 1), 
preincubation of normal microsomes with strepto- 
zotocin diabetic cytosol had no effect on the ability 
of normal microsomes to catalyze metabolism of 
either aminopyrine or aniline (Fig. 1)., Failure to 
observe a diabetic cytosol effect on microsomal drug 
metabolism is, therefore, independent of the dia- 
betogenic agent used. 

Alloxan diabetes and direct incubation experi- 
ments. Another method of examining various cyto- 
sols for possible effects on microsomal drug metab- 
olism is to suspend the microsomes directly in the 
cytosol fraction to be examined and assess the 
ability of such cytosol-suspended (exposed) micro- 
somes to catalyze drug metabolism. This direct or 
concurrent incubation—metabolism technique was 
used previously in diabetes and drug metabolism 
studies by Dixon er al. [5] and Ackerman and Leib- 
man [8] and is referred to as Method B in Materials 
and Methods. With this method, the rates of drug 
metabolism by normal microsomes were the same 
whether incubated with normal or diabetic cytosol 
(Table 3). The elevated (aniline) or inhibited (ami- 
nopyrine) rates of metabolism by diabetic micro- 
somes were also independent of the source of the 


Table 3. Effect of normal or alloxan diabetic cytosol (Method B) on the rates of drug metabolism by 
normal and alloxan diabetic microsomes* 





Supernatant 


Microsomes fraction 


Aminopyrine metabolism 
(formaldehyde produced) 


Aniline metabolism 
(p-aminophenol produced) 


'. mg protein” ') 


(nmoles - min™ 





Buffer (control) 
Normal cytosol 
Diabetic cytosol 
Buffer 

Normal cytosol 
Diabetic cytosol 


Normal (control) 
Normal 

Normal 

Diabetic 
Diabetic 
Diabetic 


18+ @:75 


0.66 + 0.02 

0.69 + 0.06 

0.71 + 0.06 
.09 + 0.06 + 
.26 + 0.05 + 
26+ 0,12 Ff 


6.14 
6.56 
3.67 
4.59 
4.63 





* Each value is the average of duplicate experiments or the mean + S.E.M. of three experiments. 
+ P<0.01 vs normal (control) microsomes with buffer. 
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Fig. 1. Effects of streptozotocin diabetes and preincubation of microsomes with various cytosols or 

buffer (Method A) on the rates of microsomal metabolism of aminopyrine (Panel A) and aniline (Panel 

B). The letters A, B and C under the vertical columns indicate preincubation in buffer, normal (control) 

cytosol and diabetic cytosol respectively. The vertical bars above the columns represent + S.E.M. of 
five experiments. P < 0.01 for all diabetic microsomes vs normal microsomes. 


cytosol present (Table 3). These results, as well as 
those of the preincubation experiments, indicate the 
lack of any diabetic-specific cytosol factor associated 
with the changes in hepatic drug metabolism that 
occur during diabetes. 


DISCUSSION 


A cytosol-located inhibitor mechanism has been 
' postulated in order to explain the inhibition of p- 
chloro-N-methylaniline metabolism in cyclic AMP- 
treated rat liver [3]. The evidence for such an inhib- 
itor is based on experiments employing the prein- 
cubation technique, Method A [3]. Since the level 
of cyclic AMP is elevated in the diabetic rat [8, 19], 
a mechanism common to the actions of cyclic AMP 
and diabetes on hepatic drug metabolism might 
reasonably be expected to exist. When the prein- 
cubation technique was employed in the search for 
a possible diabetic cytosol-located inhibitor of drug 
metabolism, however, the results were negative 
(Table 1). Not unexpectedly, the results were similar 
regardless of the diabetogenic agent used (Fig. 1). 


In the initial investigation of a possible effect of 
diabetic cvtosol on microsomal drug metabolism, the 
cytosolic fraction from alloxan diabetic rats had no 
effect on the metabolism of hexobarbital by normal 
microsomes [5]. Subsequently, however, alterations 
in hepatic microsomal drug metabolism by strepio- 
zotocin diabetic rat liver were reported to be cytosol- 
dependent and were postulated to be mediated by 
a cytosol-located inhibitor [8]. Both of these earlier 
investigations into the possible effects of diabetic 
cytosol on microsomal drug metabolism employed 
Method B, the direct incubation technique. In the 
initial investigation [5], no significant difference was 
observed between the rates of hexobarbital metab- 
olism observed in the presence of the soluble (super- 
natant or cytosol) fraction obtained from either nor- 
mai or alloxan diabetic rats even though diabetes 
decreased the metabolism of hexobarbitol. These 
reactions were conducted in a_phosphate-KCl 
buffered system, and the results were similar to those 
observed in the present experiments (Table 3). In 
the subsequent investigation [8], which employed a 
Tris-buffered system, the rates of both hexobarbital 
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and aniline metabolism by normal microsomes were 
decreased in the presence of streptozotocin diabetic 
cytosol compared to normal cytosol [8]. With this 
same system, however, aniline metabolism was also 
observed to be decreased [8] by diabetic microsomes. 
This latter finding is in direct contradiction to the 
effects of diabetes on the metabolism of this com- 
pound observed by others before [5-7], since [9], 
and in the present study. In view of the results 
obtained with Tris buffer in the present study, the 
anomalous results of the earlier study [8] may be 
related in part to the use of Tris as the buffer system. 

The results presented in this paper, obtained by 
two different methods of cytosol—-microsome expo- 
sure or mixing, clearly demonstrate that the diabetes 
related alterations in the rates of hepatic microsomal 
drug metabolism of the model drug substrates ami- 
nopyrine and aniline are not mediated through 
cytosol-fraction factors as had been suggested [8]. 
The fact that diabetes actually increases the metab- 
olism of aniline makes any type of general diabetic- 
cyclic AMP-related inhibition mechanism of drug 
metabolism untenable. It is also clear from the pres- 
ent and previous work [9, 18] that the lack of an 
observable diabetic cytosol effect on the ability of 
normal microsomes to catalyze drug metabolism 
(Table 1 and Fig. 1) cannot be attributed, as had 
been proposed [8], to the agent used to induce dia- 
betes. If the alterations in hepatic drug metabolism 
by diabetic rats are not mediated by the cellular 
cytosol fraction, then the observed effects must be 
a function of the microsomal component per se. This 
concept is in agreement with the original conclusion 
of Dixon et al. [5]. Indeed, current evidence indicates 
that alterations in the terminal component of the 
microsomal mixed function oxidase system, cyto- 
chrome P-450, are involved in substrate-specific 
changes in the rates of drug metabolism caused by 
chemical inducers of the system such as phenobar- 
bital and 3-methylcholanthrene [20]. In this regard, 
the total hepatic cytochrome P-450 concentration 
has been shown to be increased in diabetic rats 
compared to normal rats [9,21]. Recent evidence 
with sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis experiments also indicates that spe- 
cific cytochrome P-450 hemeproteins in male diabetic 
rat liver microsomes are distinctly increased and 
decreased by diabetes [22, 23]. The nature of these 
specific diabetes-induced alterations in hepatic cyto- 


2503 


chrome P-450 hemeproteins and their relationships 
to drug metabolism in the diabetic state are currently 
under investigation. 
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Abstract—CCl,, CHCl, and 1,1-dichloroethylene (EDC) administered to rats resulted in a prompt 
dose-dependent inhibition of the ATP-dependent calcium pump isolated in the liver microsome fraction. 
EDC was slightly less potent than CCl, whereas CHCI; was approximately one-tenth as potent as CCl. 
Because neither EDC nor CHCl, increased lipid peroxidation in vivo, increased lipid peroxidation does 
not appear to be a prerequisite for inhibition of the liver-microsome calcium pump. Both CCl, and 
EDC have been shown to increase liver calcium early during intoxication, but CHCl; has been thought 
to be incapable of increasing liver calcium. Pretreatment with phenobarbital increased the CHCl, effect 
of inhibiting the liver-microsome calcium pump and resulted in a several-fold increase of liver calcium 
levels. CDCI;, which is less hepatotoxic than CHCl, did not increase liver calcium or inhibit the liver- 
microsome calcium pump in phenobarbital-pretreated animals. These results suggest that chlorinated 
hydrocarbons may increase liver calcium as a result of inhibition of a microsomal calcium pump and 


that this inhibition is associated with the hepatotoxicity of these compounds. 


An alteration of calcium metabolism has been shown 
to be an early consequence of intoxication with 
hepatotoxins and a potential mediator of cellular 
damage produced by hepatotoxins. Several workers 
have implicated this disruption of calcium metab- 
olism in the early events of cellular necrosis produced 
by hepatotoxins including thioacetamide [1], carbon 
tetrachloride [2,3] and galactosamine [4, 5]. It has 
been suggested that inhibition of the endoplasmic- 
reticulum calcium pump may be responsible for dis- 
ruption of calcium metabolism in the CCl,-intoxi- 
cated liver [6]. Certain hepatotoxins have been 
shown to induce lipid peroxidation in liver mem- 
branes. The classic example of this type of hepato- 
toxin is CCl, [7, 8]. It is not known if lipid peroxi- 
dation is a necessary prerequisite for inhibition of 
the endoplasmic-reticulum calcium pump in liver. 
To determine if lipid peroxidation is required for 
inhibition of this calcium pump and, hence, for dis- 
ruption of liver calcium metabolism, two hepatotoxic 
compounds that have been reported not to induce 
lipid peroxidation were examined for their effects 
on a microsomal calcium pump in vitro and on cal- 
cium content of intact liver in vivo. CHCl, is less 
potent than CCl, as a hepatotoxin but does not 
increase lipid peroxides in vivo or in vitro [9, 10]. 
1,1-Dichloroethylene (vinylidene chloride) is a 
potent hepatotoxin that does not increase lipid per- 
oxides in vivo or in vitro [11]. 


METHODS 


Animals and hepatotoxin administration. Male 
Sprague-Dawley (Taconic Farms) rats with body 
weights of 250-400g were used for this study. 
Animals were allowed free access to food and water 
throughout the experiments. Chlorinated hydrocar- 
bons were administered i.p. in corn oil; control 


animals received equivalent volumes of corn oil i.p. 
In certain experiments, rats were pretreated i.p. with 
phenobarbital (80 mg/kg) 72,48 and 24hr before 
administration of the chlorinated hydrocarbon. 

Determination of liver calcium. Samples of liver 
were rinsed, weighed, dried overnight at 95°, and 
finally ashed for 72 hr at 600°. The ashed samples 
were collected in 0.1 N HCI containing 0.1% LaCl,. 
Calcium in the samples was determined with a Per- 
kin—Elmer 603 atomic absorption spectrophotometer 
using an acetylene—air flame. Results were expressed 
as ug calcium/g tissue (wet wt). Calcium associated 
with the microsomal fraction of liver was determined 
as described by Schmidt and Way [12]. Results were 
expressed as ug calcium/mg protein. 

Calcium pump determination. Calcium pump 
activity was determined with the microsomal fraction 
as described previously [6, 13]. Briefly, a liver sample 
was excised and quickly cooled in 0.25 M sucrose. 
Homogenates were prepared with a _ Potter— 
Elvehjem homogenizer (Thomas type C) driven at 
about 1000 rpm. Homogenates were centrifuged at 
1500 g for 10 min, and then at 12,500 g for 20 min 
in a SA 600 rotor (Dupont-Sorvall). The microsomal 
fraction was isolated from the 12,500 g supernatant 
fraction by centrifugation at 105,000 g for 60 min in 
a 50 Ti rotor (Beckman). Calcium pump activity was 
measured in the following medium: 100mM KCI, 
30 mM imidazole-histidine buffer (pH 6.8), 5mM 
MgCl,, 5mM ATP (pH adjusted with imidazole to 
6.8), 5mM ammonium oxalate, 5mM_ sodium 
azide, 20uM CaCl, ({*Ca?*], 0.1 wCi/ml) and 20-50 
sg: mjcrosomal protein/ml. The assay was initiated 
Db¥ ‘the’ addition of microsomes to the prewarmed 
(37°) assay medium. At timed intervals, 0.5-ml 
samples were removed and filtered through 0.45 um 
nitrocellulose filters, and [**Ca**] was determined by 
liquid scintillation spectrophotometry. Protein con- 
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centrations of microsomal suspensions were deter- 
mined by the Lowry method as described by Shatkin 
[14]. 

Lipid peroxide and glucose-6-phosphatase deter- 
minations. Lipids were extracted from microsomes 
after in vivo administration of a chlorinated hydro- 
carbon, and lipid peroxidation was determined as 
conjugated dienes at 243 nm as described by Klaas- 
sen and Plaa [9]. Glucose-6-phosphatase (G-6-Pase) 
activity was determined in microsomal suspensions 
as described by Aronson and Touster [15]. 


RESULTS 


Inhibition of the calcium pump by chlorinated 
hydrocarbons. As illustrated in Fig. 1, all three 
chlorinated hydrocarbons inhibited the liver endo- 
plasmic-reticulum calcium pump after in vivo admin- 
istration of the hydrocarbon. In these experiments, 
rats were treated with a uniform chlorinated-hydro- 
carbon dose of | ml/kg body wt. Animals were killed 
2 or 24hr after treatment, and microsomes were 
isolated for the calcium pump assay. Administration 
of CCl, i.p. resulted in a prompt inhibition of the 
calcium pump, similar to the effect previously 
reported after oral administration [6]. Within 2 hr 
after CCl, administration (1 ml/kg), calcium pump 
activity was inhibited 88 + 1.5 per cent and remained 
inhibited for more than 24 hr. 1,1-Dichloroethylene 
(vinylidene chloride, EDC) was somewhat less 
inhibitory, and calcium pump activity was inhibited 
69 + 2.8 per cent 2 hr after 1 ml/kg. However, inhi- 
bition of calcium pump activity was virtually 
unchanged when animals were killed 24 hr after EDC 
administration. CHCI, was less inhibitory than either 
CCl, or EDC. Two hours after a CHCl, dose of 
1 ml/kg, calcium pump activity was inhibited 31.8 + 
3.4 per cent. CHCl, has been observed to be con- 
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sistently less potent than CCl, as a hepatotoxin 
[9, 10]. The yield of microsomal protein per gram 
liver was unaffected by chlorinated hydrocarbon 
treatment except that from CCl,-treated animals at 
24 hr after treatment. Twenty-four hours after CCl, 
(1 ml/kg) microsomes yielded 21.0 + 1.1 mg pro- 
tein/g liver, which can be compared to 30.4 + 1.3 mg 
protein for control animals. 

The dose-response curves for inhibition of the 
liver-microsome calcium pump are illustrated in Fig. 
2. In these experiments, animals were killed 24 hr 
after administration of the chlorinated hydrocarbon. 
The dose-response curves are linear with log dose 
over the range tested, and in all cases the greatest 
inhibition of the endoplasmic-reticulum calcium 
pump was observed after administration of CCl. 
EDC was less potent than CCl,, and CHCl, was 
approximately 10-fold less potent than CCl,;. Other 
measures of the hepatotoxicity of CHCl, and CCl, 
have demonstrated CHCl, to be approximately 10- 
fold less toxic than CCl, [9, 10]. It was not possible 
to test the effect of a 3 ml/kg dose of either EDC or 
CHCl, because at this dose both compounds were 
acutely toxic. Similar results were obtained when 


- calcium pump activity was determined in crude hom- 


ogenates from another group of animals. In these 
experiments, only non-mitochondrial calcium pump 
activity was determined. Twenty-four hours after a 
1 ml/kg dose, the calcium pump activity of CCl,- 
treated animals was inhibited an average of 45 + 6 
per cent, while with EDC- and CHCl,-treated ani- 
mals, inhibition averaged 34 + 5 and 14 + 7 per cent 
respectively. 

It has been reported that stimulation of the mixed 
function oxidase system of liver endoplasmic reticu- 
lum with phenobarbital increased hepatotoxicity of 
both CCl, [16, 17] and CHCl, [18-20]. The effect of 
phenobarbital induction on CHCl, inhibition of the 
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Fig. 1. Inhibition of liver-microsome calcium pump by chlorinated hydrocarbons administered in vivo. 

Two or twenty-four hours after chlorinated hydrocarbon administration at | ml/kg, liver microsomes 

were prepared and calcium pump activity was determined as described in Methods. Each point represents 

the mean + S.E.M. of six animals. Control microsomal preparations had calcium uptake activities 

averaging 180 + 22 nmoles calcium/mg protein/30 min (2 hr) and 202 + 26 nmoles calcium/mg pro- 
tein/30 min (24 hr). 
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Fig. 2. Inhibition of liver-microsome calcium pump by various doses of chlorinated hydrocarbons. 

Twenty-four hours after administration of the test compound at the indicated dose, liver-microsome 

calcium pump activity was determined. Each point is the mean + S.E.M. of five or six animals. Control 

microsome preparations had calcium uptake activities averaging 202 +26 nmoles calcium/mg 
protein/30 min. Ordinate is per cent inhibition. 


endoplasmic-reticulum calcium pump has _ been 
examined. Pretreatment with phenobarbital signifi- 
cantly increased inhibition of the endoplasmic- 
reticulum calcium pump by CHCl, (Table 1). In 


these experiments, a CHCl, dose of 0.3 ml/kg 
inhibited the calcium pump 23.6 + 6.2 per cent, but 
after phenobarbital pretreatment the same dose of 
CHCl, inhibited pump activity 81.6 + 4.2 per cent. 
Comparable inhibition of calcium pump activity was 
observed when crude liver homogenates from 
another group of animals were examined. 

Pohl and Krishna [21] have demonstrated that the 
deuterated analog of CHCl, was less hepatotoxic 
than the parent CHCl, in phenobarbital-pretreated 
rats. In the present study, CDCI, was a less potent 
inhibitor of the endoplasmic-reticulum calcium pump 


in rats that had been pretreated with phenobarbital 
(Table 2). In these experiments, CHCI, inhibited the 
calcium pump almost 70 per cent, while CDCl, 
inhibited the pump less than 5 per cent. Similar 
experiments have been performed in animals that 
have not been pretreated with phenobarbital at a 
chlorinated hydrocarbon dose of 1 ml/kg. Again, 
CHC1, produced significantly more inhibition (about 
2-fold in this case) of the calcium pump than did 
CDCI, (data not shown). 

Effect of chlorinated hydrocarbons on G-6-Pase 
and lipid peroxidation in liver microsomes. CCl, has 
been reported to inhibit a number of endoplasmic 
reticulum functions and enzymatic activities (for 
review, see Ref. 8). In parallel with the study of the 
effect of these three chlorinated hydrocarbons on 


Table 1. Effect of phenobarbital pretreatment on CHCl, inhibition of liver endo- 
plasmic-reticulum calcium pump and liver calcium* 





Calcium pump 


Treatment 
group 


inhibition 
(%) 


Liver calcium 
(ug Ca°*/g liver) 





Control 

Phenobarbital 

CHCl, 

Phenobarbital + CHCl, 


44.7 + 
43.5+ 
47,7 = 





* Animals were pretreated with phenobarbital (80 mg/kg) 72, 48 and 24 hr before 
CHCl, administration. Twenty-four hours before the animals were killed, CHCI, 
was administered at 0.3 ml/kg diluted in corn oil. Control and phenobarbital groups 
received corn oil. Twenty-four hours after CHCl; administration, animals were 
killed, a sample of liver was removed for calcium determination, and another 
sample was removed for microsomal preparation and calcium pump activity deter- 
mination as described in Methods. Each result is the mean + S.E.M. for the 
determination in five to seven animals. Calcium pump activity averaged 224 + 5.4 
nmoles calcium/mg protein/30 min in microsomes prepared from the control group. 





2508 


Table 2. Effects of CDCI, and CHCl, on liver calcium levels 
and liver endoplasmic-reticulum calcium pump* 





Calcium pump 
Treatment inhibition 
group 


Liver calcium 
(ug Ca“*/g liver) 





42.4+2.0 
46.6 + 4.59 
87.9 + 5.3 


Control 
CDCl, 
CHCI; 

* All animals were pretreated with phenobarbital 
(80 mg/kg) 72, 48 and 24 hr before chlorinated hydrocarbon 
administration. Animals were killed 24 hr after adminis- 
tration of CDCI, or CHCl, at a dose of 0.15 ml/kg and liver 
samples were'prepared as described in the legend for Table 
1 and Methods. Each result is the mean + S.E.M. for the 
determination in six or seven animals. Calcium pump 
activity averaged 215+12  nmoles _ calcium/mg 
protein/30 min in microsomes prepared from the control 
group. 





calcium pump activity, the effect of another micro- 
somal enzyme, G-6-Pase, has been examined. As 
shown in Fig. 3, CCl, inhibited G-6-Pase activity in 
a dose-dependent manner at doses above 0.1 ml/kg. 
Similar results have been observed by Klaassen and 
Plaa [9]. Both EDC and CHCl, inhibited G-6-Pase 
only marginally (less than 20 per cent), and inhibition 
did not appear to be related to dose over the range 
tested. Similar results were observed when G-6-Pase 
activity was determined in crude liver homogenates. 
Twenty-four hours after a single 1 ml/kg dose, homo- 


genate G-6-Pase activity was inhibited 37 + 9 per 
cent by CCl,, 7 + 6 per cent by EDC and 4 + 2 per 
cent by CHCl. In one group of animals pretreated 
with phenobarbital (80 mg/kg for 3 days), hom- 
ogenate G-6-Pase activity was inhibited 19 + 6 per 
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cent 24hr after a CHCl, dose of 0.3 ml/kg. In the 
same animals, homogenate calcium pump activity 
was inhibited 62 + 5 per cent. Klaassen and Plaa 
[9] were also unable to demonstrate significant 
inhibition of G-6-Pase by CHCI,. However, Jaeger 
et al. [11] demonstrated inhibition of G-6-Pase by 
EDC after oral administration. This discrepancy has 
not been explained but might be related to the dif- 
ferent routes of administration employed (intraper- 
itoneal vs oral). 

The ability of these three compounds to produce 
lipid peroxidation in liver endopiasmic reticulum has 
been examined. As a quantitative estimate of the 
amount of lipid peroxidation occurring in the endo- 
plasmic reticulum in vivo, conjugated dienes in lipids 
extracted from microsomes have been determined 
[9]. The results reported in Fig. 4 confirm the results 
of others and indicate that neither CHCI, [9, 10] nor 
EDC [11] increased lipid peroxides in the microsome 
fraction. In these experiments animals were treated 
with the indicated hepatotoxin 2 or 24 hr before the 
experiment. Calcium pump activity and G-6-Pase 
activity were determined in microsomes isolated 
from livers 24 hr after the hydrocarbon was admin- 
istered. Lipid peroxidation is maximal shortly after 
hydrocarbon administration [9,22]. Therefore, 
conjugated dienes were determined in_ lipids 
extracted from liver microsomes prepared from 
another group of animals killed 2 hr after hydrocar- 
bon administration. In these. experiments there 
appeared to be a correlation between the appearance 
of increased amounts of conjugated dienes and 
inhibition of G-6-Pase. There was no correlation 
between increased conjugated dienes and inhibition 
of the endoplasmic-reticulum calcium pump. 

Liver calcium levels after hepatotoxin treatment. 
Calcium in the jiver has been shown to increase to 
massive levels after administration of CCl, [2, 3, 6]. 
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Fig. 3. Inhibition of liver microsome glucose-6-phosphatase activity by various doses of chlorinated 

hydrocarbons. Twenty-four hours after administration of the test compound at the indicated dose, 

glucose-6-phosphatase activity was determined in liver microsome preparations. Each point is the mean + 

S.E.M. of five or six animals. Control microsomai preparations had glucose-6-phosphatase activity 
averaging 3.9 + 0.3 umoles phosphate/mg protein/15 min. 
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Fig. 4. Effect of chlorinated hydrocarbons administered in vivo on liver-microsome caicium pump 

activity, glucose-6-phosphatase activity and lipid peroxides. Lipid peroxidation was determined as 

conjugated dienes 2 hr after administration of the test compound (1 ml/kg). Control values averaged 

0.140 + 0.02 A243. Calcium pump and glucose-6-phosphatase activities were determined 24 hr after 

administration of the test compound. Control values averaged 195 + 28 nmoles calcium/mg protein/30 min 

and 3.8 + 0.4 umoles phophate/mg protein/i5 min, respectively. Each point is the mean + S.E.M. of 
five or six animals. 


More recently the chlorinated hydrocarbon EDC has 
also been shown to result in calcium accumulation 
by the damaged liver [23]. However, Reynolds and 
Yee [24] have reported that no evidence of calcium 
accumulation could be found in livers of CHCl,- 
intoxicated rats. Results reported in Table 1 confirm 
this observation but also demonstrate that, when the 
hepatotoxicity of CHCl, was increased by pheno- 
barbital pretreatment, calcium levels in the liver 
increased more than 5-fold 1 day after CHCl; 
administration. 

Data in Table 3 extend these observations and 
demonstrate that the time course of calcium accu- 
mulation in the liver was quite similar for CCl, and 
EDC administered to normal rats, and for CHCl; in 
phenobarbital-pretreated rats. In all three cases, 
significant calcium accumulation occurred 


between hours 2 and 4 after hydrocarbon adminis- 
tration in vivo. Even though this work does not 
demonstrate significant calcium accumulation until 
more than 2hr after hydrocarbon administration, 
the effect of hydrocarbon administration on the 
microsomal calcium pump would suggest that cal- 
cium metabolism is disrupted much earlier. The data 
in Table 4 suggest that an effect of these hydrocar- 
bons in the liver results in disruption of the calcium 
pool associated with membranes isolated in the 
microsomal fraction much earlier after hydrocarbon 
administration. Microsomal fractions were isolated 
from animals treated with CCl, or EDC (both 
1 ml/kg) or from phenobarbital-pretreated animals 
treated with CHCl, (0.3 ml/kg), 2 hr after hydrocar- 
bon treatment. Calcium associated with these mem- 
branes was decreased 50 per cent. Previously, Rey- 


Table 3. Effects of chlorinated hydrocarbons on liver calcium* 





Time 


Calcium (ug/g liver) 





after 
hydrocarbon 


administration (hr) Control CCl, 


PB-induced 
CHCl, 


PB-induced 


control 


™ 
1~) 
‘o) 





43.2+ 2.9 
44.0+ 6.9 
51.7+ 3.07 
82.9 + 107 
137 225 


I+ I+ I+ I+ I+ 
— wn 


Oe Eo 


6.3 
3.0 
4.87 
6.07 
307 


2 
i 


8 
0 
Bs 


It I+ I+ I+ I+ 
It I+ I+ I+ 1+ 

ed 
It I+ 1+ 14 I+ 


NROON 


l 
2 


_ 





* Control and phenobarbital (PB)-induced control rats were treated with corn oil. CCl, and EDC rats were treated 
with the hydrocarbon at a dose of 1 ml/kg. PB-induced animals were pretreated with daily injections of phenobarbital 
(80 mg/kg for three days before CHCl; treatment. CHCl; was administered at a dose of 0.3 ml/kg. Liver samples were 
prepared and calcium was determined as described in Methods. Data are expressed as the mean + S.E.M. for the 


determination in five liver samples. 
+ P<0.01 (Student’s t-test). 
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Table 4. Effect of chlorinated hydrocarbons on liver microsome calcium 
levels* 





Treatment 
group 


Calcium in 
liver microsomes 
~ 2+ . 
(ug Ca°"/mg protein) 





Control 

CCl, 

EDC 

Phenobarbital-induced control 
Phenobarbital-induced + CHCl, 


0.22 + 0.05 
0.13 + 0.034 
0.14 + 0.037 
0.19 + 0.03 
0.10 + 0.02¢ 





* Control and phenobarbital-induced control rats were treated with 
corn oil. CCl, and EDC (1 ml/kg) rats were treated with the hydrocarbon 
2 hr before the animals were killed. Phenobarbital-induced animals were 
pretreated with daily injections of phenobarbital (80 mg/kg) for 3 days 
before CHCl; treatment. CHCl; was administered at a dose of 0.3 ml/kg 
2 hr before the animals were killed. Liver microsomes were isolated as 
described in Methods. Calcium in the microsomal fraction was determined 
as described by Schmidt and Way [12]. Data are expressed as the mean + 
S.E.M. for the determination in six microsomal preparations. 


+ P< 0.05 (Student’s t-test). 
+ P< 0.01 (Student’s f-test). 


nolds et al. [25] demonstrated that this effect occurs 
within 15 min after CCl, treatment. 


DISCUSSION 


Disruption of calcium metabolism has been impli- 
cated in the production of hepatocyte death in 
response to a number of chemical agents [1-6] and 
to experimentally induced liver ischemia [26, 27]. 
Previous studies have demonstrated that the endo- 
plasmic-reticulum (microsome) calcium pump is 
inhibited after CCl, [6] and hepatic ischemia [26]. 
It has been suggested that inhibition of this calcium 
pump may interfere with one of the normal pathways 
of calcium metabolism in the liver. Judah et al. [28] 
suggested that hepatotoxin action on cellular mem- 
branes may result in increased cytoplasmic calcium 
and, further, suggested that an intracellular store 
was the source of calcium important at early times 
after intoxication. Inhibition of the endoplasmic- 
reticulum calcium pump could result in the release 
of calcium from one of the intracellular sequestration 
sites. Calcium is important for regulation of mem- 
brane permeability, and it has been suggested that 
an increase of membrane calcium permeability could 
result from calcium activation of membrane-bound 
phospholipases and subsequent phospholipid degra- 
dation [27]. This cascade may be important in the 
massive calcium accumulation which reaches a maxi- 
mum 24-48 hr after chlorinated hydrocarbon admin- 
istration [2, 3, 6, 11]. 

All three chlorinated hydrocarbons reduced cal- 
cium pump activity in the microsome fraction. This 
represents an inhibition of the pump and does not 
seem to be due to achlorinated hydrocarbon-induced 
alteration of the purity of the microsomal fraction, 
for the following reasons. Calcium pump activity was 
clearly reduced within 2 hr after hydrocarbon admin- 
istration and, thus, at a time when the yield of 
microsomal protein was unaltered. In addition, if 
the purity of the microsomal fraction had been 
altered by chlorinated hydrocarbon treatment of the 


animals, one would expect calcium pump activity 
and G-6-Pase activity to decrease at a constant ratio. 
Clearly this is not the case for EDC- and CHCl,- 
treated animals (Fig. 4). Finally, when microsome- 
like calcium pump activity in crude homogenates 
was examined, it was found to be inhibited by chlor- 
inated hydrocarbon treatment. This would suggest 
that the isolation procedure was not responsible for 
the chlorinated hydrocarbon inhibition of calcium 
pump activity. 

It is well known that CCl, produces lipid peroxi- 
dation in the liver (for review see Refs. 8 and 29). 
Because lipids are required for calcium pump func- 
tion [27, 30, 31], it seemed possible that lipid per- 
oxidation could be responsible for inhibition of the 
calcium pump in liver microsomes isolated from 
animals treated with chlorinated hydrocarbons. 
However, results from the experiments with CHCI, 
and EDC suggest that lipid peroxidation is not 
absolutely required for chlorinated hydrocarbon 
inhibition of this calcium pump. Other investigators 
have shown that neither CHCl, [9, 10] nor EDC [11] 
increases lipid peroxidation in vitro or in vivo, and 
this has been confirmed in vivo in the present study. 
Although lipid peroxidation may be responsible for 
CCl, inhibition of the calcium pump, other mech- 
anisms may be responsible for inhibition of the cal- 
cium pump by CHCl; and EDC. Although the 
experiments presented in this work show that EDC 
and CHCl, do not increase total conjugated dienes 
in lipids extracted from the microsomal fraction, they 
do not rule out the possibility that peroxidation of 
a specific lipid may occur but not be detected in total 
lipid extracts. 

Recent evidence suggests that phosgene may be 
the reactive metabolite responsible for CHCl, tox- 
icity [21, 32, 33], but there is no indication that phos- 
gene is produced by oxidative dehalogenation of 
EDC. Both CHCI, [34] and EDC [35] deplete hepatic 
glutathione, and depletion of hepatic glutathione 
increases the sensitivity of animals to both agents. 
Because the liver-microsome calcium pump is 
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inhibited by p-chloromecuribenzoic acid (PCMB) 
[13] and other compounds that are sulfhydryl! inhibi- 
tors, it is possible that glutathione depletion by 
CHCl, and EDC contributes to inhibition of the 
liver-microsome calcium pump by CHCl, and EDC. 
Some credence is added to this argument because 
in phenobarbital-pretreated animals the deuterated 
analog of CHCl, is less potent as a hepatotoxin [21], 
is less potent as a depletor of hepatic glutathione 
[34], and is also less potent as an inhibitor of the 
microsome calcium pump (Table 2). Alternatively, 
it is possible that interactions of other reactive 
metabolites of both CHCl, and EDC with the endo- 
plasmic reticulum are responsible for inhibition of 
the microsome calcium pump. 

Finally, potent hepatotoxins are well known for 
their ability to substantially increase liver calcium 
levels [1-6], but it has been reported that CHCl, 
does not increase liver calcium levels [24]. Results 
presented here demonstrate for the first time that 
CHCl, has the potential to inhibit the liver-micro- 
some calcium pump and to increase liver calcium 
levels. Previous work [6] has shown that CHCl, did 
not inhibit the liver-microsome calcium pump after 
oral administration. In the present study, however, 
intraperitoneal administration of CHCL; produced 
inhibition of the calcium pump. Although not exam- 
ined, specifically this difference presumably reflects 
differences associated with the route of administra- 
tion. When hepatotoxicity of CHCl, is increased by 
phenobarbital pretreatment [18-20], the compound 
is more potent as an inhibitor of the liver-microsome 
calcium pump. In phenobarbital-pretreated animals, 
massive levels of calcium accumulate in the livers of 
animals treated with CHCI,. It is possible that sub- 
stantial inhibition of this pump and, thus, substantial 
disruption of calcium metabolism in the liver are 
required to perpetuate the cascade of events respon- 
sible for increasing cytoplasmic calcium to a point 
which results in massive calcium accumulation. In 
the uninduced animals it is possible that CHCl, 
inhibits the liver-microsome calcium pump suffic- 
iently to increase cytoplasmic calcium moderately 
but that, after phenobarbital induction, inhibition 
of the microsome calcium pump by CHCl, and 
disruption of liver calcium metabolism are sufficient 
to allow massive accumulation of calcium in the liver. 
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Effect of oxamniquine therapy on kynurenine metabolism in liver homogenates of 
normal and S. mansoni infected mice 


(Received 17 March 1980; accepted 11 April 1980) 


Oxamniquine is a non-antimonial antischistosomal drug 
mainly effective against Schistosoma mansoni. Oxamni- 
quine (6-hydroxymethyl-2-isopropyl aminomethyl 7-nitro, 
1,2,3,4 tetrahydroquinoline) is a promising single-dose 
agent for the treatment of Schistosoma mansoni infection 
in man [1]. It is more effective than hycanthone, lucanthone 
and niridazole [2]. 

It was previously shown that the antimonial drug (tartar 
emetic), which is used extensively for the treatment of 
bilharziasis, inhibited both kynureninase and kynurenine 
transaminase in normal mouse liver [3] and kidney hom- 
ogenates [4]. This inhibition resulted in a change in the 
relative concentrations of the different metabolites in the 
kynurenine pathway of tryptophan metabolism. Since many 
of these metabolites are known bladder carcinogens [5-7], 
this effect might be related to the development of bladder 
tumours in bilharzial patients treated with tartar emetic 
[8]. The antimonial content in this drug was held to be 
responsible for the disorder encountered in kynurenine 
metabolism. Therefore, the effect of oxamniquine on kyn- 
urenine metabolism and its conversion to kynurenic acid 
and anthranilic acid through the B.-dependent kynurenine 
aminotransferase and kynurenine hydrolase enzymes, 
respectively, was studied in this work. In this follow up 
study kynurenine metabolism was investigated in tissue 
liver homogenates of both control and infected mice treated 
with oxamniquine. 


MATERIALS AND METHODS 


Animals. Adult albino mice, 2 months old and 15g 
weight, were used. They were divided into four groups: 
group I included neither treated nor infected animals and 
served as controls; group II included uninfected but treated 
animals and served to study the effect of oxamniquine; 
group III included S. mansoni-infected animals; group IV 
included infected animals treated with oxamniquine. Mice 
in groups III and IV were infected by the paddling technique 
[9] with 100 S. mansoni cercariae. Fifty days from infection 
oxamniquine was given in an oral single dose (59 mg/kg) 
to animals of groups II and IV. Mice were then killed at 
10, 40 and 70 days from treatment, i.e. 60, 90 and 120 days 
from infection, respectively. 

Preparation of homogenates and incubation medium 
were carried out as previously reported [8]. 

Quantitative estimation of metabolites. Anthranilic acid 
was determined by the method of Mason and Berg [10]. 
The quantitative determination of kynurenic acid was per- 
formed by the method of Satoh and Price [11]. 

RESULTS 

The activities of kynurenine aminotransferase and kyn- 
urenine hydrolase are indicated by the amounts of kynu- 
renic acid and anthranilic acid produced in umoles/g liver, 
respectively. 


Table 1. The effect of duration on kynurenine metabolism in liver homogenates of normal and 
infected mice treated with oxamniquine 





Group 


Mean value (+ S.E.) 





Anthranilic 
acid 


Kynurenic 
acid 





Group I: Controls 
(a) 4-months-old 
(b) 5-months-old 
(c) 6-months-old 


Group II: Treated mice 

(a) 10 days after treatment 
(b) 40 days after treatment 
(c) 70 days after treatment 


Group III: Infected mice 
(a) 60 days after infection 
(b) 90 days after infection 
(c) 120 days after infection 


Group IV: Infected treated mice 

(a) 60 days after infection 9 
(b) 90 days after infection 9 
(c) 120 days after infection 9 


3.90 
4.64 
4.83 


4.08 (0.38) 
5.13 (0.53) 
2.76* (0.26) 


0.54* (0.07) 
(0.49* (0.12) 
0.41* (0.06) 


2.78 (0.55) 
4.28 (0.29) 
3.61* (0.42) 


0.65* (0.11) 
1.17 (0.19) 
1.37 (0.42) 


3.41 (0.67) 
3.35 (0.53) 
2.61* (0.23) 


0.56* (0.14) 
0.95 (0.23) 
0.79* (0.13) 





* Statistically significant from the corresponding control value. 
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O,N N~ SCH, NHCH(CH;), 
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The statistical evaluation of these results was done by 
using the standard f-test [12] and are summarized in Table 
1. A comparison yielding a probability value of less than 
0.05 was considered significant. From these results it was 
found that, in uninfected animals given oxamniquine 
(Group II, Table 1) a normal amount of kynurenic acid 
was produced up to 40 days after treatment. Thenafter, a 
significant decrease in the production of kynurenic acid was 
observed 70 days after treatment (2.76 umoles/g liver) 
compared with 4.83 umoles/g liver for controls. Moreover, 
a significant decrease in the production of anthranilic acid 
was observed from the tenth day of treatment up to the 
end of this study (0.54, 0.49 and 0.41 umoles/g liver) com- 
pared to the corresponding control values (1.63, 1.42 and 
2.0 umoles/g liver). 

In the infected group of mice (Group III, Table 1) a 
slight decrease in the production of kynurenic acid was 
firstly observed which then significantly decreased from 
controls 12() days after infection. On the other hand, the 
production of anthranilic acid was significantly decreased 
directly after 60 days of infection and gradually increased 
by duration until it reached a normal level (Group III, 
Table 1). 


In the infected group of mice treated with oxamniquine- 


(Group IV, Table 1) the statistically significant decrease 
in the production of anthranilic acid encountered 10 days 
after treatment was observed again 70 days after treatment. 
The decrease in kynurenic acid production was observed 
lately 70 days after treatment. 


DISCUSSION 


Results of this study indicate that the two systems respon- 
sible for kynurenine metabolism, i.e. kynurenine hydrolase 
and kynurenine aminotransferase, were inhibited by oxam- 
niquine. The inhibition encountered in the hydrolase 
enzyme was observed from the tenth day of treatment. 
This inhibition in the hydrolase enzyme is permanent only 
in the treated groups; therefore we can conclude that the 
inhibitory effect of the drug on the hydrolase enzyme is 
permanent and more prolonged than the effect of infection 
itself. 

The effects of oxamniquine and S. mansoni infection in 
inhibiting the kynurenine aminotransferase are identical. 
This inhibition encountered in the aminotransferase 
enzyme was observed lately, 120 days after infection (70 
days after treatment) in all groups studied. From these 
results it is obvious that kynurenine hydrolase is more 
sensitive to oxamniquine therapy than kynurenine amino- 
transferase because the inhibition of the former enzyme 
precedes that of the latter. 

In a previous work [3] the inhibition in these By-depen- 
dent enzymes observed in S.mansoni infection was 
explained by the observation that S. mansoni worms created 
a deficiency in pyridoxal phosphate of the infected mouse 
liver. This effect was discussed in view of the possibility of 


Pyridoxal 


two combined mechanisms: (a) an antimetabolite secreted 
by the infected worms or present in its eggs partially 
inhibited the phosphorylation of pyridoxal phosphate; (b) 
the concentration effect of the worms on the pyridoxal 
phosphate which results in a reduced level of the cofactor. 

It was previously reported on the effect of some anti- 
monial antibilharzial drugs [3, 4, 8, 13] that the antimonial 
content of these drugs is the factor responsible for the 
inhibition encountered in the kynurenine hydrolase and 
kynurenine aminotransferase enzyme systems. The pos- 
sibility of the formation of an inactive chelate between 
antimony and pyridoxal phosphate, which is the needed 


‘cofactor in both enzyme reactions, was offered as a mech- 


anism for the observed inhibition [3,8]. The inhibition 
induced by oxamniquine may be explained by the presence 
of the hydroxymethyl group in oxamniquine (Fig. 1) and 
its metabolite, since this group in pyridoxal provides a site 
of attachment for the ester phosphate in the process of 
pyridoxal phosphate formation [14]. Thus, oxamniquine 
with its hydroxymethyl group may interfere and supress 
the process of pyridoxal phosphate formation. 
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Effects of dipyridamole on human blood lymphocytes* 


(Received 16 January 1980; accepted 24 January 1980) 


Dipyridamole _[2,6-bis(diethanolamino)-4,8-dipiperidino 
(5,4-d)pyrimidine] inhibits the transport of purine and 
pyrimidine nucleosides through the membranes of normal 
and malignant mammalian cells [1]. This effect of dipyrid- 
amole was demonstrated in human erythrocytes [2], plate- 
lets [3] and lymphocytes [4], pig vascular endothelium [5], 
chicken fibroblasts [6], heart [7], murine leukemic lympho- 
blasts [8] and rat hepatoma cells [9]. Concentrations of 
dipyridamole inhibiting the influx of nucleosides into cells 
were lower than those altering the output [8]. 

We have examined the effects of dipyridamole on the 
uptake of [*H]thymidine into human blood lymphocytes, 
on the stimulation of lymphocytes by PHA and on the 
formation of rosettes with sheep red blood cells (SRBC). 

Lymphocyte suspensions. Human blood lymphocytes 
from healthy volunteers were isolated on a Ficoll-Hypaque 
gradient. Macrophages were removed by previous 30 min 
stirring of heparinized blood with carbonyl iron (2 mg/ml, 
Calbiochem AG, Lucerne, Switzerland). Lymphocytes 
were washed three times and suspended in Parker’s 
medium. Platelet contamination was less than one platelet 
per nucleated cell. 

(H| Thymidine uptake by lymphocytes. Lymphocyte sus- 
pensions (200 ul, containing 2.5 x 10° cells) were incubated 
with 200 ul of Parker’s medium alone or containing dipyr- 
idamole (Pharma Research Canada Ltd., Quebec) and 
0.2 wCi (10 ul) of [/H] thymidine (2 Ci/mole, UVVV Prague, 
Czechoslovakia) at 37°. At the time intervals indicated, 
lymphocytes were spun down by centrifugation at about 
700g for 5min and washed three times with Parker's 
medium. The cell pellets were solubilized in 0.5 ml of 
Nuclear Chicago Solubilizer (Amersham/Searle, U.S.A.) 
during overnight incubation at 37°. Radioactivity of cell 
lysates was measured by liquid scintillation spectrometry 

10]. 

or of ('H]thymidine and ["*C]leucine into lym- 
phocyte cultures. Lymphocyte suspensions (200 ul, con- 
taining 2.5 x 16° cells) in Parker's medium supplemented 
with horse serum (15% v/v), glutamine (3% w/v) and can- 
amycin (3 ug/ml) were cultivated using a microculture sys- 
tem in a humidified atmosphere of 95% air and 5% CO, 
in an ASSAB incubator at 37° for 72 hr. Dipyridamole in 
Parker’s medium (20 ul) and 1 ul of PHA (Difco, Detroit, 
MI) were added before cultivation. (°H] Thymidine 
(0.2 wCi/10 wl) or ['*C}leucine (0.1 wCi-62 mCi/mmole, 
Amersham/Searle, U.S.A.) in 20 ul was added 18 hr or 4 hr 
before cell harvesting, respectively. Incorporation of (°H]- 
or ['4C]-radioactivity into acid-insoluble material was deter- 
mined by liquid scintillation spectrometry [10]. 





* This work was supported by a grant from the Polish 
National Cancer Programme R6-6 1F 8H2C (1308-13). 


Rosette tests. Rosettes formed during incubation of lym- 
phocytes with sheep red blood cells (SRBC) at 4° for 1 hr 
were assayed according to Jondal et al. [11] and called E- 
late. The technique of Wybran and Fudenberg [12] was 
applied for examination of rosettes E-early formed immedi- 
ately after mixing lymphocytes with SRBC at room tem- 
perature. Rosettes EA formed by Fc-receptor bearing cells 
were investigated as described by Benwich et al. [13] using 
SRBC sensitized with the maximal subagglutinating dose 
of anti-SRBC rabbit antibody (Biomed, Krak6éw, Poland). 
Dipyridamole dissolved in Hank’s solution, pH 6.8, was 
added in a volume not exceeding 20 per cent of the total 
volume of the samples tested. Percentages of rosettes were 
calculated after counting one thousand lymphocytes. 

Binding of ['*C]dipyridamole to lymphocytes. Lympho- 
cyte suspensions (200 ul, containing 5-10 x 10° cells) in 
Hank’s solution, pH 6.8, were incubated with 200 ul of 
['*C]dipyridamole (7.3 wCi/mg, Pharma Research Canada 
Ltd., Quebec, Canada) dissolved in the same solution. 





Control 
without Dip 


3H-TdR, cpm 


0,03uM Dip 
0,6 uM Dip 








1 fi 


9 
Time of contact of lymphocytes with Dip. minutes 





Fig. 1. The effect of dipyridamole (Dip) on [*H]thymidine 

uptake by human blood lymphocyte suspensions. Results 

are mean values from determinations in four to five 
samples. For details see Materials and Methods. 
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Table 1. The effect of dipyridamole on incorporation of [*H]thymidine and ['*C]leucine into lymphocyte 
cultures. Results are expressed as mean values from determinations in four to five cultures 





(°H] Thymidine incorporation 


['*C]Leucine incorporation 





Non-stimulated 
cpm  % inhibition 


Dipyridamole 


(uM) cpm 


PHA-stimulated 
% inhibition 


Non-stimulated PHA-stimulated 
% inhibition % inhibition 





40,296 
36,025 
19,987 
4070 
1571 


0.0 1480 — 
0.025 1270 30.5 
0.05 1005 45.5 
0.5 567 62. 
1.5 379 79.4 


10.6 
50.4 
89.9 
96.1 





After centrifugation at about 700 g for 5 min, supernatant 
fractions were collected and cell pellets washed twice with 
cold phosphate-buffered saline, pH 7.2. Radioactivity was 
measured separately in supernatant fractions and in cell 
peliets, solubilized as described above. The recovery of the 
total ['*C]dipyridamole added ranged from 75 to 89 per 
cent. 

Figure 1 shows an abrupt inhibition of [*H]thymidine 
uptake into lymphocyte suspensions by dipyridamole. 
Nearly complete inhibition was attained with 
0.03 uM dipyridamole at zero time when lymphocytes were 
sedimented by centrifugation immediately after mixing with 
the dipyridamole solution. In the control samples, without 
dipyridamole, [*H]thymidine radioactivity taken up by lym- 
phocytes increased progressively over time. 

The data presented in Table 1 show the dipyridamole 
concentration-dependent inhibition of [H]thymidine incor- 
poration into the acid-insoluble fraction of lymphocytes 
cultivated for 72 hr. The effects of dipyridamole were sim- 
ilar in non-stimulated and PHA-stimulated cultures. About 
50 and over 80 per cent inhibition was observed at 0.05 and 
1.5 uM concentrations of dipyridamole, respectively. It was 
found that a short contact of lymphocytes with dipyridamole 
was sufficient to provoke alterations which could not be 
reversed during 72 hr cultivation. Incubation of lymphocyte 
suspensions with dipyridamole for 5 or 30 min, followed 
by washing out the drug, inhibited [*H]thymidine incor- 
poration into acid-insoluble material to the same extent as 


Rosettes 
% 


“ 


50 fF 








2 3 4 5 
Dip concentration, pM 


Fig. 2. The effect of dipyridamole (Dip) on formation of 

rosettes with sheep red blood cells (SRBC). E-early- 

rosettes formed immediately after mixing lymphocytes with 

SRBC at room temperature. E-late-rosettes formed with 

SRBC after 1 hr incubation at 4°. EA-rosettes with SRBC 
sensitized with anti-SRBC antibody. 


the constant presence of dipyridamole during the whole 
cultivation period (not shown). 

Transformation of lymphocytes by PHA appeared to be 
unaffected by the applied concentrations of dipyridamole. 
This was evidenced by unaltered stimulation of [*C]leucine 
incorporation into cell proteins (Table 1), agglutination and 
blastic transformation evaluated by morphological criteria. 

The effects of dipyridamole on the ability of lymphocytes 
to form rosettes with SRBC are presented in Fig. 2. Low 
dipyridamole concentrations diminished the percentage of 
rosettes (E-late) formed by lymphocytes during incubation 
with SRBC at +4° for 1 hr. The formation of the so called 
‘active’ or ‘early’ rosettes (E-early) formed during a very 
short contact of lymphocytes with SRBC at room temper- 
ature seemed to be most susceptible to the drug. The 
percentage of the E-early rosettes decreased from the con- 
trol value of 18 per cent to 3 and Oper cent at 0.1 and 
1 uM dipyridamole concentrations, respectively. Dipyri- 
damole concentrations up to 5 uM did not significantly alter 
the number of rosettes EA with SRBC sensitized with the 
maximal subagglutinating dose of anti-SRBC antibody. 

According to present views, rosette E-assay detects 
the whole population of T lymphocytes while Fc-receptor- 
bearing B cells form rosettes EA. The population of blood 
T lymphocytes is well known to be heterogeneous in respect 
to functional properties. Its heterogeneity is also expressed 
in the affinity for SRBC. A high yield of rosette E was 
obtained after overnight incubation of lymphocytes with 
SRBC at a low temperature. The percentages of rosettes 
E-early formed during short contact of lymphocytes with 
SRBC at room temperature were much lower. The cells 
forming this type of rosette may represent a distinct sub- 
population of T lymphocytes or their particular state may 
be characterized by high affinity for SRBC and preferential 
sensitivity to surface alterations provoked by dipyridamole. 
It is worth mentioning that the recently-published data 
point to a relation between the affinity of human 
T lymphocytes for SRBC and such a functional property 
as antibody-dependent cytotoxicity [14]. 

In the last experiment the binding of ['*C]dipyridamole 
to lymphocytes in suspension was examined. Figure 3 shows 
that on a double logarithmic scale the amount of lympho- 
cyte-bound dipyridamole is linearly related to the drug 
concentration up to 2.5 uM. We have found that 2.5 uM 
concentration constitutes a limit for complete 
['*C]dipyridamole solubility under the conditions applied. 
Scatchard plots of the binding data were not linear, indi- 
cating the presence of more than one type of dipyridamole 
binding sites on the lymphocyte surface [15]. 

In conclusion, we have shown that in in vitro conditions 
dipyridamole applied in low therapeutic concentrations [16] 
inhibits [*H]thymidine incorporation into non-stimulated 
and PHA-stimulated human lymphocytes and alters their 
receptors for SRBC. These effects of dipyridamole most 
probably depend on its fast and durable binding to lym- 
phocytes. This mechanism was found to underlie the dipyr- 
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i 1 4 


0.01 0.1 1.0 
Total *C-Dip added uM 
Fig. 3. Binding of ['*C]dipyridamole ({'"C]Dip) to lympho- 
cytes. Results are means from determinations in two to 
three samples. For details see Materials and Methods. 





0.001 


idamole-provoked inhibition of adenosine binding to blood 
platelets as well as inhibition of their aggregation. It should 
be mentioned that close similarity of lymphocyte and plate- 
let surface proteins accessible to iodination by lactopero- 
xidase has been demonstrated by Tanner and Boxer [17]. 

Coeugniet [18] reported that dipyridamole impairs the 
release of leukocyte and thrombocyte migration inhibitor 
from lymphocytes stimulated with concanavalin A. Our 
data indicating alterations in lymphocyte surface receptors 
support the assumption of this author that dipyridamole 
can produce effects of a possible significance for lymphocyte 
function. 

The beneficial therapeutic effects of dipyridamole in 
cardiovascular diseases [19, 20], kidney diseases [21] and 
[22] graft rejection, and in chronic aggressive hepatitis [23] 
were attributed to the antiplatelet and vasoactive action of 
the drug. The functional modification of the lymphocyte 
and hence, of its immunological reactivity may be con- 
sidered as a contribution to the therapeutic action of dipyr- 
idamole; therefore it deserves further study. 

In summary, dipyridamole binds to human blood lym- 
phocytes and induced an abrupt, irreversible inhibition of 
[H]thymidine uptake and incorporation into non-stimu- 
lated and PHA-stimulated lymphocyte cultures. Dipyri- 

‘damole alters the lymphocyte receptors involved in the 
formation of ‘early’ rosettes with SRBC. 
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Biliary excretion of melphalan by control and anuric rats 


(Received 14 January 1980; accepted 9 April 1980) 


Melphalan [4-bis(2-chloroethyl)amino-L-phenylalanine] is 
active against multiple myeloma and several other cancers. 
The drug appears to be actively transported into cultured 
cells [1], suggesting that the pharmacokinetics of the amino 
acid derivative may be influenced by active translocation 
of the compound in the gut, liver, kidney and other organs. 
It was reported recently that high concentrations of mel- 
phalan are found in the bile and small intestine of dogs 
treated with the compound by intravenous injection [2, 3]. 
This paper reports the results of an investigation of the 
biliary excretion and tissue levels of labeled compounds 
following the injection of ring-labeled ['*C]melphalan to 
control rats and rats with no renal blood flow. 


Materials and Methods 


Lubeled melphalan. Ring-labeled ['*C]melphalan (sp. 
act. 8 mCi/mmole) was a gift from the Chemical Resources 
Section, Pharmaceutical Resources Branch Development, 
The National Cancer Institute, Bethesda, MD. Radio- 
chemical purity of the melphalan preparation was 97 per 
cent as determined by thin-layer chromatography. Mel- 
phalan solutions, prepared by dissolving 4-7 mg of the 
labeled material in 0.5 ml of ethanol-concentrated HCl 
(100:0.5, v/v) and diluting to 1 ml with 0.154 M NaCl, were 
used within 0.5 hr. 

Bile collection. Male Sprague-Dawley rats (400-500 g) 
were anesthetized for the duration of the experiments with 
sodium pentobarbital (50 mg/kg, i.p.). A carotid artery and 
jugular vein were cannulated with PE-50 tubing and the 
bile duct was cannulated with PE-10 tubing. The artery and 
vein to both kidneys were then tied off to complete the 
ligated kidney preparation. Rectal temperature was main- 
tained at 37 + 0.3° during the experiments. Injections were 
through the venous cannula, and blood samples were taken 
from the arterial cannula. Bile was pooled for consecutive 
10-min periods. Bile volume was determined with an elec- 
tronic drop ‘counter that delivered 8 ul of bile per drop. 
Control bile flow was determined for 20 min after comple- 
tion of the preparations. Bile was stored at —20° until 
examined by chromatography. Melphalan (30 umoles/kg) 
was injected during the first 2 min of the third bile collection 
period, which corresponds to the first collection period on 
Fig. 1. Blood samples (0.2 ml) were taken at the midpoint 
of each bile collection period. Blood lost due to sampling 
was replaced with 0.154 M NaCl. Samples (0.2 ml) of blood 
were diluted with 4 vol. of 0.154 M NaCl-2 mM NaEDTA 
and centrifuged for 5 min at 2000 g. The resulting diluted 
plasma was decanted. After the last bile collection period 
(Lhr after the melphalan injection), 2 ml of blood was 
taken to determine whole blood and plasma drug equiv- 
alents. A pneumothorax was produced and samples of 
kidney, liver and skeletal muscle were taken. 

Hepatocyte preparation. Hepatocytes were prepared 
from fed male rats as described elsewhere [4]. Trypan blue 
was excluded by 95 per cent of the hepatocytes. The rate 
of oxygen uptake by the cells, suspended in 117 mM NaCl- 
4.8mM KCl-1.2mM MgSO,-1.0mM KH>PO,-20 mM 
Tris-HCI at pH 7.4, was stimulated less than 20 per cent 
by the addition of 1 mM succinate [5]. 

Analytical methods. Samples of plasma and bile were 
diluted directly with scintillation mixture for counting. 
Samples of blood, kidney, liver and skeletal muscle were 
dissolved in Soluene-350 (Packard Instrument Co. , Downer 


Grove, IL), by incubation at 40° for 12 hr. Aliquots of the 
Soluene solution were diluted with scintillation mixture 
and stored for 24 hr at room temperature before counting. 
Thin-layer chromatography was done on glass plates coated 
with a 250 um layer of silica gel G. One sample of bile 
(0.2 ml) was streaked horizontally 1 cm from the bottom 
of each 10 x 20cm plate. The plates were developed in the 
long axis with n-butanol-acetic acid—water (7:2:1). After 
air drying, 1 cm horizontal strips of silica gel were scraped 
from the plates directly into scintillation vials. Scintillation 
mix was added, and the vials were shaken mechanically for 
12 hr and counted. Bile samples collected from control rats 
for 0.5 hr after melphalan treatment (Fig. 1) were pooled 
and examined by chromatography. As a control, melphalan 
at 1 mg/ml in ethanol-concentrated HCI was diluted 1:1 
with control rat bile, incubated for 0.5 hr at 22°, and then 
examined by thin-layer chromatography. 

Calculations and statistics. The concentration of drug 
equivalents in the samples was calculated from the observed 
counts and the specific activity of the labeled melphalan. 
Student’s f-test was employed with a difference being con- 
sidered statistically significant when the probability that it 
had occurred by chance was less than 0.05 (P<0.05). 


Results 

Figure | illustrates the rates of biliary excretion of drug 
equivalents by control rats and rats with ligated kidneys. 
Melphalan treatment and kidney ligation had no effect on 
bile flow, which was 69 + 2 ul-min '-kg ' (mean + S.E.M. 
N = 6). In all bile samples from rats with ligated kidneys, 
the concentration of drug equivalents was greater than that 
observed in corresponding bile samples from control rats. 
The range of drug equivalent concentrations in the bile 
samples was 0.5-0.8 mM with the maximum concentration 
occurring in bile collected 10-20 min after melphalan injec- 
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Fig. 1. Rate of biliary excretion of drug equivalents by rats 

treated with melphalan (30 umoles/kg, i.v.). Key: (A) 

ligated kidney preparation; and (@) control rats. The 
means + S.E.M. for three rats are plotted 
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Fig. 2. Cumulative recoveries of drug equivalents in the bile of rats treated with melphalan (30 umoles/kg, 
i.v.). Key: (A) ligated kidney preparation; and (@) control rats. The means + S.E.M. for N = 3 are 
plotted. 


tion. Maximal bile/plasma drug equivalent concentration 
ratios, which were 35:1 and 25:1 for the ligated kidney 
and control preparations, respectively, occurred in samples 
collected 10-20 min after melphalan injection. In all cases 
bile/plasma concentration ratios from the ligated kidney 
preparation were greater than those observed for the con- 
trol preparation. 

The cumulative recoveries of drug equivalents in the bile 
of the two preparations are seen in Fig. 2. Total recovery 
of the injected drug equivalents in the bile for 1 hr following 
melphalan injection was 11 + 1 and 18 + 1 per cent (P< 
0.05) for control and ligated kidney preparations, 
respectively. 

Figure 3 shows the concentration of drug equivalents in 
plasma for | hr following melphalan injection for all six 
rats since ligation of the kidneys caused no significant 
change in plasma levels. Blood/plasma ratios in blood col- 
lected 1 hr after melphalan injection were 1.9 + 0.2 and 
1.7 + 0.2 (not significant) for the control and ligated kidney 
groups, respectively. Thus, renal ligation caused no change 
in the blood/plasma ratios; however, the data demonstrate 
that drug equivalents concentrate with blood cells relative 
to plasma. 

Tissue drug equivalents 1 hr after melphalan injection 
may be seen in Fig. 4. The differences between the control 
and ligated kidney preparation were statistically significant 
only in the case of the kidney. 

The nature of the labeled compounds in rat bile after 
melphalan injection was examined by thin-layer chroma- 
tography and partition between 1,2-dichloro-ethylene and 
10mM HCl. Thin-layer chromatography of labeled mel- 
phalan added to control rat bile showed that 86 per cent 
of the radioactivity moved from 7 to 10 cm from the origin, 
as did authentic labeled melphalan. In contrast, chroma- 
tography of bile from rats injected with labeled melphalan 
showed that 81 per cent of the counts were found 0-7 cm 
from the origin with 23 per cent of the counts recovered 
0-3 cm from the origin. The distribution of labeled mel- 
phalan between equal volumes of 1,2-dichloroethylene and 
10mM HC! was 34/1 (dichloroethylene/HCl) whereas the 
radiolabeled material in the bile of the rats treated with 
labeled melphalan distributed 10/1 (dichloroethylene/HCl). 


The excretion of drug equivalents in rat bile suggests 
that melphalan may be rapidly taken up by isolated rat 
hepatocytes. Hepatocytes (4 x 10°/ml) were incubated in 
Krebs bicarbonate buffer that was 20 mM in glucose for 
15 min at 37° in an atmosphere of 95% O,-5% CO). The 
assays were then made 0.5 mM in labeled melphalan and 
2.5% (v/v) in ethanol. At 5, 10 and 15 min after the addition 
of melphalan, 0.1-ml aliquots of the mixtures were layered 
on 0.15 ml of 1-bromododecane [6] which was floating on 
0.05 ml of 3 N KOH in a plastic microcentrifuge tube. The 
tubes were centrifuged for 1 min in a Beckman Microfuge 
and the lower portion of the tubes containing the KOH 
and cell pellets was cut off and allowed to fall directly into 
a scintillation vial. Counting was done after the samples 
had been shaken overnight with scintillation mixture. 
Under these conditions, 10° hepatocytes took up less than 
0.02 nmole melphalan. The amount of melphalan accu- 
mulated by the cells was not affected by increasing the 
incubation time to 20min or by including 1.0mM 2,4- 
dinitrophenol in the assay. 
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Fig. 3. Plasma drug equivalents in rats treated with mel- 
phalan (30 umoles/kg, i.v.). The means + S.E.M. for N = 
6 are plotted. 
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Fig. 4. Tissue drug equivalents 1 hr after treating rats with 

melphalan (30 umoles/kg, i.v.). Means + S.E.M. for N = 

3 are plotted. The only statistically significant differences 

between the control and ligated kidney preparations were 
in the kidney. 


Discussion 

As reported for the dog, the present study has demon- 
strated relatively high concentrations of labeled compounds 
in rat bile after intravenous dosing with labeled melphalan. 
In contrast with the dog, the rat appears to excrete largely 
a melphalan metabolite(s) in its bile. Melphalan does not 
appear to be chemically unstable in rat bile since the labeled 
material could be spiked into rat bile in vitro and recovered 
unchanged by thin-layer chromatography. It is possible that 
species differences in the metabolism of melphalan are 
significant. Inspection of the data resulting from the appli- 
cation of a chromatography method to the determination 
of melphalan in rat plasma [7] indicates a plasma half-life 
of about 0.5 hr following intravenous injection. This com- 
pares favorably with the plasma half-life of drug equivalents 
for the first 0.5 hr that can be estimated from Fig. 3. 

Ligation of the kidneys resulted in an immediate increase 
in the excretion of drug equivalents into rat bile. Although 
liver levels of drug equivalents were not increased in the 
ligated kidney preparations | hr after melphalan injection, 
the increased biliary excretion of drug equivalents seen in 
the ligated kidney preparations suggests that liver drug 
levels may have been higher than control shortly after 
melphalan treatment in animals with no renal blood flow. 
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Maximal rates of biliary excretion (Fig. 1) occurred when 
plasma levels of melphalan were reduced to about half of 
the maximal levels observed (Fig. 3). This suggests that 
hepatic uptake by the liver is fast relative to the rate at 
which the liver can excrete drug equivalents into the bile. 
The high bile/plasma ratios and the concentration of drug 
equivalents in the blood cells relative to plasma observed 
here suggest that melphalan may be subject to active trans- 
port in vivo, as is the case in cultured cells [1]. The failure 
of isolated hepatocytes to accumulate large amounts of 
label when incubated with melphalan suggests that hepatic 
mechanisms involved in uptake may have been damaged 
during isolation of hepatocytes or that the cells rapidly 
extruded the labeled compounds, thus accumulating only 
low concentrations of melphalan and/or its metabolites. 

In summary, rats given melphalan by intravenous injec- 
tion quickly excreted labeled compounds in their bile. 
Animals with no renal blood flow excreted higher concen- 
trations and a larger fraction of the injected dose of mel- 
phalan in the bile. Renal ligation had no effect on plasma 
drug levels. Relative to plasma, melphalan concentrated 
in blood cells. In control rats, the tissue levels of drug 
equivalent Lhr after melphalan injection were: 
kidney > liver > skeletal muscle. Renal ligation did not 
have a statistically significant effect on drug equivalents in 
the liver or muscle 1 hr after treatment. 


Acknowledgements—This investigation was supported by 
grants from the Graduate School and the Medical School 
of the University of Missouri-Columbia, Columbia, MO 
65212. 


KEITH H. BYINGTON* 
CHRISTOPHER C. BOWE 
DAVID S. MCKINSEY 


Department of Pharmacology, 
School of Medicine, 

University of Missouri-Columbia, 
Columbia, MO 65212, U.S.A. 


REFERENCES 


. D. T. Vistica, Biochim. biophys. Acta 550, 309 (1979). 

. R. L. Furner, L. B. Mellett, R. K. Brown and G. 
Duncan, Drug Metab. Distrib. 4, 577 (1976). 

.R. L. Furner, R. K. Brown and G. Duncan, Cancer 
Treat. Rep. 61, 1637 (1977). 

.M. N. Berry and D. S. Friend, J. Cell Biol. 43, 506 
(1969). 

. J. P. Mapes and R. A. Harris, Fedn. Eur. Biochem. 
Soc. Lett. 51, 80 (1975). 

. A. M. Janski, N. W. Cornell, R. L. Veech and P. A. 
Srere, Fedn. Proc. 38, 571 (1979). 

.S. Y. Chang, D. S. Alberts, L. R. Melnick, P. D. 
Walson and S. E. Salmon, J. pharm. Sci. 67, (1978). 





Short communications 


Biochemical Pharmacology, Vol. 29, pp. 2521-2523 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


2521 


0006-2952/80/0915-2521 $02.00/0 


Stimulation of phosphatidylcholine breakdown by isoproterenol in rat liver 
plasma membranes 


(Received 27 December 1979; accepted 24 April 1980) 


Hormones are the common means of carrying messages 
from the environment to the cells [1]. The first step in the 
sequence of these events is their combining with the appro- 
priate receptor. One of the most important structures trans- 
mitting the information carried by the hormones is the 
catecholamine stimulated adenylate cyclase-cAMP system 
[1, 2], the activity of which has been found to be dependent 
also on the presence of a specific phospholipid milieu [3, 4]. 
The catecholamines also affect the phospholipid metab- 
olism of the cells: they increase the turnover of phosphatidic 
acid and phosphatidylinositol [5-8]. Besides catechol- 
amines, acetylcholine [9, 10], insulin [11] and thyroid stimu- 
lating hormone [12] have also been shown to stimulate the 
incorporation of **P into phosphatidic acid and phospha- 
tidylinositol in a variety of tissues. 

Our knowledge about the structural changes taking place 
in membranes, upon formation of the hormone-receptor 
complex, is rather poor. It can be accepted, as a working 
hypothesis, that the hormones locally disturb the membrane 
structure and both the ‘phospholipid effect’ and the stimu- 
lation of adenylate cyclase can be traced back to this event. 
Phospholipase C, similarly to phospholipase D of plants 
[13], can be activated by disrupting membrane integrity 
[14]. In this paper we demonstrate that isoproterenol trig- 
gers an intensive decomposition of phosphatidylcholine in 
rat liver plasma membrane and by treating plasma mem- 
branes with exogenous phospholipase C the ‘phospholipid 
effect’ of this catecholamine can be mimicked. 

To check this hypothetical effect of catecholamines on 
phospholipase C, rat liver plasma membranes were used. 
The plasma membranes (250 ug), obtained from male rats 
(body wt 120 g) by the method of Neville [15], were incu- 
bated in 200 ul 40 mM Tris-HCl buffer, pH 7.5, containing 
[1, 2-'C]choline chloride (New England Nuclear, Boston, 
MA, U.S.A. sp. act. 55.6 wCi. umol™', 0.25 uCi. mg pro- 
tein~') at 25° for 10 min to label phosphatidylcholine. The 
unreacted label was removed by repeated centrifugation 
at +4° in Tris-HCl buffer, pH 7.5. The sediment was 
resuspended in the same buffer and protein content deter- 
mined by the method of Lowry et al. [16]. Isoproterenol, 
in varying concentrations (10°*, 10-°, 10-° M), was then 
added to the membrane preparation and incubations were 
carried out for various lengths of times at 25°. A typical 
reaction mixture consisted of 150 ug membrane protein 
suspended in 200 yl 40 mM Tris-HCl buffer, pH 7.5. CaCl, 
was absent from this incubation system. The reaction was 
terminated by adding 2 ml chloroform—methanol (2:1). In 
some other experiments the membranes, suspended in 
40 mM Tris-HCI buffer pH 7.5, were treated with phos- 
pholipase C (Sigma Chem. Co., St. Louis, MO, U.S.A., 
from Clostridium welchii, 0.1 mg. mg protein”') in a reac- 
tion mixture containing also 0.5mM CaCl, and 
[*P]orthophosphate, 1 wCi.mg protein™', at 25°. After 
10 min of incubation 1 mM EDTA, 2 mM MgCl, in 25 mM 
Tris-HCI buffer, pH 7.5, was added to stop the reaction. 
The effect of isoproterenol on incorporation of *P into 
phospholipids was investigated in a reaction mixture devoid 
of CaCl). [*°P]Orthophosphate was present also in this case 
in a ratio of 1 wCi.mg protein '. Phospholipids were 
extracted by the conventional Folch technique [17] and 
separated by two dimensional t.I.c. [18]. Spots, made visible 
by brief exposure of the plates to iodine vapours, were 


removed in scintillation vials and counted from toluene 
based scintillation cocktail to 5 per cent counting error 
using a Tri Carb Liquid Scintillation Spectrometer. Counts 
were corrected for quenching and counting efficiency. 

About 0.1-0.3 per cent of the label of the applied [1, 2- 
'4C]choline chloride appeared in phosphatidylcholine under 
our experimental conditions. This value is one order of 
magnitude less than that obtained by Jungalwala and Daw- 
son [19] using rat liver microsomes. Evidently, in our case 
a passive exchange of polar head groups might have taken 
place instead of active biosynthesis of phosphatidylcholine 
occurring in microsomes. 

Phospholipase C is known to hydrolyse phosphatidyl- 
choline to phosphorylcholine and 1,2 diglyceride. When 
the prelabelled membranes were incubated in Tris-HCl 
buffer in the absence of CaCl, for various lengths of times, 
only a few counts disappeared from the phosphatidylcho- 
line, indicating a very low level of endogenous activity of 
phospholipase C. On the other hand, including also iso- 
proterenol in the incubation medium, an increased hydroly- 
sis of phosphatidylcholine occurred, probably due to acti- 
vation of phospholipase C. The response of membranes to 
the hormone was very rapid and seemed also to be con- 
centration dependent (Fig. 1). Thirty seconds of incubation 
were sufficient to bring about a maximal response using 
medium hormone concentrations. Isoproterenol has 
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Fig. 1. Stimulation by 1-isoproterenol of rat liver plasma 
membrane phospholipase C. Plasma membranes were 
incubated in the presence of [1,2-'"C]choline chloride to 
label phosphatidylcholine prior to the assay. A typical 
reaction mixture consisted of 150 ug of labeled membrane 
protein suspended in 200 ul 40 mM Tris-HCl buffer, pH 
7.5, containing the hormone as indicated. The control 
membranes incorporated 2000+ 20dpm choline chloride. 
mg protein™' in phosphatidylcholine. The figures on the 
ordinate represent the counts disappeared from phospha- 
tidylcholine during the first minute of the incubation. 
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Table 1. Effect of adrenergic blocking agents on stimulation by isoproterenol of phos- 
pholipase C in rat liver plasma membrane* 





I 





dpm 


Experiment in PC 


Stimulation 





% dpm % 
in PC Stimulation 





Control 3 270 
Isoproterenol, 10°°M 135 
Propranolol, 10-°M 220 
Propranolol + 

Isoproterenol ; 150 
Phentolamine 10° °M 230 
Phentolamine + 

Isoproterenol 160 


0 280 0 
50 140 50 
19 250 1] 


45 165 41 
15 270 + 


41 192 31 





* Plasma membranes were preincubated with [1,2-'"C]choline chloride to label phos- 
phatidycholine prior to the experiment. Labeling of phosphatidylcholine took place by 
adding 2.2-2.3 x 10° dpm [1,2-'*C]choline to 250 ug membrane protein suspended in 200 ul 
40 mM Tris-HCl buffer, pH 7.5, at 25° for 10 min. The disappearance of the label from 
phosphatidylcholine was followed. Each experiment was run in duplicate. PC = 


phosphatidylcholine. 


recently been shown also to stimulate phospholipase A in 
canine cardiac sarcolemma [20]. 

To understand the rapid activation of phospholipase C 
by isoproterenol we can have at least three different pos- 
sibilities: (1) this enzyme is masked in the membrane by 
some proteins; (2) the polar head groups of phosphatidyl- 
cholines are protected from the enzyme attack by some 
proteins; (3) the same protein masks phospholipase C and 
protects the polar head groups. Whichever is the case, as 
soon as the hormone was bound to the membrance an 
intensive decomposition of phosphatidylcholine was trig- 
gered off. So, if any of the above considerations are correct, 
the most likely explanation as to the reaction mechanisms 
is that phospholipase C activation could be a result of 
perturbation of membrane integrity by the hormone. 

Isoproternol is a B-agonist and in general f-receptors are 
among the structures known to bind catecholamines on the 
membrane surface. It seemed logical to check whether 
adrenergic blocking agents prevent this effect of the inves- 
tigated catecholamine. 

Table | indicates that the f-adrenergic blocking agent, 
propranolol, did not exert any significant stimulatory effect 
on decomposition of phosphatidylcholine when included 
in the incubation medium. It was, however, unable to 
prevent isoproterenol from activating phospholipase C. 
Phentolamine, an a-adrenergic blocking agent, also failed 
to counteract isoproterenol. This experiment seems to 


indicate that the hormone achieved its effect on phospho- 
lipase C in a rather aspecific way and neither w nor B- 
receptors are involved in the response. 

There is, however, some similarity between the so-called 
‘phospholipid effect’ of isoproterenol and phospholipase 
C. Both catecholamines [5-8] and phospholipase C [21-23] 
have been shown to stimulate the incorporation of *“P into 
phosphatidic acid and phosphatidylinositol under various 
experimental conditions. Table 2 reveals that isoproterenol 
and exogenous phospholipase C exerted similar effect on 
the incorporation of [**P]orthophosphate in phosphatidic 
acid and phosphatidylinositol of rat liver plasma membrane. 
The other phospholipids also picked up label from 2P as 
it is evident from their increased specific radioactivities 
(Table 2). More detailed investigations using different 
enzyme and hormone concentrations are necessary to see 
whether the observed differences in specific radivactivities 
reflect real differences between isoproterenol and phos- 
pholipase C. Propranolol, as shown in an earlier study [8], 
failed to counteract isoproterenol on the incorporation of 
“P in phosphatidylinositol and phosphatidic acid of rat 
heart slices. Experiments are being carried out to see 
whether a- and $-adrenergic: blocking agents modify the 
pattern of labeling of phospholipids in rat liver plasma 
membranes. These observations, however, permit the 
suggestion that the first step is to disturb the integrity of 
the outer membrane lamella by the hormone followed by 


Table 2. Stimulation by isoproterenol and phospholipase C of incorporation of **P into rat liver plasma membrane 
phospholipids* 





Control 





Phospholipase C 


Isoproterenol 
(0.1 mg.membrane protein ‘ 


(10°°M) 





1 


dpm dpm.ug 


dpm 


dpm.ug ! dpm 





Phosphatidic acid 385 + 22 550 l 
Phosphatidylinositol 
Phosphatidylserine 
Phosphatidylcholine 
Phosphatidylethanolamine 


I+ I+ I+ I+ I+ 


3 581 + 40 
4 1066 + 45 
3 728 + 30 91+6 625 
l 


1656 + 40 41+1.3 546 
+ 


05 BED 35 


1162 + 80 550 
100 +6 642 


35 
25 
20 
30 


25 


I+ I+ I+ I+ I+ 


15 779 





* The plasma membranes were incubated in the presence of *-P orthophosphate. 1 uCi. mg protein 
phosp ! gp 


' and various 


additives at 25° for 10 min. The phospholipase C treatment was performed in a reaction mixture of 250 ug membrane 
protein, 25 ug phospholipase C, 0.5 mM CaCls, suspended in 200 ul 40 mM Tris-HCl buffer, pH 7.5. The results are the 
means + S.E. of triplicate determinations from a single experiment. 





Short communications 


activation of phospholipase C and phosphorylation of the 
liberated diglycerides in the inner membrane layer. Rapid 
transbilayer diffusion of 1,2 diacylglycerol was demon- 
strated for phospholipase C-treated red blood cells by Allan 
et al. [23]. 

Removing part of the phosphatidylcholine from the outer 
membrane layer may result also in structural alterations. 
The major consequence of reduction of this phospholipid 
is a relative increase in sphingomyelin, cholesterol and 
phosphatidylethanolamine. Cholesterol is known to 
increase the ordering of the membranes [24]. Moreover, 
a relative increase in phosphatidylethanolamine might con- 
tract the membranes locally due to more frequent formation 
of H bonds between N*H groups of this phospholipid and 
the P+O™ groups of the neighbouring phospholipid [25]. 
As a result of such alterations concave areas might develop 
on the outer surface of the membrane, the presence of 
which has been suggested by Allan et al. [23] and also by 
freeze etch electron microscopy of phospholipase C-treated 
membranes [26]. The local increase in microviscosity in the 
outer membrane layer may be accompanied by a local 
increase of fluidity in the attaching inner membrane leaflet, 
due partly also to the presence of diglycerides and phos- 
phatidic acid [23]. 

Although the ‘phospholipid effect’ of catecholamines and 
their stimulation of adenylate cyclase appear to be inde- 
pendent events the question still arises whether the above 
structural alterations of membrane favour the coupling of 
B-adrenergic receptor situated on the outer surface of the 
membrane with the catalytic subunit located in the interior 
membrane surface. Consistent with this is the observation 
that binding of B-adrenergic agonists results in a decrease 
of the entropy of the (outer) membranes [27] on the one 
hand and that coupling of B-adrenergic receptor with the 
catalytic subunit is a diffusion controlled process and is 
facilitated by a more fluid milieu [28], on the other. Thus, 
because catecholamines bring about structural alterations 
in the membrane they may render it thermodynamically 
more favourable for the activation of adenylate cyclase. 

In summary, incubation of rat liver plasma membranes 
in the presence of isoproterenol resulted in a rapid decom- 
position of phosphatidylcholine. Phentolamine, an a-, and 
propranolol, a B-adrenergic blocking agent, were unable 
to prevent this action of the hormone. Both isoproterenol 
and phospholipase C treatment resulted in an enhanced 
labeling by *P of phospholipids present in the membrane. 
It was suggested that morphological changes of the mem- 
brane architecture by hormone may also facilitate the coup- 
ling of B-adrenergic receptor with the catalytic subunit of 
the adenylate cyclase. 
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Effects of acute and chronic phencyclidine on neurotransmitter enzymes in rat 
brain* 


(Received 17 September 1979; accepted 11 February 1980) 


Phencyclidine (1-phenycylohexyl piperidine hydrochloride; 
sernyl, PCP) is an anesthetic drug which has psychotomi- 
metic properties in man [1,2] and produces increases in 
locomotor activity and stereotyped behavior in rats, mice 
and monkeys [3, 4]. The psychotomimetic effects of PCP 
in man have been described as resembling more closely 
those seen in schizophrenic psychosis than in the psychotic 
states produced by several other hallucinogenic drugs [5]. 
The clinical presentation of acute phencyclidine intoxica- 
tion in man is often characterized by an acute confusional 
state with disorientation and by motor ataxia and rigidity; 
this has some resemblance to toxic states induced by atro- 
pine and other anticholinergics. Behavioral and biochemi- 
cal experiments with PCP indicate that the drug has diverse 
effects on several neurotransmitter systems in the brain 
and periphery. Previously reported pharmacological effects 
of PCP in animals include: (a) inhibition of uptake of 
norepinephrine, dopamine and serotonin in rat brain [6], 
(b) decreased synthesis or release, and/or increased metab- 
olism of catecholamines in mouse or rat brain [7], (c) 
behavioral and pharmacological evidence for competitive 
antagonism of acetylcholine in peripheral organs and the 
CNS [8, 9], and (d) competitive inhibition of red cell and 
brain acetylcholinesterase (AChE) activities in vitro [10]. 
In vivo effects of PCP on AChE or other brain cholinergic 
enzymes, however, have not been extensively investigated. 
There is only one published study of the effect of PCP on 
brain y-aminobutyric acid (GABA) [11]. We have shown 
recently that chronic administration of PCP, at some doses, 
produces an apparent supersensitivity to the effect of the 
drug on stereotyped behavior in the rat [12]. As a part of 
a series of studies of the behavioral and biochemical effects 
of acute vs chronic administration of PCP, experiments 
were carried out to investigate the effects of a single dose 
as compared to multiple doses of PCP on several enzymes— 
choline acetyltransferase (CAT), acetylcholinesterase 
(AChE), acetyl CoA hydrolase (AcCoA-H) and the 
GABA-synthesizing enzyme glutamic acid decarboxylase 
(GAD)—in several regions of rat brain. 

Sprague-Dawley male rats with initial weights of 200- 
300 g were used. Rats were housed in groups of six, had 
access to Purina rat chow and water, and were maintained 
in rooms with a 12-hr light-dark cycle and temperature 
control of 76 + 2°F. The three groups used in the experi- 
ment were designated as follows: saline controls [these rats 
received injections of saline for 30 days and saline on day 
31], acute PCP [these rats received injections of saline for 
30 days and PCP (10 mg/kg, i.p.) on dav 31], and chronic 
PCP [these rats received daily injections of PCP (10 mg/kg 
i.p.) Monday-Friday, and PCP (1 mg/100 ml) in their drink- 
ing water on Saturday and Sunday, for a period of 30 days, 
and received PCP (t0 mg/kg, i.p.) on day 31]. Rats were 
killed 45 min after the 31st injection, and the brains were 
dissected over ice and frozen at —20° until analysis. 





* Supported in part by a grant from the Scottish Rite 
Schizophrenia Research Foundation NMJ, U.S.A. Robert 
C. Smith, M.D., Ph.D., Principal Investigator. 

+L. L. Hsu and J. L. Claghorn, submitted for 
publication. 


Selected brain regions (cerebellum, hippocampus or 
hypothalamus) were homogenized in Svol. of ice-cold 
0.05 M potassium phosphate buffer (pH 7.5); the various 
enzyme activities were determined in cach homogenate. _ 

AChE was assayed according to the method of Garry 
and Routh [13] with slight modifications. The coefficient 
of variation of duplicate assays on the same sample was 
4.3 + 3.2 per cent. 

CAT activity was determined by the charcoal method of 
Brandon and Wu [14] with slight modifications, measuring 
the labeled acetylcholine produced. The coefficient of vari- 
ation of duplicate assays on the same sample was 3.9 + 4.4 
per cent. 

AcCoA-H activity was determined by a charcoal method, 
developed in our laboratory, that is similar to the CAT 
assay except that (1) the reaction mixtures in a final volume 
of 60 ul of 0.5 M potassium phosphate (pH 7.5) contained 
only 2mM EDTA, an aliquot of brain homogenate, and 
200 uM AcCoA[1-“C], and (2) the incubation time was 
20 min. At the end of each incubation, the reaction was 
stopped by addition of | ml of 10% acetic acid, and 180 mg 
of charcoal Norit neutral was added to absorb unreacted 
AcCoA. The reaction mixture was allowed to stand for 
20 min with occasional vortexing and then was centrifuged 
at 5000 rpm for 20 min. A 0.5-ml aliquot of the supernatant 
fraction was transferred to a scintillation vial for measure- 
ment of radioactivity. The coefficient of variation of dupli- 
cate assays on the same sample was 4.4 + 4.2 per cent. 

GAD activity was determined according to the method 
of Wu et al. [15] measuring the evolution of "CO, from L- 
[1-'*C]glutamic acid under anaerobic conditions. The coef- 
ficient of variation of duplicate assays on the same sample 
was 2.3 + 2.04 per cent. 

Statistical analysis was a one-way analysis of variance 
with the three treatment groups for each region. The sig- 
nificance of the difference between specific groups con- 
tained in the overall analysis of variance in a specific region 
was determined by the Duncan Multiple Range Test. For 
some purposes two-way analysis of variance (region x drug 
treatment) was also performed. 

A single in vivo dose of PCP significantly affected the 
activities of two cholinergic enzymes, CAT and AChE, and 
the GABA-synthesizing enzyme, GAD, in some of the 
brain areas studied (Fig. 1). CAT activity was decreased 
(50 per cent) in cerebellum (P<0.01), increased (18 per 
cent) in hippocampus, and showed no significant change 
in hypothalamus. AChE activity was increased in cerebel- 
lum (41 per cent) and hippocampus (29 per cent); a similar 
percentage increase (44 per cent) was found in hypothala- 
mus, although this result was not statistically significant. 
Acute PCP treatment increased GAD activity by about 20 
per cent in hippocampus (P < 0.05), but did not signifi- 
cantly increase GAD activity in the two other brain areas. 
There was no change in AcCoA-H activity in any of the 
regions studied. 

After chronic PCP treatment, the changes in CAT and 
AChE activity seen after a single PCP dose did not occur; 
the activities of these two enzymes, in the three brain 
regions of chronic PCP rats, were not significantly different 
from the saline controls (Fig. 1). Furthermore, in those 
brain regions that showed significant changes in CAT and 
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Fig. 1. Effects of acute and chronic phencyclidine on (a) CAT, (b) AChE, and (c) GAD activities in 
three regions of rat brain. Each bar represents mean (+ S.E.M.) enzyme activity based on analysis of 
independent samples of four to five rats in each group. The activity of AcCoA-H is not shown in the 
graph because there were no significant effects due to PCP treatment. Overall mean AcCoA-H values 


in the three brain areas [expressed in nmoles-(mg protein) ‘hr! 


were as follows: 8.44 (cerebellum), 


6.92 (hippocampus) and 12.44 (hypothalamus). The statistical significance of the difference between 
specific groups was assessed by means of the Duncan multiple-range procedure after one-way analysis 
of variance. The level of significance of the difference between acute (AP) or chronic (CP) vs saline 
(S) is indicated above the bar; the level of significance of the differences between acute (AP) vs chronic 
(CP) PCP is indicated within the CP bar. Key: (+) P < 0.10; (*) P < 0.05; and (**) P< 0.01. 


AChE activities after a single dose of PCP, the enzyme 
activities after chronic PCP treatment were significantly 
lower than in the acute PCP group (Fig. 1). There was no 
change in AcCoA-H activity in the chronic PCP rats. In 
contrast to the reversal of the effects of acute PCP on the 
cholinergic enzymes, that was seen after chronic PCP treat- 
ment, the changes in GAD activity induced by the single 
dose of PCP were maintained or increased in the tissue 
from chronically treated animals. 

PCP that was added in vitro (concentration 10~° M) to 
homogenates of rat hippocampus substantially increased 
AChE activity (by 69 per cent) over control values. There 
was no change in CAT, GAD or AcCoA-H activities in 
rat hippocampus at this in vitro concentration of PCP. 

Our results, which show that PCP significantly increased 
AChE activity in specific brain regions both in vivo and in 
vitro, differ from those reported by some other investiga- 
tors. Leonard and Tonge [11] found no statistically sig- 
nificant effects of 10 mg/kg PCP on whole brain AChE 
activity in Wistar rats, although there was a non-significant 
trend for an increase in AChE activity at the 30-min time 
point. Pinchasi et a/. [10] reported that in vitro PCP 
inhibited AChE activity in preparations from whole mouse 
brain. These differences in results may be due to differential 
effects of PCP on AChE activity in different brain regions, 
or differences in strain (Wistar vs Sprague—Dawley), species 
(rat vs mouse) or source of animals. Regional differences 
in the effects of drugs on neurotransmitter enzyme activity 
may be masked in enzyme activity investigated in whole 
brain homogenates. Even in the three specific brain regions 
that we studied, a two-way analysis of variance showed a 
significant (P < 0.05) “interaction effect” of the extent of 
the effect of PCP on AChE or CAT activity in different 
regions of rat brain. The variability of the neurochemical 
effects of PCP, even in a single strain of animals, is illus- 
trated by the findings of Tonge [16]; she reported opposite 
effects of PCP on 5-hydroxytryptamine and 5-hydroxyin- 
doleacetic acid in Wistar rats obtained from two different 


sources. We have also previously reported different effects 
on brain catecholamines of another hallucinogenic drug, 
D-lysergic acid diethylamide (LSD) [17], in Sprague-Daw- 
ley rats, as compared to the results of Tonge and Leonard 
[18] in Wistar rats. The previously reported differences in 
the neurochemical effects of PCP and other hallucinogenic 
drugs in different strains or sources of rats make it under- 
standable that similar differences in the biochemical effects 
of PCP may exist in two species (rat vs mouse). Although 
the significant effects of PCP that we reported on CAT and 
AChE activities in some regions of rat brain support the 
suggestion that the effect of PCP on brain cholinergic 
systems may be one mechanism involved in its effects in 
animals and man, it will be important to further investigate 
regional and species differences in these neurochemical 
effects of PCP on brain cholinergic enzymes. 

This is the first report of significant effects of PCP on 
GABA enzymes in vivo; Leonard and Tonge [11] reported 
a decrease in GABA levels in whole brain preparations 
from Wistar rats 30-60 min after the administration of 
10 mg/kg PCP. If a similar decrease in GABA levels also 
occurred in Sprague-Dawley rats, the increase in GAD 
levels that we report might be consistent with an increase 
in GABA turnover. 

The failure of the 31st dose of PCP to affect CAT and 
AChE activities in hippocampus and cerebellum, to the 
same extent as a single dose of PCP, may indicate a tol- 
erance of CAT and AChE to the effects of PCP. The laek 
of reversal of the effect of an acute dose of PCP on GAD 
activity after chronic treatment with the drug may indicate 
that tolerance or adaptation to the biochemical effects of 
PCP may characterize the effects of the drug on some, but 
not all, neurotransmitter systems in the rat brain. Tolerance 
to PCP has been demonstrated in its effects on operant 
behavioral responses in the monkey [19]; supersensitivity 
of stereotyped or ataxic behavior to the effects of PCP 
develops after chronic administration of the drug to the rat 
or monkey [4, 12]. 
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Inhibition of the incorporation of (H]DOPA Mycobacterium leprae by 
desoxyfructo-serotonin 


The presence of a characteristic DOPA-oxidase enzyme, 
claimed to be unique among the Mycobacteria, was first 
reported by Prabhakaran [1]. Compounds which inhibited 
the specific enzyme also suppressed the multiplication of 
the bacteria in mice, suggesting that DOPA-oxidase might 
be of metabolic significance to the organism [2]. From these 
experiments it has been concluded that a continuous supply 
of small amounts of DOPA may be essential for the survival 
and proliferation of leprosy bacteria. 

Using labelled [*H]DOPA and autoradiography, a rapid 
test was developed to assess its metabolism by living bacilli 
of Mycobacterium leprae [3,4]. Contamination with con- 
nective tissue components [5], in particular hyaluronic acid, 
can catalyse the auto-oxidation of [H]DOPA. However, 
with the method used [6-8], the incorporation of 
[/H]DOPA by the leprosy bacilli is independent from the 
phenomenon of autooxidation. 

The best known inhibitor of DOPA-oxidase enzyme so 
far is the toxic diphenyl-dithiocarbamate (DDC), which is 
retained by the bacilli and even after washing still inhibits 
incorporation of [SH]DOPA [8]. The aim of this work is 
to establish the inhibitory effect of desoxyfructo-serotonin 
[9] on PH]DOPA uptake by M. leprae. This new sugar 
derivative of serotonin shows a low toxicity, 400 mg/kg in 
mice and rat [10]. It inhibits monoamine oxidase (MAO) 
activity [11], as well as the uptake and release of serotonin 
by blood platelets [12-14], but induces shape change on 
platelets [15]. 

Material and Methods. Desoxyfructo-serotonin was pre- 
pared following the method of Mester and Mester [9]. 


[‘H]DOPA (sp. act. 1-5 Ci/mmole) from New England 
Nuclear, Boston, MA, U.S.A. has been used for labelling 
living M. leprae. Other drugs were purchased from Sigma 
Chemical Co., St Louis, MO, U.S.A. The final concentra- 
tion of ascorbic acid in the reaction tubes was 4 mM, while 
that of hyaluronic acid was 400 mg/1. For heat killing, bacilli 
were subjected to boiling water bath temperature for 
30 min. Ultra-violet treatment was carried out with a 60 W 
Phillips lamp for 20 min, the specimen in a liquid suspension 
being placed 15cm from the lamp. Armadillo M. leprae 
and M. leprae of human origin, cultivated in liquid medium 
[16], were used in experiments No. 1,2, 3, 5 and in 
experiment No. 4, respectively. Each experiment was per- 
formed in duplicate, excepted in experiment No. 5. 

For scintillation counting of the incorporated 
PH]DOPA, the method described earlier [6,7] was 
applied. The counts given in Table 1 are average values 
from duplicate tubes, showing standard deviations. 

Results. It is shown in Table | that desoxyfructo- serotonin 
inhibits the uptake of labelled [* H|DOPA drastically at 
concentrations ranging from 0.02 to 0.2 mg/ml. 

In each experiment with desoxyfructo- -serotonin, the 
uptake of [7H]DOPA is lower after 6 hr incubation of M. 
leprae with DOPA, as compared with those incubated for 
6 hr without desoxyfructo-serotonin. The values obtained 
with the sugar derivative of serotonin almost always reach 
the values observed with heat-killed or u.v.-treated M. 
lepraé incubated for 6 hr. 

In order to eliminate any possible influence due to auto- 
oxidation of DOPA, experiment 5 was run in the presence 
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of ascorbic acid. 

Discussion. The results indicate that desoxyfructo-sero- 
tonin competes with DOPA for uptake through the same 
system, which is not related to auto-oxidation. If it is proved 
beyand doubt that DOPA is an essential metabolite for M. 
leprae growing in vivo, the competition of desoxyfructo- 
serotonin will be quite an interesting method to block the 
enzyme-controlled utilization of DOPA by M. leprae. Con- 
sequently, the viability of M. leprae in mice should be 
suppressed in the presence of this compound as observed 
[17]. 
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EFFECTS OF ADENOSINE ON ADP-INDUCED PLATELET AGGREGATION 
BY DIFFERENT MECHANISMS 


Kailash C. Agarwal and Robert E. Parks, Jr. 
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The phenomenon of aggregation of human platelets is complex and may be induced by 
such diverse chemical substances as ADP, collagen, thrombin, epinephrine, arachidonic acid, 
etc. (1). Factors involved include membrane receptors, the cyclic nucleotides, calcium and 
the prostaglandin system (1-9). Especially intriguing are recently discovered methylations 
of membrane phospholipids in mast cells (10) and carboxymethylations of membrane proteins 
that occur after addition of an aggregating agent, thrombin (11). This laboratory has 
examined the mechanisms by which adenosine (Ado) and its analogs inhibit ADP-induced 
aggregation and has described the structure-activity relationships of adenosine-type 
compounds (12,13). The findings are in general agreement with the concept that Ado analogs 
that stimulate adenylate cyclase and raise cAMP levels inhibit aggregation whereas those 
that block adenylate cyclase do not (14-15). Inhibitors of adenylate cyclase such as 
2',5'-dideoxyadenosine (DDA) (17) and 9-(tetrahydro-2-furyl) adenine (SQ22535) (18) can 
reverse the inhibitory effects of Ado and prostaglandin E, (PGE,) (18-20). The question 
arose whether the naturally occurring Ado derivative, 5'-deoxy-5'-methylthioadenosine (MTA, 
formed from S-adenosylmethionine during polyamine synthesis) could affect platelet 
aggregation (21). It was found that MTA compares in activity to DDA as an inhibitor of the 
effects of adenosine-type compounds on ADP-induced aggregation. Therefore, the behavior of 
MTA and DDA on the adenylate cyclase activity in partially purified preparations of human 
platelet membranes was compared. A preliminary report of these findings has been presented 
(22). 


Methods 


Fresh human blood was collected in 0.1 vol. of 3.8% sodium citrate. Platelet-rich 
Plasma (PRP) and platelet-poor plasma (PPP) were obtained by differential centrifugation 
(13). Platelet aggregation was measured by the turbidometric method of Born (23). The 
preparation of washed platelet membranes and the assay of adenylate cyclase were performed 
as described by Steer and Wood (24) except that caffeine was excluded from the assay 
mixture. Two hundred microliters of reaction mixture contained Tris-HCl buffer (pH 8.9), 
30 mM; MgCl 9, 25 mM; creatine phosphate, 5 mM; creatine phosphokinase, 8-10 units; and 
{a- 32p]-ATP, 200 yM (1-1.5 x 10° cpm/assay). The reaction mixture was equilibrated at 3 
for 2-3 min in a shaking water bath and the reaction was started by the addition of 30 ul of 
the platelet membrane preparation containing 5-l0 ug of protein. At zero time, 5 and 10 
min, the reactions were stopped by the addition of 0.2 ml of a solution containing ATP 
(4 mM), CAMP (1 mM) and sodium dodecylsulfate (2%). Fifty microliters containing [H]cAMP 
(8,000-10,000 cpm) was added to each assay tube to monitor [32 P]cAMP recovery and the 
mixtures were placed in a boiling water bath for 3 min. After addition of 0.8 ml of water 
to each tube, cAMP was purified using Dowex (AG 50W-X4) and alumina columns as described by 
Salomon et al. (25). The final eluates (4 ml) from the alumina columns were mixed with 
scintillation fluid and counted for [32P] and [3H]. Protein concentrations were determined 
by the method of Lowry et al. (25). 


Results 


Figure 1 shows the effects of 2-fluoroadenosine (F-Ado) in the presence of DDA, MTA 
and p-nitrobenzylthioinosine (NBMPR) on ADP-induced platelet aggregation. F-Ado (8 uM), 
which inhibits strongly, is non-inhibitory when MTA or the known adenylatecyclase inhibitor, 
DDA, is added simultaneously with F-Ado. However, if PRP is preincubated for 5 min with 
F-Ado and then with MTA or DDA, the inhibitory effect of F-Ado is not abolished (data not 
shown). Preincubation of PRP for 5 min with a potent nucleoside transport inhibitor, NBMPR 
(18 uM), does not alter the effects of MTA plus F-Ado (Fig. 1), suggesting that the behavior 
of these analogs involves interactions with the platelet membrane. The inhibitory effects 
of Ado, 2-chloroadenosine and N®-phenyladenosine on ADP~induced platelet aggregation are 
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Control 
DDA+F-Ado MTA+ F-Ado NEMPR 


(MTA+ F-Ado) 
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4 4 


Figure 1. Effect of 2-fluoroadenosine (F-Ado) in the presence of 
2',5'-dideoxyadenosine (DDA), 5'-methylthioadenosine (MTA) and 
p-nitrobenzylthioinosine (NBMPR) on ADP-induced aggregation. 
Platelet-rich plasma was incubated with F-Ado, 5 min; DDA + F-Ado, 
5 min; MTA + F-Ado, 5 min; or NBMPR, 5 min, then MTA + F-Ado,5 min. 
After incubation ADP was added to induce aggregation. The final 
concentrations of various substances were: ADP, 4 uM; F-Ado, 8 uM; 
DDA, 190 uM; MTA, 100 uM; and NBMPR, 18 uM. 


CONTROL 


DDA+PGE, 


AGGREGATION (%) 


MTA+PGE, 





Figure 2. Effect of PGE, in the presence of DDA and MTA on ADP- 
induced aggregation. Platelet-rich plasma was incubated for 5 min 
with PGE,; DDA + PGE,; or MTA + PGE, and ADP was added to induce 
aggregation. The concentration of PGE, was 1 uM; those of ADP, 
DDA and MTA were the same as in the experiments of Fig.l. DDA or 
MTA was added to PRP 1 min before incubation with PGE, for 5 min. 


Table 1. Effect of 2',5'-dideoxyadenosine and 5'-methylthio- 
adenosine on platelet adenylate cyclase* 





, Concentration Per cent change in 
Nucleosides pee 
(uM) enzyme activity 





2',5'-Dideoxyadenosine 20 
100 


5'-Methylthi oadenosine 20 
100 
200 





* Enzyme assays were carried out in duplicate or triplicate as 
described in Methods. Adenylate cyclase activity in the control 
samples (without addition of any nucleosides) was 114 + 12 


pmoles-min~!- (mg protein)~?. 
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also abolished by both MTA and DDA. Dose-response experiments indicate that MTA and DDA are 
approximately equal in their ability to reverse the effects of F-Ado. Both compounds at 
20 uM concentrations reduced the effects of F-Ado (8 uM) by 50 percent. 


Figure 2 shows the effects of DDA and MTA on PGE inhibition of ADP-induced platelet 
aggregation. The inhibitory effect of PGE, is greatly reduced by pretreatment with DDA but 
is not affected by MTA. This suggested that MTA and DDA act through different mechanisms 
and that MTA may not inhibit platelet adenylate cyclase. Table 1 shows the effect of DDA 
and MTA on adenylate cyclase activity of washed preparations of human platelet membranes. 
DDA strongly inhibits adenylate cyclase, whereas MTA has no effect. Continuing studies with 
these platelet membranes will examine in detail the effects of DDA and MTA on the actions of 
various substances that affect adenylate cyclase, e.g. PGE,, Ado and its analogs. 


Discussion 


These findings indicate that the naturally occurring Ado analog, MTA, can overcome 
the inhibitory effects of Ado and related compounds on ADP-induced platelet aggregation, and 
although it compares in activity to DDA (a potent inhibitor of adenylate cyclase), it 
clearly acts by a different mechanism. This difference is shown by the capacity of DDA but 
not of MTA to overcome the blocking effects of PGE,. Consistent with these observations 
performed with intact platelets are findings with partially purified platelet membrane-bound 
adenylate cyclase where DDA is a potent inhibitor but MTA is without effect. The membrane 
preparationsemployed in these studies were 10-fold or more higher in specific activity than 
those used by others (17,18,27). These membrane preparations were washed four times prior 
to assay in order to eliminate soluble proteins such as the phosphodiesterases and other 
soluble factors that might influence adenylate cyclase activity. One may speculate on the 
relation of these observations to the recently described transmethylation reactions that 
affect membrane-mediated cellular responses. Recent reports indicate that conversion of 
phosphatidylethanolamine to phosphotidylcholine via membrane-bound methyltransferases of 
mast cells results in the formation of arachidonic acid (a precursor of prostaglandins 
synthesis) and promotion of Ca**+ influx (10). Also, rapid carboxymethylation of platelet 
membrane proteins is induced by addition of thrombin (11). It is possible that 
membrane-associated transmethylation reactions such as these are key components of cellular 
signals in response to specific stimuli. Interestingly, the MTA analog 
S-isobutyryl-3-deazaadenosine inhibits the methylation of phospholipids in mast cells. Thus. 
one may ask whether naturally formed MTA or Ado and its analogs play a role in these 
methylation reactions. 


A question to be explored is the possible role of MTA formed in large amounts in 
tumor cells during polyamine synthesis. MTA phosphorylase has a low Kn, (9UM) for this 
substrate (28) and normally only low levels of intracellular MTA are detectable. However, 
if this enzyme is inhibited or lacking, MTA efflux might occur with effects on surrounding 
tissues. Since blood platelets play a role in the establishment of tumor metastases, one 
wonders whether production of MTA by these cells can facilitate platelet aggregation by 
overcoming inhibitions caused by Ado. 


Acknowledgement: We wish to thank Ms. Elizabeth Bishop for her technical assistance. This 
work was supported by USPHS Grant CA 07340. 
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Misonidazole, or 1-(2-nitro-1-imidazoyl1) -3-methoxy-2-propanol, was orig- 
_inally developed as a radiosensitizing agent (1), and is now undergoing 
clinical trial (2,3). More recently it has been shown to be selectively 
cytotoxic to hypoxic cells in vitro (4-7) and to have chemotherapeutic 
effects in vivo (1,8), even in the absence of radiation treatment. 


The biochemical basis of misonidazole action is not known. We have con- 
sidered the possibility that it may act, at least in part, by affecting the 
energy generating processes and ATP concentrations of cells for the following 
reasons: (a) it is toxic when cells are dependent on one particular type 
of energy metabolism (anaerobic glycolysis); (b) like the glycolytic inhibi- 
tor, 5-thioglucose (9,10), misonidazole is toxic toward hypoxic cells and 
this toxicity is potentiated by hyperthermia (11-13); (c) it is activated 
by reduction of the nitro group (7,14,15) and hence interacts directly or 
indirectly with cellular oxidation-reduction processes; and (d) some other 
nitro compounds, such as 2,4-dinitrophenol, are well known inhibitors of 
energy generating processes. We have therefore studied the effects of mis- 
onidazole on ATP generation and catabolism in Ehrlich ascites tumor cells 
under aerobic and anaerobic conditions, and report here the results of these 
studies. 


Misonidazole was a gift of Dr. D. Chapman, Cross Cancer Institute, 
Edmonton, Alberta, and was dissolved in 0.154 M sodium chloride for use. 
Sources of other materials, methods of tumor cell preparation and incubation, 
and procedures for the separation and measurement of radioactivity in purine 
bases, ribonucleosides and ribonucleotides have been reported previously 
(16,17). ATP and its metabolites were separated by thin-layer chromatography, 
and their radioactivity was measured. The initial total concentration and 
specific activity of ATP were determined by these methods plus high perform- 
ance liquid chromatography; it has previously been established (18) that 
there is no compartmentation of radioactive and non-radioactive ATP with 
respect to catabolism. Changes in concentrations of metabolites were calcu- 
lated from the initial specific activity of ATP. 


To study ATP catabolism, tumor cells were first incubated with t?4c]- 
adenine to produce radioactive ATP. Unused radioactive adenine was removed 
by centrifugation and resuspension in fresh medium. Concentrations of 
radioactive metabolites were measured in cells incubated for an additional 
30 min under various conditions, with or without misonidazole (18). Details 
are given in the legend of Table 1. 


The effects of 5 and 10 mM misonidazole on ATP catabolism were studied 
under aerobic and anaerobic conditions and when cells were depending on 
three different modes of ATP generation: (a) aerobic glycolysis plus oxida- 
tive phosphorylation; (b) oxidative phosphorylation alone; and (c) anaerobic 
‘glycolysis alone. Table 1 shows that 5 mM misonidazole did not induce ATP 
catabolism under any of the conditions used. At 10 mM, however, substantial 
catabolism was induced on cells incubated aerobically without glucose and 
in those incubated anaerobically with glucose; however, no catabolism was 
induced in ceils incubated aerobically with glucose. 
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* 
Table 1. ATP catabolism induced by misonidazole 





Conditions Misonidazole ATP concentration 
concn (percent of control) 
(mM) 





0, + glucose 5 106 
10 107 
> glucose 5 97.8 
10 51.7 
No + glucose 5 93.5 
10 45.1 


‘two ml of a 2% (v/v) Ehrlich ascites tumor cell suspension in 
calcium-free Krebs-Ringer medium containing 25 mM phosphate with 5.5 mM 
glucose was incubated in 10 ml Erlenmeyer flasks at 37° with shaking, with 
an air atmosphere. After 20 min, [8-°“%C]adenine (ca. 50 mCi/mmole) was added 
to a final concentration of 100 uM, and incubation was continued for 30 min 
to synthesize radioactive ATP. Unutilized radioactive adenine was then re- 
moved by centrifugation and resuspension of the cells twice in fresh, warmed 
medium containing glucose. Portions (100 pl total volume) were then incubated 
with or without misonidazole, under various conditions. Values reported are 
averages of duplicate measurements and are representative of results obtained 
in two experiments. Within each experiment, average deviation of individual 
_analyses from the mean was less than 7 percent. Control ATP, 2360 nmoles/g 
cells. Cells incubated without drug under each condition are used as con- 
trols for drug effects under each condition. 


2 





In addition to this effect of 10 mM misonidazole on ATP concentrations, 
both 5 and 10 mM had some effects on certain pathways of purine metabolism. 
Even in the absence of induced catabolism, there is a certain amount of ATP 
breakdown during the incubation period. In control cells, the predominant 
pathway followed is: ATP? ADP+ adenylate? inosinate? inosine? hypoxanthine. 
The alternative route to inosine: adenylate» adenosine»? inosine, normally 
is a minor process, and because of the presence of adenosine deaminase and 
adenosine kinase, adenosine does not accumulate to any appreciable degree (19). 


Table 2 shows that the conversion of ATP to hypoxanthine + inosine was 
decreased in cells treated with misonidazole, both when ATP catabolism pro- 
ceeded at its normal low rate and when it was accelerated by 10 mM misonidazole 
treatment as described above. Concomitantly, there was an accumulation of 
adenosine. Such results imply both that the dephosphorylation of adenylate 
increased relative to its deamination, and that the deamination of adenosine 
was inhibited; in addition, there would appear to be a defect in the phosphoryl- 
ation of adenosine. This type of drug effect is quite unusual. 


* 
Table 2. Metabolites of ATP in cells treated with misonidazole 





Conditions Misonidazole Metabolite concentration (percent of control) 
Adenine Adenosine Hypoxanthine 
nucleotides + inosine 

> + glucose 102 287 48.9 
106 320 39.2 
O54 - glucose Pant 378 52.3 
76.0 316 45.5 
Ny + glucose 100 435 48.2 
63.4 402 31.3 


* 
Control values (nmoles/g cells): adenine nucleotides, 2736; adenosine, 
12; and hypoxanthine + inosine, 87. 








O 





To confirm and expand these observations, further experiments were done 
using cells incubated with a mixture of glucose plus 2-deoxyglucose which 
would, itself, induce a moderate degree of ATP catabolism (18). This situa- 
tion would both stress the cells with respect to ATP generation, increase 
the flow of metabolites along catabolic pathways, and also produce adeno- 
sine endogenously. The latter factors would make it easier to study the 
effects of a range of concentrations of misonidazole on the catabolic pathways. 
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Table 3 shows that, in the absence of misonidazole, ATP catabolism was 
induced and total adenine nucleotides were decreased; adenosine concentrations 
increased only very slightly, and the major end products of ATP catabolism 
were hypoxanthine + inosine. In the presence of 1, 5 or 10 mM misonidazole, 
there was an additional, dose-related induction of ATP and total adenine 
nucleotide catabolism. As in the previous experiments, there was an increased 
accumulation of adenosine, which must be due at least to an inhibition of 
adenosine deaminase in misonidazole-treated cells; in addition, adenosine 
phosphorylation may be decreased. Under the conditions of these experiments 
there was no decrease in the formation of hypoxanthine + inosine, but of 
course the flow along the catabolic pathways was considerably greater than 
in the experiments of Tables 1 and 2. This result indicates that the effect 
of misonidazole on the relative rates of deamination and dephosphorylation of 
adenylate is small or perhaps even non-existent under these conditions. 


Table 3. Effects of misonidazole on ATP catabolism in cells 
incubated with glucose + deoxyglucose* 





Misonidazole Metabolite concentrations (percent of control) 
concn Adenine Adenosine Hypoxanthine 
(mM) nucleotides + inosine 


05 Ny 0, No 0.4 No 


54.8 KE ~¥ Py 36.5 it 7 106.7 263 342 
32.4 30.2 38.4 35.4 238 237 mF be 455 
24.8 se 36...1 3136 296 218 427 369 
1 19.1 22.4 25.4 23.9 474 298 600 407 











* 
Cells were incubated with 0.69 mM glucose + 4.81 mM deoxyglucose. 


These studies have shown that short exposures of Ehrlich ascites tumor 
cells to moderate concentrations (1-5 mM) of misonidazole did not lead to 
ATP catabolism, whether by direct effects or indirectly by interfering with 
one or another energy generating process. Higher concentrations, however, 
did induce ATP catabolism when the cells were depending either on oxidative 
phosphorylation or anaerobic glycolysis alone, but not when cells were using 
both aerobic glycolysis plus oxidative phosphorylation. Here it may be 
noted that different cell types have been reported (7) to vary considerably 
in their sensitivity to the effects of misonidazole. Cytotoxicity experi- 
ments commonly expose cells to misonidazole for much longer than the period 
used here, and the possibility should be considered that lower concentrations 
might have detrimental effects upon prolonged exposure. Finally, the experi- 
ments using deoxyglucose suggest that cells in which rates of energy genera- 
tion processes are partially impaired or are naturally lower than in the 
tumor cells used might have an increased sensitivity to induction of ATP 
catabolism by misonidazole. 


Even at relatively low concentrations, misonidazole affected the path- 
ways of adenylate and adenosine metabolism, leading to accumulation of 
adenosine and a decrease in the formation of hypoxanthine and inosine. The 
basis of this effect includes at least partial inhibition of adenosine de- 
aminase, and presumably one or another enzyme of adenylate metabolism as 
well. Studies of isolated enzymes are called for, but for these the possi- 
bility that the inhibitory effects might be caused by metabolites of mison- 
idazole, rather than by the parent drug, needs to be considered; such metab- 
olites were not available for study. 


The relationship of the effects observed here to either the cytotoxic 
effects of misonidazole or to its host toxicity remains to be evaluated. 
The fact that misonidazole was somewhat more potent under anaerobic condi- 
tions than in air would suggest that these effects may be pharmacologically 
important. Similarly, host toxicity related to lowered ATP concentrations, 
the accumulation of adenosine, or both, may be envisioned. 
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Phosphorylation and dephosphorylation of enzymes 
have been recognized as biochemical mechanisms by 
which many metabolic processes are regulated [1-5]. 
Recently, it was shown that specific myofibrillar pro- 
teins are also phosphorylated by protein kinases and 
that in some cases the contractile process may be 
regulated via protein phosphorylation [6]. This com- 
mentary will focus on the properties of phosphoryl- 
ation of myosin by the Ca’*-dependent enzyme, 
myosin light chain kinase. Although there are several 
general features that are shared by sxcietal and 
smooth muscles, there are also important distinctions 
thay may explain, in part, the diverse physiological 
properties and pharmacological responses of these 
two different types of muscles. 

The release of Ca** into the sarcoplasm is the 
primary event in excitation—contraction coupling in 
all types of muscle. The subsequent binding of Ca** 
to specific high-affinity sites on proteins associated 
with, or acting on, the contractile apparatus ulti- 
mately results in contraction. Although contraction 
in all types of muscle results from the interaction of 
the contractile proteins actin and myosin, the mech- 
anism by which Ca”* triggers actomyosin interactions 
is markedly different in smooth and skeletal muscles. 
These differences in regulation of actomyosin inter- 
actions can be ascribed to isozymic differences in the 
myosin molecule and to differences in the regulatory 
proteins which mediate the effects of Ca’*. 

Myosin is a hexameric molecule composed of two 
high molecular weight heavy chain subunits and four 
low molecular weight light chain subunits. The over- 
all configuration of native myosin is that of a coiled- 
coil tail region and two protruding random coil head 
regions. The tail region of the molecule interacts 
with the tail regions of other myosin molecules to 
form thick filaments. The head regions project from 
the thick filaments to bind to filaments of actin (the 
thin filaments). The sliding filament theory of muscle 
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contraction postulates that tension and shortening 
occurs as a result of actomyosin interactions causing 
thick and thin filaments to move past one another. 
The head region also has the ability to catalyze the 
hydrolysis of ATP (termed myosin ATPase activity), 
a process tightly linked to tension development. The 
molecular mechanism by which chemical energy 
(ATP hydrolysis) is converted to mechanical energy 
is not yet resolved, but represents an area under 
intense investigation. 

The unique contractile properties of each muscle 
type may be due, in part, to the differences in myosin 
isozymes. On polyacrylamide gel electrophoresis in 
the presence of sodium dodecylsulfate (SDS), 
myosin from fast-twitch, white skeletal muscle and 
from smooth muscles has heavy chain subunits with 
apparent molecule weights of 200,000. Fast-twitch 
skeletal muscle myosin also has three light chain 
components with apparent molecular weights of 
25,000, 18,500 and 17,000, respectively, while 
smooth muscle myosin contains two light chain com- 
ponents with apparent molecular weights of 17,000 
and 20,000. Although the precise location of the 
light chain subunits within the myosin molecule is 
unknown, they appear to be associated with the head 
region and thus are in a potentially crucial position 
for involvement in actomyosin interactions. Recent 
reviews present more detailed discussions of the 
various physiological and biochemical properties of 
muscles [6-10]. 

Of particular interest to this discussion is the class 
of homologous light chains capable of being phos- 
phorylated by myosin light chain kinases. The light 
chain subunits in this class are found in all types of 
vertebrate tissue and demonstrate many similar bio- 
chemical properties. For skeletal and smooth muscle 
myosins, these are the 18,500 dalton and 20,000 
dalton light chains, respectively. In both smooth and 
skeletal muscles, there are myosin light chain kinases 
that catalyze the rapid incorporation of phosphate 
into a specific serine residue of this class of light 
chains (Fig. 1). The dephosphorylation of these light 
chains is catalyzed by another enzyme, myosin light 
chain phosphatase. Because they can exist as phos- 
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Fig. 1. Phosphorylation of myosin from skeletal and smooth 

muscles. A single type of light chain subunit is phosphoryl- 

ated by myosin light chain kinase; the dephosphorylation 

is catalyzed by a different enzyme, myosin light chain 
i phosphates. 


phoproteins, this class of light chains is referred to 
as the phosphorylatable or P-light chains [11]. 


Effect of phosphorylation on actomyosin 


A number of in vitro studies have concluded that 
the phosphorylation of the myosin P-light chain is 
an effective mechanism for control of contraction in 
smooth muscle. Initial experiments using partially 
purified actomyosin isolated from chicken gizzard 
showed that the extent of ATPase activity correlated 
well with the degree of phosphorylation of the P- 
light chain [12-14]. When ATP-7S is used as a sub- 
strate for the kinase, the myosin P-light chain 
becomes thiophosphorylated and resistant to 
hydrolysis by myosin light chain phosphatase. Thio- 
phosphorylation resulted in an irreversible activation 
of actomyosin ATPase activity [15]. Further inves- 
tigations using myosin purified to remove endogen- 
ous kinase and phosphatase activities showed that 
actin was capable of activating the ATPase of phos- 
phorylated myosin but not that of nonphosphoryl- 
ated myosin [15-17]. Phosphorylation had no effect 
on the ATPase of myosin in the absence of actin 
[17]. Furthermore, Ca** was found to have no direct 
effect on the actin-activated ATPase of phosphoryl- 
ated myosin purified from chicken gizzard [15], por- 
cine stomach [16] or ovine uterus [17], although Ca** 
was required for actin activation of phosphorylated 
myosin purified from vas deferens [18]. Thus, the 
question of the direct effect of Ca** on the acto- 
myosin interactions should be examined further in 
other types of smooth muscle. 

Skinned muscle fiber preparations in which the 
sarcolemma is functionally removed by mechanical 
or chemical means have the advantage of allowing 
tension generation to be studied in a system where 
the contractile apparatus is presumed to be struc- 
turally intact. Kerrick and coworkers have used 
skinned fiber preparations from rabbit ileum and 
avian gizzard and observed results similar to those 
using purified contractile proteins [19,20]. P-light 
chain phosphorylation and tension generation dis- 
played identical Ca** sensitivities and both were 
reversed when Ca** concentrations were lowered to 
0.01 uM. Ca**-dependent thiophosphorylation of 
the P-light chains resulted in irreversible activation 
of tension generation. It was also found that phos- 
phorylation of a low proportion of the myosin heads 
resulted in maximal tension generation in the skinned 
fiber preparations, perhaps indicating cooperative 
interactions between the contractile elements. Thus, 
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Fig. 2. Regulation of actomyosin by phosphorylation. 
Phosphorylation of smooth muscle myosin appears to be 
essential for activation of myosin ATPase activity by actin. 
Dephosphorylated smooth muscle myosin is not activated 
by actin. In skeletal muscle, both the nonphosphorylated 
and phosphorylated forms of myosin are readily activated 
by actin. Hence, the biochemical role for phosphorylation 
of skeletal muscle myosin remains unclear. 


phosphorylation of smooth muscle myosin light chain 
appears to be essential or obligatory for actomyosin 
interactions in skinned fibers and is consistent with 
data obtained with purified contractile proteins (Fig. 
2). Although this evidence suggests that phosphoryl- 
ation is a primary control mechanism in smooth 
muscle, there is a possibility that other Ca** control 
mechanisms, which involve other proteins [21, 22], 
may also play a role in regulation of smooth muscle 
actomyosin interactions. 

In contrast to the results obtained with smooth 
muscle myosin, phosphorylation of the P-light chain 
has no significant effects on actomyosin ATPase 
activity of purified skeletal muscle contractile pro- 
teins or tension generation of skinned skeletal muscle 
fiber preparations. The ATPase activity of myosin 
in the presence or absence of actin was found by 
Morgan et al. [23] to be unaffected by phosphoryl- 
ation. These results have been confirmed over a 
range of Ca** and actin concentrations (W. Crooks, 
A. P. Toste and R. Cooke, unpublished observa- 
tions). There is one preliminary report, however, 
that skeletal muscle actomyosin ATPase activity is 
enhanced by phosphorylation at micromolar Ca** 
concentrations [24]. The discrepancy between these 
results is unresolved but may be due to the use of 
an unpurified kinase in the latter experiments. As 
in the case of whole myosin, the ATPase activity of 
heavy meromyosin activated by actin was not appar- 
ently affected by phosphorylation; however, the pub- 
lished data do not allow an accurate extrapolation 
to Vinax (the ATPase at infinite actin concentration) 
[23]. Phosphorylation also did not affect the rate or 
extent of actomyosin superprecipitation or the ten- 
sion generated by actomyosin threads (W. Crooks 
and R. Cooke, unpublished observations). The con- 
clusion drawn from these studies is that the in vitro 
properties of skeletal muscle actomyosin are largely 
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unaffected by myosin light chain phosphorylation, 
in sharp contrast to the properties of smooth muscle 
myosin (Fig. 2). 

Further investigations of the role of myosin light 
chain phosphorylation have been carried out using 
skinned fiber preparations. Purified kinase and cal- 
cium-dependent regulator protein (CDR, also 
referred to as calmodulin) were diffused into gly- 
cerinated psoas fibers, and the effects on fiber func- 
tion were assayed (C. J. Ritz-Gold, R. Cooke, D. 
K. Blumenthal and J. T. Stull, unpublished data). 
In the absence of kinase or of Ca**, the extent of 
myosin phosphorylation was less than 10 per cent of 
maximum, whereas in the presence of both it could 
be elevated to approximately 75 per cent as judged 
from densitometry of polyacrylamide gels after sep- 
arating the light chains by electrophoresis in the 
presence of urea. Phosphorylation with [y-’P]ATP 
showed that only the P-light chain incorporated 
appreciable phosphate. Functional studies were car- 
ried out with fibers that were thiophosphorylated 
using ATP-yS. Thiophosphorylation of the P-light 
chain did not affect the isometric force or the force 
velocity curves of the fibers. The isometric force, 
generated as a function of the Ca** concentration, 
was also unaffected. At low Mg-ATP concentra- 
tions, fibers produce tension in the absence of Ca’*; 
this is thought to be a result of competition between 
the relaxation mechanism and rigor actomyosin 
bonds [25]. The isometric tension at low Mg-ATP 
concentration was not affected by thiophosphory- 
lation of the P-light chain. A direct measurement of 
the binding constant of actin to the $1 fragment of 
myosin confirmed that it was not altered by phos- 
phorylation of the P-light chain (K. E. Franks, R. 
Cooke, D. K. Blumenthal and J. T. Stull, unpub- 
lished data). These results indicate that light chain 
phosphorylation does not change either the strength 
of the actomyosin rigor bond or the effectiveness 
of the relaxation mechanism at low Mg-ATP 
concentrations. 

From the above studies it is apparent that phos- 
phorylation of the P-light chain of myosin is not 
required for contraction in striated muscle. Thus, 
the primary control of tension generation in striated 
muscle appears to consist of the binding of Ca** to 
troponin which, in turn, interacts with tropomyosin 
to activate actomyosin interactions. These in vitro 
findings, however, do not rule out the possibility that 
myosin light chain phosphorylation may modu- 
late contractile activity in striated muscle, rather 
than being essential for contraction as in smooth 
muscle. 

Several lines of biochemical evidence suggest that 
P-light chain phosphorylation plays a role in skeletal 
muscle contraction. First, the content of myosin light 
chain kinase in skeletal muscle is high (approximately 
1 uM) [26, 27] and similar to that found in smooth 
muscle. Second, studies of the proteolytic digestion 
of phosphorylated and nonphosphorylated skeletal 
muscle myosin indicate that light chain phosphoryl- 
ation causes significant changes in myosin structure 
[28]. Thus, the functional effects of conformational 
changes induced by phosphorylation might not be 
detectable by the in vitro techniques previously 
studied. 
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Regulation of myosin light chain kinase and 
phosphatase 


The presence of Ca’*-dependent myosin light 
chain kinase was first described by Perry and co- 
workers in skeletal muscle [29] and subsequently 
purified to homogeneity [26]. The enzyme was later 
identified in smooth [30] and cardiac [11] muscle, as 
well as several non-muscle tissues [31,32]. More 
recently, it was shown that the Ca** sensitivity of 
the enzyme was mediated by a low-molecular protein 
identified as the Ca**-dependent regulator protein, 
also known as CDR or calmodulin [33, 34]. CDR 
has now been shown to confer Ca*" sensitivity on 
a variety of enzymes including Ca’ *-dependent cyclic 
nucleotide phosphodiesterase, brain adenylate 
cyclase, erythrocyte membrane ATPase, and other 
enzymes [35, 36]. The proposed mechanism of acti- 
vation of CDR-dependent enzymes, including 
myosin light chain kinase, is a sequential process 
(Fig. 3). Ca’* first binds to CDR to form a 
Ca?*-CDR complex which subsequently binds to the 
inactive catalytic subunit resulting in a holoenzyme 
complex with enzymatic activity. 

Studies of myosin light chain kinase activity from 
rabbit skeletal muscle with various Ca** and CDR 
concentrations support the proposed activation 
mechanism [37]. As would be expected from the law 
of mass action, lowering the CDR concentration 
decreases the Ca’* sensitivity, and, conversely, low- 
ering the Ca** concentration increases the concen- 
tration of CDR required for activation. At a fixed 
Ca** concentration, activation of myosin light chain 
kinase by CDR follows Michaelis-Menten kinetics 
with an activation constant of 1nM at saturating 
(100 uM) Ca?* concentrations. These data suggest 
that activation of the kinase involves a stoichiometry 
of one Ca?*-CDR complex per catalytic site. Ca**- 
activation of the kinase at fixed CDR concentrations 
displays non-Michaelis—Menten kinetics (Hill num- 
bers = 3), indicating that at least three Ca’*-binding 
sites interact in the activation process. Four divalent 
cation-binding sites per CDR molecule have beén 
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Fig. 3. Regulation of myosin light chain kinase by Cor". 
Myosin light chain kinases from skeletal and smooth mus- 
cles are dependent upon Ca** and Ca**-dependent regu- 
lator protein (CDR) for activity. Ca“" first binds to CDR 
to form a Ca2*-CDR complex which, in turn, binds to the 
inactive myosin light chain kinase (Kinase) to form a cata- 
lytically active phosphotransferase, Ca’,”-CDR- Kinase. 
Phenothiazine antipsychotic drugs bind to the Ca’,"-CDR 
complex, preventing it from activating myosin light chain 
kinase. 
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described [38, 39], but Ca** binding to these sites 
was not cooperative. In combination, these data 
_ indicate that Ca** binding to at least three of the 
divalent metal binding sites must occur before 
Ca?*:CDR can interact with the catalytic subunit of 
myosin light chain kinase. At saturating CDR con- 
centrations (420 nM), half-maximal activation of the 
kinase is observed at 3 uM Ca** [37], a value con- 
sistent with the Ca** concentrations required for 
activation of the contractile apparatus in both smooth 
and skeletal muscle. 

The Ca?* concentration required for kinase acti- 
vation in the intact muscle will depend on several 
factors. Although the CDR concentration in various 
smooth and skeletal muscle tissues has been esti- 
mated to be from 1 to 10 uM [33,40], the total 
concentration of other CDR-binding proteins 
(including enzymes such as myosin light chain kinase) 
is also in the micromolar range [33, 40]. Since these 
proteins also have a high affinity for Ca’,~-CDR, the 
free Ca>*-CDR concentrations, as compared to total 
Ca?*-CDR concentration, may be quite low. This 
would have the effect of decreasing the apparent 
Ca** sensitivity of myosin light chain kinase and, 
thus, may be a means by which the Ca’* sensitivity 
of the enzyme activity is regulated. 

The Ca** sensitivity of myosin light chain kinase 
activity can also be lowered by several pharmacologic 
agents. Previously, it was shown that the phenothi- 
azines (trifluoperazine, promethazine and chlor- 
promazine) inhibited Ca**-dependent cyclic nucleo- 
tide phosphodiesterase by reversibly binding to 
Ca;*-CDR [41,42]. These agents would decrease 
the Ca?*-CDR available for activation, resulting in 
a decreased Ca** sensitivity of Ca*-CDR-depen- 
dent enzymes (Fig. 3). Indeed, phenothiazines 
inhibited phosphorylation and tension generation in 
skinned fiber preparations from rabbit ileum and 
pulmonary artery [19], but did not inhibit tension 
generation of skinned fibers in which the P-light 
chains were thiophosphorylated prior to phenothi- 
azine exposure. Phenothiazines had no effect on 
tension generation in skinned skeletal muscle fibers 
[19] consistent with previous evidence that P-light 
chain phosphorylation is not required for skeletal 
muscle contractile activity. 

The biochemical properties of myosin light chain 
kinase appear to differ between various muscle 
sources. Values reported for the molecular weight 
of the catalytic subunit of myosin light chain kinase 
indicate that the enzyme from smooth muscle 
(105 ,000—-130,000 daltons) is larger than the enzyme 
from skeletal muscle (75,000—85,000 daltons) 
[26, 27, 34, 43-45]. Kinetic studies comparing the P- 
light chains from a variety of muscle sources as 
substrates for various light chain kinases indicate 
that a given P-light chain is preferentially phos- 
phorylated by the homologous kinase [46, 47]. The 
kinases from different tissues also demonstrate sig- 
nificantly different isoelectric points [48]. These 
observations regarding the physical and enzymatic 
properties of myosin light chain kinases from smooth 
and skeletal muscles reflect tissue-specific, isozymic 
forms of the enzyme. 

A major functional difference exists between the 
myosin light chain kinases from smooth and skeletal 
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Fig. 4. Regulation of smooth muscle myosin light chain 
(MLC) kinase by cyclic AMP. Stimulation of cyclic AMP 
formation by f-adrenergic agents activates cyclic AMP- 
dependent protein kinase which, in turn, catalyzes the 
phosphorylation of myosin light chain kinase. Phosphoryl- 
ated myosin light chain kinase has a 20-fold lower affinity 
for Ca;,”-CDR and, therefore, will not be as readily acti- 
vated as the nonphosphorylated myosin light chain kinase. 
The consequence of this phosphorylation is the inhibition 
of myosin phosphorylation and, hence, relaxation of the 

smooth muscle. ‘ 


muscles in their capacities to be reguiated via phos- 
phorylation by cAMP-dependent protein kinase. 
Myosin light chain kinase from turkey gizzard was 
found to be rapidly phosphorylated to the extent of 
1 mole phosphate/mole enzyme in the presence of 
cAMP and cAMP-dependent protein kinase [44]. 
The phosphorylation resulted in a 2-fold decrease 
in light chain kinase activity which was subsequently 
shown to be due to a decreased affinity of the enzyme 
for CDR [49]. More recently, Ca**-dependent phos- 
phorylation of the P-light chains in bovine aortic 
actomyosin preparations was found to be markedly 
depressed in the presence of cAMP and cAMP- 
dependent protein kinase [50]. A concomitant 
decrease in actomyosin ATPase activity was also 
observed. Skeletal muscle myosin light chain kinase 
activity was unaltered when incubated with cAMP 
and cAMP-dependent protein kinase [26]. These 
results suggest a means by which f-adrenergic agents 
could effect relaxation in smooth muscle (Fig. 4). 
Another potential site of regulating the extent of 
myosin light chain phosphorylation in vivo is via the 
dephosphorylation reaction. Myosin light chain 
phosphatase has only been purified and characterized 
from rabbit fast-twitch skeletal muscle [23], although 
its activity has been demonstrated in smooth muscle 
[30]. The enzyme from skeletal muscle was highly 
specific for the phosphorylated P-light chain and was 
not inhibited by NaF. No evidence was presented 
to suggest regulation of skeletal muscle myosin light 
chain phosphatase, and the enzyme from smooth 
muscles has yet to be purified and characterized. 


Studies of myosin light chain phosphorylation with 
intact smooth and skeletal muscle preparations 


Although myosin light chain phosphorylation and 
its effects on the contractile elements have been 
fairly well studied in vitro, complementary studies 
with intact muscle preparations are rather limited, 
particularly in the case of smooth muscle. Jn vitro 
studies are useful for elucidating mechanisms of 
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regulation and function of biochemical events such 
as light chain phosphorylation, but hypotheses 
developed from such studies must be confirmed by 
experiments with intact living tissue. The intact tissue 
under study should represent a physiologically func- 
tional unit with all biochemical and contractile com- 
ponents present, structurally intact, and capable of 
responding to appropriate stimuli such as hormones 
and drugs. The following section will review attempts 
to correlate P-light chain phosphorylation in the 
intact muscle with various physiological and phar- 
macological phenomena. 

Before light chain phosphorylation data from 
intact muscle studies can be interpreted unambigu- 
ously, certain critical control experiments must be 
performed (see Ref. 51 for recent review). These 
include: (1) demonstration that all pertinent enzy- 
matic processes (i.e. kinase, phosphatase and pro- 
tease activities) are arrested between the time when 
a given physiological or pharmacological event 
occurs and when the phosphate content of the P- 
light chain is determined; and (2) demonstration that 
the phosphate being measured is specifically and 
covalently associated with the P-light chain. In 
addition, careful time courses and dose-response 

‘ curves are essential for correlating physiological and 
pharmacological events with biochemical phenom- 
ena. Finally, demonstration of activation or inacti- 
vation of the appropriate enzymes is useful in estab- 
lishing causal relationships between a_ given 
manipulation and its consequent event. 


Studies in intact skeletal muscle 


P-light chain phosphorylation following tetanic 
stimulation has been studied with intact skeletal 
muscle preparations from frog [52] and rabbit [53]. 
More recently, Manning and Stull [54], using an 
intact, white, fast-twitch skeletal muscle preparation 
from rat, compared the time course of tension gen- 
eration and P-light chain phosphorylation following 
a l-sec tetanic contraction. Tension development 
and P-light chain phosphate content followed dis- 
similar time courses. Maximum tension generation 
was observed immediately following the onset of 
tetanic electrical stimulation, whereas relaxation 
occurred immediately following cessation of the elec- 
trical stimulation. P-light chain phosphate content 
did not change significantly during the 1-sec stimu- 
lation (0.14 mole P/mole light chain), but reached 
a maximum extent of phosphate incorporation 
(0.7 mole P/mole light chain) within 10-20 sec fol- 
lowing relaxation. Dephosphorylation of the P-light 
chain was much slower (T, = 1.7 min). These data 
clearly demonstrate a complete dissociation of con- 
traction and P-light chain phosphorylation in skeletal 
muscle. P-light chain phosphorylation was, however, 
found to correlate very closely with post-tetanic 
potentiation of isometric twitches through the entire 
time course. These data indicate that, although P- 
light chain phosphorylation does not play an obliga- 
tory role in contractile element activation or force 
generation in skeletal muscle, it may function to 
modulate the contractile response, i.e. augment 
force generation. Recent work with frog skeletal 
muscle [52] has also demonstrated phosphorylation 
and dephosphorylation of the P-light chain in the 
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intact muscle. Isotonic and isometric tetany and 
treatment with 10 mM caffeine all stimulated tension 
generation and an increase in the extent of P-light 
chain phosphorylation. Tension generation and P- 
light chain phosphorylation in frog skeletal muscle 
could also be temporally dissociated. 

Thus, studies with intact skeletal muscles confirm 
data obtained with purified proteins, namely: (1) 
myosin light chain phosphorylation occurs in the 
intact tissue under circumstances of elevated Ca** 
concentrations; (2) when Ca’* concentrations return 
to resting values, the P-light chain is dephosphoryl- 
ated indicating the presence of a myosin light chain 
phosphatase; however, the rates of relaxation and 
myosin dephosphorylation are not the same, with 
the latter being a much slower process; (3) P-light 
chain phosphorylation can be clearly dissociated 
from tension responses during tetany, in agreement 
with experiments showing lack of an effect of phos- 
phorylation on ATPase activity and tension in 
skinned fiber preparations; and (4) although light 
chain phosphorylation is not obligatory for contrac- 
tile activity, it appears to augment isometric twitches 
following tetanic stimulation. 


Studies in intact smooth muscle 


Despite the abundance of data supporting the 
obligatory role of myosin light chain phosphorylation 
in actin activation of myosin ATPase activity and 
hence possibly in contraction, very little information 
regarding myosin phosphorylation in the intact 
smooth muscle exists. This may be largely due to the 
technical difficulties associated with obtaining suf- 
ficient quantities of pure P-light chain from various 
isolated smooth muscle preparations necessary for 
measurements of the extent of phosphate incorpor- 
ation. Recent preliminary reports have provided 
some information in this area. After incubation of 
estrogen-dominated myometrial strips with 
[°P]inorganic phosphate in order to label the y-phos- 
phate of intracellular ATP, Gualtieri and Janis [55] 
found that spontaneous contractions or those 
induced by oxytocin, carbachol or 127 mM KCl were 
associated with increases in “P-incorporation into 
a 20,000 dalton protein after polyacrylamide gel elec- 
trophoresis in SDS. Presumably, the protein was 
myosin P-light chain. Barron et al. [56], using pig 
carotid artery strips, found that *P was incorporated 
into the region of the P-light chain after polyacry- 
lamide gel electrophoresis of partially purified 
myosin. In addition, they estimated the extent of 
phosphorylation by measuring the radiospecific 
activity of phosphocreatine and calculating the 
myosin content in the arterial strips. Under control 
conditions with passive tension, the phosphate con- 
tent of arterial smooth muscle myosin was 0.59 mole 
phosphate/mole light chain which decreased to 
0.34 mole phosphate/mole myosin with no passive 
tension. After a 9-min exposure to 50 uM norepine- 
phrine, the value increased to 1.0. 

Aksoy and Murphy [57] also used pig carotid artery 
but measured the extent of phosphorylation by den- 
sitometry after separating the nonphosphorylated 
and phosphorylated light chains by isoelectric focus- 
ing. Stimulation of contraction with high KCI con- 
centrations resulted in an increase from 0.15 to 0.60 
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mole phosphate/mole light chain. The increase in 
the rate of phosphate incorporation preceded the 
increase in the rate of tension development and, 
upon relaxation, increase in the rate of dephos- 
phorylation preceded the increase in the rate of 
decrease in tension. deLanerolle and Stull [58] used 
antibodies to purify myosin from tracheal smooth 
muscle and separated the nonphosphorylated and 
phosphorylated light chains by isoelectric focusing. 
After the addition of methacholine, the phosphate 
content of myosin P-light chain increased from 0.25 
to 0.55 mole phosphate/mole myosin within 3 min 
and coincided temporally with the increase in iso- 
metric tension. In a Ca-free buffer, the phosphoryl- 
ation reaction and tension response to methacholine 
were inhibited. Addition of Ca** to these muscles 
elicited an increase in isometric tension concomitant 
with phosphorylation of myosin. 

In general, these results, obtained with different 
isolated smooth muscles, are consistent with the 
hypothesis that phosphorylation of smooth muscle 
myosin may be obligatory for contraction and that 
the reaction may be regulated intracellularly by Ca’*. 
More information is required, however, to establish 
firmly a causal relationship between myosin phos- 
phorylation and contraction of smooth muscles. 


Pharmacological considerations pertaining to myosin 
phosphorylation 

In skeletal muscle myosin phosphorylation is not 
essential for contraction, but it appears to modulate 
contractile activity via potentiation of isometric 
twitch tension. It should be noted that this modu- 
lation has been described in white, fast-twitch skel- 
etal muscle fibers and no information is currently 
available in regard to this process in red, slow-twitch 
fibers. The regulation of myosin light chain kinase 
activity is relatively simple, involving formation of 
a Ca;*-CDR complex which binds to and activates 
the catalytic subunit of the myosin light chain kinase. 
The activation of myosin light chain kinase does not 
occur with a single twitch but requires a sustained 
elevation of cytoplasmic Ca** such as that produced 
during tetany or repetitive stimuli. The activation of 
myosin light chain kinase and myosin phosphoryl- 
ation may play some role in enhancing contractile 
activity during physical exercise. Pharmacological 
agents capable of modifying the process of light chain 
phosphorylation in skeletal muscle would include 
those agents which have effects on Ca** release into, 
and sequestration in the sarcoplasmic reticulum. For 
example, caffeine has been shown to stimulate 
myosin phosphorylation in isolated frog skeletal 
muscle [52], presumably due to its ability to release 
Ca** from sarcoplasmic reticulum, causing contrac- 
tures. These types of pharmacological agents are 
usefu! in exploring mechanisms of activation of skel- 
etal muscle myosin light chain kinase, but their 
effects probably are of little consequence in living 
organisms. High concentrations of phenothiazine 
antipsychotic drugs should inhibit the activation of 
myosin light chain kinase in isolated muscles, but 
since the inhibition is competitive with respect to the 
kinase, it is not clear whether the concentration of 
these agents, under therapeutic situations, would 
effectively inhibit myosin light chain kinase activity. 
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The potential for affecting smooth muscle con- 
traction by pharmacological interventions is much 
greater than for skeletal muscle due to differences 
in physiological as well as biochemical properties. 
Smooth muscles contract much more slowly than 
skeletal muscle and are highly dependent upon 
extracellular Ca** for the contraction process. Since 
myosin phosphorylation may be obligatory for 
smooth muscle contraction, the translocation and 
availability of Ca?* for activation of myosin light 
chain kinase may be an important physiological 
determinant. Pharmacological agents which inhibit 
Ca** influx through slow Ca’* channels, for example, 
would cause relaxation via decreasing Ca** availa- 
bility. Such agents include verapamil, D-600 and 
other Ca** antagonists. For any particular type of 
smooth muscle, drugs and hormones which cause 
contractions may initiate the process of light chain 
phosphorylation by binding to their own specific 
receptors which, in turn, increase the permeability 
of receptor-modulated Ca’* channels. In smooth 
muscles that normally generate action potentials, the 
potential-sensitive Ca** channels are responsive to 
a reduced membrane potential. Those agents that 
alter action potentials in these cells may modify the 
influx of Ca** and the subsequent activation of 
myosin light chain kinase and, thereby, cause a 
change in contractile tone. The antipsychotic drugs 
have been useful tools for investigating the role of 
myosin phosphorylation, particularly in smooth mus- 
cles. Although these drugs have been shown to 
inhibit the activation of smooth muscle myosin light 
chain kinase by binding to Ca3*- CDR, it is not clear 
whether the antipsychotic phenothiazines would 
cause relaxation of smooth muscle via this mech- 
anism under therapeutic situations. 

Other potential biochemical mechanisms for regu- 
lating smooth muscle myosin phosphorylation and 
contraction involve cyclic AMP. Stimulation of cyclic 
AMP formation may subsequently result in the con- 
version of myosin light chain kinase to a less active 
form via phosphorylation of myosin kinase by cyclic 
AMP-dependent protein kinase. This biochemical 
response would be associated with relaxation. This 
response should be associated not only with f-adre- 
nergic receptor stimulation, but also with activation 
of other pharmacological receptors that result in 
stimulation of cyclic AMP formation. Similarly, 
agents which inhibit cyclic nucleotide phosphodi- 
esterase activity would produce an increase in cyclic 
AMP content and thereby result in activation of 
cyclic AMP-dependent protein kinase. As discussed 
above, the net result would be inhibition of myosin 
phosphorylation and, hence, inhibition of contrac- 
tion. The regulation of myosin phosphorylation by 
other cyclic nucleotides, such as cGMP, has not been 
investigated, but also presents a potential mechanism 
by which contractile activity may be regulated by 
drugs and hormones. 

In summary, there are multiple sites at which 
myosin phosphorylation may be regulated in smooth 
muscles. The primary biochemical mechanisms 
involve Ca**, CDR, cyclic AMP, and cyclic AMP- 
dependent protein kinase. Since myosin phosphoryl- 
ation may be essential for contraction, the contractile 
tone under any particular situation may be the result 
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of the summed effects of Ca** and cyclic AMP. Most 
of the information used to develop this hypothesis 
has relied upon results obtained with purified pro- 
teins. It will be essential to test critically each aspect 
of the biochemical processes involved in myosin 
phosphorylation with intact smooth muscle cells in 
order to unravel the regulatory mechanisms that are 
important in vivo. 
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Abstract—Murine peritoneal macrophages activated in vivo with thioglycollate broth secrete plas- 
minogen activator and other neutral proteinases. The secretion of plasminogen activator by these cells 
is potentiated by continuous culture with the microtubule destabilizing drugs colchicine, demecolchicine, 
vinblastine and nocodazole but not by the colchicine analogues trimethylcolchicinic acid and colchicoside 
which do not destabilize microtubules. Pulse treatment with colchicine for 2 hr or with nocodazole for 
16 hr also stimulated plasminogen activator secretion. Deuterium oxide, which stabilizes microtubules, 
also stimulated secretion of plasminogen activator and failed to antagonize the effects of destabilizing 
agents on enzyme secretion. It is concluded that secretion of plasminogen activator is not dependent 


on an intact microtubular system. 


Macrophages secrete several neutral proteolytic 
enzymes which are not derived from the lysosomal 
system. Collagenase, elastase, plasminogen activator 
(PA)* and several other incompletely characterized 
proteinases have been detected in the media from 
cultures of mouse and guinea pig macrophages [1- 
4]. Secretion of these enzymes by activated macro- 
phages may explain the destruction of connective 
tissue which occurs in chronic inflammatory lesions 
where the macrophage is considered to play an 
important role [5]. In comparison to the quantities 
found in the culture medium, intracellular levels of 
these enzymes are low, suggesting that they are not 
stored in significant quantities but are secreted soon 
after synthesis [3]. Macrophages stimulated in vivo 
with thioglycollate broth or bacterial endotoxin 
secrete appreciable quantities of these enzymes, 
although endotoxin stimulated cells require a further 
phagocytic stimulus in vitro for optimal secretion 
[6]. 

The integrity of intracellular microtubules is essen- 
tial for a variety of secretory processes. Microtubule- 
disrupting agents such as colchicine and the Vinca 
alkaloids inhibit the secretion of plasma proteins 
from hepatocytes [7], insulin from beta cells -[8], 
procollagen from embryo chick tendon and cartilage 
cells [9], growth hormone and prolactin from pitu- 
itary slices [10] and the release of catecholamines 
from the adrenal medulla [11] and histamine from 
mast cells [12] and basophils [13]. In the macrophage 
colchicine inhibits both phagocytosis [14] and the 
release of lysosomal enzymes [15] and has been 
reported to inhibit the secretion of plasminogen 





* Abbreviations used: PA, plasminogen activator: 
DMEM, Dulbecco’s Modified Eagles Medium; FBS; foetal 
bovine serum; ATFBS, acid treated foetal bovine serum; 
DO, deuterium oxide; TMCA, trimethyl colchicinic acid; 
cyclic AMP, cyclic adenosine-3’5’-monophosphate. 


activator [16]. However, the secretion of other neu- 
tral proteinases and of pyrogen by the macrophage 
is stimulated by colchicine [17, 18]. 

We have studied the release of plasminogen acti- 
vator (PA) from mouse macrophages stimulated in 
vivo with thioglycollate broth by measuring their 
ability to degrade '**I-labelled fibrin in situ. We have 
found that colchicine stimulates the secretion of PA 
from these cells and that culture in deuterium oxide 
(D,O) augments rather than inhibits this stimulation. 


MATERIALS AND METHODS 


Materials. Male albino mice (CFLP) weighing 25— 
40 g were supplied by our own breeding unit or by 
Anglia Laboratories, Huntingdon Research Centre, 
Huntingdon, U.K. 

Dulbecco’s modified Eagle’s medium (DMEM) 
and foetal bovine serum (FBS) were obtained from 
Gibco Bio-cult, Paisley, Scotland. Thioglycollate 
medium was obtained from Difco Laboratories, MI, 
U.S.A., and bovine fibrinogen (Type I), thrombin, 
trypsin (type IlIl—bovine pancreas), colchicine, 
demecolchicine and vinblastine from Sigma, Lon- 
don, U.K. Trimethylcolchicinic acid and colchicoside 
were purchased from K & K Laboratories, New 
York, U.S.A., and nocoadazole from Aldrich Chem- 
ical Co., Milwaukee, WI, U.S.A. Deuterium oxide 
was from Fluorochem, Glossop, U.K. and 'I- 
labelled human fibrinogen was supplied by the 
Radiochemical Centre, Amersham, U.K. 

Culture medium. DMEM was reconstituted from 
powder form with distilled water and supplemented 
with 2.3 g/l. NaHCO;, 5.67 g/l. HEPES (H-2- 
hydroxyethylpiperazine-N-2-ethane sulphonic acid), 
100 mg/l. penicillin and streptomycin and 10% acid 


2545 





2546 H. P. HuMPHRAY, J. E. 
treated foetal bovine serum (ATFBS). The serum 
was treated with acid to remove inhibitors of plasmin 
[3]. DMEM-AFTBS was sterilized by millipore 
(0.22 um) filtration before use. 

Collection of macrophages. Mice were injected 
intraperitoneally with 1 ml of thioglycollate broth 
and four days later were killed by asphyxiation in 
carbon dioxide. The peritoneal cavities were washed 
out with 5 ml DMEM-AFTBS containing 10 I.U./ml 
heparin (Pularin, Evans Medical, Speke, U.K.) and 
the pooled washings adjusted to 1 to 2 x 10° white 
cells per ml before applying to petri dishes. 

Preparation of {'*\|fibrin coated petri dishes. These 
were prepared essentially as described by other 
workers [19]. Purified bovine fibrinogen [20] was 
diluted to a concentration of 2.2 mg/ml in phosphate- 
buffered saline and '*I-labelled human fibrinogen 
added to give 10° dpm/ml. After sterilization by 
filtration 0.1 ml aliquots were spread on 5 cm petri 
dishes (Nunc, N-1400) and the dishes dried for 2 
days at 37° in a dry incubator. The fibrinogen was 
converted to fibrin by overnight incubation with 
5 ml DMEM containing 10% FBS. The dishes were 
washed twice with sterile Tris-phosphate buffer 
(0.24 M Tris-HCl, 0.14 M NaCl, 0.05 M KC], 0.0037 
M Na,HPO,, pH 7.4) and stored at —25° until 
required. For use the dishes were allowed to reach 
room temperature and washed once with sterile Tris- 
phosphate buffer. 

Measurement of plasminogen activator secretion. 
Aliquots of the pooled peritoneal washings contain- 
ing 5 x 10° cells were pipetted onto the ['*I]fibrin 
coated dishes, cultured at 37° for 3 hr in 95% air : 
5% CO, and non-adherent cells removed by washing 
three times with phosphate-buffered saline. The 
resulting monolayer was cultured for a further 24 hr 
in 5 ml fresh DMEM-ATFBS before any experi- 
mental treatment. For each experiment the medium 
was replaced every 24 hr and PA secretion estimated 
by measuring the release of '*I into the culture 
medium using a Nuclear Enterprises 8132 counter. 
"ST release was corrected for release from dishes 
incubated with medium but without cells (approxi- 
mately | per cent of the total each day). Residual 
radioactivity remaining on the dishes at the end of 
the experiment was removed by incubation overnight 
with 0.1 mg/ml trypsin in phosphate-buffered saline 
and the release of '*°I from each dish was expressed 
as a percentage of the total radioactivity. All treat- 
ments were carried out in triplicate. 

Drug treatment. Colchicine, demecolchicine, tri- 
methylcolchicinic acid, colchicoside and vinblastine 
were all dissolved in DMEM to give stock solutions 
of 10°* M. Nocodazole stock solutions contained 1% 
ethanol and 0.04 M sodium hydroxide in DMEM. 
All dilutions were made with DMEM-ATFBS and 
drug-free controls contained the necessary vehicle. 
Drug solutions or vehicle controls were added to the 
cells after the first 24 hr culture period and removed, 
counted and renewed at 24-hr intervals for a further 
3 days. 

Macrophages were pulse-treated with drugs by 
incubating the cells in medium containing drug for 
2 hr on the second day of culture. The cells were 
then washed three times with sterile phosphate- 
buffered saline before fresh control medium was 
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added for measurement of fibrinolysis. In prelimi- 
nary experiments the amount of fibrin solubilized 
during the pulse period was found to be small 
(<0.4 per cent of total radioactivity) and so it was 
not included routinely in measurements of PA secre- 
tion. However, in experiments where the pulse 
period was extended beyond 2 hr the pulse medium 
was retained for '*I measurement. 

Culture medium supplemented with deuterium 
oxide (D,O) was made by mixing DMEM made with 
distilled water with DMEM made with 98% D,0O to 
give the appropriate concentration of D,O. Con- 
tinuous and pulse treatments with D,O supple- 
mented media were carried out as described above. 


RESULTS 


In preliminary experiments fibrinolysis by TGS 
macrophages was tested for dependence upon the 
presence of plasminogen. Plasminogen was removed 
from ATFBS by passage through a column of lysine— 
sepharose 4B [21]. Fibrinolysis by macrophages cul- 
tured in DMEM supplemented with 10% plasmino- 
gen depleted ATFBS was barely detectable but could 
be restored to control values by the addition of 
purified plasminogen to the cultures. The release of 
"51 from TGS macrophage monolayers was therefore 
due to the release of PA from these cells rather than 
to fibrinolytic proteases. 

PA secretion by stimulated macrophages. Thiog- 
lycollate-stimulated (TGS) cells secreted variable 
quantities of PA in different experiments, an obser- 
vation which has been reported previously and attri- 
buted to variations in the response to thioglycollate 
broth [16]. For this reason a direct comparison of 
'5T release between different experiments was often 
impossible. To facilitate evaluation of drug effects 
the release of '*I from drug-treated cultures was 
expressed as the ratio between release in the pres- 
ence and absence of drug in the same experiment. 

The effect of colchicine. Colchicine (10-°-10~’ M) 
present in the culture medium for the whole of the 
3-day experimental period doubled PA secretion. 
Below 10°’ M colchicine had no effect (Table 1). A 
2-hr pulse of colchicine on the second day of culture 
also produced a stimulation of secretion (Table 1), 
although this was less marked and required higher 
concentrations than did continuous culture with the 


Table 1. The effect of colchicine upon PA secretion by 
TGS macrophages* 





Ratio of test: control accumulative 
"51 release after 4 days 
Colchicine culture + S.E.M. 
concentration 
(M) 





Continuous Pulse 





.87 + 0.37 
.92 + 0.22 
.31 + 0.08 


10 — 

10 21 2 Oi 
10 05 + 0.05 

10 1.92 + 0.15 .20 + 0.20 
=. & 0.86 + 0.07 .07 + 0.08 

10 0.84 + 0.08 _— 





* Control '*I release varied from 6.0 to 32.3 per cent in 
different experiments. 
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Fig. 1. The effect of colchicine on PA secretion from TGS 

macrophages. Cells were exposed to colchicine for the last 

three days of culture. Results are means + S.D. of two 

experiments carried out in triplicate. A, TGS cells in 

medium + 10°-°M colchicine; @, TGS cells given a 2-hr 

pulse of 10~° M colchicine on day 2; O, TGS cells in normal 
medium. 


drug. With both continuous exposure and pulse 
treatment a 24-hr lag period was observed before 
stimulation of enzyme secretion occurred (Fig. 1). 
Macrophages treated with a pulse of colchicine 
showed maximal stimulation of PA secretion 48 hr 
after exposure to the drug (Fig. 1) showing that 
continuous exposure was necessary for colchicine to 
maintain its stimulatory effect on enzyme secretion. 

Macrophages maintained in medium containing 
10°°-10-’M colchicine showed the characteristic 
changes in shape that have been described by other 
workers [22]. Cells pulsed with colchicine, however, 
had regained their normal morphology 24 hr after 
removal of the drug and appeared normal at the end 
of the experiment. 
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Colchicine analogues and vinblastine. Demechol- 
chicine (N-desacetyl-N-methylcolchicine) will dis- 
aggregate microtubules and inhibit phagocytosis in 
vitro, as does colchicine, but other close structural 
analogues trimethylcolchicinic acid (TMCA) and 
colchicoside (2-desmethylcolchicine glucoside) do 
not have these properties [23]. Vinblastine also 
interferes with the aggregation of microtubules but 
does not bind to the same site on tubulin as does 
colchicine [24]. These compounds were used to 
investigate whether stimulation of PA secretion by 
colchicine could be related to its ability to interfere 
with microtubule stability. Continuous exposure of 
TGS cells to 10°°M demecolchicine or vinblastine 
caused stimulation of PA secretion, although both 
compounds were inactive when presented in a 2-hr 
pulse (Table 2). Colchicoside and TMCA did not 
stimulate PA secretion either when given continu- 
ously or as a pulse and the cells were unchanged 
morphologically by these treatments, whereas con- 
tinuous exposure to vinblastine or demecolchicine 
induced morphological changes similar to those 
caused by colchicine. 

Nocodazole. Nocodazole {methyl[5-(2-trienylcar- 
bonyl)-L-H-benzimidazol-2-yl]carbamate} is =a 
recently introduced synthetic microtubule destabil- 
izer chemically unrelated to colchicine or the 
Vinca alkaloids but which produces identical cyto- 
logical effects [25]. Nocodazole binds to the same 
site on the tubulin molecule as does colchicine but 
differs from colchicine in that the binding is rapidly 
reversible [26]. Nocodazole was used to confirm that 
microtubule destabilizers stimulate PA secretion and 
to investigate further the effect of a pulse of colchi- 
cine. Table 3, Column | shows that Nocodazole 
stimulates PA secretion when given continuously 
and so has an effect identical with that of other 
destabilizers. Nocodazole given as a 2-hr pulse did 
not stimulate PA secretion but exposure of TGS cells 
to nocodazole for increasing pulse times led to a 


Table 2. The effect of colchicine analogues and vinblastine on PA secretion by TGS 
macrophages* 





Concentration 


Compound (M) 


Ratio of test: control accumulative 
"1 release after 4 days + S.E.M. 





Continuous Pulse 





x 1° 
10°° 
x 10°5 


Demecholchicine 


1077 
wo 
10" 


Trimethyl 
colchicinic acid 


: oe * 
10°° 
10°° 


Colchicoside 


a 
I< 20° 
1x 10° 


Vinblastine 


— 0.87 + 0.08 
1.53 + 0.16 0.91 + 0.08 
0.75 + 0.20 _ 


= 0.72 + 0.09 
0.79 + 0.18 0.86 + 0.08 
0.87 + 0.21 = 


— 0.97 + 0.04 
0.97 + 0.12 0.83 + 0.05 
0.66 + 0.05 — 


1.84 + 0.07 0.94 + 0.09 
0.91 + 0.07 — 





* Control '**I release varied from 9.9 to 34.8 per cent in different experiments. 


+ Cytotoxic at this concentration. 
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Table 3. Comparison of the effects of colchicine and nocodazole on PA secretion by TGS 
macrophages maintained in normal culture medium and on PA secretion by macrophages 
maintained in culture medium supplemented with D,O 





Accumulative % '*I release after 


4 days + S.D. 





Treatment 


Normal DMEM 


DMEM + 32% D,O 





Expt. 
Expt. 
Expt. 
Expt. 
Expt. 
Expt. 


Control 


Colchicine 

(1 x 10° M) 
Nocodazole 
(1 x 10°°M) 


21.66 + 
6.10 
48.44 
35.49 
50.69 


20.23 


34.04 + 3.04 
26.34 + 1.48 
57.91 + 2.43 
75.14 + 0.48 
66.50 + 1.94 
27.50 + 3.50 


1.08 
0.58 
3.63 
9.75 
R42 
7.11 


\+ 


I+ I+ I+ I+ 





progressive increase in stimulation of PA (Fig. 2) 
reaching a maximum after 16 hr exposure. 
Interaction between microtubule inhibitors and 
deuterium oxide. Deuterium oxide D,O is believed 
to stabilize microtubules [27] and to antagonize the 
effect of destabilizing agents [11-13]. However, 
Table 4 and the second column of Table 3 show that 
TGS cells cultured continuously in medium supple- 
mented with D,O secreted up to three times the 
amount of PA secreted by control cultures in normal 
medium. Macrophage cultures pulse-treated with 
D,O-supplemented media were not stimulated to 
secrete PA above control levels (Table 4) even if the 
pulse time was extended to 24 hr. Medium containing 
D,O had marked effects on cell morphology, pro- 
ducing approximately equal numbers of small 
rounded cells and large, highly spread cells with 
many cytoplasmic processes. Cell survival in medium 
containing more than 60 per cent D,O was poor. 


accumulative '“"I release after 4 days 


control 


test 





V 


i 1 J 
.@) 4 8 l2 20 24 





Ratio of 


Duration of pulse on second day of culture, hr 


Fig. 2. The effect of pulse treatment with 10°° M nocod- 


azole on PA secretion from TGS macrophages. Cells were 

given 10 ° M nocodazole for increasing periods during the 

second day of culture. Medium was changed daily for four 

days and the effect of nocodazole expressed at the ratio of 

“| release in nocodazole-treated cells to control cells. 

Results are the mean + S.D. of two experiments carried 
out in triplicate. 


When colchicine or nocodazole was given in com- 
bination with medium containing 32 per cent D,O 
PA secretion was enhanced above control cultures 
in 32 per cent D,O alone (Table 3, Column 2). In 
addition, medium supplemented with D,O did not 
antagonize the effect of colchicine or nocodazole on 
cell morphology. 


DISCUSSION 


The secretion of neutral proteinases by macro- 
phages requires protein synthesis [1, 2] and there is 
no evidence of any significant intracellular accu- 
mulation of these enzymes following stimulation 
either in vivo [1,2] or in vitro [5]. In all cases the 
effect of stimulation is to increase the quantity of 
enzyme which can be recovered from the culture 
medium. It appears, therefore, that macrophage 
neutral proteinases are secreted shortly after syn- 
thesis and that stimulation of enzyme secretion can 
be equated with stimulation of enzyme synthesis. 

The central observation of this paper, that col- 
chicine and other microtubule destabilizers stimulate 
PA secretion, contradicts the report of Vassalli er al. 
[16] but is in broad agreement with those of Gordon 
and Werb [17] who reported that colchicine stimu- 
lated the secretion of four neutral proteinases by 
macrophages. In general, it has been found that the 
secretion of PA from activated macrophages paral- 
lels the release of other: neutral proteinases and it 
seems unlikely that colchicine would exert a differ- 
ential effect on the secretion of one or more of these 
enzymes. The release of pyrogen, another product 
of activated macrophages that may share the same 


Table 4. PA secretion by TGS macrophages maintained in 
culture medium supplemented with different concentra- 
tions of D,O 





Ratio of test: control '*I release 
after 4 days + S.E.M. 





Treatment Continuous Pulse+ 





+ ().07 = 
+ ().67 1.06 + 0.14 
+ ().30 0.97 + 0.12 
+ 0.10 — 


16% DO 
32% DO 
56% DO 
80% D30 





“Cc , 125 < 
Control % “i release values = 6.1 and 19.5. 


re , 125 , 
+ Control % “I release values:= 7.8 and 9.9. 





Stimulation of the secretion of plasminogen activator 
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Fig. 3. The effect of 10°° M colchicine on PA secretion by 
TGS macrophages maintained in norma! medium and in 
medium supplemented with 32% deuterium oxide. Cells 
were exposed to colchicine and or D,O for the last three 
days of culture. Medium was changed daily and '**I release 
expressed as a percentage of the total P51 on the dish. 
@. TGS cells in medium containing 32% DO and 10°°M 
colchicine; O, TGS cells in medium containing 32% D,O; 
A, TGS cells in normal medium containing 10° M col- 
chicine; A, TGS cells in normal medium. 


days 


synthetic—secretory pathway as the neutral protein- 
ases, has also been reported to be stimulated by 
colchicine [18]. Although colchicine inhibits secre- 


tion in a wide variety of systems there are instances 
where stimulation of secretion has been reported. 
Colchicine stimulates secretion of steroids from cul- 
_ tured adrenal cortex cells [28], lysosomal glycosi- 
dases from human fibroblasts [29], PA from a pig 
kidney cell line [30] and both collagenase and prosta- 
glandins from rheumatoid synovial tissue [31, 32]. 
The results suggest that the ability of colchicine 
to stimulate PA secretion is related to the ability of 
the drug to destabilize microtubules. Thus colchicine 
analogues which destabilize microtubules also stimu- 
late PA secretion. Vinblastine, a destabilizing agent 
structurally unrelated to colchicine and which binds 
to a different site on tubulin [24], also stimulates PA 
secretion, as does another structurally distinct des- 
tabilizer nocodazole. In contrast, the colchicine 
analogues TMCA and colchicoside neither destabil- 
ize microtubules nor stimulate PA secretion. 
Colchicine, but not demecolchicine, vinblastine or 
nocodazole, stimulated PA secretion following pulse 
treatment of the macrophages for 2 hr. It is not 
known whether this effect is due to persistence of 
the drug within the cell or whether a transient des- 
tabilization of microtubules during the time of 
exposure is sufficient to initiate a series of events 
leading to increased synthesis and secretion of PA. 
Frankel [33] observed that, following a 2-hr exposure 
to 2 x 10°’M colchicine, all the microtubules pres- 
ent in cultured mouse macrophages had depolymer- 
ized and that | hr after the removal of the drug the 
microtubules had reformed. However, in our experi- 
ments significant stimulation of PA secretion fc ‘low- 
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ing a 2-hr pulse was only observed at concentration 
of 10°°M or above. Although we have not carried 
out experiments to determine the state of assembly 
of microtubules directly under these conditions we 
observed that the cells did not regain their normal 
morphology until approximately 24 hr after with- 
drawal of colchicine, suggesting that at higher con- 
centrations than that used by Frankel the effects of 
colchicine may be prolonged beyond the period of 
exposure to the drug. Pulse experiments with nocod- 
azole indicate that prolonged exposure to this readily 
reversible drug is required to stimulate PA secretion. 
This observation and the persistance of morphol- 
ogical changes following pulse treatment with col- 
chicine support the view that the microtubules must 
remain in the disaggregated state for several hours 
for PA secretion to be stimulated. 

The mechanism by which microtubule destabiliz- 
ing agents stimulate PA secretion is unknown. The 
effect is not exclusive to TGS cells as we have 
observed the same phenomenon in cells taken from 
unstimulated mice and from mice injected intraper- 
itoneally with bacterial endotoxin (unpublished 
observation). The secretion of PA from macrophages 
stimulated in vivo with endotoxin is induced by the 
phagocytosis of indigestible particles such as latex 
or carbon micropheres [6] and there is evidence that 
the release of digestion products from phagolyso- 
somes may play a role in regulating the synthesis of 
hydrolytic enzymes within the macrophage [34]. In 
this context the effect of the lectin Concanavalin A 
(Con A) provides an interesting analogy. Uptake of 
Con A into macrophage phagosomes causes vacuole 
formation and retardation of phagolysosome for- 
mation, as shown by electron micrographs and by 
a reduction in the degradation of internalized pro- 
teins [35]. Interference with the process of fusion 
between lysosomes and incompletely internalized 
phagosomes may be the method by which both col- 
chicine [36] and Con A [15] inhibit the release of 
lysosomal enzymes from TGS cells. Con A, however, 
at concentrations which cause vacuolization, stimu- 
lates PA secretion from macrophages [37]. A reduc- 
tion in the degradation of internalized proteins 
caused by the ability of colchicine to prevent pha- 
golysosome formation may produce a situation par- 
allel to that caused by the uptake of indigestible 
particles, thus stimulating the secretion of neutral 
proteinases. There is evidence that colchicine retards’ 
protein degradation in macrophages [38] and other 
cell types [29], although some workers have failed 
to confirm this [39]. 

Alternative mechanisms for the action of micro- 
tubule destabilizers on the secretion of PA may be 
related to their ability to disturb the distribution and 
mobility of surface receptors [40, 41] or to disrupt 
subcellular organisation causing synthetic or secre- 
tory abnormalities [7]. 

Deuterium oxide antagonizes the effects of col- 
chicine in several systems, apparently by increasing 
the formation and _ stability of microtubules 
[11, 12, 13,27]. In view of the close correlation 
between the destabilizing ability of the colchicine 
analogues, vinblastine and nocodazole, and stimu- 
lation of PA secretion, the failure of D,O to antag- 
onize the stimulatory effects of colchicine on PA 
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secretion and the ability of D,O itself to promote 
secretion are difficult to interpret. Previous work has 
usually involved much shorter incubation times than 
those used in these experiments and it may be that 
in long term culture systems other than microtubules 
may be affected by D,O. In seven out of eight dif- 
ferent secretory systems reviewed by Gillespie [42] 
the effects of D,O opposed those of cyclic AMP. 
This led her to suggest that D,O was specifically 
antagonizing effects of intracellular cyclic AMP. 
Agents which raise the intracellular concentration 
of cyclic AMP inhibit PA secretion by activated 
macrophages [16] so D,O may promote PA secretion 
by antagonizing intracellular cyclic AMP. 

In conclusion, therefore, our observations dem- 
onstrate that in activated macrophages the secretion 
of plasminogen activator, unlike the majority of 
secretory processes but in common with the secretion 
of other neutral proteinases [17, 18], is not depen- 
dent upon an intact microtubular system. 


REFERENCES 


1. Z. Werb and S. Gordon, J. exp. Med. 142, 346 (1975). 
2. Z. Werb and S. Gordon, J. exp. Med. 142, 361 (1975). 
3. J. C. Unkeless, S. Gordon and E. Reich, J. exp. Med. 
139, 834 (1974). 
. L. M. Wahl, S. M. Wahl, S. E. Mergenhagen and G. 
R. Martin, Science 187, 261 (1975). 
5. S. Gordon, Fedn Proc. 36, 2707 (1977). 
. S$. Gordon, J. C. Unkeless and Z. A. Cohn, J. exp. 
Med. 140, 995 (1975). 
.C. M. Redman, D. Banerjee, K. Howell and G. E. 
Palade, J. Cell Biol. 66, 42 (1975). 
8. P. E. Lacy, S. L. Howell, D. A. Young and C. J. Fink, 
Nature, Lond. 219, 1177 (1968). 
. R. Harwood, M. E. Grant and D. S. Jackson, Biochem. 
J. 156, 81 (1976) 
. K. M. Gautvik and A. H. Tashjian, Endocrinology 93, 
793 (1973). 
. A.M. Poisner and J. Bernstein, J. Pharmac. exp. Ther. 
177, 102 (1971). 
. E. Gillespie, R. J. Levine and S. E. Malawista, J. 
Pharmac. exp. Ther. 164, 158 (1968). 
. E. Gillespie and L. M. Lichtenstein, J. clin. Invest. 51, 
2941 (1972). 
. G. Weissmann, P. Dukor and R. B. Zurier, Nature 
New Biol. 231, 131 (1971). 
5. P. S. Ringrose, M. A. Parr and M. Mclaren, Biochem. 
Pharmac. 24, 607 (1975). 
. 3.-D. Vassalli, J. Hamilton and E. Reich, Cell 8, 271 
(1976). 


. S. Gordon and Z. Werb, Proc. natn. Acad. Sci. U.S.A. 


73, 872 (1976). 


. P. Bodel, J. exp. Med. 143, 1015 (1976). 
. J. P. Quigley, L. Ossowski and E. Reich, J. biol. Chem. 


249, 4306 (1974). 


. K. Laki, Archs Biochem. Biophys. 32, 317 (1951). 
. D. G. Deutsch and E. T. Mertz, Science 170, 1095 


(1970). 


22. A. N. Bhisey and J. J. Freed, Expl. Cell Res. 64, 419 


(1971). 


23. Y.-H. Chang, J. Pharmac. exp. Ther. 194, 159 (1975). 
4. L. Wilson, J. R. Bambury, S. B. Mizel, L. M. Grisham 


and K. M. Creswell, Fedn Proc. 33, 158 (1974). 


. M. J. de Brabander, R. M. L. Van de Veire, F. E. M. 


Aerts, M. Borgers and P. A. J. Janssen, Cancer Res. 
36, 905 (1976). 


. J. Hoebeke, G. Van Nijen and M. J. De Brabander, 


Biochem. biophys. Res. Commun. 69, 319 (1976). 


. D. Marsland, L. Tilney and M. Hirshfield, J. cell. 


Physiol. 77, 187 (1971). 


.R. Temple and J. Wolff, J. biol. Chem. 248, 2691 


(1973). 


9. K. Von Figura, H. Kresse, V. Meinhard and D. Holt- 


ferich, Biochem. J. 170, 313 (1978). 


.R. N. Hull, W. R. Cherry, R. M. Huseby and S. A. 


Clavin, Thromb. Res. 10, 669 (1977). 


. E. D. Harris and S. M. Krane, Arthritis Rheum. 14, 


669 (1971). 


. D. R. Robinson, H. Smith, M. B. McGuire and L. 


Levine, Prostaglandins 10, 67 (1975). 


33. F. R. Frankel, Proc. natn Acad. Sci. U.S.A. 73, 2798 


(1976). 


. Z. A. Cohn, in Proteases and Biological Contral (Eds. 


E. Reich, D. B. Rifkin and E. Shaw), p. 483. Cold 
Spring Harbor Conferences on Cell Proliferation, Vol. 
2. Cold Spring Harbor Laboratory, Cold Spring Harbor 
(1975). 


. P. J. Edelson and Z. A. Cohn, J. exp. Med. 140, 1364 


(1974). 


.S. E. Malawista, in Microtubules and Microtubule 


Inhibitors (Eds. M. Borgers and M. de Brabander), p. 
199. North-Holland, Amsterdam (1975). 


. J.-D. Vassalli, J. Hamilton and E. Reich, Cell 11, 695 


(1975). 


. G. Weissmann, P. Dukor and G. Sessa, in /mmuno- 


pathology of Inflammation (Eds. B. K. Forscher and 
J. C. Houck), p. 107. Excerpta Medica, Amsterdam 
(1971). 


. E. L. Pesanti and S. G. Axline, J. exp. Med. 141, 1030 


(1975). 


. T. E. Ukena and R. D. Berlin, J. exp. Med. 136, 1 


(1972). 


. J. M. Oliver, T. E. Ukena and R. D. Berlin, Proc. 


natn Acad. Sci. U.S.A. 71, 394 (1974). 


. E. Gillespie, Ann. N.Y. Acad. Sci. 253, 771 (1975). 





Biochemical Pharmacology, Vol. 29, pp. 2551-2556. 0006-2952/80/1001—2551 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


THE EFFECT OF MONOAMINE OXIDASE INHIBITORS ON 
‘FIRST-PASS’ METABOLISM OF TYRAMINE IN DOG 
INTESTINE 


KENNETH F. ILETT,* CHARLES F. GEORGE and DONALD S. DAvIEst 


Department of Clinical Pharmacology, Royal Postgraduate Medical School, London W12 OHS, and 
Clinical Pharmacology, University of Southampton, Southampton, SO9 3TU, U.K. 


(Received 6 March 1980; accepted 9 May 1980) 


Abstract—The role of the intestine in metabolic inactivation of tyramine (TYR) has been studied in 
an isolated intestinal loop preparation in anaesthetized dogs. In control animals there was extensive 
metabolism of tyramine on passage through the intestinal wall and p-hydroxyphenylacetic acid (p- 
OHPA) was the only metabolite found in venous plasma from the loop (mean ratio p-OHPA/TYR = 
5). Oral or intravenous pretreatment with the monoamine oxidase (MAO) inhibitors tranylcypromine 
or MD780515 significantly lowered the ratio of p-OHPA/TYR (range = 0.2-1.1) measured 3 hr after 
the last dose. Twenty-four hours after the last dose of MAO inhibitor p-OHPA/TYR ratios in dogs 
pretreated orally with MD780515 had returned to control levels while ratios in dogs pretreated orally 
with tranylcypromine remained low (mean = 1.6). Jn vitro rates of deamination of the substrates 5- 
hydroxytryptamine (selective for the A form of MAO) and {-phenylethylamine (selective for the B 
form of MAO) in homogenates of intestine paralleled the in vivo findings in most cases. Tranylcypromine 
produced a nonselective irreversible inhibition of both MAO-A and MAO-B whereas MD780515 was 


found to be a selective inhibitor of MAO-A and also appeared to be reversible. 


Monoamine oxidase (MAO) inhibitors can provide 
an effective treatment for some groups of depressed 
patients [1] but extensive use of these drugs has been 
discouraged because they may cause a hypertensive 
crisis (cheese effect) when foods containing vaso- 
active amines such as tyramine (cheese), tryptamine 
(tomatoes) or phenylethylamine (chocolate) are 
ingested. It is generally assumed on the basis of 
indirect evidence [2] that such hypertensive crises 
occur largely as a result of inhibition of intestinal 
and hepatic monoamine oxidase which protect the 
body from the systemic effects of oral tyramine 
(TYR) and in part as a result of inhibition of neuronal 
MAO which normally degrades both noradrenaline 
and tyramine. 

In the present investigation, the role of the intes- 
tine in metabolic inactivation of TYR has been stud- 
ied using an isolated intestinal loop preparation in 
anaesthetized dogs. The effects of two MAO inhibi- 
tors, tranylcypromine and MD780515 [3-4-(3-cy- 
anophenylmethoxy )phenyl -5- (methoxymethyl) -2- 
oxazolidinone] on TYR metabolism have also been 
measured in this preparation and the selectivity arid 
reversibility of both inhibitors has been assessed by 
measurement of in vitro rates of metabolism of TYR 
and of 5-hydroxytryptamine (5HT, selective for the 
A form of MAO) and f-phenylethylamine (PEA, 
selective for the B form of MAO at low substrate 
concentrations) in intestine and brain. 





* Present address: Department of Pharmacology, Uni- 
versity of Western Australia, Nedlands 6009, Western 
Australia. 

+ To whom all correspondence should be addressed. 


For several drugs [3], large differences in metab- 
olite pattern have been observed following admin- 
istration by the oral and intravenous routes, sug- 
gesting that drug in the systemic circulation may not 
always have easy access to intestinal drug metab- 
olizing enzymes. This hypothesis has been tested by 
assessing the effects of oral and intravenous MAO 
inhibitors on the intestinal metabolism of oral tyra- 
mine. Poor penetration of inhibitor to intestinal 
MAO following intravenous administration might be 
expected to decrease the magnitude of the ‘cheese 
effect’. 


METHODS 


Treatment of animals and experimental procedure. 
Mongrel dogs of either sex (13-28.2 kg) were used 
throughout the study and where appropriate were 
pretreated either orally or intravenously with 
11.8 umoles/kg tranylcypromine or 5.9 umoles/kg 
MD780515 given once daily for 3 days. Both drugs 
were given orally in a gelatin capsule or intravenously 
as a slow infusion over 1.5 hr dissolved in 5—10 ml 
of normal saline (tranylcypromine) or propylene gly- 
col (MD780515). Three or 24 hr after the last oral 
dose or commencement of the last i.v. infusion, 
isolated in situ jejunal loops were prepared in anaes- 
thetized dogs as previously described [4]. 
['*C]Tyramine (50 mg and 50 uCi/10 ml N saline) was 
introduced into the isolated loop and venous blood 
from the loop was collected for 10 x 3 min intervals 
(8-12 ml each). Arterial blood samples (5 ml) were 
also collected from the abdominal aorta at the same 
time intervals so that the effectiveness of the isolation 
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Fig. 1. High pressure liquid chromatogram showing the 
separation of tyramine and p-hydroxyphenylacetic acid in 
protein-free plasma supernatant fractions. Samples (20 ul) 
were injected as shown at the arrow and effluent from the 
column collected in seven fractions (fraction 3 = tyramine; 
fraction 5 = p-hydroxyphenylacetic acid) in which '*C was 
quantified by liquid scintillation counting. 


procedure could be assessed by comparison of radio- 
activity in arterial and venous plasma. At the con- 
clusion of each experiment dogs were killed using 
intravenous KCI and samples of jejunum (5-10 g) 
immediately proximal to the isolated loop and brain 
cortex (1-3 g) were removed for in vitro determi- 
nation of rates of deamination of TYR, 5-HT and 
PEA. 

Measurement of total radioactivity, tyramine and 
p-hydroxyphenylacetic acid in plasma. Total radio- 
activity was determined in 0.1 ml aliquots of plasma 
using 10 ml Instagel in a Packard 2650 liquid scin- 
tillation counter. 

Tyramine and p-hydroxyphenylacetic acid (p- 
OHPA) were separated in venous plasma samples 
using an Altex high pressure liquid chromatography 
system (model 100A pump; model 210 sample injec- 
tion valve), a Waters Associates C), u-Bondapak 
column (30cm X 4mm i.d.) and a Hitachi 100-10 
variable wavelength detector set at 275 nm. Plasma 
samples containing radiolabelled tyramine and its 
metabolites were diluted (2:1) with 20% w/v trich- 
loracetic acid containing 0.8 mg/ml each of non 
radioactive TYR and p-OHPA, vortexed for 30 sec 
and centrifuged at 1200 g for 10 min. Aliquots (20 ul) 
of the resulting supernatant fraction were injected 
directly onto the column. The operating conditions 
were: mobile phase 4% acetonitrile in 0.05 M sodium 
phosphate (pH 4.5), flow rate 1.5 ml/min except 
between 4.3 and 6min when it was increased to 
3 ml/min, detector sensitivity 0.5 a.u.f.s. and chart 
speed 0.5cm/min. Approximate retention times 
were 4min for TYR and 5.5min for p-OHPA. 
Recovery, as assessed by peak height measurements, 


was 100.7 + 1.8 (mean + S.D.; N = 10) and 98.9 
+ 2.6 for non radiolabelled TYR and p-OHPA, 
respectively. The effluent was collected for 10 min 
in seven fractions as indicated in Fig. 1 and quantified 
by liquid scintillation counting as above. Fraction 1 
was taken as background radioactivity and sub- 
tracted from fractions 2—7. Results are expressed as 
the ratio of radioactivity in the p-OHPA- and TYR- 
containing fractions. 

Preparation of tissue homogenates and mitochon- 
dria. For tissue homogenates, 3-5 g intestine and 1- 
2g brain were homogenized with 9 vol. of 0.05 M 
phosphate buffer (Na,HPO,-KH,PO, containing 
10-*M ascorbic acid and EDTA; pH 7.2) using a 
Polytron Model PT 10-35 homogenizer (Kinematica, 
Switzerland). The homogenates were centrifuged at 
600g for 10min and the supernatant fraction 
retained. For mitochondria, 3-5 g intestine was hom- 
ogenized as above in 4 vol. 0.25M sucrose and 
following sedimentation of nuclei and cell debris by 
centrifugation at 600 g for 10 min; a mitochondrial 
pellet was obtained by centrifugation at 10,000 g for 
20 min. All procedures were carried out at 4°. Mito- 
chondria were resuspended in the phosphate buffer 
and protein concentration determined by the method 
of Hartree [5]. 

MAO activity studies. MAO activity was deter- 
mined in duplicate by a modification of the method 
of Robinson et al. [6]. Aliquots of tissue homogenate 
(equivalent to 2-15 mg tissue wet wt) or mitochon- 
dria (0.2-0.4 mg protein) were diluted in 0.575 ml 
of the 0.05 M phosphate buffer and incubated with 
25 ul [*C}labelled substrate for 4-15 min at 37°. Final 
concentrations of substrates used were: TYR and 
5HT (10°*M) and PEA (107°M). Incubation blanks 
were established by inclusion of tranylcypromine 
(final concentration 5 x 10°*M) in the incubation 
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Fig. 2. Total 4C in aortic arterial plasma (@—@) and 

venous plasma from an isolated dog intestinal loop 

(@—4) following intraluminal administration of 50 mg 
(50 uCi) “C-tyramine. 
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Table 1. Distribution of '“C in fractions from h.p.l.c. analysis of venous plasma from isolated dog intestinal 
loop preparations* 





Time after last dose 


Treatment group (hr) 


Route 


'§C in h.p.l.c. area (%) 
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Tranylcypromine 
Tranylcypromine 
Tranylcypromine 
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MD780515 
MD780515 


tN 
WW WwW 


tN 


Oral 
Intravenous 
Oral 
Oral 
Intravenous 
Oral 


WwWwWhkhwwh 
— Oe RN We 
OCFfnVrnNwoNN WwW 
N WWE Ne 

WwNrmynNwon st 


oo) 





* Mean results only shown for clarity. 


mixture. After incubation, 0.5 ml aliquots of reaction 
mixtures were transferred to Pasteur pipettes con- 
taining 0.5 x 2.5cm Amberlite resin (CG-50% 100- 
200 mesh, BDH Chemicals; prepared according to 
Tipton and Youdim [7]. The columns were washed 
twice with 1.25 ml distilled water and the entire 
eluate was collected into scintillation vials containing 
11 ml Instagel and radioactivity quantified as above. 
MAO activity was determined under conditions 
which were linear with time and protein (mitochon- 
dria) or tissue (homogenate) concentration and such 
that not more than 10 per cent of the substrate was 
utilized. 

Chemicals. 3-4-(3-Cyanophenylmethoxy)phenyl- 
5-(methoxymethyl)-2-oxazolidinone (MD780515, 
Delalande, Paris), 5-hydroxytryptamine creatinine 
sulphate, 6-phenylethylamine hydrochloride, tyra- 
mine hydrochloride and tranylcypromine hydrochlo- 
ride (Sigma Chemical Co., St. Louis, MO, U.S.A.), 
['*C]5-hydroxytryptamine creatinine sulphate, 
58 mCi/mmole, and [*C]tyramine hydrochloride, 
50 mCi/mmole (The Radiochemical Centre, Amer- 
sham, U.K.) and [C]f-phenylethylamine hydro- 
chloride, 48.25 mCi/mmole (New England Nuclear, 
Boston, MA., U.S.A.). 

Data analysis. Results are expressed as mean + 
S.E.M. unless otherwise stated. Differences in the 
ratio of p-OHPA/TYR in venous plasma from iso- 
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lated gut loops in the various treatment groups were 
assessed by analysis of variance. All other group 
differences were evaluated by means of the Student 
t-test. 


RESULTS 


Results from a typical experiment on the absorp- 
tion of [“C]TYR from the isolated dog intestinal 
loop are shown in Fig. 2. Total '*C in venous plasma 
from the loop increased with time to a steady maxi- 
mum at around 15-20min. In all experimental 
groups mean total '“C in aortic plasma ranged from 
1.6 to 4 per cent of that found in the venous effluent 
from the loop, indicating little spill-over of radio- 
activity into the systemic circulation. 

Table 1 summarizes the mean results for the dis- 
tribution of “C in the different fractions (see Fig. 
1) obtained by h.p.I.c. analysis of venous plasma 
from the dog intestinal loops. Recovery of injected 
radioactivity was almost quantitative (97.8 + 0.9,N = 
8). In all groups, p-OHPA was the only major 
metabolite detected and, together with unchanged 
TYR, accounted for 91.2-95.5 per cent of the radio- 
activity recovered from h.p.l.c. Moreover, this 
recovery did not differ significantly between groups 
and in assessing the extent of metabolism after dif- 
ferent treatments, results have therefore been 
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Fig. 3. Ratio of p-hydroxyphenylacetic acid/tyramine (mean results) in venous plasma from isolated 

dog intestinal loops in control dogs (A, N = 4) and 24 hr after the last oral dose of tranylcypromine 

(B, N =3) or MD780515 (C, N = 3). Inset bars are S.E.M. “Indicates significantly different from 
corresponding control value, P < 0.05. 
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Table 2. Deamination of tyramine, 5-hydroxytryptamine and B-phenylethylamine in intestinal mitochondria* 





Time after last dose 


Treatment group (hr) Route 


Rate of deamination (nmoles/mg/min) 





Tyramine 5-Hydroxytryptamine {-Phenylethylamine 





Control — 
Trany!cypromine Oral 
Tranyicypromine Intravenous 
Tranylcypromine Oral 


14.69 + 1.65 
4.62 + 1.09+ 
3.87 + 0.407 
13.11 + 0.47 
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a> 
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+ 


1.62 + 0.19 

0.30 + 0.107 
0.27 + 0.067 
0.80 + 0.06+ 
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* Results are means + S.E.M. 
+ Significantly different from controls, P < 0.05. 


expressed as the ratio of radioactivity in the p-OHPA 
fraction to that in the TYR fraction. With both 
tranylcypromine and MD780515 at 3 hr, when there 
was significant inhibition of MAO activity, p-POHPA 
was still the only metabolite found and there was no 
significant change in other areas of the chro- 
matogram. 

In control dogs (Fig. 3) there was a tendency for 
the ratio of p-POHPA/TYR in venous plasma from 
the isolated gut loop to increase with time and attain 
a steady maximum of around 6 after about 20 min. 
Both tranylcypromine and MD780515 pretreatment 
resulted ima significant (P < 0.05) inhibition of MAO 
and decrease in the p-OHPA/TYR ration 3 hr after 
the last dose (Fig. 4) and although ratios tended to 
be lower after intravenous than after oral adminis- 
tration this difference was not significant because of 
the large variability in ratios in animals receiving the 
drugs orally. At 24hr after the last oral dose of 
MAO inhibitor (Fig. 3) ratios for MD780515 treated 
dogs were similar to those in control animals whereas 
ratios for tranylcypromine-treated dogs were still 
significantly lower than in controls (P < 0.05). 

In vitro studies with intestinal homogenates or 
mitochondria utilizing substrates selective for the A 
form (5-HT) or the B form (PEA) of MAO, and 
TYR (deaminated by both MAO-A and B), are 
summarized in Tables 2 and 3. At 3 hr after the last 
dose both tranylcypromine (Table 2) and MD780515 
(Table 3) caused a significant (P < 0.05) decrease in 
rates of deamination of both TYR and 5-HT. There 
was no significant difference between the effects after 
intravenous or oral administration for both MAO 
inhibitors. At 3hr, rates of deamination of PEA 
were lowered, but the change was only significant 
(P < 0.05) with tranylcypromine. With tranylcy- 
promine, 24 hr after the last dose, in vitro rates of 
deamination of 5-HT and TYR were similar to those 
of controls whereas that for PEA still remained 
significantly depressed (Table 2). Deamination of 
TYR, 5-HT and PEA was also studied in whole 
homogenates of intestine 24 hr after the last dose of 
tranylcypromine. In contrast to findings in mito- 
chondria, there was marked inhibition of the metab- 
olism of all three substrates (Table 3). Rates of 
deamination of 5-HT, TYR and PEA were still 
slightly depressed 24hr after the last dose of 
MD780515 but this was significant (P < 0.05) only 
for TYR. 

In brain homogenates (Table 4) tranylcypromine 
treatment resulted in significant decreases (P < 0.05) 
in rates of deamination of TYR, 5-HT and PEA at 
3 hr after the last dose. At 24 hr metabolism of all 


three substrates remained low, indicating a long- 
lived blockade of MAO. Treatment with MD780515 
also decreased metabolism of TYR and 5-HT (Table 
4) in brain at 3 hr but there was substantial recovery 
by 24hr. On the other hand, PEA metabolism was 
unaffected by MD780515 at 3 hr and showed a small 
but significant (P < 0.05) depression at 24 hr when 
compared to control values but not when compared 
to the 3 hr rates of metabolism. 


DISCUSSION 


Ewins and Laidlaw [8] in 1910 identified p-OHPA 
as a major urinary metabolite of orally administered 
TYR in dogs. From the present study, it is evident 
that some 80 per cent of orally administered TYR 
is metabolized to p-OHPA while passing through 
the intestinal wall, thus identifying the intestine as 
the major site of metabolism for this compound. 
Administration of the MAO blocking drugs tranyl- 
cypromine and MD780515 resulted in substantial 
inhibition of tyramine metabolism during absorption 
from isolated dog intestinal loops (Table 1), provid- 
ing direct in vivo evidence that inhibition of intestinal 
MAO activity is probably quantitatively more impor- 
tant in production of the ‘cheese effect’ than inhi- 
bition of hepatic MAO activity. 

In rats, Tacker et al. [9] also identified p-OHPA 
as the major metabolite of TYR and additionally 
reported minor pathways producing tyramine -O- 
glucuronide, N-acetyltyramine and N-acetyltyra- 
mine conjugates with glucuronic and sulphuric acids. 
In the dog, inhibition of intestinal MAO markedly 
reduced production of p-OHPA but, interestingly, 
did not result in increased metabolism along alter- 
native pathways (see Table 1), a surprising result 
because of the known activity of the dog intestine 
in conjugating drugs such as isoprenaline [4]. 

An indication of the relative abundance of forms 
A and B of MAO, respectively, in a given tissue may 
be obtained in vitro [10] using the selective substrates 
5-HT and PEA provided that unduly high (> 125 uM) 
concentrations of PEA are avoided [11]. Our results 
in the dog indicate that the ratio of MAO-A: MAO- 
B is around 14:1 or 16:1 in intestinal homogenates 
and mitochondria, respectively, indicating in agree- 
ment with previous studies that the enzyme is mostly 
type A. In brain homogenates, absolute rates of 
deamination of both 5-HT and PEA were, respec- 
tively, 6- and 1.6-fold lower than in intestine with 
an MAO-A:MAO-B ratio of 4:1. This ratio differs 
from the ratio of 1:2 found in dog brain by Squires 
[12] who used different procedures. Murphy [13] in 
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Fig. 4. Effect of tranylcypromine (A, oral N = 4, i.v. N = 3) and MD780515 (B, oral N = 4, i.v. N = 

3) on the ratio of p-hydroxyphenylacetic acid/tyramine in venous plasma from isolated dog intestinal 

loops, 3 hr after the last dose. Open columns show mean results for the oral and stippled columns mean 
results for the intravenous routes of administration. Inset bars are S.E.M. 


a recent commentary has pointed out that combined 
substrate-inhibitor studies are necessary for precise 
determination of A:B ratios. 

In the dog intestine in vitro tranylcypromine 
inhibited both MAO-A and B activity but the activity 
of the B form was slower to recover, as evidenced 
by the 50 per cent depression of rates of deamination 
of PEA 24hr after the last dose at a time when 5- 
HT deamination was only slightly lower than in 
control mitochondria. On the other hand, MD780515 
was selective for MAO-A and in 10% homogenates 
only depressed the rate of deamination of 5-HT but 
not PEA. Reversibility of this effect of MD780515 
was apparent 24 hr after the last dose. In brain hom- 
ogenates, the nonselective and A-selective charac- 
teristics of tranylcypromine and MD780515 were 
again apparent. At 24 hr after the last dose, however, 
5-HT metabolism was only 63 per cent of centrol 
rates with tranylcyproming, whereas’ with 
MD780515, 5-HT metabolism had returned to con- 
trol levels. With tranylcypromine treatment, recov- 
ery of MAO-B activity was slower than for MAO- 
A activity. For tyramine, a mixed MAO-A and B 
substrate, a composite picture was found in both 
intestine and brain. 

In assessing the possible route-dependent effect 
of MAO inhibitors on TYR metabolism in the intes- 


tinal loop preparation we first studied tranylcyprom- 
ine. No significant difference between the i.v. and 
oral routes was found and similar decreases in vitro 
deamination of tyramine were also measured. Route- 
dependency of MD780515 was therefore studied but 
again no difference in TYR metabolism was evident 
either in vivo or in vitro. Hence it appears that 
intravenously administered MAO inhibitors have 
good access to the intestinal MAO despite its prob- 
able location on the epithelial cells of the microvilli 
[14] and a decreased ‘cheese effect’ cannot be antici- 
pated for this route of administration. 

Correlation between in vitro rates of deamination 
for TYR in intestinal mitochondria or homogenates 
and the extent of its metabolism in the intestinal 
loop (ratio p-OHPA/TYR) was generally good but 
some discrepancies were observed. For example, p- 
OHPA/TYR ratios for MD780515 24hr after, the 
last dose were similar to those of controls whereas 
in vitro deamination of tyramine still showed sig- 
nificant (36 per cent) inhibition {Table 3). Metab- 
olism of TYR in intestinal mitochondria 24 hr after 
the last dose of tranylcypromine was not significantly 
different from controls, whereas the ratio of p- 
OHPA/TYR in the intestinal loop showed a sig- 
nificant inhibition of TYR metabolism. In this latter 
case in vitro metabolism of TYR in whole hom- 


Table 3. Deamination of tyramine, 5-hydroxytryptamine and f-phenylethylamine in intestinal homogenates* 





Time after last dose 


Treatment group (hr) Route 


Rate of deamination (pmoles/mg/min) 





Tyramine 5-Hydroxytryptamine {-Phenylethylamine 





Control — 
MD780515 Oral 
MD780515 Intravenous 
MD780515 Oral 
Tranylcypromine Oral 


836 + 107 $249 
197 + 827 25 + 11 
101 = Tt 37 +6 
584 + 69 33 +8 
186 + 22+ 6 + 47 


766 + 75 
199 + 857 
174 + 37 
485 + 827 
151 + 23+ 





* Results are means + S.E.M. 
+ Significantly different from control, P < 0.05. 
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Table 4. Deamination of tyramine, 5-hydroxytryptamine and f-phenylethylamine in brain homogenates* 





Time after dose 
(hr) 


Z 


Treatment. group Route 


Rate of deamination (pmoles/mg/min) 





Tyramine 5-Hydroxytryptamine {-Phenylethylamine 





Control os 
Tranylcypromine+ 
Tranylcypromine 
Tranylcypromine 

MD780515 

MD780515 : 
MD780515 2 


Oral 
Intravenous 
Oral 
Oral 
Intravenous 
Oral 


WwWhWWNH 


150 + 10 
47 

33 + St 

48 + 6t 

80 + 204 

77 + 16t 

137+5 


wW 
_ 


I+ It + Ht it it 
NANOS 


++ 


tN 


tN 
a+ 


oO 
Ft 





* Results are means + S.E.M. 
+ Means of two determinations only. 
t Significantly different from control, P < 0.05. 


ogenates was inhibited by some 80 per cent, which 
is in agreement with the intestinal loop findings. 
Tranylcypromine has been described as a partially 
reversible MAO inhibitor [15] and drug may have 
been lost in the preparation of mitochondria. 

In conclusion, these data demonstrate for the first 
time the quantitative importance of intestinal MAO 
in the deamination of oral tyramine and illustrate 
the influence of MAO inhibition on this protective 
- mechanism. 
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Abstract—The antidepressant efficacy of pridefine has been established in previous clinical trials. The 
present study was undertaken to determine its mode of action. Regional levels of norepinephrine, 
dopamine and 5-hydroxytryptamine were measured following pridefine administration in rats pretreated 
with saline or reserpine. Only hypothalamic levels of norepinephrine were increased significantly in 
both control and reserpinized rats. /n vitro effects of pridefine on transmitter uptake and release were 
examined. Uptake blockade predominated but some releasing activity was present, leading to the 
conclusion that the drug is a reuptake blocker. Ex vivo uptake experiments confirmed the results of in 
vitro studies and indicated that the drug reaches active sites. 


Although tricyclic antidepressants and monoamine 
oxidase (MAO) inhibitors are the established phar- 
macotherapeutic agents for the treatment of depres- 
sion, pharmacologists and clinicians continue to seek 
new compounds with fewer contraindications and a 
more rapid onset of clinical action. Pridefine, (1- 
ethyl-3-diphenylmethylenepyrrolidine) hydrochlo- 


ride (AHR-1118), may be one such compound. In 
an early comparative study with amitriptyline, pri- 


define caused less sedation, was more effective in 
alleviating psychomotor retardation, and appeared 
to have an earlier onset of antidepressant action [1]. 
A recent double-blind study with patients suffering 
from primary affective disorder and alcoholism [2] 
and an open clinical study of patients with major 
depressive disorder [3] have shown that the drug is 
clinically as efficacious as imipramine and less toxic 
than standard antidepressants. The pharmacological 
basis for the clinical efficacy of pridefine was not 
apparent, however, due to the lack of structural 
resemblance with commercially available psycho- 
tropic compounds (Fig. 1). 

In this study the biochemical pharmacological 
properties of pridefine were evaluated in order to 
characterize its mode of action. Because the drug 
does not inhibit MAO?#, variables related to the 
mode of action of tricyclic antidepressants were 
measured. Previous work in this laboratory had dem- 
onstrated time-dependent increases in brain levels 
of biogenic amines following administration of tri- 
cyclic antidepressants [4,5]. An initial aim was to 
determine whether pridefine selectively alters 
regional levels of norepinephrine (NE), dopamine 
(DA) or 5-hydroxytryptamine (5-HT). Amine levels 
were measured at two intervals after drug was given 
to animals pretreated with saline or reserpine. Since 
changes in transmitter levels imply altered neuronal 
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CH4-CH3°HC! 
Fig. 1. Structural formula of pridefine (AHR-1118). 


activity, the second part of the study focused on the 
mechanism by which pridefine may act at the neu- 
ronal level. Numerous studies have shown that tri- 
cyclic antidepressants act as reuptake blockers and, 
to a lesser extent, as releasing agents [6]. It was 
determined, therefore, whether pridefine blocks the 
in vitro uptake of NE, DA and 5-HT and whether 
selective inhibition occurs with a particular trans- 
mitter and/or brain region. To assess the physio- 
logical significance of in vitro uptake inhibition, ex 
vivo uptake was measured in synaptosomal prep- 
arations from rats pretreated with pridefine. Finally, 
a series of release experiments were conducted. 


MATERIALS AND METHODS 


Materials. Male Sprague-Dawley rats, 150-200 g 
in weight, were supplied by King Laboratories, 
Oregon, WI. Animals were maintained at constant 
temperature and relative humidity with a 12-hr light- 
dark cycle. Food and water were available ad lib. 
All animals were decapitated between 10:00 a.m. 
and 12:00 p.m. Where applicable, dissections of 
hypothalamus, striatum, midbrain, hindbrain, fron- 
tal cortex and nucleus accumbens were performed 
immediately after decapitation as described by Hal- 
aris et al. [7]. 
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Pridefine was provided by the A. H. Robins Co. 
(Richmond, VA). Reserpine (Serpasil) and reser- 
pine placebo were supplied by the Ciba-Geigy Corp. 
(Summit, NJ). The following compounds were 
obtained from the New England Nuclear Corp. 
(Boston, MA): [*H]dihydroxyphenylethylamine (sp. 
act. 6.45 Ci/mmole), [*H]norepinephrine (sp. act. 
8.72 Ci/mmole), [*H]-5-hydroxytryptamine binox- 
alate (sp. act. 29.2 Ci/mmole), [°H]-S-adenosyl-/- 
methionine (sp. act. 8-10 Ci/mmole), aquasol scin- 
tillation counting fluid, and omnifluor. Soluene 350 
was purchased from the Packard Instrument Co. 
(Downers Grove, IL), and dopamine—HCl, /- 
norepinephrine—HC], serotonin creatinine sulfate, 
3-methoxytyramine, normetanephrine, tetraphen- 
ylboron, d,/-dithiothreitol and ouabain octahydrate 
were obtained from the Sigma Chemical Co. (St. 
Louis, MO). Dihydroxybenzylamine (DBHA) was 
supplied by the Aldrich Chemical Co. (Milwaukee, 
WI). All other reagent grade chemicals were 
obtained through local distributors. 

Measurement of NE, DA and 5-HT levels. Rats 
were injected i.p. with reserpine (5 mg/kg), reserpine 
placebo or saline in equivalent volumes. To assess 
the degree of reserpinization, the weight loss cri- 
terion of Halaris and Freedman [8] was employed. 
Rats were weighted 24 hr following administration 
of reserpine; those that did not exhibit a 5 per cent 
or more loss of body weight were excluded from the 
study. Of the animals used, the mean per cent weight 
loss was ca. 15.2 per cent. Rats then received pri- 
define (25 mg/kg, i.p.) or saline in equivalent vol- 
ume. Following administration of the drug, their 
behavior was observed until they were killed at 30 
or 60 min. 

’ Brain regions were homogenized in appropriate 
volumes of ice-cold 0.1 N perchloric acid with 0.1% 
EDTA (striatum, 5.0 ml; hypothalamus, 2.0 ml; 
frontal cortex, 1.0ml; and nucleus accumbens, 
1.5 ml). Homogenates were centrifuged at 40,000 g 
for 35 min. The protein-free supernatant fractions 
were stored at —80° for no more than 96 hr before 
assay. 

The radioenzymatic method of Coyle and Henry 
[9] as modified by Daprada and Zurcher [10] was 
used to measure catecholamine levels. Levels of 
5-HT were determined by high-pressure liquid 
chromatography with electrochemical detection 
(h.p.l.c.-e.c.). Chromatographic conditions were 
similar to those of Sasa and Blank [11] except that 
a 500 x 2mm column was substituted for the longer 
column used in their study. In addition, a pneumatic 
pump [12] was substituted for a reciprocating pump, 
and the flow was lowered to 0.4 ml/min. The mobile 
phase consisted of 8.2g sodium acetate, 4.25 g 
NaOH, 10.5 g citric acid, 2.1 ml glacial acetic acid, 
and 1 liter of distilled deionized water. Immediately 
prior to use, the mobile phase was filtered through 
a0.45 um millipore filter and degassed under vacuum 
for ca. 2 hr. Following degassing, the pH was care- 
fully adjusted to pH 5.1 with glacial acetic acid and 
loaded into the pump reservoir under vacuum. 

A 25-ul aliquot of DHBA was added to 0.5 ml of 
tissue homogenate. To prevent precipitation of 
perchlorate crystals onto the column, the pH of the 
samples was adjusted to the 5.1-6.0 range with ali- 
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quots of the mobile phase and 0.5 N KOH. Samples 
were placed on ice for at least 30 min to facilitate 
precipitation and then were filtered through CFS0A 
amicon conical membrane filters (Amicon Corp., 
Lexington, MA) at 900 g for 45 min. 

Twenty microliters of sample was applied with a 
sliding loop injector (Altex) to a glass column packed 
with Dupont SCX resin and run at room tempera- 
ture. Samples were amperometrically detected at 
0.6 V electrode potential using an LC-2A detector 
and glassy carbon working electrode (Bioanalytical 
Systems, Lafayette, IN). Peak identification, inte- 
gration and quantification were performed by an 
SP4000 computing integrator (Spectra Physics, Santa 
Clara, CA). Areas of 5-HT peaks were quantified 
by the internal standard method using DHBA as the 
internal standard. Samples were compared to exter- 
nal calibration standards of authentic DHBA and 5- 
HT that were run with each analysis. Calibration 
standards were run at least six times, whereas experi- 
mental samples were run in triplicate. 

Uptake of tritiated DA, NE and 5-HT. Synapto- 
somal uptake of tritiated DA, NE and 5-HT was 
measured by a modification of earlier methods used 
by Snyder and Coyle [13] and Halaris et al. [14]. 
Whole brain, frontal cortex, midbrain and hindbrain 
were homogenized in 10 vol. of ice-cold 0.32M 
sucrose, whereas the hypothalamus and striatum 
were homogenized in 13.5 ..nd 40 vol., respectively. 
Homogenates were centrifuged at 1000 g for 10 min, 
and the supernatant fractions were decanted for 
uptake and protein assays. 

Krebs-Henseleit bicarbonate buffer (pH 7.4) was 
used in the incubation medium with DA and NE, 
whereas Krebs-Ringer phosphate buffer (pH 7.4) 
was substituted when 5-HT was measured. Except 
as noted, labeled substrates were added to the buffer 
to give a final concentration of 0.05 uM in 4 ml. Final 
drug (pridefine) concentrations varied between 
3 x 10°’ and 1 x 10°°M. Quadruplicate samples for 
controls and each drug concentration, consisting of 
3.7 ml buffer, 0.1 ml drug or 0.1 ml water, were 
prepared for incubation. During the addition of 0.2- 
ml aliquots of synaptosomal suspension, the tubes 
were kept on ice to minimize uptake prior to incu- 
bation. The drug was added to the incubation mix- 
ture at the same time as the substrate and no prein- 
cubation was carried out. It had been established in 
this laboratory that results are similar with or without 
preincubation of the synaptosomal suspension with 
drug. Tubes were then transferred to a 37° water 
bath and agitated for 8 min. The incubation condi- 
tions were selected to refiect initial conditions, i.e. 
uptake was linear with respect to time. The incu- 
bation was terminated by transfer to an ice bath for 
2 min, followed by centrifugation at 6000 g for 20 
min. The pellet was rinsed with ice-cold saline and 
solubilized by incubation with 1.0 ml Soluene 350 at 
50° for 30 min. Samples were transferred to glass 
counting vials containing 10 ml toluene—omnifluor 
and were measured in an Isocap 300 scintillation 
spectrometer. Except where noted, all samples were 
corrected for the effects of diffusion and substrate 
binding in order to determine active uptake. 

Measurement of passive uptake. Total passive 
uptake (including binding and diffusion) was meas- 
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ured by inclusion of ouabain in the incubation mix- 
ture. This approach was chosen over the commonly 
used ‘zero degree controls’ for determination of pas- 
sive uptake because ouabain is a potent and specific 
inhibitor of sodium—potassium-dependent ATPase, 
an enzyme involved in active uptake of monoamines 
[15]. A series of preliminary investigations were con- 
ducted to verify the usefulness and validity of oua- 
bain in determining passive uptake. A detailed analy- 
sis of the effects of ouabain on substrate uptake and 
binding will be reported elsewhere. 

Measurement of substrate binding. Substrate bind- 
ing was measured in the same way as passive uptake 
except that tissue suspensions were ultrasonically 
disrupted upon termination of the uptake incubation 
and prior to pelleting. An ultrasonic cell disruptor 
model W-185 (Heat Systems Ultrasonics, Plainview, 
NY) was used, and tissue suspensions were sonicated 
with three consecutive 15-sec bursts at 40 W. Sub- 
strate binding was corrected for the effects of ouabain 
as will be reported in detail elsewhere. 

Release of tritiated DA, NE and 5-HT. Release 
measurements were similar to those described for 
uptake except that the pellet collected from the first 
incubation was resuspended in the appropriate buffer 
and reincubated at 37° for 20 min. The second incu- 
bation was terminated by centrifigation at 6000 g for 
20 min. The samples were then collected and counted 
as described for uptake. For both uptake and release 
experiments, proteins were measured by the method 
of Lowry et al. [16]. 

Calculations. A major aim of the present study 
was to examine the effects of pridefine on active 
synaptosomal uptake processes. Such processes are 
by definition saturable with respect to substrate con- 
centration and, in fact, this condition is a prerequisite 
for justification of the application of data reduction 
techniques based on Michaelis—Menten kinetics. It 
was necessary, therefore, to correct the observed 
uptake velocities for the contribution of nonsaturable 
(passive) components, e.g. diffusion and binding. 
Active uptake was calculated by subtracting the val- 
ues obtained for the passive component (procedure 
described above) from the observed uptake 
measurements. 

The effectiveness of drug-induced uptake inhibi- 
tion and the releasing potencies (ICs) and RCs») were 
determined by log—logit analysis [17]. Calculations 
were restricted to those drug concentrations that 
gave between 20 and 80 per cent inhibition or release 
of the maximally observed effect. 

Results were evaluated statistically by the /-test 
using an HP-33E programmable calculator (Hewlett 
Packard, Cupertino, CA) and programs recom- 
mended by the manufacturer. 


RESULTS 


Amine levels and reserpinization. Levels of NE, 
DA and 5-HT were measured in the hypothalamus, 
striatum, frontal cortex and nucleus accumbens. Pri- 
define significantly elevated levels of hypothalamic 
NE (Table 1). In unpretreated rats, NE levels had 
increased 22 per cent at 30 min after injection. The 
NE in reserpinized animals with 90 per cent amine 
depletion had increased 59 per cent at 30 min after 
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Table 1. Hypothalamic norepinephrine levels following 
drug administration* 





NE 


Group N (ng/g +S.E.)  % Change 





Saline 21. 1905 = 3% 
Reserpine placebo 
+ pridefine 
(30 min) 
Reserpine placebo 
+ pridefine 
(60 min) 
Reserpine 126 + 
Reserpine 
+ pridefine 200 + 
(30 min) 
Reserpine 
+ pridefine 
(60 min) 10 129 + 


2316 + 5 


1987 





* Pridefine was given i.p. at 25 mg/kg. Values were 
pooled from two experiments; comparable results were 
obtained with independent analyses. 

+ Differs significantly from saline group, P < 0.001. 

+ Differs significantly from reserpine placebo + pridefine 
group (60 min), P< 0.001. 

§Differs significantly from reserpine group, P < 0.001. 

|| Differs significantly from reserpine + pridefine group 
(60 min), P < 0.001. 


pridefine. There were no significant changes in NE 
levels in either control or pretreated rats decapitated 
60 min following drug. At 60 min, values were nearly 
identical to those obtained with saline, and indicate 
that, following a single dose of pridefine, NE levels 
increased around 30 min and rapidly declined to 
control levels. No statistically significant changes in 
NE levels occurred in the frontal cortex at either 30 
or 60 min post-drug. Similarly, values obtained at 
both 30 and 60 min in reserpinized rats were not 
altered. For both regions, NE levels measured in 
control animals were comparable to those obtained 
by other investigators [18-20]. 

Pridefine had a small effect on DA levels in the 
striatum. Both control and reserpinized rats showed 
a slight increase in DA 60 min after pridefine (12 
and 14 per cent, respectively), but these increases 
are not statistically significant. No significant alter- 
ations in DA levels were observed in either control 
or pretreated rats in the hypothalamus, frontal cortex 
or nucleus accumbens at either time. Control values 
for each region were comparable to those obtained 
elsewhere [19-21]. 

Levels of 5-HT were not altered significantiy at 
either time in the hypothalamus, frontal cortex or 
striatum of unpretreated or reserpinized rats. How- 
ever, a 28 per cent increase in hypothalamic 5-HT 
was observed in reserpinized rats 30 min post-injec- 
tion but this increase also is not statistically sig- 
nificant. Control values for 5-HT in hypothalamus 
were similar to those reported elsewhere [7]. Sero- 
tonin levels measured in the striatum were slightly 
lower (303 ng/g vs 418 ng/g) than those obtained by 
Kelley et al. [21]; this difference is probably due to 
the more specific electrochemical detection of 5-HT 
employed in the present study. 
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In vitro uptake. Pridefine is an effective uptake 
inhibitor of tritiated NE, DA and 5-HT. To deter- 
mine whether a particular monoamine and/or brain 
region is maximally or preferentially affected by the 
drug, ICs) values were calculated for all three trans- 
mitters. The results, ranked in order of potency, are 
presented in Table 2. NE uptake was most potently 
inhibited in the hypothalamus (ICs) = 2.4 x 10° M). 
Although the ICs) for NE in striatum was identicai 
(2.4 x 10°°M), this result must be viewed with cau- 
tion. Cooper et al. [22] have reported only 250 ng/g 
NE in the striatum as compared to 7500 ng/g DA. 
It is possible that the affinity of dopaminergic nerve 
terminals for tritiated NE is sufficiently high to yield 
this result. Dopamine uptake was most potently 
inhibited in the midbrain (ICs) = 8.9 x 107M). The 
hypothalamus was the site of the most potent inhi- 
bition of 5-HT (ics) = 1.3 x 10™°M). 

Ex vivo uptake. To determine whether the results 
obtained in in vitro uptake experiments have physio- 
logical significance, the uptake studies were repeated 
with synaptosomal preparations from whole brain 
of rats pretreated with pridefine (50 mg/kg, i.p.). 
The per cent inhibition measured for each trans- 
mitter at various times of decapitation are presented 
in Table 3. These percentages reflect the total 
amount of tritiated transmitter taken up in the pres- 
ence of drug since no accurate corrections for dif- 
fusion and binding could be performed in these prep- 
arations. Pridefine had a maximal effect on NE 
uptake at 30, min, with 18.5 per cent inhibition. This 
degree of inhibition differed significantly (P < 0.05) 
from inhibition at all times except 60 min. At 60 min, 


3 ' 
fable 2. ICsp Values of “H-amine uptake by rat brain 
synaptosomes* 





Transmitter Tissue ICsg (M) 





NEt Hypothalamus 10~° 
Striatum 
Hindbrain 
Midbrain 
Frontal cortex 
Midbrain 
Frontal cortex 
Hindbrain 
Hypothalamus 
Striatum 
Hypothalamus 
Striatum 
Hindbrain 
Midbrain 
Frontal cortex 


x KK KK KK KK KK XK OX 





* The ICsp values (the concentration of drug that inhibited 
uptake by 50 per cent) were calculated by log—logit analysis. 

+ Control values for uptake expressed as pmoles- 
8 min~'-mg protein” '(n = 6): frontal cortex, 7.19 + 0.102; 
striatum, 40.56 + 0.645; hypothalamus, 12.41 + 0.064; 
midbrain, 7.34 + 0.101; and hindbrain, 8.42 + 0.077. 

¢ Control values for uptake expressed as pmoles- 
8 min~'-mg protein | (n = 6): frontal cortex, 4.00 + 0.036; 
striatum, 57.94 + 1.66; hypothalamus, 8.86 + 0.150; mid- 
brain, 4.40 + 0.057; and hindbrain, 4.65 + 0.076. 

§ Control values for uptake expressed as pmoles- 
8 min” '-mg protein ' (n = 6): frontal cortex, 9.82 + 0.065; 
striatum, 11.50 + 0.183; hypothalamus, 14.28 + 0.195; 
midbrain, 11.02 + 0.153; and hindbrain, 9.24 + 0.131. 
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Table 3. Ex vivo uptake inhibition in whole brain* 





Time of 
decapitation NE 
(min) % Inhibition 


DA 5-HT 
% Inhibition % Inhibition 





16.57 
24.8%¢ 
30.444§ 
23.5tt 
21.74|| 


15 2.9 8.3 
30 18.5+4§ 8.5 
60 9.3 14.1 
90 3.9 16.5 
120 es, 13.4 





* Control values for uptake expressed as pmoles- 
8 min~'-mg protein™' (mean + S.E.M., n = 6); NE, 8.4 
+ 0.399; DA, 13 + 0.766; and 5-HT, 10.2 + 0.512. 

+ Differs significantly from control, P < 0.05. 

t Differs significantly from 15 min, P < 0.05. 

§ Differs significantly from 90 min, P < 0.05. 

|| Differs significantly from 60 min, P < 0.05. 


the per cent inhibition dropped to about one-half 
that measured at 30 min, indicating that the drug 
effect lasted for about 1 hr. Inhibition of DA uptake 
was maximal at 90 min (P < 0.05), but inhibition did 
not differ significantly at either 60 or 120 min (14.1 
and 13.4 per cent, respectively). Thus, it appears 
that the drug effect on DA uptake increases to a 
maximum by 90 min and is sustained for at least 2 hr. 
Similarly, uptake inhibition of 5-HT peaked at 60 
min (P < 0.05) and declined gradually through 120 
min; nevertheless, inhibition was still significant (22 
per cent) 2hr after drug administration. Since no 
other time points were examined, it must be con- 
cluded that the drug effect on 5-HT uptake was 
sustained for at least 2hr. Thus, a single dose of 
pridefine significantly inhibits the ex vivo uptake of 
all three neurotransmitters; the duration of the effect 
was greatest in the uptake of 5-HT. 


Table 4. RCsy Values of in vitro *H-amine release by rat 
brain synaptosomes* 





Transmitter Tissue RCsq (M) 





2.7 x 107° 
4.1 x 1079 
8.6 x 107° 
9.2 x 1075 
9.8 x 10° 
1.3 x 10~* 
4.3 x 107° 
2.2 x 1075 
2.5 x 107° 
2.9 x 1075 
3.0 x 107° 
3.9 x 1075 
3.9 x 10° 
4.2 x 1075 
5.3 x 107° 
5.4x 1075 
5.5x 10> 
2.3 x 10-4 


NE Whole brain 
Striatum 
Hindbrain 
Hypothalamus 
Midbrain 
Frontal cortex 
Striatum 
Hindbrain 
Hypothalamus 
Whole brain 
Midbrain 
Frontal cortex 
Striatum 
Frontal cortex 
Midbrain 
Hindbrain 
Hypothalamus 
Whole brain 





* The RCsg values (the concentration of drug that 
enhanced the release of “H-amines by 50 per cent) were 
calculated by log—logit analysis. 





Pridefine and biogenic amines 


Release experiments. In preliminary experiments, 
the efficacy of the drug as a releasing agent was 
assessed with synaptosomal preparations from whole 
brain. At the lowest concentration tested (10°°M), 
the drug was most effective in enhancing the release 
of NE (36 per cent) compared to DA (9 per cent) 
and 5-HT (10 per cent). Subsequent analyses were 
performed in specific regions. Overall, the drug was 
more efficacious in blocking uptake than in enhanc- 
ing release of the tested neurotransmitters. The RCs» 
values (drug concentration that produces 50 per cent 
transmitter release), ranked in order of potency, are 
presented in Table 4. NE release was most pro- 
nounced in whole brain (RCsp = 2 x 10°°M). DA 
release was enhanced predominantly in the striatum 
(RCs = 4 X 10°°M). The lowest RCs) for 5-HT was 
also observed in the striatum. 


DISCUSSION 


The present study was designed to evaluate certain 
biochemical pharmacological properties of the novel 
antidepressant pridefine. Initial studies revealed that 
a single dose of pridefine results in time-dependent 
increases in amine levels. The drug inhibited syn- 
aptosomal uptake of NE, DA and 5-HT in vitro and 
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ex vivo but also enhanced the release of these trans- 
mitters. To determine which effect predominates, 
the criterion established by Heikkila et al. [6] was 
employed. Using dose-response curves, these 
authors have shown that a drug has a mixed mode 
of action if plots of the per cent inhibition overlap 
with plots of the per cent release at identical drug 
concentrations. In addition to dose-response curves 
(Fig. 2), analogous comparisons were made using 
ICsp and RCso values. Identical effective concentra- 
tions indicated that the drug has a mixed mode of 
action, whereas a 10-fold or more concentration 
difference indicated that the mechanism affected by 
the lower drug concentration predominates. For each 
transmitter, some degree of correlation between the 
effect of pridefine on amine levels and the ability of 
the drug to block ex vivo uptake was observed. 
The most striking effects were observed with NE. 
In all brain regions examined, the RCs) was at least 
ten times greater than the corresponding ICso, illus- 
trating the predominance of uptake blockade. A 
comparison of the ICs» calculated for pridefine in the 
hypothalamus (2.4 x 10-°M) with those calculated 
for the tricyclic antidepressants reveals that pridefine 
is closest in potency to imipramine (10°°M) [23]. 
These results parallel the clinical studies indicating 
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Fig. 2. Dose-response curves illustrating the effects of various concentrations of pridefine on 3H-amine 
uptake and release. The per cent change shown is the mean + S.E. of quadruplicate determinations. 
The predominance of [7H]NE uptake blockade in the hypothalamus is evident. Here the dose-response 
curve for uptake is far to the left of that representing the effect of the drug on release. Overlapping 
dose-response curves demonstrate a mixed mode of action for DA in striatum. The mode of action is 
not evident for 5-HT in frontal cortex. However, data presented in Tables 2 and 4 indicate that pridefine 
has a mixed mode of action for 5-HT in frontal cortex. Key: (A——A) *H-amine uptake; and 
(@—®) *H-amine release. 
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that pridefine is at least as effective as imipramine 
[2,3]. There is a good correlation between ex vivo 
uptake inhibition and the effect of pridefine on hypo- 
thalamic levels of NE. The increase in hypothalamic 
NE at 30min following drug in both control and 
reserpinized rats parallels the maximal uptake inhi- 
bition observed in whole brain also 30 min after 
drug. It is possible that reuptake accounts for the 
increase in NE. A similar explanation had been 
postulated for 5-HT increases observed after chlor- 
imipramine [4]. Because tricyclic antidepressants 
have only weak inhibitory activity on MAO [4] and 
because pridefine does not inhibit MAO, the increase 
in hypothalamic levels of NE is probably related to 
reuptake blockade. It is also noteworthy that plasma 
levels of the NE metabolite 3-methoxy-4-hydroxy- 
phenylglycol (MHPG) are altered in a time-depen- 
dent manner during treatment with pridefine [3]. 
That. study also showed a significant correlation 
between changes in MHPG levels and the rate of 
clinical improvement in a population of depressed 
patients [3]. 

A mixed mode of action is indicated for DA in 
the striatum with an ICs) of 2.8 x 10°°M and an 
RCsy Of 4.4 x 10° M. A similar observation was made 
when striatal uptake and release were examined in 
the presence of tricyclic antidepressants [6]. For all 
other regions, inhibition of DA uptake predomi- 
nated. Some correlation between ex vivo uptake 
inhibition and the effect of pridefine on DA levels 
is apparent. Minor increases in striatal DA were 
observed 60 min post-drug for control and reserpin- 
ized rats (12 and 14 per cent, respectively). Uptake 
inhibition, however, was evident at 60 min and 
reached a maximum at 90 min. Had levels been 
measured beyond 60 min, it is possible that statisti- 
cally significant increases would have been observed 
for both tontrol and reserpinized rats. 

Inhibition of 5-HT uptake was pronounced in all 
regions except frontal cortex. In hypothalamus and 
striatum, the RCs» was at least ten times greater than 
the corresponding ICs9. In frontal cortex, however, 
the RCsp and ICs) were nearly identical, implying a 
mixed mode of action of the drug in this region. 
Although the ex vivo uptake of 5-HT was inhibited 
to a greater degree than that of NE or DA (24.8 per 
cent at 30 min and 30.4 per cent at 60 min) and for 
a longer duration (inhibition remained well above 
control through 120 min), the increase in 5-HT levels 
did not approach the magnitude observed for NE. 
Although an ICsy of 2.0 x 10°°M was observed for 
5-HT in the hypothalamus, hypothalamic 5-HT levels 
were not significantly altered by the drug. The only 
change observed in 5-HT levels occurred in the fron- 
tal cortex where pridefine is least effective in blocking 
5-HT uptake. Control levels did not change at either 
time point, but a nonsignificant increase of 28 per 
cent was observed in reserpinized rats 30 min after 
injection. 

In summary, the pyrrolidine derivative pridefine 
is a clinically effective, novel antidepressant which 
structurally does not resemble any of the commer- 
cially available compounds. The drug is predomi- 
nantly a reuptake blocker, even though it possesses 
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amine releasing activity. Uptake inhibition is com- 
parable among the three transmitters studied and no 
specific brain region stands out in inhibitory or 
releasing potency of the drug. With respect to 
regional amine levels, the most consistent and pro- 
nounced effects were obtained in levels of hypo- 
thalamic NE. The action of the drug in inhibiting 
amine uptake was confirmed in ex vivo experiments, 
indicating that the compound reaches active sites in 
the brain following peripheral administration. The 
type of uptake inhibition that this drug produces is 
currently under investigation and will be discussed 
in a separate publication. 
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Abstract—The nematocide 1,2-dibromo-3-chloropropane (DBCP) is known to produce oligospermia 
and azoospermia in workers engaged in its manufacture. DBCP was examined for its potential to 
interfere with regulation of the rat testicular heme biosynthetic pathway. Forty-eight hours after a single 
dose of DBCP (200 mg/kg, orally), testicular microsomal heme and cytochrome P-450 contents were 
depressed by approximately 27 and 35 per cent respectively. Heme and cytochrome P-450 levels returned 
to control values at day 6. The incorporation of 8-[4-'"C]aminolevulinic acid (ALA) into heme 
was depressed by approximately 43 per cent at 24 hr. DBCP administration did not modify testicular 
heme oxygenase activity. These results indicate that DBCP inhibits testicular heme synthesis at an 
enzymatic reaction other than ALA synthetase. Mitochondrial ALA synthetase (EC 2.3.1.37) activity. 
unchanged 24 hr after DBCP administration, had increased by 66 per cent at 48 hr and had returned 
to control values by day 6. The increased ALA synthetase activity probably reflects a compensatory 
attempt to restore the depressed heme content to control levels. 


1,2-Dibromo-3-chloropropane (DBCP) is a highly 
effective nematocide which was used extensively 
prior to a ban on its use in September 1977. In 1961, 
Torkelson et al. [1] demonstrated that respiratory 
exposure of rats to DBCP resulted in adverse effects 
associated with the liver, bronchioles, renal collect- 
ing tubules and the testicular germinal epithelium. 
Recent epidemiological studies have revealed that 
a depressed sperm count exists in workers who have 
undergone industrial exposure to DBCP [2, 3]. Tes- 
ticular biopsies have demonstrated normal histology 
except for the reduction or total absence of sper- 
matogenic cells [4-6]. Plasma testosterone levels 
were found to be within the normal range, whereas 
plasma levels of follicle stimulating hormone (FSH) 
were consistently above normal [2-6]. These studies 
indicate that the site of DBCP action in the testis is 
the germinal epithelium. The mechanism by which 
DBCP impairs spermatogenesis is unknown. The 
synthesis of heme and of hemeproteins, such as 
cytochrome P-450, in testicular tissue is likely to be 
an important, rigidly regulated cellular process sus- 
ceptible to interference by environmental agents. 
Therefore, the effect of DBCP on rat testicular heme 
synthesis was investigated. The results of this inves- 
tigation are presented in this report. 


MATERIALS AND METHODS 


Materials. _ Pyridoxal-5’-phosphate, disodium 
EDTA, sodium succinate, sorbitol, NAD, NADP, 
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isocitric acid, hemin (Type III), albumin (human, 
Fraction V), porcine heart succinyl-CoA synthetase 
(EC 6.2.1.4), cytochrome c (Type III) and isocitric 
dehydrogenase (Type IV) (EC 1.1.1.42) were 
obtained from the Sigma Chemical Co., St. Louis, 
MO. GTP, f-aminolevulinic acid (ALA) and coen- 
zyme A were obtained from CalBiochem, La Jolla, 
CA. 6-[4-“C]Aminolevulinic acid (42 mCi/mmole) 
was purchased from the New England Nuclear 
Corp., Boston, MA, and [2,3-'*C]succinic acid from 
ICN Pharmaceuticals, Irvine, CA. DBCP (technical 
grade) was a gift from the Occidental Co., Lathrop, 
CA; this represents material responsible for worker 
exposure. The presence of a potent contaminant in 
DBCP formulations that was responsible for pro- 
duction of azoospermia and oligospermia remains 
a possibility. Proof, however, awaits the isolation 
and characterization of such a substance before 
evaluation. Other chemicals were reagent grade. 

Treatment of animals. Male Sprague-Dawley rats 
(200-250 g, 60-80 days of age) were obtained from 
Sasco Inc., Omaha, NE. The rats were permitted 
food and water ad lib., except for a 12-hr period 
before DBCP administration when food was with- 
held. DBCP was dissolved in mineral oil (2 ml 
DBCP/100 ml) and administered orally (200 mg/kg; 
5 ml/kg) with a 16-gauge, curved animal feeding 
needle (Popper & Sons, Inc., New York, NY). The 
acute, oral LDsy in the rat is reported to range from 
170 to 300 mg/kg [1, 7]. No deaths, however, were 
observed nor were testicular weights altered during 
the 6 day interval following administration of DBCP. 
Control animals received equal volumes of mineral 
oil, which did not alter the activities of the enzymes 
measured in this study. Animals were given DBCP 
and were killed at about the same time of day (8:00 
to 9:00) to avoid any potential differences in effects 
caused by circadian rhythms. 

Preparation of tissues. Animals were decapitated 
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and the testes were removed, decapsulated and 
weighed. The testes from each animal were pooled, 
and testicular homogenates (10%, w/v) were pre- 
pared in 0.25M sucrose. The method of Cammer 
and Estabrook [8] was used to prepare the mito- 
chondrial and microsomal fractions. Spectrophoto- 
metric assay indicated that the preparations were 
devoid of hemoglobin. Protein was determined by 
the method of Bradford [9], using bovine serum 
albumin as the standard. 

Microsomal heme determination. Microsomal 
heme was determined from the difference spectrum 
of the oxidized/reduced pyridine hemochromogen 
between 541 and 557 nm, using a millimolar extinc- 
tion coefficient of 20.7 mM~'cm™! [10]. 

Microsomal cytochrome P-450 determination. Lev- 
els of cytochrome P-450 were determined from the 
carbon monoxide difference spectrum (450-490 nm) 
of dithionite-reduced microsomes using an extinction 
coefficient of 91 mM~'cm™! [11]. 

ALA synthetase activity. Testicular mitochondrial 
ALA synthetase activity was determined by a 
radioisotopic method employing [2,3-'*C]succinate 
and a succinyl-CoA generating system previously 
developed in this laboratory [12]. Recovery of ALA 
was 91 per cent, and the “C-labeled material was 
confirmed to be the ['*C]ALA-pyrrole, by thin-layer 
chromatography in two different solvent systems 
with an authentic ALA-pyrrole standard [12]. Rat 
testicular ALA synthetase activity was found to be 
localized predominantly in the mitochondrial frac- 
tion [12]. 

Heme oxygenase activity. Testicular microsomal 
heme oxygenase activity was determined by the 
method of Schacter [13], using a partially purified 
biliverdin reductase preparation from rat liver as 
described by Tenhunen et al. [14]. Enzyme activitiy 
was determined from the increase in absorbance at 
468 nm using a millimolar extinction coefficient of 
60 mM~'cm~'. Product formation was found to be 
linear for 15 min with up to 2 mg protein/ml. 

Sorbitol dehydrogenase activity. Testicular sorbitol 
dehydrogenase activity was determined in the 
cytosolic fraction by the method of King and Mann 
[15], using a millimolar extinction coefficient of 
6.22 mM~'cm“'. 

NADPH-cytochrome  c_ reductase activity. 
NADPH-cytochrome c reductase activity was deter- 
mined in testicular microsomes by the method 
described by Baron and Tephly [16], using a milli- 
molar extinction coefficient of 19.1 mM~' cm! 

Incorporation of [4-“C|ALA by microsomal 
heme. The relative rates of testicular heme synthesis 
were measured in rats 24 hr after a single, oral dose 
of DBCP in mineral oil (200 mg/kg; 5 ml/kg) or of 
mineral oil. Rats received 4 uCi of [4-“C]ALA [i.p.; 
1 ml/kg in 50mM Tris-HCl (pH 7.4)-0.9% NaCl] 
and were killed 90 min later. Controls received an 
equal volume of vehicle. Incorporation of [“C]ALA 
by testicular microsomal heme was linear for 120 min. 
Testes were pooled from two animals and micro- 
somes were prepared by the method of Cammer and 
Estabrook [8]. Heme was extracted into ethyl acet- 
ate/acetic acid (4:1, v/v), and washed in water and 
1.5 N HCI by the method of Bonkowsky et al. [17]. 
Aliquots of the heme extract were added to 6 ml of 
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Fig. 1. Effect of DBCP on rat testicular mitochondrial 
ALA synthetase activity (li --—- ™@) and microsomal heme 
content (0 O). Animals were killed at the specified 
time intervals after a single, oral dose of DBCP (200 mg/kg). 
The mean control value for ALA synthetase activity was 
183 nmoles ALA/g protein/hr. Each point for ALA syn- 
thetase activity is the mean + S.E.M. of six determinations. 
The mean control value for microsomal heme was 0.386 
nmole heme/mg protein. Each point for microsomal heme 
is the mean + S.E.M. for at least three determinations. An 
asterisk indicates that the difference between the DBCP- 
treated and control values was statistically significant (P < 
0.05). 


Amersham ACS scintillation fluid and counted for 
radioactivity ina Beckman LS8000 liquid scintillation 
counter (93 per cent efficiency). 

Statistics. Data were analyzed by Student’s f-test 
to determine the significance of differences between 
means. 


RESULTS 


The time courses of the effect of a single, oral 
dose of DBCP (200 mg/kg) on rat mitochondrial 
testicular ALA synthetase activity and on micro- 
somal heme content are shown in Fig. 1. Microsomal 
heme levels decreased for 2 days following DBCP 
administration and returned to control levels by day 
6. ALA synthetase activity did not differ from con- 
trols until day 2, when activity was 166 per cent of 
control levels. After the maximum increase at day 
2, ALA synthetase activity, like microsomal heme, 
returned to control values. The effect of DBCP on 
testicular microsomal cytochrome P-450 exhibited 
the same temporal pattern as that of microsomal 
heme (Table 1). Microsomal! cytochrome P-450 levels 
exhibited a maximal depression 2 days after DBCP 
administration and returned to control values at day 
6. 

Several compounds have been shown to stimulate 
the degradation of hepatic heme through the induc- 
tion of hepatic oxygenase [18, 19]. Therefore, one 
mechanism by which DBCP might decrease testicular 





DBCP inhibition of heme synthesis 


Table 1. Effect of DBCP on rat testicular microsomal 
cytochrome P-450 content* 
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* Rats received a single dose of DBCP (200 mg/kg, 
orally) at time 0 and were killed at the intervals indicated; 
testicular microsomal cytochrome P-450 was determined 
as described in Materials and Methods. The levels of cyto- 
chrome P-450 were measured in controls at each interval, 
and did not differ significantly. The mean control value for 
microsomal cytochrome P-450 was 0.167 nmole P-450/mg 
protein. Each value is the mean+S.E.M. of eight 
determinations. 

+ Indicates that the difference between the DBCP- 
treated and control values was statistically significant (P < 
0.05). 


microsomal heme would be by the induction of tes- 
ticular heme oxygenase. However, testicular. heme 
oxygenase activity was not altered by DBCP treat- 
ment (Table 2). 

The observation that DBCP did not enhance the 
rate of heme breakdown by stimulation of heme 
oxygenase activity suggested that the reduced micro- 
somal heme content might have been produced by 
an impairment of the synthesis of heme. Therefore, 
the rate of incorporation of [4-"C]ALA into tes- 
ticular microsomal heme was measured for DBCP- 
treated and control rats. The effect of DBCP on the 
incorporation of [4-""C]ALA into microsomal heme 
is shown in Fig. 2. It is evident that, 24hr after 
DBCP treatment, there was a decrease of 43 per- 
cent in the [4-“C]ALA incorporation into micro- 
somal heme. 

It is possible that a chemical such as DBCP 
depresses heme and cytochrome P-450 levels by non- 
specific inhibition of testicular protein synthesis. In 
order to test this possibility, activities of the non- 
hemedependent enzymes, sorbitol dehydrogenase 
and NADPH-cytochrome c reductase, were meas- 
ured. Sorbitol dehydrogenase is localized in the tes- 
ticular cytosolic fraction associated with the semi- 
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niferous tubules and has been used as a marker for 
testicular protein synthesis [20], whereas NADPH- 
cytochrome c reductase is a microsomal flavoprotein. 
As shown in Table 3, the activities of rat testicular 
sorbitol dehydrogenase and NADPH-cytochrome c 
reductase were not altered by DBCP administration. 
Testicular weight was not changed by DBCP treat- 
ment during the 6-day period, which also suggests 
that DBCP does not act merely by inhibition of 
protein synthesis. 


Table 2. Effect of DBCP on rat testicular microsomal heme 
oxygenase activity * 





Heme oxygenase activity 


Treatment (nmoles bilirubin formed/mg protein/hr) 





7.3:267 
1.79 £868 
T3329 


Control 
DBCP, 24 hr 
DBCP, 48 hr 





* Rats received a single dose of DBCP (200 mg/kg, 
orally) and were killed at the specified time intervals. 
Microsomal heme oxygenase activity was measured as 
described in Materials and Methods. Each value is the 
mean + S.E.M. of three determinations. 


DISCUSSION 


At the present time, impairment of spermatoge- 
nesis is the only known pathological consequence to 
the testis associated with human industrial exposure 
to DBCP [2, 3]. Plasma testosterone levels do not 
appear to be affected [4,5], nor has any specific 
biochemical effect of DBCP on the human testis 
been described. In this paper we report that admin- 
istration of DBCP to rats decreased testicular micro- 
somal heme and cytochrome P-450 content and 
decreased the rate of [4-"\C]ALA incorporation into 
microsomal heme. DBCP administration did not 
modify the activity of heme oxygenase. These results 
suggest that DBCP lowers testicular heme and cyto- 
chrome P-450 content by inhibiting the synthesis of 
heme. 


Table 3. Effect of DBCP on the activity of rat testicular NADPH-cytochrome c reductase 
and sorbitol dehydrogenase* 





NADPH-cytochrome c 
reductase 


activity 


(nmoles cytochrome c reduced/ 
mg protein/min) 


Treatment 


Sorbitol 
dehydrogenase 
activity 
(nmoles NADH formed/ 
mg protein/min) 





Control 


2 
DBCP, 24 hr 3 
DBCP, 48 hr 8 





* Rats received a single dose of DBCP (200 mg/kg, orally) and were killed at the 
specified time intervals. Microsomal NADPH-cytochrome c reductase and cytosolic 
sorbitol dehydrogenase activities were measured as described in Materials and Methods. 
Each value is the mean + S.E.M. of ‘hree determinations. 
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Fig. 2. Effect of DBCP on the incorporation of [“C]ALA 
into rat testicular microsomal heme. Rats received 4 uCi 
of [“C]ALA intraperitoneally 24 hr after administration of 
DBCP (200 mg/kg, orally). Rats were killed 90 min later, 
and the microsomal heme was extracted, assayed, and the 
radioactivity measured as described in Materials and Meth- 
ods. Numbers above the bars denote the numbers of ani- 
mals. Values represent means + S.E.M. An asterisk indi- 
cated that the difference between the DBCP-treated and 
control values was statistically significant (P < 0.05). 


The previously reported inverse relation between 
heme levels and the activity of ALA synthetase [21- 
23] offers a plausible explanation for the increased 
activity of ALA synthetase following depression of 
heme content (Fig. 1). The reduced heme content 
caused by DBCP inhibition of the synthesis of heme 
would be a feedback signal for induction of ALA 
synthetase to restore cellular heme levels [22]. Men- 
ard et al. [24] have demonstrated that 71-86 per cent 
‘of rat testicular microsomal cytochrome P-450 is 
located in the Leydig cells. This relatively large 
amount of microsomal heme in the Leydig cells, if 
unaffected by administration of DBCP, would have 
a tendency to mask any decrease in microsomal heme 
in the seminiferous tubular cells. Human studies 
have indicated that the site of DBCP action is the 
seminiferous tubules and not the Leydig cells 
[2, 4-6]. If this is also the site of DBCP action in the 
rat testis, small decreases in either total testicular 
microsomal heme or cytochrome P-450 would 
actually represent much larger relative decreases in 
heme levels of cells of the seminiferous tubules. 
Future research investigations will be concerned with 


the effects of DBCP on heme synthesis in the specific 
cell types of the rat testis and identification of the 
enzymatic step(s) of the testicular heme biosynthetic 
pathway that are impaired by this chemical agent. 
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Abstract—The aerobic and anaerobic metabolism of a series of quinones of known single-electron 
reduction potential has been studied using flavoenzymes catalyzing single-electron reduction. Metabolism 
was more closely related to single-electron reduction potential than to structural features or lipid 
solubility of the quinones studied. The pattern of quinone reduction with purified NADPH-cytochrome 
P-450 reductase was similar to that seen with NADH: ubiquinone oxidoreductase with NADPH as the 
cofactor; the lower limit for reduction was a quinone single-electron reduction potential of —240 mV. 
The lower limit for quinone reduction with purified NADH-cytochrome bs; reductase and 
NADH: ubiquinone oxidoreductase with NADH as the cofactor was a single-electron reduction potential 
of —170 mV. With all three enzymes there was a decreased quinone metabolism at higher single-electron 
reduction potentials. The same pattern of quinone metabolism was seen using purified or microsomal 
NADPH-cytochrome P-450 reductase and purified or microsomal NADH-cytochrome bs reductase 
respectively. Microsomal quinone metabolism under aerobic conditions showed an increased V,,,, and 


an unchanged K,, compared to metabolism under anaerobic conditions. 


Flavoproteins catalyze both one- and two-electron 
reduction. For example, NAD(P)H: (quinone- 


acceptor) oxidoreductase (EC 1.6.99.2), also called 
DT-diaphorase, catalyzes two-electron reduction [1], 


while NADPH cytochrome  P-450 reductase 
(EC 1.6.2.4), NADH-cytochrome 6; reductase 
(EC 1.6.22) and NADH: ubiquinone oxidoreductase 
(EC 1.6.5.3) catalyze single-electron reduction [1- 
5]. Quinones form an important group of substrates 
for flavoenzymes and undergo either one- or two- 
electron reduction [1-5]. Single-electron reduction 
of quinones can lead to the formation of cytotoxic 
intermediates [6, 7]. This is important because qui- 
nones are widely distributed in nature [8], and a 
relatively large number of anticancer drugs of current 
clinical and research interest contain the quinone 
nucleus [9]. Bachur er al. [7, 10] have proposed a 
general mechanism for the antitumor effect of qui- 
none anticancer agents based upon their single-elec- 
tron reduction within the cell to the semiquinone 
free radical. They suggested that the free radical is 
sufficiently stable to enter the nucleus and bind 
through intercalation to DNA [10]. Little is known, 
however, about factors which govern single-electron 
reduction of quinones. The nonenzymatic, two-elec- 
tron transfer from soluble reduced flavin to an 
acceptor has been shown to be dependent upon the 
reduction potential of the acceptor molecule [11]. 
The single-electron reduction potential of the qui- 
none acceptor could be a factor in the rate of fla- 
voprotein-mediated reduction, especially since 
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flavin-containing enzymes exhibit little substrate 
specificity for artificial electron acceptors [2, 3, 
12-14]. An attempt to relate the rate of single-elec- 
tron reduction to reduction potential is complicated 
by the fact that the reduction potentials normally 
quoted in the literature are for two-electron reduc- 
tions. These are usually determined in nonaqueous 
media [15] and cannot be related directly to the 
component single-electron reduction potentials [16]. 
Single-electron reduction potentials obtained by 
pulse radiolysis have recently become available for 
a limited number of quinones [16-18]. The purpose 
of the present investigation was to study the role of 
the single-electron reduction potential upon the 
reduction of some of these quinones by NADPH- 
cytochrome P-450 reductase, NADH-cytochrome b, 
reductase and NADH: ubiquinone oxidoreductase. 


MATERIALS AND METHODS 


Enzyme preparations 

Male rats of the Sprague—Dawley strain (Sprague— 
Dawley, Madison, WI), weighing between 150 and 
200 g, were killed by a blow on the head and ex- 
sanguinated; the livers were removed and flushed 
retrogradely through the hepatic vein with 50 ml of 
0.9% NaCl at 4°. Hepatic microsomes were prepared 
by ultracentrifugation following homogenization in 
0.25 M sucrose as described by Ernster ef al. [19]. 
The microsomes were washed by suspension in 
20 vol. of 0.15 M KCl, collected by centrifugation, 
and suspended in 0.15 M KCI at a protein concen- 
tration of 10 mg/ml. Protein was determined by the 
method of Lowry ef al. [20], with crystalline bovine 
serum albumin as a standard. NADPH-cytochrome 
P-450 reductase was prepared from hepatic micro- 
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Table 1. Quinones employed in the study* 





Z 


Apparent octanol/H,O 
partition coefficient 





-Benzoquinone 
-Methyl-p-benzoquinone 
,4-Naphthoquinone-2-sulfonate 
,5-Dimethyl-p-benzoquinone 
,3,5-Trimethyl-p-benzoquinone 
-Methyl,1,4-naphthoquinone 
2,3,5,6-Tetramethyl-p-benzoquinone 
Indigodisulfonate 
9,10-Anthraquinone-2-sulfonate 


P 
A 
l 
2 
2 
2 


CmOnNDUMN£SWNe 








* Octanol/H,O partition coefficients were determined as described in the text. Single-electron 
reduction potentials (£5) are literature values. References are shown in parentheses. 


somes of phenobarbital-induced rats (three intra- 
peritoneal injections of 80 mg phenobarbital/kg/day) 
by the method of Yasukochi and Masters [21]. 
NADH-cytochrome b; reductase was prepared from 
hepatic microsomes of uninduced rats by the method 
of Spatz and Strittmatter [22]. Mitochondria were 
isolated from the livers of untreated rats, and 
NADH: ubiquinone oxidoreductase was prepared by 
the method of Hatefi and Rieske [23]. 


Incubations 


Metabolism was measured by determining the 
oxidation of NADPH and NADH at 340 nm in an 
incubation mixture containing Tris-HCl buffer, 
pH 7.4 (300 umoles), MgCl, (15 umoles), EDTA 
(0.3 umole) and microsomal protein (1 mg), 
NADPH-cytochrome P-450 reductase (40 ug), 
NADH-cytochrome b; (40ug) or NADH: 
ubiquinone reductase (50 or 250 ug), all in a final 
volume of 3 ml at 37°. The quinones, dissolved in 
10 ul dimethylsulfoxide, were added | min prior to 
the addition of NADPH or NADH dissolved in 
10 ul water. This amount of dimethylsulfoxide had 
no effect upon NADPH or NADH oxidation. There 
was'no interaction between NADPH or NADH and 
any of the quinones in the absence of enzyme. 
Anaerobic incubations were carried out in sealed 
cuvettes which were alternatively evacuated and 
gassed with N, prior to temperature equilibration. 
Traces of oxygen were removed from the N, used 
for gassing, as described by Meites and Meites [24]. 
Superoxide formation was measured by following 
the reduction of acetylated ferricytochromec at 
550nm (using an extinction coefficient of 19.6 
mM~'cm~') [25]. The incubation mixture contained 
acetylated ferricytochrome c (60 uM), and super- 
oxide formation was measured as the difference in 
the rate of reduction measured with and without 
superoxide dismutase (33 ug/ml). 


Drugs and chemicals 


NADH and NADPH were obtained from the 
Boehringer Mannheim Co., Indianapolis, IN. Super- 
oxide dimutase was obtained from the Sigma Chem- 
ical Co., St. Louis, MO. 2,3,5-Trimethyl-p-benzo- 
quinone was prepared by oxidation of 2.3,5- 
trimethyl-p-hydroquinone with potassium ferricyan- 
ide under alkaline conditions [26] and was purified 


by thin-layer chromatography [8]. p-Benzoquinone, 
2-methyl,1,4-naphthoquinone, 2,3,5,6-tetramethyl- 
p-benzoquinone, indigodisulfonate, 9,10-anthraqui- 
none-2-sulfonate, p-hydroquinone, 2,5-dimethyl-p- 
hydroquinone and 2,3,5-trimethyl-p-hydroquinone 
were purchased from the Aldrich Chemical Co., 
Milwaukee, WI, and 2-methyl-p-benzoquinone. 
1,4-naphthoquinone-2-sulfonate and 2,5-dimethyl-p- 
benzoquinone from the Eastman Kodak Co., Roch- 
ester, NY. 


RESULTS 

Physicochemical characteristics of the quinones 

Table | lists the quinones used in this study, their 
apparent octanol/water partition coefficients deter- 
mined by their u.v. absorption in the two phases at 
room temperature (no correction was applied for 
pX,), and their single-electron reduction potentials 
(E;). 
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Fig. 1. Quinone reduction by NADPH-cytochrome P-450 
reductase. Conditions are described in the text. All qui- 
nones were at 1074 M. Key: (Q---Q) anaerobic NADPH 
oxidation; (A——A) aerobic NADPH oxidation; 
(O——©) aerobic acetylated ferricytochrome c reduction; 
and (@——®) aerobic superoxide formation. Each point 
is the mean of three observations; bars represent S.E.M. 
Quinones and their single-electron reduction potentials are 
shown in Table 1. 
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Flavoprotein quinone reduction 


Quinone metabolism and reduction potential 


NADPH-cytochrome P-450 reductase. The metab- 
olism of the various quinones by purified NADPH- 
cytochrome P-450 reductase is shown in Fig. 1. Qui- 
none metabolism under anaerobic conditions was 
slower than under aerobic conditions. The rate of 
NADPH oxidation by NADPH-cytochrome P-450 
reductase in the absence of added quinones was 
7.1 nmoles-min~'-mg' under aerobic conditions and 
was undetectable under anaerobic conditions. 
NADPH oxidation was stimulated to 8 umoles: 
min '-mg_' by some quinones. The enzymatic reduc- 
tion of acetylated ferricytochrome c under aerobic 
conditions was 8.0 nmoles-min '-mg~' in the absence 
of added quinone and was stimulated over 2000-fold 
by some quinones. In most cases, acetylated ferri- 
cytochrome c reduction was inhibited by superoxide 
dismutase, showing it to be due to the formation of 
superoxide. Oxygen was reduced only slowly to 
superoxide by purified NADPH-cytochrome P-450 
reductase, and thus the enhanced superoxide for- 
mation must have been due to the reduction of the 
quinone, followed by transfer of an electron from 
the semiquinone to molecular oxygen. The stoichi- 
ometry of superoxide formation to NADPH oxida- 
tion, at the higher rates of metabolism, was close to 
2:1, suggesting that the increased oxidation of 
NADPH under aerobic conditions was due to an 
increased rate of quinone reduction and not to 
additional pathways of oxidative metabolism. At 
quinone single-electron reduction potentials more 
positive than about — 100 mV, however, a small pro- 
portion of the reduction of acetylated ferricyto- 
chrome c was not inhibited by superoxide dismutase, 
probably due to a direct transfer of an electron 
between the semiquinone and acetylated ferricyto- 
chrome c. It is interesting that superoxide was 
formed even at single-electron reduction potentials 
more positive than —155 mV, the reduction potential 
of the O,/O,* couple under physiological conditions 
[16]. 

NADH-cytochrome bs reductase. A different pat- 
tern of quinone stimulated metabolism was seen with 
NADH-cytochrome b; reductase (Fig. 2). Quinone 
metabolism under aerobic conditions again exceeded 
that under anaerobic conditions. The rate of NADH 
oxidation by NADH-cytochrome b; reductase in the 
absence of added quinone was 80.6 nmoles- 
min’ '-mg~' under aerobic conditions and 3.8 nmoles- 
min '-mg’' under anaerobic conditions. The rela- 
tionship between NADH oxidation and acetylated 
ferricytochrome c reduction and superoxide forma- 
tion was not as straightforward as with NADPH- 
cytochrome P-450 reductase. The proportion of 
superoxide formed to acetylated ferricytochrome c 
reduced was lower, probably because of the more 
positive single-electron reduction potentials of the 
quinones metabolized by NADH-cytochrome b; 
reductase which would favour a direct electron trans- 
fer from the semiquinone to acetylated ferricyto- 
chrome c. The ratio of total acetylated ferricyto- 
chrome c reduced to NADH oxidized was, in some 
cases, less than 2:1, suggesting that the increase in 
NADH oxidation under aerobic conditions may 
sometimes be associated with additional pathways 
of oxidative metabolism. Surprisingly, no acetylated 
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Fig. 2. Quinone reduction by NADH-cytochrome b; reduc- 
tase. Conditions are described in the text. Quinones are 
as in Table | and were at 10°-* M. Key: (O---() anaerobic 
NADH oxidation; (A A) aerobic NADH oxidation; 
(O——©) aerobic acetylated ferricytochrome c reduction; 
and (@——®) aerobic superoxide formation. Each point 
is the mean of three observations; bars represent S.E.M. 


ferricytochrome c reduction could be detected with 
p-benzoquinone under aerobic conditions, despite 
a previous report that p-benzoquinone facilitates the 
reduction of ferricytochromec by NADH-cyto- 
chrome b; reductase under aerobic conditions [3]. 
NADH: ubiquinone oxidoreductase. NADPH- 
cytochrome P-450 reductase and NADH-cyto- 
chrome b; reductase showed an absolute specificity 
for NADPH and NADH as the respective cofactors. 
NADH: ubiquinone oxidoreductase, on the other 
hand, accepted electrons from NADH and NADPH, 
although at a much slower rate with NADPH. A 
different pattern of quinone-stimulated metabolism 
was seen when NADH was the cofactor and when 
NADPH was the cofactor (Fig. 3). There was no 
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Fig. 3. Quinone reduction by NADH: ubiquinone oxido- 
reductase under anaerobic conditions. Conditions are 
described in the text. All quinones were at 10°* M. Key: 
(OQ) with NADH as the cofactor; and (™@) with NADPH 
as the cofactor. Quinones are as in Table |. Each point is 
the mean of three observations; bars represent + S.E.M. 
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Fig. 4. Quinone metabolism by hepatic microsomal fraction 
and purified flavoproteins. Conditions are as described in 
the text. (A) Microsomes with NADPH as the cofactor 
compared to NADPH-cytochrome P-450 reductase (r = 
0.88, P <0.05). (B) Microsomes with NADH as the cofac- 
tor compared to NADH-cytochrome bs reductase (r= 
0.90, P <0.05). Quinones are as in Table 1. Each point is 
the mean of three observations for each preparation; bars 
are S.E.M. Metabolism is expressed as the change in 
NADH or NADPH oxidation. Endogenous rates of micro- 
somal metabolism were: NADPH, 38.1 nmoles-min ! 
mg ', and NADH, 12.7 nmoles-min~'-mg™' 


obvious relation between the rate of metabolism and 
the two-electron reduction potential of the qui- 
none/hydroquinone couples with any of the flavo- 
proteins studied (data not shown). 

Microsomal quinone metabolism. A linear relation 
was Observed between the metabolism of various 


quinones by the hepatic microsomal fraction with 
NADPH as the cofactor and purified microsomal 
NADPH-cytochrome P-450 reductase, and between 
the hepatic microsomal fraction with NADH as the 
cofactor and NADH-cytochrome b; reductase 
(Fig. 4). The kinetic constants for quinone reduction 
by the hepatic microsomal fraction in the presence 
of NADPH under aerobic and anaerobic conditions 
are shown in Table 2. With all the quinones studied, 
there was a decreased V,,,,, under anaerobic condi- 
tions and no change in the K,,. The K,,, of NADPH 
for aerobic microsomal quinone metabolism in the 
presence of 10°-*M 2,5-dimethyl-p-benzoquinone 
was 9.5 uM. No evidence was found for inhibition 
of the microsomal metabolism of p-benzoquinone 
or 2,5-dimethylbenzoquinone under aerobic or 
anaerobic conditions using p-hydroquinone or 2,5- 
dimethylhydroquinone (results not shown). 


DISCUSSION 


The products of the single-electron reduction of 
quinones are relatively unstable semiquinones. It is 
known that NADPH-cytochrome P-450 reductase, 
NADH-cytochrome b; reductase and NADH: 
ubiquinone oxidoreductase catalyze single-electron 
transfer [1-5], but it is difficult to measure the rate 
of formation of semiquinones directly. Electron par- 
amagnetic resonance studies under steady-state con- 
ditions have shown that semiquinones are formed 
during flavoprotein-mediated single-electron reduc- 
tion of quinones [1, 3] and, in the absence of other 
electron acceptors, quinones lead to the oxidation 
of stoichiometric amounts of reduced pyridine 
nucleotide [1,3]. Under anaerobic conditions and 
using purified enzymes, there are no other acceptors 
present and the oxidation of reduced pyridine 
nucleotide will accurately reflect quinone reduction. 
There was, however, an increased quinone-depen- 
dent cofactor oxidation under aerobic conditions 
with both NADPH-cytochrome P-450 reductase and 
NADH-cytochrome 6; reductase. With NADPH- 
cytochrome P-450 reductase this cannot be 
accounted for by additional pathways of oxidative 
metabolism since at the highest rates of metabolism 
the ratio of superoxide formed to NADPH oxidized 
was 2:1. Superoxide is formed by the transfer of an 
electron from the semiquinone to molecular oxygen 
and only slowly by the direct reduction of oxygen 
by the enzyme. The increased rate of NADPH 
oxidation must, therefore, represent an increased 


Table 2. Kinetic constants for microsomal quinone reduction* 





Kn 
(mM) 


(nmoles-min'-mg~' (mM) 


Air N, 


© in ‘ K,,, Y eles 
(nmoles-min ° 





2,5-Dimethyl-p-benzoquinone 
2-Methyl,1,4-naphthoquinone 
2,3,5,6-Tetramethyl-p-benzoquinone 
Indigodisulfonate 


250 ; 82 
152 





* Hepatic microsomal metabolism was determined at 37° as described in the text by following the increase in the 
oxidation of NADPH, present at an initial concentration of 0.33 mM. The unstimulated rates of microsomal NADPH 


oxidation were: aerobic 29.3 nmoles-min '-mg '; and anaerobic 17.6 nmoles-min” '-mg 





Flavoprotein quinone reduction 


flow of electrons through the semiquinone inter- 
mediate. The situation with NADH-cytochrome b; 
reductase is not so straightforward, and for some 
quinones there may be alternative pathways for 
NADH oxidation under aerobic conditions not 
involving quinone reduction. A consequence of the 
reaction of the semiquinone with oxygen is, of 
course, that the parent quinone is regenerated, and 
its concentration will not change despite the rapid 
rates of enzymatic quinone reduction, cofactor 
oxidation and superoxide formation. 

Oxidation reduction potentials are only truly 
meaningful in determining equilibria, but they can 
have significance for rates of metabolism [11]. The 
rate of two-electron transfer from soluble reduced 
flavin to acceptor, in the case of azo compounds, has 
been shown to be proportional to the reduction 
potential of the acceptor [11]. The results of the 
present study show that there is no simple relation 
between the rate of reduction of flavoproteins and 
the single-electron reduction potential of the quinone 
acceptor. The reason for the decreased rate of 
metabolism at more positive single-electron reduc- 
tion potentials, particularly obvious when NADPH 
is the cofactor, is not clear. A possible explanation 
is product inhibition by the semiquinone. Substrate 
free radicals, such as semiquinones, formed by 
enzyme activity are poor substrates for further 
reduction [27]. The semiquinone is released from 
the enzyme and, depending on its reduction poten- 
tial, reacts with oxygen to form superoxide or dis- 
mutates to form the quinone and the hydroquinone 
[3]. Semiquinones of the more electron affinic qui- 
nones may undergo dismutation more slowly than 
those of less electron affinic quinones [3] and might 
reach appreciable concentrations in the vicinity of 
the enzyme. Hydroquinones do not appear to inhibit 
quinone reduction. 

NADPH-cytochrome P-450 reductase differs from 
most other flavoproteins in that it contains | mole 
each of FMN and FAD per polypeptide chain [28]. 
Vermilion and Coon [29] have suggested that FAD 
and FMN act as low and high potential flavins and 
that FAD is probably involved in the reaction of the 
enzyme with NADPH whereas FMN transfers elec- 
trons to the acceptor. The FMN-depleted enzyme 
is readily reduced by NADPH but is unabie to trans- 
fer electrons to the normal acceptors, including 2- 
methyl-1,4-naphthoquinone [29]. Iyanagi et a/. [30] 
have assigned values to the one-equivalent redox 
couples of NADPH-cytochrome P-450 reductase of 
—110, —270, —290 and —365 mV, which, according 
to the work of Vermilion and Coon [29], correspond 
to the couples FMN/FMNH-, FMNH-/FMNHL, 
FAD/FADH- and FADH-/FADH,, respectively. 
Only the three higher-potential redox states are 
found under physiological conditions with NADPH 
as the reductant [29]. Under aerobic conditions, 
NADPH-cytochrome P-450 reductase exists in a one- 
electron, air stable, semiquinone form [29, 31], prob- 
ably FAD-FMNH: [31]. This one-electron reduced 
state of the enzyme is formed slowly under anaerobic 
conditions but more rapidly under aerobic conditions 
by autoxidation of the two-electron reduced form of 
the enzyme [31]. One explanation for the stimulation 
of quinone reduction by oxygen is that the formation 
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of the one-electron reduced state is necessary for 
electron transfer to the quinone acceptor and is rate 
limiting under anaerobic conditions. This is unlikely, 
however, since the lower limiting single-electron 
reduction potential of quinones undergoing reduc- 
tion by NADPH-cytochrome P-450 reductase is 
—240 mV, and FMH, with a reduction potential of 
—110 mV [30], is too electron affinic to account for 
the rapid reduction of several of the quinones. 
FMNH, and FADH.- are the most likely candidates 
for electron transfer to the quinone acceptor and, 
since the FMN-depleted enzyme is unable to catalyze 
quinone reduction [29], electron transfer to the qui- 
none acceptor is most likely to be via FMNH;. Some 
other mechanism must account for the effect of 
oxygen in stimulating quinone metabolism. Oxygen 
may also stimulate quinone reduction by the FAD- 
containing NADH-cytochrome 6; reductase. 

A different pattern of quinone reduction is seen 
with NADH-cytochrome b; reductase. NADH-cyto- 
chrome b, reductase contains only | mole of FAD 
per polypeptide chain [32]. The midpoint potential 
of the enzyme for two-electron reduction is 
-—258mV. NAD* binds to the reduced enzyme, 
stabilizing the semiquinone form of the enzyme and 
causing a shift in the midpoint potential to — 160 mV. 
NADP’ does not bind in this manner to reduced 
NADPH-cytochrome P-450 reductase [32]. The 
binding of NAD* may explain the higher minimum 
potential for quinone reduction, around —170 mV, 
seen with NADH-cytochrome b, reductase. 

An unexpected finding was that of different pat- 
terns of quinone reduction by NADH: ubiquinone 
oxidoreductase, depending on whether NADH or 
NADPH was the source of reducing equivalents. 
The NADPH dehydrogenase activity of the mito- 
chondrial electron transport system fractionates 
mainly into NADH: ubiquine oxidoreductase [33]. 
NADH and NADPH reduce the FMN and iron- 
sulfur centers of the enzyme [34], and it has been 
suggested that NADH and NADPH bind to the same 
site on the NADH: ubiquinone oxidoreductase [33]. 
There is no information on the redox properties of 
the flavin of NADH:ubiquinone oxidoreductase, 
although the low free radical content of the enzyme 
has been taken to indicate that the flavin exists in 
a fully reduced or fully oxidized form [35]. It appears 
that with NADH: ubiquinone oxidoreductase the 
cofactor can imprint a pattern of substrate affinity 
on the enzyme. The possibility must be considered, 
however, that the preparation contains two distinct 
enzymes. 

Both NADPH-cytochrome P-450 reductase and 
NADH-cytochrome b; reductase are bound to the 
microsomal membrane and it has been suggested 
that NADH-cytochrome b; reductase is more deeply 
embedded in the lipid membrane than is NADPH- 
cytochrome P-450 reductase [36]. Lipid solubility 
appears, however, to have little effect upon the rate 
of metabolism. There was no statistical correlation 
between the apparent octanol/water partition coef- 
ficient of the quinones and their rate of reduction. 
Quinones 4, 5, 6 and 7, which have the highest 
apparent partition coefficients, were most rapidly 
metabolized by NADPH-cytochrome P-450 reduc- 
tase and NADH: ubiquinone oxidoreductase with 
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NADPH as the cofactor. There was, however, little 
difference in the rate at which they were metab- 
olized, while there was over a 7-fold range in their 
apparent partition coefficients. There was no cor- 
relation with NADH-cytochrome b; reductase and 
NADH: ubiquinone oxidoreductase with NADH as 
the cofactor. A similar pattern of quinone reduction 
was seen with purified microsomal enzymes and the 
intact microsomal fraction, again suggesting that the 
lipid solubility of the substrate has little effect on 
metabolism. 

In conclusion, the present studies have shown that 
single-electron reduction potential can be an impor- 
tant factor in the metabolism of quinones by flavo- 
proteins catalyzing single-electron transfer. A similar 
pattern of metabolism was observed with NADPH- 
cytochrome P-450 reductase and NADH: ubiquinone 
oxidoreductase with NADPH as cofactor, at lower 
single-electron reduction potentials than with 
NADH-cytochrome b; reductase and NADH: 
ubiquinone oxidoreductase with NADH as the 
cofactor. There was a decreased rate of metabolism 
at higher single-electron reduction potentials. Lipid 
solubility appears to have little influence upon the 
rate of metabolism. 
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Abstract—Rates of hepatic uptake and biliary excretion, as well as the 7)... of acetyl procainamide 
ethobromide (APAEB), an organic cation, were estimated in rats. The relationship between hepatic 
uptake and dose followed saturation kinetics. From the effect of isopropamide iodide on the uptake 
rate of APAEB and on the binding of APAEB to liver tissues. the saturated uptake was presumed to 
occur by membrane transport. The excretion rate versus the liver level. however. did not follow 
saturation kinetics clearly up to 7),,,. Whereas the excretory step is considered an active process. The 
calculated V,,,, for the excretory step was far greater than the maximal uptake rate and T,,,, estimated 
by constant infusion of APAEB, indicating that the rate-determining step in the biliary excretion of 
APAEB is not the excretory but the uptake step which is in contrast with that observed with many 


organic anions. 


It is well known that biliary excretion of many organic 
compounds comprises at least two membrane trans- 
port steps, uptake from blood into the hepatocytes 
and transport from the hepatocytes into bile. A 
number of studies of hepatic uptake of organic anions 
in several experimental systems, e.g. isolated liver 
cells [1-4] and the multiple-indicator dilution tech- 
nique [5-7] have shown that bile acid and sulfo- 
bromophthalein uptake processes are saturable and 
carrier-mediated [1-7]. The maximum uptake rates 
of the drugs, compared with the transport maxima, 
were several times greater, indicating that the uptake 
process is not rate-limiting in the hepato-biliary 
transport of these compounds. This is consistent with 
reports that the rate-limiting step in biliary excretion 
of organic anions is transport from the hepatocytes 
into bile [8-10]. 

It is not clear, however, what mechanism is oper- 
ative in hepatic uptake and which step is rate-deter- 
mining in the hepato-biliary transport of organic 
cations. In the present study, rates of hepatic uptake 
and biliary excretion of acetyl procainamide etho- 
bromide (APAEB), a non-metabolizable organic 
cation, were estimated in rats to determine the 
characteristics of the hepato-biliary transport of the 
organic cation. 


MATERIALS AND METHODS 


Chemicals. APAEB was synthesized in our lab- 
oratory according to the method of Hwang and 
Solomon [11]. Isopropamide iodide was provided by 
the Sumitomo Chemical Co., Ltd., Osaka, Japan. 

Animal experiments. Male Wistar rats weighing 
220-270 g were anesthetized with sodium pentobar- 
bital (50 mg/kg, i.p.). After laparotomy the renal 
pedicles were ligated. 
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In the experiments to estimate the biliary excretion 
rate, the bile duct was cannulated with polyethylene 
tubing. APAEB was given via the femoral vein by 
constant infusion (50 ul/min) or bolus injection. Con- 
stant infusion was preceded by a bolus injection 
equal to 30 min of infusion except at the rate of 
70 nmoles/(min- 100 g rat) when the bolus injection 
was equal to 15 min of infusion. Bile samples were 
collected at 15-min intervals. To measure the blood 
level of APAEB during constant infusion, blood 
samples were obtained via the carotid artery using 
another group of rats from which the bile samples 
were collected, but under the same experimental 
conditions as above. At the end of the experiment, 
blood was taken from the abdominal aorta and the 
liver was removed. Rectal temperature was main- 
tained at 37 + 1° throughout. 

The hepatic uptake rate was estimated according 
to the method of Paumgartner [12]. Exactly 3 min 
after injection of APAEB via the femoral vein, the 
blood was taken from the abdominal aorta and the 
liver was removed. Calculation of the uptake rate 
was performed from the concentration in liver (Cj, 
C,). To eliminate the contribution of the hepatic 
blood content to the liver level of APAEB. the 
following formula was used: 


_ C,- (Cp x 0.18) 
ci 3 x 0.82 





where v represents the amount of APAEB taken up 
by each g liver/min and Cp the concentration of 
APAEB in plasma. 

Determination of APAEB. The concentration of 
APAEB in blood, liver and bile samples was deter- 
mined according to the method reported before [13]. 

Binding to liver homogenate. A 40% liver hom- 
ogenate was prepared with 0.15M KCI solution. 
After equilibrium dialysis of 5 ml of APAEB solution 
against 2 ml of the homogenate for 30 hr at 4° with 


2573 





2574 


Visking cellulose tubing (Union Carbide Corp., New 
York, NY), the concentration of APAEB in the drug 
solution was determined. The amount of APAEB 
bound to the homogenate was calculated from the 
decrease in concentration in the drug solution. 

Data analysis. The parameters of the Michaelis— 
Menten equation were determined by least squares 
parameter estimation of non-linear equations using 
a program provided by M. Arakawa, Hiroshima 
University, Hiroshima, Japan. 


RESULTS 


Transport maximum of APAEB. Figure 1 shows 
rat biliary excretion of APAEB during constant 
infusion of APAEB at various concentrations. Infu- 
sion of 15nmoles/(min-100g rat) progressively 
raised the excretion rate so that at 120 min it was 
8 nmoles/(min- 100g rat), while the blood level 
remained constant. During infusion of 50 and 
70 nmoles/(min-100g), the biliary excretion ‘of 
APAEB gradually increased but attained a plateau 
after 120 min. Blood levels of APAEB increased 
linearly during the experiment. The plateau level for 
biliary excretion was 24 nmoles/(min- 100 g rat); 
increasing the infusion rate from 50 nmoles/(min - 100 
g rat) to 70 nmoles/(min- 100 g rat) did not increase 
it. On the basis of these results the maximum excre- 
tory rate by this procedure was about 24 
nmoles/(min- 100 g rat). 

Vonk et al. [14], however, reported that the 
maximum transport rate of APAEB_ was 
111 nmoles/(min- kg), which was obtained after a 
single bolus injection of 35.3 umoles/kg of APAEB 
to rats. Therefore, the biliary excretion of APAEB 
after a single injection was also investigated in our 
laboratory. Figure 2 shows representative examples 
of the excretion rate after injection of 20 and 
25 umoles/300 g rat. The peak level after both doses 
was about 15 nmoles/(min- 100 g rat), which is less 
than the maximum rate with constant infusion and 
was similar to the result by Vonk er al. This finding 
shows that the transport maximum (7,,,,) of APAEB 
was 24nmoles/(min- 100g rat) when obtained by 
constant infusion, and that the single injection 
method did not give the correct value of 7,,,, for 
APAEB. 


ye nmoles /min. |OOg rat 


oo 


/ 70 nmotes /min. |0Og rat 


nmoles/min. |OOg rat 


a—® |S nmoles/min. 100g rat 
sa 


Excretion rate, 








Time, min 


Fig. 1. Biliary excretion of APAEB during constant infu- 
sion. Representative data of more than three experiments 
are plotted. 
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Fig. 2. Biliary excretion of APAEB after a single injection. 
Representative data of three experiments are plotted. 


Hepatic uptake. The hepatic uptake rate of 
APAEB was determined by the method of Paum- 
gartner [12]; the relation between uptake and dose 
is shown in Fig. 3. When the dose was increased 
from, 0.33 to 6.7 umoles/100 g rat, the relationship 
between uptake rate and dose seems to have followed 
saturation kinetics, which is consistent with the 
Michaelis-Menten relation observed with many 
organic anions. The calculated V,,,, and K,, were 
13.4 nmoles/(min-g liver) and 0.47 umoles/100 g rat 
respectively. 

To further study the saturable uptake process of 
APAEB, the effects of isopropamide iodide, an 
organic cation, on hepatic uptake of APAEB and 
on its binding to liver tissues were investigated. When 
isopropamide iodide (0.1 umole/100 g rat) was 
injected simultaneously with APAEB, the hepatic 
uptake rate of APAEB was markedly depressed 
(Fig. 4a). On the other hand, the amount of APAEB 
bound to liver homogenate was not influenced by 
the presence of 100nmoles/ml of isopropamide 
iodide (Fig. 4b). These findings (that isopropamide 
iodide inhibited the uptake of APAEB but did not 
affect the binding to liver tissues) indicate that the 
saturable hepatic uptake of APAEB was due not to 
its binding to liver tissue but to a membrane transport 
system. Therefore, the Michaelis-Menten _par- 
ameters obtained above are considered to be those 
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Fig. 3. Relationship between dose and hepatic uptake of 
APAEB. Each value is the mean + S.D. of more than five 
experiments. 
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Fig. 4. Effect of isopropamide iodide on hepatic uptake and binding of APAEB. Panel a: (@) control: 

and (O) isopropamide iodide (0.1 umole/100 g rat) was administered. Each value is the mean + S.D. 

of more than five experiments. Panel b: (@) control; and (O) isopropamide iodide (100 nmoles/ml) was 
added. 


of membrane transport from blood into hepatocytes. 

Biliary excretion. Biliary excretion of a number of 
chemicals from hepatocytes into bile is thought to 
occur by active transport. To examine the transport 
parameters of this process, the excretion rate of 
APAEB was plotted against its concentration in liver 
at the end of the 7,,,,. experiment, according to the 
method of Paumgartner. As shown in Fig. 5, the 
excretion rate increased almost linearly up to the 
Tmax aS the liver concentration of APAEB rose. 
Although saturation kinetics was not observed in 
this case, the data points were fitted to the Michaelis— 
Menten equation. The concentration of APAEB in 
bile was much higher than that in liver, suggesting 
that this transport process must be an active one. 
The calculated values of V,,,, and K,, were 
126 nmoles/(min- 100 g rat) and 3210 nmoies/g liver 
respectively. As the T,,,, of APAEB was only 24 
nmoles/(min- 100g rat), the calculated V,,,... was 
about five times greater than T,,,,. From this finding, 
the excretory step from hepatocytes into bile does 
not seem to be rate-limiting in the hepato-biliary 
transport of APAEB. 


DISCUSSION 


Although the kinetics of hepato-biliary transport 
of organic cations have not been investigated exten- 
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Fig. 5. Relationship between concentration in liver and 
biliary excretion of APAEB. Each value is the result of 
one experiment. 


sively, examination of the hepatic uptake rate of 
APAEB in the present study showed that it followed 
saturation kinetics in the same manner as many 
organic anions. Eaton and Klaassen [15] have 
reported that uptake of another organic cation, pro- 
caine amide ethobromide (PAEB), is also saturable 
by isolated liver cells. But, the V,,,, for hepatic 
uptake of APAEB was fairly small when compared 
with those of organic anions previously reported [16- 
18], one example of which is shown in Table 1 using 
the data for indocyanine green as estimated by Paum- 
gartner [12]. The mechanism of this uptake process 
is presumed to be carrier-mediated membrane trans- 
port, from the effect that isopropamide iodide has 
on the hepatic uptake and binding of APAEB to 
liver tissues. In a previous report, we showed that 
isopropamide iodide markedly inhibited the biliary 
excretion of PAEB, and both the liver/plasma and 
the bile/liver concentration ratios of PAEB were 
strikingly lowered by the drug [13]. This study dem- 
onstrated that inhibition of the membrane transport 
of PAEB from blood to ixepatocytes by isopropamide 
iodide results in a depression of the liver/plasma 
concentration ratio of PAEB. 

The biliary excretory step for organic anions such 
as indocyanine green and sulfobromophthalein has 
also been shown to be a saturable process, from the 
relationship between the excretion rate and its con- 
centration in the liver [12, 19, 20]. As shown in Table 
1, the V,,,, for the excretory step of indocyanine 
green agreed well with the 7,,,, and was far smaller 
than the V,,,, for hepatic uptake. As indocyanine 
green is not metabolized in the liver, this must 
indicate that the excretory step is rate-determining 
in its biliary excretion. For this type of hepato-biliary 
transport, the V,,,, for the excretory step can be 
estimated by measuring the 7,,,,. In the case of 
APAEB, however, a clear saturation kinetics was 
not observed up to 7,,,x. This fact can be explained 
by assuming that the liver concentration could not 
rise high enough to show the saturation phenomenon 
because of the small uptake rate of APAEB. The 
calculated V,,,, for the excretory step of APAEB 
was far larger than that for the hepatic uptake as 
shown in Table 1 in support of the assumption. From 
these results, the rate-determining step in the biliary 
excretion of APAEB is considered to be the hepatic 
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uptake process, in contrast to the rate-limiting step 
for many organic anions. This conclusion seems con- 
sistent with the report by Klaassen [21] that clearance 
of PAEB is more dependent on hepatic mass than 
on interruption of the transfer from liver to bile. For 
this type of transport, the V,,,, of the excretory step 
does not agree with the 7,,,,. 

If hepatic removal is the only route for transfer 
of the drug, the maximum excretion rate will be the 
same either by constant infusion or by single injection 
of the drug. Although this has been shown to be the 
case for a number of organic anions, the 7,,,, of 
APAEB was obtained only by the constant infusion 
method. Because plasma levels of APAEB after 
90 min were 137+ l6nmoles/ml after the bolus 
injection of 20 umoles/300 g rat and were 198 + 
23 nmoles/ml during constant infusion of 70 
nmoles/(min- 100 g rat), the difference in the max- 
imal excretion rate by the two methods may be due 
to the difference in the hepatic uptake rate. There- 
fore, distribution of APAEB to other organs should 
be taken into consideration to explain the difference. 
Investigation of this point is now in progress. 


(nmoles/g liver) 


Biliary excretion 





[nmoles/(min- 100 g rat)] 
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Abstract—Metabolism of SKF 525-A* and of SKF 8742-A has been studied in hepatic microsomal 
preparations from untreated and phenobarbitone-induced rats and from swine. Attempts were made 
to distinguish between metabolism by flavoprotein-dependent amine oxidase and metabolism by the 
NADPH-dependent cytochrome P-450 system by measuring the effects of pH on binding spectra; and 
the effects of agents which inhibit cytochrome P-450 and of dithiothreitol, which inhibits functions of 
the amine oxidase. It would appear that the contribution to the metabolism of SKF 525-A by the amine 


oxidase is minimal. 


It has long been known that SKF 525-A (2-diethyl- 
aminoethyl 2,2,diphenylvalerate hydrochloride) 
prolongs the action of a number of medicaments 
[1,2]. It does so largely through inhibition of the 
metabolism of these agents [3], resulting in a 
lengthening of their biological half-lives [4]. 
Although SKF 525-A is an active inhibitor of a wide 
range of metabolic transformations of drugs by 
reactions such as side chain oxidation, N-dealkyla- 
tion, O-demethylation and deamination [5—7], it has 
little or no effect on the hepatic microsomal metab- 
olism of a number of other drugs [1, 6-12]. Variation 
in this regard exists from one species to another [9, 
13], and induction of the hepatic enzymes with phen- 
obarbitone or with 3-methylcholanthrene brings with 
it an alteration in the inhibitory pattern of SKF 525- 
A [14, 15]. There have been a number of proposals, 
and some debate, on the mechanism of the inhibition 
caused by SKF 525-A [3, 4, 16-23] but an adequate 
explanation of the biotransformation data has yet to 
be put forth. A partial explanation is found in the 
existence of competition between the drug and the 
inhibitor for binding site on the terminal electron 
acceptor of the hepatic mixed-function oxidase, the 
cytochrome P-450 [22], and the formation of a stable 
oxygenated complex of SKF 525-A, or a metabolite 
thereof, and the reduced form of cytochrome P-450 
[23]. Such mechanisms would not, however, 
adequately account for differential inhibitory effects 
vis-a-vis chemically related compounds, or for vari- 
ations caused by enzyme inducing agents, or for 
species differences. The possibility of an involvement 
of other microsomal enzymes, specifically the micro- 
somal mixed-function amine oxidase [24], has not 
yet been investigated. The amine oxidase could be 
involved both in the conversion and in the inhibitory 
effects of SKF 525-A. Past findings on the size of 
the SKF 525-A molecule [25], its basicity [26] and 
the fact that it is a tertiary amine might indicate that 
the hepatic amine oxidase may well be involved in 
the metabolism of SKF 525-A. 





* Abbreviations used: SKF 525-A, 2-diethylaminoethyl 
2,2-diphenylvalerate hydrochloride; SKF 8742-A, 2-ethyl- 
aminoethyl 2,2-diphenylvalerate hydrochloride. 


To shed more light on the inhibitory action of SKF 
525-A we have studied the conversion of this inhib- 
itor and its main metabolite, the mono-deethylated 
metabolite SKF 8742-A, both in an attempt to learn 
more about the metabolism of these compounds and 
about the enzymes acting on and being inhibited by 
them. 


MATERIALS AND METHODS 


SKF 525-A and SKF 8742-A were the gift of Smith, 
Kline & French International Co.; isocitrate dehy- 
drogenase was obtained from Boehringer-Mann- 
heim, F.R.G. Wistar rats were obtained from Tick 
Research Unit, Rhodes University. 

Induction of hepatic mixed function oxidase. 
Female rats weighing from 200 to 250 g were injected 
intraperitoneally with 80 mg/kg phenobarbitone for 
three days before being killed. 

Preparation of microsomes. Rats were killed by 
cervical dislocation and their livers quickly removed 
and perfused with cold 0.9% NaCl solution. The 
method of Cinti et al. [27] using Ca (II) precipitation 
followed by spinning in an MSE 18 high-speed cen- 
trifuge was employed to separate the microsomal 
fraction. Swine livers were obtained fresh from an 
abattoir. 

Incubation experiments. Incubations were carried 
out at 38° with shaking. The incubation mixture 
contained MgCl, (5mM), MnCl, (5 uM), NADP 
(1.4 mg), tri sodium isocitrate (2.5 mg), SKF 525-A 
or SKF 8742-A (1.0 mg), microsomal suspension 
(0.6 mg protein in 1.0 ml), isocitrate dehydrogenase 
(0.2 mg), made up to a final volume of 2.0 ml with 
Tris-HCl buffer of pH 7.8 [28-30]. Dithiothreitol or 
n-octylamine, when used, was added before the 
microsomes and isocitrate dehydrogenase. The sus- 
pensions were gassed with O, and the flasks stop- 
pered at the beginning of the incubation. The process 
was stopped after 30 min with | ml 10% trichloro- 
acetic acid. Extent of metabolism was assessed as 
the difference between metabolism in the complete 
incubation mixture and that in the absence of 
NADPH generating system. 

Determination of pH optimum. The influence of 
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PH on the binding of SKF 525-A to microsomes was 
studied in buffers ranging in pH from 7.0 to 8.6 at 
intervals of 0.1 pH units. Binding was detected by 
means of difference spectra recorded on a Beckman 
Acta M .VI Spectrophotometer. Metabolic studies 
were carried out in the incubation mixture as outlined 
with the exception of the buffers. Metabolism was 
measured as below. 

Analysis of reaction products. The reaction prod- 
ucts isolated by extraction with ether (3 x 3 ml) were 
analysed in a Hewlett Packard 5830 chromatograph 
fitted with 2m x 3mm O.D. stainless steel columns 
packed with DMCS-treated chromosorb G coated 
with 15% Apiezon L. Carrier gas: 60 p.s.i. high 
purity N>, 30 p.s.i. FID hydrogen and 28 p.s.i. FID 
air. Retention time: SKF 8742-A: 8.97 min; principal 
minor metabolite: 7.31 min. Quantitation by area 
per cent method. 


RESULTS 


pH Optimum. The optimum pH for the binding 
of SKF 525-A to microsomes from untreated rats 
was 7.8. Metabolic studies on SKF 525-A, in which 
the metabolites were quantitated by g.c., showed 
that the greatest yield of SKF 8742-A occurred at 
pH 7.8 whereas that of metabolite I occurred at pH 
7.6. 
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A-| A-2 B-| B-2 cl ¢2 
Fig. 1. Effect of n-octylamine on metabolism of SKF 525- 
A. Comparison of production of metabolites. under two 
sets of conditions: with and without n-octylamine (10 3 M). 
A-1 and A-2 represent metabolism in the presence of 
untreated rat-liver microsomes; B-1 and B-2, phenobar- 
bitone-treated rat-liver microsomes; and C-1 and C-2, 
uninduced swine-liver microsomes. 100 represents the 
amount of the metabolite in question formed in the absence 
of n-octylamine, whereas the hatched bars represent its 
formation in the presence of n-octylamine. *The metab- 
olites I and IV peaks merged and were thus expressed as 
one value. 
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Fig. 2. Effect of n-octylamine on metabolism of SKF 8742- 
A. Comparison of production of metabolites under two 
sets of conditions: with and without n-octylamine (10~* M). 
A represents metabolism in the presence of untreated rat- 
liver microsomes; B-1 and B-2, phenobarbitone-treated 
rat-liver microsomes; and C, swine-liver microsomes. 100 
represenis the amount of metabolite in question formed 
in the absence of n-octylamine whereas the hatched bars 
represent its formation in the presence of n-octylamine. 


Metabolism of SKF 525-A. G.C. analysis of the 
incubation mixture of SKF 525-A and hepatic micro- 
somes prepared from untreated rats showed the pres- 
ence of SKF 8742-A, the mono-deethylated product, 
and a minor metabolite [31], metabolite I. When 
microsomes prepared from phenobarbitone-treated 
rats were used, production of SKF 8742-A almost 
doubled and the extract contained yet another 
metabolite, metabolite IV. Swine hepatic micro- 
somes produced only SKF 8742-A and metabolite 
I under similar conditions. 

Metabolism of SKF 8742-A. When SKF 8742-A 
was used as substrate, hepatic microsomes from 
untreated rats or from swine produced only metab- 
olite I, but when phenobarbitone-pretreated rats 
were used, both metabolite I and metabolite III 
could be detected. 

Effects of n-octylamine. n-Octylamine added to 
the incubation mixture of rat hepatic microsomes 
caused a slight reduction in the extent of conversion 
of SKF 525-A to SKF 8742-A but a marked reduction 
in the formation of metabolite I (Fig. 1 A-1, A-2). 
Under the same conditions, the presence of n-octy- 
lamine caused only slight reduction in the conversion 
of SKF 8742-A, metabolite I and metabolite IV (Fig. 
1 B-1, B-2) when microsomes prepared from rats 
induced with phenobarbitone were used. In contrast 





Microsomal conversion of SKF 525-A and SKF 8742-A 
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Fig. 3. Effect of dithiothreitol on metabolism of SKA 525- 
A. Comparison of production of metabolites under two 
sets of conditions: with and without dithiothreitol (1 mM). 
A-1 and A-2 represent metabolism in the presence of 
untreated rat-liver microsomes; B-1, B-2 and B-3, phen- 
obarbitone pretreated rat-liver microsomes; and C-1 and 
C-2, untreated swine-liver microsomes. 100 represents the 
amount of metabolite in question formed in the absence 
of dithiothreitol whereas the hatched bars represent its 
formation in the presence of dithiothreitol. 


to the finding reported by Poulsen et al. [32], when 
swine hepatic microsomes were used, we noticed a 
marked reduction in the formation of both SKF 8742- 
A and metabolite I (Fig. 1 C-1, C-2). In the presence 
of n-octylamine, formation of metabolite I from SKF 
8742-A by microsomes from untreated rats (Fig. 
2A), from phenobarbitone-induced rats (Fig. 2 B-1) 
as well as from swine hepatic microsomes (Fig. 2 C) 
was inhibited. Formation of metabolite III was also 
inhibited in the induced microsomal preparation 
(Fig. 2 B-2). 

Effects of dithiothreitol. Addition of dithiothreitol 
to the incubation medium did not inhibit, or inhibited 
only slightly, the formation of SKF 8742-A from 
SKF 525-A by microsomes from either untreated 
(Fig. 3 A-1) or phenobarbitone-induced rats (Fig. 
3 B-1). However, the same concentration of dithio- 
threitol (10-* M) inhibited formation of metabolite 
I by about 50 per cent in the case of microsomes 
from phenobarbitone-induced rats (Fig. 3 B-2) and 
by about 40 per cent in the case of microsomal 
preparations from swine liver (Fig. 3 C-2). Formation 
of metabolite IV was inhibited to about the same 
extent (Fig. 3 B-3). 

Dithiothreitol also inhibited the formation of 
metabolite I from SKF 8742-A by about 40 per cent 
by microsomes from untreated rats (Fig. 4A), and 
from swine (Fig. 4C), but inhibited the formation 
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of both metabolite I (Fig. 4 B-1) and metabolite III 
(Fig. 4 B-2) only to a small extent when incubated 
with microsomes from phenobarbitone-pretreated 
rats. 

Effects of carbon monoxide. Bubbling of the 
incubation mixture with CO resulted in a reduction 
of formation of metabolites of SKF 525-A (Fig. 5) 
and of SKF 8742-A (Fig. 6), regardless of the source 
of the microsomes. 


DISCUSSION 


The continued use of SKF 525-A as an experi- 
mental tool in the study of drug metabolism makes 
it important to understand its mechanism of action. 
Because most metabolic studies involve the use of 
whole animals, isolated cells or microsomes, all of 
which are highly complex mixtures of enzymes, it is 
of some importance to establish which enzymes are 
actually being affected by this inhibitor. 

Being a tertiary amine, SKF 525-A might interact 
with two enzymes; and the same is true of its metab- 
olites as they too may be amino compounds. The 
substrate specificities of the two microsomal enzyme 
systems most involved in the metabolism of amines, 
viz. the amine oxidase and the cytochrome P-450- 
dependent system, have not yet been rigidly defined 
but there is some evidence [31] that the amine oxi- 
dase metabolizes basic amines preferentially and that 
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Fig. 4. Effect of dithiothreitol on metabolism of SKF 8742- 
A. Comparison of production of metabolites under two 
sets of conditions: with and without dithiothreitol (1 mM). 
A represents metabolism in the presence of untreated rat- 
liver microsomes; B-1 and B-2, phenobarbitone-treated 
rat-liver microsomes; and C, swine-liver microsomes. 100 
represents the amount of metabolite in question formed 
in the absence of dithiothreitol whereas the hatched bars 
represent its formation in the presence of dithiothreitol. 
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Fig. 5. Effect of carbon monoxide on metabolism of SKF 
525-A. Comparison of production of metabolites under 
two sets of conditions: with and without CO. A-1 and A- 
2 represent metabolism in the presence of untreated rat- 
liver microsomes; B-1, B-2 and B-3, phenobarbitone- 
treated rat-liver microsomes; and C-1 and C-2, swine-liver 
microsomes. 100 represents the amount of metabolite in 
question formed in the absence of CO whereas the hatched 
bars represent its formation after microsomes had been 
bubbled for 2 min with a mixture of CO:O,:N, (4:4:92, 

v/v). 


the cytochrome system interacts more readily with 
weakly basic amines. It is therefore most likely that 
the cytochrome P-450 dependent system would 
interact more readily with SKF 525-A but that the 
metabolites may be further converted by either the 
cytochrome-dependent system or the amine oxidase. 

The chemical nature of the metabolic products 
will usually distinguish between the two pathways 
dictated by the two enzymes, but isolation and iden- 
tification of these metabolites is often difficult. In 
the case of SKF 525-A, only the major metabolite, 
SKF 8742-A, has been identified with certainty; on 
exposure to rat hepatic microsomal preparations 
SKF 525-A forms, in addition to the mono-deethy- 
lated product, metabolite I and, when exposed to 
microsomes from phenobarbitone-induced rats, 
metabolite IV as well. As the identity of metabolites 
I and IV has not yet been established, it is necessary 
to draw conclusions about the enzymatic involve- 
ment on the basis of other criteria. 

If SKF 525-A were transformed solely by cyto- 
chrome P-450, it would be expected that the pH 
optimum for the conversion would lie near pH 8.4 
[32]. The pH optima found for both the conversion 
of SKF 525-A and SKF 8742-A were closer to those 
expected for involvement of the cytochrome system. 
In attempting to draw a conclusion based on the 
measurement of metabolite levels, one must bear in 
mind, however, that various metabolites may not be 


equally stable at all pH values. For example, N- 
oxidases which are commonly formed when amine 
oxidase serves as catalyst [33,34], are often quite 
unstable compounds and would be expected to 
decompose more rapidly at pH values above 8. If 
metabolite I is such a compound, more of it would 
survive and thus accumulate at lower pH levels where 
its stability is greater, even though its formation 
might be faster at higher pH values. Thus, were the 
amine oxidase involved, a pH study might give 
inconclusive results. 

The amine oxidase has been shown to bring about 
the N-oxidation of some tertiary and secondary 
amines [33,34]. This reaction is stimulated by n- 
octylamine, which, on the other hand, acts as an 
inhibitor of the reactions mediated by cytochrome 
P-450 [35,36]. Our data show that n-octylamine 
added to rat or swine microsomes does not increase 
the rate of conversion of SKF 525-A (Fig. 1), nor 
of SKF 8742-A (Fig. 2). The evidence is thus against 
implication of the amine oxidase in the N-deethy- 
lation of SKF 525-A, in the formation of its two 
metabolites, I and IV, and in the formation of 
metabolite III from SKF 8742-A. In the rat micro- 
somes, however, n-octylamine is not a potent inhib- 
itor, a fact which may be explained by the high 
affinity of SKF 525-A for cytochrome P-450 [37]. 
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Fig. 6. Effect of carbon monoxide on metabolism of SKF 
8742-A. Comparison of production of metabolites under 
two sets of conditions: with and without CO. A represents 
metabolism in the presence of untreated rat-liver micro- 
somes; B-1 and B-2, phenobarbitone-treated rat-liver 
microsomes; and C, swine-liver microsomes. 100 represents 
the amount of metabolite in question formed in the absence 
of CO whereas the hatched bars represents its formation 
after microsomes had been bubbled for 2 min with a mixture 
of CO:O03:N, (4:4:92, v/v). 





Microsomal conversion of SKF 525-A and SKF 8742-A 


Metabolite I arises when either SKF 525-A or SKF 
8742-A is used as substrate. As compared with 
microsomes from untreated animals, microsomes 
from phenobarbitone-induced rats cause an increase 
in the formation of metabolite I from SKF 8742-A 
but only an insignificant increase in this metabolite 
when SKF 525-A serves as substrate. The evidence 
therefore indicates that the pathway runs from SKF 
525-A to SKF 8742-A to metabolite I and favours 
the involvement of cytochrome P-450 in both 
conversions. 

Stronger evidence for the involvement of cyto- 
chrome P-450 as the sole, or at least the major 
enzyme system, is provided by the observation that 
CO. acts as a powerful inhibitor of the reaction in 
vitro of both SKF 525-A to its minor metabolites 
(Fig. 5) and SKF 8742-A to its metabolites (Fig. 6). 
What is more, NADPH and O, are obligatory cofac- 
tors for the reactions, as is shown by comparison 
with control incubations. 

Had the amine oxidase been involved, one would 
also expect that dithiothreitol would slow down the 
reaction as this material itself serves as a substrate 
for the amine oxidase [32] and thus would provide 
substrate competition. But, on the contrary, 
dithiothreitol provides a slight stimulatory activity 
for the reaction with untreated rat liver microsomes 
(Fig. 3 A-1 and A-2), a stimulation which is probably 
the result of a protective effect of the dithiothreitol 
on the -SH group of the cytochrome. The difference 
in the results (Fig. 3 B-1 and B-2) obtained with 
microsomes from phenobarbitone-treated rats may 
be taken as an indication of the formation of different 
species of cytochrome P-450 in the presence of the 
inducing agent. In this case, whereas a similar 
increase in the formation of SKF 8742-A is noted by 
use of microsomes from pretreated rats, the increase 
in formation of metabolite I resulting when SKF 525- 
A served as the substrate in the presence of untreated 
rat liver microsomes does not occur when induced 
microsomes are used. A decrease is noted, as would 
be expected if amine oxidase were involved. It is 
consistent with the findings obtained when swine 
microsomes were used and when all three types of 
microsomes were allowed to react with SKF 8742-A 
(Fig. 4). These results favour the view that amine 
oxidase is indeed implicated in the conversion, in 
some cases at least. 

All our experimental results support the conclu- 
sion that, in the case of untreated rats, the amine 
oxidase does not contribute measurably to the for- 
mation of the major or minor metabolites of SKF 
525-A. Were this enzyme system involved, it would 
have been expected that the pH optimum would be 
near 8.4, that the reaction would have been stimu- 
lated by n-octylamine, and that carbon monoxide 
would have had little effect on the process. If N- 
oxide formations were involved, as might well be 
expected if the amine oxidase were involved, 
dithiothreitol would also have been expected to show 
clearer inhibitory effects. However, none of these 
presuppositions found support. 

On the other hand, work with dithiothreitol tends 
to suggest that when microsomes from phenobar- 
bitone-treated rats or from swine are used and when 
SKF 8742-A serves as the substrate there mz.’ be 
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some involvement of the amine oxidase in the 
conversions. 

It appears, therefore, that the differences in the 
inhibitory effects of SKF 525-A on metabolism of 
various xenobiotics and that differences found in 
various animal species might well be explained both 
on the basis of the presence of different species of 
cytochrome P-450 in different ratios and on the basis 
of the involvement of the amine oxidase under some 
circumstances. Where various species of cytochrome 
P-450 are present, each of these types then possesses 
its own substrate specificity and its unique binding 
affinity for SKF 525-A. Each will also behave dif- 
ferently toward other xenobiotics. The ratio of these 
individual types of cytochrome is likely to vary from 
one species of animal to another and with the envi- 
ronmental conditions to which the animal is sub- 
jected. Varying ratios of these types could explain 
the existence of some of the manifest differences 
between untreated and phenobarbitone-treated rats 
and differences noted between microsomes from 
swine and from treated and untreated rats. 

Evidence for the involvement of amine oxidase in 
some conversions of SKF 525-A and SKF 8742-A 
would suggest that at least one of the minor metab- 
olites might be an N-oxide [36, 38]. Studies are now 
under way to test this possibility. 
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Abstract—Vitamin A deficiency in rats significantly increased hepatic glutathione S-aryltransferase 
activities measured in vitro against 1,2-dichloro-4-nitrobenzene (DCNB) and sulfobromophthalein 
(BSP). These changes were accompanied by a decrease in hepatic glutathione reductase activity in the 
deficient animals, but there were no alterations in either oxidized glutathione (GSSG) levels or the 
ratio of reduced glutathione (GSH) to GSSG in the liver. The relation between piasma BSP clearance, 
biliary BSP excretion, and the enzymatic conjugation rate of the dye were examined. Plasma clearance, 
hepatic uptake and hepatic storage of BSP were reduced in vitamin A deficient animals. Biliary 
concentration, excretion rate and cumulative excretion of BSP, on the other hand, were increased in 
these animals. The increases in these variables were due predominantly to increased formation of 
conjugated BSP. It is concluded, therefore, that the rate of the enzymatic conjugation of BSP with 
GSH is a rate-limiting step in the biliary excretion of the dye. 


The rate of removal of sulfobromophthalein (BSP) 
from plasma is dependent upon a number of hepatic 
processes: transfer of BSP from the plasma to the 
liver, storage within the hepatocytes, conjugation of 
BSP with reduced glutathione (GSH), transfer of 
conjugated BSP from the liver cell into bile, and, 
finally, bile flow [1]. There is considerable contro- 
versy over the quantitative significance of conjuga- 
tion as a factor in the rate of biliary excretion of 
BSP. Combes [2] reported that impairment of GSH 
conjugation by feeding rats a protein-free diet 
resulted in a reduction in the maximal rate of BSP 
excretion. Whelan et al. [3] demonstrated that dye 
excretion in the bile was twice as great when con- 
jugated (BSP-GSH), rather than free, BSP was 
administered intravenously to rats and guinea pigs. 
Recently, Varga et al. [4] corroborated the initial 
observation of Combes [2], that BSP—GSH was pref- 
erentially excreted into the bile, and estimated the 
conjugate to have ten to thirteen times greater affin- 
ity than BSP for the biliary transport system. In rats, 
the decrease in total biliary BSP concentration 
caused by benziodarone was shown to result from 
a reduced excretion of BSP-GSH [5]. 

Although these reports suggest an important role 
for conjugation in BSP clearance, studies with 
phenobarbital have been conflicting. Klaassen and 
Plaa [6] reported that, although phenobarbital pre- 
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treatment increased the enzymatic conjugation of 
BSP and GSH, the increased conjugation did not 
contribute to increased biliary excretion of BSP. In 
their study, however, any increase in the rate of 
biliary excretion of the dye that resulted from the 
small, phenobarbital-induced increase (23 per cent) 
in the rate of conjugation may have been oversha- 
dowed by the much greater excretion caused by an 
increase in bile flow evoked by phenobarbital. In the 
present investigation we used vitamin A deficient 
rats to study (1) the effect of deficiency on the 
enzymatic conjugation of BSP with GSH, and (2) 
the role of conjugation in the plasma clearance and 
biliary excretion of BSP. 


MATERIALS AND METHODS 


Animals. Male weanling Sprague-Dawley rats (23 
days old; 50-60 g) were obtained from Taconic 
Farms, Germantown, NY, and maintained for 6 
weeks on either a vitamin A deficient diet (ICN 
Pharmaceuticals, Inc., Cleveland, OH, catalog No. 
104646) or an identical diet supplemented with 
20,000 I.U./kg of retinyl acetate. 

Preparation of cytosol. The rats were killed and 
the livers were quickly excised and rinsed in cold 
KCl-Tris buffer (150mM KCI-50 mM Tris-HCl), 
pH 7.4. Subsequent procedures for the preparation 
of cytosol were conducted at 0—4°. The livers were 
minced with scissors and homogenized in 2 vol. of 
KCI-Tris using a motor-driven Teflon and glass tissue 
grinder (size C, A. H. Thomas & Co., Philadelphia, 
PA). The resulting homogenates were diluted to 
250 mg liver/ml with KCl-Tris and centrifuged at 
105,000 g for 60 min in a Beckman L3-50 ultracen- 
trifuge. The cytosol (supernatant fraction) was 
carefully removed, avoiding the floating lipid pelli- 
cle, and diluted to the desired protein concentration 
as described previously [7]. 
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Analytical procedures. Enzyme assays were con- 
ducted aerobically at 37° with conditions for zero- 
order kinetics regarding cofactor and substrate con- 
centrations; activities were linear with respect to 
enzyme concentration and time. The GSH S-aryl- 
transferase activities were determined using 1,2- 
dichloro-4-nitrobenzene (DCNB) [8] and BSP [9]. 
The glutathione reductase activity was measured 
according to the method of Mize and Langdon [10]. 
Hepatic GSH and total glutathione (GSH +-GSSG)* 
were determined in the undiluted cytosol. Protein 
in the sample was precipitated by addition of an 
equal volume of 4% (w/v) sulfosalicylic acid and, 
after centrifugation at 2000 g for 15 min, GSH in the 
supernatant fluid was determined by its reaction with 
5-5'-dithiobis-(2-nitrobenzoic acid) as described by 
Ellman [il]. The same supernatant fraction was 
diluted 5-fold with 0.1 M sodium phosphate buffer, 
pH 8.0, and a 0.05-ml aliquot was used to determine 
total glutathione according to the method of Tietze 
[12]. Hepatic vitamin A levels were measured as 
described by Dugan ef al. [13]. Protein was deter- 
mined by the method of Lowry et al. [14]. 

Plasma clearance and biliary excretion of BSP. 
Rats were anesthetized with sodium pentobarbital 
(60 mg/kg, i.p.), and the common bile duct and 
carotid artery were cannulated with PE-10 and PE- 
50 tubing, respectively. The rectal temperature was 
maintained at 37° with heat lamps. BSP (100 mg/kg) 
was administered i.v. (femoral vein) as an aqueous 
solution (2.0 ml/kg). Blood samples (0.3 ml) from 
the carotid artery were collected in heparinized 
micro-tubes at 3, 6, 10, 15, 20, 25 and 30 min. After 
each sample was removed, blood was replaced with 
an equal volume of saline (containing 100 units/ml 
of heparin) infused through the arterial cannula. Bile 
samples were collected in pre-weighed tubes at 10- 
min intervals for 120 min, and the volumes estimated 
gravimetrically; the density of the bile was assumed 
to be 1.0. 

Transport maximum and hepatic storage of BSP. 
These parameters were determined as described by 
Klaassen and Plaa [15]. Rats were anesthetized, and 
their common bile ducts and carotid arteries were 
cannulated as described above. In addition, a fem- 
oral vein was cannulated with PE-10 tubing. BSP 
was infused (3mg-min''-kg™') via the femoral 
vein as an aqueous solution (1.67 ml/hr). Blood 
samples (0.3 ml) were taken as before at 5, 10, 15 
and 20min after the start of the infusion. Bile 
samples were collected at 10-min intervals for 60 min. 
Plasma volumes in a separate group of control (29.7 + 
1.6mlI/kg, mean+S.E.) and deficient (30.1 + 
0.9 ml/kg) animals (N = 5) were determined with 
Evan’s blue dye [16]. 

Hepatic uptake of BSP. This was determined 
according to the method of Combes [2]. Rats were 
anesthetized and their carotid arteries were cannu- 
lated (see above). In addition, the bile ducts were 
ligated to prevent BSP excretion into the bile. BSP 
(100 mg/kg, 2 ml/kg) was injected via the femoral 
vein 60 min after surgery. At 15 or 45 min after 
injection, blood was collected in heparinized tubes 
from the carotid artery, and the liver removed and 





* GSSG, oxidized glutathione. 


Z. H. Stppik, R. DREw and T. E. GRAM 


frozen immediately between two blocks of dry ice 
for subsequent analyses. 

Analysis of BSP. For the estimation of BSP in 
blood, 0.1 ml of plasma was diluted with 6.0 ml of 
0.1 N NaOH, and the absorbance determined at 576 
and 414nm. The equation (1.02 x absorbance at 
576 nm) — (0.29 X absorbance at 414 nm) was used 
to correct for hemolysis, as reported by Iga er al. 
[17]. BSP in the bile was estimated by diluting a 
0.01-ml sample with 12.0 ml of 0.1N NaOH and 
measuring the absorbance at 576nm. The hepatic 
content of free and conjugated BSP was determined 
as described by Schulze and Czok [18]. Free (R; 
().30-0.40) and conjugated (R; 0.00) BSP were sep- 
arated on aluminum-backed silica gel 60 F,;, thin- 
layer chromatography (t.l.c.) plates (0.2 mm thick- 
ness; E. M. Laboratories, Elmsford, NY) using the 
solvent system acetone—water—aqueous NH, (sp. gr. 
0.88) (85:10:5, by vol.) [19]. The bands were 
scraped from the plates into screw-capped glass scin- 
tillation vials, and the two fractions were eluted from 
the silica gel by gentle shaking for 60 min with 2 ml 
of 75% methanol. The methanol extract was cen- 
trifuged, and the dye was estimated by diluting | ml 
of the supernatant fraction with 1 ml of 0.1 N NaOH 
and determining the absorbance at 576 nm. The ratio 
of the absorbances provided an estimate of the con- 
jugated BSP. 

Chemicals. Retinol, BSP and NADPH were pur- 
chased from the Sigma Chemical Co., St. Louis, 
MO. Reduced and oxidized glutathione (Grade A) 
and a crystalline suspension of yeast glutathione 
reductase (248 I.U./mg protein) were purchased 
from CalBiochem, San Diego, CA. 5,5’-Dithiobis- 
(2-nitrobenzoic acid) and 1,2-dichloro-4-nitroben- 
zene were obtained from the Aldrich Chemical Co., 
Milwaukee, WI. 


RESULTS 


Body and liver weights. Vitamin A deficiency 
results in anorexia and diminution in the rate of 
weight gain in young rats. Accordingly, the animals 
were allowed access to the respective diets ad lib. 
only during the first 4 weeks of the experiment, 
during which time the mean daily weight gain was 
similar in control and vitamin A deficient animals 
(Table 1). During weeks 5 and 6, however, the 
amount of diet supplied to the control animals was 
reduced in proportion to that consumed by the 


Table 1. Status of experimental animals after receiving a 
vitamin A deficient diet* 





Control Deficient 





Mean daily growth rate (g) 
0-4 weeks 
5-6 weeks 

Body weights (g) 

Liver weights (g) 

Liver vitamin A (ug/g) 


6.0 + 0.2 
3.1 +90.2 
266 + 6 

11.0+ 0.4 
336 + 22 
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* Animals were maintained for 6 weeks on either a 
vitamin A deficient diet or an identical diet supplemented 
with 20,000 I.U./kg of retinyl acetate (control diet). Each 
result is the mean + S.E. of five to fifteen rats. 
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Table 2. Effect of vitamin A deficiency on hepatic glutathione levels, glutathione 
S-aryltransferease and glutathione reductase activities* 





Control Deficient 





Cytosol protein (mg/g liver) 

Reduced glutathione (umoles/g liver) 

Total glutathione (umoles/g liver) 

Glutathione S-aryltransferase 
[nmoles- min~‘-(mg protein) ~'] 
1,2-dichloro-4-nitrobenzene 
Sulfobromophthalein 

Glutathione reductase 
[nmoles-min™~'-(mg protein) ~'] 


65.6 + 1.0 
5.1+ 0.6 
5.6+0.8 


98.8 + 9.6 
33.3 + 3.9 


140.4 + 7.3 + 5.61 





* Values were obtained from animals maintained for 6 weeks on either a vitamin 
A deficient or a vitamin A containing (control) diet (see Table 1). Each result is the 


mean + S.E. of five rats. 


+ Significantly different from controls (P < 0.05 by Student’s (-test). 
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Fig. 1. Plasma disappearance of BSP in rats maintained for 

6 weeks on a vitamin A deficient or a vitamin A containing 

(control) diet (see Table 1). BSP (100 mg/kg) was admin- 

istered i.v. (femoral vein) as an aqeuous solution (2 ml/kg). 

Each point is the mean+S.E. of six rats. An asterisk 

indicates that the value is significantly different from the 
control (P < 0.05 by Student’s r-test). 


deficient group so that growth rates were equivalent 
in the two groups. At 6 weeks, there were no sig- 
nificant differences in body or liver weights between 
the vitamin A deficient and control groups, although 
vitamin A was not detectable (< 0.5 ug/g) in the 
livers of the deficient animals (Table 1). All subse- 
quent experiments were performed with animals that 
had received the appropriate diets for 6 weeks. 

In vitro enzyme activities and glutathione levels. 
In vitamin A deficient rats, there was a significant 
decrease in hepatic glutathione reductase activity 
and significant increases in the GSH S-aryltransfer- 
ase activities toward both DCNB and BSP (Table 
2). The increase in transferase activity was greater 
with BSP as substrate than with DCNB (76 vs 41 
per cent). No differences were found in the hepatic 
levels of GSH or total glutathione (GSH + GSSG) 
between the control and deficient animals. 

Plasma disappearance, hepatic uptake and biliary 
excretion of BSP. Following ani.v. injection of BSP, 
the rate of disappearance of the drug from the plasma 
during the distribution (alpha) phase was signifi- 
cantly lower in vitamin A deficient animals (Fig. 1). 
Higher plasma concentrations of BSP were also 
noted in these animals with ligated bile ducts, and 
this correlated with lower hepatic content of the dye 
(Table 3). Thin-layer chromatographic analysis of 
the hepatic dye indicated that, at 15 and 45 min after 


Table 3. Hepatic uptake of sulfobromophthalein (BSP) in vitamin A deficiency* 





Time after injection 





15 min 





Control Deficient Control Deficient 





49.3+0.9 
0.43 + 0.04 
82.3 + 1.0 


50.5 + 1.0 
0.26 + 0.02+ 
90.8 + 2.07 


58.4 + 2.0 
0.81 + 0.06 
78.7 + 0.6 


Plasma BSP (mg/100 ml) 
Liver BSP (mg/g) 
% Conjugated BSP in liver 





* Animals were maintained for 6 weeks prior to the experiment on either a control or a vitamin A 
deficient diet (see Table 1). BSP (100 mg/kg; 2 ml/kg) was adminstered i.v., 60 min after bile duct 
ligation. Each result is the mean + S.E. of six rats. 

+ Significantly different from controls (P < 0.05 by Student’s r-test). 





Z. H. Sippik, R. DREw and T. E. 





Bile BSP Concentration (mg/ml) 








Time (min) 


B 
o Control 


® Deficient 
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Biliary BSP Excretion Rate (mg/min/kg) 
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Fig. 2. Biliary concentration (A) and excretion rate (B) of BSP in rats maintained for 6 weeks on a 
vitamin A deficient or a vitamin A containing (control) diet (see Table 1). BSP (100 mg/kg) was 
administered i.v. (femoral vein) as an aqueous solution (2 ml/kg). Each point is the mean + S.E. of 
six rats. An asterisk indicates that the value is significantly different from the control (P < 0.05 by 
: Student’s f-test). 
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Fig. 3. Bile flow (A) and cumulative excretion (B) of BSP 
in rats maintained for 6 weeks on a vitamin A deficient or 
a vitamin A containing (control) diet (see Table 1). BSP 
(100 mg/kg) was administered i.v. (femoral.vein) as an 
aqueous solution (2 ml/kg). Each point is the mean + S.E. 
of six rats. An asterisk indicates that the value is signifi- 
cantly different from the control (P < 0.05 by Student’s 1- 
test). 


BSP administration, vitamin A deficient animals had 
a greater proportion of the total BSP in the conju- 
gated form (Table 3). 

Plots of biliary BSP concentration vs time and 
biliary BSP excretion rate vs time indicated a more 
rapid and a greater excretion of BSP in vitamin A 
deficiency (Fig. 2). This was reflected in the enhanced 
cumulative biliary excretion of BSP in deficiency 
(Fig. 3B). Although the rates of bile flow in the 
control and deficient animals were similar at the start 


Biliary BSP Excretion Rate (mg/min/kg) 








Time (min) 


Fig. 4. Biliary excretion rate of BSP in rats maintained 

for 6 weeks on a vitamin A deficient or a vitamin A con- 

taining (control) diet (see Table 1). BSP was infused 

(3 mg-min™'- kg ') as an aqueous solution (1.67 ml/hr) via 

the femoral vein. Each point is the mean + S.E. of six rats. 

An asterisk indicates that the value is significantly different 
from the control (P < 0.05 by Student’s f-test). 
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Table 4. Effect of vitamin A deficiency on metabolism, biliary concentration, transport max- 
imum (7m) and hepatic storage of sulfobromophthalein (BSP)* 





Control Deficient 





Bile flow (ul-min~'-kg~') 
Before infusion 
At Tm 
% Conjugated BSP in bile at Tm 
Bile BSP concentration at 7m (mg/ml) 
Total BSP 
Free BSP 
Conjugated BSP 
Transport maximum, Tm (mg-min~'-kg~') 


Contribution to Tm of free BSP (mg-min~'-kg~') 
Contribution to Tm of conj. BSP (mg- min! -kg') 


Hepatic storage 


(mg BSP) -(mg BSP/100 ml plasma)~': (kg body wt)! 


59.2 + 10.0 
70.3 + 4.4 
88.4 + 0.7 


61.0 + 4.4 
76.9 + 4.2 
92.5 + 0.4+ 


toate 
COW WON 


it + 4 


— po 
nw 


0.85 + 0.03 
0.097 + 0.004 
0.76 + 0.03 


0.102 + 0.007 
1.27 + 0.08+ 


0.88 + 0.04 0.64 + 0.05+ 





* BSP was infused (3 mg-min™'-kg™') as an aqueous solution (1.67 ml/hr) via the femoral 
vein in rats maintained for 6 weeks on either a vitamin A deficient or a vitamin A containing 
(control) diet (see Table 1). Each result is the mean + S.E. of six rats. 

+ Significantly different from controls (P < 0.05 by Student’s /-test). 

+ Defined as the amount of BSP in the liver divided by the plasma BSP concentration [15]. 


of the experiment, the choleretic effect of BSP par- 
alleled the biliary excretion rate of the dye, thus 
resulting in significant differences in bile flow rate 
at the 30-, 40- and 70-min time points (Fig. 3A). 

Rats were infused continuously with BSP to deter- 
mine the transport maximum (7m) and hepatic stor- 
age of the dye. Maximal excretion (7m) of BSP was 
reached about 30 min after the start of infusion (Fig. 
4). In vitamin A deficient animals, the 7m was 
increased significantly (Fig. 4, Table 4). Analysis of 
the bile obtained between 30 and 40 min (that is, at 
Tm) indicated that the concentration of free BSP, 
and, thus, the contribution to 7m of this component, 
was similar in the two groups. The biliary concen- 
tration and the contribution to 7m of the conjugated 
BSP, however, were increased in deficiency (Table 
4). These changes were accompanied by a concomi- 
tant decrease in hepatic storage of BSP. 


DISCUSSION 


We have demonstrated in the present communi- 
cation that hepatic GSH S-aryltransferase activity is 
increased in vitamin A deficiency. Since GSH S- 
aryltransferase catalyzes the reactions between GSH 
and aromatic compounds containing activated hal- 
ogen or nitro groups [20], it is not surprising that 
increased activities were seen toward both DCNB 
and BSP in the deficient animals. It is interesting, 
however, that a greater increase in activity was seen 
with BSP than with DCNB. It is possible that dif- 
ferent transferases catalyze the conjugation with 
GSH of BSP and DCNB. In this regard, it has been 
shown that norethandrolone slightly inhibits the con- 
jugation of DCNB [21] but stimulates the conjuga- 
tion of BSP [22] with GSH. The increase in GSH S- 
aryltransferase activity was not due to a change in 
the GSH: GSSG ratio, which has been shown to be 
important in regulating the activity of several 
enzymes [23]. Since the hepatic glutathione reduc- 


tase activity was decreased in vitamin A deficiency 
without a corresponding increase in the GSSG level, 
it is probable that glutathione reductase is not a rate- 
limiting enzyme. 

The effects of increased enzymatic BSP conjuga- 
tion in vitro on BSP plasma clearance and biliary 
excretion have been examined to determine whether 
BSP conjugation with GSH was rate-limiting in BSP 
elimination in vivo. Studies by Whelan et al. [3], 
Varga et al. [4] and Zsigmond and Solymoss [24] 
indicate that conjugation of BSP facilitates dye trans- 
port into bile and is the rate-limiting step in the 
transfer in vivo of BSP from blood to bile. Boyland 
and Grover [21], however, compared BSP retention 
with human liver GSH S-aryltransferase activity and 
concluded that BSP conjugation is not the rate-lim- 
iting step in hepatic dye clearance. A similar con- 
clusion was reported by Klaassen and Plaa [6], who 
demonstrated that the increased BSP excretion in 
bile of phenobarbital-treated rats is not due to an 
increased BSP conjugation but rather to an increase 
in bile flow. In the present study, a much greater 
increase in BSP conjugation in vitro occurred in 
vitamin A deficient rats than occurred in phenobar- 
bital-treated animals [6]. In addition, a greater 
hepatic content and biliary concentration of conju- 
gated BSP in deficiency was demonstrated in vivo. 
If conjugation of BSP is the rate-limiting step in its 
biliary excretion, an increased enzymatic rate of 
conjugation should result in an increase in the excre- 
tion of the dye. This has been clearly demonstrated 
in the present study with vitamin A deficient rats. 
Interestingly, the increase (76 per cent) in the in 
vitro conjugation rate of BSP (Table 2) was similar 
to the increase (62 per cent) in 7m (Table 4) seen 
in vitamin A deficiency. Furthermore, the increase 
in 7m was due entirely to the increase in the pro- 
portion of conjugated BSP appearing in the bile. 

The initial, slower rate of disappearance of BSP 
from the plasma seen in vitamin A deficiency was 
probably due to the reduction in hepatic uptake of 
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the dye, and this may have been a result of impaired 
storage capacity of these livers. Whether this reduc- 
tion in hepatic storage of BSP is due to a reduction 
in its binding or storage sites, or to other mechan- 
isms, is presently not known. 

These results demonstrate that in vitamin A defi- 
cient rats conjugation of BSP in vitro and in vivo is 
increased, resulting in an enhanced biliary excretion 
of the dye; this suggests that conjugation with GSH 
is a rate-limiting step in the biliary excretion of BSP. 
Further studies are needed to determine whether 
such an effect of vitamin A deficiency can protect 
rats from toxic chemicals that are metabolized by 
the glutathione S-transferases and excreted in the 
bile. 
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Abstract—A simple radiochemical method was developed for determining the ATP-citrate lyase activity 
in mammalian spermatozoa. The determination of enzyme activity was followed by the measurement 
of the incorporation of the [1-'*C]acetyl group from [1.5-"'C]citrate into [1-'C]acetylecoenzyme A 
(ACoA). Separation of “C-labeled ACoA from the reactants and their products was achieved by rapid 
anion exchange chromatography. The optimum pH was 6.4 for rat spermatozoal ATP-citrate lyase. 
The activity was not altered by dithiothreitol. MgCl, (10 mM) caused a 50 per cent inhibition in the 
enzyme activity. ATP-citrate lyase activities in rat and human spermatozoa were 154 + 14 and 90 + 
12 nmoles of ACoA formed/mg of protein/5 min. Citrate may serve as an acetyl source for acetylcholine 


formation by spermatozoa. 


ATP-citrate lyase (EC 4.1.3.8) is a cytoplasmic 
enzyme that occurs in pigeon liver [1], ox brain, pig 
heart [2] and certain bacteria [3]. It catalyzes the 
formation of acetylecoenzyme A (ACoA) in the pres- 
ence of citrate, coenzyme A, ATP and Mg’’ accord- 
ing to the following equation: 


Citrate + CoA + ATP = ACoA + oxaloacetate 
+ ADP + P; 

In general, moderately high specific activities of 
this enzyme are present in those tissues that have a 
high capacity for acetyl group utilization. Examples 
are extracts of rat liver, which has a high capacity 
for fatty acid synthesis, and rat brain, which uses 
citrate for acetylcholine (ACh) synthesis [4]. 

Mammalian spermatozoa contain choline acetyl- 
transferase (ChA), ACh and acetylcholinesterase 
[5-8]. Sperm ChA catalyzes the synthesis of ACh 
from its precursors, choline and ACoA. There are 
probably four sources that supply choline for ACh 
synthesis in spermatozoa: (a) free choline in seminal 
plasma (only in some species) [9, 10]; (b) phos- 
phorylcholine in seminal plasma [11]; (c) glyceryl- 
phosphorylcholine in seminal plasma [11]; and (d) 
phospholipids in spermatoza [12]. Nothing is known, 
however, about ACoA, the second precursor for 
ACh synthesis, in spermatozoa. Mammalian semen 
contains citric acid [11], which may serve as a source 
for the synthesis of ACoA. No studies have been 
published on ATP-citrate lyase in spermatozoa. 
Therefore, a radiometric method has been developed 
for the assay and characterization of ATP-citrate 
lyase in spermatozoa. 





* To whom correspondence should be addressed. 


METHODS 


Materials. [1,5-""C]Citric acid (sp. act. 90.5 
mCi/mmole) and [acetyl-1-'"C]coenzyme A (sp. act. 
52.4 mCi/mmole) were purchased from the New 
England Nuclear Corp., Boston, MA. Coenzyme A 
was obtained from the Nutritional Biochemical 
Corp., Cleveland, OH, and ATP and bovine serum 
albumin were obtained from the Sigma Chemical 
Co., St. Louis, MO. Anion exchange resin (AG 1- 
X4, 200-400 mesh, chloride form) was purchased 
from Bio-Rad Laboratories, Richmond, CA. 
Dithiothreitol was purchased from CalBiochem, San 
Diego, CA. All other chemicals used were of ana- 
lytical grade and were obtained from commercial 
sources. All solutions were prepared using distilled, 
deionized water. Aqueous counting scintillant was 
purchased from the Amersham-Searle Co., Arling- 
ton Heights, IL. 

Rat and human spermatozoa homogenates. Male 
Sprague—Dawley rats (250-300 g) were decapitated. 
The cauda portion of the epididymis was used as the 
source of mature spermatozoa. Caudae were washed 
with ice-cold, deionized, distilled water, and 1 ml of 
ice-cold sucrose solution (0.32M) was injected 
directly into each cauda. After 10 min, the cauda 
was cut into two pieces and pressed with forceps to 
obtain a suspension of sperm cells in sucrose solution. 
This suspension was centrifuged for 10 min at 1000 g 
(3000 rpm) in a Sorvall SS34 rotor, and the super- 
natant fraction was discarded. The pellet was resus- 
pended in ice-cold sucrose solution (1 ml/cauda), and 
a portion of it was removed for counting cells. In 
some experiments more sucrose solution was added 
to dilute the enzyme protein concentration. The 
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sperm suspensions thus obtained were homogenized 
with a Polytron PT 10 homogenizer at maximum 
speed for 20 sec. 

Human ejaculates were collected from a homo- 
geneous group of normal healthy volunteers. Eja- 
culates were allowed to liquify at room temperature 
(25°). Samples were pooled and suspended in 10 ml 
of cold (4°) Norman—Johnson’s solution without glu- 
cose [13]. The suspension was centrifuged (1000 g, 
10 min) in a Sorval SS34 rotor. This process was 
repeated twice more, with the final washing being 
10 ml of ice-cold sucrose (0.32 M). After washing, 
the sperm pellets were resuspended in an appropriate 
amount of 0.32M ice-cold sucrose (1-5 ml). The 
sperm suspensions were then homogenized using a 
Polytron PT 10 homogenizer at maximum speed for 
20 sec. 

Radiometric assay for ATP-citrate lyase. The 
reaction mixture contained KH,PO,-K,HPO, buffer 
(SOmM, pH6.4), coenzyme A (0.6mM), ATP 
(3mM), MgCl, (SmM), bovine serum albumin 
(1 mg/ml), citrate (3.3mM, 2.2 x 10° dpm [1,5- 
'C]citric acid), dithiothreitol (5 mM), and enzyme 
preparation (0.1 ml) in a total volume of 0.9 ml. The 
enzyme preparation was preincubated with 0.5 per 
cent (v/v) Triton X-100 in an ice—water bath for 
30 min. The reaction mixture was preincubated for 
5 min at 37°. The enzyme preparation was added to 
the reaction mixture, and it was incubated at 37° for 
specific time periods. The reaction was arrested by 
immersion of the reaction tubes in boiling water. 
Heating of the reaction mixture at 100° was continued 
for 5 min. Blanks contained boiled enzyme prep- 
arations. After cooling, the reaction mixture in each 
tube was poured onto a column (7 X 26 mm) of Bio- 
Rad AG 1-X¢4 resin (200-400 mesh, chloride form). 
Excess citric acid and fatty acids were eluted with 
20 ml of formic acid (2 M). Formic acid did not elute 
ACOA adsorbed on the column. Acetylcoenzyme A 
was eluted with 4 x 2ml of HCl (2M). A 2-ml 
aliquot of the combined HCI fractions was pipetted 
into a scintillation vial containing 15 ml of Aqueous 
Counting Scintillant (ACS), and the radioactivity 
was measured in a liquid scintillation counter (Beck- 
man CMP-100). 

Protein measurements. Protein concentration was 
measured by the method of Sutherland ef al. [14]. 
Bovine serum albumin was used as a standard. 

Statistical methods. Wherever possible, values are 
presented as the mean + S.E.M. of N determina- 
tions. The statistical significance of the differences 
between means was determined by Student’s f-test. 
Each mean was obtained from a minimum of six 
values. The difference between two means was con- 
sidered significant when P < 0.05. 


RESULTS 


Separation of citrate from acetylcoenzyme A on 
anion exchange —_ columns and __ product 
identification.Citrate and acetylcoenzyme A were 
separated on columns (7 x 26 mm) of Bio-Rad AG 
1-X4 (200-400 mesh, chloride form) by a modifica- 
tion of the method of Reijnierse et al. [15]. Ion 
exchange chromatograms of ['C]citrate and 
[*C]acetylcoenzyme A standards and of enzymatic 
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Fig. 1. Ion exchange chromatograms of ['*C]citrate stan- 
dard, ['*C]acetylcoenzyme A standard, and enzymatic 
products. Bio-Rad AG 1-X4 (200-400 mesh, chloride 
form), 7 X 26 mm columns were loaded with 0.9 ml reaction 
mixture containing phosphate buffer (50mM, pH 6.4), 
coenzyme A (0.6 mM), ATP (3 mM), MgCl, (5 mM), bov- 
ine serum albumin (1 mg/ml), dithiothreitol (5 mM), and 
0.1 ml of enzyme preparation. Before loading, the reaction 
mixture was incubated for 1 hr at 37° and boiled for 5 min. 
To the standards, 0.1 ml of boiled enzyme preparation was 
added. Panel A: (x——x) chromatogram of citrate stan- 
dard (3.3 mM, 1.02 x 10* dpm of [1,5-'*C]citric acid); and 
(O—O) chromatogram of acetylcoenzyme A standard 
(3.3 mM, 1.56 x 10* dpm of ['*C]acetylcoenzyme A). Cit- 
rate was not added to this reaction mixture. Panel B: 
Chromatogram of enzymatic products. Enzyme prep- 
araticn (0.1 ml) was present in the reaction mixture. Citrate 
(3.3 mM, 2.2 x 10° dpm of [1,5-"C]citric acid) was present 
in the reaction mixture. Key: (x—-—-—») unreacted cit- 
rate; and (O—O) enzymatically formed acetylcoenzyme 
A. Elution was first done with 22 x 1 ml of formic acid 
(2M) and then with 8 x 1 ml of HCI (2 m). Fractions were 
collected in a scintillation vial containing 10 ml of aqueous 
counting scintillant and were monitored by measurement 
of radioactivity. 


products are shown in Fig. 1. In the case of the 
[*C]citrate standard, 99.5 per cent of the total radio- 
activity was found in the formic acid fraction, while 
no significant radioactivity was observed in the HCI 
fraction. About 92 per cent of the total radioactivity 
was found in the HCl fraction with the 
[*C]acetylcoenzyme A standard, but about 8 per 
cent of the radioactivity was also present in the 
formic acid fraction (Fig 1A). This may have been 
due to hydrolysis of the ester bond of acetylcoenzyme 
A with the ['*C]acetic acid that resulted having been 
eluted by formic acid. With enzymatic products, 3 
per cent radioactivity was observed in the HCI frac- 
tion, and about 97 per cent of the activity was present 
in the formic acid fraction. 

Descending paper chromatography of the radio- 
active product present in the 2 M HCl fractioris from 
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Fig. 2. Formation of acetylcoenzyme A (ACoA) as a function of time (A) and as a function of enzyme 
concentration (B). 


the Bio-Rad AG 1-X4 (200-400 mesh, chloride form) 
was carried out at 5° for 36 hr on Whatman 3MM 
(2 x 50 cm) paper using the solvent system: isobu- 
tyric acid-sodium hydroxide (1 N)—water (57:35: 8). 
For comparison, the same chromatography was per- 
formed using [1,5-'*C]citric acid (R;, 0.46) and [ace- 
tyl-1-'“C]coenzyme A (R;, 0.68) standards. On the 
radiochromatogram of the HCl fractions, the peak 
at R; value 0.68 was identified as acetylcoenzyme A. 
The peak at R, 0.68 was absent in the 2 HCl fractions 
_when boiled enzyme was used in the reaction. 
Linearity of the formation of ACoA with incubation 
time and enzyme concentration. Panels A and B of 
Fig. 2 depict the formation of ACoA as a function 
of time and enzyme concentration, respectively. The 
rate of formation of ACoA was linear with time for 
the first 5 min, after which a decrease in the rate was 
observed. It was linear with enzyme-protein con- 
centrations up to 50 ug per incubation mixture. 
Stability of sperm ATP-citrate lyase. To study sta- 
bility, rat sperm homogenates were stored at three 
different temperatures—0°, 4°, and 25°—and enzyme 
activities were determined at various time intervals 
(Fig. 3). After 24 hr at 25°, a 35 per cent decrease 
in activity had occurred. No significant change in the 
activity was noticed during the first 24 hr at temper- 
atures 0° and 4°. At 37°, no depression in the enzyme 
activity was observed during 1 hr of incubation time. 
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Fig. 3. Effects of storage at different temperatures on 
spermatozoal ATP-citrate lyase activity. ATP-citrate lyase 
activity was measured at pH 6.4 as described in Methods. 


Formation of ACoA as a function of citrate con- 
centration. The formation of ACoA increased up to 
a citrate concentration of about 5 mM (Fig. 4). Con- 
centrations higher than 5mM did not inhibit the 
enzyme. The apparent K,, for citrate was about 
2mM. 

pH Optimum of rat sperm ATP-citrate lyase. Rat 
sperm homogenate was used to determine the opti- 
mal conditions for the assay. Phthalate-NaOQH 
(pH 4.1-5.7), K,HPO,-KH,PO, (pH 6-8), Tris-HCl 
(pH 8.4-8.8), and borax-NaOH (pH 9.3-10.1) 
buffers (SO mM each) were used for determining the 
optimal pH. The highest activity for ATP-citrate 
lyase was observed at pH 6.4 (Fig. 5). There is a 
second broad peak for rat sperm ATP-citrate lyase 
activity at pH 9.2-9.6, the significance of which is 
not known. Further studies are necessary to indicate 
whether a second enzyme form of ATP-citrate lyase 
is present in rat spermatozoa. 

Miscellaneous properties of rat sperm ATP-citrate 
lyase. Several conditions that influence the assay of 
ATP-citrate lyase were studied. Addition of bovine 
serum albumin (BSA), up to 1.5 mg/ml, to the incu- 
bation medium significantly increased the enzyme 
activity (Fig. 6). An increase in the concentration 
of BSA from 1.5 to 2 mg/ml in the reaction mixture 
decreased the enzyme activity. 

When the enzyme preparations were not pre- 
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Fig. 4. Formation of acetylcoenzyme A by rat spermatozoal 
ATP-citrate lyase as a function of citrate concentration. 
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Fig. 5. Rat spermatozoal ATP-citrate lyase activity at var- 
ious pH values. The medium contained coenzyme A 
(0.6mM), ATP (3mM), MgCl, (S5mM), bovine serum 
albumin (1 mg/ml), citrate (3.3 mM, 2.2 x 10° dpm of [1,5- 
'C]citric acid), dithiothreitol (5 mM), 0.1 ml of sperma- 
tozoa homogenate and appropriate buffer (SO mM). Buffers 
used in this study were: phthalate-NaOH (pH 4.1-5S.7); K, 
HPO,-KH>PO, (pH6.8); Tris-HCl (pH 8.4-8.8); and 
borax-NaOH (pH 9.3-10.1). The reaction mixture was 
preincubated for 5min and then, after the addition of 
homogenate, for 60 min. An average of 562 + 28 ug of the 
enzyme protein was present in the incubation mixture. 


treated with 0.5 per cent (v/v) Triton X-100, ATP- 
citrate lyase activity was 66 per cent of that found 
with Triton X pretreatment, indicating that at least 
part of the enzyme activity was present in an aggre- 
gated form. 

Reducing agents are generally used in enzyme 
reactions to protect the thiol group of coenzyme A. 
Dithiothreitol (2-10mM) and sodium _ bisulfite 
(5mM) did not alter the activity of the enzyme. 
Sucrose gradients are generally employed for the 
determination of the subcellular distribution of 
enzymes. Sucrose concentrations varying between 
35 and 70 mM in the reaction medium did not sig- 
nificantly alter the enzyme activity. Variations in the 
concentrations of the phosphate buffer between 10 
and 100 mM did not significantly alter the enzyme 
activity. 

By increasing the AIP concentrations trom | to 
6 mM, the formation of ACoA was increased 2-fold. 
Further increases in ATP concentration did not 
increase the ACoA formation. The maximum yield 
of ACoA was obtained at a Mg’* concentration of 
1mM. Higher concentrations of Mg** (4-10 mM) 
caused significant inhibition in the formation of 
ACoA. A 50 per cent inhibition in the formation of 
ACoA was observed at a Mg** concentration of 
about 9 mM. 

Dialysis of enzyme preparations did not influence 
the ACoA formation by rat ATP-citrate lyase under 
optimal conditions. The optimal conditions for the 
radiometric assay of ATP-citrate lyase are summar- 
ized in Table 1. 


ATP-citrate lyase activity in spermatozoa. ATP- 
citrate lyase activities were determined under opti- 
mal conditions (Table 2) with rat spermatozoa and 
human spermatozoa. Rat spermatozoa were found 
to contain activities of ATP-citrate lyase higher than 
in human spermatozoa. The ATP-citrate lyase activi- 
ties of spermatozoa and placenta were lower than 
those in rat brain homogenates (refs. 15 and 17, and 
Table 2). 


DISCUSSION 


Several methods to measure ATP citrate lyase 
activity in tissues have been reported. These include: 
(a) spectrophotometry, when the amount of acetyl- 
coenzyme A [20] or the amount of unreacted coen- 
zyme A [21-23] is known; (b) hydroxamic acid-trap- 
ping of acetylcoenzyme A _ as the acetyl- 
hydroxamate, with measurement of the latter by the 
color produced with FeCl, [1]; (c) reaction of the 
enzyme product, oxaloacetate, with NADH in the 
presence of malic dehydrogenase, with measurement 
of the change in optical density [24]; and (d) coupling 
with carnitine acetyltransferase [25] or with choline 
acetyltransferase [18, 19]. These methods are not 
satisfactory for the measurement of the low activities 
of ATP-citrate lyase in subcellular fractions of tis- 
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Fig. 6. Effects of bovine serum albumin (BSA) on rat 
spermatozoal ATP-citrate lyase. Reaction medium: 
KH,PO,-K,HPO,(50 mM, pH 6.4), coenzyme A (0.6 mM), 
ATP (3mM), MgCl, (SmM), citrate (3.3.mM, 
2.2 10 dpm [1,5-"C]citric acid), spermatozoa hom- 
ogenate (580 + 50 ug protein), dithiothreitol (5 mM) and 
the appropriate concentration of BSA. Incubation time 
was 60 min. (A) Counts per minute as a function of BSA 
concentration. (B) Acetylcoenzyme A (nmoles) formed 
during 60min of incubation, as a function of BSA 
concentration. 
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Table 1. Conditions for spermatozoal ATP-citrate lyase assay* 





Variable 


Optimal condition 





pH 

K,HPO,-KH>PO, (mM) 
ATP (mM) 

MgCl, (mM) 

Coenzyme A (mM) 
Citrate (mM) 


6.4 


i, 


Bovine serum albumin (BSA, mg/ml) 


Reaction time (min) 
Enzyme (ug protein) 





* These conditions satisfy the requirements described by Reiner 
[16] for an enzymatic assay, 

+ Period for calculating the initial linear velocities that are used in 
the calculation of kinetic constants. For determining the tissue levels, 
the yield of ACoA could be increased using the reaction periods of 
60 min, when the maximal yield of ACoA was observed. 

¢ As tissue homogenate. At 60-min incubation periods, the counting 


error was less than | per cent. 


sues. The first and second methods are not sensitive. 
The third and fourth methods have limitations owing 
to special reaction conditions of individual enzymes. 
The method described in the present investigation 
is rapid, very sensitive, and measures directly the 
ACoA formed. The method can be adapted to the 
measurement of subcellular fractions and enzyme 
preparations separated by sucrose density gradients. 

Although many factors contribute to effective 
sperm motility (cells showing a progressive, straight- 
line unidirectional motility pattern), the ChA-ACh- 
AChE system seems to play a significant role. In 
addition to the occurrence of the above three com- 
ponents [5, 6], the presence of a nicotinic type chol- 
inergic receptor has been demonstrated in sea urchin 
sperm [26] and in bull sperm [27]. All of these four 
components of the cholinergic system are localized 
in the tail fraction of bull spermatozoa [5, 27]. There 
are no membrane stores of ACh in spermatozoa. 
Therefore, ChA inhibitors should exhibit dramatic 
effects on sperm motility if ACh is involved in this 


Table 2. ATP-citrate lyase activity in spermatozoa, brain 
and placenta 





Acetylcoenzyme A 
(nmoles/mg protein/5 min) 


Source of enzyme 
(homogenate) 





1535 = 13.57 
89.9 + 11.9 
517.0 + 40.0 
58.4+ 8.0 


Rat spermatozoa* 
Human spermatozoa* 
Rat braint 

Human placenta§ 





* Enzyme activity was measured under optimal condi- 
tions, described in Table 1, for spermatozoal ATP-citrate 
lyase. When the samples were analyzed by the coupled 
ATP-citrate lyase—-choline acetyltransferase assay [18, 19] 
under the same conditions, the values for ACoA were not 
significantly different from those reported above. 

+ This was lower by about 64-65 times than that in rat 
liver cytoplasm (9.8 umoles acetylcoenzyme A/mg/5 min). 

¢ Analyzed in the rat brain homogenates according to 
the conditions described by Reijnierse et al. [15]. 

§ Quoted from Sastry and Sadavongvivad [17]. 


motility. Selective inhibitors of ChA, 2- 
benzoylethyltrimethylammonium and related com- 
pounds [28, 29] inhibit human sperm ChA and sperm 
motility [30]. There is a direct relation between the 
inhibition of sperm motility and the inhibition of 
ChA. All of the above observations indicate a spe- 
cific role for the ChA~—ACh-—ACHE system in sperm 
motility. 

The lack of membrane stores for ACh in sper- 
matozoa indicates that ACh synthesis, the stimula- 
tion of the receptor by ACh, and the hydrolysis of 
ACh by AChE are closely linked and may be local- 
ized in the same compartment. With such unique 
organization, there will be continuous rapid turnover 
of ACh. To maintain the synthesis of ACh, the 
precursors of ACh synthesis, choline and ACoA, 
must be readily available. There are several sources 
of choline available in spermatozoa. Furthermore, 
choline formed by the hydrolysis of ACh can be 
reutilized. ACoA, however must be supplied con- 
tinuously for the synthesis of ACh. The present 
demonstration of ATP-citrate lyase in spermatozoa 
indicates that ACoA can be formed from citrate. 
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Abstract—The molecular weights of the active site subunits of human placental and platelet monoamine 
oxidase have been compared. These tissues were chosen as each appears to contain only one form of 
the enzyme, type A in placenta and type B in platelets. We found that the biochemical properties 
(substrate affinity and inhibitor sensitivity) clearly distinguish between the enzymes from these two 
sources, whether in the membrane-bound or detergent-solubilized state. The suggestion that such 
differences result from the existence of distinct molecular forms was strengthened by the observation 
that the active site subunits labelled specifically with [*H]pargyline differ in their apparent molecular 
weights and in the electrophoretic pattern of their partial proteolytic digest products. 


Monoamine oxidase catalyses reactions of the form: 
R — CH, — NH; + H,O + O, = R — CHO + NH; 
+ H,Q). 

A large number of naturally occurring and synthetic 
amines can act as substrate [1] and the enzyme is 
widely distributed [2]. In mammalian cells, the 
enzyme is located on the outer mitochondrial mem- 
brane [3] and contains covalently bound flavin 

adenine dinucleotide as a prosthetic group [4]. 

Early studies of the activity of the enzyme towards 
different substrates showed considerable variation 
between different tissues of the same species [5]. 
The discovery of several irreversible inhibitors of the 
enzyme, coupled with these variations in substrate 
affinity, permitted a classification of the enzyme into 
two forms, types A and B [6-8]. The type A enzyme 
is selectively inhibited by clorgyline and is prefer- 
entially active towards 5-hydroxytryptamine, 
whereas the B type is more active towards phenyl- 
ethylamine and benzylamine and is selectively 
inhibited by deprenil. 

The relationship between the two enzymes as dis- 
tinguished by these criteria is at present unclear, 
although it has been suggested that there may be a 
single protein species whose activity is modified by 
the lipid environment of the mitochondrial mem- 
brane in different tissues [9, 10]. 

Whereas earlier studies indicated that solubiliza- 
tion of the enzyme from tissues possessing both forms 
resulted in either alteration in their properties [11] 
or selective inactivation of one of the forms [12], it 
is now becoming apparent that monoamine oxidases 
can be sclubilized from the outer mitochondrial 
membrane without alteration of their biochemical 
properties [13]. 
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In the present study, we have compared the mono- 
amine oxidases from human platelets and placentae. 
These tissues were chosen on the basis of preliminary 
studies which indicated that the enzymes from the 
two sources possessed significantly different inhibitor 
and substrate specificities. Each of these tissues 
appears to contain predominantly one form of mono- 
amine oxidase which satisfies the criteria for either 
type A (placenta) or type B (platelet) and both can 
be obtained in soluble forms which retain the general 
properties of the native enzymes. 

Examination of the apparent molecular weights 
of the active site subunits, which had been labelled 
with [*H]pargyline, indicates that the placental form 
differs significantly from the platelet form, thereby 
providing direct evidence that the different bio- 
chemical properties of the enzyme in various tissues 
may reflect underlying differences in the primary 
structure of the protein. This observation is com- 
plemented by observations to be presented in a sub- 
sequent report that placental and platelet forms of 
the enzyme possess different immunological 
determinants. 


MATERIALS AND METHODS 


Materials [G -*H]tryptamine hydrochloride and 5- 
hydroxy[G - *H]tryptamine creatinine sulphate com- 
plex were obtained from the Radiochemical Centre, 
Amersham, U.K.; B-[ethyl-1-'"C]phenylethylamine 
and [benzylmethylene-*H]pargyline hydrochloride 
were obtained from New England Nuclear, Boston, 
MA, U.S.A. 

Tryptamine hydrochloride, phenylethylamine, 5- 
hydroxytryptamine-creatinine sulphate complex, 
di(2-ethylhexyl) phosphoric acid, N-2-hydroxyethyl- 
piperazine-N’-2-ethane sulphonic acid (HEPES), 
N’ ,N-methylene bisacrylamide, pargyline and Triton 
X-100 were purchased from Sigma Chemical Co, St. 
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Louis, MO, U.S.A. Clorgyline was a kind gift from 
Dr. A. Crichton, May & Baker Ltd., Dagenham, 
U.K. DEAE cellulose was obtained from Whatman 
Ltd., Maidstone, U.K. Sepharose 6BCL, Ficoll 400 
and Dextran 500 from Pharmacia Fine Chemicals, 
Piscataway, NJ, U.S.A., and polyethylene glycol 
6000, sodium lauryl sulphate (specially pure), 
N,N'-diallyltartardiamide and NNN'N’-tetra- 
methylethylene diamine from BDH Chemicals Ltd. 
Protease V (Staphylococcus aureus) was purchased 
from Mile Biochemicals, Slough, U.K. All other 
materials were obtained from Fisons Ltd., Lough- 
borough, U.K. and were of analytical reagent grade. 

Monoamine oxidase assays. A radiochemical assay 
was used with [*H]tryptamine, [*H]5-hydroxytrypt- 
amine and ['*C]phenylethylamine as substrates based 
on the method of Wu and Dyck [14] with a single 
modification. It was found that the efficiency of the 
step in which a liquid ion exchange resin is employed 
to bind unreacted substrate could be improved by 
increasing the concentration of the di(ethylhexyl) 
phosphoric acid to 1.25 M and adding this in a very 
small volume (20 ul = 1/10 the reaction volume), 
thus minimizing the partitioning of neutral reaction 
products between the aqueous and chloroform 
phases. 

The standard assay used [*H]tryptamine as sub- 
strate as it is readily oxidized by both types of mono- 
amine oxidase [6]. Final concentrations were 1 mM 
(1.5 nCi/nmole) for the placental enzyme and 80 uM 
(0.1 uCi/nmole) for the platelet enzyme. These con- 
centrations were chosen after the apparent K,,, values 
had been determined for each enzyme by assay over 
a wide range of substrate concentrations (0.2- 
5 X K,,). K,, values (10 uM for the platelet enzyme 
and 200 uM for the placental enzyme) were then 
obtained by statistical treatment of the data, as 
described by Wilkinson [15]. The concentrations 
above are both 5 times the K,,, concentrations and 
will therefore measure 90 per cent of the apparent 
maximal velocity obtainable in the system used. 

The assay was linear with respect to time and 
enzyme.concentration for all substrates and the prod- 
uct separation system gave reliable and reproducible 
values, allowing comparisons of relative reaction 
rates, although absolute values could not be obtained 
due to difference in the efficiency oi extraction of 
the different products. The reactions were performed 
in 20mM HEPES/KOH, pH 8.0, in a total volume 
of 0.2 ml. The assays were usually carried out over 
30 min at 37°. Enzyme activity is expressed as 
nmoles. mg protein”'. min”! and protein concentra- 
tions were determined by the method of Lowry er 
“al. [16]. 

Purification procedures. Placental and _ platelet 
monoamine oxidases were solubilized and partially 
purified by a method based on procedures developed 
for the bovine brain enzyme by McCauley and 
Racker [17]. However, it was observed that both 
platelet and placental enzymes were inactivated by 
ammonium sulphate fractionation so this step was 
omitted. As an alternative, for the platelet enzyme, 
a phase separation method, similar to that used by 
Salach [18] and based on a method of Albertsson 
[19], was developed. 

Placental monoamine oxidase. Human placentae 
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were obtained immediately after delivery. They were 
dissected free of the cord and membranes and cut 
into small pieces. All subsequent operations were 
carried out at 4°. 

The pieces were washed in isolation medium (0.1 M 
Tris, 0.25 M sucrose and 0.02 M EDTA, pH 7.2) and 
suspended in 2 vol. of the same solution. The tissue 
was homogenized in a Silverson homogenizer, fil- 
tered through gauze and centrifuged at 1000 g for 
20 min. 

The supernatant fraction was centrifuged at 
23,000 g for 30 min and the pellet washed with 2 vol. 
of isolation medium with centrifugation at 38,000 g 
for 20min. The mitochondria so obtained were 
resuspended to a final concentration of 20mg pro- 
tein/ml in 50 mM potassium phosphate, pH 8.0. 

An aliquot of the placental mitochondria was 
brought to 0.5% w/v with respect to Triton X-100, 
stirred for 30 min, and centrifuged at 70,000 g for 
30 min. The pellet was resuspended in 50 mM potas- 
sium phosphate, pH 8.0, containing 1% w/v Triton 
X-100 and sonicated for 10 min on ice in an M.S.E. 
Sonicator (large probe, maximum amplitude). The 
suspension was centrifuged at 70,000 g for 45 min 
and the supernatant fraction dialysed against 10 mM 
potassium, pH 8.0, for 24 hr. 

The dialysed sample was applied to a column of 
DEAE cellulose pre-equilibrated with 10 mM potas- 
sium phosphate, pH 8.0, and the column washed 
with two bed volumes each of 10 and 100 mM potas- 
sium phosphate, pH 8.0. The enzyme was then eluted 
with a linear gradient of 0-1.0% w/v Triton X-100 
in 100 mM potassium phosphate, pH 8.0. 

The fractions containing the peaks of monoamine 
oxidase activity were pooled and concentrated in a 
Sartorius Membranfilter SM 13200 collodion bag 
(Sartorius Membranfilter GmbH). They were then 
applied to a column of Sepharose 6BCL and the 
enzyme eluted with 50mM potassium phosphate, 
pH 8.0. 

The fractions containing monoamine oxidase 
activity were pooled and concentrated as above. The 
enzyme was stored at —70° at a protein concentration 
of 1.0 mg/ml. 

Platelet monoamine oxidase. Platelet-rich plasma 
was obtained from the Oxford Blood Transfusion 
Service. The platelets were collected by centrifu- 
gation at 6000 g for 30 min. They were washed once 
in 50 mM potassium phosphate, pH 8.0, resuspended 
in the same buffer and sonicated for 1 min on ice. 
All subsequent operations were carried out at 4°. 

The suspension was centrifuged at 38,000 g for 1 hr 
and the pellet resuspended in 50mM _ potassium 
phosphate, pH 8.0, containing 1.0% w/v Triton X- 
100 and sonicated for 5 min. on ice. After centrifu- 
gation at 100,000 g for 1 hr, the supernatant fraction 
was mixed with Dextran 500, Ficoll 400 and poly- 
ethylene glycol 6000 to final concentrations of 6.67% 
w/v, 8% w/v and 5.33% w/v, respectively. The mix- 
ture was then centrifuged at 30,000 g for 45 min in 
a swing-out rotor and the Ficoll layer collected. This 
was dialysed against 10mM _ potassium phosphate, 
pH 8.0, for 24 hr before being applied to a DEAE 
cellulose column preequilibrated with 10 mM potas- 
sium phosphate, pH 8.0. Subsequent operations 
were the same as for the placental enzyme. 





Human platelet and placental monoamine oxidases 


Separation of different molecular weight forms 


Interconversions of different molecular weight 
forms of solubilized platelet and placental mono- 
amine oxidases were studied by density gradient 
centrifugation with either glycerol or Ficoll as the 
dense medium. The choice of these compounds was 
determined by the stability of the particular enzyme 
type under the centrifugation conditions used. The 
placental enzyme was quite stable in glycerol sol- 
utions between 10 and 30% v/v, whereas the platelet 
enzyme was more stable in Ficoll solutions of 7.5— 
20% wiv. These ranges of glycerol and Ficoll con- 
centrations are equivalent with respect to density. 

Linear gradients of glycerol or Ficoll 400 in 50 mM 
potassium phosphate, pH 8.0, over the above ranges 
were poured, the enzyme samples layered on the 
surface and the tubes centrifuged at 90,000 g¢ for 
14 hr. Fractions obtained from these gradients were 


then assayed for monoamine oxidase activity. 


[(°H]Pargyline binding 

Pargyline inhibition of platelet and placental 
monoamine oxidases in both membrane-bound and 
soluble forms was determined by assay of residual 
enzyme activity after 20 min preincubation at 37° 
with pargyline concentrations ranging from 107° to 
10-'’M. pls values obtained were 10°*M for the 
platelet enzyme and 10°°M for the placental 
enzyme. The values were the same for membrane- 
bound or soluble enzyme and in all cases a simple 
sigmoid dose-response curve was obtained with tryp- 
tamine as substrate. 

Conditions were established whereby the enzymes 


could be labelled with [*H]pargyline to a constant 
specific activity which was associated with complete 
loss of monoamine oxidase activity. This was 
achieved by 60 min incubation at 37° with either 4 uM 


[*H]pargyline (placental enzyme) or 1uM 
[*H]|pargyline (platelet enzyme). The specificity of 
labelling was established by showing that it could be 
prevented by preincubation with appropriate con- 
centrations of clorgyline or tryptamine. The 
[*H]pargyline used had a specific activity of 6.86 
Ci/mmole and labelled preparations of specific 
activity ~2uCi/mg protein were obtained. The 
labelled enzymes were dialysed to constant specific 
activity against 50 mM potassium phosphate, pH 8.0. 


Polyacrylamide gel electrophoresis 

The method of O’Farrell [20] was used for the 
electrophoresis of [*H]pargyline-labelled mono- 
amine oxidase preparations in sodium dodecy| sul- 
phate-containing polyacrylamide gels. A Bio-Rad 
vertical slab gel apparatus of dimensions 
15 x 12 x 0.15cm was used: Slab gels were fixed 
overnight in 50% trichloroacetic acid and stained for 
protein with a solution of 0.1% Coomassie Brilliant 
Blue in 5% (v/v) methanol and 10% (v/v) acetic acid 
and destained with 10% (v/v) acetic acid. Gels were 
then prepared for fluorography by the method of 
Bonner and Laskey [21] and exposed to Fuji RX 
medical X-ray film at —70° for 1-2 weeks. 

The [*H]pargyline-labelled enzymes were also 
studied by several additional electrophoretic tech- 
niques. The possibility of anomalous migration (e.g. 
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due to the presence of carbohydrate residues) was 
studied using sodium dodecylsulphate-containing 
polyacrylamide gels which were formed with a linear 
horizontal gradient of acrylamide concentration from 
5-10% following the method of Beckendorf and 
Kafatos [22]. A mixture of the two enzymes, labelled 
with [*H]pargyline, was electrophoresed in this sys- 
tem, then processed as above. 

Similar properties were investigated by using a 
crosslinking agent, N,N’-diallyltartardiamide, which 
interacts with glycosylated proteins, retarding their 
migration as described by Heine et al. [23]. 

A preliminary study of the peptide structure of 
the platelet and placental monoamine oxidase active 
site subunits was undertaken by partial proteolytic 
digestion of the labelled enzymes in sodium dode- 
cylsulphate following the method of Cleveland et al. 
[24]. [SH]Pargyline-labelled, partially purified prep- 
arations were incubated with varying concentrations 
of Protease V (S. aureus) for 30 min at 37° in the 
proteolytic digestion buffer of Cleveland et al. [24]. 
After boiling for 1 min, the proteolytic fragments 
were then resolved on a sodium dodecylsulphate — 
15% polyacrylamide gel and further processed as 
above. 


RESULTS 


The aim of this work was to compare monoamine 
oxidases from two human tissues each of which 
appear to express only one form of the enzyme. This 
was done for two reasons. First, to see if differences 
in biochemical properties were associated with dif- 
ferences in physical structure, and second, to char- 
acterize the enzymes sufficiently to facilitate subse- 
quent immunological studies. The properties of the 
two enzymes were compared during various stages 
of solubilization and purification (Table 1). One 
feature of note is the large difference in the level of 
activity of enzyme in the two tissues, a difference 
which persists throughout the various procedures. 
Examination of the relative turnover numbers of the 
two enzymes using [*H]pargyline to estimate the 
active site concentration indicated that the differ- 
ences in activity could be largely accounted for by 
the differences in relative turnover numbers 
(5 molecules/min for the platelet enzyme and 
220 molecules/min for the placental enzyme). 

After solubilization, it was found that the deter- 
gent complexes of both types of monoamine oxidase 
existed in two distinct molecular weight forms. On 
Sepharose 6BCL, each enzyme eluted in two peaks, 
one near the void volume (peak I) and one partly 
included in the gel (peak II). However, the elution 
volumes for both forms of the platelet enzyme were 
greater than those for the corresponding placental 
forms. Approximate molecular weights were deter- 
mined as follows: peak I placental 2 x 10°, peak II 
placental 9 x 10°, peak I platelet 1.2 x 10°, and peak 
II platelet 6 x 10°. These peaks were each separately 
analysed by rechromatography on Sepharose 6BCL 
and found to elute as single peaks. 

The interconversion of the different molecular 
weight forms was studied by density gradient cen- 
trifugation on glycerol and Ficoll 400. Figure 1 shows 
the profile of placental monoamine oxidase on a 10— 
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Table 1. Activity at various stages of purification of placental and platelet monoamine oxidases 





*Specific activity 
(nmoles- mg protein™!- min~') 


Yield 
(%) 


Purification 
(fold) 


Units 
(nmoles/min) 





Placental enzyme 





Stage: 
Mitochondria 
Triton X-100 extract 
DEAE cellulose chromatography 


Platelet enzyme 


Stage: 
Sonicated platelets 
Triton X-100 extract 
Phase separation/DEAE cellulose 
chromatography 
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Fig. 1. Density gradient centrifugation of placental mono- 
amine oxidase. Profile of placental monoamine oxidase 
activity after centrifugation for 14 hr at 90,000 g in a 10- 
30% viv linear gradient of glycerol in 50mM potassium 
phosphate, pH 8.0. A swing out rotor of 23 ml capacity 
was used and 1 ml fractions were collected. The activity 
of alternate fractions is shown for three samples: (1) a 
mixture of peaks I and II obtained from Sepharose 6BCL 
chromatography (@—@®); (2) an aliquot of the peak I form 
incubated for 4 hr at 4° with 0.1% w/v Triton X-100 
(O—E]); and-(3) an aliquot of the peak II form dialysed 
extensively against 50 mM potassium phosphate, pH 8.0, 
without Triton X-100 (<-x). Fractions of lower numbers 
are at the bottom of the gradient and the peaks of activity 
in fractions 8 and 16 correspond to the peaks I and I 
demonstrated on Sepharose chromatography (see Results). 
The density gradient for the sample of the high molecular 
weight form pretreated with Triton X-100 (O—O) con- 
tained 0.1% w/v Triton X-100. 


30% v/v linear gradient of glycerol in the absence 
of Triton X-100. Two peaks of activity were observed 
and these were shown to be identical with the peaks 
I and II described above by Sepharose 6BCL 
chromatography. If samples of the isolated peak I 
of the placental enzyme were incubated for 4 hr at 
4° with 0.1% w/v Triton X-100 before glycerol gra- 
dient centrifugation (in the presence of Triton X- 
100), all of the activity was located at the top of the 
gradient in the position of the low molecular weight 
(peak II) form. Conversely, if samples of the isolated 
peak II of the placental enzyme were dialysed exten- 
sively against 50 mM potassium phosphate, pH 8.0, 
before being subjected to glycerol density gradient 
centrifugation in the absence of Triton X-100, all of 
the activity was recovered at the bottom of the gra- 
dient in the position corresponding to that of the 
peak I form. Recovery of activity in these experi- 
ments was between 90 and 100 per cent, indicating 
quantitative interconversion of the different forms 
of the enzyme. Similar quantitative interconversion 
could be demonstrated if Sepharose 6BCL chroma- 
tography was employed to separate the different 
molecular weight forms rather than density gradient 
centrifugation. 


Biochemical characterization 


Sensitivity of the various enzyme preparations to 
the inhibitor clorgyline was studied using tryptamine, 
a substrate equally well oxidized by both forms of 
moncamine oxidase [7]. Dose-response curves for 
clorgyline inhibition of both membrane-bound and 
solubilized, partially purified monoamine oxidase 
from placentae and platelets are shown in Fig. 2. 
The inhibition curves for the solubilized preparations 
are presented separately for the different molecular 
weight forms. All forms show a single sigmoid dose— 
response curve but the pI.» values are quite different. 
Typical A-type behaviour is demonstrated by pla- 
cental mitochondria and the higher molecular weight 
aggregate of solubilized placental enzyme (pl. val- 
ue 8.4). Similarly, membrane-bound platelet enzyme 
has a similar sensitivity to clorgyline inhibition as its 
corresponding high molecular weight form after 
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Fig 2. Clorgyline inhibition of different molecular weight 
forms of human placental and platelet monoamine oxidase. 
Dose-response curves for the irreversible inhibitor, clor- 
gyline, are shown for: placental mitochondria (A—A), 
sonicated platelets (A—A) peak I, placental enzyme 
(O—O), peak II, placental enzyme (O—() peak I, platelet 
enzyme (@—®) and peak II, platelet enzyme (M—W®). 
Enzyme samples were pre-incubated with the inhibitor at 
the concentrations shown for 20 min at 37° before assay. 
The substrate used was tryptamine (1 mM, 0.002 uCi/nmole 
for the placental enzyme and 80 uM, 0.2 uCi/nmole for the 


platelet enzyme). 


solubilization, but the pls» of 4.3 indicates that this 
enzyme is type B. 

Both lower molecular weight forms show signifi- 
cantly different pls) values for clorgyline inhibition 


and in both cases, the shift is in the direction of 
reduced sensitivity. However, there is no overlap 
between the two forms. 

In no case was any evidence found for an inter- 
mediate plateau in the dose-response curves and 
control incubations indicated that all forms were 
stable to incubation at 37° for up to 90 min. This is 
significantly longer than the times used for the 
inhibition studies so it is unlikely that the prep- 
arations used contained different forms of the 
enzymes which were preferentially inactivated non- 
specifically. 


The patterns of sensitivity to clorgyline inhibition 
were also reflected in substrate specificities. Three 
substrates were used: 5-hydroxytryptamine (A type), 
tryptamine (A and B types) and phenylethylamine 
(B type). Relative reaction rates were calculated for 
each form based on its activity towards tryptamine. 
This overcomes any problem regarding differences 
in extraction of the products of the various substrates 
and enables comparisons to be made between the 
enzymes in their various forms. These relative reac- 
tion rates are presented in Table 2. All reaction rates 
were based on substrate concentrations of 5 x K,,, 
values which were determined individually for each 
enzyme form and appropriate substrate as described 
for tryptamine in Materials and Methods. 

It can be seen that the placental enzyme forms all 


Table 2. Reaction rates of various forms of placental and platelet monoamine oxidases relative to 
the rate measured with tryptamine as substrate* 





Relative reaction rate 





Enzyme 


5-Hydroxytryptamine 


Tryptamine Phenylethylamine 





Membrane bound placental 
Solubilized placental 
(a) high mol. wt form 
(b) lower mol. wt form 


Membrane-bound platelet 
Solubilized platelet 
(a) high mol. wt form 
(b) lower mol. wt form 


1 0.38 


| 0.57 
l 0.47 


] 1.20 


1 1.1 
l 3.59 





* Rates were determined at substrate concentrations of 5 x K,,. For details see text. 
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react preferentially with 5-hydroxytryptamine and 
at a low rate with phenylethylamine, whereas the 
platelet enzymes are more reactive towards phenyl- 
ethylamine and have very low activity towards 5- 
hydroxytryptamine. For both tissues, the membrane- 
bound enzymes have similar properties to the higher 
molecular weight aggregates of the solubilized 
enzymes, in agreement with the results of clorgyline 
inhibition studies. The substrate affinities of the two 
lower molecular weight aggregates apparently reflect 
their relatively lower sensitivity to clorgyline 
inhibition. 


Polyacrylamide gel electrophoresis 

Solubilized samples of platelet and placental 
enzymes, labelled with [*H]pargyline as described in 
Materials and Methods, were dissociated by heating 
to 100° for 2 min in the presence of 2% (w/v) sodium 
dodecylsulphate and 5% (v/v) /-mercaptoethanol 


3 





Fig. 3. Fluorograph of sodium dodecylsulphate—polyacry- 
lamide gel of [°H]pargyline-labelled monoamine oxidases. 
Preparation of platelet and placental monoamine oxidase 
were labelled with [*H]pargyline as described in the text. 
They were then subjected to sodium dodecylsulphate- 
polyacrylamide gel electrophoresis (7% gel) following the 
method of O'Farrell [20]. After electrophoresis, the 
labelled bands were visualized by fluorography using the 
method of Bonner and Laskey [21]. Results are shown for 
samples of placental (track 1) and platelet (track 3) mono- 
amine oxidase and a mixture of the two (track 2). Equal 
quantities of each enzyme (in terms of ["H]pargyline counts) 
were run in each track. Molecular weights were determined 
by comparison with the mobility of standard proteins, bov- 
ine serum albumin (67,000), glutamate dehydrogenase 
(57,000) and lactate dehydrogenase (35,000), the positions 
of which (labelled A, B and C, respectively) were deter- 
mined by protein staining of the gel prior to fluorography. 
The arrow indicates the position of the dye front. 
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and subjected to electrophoresis in polyacrylamide 
gels containing 0.1% (w/v) of the same detergent. 
It was observed that, under these conditions, the 
labelled subunits in the placental and platelet prep- 
arations were clearly resolved (see Fig. 3). Apparent 
molecular weights of the labelled components of 
about 67,000 daltons for the placental enzyme and 
63,000 for the platelet enzyme were determined from 
a comparison with the observed mobilities of proteins 
of known molecular weight. A single band of labelled 
material was observed for each preparation at all 
stages of the purification and the molecular weight 
difference was consistently apparent. 

It has previously been suggested that monoamine 
oxidase is a glycoprotein [12], in which case, anom- 
alous migration on polyacrylamide gels due to the 
presence of carbohydrate residues might account for 
the differences in molecular weights described above 
[25]. This was studied by comparing mobility of the 
labelled preparations on polyacrylamide gels with 
varying acrylamide concentrations. Glycosylated 
proteins should give anomalously high apparent 
molecular weights at low acrylamide concentrations 
and a lower apparent molecular weight at higher 
concentrations [25]. If the degree of glycosylation 
differs, variation in the pattern of mobility change 
with changing acrylamide concentration might be 
expected [22]. However, similar mobility change 
profiles were obtained with mixtures of labelled pla- 
cental and platelet monoamine oxidase on linear, 
horizontal 5-10% gradient polyacrylamide gels, sug- 
gesting that glycosylation is unlikely to be responsible 
for the observed differences in molecular weights 
between the two preparations (Fig. 4). 

This interpratation is also supported by the obser- 
vation that similar mobility changes were observed 
for both labelled enzyme preparations when these 
experiments were repeated with N,N’-diallyltartar- 
diamide as cross-linker, an agent which interacts with 
glycoproteins and retards their migration [23]. 

Further evidence of differences in the structure of 
the [*H]pargyline-labelled subunits of platelet and 
placental enzyme was obtained by comparing the 
electrophoretic pattern of the products resulting 
from their partial proteolytic digestion. Incubation 
of equivalent amounts of enzyme from the two 
sources (adjusted on the basis of [*H]pargyline bind- 
ing) with increasing amounts of protease V resulted 
in several fragments. Although some of these were 
of similar apparent molecular weights, the electro- 
phoretic patterns were clearly distinguishable (see 
Fig. 5). One of the most distinctive features was the 
presence among the major digest products of platelet 
enzyme of a high molecular weight fragment (appar- 
ent molecular weight 60,000). This fragment was not 
observed for the placental enzyme. 


DISCUSSION 


The suggested classification of monoamine oxidase 
activities into two types was based originally on their 
different responses to the irreversible inhibitor, clor- 
gyline. The tyramine oxidizing activity of rat brain 
could be resolved into two components having pl«o 
values of 8.8 and 5.2 which were referred to as Type 
A and Type B activities, respectively [6]. 





Human platelet and placental monoamine oxidases 


Fig. 4. Fluorograph of [*H]pargyline-labelled platelet and placental monoamine oxidases resolved on 
a horizontal gradient polyacrylamide gel. A mixture of partially purified platelet and placental mono- 
amine oxidase, labelled with [* H]pargyline and denatured in sodium dodecylsulphate, was applied to 
the top of a linear horizontal gradient gel of acrylamide concentration hype 5% (left) to 10% (right). 
Gel conditions and fluorography were otherwise as described for Fig. 3. The origin and dye front are 


located by arrows, the upper band is the placental enzyme and the “he one, the platelet enzyme. 


Fig. 5. Fluorograph of partial proteolytic digestion products of [*H]pargyline-labelled monoamine 
oxidases. Preparations of [° H]pargyline labelled placental and platelet monoamine oxidase were incu- 
bated for 30 min at 37° with various concentrations of protease V (S. aureus) in the digestion buffer 
of Cleveland et al. [24]. The partially digested fragments were then resolved by sodium dodecylsulphate- 
polyacrylamide gel electrophoresis (15% gel) and autoradiography as described in Materials and 
Methods. Results are shown for [*H]pargyline-labelled placental enzyme; undigested (1) and with 0. lug 
(2), lug (3) and Sug (4) protease V. Corresponding results for the platelet enzyme are shown in tracks 
5-8. The arrows indicate the origin and dye front and the positions A, B and C are the locations of the 
molecular weight markers as in Fig. 3 
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These initial observations have since been con- 
siderably extended and the relationship between 
inhibitor sensitivity and substrate affinity noted in 
the original study has been more clearly defined. A- 
type activity can be recognised by an extreme sen- 
sitivity to clorgyline and a preferential affinity for 5- 
hydroxytryptamine. Type B activity is selectively 
inhibited by deprenil and is more active towards 
phenylethylamine. Both types readily oxidize tyra- 
mine and tryptamine [7,8]. Although this classifi- 
cation has been useful in decribing the activities 
present in various tissues, the criteria on which it is 
based are not absolute and both types will apparently 
oxidize the alternative tvpe-specific substrates, albeit 
at much !ower rates [13, 26]. 

The ability of various substrates and inhibitors to 
distinguish two types of monoamine oxidase raises 
several questions concerning the interrelationship of 
the enzyme forms responsible for the type-charac- 
teristic behaviour. In an attempt to analyse this 
relationship, we have investigated the properties of 
monoamine oxidases from human platelets and pla- 
centae, tissues which apparently express different 
forms of the enzyme. There have been few studies 
of the biochemical properties of the enzymes in these 
tissues, although it is known that the placental 
enzyme is type A [27, 28] and the properties of the 
enzyme in platelets suggest that it is Type B [29]. 
We have characterized and compared the properties 
of the enzymes obtained from these two sources, 
both in crude membrane preparations and after sim- 
ilar treatments of detergent-solubilization and partial 
purification. 

The observation that placental and platelet 
enzymes both retain their characteristic properties 
after solubilization in detergent is consistent with 
previous studies of monoamine oxidase solubilized 
and purified from bovine and rat liver [13]. However, 
in the present study, it was further observed that the 
properties of the enzymes from both sources were 
altered significantly under conditions of high deter- 
gent concentration. Such alterations were associated 
with shifts in the molecular weight of the enzyme-— 
detergent complexes and are comparable to results 
obtained with the brain enzyme by Shih and Eiduson 
[30]. 

The two molecular weight forms of both platelet 
and placental enzymes, when isolated separately, 
had significantly different inhibitor 
sensitivities. Whereas the higher molecular weight 
aggregates of both enzymes had identical properties 
to the membrane-bound enzyme from the corre- 
sponding tissue, the lower molecular weight forms 
(favoured under conditions of high concentration of 
detergent) exhibited reduced clorgyline sensitivity 
and altered substrate specificity. 

As the two molecular weight forms could be quan- 
titatively interconverted by alterations in detergent 
concentration, it appears that they do not result from 
random, heterogeneous aggregation of the enzyme 
with other cellular components. While the presence 
of such components cannot be excluded, they would 
have to be very strongly bound to co-purify and 
remain stably associated during aggregation and dis- 
sociation of the enzymes. 

Although the differences in the biochemical 
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properties of the platelet and placental enzymes can 
be shown to persist after treatment with detergents 
and subsequent fractionation, they do not on their 
own provide unambiguous evidence for the existence 
of physically distinct enzyme forms. However, the 
persistence of such differences did suggest that it 
would be worthwhile to examine specifically labelled 
active site subunits of the two enzymes by sodium 
dodecylsulphate—polyacrylamide gel electrophoresis 
and proteolytic cleavage. 

[°H]Pargyline was chosen to label the active site 
subunits as it reacts stoichiometrically with the active 
site of the enzyme forming a covalently bound prod- 
uct [31]. Furthermore, although it is preferentially 
a B-type inhibitor, the difference in pl. for the 
enzymes used in this study (10~° M for the placental 
enzyme and 10°°M for the platelet enzyme) is not 
as great as that determined for other, more selective 
inhibitors such as clorgyline. 

The observation of consistent differences in the 
apparent molecular weights of the labelled subunits 
of placental and platelet monoamine oxidase pro- 
vides direct evidence that the enzymes in these tissues 
are distinct forms. Furthermore, the observation that 
the electrophoretic patterns of the products obtained 
by proteolytic digestion of [*H]pargyline-labelled 
enzyme are readily distinguishable, although show- 
ing some common features, suggests that the active 
subunits of monoamine oxidase from the two tissue 
sources have similar, but not identical, structures. 

These results extend a recent observation pub- 
lished during the later stages of this investigation 
that the active site subunits of two forms of mono- 
amine oxidase in rat hepatoma cells, which can be 
distinguished on the basis of inhibitor sensitivity, 
give rise to different electrophoretic profiles after 
proteolytic digestion [32]. However, the apparent 
molecular weights of the labelled subunits of the two 
enzyme forms in hepatoma cells were similar. 


Although the physical differences described in this 
study on placental and platelet enzymes cannot at 
present be correlated directly with those properties 
which confer the type-specific biochemical behav- 
iour, their existence argues against such behaviour 
resulting solely from the effects of local membrane 
environment on a single molecular form of mono- 
amine oxidase. 
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Abstract—Protein synthesis and oxidative phosphorylation were chosen as measures to study the 
differences between the effects of chloramphenicol (CAP) and its derivative nitroso-chloramphenicol 
(NO-CAP) on rat liver mitochondria. ['“C]Leucine incorporation into mitochondrial protein was 
inhibited 83 per cent by 30 uM CAP and was equally inhibited by a similar concentration of thiamphenicol; 
30 uM NO-CAP, however, inhibited ['*C]leucine incorporation only 34 per cent and 30 uM nitroso- 
benzene had no effect. A millimolar concentration of CAP was required to inhibit oxidative phos- 
phorylation, whereas 75 uM NO-CAP was inhibitory. Unlike CAP, NO-CAP at 100 uM slightly inhibited 
state 4 respiration with glutamate as substrate, but slightly activated it with succinate. Respiratory state 
3 with glutamate was completely inhibited by 75 uM NO-CAP, whereas the same concentration of CAP 
was only 10 per cent inhibitory. With succinate, 250 uM NO-CAP was required to inhibit state 3, 
whereas 600 uM CAP had no effect. The uncoupled state triggered by 2,4-dinitrophenol in the presence 
of either glutamate or succinate was inhibited totally by NO-CAP, but not by CAP. The inhibition by 
NO-CAP was mitochondrial protein dependent, for more NO-CAP was required for inhibition with 
a larger amount of protein. NO-CAP effects could be prevented or released by cysteine, but not by 
washing. Oxidative phosphorylation was also inhibited by another nitroso compound, nitrosobenzene, 
which, however, did not affect mitochondrial protein synthesis. The results indicate that, unlike CAP, 


NO-CAP is a potent inhibitor of the energy conserving mechanism. 


The clinical use of chloramphenicol (CAP)# is com- 
monly associated with a dose-dependent, reversible 
bone marrow suppression and rarely with irreversible 
bone marrow aplasia. Reversible marrow suppres- 
sion from CAP is a consequence of mitochondrial 
injury [see Ref. 1 for review]. At the subcellular 
level the effect of CAP is a function of its concen- 
tration in the reaction medium. At therapeutic levels 
it inhibits mitochondrial protein synthesis by block- 
ing peptidyl transferase [2, 3] whereas at millimolar 
levels (10- to 15-fold therapeutic levels) other metab- 
olic processes such as site 1 of the respiratory chain 
[4,5] and DNA synthesis [6-8] are inhibited. Fur- 
thermore, CAP has been reported to inhibit other 
activities in mitochondria [9,10] and chloroplasts 
[11, 12]. 

The pathogenesis of CAP-induced bone marrow 
aplasia remains uncertain. The extensive clinical use 
of the CAP analogue, thiamphenicol, in Europe and 
the Far East without any associated cases of aplastic 
anemia has reopened the question of the structure— 
toxicity relationship in the CAP molecule. Further- 
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more, recent comparative studies on the two ana- 
logues suggest that the p-NO, group may somehow 
be related to the development of aplastic anemia 
from CAP [7, 13]. 

Bioreduction of CAP and other nitrocompounds 
in various tissues has been clearly demonstrated [14— 
16]. Nitroso and hydroxylamine groups are presumed 
to be among the reduction intermediates and could, 
therefore, play an important role in CAP toxicity in 
vivo. The recent success in the preparation of nitroso- 
chloramphenicol (NO-CAP) by Corbett and Chippo 
[17] has made possible a direct examination of the 
metabolic effects of these intermediates compared 
to CAP, the parent molecule. We compared the 
effects of CAP and NO-CAP on mitochondrial pro- 
tein synthesis and oxidative phosphorylation. The 
results indicate that NO-CAP is less effective than 
CAP as an inhibitor of protein synthesis but is much 
more potent as an inhibitor of the energy conserving 
mechanism. 

METHODS 


Isolation of mitochondria. Rat liver mitochondria 
were isolated according to the method of Weinbach 
[18], ina homogenizing medium consisting of 250 mM 
sucrose, 10 mM Tris-HCl, and 1 mM EDTA, pH 7.4 

Mitochondrial protein synthesis. Protein synthesis 
was carried out in a metabolic shaker at 30° in the 
following medium: 50 mM bicine, 15 mM P;, 10 mM 
succinate, 1 mM EDTA, 50mM KCl, 5mM ATP, 
5 mM nicotinamide, 6 mM MgCl, 50 units penicillin 
G/ml, adjusted to pH 7.4 with KOH, 50 ug of a 
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complete amino acid mixture minus leucine as 
described by Roodyn et al. [19], and 2.5—3.5 mg of 
mitochondrial protein. All materials used to measure 
mitochondrial protein synthesis were sterilized either 
by autoclaving or by filtration through Millipore fil- 
ters with a pore size of 0.45 um. Other procedures 
were as described [20]. Synthesis of mitochondrial 
protein was unaffected by 300 ug cycloheximide/ml. 

Respiration and oxidative phosphorylation. Deter- 
minations were by oxypolarography using a Clark 
electrode and oxygen monitor (YSI, Yellow Springs, 
OH), and a standard incubation medium consisting 
of 24 mM glycylglycine, 87 mM sucrose, 60 mM KCl, 
and 9mM MgCl, pH 7.4. State 4 and state 3 are the 
metabolic states defined by Chance [21]. Uncoupled 
state is the state of mitochondria in the presence of 
an uncoupler such as 2,4-DNP. 

Protein. Determination was by the biuret method 
[22]; bovine serum albumin (fraction V) was used 
as a standard. 


RESULTS 


Effects of CAP and NO-CAP on mitochondrial 
protein synthesis. Table 1 shows that both CAP and 
thiamphenicol (TAP) in a concentration of 30 uM 
caused over 80 per cent inhibition of ['*C]leucine 
incorporation into mitochondrial protein. However, 
the same concentration of NO-CAP produced only 
34 per cent inhibition, and NO-Benz, which is part 
of the NO-CAP molecule (cf. Fig. 1), did not inhibit 
incorporation at all. 

Effects of CAP and NO-CAP on oxidative phos- 
phorylation. Figure 1 shows oxypolarographic traces 
of rat liver mitochondria preincubated for 2.5 min 
with 100 uM CAP, NO-CAP and other related com- 
pounds. In accordance with previous results [20], 
therapeutic concentrations of CAP did not affect 
either state 4/state 3 transition or uncoupling by DNP 
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Table 1. Inhibition of mitochondrial protein synthesis by 
CAP and NO-CAP compared to inhibition by thiamphen- 
icol and nitrosobenzene* 





cpm/mg protein % (Inhibition 





5809 + 143 (6) 
985 + 71 (5) 83 
952 + 26 (3) 84 
3866 + 166 (5) 34 
5842 + 255 (5) 0 


Control 
CAP 
TAP 
NO-CAP 
NO-Benz 





* Inhibitors were added at a concentration of 30 uM, 
equivalent to almost 10 ug/mi in the case of CAP or NO- 
CAP. After 60 min of incubation with 1 uCi of [C]-L- 
leucine (sp. act. 339 mCi/mmole), samples of 0.5—0.6 mg 
of mitochondrial protein were applied per paper disc, 
washed, and counted (see Methods). Numbers in parenth- 
eses = number of assays + S.E. 


(Fig. 1B). When NO-CAP was used under the same 
conditions, however, it inhibited completely both 
transition and uncoupling (Fig. 1C). NO-Benz, 
which has a nitroso radical in common with NO- 
CAP, also inhibited completely state 3 and the 
uncoupling state (Fig. 1D). On the other hand, par- 
allel assays showed that TAP, which differs from 
chloramphenicol by substitution of the p-nitro group 
with a methylsulfonyl moiety, and p-aminobenzoic 
acid, which has an aminobenzene moiety, did not 
inhibit oxidative phosphorylation [Fig. 1 (E and F)]; 
neither did the p-amino analogue of CAP tested at 
100 uM (not shown). 

To provide further insight into the difference 
between the actions of CAP and NO-CAP on oxi- 
dative phosphorylation, we examined the effect of 
the drug concentration on state 4, state 3, and the 
uncoupled state by using two different substrates: 
glutamate and succinate, NAD- and FAD-linked 
substrates, respectively. Figure 2 indicates that, in 
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Fig. 1. Effects of chloramphenicol (CAP), nitroso-chloramphenicol (NO-CAP), nitrosobenzene (NO- 
Benz), p-aminobenzoic acid (PABA) and thiamphenicol (TAP) on the transition state 4/state 3 and 
uncoupling in mitochondria, determined by oxypolarography. Mitochondria (1 mg protein/2 ml) were 
incubated for 2.5 min at 30° in the standard reaction medium (see Methods) with 10 mM glutamate, 
5 mM phosphate, and, when present, 100 uM of each reagent. ADP (200 nmoles) and DNP (0.18 mM) 
were added as indicated. The numbers along the traces give the initial rates of respiration in ng-atoms 
O,-min™'-mg protein™'. Plot A is a control. The formula of each added reagent is shown. 
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Fig. 2. Effect of CAP and NO-CAP concentrations on 

mitochondrial respiration in the presence of glutamate. 

Mitochondria (0.75—1 mg protein) were incubated as in Fig. 

1, with various concentrations of drugs. The results are 
expressed as percentages of control. 


the presence of 0.75-1 mg mitochondrial protein, 
75 uM NO-CAP (which totally inhibited phosphoryl- 
ation under similar conditions) slightly inhibited res- 
piration with glutamate. In contrast, 1 mM CAP did 
not inhibit respiration, rather, a slight respiratory 
activation was observed; this is presumably due to 
the uncoupling action of CAP as has been suggested 
previously [9]. When succinate was the oxidizable 
substrate (Fig. 3), CAP slightly increased repiration 
as it did with glutamate; but NO-CAP, in contrast 
to its effect on glutamate oxidation, caused an acti- 
vation of state 4 that did not seem to be concentration 
dependent. 

Figure 4 shows the inhibition of the transition state 
4/state 3 by CAP and NO-CAP in the presence of 
either glutamate or succinate. Respiratory state 3 
with glutamate was completely inhibited by 75 uM 
NO-CAP, whereas the same concentration of CAP 
was only 10—15 per cent inhibitory. To have complete 
inhibition of state 3 with glutamate, a millimolar 
concentration of CAP was needed (Fig. 4). With 
succinate as substrate, 250uM NO-CAP was 
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Fig. 3. Effect of CAP and NO-CAP concentrations on 

mitochondrial respiration in the presence of succinate. 

Conditions were as in Fig. 2, but with 10mM succinate 
instead of glutamate. 
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Fig. 4. Inhibition of transition state 4/state 3 by CAP and 
NO-CAP with 10 mM glutamate or succinate as substrate. 
Experimental conditions were as in Fig. 1. 


required to produce 85 per cent inhibition of state 
3, while 1 mM CAP only slightly affected that state. 
This result is in agreement with previous work [4] 
where it was shown that millimolar concentrations 
of CAP inhibit only site 1 of the electron transport 
chain. 

The uncoupled state of mitochondria in the pres- 
ence of 2,4-dinitrophenol with either glutamate or 
succinate as substrate was affected by CAP and NO- 
CAP in a pattern similar to their action on state 3. 
At low concentrations, NO-CAP completely in- 
hibited the uncoupling effect of 2,4-DNP, whereas 
higher concentrations of CAP were required either 
to inhibit with glutamate or to activate slightly with 
succinate (Fig. 5). 

Table 2 shows that the inhibition of state 3 and 
of the uncoupled state by NO-CAP was mitochon- 
drial protein dependent. When 0.75 mg protein was 
used per assay, complete inhibition was observed at 
75 uM NO-CAP, but when 2.25 mg protein was used, 
higher NO-CAP concentrations were required to 
produce a similar inhibition. This protein concen- 
tration dependence was less evident with CAP. 

Influence of cysteine and of washing on the inhi- 
bition caused by NO-CAP. The addition of cysteine 
to the reaction medium after the mitochondria had 
been added did not influence their respiration, but 
it prevented the inhibition caused by NO-CAP. As 
shown in Fig. 6A, the addition of ADP and of DNP 
after that of cysteine and NO-CAP resulted in the 
release of the oxygen consumption as with the con- 
trol. Furthermore, when 250 uM cysteine was added 
to the medium after preincubation of mitochondria 





SUCCINATE 


PERCENT OF CONTROL 





Bs 
1000 0100 300 600 
pM INHIBITORS 





0 100 300 600 








Fig. 5. CAP and NO-CAP inhibition of 2,4-dinitrophenol 
uncoupling. Conditions were as in Fig. 1. 
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Fig. 6. Prevention and reversal of the inhibition caused by 
NO-CAP. Conditions were as in Fig. 1, with 1.2 mg of 
mitochondrial protein. NO-CAP was 125 uM and cysteine 
250 uM. The numbers on the traces are the initial rates of 
respiration in ng-atoms O-min '-mg protein’ ' 


with 125 uM NO-CAP, the inhibition of state 4, state 
3, or the uncoupled state was reversed, as shown by 
addition of ADP and DNP (Fig. 6B). 

When rat liver mitochondria were incubated with 
inhibitory concentrations of NO-CAP, then isolated 
from the reaction medium by rapid centrifugation 
and washed as indicated in Table 3, the inhibition 
of either state 3 or the uncoupled state was not 
reversed. This result shows that, unlike what is 
observed with CAP [23], inhibition by NO-CAP is 


not removed by washing. 
DISCUSSION 


This study was prompted by clinical observations 
with the CAP analogue TAP, which differs from 
CAP by substitution of the p-NO, group with a 
methylsulfonyl(—SO,CH;) moiety. TAP produces 
dose-dependent reversible bone marrow suppression 
as readily as CAP does, but in spite of its extensive 
use, there have been no documented cases of aplastic 
anemia in association with it. On the basis of these 
observations and our comparative studies with two 


drugs, we have postulated that some of the severe 
hematologic toxicity, such as aplastic anemia, 
that occurs in association with CAP may be related 
to an in vivo bioreduction of the p-NO, to toxic 
intermediates (nitroso, NO; hydroxylamine, 
—NHOH). Our initial studies [13] demonstrated 
that, compared to CAP, NO-CAP is much more 
toxic in vitro. Because the mitochondrion is the target 
for CAP action in mammalian cells, we have com- 
pared the effects of CAP and NO-CAP on mito- 
chondrial protein synthesis and _ oxidative 
phosphorylation. 

The results of our studies clearly demonstrate a 
difference between the action of CAP and that of 
its nitroso analogue. Therapeutic levels of CAP (10- 
20 ug/ml) inhibited mitochondrial protein synthesis 
by over 80 per cent, whereas comparable levels of 
NO-CAP were considerably less inhibitory. The 
binding site of CAP with bacterial ribosomes has 
been shown to involve the propanediol portion of 
the molecule [24-26]. Because the propanediol 
moiety remains unaltered in NO-CAP, it is possible 
that the difference between the two compounds is 
in the permeability across the inner mitochondrial 
membrane limiting access of the NO-CAP to mito- 
chondrial ribosomes. 

In sharp contrast to their effects on mitochondrial 
protein synthesis, NO-CAP, unlike CAP, is a potent 
inhibitor of mitochondrial respiration and phos- 
phorylation. At a concentration as low as 75 uM, 
NO-CAP completely inhibited ATP formation, as 
measured by oxypolarography. The inhibition was 
mitochondrial protein dependent, such that at lower 
concentrations of mitochondria less NO-CAP was 
required to cause complete inhibition. 

The inhibition of mitochondrial respiration by NO- 
CAP was not reversed by washing but was prevented 
by the prior addition of cysteine. Furthermore, the 
addition of 250 uM cysteine after NO-CAP resulted 
in reversal of inhibition. Since nitroso groups have 
been recently reported to form conjugates with glu- 
tathione [27], our results suggest that NO-CAP may 
interact with some highly reactive -SH groups of the 


Table 2., Mitochondrial protein dependence of the inhibition of oxidative phosphorylation by CAP and NO-CAP* 





0.75 mg Mitochondrial protein/assay 


2.25 mg Mitochondrial protein/assay 





75 


NO-CAP (uM) 


100 50 





State 3 


Uncoupled 
State 


0 59+ 18 
(3) (3) 


0 97+8 
(3) (3) 





CAP (uM) 


600 


600 1000 





State 3 36+4 
(5) 
Uncoupled 

state 94+6 


(5) 


51+6 24+6 
(3) (4) 


6123 40 +5 
(3) (4) 





* Results are expressed as percentages of control values. Numbers in parentheses = number of assays + S.E. 





Chloramphenicol and nitroso-chloramphenicol 


Table 3. Influence of washing on the inhibition of state 3 and uncoupled state caused 
by NO-CAP* 





Mitochondria preincubated 
with NO-CAP, then isolated 
and washed No wash+ One wash Two washes 





Total inhibition 





State 3 + + 
Uncoupled state + a £ 





* Mitochondria (1.5 mg protein) were incubated in the standard reaction medium 
with 10 mM glutamate, 5S mM P; and 125 uM NO-CAP. After 2.5 min, the mitochondria 
were isolated by rapid centrifugation using an Eppendorf centrifuge 5412 for 2 min. 
The pellet was either resuspended in the reaction medium and tested at the oxypolar- 
ograph (one wash), or resuspended in the homogenizing medium (see Methods), then 
isolated again by rapid centrifugation and tested as above (two washes). Controls 
without NO-CAP were performed under the same conditions of isolation and washing. 

+ Mitochondria were tested as mentioned above prior to isolation and washing. 


inner mitochondrial membrane, thereby blocking the 
energy conserving mechanism. 

Although the exact mechanism of NO-CAP tox- 
icity at the cellular level remains uncertain, our data 
suggest that the toxic manifestations that occur in 
cell culture [7] are, at least in part, a consequence 
of inhibition of the energy transducing mechanism. 
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STRUCTURE-ACTIVITY RELATIONSHIP IN HALOGEN 
AND ALKYL SUBSTITUTED ALLYL AND ALLYLIC 
COMPOUNDS: CORRELATION OF ALKYLATING AND 
MUTAGENIC PROPERTIES 
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Abstract—In a series of allylic chloroolefins and their non-allylic isomers the significance of the allylic 
structure and the influence of methyl and chlorine substituents on the direct mutagenic activity in 
Salmonella typhimurium (TA 100) was tested. The direct mutagenic potentials correlate well with the 
alkylating activities as measured in the nitrobenzyl-pyridine (NBP) test. In contrast to allyl chloride, 
the vinylic chloroolefins 2-chloro-1-propene and 1-chloro-1-propene did not show any direct mutagenic 
and alkylating properties. Monomethylated allylic chlorides are six to thirty times more mutagenic: 3- 
chloro-2-methyl-1-propene <3-chloro-1-butene <1-chloro-2-butene. The non-allylic isomers 2-chloro- 
2-butene and 4-chloro-1-butene, however, are not directly mutagenic. In spite of a higher alkylating 
potency, bimethyiated allylic chlorides did not show an increase in mutagenicity if compared with 
monomethylated derivatives: 3-chloro-2-methyl-l-butene <1-chloro-2-methyl-2-butene. 1-Chloro-1- 
cyclohexene lacks mutagenic and alkylating activity, whereas 3-chloro-1-cyclohexene is comparable to 
allyl chloride in both respects. Dichloropropenes are also more directly mutagenic than allyl chloride: 
2,3-dichloro-1-propene <<trans-<cis-|,3-dichloropropene. Benzyl chloride exerted the highest alkyl- 
ating activity of all substances tested in this survey, and is about fifty times more mutagenic than allyl 
chloride. Addition of rat liver S-9 mix was followed by a distinct decrease in the mutagenicity of directly 
mutagenic substances, the only exception being 2,3-dichloro-1-propene, which demonstrated an increase 
by a factor of 35. Under the same conditions, vinylic chloroolefins are activated and become mutagenic 
to various degrees. Only 1-chloro-1-cyclohexene and the homoallylic compound 4-chloro-1-butene are 
negative both in the presence and absence of S-9 mix. 


Haloolefins have increasingly gained attention as a MATERIALS AND METHODS 

widely used class of potentially mutagenic and car- 

cinogenic substances, some of which, e.g. vinyl chlor- Sources and criteria for purity of chemicals tested 

ide [1], have recently been identified as human car- __ in this study are listed in Table 1. 

cinogens. Usually an enzymatic epoxidation by The test procedures for determination of muta- 

mono-oxygenases is considered to be the critical step genic activity in a modified Ames Salmonella typhi- 

in the formation of the ultimate carcinogens [2]. In | ™urium assay system and for determination of alkyl- 

a preceding paper, however, we showed thataspecial ating properties with 4-(p-nitrobenzyl)-pyridine 

group of haloolefins, the allyl and allylic compounds, | (NBP-test) have been described previously [3]. The 

may act as directly alkylating and mutagenic sub- concentration of the S-9 mix has been kept identical 

stances which do not require metabolic activation (4 mg S-9 protein/ml mix, i.e. 1mg S-9 mix pro- 

for mutagenic activity [3]. This direct mutagenicity tein/ml incubation volume). The problem of vola- 

is the result of a high Sy-1 and S,-2’ reactivity of tility, which is encountered with all compounds of 

allyl and allylic molecules, which is decisively influ- the present series, has been tackled by using a modi- 

enced by the chemical properties of the leaving group fied liquid test system similar to that described by 

in the allylic position [4,5]. Though the nature of Rannug et al. [6]. 

the leaving group is a very important aspect, it is 

not the only determining factor for the alkylating, RESULTS 

mutagenic and possible carcinogenic potency in 

allylic compounds. These compounds have found All compounds tested for mutagenic and alkylating 

extensive use and distribution in our environment, activity in our program are listed in Table 1. Ames 

both as synthetic and naturally occuring products, _ test results are shown in Fig. 1. 

e.g. as plastic monomers, pesticides, flavourings, (1) Allyl chloride (1), 2-chloro-1-propene (2) and 

perfumes and pharmaceuticals. 1-chloro-\-propene (3). Considering the mutagen- 
In this paper we discuss the influence of further icity and alkylating potency of allyl chloride (1), 

substituents, especially methyl and chlorine substi- which has been described earlier [4,5, 7] and dis- 

tutions in different positions in an allylic molecule, cussed in detail from molecular theoretical aspects 

on its alkylating and mutagenic activity. [3], we started our comparative study with its two 
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MOLES / INCUBATION VOLUME ( 2 ml ) 

Fig. 1. The mutagenicities of those compounds listed in 

Table 1 which are positive in the Ames-test without (O) 

and/or with (@) S-9 mix. The numbers of the substances 
correspond to the numbers in Table 1 and Table 2. 


isomers, 2-chloro-1-propene (2) and 1-chloro-1-pro- 
pene (3). Both compounds exhibited no direct 
mutagenic or alkylating activity, since both lack an 
allylic structure. In contrast to allyl chloride, these 
isomers are vinyl-like in structure and, therefore, 
lack the high electrophilicity of allyl chloride, which 
correlates with the Sy-1, Sy-2 and S,-2’ reactivity 
[8]. For this reason a direct mutagenic and alkylating 
potency is not to be expected. Addition of S-9 mix 
to the incubation mixture, however, has quite a 
different effect on allyl chloride and its isomers. 
While the weak direct mutagenicity of allyl chloride 
decreases in the presence of rat liver homogenate 
[3], 2-chloro-l-propene and_ 1-chloro-1-propene, 
which are inactive per se, become slightly mutagenic 
under these conditions. The metabolic activation of 
these non-allylic halooefins to mutagenic derivatives 
contrasts remarkably to the situation with allyl 
chloride. 


2613 


(2) 3-Chloro-2-methyl-\-propene (4), 3-chloro-1- 
butene (5) and 1-chloro-2-butene (6). These three 
compounds can be regarded as methylated allyl 
chlorides, in each case the methyl group being 
located on a different one of the respective three C 
atoms of allyl chloride. All of these compounds have 
an allylic structure and should therefore be expected 
to be directly mutagenic and alkylating due to the 
high electrophilicity characteristic for allylic mol- 
ecules. This theoretical expectation is fully confirmed 
by our experimental findings. All three compounds 
show a distinct direct mutagenic as well as alkylating 
activity. As a consequence of the methyl group sub- 
stitution on any one of the three C atoms of allyl 
chloride, there is a 6- to 30-fold increase in muta- 
genicity. The molecular theoretical interpretation 
will be discussed below. In the presence of rat liver 
homogenate there is in each case a more or less 
distinct decrease in mutagenicity. This is consistent 
with what has been observed so far with all other 
directly mutagenic allyl compounds tested in our 
laboratory. To date, there has been only one excep- 
tion from this general rule [2, 3-dichloro-1-propene 
(11)], which will be dealt with below. 

(3) 2-Chloro-2-butene (7) and 4-chloro-1-butene 
(8). Both compounds are isomeric to those described 
in section (2), the principal difference being that 
they lack the allylic structure. In the case of 2-chloro- 
2-butene, the Cl-leaving group is directly bound to 
an olefinic C atom. With the homoallylic compound 
4-chloro-1-butene, there is an interjection of a meth- 
ylene group between the double bond and the C 
atom with the leaving group. In both cases the allylic 
structure and its characteristic reactivity is lacking. 
Consequently, as expected from theoretical con- 
siderations, both compounds are negative in regard 
to direct mutagenicity and alkylating potential. In 
the presence of S-9 mix, however, these two non- 
allylic haloolefins behave quite differently: 4-chloro- 
l-butene does not gain any detectable mutagenic 
activity even with high concentrations of S-9, 
whereas 2-chloro-2-butene is clearly activated by the 
S-9 mix, thus becoming a rather strong mutagen. 

(4) 3-Chloro-2-methyl-1-butene (9) and 1-chloro- 
2-methyl-2-butene (10). These compounds can be 
regarded as bimethylated derivatives of allyl chlor- 
ide. Both contain the allylic structure and are there- 
fore alkylating and directly mutagenic. Although 
their mutagenicity and alkylating potencies are dis- 
tinctly higher than those of allyl chloride, a com- 
parison with the monomethylated derivatives 3- 
chloro-2-methyl-l-propene (4), 3-chloro-1-butene 
(5) and 1-chloro-2-butene (6) already discussed 
above clearly shows that the introduction of a second 
methyl group into the allylic molecule does not 
necessarily lead to a further increase, but rather to 
a certain decrease in direct mutagenicity. It is con- 
ceivable that a steric hindrance is responsible for this 
phenomenon. 

(5) 2, 3-Dichloro-1-propene (11), cis-1, 3-dichlo- 
ropropene (12) and trans-1, 3-dichloropropene (12). 
These three compounds may be regarded as allyl 
chloride-like molecules with a second chlorine sub- 
stituent on one of the two olefinic C atoms. Com- 
pared with allyl chloride, this second chlorine atom 
induces a more or less distinct increase in mutagen- 
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icity depending on its position and on the steric 
constellation of the molecule. With 2, 3-dichloro-1- 
propene this increase is relatively small (about 3- 
fold), but in the case of the 1, 3-dichloropropenes 
a striking increase in alkylating as well as in direct 
mutagenic activity is observed. The mutagenicity of 
cis- and trans-1, 3-dichloropropene has already been 
described by DeLorenzo [9] and ourselves [10]. 
DeLorenzo used another testing system and did not 
check the purity of his samples, which might explain 
some quantitative differences between his and our 
results. 

Compared with allyl chloride, trans-1, 3-dichlo- 
ropropene is more mutagenic by a factor of about 
70; cis-1, 3-dichloropropene demonstrated an even 
higher factor of about 100. Addition of S-9 mix, 
however, reveals a fundamental difference in the 
response of these isomers to enzymatic action. While 
the 1, 3-dichloropropenes lose mutagenic potential 
in the presence of S-9 mix, as expected, the isomeric, 
2, 3-dichloropropene gains considerable mutagenic 
activity under these conditions. This is the first and 
only case of metabolic activation of a genuine allylic 
compound, as tested in the present study. This will 
be discussed further below. 

(6) 3-Chloro-\-cyclohexene (13) and 1-chloro- 
1-cyclohexene (14). Of these isomeric compounds 
only 3-chloro-1-cyclohexene (13) contains an allylic 
moiety; in 1-chloro-1-cyclohexene (14) the chlorine 
substituent is directly bound to the olefinic C atom. 
Thus the situation with these two compounds is very 
similar to that of allyl chloride (1) and its non-allylic 
isomers 2-chloro-1-propene (2) and 1-chloro-1-pro- 
pene (3), as discussed above. In regard to both direct 
mutagenicity and alkylating potency, the allylic com- 
pound 3-chloro-1-cyclohexene (13) is very similar to 
allyl chloride (1). 1-Chloro-1-cyclohexene (14) is 
lacking any such activity. 


Cle CH.— CH=CH< CH, 


1-chloro-2-butene (6) 
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authors’ use of another testing procedure (probably 
high volatility in the open system, lower number of 
cells per plate, etc.). 


DISCUSSION 


The results of this comparative study of the 
mutagenic and alkylating activities in methyl group- 
and chlorine-substituted allylic and non-allylic hal- 
oolefins can easily be explained by relatively simple 
basic chemical considerations. As both types of sub- 
stitutions may have different consequences for the 
chemical behaviour of a molecule, their influence on 
the reactivity of allylic compounds will be discussed 
separately. 

Effects of alkyl substituents. Displacement of a 
carbon-bound hydrogen atom by a methyl group 
increases mutagenicity and alkylating potency if the 
substitution takes place in an allylic structure. This 
is clearly demonstrated by comparing the data of 
allyl chloride (1) with its three methylated derivatives 
3-chloro-2-methyl-1-propene(4), 3-chloro-1-butene 
(5) and 1-chloro-2-butene (6). These increases result 


‘partly from a positive inductive effect (+1 effect) 


and partly from a positive mesomeric effect (+M 
effect), in this case hyperconjugation, of the alkyl 
substituents. Such influences are expected to be most 
effective if the substitution involves a carbon atom 
in the 1- or 3-position of the allylic structure. In this 
case the +I effect of the alkyl group has two impor- 
tant consequences: 

(1) The polarity of the C—Cl bond is increased by 
the electron shifting effect of the alkyl group, thus 
favouring splitting off the chloride ion [8]. This effect 
may differ considerably in intensity (Scheme 1 vs 
Scheme 2), which is clearly reflected in the mutagenic 
activity (Table 2). By this, a general increase in S,- 
1, Sy-2 and Sy-2' reactivities is achieved. 


1 2 3 
CH, ~CH—CH=CH, 


M 
Cl 


3-chloro-1-butene (5) 


Scheme 1. High activation of the C-Cl bond by +I of the methyl group in the 1- or 3- 
position of the allylic structure. 


(7) Benzyl chloride (15). Benzyl chloride may be 
regarded in this context as an ‘allylic’ compound 
because of the easy formation of a benzyl cation in 
connexion with high S,-1 reactivity. However, it 
does not undergo any S,-2’ mechanism. The aro- 
matic ring substitutes for the C = C double bond in 
the genuine allylic structure. Its mutagenicity 
exceeds by far that of allyl chloride, a fact which can 
easily be explained by the formation of a benzyl 
cation, which is highly stabilized by mesomerism, 
the positive charge being distributed over the methyl 
group and the ortho and para positions of the aro- 
matic ring. The much lower value of revertants found 
by McCann et al. [11] may be explained by these 


CH, 


t 
CHC > CH,>Cl 
1 2 3 


3-chloro-2-methyl-1-propene (4) 


Scheme 2. Minor activation of the C-Cl bond by a 
methyl group in the 2-position. 


(2) The allylic cation is stabilized by the +I effect 
of the alkyl group [12]. This includes an increase in 
Sy-1 reactivity. In the case of 3-chloro-2-methyl-1- 
propene(4), however, this stabilizing effect is rela- 





Structure-activity relationship in halogen and alkyl substituted allyl and allylic compounds 


Table 2. Structures, mutagenicity in vitro (Ames test S. typhimurium TA 100), and alkylating 
properties (NBP-test) of various chlorine- and alkyl-substituted allylic and non-allylic olefinic 
hydrocarbons. Chemical names of compounds under identical numbers as in Table 1 
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* NBP-test not applicable in this case; see Scheme 5 in the text. 
+ Not determined, no more compound available. 
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tively small, because the methyl group is not located 
on one of the I- or 3-carbon atoms (Scheme 3) 
bearing a part of the positive charge: 

CH, 

| 

CH—=C—CH,Cl > 
Scheme 3. 

1-Chloro-2-butene (6) and 3-chloro-1l-butene (5) 
form the same cation, the mechanism of stabilization 
being as follows: 


CICH,—CH+=CI I—CH, 


“ 


CH,=CH—CHCI—CH, 


/ 


| CH= HCH ~CH)| Cl 


Scheme 4. 


The effect of Scheme 1, leading to a general 
increase in reactivity, prevails in 3-chloro-|-butene 
(5), but is also valid in 1-chloro-2-butene (6), because 
of the electron shift exerted by the methyl group 
towards the double bond. The cation stabilizing 
effect is equally present both in 1-chloro-2-butene 
(6) and 3-chloro-l-butene (5). With 3-chloro-2- 
methyl-l-propene (4), however, it is not evident, 
because in this case the methyl group is not located 
on one of the 1- or 3-carbon atoms. For this reason, 
the increase in alkylating and mutagenic potency is 
relatively small in 3-chloro-2-methyl-l-propene (4) 
when compared with allyl chloride (1). 

Comparing the mutagenicity of 3-chloro-1-butene 
(5) and 1-chloro-2-butene (6), the mutagenic activity 
of the former is smaller than expected from the 
theoretical considerations discussed above. It is con- 
ceivable that its lower mutagenicity is the result of 
a side reaction favoured by the hyperconjugation 
effect of the methyl group located on the chlorine 
substituted carbon atom: , 


H 


c 


CH —CH—CH—CH , ~ CH =CH—CH+=CH , 


Cl cl” H 


v 


CH.—CH—CH=CH, + HCl 


Scheme 5. 


This side reaction is particularly favoured in the 
presence of HCl-trapping amino groups [13]. For 
this reason, the NBP-test does not function with 
compounds of this structure [i.e. (5) and (9)] (see 
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Table 2). NBP itself and the strong amino base 
present in this test can act as HCl-trapping agents. 

Influence of chlorine substituents. In contrast to 
methyl groups which exert a +I effect. chlorine 
substituents cause a —I effect. Yet the substitution 
of a hydrogen by chlorine in one of the outer carbon 
atoms of the allylic structure also results in increased 
mutagenic and alkylating activity. Compared with 
allyl chloride (1), we found a rise in mutagenicity of 
about 70-fold with trans-1, 3-dichloropropene (12) 
and of about 100-fold with the cis-isomer (12). This 
can be explained by the chlorine-induced positive 
mesomeric (+M) effect, which exceeds the inductive 
electron withdrawal and by which the C—Cl bond in 
allylic position is further destabilized [8]: 


hee te 
Scheme 6. 


The electron release exerts an increased stabilization 
of the allyl cation: 


CI—CH=CH—CH,—Cl 


| 


| Ci CH-LCHY-CH, 6 C=CH—CH=CH | Cl 
Scheme 7. 


This effect is not possible when the chlorine substi- 
tuent is located on the central (C,) atom of the allylic 
structure: 
Cl 
t 
CH.=C—CH.Cl 
l 2 3 


Scheme 8. 

Due to the —I effect of the chlorine substituent in 
the C, positon, this compound exerts a lower alkyl- 
ating activity in the NBP test than allyl chloride. Its 
direct mutagenicity, however, is higher than that of 
allyl chloride and, in remarkable contrast both to all 
other allylic compounds tested in this series as well 
as to findings by DeLorenzo er al. [9], addition of 
S-9 mix distinctly increases the mutagenic potency 
of 2, 3-dichloro-1-propene (11). The reason for this 
striking discrepancy in response to S-9 mix is now 
under study in our laboratory and will be dealt with 
in a separate paper. The +M effect, however, cannot 
provide an explanation for the differences in alkyl- 
ating and mutagenic potency in the cis and trans 
isomers of 1, 3-dichloropropene (12). The higher 
thermodynamic stability and lesser degree of steric 
hindrance of the trans isomer also cannot be the only 
reasons for this difference in mutagenicity and alkyl- 
ating activity. We suppose that a neighboring group 
effect from the second chlorine substituent is a major 
cause for this discrepancy: 


Scheme 9. 
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This effect can lead to a further destabilization of 
the allylic C-Cl bond. In the case of the cis configur- 
ation, the resulting cation can be stabilized by the 
formation of a chloronium-type ion, which for steric 
reasons is impossible in the case of trans- 1, 3- 
dichloropropene. 

Chloronium ions of this kind are postulated as a 
transition state in addition reactions of chlorine with 
double bonds. Meanwhile the existence of chloron- 
ium ions has been made likely by spectroscopic meth- 
ods [14]. 

The significance of metabolic epoxidation. Cor- 
responding to earlier findings [3], this series of sub- 
stances, too, shows direct mutagenic and alkylating 
activity exclusively in compounds of genuine allylic 
structure. Substances similar to allylic compounds, 
but without a leaving group in the allylic position, 
did not show any alkylating and/or direct mutagenic 
potency. Mutagenicity in these substances, if any, 
is observed only in the presence of S-9 mix. With 
allylic compounds, however, addition of S-9 mix 
generally leads to a decrease in mutagenicity. 

These findings and the good correlation of direct 
mutagenicity and chemical reactivity in allylic com- 
pounds are another strong argument for our thesis 
that a metabolic expoxidation is not a prerequisite 
for mutagenic activity and that other molecular 
mechanisms must be taken into account in an 


interpretation of mutagenicity data in this special 
group of haloolefins. 
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Abstract—The metabolism of TRH and a trans-3-methyl-prolineamide analogue have been studied both 
in vitro and in vivo using a rat model. The rates of degradation of the two tripeptides have been 
compared. Studies in vitro using both plasma and brain homogenates showed the analogue to have 
increased biological stability and show qualitative differences in metabolism as compared to TRH. 
Studies in vivo related to those observed in vitro. The increased biological stability of the TRH analogue 


could explain its improved CNS potency in vivo. 


The hypothalamic releasing factor thyrotropin 
releasing hormone (TRH, L-pyroglutamyl-L-histidyl- 
L-prolineamide) increases the output of thyroid 
stimulating hormone (TSH) from the pituitary [1, 2]. 
A stimulation of the release of prolactin and growth 
hormone has also been observed [3, 4]. Following 
the characterization and synthesis of TRH in 
amounts sufficient for pharmacological evaluation, 
a number of reports have suggested that TRH exerts 
direct actions on the central nervous system (CNS). 
Rapid short lasting anti-depressant activity in man 
was described for TRH by Prange, Wilson and co- 
workers [5, 6] and confirmed by others [7, 8]. Of a 
range of synthetic analogues of TRH prepared in 
these laboratories certain compounds have shown 
increased CNS potency and duration of action as 
compared to that of the native tripeptide. Pharma- 
cological evaluation of one such compound, L-pyro- 
glutamy!l - L - histidyl - L - (trans - 3 - methyl)proline- 
amide, (3-Me-Pro)TRH, showed this peptide to be 
four times as potent as TRH in the reversal of reser- 
pine-induced hypothermia in mice. * 

It is becoming increasingly apparent that a wide 
range of peptide hormones are subject to hydrolytic 
degradation by enzymes present in serum and various 
other tissues. The enzymatic hydrolysis of luteinizing 
hormone releasing hormone (LRH), oxytocin and 
the kinins has already been documented [9-11] and 
more recently the enzymic inactivation of enke- 
phalins by plasma and brain tissue has been reported 
[12]. The hydrolysis of TRH has also attracted atten- 
tion, reports indicating that TRH is rapidly degraded 
and inactivated by plasma and a variety of animal 
tissues in vitro [13-17]. It was considered that the 
stability to enzymatic degradation of the analogue 
as compared to the natural peptide may be an influ- 
encing factor in the increased pharmacological 





* Brewster, Dettmar, Lynn, Morgan, Rance and Met- 
calf, in preparation. 
+ B. A. Morgan, unpublished work. 
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Structures of TRH (R = H) and (3-Me-Pro)TRH (R = Me) 


potency of the compound and as such the metabolism 
and rates of degradation of TRH and (3-Me-Pro) 
TRH have been investigated and compared both in 
vitro and in vivo. 


MATERIALS AND METHODS 


Materials 

Both [2-C-histidylJTRH and [2-'C-histidyl]-(3- 
Me-Pro)TRH (sp. act. 3.74uCi.mg™' and 
3.60 uCi . mg™', respectively) were synthesized from 
[ring-2-"C] histidine (The Radiochemical Centre, 
Amersham, U.K.) by the method of Morgan.+ 

Authentic samples of L-histidyl-L-prolineamide 
(His-Pro-NH,) and L-histidyl-L-trans-3-methylproli- 
neamide (His-3-Me-Pro-NH,) were converted to 
their corresponding diketopiperazines His-Pro and 
HiS-(3-Me)-Pro, respectively, by spontaneous cycli- 
zation of the amide hydrobromides in excess 50% 
(v/v) aqueous pyridine overnight at 20°. 


Animals 

Male Sprague-Dawley rats (Bantin & Kingman 
Ltd., Grimston, N. Humberside, U.K., 220-250 g) 
were used in all studies. Blood was obtained by 
cardiac puncture under light ether anaesthesia and 
plasma was separated by centrifugation. 


Thin-layer chromatography 


T.l.c. was carried out on 20 X 20cm silica Fys4 
plates (Merck Ltd., Darmstadt, F.R.G.). Three sol- 
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vent systems were used: (a) chloroform—methanol- 
NH,OH (sp. gr. 0.88), (5:3: 1, v/v); (b) chloroform— 
methanol-NH,OH (sp. gr. 0.88), (30:18:1, v/v); 
(c) ethyl acetate-methanol-NH,OH (sp. gr. 0.88), 
(10:4:1, v/v). Authentic marker amino acids and 
peptides were visualized with Pauly’s reagent or 
Ninhydrin. 


Quantitative determination of metabolites 


Both unchanged substrates and metabolites from 
in vitro or in vivo samples were analysed by quan- 
titative radioassay after separation by t.l.c. Samples 
prepared as described below were applied as 2-5 cm 
bands and dried thoroughly before development. 
Authentic markers of potential metabolites were also 
chromatographed. Developed chromatograms were 
divided into 1 cm zones, the silica removed and sus- 
pended in 2cm* water and 5cm’* of scintillation 
medium comprised of toluene—-Triton X-100 (2:1, 
v/v) containing 0.75% (w/v) of butyl PBD (Koch- 
Light Ltd., Colnbrook, U.K.). Prepared samples 
were counted for '*C in an Intertechnique SL 4221 
liquid scintillation counter. Since the products gen- 
erated by the Pauly reagent are photon quenching 
agents, sample chromatograms were not themselves 
sprayed but were carefully masked whilst adjacent 
authentic standards (co-chromatographed with 
duplicate sample) were visualized. For determina- 
tion of total plasma radioactivity, aliquots of plasma 
(100 ul) were added to an aliquot (10cm*) of the 
scintillant described above together with water 
(1 cm’). Dpm values were obtained using an on-line, 
linear interpolation, automatic external standard 
channels ratio programme (Intertechnique Ltd.). 
The presence of histidine was investigated using a 
standard reverse isotope dilution technique, histidine 
as diluter being recrystallized from aqueous 
methanol. 


Studies in vitro 

Degradation of {'*C|TRH and [“C]-(3-Me-Pro) 
TRH by rat plasma. A 50% (v/v) solution of fresh 
rat plasma in phosphate buffer (100 mM, pH 7.4) 
was incubated at 37° in the presence of either 
[“C]TRH or [“C]-(3-Me-Pro)TRH at a concentra- 
tion of 4ug.cm~’. Incubations were begun by the 
addition of substrate and then aliquots (200 ul) were 
removed at various time intervals over 2 hr. Samples 
were treated with ice-cold methanol (100 wl) and 
precipitated protein centrifuged using an Eppendorf 
3200 bench centrifuge. Samples were stored on ice 
prior to t.l.c. and subsequent radioassay as described 
earlier. Control incubations were carried out in 
100 mM phosphate buffer, pH 7.4. 

Degradation of [“C]|-TRH and ['C]-(3-Me- 
Pro)TRH by rat brain homogenates. Rats were killed 
by cervical fracture, brains were removed and rinsed 
free of blood in 0.32 M sucrose. Homogenates (5% 
w/v) were prepared in 100 mM phosphate buffer, pH 
7.4, using two strokes of a teflon pestle power driven 
at 1000 rpm. Incubations were begun by the addition 
of substrate to a concentration of 5 ug.cm~*. Ali- 
quots (200 ul) were removed, treated with methanol 
(100 ul) and analysed as described in the plasma 
experiments. Suitable control incubations were car- 
ried out in phosphate buffer alone. 
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Studies in vivo 

At various times after intravenous dosing with 
either [“C]TRH or — [“C]-(3-Me-Pro)TRH 
(10 mg/kg), individual rats were heart bled under 
light ether anaesthesia, then killed by cervical frac- 
ture. Blood samples were transferred to heparinized 
tubes and immediately cooled in ice—water before 
centrifugation at 4°. Care was taken to ensure that 
samples always remained at <10° until analysed. 
Plasma samples were assayed for total radioactivity, 
then analysed by quantitative radioassay of thin-layer 
chromatograms as described earlier. 


Identification of the major plasma metabolite of 
(3-Me-Pro) TRH 


A total of 100 cm’ of rat plasma in 100 cm’ 0.1 M 
phosphate buffer, pH 7.4, and containing ['*C]-(3- 
Me-Pro)TRH (8 ug . cm ~*) was incubated at 37° for 
18 hr. Methanol (100 cm*) was added, precipitated 
protein removed by centrifugation and the super- 
natant fraction concentrated by evaporation and then 
freeze-dried. The solid residue was extracted with 
methanol (4 x 25cm’) and the concentrated meth- 
anolic extracts subjected to chromatography on a 
silica column (Kieselgel 60, 50 x 2.0 cm) using sol- 
vent system (b). Eluted fractions (15 cm*) were mon- 
itored for radioactivity and the required fractions 
combined and evaporated. The metabolite, radio- 
chemically pure by t.l.c., was then further purified 
in sequential fashion by t.l.c. (as a 5cm band), first 
in system (a), then system (c). Material was 
recovered from the silica in each case by elution with 
small volumes of Analar methanol. A small portion 
of the final product was prepared for direct insertion 
mass spectrometry according to the method of Rix 
et al. [18]. 


Mass spectrometry 


Direct insertion mass spectra were recorded on an 
LKB 2091 mass spectrometer operating at 70 eV and 
an inlet temperature of 100°. 


RESULTS 


Studies in vitro. The in vitro incubation of 
['*C]TRH or [“C]-(3-Me-Pro)TRH in rat plasma led 
to a degradation of both peptides, the products of 
which were readily separated by t.l.c. in system (a) 
(see Fig. 1). In the case of TRH, histidine appeared 
as the major degradation product and this was con- 
firmed by isotope dilution and recrystallization to 
constant specific radioactivity. There was little 
evidence to indicate the presence of significant 
amounts of TRH-acid(_-pyrogiutamyl-t-histidyl-L- 
proline) nor the L-histidyl-L-proline diketopiperazine 
(His-Pro) which can arise by cyclization of the unst- 
able dipeptide  t-histidyl-t-prolineamide (His- 
Pro. NH,) [13,17]. The mietabolism of (3-Me- 
Pro) TRH was in marked contrast to the above, how- 
ever; there being only small amounts of histidine but 
larger quantities of a high R; component (Fig. 1) 
which co-chromatographed with an authentic 
sample of the corresponding diketopiperazine 
His-(3-Me)-Pro. 

The metabolism of TRH and (3-Me-Pro)TRH by 
brain homogenates was similar to that observed in 
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Fig. 1. Metabolic patterns after in vitro incubation of 
['“C}TRH or ['4C] (3-Me-Pro)TRH in rat plasma. (A) TRH 
incubation after 8 min; (B) (3-Me-Pro)TRH incubation 
after 2hr. Positions of authentic co-chromatographed 
marker compounds are shown on the chromatograms as 
1, L-histidine; 2, L-pyroglutamyl-L-histidine; 
3,pyroglutamyl-L-histidyl-L-proline (TRH-acid); 4, TRH; 
5, His-Pro; 6, L-pyroglutamyl-L-histidyl-L-3-methylpro- 
line[ (3-Me-Pro)TRH-acid]; 7, (3-Me-Pro)TRH; 8, 
His-(3-Me)-Pro. Alfincubations were carried out at an 


initial peptide concentration of 4 ug . cm~>. 


plasma. T.l.c. showed TRH to be rapidly hydro- 
lysed to free histidine and (3-Me-Pro)TRH to be 
slowly converted to a component which co-chro- 
matographed with the authentic diketopiperazine 
His-(3-Me)-Pro. Incubation of each peptide in a 
similar manner with hypothalamus homogenates 
gave similar metabolic patterns and hydrolysis rates 
to those obtained using whole brain. 

Kinetic studies on the degradation of the two 
peptides by plasma and brain showed striking dif- 
ferences between their rates of hydrolysis (see Fig. 
2). Although TRH was rapidly degraded by both 
tissues, (3-Me-Pro)TRH was hydrolysed relatively 
slowly. Semi-logarithmic plots of the hydrolysis 
curves showed the reactions to follow essentially first 
order kinetics, the half-life of TRH in plasma and 
brain being 12 and 30 min, respectively. In the case 
of (3-Me-Pro)TRH the half-life in plasma was 
110 min whereas in brain only a 15 per cent change 
occurred within 120 min. 

Confirmation of the identity of the major metab- 
« olite of (3-Me-Pro)TRH produced by plasma and 
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Fig. 2. Degradation of TRH or (3-Me-Pro)TRH by rat 
plasma or rat brain homogenates. The ['*C-His]-labelled 
peptides were incubated at a concentration of 4 ug .cm™* 
(plasma) or 5 ug . cm~* (brain). O, TRH in plasma; @, (3- 
Me-Pro)TRH in plasma; V , TRH in 5% brain homogenate; 
Vv, (3-Me-Pro)TRH in 5% brain homogenate. All points 
represent the mean of five separate determinations + S.D. 
as indicated by the vertical bars. 


brain was obtained by electron impact mass spec- 
trometry of the material purified from a separate 
incubation carried out in rat plasma. The spectrum 
(Fig. 3) was identical to that of authentic synthetic 
His-(3-Me)-Pro, principal fragment ions occurring 
at m/e 84, 82, 168, 248 (M*) and 81 in each spectrum. 
Incubation of the purified radiolabelled metabolite 
in rat plasma (8 ug . cm ~*) at 37° showed no change 
after a total of 3.5 hr. Control incubations of both 
peptides in phosphate buffer alone showed that the 
degree of chemical hydrolysis of both peptides was 
less than 2 per cent over a 5 hr period. 

Studies in vivo. Following intravenous administra- 
tion of [“C]TRH or ["*C]-(3-Me-Pro)TRH, a rapid 
elimination of radioactivity from plasma _ was 
observed, the rates being very similar for both pep- 
tides (see Fig. 4). Radioassay of plasma samples 
after t.l.c. showed a similar metabolite pattern to 
the in vitro situation in that TRH was extensively 
degraded to histidine (and presumably unlabelled 
pyroglutamic acid and proline), whereas in the 
case of (3-Me-Pro)TRH, only small amounts of 
His-(3-Me)-Pro and some histidine were apparent, 
most of the radioactivity being present as unchanged 
peptide. Quantitative analysis of the above chro- 
matograms confirmed that the relative proportions 
of unchanged substrate were considerably higher in 
the case of the (3-Me-Pro)TRH samples (see Fig. 
5).Since after intravenous administration total drug 
related material is cleared from the systemic circu- 
lation at similar rates for each peptide (Fig. 4), 
improved peptide stability must necessarily result in 
higher absolute plasma concentrations of (3-Me- 
Pro)TRH over TRH at the times examined. 


DISCUSSION 


It is clear that a number of different peptide hor- 
mones undergo rapid degradation in mammalian 
tissues [9-17]. The present results have supported 
evidence that thyrotropin releasing hormone (TRH) 
is rapidly degraded by plasma and other mammalian 
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Fig. 3. Electron impact mass spectrum of the major metaboiite of (3-Me-Pro)TRH produced by rat 
plasma. 


tissues. However, chemical modification of TRH via 
the introduction of a trans-3-methyl substituent into 
the proline residue of the tripeptide conferred 
enhanced biological stability to the peptide. Methyl 
substitution also modified the pathway of metab- 
olism. TRH was rapidly metabolized to histidine, 
confirming that both peptide bonds are rapidly 
hydrolysed. Histidine was only a minor metabolite 


in the case of the analogue, however, the major ° 


metabolite produced by plasma being the His-3-Me- 
Pro . NH, dipeptide observed as its corresponding 
diketopiperazine produced by spontaneous 
cyclization. 

The means by which (3-Me-Pro)TRH shows 
greater resistance to metabolism is not completely 
clear but a steric protection of the C-terminal amide 
by the adjacent 3-methyl substituent is a possibility. 
It has been suggested [19, 20] that the mode of degra- 
dation of TRH involves an initial cleavage of the C- 
terminal amide to TRH-acid. Although not posi- 
tively identified as an intermediate in these studies, 
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Fig. 4. Concentrations of total drug-related material in the 

plasma of rats following intravenous injection of ['*C]TRH 

or ['*C] (3-Me-Pro)TRH. All rats received the peptides at 

a dose of 10 mg/kg. Values for total radioactivity in plasma 

were converted to total drug-related material by means of 

the individual peptide specific activity. @, TRH group; 
O, (3-Me-Pro)TRH group. 


this peptide may be short lived. Prasad and Peter- 
kofsky [13] have shown that the TRH enzymatic 
activity of hamster hypothalamus extracts could be 
resolved into two components, one with C-terminal 
amidase activity and the other possessing pyroglu- 
tamyl peptidase activity. Results with (3-Me- 
Pro)TRH suggest that 3-methyl-substitution in pro- 
line inhibits the action of the C-terminal amidase. 
Such an action is evident in the production of the 
diketopiperazine His-(3-Me)-Pro; although His-3- 
Me-Pro. NH, readily cyclizes, authentic L-His-L- 
trans-3-methylproline (His-3-Me-Pro.OH) was 
found not to cyclize at physiological pH. Presumably 
this is because the carboxylate is ionized at pH 7.4 
and is not susceptible to nucleophilic attack by the 
amino function in histidine. It follows, therefore, 
that in the degradation of (3-Me-Pro)TRH, His-3- 
Me-Pro .NH, and not His-3-Me-Pro.OH is the 
likely precursor to the observed diketopiperazine. 
The preferred formation of the latter from the 
analogue hormone could be evidence of a direct 
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Fig. 5. Proportions of unchanged peptide in plasma after 
intravenous administration of ['*C]TRH or ['*C](3-Me- 
Pro)TRH to rats. All rats received the peptides at a dose 
of 10 mg/kg. W, (3-Me-Pro)TRH group; A, TRH group. 
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inhibition (by the 3-methyl group) of the action of 
the C-terminal amidase. 

A translation of increased biological stability into 
greater in vivo bioavailability was illustrated in the 
case of the 3-methy! proline analogue of TRH. After 
intravenous administration to rats total drug-related 
material was cleared from the systemic circulation 
at similar rates for both peptides and it is therefore 
the stability of peptide present which primarily con- 
trols the absolute blood levels of unchanged drug. 
In a complementary fashion, the increased stability 
of the analogue to brain tissue would be expected 
to improve the relative central availability of the 
analogue assuming the efficiency of transport to the 
CNS is similar for both peptides. The increased 
stability of the analogue is therefore consistent with 
the improved CNS potency of the compound. The 
results described may be important in the design of 
peptide drugs with added protection against bio- 
logical inactivation. Studies of this nature with other 
more potent analogues of TRH are presently under 
investigation in these laboratories. 
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Abstract—The possibility that the f cell may degrade insulin to regulate pancreatic insulin stores was 
studied. Isolated rat islets were maintained in tissue culture for 6 days with 8.3mM glucose and 
mannoheptulose (0.5, 5 and 20 mM), an inhibitor of glucose phosphorylation. Mannoheptulose inhibited 
glucose utilization, insulin accumulation in the culture medium, and insulin biosynthesis, and decreased 
islet insulin content. The total recoverable insulin from the culture system (islets plus culture medium, 
corrected for extracellular insulin degradation) was 251, 127, 56 and 24 per cent of the content of freshly 
isolated islets for 0, 0.5, 5 and 20mM mannoheptulose, respectively. Thus both 5 and 20mM man- 
noheptulose caused a net loss of insulin accounted for by intracellular degradation. After 6 days in 
culture with 20mM mannoheptulose, apart from 6 cell degranulation, there were no ultrastructural 
changes indicative of the mechanism of intracellular insulin destruction. When the inhibition of insulin 
biosynthesis was taken into account, intracellular insulin degradation could even be demonstrated in 
the presence of 0.5 mM mannoheptulose. Since such degradation occurred under conditions allowing 
for a net increase in recoverable insulin, this may be a mechanism normally operative in islets to control 


insulin stores. 


The hormone content of endocrine cells is thought 
to be a reflection of a finely regulated balance 
between hormone biosynthesis, release, storage and 
degradation. Of these four intracellular events, hor- 
mone degradation is the least well characterized, 
even though its importance in the control of hormone 
content is likely in, for example, parathyroid hor- 
mone producing cells [1]. Moreover, it has been 
suggested that lysosomal activity contributes to the 
regulation of cellular hormone levels [2]. For the 
pancreatic f cell, evidence for the participation of 
insulin degradation in the regulation of pancreatic 
insulin content is sparse, although ultrastructural 
studies have shown that inhibition of insulin release 
by certain agents is associated with an apparent 
increase in lysosomal activity together with loss of 
storage granules [3-5]. There is also evidence for the 
existence in pancreatic islets of proteolytic enzymes 
capable of insulin degration [6]. 

In an earlier study, intracellular degradation of 
insulin was inferred from the results of experiments 
in which pancreatic islets were exposed to the ser- 
otonin antagonist cyproheptadine [7]. It was con- 
sidered likely that this degradation was related to 
the severe inhibition of insulin release due to cypro- 
heptadine. This agent, however, causes a multitude 
of biochemical and ultrastructural changes to islets 
[5, 7-9], thereby complicating the interpretation of 
the results. 
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In the present investigation, an attempt was made 
to improve and extend the appraisal of insulin degra- 
dation in the f cell by a better definition of the 
interrelationship between insulin degradation and 
inhibition of insulin release and biosynthesis. To this 
end, isolated rat pancreatic islets were maintained 
under tissue culture conditions in the presence of 
various concentrations of mannoheptulose. This 
seven carbon sugar, which is known to inhibit insulin 
release and biosynthesis [10-13], acts as a competi- 
tive inhibitor of glucose phosphorylation [14]. 

The results show that stored insulin decreased 
following exposure of islets to mannoheptulose, a 
decrease in which the major part could be attributed 
to intracellular insulin destruction. 


MATERIALS AND METHODS 


Isolation and maintenance of islets in culture. Pan- 
creatic islets of Langerhans were isolated from adult 
male Wistar rats by the collagenase method of Lacy 
and Kostianovsky [15]. Islets were separated from 
tissue debris and exocrine cells by the method of 
Offord and Halban [16] in which islets are washed 
in a large volume of buffer and harvested on a nylon 
mesh, thereby ensuring adequate removal of the 
collagenase and avoiding time-consuming hand pick- 
ing of the islets. The islets were then maintained for 
6 days in tissue culture in Dulbecco’s modified 
Eagle’s medium (glucose 8.3 mM, 10% heat inacti- 
vated calf serum) as described previously [7]. Islets 
(100-250) were maintained in 60 mm plastic Petri 
dishes (to which the islets did not attach) in 4 ml of 
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culture medium in a humidified atmosphere of 95% 
air-5% CO, at 37°. Mannoheptulose was prepared 
as a 100 concentrated stock solution in culture 
medium and was sterilized by filtration (0.2 um pore 
size) prior to addition to the cultures. 

Determination of immunoreactive insulin and glu- 
cagon, and of total protein. Following the mainte- 
nance ptriod, the islets were washed three times in 
a modified Krebs-Ringer bicarbonate (KRB) buffer 
[17] containing 10 mM Hepes [2-(N-2 hydroxyethyl- 
piperazin-N’-yl) ethanesulphonic acid], 5mM 
NaHCoO,, 5 mg/ml bovine serum albumin (BSA) and 
2.8mM glucose, adjusted to pH 7.4. For determi- 
nation of the islet insulin or glucagon content, 
batches of 10 islets were then transferred to 1 ml 
of acid ethanol (150:47:3, v/v; absolute 
ethanol: H,O: concentrated HCl) and left overnight 
at 4°. Immunoreactive insulin (either of acid ethanol 
extracts or of culture medium samples) was measured 
by radioimmunoassay [18] with rat insulin as the 
standard and guinea pig anti-pork insulin serum. 
Radioimmunoassay of glucagon was carried out 
following the method of Unger et al. [19] using pork 
glucagon as the standard and rabbit 30K antiglu- 
cagon serum. 'I-insulin and '“I-glucagon, used as 
tracers for the immunoassays, were prepared by the 
method of Hunter and Greenwood [20]. For the 
estimation of total protein content islets were washed 
three times in KRB—Hepes buffer without BSA and 
then digested in 1 M NaOH before estimating protein 
by the method of Lowry et al. [21]. 


Measurement of glucose utilization. Glucose util-: 


ization in either freshly isolated or maintained islets 
was determined by measuring the conversion of [5- 
*H]glucose to *H,O after Ashcroft et al. [22]. In 
brief, this method involves the incubation of batches 
of 10 islets in 40 ul] KRB—Hepes—BSA buffer (with 
mannoheptulose where appropriate) containing 2 uCi 
[5-‘H]glucose (12 Ci/mmole) isotopically diluted to 
obtain a final glucose concentration of 8.3 mM. The 
[*H]glucose was lyophilized overnight before use in 
order to remove any “H,O. The islets were incubated 
in small plastic wells which were supported inside 
sealed glass scintillation vials containing 500 ul of 
water. After a 2-hr incubation period islet metab- 
olism was arrested by the addition of 40 ul of 0.1.M 
HCl! (which was injected through the rubber caps 
sealing the scintillation vials) to the inner well con- 
taining the islets. *H,O formed by metabolism of the 
[*H]glucose was then allowed to equilibrate with the 
500 wl of water in scintillation vials by incubation 
overnight at 37°. The inner wells were then removed 
and the amount of *H,O formed determined by 
measuring the radioactivity of the water in the scin- 
tillation vials in a liquid scintillation counter (Beck- 
man model LS-8000) using Biofluor as the scintillant. 
The percentage recovery of *H,O by this method 
was 85 per cent of the theoretically expected value. 
All incubations were corrected for non-specific 
radioactivity by carrying out control incubations with 
[*H]glucose in the absence of islets. 

Measurement of insulin degradation in the culture 
medium. In order to assess the amount of insulin 
degraded in the medium in the presence of islets 
during the culture period, 50 nCi of semisynthetic 
{*H]insulin [23], a tracer known to be degraded at 
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the same rate as native insulin [24], was added to 
the medium at the start of the culture period. The 
specific activity of the tracer was 5 Ci/mmole and the 
initial insulin concentration was thus 2.5nM. At 2, 
4 and 6 days, 200 ul of medium was taken aseptically 
from the culture dishes and subjected to immuno- 
precipitation (as described below) in order to deter- 
mine the percentage intact [*H]insulin remaining in 
the culture medium. 

Insulin and total protein biosynthesis. For the study 
of insulin and protein biosynthesis, 100 islets were 
transferred, after washing three times with KRB- 
Hepes-—5 mg/ml BSA, to 0.5 ml of Eagle’s minimal 
essential medium (Earle’s salts) containing 8.3 mM 
glucose and 5 mg/ml BSA but lacking leucine, to 
which was added 100 wCi [4,5-*H]leucine (specific 
activity 53 Ci/mmole). When islets had been main- 
tained in culture in the presence of mannoheptulose 
and biosynthesis was to be measured in the continued 
presence of the agent, the same concentration of 
mannoheptulose as during maintenance was present 
both in the washing buffer and in the biosynthesis 
incubation buffer. Alternatively, when biosynthesis 
was measured after removal of mannoheptulose, the 
agent was omitted from the washing and biosynthesis 
buffers. After 3 hr at 37° (humidified atmosphere of 
95% air: 5% CO,) the islets were washed three times 
in KRB—Hepes-5 mg/ml BSA and then transferred 
to 1 ml of 0.2M glycine—-2.5 mg/ml BSA, pH 8.8 
(glycine-BSA buffer) and sonicated for 2 x 15 sec 
(Branson B-12 sonifier, setting 4). The sonicates 
were then centrifuged (30,000 g) for 30 min at 2-4° 
in a Beckman high speed centrifuge (Model L5-65). 
The supernatants were used for subsequent analyses. 
No loss of immunoreactive insulin was detectable 
following sonication and ultracentrifugation by this 
method [25]. 

Immunoprecipitable radioactive material (proin- 
sulin and insulin) was measured using the following 
method. A 10 ul portion of the islet sonicate (max- 
imum immunoreactive insulin content 50 ng) was 
dispensed into a 400 ul plastic microfuge tube. To 
this, 10 ul of guinea pig anti-pork insulin serum was 
added (total binding capacity 300-400 ng of insulin 
in this system) followed by 100 ul glycine—BSA buffer 
containing 0.5% NP40 (Nonidet P40). Binding of 
insulin to antibodies was allowed to proceed for 1 hr 
at room temperature. After this incubation period, 
5 mg Protein A-Sepharose was added in 100 ul gly- 
cine-BSA-NP40 buffer. The tubes were mixed for 
15 min at room temperature and then centrifuged 
for 30 sec in a microfuge (8000 g). The supernatant 
fluid (containing non-immunoprecipitable material) 
was withdrawn with a Pasteur pipette and placed in 
a liquid scintillation vial. The precipitate (protein 
A-Sepharose with the insulin—antibody complexes 
bound to it) was washed twice with 250 ui glycine— 
BSA-NP40. The supernatant fraction from each 
wash was added to the original supernatant fluid. 
The precipitate was finally resuspended in 250 ul 1 M 
acetic acid-2.5 mg/ml BSA and transferred to a sep- 
arate counting vial. The microfuge tube was then 
rinsed out with a further 250 ul acetic acid which was 
added to the precipitate suspension. The radioactiv- 
ity of all samples was then determined after addition 
of 10 ml of Biofluor. For determination of nonspe- 
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cific binding of radioactive material to either the anti- 
serum or the Protein A-Sepharose, nonimmune 
guinea pig serum was used instead of anti-insulin 
serum. Alternatively a 100-fold excess of native 
insulin (relative to the total binding capacity of the 
antiserum) was added to the anti-insulin serum. Both 
methods gave a nonspecific binding component of 
less than 6 per cent of the total bound radioactivity 
and all results are expressed as specifically immu- 
noprecipitable radioactivity (i.e. total bound radio- 
activity less the nonspecifically bound radioactivity 
as measured for each sample in duplicate). Immu- 
noprecipitation carried out on several aliquots of the 
same sample gave less than 10 per cent variability. 
Every sample was assayed in triplicate, and for any 
given condition, three independent experiments 
were performed. 

For the determination of total radioactive protein, 
10 ul aliquots of the islet sonicate supernatant frac- 
tions were mixed with 500 ul glycine—BSA buffer to 
which 500 ul 10% trichloracetic acid (TCA) was then 
added. After mixing, the tubes were centrifuged for 
15 min at 3000 g in the cold. The supernatant fraction 
was removed and the precipitate resuspended in 
0.5 ml of glycine—BSA and 0.5 ml 10% TCA. Both 
the supernatant fraction and the resuspended pre- 
cipitate were then transferred to liquid scintillation 
vials for measurement of radioactivity. Each indi- 
vidual sample was assayed in triplicate; there was 
less than 5 per cent variability in the measured TCA- 
precipitable radioactivity. In control experiments, 
it was found that washing the TCA precipitate did 
not significantly improve the precision of the method. 

Electron microscopy. For electron microscopy, 
islets were fixed in a 2% solution of phosphate- 
buffered glutaraldehyde, pH 7.4. After postfixing in 
2% phosphate-buffered osmium tetroxide, the islets 
were dehydrated in ethanol solutions and embedded 
in Epon. Thin sections were prepared with an LKB 
Ultratome and stained sequentially with uranyl acet- 
ate and lead before examination with a Philips 300 
electron microscope. 

Presentation of results and statistical methods. All 
results, unless otherwise stated, are presented as the 
mean + S.E. All statistical comparisons were per- 
formed by Student's t-test for unpaired data. 

Sources of material. The following were used in 
this study: collagenase (Serva Gmbh, Heidelberg, 
F.R.G.), culture medium and Hepes (Grand Island 
Biochemical Co., Grand Island, NY), Petri dishes 
(type 1007; Falcon, Oxnard, CA), mannoheptulose 
(Sigma, St. Louis, MO), BSA (fraction V; Behring- 
werke A.G., Marburg/Lahn, F.R.G.), rat insulin 
and pork glucagon (Novo Terapeutisk Laborato- 
rium, Bagsvaerd, Denmark), anti-pork insulin serum 
(a generous gift of Dr. H. H. Schéne, Farbwerke 
Hoechst A.G., Frankfurt, F.R.G.), anti-pork glu- 
cagon serum (30K; Dr. Roger Unger, Department 
of Internal Medicine, University of Texas South- 
western Medical School at Dallas, TX), [5- 
*H]glucose and [4,5-*H]leucine (Radiochemical 
Centre, Amersham, Bucks., U.K.), Sephadex G-50 
and Protein A-Sepharose (Pharmacia, Zurich, 
Switzerland), NP40 (Nonidet P40; Fluka A.G., 
Buchs, Switzerland), and Biofluor (New England 
Nuclear, Dreieich, F.R.G.). 


RESULTS 


Effects of mannoheptulose on glucose utilization 
by islets before and after 6 days in culture. In order 
to compare short and long-term effects of manno- 
heptulose on islet glucose utilization, utilization was 
measured in either freshly isolated islets or in islets 
which had been maintained for 6 days in the presence 
of different concentrations of mannoheptulose. Glu- 
cose utilization was assessed by measuring the con- 
version of [5-°H]glucose to *H,O during a 2 hr incu- 
bation period in the presence of 8.3 mM glucose. 

In the absence of mannoheptulose (controls), glu- 
cose utilization by freshly isolated islets was 308 + 
26 pmoles/10 islets/hr (N = 5). Following 6 days of 
maintenance in the absence of mannoheptulose, glu- 
cose utilization was 136 + 10 pmoles/10islets/hr(N = 
5). To facilitate comparison between the different 
groups, the results of the glucose utilization experi- 
ments are expressed as a percentage of these appro- 
priate controls (Fig. 1). For freshly isolated islets, 
0.5mM mannoheptulose inhibited glucose utiliz- 
ation to 72 per cent of control. Mannoheptulose 
(5 mM) reduced utilization to 43 per cent of control, 
while 20 mM mannoheptulose had no further effect. 
When glucose utilization was measured in the pres- 
ence of 0.5 mM mannoheptulose in islets which had 
been maintained for 6 days at the same mannohep- 
tulose concentration, no inhibition of utilization was 
observed. For islets exposed continuously to 5mM 
mannoheptulose, glucose utilization was inhibited 
to 72 per cent of the control. Finally, islets main- 
tained for 6 days with 20mM mannoheptulose 
showed inhibition of glucose utilization to 55 per 
cent of control. Thus, prolonged exposure to man- 
noheptulose appears to cause a shift in the dose— 
response curve without any major influence on the 
maximal percentage inhibition observed. 

In order to test whether such prolonged exposure 
to mannoheptulose resulted in permanent alterations 
to the islets, we also studied the reversibility of the 
inhibition of glucose utilization. When glucose util- 
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GLUCOSE UTILIZATION 
(PERCENT CONTROL) 
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MANNOHEPTULOSE (mM) 
Fig. 1. Effects of different concentrations of mannohep- 
tulose on glucose utilization by freshly isolated islets and 
islets maintained for 6 days in tissue culture. The main- 
tained islets were exposed to the given mannoheptulose 
concentration during both the culture period and a 2 hr 
incubation with [5-*H]glucose. The results (mean + S.E.) 
are expressed as a percentage of the rate of glucose util- 
ization of freshly isolated or maintained islets in the absence 

of mannoheptulose (see Results). 
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Table 1. Insulin, glucagon and total protein content of islets maintained for 6 days in the presence of 
mannoheptulose* 





Glucagon 
(ng/10 islets) 
(N = 16) 


Total protein 
(ug/10 islets) 


Insulin 
(ng/10 islets) 
(N = 16) 


Mannoheptulose 
(mM) 





0 266 + 12 
207 + <0.005 
<0.001 


<0.001 
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>0.05 
>0.05 
>0.05 


>0.05 
>0.05 
<0.01 
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* After maintenance for 6 days in tissue culture, islets were extracted with acid ethanol for radio- 
immunoassay of insulin or glucagon content. Alternatively, the islets were digested with 1 M NaOH for 
estimation of the total protein content. Results are expressed as the mean + S.E. The P values refer to 
the level of significance of the differences between islets exposed to mannoheptulose and controls (0 


mannoheptulose). 


ization was measured in the presence of 8.3mM 
glucose but in the absence of mannoheptulose, islets 
which had been maintained for 6 days with 0.5, 5 
and 20mM mannoheptulose (and subsequently 
washed three times prior to the 2 hr glucose utiliz- 
ation incubation) showed glucose utilization values 
of 104 + 8,122 + 14and 104 + 14percent of control, 
respectively (N = 6). Since these values are not sig- 
nificantly different from the control (maintained in 
the absence of mannoheptulose), the inhibitory 
effects of mannoheptulose exerted over 6 days are 
rapidly and completely reversible. 

Effects of mannoheptulose on islet content of insu- 
lin, glucagon and total protein. Islets were maintained 
in culture for 6 days in the presence of different 
concentrations of mannoheptulose. Islet insulin, glu- 
cagon or total protein content was then determined 
(Table 1). The islet content of immunoreactive 
insulin decreased with increasing mannoheptulose 
concentration. At the highest dose used, 20 mM, 
islet insulin content was 12 per cent of control. By 
contrast, mannoheptulose was without significant 
effect on islet content of immunoreactive glucagon. 
Finally, total islet protein content was not affected 
by 0.5 or 5mM mannoheptulose, whereas exposure 
for 6 days to 20mM mannoheptulose resulted in a 
lowering to 68 per cent of control. The most pro- 
nounced changes induced by mannoheptulose were 
thus those found in insulin content. 

Effects of mannoheptulose on insulin and total pro- 
tein biosynthesis. Biosynthesis was followed by incu- 
bating islets for 3 hr in the presence of [*H]leucine. 
Insulin biosynthesis was measured by immunopre- 
cipitation of radioactive material. No attempt was 
made to distinguish between proinsulin and insulin 
biosynthesis, because under the conditions used for 
immunoprecipitation (> 100-fold excess of antibody 
binding capacity over antigen) both insulin and 
proinsulin are quantitatively precipitated. All results 
shown have been corrected for nonspecific precipi- 
tation (see Materials and Methods). Total protein 
biosynthesis was measured by trichloroacetic acid 
precipitation of aliquots of the radioactive material. 

The results of experiments with freshly isolated 
islets are shown in the left hand panels of Fig. 2. 
Mannoheptulose (0.5 mM) had little effect on either 
insulin or protein biosynthesis. At 5mM manno- 
heptulose, insulin biosynthesis was 24 per cent of 
control whereas protein biosynthesis was 84 per cent 


of control. At 20 mM mannoheptulose, these values 
were 8 and 77 per cent, respectively. Thus, at both 
these higher concentrations of the heptose, there 
was a preferential inhibition of insulin biosynthesis. 
In islets maintained for 6 days in the presence of 
mannoheptulose and then exposed to [*H]leucine in 
the continued presence of the same concentration 
of the agent (Fig. 2, middle panels), 0.5 mM man- 
noheptulose only induced a small inhibition in insulin 
biosynthesis. The higher doses of mannoheptulose 
inhibited insulin biosynthesis to a comparable extent 
as that seen for fresh islets (P > 0.2), whereas totai 
protein biosynthesis was more inhibited than in 
freshly isolated islets. 

To test the reversibility of the inhibition of both 
insulin and protein biosynthesis, islets which had 
been maintained for 6 days in the presence of man- 
noheptulose were washed and then exposed to 
[*H]leucine in the absence of the heptose (Fig. 2, 
right hand panels). The inhibition of insulin biosyn- 
thesis following exposure for 6 days to 0.5 and 5 mM 
mannoheptulose was fully reversible. Whilst removal 
of 20mM mannoheptulose following 6 days of 
exposure significantly increased insulin biosynthesis, 
it was only restored to 54 per cent of control, and 
thus proved only partially reversible during the 3 hr 
biosynthesis incubation. Strikingly, total protein bio- 
synthesis, following removal of 5 or 20mM man- 
noheptulose, was 184 and 185 per cent of control, 
respectively. 

Effects of mannoheptulose on total recoverable 
insulin from the culture system (islets plus culture 
medium). Mannoheptulose is known to’ inhibit insu- 
lin release [11]. This was reflected in an inhibition 
of the amount of insulin accumulated in the culture 
medium during 6 days of maintenance of islets. The 
results are shown in the left hand panel of Fig. 3. 
It can be seen that there was a progressive inhibition 
of insulin accumulation in the culture medium with 
increasing mannoheptulose concentration. At 20 mM 
mannoheptulose, insulin in the medium was only 9 
per cent of control. In these experiments the islet 
insulin content was also measured (Fig. 3, right hand 
panel). In addition, the insulin content of represen- 
tative islets prior to culture was assessed (Fig. 3, 
open bar). Islets maintained for 6 days in the absence 
of mannoheptulose showed a 19 per cent decrease 
in insulin content relative to the content of the 
appropriate fresh islets; this difference, however, 
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Fig. 2. Effects of different concentrations of mannohep- 
tulose on insulin and total protein biosynthesis, and reversi- 
bility of such effects. The incorporation of [*H]leucine into 
immunoprecipitable products (proinsulin plus insulin) and 
into TCA precipitable products (total protein) was assessed 
after a 3 hr incubation with the labelled amino acid of either 
freshly isolated islets (left hand panels) or of islets main- 
tained for 6 days in the presence of mannoheptulose, the 
heptose being maintained at the same concentration during 
the biosynthesis incubation (middle panels). The right hand 
panels show results for islets maintained for 6 days with 
mannoheptulose followed by the 3 hr incubation for the 
study of biosynthesis in the absence of the heptose. The 
results are expressed as a percentage of the biosynthetic 
rates of control islets (dashed line). For freshly isolated 
islets these were 5.6+ 1.3 (x 10*) and 31 + 12 (x 10°) 
dpm/10 islets/3 hr (N = 3) for insulin and total protein 
biosynthesis, respectively. For 6-day-maintained islets, the 
biosynthetic rates were 2.5 + 0.3 (x 10°) and9 + 1.4(x 10°) 
dpm/10 islets/3 hr (N = 6) for insulin and total protein 
biosynthesis, respectively. The results are expressed as the 
mean +S.E. (of three independent experiments, each 
experiment having been performed in triplicate). The man- 
noheptulose concentrations given at the bottom of the 
figure refer to the concentration present during either the 
6 day maintenance period (‘culture’) or during the 3 hr 
incubation with ["H]leucine (‘biosynthesis’) 


was not statistically significant (P > 0.05). This series 
of experiments showed a similar decrease in islet 
insulin content with increasing mannoheptulose con- 
centration as described above (Table 1). 

Clearly, any insulin in the culture medium may be 
susceptible to degradation. In order to assess such 
extracellular degradation, [*H]insulin was added to 
the culture system (in the presence of islets) at the 
start of the culture period, and aliquots of the 
medium taken for analysis of insulin degradation at 
various times. There was progressive, exponential 
degradation of insulin with time, and after 6 days 20 
per cent of the original [*H]insulin had been 
degraded. The presence of 5 or 20mM mannohep- 
tulose during the maintenance period had no effect 
on insulin degradation in the medium. Since both 
of these doses of the heptose markedly inhibited 
insulin accumulation in the culture medium, it would 
appear that insulin degradation in the presence of 
islets is independent of the insulin concentration in 
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the medium. For the estimation of the total recover- 
able insulin from the culture system (islets plus cul- 
ture medium) the extracellular degradation was 
taken into account by augmenting values for insulin 
accumulated in the culture medium by the 20 per 
cent correction factor. This factor is, in reality, an 
overestimated value, since it pertains to insulin pres- 
ent throughout the 6 day incubation. Clearly, insulin 
released towards the end of the culture period would 
be expected to be degraded to a lesser extent. The 
insulin content of cells which had detached from the 
islets during the culture period was never found to 
contribute significantly to the total recoverable insu- 
lin of the culture system and was thus not taken into 
account. 

The total recoverable insulin for islets maintained 
in the absence of mannoheptulose was 1135 ng/10 
islets (Fig. 3, right hand panel). This value shows a 
net increase of 683 ng/10 islets relative to the content 
of the islets before culture (i.e. the amount of insulin 
introduced into the culture system). Exposure of 
islets for 6 days to 0.5 mM mannoheptulose resulted 
in a reduction of the recoverable insulin to 569 ng/10 
islets. This value is only 117 ng/10 islets higher than 
the insulin content of the freshly isolated islets. Thus, 
islets exposed to 0.5 mM mannoheptulose for 6 days 
only increased the insulin content of the culture 
system by 17 per cent compared to the increase seen 
in untreated islets. Insulin biosynthesis, however, 
was only inhibited by up to 33 per cent with this dose 
of mannoheptulose (Fig. 2). The apparently dimin- 
ished generation of insulin cannot, therefore, be 
accounted for merely by inhibition of insulin 
biosynthesis. 

When islets were treated for 6 days with 5mM 
mannoheptulose, the total recoverable insulin was 
only 245 ng/10 islets. This value, it should be stressed, 
is 207 ng/10 islets lower than the initial fresh islet 
content. This effect is even more pronounced fol- 
lowing exposure to 20mM mannoheptulose where 
the total recoverable insulin fell to 107 ng/10 islets, 
a decrease of 345 ng/10 islets from the insulin content 
of the freshly isolated islets originally placed in cul- 
ture. Although these two concentrations of man- 
noheptulose severely inhibit insulin biosynthesis 
(Fig. 2) this would not be expected to result in a net 
loss of insulin from the culture system (exceeding 
the 20 per cent insulin degradation in the culture 
medium already taken into account). It can therefore 
be concluded that treatment of islets for 6 days with 
mannoheptulose at the three doses studied (0.5, 5 
and 20 mM) results in an intracellular loss of immu- 
noreactive insulin. It is interesting to note that, as 
shown in Table 1, there was no significant decrease 
in islet glucagon content due to exposure of man- 
noheptulose. Furthermore, mannoheptulose had no 
effect on the accumulation of glucagon in the culture 
medium and, accordingly, no net loss of glucagon 
from the culture system due to mannoheptulose was 
observed (data not shown). 

Effects of mannoheptulose on islet ultrastructure. 
Following 6 days of maintenance in culture in the 
absence of mannoheptulose, the ultrastructure of the 
islet cells was well preserved. As shown in Fig. 4a, 
the 6 cells were well granulated, the 6 granules 
retaining their typical appearance. The most striking 
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Fig. 3. Effects of 6 day exposure of islets to mannoheptulose on insulin accumulated in the culture 
medium and on the total recoverable insulin from the culture system. The.insulin accumulated in the 
culture medium was assessed at the end of the 6 day maintenance period (shown in the left hand panel). 
The measured values were then corrected for the amount of insulin degraded in the culture medium 
during the culture period (see Results). These corrected values were then added to the values for insulin 
content of islets from the same culture vessel (shown in the lower line of the right hand panel). The 
sum of these values represents the total recovered insulin from the culture system corrected for 
extracellular insulin degradation (right hand panel, upper line). The bar and the dashed line refer to 
the insulin content of freshly isolated islets, i.e. the initial insulin content of the culture system. The 
results are expressed as the mean + S.E: of the number of independent cultures indicated in the bottom 
line of the figure. ; 


effect of 6 days of exposure to 20mM mannohep- 
tulose was a marked degranulation of the f cells 
(Fig. 4b), with a moderate dilatation of the cisternae 
of the rough endoplasmic reticulum which were filled 
with pale flocculent material. 


DISCUSSION 


Exposure of islets for 6 days to mannoheptulose 
resulted in a dose-related inhibition of glucose util- 
ization, protein and insulin biosynthesis, and insulin 
release, as well as a decrease of islet insulin content. 
Glucose utilization by freshly isolated islets was 
inhibited even by 0.5mM mannoheptulose in the 
presence of 8.3mM glucose. For an agent thought 
to exert its effects as a competitive inhibitor of glu- 
cose phosphorylation [14] this is an unexpected 
result, although it does confirm earlier findings 
[11,26]. Furthermore, even at 20mM mannohep- 
tulose, glucose utilization was inhibited only to 
approximately 50 per cent of control, suggesting the 
existence of a mannoheptulose-resistant component 
of glucose utilization, a conculsion reached, albeit 
tentatively, elsewhere [11, 22, 26]. Finally, long-term 
exposure of islets to mannoheptulose resulted in a 
greater inhibition of insulin release (as measured by 
insulin accumulation in the culture medium) than of 

.glucose utilization. This has been previously 
observed following short-term exposure to the agent 
[27]. It can thus be concluded that mannoheptulose 
may affect 6 cell function by pathways distinct from 
glucose uiilization. 

Insulin biosynthesis was more severely inhibited 
by mannoheptulose than total protein biosynthesis 
under all the experimental conditions used. The 
inhibition of insulin biosynthesis was fully reversible 


following exposure for 6 days to 0.5 or 5mM man- 
noheptulose and partially reversible after exposure 
to 20mM mannoheptulose. For total protein bio- 
synthesis, the inhibitory effects of mannoheptulose 
were fully reversible. In the case of 5 and 20mM 
mannoheptulose, removal of the agent after 6 days 
resulted in an overshoot in protein biosynthesis to 
185 and 184 per cent of control, respectively, possibly 
reflecting a compensatory mechanism for the prior 
inhibition of the synthesis of rapidly turning-over 
proteins. An alternative explanation could be that 
mannoheptulose affects intracellular leucine pools. 
This could result in a reduced incorporation of 
[*H]leucine in the presence of mannoheptulose and 
an augmented incorporation following its removal. 
However, any such effects on leucine pools would 
not be expected to inhibit insulin biosynthesis pref- 
erentially and must thus be taken to play only a 
relatively minor role. Finally, there is a possibility 
that prolonged exposure to an agent known to inter- 
fere with glycolysis may change the energy status of 
the cell, in turn altering biosynthetic rates. None- 
theless, it should be stressed that insulin biosynthesis 
was inhibited to a similar extent whether islets had 
been exposed for 3 hr to mannoheptulose or for 6 
days plus 3hr. This suggests that prolonged inter- 
ference with islet function by mannoheptulose does 
not exert an additional effect on insulin biosynthesis. 

The main purpose of this study was to investigate 
degradation of insulin within islet cells. Since intra- 
cellular degradation in other tissues has been shown 
to be operative at all times [28, 29], resulting in a 
futile cycle, it was anticipated that careful manipu- 
lation of the balance between insulin release and 
biosynthesis could reveal or unmask any significant 
intracellular insulin degradation that might occur. 
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Fig. 4. Effects of mannoheptulose on islet ultrastructure. (a) 6 cells of islets maintained for 6 days in 
the absence of mannoheptulose. Magnification x 11,300. (b) B cells of islets maintained for 6 days in 
the presence of 20mM mannoheptulose. Magnification x 13,800. 
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In addition, it has been suggested that inhibition of 
hormone release from various tissues may actually 
stimulate intracellular degradation [1, 4,7, 30]. In 
this study, by changing the mannoheptulose concen- 
tration, it was possible to selectively affect insulin 
release with either only partial or more severe inhi- 
bition of insulin biosynthesis. 

Knowing (a) the degradation of insulin in the 
culture medium, (b) the insulin content of the islets 
before culture (which is the starting content of the 
culture system), (c) the content of islets after culture, 
and (d) the amount of insulin accumulated in the 
culture medium, it is possible to calculate whether 
intracellular degradation of insulin occurs when islets 
are exposed to mannoheptulose. Considering the 
results of exposure for 6 days to 5 or 20mM man- 
noheptulose, it is apparent that there is a net loss 
of insulin from the culture system (Fig. 3, right hand 
panel). Since degradation of insulin in the culture 
medium was measured and the results in Fig. 3 
subsequently corrected for such extracellular degra- 
dation, the net loss of insulin must be due to insulin 
degradation within islet cells. However, merely com- 
paring the net recoverable insulin with the insulin 
content of the system at the start of the culture 
period by necessity gives an underestimate of insulin 
degradation because none of the mannoheptulose 
concentrations used caused a complete inhibition of 
insulin biosynthesis. In order to assess intracellular 
insulin degradation with continuing, albeit reduced, 
insulin biosynthesis, the net production of insulin in 
the culture system rather than the net loss must be 
considered. This is achieved by comparing the total 
recoverable insulin from islets maintained in the 
absence of mannoheptulose with that measured fol- 
lowing exposure to the agent. The expected insulin 
production relative to controls can be calculated 
knowing the percentage inhibition of insulin biosyn- 
thesis at any given dose. When this is done, it can 
be shown that even 0.5 mM mannoheptulose, which 
only marginally affected insulin biosynthesis and 
which allowed for a small increase in total recover- 
able insulin (Fig. 3), caused intracellular insulin 
degradation (see Results). Intracellular degradation 
estimated by this approach was 341 + 36 (N = 10), 
460 + 20 (N= 14) and 454+11 (N= 12) ng/10 
islets/6 days for 0.5, 5 and 20 mM mannoheptulose, 
respectively. These values are similar in magnitude 
to the insulin content of the freshly isolated islets. 

Interestingly, if the estimated values for intra- 
cellular insulin degradation are compared with the 
total recoverable insulin for the different manno- 
heptulose concentrations (Fig. 3, right hand panel) 
it becomes apparent that the estimated degradation 
varies much less. However, it should be noted that 
these estimations do not take into account the pos- 
sibility of a major contribution of intracellular degra- 
dation normally occuring in the absence of manno- 
heptulose. Indeed, should such degradation occur 
in unperturbed islets and should its magnitude be 
much greater than the above estimates then the 
effects of mannoheptulose in absolute terms will be 
different. Because the techniques used here do not 
permit assessment of the rate constants for either 
insulin biosynthesis or intracellular degradation, fur- 
ther studies are required to answer this question. 
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The disposal of intracellular peptide hormone 
secretory granules is thought to proceed via a lyso- 
somal pathway involving phagocytosis and subse- 
quent destruction of granules by preexisting lyso- 
somes (crinophagy) [3, 4, 31-33]. The ultrastructural 
findings presented here do not provide evidence for 
increased appearance of lysosomal figures following 
mannoheptulose treatment. Since the end products 
of lysosomal activity in islets have been shown to be 
released from the cell [34], the ultrastructure of islets 
maintained in the presence of mannoheptulose for 
only one day was also examined in order to determine 
whether lysosomal residual bodies could be detected 
prior to their release. No evidence for increased 
lysosomal activity due to mannoheptulose could be 
found even at this early time point (data not shown). 
Further studies are thus required in order to elucidate 
the mechanism of intracellular insulin degradation 
by the f cell, and to establish to what extent such 
degradation regulates insulin storage under both 
physiological and pathological conditions. 
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Abstract—The stimulatory action of cofactors on PG synthetase in the microsomal fraction of rat kidney 
medulla has been examined in relation to the sex of the animals. Norepinephrine stimulated the activity 
of PG synthetase to the same degree in males and females. Reduced glutathione caused a much greater 
increase in the PG synthetase activity in females than in males. In females reduced glutathione was a 
stronger activator of PG synthetase than norepinephrine, whilst in males it was a poorer stimulator. 
These results suggest that there may be a sex difference in the PGE isomerase which converts PG 
endoperoxides to PGE, possibly due to sex hormones. 


Prostaglandin (PG) synthetase in the microsomal 
fraction of a variety of tissues is stimulated by various 
natural phenolic compounds and reduced glutathi- 
one (GSH) [1-6]. GSH is possibly specifically 
involved as a coenzyme in PG endoperoxide E iso- 
merase [7] and PG endoperoxide D isomerase [8]. 
These results indicate that the phenolic compounds 
and GSH may be the endogenous cofactors involved 
in regulating the biosynthesis of PGs in vivo. 
When extracts of brain homogenized in Krebs 
solution were chromatographed for group separation 
of PGs, in female brains only material running as 
PGE was detected whereas in male brains PGF-like 
or PGE+PGF-like material was found [9]. There 
were also sex differences in the effect of indometh- 
acin on the PG biosynthesis [9], and in the content 
of PGs in brain [9, 10]. Furthermore, PG synthetase 
activity in rat kidney medulla microsomes was sig- 
nificantly higher in males than in females [11]. 
Aithough only a little is known regarding the 
endogenous regulating mechanism of the generation 
of PGs, these data suggest one possibility that the 
actions of cofactors on PG synthetase may differ 
between males and females. In this investigation, 
therefore, it was decided to examine the stimulatory 
action of cofactors on PG synthetase activity in rat 
kidney medulla in relation to the sex of the animals. 


MATERIALS AND METHODS 


Materials. Arachidonic acid (Grade I), GSH and 
bovine serum albumin were purchased from Sigma 
Chemical Co., St. Louis, MO. Norepinephrine bitar- 
trate (NE) was the product of Wako Pure Chemical 
Industries, Ltd., Osaka, Japan. PGE radioimmuno- 
assay kit was obtained from Clinical Assays Inc., 





¢ To whom reprint requests should be addressed. 


Cambridge, MA. Authentic PGB, was a gift from 
Ono Pharmaceutical Co., Ltd., Osaka, Japan. 

Assay of PG synthetase. Adult Wistar rats of either 
sex weighing 250-300 g were decapitated, and the 
kidneys were rapidly removed. The medulla was 
dissected out and homogenized in 10 vol. 0.1 M Tris— 
HC! buffer, pH 8.0, with a Potter-Elvehjem homo- 
genizer. The homogenates were centrifuged at 
12,000 g for 20 min. The supernatant fractions were 
diluted and further centrifuged at 105,000 g for 60 min 
in a Beckman model L5-65 ultracentrifuge. The 
resultant microsomal pellet was suspended by homo- 
genization in 0.1 M Tris-HCl buffer, pH 8.0. This 
microsomal fraction was used for assay of PG syn- 
thetase according to the method of Pong and Levine 
[5]. A 0.5 ml portion of the fraction containing 0.3- 
0.4 mg protein was incubated at 37° with arachidonic 
acid as a substrate. NE and GSH were used as 
cofactors of PG synthetase and each of them was 
added to give a final concentration of 1 mM [4]. At 
termination of the incubation, the reaction mixture 
was boiled for 1.5 min and diluted to 5.0 ml with ice- 
cold Tris—isogelatin buffer (0.01 M, pH 7.4, con- 
taining 0.14 M NaCl and 0.1% (w/v) gelatin). After 
removal of the denatured protein by centrifugation, 
PGE was determined in the supernatant fluid (1.0 
ml). 

Protein concentration was measured by the 
method of Lowry et al. [12] with bovine serum 
albumin as the standard. 

Determination of PGE,. PGE, was determined by 
radioimmunoassay using a commercially available 
PGE radioimmunoassay kit. The kit protocol is a 
modification of the methods of Levine et al. [13] and 
Gutierrez-Cernosek ef al. [14]. Briefly, PGE, was 
converted to PGB, by alkaline treatment, and which 
was assayed with anti-PGB, rabbit serum. A stan- 
dard curve was obtained using authentic PGB, in the 
range of 41 pg-10 ng, and only the linear part of the 
curve (100-4000 pg) was used. PGB, required for 50 
per cent inhibition of the binding of [7H]PGB, to the 
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Fig. 1. Effect of incubation time on PG synthesis by the 

microsomal fraction of kidney medulla of male rats. The 

fractions were incubated at 37° with 130 uM arachidonic 

acid for the indicated time in the presence of 1 mM NE 

and 1 mM GSH. PGE, formed was determined by radio- 

immunoassay. Each point is the mean of duplicate 
measurements. 


antiserum was 610 pg. The activity of PG synthetase 
was represented as ng PGE, formed/mg protein. 
Statistical analysis was performed using Student’s 
t-test. 
RESULTS 


The incubation of the microsomal fraction of rat 


kidney medulla with arachidonic acid resulted in the 


formation of PGE,. As shown in Fig. 1, the PG 
formation increased during the first 30 min of incu- 
bation and then ceased. The effect of arachidonic 
acid concentration on PG formation is shown in Fig. 
2. PG production was increased to a peak at 130 
UM arachidonic acid with apparent K,,, value 2.4 uM. 
Therefore, this concentration was used 
subsequently. 

The incubation of the microsomal fraction from 
either males or females with arachidonic acid in the 
absence of cofactors produced small but consistent 
amounts of PGE, (Table 1). The tendency for a 
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Fig. 2. Effect of substrate concentration on PG synthesis. 

The fractions were incubated at 37° for 30 min with various 

concentrations of arachidonic acid. Other details are as 
given in Fig. 1. 


slightly higher PG production in males is not statis- 
tically significant (P >0.1). NE or GSH significantly 
enhanced the PG production in preparations from 
both sexes, but although NE alone stimulated the 
activity of PG synthetase by a similiar ratio in both 
sexes, more PGE, was formed by preparations from 
males than from females. However, GSH enhanced 
PG formation in preparations from females more 
than from males. In males GSH stimulated PG syn- 
thetase less than NE, whereas in females the reverse 
occurred. 

Simultaneous addition of NE and GSH caused an 
increase in the PG formation in preparations from 
both sexes, but the ratio of the increase was greater 
in females than in males. 


DISCUSSION 


Inhibition of enzymatic formation of PGE, by high 
concentrations of arachidonic acid has been reported 
for rabbit kidney medulla microsomes by Schwartz- 


Table 1. Sex differences in stimulatory action of NE (1 mM) and GSH (1 mM) on PG 
synthetase in the microsomal fraction of rat kidney medulla* 





Number 
of 
experiments 


4) 
o 
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Addition 


Ratio of 
increased PGE, 
formed 


PGE, formed? 
(ng/mg protein) 





None 
NE 
GSH 


NE + GSH 


NEnS 7S 7S 


iS: e3 
8.4+ 0.98 
64.8 + 5.5 
47.8 + 4.34 
30.5 + 4.9 
57.0 + 2.7§ 
70.2 + 13.7 
63.5 + 4.4 


DANUN 





* The microsomal fractions were incubated with 130 uM arachidonic acid for 30 min at 


ar. 
+ Values are means + S.E. 


+ P < 0.05, § P < 0.001; males vs females. 





Sex difference in prostaglandin synthetase 


man et al. [15] and for bovine seminal vesicle micro- 
somes by Flower et al. [2] and Robak et al. [16]. In 
agreement with these results, our studies showed a 
pronounced substrate inhibition of PG formation at 
0.2 mM arachidonic acid in rat kidney medulla 
microsomes. The K,, values reported by Schwartz- 
man et al. [15], Robak et al. [16] and ourselves are 
about 10, 7.6 and 2.4 uM, respectively. 

The activity of PG synthetase in the microsomal 
fraction of rat kidney medulla was higher in males 
than in females in the presence of NE alone, whereas 
the activity was much higher in females in the pres- 
ence of GSH alone. Similar tendencies either in the 
absence or in the presence of NE + GSH did not 
reach statistical significance, although Gecse et al. 
[11] found that the PG synthetase activity in rat 
kidney medulla microsomal fraction in the presence 
of NE and GSH is higher in males than in females. 
However, Gecse et al. [11] used the microsomal 
fraction containing 2—3 mg protein, incubated with 
0.1 uM [“C]arachidonic acid in the presence of 1 
mM NE and 2 mM GSH, and the radioactive PGs 
were analysed by thin layer chromatography, 
whereas in this investigation the microsomal fraction 
containing 0.3-0.4 mg protein was incubated with 
130 uM arachidonic acid, and PGE, formed was 
determined by radioimmunoassay. Thus, since at a 
low substrate-enzyme ratio the sex difference 
appears, it seems likely that the effect of the substrate 
concentration on PG synthetase may differ between 
males and females, but this would not affect the 
interpretation of our data for stimulatory actions of 
cofactors. 

The present studies have also demonstrated that 
there are sex differences in the stimulatory action 
of cofactors on PG synthetase in the microsomal 
fraction of rat kidney medulla. Tai et al. [4] reported 
that GSH stimulated kidney medulla PG synthetase 
less than does epinephrine or NE. This accords with 
our results in males, but we have found that in 
females GSH is a stronger stimulator of PG synthe- 
tase than NE. 

PG synthetase activity in microsomal fraction is 
stimulated by GSH [1-6], tryptophan [3], epineph- 
rine [2, 4], NE [4] or hydroquinone [5, 17]. Phenolic 
compounds such as NE or tryptophan stimulate the 
synthesis of the endoperoxide intermediates and are 
supposed to be cofactors for cyclooxygenase, a con- 
stituent of PG synthetase [3, 18]. GSH facilitates the 
formation of PGs from endoperoxide [3, 18]. Either 
cofactor leads to a greater synthesis of all the primary 
PGs [4]. PG endoperoxide E isomerase, which cat- 
alyses the PGE formation from endoperoxide, 
requires GSH both for the reaction and for enzyme 
stability [7]. Hence, our results suggest that there 
may be a sex difference in PG endoperoxide E 
isomerase. 

GSH has also been implicated in the conversion 
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of 15-hydroperoxy-endoperoxide into 15-hydroxy- 
endoperoxide by the action of glutathione peroxidase 
[1]. The activity of this enzyme is higher in mature 
female rats than in mature male rats [19], due to 
oestradiol and progesterone [20]. These hormones 
also affect PG synthesis by several tissues in vivo 
[21, 22] and in vitro [22-24]. Treatment of gonadec- 
tomized rats with sex hormones, particularly oestra- 
diol, affects PG synthesis by kidney medulla micro- 
somes.* Therefore, sex hormones may _ be 
responsible for the sex difference in PG formation. 
Another possibility, which remains to be elucidated, 
is that altered activity of intracellular glutathione 
peroxidase in response to sex hormones [20] may 
subsequently modify PG biosynthesis with respect 
to the action of cofactors. 
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Abstract 


Calf thymus DNA was reacted with C-labeled bis-chloroethyl nitrosourea (BCNU), and 


chloroethyl cyclohexyl nitrosourea (CCNU), and the nature of the derivatives investigated in an 
enzymatic digest. In agreement with earlier studies on polyribonucleotides, evidence was obtained for 
the formation of 7-hydroxyethyldeoxyguanosine, 3-hydroxyethyldeoxycytidine and 3,N *-ethanodeoxy- 
cytidine. In addition, significant amounts of 7-aminoethylguanine were identified in the hydrolysate of 
DNA treated with BCNU, but not in the hydrolysate of DNA treated with CCNU. Aminoethylguanine 
was also formed when DNA was reacted with chloroethylamine, suggesting that BCNU produced 
aminoethylguanine via chloroethylamine as an intermediate. Because both BCNU and CCNU are 
effective antitumor agents, the formation of aminoethylguanine is probably not an important cytotoxic 
reaction, but it may have significance as far as mutagenic or carcinogenic activities are concerned. 


The chloroethy! nitrosoureas, a group of compounds 
with a distinctive chemical structure (1-haloethyl-3- 
alkyl-1-nitrosourea), are useful in the treatment of 
a variety of neoplasms. Although the mechanism by 
which they produce their cytotoxic action is not fully 
understood it was shown early in their development 
that they have both alkylating [1] and carbamoylating 
activities [2]. Cheng et al. [3] found that the chloro- 
ethyl group in the | position react with nucleic acids, 
whereas the constituent at the 3 position is involved 
in carbamoylation. 

Early investigations in our laboratory led us to 
propose that the chloroethyl group at the | position 
is transferred intact to nucleic acids where it can then 
react secondarily to produce intra- or interstrand 
crosslinks [4, 5]. Evidence for the formation of inter- 
strand crosslinks has come from physical studies in 
Kohn’s and Lown’s laboratories on DNA exposed 
to BCNU [6, 7]. 

Earlier papers in this series have been concerned 
with the structures of ribonucleoside derivatives 
obtained from the reaction of nucleosides and poly- 
ribonucleotides with haloethy! nitrosoureas [8-10]. 
These have included: 3-hydroxyethylcytidine, 3-fluo- 
roethylcytidine, 3,N*-ethanocytidine, 7-hydroxy- 
ethylguanosine, 7-fluoroethylguanosine, 1-hydroxy- 
ethyladenosine, 1,N°-ethanoadenosine and 1- 
fluoroethyladenosine. 

In this paper, we examine the products of reaction 
of BCNU with DNA. In addition to several deriva- 
tives that would have been expected from our earlier 
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studies, we found significant amounts of 7-amino- 
ethylguanine, which is evidently formed from the 
chloroethyl group in the 3 position of BCNU. This 
derivative was also isolated from DNA reacted with 
chloroethylamine or chloroethylisocyanate, but not 
with CCNU. The possible contribution of amino- 
ethylguanine to the cytotoxic or mutagenic effects 
of BCNU is discussed below. 


MATERIALS AND METHODS 


Crystalline BCNU, CCNU, 1,3-bis({'"C]-2-chloro- 
ethyl)-1-nitrosourea and_ 1-({'*C]-2-chloroethyl)-3- 
cyclohexyl-l-nitrosourea were obtained from Dr. 
Robert Engle, Drug Research and Development, 
National Cancer Institute, Division of Cancer Treat- 
ment. Deoxycytidine was purchased from P-L Bio- 
chemicals (Milwaukee, WI) and deoxyguanosine 
from ICN Pharmaceuticals (Irvine, CA). Calf thy- 
mus DNA, venom phosphodiesterase (EC 3.1.4.1), 
spleen phosphodiesterase (EC 3.1.4.18), deoxyri- 
bonuclease I (EC 3.1.4.5) and bacterial alkaline 
phosphatase (EC 3.1.3.1) came from the Worthing- 
ton Biochemical Corp. (Freehold, NJ). Ethylene 
oxide was purchased from Eastman Organic Chem- 
icals (Rochester, NY), 2-chloroethylisocyanate from 
the Tridom Chemical Co. (Hauppauge, NY), 2-chlo- 
roethylamine—HCl from the Pfaltz & Bauer Chem- 
ical Co. (Stamford. CT) and 2-bromoethylamine- 
HBr from the Aldrich Chemical Co. (Milwaukee, 
WI). 

Markers for the expected deoxynucleoside deriva- 
tives were synthesized by published methods or by 
established reactions for the corresponding ribonu- 
cleoside derivatives. Thus, 7-/-hydroxyethyldeoxy- 
guanosine was prepared by a slight modification of 
the procedure of Roe et al. [I\j: 
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10 mg deoxyguanosine was reacted with approxi- 
mately 100 ul ethylene oxide in 1 ml dimethylsulfox- 
ide (DMSO) overnight at 37°. The reaction mixture 
was separated on an SP-Sephadex C-25 column; frac- 
tions corresponding to the product peak were pooled 
and concentrated by lyophilization. The major 
derivative, 7-f-hydroxyethyldeoxyguanosine, was 
purified by reverse phase high pressure liquid 
chromatography (h.p.|.c.), and its identity confirmed 
by ultraviolet spectroscopy. 7-6-Hydroxyethylguan- 
ine was prepared by heating the corresponding deox- 
ynucleoside for 15 min in 0.1 N HCI at 100°. 
3-f-Hydroxyethyldeoxycytidine was prepared by 
a similar reaction between deoxycytidine and eth- 
ylene oxide. The product was separated and purified 
in the same way, and was shown to have the same 
ultraviolet spectrum as 3-f-hydroxyethylcytidine [4]. 

3,N*-Ethanodeoxycytidine was prepared by a 
method analogous to that used by Tong and Ludlum 
[10] to prepare 1,N°-ethanoadenosine. Deoxycyti- 
dine (100 mg) was reacted with 100 ul of 1,2-dibromo- 
ethane in 1 ml DMSO for 24 hr at 37°. Again, the 
major product was separated from unreacted deoxy- 
cytidine on an SP-Sephadex C-25 column, purified 
further by h.p.l.c., and shown to have the same 
ultraviolet spectrum as 3,N*-ethanocytidine [4]. 

Reactions with DNA were carried out in aqueous 
solutions. BCNU, labeled with '“C in both 
chloroethy! groups (9.63 x 10°° mmole, 
0.346 mCi/mmole), was incubated with 2 mg of calf 
thymus DNA in 1 ml of 25 mM sodium cacodylate 
buffer, pH 7.0, for 24 hr at 37°. Then, the DNA was 
precipitated by the addition of 50 ul of 6 M NaCl and 
2 vol. of ice-cold ethanol, collected by centrifugation, 
and redissolved in | ml of water. This precipitation 
procedure was repeated three times, which reduced 
the radioactivity in the supernatant fraction to back- 
ground levels. 

Finally, DNA was adjusted to a concentration of 
approximately | mg/ml and digestedin 50 mM sodium 
cacodylate buffer, pH 7.0, that contained 1 mM NaCl 
and 15 mM MgCl, with 0.4 unit of venom phospho- 
diesterase, 0.2 unit of spleen phosphodiesterase, 
2 units of deoxyribonuclease I and 1 unit of bacterial 
alkaline phosphatase. After incubation at 37° for 
48 hr, the digest was separated on SP-Sephadex C- 
25. 

DNA was reacted with 1-({'*C]-2-chloroethyl)-3- 
cyclohexyl-1-nitrosourea (8.6 x 10°? mmole, 
0.917 mCi/mmole) in the same manner and was then 
washed, digested and separated on SP-Sephadex C- 
25 as described above. 

Isolation and _ identification of derivatives 
depended on reverse phase high pressure liquid 
chromatography. This was performed on a modular 
apparatus consisting of a Milton Roy 5S000-PSI 
minipump, a Laboratory Data Control model 709 
pulse damper, a Waters Associates u-Bondapak C\, 
column, a Perkin Elmer LC-5S5 u.v. detector and a 
Perkin Elmer Sigma 10 Data System. 

Ultraviolet spectra were obtained on all deriva- 
tives in 0.1NHCI, in 0.1Msodium cacodylate 
buffer, pH 7.0, and in 0.1 N NaOH, on a Beckman 
model 35 spectrophotometer. 

Mass spectroscopy was performed for us by Mr. 
Marion Kirk of the Southern Research Institute, 
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Birmingham, AL. A good spectrum was obtained 
on underivatized 7-6-aminoethylguanine in a Varian 
MAT 311A instrument using the electron impact 
technique. The material was introduced directly on 
the probe and the spectrum was recorded at a source 
temperature of 110° with 70 eV. 


RESULTS 


BCNU and CCNU reacted readily with calf thy- 
mus DNA under the conditions given above. The 
extents of alkylation, calculated from the optical 
density and radioactivity of the digested DNA and 
the specific activity of the nitrosourea, were 2.1 per 
cent of the total DNA bases for BCNU and 0.5 per 
cent for CCNU. 

The entire digest was separated on SP-Sephadex C- 
25 as shown in Fig. 1A for BCNU and Fig. 1B for 
CCNU. Underivatized deoxynucleosides, which are 
uncharged at pH 6, appeared in the front. Most of 
the substituted deoxynucleosides, which are posi- 
tively charged, were eluted later with the sodium 
formate gradient. A qualitative difference is appar- 
ent in the analysis of the BCNU digest (Fig. 1A) and 
the CCNU digest (Fig. 1B); there were two retained 
peaks (II and III) with BCNU and only one with 
CCNU. 

Fractions containing radioactivity were pooled 
separately for each digest and concentrated by 
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Fig. 1. Panel A: Separation of ['"C]BCNU-DNA digest on 
SP-Sephadex C-25. The digestion mixture was applied to 
an SP-Sephadex C-25 column (0.9 x 20cm) and eluted at 
a fiow rate of 1 ml/min with 0.05 M sodium formate, pH 6.0. 
until all of the uncharged compounds had appeared (peak 1). 
Charged species were then eluted with a 200 ml linear gra- 
dient of sodium formate 0.05 M-0.5 M, pH 6.0. Two-min- 
ute fractions were collected and a 1-ml aliquot of each 
fraction was used for counting. Panel B: Separation of 
['*C]CCNU-DNA digest on SP-Sephadex C-25. Eluted as 
in Fig. 1A. 
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Fig.2. Panel A: High pressure liquid chromatography 
analysis of peak I from Fig. 1A (BCNU). The sample was 
applied to a u-Bondapak C,, column (4 mm x 30 cm) and 
eluted for 30 min with 1% acetonitrile in 0.02 M KH>PO,, 
pH2.5, at a flow rate of 1 ml/min, and then with 
10% acetonitrile in the same buffer for an additional 30 min. 
Panel B: High pressure liquid chromatographic analysis of 
peakI from Fig. 1B (CCNU). Separated as in Fig. 2A 
except that the column was eluted for 30min with 
1% acetonitrile in 0.05 M KH>PO,, pH7.5, at a flow rate 
of 1 ml/min, and then with 10% acetonitrile in the same 
buffer for an additional 30 min. 


lyophilization. They were then analyzed further by 
high pressure liquid chromatography in comparison 
with optical density markers of the deoxynucleoside 
derivatives whose synthesis is described above. 

Radiolabeled material from the uncharged region 
(peak I of Fig. 1A and 1B) appeared as a single peak 
on high pressure liquid chromatography for both 
BCNU-treated DNA (Fig. 2A) and CCNU-treated 
DNA (Fig. 2B). Although elution conditions were 
changed slightly between panel A and panel B of 
Fig. 2, all of the radioactivity corresponded to a 
marker of 7-hydroxyethylguanine in each case. Thus, 
we conclude that 7-hydroxyethyldeoxyguanosine was 
formed and converted to 7-hydroxyethylguanine 
during the digestion procedure. 

Two of the expected derivatives of deoxycytidine 
appeared in the h.p.l.c. analysis of peaks II from 
Fig. 1. Figure 3A shows the analysis of peak II from 
the BCNU reaction, and Fig. 3B shows the analysis 
of peak II from the CCNU reaction. Appearance 
times for 7-aminoethylguanine, 3-hydroxyethyldeox- 
ycytidine, and 3,N*-ethanodeoxycytidine are indi- 
cated on these figures. 7-Aminoethylguanine, which 
is a product of the BCNU reaction as shown below, 
is clearly absent from the CCNU analysis in Fig. 3B. 
3,N*-Ethanodeoxycytidine is present in both Fig. 3A 
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Fig. 3. Panel A: High pressure liquid chromatographic 

analysis of peak II from Fig. 1A (BCNU). Eluted as in 

Fig. 2B. Panel B: High pressure liquid chromatographic 

analysis of peak II from Fig. 1B (CCNU). Eluted as in 
Fig. 2B. 


and 3B, while 3-hydroxyethyldeoxycytidine is defi- 
nitely present in Fig. 3B and may be present in 
Fig. 3A. There is a late peak at 45 ml that still remains 
to be identified. 

A major difference between BCNU and CCNU 
became apparent when peak III of Fig. 1A was ana- 
lyzed by high pressure liquid chromatography. This 
analysis is shown in Fig. 4; most of the radioactivity 
was in a single peak whose appearance volume was 
approximately 9 ml. 

Larger amounts of this derivative were prepared 
by repeating the reaction of BCNU with DNA on 
a 1g scale. The DNA was digested and separated 
as before on an SP-Sephadex C-25 column whose 
elution was monitored by ultraviolet absorption at 
254nm. The O.D. peak corresponding to peak III 
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Fig. 4. High pressure liquid chromatographic analysis of 
peak III from Fig. 1A. The sample was eluted as described 
in Fig. 2B. 
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Fig. 5. Ultraviolet spectra of 7-(f-aminoethyl)guanine. 


in Fig. 1A was collected and purified by high pressure 
liquid chromatography under conditions similar to 
those shown in Fig. 4. The derivative peak was col- 
lected, lyophilized to dryness, and desalted by 
application to an SP-Sephadex C-25 column 
(0.9 x 20cm) that had been equilibrated with dou- 
ble-distilled water. The column was eluted with water 
for 2hr at a flow rate of 0.9 ml/min; the retained 
peak of 7-6-aminoethylguanine was then eluted with 
10 mM NH,OH. This purified and desalted material 
was lyophilized to dryness and used for structural 
analysis. 

Its ultraviolet spectra in acid, base and neutral 
solution are shown in Fig. 5 and are essentially ident- 
ical to those of 7-methylguanine [12]. This suggested 
to us that we had isolated a new 7-alkylguanine that 
differed from the expected 7-hydroxyethylguanine 
in being retained on a cation exchange column. 

Evidence that this derivative was 7-6-aminoethyl- 
guanine came from its mass spectrum as shown in 
Fig. 6. A molecular ion peak appears at the correct 
mie ratio of 194. In addition, the fragmentation 


pattern shows a peak at 164 that corresponds to the 
loss of —CH,NH, and a cluster around 150 that 
corresponds to the loss of —CH,CH,NH). 

Conclusive evidence that our unknown was indeed 
7-f-aminoethylguanine was obtained by synthesizing 
this derivative directly from guanosine and 2-bromo- 
ethyl ammonium bromide. These two ingredients 
were incubated together in DMSO for 2 days at 37°. 
Separation of this reaction mixture on SP-Sepha- 
dex C-25 yielded a major product with the spectrum 
of a 7-substituted guanosine. Acid hydrolysis gave 
a compound with the same spectral and chromato- 
graphic properties as 7-6-aminoethylguanine isolated 
from DNA treated with BCNU. 

The absence of aminoethylguanine as a derivative 
when DNA is treated with CCNU indicates that the 
aminoethyl moiety arises from the 3-chloroethyl 
group of BCNU. Wheeler and Chumley [1] pointed 
out that chloroethylisocyanate and chloroethylamine 
are formed from the decomposition of BCNU, and 
that both compounds possess alkylating activity. To 
determine whether 7-aminoethylguanine could have 
arisen from these decomposition products, parallel 
reactions were performed in which DNA at a con- 
centration of 2 mg/ml in 0.1 M sodium cacodylate 
buffer, pH7, was reacted separately with 
10 mM BCNU, 2-chloroethylisocyanate and 2-chlo- 
roethylamine-HCl. After reaction at 37° for 24 hr, 
the DNA from each reaction mixture was precipi- 
tated repeatedly with ethanol and then redissolved 
in cacodylate buffer at pH7 and depurinated for 
10 min at 100°. The reaction tubes were cooled in 
an ice bath and the DNA was precipitated with 
1 N HCl. The supernatant fractions from the three 
separate reaction mixtures were then concentrated 
by lyophilization and analyzed as shown in Fig. 7. 
In addition to the normal purines, guanine (peak 2) 
and adenine (peak 4), a prominent 7-f-aminoethyl- 
guanine peak was present in each supernatant frac- 
tion. 7-Hydroxyethylguanine (peak 3) was evident 
only in the BCNU reaction. 


DISCUSSION 


Although the mechanism of action of the nitro- 
soureas is not completely established, their reactions 
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Fig. 6. Mass spectrum of 7-(f-aminoethyl)guanine. 
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Fig. 7. High pressure liquid chromatographic analysis of 
purines from DNA which had been reacted with BCNU, 
2-chloroethylisocyanate or 2-chloroethylamine. A 200-ul 
sample containing purines released from DNA (see text) 
was applied to a u-Bondapak C,g column (4 mm X 30cm) 
and eluted  isocratically with 1% acetonitrile in 
0.05 M KH2PO,, pH 6.0. Peak 1 is 7-(B-aminoethyl) guan- 
ine, peak 2 is guanine, peak 3 is 7-(6-hydroxyethyl) guan- 
ine, and peak 4 is adenine. 


with nucleic acids are certainly important. Previous 
investigations in this series have shown that the halo- 
ethylnitrosoureas react with polynucleotides to form 
haloethyl and hydroxyethyl derivatives by mechan- 
isms which involve the chloroethyl group in the 
1 position. The investigations described above indi- 
cate that BCNU reacts uniquely to form aminoe- 
thylguanine, since it is the only one of the common 
nitrosoureas to contain a chloroethyl group in the 
3 position. 

Thus, there are evidently three classes of nucleo- 
side derivatives formed by BCNU: haloethyl nucleo- 
sides, hydroxyethyl nucleosides and aminoethyl 
nucleosides. These probably arise by different mech- 
anisms and may have a different significance at a 
molecular level. 

The haloethyl nucleosides are formed by the direct 
transfer of a haloethyl group from the | position of 
the nitrosourea to a nucleophilic site on a nucleoside. 
Such derivatives are apt to be particularly significant 
as far as the cytotoxic action of the nitrosourea is 
concerned because they can lead directly to 
crosslinking. 

The hydroxyethyl derivatives evidently arise inde- 
pendently by a different mechanism for we have 
shown that hydrolysis of the haloethyl nucleosides 
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is too slow to account for the hydroxyethyl! deriva- 
tives present [9, 10]. We have proposed that they 
arise instead by a direct attack of the nucleoside on 
an oxadiazoline intermediate [10]. 

The formation of 7-aminoethylguanine reported 
here suggests still a third mechanism by which nucleic 
acids can be modified. Clearly, the 3-chloroethyl 
group of BCNU is involved, but we cannot tell from 
our data whether the reactive species is BCNU itself, 
chloroethylisocyanate, chloroethylamine, or some 
other intermediate. In any case, DNA is uniquely 
substituted by this particular nitrosourea. 

Wheeler et al. [13] have shown that BCNU, chlo- 
roethylamine, and compounds capable of generating 
chloroethylamine are more cytotoxic to tissue culture 
cells than are other nitrosoureas. Since other halo- 
ethyl nitrosoureas are effective antitumor agents, 
however, it is somewhat unlikely that the formation 
of 7-aminoethylguanine is a significant cytotoxic 
reaction in vivo. It is possible that this lesion may 
have some significance as a mutagenic or carcino- 
genic event, especially if its formation is followed by 
depurination or incorrect repair. Its importance can 
be evaluated more precisely later as comparative 
data on the mutagenic or carcinogenic activities of 
the various nitrosoureas accumulate. 
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Abstract—Ad lib. consumption of diets containing 5% tansy ragwort (Senecio jacobaea) for 1-4 weeks 
produced a 5- to 6-fold increase in hepatic microsomal epoxide hydrase and significant increases in 
cytosolic glutathione S-transferase activities in male Long-Evans rats. An enhancement of these enzyme 
activities was also observed when a diet containing 1% tansy ragwort was fed for a period of 3 weeks. 
Feeding a diet containing 0.5% pyrrolizidine alkaloid (PA) mixture extracted from tansy ragwort for 
1 week produced a 5-fold increase in hepatic epoxide hydrase and a 73 per cent increase in glutathione 
S-transferase activities. In contrast, hepatic microsomal aryl hydrocarbon hydroxylase activity (AHH) 
was reduced significantly by feeding diets containing 5% tansy ragwort or a 0.5% alkaloid mixture. 
Hepatic microsomal cytochrome P-450 content was lowered following consumption of the 0.5% alkaloid 
mixture but not by feeding a 5% tansy ragwort diet. the difference presumably being a result of the 
lowered PA intake by the latter animals. Exposure to the pyrrolizidine alkaloids, therefore, may 
influence significantly the capacity of animals to metabolize endogenous or foreign compounds and 


possibly also affect the subsequent biotransformation and toxicity of these plant constituents. 


Tansy ragwort (Senecio jacobaea), a widely dispersed 
plant containing hepatotoxic pyrrolizidine alkaloids 
(PAs), is causing mortalities among grazing animals 
in the Pacific Northwest and other parts of the world 
[1]. The plant has invaded pasture lands in the Pacific 
Northwest, posing an increasing threat to livestock, 
Humans may also be exposed indirectly, since PAs 
have been found recently in the milk of tansy-fed 
cows [2] and in honey produced from the nectar of 
the tansy ragwort flowers [3]. 

Mortalities in animals ingesting tansy ragwort are 
apparently a consequence of irreversible liver dam- 
age [1]. In addition to significant pathological 
changes in the liver and other organs, consumption 
of tansy ragwoit by rats causes a depression in body 
weight, a modification of organ weights, and altered 
hematology.§ The toxic constituents of tansy ragwort 
consist of at least six different PAs: jacobine, jaco- 
‘line, jaconine, jacozine, senecionine and seneci- 
phylline [1]. The highest concentration of PAs 
(approximately 0.2% dry weight) is found in the 
tansy ragwort flowers [4] with jacobine, the major 
PA [5], amounting to approximately 60 per cent of 
the total alkaloids present [4]. Following ingestion, 
the alkaloids are absorbed from the plant and then 
undergo conversion in the liver to highly reactive 
pyrrole metabolites [6-8] capable of alkylating 
biologically important cellular constituents including 
proteins and nucleic acids [9-12]. Whether the cov- 
alent binding of pyrrole metabolites in vivo is solely 
responsible for the varied toxic effects of PAs is not 
fully resolved. 
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Pyrrole metabolites of the PAs are formed pri- 
marily in the liver [7, 13] by cytochrome P-450-linked 
mono-oxygenases requiring O, and reduced pyridine 
nucleotide, and their formation is inhibited by carbon 
monoxide [8]. Phenobarbital but not 3-methyl- 
cholanthrene has been found to enhance pyrrole 
formation [8]. 

Little is known about the effects of the PAs on 
the hepatic drug-metabolizing enzyme system. Shull 
et al. [14] reported previously that a single dose 
(65 mg/kg) of a PA mixture isolated from tansy rag- 
wort reduced the activity of aminopyrine 
demethylase and the level of cytochrome P-450 in 
rat liver. These authors also observed that the in 
vitro microsomal conversion of these alkaloids to 
pyrroles was reduced in rats pretreated with the same 
alkaloid mixture. The present study was undertaken 
to investigate further the effects of the PAs on the 
activities of hepatic microsomal and _ cytosolic 
enzymes in the rat. 


MATERIALS AND METHODS 


Chemicals. Styrene oxide, styrene glycol and 
benzo[a|pyrene were obtained from the Aldrich 
Chemical Co. (Milwaukee, WI). [8-'*C]Styrene 
oxide (sp. act. 16.4 mCi/mmole) was purchased from 
the Amersham/Searle Co. (Arlington Heights, IL). 
1-Chloro-2,4-dinitrobenzene (CDNB) was obtained 
from the Eastman Kodak Co. (Rochester, NY). 
3-Hydroxy-benzo[a]pyrene was a gift from Dr. D. 
M. Jerina of the National Institutes of Health, 
Bethesda, MD. 

Animals and diets. Male Long-Evans rats, weigh- 
ing 150-180 g, were used. One group of animals was 
fed ad lib. a diet that had the following percentage 
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composition: ground corn, 58.5; soybean meal, 30; 
sucrose, 5; corn oil, 3; mineral mix [15], 3; and 
vitamin mix [16], 0.5. The crude protein content of 
this diet was 20.8 per cent, dry weight. Two addi- 
tional groups of animals were fed modifications of 
this diet, replacing ground corn with 1% or 5% 
dried, ground tansy ragwort flowers that had been 
collected in the vicinity of Corvallis, OR. PA intake 
was estimated on the basis that tansy ragwort flowers 
typically contain 0.2% alkaloid [4]. Four to six 
animals from each group were killed at the end of 
1, 2, 3 and 4 weeks. Livers were removed, weighed, 
minced and homogenized for the preparation of 
cytosol and microsomal fractions. 

In another feeding study, a PA mixture extracted 
front tansy ragwort by the method of Mattocks [17] 
as modified by Deagen and Deinzer [18] was incor- 
porated into the basal diet at levels of 0, 0.1 and 
0.5%. The diets were fed ad lib. to male Long-Evans 
rats (150-180 g) for 1 week, after which the animals 
were killed and the livers removed and treated as 
described above. 

Preparation of cytosol amd microsomes. Portions 
(8-10 g) of minced whole livers were homogenized 
in 1.15% KCI-0.02 M Hepes* buffer, pH 7.4, using 
a Teflon homogenizer. The homogenate was centri- 
fuged at 10,000 g for 20 min. The resulting super- 
natant fraction was centrifuged at 105,000 g for 1 hr 
using a Spinco model L ultracentrifuge. The 105,000 g 
supernatant (cytosol) fraction was removed and the 
pellet was resuspended in 1.15% KCI-0.02 M Hepes 
and respun 105,000 g for 45 min. The washed micro- 
somal pellet was then resuspended in KCl—-Hepes to 
the desired protein concentration. 





* Hepes, 
phonic acid. 


4-(2-hydroxyethyl)-1-piperazine-ethanesul- 
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Analytical procedures. Microsomal and cytosolic 
protein concentrations were determined according 
to the method of Lowry er al. [19]. Microsomal 
cytochrome P-450 content was measured by the pro- 
cedure of Omura and Sato [20] using a Cary 15 
recording spectrophotometer. Glutathione S-trans- 
ferase activity was assayed by methods using CDNB 
and [8-'*C]styrene oxide as substrates, essentially as 
described by Habig et al. [21] and James et al. [22], 
respectively. Epoxide hydrase activity was deter- 
mined using [8-'*C]styrene oxide by the thin-layer 
chromatographic procedure of Jerina et al. [23]. 
Aminopyrine demethylase activity was measured by 
estimating the amount of formaldehyde formed [24]. 
Aryl hydrocarbon hydroxylase (AHH) activity was 
determined by the fluorometric procedure of Nebert 
and Gelboin [25]. 


RESULTS 


Diets containing 5% tansy ragwort produced a 5- 
to 6-fold increase in epoxide hydrase activity after 
a feeding period of 1-4 weeks (Table 1). When 1% 
tansy ragwort was fed for 3 weeks, epoxide hydrase 
levels were elevated only 2.3-foid. 

With CDNB. as substrate, glutathione S-transfer- 
ase activity was significantly increased 24-49 per cent 
by feeding 5% tansy ragwort at 1, 2, 3 or 4 weeks 
(Table 1). Increases in glutathione S-transferase 
activity using styrene oxide as substrate were of lower 
magnitude and were significant only after 1 and 2 
weeks of feeding. However, a 24 per cent increase 
(P < 0.05) in glutathione S-transferase with the latter 
substrate was obtained when 1% tansy ragwort was 
fed for 3 weeks. 

Consumption of tansy ragwort did not affect 
hepatic microsomal cytochrome P-450 levels (Table 
2). The activity of hepatic aminopyrine demethylase 


Table 1. Effect of feeding tansy ragwort on microsomal epoxide hydrase and cytosolic glutathione S-transferase activities 
in rat liver* 





Epoxide hydrase 


Final 
body wt 


Approximate 
PA intake 
(mg: kg~'-day~*) 


Feeding 
period 
(weeks) 


Per cent 
tansy in 
food 


[nmoles styrene 
glycol: min“ -(mg 


Glutathione S-transferase activity 


activity [nmoles conjugate-min '-(mg protein) ')] 





1-Chloro-2,4- 


protein) ‘| dinitrobenzene Styrene oxide 





I 


5 


177+ 14 
227 + 8t 
202 + 12 
264 + 8+ 
239 + 16 
296 + 13% 
275 17 
316 + 23 
357 + 42 
407 + 27 


1077 + 66 
1515 + 68+ 
998 + 65 
1488 + 42+ 
_ ND| 
ND 
1198 + 71 
1723 + 1138 
1333 + 76 
1664 + 68§ 


6.20 + 0.78 
30.84 + 2.277 
6.93 + 0.39 
41.99 + 3.47% 
3.90 + 0.33 
8.97 + 0.437 
7.75 + 0.96 
39.43 + 3.607 
9.23 + 0.26 
49.96 + 3.927 





* Male Long-Evans rats (150-180 g) were fed diets containing 0% (control), 1% or 5% dried and ground tansy flowers 
and were then killed at various time intervals. Each result is the mean + S.E.M. of six animals. The probability that the 
difference between the experimental and control values is statistically significant (determined by Student’s t-test) is 


denoted by one of the following symbols: +, ¢, or §. 
*+P<0.001. 
+ P<0.05. 
§ P< 0.01. 
|| Not determined. 
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Table 2. Effect of feeding tansy ragwort on microsomal cytochrome P-450 content and mixed-function 
oxidase activity in rat liver* 





Enzyme activity 
(nmoles product-min”'-(mg protein) | 





Aryl 
hydrocarbon 
hydroxylase 


Approximate 
PA intake 
(mg-kg '-day ') 


Aminopyrine 
N-demethylase 


Cytochrome P-450 


Feeding 
(nmoles/mg protein) 


period 





1 Week 
Control 
5% Tansy 

2 Weeks 
Control 
5% Tansy 


6.84 + 0.17 0.44 + 0.02 
5.52 + 0.35+ 0.24 + 0.067 


0.93 + 0.04 
0.77 + 0.09 


0.97 + 0.10 
0.54 + 0.077 


7.02 + 0.27 
6.43 + 0.23 


0.84 + 0.10 
0.84 + 0.13 





* Male Long-Evans rats (150-180 g) were fed diets containing 0% (control), 1% or 5% tansy ragwort 
flowers and were then killed at various time intervals. Each result is the mean + S.E.M. of six animals. 


+ Indicates a significant difference from control value (determined by Student’s /-test), (P < 0.05). 


was slightly but significantly reduced (P < 0.05) after 
1 week but not after 2 weeks of feeding 5% tansy. 
The activity of AHH in the liver of tansy-fed rats 
was reduced approximately 45 per | cent (P < 0.05) 
both at 1 and 2 weeks. 

Feeding the alkaloid mixture at 0.01 per cent of 
the diet did not influence the levels of glutathione 
S-transferase in rat liver (Table 3) even though 
alkaloid intake was comparable to that of the tansy 
ragwort-fed animals (Table 1). Increasing the level 
of alkaloid in the diet to 0.5%, however, produced 
a 5-fold increase (P < 0.001) in epoxide hydrase and 
a 73 per cent increase (P < 0.01) in glutathione S- 
transferase activities. 

Unlike a diet containing 5% tansy ragwort, con- 
sumption of 0.5% alkaloid mixture in the diet caused 
a small reduction of hepatic microsomal cytochrome 
P-450 content whereas aminopyrine demethylase was 
unchanged (Table 4). AHH activity was diminished 





*C. L. Miranda, D. R. Buhler and P. R. Cheeke, 
manuscript submitted for publication. 


significantly by both the 0.01% and the 0.5% alkaloid 
mixture diets (Table 4). 

Rats fed the control diets consumed 20-24 g of 
food/day whereas dietary food intake was reduced 
to 15-17 g of food/day in the animals fed on 5% 
ground tansy ragwort. A similar reduction in food 
intake was observed previously [*, 26]. The rats 
whose diets contained 0.01% of the PA extract con- 
sumed as much food as the controls. The food intake 
of animals receiving the 0.5% alkaloid diet, however, 
was quite low (9 g/day) in comparison to the controls 
(20 g/day). The reduced food intake may have con- 
tributed to the relatively lower final body weights of 
the tansy ragwort- or PA-fed animals (Tables 1 and 
3). 

The possibility that changes in enzyme activity 
were due, in part, to decreased food intake was 
examined in young male Long-Evans rats. One 
group of animals was allowed to eat only 65 per cent 
of that consumed daily by the corresponding ad /ib. 
fed rats for 1 week. This restriction in food intake 
did not affect cytochrome P-450 levels or enzyme 
activities (Tables 5 and 6). 


Table 3. Effect of feeding diets containing a pyrrolizidine alkaloid mixture from tansy ragwort on 
epoxide hydrase and glutathione S-transferase activity in rat liver* 





Enzyme activity 
[nmoles product-min~?-(mg protein) '] 





Approximate Final 
PA intake body wt 
(mg-kg"'-day ') (g) 


Per cent 
alkaloid mixture 
in diet 


Glutathione 


Epoxide hydrase S-transferase 





.09 + 0. 287 + 21 
.86 + 0. 259 + 19 
oe 1. 496 + 37% 


0 0 2 
0.01 9.67 1 
5 


0.5 296 15 





* Male Long-Evans rats (150-180 g) were fed diets containing 0% (control), 0.01% or 0.5% alkaloid 
mixture extracted from tansy ragwort and were killed 1 week later. Each result is the mean + S.E.M. 
of four animals. [18-'*C]Styrene oxide was used as substrate for the two enzyme assays. The probability 
that the difference (determined by Students f-test) is denoted by one of the following symbols: + or ¢. 

+ P<0.001. 

+ P<0.01. 
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Table 4. Effect of feeding diets containing a pyrrolizidine alkaloid mixture from tansy ragwort on microsomal cytochrome 
P-450 content and mixed-function oxidase activity in rat liver* 





Approximate 
PA intake 
(mg-kg'-day~ ') 


Per cent 
alkaloid mixture 


in diet protein) 


Cytochrome P-450 
content (nmoles/mg 


Enzyme activity 
[nmoles product-min~'-(mg protein) ~'] 





Aminopyrine 
N-demethylase 


Aryl. hydrocarbon 
hydroxylase 





0 0 
0.01 9.67 
0.5 296 


0.76 + 0.05 
0.67 + 0.06 
0.61 + 0.027 


6.90 + 0.34 
6.25 + 0.30 
6.97 + 0.29 


1.45 + 0.03 
1.20 + 0.067 
0.98 + 0.094 





* Male Long-Evans rats (150-180 g) were fed diets containing 0% (control), 0.01% or 0.5% alkaloid mixture extracted 
from tansy ragwort and were killed 1 week later. Each result is the mean + S.E.M of four animals. The probability that 
the difference between the experimental and control values is statistically significant (determined by Student’s [-test) is 


denoted by one of the following symbols: 7 or ¢. 
+ P<0.05. 
+ P<0.01. 


Table 5. Effect of food restriction on hepatic epoxide 
hydrase and glutathione S-transferase activity in male rats* 





Enzyme activity 
[nmoles product-min~'-(mg protein) ~'] 





Glutathione 
S-transferase 


Type of 


feeding Epoxide hydrase 





203 + 7.7 
196 + 12.0 


4.39 + 0.27 
5.02 + 0.64 


Ad lib. 
Restricted 

* Each value is the mean + S.E.M. of four animals. The 
rats on restricted feeding were given feed equivalent to 
65% of the amount eaten by the ad lib. fed controls. The 
feéding lasted for 1 week. [8-'*C]Styrene oxide was used 
as substrate for the two enzyme assays. 





DISCUSSION 


These experiments demonstrate that consumption 
of tansy ragwort stimulated the activity of hepatic 
epoxide hydrase and glutathione S-transferase in the 
rat. This response was probably due to the presence 
of PAs in the plant since feeding an extract alkaloid 
mixture generally produced a comparable effect. 
Differences in the response, such as the failure to 
influence epoxide hydrase and glutathione transfer- 
ase levels by feeding 0.01% PA in the diet (Table 





*C. L. Miranda, D. R. Buhler and P. 
manuscript submitted for publication. 


R. Cheeke, 


3) while a comparable PA intake in rats receiving 
5% tansy ragwort greatly increased the activity of 
these enzymes (Table 1), suggests either that the 
extracted alkaloids are different from the PAs pres- 
ent in tansy ragwort or that there are unknown 
constituents present in the plant which influence 
these enzymes. We are presently carrying out further 
work to determine the effects of the individual pure 
PAs from tansy ragwort on these enzyme systems. 

The increases in epoxide hydrase and glutathione 
S-transferase levels were accompanied by a reduction 
of AHH activity. This finding is unusual since most 
previous reports have noted an induction of epoxide 
hydrase by phenobarbital [23, 27], 3-methylcholan- 
threne [23, 27] or trans-stilbene oxide [28] that par- 
alleled similar increases in microsomal mono-oxy- 
genases [29,30]. Dietary antioxidants, however, 
markedly induce epoxide hydrase activity without 
appreciably influencing cytochrome _ P-450- 
dependent systems [31]. 

The mechanism that produces the differential 
effects of the PAs on epoxide hydrase, glutathione 
S-transferase and AHH activities is at present not 
known. The PAs have no appreciable effect on 
epoxide hydrase, glutathione S-transferase and the 
various mono-oxygenases in vitro*. PAs are known 
to inhibit protein synthesis [32, 33], which is con- 
sistent with the observed decrease in AHH activity. 
The increased activities of epoxide and glutathione 
S-transferase in tansy-fed rats may be a selective 
induction phenomenon or, possibly, a specific acti- 


Table 6. Effect of food restriction on hepatic microsomal cytochrome P-450 content and mixed- 
function oxidase activity in male rats* 





Type of 
feeding 


Cytochrome P-450 content 
(nmoles/mg protein) 


Enzyme activity 
[nmoles product-min '-(mg protein) ~'] 





Aminopyrine 
demethylase 


Aryl hydrocarbon 
hydroxylase 





0.61 + 0.07 
0.77 + 0.04 


Ad lib. 
Restricted 


7.08 + 0.23 
7.71 + 0.04 


1.20 + 0.08 
1.37 + 0.07 





* Each value is the mean + S.E.M. of four animals. The rats on restricted feeding were given 
feed equivalent to 65% of the amount eaten by the ad lib. fed controls. The feeding lasted for | 


week. 
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vation of the two enzymes. Metyrapone and 1-(2- 
isopropylphenyl)-imidazole have been shown pre- 
viously to be in vitro stimulators of epoxide hydrase 
activity [34] but were inhibitors of the mono-oxy- 
genase systems [35-37]. Since the PAs are known 
to be carcinogenic in rodents [38], it is noteworthy 
that Levin et al. [39] recently found that epoxide 
hydrase was significantly induced by various carcin- 
ogens; these workers suggested that this enzyme may 
play some important role in the neoplastic process. 

Tansy ragwort PAs such as jacobine are epoxides 
and could conceivably serve as substrates for epoxide 
hydrase. In addition, PA pyrroles are capable of 
forming glutathione conjugates [40], and glutathione 
S-transferase could catalyze this reaction. Altera- 
tions in epoxide hydrase and glutathione S-transfer- 
ase levels could, therefore, influence the metabolism 
and hence the toxicity of the PAs. Comparable 
effects may also occur in humans consuming food 
products contaminated with PAs. The role of these 
enzymes in the toxicity of the PAs, however, remains 
to be further clarified. 
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Abstract—Cytochrome oxidase is a mitochondrial membrane protein which catalyzes the oxidation of 
ferrocytochrome c and transfers the electrons to molecular oxygen. When tested in low ionic strength 
buffer, the enzyme displayed both high and low affinity binding sites for the substrate, cytochrome c, 
with binding being chiefly via electrostatic forces. Benzocaine, a non-charged local anesthetic, had no 
effect on oxidase activity. The cationic local anesthetics dibucaine, tetracaine and procaine caused a 
mixed-type inhibition of the low affinity site with the relative order of potency being dibucaine > 
tetracaine >procaine. The former two also inhibited the high affinity site. It is postulated that the 
charged end of the anesthetic competes with substrate for binding, while the non-polar end interacts 
with oxidase-associated phospholipids to produce non-productive complexes. 


Many drugs are either known or believed to act 
through an effect on particular cellular membranes. 
Structurally, biological membranes consist of a 
phospholipid bilayer matrix and a number of associ- 
ated protein molecules that are responsible for the 
more sophisticated properties of the membrane. In 
previous work we studied drug:lipid interactions 
exclusively, using a model bilayer (liposome) system 
[1-3]. This same system can be extended by incor- 
porating proteins into the bilayer, thus permitting 
the study of functional interactions between protein 
and lipid and the effects of drugs on these interac- 
tions. Ideally, the protein molecule(s) that consti- 
tutes the target for a given set of drugs would be 
used. However, with very few exceptions, these pro- 
teins have either not been or cannot be extracted in 
pure enough form for studies in model systems. One 
such exception is the protein cytochrome oxidase. 
This molecule is a well-defined mitochondrial inte- 
gral membrane protein with a known biological func- 
tion: the vectorial transfer of electrons from cyto- 
chrome c to molecular oxygen [4]. More importantly, 
in terms of future studies, it can be functionally 
incorporated into model lipid bilayers [5]. For these 
reasons cytochrome oxidase was chosen as a suitable 
model membrane protein. 

Our first objective, and the purpose of this report, 
is to describe the effects of specific drugs on the 
function of the isolated protein. Since cytochrome 
c (the substrate) is positively charged at physiological 
pH and since its binding to the oxidase is predom- 
inantly electrostatic [4,6], we chose a series of 
cationic local anesthetics as a suitable set of drugs 
to test. 


MATERIALS AND METHODS 


Materials. Cytochrome c (type V1 from horse 
heart), sodium ascorbate, sodium cholate and TMPD 


(N,N,N',N'-tetramethyl p-phenylene, diamine 
dihydrochloride) were obtained from the Sigma 
Chemical Co., St. Louis, MO. The four local anes- 
thetics were purchased from ICN Pharmaceuticals, 
Plainview, NY. All other chemicals were of reagent 
grade wherever possible. 

Cytochrome oxidase. Cytochrome oxidase was 
extracted from beef heart and purified according to 
the method of Kuboyama et al. [7]. The final prep- 
aration was dissolved in 100 mM phosphate buffer- 
0.25 per cent Tween 80 (pH 7.4) and stored at 
—80°. Cytochrome aa, concentration was measured 
spectrophotometrically using a millimolar extinction 
coefficient of 24 at 605 nm (reduced-oxidized) [8]. 
Protein concentration was measured using the biuret 
reaction [9]. The oxidase preparations obtained had 
heme to protein ratios of 7 to 8 nmoles heme a per 
mg protein. 

Polarographic assay of oxidase activity. Rates of 
oxygen uptake were measured with a Yellow Springs 
Instruments oxygen electrode fitted to a conventional 
chart recorder. The assay mixture had a volume of 
3ml and contained cytochrome c (concentration 
range indicated in the figures), 6 mM sodium ascor- 
bate, 0.18 mM TMPD, and 1 per cent Tween 80, all 
in phosphate buffer (20 or 67 mM) of pH 6.5. After 
a stable baseline was achieved, cytochrome oxidase 
(final concentration 0.022 uM) was added. Autoox- 
idation (oxygen uptake in the absence of enzyme) 
was found to vary from day to day but could be 
minimized by preparing fresh reagents daily. 
Measurements were made at 30° and at this tem- 
perature the oxygen concentration of air-saturated 
buffer was assumed to be 200 nmoles/ml [10]. 

Because different enzyme preparations were used 
over the course of these experiments, a separate 
series of controls was run prior to the use of one of 
the local anesthetics. The anesthetic was added to 
the assay mixture prior to the addition of the enzyme. 
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Enzyme activity is expressed in terms of a turnover 
number (TN) that is calculated by multiplying the 
‘oxygen consumption by four* and dividing by the 
oxidase concentration. The maximum turnover num- 
ber (TNnax) is the value extrapolated to infinite 
cytochrome c concentration. 

Preliminary experiments indicated that the 
enzyme displayed maximum activity at a pH of about 
6.5, as has been reported in the literature [4]. All 
subsequent experiments were performed at this pH. 
In addition, since several anions can effect the 
kinetics of the cytochrome oxidase catalyzed reac- 
tion, a single buffer (phosphate) was used for all 
experiments [11]. 


RESULTS 


Figure 1 illustrates the effects of four local anes- 
thetics on oxidase activity. These experiments were 
done in 67 mM phosphate buffer. The data could be 
fitted to simple Michaelis-Menten kinetics, and in 
Fig. 1 the results are presented in the form of Line- 
weaver-—Burk plots. Benzocaine, the one uncharged 
anesthetic, had no detectable effect on enzyme func- 
tion. The effects of the three other anesthetics (pro- 





* Four moles of cytochrome c are oxidized for each mole 
of oxygen consumed. 

+ Multiple inhibitor concentrations must be used to dis- 
tinguish between these models. Due to solubility and ionic 
strength effects, anesthetic concentrations higher than 
10 mM could not be used. 


Dibucaine |OmM 


Dibucaine 5mM 


Control 
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caine, tetracaine and dibucaine) are most consistent 
with a mixed-type of inhibition for they cause both 
a decrease in maximum enzyme turnover number 
(TNmax) and an increase in the K,,. Table 1 sum- 
marizes the kinetic parameters obtained in these 
experiments. 

A mixed type of inhibition can arise from several 
situations [12]. The simplest scheme is one in which 
the enzyme-inhibitor complex has a lower affinity 
than the free enzyme for the substrate and the 
enzyme-substrate—inhibitor (ESI) complex is non- 
productive or dead-end. More complicated schemes 
occur when the ESI complex is only partially non- 
productive. The distinctions between these various 
models, however, are difficultt and hence we will 
assume the first model is operative with respect to 
these local anesthetics. With this model the disso- 
ciation constant for the enzyme-—inhibitor complex 
(K;) can be determined by a plot of the reciprocal 
slopes of Fig. 1 versus the corresponding concentra- 
tion of inhibitor (local anesthetic) [12]. This plot is 
illustrated in Fig. 2 and yields K; values of 2 mM for 
dibucaine, 3.2 mM for tetracaine, and 12 mM for 
procaine. Furthermore, the plot appears to be linear, 
which is also evidence in favor of the simple scheme 
assumed above [12]. 

The experiments illustrated in Fig. 1 were per- 
formed in 67mM phosphate buffer. The K,, and 
TN max Of the uninhibited enzyme (Table 1) are con- 
sistent with what has been described in the literature 
as the low affinity kinetic phase. A high affinity 
kinetic phase, however, has also been described, 
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Fig. 1. Activity of cytochrome oxidase in the presence and absence of local anesthetics (Lineweaver- 
Burk plot). Enzyme activity was measured as described in the text. The final assay mixture had a volume 
of 3 ml and contained 1-100 uM cytochrome c, 6mM, sodium ascorbate, 0.18 mM TMPD, 0.022 uM 
cytochrome oxidase, and 1 per cent Tween 80, all in 67 mM phosphate buffer, pH 6.5. The ordinate 
(I/v) is the reciprocal of the turnover number (sec ') multiplied by 10°. The abscissa (1/s) is the reciprocal 
of the cytochrome c concentration (uM). Anesthetic agents were present at a concentration of 5 or 
10 mM as indicated. Lines were drawn by the method of least squares. As a control for changes in ionic 
strength due to addition of the anesthetic, oxidase activity was compared in 77 mM and 67 mM buffer. 
No significant difference in enzyme activity was observed (data not shown). 
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Table 1. Kinetic parameters* 





(A) 67 mM Phosphate buffer 





K,, (uM) 


TNmmax (sec” ‘) 





Control 
Dibucaine (5 mM) 
Dibucaine (10 mM) 


Control 
Tetracaine (5 mM) 
Tetracaine (10 mM) 


Control 
Procaine (5 mM) 
Procaine (10 mM) 


Control 
Benzocaine (10 mM) 


3.9 200 
8.3 100 
50 


250 
145 


7.8 
8.9 
10.9 


10 
10 





(B) 20 mM Phosphate buffer 





High affinity phase 
TNmax (sec” ') 


K,, (uM) 


Low affinity phase 
Km (UM) = TNmax (sec™') 





Control 0.1 
Dibucaine (10 mM) 0.32 
Procaine (10 mM) 


42 1.5 
32 5.6 
2.0 





(C) Dissociation constants of anesthetic-enzyme complexes 





Low affinity phase 
K; (mM) 


Anesthetic 


High affinity phase 
K; (mM) 





Dibucaine 
Tetracaine 
Procaine 


2 (Fig. 2) 2.1 (Fig. 3) 
3.2 (Fig. 2) 
12 (Fig. 2) 23 (Fig. 3) 


3.0 (Fig..3) 





* The kinetic parameters in sections A and B were derived from Figs. 1 and 
3, respectively. The K; values in section C were obtained from Figs. 2 and 3 


as indicated. 


although, as well illustrated in Refs. 13 and 14, it 
only becomes apparent when low ionic strength 
buffer is used.* Figure 3 illustrates the effects of 
dibucaine, procaine and benzocaine on oxidase func- 
tion, measured at pH 6.5 in 20 mM phosphate buffer. 
The results are presented as an Eadie—Scatchard plot 
because this type of graph depicts deviations from 
linearity more clearly than a plot of 1/v versus 1/s. 
The untreated oxidase clearly yields a biphasic 
kinetic pattern. 

Benzocaine and procaine had no significant effects 
on the high affinity phase? but the latter did cause 





* When low substrate concentrations (<1 uM) were used 
in 67 mM phosphate buffer, a biphasic kinetic plot was not 
obtained, consistent with the data in Refs. 13 and 14. 

+ One might argue that procaine caused a reduction in 
the TNnax Of the high affinity phase. However, the turnover 
numbers in the presence of very low substrate concentra- 
tions are quite small and subject to considerable variation. 
Hence it is difficult to assess how much significance to 
attach to the difference between the procaine high affinity 
phase and the high affinity phase of the unhibited enzyme. 
Certainly the contrast between dibucaine and procaine on 
this phase is quite striking. 


a mixed type of inhibition of the low affinity phase. 
Dibucaine caused a mixed type of inhibition of both 
phases. Although not illustrated, tetracaine (10 mM) 


©, Dibucaine _ 


©, Tetracaine 


Procaine 








Fig. 2. Slope replot of Fig. 1. The slopes of the lines from 

the reciprocal plots of Fig. 1 are on the ordinate. The 

millimolar anesthetic concentrations are on the abscissa. 
The intercept of a given line on the X axis gives Kj. 
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Fig. 3. Effects of dibucaine (10mM), procaine (10 mM) 
and benzocaine (10 mM) on cytochrome oxidase activity 
(Eadie-Scatchard plot). Enzyme activity was measured as 
described in the text. The final assay mixture was similar 
to that described in the legend to Fig. 1 except that the 
buffer used was 20 mM phosphate (pH 6.5) and the cyto- 
chrome c concentration ranged from 0.03 to 10 uM. The 
ordinate (v/s) is the enzyme turnover number (sec™) 
divided by the substrate concentration (uM). The abscissa 
is the enzyme turnover number (sec”'). As a control for 
changes in ionic strength due to addition of anesthetic, 
oxidase activity was compared in 20 mM and 30 mM buffer. 
No significant difference in enzyme activity was observed 
(data not shown). Lines were drawn by the method of least 
squares. Tetracaine at 10 mM gave results indistinguishable 
from dibucaine. 


in this low ionic strength buffer gave results indis- 
tinguishable from dibucaine. 


DISCUSSION 


Cytochrome oxidase catalyzes the oxidation of 
ferrocytochrome c with the transfer of electrons from 
the substrate to molecular oxygen. It has been dem- 
onstrated that the overall rate of reaction is inde- 
pendent of the oxygen concentration under the usual 
aerobic assay conditions [15]. Margoliash and co- 
workers [13, 14, 16] compared the kinetics of cyto- 
chrome c oxidation with the measured binding of the 
substrate to the oxidase. They observed that the 
steady-state kinetics are dominated by the binding 
parameters and that the Michaelis constants (K,, 
values) obtained are a good measure of the actual 
dissociation constants for cytochrome c. The follow- 
ing description of the steps involved in cytochrome 





* The low affinity phases measured in 67 mM and 20 mM 
phosphate buffer however, do differ in one other respect. 
The cationic anesthetics were more potent inhibitors of 
TNmax When the 67 mM buffer was used (Table 1). 


c binding to the oxidase is taken from Refs. 14 and 
16. 

Cytochrome oxidase exists as a dimer with two 
cytochrome c binding sites per protomer. The first 
molecule to bind to the enzyme is responsible for 
the high affinity kinetic phase. The binding process 
predominantly involves electrostatic interactions 
between a positively charged domain on the cyto- 
chrome c molecule and a negatively charged domain 
on the enzyme. This 1:1 cytochrome c—oxidase com- 
plex is capable of binding a second molecule of 
cytochrome c in a catalytically active manner, 
accounting for the lower affinity kinetic phase. The 
presence of the first positively charged molecule of 
cytochrome c reduces the affinity of the second. 

The low affinity site measured in 67 mM phosphate 
buffer had a TN,,,x varying from 200 to 300 sec! 
and a K,, ranging from 5.9 to 10 uM (Table 1). This 
same phase measured in 20 mM phosphate buffer 
had a TN,,x Of 150 sec”! and a K,, of 1.5 uM. The 
reason for this difference is not clear but may rep- 
resent the effect of changes in ionic strength alone. * 
The high affinity phase had a K,, about 15-fold less 
and a TNinax approximately one quarter that of the 
low affinity phase. That is, the first cytochrome c 
molecule binds more strongly and turns over more 
slowly than the second molecule. 

A comparison of the effects of the four local anes- 
thetics underscores the importance of electrostatic 
interactions for the anesthetic-induced reduction in 
oxidase activity. Benzocaine, an electrically neutral 
molecule, has no effect on enzyme activity. The 
three charged anesthetics reduce the affinity of the 
oxidase for cytochrome c, and cytochrome c binds 
largely via electrostatic forces. It seems reasonable, 
therefore, to assume that the charge—charge inter- 
action between anesthetic and enzyme involves the 
“c” binding site or at least an area close to it. Charge— 
charge interactions alone, however, do not com- 
pletely explain the anesthetic effects. Procaine, 
dibucaine and tetracaine have similar pK values [17] 
and hence on a charge basis should be equipotent 
in inhibiting oxidase function. Such is not the case. 
In terms of the low affinity site, the relative order 
of effectiveness is dibucaine > tetracaine > procaine 
(Fig. 2 and Table 1). In terms of the high affinity 
site, dibucaine is much more potent an inhibitor than 
procaine, with tetracaine giving results similar to 
dibucaine. This sequence, dibucaine > tetracairie 
> procaine, is identical to that of their relative anes- 
thetic potencies measured, for example, by the con- 
centrations of these agents required to cause a 50 
per cent reduction in the height of the action poten- 
tial of a frog sciatic nerve (Table 2). 

The additional inhibitory effects of these anes- 
thetics (i.e. those not due to charge—charge inter- 
actions) most likely result from hydrophobic inter- 
actions with either the protein itself or with oxidase- 
associated phospholipids. Cytochrome oxidase prep- 
arations do contain about 20 per cent, w/w, of 
phospholipid to protein. This phospholipid comp- 
nent is critical to oxidase activity, for delipidated 
enzyme is inactive [20]. It is believed that these 
phcspholipids are necessary to accelerate the internal 
transfer of electrons between the two heme moieties 
(a, a3) within the oxidase complex [20]. Although 
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Table 2. Comparison of the dissociation constants for the enzyme—anesthetic complex with the 
anesthetic concentrations causing disruption of phospholipid organization and nerve blockade* 





Anesthetic concentration 
causing a 50 per cent 
reduction in the height 
of the frog sciatic nerve 
action potential? 


K; (low affinity site)* 
(mM) 


Anesthetic concentration 
required to double the width 
of transition endotherm of 
dipalmitoyl phosphatidylcholine 
liposomest 
(mM) 





Dibucaine 2(2, 2.1) 
Tetracaine 3.2 
Procaine 17.5 (12, 23) 


8 
3 


1 
a 
17 





* The K; values for the low affinity site are taken from Table 1. 
+. The data for the frog sciatic nerve preparation come from Ref. 18. These experiments 


were performed at 20° and at pH 7.2. 


+ The anesthetic data for dipalmitoyl phosphatidylcholine liposomes are from Ref. 19. 


the experiments reported in this paper did not dis- 
criminate between protein and lipid as the site of 
such hydrophobic interactions, several observations 
suggest that the anesthetics most probably interact 
with the phospholipids. First, the sequence dibucaine 
> tetracaine > procaine is identical to the relative 
strengths of their hydrophobic interactions with iso- 
lated phospholipids as measured by n.m.r. spec- 
troscopy [19]. Second, the anesthetic-enzyme K,; val- 
ues for the low affinity site are very similar to the 
anesthetic concentrations that cause a marked dis- 
ruption of phospholipid organization measured by 
a 50 per cent decrease in the phase transition co- 
operativity of dipaimitoyl phosphatidylcholine lipo- 
somes (Table 2) [21[. 

In summary, cationic local anesthetics cause a 
mixed-type inhibition of cytochrome oxidase that 
appears to depend on both electrostatic and non- 
polar interactions of anesthetic with enzyme. One 
working model to account for these observations is 
as follows. The charged portion of the anesthetic 
would compete with the substrate cytochrome c for 
binding, while hydrophobic interactions between the 
anesthetic and oxidase-associated phospholipids 
would result in non-productive or dead-end sub- 
strate-enzyme complexes. 
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Abstract—The properties of human placental opiate binding sites were analysed using [*H]etorphine 
in terms of kinetic parameters, specificity, subcellular distribution and effect of ionic environment. Jn 
vitro these sites display a pharmacological profile similar to that of the pituitary opiate receptor site. 
In particular, they exhibit lower affinities for opioid peptides than do brain opiate receptors. They were 
detected exclusively in human placenta, in which they appeared during the first half of pregnancy. 


B Endorphin was originally isolated from the pitui- 
tary gland [1] and was later found to exist in brain 
[2]. Recently Nakai et al. [3], Genazzani et al. [4] 
and Odagiri et al. [5] showed that 6 endorphin could 
be extracted from human placenta. Liotta and Krie- 
ger [6] reported that this organ was able to synthesize 
B endorphin in vitro. In brain, the distribution of 
endogenous opioid peptides is related to that of the 
opiate receptor [7]. Simantov et al. [8] reported the 
existence of a stereospecific opiate binding site in 
the pituitary gland and the relationship between 
opioid peptides and hypophyseal endocrine pro- 
cesses is now well documented [9]. Previously we 


gave some evidence for the presence of such specific 
opiate binding sites in human placenta [10]; the aim 
of the present work is to characterize this placental 
opiate binding site. 


MATERIALS AND METHODS 


Preparation of tissues fraction 


Placenta. Human full term placentas were 
obtained immediately after vaginal delivery or Cae- 
sarian section. Placentas of earlier gestation were 
obtained after Brindeau Caesarian section or legal 
abortion at 9 gestational weeks. Pregnant rats, mice, 
rabbits and hamsters were obtained after mixing 
males with females in a ratio of 1/5. Gravid females 
were killed when close to term and placental tissue 
was excised. 

Placentas were collected on ice, minced with scis- 
sors and washed several times with cold Tris-HCl 
buffer (0.05 M, pH 7.4, 25°). All further operations 
were carried out at 4°. The tissue was freed from 
blood vessels and connective tissue, and hom- 
ogenized in 5 vol. Tris-HCl buffer (0.05 M, pH 7.4) 
in a Potter-Elvehjem homogenizer (five strokes at 
maximal speed). The homogenate was centrifuged 
(1000 g for 10 min) and the supernatant fluid was 
spun at 100,000 g for 30 min; the resulting pellet was 
washed once and spun again for an additional period 
of 30 min at 100,000 g. The final pellet was hom- 
ogenized and then diluted with Tris buffer (0.05 M, 
pH 7.4, 25°) to give a final protein concentration of 
about 1 mg/ml. 


Brain. Wistar rats were decapitated and the brain 
minus cerebellum was homogenized in a Potter— 
Elvehjem homogenizer. The homogenate was cen- 
trifuged (100,000 g, 30 min) and brain membranes 
were then obtained as described for placenta. 


Binding assay 

The reaction mixtures (1 ml) contained 0.8 mg of 
placental or brain protein, 1 pmole of [*H]etorphine 
with and without 1 nmole of levorphanol. They were 
incubated always in triplicate, at 37° for 30 min. 
Immediately after incubation, they were filtered 
under reduced pressure through Whatman glass fiber 
disks (GF/B) and washed with 10 ml of ice-cold Tris 
buffer (0.05 M, pH 7.4, 25°). The filters were dried 
and counted in 10 ml of toluene scintillation cocktail. 
In some experiments free and membrane-bound 
etorphine were separated by centrifugation at 
100,000 g for 30 min. The pellet was washed with 
2 ml of cold Tris buffer (0.05 M, pH 7.4, 25°) and 
counted in 10 ml of toluene scintillation cocktail. 

Protein concentration were estimated by the 
method of Lowry et al. [12]. Specific [*H]etorphine 
binding was defined as the difference between the 
radioactivity bound to membranes in the absence 
and in the presence of 1 uM of levorphanol. 


Chemicals 


Chemicals were obtained from the following 
sources: [15.16(n)-"H]etorphine, 35.4 Ci/mmole 
(Radiochemical Centre, Amersham, U.K., dextror- 
phan and levorphanol (Hoffman-La Roche, Basel, 
Switzerland), naloxone (Endo, Brussels, Belgium), 
morphine and codeine (Francopia, Paris, France), 
cyclazocine (Winthrop, U.K.), diprenorphine 
(Reckitt & Colman, London, U.K.), haloperidol 
(Janssen, Brussels, Belgium), D-Ala,-leucine and 
methionine enkephalinamide (Dr. Mazarguil, Tou- 
louse), 8 endorphin (Beckman). 


RESULTS 


Specific [*H]etorphine binding to subcellular frac- 
tions of human term placenta. Table 1 summarizes 
the results of [*H]etorphine binding determination 
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Table 1. Distribution of [*H]etorphine binding site in subcellular fractions of the human 
placenta* 





Specific binding 
sites [° H]etorphine (1 nM) 
(fmoles/mg protein) 


Fraction 


Number of binding 
sites expressed as 
per cent of homogenate 





Homogenate 

Nuclear (1000 g) 
Mitochondrial (20.000 g) 
Microsomal (100,000 g) 


100 
38 + 9.5 
44+9.5 
l11+1 





* The tissue fractions were prepared by homogenization and differential centrifugation in 
().32 M sucrose as described in Material and Methods. Each fraction was homogenized in Tris 
buffer (0.05 M, pH 7.4) and diluted with the same buffer to give a final protein concentration 
of 1 mg/ml. The results represents mean + S.E.M. of four independent experiments. 


carried out on different subcellular fractions. The 
data indicated a 3-fold increase in the specific activity 
of the 20,000 and 100,000 g pellets compared to that 
of the homogenate. Electron microscopic examina- 
tion of these fractions indicate that the pellet 
obtained at 20,000 g contained mitochondria and 
large unidentified fragments, whereas microsome- 
like vesicles were located in the 100,000 g pellet. 
Using marker enzyme analysis, Whitsett and Lessard 
[11] reported a similar constitution of the placenta 
subcellular fraction. The etorphine binding sites (93 
per cent) cosedimented with the particulate fractions 
(nuclear, mitochondrial and microsomal), indicating 
that these sites were membrane-bound. Since the 
20,000 and 100,000 g pellets have almost identical 
site densities, a crude membrane fraction was used 
in all subsequent experiments. We checked that spe- 
cific [‘H}etorphine binding was similar whether the 
{‘H]etorphine-membrane complex was isolated by 
filtration through Whatman glass fiber filter or cen- 
trifugation at 100,000 g for 30 min as described in 
Materials and Methods. 

Kinetics of binding. Binding of [*H]etorphine to 
human term placenta membrane was time and tem- 
perature dependent. Figure 1 shows the time course 
of binding of 1 nM [*H]etorphine at 4° and 37°. At 
37° the equilibrium was reached within 10 min and 
we have previously found an association constant K, 
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Fig. 1. Time course of [*H]etorphine specific binding to 


human term placental membranes. The binding of 

[’H]etorphine (1nM) was followed at 4° and 37° as indicated 

and expressed (mean + S.E.M. of four experiments) as per 
cent of the maximal binding. 


of 0.2 x 10’ M™'.min™' [10]. When the incubation 
was carried out at 4°, maximal binding was observed 
after 90 min and represented 73+ 2.5 per cent 
(mean + S.E.M. of six experiments) of maximal 
binding measured at 37°. We have shown previously 
[10] that at 37° [*H]etorphine binding is reversible 
with a dissociation rate constant K_, of 0.075 
min™'. 

The concentration dependence of [*H]etorphine 
binding was studied over concentrations ranging 
between 1 x 10°" and 4 x 10°’ M. According to the 
Scatchard plot (Fig. 2) placental membrane exhibited 
a single class of noninteracting binding site for 
[*H]etorphine. These binding sites were character- 
ized by a dissociation constant of 0.43 + 0.06nM 
and a binding capacity of 64 + 4.8 fmoles (mean 
+ S.E.M. of 4 independent experiments). The Kp 
value derived from the Scatchard plot agrees very 
well with that (0.39 nM) calculated from the ratio 
K_,/K,. 

Specificity. The specificity of the opiate binding 
site in the human term placenta was assessed by the 


» lOxlxmg"! 


Bound x free 








[7H] Etorphine bound,  f moles x mq" 

Fig. 2. Scatchard plot of specific [*H]etorphine binding to 

human term placental membranes. The ratio of bound to 

free [*H]etorphine is represented as a function of 

[*H]etorphine concentration added in the incubation 

medium. Results of four independent experiments are 
indicated by the different symbols. 
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Table 2. Relative potencies of drugs in reducing [*H]etorphine binding to human 
term placental membrane and opiate brain receptor* 





ICs (nM) 





Placenta (N = 4) 


Brain (N = 2-3) 





Cyclazocine 

Levorphanol 

Diprenorphine 

Naloxone 

Morphine 

B Endorphin 
D-Ala-Leu-enkephalinamide 
D-Ala2-Met-enkephalinamide 
Haloperidol 

Codeine 

Dextrorphan 


20:5 
2.4+0.3 
3.9+0.5 
8.8+2.8 
350 + 140 
309 + 65 
866 + 88 

1000 + 260 
7500 + 2400 
25,000 + 500 


> 25,000 





* PH]Etorphine (1 nM) was used. Incubations were carried out at 4° for 2 hr. 1Cso 
values from independent experiments were determined from log-probit regression 


analysis. 


ability of various drugs to inhibit binding of 
[’H]etorphine at 4° (Table 2). In this test, levor- 
phanol was 1000-fold more potent than dextrorphan, 
indicating stereospecific opiate-site interaction in 
placental membrane. Opiates and opioid peptides 
competed with [*H]etorphine for binding. The 
apparent affinities of opioid-like drugs for the pla- 
cental site were compared with those measured in 
the same condition for opiate brain receptor (Table 
2). The opiate antagonists diprenorphine and nalox- 
one, and the opiate agonist—antagonist, cyclazocine, 
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f moles/mg protein 
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Fig. 3. Specific [*H]etorphine binding to human placental 
membrane at various ages. The binding capacity of 5- 
months-old and term placenta was measured after ‘ncu- 
bation of various concentrations with placental membrane; 
the number of binding sites was determined from a Scat- 
chard plot. The results reported on this graph represented 
mean + S.E.M. of the binding capacity of three to seven 
placentas (number in parentheses). The maximal binding 
of [*H]etorphine to membrane of 2-months-old placenta 
was studied with 2 nM [*H]etorphine. 


were nearly as effective in inhibiting binding of the 
radioactive ligand in placenta as in brain. 

Morphine and opioid peptides were equipotent in 
antagonizing the binding of [*H]etorphine to placen- 
tal site; however, these compounds are weaker 
inhibitors in placenta than in brain. Codeine and 
haloperidol, which did not interact with opiate brain 
receptor, displayed no significant affinities for the 
[H]etorphine placental binding site. 

Etorphine binding on human placenta obtained at 
various ages of gestation. The [*H]etorphine binding 
capacity was measured at 2, 5 and 9 months of 
pregnancy. The results are reported in Fig. 3. Specific 
[*H]etorphine binding increased 10-fold between 2 
and 5 months of gestation after which it remained 
constant until term. Kinetics study of [*H]etorphine 
binding on 2-, 5- and 9-months-old placenta indicated 
that [*H]etorphine affinity did not change, so that 
the increase observed reflected an increase of the 
number of binding sites. 

Etorphine binding on placenta obtained from var- 
ious species. The specific binding of [*H]etorphine 
was measured on membrane prepared from the pla- 
centas of different mammals. Rabbit, hamster and 
mouse placentas showed no detectable specific bind- 
ing whereas those of rats had low levels of specific 
binding: 13 per cent of those measured under the 
same conditions in human placental membranes 
(Table 3). 


Table 3. Specific binding of [*H]etorphine to placental 
membrane of various species* 





Number of 
animals 


(H]Etorphine bound 


Species (fmoles/mg protein) 





Not detectable 
7.5+1.4 
Not detectable 
Not detectable 
Not detectable 

53.5+9 


Mouse 
Rat 
Hamster 
Rabbit 
Sheep 
Human 





* Membranes were prepared from term placental of var- 
ious species and incubated with [*H]etorphine (2 nM) for 
30 min at 37°. 
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Fig. 4. Effect of sodium and potassium on the stereospecific binding of [*H]etorphine. Human term 

placental membranes, suspended in Tris-HCI buffer with or without sodium or potassium at various 

concentrations were incubated at 37° for 30 min with 1 nM (*H]etorphine. Specific binding is expressed 
as per cent of control measured in Tris-HCl. 


Effect of Na* and K* on the specific [*H]etorphine 
binding on human term placenta. Opiate brain recep- 
tor binding is markedly modified by the ionic 
environment: low concentrations of Na”* selectively 
enhance the binding of opiate antagonists and 
decrease the binding of opiate agonists [13, 14]. In 
the case of term placental opiate binding sites, Fig. 
4 indicates that a 50 per cent inhibition of 


1 nM[*H]etorphine binding was observed in the pres- 


ence of 80 mM Na’; K* was less effective with a 15 
per cent inhibition at the same concentration. 


DISCUSSION 


The results of the present work confirms our earlier 
observations [10]: a stereospecific binding site for 
opiate-like drugs is present in human placenta. 

The opiate binding site must be located on mem- 
branes because the specific activity is maximal in the 
mitochondrial and microsomal fractions. 

The [*H]etorphine binding site in placental mem- 
branes satisfies all the major criteria for a specific 
opiate binding site. Binding is rapid and reversible 
[10], saturable and stereospecific. At equilibrium 
maximal binding is greater at 37° than at 4°; a similar 
observation was reported by Simantov for opiate 
brain receptor [15]. Etorphine binds with a high 
affinity (Kp = 0.43 nM) to one single class of non- 
interacting binding sites. The kinetics parameters 
and the affinity determined by the Scatchard plot are 
in good agreement. 

The placenta binds opiate-like drugs with stereo- 
specific selectivity. The results of the binding studies 
suggests that opiate agonists and antagonists have 
similar potencies in placenta and in brain. However, 
morphine displays a very low potency in placenta; 
these results confirm our previous observation [10]. 
Furthermore, opioid peptides are weaker inhibitors 
in placenta than in brain. Two possible hypotheses 
can be formulated to explain such a phenomenom: 
the influence of a metabolic process, at least for 


opioid peptides, or the presence of a particular bind- 
ing site. Indeed, placenta contains large amount of 
proteolytic enzymes. We have performed the incu- 
bation at 4° and checked the potency of opioid pep- 
tides using metabolically stable derivatives. Accord- 
ingly, 6 endorphin is still degraded by placental 
membrane at 4° because we have observed a ioss of 
25 per cent in the binding activity, corresponding to 
a decrease of 50 per cent in the concentration com- 
pared to incubation carried out with boiled placental 
membranes. Under the same conditions such a result 
is also found for the two enkephaline derivatives but 
to a lesser extent (30 per cent decrease in the con- 
centration), whereas levorphanol exhibit no measur- 
able loss of activity. Metabolism of opioid peptides 
in placenta differs markedly from that reported in 
brain [16, 17]; its characterization is in progress. A 
metabolic process cannot, however, explain the dif- 
ference in the potency of opioid for placenta binding 
and brain receptor. Simantov et al. [7] reported that 
hypophyseal opiate receptor displays an affinity 
lower for morphine and enkephaline derivatives than 
opiate brain receptor: it seems likely that pituitary 
and placenta opiate binding site present similar phar- 
macological specificity which is quite different from 
that of opiate brain receptor. 

One of the most characteristic feature for brain 
opiate receptor is its selective alteration by sodium 
ions [13, 14]. A similar property is found for placental 
opiate binding site; the [*H]etorphine binding 
decreased with the sodium concentration, 50 mM 
sodium induced a 35 per cent reduction, whereas 
10-50 mM potassium had no effect. 

Etorphine binding to human placenta can be dem- 
onstrated early in pregnancy; the maximal number 
of binding sites increases 10-fold during the first part 
of gestation and remains constant until term. The 
ontogenetic evolution of etorphine binding sites is 
parallel to placental maturation, as this process take 
place until 4 months of gestation; thereafter only 
placental weight increases. Phylogenic studies indi- 
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cated that this site seems specific for human placental 
type. 

The present study demonstrates specific binding 
sites for opioid-like drugs in the human placenta and 
raises the question of their physiological significance. 
Protein hormones similar to those produced by the 
anterior pituitary gland have been isolated from pla- 
cental tissue: chorionic gonadotropin [18], somato- 
mammotropin [19], corticotropin [20] and 6 endor- 
phin [3]. In addition, we have found that placental 
opiate binding site specificity is quite similar to those 
of pituitary. In the placenta little is known about 
whether or not the release of these peptidic hor- 
mones is under the control of some local factor. 

It will be assumed that as in the hypothalamo- 
hypophyseal axis, 6 endorphin participates in the 
regulation of placental endocrine function during 
gestation. The specific opiate binding site demon- 
strated in this study could be implicated in such a 
physiological role. 
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Abstract—N-Methylphenylethylamine (MPEA) and N-methylphenylethanolamine (MPEOA) were 
characterized as substrates for type A and type B monoamine oxidase (MAO) in rat brain mitochondria. 
The inhibition experiments with clorgyline and deprenyl showed that the inhibition patterns with MPEA 
as substrate were dependent on substrate concentrations but that this amine was a common substrate 
for both types of MAO at all substrate concentrations tested. When MPEOA was used as substrate, 
the inhibition patterns differed markedly at different substrate concentrations; at 10.0 WM, MPEOA 
acted as a specific substrate for type B MAO, but at 100 and 1000 uM it became a common substrate 
for both types. Kinetic analyses were carried out for MPEA and MPEOA with the uninhibited, the 
clorgyline-treated (type B MAO), and the deprenyl-treated enzyme (type A MAO). With the uninhibited 
enzyme, there were downward deflections in the curves of Lineweaver—Burk plots for both MPEA and 
MPEOA, suggesting the existence of different affinity components derived from type A and type B 
MAO. By means of the double-reciprocal plots, using the clorgyline- and the deprenyl-treated enzyme, 
it was confirmed that the high affinity corresponded to that for type B MAO and the low affinity to that 
for type A MAO for both MPEA and MPEOA. Therefore, the changes in the inhibition pattern at 
different substrate concentrations may be due to different affinities of the substrate for both types. By 
comparing the K,, and V,,,x values of both types observed for MPEA and MPEOA,, it was pointed out 
that the B-hydroxylation of MPEA tended to increase the K,, value for type A MAO and to decrease 
the V,,x values for both types. - 


Mitochondrial monoamine oxidase [amine: oxygen 
oxidoreductase (deaminating, flavin-containing); EC 
1.4.3.4] (MAO) can be classified as type A and type 
B [1-3]. Various biogenic monoamines have been 
characterized as substrates for both types of MAO 
(see a review in Ref. 4). In our previous papers [5- 
7], we reported that the substrate specificity of B- 
phenylethylamine (PEA) and phenylethanolamine 
(PEOA) for type A and type B was highly dependent 
on their substrate concentrations. In the present 
study, we report that this is also the case for N- 
methylphenylethylamine (MPEA) and N-methyl- 
phenylethanolamine (MPEOA). 


MATERIALS AND METHODS 


Enzyme. A crude mitochondrial fraction was iso- 
lated from whole brains of male Sprague-Dawley 
rats, weighing about 200 g, as described previously 
[6]. 
Chemicals. MPEA and MPEOA were obtained 
as gifts from Dr. F. Karoum, Laboratory of Clinical 
Psychopharmacology, National Institute of Mental 
Health, Saint Elizabeth’s Hospital, Washington. 
DC. Horseradish peroxidase (type II), homovanillic 





* Author to whom correspondence should be addressed. 


acid and pargyline-HCl were obtained from the 
Sigma Chemical Co., St. Louis, MO, and hydrogen 
peroxide from Santoku Chemical Industries Co., 
Ltd., Miyagi, Japan. Clorgyline was supplied by May 
& Baker Ltd., Dagenham, U.K. and deprenyl was 
donated by Prof. J. Knoll, Department of Phar- 
macology, Semmelweis University of Medicine, 
Budapest, Hungary. 

MAO assays. MAO activities were determined 
fluorometrically by the method of Guilbault et al. 
[8] and Snyder and Hendley [9]. For each assay (final 
volume, 3.0 or 0.6ml), 0.177-0.352 mg of mito- 
chondrial protein was used. The assays were carried 
out at 37° and pH 7.4 for 30-90 min. Under the 
conditions used, the assays were linear during incu- 
bation for at least 90 min. 

Inhibition studies. Clorgyline and deprenyl were 
dissolved in distilled water, added to the assay mix- 
ture without substrate, and preincubated at 37° for 
10min to ensure reproducibility of the enzyme 
inhibition. Seven different concentrations of each 
inhibitor over the range of 10°’ to 10-*M were 
employed. It was confirmed that each inhibitor did 
not interfere with the fluorometry when hydrogen 
peroxide was added directly. 

Kinetic studies. MAO activities were measured 
over the range of substrate concentrations of 7.5 to 
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1000 uM for MPEA and 10 to 2000 uM for MPEOA. 
The K,,, and V,,,, values were determined graphically 
from Lineweaver—Burk plots. 

For kinetic studies on MAO pretreated with selec- 
* tive inhibitors, the mitochondria were incubated with 
10°’ Mclorgyline or 10~’ M deprenyl at 37° for 30 min 
and centrifuged at 18,000 g for 10 min. The resulting 
pellet was suspended in 30 ml of 0.25M sucrose 
solution and recentrifuged at 18,000 g for 10 min. 
This procedure was repeated once to wash the 
enzyme completely. The resulting pellet was sub- 
jected to MAO assays as described above. 

Protein determinations. Protein was determined 
by a slight modification of the conventional biuret 
method, using bovine serum albumin as a standard 
[10]. 


RESULT 


Inhibition of MAO activity toward MPEA. Figure 
1 shows MAO inhibition by clorgyline, a selective 
inhibitor of type A MAO [1], and by deprenyl, a 
selective inhibitor of type BMAO [11], using various 
concentrations of MPEA as substrate. In the curves 
with clorgyline (Fig. 1A), clear plateaus appeared 
at 10-* to 10°’ M for all the substrate concentrations, 
showing that MPEA is a common substrate for both 
types over a wide substrate concentration range. The 
sensitivity to clorgyline with 10.0 uM MPEA was 
much less than with 1000 uM MPEA;; with 100 uM 
MPEA it was intermediate. The curves with deprenyl 
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Fig. 1. Inhibition of MAO in rat brain mitochondria by 
clorgyline (A) and deprenyl (B) using various concentra- 
tions of MPEA as substrate. The concentrations of the 
substrate were 10.0 (O——©), 100 (@——®) and 1000 uM 
(A A), with specific activities of 10.5, 26.9 and 32.0 
nmoles-(mg protein)~'-30min~', respectively, in the 
absence of inhibitors. Each point is the mean obtained 
from duplicate determinations upon a single enzyme source 
prepared from the pooled brains of six rats. 
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(Fig. 1B) did not exhibit plateaus, despite the pres- 
ence of both types of MAO in rat brain mitochondria. 
The susceptibility to deprenyl, however, decreased 
according to the increase in substrate concentration, 
confirming the results with clorgyline. 

Inhibition of MAO activity toward MPEOA. 
Figure 2 illustrates the inhibition by both inhibitors, 
using various concentrations of MPEOA as sub- 
strate. The inhibition patterns with this substrate 
differed markedly at different substrate concentra- 
tions. At 10.0 uM, the inhibition curves with both 
inhibitors were almost single sigmoidal; clorgyline, 
when present in the incubation medium at a con- 
centration of 10°’ M, hardly affected the MPEOA 
deamination, but deprenyl almost completely 
inhibited its deamination at the same concentration. 
These data show that MPEOA, at a 10.0 uM con- 
centration, was specific for type B MAO. At 100 uM, 
however, the pattern was changed dramatically; a 
clear plateau appeared at 10-*-10-’M clorgyline, 
showing that at this concentration the amine was a 
common substrate for both types of MAO. When 
the concentration was increased up to 1000 uM, the 
susceptibility to clorgyline was increased even more, 
showing about 75 per cent inhibition with 10~* to 
10~’ M clorgyline, indicating that a major part of the 
activity was due to type A MAO. In the curve with 
deprenyl, the susceptibility decreased according to 
the increase in substrate concentration, confirming 
the results with clorgyline. No plateaus, however, 
were observed in these curves. 
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Fig. 2. Inhibition of MAO in rat brain mitochondria by 
clorgyline (A) and deprenyl (B) using various concentra- 
tions of MPEOA as substrate. The concentrations of the 
substrate were 10.0 (O——©), 100 (@——®) and 1000 uM 
(A A) with specific activities of 2.48, 9.60 and 9.88 
nmoles:(mg protein)"'-30min~', respectively, in the 
absence of inhibitors. Each point is the mean obtained 
from duplicate determinations upon a single enzyme source 
prepared from the pooled brains of six rats. 
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Fig. 3. Lineweaver—Burk plots for uninhibited MAO in rat brain mitochondria with MPEA as substrate. 
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Fig. 4. Lineweaver-Burk plots for MAO in rat brain 

mitochondria pretreated with 10°’ M_ clorgyline 

(O——©) or 10°’ M deprenyl (@——®@) using MPEA as 

substrate. Each point is the mean obtained from duplicate 

determinations; v: moles H,O formed - (mg protein) ~'-30 
min. 
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Fig. 5. Lineweaver—Burk plots for uninhibited MAO in rat 

brain mitochondria with MPEOA as substrate. Each point 

is the mean obtained from duplicate determinations; v: 
moles H,O, formed: (mg protein)~'-30 min™!. 


Table 1. Apparent kinetic constants for MAO activities toward MPEA and MPEOA 
in rat brain mitochondria 





K, 


Substrate (uM) 


| arn 
[nmoles - (mg protein) ~'- 30 min~'] 





MPEA 
High affinity 
Low affinity 
Clorgyline-treated* 
Deprenyl-treated* 


MPEOA 
High affinity ys fe 
Low affinity 143 
Clorgyline-treated* 13.3 
Deprenyl-treated* 476 


16.9 

27.7 
4.13 

58.8 





* The procedure of the treatment is given in the text. 


B.P. 29/1941 
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Kinetic studies with MPEA. MPEA was further 
characterized as a substrate for MAO with the 
uninhibited enzyme by determining the Michaelis— 
Menten kinetic constants from Lineweaver—Burk 
plots. As can be seen from Fig. 3, the plots with 
MPEA revealed a slight downward deflection at the 
highest substrate concentrations, suggesting another 
affinity component. The K,,, and V,,,, values for the 
low affinity component calculated from the five plots 
of the highest concentrations and those for the high 
affinity component are listed in Table 1. 

Since the uninhibited enzyme is a mixture of type 
A and type B MAO, rat brain mitochondrial MAO 
was pretreated with 10°’M clorgyline or 10°7M 
deprenyl to obtain the specific types as described 
before. At this concentration, clorgyline inhibited 
type A MAO and deprenyl inhibited type B MAO 
fairly specifically. As illustrated in Fig. 4, the curve 
with the deprenyl-treated enzyme (type A MAQ) 
was much steeper than that with the clorgyline- 
treated enzyme (type B MAO). The respective K,,, 
and V,,,x Values are presented in Table 1. The K,, 
value of the deprenyl-treated enzyme (type A MAO) 
was higher than that of low affinity component of 
the uninhibited enzyme, and the value of the clor- 
gyline-treated enzyme (type B MAO) was lower than 
that of the high affinity component. 

Kinetic studies with MPEOA. Figure 5 shows the 
double-reciprocal plots for MPEOA with the unin- 
hibited MAO. These plots revealed a notable down- 
ward deflection at the highest concentrations. The 
K,, and V,,,, Values for the low affinity component 
calculated from the four plots of the highest con- 
centrations and those for the high affinity component 
are shown in Table 1. 

Figure 6 illustrates the plots for MPEOA with 
clorgyline-treated (type B MAO) and deprenyl- 
treated enzyme (type A MAQ). As shown in the 
figure, the downward deflection observed for the 
uninhibited enzyme completely disappeared after 
treatment with clorgyline; the high affinity compo- 
nent also disappeared after treatment with deprenyl. 
The respective K,, and V,,,, values with MPEOA as 
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Fig. 6. Lineweaver—Burk plots for MAO in rat brain mito- 
chondria pretreated with 10°’ M clorgyline (O——©) or 
10°'M deprenyl (@——®) using MPEOA as substrate. 
Each point is the mean obtained from duplicate determi- 
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substrate are presented in Table 1. The K,,, value of 
the deprenyl-treated MAO (type A MAO) was much 
higher than that of the low affinity component of the 
uninhibited enzyme; the value of the clorgyline- 
treated enzyme (type B MAO) was lower than that 
of the high affinity component. 


DISCUSSION 


In the present paper, we have characterized 
MPEA and MPEOA as substrates for type A and 
type B MAO. These amines have never been studied 
as MAO substrates. It was found that MAO inhi- 
bition patterns with MPEA and MPEOA differed 
at different substrate concentrations (Figs. 1 and 2). 
To clarify the mechanisms of such changes, we per- 
formed kinetic analyses using the uninhibited, the 
clorgyline-treated, and the deprenyl-treated enzyme. 
Lineweaver-Burk plots with both MPEA and 
MPEOA, using the uninhibited MAO, revealed 
downward deflections (Figs. 3 and 5), suggesting two 
different affinity components of MAO for each sub- 
strate. The plots of MAO pretreated with selective 
inhibitors showed that the low affinity component 
disappeared after the clorgyline treatment and the 
high affinity component after the deprenyl treatment 
(Figs. 4 and 6). These results indicate that the low 
and the high affinity components correspond to that 
of type A MAO and type B MAO, respectively. 
Therefore, it is clear that the changes in the inhibition 
pattern observed for MPEA and MPEOA are due 
to different affinities of each substrate for type A 
and type B MAO. 

We reported previously that the inhibition patterns 
with PEA, the precursor of MPEA, differed mark- 
edly according to the difference in substrate concen- 
tration [5,7], and concluded that such changes are 
predominantly due to a strong substrate inhibition 
of type B MAO; at low concentrations PEA acts as 
a specific substrate for type B MAO, but at high 
concentrations the proportion of type A MAO 
activity metabolizing PEA increases as a result of 
the suppression of type B MAO activity by its 
substrate inhibition. These results on PEA should 
be compared with those on MPEA in the present 
study. The changes in the inhibition pattern due to 
different concentrations of MPEA (Fig. 1), are not 
as great as those when PEA is used [5, 7]. This can 
probably be explained by the fact that, with MPEA 
as substrate, the substrate inhibition of type BMAO 
was absent (Figs. 3 and 4) and the K,,, value of type 
A MAO for MPEA was only ten times higher than 
that of type B MAO (Table 1). Another difference 
to be pointed out in inhibition between MPEA and 
PEA is that, at 10.0 uM, PEA is a specific substrate 
for type B MAO [5, 7], whereas MPEA is common 
for both types at the same concentration (Fig. 1). 
This difference may be due to the K,,, value (58.8 uM) 
of type A MAO for MPEA (Table 1) being lower 
than that for PEA (118-143 uM) [7]. 

The drastic changes in inhibition pattern observed 
according to the concentrations of MPEOA (Fig. 2) 
are very similar to those with PEOA [6], the pre- 
cursor of MPEOA. Such changes can be attributed 
to a remarkable difference in the K,,, value for each 
substrate between type A and type B MAO; the 
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values of type A and type BMAO for MPEOA were 
476 and 13.3 uM, respectively (Table 1), and those 
for PEOA were 1490 and 11.4 uM [6]. 

The relationship betwen monoamine structure and 
substrate specificity for type A and type B MAO was 
investigated by comparing the data (Table 1) on 
MPEA with those on MPEOA. The following effects 
of the B-hydroxylation of MPEA were noted. First, 
the £-hydroxylation resulted in the elevation of the 
K,, value of type A MAO. This is also true when 
the K,, values for PEA [7] and PEOA [6] are com- 
pared with each other. Second, the #-hydroxylation 
of MPEA caused the decrease in the V,,,, values 
of both types (Table 1). From our previous data on 
PEA [7] and PEOA [6], it also can be pointed out 
that the V,,,, of type B MAO is decreased by the 
B-hydroxylation of PEA. These effects on both types 
of MAO make it difficult to conclude whether the 
f-hydroxylation enhances the preference to one type 
of MAO. 

Since, in our previous papers, we carefully char- 
acterized PEA [7] and PEOA [6] as substrates for 
both types of MAO, using the same method and the 
same enzyme source, it is also possible to see how 
the N-methylation of a monoamine affects its sub- 
strate specificity. The N-methylation of both PEA 
and PEOA tended to decrease the K,,, values of type 
A MAQ, and to decrease the V,,,, values of type B 
MAO (Table 1 and Refs. 6 and 7), suggesting an 
increase in substrate specificity for type A MAO. 
These effects of N-methylation do not seem remark- 
able, however, because the inhibition patterns by 
clorgyline and deprenyl with MPEOA (Fig. 2) were 
very similar to those with PEOA [6]. In addition, 
the patterns with synephrine [12], an N-methylated 
compound from octopamine, are very similar to 
those with octopamine [6]. 

MPEA was recently identified in human urine 
[13]. It is well known that MPEOA is also formed 
from PEOA by phenylethanolamine N-methyltrans- 
ferase [14]. These amines, therefore, may be actively 
metabolized by MAO in vivo in mammalian tissues, 
and the ratio of deamination of MPEOA by the 
specific types of MAO may be dependent on its in 
situ concentration in the tissues. 

The present study showed that the drastic change 
in the inhibition pattern observable according to 
substrate concentration is not limited to PEA [5, 7] 
and PEOA [6], but also can be found with MPEOA 
(Fig. 2). Since a single substrate concentration 
arbitrarily chosen is used in most MAO studies [15- 
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20], it should be stressed again that, in MAO inhi- 
bition studies, it is necessary to check the effects of 
substrate concentrations over a wide range for each 
substrate and for each enzyme preparation, while 
suspecting the different affinities of the substrate for 
type A and type B MAO. 
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Abstract—The effect of external [Na],, internal sodium [Na]; and external calcium [Ca], concen- 
trations on the secretion of catecholamines (CA) from the retrogradely perfused and ouabain-treated 
cat adrenal gland was investigated. CA release in response to a pulse of ouabain was [Ca], dependent. 
Inhibition of the sodium pump with the glycoside allowed the loading of the chromaffin cells with 
different Na concentrations in the absence of [Ca],. [Ca], reintroduction evoked a CA secretory response 
which was directly proportional to the loading Na concentration and therefore to the internal concen- 
tration of this ion [Na];. The secretory response evoked by [Ca], in a Na-loaded gland was inversely 
related to [Na], at the moment of [Ca], reintroduction, secretion being higher at lower [Na],. Half-time 
(t;) for the decline from the peak secretory response after [Ca], introduction was related to the [Na], 
at the time of [Ca], introduction. However, the rate of decay of CA secretion was independent of [Nal]; 
at the time of [Ca], application. Addition of [Ca], to a ouabain-treated gland during perfusion with 
140 mM K- and CA-free solution resulted in a secretory response which was much greater than that 
obtained in untreated glands. The data imply that ouabain-induced secretion was not mediated only 
by cell depolarization. It is concluded that the secretory response to [Ca], in a ouabain-treated gland 
is the consequence of a rise of intracellular ionized Ca levels, presumably resulting from the activation 


of an internal Na-dependent Ca influx system located in the chromaffin cell membrane. 


Cardiac glycosides induce the release of catechol- 
amines (CA) from the perfused bovine adrenal gland 
[1], guinea pig vas deferens [2-4], rabbit heart [5], 
cat spleen [6-8] and cat adrenal gland [9]. 

Garcia et al. [9] have recently explained the oua- 
bain-induced CA secretory response from the per- 
fused cat adrenal gland in terms of redistribution of 
monovalent cations in the chromaffin cells, second- 
ary to inhibition by the glycoside of the sodium 
pump. Such ionic redistribution would lead to a 
reduction of the electrochemical gradient for Na; a 
rise in internal Na concentration [Na]; would reduce 
the Na-dependent Ca efflux and increase Ca uptake 
in exchange for Na loss resulting in an increase of 
intracellular ionized [Ca]; and the CA secretory 
response (see Ref. 10). 

If this explanation of the action of ouabain is 
correct, then manipulation of the intra- and extra- 
cellular [Na] by inhibiting the sodium pump with 
ouabain or changing [Na] in the perfusing solution, 
respectively, should lead to changes in intracellular 
[Ca], and therefore of CA release. The overall aim 
of the present work was to explore further the exist- 
ence of the Na—Ca exchange mechanism in the chro- 
maffin cell of the cat adrenal gland, and its relation- 
ship to the CA secretory mechanism. 


METHODS 


Both cat adrenal glands were isolated and pre- 
pared for retrograde perfusion with Krebs—bicar- 
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bonate solution at room temperature, as previously 
described [9]. The perfusion rate was about 1 ml/min. 

Perfusion media. The normal Krebs—bicarbonate 
solution had the following composition (mM): NaCl, 
119; KCl, 4.7; CaCl; 2.5; MgSO,.7H,O, 1.2; 
NaHCO,, 25; KH,PO,, 1.2; Glucose, 11. This sol- 
ution was equilibrated with 95% O, and 5% CO), 
the final pH being 7.4~-7.5. Ca-free Krebs solution 
(0 Ca) was made up by removing CaCl,; no osmotic 
adjustments were made. Twenty-five millimolar Na 
Krebs solution (25 Na) was prepared by substituting 
NaCl by iso-osmolar amounts of sucrose or choline 
chloride; zero Na solution (0 Na) was made by sub- 
stituting NaCl and NaHCO, with sucrose and adding 
10 mM tris-hydroxymethyl amino-methane (tris). 
The pH was adjusted to 7.4 after equilibration with 
95% O.-5% CO). High Na Krebs solution (263 mM 
Na) was made by simply adding 119mM NaCl to 
normal Krebs solution. K-rich solution (140 mM) 
was prepared by the addition of K,SO, with or with- 
out reduction of the corresponding amount of NaCl 
to maintain isotonicity. 

Design of experiments and collection of perfusate 
samples. After 40 min of initial perfusion of the 
glands with Krebs solution, samples were collected 
for 2min each in chilled tubes to determine the 
resting secretion of CA. Then the gland was perfused 
with ouabain (10~*M) in Ca-free solution for 10 min 
and then in 0 Ca solution containing different con- 
centrations of Na for 50 additional min. This per- 
fusion time (60 min) will be referred to as the Na- 
loading period. After this perfusion period, during 
which no significant CA output was observed, Ca 
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Fig. 1. Catecholamine (CA) secretory response to Ca. Adrenal glands were initially perfused with 

normal Krebs solution for 40 min and then with 25 mM Na-Ca free solution (A); or with 263 mM Na- 

Ca free solution (B) for 20 min. Ouabain (10~*M) was then infused. The secretary response to Ca was 

obtained during perfusion of the gland with a solution containing 25 mM Na and 2.5 mM Ca. Data in 

(A) and (B) are obtained from the left and right glands of the same cat. The figure represents a typical 
result from five similar experiments. 


was reintroduced in the presence of different [Ma] 
and perfusate samples were continuously collected 
for 2 min each. 

CA assay. Total CA content of the samples (nor- 
adrenaline plus adrenaline) were determined accord- 
ing to Anton and Sayre [11] without further purifi- 
cation on alumina. CA values are expressed as yg/2 
min or ug/20 min perfusion period. 


RESULTS 


We have previously shown that a 10 min pulse of 
ouabain (10~*M) causes a significant release of CA 
from the retrogradely perfused cat adrenal gland. 
Calcium introduction to a ouabain-treated gland per- 
fused with CA-free but Mg-containing solution 
greatly potentiated CA release [9]. The following 
experiments were designed to examine the charac- 
teristics of the secretory response to Ca in a ouabain- 
treated gland and its relationship with Na ions. 

The secretory response to Ca as a function of (Na), 
during the Na-loading period. Ca introduction evokes 
a vigorous CA secretion from a gland previously 
treated with ouabain and perfused in 0-Ca for 1 hr. 
In these experiments the secretory response to Ca 
was always obtained in 25mM Na and the only 
variable was the [Na], during the Na-loading period. 
The secretory response to Ca seems to be directly 
dependent on the [Na], during the Na-loading period 
but independent of this cation concentration during 
the Ca-introduction period. Thus, when Na concen- 
tration during the loading period was 25 mM, the 
CA release on Ca introduction in 25mM Na was 
only 7.47 + 0.11 ug/20 min (N = 5, Fig. 1). Release 
was markedly enhanced when [Na], during the load- 
ing period was 144 mM (29.82 + 1.60 ug/20 min, N = 
5, P<0.001). In fact, the total amount of CA 
released in response to a Ca-introduction period of 
20 min was directly proportional to the [Na], present 
during the Na-loading period (Fig. 2). 

It is worth noting that [Na], has an interesting 
effect on the secretory response to Ca, CA release 


being much more potentiated at lower than higher 
Na concentraions. If [Na], was maintained constant 
at 144mM during loading period, but varied from 
25 to 263 mM during the Ca introduction period, the 
CA secretory response was substantially greater at 
lower [Na],; at 25, 144 and 263 mM Na, CA secretion 
was 28.9, 15.2 and 10 yg/20min, respectively. 
Hypertonic Krebs solution made with sucrose neither 
caused release of CA nor influenced the secretory 
response to K or Ca. 
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Fig. 2. Catecholamine (CA) secretory response to Ca in 
ouabain-treated glands. Experimental design as in Fig. 1. 
Data (ordinate) were calculated by adding the CA released 
in ten 2-min samples collected after Ca introduction. 
Abscissa shows the loading concentration of Na in a logar- 
ithmic scale. Vertical lines are S.E. of the means. The 
number of experiments are shown in parentheses. 
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Time course of the secretory response to Ca intro- 
duction. Figure 1 also shows that the secretory 
response to Ca reached a maximum during the first 
2-4 min and declined during the following 20 min at 
a rate which depended on [Na], present during the 
Ca introduction period (Fig. 3). In four experiments 
the half-time (t,2) for the decline from peak CA 
release during Ca introduction in the presence of 
three different Na concentrations was measured. 
Glands were loaded in 144 mM Na. In 0 Na the t,, 
was 2.77 min, in25 mM Nait was4.95 min; in263 mM 
Na two phases were observed, a first fast one with 
a ty, of 6.3 min and a second slow one with a t,, of 
23.1 min. Therefore the secretory response fades 
more slowly when higher Na concentrations were 
present during the Ca introduction period. 

The rate of decline from peak CA release does 
not, however, seem to be dependent on the [Na], 
during the loading period. Two ouabain-treated 
glands from the same animal were loaded in 263 and 
144 mM Na and CA secretion was evoked by rein- 
troduction of Ca in 25mM Na (sucrose). The t,,2 
for the decline was identical in both glands (3.85 min). 

The effect of K-depolarization on the secretory 
response to Ca. Maintained depolarization of bovine 
adrenal medullary cells with high K produces a phasic 
release of CA which results from activation and 
subsequent inactivation of Ca entry [12]. 

Exposure of normal cat adrenal glands to 140 mM 
K solution in which Ca has been replaced isosmot- 
ically by Mg did not evoke any CA output (Fig. 4B). 
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Fig. 3. Rate of decline of catecholamine (CA) secretory 
response to Ca introduction in ouabain-treated glands. 
After a ouabain pulse (10~*M for 10 min) in 0 Ca, glands 
were perfused with 0 Ca-solution containing 144mM Na 
for 60min. At the end of this Na loading period, Ca 
(2.5 mM) was introduced in the presence of 0 (Na substi- 
tuted by sucrose), 25 (Na substituted by sucrose) or 263 mM 
Na. Data of 263 Na and 0 Na are taken from two glands 
from the same animal. CA release in each 2 min sample 
is expressed as a percentage of the maximal CA output 
obtained after Ca introduction, which usually was the first 
2 min sample; the ordinate is a logarithmic scale. The figure 
represents a typical result from four experiments. 
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Subsequent application of Ca elicited a clear secre- 
tory response (10.12 + 1.23 ug/20 min, N = 6). The 
same experimental design was used in the contra- 
lateral gland, except that a ouabain (10-*M) pulse 
was first given, followed by a 20 min perfusion with 
Ca-free solution containing 144mM Na and then 
with Ca-free high K solution. Application of Ca 
elicited a vigorous secretory response (22.71 + 
3.14 ug/20 min, N=5) which was significantly 
higher than the secretory response observed in the 
control gland (P < 0.05). 

It is interesting to note that if the Na-loading was 
done at a [Na], of 25 mM and not of 144 mM Na as 
above, the additional release obtained in the oua- 
bain-treated gland was not seen. In one paired 
experiment the normal and ouabain-treated glands 
released 8.58 and 6.08 ug/20 min of CA, respectively, 
in response to Ca reintroduction in the presence of 
140 mM K. 


DISCUSSION 


We have shown in this paper that the secretory 
response from a ouabain-pretreated cat adrenal 
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Fig. 4. Catecholamine (CA) secretory response to Ca 
introduction in adrenal glands treated with ouabain and 
depolarized with a high K solution. Glands were initially 
perfused with Ca-free solution. In A, a pulse of ovabain 
(10~*M for 10 min) was applied; then both glands (A and 
B) were perfused with 140 mM K (as K,SO,) solution which 
contained 144 mM Na but no Ca. Ca was then introduced 
to evoke CA secretion. The figure represents a typical 
result from five (A) and six (B) experiments. 
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gland to Ca was related to the Na concentration in 
the perfusion medium during the loading period, 
and therefore to [Na];. Moreover, the decline in the 
peak secretory response was determined by the [Na], 
at the time of Ca introduction but was independent 
of [Na]. 

Secretory response from a ouabain-pretreated 
gland was produced by Ca while the gland was being 

* perfused with Ca-free solution. Previously, Douglas 
and Rubin [13] showed that introduction of Ca 
caused a massive release of CA from the cat adrenal 
gland perfused with Ca and Mg-free solution. The 
calcium response described in the present study is, 
however, different, because the response was clearly 
elicited even when high Mg was present during the 
initial perfusion of the gland with Ca-free solution. 

The secretory response to Ca seems to be coupled 
to activation of the Na-Ca exchange mechanism, 
because the output of CA, which serves as an index 
of intracellular ionized Ca concentration, was 
directly related to [Na], during the loading period, 
and therefore to [Na],. It should be noted, however, 
that in contrast to the effect of [Na], the response 
to Ca introduction was markedly potentiated in the 
presence of low [Na],. 

After inhibition of Na-K pump by the cardiac 
glycoside, the cell would gain increasing amounts of 
Na, resulting in the reduction of the Na gradient 
[Na],/[Na],) across the chromaffin cell membrane 
during the loading period. Reduction of the electro- 
chemical gradient, e.g. by a rise in internal Na or 
a fall in external Na, would tend to reduce the Na- 
dependent Ca efflux from the cell and increase Ca 
uptake in exchange for Na loss. The magnitude of 
the Ca influx would then largely depend on the 
intracellular Na concentration, Ca influx being 
higher at higher [Na]. These presumed ionic changes 
would then be reflected in parallel changes in the 
rate of CA secretion. The data presented in this 
paper corroborate this suggestion and indicate that 
the Ca response is directly related to the intracellular 
[Na], which in turn is determined by the [Na], present 
during the loading period. 

This effect of [Na]; on Ca response is in contrast 
to the effect of [Na],. In low [Na],, CA secretion 
was greatly potentiated whereas high [Na], had the 
opposite effect. It seems that at low [Na], Ca entry 
is promoted, but at higher concentrations, extracel- 
lular Na competes with Ca for its binding sites on 
the cell membrane with resultant inhibition of Ca 
influx and of CA secretion. 

Another interesting aspect of the role of Na in the 
Ca response is its ability to modify the rate of decline 
of CA release. The decline from the peak CA release 
was much faster in low than in high [Na],. The 
interpretation of this finding is that after intracellular 
Na loading, Ca reintroduction stimulates the Na- 
Ca exchange with Na being lost from the cell at a 
rapid rate, thereby reducing the efficiency of the 
exchange mechanism. In low [Na], the Na lost from 
the chromaffin cell is no longer replaced and the Na— 
Ca exchange mechanism becomes less efficient. On 
the other hand, Na—Ca exchange would continue to 
work effectively in high [Na], because Na loss would 
be replenished by entry of extracellular Na by virtue 
of a favorable [Na],/[Na],; gradient. CA release which 
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closely follows the movement of Ca ions will there- 
fore fade much more slowly in high than in low Na. 

The secretory response to Ca introduction could 
also be due to entry of Ca via a voltage-sensitive 
Ca conductance channel. Ouabain is likely to depo- 
larize the chromaffin cell by interruption of the elec- 
trogenic pump, followed by changes in the distri- 
bution of Na and K ions leading to intracellular Na 
accumulation and K loss [1]. Arguments against the 
role of voltage dependent-Ca channels in the action 
of ouabain are: (a) CA release evoked by activation 
of voltage-dependent Ca channels is not sustained 
in chromaffin cells [12} and adrenergic neurones [14], 
whereas ouabain-evoked CA release is long lasting 
with little desensitization; (b) Ca response is not 
blocked by high Mg [9]; (c) the large additional CA 
secretory effect of Ca is obtained in an otherwise 
fully depolarized chromaffin cell by high K (see Fig. 
4). These data, therefore, clearly suggest that the 
mechanism of action of ouabain is, if anything, barely 
related to its possible depolarizing effects. 

It has been shown that the Na—Ca exchange mech- 
anism operates in a variety of tissues [10, 15, 16]. It 
is interesting to note that this Na—Ca exchange sys- 
tem has recently been implicated in the development 
of hypertension. An alteration of the Na electro- 
chemical gradient across the vascular smooth muscle 
cell plasma membrane may lead to a change in [Ca]; 
and,.therefore, to an increase in basal vascular ten- 
sion and hence of peripheral resistance [15]. In 
addition, metabolic alterations of the Na gradient 
may lead to an increased CA release from the adrenal 
gland and adrenergic neurones which could con- 
tribute to the development and/or maintenance of 
an elevated high blood pressure. If this is true, the 
development of drugs which specifically interfere 
with the Na—Ca exchange system at these cellular 
levels may prove clinically useful. 
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VINYLTOLUENE INDUCED CHANGES IN XENOBIOTIC- 
METABOLIZING ENZYME ACTIVITIES AND TISSUE 
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Abstract—Present short-term experiments with intraperitoneal injections in rats, mice and Chinese 
hamsters show time- and dose-dependent changes in reduced glutathione (GSH) content in the liver 
and kidneys. The depletion of GSH was evident within a few hours after the single injection of 
vinyltoluene to rats and mice, whereas after 24 and 30 hr the liver GSH concentration levels were even 
somewhat higher than those of control animals. At the same time, vinyltoluene administration enhanced 
both the overall drug oxidation reactions (O-deethylations of ethoxycoumarin and ethoxyresorufin) and 
UDP-glucuronosyltransferase activity in the liver. The highest dose of vinyltoluene (500 mg-kg~') 
decreased acutely (within 6 hr) cytochrome P-450 content and ethoxycoumarin O-deethylase activity 
in mouse liver microsomes. The mouse was also observed to be more vulnerable than the rat as far as 
vinyltoluene-induced depression of non-protein sulfhydryl groups is concerned. The importance of the 
vinyl group in vinyltoluene and possible formation of an epoxide intermediate are also underlined by 
the demonstrated ability of vinyltoluene to bind to cytochrome P-450 with the appearance of type I 


difference spectrum. 


Styrene (vinylbenzene) is widely utilized as a mon- 
omer for the manufacture of various plastics and 
resins, where human exposure can be considerable 
[1]. The recent information on the health hazards 
involved in exposure to styrene [1, 2] has increased 
the pressure to find a substitute without the toxic 
properties of styrene. Vinyltoluene has been sug- 
gested as a possible substitute. Vinyltoluene is also 
used in special coatings, adhesives and latexes. How- 
ever, toxicity studies on vinyltoluene are at present 
almost totally lacking. 

To gain insight into the metabolic activation/ 
inactivation of vinyltoluene, we have investigated 
the effects of intraperitoneal injections on the activi- 
ties of drug biotransformation enzymes and on GSH 
concentrations in the liver and kidneys of various 
rodent species. 


MATERIALS AND METHODS 


Animals and their treatment. Male rats of Wistar 
strain (225-260 g), male mice of C57BL/6 (27-35 g) 
and male Chinese hamsters (21-29 g) were fed on 
commercial pellet diets. All animals received tap 
water ad lib. 

The rats received vinyltoluene (500 mg: kg~' body 
wt) by intraperitoneal injection (i.p.) dissolved in 
olive oil. Vinyltoluene (methylstyrene, purum, mix- 
ture of isomers) was obtained from Fluka AG, 
Buchs. Rats were decapitated 1, 3, 6 and 24 hr after 
the injection. The mice received vinyltoluene 
(100 mg - kg™' or 500 mg: kg™' body wt) by i.p. injec- 





* HEPES = N-2-hydroxyethylpiperazine-N’ -2-ethane- 
sulfonic acid (Sigma Chem. Co.). 

+ PES = phenazine ethosulfate. 

+ PMS = phenazine methosulfate (Sigma Chem. Co.). 


tion, and were decapitated |, 3, 6 and 30 hr after the 
injection. Vinyltoluene (i00mg-kg"' or 500 
mg-kg~' body wt) was administered i.p. in hamsters 
once daily for 5 consecutive days. The hamsters were 
decapitated 3 days after the last injection. Control 
rats, mice and hamsters in each group received i.p. 
the corresponding volume of olive oil. 

After decapitation, livers and kidneys were 
removed, cooled and stored at —70° for further 
analyses. 

Biochemical analyses. Tissue samples were hom- 
ogenized in 4 vol. 0.25 M sucrose-0.15 M KCI-10 
mM HEPES* buffer, pH 7.4, and calcium aggregated 
microsomes were obtained as described previously 
[3]. The microsomal pellet was resuspended in 0.15 M 
KCI giving a concentration of microsomal protein 
corresponding to 1 g liver per ml suspension. 

Nonprotein sulfhydryl concentration expressed as 
reduced glutathione (GSH) was assayed from tissue 
homogenate by the method of Saville [4]. The micro- 
somal protein content was measured by the method 
of Lowry et al. [5]. The content of hepatic cyto- 
chrome P-450 was determined from the carbon mon- 
oxide difference spectrum of dithionite reduced 
microsomes with a Cary 219 Varian spectrofotometer 
according to the method of Omura and Sato [6]. 
The molar extinction coefficient of the reduced 
cytochrome P-450-CO complex used was 
91 cm™'-mM“'. The content of kidney cytochrome 
P-450 was assayed with the ascorbate-PES+ method, 
as described by Johannesen and DePierre [7], except 
that we used 0.15 M KCI-0.1 M Na phosphate buffer 
(pH 7.4) instead of Tris (pH 7.5) and PMSé instead 
of PES*. 

The microsomal 7-ethoxycoumarin O-deethylase 
activity was measured by a modified fluorometric 
method of Aitio [8]. One hundred microliters of 
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1.5 mM 7-ethoxycoumarin in acetone was added into 
the assay tube and then the vehicle was evaporated. 
The incubation mixture in a final volume of 0.5 ml 
consisted of 0.3mM 7-ethoxycoumarin, 125mM 
Tris-HCl buffer (pH 7.4), 20 mM KCI, 5 mM MgCh, 
0.005 mM MnCl,, and a NADPH-regenerating sys- 
tem (0.5 mM NADP’ disodium salt, 4.4 mM isocitric 
acid trisodium salt, 0.0125 unit isocitrate dehydro- 
genase, EC 1.1.1.42). 7-Ethoxyresorufin O-deethy- 
lase activity was measured according to Prough et 
al. [9]. 7-Ethoxyresorufin was synthesized by Dr. A. 
Zitting in our Institute. The microsomal UDP-glu- 
curonosyltransferase (EC 2.4.1.17) was assayed with 
0.43mM p-nitrophenol as aglycone and 5.6mM 
UDP-glucuronic acid (ammonium salt) as described 
by Hanninen [10]. 

Binding studies to cytochrome P-450. The 
untreated control male rats used were anesthetized 
lightly with ether. The portal vein was cannulated, 
the caval vein was incised and the liver was perfused 
in situ with 0.9% NaCl (37°) for about 4 min. The 
microsomes were gathered by centrifugation at 
105,000 g for 60 min. The microsomal preparation 
was kept in an ice bath (maximally 2-3 hr) until the 
spectral measurements were made. A reaction mix- 
ture containing 1 mg of microsomal protein per ml 
of 0.1M K-phosphate buffer, pH 7.4, was divided 
in two cuvettes. Vinyltoluene in acetone (obtained 
from Merck, pro anal.) was added with a Hamilton 
syringe into the sample cuvette. An equal volume 
of acetone was added into the reference cuvette. 
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Fig. 1. Effect of a single administration (500 mg- kg", i.p.) 

on reduced glutathione content in rat liver and kidneys. 

@—8 = control animals, @——®@ = exposed animals. 

The results are given as the mean + S.D. value of four 

animals. Statistical differences from control group: *P < 
0.05, **P < 0.01 and ***P < 0.001. 
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Difference spectra was recorded with a Cary 219 
Varian spectrofotometer at room temperature. The 
concentration of vinyltoluene in the cuvette was 50- 
700 uM. The maximal concentration of acetone in 
the cuvette was 165 umoles per ml. 

Statistical analyses were made with Student’s t- 
test. 


RESULTS 


Vinyltoluene was found to bind to hepatic rat 
cytochrome P-450 producing a type I difference spec- 
trum, with a peak at 385 nm and a trough at 420 nm. 
The apparent spectral dissociation constant K, and 
maximal absorption A,,, as derived from double 
reciprocal plots were 0.53 + 0.15 mM and 0.058 + 
0.011/nmoles P-450, respectively (values are the 
means + S.D. from three animals). 

Figures 1 and 2 present the dose- and time-depen- 
dent changes in GSH contents in liver and kidneys 
of rat and mouse caused by a single i.p. injection of 
vinyltoluene. In rat liver the GSH concentration was 
about 50 per cent of that in controls 3 hr after the 
administration. In 6 hr the GSH concentration in 
treated animals was only 26 per cent of that in 
controls. In 24 hr, however, the GSH level was even 
slightly higher than in the control liver. The GSH 
content in rat kidneys was only slightly affected by 
vinyltoluene injection (Fig. 1). 
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Fig. 2. Effect of a single vinyltoluene administration (100 
mg-kg~' or 500 mg-kg ', i.p.) on reduced glutathione con- 
tent in mouse. liver and kidneys. B-———M™ = control, 
O——O = 100 mg-kg~' and @——®@ = 500 mg-kg™!. The 
results are given as the mean + S.D. values of two to five 
animals (see the notes in Table 2). Statistical differences 
from control group: P<0.05, **P<0.01 and ***P< 
0.001. 
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A single injection of vinyltoluene (500 mg-kg™') 
in 1 hr decreased GSH content of liver and kidneys 
in mouse to 23 and 47 per cent, respectively, of that 
in controls (Fig. 2). Three of the five animals died 
6-30 hr after the injection of 500 mg-kg™' of vinyl- 
toluene. The GSH content in the livers and kidneys 
of the surviving two mice was increased 30 hr after 
the vinyltoluene administration. A single injection 
of 100 mg-kg™' of vinyitoluene caused first a small 
decrease in GSH content of the liver and kidneys 
which was subsequently followed by an increase as 
compared to controls. 

In rat liver the microsomal overall drug oxidation 
reactions, O-deethylations of 7-ethoxycoumarin and 
7-ethoxyresorufin, were significantly increased (1.5- 
and 4-fold, respectively) 24 hr after 4 single vinyl- 
toluene injection (500 mg-kg~').7-Ethoxyresorufin 
O-deethylase activity was already doubled 6 hr after 
the administration of vinyltoluene. The microsomal 
UDP-glucuronosyltransferase activity also increased 
1.8-fold in 24hr. No significant changes in micro- 
somal cytochrome P-450 level could be detected 
within 24hr. Neither were the cytochrome P-450 
level or 7-ethoxycoumarin O-deethylase and UDP- 
glucuronosyltransferase activities affected in kidneys 
(data not shown). 

In mouse liver the administration of 100 
mg-kg~' of vinyltoluene caused no significant effect 
in microsomal 7-ethoxycoumarin O-deethylase 
activity, whereas 500 mg-kg™'-injection decreased 
the activity in 3 and 6 hr to about 70 per cent of that 
in the controls (Table 2). The decrease levelled off 
within 30 hr. The microsomal UDP-glucuronosyl- 
transferase activity was only slightly increased in 
mice liver 30hr after the administration of 
500 mg-kg™' of vinyltoluene. The significant 
decrease in cytochrome P-450 content was detected 
6hr after the administration of vinyltoluene 
(500 mg-kg™'). 

Short-term treatment (five subsequent daily injec- 
tions) of Chinese hamsters with vinyltoluene 
enhanced the hepatic drug metabolizing enzymes 
(Table 3). Cytochrome P-450 level was slightly 
increased together with the 7-ethoxycoumarin O- 
deethylase and UDP-giucuronosyltransferase activi- 
ties. The hepatic GSH concentrations were slightly 
increased both in the liver and kidney due to the 
several subsequent vinyltoluene doses (Table 3). 
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DISCUSSION 


The changes in GSH in rats and mice after vinyl- 
toluene administration are dose- and time-depen- 
dent. The changes of GSH concentration show that 
vinyltoluene or its reactive metabolite, probably 
epoxide, interacts with this endogenous nucleophile. 
A single injection of vinyltoluene caused a depres- 
sion in the hepatic free GSH content. This is similar 
to the data obtained in the case of styrene [11]. Both 
with vinyltoluene and styrene the mouse appeared 
to be the most susceptible rodent species as far as 
GSH depletion is concerned. In the case of styrene, 
the GSH decrease has been suggested to be due to 
the formation of a reactive metabolite styrene oxide, 
and its interaction with GSH [12]. Vinyltoluene is 
also suggested to metabolize to a reactive metabolite 
which then can bind to GSH. 


6.72 + 0.54 
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* Results are given as the means + S.D. from four animals. 


+ Statistical difference from control group P < 0.05. 
¥ Statistical difference from control group P < 0.01. 











Table 3. Effect of vinyltoluene administration (100 or 500 mg-kg™', 


microsomal cytochrome P-450 content, 


100 mg-kg™! 
500 mg-kg™! 


Exposure 





Vinyltoluene induced changes in xenobiotic-metabolizing enzyme activities 


The importance of the vinyl group in vinyltoluene 
and the possible formation of an epoxide are also 
underlined by the demonstrated ability of vinyl- 
toluene to bind to cytochrome P-450. The appear- 
ance of type I difference spectra following the 
addition of vinyltoluene to hepatic microsomes 
indicates that vinyltoluene binds to hepatic micro- 
somal cytochrome P-450 in the manner characteristic 
of the binding of substrates to this enzyme [13]. The 
epoxides formed from vinyl compounds interact with 
cellular molecules such as glutathione or proteins. 
When bound to the apoprotein of cytochrome P- 
450, the catalytic function of the cytochrome may 
be impaired [14]. 

In long-term exposures, many compounds that 
acutely decrease the tissue GSH level may later 
elevate it [14-16]. Hepatic GSH levels can rapidly 
decrease and then rebound similarly to the result 
observed with vinyltoluene, after the administration 
of various unsaturated compounds which are 
excreted as glutathione conjugates [12, 15, 17]. 

In mouse, with the largest dose used a decrease 
in monooxygenase activity as well as in cytochrome 
P-450 content was evident. This is most probably 
due to the unfavorable monooxygenase/epoxide 
hydratase ration in mouse liver [18]. An enhance- 
ment of drug biotransformation reactions was also 
observed in rats (within 6hr) and in mice (within 
30 hr) after a single dose of vinyltoluene. In Chinese 
hamsters, repeated injections of vinyltoluene had no 
major effect on drug monooxygenation and conju- 
gation reactions. A small increase in GSH content 
of the kidneys was, however, observed. 

The vinyltoluene-mediated decrease in GSH con- 
centration and the possibility for reactive epoxide 
intermediate formation strongly suggest that 
thorough toxicological studies on vinyltoluene are 
warranted. 
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SHORT COMMUNICATIONS 


Interaction of oxypertine with rat brain monoamine receptors 


(Received 18 April 1980; accepted 31 May 1980) 


The most specific biochemical effect of oxypertine may be 
its depletory action on presynaptic storage of monoamines 
[1-4]. Thus, Hassler et al. [4] reported that at a low dose 
oxypertine depleted selectively norepinephrine in rat brain, 
while at a high dose it depleted dopamine and serotonin 
as well as norepinephrine. The depletory action of oxy- 
pertine on catecholamines have been explained by a block- 
ade of the uptake-storage mechanism of amine granules 
[5]. On the other hand, it has. been suggested that the 
immediate onset of behavioural effects induced by oxy- 
pertine may be due to an initial receptor blockade [5]. 
There is, however, little information concerning the bio- 
chemical effect of oxypertine on monoamine receptors. We 
describe here the effects of oxypertine on dopamine-sen- 
sitive adenylate cyclase [EC 4.6.1.1] activity and 
["H]spiroperidol binding in rat striatum and frontal cortex 
and on [°H]WB-4101 binding in rat cerebral cortex. 
Male, Wistar King rats (250-300 g) were decapitated and 
their brains were rapidly removed. The brains were cut 
into serial frontal slices of 300 um thickness in a cryostat 
at —12°. Using a microknife, the nucleus caudatus putamen 
and medial field of prefrontal cortex [6] were dissected 
from the sections between A 7100 and 9650 um and between 
A 10,300 and 11,500 um planes, respectively, according to 
the atlas of Kénig and Klippel [7]. Dopamine-sensitive 
adenylate cyclase was assayed as previously described [8]. 
The tissue homogenate were incubated in the assay mixture 
(final vol., 25 ul) containing 25 mM Tris-maleate buffer 
(pH 7.2 at 30°), 0.5mM ATP, 1mM MgSO,, 0.6mM 
EGTA, 40 U/ml creatine kinase, 20mM creatine phos- 
phate, 10mM_ theophylline, 0.5-1uCi [a-**P]ATP, 
0.005 Ci [*H]cyclic AMP and test substances, at 30° for 
5 min. [a-"*P]Cyclic AMP was isolated by the method of 
Salomon et al. [9]. Protein was measured according to 
Lowry et al. [10] using bovine serum albumin as standard. 
For ["H]spiroperidol binding assay, the brains were cut into 
serial frontal slices of 500 um thickness with a MclIlwain 
tissue chopper. The anterior frontal lobe and nucleus cau- 
datus putamen were dissected from the slices between A 
12,000 and 10,000 um and between A 9600 and 7000 um, 
respectively. Special care was taken to prevent the prep- 
arations of frontal cortex tissue from contamination by the 
nucleus accumbens and striatum. The tissue preparation 
and binding assay were carried out essentially as described 
by Titeler et al. [11], except that EGTA was used instead 
of EDTA. The tissue suspension was incubated in 0.6 ml 
10 mM Tris-HCl! buffer (pH 7.7 at 25°), containing 1 mM 
EGTA, 1mM ascorbic acid, 10 uM pargyline, 0.4nM 
[*H]spiroperidol and test drugs, at 37° for 15min. The 
samples were filtered through Whatman GF’B filters and 
rinsed with 2 x 5 ml of ice-cold buffer. Specific binding of 
[?H]spiroperidol was defined as that displaced by 1 uM 
(+)-butaclamol. The binding of [*H]WB-4101 to rat cere- 
bral cortex was measured by the method of U’Prichard et 
al. [12]. The tissue suspension prepared from whole cer- 
ebral cortex was incubated in 50mM Tris-HCl buffer 
(pH 7.7 at 25°) containing 0.26nM [*H]WB-4101 and test 
drugs at 25° for 15 min. Specific binding of [*H]WB-4101 
was defined as that displaced by 100 uM (-)-norepinephrine. 
Dopamine, (-)-norepinephrine, cyclic AMP, ATP, creatine 
kinase and creatine phosphate were purchased from Sigma 
Chem. Co., St. Louis, MO, U.S.A. [a-*P]ATP 
(20.8 Ci/mmole), [*H]cyclic AMP (37.7 Ci/mmole), 


[H]spiroperidol (23.6 Ci/mmole) and [*H]WB-4101 (24.4 
Ci/mmole) were from New England Nuclear, Boston, MA, 
U.S.A. Chlorpromazine (Yoshitomi, Osaka, Japan), halo- 
peridol (Dainihon, Osaka, Japan) and oxypertine (Daiichi, 
Tokyo, Japan) were obtained as gifts. (+)-Butaclamol was 
generously supplied by Dr. K. Saito, Osaka University, 
Japan. 

Oxypertine was found to inhibit the dopamine-sensitive 
adenylate cyclase in the striatum and frontal cortex (Fig. 
1C). There was no marked difference between the effects 
of oxypertine on the adenylate cyclase in the striatum and 
frontal cortex. However, oxypertine was 20- and 10-fold 
weaker than haloperidol (Fig. 1A) and chlorpromazine 
(Fig. 1B), respectively. These results suggest that oxyper- 
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Fig. 1. Effect of haloperidol (A), chlorpromazine (B) and 
oxypertine (C) on the dopamine-sensitive adenylate cyclase 
in rat striatum (O) and frontal cortex (@). The striatal 
(76 ug protein) or frontal cortex (18 ug protein) homogen- 
ates were incubated in the presence of each drug. The 
results are expresssed as per cent of stimulation of the 
adenylate cyclase by 100 uM dopamine. The activities in 
the absence and in the presence of 100 uM dopamine were 
116 and 270 pmoles-min'-mg protein”! for striatum and 
135 and 178 pmoles-min~'-mg protein ' for frontal cortex. 
Each point represents the mean of duplicate assays. The 
values of inhibition constant were: haloperidol, 0.11 uM; 
chlorpromazine, 0.23 uM; oxypertine, 2.2 uM. These val- 
ues were calculated according to Cheng and Prusoff [13]. 
The concentration of dopamine required for half-maximal 
stimulation was 4.8 uM in both striatum and frontal cortex. 
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tine is a weak antagonist for the dopamine receptors cou- 
pled to the adenylate cyclase in both striatum and frontal 
cortex. 

The specific binding of [*H]spiroperidol (0.02-0.8 nM) 
to striatal preparations was saturable with a dissociation 
constant of 0.22 nM and a maximal number of binding sites 
of 17 pmoles/g tissue, whereas the [*H]spiroperidol binding 
in the frontal cortex showed a non-linear Scatchard plot 
(data not shown). Oxypertine was less potent than halo- 
peridol and Slightly less potent than chlorpromazine in 
displacing [*H]spiroperidol binding from striatal mem- 
branes (Fig. 2A and Table 1). In the frontal cortex, it was 
not simple to determine the potency of oxypertine relative 
to haloperidol because these drugs inhibited 
(*H]spiroperidol binding in a biphasic manner (Fig. 2B). 
The inhibition of specific binding by haloperidol revealed 
two distinct components, a high affinity component (ICs 9= 
4.5nM) constituting 35 per cent of total specific binding 
and a low affinity component (1Csg= 150 nM). The inhibition 
curves of both chlorpromazine and oxypertine also revealed 
a less pronounced inflection at which 50-60 per cent of 
total specific binding was inhibited. In these cases, the ICs 
values were calculated without distinction nennen these 
two components (Table 1). Oxypertine was 2-fold more 
potent than chlorpromazine in displacing [* Whpitoperidel 
binding from frontal cortex membranes. Moreover, the ICs 
value of oxypertine was eight times lower in the frontal 
cortex than in the striatum. 
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Fig. 2. Displacement of specific [*H]spiroperidol binding 
in rat striatal and frontal cortex membranes. (A) Rat striatal 
(2.0 mg tissue) or (B) frontal cortex (3. 5 mg tissue) mem- 
branes were incubated with 0.4 nM [*H]spiroperidol in the 
presence of various concentrations of haloperidol (O), 
chlorpromazine (A) or oxypertine (@). The results are 
expressed as per cent of specific [° H]spiroperidol binding 
defined as that displaced by 1 uM (+)-butaclamol. The 
specific binding constituted 70 per cent of total binding 
(1060 cpm) in the striatum, and 53 per cent of total binding 
(930 cpm) in the frontal cortex. Each point represents the 
mean + S.E.M. of triplicate determinations. 
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Recent studies have suggested that [*H]spiroperidol may 
bind to dopamine receptors in the striatum and serotonin 
receptors in the frontal cortex [14-16]. These studies also 
indicated that [’H]spiroperidol labelled a heterogenous 
population of sites in the frontal cortex. In the present 
studies, displacement experiments showed two distinct 
components in the frontal cortex. Since the high affinity 
component of haloperidol displacement for 
(*H]spiroperidol binding in the frontal cortex had an 1Cso 
value similar to that observed in the striatum, the high 
affinity component may associate with dopamine receptors 
as described by Marchais et al. [17]. Haloperidol and 
oxypertine, at low concentrations (1-10 nM), exhibited a 
similar inhibition curve for [* H]spiroperidol binding to fron- 
tal cortex membranes (Fig. 2B). However, these two drugs 
seemed to displace (*H]spiroperidol from the different types 
of binding sites in the frontal cortex because haloperidol 
was much more potent than oxypertine in inhibiting 
(*H]spiroperidol binding in the striatum. Therefore, oxy- 
pertine may displace [“H]spiroperidol preferentially from 
serotonin receptors in the frontal cortex. These results 
suggest that oxypertine is considerably potent in blocking 
serotonin receptors but weak in blocking dopamine 
receptors. 

Oxypertine was 5-fold less potent than chlorpromazine 
and as potent as haloperidol in displacing [*H]WB-4101 
binding from cerebral cortex membranes (Fig. 3 and Table 
1). [°H]WB- 4101 has been found to label alpha-adrenergic 
receptors in brain membranes [12, 18]. The displacement 
studies of specific [7H]WB-4101 binding in rat brain have 
shown that both chlorpromazine and haloperidol are as 
potent as classical alpha-adrenergic antagonists [12, 18]. In 
this respect, oxypertine also appeared to be a potent blocker 
of alpha-adrenergic receptors in the cerebral cortex. 

In clinical studies, Praag and Korf [19] selected oxyper- 
tine as a selective blocker of noradrenergic transmission 
and suggested that it prevented exacerbation of delusion 
and hallucinations and increased the level of motivation. 
In the present studies, the ratios, 1Csp for [° H]spiroperidol 
in the frontal cortex/ICsp for [ H]spiroperidol in the stria- 
tum, and ICsp for [° H]WB- 4101 in the cerebral cortex/ICso 
for ["H]spiroperidol in the striatum were: oxypertine, 0.12 
and 0.26; chlorpromazine, 0.52 and 0.09. If a same extent 
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Fig. 3. Displacement of specific [*H]WB-4101 binding in 
rat cerebral cortex. The cerebral cortex, membranes (13 mg 
tissue) were incubated with 0.26 nM [*H]WB-4101 in the 
presence of various concentrations of haloperidol (O), 
chlorpromazine (A) and oxypertine (@). The results are 
expressed as per cent of specific [*H]WB-4101 binding 
defined as that displaced by 100 uM (-)-norepinephrine. 
The specific binding constituted 65 per cent of total binding 
(970 cpm). Each point represents the mean + S.E.M. of 
triplicate determinations. 
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Table 1. Inhibition of [*H]spiroperidol and [*H]WB-4101 binding in rat striatal, frontal cortex 
and cerebral cortex membranes* 





[>H]Spiroperidol 


[SH] WB-4101 





Drug Striatum 


Frontal cortex 


Cerebral cortex 





210 + 30 (4) 
120 + 30 (3) 
15+ 5(4) 


Oxypertine 
Chlorpromazine 
Haloperidol 


ICso (nM) 
25+ 7 (4) 
53 + 21 (2) 


4.5 + 1.4 (5)+, 150 + 34 (5) 





* Inhibition studies of specific [*H]ligand binding were performed as described in Figs. 2 and 
3. The drug concentrations required for 50 per cent inhibition (1Cs9) were determined by log 
probit analysis. The values are the means + S.E.M. for the number of separate experiments 
indicated in parentheses. 

+ The high affinity component constituting 35 + 4 (5) per cent of total specific binding. 


of dopamine receptor blockade is attained at clinical doses 
of these two drugs, oxypertine may be about four times 
more potent than chlorpromazine in antagonizing serotonin 
receptors and three times less potent than chlorpromazine 
in antagonizing alpha-adrenergic receptors. These results 
may be useful to understand a detailed profile of therapeutic 
actions and side effects of oxypertine. 

In conclusion, our results suggest that comparing with 
chlorpromazine, oxypertine is a weak blocker of dopamine 
and alpha-adrenergic receptors but a relatively potent 
blocker of serotonin receptors. 
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Anaerobic reduction of nitroimidazoles by reduced flavin mononucleotide and by 
xanthine oxidase 


(Received 2 March 1980; 


Anaerobic reduction of nitroimidazoles and other nitro- 
aromatic compounds used in medicine is thought to be 
responsible for both their therapeutic and their toxic 
properties [1]; these compounds may also have chemo- 
therapeutic applications against hypoxic tumour cells [2]. 
Many of the known nitroreductases contain a flavin as 
coenzyme [3] and free flavins accelerate nitroreduction in 
isolated nitroreductases in vitro (e.g. Refs. 4 and 5). Ina 
non-aqueous system the rate of reduction of substituted 
nitrobenzenes by free reduced flavins depends on the redox- 
related Hammett o substituent parameter [6]. We compare 
here the anaerobic reduction of nitroimidazoles of varying 
electron affinity by a free reduced flavin and by the fla- 
voenzyme xanthine oxidase. 

Methods. FMNH,* was produced in an: anaerobic spec- 
trophotometer cell by the addition of dithionite (BDH) to 
FMN (Sigma) using techniques similar to those described 
by Dixori [7, 8] and the nitro compound added to initiate 
the reaction. FMN production was monitored at 445 nm. 
Anaerobic reduction by xanthine oxidase (Sigma, from 
buttermilk X1875) used the Dixon anaerobic technique 
except that the N2-bubbling needle was raised above the 
solution immediately after adding the enzyme. Other con- 
ditions were as used by Tatsumi ef al. [9]. The liquid 
chromatographic (h.p.l.c.) equipment has been described 
[10]; a 10 um Spherisorb ODS column and methanol (30- 
40%)/water eluent was used. Reduction potentials were 
derived from redox equilibria measured using the pulse 
radiolysis technique [11]. 





* Abbreviations used: FMN, FMNH-, FMNH): oxi- 
dized, semiquinone and reduced states of flavin mono- 
nucleotide; Ar, aryl or heteroaryl group; E7 one-electron 
reduction potential at pH 7 vs NHE (normal hydrogen 
electrode); ¢, time in seconds. 


accepted 14 May 1980) 


Compounds. Misonidazole was provided by Roche Prod- 
ucts Ltd., metronidazole by May & Baker Ltd., 4-nitro- 
benzoic acid and 4-nitroacetophenone by BDH, and nitro- 
furans by Koch-Light. Compounds prefixed ‘RGW’ were 
synthesized by Dr. R. G. Wallace at Brunel University 
from 2-nitroimidazole supplied by Roche Products Ltd. 
Buffers and other chemicals were BDH, A.R. grade. 

Anaerobic reduction by FMNH) in water at pH 7.4 of 
some nitrobenzenes, nitrofurazone and all the nitroimi- 
dazoles investigated (Table 1) was shown to involve stoi- 
chiometry corresponding to reaction (1): 


ArNO, + 2 FMNH,—+ArNHOH 
+ 2FMN + H.O. 


4-nitroacetophenone was shown to yield 4-hydroxylami- 
noacetophenone by comparison with authentic material 
kindly supplied by Dr. J. W. Gorrod (Ajax = 312 nm; ident- 
ical h.p.l.c. retention time); 4-electron stoichiometry has 
been reported previously for reduction of nitrobenzenes 
by reduced flavins in aqueous [12] and non-aqueous [6] 
solvents. Anaerobic reduction of 4-nitroacetophenone by 
xanthine-xanthine oxidase yielded only the hydroxylamine 
(no nitroso, no amine by h.p.I.c.), in agreement with the 
work of Tatsumi ef al. [9]. Xanthine-xanthine oxidase 
reduction of most nitroimidazoles studied was inconven- 
iently slow to permit measurement of the stoichiometry 
(see below), but with the highly electron-affinic nitroimi- - 
dazole (B) (Table 1), complete removal of the nitro com- 
pound (30 umoles. dm~*) was accompanied by the forma- 
tion of uric acid (60umoles.dm~*), i.e. 4-electron 
stoichiometry. 

Although the products of reduction of nitroimidazoles 
have not been indentified, experiments referred to in Ref. 
[1] and our own work (to be reported elsewhere) has shown 
that other reducing agents (dithionite, reduced viologen 


(1) 


Table 1. The compounds studied 





Figure code 


Name 


EV vs NHE 





Nitrofurazone[5-nitro-2-furaldehyde-semi- 


carbazone] 


RGW-801 [5-cyano-1-methyl-2-nitroimidazole] 


=O 257 * 
—0.262 + 


RGW-617 [1-(2-N-methylmorpholiniumethyl) 


2-nitroimidazole iodide] 
4-Nitroacetophenone 


—0.318 + 
0.355 $ 


Misonidazole [1-(2-hydroxy-3-methoxypropyl) 


2-nitroimidazole] 
4-nitrobenzoic acid 


—0.389 § 
—0.425 + 


RGW-614 [1-(1-carboxymethyl)-2-nitro- 


imidazole, methanol sodium salt] 


—0.443 + 


Metronidazole [1-(2-hydroxethyl)-2-methyl- 


5-nitroimidazole] 


—0.485 § 


RGW-61 1[1-(2-morpholinoethyl)-4-nitro- 


imidazole] 


—0.554 + 





* Ref [15]. 
+ This work. 
t Ref. [14]. 
§ Ref. [16]. 
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Fig. 1. Dependence of the second-order rate constant, k 

(see text) for reduction of nitroaromatic compounds by 

reduced flavin mononucleotide at pH 7.4 and 25° upon the 

one-electron reduction potential E, See Table 1 for key 
to compounds. 


radical-cations, CO,* (see Ref. 11), hydroquinones) gen- 
erally reduce nitroimidazoles with 4-electron stoichiometry. 
Bray [13] has reviewed reduction of oxygen and quinones 
by xanthine oxidase and has noted the importance of flavin 
sites in reduction via one-electron transfers to produce 
superoxide or semiquinone free radicals. There are many 
similarities in the one-electron transfer reactions of oxygen, 
quinones and nitroaromatic compounds [11]. We suggest, 
therefore, that flavin sites are the route of reduction of 
nitroaromatic compounds by xanthine-xanthine oxidase, 
although the analogy with nitrate reductase and the involve- 
ment of molybdenum sites cannot be ruled out. We con- 
clude that further reduction of hydroxylaminoimidazoles 
to the amines is relatively difficult using FMNH) and most 
other reductants (including xanthine oxidase) and suggest 
that reduction of nitroimidazoles by both FMNH), and 
xanthine oxidase can be represented by equation (1). 

Using e.g. 20-40 umoles. dm ~ ArNOs, reaction (1) was 
found to proceed on a time-scale of minutes using most of 
the nitroimidazoles listed in Table 1. In agreement with 
studies with nitrobenzenes [6, 12] we found the rate to be 
first-order in [ArNO,]. Oxidized flavin (FMN) inhibited the 
reaction (initial rate aj FMN] °°) and the order with respect 
to [FMNH,] varied during the reaction, apparently increas- 
ing from ~1 to ~2 as the reaction progressed; these obser- 
vations were not reported by the earlier workers. Reactions 
could be accelerated ~10-fold by adding Fe(II) salts 
(~5 umoles. dm~*); EDTA (~20 umoles. dm~*) was there- 
fore added to all solutions to prevent the noticeable and 
varied effects of Fe impurity in the buffers used. Experi- 
ments with 4-nitrobenzoate (F) using EDTA, analysed 
according to Voshall and Carr [12], gave a rate constant 
> 10-fold lower than they reported, possibly because of Fe 
impurity in the earlier work. 

Analysis’ of the rate data, assuming rate a[FMNH,] 
[ArNO,]|6], was useful for the initial half of the reactions 
where [FMN] < [FMNH}], and for comparison with rates 
for nitrobenzenes in non-aqueous solvents[6]. Overall sec- 
ond-order rate constants k for reaction (1) were derived 
using this simplified rate expression. These data are plotted 
in Fig. 1 for 4-nitrobenzoate (F) and for the nitroimidazoles 
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listed in Table 1. The rate constants span four orders of 
magnitude and reaction (1) is faster the higher the reduction 
potential of ArNO,; nitrofurans and other nitroimidazoles 
with E}>-—0.3V reacted too fast for study, but are 
expected to foltow the relationship indicated in Fig, 1. Data 
for 4-nitroacetophenone (D) did not fit the overall second- 
order analysis; the reaction was ~three times faster than 
that with the 2-nitroimidazole (C) (Table 1) and ~two 
times slower than with nitrofurazone (A). Hence, 4-nitro- 
acetophenone is more reactive towards FMNH) than one 
would predict from Fig. 1 and the value E',= —0.36 V [14]; 
we have previously noted that the disproportionation rate 
of ArNO,* is orders of magnitude more rapid with 4- 
nitroacetophenone than with many other nitroaromatic 
compounds at pH 7.4 [15]. 

Assuming the overall rate of (1) to depend on the for- 
mation of a nitroso intermediate which is reduced more 
rapidly than the parent nitro compound, a reaction scheme 
for (1) can be postulated [6] in which the first step is 
production of the flavosemiquinone FMNH.- and the nitro 
radical ArNO,* in a one-electron transfer equilibrium 
involving ArNO, and FMNH;: 


FMN + FMNH, = 2 FMNH- 
FMNH, + ArNO,—= FMNH: + ArNO,° 


FMNH, + ArNO,* — FMNH: + ArNO + OH (4a) 


FMNH: + ArNO,* > FMN + ArNO + OH. (4b) 


Mason’s studies [17] have suggested that ArNO,* is formed 
whenever reduced flavoenzymes are present. The depend- 
ence of logy) k upon E> (Fig. 1: least-square slope = 18.4 
+ 2.1 V~") is in good agreement with the value 16.9 V~! 
(i.e. F/2.3RT) calculable from such a model. The full rate 
equation (5) derived from a modification of Gibian and 
Baumstark’s scheme [6] may involve an initial inverse 
square root dependence upon [FMN], an apparently vary- 
ing order for [FMNH,] as the reaction proceeds and a first- 
order dependence on [ArNO,]: 


d[FMN]/dt = 2(K,/K}”) [FMNH J [ArNO,] (5) 


x {k44([FMNH|/[FMN]) 7 + kK $73. © 


Since the values of the one-electron transfer equilibria 
in the scheme are now calculable, the rate equation has 
only two unknown parameters. These are the rate constants 
k,, and ky, for one-electron reduction of AYNO,* to ArYNO 
by either FMNH, or FMNH,., respectively. Estimates of 
these rate constants were obtained by taking tangents of 
the extinction-time curve, converting to rate (d[FMN]/dr) 
and calculating [FMNH,], and [FMN] and [ArNO,] via the 
known extinction coefficients and reaction stoichiometry, 
and solving the resulting pairs of simultaneous equations 
after insertion of the individual values in equation (5). 
Draper and Ingraham [18] give K,= 0.0071 and E's 
(FMNH-/FMNH;) = —0.194 V. Using the relationship 


E}, (ArNO,/ArNO,") (6) 
— E},(FMNH-/FMNH ,) = 0.059 log K; 


where the potentials E' (in V) are given in Table 1, we 
calculate K; = 5.0 x 10~* and 1.1 x 10° for misonidazole 
and metronidazole, respectively. (The nitro compounds 
have virtually identical values of E' at pH 7.0 and 7.4.) 
In Fig. 2 we compare observed and calculated extinctions 
during reduction by FMNH) of misonidazole (with and 
without excess FMN) or metronidazole. Numerical inte- 
gration of the rate equation (5) was performed using a 
modified Euler or fourth-order Runge-Kutta procedure 
with rate constants derived from the variation of rate during 
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Fig. 2. Extinction changes observed at 445 nm (pathlength 
10mm) during reaction of nitroimidazoles with reduced 
flavin mononucleotide at pH 7.4 and | 25°. All solutions 
initially contained 17-20 umoles. dm~* FMNH; together 
with: (@) 20umoles. dm’ misonidazole (first half- 
life 230 sec); (OQ) 20 umoles. dm? misonidazole and 
14 umoles. dm” FMN (400sec); (DO) 40 umoles. dm~? 

misonidazole (130 sec); (Ml) 1 mmole. dm~* metronidazole 

(1450 sec). 


the reaction, as described above. The solid lines are com- 
puted simulations using ks, = 1.6 x 10* or 3.0 x 10° dm’. 
mol™'. sec™', and ky = 4.3 10* or 2.6 10° dm’. 
mol” ' sec! for misonidazole or metronidazole, respec- 
tively. This analysis suggests that the two alternative one- 
electron reductions of AYNO,* noted above have rate con- 
stants ky, and ky, of about the same order, although the 
absolute values obtained by these procedures are sus- 
ceptible to errors in K, and/or K3. 

Tatsumi et al. [9] measured the rates of reduction of 
many nitroaromatic compounds in the anaerobic xanthine— 
xanthine oxidase system; we obtained similar reduction 
rates for 4-nitroacetophenone and nitrofurazone (690 and 
540 nmoles uric acid formed.min™'.mg protein”, respec- 
tively). Our value for 4-nitrobenzoate (~24 nmoles.min. 

'mg ') was somewhat lower than that reported by Tatsumi 
et al. (80nmoles.min.~'mg™'). For 5-cyano-1-methyl-2- 
nitroimidazole (B) we measured a reduction rate of 
250 nmoles.min. 'mg~', but the rates of reduction of the 
less electron-affinic nitroimidazoles listed in Table 1 were 
very much slower; e.g. no reaction was detected after 30 min 
at 37° when misonidazole (75 nmoles), xanthine (150 
nmoles) and xanthine oxidase (0.08-0.06 mg protein) in 
2.5 ml were incubated (rate < 1 nmole.min.~'mg™'). If the 
xanthine-xanthine oxidase system had a similar redox 
dependence to that observed with free FMNH), a 200-fold 
slower rate would be expected for misonidazole compared 
to 5-cyano-l-methyl-2-nitroimidazole. Tatsumi et al. [9] 
found more electron-affinic nitrobenzenes were reduced 
most rapidly; comparison of the rates with those of nitroim- 
idazoles of similar E> shows that the redox relationship in 
the xanthine—xanthine oxidase system is not as independent 
. Of aromatic ring structure or other chemical properties 
(lipophilicity, configuration) as is likely to be the case with 
the free flavin. 


In conclusion, the stoichiometry of reduction of nitroim- 
idazoles by both free and a protein-bound flavin has pro- 
vided evidence for the production of hydroxylamines during 
biochemical nitroreduction, as has been discussed for nitro- 
benzenes [6, 9, 12], 5-nitrofurans [19] and a nitrothiazole 
[20]. Thermodynamically-reversible reduction potentials, 
E;, have enable us to provide quantitative support of a 
reaction scheme for the anaerobic reduction of nitroaro- 
matic compounds by reduced flavin mononucleotides. The 
scheme includes the production of nitro free-radicals in a 
one-electron transfer reaction; these radicals are known to 
be produced from isolated nitroreductases [17] and we have 
shown that the nitro radicals transfer their electrons to O, 
(to give O2* ) at a redox-controlled rate [15]. Quantification 
of the importance of redox properties in controlling the 
enzymatic reduction of the medically-important nitroimi- 
dazole group of compounds should facilitate the identifi- 
cation of other chemical properties which influence nitro- 
reduction in vitro. 


Note added in proof—Using a more active enzyme prep- 
aration (Sigma X4500), it has since been possible, by mon- 
itoring at 325 nm, to measure the rates of nitroreduction 
by xanthine oxidase of seven 2-nitroimidazoles (including 
misonidazole), with reduction potentials between —0.42 
and —0.24 V. Preliminary analysis of the over 100-fold 
variation in rate showed a plot of log(initial rate) vs reduc- 
tion potential had a least- “squares slope and correlation 
coefficient of 13.0 + 1.3 V~' and 0.976, respectively. 
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Effects of propranolol on the biochemical modifications induced by a B-adrenergic 
drug in ischemic hearts 


(Received 11 February 1980; accepted 30 April 1980) 


It has already been demonstrated that the control by pro- 
pranolol of the cardiac activity stimulated by a B-adrenergic 
drug [1,2] was accompanied by the return to basal values 
of the cellular oxidations supplying the myocardium with 
the major part of the additional energy produced: the 
increase in oxygen consumption determined from coronary 
flow and arteriovenous difference in oxygen content is 
suppressed by propranolol [2,3]. The excess substrates 
oxidized in these circumstances are circulating nutritive 
substances, glucose, lactate and free fatty acids (FFA), but 
chiefly FFA in hearts in situ [4, 5, 6] or similar substances 
originating in the cardiac tissue itself from the hydrolysis 
of glycogen [3-7] and triglycerides [8-10]. 

But the anaerobic breakdown of glycogen also represents 
a source of additional energy which is certainly the most 
rapidly available under any conditions and is the most 
important when the oxygen supply is restricted by obstruc- 
tive lesions of the coronary vessels. The predominance of 
anaerobic processes in supplying energy, when catechol- 
amine release and ischemia combine their effects, may 
cause sufficient alterations in metabolite concentrations to 
promote disorders such as thoracic pain. Consequently, it 
was of interest to investigate whether propranolol atten- 
uated these alterations as well as the stimulation of the 
oxidative metabolism. 

The study was carried out on hearts in situ, in dogs 
weighing 20-28 kg, that had not been given any food for 
12hr. The dogs were anesthetized with barbiturates 
(25 mg/kg of sodium thiopental intravenously injected to 
which 5 mg/kg of sodium pentobarbital were added 10 min 
before the beginning of the test period). All were submitted 
to ischemia for 45 min. In addition to the ischemia, from 
the 15th min, six received a perfusion of isoproterenol 
(1 ug-kg-'-min~') and six the same perfusion associated 
with the administration of propranolol (0.2 mg/kg intra- 
venously injected and 0.2 mg/kg perfused over 30 min). 

The ischemia desired was an incomplete one, analogous 
to that responsible for angina pectoris, i.e. eliciting a rela- 
tive deprivation of oxygen and nutritive substances as com- 


pared with requirements. Considering the difficulty of 
initiating an ischemia stable at a given level, which had, 
furthermore, to be strictly identical in both groups of 
animals, the blood flow was alternately totally interrupted 
and left totally free for 2 min by means of a thread placed 
loosely round the left coronary artery just before its division 
into two branches, interventricular and circumflex arteries. 

Sampling of the myocardium, required for the deter- 
mination of the main substrate content, planned to be 
carried out severa! times in the course of an experiment, 
10 min before and 15, 20, 30 and 45 min after the beginning 
of the test, was made possible by an extracorporal circu- 
lation system [11]. After opening and removing a large part 
of the right thoracic wall, the venae cavae blood flow was 
diverted to an extracorporal circuit including oxygenator, 
peristaltic pump and heat exchanger and returned to the 
animal via the abdominal aorta centrally cannulated. In 
this way, it was possible to take samples of the left ventricle 
external wall from its total thickness using the ‘drill biopsy’ 
technique [12], the quantitative determinations of lactate 
[13], glycogen [14], triglycerides [15] and FFA [16] being 
subsequently performed on the subendocardial and subep- 
icardial layers after separation [11]. With regard to FFA, 
the analysis was made according to Duncombe’s method 
[16], which is unspecific, because the aim was only to 
investigate the modification of the overall FFA concentra- 
tion. But it was made on 200 ul of tissue extract after 
neutralization instead of being made on 500 ul of plasma. 
Between sampling and homogenizing, the myocardial frag- 
ments were kept in liquid nitrogen in which they had been 
immersed as soon as obtained (in less than 10 sec, in order 
to avoid glycogenolysis and lipolysis especially). 

The statistical study was made between control and test 
values using Student’s f-test. 

Effects of isoproterenol on ischemic hearts. The heart 
rate acceleration due to isoproterenol was notably less 
considerable under the ischemic than normal conditions: 
the maximal increase was from 142 + 12 (S.E.M.) to 163 + 
8 beats per min (N.S.) in the former case and from 123 + 
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6 to 191 + 6 (P <0.001) in the latter. 

The evolution of the metabolite concentrations in the 
subendocardial and subepicardial layers appeared to be 
similar, the difference never being statistically significant. 

In spite of the moderate stimulation of the cardiac activity 
induced by isoproterenol on ischemic hearts, the lactate 
level rose significantly over that when the ischemia inter- 
vened alone (Fig. 1). However, the fall in glycogen content 
was not more marked under the combined influence of 
ischemia and isoproterenol (Table 1). Although ischemia 
does not act like isoproterenol on lipid metabolism, but 
rather in the opposite direction [10], the FFA concentration 
declined gradually in the subendocardial layer of ischemic 

earts submitted to isoproterenol. No variation was 
observed in the triglyceride content of the subendocardial 
layer, the only one in which it was determined, because of 
the adipose tissue involved in the muscle of the subepi- 
cardial layer. 

Effects of propranolol simultaneously administered. In 
the presence of propranolol, isoproterenol did not induce 
any rise in the heart rate which even fell below its control 
values from 123 +9 to 91+9beats per min (P <0.01) 
(Fig. 1). The prevention of the heart stimulation had 
obvious consequences on the lactate production in either 
layer, but chiefly in the subepicardial layer where the con- 
centration never exceeded that attributable to the ischemia 
and even remained below it (Fig. 1). 

As isoproterenol then failed to increase the frequency 
and presumably the force of heart contractions because its 
chronotropic and inotropic actions are generally parallel, 
no effect was to be expected on glycogenolysis and the fall 
of glycogen content was not effectively larger than under 
the influence of the ischemia alone (Table 1). But, whether 
propranolol antagonized the cardial functional effects of 
isoproterenol or not, the reduction of the FFA content 
which occurred in the subendocardial layer was of the same 
amplitude. 
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The blockage by propranolol of isoproterenol cardiac 
functional effects, which appeared to be as complete in 
ischemic as normal hearts and even to induce a slight fall 
below the control values, is of course associated in the 
former as in the latter [2-4] circumstances with a return of 
the oxygen consumption to these values. 

Therefore, the reduction in lactate content of heart mus- 
cle, in agreement with that reported by Deltour [3] and 
Ichihara and Abiko [7] is not to be attributed to the accel- 
eration of its degradation, but to the slowing down of its 
appearance and suggests an actual inhibition of the anaer- 
obic glycolysis. However, in our experiments, glycogeno- 
lysis did not prove sensitive to isoproterenol or propranolol, 
presumably because the ischemia started prior to drug 
administration was sufficient to lower the glycogen content 
to a low level, little consistent with a further lowering. It 
is known, in fact, that even moderate ischemia is respon- 
sible for a glycogenolysis approaching maximum [17, 18]. 
But, in borderline ischemias, isoproterenol would not lose 
all ability to induce the glycogen breakdown and an antag- 
onistic effect of propranolol could then be evidenced [3,7]. 

The results concerning lipid metabolism are more unex- 
pected. No reduction in the triglyceride content arose from 
isoproterenol administration, whereas the mobilization by 
f-adrenergic drugs of heart muscle triglycerides seems well 
established [8-10]. But the investigations have been, as a 
rule, performed on hearts in vitro and the effects of iso- 
proterenol in this respect are by no means comparable in 
vitro and in vivo [19]. Nevertheless, it is surprising that the 
isoproterenol-induced decrease in FFA concentration per- 
sists under the ischemic conditions as ischemia tends to 
raise this concentration by oxidation deficiency [10]. In 
fact, the restriction in the supply of exogenous FFA is 
compensated for by recourse to endogenous FFA. But it 
is also and still more surprising that propranolol does not 
prevent the decrease in FFA concentration while it dimin- 
ishes the heart energy requirements. In fact, it aggravates 
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Fig. 1. Variations of heart rate and lactate concentration (umoles/g wet wt) in the subepicardial (O) and 

subendocardial (@) layer in dogs submitted to ischemia, isoproterenol under ischemic conditions 

(administered 15 min after the beginning of ischemia), propranolol and isoproterenol under the same 

conditions. Mean values + §.E.M. One, two and three asterisks refer to the significance at the 5, 1 and 
0.1% levels, respectively. 
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the restriction in the supply of exogenous FFA by opposing 
the increase in the arteriovenous concentration difference 
elicited by isoproterenol [4-6]. 

In conclusion, propranolol impairs, to some extent, the 
rise in lactic concentration within myocardial tissue due to 
the combined action of moderate ischemia and a f-adre- 
nergic drug, but it exerts a lesser influence on glycogenolysis 
and no influence on the reduction of free fatty acid content. 
The mechanism of the prevention by propranolol of angina 
pectoris attacks probably lies in limiting the increase in 
lactic acid production and decrease in pH within myocardial 
tissue, due to the combined action of moderate ischemia 
and a release of catecholamines [20-22]. 


JEAN L. ANDRIEU 
MICHEL LIEVRE 
QUADIRI TIMOUR CHAH 
GEORGES FAUCON 


Claude Bernard University, 

Department of Medical 
Pharmacology, 

Rockefeller Avenue, 8, 

F 69373 Lyon Cedex 2, 

France. 


REFERENCES 


J. W. Black, W. A. M. Duncan and R. G. Shanks, Br. 
J. Pharmac. 25, 577 (1965). 
. R. G. Shanks, Am. J. Cardiol. 18, 308 (1966). 
3. G. Deltour, Thérapie 25, 293 (1970). 
. M. Laubie, H. Schmitt, M. Drouillat and M. Roblin, 
Thérapie 24, 997 (1969). 
5. D. G. Satchell, S. E. Freeman and S. V. Edwards, 
Biochem. Pharmac. 17, 45 (1968). 


Short communications 


6. T. N. Masters and W. Glaviano, J. Pharmac. exp. Ther. 
167, 187 (1969). 

7. K. Ichihara and Y. Abiko, Am. J. Physiol. Heart circ. 
Physiol. 1, H 349 (1977). 

8. D. R. Christian, G. S. Kilsheimer, G. Pettett, R. Para- 
dise and J. Ashmore, Adv. Enzyme Regul. 7.71 (1969). 

9. S. L. Gartner and G. V. Vahouny, Am. J. Physiol. 
222, 1121 (1972). 

10. J. J. Lech, G. J. Jesmok and D. N. Calvert, Fedn. 
Proc. 36, 2000 (1977). 

11. J. L. Andrieu, C. Vial, B. Font, D. Goldschmidt, M. 
Liévre and G. Faucon, Archs int. Pharmacodyn. Thér. 
237, 330 (1979). 

12. K. Schwartz, P. Rey, M. H. Bui and M. A. De Men- 
doca, J. molec. cell. Cardiol. 5, 235 (1973). 

13. H. U. Bergmeyer, Methods of Enzymatic Analysis, p. 
266. Academic Press, New York (1965). 

14. H. U. Bergmeyer, Methods of Enzymatic Analysis, 
p. 59. Academic Press, New York (1965). 

15. H. U. Bergmeyer, Methods of Enzymatic Analysis, 
p. 1825. Academic Press, New York (1974). 

16. W. G. Duncombe, Clinica chim. Acta 9, 122 (1964). 

i7. L. H. Opie and P. Owen, Am. J. Cardiol. 38, 310 
(1976). 

18. L. H. Opie, Jap. Circulation J. 42, 1223 (1978). 

19. T. N. Masters and V. V. Glaviano, J. Pharmac. exp. 
Ther. 182, 246 (1972). 

20. P. Keelan, Br. Med. J. 1, 897 (1965). 

21. D. H. McKenna, R. J. Corliss, S. Sialer, W. C. Zarns- 
torff, C. W. Crumpton and G. G. Rowe, Circulation 
Res. 19, 520 (1966). 

22. E. M. Dwyer, L. Wiener and J. W. Cox, Circulation 
38, 250 (1968). 





Biochemical Pharmacology, Vol. 29, pp. 2690-2692 
© Pergamon Press Ltd. 1980. Printed in Great Britain 


0006-2952/80/1001-2690 $02.00/0 


Relationship between glycolysis and proliferation of L 1210 cells in vitro: effect of 
a new pharmacological effector: RA-233 


(Received 1 February 1980; accepted 12 May 1980) 


In most in vitro cultures, cells are highly dependent on 
glucose consumption for generation of metabolic energy, 
aithough under certain conditions, glutamine can also pro- 
vide such a source [1]. The part glucose plays is especially 
clear in the case of cancer cells, which are characterized 
by intense glycolytic activity [2] that can be considered a 
factor in tumoral growth [3]. 

It is customary to express glucose consumption as a 
function of the number of cells counted at the end of 
incubation [4]. However, this cannot take account of cell 
growth kinetics during long-time culture which are often 
necessary for pharmacological purposes. We have thus 
attempted to describe glucose consumption by a mode of 
expression which takes greater account of cell proliferation, 
and is not dependent on time of incubation or number 
of cells seeded. This model has been applied to study the 
metabolic effects of a new anticancer drug on L 1210 cells. 


Methods 


Cells and media. Cell culture conditions have already 
been described [5] but will be recalled here briefly: L 1210 
cells were incubated in Dulbecco’s modified Eagle medium 
containing 10% foetal calf serum supplemented with anti- 
biotics, bicarbonate and glutamine (GIBCO reagents). 
Final volume in microtitration plates was 0.2 ml, in a water- 


saturated atmosphere containing 5% COQ). Initial cell con- 
centrations were 2 x 10° cells/ml and 5000 cells/ml for 24- 
and 48-hr cultures, respectively. A few 48-hr cultures were 
also grown in 25 cm’ flasks, the initial concentration being 
25,000 cells/ml. The absence of mycoplasm contamination 
was verified by Flow Laboratory Kit (Ref. 5.070). 

The pharmacological effector used was RA 233 (Boeh- 
ringer-Ingelheim Laboratories) or 2,6-bis-(diethanol 
amino)-4 piperidino-pyrimido (5,4-d)-pyrimidine, some of 
whose effects on cancer cells have already been described 
[6]. Experimental solutions were prepared from a 2 xX 
10-7 mol/l solution in N/S0 hydrochloric acid, diluted as 
required in the culture medium. Control cultures without 
effector were grown concomitantly. All experiments were 
carried out in triplicate. 

Cell counts. Cells were counted in a Malassez hemati- 
meter and the lethality was evaluated by the loss of cell 
refringence observed with a phase contrast microscope. 

The number of cell doublings (m) between times ¢, and 
t, was calculated according to the following formula: 


_ log N2— log N, 


, 


log 2 


where N, and N2 were the number of cells measured at 
times f; and ft, respectively. 
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Table 1. Results of glucose consumption (Kglc) under various culture conditions 





Experiments 





Time of incubation 

Initial cell concentration/ml 
Number of experiments in 
triplicate 

Kglc (nmoles/10° cells/hr): 
mean + S.E. 


24 hr 
100,000 





Measurement of anaerobic glycolysis. The glucose and 
lactate in the medium were determined according to Trin- 
der [7] and Gutman and Wacklefeld [8], respectively, using 
Boehringer-Mannheim reagents. 

Expression of results. The problem was to express the 
glucose consumption measured between the two times f, 
and f, in a way that took account of cell growth evolution 
during that period and was not based on an isolated count 
at the end of the experiment. When incubation periods 
were short (0.5—2 hr), cell growth evolution was negligible 
[4, 9]. However, the same does not apply when prolonged 
contact is sought between the cells and the pharmacological 
effector in order to come closer to therapeutic conditions. 
After determining the experimental conditions under which 
the growth of cells is exponential, glucose consumption 
was calculated and then related to the cell population whose 
growth was integrated during the period between ¢, and h. 
Cell growth evolution for this time interval was such that 
Ny = N, x e, withk = 8 
N> and N, being number of cells. 

During the same period, the metabolically active cellular 
mass was integrated, i.e. 


: (T = one doubling time) and 


t 
ka) ‘2 


e 
k ly 


[No ar = Nx 
4 


kta — e*1 


rendered by N, 


This allowed definition of a glucose consumption coefficient 
(Kglc) for the time period under consideration, written 
thus: 

Mxk 


Ec AR. + 6 ~{ = 
Ni (e® = eM (moles.10° cells ~’. hr ~}, 


Kglc = 


in which M is the amount of glucose that disappeared from 


KglcA nmol /10°cells/h 


r=_.245(ns) + 








105 210° cells/mi_ 

Fig. 1. Variations in the coefficient for cellular consumption 

of glucose (Kglc) as a function of the number of cells 
seeded. Duration of experiments was 24 hr. 


the culture medium during the period considered. If t; = 
0, the denominator becomes N, (e“?— 1). 

The significance of the results obtained was checked by 
the use of correlation coefficients and by the Student f-test 
or paired series method. 


Results 


L1210 cell growth. Under the culture conditions 
described, L 1210 cell numbers grew exponentially as a 
function of time, and the number of doublings per 24 hr 
was 2.23 + 0.21 for 24-hr incubations (mean + S.E. of eight 
experiments in triplicate). Similar results were obtained 
using any concentration of cells or time of incubation (see 
Methods). Cell death was around 5 per cent. 

Glucose consumption cell coefficients (Kglc). Glycolysis 
is the chief source of energy for cells, under the conditions 
described above. It is primarily anaerobic, with a constant 
lactate/glucose ratio of about 1.8. 

The coefficients Kglc calculated under different in vitro 
cell growth conditions, using the technique defined earlier, 
are indicated in Table 1. It shows that Kglc is reproducible 
under various culture conditions. Moreover, Kglc was 
measured in 24-hr cultures with initial cell concentrations 
ranging from 25,000 to 250,000 cells/ml. On the basis of 
19 experiments, no significant correlation was established 
(Fig. 1), and the same applied to three series of 48-hr 
cultures with initial concentrations of 5000, 10,000 or 
20,000 cells/ml. 

Non-significant results were similarly obtained when 
expressing the Kglc as a function of the number of cells 
harvested at the end of 24- and 48-hr experiments. Simi- 
larly, the Kglc showed no correlation with the number of 
doublings, and if assayed every 4 hr, it remained constant 
for 48-hr cultures. 

Effects of RA 233. According to its concentrations, 
RA 233 had inhibitory or lethal effect on L 1210 cells. After 
24hr of culture, LCsy and ICsy were, respectively, 5 x 
10~* moles/I and 2 x 10~* moles/l. After 48 hr of cultures, 
ICsp was 1 X 10~* mole/I. With highly toxic concentrations 
(i.e. 10~* mole/l) lethality became perceptible only after 
4 hr of culture, then grew sigmoidally to reach 50 per cent 
after 8hr and more than 90 per cent after 12hr. The 
inhibitory effect was reversible: after 24 hr of culture with 
ICsg, cells were washed and cultured again in fresh medium 
without RA 233, after which growth was similar to control 
celis. 

The effect on glycolysis was studied using RA 233 in the 
culture medium for 48 hr at a concentration of 1 x 10~* 
mole/l. Growth remained exponential throughout the 
experiments and the number of doublings per 24 hr was 
1.98 + 0.25 (mean + S.E. of six experiments in triplicate). 
This result differed very significantly from control values 
when the two were compared by the paired ¢ method 
(P = 0.0002). 

The Kglc was 489 nmoles/10° cells/hr + 54 (for three 
experiments in triplicate). Comparison of this result with 
control values by the paired t method showed a significant 
increase (P = 0.002). The effect of RA 233 on glycolysis 
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Fig. 2. Relationship between the coefficient for cellular consumption of glucose and inhibition of the 
growth of L 1210 cells incubated in the presence of RA 233. There was no increase in the percentage 
of dead cells. 


is reversible; after washing of cells, Kglc falls to normal 
levels. When the RA concentrations were altered, the 
percentage increase in Kglc correlated with the percentage 
of cell inhibition and multiplication (r = 0.486; P<0.05; 
Fig. 2). 


Discussion and coretasions 


The mode of expression is always a debatable issue in 
reports describing results obtained with cell cultures. 
Depending on the authors, the parameters studied are 
related either to the number of cells or to the amount of 
proteins or cellular DNA measured at the end of the 
experiments. 

In our view, it is important to stress the following points. 
Lengthy incubation makes it necessary to take account of 
the kinetic evolution of the cell population. The method 
suggested here enables a metabolic parameter to be cor- 
related with cellular growth over the same period, thus 
providing a much more homogeneous mode of expression. 
Kglc is independent of variables like the number of cells 
seeded and harvested, the number of doublings or the time 
of incubation. Expression in terms of Kglc can thus become 
a true constant of the cells studied and provide a mean of 
characterizing a line of cells. Furthermore, any other 
metabolic flux can be analysed in the same way, for instance 
macromolecular incorporation of radiolabelled precursors. 

The effect of RA 233 illustrates the complex relations 
which may arise between glycolysis and cell growth. In 
L 1210 cells, RA 233 inhibits this growth while stimulating 
ithe Kglc. This effect seems rather specific since it correlates 
closely with the intensity of cell inhibition and is not 
observed when cell growth is altered by serum starvation 
for 12 hr: Kglc is 436 nmoles/10° cells/hr instead of 478 for 
control cultures (nonsignificant). 

In chemotherapy, a close relationship is noted between 
antineoplastic activity in man and in vitro results with 
L1210cells [10]. The fact that with RA 233, cytotoxic 
activity is associated with a perturbation of a metabolic 
pathway characteristic of transformed cells (i.e. glycolysis) 
seems a promising further development. 
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In conclusion, we have described a mode of expression 
which relates a metabolic flux to cell growth and is inde- 
pendent of culture conditions. The effect on glycolysis of 
a pharmacological effector which inhibits cell growth while 
increasing glucose consumption was then described and 
discussed. 
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Monoamine oxidase A and B activities in liver of riboflavin-deficient rats 


(Received 14 December 1979; accepted 4 April 1980) 


The nutritional requirement of riboflavin and iron for the 
normal functioning of monoamine oxidase [MAO; mono- 
amine: oxygen-oxidoreductase (deaminating); EC 1.4.3.4] 
is well known [1, 2]. Recently, we briefly reported that a 
nutritional deficiency of riboflavin (B>) affects the oxidation 
of phenethylamine (PEA) by liver MAO to a somewhat 
greater extent than it affects the oxidation of serotonin 
(5-HT) [3]. The discrepancy in rates, though small, might 
be attributable to the differences between two functional 
forms of MAO that are widely postulated in order to 
explain the substrate and inhibitor specificities of this 
enzyme. Thus, MAO A has 5-HT and norepinephrine as 
the preferred substrates and is inhibited by low concentra- 
tions of clorgyline [4], whereas MAO B has PEA and 
benzylamine as preferred substrates and is inhibited by low 
concentrations of deprenyl [5]. The nature of the two forms 
of MAO is not clear (cf. Ref. 6), but there is evidence that 
lipids play a role in the expression of MAO multiplicity 
[7, 8]. In the present context, it is of interest that riboflavin 
deficiency affects the lipid content of rat liver mitochondria 
and results in discontinuities of the cuter membrane, as 
detected by electron microscopy [9]. The present investi- 
gation reports the effect of riboflavin deficiency on the two 
forms of MAO in rat liver, as measured with the respective 
preferred substrates. 

Young male Sprague-Dawley rats inititally weighing 40- 
45 g were used. They were fed solid diets formulated as for 
iron deficiency [10], except that in this case iron (310 mg/kg) 
was included, and riboflavin omitted. Three different 
experiments were conducted under similar conditions dur- 
ing the course of a 9-month period. In the first, animals 
were provided with the riboflavin-deficient diet for 25 days; 
in the second experiment for 10 and 19 days; and in the 
third for 8 and 20 days. The last experiment also included 
a group that had received the deficient diet for 22 days 
followed by the riboflavin-supplemented diet for a further 
8 days. The supplement of riboflavin was included in the 
food, as in the case of the control rats, at a level of 25 mg/kg. 
For each period of riboflavin deficiency there were four 


mao activity, % of control 








12 18 


days of Bz deficiency 


Fig. 1. Effect of riboflavin deficiency on the deamination 
of 5-HT (A A) and PEA (0 ———©) activity 
by rat liver. Some deficient rats were given a riboflavin 
supplement beginning on day 22 (see arrowhead on 
abscissa). Each point is the mean of four rats. Standard 
error bars are shown. 


experimental animals and four controls. At the end of the 
experimental period the rats were decapitated and their 
livers were removed, weighed, and frozen (—70°) until 
assayed for MAO activity. 

In the MAO assay, tissue was prepared as a homogenate 
in 0.25 M sucrose, 2 g of liver/100 ml. Incubation was car- 
ried out at 37° and pH 7.4, with “C-labeled 5-HT and PEA 
as substrates. Other conditions of the assays were as 
described previously [11], except that the deaminated 
metabolites of 5-HT were extracted with benzene-ethyl 
acetate (1:1) in this work. The final concentrations and 
specific activities of these substrates were: 5S-HT, 10°* M, 
10 Ci/mole; PEA, 2 x 107° M, 10 Ci/mole. In experiments 
with clorgyline and deprenyl, these inhibitors were prein- 
cubated with the enzyme preparation for 25-30 min at 37° 
before the addition of substrate. MAO activity has been 
expressed as nmoles of product formed per mg protein per 
hour. 

5-Hydroxytryptamine binoxalate, 5-[2-'"C] (sp. act. 
57.0 Ci/mole), and phenylethylamine hydrochloride, p- 
[ethyl-1-'*C] (sp. act. 48.25 Ci/mole), were purchased from 
the New England Nuclear Corp., Boston, MA. Deprenyl 
was donated by Dr. J. Knoll, Department of Pharmacology, 
Semmelweis University of Medicine, Budapest, Hungary. 
Clorgyline was supplied by May & Baker Ltd., Dagenham, 
U.K. 

The effects of riboflavin deficiency on liver MAO A 
(activity with 5-HT as substrate) and on MAO B (activity 
with PEA) are depicted in Fig. 1. The activity decreased 
rapidly during the first 10 days of deficiency, and then more 
slowly, until at 20 days there was a levelling off. Further- 
more, at each stage of the deficiency, the activity with PEA 
(MAO B) was more affected than with 5-HT (MAO A). 
This differential effect of riboflavin deficiency on the oxi- 
dation of two characteristic substrates was also reflected 


inhibition 
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Fig. 2. Effect of clorgyline on the deamination of PEA by 


control (O ©) and B>-deficient (A—--- A) rat liver 
MAO. Panel a: 20 days of B2 deficiency; panel b: 25 days 
of B, deficiency. Assays were done in duplicate. Duplicates 
differed by less than 10 per cent. 
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in the rates during recovery of the rats given a riboflavin 
supplement from day 23 to day 30, inclusive: the MAO 
activity with 5-HT reached control level by day 8 whereas 
MAO activity with PEA had attained only 75 per cent of 
the control value at that time. 

The effect of clorgyline on the deamination of PEA by 
MAO of control and riboflavin-deficient livers is illustrated 
in Fig. 2. After 20 days of deficiency there was a tendency 
toward greater sensitivity of the oxidation of PEA to 
clorgyline. This tendency was even clearer in a second 
experiment, with liver MAO of rats that were fed a ribo- 
flavin-deficient diet for 25 days (Fig. 2b). No differences 
from the control were seen in the effects of clorgyline on 
the deamination of 5-HT or in the effect of deprenyl on 
the deamination of 5-HT and PEA in riboflavin deficiency. 

The present study demonstrates that nutritional defi- 
ciency of riboflavin in the rat has a greater effect on the 
deamination of PEA than of 5-HT. In attempting to inter- 
pret these small, but consistent, differences with two sub- 
strates associated, respectively, with MAO B and MAO 
A, we have been led to reflect upon the various proposals 
concerning these two MAO activities and the differences 
between them. Three possibilities have been suggested. 
First, that there are two different monoamine oxidases of 
mitochondria [8,12]. As simple and attractive as this 
hypothesis may be, it has thus far not been possible to 
separate physically two such species from liver or any other 
organ. A second possibility is that there are two different 
substrate binding sites on a single protein. Severina [13] 
has extended this hypothesis by designating the two sites 
as a hydrophobic region and a polar site, respectively, on 
the peptide chain. However, recent evidence by Edwards 
and Pak [14] rules out this possibility. The third suggestion 
is that different lipids associated with a single protein may 
determine the type of enzymic activity. This idea, orig- 
inating from the finding of Tipton er al. [7] that the various 
MAO.-active fractions detected electrophoretically by Col- 
lins et al. [15] were due to the association of lipid material 
with the fractions, has received the most attention in the 
recent literature [7,8]. Lipids seem to be associated with 
both types of MAO, but it is not clear which form of the 
enzyme functions in the more lipophilic environment. Data 
on substrate specificity, thermostability, and sensitivity to 
trypsin suggest that it is MAO B [16]. However, delipi- 
dation of MAO preparations results in the loss of MAO 
A type of activity [7,8, 17], and the observation that the 
loss of this activity incurred during purification is partially 
restored with diphosphatidylglycerol [18] suggests that 
MAO A is the more lipid-dependent. In fact, Sawyer and 
Greenawalt [17] have adduced evidence for association of 
lipid with both types of MAO activity: MAO A activity, 
lost by delipidation, was partially restored by mitochondrial 
lipids, and only MAO B activity was found to be sensitive 
to the lipid phase transition of the outer mitochondrial 
membrane. 

In relation to the experiments with riboflavin-deficient 
rats, the greater influence of the deficiency on MAO B 
activity may reside in changes effected during the deficiency 
on the lipid composition of the mitochondria. Thus, arach- 
idonic acid, a major component of the phospholipids of 
those organelles, is reduced in amount in riboflavin defi- 
ciency [9]. It is conceivable that the greater sensitivity of 
MAO B during the course of the vitamin deprivation 
indicates a critical change in the enzyme-lipid association, 
as the lipid composition of the bilayer changes. The 
increased sensitivity of PEA oxidation to clorgyline (Fig. 
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2) may also be the result of changes in the known interaction 


‘of the inhibitor with the membrane [19] taking place in the 


course of vitamin deprivation. 

In summary, the decrease of MAO activity of rat liver 
as a result of nutritional deficiency of riboflavin affects 
MAO B type of activity more than A type. This has been 
ascribed to the effect of the deficiency on the lipid com- 
position of the mitochondria. The present results, together 
with the data of Sawyer and Greenawalt [17], suggest that 
MAO B activity is associated with lipids of the outer mito- 
chondrial membrane. 


Acknowledgements—M. M. K. holds a Fellowship of the 
Conseil de la Recherche en Santé du Québec. This research 
was supported by a grant of the Medical Research Council 
(Canada) to T. L. S. 


MADAN M. KWATRA 
THEODORE L. SOURKES* 


Department of Psychiatry, 
McGill University, 
Montreal, Canada H3A 1A\1. 


REFERENCES 


1. T. L. Sourkes, Pharmac. Rev. 24, 349 (1972). 

2. T. L. Sourkes, in Monoamine Oxidase: Structure, Func- 
tion and Altered Functions (Eds. T. P. Singer, R. W. 
Von Korff and D. L. Murphy), p. 291. Academic Press, 
New York (1979). 

. M. M. Kwatra and T. L. Sourkes, in Monoamine 
Oxidase: Structure, Function, and Altered Functions 
(Eds. T. P. Singer, R. W. Von Korff and D. L. 
Murphy), p. 279. Academic Press, New York (1979). 

4. J. P. Johnston, Biochem. Pharmac. 17, 1285 (1968). 

5. J. Knoll and K. Magyar, Adv. Biochem. Psychophar- 
mac. 5, 393 (1972). 

6. M. D. Houslay, K. F. Tipton and M. B. H. Youdim, 
Life Sci. 19, 467 (1976). 

7. K. F. Tipton, M. D. Houslay and T. J. Mantle, in 
Monoamine Oxidase and Its Inhibition, Ciba Fdn. 
Symp. 39 (new series), p. 5. Elsevier/Excerpta Med- 
ica/North Holland, Amsterdam (1976). 

. B. Ekstedt and L. Oreland, Biochem. Pharmac. 25, 
119 (1976). 

. M. Taniguchi, T. Yamamoto and M. Nakamura, J. 
nutr. Sci. Vitaminol. 24, 363 (1978). 

. M. Quik and T. L. Sourkes, Can. J. Biochem. 55, 60 
(1977). 

. T. L. Sourkes, K. Missala, C. H. Bastomsky and T. 
Y. Fang, Can. J. Biochem. 55, 789 (1977). 

. R. McCauley and E. Racker, Molec. cell Biochem. 1, 
73 (1973). 

_ I. S. Severina, Eur. J. Biochem. 38, 239 (1973). 

. D. J. Edwards and K. Y. Pak, Biochem. biophys. Res. 
Commun. 86, 350 (1979). 

. G. G. S. Coilins, M. Sandler, E. D. Williams and M. 
B. H. Youdim, Nature, Lond. 225, 817 (1970). 

.N. H. Neff and H. Y. T. Yang, Life Sci. 14, 2061 
(1974). 

. §. T. Sawyer and J. W. Greenawalt, Biochem. Phar- 
mac. 28, 1735 (1979). 

. C. Kandaswami and A. D’lorio, Archs. Biochem. Bio- 
phys. 190, 847 (1978). 

19. M. D. Houslay, J. Pharm. Pharmac. 29, 664 (1977). 





* Author to whom correspondence should be addressed. 





Short communications 


Biochemical Pharmacology, Vol. 29, pp. 2695-2696. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


2695 


0006-2952/80/1001-2695 $02.00/0 


Lack of effect of phenobarbitone administered in vivo on glutathione synthesis by 
rat liver supernatants 


(Received 1 December 1979; accepted 31 May 1980) 


Glutathione (GSH) is one of the nucleophilic agents which 
protect tissues against chemically reactive metabolites 
formed from foreign compounds by the action, for example, 
of the microsomal mixed function oxidase (MFO) system 
[1]. It may react spontaneously with electrophilic agents, 
or the GSH S-transferases may catalyse the conjugations. 
Depletion of hepatic GSH has been shown to increase the 
susceptibility of the tissue to reactive metabolites formed 
from N-acetyl-p-aminophenol (paracetamol) or bromoben- 
zene [1]. Phenobarbitone administration in vivo increases 
the toxicity of agents such as paracetamol or bromoben- 
zene, presumably by inducing increased MFO activity [1] 
and marginally increases GSH S-transferase activities [2- 
5]. The availability of GSH rather than its rate of transfer 
to electrophilic agents may be the major factor in protection 
against reactive metabolites, although the GSH S-trans- 
ferases may nonetheless be important in the conjugation 
process [6], and the effect of phenobarbitone on the rate 
of formation of glutathione is thus of interest. 

Experimental. Male Wistar rats (150-200 g body wt) were 
maintained in plastic cages on sawdust bedding and given 
water and food pellets ad lib. Phenobarbitone sodium sol- 
ution (Macarthy’s Ltd, Romford, Essex, U.K.) was injected 
intraperitoneally (50 mg/kg) once each day for 10 consecu- 
tive days and the rats killed by cervical dislocation 24 hr 
after the last injection. Control animals were injected with 
0.9% NaCl and treated similarly. ‘100,000 g’ supernatants 
were prepared from the livers as described previously [2] 
using ice-cold 1.15% (w/v) KCI containing 0.01 mole/I 
potassium phosphate, pH 7.4, to make 1:5 (w/v) hom- 
ogenates of the whole livers and centrifuging the hom- 
ogenates at 10,000 g av for 15 min and the resulting super- 
natants at 100,000 g for 60 min. 

The activities of y-glutamyl-cysteine synthetase and glu- 
tathione synthetase, the two enzymes together responsible 
for GSH formation from free amino acids, were measured 


by following the incorporation of [U-'*C]glutamic acid and 
[U-'C]glycine into y-glutamyl-cysteine and GSH, respec- 
tively [7]. For the assay of y-glutamyl-cysteine synthetase, 
reaction mixtures contained in a total volume of 0.5 ml pH 
7.4:10 umoles each of ATP and MgCl); 5 umoles each of 
cysteine and dithiothreitol; 50 umoles of potassium phos- 
phate; 5 umoles of [U-'C]glutamic acid (0.05 wCi); and 
100,000 g supernatant equivalent to 60 mg of wet liver. For 
the assay of GSH synthetase, reaction mixtures were similar 
except that the [U-'C]glutamic acid was replaced by unla- 
belled glutamic acid (5 umoles) and [U-"*C]glycine 5 umoles 
(0.05 wCi). All reaction mixtures were incubated for 30 min 
at 37°, it having been established that both enzymic activi- 
ties were linear with time for at least 30min. Then the 
reactions were terminated by the addition of 1.5 ml of 
0.4 mole/| trichloroacetic acid (TCA) containing imidazole 
(70 mmoles/l). The reaction tubes were centrifuged at high 
speed after standing at 0° for Smin and 1.5 ml of the 
supernatants were transferred to conical centrifuge tubes 
containing 0.1 ml of 0.2 mole/I GSH. A 0.1 ml portion of 
0.75 mole/I CdSO, solution was added to every one of these 
tubes, followed by 0.1 ml of a mixture of equal parts of 
bromcresol green and bromcresol purple (each 40 mg/100 
mlH,O). The cadmium mercaptides were precipitated by 
adding 0.5 mole/I NaOH to the end-point and then washed 
free of residual [U-'4C]glutamic acid or [U-'C]glycine by 
centrifugation and resuspending the precipitates in water 
three times. The precipitates were dissolved in 1.0 ml 
0.4 mole/I TCA which was transferred to 10 ml of Bray’s 
fluid for radioactivity measurement by liquid scintillation 
spectrometry (Packard Tricarb 3375 20% gain 25-1000 
window). Counting efficiency was checked by adding 
known amounts of ['*C]benzoic acid of standard specific 
activity to each vial. Protein concentration was measured 
by the biuret method using bovine serum albumin as 
standard. 


Table 1. The effect of phenobarbitone administered in vivo on the incorporation 
of [U-"C]glutamic acid or [U-'C]glycine in vitro intro y-glutamylcysteine or 
glutathione catalysed by 100,000 g supernatants prepared from rat liver* 





[U-“C]Glutamic 


[U-“C]Glycine 





nmoles-min~' per mg 

supernatant protein 
Control 
Phenobarbitone 


nmoles-min™' per g wet 
liver equivalent 
Control 
Phenobarbitone 


umoles-min™! per whole 
liver equivalent 
Control 
Phenobarbitone 


0.70 + 0.08 
0.67 + 0.07 
NS 


88 + 11 
81+9 
NS 


1.88 + 0.24 0.86 + 0.09 
2.04 + 0.22 1.07 + 0.12 
NS NS 





* Data are expressed as means + S.E.M. 
+ NS = not statistically significantly different. 
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Results and discussion. Table 1 shows that phenobarbi- 
tone treatment in vivo caused no change in the activities 
of the two enzymes involved in the biosynthesis of GSH 
from free amino acids. This is clear if activities are expressed 
as nmoles of amino acid incorporated/min/mg of super- 
natant protein, as nmoles incorporated/min/g wet liver 
equivalent, or as umoles incorporated/min/whole liver 
equivalent. The ratio 


moles incorporated from [U-“C]glutamic ‘acid 





moles incorporated from [U “C]glycine 


is also unchanged, being 2.2 + 0.3 for supernatants from 
phenobarbitone-treated animals and 2.0 + 0.2 for those 
from control animals (mean + S.E.M.; NS). There has thus 
been no relative change in the activities of the two enzymes. 
The phenobarbitone-treatment produced a significant 
increase in liver weight from 10.4+0.5 to 13.2+0.6g 
(mean + S.E.M.; P = 0.005). 

The activity found for y-glutamyl cysteine synthetase is 
slightly higher than that reported by Wirth and Thorgeirs- 
son [8] but that for GSH synthetase is a quarter of that 
which they found using Sprague-Dawley rats. Using the 
values in Table 1, GSH synthesis proceeds at the rate of 
some 50 umoles/hr/whole liver which would allow the efflux 
of the 12 nmoles/min/g wet liver found by Sies et al. [9]. 
The GSH content in normal adult rat liver is approximately 
5-8 mmoles/kg [8, 10-12]. Buttar et al. [10] suggest that the 
maximum depletion of rat liver GSH occurs 3 hr after acute 
dosage of N-acetyl-p-aminophenol, and that the liver con- 
tent returns to normal within 12 hr with a low dose. High 
doses of N-acetyl-p-aminophenol cause the GSH content 
to rise above normal 2448 hr after administration; how- 
ever, the content is still below normal at 18 hr. From the 
data presented here, the rate of biosynthesis of GSH is 
sufficient to restore the liver content to normal within 1 hr 
of depletion, and it may be that the liver damage caused 
by paracetamol results in greatly reduced rates of biosyn- 
thesis. If paracetamol stimulated the rate of breakdown of 
GSH, a reduction in GSH content would also occur. Should 
phenobarbitone stimulate GSH degradation and GSH bio- 
synthesis simultaneously, then it might not be possible to 
detect the actual increase in biosynthesis. This possibility 
is currently being investigated. Jones et al. [13] have 
reported that pretreatment of rats with phgnobarbitone 
does increase the hepatic degradation of oxidized gluta- 
thione GSSG to its constituent amino acids. 
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Note added in proof—After this communication had been 
submitted for publication a paper by N. Kaplowitz, J. 
Kuhlenkamp, L. Goidstein and J. Reeve (J. Pharmac. exp. 
Ther. 212, 240) was published which described work also 
showing that phenobarbitone has no effect on hepatic GSH 
biosynthesis. 
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Actions of chlorpromazine, haloperidol and pimozide on lipid metabolism in 
guinea pig brain slices* 


(Received 12 November 1979; accepted 11 April 1980) 


Chlorpromazine causes an increase in the metabolism of 
phosphatidic acid and phosphatidylinositol in guinea pig 
and rat brain slices, as measured by the incorporation of 
various radioactive precursors [1,2]. The metabolism of 
phosphatidylcholine and phosphatidylethanolamine is not 
increased. Several other cationic amphophilic drugs 
have similar effects in various tissues [3]. The effect appears 
to involve increased synthesis de novo of phosphatidic acid 
and of phospholipids such as phosphatidylinositol that are 
synthesized via the CDP-diacylglycerol pathway. In this 
respect it differs from the receptor-mediated effect of some 
neurotransmitters on the metabolism of phosphatidylino- 
sitol, in which there is an increased turnover of phosphate 
and inositol in the lipid, without a concomitant synthesis 
of the diacylglycerol moiety [4]. It has been suggested that 
the effects of chlorpromazine and other drugs on phospho- 
lipid metabolism may be related to the clinical mechanisms 
of action of the drugs [2, 3]. In the present work, the actions 
of chlorpromazine, haloperidol and pimozide were com- 
pared to determine whether effects of these drugs on 
phospholipid metabolism might be correlated with their 
neuroleptic activity. These three compounds are represen- 
tative of the phenothiazine, butyrophenone and diphenyl- 
butylpiperidine classes of drugs that are used clinically as 
neuroleptic agents. Their interactions with effects of 
norepinephrine and dopamine on phospholipid metabolism 
were also examined. 
[2-°H]Glycerol, [2-"H]myo-inositol and [5-°H]cytidine 
were from New England Nuclear (Boston, MA). 
[°*P]Orthophosphate was from Schwarz/Mann (Orange- 
burg, NY). Sources of drugs were: chlorpromazine, Smith, 
Kline & French Laboratories (Philadelphia, PA); halo- 
peridol, McNeil Laboratories, Inc. (Fort Washington, PA); 
pimozide, Janssen Pharmaceutica (Beerse, Belgium); and 





* Part of this work was communicated as an abstract at 
the Fourth International Symposium on Phenothiazines 
and Related Drugs, Zurich, Switzerland, 9-13 September 
1979. 


L-norepinephrine and dopamine, Sigma Chemical Co. (St. 
Louis, MO). 

Guinea pig cerebral cortex slices and corpus striatum 
slices were prepared and incubated in Krebs—Henseleit 
bicarbonate medium, pH 7.4, with 5 mM glucose and radio- 
active precursors and drugs for 1 hr, as described elsewhere 
[5]. Lipids were extracted either as described [5], or by the 
method of Bligh and Dyer [6]. Individual lipids were sep- 
arated by chromatography on either silicic acid-impreg- 
nated paper [5], or ITLC-SA glass fiber sheets [7]. 

In cerebral cortex slices, during an incubation period of 
1 hr with chlorpromazine or haloperidol in a 0.1 mM con- 
centration, there was an increased incorporation of 
[2-"H]glycerol into phosphatidylinositol, without any 
significant effect on the incorporation of this precursor into 
phosphatidylcholine or triacylglycerol (Table 1); these 
results suggest that the drugs promote an increased syn- 
thesis de novo of phosphatidylinositol. With chlorproma- 
zine there was also an increased incorporation of 
[2-*H]glycerol into phosphatidic acid and diacylglycerol; 
pimozide (0.1 mM) did not significantly affect the incor- 
poration of [2-*H]glycerol into any of these lipids (Table 
1). 

The mechanism by which chlorpromazine and other 
cationic drugs affect lipid metabolism is not clear. Brindley 
et al. [3] suggested that the effect may be produced through 
an inhibition of phosphatidate phosphohydrolase, leading 
to decreased formation of diacylglycerol from phosphatidic 
acid, and resulting in a redirection of lipid pathways to give 
increased synthesis of phosphatidylinositol and phospha- 
tidylglycerol, which are formed from phosphatidic acid via 
the CDP-diacylglycerol pathway, and decreased synthesis 
of phosphatidylcholine, phosphatidylethanolamine and 
triacylglycerol, which are formed via the diacylglycerol 
pathway. The observation by Brindley and Bowley [8] that 
chlorpromazine inhibits phosphatidate phosphohydrolase 
in an enzyme preparation from rat liver provided some 
support for this possible mechanism. The effects of pro- 
pranolol on phospholipid biosynthesis in the rat pineal 


Table 1. Incorporation of [2-*H]glycerol into lipids in guinea pig cerebral cortex slices in the 
presence of 0.1 mM chlorpromazine, haloperidol or pimozide 





[2-*H]glycerol radioactivity” 
(cpm/mg tissuc) 





Lipid Control 


Chlorpromazine 


Haloperidol Pimozide 





97 + 13 
S722 
71+8 
93 + 13 
131+ 10 


Phosphatidic acid 
Phosphatidylinositol 
Diacylglycerol 
Phosphatidylcholine 
Triacylglycerol 


341 + 50+ 


142 + 4+ 117 +6 

237 + 26+ 
93 + 13 
110 + 13 


146+ 8 


92+2 
168 + 24 
80 + 14 
105 + 20 
133 +9 


101 + 11+ 
98 + 14 
104+ 4 





* Each value is the mean + S.E. of six observations for controls and four observations with 


drug added. 


+ Values with drug, expressed as per cent of control value in the same experiment, show 
significant difference from 100 per cent (P < 0.05, ¢-test). 
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Table 2. Incorporation of [°°P phosphate into phospholipids in cerebral cortex and corpus striatum 
slices in the presence of 0.1 mM chlorpromazine, haloperidol and pimozide 





[°°P]Phosphate radioactivity* 
(cpm/yg total lipid-P) 





Phospholipid 


Control 


Chlorpromazine 


Haloperidol 


Pimozide 





Cerebral cortex 
Phosphatidic acid 
Phosphatidylinositol 
Phosphatidylinositol 
phosphate 
Phosphatidylinositol 
diphosphate 
Phosphatidylethanolamine 
Phosphatidylcholine 


Corpus striatum 
Phosphatidic acid 
Phosphatidylinositol 
Phosphatidylinositol 
phosphate 
Phosphatidylinositol 
diphosphate 
Phosphatidylethanolamine 
Phosphatidylcholine 


57+8 
118+5 


106 + 17 
280 + 61 


63 + 14 
128 + 12 


3 
5 


87 + 24 


223 + 34 
61 +27 
56+7 


124 + 31+ 
222 + 38+ 


224 + 43 
387 + 39 


84+17 
104 + 15 


86 + 167 
100 + 18+ 


151 + 49+ 
208 + 71 


45+ 14 
59 + 13 


114 + 21+ 
308 + 38+ 


303 + 767 
418 + 77+ 


86 + 17 
132 + 18 


92 + 15+ 
97 + 17+ 


183 + 90+ 
279 + 88 


54+18 
67 + 12 


61 + 13 
106 + 12 


124 + 27 


295 + 50 





* Each value is the mean + S.E. of four observations. The **P specific activity of the ATP of the 
tissue was not affected significantly by any of the three drugs. 
+ Values with the drug, expressed as per cent of the control in the same experiment, show significant 


difference from 100 per cent (P < 0.05, t-test). 


gland have been studied in detail by Eichberg et al: [9], 
and have also provided some support. These authors con- 
cluded that an inhibition of phosphatidate phosphohydro- 
lase, which would give an increase in available phosphatidic 
acid and a decrease in available diacylglycerol, could 
account, in part, for the changes in phospholipid biosyn- 
thesis that they observed. But, they pointed out, although 
this is a plausible explanation, it has not been proven that 
this is the principal mechanism by which these drugs alter 
phospholipid metabolism in the intact cell. In the results 
reported here, there is no evidence that the effects of 
chlorpromazine and haloperidol on phospholipid synthesis 
in brain slices can be accounted for by an inhibition of 
phosphatidate phosphohydrolase. Synthesis of phospha- 
tidylcholine and _ triacylglycerol, as measured by 


[2-*"H]glycerol incorporation, was not inhibited, and there 
was a small but significant increase in the incorporation of 
[2-*H] glycerol in the diacylglycerol pool in the presence of 
chlorpromazine (Table 1). It is, of course, possible that a 
decrease in labeling of diacylglycerol and of those lipids 
that are synthesized by the diacylglycerol pathway might 
occur at concentrations of chlorpromazine or haloperidol 
higher than those tested here. 

Chlorpromazine or haloperidol at a 0.1 mM concentra- 
tion led to an increased incorporation of [ *P phosphate 
into phosphatidic acid and phosphatidylinositol in slices of 
either cerebral cortex or corpus striatum. In some cases, 
there was also a significantly increased incorporation of 
(°*P]phosphate into phosphatidylinositol phosphate and 
phosphatidylinositol diphosphate; incorporation § of 


Table 3. Effects of chlorpromazine, haloperidol and pimozide on [°P]phosphate and 
[2--H]myo-inositol incorporation into phosphatidylinositol in the absence and presence of 


1 mM /-norepinephrine (NE) in cerebral cortex slices 





Phosphatidylinositol radioactivity * 
(cpm/ug lipid-P) 





[2-*H]myo-Inositol 
No NE + 1mM NE 


[°°P phosphate 
No NE + 1mM NE 


Drug added 
(0.1 mM) 





62 +3 
155 + 24¢ 
169 + 15+ 
81+8 


86 + 5+ 
132+ 11 
126 + 15 
91+6 


197 + 26+ 
246 + 27 
276 + 23 
214 + 35+ 


118 +5 

222 + 38: 
308 + 38% 
108 + 12 


Control 
Chlorpromazine 
Haloperidol 
Pimozide 





* Each value for [*P]phosphate is the mean + S.E. of four observations; each value for 
[2-*H]myo-inositol is the mean + S.E. of six observations. 

+ Values with /-norepinephrine, expressed as per cent of values without /-norepinephrine 
in the same experiment, show significant difference from 100 per cent (P < 0.05, t-test). 

¢ Values with drug, expressed as per cent of control in the same experiment, show significant 
difference from 100 per cent (P < 0.05, t-test). 
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Table 4. Effects of chlorpromazine, haloperidol and pimo- 

zide on [2-*H]myo-inositol incorporation into phosphati- 

dylinositol in the absence and presence of 1 mM dopamine 
in corpus striatum slices 





Lipid [*H]inositol* 
(cpm/ug total lipid-P) 





Drug added 


(0.1 mM) + 1mM Dopamine 


No dopamine 





35 + 4+ 
59 + 5t 
56 + 7+ 
32:2 3F 


55+4 
110 + 19% 
124 + 174 
ano 


Control 
Chlorpromazine 
Haloperidol 
Pimozide 





* Each value is the mean + S.E. of six observations. 

+ Values with dopamine, expressed as per cent of values 
without dopamine in the same experiment, show significant 
difference from 100 per cent (P < 0.05, t-test). 

¢ Values with drug, expressed as per cent of control in 
the same experiment, show significant difference from 100 
per cent (P < 0.05, #-test). 


[°P]phosphate into phosphatidylcholine and phosphati- 
dylethanolamine was not affected significantly by the drugs 
(Table 2). Radioactivity in phosphatidylserine and sphin- 
gomyelin was comparatively low and was not estimated. 
Pimozide (0.1 mM) produced no significant changes in the 
incorporation of [°*P]phosphate into any of the phospho- 
lipids studied (Table 2). 

The incorporation of [2-*H]myo-inositol into phospha- 
tidylinositol was increased in the presence of chlorprom- 
azine or haloperidol. In cerebral cortex slices, incorporation 
of [2-*H]myo-inositol was increased 42, 52 and 98 per cent, 
respectively, in the presence of 1 uM, 10 uM and 0.1 mM 
chlorpromazine (mean of two observations). With concen- 
trations of haloperidol between 10 uM and 1 mM, the high- 
est concentration tested, there was an average increase of 
93 per cent in [2-*H]myo-inositol incorporation. Within this 
concentration range, the degree of stimulation was not 
significantly different at different concentrations of halo- 
peridol (based on the mean of three observations at each 
concentration); there was no significant difference in [2- 
3H]myo-inositol incorporation with 3 uM haloperidol. 

CDP-diacylglycerol is an intermediate in the pathway of 
phosphatidylinositol synthesis. An increase of 96 per cent 
(mean of two observations) was found in the incorporation 
of [5-*H]cytidine into CDP-diacylglycerol in cerebral cortex 
slices in the presence of 0.1mM chlorpromazine; no sig- 
nificant increase was observed with 1uM or 10uM 
chlorpromazine. 

The effects of pimozide at concentrations between 0.1 uM 
and 0.1 mM on [2-*H]glycerol and on [**P]phosphate incor- 
poration into lipids was tested and no significant effects 
were found. The lack of effect of pimozide on lipid metab- 
olism argues against a major role for such an effect in the 
overall neuroleptic actions that are common to the three 
drugs tested here. 

Chlorpromazine and haloperidol, but not pimozide, can 
block norepinephrine receptors [10, 11]. It was of interest, 
therefore, to see whether these agents would interact with 
the effects of norepinephrine. Phosphatidylinositol metab- 
olism is stimulated by norepinephrine in guinea pig cerebral 
cortex slices [5], and the effect is the same as that of other 
receptor-mediated phospholipid effects in that the turnover 
of [**P] phosphate and [2-*H]myo-inositol is increased, with- 
out any change in the incorporation of [2-*H]glycerol (M. 
Hokin-Neaverson, unpublished results). Cerebral cortex 
slices treated with 1mM norepinephrine incorporated 
approximately 50 per cent more [*P]phosphate and 
[2-"H]myo-inositol into phosphatidylinositol than did con- 
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trols. When 1 mM norepinephrine was added in the pres- 
ence of either 0.1mM _ chlorpromazine or 0.1mM 
haloperidol, the increase in incorporation of these radio- 
active precursors was not significantly different from that 
observed with chlorpromazine or haloperidol alone; pimo- 
zide had no significant effects (Table 3). These results 
suggest that chlorpromazine and haloperidol blocked the 
receptor-mediated effects of norepinephrine on phospha- 
tidylinositol metabolism, and that norepinephrine did not 
have any significant effect on the increased metabolism of 
phosphatidylinositol brought about by chlorpromazine and 
haloperidol. It is possible, however, that there may have 
been a partial inhibition of the effects of both norepine- 
phrine and the other drugs by a non-receptor-mediated 
interaction. 

Chlorpromazine, haloperidol and pimozide can all block 
dopamine receptors [11]. Their interactions with the effects 
of dopamine were studied in slices of guinea pig corpus 
striatum, because this brain area is rich in dopaminergic 
nerve endings. In corpus striatum slices, 1 mM dopamine 
leads to inhibition of the metabolism of all phospholipids 
[12]. This inhibition, measured by the incorporation of 
[2-"H]myo-inositol into phosphatidylinositol, was not coun- 
teracted by 0.1mM pimozide (Table 4). It is unlikely, 
therefore, that this inhibition by dopamine was receptor- 
mediated. The stimulation of [2-°H]myo-inositol incorpor- 
ation by 0.1mM chlorpromazine or haloperidol was 
reduced significantly in the presence of 1mM dopamine 
(Table 4). The inhibition by dopamine appears, therefore, 
to have occurred at a step in phospholipid metabolism 
which interferes with the increased metabolism of phos- 
phatidylinositol evoked by chlorpromazine or haloperidol. 

In summary, both chlorpromazine and haloperidol stimu- 
lated the synthesis of phosphatidylinositol, that was meas- 
ured by the incorporation of [2-°H]glycerol, [**P]phosphate 
and [2-"H]myo-inositol in guinea pig brain slices, but 
pimozide had no effect. It is unlikely, therefore, that this 
effect of chlorpromazine and haloperidol on phospholipid 
metabolism plays a major role in the neuroleptic actions 
that are common to these three drugs. There was no evi- 
dence that the increased synthesis of phosphatidylinositol 
involved a redirection of lipid synthetic pathways from the 
diacylglycerol pathway to the CDP-diacylglycerol pathway. 
Chlorpromazine and haloperidol appeared to block the 
effects of norepinephrine on phosphatidylinositol metab- 
olism in cerebral cortex slices. The stimulation by these 
two drugs of [2-°H]myo-inositol incorporation into phos- 
phatidylinositol in corpus striatum slices was reduced in the 
presence of dopamine. 
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EFFLUX FROM L1210 LEUKEMIA CELLS 
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New York, NY 10021, U.S.A. 


(Received 18 June 1980; accepted 14 July 1980) 


The intracellular biosynthesis of poly-y-glutamy]l metabolites of methotrexate (MTX) 


has been demonstrated [1-3] in a variety of mammalian tissues. Also, these polyglutamates 
appear to be [2,4] as effective as MIX as inhibitors of dihydrofolate reductase. While 
some reports [5,6] have suggested that these polyglutamates are transported out of the cell, 
the majority of investigators have postulated that the synthesis of polyglutamyl forms of 
MTX, as with natural folates, results in a retentive form of the drug [2,3]. Since MTX- 
polyglutamates appear to be formed to varying extents in different tissues, their lower ef- 
flux, compared to MTX, could result in a greater persistence of total drug in those tissues 
with a higher capacity for polyglutamate formation. Greater persistence of methotrexate at 
pharmacologically effective levels in responsive tumor cells versus normal proliferative 
tissue has, in fact, been associated [reviewed in Ref. 7] with the selective action of this 
agent in murine tumor models. Although these pharmacokinetic differences appear to be ex- 
plained [7] to a large extent by differences in membrane transport, the role for polygluta- 
mate formation has not been entirely excluded. In the present study, we have investigated 
the efflux of MTX-polyglutamates synthesized in L1210 cells following the administration of 
(3H) MTX to leukemic mice. The extent of efflux of each derivative was determined by chro- 
matographic analysis for [3H] MTX and each (3H) MTX-polyglutamate in both intracellular and 
extracellular compartments. A valid determination of extracellular accumulation of each 
[3H] MTX-polyglutamate fraction could only be obtained in these experiments by effluxing in 
the presence of purified microbial dihydrofolate reductase added in excess to the cell sus- 
pension. Our results appear to show that efflux of MTX and each polyglutamate from these 
cells was the same. 


Methods 

C57BL/6 x DBA/2F, (BD2F, ) mice were transplanted with the ascitic form of the L1210 
murine leukemia as described previously [8]. Four hours prior to removing leukemia cells, 
mice were injected s.c. with 48 mg/kg radioactive 3H] MTX (Moravek Biochemicals, City of 
Industry, CA). L1210 cells were harvested from the peritoneal ascitic fluid in 0° buffered 
salts solution [9] with 10 mM dextrose. The cells were washed once and diluted in the same 
solution to a standard absorbance level (Agog = 3). Half the sample was set aside at 0° 
(Tp). and the remainder allowed to efflux at 37° for 20 min (T,59)- Both samples were then 
centrifuged at 0°, the supernatant fraction was set aside, and the cells were resuspended 
to 2 ml in 0° 0.14 M NaC1-0.01 M sodium phosphate, pH 7.4. An aliquot was assayed for cell 
number, and then both cells and the supernatant fractions were heated at 100° for 15 min to 
extract drug and inactivate cellular conjugase (carboxypeptidase) and polyglutamy] synthe- 
tase. The boiled samples were centrifuged to remove cellular debris. The cleared super- 
natant fractions were applied to 0.9 x 30 cm DEAE-Sephadex columns along with authentic MTX, 


2701 





2702 Preliminary Communications 


MTX+G, and MTX+G, (subscript denoting number of additional y-glutamy] residues) markers. 

The chromatographic columns were developed with a linear gradient of 0.3 + 0.6 M NaCl in 
0.05 M phosphate buffer, pH 7.0, collecting 2.0 ml fractions. Ultraviolet absorption of 
each fraction at 300 nm was measured to determine the elution positions of the authentic 
markers. _The radioactivity of 1.0 ml of each fraction was assayed in 10 ml of Scintisol 
(Isolab, Akron, OH). A replicate series of experiments was performed with the addition of 
purified [10] Diplococcus pneumoniae dihydrofolate reductase in excess of drug binding equi- 





valence to the salts solution used to resuspend the harvested cells prior to efflux. All 
other procedures remained the same as above. 


Results and Discussion 





The results of the experiment described above are given in Fig. 1. Chromatographic 
analysis of cell extract at time zero (upper left) revealed peaks of radioactivity corre- 
sponding to MTX, MTX+G, , MTX+6, and MTX+6.. Although authentic standards have been obtained 
only for MTX, MT X+6, and MTX+6> » all peaks were (1) carboxypeptidase labile (except for MTX); 
(2) titration inhibitors of dihydrofolate reductase; and (3) eluted at equidistant ionic 
concentrations. A similar examination of the cells was carried out (upper right) after 20 
min of incubation (T159 ceils). While the total intracellular drug level decreased by 57 
percent, chromatographic analysis showed no change in the distribution of MTX and each of 
the metabolites shown (upper portion, Fig. 1). Since any retention of the conjugated forms 
would have markedly changed these profiles, this suggests that MTX and each of the poly- 
glutamy1] metabolites shown are leaving the cells at equal rates. The initial To supernatant 
fraction (lower left) shows a trace amount of MTX following processing which is subtracted 
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2.362 ug/g LOIS ug/g 
! a 








T T T T T T 7 


supernatant Th20 supernatant 
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Fig. 1. Radioactive elution profiles after DEAE-Sephadex chromatography of heat-treated 
cellular or supernatant extracts. The vertical axis is percent total drug, which was 2.362 
ug/g wet weight for To cells, 1.019 yg/g for T4209 cells, after 20 min at 37°; 0.071 pg/ml 
for To supernatant, 0.163 j:g/ml for Ty09 supernatant, after 20 min at 37°. The net intra- 
cellular decrease shown equals the net extracellular accumulation. Fractions (2.0 ml) of a 
0.3 + 0.6 M linear NaCl gradient were collected. Elution positions of authentic markers 
MTX, MTX+6, and MTX+G,, are indicated by arrows. 
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from the net Ty09 supernatant profile. When the extracellular compartment of the cell sus- 
pension was examined after 20 min of incubation (lower right, Fig. 1), there was an accumu- 
lation of radioactivity equal to the intracellular decrease, but almost all (>95 percent) 
was in the form of MTX. In view of the result obtained for the cellular content after 20 
min of incubation, the data relating to the extracellular accumulation of radioactivity 
could be explained in either one of two ways: (1) the polyglutamates effluxed as MTX fol- 
lowing rapid intracellular hydrolysis, or (2) polyglutamyl forms of MTX effluxed intact, and 
were hydrolyzed after extracellular accumulation. Preliminary studies had demonstrated 
that MTX and MTX-polyglutamates bound to intracellular dihydrofolate reductase were not 
suitable substrates for either polyglutamyl synthetase or conjugase. Consequently, the 
same experiment was repeated and, in addition, a purified preparation of D. pneumoniae di- 
hydrofolate reductase was added to the cell suspension. Our hope was that the extracellular 
microbial reductase might trap and preserve some intact polyglutamates as they effluxed. An 
analysis of the cellular contents before (Tp cells) and after (T,59) incubation gave the 
identical profiles, as shown in Fig. 2 (upper portion). Also, an analysis of the heat- 
treated Ty99 supernatant fraction now showed the same distribution profile (lower right) as 
that obtained with the intracellular content before or after incubation. The total drug 
accumulating in the extracellular compartment was equal to the decrease in the intracellu- 
lar fraction. 

These results provide strong evidence for concluding that polyglutamyl] derivatives of 
MTX efflux from L1210 cells as readily as MTX, itself. Since these metabolites are appar- 
ently not retentive forms of MTX in L1210 celis, polyglutamation is probably not relevant 
in determining drug persistence in this tissue. The necessity for adding dihydrofolate 
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Fig. 2. Radioactive elution profiles after DEAE-Sephadex chromatography of heat-treated 
cellular or supernatant extracts, with D. pneumoniae dihydrofolate reductase added to the 
cell suspension. The vertical axis is total drug, which was 2.872 wg/g wet weight for Ty 
cells, 1.018 ug/g for T1209 cells, after 20 min at 37°; 0.049 ug/ml for Tg supernatant, 
0.138 ug/ml for Ty09 supernatant, after 20 min at 37°. The net intracellular decrease 
shown equals the net extracellular accumulation. 
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reductase to the cell suspension to demonstrate the extracellular accumulation of MTX-poly- 
glutamates appears to relate to the presence [6] in the extracellular compartment of a 
hydrolytic enzyme(s). This enzyme activity could be derived from disrupted cells and(or) 
from ascitic fluid contamination. Recovery of extracellular polyglutamates does not occur 
when boiled microbial dihydrofolate reductase is employed. We assume that the native micro- 
bial dihydrofolate reductase added to the incubation medium tightly binds the methotrexate- 


polyglutamates, and prevents their enzymatic hydrolysis. Also, when 3H] MTX was added to 


a sample of cell suspension with microbial enzyme, metabolism to polyglutamate forms did 
not occur. 
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NEW METABOLITES OF ISOPROPYLANTIPYRINE IN THE RAT 
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Isopropylantipyrine is an analgesic antipyrine analogue with the structure 
of 2,3-dimethyl-1l-pheny1-4-isopropyl-pyrazolin-5-one (IPA). In a previous 
investigation on the metabolism of IPA (1), we identified one major and eight 
minor metabolites in rat urine. The enol glucuronide of N-desmethylisopropyl- 
antipyrine (3-methyl-l-phenyl-4-isopropylpyrazolin-5-one, desmethyl~IPA) was 
the major metabolite. All other identified metabolites were oxidation products 
of the phenyl or isopropyl group or the C-4 position, without the N-methyl 
group of the parent drug. During the course of a study on quantitative 
analysis of these metabolites, we have isolated two additional metabolites, 
which have been identified as the enol sulfate of 1-phenyl-3-methyl-pyrazolin- 
5-one and 1-phenyl-3-methy1-4-(1l-hydroxyethyl)-pyrazolin-5-one. The present 
paper describes the isolation and identification of these two metabolites. 


[H?] -Isopropylantipyrine ({H?]-IPA) was synthesized by tritiation of IPA 


by the method of Goromaru and Noda (2). [H>]-IPA (s.a. 1.25 uCi/mg) was 


administered to three male Sprague Dawley rats (7-week old, 210 + 3 g) ata 
single oral dose of 20 mg/kg as a suspension in 0.5% carboxymethyl cellulose. 
About 60-ml portion of the first 24-hr urine was applied on an Amberlite XAD-2 
resin column (2 x 45 cm). The column was washed with 900 ml of distilled 
water and the metabolites of IPA were eluted with methanol (600 ml). The 
organic layer was evaporated under reduced pressure to give a brownish 
residue, which was dissolved in a small quantity of methanol. The solution 
was applied on t.l.c. plates (silica gel 60F 554, 0.25 mm thick, Merck) and 
developed with a solvent system (A), ethylacetate-ethanol-acetic acid (6:3:1, 
v/v). A radioactive band on silica gel at Rf 0.88 was scraped from the plate 
under u.v. light and eluted with methanol. The eluted compounds were further 
separated on t.l.c. with a solvent system (B), chloroform-acetone-acetic acid 
(5:4:1, v/v). Three radioactive bands were detected at Rf values 0.42, 0.66 


and 0.29, respectively and were extracted with methanol, separately. 
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The extract from the band at Rf 0.42 was subjected to high pressure liquid 


chromatography (Waters Model 6000A) on a uBondapack C column (3.9 mm ID x 


18 
3 cm). After elution with methano1l-H.0 (1:4, v/v) at a flow rate of 1.8 ml/ 
min, a radioactive peak appeared at 11.7 min and was collected (IMl1). When 
IM1 was subjected to mass spectrometry (Hitachi 6MG Mass spectrometer), its 
spectrum showed intense peaks at m/e 174 (molecular peak), m/e 105 (CeH.N4), 


m/e 91 (C-H_N) and m/e 77 (CoH base peak). These peaks suggested the 


5° 
presence of an intact phenyl group on pyrazolone ring (1) and the losses of 
both N-methyl and isopropyl groups from the parent drug. The fragmentation 
pattern was identical with that of authentic 1-phenyl-3-methyl-pyrazolin-5- 
one (desmethyl-desisopropyl-IPA, Tokyo Kasei, Tokyo). However, IM1 and 
desmethyl-desisopropyl-IPA exhibited different chemical characteristics in 
the following points. Firstly, IMl was quite soluble in water whereas 
desmethyl-desisopropyl-IPA was soluble in chloroform and ethylacetate, with 
little solubility in water. Secondly, the migration on t.l.c. was different 
between IM] and desmethyl-desisopropyl-IPA; Rf values with the solvent (B) 
were 0.42 and 0.78, respectively. Thirdly, unlike desmethyl-desisopropyl-IPA 
which can be eluted with water from an anion exchange column (Dowex 1 x 8, 


HCOO form), IMl was retained on the column during the washing and was eluted 


with 0.01N HCl. These findings suggested that IMl was a conjugate of des- 


methyl-desisopropyl-IPA. In the mass spectrometer the conjugated moiety is 
likely to be split by heating. Upon hydrolysis with 6N HCl at 90°C for 1 hr, 
the hydrolysate was mixed with ethylacetate. The organic and aqueous layers 
were found to contain desmethyl-desisopropyl-IPA and sulfuric acid, respecti- 
vely. The latter substance was confirmed by the formation of a white 
precipitate by an addition of BaCl, solution to the aqueous solution. In vivo 


aa 


incorporation of S into the metabolite IMl was confirmed by the methods of 


Dring et al (3) following an i.p. administration of Na,*°so, (The Radiochemical 
Center, Amersham) to rats prior to the administration of non-radioactive IPA. 


These results together would suggest that IM1 is sulfuric acid conjugate of 


desmethyl-desisopropyl IPA. 
4 3 
NH ——— 
O N72 ae 
a 


Desmethyl-desisopropyl-IPA can assume, theoretically, one of three tauto- 
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meric forms (Fig. 1). In these tautomers either N-2 (Fig. 1, a) or C-hydroxy 
group (Fig. 1, b) is capable of accepting sulfuric acid. If the N-2 position 
is linked to sulfuric acid, its u.v. spectrum should be similar to that of l- 
pheny1-3,4-dimethyl-pyrazolin-5-one because of the fixed 3,4-double bond in 
both structures. In our study, however, the u.v. spectrum of IMl1 in methanol 
showed an absorption peak at 242 nm, being identical with that of 1-phenyl-3- 
methy1-5-ethoxy-pyrazoline in which one double bond is fixed between N-2 and 
C-3 and another double bond between C-4 and C-5 (4). Based on these results 
IM1 was assigned to the enol sulfate of 1-phenyl-3-methyl-pyrazolin-5-one 
(Fig. 2). 

The band at Rf 0.66 was separated into two radioactive metabolites on a 
short column of Dowex 1 (HCOO form): one metabolite (IM2) was eluted with 
water and another (IM3) with 0.1 M HCl solution. Extraction of the metabolites 
from the respective fractions with ethylacetate and evaporation of the solvent 
gave colourless solid substances. 

The nmr spectrum (Japan Electron Optics FX-100 Spectrometer, 99.6 MHz, I.S.: 


tetramethylsilane) of IM2 in CDCl, showed the presence of an intact phenyl 


3 
group (multiplet, 7.27 - 7.67 ppm, 5H) and C-3 methyl group (singlet, 2.25 ppm, 
3H). This spectrum is different from the nmr spectrum of IPA in 1) that the 
singlet peak found for IPA at 3.07 ppm due to N-methyl group disappeared in 


the spectrum of the metabolite, 2) that six methyl protons on isopropyl group 


were found at 1.28 ppm (doublet, J = 7.0 Hz) for IPA, whereas in the metabolite 


the number of methyl protons, which appeared at 1.28 ppm as a doublet signal 

7.0 Hz), decreased to three and 3) that instead of the septet signal 
centered at 2.84 ppm found in IPA due to the methyne proton on the isopropyl 
group, a quartet signal (J = 7.0 Hz) centered at 3.66 ppm was observed for 
metabolite IM2. The mass spectrum of IM2 showed a molecular ion at m/e 218 
which indicated an addition of one oxygen atom and elimination of two methyl 
groups from IPA, and an intense peak at m/e 174 (M - CH ,CHOH + H). The latter 
peak would be derived via a 'McLafferty type' rearrangement. These spectral 
data are indicative that the structure of IM2 is 1-phenyl-3-methyl-4-(1- 
hydroxyethyl)-pyrazolin-5-one (Fig. 2). 

For identification of IM3, the isolated metabolite was methylated with 
diazomethane. The mass spectrum of the methylated metabolite was identical 
with that of 1-phenyl-3-methyl-4-methylisopropionate-pyrazolin-5-one which 
was identified in our previous study (1). 


Formation of both IMl and IM2 requires cleavage of a C-C bond. This type 
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of biotransformation is relatively rare for xenobiotics as compared with the 
removal of alkyl groups attached to hetero atoms. 

At present we have no direct evidence for the mechanism of formation of 
these two metabolites. However, the metabolite IMl is unlikely to be produced 
by an pxidative cleavage of the C-C bond as was observed for the metabolism of 
stilbene (5) or 8-oxidation, since the C-4 position of IM1l does not have an 
oxygen atom attached. An alternative mechanism, therefore, is responsible for 
the removal of the isopropyl group. One possible mechanism is an oxidative 
deethylation of hydroxyethyl group from IM2 (Fig. 2, route a) and another is 
an oxidative elimination of isopropyl group from a metabolite containing t- 
isopropanol group (Fig. 2, route b) although such a metabolite has not been 
isolated in the present study. A similar type of reaction has been described 
for the metabolism of 17a-ethynyl-178-hydroxyestr-4-en-3-one (6). 

The metabolite IM2 seems to be derived from the carboxylic acid (metabolite 
IM3) via a two step reaction (Fig. 2) involving both decarboxylation and 
hydroxylation of ethyl group. It has been reported that a carboxylic acid is 
an intermediate in the demethylation of 4a-methyl-5a-cholest-7-en-3f8-ol (7) 
and N-t-butyl-norchlorcyclizine (8). 

Further investigation on the mechanism of the cleavage reaction and eluci- 


dation of the structure of metabolite having Rf 0.29 are in progress. 


+ 
H 
an 
HO uo 


: HoylHt ~  g - O O 
IPA ( esmethy!-1PA - M2 
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>4-MIANSERIN BINDING IN CALF CAUDATE: POSSIBLE INVOLVEMENT OF SEROTONIN RECEPTORS IN ANTI- 


DEPRESSANT DRUG ACTION 
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Mianserin has been shown to be a serotonin receptor antagonist both in peripheral [1,2] 
and central [ 3,4] receptor systems. It has also been well established as a clinically 
effective tetracyclic anti-depressant [5,6] . 

Recently, a tritiated form of mianserin has become available with a specific activity 
high enough for use in direct binding assays of central neurotransmitter receptors. These 


assays would be of interest for two reasons: (i) they could introduce a new ligand for central 


serotonin receptors in addition to 4-d-LSD [7] and “ys aevotendia, [4] » both of which have 


limited usefulness, and (ii) the results would be interesting to compare with recent findings 
in +H-tricyclic antidepressant direct binding assays [8,9,10] in order to establish a possible 
common site of action shared by the tricyclics and a novel antidepressant. 

The caudate nucleus was dissected from frozen calf brains, homogenized in 10 volumes of 
0.32 M sucrose and centrifuged at 1,000 g. for 10 min. The resulting supernatant was diluted 
to 100 volumes with 50 mM Tris /HCl buffer (pH 7.4) and centrifuged at 50,000 g. for 20 min. 
The pellet was resuspended in 40 volumes of buffer and frozen. Immediately prior to use the 
pellet was thawed and homogenized using a polytron homogenizer at a setting of 5 for 10 
seconds. Final protein concentration was 1.5 mg/ml. 

Direct binding assays were performed by incubating at room temperature the following 
aliquots: 0.2 ml. of buffer alone or buffer containing mianserin hydrochloride (final concen- 
tration 1,000 nM) or buffer containing varying concentrations of drug competitor; 0.2 ml. of 
Ay-mianserin HCl (final concentration 5 nM); 0.2 ml. of calf caudate homogenate (0.3 mg of 
protein). After 30 min., 3.5 ml of buffer was added to each tube and the entire contents 
filtered under vacuum through a Whatman GF/B filter and washed by a further 3.5 ml of buffer. 
Filters were then monitored for tritium using a toluene/Triton scintillation mixture. 
Specific binding of *y-mianserin was defined to be the total amount of *y-mianserin bound in 
the presence of buffer minus the y-mianserin bound in the presence of 1,000 nM non-radio- 
active mianserin. 

The Ks values of tested drugs were determined by linear regression analysis of log- 
probit plots of binding inhibition using at least 8 different drug concentrations, each one 
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measured in quadruplicate. These data are given in the following tables. 


Table 1 : K. Values of Neurotransmitters on Specific Binding of JH-Mianserin 





Neurotransmitter 





Serotonin 

Noradrenaline >1, 300 

Risteutne No effect at 15,000 
Dopamine No effect at 15,000 
Acetylcholine No effect at 15,000 


GABA No effect at 15,000 





Table 2 : K. Values of Drugs Active in Serotonin Systems on Specific Binding of 


44-Mianserin 





Tryptamines K; (nm) 
Tryptamine 780 
N,N Dimethyltryptamine 620 
5, methoxy DMT 1,030 

6 dihydroxytryptamine 4,000 
Ergots 
LSD 1.7 
Metergoline Ver 
Dihydroergocryptine 30.0 


Dihydroergotamine 52.0 





Table 3 : K. Values of Antidepressants on Specific Binding of ?H-Mianserin 





Antidepressant 





Mianserin 
Imipramine 
Chlorimipramine 
Trazodone 
Amitriptyline 
Nortriptyline 
Maprotiline 
Protriptyline 


Nomifensine 200.0 





Saturation analysis revealed the number of binding sites (Bax? to be 139 fmol/mg 


protein and the Ky to be 0.73 nM. A single class of bixding sites was observed. 
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The most interesting finding is the high potency of a wide range of antidepressants at 
competing for bound Ay-mianserin. This includes the tricyclics as well as novel antidepres- 


sants such as trazodone, nomifensine and maprotiline. 


Although a number of studies on tritiated anti-depressant binding have been done in the past 

[ 8,9,10] ,» this is the first study to show potent binding inhibition by a variety of anti- 
depressant structures including the atypical antidepressants. A possible explanation is that 
previously studied anti-depressants were all tricyclics, which are known to label more than 

one site including a muscarinic cholinergic site. This is evident in their clinically observed 
anticholinergic side effects. Mianserin, on the other hand, has no anticholinergic side effects 
in clinical use [ 6,12 ] and based on our results is binding to only one site, although 
saturation analysis would not distinguish between sites with similar K)'S- Based on our low 

K. values, this site labelled by AH-mianserin is shared by all the antidepressants tested. 

It is possible that this is a specific antidepressant binding site, similar to the 
specific site for benzodiazepines [ 13 ] however it is also possible that the site or sites 
being labelled is specific to'a neurotransmitter or to a group of neurotransmitters. From 
Table 1 the neurotransmitter receptor most likely involved would be one for serotonin. The K. 
values for serotonergic agents given in Table 2 further support this suggestion in that both 
tryptamines and ergots are effective at competing for the bound *H-mianserin. The apparent 
Kp of this site for serotonin would be 390 nM, which differs from previously reported values 


3 


in ~H-serotonin [ 4 7 or 7H-d-LSD 2 ] binding. Although we found spiroperidol to have a 


K. in Aa aionnexin binding of 1.6 nM, the K. of serotonin is much lower in i minnserin 


binding than in H-spiroperidol binding in cortex [ 14 ] (390 nM us 2700 mM). This suggests 
that the site labelled by mianserin is not identical to that labelled by other serotonergic 
ligands. 

There are other neurotransmitter receptors which must also be considered as potential 


3 


sites of ~H-mianserin binding. From data in Table 1, it is possible that adrenergic sites 


could be involved. This would agree with data showing that tricyclic antidepressants compete 


34-WB-4101 [ 15 ] - Mianserin itself has been shown 


for a-adrenergic receptors labelled by 
to block pre-synaptic a-adrenergic receptors although this effect was not shared by other 
antidepressants [ 16 ]. 

The other site possibly being labelled is a histamine receptor. There have been reports 
showing that tricyclic antidepressants inhibit histamine-stimulated adenylate cyclase 
[ 17,18 ] , compete for H-mepyramine binding to H, sites in mammalian brain, [ 19 ] and 
block histamine effects in guinea pig ileum [ 20 7 - Although we have found histamine itself 
to be ineffective at competing for H-mianserin binding, we have found at least one antihis- 


tamine, promethazine, to have a potent effect (kK; = 32 nM). 


In summary, if Ay mianserin is labelling one specific type of neurotransmitter receptor 
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it would appear that the receptor is mostly serotonergic in binding characteristics. The 
possibility that a common site of action of antidepressants is on serotonergic receptors is 
not new and has support from a variety of other experimental procedures [ 21,22,23 7 o 7a 


remains possible, however, that y-mianserin is labelling a collection of receptor types 


and that: the other neurotransmitter receptors involved are histaminergic and a-adrenergic. 


We are currently characterizing further the sites labelled by 4y-mianserin to determine 


their distribution throughout various brain regions and in subcellular fractions. We are 
also establishing a more precise pharmacological profile which may correlate with a known 
physiological function of serotonin and thus establish with some-certainty a site of action 
of antidepressants. 
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Abstract—The binding characteristics of [*H]-(/)-quinuclidinyl benzilate (QNB) and [*H]WB-4101 to 
microsomal fractions and slices from rabbit iris muscle were compared. [*H] QNB binding to both 
microsomal fractions and muscle slices was of high affinity and low capacity and was displaced by 
muscarinic ligands. The equilibrium dissociation constants (Kp) for [HJQNB binding to microsomes 
and slices were 0.069nM and 1.97nM, respectively. This shift to a higher value for the Ky, of the 
microsomal fraction compared with that of the slices was also observed for the association rate constants 
(K,) and inhibition constants (K,), but not for the dissociation rate constants (K_,). Kinetic studies on 
the binding characteristics of ["H]WB-4101 revealed high affinity sites with Kp values of 2.33 and 
10.19 nM for microsomal fractions and slices, respectively. The findings of comparable binding patterns 
for HJQNB and [*H]WB-4101 binding to microsomal fractions and intact muscle slices argue against 
the possibility of alterations in receptor properties following tissue disruption. It is proposed that the 
differences in receptor-mediated biochemical responses that are seen between intact tissue and cell-free 
homogenates, such as the ‘phosphoinositide effect’, are more likely to be due to alterations in receptor 
function, e.g. changes in ionic permeabilities, rather than to actual changes in receptor properties. 


The availability of radioligands of high specific radio- 
activity has provided the means for identification 
and characterization of muscarinic and alpha-adre- 
nergic receptors in a variety of tissues. Among these 
radioligands, the potent cholinergic antagonist [*H]- 
(/)-quinuclidinyl benzilate (QNB) has been used to 
characterize muscarinic binding sites in membranes 
from both the central [1,2] and peripheral [3-7] 
nervous systems. Similarly, the adrenergic antagonist 
[(7H]WB-4101 has been used to characterize alpha- 
adrenergic binding sites in membranes from both the 
central [8-10] and peripheral [11,12] nervous 
systems. 

The iris muscle of the rabbit is innervated by 
cholinergic and adrenergic fibers [13], and the pres- 
ence of both types of receptors has been demon- 
strated through both pharmacological [14-16] and 
binding studies [17-19]. Previously we reported that 
the neurotransmitters acetylcholine [20] and 
norepinephrine [21] at 0.05 mM and at short time 
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intervals (<10 min) increase significantly the break- 
down of triphosphoinositide and the labeling of phos- 
phatidic acid and phosphatidylinositol in rabbit iris 
muscle that was prelabeled with “P,. These effects 
are mediated through muscarinic and alpha-adre- 
nergic receptors [20, 21] and are dependent upon the 
presence of Ca** in the incubation medium [22]. 
Kinetic studies on  dose-triphosphoinositide 
responses and dose—contraction responses suggested 
a close relationship between the biochemical and 
pharmacological responses [23]. Efforts to demon- 
strate this phenomenon in iris muscle homogenates 
were unsuccessful. This observation is supported by 
the fact that with the exception of synaptosomes 
[24, 25] there is no experimental evidence to suggest 
that this phenomenon does occur in a cell-free hom- 
ogenate. This could be interpreted as follows: (a) 
that the phosphoinositide effect is coupled to chol- 
inergic muscarinic and alpha-adrenergic receptors 
through Ca** as we have suggested previously 
[21,22], and that tissue homogenization leads to 
disruption of this coupling mechanism; or (b) that 
muscarinic and alpha-adrenergic receptor properties 
are altered by the homogenization process. Thus, 
the primary objective of the present study was to 
compare the binding characteristics of [‘H]QNB to 
muscarinic sites and of [*H]WB-4101 to alpha-adre- 
nergic sites in microsomal fractions and in muscle 
slices of the albino rabbit iris, to determine whether 
receptor property alterations have occurred. 
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MATERIALS AND METHODS 


Chemicals 

The /-isomer of [SH]QNB (44 Ci/mmole) was 
obtained from Amersham/Searle (Arlington 
Heights, IL) and [‘H]WB-4101 (25.4 Ci/mmole) from 
the New England Nuclear Corp. (Boston, MA). 
Other drugs used in the present study included /- 
epinephrine bitartrate (CalBiochem, La Jolla, CA), 
oxotremorine (Aldrich Chemical Co., Milwaukee, 
WI), phentolamine (CIBA Pharmaceuticals, Sum- 
mit, NJ) and acetylcholine chloride, atropine sulfate, 
eserine salicylate, /-norepinephrine bitartrate, dl- 
propranolol and d-tubocurarine chloride from the 
Sigma Chemical Co. (St. Louis, MO). Unlabeled d/- 
QNB was a gift from Hoffmann-LaRoche, Inc. 
(Nutley, NJ). All other chemicals were reagent 
grade. 

Preparation of microsomal fractions from rabbit iris 

Tissue for the following experiments was obtained 
from albino rabbits at a local slaughterhouse. Eyes 
were enucleated shortly after killing and transported 
to the laboratory packed in ice. 

The methods of homogenization, subcellular frac- 
tionation, and monitoring of the purity of the prep- 
arations by means of electron microscopy and 
enzyme markers were essentially as was reported 
previously [26]. Briefly, the rabbit irises (approxi- 
mately 5 g wet wt) were rinsed with ice-cold buffered 
saline (pH 7.4). The muscle strips were blotted and 
immersed in chilled 0.32 M sucrose (pH 7.4), and 
minced with scissors. The minced tissue was then 
suspended in 10 vol. of buffered sucrose and hom- 
ogenized for 4 x 30 sec using a Super Dispax Tis- 
sumizer model SDT-182 (Tekmar Co.) at 2/3 max- 
imum speed. The homogenate was filtered through 
two layers of cheesecloth, and the filtrate was cen- 
trifuged at 1200g for 10 min at 4°. The resultant 
supernatant fraction was spun at 10,000 g for 30 min 
to pellet a mitochondrial fraction. The supernatant 
fraction obtained was then centrifuged at 100,000 g 
for 90 min to sediment the microsomal fraction. This 
microsomal pellet was suspended in 50 mM sodium 
phosphate buffer (pH 7.4) and divided into aliquots 
for storage at —20°. These aliquots were rehomo- 
genized in a glass homogenizer, diluted, and used 
in the binding assay individually. No significant dif- 
ferences were observed between fresh and frozen 
microsomal preparations. Electron microscopic 
examination of the microsomal fraction revealed a 
homogeneous preparation of membranes similar to 
that described in an earlier report [26]. 


Binding of (*H|QNB and [?H|]WB-4101 to micro- 
somal fractions 


The method used to study the binding of [*H]QNB 
and [*H]WB-4101 was a modification of the method 
of Yamamura and Snyder [1, 3]. In brief, the stan- 
dard binding assay was performed in 0.5 ml of 50 mM 
sodium phosphate buffer (pH 7.4) containing 
approximately 50 ug of microsomal protein and the 
labeled ligand. A second set was also prepared con- 





* POPOP, 1 ,4-bis-[2-(4-methyl-5-phenylorazolyl] 
benzene; and PPO, 2,5-diphenylopazole. 


taining in addition an excess of competitor, 5 uM 
atropine or 100 uM phentolamine, for determining 
specific binding. Other additions were made as 
indicated. The binding reaction was initiated upon 
addition of the protein, and incubations were allowed 
to proceed for 1 hr at 37° for the cholinergic experi- 
ments and for 1 hr at 25° for the adrenergic experi- 
ments in a shaking water bath. Incubations were 
terminated with the addition of 2.5 ml buffer, fol- 
lowed by rapid filtration of the mixture through 
Whatman GF/C glass fiber filters. Each filter was 
washed three times with 2.5 ml buffer, and then air- 
dried in scintillation vials. Eight milliliters of scin- 
tillation fluid (1000 ml toluene, 150 mg POPOP and 
4 g PPO)* was added to the vials and the radioactivity 
retained on the filters was determined by a Beckman 
model LS-230 liquid scintillation counter. Each vial 
was counted for 5 min, and corrections for quenching 
were made by a quench curve prepared by channel 
ratios. Specific receptor binding of [*H]QNB or 
(‘H]WB-4101 is defined as the difference between 
the total binding of the radioligands and the non- 
specific binding observed in the presence of 5 uM 
atropine or 100 uM phentolamine. 


Binding of (}H|QNB and [*H]WB-4101 to iris slices 


Binding studies using the slices were performed 
with irises that were frozen intact at —20°. No dis- 
cernible differences were observed between experi- 
ments run with frozen and fresh tissues. The standard 
binding assay was essentially the same as described 
for the microsomal fraction, except that for cholin- 
ergic binding the final incubation volume was 2.5 ml 
instead of 0.5 ml. The incubation medium contained 
15-20 mg wet wt of muscle (half of the total iris), 
the radioligand, and other additions as indicated. 
After filtration and washing, the tissue was placed 
in a scintillation vial, air dried, and weighed. The 
tissue was digested with 30% H,O, at 65° and the 
ash was dissolved in 0.1 ml of distilled water. Ten 
milliliters of scintillation fluid (600 ml toluene, 300 ml 
Triton X-100, 5g PPO and 100mg POPOP) was 
added and the sample was allowed to stand overnight 
before counting. 

In both of the microsomal and iris slice experi- 
ments, the reaction components were adjusted such 
that the amount of radioligand was at least ten times 
higher than the amount of radioligand binding. This 
insured that the initial radioligand concentration did 
not decrease more than 10 per cent during equili- 
bration. Aliquots of incubation media withdrawn 
from the tissues, both immediately before and after 
filtration, confirmed that final radioligand concen- 
tration was within 10 per cent of the initial levels. 
Under these experimental conditions, the free ligand 
can equal total ligand in Scatchard analysis without 
significantly affecting the results. All experiments 
were run in quadruplicate. Protein was determined 
by the method of Lowry et al. [27], using bovine 
serum albumin as standard. 


RESULTS 


Binding of [*H|QNB to microsomal fractions and iris 
muscle slices 


[SH]QNB binding to microsomal fractions. In pre- 
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Fig. 1. Specific binding of [*H]QNB at 37° to rabbit iris 
muscle microsomal fraction as a function of ligand con- 
centration. Microsomal fractions from rabbit iris muscle 
(about 50 ug) were incubated for 1 hr at 37° with various 
concentrations of [‘HJ]ONB in a final volume of 0.5 ml. 
Non-specific binding was measured by addition of 54M 
atropine. Specific binding was determined as the difference 
between total and non-specific binding at each concentra- 
tion. Each value is the mean of six to twelve determinations. 
Inset: Scatchard plot of the specific binding data. The slope 
obtained by linear regression analysis is — 14.45. 


Specific [SH] QNB bound (P™l/mg protein) 


liminary experiments on [*H]QNB binding to the 
crude nuclear supernatant fraction and to the various 
subcellular fractions of the rabbit iris, we found that 
the microsomal fraction contains the highest receptor 
site concentrations. Thus, the microsomal fraction, 
which contains fragments of plasma membrane, was 
employed throughout the present study. 

[HJONB showed two distinct components in its 
interaction with membrane fragments. The first, non- 
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specific binding, was not displaceable with excess 
unlabeled atropine and increased linearly with QNB 
concentration (data not shown). The second com- 
ponent, specific binding, was readily displaced with 
atropine and was characterized by high affinity, a 
low number of binding sites, and saturation with 
increasing radioligand concentration (Fig. 1). As 
estimated from saturation binding experiments, half- 
maximal saturation occurred at less than 0.1 nM and 
involved approximately 1.2 pmole binding sites/mg. 
The binding of [‘H]QNB was overwhelmingly spe- 
cific in the concentration range studied, with more 
than 90 per cent bound specifically at 0.1 nM. Scat- 
chard analysis [28] of the binding data gave a straight 
line (Fig. 1), indicating a single type of ligand—recep- 
tor interaction. The K>p for specific [*H]QNB binding 
was 0.069 nM and the predicted maximum number 
of binding sites (B,,,,) was 1.33 pmoles/mg. Hill plots 
of saturation binding experiments gave a straight 
line with a slope of 0.89 (data not shown), closely 
approximating 1.0, thus indicating that no cooper- 
ativity is involved in the QNB binding. 

Kinetic investigation of specific [SH]QNB binding 
showed a rapid rate of association at 37° (Fig. 2a). 
Half-maximal binding occurred at approximately 
Il min, with complete saturation achieved within 
10 min. Non-specific binding was not time depen- 
dent. The first-order association constant, k,,,, was 
calculated and used to determine the value for K, 
of 0.14x10°M~! min™'. The reversibility of 
[‘H]QNB binding was readily demonstrated in dis- 
sociation experiments. In the presence of excess 
unlabeled atropine, bound [*H]JQNB dissociated 
steadily with time (Fig. 2b); the t, for dissociation 
was 82 min. This first-order reaction occurred at a 
rate, K_,, of 0.85 x 10°? min ~'. A kinetic value for 
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Fig. 2. Time courses of association and dissociation of [7H]QNB binding to iris muscle microsomal 
fractions. Panel A: Association of [‘H]ONB binding. Microsomal fractions were incubated with 0.5 nM 
(SHJONB at 37° for various time intervals as described under Materials and Methods. Binding in the 
absence and presence of 5 uM atropine was measured simultaneously, the difference between these 
values representing specific binding. Association was begun by addition of microsomes and te rminated 
by rapid filtration. Each value is the mean of six determinations. Panel B: Dissociation of [/HJONB 
binding. Microsomal fractions were incubated at 37° in the presence of 0.5 nM [*HJQNB for | hr. 
Dissociation was begun by addition of 5 uM atropine to the reaction mixtures at zero time and terminated 
by rapid filtration at various time intervals. Each value is the mean of six determinations. 
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Fig. 3. Specific binding of [HJ]QNB at 37° to iris muscle 

slices as a function of ligand concentration. Conditions of 

incubation were the same as described under Fig. 1 except 

that the final volume was 2.5 ml. Each value is the mean 

of eight determinations. Inset: Scatchard plot of the specific 

binding data. The slope obtained by linear regression analy- 
sis is —0.5064. 


Kp, calculated from the K_,/K, ratio, was 0.061 nM, 
which is in excellent agreement with the value 
derived from Scatchard analysis (Fig. 1). 

Binding of H|QNB to iris slices. Most studies 
that have been done with radioligands have involved 
the use of cell-free preparations, obtained by vig- 
orous homogenization of tissues. It was of interest, 
therefore, to know whether the binding character- 


istics measured in intact muscle strips differ signifi- - 


cantly from those measured in the membrane frag- 
ments (Figs. 1 and 2). Employing the same 
methodology, [*HJQNB binding to intact iris was 
investigated (Fig. 3). Specific binding was saturable 
with increasing radioligand concentration, with half- 
maximal saturation at 1.0nM. Non-specific binding 
was linear over the concentration range studied (data 
now shown). The ratio of specific to non-specific 
binding was reduced dramatically in the intact muscle 
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experiments, pointing to the high purity of the 
receptor population in the membrane fraction. Scat- 
chard analysis of the saturation data (Fig. 3) again 
gave a straight line, indicating a single population 
of binding sites. The Kp for [‘H]ONB binding was 
1.97 nM, with an estimated number of binding sites 
of 1.17 pmoles/mg dry wt. Hill plots of saturation 
binding experiments (data not shown) gave a straight 
line with a slope of 0.84, reasonably close to 1.0, 
which indicates no cooperativity was involved in the 
[SHJONB binding. 

Kinetic analysis of [7H]ONB binding showed a 
similar pattern of saturable, time-dependent associ- 
ation of specific binding and time-independent non- 
specific binding (Fig. 4a). Halt-maximal binding 
occurred at 15 min with complete saturation not 
evident until after 60 min (Fig. 4). The first-order 
rate constant, k,,,, was calculated and yielded a K, 
of 1.88 x 10’M~' min™'. The rate of dissociation 
(Fig. 4b) followed a first-order pattern with K_, of 
1.12 x 10°? min™'. The kinetic Kp, calculated from 
the K_,/K, ratio, was 0.60 nM. This value is signifi- 
cantly less than the 1.97nM predicted from Scat- 
chard analysis. 

Inhibition by muscarinic drugs of [7H]QNB bind- 
ing in the microsomal fraction and iris slices. Four 
cholinergic drugs were tested in intact iris and mem- 
brane fragments for their ability to inhibit specific 
[sHJQNB binding. Each drug was tested at several 
concentrations; IC sy values were calculated from the 
dose-response curves and K, values calculated 
(Table 1). The K, values for each drug tested were 
higher in slices than in microsomes. At 5 uM con- 
centrations, d-tubocurarine, propranolol, and bov- 
ine serum albumin did not affect [/H]QONB binding 
(data not shown). 


Binding of (*H|WB-4101 to microsomal fractions 
and iris slices. Binding of [*H]WB-4101 (0.1-50 nM) 
to the microsomal fraction was clearly both specific 
and non-specific. Non-specific binding increased lin- 
early with concentration and was not displaced by 
the addition of 100uM phentolamine (data not 
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Fig. 4. Time courses of association and dissociation of [/H]QNB binding to iris muscle slices. Panel A: 

Association of [H]QNB binding. Conditions of incubation were the same as described under Fig. 2 

except that the concentration of [7H]QNB was 1.0 nM and the final volume was 2.5 ml. Each value is 

the mean of four determinations. Panel B: Dissociation of [SH]QNB binding. Conditions of incubation 

were the same as described under Fig. 2 except that the concentration of [‘“HJONB was 1.0.nM and the 
final volume was 2.5 ml. Each value is the mean of four determinations. 
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Table 1. Comparison of inhibition of [7HJQNB binding in microsomal fractions and intact iris slices by 
muscarinic drugs* 





ICsg and K; values for 
inhibition of [7H]QNB binding (nM) 


No. of 


Drug experiments 


Microsomes 


Slices 


ICs K; slices/microsomes 





Atropine 4 
Acetylcholine 

(+ 1 uM eserine) 4 
Oxotremorine 4 
dl-QNB 4 


14.6 9.67 
5330 
35360 
6.92 


3530 
23420 
4.58 





* Cholinergic drugs were tested for their ability to inhibit specific [SHJONB binding in slices or 
membrane fragments of iris muscle. Radioligand concentration for membrane studies was 0.1 nM (except 
in the dl-QNB experiments in which 0.5 nM [*H]QNB was used), and in the slice experiments 1.0 nM 
(SHJONB was used. Each drug was tested at several concentrations and ICs) values were calculated from 


the dose-response curves. K, values were calculated from the relation K; = 


ICso/(1 + [L)/Kp), where [L] 


is radioligand concentration and Kp is the radioligand equilibrium dissociation constant derived from 
Scatchard analysis. Results are means for the number of experiments indicated. 


shown). Specific binding was displaced by the addi- 
tion of phentolamine and exhibited an unusual satu- 
ration curve, similar to the binding of [‘H]WB-4101 
to rat cerebral cortical membranes observed by Davis 
et al. [8], when examined over a wide concentration 
range of the radioligand (Fig. 5). Scatchard analysis 
of the saturation curve revealed two separate popu- 
lations of [7H]WB-4101 binding sites, one high affin- 
ity and one low affinity (Fig. 5). The high affinity 
site had a Kp of 2.33nM with 0.73 pmole binding 
sites/mg. The low affinity site had a Kp of 55.6nM 
and involved 4.56 pmole binding sites/mg. A Hill 
plot of [7H]WB-4101 saturation data was linear, with 
a Hill coefficient of 0.71 (data not shown). 
Inhibition of (7H|WB-4101 binding to microsomal 
fractions by adrenergic drugs. Four adrenergic drugs 
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Fig. 5. Specific binding of [*H]WB-4101 at 25° to iris muscle 
microsomal fraction as a function of ligand concentration. 
Conditions of incubation were the same as described under 
Fig. 1 except that the protein concentration was 50-100 ug 
and non-specific binding was measured by the addition of 
100 uM phentolamine. Each value is the mean of six to 
twelve determinations. Inset: Scatchard plot of the specific 
binding data. The slopes obtained by linear regression 
analysis for high affinity and low affinity binding are 
—().430 and —0.018, respectively. 


were tested in membrane fragments for their ability 
to inhibit specific [‘H]WB-4101 binding. Each drug 
was tested at several concentrations; ICs) values were 
calculated from the dose-response curves and K, 
values were calculated (Table 2). Phenoxybenza- 
mine, phentolamine, epinephrine and norepine- 
phrine effectively displaced [*H]WB-4101 binding 
in the concentration ranges examined and, in gen- 
eral, the antagonists were more potent than the 
agonists (Table 2). 

Binding of ({H|WB-4101 to iris muscle. Binding 
of [7H]WB-4101 to iris slices was clearly both specific 
and non-specific. Non-specific binding increased lin- 
early with concentration and was not displaced by 
100 uM phentolamine (data not shown). Specific 
binding was reversed by the addition of phentolam- 
ine and, as with the microsomal fraction (Fig. 5), 
exhibited an unusual saturation curve when exam- 
ined over a wide range of radioligand concentrations 
(Fig. 6). Scatchard analysis of this saturation curve 
revealed two separate populations of [*H]WB-4101 
binding sites, one high affinity and the other low 
affinity (Fig. 6). The high affinity site had a Kp of 
10.19nM and invoived approximately 0.414 pmole 
binding sites/mg dry wt. The low affinity site had a 
Kp of 57.5nM and a total of 1.25 pmole binding 
sites/mg dry wt. A Hill plot of [7H]WB—4101 satu- 
ration data was linear, with a Hill coefficient of 0.86 
(data not shown). 


DISCUSSION 


The comparative studies reported in this paper on 
the characteristics of [SH]QNB and [*H]WB-4101 
binding to microsomal fractions and slices of albino 
rabbit iris are summarized in Table 3. The ligand 
binding properties are typical of binding to muscar- 
inic cholinergic and alpha-adrenergic receptors. 
They are saturable, of high affinity, and are reduced 
by specific antagonists. The suitability of the slices 
for binding experiments was not unexpected, since 
[SH]QNB was reported to bind with high affinity and 
specificity to muscarinic receptors in brain slices 
(2, 29). In general, the affinities of both [/H]QNB 
and [*H]WB-4101 to the microsomal fraction were 
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Table 2. Inhibition of [7H]WB-4101 binding in microsomal fractions by adrenergic drugs* 





ICsy and K, values for 
No. of inhibition of [‘H]WB-4101 binding (nM) 


Drug experiments ICsy K, 





Phenoxybenzamine 21.3 
Phentolamine 26.1 
Epinephrine 480 
Norepinephrine 4880 





* Adrenergic drugs were tested for their ability to inhibit [‘H]WB-4101 binding in 
membrane fragments with 0.5 nM [*H]WB-4101. Several concentrations of each drug were 
tested, and ICsy values were calculated from the dose-response curves.. K; values were 
calculated from the relation K; = 1Csp/(1 + [L]/Kp), where [L] is the radioligand concen- 
tration and Kpis the radioligand equilibrium dissociation constant derived from Scatchard 


analysis. Results are means for the number of experiments indicated. 


higher than those obtained with the slices (Table 3). 
Thus, Kp values in slices for [7H]QNB and [*H]WB- 
4101 were approximately twenty-nine and four times 
higher than those estimated in the microsomal frac- 
tion. Furthermore, atropine was consistently less 
potent in inhibiting [SH]ONB binding in iris slices 
than in the microsomal fraction. Gilbert et al. [2] 
similarly reported that antagonists are less potent in 
inhibiting [*H]QNB binding in brain slices than in 
homogenates. Ward and Young [30] had previously 
reported that muscarinic drugs were less potent in 
inhibiting the binding of [‘H]PrBCM* to intact intes- 
tinal muscle strips than to cell-free homogenate prep- 
arations. The Kp values for [/H]QNB and [*H]WB- 
4101 in the microsomal fraction and the iris slices 
are comparable to those obtained with other tissues 


{2,8, 10, 19]. Thus, the Kp value for [*H]-(/)-QNB 
binding in the microsomal fraction is 0.069 nM, in 
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Fig. 6. Specific binding of [‘H] WB-4101 at 25° to iris muscle 
slices as a function of ligand concentration. Conditions of 
incubation were the same as described under Fig. 3 except 
that the final volume was 0.5 ml, and non-specific binding 
was measured by addition of 100 uM phentolamine. Each 
value is the mean of eight determinations. Inset: Scatchard 
plot of the specific binding data. The slopes obtained by 
linear regression analysis for high affinity and low affinity 
binding are —0.0981 and —0.0174, respectively. 





* PH]PrBCM, [°H]propylbenzylylcholine mustard. 


good agreement with values reported recently by 
Gilbert et al. [2] for brain tissue; however, these 
values are an order of magnitude lower than those 
reported in earlier work using [*H](d/)-ONB [3, 5, 6]. 
The use of the /-stereoisomer of QNB in the present 
study confirms its greater affinity and demonstrates 
that its use eliminates the many problems that were 
reported to be associated with the dl-isomer [2]. 
There is an excellent correlation between the Scat- 
chard-derived and the kinetically-derived dissocia- 
tion constants, which confirms the reliability of our 
binding assay. It is not clear why Lund-Karlsen [18] 
was unable to detect saturable binding of [/H]QNB 
to rabbit iris homogenates, although binding to slices 
could readily be measured. Kloog et al. [19], working 
with N-methyl piperidylbenzilate ({‘H]4NMPB) and 
[(/H]ONB, and Page and Neufeld [17], working with 
[*H]dihydroergocryptine (DHE), demonstrated 
saturable binding to homogenates of iris muscle of 
albino rabbits. The finding of dissimilar dissociation 
constants for [*H]QNB binding in the microsomal 
fraction and muscle slices should not immediately 
suggest that muscarinic receptor properties have 
been altered by tissue homogenization. In fact, our 
observation that K_, values are similar in the two 
preparations is compelling evidence that no receptor 
property alterations occurred. The difference in Kp 
values seen here is probably attributable to the 


' association (K,) component. The finding of markedly 


slower rates of association in intact tissue, compared 
to the homogenate, is not unexpected because of the 
diffusional barriers present in intact muscle, which 
are absent in cell-free preparations. This problem 
has been discussed by several workers [2, 30]. We 
suggest that these diffusional barriers are, at least 
in part, responsible for the difference in Kp values 
between the microsomal fraction and muscle slices, 
and that no significant change in receptor properties 
occurs. 

The binding of [*H]WB-4101 to the microsomal 
fraction and to iris muscle preparations is consistent 
with its interaction with two classes of sites: a high 
affinity population with a high specificity for the 
radioligand and a low affinity population with a 
greatly decreased specificity for the radioligand 
(Table 3). Using a variety of alpha-adrenoligands, 
other investigators have also reported the presence 
of two subpopulations of alpha-adrenergic receptors. 
Employing a variety of radioligands, U’Prichard and 
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Table 3. Summary of muscarinic and alpha-adrenergic binding constants in microsomal membrane fractions and iris 
muscle slices 





Hill 
Brian” 


coefficient 


K, K_; 


K; (atropine) 
(M~! min~') (min 


'y (nM) 





HJQNB 
Membranes 
Slices ; 1.17 

(SH]WB-4101 
Membranes 


0.89 
0.84 


0.73 
(4.56) 

0.414 
(1.25) 


0.71 


Slices 0.86 


0.85 x 10-7 
£12 &:10"° 


0.14 x 10° 
0.19 x 10° 


0.34 
9.67 





* Values for membranes are expressed in pmoles/mg protein; values for slices are expressed in pmoles/mg dry wt. 


+ High affinity binding. 
t Low affinity binding. 


Snyder [10] reported two distinct receptor types 
which could be distinguished by their differing pat- 
terns of a-adrenoligand binding. Greenberg and Sny- 
_ der [9], working with rat brain membranes, dem- 
onstrated the existence of one a-adrenoreceptor 
subtype that correlates with [‘H]WB-4101 binding 
and low agonist affinity, and a second that selectively 
binds [*H]clonidine and has limited antagonist bind- 
ing capacity. In the present work at higher concen- 
trations [*H]WB-4101 appeared to interact with a 
second population of sites with a much lower affinity 
than that found for the high affinity site (Figs. 5 and 
6). Similarly, Davis et al. [8], working with binding 
of [‘H]WB-4101 to rat cerebral cortical membranes, 
demonstrated a low affinity binding site, in addition 
to the high affinity site. It has recently been shown 
that these w-receptor subtypes could be classified as 
a, Or @ adrenergic receptors based on the phar- 
macological profile. This «,/«, model has been used 
to more closely define complex a-adrenergic binding 
patterns. [*H]Clonidine, [*H]norepinephrine and 
[*H]epinephrine have been shown to selectively bind 
a receptors [10], whereas [SH] WB-4101 has been 
shown to label: «, receptors [10,31]. [7H]DHE 
reveals a single class of binding sites [9, 32] because 
it is equipotent to a, and a, receptors. [*H]WB- 
4101, however, would not be expected to label a 
single binding site when analyzed over a wide con- 
centration range because it is not equipotent, but 
markedly «, specific. In the present study the high 
affinity component of [‘H]WB-4101 binding (Kp = 
2.33 nM) could correspond to binding of the a, site, 
whereas at higher concentrations (>15nM) the 
radioligand interacts in addition with the a, site. 
These components are clearly discernible in both the 
microsomal fraction and the slices (Figs. 5 and 6, 
respectively). Further studies using specific o,/a, 
ligands must be performed before a correlation 
between the two [*H]WB-4101 binding sites and the 
«,/a, model system can be confirmed. The existence 
of two distinct binding sites may explain the finding 
of Hill coefficients of less than 1.0, although alter- 
native explanations, such as receptor desensitization 
or negative cooperativity, are conceivable. 

The following arguments are set forth to explain 
the present findings of higher affinities for [/H]QNB 
and [*H]WB-4101 binding to microsomal fractions 


as compared to muscle slices: (a) the use of mem- 
brane preparations probably allows the attainment 
of higher receptor site concentrations and may also 
eliminate some of the drug uptake processes that 
occur in intact tissue [32]; (b) the differences could 
probably be explained, at least in part, in terms of 
access-limitation for the penetration of the ligand 
and the test drugs to receptor sites in intact tissue 
preparations [30]; (c) the homogenization process 
may have separated the receptor from an endogen- 
ous factor that may inhibit ligand binding; and (d) 
the differences in receptor-—ligand binding obtained 
with slices and with microsomes may reflect real 
differences in the characteristics of such binding in 
intact tissue versus broken cell preparations [2]. The 
equal K_, values found in the two preparations 
argue against alterations in receptor properties. It 
is possible, therefore, that the loss of the phosphoi- 
nositide effect in cell-free homogenates is not due 
to alterations of muscarinic and a-adrenergic recep- 
tors during the homogenization procedure, but 
rather to disruption of a link (e.g. via cations) 
between these recepturs and the enzyme(s) involved 
in phosphoinositide metabolism in the intact slice. 
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Abstract—A variety of organophosphorus (OP) compounds with and without delayed neurotoxicity 
were examined for inhibitory power against neurotoxic esterase (NTE) and acetylcholinesterase (AchE) 
of hen brain in vitro and in vivo. Generally, delayed neurotoxicity induced by OP compounds correlated 
with high inhibition of NTE in vivo, whereas in vitro studies comparing Js9s for both enzymes did not 
provide a guide to evaluation of delayed neurotoxicity. Single oral administration of delayed neurotoxic 
EPN, leptophos and TOCP resulted in more than 80 per cent inhibition of brain NTE at neurotoxic 
doses, whereas non-delayed neurotoxic methyl parathion, fenitrothion and cyanophos caused weak 
inhibition at near lethal doses which gave rise to severe inhibition of brain AchE. A delayed neurotoxic 
dose of (—)-EPN caused more severe inhibition of brain NTE as compared with the same dose of the 
non-delayed neurotoxic (+)-isomer. However, a few compounds produced severe inhibition of NTE 
at non-delayed neurotoxic doses. Hens paralysed by repeated administration of a low level of leptophos 


showed significant decreases in NTE activity of the brain and spinal cord. 


A number of organophosphorus (OP) compounds 
cause delayed neurotoxicity in man, hen and several 
other animal species. These compounds produce 
ataxia and paralysis of the legs in hens 8-21 days 
after dosing. The neurotoxic lesions involve the long 
motor and sensory axons of the peripheral and cen- 
tral nervous systems. This effect is not related to 
acute cholinergic effects, and is proposed by Johnson 
to be initiated by inhibition of neurotoxic esterase 
(NTE) in the nervous system [1]. Moreover, Johnson 
[2] suggested that measurements of the degree of 
inhibition of both acetylcholinesterase (AchE) and 
NTE in hen brain are useful in predicting the poten- 
tial delayed neurotoxicity of OP compounds. 

This report deals with measurements of inhibitory 
activity of a variety of OP compounds, including the 
chiral isomers of EPN against AchE and NTE of 
hens in vivo and in vitro, and discusses the relation- 
ship between NTE inhibition and delayed neurotox- 
icity of OP compounds. 


MATERIALS AND METHODS 


Chemicals. The following thiophosphoryl (P = S) 
compounds were prepared by reacting phenolic pre- 
cursors and alkyl or phenyl thiophosphoryl chlorides; 
leptophos (4-bromo-2,5-dichlorophenyl methyl 
phenylphosphonothionate), Et-leptophos (4-bromo- 
2,5-dichlorophenyl ethyl pheny!phosphonothion- 
ate), DeBr-leptophos (2,5-dichlorophenyl methyl 
phenylphosphonothionate), DeBr-Et-leptophos 
(2,5-dichlorophenyl ethyl phenylphosphonothion- 


ate), EPN (ethyl 4-nitrophenyl phenylphosphono- 
thionate), cyanofenphos (4-cyanophenyl ethyl! phen- 
ylphosphonothionate), cyanophos (4-cyanophenyl 
dimethyl phosphorothionate), fenitrothion 
(dimethyl 3-methyl-4-nitrophenyl phosphorothion- 
ate) and methyl parathion (dimethyl 4-nitrophenyl 
phosphorothionate). 

The following phosphoryl (P=O) compounds 
were also prepared from phenolic precursors and 
alkyl or phenyl phosphoryl chlorides; paraoxon (die- 
thyl 4-nitrophenyl phosphate), EPN-oxon (ethyl 4- 
nitrophenyl phenylphosphonate), Me-EPN-oxon 
(methyl 4-nitrophenyl phenylphosphonate), cyano- 
fenphos-oxon (4-cyanophenyl ethyl phenylphos- 
phonate), Me-cyanofenphos-oxon (4-cyanophenyl 
methyl phenylphosphonate), leptophos-oxon (4- 
bromo-2,5-dichlorophenyl methyl phenylphosphon- 
ate); Et-leptophos-oxon (4-bromo-2,5-dichloro- 
phenyl ethyl phenylphosphonate), DeBr-leptophos- 
oxon (2,5-dichlorophenyl methyl phenylphosphon- 
ate), DeBr-Et-leptophos-oxon (2,5-dichlorophenyl 
ethyl phenylphosphonate), TC1MPP (methyl 2,4,5- 
trichlorophenyl phenylphosphonate), TCIEPP 
(ethyl 2,4,5-trichlorophenyl phenylphosphonate), 
DCIMPP (2,4-dichlorophenyl methyl phenylphos- 
phonate), DCIEPP (2,4-dichlorophenyl ethyl phen- 
ylphosphonate), fenitrooxon (dimethyl 3-methyl-4- 
nitrophenyl phosphate) and cyanophos-oxon (4- 
cyanopheny! dimethyl phosphate). 

Phenthoate [dimethyl S-(a-ethoxycarbonyl)benzyl 
phosphorothiolothionate] and phenthoate-oxon 
[dimethyl S-(a-ethoxycarbonyl)benzyl phosphoro- 
thiolate] were prepared as reported previously [3, 4]. 
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TOCP (tri-o-cresyl phosphate) was prepared by 
refluxing a mixture of o-cresol and phosphory! chlor- 
ide. Salithion (2-methoxy-4H-1,3,2-benzodioxa 
phosphorin-2-sulfide), salioxon (2-methoxy-4H-1,3, 
2-benzodioxaphosphorin-2-oxide), M-1 (2-o-tolyl- 
oxy-4H-1,3,2-benzodioxaphosphorin-2-oxide) and 
K-1(2-phenyl 4H-benzodioxaphosphorin-2-oxide) 
were prepared by the method of Eto and Oshima 
[5]. The preparation of $2571 (ethyl 3-methyl-6- 
nitrophenyl N-isopropylphosphoramidothionate), 
§2571-oxon (ethyl 3-methyl-6-nitrophenyl N-isopro- 
pylphosphoramidate), $2571-oxon-CH,OH (ethyl 3- 
hydroxymethyl-6-nitrophenyl N-isopropylphosphor- 
amidate), $2571-oxon-CHO (ethyl 3-formyl-6-nitro- 
phenyl! N-isopropylphosphoramidate) and $2571- 
oxon-COOH (ethyl 3-carboxyl-6-nitrophenyl N- 
isopropylphosphoramidate) was reported previously 
[6, 7]. Mipafox (N,N’-diisopropylphosphorodiamidic 
fluoride) and phenyl valerate were prepared accord- 
ing to Johnson [8]. 

The prepared compounds were each purified by 
column chromatography on silica gel with appro- 
priate elution solvents prior to use. The structure 
and purity were checked by thin-layer chroma- 
tography, NMR, IR and MS spectroscopy. 

The chiral isomers of EPN, EPN-oxon and cyano- 
fenphos-oxon were the same samples as used pre- 
viously [9-11]. 

The following chemicals were purchased; acetyl- 
thiocholine iodide, 5-5’-dithiobis(2-nitrobenzoic 
acid) (DTNB), eserine sulfate, 4-aminoantipyrine, 
sodium dodecyl sulfate and heparin sodium salt from 
Wako Pure Chemical Industries Ltd., Osaka, Japan; 
atropine sulfate from Tokyo Kasei Kogyo Co., Ltd., 
Tokyo, Japan. 

Hens. Adult White Leghorn hens (12-18 months 
old) weighing 1.5—2.4 kg were purchased from Nihon 
Dobutsu Co., Osaka, Japan and acclimatized for at 
least i week prior to use. The birds were housed | 
or 2 per cage and fed a diet of standard layer’s mash 
(Osaka Shinko Shiryo Co., Ltd., Osaka, Japan). 

Treatment of hens. Test chemicals were each dis- 
solved in 10% (w/v) or 20% (w/v) Tween 80 solution, 
or corn oil, by sonication with an Ultrasonic Dis- 
ruptor Model UR-200P (Tomy Seiko Co., Ltd., 
Tokyo, Japan). A 2-23 ml portion of each solution 
per kg body wt was given by oral intubation to groups 
(2-12 birds each) of hens. Control hens were also 
given equivalent amounts of carrier vehicle. Hens 
showing symptoms of acute cholinergic poisoning 
were given oral doses of 15 mg/kg of atropine sulfate 
in saline at 10-15 min before the OP compound as 
needed for survival. The dosed birds were monitored 
for up to 6hr following administration of OP com- 
pounds for symptoms of acute cholinergic poisoning. 
Additional protective doses of atropine were given 
to the treated hens when necessary. The chiral iso- 
mers of EPN were dissolved in dimethyl sulfoxide 
and given subcutaneously to atropinized hens at the 
rate of 50 mg.kg~'.ml~'. However, most of the com- 
pounds produced no acute symptoms at the doses 
used and no atropine was administered in these cases. 
The treated birds were returned to their cages and 
supplied with food and water ad lib. All birds were 
observed daily for mortality and possible neurotoxic 
symptoms throughout test periods. 
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In a separate experiment, 10 birds were given daily 
a single oral dose of 5 mg/kg of leptophos for 16 days 
as corn oil solution packed in gelatin capsules. Con- 
trol birds were given corn oil. 

Enzyme preparations. Hens were decapitated, and 
whole brains, spinal cords and/or sciatic nerves were 
immediately dissected out and rinsed with cold 
0.9% NaCl solution. The whole brains and spinal 
cords were each homogenized with a Potter- 
Elvehjem glass homogenizer in ice-cold 0.9% NaCl 
solution or buffer (SO mM Tris-HCI buffer, pH 8.0, 
containing 0.2mMEDTA) (1g_ tissue/6.5 ml). 
Sciatic nerves were homogenized (1 g tissue/6.5 ml). 
in cold Tris buffer (506mM Tris-HCl-0.2 mM 
EDTA, pH8.0) using a Polytron (Kinematica 
GmbH, Luzern, Steinhofhalde, Switzerland) prior 
to homogenization with a glass homogenizer. The 
resulting homogenates were diluted witha9 x volume 
of 50 mM Tris-HCI-0.2 mM EDTA buffer, pH 8.0, 
for NTE assay, or with a 29x volume of 
0.1 M phosphate buffer, pH 7.4, for AchE assay. 

In time-course studies, one control and groups 
(24 hens each) of the treated hens were killed at 
various time intervals, and homogenates of the tis- 
sues were prepared in the manner described above. 

Blood was obtained from the wing vein by a syringe 
and heparinized immediately. The heparinized blood 
was centrifuged at 400g for 10min to separate 
plasma and red cells. 

Enzyme assays. NTE activity was mostly assayed 
according to Johnson [8] using phenyl valerate as 
substrate. Paired samples of enzyme preparations 
(0.1-0.6 ml) were preincubated at 37° for 20 min with 
paraoxan (40 uM) plus either (a) buffer or (b) 
mipafox (50uM) in a final volume of 2ml of 
50 mM Tris-HCI-0.2 mM EDTA buffer, pH 8.0. 
After incubation, 2 ml of phenyl valerate solution 
(0.242 mg/ml of a 30:1 mixture of 0.03% Triton X- 
100 in water and dimethylformamide) was added to 
the mixtures and the incubation was continued for 
up to 20 min at 37°. The reaction was stopped by 
addition of 2 ml of 1% (w/v) sodium dodecy] sulfate 
in buffer containing 0.025% (w/v) 4-aminoantipyr- 
ine, followed by addition of imi of 
0.4% (w/v) K;Fe(CN), in water. The resultant red 
colour was read at 510nm. In the in vitro assay, 
inhibitors were added to the preincubation medium 
as stock solutions in acetone (~ 10 ul) and compared 
against samples containing only solvent. Measure- 
ments of NTE (Figs. 2 and 3) were also made by the 
method of Johnson [12]. ; 

AchE activity was determined according to the 
method of Ellman et al. [13] with slight modifications: 
a mixture of 0.1 ml of enyme preparation and 0.1 ml 
of 10mM DTNB in a final volume of 3.8 ml of 
0.1 M phosphate, pH 7.4, was preincubated for 5 min 
at 37°. Reaction was initiated by addition of 0.1 ml 
of 15 mM acetylthiocholine iodide and continued for 
up to 15 min at 37°. The reaction was stopped by 
addition of eserine solution at the final concentration 
of 38 uM and immediate cooling in an ice bucket. 
Readings were made at 412 nm. 

For determination of /;) values for OP compounds 
in vitro, the inhibitor was deposited on the bottom 
of test tubes by evaporation of aliquots of acetone 
solution immediately before addition of enzyme. 
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Protein content was measured by the method of 
Lowry et al. [14] with bovine serum albumin as 
standard. 

All measurements were made in duplicate and 
repeated two or more times. /s) values were obtained 
from the straight line through four points in the 
range of 20-80 per cent activity of control. The stat- 
istical significance of the data, shown in Table 3, 
were determined using Student’s (-test. 


RESULTS 


NTE activity in tissues of hen. The NTE activity 
was detectable in homogenates of whole brain, spinal 
cord and sciatic nerve of hens, but not in whole 
blood, as shown in Fig. 1. The enzyme was most 
active in the brain among the four tissues tested. 
The activities in the spinal cord and sciatic nerve 
were 24 and 4per cent of the brain, respectively. 
Based on these data, the homogenate of whole brain 
was mainly used for subsequent studies as a source 
of the enzyme. 

Inhibitory activity of OP compounds against AChE 
and NTE of hen brain in vitro. Table 1 compares the 
inhibitory activity of a number of OP compounds 
against AchE and NTE of hen brain in vitro. The 
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most potent inhibitors against NTE were compounds 
13, 14, 15, 16, 17, 18, 20, 22 and 23, the J,» values 
of which were below 1 uM. These phosphoryl com- 
pounds except compounds 20 and 22 were also strong 
inhibitors of hen brain AchE. 

Compounds 5, 6, 7, 8, 10, 11, 12, 19 and 21 were 
fairly potent inhibitors of NTE. Also, compounds 9, 
26 and 27 were less active against NTE, these Js 
values being between 1 and 10 uM. On the other 
hand, compounds 5, 6, 7, 8, 9, 10, 11 and 21 were 
potent against AchE. 

NTE was hardly inhibited by compounds 2, 3, 4, 
24, 25 and 28; AchE was actively inhibited by com- 
pounds 2, 3 and 4. 

As the ratio /<)’s for AchE//;,’s for NTE indicated, 
compounds 15, 16, 19, 20, 22, 23, 25 and 26 were 
relatively selective inhibitors against NTE, whereas 
the other compounds tested were more potent inhibi- 
tors against AchE in comparison with NTE in vitro. 

Inhibition of AchE and NTE activities in hen brain 
in vivo. Figure 2 shows the time-dependent change 
of the activity of NTE and AchE in hen brain after 
a single oral administration of 500 mg/kg of TOCP 
and 800 mg/kg of leptophos. The degree of inhibition 
of NTE reached maximum levels 2 days after admin- 
istration of both compounds. The activity was gradu- 


Table 1. Inhibitory activity of organophosphorus compounds against acetylcholinesterase (AchE) and 
neurotoxic esterase (NTE) of hen brain 





No. Compound 


Tso (uM) 





AchE 





Group A (phosphates and phosphorothiolate) 
1 Paraoxon 
2 Fenitrooxon 
3 Phenthoate-oxon 
4 Cyanophos-oxon 
Group B (phosphonates) 
5 Me-EPN-oxon 
EPN-oxon 
(+)-EPN-oxon 
(—)-EPN-oxon 
Me-Cyanofenphos-oxon 
Cyanofenphos-oxon 
(+)-Cyanofenphos-oxon 
(—)-Cyanofenphos-oxon 
Leptophos-oxon 
Et-Leptophos-oxon 
DeBr-Leptophos-oxon 
DeBr-Et-Leptophos-oxon 
TCIMPP 
TCIEPP 
DC1MPP 
DC1EPP 
Group C (TOCP-related compounds) 
21 Salioxon 
22 K-1 
23 M-1 
24 TOCP 
Group D (S2571-related compounds) 
25 $2571-oxon 
26 $2571-oxon-CH,OH 
27 $2571-oxon-CHO 
28 $2571-oxon-COOH 


0.011 
0.53 
0.026 
0.79 


>102(16)* 
>103( 3) 
>119( 7) 


<0.005 
<0.001 
<0.007 


0.003 
0.014 
0.008 
0.046 
0.024 
0.151 
0.062 
0.481 
0.055 
0.156 
2.41 
11.3 

0.154 
0.411 
1.24 

4.79 


0.019 
0.030 
0.020 
0.077 
0.46 
0.70 
0.36 
1.77 
0.008 
0.012 
0.492 
0.669 
0.016 
0.037 
1.38 
2.02 


6.81 
2.14 
2.56 
1.68 
19.0 
4.63 
5.78 
3.68 
0.094 
0.077 
0.204 
0.059 
0.104 
0.090 
1.11 
0.422 


0.093 
139 


5.16 

0.041 

0.029 
>990(10) 


0.48 
5.68 
0.74 

>§521(13) 


943 
133 
13:2 
>1300(18) 


518 
18.7 
17.2 

>986(23) 





* The values in parentheses represent percentage inhibition at the indicated concentrations. 
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Fig. 1. Comparison of neurotoxic esterase (NTE) activity 
in homogenates of hen tissues: @——@, whole brain; 
O——©, spinal cord; A A, sciatic nerve; A A, 
whole blood. The protein content (mg/100 mg wet tissue) 
was 14.6 in the brain, 12.1 in the spinal cord and 8.2 in the 
sciatic nerve. Vertical axis: NTE activity (moles hydro- 
lysed/mg protein). Horizontal axis: incubation time (min). 


: 

ally recovered thereafter and returned to the levels 
of about 60 per cent of the control after 16 days. The 
AchE activity was also severely inhibited 6hr to 
2 days after administration of leptophos and then 
returned to control levels after 16 days. On admin- 
istration of TOCP, AchE activity showed a small 
decrease after 4 days and returned to normal levels 
thereafter. In connection with this experiment, two 
hens given a single dose of 500 mg/kg TOCP pro- 
duced weak ataxia, and also two hens treated with 
800 mg/kg leptophos developed severe ataxia about 
2 weeks after administration. 

Table 2 shows the inhibitory activity of a number 
of OP compounds against NTE of hen brain at 2 days 
after a single oral administration. Compounds 29, 





30, 31, 32 and 33 were given at near lethal doses to 
hens. For compounds 34, 35, 37, 22, 23 and 24, 
delayed neurotoxic levels were chosen. Also, the 
doses of compounds 36 and 38 were adjusted to the 
levels of the corresponding methyl analogs. The NTE 
activity was inhibited to the extents of more than 
80 per cent by oral administration of compounds 34, 
35, 37, 22, 23 and 24, which all had delayed neu- 
rotoxic effects at the indicated doses. Of these, com- 
pounds 34 and 35 also severely inhibited AchE 
activity of hen brain, whereas the other four com- 
pounds were less active in the inhibition of AchE. 
Compounds 37 and 24 were relatively selective for 
NTE in vivo. With compounds 32 and 33, NTE was 
inhibited to the extents of 72-75 per cent, and the 
degree of inhibition of both NTE and AchE was 
nearly the same. Compounds 36 and 38 were rather 
selective for NTE, although they did not produce 
ataxia in hens at the indicated dose. Compounds 29, 
30 and 31, which did not show delayed neurotoxic 
effects, hardly inhibited NTE but actively inhibited 
AchE at the indicated doses. 

Inhibition of NTE and AchE activities by the chiral 
isomers of EPN in vivo. The activity of brain NTE 
and AchE was determined for up to 2 days after 
single subcutaneous administration of each of the 
racemic, (+)- and (—)-EPN to atropinized hens at 
the rate of 50 mg/kg (Fig. 3). Among these three 
compounds, the delayed neurotoxic (—)-isomer 
inhibited NTE activity to the extent of 75 per cent 
2 days after administration. In contrast, the non-de- 
layed neurotoxic (+)-isomer inhibited about 50 per 
cent of the enzyme activity after 2 days. The racemic 
EPN caused about 60 per cent inhibition during the 
same period. On the other hand, more than 90 per 
cent of AchE activity was inhibited by these three 
compounds 16 hr to 2 days after administration. 

AchE and NTE activities in the brain, spinal 
cord and plasma of hens after cumulative doses (5 
mg.kg~'.day~') of leptophos. When 10 adult hens 


— 





1 2 4 


8 16 


Fig. 2. Effect of oral administration of 500 mg/kg TOCP and 800 mg/kg leptophos on brain acetylcho- 
linesterase (AchE) and neurotoxic esterase (NTE) of hens: @——®, NTE (leptophos); O——O, AchE 


(leptophos); & 


@, NTE (TOCP); 0——O, AchE (TOCP). Values are means of 2-4 hens, expressed 


as the percentage of the enzyme activity in a control hen killed at the same time. The control activities 
[nmoles hydrolysed/mg protein/min, mean + S.D.] of this experiment were 36.9 + 3.9 for NTE and 
228 + 6 for AchE. Vertical axis: enzyme activity (% of control). Horizontal axis: days after administration. 
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Table 2. Inhibition of acetylcholinesterase 


(AchE) and neurotoxic esterase (NTE) in the 


brain of hens at 2 days after oral administration of organophosphorus compounds 





Enzyme 
inhibitiont 
(%) 





Dose 


No. Compound (mg/kg) 





29 Methyl parathion 
30 Fenitrothion 

31 Cyanophos 

32 Salithion 

33 Cyanofenphos 

34 EPN 

35 Leptophos 

36 Et-Leptophos 

37 DeBr-Leptophos 
38 DeBr-Et-Leptophos 
22 K-1 

23 M-1 

24 TOCP 


100¢ 
500 
20 
100 
100 
100+ 
200 
200 
50 
50 
800 
250 
500 


+++]+]++ | 





* Positive (+) or negative (—) signs show clinical symptoms of delayed neurotoxicity 
(DNT) in hens at indicated doses. Each compound was singly administered to a group of 
5-10 birds. Of these, 2 or 4 birds were examined for NTE activity 2 days after administration, 
and the remaining birds were observed for up to 4 weeks for delayed neurotoxic symptoms 
according to Ohkawa et al. [10]. The results were drawn from unpublished data on delayed 


neurotoxicity of OP compounds in hens. 


+ Each value is the mean of 2-4 hens, expressed as the percentage inhibition calculated 
on the basis of 1 or 2 control hens and treated groups. 
+t Hens were administered protective doses of atropine sulfate. 


were given a daily oral dose of 5 mg/kg of leptophos 
for up to 16 days, all the hens produced ataxia and/or 
paralysis from day 11 to day 14. Of these, the five 
paralysed hens were analysed for esterase activities 
on day 17, as shown in Table 3. About 70 and 60 per 
cent of the NTE activity in the brain and spinal cord, 
respectively, were inhibited. Although AchE activity 
in the brain decreased to about 50 per cent of the 
control, the enzyme in the spinal cord was not 








affected. In addition, plasma AchE was hardly 
inhibited by the repeated administration. 


DISCUSSION 


A wide range of inhibitory power against NTE of 
hen brain was found among a variety of the phos- 
phoryl compounds studied in vitro. This did not 
correlate with the anti-AchE power of these com- 


(+)-EPN 





eee ae 





0 1 2 0 


1 2 0 1 2 


Fig. 3. Activities of neurotoxic esterase (NTE) and acetylcholinesterase (AchE) in the brain of hens 
after subcutaneous administration of each of racemic, (+)- and (—)-EPN at 50 mg/kg; @——@®, NTE 


and O——O, AchE. Values are the means + S.E. 


of 2-4 hens, expressed as a percentage of the enzyme 


activities of a control hen killed at the same time. The control activities [mmoles hydrolysed/mg 
protein/min, mean + S.E.] of this experiment were 32.1 + 0.8 for NTE and 118.2 + 4.7 for AchE. 
Vertical axis: enzyme activity (% of control). Horizontal axis: days after administration. 
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Table 3. Acetylcholinesterase (AchE) and neurotoxic esterase (NTE) activities in tissues of hens after 
continuous oral administration of leptophos at 5 mg.kg '.day~' for 16 days 





Enzyme activity (nmoles hydrolysed.mg protein “| min” 


lx 





AchE 


NTE 








Brain 


Spinal cord 


Plasma Spinal cord 





111.3 + 7.6 
49.2 + 8.77 


Control 
Leptophos-treated 


6.9+ 0.4 





* Mean + S.D. of five hens. 


+ Significantly (P <0.05) different fromm control results. 


pounds. Some compounds, such as K-1, M-1 and 
DeBr-leptophos-oxon, were selective inhibitors for 
NTE, and some others, including fenitrooxon, phen- 
thoate-oxon and cyanophos-oxon, were selective for 
AchE. The comparison of inhibitory power of the 
phosphoryl compounds against NTE in vitro did not 
provide a guide to the delayed neurotoxic potential 
of the appropriate thiophosphoryl compoundsin vivo; 
namely, leptophos was positive and Et-leptophos was 
negative in delayed neurotoxicity in vivo, although 
the oxon analogs of both compounds were almost 
equally potent against NTE in vitro. A similar trend 
was found with in vivo neuropathy of DeBr-leptophos 
and Et-DeBr-leptophos and in vitro inhibitory power 
of their oxqn analogs against NTE. This inconsistency 
between in vitro and in vivo studies may be due in 
part to differences in metabolic disposal of the thio- 
phosphoryl compounds in hens. 

Johnson [1] reported that OP compound-induced 
delayed neurotoxicity occurs in association with high 
inhibition (more than 75 per cent) of NTE in the 
brain of hens, but not with inhibition of AchE. The 
present study revealed that a single oral administra- 
tion of delayed neurotoxic EPN, leptophos, DeBr- 
leptophos, TOCP, K-1 and M-1 resulted in more 
than 80 per cent inhibition of NTE in the brain of 
hens at the neurotoxic doses, whereas non-delayed 
neurotoxic OP compounds such as methyl parathion, 
fenitrothion and cyanophos caused only weak inhi- 
bition of the enzyme even at near lethal doses that 
gave rise to severe inhibition of brain AchE. Gen- 
erally, these findings appear to be in reasonable 
agreement with the results reported by Johnson [15] 
regarding structure—activity relationships for OP 
compound-induced delayed neurotoxicity. How- 
ever, there were a few disputable examples among 
the tested compounds. Although near lethal doses 
of salithion and cyanofenphos showed more than 
70 per cent inhibition of brain NTE, these did not 
produce any symptoms of delayed neurotoxicity at 
the doses tested in hens. It may be necessary to test 
at higher doses in atropinized hens, as reported with 
EPN [10], for further evaluation of delayed neuro- 
toxicity of both compounds. Recently, Hollingshaus 
et al. [16] reported that Et- and DeBr-Et-leptophos 
did not show delayed neurotoxic effects even at 
1000 mg/kg. In the present study, these compounds 
were found to be rather selective inhibitors for NTE 
in vivo, but less potent than the corresponding 
methyl analogs. Further studies on time course and 
dose dependency of NTE inhibition in vivo may 


elucidate such obscurity in correlation between 
delayed neurotoxicity and high NTE inhibition. 

NTE activity was detected in homogenates of 
whole brain, spinal cord and sciatic nerve of hens, 
as reported by Olajos et al. [17]. The neurotoxic 
lesion occurs in the long fiber pathways of the spinal 
cord and the long axons of peripheral nerves but not 
in the brain [18, 19]. In the present study, the hens 
which produced paralysis and/or ataxia by the 
repeated administration of a low level of leptophos 
showed decrease in brain NTE activity to the extent 
of about 30 per cent of the control, decrease in spinal 
cord NTE activity to a lesser extent, decrease in 
brain AchE, but no decrease in spinal cord AchE. 
It may be considered that the brain is more susceptible 
to continued exposure of a low level of leptophos 
than the spinal cord, although NTE assays using 
preparations of spinal cord which is the site of injury 
may provide a more realistic estimate of the delayed 
neurotoxicity potential of OP compounds, as sug- 
gested by Johnson et al. [20]. In addition, monitoring 
NTE activity during chronic exposure could reveal 
the level and time of maximal inhibition. 

As reported previously [10], (—)-EPN produced 
paralysis of the legs in hens, but (+)-EPN caused 
no delayed neurotoxic effects, although the (+ )-iso- 
mer of EPN was about 4 times more acutely toxic 
to hens than the (—)-isomer. Moreover, the (—)- 
isomer of EPN-oxon was about three times more 
potent as an inhibitor against a-chymotrypsin than 
the (+)-isomer [11]. The present study revealed that 
(—)-EPN-oxon was a slightly more potent inhibitor 
against NTE than the (+)-isomer, although the 
(+)-isomer was about 4 times more potent against 
AchE than the (—)-isomer in vitro. In addition, the 
chiral isomers of EPN showed a slight, yet definite, 
difference in the inhibition of NTE of hen brain in 
vivo. It is likely that the delayed neurotoxic dose of 
(—)-EPN causes more severe inhibition of the brain 
NTE than the same dose of the non-delayed neu- 
rotoxic (+)-isomer. 

The in vitro study demonstrated that $2571-oxon- 
CH,OH and §2571-oxon-CHO were more potent 
inhibitors against both brain AchE and NTE than 
$2571-oxon. Therefore, it is likely that hydroxylation 
of the m-methyl group and subsequent oxidation of 
the hydroxymethyl group to the formyl group in the 
$2571 molecule results in activation in inhibition of 
both AchE and NTE. The previous study [17] 
revealed that metabolism of $2571 by rabbit liver 
microsomes fortified with NADPH produces $2571- 
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oxon-CH,OH. The similar trend was found with 
fenitrothion, the m-hydroxymethyl and m-formyl 
derivatives of which were more acutely toxic to mice 
than the parent compounds [21]. In addition, m- 
hydroxymethyl and m-formyl fenitrooxon were also 
more potent inhibitors against AchE than 
fenitrooxon. 
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Abstract—To elucidate the mechanism of action of N-5-trimethyllysine, an endogenous amino acid 
derivative with stimulatory action on cell proliferation, the binding of [*H-CH;]-N-5-trimethyllysine 
(TML) to DNA, histones and non-histones was investigated in NK/Ly ascites tumour cells. Radioactivity 
was detected in all of the chromatin components, particularly in the non-histone fractions. Chromatin 
proteins separated on polyacrylamide gel electrophoresis revealed the preferential binding of TML to 
histones H1 and H4, and also to two groups of non-histones with molecular weights around 60 x 10° 
and 12 x 10° daltons. The binding of TML to DNA was mainly associated with adenine and in a purified 
nuclei assay system could be increased by manganese and inhibited by magnesium. 


It has been reported that treatment with TML causes 
cell proliferation in resting human peripheral lym- 
phocytes, and shortening of the cell cycle time in 
slowly growing tumour cell populations such as the 
NK/Ly ascites tumour at an advanced growth stage 
[1-4]. In human lymphocyte systems the actions of 
TML and PHA were similar in the sense that in both 
cases mitosis was preceded by increased RNA and 
DNA synthesis [5]. The initial appearance of [*H]- 
thymidine in nascent DNA after pulse labelling and 
only later in the longer segments, together with 
inhibition of [*H]-thymidine incorporation in cells by 
hydroxyurea and an increased DNA content per cell 
measured by cytophotometry have all been pre- 
sented as evidence that TML can trigger normal 
replication of DNA ([4], Zs. Suba, G. Gyapay, M. 
Bencsath, B. Szende, A. Jeney and K. Lapis, in 
preparation). Previous studies on the mechanism of 
action of TML have demonstrated the appearance 
of radioactivity derived from [*H-CH;]-TML in 
RNA, DNA and proteins and also the conversion 
of TML to metabolic products [6]. This latter obser- 
vation, in conjunction with those reported by Cox 
and Hoppel [7], makes the decomposition of TML 
by the beta-oxidation mechanism and the formation 
of free methyl groups together with certain mono- 
and di-methylated alkylamine compounds very 
likely. Radioactivity in proteins following adminis- 
tration of labelled TML is the result of both protein 
methylation and incorporation of intact TML. How- 
ever, the cellular function of TML is not well under- 
stood [8]. 

Since these studies have indicated that nucleic 
acids and proteins may be methylated by TML in 
vivo and because chemical post synthetic modifica- 
tions of chromatin components are concerned with 
gene regulation, the binding of TML (or its metabolic 
products) to chromatin components has _ been 
investigated. 


BP 29-20—B 


MATERIALS AND METHODS 


[7H-CH;]-TML was synthesized by reacting [*H- 
CH,]-dimethylsulphate with L-lysine-HCl as pre- 
viously described [6]. The specific activity of the 
methyl-labelled TML was 221.35 mCi/mmole. 
NK/Ly ascites tumour-bearing female CFLP mice 
transplanted with 5 x 10° cells 10 days previously 
were treated with 50 mg/kg[*H-CH;]-TML i.p. for 
2 and 24 hr. Mice were killed by cervical dislocation, 
tumours removed, centrifuged [600 g 10 min, 4°) and 
the pelleted cells washed with cold 0.9% NaCl-10 
mM KPO, (pH 7.4) buffer solution. Chromatin 
components were isolated from purified nuclei and 
separated on a hydroxylapatite column as described 
by MacGillivray et al. [9]. The histone and the two 
combined non-histone protein fractions from the 
hydroxylapatite were concentrated by dialysing 
against 30% polyethyleneglycol and analysed by 
SDS-polyacrylamide gel electrophoresis according 
to the method described by Weber and Osborne 
[10]. The gels stained with Coomassie Brilliant Blue 
G-250 were scanned in a Joyce—Loeble Chromoscan 
densitometer at 575 nm. To measure radioactivity 
the mechanically sliced gels were placed into scin- 
tillation vials and dissolved in 0.4 ml of 30% H,O, 
at 50° for 24 hr. Binding to DNA was further studied 
in vitro, when nuclei were purified as before and 
5 x 10’ nuclei were incubated in 5m! of 10mM 
NaCl-10mM Tris-HCl (pH 7.4) buffer without or 
with various concentrations of magnesium or man- 
ganese (1-10 mM) for 30 min at 37° in the presence 
of 55 umoles/l. of [7H-CH;]-TML. After terminating 
the reaction DNA was isolated by the method of 
Kirby [11] and electrophoresed on 10cm disc gels 
of 2.8% acrylamide prepared as described by Loen- 
ing [12]. DNA was located on the gel with Joyce- 
Loeble UV Scan and radioactivity measured in the 
gel slices. DNA was hydrolysed in formic acid and 
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Table 1. Radioactivity derived from [*H-CH;]-trimethyllysine in chromatin components of NK/Ly 
ascites tumour cells 





Duration of in vivo 
treatment with 


50 mg/kg [*H-CH]-TML Histones 


Non-histones I 


Non-histones II 





2 hr 
24 hr 





* All data expressed as 10° x dpm per mg protein or DNA (+ S.D.). Chromatin was isolated and 
fractionated on a hydroxylapatite column as described by MacGiilivray er al. [9]. Histones, non- 
histone I, non-histone II and DNA fractions in this experiment correspond to those designated as 
HAP1, HAP2, HAP3 and HAP4, respectively, in the publication of MacGillivray et al. [9]. 


radioactivity measured in the eluted bases following 
MF300 cellulose thin layer chromatography [13]. The 
amounts of DNA and protein were measured using 
the diphenylamine and Folin reagents, respectively 
[14,15]. Radioactivity measurements were per- 
formed in a Beckman LS 100C spectrometer by 
using a 2-ethoxyethanol containing toluene based 
scintillation liquid [6]. 


RESULTS 


Table 1 shows the radioactivity level of chromatin 
components 2 and 24 hr after injection of [*H-CH;]- 
TML into NK/Ly ascites tumour-bearing mice. All 
the components contained radioactivity, although 
the specific activities of these fractions was not the 
same and changed differently with time. Two hours 
treatment resulted in higher labelling in histone and 
non-histone I fractions relative to DNA and non- 
histone II fraction. For 24hr the specific activity 
increased in all chromatin components except his- 
tones. The radioactivity showed a remarkable 
increase in DNA between 2 and 24hr. The other 
noteworthy observation in this experiment was that 
the two non-histone fractions eluted from the 


NON-HISTONES 


Molecular weights «10° 





hydroxylapatite column with 50 and 200 mM phos- 
phate buffer, respectively, differed from each other 
in their capacity to attract methyl groups from TML. 

To demonstrate the intimate association of the 
radioactivity representing methyl groups to chro- 
matin proteins and to investigate whether the 
methylation-like reaction is random or whether cer- 
tain proteins preferentially react with TML, chro- 
matin proteins were separated according to their 
molecular weights by SDS—polyacrylamide gel elec- 
trophoresis. Radioactivity measurements on the gel 
slices revealed that two groups of non-histone pro- 
teins with molecular weights around 60 x 10° and 
12 x 10° dalton had the highest level of methylation. 
Likewise, histones behaved also differently, as only 
histones H1 and H4 contained substantial radio- 
activity. 

Reaction of [‘H-CH;]-TML to DNA was studied 
in more detail in purified nuclei systems in order to 
minimize the possibility that the radioactivity methyl 
group from TML enter the ‘one-carbon pool’ and 
are incorporated into DNA through de novo nucleo- 
tide synthesis. Using the nuclei assay system it was 
established that reaction of [*H-CH;]-TML with 
DNA was very similar between pH6 and 8 and 


HISTONES 











Denzitometric tracing 


Radioactivity 


Fig. 1. Electrophoretic pattern of chromatin proteins from NK/Ly ascites tumour treated with [*H-CH3]- 
TML for 2 hr. Experiments were performed as described in Materials and Methods. Molecular weight 
standards were bovine serum albumin, pepsin and cytochrome c. 





Reaction of TML to chromatin 


i Mn °** 





Mg** 





0 5 10 20 mM 

Fig. 2. The ion dependent reaction between [*H-CH;]-TML 

and DNA. Experiments were performed as described in 
Materials and Methods. 


showed only a slight increase upon increasing the 
incubation temperature from 5° to 37° (data not 
shown). At the same time some divalent cations 
influenced this reaction. Calcium had no effect at 
all, but reaction was decreased by magnesium and 
increased by manganese (Fig. 2). 

The [°H-CH,]-TML-derived radioactivity 
appeared on the polyacrylamide gel electrophero- 
gram of DNA at the same position as the main peak 
of the absorbance profile measured at 260 nm, pro- 
viding the nuclei had been exposed to [*H-CH3]- 
TML for 30 min (Fig. 3). 

The hypothesis that a chemical reaction takes place 
between [°H-CH;]-TML and DNA obtained further 
support in the experiment when radioactivity was 
detected on DNA bases. Interestingly, the distri- 
bution of radioactivity among the bases was not even 


incubation time : 0 minute 
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Table 2. Detection of [*H-CHs]-trimethyllysine derived 
radioactivity in DNA bases* 





Total DPM 


Bases recovered from the bases 





Cytosine 655 
Adenine 1530 
Guanine 615 
Thymine 210 





* Isolated nuclei were treated with [7H-CH3]-TML as in 
experiments shown in Fig. 2. DNA was isolated and after 
hydrolysis in formic acid the bases were separated on MN 
300 cellulose thin-layer, and isopropanol-HCl-water 
[65: 16.37: 18.3) was applied as solvent. For radioactivity 
measurements the bases identified by using standards were 
located under a u.v. lamp, the appropriate part of the plate 
was scraped and radioactivity was measured in the bases 
after elution with 0.01 M HCl. 


because adenine contained 50 per cent of the total 
radioactivity from DNA and thymine showed only 
a low level of radioactivity (Table 2). 


DISCUSSION 


The labeling of chromatin components (DNA, 
histones and non-histones) with [°H-CH,]-N-5-tri- 
methyllysine occurs at a dose which is far below the 
toxic value (LDsp > 2000 mg/kg) but which is suffic- 
ient to stimulate DNA replication in 10-day-old 
NK/Ly ascites tumour cell population in which pro- 
liferation is much lower than in early transplants 
[16]. 

The chemical nature of the reaction between TML 
and chromatin component has not yet been clarified. 
The only essential point which we have in this context 
is the fact that the TML applied in this study was 
labelled exclusively in the methyl groups. Previous 
studies demonstrated that methyl groups were 
released from TML, which was also metabolized by 
beta oxidation, thus producing a not yet identified 
monomethylated alkylamine compound [6, 8]. The 
purpose of the present experiments has been to 
indicate the probable site of action of TML at the 
chromatin level and to investigate the correlation 


30 minutes 





Fig. 3. Electrophoretic patterns of DNA isolated from [*H-CH]-TML-treated NK/Ly ascites nuclei. 
Experiments were performed as described in Materials and Methods. 
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between the modification of chromatin components 
and the stimulation of cell proliferation induced by 
TML. The chemical post-synthetic modification of 
chromatin components (such as methylation) and its 
relevance to gene regulation has been well docu- 
mented in many laboratories [17]. According to 
available data in eukaryotic DNA, methylation 
under physiological circumstances takes place only 
in cytosine and a certain regulatory function has 
been assigned to this reaction [18, 19]. On the other 
hand, methylation of guanine at the O° position is 
generally regarded as an initiation stage in carcin- 
ogenesis and alkylation of other groups—such as N’ 
in guanine and N° in adenine—being mainly respon- 
sible for the cytotoxicity induced by antitumour 
alkylating agents [20-22]. Of the chromatin proteins, 
so far only the methylation of histone H3 and histone 
Hé4 have been reported (without any drug treatment) 
as a result of the action of methyltransferase. The 
interesting aspect of this postsynthetic enzymatic 
methylation is that it occurs exclusively in the G, 
phase of the cell cycle and, in contrast to phos- 
phorylation, causes chromatin condensation [17, 23]. 

The reaction between DNA and TML was not 
temperature dependent and proceeded in isolated 
nuclei as well, which makes the involvement of 
methyltransferase most unlikely. Among the DNA 
bases adenine contained 50 per cent of all the radio- 
activity of DNA and thymidine was only slightly 
labelled. This observation excludes the possibility 
that the labelled methyl groups from TML entered 
the formate pool and were subsequently incorpor- 
ated into DNA as a result of de novo nucleotide 
synthesis. The ion dependency of the binding in 
isolated nuclei indicates the importance of chromatin 
structure in the reaction between DNA and TML. 
In the presence of manganese the structure of chro- 
matin may have been altered in such a way as to 
allow more access of TML to DNA. It is also con- 
ceivable that the substantial increase in binding to 
DNA from 2 to 24hr after in vivo TML treatment 
is a result of structural changes in chromatin that 
occur during the cell cycle. If treatment time is 
prolonged more cells may enter into a phase in which 
chromatin reaction with TML is more extensive than 
in other phases of the cell cycle. One sign of selec- 
tivity was observed in the methylation of chromatin 
proteins. One of the two non-histone fractions 
revealed a 5-fold higher specific activity; it is note- 
worthy that this particular non-histone fraction has 
been reported to be underphosphorylated [9]. Of 
the histones, the H1 and H4 fractions showed the 
highest reactivity with TML. 

These studies indicate a methylation-like reaction 
to certain chromatin components, which could be a 
novel way of post-synthetic chemical modification 
by an external agent that has no carcinogenic or 
cytotoxic action, at least in the experimental systems 
applied in numerous studies during the last few years. 
Therefore, it appears that TML reaction to adenine 
either does not cause cellular damage or it is sub- 
jected to fast repair process. The possibility that 
methylation of adenine is the molecular base for the 
stimulation of cell proliferation induced by TML, 


A. JENEY et all. 


while unlikely, should be investigated further. It 
seems more likely that chemical modification of chro- 
matin proteins may be connected with the stimula- 
tion of cell proliferation. 

Future experiments are aimed at elucidating the 
structural and functional alterations of chromatin 
following methylation of histones H1 and H4 and 
certain non-histones generated by TML and its rel- 
evance to cell proliferation. Present studies, besides 
demonstrating the reaction between TML and cer- 
tain chromatin components, are regarded as an 
indication that TML-induced chemical modification 
of chromatin offers a method for the selective modi- 
fication of chromatin and also a conceptual approach 
for the investigation of gene regulation. 
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Abstract—Uptake, biotransformation and biliary excretion of ethacrynic acid was investigated in the 
isolated rat liver and related to the choleretic effect of the drug. Ethacrynic acid transport from sinusoidal 
extracellular space into liver cells is mediated by a saturable, energy-dependent, and partially Na‘ - 
dependent transport mechanism. Extracellular sodium stimulates translocation of ethacrynic acid across 
the sinusoidal membrane by increasing the maximal velocity from 0.47 to 0.64 umoles.min™'.g liver”! 
without any major effect on the substrate affinity of the carrier. Within the cell, ethacrynic acid is 
rapidly and almost completely metabolized to its glutathione derivative which, in turn, is excreted into 
bile canaliculi by a saturable transport system. Canalicular excretion of metabolized ethacrynic acid is 
the rate-limiting step in hepatic transport of the choleretic drug (Vj, 0.15 umoles.min™ ' gliver~'). Both 
translocation steps are accompanied by an increase in transmembrane sodium fluxes. At the sinusoidal 
site, co-transport of Na* with ethacrynic acid and/or inhibition of (Na*-K* )-ATPase might be responsible 
for the net increase in intracellular Na* as observed in liver slices. Excretion of intracellular Na* into 
bile canaliculi is enhanced during canalicular transport of the ethacrynic acid glutathione adduct. The 
transepithelial Na* net movement induced by these events might be underlying the stimulatory effect 


of ethacrynic acid on bile secretion. 


The diuretic drug ethacrynic acid exerts a profound 
choleretic effect in various species, including rat 
[1,2], guinea pig, rabbit, dog and sheep [3]. Czok 
and Schulze [4] showed that ethacrynic acid under- 
goes biotransformation in the liver before secretion 
into bile. These authors suggested that stimulation 
of bile output might be due to an osmotic effect of 


excreted metabolites. The same conclusion was 
reached by Chenderovitch ef al. [5], while Knodell 
[6] concludes than an alteration in hepatic electrolyte 
excretion might be involved in the choleretic action 
of ethacrynic acid. 

It is well known that ethacrynic acid inhibits 
sodium extrusion from kidney proximal tubule cells 
either by its interference with an electroneutral 
sodium pump and/or by inhibition of the (Na*-K*)- 
ATPase [7]. Thus, an effect on cellular Na* transport 
has to be considered as a possible cause of ethacrynic 
acid stimulation of basal, i.e. bile salt-independent 
bile secretion [8]. In fact, modulation of transepi- 
thelial Na* flux has been linked to the choleretic 
action of ouabain [9], cholate or taurocholate [10]. 
These substances are thought to augment sinusoidal- 
to-canalicular Na* transport [11], either by inhibition 
of Na* efflux at the sinusoidal pole of the hepatocyte 
via interaction with the (Na*-K*)-ATPase or by 
increasing Na* influx through Na*-coupled active 
entry from the sinusoidal space [9, 10, 12]. 

The current study concerns the question of 
whether stimulation of basal bile flow by ethacrynic 
acid is accounted for by a possible association 
between hepatic transport of the choleretic drug and 
transmembrane Na‘ fluxes. 


MATERIALS AND METHODS 


Liver perfusions. Male Sprague-Dawley rats 
[strain Him: OFA (SPF), 180-200 g] were obtained 
from the Forschungsinstitut fiir Versuchstierzucht, 
Himberg, Austria, and used as liver donors (liver 
weight 9-11 g). The surgical procedure for isolation 
of the liver has been described elsewhere [13]. The 
livers were perfused in a hemoglobin-free recircu- 
lating perfusion system as described by Scholz [14]. 
The standard perfusion medium was Krebs—Hen- 
seleit bicarbonate buffer (pH 7.4) supplemented with 
5.05 mM glucose. In some experiments a ‘sodium- 
free’ perfusion medium was used. This solution was 
obtained by isosmolar substitution of NaCl by cho- 
line chloride and of NaHCO; by Tris-HCl (pH 7.4). 

In all experiments, the isolated liver was pre-per- 
fused with standard medium for 30min to allow 
recovery from the anoxic state during surgery. Per- 
fusion was then switched to a second independent 
recirculating system containing an appropriate con- 
centration of radio-ethacrynic acid in 100 ml medium. 
Binding of ethacrynic acid to the perfusion system 
was found negligible when checked in control per- 
fusions in absence of the isolated organ. 

Bile flow was monitored by an automatic drop 
counter (H. Pichler, J. Graf and M. Peterlik, unpub- 
lished) which allowed continuous recording of secre- 
tion rates. 

*4Na* efflux into perfusate and bile was measured 
by preloading isolated livers with 1.0 mCi “Na* per 
100 ml perfusion medium for 60 min, followed by 
perfusion with non-recirculating ‘cold’ medium. 
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After 20 min, ethacrynic acid was infused into the 
portal tubing for 10 min to obtain a perfusate con- 
centration of 0.5mM. Perfusate was collected at 
1.0 min intervals while the bile collection period was 
2.0 min. Perfusate and bile samples were counted in 
a Beckman Gamma 800 counter. 

Reagents. Ethacrynic acid and radiolabelled ethac- 
rynic acid ([phenoxyacetic-2-"C]-ethacrynic acid, 
5 mCi/mmole) was generously donated by Merck, 
Sharp & Dohme, Rahway, NJ. The purity of the 
compound was checked by thin-layer chroma- 
tography (see later). All radioactivity was found to 
migrate in a single peak. 

Carbonyl cyanide m-chlorophenyl hydrazone was 
purchased from Sigma Chem. Co., St. Louis, MO. 

Fractionation of perfused livers. At the end of 
some perfusion experiments, the liver was perfused 
for 3 min with ethacrynic acid-free perfusion medium 
(either standard or sodium-free). The liver was then 
homogenized in 1.15% KCl. Subcellular fractions 
were prepared by differential centrifugation using 
a standard protocol [15]. 

Thin-layer chromatography (t.|.c.). Bile samples 
(150 ul) were dried in a rotatory evaporator at 37°. 
The solid was extracted with 0.2 ml 50% aqueous 
ethanol. Portions (50 ul) of the solution were applied 
to a t.l.c. plate. Perfusate samples (2.0 ml) were 
treated with 4.0 ml ethanol, and the precipitate was 
removed by centrifugation. The supernatant fraction 
was evaporated to dryness and extracted with 200 ul 
of 50% aqueous ethanol. Eight millilitres of the 
cytoplasmic fraction was mixed with 24 ml ethanol. 
The mixture was allowed to stand overnight at 4° 
and was then centrifuged. The supernatant fraction 
was evaporated and the resulting solid material 
extracted by shaking with 500 ul 50% ethanol for 
30 min at room temperature. In all, 94-97 per cent 
of radioactivity could be recovered from perfusate, 
liver or bile samples by these extraction procedures. 

The adsorbent was silica gel G (Merck, Darmss- 
tadt, F.R.G.). The t.l.c. plates were developed with 
toluene—acetic acid—water (50/50/5, v/v/v). Radio- 
activity was determined either directly on the plate 
with a gas-flow thin-layer scanner (Berthold, Wild- 
bad, F.R.G.) or by liquid scintillation counting after 
extraction of the adsorbent with 50% ethanol. Etha- 
crynic acid and its glutathione adduct were identified 
by co-chromatography with the authentic substances. 
The latter was synthesized as described by Klaassen 
and Fitzgerald [16]. 

Liver slices were prepared with a Stadie—Riggs 
microtome and incubated under continuous gassing 
(O,/Co>, 95/5%) in Krebs-Henseleit bicarbonate 
buffer supplemented with 2.0 mM sodium pyruvate 
as described by Haylett and Jenkinson [17]. After 
incubation, tissue specimens were frozen in liquid 
nitrogen and transferred into pre-weighed vials, con- 
taining 1.0 ml distilled water. After mild overnight 
shaking, Na* was determined in the supernatant 
fraction by flame photometry. Extracellular space 
was determined with ['C-carboxy]inulin (Radio- 
chemical Centre, Amersham, U.K.). Average intra- 
cellular Na* and K* concentration of controls in 
three experiments were 36.3 + 2.1 and 91.9 + 3.2 m- 
equiv./kg wet wt, respectively. To eliminate the 
influence of interexperimental variation, data were 
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calculated as percentages of the mean of the cor- 
responding control group. 

Liquid scintillation counting. Ten millilitres of a 
toluene-based scintillation cocktail with adequate 
amounts of a sample solubilizer (Biosolv, Beckman) 
were added to samples of tissue, perfusate, bile and 
subcellular fractions. Radioactivity was determined 
in a Beckman LS 230 liquid scintiliation counter. 
Quench correction was by external standardization. 


RESULTS 


Choleretic action of ethacrynic acid. As detailed 
in a previous report [2], ethacrynic acid stimulates 
bile secretion in a dose-dependent manner. Figure 1 
illustrates the typical time-course of ethacrynic acid- 
induced choleresis at three different dose levels. 
Characteristically, the onset of choleresis is very 
rapid and peak secretion is reached within a few 
minutes (Table 1). Bile flow then steadily declines 
to pre-drug values. As shown in Table 1 and exem- 
plified in Fig. 1 (lower part), biliary excretion of 
radiolabelled ethacrynic acid lags behind elevated 
secretion. Maximal radioactivity in bile is observed 
distinctly after the maximum of secretion and, like- 
wise, biliary excretion persists even after return of 
bile flow to basal values. This discrepancy between 
stimulation of bile production and biliary excretion 
of the choleretic drug is even more obvious when 
excretion rates vs increment in bile flow are plotted 





Bile secretion 


mg/min per g 




















Fig. 1. Choleretic effect of ethacrynic acid in isolated rat 
liver (upper part) and biliary excretion of ethacrynic acid 
(metabolites) (lower part). Initial drug concentrations in 
100 ml perfusion medium were: A, 8.3umoles; B, 
33 umoles; and C, 82.5 umoles. Arrow indicates switching . 
of perfusion system to ethacrynic acid-containing medium. 
Each curve represents a single experiment. Additional data 
are given in Table 1. 
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Table 1. Time-course of ethacrynic acid-induced bile secretion and biliary extretion of ['*C]- 
ethacrynic acid (equivalents) 





Bile secretion 


Biliary excretion of ['*C]- 
ethacrynic acid metabolites 





Initial perfusate 
concentration of 
ethacrynic acid 


(umoles/ml) Maximum 
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half maximal 
values 
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(min after addition of ethacrynic acid) 
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for the 15-min interval following the addition of the 
drug to the perfusion system. During this time, the 
glutathione derivative of ethacrynic acid is the only 
metabolite excreted into bile (see later). Figure 2 
reveals that at the onset of choleresis effective stimu- 
lation of bile flow occurs at relatively low excretion 
rates. This suggests that some mechanism in addition 
to a choleretic action of the excreted metabolite: is 
responsible for ethacrynic acid induction of bile 
formation. 

Uptake of ethacrynic acid by perfused liver (Fig. 3, 
Table 2). In the case of ouabain- or bile acid-induced 
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Biliary excretion, nmoles/min per g 


Fig. 2. Biliary excretion of ethacrynic acid (glutathione 

adduct) vs additional bile flow. Initial ethacrynic acid con- 

centrations as in Fig. 1. Curves were calculated from data 
shown in Fig. 1. 


choleresis, the fraction of bile flow not caused by 
osmotic activity of the excreted substances was traced 
to an increase in transepithelial sodium flux resulting 
from coupled Na* uptake from the perfusion 
medium [9, 10, 18]. To test whether this also holds 
true for ethacrynic acid, uptake kinetics and the 


Lmoles/ml 


Concentration 








Concentration in medium, 


ihe 
N a 


10 20 30 








Time, min 
Fig. 3. Disappearance of radiolabeled ethacrynic acid from 
perfusion medium. ®, Perfusion with standard medium, 
liver weight 9.0 g; O, perfusion with sodium-free medium, 
liver weight 9.5g. Initial perfusate concentration was 
0.083 umoles/ml medium. Inset: Semi-logarithmic plot of 
elimination kinetics. Calculated velocities of rapid and slow 
transfer are shown by dotted lines. Additional data are 
given in Table 2. 
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effect of Na* thereon were studied in a concentra- 
tion range from 0.033 to 0.825 umoles/ml medium. 
Figure 3 illustrates the typical pattern of ethacrynic 
acid clearance from the perfusion system. In all 
experiments, linear initial uptake was observed dur- 
ing a short time interval (not exceeding 4 min). Rep- 
resentation of the elimination kinetics in a semi- 
logarithmic plot reveals that disappearance of the 
drug from the perfusion system is a composite of two 
phases: initially, a rapid transfer of ethacrynic acid 
into the isolated liver is observed, followed by a 
second phase of slow decline of perfusate drug levels. 
Omission of Na* from the perfusion medium does 
not change this general pattern of uptake but 
obviously decelerates both transport processes as 
evidenced by consistently lower values of the respec- 
tive elimination constants in the sodium-free state 
(Table 2). As reported earlier [11], sodium-free per- 
fusion leads to immediate cessation of bile flow. 
Involvement of a carrier-mediated step in the rapid 
phase of ethacrynic acid transfer is suggested from 
nonlinear dependence of initial transport rates on 
drug concentration (Fig. 4, uper part) at both normal 
and zero perfusate sodium. When a term of diffu- 
sional uptake is deducted (see below), both curves 
approach the typical rectangular hyperbola of 
Michaelis—Menten kinetics and can be linearized for 
‘calculation of the kinetic constants. Sodium accel- 
erates the translocation of ethacrynic acid by increas- 
ing the maximal velocity (from 0.47 to 0.64 umoles. 
min™'.gliver"'), while XK, remains virtually 
unaffected (0.26 and 0.13 mM, respectively). Due 


to the rapid clearance of ethacrynic acid from the 
perfusion medium substrate concentrations changed 
rapidly even during the short time interval used for 
determination of initial velocities. Therefore, cal- 
culation of kinetic constants had to be based on 
initial (zero time) perfusate concentrations and 
might, thus, deviate slightly from theoretical! values. 
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Fig. 4. Kinetics of rapid component of ethacrynic acid 
uptake by isolated liver (upper part) and of biliary excretion 
of the glutathione derivative (lower part). Uptake rates 
were calculated from the initial part of the elimination 
curve as far as it can be considered linear (up to 4 min, cf. 
Fig. 3). Correction of the data obtained was by subtraction 
of the rate of slow-phase ethacrynic acid transfer which had 
been calculated from the respective elimination constant 
(kz, Table 2), thereby excluding its contribution to meas- 
ured uptake rates. @, Perfusion with standard medium; 
O, perfusion with sodium-free medium; A, metabolic 
inhibition by 50uMmCICCP; @, maximal canalicular 
excretion rate (the corresponding tissue concentration was 
calculated from disappearance of ethacrynic acid from per- 
fusate and was corrected for prior excretion of the gluta- 
thione adduct into bile). 


Table 2. Elimination constants (k) of biphasic ethacrynic acid clearance from perfusion 





Initial perfusate 
concentration of 


ky 
(g-'.min~') 





Standard 
medium 


ethacrynic acid 
(umoles/ml) 





Na’-free 
medium 


Standard 
medium 


Na’-free 
medium 





0.033 0.037 
0.050 
0.022 
0.025 
0.017 © 
0.022 
0.015 
0.014 
0.012 
0.013 
0.006 
0.006 


0.083 


0.165 


0.333 


0.495 


0.825 


0.0030 
0.0050 
0.0050 
0.0042 
0.0039 
0.0054 
0.0019 
0.0019 
0.0008 
0.0006 
0.0007 
0.0008 


0.0023 
0.0020 
0.0031 
0.0033 
0.0008 
0.0010 
0.0006 
0.0005 
0.0003 
0.0003 
0.0002 
0.0002 





* Subscripts 1 and 2 refer to rapid and slow phase, respectively, of ethacrynic acid 


uptake by isolated liver (cf. Fig. 3, inset). 


theoretical disappearance curves (dotted 


k, and k, are calculated as slopes of the 
lines, Fig. 3, inset) using the fomulac = 


—ki . . . 
coe “. Measured values of rapid phase ethacrynic acid transfer were corrected for the 


slow component by a ‘peeling off’ method. 
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Table 3. Distribution of radiolabeled ethacrynic acid between perfusion medium, liver and bile after 10 min perfusion* 





Initial concentra- 
tion in perfusion 
medium 
(umoles/ml) 


('*C]-Ethacrynic acid equivalent 
Bile/liver 
concentration 
ratio 





Bile 
(umoles/ml) 


Liver 
(umoles/g) 


Perfusate 
(umoles/ml) 


Perfusion 
medium 





0.033 204 


Standard 
0.083 
0.165 
0.333 
0.495 
0.825 


0.001 (0.0005-0.0015) 
0.014 (0.008-0.018) 
0.041 (0.032-0.051) 
0.120 (0.105-0.146) 
0.131 (0.107-0.173) 
0.302 (0.253-0.320) 


0.09 (0.07-0.11) 
0.32 (0.28-0.37) 
0.75 (0.71-0.77) 
2.11 (2.09-2.13) 
2.43 (2.20-2.82) 
3.14 (2.54-3.73) 


18.4 (16.6-20.2) 
29.5 (23.3-34.8) 
54.6 (46.5-66.8) 
57.8 (55.3-60.2) 
50.0 (47.5-53.1) 
54.1 (47.6-60.5) 


92 
73 
27 
21 
17 


0.033 
0.083 
0.165 
0.333 
0.495 
0.825 


0.003 (0.002-0.004) 
0.022 (0.019-0.025) 
0.047 (0.045-0.050) 
0.126 (0.103-0.156) 
0.231 (0.200-0.262) 
0.432 (0.430-0.433) 


Na‘*-free 


(0.26-0.32) 
(0.52-0.63) 
(1.43-1.57) 
(2.66-2.88) 
44 (3.38-3.51) 
47 (3.24-3.70) 





* Data are means (range of variation) from two or three perfusion experiments. Liver content of ethacrynic acid 
equivalents was calculated from dissappearance of radiolabel from perfusate and corrected for biliary excretion in 


perfusion experiments with standard medium. 


The deviation of transport kinetics from a rectan- 
gular hyperbola (Fig. 4} suggested the involvement 
of an additional term in the rapid phase of ethacrynic 
acid transport into liver cells, probably reflecting a 
diffusional pathway. Ethacrynic acid uptake was, 
therefore, measured during metabolic inhibition by 
50 uM carbonyl cyanide m-chlorophenyl hydrazone 
(mCICCP), a potent uncoupler of oxidative phos- 
phorylation. Ethacrynic acid entry into the isolated 
liver (Fig. 4) was markedly reduced. Furthermore, 


separation of the disappearance curve into two 
phases was no longer detectable (not shown). 

These results allow the conclusion that uptake of 
ethacrynic acid into the liver is mediated mainly by 
an energy-dependent, partially Na*-sensitive active 
transfer step whereas contribution from a diffusional 
pathway is relatively small. 





* Association of radioactivity with particulate fractions 
is certainly overestimated as data are not corrected for 
cross-contamination by adhering soluble phase. 


Metabolism, intracellular distribution and canali- 
cular transport of ethacrynic acid. As it is well known 
that ethacrynic acid undergoes biotransformation in 
the liver [4, 16], we attempted to assess the role of 
ethacrynic acid metabolism in sinusoidal-to-canali- 
cular transport. The data presented in Table 3 sug- 
gest that this transport consists of two subsequent 
concentrative transfer steps, namely, from perfusate 
to liver and, most obvious, from liver to bile. The 
retarding influence of sodium-free perfusion is 
reflected by higher perfusate levels of ethacrynic 
acid. Furthermore, the lack of biliary excretion due 
to cholestasis in the Na*-free state results in pro- 
nounced intrahepatic accumulation of radiolabel. 

Table 4 shows that accumulated radioactivity is 
confined mainly to the soluble phase of liver cells 
after 10 min perfusion.* This was not changed by 
perfusion of the isolated liver with Na*-free medium. 

The cytoplasmic fraction was analysed for ethac- 
rynic acid metabolites by thin-layer chromatography 
and compared to the composition of perfusate and 


Table 4. Intracellular distribution of ethacrynic acid (equivalents) after 10 min 
perfusion” 





Initial ethacrynic acid concentration in perfusion medium 


(umoles/ml) 





Standard medium 
0.495 


Cell fraction 


Na’*-free medium 
0.165 0.495 





Nuclear 
Mitochondrial 
Lysosomal 
Microsomal 


Total particulate 
fractions 
Cytoplasm 
Recovery 


101.0 


29.6 
74.4 
104.0 


11.7 
90.5 
102.2 


26.7 
74.3 





* Data are expressed as percentage of total dpm in liver homogenate. Each column 


represents a single experiment. 
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Table 5. Relative distribution (%) of ethacrynic acid (EA) and its glutathione derivative (EA-GSH) 
in perfusate, liver and bile after 10 min perfusion* 





Initial EA Perfusate 


Cytoplasm Bile 











concentration 
(umoles/ml) 


Perfusion 


medium EA 


EA-GSH 


EA EA-GSH EA EA-GSH 





Standard 
medium 0.495 100 

: 0.825 100 
Na’-free 
medium 0.495 100 


0.825 100 0 


93 94 
95 91 


95 — 
94 — — 





* Samples were analysed by thin-layer chromatography as described under Materials and Methods. 
Sum of integrator readings of t.l.c. scanner was set to 100per cent. A single experiment was 


performed for every EA concentration given. 


bile (Table 5). Strikingly, ethacrynic acid taken up 
from the perfusion medium was rapidly and almost 
completely converted into its glutathione adduct. A 
similar relative concentration of the two compounds 
is observed in bile. Rapid conversion of ethacrynic 


acid into its metabolite was also observed in the Na‘*-. 


free state. It was obvious that, even at the highest 
ethacrynic acid concentration employed, the gluta- 
thione pool of the isolated liver is by no means 
depleted during the time interval under investiga- 
tion. The glutathione adduct was never found in the 
perfusion medium. In contrast to the canalicular site, 
there is no efficient transport mechanism for the 
outward movement of this metabolite at the sinu- 
soidal site of the plasma membrane. 
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Fig. 5. Changes in transmembrane sodium fluxes during 

ethacrynic acid-induced choleresis in three perfusion 

experiments. &, Bile flow; A, biliary excretion of “Na* 

(values are corrected for canalicular [25] and dead space 
of the cannula); @, “Na* in perfusate. . 


Bile/liver concentration ratios (Table 3) are con- 
sistent with earlier observations of Klaassen and 
Fitzgerald [16], who suggested an active transfer of 
ethacrynic acid metabolites into bile. Saturable can- 
alicular transport of the ethacrynic acid glutathione 
adduct is illustrated in Fig. 4 (lower part). The max- 
imal velocity of this pathway (0.15 umoles. 
min” '.g liver~') is considerably lower than the Vinax 
of the uptake process. Canalicular excretion of the 
ethacrynic acid conjugate, therefore, is the rate-lim- 
iting step in transfer of ethacrynic acid from ‘plasma’ 
to bile. 

Changes in Na‘ fluxes accompanying hepatic ethac- 
rynic acid transport. Incubation (10 min) of liver 
slices in a medium containing 0.495 
umoles/ml ethacrynic acid raises intracellular sodium 
to 112.0 + 3.9(S.E.) per cent over controls (100.0 + 
2.7 percent, N = 15 slices per group). Though small, 
the difference is statistically significant (P<0.025). 
At the same time, intracellular potassium fell to 
93.2 + 1.7 per cent of the control value (100.0 + 

1.9 per cent, P<0.025). 

In a second line of experiments, the influence of 
ethacrynic acid on Na’ efflux into perfusate and bile 
was studied in livers preloaded with “Na*. Figure 5 
shows that infusion of ethacrynic acid causes a slower 
release of “Na* into the perfusate which becomes 
more pronounced at the end of the infusion period. 
It is not possible to distinguish whether this alteration 
is due to direct inhibition of Na* efflux or is the 
consequence of decreasing intracellular specific 
activity following increased influx of ‘cold’ Na* from 
the perfusion medium. Significant changes in Na* 
efflux were also observed at the canalicular site 
(Fig. 5). During ethacrynic acid-induced choleresis, 
a pronounced stimulation of “Na* extrusion into 
bile was observed. 


DISCUSSION 


The present study provides evidence that entry of 
the choleretic drug ethacrynic acid into liver cells 
involves, apart from diffusion, a saturable, energy- 
dependent transfer step whose maximal velocity dis- 
plays partial sensitivity to extracellular Na*. The 
apparent Michaelis-Menten constant K,,,, reflecting 
the carrier affinity towards the transported substrate, 
remains virtually unchanged by replacement of Na* 
in the perfusion medium. As far as the kinetic con- 
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stants are concerned, ethacrynic acid transport fol- 
lows the same pattern of Na*-sensitive transport as 
described for other choleretics such as ouabain, 
cholic and taurocholic acid [9, 10, 19].* 

The significance of the second, slow component 
of ethacrynic acid disappearance from ’ perfusion 
medium is quite unclear. It might represent satu- 
ration of conjugation which could occur without any 
depletion of the glutathione pool, although the dis- 
tribution experiments do not point in that direction. 

The observed Na*-sensitivity of sinusoidal ethac- 
rynic acid transport stimulated the search for direct 
evidence for coupled Na* and ethacrynic acid trans- 
fer. Because direct measurements of Na” influx in 
the isolated liver are affected with a high degree of 
uncertainty [21], this precludes any detection of rela- 
tively small changes in this transmembrane Na* 
movement. However, measurement of Na’ efflux, 
as described, reveals some changes in sinusoidal Na* 
fluxes consistent with increased inward diffusion of 
Na* during simultaneous translocation of ethacrynic 
acid. Also, the net increase of intracellular Na* 
during short-term incubation of liver slices with chol- 
eretic concentrations of ethacrynic acid could be the 
result of increased inward flow of Na* from the 
extracellular space and/or inhibition of outward Na* 
movements. Considering the fact that the canalicular 
membrane encompasses only a small fraction of the 
total liver cell surface [22], it is likely that the 
observed net increase in intracellular sodium implies 
mainly changes in Na* fluxes on the blood side of 
the liver. Co-transport of Na* and ethacrynic acid 
alone or in combination with inhibition of the sin- 
usoidal (Na*-K*)-ATPase would lead to increased 
net flux of sodium into liver cells. The latter possi- 
bility cannot be disregarded as, within the concen- 
tration range employed, the drug effectively inhibits 
(Na*-K*)-ATPase [2]. This would also explain the 
observed decrease of intracellular K*. On the other 
hand, a rearrangement of intracellular electrolytes 
(including K*) as a consequence of enhanced Na* 
influx cannot be excluded [23]. 

Unequivocally, transport of the glutathione 
metabolite of ethacrynic acid into bile canaliculi is 
accompanied by increased biliary excretion of “Na*. 
This is undoubtedly of intracellular origin and could 
not have re-entered the bile canaliculi from the per- 
fusate via a paracellular route, since under the given 
experimental conditions the specific activity of “Na* 
in bile is considerably higher than in perfusate 
[11,24]. Direct stimulatory interaction of the 
ethacrynic acid derivative with a canalicular sodium 
pump and/or increased intracellular Na* concentra- 
tion would both lead to activation of Na* extrusion 
into bile canaliculi and could, therefore, be respon- 





* The failure to detect any major influence of Na* on 
ouabain uptake in isolated liver cells [20] might be due to 
substantial differences in experimental conditions. 
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sible for additional fluid (bile) production. This pro- 
vides an explanation for the fraction of bile not 
secreted under the influence of the excreted ethac- 
rynic acid metabolite. 
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Abstract—Target and non-target response of mouse L-cells to aminofolates, aminopterin and ameth- 
opterin, as well as to a 5-methylquinazoline antifolate CB 3703 were compared. When added into the 
culture medium for 48 hr, each of those antifolates strongly inhibited the cell proliferation; the respective 
Ip.5 values were of the order of 107° M for aminopterin and of the order of 107’ M for amethopterin and 
the quinazoline antifolate. However, even at concentrations which did not limit cell growth, each of 
the antifolates accumulated intracellularly far above the level of dihydrofolate reductase, and this 
accumulation was concentration dependent. Simultaneously, the activity of the target enzyme, dihy- 
drofolate reductase, decreased considerably with a concomitant decrease in the activity of lactate 
dehydrogenase and in lactate content, whilst the content of pyruvate increased in the cells. Consequently, 
the ratio of lactate to pyruvate decreased. 

At growth-limiting concentrations, the antifolates did not only reduce the activity of dihydrofolate 
reductase nearly to zero, but also decreased to a smaller extent the activities of other folate-related 
enzymes such as methionine synthetase and serine hydroxymethyltransferase, and changed those of 
thymidylate synthetase and formyltetrahydrofolate synthetase to a greater or lesser degree and in a 
differentiated manner. Thus, the quinazoline antifolate substantially diminished the activity of thy- 
midylate synthetase, whose activity was apparently enhanced by both aminofolates as compared with 
the respective controls. On the other hand, the activity of formyltetrahydrofolate synthetase was 
elevated by the quinazoline antifolate, being greatly decreased by aminopterin and only slightly lowered 
by amethopterin. Each of the antifolates also caused a significant decrease in the activity of glucose-6- 
phosphate dehydrogenase and a sharp decrease in that of lactate dehydrogenase. A simultaneous 
decrease in lactate content and an increase in pyruvate content led to a significant decrease in the ratio 
of lactate to pyruvate, indicating an increase in intracellular NAD* content and glycolysis impairment 
in the L-cells. In conclusion, we suggest considering the ratio of lactate to pyruvate as a kind of simple 
measure of the non-target effects of antifolates in mammalian cells. 


Only one year had passed after the chemical syn- 
thesis, in 1947, of aminopterin, an aminoanalogue 
of folate [1], when its application in the chemo- 
therapy of cancer was reported [2]. Since that time, 
quite a number of folate analogues have been syn- 
thesized and tested as potential cytostatics, both in 
animals and animal cells cultured in vitro. But only 
aminopterin itself and its N-methyl! derivative, 
amethopterin, further designated as aminofolates, 
have been used in practice. The mechanism of ami- 
nofolate uptake and accumulation in animal cells, 
their strong inhibitory effects on the activity of 
dihydrofolate reductase, their metabolic conse- 
quences, such as purine and thymidine depletion, 
and their inhibition of DNA synthesis have been 
widely investigated and discussed. So far, however, 
our understanding of the side-effects of these anti- 
folates produced in mammalian ceils is still insuffi- 
cient. Thus, the effect of these antifolates on the 
activity of non-target folate enzymes and folate- 
unrelated dehydrogenases [3-7], as well as on the 
rate of glycolysis, and energy charge, are still being 
studied in various laboratories (e.g. Refs. 8-11). 
Our knowledge of the metabolic effects of quin- 


azoline analogues of folate is much scantier, although 
since 1968 they have been considered to be potential 
antitumour drugs [12-15]. Their advantage over 
aminofolates seems to be their ability to inhibit the 
activity of thymidylate synthetase [16-18] besides 
that of dihydrofolate reductase [19-23]. 

This paper provides comparative data concerned 
with some target and non-target metabolic effects 
of the accumulation of antifolates in mouse cells, as 
expressed by impairment of the activity of some 
folate enzymes and folate-unrelated dehydrogen- 
ases, and by a change in the lactate to pyruvate ratio. 


MATERIALS AND METHODS 


Cells and cell growth. Mouse L-cells with a dou- 
bling time of about 30 hr were routinely grown as 
monolayers in the Eagle’s essential medium with calf 
or bovine heat-inactivated serum and with antibiotics 
at 37° [24, 25]. In searching for antifolate effects, the 
cells were subcultured for 24 hr into the standard 
medium, then the medium was renewed in the con- 
trol cultures and changed for one with an antifolate 
at a concentration ranging from 10°" to 10°°M in 
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the experimental cultures and the cells were allowed 
to grow for another 48 hr. Then the cells were pro- 
cessed for estimation of their viability and metabolic 
response to the given antifolate. 

Cell count. Cells to be checked for their viability 
were washed out of the medium, trypsynized and 
routinely collected; the trypan blue test was applied 
and the viable cells were counted in a Neubauer 
haematocytometer. The numbers of cells in experi- 
mental cultures were expressed as percentages of the 
number of cells in the control ones. I 9; was defined 
as the concentration of antifolate required to reduce 
the viable cell count by 50 per cent after 48 hr of 
contact. 

Enzyme assays. The cells to be used for enzyme 
assays were washed out of the medium and from 
detached dead cells, then either trypsinized or 
scraped off the glass with a rubber policeman and 
centrifuged. The enzyme extracts were prepared by 
sonication of the cells suspended in an appropriate 
buffer, followed by a centrifugation of the sonicate 
at 20,000 g for 20 min to remove cell debris. All the 
procedures were performed at 04°. 

The activity of the following enzymes in crude 
extracts was estimated by standard methods: serine 
hydroxymethyltransferase (2.1.2.1), formyltetrahy- 
drofolate synthetase (6.3.4.3), vitamin B12 depen- 
dent methionine synthetase (2.1.1.13), thymidylate 
synthetase (2.1.1.45), lactate dehydrogenase 
(1.1.1.27), | glucose-6-phosphate dehydrogenase 
(1.1.1.49) [26-30]. Because of the low activity of 
dihydrofolate reductase (1.5.1.4) in crude extracts, 
they were acidified to pH 5.1 to eliminate the bulk 
of cellular proteins and readjusted to pH 7.5 before 
being used for the enzyme assays [24, 26]. The con- 
tent of dihydrofolate reductase in L-cells grown for 
72 hr in the standard medium was also estimated by 
a titration method with amethopterin [31]. 

Protein content. Since protein estimation is much 
more precise than cell amount, we routinely deter- 
mined protein content in all samples of our cellular 
material by the method of Lowry et al. [32]. By this 
method, the 10° L-cells were found to contain 377 + 
9.1 ug protein. 

Determination of the intracellular contents of the 
antifolates, lactate and pyruvate. Cells grown for 
48 hr, in the presence of an antifolate, were tryp- 
synized, centrifuged and washed out of the medium 
with coid phosphate-buffered saline (twice). Then 
the cell pellet was suspended in distilled water, son- 
icated for 45 sec, boiled for 5 min and centrifuged 
for 10min at 20,000 g. The resulting supernatant 
fraction was used for determination of the antifolate 
content in a titration assay with a partially purified 
rat liver dihydrofolate reductase, according to the 
method originally described for amethopterin by 
Bertino and Fischer [33]. 

The lactate and pyruvate contents were estimated 
by suitable methods [34, 35]. The intracellular con- 
tents of aminofolates, lactate and pyruvate were then 
expressed as respective units per 10° cells and, if 
necessary, also as molar concentration in the cells, 
taking as L-cell volume the value 3.65 x 10° um’, as 
measured by Ishiguro et al. [36]. 

Reagents. The reagents were purchased from the 
following sources: methionine, glycine, homocy- 


B. GRZELAKOWSKA-SZTABERT et al. 


steine-thiolactone, pyridoxal phosphate, folic acid 
and aminopterin from the Sigma Chemical Co., St. 
Louis, MO, U.S.A.; amethopterin from Lederle 
Laboratories Division, American Cyanamid Com- 
pany, Pearl River, NY, U.S.A.; sodium pyruvate, 
NADH, NADP*, NADPH, glucose-6-phosphate 
and ATP from Boehringer Mannheim GMBH, West 
Germany; Triton X-100, Dowex 1 x 8 Cl”, 200-400 
mesh, Norit A from Serva Feinbiochemica, Heidel- 
berg, F.R.G.; S-adenosyl-L-methionine from Cal- 
biochem, San Diego, CA, U.S.A.; vitamin B12, 
cyano form from Merck, Darmstadt, F.R.G.; Tris- 
(hydroxymethyl)-aminomethan from Fluka-AG, 
Buchs SG, Switzerland; paraformaldehyde from 
British Drug Houses, Poole, U.K.; and acetylace- 
tone from Searle, Hopkin and Williams, Chadwell 
Heath, Essex, U.K. All reagents were of analytical 
grade. 

Radioisotopes were purchased from the Radio- 
chemical Centre, Amersham, U.K. 

Crystalline dihydrofolate was prepared by the 
dithionite method of Futterman [37], as modified by 
Blakley [38] and crystalline tetrahydrofolate was 
obtained by the catalytic reduction of folate accord- 
ing to Hatefi et al. [39] and Slavik et al. [40]. 
5-Methyltetrahydrofolate was synthesized from 
tetrahydrofolate and formaldehyde by the method 
of Sakami [41]. 

Quinazoline N-(p-{[2,4-diamino-5-methyl-6-quin- 
azolinyl) methyl] amino}benzoyl) -L-glutamic acid 
(CB 3703) was synthesized by Dr T. Jones in the 
Department of Biochemical Pharmacology, Institute 
of Cancer Research, Belmont, Surrey, U.K. , accord- 
ing to the method of Davoll and Johnson [42] and 
kindly given to us by Dr K. R. Harrap. 


RESULTS 


Growth of L-cells in the presence of antifolates. As 
we reported elsewhere [43], amethopterin, even at 
the concentration 10°°M, did not increase the per- 
centage of dead cells in culture during 24 hr of contact 
and only slightly increased it after 48 hr contact; 
concomitantly, the population density of the cells 
was reduced by up to 75 per cent of that in the 
respective control culture of L-cells. In this com- 
parative study on the effects of aminofolates and 
quinazoline antifolates on L-cell growth and metab- 
olism, we added aminopterin, amethopterin or 5- 
methyl quinazoline antifolate CB 3703 into the cul- 
ture medium in a range of concentrations from 
10-" to 10°°M. 

The concentration curves for the cell growth in 
the media with the antifolates tested are shown in 
Fig. 1, Chart A. It was not surprising that each of 
the antifolates strongly inhibited the growth of the 
cells, provided its concentration in the medium was 
high enough. The respective I); values, read from 
the curves, were 9 10°°M for aminopterin, 
9 x 10°°M for amethopterin and 7 x 10~-*M for the 
quinazoline antifolate. At an antifolate concentra- 
tion in the medium as high as 10-°M, the number 
of viable cells as shown by the trypan blue exclusion 
test was still 40 per cent of the respective control 
when the antifolate was the quinazoline derivative, 
and 20 per cent when it was one of the aminofolates. 





Antifolates in mouse cells 





Cell density % control 





Activity %econtrol 





Activity %e control 


F 


= ees 1 iL 1 + 4 =” 1 i 4 
10°9 107 10> «19071 10°9 107 


Analogue concentration (M) 











iin rt 


10” 





Fig. 1. Concentration curves for cell growth (Chart A) and activity of dihydrofolate reductase (Chart 
B), serine hydroxymethyltransferase (Chart C), formyltetrahydrofolate synthetase (Chart D), vitamin 
B12-dependent methionine synthetase (Chart E) and thymidylate synthethase (Chart F) in L-cells grown 
in the presence of antifolates. After subculturing, the cells were grown in the standard medium for 
24 hr, then the medium was either renewed in the control cultures or changed for one with aminopterin 
(A), amethopterin (@) or quinazoline antifolate CB 3703 (™) at the concentrations indicated, for 
another 48 hr. After washing off the medium, the cells were processed for estimation of cell density or 
for enzyme assays. Cell density (Chart A) in experimental cultures and activity of the enzymes (Charts 
B-F) are expressed as percentages of the controls. The respective values for activity of the enzymes 
per mg protein and per hour as determined 72 hr after subculturing were 0.4 umole for dihydrofolate 
reductase, 3.6 umoles for serine hydroxymethyltransferase, 0.24 umole for formyltetrahydrofolate syn- 
thetase, 2 nmoles for vitamin B12-dependent methionine synthetase and 0.36 nmole for thymidylate 
synthetase. Each value is the mean of triplicate estimations in at least three experiments. 


Intracellular content of dihydrofolate reductase and 
antifolates. As estimated by titration with ameth- 
opterin, the intracellular content of dihydrofolate 
reductase in L-cells grown for 72 hr in the standard 
medium was as low as 2.40 pmoles per 10° cells; 
whereas in the cells grown in any of the experimental 
media the intracellular contents of any of the anti- 
folates tested were many times higher (Table 1), as 
determined by titration with partiaily purified rat 
' liver dihydrofolate reductase. Even when the anti- 
folate concentration in the culture medium was only 
2.5 x 10°°M and the cell proliferation apparently 


normal (Fig. 1, Chart A), the intracellular content 
of the antifolates exceeded that of dihydrofolate 
reductase, being approximately twice higher in cells 
exposed to quinazoline antifolate CB 3703, four 
times higher in those exposed to amethopterin, and 
five times higher in response to aminopterin. When 
the concentration of the antifolates was 10~°M, their 
intracellular contents were about thirty times higher 
than that of dihydrofolate reductase. Thus, it is 
evident that the accumulation of the antifolates in 
L-cells is a concentration-dependent process. 
Activity of folate enzymes in L-cells grown in the 
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Table 1. Intracellular content of antifolates in L-cells cultured in the medium containing 
antifolates* 





pmoles/10° cells + S.E. 





Antifolate 


Aminopterin 


Amethopterin 


Quinazoline 
antifolate 
CB 3703 





12.8 (3) 
25.1 (3) 
90.4 (3) 


9.0 + 1.2 (5) 
13.3 
78 + 15.7 (5) 


(4) 





* The cells were grown in the standard medium for 24 hr, then for another 48 hr in 
the medium with an antifolate at the concentration indicated, before processing for 
estimation of the antifolate contents. Each value represents the mean of the results 
obtained in duplicate in at least three separate experiments. The number of experiments 


is given in parentheses. 


presence of antifolates. The concentration curves for 
the activity of dihydrofolate reductase, serine 
hydroxymethyltransferase, formyltetrahydrofolate 
synthetase, vitamin B12 dependent methionine syn- 
thetase and thymidylate synthetase in L-cells grown 
in the media with antifolates are depicted in Fig. 1, 
Charts E-F. 

The activity of dihydrofolate reductase in the cells 
fell to a very low level, even when the antifolate 
concentrations in the media were still not growth- 
limiting (Fig. 1, Charts A and B). Thus, 10°°M 
aminopterin and 2 x 10°°M amethopterin and the 
quinazoline antifolate made the enzyme activity 
practically undetectable in the cells. 

Serine hydroxymethyltransferase (Fig. 1, Chart C) 
is the enzyme whose intracellular activity only 
slightly decreased with increase of the antifolate 
concentrations in the medium. The activity of for- 
myltetrahydrofolate synthetase (Fig. 1, Chart D) was 
practically unaffected until the concentration of any 
of the antifolates in the medium reached 10~*M, and 
became differentiated as the concentration 
increased. Thus, the effects of amethopterin on the 
activity of this synthetase was rather small in the 
whole range of concentrations applied; aminopterin, 
when 10°’M, caused a decrease in the enzyme 
activity by about 60 per cent, whereas the quinazoline 
antifolate, at this concentration in the medium, 
caused an apparent increase in its activity as com- 
pared with the respective controls. The activity of 
vitamin B12-dependent methionine synthetase (Fig. 
1, Chart E) decreased substantially but only in the 
cells from the media with the antifolates at concen- 
trations over 10°°M, when they greatly decreased 
cell growth. Finally, the activity of thymidylate syn- 
thetase (Fig. 1, Chart F) decreased significantly only 
in the cells grown in the media with the quinazoline 
antifolate CB 3703. Both aminofolates when present 
in the culture media caused some increase in thy- 
midylate synthetase activity, as expressed as per- 
centages of the respective controls. 

Table 2 shows the inhibition characteristics for 
aminopterin, amethopterin and the quinazoline 
antifolate, as found for folate-related and unrelated 
enzymes when assayed in extracts of L-cells grown 
under the control conditions. It is easy to see that, 
aside from dihydrofolate reductase, thymidylate syn- 


thetase is the only enzyme. whose activity was 
inhibited to a substantial extent by the quinazoline 
antifolate. 

Thus, Io for dihydrofolate reductase for aminop- 
terin was 1.7 x 10°*M, that for amethopterin was 
1.3 x 10°°M and that for the quinazoline analogue 
was 6.8 x 10-°M. The I); value for thymidylate syn- 
thetase and the quinazoline was 7 x 10°°M. The 
respective values for the same quinazoline antifolate 
and the enzymes of L1210 cells were reported to be 
of the same order for dihydrofolate reductase, and 
of one order smaller for thymidylate synthetase [14]. 
Of the antifolates tested, only amethopterin could 
inhibit methionine synthetase in vitra by about 50 
per cent when at a 10°*M concentration, whereas 
aminopterin and the quinazoline antifolate hardly 
affected its activity at this concentration. This was 
also the case with the activity of serine hydroxy- 
methyltransferase and of formyltetrahydrofolate 
synthetase for each of the antifolates tested. 

Activity of folate-unrelated dehydrogenases in L- 
cells grown in the presence of antifolates. The con- 
centration curves for the activity of lactate dehydro- 
genase and glucose-6-phosphate dehydrogenase 
assayed in L-cells after 48 hr contact with antifolates 
and expressed as percentages of the control values 
are presented in Fig. 2. 

As shown by the shape of the curves, amethopterin 
and the quinazoline antifolate, when present in the 
culture medium, began to decrease the activity of 
lactate dehydrogenase (Fig. 2, Chart A) at concen- 
trations below those that suppressed growth of the 
cells (Fig. 1, Chart A), whereas aminopterin caused 
a nearly parallel fall in the activity of this enzyme 
and in the cell growth. The phenomenon of depres- 
sion of the activity of lactate dehydrogenase by 
amethopterin was the strongest. The maximum 
decrease in the activity of lactate dehydrogenase by 
amethopterin was as high as 80 per cent of the control 
values, and was already observed in the cells grown 
in the medium with this aminofolate at 10-*M. At 
this concentration, aminopterin and the quinazoline 
antifolate depressed lactate dehydrogenase activity 
by about 40 per cent; the maximum depression they 
produced when 10~’M in the media was of the order 
of 70 per cent of the respective controls. 

At concentrations of 10~*M or higher, each of the 
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antifolates also affected the activity of glucose-6- 
phosphate dehydrogenase (Fig. 2, Chart B), but the 
maximum decrease in its activity was not higher than 
about 50 per cent, even in the cells surviving in the 
media with 10~°M antifolates. 

Intracellular contents of lactate and pyruvate in L- 
cells grown in the presence of antifolates. The intra- 
cellular contents of lactate and pyruvate were esti- 
mated in the cells cultured for 72 hr in the standard 
medium, or in cells which after 24 hr growth in the 
standard medium were transferred for another 48 hr 
into media, each containing one of the antifolates 
at one of two chosen concentrations, 2.5 x 10-°M 
and 10-*M. A high content of lactate (40.6 umoles 
per 10° cells) and a rather low level of pyruvate 
(3.5 umoles per 10° cells) characterized L-cells from 
the standard medium (Table 3). Consequently, the 
ratio of lactate to pyruvate for the control cells was 
of the order of 10. In the cells cultured under the 
experimental conditions, the lactate content 
decreased to about 1/2 or 1/3, whereas the content 
of pyruvate approximately doubled. This led to a 
decrease in the intracellular ratio of lactate to pyru- 
vate and this decrease was more pronounced in cells 
from the media with antifolates at the higher con- 
centration (10-*M) than in those from the media 
with antifolates at the lower concentration (2.5 x 
10-°M). 

Since an efflux of lactate from animal cells is rather 
a common phenomenon, we estimated the content 
of this metabolite in the culture media. As was to 
be expected, in the fresh standard medium we did 
not find any lactate since the Eagle’s essential 
medium contains no lactate and the amount of lactate 
added with calf serum was negligible. In contrast, 
in the conditioned media after 48 hr growth of the 
cells, the contents of lactate per ml reached 6— 
8 umoles, both in the control and experimental media 
(Table 4). Similarly, lactate dehydrogenase activity 
in the control and experimental media remained at 
the same very low level. 


Glucose-6-phosphate 
dehydrogenase 


. Lactate 
dehydrogenase 
eriments. The number 


Formyltetrahydrofolate 
synthetase 


Per cent inhibition at 10-*M 
prepared as described in Materials and Methods, and used for enzyme 


hydroxymethyltransferase 
presents the mean of the results obtained in duplicate in at least three exp 


Methionine 
synthetase 
13 (3) 
60 (4) 
17 (3) 


DISCUSSION 


Table 2. Inhibition by antifolates of target and non-target enzymes of L-cells* 


>1073 (3) 
6 x 1074 (3) 


In mouse L-cells cultured in the presence of ami- 
nopterin, amethopterin or a 5-methylquinazoline 
antifciate CB 3703, we found a concentration-depen- 
dent accumulation of the drug applied. Of the anti- 
folates tested in this respect, aminopterin was accu- 
mulated most efficiently in L-cells (this paper), Lj2:0 
cells [44-46] and HeLa cells [47]. Amethopterin was 
accumulated less efficiently in all these three cell 
systems, whereas accumulation of the quinazoline 
antifolate was the least efficient, as was found for 
methasquin in Lj, cells [44] and 5-methylquinazo- 
line antifolate CB 3703 in L-cells (this paper). In 
contrast, the latter quinazoline antifolate accumu- 
lated with much higher efficiency than amethopterin 
in L249 cells [14]. Such a differentiation in accumu- 
lation efficiency seems to be related to the properties 
of the antifolate molecules themselves and probably 
also to those of their cellular carriers. 

Accumulation of antifolates in mouse L-cells and 
L219 cells was found to be a very effective process 
because the intracellular contents of aminopterin, 
amethopterin and the quinazoline antifolates, 


Thymidylate 
synthetase 
7 x 10~° (3) 


(3) 


Dihydrofolate 
reductase 
1.7 x 10-8 
1.3 x 1078 (3) 
6.8 x 107° (3) 
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Fig. 2. Concentration curves for activity of lactate (Chart A) and glucose-6-phosphate (Chart B) 
dehydrogenases in L-cells grown in the presence of folate analogues. After subculturing, the cells were 
grown in the standard medium for 24 hr, then the medium was either renewed in the control cultures 
or changed for one with aminopterin (A), amethopterin (@) or quinazoline antifolate CB 3703 (@) at 
the concentrations indicated. After washing off the medium, the cells were processed for enzyme assays. 
The activity of the enzymes was expressed as a percentage of the controls. The respective values for 
activity of the enzymes per mg protein and per hour, as determined 72 hr after subculturing were 
0.6 mmole for lactate dehydrogenase and 30 umoles for glucose-6-phosphate dehydrogenase. Each value 
is the mean of triplicate estimations in at least three experiments. 


CB 3703 or methasquin, easily exceeded that of 
dihydrofolate reductase (this paper, [44]). Even at 
the lowest external concentration of the antifolates 
at which they did not yet influence L-cell growth, 
the intracellular contents of any of them were at 
least twice as high as that of dihydrofolate reductase 
after 48 hr exposure. We suppose, therefore, that 
antifolates in their free forms are responsible for 
metabolic impairment in L-cells, as was found for 
amethopterin in different cell systems (e.g. Refs. 
45, 48-52). 

In a number of animal cells cultured in vitro, a 
rapid conversion of amethopterin into its polyglu- 
tamates has been demonstrated (e.g. Refs. 44, 53- 
59). The preliminary results from this laboratory also 
suggest the possibility of such a conversion of ameth- 
opterin into polyglutamates in L-cells. As far as we 


know, there is still no report of conversion of ami- 
nopterin or quinazoline antifolates into their poly- 
glutamate forms. However, the easy accumulation 
of both aminofolates and of the quinazoline anti- 
folate, as well as an obvious dependence of this 
accumulation on external concentrations of the 
drugs, suggests that such a conversion in L-cells is 
very likely. This is the more so, because in Lj2;9 cells 
[53] and in cells of a rat hepatoma line, the yield of 
amethopterin conversion into polyglutamates 
depends on external concentrations of the drug [57]. 
The easily observed but differentiated effects of 
amethopterin, aminopterin and the quinazoline 
antifolate present in the culture media on the activity 
of folate-related enzymes in L-cells which we now 
report are also consistent with our supposition of 
polyglutamate formation, since some polyglutamates 


Table 3. Intracellular content of lactate and pyruvate in L-cells cultured in the presence 
of antifolates* 





Antifolate 


umoles/10° cells + S.E. 


Lactate/ 





in the medium 
[M] 


Lactate 


Pyruvate pyruvate ratio 





None 
Aminopterin 


40.6 + 0.53 (8) 


3.5 + 0.25 (8) 11.6 


2.9 
15 


25x10 16.2 

ixw- 11.9 
Amethopterin 

13% 1 

1x 10° 
Quinazoline 
antifolate CB 3703 

2.5 x 10°” 

Be ie 


(3) 
(4) 


(3) 
(4) 


19.0 
15.9 


(3) 
(4) 


(3) 3. 
(4) 2. 


$.3 
8.9 


19.4 
14.0 


(3) 
(4) 


(3) a7 
(4) 1.6 





* The cells were grown in the standard medium for 24 hr, then for another 48 hr in 
medium with an antifolate at the concentrations indicated, before processing for estimation 
of the metabolite assayed. Each value represents the mean of results obtained in duplicate 
in at least three separate experiments. The number of experiments is given in parentheses. 





Antifolates in mouse cells 


Table 4. Lactate dehydrogenase activity and lactate content in the control and experimental media* 





Experimental media with 





Quinazoline antifolate 
CB 3703 


Control 
medium 


Enzyme activity and 


metabolite content Aminopterin Amethopterin 





Lactate dehydrogenase 
mean + S.E. 
(umoles of oxidized 
NADH. min “'.m!~') 
Lactate 
mean + S.E. 
(umoles/ml) 


0.60+0.10(5)  0.90+0.07(5) 0.30 + 0.12 (5) 1.00 + 0.06 (5) 


7.60 + 0.30 (6) 6.8 + 0.60 (6) 5.9 + 0.20 (6) 8.3 + 0.40 (6) 





* The cells were grown in standard medium for 24 hr, then for another 48 hr either in the standard 
medium (controls) or in medium with’an antifolate at 10°°M. Afterwards, the medium was decanted, 
centrifuged to remove floating dead cells or cell debris and processed for estimations of lactate dehydro- 
genase activity and lactate content. The activity of lactate dehydrogenase in the standard medium, which 
contained no lactate, was 1.5 + 0.2 umole of oxidized NADH.min~ ._ml~' medium. Each value represents 
the mean of the results obtained in duplicate in at least three separate experiments. The number of 


experiments is given in parentheses. 


of amethopterin appeared in fact to be as strong 
inhibitors of animal dihydrofolate reductase as is the 
drug itself [53, 57, 58, 60]. 

The metabolic effects of accumulation of ameth- 
opterin, aminopterin and the quinazoline antifolate 
which we looked for in this study by means of 
comparison were the fluctuations in intracellular 
content of pyruvate and lactate, as well as changes 
in activity of the folate-related enzymes and folate- 
unrelated dehydrogenases, whose activity in L-cells 
was affected to a substantial extent by amethopterin 


[3, 4, 6]. Therefore, this time we did not assay either 


5-10-methylenetetrahydrofolate dehydrogenase 
(1.5.1.5), whose activity was kept constant at the 
control level, or the activity of isocitrate dehydro- 
genase (1.1.4.42) which was only slightly lowered by 
amethopterin [4, 6]. 

Of the three antifolates tested aminopterin 
exhibited the most rapid and strong fall in dihydro- 
folate reductase activity; aminopterin was also most 
effective as a growth suppressor in L-cells. Aminop- 
terin also, more than amethopterin, diminished the 
activity of formyltetrahydrofolate synthetase, 
whereas the quinazoline antifolate apparently caused 
it to increase, probably because of stabilization of 
its enzymic protein. This quinazoline antifolate 
strongly depressed thymidylate synthetase activity, 
whereas both aminofolates caused its apparent 
increase, presumably also because of stabilization of 
enzymic proteins and prolongation of their life times, 
as was supposed earlier for amethopterin [6]. In 
R.P.M.I. cells a similar increase in the activity of 
thymidylate synthetase and dihydrofolate reductase 
(and thymidylate kinase, not estimated in this 
research) was reported after growth in the media 
with aminopterin, amethopterin or with a chlori- 
nated quinazoline antifolate [7]. 

The effect of aminopterin, amethopterin and the 
5-methyl quinazoline antifolate CB 3703 on other 
folate-related enzymes and glycolysis-linked dehy- 
drogenases in L-cells were nearly parallel, but dif- 
ferent for particular enzymes. The most remarkable 
was the great fall in the activity of lactate dehydro- 
genase. The activity of this dehydrogenase was 


especially strongly influenced by amethopterin, and 
this event was already seen in cells growing in the 
media with any of the drugs at concentrations still 
not growth-limiting. However, none of the antifol- 
ates tested had any effect on the activity of lactate 
dehydrogenase when assayed in vitro. Thus, the great 
fall in the activity of this dehydrogenase which we 
observed in L-cells and in Lj 19 cells (data for L219 
not included into this paper), was an indirect effect, 
whose mechanism remains to be investigated. We 
already found, however, that in L-cells exposed to 
any of the analogues, the intracellular ratio of lactate 
to pyruvate decreased. This was the result of a 
decrease in the lactate content and an increase in 
the pyruvate content. However, the actual intra- 
cellular pyruvate concentration, although it 
increased from 1 x 10°°M in cells from the control 
medium to 2.5 x 10°°M in cells from the media with 
antifolates, was still more than two orders of mag- 
nitude too low to be responsible for the fall in the 
lactate dehydrogenase activity, since the I); for 
pyruvate, when assayed in enzyme extracts, was as 
high as 5 x 10°*M. 

The intracellular contents of pyruvate and lactate 
depend not only on the rates of their formation and 
further metabolic transformation, but also on their 
efflux from cells into the surrounding medium [61]. 
The lactate efflux from animal cells is a rather com- 
mon phenomenon ([8, 9, 36], this paper). Moreover, 
in some cells it could be enhanced by amethopterin 
[8, 9], but that was not the case in L-cells. Since the 
lactate to pyruvate ratio is believed to reflect the 
cytosolic NAD* oxidation—reduction potential (e.g. 
Refs. 61-63), a decrease in this ratio in L-cells 
exposed to any of the antifolates tested indicates an 
increase in intracellular concentration of the oxidized 
nicotinamide adenine dinucleotide. This in turn sug- 
gests that even in L-cells still growing at their normal 
rate in the medium with aminopterin, amethopterin 
or the 5-methyl quinazoline antifolate CB 3703, these 
antifolates impaired glycolysis. In conclusion, we 
propose that the ratio of lactate to pyruvate be 
considered a kind of simple measure of non-target 
effects of antifolates in mammalian cells. 
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Abstract—The possibility that the effects of inhibitors of sterol biosynthesis in brain are concentration 
dependent was examined. The drugs 3f-(2-diethylaminoethoxy) androst-5-en-17-one-HCl (U18666A) 
and trans-1,4-bis (2-chlorobenzylaminomethyl) cyclohexane-2HCI (A Y-9944) were evaluated, because 
both substances markedly affect brain sterol metabolism and have been reported to alter the structure 
and/or function of developing brain. Incorporation of [2-'*C]-pL-mevalonate by cell-free homogenates 
of rat brain into squalene and individual sterol fractions was measured in the absence and presence of 
a wide range of inhibitor concentrations. The qualitative and quantitative effects of U18666A and, to 
a lesser extent of AY-9944 on the formation of radiolabeled brain sterols were highly dependent on 
inhibitor concentration. The results indicate that there are two categories of metabolic steps in the 
pathways for sterol synthesis that were sensitive to inhibition by U18666A and AY-9944. The first 
category comprises steps that are located before lanosterol formation and were suppressed only by 
relatively high concentrations of inhibitors. At these higher inhibitor concentrations essentially all sterol 
synthesis was eliminated and drug effects at sites after lanosterol were therefore obscured. U18666A 
was over 6000 times more active than A Y-9944 in inhibiting at category one sites. The second category 
of steps comprises those that are located late in cholesterol biosynthesis and were very sensitive to 


inhibition. Inhibitor effects at these late steps appeared to be drug-specific. 


The drugs U18666A [3f-(2-diethylaminoethoxy) 


androst-5-en-17-one-HCl] and AY-9944  [trans- 
1,4-bis (2-chlorobenzylaminomethyl) cyclo- 
hexane-2HC]] have recently been shown to produce 
pronounced effects upon the structure and/or func- 
tion of developing brain and upon biosynthesis of 
sterols. Treatment of neonatal rats with U18666A 
results in development of chronic epileptiform 
activity [1] and treatment of rats with AY-9944 leads 
to grossly abnormal myelin structure [2]. Both drugs 
have been shown to decrease cholesterol formation 
by inhibiting enzymes that act late in cholesterol 
biosynthesis. U18666A. and AY-9944, respectively, 
inhibit the reduction of desmosterol [3] and 7-dehy- 
drocholesterol [4-7] to cholesterol and can calise 
tissue accumulation of these sterol intermediates. 
In addition to altering brain chemistry, structure 
and function, U18666A and AY-9944 have recently 
been reported to induce permanent cataracts in rats 
[8,9]. Prior to the onset of lens opacities in rats 
treated with U18666A, the cholesterol concentra- 
tions of the lenses were observed to be greatly 
decreased, but desmosterol levels were, surprisingly, 
not increased [8]. Desmosterol did not appear in the 
opaque lens until long after onset of the cataracts. 
These observations suggested the possibility that the 
effects of U18666A upon sterol synthesis might be 
variable. Perhaps the net effect of inhibitors on sterol 
synthesis is dependent on the tissue concentration 
of the inhibitor. The present investigation examined 
this possibility; the results show that the effects of 
U18666A and AY-9944 upon synthesis in vitro of 
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sterols in rat brain can be dependent upon the 
inhibitor concentration. 


MATERIALS AND METHODS 


Animals and preparation of brain homogenates. 
Male Sprague-Dawley rats, 22-24 days of age (Hill- 
top Lab Animals Inc., Scottdale, PA) were decap- 
itated. The brains were quickly removed and washed 
in ice-cold saline. Brains from four to five rats were 
pooled, blotted dry, minced, and hand-homogenized 
in 2vol. of 67mM sodium potassium phosphate 
buffer (pH 7.4) as described by Kelley et al. [10]. 
Three pools of homogenized brains were prepared 
in each experiment. Homogenates were centrifuged 
at 1500 g for 20 min at 5°. The supernatant fraction 
from each homogenate was removed and saved for 
incubations in vitro. The protein concentrations in 
the supernatant fractions were determined [11] and 
they ranged between 12 and 14 mg/ml. 

Incubations in vitro. All incubations were con- 
ducted in 25-ml Erlenmeyer flasks. Each flask con- 
tained 1.0ml of a given supernatant pool, 2.0 ml 
of a buffered cofactor solution [12], 0.10 ml of 
water containing 2.2 wCi of [2-'*C]-pL-mevalonate 
(40.8 mCi/mmole as the dibenzylethylene diamine 
salt, DBED; New England Corp., Boston, MA), 
and 0.10 ml of a propylene glycol—-water solution 
(1:1, v/v) containing U18666A or A Y-9944 at thirty- 
two times the final desired concentration. Final con- 
centrations of U18666A ranged between 10~* M and 
10°°M; AY-9944 ranged between 10°°M and 
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10°7M. Control incubations received the aqueous 
propylene glycol solution without drugs. Incubations 
were conducted in triplicate at 37° for Shr in a 
metabolic shaker. Each of the three cell-free hom- 
ogenate pools prepared was tested with each drug 
concentration examined. 

Recovery and separation of “C labeled lipids. 
Incubations were terminated by adding reaction 
mixtures to 20 vol. of chloroform—methanol (2:1, 
v/v). Total lipids were recovered and washed accord- 
ing to Folch et al. [13]. Digitonide precipitable sterols 
were prepared from 10% aliquots of the total lipid 
extracted [14]. These precipitates were solubilized 
in methanol, and the “C-content was measured by 
standard scintillation counting techniques. Counting 
efficiencies were determined by addition of 
['*C]toluene as an internal standard. 

The remaining total lipids were dissolved in 
chloroform and fractionated by thin-layer chroma- 
tography (t.l.c.) on silica gel G plates (20 x 20 cm) 
using a solvent of n-hexane-diethyl ether—glacial 
acetic acid (73:25:2, by vol.). Two samples were 
applied to each plate along with standards. Unla- 
beled carrier desmosterol (200 ug) (Sigma Chemical 
Co., St. Louis, MO), 7-dehydrocholesterol (200 ug) 
(Aldrich Chemical Co., Milwaukee, WI) and lan- 
osterol (100 ug) (Serdary Research Laboratory, Lon- 
don, Ontario) were added before chromatography. 
Plate zones corresponding to free sterols (Rf = 0.17), 
lanosterol (Rf = 0.24) and sterol esters, squalene 
included, (Rf = 0.70) were separately recovered, and 
the lipids were extracted into anhydrous diethyl 
ether. Extraction of '“C-lipids from the various silica 
gel zones was over 98 per cent complete. One-half 
of the recovered lipids from each of these three 
fractions was rechromatographed as described by 
Ramsey and Fredericks [12] on silica gel G containing 
7% AgNO, using a solvent of chloroform—acetone 
(95:5, v/v). Unlabeled carrier cholesterol oleate 
(400 ug) (K & K Laboratories, Plainview, NY) and 
squalene (400 ug) (Sigma Chemical Co.), along with 
additional unlabeled cholesterol (200 ug) (Sigma 
Chemical Co.), desmosterol (400 ug), 7-dehydro- 
cholesterol (400 ug) and lanosterol (400 ug), were 
added to the respective samples prior to the second 
chromatography. Rechromatography of the sterol 
ester-squalene fraction and the lanosterol fraction 
was done at room temperature; separation of the 
free sterols, however, was conducted at 5° (this 
improved the separation of desmosterol from cho- 
lesterol). The various lipids separated with Rf values 
similar to those reported by Ramsey and Fredericks 
[12]. The plate zones corresponding to cholesterol, 
desmosterol, 7-dehydrocholesterol, lanosterol, 
squalene, and sterol esters were individually 
recovered, and the lipids extracted into anhydrous 
diethyl ether. Extraction of “C-labeled lipids from 
the silver nitrate bearing silica gel zones was 97-99 
per cent complete. About 80 per cent of the radio- 
label recovered from the total sterol fraction of the 
first chromatography was accounted for in the cho- 
lesterol, desmosterol and 7-dehydrocholesterol frac- 
tions that were separately recovered from the silver 
nitrate-thin-layer chromatogram. 

The “C-content of the various fractions was meas- 
ured by liquid scintillation counting. Incorporation 
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of ['*C]mevalonate into the individual lipid fractions 
was expressed as dpm  10~7/mg protein. The values 
for the triplicate incubations were averaged and the 
variation was expressed as the mean + the standard 
error. 

We have assumed that a C-labeled sterol that co- 
migrated on t.l.c. with a given added carrier was 
identical to the carrier. Using radioactivity-moni- 
tored gas-liquid chromatography, Ramsey and Fred- 
ericks [12] characterized the ‘C-labeled sterols 
(formed from incubation of homogenates of rat brain 
with ['*C]mevalonate in the absence of inhibitors) 
that were separately recovered from the lanosterol, 
cholesterol, desmosterol and 7-dehydrocholesterol 
zones of the silver nitrate-t.l.c. system. The C in 
the lanosterol region was found to be about 80% 
['*C] lanosterol and the remainder radiolabeled 4a- 
methyl-5f-cholesta-8,24-dien-3f-ol. The cholesterol 
zone contained about 90% ['*C] cholesterol and 10% 
['*C]-Sa-cholesta-8,24-dien-3B-ol. The desmosterol 
and 7-dehydrocholesterol regions were found to con- 
tain only radiclabeled desmosterol and 7-dehydro- 
cholesterol respectively. 


RESULTS 


Concentration-dependent effects of U18666A on 
formation of brain sterols. In the presence of more 
than 10~’ M U18666A, there was little incorporation 
of ['*C]mevalonate into lanosterol or digitonide-pre- 
cipitable sterols (Fig. 1 and Table 1), yet incorpor- 
ation into squalene was greater than in the control 
homogenates (Table 1). This suggested a block in 
the conversion of squalene to lanosterol. The 
increased incorporation into squalene, however, 
poorly compensated for the greatly decreased incor- 
poration of “C into lanosterol plus other sterols 
(Table 1). This would indicate that most of the 
inhibition of total sterol synthesis at high levels of 
U18666A occurred prior to squalene. In the presence 
of 10-°M U18666A there was little or no significant 
decrease in the incorporation of ['*C]mevalonate into 
squalene, lanosterol, or into total digitonide-precip- 
itable sterols, although incorporation into choles- 
terol was still depressed (Fig. 1 and Table 1), The 
decreased incorporation into cholesterol was bal- 
anced by an increased incorporation into desmos- 
terol. The patterns of sterol biosynthesis seen in the 
presence of 10°’ and 10°*M U18666A refiect inhi- 
bitions both at sites prior to lanosterol and in the 
conversion of desmosterol to cholesterol. Incorpor- 
ation of ['*C]mevalonate into total digitonide-pre- 
cipitabie sterols was decreased at both of these con- 
centrations, although only slightly at 10°°M (Fig. 
1). 

Concentration-dependend effects of AY-9944 upon 
brain sterol formation. At concentrations of AY-9944 
above 5 x 10°*M there was virtually a complete 
block in the incorporation of ['*C]mevalonate into 
squalene, lanosterol, and digitonide-precipitable 
sterols (Fig. 1 and Table 2). Thus, absence of incor- 
poration into cholesterol at these higher concentra- 
tions is apparently explained by inhibition at metab- 
olic steps prior to the tormation ot squalene. The 
ability of AY-9944 to inhibit formation of total dig- 
itonide-precipitable sterols was quickly lost once the 
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Fig. 1. Concentration-dependent effects of U18666A and 
A Y-9944 upon incorporation of [2-'*C]-pL-mevalonate into 
digitonide-precipitable sterols by brain. Cell-free hom- 
ogenates of brains from young rats (22 to 24-days-old) were 
incubated for 5 hr at 37° with [2-'"C]mevalonate (2.2 uCi 
as the DBED salt; sp. act. = 40.8mCi/mmole) in the 
absence or presence of various concentrations of U18666A 
or AY-9944. Total lipids were subsequently extracted into 
chloroform—methanol (2:1, v/v) and the digitonide-precip- 
itable sterols were isolated from aliquots of the extract. 
Each value is the mean + S.E. (bars) of three or more 
incubated homogenates of pooled brains (four to five whole 
brains per pool) except for 10~™*M and 5 x 10°*M AY- 
9944, where two pools were used. Fifty per cent inhibition 
of incorporation into digitonide-precipitable sterols was 
produced by approximately 3.2 x 10°°M U18666A and 
2.1 x 10°*M AY-9944. Control homogenates incorporated 
an average of approximately 39,000 dpm/mg protein into 
total digitonide-precipitable sterols. 


drug concentration was lowered to 10~* M (Fig. 1). 
Decreased incorporation of ['*C]mevalonate into 
cholesterol, however, was still apparent at 10-*M to 
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10-’M AY-9944. The decreased incorporation into 
cholesterol at these inhibitor concentrations was cou- 
pled with an increased incorporation into 7-dehy- 
drocholesterol, such that the sum of radioactivity 
incorporated into cholesterol plus 7-dehydrocholes- 
terol in treated homogenates was similar to that in 
control homogenates. 


DISCUSSION 


The results of the present study indicate that there 
are two categories of metabolic steps in sterol syn- 
thesis that are sensitive to inhibition by U18666A 
and AY-9944. The first category comprises steps that 
are located prior to formation of lanosterol and are 
inhibited only by relatively high concentrations of 
drugs. The second category comprises steps that are 
located late in cholesterol biosynthesis and are very 
sensitive to inhibition. When inhibitor levels were 
high, inhibition of the steps in category one resulted 
in a virtually complete block of the formation of all 
sterols and, as a result, drug effects late in the path- 
way were, of course, not observed. As inhibitor 
levels were decreased, these early steps were no 
longer inhibited and, thus, drug effects further down 
the pathway could be detected. Inhibition at these 
later steps resulted in a selective decrease in the 
formation of cholesterol. The concept that the effects 
of sterol inhibitors can be dependent upon the con- 
centration of these drugs is also supported by recent 
findings of Field et al. [15]. Using yeast cultures, 
they demonstrated that 3f-(6-dimethylaminoe- 
thoxy)-androst-5-en-17-one at 10°*M caused the 
appearance of 2,3,22,23-dioxosqualene but ergosta- 
5,7,22,24 (28)-tetraen-3B-ol accumulated at 3 x 
10~° M. They concluded that the A24 (28) reductase 
was more sensitive to inhibition by this drug than 
the 2,3-oxidosqualene cyclase. 
Several different category one steps may exist for 
a given inhibitor. For example, U18666A apparently 
blocked incorporation of ['*C]mevalonate into lan- 
osterol by decreasing both conversion of squalene 


Table 1. Concentration-dependent effects of U18666A on incorporation of [2-'C]-pL-mevalonate into squalene and 
sterols by brain 
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* Cell-free homogenates of brain were incubated as described in the legend to Fig. 1. Total lipids were recovered and 
fractionated by two separate thin-layer chromatographies; the second chromatography used silica gel G prepared with 
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+ Each value is the mean + S.E.M. of incorporation by three homogenates of pooled brains (four to five whole brains 


per pool) incubated for 5 hr at 37°. 
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Table 2. Concentration-dependent effects of AY-9944 upon incorporation of [2-'*C]pL-mevalonate into squalene and 
sterols by brain 
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* Cell-free homogenates of brain were incubated as described in the legend to Fig. 1. Total lipids were recovered and 
fractionated by two separate and consecutive thin-layer chromatographies; the second employed silica gel G prepared 


with 7% AgNO3. 


+ Each value is the mean + S.E. of incorporation by three homogenates of pooled brains (four to five whole brains 


per pool) incubated for 5 hr at 37°. 


to lanosterol and formation of squalene. Decreased 
conversion of mevalonate to squalene could have 
~ been the main effect of U18666A at the higher con- 
centrations. AY-9944 at high levels totally blocked 
sterol synthesis apparently by inhibiting at steps prior 
to formation of squalene. Great differences were 
seen between the quantitative abilities of U18666A 
and AY-9944 to inhibit category one steps. Based 
upon inhibition of ['*C]mevalonate incorporation 
into total digitonide-precipitable sterols, U18666A 
was over 6000 times more potent an inhibitor than 
AY-9944. 

The category two steps at which U18666A and 
AY-9944 inhibit are different. U18666A inhibited 
reduction of desmosterol and A Y-9944 inhibited the 


reduction of 7-dehydrocholesterol. The ability of 


these drugs to inhibit these particular reductions has 
long been recognized [3-7]. However, as with inhi- 
bition at category one sites, there appear to be clear 
differences in the quantitative abilities of U18666A 
and AY-9944 to inhibit at category two steps. 
U18666A is perhaps at least 100 times more potent 
than AY-9944, since 10°? M U18666A and 10°’M 
AY-9944 produced similar percentage reductions in 
'C-incorporation into cholesterol. 

The importance of inhibition of steps in category 
one compared with steps in category two in explain- 
ing the mechanism of action of sterol inhibitors in 
a given tissue obviously could depend upon the local 
concentration of the drug. Unfortunately, informa- 
tion is not available on tissue levels of AY-9944 or 
U18666A. Why certain metabolic steps in cholesterol 
biosynthesis appear especially sensitive to inhibition 
by these agents is unknown. Perhaps it reflects dif- 
ferences in the K; values between the drugs and given 
enzymes or differences in the accessibility of the 
drugs to various enzymes. For example, in choles- 
terol biosynthesis, the metablic steps between mev- 
alonic acid and farnesyl pyrophosphate are catalyzed 
by soluble enzymes, whereas those that follow occur 
in the microsomes [16]. Presumably drugs added to 
incubations in vitro would be more accessible to 
soluble enzymes, yet evidence for inhibition of the 
soluble enzymes was obtained only at the higher 
drug concentrations. Since both U18666A and AY- 


9944 are lipid soluble compounds, it is also conceiv- 
able that they are concentrated in the lipid matrix 
of microsomal membranes and thus the enzymes 
located there, that act late in cholesterol synthesis, 
could be more sensitive to inhibition. 
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Abstract—The effects of histamine, pentagastrin (PG), urecholine (UC) amd dibutyryl cyclic AMP 
(cAMP) on the chambered fundic mucosa from Rana catesbeiana were studied to determine the H* and 
K* transport characteristics of the in vitro preparation. The three secretagogues (histamine, PG and 
UC) elicited very similar responses—a sustained steady-state secretion of H” within 15-30 min and a 
transitory efflux of K* that returned to control level within 60 min. Inhibition of H* transport of the 
secretagogue-stimulated mucosa by 2.5 x 10~* M p-chloromercuribenzene sulfonic acid (pCMBS) caused 
an increased efflux of K*. Replacement of pCMBS by B-mercaptoethanol (2 x 10~* M) rapidly restored 
the H* transport, with a concomitant decrease of K* efflux, to the pre-stimulated control level. The 
effects of cAMP were qualitatively similar to those of other secretagogues except that there was a 
delayed peak response for both H* and K*. Our data are compatible with a K* conductive pathway 
and a membrane-recycyling mechanism for K* in exchange for H* at the secretory membrane of the 
gastric cells. Thiocyanate inhibited H* transport, and the effect appeared to be due to inhibition of the 


transport and coupling of K* to the K*/H* exchange mechanism. 


Potassium ions are known to play a prime role in 
gastric hydrochloric acid secretion. The absolute 
dependence of H* transport on K* has been dem- 
onstrated recently [1-3] in isolated bullfrog gastric 
mucosa, where elimination of K* from the nutrient 
solution reversibly abolished the H* transport. K* 
is a normal component of gastric juice, and the 
concentration of K* varies with the pH and the 
volume of gastric juice [4, 5]. Experiments with his- 
tamine-stimulated denervated canine fundic pouch 
have shown that a good correlation exists between 
H* and K* output, suggesting that gastric H* and 
K* secretion are coupled [6]; but the precise rela- 
tionship existing between H* and K* transport in 
gastric mucosa is not known. 

We recently reported [7] that resting bullfrog gas- 
tric mucosa secretes K* at a steady rate; histamine 
causes sustained increase in H* transport and a tran- 
sient increase in K* efflux, that promptly returns to 
the resting level within 60 min. Our data led us to 
suggest [7] the presence of a mechanism for recycling 
of luminal K* back into the cell, possibly mediated 
by the K*-ATPase system at the apical membrane 
of the parietal cells. 

The purpose of the present investigation has been 
to study the relation between the H* and the K* 
transport characteristics of bullfrog gastric mucosa 
in response to a variety of secretagogues, exploring 
further the K*-recycling mechanism proposed pre- 
viously [7]. We report that the well-known gastric 
secretagogues histamine, pentagastrin, and urecho- 
line elicit strikingly similar patterns of H* and K* 
transport by bullfrog gastric mucosa. The effects of 
dibutyryl cAMP, which are somewhat similar to 
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those of other secretagogues on the transport par- 
ameters of H* and K* are discussed. The modes of 
action of p-chloromercuribenzene sulfonic acid 
(pCMBS) and thiocyanate on gastric H* and K* 
transport are discussed in terms of the mechanism 
of gastric acid secretion. 


MATERIALS AND METHODS 


Experiments were done with in vitro preparations 
of gastric mucosa of Rana catesbeiana, isolated as 
described previously [7]. The fundic mucosa was 
carefully separated from the submucosa and 
mounted over one end ofa plastic tube (13 x 100 mm) 
with the mucosal surface facing out. The area of 
each mounted mucosa was 1.5cm?. The mounted 
tissue was placed vertically inside a 25-ml container. 
The compositions of the bathing solutions [2] were 
as follows. The nutrient solution contained (mM): 
Na*, 102; K*, 4; Ca**, 1; Mg’*, 0.8; Cl”, 82.6; 
HCO3, 25; PO? , 1; and glucose, 11; the luminal 
side was bathed in an unbuffered 104mM NaCl 
solution. The volumes of nutrient and mucosal sol- 
utions were 2.5 and 12.5 ml, respectively. Both sol- 
utions were bubbled with 95% O,-5% CO,. The 
mucosal solution was stirred continuously with a 
magnetic stirrer. Secretagogues were added to the 
nutrient solutions so the final concentrations were 
1 x 10°*M histamine, 1 x 10~° M pentagastrin, and 
1 x 10°*M urecholine; dibutyryl cyclic AMP was 
added to a final concentration of 1 x 10°*M. For 
the dibutyryl cAMP experiment the mucosa was 
incubated overnight according to the method of Kas- 
bekar [8] to bring it to resting (zero H* secretion) 
level. The mucosal solution was collected at 15-min 
intervals and placed in thoroughly washed plastic 
vials. The K* content of the secretory medium was 
determined with either a flame photometer (Brink- 
man) or an atomic absorption spectrophotometer 
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(360 Perkin Elmer). The H* secretion was quanti- 
fied by titration with 1 mM NaOH to pH 6.5 while 
gassing with 100% N, using an automatic buret and 
PH stat (Radiometer). 

Student’s unpaired f-test was used to compare 
secretory data with initial steady-state values, and 
the differences were regarded as statistically sig- 
nificant when P < 0.05. The variability of the samples 
is expressed as the mean + S.E. 


RESULTS AND DISCUSSION 


We previously reported [7] that in bullfrog gastric 
mucosa, using histamine as a secretagogue, there is 
a pathway for the transport of K* from an intra- 
cellular compartment into the lumen and a mech- 
anism for recycling of K* from the luminal environ- 
ment back into the cell in exchange for H*. The 
present data with three secretagogues (histamine, 
pentagastrin and urecholine) confirm and extend our 
previous observations [7], demonstrating the gen- 
erality of the phenomenon. Gastric K*-stimulated 
ATPase, located at the apical and tubulovesicular 
membranes, is widely believed to be the vehicle for 
transport of H* by the parietal cells [9] and has been 
implicated in the recycling of K* in intact mucosa 
[7] as well as in isolated gastric microsomal vesicles 
[10, 11]. 

The data in Figs. 1-3 showing the patterns of H* 
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Fig. 1. Effects of histamine (10~* M) on the transport of 
H’ and K* by bullfrog gastric mucosa in vitro. The spon- 
taneously secreting mucosa was washed thoroughly with 
several changes of regular frog Ringer solution and 
mounted in a chamber. The mucosal solution was collected 
every 15 min and assayed for H* and K*. The standard 
errors for K* are shown in the middle of each of the 15- 
min periods, whereas those for H* are shown at the end 
of each 15-min period. The concentrations of pCMBS and 
BME were 2.5 x 10~* and2 x 107° M, respectively. Details 
are given in Materials and Methods. N = 6. An asterisk 
(*) indicates a statistically significant difference from the 
‘prior steady-state value (P < 0.05). 
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Fig. 2. Effects of pentagastrin (10~°M) on the transport 
of H* and K* by the spontaneously secreting bullfrog gastric 
mucosa in vitro. Experimental conditions were identical to 
those given in the legend of Fig. 1. Note that the reduced 
transport of H* and the enhanced transport of K* caused 
by 2.5 x 10°*M pCMBS were completely reversed by the 
substitution of pCMBS with 2 x 10°°>M BME in the 
mucosal solution. N = 8. An asterisk (*) indicates a stat- 
istically significant difference from the prior steady-state 
value (P < 0.05). 


and K* transport in response to the three secret- 
agogues under various conditions are strikingly sim- 
ilar. The secretagogue-induced stimulation of K* 
transport appears much earlier than at 15 min, the 
earliest time reported in this paper (Figs. 1-3). For 
example, histamine enhanced K* tranport as early 
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Fig. 3. Effects of urecholine (10~* M) on the transport of 
H' and K* by the spontaneously secreting bullfrog gastric 
mucosa in vitro. The conditions of the experiments were 
the same as described in the legends of Figs. 1 and 2. N = 
5. An asterisk (*) indicates a statistically significant dif- 
ference from the prior steady state value (P < 0.05). 
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as 2 min, at which time H”* secretion was still at the 
basal level (unpublished data). The rapidity of the 
effects of pCMBS on H* and K* transport and its 
ready reversibility by B-mercaptoethanol (BME) 
suggest that this sulfhydryl agent acts at or near the 
membrance surface [12]. Since pCMBS has been 
shown [7] not to affect K* transport in the resting 
(zero acid secretion) mucosa, the effects of pCMBS 
appear to be specifically on the H* transport mech- 
anism at the apical membranes of the oxyntic cells. 
The decrease in K* efflux following the transient 
increase after stimulation by the secretagogues (Figs. 
1-3) and the similar decrease after replacement of 
pCMBS by BME (Figs. 1-3) are very likely due to 
recycling of the luminal K* back into the cells. The 
increase in the transport of K* after inhibition of H* 
secretion by pCMBS is consistent with such a recy- 
cling mechanism (Figs. 1-3). Two alternative expla- 
nations for the K* transients—they are a simple 
washout phenomenon, or they result from a secret- 
agogue-induced transient change in the mucosal 
permeability to K*’—were previously excluded by 
appropriate control experiments [7]. 

Our data demonstrate that secretagogues with 
widely differing physicochemical natures elicit sim- 
ilar H* and K* transport responses, suggesting a 
common intracellular mediator for these two sep- 
arate transport events. Cyclic AMP has been strongly 
suggested to be the intracellular mediatior for H* 
transport by the bullfrog gastric mucosa [13, 14]. In 
the present study, dibutyryl cyclic AMP (Fig. 4) 
exhibited a response, with respect to H* and K* 
transport, qualitatively similar to that of other secret- 
agogues (Figs. 1-3). There was a delayed peak 
response for both H* and K* however, and the effect 
of dibutyryl cAMP on K* transport occurred much 
earlier than its effect on H*. The delayed response 
to H* was not due to overnight preparation of the 
mucosae since such tissues showed peak response to 
H* transport within 30 min after histamine stimu- 
lation (unpublished data), as demonstrated by Kas- 
bekar [8]. The effect of cAMP on K* transport was 
observed within 15min (Fig. 4), suggesting that 
permeability to dibutyryl! cAMP was not the limiting 
factor in the delayed response of H*. A lag in H* 
is to be expected if the rate of intracellular conversion 
of dibutyryl cAMP into physiologically active forms, 
such as monobutyryl and unsubstituted cAMP, is 
very slow. The stimulation of K* transport by cAMP 
prior to the onset of H* (Fig. 4) is in accord with a 
K*-recycling mechanism. According to such a 
scheme, the transport of H* by gastric mucosa would 
be dependent on the availability of K* at the K*- 
recycling site for exchange with H”. 

Resting mucosa, maintained in a K*-free medium, 
can be made to secrete acid by introducing K* into 
the secretory solution (Fig. 5). This observation is 
consistent with other reports [1-3] and suggests that, 
even though the permeability of the mucosal mem- 
brane to K* is considerably lower than that of the 
nutrient membrane [2], the amount of K*, at or near 
the apical membrane that is necessary for H* trans- 
port can be procured solely from the mucosal side. 
While maintaining mucosal K* (10 mM), addition 
of SCN™ to the same medium inhibited the H* trans- 
port which was completely reversed by increasing 
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Fig. 4. Effects of dibutyryl cyclic AMP (10~*M) on the 
transport of H* and K* by resting bullfrog gastric mucosa 
in vitro. The mucosae were brought to the zero acid secret- 
ing state by overnight incubation following the method of 
Kasbekar [8]. No change in H* transport was observed by 
stimulation of the mucosa with 10~* M histamine following 
DB-cAMP stimulation. N = 6. An asterisk (*) indicates a 
statistically significant difference from the prior steady-state 
value (P < 0.05). 


the mucosal K* (Fig. 5). Thus, the data in Fig. 5 
demonstrate a competitive antagonism between K* 
and SCN~ in the reaction sequence leading to H* 
transport. The data suggest some kind of coupling 
of K* to the H* transport mechanism at the apical 
membrane [9] and SCN” appears to interfere with 
that control mechanism. Evidently detailed study is 
needed to understand the precise mechanisms by 
which SCN~ exerts its inhibitory effect on the K*/H* 
exchange system. 

The proposed K*/H* exchange mechanism is con- 
sistent with the recent findings of Kivilaakso et al. 
[15] who demonstrated, using chambered bullfrog 
gastric mucosa, that the inhibition of H* transport 
induced by an opposing electric current can be com- 
pletely reversed by high concentrations of K* in the 
secretory solution of the gastric mucosa. The present 
data, however, do not provide us with any infor- 
mation regarding the stoichiometry of the K*/H* 
exchange system and the electrical characteristics 
[16] of the secretory membrane, known to be associ- 
ated with gastric ion transport. It should be pointed 
out that, in a recent report, Sachs et al. [17] dem- 
onstrated a neutral exchange of H* and K* mediated 
by the gastric K*-stimulated ATPase in the isolated 
gastric microsomal vesicles. 

It is evident that the details on the K*/H* mech- 
anism in intact gastric mucosa need to be worked 
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Fig. 5. Effects of 10 mM SCN™ and various concentrations of K* in the mucosal solution (M) on H* 

transport by the chambered bullfrog gastric mucosa bathed in a K*-free (O, K*) nutrient solution (N). 

The O,K* nutrient medium was regular frog Ringer without any K*. Details are given in Materials and 
Methods. Data are from a representative experiment from three separate studies. 


out. Future exploration of the precise mechanisms 
involved in the coupling of K* to the K*/H* exchange 
system and its relation to the Cl” transport mech- 
anism may eventually enable us to understand the 
basic mechanisms underlying the electrongenicity of 
the apical membrane. 
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Abstract—The sex differences in the hepatic metabolism of imipramine and lidocaine were studied in 
relation to the effect of gonadectomy and hypophysectomy on these differences. It was found that 
gonadectomy in male animals led to a more feminine pattern of metabolism. Hypophysectomy mimicked 
this effect except in the case of lidocaine N-deethylation which was unaffected by hypophysectomy. 
Castration/hypophysectomy gave a similar result to hypophysectomy alone. These data indicate a 
gonadal control of metabolism in the male, except for lidocaine N-deethylase, which is under more 
complex control via the pituitary gland. In the female, ovariectomy was without effect while hypophy- 
sectomy caused a masculinization of hepatic metabolism, indicating a dominant role of the pituitary in 
the control of drug metabolism in the female. This agrees well with reports of hepatic steroid metabolism 
and lends further support to the hypothesis of a pituitary ‘feminizing factor’ secreted by the female. The 


nature of the ‘feminizing factor’ is, as yet, unknown. 


Sex differences exist in the metabolism of many 
substrates by the hepatic microsomal monooxygen- 
ase system in the rat [1-6]. The differences have 


been attributed entirely to the presence of androgen 
in the male [3-7]. Studies on the metabolism of 
steroids in rat liver, both from this laboratory and 
others [8-14], have shown a control of liver micro- 
somal metabolism by the testes in the male and the 
pituitary gland in the female. Evidence has also been 
presented that indicates a mediating role of the 
pituitary gland in the gonadal control in the male 
[13]. The existence of a novel pituitary hormone, 
‘feminizing factor’, has been postulated to account 
for the effects of hypophysectomy on steroid metab- 
olism in the female rat [13, 15, 16]. 

Pituitary hormones are known to attect drug 
metabolism. Wilson [17-19] showed a change in the 
developmental pattern of drug metabolism following 
transplantation of a pituitary tumour and subse- 
quently showed that the effect was due to growth 
hormone, and Burke et al. [20] indicated that hypo- 
physectomy could modify the induction of drug 
metabolism by 3-methylcholanthrene. 

The drugs chosen for this study, lidocaine (a local 
anaesthetic and antiarrhythmic) and imipramine (an 
antidepressant) have a wide range of metabolites 
which are easily separated, are cheap and are readily 
available in radio-labelled form. They thus make 
good substrates in an investigation of drug metab- 
olism. The clinical relevance of drug metabolism is 
also more apparent when using commonly used 
drugs. 

This project was designed to investigate the appl- 
icability of the steroid metabolism model discussed 
above to drug metabolism and, in particular, to 
answer the following questions: 


(1) Does the pituitary control drug metabolism? 
(2) Is the known effect of androgens on drug 
metabolism mediated via the pituitary gland? 


METHODS 


Animals of the Sprague-Dawley strain, seven 
weeks of age at the start of the treatment, were used 
throughout the study. The following groups of ani- 
mals were used: in experiment 1, control males, 
castrated males, hypophysectomized males and cas- 
trated/hypophysectomized males and in experiment 
2, control females, ovarectomized females and 
hypophysectomized females. The operations were 
carried out under ether anaesthesia and control 
animals were sham-operated under the same con- 
ditions. The animals were maintained, five to a cage, 
in a light- and temperature-controlled room (lights 
on 6:00 a.m.—8:00 p.m.; 23 + 1°) and allowed free 
access to standard laboratory diet and water or 
saline/glucose (0.9% sodium chloride, 10% glucose) 
solution, in the case of the hypophysectomized 
animals. The animals were kept for 14 days following 
the operation before incubation. This time period 
has previously been found to be adequate for the 
complete effect of the operations to be seen [21, 22]. 

On the morning of the incubation, the animals 
were taken from the animal house and immediately 
killed by a blow on the head followed by exsan- 
guination. The liver was quickly excised and rinsed 
in 20 ml ice-cold Bucher medium [23]. The animals 
were examined visually for success of the operation 
and suspect animals rejected. The liver was finely 
chopped and homogenized in 4 vol. Bucher medium 
using a Potter—Elvehjem homogenizer fitted with a 
teflon pestle. The homogenate was separated into 
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its component fractions by differential centrifugation 
as previously described [24,25]. The microsomal 
pellet was resuspended in Bucher medium and kept 
on ice until needed for the incubation. 

One millilitre of microsomal suspension (contain- 
ing 5-8mg of protein) was incubated with 
[“C]imipramine hydrochloride (Radiochemical 
Centre, Amersham, U.K.) (2 x 10° d.p.m. contain- 
ing 2umoles of imipramine) or  [carbonyl- 
'4C}lidocaine hydrochloride (New England Nuclear, 
Winchester, U.K.) (2 x 10° d.p.m. containing 0.45 
umoles of lidocaine) in the presence of an NADPH- 
regenerating system [24] in a final volume of 3 ml. 
The incubation was allowed to proceed for 60 min 
at 37° and the reaction was terminated by the addition 
of 200 ul of 10 N sodium hydroxide solution followed 
by Sml of extraction solvent (dichloroethane for 
imipramine and chloroform for lidocaine). The mix- 
ture was agitated for 10 min on a rotary shaker and 
the two phases separated by centrifugation for 10 min 
at 1500 r.p.m. in an MSE Mistral 4L refrigerated 
centrifuge. The lower, organic layer was removed 
and the procedure repeated three times. The solvent 
was removed by rotary evaporation under reduced 
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Fig. 1. Autoradiograph of the metabolites of ['*C] imipra- 

mine following separation on a t.l.c. plate as described in 

Methods. IDB = iminodibenzyl, IMP = imipramine, 2- 

OH = 2-hydroxyimipramine, | DDMI = didesmethylimi- 

pramine, DMI = desmethylimipramine, IPNO = imipra- 
mine N-oxide, ST = start band. 
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pressure using a Biichi ROTAVAPOR-R and the 
residue redissolvec in a small quantity (< 200 ul) of 
chloroform. The :esultant solution was applied to 
a Merck thin-layer chromatography (t.!.c.) plate 
(silica gel F-254) as a 1.5—2 cm band. The plates were 
developed once in solvents comprising chloroform— 
1-propranol-ammonia (50:50: 1) for imipramine and 
chloroform—methanol (9:1) for lidocaine. Radio- 
active bands were localized and quantitated using 
thin-layer scanning on a Berthold Model II scanner 
(Berthold, Winblad, F.R.G.) or autoradiography 
followed by scintillation counting [24]. Metabolites 
were identified by their t.l.c., gas chromatographic 
and mass spectrometric properties as compared to 
authentic standards obtained from Astra Lakemedel 
AB, (lidocaine, monoethylglycylxylidide and 3- 
hydroxylidocaine) and Ciba-Geigy, Basle, Switzer- 
land (imipramine, desmethylimipramine, didesme- 
thylimipramine, 2-hydroxyimipramine and imipra- 
mine N-oxide). 

Protein concentrations were determined using the 
method of Lowry et al. [26] with bovine serum 
albumin as standard. 

Statistical analysis was by the Duncan Multiple 
Range Test and the level of significance set at P < 
0.05. 


RESULTS AND DISCUSSION 


Incubation of imipramine and lidocaine with the 
microsomal fraction of rat liver resulted in the for- 
mation of the following metabolites at a linear rate 
for at least 1 hr: for imipramine (IMP) (see Fig. 1), 
iminodibenzyl (IDB)—a non-enzymic breakdown 
product, 2-hydroxyimipramine (20H) didesmethyli- 
mipramine (DDMI), desmethylimipramine (DMI) 
and imipramine-N-oxide (IPNO); for lidocaine 
(LID) (see Fig. 2), 3-hydroxylidocaine (30H-LID) 
and monoethylglycylxylidide (MEGX)—the N-dee- 
thylated product. 

In experiment 1 (Table 1), castration of male 
animals caused a significant decrease in imipramine 
N-oxidase and N-demethylase activity and lidocaine 
N-deethylase activity while having no effect on 2- 
hydroxylation of imipramine or 3-hydroxylation of 
lidocaine. If the values for the control male in 
experiment 1 and the control female in experiment 


| 3-OH- MEGX ° 
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Fig. 2. Thin-layer scanning of the metabolites of ['*C] 

lidocaine following separation as described in Methods. 

LID = lidocaine, 30H-LID = 3-hydroxylidocaine, MEGX 
= monoethylglycylxylidide. 





Effect of gonadectomy and hypophysectomy on drug metabolism 


Table 1. The effect of castration and/or hypophysectomy on 
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the metabolism of lidocaine and imipramine by male rat 


liver 





Imipramine 


Lidocaine 





N-Oxidase 


N-Demethylase 





2-Hydroxylase N-Deethylase § 3-Hydroxylase 





Control 

males (A) 
Castrated 

males (B) 
Hypophysectomized 
males (C) 
Castrated and 
hypophysectomized 
males (D) 


1.06 + 0.03 (4)* 1.65 + 0.11 


0.78 + 0.18 (5) 0.83 + 0.16 


0.86 + 0.11 (4) 1.13 + 0.12 


0.87 + 0.17 
BCA 


0.70 + 0.20 (5) 
DBCA?+ 


0.43 + 0.02 1.78 + 0.33 0.21 + 0.03 


0.48 + 0.04 0.88 + 0.20 0.25 + 0.02 


0.48 + 0.07 


0.48 + 0.06 
ABCD 





* Figures in brackets are the numbers of animals in group. Results expressed as nmoles product/min/mg protein— 


mean + 1 S.D. 


+ Group means arranged in rank order. Those groups underlined are not significantly different from one another 


(P > 0.05). 


2 (Table 2) are compared, it can be seen that cas- 
tration of the male animals led to a more feminine 
pattern of metabolism but that the change was not 
complete. The sex differences seen in this study were 
similar to those reported by Bickel et al. [27, 28] and 
von Bahr et al. [29, 30] for imipramine and lidocaine, 
respectively. Hypophysectomy of male animals 
caused a similar decrease to castration in imipramine 
N-oxidase and N-demethylase activities (although 
not as marked as castration for the N-demethylase) 
but had no effect on lidocaine N-deethylation. Com- 
bined castration/hypophysectomy was also without 
effect on lidocaine N-deethylation while affecting 
imipramine N-oxidase and N-demethylase activities 
‘in the same manner as castration alone. These results 
indicate that, in the case of N-oxidation and N- 
demethylation of imipramine, hypophysectomy was 
mimicking the effect of castration. Hypophysectomy 
leads to a lowering of blood lutropin and follitropin 
levels and subsequent hypertrophy of the testes and 
decrease in blood androgen levels. Thus, in this case 
hypophysectomy can be seen as an indirect castra- 
tion. The primary control, therefore, was via the 
testes and agrees with the accepted gonadal control 
of drug metabolism [3-7]. This was not the case for 
the N-deethylation of lidocaine, which was decreased 


by castration but not by hypophysectomy or hypo- 
physectomy/castration. These data might suggest a 
vital role for the pituitary in the effect of castration 
on lidocaine N-deethylase. A similar phenomenon 
has been reported for the effect of castration and 
hypophysectomy on 4-androstene-3,17-dione metab- 
olism by rat liver [13]. The effect of castration was 
explained as the removal of a negative feedback of 
androgen on the release of a pituitary factor, an 
effect which cannot be seen in a hypophysectomized 
animal. The feedback was thought in previous 
reports to be directed towards a pituitary ‘feminizing 
factor’, a concept that will be further discussed 
below. Another possible explanation for these results 
is the antagonism at the level of the liver of a pituitary 
hormone by androgens. Removal of the testes allows 
free expression of the ‘feminizing’ effect while 
hypophysectomy removes both the androgen and the 
pituitary hormone, therefore giving no effect. Lido- 
caine 3-hydroxylase was seen to be unaffected by 
castration or hypophysectomy alone but significantly 
elevated by the combined operation. These data 
indicate a dual suppression of 3-hydroxylase activity 
in the intact animal by a testicular and a pituitary 
mechanism. 

In experiment 2, ovariectomy was seen to have no 


Table 2. The effect of ovariectomy and hypophysectomy on the metabolism of lidocaine and imipramine by female rat 
liver 





Imipramine 





N-Oxidase 


N-Demethylase 


2-Hydroxylase N-Deethlyase 3-Hydroxylase 





Control 

females (A) 
Ovarectomized 
females (B) 
Hypophysectomized 
females (C) 


0.37 + 0.06 (5)* 0.66 + 0.08 


0.35 + 0.07 (4) 0.58 + 0.14 


0.75 + 0.02 (4) 
BAC} 


0.63 + 0.10 0.21 + 0.05 0.32 + 0.06 


0.70 + 0.08 0.27 + 0.09 0.38 + 0.18 
0.35 + 0.11 


ACB 


0.66 + 0.08 
ABC 


0.64 + 0.20 
ACB 





* See Table 1. 
+ See Table 1. 


Bp 29-20-—pD 
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effect on the hepatic metabolism of imipramine or 
lidocaine, indicating that estrogens have no effect 
on liver mono-oxygenase activity. Hypophysectomy 
of female animals, however, led to a significant 
increase in imipramine N-oxidase and N-demethyl- 
ase and lidocaine N-deethylase activities. All of these 
changes can be construed as a move towards a more 
masculine pattern of metabolism. In fact, the values 
obtained for the hypophysectomised females are sim- 
ilar to those for the castrated males except in the 
case of the imipramine 2-hydroxylase which is little 
affected by any of the treatments studied, indicating 
a possible genetic determination of this enzyme 
activity. These results indicate the dominant role of 
the pituitary in the control of hepatic drug metab- 
olism in the female. 

Overall, the results presented in this study indicate 
the existence of at least two types of control of 
hepatic drug metabolism in the rat. In the male, the 
testes are the dominant factor acting either directly 
or indirectly on the liver. At least part of the tes- 
ticular effect appears to be indirect via the pituitary 
gland. In the female the pituitary gland is the dom- 
inant controlling influence and the ovaries are not 
involved, although the involvement of other endo- 
crine organs under the control of the pituitary gland 
cannot be ruled out. Removal of the testes in the 
male and the pituitary gland in the female leads to 
a nondifferentiated pattern in metabolism. 

This is a similar situation to the metabolism of 
steroids by the endoplasmic reticulum in the rat liver 
[7-16]. Evidence exists that steroid metabolism in 
the rat is controlled by a pituitary ‘feminizing factor’, 
which is under tonic inhibitor control from the hypo- 
thalamus in the male and thus normally secreted 
only in the female, and that gonadal steroids have 
their effects via an effect of ‘feminizing factor’ secre- 
tion [13]. It has been shown using both a hepatoma 
tissue culture assay system and in vivo techniques 
that ‘feminizing factor’ is not one of the known 
pituitary hormones [31-34]. The data presented in 
this study suggest that this hypothesis may also be 
applied to drug metabolism, although for the N- 
oxidation and N-demethylation of imipramine there 
would appear to be a gonadal control not acting via 
the pituitary gland. 

It would seem, therefore, that steroid and drug 
metabolism are controlled in a similar way—via a 
gonadal influence in the male and a pituitary influ- 
ence in the female. The possibility that ‘feminizing 
factor’ or other pituitary hormones may be active on 
drug metabolism is under investigation. Further 
work is also necessary to establish whether androgens 
are the gonadal influence operating in this study and, 
in the case of lidocaine N-deethylase activity, if the 
gonadal effect is mediated via the pituitary gland. 
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Abstract—Clorgyline and L-deprenyl are, respectively, specific type A and type B monoamine oxidase 
(MAO) inhibitors. We investigated the effects of these two drugs as differential inhibitors of synap- 
tosomal amine uptake and determined how far these effects might be predicted from their properties 
as specific MAO-A and MAO-B inhibitors. The rank order of inhibition of uptake by clorgyline was 
found to be: serotonin (ICsj = 10 uM) > dopamine (ICs) = 56 uM) > noradrenaline (1Csy7 = 66 uM). 
The rank order of inhibition of uptake by L-deprenyl was: noradrenaline (ICs) = 26 uM) > serotonin 
(ICsp = 460 uM) > dopamine (1Csp = 530 uM). The observation that clorgyline is a more specific inhibitor 
of the uptake of serotonin (a type A MAO substrate) is consistent with its activity as a type A MAO 
inhibitor. Paradoxically, L-deprenyl, though a type B MAO inhibitor, is fairly effective at inhibiting the 


uptake of noradrenaline (a type A MAO substrate). 


In brain and other tissues the enzyme primarily 
responsible for the oxidative deamination of trans- 
mitter as well as non-transmitter amines is mono- 
amine oxidase (MAO, E.C. 1.4.3.4) [1, 2]. There is 


increasing evidence to suggest that MAO may exist 
in more than one form, although the definitive nature 
of the multiple forms’ remains to be fully elucidated 
[2]. A useful concept has been the classification into 
two forms, first proposed by Johnston [3]. Type A 
preferentially deaminates transmitter amines such 
as serotonin and noradrenaline, and is particularly 
sensitive to inhibition by clorgyline [3]. Type B 
oxidizes non-transmitter amines, especially benzy- 
lamine and phenylethylamine, and is selectively 
inhibited by L-deprenyl [2]. Using specific type A 
and B inhibitors it has been shown that in rat brain 
in vivo serotonin and noradrenaline are metabolized 
by type A MAO, whereas phenylethylamine is deam- 
inated by type B MAO [4,5]. However, whether 
dopamine is preferentially oxidized by type A or 
type B (or both forms) of brain MAO in vivo is a 
matter of some controversy [4, 5]. 

Our initial observation (results reported in this 
paper) that clorgyline inhibited dopamine uptake by 
synaptosomes prompted us to examine whether any 
of the inhibitory effects that these inhibitors exerted 
on the amine transport systems in nerve-ending par- 
ticles in vitro may be predicted on the bases of their 
known properties as specific inhibitors of the A and 
B forms of MAO [2]. We now report on the results 
of such studies. 


MATERIALS AND METHODS 


Whenever possible analytical grade (AR) chemi- 
cals were used and obtained from either BDH Chem- 
icals Ltd., Enfield, U.K., or Sigma (London) Ltd., 
Poole, U.K. Ficoll-400 was obtained from Phar- 


macia, Uppsala, Sweden and dialysed against deion- 
ized glass-distilled water for at least 4 hr before use. 
[7H]Dopamine hydrochloride (sp. act. 5 Ci/mmole, 
final concentration 0.75 x 10°°M),  /-[*H]nor- 
adrenaline hydrochloride (sp. act. 15 Ci/mmole, 
final concentration 0.11 x 10°°M) and [*H]5- 
hydroxy-tryptamine creatinine sulphate (sp. 
act. 0.5Ci/mmole, final concentration 0.2 x 
10-°M) were obtained from the Radiochemical 
Centre, Amersham, U.K. L-Deprenyl and clorgyline 
were kind gifts from Dr. J. Knoll, Semmelweis Uni- 
versity of Medicine, Hungary and Dr. F. Owen, 
Division of Psychiatry, Clinical Research Centre, 
Harrow, U.K., respectively. All solutions were pre- 
pared with deionized glass-distilled water. 

Sub-cellular fractionation. Forebrain synapto- 
somes were prepared using four adult male Wistar 
rats (Porton Strain) (150-180 g, aged 40-55 days). 
Animals were decapitated. The forebrain was 
obtained by transsecting each brain at the level of 
the superior and inferior colliculi and taking the part 
rostral to this transsection (except the olfactory 
bulbs). For the preparation of striatal synaptosomes, 
the brain was dissected according to the method of 
Glowinski and Iversen [6]. 

The subcellular fractionation procedure was essen- 
tially similar to that of Lai and Clark [7, 8] except 
that the density gradient used for separating syn- 
aptosomes from ‘free’ mitochondria and myelin con- 
sisted of 3 ml of 0.32 M sucrose, 10 mM Tris—HCl, 
pH 7.4, overlaid on 6 ml of 7.5% (w/w) Ficoll, 0.32 M 
sucrose, 10mM Tris-HCl, pH 7.4, overlaid on a 
suspension of the crude mitochondrial fraction in 
10 ml of 12% (w/w) Ficoll, 0.32 M sucrose, 10 mM 
Tris-HCl, pH 7.4. This gradient was modified from 
the Booth and Clark procedure [9]. None of the 
media used contained EDTA. 
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Amine uptake. The procedure for determining syn- 
aptosomal amine was basically that of Nicklas et al. 
[10]. Sets of tubes were set up containing Krebs— 
Ringer phosphate (135 mM NaCl, 5 mM KCl, 1 mM 
MgCl,.6H,O, 10 mM p-glucose, 1 mM sodium phos- 
phate buffer, pH 7.4, 1 mM CaCl, and 1 mM Tris— 
HCl, pH 7.4), and the synaptosomal preparation, 
in the absence or presence of clorgyline or L- 
deprenyl. Uptake was carried out at 37° for 4 min 
(with a 3-min preincubation) in a shaking water bath. 
The content of each tube was filtered through a 
Millipore filter (pore size 0.65 um). The filter was 
washed three times with 1 ml of ice-cold 0.15M 
NaCl. The radioactivity on each filter was deter- 
mined by liquid scintillation counting after solubil- 
ization with 2 ml of ethoxyethanol. The difference 
between the counts in the zero-time sample and the 
counts retained by subcellular particles after the 4- 
min incubation was usually used for computing the 
uptake rates. A tube containing Krebs—Ringer phos- 
phate and the synaptosomal preparation was incu- 
bated at 37° for 3 min. At the end of this incubation 
time [*H]amine substrate was added to the contents 
of the tube. The tube was cooled on ice and 1 ml of 
ice-cold 0.15 M NaCl was then added to the contents 
of the tube. The contents of the tube were filtered 
through a Millipore filter (pore size 0.65 um) and the 
filter was washed three times with 1 ml of ice-cold 
0.15M NaCl. The radioactivity on the filter was 
determined by scintillation counting and this con- 
stituted the zero-time sample. The zero-time sample 
was usually assayed in duplicate. For all three 
[*H]amine substrates (serotonin, dopamine and nor- 
adrenaline) studied, the zero-time samples contained 
c.p.m. similar to (within + 15 per cent) those 
obtained with the 0° (i.e. non-metabolic) blanks. 
The 0° blanks were obtained by incubating samples 
containing Krebs-Ringer phosphate, synaptosomal 
preparation and the [*H]amine substrate on ice for 
4min, filtering the synaptosomal preparation 
through a Millipore filter and counting the [*H]amine 
taken up by the synaptosomes on the filter by liquid 
scintillation counting. 

Protein determination. This was carried out by the 
method of Lowry et al. [11]. 
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Statistics. Analyses of significance of differences 
were done with the non-paired (-test. 


RESULTS 


Effects of nialamide on the uptake of dopamine, 
noradrenaline and serotonin by forebrain synapto- 
somes. Synaptosomal amine uptake is usually deter- 
mined in the presence of a MAO inhibitor such as 
nialamide to eliminate the effects of metabolism [12]. 
Experiments were therefore set up to determine if 
the presence or absence of a MAO inhibitor made 
any difference to the rates of amine uptake. As 
shown in Table 1, nialamide (a MAO inhibitor), at 
10-° M and 4 x 10°°M, appeared to slightly inhibit 
the uptake of dopamine, but the rates of uptake in 
the presence or absence of nialamide were not stat- 
istically different (P > 0.05). At 4 x 10~° M, nialam- 
ide inhibited the uptake of noradrenaline by about 
30 per cent (P<0.05, Table 1), whereas it was 
ineffective at 10°°M (Table 1). At 2 x 10° to 4x 
10-°M, nialamide slightly stimulated the uptake of 
serotonin. However, the differences between the 
rates of uptake of serotonin in the presence or 
absence of nialamide did not reach statistical sig- 
nificance (P > 0.05, Table 1). These results provided 
evidence that metabolism did not play a major role 
in the control of initial rates of amine uptake by 
forebrain synaptosomes. 

Effects of clorgyline and L-deprenyl on the uptake 
of dopamine by forebrain synaptosomes. The effects 
of clorgyline and L-deprenyl on dopamine uptake 
were as shown in Fig. 1. Both MAO inhibitors 
inhibited dopamine uptake in a dose-dependent 
fashion with similar characteristics, except that clor- 
gyline (iCso = 5.6 x 10-° M) was more effective than 
L-deprenyl (ICs) = 5.3 x 10°*M). At 10°°M, clor- 
gyline virtually completely inhibited dopamine 
uptake, whereas dopamine uptake was only partially 
inhibited by 10-* M t-deprenyl. 

Effects of clorgyline and L-deprenyl on the uptake 
of noradrenaline by forebrain synaptosomes. As 
shown in Fig. 2, the dose-response curves of the 
effects of clorgyline and L-deprenyl on the uptake 
of noradrenaline were almost identical. This suggests 


Table 1. Effects of nialamide on the uptake of dopamine, noradrenaline and serotonin 
by rat forebrain synaptosomes* 





Nialamide 
concentration 


Substrate (uM) 


Amine uptake 
(% of Control) 


(Mean + S.D.) P values 





10 uM 
40 uM 


Dopamine 
(0.75 uM) 


Noradrenaline 
(0.11 uM) 


10 uM 
40 uM 


Serotonin 
(0.2 uM) 


20 uM 
40 uM 


> 0.05 
> 0.05 


> 0.05 
< 0.05 


> 0.1 
> 0.05 





* All values were mean +S.D. of three or four experiments. P values were 
obtained using non-paired t-test. The control values were: dopamine uptake, 6.8 + 
1.2 (14) pmoles/min/mg protein; noradrenaline uptake, 1.1 + 0.2(10) pmoles/min/mg 
protein; serotonin uptake, 3.9 + 0.6 (3) pmoles/min/mg protein (values were mean + 
S.D. with number of experiments in parentheses). 
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Fig. 1. Forebrain synaptosomes were used for dopamine 
uptake as described in Materials and Methods. Values were 
mean + S.D. of three to five experiments. Control values 
for dopamine uptake were: 6.5 + 0.9 (10) pmoles/min/mg 
protein (mean + S.D., with the number of experiments in 
parenthesis). A Clorgyline, @ L-depreny]l. 


that both drugs were equally effective in inhibiting 
noradrenaline uptake. The ICs» values for clorgyline 
and L-deprenyl were 6.6 x 10°° and 2.6 x 10°°M, 
respectively. The latter is compatible with values 
quoted by Braestrap et al. [4]. Knoll and Magyar 
[13] also found that in cerebral cortical slices of mice, 
L-deprenyl significantly inhibited the uptake of nor- 
adrenaline both in vivo and in vitro. 

Effects of clorgyline and L-deprenyl on the uptake 
of serotonin by forebrain synaptosomes. From the 
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Fig. 2. Forebrain synaptosomes were used for noradren- 

aline uptake as described in Materials and Methods. Values 

were means + S.D. of three to five experiments. Control 

values for noradrenaline uptake were: 1.2+0.1 

(7) pmoles/min/mg protein (mean + S.D., with the number 

of experiments in parenthesis). A Clorgyline, @ L- 
deprenyl. 


% of control [SH]5—HT uptake 
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Fig. 3. Forebrain synaptosomes were used for serotonin 
uptake as described in Materials and Methods. Values were 
means + S.D. of three to five experiments. Control values 
for serotonin uptake were: 4.1 + 0.5 (5) pmoles/min/mg 
protein (mean + S.D., with the number of experiments in 
parenthesis). A Clorgyline, @ L-deprenyl. 


dose-response curves of the effects of clorgyline and 
L-deprenyl on serotonin uptake shown in Fig. 3 it 
was evident that clorgyline (ICs) = 10-°M) was a 
more potent inhibitor than L-deprenyl (ICs = 
4.6 x 10°*M). At concentrations around 10-*M, 
serotonin uptake was nearly completely inhibited by 
clorgyline, but it was not affected by L-deprenyl at 
concentrations lower than 10~* M. 

Effects of clorgyline and .-deprenyl on the uptake 
of dopamine, noradrenaline and serotonin by striatal 
synaptosomes. To determine whether there were 
regional variations in the differential sensitivity of 
amine uptake to inhibition by clorgyline and L- 
deprenyl, studies were carried out on synaptosomes 
isolated from striatum, a region particularly enriched 
in dopaminergic nerve-endings. At 7.5 x 10°°M, 
clorgyline inhibited dopamine uptake by about 60 
per cent (P < 0.001) and at a higher concentration 
of 107° M it virtually completely inhibited dopamine 
uptake (P < 0.001) (Table 2). The extent of inhibi- 
tion by clorgyline at these two concentrations was 
comparable to that observed previously with fore- 
brain synaptosomes (see Fig. 1). 

In contrast with clorgyline, L-deprenyl was con- 
siderably less effective in inhibiting dopamine uptake 
by striatal synaptosomes. At 5 x 10~° M, L-deprenyl 
was without effect: this was similar to its effect on 
forebrain synaptosomes (see Fig. 1). However, L- 
deprenyl, at 10M, inhibited dopamine uptake by 
striatal synaptosomes to about the same extent as 
forebrain synaptosomes (see Table 2 and Fig. 1). 
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Table 2. Effects of clorgyline and L-deprenyl on the uptake of dopamine, noradrenaline and serotonin by striatal 
synaptosomes 





Substrate Inhibitor concentration 


(Mean + S.D. of four to six determinations) 


Amine uptake (% of control*) 
P Values 





75 uM Clorgyline 
1 mM Clorgyline 
50 uM L-Deprenyl 
| mM L-Deprenyl 


(°H]Dopamine 
(0.75 uM) 


60 uM Clorgyline 
1 mM Clorgyline 
25 uM L-Deprenyl 
1 mM L-Deprenyl 


(°H]Noradrenaline 
(0.11 uM) 


10 uM Clorgyline 
200 uM Clorgyline 
0.5 mM L-Deprenyl 

1 mM L-Deprenyl 


(*H]Serotonin 
(0.22 uM) 


w 


< 0.001 
< 0.001 
> 0.05 

< 0.001 


S 
YIN S 


tN 
I+ I+ I+ I+ 
ADND 


w 
‘© 
+ 
Oo 


< 0.001 
< 0.001 
< 0.001 
< 0.001 


>0.1 

< 0.001 
< 0.005 
< 0.001 


— ‘Oo 
NINDS 
I+ I+ I+ I+ 
Ne wN 





* The control values (mean + §.D. with number of experiments in parentheses) were: dopamine, 34.7 + 5.6 (4) 
pmoles/min/mg protein; noradrenaline, 2.1 + 0.2 (4) pmoles/min/mg protein; serotonin, 6.2 + 0.7 (3) pmoles/min/mg 


protein. 


L-Deprenyl was just as effective an inhibitor as 
clorgyline of noradrenaline uptake by striatal syn- 
aptosomes (Table 2). From the dose—respone curves 
(see Fig. 2) it was evident that clorgyline influenced 
noradrenaline uptake by striatal synaptosomes to the 
same extent as noradrenaline uptake by forebrain 
synaptosomes (Table 2). t-Deprenyl also acted in a 
similar fashion (compare data in Fig. 2 and Table 
2) 


“ 


The effects of clorgyline on serotonin uptake by 
striatal synaptosomes differed from those on fore- 
brain synaptosomes (compare the dose-response 
curve in Fig. 3 with results shown in Table 2). At 


10°°M, although clorgyline inhibited serotonin 
uptake by forebrain synaptosomes by 50 per cent 
(Fig. 3), it did not affect serotonin uptake by striatal 
synaptosomes (Table 2). At much higher concentra- 
tions, it inhibited serotonin uptake by both types of 
synaptosomes to the same extent (see Fig. 3 and 
Table 2). 

L-Deprenyl was equally effective at inhibiting ser- 
otonin uptake by striatal as well as forebrain syn- 
aptosomes (see Fig. 3 and Table 2). In contrast with 
clorgyline, L-deprenyl was a less potent inhibitor of 
serotonin uptake by striatal synaptosomes (see Table 
2). 


DISCUSSION 


Our finding that clorgyline was an inhibitor of 
synaptosomal dopamine uptake prompted us to 
investigate whether clorgyline and _ L-deprenyi 
exhibited any selectivity towards inhibiting the syn- 
aptosomal amine uptake systems as they obviously 
do towards the multiple forms of MAO [14]. Can 
the selectivity of these two drugs in inhibiting amine 
uptake be predicted in accordance with their known 
differential effects on the A and B forms of MAO? 
Since serotonin is a substrate for type A MAO, 
clorgyline (a type A-specific inhibitor) would be 
expected to exert a greater inhibitory effect on syn- 
aptosomal serotonin uptake than L-deprenyl (a type 


B-specific inhibitor). The results of the dose- 
response (see Fig. 3) and the ICs) values (see Table 
3) appear to substantiate this prediction. However, 
the paradoxical finding that L-deprenyl (a type B 
MAO inhibitor) is equally effective as clorgyline in 
inhibiting noradrenaline (a type A MAO substrate) 
uptake by forebrain synaptosomes is at variance with 
this type of prediction (see Fig. 2 and Table 3). Our 
results (see Fig. 1 and Table 3) also indicate that 
clorgyline is a more effective inhibitor of dopamine 
uptake by forebrain synaptosomes than L-deprenyl, 
as predicted on the assumption that dopamine is a 
preferred substrate for type A rat brain MAO [2, 4]. 
The latter assumption has been challenged by some 
workers who maintained that dopamine is deami- 
nated by both the A and the B forms in the rat brain 
in vivo [5]. 

Whether the differential inhibition of synaptoso- 
mal amine uptake by clorgyline and L-deprenyl, as 
presented in this paper, can contribute towards the 
in vivo effects of these two drugs on brain amine 
metabolism cannot be established. However, a com- 
parison of the inhibitory effects of these two drugs 
on MAO activity in purified preparations of synaptic 
and non-synaptic mitochondria [15] and on the 
uptake of amines by synaptosomes (Figs. 1-3 and 


Table 3. Summary of ICsy values for clorgyline and L- 
deprenyl inhibition of rat forebrain synaptosomal amine 
uptake* 








Substrate Clorgyline L-Deprenyl 





5.3x 10°*M 
2.6x 10°M 
4.6x 104M 


5.6 10°°M 
6.6 x 10°°M 
1x 10°M 


(H]DA (0.75 uM) 
(HJNA (0.11 uM) 
(SHJSHT (0.2 uM) 





* Abbreviations: DA, dopamine; NA, noradrenaline; 
SHT, serotonin. 
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Tables 2 and 3) leads to the following conclusions: 

(i) Clorgyline is much more potent as an inhibitor 
of rat brain mitochondrial MAO (icy = 107''- 
10’ M; see Fig. 2 of Ref. 15) than of synaptosomal 
uptake of amines (ICs) = 10°°-10~* M; see Table 3 
of this paper); (ii) L-Deprenyl is equally effective 
as an inhibitor of rat brain mitochondrial MAO (ics) 
= 10°*-10-* M; see Fig. 3 of Ref. 15) as it is of 
synaptosomal uptake of amines (ICs) = 10~°-5.3 x 
10-* M; see Table 3 of this paper). 

Under the conditions of our uptake assays it is not 
possible to rule out the possibility that we had also 
been measuring some synaptosomal amine binding. 
If this is indeed the case, then our results suggest 
that the two MAO inhibitors appear to affect syn- 
aptosomal amine binding as they do uptake. How- 
ever, from the following considerations it seems 
unlikely that amine binding constitutes a major com- 
ponent in our uptake measurements. 

(i) The concentrations of amines we employed for 
studying uptake were at least two orders of magni- 
tude above the K, values for specific amine binding 
[16]. The fact that we observed concentration-depen- 
dent increase in amine uptake at concentrations 
higher than those employed in this study (Refs. 17, 18 
and J. C. K. Lai, unpublished observations) indicates 
that we were measuring amine uptake rather than 
binding, for the K,, value for amine in the transport 
processes is two orders of magnitude greater than 
the K, value for amine in the binding processes [16]. 
(ii) The non-metabolic component (cf. Materials 
and Methods), which may represent the binding 
component, has already been subtracted from the 
uptake values quoted by us. Furthermore, it is well 
established that uptake is inhibited by a variety of 
metabolic poisons (e.g. dinitrophenol, oligomycin, 
etc.) [19]. 

‘In conclusion, we have presented some evidence 
to suggest that, in vitro, clorgyline and L-deprenyl 
appear to exert differential inhibitory effects on the 
uptake of dopamine, noradrenaline and serotonin 
by rat brain synaptosomes and that these effects are 
different from their selective effects on rat brain 
mitochondrial MAO. 
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Abstract—Misonidazole [1-(2-nitroimidazol-1-yl)-3-methoxypropan-2-ol; Ro 07-0582] selectively sen- 
sitizes hypoxic cells to radiation and is undergoing clinical trial in the radiation treatment of solid 
tumours. It has been suggested that the glucocorticoid hormone dexamethasone may reduce the 
incidence of neurotoxicity, the dose-limiting side effect of misonidazole in man. Here it is shown that 
the absorption and elimination of misonidazole (1 g/kg i.p.) in C3H mice are unaffected by pretreatment 
(i.p. for 5 days) with dexamethasone (10 mg/kg/day), dexamethasone acetate (10 mg/kg/day) and 
dexamethasone phosphate (0.5. 10, 25 and 100 mg/kg/day). The apparent half-life of misonidazole in 
blood and area under the curve (AUC) of misonidazole concentration X time were unaltered. Likewise 
O-demethylation was unaffected. In contrast, phenobarbitone pretreatment (80 mg/kg/day) increased 
misonidazole clearance through induction of demethylation. Dexamethasone phosphate pretreatment 
increased pentobarbitone sleeping-time and slightly decreased liver weight, whereas phenobarbitone 
did the opposite. Dexamethasone phosphate (25 mg/kg) given as an i.v. bolus injection immediately 
before misonidazole also had no effect on the systemic pharmacokinetics of misonidazole. Broadly, 
pretreatment with dexamethasone derivatives had little effect on brain misonidazole and desmethyl- 
misonidazole. But after 100 mg/kg/day dexamethasone phosphate the 6 hr misonidazole concentration 
was reduced 36 per cent. Simultaneous dexamethasone phosphate (25 mg/kg) reduced the concentration 
at 1 hr by 15 per cent and the brain AUC ¢nr) by 14 per cent. Dexamethasone phosphate pretreatment 
reduced the acute LDso for misonidazole by up to 19 per cent whereas phenobarbitone increased it by 
16 per cent. Simultaneous dexamethasone phosphate had no effect. The drug had little effect on 
misonidazole-induced hypothermia. The significance of these findings for the putative role of dexa- 


methasone in the protection of misonidazole neurotoxicity is discussed. 


It is considered that a major factor contributing to 
failure of local control by conventional radiotherapy 
is the presence in human solid tumours of radiores- 
istant hypoxic cells [1]. Such cells may also be resist- 
ant to chemotherapy [2]. Misonidazole [1-(2-nitro- 
imidazol-1-yl)-3-methoxypropan-2-ol; Ro 07-0582] 
selectively sensitizes hypoxic cells to conventional 
radiation treatment [1] and is preferentially cytotoxic 
toward them [3]. It also selectively sensitizes hypoxic 
cells to hyperthermia and some cytotoxic drugs [4, 5]. 

Misonidazole is undergoing extensive clinical trial 
as a radiosensitizer. The dose-limiting side effect is 
neurotoxicity, including peripheral neuropathy and 
in some cases ototoxicity and encephalopathy [6-9]. 
The incidence of neurotoxicity is reduced by restrict- 
ing the total dose to 12 g/m? [6-10]. Unfortunately 
this means that in conventional multifraction radio- 
therapy the amount given with each radiation dose 
results in tumour concentrations suboptimal for 
radiosensitization. 

Considerable effort has been directed towards 
development of improved radiosensitizers (e.g. see 
Ref. 11). One recent approach involves analogues 
excluded from nervous tissues by their reduced 
lipid/water partition coefficients [12]. An alternative, 
possible interim, strategy is to prevent or repair the 
toxic lesion(s) with other drugs. 


It is not known whether the neurotoxicity is due 
to misonidazole itself or a metabolite, such as a 
nitroreduction product [13], but there is a correlation 
with prolonged drug exposure, i.e. a large area under 
the curve (AUC) of plasma misonidazole concen- 
tration X time [9]. In mice and dogs the drug’s half- 
life (t,) and AUC were reduced after pretreatment 
with phenobarbitone or phenytoin [13,14]. The 
mechanism involves increased metabolism to des- 
methylmisonidazole __[1-(2-nitroimidazol-1-yl)-2,3- 
propandiol; Ro 05-9963] following induction of 
hepatic microsomal mixed function oxidases. Pre- 
treatment with these agents also increased the acute 
LDsp for misonidazole in mice [13]. 

In a recent controlled clinical study we observed 
similar induction of misonidazole metabolism by 
phenytoin [15], and several groups have noted 
unusually short half-lives in patients on phenytoin 
or phenobarbitone [10,16]. Patients with brain 
tumours frequently receive these drugs for sedative 
and anti-convulsant therapy, and it is of interest that 
they have a low incidence of neurotoxicity [10, 16]. 
Hepatic enzyme induction may be involved, but a 
causal relationship should not be assumed. One com- 
plicating factor is that brain tumour patients are 
frequently maintained on the glucocorticoid dexa- 
methasone to control cerebral oedema [17, 18], and 
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a recent small study suggested that dexamethasone 
itself may be protective [16]. More data are required 
and preliminary clinical trials with dexamethasone, 
phenobarbitone and phenytoin as protectors are 
under way. 

Dexamethasone and other glucocorticoids affect 
membrane permeability [17, 19, 20] and the activities 
of many enzymes including those involved in drug 
metabolism [21, 22]. This paper concerns the effects 
of dexamethasone on the metabolism, brain pen- 
etration and acute toxicity of misonidazole in mice. 


MATERIALS AND METHODS 


Animals. Adult male C3H mice were obtained 
from Olac (Southern) Ltd. or from our own breeding 
colony. Except for urine collection mice were housed 
in plastic cages on sawdust bedding from soft white 
woods (Usher Ltd.). They were fed PRD nuts (Lab- 
sure) and allowed water ad lib. Care was taken to 
avoid contact with known microsomal enzyme 
inducers. Mice were used at 25-35 g body wt. 

Drugs. Misonidazole and desmethylmisonidazole 
were gifts from Roche Laboratories. Phenytoin (5,5- 
diphenylhydantoin, sodium salt), dexamethasone 
(9a-fluoro-16a-methylprednisolone) and  dexa- 
methasone acetate (9a-fluoro-16a-methylpredniso- 
lone-21-acetate) were obtained from Sigma Chem. 
Co. Dexamethasone phosphate (9a-fluoro-1l6a- 
.methylprednisolone-21-phosphate, disodium salt) 
was a gift from Merck, Sharp & Dohme Research 
Laboratories. Phenobarbitone (sodium salt) was 
obtained from BDH Laboratories and sodium pen- 
tobarbitone from May & Baker as a 60 mg/ml sol- 
ution for injection (Sagatal). 

Drug pretreatment regimes. Pretreatment regimes 
were similar to those described previously [13]. 
Drugs were usually prepared in saline (0.85% w/v) 
and injected i.p. in a volume of 10 ml/kg, once daily 
for five days (Days 1-5). In experiments to compare 
dexamethasone, dexamethasone acetate and dexa- 
methasone phosphate the drugs were injected in 
10% v/v ethanol in saline (10 ml/kg). Controls 
received vehicle alone. 

Body weights were monitored daily to the end of 
the experiment (Day 7). In some experiments liver 
weights and pentobarbitone sleeping times were 
determined on Day 7. Sodium pentobarbitone was 
diluted to 6 mg/ml in saline and injected in 10 ml/kg 
i.p. to give a dose of 60 mg/kg. Sleeping time was 
the time to regain the righting reflex [13]. 

Pharmacokinetics of misonidazole. Misonidazole 
was prepared as a 25 mg/ml solution in Hank’s bal- 
anced salt solution (HBSS). It was injected i.p. at 
a dose of 1g/kg (5 mmoles/kg) in 40 ml/kg. In pre- 
treatment experiments misonidazole was given on 
Day 7, 48hr after the last injection. In others the 
misonidazole was given immediately after i.v. bolus 
dexamethasone phosphate (25mg/kg in 10ml 
saline/kg via the tail vein). Blood samples were 
obtained from the tail or by cardiac puncture [13]. 
Whole brain was removed and immediately frozen. 
In urinary excretion studies, 5—6 mice were contained 
in a Urimax metabolism cage and urine collected for 
24 hr. All samples were stored at —20°. 
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Estimation of misonidazole and desmethylmison- 
idazole. Concentrations of misonidazole and des- 
methylmisonidazole in blood, urine and tissue hom- 
ogenates were determined by reversed-phase high- 
performance liquid chromatography (h.p.l.c.) [23] 
with the following minor modifications. The octa- 
decylsilane h.p.l.c. columns used (10 um particle 
size) were obtained from Hichrom (25 cm X 4.9 mm 
I.D. packed with Spherisorb $10 ODS) and from 
Waters Associates (25 x 3.9mm I.D. packed with 
uBondapack C;,). The mobile phases for these col- 
umns were 35 and 25 per cent methanol/water, 
respectively. The internal standard was either 1-(2- 
nitroimidazol-1-yl)-3-chloropropan-2-ol (Ro  07- 
0269, Roche) or 1-(2-nitroimidazol-1-yl)-3-fluoro- 
propan-2-ol (Ro 07-0741, Roche). 

Concentrations of misonidazole and desmethyl- 
misonidazole glucuronides in urine were determined 
after hydrolysis with B-glucuronidase. Samples were 
diluted x 10 in water and incubated in the dark at 
37° for 24hr with an equal volume of Glucurase 
(bovine liver B-glucuronidase solution, pH 5; Sigma). 

Determination of misonidazole acute LDsy. This 
was carried out as before [13] except that the doses 
ranged from 1.1 to 2.3 g/kg injected i.p. in 80 ml 
HBSS/kg. Mice were observed for 7 days but deaths 
occurred within 3-4 days of treatment. 

Measurement of body temperature. Rectal tem- 
peratures were measured with a thermistor probe 
connected to an externally calibrated electric ther- 
mometer (Light Laboratories Ltd) [13]. 

Estimation of pharmacokinetic parameters and 
statistical analysis. AUC values were estimated by 
Simpson’s Rule. The apparent half-life (¢,) for drug 
elimination was calculated from the equation 4, = 
In2/K.,, where K., is the apparent elimination rate 
constant given by the slope of In 
concentration X time. Lines of best fit, with standard 
errors, were calculated by least squares regression 
analysis. The LDsy values and confidence limits were 
calculated by probit analysis using a computer instal- 
lation and programme at the Department of Radiol- 
ogy, Stanford University School of Medicine, CA, 
U.S.A. Confidence limits and significance levels 
were calculated using Student’s ¢ distribution. 


RESULTS 


Effect of dexamethasone phosphate pretreatment 
on pentobarbitone sleeping time and liver and body 
weight. At doses of 0.5, 25 and 100 mg/kg/day dexa- 
methasone phosphate for 5 days some slight weight 
loss was observed, but this did not exceed 7-8 per 
cent. Occasional deaths were seen at 100 mg/kg/day 
and this was treated as the maximum tolerated. The 
acute LDsp for a single i.p. dose was between 500 and 
1000 mg/kg. 

The effects of dexamethasone phosphate on pen- 
tobarbitone sleeping time and liver weight are shown 
in Table 1, with phenytoin (40 mg/kg/day) and phen- 
obarbitone (80 mg/kg/day) data for comparison. 
Phenobarbitone and phenytoin reduced the pento- 
barbitone sleeping time and increased liver weight. 
In contrast, with all three doses of dexamethasone 
phosphate the median pentobarbitone sleeping time 
was almost doubled, and the range increased with 
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Table 1. Effects of dexamethasone phosphate, phenobarbitone and phenytoin pretreatment on pentobarbitone sleeping 
time and liver weight in C3H male mice 





Sleeping time 


Liver weight 





N per 


group (min) 


Median (si range) 


Mean (+ S.E.) 


% Control (g) % Control 





Control 

Phenobarbitone 80 mg/kg/day 
Phenytoin 40 mg/kg/day 
Dexamethasone 0.5 mg/kg/day 
Dexamethasone 25 mg/kg/day 
Dexamethasone 100 mg/kg/day 


48 (5) 
16 (1) 
31 (5) 
92 (20) 
88 (44) 


86 (>150) 


100 .39 + 0.02 
33 .56 + 0.04* 
65 58 + 0.034 
192 .20 + 0.037 
183 .29 + 0.017 
179 .35 + 0.02 





* 0.01 > P > 0.001, significantly different from control. 
+ P<0.001, significantly different from control. 
+ Semi-interquartile range. 
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Fig. 1. Effect of dexamethasone phosphate pretreatment 
(i.p.) on the concentrations of misonidazole (upper solid 
line) and desmethylmisonidazole (lower broken line) in 
blood. Mice were pretreated with saline (@) or dexametha- 
sone phosphate at 25 mg/kg/day (A) or 100 mg/kg/day 
(O) for 5 days. Misonidazole (1g/kg, i.p.) was given on 
Day 7. Error bars at 3 and 6 hr indicate one standard error 
(N = 8). 


dose. Mean liver weight was reduced at 0.5 and 25 
but not 100 mg/kg/day. 

Effect of dexamethasone phosphate pretreatment 
on misonidazole pharmacokinetics. Pretreatment 
with 25 and 100 mg/kg/day dexamethasone phos- 
phate had no effect either on the absorption of 
misonidazole or the subsequent concentrations of 
misonidazole and its metabolite desmethylmisoni- 
dazole in blood (Fig. 1). The apparent 4, values for 
misonidazole (with 95 per cent confidence limits) 
were 1.76 (1.59-1.97) hr for the controls, 1.79 (1.58— 
2.06) hr after 25 mg/kg/day and 1.62 (1.44~-1.85) hr 
after 100 mg/kg/day (P>0.1). Values for the 
AUCo+¢nr) represented 109 and 102 per cent of the 
control for 25 and 100 mg/kg/day respectively. There 
was a similar lack of effect after 0.5 mg/kg/day (not 
shown). In contrast, phenobarbitone pretreatment 
(80 mg/kg/day) shortened the misonidazole 4, to 0.81 
(0.73-0.91) hr (P < 0.001), and reduced the AUC 
by 44 per cent. The peak desmethylmisonidazole 
concentration was doubled after phenobarbitone. 

Effects of dexamethasone phosphate pretreatment 
on brain concentrations. Table 2 summarizes the 
results of experiments to assess the effects of 25 and 
100 mg/kg/day dexamethasone phosphate pretreat- 
ment on the concentrations of misonidazole and 


Table 2. Effects of pretreatment with dexamethasone phosphate (i.p. for 5 days) on misonidazole 
and desmethylmisonidazole concentrations in whole mouse brain. Misonidazole (1 g/kg i.p.) was 
given on Day 7 





N per 


Group group 


Time 


Misonidazole 
(ug/g + S.E.) 


Desmethylmisonidazole 
(ug/g + S.E.) 





Control 

Dexamethasone phosphate 
(25 mg/kg/day) 
Dexamethasone phosphate 
(100 mg/kg/day) 

Control 

Dexamethasone phosphate 
(25 mg/kg/day) 
Dexamethasone phosphate 
(100 mg/kg/day) 


9.9 + 0.45 
11.3 + 0.59 


12.2 + 0.69* 
12.1 + 0.36 
93.4 + 8.8 12.0 + 0.68 


63.4 + 7.67 11.6 + 1.06 





* P= 0.01, significantly different from control. 


+ 0.01 > P > 0.001, significantly different from control. 
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desmethylmisonidazole in whole brain, 1 and 6hr 
after misonidazole (1 g/kg i.p.). Concentrations at 
1 hr were slightly higher than the controls, but apart 
from the desmethylmisonidazole after 100 mg/kg/day 
(P = 0.01) this was not significant (P > 0:05). In gen- 
eral, the concentrations at 6hr were unaltered 
(P > 0.1) but the misonidazole was reduced by 36 
per cent after 100 mg/kg/day (0.01 > P > 0.001). 
There was no effect after 0.5 mg/kg/day (not shown). 

Comparison of dexamethasone, dexamethasone 
acetate and dexamethasone phosphate pretreatment. 
These experiments were done to compare directly 
the effects of pretreatment with dexamethasone, 
dexamethasone acetate and dexamethasone phos- 
phate on the pharmacokinetics of misonidazole. The 
dexamethasone derivatives were injected i.p. at a 
dose of 10 mg/kg/day for 5 days in 10% ethanol/saline 
as vehicle. None of the dexamethasone derivatives 
had any significant effect on misonidazole or des- 
methylmisonidazole in blood and brain (P > 0.1); 
the one exception was the brain desmethylmisoni- 
dazole concentration which was slightly lower in the 
dexamethasone acetate group (0.05 > P > 0.02) 
(Table 3). 

Effect of dexamethasone phosphate pretreatment 
on misonidazole urinary excretion. Table 4 shows 
the effect of pretreatment with dexamethasone phos- 
phate (0.5 mg/kg/day i.p. for 5 days) on the 24 hr 
urinary excretion profile of misonidazole and its 
metabolites, with phenobarbitone (80 mg/kg/day i.p. 
for 5 days) data for comparison. Neither agent sig- 
nificantly altered the ratio of misonidazole glucu- 
ronide/misonidazole or desmethylmisonidazole glu- 
curonide/misonidazole (P > 0.1), though there was 
a tendency for the latter to be increased after phen- 
obarbitone. However, phenobarbitone doubled the 
desmethylmisonidazole/misonidazole ratio (0.02 > 
P > 0.01) whereas dexamethasone phosphate had no 
effect (P > 0.1). 

Effect of simultaneous dexamethasone phosphate 
on misonidazole pharmacokinetics. Given as a single 
bolus i.v. injection immediately before misonida- 
zole, dexamethasone phosphate (25 mg/kg) altered 
neither the absorption of misonidazole nor the sub- 
sequent concentrations of misonidazole and des- 
methylmisonidazole in blood. The apparent ¢, values 
(with 95 per cent confidence limits) were 1.19 (1.08- 
1.32) hr for the controls and 1.16 (1.02—1.33) hr with 
dexamethasone phosphate (P>0.1). The corre- 
sponding AUCs) values for misonidazole were 
2361 wg.hr.ml~' for controls and 2367 ug.hr.ml~' 
with dexamethasone phosphate. 

Effect of simultaneous dexamethasone phosphate 
on brain concentrations. Table 5 summarizes the 
results of experiments to assess the effects of 25 mg/kg 
dexamethasone phosphate i.v. given immediately 
before misonidazole on the concentrations of mison- 
idazole and desmethylmisonidazole in blood and 
whole brain. As above, there was no effect on the 
blood concentrations (P > 0.05). Though there were 
no differences at 3 and 6 hr, the brain misonidazole 
concentration at 1 hr was reduced by 15 per cent and 
the AUC ¢5,) by 14 per cent. Also the concentration 
of desmethylmisonidazole in the brain was signifi- 
cantly lower than the control at 3 hr (0.02 > P > 0.01) 
but not at other times (P > 0.1). 


9.7 + 0.97 


8.7+0.51 


10.1 + 0.71 
8.2 + 0.70 
7.2 + 0.44* 


desmethylmisonidazole 
Concentration at 6 hr (+ S.E.) 


/kg/day i.p. for 5 days) on the pharmacokinetics 
misonidazole 


% saline/ 


ethanol control 


desmethylmisonidazole 


(ug.hr.ml~') 


at 
a. 
op 
ay 
= 
ob 
2 
° 
N 
a 
x 
=| 
° 
= 
E 
we 
° 


ethanol control 


AUCos hhr) 





Blood misonidazole 
(ug-hr.m~') 


ty (95% 


confidence limits) 
(hr) 

1.67 (1.47-1.95) 

1.68 (1.44-2.01) 


1.56 (1.37-1.82) 
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N per 
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* Significantly different from saline/ethanol control (0.05 > P > 0.02). 
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Table 4. Effect of pretreatment with dexamethasone phosphate (0.5 mg/kg/day for 5 days) and 
phenobarbitone (80 mg/kg/day for 5 days) on the 24hr urinary excretion of misonidazole and its 
metabolites. Misonidazole (1g/kg i.p.) was given on Day 7* 





Desmethylmisonidazole Misonidazole-gluc Desmethylmisonidazole-gluc 








Misonidazole Misonidazole Misonidazole 





Control 0.71 + 0.099 0.39 + 0.026 0.032 + 0.024 
Dexamethasone 

phosphate 0.69 + 0.070 0.43 + 0.0067 0.014 + 0.0099 
Phenobarbitone 1.42 + 0.127 0.53 + 0.16 0.112 + 0.047 





* Results are expressed as metabolite/misonidazole ratios (means + S.E. of three independent 
determinations). 
+ Significantly different from control, 0.02 > P > 0.01. 


Table 5. Effect of a single i.v. bolus dose of 25 mg/kg dexamethasone phosphate on the concentrations 
of misonidazole in blood and whole brain. Misonidazole (1g/kg i.p.) was given immediately after dexa- 
methasone or saline* 





Misonidazole Ro 05-9963 





Grou Time (hr) Blood (ug/ml) Brain (ug/g) Blood (ug/ml) Brain (ug/g) 
P g g/g 





Control 1 869 + 21 11.1 + 0.62 
Dexamethasone 

Phosphate 1 806 + 23 45. : 10.6 + 0.41 
Control 3 413 + 43 4 a 17.3 + 1.4 
Dexamethasone 

phosphate 3 400 + 27 ; : 13.8 + 0.767 
Control 6 52.4+6.5 3 ; ‘ ; 13.0 + 0.74 
Dexamethasone 

phosphate 6 65.0 + 12.7 f ; ; ; 11.6 + 0.62 





* N = 15 for 1 hr and 6hr and 10 for 3 hr groups. 
+ 0.05 > P > 0.02, significantly different from control. 
t 0.02 > P > 0.01, significantly different from control. 


Table 6. Effects of dexamethasone phosphate on the acute LDs» for misonidazole* 





Misonidazole LDsg (95 per cent confidence limits) 
(g/kg) 





(A) Pretreatment (5 days) 
Saline 1.84 (1.76-1.93) 
Phenobarbitone 
(80 mg/kg/day) 2.14 (2.02-2.27)+ 
Dexamethasone phosphate 
(0.5 mg/kg/day) 1.70 (1.60-1.79)+ 
Dexamethasone phosphate 
(25 mg/kg/day) 1.49 (1.36-1.62)t 
Dexamethasone phosphate 
(100 mg/kg/day) 1.51 (1.41-1.61)¢ 





(B) Simultaneous treatment 
Simultaneous saline 1.61 (1.44-1.80) 
Simultaneous dexamethasone 
phosphate (25 mg/kg) 1.72 (1.62-1.82)§ 





* In panel A, 6-9 dose levels of misonidazole were used for each pretreatment, and 2-9 
mice per dose level of misonidazole. In panel B, 5 dose levels of misonidazole were used for 
each treatment, and 6-16 mice per dose level of misonidazole. 

+ P= 0.02. 

+ P<0.01. 

§P>0.1. 
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Effect of dexamethasone phosphate on the acute 
LDsp for misonidazole. The results of experiments to 
assess the effects of dexamethasone phosphate pre- 
treatment (0.5, 25 and 100 mg/kg/day i.p. for 5 days) 
or a 25 mg/kg single i.v. bolus injection immediately 
before misonidazole are summarized in Table 6, with 
phenobarbitone pretreatment data (80 mg/kg/day 
i.p. for 5 days) for comparison. 

In the pretreatment experiments (Table 6A) phen- 
obarbitone increased the acute LDsy dose by 16 per 
cent (P < 0.001). However, dexamethasone phos- 
phate decreased the LDsy by 8 per cent after 
0.5 mg/kg/day (P=0.02), 19 per cent after 
25 mg/kg/day (P<0.001) and 18 per cent after 
100 mg/kg/day (P < 0.001). On the other hand, sim- 
ultaneous dexamethasone phosphate (25 mg/kg i.v.) 
increased the LD by 7 per cent but this was not 
significant (P > 0.1) (Table 6B). 

Effect of dexamethasone phosphate on misonida- 
zole-induced hypothermia. Misonidazole (1g/kg) 
causes a drop in mouse body temperature [13, 24]. 
Mice injected i.p. with HBSS (misonidazole vehicle) 
showed little variation in rectal temperature (Fig. 
2). Those pretreated with saline, 0.5 and 
25 mg/kg/day dexamethasone phosphate exhibited 
similar temperature reductions after misonidazole, 
but with 100 mg/kg/day dexamethasone phosphate 
the temperature loss was less marked (Fig. 2A). 
Simultaneous dexamethasone phosphate (25 mg/kg) 
had no effect (Fig. 2B). 





TEMPERATURE (°C) 








6 
TIME (h) 


Fig. 2. Effects of dexamethasone phosphate on misoni- 
dazole-induced decrease in rectal temperature. Panel A: 
Effect of pretreatment. Mice were pretreated (i.p. for 5 
days) with saline (circles), 0.5 mg/kg/day dexamethasone 
phosphate (squares) or 100 mg/kg/day (triangles). They 
then received i.p. misonidazole (1g/kg) (closed symbols) 
or HBSS (open symbols). Data for 25 mg/kg/day (not 
shown) were very similar to those for 0.5 mg/kg/day. 
Ambient temperature was 23.1 +0.9 (S.D.)°. Panel B: 
Effect of simultaneous treatment. Mice were injected i.v. 
with saline (circles) or 25 mg/kg dexamethasone phosphate 
(triangles) immediately before i.p. misonidazole (1g/kg) 
(closed symbols) or HBSS (open symbols). Ambient tem- 
perature was 23.5 + 0.5 (S.D.)°. Data shown are median 
values for 10 mice per group in Panel A and 5 mice per 
group in Panel B. 
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DISCUSSION 


Various dexamethasone derivatives are available 
for clinical use. For cerebral oedema oral dexa- 
methasone is widely used, and the more water 
soluble dexamethasone sodium phosphate is given 
by injection [17, 18]. Here, most experiments were 
done with dexamethasone phosphate because of its 
water solubility. In addition, dexamethasone, dexa- 
methasone phosphate and dexamethasone acetate 
were directly compared. In man, intramuscular dexa- 
methasone phosphate is hydrolysed rapidly to dexa- 
methasone, whereas hydrolysis of the acetate is 
slower [25]. 

None of the dexamethasone derivatives had any 
effect on the absorption of misonidazole from the 
peritoneal cavity into the blood, or the subsequent 
blood concentrations of misonidazole in C3H mice. 
The ¢, and AUC were unaltered. In addition, the O- 
demethylation of misonidazole was unchanged, as 
measured by desmethylmisonidazole in the blood. 
In contrast, phenobarbitone (80 mg/kg/day) reduced 
the 4, and AUC considerably by inducing demethyl- 
ation. Similar results were observed with phenobar- 
bitone and phenytoin using BALB/c and B10 mice 
[13]. In that study it was reported that these agents 
had no effect on urinary excretion of misonidazole 
and its metabolites. However, when the data are 
expressed as the ratio of desmethyl-misonida- 
zole/misonidazole in the 24hr urine we find that 
phenobarbitone increased this ratio from 0.81 to 1.51 
in BALB/c mice. Here phenobarbitone gave a similar 
increase from 0.71 to 1.42 in C3H mice but dexa- 
methasone phosphate pretreatment (0.5 mg/kg/day) 
had no effect. Gangji et al. [26] independently 
observed no effect on misonidazole urinary excretion 
in rats pretreated with 0.23 mg/kg/day dexametha- 
sone i.p. for 7-10 days. The apparent lack of induc- 
tion of hepatic mixed-function oxidases by dexa- 
methasone phosphate pretreatment is consistent with 
its effects on liver weight and pentobarbitone sleep- 
ing time. Whereas, in agreement with previous 
results [13], phenobarbitone, and phenytoin signifi- 
cantly increased the liver weight and reduced the 
sleeping time, dexamethasone phosphate did not. 

Dexamethasone is metabolized to more polar 
unconjugated forms and glucuronide conjugates 
[27], and substrate competition between steroids and 
drugs such as cyclophosphamide has been reported 
[28]. However, concomitant dexamethasone phos- 
phate had no effect on misonidazole demethylation. 
The dexamethasone dose (25 mg/kg) was consider- 
ably lower than that of misonidazole (1g/kg) but this 
ratio (1:40) is likely to be even lower in clinical 
practice. 

Pretreatment with dexamethasone derivatives had 
little effect on brain concentrations of misonidazole 
and desmethylmisonidazole. A reduction in brain 
misonidazole was seen only at the maximum toler- 
ated dose of dexamethasone phosphate and at 6 hr 
but not 1 hr. However, i.v. injection of a single dose 
of 25mg/kg immediately before misonidazole 
reduced brain misonidazole concentrations at 1 hr 
by 15 per cent and the AUC by 14 per cent. 

Dexamethasone inhibits the rate of amino acid 
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transport in rat hepatoma cells in vitro [29] and 
causes capillary vasoconstriction and reduced cap- 
illary permeability [20]. Increased cerebro-vascular 
permeability in experimental vasogenic oedema can 
be normalized by steroids [17], and is probably 
important for their use in brain tumour patients. It 
may be that the observed reduction in brain mison- 
idazole concentrations by dexamethasone phosphate 
is due to reduced cerebrovascular permeability 
and/or blood flow. 

In contrast to phenobarbitone and phenytoin pre- 
treatments which increase the LDs, of misonidazole, 
dexamethasone phosphate pretreatment reduces the 
LDsy. But simultaneous i.v. dexamethasone phos- 
phate has no effect. The acute LDs.) of misonidazole 
is considerably lower when mice are maintained at 
normal body temperature [24]. But the dexametha- 
sone phosphate had little or no effect on misoni- 
dazole-induced hypothermia. The mechanism of the 
increased toxicity of misonidazole after dexametha- 
sone phosphate pretreatment is therefore unclear. 
However, there may be no correlation between neu- 
rotoxicity and toxicity measured by acute lethality 
assay. Small animal models are being developed for 
the assay of neurotoxicity [30, 31] and may be suit- 
able for protection studies with dexamethasone, 
phenobarbitone and phenytoin. 

Regardless of whether misohidazole neurotoxicity 
involves the parent compound or a metabolite such 
as a nitroreduction product, a diminution of the 
AUC for misonidazole in critical neural structures 
is likely to reduce neurotoxicity. A decrease in brain 
AUC through liver microsomal enzyme induction 
occurs with phenobarbitone and phenytoin but is not 
seen with dexamethasone. However, there is a small 
but significant reduction by a different mechanism. 

Because of the wide-ranging and complex bio- 
chemical and physiological effects of dexametha- 
sone, other mechanisms for the possible protection 
or repair of misonidazole neurotoxicity may be 
envisaged. For example, misonidazole causes 
increased lysosomal enzyme activity in mouse brain 
and peripheral nerve [31], and dexamethasone is 
known to stabilize lysosomal membranes [19]. Alter- 
natively, the mechanism may involve reduction of 
oedema, which has been reported in rat peripheral 
nerve after misonidazole [32]. 

Clinical trials will evaluate the possible protective 
role of dexamethasone, phenobarbitone and pheny- 
toin in the control of misonidazole neurotoxicity. 
The present studies may facilitate interpretation of 
the clinical data. 
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SUPPRESSION OF EVOKED AND SPONTANEOUS 
RELEASE OF NEUROTRANSMITTERS IN VIVO BY 
MORPHINE 
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Abstract—The effects of morphine and naloxone on the release of acetylcholine and amino acids from 
sensorimotor cortex were studied using an in vivo cannula. Morphine (10 mg/kg) reduced the spontaneous 
release of acetylcholine but was without detectable effect on the spontaneous release of amino acids. 
It also prevented the release of both acetylcholine and transmitter amino acids (glutamate, aspartate 
and GABA) induced by application of the depolarizing scorpion venom toxin, tityustoxin (1 uM). These 
actions of morphine were prevented by naloxone (2 mg/kg). 


Morphine and other opiates depress the spontaneous 
release of acetylcholine in vitro [1-5] and in vivo [6- 
8] and depress the release of dopamine [9] and the 
turnover of biogenic amines [10]. 

It was recently reported that low concentrations 
of narcotic analgesics, as well as the endogenous 
opiates, met-and leu-enkephalin, hyperpolarize a 
proportion of the neurones in both the guinea pig 
myenteric plexus [11] and the frog sympathetic gan- 
glion [12]. Such membrane hyperpolarization may 
reflect the primary action of morphine and indicate 
the basis for its inhibitory action on the firing of 
neurones induced by noxious agents (e.g. heat) and 
by L-glutamate and L-aspartate [13-17]. In addition, 
this inhibitory action could be a significant compo- 
nent of the analgesic action of morphine. 

We have examined the effects of morphine on the 
spontaneous and evoked release of acetylcholine and 
amino acid transmitters [18] in vivo in an attempt 
to expose interactions between endogenous opiates 
and these two systems. The depolarizing peptide 
tityustoxin, purified from scorpion venom, was 
employed to evoke neurotransmitter release [19]. 


MATERIALS AND METHODS 


Experiments were carried out with Rowett rats 
implanted with a special ‘swivel’ cannula above the 
exposed sensorimotor cortex. This cannula allows 
continuous superfusion of the brain surface [20]. All 
experiments were conducted at least 24 hr after can- 
nula implantation, when rats were awake, unre- 
strained and behaviourally normal. Superfusate was 
collected in plastic tubes containing eserine sulphate 
(1 ug/ml) and sufficient HC! to give a final pH of 3- 
4. Acetylcholine (ACh) was bioassayed using the 
guinea pig ileum preparation [5] using Krebs—Hen- 
seleit medium containing 10 ug/ml of morphine sul- 
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phate. Naloxone does not interfere with the bioassay 
except when added directly at concentrations 
(25 ug/ml naloxone) much higher than those present 
in the samples bioassayed in this study. Amino acids 
were autoanalysed [21]. Morphine (10 mg/kg) and 
naloxone (2 mg/kg) were given intraperitoneally. 
Tityustoxin (1 uM) was administered in saline via 
the superfusion cannula. The superfusion fluid was 
normal saline (0.85% w/v plus 1.3 mM Ca’*). 


RESULTS 


Morphine given i.p. immediately depressed the 
spontaneous release of ACh, an effect which lasted 
for at least 3 hr (Fig. 1A), but it did not affect the 
spontaneous release of glutamate (Fig. 1B) or any 
of the other amino acids measured (i.e. aspartate, 
GABA, glutamine, serine, threonine, glycine, alan- 
ine, valine methionine, leucine, tyrosine and phenyl- 
alanine). In fact, one out of seven animals showed 
a significantly increased release of glutamate, aspar- 
tate and GABA, without change in other amino 
acids. 

In morphine-treated rats, naloxone given i.p. pro- 
duced a large rebound effect [8], with spontaneous 
ACh release exceeding its original control levels 
(Fig. 1A). Again, no effect on amino acid release 
was detected (Fig. 1B). However, in both of the two 
experiments performed, naloxone given alone 
caused some increase (25 per cent) of spontaneous 
ACh release (Fig. 1A). 

We have previously reported [19, 22] that tityus- 
toxin evokes release of ACh and transmitter amino 
acids from sensorimotor cortex when introduced into 
the superfusion stream and the data of Fig. 2 clearly 
show the same effects for glutamate and acetylcho- 
line, the other transmitter candidates aspartate and 
GABA showing very similar patterns of enhanced 
release. Tityustoxin has a more consistent and potent 
action in releasing neurotransmitters both in vivo 
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Fig. 1. Effects of morphine and naloxone on spontaneous 
release of acetylcholine (A) and glutamate (B) from super- 
fused rat sensorimotor cortex. Morphine (Mor; 10 mg/kg) 
and naloxone (Nal; 2 mg/kg) were administered intraper- 
itoneally at the points indicated. @, control (N = 7); O, 
morphine-treated (N = 7); A, naloxone-treated control; 
A, naloxone given after morphine (N = 2). Data represent 
the amount of neurotransmitter released to superfusion 
fluid over a 10 min period + S.E.M. (flow rate = 6 ml/hr). 


and in vitro than other depolarizing agents such as 
Veratrine or high-K*; and these effects are both 
Ca** and tetrodotoxin-sensitive [19, 22]. 

The transmitter release observed in these experi- 
ments was accompanied by stereotyped grooming 
movements of the forelimbs, jaw-chatter and 
myoclonic jerks of the contralateral forelimb which 
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Fig. 2. Effect of tityustoxin on the release of acetylcholine 
(A) and glutamate (B) from superfused rat sensorimotor 
cortex. Arrows indicated where tityustoxin (1 uM) in saline 
(plus Ca** 1.3 mM) was administered via the cannula. @, 


control (N = 4); 0, tityustoxin (N = 4). Data represent the’ 


amount of each neurotransmitter released and collected 
during 10 min of superfusion +S$.E.M. (flow rate = 
6 ml/hr). 
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Fig. 3. Effect of morphine and naloxone on tityustoxin- 
evoked release of acetylcholine (A) and glutamate (B) 
from superfused rat sensorimotor cortex. Superfusion was 
started with saline +Ca’* and the same plus tityustoxin 
(1 uM) was introduced into the superfusion stream where 
indicated. Morphine (Mor; 10 mg/kg) and naloxone (Nal; 
2 mg/kg) were administered intraperitoneally when indi- 
cated by the arrows. @, control (N = 7); O, morphine- 
treated (N = 7); 0, tityustoxin added (N = 3); A, naloxone 
(N = 2). Data represent the amount of each transmitter 
collected during 10 min of superfusion + S.E.M. (flowrate = 
6 ml/hr). 


began 10 min after introduction of the toxin and 
continued during its application. All of these effects 
were abolished by tetrodotoxin. 

In the present experiments, morphine given i.p. 
(10 mg/kg) entirely prevented the release to the 
superfusion stream of ACh and transmitter amino 
acids (glutamate, aspartate and GABA) induced by 
tityustoxin (Figs. 3A and B; glutamate is shown as 
typical for the other transmitter amino acids). These 
actions of morphine were fully reversed by naloxone 
given i.p. (2 mg/kg) at various times during tityus- 
toxin infusion (e.g. 140-150 min after morphine; 
Figs. 3A and B). 

The behavioural and physiological responses 
showed a correlating pattern. Thus, in the presence 
of morphine, tityustoxin was unable to produce the 
effects on limb movements and behaviour described 
above. However, following naloxone administration, 
all of these characteristic effects reappeared, dem- 
onstrating that they had been evoked by the agents 
(presumably the neurotransmitters) released by the 
toxin. 


DISCUSSION 
The anti-convulsant actions of opiates and an 


enkephalin analogue (FK-33824) on reflex epilepsy 
in the baboon have recently been reported [23]. In 
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these experiments the drugs were given intracere- 
brally or intramuscularly, as their effects were 
reversed by naloxone. These results would correlate 
well with our own reported here, but contrast with 
the many previous reports of a convulsant action of 
the opiates, usually given in high doses (e.g. up to 
50 mg/kg) and causing both behavioural and EEG 
manifestations of seizures [24-28]. 

We interpret the ineffectiveness of morphine or 
naloxone to influence the level of spontaneous 
release of amino acid neurotransmitters as an indi- 
cation that these compounds are continuously efflux- 
ing from cellular compartments other than nerve 
terminals, and by non-synaptic mechanisms. The 
greater part of these compounds would not, in this 
case, be influenced by agents modulating transmitter 
release. The much lower level of spontaneous release 
of ACh appears, on the other hand, to be mostly 
synaptic in origin (i.e. ACh is present at only 25 per 
cent of the glutamate level in molecular terms). 

In conclusion, our results support an inhibitory 
action for morphine in the cerebral cortex, and sug- 
gest that this is due to a suppression of neurotrans- 
mitter release. This could be due to a strong hyper- 
polarizing effect, powerful enough to overcome, for 
instance, the potent depolarizing action of tityustoxin 
[19, 22]. Equally, and perhaps more credibly, mor- 
phine could be working by blocking the calcium 
influx which would normally occur during the depo- 
larization induced by tityustoxin. Such an action of 
morphine has been demonstrated [29-30] on the 
calcium current associated with action potentials. 
However, the naloxone sensitivity of the effect 
emphasizes the involvement of receptors and limits 
the appeal of this explanation. The alternative view 
is that presynaptic opiate receptors are controlling 
transmitter release and a case for the existence of 
such receptors in spinal cord and pituitary gland has 
recently gained considerable momentum [31, 32]. 

Since naloxone very effectively prevents this sup- 
pression, the morphine must be acting via specific 
receptor-binding sites and these could be sited at 
any point on the neurones provided interaction leads 
to reduced firing or to reduced transmitter release 
(e.g. presynaptically). However, as reduced neu- 
ronal firing appears to be a characteristic effect of 
endogenous opiate peptides [33-36], the former 
explanation is the more attractive, and in this case 
both morphine and naloxone could be producing 
their primary effects at cell bodies located at some 
distance from the cortical area being superfused, 
possibly even in different brain regions. 

Since we have some evidence that naloxone given 
alone also enhanced spontaneous ACh release, it 
seems likely that the suppression of transmitter 
release by morphine is revealing an influence nor- 
mally exerted by endogenous opiate peptides in cer- 
ebral cortex. Though these agents are not found 
excessively concentrated in this CNS region, they 
are present, and morphine-type opiate receptors also 
abound in sensorimotor cortex [37, 38]. 
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HARMALINE 
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Abstract—A new kinetic formulation for the interaction between reversible and irreversible enzyme 
inhibitors has been used as a basis for determining enzyme active centre occupancy by reversible enzyme 
inhibitors in vivo. This formulation has been validated in vitro by comparing the monoamine oxidase 
active centre occupancy by (+ )-amphetamine calculated from its ability to reduce inhibition by phenelzine 
with that calculated from its direct inhibitory action on the enzyme. From studies on the protection 
afforded against inhibition of mouse brain monoamine oxidase by phenelzine in vivo, Isp values of 5, 
0.5 and 0.1 mg-kg~' have been obtained for the inhibition of this enzyme by (+)-amphetamine, p- 
methoxyamphetamine and harmaline. The protection afforded by amphetamine and p-methoxyam- 
phetamine against inhibition by pheniprazine, clorgyline and tranylcypromine has also been studied. 


The extent to which monoamine oxidase 
[amine:oxygen oxidoreductase (deaminating) 
(flavin containing) EC 1.4.3.4] (MAO) is inhibited 
in vivo by irreversible inhibitors, such as the hydra- 
zines or propargylamines, is readily measurable. 
Animals are injected with the inhibitor, and after a 
suitable time the appropriate tissue is excised and 
homogenized, and substrate is then added to the 
homogenate for enzyme assay in vitro. However, if 
this procedure is adopted with reversible inhibitors, 
such as the amphetamines or harmala alkaloids, it 
will underestimate the true degree of inhibition [1]. 
With reversible inhibitors, this type of experiment 
does not measure the degree of inhibition in the 
original tissue but the degree of inhibition produced 
by the concentration of inhibitor ultimately reached 
in the in vitro assay mixture. This concentration will 
normally be much lower than that which was orig- 
inally present in the tissue owing to the extensive 
dilution which occurs during preparation of the hom- 
ogenate and during the subsequent addition of sub- 
strate and other reagents required for the assay. 
An alternative way of showing that reversible 
inhibitors combine with the active centres of MAO 
in vivo depends on demonstrating that they can 
reduce the long-lasting inhibition produced by an 
irreversible inhibitor if they are injected shortly 
before it [2,3]. This technique has been used suc- 
cessfully with a variety of reversible and irreversible 
inhibitors [1-11], but it has not previously been 
exploited to provide quantitative information on the 
extent of inhibition which would be produced by the 
reversible inhibitor when given on its own. In this 
paper, we present a new kinetic formulation of the 
interaction between reversible and _ irreversible 
inhibitors. This formulation enables the level of 
active centre occupancy by the reversible inhibitor 


to be calculated from the extent to which it decreases 
the level of inhibition by the irreversible inhibitor 
without requiring any knowledge of the local con- 
centration of the irreversible inhibitor. The validity 
of this kinetic formulation has been verified under 
in vitro conditions by showing that the level of MAO 
active centre occupancy by (+)-amphetamine cal- 
culated from the extent to which it diminishes the 
level of inhibition by phenelzine, pheniprazine or 
tranylcypromine is in good agreement with that cal- 
culated from the extent to which it inhibits MAO 
when measured directly. The technique has then 
been used to determine the potencies of (+ )-amphet- 
amine, p-methoxyamphetamine and harmaline as 
inhibitors of mouse brain MAO in vivo from the 
extent to which they protect the enzyme against 
inhibition by phenelzine. The relevance to this tech- 
nique of the choice of irreversible inhibitor and of 
the relative persistence in the tissues of both the 
reversible and the irreversible inhibitor is also 
considered. 


MATERIALS AND METHODS 


Chemicals. [1-'*C] Serotonin creatinine sulphate 
(S-HT) was obtained from the Radiochemical 
Centre, Amersham, U.K. p-Methoxyamphetamine 
hydrochloride was synthesized from p-methoxyben- 


zaldehyde [11]. Other MAO inhibitors were 
obtained as gifts or by purchase as follows: (+)- 
amphetamine sulphate, tranylcypromine sulphate 
and pheniprazine hydrochloride (Smith, Kline & 
French), clorgyline hydrochloride (May & Baker), 
harmaline hydrochloride (Sigma Chem. Co.), par- 
gyline hydrochloride (Abbott), and phenelzine 
hydrogen sulphate (Fluka AG). Inhibitor doses are 
expressed throughout in terms of the salt, not the 
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free base. All other chemicals were obtained from 
British Drug Houses Ltd., Poole, U.K., or Koch- 
Light Laboratories, Colnbrook, U.K. 

Animais and enzyme preparations. Brain mito- 
chondria from male Holtzman rats (200—250 g) were 
isolated by differential centrifugation [12]. Male 
CBA strain mice were used in all the in vivo experi- 
ments. They were killed by cervical dislocation and 
the brains were immediately homogenized in 9 vol. 
ice-cold 0.1M sodium phosphate buffer (pH 7.4) 
using an Ultra Turrax TP 18/2 homogenizer. 

MAO assay. MAO activity in rat brain mitochon- 
dria or in mouse brain homogenate was assayed 
using minor modifications [11] of the radiochemical 
method of Otsuka and Kobayashi [13] with 5-HT as 
substrate. 

Protection experiments in vitro. Appropriate con- 
centrations of (+ )-amphetamine (dissolved in 0.34 ml 
of 0.1 M phosphate buffer. pH 7.4) were added to 
rat brain mitochondria suspended in phosphate 
buffer (0.96 ml equivalent to 50 mg tissue) and 10 mM 
EDTA (0.2 ml) and shaken in air at 37°. After 5 
min, the irreversible inhibitor (0.2 ml) was added, 
and the mixture was shaken for a further 15 min. 
Unlabelled 5-HT (10 mM, 0.2 ml) was then added, 
followed immediately by ["C] 5-HT (0.23 mM, 
0.1 ml). After a further 30 min, the reaction was 
stopped by adding 2M citric acid (0.4ml). The 
remaining steps in the assay were then as previously 
described [11,13]. In the direct inhibition experi- 
ments by (+)-amphetamine at low substrate con- 
centrations, the irreversible inhibitor and the unla- 
belled 5-HT were replaced by buffer and the 
concentration of mitochondria was reduced by a 
factor of 10. 

Protection experiments in vivo. These were carried 
out as described in detail elsewhere [10, 11]. In brief, 
pairs of mice were injected subcutaneously with the 
reversible inhibitor 15min before subcutaneous 
injection of the irreversible inhibitor. They were 
then killed 24 hr later for assay of their brain MAO 
activity with ['*C] 5-HT as substrate. 


KINETIC THEORY 


Kinetic analyses of the protective effect of various 
kinds of reversible ligand against irreversible enzyme 
inhibition have been presented by several workers 
[14-16]. However, these analyses have been confined 
to the in vitro situation in which the concentration 
of the irreversible inhibitor remains constant. The 
novelty of the approach given below lies in the 
demonstration that the protection can be expressed 
quantitatively in such a manner as to be independent 
of the irreversible inhibitor, and consequently it can 
be applied to reversible inhibitors in vivo as well as 
in vitro. 

Inhibition of enzymes by irreversible inhibitors 
normally results from the formation of a stable 
covalent bond between the inhibitor and the active 
centre of the enzyme by a reaction which can be 
most simply represented as E + I— X. The degree 
of inhibition is determined by the fraction of the 
Naa converted into the irreversibly modified form 


If the concentrations of E, I and X are represented 


A. L. GREEN and M. A. S. EL Halit 


by e, i and x, then the rate formation of X is given 
by 


dx/dt = kei. (1) 


The concentration of the free inhibitor will nor- 
mally be a time-dependent function of the admin- 


- istered dose or initial concentration (i,), but provided 


the inhibitor is present in large excess over the 
enzyme, it will be independent of the concentration 
of free enzyme. 


Thus dx/dt = ke [f(i,, f)]. (2) 
If the concentration of enzyme is e, at time 0, and 


e,at time f, then equation 2 can be partly integrated 
to give: 


In (eJe) = k | fli,, de, (3) 


If a competitive reversible inhibitor (P) is present 
at the same time as the irreversible inhibitor, its 
effect would be to render that fraction of the enzyme 
active centres which it occupies (a) inaccessible to 
the irreversible inhibitor. Thus the equation for the 
rate of formation of X becomes: 


dx/dt = k(1 — «) e [f(i,, 9). (4) 


which may also be partly integrated to give; 
In (ee), = (1 = a) | fli. 0) at (5) 


In equation 5, In (e,/e,}, is the value of In (e,/e,) 
for the irreversible inhibitor acting in the presence 
of the reversible inhibitor. The control enzyme 
activity (e,) in this case is the activity in the presence 
of the reversible inhibitor alone under the same assay 
conditions. Since the integral terms in equations 3 
and 5 are the same, they may be eliminated without 
them having to be evaluated, thus giving: 


a = 1 —[In (e/e,,/ In (e/e)]. (6) 


The degree of enzyme inhibition produced by a 
competitive, reversible inhibitor varies with the sub- 
strate concentration, but provided this is sufficiently 
low ([{S] « K,,), the level of inhibition will be almost 
the same as the active centre occupancy q, as cal- 
culated above. This is likely to be the situation for 
MAO in vivo where the concentrations .of free 
endogenous substrates, such as 5-HT or noradren- 
aline, are extremely low. 

The following example, taken from Table 5, illus- 
trates the use of equation 6 to calculate w. Pretreat- 
ment of mice with 0.07 mg-kg™' of harmaline low- 
ered the level of inhibition of brain MAO produced 
by 4mg-kg™' of phenelzine from 77 to 59 per cent. 
Thus, « = 1 — [In (100/41) / In (100/23)] = 0.40, i.e. 
harmaline alone at this dose would produce 40 per 
cent inhibition of brain MAO. 

To minimize the effect of small errors in the 
measurement of the enzyme activity on the calcu- 
lated value of w, e, must not be excessively small 
compared with e,, and (e,), should not be too close 
to (e,),. Optimum results would be achieved by 
choosing experimental conditions where e, was not 
less than 20 per cent of e,, and (e,), was not greater 
than 80 per cent of (e,),. 





Reversible MAO inhibitors in vivo 


An obvious requirement for the success of the 
method is accurate assessment of the residual frac- 
tion of uninhibited enzyme at time ft. When the two 
types of inhibitor are incubated with the enzyme in 
vitro, this can be achieved simply by addition of a 
high concentration of substrate ([S]»K,,) at time ¢. 
This will prevent any further combination of the 
irreversible inhibitor with the enzyme and enable 
the residual uninhibited enzyme to be assayed 
directly. However, in in vivo experiments if any free 
irreversible inhibitor remains in a tissue at the time 
an animal is killed it can continue to react with any 
available uninhibited enzyme up until the time that 
the tissue is homogenized and substrate is added. 
Thus the measured level of inhibition may be greater 
by an unknown amount than that which was actually 
present in the tissue at the time the animal was 
killed. In order to apply equation (6) meaningfully 
in vivo it is necessary that all free irreversible inhib- 
itor should have disappeared from the tissue con- 
cerned before the animal is killed, and that a constant 
level of MAO inhibition should have been reached. 
This can be achieved by not killing the animals until 
24 hr after administration of the irreversible inhibi- 
tor. As shown later (Table 2), the level of inhibition 
by this time is normally approximately constant. 
However, this introduces a further problem in that 
the derivation of equation 6 is based on the assump- 
tion that the concentration of the reversible inhibitor 
remains constant, which will clearly not be true over 
such a long period of time. It follows that the degree 
of inhibition calculated for the reversible inhibitor 
from this type of experiment in vivo is not a measure 
of how much inhibition is present at some precisely 
defined time after injection, but a value which 
reflects the average level of inhibition during the 
period when both reversible and irreversible inhibi- 
tors are present together in the tissue. If the irre- 
versible inhibitor is cleared only slowly from the 
tissue, this period will include the time during which 


% of control 


iMAO activity, 








Dose of inhibitor, mg-kg! 

Fig. 1. Effects of 15 min pretreatment with 5 mg-kg ' of 
(+)-amphetamine sulphate (broken lines) or with 
0.9% NaCl (continuous lines) on inhibition of 5-HT oxi- 
dation by mouse brain MAO 24hr after subcutaneous 
injection of clorgyline (circles), pheniprazine (triangles) or 
phenelzine (squares). All values are the means (+ S.E.M.) 

from assays on at least four pairs of mice. 
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the concentration of the reversible inhibitor is also 
declining. The measured protection, and the calcu- 
lated level of inhibition by the reversible inhibitor, 
will thus be less than that which would be found with 
a more labile irreversible inhibitor. The selection of 
an irreversible inhibitor with a short biological half- 
life is thus crucial if the protection method is to give 
a valid estimate of the inhibitory potency of the 
reversible inhibitor at the time when its concentra- 
tion in the tissue is at its highest level. Provided the 
irreversible inhibitor is sufficiently labile, the con- 
centration of the reversible inhibitor should remain 
approximately constant if it is given long enough 
before the irreversible inhibitor to reach its maxi- 
mum concentration in the tissue during the short 
period over which the irreversible inhibitor exerts 
its effect. A simulation study on the importance of 
the relative persistence in the tissues of the two types 
of inhibitor as a factor determining the level of 
protection is described in the Appendix. 

One other possible complication arises from the 
likelihood that very potent irreversible inhibitors do 
not combine with the enzyme active centre to form 
the irreversibly modified form X directly, but do so 
via formation of a transient Michaelis type complex, 


e.g. 
E+I>EI—X. 


Kitz and Wilson [14] showed that the protective 
effect of tetraethylammonium ions on the irrevers- 
ible inhibition of acetylcholinesterase in vitro by the 
methanesulphonate ester of 3-trimethylaminophenol 
could be interpreted on this basis. Provided the 
irreversible inhibitor concentration is appreciably 
lower than the dissociation constant of the EI com- 
plex, the derivation of equation 6 given above is still 
valid. However, if the irreversible inhibitor concen- 
tration is of the same order as (or greater than) this 
dissociation constant, the level of protection by the 
reversible inhibitor would be reduced due to part of 
the free enzyme being sequestered in the form EI. 
In these circumstances, application of equation 6 
would underestimate the level of active centre occu- 
pancy calculated for the reversible inhibitor when 
present on its own, but the mathematics would 
become intractable if the irreversible inhibitor con- 
centration is not constant. As shown by Kitz and 
Wilson [14], the existence of such an intermediate 
EI complex leads the relationship between In (e,/e,) 
and inhibitor concentration to become hyperbolic at 
high inhibitor concentrations. From our in vivo data 
(Table 4 and Fig. 1) there is some indication that 
this may happen with tranylcypromine but not with 
phenelzine, pheniprazine or clorgyline. 


RESULTS 


Experiments in vitro. In these experiments the 
irreversible inhibitors were incubated with rat brain 
mitochondria at 37° for 15 min in the presence or 
absence of various concentrations of (+)-ampheta- 
mine. The residual MAO activity was then assayed 
with 1 mM 5-HT as substrate. The concentration of 
the irreversible inhibitor was selected so as to pro- 
duce 70-80 per cent inhibition in the absence of 
(+)-amphetamine. Table 1 (second column) shows 
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Table 1. The effect of (+)-amphetamine on inhibition of rat brain mitochondrial MAO by 0.5 uM 
phenelzine in vitro and calculated MAO active centre occupancy* 





MAO activity (per cent of control) 
Amphetamine 
alone (e,) 


Amphetamine 
+ phenelzine (e,) 
(S-HT, 1 mM) 


(+)-Amphetamine 
(uM) 


Calculated per cent 
active centre 
occupancy by 

(+ )-amphetamine 


Measured per cent 
inhibition by 
(+ )-amphetamine 
(5-HT, 11.5 uM) 





29 
39 + | 
48 + 1 
$2 + 1 
58 + 1 


100 
98 
95 
88 
79 


l 
| 
1 
l 


fo) 


~ in & to 
I+ I+ I+ I+ 


mm 





* Data for measured inhibition by phenelzine or (+)-amphetamine are presented as means (+ S.E.M.) 
from four assays and are based on the activity of control samples containing neither inhibitor. The 
phenelzine and enzyme were allowed to interact for 15 min at 37° before MAO assay with 1 mM 5-HT 
as substrate. The per cent active centre occupancy by (+)-amphetamine (fourth column) was derived 
from the mean values of e, and e, (second and third columns) by substitution into equation 6 (see Kinetic 
Theory). The final column gives the per cent inhibition by (+)-amphetamine alone measured directly at 


very low substrate concentration (11.5 uM 5-HT). 


the inhibition produced by 0.5 uM phenelzine in the 
presence of 2.5-20 uM (+)-amphetamine. In the 
presence of 1 mM 5-HT, (+)-amphetamine alone at 
these concentrations had only a weak inhibitory 
effect on MAO (shown in the third column of Table 
1). The percentage of the MAO active centres 
occupied by (+)-amphetamine in the absence of. 
substrate was then calculated from these results using 
equation 6 (see fourth column of Table | and Kinetic 
Theory). This may be compared with the level of 
MAO inhibition produced by (+)-amphetamine 
when measured at a concentration of 5-HT (11.5 uM) 
very much lower than the K,,, value (around 100 uM), 
and which is shown in the final column of Table 1. 

Similar protection was afforded by (+)-amphet- 
amine against inhibition of rat brain mitochondrial 
MAO by pheniprazine or tranylcypromine. Thus, in 
the presence of 10 uM (+)-amphetamine, the level 
of inhibition by 0.5 uM pheniprazine was reduced 
from 77 + 1 to 49+ 1 per cent (based on controls 
containing neither inhibitor), and that by 0.8 uM 
tranylcypromine was reduced from 77 + 1 to 57 + 
1 per cent. The level of active centre occupancy by 
10 uM (+)-amphetamine calculated from these 
results is 65 and 50 per cent, respectively, in fair 
agreement with the results for 10 uM (+ )-amphet- 
amine and phenelzine shown in Table 1. Both the 
calculated active centre occupancy, and the meas- 
ured level of inhibition by (+ )-amphetamine at either 


1 mM or 11.5 uM 5-HT concentration are consistent 
with a K; value for (+ )-amphetamine of around 7 uM. 

Experiments in vivo. The extent of MAO inhibi- 
tion produced in mouse brain at various times 
after the subcutaneous injection of five irreversible 
inhibitors is shown in Table 2. With the ‘two hydra- ' 
zines, maximum inhibition was reached within 30 
min, after which time the MAO level remained 
approximately constant for 24 hr, but with the two 
propargylamines the level of inhibition continued to 
increase slowly for several hours after injection. At 
low dose (1 mg-kg™') tranylcypromine appeared to 
behave like the hydrazines, but at a higher dose 
(5 mg-kg~') there appeared to be some recovery of 
MAO activity after 24 hr. 

Figure 1 shows dose-response curves for the 
inhibition of brain MAO 24hr after injection of 
various doses of clorgyline, pheniprazine or phe- 
nelzine into mice treated 15 min beforehand with 
5 mg-kg™' of (+)-amphetamine sulphate or 0.9% 
NaCl. Figure 2 shows similar curves obtained using 
clorgyline or phenelzine as the irreversible inhibitor 
and p-methoxyamphetamine as the reversible inhib- 
itor. The MAO activities in the brains of mice 24 hr 
after injection of amphetamine or p-methoxyam- 
phetamine alone were the same as those in the brains 
of control mice given 0.9% NaCl only. The apparent 
percentage inhibition of MAO by (+ )-amphetamine 
or p-methoxyamphetamine calculated by applying 


Table 2. Time course of brain MAO inhibition in mice injected subcutaneously with irre- 
versible inhibitors* 





Dose 
Inhibitor (mg-kg ' 


0.5 


Per cent inhibition after time (hr) 


I 4 24 





Phenelzine 
Pheniprazine 
Clorgyline 
Pargyline 
Tranylcypromine 
Tranylcypromine 


4 
2 


0.3 
20 


5 


77 
90 
54 
59 
46 
98 


77 
88 
68 
65 
44 
95 


69 
87 
83 
70 
40 
91 


77 
84 
81 
77 
49 
8O 





* Each result is from a single estimation on the pooled brains from two mice assayed with 


['“C|SHT as substrate. 
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% of control 
uo 
oO 


MAO activity, 





| 
} 





Dose of inhibitor, mg-kg7' 

Fig. 2. Effect of 15 min pretreatment with p-methoxyam- 
phetamine hydrochloride (broken lines 2.2 mg-kg™', dot- 
ted line 0.5 mg-kg™') or 0.9% NaCl (continuous lines) on 
inhibition of 5-HT oxidation by mouse brain MAO 24 hr 
after subcutaneous injection of clorgyline (circles) or phe- 
nelzine (squares). All values are the means (+ S.E.M.) 

from assays on at least four pairs of mice. 


equation 6 to the results in Figs. 1 and 2 is shown 
in Table 3. From the results using phenelzine as the 
irreversible inhibitor the doses of (+)-amphetamine 
and p-methoxyamphetamine required to cause 50 
per cent inhibition of mouse brain MAO when given 
alone are approximately 5 and 0.5mg-kg"', 


respectively. 

The effect of pretreatment with p-methoxyam- 
phetamine (2.2 mg-kg™') on inhibition of mouse 
brain MAO by tranylcypromine is shown in Table 
4. Although p-methoxyamphetamine afforded con- 
siderable protection against inhibition by 
tranylcypromine, the extent of this protection (and 
the calculated apparent level of inhibition by p- 
methoxyamphetamine itself) fell sharply as the dose 
of tranylcypromine was raised. (+)-Amphetamine 
at Smg-kg™' marginally lowered the degree of 
inhibition by 1 mg-kg™' of tranylcypromine (from 
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44 + 2 to 40 + 3 per cent, corresponding to 12 per 
cent inhibition by (+)-amphetamine itself) but gave 
no measurable protection against inhibition of brain 
MAO in mice given 2 or 4 mg-kg'! of 
tranylcypromine. 

Table 5 shows the protection afforded by various 
doses of harmaline against inhibition of mouse brain 
MAO in vivo by 2 or 4mg-kg™' of phenelzine, 
together with the percentage inhibition by harmaline 
itself calculated by use of equation 6. With 2 mg 
-kg~' of phenelzine there was more variation in the 
individual assays than with the higher dose, but the 
calculated per cent inhibition by harmaline was 
approximately the same at both doses. These results 
indicate that the dose of harmaline required to cause 
50 per cent inhibition of brain MAO in mice is 
around 0.1 mg-kg™'. 


DISCUSSION 


As already mentioned, no reliable direct assess- 
ment can be made of the potency of reversible 
enzyme inhibitors in vivo because of the dilution of 
the inhibitor which takes place when the tissue con- 
taining the enzyme is homogenized for enzyme assay. 
The protection technique described in this paper 
overcomes this dilution problem completely in that 
what is actually measured is irreversible inhibition, 
which is unaffected by dilution of the inhibited 
enzyme preparation. 

A further complication which may arise with MAO 
is the existence in many tissues of multiple forms of 
the enzyme with differing substrate and inhibitor 
specificities (see Ref. 17 for a recent review). To 
avoid this problem, all the results reported in this 
paper have been obtained using 5-HT as the only 
substrate. 5-HT is almost exclusively oxidized by A- 
type MAO, for which clorgyline (at low concentra- 
tion) is a specific inhibitor. All three reversible 
inhibitors used have been shown [11, 18, 19} to pos- 
sess much higher affinity in vitro for the A-type 
enzyme than for the B-type. 

The validity of the underlying kinetic theory, 
especially of equation 6, which is used to calculate 


Table 3. Calculated per cent inhibition of mouse brain MAO in vivo by (+)-amphetamine 
sulphate or p-methoxyamphetamine hydrochloride as a function of the nature and dose of the 
irreversible inhibitor* 





Calculated per cent inhibition by 





p-Methoxyamphetamine 


(+)Amphetamine 
0.5 mg-kg"! 2.2 mg-kg ! 


5 mg-kg™! 


Dose 
(mg-kg ') 


Irreversible 
inhibitor 





Phenelzine 76 70 81 
50 50 83 


Pheniprazine <r 33 
32 
12 


Clorgyline 20 
11 





* The percentage inhibition by (+)-amphetamine or p-methoxyamphetamine was calculated 
from the experimental data in Figs. 1 and 2 by substitution into equation 6 of the mean values 
of the residual MAO activity at the specified doses of irreversible inhibitor in mice pretreated 
with the reversible inhibitor or 0.9% NaCl. 
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Table 4. Effect of pretreatment with p-methoxyamphetamine on inhibition of mouse brain 
MAO in vivo by tranylcypromine* 





Per cent inhibition when given 15 min 
after Calculated per cent 
inhibition by 
p-methoxy- 
amphetamine 





Tranylcypromine 
sulphate 
(mg-kg ') 


0.9% NaCl p-methoxyamphetamine 


(2.2 mg-kg ') 





14 
32 


64 


4 75 
6 61 
I 29 


I+ I+ I+ 





* Data for inhibition by tranylcypromine are mean brain MAO activities (+S.E.M.) for 
assays on four pairs of mice killed 24 hr after injection of tranylcypromine. The per cent 
inhibition by p-methoxyamphetamine was calculated from the mean values: for inhibition by 
tranylcypromine by use of equation 6 (see Kinetic Theory) 


the fraction of the enzyme active centres occupied 
by the reversible inhibitor, has been demonstrated 
under in vitro conditions by the protection experi- 
ments summarized in Table 1. The fraction of MAO 
active centres occupied by concentrations of 2.5- 
20 uM (+)-amphetamine calculated from the pro- 
tection afforded against irreversible inhibition by 
phenelzine is in good agreement with that obtained 
by direct inhibition experiments at very low substrate 
concentrations ([{S]«K,,), where the measured level 
of inhibition should be approximately equal to the 
fraction of enzyme active centres occupied by the 
reversible inhibitor. Similar protection was afforded 
by 10uM (+)-amphetamine against irreversible 
inhibition by pheniprazine or tranylcypromine in 
vitro to that found with phenelzine. The protection 
experiments, and the direct inhibition experiments 
at both low and high 5-HT concentration, are all 
consistent with a K; value of about 7 uM for the 
interaction of (+)-amphetamine with rat brain mito- 
chondrial MAO. 

As explained in the Kinetic Theory section, for 
accurate assessment of the level of reversible inhi- 
bition in vivo by this method it is essential to choose 
an irreversible inhibitor with a short biological half- 
life. Arylalkylhydrazines are probably the most sat- 
isfactory irreversible inhibitors for this type of 
experiment with MAO. Although the MAO inhi- 
bition which they produce is very long-lasting, the 
compounds themselves disappear rapidly from intact 
tissues in vivo [6]. This is confirmed by the results 


in Table 2 which show that inhibition by phenelzine 
and pheniprazine reaches a maximum and constant 
level within 30 min. Inhibition by clorgyline (and 
pargyline) in vivo reaches its maximum extent much 
more slowly, implying that some free clorgyline 
remains in the brain for several hours after injection. 
(+)-Amphetamine and _ p-methoxyamphetamine 
exerted much less protection against inhibition by 
clorgyline than against inhibition by phenelzine or 
pheniprazine (Figs. 1 and 2 and Table 3). Harmala 
alkaloids have previously been shown [3,6] to be 
more effective in protecting rat brain MAO in vivo 
from inhibition by pheniprazine than by the more 
persistent inhibitors iproniazid and tranylcypromine. 
We obtained no significant protection against inhi- 
bition by tranylcypromine using (+ )-amphetamine, 
although appreciable protection was afforded by the 
more potent reversible inhibitor p-methoxyamphe- 
tamine (Table 4). However, the apparent level of 
protection exerted by p-methoxyamphetamine 
decreased markedly as the dose of tranylcypromine 
was raised. Although tranylcypromine is normally 
classed as an irreversible inhibitor of MAO, recovery 
of the enzyme from inhibition in vivo is faster than 
with hydrazine or propargylamine inhibitors [20, 21]. 
This is reflected by the results in Table 2 which show 
that at the higher dose of tranylcypromine the level 
of MAO inhibition measured after 24 hr was sub- 
stantially less than that measured after shorter times. 
Thus, the level of inhibition measured 24 hr after 
tranylcypromine in the protection experiments may 


Table 5. Effect of 15 min pretreatment with various doses of harmaline on the inhibition of mouse brain 
MAO 24 hr after subcutaneous injection of phenelzine and calculated inhibition produced by harmaline 
alone* 





% Inhibition by phenelzine 





Harmaline 
(mg-kg~') 


% Inhibition by harmaline calculated from 


(A) (B) 





0 
0.07 
0.35 
1.4 


It I+ It yy 
I+ 
WAM » 


+ i+ 


0 0 
43 39 
89 94 

100 98 





* Data for inhibition by phenelzine are mean brain MAO activities (+ S.E.M.) for assays on four 
pairs of mice killed 24 hr after injection of phenelzine. Per cent inhibition by harmaline was calculated 
from the mean values for inhibition by phenelzine by use of equation 6 (see Kinetic Theory). 
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be lower than the true level of inhibition at the time 
of peak protection by p-methoxyamphetamine. The 
level of inhibition calculated for p-methoxyamphe- 
tamine under these circumstances would conse- 
quently be less than that actually present. As indi- 
cated earlier another possibility is that the existence 
of a transient reversible intermediate complex 
formed between MAO and_ tranylcypromine 
becomes kinetically significant at higher doses, which 
would also result in a fall in the level of protection. 
As (+)-amphetamine gave greater protection against 
phenelzine than against pheniprazine, phenelzine 
was selected as being the irreversible inhibitor of 
choice out of those which are readily available. We 
have shown elsewhere [11] that protection by (+)- 
amphetamine or by p-methoxyamphetamine of 
mouse brain MAO against inhibition by phenelzine 
in vivo is maximal if these drugs are given 15-30 min 
before the phenelzine, but declines if this interval 
is shortened or lengthened. Brain levels of (+)- 
amphetamine in rats or mice given the drug intra- 
peritoneally are also at a maximum level between 
15 and 30 min after injection [22, 23]. 

Even with phenelzine, there is one further com- 
plicating factor in that the apparent level of inhibition 
calculated for (+)-amphetamine or p-methoxyam- 
phetamine by use of equation 6 was slightly greater 
when the dose of phenelzine was 2 mg-kg™' than 
when it was 4mg-kg™'. This anomaly is not seen 
with pheniprazine or clorgyline and possibly arises 
from MAO itself contributing to the rapid elimina- 
tion of phenelzine from the tissues in vivo [24]. If 
the level of brain MAO inhibition by the reversible 
inhibitor in vivo calculated from the extent of pro- 
tection afforded against inhibition by 4 mg- kg" ' phe- 
nelzine can be accepted as a valid estimate of its 
approximate inhibitory potency at the time when its 
effect is maximal, then the doses of (+)-ampheta- 
mine sulphate, p-methoxyamphetamine hydro- 
chloride and harmaline hydrochloride causing 50 
per cent inhibition are approximately 5, 0.5 and 
0.1 mg-kg~', respectively. At as little as 1 mg-kg™', 
inhibition by harmaline is virtually complete. The 
striking potency of harmaline when assessed in this 
way illustrates the value of this protection technique 
as a method for studying reversible inhibitors in vivo. 
By this technique, harmaline can be seen to be as 
potent an MAO inhibitor in vivo as clorgyline. This 
accords well with the exceptionally high affinity of 
harmaline for MAO in vitro [25]. Other workers 
have shown that harmaline inhibits rat or mouse 
brain MAO in vivo by use of conventional tech- 
niques, but they have been obliged to administer 
much higher doses in order to achieve comparable 
apparent levels of inhibition [6, 26]. p-Methoxyam- 
phetamine is not as potent as harmaline but it never- 
theless produces marked inhibition of brain MAO 
at pharmacologically active doses [11]. Although the 
inhibitory effect of (+)-amphetamine is weaker than 
that of the other two compounds, it may still be 
pharmacologically relevant. The behavioural effects 
of (+)-amphetamine in mice may be subdivided 
into two classes depending on the subcutaneous dose 
required to elicit them [27]. Group 1 effects, includ- 
ing exophthalmos and increased locomotor activity, 
had EDs values in the range of 14 mg: kg"! of (+)- 
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amphetamine base, and it is unlikely that MAO 
inhibition contributes significantly to these. How- 
ever, the Group 2 effects, including compulsive 
gnawing and other signs of the characteristic stereo- 
typed behaviour, had EDs) values of 15 mg-kg™' or 
above. At these doses, MAO inhibition would be 
expected to be well over 50 per cent. The behavioural 
effects of (+)-amphetamine appear to be mainly 
attributable to biogenic amines released from intra- 
neuronal stores [28]; in so far as high levels of MAO 
inhibition would preserve these amines from destruc- 
tion, such inhibition may well be an important factor 
in the production of Group 2 behavioural effects. 
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APPENDIX 


In the Kinetic Theory section of this paper it was assumed 
that although the concentration of the irreversible inhibitor 
might be time dependent, the concentration of the reversi- 
ble inhibitor was constant. This clearly cannot be strictly 
true in vivo. The following analysis is intended to give some 
insight into the probable validity of equation 6 in circum- 
stances where the concentrations of both the reversible and 
the irreversible inhibitor decline with time. 

The fraction of enzyme active centres («) occupied by 
a reversible inhibitor is given by z/(1 + z), where z is its 
concentration expressed in normalized units (i.e. z = p/K,, 
where p is the concentration in molar units and K, is the 
dissociation constant of the enzyme-inhibitor complex). 
Thus (1 — x) = 1/(1 + z). In vivo, both z and the irrevers- 
ible inhibitor concentration (i) will be time-dependent func- 
tions of the initial concentrations or administered doses 
(z, and i,). Let i=f(i,, ft) and z = g(Z,, t). Thus in the 
presence of both inhibitors, the rate of formation of the 
irreversibly modified enzyme (X) is given by 


dxidt=kef(i,)[l+eg (zd). . (7) 


Provided both f and g are independent of the enzyme 
concentration (i.e. both types of inhibitor are lost from the 
tissues largely as a result of metabolic or excretory processes 
not involving the enzyme being inhibited), then equation 
7 may be partly integrated to give: 


In(e/e), = k ['ra. t) di/ [1+g(z, 0]. (8) 


The concentrations of both inhibitors in the immediate 
vicinity of the enzyme will vary with time in a complex 
manner depending on the relative rates of absorption, 
distribution and metabolism in the animal body. However, 
by making assumptions about the mathematical form of 
the two functions f and g it is possible to use numerical 
integration methods to construct hypothetical dose- 
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response curves relating the degree of enzyme inhibition 
to the dose of irreversible inhibitor in the presence of varied 
doses of the reversible inhibitor. The simplest assumption 
about f and g is that both inhibitors attain an instantaneous 
initial concentration directly related to the administered 
dose, and that this then declines at a first order rate, i.e. 
i= i, exp(—k,f) and z = z, exp(—kyt). 
Equation 8 then becomes 


In (eJe,), = k i, {'exp(-ky) dt/[1 + z,exp (—k,t)]. (9) 


If k, is given an arbitrary value of 1 time-unit~', then 
after 10 time units / will be vanishingly small (<0.00005 ,) 
and the residual enzyme activity will have reached a con- 
stant level. Thus by integrating equation 9 numerically 
using Simpson’s rule between limits of 0 and 10 time units, 
e/e, can be evaluated as a function of i, for any specified 
values of z, and k2. Figures 3 a—-d show per cent residual 
activity (100 e/e,) as a function of i, (plotted on a logarithmic 
scale) for values of z, of 0, 1, 3 and 9 (equivalent to 0, 50, 
75 and 90 per cent active centre occupancy at zero time) 
and with k, = 0, 0.2, 1 or 5. When k, = 5, the lines are so 
close together that for clarity in Fig. 3d only the lines for 
Z,= 0 and z, =9 are included. The rate constant k has 
been arbitrarily put equal to 1/0.7 in order that when z, = 
0, approximately 50 per cent inhibition would occur with 
i, equal to 1. Alteration in this value shifts the whole set 
of curves uniformly to the right or left, but does not alter 
their relative positions. 

These curves may be compared with the experimental 
plots shown in Figs. 1 and 2, where sufficient time (24 hr) 
was allowed to elapse between administration of the irre- 
versible inhibitor and killing the animals for all free inhib- 
itor to have disappeared. In both the theoretical and 
experimental plots the effect of the reversible inhibitor is 
to shift the log dose—per cent inhibition curve for the 
irreversible inhibitor to the right in an approximately par- 
allel fashion. This effect has been noted previously [7, 10, 
11]. 
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Fig. 3. Simulated plots of residual MAO activity as a 
function of the logarithm of the dose of irreversible inhibitor 
(ip) in the presence of a labile reversible inhibitor. The 
dose of reversible inhibitor (zg) is marked against each line. 
The rate constant for disappearance of the irreversible 
inhibitor (k,) = 1; that for the disappearance of the reversi- 
ble inhibitor (k2) = 0 (a), 0.2 (b), 1(c) or 5(d). See Appen- 
dix for further details. 
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For any specified dose (z,) of reversible inhibitor, the 
extent of the shift is very dependent on the magnitude of 
k, compared with that of k,. If k is small (Fig. 3b), the 
shift is almost as great as when k; is zero (Fig. 3a). The 
values of w calculated from equation 6 and the results in 
Fig. 3b are only slightly less than those calculated from Fig. 
3a. Thus if kz is zero, w values corresponding to Zp values 
of 1, 3 and 9 are 0.5, 0.75 and 0.90, respectively [if i = 
igf(t) the x value calculated from equation 6 will be inde- 
pendent of the value chosen for ig], whereas if k2 is 0.2, 
these are reduced to 0.45, 0.71 and 0.88. If k2 is comparable 
with k, (Fig. 3c), the shift to the right is much reduced. 
For example, the value of zg must be increased from 1 to 
3 to obtain the same shift to the right as found when k) is 
zero. From the experimental plots in Fig. 2, it can be seen 
that the dose of p-methoxyamphetamine must be increased 
about four times to achieve the same degree of protection 
against inhibition by clorgyline as is found against inhibition 
by phenelzine, suggesting that free clorgyline and p-meth- 
oxyamphetamine are cleared from the brain at similar rates. 
If k, is much greater than k, (Fig. 3d), only a small shift 
to the right occurs even with a dose (z, = 9) of reversible 
inhibitor that initially occupies 90 per cent of the enzyme 
active centres. 

These simulated plots thus confirm the necessity for 
choosing a highly labile irreversible inhibitor that is rapidly 
cleared from the tissues concerned if the protection tech- 
nique is to give a valid estimate of the inhibitory potency 
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of the reversible inhibitor at the time when it is exerting 
its maximal effect. 

It may also be noted from equation 5 (see Kinetic Theory) 
that if i = i, f(t), an alternative method of calculating « is 
from the extent to which the log dose-response curve is 
shifted to the right (i.e. from the extent to which i, must 
be raised to exactly offset the (1 — a) term in equation 5. 
If a dose of reversible inhibitor causes an n-fold increase 
in the dose of irreversible inhibitor required to cause any 
specified level of inhibition, then 


a = (n — 1)y/n. (9) 


Thus, the dose of reversible inhibitor which doubles the 
dose of irreversible inhibitor needed to cause 50 per cent 
inhibition (i.e. where n = 2) is also the dose which would 
itself cause 50 per cent inhibition if the reversible inhibitor 
were present on its own. The values of « calculated from 
the increase in the dose of phenelzine required to cause 50 
per cent inhibition of brain MAO in mice pretreated with 
5 mg-kg ' (+)-amphetamine, 0.5 or 2.2 mg-kg | p-meth- 
oxyamphetamine or 0.07 mg- kg ' harmaline are 0.49, 0.47, 
0.74 and 0.39, respectively. These are in fair agreement 
with the corresponding values (0.50, 0.50, 0.83 and 0.39) 
calculated from applying equation 6 to the extent of inhi- 
bition produced by 4mg-kg ' of phenelzine. Thus, 
although equation 9 is less firmly grounded theoretically 
than equation 6, it appears to give similar values for «, 
and it is much simpler to use than equation 6. 








Biochemical Pharmacology, Vol. 29, pp. 2791-2797. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/1015-2791 $02.00/0 


EFFECTS OF PHOSPHOLIPIDS ON THE BINDING OF 
(H]DIHYDROALPRENOLOL TO THE £B-ADRENERGIC 
RECEPTOR OF RABBIT HEART MEMBRANES 


NGUYEN X. THANG, A. Borsopi and M. WOLLEMANN 


Institute of Biochemistry, Biological Research Center, Hungarian Academy of Sciences, 
6701 Szeged, P.O.B. 521, Hungary 


(Received 17 August 1979; accepted 5 June 1980) 


Abstract—The specific binding of [*H]dihydroalprenolol (DHA) by rabbit heart membranes and by a 
solubilized Lubrol PX-free preparation amounted to 0.80 + 0.06 pmoles/mg protein and 0.61 + 
0.07 pmoles/mg protein, respectively. The binding was stereospecific. Optimal solubilization was 
achieved with 1% Lubrol PX. The addition of total rabbit brain phospholipids significantly enhanced 
the specific [,H]DHA binding of the solubilized Lubrol PX-free receptor fraction. Although the number 
of binding sites (B,,x) increased in the presence of phospholipids, the dissociation and the Kp constant 
of H]DHA in the solubilized Lubrol PX-free receptor fraction did not change. 


Adenylate cyclase-coupled f-receptors correspond 
to physiological f-adrenergic receptors [1-3]. In this 
molecular interaction, phospholipids may play a 
role as coupling factors between the adenylate 
cyclase and freceptor [4]. The stimulatory 


effects of phospholipids on solubilized adenylate 
cyclase from cat heart homogenates was suggested 


by Levey [5, 6]. Binding of [*’H]norepinephrine and 
[*H]dihydroalprenolol to the solubilized receptor 
fraction from rabbit heart membranes has been 
reported [7, 8]. However, the effect of phospholipids 
on [*H]dihydroalprenolol binding to the f-adrenergic 
receptor of rabbit heart membranes has not yet been 
tested. 

This work was carried out to investigate the effect 
of phospholipids on the receptor binding of rabbit 
heart membrane and the solubilized detergent-free 
receptor. 


MATERIALS AND METHODS 


Materials 


(+)-Propranolol was purchased from Imperial 
Chemical Industries; all other fine chemicals were 
obtained from Sigma Chemical Co. Polyethylene 
glycol 6000 was purchased from Fluka A.G. Buch 
S. G. (Switzerland). The specific activity of 
[*H]dihydroalprenolol was 80.6 Ci/mmole; it was 
prepared in the Isotopic Department of the Bio- 
logical Research Center of the Hungarian Academy 
of Sciences, Szeged. Glass fibre filters Whatman 
GF/F and GF/C, 25 mm in diameter, were used. 


Methods 


Rabbit heart membranes were prepared from New 
Zealand white rabbits according to the method of 
Louis et al. [9] with minor modifications [10], but 
the isolation of membrane fractions by sucrose gra- 
dient ultracentrifugation was not carried out. 


Solubilization of membrane with non-ionic deter- 
gents. Rabbit heart membrane samples were treated 
with non-ionic detergent solution in 20mM Tris— 
HCI buffer, pH 7.4. Appropriate volumes of water 
and detergents (5% w/v Lubrol PX) was added to 
the suspension to obtain the required concentration 
of detergent (1%) and a final concentration of 
10 mg/ml membrane protein. Detergent-membrane 
mixtures were incubated for 30 min at 4° with gentle 
stirring. These solubilized fractions were then cen- 
trifuged at 17,000 g for 20 min at 4°. The supernatant 
fractions were carefully withdrawn and filtered 
through a 0.45 um millipore filter. The supernatant 
fractions were assayed for protein by the method of 
Lowry et al. [11] with the modification for proteo- 
lipids described by Dulley and Grieve [12], using 
crystalline bovine serum albumin as standard. 

Preparation of detergent-free, solubilized receptor. 
Ten millilitres of solubilized rabbit heart membrane 
containing about 2.5 mg protein/ml were applied to 
a 1.5 x 8cm DEAE-cellulose column equilibrated 
at 4° in 20 mM Tris-HCl! buffer, pH 7.4. The flow 
rate was approximately 0.4 ml/min. The column con- 
taining the enzyme was washed with 150 ml of 20 mM 
Tris-HCl buffer, pH 7.4, at a flow rate of 1 ml/min. 
The receptor was eluted with 1 m Tris-HCL buffer, 
pH 7.7, containing 1 mM DTT with a flow rate of 
0.3 ml/min according to the method of Levey [6]. 

Total phospholipids were extracted from rabbit 
brain according to the method of Folch et al. [13] 
and were purified on silicic acid column as follows: 
10 ml of lipid extract were passed through a2 x 15 cm 
silicic acid column previously washed with 50 ml of 
ethyl ether. The column was then washed with 100 ml 
of chloroform to eliminate neutral lipids and fatty 
acids. The total phospholipids were eluted with 20 
mi of methanol and then centrifuged at 6000 g¢ for 
15 min. The total phospholipid solution was with- 
drawn and concentrated by evaporation in a water 
bath at 50° under a nitrogen or carbon dioxide 
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stream. Two millilitres of Tris-HCl, 20 mM, pH 7.7, 
was added to the residue, and the lipids were dis- 
persed by sonication, generally for about 2 min, until 
there was no apparent change in clarity of the sol- 
ution. This preparation then was centrifuged at 3000 g 
for 15 min at 4°. 

The binding assay was performed in triplicate with 
portions of membrane containing 50-100 ug protein 
in a volume of 600 ul consisting of 75 mM Tris-HCl 
buffer, pH 7.5, 25mM MgCl, and 4-200nM 
[*H]dihydroalprenolol (DHA) incubated at 33° for 
5 min. Nonspecific binding was determined in the 
presence of 10 uM DL-propranolol according to the 
method of Lefkovitz et al. [14]. Samples were filtered 
under vacuum on the glass fibre filters (GF/C) and 
washed three times with 5 ml of 75 mM Tris-HCl 
buffer, pH 7.5, containing 25 mM MgCl, solution. 

Binding of [*H]dihydroalprenolol to the solubil- 
ized receptors was assayed by the polyethylene glycol 
precipitation technique [15]. The solubilized deter- 
gent-free receptors (100-200 ug of protein) and 
250 ug human gamma globulin were incubated with 
[;H]dihydroalprenolol (4-200 nM) for 10 min at 33° 
in 75 mM Tris-HCI buffer, pH 7.5, containing 25 mM 
MgCl, in a final volume of 600 ul. At the end of the 
incubation, the assay mixture was chilled on ice and 
200 ul of cold 48% (wt/v) polyethylene glycol-6000 
was added. The tubes were mixed and placed in ice 
for 10 min. Nonspecific binding was determined in 
the presence of 10 uM propranolol and the samples 
were filtered and treated as described aboye. 

The radioactivity of dried filters was counted in 
a Nuclear Chicago isotope liquid scintillation spec- 
trometer. Under the assay conditions, 
[*H]dihydroalprenolol binding was linear between 
30 and 300 yg protein of rabbit heart membrane and 
between 100 and 400 ug protein of the solubilized 
detergent-free receptors. The specific binding of the 


N. X. THANG, A. Borsop!i and M. WOLLEMANN 








pmoles specific [3H] DHA bound/mg protein 


! 1 
v2 5 10 





Fig. 1. Time course of the specific binding of rabbit heart 

membrane (@) and the solubilized detergent-free receptor 

fraction (@). Samples were incubated with 20 nM [HJDHA 

under standard assay condition at different reaction times. 

The values were obtained from two separate experiments 
performed in triplicate. 


rabbit heart membrane preparation and the solubil- 
ized, Lubrol PX-free receptor fraction were satu- 
rated after 5 and10 min, respectively, at 33° (Fig. 1). 


RESULTS 


Effects of phospholipids on the B-adrenergic recep- 
tor binding of rabbit heart membranes. The receptor. 
binding was tested in the presence and absence of 
total rabbit brain phospholipids. Figure 2A shows 
that the specific receptor binding was saturated at 
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Fig. 2. Specific (H]DHA binding of rabbit heart membranes in the presence (@) and absence (m) of 

2.8 x 10 ’moles phospholipid/ml. Rabbit heart membranes were incubated with [7H]DHA under 

standard assay conditions together with various concentrations of [° H]DHA. (A) Binding of rabbit heart 
membrane. (B) Scatchard plot of A. The values were obtained from three experiments. 





Effects of phospholipids on the binding of [“H]dihydroalprenolo! 


Table‘ 1. Maximum specific binding and dissociation constant (Kp) of 
(H]DHA in rabbit heart membrane and solubilized Lubrol PX-free receptor 


fraction* 





Preparation 


Bras 
Kp (pmoles/mg 
(nM) protein) 





Rabbit heart membrane 

Control 

Addition of 2.8 x 107’ moles 
phospholipid/ml 


Solubilized Lubrol PX-free 

receptor preparation 

Control 

Addition of 1.5 x 107’ moles 
phospholipid/ml 

Addition of 2.8 x 10~’ moles 
phospholipid/ml 

Addition of 5.62 + 107’ moles 
phospholipid/ml 


6.80 + 0.52 0.80 + 0.06 


7.10 + 0.73 1.08 + 0.08 


7.50 + 0.80 0.61 + 0.07 


7.69 + 0.78 1.00 + 0.10 
7.64 + 0.90 1.30 + 0.16 


7.56 + 0.92 1.40 + 0.18 





* The dissociation constant (Kp) of [7H]DHA and the number of binding 
sites (Bmax, expressed as pmoles/mg protein) were determined by Scatchard 
analysis. The values were obtained from either two or three experiments 


performed in tripicate. 


40 nM [*H]dihydroalprenolol concentration in the 
presence and absence of the total phospholipids. The 
specific binding of rabbit heart membrane amounted 
to 0.80 + 0.06 pmoles/mg protein and was signifi- 
cantly increased by the addition of the total phospho- 
lipids to 1.08 + 0.08 pmoles/mg protein. 

Scatchard analysis indicated the presence of a sin- 
gle population of binding sites with apparent dis- 
sociation constants (Kp) of 6.80 and 7.10 nM, respec- 
tively, in the absence and presence of the total 
phospholipids (Fig. 2B, Table 1). The dissociation 
of the native membrane preparation is depicted in 
Fig. 3 in the presence of 10 uM DL-propranolol and/or 
100-fold dilution. No cooperativity was observed. 
The binding was stereospecific (Fig. 8A). 

Properties of the solubilized B-adrenergic receptor. 
The adrenergic receptor fraction of the rabbit heart 
membrane was solubilized with Lubrol PX 1% and 
the detergent was removed on a DEAE-cellulose 
column as described in Methods. Figure 4 shows that 
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Fig. 3. Dissociation of the membrane fraction in the absence 
(A—A) and presence (@—®) of 10 uM DL-propranolol. 
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the receptor binding of the solubilized detergent-free 
receptor fraction was tested with [‘H]DHA, an 
antagonist of f-adrenergic receptors. The concen- 
tration of [‘H]DHA was varied from 4 nM to 200 nM 
in the presence and absence of 10 uM (+)-propran- 
olol. The total binding and the nonspecific binding 
were dependent on the [*H]DHA concentrations. 
The specific binding, which was saturated at 40 nM 
(H]DHA, amounted to 0.610 + 0.07 pmoles/mg 
protein. The presence of gamma globulin is essential 
as a carrier for the precipitation reaction. Under our 
conditions, its specific binding was about 0.09 + 
0.02 pmoles/mg protein and the specific binding of 
the total phospholipid was negligible. The yield of 
the f-receptor solubilization was optimal at 1% 
Lubrol PX, as shown in Fig. 5. The presence of 
Lubrol PX in the preparation interferes with the 
applied binding test [8]; therefore its removal seems 
obligatory. 

Figure 6 shows that the /-adrenergic receptor 
binding of the solubilized detergent-free receptor 
fraction was enhanced by the addition of total 
phospholipids, and the specific binding was saturated 
at 40nM [PH]DHA. 

The addition of the phospholipids did not change 
significantly the affinity of [/H]DHA to the f-recep- 
tor. The increase was maximal at 2.8 x 107’ moles 
phospholipid/ml. The specific binding was enhanced 
1.6- and 2.0-fold in the presence of 1.5 x 107’ and 
2.8 x 10°’ moles phospholipid/ml, __ respectively. 
Table 1 and Fig. 5 show that the apparent dissociation 
constants (Kp) in the absence and presence of vary- 
ing phospholipid concentrations did not differ sig- 
nificantly from each other. The number of binding 
sites (B,4x) varied from 0.61 to 1.40 pmoles/mg pro- 
tein. The dissociation of the solubilized detergent- 
free preparation is depicted in Fig. 7. Phospholipids 
did not influence either the dissociation of the mem- 
brane or of the solubilized preparations (data not 
shown). 
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Fig. 4. [H]DHA binding of the solubilized Lubrol PX-free receptor fraction from rabbit heart mem- 

branes. The solubilized Lubrol PX-free receptor fraction was incubated with [*H]DHA in the presence 

(A) and absence (™) of 10 uM DL-propranolol under standard assay conditions. The values are means 
obtained from two separate experiments performed in triplicate. 


The stereospecificities of the binding of the mem- 
brane and the solubilized detergent-free prep- 
arations are shown in Figs. 8A and B, respectively. 

DISCUSSION 


Lubrol PX and Triton X-100 have been used to 
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Fig. 5. Effects of various Lubrol PX concentrations on the 
specific DHA binding of the solubilized Lubrol PX-free 
receptor fractions from rabbit heart membranes at various 
Lubrol PX concentrations. The solubilized Lubrol PX-free 
receptor fractions were incubated with [H]DHA in the 
. presence and absence of 10 uM propranolol under standard 
assay conditions. The values are means obtained from three 
experiments. 


solubilize the insulin receptor of liver and fat cell 
membrane [16], as well as the adrenergic receptor 
of canine myocardium [17]. Lubrol PX treatment 
destroyed the hormone-sensitivie adenylate cyclase 
but not the specific binding of catecholamines [16]. 
After removal of Lubrol PX on a DEAE-cellulose 
column, the solubilized, detergent-free receptor 
fraction had similar properties to the membrane 
receptor. The specific binding was temperature 
dependent (data not shown) and was saturated in 
the range of 40nM [*H]DHA. The membrane f- 
receptor was saturated within 5 min and the solu- 
bilized detergent-free receptor fraction in 10 min 
(Fig. 1). The addition of the total phospholipids to 
the rabbit heart membrane preparation or to the 
solubilized, detergent-free receptor fraction 
enhanced their binding capacity. The increase of the 
specific binding of the solubilized, detergent-free 
receptor fraction was higher than those of the mem- 
brane preparation. The increase in binding of the 
solubilized detergent-free receptor fraction was 
dependent on the concentration of phospholipids. 
The specific binding was maximal at 2.8 x 107’ moles 
phospholipid/ml. The affinity of [/H]DHA binding 
to the B-receptor was not changed after addition of 
the phospholipids. The dissociation of the binding 
was not influenced by phospholipids either in the 
membrane or in the solubilized detergent-free prep- 
arations. The binding was stereospecific in both prep- 
arations (Figs. 8A and B). 
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Fig. 6. Specific (H]DHA binding of the solubilized Lubrol PX- free receptor fraction in the absence 

(@) and presence of 1.5 x 107’ (@), 2.8 x 107’ (O) and 5.62 x 10" 7 moles phospholipid/m! (QO). The 

solubilized Lubrol PX-free receptor was incubated with 20 nM [*H]DHA under standard assay condi- 

tions, except that various phospholipid concentrations were added. (A) Binding of the solubilized 

Lubrol PX-free receptor fraction. (B) Scatchard plot of A. The values were obtained from two 
experiments performed in triplicate. 
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Fig. 7. Dissociation of the solubilized Lubrol PX-free 
receptor fraction in the absence (A—A) and presence 
(@—®@) of 10 uM DL-propranolol. 


Drummond and Dunham [8] also solubilized a 
detergent-free rabbit heart membrane fraction, and 
obtained lower binding capacities (0.1 and 
0.04 pmol/mg protein, respectively) in their prep- 
arations. The difference between their and our data 
could be explained partly by the differences in ‘the 
methods of preparation and assay. We used only 
freshly prepared fractions, whereas their material 
was stored frozen at —80°. Instability of solubilized 
f-receptor were also reported by Strauss et al. [18]. 
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Similar Kp values and binding properties to those 
discussed here were reported previously by us and 
other authors [19, 20]. 

In the relationship between the /f-adrenergic 
receptor and the solubilized adenylate cyclase, the 
hormone sensitivity of the adenylate cyclase system 
was destroyed but [7H]DHA binding to B-adrenergic 
receptor was only somewhat reduced compared with 
that of the rabbit heart membrane fraction. It is 
possible that during the solubilization one or more 
factors responsible for the hormonal activation and 
coupling had been lost, but the B-adrenergic receptor 
in the solubilized form still had similar properties to 
the f-adrenergic receptor of the membrane fraction. 
The results suggest that the B-adrenergic receptor 
was more stable in the solubilized form than the 
adenylate cyclase. After the addition of phospho- 
lipids, adenylate cyclase activity [21] and the number 
of f-receptor binding sites were enhanced, but the 
increase in [/H]DHA binding was more pronounced 
than the increase in adenylate cyclase activity. The 
addition of the phospholipids did not cause any 
change in the dissociation constant (Kp) of H]DHA 
binding in the rabbit heart membrane and the solu- 
bilized Lubrol PX-free receptor fraction. The smaller 
effect of phospholipids on the rabbit heart membrane 
preparation can be explained partly by a certain loss 
of phospholipids during preparation [21] and by the 
stabilizing effect of phospholipids on f-receptors 
connected with adenylate cyclase [10]. These results 
show that the phospholipids are important not only 
for adenylate cyclase activity but are also necessary 
for the binding of hormone to the f-adrenergic 
receptor. 
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Fig. 8. Displacement of [‘H]DHA by nonradioactive antagonists. O, L-alprenolol; @, D-alprenolol; 
A, DL-propranolol; A , D-propranolol. (A) Membrane fraction. (B) Solubilized Lubrol PX-free receptor 
fraction. The values were obtained from two experiments performed in triplicate. 
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INHIBITION BY ALIPHATIC ALCOHOLS OF THE 
STIMULATED ACTIVITY OF ORNITHINE 
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Abstract—Inhibition of the synthesis of ornithine decarboxylase and tyrosine aminotransferase by 
ethanol, 1-propanol, 2-propanol and 2-methyl-2-propanol was studied in partially hepatectomized rats. 
The inhibition by ethanol appeared to have a direct dependence upon the dose. Other alcohols tested 
were even more efficient inhibitors than ethanol of the stimulation of ornithine decarboxylase and 
tyrosine aminotransferase, in regenerating liver remnant after partial hepatectomy. In addition, the 
stress of the operation was found to stimulate the activity of ornithine decarboxylase in the kidneys and 
to a lesser extent in the brain. In kidneys, but not in the brain, ethanol inhibited the increase in the 
activity of ornithine decarboxylase in a dose-dependent manner. 2-Methyl-2-propanol, similarly to the 
higher dose of ethanol, inhibited ornithine decarboxylase in the kidneys, whereas other alcohols 
appeared to have no effect. Since 2-propanol and 2-methyl-2-propanol do not produce aldehydes in the 
liver or change the NADH/NAD” redox state, the results suggest that the synthesis of ornithine 
decarboxylase and tyrosine aminotransferase was inhibited by ethanol molecules. The dose dependence 


of the ethanol inhibition, both in the liver and kidneys, also supports this suggestion. 


The inhibition of protein synthesis in the liver caused 
by acute alcohol treatment is still unclear and remains 
a question of controversy. The in vitro incorporation 
of radioactive label into proteins is usually inhibited 
[1-4], although in vivo inhibition [5-7], unaffected 
[4] and even accelerated [5, 8] protein synthesis have 
been reported after acute ethanol treatment. 

As the low rate of protein synthesis in normal liver 
could be one reason for the large variation in the 
results, we used regenerating rat liver as the model 
tissue, as suggested in our previous study [7]. After 
partial hepatectomy the rate of general protein syn- 
thesis, including the synthesis of specific proteins, 
is greatly enhanced and therefore the possible inhi- 
bition by ethanol is easier to detect. When the activity 
of ornithine decarboxylase (E.C. 4.1.1.17) was used 
as the marker of protein synthesis [9], we found at 
4hr after partial hepatectomy that a moderate dose 
of ethanol inhibited the synthesis of this enzyme by 
50-70 per cent [7]. From the experiments with disul- 
firam and 4-methylpyrazole it was suggested that this 
effect was directly due to the ethanol molecules and 
not mediated via acetaldehyde, acetate or the 
changed NADH/NAD*’ redox state. 

The aim of the present study was to test our 
hypothesis that ethanol itself inhibits protein syn- 
thesis, by studying the effect of other aliphatic 
alcohols. In addition to ethanol we tested 1-pro- 
panol, which is a primary alcohol and metabolized 
by alcohol dehydrogenase to propionaldehyde, 2- 
propanol, which is a secondary alcohol and is metab- 
olized to acetone, and 2-methyl-2-propanol, which 


is not metabolized in the liver but is mainly elim- 
inated by excretion [10]. The lactate/pyruvate ratio 
is increased in the liver during the elimination of 
ethanol and 1-propanol but not after treatment with 
2-propanol and 2-methyl-2-propanol [11]. The activi- 
ties of ornithine decarboxylase, tyrosine aminotrans- 
ferase and alanine aminotransferase were measured. 
The two former enzymes have short half-lives, 15 min 
[12] and 3hr [13], respectively, and therefore the 
activities of these enzymes can be used as specific 
markers of acceleration in the synthesis of proteins. 
Both enzymes are also induced after partial hepa- 
tectomy [14-16]. Alanine aminotransferase was 
measured as control, because it has a long biological 
half-life (3 days; [17]). 


EXPERIMENTAL 


Female rats, of the mixed strain from the labora- 
tory of Alko [18], were used in this study. Rats were 
housed 6-8 per cage, at 24-25° and on a day-night 
schedule of 12:12hr. Until the beginning of the 
experiments, rats received standard diet (from Astra- 
Ewos, Sédertilje, Sweden) and tap water ad lib. 
Rats, which were 3 months of age and weighed 238 + 
22 g, were used. 

pL-[1-"C]ornithine (specific radioactivity 53 mCi/ 
mmole) was purchased from The Radiochemical 
Centre (Amersham, U.K.). L-Ornithine, pyridoxal 
5'-phosphate, EDTA, L-tyrosine, a-ketoglutaric 
acid, 1-propanol (p.a.), 2-propanol (p.a.) and 2- 
methyl-2-propanol (p.a.) were obtained from Merck 
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(Darmstadt, F.R.G.). Ethanol (94% w/v, grade A) 
was the product of the State Alcohol Monopoly 
(Alko, Helsinki, Finland). Dithiothreitol was pur- 
chased from Calbiochem (La Jolla, CA, U.S.A.). 
On the morning of the day of the experiment, rats 
were partially hepatectomized under light diethyl- 
ether anaesthesia [19]. Control rats were similarly 
anaesthetized and their abdomen was opened. The 
pieces of liver removed during the operation weighed 
4.7+0.6g, the liver remnant at the end of the 
experiment 2.6+0.3g, and the livers of sham- 
operated controls 8.6 + 0.6 g (wet wt). 
Immediately after partial hepatectomy, ethanol 
[1.8g per kg body wt as a 15% (w/v) solution in 
water| was given to 6 rats by gastric intubation. An 
equimolar dose of 1-propanol [2.3 g per kg body wt 
as a 15% (w/v) solution in water], 2-propanol [2.3 g 
per kg body wt as a 15% (w/v) solution in water] 
and 2-methyl-2-propanol [2.8 g per kg body wt as a 
15% (w/v) solution in water] were also given to 
groups of 6 rats immediately after the operation. 
Since equimolar doses of aliphatic alcohols produce 
different degrees of intoxication [10], a further group 
of 6 rats received a higher dose of ethanol which 
produced approximately the same degree of intox- 
ication as the doses of the other alcohols used [10]. 
This higher dose of ethanol was 5 g per kg body wt 
and it was also given as a 15% (w/v) solution in water 
by gastric intubation after partial hepatectomy. 
Blood samples for alcohol analysis were taken 
from the tip of the rat’s tail at hourly intervals and 
placed in ampules which contained ice-cold distilled 
water. All the rats were decapitated 4 hr after partial 
hepatectomy. Livers, kidneys and brains were 
quickly removed, rinsed in ice-cold buffer (25 mM 
Tris-HCl, 0.1 mM EDTA and 1 mM dithictreitol, 
pH 7.1), weighed and then homogenized in 2 vol. 
of the same buffer. Homogenates were centrifuged 


for 30 min at 105,000 g,,,, and +2°. The supernatant 


fractions were used in the enzyme assays. 

The activities of ornithine decarboxylase, tyrosine 
aminotransferase (EC 2.6.1.5) and alanine amino- 
transferase (EC 2.6.1.2) were measured by methods 
described previously [20-22]. Alanine aminotrans- 
ferase was measured using a Gilford 3500 computer 
directed analyzer (Oberlin, OH, U.S.A.). 

Ethanol was measured gas chromatographically 
(Perkin-Elmer F 40) [23] using head-space analysis. 
The concentrations of other alcohols tested were 
similarly measured, with the corresponding alcohols 
as standard. The protein content was measured 
according to Lowry et al. [24], with bovine serum 
albumin as the standard. 

Statistical differences were calculated using the 
Student’s t-test and the correlations were calculated 
by the least-squares method. 


RESULTS 


Blood alcohol concentrations. Within 1 hr a con- 
stant level of ethanol, 1-propanol and 2-propanol in 
the blood was reached (Fig. 1). The concentration 
in the blood remained approximately constant during 
the remaining 3 hr of the experiment, i.e. until the 
decapitation (Fig. 1). The concentration of 2-methyl- 
2-propanol increased slightly during the whole 


H. Poso and A. R. Poso 


mM 
40r- 





l l J 
2 3 4 
Time after intubation (h) 





Fig. 1. Concentration of aliphatic alcohols in the tail blood 
of partially hepatectomized rats. Immediately after partial 
hepatectomy rats were given 1.8 g of ethanol (O——0), 
2.3g of 1-propanol (A——A), 2.3g of 2-propanol 
(@—®) or 2.8g of 2-methyl-2-propanol (G——D) 
per kg body wt by gastric intubation. Tail blood alcohol 
concentrations were followed for 4hr. The results shown 
are the mean values obtained from groups of 3-6 rats. The 
standard deviation of alcohol concentrations shown in the 
figure was 31.1 per cent on average and alcohol concen- 
trations did not differ significantly from each other. 


experiment. The molar concentrations of blood 
ethanol (1.8 g per kg), 2-propanol and 2-methyl-2- 
propanol were equal but, as reported previously [10], 
1-propanol gave a slightly lower blood concentration 
than the equimolar dose of ethanol (Fig. 1). The 
larger dose of ethanol produced a blood ethanol 
concentration of 95 mM, which was reached within 
2 hr after the incubation (at 1 hr the concentration 
was 82mM) and_ remained constant until 
decapitation. 

Enzyme activities in the liver after partial hepa- 
tectomy. The activities of both ornithine decarboxyl- 
ase and tyrosine aminotransferase were greatly 
stimulated 4 hr after partial hepatectomy (Table 1). 
Ethanol, as reported previously [7], inhibited the 
increase in the activity of ornithine decarboxylase. 
The inhibition of ornithine decarboxylase by ethanol 
appeared to be dose-dependent (Tabie 1). If the 
correlation coefficient between the dose of ethanol 
(0, 1.8 and 5.0 g per kg) and the activity of ornithine 
decarboxylase is calculated, a value of —0.765 (d.f. = 
15, P< 0.001) is obtained. All other alcohols tested 
were even more powerful inhibitors of the increase 
in the activity of ornithine decarboxylase (Table 1). 
This is in agreement with the studies in which it was 
found that the biological activity of alcohols increases 
with increased length of the carbon chain [10}. The 
results also support our earlier finding [7] that the 
effects of ethanol on protein synthesis are not 
mediated via acetaldehyde, as neither 2-propanol 
nor 2-methyl-2-propanol produce aldehydes [10]. 

The degree of inhibition of the increase in activity 
of tyrosine’ aminotransferase was slightly smaller 
than that affecting the activity of ornithine decar- 
boxylase (Table 1). This may be due to the longer 
half-life of the latter enzyme [17]. When tyrosine 
aminotransferase was studied, a dose-dependent 
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Table 1. The effect of acute treatment with aliphatic alcohols on the activity of ornithine decarboxylase (ODC), tyrosine 
aminotransferase (TAT) and alanine aminotransferase (ALAT) in regenerating rat liver 4 hr after partial hepatectomy* 





Treatment and ODC activity (pmoles/ 


dose 


30 min per mg of protein) 


TAT activity (nmoles/ 
min per mg of protein) 


ALAT activity (umoles/ 
min per mg of protein) 





Sham + saline 65 + 33§ 
Hepatectomized + 
saline 
Hepatectomized + 
ethanol (1.8 g/kg) 
Hepatectomized + 
ethanol (5.0 g/kg) 
Hepatectomized + 
1-propanol (2.3 g/kg) 
Hepatectomized + 
2-propanol (2.3 g/kg) 
Hepatectomized + 
2-methyl-2-propanol 
(2.8 g/kg) 


1089 + 235 
510 + 2834 
307 + 233§ 
188 + 93§ 


320 + 144§ 


(3) 238 + 156§ 


5.68 + 0.56§ 0-75 + 0.10 


30.66 + 7.41 0.65 + 0.11 
20.38 + 3.547 0.52 + 0.09 
19.31 + 5.287 0.62 + 0.08 
21.47 + 6.067 0.64 + 0.17 


21152 Z.52t 0.65 + 0.04 


15.81 + 4.154 0.75 + 0.04 





* Ethanol, 1-propanol, 2-propanol, 2-methyl-2-propanol or saline was administered immediately after partial hepa- 
tectomy. Rats were decapitated 4 hr after the operation and the activities of the enzymes were assayed as described in 
.the text. The number of the animals in each group is shown in parentheses. The results are given as means + S.D. 


+ Significantly different from control, P < 0.05. 
t Significantly different from control, P < 0.01. 
§ Significantly different from control, P < 0.001. 


—0.596, d.f. = 


inhibition by ethanol was found (r = 
15, P< 0.05). 

As shown earlier [25], the activity of alanine 
aminotransferase remained constant after partial 
hepatectomy (Table 1). Alanine aminotransferase 
[26], as well as ornithine decarboxylase [20] and 
tyrosine aminotransferase [27|, is pyridoxal 5’- 


phosphate-dependent enzyme and therefore acetal- 
dehyde and other aldehydes, as recently suggested 
[28], could inhibit its activity by interfering with the 
binding of the coenzyme to the apoenzyme. Since 
alanine aminotransferase has a long biological half- 
life, the possible changes in its activity should not 
be caused by the changes in the synthesis of new 
protein in acute experiments and thus if any changes 
were recorded they would be due to the action of 
acetaldehyde and other aldehydes. As Table 1 shows, 
the activity of alanine aminotransferase remained 


constant after all treatments. It should be mentioned 
in connection with these results that we also tested 
that acetaldehyde in vitro, between the concentration 
range of 0 and 500 uM, did not inhibit the activity 
of tyrosine aminotransferase (results not shown). 
These results thus suggest that the effect of acetal- 
dehyde on pyridoxal 5’'-phosphate binding in vivo 
was negligible. 

Enzyme activities in the kidneys after partial hepa- 
tectomy. In our previous study [7] we found that the 
activity of ornithine decarboxylase was greatly stimu- 
lated in the kidneys 4 hr after partial hepatectomy. 
However, in that study we did not use sham-operated 
controls and, comparing the results of the present 
study with the data of unoperated rats [7], it is 
apparent that the induction of ornithine decar- 
boxylase was caused by the stress of the surgical 
operation (Table 2; [29, 30]). It was, however, inter- 


Table 2. The effect of acute treatment with aliphatic alcohols on the activity of ornithine decarboxylase 
(ODC) and alanine aminotransferase (ALAT) in kidney 4 hr after partial hepatectomy* 





Treatment and 
dose 


ODC activity (pmoles/ 
30 min per mg of protein) 


ALAT activity (nmoles/ 
min per mg of protein) 





Sham + saline 
Hepatectomized + 
Hepatectomized + 
(1.8 g/kg) 
Hepatectomized + 
(5.0 g/kg) 
Hepatectomized + 
(2.3 g/kg) 
Hepatectomized + 
(2.3 g/kg) 
Hepatectomized + 2-methyl- 
2-propanol (2.8 g/kg) 


saline 
ethanol 
ethanol 
1-propanol 
(6) 
2-propanol 


(6) 


(3) 


50.0 


+ 10.8 
61.6 + 


9.9 


994 
147] 


542 
1184 


1I52. + 325 54.5 + 


504 + 281+ 36:3 + 


1879 + 1259 
1164 + 409 


460 + 167% 59.6 + 2.9 





* Experimental details as in Table 1. The number 


of the animals in each group is shown in 


parentheses. The results are given as means + S.D. 


+ Significantly different from control, P < 0.01. 


¢ Significantly different from control, P < 0.001. 
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Table 3. The effect of acute treatment with aliphatic alcohols on the activity of ornithine 
decarboxylase in the brain 4 hr after partial hepatectomy” 





Treatment and dose 


Activity of ornithine decarboxylase 
(pmoles/30 min per mg protein) 





Sham + saline 
Hepatectomized 
Hepatectomized 
Hepatectomized 
Hepatectomized 
Hepatectomized + 
Hepatectomized 
(2.8 g/kg) 


saline 
ethanol (1.8 g/kg) 
ethanol (5.0 g/kg) 

- 1-propanol (2.3 g/kg) 
2-propanol (2.3 g/kg) 
2-methyl-2-propanol 


1.36 
2.42 
2 i2 
1.78 
2.29 


4.09 


0.417 
0.71 
0.85 
0.44 
0.69 
1.267 


I+ It I+ I+ I+ I+ 


3.81 





* Experimental details as in Table 1. The number of the rats in each group is shown in 
parentheses. The results are given as means + S.D. 
+ Significantly different from control, P < 0.05. 


esting to observe that ethanol, at the higher dose 
(S g/kg), decreased the activity of ornithine decar- 
boxylase to a level lower than that found after sham- 
operation (Table 2). The inhibited activity measured 
in the present study was approximately of the same 
magnitude as the activity in the unoperated controls 
measured in the earlier study [7]. In kidneys, as in 
the liver, the inhibition of the activity of ornithine 
decarboxylase appeared to be dose-dependent (r = 
—0.518, d.f.= 16, P<0.05). From the other 
alcohols tested, only 2-methyl-2-propanol ‘had an 
inhibitory influence on this enzyme (Table 2). As 
seen in Table 2, treatment with various aliphatic 
alcohols did not significantly alter the activity of 
alanine aminotransferase. 

Activity of ornithine decarboxylase in the brain 
after partial hepatectomy. In order to study further 
the inducibility of ornithine decarboxylase in tissues 
other than the liver, after partial hepatectomy, the 
activity of this enzyme was measured in the brain. 
The brain was chosen because it is surrounded by 
a blood-brain barrier which makes it more resistant 
to different types of stimuli. However, in comparison 
to the sham-operated controls, a slight increase in 
the activity of ornithine decarboxylase was found 
after the operation (Table 3). This increase was not 
inhibited by any of the alcohols tested. 2-Propanol 
even appeared to stimulate the activity. The results 
obtained from adult rat brain differ from those 
obtained from foetal brain, where ethanol, when 
given to the mothers, was found to inhibit the activity 
of ornithine decarboxylase [31]. 


DISCUSSION 


The inhibition of protein synthesis occurring after 
ethanol treatment, both in vivo and in vitro, has 
been claimed to be due to ethanol itself [7], acetal- 
dehyde [32], acetate [33], and the increased redox 
state of the NADH/NAD* couple [2, 4]. Ethanol or 
its metabolites have also been reported to interfere 
specifically with the synthesis of glycoproteins [3, 5], 
lipoproteins [5, 34] or with the excretion of plasma 
proteins from the liver [35]. The present results give 
further support to our suggestion [7] that, after acute 
ethanol treatment, the inhibition of protein synthesis 
in the liver is due to ethanol molecules. 

The dose dependence of the inhibition of ornithine 


decarboxylase and tyrosine aminotransferase by 
ethanol can be taken as evidence of the inhibitory 
role of ethanol molecules in vivo, assuming that 
ethanol is eliminated at a constant rate [36]. 
Recently, however, it has been reported [37, 38] that 
the ethanol elimination rate is concentration-depen- 
dent. In addition, the enhanced rate of oxidation of 
ethanol, after a high dose, also produces more ace- 
taldehyde, a compound which has been reported to 
inhibit protein synthesis [4, 32]. In our experiments, 
however, we found that ornithine decarboxylase was 
also inhibited in a dose-dependent manner in the 
kidneys, where the activity of alcohol dehydrogenase 
is far lower than that in the liver [39]. This result 
does not support the theory of an inhibitory role for 
acetaldehyde. 2-Propanol and 2-methyl-2-propanol, 
which do not produce aldehydes during their elim- 
ination, inhibited both the activity of ornithine 
decarboxylase and tyrosine aminotransferase (Table 
1). These results also suggest that the production of 
aldehydes is not necessary for the inhibitory action 
of alcohols to be exhibited. 

The lack of inhibition of ornithine decarboxylase 
in the kidney by alcohols other than ethanol and 2- 
methyl-2-propanol may be attributed to the differ- 
ence in the induction of ornithine decarboxylase in 
this organ. The factor(s) that induces ornithine 
decarboxylase after partial hepatectomy is still 
unknown [9]. It appears, however, that the stimu- 
lation is not caused by stress, as prior removal of 
the thyroid gland, adrenals, ovaries and pituitary 
gland does not prevent the stimulation of ornithine 
decarboxylase after partial hepatectomy [12]. In con- 
trast to liver, the induction of ornithine decarboxyl- 
ase in the kidney, where it is much lower, is due to 
the stress of the operation (Table 2; [29, 30]). 

It has been reported that administration of 2-pro- 
panol and 2-methyl-2-propanol does not alter the 
redox state of NADH/NAD‘ couple in the liver [11]. 
However, both of these alcohols, in addition to 
ethanol and 1-propanol which do increase the redox 
state [11], inhibited the synthesis of both ornithine 
decarboxylase and tyrosine aminotransferase. This 
result is in accordance with those results in which 
the administration of 4-methylpyrazole did not abol- 
ish the ethanol-induced inhibition of ornithine decar- 
boxylase in regenerating rat liver [7]. Thus it is 
probable that, in vivo, the ethanol-induced inhibition 
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of protein synthesis is not mediated via the increased 
redox state. /n vitro, however, the increase in the 
redox state of the NADH/NAD’ couple after 
ethanol treatment [40] is usually greater than in vivo 
[41] and could therefore, as pointed out by Baraona 
et al. [4], have an effect on the protein synthesis. 

As suggested previously, [7], regenerating rat liver 
appears to be a good experimental model for the 
study of the action of ethanol on the synthesis of 
proteins. Regenerating rat liver, being a fast growing 
tissue, in many respects resembles the growth of a 
foetus. It is therefore important to point out that the 
inhibition was caused by ethanol, which, in contrast 
to acetaldehyde [42], penetrates through the placenta 
[43]. Our results are in accordance with the findings 
of Thadani et al. [31], who reported that ornithine 
decarboxylase was inhibited in the hearts and brains 
of rat pups bred from ethanol-fed rats. Thus the 
detrimental effect of ethanol on protein synthesis 
becomes apparent more rapidly and clearly in fast 
growing systems such as foetal tissues. 

In conclusion, our results suggest that the inhi- 
bition of protein synthesis in the liver after acute 
ethanol treatment is attributable directly to the 
ethanol molecules. Both ornithine decarboxylase 
and tyrosine aminotransferase, which were used as 
the markers of protein synthesis, are both proteins 
which are not excreted from the liver into the blood. 
It must be emphasized in this connection that there 
are reports which state that the primary site of the 
inhibitory action of ethanol is not at the transcrip- 
tional or translational level of protein synthesis, but 
rather an effect on the excretion of proteins [3—S, 39]. 
Thus it is obvious that ethanol, and/or its metab- 
olites, can interfere with protein synthesis at more 
than one level, depending on the protein synthesized 
and also on the experimental system employed. 
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trifluoroethyl vinyl ether) and allyl-iso-propylacetamide (AIA) was characterized. Ky and V,,,, values 
and pseudo first-order rate constants for the degradation of the heme of hepatic microsomal cytochromes 


roethanol were measured. Based on these results and on data from the literature, eight possible reaction 
schemes were proposed for the degradation of cytochromes P-450 by AIA and fluroxene. The reaction 
schemes were evaluated by computer analysis in terms of how closely they could mimic the experimental 
results for the degradation of cytochromes P-450 in vitro and in vivo. It was concluded that suitable 
reaction schemes for the degradation of the heme of hepatic microsomal cytochromes P-450 by AIA 
and fluroxene incorporated the following characteristics: Transient reactive species of AIA and fluroxene 
were formed by at least two forms of cytochrome P-450. The reactive species, once produced, degraded 
the same form of the enzyme (e.g. phenobarbital-induced cytochrome P-450) and possibly even the 
same enzyme molecule that produced it. It appears that the enzyme-substrate complex that gives rise 
to the production of the transient reactive species may be distinct from the typical cytochrome P-450- 


substrate complex that gives rise to a Type I difference spectrum. 


The  porphyrinogenic compound _allyl-iso- 
propylacetamide (AIA) and the anesthetic agent 
fluroxene (2,2,2-trifluoroethyl vinyl ether) degrade 
the heme of hepatic cytochromes P-450 in vivo and 
in vitro [1-7]. The product of these reactions appears 
to be an adduct of a metabolically activated form of 
either compound with a vinyl side chain of the heme 
moiety of cytochromes P-450 [8] (K. M. Ivanetich 
and J. J. Bradshaw, unpublished resuits). The 
enzyme system catalyzing the metabolic activation 
of these compounds appears to be the hepatic micro- 
somal cytochrome P-450 enzyme system, but there 
does not appear to be a clear relation between the 
extent of metabolism of each compound by the 
cytochrome P-450 system and the extent of its degra- 
dation of cytochromes P-450 [1, 2, 5, 7]. 

AIA does not produce a difference spectrum with 
hepatic microsomal cytochromes P-450 and appears 
not to be extensively metabolized to stable, readily 
isolable products by this enzyme system, yet the 
extent of degradation of cytochromes P-450 by AIA 
is enhanced by the induction of cytochrome P-450 


In contrast to AIA, fluroxene binds as a Type I 
substrate to cytochrome P-450, and the first step in 
the metabolism of fluroxene in vivo and in vitro (i.e. 
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its conversion to 2,2,2-trifluoroethanol and other 
products) is known to be catalyzed by the hepatic 
microsomal cytochrome P-450 system [7, 10]. A form 
of cytochrome P-450 that is induced by phenobarbital 
appears to be the major form of the enzyme that 
binds and metabolizes fluroxene. Cytochrome P-448, 
the form of cytochrome P-450 induced by 3-methyl- 
cholanthrene, does not appear to bind fluroxene or 


extent [7, 10]. The degradation of cytochromes P- 
450 by fluroxene is, however, stimulated both by the 
induction of cytochrome P-450 with phenobarbital 
and by the induction of cytochrome P-448 with 3- 
methylcholanthrene [5-7, 10]. 

The specificities of AIA and fluroxene in degrading 
different forms of cytochrome P-450 differ: AIA is 
nonspecific for several types of cytochrome P-450 in 
phenobarbital-induced rats, but appears to specifi- 
cally degrade the form of the enzyme induced by 
phenobarbital in rats pretreated with 3-methylchol- 
anthrene. Fluroxene also nonspecifically degrades 
multiple forms of cytochrome P-450 in phenobar- 
bital-induced rats but, in contrast to AIA, prefer- 
entially degrades cytochrome P-448 in 3-methyl- 
cholanthrene-induced rats [11]. 

We have attempted to gain further insight into the 
mechanisms of the degradation of hepatic cyto- 
chromes P-450 by AIA and fluroxene. Toward this 
aim, the degradation of cytochromes P-450 by these 
compounds and the production of 2,2,2-trifluoro- 
ethanol from fluroxene have been characterized 
experimentally by determining—where not available 
in the literature—the pseudo first-order rate con- 
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stants (k..), Ky and V,,., values, and other par- 
ameters characteristic of these reactions. Based on 
the results reported here and elsewhere, several pos- 
sible reaction schemes have been proposed. These 
schemes were evaluated, using computer analysis, 
in terms of how closely they were able to mimic the 
experimental results for the degradation of cyto- 

chrome P-450 by AIA and fluroxene and for the 


cytochrome P-450. 

Specifically, the reaction schemes were chosen to 
assess: (1) which forms of cytochrome P-450 convert 
AIA and fluroxene to reactive metabolities that are 
capable of chemically modifying the heme of cyto- 
chromes P-450; (2) whether AIA and fluroxene give 
rise to reactive metabolites that are transient 
enzyme-bound species; and (3) whether reactive 
species produced from AIA or fluroxene by one 
form of cytochrome P-450 can degrade another form 
of the enzyme. 


EXPERIMENTAL 


ether) was purchased from Ohio Medical Products, 
Madison, WI, U.S.A. Ethyl vinyl ether and divinyl 
ether were from Fluka, Buchs, Switzerland, and 
Maybaker., Port Elizabeth, South Africa, respec- 


were purchased from Merck Chemicals, Darmstadt, 
F.R.G. Trifluoroacetaldehyde was from ICN Phar- 
maceuticals, Plainview, NY, U.S.A. 2,2,2-Trifluo- 
roethyl ethyl ether was prepared as described pre- 
viously [5]. AIA was a gift from Hoffman—La Roche 
Ltd., Nutley, NJ, U.S.A. NADPH and the com- 
ponents of the NADPH-generating system were 
obtained from Miles Laboratories, Cape Town, 
South Africa. EDTA was obtained from BDH 
Chemicals, Poole, U.K. Cylinders of compressed 
gases were from Afrox Ltd., Cape Town, South 
Africa. Water was distilled and deionized. 

Treatment of animals. Male Wistar rats (180-220 g) 
were used for all experiments. Animals were given 
phenobarbital or 3-methylcholanthrene by intraper- 
itoneal injection as described earlier [6]. 

Preparation of hepatic microsomes. Hepatic micro- 
somes were prepared by gel filtration on Sepharose 
2B equilibrated with 0.15 M KCI-0.02 M Tris-HCl, 
pH 7.4, according to the method of Tangen et al. 
[12]. The microsomes were used in all experiments 
at a concentration of 2 mg protein/ml 0.02 M Tris— 
HCl, pH 7.4. Protein concentration was determined 
by the method of Lowry et al. [13], as modified by 
Chaykin [14], using bovine serum albumin as 
standard. 

Hepatic microsomal NADPH oxidation. The 
oxidation of NADPH was monitored spectrally at 
340 nm at 30° [10]. To the sample cuvette containing 
3ml hepatic microsomes was added fluroxene or 


vortex mixed for 30 sec. Where required, AIA was 
then added, and the reaction was initiated with the 
addition of NADPH (0.2 mM, final concentration). 
Reference cuvettes contained microsomal suspen- 
sion only. Background rates of NADPH oxidation 
were measured in the presence of substrate under 
an atmosphere of CO:O, (80:20 v/v) [15]. 
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Composition of incubation mixtures. For the 
determination of Ky and V,,,, values for the degra- 
dation of cytochrome P-450 by AIA, incubation 
mixtures contained hepatic microsomes (2 mg pro- 
tein/ml), EDTA (0.2 mM) and an NADPH-gener- 
ating system (0.4mM NADP, 7.5mM glucose-6- 
phosphate, 0.5 units/ml glucose-6-phosphate dehy- 
drogenase, 1 mM _ nicotinamide and 5 mM MgCl.) 
and variable amounts of AIA in 0.02 M Tris-HCl, 
PH 7.4, the reaction being initiated with the addition 
of the NADPH-generating system—EDTA mixture. 
The losses of cytochrome P-450 reported as a func- 
tion of time are relative to zero time samples of 
identical composition. The reported values have 
been corrected for the losses of cytochrome P-450 
seen with incubation mixtures prepared as above, 
but in the absence of AIA. Incubations were at 30° 
with shaking at 60 cycles/min for 7 min. References 
for the spectral assay comprised hepatic microsomal 
suspensions that had been incubated for the same 
period of time as the samples. 

For studies of the degradation of hepatic micro- 
somal cytochromes P-450 by analogues and metab- 
olites of fluroxene, incubations were carried out as 
described for AIA, except that AIA was omitted 
from the reaction mixture and the analogues and 
metabolites were, where necessary, dispersed in the 
microsomal suspension by vortex mixing for 30 sec. 
An incubation time of 30min was used in these 
experiments. 

For determination of the first-order rate constants 
for the degradation of cytochromes P-450 by AIA 


roethanol, incubation mixtures were prepared as 
described above, except that 5.0 mM AIA or 30 mM 
fluroxene was added to the hepatic microsomes 
before the initiation of the reaction, and the flurox- 
ene was dispersed in the microsomal suspension by 
vortex mixing for 30sec. At every eighth minute 
additional 0.4mM NADP, 7.5 mM glucose-6-phos- 
phate and 0.5 units/ml glucose-6-phosphate dehy- 
drogenase were added to the incubation mixture 
through the serum cap. A separate incubation mix- 
ture was used for each time point required. Incu- 
bations were at 30° with shaking at 60 cycles/min for 
0-65 min. 

Assays. The levels of hepatic microsomal cyto- 
chromes P-450 were determined from the difference 
spectrum of CO-ferrocytochrome P-450 versus fer- 
rocytochrome P-450 according to the method of 
Omura and Sato [16]. An extinction coefficient of 
91mM™' cm"! for the difference in absorbance 
between 450 and 490 nm was used [16]. Microsomal 
heme was determined spectrally as the reduced pyr- 
idine hemochrome according to Omura and Sato 
[16] ( €557-575 nm 32.4 mM”! cm~'). 

2,2,2-Trifluoroethanol was measured in incubation 
mixtures by gas-liquid chromatography as described 
by Gion et al. [17] using a Beckman GC-M gas 
chromatograph. Peak areas were determined by a 
Pye Unicam DP88 computing integrator. 

For all spectral studies, a Pye Unicam SP1800 
spectrophotometer was used. The thermostatically 
controlled compartment adjacent to the photomul- 
tiplier designed to accommodate turbid samples was 
used for all microsomal samples. 
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Fig. 1. Lineweaver—Burk plot of the inhibition by AIA of 
the stimulation of hepatic microsomal NADPH oxidation 
by 2,2,2-trifluoroethyl ethyl ether (TFEE). Key: v, 
A340 nm/min; TFEE concentration, mM. Reaction mixtures 
contained hepatic microsomes from phenobarbital-induced 


trifluoroethyl ethyl ether in the presence (@) and absence 
(@) of 3mM AIA. Reaction temperature was 30°. 


Calculations and statistical analysis. Inhibition con- 
stants (K;), Michaelis (Ky) constants and maximal 
rates of metabolism (V,,,.) were calculated from 
Hanes and Eadie—Hofstee plots. Pseudo first-order 
rate constants (k,,,) were calculated from plots of 
‘ In(A,, — A,) vs time where A.. and A, are the absorb- 
ances (or concentrations) of the substance at infinity 
and at time f, respectively.* 

Student’s f-test for unpaired data was used to assess 
the significance of the difference between means. 
The difference was considered significant when P < 
0.01. Results are reported as means + S.D. 

Reaction schemes were assessed using the mimic 
program on a Univac model 1180 computer. The 
mimic program—a digital simulation program—was 
written by H. E. Petersen and F. J. Samson of the 
Systems Engineering Group of Wright-Patterson Air 
Force Base in May 1965. The program was updated 
in July 1967 by the I.S.D. systems group of Univac 
and is commercially available from this firm. 
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Fig. 2. Hanes plot of the AlA-mediated degradation of 
cytochromes P-450 in hepatic microsomes from phenobar- 
bital-induced rats. Key: AIA concentration, mM; v, rate 
in uM cytochromes P-450/7 min. Reaction mixtures con- 
tained hepatic microsomes (2 mg protein/ml), EDTA (0.2 
mM), NADPH-generating system, and AIA in 0.02 M 
Tris-HCl, pH 7.4. Incubations were at 30° for 7 min. 





* Relative to the concentration of cytochromes P-450 
(ca. 3 uM). 


RESULTS AND DISCUSSION 


Interaction of AIA with the hepatic microsomal 
cytochrome P-450 system. Because AIA does not 
reproducibly give rise to a difference spectrum of 
significant magnitude with hepatic microsomal cyto- 
chromes P-450 [8], the equilibrium constants for the 
interaction of AIA with cytochromes P-450 were 
calculated from measurements of the inhibition by 
AIA of the hepatic microsomal metabolism of flu- 
roxene and 2,2,2-trifluoroethyl ethyl ether. The 
metabolism of these anesthetic ethers was assessed 
by their stimulation of CO-inhibitable NADPH 
oxidation, which has been shown to be equivalent 


these compounds [7, 10]. 

With microsomes from phenobarbital-induced 
rats, AIA competitively inhibited the fluroxene and 
2,2,2-trifluoroethyl ethyl ether mediated stimulation 
of CO-inhibitable NADPH oxidation (see, e.g., Fig. 
1). The K;values for AIA were 1.19 mM and 1.04 mM 


ethyl ether, respectively. Inasmuch as these K; values 
are similar to the K;of 1.03 mM calculated from the 
data of Sweeney and Rothwell [9] for the inhibition 
by AIA of the binding of hexobarbital to cyto- 
chromes P-450 in hepatic microsomes from pheno- 
barbital-induced rats, it would appear that NADPH 
had no effect on the K,;for AIA. 

Kyand V,,., for the degradation of cytochromes P- 
450 by AIA. The rate of degradation of cytochromes 
P-450 by AIA in hepatic microsomes from pheno- 
barbital-induced rats was linear for approximately 
7min. The Ky and V,,,, values for the degradation 
of hepatic microsomal cytochromes P-450 by AIA 
under these conditions were, therefore, calculated 
using the initial rate of degradation of cytochromes 
P-450 over this time period. 

The degradation of cytochromes P-450 by AIA in 
phenobarbital-induced hepatic microsomes was 
characterized by a Ky of 0.44 + 0.18 mM and a V,,,x 
of 0.98 + 0.16 uMcytochromes P-450 degraded/7 min 
(Fig. 2). The degradation by AIA of cytochromes 
P-450 in microsomes from uninduced and 3-methyl- 
cholanthrene-induced rats was too slight to permit 
accurate determination of Ky and V,,,, values. 

Kinetics of the degradation of cytochromes P-450 
by AIA. The rate of degradation of hepatic micro- 
somal cytochromes P-450 was monitored at an excess 
concentration* of AIA (5mM), using microsomes 
from 3-methylcholanthrene-induced, phenobarbital- 
induced, and uninduced rats. The degradation of 
cytochromes P-450 by AIA was pseudo first-order 
with respect to cytochromes P-450 in microsomes 
from phenobarbital-induced rats (Fig. 3), with a 
pseudo first-order rate constant (k,,) of 5.2 + 
0.8 x 10°? min™'. For AIA with microsomes from 
3-methylcholanthrene-induced or untreated rats, the 
degradation of cytochromes P-450 was too slight to 
permit the determination of the order of the reaction 
or the calculation of rate constants. With microsomes 
from untreated, 3-methylcholanthrene-induced and 
phenobarbital-induced rats, the degradation of cyto- 
chromes P-450 by AIA was 0.30 + 0.02, 0.46 + 0.10 
and 2.58 + 0.24 uM/65 min. 
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Fig. 3. Degradation of hepatic microsomal cytochromes P- 
450 by AIA as a function of time in microsomes from 
phenobarbital-induced rats. Inset: In[cytochromes P-450] 
vs time. Reaction mixtures contained hepatic microsomes 
(2 mg protein/ml), EDTA (0.2 mM), NADPH-generating 
system, and AIA (5 mM). Incubations were at 30°. 


from fluroxene and 2,2,2-trifluoroethyl ethyl ether. 
The production of 2,2,2-trifluoroethanol from flu- 
roxene followed pseudo first-order kinetics in micro- 
somes from phenobarbital- and 3-methylcholan- 
threne-treated or untreated rats (see, e.g., Fig. 4). 
The first-order rate constants for the production of 
2,2,2-trifluoroethanol from fluroxene for micro- 
somes from untreated, 3-methylcholanthrene- and 
phenobarbital-pretreated rats were found to be 4.3 + 
1.0 x 10-7, 3.4+0.9 x 10°? and 3.7+1.0 x 10° 
min~'. The reaction was expected to be pseudo first- 
order as a consequence of the pseudo first-order 
degradation of cytochromes P-450. The production 
of 2,2,2-trifluoroethanol was 250 + 10, 236 + 10 and 
728 + 30 uM/65 min for microsomes from untreated, 
3-methylcholanthrene-induced and phenobarbital- 
induced rats, respectively. 

The production of 2,2,2-trifluoroethanol from 
2,2,2-trifluoroethyl ethyl ether—which does not 
degrade cytochromes P-450 [5, 6]—followed zero- 
order kinetics with microsomes from phenobarbital- 
induced rats (Fig. 4). A rate of 33 + 3 uM 2,2,2- 
trifluoroethanol/min was obtained for microsomes 
from phenobarbital-induced rats. 

Effects of metabolites and analogues of fluroxene 
on the levels of hepatic microsomal cytochromes P- 
450 and heme in vitro. None of the reported or 


trifluoroethanol (69mM), _ trifluoroacetaldehyde 
(37 mM), trifluoroacetate (200 mM) or bicarbonate 
(32 mM)* [7, 18, 19], had any effect on the level of 





* The only known metabolite not assayed was 2,2,2- 
trifluoroethanol glucuronide, a derivative that is thought 
to be devoid of physiological effects. 

+ Bicarbonate does not affect the level of cytochromes 
P-450 in microsomes from phenobarbital-induced rats. A 
preliminary report to the contrary incorrectly used values 
that were not corrected for the losses of cytochromes P- 
450 seen in the presence of hepatic microsomes plus an 
NADPH-generating system [20]. 
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30 60 
TIME (min) 


function of time by hepatic microsomes from phenobar- 
bital-induced rats. Trifluoroethanol concentration, arbi- 
trary units. Incubation mixtures contained hepatic micro- 
somes (2 mg protein/ml), EDTA (0.2mM), NADPH- 


roethyl ethyl ether (30 mM) in 0.02 M Tris-HCl, pH 7.4, 
at 30°. 


hepatic microsomal cytochromes P-450 or heme in 
microsomes from 3-methylcholanthrene-induced 
rats, under conditions where fluroxene degraded 
considerable amounts of this hemoprotein (data not 
shown). These results are identical to those pre- 
viously obtained with phenobarbital-induced rats 
[20]*. 

The analogues of fluroxene—ethyl viny! ether and 
divinyl ether—significantly decreased the levels of 
cytochromes P-450 and heme in hepatic microsomes 
from 3-methylcholanthrene-induced rats, the losses 
of heme/cytochromes P-450 being 0.21 + 0.13/0.22 + 
0.03 and 0.38 + 0.04/0.55 + 0.04 for ethyl vinyl ether 
and divinyl ether, respectively. 2,2,2-Trifluoroethyl 
ethyl ether was without effect on the level of cyto- 
chromes P-450 in hepatic microsomes from 3-methyl- 
cholanthrene-induced rats (data not shown). These 
results demonstrate that the heme of cytochromes 
P-450 is not modified by any known stable metabolite 
of fluroxene in microsomes from 3-methylcholan- 
threne-induced rats and suggest that the degradation 
of cytochromes P-450 is mediated by an activated 
form of the vinyl moiety under these conditions. 

Reaction schemes for the degradation of cyto- 
chromes P-450 by AIA and fluroxene. Six reaction 
schemes, chosen on the basis of experimental data 
reported here and elsewhere, were devised for the 
degradation of hepatic microsomal cytochrome P- 
450 hemoproteins by AIA and fluroxene. The pro- 
posed reaction schemes for fluroxene are presented 
in Table 1. Because the cytochrome P-450-dependent 


been well characterized, this reaction is included in 
the schemes for fluroxene. The reaction schemes for 
AIA are identical to those for fluroxene except that 
k, (the rate constant for the production of 2,2,2- 
trifluoroethanol) has been set to zero in the schemes 
for AIA since the metabolism of AIA by cyto- 
chromes P-450 occurs, at most, only at a slow rate 
and has not been well characterized. 

For the reaction schemes, the levels of the sub- 
strates and the various forms of cytochrome P-450 
were as follows: The levels of AIA and fluroxene 





Degradation of cytochromes P-450 


Table 1. Reaction schemes for the degradation of cyto- 
chrome P-450 hemoproteins by fluroxene* 





Scheme 1+ 
k2 


ky 
F + PB450 = [F-PB450] > TFE + PB450 
k2 Lk 


M 
M + PB450 5 y4sq 


M + P448 * X448 


Scheme 2+ 
ky k3 
F + PB450 = [F-PB450] — TFE + PB450 
k2 
ky kg 


ks 7 

F+P448 = [F-P448] > M + P448 > X448 
ke 
k4 

M + PB450 . x45 


Scheme 3 
1 k3 
F + PB450 ; [F-PB450] — TFE + PB450 
2 +k4 
X450 
ky 


F + P448 [F-P448] — X448 
ko 


Scheme 4 
AR 
[F-PB450] > TFE + PB450 
4e je 
[F-PB450]t > X450 
ky kg 


= [F-P448] > X448 
kg 


1 
F + PB450 
k2 


F + P448 


Scheme 5 

F + PB450 2 [F-PB450] a TFE + PB450 

‘ Ks 

F + PB450 = [F-PB450]i — X450 
kg 


F + P448 [F-P448] — X448 
ky 


Scheme 6 


1 ky 
F + PB450 = [F-PB450] > TFE + PB450 
k2 


kq 


F + PB450 Sx 4s9 


F+P448 *) yayg 





* Abbreviations used are: F, fluroxene; PB450, pheno- 
barbital-induced form of cytochrome P-450; P448, cyto- 
chrome P-448; X450 and X448, degraded forms of PB450 
and P448, respectively; TFE, 2,2,2-trifluoroethanol; M, 
reactive metabolite; and [F-PB450]i, an enzyme-substrate 
complex differing from [F-PB450]. 

+ Schemes 1A and 2A are modifications of schemes 1 
and 2 where M reacts with the [F-PB450] and [F-PB448] 
complexes, rather than with free PB450 and P448, in the 
step of the reaction producing X450 and X448. 


BP 29-20—G 
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were 5.0 mM and 30.0 mM, respectively. The levels 
of the phenobarbital-inducible form of cytochrome 
P-450 were set at 1.96 and 0.75 uM in hepatic micro- 
somes from phenobarbital-induced and 3-methyl- 
cholanthrene-induced rats, respectively. The levels 
of cytochrome P-448 were set at 1.4 and 2.0 uM in 
hepatic microsomes from phenobarbital-induced and 
3-methylcholanthrene-induced rats. These levels of 
cytochrome P-450 hemoproteins were approxima- 
tions based on information available in the literature 
[21-27]. 

The proposed reaction schemes were assessed by 
comparison with the following experimental data: 
(1) the K; values for AIA and the K, values for 
fluroxene for their interactions with the hepatic 
microsomal cytochromes P-450 in vitro (see Results 
and Discussion) [9, 10]; (2) the Ky and V,,,, values 
for the degradation of cytochromes P-450 by AIA 
and fluroxene and for the conversion of fluroxene 
to 2,2,2-trifluoroethanol by hepatic microsomes in 
vitro (see Results and Discussion) [7]; (3) the relative 
extents of degradation of different forms of cyto- 
chrome P-450 by AIA and fluroxene in vivo [11]; 
and (4) the pseudo first-order rate constants (K,,.) 
for the degradation of cytochromes P-450 by AIA 
and fluroxene and for the production of 2,2,2-tri- 
fluoroethanol from fluroxene by hepatic microsomes 
in vitro (see Results and Discussion) [20]. 

The exact values of the parameters that were used 
to assess the reaction schemes are given Tables 2-4 
for comparative purposes. 

In assessing each reaction scheme, the rate con- 
stants (e.g. k,, k2, k3, etc.) were adjusted to provide 
the best correlation between the experimentally 
determined parameters and the values of the par- 
ameters calculated from the model using the mimic 
program (see Experimental section). Initially, the 
ratios of k,/k, in all schemes, k,/k; in schemes 2, 2A 
and 3, ky/k; in schemes 4 and 5, and k./k,; in scheme 
5 were set equal to the K;or K, value for AIA or 
fluroxene. For both of these compounds, the abso- 
lute values of k, and k, in each scheme were set 
greater than the absolute values of k; and kg in 
schemes 2, 2A and 3, than k; and ky in schemes 4 
and 5, and than k, and k; in scheme 5. 

The values of the remaining rate constants were 
adjusted as necessary so that the V,,,, values for the 
degradation of cytochromes P-450, the V,,,, values 


ratio of the extents of degradation of cytochrome P- 
448 and of cytochrome P-450 were equivalent to the 
experimentally determined values. An error of 
approximately 10 per cent was considered acceptable 
for these parameters, and in all cases the correlation 
of the experimental and calculated results was within 
this limit (Tables 2-4). 

The rate constants of the reaction schemes were 
also adjusted so that the Ky values for the degra- 
dation of cytochromes P-450 and for the production 
of 2,2,2-trifluoroethanol were as close to the experi- 
mental values as possible, but good agreement 
between the experimental and calculated results was 
not achievable in all cases (Tables 2-4). The par- 
ameters for which the rate constants in the schemes 
were not adjusted and which were assessed only in 
the final versions of each scheme were the pseudo 
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Table 2. Parameters calculated from the final runs of the reaction schemes and the experimentally determined parameters 
for the degradation by AIA of cytochromes P-450 in hepatic microsomes from phenobarbital-induced rats* 





K. X448/P448 | 


Scheme (mM) X450 /PB450 


Vimax( XT P450) 
(uM/7 min) 


10° Kops(XTP450) 


Ky (XTP450) 
(min~') 


(mM) 


XTP450 
(uM/65 min) 





0 0.9 
0 0.9 
0 0.9 
0 0.9 
0 0.9 
0 1.0 
0 0.9 

0.9 


> 


DAWNkWNNK = 
> 





Experi- 


mental results 0.9§ 


0.44 a2 





* Abbreviations used are: PB, phenobarbital; TP450, total type P-450 cytochromes; XTP450, degraded or degradation 
of TP450; PB450, phenobarbital-induced form of cytochrome P-450; X450, degraded PB450; P448, cytochrome P-448; 


X448, degraded cytochrome P-448; and NC, not calculable. 


+ Reaction did not follow first-order kinetics. 
¢ From this manuscript unless otherwise indicated. 
§ Calculated from Ref. 11. 


first-order rate constants and the extents of reaction 
over 65 min for the degradation of cytochromes P- 


For each model, the rate constants that provided 
the parameters in closest agreement with the experi- 
mental results are given in Tables 5 and 6 for AIA 
and fluroxene respectively. The parameters that were 
calculated from the different schemes, and the 
experimentally determined parameters are given in 
Tables 24. 

Reaction schemes 1, 1A, 2 and 2A did not follow 
first-order kinetics for the degradation of cyto- 
chromes P-450 by AIA or fluroxene (Tables 2-4). 
In all cases, plots of the concentration of cytochromes 
P-450 vs time were sigmoid, with plots~ of 
In{cytochromes P-450] vs time being curved (see, 
e.g., Fig. 5). In addition, schemes 1 and 1A could 
not provide differing Ky, values for the degradation 
of cytochromes P-450 by fluroxene and for the pro- 


experimentally for microsomes from 3-methylchol- 
anthrene-induced rats (Table 4). 

Furthermore, reaction schemes 1, 1A, 2 and 2A 
did not provide pseudo first-order kinetics for the 


although in some cases, particularly for 3-methyl- 
cholanthrene induction, plots of In{TFE.. — TFE,] 
were only slightly curved. 

Reaction schemes 3-6 followed pseudo first-order 
kinetics for the degradation of hepatic microsomal 
cytochromes P-450 by AIA and fluroxene and for 
the production of 2,2,2-trifluoroethanol. For AIA 
and fluroxene, all of these schemes except scheme 
6—for which Ky values were not calculable—could 
in large part closely mimic the experimental results. 
All of these schemes could provide differing Ky 
values for the degradation of cytochrome P-450 by 
fluroxene and for the production of 2,2,2-trifluoro- 
ethanol from fluroxene (Table 4). For AIA, only 


scheme 4 was able to provide a Ky value less than 
K,, as was observed experimentally, but schemes 3 
and 5 provided Ky values that were within a factor 
of two of the experimentally determined values. 
For schemes 3-6, the values of k,,, for the degra- 
dation of cytochromes P-450 by AIA and fluroxene 
and for the production of 2,2,2-trifluoroethanol, as 
well as the extent of production of 2,2,2-trifluoro- 
ethanol per 65 min, were similar to the experimental 
values. All of these schemes, however, for both AIA 
and fluroxene, gave rise to total extents of degra- 
dation of cytochromes P-450 that were equivalent 
to the total amounts of hepatic microsomal cyto- 
chromes P-450, a phenomenon that was not observed 
experimentally (Tables 2-4). One possible expla- 
nation for this discrepancy is that one or more forms 
of cytochrome P-450, present in hepatic microsomes 
but not considered in the model reaction schemes, 


w 


» 








CYTOCHROMES P-450 (uM) 








TIME (min) 


Fig. 5. Degradation of cytochromes P-450 by fluroxene. 
Data were calculated from reaction scheme 2 for the degra- 
dation of cytochromes P-450 in hepatic microsomes from 
phenobarbital-induced rats by fluroxene (30 mM). Inset: 
In[cytochromes P-450] vs time. 





‘OStd LX 404 b 
‘L PU wos || 
“TT Jou wos § 
‘OL “JOU wos Ft 
‘JOP1O JSIY APPOUIS JOU SEA UOTIRII DY) JoUIS *S4°y yUaIedde UP syUdsoida1 sasoyjUoIed UT aNjeA 9y) 
pure poaino Apysiys sea own sa (44. — *A4L)uy jo 10d ayy ‘sasayquosed ul udald st anyea PROLOWINU B IIDYAK “SOMOULY JOPIO-ISIY MOT[OJ JOU PIP UOTIRIY + 
“ayqepnoyes OU ‘ON 
pure ‘gpp-g DWOIYIONAD popesdop “RpPxK 'Spp-d WUOIYSOIAD “gptd [OShAd POPRITIP ‘OSH !OSh-d WWosyoo AD JO WO} PIoNpul-jejiqueqousyd ‘OSpad ‘OStd.L 
jO UOnepelZap JO popesdop ‘QShd LX {SAWOIYIOIAD ()Sp-q IAI [e101 “OSPd_L ‘peuqueqouoyd ‘gg sjouRYyoIONYII-7°7'7 “FAL ‘ue posn suoneimsiqqy , 





8ZL |" bis" 60 ts'0 s}|Nsou 
jequowuodxy 


2 
s 
a 
< 
we 
joa} 
eng 
wl 
ao) 
m7 
sS 
z 
< 
= 
= 





trl ; : 67 : 6'0 80 
689 ‘S j 67 : 6'0 7 80 
g9¢ ; 87 i 0'1 j 80 
0¢9 : 87 & ; 0'1 80 
ere { 87 6'0 , 80 
ese 4ON 67 S 60 Ol P 80 
6re (ppl) ON 87 4 Ol 6'0 80 
Lre 4ON , 67 4 0'1 0'1 80 


>. ae” 
—andantne 





K. M. IVANETICH, M. R. 


qa qa) (aay OStdlX — (OStd.LX) Spx) rdLX — | gbparsprXx : 
G Spd.LX OSpdLX) — (OSPX OStd LX — | gpa/sprx ¥ 
¥ 01 ¥ -01 ¥ wr) "A 





,S]B1 poonpul-jeyigieqousyd Woy SdWOSOIOIWE YIM JOURYIOIONYUI-Z7'°7°Z O} DUIKOINY JO WIsl]OqejaW dy} JOJ puke dudxoINY Aq (Sp-d 
SOWOIYIONAD JO UONepRIDOP dy) 10} sAd}OWIeIed pould}op A]peyUIWUTIIdXd JY) puk SOUdYIS UONIII JY1 JO SUN [BUY dy} WOIJ payejnsjeo sisjowWRIeY “¢ 91QeR_L 





> 
yy 
bd 
a 
~y 
ce) 
E 
— 
& 
° 
5 
S) 
= 
> 
o 
S 
° 
a 
4 
=| 
3 
ao) 
ise] 
a 
oh 
o 





‘OStd. LX 104 | 
‘L ‘Jou wos, || 
“IT ‘Jou wooly § 
‘OI ‘Jou Wolz t 
‘JOPIO SI APS JOU SPM UOT|IRII DY} DoUTS ““4°y yUdIedde Ue sjUasaida1 sasayUsIed UI aNyeA 9Y} 
pure poains Apysiys sea own sa (’F4L— *44L)uy Jo 10d ouy ‘sasoyjuased ut dais st anjea [ROLOWINU B JIOYAK “SONSUTY JOPIO-}SIY MOTO] 10U PIP UOTORIY 4 


; ; “ayqeynoyeo 
JOU ‘ON pure ‘gpp-q BwWoIydOIAD papessap ‘gpryK ‘8pp-d WWOIYIONAD “Ypbd ‘OSPAd PEPLITAP ‘OSPK !OSph-d BWO1YDOIAD JO WO} poonpul-jeyqueqouasyd ‘ocpgd 
‘OStd_L JO UONepEIsp 10 papessap ‘Ch. LX ‘SWOsIyIOIAD (ICp-q 9dAI [P10 “OSpd_L ‘]eUqueqouayd ‘gg ‘joueposoNy-7'°7'Z ‘AA qe pasn suoneiadiqqy , 





re le"1 89° te'0 synsol 
jequswiedxy 





Le 
0°9 
ore 
ep 

L61 4(€°9) ON 

S61 4(L°9) ON 

991 4(1°8) ON 

rll 4(9°L) ON 


8°0 
8°0 
80 
80 
80 
80 
80 
80 


_— = 
mK NINO TM O 


hdr tee ibe: 2 
NANNNANANANANN 


ANMUNAMEM 
er ae 


~~ e re 


Ol 


Oo 09 OS OH 
ANNA AAA A 





(ur ¢o/jwr) ( uw) (Ww) = (ua wi) (ul coy) (,_urw) (Ww) (urw 7 


FAL FAL) (4AL)"¥ A OStd. LX (OStd. LX) (Sbrx) /OStd. LX 


Sq°y Ol 540 Ol Wy Ww") siasasl | 8hbhd/8hrx 


focmmaenx) =” 





,SIB1 PIONPuUl-dudYIUL[OYS[AYIOW-¢ WOI] SOWOSOIOIW YM JOURYIIOIONYI-7'°7'Z 0} DUdKXOINY JO WsoOqeR}auI dy} 10} puke dudxoIny Aq OYSp-d 
SdWOIYIOIAD JO UONepeISAp dy) JO} sd] Deed paulUId}ap A[[eJUSWITIIdKxd dy] puk SdWdYOs UOTOvAI JY} JO SUN [RUY IY) WO payejNojeo sidjoWwWeIeY “p IQRL 


K. M. IVANETICH, M. R. ZIMAN and J. J. BRADSHAW 


Table 5. Compilation of rate constants utilized in the final runs of reaction schemes for the degradation 
by AIA of cytochrome P-450 in microsomes from phenobarbital-induced rats 





Scheme 


ks ky kg ke 





> 


ANkWNNE 
> 





are not degraded by AIA or fluroxene and are not 
involved in the metabolism of fluroxene to 2,2,2- 
trifluoroethanol. 

In conclusion, the reaction schemes for the degra- 
dation of cytochromes P-450 by AIA and fluroxene 
share several similarities. Suitable reaction schemes 
involve the production of reactive species from AIA 
and fluroxene by at least two forms of cytochrome 
P-450. The reactive species in question appear to 
degrade the same form of the enzyme (e.g. pheno- 
barbital-induced cytochrome P-450, or 3-methyl- 
cholanthrene-induced cytochrome P-488) that pro- 
duced the reactive species. It might be anticipated 
that the same enzyme molecule that activates flu- 
roxene or AIA would subsequently be degraded by 
the activated metabolite that it produced, before 
that reactive species diffuses off the enzyme. 

Reaction schemes involving the production of a 
reactive species by one form of cytochrome P-450 
and the degradation of another form of cytochrome 
P-450 by that reactive species are not consistent with 
experimental data. It would appear, therefore, that 
the reactive metabolite mediating the degradation 
of cytochromes P-450 is a transient species. The 
observation that other vinyl ethers degrade the heme 


of cytochromes P-450, but that stable metabolites of 
fluroxene do not (see Results and Discussion), [20] 
is consistent with this conclusion. 

Reaction schemes in which a bimolecular reaction 
of ferri- or ferrocytochrome P-450 (oxygenated or 
not) with AIA or fluroxene gives rise to the degra- 
dation of cytochromes P-450 do not fit the experi- 
mental data, inasmuch as it is not possible to char- 
acterize such reaction schemes with a Ky value. 

On the basis of our investigations it was not pos- 
sible to distinguish whether, for fluroxene, the same 
enzyme-substrate complex was involved in both the 
degradation of cytochromes P-450 and the pro- 
duction of 2,2,2-trifluoroethanol. It is possible that 
the enzyme-substrate complex giving rise to the 
degradation of cytochromes P-450 is identical to 
(scheme 3), in equilibrium with (scheme 4), or an 
entirely distinct complex from (scheme 5), that giving 
rise to the Type I difference spectrum for fluroxene 
and the production of 2,2,2-trifluoroethanol. Inas- 
much as fluroxene does not produce a Type I dif- 
ference spectrum of appreciable magnitude with 
cytochrome P-448 [10], and there is no spectral evi- 
dence for the binding of AIA to the substrate binding 
site of cytochromes P-450 with microsomes from 


Table 6. Compilation of rate constants utilized in the final runs of reaction schemes for the degradation 





Scheme Induction ky ky 


ks k; kg kg 





PB 100 
100 
100 
100 


> 


> 


18 

5 
50 
50 


100 0.05 0.8 q 0.055 
1603 l 1 ; 10 
160 10 8 s 10 
160 0.046 0.0015 


40 13 
80 13 4 A 
24 4.5 25 6.: 
32 0.41 10.5 1.4 
32 0.025 .0¢ 0: 0.1 
32 : 0.1 0.045 
28 0.063 0.04 
24 0.02 


0.05 
0.045 


> 


> 


0.036 0.1 
0.05 0.032 0.096 


0.0028 


DNPWNNK KH DAN WNNK 





* Abbreviations used are: PB, phenobarbital; and 3-MC, 3-methylcholanthrene. 
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differently pretreated rats [9], the latter possibility 
would appear to be favored for both fluroxene and 
AIA (see Results and Discussion). 
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Abstract—Phospholipid turnover was studied in the rat brain after treatment in vivo with (1) an acute 
dose of ethanol, (2) after the development of tolerance to ethanol, (3) of physical dependence on 
ethanol, and (4) of withdrawal from dependence. It was found that the turnover of phosphatidylcholine, 
of phosphatidylinosotol/phosphatidylserine and of phosphatidylethanolamine was increased in tolerant 
animals and that tolerance developed to these increases in dependent animals. A drastic decrease in 
P-labeled phosphatidylinositol/phosphatidylserine of microsomal fractions was observed in animals 


withdrawing from dependence. 


Ethanol is known to exert an effect on biological 
membranes [1]. Chin and Goldstein [2, 3], studying 
the fluidity of spin-labeled membranes in the pres- 
ence of ethanol, have shown that ethanol may 
increase membrane fluidity in vitro; tolerance is 
developed to that effect after chronic ethanol treat- 
ment. Supporting evidence for this fluidization has 


been provided by Curran and Seeman [4]. We have 
also reported that chronic ethanol treatment results 
.in more rigid lipid bilayers extracted from synap- 
tosomal membranes of tolerant mice [5]; the increase 
in rigidity is not due to the change in cholesterol 
content [6]. We have also provided evidence [7] that 
the change in brain membrane lipid composition or 
organization responsible for the attenuation of 
ethanol-induced fluidization of ‘tolerant’ membranes 
is related to tolerance to the anesthetic actions of 
ethanol, because there is cross tolerance between 
membrane fluidizing properties of ethanol and pen- 
tobarbital but not of morphine. Further experiments 
revealed that with the absence of ethanol from the 
body for a period of time, the fluidizability of the 
lipid bilayer returned to normal [7]; these lipid 
changes may be generalized to all strains and species 
of rodents [8]. 

Since the ability of ethanol to induce fluidity may 
be related to the phospholipid composition of the 
membrane, we studied phospholipid turnover in 
brain membranes isolated from acute, tolerant, 
dependent and withdrawn rats. 
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METHODS 


Male Sprague-Dawley rats (Simonsen Laborato- 
ries, Gilroy, CA), weighing 300-350g, were 
implanted with a guide cannula over the lateral ven- 
tricle while under pentobarbital anesthesia. Before 
beginning the experiment, 4-6 days were allowed 
for recovery from surgery. We studied the effects of 
(1) an acute dose of ethanol, (2) tolerance to ethanol, 
(3) physical dependence on ethanol, and (4) with- 
drawal from dependence. 

To produce acute effects, animals were injected 
i.p. with either 3.5 g/kg of ethanol (20%, w/v) or 
with an equivalent volume of isotonic saline. Thirty 
minutes later the animals were given intraventricu- 
larly 200uCi [*P]phosphoric acid and 50 uCi 
(?H] glycerol dissolved in 20 ul of a modified Krebs— 
Ringer bicarbonate buffer from which the sodium 
diphosphate was omitted. 

Each animal to be made tolerant was tested for 
basal sleep time prior to implantation of the guide 
cannula. They were injected i.p. with 3.5 g/kg of 
ethanol, and upon onset of narcosis, were placed on 
their backs. The time for an animal to right itself 
twice within 60 sec was recorded as the sleep time. 
Groups could thereby be balanced for basal sleep 
times. The animals were thereafter made tolerant, 
while under light CO, anesthesia, by intubation with 
3.0 g/kg ethanol [20%(w/v) solution in Slender, Car- 
nation Co., Los Angeles, CA. | twice daily for 3 days. 
Control animals were similarly intubated with equiv- 
alent amounts of isocaloric sucrose (35%, w/v) in 
Slender. On the day following the treatment period, 
tolerance was assessed in both groups by again 
determining sleep times [5]. Radioisotopes were 
administered on the next day | hr after the treatment 
of both groups with 3.5 g/kg of ethanol, i.p. 

Physical dependence was produced as described 
previously [8-10] using a maximally tolerable dosage 
regimen. Briefly, animals were intubated while under 
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Table 1. 
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oe 3 3? . . ° . . 
Effect of acute ethanol on [°H]glycerol or [°*“P]phosphate incorporation into membrane lipid fractions* 





Synaptosomal fractions 


Microsomal fractions 





Contro 


cpm/umole 


% 


Ethanol 
% of control 





Control 


cpm/umole 


Oo 
€ 


Ethanol 
% of control 





1850 + 


3070 + 
10,030 


848 
493 


r 833 


100 + 6.5 
100 + 13.8 
100 + 6.1 


172.6 + 19.2 
133.1 + 18.9 
167.9 + 15.84 


4950 + 942 
6100 + 599 
9900 + 756 


100 + 11.9 
100 + 7.9 
100 + 7.2 


100 + 7.0 
100 + 10.7 
100 + 4.8 


28,800 + 686 
4700 + 386 
8610 + 244 


PE 


91.1+9.6 
105.6 + 15.6 
87.8 + 8.0 


48,300 + 1153 
7330 + 646 
14,480 + 4080 


100 + 12.7 
100 + 6.5 
100 + 8.1 


193.9 + 6.5+ 
197.9 + 14.7 
164.6 + 20.3% 
105.0 + 14.0 
126.4 + 16.9 
104.9 + 11.3 





* Data are means + S.E.; N. = 9-11. 
+ P< 0.025. 


+ P<0.005. 


light CO, anesthesia three times daily for 3 days. 
The dose was adjusted according to degree of intox- 
ication (determined largely by righting ability) prior 
to intubation with possible doses of 6.0, 4.0, 3.0, 2.0 
and 0.0 g/kg of ethanol; the ethanol solution was 
20% (w/v) in Slender. To maintain body weight, the 
total volume of each intubation was made up to 14 ml 
with additional Slender and a fourth daily 14-ml 
intubation of Slender was given. Each control animal 
was intubated with an amount of the isocaloric 
sucrose-Slender diet proportional to the mean 
amount given the experimental group; additional 
Slender was similarly given. Radioisotopes were 
administered to dependent animals 1 hr after the 
first missed dose, a time at which blood alcohol 
begins to decline but at which withdrawal has not 
yet commenced, and to withdrawn animals 9 hr after 
the missed dose, a time at which various withdrawal 
symptoms are found [10]. 

For all treatment conditions, animals were killed 
l hr after radioisotope administration. Brains were 
removed and homogenized in 30ml of 0.32M 
sucrose with 5mM Hepes,* pH 7.8 at 4°. Crude 
synaptosomal and microsomal fractions were pre- 
pared by standard centrifugation techniques [11]. A 
portion of the homogenate was mixed with 2 vol. of 
10% trichloroacetic acid and an aliquot of the super- 
natant fraction was counted for total nonprecipitable 





* Hepes, 4-(2-hydroxyethyl) - | - piperazine -ethanesul - 
phonic acid. 


*P and °H in order to normalize the lipid incorpor- 
ation results. Phospholipids were extracted from syn- 
aptosomal and microsomal fractions with chloro- 
form—methanol (2:1, v/v) [11, 12]. The lipid extract 
was partitioned with 0.1M KCl, washed several 
times with theoretical upper phase until no radio- 
activity appeared in the upper phase, and then evap- 
orated to dryness at 30°; the residue was dissolved 
in 100 ul of chloroform—methanol (2:1). Twenty-five 
microlitres was spotted on silica gel G thin-layer 
chromatography plates (Merck), and the plates were 
developed in a solvent system of chloroform—meth- 
anol-acetic acid—water (25: 15:4:2, v/v). Spots were 
identified with iodine vapor and scraped, and the 
phospholipids were eluted into chloroform—meth- 
anol (2:1), aliquots of which were then used for 
scintillation counting and for lipid phosphorus analy- 
sis [13]. The results are reported as percentage of 
control for simplicity. In Table 1, we also listed 
cpm/umole P; so that readers may calculate back to 
that unit from percentage if they wish. Statistical 
analysis was done using Student’s (-test. 


RESULTS AND DISCUSSION 


Table 1 presents the aggregate results of two 
experiments. An acute dose of ethanol had no effect 
on the incorporation of “P, into phosphatidylchol- 
ine (PC), phosphatidylinositol + phosphatidylserine 
(PI+ PS) or phosphatidylethanolamine (PE) in 
either synaptosomal or microsomal fractions. There 
is evidence, however, of increased incorporation of 


Table 2. Effect of chronic ethanol treatment on [*H]glycerol or [**P]phosphate incorporation 
into membrane lipid fractions of tolerant and nontolerant rats* 





Synaptosomal 


fraction 


Microsomal 
fraction 





Acute 


Tolerant 


Acute Tolerant 





100 + 25.5 
100 + 30.6 
100 + 17.6 
100 + 17.0 
100 + 37.6 
100 + 16.9 


PE 


69. 
84. 
90. 


167 


73.6+9.9 
125.7 + 16.9 


2+ 22:5 
3+ 31.8 
2+6.3 


100 + 29.3 
100 + 3.8 
100 + 19.6 
100 + 22.4 
100 + 15.7 
100 + 15.7 


+ 31.04 





* Values, means + S.E., are percentage of control levels of cpm/pmole P,; N = 4-5. 


+ P<0.005. 
tP<0.05. 
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L-*)< 0.02 
t(il) =2 86 


MEAN SLEEPING TIME (hrs) 








“ETHANOL SUCROSE 


Fig. 1. Mean (+ S.E.) sleeping time following 3.5 g/kg 
ethanol in chronic ethanol and sucrose controi groups. 


[’H]glycerol into PC and PI + PS of the synaptoso- 
mal and microsomal fractions. 

After the animals were made tolerant by intuba- 
tion with 3.0 g/kg ethanol (see Methods), both con- 
trol and tolerant animals were given ethanol prior 
to radioisotope treatment and killed so that tolerance 
in response to the drug, rather than any intrinsic 
state of tolerance, was being studied. Thus, the con- 
trol animals were comparable to the acutely treated 
animals reported above. There was significant devel- 
opment of tolerance as indicated by the difference 
in sleep time between the tolerant and acute-control 
groups (Fig. 1). 

Although the main effects of an acute dose were 
on [*H]glycerol incorporation, there was no indica- 
tion of tolerance developing to this effect, since the 
incorporation of the isotope was similar in all 
phospholipids in tolerant and acute groups (Table 
2). On the other hand, the incorporation of *P, 
appeared to be increased in all phospholipid com- 
ponents in microsomal membrane fractions in tol- 
erant animals treated with ethanol; an increase was 
also observed in PI + PS fraction from synaptosomal 
origin. These increases were not seen in acute ani- 
mals but only in tolerant ones, suggesting that it is 
unique to tolerant animals. 

If the animals were treated with higher doses of 
ethanol, physical dependence developed as evi- 
denced by Metrazol-induced withdrawal seizures [8]. 
Mean (+ S.E.) blood alcohol levels in the dependent 
animals at the time of killing (132.6 + 3.5 mg 
ethanol/100 ml blood) were at a level above that at 
which withdrawal might begin. Our results on 
phospholipid turnover in those animals showed that 
there was a significant increase of “P, incorporation 
into microsomal PE; [*H]glycerol incorporation was 
unchanged compared to sucrose control (Table 3). 
It should be pointed out that there was a significant 
increase in the *H-label in PC and PI + PS of syn- 
aptosomal fractions and PC of microsomal fractions 
after acute treatment (Table 1); no tolerance to these 
changes in tolerant animals was observed (Table 2), 
and yet in dependent animals (Table 3) almost all 
the changes returned to sucrose control levels. It is 


Microsomal 


Synaptosomal 
fraction 





Table 3. Incorporation of [*H]glycerol or [**P]phosphate into membrane lipid fractions of sucrose control, ethanol dependent and ethanol withdrawn rats* 


fraction 


Ethanol 
dependent 








withdrawal 


dependent withdrawal (control) 


(control) 


30.4 + 2.1t 


68.2 + 18.3 
122.1 + 16.1 


74.7 + 13.3 


75.9 + 3 
111.0 + 10.5 


139.6 + 29.7 
114.5 + 20.1 
114.4 + 33.3 


103.3 + 16.5 
186.9 + 3.6% 


100.5 + 17.3 


85.2 + 11.6 


72.5 + 10.4 
89.9 + 12.1 


153.0 + 51.0 
223.8 + 33.4+ 


126.9 + 17.5 


93.9 + 14.9 
158.4 + 29.6 


109.2 + 15.4 
85.1 + 8.6 


102.5 + 19.7 
105.1 + 11.8 


* Values, 








4-7. 


mean + S.E., are percentage of control values of-cpm/pmole P;; N 





+P<0.02. 
+ P<0.001. 
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apparent that tolerance develops to certain changes 
in phospholipid turnover in the dependent animals 
but not in the tolerant ones. In animals undergoing 
withdrawal, there was a significant decrease in the 
incorporation of *P, into microsomal PI + PS and 
an increase in the incorporation of [*H]glycerol into 
synaptosomal PI + PS; no other changes were 
significant. 

The withdrawal state usually means a state after 
dependence has developed in which the drug is no 
longer given. Often, during withdrawal the behav- 
ioral symptoms that occur are opposite to those 
which occur in the (alcohol) acute or tolerant state. 
Although the underlying biochemical mechanism is 
not well understood, it is reasonable to assume that 
events induced by chronic ethanol exposure at the 
molecular level must undergo changes during with- 
drawal that will compensate for the absence of the 
drug. In examining the phospholipid turnover data, 
we observed that “’P-incorporation by the PI + PS 
fraction of microsomes was significantly increased 
in tolerant animals. This increase diminished in the 
dependent state and decreased significantly in with- 
drawal animals, which is opposite to the change in 
tolerant animals. Therefore, it is possible that the 
increase of *P-incorporation by PI + PS fractions in 
tolerant animals represents a new state of biochemi- 
cal events to which the animals adapted in the pres- 
ence of chronic drug exposure; tolerance is event- 
ually developed to it after longer exposure 


(presumably in the physical-dependent state). 
A rebound seems to occur if ethanol is removed 
from the animal in withdrawal. *P-incorporation by 


PI + PS of the microsomal fraction, instead of 
increasing in the tolerant state, dramatically 
increased below control level in the withdrawal state. 
This may or may not be part of the reason for the 
severe withdrawal signs often seen in such animals. 
The fact that only *P, not *H, turnover is changed 
in this fraction indicates that the change may occur 
after 1,2-diglyceride production. Because PE is one 
of the major precursors of PS in the brain [14-16], 
and PE was increased in tolerant and dependent 
animals but returned to control levels in withdrawal, 
it is not likely that the decrease in PI + PSis primarily 
a change in PS resulting from a decrease in the 
precursor PE. 

The increases in labeling of other phospholipids 
in either the acute or tolerant state all seemed to 
return to control level in dependent animals except 
*H-incorporation into the PI/PS fraction of the syn- 
aptosome; withdrawal did not precipitate any new 
change. 

Chronic ethanol treatment is known to result in 
more rigid membranes [2-6], a factor which is related 
to the anesthetic action of ethanol [7, 8]. A change 
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in phospholipid metabolism has been suggested for 
the change in membrane rigidity. Littleton and John 
[17] demonstrated that the level of saturated fatty 
acids was increased in membranes of ethanol tolerant 
mice, which may, in part, be responsible for the 
increased membrane rigidity. It is obvious that some 
phospholipid turnover is also altered by chronic 
ethanol treatment. Although both ICR and C57BL 
mouse strains exhibit decreased ethanol-induced flu- 
idity in their lipid bilayers after chronic ethanol treat- 
ment [7], individual phospholipid levels were 
changed in ICR, but not in CS57BL mice (D. A. 
Johnson and N. M. Lee, unpublished observation), 
indicating that the change in phospholipid level can- 
not be used to explain the change in membrane 
rigidity. The changes produced in phospholipid turn- 
over by chronic ethanol treatment, however, may 
represent a novel shift in the membrane phospholipid 
metabolism. This signals membrane changes which 
may eventually be reflected as changes in membrane 
function. 
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Abstract—Chronic dietary administration of lithium appeared to reduce (Na’ ,K” )-adenosine triphos- 
phatase in rat brain by at least two mechanisms. Selective inhibition of the enzyme form with high 
affinity for ouabain occurred in hippocampus. Nonselective inhibition, manifested by decreased Vij, 
for activation by Na’, occurred in hippocampus, cortex and corpus striatum. There was no effect on 
Na’ affinity. Because lithium administration decreased shock-elicited fighting behavior in the presence 
of moderate tissue lithium levels and in the absence of changes in weight or gross appearance or 
behavior, the effects on adenosine triphosphatase were pharmacologic rather than toxic. 


The mechanisms of the behavioral effects of lithium 
ions have not been established, though lithium 
effects on many neuroeffector systems have been 
studied, and changes have been found in most of 
them [1-3]. Due to the physical properties of lithium 
ions [4, 5], the effects could result from interactions 
with the fluxes of cations that are involved in the 
activity of nerve cells, rather than from effects on 
a specific neurotransmitter. 

Lithium ions share some physical properties with 
Na‘, K* and Mg”* [4, 5], each of which is an effector 
of (Na*,K*)-ATPase [6], the enzymatic basis of cou- 
pled Na* efflux and K* influx [7]. Jn vitro, Li* has 
been shown to interact with a K* site [8,9], and 
possibly with some Na’ effects [10]. Li* can stimulate 
[11, 12] or inhibit [6] (Na*,K*)-ATPase, depending 
on ionic conditions. 

(Na*,K*)-ATPase is involved in several phases of 
the regulation of nerve cell activity including main- 
tenance and re-establishment of the resting mem- 
brane potential [13] and uptake of neurotransmitters 
and of other metabolites [14]. It has been proposed 
that (Na*,K*)-ATPase is involved in the actions of 
catecholamines [15], opiates [16] and thyroid hor- 
mone [17]. The possibility that (Na*,K*)-ATPase 
may have specific regulatory roles in brain has been 
strengthened by reports of an apparent nerve-specific 
form of (Na*,K*)-ATPase [18] and of endogenous 
(Na*,K*)-ATPase inhibitors in brain [19, 20]. 

In previous studies of the effects of acute and 
chronic administration of Li* in rats, decreases in 
(Na*,K*)-ATPase activity have been shown in a few 
brain regions [21-24]. These experiments were not 
performed under conditions where regulatory 
changes in (Na‘*,K*)-ATPase would be evident. 
Behavioral effects of Li’ were also not demon- 
strated. Increases in activity corresponding to those 
in red blood cells of some human subjects treated 
with Li* [25] have not been found in experimental 
animals. 





* Author to whom correspondence should be addressed. 


In the present study, the effects of chronic dietary 
lithium treatment on the regulation of (Na’‘,K’)- 
ATPase in rat brain were examined. This treatment 
regimen produced behavioral effects (reduction in 
shock-elicited fighting [26]) without weight loss or 
other evidence of toxicity. In order to circumvent 
the problems of the large endogenous phosphate 
pool and competition for ATP utilization [27], effects 
on cation regulation of the K*-p-nitrophenylphos- 
phatase associated with (Na‘,K*)-ATPase[28] were 
examined, as well as effects on (Na‘.K’)-ATPase 
activity per se. Ouabain inhibition curves were used 
to determine whether lithium treatment preferen- 
tially affects one of the two proposed molecular 
forms of (Na*,K*)-ATPase, which differ in their 
affinities for ouabain [18]. 


METHODS 


Animals and diets. Albino male Sprague-Dawley 
rats weighing about 200 g were given a diet contain- 
ing lithium and supplemental Na‘ and K* [29]. Con- 
trol rats received the same diet without Li’. The 
amount of Li*® added was 20 m-equiv./kg dry diet for 
the first week, 40 m-equiv./kg dry diet for the second 
week, and 60 m-equiv./kg dry diet thereafter. After 
5 weeks this resulted in lithium concentrations of 
0.71 + 0.07 (S.D.) mM in plasma and 0.60 + 0.12 m- 
equiv./kg in corpus striatum. Lithium and control 
groups did not differ in weight or in gross behavior; 
there were fourteen rats in each group. 

Shock-elicited fighting. Pairs of rats were tested 
for shock-elicited fighting in a 30 x 28 x 14cm cage 
in a sound-attenuated room. Thirty shocks of 1.5 mA 
intensity and 1-sec duration were delivered at 7-sec 
intervals. The shock-elicited fighting frequency was 
the percentage of shocks followed by fighting behav- 
ior [26]. 

Tissue preparation. After decapitation without 
anesthesia, brains were removed and dissected over 
ice. Cerebral hemispheres, corpus striatum, hippo- 
campus and brainstem were dissected using gross 
landmarks [30]. Tissue was homogenized in 10- 


2819 





2820 


20 vol. of 0.25M sucrose containing 0.05 M imid- 
azole (pH 7.2) and 2mM Tris EDTA. The hom- 
ogenates were centrifuged at 700g for 10 min, the 
precipitate was washed with homogenization 
medium, and the supernatant fractions were com- 
bined. The combined supernatant fractions were 
centrifuged at 17,000g for 15 min, washed twice, 
suspended in homogenization medium, and stored 
at —70°. Protein was determined by the method of 
Lowry et al. [31]. 

(Na*,K*)-ATPase assay. About 10 ug of crude 
synaptosomes were incubated in 60 ul medium con- 
taining 0.05 M Tris-HCl (pH 7.5), 5 mM MgCl, and 
5 mM Tris ATP. (Na*,K*)-ATPase was determined 
by addition of 100 mM NaCl and 20 mM KCl. After 
10 min of incubation, the reaction was stopped with 
8% trichloroacetic acid, and inorganic phosphate 
was determined by the method of Chen et al. [32]. 

K*-p-nitrophenylphosphatase assay. About 10 ug 
of tissue was incubated in 60 ul medium containing 
10 mM Tris p-nitrophenylphosphate, 5mM MgCl, 
0.05M Tris-HCl (pH 7.5), and other ligands as 
described in the text. After 10 min of incubation, the 
reaction was terminated with 0.1 M NaOH, and p- 
nitrophenol was determined spectrophotometrically 
by measurement of absorption at 420 nm. Activity 
without K* was subtracted from that with K* to 
obtain K*-dependent activity. 

Ouabain inhibition. About 15 ug of tissue was 
preincubated for 60 min with 2mM MgCl, 2mM 
Tris phosphate (pH 7.2), 50 mM Tris-HCl (pH 7.5), 
and graded concentrations of ouabain, in a volume 
of 20 ul. Then 40 ul of additional medium containing 
Tris p-nitrophenylphosphate was added to give a 
final concentration of 10mM_ p-nitrophenylphos- 
phate, 5mM MgCl, and zero or 25 mM KCI. The 
final pconcentration, 0.67 mM, was well below the 
K; for this system [28]. After 6 min of incubation, 
the reaction was stopped and p-nitrophenol pro- 
duction was measured as described above. Enzyme 
activity in the absence of K* did not vary as a function 
of ouabain concentration. 

Equations and computer curve fitting. The equa- 
tion for activation by low concentrations of Na* 
followed by inhibition by higher concentrations is: 


v= V[(K/M)" + 1] ((W/K)" +17", (1) 


where v is the observed rate, V is the maximal rate, 
M is the Na‘ concentration, K, is the concentration 
of Na* for half-maximal activation, K; is the con- 
centration of Na* for half-maximal inhibition, and 
mand n are Hill coefficients. This equation was used 
for Fig. 1 and Table 2. K,, K;, and the Hill coefficients 
did not change with lithium administration. The 
derivation of this equation and its applications to 
(Na*,K*)-ATPase kinetics are described in Refs. 28 
and 33. 

Inhibition by high and low concentrations of the 
same ligand was described by: 


v=1- {[VS/K, + S)] + [C1 — V)S/(K; + S)]},(2) 


where v is the observed reaction rate as a fraction 
of the maximal rate in the absence of inhibitor, V 
is the fraction of enzyme inhibited by the ligand S 
with half-maximal inhibition at concentration K,, 
(1 — V) is the fraction of enzyme inhibited with half- 
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maximal ligand concentration K,, and S is the con- 
centration of inhibitor. This equation was used for 
Fig. 2 and Table 3. 

For concentration curves, tissue was pooled from 
groups of three or four animals. The mean of four 
triplicate determinations for each experimental 
group was thus used for each point for curve fitting. 

We used an iterative least-square routine, MLAB, 
for curve fittings [34, 35]. This routine finds optimal 
parameter values by repeated iterations until the 
root means squared error of the theoretical curve 
compared to the data is minimized. The standard 
error for each parameter is given by the routine 
along with a term, the ‘dependency’, which indicates 
the dependence of the parameter value on the values 
of other parameters. Ideally, parameters would be 
totally independent of each other, yielding a depen- 
dency of one; if parameters were dependent on each 
other, the dependency could be as high as 1,000,000, 
implying that an essentially infinite assortment of 
parameter values would provide an equally good fit. 
The simulations used here satisfied the criteria for 
low root means squared error and dependency. 


RESULTS 


Effect of chronic dietary lithium on shock-elicited 
fighting. Incidence of shock-elicited fighting was 42 + 
23 per cent (S.D.) in controls and 21 + 17 per cent 
in lithium rats, a significant reduction by lithium 
treatment (two tailed t-test = 2.42, P< 0.05). This 
was similar to previous results [26]. 

Effect of lithium administration on (Na*,K*)- 
ATPase activity in crude synaptosomes. (Na* ,K*)- 
ATPase activity in crude synaptosomes from four 
brain regions from control and lithium-treated rats 
is shown in Table 1. Activity was significantly lower 
in hippocampus from lithium-treated rats, but was 
not changed in the other regions studied. 

Effect of lithium administration on regulation of 
(Na*,K*)-ATPase, converting the enzyme to its K*- 
sensitive form, can be measured by Na’ activation 
of the K*-p-nitrophenylphosphatase associated with 
(Na*,K*)-ATPase in the presence of ATP and a low 
concentration of K* [28]. Activation by Na®* is 
biphasic [28, 34]. Figure 1 shows the Na*-activation 
curves for corpus striatum. The kinetic parameters 
are summarized in Table 2 [28]. Lithium adminis- 
tration consistently decreased the V,,,, for Na* 
activation without significant effects on apparent Na* 
affinity. 


Table 1. Effect of lithium treatment on (Na*,K*)-ATPase 
activity in crude synaptosomes* 





Region Control Lithium 





0.127 + 0.003 
0.155 + 0.005 
0.147 + 0.009 
0.136 + 0.001 


0.127 + 0.003 
0.157 + 0.001 
0.118 + 0.005+ 
0.134 + 0.008 


Brain stem 
Cortex 
Hippocampus: 
Corpus striatum 





* Activity is expressed in mmoles P;-(mg_ protein: 
min)! + S.E.M. 
+ Lithium different from control, P < 0.05. 
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Fig. 1. K*-p-nitrophenylphosphatase activity in crude syn- 
aptosomes from rat corpus striatum, as a function of Na* 
concentration. Activity is the difference between p-nitro- 
phenol production in the presence and in the absence of 
0.5mM KCl. Conditions were as described in Methods, 
with the addition of 0.1 mM Tris ATP. The lines represent 
the least-squares fits to an equation giving apparent Na* 
affinities and maximal activation [28]: the parameters 
derived from the equation are in Table 2. The solid line 
is control; the dashed line, lithium. 
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Effects of lithium administration on ouabain inhi- 
bition. It has been shown that there are two mol- 
ecular forms of (Na*,K*)-ATPase that differ in their 
affinities for ouabain as measured by inhibition of 
phosphorylation [18]. Figure 2 shows that, in the 
rat, these forms can be distinguished by ouabain 
inhibition of K*-p-nitrophenylphosphatase. The 
biphasic inhibition has K; values of about 5 x 107° 
M and 5 x 10° M, comparable to the affinities 
reported by Sweadner [18]. Table 3 shows the total 
amounts of enzyme activity with high and low oua- 
bain affinity. Lithium administration selectively 
decreased the high-affinity component of ouabain 
inhibition in hippocampus and the low-affinity com- 
ponent in corpus striatum. 


DISCUSSION 


In studies of biochemical actions of lithium, it is 
important to provide evidence that the model for 
lithium administration used produces behavioral 
effects in the absence of toxicity. Previous studies 
of lithium effects on (Na*,K*)-ATPase activity, 
using a variety of tissue preparations and routes of 
administration, have revealed small decreases in 
activity in some brain regions [21-24]. Behavioral 
effects of lithium administration were not examined 


Table 2. Kinetic parameters for Na* activation of K*-p-nitrophenylphosphatase* 





Vinaxt 


Region Control 


Lithium 


K,t 


Control Lithium 





Cortex 
Hippocampus 
Corpus striatum 


49.2 + 0.9§ 
39.4 + 0.9§ 
34.8 + 1.98 


3.10 + 0.13 2.82 + 0.07 
3.24 + 0.22 2.57 + 0.69 
2.60 + 0.12 2.84 + 0.23 





* Incubations were carried out as described in Methods, with 0.1mM Tris ATP, + 
0.5mM KCI, and 0, 0.2, 0.4, 0.8, 1.5, 3, 6, 12.5, 25 and 50 mM NaCl. 

+ In nmoles p-nitrophenol produced -(mg protein: min)~' + S.E. 

+ Na* concentration for half-maximal activation [28] in mM + S.E. 


§ Li* different from control, P < 0.05. 











RELATIVE PHOSPHATASE ACTIVITY 
wo 














fe) 1 





ie} fe) 
- 1000 -600 “200 2 


Log, [OUABAIN] (M) 


-5.76 
Log,, [OUABAIN] (M) 


-2.52 -900 -576 
Log,, LOUABAIN] (mM) 


Fig. 2. K*-p-nitrophenylphosphatase activity in crude synaptosomes as a function of ouabain concen- 

tration. Conditions were as described in Methods. The lines (solid = control, dashed = lithium) represent 

least-squares fits to an equation describing inhibition with two affinities by the same inhibitor; the 

parameters are given in Table 3. Left panel: hippocampus; middle panel: corpus striatum; right panel: 
cortex. 
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Table 3. K‘-p-nitrophenylphosphatase activity with high 
and low ouabain affinity* 





Region High affinity Low affinity 





4.30 + 0.74 
3.15 + 0.71 
10.03 + 0.44 
6.66 + 0.557 
5.57 + 0.23 
6.07 + 0.29 


16.8 +2.75 
15.25 23.32 
8.37 + 0.37 
8.14 + 0.67 
7.03 + 0.29 
5.53 + 0.287 


Control 
Lithium 
Control 
Lithium 
Control 
Lithium 


Cortex 
Hippocampus 


Corpus 
striatum 





* Activity is in nmoles - (mg protein - min)~' + S.E. 
+ Lithium different from control, P < 0.05. 


in those studies, and toxic effects could not be dis- 
tinguished from non-toxic effects. In the present 
study, chronic dietary lithium decreased shock- 
elicited fighting significantly in the presence of mod- 
erate brain and serum lithium concentrations and 
without weight loss or evidence of illness. 

Other potential problems in investigations of phar- 
macological effects on (Na‘ ,K*)-ATPase arise from 
the presence of a large endogenous phosphate pool 
and competition for ATP utilization [27]. The pres- 
ent study was an attempt to circumvent these prob- 
lems by measuring hydrolysis of p-nitrophenylphos- 
phate by (Na‘,K*)-ATPase [28]. This activity was 
reduced more consistently by lithium administration 
than was production of inorganic phosphate from 
ATP. 

The apparent Na‘ affinity for the Na*-mediated 
transition of (Na*,K*)-ATPase to its K*-sensitive 
form [28] was not changed by lithium (Table 2). One 
possible interpretation for the increased red blood 
cell Na’ content and (Na’ ,K*)-ATPase activity that 
have been observed in humans treated with lithium 
[25] is a reduction in Na’ affinity. These results rule 
out such a reduction, at least in the rat, and suggest 
increased Na’ influx as an alternative explanation. 

Inhibition of K‘-p-nitrophenylphosphatase by 
ouabain was used to determine whether inhibition 
by lithium was specific for either of the two molecular 
forms of (Na’,K*)-ATPase, which can be differ- 
entiated by affinity for cardiac glycosides, recently 
described by Sweadner [18]. In hippocampus, lithium 
selectively inhibited the form with high ouabain 
affinity, which may be specific for nerve tissue. The 
low-affinity form, which may occur in both nerve 
and non-nerve (such as glial) tissue, was inhibited 
selectively.in corpus striatum. Affinity for ouabain 
could parallel that for endogenous inhibitors of 
(Na‘,K*)-ATPase [19,20], and distinguish func- 
tional subgroups of (Na’,K*)-ATPase molecules. 

Direct effects of lithium on (Na*,K*)-ATPase may 
vary according to neural activity. In the presence of 
low extracellular K* concentrations, such as those 
following repeated nerve stimulation [36], lithium 
ions can stimulate (Na’,K*)-ATPase [11, 12], 
thereby possibly prolonging the relative refractory 
period of the cell [37] but potentially leading to a 
compensatory decrease in synthesis of (Na‘*,K*)- 
ATPase molecules [38]. With higher K* , Li* inhibits 
(Na’,.K*)-ATPase and the opposite effects could 
occur. Interactions with Mg**, which physically 
resembles Li* [4,5], have also been proposed [39], 
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though Li* does not appear to compete with Mg** 
in vitro [9]. 

The data reported here show that lithium admin- 
istration, in a dose that produces behavioral effects 
without evidence of toxicity, affects (Na‘,K’)- 
ATPase by at least two mechanisms. The first, 
reflected in the decreased V,,,, for Na* activation, 
is relatively widespread and appears not to be spe- 
cifically limited to either of the putative forms of 
(Na*,K*)-ATPase. The second, reflected by the 
reduction in the form of (Na*,K*)-ATPase with high 
ouabain affinity, was limited to hippocampus among 
the regions studied here and may represent inter- 
actions with a specific neurotransmitter, such as 
norepinephrine [15]. 
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Abstract—Kinetic parameters (K,,,and V,,,x) of ethoxybenzamide deethylation in isolated rat hepatocytes 
and liver microsomes were compared. Adjustment of cofactors in microsomal deethylation, such as 
NADPH and Mg** , to give optimum conditions, and appropriate correction of the apparent kinetic 
parameters for nonspecific binding and microsomal yield resulted in good agreement among the kinetic 
parameters of isolated hepatocytes [Ving x = 0.0863 3 umole - min” '-(g liver)” and K,, = 0.459 mM] and 
microsomes [Vmax = 0.124 umoles- min“ -(g liver) ° and K,, = 0.378 mM]. 


A long-term goal in the study of drug metabolism 
is the quantitative prediction of in vivo drug 
metabolism from enzymatic parameters (V,,,,, the 
maximum velocity of reaction, and K,,,, the. Michaelis 
constant) obtained in vitro. Recently, based on com- 
parisons of drug metabolism in perfused liver prep- 
arations with metabolism in subcellular liver frac- 
tions and in isolated hepatocytes, Billings et al. [1] 
suggested that drug metabolism in isolated hepato- 
cytes correlates better with in vivo drug metabolism 
than does metabolism in 9000 g supernatant fractions 
or microsomes. Drug metabolism studies with iso- 
lated hepatocytes from small animals are easily per- 
formed, but the preparation of isolated hepatocytes 
from large animals or humans presents some diffi- 
culties. In large animals and humans, in vitro drug 
metabolism can only be investigated by using sub- 
cellular liver fractions as enzyme sources. In the 
present study, the authors used ethoxybenzamide 
(EB), which is deethylated primarily in the liver by 
the microsomal monooxygenase system to form 
salicylamide (SAM) [2], as a model drug to inves- 
tigate whether liver microsomes can be used as a 
source of enzymes whose kinetic parameters corre- 
late well with those obtained with isolated hepato- 
cytes. This required close examination of the experi- 
mental conditions for the liver microsomes in relation 
to those used for isolated hepatocytes, as well as of 
other factors which affect the estimation of kinetic 
parameters, such as nonspecific substrate binding 
and microsomal losses incurred during differential 
centrifugation. 
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MATERIALS AND METHODS 


Materials. Chemicals were obtained from the fol- 
lowing sources: EB from the Takeda Chemical Co. 
(Tokyo, Japan); SAM from the Tokyo Kasei Chem- 
ical Co. (Tokyo, Japan); collagenase type I and 
carbonyl cyanide phenylhydrazone (CCP) from the 
Sigma Chemical Co. (St. Louis, MO, U.S.A.); 
f-glucuronidase/arylsulfatase (EC  3.2.1.31/EC 
3.1.6.1) and NADPH from the Boehringer Co. 
(Mannheim, F.R.G.); and sodium succinate, trypan 
blue, and general reagents from the Wako Pure 
Chemical Co. (Osaka, Japan). 

Animals. All animals used in these experiments 
were male Wistar rats (230-270 g) obtained from the 
Shihashi Co. (Tokyo, Japan), and fed ad lib. 

Preparation and incubation of isolated hepatocytes. 
Isolated hepatocytes were prepared essentially by 
the method of Baur et al. [3], except that prolonged 
pre-perfusion (35 ml/min, 15 min) with Ca’*-free 
perfusion buffer was performed to ensure complete 
removal of the intercellular adhesion factor, Ca’*. 
This was followed by collagenase perfusion (4mM 
Ca’*, 0.05% collagenase) instead of hyaluronidase 
and collagenase perfusion (0.5 mM Ca**, 0.05% col- 
lagenase and 0.1% hyaluronidase), according to 
Seglen [4]. 

The compositions of the main buffers were as 
follows: (a) perfusion buffer: 121 mM NaCl, 6mM 
KCl, 0.6mM MgSO,, 12mM NaHCoO;, 0.74mM 
KH,PO,, and 5 mM glucose at pH 7.1-—7.2; (b) wash 
and incubation buffer: 131 mM NaCl, 5.2 mM KCl, 
0.9mM MgSO,, 0.12 mM CaCl, 3 mM _ phosphate 
buffer; and 10 mM Tris-HCl, at pH 7.4. 

After preincubation for 5 min, the reaction was 
started by adding an equal volume of EB solution 
to the cell suspension (the final volume of the reac- 
tion mixture was 2 ml); no cofactor was added unless 
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otherwise stated. The incubations were performed 
at 37° for a specified period (usually 5 min) with 
shaking (90 oscillations/min) in 10 ml round-bottom 
vials under air. In some cases, the vials were flushed 
“with 95% O.-5% CO. After incubation, the reac- 
tion was terminated by adding 0.5 ml of 15% tri- 
chloroacetic acid/ml of incubation mixture. 

Cell viability. We obtained an average of 2.6 + 
0.4 x 10° cells from one liver, and more than 95 per 
cent of these cells excluded trypan blue (0.3 per 
cent). The endogenous cellular respiration was meas- 
ured with a Clark oxygen electrode (Yellow Springs 
Instrument Co., Yellow Springs, OH, U.S.A:). The 
respiratory control ratio and the respiratory stimu- 
lation ratio were measured as the ratios of respiration 
with and without 2 uM CCP and with and without 
1 mM sodium succinate, respectively. The value of 
endogenous cellular respiration was about 14 
nmoles:min~'- 10° cells"', and the respiratory con- 
trol and stimulation ratios were 1.6 and 1.1, respec- 
tively, in agreement with the report of Baur et al. 
[3]. All experiments with isolated hepatocytes were 
performed within 2 hr after ceil preparation. 

Damaged isolated hepatocytes and sonicated cell 
homogenates. In some experiments, damaged iso- 
lated hepatocytes and cell homogenates were used 
as enzyme sources. Homogenates from isolated 


hepatocytes were prepared by treatment of the sus- , 


pended cells in an ultrasonic disintegrator (Branson 
185 cell disrupter) for 3 min, and damaged isolated 
hepatocytes, defined as those stained 100 per cent 
by trypan blue (0.3%), were prepared by high-speed 
mixing in an automatic mixer for more than 5 min. 

Preparation and incubation of liver microsomes. 
Isolation of microsomes was performed as described 
previously [2]. Incubations with microsomes were 
carried out as follows: the incubation mixture con- 
tained various concentrations of EB, 0.5 ml of micro- 
somal suspension, 0.6mM NADPH, and 6mM 
MgCl, in a final volume of 1.7 ml of 0.05 M Tris- 
HC! buffer (pH 7.4). All incubations were carried 
out at 37° for a specified period (usually 5 min) with 
shaking (90 oscillations/min) under air. 

Enzyme activity assay. EB is deethylated in vivo 
to SAM, and SAM undergoes subsequent metabolic 
conversion to glucuronide and sulfate. In incubations 
with hepatocytes, damaged hepatocytes or cell 
homogenates, the total SAM (free SAM + SAM 
glucuronide + SAM sulfate) was determined after 
hydrolysis with /-glucuronidase/arylsulfatase. On 
the other hand, free SAM in the incubation mixture 
was determined without enzyme hydrolysis, and con- 
jugates of SAM were estimated by subtracting the 
free SAM from the total SAM. SAM formed in all 
experimental systems was extracted with 1,2-dich- 
loroethane and assayed fluorometrically as reported 
elsewhere [2]. Complete enzyme hydrolysis of SAM 
conjugates was confirmed by the following pro- 
cedures. To obtain an adequate amount of SAM 
conjugates, a higher cell concentration (2 x 10’ 
cells/ml) was used in this experiment. After incu- 
bation for 1 hr at 37°, the reaction was stopped by 
adding 15% trichloroacetic acid, a 1-ml aliquot was 
pipetted off, and the pH was adjusted to 5.5. The 
samples were then incubated after adding 20 ul of 
B-glucuronidase/arylsulfatase (activity of /-glucu- 
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ronidase: approximately 5.2 units/ml at 38° with 
phenolphthalein monoglucuronide as a substrate; 
activity of arysulfatase: 2.6 units/ml at 38° with 
phenolphthalein disulfate as a substrate) at 24-hr 
intervals. Incubation for 48 hr (40 ul of enzyme in 
total) was required for complete hydrolysis of SAM 
conjugates; no additional hydrolysis of the conju- 
gates was detected on further incubation. Control 
experiments showed that no nonenzymatic deethy- 
lation of EB to SAM occurred under these experi- 
mental conditions. 

Determination of cytochrome P-450 and protein. 
Cytochrome P-450 was measured according to 
Omura and Sato [5] with a Hitachi 356 dual wave- 
length double-beam spectrophotometer. Protein 
contents of the isolated microsomes were determined 
by the method of Lowry et al. [6], with bovine 
albumin as a standard. The content of cytochrome 
P-450 per mg of microsomal protein was 0.66 + 0.052 
nmole (mean + S.D.). 

Nonspecific binding to microsomes and isolated 
hepatocytes. Nonspecific binding to microsomes was 
reported elsewhere; no saturation of binding was 
observed, and the unbound fraction was virtually 
constant at about 0.65 [2]. The nonspecific binding 
to isolated hepatocytes was determined using the 
hepatocyte reaction mixture described earlier. After 
adding EB solution to the hepatocyte suspension, 
the mixture was centrifuged at room temperature 
and the supernatant fraction was pipetted off 
immediately. All procedures were completed within 
1 min, so that the decrease of EB by metabolism in 
the hepatocytes could be neglected, and the con- 
centration of EB in the supernatant fraction was 
determined. The levels of EB concentration, i.e. 
0.25, 0.5, 1.5 and 3.0 mM, cover the actual concen- 
trations studied. No saturation of binding to the 
isolated hepatocytes was observed, and the unbound 
fraction was virtually constant at about 0.9. 


RESULTS 


Conditions for the assay of EB deethylation in 
isolated hepatocytes. To test whether the oxygen in 
air is sufficient to support cytochrome P-450-linked 
drug monooxygenation, the time courses of EB dee- 
thylation in 95% O,-5%CO, and in air were com- 
pared (Fig. 1). No difference was found between 
them at either high (3 mM) or low (0.25 mM) EB 
concentration. The EB deethylation proceeded 
almost linearly with time for 15 min in all cases, as 
shown in Fig. 1. Figure 2 shows the effect of cell 
concentration on EB deethylation; the relation is 
linear up to about 2.0 x 10° cells/ml of incubate. 

The effect of exogenous NADPH on EB deethy- 
lation was investigated with isolated intact hepato- 
cytes, damaged hepatocytes, and sonicated cell hom- 
ogenates (Fig. 3). Exogenous NADPH had little 
effect on intact hepatocytes but increased enzyme 
activity in both damaged hepatocytes and cell hom- 
ogenates. The concentration of exogenous NADPH 
required for maximal EB deethylation activity was 
about 0.4mM in damaged hepatocytes. About 
1.0 mM NADPH was required for maximal enzyme 
activity in cell homogenates; the activity in cell hom- 
ogenates was lower than in the other two systems. 





Comparative kinetic study in hepatocytes and microsomes 
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Fig. 1. Time course of EB deethylation and subsequent conjugation of SAM in isolated hepatocytes. 

Incubations were performed at 37° using 2 x 10° cells/ml. The concentration of EB was 0.25 mM (A, 

B) or 3mM (C, D). Mixtures in B and D were incubated in 95% O, and 5% CO; whereas A and C 

were incubated in air. Key: total metabolites (™); conjugates of SAM (©); and free SAM (@). Each 
point is the mean + S.D. of four experiments. 


Possible explanations for this will be discussed later. 

In view of these results, the following experimental 
conditions were adequate for the kinetic studies with 
isolated hepatocytes: (a) cell concentration, 1.5- 
2.0 x 10° cells/ml of incubate; (b) incubation time, 
5 min; (c) in air; and (d) no cofactor added. 

Conditions for the assay of EB deethylation in 
microsomes. Isolated microsomes catalyzed EB de- 
ethylation linearly for up to 10 min, and the rate was 
also linear with respect to microsomal protein con- 
centration up to about 3 mg/ml of incubate (Fig. 4). 

The effect of exogenous NADPH on EB deethy- 
lation was saturated to give constant velocities of 
deethylation above 0.5mM NADPH at 0.3 and 
3.5 mM EB, respectively. 
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Fig. 2. Deethylation velocities of EB in isolated hepatocyte 
suspension at various cell concentrations. The velocities 
are expressed as nmoles of total SAM formed/min. The 
reactions were performed at 37° for 5 min in a 2-ml cell 
suspension. Key: 0.25 mM (O), and 3mM (@) EB. Each 
point is the mean + S.D. of four experiments. 


The effect of exogenous Mg’* on EB deethylation 
is shown in Fig. 5. EB deethylation increased to a 
maximum at 6mM Mg”* or less, followed by a 
decrease of enzyme activity at higher concentrations 
of exogenous Mg’*. The kinetic studies on EB de- 
ethylation were carried out in the presence and 
absence of Mg”* (Fig. 6). It is clear that Mg”* affected 
K,, but not Vinax- 

In view of these results, the following experimental 
conditions were adequate for the kinetic studies with 
microsomes: (a) microsomal protein concentration, 
2.5-3.0 mg/ml of incubate; (b) incubation time, 
5 min; and (c) cofactors, NADPH (0.6mM) and 
Mg?*, (6mM). 
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Fig. 3. Effect of exogenous NADPH on EB deethylation 
velocity in isolated hepatocytes (O), damaged hepatocytes 
(@), and sonicated cell homogenates (©). The velocities 
are expressed as nmoles of total SAM formed: 10° 
cells~'-min™'. The reactions were performed at 37° for 
5 min in a 2-ml cell suspension containing 2mM EB and 
2 x 10° cells/ml. Each point is the mean + S.D. of four 
experiments. 
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Fig. 4. Panel A: Deethylation of EB in hepatic microsomes at various microsomal protein concentrations. 
The enzyme activity is expressed as nmoles SAM formed/min. The reacticn was performed at 37° for 
5 min in 1.7 ml of the reaction mixture that contained 6mM MgCl, and 0.6 mM NADPH. Panel B: 
Time course of EB deethylation in hepatic microsomes. The time course is expressed as nmoles SAM 
formed/mg microsomal protein. The reaction was performed at 37° in 1.7 ml of the reaction mixture 
that contained 6mM MgCl, 0.6 mM NADPH, and 3 mg microsomal protein/ml. For A and B, the 
concentration of EB was 3.53mM (@) and 0.294mM (©). Each point is the mean + S.D. of four 
experiments. 
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Fig. 5. Effect of exogenous Mg”* on EB deethylation in 

hepatic microsomes. Incubations were performed at 37° for 

5 min, and the mixtures contained 0.6 mM NADPH and 

3 mg microsomal protein/ml. The concentration of EB was 

3.53 mM (@) or 0.294 mM (©). Each point is the mean + 
S.D. of four experiments. 





* The values of K,, and V,,,, in microsomes were taken 
from Table 4 of a preceding paper [2], where the V,,,,, value 
is for 1.7 hl of the microsomal suspension that was obtained 
from 167 mg liver. As 32.5mg microsomal protein was 
obtained from 1 g liver, 1.7 ml of the microsomal suspension 
contained 5.4 mg microsomal protein. Since the microsomal 
concentration of 3.2 mg/ml (= 5.4 mg/1.7 ml) almost passes 
the criterion for the assay condition of EB deethylation in 
microsomes (see text), the preceding values were taken for 
the comparison with the values in hepatocytes. 


Kinetic parameters of EB deethylation with micro- 
somes and isolated hepatocytes. Various concentra- 
tions of EB were incubated with microsomes and 
isolated hepatocytes, and the amount of SAM 
formed was determined. K,, and V,,,, in the Michae- 
lis-Menten equation were determined by an iter- 
ative nonlinear least squares method using a com- 
puter [2]. The apparent K,, values obtained from 
microsomes* and isolated hepatocytes were cor- 
rected for nonspecific binding to microsomes and 
isolated hepatocytes by factors of 0.65 [2] and 0.9, 
respectively. The V,,,, values were obtained in units 
of nmoles of SAM formed per min per 167 mg wet 
liver* and per 10° cells for microsomes and hepa- 
tocytes, respectively. In order to compare the V,,,x 
values of the two systems, both values were con- 
verted to umoles of SAM formed per min per g liver, 
and are listed in Table 1. 
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Fig. 6. Lineweaver-Burk plot of EB deethylation in the 

presence of 6mM MgCl, (@) and in the absence of MgCl, 

(O). This shows the results of one experiment typical of 
three. 





Comparative kinetic study in hepatocytes and microsomes 


Table 1. Kinetic parameters of ethoxybenzamide deethylation in rat microsomes and 
isolated hepatocytes* 





V max Ky, 
[umoles-min™'-g liver~'] 


(mM) N 





0.124 + 0.003 
0.0863 + 0.0163 


0.378 + 0.017 6 
0.459 + 0.045 4 


Microsomes+ 
Hepatocytest 





* Data are expressed as means + S.D. and N denotes the number of experiments. 

+ Values are taken from Table 4 of a preceding paper [2]. The K,,, value is corrected 
for nonspecific binding of EB to microsomes and is the same as the reported value. 
Vinax is corrected for per gramm liver as follows. The microsomal protein obtained 
was 32.5 mg from 1 g of liver at that time, and the content of P-450 was 0.66 nmole 
P-450/mg microsomal protein as reported in the present Materials and Methods 
section. The content of cytochrome P-450 was estimated as 33.8 nmoles/g liver from 
the reported values [7-11]. Then the yield of the microsomes from liver was calculated 
as 0.66 X 32.5/33.8 = 0.635. Since the previous V,,,x Value [2] was for the microsomal 
suspension that was obtained from 167 mg liver, the V,,,, value for 1 g of liver was 
calculated as 0.0131 x 0.1677! x 0.635" ' = 0.124 [umoles-min™'-(g liver) ~']. 

+ Vmax Value obtained for 10° cells is corrected per g liver, using the average content 
of hepatocytes (1.25 x 10° cells/g liver) [12, 12]. The K,,, value is corrected for non- 
specific binding of EB to the hepatocytes by multiplying by a factor of 0.9 (reported 


in the text). 


DISCUSSION 


Figure 1 indicates that the oxygen supply from the 
air or that available in the cells was sufficient for 
cytochrome P-450-linked drug monooxygenation. It 
is interesting that the ratios of conjugates to total 
SAM were high at low EB concentration (Fig. 1 A 
and B), but low at high EB concentration [Fig. 1 
(C and D)]. This is not unreasonable, since the 
saturation of SAM conjugation in vivo has been 
reported by Levy and Matsuzawa [14]. 

It is noteworthy that the concentration of endogen- 
ous NADPH in rat liver has been reported to be 
0.3-0.5 mM [15-17] and that the concentration of 
exogenous NADPH required for the maximal EB 
deethylation activity in damaged hepatocytes and 
microsomes is the same. Lehninger [18] showed that 
pyridine nucleotides cannot permeate into mito- 
chondria, and Orrenius et al. [19] used pyridine 
nucleotide exclusion as a criterion to determine the 
viability of isolated hepatocytes. The small effect of 
exogenous NADPH on EB deethylation by isolated 
intact hepatocytes confirms that the isolated hepa- 
tocytes prepared in our laboratory possess intact 
plasma membranes. By comparing the maximal EB 
deethylation activity in damaged hepatocytes with 
that in intact hepatocytes, it is clear that NADPH 
generation from endogenous substrates is sufficient 
to support optimal deethylation in the intact hepa- 
tocytes. This is in agreement with the results of 
Moldéus et al. [20]. The enzyme activity in cell hom- 
ogenates was significantly lower than in intact and 
damaged hepatocytes at every concentration of 
NADPH (Fig. 3). This may be the result of the 
homogenation procedure destroying the enzyme par- 
tially, or unmasking or activating inhibitors (in 
mitochondria or nuclei [21]) or pyrophosphatase 
(which destroys NADPH [22, 23]). 

Peters and Fouts [24] studied the effect of Mg*’ 
on hepatic microsomal drug metabolism, classifying 
the substrates into three groups: (1) no effect on, or 


a decrease in, enzyme activity with increased con- 
centration of Mg**; (2) increased enzyme activity 
with increasing Mg** concentration; and (3) peak 
enzyme activity at 6mM Mg”* or less. The Mg’* 
concentration at the peak rate of EB metabolism is 
very close to that for aniline and benzphetamine 
metabolism [24], which belong to the third group. 
But Mg”* did not change V,,,,, and decreased K,,,, 
for EB (Fig. 6). These results contrast with those 
observed with aniline (increase in V,,,,, but no 
change in K,,) and benzphetamine (increase in both 
Vinax and K,,) [25]. The reason for these differences 
is not clear. The endogenous Mg”* concentration in 
rat liver has been reported to be 8mM [26]. It is 
interesting that the optimal Mg** concentration for 
maximal EB deethylation activity with microsomes 
(about 6mM), is in the range of the physiological 
Mg?* concentration. 

Adjustment of the cofactors NADPH and Mg’* 
in microsomal deethylation to give optimum con- 
ditions, which are close to physiological conditions, 
and appropriate correction of the apparent kinetic 
parameters for nonspecific binding and microsomal 
yield resulted in rather good agreement between the 
kinetic parameters of microsomes and _ isolated 
hepatocytes. A lower V,,,, value, however, was 
observed in the isolated hepatocytes. For this reason, 
the estimate of the cell content in a gram of liver 
may be recalculated. Moldéus et al. [20] reported 
that the cellular concentration of microsomal protein 
is 0.33 mg/10° cells. Using this value and the value 
of 5lmg of microsomal protein/g _ liver 
(32.5 mg/0.635 = 51.2; see legend for Table 1), the 
number of cells per gram liver was calculated to be 
1.55 x 10* cells. Then, the V,,,,, value in hepatocytes 
per g liver can be recalculated as 0.107 [umoles- 
min”'-g liver)~'], which is closer to the V,,,, value 
in microsomes. 

Since Moldéus et al. [20] demonstrated that iso- 
lated hepatocytes are very useful for drug metab- 
olism studies, some attempts have been made to 
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compare drug metabolism in subcellular liver frac- 
tions with that in hepatocytes. The apparent Michae- 
lis constants for alprenolol in hepatic microsomes 
and in 9000 g supernatant fractions are 25 and 17 uM 
respectively [27], which are in reasonable accordance 
with that found in isolated hepatocytes—10 uM [28]. 
The apparent Michaelis constant for ethylmorphine, 
however, is significantly higher in microsomes 
(250 uM) than in isolated hepatocytes (50 uM) [29]. 
Furthermore, the apparent Michaelis constant for 
antipyrine in microsomes, 22.0 mM [30], is different 
from that in isolated hepatocytes, 1.4mM [31]. The 
discrepancy between the kinetic parameters in 
microsomes and those in hepatocytes may be due, 
in part, to the experimental conditions, which were 
not optimal, and to other factors that affect the 
estimation of kinetic parameters. 

Recently, in addition to drug metabolism linked 
to cytochrome P-450, an excellent correlation 
between drug glucuronidation in native microsomes 
and in isolated hepatocytes was reported by Anders- 
son et al. [32]. 

The results of the present study on deethylation, 
as well as the investigation of Moldéus et al. described 
above, indicate that drug metabolism in microsomes 
may correlate well quantitatively with that in isolated 
hepatocytes, at least for some drugs, if optimal 
experimental conditions can be established, and if 
other factors which affect the estimation of kinetic 
parameters are considered. 
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Abstract—In dogs with portacaval shunt, hypertyraminemia could result from either impaired degra- 
dation by monoamine oxidase (MAO) and/or from failure of tyramine to reach this enzyme. MAO 
activity was evaluated in liver obtained from dogs before and after the construction of an end-to-side 
portacaval shunt. Diversion of portal blood from the liver by a portacaval shunt resulted in a signifi- 
cant (P < 0.05) decrease in hepatic MAO activity [11.9 + 4.1 nmoles of 4-hydroxyphenylacetic acid 
(PHA) formed-(mg protein)~'-hr~'] as compared to controls [28.7 + 6.3 nmoles PHA formed - (mg 
protein)'-hr~']. Activity was maximally reduced in shunted dogs with stages II and III hepatic 
encephalopathy. In addition, more than a 50 per cent reduction in both the V,,,x and the K,,, of hepatic 
MAO for tyramine was noted in shunted dogs as compared to controls. Similar kinetic abnormalities 
[post-shunt, K,, 52.63 + 14.3, Vijax 3.8 + 1.2 vs sham group, K,, 120.1 + 22.3 uM tyramine, Vinay 14.3 + 
4.5 nmoles PHA - (mg protein) '-hr~'], as well as decreased MAO activity [post-shunt, 1.85 + 0.83 vs 
sham group, 6.7 + 2.1 nmoles PHA formed -(mg protein)~'-hr~'], were found in cerebral cortex from 
encephalopathic dogs with portacaval shunt. In summary, defective MAO activity may contribute to 
many of the pathophysiologic events observed in dogs with portacaval anastomosis. Such abnormalities 
could explain the hypertyraminemia and encephalopathy that have been reported in patients and 


experimental animals with liver disease. 


Tyramine concentration is elevated abnormally in 
the plasma of patients with various categories of liver 
disease, including cirrhosis [1], hepatitis [2], and 
Reye’s syndrome [3], as well as in dogs with hepatic 
insufficiency or portacaval shunt [4]. In all cases, the 
severity of hypertyraminemia was correlated with 
the degree of hepatic encephalopathy. : 
Tyramine is an aromatic amine found in a variety 
of body fluids and tissues. Endogenous tyramine 
arises by decarboxylation of its parent amino acid 
tyrosine, the responsible enzyme being the aromatic 
amino acid decarboxylase. Mammals also obtain 
tyramine from one or two other sources, either by 
ingesting it in food as the free amine or by bacteria 
metabolizing tyrosine within the large intestine. 
Normally, aromatic amines (tyramine, phenethy- 
lamine, etc.) formed in the gastrointestinal tract by 
bacterial decarboxylases undergo extensive metab- 
olism by monoamine oxidase (MAO) during their 
first passage through the intestinal wall and liver 
immediately after absorption. In liver disease, sev- 
eral factors that could favor an accumulation of 
tyramine in the general circulation are: lack of 
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adequate MAO activity, natural or surgical porta- 
systemic shunt, diminished mass of the liver, and 
curtailed perfusion of hepatocytes. The amines under 
consideration possess varied pharmacologic actions 
on the cardiovascular and central nervous systems. 
If these substances or their active metabolites do in 
fact accumulate in blood of patients with liver dis- 
ease, their actions could play a part in the cardiov- 
ascular and neurologic complications of liver disease. 

In this study, dogs with end-to-side portacaval 
shunts were used as experimental models to inves- 
tigate the influence of nutrient portal perfusion on 
MAO activity. We have measured the activity and 
evaluated certain kinetic parameters of this enzyme 
in liver tissues obtained at laparotomy before and 
following the construction of the shunts in these 
animals. The enzymatic activity was correlated with 
the fasting plasma tyramine. How portacaval shunt 
affects the activity of MAO in nonhepatic tissues 
such as brain was also studied. 


MATERIALS AND METHODS 


Tyramine[*H] (sp. act. 9 Ci/mmole) was obtained 
from the New England Nuclear Corp. (Boston, MA). 
Radiochemical purity checked by analytical thin- 
layer chromatography with three different solvent 
systems was above 98 per cent. 4-Hydroxyphenyl- 
acetic acid (PHA) was obtained from the Eastman 
Chemical Co. (Rochester, NY). Tyramine was 
obtained from the Sigma Chemical Co. (St. Louis, 
MO). The antibody against tyramine was prepared 
according to Faraj et al. [5]. Radioactivity was meas- 
ured in a liquid scintillation spectrometer (Beckman 
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LS 330, Beckman Instruments, Inc., Spinco Divi- 
sion, Palo Alto, CA) using a scintillation fluid (ACS, 
Amersham/Searle Corp., Arlington Heights, IL, 
counting efficiency, 40 per cent). 


Studies in dogs 

Twenty male mongrel dogs (20-25 kg) obtained 
from the Emory University Animal Facility were 
conditioned for 3 weeks. During this period, the 
dogs were checked periodically for the presence of 
parasites and kidney and liver disease, by both ser- 
ological and histological methods. They were housed 
in individual fiberglass runs that meet all the present 
standards for humane care. They were fed Purina 
Dog Chow (Ralston Purina Co., St. Louis, MO) and 
water ad lib. Before and at various times after sur- 
gery, the following studies were performed. Fasting 
8:00 a.m. blood samples were drawn from a periph- 
eral vein for routine blood studies [total bilirubin, 
total protein, blood urea nitrogen (BUN), alkaline 
phosphatase, serum glutamic-oxaloacetic transamin- 
ase (SGOT), and creatinine]. Blood samples (hep- 
arinized) for tyramine determinations were drawn, 
chilled (0°) and immediately centrifuged at 500 g for 
10 min; the plasma was then removed and quickly 
frozen at —80° until analysis (within | month). 


Surgical procedure 

Ten dogs were anesthetized with sodium pento- 
barbital (25-30 mg/kg). The surgical field was 
exposed through a midline incision and the portal 
vein and inferior vena cava were exposed by reflect- 
ing the stomach and intestine to the left. The portal 

‘vein was isolated from the last major splanchnic 
branch to the division into lobar branches, and any 
collateral branches between were divided. The prox- 
imal and distal veins were controlled with vascular 
tapes. The inferior vena cava was exposed from the 
renal veins to where it passes behind the liver, and 
the anterior surface was dissected for placement of 
a partial occlusion vascular clamp. The portal vein 
and vena cava were then approximated in a side-to- 
side fashion and longitudinal venotomies were made 
in each, 2.5 cm in length. After the anastomosis was 
complete, the vascular clamps were removed and 
hemostasis maintained by gentle pressure. The 
hepatic side of the portal vein was then ligated with 
an O-Tevdek to convert the shunt with the end portal 
to a side caval shunt. In situations where the portal 
vein and inferior vena cava did not approximate 
easily, the portal vein was divided just below the 
branches to the hepatic lobes and the end of the 
portal vein was anastomosed to the véna cava in a 
direct end-to-side fashion. Patency was determined 
by observation of clearance of the venous congestion 
of the intestine which occurred while the portal vein 
was clamped. 

After surgery, the dogs were maintained on 5% 
dextrose (500 ml) for a period of 4 hr. The animals 
were then housed in the appropriate cages. To pre- 
vent infection, penicillin G (Bicillin, Wyeth Labora- 
tories, Philadelphia, PA), 2500 U/day, was given 
intramuscularly daily for 2 days postoperatively. 
After a period of time, generally from 4 to 16 weeks, 

each animal manifested various signs of hepatic 

encephalopathy. Stage of coma was used as a factor 
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in determining the end of the experiment. Dogs with 
stages 0 and I (N = 6), stage II (N = 2), and stage 
III (N = 2) hepatic encephalopathy were killed at 
16, 8 and 4 weeks postoperatively with an overdose 
of pentobarbital. The shunt was examined for 
patency. In the case of the sham dogs, ten condi- 
tioned animals received anesthesia just as the above 
group. Through a midline incision, the portal vein 
was exposed for a period time and, then, the incision 
was closed. Care and maintenance was analogous to 
that of the dogs described above. The postoperative 
time for the sham-operated dogs was the same as 
that of the shunted group. 


Monoamine oxidase activity 


Enzyme preparation. The preparation of enzymes 
containing MAO was done according to a modified 
procedure of Wurtman and Axelrod [6]. At lapar- 
otomy a 0.5 to 1 g wedge biopsy was taken from the 
free edge of the liver and was frozen immediately 
at —80° pending analysis (within 48 hr of collection). 
A 2.5% (w/v) homogenate (Polytron Brinkman 
Instruments, Westbury, NY) of liver was prepared 
in chilled isotonic KCI at 5°; the homogenate was 
centrifuged at 10,000 g for 10 min. Enzymes and 
reagents were kept on ice prior to use. In the case 
of brain MAO, a 1-2 g biopsy was taken from the 
cerebral cortex and a 10% (w/v) homogenate was 
made as described above. 

Enzyme assay. Activity of MAO enzyme was 
determined in liver or brain supernatant fractions 
(10,000 g). The base for the reacting mixture was 
composed of sodium phosphate buffer (0.5 M, pH 
7.4, 0.25 ml), tyramine[*H] (58 uM, sp. act. 34.5 
uCi/umole, 0.025 ml), and the enzyme preparation 
[2.5% (w/v) for liver or 10% (w/v) for brain, 10,000 g, 
0.20 ml]. The above mixture was vortex-mixed. 
Blank tubes were prepared by substituting distilled 
water for the enzyme preparation. The reaction 
mixture was incubated for 20 min at 37°. The reaction 
was stopped by the addition of 0.2 ml of 2N HCl. 
The deaminated radioactive material was extracted 
into ethyl acetate by shaking the organic solvent for 
30 min and then centrifuging (500 g) for 10 min. The 
transfer of the organic phase was then facilitated by 
rapid freezing of the aqueous phase in an isopropyl 
alcohol/dry ice bath. The organic layer was decanted 
into scintillation vials containing 6 ml of scintillation 
fluid. All samples were counted to a + 2 per cent 
error. The 4-hydroxyphenylacetic[*H] acid in the 
organic phase was characterized by radiochroma- 
tographic analysis according to a modified procedure 
of Faraj et al. [7], as follows. The extracted ethyl 
acetate fraction was evaporated to dryness under 
nitrogen at 40° (N-Evap, Organomation Associates, 
Inc., Northborough, MS). The residue was dissolved 
in 0.2 ml methanol and applied to 0.25 mm thin-layer 
chromatography plates (silica gel GF, AnaLabs, 
Inc., North Haven, CT). The plates were developed 
to 14cm in asystem made up of ammonia—methanol- 
chloroform—n—butanol (15:15: 15:55). Under these 
conditions, the R;value of tyramine and 4-hydroxy- 
phenylacetic acid were 0.78 and 0.25 respectively. 
A freshly prepared solution of tyramine and 4- 
hydroxyphenylacetic acid (100 g/10 ul) was applied 
as standard. After development, the spots were 
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visualized by ultraviolet light (250 nm). The plates 
were scraped with an Autozonal scraper (AnaLabs, 
Inc.) in 0.5-cm sections and placed in scintillation 
vials containing 1 ml methanol. The mixture was 
shaken vigorously and allowed to stand at least 3 hr 
before counting. The results indicated that, following 
enzymatic incubation, the counts extracted consisted 
primarily of PHA[*H]. The final protein concentra- 
tion of the enzyme solution was determined by Lowry 
et al. [8] using bovine serum albumin as the standard. 
Enzyme kinetics. Kinetic analyses were carried out 
on liver and brain tissues. The apparent K,,, of MAO 
for tyramine was determined by varying the tyra- 
mine[*H] concentration between 7.3 x 10°* and 
1.38 x 10°'mM (sp. act. 34.5 uCi/umole). MAO 
activity was determined, and initial velocity for each 
substrate concentration was used in a Lineweaver-— 
Burk plot from which K,,,and V,,,, were obtained. 


Analytical procedure 


Tyramine in plasma (usually 1 ml) was extracted 
according to the following procedure. To an aliquot 
of plasma (1 part), methanol (2 parts) was added 
and the mixture was shaken vigorously for 1 min. 
Upon centrifugation (500 g for 20 min), the super- 
natant fraction was removed and placed in a 50-ml 
glass stoppered centrifuge tube (Kontes Co., Vine- 
land, NJ) and then evaporated to dryness under 
nitrogen at 40°. The residue was reconstituted for 
radioimmunoassay in 0.01M sodium phosphate 
buffer (pH 7.4). 

The method used was a modification of that 
described by Faraj et al. [5]. In 12 x 75 mm plastic 
tubes (Lab-Tek culture tube, Lab-Tek Products, 
Division of Miles Laboratories, Inc., Naperville, IL) 
was placed 0.3 ml of 0.5% (w/v) bovine serum albu- 
min in 0.01 M sodium phosphate buffer solution [pH 
7.4, containing 0.03% (w/v) potassium phosphate, 
0.8% (w/v) NaCl, and 0.05% (w/v) human gamma- 
globulin]. We then added 0.1 ml of antibody solution 
(1:50), 0.1 ml of tyramine[*H] (0.16 ng, 7500 cpm) 
in phosphate buffer, and either unlabeled tyramine 
(0.5—10 ng for standard curve) or a 0.1-ml aliquot of 
the sodium phosphate buffer (pH 7.4) containing the 
extracted tyramine. The tubes were capped and 
incubated at 4° for 2hr. Antibody-bound tyra- 
mine[*H] was separated from tyramine by the addi- 
tion of 0.5 ml aqueous polyethylene glycol 6,000 
(30%, w/v) as described by Cheung and Slaunwhite 
[9]. The tubes were vortex-mixed vigorously and 
centrifuged (2000 g, 4°) for 40 min. The percentage 
of free tyramine[*H] in the sample was determined 
by measuring the radioactivity in 0.2ml of the 
supernatant fraction. The *H was measured in a 
liquid scintillation spectrometer. Each sample was 
assayed in triplicate. All samples were counted to 
+ 2 per cent error. 


Statistical analysis 

The results obtained in each series of experiments 
were expressed as the arithmetic mean + standard 
deviation (S.D.). The sample means were then com- 
pared by Student’s test for paired data when appro- 
priate. Values of P< 0.05 were accepted as rep- 
resenting significant differences. 


RESULTS 


With the exception of two dogs, the shunted 
animals exhibited significant loss of weight starting 
at the end of the second week; after 6 weeks the 
average weight loss was 10-20 per cent. The physical 
weakness and general deterioration were the most 
obvious effects following portacaval shunt without 
the presence of infection. Hepatic encephalopathy 
in these dogs was characterized by hyperactive motor 
movement and hypersalivation (stage I). Specific 
neurological symptoms, including ataxia, flapping 
tremor, narrow pupils and, sometimes, temporary 
paralysis appeared in stage II, whereas in stage III 
the dogs were asleep. In the ten dogs studied, the 
shunt was found patent upon autopsy (4-16 weeks 
following construction of the shunt) and no other 
vascular or other abnormalities were formed. 


Biochemical data base 

In each of the dogs studied, hepatic function was 
assessed by routine laboratory tests that determined 
the serum level of alkaline phosphatase, SGOT, total 
protein, total bilirubin, albumin, BUN and creati- 
nine. The results indicated appreciable elevations of 
SGOT and alkaline phosphatase in shunted dogs 
(SGOT 180 + 40 and alkaline phophatase 250 + 57 
mU/ml), compared to the serum levels of these 
enzymes determined preoperatively (SGOT 37.1 + 
7 and alkaline phosphatase 40.1 + 10 mU/ml) or in 
a sham-operated group (SGOT 36 + 9 and alkaline 
phosphatase 40 + 10 mU/ml), respectively. This was 
followed by a concomitant decrease in serum protein, 
BUN, and creatinine in dogs with portacaval shunt. 
Although clinical jaundice was not detectable, serum 
bilirubin increased 2.2 times the pre-shunt values 
(Table 1). 


Plasma tyramine 

Fasting plasma tyramine levels were determined 
in a group of dogs (N = 10) before (controls) and 
after the construction of end-to-side portacaval 
shunt, as well as in a group of sham-operated dogs 
(N = 10). In sham-operated dogs, fasting plasma 
tyramine levels did not differ significantly from the 
levels in control dogs. In post-shunted dogs with 
stage I hepatic encephalopathy, fasting plasma tyra- 
mine (2.15 + 0.7 ng/ml) did not differ significantly 
from that in control or sham-operated dogs. In 
encephalopathic dogs with stages II and III coma, 
however, fasting plasma tyramine (7.5 + 2.1 ng/ml) 
was significantly higher than the levels in control, 
sham-operated, and non-encephalopathic dogs with 
portacaval shunts (Table 2). 


MAO activity 

MAO activity was determined in liver supernatant 
fractions (10,000 g) prepared from dog liver tissue 
samples obtained before and after the construction 
of the shunt. A marked decrease in MAO activity 
(Table 2) was observed in canine liver from 4 to 16 
weeks following end-to-side portacaval shunt [post- 
operative 11.9 + 4.1, vs preoperative 28.7 + 6.3, 
and sham-operated dogs 30.11 + 6.8 nmoles of PHA 
formed-(mg_ protein) '-hr'']. Deterioration in 
hepatic MAO activity was more pronounced in dogs 
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Impaired MOA activity in dogs with portacaval shunt 


LIVER MAO 








4 be 
. wry T 


ies. ane a ea T 
60 72 84 100 120 
TYRAMINE (uM) 


Fig. 1. Liver MAO activity, measured as velocity of PHA 
formation versus tyramine concentration, from preoper- 
ative (M——@) and shunted dogs with stages 0 and I 
hepatic encephalopathy (@——®). Tyramine["H] concen- 
tration varied from 7.3 to 146 uM (sp. act. 34.5 uCi/umole). 
The velocity, V, is expressed as nmoles of 4- on 
phenylacetic acid (PHA) formed-(mg_ protein) ' 
Each point is the average for six dogs. 


with stages II and III hepatic encephalopathy [5.88 
+ 2.1 nmoles of PHA formed:(mg protein)™' 


-hr~'] than in shunted dogs with stages 0 and I coma 
[18.0+6.1 nmoles of PHA formed -(mg protein)~' 
-hr~'; Table 2, Figs. 1 and 2]. Furthermore, the 
activity of this enzyme was also determined in cer- 
ebral cortex supernatant fractions obtained from 
groups of sham-operated dogs and dogs with 


LIVER MAO 
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Fig. 2. Liver MAO activity, measured as velocity of PHA 
formation versus tyramine concentration, from preoper- 
ative (™——4@) and shunted dogs with stages II and III 
hepatic encephalopathy (@——®). Tyramine[*H] concen- 
tration varied from 7.3 to 146 uM (sp. act. 34.5 wCi/umole). 

Velocity, V, is expressed as nmoles of PHA formed - (mg 
protein) '-hr~'. Each point is the average for four dogs. 
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Fig. 3. Brain (cerebral cortex) MAO activity, measured as 
velocity of PHA formation versus tyramine concentration, 
from sham-operated (@——®) and shunted dogs with 
stages 0 and I (@#——®) and stages II and III (A——A) 
hepatic encephalopathy. Tyramine[*H] concentration 
varied from 7.3 to 146 uM (sp. act. 34.5 uCi/umole). Vel- 
ocity, V, is a as nmoles of PHA formed - (mg 
protein) !- . Each point is the average for ten, six, and 
four dogs in sham and shunted dogs with stages 0 and I 
and stages II and III hepatic encephalopathy. 


portacaval shunt. The results indicated that there 
had been a significant decrease of MAO activity in 
cerebral cortex from shunted dogs with stages II 
and III coma [1.85 + 0.83 nmoles of PHA 
formed:(mg__ protein)"'-hr-'],_ compared to 
shunted dogs with stages 0 and I coma [4.46 + 1.7 
nmoles of PHA formed:(mg protein)~'-hr~'] and 
sham-operated dogs [6.7 + 2.1 nmoles of PHA 
formed - (mg protein)~'-hr~'; Table 3, Fig. 3]. 


Kinetic studies of MAO 


MAO from both liver and cerebral cortex was 
used for kinetic studies. Graph determinations of 
the apparent K,, values, when tyramine was the sub- 








L/TYRAMINE (mm)”! 

Fig. 4. Lineweaver—Burk plot for MAO in liver homogen- 
ates. Two hundred microliters of the supernatant fluid 
(10,000 g) from isotonic KCI homogenates of liver biopsy 
from preoperative (@——®) and shunted dogs with stages 
0 and I hepatic encephalopathy (™#——™) was incubated 
under standard conditions for 20 min with tyramine[* H] 
varying in concentration from 7.3 x 10~ > to 1.38 x 10 

mM (sp. act. 34.5 open y V is in umoles of PHA 
formed - (mg protein)! . Each point is the average of 

six dogs. 
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(uM tyramine) 
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124.50 + 20.7§ 
52.63 + 14.34 


Fig. 5. Lineweaver—Burk plot for MAO in liver homogen- 
ates. Two hundred microliters of the supernatant fluid 
(10,000 g) from isotonic KCI] homogenates of liver biopsy 
from preoperative (@——®) and shunted dogs with stages 
II and III hepatic encephalopathy (™——®) was incubated 
under standard conditions for 20 min with tyramine[’H] 
varying in concentration from 7.3 x 10~* to 1.38 x 107 
mM (sp. act. 34.5 uwCi/umole). V is in umoles of PHA 
formed -(mg protein) '-hr~'). Each point is the average 
of four dogs. 


Kinetic parameters* 


hr‘ 
7.45 + 1.74 
14.30 + 4.5 


strate, of the normal enzyme from liver (preoperative 
group serving as controls) and the brain tissue (sham- 
operated group serving as controls) are shown in 
Figs. 4-6. The double reciprocal plots of velocity 
tyramine concentration yielded straight lines, indi- 
cating adherence to simple Michaelis-Menten kinet- 


Y vei 
[nmoles PHA - (mg protein)! 


ics. Upon extrapolation, the apparent K,, for tyra- 
mine was determined to be 112.0 + 16.7 uM for liver 
and 120.1 + 22.3 uM for brain, respectively. Michae- 
lis constants for MAO isolated from liver (21.73 + 
5.0 uM) and brain (52.63 + 14.2 uM) of dogs with 
stages II and III post-shunt hepatic encephalopathy 
were significantly lower than were those of the 
enzyme from normal liver and brain. Appreciable 


formed : (mg 


1.85 + 0.834 


PHA 


3.15 + 1.04 


Enzyme activity* 
protein) '-hr™'] 


portacaval shunt (PCS) with different stages of hepatic encephalopathy (HE) 
[nmoles 


+ The concentration of tyramine[*H] used to measure enzyme activity was 58 uM (sp. act. 34.5 wCi/umole). 


+ P< 0.05, compared to sham dogs serving as a control group. 


§ Not significantly different from sham group. 


* Values are means + S.D. 











Table 3. Brain MAO activity and enzyme kinetics in a group of sham-operated (controls) and in dogs with end-to-side 





Stages II and III HE 


Stages 0 and I HE 
Sham 


PCS 
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Fig. 6. Lineweaver—Burk plot for MAO in brain (cerebral 
cortex) homogenates. Two hundred microliters of the 
supernatant fluid (10,000 g) from isotonic KCI homogenates 
of cerebral cortex from sham-operated (@——®@) and 
shunted dogs with stages 0 and I (@ ®) and stages II 
and III hepatic encephalopathy (A A) was incubated 
under standard conditions for 20 min with tyramine[*H] 
varying in concentration from 7.3 x 107° to 1.38 x 107 
mM (sp. act. 34.5 wCi/umole). V is in umoles of PHA 
formed -(mg protein) '-hr~'. Each point is the average of 
ten, six, and four dogs for sham and shunted with stages 
0 and I, and stages II and III hepatic encephalopathy. 
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reduction in V,,,, for both liver and brain MAO was 
also noted in post-shunt encephalopathic dogs, com- 
pared to controls (Tables 2 and 3). 


DISCUSSION 


We have demonstrated recently that plasma tyra- 
mine elevation was achieved by surgical construction 
of a portacaval anastomosis in dogs [4]. The hyper- 
tyraminemia seen in these dogs was of the same 
order of magnitude as that observed in cirrhotic 
patients. In both categories, elevated levels of tyra- 
mine seemed to correlate best with portal systemic 
shunting and hepatic encephalopathy. 

The objective of this present study was to deter- 
mine the cause for tyramine accumulation in plasma 
of dogs with portacaval shunt. Two factors that may 
influence the clearance of plasma tyramine in these 
shunted dogs are: impaired hepatic perfusion and/or 
reduced hepatic content of MAO enzyme. Under 
normal circumstances, the major metabolic pathway 
for tyramine is believed to proceed via its oxidation 
to 4-hydroxyphenylacetic acid by MAO enzyme pri- 
marily by that located in the liver. 

The present studies demonstrated significant 
impairment in hepatic MAO activity in these experi- 
mental animals; this enzyme was reduced to more 
than 50 per cent of control values. Furthermore, 
there was a negative correlation between plasma 
tyramine and hepatic MAO activity. Kinetic analysis 
revealed the existence of a prominent defect in the 
activity of MAO as shown by an appreciable reduc- 
tion in the K,,, for the substrate tyramine and lowered 
Vinax for the enzyme. This suggests that smaller quan- 
tities of active enzyme were present in the liver from 
dogs with end-to-side portacaval shunt. Further- 
more, activity was maximally reduced in shunted 
dogs with stages II and III hepatic encephalopathy. 
A similar kinetic abnormality, as well as decreased 
MAO activity, was also found in brain tissues of 
these shunted dogs. 

Diversion of portal blood from the liver by a 
portasystemic shunt is often associated with post- 
operative deterioration of hepatic function and liver 
failure. The metabolic effect of the shunt is often a 
complex phenomenon that may include: (a) altera- 
tions in amino acid and hormonal metabolism; (b) 
dietary and nutritional imbalance; and (c) chronic 
inhibition of protein synthesis. 

Any one or all of the above may have a disruptive 
effect upon the activity of MAO. There is reason to 
believe that portal flow diversion may produce 
abnormalities in estrogen or progesterone metab- 
olism [10]. This was demonstrated by the decreased 
rate of hepatic conjugation of estrogen. Some evi- 
dence concerning the relative importance of some 
hormones (progesterone, estradiol and testosterone) 
in regulating MAO activity has been reported. 
Adrenocortical steroids can suppress MAO activity. 
This was first suggested by Avakian and Callingham 
[11], who found an increase in cardiac MAO activity 
after adrenolectomy which could then be antagon- 
ized by corticosteroids. 

In the shunted group, weight loss, anemia and 
general malaise were apparent. The deterioration in 
their nutritional status became more persistent and 
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distinct especially when these animals developed 
hepatic encephalopathy. These are the ones that had 
abnormally low liver and brain MAO activity, pro- 
nounced hypertyraminemia, and an abnormal bio- 
chemical liver profile. 

We deduce from these observations that shunting 
of the portal blood directly into the vena cava will 
deprive the liver of essential nutrients (e.g. cofactors 
and minerals) that are needed for the maintenance 
of hepatocellular function. Consequently, this could 
have a devastating effect upon the activity of a series 
of hepatic oxidative enzymes including MAO. 

Mitochondrial MAO contains covalently bound 
flavin-adenine dinucleotide as a cofactor [12]. 
Although its role is not known, evidence that nutri- 
tional iron is necessary for tissue MAO activity has 
accumulated from in vitro and in vivo studies [13— 
19]. As a result of lowered enzyme V,,,x, the pos- 
sibility has been suggested that iron plays a role in 
the synthesis of MAO apoenzyme or active MAO. 
Consequently, ‘iron deficiency’ may be an important 
metabolic abnormality associated with decreased 
MAO activity seen in dogs with portacaval shunt. 

This study also documents a decrease in brain 
MAO activity in a group of shunted dogs, especially 
in those that had several episodes of hepatic encepha- 
lopathy, as compared to non-encephalopathic or 
sham-operated dogs. Chronic inhibition of brain pro- 
tein synthesis after portacaval shunt could result in 
low MAO activity in this organ. In support of this 
hypothesis, Wasterlain ef a/. [20] investigated the 
effects of chronic portacaval shunting, with or with- 
out additional ammonia loading, on brain protein 
synthesis in unanesthetized rats by continuous intra- 
venous infusion of [*H]lysine. The results indicated 
a 50 per cent drop in the incorporation of [*H]lysine 
into forebrain protein of shunted rats, compared to 
sham or control rats. 

It is probable that the depletion in brain MAO 
activity observed in dogs with hepatic encephalopa- 
thy may have serious consequences. It could result 
in increased accumulation of false neurochemical 
transmitters (e.g. octopamine) in various brain 
regions, which in turn may influence the function of 
adrenergic and noradrenergic neurons. Recently, 
Dodsworth et al. [21], Bloch er al. [22] and James 
et al. [23] have shown octopamine to be increased 
in the brain of rats and pigs with experimental hepatic 
coma. Additionally, a concomitant deficiency of 
brain norepinephrine was demonstrated. Compar- 
able results were obtained in post-mortem brains of 
patients with Reye’s syndrome [24]. 

In summary, defective oxidative deamination of 
amine function is an attractive way to explain many 
of the pathophysiologic events observed in porta- 
caval anastomosis in dogs. Such defects could explain 
the hypertyraminemia and encephalopathy that have 
been reported in both patients and experimental 
animals with liver disease. 
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Abstract—The toxic symptoms in ICR mice given mitomycin C (either successive daily i.p. doses of 
1 mg/kg or two large doses of 4 mg/kg) were reduced by the concurrent administration of fumaric acid 
(40 mg/kg). Fumaric acid did not reduce the antitumor activity of mitomycin C against either the solid 
or the ascitic form of the Ehrlich tumor. Fumaric acid reduced the lethal and hematologic toxicities of 
mitomycin C, and studies on the nucleic acids of animal tissues indicated that mitomycin C inhibited 
selectively DNA synthesis of liver and kidney, whereas fumaric acid exerted an enhancing effect, 
antagonistic to mitomycin C, on DNA synthesis of these tissues. 


In our pharmacological studies on the extract of 
Capsella bursa-pastoris (Cruciferae) [1-7], fumaric 
acid was isolated and identified as the component 
of the herb responsible for inhibiting the growth of 
Ehrlich tumors in mice or gastric ulceration in rats 
j1, 2]. Recently, we found that toxic symptoms in 
the mice under treatment with mitomycin C, a potent 
but highly toxic antitumor agent [8], were markedly 
reduced by fumaric acid. The effects of fumaric acid 
on the haematological system and on nucleic acid 
metabolism following exposure to mitomycin C are 
now reported (see also refs. 9-13). 


MATERIALS AND METHODS 


Treatment of animais. The animals used were male 
ICR mice obtained from CLEA Japan, Tokyo, 
Japan. They were maintained on a semisynthetic diet 
CE-2 [14], also obtained from CLEA Japan. At 4- 
5 weeks of age, they were inoculated with 2 x 10° 
Ehrlich tumor cells into either the subcutaneous 
tissue of the left inguinal region or the abdomen of 
the animals, and then divided into groups. At speci- 
fied days after the inoculation, groups of mice were 
given i.p. injections of 0.2 ml of 0.9% NaCl in which 
either mitomycin C or both mitomycin C and fumaric 
acid was dissolved. Control mice were given 0.9% 
NaCl. 

Incorporation of [*H]thymidine into tissue DNA. 
Each mouse received an i.p. injection of [methyl- 
3H]thymidine (23 Ci/mmole) at a dose of 1 mCi/8ml 
0.9% NaCl/kg, and was killed by cervical dislocation 
2hr later. The liver and kidneys were quickly 
removed and chilled in ice-cold 0.32 M sucrose buffer 
containing 3 mM MgCl, and LmM potassium phos- 
phate (pH 7.0). One gram of liver and both kidneys 
from each mouse were weighed, minced with scissors 
in 3 ml buffer, and transferred to a Dounce hom- 
ogenizer. The minced tissue was homogenized with 
10 strokes of a loose pestle, and the homogenate was 
transferred to a 15-ml centrifuge tube with 6 ml 
buffer. The preparation was centrifuged at 2500 rpm 
in a refrigerated centrifuge. The supernatant fraction 
was discarded, and the precipitate was suspended 


with 2 ml buffer. The suspension was mixed with 3 ml 
of 1 M HC1QO,, and centrifuged. The precipitate was 
washed twice with 0.2 M HCIO,, suspended with 2 ml 
water, dissolved by the addition of 3ml of 
0.6 M KOH, incubated at 37° for 1 hr, cooled on ice, 
acidified with 4 ml of 1 M HC1O,, and centrifuged. 
The supernatant fraction was discarded, and the 
precipitate was suspended in 3 ml of 1M HCIO,, 
heated at 70° for 20 min, cooled on ice, and centri- 
fuged. The final supernatant fraction was used to 
determine the quantity and radioactivity of DNA. 
For the determination of radioactivity, an aliquot of 
the supernatant fraction was taken into a vial, made 
alkaline with 2MNaQOH, and neutralized with 
0.125 M HCI. Phenolphthalein was used as the 
indicator. A scintillation fluid, aquazol-2 (New Eng- 
land Nuclear, Boston, MA), was added and the 
radioactivity was measured in Beckman LS-150 
Liquid Scintillation System. The extent of quenching 
was estimated by the internal standardization tech- 
nique, using [*H]toluene as a standard. 

Incorporation of ['*C]orotic acid into tissue RNA. 
Each mouse received an i.p. injection of [6-'*C]orotic 
acid (57Ci/mole) at a dose of SOwCi/4ml 
0.9% NaCl/kg, and was killed by cervical dislocation 
2hr later. A 10% homogenate of each tissue was 
prepared as described above. One millilitre of hom- 
ogenate was transferred to a 15-ml centrifuge tube, 
mixed with 5 ml of 0.5 M HCI1O,, and centrifuged. 
The precipitate was washed twice with 0.2 M HCI1O,, 
hydrolysed with 2 ml of 0.3 M KOH at 37° for 1 hr, 
cooled on ice, acidified with 1.25 ml of 1 M HCIO,, 
and centrifuged. The supernatant fraction was used 
to determine the quantity and radioactivity of RNA. 
The extent of quenching was estimated with the use 
of ['*C]toluene as a standard. 

DNA and RNA syntheses by isolated liver nuclei. 
Isolation of liver nuclei was made by a modification 
[15] of the method of Dingman and Sporn [16]. DNA 
syntheses by isolated liver nuclei was measured by 
a Slight modification of the method of Lynch et al. 
[17, 18]. The reaction mixture (0.5 ml) contained 
0.1M Tris-HCl (pH 8.0), 10mM MgCl, 16mM 
KCl, 2 mM ATP, 8 x 10°? mM each of dATP, dGTP 
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and dCTP, 1.6 x 10°? mM [*H]dTTP (1 Ci/mmole), 
and the suspension of isolated liver nuclei (containing 
about 100 ug DNA). The preparation was incubated 
at 37° for 10min. Reaction was stopped by the 
addition of 5 ml of ice cold 0.5 M HCIO,. Two mil- 
ligrams of bovine albumin dissolved in 0.1 ml of 
water was added as carrier. After thorough mixing, 
the acid-insoluble material was sedimented by cen- 
trifugation at 3500 rpm for 10 min. The precipitate 
was dissolved in 1 ml of 1 M NaOH, heated at 70° 
for 50 min, cooled on ice, acidified with 5 ml of 1 M 
HCIO,, and centrifuged. The final precipitate was 
dissolved in 0.3 ml of 0.25 M NaOH, heated over 
boiling water for 60min, neutralized with 
0.125 M HCl, and transferred with 10 ml of aquazol- 
2 into a vial for the determination of radioactivity. 
RNA synthesis by isolated liver nuclei was measured 
in the systems under activation by Mg’* at low ionic 
strength and Mn** at high ionic strength with 
ammonium sulfate according to the procedure of 
Widnell and Tata [19]. 

Chemicals. Orotic acid[6-"C], [4-"“C]UTP and 
[methyl-*H]thymidine were purchased from the 
Radiochemical Center, Amersham, U.K.; [methyl- 
‘H]dTPP was from New England Nuclear, Boston, 
MA; the unlabelled ribonucleoside triphosphates 
were from Boehringer GmbH, Mannheim, F.R.G.; 
and the unlabelled deoxyribonucleoside triphos- 
phates were from Sigma Chemical Co., St. Louis, 
MO, U.S.A. Mitomycin C was a product of Kyowa 
Hakko Kogyo Co., Tokyo, Japan. 

The quantitative analysis of DNA and RNA were 
made by the methods of Giles and Myers [20] and 
Ceriotti [21], respectively. The 50 per cent lethal 
dose was determined by the method of Litchfield 
and Wilcoxon [22]. 


RESULTS 


Following the findings that fumaric acid inhibited 
the solid growth of Ehrlich tumor [2], an examination 
was made of the combined effect of fumaric acid 
with mitomycin C (Table 1). From 3 days after the 
subcutaneous inoculation of Ehrlich tumor cells, 
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mice were given i.p. injections of mitomycin C, 
fumaric acid, or both agents in combination for 
14 days. The daily dose of mitomycin C was | mg/kg 
and that of fumaric acid was 40 mg/kg. On the day 
following the last injection all the animals were 
killed, and tumor lumps were removed and weighed. 
The growth of tumor nodules was inhibited by the 
administration of either fumaric acid (P < 0.02, with 
respect to control mice) or mitomycin C (P < 0.01). 
However, the toxic effects of mitomycin C on the 
host mice were severe. Loss in body weight, bleeding 
at the sites of injection and in the abdomen, and 
congestion in such tissues as intestine and testes were 
noted, and 8 of 15 mice were dead before the end 
of the experiment. In the animals given mitomycin 
C and fumaric acid in combination, such toxic symp- 
toms were markedly reduced, while the antitumor 
activity of mitomycin C was not retarded by the 
concurrent administration. Then the lethal and 
hematologic assays were performed on the mice 
which had been given i.p. injections of mitomycin 
C, alone or in combination with fumaric acid (40 mg. 
kg-'day~'), for 14 days (Table 2). The 50 per cent 
lethal dose of mitomycin C was 1.07 (0.96-1.20) mg. 
kg-'day~', calculated by the method.of Litchfield 


‘and Wilcoxon [22]. The hematologic assays made on 


the mice given daily doses of 1 mg/kg of mitomycin 
C indicated that this treatment decreased the counts 
of leucocytes and platelets in the peripheral blood. 
The administration of fumaric acid in combination 
elevated the LD.) of mitomycin C to 1.91 (1.74— 
2.10) mg. kg~' day~' and retarded the decreases of 
leucocytes and platelets. 

Another experiment was made on the ascitic 
growth of Ehrlich tumor; this killed ail animals within 
2-3 weeks and was insensitive to treatment with 
fumaric acid (Fig. 1). Mice were inoculated i.p. with 
tumor cells and divided into 3 groups. At 1 and 3 
days after the inoculation, the first group was given 
i.p. injections of 0.9% NaCl, the second group was 
given mitomycin C at the dose of 4 mg/kg, and the 
third group was given fumaric acid at the dose of 
40 mg/kg in combination with mitomycin C. In the 
control group, the ascitic growth of tumor killed all 


Table 1. Antitumor activities of mitomycin C and fumaric acid against solid growth of Ehrlich 
tumor, and inhibition by fumaric acid of death and loss of body weight in mice under 
successive doses of mitomycin C* 





Dose 


(mg kg ' day~') 


No. of mice 





MC FA Initial 


Body wt Tumor wt 
Final (g) (g) 





0) 
40 
0 
40 


1.97 + 1.07¢ 
1.04 + 0.66% 
0.26 + 0.22 
0.26 + 0.19 


I+ I+ I+ I+ 
Nw Nh 





* Mice, 20g average body wt, were inoculated with tumor cells into the subcutaneous 
tissue of the left inguinal region, and divided into four groups. At three days after the 
inoculation, each group of 15 mice were treated for 14 days with i.p. injections of 0.2 ml of 
0.9% NaCl, in which mitomycin C (MC) and fumaric acid (FA) were dissolved, and killed 
on the following day. Each value of body and tumor weight represents the mean + S.D. of 
a group of animals killed at the end of the experiment. 

+ P<0.05, with respect to mice treated with mitomycin C. 

+ P<0.01, with respect to mice treated with mitomycin C. 





Reduction by fumaric acid of side effects of mitomycin C 


Table 2. Effect of fumaric acid on lethal and hematologic toxicities of mitomycin C* 





Counts of blood cells 





Platelets 
(10°/mm*) 


LDso 
(mg kg! day~') 


Leucocytes 


Treatmenti (10°/mm*) 





8.04 + 3.284 
4.47 + 0.91 
6.68 + 2.224 


9.35 + 2.304 
4.07 + 1.40 
6.96 + 1.52+ 


Control — 
MC 1.07 (0.96-1.20) 
MC + FA 1.91 (1.74-2.10) 





* The 50 per cent lethal dose (LDs)) was determined by the method of Litchfield and 
Wilcoxon [22]. Groups of ten mice were given i.p. injections of mitomycin C, either 
alone or in combination with fumaric acid, for 14 days. The number of mice that were 
dead during the injections and in the subsequent 14 days was counted. The values in the 
parentheses are the confidence limits at P = 0.05. The hematologic assays were made on 
the groups of mice that had been treated with i.p. injections for 14 days. The dose of 
mitomycin C was 1 mg. kg’! day ' and that of fumaric acid was 40 mg. kg 'day~'. On 
the following day, ten animals of each group had the end portions of their tails cut off, 
and blood samples were taken from the cut ends for the hematologic assays. Each value 
represents the means + S.D. of ten animals. 


+ Control, given 0.2 ml of 0.9% NaCl; MC-treated, given mitomycin C; MC + FA- 
treated, given mitomycin C in combination with 40 mg/kg of fumaric acid. 
+ P<0.01, with respect to mice treated with mitomycin C. 


animals and 50 per cent death was noted at 14— 
15 days. The other two groups could survive longer 
than the control group and half of each group escaped 
death. The reduction of body and tissue weights by 
mitomycin C noted in the animals of the second 
group was effectively inhibited by the concurrent 
administration of fumaric acid (Fig. 1 and Table 3). 

In an attempt to investigate the modes of action 
of fumaric acid in reducing the toxic side-effects of 
mitomycin C, the metabolic alterations in tissue 
nucleic acids were examined. Mice were grouped 
without inoculation of tumor cells and given two i.p. 
injections as described above (Table 4). At 2 days 
after the second injection the content of tissue nucleic 
acids, the incorporation of [*H]thymidine into DNA 
‘and the incorporation of ['*C]orotic acid into RNA 
were determined. Examination of liver and kidney 
indicated that the effects of both mitomycin C and 


BODY WEIGHT (g) 





fumaric acid were seen selectively in DNA metab- 
olism. Treatment with mitomycin C suppressed the 
incorporation of [*H]thymidine into DNA and, by 
contrast, administration of fumaric acid in com- 
bination with mitomycin C_ enhanced the 
[(’H]thymidine incorporation and prevented altera- 
tions in the contents of tissue nucleic acids. No 
marked differences in tissue RNA content and incor- 
poration of ['*C]orotic acid into RNA were noted 
between the three groups of mice. A further study 
on liver indicated that the effects of mitomycin C 
and fumaric acid on [*H]thymidine incorporation 
persisted throughout a 96-hr period of study without 
recovery (Fig. 2). The activities for the syntheses of 
DNA and RNA were then determined on the iso- 
lated liver nuclei (Table 5). The assays at 2 days after 
dosing (fifth day) indicated that DNA synthesis in 
liver nuclei was also selectively suppressed by mito- 
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Fig. 1. Antitumor activity of mitomycin C against ascitic growth of Ehrlich tumor, and inhibition by 
fumaric acid of loss of body weight in mice treated with two large doses of mitomycin C. Mice were 
inoculated i.p. with tumor cells and divided into three groups. At 1 and 3 days after the inoculation, 


each group of 10 animals were treated with two i.p. injections. ( ), 


0.2 ml of 0.9% NaCl; 


(@—®), 4 mg/kg of mitomycin C; (A—A), 4 mg/kg of mitomycin C and 40 mg/kg of fumaric acid. 
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Table 3. Inhibition by fumaric acid of losses of body and tissue weights in mice treated with 


mitomycin C* 





Tissue wt (g) 





Treatment? Lung Kidney Spleen 





0.22 + 0.02 
0.18 + 0.028 
0.23 + 0.03 


0.51 + 0.07 
0.33 + 0.05§ 
0.46 + 0.03 


0.10 + 0.01 
0.05 + 0.02§ 
0.11 + 0.01 


Control 
MC 
MC + FA 





* Mice, average body wt 25 g, were divided into three groups without inoculation of tumor cells. 
Each group of animals were treated with two i.p. injections on the first and third days, and were 
killed on the eighth day. Each value represents the mean + S.D. of results from seven mice. 

+ Control, given 0.2 ml of 0.9% NaCl; MC-treated, given 4 mg/kg of mitomycin C; MC + FA- 
treated, given 4 mg/kg of mitomycin C and 40 mg/kg of fumaric acid. 

+ P< 0.02, with respect to control. 

§ P<0.01, with respect to control. 


tissues as intestine and testes, decreases of leucocytes 
and platelets in the peripheral blood, and death of 
animals, but not the antitumor activity of mitomycin 


mycin C. At 4days after dosing (seventh day), 
activity in the liver nuclei from the animals that had 
been given fumaric acid in combination with mito- 


mycin C was restored to initial levels. 
DISCUSSION 


Fumaric acid was isolated and identified as an 
active component of the extract of Capsella bursa- 
pastoris for inhibiting either the solid growth of Ehr- 
lich tumor or the gastric ulceration in rats [1, 2]. 
Mitemycin C is an antitumor antibiotic which is 
effective against a variety of tumors [23-25] but is 
also very toxic to the host animals [26,27]. The 
present study indicated that fumaric acid reduced 
the toxic side-effects of mitomycin C, shown by loss 
of body and tissue weight, bleeding at the sites of 
injection and in the abdomen, congestion in such 


C against the growth of Ehrlich tumor. The use of 
fumaric acid in combination with mitomycin C is 
expected to increase the utility of this antitumor 
agent that has been widely used in cancer 
chemotherapy. 

Selective inhibition of DNA synthesis was inferred 
to be associated with the modes of action of mito- 
mycin C in its bacteriostatic and antitumor activities 
[9-13]. In mitomycin C-treated mice such a selective 
inhibition was noted for the incorporation of 
[*H]thymidine injected i.p. into DNA of liver and 
kidney and for the activity of liver nuclei for synthesis 
of DNA. It is of interest that fumaric acid also 
exerted a selective effect on DNA synthesis and that, 
in contrast to mitomycin C, fumaric acid enhanced 


Table 4. Effects of mitomycin C and fumaric acid on liver and kidney as to contents of nucleic acids 
and incorporation of either [H]thymidine into DNA or [' ‘C]orotic acid into RNA* 





DNA 


RNA 





Incorporation of 


C ging: 


Content 
(mg/g tissue) 


(dpm x 10° 


Treatmentt DNA) 


Incorporation of 
[' *C)orotic acid 
(dpm x 10~*/g tissue) 


mg } Content 
(mg/g tissue) 





Liver 


2.39 £017 
3.52 + 0.15§ 
2.88 + 0.52¢ 


5.04 + 1.53 
2.46 + 0.43§ 
1.7 23s 


8.40 + 1.09 
7.90 + 0.21 
8.00 + 0.76 


3.09 + 0.31 
3.20 + 0.13 
3.37 + 0.45 


Control 


Kidney 
Control 
MC 

MC + FA 


3.70 + 0.11 
4.42 + 0.19§ 
3.89 + 0.39 


3.13 + 0.18 
2.39 + 0.168 
6.58 + 2.54§ 


4.90 + 0.25 
4.98 + 0.09 
4.89 + 0.13 


40.0 + 4.2 
50.7 + 5.98 
46.7+5.9 





*“ Mice were divided into three groups, and each group of animals were treated with two i.p. injections 
on the first and third days. On the fifth day the contents of tissue nucleic acids and the incorporation 
of either [*H]thymidine into DNA or ma Jorotic acid into RNA were determined. Each value represents 
the mean + S.D. of six determinations. 

+ Control, given 0.2 ml of 0.9% NaCl; MC-treated, given 4 mg/kg of mitomycin C; MC + FA-treated, 
given 4 mg/kg of mitomycin C and 40 mg/kg of fumaric acid. 

+ P <0.05, with respect to control. 

§ P<0.01, with respect to control. 
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Fig. 2. Time course of effects of mitomycin C and fumaric 
acid on incorporation of [*H]thymidine into liver DNA. 
Mice were divided into four groups, and a group of 16 
animals were treated with two i.p. injections on the first 
and third days. At 1,24, 48, and 96hr after the second 
injection, four animals were taken from each group and 
the incorporation of (H]thymidine into liver DNA was 
determined. The mean value (+S.D.) of the control group 
that had been given i.p. injections of 0.2 ml of 0:9% NaCl 
was 5.40 (+0.91) x 10°dpm/mg DNA, and this is indicated 
in the figure as a horizontal line. The dotted lines indicate 
S.D. within the control group. (@—®@), 4 mg/kg of mito- 
mycin C; (A—A), 4 mg/kg of mitomycin C and 40 mg/kg 
of fumaric acid. Each point represents the mean and range 
of results from four animals. 


the [*H]thymidine incorporation. The activity of liver 
nuclei for DNA synthesis, which had been reduced 
by mitomycin C, was made to recover earlier by the 
concurrent administration of fumaric acid. The strik- 
ing contrast between mitomycin C and fumaric acid 
in their effects on DNA synthesis seems to be associ- 
ated with the modes of actions of both agents 
[9, 28,29], and suggests that fumaric acid would 
enhance the repair of mitomycin C-induced damage 
of tissue DNA. However, there remains the possi- 
bility that fumaric acid would transform mitomycin 
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C into a derivative that is less toxic to the animals 
but has a potent antitumor activity. It is expected 
that the protective effect of fumaric acid would be 
more effective on the animals given lower doses of 
mitomycin C and on the delayed and chronic tox- 
icities of mitomycin C. The present findings would 
indicate another aspect of side-effects of mitomycin 
C, and further studies in search of the substances 
that reduce or ameliorate the toxic side-effects of an 
antitumor agent are expected to contribute to cancer 
chemotherapy. 
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Treatment+ 


RNA synthesis 
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Mn**-(NH,),SO,- 


activated 


Mg”*- 
activated 





7th day§ 


Sth day 





Control 
MC 
MC + FA 
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Abstract—The monofunctional aikylating agent 5-(1-aziridinyl)-2,4-dinitrobenzamide (CB 1954) is a 
potent and selective inhibitor of the growth of the Walker carcinoma (LDsg 0.002 ug/ml). Growth 
inhibition by CB 1954 is accompanied by a rapid inhibition of DNA synthesis with little effect on RNA 
and protein biosynthesis. Interference with the biosynthesis of DNA by CB 1954 has been shown to 
be due to inhibition of ribonucleoside diphosphate reductase. The order of effectiveness of inhibition 
of the enzyme by CB 1954 in four cell lines parallels the tumour growth inhibitory activity. Furthermore, 
analogues of CB 1954 with methyl substitution on the amide group were less effective inhibitors of the 
growth of the Walker carcinoma and also less potent inhibitors of ribonucleotide reductase. Treatment 
of Walker cells with CB 1954 caused a rapid inhibition of enzyme activity and a corresponding fall in 
the levels of deoxyribonucleoside triphosphates which corresponded with the effect of the drug on DNA 
synthesis. A human bladder carcinoma has been shown to be particularly susceptible to growth inhibition 
by CB 1954. Measurement of the effect of CB 1954 on ribonucleotide reductase from biopsy specimens 


of human tumours could provide a basis for patient selection for therapy by this agent. 


5(1-Aziridinyl)2,4-dinitrobenzamide (CB 1954, Fig. 
1) is a potent and selective inhibitor of the growth 
of the Walker carcinoma in rats, having a therapeutic 
index (LDs9/EDo) of 70, the highest ever recorded 
against the Walker tumour [1]. This drug is unusual 
amongst the alkylating agents in having only one 
alkylating group, since early studies showed that the 
most cytotoxic and the most potent inhibitors of 
tumour growth were at least bifunctional, i.e., they 
should have two alkylating arms, which can combine 
with two nucleophilic centres in biological macro- 
molecules [2]. Since the primary effect of alkylating 
agents is inhibition of DNA synthesis, this led to the 
view that the functionality of the alkylating agents 
enabled them to cross-link nucleophilic centres 
occurring in the same (intrastrand) or in adjacent 
(interstrand) strands of the DNA helix [3]. Such a 
reaction would be impossible with a monofunctional 
agent. CB 1954 also differs from the classical cyto- 
toxic alkylating agents in having a minimal effect on 
the haematopoietic system and being inactive against 
many experimental animal tumours which normally 
respond to a range of bifunctional alkylating agents 
[1]. Another unusual feature is the ability to protect 
against the cytotoxic effect of CB 1954 by a variety 
of aminoimidazolecarboxamides and anthranilam- 
ide, adenine and 2,4-dinitrophenol [4, 5]. The pro- 
tection by 4-amino-5-imidazolecarboxamide led to 
the view that CB 1954 acted as a purine antimeta- 
bolite [4]. The most effective protector, 4-amino-2- 
phenylimidazole-5-carboxamide (2-phenyl AIC), 
reversed the cytotoxicity of CB 1954 when given 
before or at the same time, but showed a decreased 
protecting ability even when given only 30 min after 
CB 1954. The low chemical reactivity of the aziridine 
ring and the failure to protect with cysteine [4] led 
to the suggestion that CB 1954 might react with its 


site of action in two phases, an initial and reversible 
binding followed by a slow alkylation [5]. This sug- 
gests that both CB 1954 and 2-phenyl AIC interact 
with the same cellular receptor. 

A feature of CB 1954 cytotoxicity is the selective 
inhibition of the incorporation of [*H]thymidine into 
DNA with little effect on RNA and protein synthesis 
[6]. 2-Phenyl AIC also inhibits the incorporation of 
[*H]thymidine into DNA at concentrations used in 
the protecting experiments [7]. One common factor 
in the chemical structures of both CB 1954 and the 
protecting agents is that they are capable of chelation 
of metal ions. DNA synthesis requires a balanced 
supply of deoxyribonucleotides and since deoxyri- 
bonucleotides, in contrast to ribonucleotides, are 
found at extremely low levels in animal cells [8], the 
reductive conversion of ribonucleotides to deoxyri- 
bonucleotides is thought to be a crucial rate-con- 
trolling step in the pathway leading to the biosyn- 
thesis of DNA. Reduction of ribonucleotides occurs 
on a multisubunit enzyme complex that requires 
iron, and reduced disulphydryl protein serves as the 
reducing agent. Such an enzyme complex could pro- 
vide a suitable target for CB 1954, and inhibition 
would account for the selective effect of this agent 
on DNA synthesis. The present investigation was 
undertaken to determine the effect of CB 1954 on 
the ribonucleotide reductase system of tumours with 
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a range of sensitivities to its cytotoxic action and to 
determine if a correlation existed between the ability 
of CB 1954 and its congeners (Fig. 1) to inhibit 
ribonucleotide reductase and their tumour growth 
inhibitory activity. A knowledge of the biochemical 
mechanism of action of CB 1954 would allow the 
rational clinical use of this agent. 


MATERIALS AND METHODS 


Chemicals. 5-[Methyl-‘H]thymidine (sp. act. 5 
Ci/mmole), [5-’H]cytidine 5’-diphosphate, am- 
monium salt (sp. act. 11 Ci/mmole), 5-[methyl- 
‘H]thymidine 5’-triphosphate, ammonium salt (sp. 
act. 60 Ci/mmole), deoxy [8-‘H]guanosine 5’-tri- 
phosphate, ammonium salt (sp. act. 13.2 Ci/mmole), 
deoxy [8-*H]adenosine 5'-triphosphate, ammonium 
salt (sp. act. 25 Ci/mmole), and deoxy [5-*H] cytidine 
5'-triphosphate, ammonium salt (sp. act. 25.5 
Ci/mmole) were purchased from the Radiochemical 
Centre, Amersham, U.K. Micrococcus luteus DNA 
polymerase was obtained from Miles Laboratories 
Ltd., Slough, U.K., and poly [d (A-T). d (A-T)], 
poly [d (I-C). d (I-C)], nucleosides and nucleotides 
from Sigma Chemical Co., London, U.K. Culture 
medium was purchased from GIBCO Bio-Cult, Lon- 
don, U.K. CB 1954 and the analogues CB 10-020 
and CB 10-107 (Fig. 1) were kindly supplied by Dr. 
D. E. V. Wilman, Chester Beatty Cancer Research 
Institute, London, and the human bladder carcinoma 
(EJ) by Dr L. M. Franks, Imperial Cancer Research 
Fund, London, U.K. 

Cell culture. Cells were grown in Dulbecco’s modi- 
fied Eagle’s medium supplemented with 10% foetal 
calf serum and incubated under an atmosphere of 
10% CO, in air. For growth experiments cells were 
grown in duplicate wells (3.5 ml) of a 24-well plastic 
plate (Flow Laboratories, Irvine, Scotland). Cells 
were counted daily using a Coulter counter. Growth 
curves were constructed and the degree of inhibition 
was calculated from the linear part of the growth 
curves. Drugs were dissolved in dimethylsulphoxide 
(DMSO). A resistant line of the Walker tumour was 
derived from the sensitive line by repeated treatment 
with increasing doses of chlorambucil. A human 
bladder carcinoma was treated with 0.025% trypsin, 
10mM EDTA prior to counting. 

Nucleic acid synthesis. Walker cells were sus- 
pended in medium at 2 x 10° cells per ml and incu- 
bated with the concentrations of CB 1954 indicated 
in Figs. 12 and 13. At intervals, 1-ml portions of the 
cell suspension were removed and incubated with 
[methyl-°H]thymidine (SuCi/ml) for 1 hr at 37°. The 
reaction was stopped with ice-cold 0.9% NaCl and 
the cells were immediately filtered through. a glass 
fibre filter disc (Whatman GF/C, 2.5 cm) wetted with 
saline and were washed with ice-cold 5% trichloro- 
acetic acid and absolute ethanol. After drying for 
2hr at 70° the acid-insoluble radioactivity on the 
filters was determined using a toluene PPO and 
POPOP scintillation mixture. 

Enzyme preparation. Walker cells were obtained 
either from the peritoneal cavity of Wistar rats or 
from tissue culture. Cells from animals were washed 
several times with 0.016 M Tris-HCl, pH 7.2, con- 
taining 7.2 g/l NH,Cl to remove red cell contami- 
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nation and finally cells from both sources were 
washed with 0.9% NaCl prior to lysis. The cell pellet 
was suspended in 10 mM phosphate, pH 7.4, con- 
taining 17 mM dithiothreitol and 1.7mM MgCl, at 
4° and either sonicated for 10 sec with a 20Kc MSE 
sonic oscillator or homogenized in a Potter- 
Elvehjem homogenizer with a toothed teflon pestle 
turning at 900 rpm for 3 min. All operations were 
performed at 4°. The homogenate was centrifuged 
at 100,000 g for 1 hr and the supernatant fraction 
was used as a source of enzyme after extensive 
dialysis against excess homogenizing buffer to 
remove deoxynucleotides. The protein concentra- 
tion of the supernatant fraction was determined by 
the method of Lowry et al. [9] using bovine serum 
albumin as a standard. 

Ribonucleotide reductase assay. The reduction of 
ribonucleotides to deoxyribonucleotides was meas- 
ured by the conversion of cytosine ribonucleotide to 
the deoxyribonucleotide by a method similar to that 
used by Youdale and MacManus [10]. The assay was 
carried out in a total volume of 60 ul of 20 mM Tris— 
HCl, pH 7.6, containing 5 uCi [*H]CDP, 17mM 
dithiothreitol, 8.5mM MgCl, 3.6mM ATP and 
127 uM (NH.)2SO,- FeSO,. Both the ATP and the 
acidic drugs were neutralized to pH 7.6 before adding 
to the assay mixture. Drugs were dissolved in DMSO 
at 100 x the required concentration and diluted with 
incubation buffer prior to assay. The assay tubes 
were incubated for 1 hr at 37° and the reaction was 
terminated by heating in a boiling water bath for 
2 min. After cooling on ice a mixture of (CMP and 
CMP (50 ug of each) was added as carrier to each 
sample and the mixture was incubated at 37° for 
30 min with apyrase (100 ug) to hydrolyse the diphos- 
phates to monophosphates. The reaction was ter- 
minated by boiling for 2 min, cooled and the pre- 
cipitated protein was sedimented by centrifugation 
for 5 min at 350g. A sample (10 ul) of the super- 
natant fluid was applied to a PEI cellulose plate 
(Schleicher & Schill, Dassel, F.R.G.) and developed 
in 35 ml 2.0M LiCl/65 ml 2% boric acid. Both the 
monophosphate and deoxymonophosphate were 
located under u.v. light, the spots were removed 
from the plate and extracted with 0.2 ml IN HCl and 
the radioactivity was measured in PCS scintillation 
fluid (Hopkin & Williams, Poole, U.K.) using a 
Tracer Lab scintillation counter. The total radioac- 
tivity in each sample was measured by counting 10 ul 
of the supernatant fluid applied to a PE I cellulose 
plate and extracted before chromatography. 

Assay for deoxyribonucleoside triphosphate. The 
assay for deoxyribonucleoside triphosphates was a 
modification of the method of Walters et al [8] except 
that Micrococcus luteus DNA polymerase was used 
instead of Escherichia coli DNA polymerase. 

The assay was carried out in a total reaction vol- 
ume of 0.2 ml and contained the following: 10 umoles 
Tris-HCl buffer (pH 8.0 for the dATP and dTTP 
pools and pH 8.6 for the dCTP and dGTP pools), 
2umoles MgCl, 0.2 umoles 2-mercapthoethanol, 
10 ug of the appropriate template (poly [d (A-T). d 
(A-T)] or poly [d(I-C). d(I-C)] and 4 units of the M. 
luteus DNA polymerase. The standard curve was 
produced using 200 pmoles of the tritiated dNTP and 
1-200 pmoles of the complementary dNTP. For 
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determination of the unknowns appropriate amounts 
of neutralized cell extract were added and the mix- 
ture was incubated at 37° for 1 hr. The reaction was 
terminated by chilling in an ice bath, 100 ug of DNA 
was added followed by 5 ml of 10% trichloroacetic 
acid and, after mixing, the resulting precipitate was 
collected by filtration on a Whatman GF/C glass 
fibre filter. The filters were washed with 3 x 5 ml 
quantities of cold 5% trichloroacetic acid, dried and 
the radioactivity was determined in a toluene, PPO 
scintillation mixture. A standard curve with known 
amounts of each limiting deoxyribonucleoside tri- 
phosphate was established each time the assay was 
used, as was a blank containing no cell extract. 


RESULTS 


Drug sensitivity of cell lines. The relationship 
between the concentration of CB 1954 and the 
inhibition of cell growth for Walker carcinoma, a 
human bladder carcinoma (EJ) and the TLX5 lym- 
phoma is shown in Fig. 2. The concentration which 
gave 50 per cent inhibition of growth (LDs9) for 
Walker carcinoma which was either sensitive or 
resistant to chlorambucil was 0.002 ug/ml. In con- 
trast, there was a 60-fold difference in the sensitivites 
of these cell lines to the bifunctional alkylating agent 
chlorambucil, the LDs» values being 0.1 and 6.3 ug/ml, 
respectively (Table 1). This result differs from that 
of previous studies [6, 11] in which cross-resistance 
was observed between CB 1954 and the bifunctional 
alkylating agents. Although the TLX5 lymphoma is 
insensitive to CB 1954 (LDs» 40 ug/ml), as previously 


reported [1], the human bladder carcinoma shows 
a degree of sensitivity (LDs) 0.7 ug/ml) comparable 
with that of the Walker carcinoma. This suggests 
that bladder carcinomas may be suitable targets for 
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studies in vivo. The structural specificity of CB 1954 
for an effective cytotoxic action is shown by a com- 
parison with analogues with increasing methyl sub- 
stitution on the amide group (Table 1). Thus the 
LDsy increases from 0.002 ug/ml for CB 1954 to 
0.004 ug/ml for CB 10-020 and 0.07 ug/ml for CB 10- 
107, paralleling the activity of these agents as anti- 
tumour agents in vivo [12]. This suggests that the 
difference in activity is not due to host effects, but 
probably arises from differences in affinity of these 
analogues to cellular receptors. 

Inhibition of ribonucleotide reductase. The rate of 
formation of (CMP from CDP by a cytosolic extract 
of Walker carcinoma was linear with reaction time 
up to 60 min and was proportional to the amount of 
protein present (Fig. 3). The effect of increasing 
concentrations of CB 1954 on the activity of the 
enzyme prepared from Walker carcinoma sensitive 
or resistant to chlorambucil, a human bladder car- 
cinoma (EJ) and TLX5 lymphoma is shown in Fig. 
4. The order of effectiveness of CB 1954 as an 
inhibitor of ribonucleotide reductase from the var- 
ious cell lines in vitro parallels the growth inhibitory 
activity, with the TLX5 lymphoma being less sen- 
sitive than EJ, which in turn was less sensitive than 
the Walker carcinoma. There was no difference in 
sensitivity to CB 1954 between ribonucleotide reduc- 
tase isolated from either chlorambucil-sensitive or 
resistant Walker carcinoma. The order of potency 
of the analogues against the enzyme isolated from 
Walker carcinoma also paralleled their cytotoxic 
potency, with CB 1954 being more effective than CB 
10-020 which in turn was more effective than CB 10- 
107 (Fig. 5). This suggests that the difference in 
activity of this congeneric series is probably related 
to differences in binding to the enzyme rather than 
to differences in uptake by the cell. The degree of 
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Fig. 2. Dose-response curves for CB 1954 against Walker carcinoma sensitive (O—O) and resistant 
(@—®) to chlorambucil, human bladder carcinoma (C—O) and TLX5 lymphoma (x—x). 
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. Rate of reduction of CDP by cytosolic extracts of Walker carcinoma as a function of protein 
concentration. 


Table 1. Sensitivities of cell lines to chlorambucil, CB 1954, CB 10-020 and CB 10-107 
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Cell line Chlorambucil CB 1954 CB 10-020 CB 10-107 





*WS ! 0.002 0.004 0.07 
*WR 6.2 0.002 — 
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Fig. 4. Effect of increasing concentrations of CB 1954 on —— 

ribonucleotide reductase from Walker carcinoma sensitive _ Fig. 5. Effect of CB 1954 (O—O), CB 10-020 (x—x) and 

(O—O) or resistant (@—@) to chlorambucil, human blad- | CB 10-107 (@—®) against ribonucleotide reductase from 

der carcinoma (O—Q) and TLXS lymphoma (x—x). The Walker carcinoma. The protein concentration was 200 ug 
protein concentration was 200 ug per assay. per assay. 
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Fig. 6. Effect of protein concentration on the inhibition of ribonucleotide reductase by 20 nmoles of 
CB 1954. 


inhibition of ribonucleotide reductase by CB 1954 
was proportional to the enzyme concentration in the 
assay (Fig. 6). This suggests that the cytosolic protein 
contains a fixed number of enzyme sites that are 
titrated out by CB 1954, and indicates that the 
inhibition is irreversible. This was also confirmed by 
the results in Fig. 8 in which dialysis of the enzyme 


Fraction of control 





1 1 i 
400 800 1200 
nmoles of 2-phenyl AIC 





Fig. 7. Effect of increasing concentrations of 2-phenyl AIC 
on the ribonucleotide reductase from Walker carcinoma. 


from cells treated with CB 1954 did not remove 
inhibition. Attempts at preincubation of enzyme with 
CB 1954 for various times prior to the addition of 
the substrate were unsuccessful due to the rapid loss 
of enzyme activity in controls incubated under the 
same conditions. This suggests that ribonucleotide 
reductase is unstable in the absence of its substrate. 
Like CB 1954, 2-phenyl AIC also inhibits ribonu- 
cleotide reductase, though higher concentrations are 
required to produce the same degree of inhibition 
(Fig. 7). Unlike CB 1954, the inhibition produced 
by 2-phenyl AIC is reversible due to the absence of 
any group able to form a covalent linkage with 
nucleophilic sites on the enzyme. 

The effect of treatment of intact Walker cells with 
0.05 ug/ml of CB 1954, a concentration just sufficient 
to cause complete growth inhibition, on the activity 
of ribonucleotide reductase is shown in Fig. 8. 
Enzyme levels are very rapidly reduced and reach 
zero within 4 hr. This is followed by a wave of enzyme 
synthesis by the cell, either due to derepression of 
enzyme synthesis by a fall in the product levels (Fig. 
9) or due to the progressive accumulation of cells in 
the S-phase of the cell cycle, a time of increased 
ribonucleotide reductase synthesis [13]. Possibly due 
to a lower rate of reaction of the aziridine ring of 
CB 1954 with cellular nucleophiles compared with 
the 2-chloroethylamines, the newly synthesized 
enzyme is also inhibited by CB 1954 and within 24 hr 
the level is reduced in a dose-related fashion (Table 
2). This confirms that pharmacological concentra- 
tions of CB 1954 cause an inhibition of ribonucleotide 
reductase with a time course paralleling the effects 
on deoxynucleoside triphosphate levels (Fig. 9) and 
incorporation of [*H]thymidine into DNA (Fig. 10). 

Effect on deoxynucleoside triphosphate pool sizes 
and incorporation of {*H]thymidine into acid-insolu- 
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Fig. 8. Effect of incubation of Walker cells with 0.05 ug/ml CB 1954 on the activity of ribonucleotide 
reductase. The enzyme preparations were dialysed prior to assay. 


ble material. The changes in deoxyribonucleoside 
triphosphate content of Walker cells exposed to 
0.05 ug/ml CB 1954 for varying time periods are 
_Shown in Fig. 9. As observed in other cell lines [14], 
the pool size of dTTP is substantially larger than that 
of dATP, dGTP or dCTP and consequently the effect 
of inhibition of its synthesis is less pronounced than 
on the other deoxyribonucleoside triphosphate lev- 
els. The pool size of dGTP and dCTP is only one- 
seventh of that of dTTP and within 4 hr the intra- 
cellular concentration of both becomes unmeasur- 


- 


K 


p moles 110° cells 


able by the polymerase assay, which is capable of 
measuring 0.5 pmoles/10° cells. This coincides with 
the time at which the activity of ribonucleotide 
reductase has been reduced to zero. This suggests 
that the reduction in the incorporation of 
[°H]thymidine into acid-insoluble material produced 
by CB 1954 is due to a lack of dATP, dGTP and 
dCTP. CB 1954 produces a dose-related linear 
inhibition of [H]thymidine incorporation into acid- 
insoluble material up to 5 hr after its addition, after 
which the rate of inhibition decreases (Fig. 10). This 





.. 

a 

1 2 3 4 5 
Time (hr) 





Fig. 9. Effect of incubation of Walker cells with 0.05 ug/ml CB 1954 on the cellular contents of dTTP 
(x—x), dATP (O—O), dCTP (@—®@) and dGTP (O—1)). The extreme range of values about each 
point was not greater than + 5%. At time intervals after treatment with CB 1954 cells were transferred 
to centrifuge tubes pre-cooled in ice and centrifuged at 350 g for 5 min. The cell pellet was resuspended 
twice in ice-cold 0.9% NaCl and after centrifugation was suspended in 1 ml of ice-cold 0.5 N perchloric 
acid for 20 min. The supernatant fraction obtained by recentrifugation at 1000 g for 5 min at 0° was 
made 50mM with respect to Tris by adding 1M Tris. HCl, pH 8 and potassium perchlorate was 
precipitated by adding 5 N KOH to pH 7.5-8.0. The supernatant fraction obtained by removing the 
potassium perchlorate was stored at —20° until assayed. 
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Table 2. Effect of incubation of Walker carcinoma cells with CB 1954 for 24 hr 
on the activity of ribonucleotide reductase 





Concentration of 
CB 1954 


(ug/ml) 


Specific activity 
(pmoles. mg protein” '. hr” ') 


Fraction of 
control 





0 
0.005 
0.01 
0.05 





coincides with the time at which an increased ribo- 
nucleotide reductase is observed (Fig. 8). If CB 1954 
inhibits synthesis of DNA by preventing reduction 
of ribonucleotides to deoxyribonucleotides the drug 
should not alter rates of precursor incorporation into 
DNA when adequate concentrations of deoxyribo- 
nucleoside triphosphates are present. A combination 
of 0.1 mM deoxyadenosine, 0.1 mM deoxyguanosine 
and 1.0uM deoxycytidine gave some protection 
against the inhibitory effects of CB 1954 on uptake 
of [*H|thymidine into acid-insoluble material (Fig. 
11). A similar partial protection was also given 
against the inhibitory effects of hydroxyurea, also 
an inhibitor of ribonucleotide reductase, on the 
incorporation of thymidine into DNA [15]. Addition 
of the deoxynucleosides caused a depression in DNA 
synthesis in control cultures up to 2 hr, after which 
DNA synthesis proceeded linearly. Up to 3.75 hr 
incorporation of [*H]thymidine into the DNA of cells 
treated with CB 1954 exceeded that of control cul- 
tures, though the extent of reversal decreased with 
time, paralleling the repression of DNA synthesis 
in the control. At this time, presumably, the 
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Fig. 10. Effect of 0.5 (x—x), 0.1 (O—O) and 0.05 
(@—@) we/ml CB 1954 on the incorporation of 
(*H]thymidine into acid-insoluble material. 


deoxynucleosides were used up and then DNA syn- 
thesis paralleled that of control culture, though at 
a reduced rate. 


DISCUSSION 


The primary biochemical lesion created by CB 
1954 has been shown to be inhibition of DNA syn- 
thesis [4, 6] and the evidence presented in this report 
suggests that this arises as a result of inhibition of 
ribonucleotide reductase rather than by a direct 
chemical interaction with DNA. That CB 1954 pro- 
duces its growth inhibitory effect by a mechanism 
different from that of the bifunctional alkylating 
agents is suggested by its inability to cross-link DNA 
[16], the lack of cross-resistance with chlorambucil, 
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Fig. 11. Effect of 0.1 mM deoxyadenosine and deoxygu- 

anosine and 1.0 uM deoxycytidine on the incorporation of 

(*H]thymidine into acid-insoluble material of control cul- 

tures (X—xX) or cells treated with 0.1 ug/ml CB 1954 
(@—®). 
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Table 3. Specific activity of ribonucleotide reductase from different 
tumours 





Tumour 


Specific activity 
(pmoles. mg protein” '. hr~') 





Walker carcinoma 
(chlorambucil-sensitive) 

Walker carcinoma 
(chlorambucil-resistant) 

Bladder carcinoma 

TLXS5 lymphoma 





the ability to protect against the cytotoxic effect with 
2-phenyl AIC [5] and that, unlike resistance to a 
bifunctional alkylating agent, cellular resistance to 
CB 1954 is lost on fusion with a sensitive cell [17]. 
The concentrations of CB 1954 required to inhibit 
ribonucieotide reductase activity and the synthesis 
of DNA, as well as the relative potencies of CB 10- 
020 and CB 10-107, suggests that the interference 
with the reduction of ribonucleotides to deoxyri- 
bonucleotides is sufficient to account for blockage 
of the biosynthesis of DNA by these agents. The fact 
that the relative potencies of the compounds as 
inhibitors of cell proliferation and the tumour selec- 
tivity correlate with the relative strength as inhibitors 
of reductase activity suggests further that blockade 
of the formation of deoxyribonucleotides is respon- 
sible, at least in part, for the anti-neoplastic activity. 

A feature of CB 1954 action that has continuously 
been pointed out [1, 11] is that although it is highly 
active against the Walker carcinoma it is inactive 
against a large number of other transplantable 
tumours, many of which are highly sensitive to 
difunctional alkylating agents. However, all other 
tumours on which CB 1954 has been tested are either 
sarcomas or leukaemias and not carcinomas. This 
study shows that a human bladder carcinoma shows 
sensitivity to CB 1954 in a dose range at which it 
might be expected to be active in vivo. Other car- 
cinomas may be equally sensitive. In fact, epithelial 
tissue and not the haematological system proved 
most sensitive to CB 1954 at the mimimum toxic 
dose in rats {1]. CB 1954 tends to concentrate in the 
urinary tract and the predominance of pathological 
effects were in the urinary tract in the transitional 
epithelium from the kidney pelvis to the bladder [1]. 
This may make bladder carcinomas the tumours of 
choice for clinical study. Since the relative effec- 
tiveness of CB 1954 as a tumour growth inhibitor in 
vitro parallels the effectiveness of this agent as an 
inhibitor of ribonucleotide reductase, this could 
prove useful as an in vitro test for sensitivity on 
biopsy specimens of human tumours. 

Hydroxyurea is the only drug in general clinical 
use for which the primary mode of action is inhibition 
of ribonucleotide reductase [18]. The disadvantage 
of this drug is that it requires frequent large doses 
in order to maintain an effective concentration 
required for activity. The advantage of CB 1954 over 
hydroxyurea is the enormous tissue selectivity and 
ability to inhibit the wave of enzyme synthesis which 
probably arises by a derepression of enzyme syn- 
thesis by the decreased pool size of dTTP [19]. A 
similar increase in enzyme level has been reported 


after treatment of cells with hydroxyurea [13]. 
Hydroxyurea and other S-phase-specific anti-tumour 
agents have been shown to be most effective on an 
intermittent schedule [20]. This suggests that the 
activity of CB 1954 against human tumours could be 
improved under optimized conditions. 

CB 1954 appears to be a particularly good inhibitor 
of the ribonucleotide reductase system of the Walker 
carcinoma. The reason for this selectivity is 
unknown, but is not related to a decreased activity 
of the enzyme in sensitive tissues (Table 3). Tissue 
selectivity is also shown by other enzyme inhibitors, 
e.g. inhibitors of prostaglandin synthetase and cyclic 
nucleotide phosphodiesterase. The inhibition of 
ribonucleotide reductase by CB 1954 is irreversible 
and from structure—activity studies [12] it is likely 
that the amide group becomes bound to the enzyme, 
possibly by chelation of a metal ion. Increased sub- 
stitution on the amide, as in the analogues CB 10- 
020 and CB 10-107, would decrease the acidity of 
the amide group and reduce the chelating ability. 
Once bound to the enzyme, the aziridine ring could 
alkylate appropriate nucleophilic centres such as sul- 
phydryl groups, which are known to be essential for 
the activity of ribonucleotide reductase [21]. Pro- 
tection by 2-phenyl AIC and other agents would be 
explained by competition with CB 1954 for binding 
to ribonucleotide reductase. The mode of action of 
hydroxyurea and its analogues has been attributed 
to their ability to chelate transition metals [22]. How- 
ever, the best metal-chelating agents are not always 
the best inhibitors and Elford et al. [23] have sug- 
gested a possible interference with a free radical that 
is present during the enzymatic reaction. Such a 
mechanism may also be appropriate to a nitroaro- 
matic compound such as CB 1954. A study of the 
mechanism of inhibition of ribonucleotide reductase 
by CB 1954 is now in progress. 
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Abstract—{'*C]carbon monoxide was a product of the anaerobic incubation of '“CC14 with hepatic 
microsomes and either NADPH or sodium dithionite. The reaction was dependent upon cytochrome 
P-450 as indicated by its CO and metyrapone inhibition and by the absence of any product after 
conversion of cytochrome P-450 to cytochrome P-420. The major metabolite produced in the NADPH- 
supported reaction was chloroform which, according to isotope experiments, seems to be mainly formed 
by hydrogen abstraction of the -CC1; radical. The rate of CC14-induced NADPH-oxidation could be 
fully accounted for by the rate of formation of CO, CHC1; and covalently bound metabolites. Spectral 
studies indicated that the immediate precursor of the CO is probably the cytochrome P-450-Fe?* 
dichlorocarbene complex. This was supported by the hydrolytic cleavage of an iron (II)-protoporphyrin 
IX dichlorocarbene complex to carbon monoxide. A reaction pathway for the formation of CO has 


been proposed including the possible radical, carbanion and carbene intermediates. 


It is now well established that for hepatotoxicity to 
occur with CC1,, prior metabolism involving cyto- 
chrome P-450 is essential. This aspect has been 
thoroughly reviewed by Recknagel and Glende [1]. 
The lipid solubility of the tetrahalomethanes marks 
them as potential substrates for the cytochrome P- 
450-dependent microsomal monooxygenase system 
but as they do not contain a C-H bond hydroxylation 
by direct oxygen insertion is not possible. There is 
ample evidence, however, demonstrating that under 
aerobic conditions CO, is a major metabolite of CC1, 
both in vivo [2-4] and in vitro [2,5, 6]. Since direct 
hydroxylation cannot occur, the first stage in the 
metabolism of CC1, appears to be purely reductive 
resulting in the formation of the trichloromethyl 
radical, CC1,-, which has been confirmed by trapping 
with phenyl-tert-butyl nitrone [7, 8]. Under aerobic 
conditions this radical initiates lipoperoxidative dam- 
age in vivo and in vitro (reviewed in Ref. 1). 

As the initial stage of CC1, metabolism is reduc- 
tive, this aspect has been addressed in vitro using 
liver microsomal fractions under anaerobic condi- 
tions with NADPH as reducing agent. Under these 
conditions, the major pathway of CC1, metabolism 
results in the formation of chloroform accompanied 
by a covalent binding of '*CC1, carbon [9, 10]. It has 
also been reported that CC1, under anaerobic con- 
ditions forms a complex with cytochrome P-450 hav- 
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ing a Soret absorption band at 454 nm [10]. A small 
amount of carbon monoxide was produced under 
these conditions using either NADPH or dithionite 
as reducing agents [11]. In this work evidence was 
presented that the 454 nm peak was a composite of 
a primarily formed 460 nm peak and the subsequent 
formation of a 450 nm peak which was identified as 
the cytochrome P-450-carbon monoxide complex. 
The present studies with CCl, were undertaken 
to confirm that carbon monoxide is a true metabolite 
of CCl, under anaerobic, reducing conditions in 
vitro. This would primarily be of theoretical interest 
in view of the dichlorocarbene species as postulated 
intermediate and its analogy to the mechanism of 
dioxygen reduction and activation [12]. A prelimi- 
nary report of some of this work has been made [13]. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats (100-150 g) were used 


after treatment with sodium phenobarbitone 
(80 mg/kg body wt) by intraperitoneal injection daily 
for 3 days. Liver microsomal fractions were prepared 
by the method of Frommer et al. [14]. Protein content 
was determined by the biuret method [15] and cyto- 
chrome P-450 by the procedure of Omura and Sato 
[16]. Rat haemoglobin was prepared from whole 
blood by the method of Rossi-Fanelli and Antonini 
[17] and was used as an aqueous solution. The co- 
valent binding of '*CC1, to microsomal lipids and 
proteins was measured according to the method of 
Uehleke et al. [18]. '*CC1, was purchased from the 
Radiochemical Centre, Amersham, U.K. All other 
chemical compounds and standard reagents were 
obtained from regular commercial sources. 
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Incubations with “CC1,. Incubations in 0.1 M 
Tris-HCI buffer, pH 7.6 (30 ml) contained micro- 
somal protein (3 mg/ml), sodium dithionite (25 mg) 
or NADPH (1 mM) and 0.9 wCi “CCl, (1 mM) in 
0.1 ml methanol. Dioxygen was removed from the 
system by repeated evacuation and flushing with 
dinitrogen before introduction of the substrate. The 
mixture was incubated at 30° for 1 hr in a closed 
vessel, cooled (0°) and carrier *CO (3 umoles) and 
conc. H,SO, (5 ml) added. Volatile products were 
displaced by bubbling with dinitrogen (12 ml/min) 
for 5 hr and subsequent passing through a cold-trap 
of solid carbon dioxide—methanol to collect water 
vapour, followed by a column (20 x 2 cm) of heat- 
activated Kieselgel G to retain unreacted “CCl, and 
the metabolite “CHCl, and a catalytic column 
(6 x 0.5cm) containing Hopcalite to oxidize “CO 
to “CO,. The “CO, was absorbed in 20 ml phenyl- 
ethylamine—methanol (1 : 1 v/v) contained in a tube 
packed with glass beads to aid absorption. Prelimi- 
nary experiments with additional trapping tubes of 
phenylethylamine in series demonstrated that all the 
radioactivity was retained in the first tube throughout 
the Shr displacement with dinitrogen. The radio- 
activity in the phenylethylamine trap was determined 
by f-scintillation counting in a Packard Tri-Carb C 
2425 using a toluene-based scintillant and internal 
standardization. Similar incubations were carried out 
for the possible formation of '*C-formic acid or other 
non-volatile, water-soluble metabolites. 

The anaerobic incubation were performed in 0.1 
M Tiis-HC! buffer, pH 7.6 (5 ml) containing micro- 
somal protein (3 mg/ml), NADPH (1mM) and 
0.15 uwCi “CCl, (1.2 mM) added in 20 ul methanol. 
After incubating for 1 hr at 30°, the protein was 
denatured by heating in a boiling waterbath for 
10 min and saturated sodium formate solution (1 ml) 
and 10 M NaOH (0.2 ml) were added. The aqueous 
supernatant fraction obtained after centrifugation 
was extracted with pentane (3 x 2 ml) and chloro- 
form (3 X 2 ml) to remove lipid-soluble compounds. 
Then the aqueous phase was bubbled with dinitrogen 
(3hr) to displace volatile products and residual 
organic solvent. Radioactivity remaining in the 
aqueous phase after neutralization by H,SO, was 
_ determined by /f-scintillation counting using 
Quickszint 454 (Zinsser, Frankfurt, F.R.G.). 

Incubations with non-radioactive carbon tetra- 
chloride. Microsomal fractions were suspended in 
0.1M Tris-HCI buffer, pH 7.6. The incubations of 
2.5 ml were performed in 1 cm glass cuvettes at 30° 
and contained microsomal protein (1 mg/ml), 
haemoglobin (4 uM), carbon tetrachloride (1 mM) 
added in 10 ul methanol and sodium dithionite 
(approx. 2 mg). Carbon monoxide production was 
monitored by the difference absorption between the 
carboxyhaemoglobin peak at 419 nm and the isosbes- 
tic point at 411 nm in an Aminco DW-2 spectropho- 
tometer in the dual beam mode. Quantitation was 
achieved by calibration curves constructed from val- 
ues obtained by serial addition of microlitre quan- 
tities of saturated aqueous carbon monoxide solution 
(1.0 mM at 20°) to incubation mixtures in the absence 
of substrate. bg 

Similar incubations were conducted at 4° to inves- 
tigate the relationship between the purported dich- 
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lorocarbene—Fe-II-cytochrome P-450 complex and 
carbon monoxide production. In these incubations 
the reaction was initiated by the addition of sodium 
dithionite in Tris buffer (to a final concentration of 
1 mM) and the formation of the carbene complex at 
460 nm monitored for various time intervals from 1 
to 25 min in an Aminco DW? spectrophotometer in 
the split beam mode. The anaerobic incubation mix- 
ture was oxidized with potassium ferricyanide in Tris: 
buffer (to a final concentration of 2 mM) and allowed 
to react for 4min before re-reduction with excess 
solid sodium dithionite (2-3 mg). Due to a change 
in the baseline the carbon monoxide production was 
determined from the AE [419 nm (peak) — 409 nm 
(trough)]. The reference cuvette contained all com- 
ponents except substrate and was treated in an iden- 
tical manner. 

Incubations in deuterated water. The washed rat 
liver microsomal peliet from the 105,000 g centrifu- 
gation was resuspended in 0.1 M phosphate buffer, 
pH 7.6, prepared in7H,O (99.7 %, EGA, Steinheim, 
F.R.G.). The suspension was centrifuged (105,000 g) 
and the pellet resuspended in the same 7H,O-phos- 
phate buffer at 2.23mg microsomal protein/ml 
(1.8nmole P-450/mg protein). Anaerobic incuba- 
tions (repeated evacuation and gassing with dinitro- 
gen) were performed in 25-ml flasks and contained 
microsomal suspension (10 ml) and NADPH (1 mM). 
The reaction was started by the injection of 1 ul CCl, 
(1 mM final concentration) through the rubber stop- 
per and the incubation was continued for 10 min at 
37°. After cooling in ice, pentane (3 ml) was intro- 
duced to extract the chloroform produced and the 
separated extract was dried (molecular sieve 3 A, 
Merck). 

Aliquots of the extract (4 ul) were injected into 
a gas chromatograph (Varian 1400) linked to a mass 
spectrometer (Varian MAT 311) to separate the 
chloroform from the solvent and other extracted 
lipid soluble materials. The relative abundance of 
the ions m/e 86.9026 ("C'H*’Cl,*) and 87.9088 
(°C°?H"”Cl,*) was used to determine the relative 
amounts of C'HCl, and C?HCI, formed in the 
incubation. 

Production of carbon monoxide from iron(I1)-pro- 
toporphyrin 1X dichlorocarbene. Fe(11)-protopor- 
phyrin IX dichlorocarbene (10mg), prepared 
according to the method of Mansuy ef al. [19], was 
dissolved in methanol (1 ml) under dinitrogen in a 
closed reaction vessel. Dioxygen-free 0.1 M Tris— 
HC! buffer, pH 7.6 (5 ml), containing potassium fer- 
ricyanide (50 mg) was introduced and the gaseous 
products displaced with dinitrogen over a period of 
| hr into a cuvette containing heamoglobin (4 uM) 
in 0.1 M Tris-HCI buffer, pH 7.6. At intervals the 
dinitrogen flow was stopped and the difference spec- 
trum recorded from 350 to 500 nm against a reference 
cuvette containing haemoglobin in buffer which had 
been gassed similarly with dinitrogen. 


RESULTS 


The results of the large scale incubations of anaer- 
obic reduced microsomal fractions with '*C-labelled 
carbon tetrachloride are summarized in Fig. 1. In 
the absence of the microsomal fraction only trace 
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Boiled microsomes +Hb 
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d.p.m. x 103 


Fig. 1. Formation of 4CO from “Cc, by anaerobic micro- 
somal suspensions. Incubation in 30 ml 0.1 M Tris-HCl 
buffer, pH 7.6, contained microsomal protein (3 mg/ml), 
sodium dithionite (25 mg) or NADPH (1 mM) and 0.9 uCi 
“OCkL (1 mM) under anaerobic conditions. Some experi- 
ments also contained haemoglobin (Hb) (4 uM). At the 
end of the 1-hr incubation (30°), carrier "CO (3 umoles) 
and conc. H,SO, (5 ml) were added after cooling to 0°. 
'$CO was determined after catalytic oxidation to "CO, by 
scintillation counting following displacement of the volatile 
products from the incubation mixture through the appar- 
atus described in Materials and Methods. 


amounts of radioactivity were absorbed in the 
phenylethylamine trap and represented approxi- 
mately 0.01 per cent of the radioactivity present in 
the incubations. This radioactivity may represent 
trace impurities in the ‘CCl, used, or small amounts 
of CHCl,, formed by a chemical reaction with 
sodium dithionite, as the silica gel trap was slightly 
less efficient in retaining CHCl, than CCl, over the 
5-hr period of flushing with dinitrogen. The hetero- 
geneous chemical reaction between CCl, and 
dithionite is enhanced by the presence of denatured 
microsomal fraction and this probably accounts for 
the greater amounts of radioactivity recovered in the 
phenylethylamine in these control experiments. 

In the presence of sodium dithionite the micro- 
somal fraction produced “CO (7140 d.p.m.) from 
CCl, without correction for contamination from 
the non-enzymic reaction. After correction for the 
non-enzymic reaction, the average yield of “CO 
from the 1-hr incubations was 0.99 nmole/mg protein 

‘ (0.58 nmole/nmole P-450). Attempts to increase the 
yield of "CO by scavenging the “CO produced in 
the reaction with haemoglobin produced little or no 
increase. Increasing the amount of carrier "CO, 
added after the reaction, from 3 to 30 umoles did 
not increase the amount of radioactivity retained by 
the phenylethylamine trap indicating that all of the 
CO generated in the reaction had been recovered 
from the reaction mixture and the remainder of the 
trapping system. Replacement of sodium dithionite 
by NADPH, in the presence or absence of haemo- 
globin, gave essentially similar results although in 
this case the potential contamination of the contents 
of the phenylethylamine trap is greater because of 
the comparatively large amounts of “CHCl, known 
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to be produced under these conditions. The inclusion 
of saturating amounts of CO at the start of the 
dithionite-supported reaction produced a marked 
reduction in the yield of '*CO in the 1-hr incubation 
to 0.29 nmole/mg protein after correction for the 
non-enzymic reaction (71 per cent inhibition). 

Investigation of the aqueous phase following the 
anaerobic incubation of '*CCl, with microsomal frac- 
tion and NADPH showed that the soluble activity, 
which could be formate, is at most 10 per cent of the 
CO produced. 

The CO production from CCl, in dithionite- 
reduced liver microsomal preparations, measured 
spectroscopically as carboxyhaemoglobin, yielded a 
maximum of 5 nmoles/mg protein in a 40-min period 
and was not linear with time. For a 10-min incubation 
the yield of CO was between 2.0 and 3.0 nmoles/mg 
protein (1—1.5 nmoles CO/nmole cytochrome P-450) 
as an average from different microsomal prep- 
arations and was unaffected by the inclusion of glu- 
tathione (1 mM). Increasing the substrate concen- 
tration to 4mM decreased the yield of carbon 
monoxide. The addition of metyrapone inhibited the 
reaction but high concentrations were required; 
0.04 mM metyrapone produced 12 per cent inhibition 
and 0.4 mM a 70 per cent inhibition of the CO yield 
in a 10 min incubation. Removal of dioxygen from 
the system by repeated evacuation and flushing with 
dinitrogen and replacement of sodium dithionite by 
NADPH produced essentially similar results. Treat- 
ment of the microsomal suspension with sodium 
cholate, sufficient to convert almost all of the cyto- 
chrome P-450 to the P-420 form, resulted in complete 
inhibition. Carbon monoxide added at the end of 
the incubation period demonstrated that cholate did 
not impair the detection and measurement of any 
CO produced. 

Incubation of CCl, with dithionite-reduced micro- 
somal fraction at 4° (Fig. 2) in the presence of haemo- 
globin showed a slow formation of the reduced ligand 
spectrum with the peak at 460 nm reaching a max- 
imum value in about 20 min. During this time there 
was no CO production as indicated by the absence 
of the carboxyhaemoglobin peak at 419 nm in these 
scans. Subsequent oxidation of the system under 
anaerobic conditions with ferricyanide and re-reduc- 
tion with dithionite showed the immediate formation 
of CO accompanied by a decrease in the magnitude 
of the absorbance at 460nm. The latter again 
increased with time as the original reaction pro- 
ceeded but there was no further change in the car- 
boxyhaemoglobin peak, unless the system was oxi- 
dized again. 

When this experiment was repeated for various 
reaction times a linear relationship was observed 
between the magnitude of the reduced ligand spec- 
trum (AE 460-530 nm) and the amount of CO pro- 
duced upon oxidation with ferricyanide (AE 419- 
409 nm). The correlation coefficient was r = 0.94. 
The formation of the 460 nm peak was inhibited by 
inhibitors of cytochrome P-450 like metyrapone and 
abolished by pretreatment of the microsomal fraction 
with sodium cholate, which converts the cytochrome 
P-450 to the P-420 form. 

In an incubation of dithionite-reduced microsomal 
fraction and CCl, at 4° in the absence of haemoglobin 
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Fig. 2. Production of CO from the reduced cytochrome P- 
450-CC 1, ligand complex after oxidation with ferricyanide. 
The two cuvettes contained 2.5 mg microsomal protein 
(2.8 nmoles cytochrome P-450/mg) and haemoglobin (4 uM) 
in 2.5 ml 0.1 M Tris-HCl buffer, pH 7.6 at 4° with CCl, 
(1 mM) in the test cuvette. Both cuvettes were reduced 
with sodium dithionite in buffer (1 mM, final concentration) 
and scans taken at 2, 4, 6, 8, 10, 12, 14 and 16min 
(——). After this 16 min period both cuvettes were oxidized 
with. potassium ferricyanide solution in buffer (2 mM, final 
concentration) for 4min (—-—), re-reduced with solid 
sodium dithionite and scans taken at 0.3, 1, 2 and 4 min 
(---). The final scans have been displaced vertically by 
0.06 extinction units for clarity. 


(Fig. 3) the peak of the reduced ligand spectrum at 
460 nm shifted to 454 nm upon the addition of carbon 
smonoxide due to a mixture of cytochrome P-450 
Fe’*-ligand and cytochrome P-450 Fe?*-CO. Oxi- 
dation of this mixture with ferricyanide and re- 
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Fig. 3. Reduced cytochrome P-450-CO difference spectra 
before and after oxidation of the reduced cytochrome P- 
450-CCl, ligand complex with ferricyanide. Incubation con- 
ditions were as for Fig. 3 except that microsomal protein 
contained 3.7 nmoles cytochrome P-450/mg and haemoglo- 
bin was omitted. ( ) Addition of sodium dithionite 
solution, scans at 2, 8 and 16min; (—-—) incubation 
saturated with CO; (—--) incubation oxidized with potas- 
sium ferricyanide solution for 4 min, re-reduced with solid 
sodium dithionite and saturated with CO. 


reduction produced a larger peak now at 450 nm 
representing the total cytochrome P-450 remaining 
in the incubation mixture. From such data, for dif- 
ferent initial reaction times, it was possible to cal- 
culate that after 8 min reaction with CCl,, 36 per 


Table 1. Formation of chloroform from carbon tetrachloride by anaerobic NADPH-reduced micro- 
somal fraction in an environment of 7H; 2,0 





Chloroform produced 





Incubation conditions 


C'HCl, 


(9 


CHCl, 
of total) 


Total 
(nmoles/mg protein/10 min) 





Microsomes, 7H»O, NADPH 


Microsomes, 'H»O, NADPH 


6 
2 
3 
3 





Controls 
Boiled microsomes, 
“H,O, NADPH 


Microsomes, 7H,O, no NADPH 


-7 





* Incubations under dinitrogen contained 22.3 mg microsomal protein (1.8 nmoles cytochrome 
P-450/mg), NADPH (1 mM) and CCl, (1 mM) in 10 ml 0.1 M KH;PO,/K;HPO, buffer, pH 7.6, 
prepared in °H,O. After incubation at 37° for 10 min, the chloroform produced was extracted with 
pentane, separated and determined by g.l.c. The ratio of C'HCI, to C? HCl; was determined by 
high resolution mass spectrometry. Control experiments contained added C'HCI, (270 nmoles). 

+ Drying of the pentane extract with a molecular sieve was excluded. 





Carbon monoxide from carbon tetrachloride 


Table 2. Comparison of the yield of products from the anaerobic metabolism of carbon tetrachloride 
and the consumption of NADPH in microsomal incubations* 





Amount 
(nmoles/mg protein/10 min) 


NADPH consumption 
(nmoles/mg protein/10 min) 





Calculated Measured 





Chloroform 

total 

derived from -CCl, radical 

derived from “CCl, carbanion 
Covalent binding to proteins 
Covalent binding to lipids 
Carbon monoxide 


— 
ries he ee 
-&oOnhNWOO 


= 


I+ I+ I+ I+ I+ I+ 
eSoooNe 
-UMNNOC ~) 
BRUNNC}S 
I+ I+ I+ I+ I+ 


NUR ED 
cooooe 
BRWHNO 


17.2 + 2.0 19.8 + 1.5 





* Incubations under dinitrogen contained 11.3 mg microsomal protein (1.7 nmoles cytochrome P- 
450/mg), a NADPH regenerating system consisting of glucose-6-phosphate (16 mM), Mg Cl, (12 mM), 
NADP* (0.5 mM) and glucose-6-phosphate dehydrogenase (1 U/ml), and CCl, (1 mM) in 2.2 ml of 
Tris-HCI buffer, pH 7.6. After incubation at 37° for 10 min chloroform was extracted with pentane 
(3 ml) and analysed by g.|.c. In similar incubations the covalent binding was determined according 
Uehleke et al. CO was determined as described in Materials and Methods but at 37°. NADPH uptake 
was measured in identical incubations by monitoring the absorption difference between 366 and 


500 nm. 


+ Calculated according to the results shown in Table 1. 


cent of the residual cytochrome P-450 in the cuvette 
was present as the reduced, ligand complex; at 16 min 
it was 58 per cent. 

The final determination of the total remaining 
cytochrome P-450 (2.6nmoles/ml) indicated that 
approximately 30 per cent of the original cytochrome 
P-450 (3.7 nmoles/ml) had been destroyed over a 16- 
min incubation period. 

The ferricyanide oxidation of the model carbene 
complex, Fe(II)-protoporphyrin IX dichlorocar- 
bene, produced CO as indicated by the formation 
of the typical haemoglobin—CO difference spectrum 
with a peak at 419nm (results not shown). This 
agrees with results by D. Mansuy (personal 
communication). 

In order to compare the extent of the CO pro- 
duction with that of the other processes known to 
occur with CCl, in anaerobic NADPH-reduced 
microsomal preparations the chloroform production 
was measured both in a normal microsomal fraction 
and in a microsomal fraction suspended in a buffer 
containing 7H,O. A long preincubation of 1 hr with 
?H,O ensured a sufficient equilibration. 

Anaerobic incubation of CCl, with NADPH- 
reduced microsomal fraction in an environment of 
deuterated water gave a lower total yield of chlo- 
roform than in normal protonated water (Table 1). 

The chloroform produced was mostly in the pro- 
tonated form with the deuterium label only being 
incorporated to about 10 per cent in the product. 
Exclusion of the molecular sieve used to dry the final 
extract did not affect this value although its use may 
have given a lower overall recovery. 

Chloroform production and the covalent binding 
of “CCl, to microsomal lipids and proteins were 
measured in the same preparation under identical 
conditions (Table 2). 


From this data the presumptive NADPH com- 
sumption for the various processes was calculated 
by assuming that the -CCl, radical probably respon- 
sible for the covalent binding as well as the C'HCI, 
formation required 0.5 equivalents of NADPH 
whereas the CCl; carbanion and the carbene respon- 
sible for C7HCI,; and CO production, respectively, 
need 1 mole NADPH per mole product. The cal- 
culated value almost matches the experimentally 
determined NADPH oxidation, as measured by the 
decrease of the absorption difference between 366 
and 500 nm. 


DISCUSSION 


The one-electron reduction of CCl, by reduced 
liver microsomal fractions under anaerobic condi- 
tions to form the trichloromethy] radical, CCl,-, had 
been recognised for some time [1]. The results above 
show that this radical may either be released from 
its complex with the ferric form of cytochrome P- 
450 or, alternatively, undergo further reduction fol- 
lowing the supply of reducing equivalents to the 
cytochrome. This facility for two successive one-elec- 
tron reductions by cytochrome P-450 is to be 
expected considering the two electron donor system 
of the microsomal monooxygenase. A scheme for 
these reactions involving CCl, is proposed in Fig. 4 
and shows a partial analogy to the commonly 
accepted mechanism of dioxygen activation by cyto- 
chrome P-450-dependent monooxygenases [12]. 

The first-formed radical species in this cycle, 
Fe**---CCl,-, is formally analogous to the oxy-com- 
plex (Fe**O; ) involved in oxidative metabolism. The 
former complex is likely to be rather unstable and 
to release the CCl,- radical, a process that is equiv- 
alent to the loss of a superoxide radical anion 
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Fig. 4. Proposed mechanism for the formation of carbon 

monoxide from CCl, by cytochrome P-450 under anaerobic 

conditions. Fe** and Fe** represent the haem binding site 
of cytochrome P-450 


(O;) from the dioxygen analogue [20]. Once 
released from the complex, the CCl,;- radical will 
abstract a hydrogen atom from its immediate 
environment to form chloroform. Thus, in anaerobic 
NADPH-reduced incubations of CCl, in deuterated 
water, the major part of the chloroform produced 
contains hydrogen, derived from the bio-material, 
rather than deuterium from the reaction solvent 
(Table 1). Indeed, the membrane or cytochrome P- 
450 itself may suffer damage and denaturation by 
this process. 

As an alternative to its homolytic breakdown, the 
Fe?*---CCl,- complex can accept an electron to form 
Fe**---CCl,-, which in its mesomeric structure would 
be analogous to the peroxo complex Fe**:--O,?-. 
Both species are probably not stable but in the pres- 
ence of a proton may yield chloroform or the active 
oxygen complex [FeO]** [12], respectively. The 
small amount of deuterated chloroform produced 
during the incubations with *H,O cannot be 
accounted for by a simple exchange reaction between 
HCCI, and *H,O but may well originate from the 
carbanion complex with water protons. The low yield 
of chloroform in *H;O probably is due to an isotope 
effect as seen in microsomal monooxygenations per- 
formed in 7H,O [21]. 

From our data it is very likely that release of a 
chloride ion from the carbanion complex occurs after 
reduction to the ferrous state to form a cytochrome 
P-450-Fe** dichlcrocarbene complex, to which we 
attribute the spectrum at 460 nm. Such a formation 
of carbenes from trihalocarbanions has ample pre- 
cedent in organic chemistry [22] and a very close 
model exists in the reduction of CCl, by Fe(II) tetra- 
phenylporphyrin complexes to the corresponding 
dichlorocarbene complex [23]. Since this model also 
gave carbon monoxide after oxidation, our mech- 
anism of CO formation from the cytochrome P-450 
dichlorocarbene is chemically well-documented. It 
could even be shown that the decrease in absorbance 
at 460 nm correlates with the amount of CO evolved. 
The free CCI, - radical also cannot be responsible for 
CO formation because glutathion stimulates chlo- 
roform formation but fails to stimulate CO pro- 
duction. If a free carbanion would be a precursor of 
CO then more deuterated C7HCI, should have been 
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detected in the isotope experiment because proton- 
ation would have been much faster than hydrolysis 
[22]. 

After the liberation of the dichlorocarbene by 
ferricyanide oxidation the cytochrome P-450 forms 
back its CO complex upon reduction (Fig. 3). This 
indicates that the enzyme seems to emerge undam- 
aged from the cycle. Due to the stability of the 
carbene complex under anaerobic conditions its cycle 
of formation (Fig. 4, left panel) is slower than the 
cycle involving the radical (Fig. 4, right panel). This 
agrees with the overall electron balance sheet which 
indicates that most of the products are derived from 
the CCl,- radical and only about 15 per cent for the 
hydrolysis of the carbene complex. 

The mechanism proposed for the reduction of 
CCl, demonstrates the potential of the microsomal 
monooxygenase to perform reductive reactions and 
is useful as a model for several other reductive 
dehalogenation reactions of polyhalogenated 
alkanes at haem centres. 

It is difficult to predict what changes in the mech- 
anism occur by introduction of dioxygen into the 
system. Certainly reductive metabolism of CCl, con- 
tinues and the radical is formed especially when the 
dioxygen pressure is as low as under in vivo condi- 
tions in the liver cell. It is well known that the CCl,- 
radical can set off lipid peroxidation, but it was also 
shown previously that the dichlorocarbene complex 
appears under a limited dioxygen pressure [11]. 
According to Mansuy [23] this complex could 
undergo cleavage by molecular oxygen and form 
phosgene, which will react with cell constituents. 
This additional aspect of CCl,-toxicity warrants fur- 
ther investigation. 
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Abstract—The interaction of tetrachloroethylene with hepatic microsomal cytochromes P-450 has been 
investigated using male Long-Evans rats. The spectral binding of tetrachloroethylene to cytochromes 
P-450 in hepatic microsomes from uninduced rats was characterized by a K, of 0.4 mM. The K, was not 
affected by phenobarbital induction, but was increased following pregnenolone-16a-carbonitrile induc- 
tion. The Ky of 1.1mM, calculated for the conversion of tetrachloroethylene to total chlorinated 
metabolites by the hepatic microsomal cytochrome P-450 system, was decreased by phenobarbital 
induction and increased by pregnenolone-16a-carbonitrile induction. The maximum extents of binding 
(AAgax) and metabolism (Vx) of tetrachloroethylene were increased by both phenobarbital and 
pregnenolone-16a-carbonitrile induction. Induction with B-naphthoflavone was without effect on any 
of the above parameters. The effects of the inducing agents on tetrachloroethylene-stimulated CO- 
inhibitable hepatic microsomal NADPH oxidation followed the same trend as their effects on V,,,, for 
the metabolism of tetrachloroethylene, although in all cases the extent of NADPH oxidation was 5- to 
25-fold greater than the extent of metabolite production. The inhibitors of cytochromes P-450, viz. 
metyrapone, SKF 525-A, and CO, inhibited the hepatic microsomal binding and metabolism of 
tetrachloroethylene. Free trichloroacetic acid was found to be the major metabolite of tetrachloro- 


chloral hydrate was produced in measurable amounts from tetrachloroethylene. A minor but significant 
metabolite of tetrachloroethylene by cytochrome P-450 was the trichloroacetyl moiety covalently bound 
to components of the hepatic microsomes. Incubation of tetrachloroethylene, an NADPH-generating 
system, EDTA and hepatic microsomes was without effect on the levels of microsomal cytochromes 
P-450, cytochrome b;, heme, and NADPH-cytochrome c reductase. It is concluded that hepatic 
microsomal cytochromes P-450 bind and metabolize tetrachloroethylene. The major product of this 
interaction is trichloroacetic acid, which is also the major urinary metabolite of tetrachloroethylene in 
vivo. The forms of cytochrome P-450 that bind and metabolize tetrachioroethylene include those induced 
by pregnenolone-16a-carbonitrile and by phenobarbital. Cytochrome P-448, which was induced in rat 
liver by B-naphthoflavone, does not appear to spectrally bind or metabolize tetrachloroethylene. The 
metabolism and toxicity of tetrachloroethylene are considered in relation to other chlorinated ethylenes. 


Tetrachloroethylene (Cl,C—=CCl,) is widely used Tetrachloroethyiene is retained unchanged within 


industrially, primarily as a dry-cleaning, fabric fin- 
ishing, and metal degreasing agent [1, 2]. As a conse- 
quence of its non-inflammability and lower vapor 
pressure, tetrachloroethylene is often utilized indus- 
trially in preference to trichloroethylene [2,3]. A 
further advantage of tetrachloroethylene is its appar- 
ent lack of mutagenic potential, in contrast to tri- 
chloroethylene, which is mutagenic in the modified 
Ames’ test [4,5]. Although tetrachloroethylene is 
generally regarded as being of low toxicity, toxic 
effects such as liver impairment, central nervous 
system depression, and disturbances of the periph- 
eral nervous system have been reported in humans 
following exposure to tetrachloroethylene [1, 2]. 
Tetrachloroethylene has also been found to be 
weakly carcinogenic in some mammalian species 
[1, 6]. 
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the body for relatively long periods of time: the half- 
life of tetrachloroethylene in humans is approxi- 
mately 144 hr, whereas that of trichloroethylene is 
44 hr [7]. The longer retention time of tetra- 
chloroethylene in the body presumably arises, in 
part, from the inability of mammalian species to 
extensively and rapidly metabolize this lipophilic 
compound; in rats, 98 per cent of the dose of tetra- 
chloroethylene is excreted unchanged, whereas only 
72-85 per cent of the dosage of trichloroethylene 
administered is excreted unchanged [8]. Similarly, 
in isolated, perfused rat liver, only 10-15 per cent 
of the total tetrachloroethylene taken up by the liver 
is metabolized, whereas 82-100 per cent of the tri- 
chloroethylene taken up is metabolized, even though 
the uptake of trichloroethylene is 7-fold greater than 
that of tetrachloroethylene [9]. 

The major urinary metabolites of tetra- 
chloroethylene in vivo have been shown to be tri- 


roethanol being a minor metabolite [3, 8, 10, 11]. 
Free trichloroacetate is also the major metabolite of 
tetrachloroethylene in perfused liver, with the minor 
metabolites (ca. 25 per cent) being the trichloroacety| 
moiety covalently bound to cellular constituents [9]. 
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The currently accepted pathway for the production 
of trichloroacetic acid from tetrachloroethylene is 
shown in Scheme 1. This pathway was initially pro- 
posed by Powell in 1945 [12] and was subsequently 
supported by the results of Daniel [8] and others 
[4, 9]: 


@) 
| 


H20 


Cl,C=CCl, > mali — Cl,CCCI— Cl,CCO,H 


Scheme 1. Proposed pathway for the conversion of tetra-. 


chloroethylene to trichloroacetic acid. 


The first step in this pathway appears to be catalyzed 
by the hepatic cytochrome P-450 system. Tetrach- 
loroethylene is known to bind to the substrate bind- 
ing site of hepatic microsomal cytochromes P-450 in 
vitro, and a direct relation has been demonstrated 
between the level of hepatic microsomal cyto- 
chromes P-450 and the extent of metabolism of 
tetrachloroethylene in vivo [11, 13]. Also suggestive 
of a role for hepatic cytochromes P-450 in the metab- 
olism of tetrachloroethylene is the ability of this 
enzyme system to metabolize analogues of tetra- 
chloroethylene, viz. vinyl chloride and _ tri- 
chloroethylene [14-19]. 

In the present investigation we have attempted to 
determine whether hepatic microsomal cytochromes 
P-450 bind and metabolize tetrachloroethylene and 
to examine in detail the _ interaction of 
tetrachloroethylene with several forms of cyto- 
chromes P-450, namely, those induced by pheno- 
barbital, 6-naphthoflavone and pregnenolone-16a- 
carbonitrile. This study is one avenue in an ongoing 
investigation of the metabolism and toxicity of the 
chlorinated ethylenes. 


METHODS 


Materials. Sodium phenobarbital and 6- 
naphthoflavone were obtained from Maybaker, Port 
Elizabeth, R.S.A., and the Aldrich Chemical Co., 
Milwaukee, WI, U.S.A., respectively. NADPH and 
NADH were purchased from Miles Laboratories, 
Cape Town, R.S.A. Tetrachloroethylene, trichloro- 
acetic acid, and 2,2,2-trichloroethanol were pur- 
chased from Merck Chemicals, Darmstadt, F.R.G. 
Horse liver alcohol dehydrogenase was from the 
Sigma Chemical Co., St. Louis, MO, U.S.A. Cyl- 
inders of CO and O, were supplied by Afrox Ltd., 
Cape Town, R.S.A. Pregnenolone-16a-carbonitrile 
was a gift from Searle Laboratories, Chicago, IL, 
U.S.A. SKF-525A = (2-diethylaminoethyl-2,2- 
diphenylvalerate) and metyrapone [2-methyl-1,2- 
bis(3-pyridyl)-1-propanone] were gifts from Smith, 
Klein & French Ltd., Isando, Transvaal, R.S.A.., 
and from Ciba-Geigy Ltd., Basle, Switzerland, 

respectively. All other chemicals were analytical 
grade reagents. Water was distilled and deionized. 

Animals. Male Long-Evans rats weighing 180- 
200 g (obtained from the University of Cape Town 
Medical School animal house) were used in all 
experiments. Animals were permitted free access 
to Epol laboratory chow (protein min. 20%, fat 
2.5%, fibre max. 6%, calcium 1.4%, phosphorus 
0.7%; obtained from Epol Ltd., Goodwood, C.P., 
R.S.A.) and water, unless otherwise indicated. p- 
Naphthoflavone was given as a single injection of 
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80 mg/kg in corn oil 36 hr prior to killing the animals 
[20]. Pregnenolone-16a-carbonitrile and phenobar- 
bital were administered i.p. at doses of 50 mg/kg in 
corn oil and of 80 mg/kg in 0.9% sterile saline, 
respectively, on each of 3 consecutive days [21]. The 
rats were starved overnight after the last injection 
and were killed the following morning. Hepatic 
microsomes were isolated by differential centrifu- 
gation [22]. For all experiments, microsomal sus- 
pensions of 2 mg protein/ml in 0.02 M Tris-HCl, pH 
7.4, were used. 

Difference spectra. Three milliliters of hepatic 
microsomal suspension (2 mg protein/ml) was placed 
in each of two cuvettes of 1 cm pathlength. Tetra- 
chloroethylene was delivered to the sample cuvette 
below the surface of the microsomal suspension with 
a Hamilton Syringe. The cuvette was immediately 
stoppered and vortex mixed for 90 sec. Vortex mixing 
for shorter time intervals did not result in the full 
production of the difference spectrum. Reference 
cuvettes contained microsomal suspension only and 
were not vortex mixed. The magnitude of the result- 
ant difference spectrum for tetrachloroethylene was 
measured as the difference in absorbance between 
the peak at 386 nm and the trough at 418 nm. The 
reported magnitude of the difference spectrum has 
been corrected for any intrinsic difference in absorb- 
ance at these wavelengths between the reference 
cuvette that contained microsomal suspension and 
the sample cuvette that was vortex mixed for 90 sec, 
but with no added tetrachloroethylene. In no case 
was any sample vortex mixed for more than 90 sec. 

NADPH oxidation. An estimation of the rate of 
metabolism of tetrachloroethylene by the hepatic 
microsomal cytochrome P-450 system was obtained 
by monitoring the oxidation of NADPH at 340 nm 
in the presence of hepatic microsomes and tetra- 
chloroethylene, with and without CO:O, (80:20; 
v/v) as described earlier [23], except that tetra- 
chloroethylene was dispersed by vortex mixing for 
90 sec. 

Identification of the major metabolite of tetra- 
chloroethylene. Probable metabolites of tetra- 
chloroethylene were assayed in, and isolated from, 
incubation mixtures constituted of tetrachloroethy- 
lene (3.3 mM), an NADPH-generating system [24], 
EDTA (0.2 mM), and hepatic microsomes (2 mg 
protein/ml), in 0.02M Tris-HCl, pH 7.4, unless 
otherwise indicated. Incubations were at 30° with, 
shaking at 60 cycles/min for 30 min. The levels of 
the chlorinated metabolites of tetrachloroethylene 
in these reaction mixtures were determined spec- 
trally using the modified Fujiwara assay of Leibman 
and Hindman [25], except that after centrifugation 
the supernatant fraction was bubbled with medical 
air for 10 min to displace residual tetrachloroethy- 
lene. The presence of trichloroacetic acid in incu- 
bation mixtures was ascertained using procedures A 
and B of this method. 2,2,2-Trichloroethanol was 
measured by the method of Friedman and Cooper 
[26] and by gas-liquid chromatography on a Pye- 
Unicam GCV gas-liquid chromatograph with a flame 
ionization detector, using a 2m xX 6 mm copper col- 
umn of 10% di-iso-decylphthalate on acid-washed 
Chromosorb P. Column, detector and injector tem- 
peratures were 130°, 230° and 250°, respectively. 
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Tetrachloroethylene and  2,2,2-trichloroethanol 
eluted from the column at 150 and 580 sec, 
respectively. 

Two methods were used for the isolation of tri- 
chloroacetic acid from incubation mixtures. In the 
first method, H,SO, plus Na,WO, [25] was added 
to precipitate protein, and the precipitant was 
removed by centrifugation at 1000 g for 10 min. The 
resulting supernatant fraction was thrice extracted 
with diethyl ether. In the second method, protein 
was precipitated with HCI (2 N, final concentration), 
and the precipitate was removed as in the first 
method. The supernatant fraction was extracted 
thrice with diethyl ether. The ether layer was sub- 
sequently extracted with 0.1 N NaOH. The aqueous 
alkaline extracts were pooled, acidified to pH 2 with 
7.5M HCl, and extracted repeatedly with diethyl 
ether. The ether was evaporated at 25° under a 
stream of N>. 

The isolated reaction products and authentic 
samples of trichloroacetic acid that had been treated 
exactly as were the reaction products either were 
dissolved in CCl, and analyzed by infrared spec- 
troscopy on a Perkin-Elmer model 700 infrared spec- 
trometer or were methylated with diazomethane at 
room temperature. The resulting methyl trichlo- 
roacetate was determined quantitatively on a Pack- 
ard 428 gas-liquid chromatograph with an electron 
capture detector, using a 2m X 6mm glass column 
of Chromosorb 101 [27]. Column, detector and 
injector temperatures were 200, 250 and 220°, 
respectively. The retention time of methyl trichlo- 
roacetate under these conditions was 800 sec. The 
areas of peaks on the chromatograms were calculated 
by a Pye-unicam DP 88 mini-integrator. 

Assays for microsomal components. Incubations 
for determining the effects of tetrachloroethylene on 
the levels of hepatic microsomal components were 
performed with hepatic microsomes from variously 
pretreated rats as described above, with an incu- 
bation time of 30 min. Assays on hepatic microsomal 
incubation mixtures were performed as follows. The 
levels of hepatic microsomal cytochromes P-450 were 
determined from the difference spectrum of CO- 
ferrocytochrome P-450vs ferrocytochrome P-450 
according to the method of Omura and Sato [28]. 
An extinction coefficient of 91 mM~' cm“ for the 
difference in absorbance between 450 and 490 nm 
was used [28]. The levels of cytochrome b; were 
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measured spectrally as the difference in absorbance 
at 424 and 409nm of ferrocytochrome b; vs ferri- 
cytochrome bs (€424 s09nm 185 mM~' cm~') [29]. The 
activity of NADPH-cytochrome c reductase was 
determined from the increase in absorbance of fer- 
rocytochrome c at 550 nm (€s59 am 21.1 mM~! cm~') 
according to the method of Omura and Takesue [29]. 
Microsomal heme was determined spectrally as the 
reduced pyridine hemochrome (€s57-575 pm 32-4 
mM~'cm~') according to Omura and Sato [28]. Glu- 
cose-6-phosphatase was assayed by the method of 
Nordlie and Arion [30]. Inorganic phosphate was 
determined by the method of King [31], using a 
Gilford single beam spectrophotometer. 

For all spectral studies, unless otherwise indicated, 
a Pye-Unicam SP 1800 spectrophotometer was used. 
The thermostatically controlled compartment adja- 
cent to the photomultiplier, designed to accommo- 
date turbid samples, was used for all microsomal 
samples. 

Calculations and statistical analysis. Binding (Ks) 
and Michaelis (Ky) constants, maximal extents of 
binding (AA,,,x), and maximal rates of metabolism 
(Vinax) Were calculated from Hanes and Eadie—Hof- 
stee plots. Student’s ¢-test for unpaired data was 
utilized to calculate significant differences between 
means. A difference was considered significant when 
P<0.01. Reported values are means + standard 
deviations. 


RESULTS 


Spectral binding of tetrachloroethylene. Tetrach- 
loroethylene bound to hepatic microsomal cyto- 
chromes P-450 resulting in the production of a Type 
I difference spectrum (Amax 386M; Amin 418 nm), as 
described earlier by Pelkonen and Vainio [13]. The 
effect of induction of different forms of cytochrome 
P-450 on the spectral binding constant (Ks) and the 
maximum extents of binding (AA,,,,) of tetrachlo- 
roethylene are presented in Table 1. It can be seen 
that induction of different forms of cytochrome P- 
450 by B-naphthoflavone and phenobarbital did not 
affect K,, whereas induction with pregnenolone-16a- 
carbonitrile significantly increased K,. The maximum 
extent of spectral binding of tetrachloroethylene was 
increased by both pregnenolone-16a-carbonitrile 
and phenobarbital, with the latter compound having 
the greater effect. 


Table 1. Effect of induction on the binding of tetrachloroethylene by hepatic microsomal cyto- 
chromes P-450* 





Cytochromes P-450 


(nmoles/mg microsomal 


Inducing agent protein) 


Mes 
K, (A 3g6-418nm/Nmole 
(mM) cytochrome P-450) 





0.75 + 0.05 
1.01 + 0.03 


None 
B-Naphathoflavone 
Pregnenclone-16a- 
carbonitrile 56 
53 


i 6 
Phenobarbital 2. 8 


0.1 
0.2 


0.43 + 0.05 
0.39 + 0.03 


0.058 + 0.008 
0.045 + 0.006 


1.03 + 0.107 
0.43 + 0.03 


0.077 + 0.006 
0.114 + 0.009% 





* Values are means + S.D. for experiments performed in triplicate with three or more different 
preparations of hepatic microsomes. Experimental conditions are as described in Methods. 
+ Differs significantly from value for uninduced microsomes, P < 0.01. 
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Table 2. Effect of induction on the metabolism of tetrachloroethylene by the hepatic microsomal cytochrome P-450 
system” 





Cytochromes P-450 
(nmoles/mg microsomal 


Inducing agent protein) 


V nex 
[nmoles TCA. min”! . 
(nmole cytochrome 
P-450)~'] 


NADPH oxidation? 
[nmoles.min~'.nmole 
cytochrome P-450)~! 





0.89 + 0.06 
1.03 + 0.01 
1.50 + 0.11 


2.32 + 0.32 


None 

B-Naphthoflavone 
Pregnenolone-16a-carbonitrile 
Phenobarbital 


0.046 + 0.004 
0.055 + 0.014 
0.16 + 0.09% 
0.19 + 0.02 





* Values are means + S.D. for experiments performed in triplicate with three or more different preparations of hepatic 
microsomes. Experimental conditions are described in Methods. TCA, trichloroacetic acid. 


+ Measured in the presence of 3.3 mM perchloroethylene. 


t Differs significantly from value for uninduced microsomes, P < 0.01. 


Hepatic microsomal NADPH oxidation and 
metabolism of tetrachloroethylene. The carbon mon- 
oxide inhibitable oxidation of NADPH by hepatic 
microsomes was stimulated by tetrachloroethylene 
(3.3mM). The rates of tetrachloroethylene-stimu- 
lated NADPH oxidation reported in Table 2 have 
been corrected for the background rates of NADPH 
oxidation observed in the presence of 
tetrachioroethylene plus CO: O, (80:20; v/v), in an 
attempt to correct for non-cytochrome P-450 depen- 
dent oxidation of NADPH by hepatic microsomes 
[30]. Induction with phenobarbital resulted in a 
marked increase in tetrachloroethylene-stimulated 
CO-inhibitable NADPH oxidation, whereas induc- 
tion with B-naphthoflavone or pregnenolone-16a- 
carbonitrile had no effect on this process. 

Using procedure A of the modified Fujiwara assay 
of Leibman and Hindman [25], the conversion of 
tetrachloroethylene to chlorinated metabolites was 
linear for 30 min for microsomes from uninduced 
rats. Using microsomes from f-naphthoflavone-, 
pregnenolone-16a-carbonitrile- and phenobarbital- 


induced rats, the metabolism of tetrachloroethylene 
was linear for 15, 20 and 7 min, respectively (Fig. 
1). These incubation times were used for all subse- 
quent experiments in which the metabolism of 
tetrachloroethylene was assessed by the method of 
Leibman and Hindman [25]. 

The effects of agents that induce different forms 
of cytochrome P-450 on the Michaelis constants (Ky) 
and the maximum rates of metabolism (V,,,,) of 
tetrachloroethylene as assessed by the modified 
Fujiwara assay, are shown in Table 2. The Ky, for 
tetrachloroethylene was decreased following phen- 
obarbital induction of the cytochrome P-450 system 
and was increased following induction with preg- 
nenolone-16a-carbonitrile. Neither Ky nor Vax 
changed significantly following induction by f- 
naphthoflavone. The V,,,, was increased following 
induction of the system by pregnenolone-16a-car- 
bonitrile and phenobarbital. For all types of induc- 
tion, V,,,, for the metabolism of tetrachloroethylene 
was 5- to 25-fold lower than the rate of tetrachlo- 
roethylene-stimulated CO-inhibitable NADPH 





TRICHLOROACETIC ACID PRODUCED 
(nmol/mg microsomal protein ) 








20 30 


TIME (min) 


Fig. 1. Production of trichloroacetic acid from tetrachloroethylene by hepatic microsomes from differ- 

ently pretreated rats as a function of time. Incubation mixtures contained in 0.02 M Tris-HCl (pH 7.4), 

tetrachloroethylene (3.3 mM). NADPH-generating systems, EDTA (0.2 mM), and hepatic microsomes 

(2 mg protein/ml) from uninduced (A), B-naphthoflavone-induced (@), pregnenolone-16a-carbonitrile 

(@) and phenobarbital-induced (@) male Long-Evans rats. Reaction mixtures were shaken at 60 
cycles/min at 30°. 
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oxidation (Table 2), indicating that tetra- 
chloroethylene may be a partial uncoupler of micro- 
somal electron transfer. 

Identification of the major metabolite of tetra 
chloroethylene. No appreciable amounts of 2,2,2-tri- 
chloroethanol were detected in incubation mixtures 
by the method of Friedman and Cooper [26] (limit 
of detection at 440 nm, ca. 0.5 nmole/ml). Further- 
more, assaying by gas-liquid chromatography failed 
to demonstrate measurable levels of volatile metab- 
olites, including 2,2,2-trichloroethanol, with the limit 
of detection of the latter compound being below 
0.5 nmole/ml. 

To assay for chloral hydrate, reaction mixtures 
were incubated for 30 min as described in Methods. 
At the end of the incubation period, horse liver 
alcohol dehydrogenase (0.33 unit/ml) and NADH 
(1 mM) were added to the reaction mixture, which 
was then incubated for a further 30 min. Final incu- 
bation mixtures were assayed by gas-liquid chroma- 
tography for 2,2,2-trichloroethanol, which would 
have been formed from the reduction of chloral 
hydrate by alcohol dehydrogenase. Under these con- 
ditions, no appreciable trichloroethanol (< 0.5 
nmole/ml) was found. 

Trichloroacetic acid, assayed by method B of Leib- 
man and Hindman, appeared not to be present in 
the incubation mixtures. It was subsequently 


observed that the NADPH-generating system inter- 
fered with method B (but not with method A) of 
this assay with incubation mixtures or with authentic 
samples of trichloroacetic acid (data not shown). 
The major product of tetrachloroethylene was 


shown to be trichloroacetic acid by infrared spec- 
troscopy and gas-liquid chromatography. The infra- 
ed spectrum of the reaction product isolated from 
incubation mixtures was identical to that of an 
authentic sample of trichloroacetic acid that had 
been taken through the same extraction procedure. 
Notably, the distinctive peaks characteristic of car- 
boxylic acids (3300 cm™') and of the carbonyl group 
(1740 cm~') were present in both spectra. 
Methyl trichloroacetate was found to be present 
in methylated extracts of incubation mixtures by 
gas-liquid chromatography. The amounts of 
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methyl trichloroacetate produced from _pheno- 
barbital-induced microsomes of 0.26+ 0.01 
nmole.min~'.(mg microsomal protein)~' compare 
well with the value of 0.19 + 0.05 nmole tri- 
chloroacetic acid. min~'(mg microsomal protein) ”' 
produced in incubation mixtures using the modified 
Fujiwara assay of Leibman and Hindman [25]. 

Assay for the covalently bound trichloroacetyl 
moiety. The treatment of reaction mixtures (con- 
taining tetrachloroethylene, NADPH-generating 
system, EDTA, and hepatic microsomes from 
phenobarbital-induced rats) that had been incubated 
previously at 30° for 30 min with H,SO, (20% H,SO, 
at 80° for 6 hr) [9] resulted in significantly (P < 0.001) 
increased levels of trichloroacetic acid. The levels 
of trichloroacetate before and after incubation with 
H,SO, were 1.01 + 0.04 and 1.81 + 0.19 nmoles tri- 
chloroacetic acid.30 min™'.(nmole cytochrome P- 
450)"'. 

Effects of inhibitors on the binding and metabolism 
of tetrachloroethylene. The effects of three inhibitors 
of the cytochrome P-450 system on the binding and 
metabolism of tetrachloroethylene are presented in 
Table 3. Metyrapone, CO, and SKF-52S5A inhibited 
the binding, NADPH oxidation, and metabolism of 
tetrachloroethylene in the presence of hepatic micro- 
somes. Metyrapone and CO were equivalent as 
inhibitors of these processes, whereas SKF 525A was 
much less effective. Each inhibitor inhibited the 
three processes to approximately the same extent. 

Effects of tetrachloroethylene on hepatic micro- 
somal enzymes and heme. Incubation of the 
NADPH-generating system, EDTA and tetrachlo- 
roethylene and hepatic microsomes from rats 
treated, or not, with pregnenolone-16a-carbonitrile 
or phenobarbital, did not result in appreciable alter- 
ation in the levels of hepatic microsomal cytochromes 
P-450, cytochrome b;, heme, NADPH-cytochrome 
c reductase, or glucose-6-phosphatase (data not 
shown). 


DISCUSSION 


The results presented here indicate that tetra- 
chloroethylene is metabolized by the hepatic micro- 


Table 3. Effect of inhibitors on the interaction of tetrachloroethylene with the hepatic 
microsomal cytochrome P-450 system* 





Spectral 
binding 
Additions ee 


Trichloroacetate 
production 
(%) 


NADPH oxidation 
(%) 





None 

SKF 525A (200 mM) 
Metyrapone (2.33 mM) 
CO: O, (80:20; v/v) 


100 
ND+ 
35+6 
B= 


100 


~) 
=n co 


NmMmD 
nn 
I+ I+ I+ 





* Means +S. D. are reported for experiments performed in triplicate with two to three 
different preparations of hepatic microsomes from phenobarbital-treated rats. Experiments 
were performed as described in Methods and in Table 2. In each case, the inhibitor was 
added before the tetrachloroethylene (3.3 mM, final concentration). For binding studies, the 
inhibitor was added to both the sample and the reference cuvettes. Values in the absence 
of inhibitors were as follows: binding, A 3g6nm—A 4igmn- 9. 10/nmole cytochrome P-450; NADPH 
oxidation, 2.04 nmoles. min! . (nmole cytochrome P-450)~': trichloroacetate production, 
0.113 nmole. min~!. (nmole cytochrome P-450)!. 


+ ND, not determined. 
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somal cytochrome P-450 system in vitro. First it was 
confirmed that tetrachloroethylene binds to the 
active site of the enzyme system, as evidenced by 
the production of a Type I difference spectrum 
(Table 1) [13]. Tetrachloroethylene also stimulated 
CO-inhibitable NADPH oxidation by hepatic micro- 
somes (Table 2), which is characteristic of cyto- 
chrome P-450 dependent reactions [32]. Further- 
more, chlorinated metabolites of tetrachloro- 
ethylene were produced during the aerobic incuba- 
tion of hepatic microsomes, NADPH and tetra- 
chloroethylene, with all components having been 
required for the reaction to proceed (see Results). 
Finally, the inhibitors of cytochrome P-450, viz. 
metyrapone, SKF 525-A and CO [33, 34], inhibited 
the hepatic microsomal spectral binding and metab- 
olism of tetrachloroethylene (Table 3). 

The different forms of cytochrome P-450 appear 
to bind and metabolize tetrachloroethylene to dif- 
fering extents. Cytochrome P-448 does not appear 
to bind or metabolize tetrachloroethylene measur- 
ably, inasmuch as induction with B-naphthoflavone 
did not affect the values of K,, Ky, AAmax OT Vinax for 
tetrachioroethylene (Tables 1 and 2). In addition, 
SKF 525-A, which is an effective inhibitor of cyto- 
chrome P-448 [35], was a relatively poor inhibitor 
of the spectral binding and metabolism of. tetra- 
chloroethylene (Table 3). 

At least two distinct forms of cytochrome P-450— 
those induced by pregnenolone-16a-carbonitrile and 
by phenobarbital—do appear to bind and metabolize 
tetrachloroethylene. Induction by either of these 
agents resulted in alterations in K, and/or Ky and in 
increased AA,,,, and/or V,,,, values for the binding 
and metaboiism of tetrachloroethylene (Tables 1 and 
2). Furthermore, metyrapone, which is a relatively 
specific inhibitor of the phenobarbital-induced form 
of cytochrome P-450 [35], was an effective inhibitor 
of the spectral binding and metabolism of tetra- 
chloroethylene by hepatic microsomes from pheno- 
barbital-induced rats (Table 3). 

Cytochrome P-450 induced by phenobarbital 
appears to metabolize tetrachloroethylene more 
effectively than any other form of the enzyme. 
Although phenobarbital and pregnenolone-16a-car- 
bonitrile enhanced V,,,,, (per nmole cytochrome P- 
450) for the metabolism of tetrachloroethylene to 
similar extents, the Ky for tetrachloroethylene was 
10-fold lower following phenobarbital induction, 
than following pregnenolone-16a-carbonitrile induc- 
tion (Table 2). 

The major product of the interaction of tetra- 
chloroethylene with the hepatic microsomal cyto- 
chrome P-450 system in vitro was trichloroacetic 
acid, which is also the major metabolite of tetrach- 
loroethylene in vivo and with perfused liver in situ 
{[3, 7-10]. The interaction of tetrachloroethylene with 
the hepatic microsomal cytochrome P-450 system 
also resulted in the production of trichloroacetyl 
derivative(s) of cellular constituents, as shown earlier 
for the metabolism of tetrachloroethylene in per- 
fused liver [9]. Inasmuch as 2,2,2-trichloroethanol 
was not produced in appreciable amounts from 
tetrachloroethylene in the presence of hepatic micro- 
somes, it appears that the cytochrome P-450 system 
is not directly involved in the production of this 
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minor metabolite of tetrachloroethylene in vivo [3]. 

In terms of the proposed metabolic pathway for 
tetrachloroethylene (Scheme 1), it appears that the 
cytochrome P-450 enzyme system may be the sole 
enzyme system involved in the conversion of tetra- 
chloroethylene to free trichloroacetate and to the 
trichloroacetyl moiety covalently bound to cellular 
constituents. The covalently bound trichloroacetyl 
group is probably in ester or amide linkage to alcohol 
or amino functional groups of cellular constituents 
and presumably arises in a non-enzymic reaction of 
the epoxide or acyl chloride derivatives of tetra- 
chloroethylene with cellular constituents. Thus, the 
cytochrome P-450 system appears to catalyze the 
metabolic activation of tetrachloroethylene to reac- 
tive species that may mediate the toxic effects of the 
parent compound. 

There are many similarities between the hepatic 
microsomal metabolism of tetrachloroethylene and 
of another chlorinated ethylene, viz. trichloroeth- 
ylene, which is also thought to be metabolically 
activated by hepatic cytochrome P-450. The equilib- 
rium constants for the binding and metabolism of 
tetrachloroethylene by hepatic microsomal cyto- 
chromes P-450 (Tables 1 and 2) are similar to those 
reported for the interaction of trichloroethylene with 
this enzyme system. (ca. 0.4mM) [19]. In addition, 
tetrachloroethylene and trichloroethylene stimulate 
hepatic microsomal NADPH oxidation to similar 
extents (Table 2) [19]. The maximum rates of metab- 
Olism (Vinax) Of tetrachloroethylene by the cyto- 
chrome P-450 system in hepatic microsomes from 
differently induced rats are, however, approximately 
30-fold lower than the corresponding maximum rates 
of metabolism of trichloroethylene (Table 2) [19]. 

The relative rates of metabolism of tetra- 
chloroethylene and trichloroethylene by hepatic 
microsomes in vitro correlate well with the respective 
extents of metabolism of these two compounds in 
vivo. Tetrachloroethylene, which is metabolized at 
a much slower rate than is trichloroethylene in vitro, 
is metabolized to a much smaller extent in vivo and 
has a much longer biological half-life than tri- 
chloroethylene (Table 2) [3, 7, 8, 19, 36]. Further- 
more, the relative extents of metabolism of tetra- 
chloroethylene and trichloroethylene correlate with 
the extents of their deleterious effects on cellular 
constituents. For example, tetrachloroethylene does 
not affect the levels of microsomal cytochromes P- 
450 and heme in vitro (see Results), whereas tri- 
chloroethylene (and another asymmetrical halo- 
ethylene, vinyl chloride) degrade the heme of hepatic 
microsomal cytochromes P-450 in vitro and in vivo 
[14, 15, 19, 37]. In addition, in the presence of 
microsomal activating enzymes,  tetrachloro- 
ethylene is non-mutagenic, whereas _trichloro- 
ethylene is mutagenic [4, 5]. 

The lower chemical reactivity of tetrachloroethy- 
lene compared to that of trichloroethylene (and 
vinyl chloride) may not, however, be only a conse- 
quence of the relatively low rate of metabolism of 
tetrachloroethylene. It has been proposed that the 
reactive metabolite of tetrachloroethylene, viz. 
tetrachloroethylene oxide, is much less reactive than 
the epoxides of unsymmetrically substituted chlori- 
nated ethylenes, such as trichloroethylene and vinyl 
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chloride [9]. Consequently, the less severe deleteri- 
ous effects of tetrachloroethylene as opposed to 
those of trichloroethylene and vinyl chloride may 
reflect both a lower rate of metabolism of tetra- 
chloroethylene and its conversion to a relatively less 
toxic metabolic intermediate. 
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SHORT COMMUNICATIONS 


Inhibition of monoamine oxidase by clorgyline and deprenyl in circumventricular 
structures of rat brain 


(Received 3 January 1980; accepted 5 May 1980) 


Since Johnston [1] and Knoll and Magyar [2] reported 
specific monoamine oxidase (MAO) (EC 1.4.3.4) inhibi- 
tors, such as clorgyline, a preferential inhibitor for MAO- 
A, and deprenyl, a preferential inhibitor for MAO-B, these 
two types of MAO have been found in many tissues from 
various species [3-5]. Some tissues, however, contain only 
one type, e.g. human placenta [6] contains only MAO-A 
and platelets [7, 8] contain only MAO-B, and the propor- 
tions of the two types of MAO have been shown to vary 
widely from tissue to tissue [3, 4]. Recently, Williams et al. 
[9], from studies using a histochemical technique [10], 
suggested the possible existence of an additional type of 
MAO, MAO.-C, distinct from MAO-A and MAO-B, in 
circumventricular structures of rat brain. This suggestion 
was based on the finding that, with serotonin (5-hydroxy- 
tryptamine) as substrate, the enzyme activity could not be 
inhibited completely by concentrations of clorgyline usually 
sufficient to inhibit both MAO-A and MAO-B [9]. 

Previously [11], we reported histochemical results sug- 
gesting that evidence for the existence of MAO-C in rat 
brain was due to too short a preincubation time with clor- 
gyline and too low a preincubation temperature. In the 
present work, we carried out biochemical studies, using 
three different types of substrate, on the possible existence 
of MAO-C, and on inhibition of MAO in circumventricular 
structures of rat brain by selective inhibitors, since the 
previous histochemical technique cannot be used with sub- 
strates other than serotonin. 

(—)Deprenyl and clorgyline were gifts from Dr. K. 
Magyar, Department of Pharmacology, Semmelweis Uni- 
versity of Medicine, Budapest, Hungary, and from May 
& Baker Ltd., Dagenham, U.K., respectively. Radio- 
chemical substrates, [2-'C]-5- hydroxytry ptamine binoxal- 
ate (serotonin, 44 mCi/mmole), [1-! 4C]tyramine hydro- 
chloride (56 mCi/mmole), and [1-'*C]- -B-phenylethylamine 
hydrochloride (PEA, 50.98 mCi/mmole), were purchased 
from New England Nuclear, Boston, MA, U.S.A. All other 
chemicals used were of the highest commercial grade avail- 
able. 

Male Wistar rats, weighing about 200g, were decapi- 
tated; their brains were quickly removed, and the circum- 
ventricular structures were carefully isolated using the atlas 
of K6nig and Klippel [12]. The tissues from several rats 
were pooled and homogenized in a small volume of 10 mM 
phosphate buffer (pH 7.6), containing 320 mM sucrose, in 
a glass homogenizer. Protein was determined by the modi- 
fied biuret method [13], with bovine serum albumin as a 
standard. MAO activity was determined radiochemically 
by the method described earlier [14] using ['*C]tyramine 
(0.5 mM), ['*C]serotonin (0.5 mM) and ["*C]PEA (0.3 mM, 
unless otherwise stated) as substrates. 

The inhibitory effects of clorgyline and deprenylon MAO 
in homogenates of circumventricular structures of rat brain 
were studied. On preincubation with the inhibitor for 5 min 
at room temperature (about 20°), as in the work of Williams 
et al. [9], the MAO activity toward serotonin was found 
to be most sensitive to clorgyline, while activity toward 
tyramine and more particularly toward PEA was less sen- 
sitive to this inhibitor. MAO activity toward serotonin was 


found not to be inhibited completely by 10~* M clorgyline 
(about 10 per cent of the activity remained), in accordance 
with our previous observations using a histochemical tech- 
nique [11]. With tyramine and PEA as substrates, about 
20 and 35 per cent of the activity remained after preincu- 
bation with 10°*M clorgyline. Plots of the degrees of 
inhibition of tyramine and PEA oxidation against the con- 
centration of clorgyline gave double-sigmoidal curves, 
indicating that tyramine and PEA may be oxidized by at 
least two types of MAO. When the substrate PEA was 
used at a low concentration (0.01 mM), however, the plot 
for inhibition by clorgyline gave a single-sigmoidal curve 
and activity was less sensitive to this inhibitor, indicating 
oxidation by MAO-B only. The plso values with clorgyline 
toward serotonin, tyramine and PEA were 10°*M, 5.4 x 
10~° M and 1.6 x 10° M, respectively. The opposite inhi- 
bition patterns were obtained on repeating the experiments 
with deprenyl as inhibitor. Preincubation with 10°*M 
deprenyl caused 95, 84 and 68 per cent inhibition of the 
activities toward PEA, tyramine and serotonin, respec- 
tively. The plso values toward these . substrates were 
2.5 x 10°’ M, 2.1 x 107° M and 4 x 10°° M, respectively, 
under these experimental conditions. After preincubation 
of the preparation with either of these inhibitors at 37° for 
30 min, the inhibition curves with all three substrates shifted 
to lower concentrations of the inhibitors. Furthermore, this 
long preincubation at higher temperature resulted in com- 
plete inhibition of the enzyme activity by both clorgyline 
and deprenyl at 10-* M, irrespective of whether serotonin, 
tyramine or PEA was used as substrate (Fig. 1). These 
results are in accord with our previous histochemical 
observations [11]. The difference in the modes of inhibition 
under these two different conditions of preincubation is 
consistent with the current view that propargyl-type inhibi 
tors bind covalently and irreversibly to a flavin moiety in 
the active site of the enzyme [15-18], after a reversible 
phase of inhibition [19-21]. 

The presence of MAO-A in the preparation was con- 
firmed by selective inhibition of MAO-B with deprenyl 
(5 x 10°’ M) after which about 60 and 30 per cent of the 
activity toward tyramine and PEA remained. On subse- 
quent increase in the clorgyline concentration, all the 
remaining activity toward tyramine and PEA was highly 
sensitive to clorgyline, and single-sigmoidal inhibition 
curves shifted to lower concentrations of clorgyline were 
obtained (Fig. 2). Similar results were obtained when 
deprenyl was used as inhibitor on a preparation preincu- 
bated with 10’ M clorgyline. Both results indicate that the 
remaining activity in each preparation was due to a single 
MAO, presumably MAO-A in the former case and MAO- 
B in the latter. The present results indicate that both 
substrates are oxidized only by MAO-A and MAO-B. The 
results are consistent with our previous finding that PEA 
is oxidized by both MAO-A and MAO-B in rat brain, the 
relative activities of the two types depending mainly on the 
PEA concentration used [22]. 

After preincubation of various amounts of the hom- 
ogenate with clorgyline at room temperature for 5 min, 
straight lines passing through the origin were obtained with 
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Fig. 1. Inhibition of MAO activity toward serotonin, tyra- 
mine and B-phenylethylamine by various concentrations of 
clorgyline and deprenyl. The enzyme preparation (1 mg 
protein) from circumventricular structures of rat brain was 
preincubated at 37° and pH7.6 for 30min with various 


concentrations of (a) clorgyline, or (b) deprenyl. After 
preincubation, the remaining activity was estimated by the 
radiometric method described in the text at 37° and pH 7.6, 
using 0.5mM _ serotonin (—x—), 0.5mM_ tyramine 
(—O—) or 0.3mM f-phenylethylamine (—A—) as sub- 
strate. Each point represents the mean of the activities in 
duplicate samples from two groups of five to six rats and 
is expressed as the percent inhibition of the uninhibited 
control. Values are plotted against the negative logarithm 
of the molar concentration of the inhibitor (a) clorgyline, 
or (b) deprenyl. The specific control MAO activities with 
0.5 mM serotonin, 0.5 mM tyramine and 0.3 mM f-phenyl- 
ethylamine were 0.68, 1.28 and 0.22 nmoles product 
formed-mg protein '-min™' at 37° and pH 7.6, respectively. 


serotonin and PEA as substrates (Fig. 3A). Thus, by the 
criteria of Ackermann and Potter [23], clorgyline is a 
reversible inhibitor of the oxidations of these two substrates 
under these experimental conditions. On the other hand, 
on preincubation for 30 min at 37°, the lines obtained with 
clorgyline, serotonin, and PEA as substrates all intersected 
the abscissa to the right of the origin (Fig. 3B). Together 
with findings in experiments on ‘washing’ the preparations 
with the buffer, these results indicate that the inhibition 
by clorgyline was reversible on preincubation at room tem- 
perature for 5 min, but irreversible on preincubation at 37° 
for 30 min. On preincubation with 107° M deprenyl at room 
temperature for 5 min, the line for enzyme inhibition passed 
through the origin with serotonin or PEA as substrate. On 
preincubation with 5 x 10™’ Mand 2 x 107° M deprenyl for 
30 min at 37°, the lines obtained with serotonin and PEA 
also passed through the origin, indicating reversible inhi- 
bitions, but that with serotonin and deprenyl at a higher 
concentration (107° M) intersected the abscissa to the right 
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Fig. 2. Effect of clorgyline on MAO activity in untreated 
and deprenyl-treated preparations from circumventricular 
structures of rat brain. For the deprenyl-treated prep- 
aration, the homogenate (1 mg protein) was first preincu- 
bated withS x 10°’ Mdeprenyl at 37° and pH 7.6 for 30 min, 
and then the samples were further preincubated with dif- 
ferent concentrations of clorgyline at 37° for 30 min. The 
untreated preparation was first preincubated without inhib- 
itor at 37° and pH 7.6 for 30 min, and then the samples 
were further preincubated with various concentrations of 
clorgyline at 37° and pH 7.6 for 30 min. MAO activity was 
estimated as described in the legend to Fig. 1, with 0.5 mM 
tyramine and 0.3mM f-phenylethylamine as substrate. 
Each point represents the mean of the activities in duplicate 
samples from groups of five to six rats, and activity is 
expressed as the percent inhibition of the activity in the. 
absence of clorgyline (deprenyl-treated preparation) or 
deprenyl (untreated preparation). Key: (- —O- -) 
untreated preparation with tyramine; (—O—) deprenyl- 
treated preparation with tyramine; (--—X---) untreated 
preparation with #-phenylethylamine; and (-—x--) 
deprenyl-treated preparation with £-phenylethyiamine. 


of the origin (data not shown), indicating irreversible 
inhibition. These results are in accordance with findings 
that irreversible inhibition of the MAO-A by deprenyl 
requires a longer incubation time and a higher temperature 
than that by clorgyline [20]. These findings also confirm 
the reports of others that the extent and irreversibility of 
MAO inhibition by these inhibitors depend on the ratio of 
the concentrations of inhibitor and enzyme protein [21], 
and that irreversible inactivation is more rapid when the 
ratio is high. The MAO activity in the preparation of 
circumventricular structures of rat brain was not affected 
by potassium cyanide or semicarbazide (10°*M). This 
result; together with the finding that the MAO activity in 
the preparation could be completely inhibited by clorgyline 
and deprenyl, excludes the possibility that the preparation 
used in this study contained any other amine oxidase. such 
as a soluble amine oxidase [24], a blood vessel or connective 
tissue amine oxidase [25,26], or a benzylamine oxidase 
[27, 28]. Thus, the present biochemical results support the 
conclusion presented earlier from histological studies [11] 
that, like preparations of whole rat brain, the circumven- 
tricular structures of rat brain contain only MAO-A and 
MAO-SB activities in a ratio of about 3:7, defined as ‘clor- 
gyline-sensitive’ and ‘less clorgyline-sensitive’ activity 
toward tyramine. 
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Fig. 3. Ackermann-Potter plots for MAO in the circumventricular structures of rat brain. The enzyme 
concentration was varied by altering the amount (ul) of the homogenate (20 mg/mi of protein) in the 
assay. The enzyme preparation was preincubated (A) at room temperature and pH 7.6 for 5 min with 
(a) clorgyline [5 x 10°° M (—A—) or (b) clorgyline [10-* M (—A—); 10°* M (—A—.), or (B) at 37° 
and pH 7.6 for 30 min with (a) clorgyline [5 x 10°” M (—A—); 2 x 10°° M (—A—,) or (b) clorgyline 
[10-° M(—A—,); 10°° M(—A—)]. After preincubation, MAO activity was estimated by the radiometric 
method described in the text with (a) 0.5 mM serotonin, or (b) 0.3 mM f-phenylethylamine as substrate. 
Points are mean MAO activities for duplicate samples. The open circles (—O—) in (a) and (b) represent 
control values without inhibitor. 
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Effect of imipramine on hepatic gamma-glutamyltransferase in female rats. 
Interaction with contraceptives 


(Received 28 February 1980; accepted 5 June 1980) 


The increase of gamma-glutamyltransferase (GGT, EC 
2.3.2.2) in the plasma of treated subjects has been reported 
for numerous drugs, as described in a recent review [1]. 
Besides the measurement of GGT activity in clinical chem- 
istry in cases of liver injuries, particularly in cholestasis, 
carcinoma, and after alcohol consumption, the use. of this 
enzyme as an indicator of induction by certain drugs, 
especially those of the phenobarbital group, has been pro- 
posed [2]. Correlations between induction of liver drug- 
metabolizing enzymes and GGT in the liver have not been 
verified for all inducers. 

We have recently shown that liver GGT is localized 
mainly in plasma membranes [3] and that its passage into 
the plasma after phenobarbital treatment is related to mem- 
brane disturbances due to induction and to solubilizing 
effect of bile salts [4, 5]. We have also found elevated GGT 
in the plasma of subjects treated long-term with imipra- 
mine. This elevation was particularly important in women 
who were also taking oral contraceptives [6]. 

In order to clarify the role of membrane alterations in 
the phenomenon of the release of GGT into the plasma 
after administration of such drugs, this paper reports a 
study of variations of GGT in the rat under the influence 
of imipramine and steroid contraceptives. These two drugs 
are known to have effects on liver membranes and, in some 
cases, their hepatic toxicity can lead to intrahepatic cho- 
lestasis [7, 8]. Furthermore, interactions of imipramine and 
oral contraceptives, which were manifested in some cases 
by mental disturbances, were extensively studied in females 
of different species [9]. It is not yet clearly established how 
these phenomena could be related to interaction in hepatic 
metabolism of the two drugs. We have studied, therefore, 
the variations of GGT and cytochrome P-450 (cyt. P-450) 
in the liver and plasma of female rats treated with imipra- 
mine, Mestranol—Norethynodrel mixture (MNm), or both 
administered simultaneously. 

The effect of imipramine and MNm (obtained from 
Sigma Chemical Co, St. Louis, MO, U.S.A.) on the hepatic 
GGT activity was determined in liver subcellular fractions 
of female Sprague-Dawley rats (160-180 g body wt). The 
animals were divided into four groups: a control group 
received daily 0.3 ml of corn oil; the imipramine group was 
injected with a saline solution of imipramine (20 mg: 
kg '-day '); the contraceptive-treated group was injected 

<with.0.3 ml of a corn oil solution containing Mestranol 
(0.07 mg-kg''-day"') and Norethynodrel (4 mg-kg"! 


‘day '); and the last group received injections of both 
imipramine solution and Mestranol—Norethynodrel mix- 
ture. The drugs were injected intraperitoneally over a 
period of 15 days. 

The rats were fasted 16 hr before being killed. Plasma 
membranes were prepared from livers as described by 
Neville [10]. When complete subfractionation was per- 
formed, we used the method of Amar-Costesec et al. [11]. 
Proteins were assayed by the method of Lowry et al. [12] 
and GGT according to the method of Szasz [13] at 37° 
using L-gamma-glutamyl-3-carboxy-4-nitroanilide as the 
substrate. The concentration of cyt. P-450 was determined 
in microsomes by the method of Matsubara et al. [14]. 
Serum alkaline phosphatase (ALP, EC 3.1.3.1) was assayed 
at 30° by the method of Morgenstern et al. [15] and alanine 
aminotransferase (ALT, EC 2.6.1.2) by a kinetic optimized 
method at 30° using a reagent kit from Boehringer. Stat- 
istical differences were compared between control and 
treated groups using comparison of variances test. 

Since it is known that GGT is localized in plasma mem- 
branes, in the first part of the experiments we investigated 
its variations under different treatments only in this frac- 
tion. But it was very surprising that the activities found in 
the plasma membranes did not reflect those measured in 
the homogenate when the rats received imipramine either 
alone or associated with MNm (Table 1). Indeed, the ratio 
of specific activity of GGT in plasma membranes to that 
in homogenate was 26 in controls and 23 in MNm-treated 
rats, but when imipramine or a c~™* ‘nation of imipramine 
and MNm were administered, uu. ratio decreased to 4.4 
or 4.6, respectively. These variations were due to the loss 
of GGT in plasma membranes under the effect of imipra- 
mine. Indeed, administration of imipramine did not alter 
significantly total activity in the liver homogenate (607 
mU/g wet liver against 672 mU/g in controls) but resulted 
in an important decrease in the enzyme activity in the 
plasma membranes. In the same way, the combined treat- 
ment of rats with imipramine and MNm led to a 5-fold 
increase of GGT in the liver homogenate but did not change 
the plasma membrane activity. Conversely, there was a 2- 
fold increase in GGT activity in both homogenate and 
plasma membranes when the rats received MNm only. 
These data indicate that when imipramine was administered 
either alone or combined with MNm the subcellular dis- 
tribution of GGT was altered. To understand how this 
phenomenon occurred, we studied the variations of the 
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Table 1. Effect of treatment with imipramine and Mestranol—-Norethynodrel mixture on liver plasma membrane GGT 
in female rats 





Plasma membranes 
(mU/mg proteins) 


Plasma membranes 


Homogenate 
Treatment B' 


(N)* 





mU/g wet liver mU/mg proteins mU/g wet liver |mU/mg proteins Homogenate 
(mU/mg proteins) 





122.0 + 14 
31.4 + 12+ 
280.0 + 95+ 


94.8 + 20.5 
14.8+ 3.17 
198.0 + 45.8+ 


672 + 40 3: 
607 + 105 ef 
2066 + 580+ 8. 


None (5) 
Imipramine (5) 
+ 2.594 


MNm (5)# 
Imipramine (5) 
+ MNm#t 


3256 + 827+ 13.75 + 4.65+ 


114.0 + 62 


63.5 + 26.5 





* Number of experimental animals used. The results are the means + S.D. of N experiments. 


+ P<0.01. Significantly different from control. 
+ Mestranol—-Norethynodrel mixture. 


Table 2. Effect of treatment with imipramine and Mestranol—-Norethynodrel mixture on liver subcellular distribution of 
GGT in female rats 





Treatment 


(N)* Homogenate Nuclei 


Mitochondria— 


lysosomes Microsomes Cytosol 





374 + 44 
274 + 35¢ 
1943 + 427+ 


656 + 30 
570 + 26 
2676 + 6497 


None (8) 
Imipramine (6) 
MNm (4)§ 
Imipramine (4) 
+ MNm§ 


3171 + 4207 1921 + 243+ 


23+4 
67 + 67 
71+ 14+ 


224 + 27 
174 + 344 
530 + 147+ 


44+5 
33 + 10 
101 + 404 
169 + 20+ 


246 + 367 640 + 2267 





* Number of experimental animals used. The values, expressed as mU/g wet liver, are the means + S.D. from N 


experiments. 
+ P<0.01. Significantly different from control. 
+ P<0.05. Significantly different from control. 
§ Mestranol-Norethynodrel mixture. 


enzyme distribution in the other subcellular fractions, as 
indicated in Table 2. The complete fractionation of liver 
cells showed that in the control livers the main activity of 
GGT was found in the fractions containing plasma mem- 
branes, such as the nuclear fraction (plasma membranes 
precipitate with nuclei during ultracentrifugation in the 
technique of fractionation) and microsomes (contaminated 
by plasma membranes), whereas the lysosomal—mitochon- 
drial fraction and the cytosol showed very low activity. In 
the MNm-treated rats GGT activity was increased in the 
nuclei, microsomes and cytosol by 5.0-. 2.4- and 3-fold, 
respectively, when compared with the controls. Imipramine 
treatment resulted in a decrease in GGT activity in nuclei 
and microsomes and an increase in the cytosol (3-fold 
higher than in controls). Finally, when the animals were 
treated with the two drugs together, a remarkable increase 
in the enzyme activity of the cytosoluble fraction was 
observed (7.4-fold greater than the control activity). Our 
results indicate that under the influence of imipramine the 
enzyme activity lost from plasma membranes was found in 
the cytosol. Furthermore, Table 3 shows that in the plasma, 
the values of GGT activity were increased 3-, 3- or 7-fold 
in the rats treated with imipramine, MNm or the combi- 
nation of the two compounds, respectively, when compared 
to the controls. These results are in agreement with previous 
findings in man concerning the increase of GGT in plasma 
of subjects under long-term treatment with imipramine and 
particularly of women receiving oral contraceptives at the 
same time [6]. 

It seems that the increase of GGT activity in the cytosol 
and plasma and‘its decrease in liver membranes are due 


to fragilization of membranes under the effect of imipra- 
mine which ensues the enzyme solubilization. This phenom- 
enon could be explained by the high accumulation of 
imipramine in the membrane structures [16]. 

Variations of ALP activity in the plasma under the var- 
ious treatments were not significant in comparison with 
those of GGT, which appears to be more sensitive in 
reflecting the effects of such treatment on hepatic cell 
membranes. Furthermore, these drugs did not cause liver 
‘cytolysis’ because ALT activities in the plasma were not 
altered. 

On the other hand, the variations of GGT activities in 
our experiments show that the influence of treatment with 
contraceptive steroids (MNm) in increasing the level of 
enzyme in the liver indicate an inducing effect of this drug. 
However, the effect of oral contraceptives on drug metab- 
olism is controversial: impairment of drug metabolism 
capacity has been reported in a large group of women 
taking oral contraceptives [17]; but also other reports pres- 
ent evidence of the increase of drug-metabolizing rate in 
women taking oral contraceptives [18]. In fact, it seems 
that oral contraceptives are drug metabolic inhibitors for 
low doses and in the short term but inducers for high doses 
and chronic usage [19], which could explain the conflicting 
results found by different authors. Under our experimental 
conditions and at our dosage levels, the increase of GGT 
under MNm treatment was compatible with an inducing 
effect of these contraceptive steroids. 

This phenomenon was amplified when imipramine was 
added to the MNm treatment. This increase of the response 
to MNm caused by imipramine is also pointed out by the 
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Table 3. Variations of hepatic parameters in female rat plasma under imipramine 
and Mestranol—-Norethynodrel mixture treatment 





Treatment (N)* GGT 


ALP ALT 





None (13) 1.40 + 0.15 
Imipramine (10) 4.07 + 0.267 
MNm** (8) 3.94 + 0.717 
Imipramine (8) 

+ MNm** 10.00 + 2.45+ 


tN 


Nn 


46.6 + 11.6 


IAN 
SRN 


I+ I+ I+ 


—_— 


93 + 10 





* Number of experimental animals. used. The results are expressed as mU/ml 
(GGT: gammaglutamyltransferase, ALP: alkaline phosphatase, ALT: alanine 
aminotransferase). The values are the means + S.D. from N experimental animals. 

+ P<0.01. Significantly different from control. 


+ Mestranol-Norethynodrel mixture. 


uterotropic stimulation in rats [20] and in the incidence of 
neurological problems in women taking the two drugs [9]. 
These interferences probably proceed from imipramine 
inhibition of contraceptive metabolism which enhances the 
effect of the contraceptives. The decrease in microsomal 
cyt. P-450 level under imipramine treatment (17.5 nmoles/g 
wet liver against 22 nmoles/g in the controls; P < 0.05) 
supported this hypothesis and agreed with the known 
metabolic inhibition of numerous drugs by imipramine [21]. 

In summary, imipramine has been shown to modify the 
subcellular distribution of GGT in rat liver which resulted 
in the release of the enzyme from plasma membranes to 
cytosol and also in the increase of its activity in the plasma. 
Imipramine also enhanced the inducing effect of contra- 
ceptive steroids (MNm) on GGT activity. From these 
results we suggest that the potent alterations of liver plasma 
membranes caused by imipramine may be reflected in the 
increase of GGT activity in the plasma. 
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Effects of dibucaine on pyruvate and ketone-body transport in isolated rat heart 
mitochondria 


(Received 16 August 1979; accepted 16 June 1980) 


The local anaesthetics dibucaine (nupercaine), butacaine 
and tetracaine have been shown to inhibit substrate-depen- 
dent oxygen utilization in isolated rat heart mitochondria 
[1]. Pyruvate-dependent oxygen utilization, measured in 
the presence of low concentrations of a-cyano-3-hydroxy- 
cifnamate, an inhibitor of pyruvate transport [2], was most 
susceptible to inhibition. It was proposed that under the 
conditions employed, pyruvate transport across the inner 
mitochondrial membrane is the rate-limiting step in the 
sequence of reactions leading from pyruvate entry to 
oxygen utilization, and is sensitive to inhibition by low 
concentrations of dibucaine [1]. 

Recently, Pande and Parvin [3] have provided evidence 
which supports the proposal that pyruvate can enter mito- 
chondria by two separate processes. These are proposed 
to be an a-cyano-3-hydroxycinnamate-sensitive, carrier- 
mediated transporter, which has a high affinity for the 
pyruvate anion, and simple diffusion which is insensitive 
to inhibition by a-cyano-3-hydroxycinnamate, does not 
transport the pyruvate anion but has a low affinity for the 
undissociated acid (reviewed in Refs. 3 and 4). The aim 
of the present work was to determine whether dibucaine 
has similar effects on these two proposed transport systems. 
As it has been proposed that 3-hydroxybutyrate, aceto- 
acetate and pyruvate enter mitochondria by similar mech- 
anisms [3-6], the effects of dibucaine on the oxidation of 
ketone bodies were also studied. 

The isolation of mitochondria from rat hearts and 
measurement of the respiratory control ratio (the ratio of 
ADP-stimulated: ADP-depleted rates of oxygen utiliz- 
ation) and protein content of mitochondrial preparations 
were performed as described previously [1,7]. Rates of 
oxygen utilization were measured at 30° as described pre- 
viously [1]. Acetoacetate and 3-hydroxybutyrate were pur- 
chased from the Sigma Chemical Co, St. Louis, MO, 
U.S.A. Other chemicals were purchased from the sources 
described previously [1]. 

Pyruvate entry into mitochondria by the proposed a- 
cyano-3-hydroxycinnamate-insensitive process of simple 
diffusion was measured by employing 50 mM pyruvate, and 
50 or 100 uM a-cyano-3-hydroxycinnamate to inhibit pyru- 
vate entry catalysed by the pyruvate carrier [3]. Under 
these conditions, low concentrations of dibucaine were 
found to stimulate pyruvate-dependent oxygen utilization 
about 2-fold, with 50 per cent stimulation observed at 0.06 + 
0.01 (mean + S.E.M.,N =5) mM dibucaine (Fig. 1a). 
Concentrations of dibucaine greater than 0.1 mM inhibited 
oxygen utilization. Although some variation in the rates 
of pyruvate-dependent oxygen utilization in the absence 
of dibucaine was observed, the degree of stimulation by 
dibucaine and the shape of the curves (Fig. 1a) were similar. 
In the absence of exogenous pyruvate, dibucaine caused 
a small inhibition of oxygen utilization (Fig. la). 

No stimulation by dibucaine of pyruvate-dependent 
oxygen utilization was observed (Fig. 1b) at 2mM pyruvate 
in the presence of 1.54M a-cyano-3-hydroxycinnamate 
(added to inhibit the rate of oxygen utilization by about 
50 per cent and make the entry of pyruvate by the pyruvate 
carrier the rate-limiting step in the oxidation of pyruvate 
[1]). As reported previously [1], this reaction was markedly 
inhibited by low concentrations of dibucaine (Fig. 1b). 


In the presence of pyruvate and malate, concentrations 
of dibucaine between 40 and 120 uM did not alter the 
respiratory control ratio of the mitochondria (results not 
shown). When measured at different concentrations of a- 
cyano-3-hydroxycinnamate, the degree of stimulation by 
dibucaine of pyruvate-dependent oxygen utilization (meas- 
ured at 50 mM pyruvate) was found to be slightly greater 
at 200 and 100 uM a-cyano-3-hydroxycinnamate than that 
observed at 10 uM inhibitor (results not shown). These 
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Fig. 1. Effects of increasing concentrations of dibucaine on 
the rate of pyruvate-dependent oxygen utilization measured 
in the presence of 50 mM pyruvate and 50 uM a-cyano-3- 
hydroxycinnamate (a) and 2mM pyruvate and 1.5 uM a- 
cyano-3-hydroxycinnamate (b). Rates of pyruvate-depen- 
dent oxygen utilization (O) and oxygen utilization in the 
absence of added pyruvate (A) were measured at 30° as 
described previously [1]. The reaction media (pH 7.4, 2.0 ml 
total vol.) contained (a) 83 mM KCl, 13 mM 4-(2-hydroxy- 
ethyl)-1-piperazine-ethanesulphonic acid (Hepes)-KOH, 
2mM potassium phosphate, |1mM potassium malate, 
50 mM sodium pyruvate, 0.75 mM ADP, 50 uM or 100 uM 
a-cyano-3-hydroxycinnamate and 1 mg of mitochondrial 
protein per ml, for the measurement of pyruvate-dependent 
oxygen utilization at 50 mM pyruvate; or (b) 125 mM KCl, 
20mM Hepes-KOH, 2 mM potassium phosphate, 1 mM 
potassium malate, 2 mM sodium pyruvate, 0.75 mM ADP, 
1.5uM a-cyano-3-hydroxycinnamate and 1 mg of mito- 
chondrial protein per ml for the measurement of pyruvate- 
dependent oxygen utilization at 2mM pyruvate. For 
measurements at 50 mM pyruvate, the mitochondria were 
equilibrated with reaction medium for 2 min (in the pres- 
ence of pyruvate) before the addition of ADP, and the rate 
of oxygen utilization in the presence of ADP measured. 
In experiments conducted at 2 mM pyruvate, mitochondria 
were equilibrated with reaction medium for 2 min (in the 
presence of ADP) before the addition of pyruvate, and the 
rate of oxygen utilization in the presence of pyruvate meas- 
ured. In each case, rates of oxygen utilization in the absence 
of pyruvate (control) were measured, and the rate of oxygen 
utilization which was dependent on the presence of pyru- 
vate (pyruvate-dependent oxygen utilization) calculated. 
The data shown are those for one out of five experiments 
which gave similar results. 
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Fig. 2. Effect of increasing concentrations of butacaine on 
the rate of pyruvate-dependent oxygen utilization measured 
in the presence of 50 mM pyruvate and 100 uM a-cyano-3- 
hydroxycinnamate (a) and 2mM pyruvate and 1.5 uM a- 
cyano-3-hydroxycinnamate (b). Rates of pyruvate-depen- 
dent oxygen utilization (O) and oxygen utilization in the 
absence of added pyruvate (A), were measured as 
described in the legend of Fig. 1. For the measurements 
conducted at 2 mM pyruvate, the medium contained 2.5 uM 
carbonyl cyanide m-chlorophenyl hydrazone in place of 


ADP, and ‘he concentration of malate was 0.5 mM. The - 


data shown are those for one out of three experiments 
which gave similar results. 


observations indicate that the stimulation of pyruvate- 
dependent oxygen utilization by dibucaine (Fig. 1a) is not 
due to an uncoupling of oxidative phosphorylation or to 
the displacement of a-cyano-3-hydroxycinnamate from the 
pyruvate carrier. Further support for this argument comes 
from the dataof Fig. 1b. If low concentrations of dibucaine 
displaced a-cyano-3-hydroxycinnamate, an increase in 
pyruvate-dependent oxygen utilization should also have 
been observed at the much lower concentration of a-cyano- 
3-hydroxycinnamate (1.5 uM) used in this experiment. 

Butacaine (0.2-1.5mM) was also found to stimulate 
pyruvate-dependent oxygen utilization at 50 mM pyruvate 
and 100 uM a-cyano-3-hydroxycinnamate (Fig. 2a), while 
at low concentrations of pyruvate and a-cyano-3-hydroxy- 
cinnamate this parameter was inhibited (Fig. 2b). A small 
stimulation of pyruvate-dependent oxygen utilization, 
measured under conditions similar to those described in 
Fig. la, was observed in the presence of 1-2 mM tetracaine 
(data not shown). 

The rate of pyruvate-dependent oxygen utilization meas- 
ured at 50 mM pyruvate and 50 uM a-cyano-3-hydroxycin- 
namate in the absence of a local anaesthetic is much lower 
than both the maximum capacity of the mitochondria to 
oxidize pyruvate (about 200 ng atom O,/min per mg of 
protein) and the rate of pyruvate-dependent oxygen util- 
ization observed at 2 mM pyruvate. Therefore, pyruvate 
entry to the mitochondria is likely to be the rate-limiting 
step in the metabolism of pyruvate at high pyruvate and 
a-cyano-3-hydroxycinnamate concentrations. It is con- 
cluded that the stimulation of pyruvate-dependent oxygen 
utilization by dibucaine observed at 50 mM pyruvate rep- 
resents a stimulation of the diffusion of pyruvate across the 
mitochondrial inner membrane via an a-cyano-3-hydrox- 
ycinnamate-insensitive pathway. The range of dibucaine 
concentrations which stimulate pyruvate-dependent oxygen 
utilization is similar to that which inhibits oxygen utilization 
under conditions designed to make pyruvate entry by the 
a-cyano-3-hydroxycinnamate-sensitive pathway the rate- 
limiting step in the metabolism of pyruvate. These obser- 
vations suggest that the two different effects of dibucaine 
on pyruvate-dependent oxygen utilization may arise from 
a common perturbation by dibucaine of the inner mito- 
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Fig. 3. Effects of increasing concentrations of dibucaine on 
the rate of 3-hydroxybutyrate-(a) and acetoacetate-(b)- 
dependent oxygen utilization measured in the presence of 
a high concentration of a-cyano-3-hydroxycinnamate. 
Rates of ketone-body-dependent oxygen utilization (O) 
and oxygen utilization in the absence of exogenous sub- 
strate (A), were measured as described in the text. The 
composition of the reaction media (pH 7.4) was 125 mM 
KCI, 20mM Hepes-KOH, 2mM potassium phosphate, 
10mM potassium 3-hydroxybutyrate, 0.75mM ADP, 
100 uM a-cyano-3-hydroxycinnamate and 1 mg of mito- 
chondrial protein per ml (a); and 83mM KCl, 13mM 
Hepes-KOH, 2 mM potassium phosphate, 2 mM potassium 
acetoacetate, 0.75 mM ADP, 500 uM a-cyano-3-hydroxy- 
cinnamate and 1 mg of mitochondrial protein per ml (b). 
In each case, the reaction was initiated by addition of 
mitochondria. Rates of oxygen utilization in the absence 
of ketone bodies (control) were measured and used to 
calculate the rate of ketone-body-dependent oxygen util- 
ization. The data shown are those for one out of two 
experiments which gave similar results. 


chondrial membrane, and are consistent with the presence 
of two transport systems for pyruvate [3, 4]. 

The observation that dibucaine influences the diffusion 
of pyruvate across the mitochondrial membrane is con- 
sistent with the proposal that the perturbation induced by 
the drug results from an interaction with the phospholipid 
component of the inner membrane, as proposed for the 
action of local anaesthetics on other mitochondrial anion 
transport systems [1, 8, 9]. The present results can be com- 
pared with those of Feinstein et al. [10], who showed that 
dibucaine increases the permeability of erythrocyte plasma 
membranes to lipophilic compounds which may cross the 
membrane without the aid of a carrier protein, whereas 
the transport of urea, which may be catalysed by a pore 
or channel, is slightly inhibited by dibucaine. 

As reported by others [3,4, 11], high concentrations 
(100-500 uM) of a-cyano-3-hydroxycinnamate caused only 
a small inhibition (about 15 per cent) of 3-hydroxybutyrate 
(10 mM)- and acetoacetate (2 mM)-dependent oxygen util- 
ization (results not shown). No stimulation by dibucaine 
of 3-hydroxybutyrate- or acetoacetate-dependent oxygen 
utilization, measured in the presence of high concentrations 
of a-cyano-3-hydroxycinnamate, was observed (Fig. 3) at 
concentrations of the local anaesthetic which were found 
to stimulate the oxidation of 50 mM pyruvate. Instead, an 
inhibition was observed, with 50 per cent inhibition at 0.14 + 
0.02 and 0.14 + 0.05 mM dibucaine (mean + range, N = 
2) for 3-hydroxybutyrate- and acetoacetate-dependent 
oxygen utilization, respectively (Fig. 3). The local anaes- 
thetic had little effect on oxygen utilization measured in 
the absence of exogenous substrate. 

It is concluded that either the movement of 3-hydroxy- 
butyrate or acetoacetate across the mitochondrial mem- 
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brane, possibly by simple diffusion [3, 4], is not the rate- 
limiting step in the oxidation of these metabolites under 
the conditions used, or that the transport of these com- 
pounds by simple diffusion is not stimulated by dibucaine. 
These observations indicate that the properties of the trans- 
port systems for 3-hydroxybutyrate and acetoacetate differ 
in some respects from those of the system which transports 
pyruvate. 
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Triton WR-1339 induced changes in the fatty acid composition of serum lipids in 
rats 


(Received 18 March 1980; accepted 11 June 1980) 


Hyperlipidemia induced by Triton WR-1339 is a frequently 
used experimental model when studying hypolipidemic 
agents. According to Garattini et al. [1], hepatic cholesterol 
biosynthesis may be enhanced by activating hydroxyme- 
thylglutaryl-CoA-reductase with intravenously adminis- 
tered triton. Triton treatment results in considerably elev- 
ated serum triglyceride concentrations due to the protective 
coating developed on the surface of the very low density 
(VLD) lipoproteins. Accordingly, they are shielded from 
hydrolytic cleavage by lipoprotein lipase [2]. It has also 
been reported [3] that triton, in addition to increasing 
cholesterol biosynthesis, augments cell membrane perme- 
ability and inhibits the postheparin clearing factor. In 
Illingworth’s [4] studies triton proved to inhibit the LCAT 
activity in squirrel monkeys. As the triton-induced hyper- 
lipidemic model has been frequently used in our studies 
[5] we examined Triton WR-1339 for its effect on the 
esterification of cholesterol as well as on the fatty acid 
composition of different lipid fractions. 

Methods. CFY rats of 180-200 g body wt were treated 
intravenously with single 200 mg/kg doses of Triton WR- 
1339. Ten animals per group were killed at 6-, 24-, 48- and 
72-hr intervals. Blood samples were centrifuged and serum 
lipid extracted according to Carlson [6] and total serum 
cholesterol, free cholesterol [7], triglyceride [8] and 
phospholipid [9] levels assessed. 

In the second stage of the experiment, lipids were sep- 
arated by thin-layer chromatography in a mixture of n- 
hexane-diethylether-formic acid (80:20:2). Following 
spraying with Rhodamine 6G, cholesterol ester, triglyceride 
and phospholipid fractions were identified under a u.v. 
lamp, and subsequently removed together with the coating. 
The fatty acid composition of individual lipid fractions was 


measured after treatment with methanol-hydrochloric acid, 
with a Hewlett-Packard gas chromatograph, type 5830A, 
at 195° (glass column 1.6m X 4mm, stationary phase Sp 
2340 Chromosorb W, AW 80/100). The fatty acids were 
identified using a set of standard fatty acid methyl esters 
(KD Applied Science Laboratories, State College, 
Pennsylvania). 

Statistical evaluation was performed by applying Stu- 
dent’s t-test. In cases of F-test positivity, the d-test was 
used. 

Results. Maximum concentration of total serum choles- 
terol was observed in the sixth hour after Triton WR-1339 
administration, thereafter it decreased reaching normal 
level by the 72nd hour. Cholesterol esterification charac- 
terized by the cholesterol ester/free cholesterol ratio 
showed, however, opposite changes (Table 1). This ratio 
fell to minimum in the first 6hr after triton injection, 
thereafter increased progressively and by the 72nd hour 
became identical with that of the control. Both serum 
triglyceride and phospholipid levels showed an abrupt rise 
during the first 6hr and were found to have returned to 
the normal level by the 48th hour. 

The fatty acid composition of the cholesterol ester frac- 
tion is represented in Table 2. The 6th hour and even more 
the 24th hour after triton administration were characterized 
by decreased proportions of both linoleic acid (18:2) and 
arachidonic acid (20:4), in contrast to the rise observed in 
the proportion of oleic acid (18:1). A moderate rise could 
also be noted in the percentage of stearic acid (18:0). After 
72 hr, however, the above values proved to be identical 
with those of the controls. In these experiments no change 
could be detected in the proportions of palmitic (16:0) and 
palmitoleic (16:1) acids. 
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Table 2. Fatty acid composition of serum cholesterol esters* 





Serum following Triton WR-1339 treatment 


Control 





Oo 
= 
if 


Fatty acid serum 


24 hr 


48 hr 


72 hr 





16:0 
16:1 
18:0 
18:1 
18:2 : 
20:4 26.0 + 3.4 


_ — 
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I+ I+ I+ I+ I+ I+ 
ee) SS 
COUN DEYN 

PFE 
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18.9 + 2.9 
5.2+2.4 
5.4+2.1 
29.5 + 4.3§ 
21.6 + 1.6¢ 
19.4+4.1 


19.2 + 2.7 
5.4+0.4 
3.6+ 1.0 

14.8+ 1.4 

27.9 + 2.7 

29.1+ 2.4 


7821.7 





* Results expressed as percentages. 
+P < 0.05. 

+P < 0.01. 

§ P < 0.001. 


Table 3. Fatty acid composition of serum phospholipids* 





Serum following Triton WR-1339 treatment 





Control 
Fatty acid serum 6 hr 


24 hr 


a | 
tN 
= 
= 





16:0 
16:1 
18:0 
18:1 
18:2 


41.1+2.7 
0.9+0.5 
33.0 + 2.4 
9.2+0.6 
12.6+1. 


29.3 + 7.44 
12262 
34.1 + 4.6 
10.5 + 2.4 
14.5+ 4.0 


27.3 + 0.78 
1.1+0.6 
24.2 + 1.6§ 
13.4 + 2.04 
24.3 + 1.08 
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* Results expressed as percentages. 
+P<0.05S. 

¢ P<0.01. 

§ P<0.001. 


Table 4. Fatty acid composition of serum triglycerides* 





Serum following Triton WR-1339 treatment 
Control 
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* Results expressed as percentages. 
+P<0.05. 

+ P<0.01. 

§ P< 0.001. 
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The fatty acid composition of phospholipids compared 
to that of cholesterol esters exhibited opposite changes 
Table 3. The linoleic and arachidonic acid contents 
decreased in the cholesterol ester but were elevated in the 
phospholipid fraction. The most pronounced changes could 
be observed after 24 hr. At this time there was a fall in the 
percentage of palmitic and stearic acids and a rise in that 
of the oleic acid. Percentage values of fatty acids measured 
in the 48th and 72nd hours were identical with those of the 
controls. 

Table 4 demonstrates the fatty acid composition in the 
triglyceride fraction. As early as 6hr after triton admin- 
istration a significant rise could be observed in the pro- 
portion of both linoleic and arachidonic acids and a decrease 
in that of palmitic acid. Control values were reached by 
the 72nd hour only. 

Discussion. A single i.v. injection of Triton WR-1339 
resulted, in agreement with literature findings [1, 10], in 
significantly elevated levels of serum cholesterol, triglycer- 
ide and phospholipid. There is also a shift in the fatty 
acid composition of the lipid fractions isolated, and a 
decrease in the cholesterol ester/free cholesterol ratio, sug- 
gesting that the esterification process of cholesterol had 
been affected. 

The conversion of free cholesterol into cholesterol ester 
is of physiological importance for the significant difference 
between the turnover times of free and esterified cholesterol 
[11]. In addition, the saturated/unsaturated cholesterol 
ester ratio has also to be considered since the deposit 
formation in the intima is mainly affected by the deyree 
of unsaturation. These two types of cholesterol esters form 
different gradients in the membrane [12]. 

The esterification of serum cholesterol is induced by 
lecithin-cholesterol-acetyltransferase (LCAT) which, when 
bound to the apoprotein of high density lipoproteins 
(HDL), catalyses mainly the transfer of polyunsaturated 
(18:2, 20:4) fatty acids from the C-2 position of lecithin 
to the free hydroxy group of cholesterol. In this process 
lecithin is transformed into lysolecithin [13]. Consequently, 
the presence of phospholipids, mainly lecithin, is needed 
for cholesterol esterification. The lipids of VLDL also play 
an important role in the process of cholesterol esterification 
as LCAT esterifies mainly the cholesterol moiety in VLDL, 
while in the case of HDL and LDL origin, the process 
takes place at a reduced rate [14]. 

The changes induced by triton in the fatty acid compo- 
sition of cholesterol ester, phospholipid and triglyceride 
fractions involved mainly the polyunsaturated fatty acids, 
linoleic and arachidonic acids. Up to 24 hr following injec- 
tion there was a decrease in the proportion of linoleic and 
arachidonic acids of cholesterol esters, and an increase in 
that of both triglycerides and phospholipids. Altered fatty 
acid composition induced by triton treatment is presumably 
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due to inhibited LCAT activity. The amount of VLDL, the 
best substrate for LCAT is, however, significantly increased 
by triton [14]. Thus, our results suggest that in the choles- 
terol esterification process of triton-induced hyperlipemic 
state the enzyme inhibition is the prevailing factor com- 
pared to the effect of the substrate [15]. 
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The 5’-monophosphates of 5-propyl- and 5-ethyl-2’-deoxyuridine do not inhibit 
the replication of deoxythymidine kinase deficient (TK ) mutants of herpes 
simplex virus 


(Received 27 March 1980; accepted 11 June 1980) 


5-Substituted 2’-deoxyuridines such as 5-ethyl-dUrd, 5-pro- 
pyl-dUrd, 5-propynyloxy-dUrd, 5-vinyl-dUrd and 5-(2-hal- 
ogenevinyl)-dUrd are potent and selective inhibitors of the 
replication of herpes simplex virus (HSV) [1-9]. The anti- 
herpes activity of these deoxythymidine (dThd) analogues 
depends on their phosphorylation by the virus-induced 
dThd kinase (TK), because HSV mutants which are unable 
to induce this TK activity are not inhibited by 5-ethyl-dUrd 
and its congeners [4, 10, 11]. However, one may expect the 
5'-phosphorylated derivatives (5-ethyl-dUMP, 5-propyl- 
dUMP, .. .) to be effective against TK” HSV, if at least 
two conditions are fulfilled: (i) that the genetic deficiency 
of the TK” HSV mutant be restricted to the inability to 
induce TK activity, and (ii) that the 5’-phosphorylated 
derivatives are able to enter the cells. Thus, inhibition of 
TK’ HSV replication by the 5’-phosphorylated compounds 
might be considered as evidence for their uptake by the 
cells. We chose to evaluate this hypothesis using the 
deoxythymidylate analogues 5-ethyl-dUMP and 5-propyl- 
dUMP as probes. 

The antiviral properties of 5-ethyl-dUMP, 5-propyl- 
dUMP and their free nucleosides, 5-ethyl-dUrd and 5-pro- 
pyl-dUrd, were assessed in primary rabbit kidney cells, 
human skin fibroblasts (strain VGS), feline lung cells, 
HEp-2 cells (a continuous human cell line derived from an 
epidermoid carcinoma of the larynx) and BS-C-1 cells (a 
continuous cell kidney line derived from the African green 
monkey, Cercopithecus aethiops), which had been infected 
with either one of the following virus strains: HSV-1 (KOS), 
HSV-1 (McIntyre), HSV-1 (F), HSV-2 (LYONS), HSV-2 
(G) or HSV-2 (196) (which are all TK* HSV strains), TK™ 
HSV-1 (B 2006) (obtained from Dr. Y. -C. Cheng, Chapel 
Hill, NC, U.S.A.), TK” HSV-1 (C1 101) (obtained from 
Dr. H. J. Field, Cambridge, U.K.), or vaccinia virus. 
Vaccinia virus was included because it resembles TK” HSV- 
1 in a certain aspect: indeed, the dThd kinase induced by 
vaccinia virus recognizes a much narrower spectrum of 
substrates than the HSV-induced TK [12], which implies 
that some nucleoside analogues which are effectively phos- 
phorylated by HSV-induced TK may not be phosphorylated 
by vaccinia virus-induced TK. All antiviral assays were 
carried out in microtiter trays (Sterilin, Teddington, Mid- 
dlesex, U.K.). When confluent, the celi cultures were 
inoculated with 100 CcIDso of virus (1 CCIDsp being the virus 
dose infecting 50 per cent of the cell cultures) for 1 hr at 
37°, and, immediately thereafter, exposed to varying con- 
centrations of the test compounds in Eagle’s minimal 
essential medium supplemented with 3 per cent fetal bovine 
serum. Viral cytopathogenicity was recorded as soon as it 
reached 100 per cent cell destruction in the control (virus- 
infected untreated) cell cultures. Antiviral activity is 
expressed as the minimum inhibitory concentration of com- 
pound required to reduce viral cytopathogenicity by 50 per 
cent. 

Phosphorylation of 5-ethyl-dUrd and 5-propyl-dUrd was 
carried out enzymatically with the aid of wheat shoot phos- 
photransferase, as described elsewhere [13]. The resulting 
nucleotides were isolated by chromatography on Whatman 


3MM paper with the solvent system isopropanol-—conc. 
NH,OH-H,0O (7:1:2, v/v), eluted with water and precip- 
itated by addition of ethanol and acetone to give 5-ethyl- 
dUMP . 6H;0 and 5-propyl-dUMP . 6H;0, each in about 
40 per cent yield. Both nucleotides were hydrolysed quan- 
titatively to the parent nucleosides by purified 5’- 
nucleotidase. 

The data obtained with 5-ethyl-dUMP and 5-propyl- 
dUMP in TK HSV-infected cells could only be interpreted 
correctly if the following requirements were met: (i) the 
5'-monophosphates should not be cytotoxic, (ii) they should 
be effective against the TK* strains of HSV, and (iii) in 
their free nucleoside form they should not be active against 
TK HSV. This indeed proved to be the case: 5-ethyi- 
dUMP and 5-propyl-dUMP did not cause any toxic alter- 
ation of the cells (as detectable microsopically) at the 
highest doses tested (400 ug/ml) and they inhibited the 
replication of the TK” HSV strains at similar, if not ident- 
ical, concentrations as 5-ethyl-dUrd and 5-propyl-dUrd 
(Table 1). Furthermore, 5-ethyl-dUrd and 5-propyl-dUrd 
were not inhibitory to the replication of TK” HSV (Table 
1), as has been reported previously [4, 10, 11]. 

The phosphorylated derivatives of 5-ethyl-dUrd and 5- 
propyl-dUrd did not confer any protection against TK” 
HSV (Table 1), irrespective of the cell type in which they 
were assayed (primary rabbit kidney cells, human skin 
fibroblasts, feline lung cells, HEp-2 or BS-C-1 cells). In 
fact, there was no particular situation in which the 5’- 
monophosphates exhibited a significantly greater antiviral 
effect than their unphosphorylated counterparts. Although 
5-ethyl-dUrd and 5-ethyl-dUMP were inhibitory to vacci- 
nia, 5-proply-dUrd and 5-propyl-dUMP were not (Table 
1). That 5-propyl-dUrd, unlike 5-ethyl-dUrd, lacks anti- 
vaccinia activity, has been pointed out previously [5]. 
According to the alternative substrate theory [14], one may 
assume that 5-ethyl-dUrd, but not 5-propyl-dUrd, is rec- 
ognized as a substrate by the vaccinia virus-induced dThd 
kinase. 

The salient feature emerging from the data presented in 
Table 1 is that, under conditions where the free nucleosides 
failed to demonstrate an antiviral activity, the nucleotides 
failed as well. Our findings may be interpreted to mean 
that the thymidylate analogues 5-ethyl-dUMP and 5-propyl- 
dUMP do not penetrate the cells, or, if they do, they may 
be dephosphorylated before they reach the site(s) of virus 
replication. Since 5-ethyl-dUMP and 5-propyl-dUMP are 
active against TK* HSV, one may postulate that, once 
dephosphorylated (either extra- or intracellularly), they are 
phosphorylated again intracellularly by the virus-encoded 
dThd kinase. Alternatively, the thymidylate analogues may 
enter cells and even reach the site(s) of virus replication, 
but due to the fact that TK” HSV mutants suffer from 
additional genetic deficiencies other than lack of dThd 
kinase induction, viz. lack of thymidylate kinase induction, 
the thymidylate analogues may not be further processed 
to their active form (5’-triphosphate), hence failing to 
inhibit the synthesis of progeny TK HSV DNA. This 
alternative proposal is supported by the recent findings of 
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Table 1. Antiviral activity of the 5’-monophosphates of 5-ethyl-dUrd and 5-propyl-dUrd and their parent 
nucleosides in different cell cultures 





Minimum inhibitory concentration* (umoles/ml x 10~*) 





Assay system 5-Ethyl-dUMP 


5-Ethyl-dUrd 


5-Propyl-dUMP = 5-Propyl-dUrd 





Primary rabbit kidney cells 
HSV-1 (KOS) 
HSV-1 (Mc Intyre) 
HSV-1 (F) 
HSV-2 (LYONS) 
HSV-2 (G) 
HSV-2 (196) 
HSV-1 TK” (B 2006) 
HSV-1 TK” (Cl 101) 
Vaccinia 


Human skin fibroblasts 
HSV-1 (KOS) 
HSV-1 TK” (B 2006) 
Vaccinia 


HEp-2? cells 
HSV-1 (KOS) 
HSV-1 TK” (B 2006) 
Vaccinia 


BS-C-1 cells 
HSV-1 (KOS) 
HSV-1 TK” (B 2006) 
Vaccinia 


Feline lung cells 
HSV-1 (KOS) 
HSV-1 TK” (B 2006) 
Vaccinia 


>820 
410 


>1562 
586 





* Concentration required to inhibit virus-induced cytopathogenicity by 50 per cent. None of the 
compounds caused a microscopically detectable alteration of cell morphology at 400 ug/ml (~0.8 umole/ml 
for 5-ethyl-dUMP and 5-propyl-dUMP, and ~1.5 umole/ml for 5-ethyl-dUrd and 5-propyl-dUrd). 


Chen et al. [15, 16], which indicate that TK” HSV mutants 
may also be deficient in inducing thymidylate kinase 
activity, and that both thymidylate kinase activity and TK 
activity may reside in the same virus-induced protein. 

There is no doubt that nucleotides, viz. ara-AMP, can 
penetrate animal cells intact [17, 18]. If 5-ethyl-dUMP and 
5-propyl-dUMP, like ara-AMP, do enter cells, one should 
expect some effect on TK” HSV replication. As even the 
slightest inhibition was absent, one may infer that additional 
deficiencies of the TK” HSV mutants, viz. lack of thy- 
midylate kinase induction, contributed to their resistance 
to these thymidylate analogues. 

At least in the case of mouse fibroblasts (L cells), ara- 
AMP has been shown to be more cytotoxic than the parent 
ara-A, and it was reasonably well established that the 
nucleotide penetrates the cells intact, albeit at a rate of 
only 3-5 per cent of the rate of entry of the nucleoside 
[17, 18]. If 5-ethyl-dUMP and 5-propyl-dUMP do enter the 
cells embraced in the study of Plunkett er al. [17], one 
would expect some effect on TK” HSV replication. The 
absence of any such effect may, however, now be inter- 
preted in terms of an additional deficiency of the TK” HSV 
mutants, viz. lack of thymidylate kinase activity, thus con- 
tributing to their resistance of the thymidylate analogues. 
It would clearly be desirable to seek physicochemical evi- 
dence regarding the ability of our thymidylate analogues 
to penetrate the cellular systems employed in the present 
and previous study [17]. 


Another point of interest emerges from an examination 
of the data in Table 1. If one were to examine the antiviral 
activity of 5-ethyl-dUrd, or its nucleotide, in infected feline 
lung cells, one would have to conclude that this well-known 
agent is only moderately active against HSV-1 (KOS) and 
virtually inactive against vaccinia. With the 5-propyl-dUrd 
analogue and its nucleotide, the activity against HSV-1 
(KOS) is moderate in BS-C-1 cells and quite weak in the 
feline lung cells. This underlines the crucial significance of 
the choice of the cell system in evaluations of antiviral 
activity. 
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Thiol S-methyltransferase: suggested role in detoxication of intestinal hydrogen 
sulfide 


(Received 11 September 1979; accepted 28 April 1980) 


Hydrogen sulfide is highly toxic to higher animals, causing 
death in the same range of atmospheric concentrations as 
does hydrogen cyanide [1]. Unlike cyanide, however, 
hydrogen sulfide is sufficiently common in biological sys- 
tems to pose a threat to the organism. The anaerobic 
metabolism of many bacterial species common to the colon 
and periodontal spaces, acting on proteins and other sulfur- 
containing compounds, is known to liberate hydrogen sul- 
fide [2-4]. Indeed, HS has been shown to form a small 
but offensive component in human flatus [5] and halitosis 
[6]. Direct ingestion of foods subjected to bacterial spoilage 
[7, 8] or of mineral sulfides dissolved in water offer other 
routes of exposure, as does dissolved H,S that is found in 
fermented beverages [9]. 

Since the alimentary tract is the major portal of entry 
in each instance, it follows that the gut mucosa, in par- 
ticular, may benefit from a mechanism for the detoxication 
of hydrogen sulfide. We propose this function for thiol S- 
methyltransferase, an enzyme present in the microsomes 
of many mammalian tissues [10]. The enzyme catalyzes 


RSH + S-adenosyl- L-methionine — RS-—CH ; 
+ S-adenosyl-L-homocysteine (1) 


Reaction 1 in which R may be one of a large number of 
diverse groups as represented by thiophenols [11], aliphatic 
mercaptans [10-12], thiopyrimidines and thiopurines [13- 
16], dithiocarbamates [17, 18] and H,S [10, 11]. We have 
described elsewhere the solubilization and purification to 
homogeneity of the enzyme from rat liver using 2-thioace- 
tanilide as the assay substrate [11]. Here we examine the 
activity of the enzyme with specific attention to HS and 
methanethiol as potential physiologic substrates and to the 
tissue distribution of the enzyme in the rat. These data are 


in accord with a role for thiol S-methyltransferase in the 
detoxication of intestinal hydrogen sulfide. 

Solutions of sodium sulfide and methanethiol were pre- 
pared in 20mM KOH containing 10 uM EDTA; the con- 
centration of each substrate was confirmed with N,N- 
dimethyl-p-phenylenediamine for H,S [19] and by the 
method of Ellman [20] for methanethiol. S-Adenosyl-L- 
{methyl-°H]methionine (9-15 Ci/mmole) was obtained 
from Amersham/Searle (Arlington Heights, IL) and 
diluted, when necessary, in 10 mM sulfuric acid. 

The standard assay for thiol methyltransferase activity 
with 2-thioacetanalide and S-adenosylmethione has been 
described [11]. Because of the volatility of H,S and its 
products at physiologic pH values, however, assays for 
these compounds required modification to minimize sub- 
strate or product losses. Small test tubes with an inside 
diameter of 4mm (Kimax No. 45048) were cut to 30mm 
in length so that they would hold slightly more than 0.4 ml. 
Hydrogen sulfide was added to each tube as an alkaline 
solution of sodium sulfide and was followed by a mixture 
containing enzyme and radiolabeled S-adenosylmethionine 
in a Triton X-100 containing buffer. The assay mixture 
contained, in a final volume of 0.4 ml, 0.25 uM S-adenosyl- 
[methyl-*H]methionine, 0.2 mM dithiothreitol, 0.5% Tri- 
ton X-100, 0.1M potassium phosphate (pH 7.9), 1mM 
EDTA and 10 mM sodium sulfide. The amount of enzyme 
was chosen to produce between 1 and 5 per cent conversion 
of added S-adenosylmethionine. Under these conditions, 
the reaction was a linear function of the amount of enzyme 
added. 

After mixing the contents by suction and release with a 
200 ul Eppendorf pipette, the tubes were sealed with 
Parafilm and incubated in a water bath at the desired 
temperature. Assays were terminated by transferring the 
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tube contents to a test tube containing 1 ml of ice-cold 1 N 
HCl. After addition of 6ml of toluene, the tubes were 
stoppered and shaken vigorously for 10 sec. Following brief 
centrifugation, 5 ml of the toluene phase, containing the 
extracted radioactive product, was counted by liquid scin- 
tillation [11]. For the study of kinetic parameters, only the 
steady-state rate of the enzyme [11] was examined. This 
was accomplished by incubating duplicate assay mixtures 
at 30° and terminating the reaction at 2 and 12 min, respec- 
tively; the difference in product formation was taken as the 
steady-state rate for subsequent calculations. 

The partition coefficient for hydrogen sulfide between 
air and a saline buffer [140 mM NaCl, 10 mM potassium 
phosphate (pH 7.4) and 0.1 mM EDTA] was determined 
by adding 50 ml of the buffer, 10 uM in H,S, to a tightly 
stoppered 500-ml flask that was incubated at 37° and shaken 
periodically for 1 hr; the liquid phase was assayed for H,S 
by the method of Siegel [19]. In each trial, approximately 
50 per cent of the measurable H)S was lost. Inclusion of 
0.1 mM dithiothreitol in the buffer to minimize oxidation 
of hydrogen sulfide had no effect on this value and no loss 
occurred if the incubation was performed in a completely 


full and stoppered 50-ml flask. From these data we esti- - 


mated a partition coefficient of 10 in favor of the liquid 
phase. 


Table 1. Distribution of thiol methyltransferase in hom- 
ogenates of rat tissue* 





Specific activity 
(fmoles- mg”! -min”') 


Tissue 
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Cecal mucosa 
Colonic nyucosa 
Liver 

Lung 
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Jejunal mucosa 
Ileal mucosa 
Duodenal mucosa 
Stomach mucosa 
[leai muscularis 
Jejunal muscularis 
Spleen 
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Skeletal muscle 
Erythrocyte 

Large bowel contents 
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* Tissues were obtained by rapid excision from exsan- 
guinated, male, 300 g Sprague-Dawley rats. Tissues were 
washed with 140 mM NaCl-10 mM potassium phosphate 
(pH 7.4) at 0°, and minced with a razor blade. After 
addition of 4 volumes of a solution of 0.1M potassium 
phosphate and 1 mM EDTA (pH 7.9), the suspension was 
homogenized with 100 strokes of a 1 ml-size Dounce hom- 
ogenizer, type B. Aliquots (20 ul) of each homogenate 
were assayed without further preparation. Mucosa was 
obtained from bowel by rinsing segments with buffered 
saline at 0-4°, opening them longitudinally with scissors, 
and scraping them with the edge of a glass microscope slide 
on a glass plate maintained at 4°. To obtain small bowel 
muscularis essentially free of mucosa, a 2-cm length of the 
open bowel, after scraping, was thoroughly scrubbed 
between thumb and forefinger in iced saline until only the 
glossy muscle iayer remained. After fine mincing with a 
razor blade, the muscularis was homogenized as noted 
above. All protein assays were by the method of Lowry et 
al. [21], standardized with bovine serum albumin. 

+ Values represent specific activity +$.D. and are 
derived from triplicate determinations on each tissue, with 
2-thioacetanalide as methyl group acceptor. 
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As shown in Table 1, enzyme activity was widely distri- 
buted. The highest concentration of the enzyme was found 
in large bowel mucosa, with successively declining levels 
in small bowel, duodenum and stomach. Liver, lung and 
kidney. all organs involved in detoxication, also had rela- 
tively high amounts. Despite thorough removal of the 
mucosa prior to assay, jejunal and ileal muscularis had 
enzyme concentrations that were 42 and 52 per cent of 
those of their respective mucosae, whereas other muscular 
tissues tested had relatively low levels. To evaluate the 
possibility that gut flora contributed to measured enzyme, 
rat feces were assayed and found to be free of detectable 
activity. 

The methylation of hydrogen sulfide (Reaction 2) leads 
to methanethiol, which is also a substrate for methylation 
(Reaction 3) by the same enzyme. 


H,S + S-adenosylmethionine — CH,SH 
+ S-adenosylhomocysteine (2) 


CH,SH + S-adenosylmethionine — CH ,SCH, 
+ S-adenosylhomocysteine (3) 


In establishing the actual product of the enzyme-catalyzed 
reaction, therefore, it was necessary to find a means for 
differentiating methanethiol from dimethylsulfide. Because 
methanethiol has a free reactive sulfhydryl group, but 
dimethylsulfide does not, the two sequential products could 
be distinguished by differential extraction from alkaline 
solution with toluene following reaction with an organic 
mercurial. Therefore, a standard enzyme reaction mixture 
containing hydrogen sulfide was treated with a 3-fold excess 
of p-chloromercuriphenylsulfonic acid at pH 7.9 after 10 
min of incubation with the enzyme. After an additional 10 
min, the mixture was extracted with 6 ml of toluene. Less 
than 5 per cent of the radioactive products were extractable 
into the organic solvent. Thus, the major product of the 
reaction ip the presence of excess H2S appears to be meth- 
anethiol, resulting from a single methylation step. 

With homogeneous thiol S-methyltransferase from rat 
liver [11], double reciprocal plots of substrate concentration 
against product formed allow the calculation of an apparent 
K,, of 64 uM for HS and of 240 uM for methanethiol under 
otherwise standard [11] assay conditions. The calculated 
maximal velocity for H2S as substrate, 7.8 nmoles-mg™! 
-min™!, was considerably higher than that for methanethiol, 
0.9 nmole-mg~'-min~'. On this basis, the conversion of 
methanethiol to dimethylsulfide in vivo would be expected 
to proceed more slowly than the initial conversion of H2S 
to methylthiol. 

Fractions enriched with mucosal villus and crypt cells 
were obtained, for which the gradients of phosphatase and 
thymidine kinase activity indicate adequate separation of 
the cell types. Figure 1, however, shows that thiol methyl- 
transferase activity is only slightly higher in the extracts 
from crypt cells than in those from villus cells. It was 
established that this result was not due to loss of enzyme 
activity during the different periods of washing required 
to obtain the two cell types because less than 15 per cent 
of the observed transferase activity was lost by an additional 
hour of incubation of eluted cells at 37°. 

We have shown that thiol S-methyltransferase is distri- 
buted in a manner that is consistent with a role of the 
enzyme in the detoxication of the mercaptans adsorbed by 
the bowel. Since glutathione and cysteine, hydrophilic 
mercaptans normally found in cells, are not substrates, it 
seems likely that the major function of the enzyme is in its 
action on foreign mercaptans, many of which are highly 
toxic. 

As with other enzymes active in detoxication [24], thiol 
S-methyltransferase is characterized by a broad specificity 
for substrates, among which is hydrogen sulfide. The high 
solubility of hydrogen sulfide in physiological fluids suggests 
that, at equilibrium between flatus and the bowel mucosa, 
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Fig. 1. Distribution of thiol methyltransferase (TM), thymidine kinase (TK), and alkaline phosphatase 
(AP) in mucosal cells prepared by the Weiser procedure [22]. The first fraction was enriched with 
villous cells and the last with crypt cells. Rat jejunal mucosal cells were serially released by the 
procedure of Weiser [22]. The fractions obtained were identified by standard assays for thymidine kinase 
[23], a marker for the crypt cells, and alkaline phosphatase [22], a marker for villous cells. Approximately 
10% (v/v) cell suspensions in a solution of 0.1 M potassium phosphate and 1 mM EDTA (pH 7.9) were 
disrupted with 100 strokes of a 1 ml-size Dounce homogenizer, type B, followed by centrifugation at 
15,000 g for 30 min. Thiol methyltransferase with 2-thioacetanalide as acceptor and the activity of the 
two marker enzymes were determined in the resulting supernatant fluid. 
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much higher concentrations will be present in the latter 
and that potentially toxic amounts can diffuse into the 
portal circulation. The product of the enzyme catalyzed 
reaction with hydrogen sulfide is methanethiol, which is 
slightly less toxic than HS [25] and can itself serve as a 


substrate for a second methylation to dimethylsulfide. Thus, 
the mucosal enzyme may serve as a primary defense against 
the effect of locally produced hydrogen sulfide. Because 
the K,, and V,,,,x for the second methylation are less favor- 
able, much of the methanethiol, as well as any overload 
of hydrogen sulfide, would enter the portal system. The 
liver, with its greater mass and relatively high enzyme 
concentration, would encounter these substrates and would 
be capable of more extensive methylation. Both methylated 
products are also sufficiently volatile to be excreted in the 
breath. In human hepatic failure, accumulation of the least 
reactive of the substrates, i.e. methanethiol, has been 
observed in the systemic blood [26, 27] and may contribute 
to the genesis of hepatic coma [28]. 
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Effects of 2’-deoxycoformycin infusion on mouse phosphoribosyl pyrophosphate 
synthetase* 


(Received 4 April 1980; accepted 4 June 1980) 


Since the discovery of the association of the loss of adeno- 
sine deaminase (ADase) activity with some cases of severe 
combined immunodeficiency disease [1], the role of purine 
metabolism in immune response has become a rapidly 
developing area of investigation. A causal relationship 
between purine synthesis and the response of lymphocytes 
to stimulation with antigens or mitogens has been reported 
[2,3]. Allison et al. [4] have suggested, based on their 
studies of the ADase inhibitor coformycin, that the defi- 
ciency of ADase limits lymphocyte responses to antigens 
and mitogens because the adenine ribonucleotides that 
accumulate inhibit the synthesis of phosphoribosyl pyro- 
phosphate (PRibPP). This compound is a key intermediate 
in purine nucleotide biosynthesis by both the de novo and 
recycling pathways. It is, in turn, regulated by its synthes- 
izing enzyme, PRibPP synthetase (EC 2.7.6.1). The present 
investigation is designed to explore the effect of a potent 
ADase inhibitor, 2'-deoxycoformycin (DCF), on the 
activity of various purine metabolizing enzymes, including 
PRibPP synthetase. 

CS57BL/6J mice, maintained on Purina rat chow and tap 
water supplemented with Terramycin, were infused intra- 
peritoneally as described previously [5] at a constant rate 
of 0.4 mg: kg~!-day~' of DCF in 0.9% sodium chloride for 
5 days. Isolated mouse tissue cells used in enzyme assays 
were homogenized in ice-cold 5% (w/v) sucrose solution 
[0.125 M sucrose, 0.03 M KCl, 0.07 M Tris-HCI buffer (pH 
7.4), and 1mM dithiothreitol]. The homogenates were 
centrifuged at 100,000 g for 60 min in a Spinco L2 pre- 
parative ultracentrifuge. Supernatant fractions thus pre- 
pared were assayed for the activities of HPRTase and 
APRTase. Pellets were resuspended in one-third volume 
of original homogenate buffer containing 2% of added 


Triton X-100. The suspended pellets were homogenized 
again in the Triton solution before centrifugation at 10,000 g 
for 1 hr. The clarified preparation was used for PRibPP 
synthetase assays. The splenocytes and thymocytes were 
prepared by gently teasing the organs apart with forceps 
over a fine tea strainer into tissue culture medium. The cell 
suspensions were filtered through nylon wool packed syr- 
inge barrels before they were used to prepare homogenates 
for enzyme assays. 

HPRTase and APRTase activities were determined by 
the conversion of [8-'*C]hypoxanthine and adenine into 
their respective nucleotides in the presence of PRibPP as 
described previously [6,7]. The assay procedure for 
PRibPP synthetase has also been described previously [8, 9]. 
The synthetase reaction (in the presence of ATP and R-S- 
P) was coupled with the APRTase reaction, and the PRibPP 
produced by the former was measured by the conversion 
of [*C]Ad into [*C]AMP by the added APRTase. The 
protein content of each prepared sample was assayed by 
the method of Lowry et al. [10]. 

The in vitro effects of 1-10 mM DCF on mouse HPRTase, 
APRTase and PRibPP synthetase activities of either mouse 
hemolysates or jejunal mucosa homogenates were deter- 
mined. No inhibitory effect of DCF, even at a 10mM 
concentration, was observed with any of the three purine 
metabolizing enzymes. PRibPP synthetase isolated from 
various DCF infused animal tissues was compared with 
control values obtained from C57BL mice that had been 
infused with PBS for the same length of time. Table 1 
shows that the effect of DCF infusion on mouse PRibPP 
synthetase activity is tissue specific. Thymus enzyme activity 
was completely abolished upon infusion, while liver, 
jejunum, lung and spleen were about equally affected, with 


Table 1. Effect of DCF infusion of mouse tissue PRibPP synthetase activity* 





PRibPP synthetase activity 
{nmoles - (mg protein)” '- min™‘] 


Tissues Control 


% Inhibition 


DCF PRibPP 


infused synthetase ADaset 





Spleen 687.3 + 82.2+ 
Liver 8.4 
Kidney 1.9 
Lung 10.2 
Jejumun 19.5 
Colon 72.8 
Splenocytes 668.7 
Thymocytes 1862.8 
Erythrocytes 377.6 


+ 117+ 63 
72 

6 

68 

72 

0 

59 

100 

0 





* Assays were performed on pools of three animal tissues. 
+ Mean + S.E., obtained from three separate animal tissues, assayed individually. 


¢ Data obtained previously [5]. 





* This research was supported, in part, by USPHS Grant 
CA-14906 from the National Cancer Institute through the 
Large Bowel Cancer Project and by USPHS Grant CA- 
08748 and Contract No 1-CP-75950. 
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Table 2. Effects of DCF and tumor extract infusion on the activity of various purine 
metabolizing enzymes of mouse jejunal mucosa* 





PRibPP 
synthetase 


Enzyme source 
and drug 
treatment 


HPRTase 
[nmoles - (mg protein)~'-min~'] 





Control 
Tumor extract 
infused 
DCF infused 
Tumor + DCF 





* Each value is the mean + S.E. 


59-72 per cent decreases of enzyme activities. No significant 
inhibition of the PRibPP synthetase activity of erythrocyte, 
colon, and kidney was observed. For comparison of the 
DCF effect, the last column in Table 1 is the per cent 
inhibiton on mouse tissue A.Dase obtained previously under 
similar treatment [5]. 

Transplantable colon tumor 38 was used [11] in the 
second set of experiments. A 50% tissue homogenate in 
0.9% saline solution was prepared. The homogenate was 
clarified by centrifugation at 13,000 g for 30 min. A 0.04- 
ml portion of the clarified supernatant fraction was infused 
into each mouse per day for 5 days. Continuous infusion 
of tumor extract into CS7BL mice caused a 2-fold increase 
in PRibPP synthetase activity of the mouse jejunum, as 
compared to the 88 per cent inhibition induced by DCF 
infusion in this particular experiment (Table 2). Infusion 
of the DCF and tumor extract together seemed to have 
suppressed the change that occurred by the infusion of 
either effector alone. No significant effects on APRTase 
under the same treatment were observed. The DCF infu- 
sion caused a slight inhibition of HPRTase activity from 
the mouse jejunum mucosa. 

These results show that, even though 2-deoxycoformycin 
is not an inhibitor for PRibPP synthetase in vitro, it exerts 
a great effect on this enzyme upon prolonged infusion of 
the drug. The effect is tissue specific, greatest with the 
lymphoid system, i.e. thymus and spleen, differentially 
effective against jejunum but not colon enzyme, and sup- 
pressive to the enzyme in liver and lung but not in kidney 
and erythrocytes. 

The tissue-specific effect of DCF on PRibPP synthetase 
is not surprising, since we have previously reported that 
there are distinct differences between the PRibPP synthe- 
tase from human erythrocytes and that from other tissues 
and that tissue-specific PRibPP synthétase variants are 
expected [8]. We have further shown that, unlike PRibPP 
synthetase from erythrocytes, the enzyme from nucleated 
tissues, e.g. jejunum and colon, is mainly membrane associ- 
ated [9], and a characteristic difference between the enzyme 
from these two sources was observed. 

The facts that PRibPP synthetase activity is found associ- 
ated with cell membrane, and that upon exposure of human 
lymphocytes to mitogen the level of PRibPP increases 
considerably within minutes of the stimulation are con- 
sistent with the view that purine synthesis is possibly 
involved in the cellular regulation of proliferation. The 
parallel suppressive effect of the DCF upon the cellular 
immune response and that of the PRibPP synthetase activity 
further correlates the function of this enzyme with the 
activity of the cellular immune system. 

Tissue specific responses of adenosine deaminase and 
other enzymes to DCF treatment have been reported from 
our laboratory [5]. Unlike ADase, however, PRibPP syn- 
thetase of erythrocytes, colon, and kidney is unaffected by 
this inhibitor, whereas jejunal enzyme is severely inhibited. 
Since there is no de novo synthesis in erythrocytes and 
since jejunal mucosa cells have a significantly higher turn- 


BP 29-20-—L 


three to six animals. 


over rate than the other tissue cells, it seems reasonable 
to assume that DCF might directly or indirectly be affecting 
the synthesis of PRibPP synthetase. 

ADase is the only enzyme that has been reported to be 
altered in ADase-deficient severe combined immunodefi- 
ciency disease (SCID). If the effect of DCF infusion mimics 
the inherited metabolic disorder and if PRibPP synthetase 
is involved, then erythrocytes will certainly not be the 
proper cells to evaluate the metabolic impairment of SCID. 

The parallel suppressive effects of DCF upon the ADase 
and PRibPP synthetase activities appear consistent with 
the theory that the accumulated adenine ribonucleotides 
caused by the deficiency of the former enzyme inhibit the 
reaction of the latter [4]. However, from the results of the 
tumor extract infusion experiment, the relationship 
between these two enzymes might be more complicated. 

The effects of tumor or its extract on ADase and PRibPP 
synthetase are opposite, it enhances the PRibPP synthetase 
activity but depresses the ADase activity [5,12]. At the 
same time neither DCF nor tumor extract has any effect 
on APRTase which is readily inhibited by various purine 
nucleotides [13]. These observations indicate that adeno- 
sine per se or its nucleotides are not likely to be solely 
responsible for the observed changes on PRibPP synthe- 
tase. To explain different effects of DCF and tumor extract 
upon this enzyme one could assume that, besides adenosine 
nucleotides, there are other metabolites that are derived 
from adenosine, e.g. adenosylhomocysteine, that might be 
the actual effectors of PRibPP synthetase. Many biological 
alterations are secondary effects of a primary change on 
a specific target enzyme. One cannot but recognize the 
similarity of this case to that of Lesch-Nyhan disease and 
HPRTase-deficient gout [14]. Deficiency of HPRTase in 
affected patients causes an increase in cellular levels of 
PRibPP. An increase in APRTase activity is observed in 
these same patients and it was found to be to the stabilizing 
effect of the excess PRibPP on the enzyme rather than to 
alteration in enzyme synthesis or kinetic properties [15, 16]. 

It is known that excess adenosine inhibits pyrimidine 
synthesis [17]. This decrease in PRibPP synthetase activity 
might be the mechanism responsible for such inhibition. 

Thus, the clearly defined gentic defect, loss of ADase 
activity, can exert its ultimate biologic effect at quite a 
distance from the primary site, and compounds inhibiting 
this enzyme, among others, may express their action at a 
distance. 
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PRELIMINARY COMMUNICATIONS 


THE EFFECTS OF HORMONES ON LIVER FRUCTOSE BISPHOSPHATASE 
CONCENTRATION AND ACTIVITY: APPLICATION OF A NEW SPECIFIC RADIOIMMUNOASSAY 


James C. Donofrio, Mary Y. Mazzotta and Carlo M. Veneziale 


Section of Biochemistry, Mayo Medical School, Rochester, MN 55901, U.S.A. 


(Received 29 May 1980; accepted 5 August 1980) 


The concentration, as well as the maximum assayable activity, of fructose 
bisphosphatase (FBPase) was measured in rabbit livers by the application of a specific 
radioimmunoassay technique. We obtained data in terms of nmoles/g wet weight of liver, 
units/g, units/nmole, nmoles/liver and units/liver in control rabbits given glucagon, 
glucocorticoids and thyroxine. Enzyme concentration (nmoles/g) increased following 
injection of all three hormones, but enzyme activity (units/g) did not increase 
proportionately. As a result, the average specific activity (units/nmole) decreased, which 
is best explained by hormonal induction of the enzyme without processing to give enzyme 
protein of normal specific activity. In no case of hormone administration, including 
glucagon, was the specific activity of the enzyme increased. Any increase in units/liver 
was always caused by an increase in enzyme mass rather than in catalytic activity. 

MATERIALS AND METHODS 

New Zealand rabbits (42; male and female) of approximately 1200 g were used. All 
rabbits were maintained on a conventional commercial rabbit chow until they were killed. 
Glucagon was obtained from the Eli Lilly Co., Chicago, IL, cortisone acetate from the 
Upjohn Co., Kalamazoo, MI, triamcinolone diacetate from Lederle, Chicago, IL, and 
levothyroxine from Flint Laboratories, Deerfield, IL. Radioiodination of FBPase was 
accomplished by indirect means using a modification of the method of Bolton and Hunter [1]. 
The N-hydroxysuccinimide ester was iodinated to a specific activity of approximately 
5 mCi/ug. Radioimmunoassay of FBPase was as described by Mazzotta and Veneziale [2]. 
Maximal activity assays were carried out according to the method of Ulm et al. [3] and 
utilized an AMP removal system. Rabbits were anesthetized and then exsanguinated from 
severed carotid and jugular vessels. Livers were removed and weighed, and 20% homogenates 


(w/v) were prepared with 10 mM Tris-HCl, pH 7.6, containing 0.25 M sucrose, 0.1 m™ 


Na EDTA and 1 mM dithiothreitol. A high speed supernatant fraction was prepared by 


centrifugation at 115,000 g for 60 min. For activity assays, 10 ul of this fraction was 
used; even the most active extracts did not exceed the capacity of this system to measure 


| ree The high speed supernatant fraction was also analyzed for FBPase concentration 


by radioimmunoassay. Standard enzyme for the radioimmunoassay was prepared from the frozen 
livers of young rabbits according to the procedure of Ulm [3]. Purified enzyme was shown 
to be homogeneous by the criteria of sodium dodecyl sulfate gel electrophoresis; even 48 ug 
gave a single stained band. Standard enzyme concentration was assayed by a fluorescamine 


method [4,5]. Data are presented as the mean + one standard deviation. 
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RESULTS AND DISCUSSION 

Control rabbits maintained plasma glucose concentrations of 186 + 27 mg/100 ml. 
Plasma levels were 287 + 88 in glucagon-treated animals, 248 + 104 in cortisone-treated 
animals and 300 + 94 mg/100 ml in triamcinolone~treated rabbits. 

Administration of glucagon resulted in an increase in the amount of liver FBPase from 
157 to 336 nmoles (Table 1). Enzyme activity was also shown to increase over control 
animals but it failed to rise proportionately, increasing from 413 to only 581 units. The 
specific activity, defined as units/g divided by nmoles/g, therefore, decreased from a 
control value of 2.6 to 1.8. The same general effects were also noted when rabbits were 
injected with cortisone. In the case of triamcinolone and thyroxine the specific activity 
was again significantly decreased (from 2.6 to 1.5); variation in units/g after injection 
of these hormones made the increase in units/liver appear to be statistically 
insignificant. The effect of glucagon, glucocorticoids and thyroxine, which was to 
increase the mass of liver FBPase, was also clearly evident when the data were based on 
1000 g body weight (Table 2). 

Clark et al. [6] using rat hepatocytes provided evidence for stimulation of the carbon 
flux through the FBPase reaction by glucagon. Riou et al. [7] reported that isolated 
FBPase is subject to specific phosphorylation associated with an increase in enzyme 
activity. In contrast Mendicino et al. [8] showed that isolated swine kidney FBPase could 


be phosphorylated without a change in activity. 


Glucagon has long been known to stimulate gluconeogenesis by effects on the pathway 


beyond phosphoenolpyruvate carboxykinase [9,10]. The hormone has been shown to cause 
inhibition of phosphofructokinase in isolated hepatocytes [11]. Whatever specific 
alterations of the enzymes occur in response to glucagon and its second messenger, cAMP, 
remain to be documented. The present study partly focuses on the effects of glucagon on 
both the concentration and activity of FBPase. The data provided by our approach indicate 
that glucagon induces the enzyme, but does not seem to activate it. 

Zalitis and Pitot [12] have reported a half life of 45 hr for rat liver FBPase and 
have stated that, under a variety of hormonal conditions, there is little variation in 
its rate of synthesis and degradation. They concluded that the enzyme is a constitutive 
protein in liver. However, in the rabbit liver the situation appears to be different based 
on data presented in this paper and in Mazzotta and Veneziale [2]. 

This information helps to place into perspective the importance of measuring enzyme 
concentration independent of enzyme activity. Activity measurements do not 
necessarily reflect the intracellular enzyme protein concentration; there is not always a 
direct relationship between activity and concentration [13-16]. The use of a specific 
radioimmunoassay allowing for the direct measurement of enzyme concentration independent of 
activity measurements addresses this issue directly and provides a new investigative 
dimension not previously available. 

FBPase also accumulates in liver after injection of glucocorticoids and thyroxine. 
Previous work [16], based strictly on activity measurements, supports the view that 
glucocorticoids induce the enzyme at the level of transcription or translation. It is 
unlikely that changes in the rate of degradation are entirely responsible for the elevated 
enzyme tissue concentrations. Induction of enzyme protein best explains the elevated 


concentrations we have demonstrated after hormone injection. 
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Table 2. Hormonal effects on fructoge bisphosphatase concentration 
and activity in terms of body weight 





Condition nmoles units 
1000 g body weight 1000 g body weight 











Control 42 313 + 64 
Glucagon 74 (P < 0.001) 454 + 89 (P < 0.001) 


Cortisone 24. « 60 (P < 0.001) 413 + 93 (P < 0.05) 


Triamcinolone + 110 (P < 0.001) 404 99 (P < 0.05) 


Thyroxine 88 (P < 0.001) 363 + 186 (NS) 





Glucagon (100 ug) was injected every 6 hr for 
nine injections. Cortisone acetate (2.5 mg/injection), triamcinolone 
diacetate (4.0 mg), or thyroxine (20 ug) was injected 
intramuscularly on each of three successive mornings. The rabbits 
were killed within 1 hr after the final hormone injection. 

NS = not significant. 
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EFFECT OF CHRONIC TREATMENT WITH ANTIDEPRESSANTS ON BETA-ADRENERGIC 


RECEPTOR BINDING iN GUINEA PIG BRAIN 


Hsiang-Yun Yang Hu, John M. Davis, William J. Heinze and Ghanshyam N. Pandey 


Illinois State Psychiatric Institute, Chicago, IL 60612 U.S.A. 
(Received 20 June 1980; accepted 23 July 1980) 


In the rat cerebral cortex, catecholamine-stimulated accumulation of cyclic adenosine-3',5'- 
monophosphate (cyclic AMP) has been reported to be antagonized by both alpha- and beta-adrenergic 
blocking agents (1). In the guinea pig cerebral cortex, beta-adrenergic blocking agents have hardly any 
effect on epinephrine- and norepinephrine-stimulated adenylate cyclase activity (l-3). Clark et al. (4) also 
failed to detect beta-adrenergic binding sites using ? H }dihydroalprenolol (DHA) in the guinea pig 
cerebral cortex. These findings suggest that the effect of catecholamine on the cyclic AMP level in the 
guinea pig cerebral cortex is mediated primarily via interaction with alpha-adrenergic receptors. 
However, after a detailed study, Bylund (5) showed that the guinea pig cerebral cortex does have PH} 
DHA binding sites, similar to those in the rat brain, which have the characteristics of a beta |-adrenergic 
receptor. 

Some in vitro experiments have indicated that the cerebral cortex of the rat and that of the guinea 
pig respond differently to antidepressant drugs with respect to accumulation of cyclic AMP (6-8). Thus, 
there appears to be species differences between guinea pig and rat brain in their response to beta- 
adrenergic agents and tricyclic antidepressants. 

It also has been reported by several investigators that chronic treatment with antidepressant drugs 
causes a reduction in PH]DHA binding sites in rat brain (9-13). Since the presence of (PHEDHA binding 
sites has been demonstrated, it was of interest to examine the effect of chronic antidepressant 
treatments on PH}DHA binding in guinea pig cortex. Although we observed PH}DHA binding 
characteristics of guinea pig cortex similar to those reported by Bylund (5), it would be interesting to 
determine whether there is a difference in the chronic effect of antidepressants on beta-adrenergic 


receptor binding in the guinea pig and rat brain. Contrary to the reports on the rat brain (9-14), our data 


show no significant change in beta-adrenergic receptor density or apparent affinity for PH}DHA in the 


guinea pig cerebral cortex after chronic treatment with desipramine, phenelzine, or electroconvulsive 
shock (ECS). 

Guinea pigs (200-250 g) were injected intraperitoneally with desipramine (10 mg/kg) or phenelzine (5 
mg/kg) or were subjected to ECS (75 mA for 1 sec through transcorneal electrodes) once daily for 15 days. 
Control guinea pigs were injected with saline. The experimental procedures for the preparation of tissue 
homogenate and for the PH]-DHA binding assay were the same as described by Pandey et al. (11). 

The maximal number of PHLDHA binding sites a ee 


for guinea pig cerebral cortex were found to be 120 fmoles/mg protein and 2.41 nM respectively. These 


) and the apparent dissociation constant (KY) 


values are similar to those reported for guinea pig (5) and rat (10,I1,14) cerebral cortex. The effects of 


chronic treatment of guinea pigs with tricyclic antidepressants (desipramine), monoamine oxidase 





2896 Preliminary Communications 


Table 1. Effect of chronic treatment with antidepressants on receptor density and dissocia- 
tion constant of beta-adrenergic receptors in guinea pig cerebral cortex 





Receptor density. Dissociation 
Treatment (fmoles/mg protein) constant (nM) 





Control] 122 + 2.31 + 0.44 
Des ipramine 114 + 2.41 + 0:47" 


Phenelzine 119 + 2.88 + 0.34% 


ECS 100 + 2.54 + 0.49” 





*Paired t-test showed no significant difference as compared to the control. 


inhibitor (phenelzine) and electroconvulsive shock are shown in Table 1. The binding experiments were 


carried out with four different concentrations of PH}DHA (0.4 to 3.2 nM) and data were analyzed by 


Scatchard plot. No significant change in either receptor density (Bax or apparent affinity (Ky) was 
observed following chronic injection of desipramine or phenelzine. Although treatment with ECS caused a 
slight decrease in receptor density, this was not statistically significant (P value between 0.05 and 0.i). 

In contrast to our findings in the guinea pig cortex, other investigators have reported that similar 
chronic antidepressant treatment of rats led to a reduction in beta-adrenergic receptor density (9-14). 
These observations suggest that there seems to be species differences between guinea pig and rat cerebral 
cortex in the response of beta-adrenergic receptors to chronic antidepressant treatment. Whether these 
differences are due to a difference in the membrane structure or in the beta-receptor coupled adenylate 


cyclase complex of adrenergic neurons remains to be investigated. 
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IMPROMIDINE, A POTENT INHIBITOR OF HISTAMINE METHYLTRANSFERASE (HMT) 
AND DIAMINE OXIDASE (DAO) 


Michael A. Beaven and Nancy B. Roderick 


Laboratory of Cellular Metabolism, National Heart, Lung, and Blood Institute, 
National Institutes of Health, Bethesda, MD 20205 U.S.A. 


(Received 4 August 1980; accepted 6 August 1980) 


Impromidine is a specific histamine Hg receptor agonist and is reported to be 9-100 
times more potent than histamine in several test preparations [1-3]. Because its struc- 
ture (I) (Fig. 1) includes imidazole and guanidine groups and the fact that HMT is inhib- 
ited by a wide variety of histamine receptor agonists and antagonists [4-9,11], we have 
tested its ability to inhibit HMT (EC 2.1.1.8), DAO (EC 1.4.3.6) and histidine decarboxy]- 
ase (EC 4.1.1.22) (HdD) and compared its actions to those of SKF 91488, aminoguanidine (II) 
(inhibitors of HMT [4,10] and DAO [11], respectively) and the recently developed H2-recep- 
tor antagonist ICI 125,211 (Tiotidine) (III) [12]. 


CH2SCH2CH2NHCNHCH2CH2CH2 


a. 


NH 


CH2SCH2CH2NHCNHCH3 
NCN 


METHODS 

Enzyme preparations were from the following sources. HdD and DAO activity were solu- 
ble extracts of gastric mucosa and ileum [10]. HMT activity was obtained from rat kidney 
and was partially purified by ammonium sulfate fractionation [13] and further purified by 
the procedures described by Sellinger and associates [14]. 

Histidine decarboxylase activity was assayed by measurement of 14c0, release from 
L-histidine-1-[carboxyl-14c] [15], DAO activity by the measurement of tritium release from 
[p-3H]-histamine [16] and HMT activity by measurement of the rate of conversion of hist- 
amine to [14c]-methylhistamine in the presence of S-adenosy1-L-methione (14c-methy1] [17]. 
Concentrations of labeled substrates were L-histidine, 2.5 x 1074 M; histamine, 10-7 M 
(for DAO) and 5 x 10-7 M (for HMT); S-adenosylmethionine, 5 x 10-6 M, and were diluted 
with unlabeled substrates for kinetic studies. Reagents were from sources described 
previously [17]. All values were the mean of duplicate determinations and graphs were 
plotted by the method of least squares by computer analysis. 
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RESULTS 
The effects of the drugs are summarized in Table 1. Impromidine and SKF 91488 
inhibited both HMT and DAO; aminoguanidine inhibited DAO and, at very high concentrations, 
HMT; and Tiotidine was a weak inhibitor of both enzymes. With Impromidine, the inhibition 


Table 1. Per Cent Inhibition of histidine decarboxylase (HdD), histamine methyltrans- 
ferase (HMT) and diamine oxidase (DAO)* 





Drug concentration Impromidine SKF 91488 Aminoguanidine Tiotidine 
(M) HdD HMT DAO HdD HMT DAO 4HdD 4HMT DAO 4HdD ~~ HMT 





10-9 43 
10-8 52 
10-8 78 
10-8 87 
10-7 

10-7 

10-6 

1076 

1076 

10-5 

10-4 

10-3 38 





*Substrate concentrations: histidine, 2.5 x 10-4 M; histamine, 5 x 10-7 M. Values for 
inhibition of DAO by SKF 91488 were reported previously [5]. 


7 x 1079 M) was competitive, whereas the inhibition of 


of HMT (K;, 5 x 1077 M) and DAO (K 
DAO (K 
Impromidine was reversible; dilution of mixtures containing enzyme and partially inhibitory 


i> 
49 9X 1078 M) by aminoguanidine was noncompetitive (Fig. 2). The inhibition of 
concentrations of Impromidine restored activity to values that were predicted from the 
kinetic curves. The inhibition of HMT by SKF 91488, as reported previously [4], appeared 
to be noncompetitive in the presence of low concentrations of histamine (< 5 x 10-7 M). 
With higher substrate concentrations (> 10-6 M), this did not appear to be the case (Fig. 
2), but inhibition of HMT was also apparent with these concentrations of histamine. 


DISCUSSION 

These results indicate that Impromidine is a remarkably potent inhibitor of both HMT 
and DAD and is 10 times more potent an inhibitor of DAO than aminoguanidine. The drug is 
less potent an inhibitor of HMT than amodiaquin (K;, 1078 M) [11] but as potent as d-chlor- 
pheniramine (K;, 7 x 1077 M), and more potent than SKF 91488 (K;, 1076 M) or the Ho-recep- 
tor agonist, Dimaprit (K;, 8 x 1076 M) [4]. Aminoguanidine and SKF 91488 remain useful 
experimental drugs as neither drug has intrinsic pharmacological activity when administered 
in large doses (see, for example, ref. 10). The inhibitory activity of Impromidine may be 
significant after therapeutic doses of drug in that in concentrations that produce 50 per 
cent of maximal stimulation of Hp receptors (EDsq for guinea pig atrium, rat uterus and rat 
gastric secretion were 2.5 x 10-8 M, 1.8 x 10-7 M and 3 x 10-7 M, respectively) [2,3] hist- 
amine-inactivating enzymes would be partially or totally inhibited. Since the actions of 
exogenous [18,19] and endogenous histamine (pentagastrin-induced gastric secretion) [20] 
are markedly potentiated after the inhibition of these enzymes, blockade of histamine 
metabolism should be considered as part of the spectrum of activity of Impromidine. 
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Fig. 2. Inhibition of DAO by aminoguanidine (A) and Impromidine (B) and HMT by Impromidine 


(C) and SKF 91488 (D) in the presence of different micromolar concentrations of histamine 
as indicated. The inhibition of DAO by aminoguanidine and Impromidine appeared to be non- 
competitive and competitive, respectively, and HMT by Impromidine competitive. Substrate 
inhibition (see text), however, may complicate the picture. 

The presence of inhibitory sites with an affinity for groups, such as imidazole, thio- 
urea, or guanidine, has been postulated for HMT and DAO [4] to account for substrate inhi- 
bition, reversal of this inhibition by Hj receptor antagonists and other methylated amines 
[4,14], and noncompetitive inhibition of the enzymes by some inhibitors. Kinetic studies 
of HMT are complex, however, because the enzyme is subject to both substrate and product 
inhibition and there is uncertainty as to its mechanism of action (see 4 and references 
cited therein). Dr. I. Smith (of Smith Kline and French Research Laboratories, England) 
has reported to us that, at higher concentrations of histamine than were used in our ear- 
lier studies [4], inhibition of HMT by SKF 91488 was competitive. In the present studies 
the characteristics of inhibition by 91488 appear to alter in the presence of inhibitory 
concentrations of histamine. These questions will require re-examination once HMT (or its 
isoenzymes) has been purified and better characterized. The properties of Impromidine may 
prove useful in the purification of the enzyme. Our preliminary data indicate that gels 
prepared from Impromidine and Sepharose have a high affinity for HMT activity in the crude 
[13] and partially purified [14] preparations of the enzyme. 
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METABOLISM OF 
4-HYDROXYCYCLOPHOSPHAMIDE/ALDOPHOSPHAMIDE 
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Abstract—The metabolism of 4-hydroxycyclophosphamide/aldophosphamide (HCP/AP), the primary 
metabolite of cylophosphamide, was studied in vitro. Rabbit muscle glyceraldehyde-3-phosphate dehy- 
drogenase and bovine-liver catalase did not metabolize HCP/AP. Neither did a rat hepatic 1000 g 
soluble fraction when conditions were made optimal for phosphamidase-catalyzed metabolism. Purified 
horse liver alcohol dehydrogenase converted HCP/AP to a metabolite tentatively identified as alco- 
phosphamide. This metabolite was also found when HCP/AP was incubated with murine hepatic 
105,000 g soluble fractions under conditions optimal for the expression of alcohol dehydrogenase activity. 
Murine hepatic 105,000 g soluble and solubilized 105,000 g particulate fractions catalyzed the oxidation 
of HCP/AP to carboxyphosphamide when incubation conditions were made optimal for the expression 
of NAD-linked aldehyde dehydrogenase activity. Acrolein, disulfiram and butyraldehyde inhibited 
carboxyphosphamide formation in this system whereas pyridoxal, menadione and allopurinol did not. 
Oxidation of HCP/AP to carboxyphosphamide by murine hepatic 105,000 g soluble or solubilized 
105,000 g particulate fractions was not observed in the absence of NAD or when incubation conditions 
were made optimal for the expression of aldehyde oxidase activity. NAD-linked aldehyde dehydrogenase 
activity was found in all of the normal and neoplastic tissues examined when butyraldehyde or 
benzaldehyde was used as the substrate. Aldehyde oxidase activity was found in some of the normal 
tissues but not in the neoplasms. NAD.linked aldehyde dehydrogenase activity greatly exceeded 
aldehyde oxidase activity in all tissues. These findings suggest that carboxyphosphamide formation from 


HCP/AP is predominantly catalyzed by NAD-linked aldehyde dehydrogenases. 


Cyclophosphamide is a prodrug widely used as an 
antitumor and immunosuppressive agent; its phar- 
macology and metabolic fate have been reviewed 
recently [1-4]. It is first hydroxylated to 4-hydrox- 
ycyclophosphamide by a mixed function oxygenase 
system present largely in hepatic endoplasmic reticu- 
lum. 4-Hydroxycyclophosphamide is believed to 
exist in equilibrium with its ring-opener tautomer, 
aldophosphamide. 4-Hydroxycyclophosphamide/ 
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aldophosphamide (HCP/AP) is also a prodrug and 
undergoes one of two fates: either hydrolysis to 
phosphoramide mustard, and acrolein, each of which 
is cytotoxic; or conversion to the relatively noncy- 
totoxic metabolites, carboxyphosphamide, 4-keto- 
cyclophosphamide and alcophosphamide. Phos- 
phoeamide mustard can give rise, via hydrolysis, to 
bis(2-chloroethyl)amine, yet another cytotoxic 
metabolite. Carboxyphosphamide is the principal 
metabolite excreted in the urine and can also give 
rise, via hydrolysis, to bis(2-chloroethyl)amine. 

The biochemical basis for the selective toxicity of 
cyclophosphamide apparently resides with HCP/AP 
but has not been elucidated [2-5]. 

The selective action of cyclophosphamide may 
depend, at least in part, on the relative rates at which 
HCP/AP is converted to cytotoxic and noncytotoxic 
metabolites in sensitive and insensitive normal and 
neoplastic cells [6-11]. Little is known about the 
catalysis of these conversions other than that alde- 
hyde oxidase and NAD-linked aldehyde dehydro- 
genases are capable of catalyzing the oxidation of 
HCP/AP to carboxyphosphamide [8, 10-14]. The 
relative importance of the two enzyme activities in 
the catalysis of this reaction is unknown. 

The present investigations are the first in a series 
intended to gain more knowledge about the metab- 
olism of HCP/AP. 
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MATERIALS AND METHODS 


Materials. Side chain (1.9mCi/mmole) labeled 
['*C]cyclophosphamide was obtained from the New 
England Nuclear Corp. Boston, MA. Radiochemical 
purity, determined by chromatography in five dif- 
ferent systems, was above 98 per cent. 

Cyclophosphamide was supplied by Dr. W. A. 
Zygmunt, Mead Johnson & Co., Evansville, IN. 
Carboxyphosphamide and 4-ketocyclophosphamide 
were supplied by Dr. R. F. Struck, Southern 
Research Institute, Birmingham, AL. Phosphor- 
amide mustard -cyclohexylamine was supplied by Dr. 
H. B. Wood, Jr., Drug Development Branch, 
Division of Cancer Treatment, National Cancer 
Institute, Bethesda, MD. Propranolol hydrochloride 
was supplied by the Ayerst Research Laboratory, 
New York, NY. Authentic aldophosphamide semi- 
carbazone was synthesized in our laboratories [5]. 

Phenobarbital sodium was purchased from Merck 
& Co., Rahway, NJ. Cyanamide, butyraldehyde, 
benzaldehyde, acrolein, bis(2-chloroethyl)amine 
hydrochloride and pyridoxal hydrochloride were 
purchased from the Aldrich Chemical Co., Milwau- 
kee, WI. Disulfiram, menadione sodium bisulfite, 
diethyldithiocarbamic acid, allopurinol, NAD, 
NADH, NADPH, purified rabbit muscle glyceral- 
dehyde-3-phosphate dehydrogenase (one unit 
reduces | umole of 3-phosphoglycerate to glyceral- 
dehyde-3-phosphate per minute at pH 7.6 and 25°), 
purified bovine liver catalase (one unit decomposes 
1 umole of hydrogen peroxide per minute at pH 7 
and 25°) and purified horse liver alcohol dehydro- 
genase (1 mg converts approximately 1.3 umoles of 
ethanol to acetaldehyde per minute at pH 8.8 and 
25°) were purchased from the Sigma Chemical Co.., 
St. Louis, MO. Glucose-6-phosphate dehydrogenase 
(one enzyme unit reduces 1 umole of NADP per 
minute at pH 7.4 and 20°) was purchased from the 
Boehringer Mannheim Corp., New York, NY. 
Chloral hydrate was obtained from the University 
of Minnesota Hospitals Pharmacy, Minneapolis, 
MN. 

Male, Holtzman rats, weighing 170-220 g, were 
purchased from the Holtzman Co., Madison, WI. 
Female BDF, mice, weighing 18-20 g, were pur- 
chased from AKS/Sprague-Dawley, Madison, WI. 
Rats were housed in hanging wire cages and mice 
in plastic cages filled with ground corn cob bedding. 
All animals were fed Purina Laboratory Chow (Ral- 
ston Purina Co., St. Louis, MO) ad lib. 

Rat Walker 256 mammary carcinosarcoma cells 
were grown subcutaneously as described previously 
[15]. Mouse MC-79 and MBE sarcomas were grown 
subcutaneously and supplied by Dr. C. F. McKhann, 
University of Minnesota, Minneapolis, MN. These 
tumors originated in the leg muscles of mice admin- 
istered 3-methylcholanthrene subcutaneously. 

Subcellular fraction preparation. Washed micro- 
somes, prepared from the livers of phenobarbital- 
treated rats or mice, were used to activate cyclo- 
phosphamide [16]. Phenobarbital sodium dissolved 
in 0.9% sodium chloride was injected i.p. to induce 
hepatic microsomal mixed function oxygenase 
activity. Rats and mice were injected once and twice 
daily, respectively, for 5 days (40 mg/kg per injec- 


tion), and were killed 24 and 12hr, respectively, 
after the last dose. Animals were stunned by a blow 
to the head and decapitated. Livers were quickly 
excised, placed into an ice-cold 1.15% potassium 
chloride solution, trimmed of all foreign tissues, 
blotted dry, and weighed. All subsequent procedures 
for the preparation of the tissue fractions were car- 
ried out at 04°. A Dounce homogenizer was used 
to prepare 25-50% homogenates in a 1.15% potas- 
sium chloride solution. The homogenate was cen- 
trifuged at 9,000 g for 20 min and the resultant 
supernatant fraction was then removed and centri- 
fuged at 105,000 g for 60 min. The supernatant frac- 
tion was discarded and the microsomal pellet was 
resuspended, with the aid of a Dounce homogenizer, 
in 1.15% potassium chloride solution so that each 
ml contained the equivalent of 500 mg of liver. The 
suspension was centrifuged again at 105,000 g for 30 
min, the supernatant fraction was discarded, and the 
pellet was resuspended as before. All microsomal 
fractions were used immediately after preparation. 

Soluble (105,000 g), and solubilized particulate 
(105,000 g), fractions were prepared from various 
tissues of untreated rats and mice. The desired tissues 
were excised and whole homogenates were prepared 
as described above except that a Sorval Omni-mixer 
was used in addition to assist in the homogenization 
of skeletal muscle, stomach, and small intestine. The 
whole homogenates were then centrifuged at 
105,000 g for 60 min at 2 + 2°. The resultant soluble 
fractions were removed and diluted with 1.15% 
potassium chloride solution so that each ml contained 
the equivalent of 500 mg of tissue. The pellets were 
resuspended in 1.15% potassium chloride solution 
so that, following the addition of deoxycholate to a 
final concentration of 0.3% and thorough mixing to 
solubilize particulate proteins, each ml contained the 
equivalent of 500 mg of tissue. The suspension was 
then centrifuged at 105,000 g for 60 min at 2 + 2°. 
The resultant supernatant (solubilized particulate) 
fractions were removed and diluted with 1.15% 
potassium chloride solution so that each ml contained 
the equivalent of 500 mg of tissue. All fractions were 
used immediately after preparation. 

Nucleic acids were freed from whole homogenates 
by the method of Schneider [17], and the DNA 
content was determined by the method of Dische 
[18] as modified by Davidson and Waymouth [19]. 
Calf thymus DNA was used as the standard. 

Soluble fractions (1000 g) were prepared from the 
livers of untreated rats by centrifugation of the whole 
liver homogenate, prepared as described above, at 
1000 g for 10 min at 2 + 2°. The resultant soluble 
fraction was removed and diluted with 1.15% potas- 
sium chloride solution so that each ml contained the 
equivalent of 100 mg of liver. These fractions were 
also used immediately after preparation. 

Spectrophotometric assay for NAD-linked alde- 
hyde dehydrogenase activity. The complete reaction 
mixture contained NAD (12 umoles), pyrazole 
(600 umoles), butyraldehyde or benzaldehyde 
(12 umoles), potential inhibitor, the 105,000 g solu- 
ble fraction or the solubilized 105,000 g particulate 
fraction obtained from 10 to 20 mg of tissue, and 
sodium pyrophosphate buffer (96 umoles) adjusted 
to pH 7.8 when monitoring activity present in the 
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soluble fraction and to pH 8.8 when monitoring 
activity in the solubilized particulate fraction, in a 
final volume of 3 ml. Preliminary experiments estab- 
lished these conditions as optimal for hepatic NAD- 
linked aldehyde dehydrogenase activity. All poten- 
tial inhibitors of NAD-linked aldehyde dehydrogen- 
ase activity were added to the incubation media in 
aqueous solution except disulfiram, which was added 
in 10 ul of ethanol. The reaction was started by 
adding butyraldehyde or benzaldehyde and was fol- 
lowed by monitoring NADH formation at 340 nm 
in a Gilford 2400 automatic recording spectropho- 
tometer equipped with a Haake Constant Temper- 
ature Circulator to maintain a constant reaction tem- 
perature of 30°. The buffer and pyrazole solutions 
were warmed to 30° before addition to the cuvettes. 
Subcellular fractions, butyraldehyde and benzalde- 
hyde were kept on ice prior to their introduction 
into the incubation media. Initial velocities and a 
molar extinction coefficient of 6100 for NADH were 
used to quantify enzyme activity. Butyraldehyde and 
benzaldehyde were omitted from the blank mixture. 

Spectrophotometric assay for aldehyde oxidase 
activity. Aldehyde oxidase activity was measured by 
the method of Johns [20] under conditions deter- 
mined in preliminary experiments to be optimal for 
this activity in liver fractions. The complete reaction 
mixture contained ammonium sulfate (390 umoles), 
ethylenediaminetetraacetic acid tetrasodium 
(3 moles), sodium pyrophosphate _ buffer 
(9.6 umoles) adjusted to pH 7.4, benzaldehyde 
(0.15 umole), potential inhibitor, and the 105,000 g 
soluble fraction obtained from 40 mg of tissue, in a 
final volume of 3ml. All potential inhibitors of 
aldehyde oxidase activity were added to the incu- 
bation media in aqueous solution except disulfiram 
which was added in 10 ul of ethanol. The reaction 
was started by adding benzaldehyde and was fol- 
lowed by monitoring the decrease in absorbance at 
249 nm that resulted from the oxidation of benzal- 
dehyde to benzoic acid, in a recording Aminco DW- 
2 UV/Vis spectrophotometer. A Haake Constant 
Temperature Circulator was used to maintain a con- 
stant reaction temperature of 30°. All constituents 
except benzaldehyde and the 105,000 g soluble frac- 
tion were warmed to 30° before addition to the 
cuvettes. Benzaldehyde and the subcellular fractions 
were kept on ice prior to their introduction into the 
incubation media. Initial velocities and a molar 
extinction coefficient of 17,540 for benzaldehyde 
were used to quantify enzyme activity. Benzaldehyde 
was omitted from the blank mixture. 

Incubation conditions for the formation and metab- 
olism of HCP/AP in vitro. The general procedure 
was to first incubate ['*C]cyclophosphamide with 
washed hepatic microsomes at 37° for 15 min; this 
served to generate HCP/AP. Radiolabeled HCP/AP 
had to be enzymatically generated in these investi- 
gations because it is relatively unstable [1-4] and not 
commercially available. Incubation conditions were 
then altered to those optimal for the specific enzyme 
activity to be investigated; various crude hepatic and 
puritied enzyme fractions or the appropriate control 
solution were added and incubation was continued 
at 37° for an additional 15 min. Semicarbazide 
(1.5 umoles in 5 ul, pH 7.4) was then added and 


2905 


incubation continued for yet another 15 min to allow 
aldophosphamide semicarbazone formation. Fol- 
lowing the final incubation, protein was precipitated 
by the addition of 50 ul of 5.5% zinc sulfate solution 
and 50 ul of 4.5% barium hydroxide solution. The 
mixture was centrifuged at 9000 g for 20 min at 2 + 
2°, and the resultant supernatant fraction was placed 
on ice; samples were immediately submitted to thin- 
layer and paper chromatography. Following devel- 
opment, chromatograms were scanned for 
radioactivity. 

The following mixture was incubated in 10-ml open 
glass tubes to generate radiolabeled HCP/AP: 
NADPH (0.5 umole), sodium pyrophosphate buffer 
adjusted to pH 7.4 (1.4 umoles), ['*C]cyclo- phos- 
phamide (0.09 umole, 0.1 wCi), and washed micro- 
somes obtained from 20 mg of liver, in a total volume 
of 65 ul. A control reaction mixture was made by 
substituting 1.15% potassium chloride for the micro- 
somal preparation. The reaction was started by the 
addition of microsomes. Following incubation at 37° 
for 15 min in a Dubnoff metabolic shaker, the reac- 
tion was stopped by placing the tubes on ice. This 
preparation was subsequently used to determine the 
ability of the various subcellular and enzyme frac- 
tions to metabolize HCP/AP. Before such deter- 
minations were made, the constituents of the incu- 
bation mixture were altered to those optimal for the 
specific enzyme activity to be investigated. 

NAD (0.38 umole) and 105,000 g soluble, or solu- 
bilized 105,000 g particulate fractions equivalent to 
4 or 5 mg of liver, respectively, were added when 
assessing the ability of NAD-linked aldehyde dehy- 
drogenases, present in the two subcellular fractions, 
to oxidize HCP/AP. The pH was adjusted to 7.8 
when the 105,000 g soluble fraction was the source 
of enzyme activity and to pH 8.4 when the solubilized 
105,000 g particulate fraction was used. The incu- 
bation medium used when investigating the ability 
of the solubilized 105,000 g particulate fraction to 
oxidize HCP/AP to carboxyphosphamide was 
adjusted to pH 8.4 rather than to the optimum (pH 
8.8) determined in the" spectrophotometric assay 
because HCP/AP was excessively degraded at the 
higher pH. 

Ammonium sulfate (13 umoles), ethylenediami- 
netetraacetic acid tetrasodium (0.1 umole), and 
105,000 g soluble fraction equivalent to 4 mg of liver 
were added when investigating the ability of alde- 
hyde oxidase present in the 105,000 g soluble fraction 
to oxidize HCP/AP (pH 7.4). 

The potential of rabbit muscle glyceraldehyde-3- 
phosphate dehydrogenase (6.8 units) or bovine liver 
catalase (0.5 units) for catalyzing the oxidation of 
HCP/AP at pH 7.8 and 8.4 was investigated under 
conditions otherwise optimal for these enzyme activi- 
ties when glyceraldehyde-3-phosphate or H,O:, 
respectively, is used as the substrate [21]. NADH 
(0.38 umole), horse liver alcohol dehydrogenase 
(0.1 mg) and sufficient sodium hydroxide to adjust 
the pH to 7.8 were added when the ability of alcohol 
dehydrogenase to catalyze the reduction of HCP/AP 
was determined. 

When measuring the ability of phosphamidase in 
the 1000 g soluble fraction (obtained from 10 mg liver) 
to cleave one of the P—N bonds of HCP/AP, HCP/AP 
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Metabolism of HCP/AP in vitro 


was generated as before except that a sodium barbital 
(28.6 umoles)-sodium acetate (28.6 umoles) buffer 
(pH 7.4) was used rather than the sodium pyro- 
phosphate buffer, because phosphamidase activity 
was inhibited by inorganic phosphate. Preliminary 
experiments established a V,,,,, of 790 nmoles p-chlo- 
roaniline formed per min-(g liver)~' and a K,, of 
1.3 mM when a 1000 g soluble fraction obtained from 
rat liver was used as the enzyme source and p-chlo- 
roanilidophosphonic acid was used as the substrate. 
The acetate—barbital buffer had no detectable effect 
on the microsomal activation of cyclophosphamide. 
__ All reactions in which the further metabolism of 
HCP/AP was investigated were started by addition 
of the subcellular or enzyme fraction. Control reac- 
tion mixtures were prepared by substituting water 
for the tissue or enzyme fraction. Total volume dur- 
ing the second incubation period was always 95 ul. 
Radiochromatography. Separation of cyclophos- 
phamide and its metabolites was effected on paper 
and silica gel as described previously [5]. The solvent 
systems used were isopropanol-NH,OH (4:1) and 
chloroform—methanol (9:1) respectively. 4-Ketocy- 
clophosphamide and cyclophosphamide migrated 
with similar R; values on silica gel. Separation of 
these two compounds was accomplished by extract- 
ing the material at this R,from silica gel with chlo- 
roform and rechromatographing the extract on ana- 
lytical alumina plates using chloroform—methanol 
(4:1) as the solvent. Extraction efficiency was 
approximately 80 per cent. In some experiments 
analytical silica gel plates (Eastman Kodak Co., 
Rochester, NY) were developed in two dimensions 
to separate bis(2-chloroethyl)amine from the other 
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metabolites. Chloroform—methanol (9:1) was used 
for development in the first dimension and 1- 
butanol-glacial acetic acid—water (3:1:1) was used 
for development in the second dimension. 

After chromatographic development, the metab- 
olites were detected and quantified by radioactivity 
measurements using a Packard radiochromatogram 
scanner, model 7201, as described previously [5]. 


RESULTS 


The relative amounts of NAD-linked aldehyde 
dehydrogenase and aldehyde oxidase activities in 
several normal and neoplastic tissues were deter- 
mined (Table 1). Butyraldehyde and benzaldehyde 
were used as substrates in these initial investigations 
because of the relative ease of monitoring enzyme 
activity with these substrates. 

NAD.-linked aldehyde dehydrogenase activity was 
found in both the 105,000 g soluble and the solubil- 
ized 105,000 g particulate fractions of each tissue 
examined, with the greatest activity being found in 
the liver (Deitrich [22] has reported similar finginds); 
the activity in subfractions of neoplastic tissues was 
relatively small. In other experiments, 105,000 2 
soluble and solubilized 105,000 g particulate frac- 
tions obtained from cultured mouse P388 and L1210 
lymphoma and from cultured Novikoff rat hepatoma 
cells contained only small amounts of NAD-linked 
aldehyde dehydrogenase activity, viz. 1-18 nmoles 
NADH formed per min-(mg DNA)"' when butyr- 
aldehyde was used as the substrate (data not pre- 
sented). In agreement with the findings of others 
[23], aldehyde oxidase activity was found only in the 


Table 2. Inhibition of rat hepatic NAD-linked aldehyde dehydrogenase and aldehyde oxidase 
activity in vitro* 





Inhibition (%) 





Aldehyde 


NAD-linked 
aldehyde dehydrogenase activity 





oxidase 


Inhibitor activity Soluble Particulate 


Fe) 
s 





0 
20 
ND? 


Cyclophosphamide 
Acrolein 
Disulfiram 
Diethyldithiocarbamic 
Acid 

Cyanamide 
Cyanamide 
Pyridoxal HCl 
Menadione 
Allopurinol 
Allopurinol 
Chloral hydrate 
Propranolol 


oso 
_— | 


ND 
ND 
ND 
100 
92 
80 
10 
ND 
ND 


Z 
ocougoceoco no 


SPSeeorer > 

RFR ONY OF Cre 
—-Z 

eceoupucvceono 





* Hepatic 105,000 g soluble and solubilized 105,000 g particulate fractions were prepared, and 
NAD-linked aldehyde dehydrogenase and aldehyde oxidase activities were determined spectro- 
photometrically, as described in Materials and Methods. The substrates for NAD-linked aldehyde 
dehydrogenase and aldehyde oxidase were butyraldehyde and benzaldehyde, respectively. Control 
rates for NAD-linked aldehyde dehydrogenase activity, expressed as umoles NADH formed per 
min-(g liver)', were 2.3 (soluble fraction) and 4.5 (particulate fraction). The control rate for 
aldehyde oxidase activity was 0.05 umole benzaldehyde metabolized per min-(g liver)~'. Each 
value is the mean of duplicate measurements performed on the designated liver fractions of each 
of one or two rats. 

+ ND, not determined. 
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105,000 g soluble fraction; it was not detected in any 
of the neoplastic tissues nor in some of the normal 
tissues. Moreover, NAD-linked aldehyde dehydro- 
genase activity greatly exceeded aldehyde oxidase 
activity in those tissues where the latter was found. 
A tumor burden, viz. Walker 256 carcinosarcoma 
or P388 lymphoma growing i.p., s.c. or i.m., did not 
alter the magnitude of hepatic NAD-linked aldehyde 
dehydrogenase or aldehyde oxidase activities (data 
not presented). 

The effects of known and potential inhibitors of 
NAD.-linked aldehyde dehydrogenase- and aldehyde 
oxidase-catalyzed reactions are presented in Table 
2. Cyclophosphamide did not inhibit either enzyme 
activity. Acrolein was a potent inhibitor of both 
soluble and particulate NAD-linked aldehyde dehy- 
drogenase activity; it was not a substrate for these 
enzymes. Inhibition was decreased when the con- 
centration of the subcellular fraction was increased 
and was delayed when the concentration of NAD 
was increased (data not presented). In view of the 
evidence that NAD-linked aldehyde dehydrogenases 
contain thiol groups, possibly located at the catalytic 
site [24, 25], it seems likely that acrolein inhibited 
these enzymes by binding to the sulfhydryl groups 
located at these sites. Aldehyde oxidase also contains 
sulfhydryl groups [26]. However, 0.01 mM acrolein, 
which virtually eliminated NAD-linked aldehyde 
dehydrogenase activity, caused only a 20 per cent 
inhibition of aldehyde oxidase activity. 

Disulfiram, a recognized inhibitor of NAD-linked 
aldehyde dehydrogenase activity [27], inhibited both 





Fig. 1. Metabolism of cyclophosphamide in vitro. Except 
as noted below, [*C]cyclophosphamide was incubated 
under conditions optimal for mixed-function oxygenase 
activity with rat hepatic microsomes for 15 min (first incu- 
bation); rat hepatic 105,000 g soluble fraction or alcohol 
dehydrogenase was added after adjusting the incubation 
media to conditions optimal for NAD-linked aldehyde 
dehydrogenase or alcohol dehydrogenase activity and 
incubation was continued for an additional 15 min (second 
incubation); semicarbazide was then added and incubation 
was continued for yet another 15 min (third incubation). 
Panel a: Microsomes were omitted during the first incu- 
bation and neither the 105,000 g soluble fraction nor alcohol 
dehydrogenase was added prior to the second incubation. 
Panel b: Neither the 105,000 g soluble fraction nor alcohol 
dehydrogenase was added prior to the second incubation 
and semicarbazide was omitted from the third incubation. 
Panel c: Neither the 105,000 g soluble fraction nor alcohol 
dehydrogenase was added prior to the second incubation. 
Pane] d: The 105,000 g soluble fraction was added prior to 
the second incubation. Panel e: Alcohol dehydrogenase 
was added prior to the second incubation. Appropriate 
control experiments were conducted as described in 
Materials and Methods. Foliowing incubation, cyclophos- 
phamide and its metabolites were chromatographically sep- 
arated on paper and silica gel. Representative radioscans 
of these chromatograms are shown in this figure. Details 
describing the preparation of subcellular fractions, incu- 
bation conditions, separation techniques, and radiochro- 
matographic analysis are provided in Materials and Meth- 
ods. The letters above each scan identify the area of the 
chromatogram where the authentic compounds migrate: 
(A) cyclophosphamide; (B) aldophosphamide semicarba- 
zone; (C) carboxyphosphamide; (D) 4-ketocyclophos- 
phamide; (E) phosphoramide mustard -cyclohexylamine; 
and (F) bis(2-chloroethyl)amine HCI. 
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the soluble and particulate enzymes; enzyme activity 
in the soluble fraction drop was more sensitive to 
disulfiram than was that in the particulate fraction. 
Disulfiram was not a substrate for these enzymes. 
Diethyldithiocarbamic acid, a metabolite of disulfi- 
ram, did not inhibit NAD-linked aldehyde dehydro- 
genase activity; cyanamide, believed to be an inhib- 
itor of NAD-linked aldehyde dehydrogenase activity 
in vivo [28], had little effect on its activity in vitro. 

Pyridoxal hydrochloride completely prevented 
benzaldehyde oxidation by aldehyde oxidase but had 
no effect on NAD-linked aldehyde dehydrogenase 
activity. Menadione, a known inhibitor of aldehyde 
oxidase [20], markedly inhibited it but was ineffective 
against NAD-linked aldehyde dehydrogenase 
activity. Allopurinol inhibited aldehyde oxidase 
activity but had no effect on NAD-linked aldehyde 
dehydrogenase activity. It may be a substrate for 
aldehyde oxidase [29] and, therefore, a competitive 
inhibitor of reactions catalyzed by this enzyme. Pro- 
pranolol and chloral hydrate, each reportedly an 
inhibitor of NAD-linked aldehyde dehydrogenase 
[30, 31], were without inhibitory effect. 

The ability of hepatic 105,000 g soluble and solu- 
bilized 105,000 g particulate fractions to catalyze the 
oxidation of HCP/AP to carboxyphosphamide under 
conditions optimal for the expression of NAD-linked 
aldehyde or dehydrogenase or aldehyde oxidase 
activities was assessed next (Fig. 1). Authentic cyclo- 
phosphamide migrated near the solvent front in the 
chromatographic systems. Incubation of cyclophos- 
phamide in the absence of microsomes did not result 
in the appearance of any new radioactive peaks in 
either system (Fig. 1a), indicating that cyclophos- 
phamide did not degrade during the course of the 
incubation or chromatographic separation. Incuba- 
tion of cyclophosphamide with microsomes resulted 
in the appearance of several new peaks on the paper 
chromatogram and the appearance of a single new 
peak at approximately the origin on the silica gel 
chromatogram (Fig. 1b). The new peaks are believed 
to represent HCP/AP and its breakdown products. 
The potential problems associated with what 
appeared to be spontaneous degradation of HCP/AP 
were minimized by incubating the product of micro- 
somal activation with semicarbazide to yield a stable 
semicarbazone derivative [6, 13,32]. A comparison 
of the radiochromatographic scans shown in Fig. 1b 
and Ic reveals the appearance of a new peak at R, 
0.72 (paper) and at R; 0.45 (silica gel) following the 
addition of semicarbazide to the incubation mixture; 
the appearance of the new peak in the presence of 
semicarbazide was accompanied by the diminution 
of the peaks seen in its absence. Concentrations of 
semicarbazide above 15 mM did not further increase 
the size of the peaks. The relative sizes of the new 
peaks were consistently reproducible. Qualitatively 
identical results were obtained when cyclophospha- 
mide was incubated with microsomes obtained from 
mice (data not presented). The metabolite rep- 
resented by the new peaks was identified as aldo- 
phosphamide semicarbazone by co-chromatography 
with authentic aldophosphamide semicarbazone in 
six different systems [5]. Which tautomer, 4-hydrox- 
ycyclophosphamide or aldophosphamide, was the 
predominant form present in the incubation mixture 
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is unknown, because addition of semicarbazide 
induces conversion of 4-hydroxycyclophosphamide 
to aldophosphamide by forming the semicarbazone 
of the latter [32]. After incubation of HCP/AP with 
rat hepatic 105,000 g soluble fraction, under condi- 
tions optimal for the expression of NAD-linked 
aldehyde dehydrogenase activity, a new peak at R; 
0.46 on the paper chromatogram and a peak of 
greater magnitude at R,0.09 on the silica gel chro- 
matogram occurred (Fig. 1d) The metabolite rep- 
resented by the new peak was identified as carboxy- 
phosphamide by mass spectral analysis and 
cochromatography as described previously [5]. 
Appearance of the peaks representing carboxy- 
phosphamide was accompanied by the virtual dis- 
appearance of the peaks representing aldophos- 
phamide semicarbazone. Incubation of HCP/AP 
with rat or mouse hepatic solubilized 105,000 g par- 
ticulate fractions or mouse hepatic 105,000 g soluble 
fractions under conditions optimal for NAD-linked 
aldehyde dehydrogenase activity gave essentially 
identical results (data not presented). 

The amount of conversion to carboxyphosphamide 
was shown to depend on the concentration of the 
subcellular fraction. The equivalent of 1 mg of liver 
had to be added to the incubation mixture before 
detectable amounts of carboxyphosphamide were 
formed with either the 105,000 g soluble or solubil- 
ized 105,000g _ particulate fractions. Soluble 
(105,000 g) and solubilized particulate (105,000 g) 
fractions equivalent to 4 and 5 mg of liver, respec- 
tively, were selected for routine use in subsequent 
investigations. Approximately 90 per cent of the 
HCP/AP was converted to carboxyphosphamide 
when these amounts of subcellular fractions were 
used. Neither the 105,000 g soluble fraction nor the 
solubilized 105,000 g particulate fraction metab- 
olized HCP/AP in the absence of NAD, indicating 
that the activity monitored was, in fact, catalyzed by 
NAD-dependent, aldehyde-oxidizing enzymes. 

Metabolism of HCP/AP by rat and mouse hepatic 
105,000 g soluble fractions under incubation condi- 
tions optimal for aldehyde oxidase activity was also 
investigated. No carboxyphosphamide was detected 
when a 105,000 g soluble fraction equivalent to 4 mg 
of rat liver was used. 

The effect of disulfiram,acrolein, pyridoxal hydro- 
chloride, menadione and allopurinol on the ability 
of hepatic subcellular fractions to catalyze the oxi- 
dation of HCP/AP to carboxyphosphamide under 
conditions optimal for the expression of NAD-linked 
aldehyde dehydrogenase activity is presented in 
Table 3. Acrolein and disulfiram inhibited the reac- 
tion by 90 per cent or more. A 50 per cent inhibition 
was observed when the disulfiram concentration was 
reduced to 0.1 mM. No inhibition was observed when 
the disulfiram concentration was reduced to 10 uM. 
Pyridoxal HCI, menadione and allopurinol did not 
inhibit carboxyphosphamide formation. Butyralde- 
hyde (4.0 mM) inhibited carboxyphosphamide for- 
mation by 70 per cent. 

In addition to NAD-linked aldehyde dehydrogen- 
ases and aldehyde oxidase, which have low substrate 
specificities, there are other enzymes that might 
metabolize HCP/AP. Glyceraldehyde-3-phosphate 
dehydrogenase is present in abundant quantities and 
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Table 3. Oxidation of HCP/AP to carboxyphosphamide by rat hepatic 105,000 g soluble and 
solubilized 105,000 g particulate fractions: Inhibition by various agents* 





Inhibition of carboxyphosphamide formation 
(%) 





Inhibitor Soluble Particulate 





Acrolein 

Disulfiram 

Pyridoxal HCl 

Menadione 

Allopurinol 

Butyraldehyde 4.0 





* ('8C]Cyclophosphamide was incubated with rat hepatic microsomes for 15 min; incu- 
bation conditions were made optimal for rat hepatic NAD-linked aldehyde dehydrogenase 
activity; the potential inhibitor or the appropriate vehicle and rat hepatic 105,000 g soluble 
fraction, solubilized 105,000 g particulate fraction, or the appropriate control solution, were 
added and incubation was continued for another 15 min; semicarbazide was added and 
incubation continued for yet another 15 min. The incubate was deproteinized and chro- 
matographed on paper and silica gel; the developed chromatograms were then scanned for 
radioactivity. The sizes of the peaks migrating at the R;of authentic carboxyphosphamide 
were determined and the percent inhibition of carboxyphosphamide formation calculated. 
Details describing the preparation of subcellular fractions, incubation conditions, separation 
techniques and radiochromatographic analysis are provided in Materials and Methods. All 

' experiments were conducted twice and each value is the mean of the data obtained. 
Subcellular fractions were obtained from one or two rats. 


+ ND, not determined. 


is reportedly capable of catalyzing the oxidation of 
various aldehydes to acids in the presence of NAD 
[33]. It did not catalyze the oxidation of HCP/AP 
to carboxyphosphamide. Another enzyme that might 
catalyze the metabolism of HCP/AP is catalase, a 


heme-containing enzyme capable of oxidizing pri- 
mary alcohols to aldehydes and secondary alcohols 
to ketones that is present in nearly all animal cells 
and organs [34]. No new metabolites were detected 


and HCP/AP levels were not decreased when micro- © 


somally generated HCP/AP was incubated with cata- 
lase. Although it has been demonstrated conclusively 
that phosphamidase is not involved in the initial 
biotransformation of cyclophasphamide [35, 36], the 
possibility that it cleaves the P-N bonds of one or 
more of the metabolites of cyclophosphamide 
remains. Cleavage of one of the P-N bonds of 
HCP/AP would liberate bis(2-chlorethyl)amine. This 
metabolite was not detected when microsomally gen- 
erated HCP/AP was incubated with a rat hepatic 
1000 g soluble fraction under conditions optimal for 
the expression of phosphamidase activity. 

Alcohol dehydrogenase is present in hepatic cyto- 
sol and catalyzes the oxidation of secondary alcohols 
to ketones in the presence of NAD, and the reduction 
of aldehydes to alcohols when NADH is supplied. 
In view of this activity, it seemed reasonable that it 
might catalyze the conversion of aldophosphamide 
to the corresponding alcohol in the presence of 
NADH and/or the conversion of 4-hydroxycyclo- 
phosphamide to 4-ketocyclophosphamide in the 
presence of NAD. A comparison of the radiochro- 
matographic scans of Figs. lc and le reveals the 
appearance of a peak of greater magnitude on the 
paper chromatogram at R;0.88 and a new peak on 
the silica gel chromatogram at R,;0.75 when incu- 
bation was in the presence of horse liver alcohol 
dehydrogenase and NADH; the appearance of these 


peaks was accompanied by the virtual disappearance 
of the peaks representing aldophosphamide semi- 
carbazone. The new metabolite was also formed 
when NADH and the 105,000 g soluble fraction of 
either mouse or rat liver, rather than horse liver 
alcohol dehydrogenase, was added to the incubation 
mixture. Conclusive identification of the new metab- 
olite was not made. However, several of the major 
metabolites of HCP/AP, viz. carboxyphosphamide, 
phosphoramide mustard, bis(2-chloroethyl)amine 
and 4-ketocyclophosphamide, can be eliminated as 
possible candidates because their R; values differ 
from those obtained for this metabolite in the two 
chromatography systems. The fact that this metab- 
olite was formed from HCP/AP by alcohol dehy- 
drogenase in the presence of NADH suggests that 
it is an alcohol. For these reasons it is tentatively 
identified as alcophosphamide. Addition of NAD, 
rather than of NADH, and alcohol dehydrogenase 
did not decrease the level of aldophosphamide semi- 
carbazone or cause the formation of 4-ketocyclo- 
phosphamide or the putative alcophosphamide. 


DISCUSSION 


Hill et al. [12] reported that purified rabbit liver 
aldehyde oxidase and yeast NAD-linked aldehyde 
dehydrogenase are capable of oxidizing HCP/AP to 
carboxyphosphamide. It has also been observed that 
murine liver cytosol catalyzes this reaction in the 
presence or absence of added NAD [8, 10-14]. 
Additionally, there is evidence that 4-ketocyclo- 
phosphamide formation from HCP/AP may be cata- 
lyzed by aldehyde oxidase [8, 37, 38]. 

The present investigation extends these observa- 
tions to include both murine liver cytosolic and par- 
ticulate NAD-linked aldehyde dehydrogenases 
among the enzymes capable of catalyzing the oxi- 
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dation of HCP/AP to carboxyphosphamide and to 
include alcohol dehydrogenase among those capable 
of catalyzing the metabolism of HCP/AP, presum- 
ably by reducing it to alcophosphamide. 

The relative importance of these enzyme activities 
in detoxifying HCP/AP in vivo is unknown. Alcohol 
dehydrogenase probably does not play an important 
role in vivo because alcophosphamide is a relatively 
minor urinary metabolite of cyclophosphamide 
[39, 40]. Alcophosphamide, however, could be a 
potential source of HCP/AP in vivo since reactions 
catalyzed by alcohol dehydrogenase are generally 
reversible. Oxidation to 4-ketocyclophosphamide by 
aldehyde oxidase is also probably relatively unim- 
portant because 4-ketocyclophosphamide is also 
a relatively minor urinary metabolite of cyclophos- 
phamide [38-42]. 

The major urinary metabolite is carboxyphos- 
phamide [39, 41,42]. Both aldehyde oxidase and 
NAD-linked aldehyde dehydrogenase could catalyze 
the formation of this metabolite. Moreover, there 
may be more than a single NAD-linked aldehyde 
dehydrogenase capable of this activity in each of the 
hepatic 105,000 g soluble and solubilized 105,000 g 
particulate fractions [43]. Our investigations suggest 
that NAD-linked aldehyde dehydrogenases are more 
important. In support of this contention we have 
demonstrated that (1) hepatic 105,000 g soluble and 
solubilized 105,000 g particulate fractions can cata- 
lyze the oxidation of HCP/AP to carboxyphospham- 
ide under conditions optimal for the expression of 
NAD-linked aldehyde dehydrogenase activity but 
not under conditions optimal for the expression of 
aldehyde oxidase activity; (2) aldehyde oxidase 


activity is limited to a few tissues, whereas NAD- 
linked aldehyde dehydrogenase activity may be 
ubiquitous; and (3) in tissues where both activities 
are found, the amount of NAD-linked aldehyde 


dehydrogenase activity is always substantially 
greater. Additional support has been provided by 
Cox et al. [10, 11], who observed a direct correlation 
between the amount of NAD-linked aldehyde 
dehydrogenase activity in various rat tissues, the 
amount of carboxyphosphamide formed by these 
tissues, and the ability of these tissues to detoxify 
the metabolite(s) generated by incubating hepatic 
microsomes and cyclophosphamide. 

The contention that, in vivo, NAD-linked alde- 
hyde dehydrogenases play a greater role in the 
oxidation of HCP/AP to carboxyphosphamide than 
does aldehyde oxidase is based on in vitro experi- 
mentation. Only in vivo experimentation can confirm 
the validity of this hypothesis. Since HCP/AP is a 
much more potent cytotoxic agent than is carboxy- 
phosphamide [6, 12, 42,44], the administration of 
disulfiram, an inhibitor of NAD-linked aldehyde 
dehydrogenase activity, would be expected to poten- 
tiate the antitumor and lethal effects of cyclophos- 
phamide if this enzyme activity is of major import- 
ance in the detoxification of HCP/AP in vivo. In one 
investigation [45], administration of disulfiram did 
potentiate the antitumor effects of cyclophospha- 
mide, but in others [11, 37, 46] it did not. Potentiation 
of the lethal effects of cyclophosphamide by disul- 
firam has also been reported [11]. Pyridoxal, an 
inhibitor of aldehyde oxidase activity, has also been 
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reported to potentiate the antitumor activity of cyclo- 
phosphamide [12]. However, we were unable to 
obtain potentiation with pyridoxal [37]. 

NAD-linked aldehyde dehydrogenase activity has 
been proposed as an important determinant in the 
relative sensitivities of malignant and normal cells 
to cyclophosphamide [6, 7, 10, 11]. The validity of 
this hypothesis remains to be determined. An inverse 
relationship between the sensitivity of tumor cells 
to aliphatic aldehydes and their content of NAD- 
linked aldehyde dehydrogenase activity has been 
demonstrated [47]. 

Acrolein, a potential metabolite of cyclophospha- 
mide, markedly inhibited the oxidation of HCP/AP 
to carboxyphosphamide catalyzed by NAD-linked 
aldehyde dehydrogenases. The in vivo significance 
of this observation remains to be determined. 
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Abstract—Low molecular weight bismuth-binding proteins were isolated from kidneys of rats exposed 
repeatedly to bismuth chloride. The proteins [(Bi,Cu)-BP] isolated by polyacrylamide gel electrophoresis 
yielded four peaks. The two main fractions [(Bi,Cu)-BP 2 and (Bi,Cu)-BP 3] were characterized by a 
molecular weight of 7500, bismuth contents of 79 and 90 ug/mg, copper contents of 14 and 23 ug/mg 
and zinc contents of 3.8 and 3.6 ug/mg respectively, and an A 5»/A2g9 ratio of 1.5. Their amino acid 
composition resembled that of the copper chelatin from the liver. Isoelectrofocusing separated the 
protein into three components of pI values of 3.8, 5.5 and 7.4. The protein differs from metallothionein 
by its apparent molecular weight, amino acid composition, lower SH group content and a high copper 
content. Traces of a low molecular weight copper-binding protein of molecular weight of about 7500, 
of similar electrophoretic properties, were also found in kidneys of non exposed rats. It is suggested 
that these proteins are related to each other. For the renal bismuth-binding proteins the term ‘renal 


chromochelatin’ is proposed. 


Previous studies on the metabolism of bismuth have 
dealt with the distribution and excretion of this metal 
in humans [1, 2] and in animals [3-7]. In the last few 
years an increased interest in the toxicology of bis- 
muth has been observed and numerous cases of 
human intoxication have been reported from France, 
Germany, Australia and Switzerland [8-11]. The 
biochemical background of bismuth binding in var- 
ious tissues and bismuth toxicity remained unex- 
plored. The mechanism of bismuth binding in the 
kidneys seemed to be of special interest. 

Some light was shed on the renal binding of bis- 
muth by our previous work. Thus, it has been found 
that bismuth elevated the renal level of metallothi- 
onein-like proteins [12], and at the same time the 
metal appeared to be bound to a protein fraction of 
the same molecular weight as mettalothionein, i.e. 
about 10,000. The inducible character of the protein 
in question was confirmed by *S incorporation stud- 
ies [13]. Using *Bi [14], it could be shown that the 
respective bismuth complex is located in the soluble 
fraction of rat kidneys [14]. Repeated administration 
of bismuth to rats brings about an increase of copper 
content in the kidneys and both bismuth and copper 
are present in the same fraction of low molecular 
weight proteins [15]. 

This study aimed to identify further the bismuth- 
binding protein from rat kidneys, and in particular 
to elucidate its relationship to metallothionein. 


METHODS 


Female rats of the Wistar strain weighing 170- 
220 g were used in these experiments. The animals 
received five subcutaneous injections of 3 mg Bi/kg 
every other day, followed by two more injections 
(the sixth and seventh injections) of 3 mg Bi/kg to 
which 0.7 uCi of “Bi (sp. act. 1 mCi/ug; Amersham) 
had been added as a tracer. The rats were killed 


24 hr after the last dose of metal. The kidneys were 
removed and processed as indicated in Fig. 1 [16, 17]. 

The sediment D was dissolved, applied to a Sepha- 
dex G-75 column (Pharmacia, Sweden) and eluted 
with 0.005 M Tris-HCl, pH 8.6. Fractions of 5 cm?’ 
were collected and their absorptions at 250 and 
280 nm were measured in a VSU 2-P spectropho- 
tometer. Bi activity was determined in each frac- 
tion using an USB-2 scintillation counter with a 
Nal/TI crystal. 


A Kidneys Homogenate 35% (w/v) in 
0.05 M phosphate buffer, pH 
7.0 

Centrifugation—30 


12,000 g 


min, 
Supernatant 


Addition of cold acetone 
(—20°C) to 50% 
Centrifugation—30 
12,000 g 


min, 
Supernatant 


Addition of acetone, to 80% 
Centrifugation—15 min, 
12,000 g 


Solubilization of the sediment 
in 0.005 M Tris-HCI buffer, 
pH 8.6. Purification on 
Sephadex G-75 column 





Fractions containing 
the highest amounts 


of bismuth ‘ 
Polyacrylamide gel electro- 


| phoresis 


Elution with H,O dist. 


Detemm 2 ands Lyophilization 


desalting 


G The bismuth binding 
proteins 


Fig. 1. Scheme of isolation of the bismuth-binding proteins 
from the kidneys of rats exposed repeatedly to BiCl;. 
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The-low molecular weight protein fractions which 
bound the highest amounts of bismuth were com- 
bined, lyophilized and then purified by polyacrylam- 
ide gel electrophoresis [18, 19]. Preparative electro- 
phoresis was run on a column 3 X 10cm with the 
following buffers: Tris-HCl, pH 8.1, and Tris—Gly- 
cine, pH 8.3, at a current of 50 mA per tube. Ana- 
lytical electrophoresis was run according to the same 
method applying a current of 2 mA per tube [19]. 
The.SH groups and copper in the gel were localized 
by staining with DTNB (5,5’-dithiobis 2-nitrobenzoic 
acid) and rubeanic acid [20, 21], respectively. 

Protein was determined nephelometrically with 
tannic acid [22] and bismuth and copper by a spec- 
trophotometric method [23] throughout all prep- 
aration steps and in the final preparation. For metal 
determination samples were mineralized in concen- 
trated sulphuric and perchloric acid (1:1). The 
mineralizate was extracted with 10 cm? of a 0.03% 
solution of zinc diphenyldithiocarbamate (DBDTC- 
Zn) in carbon tetrachloride. Absorbance of bismuth 
and copper complexes with DPDTC-Zn was meas- 
ured in a VSU 2-P spectrophotometer at 370 and 
440 nm. 

In some experiments zinc and copper were esti- 
mated in the mineralizates by atomic abscrption 
spectroscopy, using the Pye Unicam SP 192 spectro- 
photometer, with relative standard deviations of + 
12 and + 11 per cent, respectively. 

Molecular weight of the bismuth-binding protein 
was determined using a Sephadex G-75 column [24]. 
Absorption spectra of this protein in the range of 
200-600 nm were taken ina SECORD UV-VIS spec- 
trophotometer. Apoproteins of the bismuth-bonding 
protein was obtained by the method of Weser et al. 
[25]. 

The amino acid analysis was performed on the 
JEOL Amino Acid Analyzer. The samples were 
hydrolysed in 6N HC! for 24 and 72hr in 110°. 
Cysteine was determined as cysteic acid after per- 
formic acid oxidation [26, 27]. 

Isoelectrofocusing [28] was performed in a sucrose 
concentration gradient, 5-25 per cent (w/v); using 
1% ampholine (LKB) of the pH range of 5-8. Frac- 
tions of 0.5 cm’ were collected and pH, absorption 
at 250 nm and “Bi activity were determined. 


RESULTS 


A scheme of isolation of the bismuth-binding pro- 
teins is given in Fig. 1. Enrichment of the preparation 
with respect to the bismuth-binding proteins was 
accomplished by discarding the nonsoluble compo- 
nents of the homogenate after centrifugation at 
12,000 g, as it was found from the previous studies 
that these proteins are contained in the soluble frac- 
tion [14]. Further steps involving acetone fraction- 
ation were introduced by analogy with the procedure 
for isolation of equine renal metallothionein [17]. 
As is documented in Table 1, a 6—7-fold enrichment 
of the bismuth-binding proteins was achieved in the 
first two preparation steps. Acetone precipitation 
of these proteins, which facilitated the procedure, 
did not improve the efficiency of their purification. 
Part of the bismuth contained in the acetone pre- 
cipitate proved to be hardly soluble and remained 
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Table 1. The bismuth and protein content at subsequent 
preparation steps 





Total 
protein 
(mg) 


Total 
bismuth 


(ug) 


Bismuth 


(ug/mg 
protein) 


Step of the 
isolation 
procedure 





7260 
2900 
468 
312 


6030 
4260 
2500 
1510 





in the discarded sediment. Bismuth losses took place 
at every successive isolation step. They were partly 
due to bismuth bound also to high molecular weight 
proteins, which were removed in the second separ- 
ation step, as well as to the withdrawal of samples 
for analysis at every stage of purification. Sediment 
D (contained only 4 per cent of original protein 
content and as much as 25 per cent of bismuth), 
slightly tawny coloured, was dissolved in Tris-HCl 
buffer and applied to a Sephadex G-75 column. The 
separation pattern indicates that bismuth complexes 
with proteins of different molecular weights are pres- 
ent in the solution examined. A distinct peak is 
apparent at V,/V, of about 2.6, corresponding to a 
molecular weight below 10,000. Eluate fractions 
from this region had a characteristic yellow colour 
which allowed easy identification of successive peaks 
in later preparations. The combined peak fractions 
(V,/V, = 2.4-2.8) were used for the next step of the 
preparation. The fraction of the highest peak (tubes 
No. 53-61) was utilized for analytical purposes. The 
absorption peak of this fraction was determined with- 
out and after 10-fold dilution. The curve obtained 
without dilution exhibited a slight shoulder in the 
range of 400 nm, which might be responsible for the 
colour of the solution. The curve obtained after 
dilution possessed a distinct shoulder in the range 
of 240-290 nm. 

The combined eluate fractions from the Sephadex 
G-75 column of V,/V, of 2.4-2.8 were applied to a 
polyacrylamide gel and were separated into four 
fractions, all of which contained copper and bismuth 
(Fig. 2). Two major fractions (b,c) of R,, values of 


#Q Me/min 








L 1 
25 50 75 100 


mm 





Fig. 2. Electrophoresis of the bismuth-binding proteins on 

polyacrylamide gel: (A) SH groups, stained in gel: densi- 

togram; Cu and Bi, chemical analysis of 2.5 mm slices; (B) 
densitogram of the gel without staining (blue filter). 
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Table 2. The metal content of bismuth-binding proteins [(Bi,Cu)-BP]* 





(Bi, Cu) - BP 2 
(ug metal/mg 
protein) 


Metal protein) 


(mole metal/mole 


(Bi, Cu) - BP 3 
(ug metal/mole (mole: metal/mole 
protein) protein) 





3.8 + 0.3 

2.2 + 0.5 

0.6+ 0.1 
6.6 


79.0 + 6.0 

14.0 + 3.0 

3.8+0.5 
96.8 


Bismuth 
Copper 
Zinc 
Sum 


90.0 + 4.5 

23.0 + 3.5 3.6+ 0.6 

3.6+0.4 0.6+0.1 
116.6 8.5 


4.3+0.2 





* Results expressed as means + S.D. from three preparations (mol. wt accepted as 10,000. (Although 
the molecular weight is 7500, for sake of easy comparison with metallothionein 10,000 was assumed 


in calculations.) 


0.33 and 0.57 [designated (Bi,Cu)-BP 3 and (Bi,Cu)- 
BP 2] were eluted with distilled water as described 
by Zelazowski et al. [18], concentrated and desalted. 
Table 2 shows the metal content in pure isoforms 
(Bi,Cu)-BP 2 and 3, and Fig. 3B shows the absorp- 
tion spectra of these isoforms. 

Table 3 shows the amino acid composition of the 
(Bi,Cu)-BP 2 and 3 as compared with that of 
(Cd,Zn)-metallothionein isolated from rat liver [18] 
and that of copper chelatin [29]. The bismuth-binding 
proteins contain less cysteine and more leucine and 
isoleucine than (Cd,Zn)-metallothionein; they also 
contain histidine and phenylalanine. 

Weser et al. [25] reported that copper interferes 
with the determination of amino acid composition, 


—s” Bi , counts / 100 sec 





thus explaining the apparently low cysteine content 
of the respective copper proteins. The explanation 
does not hoid true for the bismuth-binding proteins. 
The apoproteins of the bismuth-binding proteins 
obtained according to Weser et al. [25] did not 
display significant differences in amino acid com- 
positions as compared with the respective 
holoproteins. 

In addition, isoelectrofocusing and analytical elec- 
trophoresis in polyacrylamide gel were performed, 
using proteins contained in the peak fraction of the 
Sephadex G-75 separation. The results of isoelec- 
trofocusing are presented in Fig. 3A. The curve 
obtained indicated three isoelectric points of pI val- 
ues of 3.8, 5.5 and 7.4. These values are different 


ro) 


1 


yn w ff OO DD Nn @D@ O 














Fig. 3. (A) Isoelectrofocusing of the bismuth-binding pro- 
teins. For details see Methods. (B) Absorption spectra: 1, 
(Bi,Cu) - BP 2; 2, (BiCu) - BP 3. 
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Table 3. Amino acid composition of (Bi,Cu) - BP 2 and 3 





Copper chelatin 


Amino acid (Bi,Cu)BP 2 = (Bi,Cu)BP 3 


(Cd,Zn)MT 1 (Cd,Zn)MT 2 


[29] [18] 





Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Cys* 
Val 
Mett 
Ile 
Leu 
Tyr 
Phe 
Lys 
His 
Arg 


— 
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* Determined as cysteic acid. 
+ Determined as sulfomethionine. 


from those reported for cadmium metallothionein 
[17, 30, 31]. 

During analytical electrophoresis, the Sephadex 
eluate separated into two major (b,c) and two minor 
(a,d) fractions, all of which contained copper and 
bismuth (Fig. 2). The intense yellow colour of bis- 
muth-binding proteins was observed in electropho- 
retic fraction a, b and c, but not in fraction d (Fig. 
2B). 

To check whether a copper-binding protein of 
similar molecular weight is present in the rat kidney 
under physiological conditions, the 12,000 g super- 
natant fraction of the kidney homogenate was sub- 
jected to chromatographic separation on a Sephadex 


Ribonuclease 


a 


Dextran blue 


T 


Chymotrypsinogen 














Fig. 4. (A) Chromatographic separation pattern of .the 

supernatant fraction of normal rat kidneys. Sephadex G- 

75 column, formate buffer, pH 8.0, 3cm? fractions col- 

lected. (B) Electrophoresis of the low molecular weight 

copper-binding proteins from kidneys of nonexposed rats; 
Cu and SH groups stained in gel: densitogram. 


G-75 column (Fig. 4A). Trace amounts of a low 
molecular weight copper-binding protein were 
found. Peak fractions of the protein in two subse- 
quent separations showed apparent molecular 
weights of 7400 and 7700. A distinct increase in 
absorption at 250 nm was found in the same band 
of V,/V, of about 2.3, and a ratio of absorption at 
250 and 280 nm amounting to 1.8 in the peak fraction. 
The respective protein, obtained in the same way as 
the bismuth-binding protein, i.e. from the Sephadex 
G-75 chromatography of the sediment D (see Fig. 
1) was subject to gel electrophoresis and gave a 
distribution pattern as shown in Fig. 4B. The R,, 
values were 0.35, 0.57 and 0.80. 


DISCUSSION 


The data presented indicate that bismuth, admin- 
istered repeatedly to rats, is bound in the kidneys 
to an inducible low molecular weight protein local- 
ized in the soluble fraction. This protein appeared 
to be heterogenous and could be separated into two 
major fractions—the bismuth-binding proteins 2 and 
3 [(Bi,Cu)-BP 2 and 3]. Both fractions, characterized 
by an intensely yellow colour, represent main sites 
responsible for binding of bismuth in rat kidneys and 
are distinguished from the metallothionein by their 
apparent molecular weight, metal content, amino 
acid composition, isoelectric points and absorption 
spectra of the homoproteins. 

The apparent molecular weight was varied in dif- 
ferent preparations obtained between 6800 and 8100, 
with mean 7500, as compared with 10,000 for cad- 
mium-induced metallothionein. 

Both isoforms differ with respect to metal content 
(Table 2), but both contain copper as the main 
endogenous metal, whereas zinc plays this role in 
the hepatic cadmium-metallothionein [18]. Both 
isoforms also differ from each other in amino acid 
composition and are distinguished from the two 
isoforms of metallothionein by a much lower content 
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of cysteine and a higher content of leucine, isoleucine 
and glutamic acid. They are distinguished from cop- 
per chelatin at the same time by their higher content 
of serine and lower contents of leucine, isoleucine 
and tyrosine, whereas the content of cysteine is sim- 
ilar (Table 3). The isoelectric points of the crude 
fraction of the bismuth-binding proteins are 3.8, 5.5 
and 7.4, as compared with 3.4 and 4.3 for metallo- 
thionein [17]. 

The absorption spectra of the holoprotein of bis- 
muth-binding proteins show an absorption shoulder 
at 270 nm as compared with 250 nm of metallothi- 
onein. At the same time, the bismuth-binding pro- 
teins are yellow. 

The above findings justify the statement that the 
low molecular weight renal bismuth-binding proteins 
are not identical with metallathionein. The term 
‘renal chromochelatin’ is being proposed for these 
proteins to describe the chelation capability for 
metals, intense colour and some resemblance to the 
copper chelatin described by Winge et al. [34]. 

The classification of the ‘renal chromochelatin’ 
with respect to low molecular weight copper proteins 
occuring in the kidneys under physiological condi- 
tions is not yet possible because these proteins have 
not been yet investigated. Our preliminary studies 
have shown that in physiological conditions the rat 
kidneys contain a low molecular weight protein of 
apparent molecular weight about 7500. This protein 
is heterogenous when subject to gel electrophoresis, 
yielding three fractions, the R,,, of which are close to 
those observed for the three subfractions (1, 2 and 
3) of Bi,CuBP. This physiological copper protein 
seemed to be colourless. Most likely the colour of 
the renal chromochelatin depends on the presence 
of bismuth in the protein molecule. If this is so, it 
seems most probable that the renal chromochelatin 
is formed as a result of chelating bismuth by the 
physiologically occurring low molecular weight renal 
copper protein, the amount of which increases essen- 
tially due to induced biosynthesis [31]. 

Recent reports seem to suggest the existence of 
two different classes of low molecular weight metal 
binding proteins, having many essential properties 
in common: (a) metallothionein as the basically cad- 
mium, zinc protein occuring in the liver; in the same 
species the protein is also able to bind copper in the 
kidney in certain circumstances [13, 32]; (b) copper 
proteins which have been isolated so far from the 
liver and intestines of some species, and distin- 
guished from metallothionein by several features, of 
which the most essential seem to be differences in 
the amino acid composition, similar to those reported 
in this work. For one of these proteins Winge et al. 
[34] have proposed the term ‘copper chelatin’. 

Although the relation between the ‘renal chrom- 
ochelatin’ and the ‘copper chelatin’ isolated from 
liver has not been definitely established, some of the 
features discussed in detail in this paper bring the 
‘renal chromochelatin’ closer to the ‘copper chelatin’ 
than to the classical metallothionein. 

Whether ‘renal chromochelatin’ and ‘copper che- 
latin’ belong to the same family of copper proteins 
and whether such copper proteins could be classified 
as a sub-branch of the broader family of metallo- 
thioneins remains to be established. Preliminary 
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evaluation based on immunological properties does 
not exclude the latter possibility, because metallo- 
thionein 2 isolated from rat liver does have some 
determinants in common with the ‘renal chromo- 
chelatin’ isolated from rat kidneys [35]. 


Acknowledgment—The authors thank Mrs. W. Mfodzianko 
for her technical assistance in this work. 


REFERENCES 


1. T. Sollmann, H. N. Cole and K. J. Henderson, Archs. 
Derm. Syph. 28, 615 (1933). 

2. T. Sollmann, H. N. Cole and K. J. Henderson, Am. 
J. Syph. Gonorrhea vener. Dis. 22, 555 (1938). 

3. H. R. Fishback and D. Fishback, J. Lab. clin. Med. 
23, 127 (1937). 

4. E. K. Stratton, Am. J. Syph. Gonorrhea vener. Dis. 
22, 728 (1938). 

. T. Sollmann and K. J. Henderson, Am. J. Syph. Gon- 
orrhea vener. Dis. 22, 739 (1938). 

. T. Sollmann and J. Seifter, J. Pharmac. exp. Ther. 74, 
134 (1942). 

. G. Russ, R. E. Bigler, R. S. Tlibury, H. Q. Woodars 
and J. S. Laughlin, Radiat. Res. 63, 443 (1975). 

. G. Martin-Bouyer, C. Barin, A. Beugnet, J. Cordier 
and H. Guerbois, Gastroent. clin. Biol. 2, 349 (1978). 

. H. Cramer, B. Renaud, M. Billiard, J. Mouret and R. 
Hammers, Arch. Psychiat. NervKrankh. 226, 173 
(1978). 

. D. J. Lowe, Med. J. Aust. 2, 664 (1974). 

. I. Eichler, Wien. klin. Wschr. 91, 314 (1979). 

. J. K. Piotrowski and J. A. Szymaniska, J. Toxic. envir. 
Hith 1, 991 (1976). : 

. J. A. Szymanska and A. J. Zelazowski, Chem. biol. 
Interact. 26, 139 (1979). 

. J. A. Szymaniska, E. M. Mogilnicka and B. W. Kaszper, 
Biochem. Pharmac. 26, 257 (1977). 

. J. A. Szymanska and A. J. Zelazowski, Envir. Res. 19, 
121 (1979). 

. D. R. Winge, R. Premakumar and K. V. Rajagopalan, 
Archs. Biochem. Biophys. 170, 242 (1975). 

. A. J. Zelazowski, J. K. Piotrowski, E. M. Mogilnicka, 
J. A. Szymanska and B. W. Kaszper, Bromat. Chem. 
Toksykol. 11, 51 (1977). 

. A. J. Zelazowski, J. A. Szymaniska and H. Witas, Prep. 
Biochem., 10, 5 (1980). 

. T. Jovin, A. Chromach and M. A. Naughton, Anayt. 
Biochem. 9, 351 (1964). 

. J. R. Whittaker, Nature, Lond. 184, 193 (1959). 

. A. J. Zelazowski, Analyt. Biochem. 102, 307 (1980). 

. W. Mejbaum-Katzenellenbogen, Acta biochim. polon. 
2, 279 (1955). 

. J. A. Szymafiska and M. Zychowicz, Chem. Anal. 22, 
985 (1977). 

. P. Andrews, Biochem. J. 96, 595 (1965). 

. U. Weser, G. Barth, C. Djerassi, H. J. Hartmann, P. 
Krauss, G. Voelcker, W. Voelter and W. Voetsch, 
Biochim. biophys. Acta 278, 28 (1972). 

. S. Moore and W. E. Stain, Methods in Enzymology, 
Academic Press New York (1963). 

.C. H. W. Hirs, J. biol. Chem. 219, 611 (1956). 

. D. L. Weller, A. Heanney and R. S. Sjorgen, Biochim. 
biophys. Acta 168, 576 (1968). 

. R. Premakumar, D. R. Winge, R. D. Wiley and K. V. 
Rajagopalan, Archs. Biochem. Biophys. 170, 278 
(1975). 

. M. G. Cherian, Biochem. biophys. Res. Commun. 6, 
920 (1974). 

. G. F. Nordberg, M. Nordberg, M. Piscator and O. 
Vesterberg, Biochem. J. 126, 491 (1972). 





2918 J. A. SZYMANSKA and J. K. PioTROWSKI 


32. I. Bremner and B. W. Young, Biochem. J. 155, 631 Rajagopalan, Archs. Biochem. Biophys. 170, 253 
(1976). (1975). 

33. H. Rupp and U. Weser, Fedn. Eur. biochem. Soc. 35. A. J. Zelazowski, J. A. Szymariska and C. S. Cier- 
Lett. 44, 239 (1974). niewski, Chem. Biol. Interact., submitted for 


34. D. R. Winge, R. Premakumar, R. D. Wiley and K. V. publication. 





Biochemical Pharmacology, Vol. 29, pp. 2919-2923. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/1101-2919 $02.00/0 


SEPARATION OF ISOMERS OF 4-[BIS-(2- 
BROMOPROPYL)AMINO}]-2'-CARBOXY-2- 
METHYLAZOBENZENE (CB 10-252) AND INVESTIGATION 
OF ITS ACTIVITY TOWARDS SOME HUMAN TUMOUR 
XENOGRAFTS 


Derry E. V. WILMAN 


Department of Biochemical Pharmacology, Institute of Cancer Research: Royal Cancer Hospital, 
Chester Beatty Research Institute, Fulham Road, London SW3 6JB, U.K. 


(Received 14 May 1980; accepted 31 May 1980) 


Abstract—A number of azomustard derivatives have been shown by t.l.c. to consist of two components. 
In the case of CB 10-252, 4-[bis-(2-bromopropyl)amino]-2’-carboxy-2-methylazobenzene, these have 
been separated by preparative h.p.l.c. They are apparently diastereoisomers, chloroform solutions of 
which exhibit identical trans—cis photoisomerism and a thermal cis—+trans reaction in the dark. They 
are also reduced identically by the soluble fraction of liver homogenate. The ability of a number of 
human tumour xenografts to reduce CB 10-252 was measured but the tumour with the most potent 
reductase activity was not inhibited by the drug in vivo. 


The azomustard derivative 4-[bis-(2-bromo- 
propyl)amino]-2’-carboxy-2-methylazobenzene (CB 
10-252, NSC 240419; I, R = COOH, R' = R* = 
CH;, X = Br) was the product of an attempt to 
design a drug to be specific for primary hepatocellular 
carcinoma [1]. This particularly rapidly growing tum- 
our is common in parts of Africa and the Far East 
[2] and in the majority of cases treatment is impos- 
sible or unhelpful [3]. This contrasts with the primary 
liver tumours seen in Europe and the U.S.A. which 
grow much more slowly. 

In 1955, Ross and Warwick [4,5] showed that, 
because of their highly conjugated structure, nitro- 
gen mustards of this type, I, tend to be chemically 
unreactive and therefore presumably non-toxic. Fol- 
lowing enzymic reduction of the azo group, two 
metabolites would be expected, an aniline derivative 
II and a p-phenylenediamine derivative III [1, 5]. 
Ross and Warwick [5] found a striking correlation 
between reducibility of the azo group and antitumour 
activity against the Walker 256 rat carcinoma. This 
investigation also showed that electron donating sub- 
stituents ortho to the azo group are necessary for 
activity. The most active compound of this early 
series was 4-[bis-(2-chloroethyl)amino]-2'-carboxy- 
2-methylazobenzene (CB 1414, NSC 16498; 1, R = 
COOH, R' = CH;, R? = H, X = Cl), which under- 
went clinical trial [6] but was devoid of significant 
benefit; however, it should be noted that liver 
tumours were not investigated. 

Some fifteen years later Connors and coworkers 
[7] confirmed that the enzyme system necessary for 
the reductive cleavage of the azo mustards is actually 
present in liver, and that the expected metabolites 
are in fact formed. Of the two metabolites resulting 
from the reduction of CB 1414, one is anthranilic 
acid (II,R =COOH), which has no antitumour 
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activity and only a moderate host toxicity. The sec- 
ond metabolite (III, R' = CH;, R? = H, X = Cl) is 
a p-phenyienediamine mustard. Nitrogen mustards 
of this type are extremely potent alkylating agents 
with known antitumour activity [8]. 

The ability to reduce azo compounds was later 
shown to be a property of human primary hepato- 
cellular carcinoma [9]. CB 1414 therefore fulfilled 
two of the criteria for a drug to be truly selective, 
i.e. it is inactive in itself but capable of metabolism 
to a potent cytotoxic agent by a rapidly proliferating 
tumour. The third criterion for selectivity, that the 
toxic metabolite should remain within the confines 
of the tumour, is more difficult to achieve. However, 
investigation of a further series of azomustards (see 
Scheme, I, R = COOH, R' = CH;) containing var- 
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Table 1. Structural and t.l.c. properties of a range of azomustards 
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0.39 
0.35 
0.30 
0.81 
0.34, 0.41 
0.39, 0.46 
0.33, 0.40 
0.37, 0.44 
0.61, 0.76 
0.05, 0.07 
0.10, 0.16 


CH;CH,Br 
CH;CH,Br 
CH,CH,Br 
CH.CH,Br 
CH,CH,C! 
CH,CH,CI 
CH,CH,I 
CH,CH(CH;)Br 
CH,CH(CH;)Br 
CH;CH(CH;)CI 
CH;CH(CH;)CI 
CH,CH(CH,)Cl 
CH,CH(CH,)Br 
CH,CH(CH;)Br 





ious substituents R* and X, together with the cor- 
responding phenylenediamine derivatives (II), by 
Bukhari and coworkers [1] produced an alkylating 
metabolite, 4-bis-(2-bromopropyl)amino-2-methy- 
laniline (III, R' = R? = CH;, X = Br) with a chem- 
ical half life of 41 sec at pH 7.5 and 37°. Thus the 
parent azo compound, CB 10-252, is a relatively non- 
toxic drug, which is reduced to a very toxic metab- 
olite in tissues containing the appropriate enzyme 
system. The rapid hydrolysis of the cytotoxic metab- 
olite should prevent its toxic effect from spreading 
to other proliferating tissues. 

Confirmation of this selectivity was produced by 
Connors et a/., [10]. Implantation of the Walker 256 
tumour in the liver of rats rendered it more sus- 
ceptible to the action of CB 10-252 than to cyclo- 
phosphamide, whereas when the tumour was 
implanted in the flank the reverse was true. 

The original supposition was that the enzyme 
responsible for the reduction of the azobond would 
be azoreductase. Although this is true in the case of 
azo compounds such as 4-dimethylaminoazobenzene 
(DAB; IV, R = H), it is not true for CB 10-252 or 
methyl red (IV, R = COOH). When various frac- 
tions of liver homogenate were examined for their 
ability to reduce this selection of azo compounds, 
it was observed that DAB was reduced in the pres- 
ence of the microsomal fraction with a pH optimum 
of 6.9. CB 10-252 and methyl red, on the other hand, 
are reduced by the soluble fraction at an optimum 
of pH 6.2 [11]. There is no cross reactivity between 
the two systems and it is therefore necessary to 
specify the appropriate azo reductase enzyme system 
being considered. The significant feature distinguish- 
ing the two types of azo compound is the presence 
or absence of a carboxylic acid group ortho to the 
azo group. It has been shown that in such compounds 
the carboxyl group is hydrogen bonded to the adja- 
cent nitrogen of the azo group to form a six mem- 
bered ring (V) such that no hydroxyl stretching fre- 


quency is visible in the infrared spectrum [12]. The 
resulting major disruption in the electron distribution 
of the azo bond compared with the unsubstituted 
compounds, such as DAB, may explain the differ- 
ences observed in the enzymic reduction. 

Renewed clinical interest in CB 10-252 prompted 
a more detailed study of the chromatographic 
properties of the drug and the reductive ability of 
a selection of human tumours grown in immune 
deprived mice. 


MATERIALS AND METHODS 


CB 10-252 was from a batch prepared by Ward 
Blenkinsop & Co. Ltd., for clinical formulation. The 
other azo mustards were synthesized within this 
Institute [1,5]. Thin layer chromatography (t.l.c.) 
was undertaken on silica precoated on aluminium 
(Merck 5554) and developed with toluene—ethyl 
acetate (4:1). Preparative high performance liquid 
chromatography (Prep h.p.1.c.) was carried out using 
a Jobin—Yvon Chromatospec Prep 100. The column 
was formed from 140 g t.l.c. silica gel 60H (Merck 
11695), with 1 g of CB 10-252, absorbed on additional 
silica, applied to the top of the column. Elution was 
with toluene-ethyl acetate (97:3) at an initial flow 
rate of 30ml/min. The chromatographically pure 
fractions were evaporated and the residues crystal- 
lized from benzene. Ultraviolet and visible spectra 
were recorded in chloroform solution in a Pye SP8- 
150 spectrophotometer. 

The CB 10-252 azo reductase activity of ten human 
tumour xenografts and three rodent tumours, rela- 
tive to the liver of a similar non-tumour-bearing 
animal, was determined using the method of Autrup 
and Warwick [11]. The xenografts were maintained 
in T lymphocyte-deficient male CBA/LAC mice [13] 
and the rodent tumours passaged in the appropriate 
species [14-16]. 
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RESULTS AND DISCUSSION 


Thin layer chromatographic studies of CB 10-252 
showed the material to consist of two components 
in roughly equal proportions which showed no tend- 
ency to re-equilibrate on standing in either daylight 
or darkness. If the t.l.c. plate was run a second time 
perpendicular to the initial run there was no indi- 
cation of the components separating a second time. 
The slow running component CB 10-252S had R;0.39 
and the faster component CB 10-252F R;0.46. A 
number of other azo mustards were available at the 
time and their t.l.c. properties were similarly inves- 
tigated. These compounds could be readily separated 
into two groups based on their appearance on t.l.c. 
in this system. One group produce a single spot and 
the others separate into two spots similar to those 
seen from CB 10-252. The structural features and 
the t.l.c. pattern of these compounds are correlated 
in Table 1. From this it can be seen that irrespective 
of the nature of the ring substituents the number of 
spots is governed by the nature of the haloalkyl 
groups. In particular, haloethyl groups (compounds 
1-7) produce one spot, whereas 2-halopropyl groups 
give rise to two spots. The explanation for this is that 
each 2-halopropyl group contains an asymmetrically 
substituted carbon atom at C-2; the presence of two 
such centres in the molecule resulting in 
diastereomers. 

A possible alternative explanation could be that 
the components being separated are the cis and trans 
isomers about the azo group. It would not be 
expected, however, that the inclusion of additional 
methyl groups at a position so remote from the azo 
bond could have such a marked effect on the stability 
of these isomers. In order to investigate this possi- 
bility in more detail and also to determine whether 
the soluble fraction of liver supernatant possessed 
the same activity with respect to the two components, 
an attempt was made to separate them in bulk. One 
gram of CB 10-252 was subjected to Prep/h.p.l.c. 
and produced following crystallization of the com- 
ponents from benzene, 160mg CB 10-252F, m.p. 
172-S° (Anal. Cj, H3Br,N;0,. C,H, requires 
C 54.3, H5.1, Br27.8, N 7.3; Found C 54.2, H5.4, 
Br 27.1, N 7.8) and 30 mg CB 10-252S, m.p. 182—4° 
(Anal. C,9H2;Br.N,0, requires C48.3, N4.7, 
Br 32.1, N 8.5; Found C 48.5, N 5.0, Br 31.2, N 8.9). 
Elemental analysis showed that CB 10-252F crys- 
tallized with one molecule of benzene of crystalli- 
zation. Each isomer had identical mass, n.m.r. and 
ultraviolet/visible spectra to the mixture. 

The visible spectrum of CB 10-252 in chloroform 
solution has maximum absorbance at 478 nm. How- 
ever, when the solution has been previously exposed 
to daylight there is a progressive increase in absorb- 
ance when the solution is placed in the dark. 
Measurements were made of the rate of this increase, 
assuming it to be a first order reaction. This assump- 
tion is valid as the observed spectral change is due 
to a thermal cis—trans rearrangement which occurs 
in the dark (Fig. 1). For the kinetic measurements, 
therefore, the absorbance was measured at 1-min 
intervals; the sample was in the light beam for only 
5 sec and the remainder of the time it was in darkness. 
In daylight, photoisomerism occurs, converting the 
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wholly trans isomer solution, formed in the dark, to 
a mixture of cis and trans isomers. The actual position 
of the equilibrium is dependent on the total illumi- 
nation. Such isomeric changes are well established 
for azo compounds [17], but are not always demon- 
strable. The changes occur very rapidly in aqueous 
solution [18] and it proved impossible to detect them 
in this instance. The kinetic results obtained for the 
thermal cis—trans rearrangement are shown in Table 
2. The fast and slow isomers exhibit identical kinetics 
for this reaction, within the limits of the determi- 
nation. In order to demonstrate that an azo com- 
pound that does not separate chromatographically 
into two components undergoes the same rearrange- 
ments, the rate for CB 1414 (I, R = COOH, R' = 
CH;, R? = H, X = Cl) was determined under similar 
circumstances (Table 2). 

The reductase activity of the thirteen tumour sys- 
tems are shown in Table 3. The number of passages 
since the initial tumour implant and the age of the 
particular tumour are indicated in the case of the 
xenografts. The reductase activity is calculated as 
nmoles of CB 10-252 reduced per 100 mg of protein 
per minute as a percentage of the activity of that of 
the liver of a similar non-tumour-bearing animal. 
The results show that the age and passage number 
of a tumour has little or no effect on the azo reductase 
activity. 


Table 2. Rate constant and half-life of dark cis—trans 
rearrangement of CB 10-252 components in chloroform at 
25° 





Half-life 
(min) 


Rate constant 
(min~') 





CB 10-252 F 
CB 10-252 S 
CB 1414 


0.23 + 0.02 3 
0.24 + 0.03 2: 
0.19 + 0.01 3: 


1 ; 
9+0. 
Lz. 





cis form 


Photoisomerism 
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Thermal rearrangement 
in the dark 
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N—R 
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CH, 
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Table 3. Ability of a range of human tumour xenografts to reduce CB 10-252 





Time since 
Passage implant 
Tumour number (days) 


Relative activity 
(Liver = 100) Mean + S.D. 





Lung-Bush 15 36 
17 65 
Lung—Mount 43 42 
49 
57 
47 
Lung—Oat cell 80 
101 
Lung-P246 79 
82 
Kidney 36 
47 
Melanoma-HX47 101 
87 
Melanoma-HX41 150 
Ovary 56 
86 
Squamous cell 101 
carcinoma 80 
Teratoma 150 
91 
TLX 5 
Adj PC6/A 
Walker 256 


55.4, 45.2 47.9+ 8.9 

54.7, 36.5 

44.1, 42.9 55.6 + 20.3 

55.9, 57.1 

38.5, 34.3 

87.4, 84.5 

19.5, 21.3 19.2 + 1.6 

17.5, 18.6 

28.0, 25.9 23.4+ 4.2 

20.9, 18.9 

34.9, 40.5 30.6 + 8.5 

23.8, 23.1 

29.1, 31.1 23.0 + 8.3 
17.2, 14.5 

17.0, 24.9 20.9 + 5.6 

42.9, 28.4 36.6 + 6.1 

38.8, 36.4 

19.8, 19.8 22222 

24.5, 20.8 

16; S35 8.6+2.4 
9.7, 8.3 

39.6, 28.8 34.2 + 7.6 

65.3, 66.5 65.9 + 0.8 

68.5, 63.1 65.8 + 3.8 





Two of the tumours have been tested in vivo for 
their response to CB 10-252 treatment. These were 
the Lung—Mount xenograft and the Walker 256 car- 
cinosarcoma. Although these two tumours showed 
the highest levels of enzyme activity amongst the 
group investigated, no significant anti-tumour 
activity was detected. In the case of the Walker 
tumour there is less response than when the tumour 
is transplanted in the liver [10]. The inactivity 
towards the Lung—Mount xenograft could be due to 
a number of causes; the level of azo reductase may 
be insufficient to produce the necessary levels of the 
active metabolite within the tumour or the tumour 
could be inherently unresponsive to alkylating agents 
as cyclophosphamide is also inactive against this 
tumour. 

These results suggest that a tumour enzyme level 
approaching that of normal liver may be necessary 
for effective use of this agent, or that the tumour 
must be situated within the liver itself. CB 10-252 
was tested clinically in Kenya [11] but no’ results 
were published. A trial on patients from the United 
Kingdom and the Middle East showed no significant 
clinical effect on tumour growth [19] but this could 
be due to the tumour having a slower growth rate 
to those seen in East Africa. Currently, CB 10-252 
is undergoing Phase II/III clinical trial in Zambia. 
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Abstract—The effect of some antimonial and non-antimonial drugs on liver B-glucuronidase activity 
was studied in vitro. The antimonial drugs Tartar emetic, Astiban, Stibophen and Bilharcid increased 
A-glucuronidase activity at the highest concentration tested. Anthiomaline was the only drug which 
produced a significant increase in the enzyme activity at all the concentrations used. Stibophen and 
Anthiomaline showed a positive correlation between their concentrations and their activation effects 
on the enzyme activity. The non-antimonial drugs Etrenol and Oxamniquine induced a pronounced 
inhibitory effect at the higher drug concentrations tested. Etrenol exhibited a negative correlation 
between its concentration and the activity of liver 6-glucuronidase. The results revelead that these 
schistosomicidal drugs could exert their activation or inhibition on the liver 6-glucuronidase activity, 


at least in part, by direct action on the enzyme. 


In Egypt, the association between vesical schisto- 
somiasis and bladder cancer is generally accepted, 
but the exact nature of this association is still not 
clear [1]. One of the factors that could account for 
the biochemical aspects of bilharzial bladder cancer 
is the abnormality in amounts of urinary carcinogenic 
tryptophan metabolites [2]. The carcinogenic com- 
pounds appear to be released in the bladder from 
their conjugated glucuronides through the action of 
B-glucuronidase [3]. Elevated urinary activities of 
f-glucuronidase were reported in patients with Schis- 
tosoma haematobium infestation [4, 5] and in bladder 
cancer patients [6, 7]. This led some investigators to 
suggest that the 6-glucuronidase enzyme may be a 
predisposing factor in the genesis of bladder carci- 
noma [3]. 

Recently, our studies revealed that the activity of 
liver 6-glucuronidase was increased in Schistosoma 
mansoni-infected mice treated with Etrenol [8], 
Oxamniquine [9] and Astiban [10]. However, these 
in vivo studies have not clarified whether the increase 
in the enzyme activity was a result of the direct effect 
of these drugs on liver 6-glucuronidase or due to the 
de novo synthesis of the enzyme protein. 

It was planned, therefore, to study the in vitro 
effects on the activity of liver #-glucuronidase of 
some antimonial and non-antimonial schistosomici- 
dal drugs that are commonly used in Egypt and 
elsewhere. 


MATERIALS AND METHODS 


Bovine liver #-glucuronidase and its substrate 
phenolphethalein monoglucuronide were purchased 
from Sigma Chemical Co., St. Louis, MO, U.S.A. 
The antimonial drugs used, were potassium anti- 
mony tartarate (Tartar emetic, Cid Co., Egypt), 
lithium antimony mercaptosuccinate (Anthiomaline, 


Spicia, Paris), sodium antimony dimercaptosuccin- 
ate (Astiban, Roche, Switzerland), pentasodium 
antimony bischatecol-3,5-disulphonate (Stibophen, 
Alexandria Co., Egypt) and piperazine diantimonyl 
tartarate (Bilharcid, Cid Co., Egypt). All the above 
drugs contained trivalent antimony. 

The non-antimonia! drugs were methanesu!phon- 
ate derivative of hycanthone; 1-{[(2-(diethylamino) 
ethyl] amino}-4-(hydroxymethyl)—thioxathen—9— 
one (Etrenol, Winthrop, U.S.A.) and 6-hydroxy- 
methyl-2-isopropylaminomethyl-7-nitro-1, 2, 3, 4- 
tetrahydroquinolone (Oxaminique, Pfizer, U.S.A.). 

The activity of liver B-glucuronidase was deter- 
mined using the method of Talaly et al. [11]. The 
incubation medium contained 0.1 mM phenolpheth- 
alein B-glucuronide, 100 Fishman units of liver B- 
glucuronidase and different concentrations of the 
schistosomicidal drugs in a final volume of 1 ml of 
0.1M acetate buffer, pH 4.5. The reaction was 
started by the addition of the substrate and the tubes 
were incubated at 37° for 1 hr. The reaction was 
terminated by the addition of 4ml 0.4M glycine 
buffer, pH 10.5. Blanks were obtained in the same 
way but the enzyme was added after the addition of 
glycine buffer. The absorption readings of the clear 
supernatant fluid were measured at 550nm. The 
enzyme activity was expressed in Fishman units [11]. 
One enzyme unit is equivalent to 1 ug phenolpheth- 
alein released per hour at 37° under the above 
experimental conditions. The results of the present 
study were statistically evaluated using the Student 
t-test and correlation coefficient analysis [12]. 


RESULTS 


Table 1 summarizes the in vitro effects of some 
commonly used antimonial and non-antimonial 
schistosomicidal drugs on the activity of liver B-glu- 
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Table 1. Effect of some schistosomicidal drugs on the activity of liver 6-glucuronidase enzyme* 





f-Glucuronidase activity + $.D. 





Molar drug concentration (mM) 





Schistosomicidal 


drug 1073 10°? 


10.0 


0.1 1.0 





Control+ 
Tartar emetic 
Anthiomaline 
Bilharcid 
Astiban 
Stilbophen 
Etrenol 
Oxamniquine 


26.0 + 1.47 
31.2 + 0.46 
26.2 + 0.73 
26.5 + 1.05 
22.5 + 1.80 
28.8 + 1.43 
35.9 + 1.12 


25.8 + 0.89 
31.3 + 0.47 
26.8 + 0.25 
25.8 + 1.07 
23.) 24397 
25.2 + 1.48 
SLSt IM 


(26.12 + 0.77) 


26.7 + 1.02 
33.3 + 0.88 
25.3 + 1.67 
26.8 + 2.08 
24.2 + 1.01 
21.8 + 1.69 
26.5 + 1.02 


26.3 + 0.7 

35.5 + 1.05 
25.5 + 1.50 
28.8 + 1.25 
26.8 + 0.67 
18.7 + 1.10 
22.86 + 0.75 


34.8 + 0.22 
38.5 + 0.87 
33.5 + 1.04 
32.7 + 1.19 
35.5 + 1.36 
12.7 + 0.82 
20.5 + 0.76 





* The activity of liver 6-glucuranidase enzyme is expressed in Fishman units. These values represent 
the mean + S.D. of ten experiments carried out for each drug. 

+ The incubation medium contained all materials for enzymatic assay and the drug solvent. Each 
drug has a control experiment. The control value represents the mean +S.D. of #-urea control 
experiments. The mean value of the different control experiments showed no significant difference in 
enzyme activity in the presence of different drug solvents. 


curonidase. Tartar emetic, Astiban and Bilharcid did 
not affect the glucuronidase activity at the low 
drug concentrations. They induced significant acti- 
vation only at the highest drug concentration tested 
(10mM). The percentage activation was 33.2 per 
cent (P < 0.001), 21.4 per cent (P < 0.005) and 28.3 
per cent (P < 0.001), respectively. 

Anthiomaline activated 6-glucuronidase enzyme 
at the lower drug concentrations and this effect was 
increased by increasing the drug concentration. The 
percentage activation increased from 19.3 per cent 
(P<0.01) at 10°*mM up to 47.4 per cent (P< 
0.001) at 10 mM. The statistical analysis confirmed 
the existance of a positive correlation between 
Anthiomaline concentration and the activation effect 
on #-glucuronidase enzyme (r = 0.87, P < 0.05). 

Although Stibophen induced inhibitory effect on 
liver #-glucuronidase activity at the low drug con- 
centrations tested, this effect was statistically insig- 
nificant (P > 0.05). Stibophen significantly stimu- 
lated (P < 0.001) the activity of liver 6-glucuronidase 
only at 10 mM. Also, there was a positive correlation 
between the increase in the activity of liver #-glu- 
curonidase and the range of Stibophen concentra- 
tions studied (r = 0.98, P < 0.001). 

On the other hand, at 10-*mM the methanesul- 
phonate derivative of hycanthone, Etrenol, induced 
a Slight activation effect (10.4 per cent P > 0.05) on 
the liver P-glucuronidase enzyme. When the drug 
concentration was increased gradually up to 10 mM, 
the enzyme activity was decreased simultaneously 
to 51.5 per cent inhibition at the highest drug con- 
centration tested. The inhibitory effect of Etrenol 
on liver B-glucuronidase was markedly observed at 
0.1 mM (P < 0.05), 1.0mM (P < 0.001) and 10 mM 
(P < 0.001). Moreover, a statistically significant 
negative correlation existed between the activity of 
the enzyme and the drug concentrations tested (r = 
0.84, P< 0.05). Oxamniquine exhibited an activa- 
tion effect on the activity of liver B-glucuronidase at 
the lower drug concentrations 10°*mM and 
10-? mM, where the percentage activation was 37.5 
per cent (P < 0.001) and 19.95 per cent (P < 0.005), 
respectively. At the higher drug concentrations 


tested, 1 and 10 mM Oxaminiquine induced inhibi- 
tory effects. The percentage inhibition was 12.48 per 
cent (P<0.05) and 21.52 per cent (P< 0.001), 
respectively. The statistical analysis revealed insig- 
nificant correlation between Oxamniquine concen- 
tration and its inhibitory effect on the liver A-glu- 
curonidase enzyme activity (r = 0.67, P > 0.05). 


DISCUSSION 


The results of the present study revealed that the 
antimonial drugs Tartar emetic, Astiban and Sti- 
bophen have no significant effect on the activity of 
liver P-glucuronidase at the low concentrations 
tested, from 10°-° to 1mM. However, these anti- 
monial drugs induced significant activation of 
enzyme activity at the highest concentration tested 
(10mM). Anthiomaline was the only antimonial 
drug which exhibited a significant activation of B- 
glucuronidase enzyme at all the drug concentrations 
tested. It is interesting to notice that the two drugs, 
Stibophen and Anthiomaline, which showed a pos- 
itive correlation between their stimulatory effect on 
the enzyme activity and the range of the drug con- 
centrations tested, have low antimony content. They 
contain 13.5 and 16 per cent antimony, respectively, 
whereas Astiban, Tartar emetic and Bilharcid have 
25, 36.5 and 37.0 per cent antimony, respectively 
[13]. It seems, therefore, that the schistosomicidal 
drugs with low-antimony content show a statistically 
significant relationship between concentration and 
effect on liver 6-glucuronidase enzyme activity. 

The antimoniai drugs may be one of the important 
factors which cannot be ignored as affecting /-glu- 
curonidase enzyme activity. It was found that the 
enzyme activity increased in the urine of bilharzial 
patients treated with Tartar emetic [14]. Serum f- 
glucuronidase activity significantly increased after 
treatment of bilharzial patients with Astiban, while 
urinary enzyme activity was found to be unaffected 
[15]. Moreover, increased f-glucuronidase enzyme 
activity has been reported in whole liver tissue hom- 
ogenates of non-infected and Schistosoma mansoni- 
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infected mice treated with Astiban [10]. The present 
study shows that Tartar emetic and Astiban directly 
stimulated the activity of liver /-glucuronidase 
enzyme only at the highest drug concentration tested 
(10 mM). 

On the other hand, the non-antimonial drugs 
Etrenol and Oxamniquine induced pronounced 
inhibitory effects on the activity of the liver P-glu- 
curonidase enzyme at the higher drug concentrations 
tested (1 and 10mM). However, Oxamniquine: 
induced a marked activation effect on #-glucuroni- 
dase enzyme at the lower drug concentrations tested. 
Etrenol exhibited a significant negative correlation 
between the drug concentrations and the activity of 
liver 6-glucuronidase enzyme, whereas this relation- 
ship was not observed in the case of Oxamniquine. 
This may reflect the dependence of the enzyme 
activity on the concentration of Etrenol, which was 
reported to be a hepatotoxic drug [16]. Etrenol, as 
compared with Oxamniquine, seems to be a more 
effective inhibitor of the activity of liver 6-glucuron- 
idase enzyme. Etrenol, at 10 mM, induced 51.5 per 
cent inhibition, whereas Oxamniquine exhibited 
21.5 per cent inhibition at the same molar 
concentration. 

Our previous studies have revealed that admin- 
istration of Etrenol to normal and Schistosoma man- 
soni-infected mice increased the activity of f-glu- 
curonidase enzyme in whole tissue homogenates of 
liver and spleen [8] and of bladder [17]. Fripp has 
reported that urinary #-glucuronidase of bilharzial 
patients falls to the normal range a few days after 
treatment with Etrenol and sodium antimony tartrate 


[18]. Oxamniquine has no apparent effect on serum 
and urinary #-glucuronidase of bilharzial patients 
[19], whereas administration of this drug to normal 


and Schistosoma mansoni-infected mice was 
accompanied with elevation in liver 6-glucuronidase 
enzyme activity [9]. 

From the results already described, it is clear that 
the antimonial and non-antimonial drugs could, at 
least in part, exert their activation or inhibition on 
liver #-glucuronidase activity by direct action on the 
enzyme. These effects may account for the high 
incidence of bladder tumours observed in bilharzial 
patients repeatedly treated with antimony-contain- 
ing drugs. 


y 
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Abstract—In an attempt to understand the preferential action of 5-aza-2'-deoxycytidine against the 
lymphatic system, metabolic conversions of the tritiated drug in mouse liver and spleen in vivo and in 
vitro were followed. Simultaneously, the degradation of the drug resulting in the formation of N- 
amidino-N’-deoxy-$-D-ribofuranosylurea was investigated. In the spleen the drug is extensively phos- 
phorylated and incorporated into DNA; however, in the liver and other non-lymphatic tissues its 
utilization is limited. The analogue affects the formation of DNA in the spleen without concomitantly 


interfering with the level of cyclic AMP. 


5-Azapyrimidines represent a group of highly active 
cytostatics [1,2]. Clinical studies have shown that 
one of them, 5-azacytidine, is especially active in 
human acute myelogenous leukemia [3, 4]. 5-Aza- 
2'-deoxycytidine, preferentially affecting the lym- 
phatic system [5,6], suppresses the cell growth in 
AKR mouse with lymphatic leukemia, in P388 leu- 
kemia bearing mice and in L1210 leukemia [7]. 

The inhibitory action of 5-aza-2'-deoxycytidine 
depends on its metabolic conversion [8]. In AKR 
mouse leukemic cells the analogue inhibits phos- 
phorylation of deoxycytidine and is incorporated into 
DNA [7]. The action of the drug against the lym- 
phatic system is paralleled by a pronounced inhibi- 
tion of antibody formation [9] and a block in thy- 
midine incorporation into spleen and thymus DNA 
[10]. Simultaneously the activity of thymidine and 
thymidylate kinases measured in tissue extracts is 
markedly depressed. 

In the present study changes in the metabolic 
conversion and incorporation of 5-aza-2’-deoxycy- 
tidine in the liver and spleen were investigated in an 
attempt to clarify the mechanism responsible for the 
preferential action of the drug against the lymphatic 
system. Simultaneously the changes in the synthesis 
of DNA and the level of cyclic AMP in the spleens 
of 5-aza-2'-deoxycytidine-treated mice were 
followed. 


MATERIALS AND METHODS 


Chemicals. 5-Aza-2'-deoxycytidine and N-ami- 
dino-N'-deoxy-f-D-ribofuranosylurea were pre- 
pared [11] by Dr. A. Piskala from this Institute. 5- 
Aza-2'-deoxycytidine--H (19.5 Ci/mmole) was pre- 
pared by Dr. B. Cerny from the Isotope Laboratory 
(Prague-Kré, Czechoslovakia). Thymidine-2-C (48 
mCi/mmole), deoxycytidine-2-'C (44 mCi/mmole), 
cytidine-U-"“C (200 mCi/mole), and cytidine-2-"C 
(48 mCi/mmole) were provided by the Institute for 
Research, Production and Uses of Radioisotopes 
(Prague, Czechoslovakia). Deoxycytidine and ATP 
were delivered by Calbiochem-Behring (Luzern, 
Switzerland). 


Animals and cell-free tissue extracts. Three strains 
of mice (inbred AKR and DBA/2, and random-bred 
H) kept under standard conditions were used. The 
experiments were started between 8.00 and 9.00 a.m. 
with groups of 4-6 female mice (24-26 g body wt). 
5-Aza-2’-deoxycytidine and/or radioactive com- 
pounds were injected i.p. in a maximal volume of 
0.2 ml. The animals were killed by cervical dislo- 
cation, bled and the tissues under investigation were 
removed and homogenized in a cooled glass hom- 
ogenizer with a tight-fitting Teflon pestle in 3 vol. of 
cold 25mM Tris-HCl buffer (pH 7.5) containing 
25mM KCI and 5mM MgCl. The homogenates 
were centrifuged (10,000 g, 20min, 2°) and the 
supernatant fractions were used as a source of 
enzyme activities. 

Level of cyclic AMP. The level of cyclic AMP was 
estimated in the homogenates of mouse spleens in 
7.5% trichloroacetic acid by a modified cyclic AMP 
binding assay [11]. Binding protein was prepared 
from bovine adrenals [12] and the separation of the 
free and bound cyclic AMP was carried out on 
albumin-coated charcoal [13]. The samples were 
measured in triplicates with standards ranging from 
0.25 to 16 pmoles and after correction for recovery 
the results were expressed as pmoles of cyclic AMP 
per mg protein. 

Assay of deoxycytidine kinase and cytidine deami- 
nase. The activity of enzymes was measured in 
66 mM Tris-HCl buffer (pH 7.5) at 37° in a total 
volume of 0.3 ml in the presence of post-mitochon- 
drial supernatant fractions corresponding to 25 mg 
wet weight of individual tissues. The incubation 
mixture for the deaminase assay contained 0.1 mM 
cytidine-2-“C, deoxycytidine-2-“C or 5-aza-2'- 
deoxycytidine--H.. The assay mixture for deoxycy- 
tidine kinase contained 0.1mM substrate, 6mM ~ 
ATP with 6 mM Mg” *ions and 2 mM dithiothreitol. 
Aliquots of the incubation mixture withdrawn during 
the linear course of the respective enzyme reaction 
(usually 10 min) were separated on Whatman No. 
1 paper in the solvent system composed of isobutyric 
acid—ammonium hydroxide—water (44: 1:22) (deam- 
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ination), and of ethanol-tertiary butanol—formic 
acid—water (60:20:5:15) (kinase reaction). The 
radioactivity of individual compounds, localized on 
chromatograms with a Frieseke—Hoepfner scanner, 
and identified according to the position of standards, 
was measured using liquid scintillation system Iso- 
cap/300 (Nuclear Chicago Division). 

Incorporation of 5-aza-2'-deoxycytidine-H and of 
pyrimidine precursors. The tissues under investiga- 
tion were homogenized in 10 vol. of cold 0.25mM 
KCl, and 1-ml portions of the homogenates were 
mixed with 1 ml of 0.4M HCIO,. The suspensions 
were centrifuged (5000 g, 10 min, 2°) and sediments 
extracted three times under cooling with 4ml of 
0.2 M HClO, to remove the acid-soluble low mol- 
ecular weight components. Resulting sediments were 
extracted with 5 ml of alcohol-ether (3:1), dried and 
before radioactivity measurement, dissolved at 80° 
in 1ml of formic acid. The incorporation of 'C- 
labelled pyrimidine precursors into RNA was meas- 
ured as described earlier [6, 10]. The rate of RNA 
synthesis following 5-aza-2’-deoxycytidine treatment 
is expressed as dpm per umole of spectroscopically 
pure uridine and cytidine 2'(3’)-phosphates isolated 
from the total RNA. The rate of DNA synthesis [9] 
is expressed as the specific radioactivity of thymine 
(in dpm/umole) isolated from the total DNA. 


RESULTS AND DISCUSSION 


5-Aza-2'-deoxycytidine, like other 5-azapyrimi- 
dine analogues, undergoes spontaneous degradation 
[2] resulting in the formation of relatively stable N- 
amidino-N’'-deoxy-$-D-ribofuranosylurea [14] (Fig. 
1). The time course of 5-aza-2'-deoxycytidine degra- 
dation in aqueous solutions of different pH shows 
that at pH 7 the drug is more stable than at pH 9 but 
is less stable than at pH 6. At pH 7 and 37°, approx- 
imately 7 per cent conversion occurs in 1 hr. 

We focused on the question of the preferential 
action of 5-aza-2'-deoxycytidine against the lym- 
phatic system [5-7]. The analogue administered at 
a dose of 5 mg per kg body wt does not affect the 
deamination of cytidine or deoxycytidine in the liver 
and spleen of mice. Similarly, in vitro the compound 
does not interfere with the deamination of cytidine 





N- Amidino-N-deoxy- 
~-D-ribofuranosylurea 


5 -Aza-2“deoxycytid ine ——e= 











Fig. 1. Separation of 5-aza-2'-deoxycytidine and its degra- 
dation product, N-amidino-N’-deoxy-£-D-ribofuranosylu- 
rea. Separation was carried out on Whatman No. 1 paper 
using a solvent system composed of ethanol-tertiary 
butanol—formic acid—water (60:20:5:15). 
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Table 1. Incorporation of 5-aza-2'-deoxycytidine-H in dif- 
ferent mouse strains* 





Incorporationt 





Tissue H DBA/2 AKR 





1.00 
1.16 
0.35 
0.35 
25.90 
14.85 


1.00 
1.03 
0.33 
0.37 
24.60 
17.20 


1.00 
0.97 
0.30 
0.42 
22.80 
16.40 


Liver 
Kidney 
Heart 
Muscle 
Spleen 
Thymus 





* Groups of five to six female mice (22-26 g body wt) 
received 5-aza-2'-deoxycytidine--H (80 uCi/0.02 umole) 
i.p. 2 hr before being killed. 

+ Incorporation of the drug (expressed as dpm/A 0) into 
the acid-insoluble fraction relative to the liver (111 for H, 
96 for DBA/2, and 103dpm/Az for AKR strain, 
respectively). 


in cell-free extracts prepared from these tissues (not 
published). Furthermore, a marked depression of 
cytidine and deoxycytidine incorporation into DNA 
isolated from the spleen of mice pretreated with low 
doses of 5-aza-2’-deoxycytidine has recently been 
observed [10]. 

The data presented in Table 1 indicate differences 
in the incorporation of 5-aza-2'-deoxycytidine-*H in 
three mouse strains. The highest uptake of the label 
into the acid-insoluble fraction was observed in the 
spleen and the thymus. In an attempt to explain the 
cumulative toxicity of 5-aza-2'-deoxycytidine [7], the 
mice were pretreated with the cold drug prior to the 
administration of tritiated analogue, resulting in a 
significant depression of the uptake of radioactivity 
into spleen DNA (Table 2). 

Similar depression was observed using “C-labelled 
thymidine to measure the synthesis of DNA in the 
spleen. The block in thymidine incorporation was 
accompanied by low thymidine and thymidylate kin- 
ase activities in cell-free extracts from the spleen of 
the drug-treated animals [10]. However, no apparent 
connection has been observed in the mouse spleens 
between the depression of DNA synthesis and the 
change in the level of cyclic AMP. Although in the 


Table 2. Reduced incorporation of 5-aza-2’-deoxycytidine- 
°H into DNA in the liver and spleen of analogue pretreated 
mice* 





5-Aza-2'-deoxycytidine 
pretreatment 


(hr) 


Control 13 271 
3 18 188 
24 16 111 
48 and 24 10 96 


Incorporation, dpm/A 2.0 





Liver Spleen (%) 





(100) 
(69.3) 
(40.9) 
(35.5) 





* Groups of six female mice (H strain, 24-26 g body wt) 
received the unlabelled drug (3.2 mg/kg) i.p. at various 
time intervals before 5-aza-2'-deoxycytidine*H 
(30 uCi/0.03 umole). Two hours later the animals were 
killed and incorporation of the label into the acid-insoluble 
fraction of liver and spleen was measured as described in 
Materials and Methods. 





Transformation and metabolic effects of 5-aza-2'-deoxycytidine in mice 


Table 3. Synthesis of DNA and level of cyclic AMP in the spleen of mice following 5-aza-2'- 
; deoxycytidine* 





Synthesis of DNA 
(dpm/umoles T + S.E.) 


Animals 


Level of cyclic AMP 
(pmoles/mg protein + S.E.) 





Males 

Control 
5-Aza-2'-deoxycytidine 
Females 

Control 
5-Aza-2'-deoxycytidine 


31,550 + 1560 
8370 + 310 


37,485 + 4420 
7423 + 1048 


21.95 + 1.78 
22.60 + 2.41 


19.14 + 2.04 
28.90 + 3.46 





* Groups of six male and female mice (25 g body wt) received 5-aza-2'-deoxycytidine i.p. 
23hr before thymidine-2-'C (2 wCi/0.1 umole) 5-aza-2'-deoxycytidine (4 mg/kg) or 0.9% 
NACI. The animals were killed 90 min later, and the rate of DNA synthesis [10] and the level 
of cyclic AMP [11] in the spleens were measured as described in Materials and Methods. 


Table 4. Higher incorporation of cytidine into RNA in the spleen of 5-aza-2'deoxycytidine- 
treated mice* 





Inhibitor 


Incorporation, dpm/umol + S.E. (%) 





(mg/kg) Cytidine-U-"C 


UMP CMP 





0 1 uCi/0.005 umole 
4 


0 3 uCi/0.015 umole 
4 


1250 + 170 (100) 

2020 + 215 (162) 

7800 + 430 (100) 
10,250 + 1210 (132) 


4250 + 206 (100) 
8600 + 722 (203) 
20,640 + 1210 (100) 
28,750 + 2780 (139) 





* Groups of four mice (H strain, 25 g body wt) received i.p., 2 hr before killing and 24 hr 
after 5-aza-2'-deoxycytidine (4 mg/kg), cytidine-U-“C as indicated. The incorporation of the 
precursor into UMP and CMP of total spleen RNA was measured as described in Materials 


and Methods. 


spleens of males treated with 5-aza-2’-deoxycytidine 
the level of cyclic AMP is not changed (or slightly 
depressed in some experiments) there is a slight and 
repeated increase in the level of cyclic AMP in the 
spleens of drug-treated females (Table 3). However, 
the extent of the depression of DNA synthesis was 
similar in both males and females. 

Further studies revealed that in mice pretreated 
for a 2-hr period with 5-aza-2’-deoxycytidine, incor- 
poration of cytidine into UMP and CMP of RNA 
in the spleen was higher than in control untreated 
animals (Table 4). The reason for this enhancement 
is not clear. Using orotic acid as the label there was 
no increase in the labelling of RNA in the spleen 
(and the liver) of the analogue-treated animals. 
Accordingly the administration of 5-aza-2'-deoxy- 
cytidine (5S mg per kg) in vivo did not affect the 
activity of liver and spleen enzymes taking part in 
the conversion of orotate to UMP. 

5-Aza-2'-deoxycytidine is only slightly deaminated 
in liver and spleen extracts in vitro. The data pre- 
sented in Fig. 2 indicate a marked difference between 
the deamination of deoxycytidine and the analogue; 
apparently deamination in the liver is much higher 
than in the spleen. On the other hand, the rate of 
5-aza-2'-deoxycytidine phosphorylation in the spleen 
is enhanced relative to that in the liver (Fig. 3). 

The differences in the rate of 5-aza-2'-deoxycyti- 
dine phosphorylation and deamination seem to be 
responsible for the preferential action of this drug 
against the lymphatic system, characterized by low 
cytidine deaminase and high deoxycytidine kinase 


activity [15]. It is supposed that the biological effect 
of 5-aza-2'-deoxycytidine is due to its incorporation 
into DNA [16] which is preceded by the phosphoryl- 
ation of the drug catalysed by deoxycytidine kinase. 
The deamination as well as phosphorolytic cleavage 
of the analogue resulting in the formation of 5-azaur- 
acil and its metabolites [6] cannot be excluded and 
might contribute to the overall inhibitory effect of 
the drug. 
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Fig. 2. Deamination of deoxycytidine and its 5-aza analogue 
in cell-free extracts from mouse spleen and liver. Incubation 
of tritium-labelled substrates (1 umole) in 0.2 M Tris-HCl 
buffer (pH 7.4) was carried out at 37° with the cell-free 
extracts corresponding to 50 mg wet weight of the liver or 
spleen. Aliquots of the reaction mixtures were separated 
chromatographically. 
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Fig. 3. Phosphorylation of 5-aza-2'deoxycytidine-’H in cell- 
free extracts from the liver and spleen of mice. Incubation 
of the drug (0.1 mM) with 6 mM ATP and equimolar Mg”* 
ions was carried out at 37° in 50mM Tris-HCl buffer 
(pH 7.4) and 2 mM dithiothreitol in a total volume of 0.3 ml 
of the reaction mixture containing 1.2 mg protein in the 
added cell-free extracts prepared from the liver or spleen. 
Separation of the newly formed phosphates was carried out 
chromatographically using the solvent system as in Fig. 1. 


In contrast to 5-azacytidine, the deoxy analogue 
does not affect enzyme induction and has no effect 
on gastric secretion [17] but displays a severe 
immunosuppressive effect [9]. The increased affinity 
of 5-aza-2'-deoxycytidine for the lymphatic system 
indicates a potential usefulness of the drug against 
malignancies of the lymphatic system. Clinical trials 


with this drug in patients with lymphatic leukemia 
are in progress [18]. 
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Abstract—The use of [*H]thioproperazine (a neuroleptic of the phenothiazine family) as a ligand for 
neuroleptic receptors has been studied in vitro in various brain regions of the rat. Specific thioproperazine 
binding has been observed in two regions rich in dopamine terminals: striatum and nucleus accumbens. 
No specific binding was observed in frontal cortex and hippocampus. Thioproperazine binds with high 
affinity (Kz = 0.30 nM) to rat microsomal striatal fraction. In this fraction the number of binding sites 
(1.47 pmoles/mg protein) is rather similar to that found with haloperidol and spiperone, two neuroleptics 
of the butyrophenone type. Subcellular distribution of thioproperazine binding reveals a pattern similar 
to that of 5’-nucleotidase, a plasma membrane marker. This indicates that the receptor sites of 
[?H]thioproperazine are associated with membrane-like structures. Inhibition studies indicate that all 
neuroleptic compounds, belonging to different chemical families, are capable of displacing thiopro- 
perazine from its binding sites. The most potent drugs are spiperone, thioproperazine and pipotiazine. 
Dopamine and the two dopamine agonists, apomorphine and bromocryptine, present affinity for 
thioproperazine binding sites. It is concluded that thioproperazine, a phenothiazine neuroleptic, can 
be used, like the butyrophenone derivatives haloperidol and spiperone, as a ligand for studying 


neuroleptic receptors. 


Many ligands have been used to identify the dopa- 
mine receptors in the brain. Dopamine [1] and apo- 
morphine [2] served first to identify the agonist state 
of the dopamine receptors, the antagonist state being 
labelled by neuroleptics [3]. Otherwise it has been 
proposed that dopamine binds to pre-synaptic sites 
and neuroleptics to post-synaptic sites [4]. 

Many neuroleptics were tested as ligands for 
dopamine receptors, the most commonly used being 
the two butyrophenone derivatives haloperidol and 
spiperone [3,5]. However, other neuroleptics such 
as clozapine [6] or cis-flupentixo! [7] and more 
recently, an antagonist of dopamine with potent 
antiemetic activity, domperidone [8], have been 
tested as ligands for dopamine receptors. 

Chlorpromazine, which has been the first drug 
found active in psychiatric states [9] and remains the 
reference compound for neuroleptics, is a pheno- 
thiazine derivative. However, since the introduc- 
tion of binding techniques it seems that no publi- 
cation has appeared about the use of a phenothiazine 
neuroleptic as a ligand for in vitro studies of dopa- 
mine receptors. One could thus wonder whether the 
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phenothiazine neuroleptics are unsuitable ligands, 
or whether their binding sites could be different from 
those of other neuroleptics. 

This is not the case, as will be shown in the present 
paper where we describe the in vitro binding proper- 
ties of thioproperazine (R.P. 7 843), and in the com- 
panion paper [10] where we shall study the in vivo 
binding of this compound. 

This phenothiazine neuroleptic compound was 
chosen because of its strong activity in psychiatry 
[11] and its behavioural and biochemical profile in 
animal models [11,12]. Moreover, the selective 
activity of thioproperazine is revealed in pharma- 
cological tests by its strong activity against apomor- 
phine-induced stereotypies in rats and emesis in dogs 
and its potent cataleptic effect with weak sedative 
effects in such tests as barbiturate potentiation and 
traction. 


METHODS 


Tissue preparation. Male rats (200 + 10 g body wt, 
CD,, C.O.B.S. Charles River, France) were decap- 
itated and the brain removed and placed on an ice- 
cold Petri dish. The cerebral structures (striatum, 
nucleus accumbens, hippocampus or frontal cortex) 
were dissected and put in ice-cold 0.25 M sucrose 
containing 3mM imidazole, pH 7.4. Homogeniz- 
ation was performed in 10 vol. of sucrose, by ten 
strokes of the tight pestle of a Dounce homogenizer. 
Tissue fractionation was performed by differential 
centrifugation using the centrifugal forces described 
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by Tulkens for fibroblasts [13]. Two different cen- 
trifugation procedures were used, in the first four 
fractions N, M, LP and S were obtained, in the 
second five fractions N, M, L, P and S were obtained. 

Binding studies. The assays were mainly per- 
formed on LP and P fractions. For the study of the 
subcellular distribution of [*H]thioproperazine bind- 
ing, the cther fractions were also tested. 

The fractions were diluted in 50 mM Tris buffer, 
pH 7.7, containing 120 mM NaCl, 5 mM KCl, 2mM 
CaCl,, 1 mM MgCl, 0.1%_ascorbic acid and 10 uM 
pargyline, in order to obtain a final concentration 
in proteins of 0.5 mg/ml for LP fractions and 
0.3 mg/ml for P fractions. The suspension was hom- 
ogenized with an Ultra Turrax homogenizer at a 
setting of 7 (full range = 10) for 15 sec and dispersed 
in polystyrene tubes (1 ml in each tube). These tubes 
were placed for 5 min in a 37° bath and kept in ice 
until they were used. Different concentrations (in 
a volume of 0.1 ml) of [*H]thioproperazine and of 
unlabelled drugs were added to proteins, then incu- 
bation was performed at 37° for 24 min. At the end 
of the incubation time, 1 ml of the mixture was 
filtered under suction through GF/B glass fibre filters 
(Whatman). Filters were washed twice with 5 ml of 
ice-cold 50 mM Tris-HCl buffer, pH 7.7. The radio- 
activity of the filters was counted by liquid scintil- 
lation spectrometry using a Berthold liquid scintil- 
lation spectrometer. The specific binding of 
thioproperazine was measured as the excess over 
blanks taken in the presence of 10 uM of unlabelled 
thioproperazine. 

Labelled thioproperazine was diluted in a solution 
of ascorbic acid (0.1 per cent) and bovine serum 
albumin (0.6 per cent). The unlabelled drugs were 
dissolved with 0.1 per cent ascorbic acid and further 
diluted with the same solution. 

The determination of the concentration of the 
drugs producing 50 per cent inhibition of displaceable 
binding of the labelled ligand (ics) was estimated 
graphically. The percentage of specific bound ligand 
was plotted vs the log of each drug concentration. 
The inhibition curves were composed of at least six 
points. 

Biochemical assays. Enzymatic assays were per- 
formed as described by Tulkens [13]; the pH of 
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Fig. 2. Binding of [*H]thioproperazine to rat striatum 
microsomal fraction. 
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assays was similar to that described for fibroblasts 
except for 5’-nucleotidase (EC 3.1.3.5) whose opti- 
mum PH in striatum is 9. Phosphoglucomutase (EC 
2.7.5.1) was assayed at pH 7.0 according to Ray and 
Roscelli [14]. Proteins were determined by the 
method of Lowry et al. [15]. 

Materials. [*H|Thioproperazine (sp act. 18.5 Ci/ 
mmole) was prepared by Mr. Raballand (Rhéne- 
Poulenc and C. E. A. Saclay, France). The other 
drugs were obtained from various pharmaceutical 
companies. The materials for biochemical assays 
were of analytical grade, and were purchased from 
Merck, A. G. (Darmstadt, F.R.G.), Sigma Chemical 
Co. (St. Louis, MO, U.S.A.) and Koch-light 
(Colnbrook, U.K.). 


RESULTS 


Saturability of [*H]thioproperazine binding. Incu- 
bation of a microsomal fraction (fraction P) of rat 
striatum with various concentrations of 
[°H]thioproperazine (0.1-2.5 nM) reveals that bind- 
ing of [*H]thioproperazine is saturable (Fig. 2). The 
non-specific binding measured in the presence of 
10 uM of unlabelled thioproperazine is linear and 
accounts at half saturation for about 10 per cent of 
total binding. 

Scatchard analysis (Fig. 3) of the specific 
[*H]thioproperazine binding indicates, for striatum, 
one high affinity binding site having an apparent 
dissociation constant of 0.31 nM; the density of 
receptors is 1.44 pmoles/mg protein. The value of 
the Hill coefficient is 0.92. On six experiments made 
independently on the P fraction of rat striatum the 
mean + S.E.M. of the dissociation constant is 0.30 + 
0.03 nM, and that of the number of binding sites is 
1.47 + 0.11 pmoles/mg protein. 

Kinetics of specific thioproperazine binding. As 
shown in Fig. 4, the maximum specific binding of 
[?H]thioproperazine is obtained after an incubation 
time of 24 min. The dissociation curve was measured 
by adding a large excess (25,000-fold) of cold ligand 
after equilibrium was obtained. The release of 
(’H]thioproperazine is shown in Fig. 5. The disso- 
ciation rate of [H]thioproperazine is 0.028 min“ 
and t,,. = 25 min. The rate constant for association 
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Fig. 3. Scatchard analysis of specific [*H]thioproperazine 
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Fig. 4. Time course of (*H]thioproperazine binding on microsomal striatal fraction. 
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Fig. 5. Dissociation of [*H]thioproperazine bound from a microsomal striatal fraction in the presence 
of an excess of cold thioproperazine. Each point is the mean of three determinations. 
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Fig. 6. Specific thioproperazine binding with increasing protein concentration using a LP fraction from 
rat striatum (ligand concentration = 4nM). Each point is the mean of three determinations. 
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Fig. 7. Distribution pattern of enzymes and 
[(H]thioproperazine binding in subcellular fractions 
obtained by differential centrifugation from rat striatum. 
Homogenate was divided into five fractions, N, M, L, P 
and S. These are represented by blocks ordered according 
to the same sequence on the abcissa where they span a 
length proportional to their protein content. The ordinate 
(heights of the blocks) give the relative specific activity 
(percentage of activity over percentage of protein) of the 
fractions. Percentages relate to the sum of the N, M, L, 
P and §S fractions. Averaged recoveries from the hom- 
ogenates ranged between 87 and 115 percent. 


is 0.14 x 10? M™' min™'. The ratio of these rate con- 
stants yields a K, of 0.2 nM, a value very similar to 
that found from the saturation isotherm. 

Effect of protein concentration on_ specific 
[*H]thioproperazine binding. Using a LP striatal frac- 
tion, specific thioproperazine binding is linear with 
protein content up to 0.5 mg of protein in the test 
(Fig. 6). 

Regional and_ subcellular distribution of 
[°H]thioproperazine binding. In addition to the stria- 
tum we studied the binding of [*H]thioproperazine 
in other rat brain areas. We did not find a specific 
binding of thioproperazine in frontal cortex and hip- 
pocampus. However, in nucleus accumbens, an area 
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Fig. 8. Maximum displacement of [*H]thioproperazine from 

a LP fraction of rat striatum by two dopamine antagonists 

(thioproperazine and haloperidol) and a dopamine agonist 
(apomorphine). 


Table 1. Inhibition of [*H]thioproperazine binding in rat 
striatum* 





Compound ICsy (nM) 





0.87 + 0.16 
1.08 + 0.17 
21 = 2.35 
40 + 18.2 
49.7 + 7.82 
49 + 6.78 
109 + 18.5 
3.31 + 0.95 
0.93 + 0.24 
3.24 + 0.57 


Thioproperazine 
Pipotiazine 
Prochlorperazine 
Propericiazine 
Chlorpromazine 
Levomepromazine 
Thioridazine 
Metopimazine 
Spiperone 
Pimozide 
Haloperidol 
Pipamperone 
Domperidone 
Metoclopramide 
Sulpiride 
Bromocryptine 
Apomorphine 
Dopamine 





* Compounds with ICs) values higher than 10,000 nM: 
atropine, serotonin, clonidine, phentclamine. For deter- 
mination of 1Csy value, each drug was tested at six concen- 
trations. Results are the mean + S.E.M. of at least three 
different experiments. 


rich in dopamine terminals, thioproperazine binds 
specifically. On the LP fraction of nucleus accum- 
bens, the K, measured by Scatchard analysis is 
0.38nM and the number of binding sites is 
0.29 pmoles/mg protein. On a similar LP fraction 
from striatum, the K, is 0.30nM and the number of 
sites 0.9 pmoles/mg protein. 

The subcellular distribution of [*H]thio- 
properazine binding was studied in rat striatum. 
Figure 7 shows the subcellular distribution of various 
marker enzymes and that of binding sites. The 
mitochrondria marker enzyme, cytochrome oxidase, 
is found mainly in the M fraction, the lysosomal 
enzyme N-acetyl-f-glucosaminidase displays its 
highest relative specific activity in the L fraction. 
The maximum increase in binding sites is found in 
the P fraction where the plasma membrane marker 
enzyme 5’-nucleotidase shows its highest relative 
specific activity. 

Inhibition studies of (’H]thioproperazine binding 
in the striatum. Inhibition studies were performed 
on LP fractions of rat striata using a ligand concen- 
tration of 0.4nM. For these studies, a& for those 
presented before, we have used unlabelled thiopro- 
perazine to determine non-specific binding. This was 
allowed because, as shown in Fig. 8, the maximum 
displacement obtained with haloperidol, a butyro- 
phenone neuroleptic, or apomorphine, a dopamine 
agonist, is equal to that observed with thioproper- 
azine. Table 1 gives the results obtained with dif- 
ferent compounds. We can observe that all neuro- 
leptic compounds belonging to different chemical 
families are capable of displacing thioproperazine 
from its binding sites. The most potent drugs are 
spiperone, thioproperazine and pipotiazine. The 
sedative neuroleptics levomepromazine, chlorprom- 
azine, thioridazine and pipamperone are weaker 





Use of thioproperazine as a ligand for neuroleptic receptors—1 


inhibitors. Sulpiride, a neuroleptic of the benzamide 
family, is also a weak inhibitor. Metopimazine, dom- 
peridone and metoclopramide, which are chemically 
related to different neuroleptic families but which 
are considered as devoid of neuroleptic activities, 
present clear affinity for the thioproperazine binding 
sites, the two first compounds being strong inhibitors. 
Dopamine and the two dopamine agonists, apo- 
morphine and bromocryptine, present affinity for 
thioproperazine binding sites. Atropine, serotonin, 
clonidine and phentolamine have ICs» values higher 
than 10 uM. 

As shown in Fig. 9, the (+) isomer, which is the 
neuroleptic active form of butaclamol, is about 1000 
times more active than the (—) isomer. 


DISCUSSION 


From the experiments reported above, it can be 
concluded that [*H]thioproperazine, a phenothiazine 
neuroleptic, is an appropriate ligand to label neu- 
roleptic receptors in the rat and that the labelled 
sites are similar to those identified using some buty- 
rophenones as ligands. 

In rat striatum, [*H]thioproperazine binding was 
found to be saturable and this saturable binding 
represents 80-90 per cent of the total binding, a 
percentage similar to that found with spiperone [5] 
and domperidone [8] but higher than that found with 
haloperidol [5]. Thus, the low aspecific binding of 
(?H]thioproperazine must be underlined. 

Data from Scatchard analysis reveal that thiopro- 
perazine binds, in the striatum, to one population 
of sites with a high affinity, the K, value being 0.3 + 
0.03 nM. This K, value is lower than that found for 
haloperidol and domperidone [5, 8]. On the other 
hand, the K, value of thioproperazine is higher than 
that of spiperone; however, in the striatum and in 
other structures, spiperone probably labels a het- 
erogeneous population of receptors [5, 16, 17]. 

The number of binding sites found in our experi- 
ments is 1.47 + 0.11 pmoles/mg protein, a value very 
similar to those found by Leysen ef al. [5] with 


100. Pg Se See fing 


[°H] THIOPROPERAZINE BOUND ,% of specific binding 








10-> 10-4 


DRUG (M) 


0 
10-0 10-9 10-8 10-7 10-8 


Fig. 9. Competition of stereoisomers of butaclamol for 
["H]thioproperazine binding site. 
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spiperone (1.7 + 0.1 pmoles/mg protein) and halo- 
peridol (1.1 +0.1 pmoles/mg protein) using the 
microsomal fraction (P) as material receptor. These 
values are higher than those found by Burt et al. [3] 
for haloperidol; however, in this case, the study was 
performed on a particulate fraction. 

This specific high affinity thioproperazine binding 
has been observed in two dopaminergic areas, the 
striatum and the nucleus accumbens. Unexpectedly, 
specific binding has not been observed in the frontal 
cortex, although this region contains dopaminergic 
terminals and thioproperazine is capable of stimu- 
lating dopamine synthesis in this region (but using 
higher doses than those necessary to observe effects 
in striatum or nucleus accumbens [12]). Spiperone 
has been reported to bind in the frontal cortex, but 
in this region the neuroleptic receptor sites labelled 
by this drug could be serotonergic [16]. 

Subcellular distribution of [*H]thioproperazine 
binding reveals that the maximum binding is 
observed in the microsomal fraction (P) which con- 
tains most of the plasma membrane marker 5’- 
nucleotidase. Similar distributions of spiperone and 
haloperidol binding have been found by Laduron et 
al. [18] using the same fractionation procedure. 

All these results indicate that thioproperazine, a 
phenothiazine derivative, can be used as a ligand in 
binding studies and that the binding sites labelled by 
this phenothiazine are probably of similar nature to 
those revealed using haloperidol or spiperone. Fur- 
thermore, when different neuroleptics are tested for 
their inhibition against [*H]thioproperazine binding 
in the rat striatum, all the neuroleptic drugs, even 
the butyrophenone derivatives, are capable of dis- 
placing thioproperazine from its binding sites. More- 
over, there is a good correlation between the ICso 
values against thioproperazine and the piCsp values 
found by Leysen et al. [5] against haloperidol (cor- 
relation coefficient = 0.81) and spiperone (correla- 
tion coefficient = 0.90). Finally, dopamine and the 
two dopamine agonists, apomorphine and bromo- 
cryptine, also inhibit the thioproperazine binding. 
The two agonists are more potent inhibitors than the 
neurotransmitter; this has been observed for apo- 
morphine using haloperidol [3], spiperone [5] or 
domperidone [8] as ligands. 

Metopimazine, a non-neuroleptic phenothiazine, 
shows a high affinity for |*H]thioproperazine binding 
which confirms the finding of Leysen et al. [5]. How- 
ever, the results of the companion paper [10] show 
that in vivo, in the rat, metopimazine is unable to 
reach the thioproperazine binding sites, which could 
explain the lack of neuroleptic activity of this 
compound. 

In conclusion, the phenothiazine derivative, thio- 
properazine, is a valuable ligand for labelling neu- 
roleptic receptors in the rat. We have found only 
one binding site of high affinity; the nonspecific 
binding is low and similar to that of spiperone. The 
subcellular distribution of binding sites is similar to 
that of haloperidol and spiperone. Thioproperazine 
binds specifically in dopaminergic areas. All the neu- 
roleptics tested are capable of displacing thiopro- 
perazine from its binding sites and their potencies 
against thioproperazine are similar to their potencies 
against a butyrophenone ligand. The agonist of 
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dopamine receptors apomorphine also inhibits thio- 
properazine binding. All these facts indicate simi- 
larity in the binding sites of phenothiazine and 
butyrophenone neuroleptics. As for haloperidol, the 
binding of thioproperazine is probably associated 
with dopamine receptors. 


Acknowledgements—The skilful technical assistance of M. 
Carruette is gratefully acknowledged. 
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Abstract—Specific in vitro binding of ( H]thioproperazine (a neuroleptic of the phenothiazine family) 
has previously been demonstrated in the rat brain. In this paper the in vivo binding of [? H]thioproperazine 
to dopamine receptors is reported. After the administration of a tracer dose of [“H]thioproperazine, 
this neuroleptic is preferentially accumulated in the dopaminergic areas of the brain. The accumulation 
of [’H]thioproperazine i is prevented by prior administration of various doses of unlabelled thioproper- 
azine in the striatum but not in the cerebellum; thus accumulation in the cerebellum is considered to 
be nonspecific binding. Neuroleptics of different chemical families, phenothiazines (thioproperazine, 
pipotiazine, prochlorperazine and levomepromazine), butyrophenones (haloperidol, pipamperone) and 
a dibenzodiazepine (clozapine) are able to compete with [- ‘H]thioproperazine. Moreover, the phar- 
macologically inactive D-isomer (R.P. 7 185) of Jevomepromazine is devoid of such activity. These 
findings indicate that the in vivo binding of (*H]thioproperazine is specific. It is concluded that 
thioproperazine is a suitable ligand for in vivo dopamine receptor studies as well as for in vitro studies. 


In the previous paper [1], we reported the specific 
in vitro binding of [*H]thioproperazine (a potent 


neuroleptic of the phenothiazine family) to mem- 
branes prepared from different dopaminergic regions 
of the rat brain. Apart from in vitro studies, one 
approach to providing further information on 
[*H]thioproperazine binding is the labelling of bind- 
ing sites after in vivo administration of this ligand. 
According to Laduron ef al. [2], in vivo specific 
binding of a neuroleptic drug must primarily fulfil 
two criteria : (i) specific retention of the drug in the 
dopaminergic areas of the brain, and (ii) displace- 
ment of this binding by large doses of unlabelled 
neuroleptics. Moreover, this binding should be 
stereospecific. Such specific binding has been dem- 
onstrated using butyrophenone derivatives: 
(?H]pimozide [3-5] and [*H]spiperone [2, 4-7]. 

As far as we are aware, the only phenothiazine 
neuroleptic tested as a ligand for in vivo studies has 
been chlorpromazine [8]; however, with this drug, 
no specific binding has been observed. 

In this paper, we report the in vivo binding of the 
phenothiazine neuroleptic [*H]thioproperazine. 


MATERIALS AND METHODS 


[°H]Thioproperazine (sp. act. 18.5 Ci/mmole) was 
administered by intravenous injection (i.v.) to male 
rats (200+ 10g, CD,, C.O.B.S., Charles River, 
France). The animals were decapitated 1 hr after the 
injection of a standard dose (S5ug.kg™') of this 
labelled neuroleptic. Brain regions were dissected 





* D. Heusse, personal communication. 


and homogenized in 9 vol. (w/v) of 50mM Tris 
buffer, pH 7.4. The radioactivity was counted in 
aliquots (220-yl) by liquid scintillation spectrometry. 
In the experiments with unlabelled compounds, neu- 
roleptics and metopimazine (a phenothiazine anti- 
emetic) were injected subcutaneously (s.c.) 1.5 hr 
before i.v. injection of [*H]thioproperazine while 
apomorphine was administered by the intraperito- 
neal route (i.p.) at the same time as the i.v. injection 
of [H]thioproperazine. Results of accumulation 
were expressed in pmoles of labelled material per 
g wet wt. [°H]Thioproperazine was prepared by Mr. 
Raballand (Rhéne-Poulenc and C.E.A. Saclay, 
France). The other drugs were obtained from various 
pharmaceutical companies. 


RESULTS 


Throughout this work, the total radioactivity was 
always considered as unchanged drug. Indeed, chro- 
matographic studies using thin layer chromatography 
(t.l.c.) have shown that 1 hr after i.v. injection, 93 
per cent of [*H]thioproperazine was found in the rat 
brain as unchanged drug. * 

Regional distribution of [*H]thioproperazine. 
Table 1 shows the distribution of ["H]thio- 
properazine in different areas of the brain. ["H]Thio- 
properazine at a very low dose (5 ug.kg~') was found 
to be preferentially taken up in dopaminergic areas 
(striatum, nucleus accumbens, tuberculum olfacto- 
rium). In the cerebellum, the medulla oblongata + 
pons and the frontal cortex, we found comparable 
concentrations of [*H]thioproperazine which were, 
however, lower than those found in the dopaminergic 
regions mentioned. 
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Table 1. Regional distribution of radioactivity in rat brain 1 hr after i.v. injection 
of [*H]thioproperazine* 





Brain region 


In vivo distribution of [*H]thioproperazine 


(pmoles/g) 





Striatum 

Nucleus accumbens 
Tuberculum olfactorium 
Frontal cortex 

Medulla oblongata + pons 
Cerebellum 


4.32 + 0.17 





* Results are the mean + S.E.M. of at least four determinations. 


Effect of different doses of unlabelled thioproper- 
azine on the accumulation of {*H|thioproperazine in 
the striatum and the cerebellum. This study was per- 
formed in the striatum, the main dopaminergic struc- 
ture in the brain, and in the cerebellum, a well- 
known non-dopaminergic structure. Figure 1 shows 
that unlabelled thioproperazine in the dose range 
0.005—0.1 mg.kg~'s.c. induces a dose-related reduc- 
tion in striatum radioactivity; higher doses of thio- 
properazine had no further effect on the radioactivity 
accumulated in this structure. This reduction of 
radioactivity is not detectable in the cerebellum. 
Moreover, at high doses (0.1-2 mg.kg~'s.c.) of thio- 
properazine, the amount of radioactivity in the stria- 
tum was not significantly different from that found 
in the cerebellum. From these results it can be 
assumed that [*H]thioproperazine accumulation in 
the cerebellum is equivalent to the non-specific bind- 
ing of this drug in the striatum; thus the difference 
between the accumulation of [*H]thioproperazine in 


R 


the striatum and the cerebellum can be assimilated 
to a specific in vivo binding. 

Effect of different neuroleptics and apomorphine 
on the specific binding of [*H]thioproperazine in the 
striatum. In further experiments, different neurolep- 
tics were tested for their ability to compete with 
[*H]thioproperazine binding in the striatum. The 
efficacy of these drugs at preventing the binding of 
[*H]thioproperazine is expressed as an EDso, i.e. the 
dose for which the difference between striatum and 
cerebellum radioactivities is half of that found in 
animals receiving [*H]thioproperazine alone. Figure 
2 shows the potency of various neuroieptics (injected 
S.C.) in preventing specifically bound 
[?H]thioproperazine. Neuroleptics of different chem- 
ical families (phenothiazines: thioproperazine, 
pipotiazine, prochlorperazine and levomeproma- 
zine; butyrophenones: haloperidol and pipamperone 
or a dibenzodiazepine: clozapine) are able to com- 
pete with specifically bound [*H]thioproperazine. It 





[9H] THIOPROPERAZINE ( p moles. g~’ ). 











4 





THIOPROPERAZINE : 


LOG DOSE 


= 
Tt a 
0.1 0.5 


( mg.kg"). 


Fig. 1. Effect of different doses of unlabelled thioproperazine on [*H]thioproperazine accumulation in 
the striatum (O——©) and the cerebellum (™@——). Each point is the mean of at least four deter- 
minations. [*] P < 0.91. 





Use of thioproperazine as a ligand for neuroleptic receptors—II. 
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Fig. 2. Competition of specifically bound [*H]thioproperazine by different compounds in the striatum. 
The neuroleptics and metopimazine were injected (s.c. route) 1.5 hr before the i.v. injection of 
[*H]thioproperazine; apomorphine was injected (i.p. route) simultaneously with the labelled ligand. 


is worth mentioning that the pharmacologically 
inactive D-isomer (R.P. 7 185) of levomepromazine 
is unable to compete with [*H]thioproperazine at a 
dose 20 times higher than the EDs» of 
levomepromazine. 

Interestingly, metopimazine, a phenothiazine 
derivative with strong antiemetic activity, but devoid 
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of neuroleptic activity, is not able to compete with 
[*H]thioproperazine, even at high doses (50 mg. 
kg~'s.c.). 

On the other hand, a potent dopamine agonist, 
apomorphine (injected i.p.) is able to prevent 
[*H]thioproperazine binding (37 and 57 per cent 
inhibition at 2 and 10 mg.kg™' i.p., respectively). 


4 i 





400 500 


IC 65 (nam). 


Fig. 3. Correlation between EDsp (umoles . kg ') and 1Csp (nM) values from [*H]thioproperazine binding 

studies. The EDs, values (ordinate) are the doses of the different neuroleptics which reduce specific in 

vivo [’H]thioproperazine binding by 50 per cent. The ICs values (abscissa) are the corresponding 

concentrations of the neuroleptics which reduce specific in vitro (*H]thioproperazine binding by 50 per 
cent. 
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Figure 3 shows that there is a significant correlation 
(r = 0.98, P<0.01, N=7) between the in vitro ICs 
values [1] and the in vivo EDsy (evaluated in 
umoles.kg~') of the different neuroleptics tested. 


DISCUSSION 


In the previous paper [1], specific in vitro binding 
of [*H]thioproperazine has been demonstrated in 
dopaminergic-rich regions of rat brain. In the stria- 
tum, kinetic data reveal that thioproperazine binds 
with a high affinity (K, = 0.3 nM) and that the num- 
ber of binding sites is 1.47 pmoles/mg protein. These 
values are similar to those found with other neuro- 
leptics used as ligands [9]. Moreover, subcellular 
studies have indicated that the receptor sites of 
[H]thioproperazine are mainly associated with 
membrane-like structures. 

In the present work, we investigated the possibility 
of specific in vivo binding of [*H]thioproperazine in 
the rat brain. 

Several lines of evidence are provided to dem- 
onstrate such specific in vivo binding. 

Firstly, [*H]thioproperazine is preferentially accu- 
mulated in the dopaminergic areas (striatum, tuber- 
culum olfactorium, nucleus accumbens). We found 
that the ratio of radioactivity bound in the striatum 
compared to that bound in the cerebellum was 
smaller with [*H]thioproperazine than that found by 
others using [*H]spiperone, but relatively similar to 
that obtained with [*H]pimozide (see Ref. 5). We 
did not find any difference between the level of 
accumulation of [*H]thioproperazine in the frontal 
cortex and in the cerebellum. If we assume that the 
accumulation in the cerebellum corresponds to non- 
specific binding, no specific binding was observed in 
the frontal cortex. This in vivo result is in good 
agreement with the lack of specific binding observed 
in the frontal cortex under in vitro conditions using 
[*H]thioproperazine as ligand [1]. On the contrary, 
using [*H}spiperone as ligand, specific binding of this 
compound was observed under in vitro and in vivo 
conditions [2, 4-7, 9]; however, with this ligand, part 
of this binding could be linked to serotonergic sites 
[10-11]. 

Secondly, accumulation of [*H]thioproperazine is 
reduced by unlabelled thioproperazine in the stria- 
tum but not in the cerebellum: low doses (0.02 and 
0.1 mg. kg~'s.c.) of unlabelled thioproperazine can 
compete with [*H]thioproperazine in the striatum, 
while, even at high doses, unlabelled drug is unable 
to compete with [*H]thioproperazine in the cere- 
bellum. The radioactivity levels observed in the stria- 
tum after the administration of high doses (0.5 and 
2 mg. kg~'s.c.) of unlabelled thioproperazine were 
not different from those found in the cerebellum. In 
order to measure specific in vivo binding of 
[*H]thioproperazine in the striatum, we have con- 
sidered that [*H]thioproperazine binding in the cer- 
ebellum is non-specific. 

Thirdly, unlabelled neuroleptics of different chem- 
ical families compete with [*H]thioproperazine in the 
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striatum: the most potent compounds were major 
neuroleptics such as thioproperazine, haloperidol, 
pipotiazine and prochlorperazine whereas sedative 
neuroleptics such as levomepromazine, pipampe- 
rone and clozapine were less active. It should be 
stressed that [*H]thioproperazine binding is stereo- 
specific: the pharmacologically inactive D-isomer 
(R.P. 7 185) of levomepromazine is unable to com- 
pete with [*H]thioproperazine. 

On the other hand, when comparing the capacity 
of different neuroleptics to compete with 
[*H]thioproperazine in the striatum, a good corre- 
lation was observed between in vitro and in vivo 
results. This could indicate that the in vivo antagonist 
effect of these neuroleptics is mainly due to the 
binding of these compounds to specific binding sites 
clearly demonstrated by in vitro studies. 

The inability of metopimazine (a phenothiazine 
antiemetic drug devoid of neuroleptic activity) to 
compete with [*H]thioproperazine in vivo binding 
(but with strong in vitro activity) could be the conse- 
quence of poor penetration of this drug into the 
brain. 

Finally it is important to emphasize that apomor- 
phine, a dopamine receptor agonist, is also able to 
compete with [*H]thioproperazine in vivo in the stria- 
tum, as has already been shown in vitro. 

In conclusion, we can consider that in vivo 
[*H]thioproperazine binding in the rat brain occurs 
at the dopamine receptors, thus confirming the in 
vitro results. It is assumed that [*H]thioproperazine 
can be used as a tool in the study of drugs acting on 
dopamine receptors in the brain. 
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Abstract—Although reports that certain vasodilatc s activate soluble guanylate cyclase, especially in 
the presence of thiols, and elevate cyclic GMP levels in smooth muscle suggest that cyclic GMP is 
involved i in vascular smooth muscle relaxation, earlier reports that Ca?* activates guanylate cyclase and 
that Ca**-dependent contractile agents elevate cyclic GMP levels are seemingly at odds with this 
hypothesis. The objective of this study was to examine the effects of Ca’*, related cations, and thiols 
on bovine coronary arterial soluble guanylate cyclase. Guanylate cyclase activity was detected in the 
presence of Mg** or Mn?* but not of other cations. Basal activity was greater in the presence of Mn?* 
than of Mg’*. Activity of guanylate cyclase stimulated by nitroprusside, nitric oxide, or nitrosoguanidine, 
however, was greater with Mg**, although the requirement of activated enzyme for Mn** yas reduced 
about 10-fold. Ca** markedly inhibited guanylate cyclase activation in the presence of Mg?* but not of 
Mn?*. La®* inhibited enzyme activation in the presence of Mg”* or Mn2*. Neither Ca?* nor La** altered 
basal enzymatic activity. Results that were qualitatively similar to those indicated above were observed 
with partially purified, heme-free, coronary arterial soluble guanylate cyclase. Nitric oxide and nitroso 
compounds activated partially purified enzyme, and thiols enhanced enzyme activation by nitroprusside 
and nitrosoguanidine without appreciably altering basal activity. Irreversible sulfhydryl binding agents 
such as ethacrynic acid and gold inhibited both basal and activated guanylate cyclase. These results 


suggest that changes in intracellular concentrations of free Ca?* 


and sulfhydryl groups could influence 


the rate of formation of cyclic GMP by vasodilators and that this, in turn, could alter smooth muscle 


tone. 


The findings that a variety of vasodilators such as 
nitroglycerin, nitroprusside, and NaNO, elevate tis- 
sue levels of guanosine 3’ , 5’-monophosphate (cyclic 
GMP)* suggested to some that smooth muscle relax- 
ation could involve cyclic GMP [1-6]. Support for 
this view strengthened as reports appeared on acti- 
vation of soluble guanylate cyclase from smooth 
muscle by vasodilators [7-9]. In addition, NO, ciga- 
rette smoke, and MNNG, which were not previously 
known to relax smooth muscle, were shown to acti- 
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MNNG, N-methyl-N’-nitro-N-nitrosoguanidine; DTT, DL- 
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vate guanylate cyclase [8-13] and relax coronary 
arterial smooth muscle [9]. Another apparent cor- 
relation between cyclic GMP and vascular smooth 
muscle relaxation stems from the observations that 


(1) nitroglycerin specifically requires cysteine 
whereas NaNO, requires one of a variety of thiols 
to activate coronary arterial guanylate cyclase [14], 
and (2) tolerance to the relaxant effect of nitrogly- 
cerin is proportional to the depletion of free sulfhy- 
dryl groups from smooth muscle [15, 16]. Finally, 
the reports that 8-bromo cyclic GMP markedly 
relaxes smooth muscle [17, 18] further strengthened 
the developing hypothesis that cyclic GMP is some- 
how involved in smooth muscle relaxation. 
However, many earlier studies involving smooth 
muscle contractile agents and calcium are apparently 
inconsistent with a biological role for cyclic GMP in 
smooth muscle relaxation. For example, many 
endogenous substances which contract smooth mus- 
cle were found to elevate tissue cyclic GMP levels, 
an effect that was calcium-dependent [19-23]. More- 
over, calcium was reported to stimulate soluble gua- 
nylate cyclase activity [24-29]. Indeed, the latter 
observation, together with the failure to demonstrate 
appreciable activation of guanylate cyclase by cal- 
cium-dependent, smooth muscle contractile agents, 
suggested that calcium was responsible for the tissue 
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accumulation of cyclic GMP which occurred in the 
presence of contractile agents. 

The objective of the present study was to examine 
the effects of calcium, related cations, and a variety 
of thiols on bovine coronary arterial soluble gua- 
nylate cyclase activity. The effects of these sub- 
stances on both basal activity and guanylate cyclase 
activated by nitroprusside, NO, and MNNG were 
determined. In addition, preliminary data on some 
of the pertinent properties of partially purified cor- 
onary arterial soluble guanylate cyclase are 
presented. 


MATERIALS AND METHODS 


Materials.[*H|Cyclic GMP (2-3 Ci/mmole, 
ammonium salt) and a-[*P]GTP (10-18 Ci/mmole, 
triethylammonium salt) were purchased from the 
New England Nuclear Corp. (Boston, MA). Dowex- 
50(H*) was purchased from the Sigma Chemical Co. 
(St. Louis, MO) (Dowex-50W, 50 x 4400, hydro- 
gen form), as were Dowex-1 (1 X 8-200, chloride 
form) and polyethyleneimine cellulose. Neutral 
alumina (Woelm) was obtained from ICN Nutri- 
tional Biochemicals, Cleveland, OH. Plastic straws 
(HP-66, 6.25 inch uncrimped), and acetate filter tips 
were purchased from the Maryland Paper Products 
Co. (Baltimore, MD.) and American Filtrona (Rich- 
mond, VA.) Corp., respectively. NO gas (99.9%) 
and MNNG were purchased from Matheson Gas 
Products (Rutherford, NJ) and the Aldrich Chemical 
Co. (Milwaukee, WI), respectively; all other chem- 
ical compounds used in this study were from the 
Sigma Chemical Co. Preparations of solutions of 
nitroprusside and MNNG, as well as handling and 
delivery of NO to reaction mixtures, were described 
previously [9]. The acetate salts of Mg**, Mn?*, and 
Ca** were used, whereas the chloride salts of La**, 
Sr’*, Co**, and Ni** were employed. Gold was in 
the form of either the thioglucose or sodium thio- 
sulfate salt. 

Preparation of bovine coronary arterial soluble 
fraction. Bovine hearts were obtained from a local 
slaughterhouse; segments of left descending and cir- 
cumflex arteries and their branches were removed, 
cleaned and homogenized, and soluble fractions 
were prepared according to methods described pre- 
viously [9]. Soluble fractions were stored at —80°, 
and contained 1.6-3.4 mg protein/ml, determined by 
the Lowry method. 

Partial purification of guanylate cyclase. Guanylate 
cyclase was partially purified from bovine coronary 
arterial soiuble fraction according to the procedure 
described previously for hepatic soluble guanylate 
cyclase [30]. Briefly, bovine coronary arterial soluble 
fraction was prepared in 10 mM Tris-HCl, pH 7.4, 
containing 0.25 M sucrose, 0.5 mM EDTA and 2 mM 
DTT (DTT-buffer). To approximately 400 ml of 
soluble fraction, solid ammonium sulfate was added 
to 40% saturation. After 3 hr at 04° the precipitate 
was collected by centrifugation, suspended in 20 ml 
of cold DTT-buffer, and dialyzed for 16 hr at 04° 
against 2 liters of DTT-buffer (with three changes 
of buffer). The dialyzed mixture was centrifuged and 
the clear supernatant fluid was applied to a DE52 
cellulose column (1.5 x 25cm) previously equili- 
brated with DTT-buffer. The column was eluted with 
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a linear NaCl gradient (0-0.3 M) in DTT-buffer at 
a flow rate of 16 ml/hr (4ml fractions). Fractions 
containing guanylate cyclase activity were pooled, 
concentrated to 2-3 ml by ultrafiltration, and applied 
to a Bio-Gel A-0.5m column (1.5 x 25cm) pre- 
viously equilibrated with DTT-buffer containing 
0.1M NaCl. The column was eluted with the same 
buffer at a flow rate of 16 ml/hr (2 ml fractions). 
Fractions containing guanylate cyclase activity (par- 
tially purified enzyme) were stored at —85° for up 
to 10 weeks with no loss of enzymatic activity. Par- 
tially purified guanylate cyclase was assayed for heme 
by visible absorption spectroscopy as described by 
Rossi-Fanelli e¢ al. [31]. The lower limit of sensitivity 
of this procedure is 10nM hemoglobin. No detect- 
able heme was found in fractions of partially purified 
guanylate cyclase. Since the dilution of enzyme in 
final reaction mixtures was 100-fold, less than 0.1 nM 
heme was present. 

Guanylate cyclase assay. Guanylate cyclase activity 
was determined by measuring the formation of 
[*P]cyclic GMP from a-[*P]GTP exactly as 
described previously [9], including the sequential 
column chromatography on Dowex-50(H *) followed 
by neutral alumina in order to isolate the reaction 
product. Dowex-50(H") is expensive, and since large 
amounts are routinely employed in this assay, a batch 
procedure for washing the resin completely free of 
traces of radioactivity was developed. A60 cm x 5 cm 
column of used resin (accumulated and stored under 
H,O at 4°) was eluted first with 2 liters of H,O, 
followed with 2 liters of 0.1 N HCl, and followed 
with 4 liters of H,O. The entire washing procedure 
takes 8-9hr and no measurable *H or “P elutes 
(H,0 or 50 mM Tris-HCl, pH 7.6, as eluant) from 
the small columns of resin employed routinely in the 
guanylate cyclase assay. Batches of Dowex-50(H*) 
have been used and washed according to the above 
procedure over fifty times, with no appreciable 
changes in the elution profiles of GTP or cyclic GMP. 

Different batches of bovine coronary arterial solu- 
ble fraction were found to vary, up to 2-fold in some 
instances, in the sensitivity of guanylate cyclase to 
activation by NO, nitroprusside, and MNNG. For 
this reason the data that are illustrated in graphic 
form were obtained from a single representative 
experiment. In each case one or more additional 
experiments were conducted with a different batch 
of soluble fiaction, and qualitatively similar data 
were obtained. This information is provided in the 
figure legends. 

Verification of reaction product. Cyclic GMP was 
verified as the product of the enzymatic reaction by 
comparison with [*H]cyclic GMP by column chroma- 
tography and by rapid hydrolysis to GMP by beef 
heart phosphodiesterase. Dowex-1, chloride form 
was converted to the formate form by suspending 
the resin in 4 N formic acid and agitating gently for 
lhr. The fines and supernatant fractions were 
decanted, and the resin was stored in 0.5 N formic 
acid at 4°. Columns (4cm X 0.7cm) of Dowex-1 
formate were prepared and immediately washed with 
sufficient H,O (15-20 ml) to raise the pH of the 
eluate to 4. Two milliliters of neutral alumina eluate 
(from the guanylate cyclase assay) was applied to a 
Dowex-1 formate column, and the eluate was dis- 
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carded. Ten milliliters of H,O was added and the 
eluate was discarded. The column was then eluted 
first with five individual 2-ml aliquots of 2 N formic 
acid followed with seven individual 2-ml aliquots of 
4N formic acid. Column eluates were added to 10 ml 
of Multisol (Isolab), and radioactivity was measured 
by liquid scintillation spectrometry. In certain 
experiments, beef heart phosphodiesterase and Mg”* 
[0.1 ml of 90 mM Mg(C;H;0,), containing 300 ug of 
phosphodiesterase] were added to 3 ml of neutral 
alumina eluate and the samples were incubated for 
10 min at 37°. Reaction mixtures were cooled rapidly 
to 0-4°, and 2 ml was immediatly chromatographed 
on columns of Dowex-1 formate as described above. 


RESULTS 


Activation of guanylate cyclase in the presence of 
Mg?* or Mn?*. NO (0.1 wl), nitroprusside (0.1 mM), 
and MNNG (0.1mM) activated bovine coronary 
arterial soluble guanylate cyclase (0.1 mM GTP sub- 
strate) in the presence of 3mM Mg”* in a time- 
dependent (linear for 10 min) and tissue protein con- 
centration-dependent (linear up to 0.3 mg) manner. 
Cyclic GMP was verified as the only" *P-product of 
the reaction by comparison with [*H]cyclic GMP. 
Figure 1 illustrates that the *P-product displayed 
elution profiles identical to those of [*H]cyclic GMP 
on columns of Dowex-1 formate, both before and 
after hydrolysis of cyclic GMP with added phospho- 
diesterase. Phosphodiesterase-treated samples dis- 
played a shift in elution profiles from 4 to 2 N formic 
acid, where GMP is eluted from the column (data 
for GMP are not shown). The reaction product was 
identified as cyclic GMP also by chromatography on 
columns of polyethyleneimine cellulose (data not 
shown). Optimal concentrations of Mg”* and Mn** 
for activation of guanylate cyclase by NO (Fig. 2) 
or by 0.1 mM nitroprusside or 0.1 mM MNNG (not 
illustrated) were approximately 3 mM and 0.3 mM, 
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Fig. 1. Identification of cyclic GMP as product of the 
guanylate cyclase reaction by Dowex-1 formate column 
chromatography and hydrolysis of product to GMP by 
phosphodiesterase. Reactions, using 3mM Mg?” as the 
required divalent cation, and chromatography were con- 
ducted as described in Materials and Methods. The con- 
centrations of activators tested were 0.1 ul NO, 0.1mM 
nitroprusside (NP), and 0.1mM MNNG. PDE signifies 
phosphodiesterase. Data are the averages of duplicate 
determinations (two separate columns) from a single 
experiment. One additional experiment yielded qualita- 
tively similar data. 
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Fig. 2. Activation of guanylate cyclase by NO i in the pres- 
ence of various concentrations of Mg** or Mn?* - Reaction 
mixtures, containing various concentrations of either Mg?* 

or Mn**, were incubated for 10 min at 37° as described in 
Materials and Methods. Reactions were started by addition 
of soluble fraction followed 1 min later by 0.1 tl NO for 
tained in 50 ul Nz). Me?* signifies either Mg~* or Mn7* 

Data are the averages of triplicate determinations from a 
single experiment. Two to three additional experiments 
using two different batches of soluble fraction yielded qual- 

itatively similar data. 


respectively, when the GTP concentration was 
0.1mM. At optimal concentrations of divalent 
cation, enzymatic activity in the presence of Mg** 
was twice that with Mn**. In the absence of activators 
(basal activity), optimal concentrations of both Mn** 
and Mg’* were 3-4mM, and guanylate cyclase 
activity in the presence of Mn** [12 pmoles cyclic 
GMP-min“'-mg protein~'] exceeded that with Mg** 
[4 pmoles cyclic GMP-min~'-mg protein“ '] by 3-fold. 
Soluble guanylate cyclase from some, but not from 
all, tissues undergoes activation upon preincubation 
at 37° for several minutes to 1 hr [26, 32]. Preincu- 
bation of bovine coronary arterial soluble guanylate 
cyclase for up to 1hr with Mg** or Mn*", in the 
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Fig. 3. Effects of Ca** on activation, of guanylate cyclase 
by NO in the presence of Mg”* or Mn?*. Reaction mixtures 
were incubated for 10 min at 37° as described in Materials 
and Methods. The divalent cation requirement was satisfied 
by either Mg** or Mn?* at the concentrations indicated. 
NO (0.1 ul contained in 50 ul N>) was injected into reaction 
mixtures exactly 1 min after starting reactions with soluble 
fraction. Note that the abscissa represents a log scale. Data 
are the averages of duplicate determinations from a single 
experiment. Two additional experiments, each with a dif- 
ferent batch of soluble fraction, yielded qualitatively similar 
data. 
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Fig. 4. Relationship between the concentration ratio of 
Ca** to Mg** and the inhibition of guanylate cyclase acti- 
vation by NO. Reaction mixtures were incubated for 10 min 
at 37° as described in Materials and Methods. The divalent 
cation requirement was satisfied by 3 or 0.3 mM Mg’*. The 
Ca** concentration was adjusted according to the desired 
ratio of Ca** to Mg**, as indicated on the abscissa (log 
scale). NO (0.1 ul contained in 50 yl N>) was injected into 
reaction mixtures exactly 1 min after starting reactions with 
soluble fraction. Basal guanylate cyclase activity was 5.0 + 
0.4 (for 3mM Mg?*) and less than 1 (for 0.3mM Mg”*) 
pmole cyclic GMP-min™'-mg protein)~'. Data are the 
averages of six determinations from three separate experi- 
ments. Standard errors (not shown) were less than 10 per 
cent of the corresponding mean, and the correlation coef- 
ficient was 0.98. 


absence or presence of thiols (2mM DTT or cys- 
teine), failed to activate the enzyme. 

Effects of Ca**, La**, and other cations on guany- 
late cyclase activation. Mg** or Mn** could not be 
substituted with 0.1-3 mM concentrations of Ca’*, 
La**, Sr**, Co”*, or Ni?* for the expression of either 
basal or activated (0.1 mM nitroprusside) guanylate 
cyclase [enzymatic activity never exceeded 1 pmole 
cyclic GMP-min-~'-mg protein)~'. Also, it is impor- 
tant to emphasize that neither Ca?* nor La** at 
concentrations of 0.001-3 mM significantly altered 
basal guanylate cyclase activity in the presence of 
either 0.1-3 mM Mg”* or 0.1-3 mM Mn** when the 
GTP concentration was 0.1mM. Concentration 
ratios of GTP to either Mg”* or Mn** in excess of 
unity were not tested. In the presence of Mg”*, Ca?* 
markedly inhibited guanylate cyclase activation by 
NO (Fig. 3), nitroprusside (Table 1), and MNNG 
(not shown). Inhibition occurred even at Ca?* con- 
centrations that were over 100-fold smaller than that 
of Mg?*. When Mn” was used, however, Ca”* failed 
to inhibit enzyme activation even at concentrations 
that were more than 3-fold greater than those of 
Mn?*. Inhibition of cyclic GMP formation by Ca?*, 
in the presence of excess Mg’*, varied directly with 
the concentration ratio of Ca?* to Mg”* (Fig. 4) and 
was independent of the concentrations of GTP or 
enzyme (not shown). The identical relationship 
between percent inhibition and concentration ratio 
of Ca** to Mg”* resulted when 0.1 mM nitroprusside 
or 0.1mM MNNG was used as activator (data not 
shown). 

Using nitroprusside to activate guanylate cyclase, 
La** markedly inhibited enzyme activation in the 
presence of either Mg** or Mn**, although inhibition 


Table 1. Effects of various cations on activation of guanylate 
cyclase by nitroprusside in the presence of Mg** or Mn?** 





Percent inhibition of activation 





Conc. 


Cation (mM) 3mM Mg?* 0.3 mM Mn?* 





Ca?* 0.1 
0.03 
0.01 


74+5 
48 +3 
B2z1 
La** 0.003 
0.001 

0.0003 
0.0001 


98 +4 
93 +3 
79+6 
43 +4 


Sr* 0.1 
0.03 
0.01 


3522 


Co** 0.1 
0.03 
0.01 


Ni** 0.1 
0.03 
0.01 


Mn?* 0.1 
0.03 
0.01 


93+4 
68 + 5 
2 


Au** 0.01 
0.003 


0.001 





* Reaction mixtures were incubated for 10 min at 37° as 
described in Materials and Methods. Reactions were started 
by addition of soluble fraction followed immediately by 
0.1 mM nitroprusside. Basal guanylate cyclase activity was 
4.8 + 0.4(for 3 mM Mg”*) and 8.4 + 0.8 (for 0.3 mM Mn’*) 
pmoles cyclic GMP-min™'-mg protein)~'. Guanylate 
cyclase activity in the presence of nitroprusside was 686 + 
23 (for 3mM Mg?*) and 403 + 13 (for 0.3mM Mn**) 
pmoles cyclic GMP-min~'-mg protein)"'. 


was greater in the presence of Mg”* (Table 1). Con- 
centrations of La** that were 30,000-fold lower than 
that of Mg** inhibited enzyme activation by almost 
50 per cent. Inhibition by Sr?* resembled qualita- 
tively that by Ca**, whereas inhibition by Co** and 
Ni?* resembled qualitatively that by La**. Mn’* also 
inhibited guanylate cyclase activation in the presence 
of much larger concentrations of Mg”*. Au**, which 
readily forms covalent bonds with free sulfhydryl 
groups, inhibited guanlyate cyclase activation (Table 
1) and basal enzymatic activity (not shown) equally 
well in the presence of either Mg** or Mn**. Qual- 
itatively similar inhibitory effects of the various 
cations were obtained when 0.1 ul NO or 0.1mM 
MNNG was used as activator. Barium and various 
monovalent cations (Na*, K*, Li*) and monovalent 
anions (Cl-, F-, CH;COO ) elicited no effects on 
guanylate cyclase activation by nitroprusside or NO 
(data not shown). 

Effects of thiols, other reductants, disulfides and 
ethacrynic acid on guanylate cyclase activation. DTT 
enhanced activation of guanylate cyclase by nitro- 
prusside and MNNG (Fig. 5). DTT decreased guan- 
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Fig. 5. Effect of DTT on activation of guanylate cyclase 
by nitroprusside and MNNG. Reaction mixtures, contain- 
ing 3mM Mg’ " as the required divalent cation, were incu- 
bated for 10 min at 37° as described in Materials and Meth- 
ods. Reactions were started by addition of soluble fraction 
followed immediately by either nitroprusside or MNNG at 
the concentrations indicated on the abscissa (log scale). 
Open and closed circles signify the presence and absence, 
respectively, of 2 mM DTT. Basal guanylate cyclase activity 
was 5.7+0.5pmoles cyclic GMP-min™'-mg protein) ~‘. 
Data are the averages of duplicate determinations from a 
single experiment. Two additional experiments using a 
different batch of soluble fraction yielded qualitatively sim- 
ilar data. 


ylate cyclase activation by small amounts of NO (up 
to 0.1 ul) and enhanced activation by larger amounts 
(Fig. 6). Experiments with 0.3mM Mn** yielded 
qualitatively similar data with activities that were 
50-60 per cent of those observed with 3mM Mg?”*. 
Like DTT, other thiols, such as cysteine, GSH, 
penicillamine, 2-mercaptoethanol, 2-mercaptoethy- 
lamine and 3-mercaptopropionic acid, enhanced 





a coe 


in 


ow 


CYCLIC GMP 
(nmoles /min/mg prote 
© 








o 
a> ow 


Ac 


0 ooo. | 10 
NITRIC OXIDE (yl) 





Fig. 6. Effect of DTT on activation of guanylate cyclase 
by NO. Reaction mixtures, containing 3 mM Mg”* as the 
required divalent cation, were incubated for 10 min at 37° 
as described in Materials and Methods. Reactions were 
started by addition of soluble fraction, followed 1 min later 
by the amounts of NO (contained in 50 ul N>) indicated on 
the abscissa (log scale). Open and closed circles signify the 
presence and absence, respectively, of 2mM DTT. Basal 
guanylate cyclase activity was 5.2+0.4pmoles cyclic 
GMP-min~'-mg protein)~'. Data are the averages of tri- 
plicate determinations from a single experiment. Two 
additional experiments using a different batch of soluble 
fraction yielded qualitatively similar data. 


guanylate cyclase activation by nitroprusside and 
MNNG but not by NO (Table 2). The oxidized forms 
of cysteine, GSH, and DTT failed to enhance enzyme 
activation by nitroprusside or MNNG. In fact, cys- 
tine and GSSG were inhibitory. Ethacrynic acid, a 
sulfhydryl alkylating agent, practically abolished 
guanylate cyclase activation. The nonthiol reduc- 


tants, ascorbate and dithionite, did not enhance 


Table 2. Effects of thiols, other reductants, disulfides, and ethacrynic acid on guanylate cyclase activation 
by NO, nitroprusside, and MNNG* 





Guanylate cyclase activity 


[pmoles cyclic GMP-min~'-(mg protein) ~'} 





Basal 


Additions activity 


0.1 mM 


0.1 ul NO Nitroprusside 0.1 mM MNNG 





5.1+0.4 
4.5+0.3 
5.0+0.4 
4.2+0.5 
§.3+0.4 
4.8+0.2 
5.0+ 0.5 


None 

5 mM Cysteine 

5mM GSH 

5 mM Penicillamine 

20 mM 2-Mercaptoethanol 

5 mM 2-Mercaptoethylamine 
5 mM 3-Mercaptopropionic acid 
2mM Ascorbate 

5 mM Ascorbate 

0.1 mM Dithionite 

0.5 mM Dithionite 

2mM Cystine 

5mM GSSG 

5 mM Oxidized DTT 

2mM Ethacrynic acid 


5.4+0.4 


4.1+0.3 
4.8+0.2 
4.3+0.3 
5.6+0.4 
<1t+ 


606 + 21 
1042 + 39+ 
906 + 377 
971 + 327 
884 + 23+ 
923 + 41+ 
827 + 25+ 
895 + 307 
972 + 27+ 
209 + 9+ 
SS 7i 
208 + 11+ 
347 + 107 
551 + 22 
29 + 2+ 


571 + 23 
984 + 25+ 
908 + 327 
812 + 287 
839 + 21+ 
855 + 307 
893 + 267 
583 + 21 
594 + 28 
405 + 17+ 
266 + 117 
267 + 14+ 
390 + 167 
537 + 20 
32+ 1+ 


912 + 43 
903 + 37 
936 + 46 
921+ 49 
898 + 35 
902 + 44 
885 + 26 
762 + 37+ 
451 + 21+ 
626 + 19+ 
177 + 12+ 
220 + 9+ 
593 + 28+ 
869 + 41 
13 + 27 





* Reaction mixtures, containing 3 mM Mg?* as the required divalent cation, were incubated for 10 min 
at 37° as described in Materials and Methods. Reactions were started by addition of soluble fraction 
followed immediately by either nitroprusside or MNNG. NO (contained in 50 ul N2) was added at exactly 
1 min of incubation. Data are means + S.E.M. for four to eight determinations from two to four separate 


experiments. 


+ Significantly different (P < 0.01) from activation in absence of additions (Student’s t-test for unpaired 


values). 
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enzyme activation by NO or nitroprusside (Table 2). 
Dithionite inhibited activation by NO, nitroprusside 
or MNNG, whereas ascorbate inhibited activation 
by NO and enhanced that by MNNG. Ascorbate 
enhancement of MNNG was attributed to the direct 
release of NO from MNNG in the presence of ascor- 
bate [33]. Basal guanylate cyclase activity was unaf- 
fected by the agents tested except ethacrynic acid, 
which abolished activity. 

Experiments with partially purified bovine coron- 
ary arterial soluble guanylate cyclase. Partial purifi- 
cation of soluble guanylate cyclase, resulting in a 
stable preparation that was devoid of detectable 
heme, had 85-100 times the basal specific activity 
(0.3mM GTP, 3mM Mg**) of the unpurified 
enzyme. Enzymatic reactions containing 5-10 ug 
protein were linear for 10 min of incubation. Product 
formation, however, showed a sigmoid relationship 
with respect to protein concentration (2-20 ug, 10- 
min incubation), although no preincubation activa- 
tion was apparent. NO, nitroprusside, and MNNG 
activated guanylate cyclase in the presence of excess 
Mg’* but not excess Mn** (Table 3). However, 
enzyme activation was evident when the Mn** con- 
centration was reduced to that of GTP (0.3 mM). At 
a concentration that was 300-fold smaller than that 
of Mg’*, Ca** markedly inhibited guanylate cyclase 
activation without affecting basal activity (Table 3). 
Inhibition by Ca** varied directly with the concen- 
tration ratio of Ca** to Mg’*. On the other hand, 
enzyme activation in the presence of 0.3 mM Mn?** 
was not appreciably altered by Ca”*. La** markedly 
inhibited guanylate cyclase activation, but not basal 
activity, in the presence of Mg’*. Although neither 
cysteine nor DTT affected basal activity, both of 
these thiols significantly enhanced enzyme activation 
by NO, nitroprusside, and MNNG (P< 0.01, com- 
pared with activation in the absence of added thiol). 
Ethacrynic acid markedly inhibited both basal and 
activated guanylate cyclase (Table 3). 


DISCUSSION 


The seemingly discordant observations that elevated 
intracellular concentrations of free Ca?* and cyclic 
GMP [19-23] are associated with smooth muscle 
contraction and that decreased free Ca** but elev- 
ated cyclic GMP levels [1-6] are associated with 
drug-elicited relaxation prompted an analysis of the 
interactions between Ca** and vasodilators on vas- 
cular smooth muscle guanylate cyclase. Nitroprus- 
side was used to activate unpurified and partially 
purified soluble guanylate cyclase from bovine cor- 
onary artery because this potent vasodilator elevates 
vascular smooth levels of cyclic GMP [6]. In addition, 
NO and MNNG were employed because these potent 
activators of guanylate cyclase [8, 10] also relax cor- 
onary arterial smooth muscle [9]. Interactions 
between thiols and nitroso compounds were exam- 
ined in view of recent reports from this laboratory 
suggesting that many different vasodilators react with 
thiols to form S-nitrosothiols, which are potent guan- 
ylate cyclase activators [14, 33] and vascular smooth 
muscle relaxants [34]. The results of this study 
indicate clearly that Ca**, La**, and related cations 
markedly inhibit, whereas thiols enhance, activation 
of unpurified and partially purified soluble guanylate 
cyclase without altering basal activity. 

Similar to soluble guanylate cyclase from many 
other tissues [8, 26, 35-38], that from bovine cor- 
onary artery displayed basal activity that was greater 
in the presence of Mn?* than of Mg?*, whereas the 
activated enzyme was more effective in the presence 
of Mg?*, and other divalent cations could not sub- 
stitute. Since mammalian tissue concentrations of 
Mg’* exceed those of Mn** by two to three orders 
of magnitude [39], basal guanylate cyclase activity 
may be very low, dependent on Mg**, and highly 
sensitive to activation. This view is supported by the 
observations that coronary arterial guanylate cyclase 
was very sensitive to activation by nitroprusside, 


Table 3. Effects of cations, thiols, and ethacrynic acid on activation of partially purified guanylate cyclase by NO, 
nitroprusside, and MNNG* 





Guanylate cyclase activity 
[pmoles cyclic GMP-min'-mg protein” '] 





Divalent 


Additions 


cation 
requirement 


Basal 
activity 


0.1 ul NO 


0.1 mM 
Nitroprusside 


0.1 mM MNNG 





None 


0.01 mM Ca** 


0.1mM Ca?* 


0.001 mM La** 
5 mM Cysteine 


5mM DTT 


3mM Mg”’ 
3mM Mn** 


0.34 + 0.04 
0.62 + 0.05 
0.15 + 0.01 
0.31 + 0.03 
0.32 + 0.04 
0.15 + 0.02 
0.36 + 0.02 
0.37 + 0.04 
0.28 + 0.03 
< 0.01 


2.8 + 0.2 
0.66 + 0.07 
0.87 + 0.1 

14+0.1 
0.66 + 0.04 
0.83 + 0.1 
0.63 + 0.05 

3.9 + 0.5 

4.3+0.4 
0.04 + 0.01 


13204 
0.60 + 0.04 
0.45 + 0.02 
0.54 + 0.04 


0.44 + 0.02 
0.33 + 0.02 
2.4+0.1 
2.3+0.1 
< 0.01 


0.82 + 0.07 
0.65 + 0.04 
0.55 + 0.08 
0.39 + 0.02 


0.59 + 0.06 
0.30 + 0.01 
2:7 £62 
4.1+0.2 
< 0.01 


2mM Ethacrynic acid 





* Reaction mixtures, containing 6-12 ug protein, 0.3mM GTP and either Mg?* or Mn”* as indicated, were 
incubated for 10 min at 37° as described for unpurified soluble fraction. Reactions were started by addition of enzyme 
followed immediately by either nitroprusside or MNNG. NO (contained in 50 ul N2) was added at exactly 1 min of 
incubation. Data are means + S.E.M. for four to eight determinations from two to four separate experiments using 


three different fractions of partially purified enzyme. 
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NO, and MNNG in the presence of Mg”* and that 
these activators markedly elevated tissue cyclic GMP 
levels [1-6, 10,11]. Like guanylate cyclase from 
other tissues [40], that from coronary artery appears 
to possess free sulfhydryl groups required for cata- 
lytic activity, because ethacrynic acid and gold abol- 
ished both basal and stimulated guanylate cyclase 
activity. Partially purified, heme-free, soluble guan- 
ylate cyclase was activated by NO, nitroprusside, 
and MNNG in the absence of added heme, and this 
activation was enhanced by thiols. These data are 
more in line with those reported by Braughler et al. 
[41] than by Craven and DeRubertis [12] for hepatic 
guanylate cyclase. 

Ca** markedly inhibited activation of unpurified 
and partially purified guanylate cyclase by nitro- 
prusside, NO, and MNNG in the presence of Mg** 
but not Mn?*. Inhibition by Ca?* was directly depen- 
dent on the Ca** to Mg** concentration ratio and 
independent of either GTP or enzyme concentrations 
when Mg?" was in excess of GTP. Thus, Ca** may 
have competed with Mg**, but not with Mn’*, for 
common binding sites on GTP, perhaps rendering 
GTP less suitable as substrate for activated guanylate 
cyclase. Alternative explanations however, are pos- 


sible. As in our observations, Ca** was reported 


recently to inhibit activation of unpurified guanylate 
cyclase from rabbit tissues by azide in the presence 
of Mg**, but not of Mn** [42]. Ca?* also has been 
shown to inhibit azide activation of hepatic soluble 
guanylate cyclase in the presence of either Mg** or 
Mn”* [38]. The present report illustrates the remark- 
able potency of La** as an inhibitor of guanylate 
cyclase activation. At concentrations that were four 
orders of magnitude lower than, that of Mg’*, La** 
inhibited enzyme activation by nitroprusside by over 
50 per cent. In contrast to Ca**, larger concentra- 
tions of La** inhibited enzyme activation in the pres- 
ence of Mn?* as well as of Mg?*. 

The biological significance of the inhibition by low 
Ca** concentrations of coronary arterial guanylate 
cyclase activated by vasodilators is not clear. This 
lack of clarity derives from previous observations 
that Ca** stimulated guanylate cyclase activity [24— 
29] and that smooth muscle contractile agents were 
dependent on Ca** to elevate tissue levels of cyclic 
GMP [19-23]. Guanylate cyclase stimulation how- 
ever, occurred only with large Ca** concentrations 
in the presence of a small concentration ratio of 
Mn** to GTP [24-27, 38], and no enzyme stimulation 
occurred when Mg”* was substituted for Mn** [43]. 
Moreover, elevations of cyclic GMP levels in smooth 
muscle that was challenged with contractile agents 
were suggested to be the result of indirect rather 
than direct effects of Ca**, such as increased for- 
mation of arachidonic acid metabolites capable of 
activating guanylate cyclase [44]. Nevertheless, the 
proposed ultimate effect of Ca** was elevation of 
cyclic GMP levels, a view that appears to be incon- 
sistent with our findings that low concentrations of 
Ca** inhibit activation of guanylate cyclase by vaso- 
dilators. Resolution of this apparent discrepancy may 
result from additional experimentation, which is in 
progress, with several sources of vascular smooth 
muscle that vary in their dependency for contraction 
on extracellular and/or intracellular pools of Ca’*. 
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Enhancement by many thiols of coronary arterial 
guanylate cyclase activation by nitroprusside, 
together with previous findings that nitroglycerin and 
NaNO, required thiols to activate coronary arterial 
guanylate cyclase [14], suggest that thiols may be 
involved in smooth muscle relaxation by vasodila- 
tors. Indeed, free sulfhydryl groups in vascular 
smooth muscle were required for drug-elicited relax- 
ation [15], and their depletion resulted in tolerance 
to relaxation by certain vasodilators [15, 16]. Cys- 
teine and DTT have been reported to enhance 
activation of guanylate cyclase from liver and other 
tissues by nitroso compounds [7,9, 11, 45, 46]. 
Thiols may enhance activation by nitroso compounds 
by reacting with the latter to liberate NO [33] and/or 
to form S-nitrosothiols, which are potent activators 
of guanylate cyclase [14]. The possibility that thiols 
served merely as reductants to facilitate formation 
of nitrosyl-ferroheme, which itself activates guany- 
late cyclase, as suggested by Craven and DeRubertis 
[12], is unlikely in the present study because other 
reductants such as ascorbate and dithionite failed to 
enhance enzyme activation by NO or nitroprusside, 
and thiols enhanced activation of heme-free, par- 
tially purified guanylate cyclase. 

These observations suggest that stimulation of 
cyclic GMP formation in coronary artery by nitro- 
prusside and other vasodilators could be attenuated 
or enhanced, respectively, by elevated intracellular 
concentrations of free Ca’* or sulfhydryl groups. 
The precise relationship, however, among Ca’*, 
sulfhydryl groups, guanylate cyclase and cyclic GMP 
in vascular smooth muscle, as well as the biologic 
role of cyclic GMP in relaxation, remain to be 
determined. 
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Abstract—Chronic ethanol administration results in an increase in the ethanol metabolic rate (EMR), 
and this may be related to the production of alcoholic liver disease. Treatment with the antithyroid 
drug 6-n-propyl-2-thiouracil (PTU) for a 10-day period (20 mg-kg™'-day~') reduced the EMR of 
chronically ethanol-treated rats, but had no effect on the EMR of control rats. This preferential 
inhibitory effect of PTU was observed either when PTU treatment was started after 20 days of ethanol 
consumption, or when ethanol and PTU administration were started at the same time. A single dose 
of PTU (20 mg/kg), given 1 hr before the experiment, had no effect on the EMR of rats treated 
chronically with ethanol, or on controls. Ten days of PTU treatment did not alter the hepatomegaly 
which had resulted from chronic ethanol treatment. These results are consistent with the hypothesis 
that thyroid hormones play a direct or permissive role in producing the increase in EMR seen after 
chronic ethanol treatment and are in agreement with an increased reoxidation of reducing equivalents 


in the liver of chronically ethanol-fed animals. 


Chronic ethanol consumption results in an increased 
ethanol metabolic rate (EMR) in both laboratory 
animals [1-8] and in man [9-14]. The elevated EMR 
may be associated with an enhanced rate of hepatic 
oxygen consumption [7, 15, 16], and may be related 
to the production of alcoholic liver damage [16-18]. 
Treatment with the antithyroid drug 6-n-propyl-2- 
thiouracil (PTU) improves the rate of recovery of 
patients with active alcoholic liver disease [19]. It 
has also been observed that PTU administration 
depresses the respiratory rate of liver slices from 
chronically ethanol-treated rats, before significantly 
affecting the respiratory rate of liver slices from 
control animals [20, 21]. It was of interest, therefore, 
to determine if the EMR of rats treated chronically 
with ethanol would be preferentially decreased by 
treatment with PTU. 


METHODS 


Male Wistar rats with starting weights of 150-195 g 
were used. Ethanol was given to the rats in a nutri- 
tionally adequate, high fat liquid diet, which pro- 
vided 35% of the total energy (calories) as ethanol, 
19% as protein, 41% as fat and 5% as sucrose. In 
the control (sucrose) diet, ethanol was replaced 
isocalorically with sucrose. These liquid diets [22] 
are modelled after those originally described by Lie- 
ber et al. [23]. Three experiments were performed. 

In experiment A, the effect of one dose of PTU 
on the EMR of ethanol-treated and control rats was 
examined. Rats were given the ethanol liquid diet 
for 12 days; control animals were pair-fed with the 
sucrose liquid diet. Twenty hours before the deter- 
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mination of the EMR, the rats that had received the 
ethanol diet were switched to the sucrose diet. Both 
ethanol and control rats received 70 ml of the sucrose 
diet for the 20-hr period before the measurement of 
EMR. One hour before the EMR determination, 
one half of the ethanol-treated animals and their 
controls were given PTU at a dose of 20 mg/kg body 
weight, p.o. (dissolved in 0.9% NaCl, to give a 
volume of 2 mi/100 g). The other half of the animals 
received an equivalent volume of the vehicle alone. 

In experiments B and C, the effects of 10 days of 
PTU treatment on the EMR of rats treated chron- 
ically with ethanol and on controls were studied. In 
these experiments, the rats were placed in groups 
of four on the basis of weight (within 5 g). Within 
every group, each of the following treatments was 
répresented: ethanol, sucrose, ethanol plus PTU, 
and sucrose plus PTU. PTU was administered by 
adding it to the diet to give a concentration of 100 
mg/liter. This resulted in a daily PTU consumption 
of approximately 20 mg/kg body weight. In experi- 
ment B, rats were treated with ethanol for 30 days, 
with PTU given for the last 10 days. Each control 
rat was pair-fed with an ethanol rat during the period 
before PTU treatment began. In experiment C, the 
rats were given ethanol diet for 10 days and PTU 
was administered concurrently. It was observed that 
rats receiving the ethanol diet plus PTU consumed 
slightly less diet than rats receiving the ethanol diet 
alone. For this reason, the amount of diet consumed 
by a rat receiving the ethanol diet plus PTU on one 
day was given to the other three rats in the group 
on the following day. Eighteen to twenty hours 
before the experimental determination of the EMR, 
the rats receiving ethanol and ethanol plus PTU diets 
were switched to sucrose and sucrose plus PTU diets, 
respectively. All rats were given 70 ml of diet for the 
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20-hr period before the experiment. Thus, all rats 
were fed until the determination of the EMR, but 
the ethanol rats were withdrawn from ethanol. 

The rate of ethanol metabolism was determined 
after an intraperitoneal injection of a 2.5 g/kg dose 
of ethanol, given as a 12.5% (w/v) solution in 0.9% 
NaCl. Samples (100 ul) of capillary blood were taken 
from the cut tails of the animals, using glass micro- 
sampling pipettes at 2, 3, 4, 5 and 6hr after the 
administration of the test dose. Ethanol was deter- 
mined enzymatically after deproteinization of the 
samples as described previously [1]. The animals 
were decapitated, and the wet weight of each liver 
was measured. In experiment A, hepatic DNA con- 
tent was measured using the method of Martin et al. 
[24]. To determine the EMR, a graph of blood 
ethanol concentration vs time was plotted for each 
rat. The linear portion of the curve was extrapolated 
to the abscissa, to yield the theoretical time when 
the blood concentration was zero. This time. value 
(in hours) was divided into the dose of ethanol 
administered (in mg/kg) to give mg ethanol metab- 
olized per kg body weight per hr. To calculate the 
rate of ethanol metabolism in mg ethanol per g liver 
per hr, the term in mg-kg'-hr~' was divided by the 
ratio of liver weight to body weight (in g/kg). This 
value, in turn, was converted to mg ethanol per total 
liver per hr by multiplying it by the liver weight in 
g. The data were either subjected to analysis of 
variance with differences between mean values 
assessed by the Newman-Keuls modification of the 
Studentized Range Test [25], or were analyzed using 
Student’s t-test [25]. 


RESULTS 


Ethanol treatment of rats for 12 days resulted in 
a 21 per cent increase in the liver/body weight ratio, 
without changing the body weight or the total amount 
of DNA in the liver (Table 1). This increase in liver 

eight does not appear to be due to a proliferation 
of hepatocytes since the total liver content of DNA 
does not increase, but rather it is caused by elevated 
amounts of lipid, protein and water in the hepato- 
cytes [26, 27]. In ethanol-treated rats with hepato- 
megaly, therefore, each gram of liver contains fewer 
hepatocytes (less DNA) than a gram of liver from 
control rats. In this situation, the EMR calculated 
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per mg hepatic DNA gives a better indication of the 
EMR per hepatocyte than the EMR expressed per 
gram of liver. Alternatively, since total liver DNA 
was Virtually identical in ethanol-treated and control 
animals (Table 1), the data may be equivalently 
expressed as metabolic rate per total liver mass. 

The results from experiment A are shown in Table 
2, with the averages of the EMR expressed per mg 
hepatic DNA, per total liver, per kg body weight 
and per g liver. Twelve days of ethanol treatment 
resulted in an increase in the EMR, relative to con- 
trols, when the values were expressed per mg hepatic 
DNA, per total liver, or per kg body weight, but 
not when expressed per g liver. The increase in the 
average EMR per mg hepatic DNA and per total 
liver in the ethanol-treated rats, without an increase 
per g liver, is a reflection of the hepatomegaly 
induced by ethanol. A single dose of PTU (20 mg/kg), 
given 1 hr before measuring the EMR had no sig- 
nificant effect on the EMR averages of ethanol- 
treated rats or controls. 

The results from experiment B are presented in 
Fig. 1, with the EMR averages expressed as mg-(kg 
body weight)~'-hr~', mg: (total liver)~'-hr~' and mg: 
(g liver)'-hr~'. Regardless of units used, 10 days of 
treatment with PTU reduced the average EMR of 
the ethanol-treated rats without significantly affect- 
ing the average EMR of the control rats. The 
decrease was 19 per cent when the EMR was 
expressed per total liver. As in experiment A, chro- 
nic consumption of ethanol resulted in an increase 
in the average EMR relative to the sucrose group, 
when EMR was calculated per kg body weight (+17 
per cent) or per total liver (+16 per cent), but not 
when expressed per g liver. 

Figure 2 presents the EMR averages for experi- 
ment C. The results show a pattern very similar to 
that of experiment B. Ten days of concurrent treat- 
ment with PTU depressed the average EMR in the 
ethanol-treated rats, without significantly affecting 
the average EMR of the control rats. The magnitude 
of the reduction in the ethanol-treated rats was 24 
per cent, when the EMR was expressed per total 
liver. Rats consuming the ethanol diet for the 10-day 
period had an elevated average EMR, compared to 
those on sucrose diet, when the EMR was expressed 
per kg body weight or per total liver, as in the above 
experiments. PTU treatment for 10 days had no 
significant effect on liver/body weight ratios or liver 


Table 1. Effect of chronic ethanol treatment on liver weight, hepatic DNA content, and body 
weight* 





Sucrose 


Ethanol 





Number of animals 
Starting weight (g) 

Final weight (g) 

Liver weight (g) 
Liver/body weight (g/100 g) 
DNA (mg/g liver) 

DNA (mg/total liver) 


16 
169 + 3 
220 +3 
8.16 + 0.14 
3.71 + 0.04 
3.72 + 0.07 
30.4 +0.9 


16 
169 + 3 
Yi oe a 
10.01 + 0.17 
4.50 + 0.07 
3.09 + 0.06 
30.9 +0.7 


NS 
NS 
< 0.001 (+23%) . 
< 0.001 (+21%) 
< 0.001 (-17%) 
NS 





* Rats were fed ethanol or sucrose liquid diets for 12 days (experiment A). Statistical 


significance was assessed using Student’s /-test; 


NS means not significant. The percentage 


change in the average values for the ethanol-treated animals compared to the sucrose controls 


is given in parentheses. 
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weights of ethanol-treated or control rats in experi- 
ment B or C [for experiment B, liver/body weight 
ratios (g/100g) were: ethanol, 4.71 + 0.10; 
ethanol + PTU, 4.74 + 0.09; sucrose, 3.89 + 0.10; 
sucrose + PTU, 4.03 + 0.10; mean + S.E.M. ]. 


DISCUSSION 


PTU preferentially decreased the EMR of chron- 
ically ethanol-treated rats when given for a 10-day 
period, whether started concurrently with ethanol 
(experiment C) or started after 20 days of ethanol 
treatment (experiment B). This finding is in agree- 
ment with the concept of a thyroid hormone-depen- 
dent increase in reoxidation of reducing equivalents 
playing an important role in metabolic tolerance to 
ethanol [16,28]. The rate of hepatic oxygen con- 
sumption in chronically ethanol-treated rats is also 
depressed more quickly by PTU. Israel et al. [20] 
reported that 3, 6 and 10 days of PTU administration 
(50 mg-kg™'-day~', p.o.) reduced the respiratory rate 
of liver slices from rats treated chronically with 
ethanol, whereas the respiratory rate of liver slices 
from control animals was only significantly decreased 
after 12 days of PTU treatment. 

PTU is a potent antithyroid drug that inhibits both 
thyroid hormone synthesis and the peripheral deiod- 
ination of thyroxine to triiodothyronine [29, 30]. 
Repeated administration of PTU is necessary to 
reduce the thyroidal state of the animal. A single 
dose of PTU did not reduce the EMR, suggesting 
that the effect of chronic PTU treatment on ethanol 
metabolism is most likely related to its anti-thyroid 
actions. The data in the present study suggest that 
the EMR of chronically ethanol-treated animals is 
more sensitive to a reduction in the thyroidal state 
than the EMR of controls. It is possible that thyroid 
hormones play a direct or permissive role in pro- 
ducing the increase in EMR seen after chronic 
ethanol consumption, making the increase in ethanol 
metabolism more responsive than the basal EMR to 
the action of PTU. Recent data indicate that the 
blood levels of thyroid hormones remain unchanged 
or are slightly decreased after chronic ethanol treat- 
ment in rats [31, 32,+]. Thus, an effect of thyroid 
hormones is more likely to be related to other factors 
that modify hormonal expression such as the tissue 
level [28], the number and affinity of thyroid hor- 
mone receptors, or the coupling of receptor binding 
to the effector system. Catecholamines have also 
been implicated in metabolic tolerance to ethanol 
[16], and it is known that thyroid hormones play a 
permissive role in many of the effects of the cat- 
echolamines [33]. Thus, the relationship between 
thyroid hormone expression and catecholamine 
function is also likely to be of importance in deter- 
mining the effects of chronic ethanol treatment. It 
is unlikely that the preferential sensitivity of ethanol- 
treated rats to PTU is due to a modification of the 
pharmacokinetic properties of this drug after ethanol 
administration, since the dose of PTU administered 
was at least forty times the acute dose necessary to 
completely inhibit the thyroidal incorporation of 
iodide [34]. It is also unlikely that PTU reduces the 


10.1+0.1 
NS 


[mg-(g liver)~'-hr7"] 


[mg-(kg body wt)~!-hr~'] 
g/kg, p.o.) 1 hr before the EMR was determined in vivo. 


-treated or sucrose control rats. There were eight animals per group. NS means 


Rate of ethanol metabolism 


[mg-(total liver)~!-hr~"] 


[mg-(mg hepatic DNA)~!-hr~'] 
3.19 + 0.12 
P<0.01 
2.54 + 0.12 
3.43 + 0.12 
P<0.01 
2.67 + 0.10 
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* Rats were fed ethanol or sucrose liquid diets for 12 days; half of the rats received PTU (20m 


Acute PTU administration had no significant effect on the EMR in ethanol 


not significant. 











Treatment 
Ethanol + PTU 
Sucrose + PTU 





+ Orrego et al., personal communication. 
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Fig. 1. Effect of 10 days of PTU administration on the rate of ethanol metabolism in rats treated for 
30 days with ethanol, and controls. Rats were fed ethanol (ETOH) or sucrose (SUC) liquid diets for 
30 days: for the last 10 days, some rats were given PTU in the diet at a concentration of 100 mg/l. 
Ethanol metabolic rate was determined in vivo and expressed per kg body weight, per total liver, and 
per g liver. When expressed per kg body weight or per total liver: ETOH vs SUC, ETOH vs 
ETOH + PTU, ETOH vs SUC + PTU, P<0.01; SUC vs ETOH + PTU, SUC vs SUC + PTU, 
ETOH + PTU vs SUC + PTU, not significant (P > 0.05). When expressed per g liver: ETOH vs 
ETOH + PTU, SUC vs E1OH + PTU, SUC + PTU vs ETOH + PTU, P<0.01; ETOH vs SUC, 
ETOH vs SUC + PTU, SUC vs SUC + PTU, not significant (P > 0.05). The asterisk (*) indicates 
mean + S.E.M.; n = number of animals. 


EMR of ethanol-treated rats either by decreasing 
the. level of alcohol dehydrogenase or by reducing 
microsomal metabolism of ethanol. Treatment with 
PTU has been reported to increase both alcohol 
dehydrogenase activity [35] and the activity of the 
microsomal ethanol oxidizing system [36]. 

Chronic ethanol treatment resulted in an increase 
in liver weight without changing the total amount of 
DNA in the liver. Previous studies have also reported 
that ethanol given with a high fat diet causes an 
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increase in liver weight [26, 27, 37, 38]. Since the 
total amount of DNA in the liver does not change, 
this increase in weight does not appear to be due to 
the proliferation of hepatocytes but rather to elev- 
ated amounts of water, lipid and protein in the 
hepatocytes [26, 27]. As a result of this hepatome- 
galy, each gram of liver from an ethanol-treated rat 
contains fewer hepatocytes (less DNA) than a gram 
of liver from a control rat. Therefore, valid com- 
parisons cannot be made of results expressed per g 
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PTU PTU 


Fig. 2. Effect of concurrent administration of PTU on the rate of ethanol metabolism in rats treated 

for 10 days with ethanol, and controls. Rats were fed ethanol (ETOH) or sucrose (SUC) liquid diets 

for 10 days: some rats were given PTU in the diet at a concentration of 100 mg/l. Ethanol metabolic 

rate was determined in vivo and expressed per kg body weight, per total liver, and per g liver. The 

statistical significance of each comparison between groups was the same as in Fig. 1. The asterisk (*) 
indicates mean + S.E.M.; n = number of animals. 
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liver in this siutation. The best indication of the 
metabolic rate per hepatocyte is given by expressing 
the results per unit of hepatic DNA. Alternatively, 
in cases where the total amount of hepatic DNA is 
not changed by treatment, results expressed per total 
liver mass can be compared. 

In the present experiments, chronic ethanol treat- 
ment for 10, 12 or 30 days resulted in an increase 
in the EMR per hepatocyte. This increase in the 
EMR may be accompanied by an enhanced rate of 
total hepatic oxygen consumption [7, 15, 16], and 
may be related to alcoholic liver damage [16-18]. 
The action of PTU in preferentially reducing the 
EMR of ethanol-treated rats is consistent with the 
concept that thyroid hormones may play a direct or 
permissive role in producing the increase in EMR 
and attendant processes which may lead to liver 
damage. 
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DIVERGENT RESERPINE EFFECTS ON AMFONELIC ACID 
AND AMPHETAMINE STIMULATION OF SYNAPTOSOMAL 
DOPAMINE FORMATION FROM PHENYLALANINE* 
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Abstract—Some effects of a non-amphetamine central stimulant, amfonelic acid, on the synaptosomal 
(P2) formation and release of dopamine being produced continuously from ['*C]phenylalanine substrate 
have been determined. How reserpine action may modify the effects of amfonelic acid and those of 
amphetamine (the latter was included for comparative purposes) was also examined. For these studies, 
P, preparation from rat caudate nuclei was incubated with ['*C]phenylalanine with and without various 
drug additions, and the particulates were separated from the medium after incubation. The separated 
fractions were analyzed for labeled dopamine and for the synaptosomal content of the labeled substrate. 
Of the total labeled dopamine formed, the fraction that was present in the medium was determined and 
taken as a measure of the spontaneous release (no drug addition) or its enhancement by any addition. 
Amfonelic acid and amphetamine (0.91-18.2 uM) comparably stimulated the synthesis and release of 
[*C]dopamine. The addition of reserpine (1.8 uM) alone had an inhibitory effect on total synthesis and 
a stimulatory one on release. In the presence of reserpine, the synthesis stimulation by amphetamine 
was maintained or accentuated, but amfonelic acid induced an inhibitory effect additive to that due to 
reserpine alone. The release stimulations by amphetamine and amfonelic acid were comparable in the 
absence as well as in the presence of reserpine. Following reserpine pretreatments at 24 and 2 hr, 
amphetamine (9.1 uM) markedly stimulated, but AA (9.1 uM) affected nonsignificantly, the dopamine 
synthesis. The pretreatments did not abolish the release-enhancing effect of either stimulant. None of 
the drug additions resulted in a significant alteration of the particulate ['*C]phenylalanine substrate 
level. In summary, the results show that amfonelic acid, like amphetamine, may release continuously 
forming synaptosomal dopamine and stimulate dopamine synthesis. However, the synthesis stimulation 
by amfonelic acid, but not that by amphetamine, may be abolished by reserpine action, either in vitro 
or in vivo. The results suggest that, although amphetamine may stimulate by releasing the newly forming 
dopamine pool, a significant amfonelic acid action may be on the catecholamine storage system, and 
synaptosomal dopamine synthesis may be under the controlling influence of both the newly forming 
amine and the vesicular stores. 


Amfonelic acid (AA) is a potent non-amphetamine 
stimulant which mimics the central effects of amphet- 
amine (AMT). The latter exerts its behavioral effects 
via catecholamines, particularly dopamine (DA), by 
releasing the newly synthesized amine and blocking 
its reuptake [1-3]. AA-induced behavioral effects 
[4, 5] may also be mediated via catecholamines and 
Shore [6] after studying the effect of AA on brain 
DA and its metabolites, has suggested that this drug 
may affect a pool of DA. The mechanism of action 
of AA, however, is likely to differ from that of AMT 
in some way since it is well known [1] that the central 
stimulant actions of AMT are not attenuated by 
reserpine (Res) pretreatment which, however, 
blocks AA stimulation [4]. 

The nature of the action of AA on dopaminergic 
neurones is not clearly understood, and little is 
known as to how Res, a potent biogenic amine 
depleting agent, may affect that action. The syn- 
aptosomal preparation (P,) of brain is a useful in 





* Some of the results were presented at the annual meet- 
ing of the Society for Neuroscience, Atlanta, GA, 1979. 

t+ Author to whom all correspondence should be 
addressed. 
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vitro model of a neuronal system [7, 8], but no report 
has been published thus far, to our knowledge, 
investigating how Res may influence the actions of 
AA on the synaptosomal formation of DA and its 
release. In the present study we have examined how 
AA, and AMT for comparative purposes, may affect 
synaptosomal synthesis of DA and its release and 
the influence of Res on such effects of these stimu- 
lants. DA formation from phenylalanine in brain has 
been shown by several studies [9-11] to respond 
markedly to a number of psychotropic drugs; we 
have used ['*C]phenylalanine in our present study 
as the substrate for synaptosomal DA formation. 
Our preliminary communication describing the 
method and some of the observed effects of AMT, 
AA and Res on such DA formation has recently 
been published [12]. 


MATERIALS AND METHODS 


AA was a gift from the Sterling—Winthrop 
Research Institute, Rensselaer, NY; Res was Ser- 
pasil (Ciba Pharmaceuticals, Summit, NJ). AMT 
was used as D-amphetamine sulfate; expressed con- 
centrations are of free AMT. 
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Amfonelic acid and amphetamine effects on synaptosomal dopamine 


The methods described below are the same as 
those detailed in our preliminary communication [12] 
with slight modifications. Female Wistar rats (150— 
200 g, Charles River Co., Wilmington, MA) were 
decapitated and the caudate nuclei (including puta- 
mens) were dissected. Following the homogenization 
of the tissue (10% in ice-cold 0.32 M sucrose solution 
containing 10 uM calcium chloride), the synaptoso- 
mal—mitochondrial fraction (P,) was prepared by 
differential centrifugation at 0-4° as described by 
Whittaker and Barker [7]. The initial crude nuclear 
fraction was washed once by resuspending it in0.32 M 
sucrose; the washing was combined with the super- 
natant fraction (S,) before the final centrifugation 
to obtain P;. The P, pellet was suspended in Tris 
buffer (10 mM, pH 7.4) containing NaCl (125 mM), 
KCI (5 mM), MgCl, (15 mM), pargyline (0.08 mM), 
glucose (10 mM), and sucrose (0.32 M) which has 
been observed by Sperk and Baldessarini [13] to 
stabilize brain synaptosomes. The suspension was 
incubated in open test tubes at 37° after the addition 
of ['*C]phenylalanine (L-phenylalanine[U-“C], spe- 
cific radioactivity 350-400 mCi/mole, New England 
Nuclear Corp., Boston, MA), and cold L-phenylala- 
nine was added as necessary to make up the final 
substrate concentrations listed in Results. The 
addition of various agents listed in Results was as 
the aqueous solution of each compound in a 10 ul 
volume. The final volume of the incubation mixture 
was 210-220 ul containing synaptosomal preparation 
representing 9.5 mg of original whole caudate tissue 
weight. At the termination of the incubation period, 
the synaptosomal particles were separated from the 
incubation medium. For this purpose 2.0 ml of ice- 
cold mixture identical in composition with that of 
the incubation medium was added to the mixture to 
stop the reaction. The particulates were immediately 
separated from the medium by pouring the incu- 
bation mixture on an 0.8 um size Millipore filter 
under suction. The entire process of diluting and 
separating the particulates from the medium was 
completed within 5—10 sec, thus assuring a negligible 
exchange of label between the fractions. The col- 
lected particulates were further washed by an addi- 
tional 2.0 ml of the ice-cold medium, and the filter 
was then dropped in 2.0 ml of cold 0.4 N perchloric 
acid containing 0.1% Triton X-100. The acid- 
extracted (2x) samples of the particulate fraction and 
of the separated medium as well were then analyzed 
for labeled DA by absorption on activated alumina 
and subsequent 0.5 N acetic acid elution as described 
before [14]. The recovery of DA was 79 per cent; 
data were not corrected for recovery. The purified 
samples of DA were assayed for '“C by liquid scin- 
tillation counting. The DA samples from the blanks, 
which were the same as the control (no addition) 
samples except that they were filtered without the 
incubation at 37°, counted 6.7 + 1.3 per cent (N = 
7) of the control (no addition) samples. The effluent 
and washings obtained from the alumina absorption 
procedure contained the labeled phenylalanine sub- 
strate present in the acid extracts. The level of '“C 
in the effluent fraction from the synaptosomal acid 
extract analysis was obtained by counting an aliquot, 
and the radioactivity was taken as an index of the 
synaptosomal uptake of the labeled substrate. The 
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substrate uptake and the product formation were 
expressed as picomoles of substrate or product per 
100 mg (of whole caudate tissue equivalent of the P, 
sample) per 10 min (of incubation). The radioactiv- 
ities of the fractions were first converted to pCi per 
100 mg per 10 min and further divided by the final 
specific radioactivity (pCi/pmoles) of the labeled sub- 
strate to arrive at the pmoles per 100 mg per 10-min 
values. The final specific radioactivity was calculated 
from the radioactivity added and the final concen- 
tration which was the total of labeled, endogenous, 
and any added cold substrate. The substrate and 
other concentrations expressed in Results were based 
on the final incubation volume. Endogenous phenyl- 
alanine was assayed by a method consisting of ion- 
exchange analysis, gas chromatography, and mass 
spectrometry, the details of which will be published 
elsewhere. No correction for recovery was applied 
to the data reported. Calculations of the standard 
error of the mean (+ S.E.M.) and the level of 
significance were according to Snedecor and Cochran 
[15], as described for Student’s f-test. 


RESULTS 


The results in Table 1 show the total (the sum of 
particulate and medium fractions) synthesis of 
[“C]DA and the particulate level of the labeled 
substrate in the presence of added AMT, AA, and 
Res. These data are expressed as the percentage of 
the corresponding control value of pmoles per 100 mg 
per 10 min given within parentheses. Table 1 also 
summarizes the stimulating effects of the drugs on 
the release of synaptosomally formed ['*C]DA into 
the incubation medium. Such stimulation is 
expressed by the release index, indicating the release 
above that in the corresponding control sample. The 
index was derived by dividing the medium/total ratio 
of [“C]DA in the presence of an addition by that 
ratio from the control, given within the parentheses. 

As the results indicate, the total DA formation 
from ['*C]phenylalanine was stimulated in the pres- 
ence of AMT and AA. The extent of stimulation by 
AA, at any of the various concentrations (0.91- 
18.2 uM) tested, was generally comparable to that 
induced by AMT at the same concentration. The 
stimulation of DA synthesis by AA was highest 
(238.0 per cent of control; P < 0.001) at 9.1 uM; at 
0.91 uM it was 146.2 per cent (P < 0.05). Similarly, 
AMT increased ["C]DA synthesis to a maximum 
value of 235.7 per cent (P < 0.001) at 9.1 uM; the 
lowest concentration tested (0.91 uM) resulted in a 
value of 182.7 per cent (P < 0.005) of the control. 

The results in Table 1 also show the effects of 
AMT and AA on the synaptosomal ["*C]DA syn- 
thesis with 1.8 uM Res in the incubation medium. 
As the data show, AMT elevation of ['*C]DA syn- 
thesis was observed in the presence of Res and the 
total synthesis ranged from 125.8 per cent of the 
control (Res alone) at the lowest concentration 
(0.91 uM AMT) to 314.3 per cent (P< 0.001) at 
9.1 uM AMT. At each of the AMT (Res plus) con- 
centrations except 0.91 uM, the degree of stimulation 
appeared to be higher than that observed with AMT 
alone at the corresponding concentration. The 
addition of Res alone significantly (P < 0.001) 
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Table 2. Actions of AMT and AA on synaptosomal DA formation from ['*C]phenylalanine 
following reserpine pretreatment in vivo* 





Addition 


(uM) [‘*C]DA (total) 


Particulate ['*C]Phe 


Release index 





100% 
(64.2 + 8.5) 
439.6 + 59.9 

P < 0.001 
117.6 + 17.5 

NS 

98.2 + 13.7 


NS 


None 
AMT (9.1) 
AA (9.1) 


Res_ (1.8) 


1.00 
(52.6 + 3.5) 
1.87 + 0.11 
P< 0.001 
1.63 + 0.11 
P< 0.001 
1.12 + 0.08 

NS 


100% 
(1344.9 + 57.7) 
98.8 + 2.3 
NS+ 
100.9 + 3.6 





* Rats were pretreated with Res at 24 hr (5.0 mg/kg, i.p.) and at 2 hr (2.5 mg/kg) before 
the experiment. The experimental details are described under Table 1. 


+ NS, not significant. 


inhibited [*C]DA synthesis to 30.7 per cent, an 
inhibition that we reported before [12] and suggested 
was due to an enlarged cytoplasmic amine pool 
inhibiting phenylalanine hydroxylation. Unlike the 
AMT effect in the presence of Res, however, the 
co-addition of AA and Res resulted in [“C]DA 
synthesis reduction greater than that due to Res 
alone. AA concentrations of 18.2, 9.1 and 0.91 uM 
in the medium reduced [“C]DA synthesis to 51.2 
per cent (P<0.05), 53.6 per cent (P<0.05) and 
46.6 per cent (P<0.05) of the control (Res plus) 
value, respectively. 

The release indices summarized in Table 1 indicate 
that both AMT and AA increased the release of DA 
synthesized continuously from ['*C]phenylalanine 
beyond that of spontaneous release. Although the 
addition of these two drugs at the higher concentra- 
tions resulted in comparable indices ranging between 
1.76 and 2.55 (P < 0.001), 0.91 uM AA appears to 
have a more potent releasing action. Upon the 
addition of Res to the medium, the total release of 
['*C]DA in the presence of AMT and AA was even 
higher, with indices between 4.15 and 4.51 (P< 
0.001) expressed in relation to the drug free spon- 
taneous release. Both AMT and AA caused addi- 
tional stimulation of release beyond that due to Res, 
and the indices were between 1.29 and 1.40 (P< 
0.005 to P< 0.001) relative to the release observed 
with Res alone. 

We have also determined the particulate level of 
{'*C]phenylalanine which may be taken as an indi- 
cator of the synaptosomal substrate uptake. As the 
data show (Table 1), the substrate uptake was not 
significantly affected by the various additions of 
AMT and AA with and without Res. 

Brief exposure of synaptosomes to Res during 
sample incubations may not cause the marked dec- 
rement of endogenous catecholamine levels that 
occurs after Res treatment in behavioral studies on 
AA and Res interaction [4]. To deplete the endogen- 
ous catecholamines, we pretreated rats with 
5.0 mg/kg Res (i.p.) at 24 hr and 2.5 mg/kg at 2 hr 
before the preparation of P,. According to Kuczenski 
[16], such pretreatment leads to a large (> 90 per 
cent) depletion of caudate tissue DA. The P, frac- 
tions from such pretreated rats were used for the 
determination of AMT and AA effects on the syn- 


aptosomal DA synthesis from ['*C]phenylalanine. 
The data (Table 2) show that 64.2 pmoles per100 mg 
per 10 min of [“C]DA were formed in the control 
(no addition) sample, which is 60.2 per cent (P< 
0.0025) of the ['*C]DA formed from the incubation 
of untreated P, (Table 1; no addition). The results 
in Table 2 also show that, in the Res pretreated P,, 
AMT (9.1 uM) strongly stimulated (439.6 per cent 
of the control, P<0.001) [“C]DA formation, 
whereas AA was ineffective (117.6 per cent; NS). 
The release indices show, however, in contrast with 
the divergent effects of AMT and AA on the total 
[“C]DA formation, that both of the agents were 
effective in stimulating the release of DA formed 
from ['*C]phenylalanine. The AMT release index 
was 1.87 + 0.11 (P < 0.001 vs no addition) and the 
AA index was 1.63 + 0.11 (P< 0.001 vs no addi- 
tion). In some of our experiments, 1.8 uM Res was 
added to the pretreated P, samples. The results 
(Table 2) show little effect of that addition either on 
the total synthesis (98.2 per cent of the no addition 
sample; NS) or on the synaptosomal release (index 
1.12+0.08; NS). The particulate level of 
['*C]phenylalanine shown in Table 2 indicates that 
the uptake of the labeled substrate was not signifi- 
cantly affected by the addition of AMT, AA, or Res. 
Also, the substrate uptake values in these experi- 
ments were very similar to those from the incubations 
of P, from untreated animals (Table 1). 


DISCUSSION 


The results from various laboratories as reviewed 
by Moore [1] indicate that AMT central stimulation 
is Res resistant and that AMT may induce the release 
of newly formed nerve ending DA, the likely 
mediator of the stimulant action. In harmony with 
these results, our present data (Tables 1 and 2) 
indicated that AMT may release newly synthesized 
synaptosomal DA from [“C]phenylalanine. Our 
present results also indicate, as do those of others 
[17, 18] using labeled tyrosine as the DA precursor, 
that AMT may stimulate synaptosomal DA syn- 
thesis. Such stimulation was suggested [17] to be due 
to the AMT-induced release of an inhibitory syn- 
aptosomal catecholamine pool at the site of the 
amino acid hydroxylation. Our data further show, 
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consistent with the inability of Res to attenuate AMT 
behavioral stimulation, a Res resistance of the AMT 
action that increases the synaptosomal release of DA 
and also its formation; such Res resistance of AMT 
action on DA formation has been reported before 
[18]. 

Our results indicate comparable effects of AMT 
and AA in increasing the synthesis as well as the 
release of the newly forming [“C]DA. It would 
therefore seem that the mechanism of action of AA 
on synaptosomal DA may be similar to that of AMT. 
The results of incubating in the presence of Res, 
however, suggest some divergence of AMT and AA 
actions. Although the degree of synthesis stimulation 
by AMT was higher in the presence of Res than in 
its absence; AA in combination with Res reduced 
the [*C]DA formation below that observed with Res 
alone; the correlation between the stimulation of 
release and that of synthesis was positive with AMT 
but negative with AA. 

The results discussed above were obtained after 
10-min incubations (Table 1); 5- or 15-minute incu- 
bation periods led to essentially similar observations. 
In the absence of Res, 9.1 uM AMT or AA stimu- 
lated ['“C]DA synthesis at 5 min (AMT, 182.5 per 
cent and AA, 125.4 per cent of the control) and at 
15 min (AMT, 221.3 per cent and AA, 185.7 per 
cent). Following the co-addition of Res, however, 
the AMT stimulation could be observed at 5 min 
(236.4 per cent of Res alone) and 15 min (242.4 per 
cent), but AA failed to stimulate and, in fact, 
reduced the [‘C]DA synthesis to 54.8 and 47.2 per 
cent at 5 and 15 min, respectively. In these incuba- 
tions, however, both AMT and AA stimulated 
release in the absence (AMT indices, 1.94 and 2.89; 
AA indices, 1.21 and 2.41) as well as in the presence 
of Res (AMT, 1.35 and 1.60; AA, 1.23 and 1.34). 

Our results in Table 1, therefore, suggest that Res 
sensitivity may differentiate the mechanism of action 
of AA from that of AMT. Res has been suggested 
[19] to release nerve ending vesicular catechol- 
amines, and it has been shown that Res is a potent 
inhibitor of DA uptake by caudate nucleus synaptic 
vesicles [20]. Therefore, it is likely that the presence 
of Res in our incubation mixture impaired the reten- 
tion as well as the uptake capacity of the vesicles for 
the catecholamines. A probable resultant higher 
cytoplasmic amine level, expressing itself by an 
inhibitory effect on ['*C]DA synthesis (Table 1), 
appears to be consistent with such Res action. The 
in vivo effect of Res (Table 2), which reduces striatal 
DA concentration to less than 10 per cent [16], is 
likely to affect strongly the uptake and retention 
capacities of the vesicles and deplete the storage 
catecholamines to a great extent. Our observed lack 
of any significant effect of AA on ['*C]DA synthesis 
(Table 2) would, therefore, suggest that synthesis 
stimulation (Table 1) by AA may be dependent upon 
an intact vesicular storage system for the catechol- 
amines. ‘An action of AA on the vesicular system is 
also consistent with the added AA _ inhibition 
observed in the presence of Res with untreated brain 
P, fraction (Table 1). It appears likely that this added 
inhibitory effect of AA, if due to an action on the 
vesicular system, differs distinctly from that of Res. 
With the synaptosomes from the Res-pretreated 
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animals, AA was effective (Table 2) at 9.1 uM (and 
as low as 0.22 uM, data not shown) in stimulating 
the release of ['*C]DA but added Res failed to alter 
synthesis or release (Table 2). The stimulation of 
DA synthesis by AMT (Table 2) however, would 
suggest that this drug, unlike AA, may not require 
mediation of the vesicular storage system for its 
action. 

Methylphenidate is another non-amphetamine 
central stimulant, and its behavioral effects, like 
those of AA, may be blocked by Res [21]. Con- 
sidering that Res sensitivity also differentiates the 
stimulating effect of methylphenidate [18] on DA 
synthesis from that of AMT, it appears likely that 
the mechanism of action of AA suggested by our 
results is relevant to this other non-amphetamine as 
well. 

In summary, our results indicate that AA may 
mimic AMT actions of stimulating synaptosomal syn- 
thesis of DA and its release. Our data also suggest, 
however, that Res action may help to distinguish 
AA from AMT with respect to their intrasynapto- 
somal effects. Although both AA and AMT may 
mobilize the intrasynaptosomal catecholamines and 
cause heightened DA synthesis, the pool of DA 
mediating the AA effects does not appear to be 
identical with that participating in AMT actions and 
may be vesicular in nature. Shore et al. [6,22] has 
suggested that a mobilization of intrasynaptosomal 
storage DA to an impulse releasable pool is effected 
by AA, due to its inhibition of DA reuptake and a 
consequent decrease of the level of free cytoplasmic 
DA that inhibits mobilization. It is conceivable, how- 
ever, that AA may have multiple effects, because 
it could, besides inhibiting reuptake, affect the intra- 
synaptosomal DA pools directly, with a consequent 
effect on the suggested mobilization process. An 
intrasynaptosomal action of AA of some nature is 
indeed suggested by our recent observation [23] of 
a preferential release of synaptosomal [*H]DA over 
['“C]DA, respectively, appearing from [*H]|dopa and 
[*C]tyrosine. Furthermore, the added inhibitory 
effect of AA (Table 1) on the total DA formation 
with Res in vitro is most likely due mainly to an 
intrasynaptosomal action rather than to a reuptake 
inhibition, because the reuptake inhibition would 
lower the cytoplasmic DA level with a consequent 
opposite effect of increasing DA formation through 
a disinhibition of phenylalanine hydroxylation. 

How an added inhibitory effect on DA synthesis 
by AA in combination with Res may be mediated 
by an intrasynaptosomal action of AA is not clear. 
One possible explanation is that any AA interaction 
with the storage vesicles, with their uptake and 
retaining capacities partially impaired by a short in 
vitro Res action, may lead to a further spilling of 
catecholamines. The results may be an enlarged 
cytoplasmic inhibitory amine pool acting on tyrosine 
hydroxylase. Further studies on AA effects are in 
progress. 
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Abstract—The conjugation of 4-methylumbelliferone, p-nitrophenol and o-aminophenol in isolated rat 
liver cells was studied. It was found that for maximum sulphate conjugation to take place a very high 
sulphate concentration (S50 mM) was needed, indicating that the rate limiting step may be the formation 
of ‘active sulphate’. Under these conditions only a slight increase in the giucuronide/sulphate ratio with 
increasing substrate concentration was seen. Inducers of drug metabolism, PCB and phenobarbital, 
increased only glucuronidation. PCB was also found to cause qualitative changes in the metabolism of 


4-methylumbelliferone. 


Before being excreted from the body, many com- 
pounds, both exogenous and endogenous, are con- 
jugated. Glucuronidation is quantitatively the most 
important conjugation reaction and has been studied 
extensively [1, 2]. However, many of the compounds 
that are glucuronidated are also sulphated [3, 4], and 
thus these two reactions compete for the same sub- 
strates. The affinity of the enzymes for the substrate, 
the polarity of the substrate and the availability of 
cofactors are among the factors that influence the 
relative amounts of glucuronidation and sulphation. 

The enzyme catalysing glucuronidation, UDP-glu- 
curonosyltransferase (UDPGT, EC 2.4.1.17) is a 
microsomal enzyme [1], whereas the sulphotrans- 
ferases (ST, EC 2.8.2) are soluble enzymes [4]. Most 
of the studies on UDPGT have been done with 
microsomes, which eliminates the contribution of 
sulphation. In the present work the relationship 
between sulphation and glucuronidation was studied 
under physiological conditions, in intact liver cells. 
Cells were isolated from control, PCB-and PB- 
treated rats. 


METHODS 


Rats. Male Wistar rats, weighing 250-350 g, were 
used. They were fed on a standard laboratory diet. 
Rats treated with polychlorinated biphenyl! (PCB) 
received an i.p. injection of Clophen A-50 (54 per 
cent w/w chlorinated biphenyl) dissolved in corn oil 
at 20mg/ml (100 mg/kg body wt); control rats 
received corn oil only. The rats were used 24 weeks 
after the injection [5]. Phenobarbital (PB)-treated 
rats were given four daily i.p. injections of 80 mg/kg 
body wt [6] and were used the day after the last 
injection. 

Isolation of cells. Liver cells were isolated essen- 
tially according to the method of Seglen [7]. The 
liver was perfused with a Ca”* -free buffer followed 
by 0.05 per cent collagenase in a Ca** containing 
buffer. When the liver started to disintegrate the 
cells were freed with gentle rubbing and incubated 
for an additional 10 min at 37°. The cell suspension 


was filtered through gauze and centrifuged at 50 g. 
The cells were washed three times with a Hepes 
buffer containing 69 mM NaCl, 5.4 mM KCl, 1.2 mM 
CaCl,, 0.64mM MgCl, 1.1mM KH,PO,, 0.7mM 
Na,SO, and 30mM Hepes at pH7.4. This same 
buffer was also used for all incubations. The viability 
of the cells was 80-90 per cent, as judged by the 
exclusion of erythrocin B. 

Conjugation of 4-methylumbelliferone. The reac- 
tion mixture contained (in a total volume of 5 ml) 
2 x 10° cells/ml, 25-150 uM 4-methylumbelliferone 
(MU) and 50 mM sulphate (K,SO,). The incubation 
was carried out for 10-30 min at 37° with gentle 
shaking and was stopped by heating at 100°. After 
centrifugation 1 ml of the reaction mixture was 
passed through a 0.5 x 11cm column of Dowex 
AG 50 W — X 8 (100/200 mesh) as described by Van 
Kempen and Jansen [8]. The column retained all of 
the MU with full recovery of 4-methylumbelliferyl- 
f-p-glucuronide (MUG) and 4-methylumbelliferyl 
sulphate (MUS) in the eluate (confirmed with stan- 
dards). Aliquots of the eluate were treated with 
either 100 units of glucuronidase or 0.2 mg of 
arylsulphatase (in the presence of 10 mM sacharo- 
lactone) in a total volume of 2 ml 0.01 N Na-acetate 
buffer, pH 5.0, for 2hr at 37°. The liberated MU 
was determined after the addition of 1 ml of 1.6M 
glycine-NaOH buffer, pH 10,35, by measuring the 
fluorescence in an Aminco spectrofluorometer with 
an excitation wavelength of 370 nm and an emission 
wavelength of 450nm. MUS was also hydrolysed 
with 0.4 N HCI for 30 min at 80° [8], and measured 
as above. Pure MUG and MUS were also used to 
confirm that there was no hydrolysis of MUS in the 
MUG determination and vice versa. Blanks included 
incubations without cells or without substrate, or 
incubations without subsequent hydrolysis. The 
activity was expressed as nmoles/min/10° cells. 

Conjugation of p-nitrophenol. The conjugation of 
p-nitrophenol (PNP) was determined by the radio- 
active method of Marniemi and Hanninen [9], with 
some modifications. Incubations were carried out for 
15-30 min at 37° in a total volume of 5 ml with 10° 
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cells/ml, 50 mM K,;SO, and 25-200 uM PNP (100 or 
200 nCi of [2, 6-'"C]-PNP). The reaction was stopped 
by heating, the precipitate removed by centrifugation 
and 1-ml samples were hydrolysed with 6-glucuron- 
idase or arylsulphatase as described above for MU 
conjugates. To the hydrolysed samples and one non- 
hydrolysed sample was added 0.1 ml of 30 per cent 
trichloroacetic acid and 1 ml of 1M Tris-maleate 
buffer, pH 6.0. The samples were extracted with 
diethylether for removal of free PNP and 1 ml taken 
for the determination of radioactivity. After addition 
of 3ml of Lumagel, the “C was counted with a 
Packard Tri-Carb scintillation counter. The non- 
hydrolysed sample gives the total conjugation, the 
arylsulphatase-hydrolysed sample the glucuronide 
conjugation and the /-glucuronidase-hydrolysed 
sample the sulphate conjugation. The total amount 
of conjugation was also determined by measuring 
the decrease in the absorbance at 410nm after 
addition of NaOH. The activity was expressed as 
nmoles/min/10° cells. 

Glucuronidation of o-aminophenol. The glucuron- 
idation of o-aminophenol (OAP) was determined 
according to the method of Hartiala and Rontu [10] 
by measuring the appearance of diazotizable amine. 
Cells at 10° cells/ml were incubated at 37° with shak- 
ing for 15-30 min in a total volume of 5 ml in the 
presence of 50mM K,SO, and 110-385 uM OAP. 
The reaction was stopped by heating and the super- 
natant fraction analysed tor diazotizable amine after 
the addition of IM TCA-IM phosporic acid, pH 2.1, 
with o-aminophenylglucuronide (OAPG) as stan- 
dard. The activity was expressed as nmoles/min/10° 
cells. 

Statistical analysis. The results are expressed as 
means + §.E. and analysed with the Wilcoxon 
matched-pairs signed-ranks test. 

Reagents. Collagenase, type IV, deoxyribonu- 
clease, type I, #-glucuronidase from bovine liver, 
type B-1, arylsulphatase and 4-methylumbelliferyl- 
f-p-glucuronide were from Sigma Chemical Co (St. 
Louis,. MO, U.S.A.), 4-methylumbelliferylsulphate 
and o-aminophenylglucuronide from Koch-Light 
(Colnbrook, Bucks, U.K.), 4-methylumbelliferone 
and p-nitrophenol from Merck (Darmstadt, 
F.R.G.), O-aminophenol from Fluka (Buchs, Switz- 
erland), sacharolactone from Pfizer (Folkestone, 
Kent, U.K.), Clophen A-50 from Bayer A.G. 
(Leverkusen, F.R.G.),  [2,6-"C]-p-nitrophenol 
(16.7 and 38.8 mCi/mmole) from ICN (Irvine, CA, 
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U.S.A.) and Lumagel from Lumac Systems (Basel, 
Switzerland). The other chemicals were reagent 
grade. 


RESULTS 


MU conjugation 


In preliminary experiments the effect of sulphate 
concentration on the conjugation of MU was studied 
using high (100 or 150 uM) MU concentrations. It 
turned out that the sulphate concentration of the 
buffer (0.7 mM) was not enough to support maxi- 
mum sulphation, but that a rather high concentration 
was needed. Thus 50 mM sulphate was used for the 
incubations, because it did not inhibit glucuronide 
formation, but gave optimum sulphation. Although 
this seems a very high concentration, even raising 
the sulphate concentration to 100 mM did not have 
inhibitory effects on either glucuronidation or sul- 
phation, indicating that there were no adverse effects 
on the cells in this respect. 

Under these conditions the glucuronide and sul- 
phate conjugation reactions were linear for at least 
40 min with 10° cells/ml and proportional to cell 
concentration up to 5 x 10° cells/ml for 30 min. How- 
ever, when the formed MUS was determined using 
arylsulphatase hydrolysis the amount of MU liber- 
ated was not proportional to the amount of MUS 
formed. As the amount of reaction mixture in the 
hydrolysis incubation increased, the amount of lib- 
erated MU levelled off. This was not seen in HCl 
hydrolysis, and thus either HCI hydrolysis or both 
were used in subsequent experiments. 

Conjugation patterns at various MU concentra- 
tions. The relative affinity and capacity of the liver 
cells for sulphation and glucuronidation was studied 
by incubating the cells in the presence of 50mM 
sulphate at MU concentrations from 25 to 150 uM. 
As shown in Table 1, the amount of MUS formed 
remained relatively constant over this range, indi- 
cating that the sulphotransferase is saturated at low 
concentrations. The amount of MUG, on the other 
hand, showed a slight increase with increasing sub- 
strate concentration and was saturated at about 
125 uM. Thus the MUG/MUS ratio was 0.65 at 25 uM 
MU and 0.90 at 150 uM—a significant increase (P 
< 0.001). However, if the MUG/MUS ratio was 
determined at the low sulphate concentration 
(0.7 mM) it increased much more with increasing 
MU concentration, as shown in the figure. This was 


Table 1. Formation of MUS and MUG at different substrate concentrations in hepatocytes 
from control rats* 





Substrate 


nmoles/min/10° cells 


MUG/MUS 





concentrationt 
MUS 


MUG ratio 





0.62 + 0.07 
0.69 + 0.07 
0.63 + 0.08 
0.69 + 0.07 
0.66 + 0.06 


0.43 + 0.08 
0.58 + 0.09 
0.50 + 0.11 
0.54 + 0.11 
0.62 + 0.08 


0.65 + 0.08 
0.85 + 0.12 
0.75 + 0.10 
0.79 + 0.13 
0.90 + 0.09% 





* The values are given as means + S.E. 
+ The concentration of K,SO, was 50 mM. 
+ The MUG/MUS ratio is significantly higher (P < 0.001) at 150 uM MU than at 25 uM. 





Conjugation reactions in rat liver cells 
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1 
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uM MU 


Fig. 1. The MUG/MUS ratio at different concentrations 
of MU in the presence of low (0.7 mM, () or high (50 mM, 
A) K,SO, concentrations. Isolated hepatocytes from con- 
trol rats were incubated at 2 x 10° cells/ml and the formed 
conjugates determined as described in Methods. 


due to a lower sulphation rather than increased glu- 
curonidation and was more prominent at higher MU 
concentrations. 

Effect of PB treatment on the conjugation of MU. 
Table 2 presents the results with liver cells from PB- 
treated rats. PB treatment increased the glucuroni- 
dation by 36 per cent (at 150 uM MU), but had little 
effect on the formation of MUS. Thus the 
MUG/MUS ratio was much higher with PB cells, as 
can be seen at all substrate concentrations. 

Effect of PCB treatment. Table 3 shows the effect 
of PCB treatment on the glucuronidation of MU. 
There was an increase in the amount of MUG formed 
at all substrate concentrations, but the difference 
was fairly small and there also was more variability 
in the results than with control cells. At saturating 
concentrations of MU (150 uM) there is a 39 per 
cent increase as compared to control cells (the dif- 
ference is statistically significant, P< 0.05). The 
quantitation of MUS was not possible since the cells 
formed some highly fluorescent compound(s) that 
were hydrolysed by arylsulphatase and HCl. The 
unhydrolysed ‘blank’ samples gave higher fluor- 
escence than the hydrolysed samples. 

The unknown compound that was formed by the 
PCB-treated rat hepatocytes seems to be a sulphate 
conjugate. It was hydrolysed under the same con- 
ditions as the regular MUS, i.e. with sulphatase and 
with acid, but was not hydrolysed by /-glucuroni- 
dase. In contrast to MUS, its fluorescence decreased 
upon hydrolysis. The formation of this metabolite 
was dependent on the presence of sulphate, MU and 
cells, and its formation was proportional to both 
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Table 3. Effect of PCB treatment of rats on the glucuron- 
idation of MU in isolated liver cells* 





Substrate nmoles/min/10° cells 
concentration 


(uM MU)? 





Control PCB 





25 3 0.42 + 0.07 
50 0.56 + 0.09 
75 0.41 + 0.17 
160 0.57 + 0.08 
150 0.53 + 0.10 


0.62 + 0.06 
0.82 + 0.10 
0.73 + 0.24 
1.00 + 0.21 
0.87 + 0.21 





* The values are given as means + S.E. 

+ The concentration of K,SO, was 50 mM. 

¢ The increase is significant (P< 0.05) only at higher 
MU concentrations. 


time and cell concentration. Its formation was satu- 
rated at about the same substrate concentrations as 
that of MUS. In thin layer chromatography (with 
ethyl acetate-methanol—water as solvent) the prod- 
uct moved with about the same R; value as MUS. 
When the incubation was carried out in the presence 
of K,°SO, the fluorescence and radioactivity 
coincided on t.l.c. 


Conjugation of p-nitrophenol 


Conjugation of PNP at various substrate concen- 
trations. As with MU, the relative amount of sul- 
phation and glucuronidation was dependent on the 
concentration of PNP (Table 4). The amount of p- 
nitrophenol sulphate (PNPS) did not increase when 
the substrate concentration was increased from 25 
to 100 uM, whereas the amount of glucuronide 
increased significantly (P < 0.005). This gave an 
increase in the PNPG/PNPS ratio from 0.78 to 1.20 
(statistically significant, P < 0.005). When the sub- 
strate concentration was 150 uM or more, there often 
was a considerable decrease in the conjugation, 
indicating a substrate inhibition or toxic effect on the 
cells (shown for PCB cells in Table 4). The sum of 
PNPG and PNPS was slightly lower than the total 
conjugation measured either with the radioactive 
method or spectrophotometrically (latter not shown, 
but gave similar results to the former). 

Effect of PCB treatment on PNP conjugation. 
Table 4 also shows the effect of PCB treatment on 
the conjugation of PNP. The rate of sulphation is 
about the same as in control cells, but the glucuron- 
idation is significantly higher (at 100 uM P < 0.05) 
and thus the PNPG/PNPS ratio is almost double in 
the cells from PCB-treated rats. This effect is seen 
at all substrate concentrations. 


Table 2. Effect of phenobarbital treatment of rats on the conjugation of MU in isolated liver cells* 





Substrate MUG (nmoles/min/10°cells) 


MUS (nmoles/min/10° cells) MUG/MUS 





concentration 


(uM MU)? n PB 


Control 


PB Control PB 


Control 





0.65 + 0.32 
0.83 + 0.40 
1.01 + 0.28 


0.36 + 0.17 
0.54 + 0.15 
0.74 + 0.07 


25 4 
75 3 
150 4 


0.65 + 0.32 
0.43 + 0.11 
).68 + 0.09 


0.52+0.12 1.06 + 0.30 
0.89 + 0.04 1.75 + 0.46 
1.06+0.15 1.58 + 0.44 


0.59 + 0.21 
0.60 + 0.16 
0.73 + 0.05 





* The values are given as means + S.E. 
+ The concentration of K,SO, was 50 mM. 
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Table 4. Formation of PNPG and PNPS in isolated liver cells from control and PCB-treated rats at various concentrations 
of p-nitrophenol* 





nmoles conjugate formed/min/10° cells 


Substrate 
concentration 
(uM PNP)+ 





Total PNPG PNPS PNPG/PNPS 





Control cells 
25 0.82 + 0.05 
50 1.26 + 0.29 
100 1.20 + 0.21 
PCB-treated cells 
25 
50 
100 
200 


0.33 + 0.02 
0.57 + 0.16 
0.64 + 0.13 


0.46 + 0.04 
0.57 + 0.09 
0.38 + 0.04 


0.78 + 0.09 
0.86 + 0.16 
.20 + 0.214 


0.47 + 0.04 
0.84 + 0.07 
0.74 + 0.13§ 
0.19 + 0.01 


0.37 + 0.02 
0.42 + 0.08 
0.45 + 0.04 
0.18 + 0.06 


.35 + 0.16 
.41 + 0.27 
.29 + 0.31 
.26 + 0.30 


I+ I+ I+ I+ 





* The results are given as means + S.E. 
+ The concentration of K,SO,4 was 50 mM. 


t The ratio is significantly higher at 100 uM PNP than at 25 uM both in control and PCB-treated rats (P < 0.005). 
§ PCB increases the total metabolism (P < 0.025) and glucuronide conjugation (P < 0.05). 


OAP conjugation 


Table 5 shows the glucuronidation of OAP in 
control and liver cells from PCB-treated rats. Here, 
adding sulphate seems to decrease the glucuroni- 
dation slightly, but sulphation was not measured. 
PCB causes an increase in the glucuronidation; the 
effect is seen at all substrate concentrations, and is 
more marked than with either MU or PNP as 
substrate. 


DISCUSSION 


The sulphation of phenolic compounds (both 
endogenous and exogenous) has been much less 
studied than the glucuronidation, even though the 
ability to form sulphate esters is widespread in nature 
[4]. Sulphation has been considered to be of minor 
importance due to a limited capacity. Many inves- 
tigations, both in vivo and in vitro [11-15], indicate 
that glucuronidation becomes more important as the 
amount of substrate increases, but the effect varies 
with the drug and the conditions. There are also 
indications that the limiting factor may not be the 
sulphotransferase reaction per se, but rather that the 
amount of inorganic sulphate may be of importance. 
Both glucuronidation and sulphation need cofactors 
that are synthesized in energy requiring reactions, 
and thus factors other than the affinity and capacity 
of the enzyme must influence the conjugation reac- 


tions. Wiebkin et al. [16] studied the effect of metab- 
olic inhibitors on the conjugation reactions and found 
that together with decreasing the level of ATP they 
also decreased the amount of conjugation. Sulpha- 
tion was slightly more sensitive than glucuronidation 
to dinitrophenol. 

The present study used very high concentrations 
of sulphate in the incubation mixture (50 mM). This 
is far above the physiological concentration, which 
is about 0.5-0.8 mM for rat [11], but not enough for 
optimum sulphation. The high sulphate concentra- 
tion may have adverse effects on some cellular func- 
tions, but since both glucuronidation and sulphation 
were linear for at least 1 hr these reactions as well 
as the generation of cofactors were unaffected. The 
glucuronidation of both MU and PNP increased 
more than the sulphation with increasing substrate 
concentration, but the effect was less than 2-fold and 
also somewhat variable. These results differ quan- 
titatively from those of Orrenius and coworkers 
[14,15], who report a 10-fold increase in the 
PNPG/PNPS ratio and a 20-fold increase in the 
MUG/MUS ratio when the concentration of sub- 
strate increased from 25 to 200 uM in an incubation 
with isolated rat liver cells. They also found fairly 
large effects with other substrates. Besides the high 
sulphate concentration used in this study the differ- 
ences may also be due to other differences in the 
incubation conditions and species of rat (Wistar vs 


Table 5. o-Aminophenol glucuronidation in hepatocytes from control and PCB-treated 
rats* 





Substrate 
concentration 


(uM OAP) K,SO, (mM) 


(nmoles OAPG/min/10° cells) 





Control n PCB 





110 
110 
220 
220 
385 
385 


0.81 + 0.08 
0.72 + 0.08 
1.12 + 0.10 


1.92 + 0.54+ 





* The results are given as means + S.E. 


+ PCB treatment increases glucuronidation of OAP (P < 0.05). 





Conjugation reactions in rat liver cells 


Sprague-Dawley). However, Minck et al. [17] have 
measured the conjugation of PNP in isolated per- 
fused rat liver over a substrate range of 25 to 100 uM. 
Both glucuronidation and sulphation increase and 
the PNPG/PNPS ratio goes from 0.64 to 1.54, which 
is closer to that found in this study. Hamada and 
Gessner [18], on the other hand, also using perfused 
rat liver, reported a constant glucuronidation rate 
at substrate concentrations from 25 to 500 uM, 
whereas the sulphation showed two phases, a faster 
one at low PNP and a slower one at higher PNP, 
giving PNPG/PNPS ratios of 2.7 and 4.3, respec- 
tively, also much lower than the ratios of Orrenius 
et al. 

The rates found in the present study for sulphation 
of MU and PNP are close to those found by Orrenius 
et al. [15], but the glucuronidation rates are between 
the low and high substrate rates found by them. The 
glucuronidation rate found by Hamada and Gessner 
[18] with PNP as_ substrate converts to 
0.22 nmoles/min/10° cells (using Seglen’s [7] value of 
19.4 x 10’ hepatocytes/g liver) which is close to the 
one of this study, but their sulphation rate is slightly 
lower. The total conjugation of PNP was found to 
be slightly higher than the sum of PNPG and PNPS. 
This may be due to the formation of PNP-glucoside, 
which has also been shown in liver perfusions [17, 
18]. 

The high sulphate concentration was found to 
decrease the glucuronide/sulphate ratio in this study. 
Biich et al. [12], in an in vivo experiment, found that 
the amount of sulphate has an effect on the conju- 
gation pattern. They injected N-acetyl-p-amino- 
phenol into rats and measured the excreted conju- 
gates. When Na,SO, was injected together with the 
drug, there was a significant increase in the amount 
of sulphated drug. Similarly, Mulder and Keulemans 
[19] found that the ratio between harmol glucuronide 
and harmol sulphate decreased from 9 to 2 when 
1.3 mM sulphate was added to the perfusion medium 
in a liver perfusion. Without added sulphate the pool 
soon became exhausted. With o-aminophenol as sub- 
strate only the glucuronidation was measured. High 
sulphate was found to decrease the glucuronidation, 
as has been observed earlier in liver slices [20]. The 
effect is due to sulphate conjugation, and is not a 
direct effect of sulphate [20]. 

The effect of sulphate is somewhat difficult to 
interpret, as it may not be the sulphate conjugation 
that is affected directly, but the synthesis of active 
sulphate, 3’-phosphoadenosine-5’-phosphosulphate 
(PAPS) [4, 21]. This pool is apparently very small, 
and the synthesizing enzyme has a high K,,, value for 
sulphate (1.3 mM) [4]. Thus the pool of PAPS may 
be depleted when the demand for conjugation is 
high, especially at low sulphate concentrations. 

PB treatment caused an increase in the glucuron- 
idation of MU when calculated on a cell number 
basis, as was also found by Andersson et al. [14], 
but there was no effect on the sulphation. Bock and 
Frohling [22] also found an increase in the glucu- 
ronidation of L-naphthol in perfused rat liver with 
a slight decrease in sulphation (calculated per g 
liver). PB has also been shown by others [23, 24] to 
increase glucuronidation. Biich et al. [12] found an 
increase in the in vivo sulphation of N- acetyl-ami- 
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nophenol by PB, if measured after injection of 
inorganic sulphate. 

PCB treatment also increased glucuronidation in 
the present study with all three substrates, MU, PNP 
and OAP. The sulphation of PNP was not affected. 
There are few studies on the effect on sulphation, 
but Gessner and Hamada [18] report an increase in 
both the glucuronidation and sulphation of PNP in 
livers from 3-methylcholanthrene-treated rats. 
Andersson et al. [14] have found an increase in the 
conjugation of 2-napthol, but consider it to be due 
only to an increase in glucuronidation. The effect of 
PCB on the sulphation of MU in the present study 
is difficult to interpret because there are also qual- 
itative changes. It seems likely that PCB, which is 
known to increase mixed function oxidases [5], 
causes hydroxylation of MU, and that this new 
hydroxyl group is then sulphated. Such a change in 
metabolic pattern has been observed with e.g. 
biphenyl—liver cells from control rats metabolize it 
mainly to 4-OH-biphenyl, but 3-methylcholanthrene 
pretreatment causes also 2- and 3-hydroxylation, and 
these groups are then conjugated [25]. 
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Abstract—Using “Ca, the binding of Ca to phospholipid monolayers was determined by means of an 
endwindow Geiger counter. Phosphatidylserine, phosphatidylethanolamine and phosphatidylinositol 
accumulated Ca dependent upon the pH of the aqueous subphase, whereas no binding of Ca to 
phosphatidylcholine monolayers could be detected. The presence of cationic amphiphilic drugs decreased 
the Ca binding in a dose-dependent manner. The potencies of 30 drugs for replacing Ca are given in 
IDsp Values. From the results it is concluded that a protonated nitrogen is necessary for competition with 
Ca for binding sites at lipid monolayers; the potency for replacing Ca is, however, determined by the 
hydrophobicity of the molecule. It is believed that the procedure applied provides information on the 


interaction of amphiphilic drugs with biomembranes. 


Cationic amphiphilic compounds possess the tend- 
ency to interact with polar lipids. As many drugs 
belong to this group of agents, the interaction seems 
to be of significance from at least two pharmaco- 
logical aspects: 

(1) the drug-induced lipid storage disease; 

(2) drug accumulation at water-lipid interphases 
of cellular membranes, the consequence of which 
might be nonspecific alterations of membrane 
functions. 

A simple way to investigate drug-—lipid interaction 
is to use lipid monolayers. Changes of surface pres- 
sure [1-4], surface potential [S—7] or of binding of 
calcium by monolayers [2, 3, 8-10] have been meas- 
ured to characterize the drug—lipid interaction. In 
the present study a number of cationic amphiphilic 
drugs were investigated with respect to their affinities 
towards different phospholipids. Various agents 
from therapeutically different groups were 
employed, such as local anaesthetics, /-blockers, 
psychotropic drugs and anti-anginal drugs. The 
selection of compounds was made particularly 
according to whether or not they (a) can exert 
unspecific cardiodepressive effects, and (b) can 
induce lysosomal lipid storage [11-13]. The results 
suggest that the replacement of calcium from lipid 
monolayers is a useful parameter for measuring the 
potency of cationic amphiphilic drugs at interacting 
with polar lipids under physiological conditions. 


METHODS 


The radiation of an isotope can be measured on 
an indefinite thin layer if the radiation is of low 
energy, that is when only disintegrations occurring 
at the surface are detected, whereas those below the 
surface are lost by absorption. “Ca fulfills this 
requirement and thus provides the possibility for 





*N-tris (hydroxymethyl)-methyl-2-amino-ethanesulfonic 
acid. 


observation of concentration changes occurring at 
the surface of an aqueous solution by lipid mono- 
layers. Therefore, we determined the radioactivity 
of an aqueous *°Ca-solution before and after spread- 
ing polar lipids on the surface. The difference was 
taken as a measure of Ca binding by the lipid. The 
determinations were repeated in the presence of 
different concentrations of various drugs to establish 
dose-response curves indicating the ability of the 
drugs to replace calcium from the lipid layer. 

The aqueous phase consisted of a 2mM TES*- 
histidine buffer adjusted to the desired pH (range 
5.0-10.0) by NaOH and HCI. The Ca concentration 
in all experiments amounted to 1.2 x 10°°M. Tracer 
amounts of “Ca were added to give a specific activity 
of about 14 Ci/mole in the solution. The temperature 
was kept constant at 24°. 

Four phospholipids were investigated with respect 
to Ca binding ability, i.e. phosphatidylserine (PS), 
phosphatidylcholine (PC), phosphatidylethanolam- 
ine (PE) and phosphatidylinositol (PI), all purchased 
from Sigma Chemical Co. (Miinchen, F.R.G.). The 
lipids were dissolved in chloroform and placed on 
the aqueous surface to yield a surface pressure of 
10-12 mN m“'. 

The “Ca radiation was determined by a methane 
flow tube with an endwindow (0.9 mg/cm’, diameter 
6.7cm) directly placed above the surface. A gas- 
tight sample exchanger warranted the exact position 
of the planchettes below the tube (Frieseke & Hoepf- 
ner, Erlangen, F.R.G.; electronic equipment from 
Berthold, Wildbad, F.R.G.). Under the given con- 
ditions, the yield amounted to about 7000 cpm from 
the aqueous solution, and increased to a maximum 
of about 14,000 when a lipid monolayer was spread 
on the surface. Thus, about 7000 cpm were available 
for measuring the calcium-replacing effects of the 
drugs. 

To estimate the absolute amount of calcium pres- 
ent in the surface layer, the system was standardized 
by samples of known specific activities [9]. The 


2969 





H. LULLMANN, H. PLOSCH and A. ZIEGLER 





B gs 





+ 


107? 107° 


- 


107* 107? 107? [M] 


Fig. 1. Displacement of calcium from phosphatidylserine monolayers by dibucaine (—O—), tetracaine 
(—O—,) and procaine (—W—). Ordinate: Percentage of “Ca displaced, 100% refers to complete 
displacement; abscissa: molar concentrations of drugs. Symbols represent means + S.E. (N = 6). 


amount of calcium bound to the lipid layer could, 
therefore, be expressed as moles Ca/moles lipid. The 
drug effects are given as IDs values obtained from 
the dose-response curves indicating the concentra- 
tion which displaces 50 per cent of the calcium bound 
by the lipid layer. Since all dose-response curves 
obtained were parallel, as demonstrated for three 
local anaesthetics in Fig. 1, IDs) values were sufficient 
to characterize the affinity of the drugs in question. 


RESULTS 


pH dependence of Ca binding. The Ca accumu- 
lation by lipid monolayers as a function of pH of the 
aqueous phase is depicted in Fig. 2. PC was not 
included because Ca binding could not be detected 
over the entire pH range. The Ca binding of PE, PI 


mol Ca/ mol PL 


0,4 





and PS increased with increasing pH. The lowest Ca 
binding capacity was found with PE, increasing from 
about 0.03 to 0.2 moles Ca/moles lipid in the pH 
range. PI reached a plateau at a pH 6.5 amounting 
to 0.3 moles Ca/mole PI. The pH curve obtained 
with PS suggests the presence of two steps at 6.5 and 
9.0, respectively. At physiological pH the binding 
capacity of PS was about 0.28 moles Ca/moles at a 
Ca concentration of 1.2 x 10~°M in the subphase. 
Drug effects on Ca binding at pH 7.5. In Figs. 3a 
and b, the IDs) value of drugs belonging to certain 
groups are depicted. As a rule, the highest drug 
concentrations were required with PS monolayers 
and the lowest drug concentrations were needed with 
PE monolayers to replace equal amounts of Ca; 
PI took an intermediate position. Among the local 
anaesthetics, procaine was the compound with the 





a. 





Fig. 2. Binding of calcium by phospholi 
phase (abscissa). Ordinate: bound * 


8 9 10 pH 


pid (PL) monolayers dependent upon the pH of the aqueous 
°Ca expressed as molar ratio. Phosphatidylethanolamine 


(—O—), phosphatidylserine (—A—) and phosphatidylinositol (—O—). Symbols represent means + 
S.E. (N = 6). 
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Fig. 3. Concentration of drugs replacing 50 per cent calcium (IDs9) bound to phospholipid monolayers. 

The length of the horizontal columns indicates the affinity of the drugs (abscissa) to phosphatidylserine 

(open columns), phosphatidylinositol (hatched columns) and phosphatidylethanolamine (dark columns). 

The drugs are listed according to the group to which they belong: local anaesthetics, cholinolytics, B- 
blockers, psychotropic drugs and cardiac drugs. 


lowest affinity and dibucaine that with the highest 
affinity, the difference between the two drugs 
amounting to about 100-fold. A similar difference 
was found between the two f#-blocking agents aten- 
olol and propranolol, metoprolol taking an inter- 
mediate position (Fig. 3a). Only slight differences 
were obtained in the group of psychotropic drugs, 
the IDs) values of which lay in the range of 3 x 
10-5 and 3 x 10°*M for chlorpromazine, iprindol, 
1-chlor-amitriptyline, amitriptyline and imipramine. 
Among the cardiac drugs, _ perhexeline 
possessed a remarkable affinity to PI and PE (iDs 
of 6-7 x 10-°M), amiodarone, verapamil and quin- 
idine displayed lower affinities (Fig. 3b). 





All drugs investigated at pH 7.5 are summarized 
in Table 1, which presents the IDs) values of Ca 
replacement for PS, PI and PE, the logarithm of the 
octanol/water coefficient, and pK, values. 

PH dependence of drug effects. Most of the drugs 
under study possess pK, values >7. For the sake of 
comparison we tested a few of them at pH 7.5 and 
9.5. As shown in Fig. 4 for procaine (pK, 8.9) and 
for dibucaine (pK, 8.8), higher concentrations of the 
compounds were required to replace 50 per cent of 
the PS-bound Ca at pH 9.5 than at 7.5. This is in 
favour of the assumption that only the protonated 
form of the molecules is able to compete for the 
bound Ca. In order to obtain further support we 
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Fig. 4. Concentration of two local anaesthetics replacing 50 per cent of the bound calcium at two 
different pH values. Open columns: pH 7.5, dark columns: pH 9.5. Phosphatidylserine (PS) above, 
phosphatidylinositol (PI) below. 
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Table 1. Investigated drugs, IDsp to replace Ca from PS-, PI- and PE-monolayers; the respective partition 
coefficients and pK, values 





IDso 


Partition 
coefficient 





PS PI 


Compound x 10°M x 10°M 


x 10°M 
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* Calculated according to formula of Leo et al. [17]. 

+ The distribution coefficient of quinidine is assumed to be equal to that of quinine and that of.2- 
aminopyridine to be equal to that of 3-aminopyridine. 

t According to product information given by the manufacturer. 
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Fig. 5. Concentration of three isomeric aminopyridines 

possessing different pK, replacing 50 per cent of Ca bound 

to phosphatidylserine monolayers at pH7.5 (open col- 

umns). The dark columns resulted when corrected for the 

actual concentration of the protonated form. pK, for 4- 

aminopyridine, 9.25; for 3-aminopyridine, 6.95; and for 2- 
aminopyridine, 6.0. 


studied three closely related compounds with dif- 
ferent pK, values, i.e. 4-aminopyridine (pK, 9.25), 
3-aminopyridine (pXK,6.95) and 2-aminopyridine 
(pK, 6.0). At pH 7.5 the potency of the isomers for 
replacing Ca from PS ranged from 3 x 10°°M to 
7 x 10°°M (Fig. 5). If the total concentration was 
corrected for the protonated species, the three iso- 
mers became equally potent, again suggesting that 
only the charged form is active with respect to 
replacement from polar lipids. 


DISCUSSION 


The actual amount of Ca which is bound to lipid 
monolayers depends on the Ca concentration of the 
subphase. This explains the differing data reported 
in the literature (10°*M Ca, Ref. 2; 8 x 10°°M Ca, 
Ref. 9; 10°’M Ca, Ref. 3). The present results 
obtained with an intermediate concentration are in 
line with the published figures. Similarly, the potency 
of drugs for replacing Ca from lipid monolayers is 
essentially influenced by the actual Ca concentration, 
the apparent potency increasing with declining Ca 
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Fig. 6. Relationship between the IDsp values (ordinate) representing the efficiency for displacing Ca 

from PS-monolayers and the partition coefficients (octanol/water) for 26 compounds (abscissa). The 

line is the regression obtained when using log values for both parameters. The numbering corresponds 
to that given in Tabie 1. 


concentrations [3, 14, 15]. This implies that using 1Dso 
values of drugs as a measure of their ability to com- 
pete with Ca for binding sites at lipids is only valid 
for defined conditions. Irrespective of these limita- 
tions, the order found for different compounds is 
indicative of their relative affinities to the Ca binding 
sites at lipid monolayers. 

Our results suggest that the protonation of the 
amine group is the prerequisite for an interaction 
with the Ca binding site in polar lipids; the affinity, 
however, is determined by the hydrophobicity of the 
drug molecules. This can be demonstrated by a plot 
of the log IDs» values obtained for PS vs the logarithm 
of the partition coefficient octanol/water of the free 
bases (Fig. 6). A reasonable correlation is obtained 
indicating that a 100-fold increase of the hydropho- 
bicity leads to an almost 10-fold increase of the 
affinity. The same holds true for the two other lipids 
as can be taken from the regression lines: 


for PS, log IDs) = —0.49 log p — 2.32, r = 0.90; 
for PI, log IDs) = —0.48 log p — 2.67, r = 0.93; 
for PE, log IDs) = —0.54 log p — 2.60, r = 0.90. 


As mentioned in the introductory section, the 
cationic amphiphilic drugs are of particular interest 
with respect to two pharmacological side effects: the 
lipid storage disease occurring upon chronic treat- 
ment and the unspecific cardiodepressive effects. 
According to our experience, the IDs») values reported 
above, taken as an indicator for the affinity of drugs 
to phospholipids, correlate fairly well with the 
potency of the drugs for inducing a lysosomal accu- 
mulation of polar lipids; at least if the simple system 
of cultured cells is considered, a system which is 
devoid of superimposed processes such as metabolic 
alteration of drug molecules [16]. Furthermore, there 
is an obvious correlation between the IDs» values and 


the acute cardiodepressive action of a number of 
drugs investigated, such as local anaesthetics, f- 
blockers and psychotropic drugs. 

In conclusion, the determination of “Ca replace- 
ment from phospholipid monolayers by cationic 
amphiphilic drugs provides a simple tool to estimate 
the affinity of the compounds to polar lipids. These 
estimates allow tentative predictions concerning the 
potencies of compounds for accumulating in bio- 
logical membranes and thus exerting unspecific 
effects. Furthermore, tentative predictions can be 
made concerning the potency for inducing a lipid 
storage disease which is the consequence of a direct 
drug-lipid interaction within the lysosomes [12]. 
Finally, it should be mentioned that the experimental 
procedure does not require radioactively labelled 
drugs. 
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Abstract—Two mechanisms for the toxic actions of 1,2-dibromoethane have been postulated, both of 
which involve biotransformation. The first is oxidation to 2-bromoacetaldehyde, a highly reactive 
substance, the second a possible direct conjugation to glutathione, giving rise to a reactive half-mustard. 
It was the purpose of this investigation to determine to what extent these two reactive species are 
responsible for the mutagenicity of 1,2-dibromoethz 1e. To assess quantitatively the importance of the 
conjugation to glutathione in vivo, rats were admia istered single doses of 1,2-dibromoethane; 30-55 
per cent of the dose was excreted as mercapturic acid. The conjugation of 1,2-dibromoethane to 
glutathione was also studied in vitro. Specific activities of the metabolizing systems used in the 
mutagenicity experiments were determined. The mutagenicity of 1,2-dibromoethane towards Salmonella 
typhimurium TA100 was considerably enhanced by the addition of 100,000 g supernatant fraction, 
whereas the addition of microsomes had no effect, indicating that the primary glutathione adduct is 
responsible for the mutagenic effect. As a model for the mutagenic intermediate, S-2-bromoethyl-N- 
acetyl-cysteine methyl ester was synthesized. This proved to be a very reactive and highly mutagenic 
compound, which can be further metabolized and thereby detoxified by glutathione conjugation. A 
similar phenomenon is likely to occur in the mutagenicity test with 1,2-dibromoethane, where after an 
initial rise in the number of mutants with increasing amounts of glutathione, the number of mutations 
decreases again. These results clearly indicate that glutathione conjugation plays an important role in 


the mutagenicity of 1,2-dibromoethane. 


1,2-Dibromoethane (DBE)? is widely used as an 
insecticide, nematocide, fungicide and gasoline 
additive [1]. A number of adverse effects of this 
compound have been reported, notably its muta- 
genicity towards bacteria [2] and carcinogenicity 
towards rats and mice [3]. Although its biotransfor- 
mation pathways have been studied quite exten- 
sively, quantitative data are scarce [4-7]. Glutathi- 
one S-transferases seem to play an important role, 
giving rise to mercapturic acids [4] and, in vitro, to 
glutathione adducts [7], double glutathione adducts 
[7] and ethylene [8]. 

Opinions differ as to the identity of the species 
giving rise to mutagenic and carcinogenic effects. 
There are indications that the ultimate reacting 
species is 2-bromoacetaldehyde, supposedly formed 
via the mixed function oxidase system |¥—1U}. 
Recently, however, evidence was obtained that the 
GSH-S-transferases might be involved in the for- 
mation of the reactive intermediates from 1,2-dihal- 
ogen compounds. This has been shown for 1,2-dich- 
loroethane [11] and _ cis-1,2-dichlorocyclohexane 
[12]. Particularly in the latter case, evidence was 
presented for the formation of mustard-type inter- 
mediates in which the sulfur atom of the initially 
formed conjugate reacts intramolecularly to give a 





+ Abbreviations used: GSH, glutathione; DBE, 1,2- 
dibromoethane; DMSO, dimethylsulfoxide. 


thiiranium ion by eliminating the halogen from the 
neighbouring carbon atom. 
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It was the purpose of this investigation to ascertain 
the role of conjugation to GSH in the mutagenicity 
of DBE, compared to a possible activation via oxi- 
dation. Firstly, the importance of the mercapturic 
acid pathway in the metabolism of DBE was studied 
quantitatively in vivo in rats. Secondly, the conju- 
gation of DBE to GSH was studied in vitro to define 
the GSH-S-transferase activity of the enzyme prep- 
arations used in the mutagenicity experiments that 
were performed. Thirdly, mutagenicity of DBE was 
tested towards Salmonella typhimurium TA100 in 
the presence of different rat enzyme preparations. 
Finally, the properties of a model compound for the 
possible reactive intermediate of DBE, S-2-bro- 
moethyl-glutathione, the methylester of S-2-bro- 
moethyl-N-acetyl-cysteine was studied. 


MATERIALS AND METHODS 


1,2-Dibromoethane. This was obtained from 
Baker Chemicals. It was purified by preparative gas— 
liquid chromatography (g.l.c.) and checked before 
use to be 99.9+ per cent pure by g.l.c. 
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S-2-Hydroxyethyl-N-acetyl-cysteine (1). To a sol- 
ution of 1.12 g (0.02 mole) KOH in 50 ml of methanol 
was added 1.63g (0.01 mole) N-acetyl-L-cysteine. 
After 10 min stirring, a solution of 1.24 g (0.01 mole) 
bromoethanol in 25 ml of methanol and this mixture 
was refluxed for 4hr in an argon atmosphere. After 
cooling, the solution was neutralized with a dry sol- 
ution of HCl in methanol. The solvent was evapo- 
rated in vacuo and 50 ml of acetone was added to 
the residual slurry. The salts were filtered off and 
the solvent was evaporated in vacuo. The residual 
oil was dried over PO; until no H,O peak was visible 
in the NMR spectrum, yielding 82 per cent (1.7 g) 
of colorless oil. NMR: (CDCI,/CD,OD; TMS), 2.02 
(s, 3H), 2.68 (t, 2h, J = 7Hz), 2.94 (m, 2H), 3.68 
(t, 2H, J = 7 Hz), 4.56 (m, 1H). 

§-2-Hydroxyethyl-N-acetyl-cysteine methylester (2). 
The reaction was performed as described for (1). 
Instead of neutralizing the reaction mixture, it was 
acidified with HCI in methanol and stirred for 15 min. 
Then the solution was brought to pH 4-5 with a 
solution of sodium methanolate in methanol, the 
salts filtered off and the solvent evaporated in vacuo 
to give 2 g (90 per cent) of a pale yellow oil. NMR: 
(CDCI1;, TMS), 2.04 (s, 3H), 2.78 (t, 2H, J = 7 Hz), 
2.90 (m, 1H, disapp. on add. of D,O), 3.04 (d, 2H, 
J = 6Hz), 3.82 (s, 3H), 3.84 (t, 2H, J = 7 Hz), 4.80 
(m, 1H), 6.86 (m, 1H). ms: 221 
(m, +), 203 (45%), 189 (5%), 171 (10%), 162 (20%), 
144 (100%). 

S-2-Bromoethyl-N-acetyl-cysteine methylester (3). 
Compound (2) [1g (4.5 mmoles)] was dissolved in 
a concentrated solution of HBr in methanol and 
stirred for 30min. The solvent was evaporated in 
vacuo and the residue purified over a silica gel col- 
umn with ethylacetate as eluent, yielding 0.6g (47 
per cent) of a white crystalline solid, m.p. 47-49° 
NMR: (CDCI,, TMS), 2.04 (s,3H), 2.90 (t,2H, J 
=7 Hz), 3.00 (d, 2H, J=6 Hz), 3.44 (t, 2H, J=7 Hz), 
3.76 (s, 3H), 4.80 (m, 1H), 6.70 (m, 1H). ms= 283- 

84 (0.5%), 224-226 (10%), 204 
(85%), 182-184 (20%), 176 (30%), 167 (25%) 145 
(100%). 

S-Benzyl-N-acetyl-cysteine (4). The reaction was 
performed as described for (1) yielding 85-95 per 
cent of a white crystalline solid, m.p. 138-139° NMR: 
(CDC1,/CD,OD), 1.98 (s, 3H), 2.88 (d, 2H, J=6Hz), 
3.70 (s, 2H), 4.64 (t, 1H, J = 6Hz), 7.22 (s, SH). ms= 
253 (m*, 5%), 194 (17%), 171 (10%), 91 (100%). 

Reaction of (3) with p-nitrothiophenol in water. 
Compound (3) [0.07 g (2.4 mmoles] dissolved in 5 mi 
of dry tetrahydrofuran was added to a solution of 
0.4g (2.6mmoles) p-nitrothiophenol in 15 ml of 
water (pH 6). The orange solution became pale yel- 
low in 15 min and was extracted twice with 15 ml of 
chloroform. The chloroform layer was dried on 
MgSO, and the solvent evaporated in vacuo. The 
residue was chromatographed on a silica gel column 
with ethylacetate/methanol (10:1) as eluant. The first 
fraction yielded 0.4 g of the p-nitrothiophenol adduct 
(5), (45 per cent), the second fraction 0.3 g of (2) 
formed by reaction of (3) with water. NMR (5): 
(CDCL;, TMS), 2.06 (s,3H), 2.82 (m,2H), 3.02 
(m, 2H), 3.18 (m, 2H), 3.76 (s, 3H), 4.80 (m, 1H), 
6.78 (m, 1H), 7.34 (d, 2H, J=9 Hz), 8.14(d, 2H, J = 
9 Hz). 
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Animal experiments. One millilitre of a solution 
of DBE (for doses see Fig. 2, range: 9.4-329 mg/kg) 
in arachis oil was given orally by stomach tube to 
male rats of the laboratory-bred SPF Wistar strain, 
weighing about 200 g. The rats were kept in stainless 
steel metabolism cages and urine was collected for 
24hr. The animals were fasted during the experi- 
ments, but not before, and they had free access to 
water. 

Determination of S-2-hydroxyethyl-N-acetyl-cys- 
teine in urine. Urine was freeze-dried, taken up in 
10 ml methanol-ether (2:3) and 1 ml of this solution 
was treated with an ethereal solution of diazome- 
thane, taken to dryness again and dissolved in 0.5 ml 
ethylacetate. Before freeze-drying, 1 mg of the inter- 
nal standard S-benzyl-N-acetyl-cysteine was added 
as a solution in 100 ul water. Ethylacetate solution 
(0.1 ul) was injected into a Carlo Erba 2300 gas 
chromatograph, equipped with an 8 m capillary col- 
umn, wall-coated with 5% Carbowax 20M, and a 
flame ionization detector (conditions: injection port 
225°, detector 280°, column 175°, carrier gas: hydro- 
gen). A definite identification of the mercapturic 
acid was performed using an LKB-2091-2130 (EI/CI) 
gas-liquid chromatograph—mass spectrometer—com- 
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Fig. 1. A representative g.l.c. trace of S-2-hydroxyethyl- 
N-acetyl-cysteine methylester from urine. On the right is 
a g.l.c. trace of blank urine extract. 
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ig. 2. Excretion of mercapturic acid as a function of dose. Each point represents the results obtained 
from one rat. 


puter combination, equipped with the same type of 
column. 

Enzyme preparations. Male rats of the laboratory- 
bred SPF Wistar strain weighing about 200 g were 
induced by pretreating them intraperitoneally with 
a solution of Aroclor 1254 in 0.5ml sesame oil 
(75 mg/kg), 5 days before they were killed. They 
were starved overnight and killed by cervical dislo- 
cation. The liver was perfused in situ via the portal 
vein with 0.15 M KCI, removed and washed. To 100 g 
liver 220 ml 0.15 M KC1 was added and homogen- 
ization was performed with a Potter homogenizer. 
The homogenate was centrifuged for 20 min at 9000 g. 
Part of the supernatant fraction thus obtained was 
frozen directly at —80° and kept at that temperature 
until use. Another part was centrifuged for 1 hr at 
100,000 g. The 100,000 g supernatant fraction (cyto- 
sol) thus obtained was filtered over glass wool, frozen 
at —80° and kept at that temperature. The micro- 
somal pellet was washed with 0.15 M KCI, recentri- 
fuged and suspended in 50 ml 0.15M KCl. This 
suspension was frozen at —80° and kept at that 
temperature. Cytochrome P-450 content was deter- 
mined from the CO binding spectrum [13]. Protein 
content of all fractions was determined according to 
Lowry et al. [14], using bovine serum albumin as a 
standard. All handlings were carried out at 0-S°. 

Determination of GSH-S-transferase activity. GSH- 
S-transferase activity towards DBE was determined 
according to the procedure of Baars et al. [15] with 
slight modifications. The standard assay consisted of 
1.0ml 0.04M Tris-HCl, 3mM EDTA, pH8.0; 


0.25 ml 100,000g supernatant fraction containing 
9 mg protein per ml; GSH 0.10 ml in distilled water 
(final concentration 0.76mM); DBE in 0.050 ml 
absolute ethanol (final concentration 4.1 mM), giv- 
ing a total incubation volume of 1.5 ml. Mixtures 
were preincubated for 2 min at 37° and the reaction 
was started by adding the substrate, DBE. Incuba- 
tion took place at 37° in a shaking waterbath for 
15 min. Under these conditions product formation 
was linear with time and protein concentration. The 
reaction was stopped by adding 0.10 ml 33% aqueous 
trichloroacetic acid followed by centrifugation at 
600 g for 5 min. Appropriate controls in each experi- 
ment served as blanks and for the determination of 
non-enzymic reactions. Conjugation was calculated 
by measuring the unreacted GSH with Ellman’s 
reagent; 0.1 ml of the clear supernatant fluid was 
added to 1.5 ml reagent (0.5 mM 5,5’-dithio-bis-2- 
nitrobenzoic acid in 0.1 M phosphate buffer, pH 6.5). 
After 5 min standing the absorption at 412 nm was 
measured. Assuming Michaelis-Menten kinetics, 
apparent K,, and V,,,, values were calculated accord- 
ing to Baars et al. [15]. 

Mutagenicity experiments. The experiments were 
performed by a modification of the assay as described 
by Ames [16]. The indicator bacteria (Salmonella 
typhimurium TA100) were grown overnight (16 hr) 
in nutrient broth, on a rotary shaker, and had 
reached the stationary phase at the end of the incu- 
bation period. The enzyme preparations were the 
same as described above. The reaction mixtures con- 
sisted of 0.85 ml 0.06M phosphate buffer (pH 7.4, 
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Fig 3. Lineweaver—Burk plots showing the effect of substrate concentration on the reaction rate of rat 
liver GSH-S-transferase activity. Panel a: Variation of GSH at a concentration of 4.1 mM DBE. Panel 
b: Variation of DBE at a concentration of 0.69 mM GSH. 


0.4% saline), 0.25 ml overnight culture of TA100, 
0.20ml of a cofactor solution, pH7.4 [17] (for 
microsomes and 9000g supernatant fractions), 
0.20 ml of a solution of GSH in 0.06M phosphate 
buffer, pH 7.0, final concentration 0.76mM (for 
100,000 and 9000 g), 0.15 ml of metabolizing system 


and the substance DBE in 0.050 ml ethanol. This 
mixture was incubated for 10 min at 37° in a rotary 
shaker. Then 10ml soft agar (48°) was added, 
thoroughly mixed and 3 x 3m! poured over his* 
mutation plates. The plates were incubated for 48 hr 
and the number of his* revertants was determined. 


RESULTS 


In vivo experiments 


Gas chromatography proved a satisfactory method’ 


to quantify the main GSH-derived metabolite of 
DBE: S-2-hydroxyethyl-N-acetyl-cysteine. In Fig. 1 
a representative gas chromatogram is shown. There 
are no interfering peaks and satisfactory calibration 
curves were established. In this way the cumulative 
excretion of, the mercapturic acid was determined. 
All of the metabolite was excreted within 24 hr. As 
is shown in Fig. 2, up to a dose of 0.15 mmole DBE 
per rat, there is roughly a proportionate increase of 
mercapturic acid excretion with dose, whereas at 
higher dose levels this amount seems to reach a 
plateau. In the lower dose range 30-55 per cent of 
the dose is excreted as mercapturic acid. 
In vitro experiments 

GSH-S-transferase activity. The activity of the 
GSH-S-transferases towards DBE was determined 
according to Baars et al. [15], using Ellman’s reagent 
to measure the residual GSH. In preliminary experi- 
ments the optimal conditions had been established 
for this determination in rat liver cytosol and 9000 g 
supernatant fraction. The preparations used in the 
mutagenicity experiments had the following activi- 


ties: 9000 g supernatant fraction 7.2.nmoles/min/mg 
protein and 100,000 g supernatant fraction (cytosol) 
10.9 nmoles/min/mg protein. Under the conditions 
used, spontaneous conjugation accounted for 16 per 
cent of the total conjugation. The kinetic behaviour 
of the enzymatic reaction is illustrated in Fig. 3. By 
varying the GSH concentration a K,,app. (GSH) of 
15+0.4mM and V,,,app. (GSH) of 27+ 
5 nmoles/min/mg protein could be determined, at 
a concentration of 4.1 mM DBE. It was not possible 
to work at enzyme saturation levels of DBE, owing 
to its limited solubility in water. Variation of the 
DBE concentration (at a concentration of 0.69 mM 
GSH) gave, instead of a hyperbolic, a sigmoid curve, 
so that in the Lineweaver—Burk plot two straight 
lines were observed (Fig. 3b). From the lower line 
a K,,app. (DBE) of 73+ 20mM and V,,, app. 
(DBE) of 160 + 30 nmoles/min/kg protein could be 
determined. 

Interaction of S-2-bromoethyl-N-acetyl-cysteine 
methylester with sulfur nucleophiles. As a model for 
the initially formed glutathione conjugate from 
DBE, S-2-bromoethyl-N-acetyl-cysteine methylester 
was synthesized and its reactivity studied. When 
added to a solution of p-nitrothiophenolate anion in - 
water (pH 6), 45 per cent reacted with the sulfur 
nucleophile and 55 per cent with water. The products 
of these reactions were isolated and characterized 
(see Materials and Methods). The model interme- 
diate also reacts with GSH: 15 min after addition of 
10 umoles S-2-bromoethy!l-N-acetyl-cysteine meth- 
ylester in 0.5 ml DMSO to 10 ml of a 0.76 mM sol- 
ution of GSH in water (pH 7.4) 60 per cent of the 
GSH had disappeared (as determined with Ellman’s 
reagent). 

Mutagenicity experiments 

Metabolic activation of DBE. In Fig. 4 it is shown 
that DBE is somewhat mutagenic towards Salmo- 
nella TA100 without mammalian metabolic activa- 
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Fig. 4. Mutagenic activity of DBE under different conditions, The amount of protein added was for 

9000 g 40.3 mg/ml (sp. act. GSH-S-transferases 7.2 nmoles/min/mg protein); 100,000 g: 17.9 mg/ml (sp. 

act. GSH-S-transferases 10.9 nmoles/min/mg protein); microsomes: 10.6 mg/ml (containing 1.6 nmoles 
cytochrome-P 450/mg protein). 


tion. However, when rat liver 9000 g supernatant 
fraction is added, there is a considerable increase in 
the number of his* revertants, indicating a metabolic 
enhancement of DBE mutagenicity. To check in 
which cellular fraction this activation is located, the 
9000 g supernatant was fractionated into a 100,000 g 
supernatant fraction and a microsomal fraction. 
When these were used separately, the microsomes 
did not enhance the number of revertants above that 
caused by DBE itself. On the other hand, the 
100,000 g supernatant fraction, containing the GSH- 
S-transferase activity, potentiates the mutagenicity 
quite extensively. 

Mutagenicity of S-2-bromoethyl-N-acetyl-cysteine 
methylester. In Fig. 5 the results of a typical experi- 
ment with the synthetic model for the first glutathi- 
one adduct.of DBE, S-2-bromoethyl-N-acetyl-cys- 
teine methylester, are presented. For comparison, 
DBE was tested under the same conditions. These 
data clearly show that, upon formation of a GSH- 
conjugate possessing a mustard-like moiety, a drastic 
increase in the number of mutations is indeed 
observed. 

Influence of GSH on the mutagenicity of S-2-bro- 


moethyl-N-acetyl-cysteine methylester. In Fig. 5 the 
influence of GSH on the mutagenicity of the model 
intermediate is shown. In accordance with the results 
obtained in the reactivity tests, addition of GSH 
lowers the mutagenicity, obviously because GSH 
scavenges the intermediate thiiranium ion. In Fig. 
6 the influence of GSH concentration on the muta- 
genicity of DBE is shown. As expected, the addition 
of GSH initially produces an increase in the number 
of his* revertants. However, at GSH concentrations 
higher than + 0.8 mM, the mutagenicity is lowered. 
This is in agreement with the results obtained with 
the synthetic intermediate: the extra addition of GSH 
scavenges the reactive intermediates formed through 
the first conjugation. The same effect was observed 
without added activating system (Fig. 6). 


DISCUSSION 


The conjugation to GSH plays an important role 
in the metabolism of DBE. The most abundant final 
metabolite of this pathway is the mercapturic acid, 
N-acetyl-S-2-hydroxyethyl-L-cysteine, which com- 
prises up to 55 per cent of the administered dose. 
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Fig. 5. Mutagenic activity of S-2-bromoethyl-N-acetyl-cysteine methylester (M.I.) without (O) and with 
(@) glutathione (0.76 mM), as compared to DBE itself (@). 
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Fig. 6. Influence of the concentration of GSH on the mutagenic activity of DBE with and without 
metabolic activation. Concentration of DBE 3.6 mM in both cases; 100,000 g contains 15 mg protein/ml 
(specific activity 10.9 nmoles/min/mg protein). 
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Fig. 7. The possible metabolic pathways of DBE. Both give rise to the same mercapturic acid, but via 
different reactive intermediates. 


Since a number of related metabolites have been 
identified in vivo — the non-acetylated cysteine 
adduct [4], N-acetyl-S-2-hydroxyethyl-L-cysteine-S- 
oxide [5], S-carboxymethyl-L-cysteine and thiodigly- 
colic acid [18] — the total amount of DBE conjugated 
to GSH will be even higher. 

It is of interest that the amount of mercapturic 
acid excreted reaches a maximum at relatively high 
dose levels (Fig. 3). Most likely this is due to exhaus- 
tion of the GSH supply, which is around 0.05- 
0.1mmole per total rat liver [19,20]. Since the 
amount of mercapturic acid formed at dose levels 
above 0.15 mmole DBE is 0.06—0.1 mmole per rat, 
presumably the amount of GSH available is 
exhausted and de novo synthesis cannot keep up 
with the amount needed. Differences between rats 
could then reflect differences in available GSH and 
GSH precursors. 

Nachtomi [7] was the first to show in vitro the 
enzymic nature of the conjugation of GSH to DBE, 
which was confirmed by Hill et al. [9], who measured 
apparent K,, and V,,,, values for DBE. Livesey and 
Anders [8] recently showed that the enzymic reaction 
of GSH with DBE has a more complex character. 
A second reaction of GSH with the first-formed 
conjugate can lead to formation of ethylene and 
GSH-disulfide or, as Nachtomi [7] reported, a double 
conjugate. The explanation of the sigmoid curve 
obtained under our conditions in the Michaelis—-Men- 
ten plot for the variation of DBE probably is that 
we are dealing here with a very complex mixture of 
reactions. More detailed studies, in which all reaction 


products are measured and perhaps purified enzyme 
systems are used, are needed to clarify this phenom- 
enon. Investigation of the chemical reactivity of the 
synthetic model for the first formed conjugate, S-2- 
bromoethyl-N-acetyl-L-cysteine methylester, re- 
vealed that it is a strong alkylating agent. It reacts 
via an intermediate thiiranium ion with the model 
nucleophile p-nitrothiophenol and water, and also 
with GSH under the conditions used in the GSH-S- 
transferase assay. No formation of mixed disulfide 
was observed in the reaction with p-nitrothiophenol, 
which would have pointed to the formation of eth- 
ylene [8], but this could have been a minor side 
product. Because of its reactivity we expected to find 
that the model conjugate was a very potent mutagen, 
as was found previously with its cyclic analogs [12]. 

The oxidative pathway in the metabolism of DBE 
gives bromoacetaldehyde as its first product, as 
shown by Hill et a/. [9] and Banerjee et al. [10]. This 
compound is very similar to the known mutagen 
chloroacetaldehyde [21], although it was reported 
as non-mutagenic by Rosenkranz [22]. Covalent 
binding to macromolecules was found as the result 
of oxidative metabolism of DBE [9-10]. Conjugation 
to GSH appears to be a real detoxification reaction 
in this case. 

The conclusion from the foregoing is that there 
are two likely pathways for the formation of N-acetyl- 
S-2-hydroxyethyl-L-cysteine, both of which give rise 
to a reactive intermediate. These routes are depicted 
in Fig. 7. (1) Direct conjugation to GSH, giving rise 
to reactive half-mustards. Subsequent reaction with 
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water via the intermediate thiiranium ion then leads 
to the 2-hydroxyethyl adduct. Reaction of the thiir- 
anium ion with a second molecule of GSH would 
lead to either a double conjugate [7] or ethylene [8], 
depending on the mode of attack of the GSH mol- 
“ecule. (2) Oxidation to 2-bromoacetaldehyde, fol- 
lowed by conjugation to GSH. Reduction of the 
aldehyde grouping leads to the 2-hydroxyethyl 
adduct. The primary aldehyde adduct is also formed 
during the metabolism of vinylchloride [23] and, by 
analogy, S-carboxymethyl-cysteine and thiodigly- 
colic acid are also final products of this pathway. 

DBE is a well-known mutagen [24], and its muta- 
genic activity can be enhanced by the addition of rat 
liver S9 fraction. From experiments of Rannug et al. 
on 1,2-dichloroethane [11] and of Van Bladeren et 
al. on cis-1,2-dichlorocyclohexane [12] it is known 
that activation through conjugation to GSH can be 
shown by adding $100, containing the cystosolic 
GSH-S-transferases, instead of the S9 fraction as the 
metabolizing system. For DBE only the S100 gives 
rise to enhanced mutagenicity, whereas the micro- 
somal fraction appears to have no effect. From these 
results it is clear that the mutagenicity of DBE is 
caused by the formation of reactive GSH-conjugates. 
The fact the DBE is also mutagenic by itself could 
mean that spontaneous conjugation to sulfur and 
nitrogen nucleophiles occurs, giving rise to the same 
type of half-mustards. However, it cannot be 
excluded that the Salmonella bacteria possess a GSH- 
S-transferase system of their own. Although the total 
GSH-S-transferase activity in the added S9 fraction 
is higher than in the $100 (290 as compared to 
195 nmoles/min/ml) the amount of mutations caused 
is not higher, presumably because the larger amount 
of protein added (40.3mg/ml as compared to 
17.9 mg/ml) scavenges the reactive intermediates. 

Because the reactive intermediate GSH conjugate 
can react with a second molecule of GSH, addition 
of increasing amounts of GSH in the mutagenicity 
test has two effects. Initially the mutagenicity is 
enhanced, but at higher concentrations of GSH the 
reactive intermediates are scavenged and the muta- 
genicity is lowered (Fig. 6). 

In conclusion, it is clear that, although oxidative 
metabolism of DBE gives rise to covalent binding 
in vitro, the mutagenicity of DBE towards Salmon- 
ella typhimurium TA100 is caused by conjugation to 
GSH. To what extent these two reactive interme- 
diates are responsible for the adverse effects of DBE 
in vivo remains to be clarified. 

The findings presented in this paper have impli- 
cations for other compounds possessing vicinal hal- 
ogen atoms: if no steric considerations hinder the 
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formation of adduct or thiiranium ion, they can all 
be activated by the mechanism described in this 


paper. 
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Abstract—Trichloroethylene was metabolized to chloral hydrate, trichloroethanol and trichloroacetic 
acid in vitro. The three metabolites in the incubation mixture were determined by gas-liquid chroma- 
tography using an electron capture detector. The kinetics of the individual steps of the metabolism of 
trichloroethylene were investigated in rat liver subcellular fractions or recombined fractions. The general 
features of trichloroethylene metabolism in vitro were demonstrated by the conversion of trichloro- 
ethyleme to the three metabolites (6 per cent total yield) by the 700 g supernatant fraction of rat liver 
in 2 hr. Oxidation of trichloroethylene to chloral hydrate occurred only in the microsomal fraction of 
rat liver, as previously reported by Byington and Leibman [5]. (This step was rate-limiting and was 
stimulated by both phenobarbital and 3-methylcholanthrene pretreatment.) Reduction of chloral hydrate 
to trichloroethanol occurred in the cytosol of rat liver. This activity was separated into at least three 
fractions by a DEAE cellulose column—one of them was NADH-dependent and the others were 
NADPH-dependent.) The formation of trichloroacetic acid from chloral hydrate required cytosol or 


mitochondria with NAD. 


Numerous reports about trichloroethylene (Tri) 
have been published in the field of industrial health 
or toxicology [1, 2]. In addition, several biochemical 
investigations concerning Tri have been carried out. 


Since Barrett and Johnston [3] in 1939 first detected 
trichloroacetic acid (TCA) in the urine of dogs that 
had inhaled Tri vapor, the identification or the quan- 
titative analysis of Tri metabolites in blood or urine 
has been performed using animals exposed to Tri 
vapor. In 1949, Butler [4] first reported the excretion 
of trichloroethanol (TCE) in the urine of dogs. He 
postulated a mechanism of metabolic conversion of 
Tri and suggested a pathway from Tri to TCE or 
TCA via chloral hydrate (CH), although he failed 
to identify CH experimentally [4]. CH was later 
isolated by Byington and Leibman [5] as 2,4-dini- 
trophenylhydrazone in an in vitro experiment. Dan- 
iel [6] postulated that trichloroethylene oxide is an 
intermediate from Tri to CH. Characteristics of Tri 
metabolism in vitro were first described by Leibman 
[7] and Leibman and McAllister [8]. CH is thought 
to be reduced to TCE by liver alcohol dehydrogenase 
[9] or oxidized to TCA by the NAD-dependent 
enzyme from rabbit liver [10]. 

On reviewing these reports, we felt that the indi- 
vidual steps and general features of the metabolic 
pathway of Tri in vitro had not been experimentally 
clarified. 

Here we describe a simple method for quantitative 
determination of CH, TCE or TCA in homogenates 
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or subcellular fractions of rat liver using a gas chro- 
matograph equipped with an electron capture detec- 
tor. Using this method, the kinetics of the individual 
steps of Tri metabolism were studied in rat liver 
subcellular fractions or recombined fractions. 


EXPERIMENTAL 


Reagents 


Tri and TCE were obtained from the Kanto Chem- 
ical Co. (Tokyo) and were redistilled before use. 
NAD(H), NADP(H), G-6-P and G-6-P dehydro- 
genase (yeast) were purchased from the Oriental 
Yeast Co. Ltd. (Tokyo). Other reagents were 
obtained from the Wako Pure Chemicals Industries 
Co. Ltd. (Osaka), and were analytical grade except 
the organic solvents used for extraction which were 
fine quality for gas chromatography. DEAE-cellu- 
lose (DE-52) was purchased from the Whatman Co. 
Ltd. (Maidstone, U.K.). 


Preparation of enzyme source 


Livers of Wistar strain albino rats (male, 200— 
300 g) were used as the enzyme source. Rats were 
decapitated and the livers were removed immedi- 
ately, washed in a medium containing 0.25M 
sucrose, 3mM potassium phosphate buffer (KPB, 
pH 7.4) and 0.1mM EDTA, and homogenized in 
9 vol. of the medium using a Potter-Elvehjem hom- 
ogenizer with a Teflon pestle. After centrifugation 
at 700g for 10min, the supernatant fraction was 
strained through cheesecloth. Subcellular fractions 
were prepared in the usual fashion. Briefly, the 700 g 
supernatant fraction was centrifuged at 5000 g for 
10 min. The pellet was washed twice with a medium 
containing 0.25 M sucrose and 3 mM KPB (pH 7.4), 
and is referred to as the mitochondrial fraction. After 
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centrifugation of the 5000 g supernatant fraction at 
9000 g for 10 min, the supernatant fluid was pipetted 
and is referred to as the 9000 g supernatant fraction. 
The 9000 g supernatant fraction was further centri- 
fuged at 105,000g for 60min. The peilet thus 
obtained was used for most experiments in the pres- 
ent study and is referred to as the unwashed micro- 
somal fraction. The pellet, washed once in the above 
medium and once in 1.15% KCI, is referred to as 
the washed microsomal fraction. The 105,000 g 
supernatant fluid is designated the cytosolic fraction. 
Crude aldehyde dehydrogenase from mitochon- 
drial fraction was prepared by sonication according 
to the method described by Tabakoff et al. [11]. All 
procedures were performed between 0 and 4°. 


Incubation conditions 

Warburg flasks (15 ml) were used as incubation 
vessels. The incubation mixture was introduced into 
the main chamber of the flask. The complete incu- 
bation mixture consisted of 3.0ml of an enzyme 
source corresponding to 0.3 g wet weight of liver, 
0.25 umoles each of NAD and NADP, 60 mmoles 
G-6-P, 7.5 mmoles MgCl,, 50 mmoles nicotinamide 
and 0.1 ml of 1 M KPB (pH 7.4) with a total volume 
of 3.6 mi. Tri (0.1 ml) was placed in the center well 
of the flask as substrate. After enclosing O, gas, the 
mixture was incubated at 37° for 1 hr with shaking. 
When G-6-P dehydrogenase was used in the experi- 
ment, 12.5 units were added to the incubation mix- 
ture; when CH or TCE was used as substrate, 0.1 ml 
of aqueous solution of CH (30 mM) or TCE (30 mM) 
was added. The mixtures were incubated under the 
same conditions as described above, but using 25-ml 
Erlenmeyer flasks as open incubation vessels. 
Immediately after incubation, the flasks were cooled 
in an ice bath. The reaction mixtures were trans- 
ferred to 10-ml test tubes and stored frozen until 
analysis. 

The oxidation of CH to TCA by mitochondrial 
crude aldehyde dehydrogenase was also assayed 
spectrophotometrically in the presence of NAD or 
NADP. The incubation mixture was constituted 
according to Tabakoff et al. [11] with a total volume 
of 1.0 ml. The increase of absorbance at 340 nm was 
followed on a Hitachi 124 spectrophotometer 
equipped with a recorder. 


Determination of CH, TCE, and TCA 


TCE analysis. The reaction mixture (1-100 wl) and 
0.1 ml of 0.1 M KPB (pH 5.8) were placed in a 10- 
ml test tube. n-Hexane (1-4 ml) was added to the 
mixture, and the test tube was stirred vigorously in 
a Vortex mixer. An aliquot (2 ul) of the n-hexane 
layer was injected into the gas chromatograph, as 
described below. 

A calibration curve (concentration versus peak 
height) was prepared using TCE aqueous solution 
in the same manner as described above. 

CH and TCA analyses. CH was assayed using a 
modified method of Wells and Cimbura [12]; TCA 
was assayed using the method of Helbolsheimer and 
Funk [13]. The reaction mixture (0.1-1.0ml) was 
evaporated to dryness under reduced pressure to 
remove Tri and TCE completely. The residue was 
suspended in the original volume of 0.1 M KPB (pH 
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5.8), and half the volume (0.05—0.5 ml) of the sus- 
pension was introduced into a 5-ml ready-made 
ampule. CH in the ampule was extracted with ethyl 
ether (2 ml), which was diluted twice with benzene, 
and an aliquot (2 ul) was injected into the gas chro- 
matograph after appropriate dilution with benzene- 
ether (1:1). The organic layer containing CH in the 
ampule was removed by aspiration, and the aqueous 
layer was washed with ethyl ether (2 ml x 3) in order 
to remove CH thoroughly. Ethyl ether was then 
thoroughly removed from the aqueous layer in the 
ampule under a gentle stream of N, gas. Benzene 
(1.0 ml) was added to the washed aqueous solution, 
and the ampule was sealed and heated at 95—98° for 
2 hr. After cooling, the ampule was opened, and an 
aliquot (2 ul) of the benzene layer was injected into 
the gas chromatograph. 

A calibration curve (concentration v. peak 
height) was prepared using a CH or a TCA aqueous 
standard solution in the same manner as described 
above, except that the evaporation procedure was 
omitted. 


Gas chromatography 


A Hitachi gas chromatograph, model 163, with a 
nickel 63 electron capture detector was used. The 
glass column (2m X 3mm) was packed with 5% 
Silicone GE SE-30 on Chromosorb W (AWDMCS), 
80-100 mesh. The electron capture detector was 
maintained at 200° for the analysis of TCE, at 170° 
for CH, and at 140° for chloroform formed from 
TCA through heating, and the column at 140°, 80° 
and 60° respectively. The injector block was adjusted 
to the detector temperature. The flow rate of carrier 
gas (nitrogen) was 20-40 ml/min. The electron cap- 
ture detector was operated at pulse intervals of 
100 usec, and the electrometer setting was kept con- 
tinuously at range 10°, attenuation 32. 


Protein determination 


An aliquot (0.05 to 0.2 ml) of liver homogenate 
was analyzed by the biuret method [14]. 


RESULTS 


Determination of CH, TCE, and TCA 


The recovery of CH added to liver homogenate 
was 96.7 + 4.0 per cent (N = 3). 

On TCE analysis, a coefficient of variation of 2.6 
per cent was obtained from triplicate determinations 
of the same sample. 

On TCA analysis, CH must be thoroughly 
removed, since CH is also converted to chloroform 
under the same reaction conditions. The recovery 
of TCA, added to liver homogenate, was 98.7 + 4.8 
per cent (N = 3). The yield of the conversion of 
TCA into chloroform was calculated to be 81.9 + 
4.2 per cent (N = 4), from the standard curve of 
chloroform. 


General features of Tri metabolism 


Effects of incubation time and amount of enzyme. To 
clarify the overall profile of Tri metabolism, experi- 
ments using the 700 g supernatant fraction as the 
enzyme source were performed. Figure la shows the 
effect of incubation time on the formation of CH, 
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Fig. 1. Effect of incubation time and amount of enzyme source on overall Tri metabolism. In panel a, 

Tri (0.1 ml) was incubated with 3.0 ml of the 700 g supernatant fraction of the rat liver in the complete 

system described under Incubation Conditions at 37° for 15, 30, 60, 120 or 180 min. In panel b, Tri 

(0.1 ml) was incubated with various amounts of the 700 g supernatant fraction from 0.5 ml (about 6 mg 

protein) to 3.0 ml in the complete system at 37° for 60 min. In both panels, D——CO represents the 
formation of CH, @- -— —@ that of TCE, and O---O that of TCA. 


TCE, and TCA, and on the rates of their formation, 
revealing that TCA reaches a plateau after 120 min, 
and CH and TCE after 180 min. In this experiment, 
about 6 per cent of the amount of Tri added had 
been metabolized to the three metabolites after 
120 min of incubation. Figure 1b shows the depen- 
dency of the amount of the 700 g supernatant fraction 
on the formation of the three metabolites. If the 
total activity is expressed as the sum of the amounts 
of the three metabolites formed in the flask, the sum 
leveled off at 200 nmoles (corresponding to about 
4 per cent yield based on Tri remaining in the reaction 
mixture) in a flask that contained 2.0ml of the 
enzyme source. 

Requirements of cofactors. Cofactor requirements 
for overall Tri metabolism were examined using 
dialyzed 9000 g supernatant fraction [against the 


homogenizing medium (2 |. x 3) for Shrs] as the 
enzyme source. The results are shown in Table 1. 
Omission of any one of the five cofactors from the 
complete system caused a unique decrease in the 
sum of the three metabolites. Nicotinamide, NAD, 
and NADP were indispensable cofactors for Tri 
metabolism. The cofactors required for the forma- 
tion of TCA from Tri cannot be clearly assessed 
from the data in Table 1, but the data suggest that 
NAD rather than NADP may be required for the 
formation of TCA. 


Individual steps of Tri metabolism 


Intracellular localization and role of subcellular 
fractions. Tri metabolism was studied in the subcell- 
ular fractions of rat liver using Tri and CH as sub- 
strates. The results are summarized in Tables 2 and 


Table 1. Requirements of cofactors for Tri metabolism by the dialyzed 9000 g supernatant fraction of rat liver* 





Additions 
G-6-P NADP NAD Nicotinamide 


Amounts of metabolites (nmoles/mg protein) 


Mg?* CH TCE TCA Sum 





7.70 + 0.12 
6.35 + 0.27 
5.3062:0:57 
4.79 + 0.28 
3.84 + 0.14 
6.94 + 0.25 
0.274 


0.498 + 0.044 
1.03 + 0.05 
1.86 + 0.20 

0.985 + 0.054 

0.995 + 0.002 

0.591 + 0.044 

0.1044 


6.87 + 0.12 
5.02 + 0.17 
3.21 + 0.14 
3.65 + 0.23 
2.61 + 0.16 
6.11 + 0.25 
ND¢ 


0.338 + 0.034 
0.302 + 0.035 
0.291 + 0.018 
0.151 + 0.015 
0.232 + 0.028 
0.237 + 0.008 
0.170 





* Tri (0.1 ml) was incubated with the 9000 g supernatant fraction in each incubation system at 37° for 60 min. 
+N=2. 
+ Not detectable. 
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Table 2. Formation of CH, TCE, and TCA from Tri in subcellular fractions of rat liver* 





Amounts of metabolites (nmoles/mg protein, N = 3) 


Fraction CH 


TCE 


TCA 


Sum 





0.810 + 0.062 
0.657 + 0.050 
0.652 + 0.031 
0.324 + 0.078 
20.3 + 0.4 
1.88 + 0.02 
12.3 + 0.5 
ND 
2.06 + 0.29 
ND 
0.782 + 0.007 
0.641 + 0.057 


700 g Supernatant 
9000 g Supernatant 
2+4 
Mitochondrial 
Microsomal (unwashed) 
Microsomal (washed) 
Microsomal (washed)+ 
Cytosolic 
4+ 5b 
4+6 
5b + 6 
5b+4+6 


5.52 + 0.25 
7.53% 0.15 
5.80 + 0.24 
ND? 
0.60 + 0.03 
ND 
0.253 + 0.009 
0.053 + 0.003 
0.097 + 0.005 
0.333 + 0.008 
7.21 + 0.10 
5.39 + 0.39 


0.653 + 0.059 
0.646 + 0.025 
0.476 + 0.026 
0.453 + 0.051 


0.186 + 0.033 
0.623 + 0.114 
0.413 + 0.023 
0.396 + 0.011 
0.445 + 0.055 


6.98 + 0.27 
8.77 + 0.08 
6.87 + 0.27 
0.78 + 0.04 
20.9 + 0.5 

1.88 + 0.02 
12.6 + 0.3 

0.24 + 0.04 
2.78 + 0.34 
0.75 + 0.03 
8.39 + 0.10 
6.48 + 0.30 





* Tri (0.1 ml) was incubated with each subcellular 
+ Not detectable. 


fraction in the complete system at 37° for 60 min. 


¢ G-6-P dehydrogenase (12.5 units) was added to the incubation mixture. 


3. Table 2 shows that CH is the major compound 
produced from Tri by the unwashed microsomal 
fraction or the washed microsomal fraction in the 
presence of G-6-P dehydrogenase (Expts. 5a and 
5c). The washed microsomal fraction, however, 
showed 9.3 per cent of the activity level of the 
unwashed fraction, indicating that G-6-P dehydro- 
genase might be adsorbed on the unwashed fraction. 
TCE was the major compound formed from CH in 
the cytosolic fraction (compare Expts. 6 and 9 in 
Table 2, and Expt. 6in Table 3). As for the formation 
of TCA from CH, the mitochondrial fraction had 
the highest specific activity (Expt. 4 in Table 3) and 
the cytosolic fraction catalyzed the oxidation of CH 
to TCA (Expt. 6 in Table 3) but, the microsomal 
fraction contributed little to the formation of TCA. 


Tri-and CH-metabolizing activities were completely 
reconstituted from each subcellular fraction respec- 
tively (compare Expt. 1 with 10 and 2 with 9 in both 
tables). 

Properties of the activity in the individual steps of 
Tri metabolism. Since intracellular localization of 
each activity and the role of the subcellular fractions 
were demonstrated, the details of the individual steps 
of Tri metabolism were examined. 

(a) Formation of CH by the rat liver microsomal 
fraction. Effects of incubation time and amount of 
enzyme on the first step oxygenation of Tri were 
examined using the unwashed microsomal fraction. 
The results, shown in Fig. 2, indicate that the level 
of CH reached a plateau after 180 min, and that the 
formation of CH was linear with microsomal protein 


Table 3. Formation of TCE and TCA from CH in subcellular fractions of rat liver* 





Enzyme sources 
TCE 


Amounts of metabolites (nmoles/flask or mg protein) 


TCA 





Total 
activity 


Specific 


Expt. Fractions activity 


Yieldt 


Total 
activity 


Specific 


(%) activity 





700 g 
Supernatant 

9000 g 
Supernatant 


1260 + 40 28.1 + 0.9 


1473 + 31 


2+4 
Mitochondrial 
Microsomal 
(washed) 


1320 + 10 
10.6 + 2.3 


21.8 + 0.6 


Cytosolic 
4+5 


4+6 50.8 + 0.8 


5+6 1517 + 49 62.2 + 2.0 


10 4+5+6 1316 + 41 45.2+1.4 


2.65 + 
0.03 
3.64 + 
0.50 
3.28 + 
0.38 
33.9+3.8 
1.38 + 
0.02 
412+ 
0.55 
11.8+2.4 
3.09 + 
0.20 
3.45 + 
0.08 
2.95 + 
0.21 


42.0 119+ 1 
117 + 16 


121 
16] 


14 
+18 


6.2 + 0.1 


82 + 11 
109 + 22 


76+5 


84+2 


86 + 6 





* CH (3 umoles) was incubated with each subcellular fraction in the complete system at 37° for 60 min. 
+ Total activity of each metabolite/CH added (3 umoles/flask) x 100. 
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Fig. 2. Properties of the formation of CH from Tri in the unwashed microsomal fraction. Panel a shows 

the time course of the CH formation by the unwashed microsomal fraction from 15 to 180 min in the 

complete system as described under “Incubation Conditions”. In panel b, Tri (0.1 ml) was incubated 
with various concentrations of the microsomal protein at 37° for 60 min. 
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Fig. 3..Properties of the formation of TCE and TCA from CH in the cytosolic fraction. Panel a shows 

the time course of the formation of TCE and TCA from CH by the cytosolic fraction from 15 to 180 min 

in the complete system as described under “Incubation Conditions”. In panel b, CH (3 umoles) was 

incubated with various concentrations of the cytosolic fraction at 37° for 60 min. Key: @- — -@ represents 
the formation of TCE, and O---O that of TCA. 
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up to about 5 mg. The formation of CH from Tri by 
the unwashed microsomal fraction was studied at 
various pH values; a pH optimum of 7.4+ 1.5 
(KPB), was observed which corresponds to that 
reported by Leibman [7]. In a separate experiment, 
an apparent K,, value for Tri was determined in the 
unwashed microsomal fraction; it was 1.75 mM. In 
this experiment, various concentrations of Tri ace- 
tone solution (0.1 ml) were added directly to the 
incubation mixtures. In all other experiments, Tri 
was catabolized as vapor, as described in “Incubation 
Conditions”. A difference was found in the yield of 
CH between the two incubation systems, namely 
one-third of the CH in the latter system was formed 
in the former. In this experiment, the addition of 
acetone (0.1 ml) did not interfere at all with Tri 
metabolism. Leibman and McAllister [8] reported 
an apparent K,, value of 9 x 10°?M for Tri in the 
incubation system containing Tri—oil—polysorbate 
emulsion. 

Requirements of cofactors for the formation of 
CH are summarized in Table 4. All the data support 
the findings reported by Leibman [7]. This step 
requires the NADPH-generating system or 
NADPH, and NAD(H) appears to play a supple- 
mentary role in the oxygenation. 

(b) Formation of TCE and TCA from CH by the 
rat liver cytosolic fraction. Properties of the reaction 
involving the formation of TCE and TCA from CH 
were also studied, using the cytosolic fraction as 
enzyme source. The results are shown in Fig. 3. The 
reaction rates of TCE and TCA formation markedly 
increased within the first 15 min and reached plateaus 
after 120 min and 30 min respectively. In a separate 
experiment, an apparent K,, value of 6.0mM was 
obtained for the formation of TCE from CH, but 
the value for the TCA formation could not be 
calculated. 

Table 5 summarizes the cofactor requirements for 
the formation of TCE and TCA by the cytosolic 
fraction. It shows that both NADH and NADPH or 
the NADPH-generating system were required for 
the reduction of CH to TCE, and NAD, but not 
NADP, was required for the oxidation of CH to 
TCA. The latter finding was reported by Cooper and 
Friedman [10]; the NADPH-dependent reduction of 
CH to TCE was also postulated by Tabakoff er al. 
[15]. Characterization of the CH-reducing activity 
will be discussed later. 

(c) Formation of TCA from CH by the mitochon- 
drial fraction. The mitochondrial fraction showed 
the highest specific activity for the oxidation of CH 
to TCA. The oxidative activity of the intact mito- 
chondrial fraction was 33.9 + 3.8 nmoles-hr~'-(mg 
protein) ~' in the complete system as shown in Table 
3, whereas the activity was 92.3 nmoles-hr~'- (mg 
protein) ~' (N = 2) in the system containing no cofac- 
tors. These data suggest that the endogenous cofac- 
tors present in the intact mitochondrial fraction were 
sufficient for the oxidation of CH. For these reasons, 
we prepared crude aldehyde dehydrogenase from 
the mitochondrial fraction by sonication, according 
to the method of Tabakoff er a/. [11], and examined 
cofactor requirements and affinity of CH to the 
enzyme. NAD, but not NADP, was required for the 
oxidation of CH, and an apparent K,, value of 


1.9 + 2.07 
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* Tri (0.1 ml) was incubated with the unwashed or washed microsomal fraction in each incubation system at 37° for 60 min. 


+ Mean + S.D. (N 


+ Mean (N 











Unwashed 
microsomes 
microsomes 





Metabolism of trichloroethylene 


2989 


Table 5. Requirements of cofactors for the formation of TCE and TCA from CH by the cytosolic fraction of rat liver* 





Additions 


Expt. G-6-P NADP NAD Nicotinamide Mg”* 


NADPH NADH 


Amounts of metabolites+ (nmoles/mg 
protein) 


TCE TCA 
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* CH (3 umoles) was incubated with the cytosolic fraction in each incubation system at 37° for 60 min. 


+ Each value is the mean + S.D. (N = 3). 


62.5 mM was obtained for CH at 25°. Details will be 
presented in a subsequent paper. 


Effect of pretreatment of rats with phenobarbital or 
3-methylcholanthrene on the formation of CH from 
Tri 


The influence of PB pretreatment of the rats on 
Tri metabolism has been reported by several inves- 


tigators in vitro and in vivo [8, 16]. Here, the effect 
of 3-MC pretreatment on the metabolism of Tri was 
investigated using the unwashed microsomal frac- 
tion, and the activity was compared with that of the 
PB-pretreated microsomes. As shown in Table 6, 
both PB and 3-MC caused about a 3-fold increase 
in the oxidation of Tri to CH in the complete system. 


Table 6. Effect of PB or 3-MC pretreatment on the for- 
mation of CH from Tri by the microsomal fraction of rat 
liver* 





Pretreatment [nmoles-hr '-(mg protein)'] _ Ratio 





Control 18.6 + 2.9+ 
PB 58.3 + 4.4 
3-MC 54.0+6.1 





* Tri was incubated with the unwashed microsomal frac- 
tion with or without pretreatment in the complete system 
at 37° for 60 min. 

+ Mean + S.D. (N = 3). 


Oxidation of TCE to CH 


To understand how TCE is oxidized to CH, the 
reverse of the reaction mentioned above, TCE was 
incubated with the 700 g supernatant fraction of the 
rat liver as described under “Incubation Condi- 
tions”. The formation of CH and of TCA from TCE 


(60.6 nmoles/mg protein) was 0.90 + 0.07 (1.6 per 
cent yield) and 0.27 + 0.05 nmole/mg protein (0.44 
per cent). The overall metabolism of TCE in the 
700 g supernatant fraction was much smaller than 
that of CH to TCE (42.0 per cent yield) and to TCA 
(4.0 per cent) as shown in Table 3. Furthermore, we 
incubated TCE with the unwashed microsomal frac- 
tion in the complete system to obtain information 
on the oxidation of TCE to CH because methanol 
and ethanol are known to be oxidized to the cor- 
responding aldehydes not only in the cytosol but also 
in microsomes using NADPH and oxygen[17-19]. 
In the experiment on the oxidation of TCE to CH, 
7.7nmoles of CH-hr~'-(mg microsomal protein)! 
were formed from TCE, whereas 18.6nmoles of 
CH-hr~'-(mg microsomal protein)"' were formed 
from Tri under the same conditions. 


Separation of enzymes involving the reduction of CH 
to TCE 


As shown in Table 5, enzymes reducing CH to 
TCE with NADH or NADPH existed in the cytosolic 
fraction of the rat liver. As for the enzyme that 
required NADH as a cofactor, alcohol dehydrogen- 
ase was reported by Friedman and Cooper [9]. Table 
5 shows that NADPH-dependent reduction occurred 
to a degree equal to that of NADH-dependent 
reduction, although Friedman and Cooper [9] found 
the former to be smaller than the latter. Separation 
of the CH-reducing enzymes was thus attempted by 
DE-52 column chromatography, as a preliminary 
experiment. The _ precipitate from 40-70% 
ammonium sulfate saturation of the cytosol, corre- 
sponding to 8 g liver, was applied to a DE-52 column 
(1.6 x 45cm). CH reducing activity separated into 
at least three fractions, peaks I, II and III (see Fig. 
4). Peak Ishowed NADH dependency and sensitivity 
to pyrazole, a typical inhibitor of alcohol dehydro- 
genase. Peaks II and III showed NADPH depen- 
dency; the latter peak also utilized NADH to a lesser 
extent. 
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Fig. 4. Elution profile of CH reducing enzymes ‘from a DE-52 column. The gradient was started at 
Fraction 41 and consisted of 5 mM Tris—phosphate buffer (pH 8.0) containing 5 mM 2-mercaptoethanol 
(150 ml) and the buffer containing 0.1 M NaCl (150 ml). Protein was approximated by absorption at 
280 nm ( ) and enzyme activity was determined by measuring the decrease in absorbance at 


340 nm. The assay system consisted of 50 mM KPB (pH 7.0),0.16 mM NADH or NADPH, 5 mM CH, 
and enzyme source with a total volume of 1.0ml. Key: @---—@ represents an NADH-dependent 
activity of CH reduction, and O---O NADPH-dependent activities. Each fraction consisted of 4.0 ml. 


ClpC=CHCl NADPH —. CCl3CH20H 


NADP NAD'(P) 


CCIzCHO NAD(P)H 
NAD: | , NAD* 


NADH NADH 
CCl3COOH 


Fig. 5. Metabolic scheme of Tri in the rat liver. 
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DISCUSSION 


Determination of the metabolites of Tri has been 
carried out using a colorimetric method based on the 
Fujiwara reaction [20-22], by which studies of Tri 
metabolism in vitro have been performed [5, 7, 8, 16]. 
The colorimetric method was much less sensitive and 
specific for each metabolite than the method pre- 
sented here. We have established a determination 
for small amounts of the metabolites of Tri applicable 
to in vitro experiments. 

The data presented here support a metabolic 
scheme for Tri in the rat liver, as shown in Fig. 5. 
In this scheme, the formation of urochloralic acid 
(TCE glucuronide) is not given because little uroch- 
loralic acid was formed from Tri or CH in the com- 
plete system using the 700 g supernatant fraction. 

The first step, the oxidation of Tri to CH, is known 
to be catalyzed by the microsomal mixed function 
monooxidases. The finding that both PB and 3-MC 
pretreatment stimulated this step indicates that both 
cytochrome P-450 and P-448 take part in this step. 
Pelkonen and Vainio [23] reported spectral inter- 
actions of chlorinated ethylenes with cytochrome P- 
450 of liver microsomes from variously treated rats, 
and showed that the more chlorine atoms in the 
molecule the larger the type I spectral change and 
the smaller the spectral dissociation constant. They 
also demonstrated that treatment of rats with 3-MC 
decreased the magnitude of the type I spectral 
change, whereas PB increased it. However, they did 
not examine metabolite (CH) formation. In our own 
experiment, dichloroethylenes (1,1-, cis-1,2- and 
trans-1,2-), Tri or tetrachloroethy!ene was incubated 
with the unwashed microsomal fraction in the com- 
plete system as described under “Incubation Con- 
ditions’’, and the respective stable metabolites, dich- 
loroacetaldehyde, CH and TCA, were assayed gas 
chromatographically. First step oxygenation activity 
increased in ascending order from tetrachloroethyl- 
ene, trans-dichloroethylene, 1,1-dichloroethylene 
cis-dichloroethylene to Tri.* The data suggests that 
stereoselectivity affects the actual interaction of a 
compound with microsomal cytochrome P-450 and 
is contradictory to the findings reported by Pelkonen 
and Vainio [23]. Recently, Moslen etal. [24] reported 
the enhancement of the metabolism of Tri and tetra- 
chloroethylene by variously treated rats in vivo, and 
also showed that 3-MC did not cause as much 
enhancement as PB, judged by trichlorinated urinary 
metabolites (umoles/24 hrs per animal). The effect 
of 3-MC pretreatment on the metabolism of Tri 
should be studied in more detail; such studies are 
now in progress. 

The next reductive step from CH to TCE was 
reported to be catalyzed by liver alcohol dehydro- 
genase (EC 1.1.1.1) [5, 9]. Tabakoff et al. [15] stud- 
ied the reduction of CH to TCE in brain extracts or 
liver cytosol and postulated the presence of enzymes 
other than alcohol dehydrogenase that are capable 
of reducing CH. NADPH-dependent aldehyde and 
ketone reductases have recently been reported in 





* Presented at the fifty-first meeting of the Japanese 
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the literature [25-29]. In the present paper, at least 
two NADPH-dependent enzymes capable of reduc- 
ing CH were demonstrated to be present in rat liver 
cytosol. Purification and characterization of these 
enzymes are in progress. 

In studies of the oxidative step of CH to TCA, an 
NAD-dependent enzyme was partially purified from 
rabbit liver cytosol by Cooper and Friedman [10]. 
They also reported that the activity oxidizing CH 
was completely recoverable in the soluble fraction 
of rabbit liver; the activity in other subcellular levels 
was not studied. As shown in Table 3, the mito- 
chondrial fraction alone, as well as the cytosolic 
fraction alone, catalyzes the oxidation of CH. The 
recombination of mitochondria with cytosol, how- 
ever, decreased the oxidative activity, because 
reduction of CH to TCE by cytosol predominates 
over oxidation. In addition, the apparent oxidative 
activity was recoverable in the recombined fraction 
of microsomes and cytosol (compare Expt. 2 with 
9). The role of mitochondrial aldehyde dehydrogen- 
ase (EC 1.2.1.3) [30] in the oxidation of CH remains 
to be clarified. 
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Abstract—Mice fed a combination of 10 per cent (v/v) ethanol and 5 per cent (w/v) sucrose for 5 months 
showed a 2-fold increase in the amount of [5-*H]uridine label that was incorporated into putative mRNA 
in the polysomes of the liver. Part of the increase was due, to a change in the total amount of UTP 
present in the cell, although the uptake and processing of [5-"-H]UTP were not altered. When corrected 
for UTP pool size variation, ethanol-sucrose-treated mice still incorporated 1.5-fold more [5-*H]uridine- 

labeled RNA into polysomes than controls. Poly(A*)mRNA content was 1.2 times greater in ethanol- 
sucrose-treated mice, and [5-*H]poly(U) hybridization to poly(A)mRNA suggested that individual 
poly(A) tracts may be 1.5 times longer in ethanol-sucrose-treated mice than in controls. [Poly(A)mRNA 
is the same as poly(A*)mRNA]. The proportion of newly labeled poly(A’ )mRNA declined in ethanol- 
sucrose-treated mice compared to controls. The results indicate that ethanol-sucrose treatment may 
cause an increase in the amount of poly(A*)mRNA that has longer poly(A) tracts and a concomitant 
decline in the amount of [5-" *Hluridine label incorporated into poly(A )mRNA. A decline in protein 


synthesis could not be explained by a lack of mRNA in ethanol-sucrose fed mice. 


Chronic alcohol ingestion in conjunction with a 
nutritionally adequate diet affects protein and RNA 


synthesis.* Because of the use of different diets, 
different strains of animals, and animals of different 
ages, some of the results from studies on alcohol- 
induced changes in protein synthesis have been 
conflicting. For example, Kuriyama et al. [1] and 
Jarlstedt [2] found that chronic alcohol treatment 
causes a rise in the rate of liver protein synthesis in 
vivo, whereas others have found a consistent 
decrease in vivo [3-6] and in vitro [7,8] that is 
apparently not due to an unavailability of amino 
acids [8]. The decrease of protein synthesizing capa- 
bility may be due to a decrease in tRNA acceptor 
activity [9] and changes in the ability of ribosomes 
to bind to mRNA [10]. Porta et al. [11] found that 
a chronic alcohol-sucrose diet did not affect the 
RNA content per milligram protein content in rats, 
and Banks et al. [6] determined that RNA content 
per gram rat liver did not change during chronic 
alcohol treatment. At the same time, the syntheses 
of mitochondrial RNA, nRNA, tRNA and rRNA 
in mouse brain appears to be inhibited by chronic 
alcohol administration [10, 12-14]. The content of 
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poly(A)mRNA in mouse brain polysomes, however, 
is not altered as a consequence of alcoholism [15]. 
The present study was designed to test the hypothesis 
that alcohol—sucrose-induced changes in liver protein 
synthesis may be due, at least in part, to a change 
in the number of polysomes present in the mouse 
liver. The effect of alcohol—sucrose treatment on the 
incorporation of newly made mRNA into mouse 
liver polysomes and the amount of polysome associ- 
ated poly(A)mRNA was also studied. 


MATERIALS AND METHODS 


Animals. Female Swiss Webster ICR strain mice 
(22 g), obtained from Timco (Houston, TX), were 
given a 10 per cent (v/v) ethanol-S per cent (w/v) 
sucrose solution for 20-22 weeks as the sole source 
of liquid, while the control animals were offered 
water. Both groups were fed laboratory chow (Pur- 
ina) ad lib. and kept in the same 12-hr alternating 
light and dark cycle. All experiments were initiated 
between hr 1 and hr 3 of the light cycle because 
polysome abundance undergoes a diurnal rhythm 
[16]; the animals were not withdrawn from alcohol 
prior to experimentation. 

Labeling of polysomes. Liver polysomes were 
labeled by intraperitoneal injection of each mouse 
with S00uCi of [5-*H]uridine, 29 Ci/mmole 
(Research Products International, Elk Grove Vil- 
lage, IL). After 60 min of incorporation, mice were 
killed by cervical dislocation, and the liver polysomes 
were extracted. 

Extraction of polysomes. All glassware used in this 
study was washed in triple distilled water and heat 
treated for 3 hr at 350° to destroy RNAse activity. 
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The general procedure of Sala-Trepat et al. [17] was 
used in preparing polysomes. Livers, after weighing, 
were homogenized in 5ml of 0.025M Tris-HCl 
(pH 7.5), 0.1 M KCI, 0.04 M NaCl, 0.975 M MgCh, 
0.05 M NH,Cl, 0.5 mg/ml heparin, 1.5 mg/ml yeast 
tRNA and 0.006M 2-mercaptoethanol, using a 
Dounce homogenizer (A) pestle. The homogenates 
were centrifuged at 15,000 g (r,, 9.5 cm) for 10 min 
at 4°. The resulting postmitochondrial supernatant 
fractions from alcohol-sucrose and control livers 
were then equalized on the basis of protein concen- 
tration by adding buffer to the more concentrated 
sample. The Bio-Rad assay [18] was used to deter- 
mine protein concentration. Heparin was then added 
to a final concentration of 3 mg/ml, and 1/9th volume 
of a 10 per cent (v/v) Triton X-100—10 per cent (w/v) 
sodium deoxycholate solution was added with con- 
tinuous stirring. 

Polysome gradients. Equal volumes of the post- 
mitochondrial supernatant fractions from alcoholic 
and control mice were layered onto 10-35 per cent 
(w/v) sucrose gradients in homogenization buffer 
lacking Triton X-100 and sodium deoxycholate. As 
a control for nuclear RNA contamination, EDTA 
(0.1 M) was added to equal volumes of control and 
experimental postmitochondrial supernatant frac- 
tions, which were layered onto 10-35 per cent (w/v) 
sucrose gradients as above, except that 


0.025 M EDTA was substituted in the gradient for 
0.01 M MgCl. The gradients were centrifuged in a 
Beckman SW 41 rotor at 205,600 g (r,, 10.93 cm) for 
70 min at 4°. A Beckman LS5-50 ultracentrifuge was 
used in all gradient experiments. The gradients were 


then fractionated with a density gradient fractionator 
(ISCO, Lincoln, NE). The relative amount of poly- 
somes in each gradient was determined by planimetry 
of the absorbance scans. In order to measure incor- 
porated [5-*H]uridine, the fractions from the poly- 
some gradients were precipitated by the addition of 
‘2.5 vol. of ethanol (carrier RNA or DNA was added 
to a final concentration of 40 ug/ml). (With an ISCO 
density gradient fractionator, unincorporated [5- 
*H]uridine is introduced down through the gradient 
by wall friction, making the precipitation step necess- 
ary.) After sitting overnight at —20°, the precipitates 
were centrifuged at 10,000 g (Sorvall HB-4 rotor, r,, 
9.15cm) for 10 min at 4° and resuspended in 1 ml 
of water. Four milliliters of Biocount (Research 
Products International) was added to each sample 


in a minivial prior to counting. Samples were counted’ 


for 50 min at a counting efficiency of 38 per cent. 
Extraction of polysomal RNA. Polysomes from 
postmitochondrial supernatant fractions (see 
“Extraction of polysomes’’) were centrifuged 
through 3ml of 1M _ sucrose in 0.1 M NaCl, 
0.001 MEDTA, and 0.05M Tris-HCl (pH 7.5) 
(NET buffer). The RNA was extracted from poly- 
somes by the method of Perry et al. [19], (phenol- 
nucleic acid grade, Bethesda Research Laboratories, 
Rockville, MD; chloroform, Mallinckrodt Chemical 
Works, St. Louis, MO). The RNA was precipitated 
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overnight with 2.5 vol of ethanol at —20° and then 
centrifuged. The pellet was resuspended in NET 
buffer. Diethylpyrocarbonate (Sigma Chemical Co., 
St. Louis, MO) was added to a concentration of 
3 ul/ml and the sample was layered over a 1.5 ml pad 
of 20 per cent (w/v) sucrose in NET buffer. The 
sample was centrifuged in an SW 41 rotor at 205,600 g 
(ry. 10.93cm) for 1 hr at 4°. Insoluble materials 
present in the preparation were pelleted; the purified 
RNA remained in the supernatant fraction. 

RNA gradients. Polysomal RNA (45 ug) from both 
alcoholic and control mouse polysomes was centri- 
fuged in denaturing sucrose gradients as described 
previously [20]. The RNA sradients were fraction- 
ated and processed as described previously for 
polysome gradients. 

[5H] Poly(U) hybridization with poly(A) tracts of 
mRNA. Synthetic poly(A) (0.1 ug, Sigma Chemical 
Co.) was used as a standard and processed the same 
as polysomal RNA fractions. Separate or pooled 
fractions from each RNA gradient were precipitated 
in ethanol, centrifuged and resuspended in NET 
buffer. Each RNA sample was incubated with [5- 
*H]poly(U) (Miles Laboratories, Elkhart, IN, 
35 uCi/umole phosphate) at 40° for 15 hr and pro- 
cessed as described previously [21]. Samples were 
counted at 18 per cent efficiency in a nonaqueous 
mixture (toluene containing 4 g/l PPO and 0.1 g/l 
POPOP).* 

Oligo(dT)-cellulose chromatography. Poly(A) 
mRNA was purified free of rRNA and tRNA using 
oligo(dT)-cellulose chromatography as described 
previously [21]. Individual fractions were quantified 
as to volume, and the amount of nucleic acid present 
was determined spectrophotometrically. The 260/280 
ratios were routinely between 2.15 and 2.17, indi- 
cating highly purified RNA. 

Measurement of uridine nucleotide availability in 
alcoholic and control mouse livers. Alcoholic and 
control mice were killed 1 hr after intraperitoneal 
injection of [5-*H]uridine (500 wCi/mouse). After 
removal of the gall bladders, the livers were excised, 
sliced and frozen in liquid nitrogen within 20 sec of 
death. The frozen liver tissue was weighed and trans- 
ferred rapidly to a tube containing 6ml of 0.6N 
perchloric acid and homogenized thoroughly with a 
Sorvall (Newton, CT) Omnimix. The homogenates 
were centrifuged at 14,000 g (Sorvall HB-4 rotor, r,, 
9.5 cm) for 10 min at 4°, and 0.5 M Tris-HCl (pH 6.5) 
was then added. The pH of the supernatant fractions 
was adjusted to pH 6-7 by dropwise addition of 
5M KOH. The supernatant fractions were then 
chilled rapidly to —20°, and the precipitated potas- 
sium perchlorate was removed by centrifugation at 
14,000 g (Sorvall HB-4 rotor, r,,9.5cm) for 5 min 
at 4°. The resulting supernatant fraction was stored 
at —20°. 

Two dimensional ion-exchange chromatography 
on poly-(ethyleneimine)-cellulose (PEI-cellulose) 
thin-layer plates (Brinkmann Instruments, Houston, 
TX) was used to separate nucleotides [22]. Samples 
(50 ul) were first concentrated using activated char- 
coal (Sigma Chemical Co.) [23]. A UTP standard 
bound with 80 per cent efficiency and was unde- 
graded by this treatment. ATP, GTP, UTP and CTP 
were used as standards (10°? M solutions in water) 
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on a separate plate. The fractionated nucleotides 
were identified by their respective R; values and by 
comparison to standards run on separate plates using 
u.v. light to visualize the nucleotides. Sections of the 
plates were cut out using a cork borer, and the 
nucleotides were eluted using 0.07 M MgCl.-0.2 M 
Tris-HCI (pH 7.4). Nucleotides were quantified 
spectrophotometrically, and the Aj, of. each 
nucleotide was determined as a further means of 
identification. Samples were counted at 38 per cent 
efficiency for 50 min using Biocount. 


RESULTS 


Animals and ethanol-sucrose treatment. Mice fed 
alcohol-sucrose for 5 months had the same mean 
weight as controls, and no significant difference in 
mean liver weight was observed (Table 1). There 
was no difference in either food or liquid consump- 
tion (Table 1), although there was a slower growth 
rate in the alcohol-sucrose group during the first 
month of the experiment (this slower average growth 
rate was due to four mice in the alcohol-sucrose 
group that died during this time period). Following 
these deaths, the growth rates of both alcohol- 
sucrose and control groups were the same. Sucrose 
was administered with the alcohol to encourage the 
mice to drink more alcohol. Mice that drank 10 per 
cent (v/v) ethanol alone consumed 4.1 ml/day per 
mouse, while mice that drank 10 per cent (v/v) 
ethanol-5 per cent (w/v) sucrose consumed 
5.76 ml/day per mouse (difference significant at 0.01 
level). 

Effect of alcohol-sucrose treatment on morphol- 
ogy. Routine histological sections were prepared 
with haematoxylin and eosin stain for the general 
architecture of liver, Mallory’s triple stain for con- 
nective tissue and oil red 0 for lipids. The alcohol— 
sucrose treatment did not cause any distortion of the 
normal liver architecture, and no cell, or nuclear, 
enlargement was observed. There was no increase 
in the amount of connective tissue seen due to the 
alcohol-sucrose treatment. However, the treatment 
did cause a 2- to 3-fold increase in the amount of 
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lipid deposited in periportal hepatccytes, a result 
similar to that obtained using rats [11, 24, 25]. Con- 
centrations of alcohol higher than 10 per cent (v/v) 
and sucrose 5 per cent (v/v) fed to rats can cause 
significant architectural distortions, connective tissue 
invasion, and fat accumulation [24]. 

Effect of alcohol-sucrose treatment on [S- 
‘Hluridine incorporation into polysomes. Prelimi- 
nary experiments using the Bio-Rad (Richmond, 
CA) protein assay [18] on crude liver homogenates 
showed that protein content did not differ between 
the two groups. Results were analyzed using Stu- 
dent’s t-test; the confidence level was 0.01. The 
amount of postmitochondrial supernatant protein 
(PMSP) was chosen as a standard upon which to 
base the results of the experiment on [5-*H]uridine 
incorporation into polysomes. This standard was 
chosen since protein content did not vary, and the 
standard accounted for vagaries in homogenization 
and centrifugation. Although the standard deviation 
of the PMSP data was somewhat high, there was no 
significant difference in the amount of PMSP 
recovered in alcohol-sucrose or control mice (Table 
1). 

One hour after injection of [5-*H]uridine, poly- 
somes were extracted from the livers of alcoholic 
and control mice and centrifuged in sucrose gra- 
dients, as described in ‘Materials and Methods’ (Fig. 
1). In four experiments, there was no significant 
difference in the total amount of polysomes obtained 
per milligram PMSP, and no consistent difference 
in absorbance profiles of the polysome gradients was 
found. EDTA disrupted the polysomes, as indicated 
by the little absorbance in the polysome 
(> 80S) portion of the gradient (Fig. 1). EDTA does 
not disrupt the [5-*H]uridine labeled ribonucleopro- 
tein that is released from the nucleus during hom- 
ogenization and contaminates the polysome portion 
of the gradient [15, 26]. The cpm in each fraction 
of the polysome portion of the EDTA-treated 
alcohol-sucrose gradient was subtracted from the 
corresponding fraction of the alcohol-sucrose poly- 
some gradient. Similarly, the cpm in each fraction 
of the polysome portion of the EDTA-treated con- 
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Fig. 1. Effect of alcohol-sucrose treatment on the incorporation of 60-min pulse labeled [5-*H]uridine 
into mouse liver polysomes. Key: (——) absorbance profile typical of polysomes isolated from both 


alcohol-sucrose-treated and control mice; ( 


) effect of EDTA treatment on absorbance profile; 


(@) net incorporation of [5- “Hluridine into mRNA of alcohol-sucrose polysomes-EDTA control; and 
(©) net incorporation of [5-*H]uridine into mRNA of control polysome-EDTA control. One alcohol- 
sucrose-treated and one control mouse were used. 





Poly(A)mRNA, ethanol and [5-*H]uridine 


trol gradient was subtracted from the corresponding 
control polysome gradient. In four experiments, an 
average of 60mg of PMSP was layered on each 
gradient, and about 25 per cent of the cpm recovered 
was due to nuclear contamination. The net cpm due 
to putative mRNA in both experimental and controls 
of a single experiment are graphed in Fig. 1. In each 
fraction of the gradient, the amount of labeled pre- 
cursor incorporated into alcohol-sucrose mRNA was 
generally twice that incorporated into control 
mRNA. Since polysome size is dependent on mRNA 
length [17, 27], it is most probable that large numbers 
of different mRNAs were affected by the alcohol- 
sucrose treatment. 

In four separate experiments, the amount of 
[5-Juridine incorporated into liver polysomes of 
alcohol-sucrose-treated mice was greater than con- 
trols by a ratio of 2.04 (Table 1). This difference was 
significant at the 0.003 confidence level as deter- 
mined by Student’s t-test. For all four experiments, 
the average cpm/60mgPMSP recovered in the 
alcohol-sucrose polysome region was 93,841. After 
deducting 23,453 cpm for nuclear contamination, a 
net of 70,361cpm was realized. For the control 
group, an average of 46,117 cpm was recovered, and 
after deducting 11,529cpm for nuclear contamina- 

; tion, a net of 34,588 cpm was obtained. These results 
were converted to dpm/mg PMSP and listed in Table 
:. 

Effect of alcohol-sucrose treatment on [5-°H] 
uridine incorporation into polysomal RNA. When 
45 ug of extracted polysomal RNA from experi- 
mental or control polysomes was centrifuged in 
sucrose gradients, the resultant absorbance profiles 
could be superimposed (Fig. 2). Since the amount 
of polysomes did not vary between groups, it was 
unlikely that the amount of RNA composing these 
polysomes varied. Therefore, the incorporation of 
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Fig. 2. Effect of alcohol-sucrose treatment on the incor- 
poration of 60-min pulse labeled [5-*H]uridine into mouse 
liver polysomal RNA. Key: (——) absorbance profile typ- 
ical of 45 ug polysomal RNA isolated from both alcohol- 
sucrose-treated and control mice; (@) net incorporation of 
[5-*H]uridine into mRNA of alcohol-sucrose polysomal 
RNA-EDTA control; and (O) net incorporation of [5- 
‘H]uridine into mRNA of control polysomal RNA-EDTA 
control. One alcohol-sucrose-treated and one control 
mouse were used. 
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[5-*H]uridine into mRNA was based on equal 
amounts of polysomal RNA. The shape of the pro- 
files indicated that the purified RNA was undegraded 
[23]. The pattern of [5-*H]uridine incorporation into 
alcohol-sucrose and control polysomal RNA was 
heterogeneous and did not rise significantly where 
the 18S and 28S absorbance peaks were. This indi- 
cated that the majority of incorporated label in both 
polysome and RNA gradients was in mRNA and not 
rRNA. The RNA profiles also indicated that many 
different mRNAs were affected by the alcohol- 
sucrose treatment, there being a 2- to 3-fold increase 
in the amount of [5-*H]uridine incorporated by all 
fractions of alcohol-sucrose versus control RNA 
(Fig. 2). The exact number of mRNAs affected can- 
not be determined unequivocally using sucrose gra- 
dient centrifugation because this technique cannot 
sufficiently separate the estimated.34,000 different 
mRNAs that may be present in rodent liver [28]. 

Isolated poly(A)mRNA from alcohol-sucrose and 
control polysomes exhibited the same density gra- 
dient profiles when equal quantities were applied to 
the gradients (Fig. 3). Sala-Trepat et al. [17] esti- 
mated the number average nucleotide size of rat 
liver poly(A)mRNA to be approximately 1475 
nucleotides, while we obtain a value of 1400 nucleo- 
tides for mouse using the data from Fig. 3 and the 
formula: 


Number average nucleotide length = 
(A) Li 
2(A)i | 


where A; is the absorbance in fraction i and L; = the 
nucleotide length of RNA sedimentingin fractioni. 
The [5-*H]uridine patterns were the same as those 
for polysome (Fig. 1) and polysomal RNA (Fig. 2) 
scans with the alcohol-sucrose poly(A)mRNA incor- 
porating two to three times more isotope in each 
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Fig. 3. Effect of alcohol—-sucrose treatment on the incor- 
poration of 60-min pulse labeled [5-*H]uridine into mouse 
liver poly(A)mRNA. Key; (——) absorbance profile typ- 
ical of 22 ug of poly(A)mRNA from both alcohol-treated 
and control mice;(@) net incorporation of [5-*H]uridine 
into poly(A)mRNA of alcohol-sucrose mice; and (O) net 
incorporation of [5-*H]uridine into poly(A)mRNA of con- 
trol mice. One alcohol-sucrose-treated and one control 
mouse were used. 
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Table 2. Effect of alcohol-sucrose treatment on poly(A)mRNA content and incorporation of [5-*H]uridine into 
poly(A)mRNA and poly(A )mRNA* 


. 





Experiment 1 
Alcohol-sucrose 


Experiment 2 


Control Alcohol-sucrose Control 





406 
10.1 


Polysomal RNA applied (ug) 
Poly(A)mRNA bound (yg) 
Percent based on ug of 
oly(A)mRNA 

[5--H]Polysomal RNA 

applied (cpm) 
[5-*H]Poly(A)mRNA 

bound (cpm) 
Per cent of cpm bound as poly(A)mRNA 


2.5 
45,641 


29,200 
64 


499 
10 


965 
22.5 


575 
11.1 
2.3 


2.0 1.9 


28,766 99,721 29,200 
12,156 


42 


60,573 
60.7 


11,855 
40.6 





* Polysomal RNA labeled for 60 min with [5-*H]uridine was chromatographed on oligo(dT)-cellulose. One alcohol- 
sucrose mouse and one control mouse were used in each experiment. 


gradient fraction than controls. Both rRNA and 
tRNA peaks were absent in both absorbance and 
labeling profiles, indicating a very pure preparation 
of poly(A)mRNA. 

Except for the above experiment, measurement 
of the amount of [5-*H]uridine incorporated into 
polysomal RNA was done with an average of 100 yg 
of polysomal RNA/experiment. In the alcohol-— 
sucrose gradients, an average of 15,786cpm was 
recovered, of which 4093 cpm (26 per cent) was 
nuclear contamination, leaving a net recovery of 
11,694cpm. For controls, gross recovery was 
7514 cpm, of which 1948 cpm (26 per cent) was con- 
tamination, leaving a net of 5566cpm. Results are 
summarized in Table 1 based on the number of 
dpm/mg polysomal RNA. 

Effect of alcohol-sucrose treatment on poly(A)- 
mRNA and_ poly(A~)mRNA. _ [5~H]Uridine- 
labeled polysomal RNA was applied to oligo(dT)- 
cellulose in order to measure the total amount of 
poly(A)mRNA present and the proportion of newly 
made labeled poly(A)mRNA. In the first experi- 
ment, 2.5 per cent of the mass of the alcohol—sucrose 
polysomal RNA bound to oligo(dT)-cellulose, com- 
pared to 2 per cent for controls (Table 2). However, 
64 per cent of the labeled newly made alcohol- 
sucrose polysomal RNA bound, compared to 42 per 
cent for controls. In the second experiment, 2.3 per 
cent of the mass of alcohol-sucrose polysomal RNA 
bound, compared to 1.9 per cent for controls, while 
60.7 per cent of the newly made alcohol—sucrose 
polvsomal RNA bound, compared to 40.6 per cent 
in controls. 


The results of the number of micrograms of poly- 
somal RNA bound to oligo(dT)-cellulose were 
averaged and are listed in Table 1 as the total 
poly(A)mRNA bound/mg of polysomal RNA. The 
average A:C ratio was 1.23. The data obtained on 
the amount of [5-*H]uridine incorporated into poly- 
somal RNA were averaged with the results of a third 
experiment (alcohol-sucrose 366,600 dpm/mg RNA, 
control 154,263 dpm/mg RNA) and expressed in 
Table 1 as the number of dpm of labeled mRNA/mg 
polysomal RNA. The average A:C ratio was 2.09. 
The oligo(dT)-cellulose binding data were averaged 
and are listed in Table 1 as the net dpm of 
poly(A)mRNA/mg polysomal RNA. The average 
A:C ratio was 2.93. Finally, data for the amount of 
labeled poly(A’ )mRNA not bound to oligo(dT)-cel- 
lulose were averaged and are listed in Table 1 as the 
net dpm of poly(A~)mRNA/mg polysomal RNA. 
The average A:C ratio was 1.25. 

Effect of UTP pool sizes on the incorporation 
results. The results from the [5-*H]uridine incorpor- 
ation experiments could have been influenced by 
alcohol-induced changes in uridine metabolism in 
the liver. To check this possibility, the distribution 
of isotope among UTP, UDP and UMP was com- 
pared in alcohol-sucrose and control mouse livers 
lhr post-injection with [5-’H]uridine. Chronic 
alcohol-sucrose ingestion had no effect on the uptake 
and processing of [5-*H]uridine in mouse liver (Table 
3). After 60 min, there was more than twelve times 
as much radioactivity in [5--H]UTP as in [5-H] UDP 
or [5S--H]UMP. This result is similar to those of other 
pool size studies of rat liver [29]. The amount of 


Table 3. Effect of ethanol-sucrose on free hepatic [5--H]UMP, [5-*H]UDP, [5--H]UTP 
and the specific activity of UTP* 





Ethanol-sucrose 


Control A:C ratio 





[5S--H]UMP (dpm/g protein) 
[S--H]UDP (dpm/g protein) 
[5S-H]UTP (dpm/g protein) 
UTP (umole/g protein) 

Specific activity (wCi/umole) 


0.692 
0.785 


9.45 x 10° 
8.34 x 104 
1.21 x 10° 


1.14 
1.01 
0.99 
0.72 
1.37 


8.33 x 10° 
8.22 x 10° 
1.22 x 10° 
0.966 
0.572 





* Values are based on one control mouse and one ethanol-sucrose-treated mouse. 
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UTP eluted from PEI-cellulose plates was deter- 
mined spectrophotometrically and corrected for inef- 
ficiences in binding and elution from charcoal (20 
per cent) and in elution from PEI-cellulose (5 per 
cent). The amount of UTP differed between alcohol- 
sucrose fed mice and controls by a ratio of 0.72 
(Table 3), and therefore the specific activity of UTP 
in alcohol-sucrose livers was 1.37 times that of con- 
trol livers. 

The labeling experiments must therefore be cor- 
rected for the variation of pool specific activity by 
dividing the A:C ratio for each labeling experiment 
by 1.37. When the RNA labeling data are thus cor- 
rected, the labeling differences reflect. differing 
amounts of newly made (60min) RNA. The pro- 
cedure assumed that the differences in the specific 
activity of the precursor pools remained the same 
throughout the entire 60-min labeling period. Since 
the pool size difference was due to the alcohol- 
sucrose UTP pool being reduced compared to con- 
trols, this assumption should be valid as it was 
unlikely that the cold pool would be changed dra- 
matically during the 60-min labeling period. 

When the data in Table 1 were corrected for pool 
size variation, the A:C ratio for labeled poly- 
somes/mg PMSP was 1.47, for labeled polysomal 
RNA/mg RNA 1.51, for labeled poly(A)mRNA/mg 
polysomal RNA 2.11, and for poly(A” )mRNA/mg 
polysomal RNA was 0.9. 

[5H]Poly(U) hybridization with poly(A)mRNA. 
[5H]Poly(U) hybridized with the poly(A) tracts of 
the poly(A)mRNA showed that there was 1.91 times 
more poly(A) in alcohol-sucrose polysomal RNA 
than in controls (Table 1). The specific activity of 
the [5-*H]poly(U) was 0.11 wCi/ug polymer and the 
counting efficiency was 18 per cent. From the data 
in Table 1, it was determined that there was 2.08 ug 
of poly(A)/mg of alcohol-sucrose polysomal RNA 
compared to 1.09 ug in controls. Based on the recov- 
ery of poly(A)mRNA/mg of alcohol-sucrose poly- 
somal RNA (Table 1), it was estimated that the 
amount of the alcohol-sucrose poly(A) was 8.65 per 
cent of the total poly(A)mRNA, while for controls 
it was 5.56 per cent. Using a number (average 
nucleotide size) of 1400 for the poly(A)mRNA, the 
average poly(A) tract length would then be 116 and 
75 nucleotides, respectively. 


DISCUSSION 


Porta and Gomex-Dumm [24] observed that mice 
drank more alcohol when sucrose was present in the 
solution than when alcohol was used alone, and our 
results support this conclusion. Although the com- 
bination of alcohol and sucrose in the drinking water 
may lead to dietary inadequacy, the growth rates, 
final body weights, and liver weights suggested this 
did not occur in this study. In previous studies 
[11, 24, 25], far higher concentrations of alcohol- 
sucrose were used than in this study. The 5-month 
exposure period was chosen to equal or exceed 
exposure periods used in protein synthesis studies 
[1-6]. At the end of 5 months, the only consistent 
morphological change observed was the: accumula- 
tion of lipid by periportal hepatocytes. This sug- 
gested that alcohol-sucrose and control livers contain 
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essentially the same cell popula ons, making bio- 
chemical comparisons valid. 

The amount of PMSP was selected as a standard 
upon which to base results because total liver protein 
(unpublished observation) and liver weight were 
shown not to vary between alcohol-sucrose-treated 
and control mice. Although some variation occurred, 
the amount of PMSP recovered from alcohol-sucrose 
and control livers after homogenization was not sig- 
nificantly different. Therefore, we concluded that 
the alcohol-sucrose and control livers were equally 
homogenized and that the use of PMSP as a basis 
of standardization accounted for variation in hom- 
ogenization. The amount of polysomes, as deter- 
mined from absorbance scans of gradients per milli- 
gram PMSP, was the same in both experimental and 
control groups. This suggests that the amount of 
polysomal RNA contained in the polysomes should 
also be the same. Thus, the results of this study are 
the same as those reported by Porta et al. [11], who 
observed no difference in the recoverable RNA per 
gram of defatted dry weight of liver between alcohol- 
treated and controls. For these reasons, results 
obtained using phenol extracted RNA were 
expressed per milligram of polysomal RNA. This 
corrected for variations in the phenol-chloroform 
extraction of polysomal RNA from polysomes. 

The preliminary pool size measurements reported 
here show no difference between experimental and 
control mice in the uptake and processing of [5- 
3H]uridine into [5-‘H]UTP. The treatment did affect 
the total UTP pool, reducing it compared to controls. 
A similar reduction in the UTP pool had been 
reported for regenerating rat liver [29]. In both cases, 
a higher rate of RNA synthesis compared to controls 
could be expected to draw heavily on intracellular 
pools, thereby reducing them unless there was a 
compensatory increse in uridine phosphorylation. In 
this study, similar reductions were observed for ATP, 
CTP and GTP pools (data not shown). 

After correction for pool size variation, the 60- 
min incorporation of [5-*H]uridine into mRNA 
reflected the present rate of transcription, RNA pro- 
cessing, and cytoplasmic transport. The results of 
this study show that mice fed alcohol and sucrose 
incorporated 1.5 times more [5-*H]uridine-labeled 
RNA into polysomes and polysomal RNA than con- 
trols. The result is based on seven separate labeling 
experiments, using two different methods. The 
sucrose gradient labeling profiles confirmed that the 
RNA extracted was undergraded and that mRNAs 
of all size classes showed the same difference in 
incorporation. We have observed similar results in 
mice fed alcohol alone (data not shown), suggesting 
an independence of sucrose in the diet. 

The alcohol-sucrose-induced changes in [5- 
Hjuridine incorporation may be due to increased 
transcriptional activity and RNA processing or to 
faster mRNA transport to the cytoplasm, although 
it has been found that RNA transport in mouse brain 
is inhibited by chronic alcohol treatment [14]. The 
exact means by which alcohol-sucrose ingestion may 
change these cell processes is not known, but hor- 
monal changes may play a role [30]. 

In alcohol-sucrose-treated mice, 62.5 per cent of 
the newly made RNA was poly(A)mRNA, whereas 
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this value was only 37.5 per cent in controls. This 
increase in the amount of newly’ made 
poly(A)mRNA may well explain; the observation 
that there was 1.23 times more total poly(A)mMRNA 
present in alcohol-sucrose-treated animals than in 
controls. Selective mRNA degradation may have 
contributed to maintaining the high level of 
poly(A)mRNA in alcohol-sucrose-treated mice as 
well. As the proportion of poly(A)mRNA increased, 
the amount of poly(A” )mRNA may have declined. 
The possibility is supported by the lesser amount of 
newly made poly(A’ )mRNA entering polysomes of 
experimental mice and by the observation that the 
amount of polysomes recovered per milligram of 
PMSP was the same in experimental and control 
groups. Since there were ample quantities of mon- 
osomes available in both groups, then an increase 
in the poly(A)mRNA in alcoholic mice would be 
accompanied by a corresponding decrease in 
poly(A-)mRNA. Changes in the amount of 
poly(A)mRNA relative to poly(A~)mRNA have 
been reported [31] for regenerating rat liver, where 
the amount of poly(A)mRNA declined from control 
values of 30-40 per cent to 8 per cent; this decline 
was attributed to selective degradation of poly 
(A)mRNA. In the present study, there was 1.5 times 
more newly made RNA in alcohol-sucrose livers 
entering the mRNA pool. An increased overall rate 
of degradation in alcohol—sucrose may explain why 
both groups had the same amount of mRNA. The 


addition of poly(A) to RNA is catalyzed by poly(A) 


polymerase. This enzyme is post-translationally 
regulated by phosphorylation by protein kinase, and 
it has been shown that rat hepatoma cells have higher 
rates of polyadenylation than normal liver cells [32]. 

Although the ratio of poly(A)mRNA to poly- 
(A-)mRNA was altered in this and other systems, 
the function of poly(A) has yet to be elucidated [33]. 
Poly(A)mRNA varied qualitatively from poly- 
(A-)mRNA in mouse brain [34], and one report 
suggests that the same is true for liver [35]. Recent 
research indicates however, that both RNA popu- 
lations in the mouse liver are transcribed from the 
same genes (J. Van Ness, University of Colorado 
Medical Center, personal communication). This lat- 
ter work is similar to recent reports that 
poly(A)mRNA and poly(A” )mRNA are transcribed 
from the same genes in mouse kidney [36] and sea 
urchin embryos [37]. 

The [5-°H]poly(U) hybridization data suggest that 
not only was there more poly(A)mRNA present in 
alcoholic mice but that the tract size of the poly(A) 
may have been longer by a factor of 1.5. In Xenopus 
oocytes undergoing maturation, there was a similar 
lengthening of the poly(A) tracts [38]. Other experi- 
ments, such as gel electrophoresis of the poly(A) 
tracts, need to be performed in order to provide 
additional proof of this lengthening process. 

Since the number of polysomes/mg PMSP was 
found not to vary between experimental and control 
groups, and the mRNA content appeared also to be 
equal, a decrease in liver protein synthesis due to 
alcohol treatment would need to be due to changes 
in the ability of ribosomes to bind to mRNA or to 
reduced translational movement. Using brain ribo- 
somes from rats fed alcohol, Tewari and Noble [10] 


J. A. BANTLE, G. E. EDMISTEN and M. D’ARCY DOHERTY 


found altered binding properties and reduced in vitro 
translational activity. If this was the case in liver 
under the present experimental conditions, then 
when mRNA is present in large quantities, protein 
synthesis can still be repressed. 
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Abstract—Most of the mitochondrial damage induced by antimitotic drugs of the adriamycin family 
could be due to the high affinity of these drugs for the membrane. The prime interaction between the 
anthracycline drug and this membrane would explain specific alterations observed on mitochondria. 
Cardiolipin has been proposed as a privileged target. We have tested this hypothesis here. Model 
membranes (lipid monolayers, liposomes) were used to demonstrate the interaction between these 
anthracycline drugs and different phospholipids. A new surface potential technique showed the specificity 
of adriamycin derivatives for cardiolipin whereas no complexation was observed with neutral phospho- 
lipids (dipalmitoyl lecithin and egg lecithin). Association constants were evaluated and a good correlation 
was obtained between the mitochondrial toxicity of each drug and its affinity for cardiolipin. Fluorescence 
measurements were carried out in order to locate precisely the position of the drug in the lipid bilayer. 
Perturbations of the lipid organization after complex formation were analysed using phospholipase A, 


as an enzymic probe. 


Adriamycin is one of the most promising new anti- 
‘neoplastic drugs [1,2]. Most of its side-effects are 
reversible and are commonly seen with other anti- 
neoplastic drugs. Cardiac toxicity, however, is very 
specific and places a limit on the total dose of adria- 
mycin that may be given, since the effect is cumu- 
lative [3]. The development of cardiac failure is 
characterized by a good correlation with the impair- 
ment of mitochondrial functions (O, consumption 
and proportional ATP synthesis) [4] without pert- 
urbation of the sliding of actin and myosin filaments 
across each other [5]. Histologically, mitochondria 
changes are characterized by formation of myelin- 
like figures [6, 7] generally related to the formation 
of a drug—lipid complex [8-10]. Other studies confirm 
that adriamycin can perturb the lipidic organization 
on model membranes [11-13]. It has been postulated 
that the formation of a strong complex between 
adriamycin and cardiolipin, a phospholipid of the 
inner mitochondria membrane, demonstrated on 
model membrane [14, 15], could be the prime cause 
of cell toxicity. Indeed, disorganization of the 
phospholipid fraction of the mitochondrial mem- 
brane could explain the decreasing activity of mem- 
brane enzymes [16]. It is striking that cardiolipin- 
dependent enzymes such as coenzyme Q [17] and 
cytochrome oxidase [5] seem to be particularly 
affected by adriamycin. On the other hand, perox- 
idation of lipids catalysed by anthraquinonic drugs 
has been demonstrated [18, 19] and could be another 
way of explaining the mitochondrial toxicity [20]. In 
this hypothesis, cardiolipin again could play a prom- 
inent role since it has been pointed out that perox- 





* Present address: Continental Pharma Research Lab- 
oratories, Machelen, Belgium. 


idized cardiolipin reacts covalently with lipids and 
proteins to form polymers [21]. 

The purpose of this paper is to demonstrate a 
correlation between the cardiac toxicity of the drug 
and its affinity for cardiolipin. A possible approach 
is the study of the behaviour of adriamycin deriva- 
tives having different mitochondrial toxic effects in 
the presence of model membranes (lipid monolayers 
and liposomes) containing cardiolipin. In this work, 
lipids were spread at the air—water interface and 
adriamycin derivatives were injected into the 
aqueous subphase. We developed a new method 
using surface potential and surface pressure 
measurements to determine the association constant. 
In order to evaluate the penetration of the drug into 
the lipophilic region of the bilayer, its fluorescence 
titration by liposomes was carried out. The fiuor- 
escence spectrum of each drug was correlated to the 
dielectric constant of the medium surrounding the 
chromophore. Finally, phospholipase A, (EC 
3.1.1.4) was used as an enzymic probe to point out 
a change in the model membrane organization due 
to the lipid—adriamycin complex formation. 


MATERIALS AND METHODS 


DL-a-Dipalmitoy! phosphatidylcholine, egg phos- 
phatidylcholine and cardiolipin were purchased from 
Sigma Chemical Co. Adriamycin, rubidazone and 
steffimycin (Figs. la, d, and f) were generously sup- 
plied by Dr. J. Hildebrand (Institut Jules Bordet) 
and by Dr. C. Deslover (Farmitalia). N-Acetyl- 
adriamycin (Fig. 1b) was a gift of Prof. A. Trouet 
and Dr. R. Baurin (Laboratoire de Chimie Phy- 
siologique, Université de Louvain). Cinerubin, rho- 
domycin and nogalamycin (Figs. 1c, e, and g) were 
obtained from the National Cancer Institute. Phos- 
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Fig. 1. Structure of the adriamycin analogs. 


pholipase A, from porcine pancreas (EC 3.1.1.4), 
acitivity 800 U/mg, was supplied by Boehringer 
Mannheim. All chemicals were of analytical grade 
and water was tridistilled. Buffered solutions (Tris— 
HC! 10-*M/l, pH 7.4, NaCl 10-*M/L) were used to 
prepare the subphase. Phospholipids were spread at 
the air—water interface from a chloroform solution 
using an Agla Microlitre syringe. All experiments 
were carried out at 25°. 

To prepare small unilamellar liposomes, lipids 
were dissolved in CHCl, in a spherical flask. The 
solution was evaporated to dryness and further dried 
under vacuum. Multilamellar liposomes were 
obtained by mechanical stirring (vortex mixer) of a 
lipid film in buffer. The temperature was maintained 
above the corresponding lipid phase transition tem- 
perature 7, [22]. Small unilamellar liposomes were 


obtained by sonication of the multilamellar liposome 
dipsersion (Branson Sonifier B12). The temperature 
was kept above 7. during sonication. 

The vibration electrode technique was employed 
to measure the surface potential (23, 24]. Surface 
pressure measurements were made on a Cahn R.G. 
electrobalance using the Wilhelmy method [25]. A 
platimum plate was used. Fluorescence spectra were 
recorded with a differential spectrofluorimeter 
FOCCI ML 1. 


RESULTS 


Surface potential results. The knowledge of o, the 
surface charge density after complexation, and of 
0, the surface charge density before complexation, 
allows evaluation of the complexation constant, 
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Fig. 2. Increase of the surface potential A(Ay) as a function of the monolayer charge density oy. The 
salt concentration was increased from 10~? to 10°? *M by injection of NaNO; in the subphase. Buffered 
solution: Tris-HCl pH 7.4, 10°*M; NaNO;, 10°°M, 7 =25°C. The surface pressure of the spread 


monolayer was 25 mN/m. 


between a lipidic anionic site (P~) and a positively 
ionized drug (D*). The reaction can be written: 


D* + P- => DP (1) 
with an association constant 
O- Jd 1 


[D P] a at. a 
Dirl  o pr 


where o and o are, respectively, the surface charge 
density after and before complexation and [D], is 
the molar concentration of D* at the interface. [D*], 
is related to the bulk concentration through a Boltz- 
mann distribution: 


[D*], = [D*]. exp(—ewk7), (3) 


where e is the electronic charge, k the Boltzmann 
constant and wy the remaining negative surface 
potential after complexation. From a general point 
of view, the electrostatic potential y(mV) associated 





K= 


to the lipid monolayer is described by the Gouy- 
Chapman theory. At 25°, 
ys aa ee (4) 
4: VE" 


where oa is the surface charge density in charge/A? 
and C is the molar salt concentration in the solution. 

Classically, the lipid monolayer is spread at the 
air—water interface. After injection of the drug in 
the subphase, the evolution of the surface potential 
is followed until equilibrium is reached. The increase 
in surface potential AV (mV) can be described by: 


127Aun, 
AV = Ay + a (5) 


where Ay is the change in the electrostratic potential 
expressed in mV, Au, is the change of the vertical 
component of the total dipole moment expressed in 
mDebye and A is the area occupied per molecule 
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Fig. 3. Increase of the surface potential A(Aw) of the complexed monolayer after injection of NaNO; 
in the subphase as a function of the surface charge density before complexation. The NaNO; concen- 


tration was modified from 10~° 


to 10? M. Right ordinate gives the surface charge density o equivalent 


to the increase of the surface potential (equation 6). (Drug concentration: 2.10~° M.) Buffered solution: 
Tris-HCI pH 7.4, 10~*M; NaNO;, 10°*M, T = 25°C. The surface pressure was 25 mN/m. 
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in A?/molecule. In order to avoid the problem of the 
evaluation of the change in the dipolar contribution 
after formation of the drug—lipid complex, we devei- 
oped a new technique based on the Gouy—Chapman 
theory allowing the determination of o. It consists 
of varying the salt concentration by injecting a satu- 
rated solution of NaNO; into the subphase. Since 
evidence has been presented to suggest that no modi- 
fication of the dipolar orientation of the monolayer 
will occur [26], the increase of the surface potential 
A(Ay) after the salt injection can be described from 
the Gouy—Chapman theory. At 25°, 
A(Ay) = 50.4 (sn toll sh' = 
VG VG 
where C, and C; are, respectively, the concentration 
in monovalent ions in the subphase (M/1) before and 
after NaNO, injection and o is the surface charge 
density (charge/A”). C,; was chosen equal to 10™°M/I 
and C, equal to 10-*M/1. Figure 2 has been drawn 
from equation 6. It appears that o can be precisely 
extrapolated from A(Ay) in only a small range of 
A(Ay) values around 25 mV corresponding to a 0 
value of 1.7 x 10~* charge/A?. 

The following procedure was used to calculate the 
association constant K: monolayers of defined charge 
density 0) were obtained by spreading mixtures of 
a neutral lipid (DPPC) and of the negatively charged 
cardiolipin in different proportions to define pre- 
cisely 0). Adsorption experiments on a pure DPPC 
monolayer have been carried out for each drug at 
the same concentration as in Fig. 3 using surface 
potential and surface pressure measurements. Both 
techniques demonstrated that no adsorption occurs 
(Ay =0+5mV; Az = 0 + 0.5 mN/m). For this rea- 
son, DPPC was used as an inert lipid. For each o 
value, i.e. for each monolayer composition, a known 
amount of the drug was injected into the subphase. 
When equilibrium was reached, the salt concentra- 
tion of the subphase was modified by injection of 
NaNQ,. The experimental data obtained by this pro- 
cedure are shown in Fig. 3. For each drug, a oy value 
was determined at A(Aw) = 25 mV corresponding 
to o= 1.7 10~* charge/A”. From o and o, wy and 
[D*], the association constant K can be obtained 
(equations 2 and 3). The yw value used in the evalu- 
ation of [D*], is the difference between the surface 
potential before complexation (equation 4 with 
0= 0) and after complexation (equation 4 with 
o= 0). K values are reported in Table 1. 

Comparison between AV (equation 5) and Aw 
allows an evaluation of the dipolar term change. 
Ay is calculated from equation 7: 


K (eqn 1) 
(litres/mole) 
No charge complexation 
1.2 x 10° 
3.1 x 10° 
2.7 x 10° 
1.7 x 10° 
No charge complexation 


), © 


Table 1. Association constants of the cardiolipin—adriamycin derivatives complex* 


_, 1344, _, 1340 

Ay = 50.4 (sn '—— — sh ' ——= 

VC VC, 

AV and Ay are reported in Table 2. Two kinds of 
behaviour are pointed out. For three drugs only, 
AV and Ayexhibit compatible values. In these cases, 
we can assume that Au, is roughly equal to 0. Greater 
deviations are observed for the other drugs. Low or 
near zero values of Au, are generally associated with 
a low penetration of the drug into the lipophilic 
region of the model membrane. In the next part of 
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N-Acetyladriamycin 


Adriamycin 
Cinerubin 
Rubidazone 
Nogalamycin 
Rhodomycin 
Steffimycin 
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Table 2. Increase of surface potential of the cardiolipin— 

DPPC monolayer after injection of the adriamycin deriva- 

tives into the aqueous subphase. Comparison between 

experimental values and theoretical predictions calculated 
from eqn. 7* 





Experimental Theoretical 
AV 


(mV) 





210 + 20 
0+5 
180 + 30 
105 + 20 
265 + 30 
150 + 20 
60 + 15 


Adriamycin 
N-Acetyladriamycin 
Cinerubin 
Rubidazone 
Nogalamycin 
Rhodomycin 
Steffimycin 





* Subphase was a buffered solution (Tris-HCl, pH 7.4, 
107*M; NaNO;, 107? M). The surface pressure of the 
monolayer was 25 mN/M. T = 25°. Each value represents 
the mean + S.D. of seven experiments. 


this work we will try to confirm this conclusion by 
fluorescence titration of each drug. 

Fluorescence measurements. Since the maximum 
emission wavelength of the fluorescence Ajax is 
strongly dependent on the dielectric constant of the 
medium surrounding the dye, the fluorescence spec- 
tra can be used as a probe of the dielectric constant 
of the medium in which the dye is embedded [27]. 
In fact, the dielectric constant profile in a phospho- 
lipidic bilayer has been evaluated by Shinitzky [28]. 
Figure 4 shows the position of the maximum emission 
wavelength of each drug as a function of the dielectric 
constant. Media of different dielectric constants were 








| i = 
20 40 60 80 
€ 


Fig. 4. Amax(nm) of: (1) rubidazone, (2) N-acetyladria- 
mycin, (3) adriamycin, (4) rhodomycin, (5) cinerubin, (6) 
nogalamycin, (7) steffimycin as a function of the dielectric 
constant of the solvent. The concentration of the drugs was 
5.10°°M. T =25°C. 





Cardiolipin 
| 
2 3 4 
x10mole/ litre 
Fig. 5. Titration of steffimycin 5.10~°M by unilamellar 
liposomes of DPPC, egg PC and cardiolipin in a buffered 
solution Tris-HCI pH 7.4, 10-*M; NaNO;, 10°°M. T = 
25°C. Amax is plotted against the lipid concentration. 








used: aqueous buffer (e = 80), buffer-methanol 2/1 
v/v (€ = 66), buffer-methanol 1/1 v/v (e = 58), meth- 
anol (¢€ = 33), ethanol (¢ = 24) [29]. For example, 
in Fig. 5, Amax Of steffimycin is plotted as a function 
of the liposome concentration. Cardiolipin, egg 
phosphatidylcholine and dipalmitoylphosphatidyl- 
choline liposomes have been tested. At the end of 
the titration curve, it can be assumed that quanti- 
tatively no more free drug is present in the soiution. 
At this point, the ¢ value is deduced from A,,.x (Fig. 
5). For each drug, Anax and € were reported in Table 
3. A good correlation clearly appears between these 
results and that of surface potential. 

Comparing Tables 2 and 3, one can see that drugs 
which did not change quantitatively the dipolar 
orientation of the cardiolipin model membrane were 
embedded in a medium of dielectric constant greater 
than 50 (adriamycin, N-acetyladriamycin, cineru- 
bin), whereas the neighbourhood of all other drugs 
has a dielectric constant lower than 45 (rubidazone, 
nogalamycin, steffimycin, rhodomycin). In the latter 
case, the affinity and the penetration of the drug is 
no more dependent on the charge-—charge 
interactions, but the physical state of the bilayer 
seems to be the driving factor. This kind of behaviour 
is well illustrated by the behaviour of steffimycin 
which penetrates into the fluid lipids (cardiolipin and 
egg phosphatidylcholine) but does not penetrate into 
DPPC which is in a gel state at the working tem- 
perature (Fig. 5). 

It is of special interest to observe that the quantum 
yield of adriamycin in the presence of increasing 
amounts of cardiolipin liposomes presents a mini- 
mum at a defined liposome concentration (Fig. 6). 
At this concentration, one cardiolipin is associated 
to two adriamycin molecules. This must be correlated 
to the observation that in such conditions adriamycin 
forms a cardpack stacking complex as shown by 
absorbance measurements [15]. This organization 
disappears by surface dilution as a great excess of 
liposomes is added. In agreement with our previous 
studies [15], adriamycin is the only drug to display 
such a behaviour. 

Enzymic hydrolysis. In many studies, enzymic 
hydrolysis of phospholipid membranes was used to 
study the phospholipid composition [30] and struc- 
ture (31, 32]. It is an elegant method for describing 
the molecular organization of the lipid matrix. In 
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Table 3. Dielectric constants of the lipidic medium surrounding each drug in unilamellar liposomes* 





A excitation 
(nm) 


A emission 


Dielectric constant 





Cardiolipin Egg PCt 


€ 


DPPC+ 
€ 





Adriamycin 
N-Acetyladriamycin 
Cinerubin 
Rubidazone 
Nogalamycin 
Rhodomycin 
Steffimycin 


80 
80 
80 
80 
58 
40 
35 





* Buffer Tris-HCl, pH 7.4, 19-*M; NaNO3, 10°°M. T = 25°. 


+ DPPD, dipalmitoylphosphatidylcholine. 
+ Egg PC, egg phosphatidylcholine. 


order to study possible structural changes, cardioli- 
pin monolayers were hydrolyzed by phospholipase 
A, from porcine pancreas. Kinetics were followed 
by surface pressure and the lag time (see Fig. 7) was 
used as the kinetic parameter [9, 10]. This lag time 
is found to be in good correlation with preceding 
results [10]. The drugs which do not modify the 
vertical projection of the monolayer dipole and 
which do not penetrate deeply into a liposomal 
bilayer do not modify or even reduce the lag time 
(Table 4). In contrast, the drugs which modify the 
dipolar term of the monolayer and penetrate deeply 
irito the bilayer increase the induction time. This 
behaviour was not observed with rubidazone, prob- 
ably because of its intermediate position between 





arbitrary units 


Fluorescence, 











Cardiolipin / adriamycin 


Fig. 6. Titration of adriamycin 5.10~’M by cardiolipin 


unilamellar liposomes. Evolution of the fluorescence. 


(arbitrary units) as a function of the molar ratio cardioli- 
pin/adriamycin. Buffered solution: Tris-HCl pH 7.4, 107 
M; NaNO;, 107° M. T = 25°C. 


the two kinds of compounds (Tables 2-4). The 
inhibition found for the second group of drugs could 
be correlated with a perturbation affecting the B 
ester linkage conformation of the phospholipid. The 
decrease of the lag time observed with the first group 
of drugs is probably due to the decrease of the surface 
charge density subsequent to the complexation [33]. 


DISCUSSION 


Among the adriamycin derivatives, we have 
observed two different kinds of behaviqur in the 
presence of model membranes. In the first class, we 
can collect drugs which display the highest associa- 
tion constant for cardiolipin and which do not pen- 
etrate deeply into the lipid bilayer. These drugs react 
specifically with cardiolipin. The second class would 
include the drugs weakly associated to cardiolipin 
and which penetrate without specificity into the lipid 
bilayer. 

Concerning cardiac toxicity, cardiolipin seems to 
play a key role in the impairment of mitochondrial 
functions. A strong interaction of the antibiotic with 
this specific lipid of the internal mitochondrial mem- 
brane could be an important step in the toxicity 
mechanism. It is significant that adriamycin is the 
most toxic compound and forms the strongest com- 
plex with cardiolipin (Table 1). Rubidazone, which 
is less toxic than adriamycin at the mitochondrial 
level [4], binds less effectively to cardiolipin. Prob- 
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Fig. 7. Scheme of hydrolysis of a phospholipid monolayer 
by phospholipase A>. The surface pressure IT (mN/m) of 
the monolayer is used as kinetic parameter. Buffered sol- 
ution Tris-HCI pH 7.4, 10°*M; NaNO;, 10°7M; CaCh, 
103M. T = 25°C. Phospholipase A, concentration: 
0.1 wg/ml. 
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Table 4. Hydrolysis of a cardiolipin monolayer (surface 

pressure = 25 mN/m) by the pancreatic phospholipase A>. 

Evolution of the lag time for different adriamycin 
derivatives* 





Antimitotic 


Lag time 
3x 10°°M 


(min) 





4.4+0.4 
2.9+ 0.8 
4.3+0.4 
1.5+0.3 
2.4+0.4 
5.5+0.3 
7.0+0.5 
9.1+0.5 


Control 

Adriamycin 
N-Acetyladriamycin 
Cinerubin 
Rubidazone 
Rhodomycin 
Nogalamycin 
Steffimycin 





. Buffered subphase: Tris-HCl, pH 7.4, 107* M; NaNO;, 
10> M; CaCl), 10-7M. The phospholipase concentration 
was 0.1 ug/ml. T = 25°. Each value represents the mean + 
S.D. of five experiments. 


ably because of its highest hydrophobicity, rubida- 
zone is also a weak uncoupling agent of mitochon- 
drial respiration [4]. Nogalamycin has no effect on 
the pigeon heart and rat liver respiration [34, 35]. 
A weak toxicity at this level can again be correlated 
to a relatively weak affinity for cardiolipin. In con- 
trast, N-acetyl-adriamycin, which does not bind to 
cardiolipin, does not perturb either rat electrocar- 
diograms or mitochondrial respiration [35]. 

Moreover, the efficiency of adriamycin, cinerubin, 
rhodomycin and nogalamycin against L1210 leuke- 
mia cells has been reported by Goldin [36]: 


aia (ILS* = 68) > cinerubin (ILS = 37) 
> rhodomycin (ILS = 0) 
= nogalamycin (ILS = 0). 


A surprising agreement appears between this effi- 
ciency sequence and our association constant. Linear 
regression analysis indicates a good correlation coef- 
ficient (r= 1, P< 0.01). A great specificity of the 
antimitotic drug for cardiolipin and a weak penetra- 
tion into the lipid bilayer characterizes drugs which 
are the most active against different types of malig- 
nant cells. Less active agents are those which pen- 
etrate deeply into the lipid bilayer and which exhibit 
no specificity for any tested lipids. The good cor- 
relation between the susceptibility of neoplastic cells 
to adriamycin and derivatives and the affinity of the 
drug for cardiolipin could be explained by the fact 
that cardiolipin may be found in cellular membrane 
upon malignant transformation [37]. 
To conclude, the description of the complex car- 
‘ diolipin—adriamycin derivatives has been compared 
with the mitochondrial toxicity side-effect of these 
drugs. The result supports the hypothesis that car- 
diolipin could play a prominent role in the first steps 
of the toxicity mechanism. Since the association con- 
stant measured here is 1.8 x 10°1/M for the complex 
adriamycin—cardiolipin and is 3.6 x 10°1/M for the 





* ILS = per cent increase in survival time over controls. 
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complex adriamycin-DNA nucleotide [38], clearly 
cardiolipin could be a competitive target for 
adriamycin. 
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Abstract—The EDsp values for chloral hydrate, trichloroethanol and ethanol were determined in mice 
in terms of loss of righting reflex. Co-administration of chloral hydrate and ethanol had an additive 
effect, but both chloral hydrate and trichloroethanol at subhypnotic doses significantly prolonged ethanol 
sleeping time. Chloral hydrate and ethanol, given together, yielded lower blood ethanol levels than 
when ethanol was given alone. Chloral hydrate was reduced by liver alcohol dehydrogenase (K,, = 
7.5mM). Trichloroethanol was not a substrate for the enzyme but inhibited ethanol oxidation com- 
petitively (K; = 1.38 x 107° M). It is proposed that chloral hydrate metabolism to trichloroethanol is 
increased by ethanol and that this is responsible for the prolonged sleep time. 


The interaction between the hypnotic chloral hydrate 
and ethanol has been the subject of several inves- 
tigations over a number of years and various theories 
have been put forward to explain the apparent 
potentiation of ethanol by chloral hydrate. Friedman 
and Cooper [1] demonstrated that chloral hydrate 
could be reduced by the action of an enzyme appar- 
ently identical to alcohol dehydrogenase in the pres- 
ence of NAD*. On this basis it was proposed that 
the two drugs competed for the same route of inac- 
tivation. However, the reduced metabolite of chloral 
hydrate, 2,2,2-trichloroethanol, was also found to 
be a potent hypnotic [2] despite an earlier negative 
report [3]. Subsequent work has shown, however, 
that the pretreatment of mice with chloral hydrate 
results in an increased rate of production of acetal- 
dehyde [4] implying a more rapid rate of ethanol 
metabolism. 

Cabana and Gessner [2] found that the co-admin- 
istration of chloral hydrate and ethanol shortened 
the half-life of chloral hydrate in whole mice but did 
not alter the half-life of trichloroethanol. It would 
appear, therefore, that chloral hydrate and ethanol, 
contrary to earlier beliefs, actually hasten their 
metabolism when given together. Direct evidence 
of this possibility has recently been provided by 
Wong and Biemann [5] using ethanol-D, and unla- 
belled chloral hydrate. The co-administration of 
these two drugs to a rat resulted in the appearance 
of 1-deutero-2,2,2-trichloroethanol and unlabelled 
acetaldehyde. This indicates a coupling in vivo of 
the oxidation of ethanol and loss of the a-hydrogen 
atom to the reduction of chloral hydrate and gain 
of an a-hydrogen by way of NADH. 

The questions remaining to be answered are 
whether or not chloral hydrate merely prolongs the 
apparent action of ethanol by the formation of tri- 
chloroethanol, which has a longer half-life than 
either chloral hydrate or ethanol [2], and, if so, 
whether the initial interaction is only an additive 


effect due to the central depressant actions of both 
drugs. The present work has therefore examined the 
interactions between chloral hydrate, trichloroe- 
thanol and ethanol both in terms of their EDs» values 
(loss of righting reflex) and the duration of the loss 
of righting reflex. Under these circumstances we are 
able to demonstrate either addition or apparent 
potentiation depending upon the experimental con- 
ditions used. 

The in vitro interactions between trichloroethanol, 
chloral hydrate and ethanol have been examined 
using purified crystalline liver alcohol dehydrogenase 
under standard assay conditions [6] as well as under 
conditions which more closely approximate to those 
occurring in the liver in vivo. The results have indi- 
cated that the NAD* /NADH ratio is likely to be an 
important factor in determining the fate of chloral 
hydrate and ethanol in vivo, and also that the tri- 
chloroethanol produced from chloral hydrate is sig- 
nificant in the apparent potentiation of ethanol by 
chloral hydrate. Some of the present findings have 
already been presented in a preliminary report [7]. 


METHODS 


Adult LACG mice of either sex from an inbred 
colony were used throughout. All drugs were 
obtained from BDH Ltd., Poole, Dorset, U.K., 
except for pyrazole which was obtained from Koch- 
Light Ltd., Colnbrook, Bucks, U.K. The purified 
crystalline enzymes and cofactors used in the kinetic 
studies were supplied by The Boehringer Corpor- 
ation Ltd., Lewes, East Sussex, U.K. 

Drugs for injection were made up in 0.9% (w/v) 
saline buffered to pH 7.4 with sodium phosphate 
buffer (50 mM) and administered i.p. 

The “sleeping time’ was defined as the duration of 
the loss of righting reflex and was recorded to the 
nearest 0.25 min. The criterion for loss of righting 
reflex was that the mouse, when placed gently on its 
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back, made no attempt to right itself within 15 sec. 
Recovery was checked by replacing the mouse on 
its back and again observing the criterion. The 
latency of onset was taken as the time between the 
injection and the loss of righting reflex. Where two 
drugs were administered, the time was recorded 
following the second injection. 

The EDs) values were defined as the doses which 
produced loss of the righting reflex in half the animals 
tested and were calculated using the moving average 
interpolation method of Weil [8] using at least 4 
groups of 6 animals. 

Preparation of tissue extracts. The mice were killed 
by stunning and immediate decapitation. Blood was 
collected from the trunk onto a heparinized wax 
block and a 100-ul aliquot taken and mixed with 
500 ui 6% (w/v) perchloric acid using a vortex stirrer. 
The sample was then centrifuged at 1200 g for 10 min 
and the supernatant fraction withdrawn and stored 
at —20°. Under these conditions the samples could 
be kept without deterioration for up to four months. 

The mouse brain was rapidly dissected out, rinsed 
briefly in the ice-cold physiological saline to remove 
surface blood, blotted, weighed, and then hom- 
ogenized in 2 ml 6% (w/v) perchloric acid using a 
teflon-glass top-drive homogenizer. The hom- 
ogenate was centrifuged at 1200 g for 10 min and the 
resultant supernatant fraction withdrawn and stored 
as before. 

Analysis of samples. Ethanol was assayed using 
a Perkin Elmer F40 Multifract GLC in the F1D mode 
with a carbopack column at 80° and N; as the carrier 
gas. An internal standard of n-propanol was added 
to the samples prior to the assay. The GLC was 
calibrated each day using standard ethanol solutions, 
and the peak areas calculated using a Hewlett Pack- 
ard 3380a integrator programmed to correct for 
recovery. , 

Chloral hydrate and trichloroethanol were assayed 
using a Pye Unicam 104 GLC in the ECD mode with 
Carbowax 80 column at 100° and N,; as the carrier 
gas. Chloral hydrate was first extracted into n-hep- 
tane before injection onto the column. The n-hep- 
tane:water partition coefficient for chloral hydrate 
was found to be 0.20 at 20°. The overall recovery of 
chloral hydrate was 19.2 + 0.19 per cent (mean + 
S.E.M. of five estimates) and this correction was 
applied to all the results. n-Heptane itself provided 
a reference peak which was used as an internal 
standard. Trichloroethanol was assayed similarly 
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except that water was used as an internal standard, 
and the overall recovery was 82.0 + 0.96 per cent. 

Assay of alcohol dehydrogenase. The assay method 
used was that of Bonnichsen and Brink [6] using a 
Unicam SP1800 spectrophotometer linked to an AR 
linear recorder. Crystalline horse liver alcohol 
dehydrogenase was used in all the kinetic studies. 
Alcohol oxidation was determined by observing the 
increase in absorbance due to NADH at 340 nm. 
Assay conditions were as follows: alcohol oxidation, 
sodium hydroxide-glycine buffer pH 9.6 (50 mM); 
aldehyde reduction, sodium phosphate buffer pH 
6.4 (50 mM). Some assays were also carried out at 
physiological pH using a sodium phosphate buffer. 
Initial reaction rates were measured for 3 min fol- 
lowing the addition of substrate during which time 
the rate remained linear. Values for V,,,., apparent 
K,, and inhibitor constants (K;) were determined 
from Lineweaver-Burk double reciprocal plots of 
1/v, against 1/s and confirmed by the direct linear 
plot of V; against s [9]. 

Statistical analyses were performed where appro- 
priate using Student’s f-test for measuring the sig- 
nificance of the difference between the means of 
independent groups. 


RESULTS 


Interactions between chloral hydrate and ethanol 
in vivo. The EDs values for chloral hydrate, tri- 
chloroethanol and ethanol are shown in Table 1. On 
a weight basis, chloral hydrate and trichloroethanol 
appear to be equipotent and approximately ten times 
as potent as ethanol in producing loss of the 
righting reflex. On a molar basis, however, trichloro- 
ethanol is seen to be slightly less potent than chloral 
hydrate. The EDsp was then determined for an equi- 
potent mixture of ethanol and chloral hydrate (10:1 
by weight). The results shown in Table 1 indicate 
that the EDs, values of the drugs in combination are 
half the EDs» values of either drug given alone, thus 
indicating an additive effect. 

The effects of subhypnotic doses (150 mg/kg) of 
chloral hydrate and trichloroethanol on the potency 
of ethanol are illustrated in Fig. 1 where the incidence 
of loss of righting reflex in groups of 12 mice has 
been plotted against the log dose of ethanol. Under 
these conditions, both chloral hydrate and trichloro- 
ethanol produced a marked shift of the log dose— 
response line to the left, implying a synergistic action. 


Table 1. Relative potencies of chloral hydrate, trichloroethanol and ethanol 





EDsg values (+95% confidence limits) 
mg/kg mmoles/kg 





Chloral hydrate 

Trichloroethanol 

Ethanol 

Ethanol + chloral hydrate (10:1, 
equipotent mixture): ethanol 
chloral hydrate 

Ethanol (+150 mg/kg chloral hydrate) 

Ethanol (+150 mg trichloroethanol) 


199 + 11.1 
199 + 11.2 
2010 + 112 


1.20 + 0.067 
1.33 + 0.075 
43.7+2.4 


1007 + 113 
99.7 + 1.18 
503.5 + 22.5 

374 + 40 


21.9 + 2.46 
0.602 + 0.017 
10.9 + 0.27 
8.13 + 0.87 





2 EDso Values were calculated by the method of Weil (1952) data from at least 4 groups 
of 6 animals. The drug combinations were administered together. 
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Fig. 1. Effects of chloral hydrate and trichloroethanol on 
the log dose-response relationship for ethanol. Key: @ 
Ethanol alone; O, ethanol + chloral hydrate (150 mg/kg); 
@ ethanol + trichloroethanol (150 mg/kg). The ethanol was 
administered 5 min after the chloral hydrate or trichloroe- 
thanol. Each point represents data from a group of 12 
animals. Lines were drawn by the method of least squares. 


Neither chloral hydrate nor trichloroethanol at 
-150 mg/kg produced loss of the righting reflex. 

The effects of chloral hydrate and trichloroethanol 
on the latency and duration of the ethanol sleeping 
time are shown in Table 2. Both drugs, when given 
in combination with ethanol, produced a significant 
(P < 0.02) shortening of the latency and increase in 
the duration of the loss of righting reflex. The mean 
sleeping times following ethanol (2g/kg), 











5s 0 2% 3% 
TIME (min) 
Fig. 2. Brain and blood levels of chloral hydrate and trich- 
loroethanol. Mice were injected at zero time with either 
200 mg/kg of chloral hydrate (solid symbols) or trichloroe- 
thanol (open symbols). Each point represents the mean of 
at least six observations. Some of the standard error bars 
have been omitted for clarity. Key: @ Chloral hydrate in 
brain; M™, chloral hydrate in blood; O, trichloroethanol in 
brain; 0, trichloroethanol in blood. 


trichloroethanol (200mg/kg) or chloral hydrate 
(200 mg/kg) were not significantly different, although 
chloral hydrate had a significantly (P < 0.05) longer 
latency than either ethanol or trichloroethanol. 
The brain and blood levels of chloral hydrate and 
trichloroethanol following the administration of 
200 mg/kg i.p. of either drug are shown in Fig. 2. 
Both chloral hydrate and trichloroethanol attained 
higher concentrations in the brain than in the blood 
between 10 and 60 min of injection. Both brain and 
blood levels of trichloroethanol were significantly 
greater (P < 0.05) than those of chloral hydrate dur- 
ing the same time period. The peak brain level of 


Table 2. Effects of chloral hydrate, trichloroethanol and ethanol on sleeping times 





Drug treatment 


Latency (min) 


Duration (min) 





Ethanol (2 g/kg) 

Chloral hydrate (200 mg/kg) 
Trichloroethanol (200 mg/kg) 
Ethanol + chloral hydrate 

(2 g/kg) (200 mg/kg) 
Ethanol + trichloroethanol 
(2g/kg) (200 mg/kg) 


m— Wn) Ww 
Morn 


re OM 
It 1+ 1+ I+ 
ie 
SoA eh 
a | 


+r 
It 1+ 1+ I+ 


SS 
awn > 
de io 


2.13 + 0.20+ 





* Each value represents the mean + S.E.M. from at least eight observations. 
Sleeping times were defined as described in Methods. 

+ Latency < latency for either drug alone, P < 0.05. 

+ Duration > duration for either drug alone, P < 0.01. 


Table 3. Effects of pyrazole on chloral hydrate and trichloroethanol sleeping times 





Chloral hydrate 


(200 mg/kg) 


Sleeping time Control 


Pyrazole 


Trichloroethanol 
(200 mg/kg) 
Control Pyrazole 





Latency (min) 7.8 + 1.8 
Duration 


(min) $7225 


2.3 + 0.16 


36.7 + 6.4 
P<0.01 


3.8 + 0.7 6.2 + 0.5 


6.7 + 3.0 41.3 + 8.6 


P< 0.017 





* Mice were injected i.p. with 200 mg/kg pyrazole or saline as control 10 min prior 
to injection of chloral hydrate or trichloroethanol by the same route. Each value 
represents the mean + S.E.M. of at least six observations. 

+ P values refer to the appropriate control value and were estimated from one-tailed 


t-test. 
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trichloroethanol also appeared to occur later than 
that for chloral hydrate. 

The significance of the possible conversion of 
chloral hydrate to trichloroethanol by alcohol dehy- 
drogenase in vivo was examined by observing the 
effects of the alcohol dehydrogenase inhibitor pyr- 
azole on the chloral hydrate and trichloroethanol- 
induced sleep times. The results are shown in Table 
3. Pyrazole itself, at the dose used (200 mg/kg), had 
no detectable depressant action but, given 10 min 
prior to either chloral hydrate or trichloroethanol, 
produced a highly significant (P < 0.01) prolongation 
of the sleeping time. The latency of onset of loss of 
the righting reflex following chloral hydrate was sig- 
nificantly decreased, although in the case of tri- 
chloroethanol it was increased. In a few mice, the 
brain concentrations of chloral hydrate and tri- 
chloroethanol were determined at the same time 
they regained their righting reflex. The mean values 
obtained were 3.8 + 0.6 mg/g and these were not 
altered by the pyrazole pretreatment. 

The interaction in vivo between chloral hydrate 
and ethanol in terms of their distribution between 
the brain and blood was examined by administering 
ethanol (2 g/kg) or chloral hydrate (200 mg/kg) either 
alone or in combination and assaying brain and blood 
levels of the two drugs over 1 hr. The peak brain 
concentration of ethanol (9.8 mg/g) and chloral 
hydrate (8.0 mg/g) occurred 5 min post-injection. 
After 1 hr, the brain ethanol concentration was half 
the peak value and that of chloral hydrate 80 per 
cent of the peak value. The blood levels followed 
a similar pattern. The coadministration of ethanol 
and chloral hydrate resulted in lower blood and brain 
levels of ethanol compared to those observed fol- 
lowing ethanol alone, although the differences were 
not statistically significant (P < 0.1). The blood and 
brain levels of chloral hydrate were not significantly 
altered by the co-administration of ethanol at any 
time between 5 and 60 min post-injection. 

Interactions between chloral hydrate and ethanol 
in vitro. The metabolism of chloral hydrate and 
ethanol by alcohol dehydrogenase was investigated 
in vitro using a purified enzyme extract under con- 
ditions favouring either oxidation or reduction of the 
substrate. Ethanol was readily oxidized by alcohol 
dehydrogenase in the presence of NAD* (K,, = 
1.11 mM), whereas chloral hydrate was not oxidiz- 
able, but was reduced in the presence of NADH 
(K,, = 7.5mM). The addition of chloral hydrate to 
assay mixtures of ethanol and NAD" produced 
apparent inhibition of ethanol oxidation, possibily 
due to the coupled reduction of chloral hydrate by 
NADH produced from the forward reaction. Tri- 
chloroethanol was not a substrate for alcohol dehy- 
drogenase, but inhibited the oxidation of ethanol in 
vitro. A Lineweaver-Burk double reciprocal plot 
(Fig. 3) indicated that the inhibition was of the 
competitive type with respect to ethanol and that the 
inhibitor constant (K;) was 1.38 x 107° M. 

The influence of the ratio of NAD* to NADH on 
the rate of oxidation of ethanol and reduction of 
chloral hydrate was determined at pH 7.4 in order 
to provide a better approximation of the conditions 
existing in vivo. The results are shown in Fig. 4. It 
is apparent that ethanol oxidation is less favoured 
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Trichloroethanol (mM) 
Kj = 1.38 x 1075M 
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Fig. 3. Lineweaver-Burk double reciprocal plot showing 

inhibition of alcohol dehydrogenase by  tri- 

chloroethanol. Assays were performed in triplicate with 

varying concetrations of ethanol and excess NAD*. The 

value of the inhibitor constant for trichloroethanol was 

calculated from the change in slope of the lines which were 
fitted by means of least squares. 


at increasing NAD*/NADH ratios, whereas chloral 
hydrate reduction increases. Thus, at NAD*/NADH 
ratios of >30, chloral hydrate reduction will occur 
at a faster rate than ethanol oxidation in spite of 
chloral hydrate having a lower affinity for the 
enzyme. 


DISCUSSION 


The interaction between the hypnotic chloral 
hydrate and ethanol have provoked considerable 
interest, partly as a result of the popular belief in 
the efficacy of the ‘Micky Finn’ (a mixture of chloral 
hydrate and ethanol) [10]. It was originally held that 
chloral hydrate and ethanol reacted to form chloral 
alcoholate in solution and that this complex was 


© Chloral hydrate reduction 


@ Ethanol oxidation 


1.0- 
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0.5- 
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Fig. 4. Effect of NAD*/NADH ratios on the metabolism 
of chloral hydrate and ethanol by alcohol dehydrogenase 
in vitro. The reaction mixture consisted of either chloral 
hydrate or ethanol (5mM) and 0.05u of liver alcohol 
dehydrogenase in sodium phosphate (pH 7.4) buffer. Each 
point represents the mean of quadruplicate determinations 
of the initial velocity over 2 min periods at 22°. Standard 
errors lie within the points on the graph. 
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responsible for the increased hypnotic action of the 
mixture [11]. However, it has since been shown that 
chloral alcoholate dissociates fairly rapidly in 
aqueous solution to yield free ethanol and chloral 
hydrate [12]. It is now apparent that the reduction 
of chloral hydrate to trichloroethanol can be coupled 
to the oxidation of ethanol to acetaldehyde [5], so 
the relative hypnotic potency of trichloroethanol is 
an important factor in considering the hypnotic 
effects of chloral hydrate. 

The present results indicate that trichloroethanol 
is somewhat less potent than chloral hydrate in terms 
of EDso, particularly when taking into account that 
higher brain levels of trichloroethanol can be 
achieved after i.p. administration of a given dose 
compared to chloral hydrate (Fig. 2). In terms of 
duration of the loss of righting reflex, trichloro- 
ethanol appears to be more potent than chloral 
hydrate, which probably reflects the higher main- 
tained brain concentration (Fig. 2) rather than an 
inherent difference in sensitivity of the brain to the 
two drugs. 

The ability of either chloral hydrate or trichloro- 
ethanol to potentiate the effects of ethanol has been 
tested both in terms of EDs) values (Table 1) as well 
as duration of sleeping time (Table 2). The obser- 
vation that a mixture of half the equipotent doses 
of chloral hydrate and ethanol has the same EDs as 
either drug at the full dose (Table 1) is generally 
regarded as an indication of a purely additive effect 
[13]. This design of experiment eliminates the prob- 
lems associated with interactions at the metabolic 
inactivation stages which is not the case when dura- 
tion of loss of righting reflex is considered. 

Apparent potentiation of ethanol could be dem- 
onstrated by the co-administration of subhypnotic 
doses of either chloral hydrate or trichloroethanol 
when the EDs» for ethanol was significantly decreased 
(Table 1 and Fig. 1). The prolongation of the sleeping 
time by pyrazole administered prior to chloral 
hydrate or trichloroethanol (Table 3) could also be 
described as potentiation since it is thought to act 
specifically by the inhibition of alcohol dehydrogen- 
ase and blockade of the metabolism of the alcohol 
[14, 15]. 

Measurement of blood and brain levels of chloral 
hydrate and ethanol following their administration 
either alone or in combination showed that chloral 
hydrate reduced the blood ethanol level (although 
not significantly) rather than increasing it, indicating 
that the potentiation of ethanol sleeping time was 
not due to inhibition of ethanol metabolism. This 
observation is consistent with the rise in blood ace- 
taldehyde level observed by Greaven and Roach [4] 
and implies an increased rate of ethanol oxidation 
in the presence of chloral hydrate. Earlier workers 
have found that trichloroethanol appears quite rap- 
idly in the brain following the peripheral adminis- 
tration of chloral hydrate [3], but a comparative 
study on the interactions between trichloroethanol 
and ethanol indicated no potentiation but merely 
additive effects [16]. Trichloroethanol is, however, 
a potent hypnotic which is retained in the brain much 
longer than chloral hydrate (see Fig. 2 and Ref. 3). 
Thus the apparent potentiation of ethanol sleeping 
time by chloral hydrate can be explained in terms 
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of the increased rate of metabolism of chloral hydrate 
to trichloroethanol in the presence of ethanol. 

The significance of ethanol metabolism in the ter- 
mination of its hypnotic action in vivo is still unclear 
since ethanol is unusual in that it is metabolized at 
a constant rate in vivo which is independent of the 
blood level [17]. This may be due to the low affinity 
of ethanol for alcohol dehydrogenase (K,, = 
2.5 mM), or the rate limiting availability of NAD as 
co-factor for the enzyme [18]. The demonstration of 
the dependence on the NAD*/NADH ratio of the 
oxidation of ethanol and reduction of chloral hydrate 
(Fig. 4) lends further support to this view. The 
NAD*/NADH ratio in whole liver in vivo has been 
found to be ~4 [19], although much higher ratios 
can be found in specific cell fractions [20], which 
should favour the oxidation of an exogenous sub- 
strate such as ethanol. The importance of the levels 
of the pyridine nucleotides in the liver during the 
metabolism of ethanol is well illustrated by the fact 
that, during the metabolism of ethanol in the rat, a 
significant fall in the NAD* and rise in the NADH 
levels can be detected [19]. 

Shultz and Weiner [21] have recently shown that 
aldehyde reductase can reduce chloral hydrate in rat 
liver in vitro in a reaction which is not sensitive to 
the NAD*/NADH ratio. This enzyme may well be 
important in the metabolism of chloral hydrate in 
vivo. 

In conclusion. it would appear that, under appro- 
priate conditions, chloral hydrate can appear to 
potentiate ethanol, if prolongation of sleeping time 
is considered, but that, in terms of EDs9, the drugs 
are merely additive. Potentiation, in the strict sense, 
can only be demonstrated conclusively by use of 
isobolograms which require a large number of EDso 
values to be determined for a series of drug com- 
binations [21]. 
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SHORT COMMUNICATIONS 


In vitro inhibition of the absorption of oestradiol-17£ in rat intestine by 
acetylsalicylic acid 


(Received 4 February 1980; accepted 9 May 1980) 


It is now established that orally administered oestradiol- 
17f and ethinyl oestradiol are absorbed from the intestinal 
lumen after metabolic conversion in the intestinal wall to 
oestrone-3-glucuronide and ethinyloestradiol-3-glucuron- 
ide, respectively [1-3]. This gut wall metabolism plays a 
significant role in reducing the oral bioavailability of these 
compounds [3]. 

Other factors that may affect the oral bioavailability of 
oestrogens via an effect on intestinal absorption include 
the simultanuous presence of other drugs and the effect of 
dietary constituents. Although attention has been paid in 
recent years to drug—drug interactions in oestrogen metab- 
olism, much of the interest has centred on the effect of 
other drugs on the plasma clearance rates and hepatic 
metabolism [4-6] of oestrogens, such as occurs when oral 
contraceptives are used. Little or no information is available 
on the possible effects of drugs at the intestinal level. 

We report here the effect of the commonly used anal- 
gesic, acetylsalicylic acid (a.s.a.), on the in vitro absorption 
of oestradiol from rat intestine. 

Intestinal sacs 3.5 cm in length were prepared from the 
duodenal segments of female albino rats (Wistar stain) 
weighing 200-230 g, according to the method of Wilson 
and Wiseman [7]. The mucosal medium consisted of 2 ml 
0.1M phosphate buffer, pH 7.0, containing 11 mM KC1, 
13.4mM NaCl, CaCl,, 20mM glucose, 3.35 pM [2,4,6,7- 
3HJoestradiol-176 (sp. act. 100Ci/mmole; Radiochemical 
Centre, Amersham, U.K.) and 3.0 or 30 mM acetylsalicylic 
acid. The serosal medium consisted of 2 ml of the above 
solution in an incubation tube but without oestradiol and 
a.s.a. Control sacs were set up simultaneously as above but 
without a.s.a. Filled sacs were incubated at 30° for 3 hr in 
a metabolic incubator. Aliquots (20 yl) of serosal medium 
were taken at 15, 30, 60, 120 and 180 min and mixed with 
10 ml Instagel (Packard Instruments Co.) and the radio- 
activity determined in a Packard ‘Tricarb’ liquid scintilla- 
tion spectrometer. 

In each sample the unconjugated oestradiol and its 
unconjugated metabolites in the serosal medium were 
extracted twice with 5 vol. diethyl ether. The combined 
ether extracts were dried under a stream of nitrogen and 
chromatographed on thin-layer plates of silica gel using the 
solvent system benzene-ethanol (9:1 v/v). 

The conjugated oestrogens in the serosal medium were 
hydrolysed in 2 N hydrochloric acid (100°, 30 min) before 
ether extraction and chromatography as described above. 

The results were expressed as net transport [2], i.e. 
radioactivity transported from mucosal to serosal medium. 
The results in Fig. 1 therefore showed that at a concentra- 
tion of 30mM a.s.a. net transport of oestradiol was sig- 
nificantly inhibited compared to controls (P<0.05 at 
30 min, P < 0.001 at 60, 120 and 180 min, paired (-test). 
Analysis of the radioactive fractions separated by thin-layer 
chromatography showed that significant differences 
between experimental (30 mM a.s.a.) and control samples 
were only associated with the fraction of the hydrolysed 
conjugate chromatographing with the mobility of oestrone. 
Radioactivity in this fraction was reduced by 44 per cent 
compared to controls at 180 min. 

Thus it is apparent that in the process of absorption, the 
oxidation of oestradiol to oestrone or the conjugation of 
oestrone was inhibited by acetylsalicylic acid. 
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Fig. 1. Effect of acetylsalicylic acid on the time course of 

the transport of [2,4,6,7-*H]oestradiol-178 in vitro by rat 

intestinal sacs. Each point represents the mean + S.E. of 
six determinations. 


An oral dose of 500 mg a.s.a. (e.g. aspirin) in an adult 
would result in an intestinal concentration of a.s.a. greater 
than 30 mM if an intestinal fluid volume of 1-2 1. is assumed 
[8]. Therefore the observed inhibitory effect of a.s.a. on 
oestradiol absorption may be of clinical significance for 
women taking oestradiol-containing oral medications, for 
example in oral contraceptive and oestrogen replacement 
therapy. 
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Short communications 


Xanthine oxidase: an enzyme playing a role in the killing mechanism of 
polymorphonuclear leucocytes 


(Received 1 April 1980; accepted 9 May 1980) 


We have reported a marked increase in the xanthine oxidase 
(XO) activity of polymorphonuclear leucocytes (PMN) and 
macrophages obtained from infected animals compared 
with those obtained from normal mice [1]. An analogous, 
but more marked, effect occurred in the liver of similarly 
treated animals [2]. In the different pathological models, 
the time-dependence of the XO activity follows a bell- 
shaped curve, in which the XO increase does not exceed 
2 weeks, despite the persistence of the infection. We there- 
fore postulated that the increase in XO activity in PMN 
may represent a prompt defence mechanism, probably 
acting via the production of superoxide. 

A crucial step in defining the role of XO in the defence 
activity of PMN is to assess the effect of a specific inhibitor, 
such as allopurinol or oxypurinol [3], on the killing activity 
from PMN of normal and infected animals. To ensure that 
possible effects of these inhibitors on the killing properties 
of PMN are related to their action on XO, we also per- 
formed experiments using adenine which, although struc- 
turally different, has inhibitory effects on XO comparable 
to those of allopurinol [4]. A further experiment was carried 
out to evaluate the effect of the XO substrate xanthine on 
the killing properties of PMN from normal animals. 

Materials and Methods. Preliminary in vitro experiments 
were carried out in order to determine the inhibitory effect 
of allopurinol and adenine on the XO activity of PMN from 
normal mice. PMN (5 x 10°) were disrupted by freezing 
and thawing, and using the Nachlas method [5] the con- 
centrations of allopurinol and adenine required to give a 
50 per cent reduction of XO activity were determined. 

In vivo experiments were carried out using Charles River 
CD, male albino mice, body weight 20 + 1 g, infected i.v. 
with 0.25 ml/10 g of S. aureus CN 6538 culture in tryptic 
soy broth (Difco). A control group was similarly treated 
with the same volume of saline. Four days later, PMN were 
elicited in both groups of animals by i.p. injection of 0.75 
ml/19 g of a 12% (w/v) sodium caseinate (Difco cod. 0187/7) 
sterile solution in saline. After a further 16 hr, for each 
experiment PMN were obtained from 10 mice (either nor- 
mal or infected) and harvested by double washing with 2 
ml/mouse sterile Hank’s balanced salt solution (HBSS) at 
pH 7.6. Among the infected animals, only those presenting 
kidney abscesses, as proof of continuing infection, and 
showing the expected increase in XO activity [1], were 
allowed to contribute to the pool. Elicited PMN were 
centrifuged twice at 450 rev/min for 3 min, washed each 
time with cold sterile HBSS and counted using a Thoma- 
Zeiss haemocytometer. 

HBSS solution (1 ml) containing 2 x 10°PMN and2 x 10’ 
staphylococci (from S$. aureus CN 6538 18 hr culture in 
tryptic soy broth, Difco) was added either to 1 ml of purine 
or pyrimidine base sterile solution in HBSS (at concentra- 
tions varying from 0.1 to 5 mM), or to 1 ml of HBSS 
(controls), both at pH 7.6. After 20 min, 0.5 ml of lyso- 
staphin (Schwarz-Mann, Orangeburg, NY) solution in 
HBSS containing 0.2% (w/v) was added and the PMN’ 
solution allowed to stand for a further 10, 40, 100 and 
220 min. 

After these time intervals, aliquots of the PMN suspen- 
sion were centrifuged at 2500 rev/min for 10 min, disrupted 
by resuspension in 2 ml of 0.5% trypsin (Merck, 3.5 U/mg) 
in distilled water, allowed to stand for 20 min at 37°, 
centrifuged again at 2500 rev/min and finally resuspended 


in 2 ml of HBSS. Cell counts were carried out by the pour 
plate technique in trypticase soy agar (Difco). The numbers 
of viable bacteria/ml were determined as colony-forming 
units (C.F.U.) and plotted as a function of incubation time. 

To examine the possibility of a direct effect of the XO 
inhibitors on the bacteria, 1 ml of HBSS containing 2 x 10’ 
staphylococci, but no PMN, was added either to 1 ml of 
the purine or pyrimidine base solution in HBSS or to 1 ml 
HBSS (controls). The numbers of viable bacteria/ml were. 
determined, as for the PMN solution, at 30 min, 1, 2 and 
4 hr, and plotted as C.F.U. against incubation time. 

Viability of the PMN during incubation in the presence 
of XO inhibitors was determined as the phagocytic index, 
according to the method of Weinstein and Young [6]. After 
20 min incubation, samples of the bacteria—leucocyte sus- 
pension were. exposed to 1% (w/v) trypan blue for 1 min 
on a glass slide under a mineral oil-sealed cover slip. Failure 
to observe nuclear staining was considered evidence for 
lack of viability [7]. 

Results and discussion. In the preliminary in vitro experi- 
ments, 50 per cent reduction of the XO activity of PMN 
from normal mice was obtained with 0.0265 mM allopurinol 
or 0.140 mM adenine, giving a concentration ratio of 1:5.28. 
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Fig. 1. Effect of allopurinol, oxypurinol and adenine on 
the bactericidal activity of phagocytes from normal mice. 
Each point is the mean of three different experiments (five 
for controls at 2 and 4 hr) each employing triplicate deter- 
minations on pools of cells from ten animals in each group. 
Ox, oxypurinol; Al, allopurinol; Ad, adenine; *, without 


_phagocytes. When standard errors are omitted, they are 


smaller than symbols. 
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Fig. 2. Effect of allopurinol and adenine on the bactericidal 
activity of phagocytes from mice infected i.v. with S. aureus 
CN 6538 5 days before. Each point is the mean of three 
different experiments (four for allopurinol 2 mM at 2 and 
4 hr) each employing triplicate determinations on pools of 
cells from ten animals in each group. Al, allopurinol; Ad, 
adenine; *, without phagocytes. When standard errors are 
omitted, they are smaller than symbols. 


The results of the in vivo experiments are given in Figs. 
1-3. In the absence of PMN, the XO inhibitors shows that 
allopurinol (1 mM, 2 mM) and oxypurinol (2 mM) decrease 
the bactericidal activity of PMN from normal mice, and 
that this decrease appears to be dose-dependent. Adenine 
(5 mM) has a similar effect at the earlier incubation times, 
but by 4 hr the killing activity of the PMN is tending 
towards control levels. 

Figure 2 shows the effects of allopurinol (1 mM, 2 mM, 
4mM) and adenine (5 mM) on PMN from infected mice. 
The bactericidal activity is again decreased, but to obtain 
an effect comparable to that observed in Fig. 1 with normal 
mice, approximately twice the concentration of allopurinol 
is required. Adenine also has an effect on the killing proper- 
ties of the PMN that is less pronounced than that shown 
in Fig. 1, particularly at the early incubation times. At this 
concentration (5 mM), adenine exhibits an effect similar 
to that of allopurinol at 1 mM. The relative efficacies of 
allopurinol and adenine in the in vivo experiments therefore 
approximate the concentration ratio (1:5.28) which in vitro 
inhibited 50 per cent of XO activity, indicating that the 
effects of the XO inhibitors on the killing properties of 
PMN are indeed related to their action on XO. Together, 
these results support the concept that increased levels of 
endogenous XO are involved in the killing activity of PMN. 

Figure 3 illustrates that addition of exogenous xanthine, 
even at low concentrations (0.1 mM), enhances the bac- 
tericidal activity of PMN obtained from normal mice, pro- 
viding further evidence of a role for XO in this activity. 

Identification of the enzyme responsible for superoxide— 
peroxide production in granulocytes is a major biochemical 
problem in the elucidation of the phagocytic function and 
its role in resisting infection [8]. Takanaka and Usui [9] 
found a deficiency of a plasma membrane NADPH-oxidase 
in patients affected by chronic granulomatous disease, and 
Babior and Kipnes [10] found in human neutrophils evi- 
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Fig. 3. Enhancement of the phagocytic bactericidal activity 

by xanthine using PMN from normal mice. Each point is 

the mean of three different experiments each employing 

triplicate determinations on pools of cells from ten animals 
in each group. 


dence for an FAD-requiring NADPH-oxidase that would 
be responsible for the superoxide-forming activity of these 
cells. Our results suggest that XO plays a role in the 
bactericidal activity of PMN and therefore may, at least in 
part, be involved in the superoxide production by these 
cells. 

In summary, allopurinol decreased the killing properties 
of PMN, but twice the dose was required to elicit an effect 
on PMN from infected mice equal to that observed with 
PMN from normal mice. Adenine also decreased the bac- 
tericidal activity of PMN, but the effect was less prot 
nounced. The relative efficacy of allopurinol and adenine 
in in vivo experiments approximated the concentration 
ratio required in vitro to achieve 50 per cent reduction of 
XO activity. Addition of xanthine to PMN from normal 
mice increased the killing activity of the PMN. The results 
are consistent with the proposed hypothesis that increased 
levels of endogenous XO activity are involved in the killing 
properties of PMN. 
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A specific and sensitive microassay for hydroxyindoles in biological material— 
application for cerebral microvessels, brain, and pineal organ of the rat 


(Received 17 March 1980; accepted 3 June 1980) 


Serotonin (5-hydroxytryptamine; 5-HT) is an important 
neurotransmitter in the mammalian central nervous system. 
One of the most effective methods for measuring small 
amounts of serotonin involves conversion of serotonin to 
(H]melatonin [1]. In our experience, however, this 
radioenzymatic microassay for serotonin does not provide 
the sensitivity initially reported (SO pg, approximately 
280 fmoles), mainly because the radioactive product 
({(’H]melatonin) is not adequately resolved from other iso- 
topic products, so that higher blanks and diminished sen- 
sitivity result. We have revised this assay to improve its 
sensitivity and reliability, by including unidimensional mul- 
tiple-development thin-layer chromatography (UMD- 
TEA). 


Materials and methods 


Reagents were of analytical grade and were obtained 
commercially (Sigma Chemical Co., St. Louis, MO). Rat 
liver N-acetyltransferase (NAT: EC 2.3.1.5) and bovine 
hydroxyindole O-methyltransferase (HIOMT; EC 2.1.1.4) 
were prepared as described by Saavedra et al [1]; each 
microliter of NAT acylated 0.056 nmole of tryptamine in 
15 min at 37°, and each microliter of HIOMT methylated 
0.14 nmole of N-acetyl serotonin (NAS) in 15 min at 37°. 

Precoated silica gel TLC plates (LKS5D; Whatman, Inc., 
Clifton, NJ) were activated at 200° for 10 min immediately 
before use. Adenosyl-L-methionine-S-[methyl-°H] (SAM; 
5-11 Ci/mmole) and [*H]melatonin (25 Ci/mmole) were 
purchased from New England Nuclear (Boston, MA). 

Male Sprague-Dawley rats (Charles River Breeding Lab- 
oratories, Wilmington, MA) were maintained at an ambient 
temperature of 23 + 2°, on a 12-hr light-dark cycle, and 
allowed access to food and water ad lib. Brain microvessels, 
free of contaminating blood elements, were prepared from 
individual rat brains by a previously described sucrose 
density-gradient method [2]. 

Serotonin assay. Tissue samples of microvessels (2-3 mg), 
brain (5-20 mg) and pineal (1-1.5 mg) were homogenized 
in 100, 200 or 400 ul of 4M formic acid, respectively, with 
a 1-ml ground-glass homogenizer (Kontes Glass Co., Vine- 
land, NJ). Ten microliters were removed for determination 
of protein content [3], while the remainder, along with an 
ethanol wash of equal volume, was collected in 1.5-ml 
plastic centrifuge tubes and centrifuged at 30,000 for 
30 min at 4°. Duplicate aliquots of the clear supernatant 
fluid (75 ul for microvessels, 150 ul for brain tissue, and 5- 
10 ul for pineal) were transferred to 16 x 100 mm tubes 
and dried in vacuo. The residue was dissolved in 50 ul of 
phosphate buffer (pH 7.9, 0.5 M) containing 5 x 10°°M 
m-hydroxybenzylhydrazine and subjected to the following 
reactions. 


Ten microliters of a 1.24-mM S-acetyl coenzyme A 
(AcCoA) solution was added to each of the tubes, which 
were then placed in a 37° water bath. The enzymatic reac- 
tions were begun by adding 10 ul NAT. After 30 min, each 
sample received 19yul phosphate buffer, 2 ul (1 uCi, 
0.147 nmole) H]SAM, and 4 ul HIOMT. After an addi- 
tional 15 min, the reaction was stopped by adding 0.5 ml 
of a boric acid buffer (pH 10.0, 0.5 M) containing 1 ug of 
unlabeled melatonin. 

The melatonin was extracted quantitatively from the 
reaction mixture by vortexing each sample for 30 sec with 
3 ml CHCl;. Samples were spun for 10 min at 500 g, and 
the aqueous phase was aspirated and discarded. The organic 
phase was vortexed briefly with an equal volume of 1 mM 
HCl, which was removed similarly. Two milliliters of the 
organic phase was transferred to a fresh set of 13— x 100- 
mm test tubes and dried under a stream of nitrogen gas. 
The dried samples were dissolved in 75 ul of absolute 
ethanol and spotted on TLC plates. The TLC plates were 
developed by UMD ascending chromatography: the plates 
were developed to a height of 10cm, allowed to dry for 
5 min (maintained in the vertical position), and developed 
again a total of eight times with pure chloroform as the 
deveioping solvent [4]. The spots corresponding to authen- 
tic melatonin were visualized with short-wave ultraviolet 
light or with Ehrlich’s reagent [5], scraped into 5-ml scin- 
tillation vials, eluted with 300 ul of absolute ethanol for 
10 min, and counted in the presence of 3 ml toluene phos- 
phor at an efficiency of approximately 32 per cent. 

NAS assay. Samples assayed for NAS were treated sim- 
ilarly to those assayed for serotonin, except that NAT and 
AcCcA were omitted from the reaction mixture. Inasmuch 
as the brain contains minute amounts of NAS, this com- 
pound does not normally add to the amount of 
[?H]melatonin formed. In the pineal, however, the radio- 
activity generated by endogenous NAS may be considerable 
and therefore must be subtracted from the total. 


Results and discussion 


Using conditions similar to those of Saavedra et al. [1], 
we found this newly developed assay to be linear between 
125 fmoles and 4 pmoles of added serotonin or NAS in 
aqueous media (Fig. 1) or in the presence of tissue. When 
increasing amounts of serotonin were added to equal 
amounts of a microvessel homogenate, the isotopic mela- 
tonin formed remained linear over the range of concen- 
trations tested (Fig. 1). Under these conditions, the recov- 
ery of exogenous serotonin was always more than 80 per 
cent, and the intra-assay coefficient of variation was less 
than 5 per cent. 

To demonstrate the advantages of UMD-TLC, we com- 
pared samples chromatographed by UMD-TLC with those 
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Fig. 1. Standard curves for serotonin and NAS. Key: (a) standard curve for serotonin in which the 

UMD-TLC step was omitted; (b) standard curve for NAS; (c) standard curve for serotonin; and (d) 

standard curve for serotonin generated by adding increasing amount¢ of serotonin to a homogenate of 

rat brain microvessels (the cpm due to endogenous serotonin has been subtracted). The insert in Fig. 
1 is a standard curve for serotonin and for NAS, run in the femtomolar range. 


extracted into chloroform alone. Known amounts of ser- 
otonin were added to a tissue homogenate and incubated 
as described previously. Duplicate samples were pooled, 
and equal aliquots were removed for either a simple chlo- 
roform extraction (i.e. the organic extract was dried in an 
80° oven overnight and counted) or the same extraction 
and TLC. Blank values generated by TLC were more than 
six times lower than those resulting from the simple organic 
extraction (Fig. 1a). 

To assess the specificity of our UMD-TLC procedure, 
we measured serotonin contents in the following samples: 
microvessels, microvessels plus a known amount of added 
serotonin, microvessels boiled in aqueous ammonia (to 
destroy the endogenous serotonin), or an aqueous sample 
of serotonin alone. The chloroform extract was spotted on 
TLC plates developed and cut into 2-mm segments from 
origin to solvent front. The solutes were eluted with ethanol 
and counted for tritium. A characteristic peak of radio- 
activity was seen at the location of authentic co-chroma- 
tographed melatonin in three samples (Fig. 2). Tissues 
boiled in aqueous ammonia contained minor amounts of 
background radioactivity at the melatonin R;. Samples con- 
taining added serotonin and other components contained 
two peaks of radioactivity: one co-chromatographed with 
melatonin, and a second, larger peak at the solvent front. 
In tissue extracts prepared from microvessels, a third peak 
appeared, travelling only a short distance from the origin. 
Similar peaks of extraneous radioactivity, which we have 
not yet identified, were also detected when samples were 
extracted into toluene instead of chloroform. 

Virtually all of the radioactive melatonin separated in 
the experiment shown in Fig. 2 was recovered in a 2-mm 
segment of the silica gel plate. Moreover, gas chroma- 
tography—mass spectrometry analysis [6] showed that this 
2-mm segment was free of indoles other than melatonin. 

Chloroform was used to extract radiolabeled melatonin 
from the reaction mixture because it is more volatile and 
dries faster than toluene, and because it extracts 
(’H]melatonin more efficiently than does toluene. When 
25,000 cpm of [*H]melatonin were added to borate buffer 
and extracted with either chloroform or toluene, chloro- 
form extracted more than 99 per cent of the indole whereas 
toluene extracted 91 per cent (unpublished observation). 

We next applied this microassay to measure serotonin 
levels in microvessels obtained from a single rat brain; a 


previous anatomical study suggested its association with 
blood vessels in the brain [7]. We determined that rat brain 
microvessels contain 10 + 2 pmoles serotonin/mg protein. 
Injection of the monoamine oxidase inhibitor pargyline 
(75 mg/kg, i.p.) 2 hr before decapitation elevated micro- 
vessel serotonin levels from 10 + 2 to 17 + 2 pmoles/mg 
protein (P < 0.01). The serotonin levels in 5-7 mg of right 
frontal cortex also rose, from 35 + 3 to 55 + 6 pmoles/mg 
protein (P < 0.01). The NAS contents of these tissues were 
below the limit of detection of the assay, which is consistent 
with earlier observations [8]. 

We also used the new method for quantitating both 
serotonin and NAS in a single rat pineal organ. It was 
possible to measure simultaneously serotonin and NAS in 
less than 15 per cent of a single pineal organ obtained 
during the light or dark period (Table 1). A highly sig- 
nificant, inverse daily variation was observed in the con- 
centrations of these two indoles (P < 0.001). These findings 
agree with those previously published, where larger 
amounts of pineal homogenates were used [9]. 

The advantages of the present method are manifold: 
extremely small amounts of tissue can be assayed accurately 
for serotonin and NAS the identification of the radioactive 
product is unequivocal and the assay is simple and inex- 
pensive to perform. 

In summary, we increased the sensitivity and reliability 
of an existing radioenzymatic microassay for serotonin by 
coupling the procedure to a UMD-TLC procedure, which 


Table 1. Levels of serotonin and NAS in rat pineal* 





Hydroxyindoles (ng/organ) 





4:00 p.m. 





76.5 + 7.6 
0.8 + 0.4 


Serotonin 
NAS 





* Male Sprague-Dawley rats (500-550 g body wt) were 
killed at 4:00 p.m. or 4:00 a.m., and their pineals were 
assayed for serotonin and NAS, as described in Materials 
and Methods. 

+ P <0.001, compared with tissues collected at 4:00 p.m. 
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Fig. 2. Elution profile of the thin-layer chromatogram. Samples were assayed, extracted, and applied 

to TLC plates as described in Materials and Methods. Radioactivity was then measured in 2-mm 

segments. Key: (A) brain microvessels; (B) microvessels boiled in aqueous ammonia (tissue blank); 

(C) microvessels plus 1.5 pmoles of added serotonin; and (D) 1.5 pmoles of serotonin in aqueous media. 
The arrows at segment No. 9 mark the location of the authentic melatonin. 


separates the isotopic melatonin formed from all other 
indoles in biological matter. Using this modification, 
125 fmoles of serotonin or NAS can be detected at twice 
background levels of radioactivity. We used this method 
to measure the serotonin content of intraparenchymal 
microvessels from a single rat brain, and the serotonin and 
NAS levels from less than 15 per cent of a single rat pineal 
organ. 
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Metabolism of digitoxin by isolated rat hepatocytes 


(Received 29 August 1979; accepted 27 June 1980) 


The metabolism of drugs in the liver can be studied at 
different levels of biological organization including the 
intact organ, cellular and subcellular levels. Studies at each 
organizational level will give useful information on types 
of reactions or kinetic parameters, but these also have their 
own limitations. In Jn vivo studies, complicating extrahe- 
patic factors such as neurological, endocrinological and 
circulatory phenomena may influence the results. In studies 
using homogenates or microsomal preparations, the com- 
position of the incubation medium is quite different from 
that of the cytosol of intact hepatocytes [1]. In addition, 
liver homogenates or microsomes are prepared from dif- 
ferent cell populations constituting the liver. In view of 
these limitations, an experimental system based on the use 
of isolated hepatocytes has the advantage that extrahepatic 
influences can be excluded and that the isolated hepatocytes 
are intact cells. Therefore, the data obtained with isolated 
hepatocytes can be expected to provide useful information 
on the role of the liver in the kinetics of drug metabolism 
in vivo. In this paper, a study on the metabolism of the 
cardiac glycoside digitoxin (DT3)* using isolated hepato- 
cytes will be described. 

Male 3-month-old Wistar rats (304 + 26g body wt., 
mean + §.D.) were used. The animals were purchased 
when they were 11 weeks old (Shizuoka Jikkendobutsu, 
Shizuoka, Japan) and maintained on commercial rat pellets 
in the animal laboratory of the institute (four animals to 
a cage). Room temperature was kept constant (22 + 2°). 
HJDT; (10.9 Ci-mmole~', generally labeled) was pur- 
chased from New England Nuclear, Boston, MA., U.S.A.; 
DT; and digoxin (DG;) from Merck, Darmstadt, F.R.G.; 
digitoxigenin-bis-digitoxoside (DT ), digitoxigenin-mono- 
digitoxoside (DT), digitoxigenin (DT9), digoxigenin-bis- 





* Abbreviations used: DT3, digitoxin; DT, digitoxi- 
genin-bis-digitoxoside; DT,, digitoxigenin-mono-digitoxo- 
side; DTp, digitoxigenin; DG3, digoxin; DG2, digoxigenin- 
bis-digitoxoside; DG,, digoxigenin-mono-digitoxoside; 
DGo, digoxigenin; DMSO, dimethyl sulfoxide; t.l.c., thin- 
layer chromatography. 


digitoxoside (DG), digoxigenin-mono-digitoxoside (DG;) 
and digoxigenin (DGp) from Roth, Karlsruhe, F.R.G.; 
Amberlite XAD-2 resin from Rohm and Haas Nederland 
BV, Dordrecht, The Netherlands; the enzymes collagenase 
(type 1) and hyaluronidase (type 1) from Sigma, St. Louis, 
MO, U.S.A. and Waymouth MB 752/1 medium from 
GIBCO, Grand Island, NY, U.S.A. 

Unlabelled and [*H]DT; were added to a dimethyl sulf- 
oxide (DMSO) solution. The final concentration of DMSO 
in the incubation medium was 0.5%. No damage to the 
isolated hepatocytes was to be expected at this concentra- 
tion [2}. The degree of dissolution of DT; at this concen- 
tration was determined by means of ultracentrifugation and 
the millipore filter method. Thin-layer chromatography 
(t.l.c.) was performed with DC Fertigplatten Kieselgel 60 
of 20 x 20 cm dimension (Merck, Darmstadt, F.R.G.). The 
hepatocytes were isolated by perfusion and incubation of 
the liver with the enzymes collagenase and hyaluronidase 
as reported earlier [3, 4]. The concentration of the cells 
was determined with a hemocytometer. 

The method for determining DT; biotransformation was 
as follows. A known number of hepatocytes in 4 ml Way- 
mouth MB 752/1 medium were incubated with various 
amounts of unlabelled DT; mixed with [*H]DT;. The pH 
of the medium was kept at 7.4, which was found to be 
optimal for digitoxin metabolism [5]. The incubation was 
carried out at 37° under an atmosphere of 95% O, and 5% 
CO, with constant shaking (100 oscillations - min~'). 
Immediately after the addition of DT; and after various 
incubation periods, 0.5-ml samples of the cell suspension 
were withdrawn and added to 1.5ml ethanol [6]. The 
mixture was centrifuged at 3000g for 10 min [6]. The 
supernatant fraction was evaporated and then layered on 
a column packed with Amberlite XAD-2 resin using 6 ml 
water. The column was washed with 20 ml distilled water 
to remove the constituents of the incubation medium such 
as salts and sugars. DT; and its metabolites were eluted 
from the column with 20 ml ethanol. The ethanol fraction 
was evaporated in vacuo at 37°; the residue was dissolved 
in about 100 ul of chloroform:methanol, 1:1. The solution 
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Fig. 1. Thin layer chromatogram of digitoxin and its metabolites. Hepatocytes were isolated from 3- 
month-old male Wistar rats. The incubation conditions were: cell concentrations, 7.4 x 10° cells 
-ml~'; digitoxin concentration, 2.5 x 10~°M; incubation time, 3 hr. 


was applied to a t.l.c. ‘kieselgel’ plate. The plate was 
developed once with cyclohexane:acetone:glacial acetic 
acid (49:49:2) [6]. After this, development was repeated 
four times with isopropyl ether:methanol (6:1). The 
migration distance of the solvents was about 16cm. The 
radioactivities on t.l.c. plates were traced using a Diinnsch- 
icht Scanner (LB 2723, Berthold). Each radioactive metab- 
olite of DT; was identified by referring to the R;values of 
the unlabeled standards (DT3, DT», DT;, DT), DG3, DG), 
DG, and DGp). After collecting each radioactive spot on 
t.l.c. the radioactivities of digitoxin and its metabolites 
were determined with a liquid scintillation counter. The 
recovery of radioactivity from the developed t.l.c. plate 
exceeded 80 per cent of the applied activity of the incu- 
bation sample. The major loss of activity during the pro- 
cedures was in the process of the transfer of the evaporated 
ethanol fraction to a t.l.c. plate with a small amount of 
solvent. Since the final quantitation of DT; metabolism was 
done using the relative decrease of DT; radioactivity in the 
sample, the loss of radioactivity during these procedures 
does not enter into the error of the results. 

The radiochemical purity of [*H]DT,; determined by the 
same t.l.c. procedure as described above was 95.9 + 1.8 
per cent (mean + §.D.) and the major contaminant was 
DT), (1.6 + 1.1 per cent). The stability of DT; during the 
procedures from incubation to t.l.c. development was 
checked with hepatocytes previously heated at 95° for 5 
min. The t.l.c. procedure revealed only a single peak of 
radioactivity corresponding to DT;, indicating that DT, 
remains unchanged during the incubation, extraction and 
separation procedures, unless the cells were enzymatically 
active. 

The addition of albumin (2.5 per cent) to the medium 
reduced the rate of DT; biotransformation to about 50 per 
cent of that of incubation sample without albumin. There- 
fore, for all other experiments in the present study, albu- 
min-free medium was used. 

An example of the separation of DT; and its metabolites 
by t.l.c. is illustrated in Fig. 1. The hydrophilic metabolites 
are located at the start. According to previous studies [2, 
7], these hydrophilic compounds are considered to be 
inactive metabolites conjugated with glucuronic acid or 
sulfuric acid. The relative amounts of DT; and its metab- 
olites in the incubated samples were calculated from the 
percentage of radioactivity of each fraction using the sum 


of radioactivities of all fractions as 100 per cent, with the 
assumption that all metabolites had the same molar specific 
radioactivity as the parent drug, DT;. An example of a 
time course study of DT biotransformation by isolated 
hepatocytes using the above-mentioned quantitation is 
shown in Fig. 2, This shows a linear relationship between 
the amount of DT; which is metabolized and incubation 
time for a period of about 1.5 hr. Table 1 shows the relative 
amounts of DT; and its metabolites found after 30 and 180 
min of incubation. The predominant metabolite of DT; 
produced by isolated hepatocytes was DT>2, representing 
about 70 per cent of total metabolites at 30 min after the 
start of incubation. DT,, DG; and DG; were also detected, 
though in much smaller amounts as compared with DT). 
The conjugate fraction was also present but occupied only 
3 per cent of all metabolites at 30 min. 

The metabolites of DT; found in the present study 
employing isolated rat hepatocytes have also been identi- 
fied in patients on digitoxin therapy. The results obtained 
indicate that the main metabolic pathway of DT; in isolated 
hepatocytes is the stepwise cleavage of the sugar side chains 
which successively yield DT, and DT. In addition, 12f- 
hydroxylation of DT; to DG; was shown to take place. 
However, this hydroxylation appeared to occur to only a 
limited extent in the isolated hepatocytes; this has also 
been reported in man by determining the metabolites in 
urine and feces [8, 9]. Our data obtained with isolated rat 
hepatocytes are also in agreement with those obtained with 
rat liver microsomes [5]. In these studies, it was found that 
the main metabolites were DT, and DT;, while direct 
hydroxylation of DT; to DG; also occurred. Castle and 
Lage [10], who determined the DT; metabolites in the bile 
of rats, previously injected with DT;, also found that the 
main metabolites of DT; were DT, and DT;. However, 
they also reported that the conjugated metabolites consti- 
tuted about 40 per cent of all metabolites found in the rat 
bile [10]. In our own experience with rats of the same 
strain, sex and age as used in the present study, conjugated 
metabolites also accounted for 30-40 per cent of all radio- 
activity found in the bile of rats previously injected i.v. 
with [°H]DT; (unpublished observation). In contrast, con- 
jugated metabolites represented less than 5 per cent of all 
metabolites in isolated hepatocyte preparations. Castle [11] 
also reported very recently that with isolated rat hepato- 
cytes as well as with liver homogenates and microsomal 


Table 1. Digitoxin biotransformation by isolated rat hepatocytes* 





Incubation 


time Conjugates DG; DG, 


DT; DT; DT, DTy 





30 mint 0.93 + 0.30 2.46 + 0.52 
180 mint FY 23 21 


3.76 + 0.89 


2176+46 206+5.0 1.78+0.59 0.96 + 0.37 
134 64 4.5 a3 





* The initial DT; concentration was 2.5 x 10°°M in all experiments, the concentrations of DT; and its metabolites 
are expressed as 10-°M. Values are means + S.D. of duplicate determinations of six different incubation experiments. 


+ Cell concentration of 1 x 10° cells: mI7!. 


+ Cell concentration of 4.3 x 10° cells-ml™!. 
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Fig. 2. An example of time course study of DT; biotransformation by isolated rat hepatocytes. Cell 
concentration, 4.0 x 10° cells - ml~'; DT; concentration 2.5 x 10~°M. For the quantitation of metabolites, 
see text. 


preparations, the formation of conjugated metabolites was 
limited; the present observations are in accordance with 
those findings. The reason why isolated hepatocytes form 
fewer conjugates than the liver in vivo is currently under 
investigation in our laboratory. With regard to DT3 metab- 


olites, different data have been reported for guinea pig 
liver. With the isolated perfused guinea pig liver [6] and 
with isolated guinea pig hepatocytes [2], no DT,, DT, or 
DG; could be identified and major metabolites were DG, 
DG, and conjugates. To explain the absence of DT and 
DT;, Kolenda et al. [6] and Klompe [2] suggested that these 
metabolites are quickly converted to DG, and DG, in 
guinea pig liver. 

A further attempt was made to obtain kinetic parameters 
for DT; biotransformation with isolated hepatocytes. For 
this purpose, cell concentrations lower than 1.3 x 10° 
cells/ml were used, since under this condition the velocity 
of DT; biotransformation expressed per unit cell concen- 
tration was independent of cell concentration in the 
medium. 

For the Lineweaver—Burke plots from which the apparent 
kinetic constants K,, and V,,,, could be calculated, the initial 
velocity for DT; biotransformation was calculated from the 
linear part of the DT; disappearance curve. An apparent 
K,, value of 25 + 8 uM (mean + S.D.) and a V,,,, of 58 
= pmoles/min/10° cells (mean + S.D.) were calculated 
from five different hepatocyte preparations. Calculation of 
such kinetic parameters for DT; metabolism by isolated 
hepatocytes is only valid if the uptake process of DT; by 
hepatocytes is not rate limiting. The data of Klompe [2] 
revealed that the apparent K,, values for the metabolism 
of DT; were the same in isolated hepatocytes and in micro- 
somes, indicating that the uptake of DT; by isolated hepa- 
tocytes is probably not rate limiting. The uptake of DT; 





-* Present address: Institute for Experimental Gerontol- 
ogy TNO, P.O. Box 5815, 2280 HV Rijswijk, The 
Netherlands. 


by isolated rat hepatocytes takes place by means of diffusion 
which is practically accomplished in the first few minutes 
after the start of incubation (Schwenk, personal com- 
munication). This supports our assumption that uptake 
process is not rate-limiting. Thus, kinetic characteristics of 
the type obtained in the present study can provide a basis 
for a comparison of rats of different physiological state, 
i.e. age, sex and strain, in future studies. 
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Differentiation of normal and inducible rat liver aldehyde dehydrogenases by 
disulfiram inhibition in vitro* 


(Received 18 February 1980; accepted 10 June 1980) 


In normal rat liver, atleast three isozymes of aldehyde 
dehydrogenase [aldehyde:NAD(P) oxidoreductase, EC 
1.2.1.3 and 1.2.1.5, ALDH] can be identified in mito- 
chondria, microsomes, and/or cytosol [1, 2]. Two additional 
cytosolic aldehyde dehydrogenase isozymes can be induced 
in normal rat liver. One is induced by phenobarbital, the 
other by a variety of xenobiotics including 2,3,7,8-tetra- 
chlorodibenzo-p-dioxin (TCDD) [3]. Rat hepatomas 
induced by 2-acetylaminofluorene also have a unique 
aldehyde dehydrogenase phenotype. This phenotype is 
characterized by the appearance of a cytosolic isozyme 
immunochemically identical to the TCDD-inducible iso- 
zyme’ and by the increased activity and shift to the cytosol 
of a normal liver microsomal ALDH [2]. The properties 
of these inducible aldehyde dehydrogenases (cytosolic 
location and mM K,, for acetaldehyde) make it unlikely 
that they play a major role in ethanol metabolism. Rather, 
evidence is accumulating that these inducible isozymes are 
invelved in the metabolism of other aldehydes, whether 
biogenically generated or exogenously administered [4, 5]. 
We have been interested in determining the functional 
significance of, and the relationships between, these indu- 
cible aldehyde dehydrogenases. 

A recent study comparing the subcellular distribution 
atid properties of the hepatoma-specific and normal rat 
liver aldehyde dehydrogenases indicated both isozyme- and 
tissue-specific differences in sensitivity to the aldehyde 
dehydrogenase inhibitor disulfiram [2]. These observations 
suggested that disulfiram sensitivity in vitro may be useful 
in distinguishing various normal liver and inducible ALDHs 
in whole tissues and in subcellular fractions. 

This paper confirms these initial observations, expands 
- them to include the effects of disulfiram on the TCDD- 
inducible aldehyde dehydrogenase, and reports several 
differences*in disulfiram sensitivity among the isozymes 
that are useful in distinguishing them structurally and 
functionally. 

Normal rat liver and rat hepatomas were obtained from 
adult male Sprague-Dawley rats as described [2]. Male 
Long-Evans rats treated with TCDD by the method of 
Deitrich et al. [3] were provided by Dr. Richard A. Deitrich 
of the University of Colorado. 

Whole tissues were homogenized in 0.06 M sodium phos- 
phate buffer, pH 8.5, containing 1mM EDTA, with or 
without 1 mM 2-mercaptoethanol (hereafter referred to as 
buffer) as appropriate. Homogenates were made to 1.0% 
with Triton X-100 and centrifuged as described [2]. Normal 
liver, hepatoma, and TCDD-treated liver were fractionated 
as described [2] in 0.25 M buffered sucrose with or without 
2-mercaptoethanol as appropriate. The fractions were 
adjusted to 1.0% with Triton X-100 and centrifuged as 
described [2]. The resulting supernatant fractions were used 
as the source of aldehyde dehydrogenase. 

Aldehyde dehydrogenase activities were determined 
using a slight modification of the spectrophotometric assay 
described previously [6]. All assays were performed at pH 
8.5 in buffer with or without 2-mercaptoethanol as appro- 
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priate. Final substrate concentrations were 8 mM and final 
coenzyme concentrations, 5 mM. Disulfiram was prepared 
as a 30 mM stock solution in absolute methanol. Methanol 
had no effect on aldehyde dehydrogenase activity. We 
previously established that 100 uM final concentration is 
the disulfiram concentration producing maximum aldehyde 
dehydrogenase inhibition in both normal liver and hepa- 
tomas [2]. The effect of disulfiram (100 uM) on aldehyde 
dehydrogenase was determined by mixing 10 ul of the 
disulfiram stock solution with 2.74 ml of an assay mixture 
containing a sample in buffer with, or without, added 2- 
mercaptoethanol, but with no substrate. After a 5-min 
preincubation, the reaction was initiated by addition of 
0.25 ml of substrate solution. Occasionally, the order of 
addition of buffer, sample and disulfiram was varied to 
‘study the effects of 2-mercaptoethanol on disulfiram. 
inhibition. 

Activities were expressed in mU/mg protein (1 mU = 
1 nmole of NAD(P)H produced/min). Protein concentra- 
tions were determined by the method of Lowry et al. [7] 
using bovine serum albumin as standard. 

In tissues prepared in buffer lacking 2-mercaptoethanol, 
the NAD-dependent aldehyde dehydrogenases were dif- 
ferentially inhibited by disulfiram (Table 1). Disulfiram 
significantly reduced the NAD-dependent ALDH activities 
of TCDD-treated and normal liver, with at least 60 per 
cent of the normal liver aldehyde dehydrogenase inhibited 
by disulfiram. Hepatoma NAD-dependent ALDH activitiy 
was only slightly (<20 per cent) inhibited by disulfiram 
with either aliphatic or aromatic aldehyde substrates. 

The NADP-dependent aldehyde dehydrogenases of both 
hepatoma and TCDD-treated liver were much more sen- 
sitive to disulfiram than their NAD-dependent activities, 
with more than 85 per cent of the TCDD-treated liver 
NADP-dependent activity inhibited by disulfiram (Table 
1). Normal liver NADP-dependent ALDH was slightly less 
sensitive to disulfiram than its NAD-dependent activity. 

Preparing the tissues in buffers containing 2-mercapto- 
ethanol significantly increased the disulfiram inhibition of 
the NADP-dependent aldehyde dehydrogenase activities 
in hepatoma and normal liver (Table 1). The inhibition of 
hepatoma aliphatic NAD-dependent activity was also sig- 
nificantly increased by 2-mercaptoethanol. Mercaptoetha- 
nol did not affect the inhibition of any ALDH in TCDD- 
treated liver. 

The final 2-mercaptoethanol concentration reached in 
the 3 ml assay under these conditions ranged from 1.6 uM. 
when 5 ul of sample was used as an enzyme source to 8 uM 
with 25 ul of sample. The premixing of disulfiram and 
buffers containing appropriate concentrations of 2-mer- 
captoethanol did not affect the disulfiram inhibition of 
hepatoma or normal liver NADP-dependent ALDH. We 
confirmed that the increased inhibition is not due to inter- 
actions between disulfiram and 2-mercaptoethanol (i.e. 
mixed disulfide formation) by demonstrating that adding 
2-mercaptoethanol to the assay mixture had no effect on 
disulfiram inhibition of the NADP-dependent ALDH 
activity unless the reactants were mixed in the order: buffer 
with 2-mercaptoethanol, sample without 2-mercaptoetha- 
nol, then disulfiram. The addition sequence, buffer with 
2-mercaptoethanol, disulfiram, then sample, did not show 
enhanced inhibition. 
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Table 1. Effect of disulfiram on rat liver aldehyde dehydrogenase 





Tissue 





Normal liver 


Substrate/Coenzyme —2-ME* +2-ME 


—2-ME 


TCDD-treated 
—2-ME +2-ME 


Hepatoma 
+2-ME 





Propionaldehyde/NAD 
Control activityt 
% Inhibition 
Propionaldehyde/NADP 
Control activity 
% Inhibition 


Benzaldehyde/NAD 
Control activity 
% Inhibition 
Benzaldehyde/NADP 
Control activity 
% Inhibition 


21.9+2.4 .24.4+ 1.6 


60.6¢ 


17.1 + 2.4 
44.34 


8.4+1.1 


66.7% Fle 


7.0 + 0.8 
71.4£,§ 


6.1 + 0.5 
34.4% 


148.6 + 20.7 
17.94 


197.6 + 30.5 
66.64 


205.4 + 28.6 
12.2 


549.5 + 51.4 
60.94 


487.9 + 160.7 597.3 + 105.6 


40.7% 


171.0 + 26.5 
60.7£,§ 


681.5 + 121.2 
87.9% 


181.8 + 34.1 


821.7 + 225.9 
21.34 


650.5 + 168.7 
96.94,§ 


2557.7 + 848.2 
86.9% 





* Presence (+) or absence(—) of 2-mercaptoethanol in the tissue preparation buffers. 
+ Activity (mU/mg protein) is the average +S.E.M. for at least six determinations in each tissue. 
+ Activity in the presence of disulfiram (100 uM) was significantly different from its corresponding control at at least 


the P < 0.05 level by a paired f-test. 


§ Inhibition in the presence of 2-mercaptoethanol was significantly greater than that without 2-mercaptoethanol at at 


least the P < 0.05 level by a paired f-test. 


Disulfiram significantly inhibited the NAD-dependent 
aldehyde dehydrogenase activity of normal liver, hepa- 
toma, and TCDD-treated liver mitochondria and cytosol, 
as well as the microsomal NAD-dependent activity from 
TCDD-treated livers (Table 2). Normai liver and hepatoma 
microsomal NAD-dependent ALDH activity was only 
slightly reduced by disulfiram. Mercaptoethanol in the frac- 


tionation buffer had no significant effect on the disulfiram 
sensitivity of NAD-dependent aldehyde dehydrogenase in 
any normal liver, hepatoma, or TCDD-treated liver sub- 
cellular fraction. 

Disulfiram significantly reduced the NADP-dependent 
activities of all normal liver and TCDD-treated liver sub- 
cellular fractions (Table 2), with more than 90 per cent 
inhibition in all TCDD-treated liver fractions. In hepatoma 
mitochondria, microsomes, and cytosol prepared in buffers 
lacking 2-mercaptoethanol, disulfiram significantly 
inhibited the NADP-dependent aldehyde dehydrogenase 
(>90 per cent inhibition in all fractions). However, with 
2-mercaptoethanol included in the fractionation buffers, 
the inhibition of hepatoma NADP-dependent aldehyde 
dehydrogenase was significantly reduced in all fractions 
(Table 2). This lack of inhibition appears to have been due 
to an effect of 2-mercaptoethanol on hepatoma NADP- 
dependent ALDH, because inhibition was duplicated when 
buffer containing 2-mercaptoethanol and sample without 
2-mercaptoethanol were premixed, and then disulfiram was 
added. As with whole tissue preparations, no significant 
interactions between disulfiram and 2-mercaptoethanol 
were observed. Mercaptoethanol did not affect the disul- 
firam sensitivity of normal liver or TCDD-treated liver 
NADP-dependent ALDH in any subcellular fraction. 

Although several studies have characterized the inhibi- 
tion of rat liver aldehyde dehydrogenase by disulfiram in 
vivo and in vitro [1, 2, 8-11], only one [2] examined the 
effects of disulfiram on the NADP-dependent isozymes. 
We previously used disulfiram sensitivity as one variable 
by which differences in the aldehyde dehydrogenase iso- 
zyme composition of normal rat liver and rat hepatomas 
could be demonstrated [2]. In both tissues, we identified 
an NAD-dependent uM K,,, (isozyme I) and two mM K,, 
isozymes (II and III) that differ in disulfiram sensitivity. 
Isozyme I is a mitochondrial isozyme which is very disul- 


firam sensitive. Isozymes II and III are NAD(P)-dependent 
and are found in mitochondria and microsomes of both 
tissues. In the absence of 2-mercaptoethanol, isozyme II 
is disulfiram insensitive: isozyme III is disulfiram sensitive 
when NADP is coenzyme. In addition, hepatomas possess 
acytosolic NAD(P) isozyme (IV) that is disulfiram sensitive 
when either NAD or NADP is coenzyme. We propose that 
isozyme IV is identical to the TCDD-inducible normal liver 
isozyme [2]. Our observations indicate that the cytosolic 
TCDD-inducible isozyme should be very disulfiram sen- 
sitive with either NAD or NADP and should possess high 
activity with benzaldehyde and NADP [2]. The results 
reported here confirm that the TCDD-inducible ALDH 
possesses these properties. The phenobarbital-inducible 
aldehyde dehydrogenase may be differentiated from the 
TCDD- inducible and hepatoma-specific ALDHs because, 
although it is very disulfiram sensitive [10], it is an NAD- 
dependent isozyme. 

The differential effects of 2-mercaptoethanol on the 
disulfiram sensitivity of hepatoma and normal rat liver 
aldehyde dehydrogenase were unexpected. It is generally 
accepted that disulfiram inhibits aldehyde dehydrogenase 
by irreversible interactions with enzyme sulfhydral groups 
(8, 12, 13]. However, only for sheep liver NAD-dependent 
ALDH has 2-mercaptoethanol been shown to significantly 
alter disulfiram sensitivity. In sheep liver, the major inter- 
actions appear to be between disulfiram and 2-mercapto- 
ethanol, not between 2-mercaptoethanol and aldehyde 
dehydrogenase [12, 13]. 

It is unlikely that the effects of 2-mercaptoethanol on 
rat liver aldehyde dehydrogenase disulfiram inhibition 
observed here are due to direct 2-mercaptoethanol-disul- 
firam interactions. Rather, the data indicate that the effects 
of 2-mercaptoethanol are due largely to interactions 
between 2-mercaptoethanol and various hepatoma and 
normal liver aldehyde dehydrogenase isozymes. First, both 
potentiation and blockade of inhibition may occur when 
the only source of 2-mercaptoethanol is from the fraction- 
ation buffer. Second, both potentiation and blockade of 
inhibition occur only when 2-mercaptoethanol and alde- 
hyde dehydrogenase interact; premixing of disulfiram and 
2-mercaptoethanol did not cause significant potentiation 
or blockade of inhibition. Third, a clear isozyme- and 
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tissue-specificity of the 2-mercaptoethanol effects was 
observed. In whole tissue, the normal liver NAD(P)- 
dependent and NAD and NAD(P)-dependent hepatoma 
aldehyde dehydrogenase were affected. No effect was 
demonstrable on any TCDD-treated liver ALDH nor on 
normal liver NAD-dependent ALDH. In subcellular frac- 
tions, the specificity was even more restricted; only the 
NAD(P)-dependent hepatoma ALDHs were affected. That 
TCDD-treated liver disulfiram inhibition was neither 
potentiated nor blocked by 2-mercaptoethanol indicates 
that 2-mercaptoethanol was not interacting with hepatoma 
isozyme IV, but with one or both of the mM K,, NAD(P)- 
dependent isozymes, II or III. 

We are currently unable to explain fully the differing 
effects of 2-mercaptoethanol on the disulfiram sensitivity 
of the NAD(P)-dependent hepatoma aldehyde dehydro- 
genases in whole tissue as opposed to subcellular fractions. 
It is difficult to directly compare the results obtained in 
whole tissue preparations and subcellular fractions due to 
the great differences in specific activity observed [1, 2, 14], 
and to the possible aggregation and subsequent inactivation 
of aldehyde dehydrogenase that may occur in whole tissue 
preparations [3, 14]. TCDD-treated liver ALDHs, how- 
ever, did not show similar opposing responses to 2-mer- 
captoethanol and the normal liver potentiation of whole 
tissue was not apparent in subcellular fractions. These 
observations suggest that the 2-mercaptoethanol effects 
were due to variable accessibility of sulfhydral groups in 
hepatoma isozymes III and perhaps IV to disulfiram caused 
by 2-mercaptoethanol, perhaps in association with the pro- 
cedures used to prepare whole tissue homogenates and 
subcellular fractions. Although this may be further evidence 
of inherent differences in the ALDHs of the various tissues, 
confirmation will require comparison of the disulfiram sen- 
sitivities of purified preparations of the isozymes involved. 

In summary, disulfiram inhibition in vitro is shown to be 
a useful tool in distinguishing among the various aldehyde 
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dehydrogenase isozymes of normal rat liver, rat hepatomas, 
and xenobiotic-treated rat liver. The NAD(P)-dependent 
aldehyde dehydrogenases, as well as the NAD-dependent 
isozymes, are significantly affected by disulfiram. A sig- 
nificant interaction between sulfhydral reagents and certain 
aldehyde dehydrogenases, especially in rat hepatomas, is 
demonstrable. 


Development Biology Section, RONALD LINDAHL 
Department of Biology, 
The University of Alabama, 


University, AL 35486, U.S.A. 
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Calcium and frequency-dependent release of norepinephrine 


(Received 1 April 1980; accepted 3 June 1980) 


Brown and Gillespie [1] showed that the release of 
norepinephrine (NE) from the cat spleen increased with 
increasing stimulation frequency, up to 30 Hz. NE output 
was about 5-fold greater at 30 than at 10 Hz; above 30 Hz 
the output progressively declined. Although’ the exact 
mechanism responsible for the increase in NE output with 
stimulation frequency is not clear, Kirpekar et al. [2] pro- 
posed that facilitation of transmitter release with increase 
in stimulation frequency may be a reflection of a greater 
accumulation of calcium in the nerve terminals during a 
train of pulses at a high frequency as compared to a low 
frequency. If calcium plays such a role in the frequency 
output relationship, then changing the extracellular con- 
centration of calcium ions should modify the frequency- 
dependent NE release, i.e. at low extracellular calcium 
concentrations the output at the lower frequency of stimu- 
lation should be much more reduced than the output at 
the higher frequency. Conversely, at high extracellular 
calcium concentrations the output should be preferentially 
enhanced at low as compared to high frequencies. We 
report here the effect of calcium on the frequency-NE 
output relationship in the perfused spleen of the cat. 
Cats were anesthesized with ether, followed by chloralose 


(60 mg/kg, i.v.). The cats were then given iproniazid 
(20 mg/kg, i.v.) to inhibit monoamine oxidase. After 30 min 
the spleens were isolated and perfused in situ with oxy- 
genated Krebs-bicarbonate (Krebs) solution at a rate of 
about 7 ml/min at 35°, as described previously [3]. Control 
venous perfusate samples were collected for 2 min before 
nerve stimulation, for 2 min during stimulation at 5 and 
30 Hz, and for 4 min during stimulation at 1 Hz. To label 
the endogenous stores of NE with [*H]-NE, a single injec- 
tion of 200 pCi of [7H]-NE (10.43 Ci/mole) was made into 
the femoral vein; the spleen perfusion was started 30 min 
after the injection. The splenic nerves were stimulated with 
supramaximal monophasic rectangular pulses of 1-2 msec 
duration at 1,5 and 30 Hz for a total of 200 stimuli. 

The spleens were perfused with Krebs solution for 30 min 
before nerve stimulation. The nerves were stimulated at 
1, 5 and 30 Hz at intervals of about 15 min in normal Krebs 
solution, and then in low- or high-calciwn solution. The 
order of perfusion with different calciuzn solutions was 
reversed, so that in some experiments the first perfusion 
was with low calcium. Perfusion with high-calcium solution 
was usually done during the last period. To prepare high- 
calcium (10mM) solution, KH,PO, and NaHCO; were 
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omitted, and Tris buffer (5 mM) was added. NaHCO; was 
replaced by a.corresponding amount of NaCl. The pH of 
the final solution was adjusted to 7.4 with HCI (1 N), and 
the solution was bubbled with 100% QO). 

NE contents of the venous samples were determined by 
the trihydroxyindole procedure [4]. Standard solutions of 
NE were analyzed concurrently, with recoveries ranging 
from 70 to 90 per cent. [*H]-NE content was determined 
by measuring radioactivity after adding 0.5 ml of an alu- 
mina-extracted sample to 10 ml of scintillation fluid. Back- 
ground activity of the same volume of solution in the 
absence of stimulation was deducted from the total output 
during stimulation, to determine (H]-NE release due to 
nerve stimulation. 

Figure 1 shows the relationship between NE output and 
the stimulation frequency during perfusion of the spleen 
with different calcium concentrations. In normal Krebs 
solution containing 2.5mM calcium, the output at 30 Hz 
was about four and eight times greater than the outputs at 
5 and 1 Hz respectively. The output at 5 Hz was twice as 
large as the output at 1 Hz (P < 0.001). 

If the calcium concentration of the perfusion medium 
was reduced to 0.25mM, and thereby reducing the NE 
(or [(H]-NE) output, the frequency—output relationship 
was not only maintained but greatly exaggerated. The 
output at 30 Hz was about 11-fold greater than the output 
at 5 Hz and 30-fold greater than that at 1 HZ (Fig. 1). The 
relative outputs at 1, 5 and 30 Hz were also determined on 
the basis of the release of [‘H]-NE from three spleens that 
had been prelabelled with radioactive NE. The results of 
the [*H]-NE release were directly comparable to the outputs 
determining endogenous NE release. It also should be 
pointed out that lowering the calcium concentration of the 
perfusion medium reduced the outputs of NE and [*H]-NE 
at all frequencies, but the reduction was much more marked 
at 1 and 5 Hz. On increasing the calcium concentration to 
10mM, the outputs at 1 and 5Hz were dramatically 
increased and were almost comparable to that at 30 Hz. 
The output at 30 Hz was not significantly different from 
the output at 1 Hz. The steep frequency—output relationship 
that is observed in normal (2.5 mM) or low calcium sol- 
utions almost disappeared. Moreover, the difference 
between the outputs at 1 and 5 Hz in normal Krebs solution 
also disappeared in high calcium solution. 

Experiments reported in this paper suggest that calcium 
may play an important role in modulating the changes in 
transmitter release from adrenergic nerve terminals of the 
cat spleen produced by different frequencies of stimulation. 
In spleens perfused with Krebs solution containing 2.5 mM 
calcium, the output per stimulus at 30 Hz was about 8-fold 
greater than the output at 1 Hz. On lowering the calcium 
concentration to 0.25 mM, this relationship was even fur- 
ther exaggerated, and the output at 30 Hz became nearly 
30 to 40-fold greater than the output at 1 Hz. This rela- 
tionship was more or less reversed in 10 mM calcium, and 
the outputs at 1, 5 and 30 Hz became almost comparable 
to each other. The reversal is mainly due to the fact that 
the outputs at 1 and 5 Hz were preferentially enhanced as 
compared to the outputs at 30 Hz. In fact, the output at 
30 Hz in high-calcium solution was not significantly differ- 
ent from the output in normal Krebs solution at this fre- 
quency. These results, therefore, suggest that the increase 
in release of NE with the increase in stimulation frequency 
is probably related to the greater availability of calcium to 
the sympathetic nerve terminals during stimulation at high 
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Fig. 1. Effect of calcium on the release of NE elicited by 

nerve stimulation in the perfused cat spleen. The splenic 

nerves were stimulated at 1,5 and 30 Hz in the presence 

of different extracel) .lar calcium concentrations. Data are 

means + S.E. (vertical lines) of three to eight experiments. 

When the standard error was smaller than the size of the 
symbol, it was not drawn. 


than at low frequencies. StJarne [5] showed that secretion 
of [*H]-NE from guinea pig vas deferens was completely 
dependent on external calcium concentration up to 8mM 
only in the presence of an alpha-adrenergic blocking agent. 
Since the present experiments were done in spleens without 
blockade of alpha-receptors, the role played by the negative 
feedback mechanism in the frequency-dependent secretory 
response remains to be elucidated. 

Some possible explanations for the facilitating effect of 
frequency on transmitter release, and hence on calcium 
entry, may be as follows: (a) each action potential in the 
sympathetic nerve terminal, as in axons of C fibres [6], may 
be followed by a transient hyperpolarization (positive after- 
potential). It is conceivable that the degree of hyperpolar- 
ization present at the onset of each action potential is 
greater in the case of higher frequencies of stimulation than 
in lower frequencies. If this were the case, and if the extent 
of hyperpolarization determines the number of available 
calcium gates to be opened during an action potential (as 
in cardiac muscle), then at higher frequencies there might 
be more calcium influx per action potential and therefore 
more NE released per stimulus, or (b) facilitation of release 
with increase in frequency may simply reflect a greater 
accumulation of calcium in the nerve terminals on the time 
average during a train of pulses at a high frequency as 
compared to a low frequency. 

In conclusion, we have shown that facilitation of NE 
release with stimulation frequency depends on the level of 
extracellular calcium concentrations and that, using appro- 
priate calcium concentrations, the frequency response can 
be modified. 
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Induction of uterine peroxidase by hexestrol analogues 


(Received 22 March 1980; accepted 9 June 1980) 


The rapid increase in the activity of peroxidase (EC 
1.11.1.7) in the uterus following treatment of ovariectom- 
ized or immature rats with estrogen [1,2] has led to the 
proposal that this enzyme may be a useful specific marker 
for those tissues which respond to estrogen [3-5]. Recently, 
we described a biochemical assay for estrogens based on 
the correlation between the estrogenic activity of a number 
of steroids and their abilities to induce peroxidase in the 
immature rat uterus in vivo [6]. The results gave a more 
appropriate measure of the physiological characteristics of 
the steroids than those based on binding affinity to specific 
receptors. This system has also been used to determine 
whether the catechol estrogens have any antiestrogenic 
properties [7]. It was therefore considered of interest to 
extend these studies to hexestrol [meso-3:4-di(p-hydroxy- 
phenyl) hexane] and its derivatives and to look for antag- 
onism of peroxidase induction by a structural analogue of 
hexestrol. 

Materials. Most of the compounds tested were from the 
collection of estrogens synthesized by Mr. W. Lawson at 
the Courtauld Institute of Biochemistry, London [8-10] 
and were provided by Dr. W. Coulson. 2-Hydroxyestradiol- 
17B was a gift of the Cancer Chemotherapy National Service 
Center, Bethesda, MD. Hexestrol was purchased from the 
Sigma Chemical Co., St. Louis, MO. [4-'C]Estradiol 
(52 mCi/mmole) from Amersham, Oakville, Ontario, was 
shown by chromatography and autoradiography to be free 
of radioactive impurities. It was diluted with carrier to a 
specific radioactivity of 2-3 mCi/mmole and kept at 4° in 
the dark as a stock solution in ethanol (1 mg/ml). The 
diethyl ether used for extraction was free of peroxides. 

Preparation of uterine extracts. Immature female Holtz- 
man rats weighing 70-95 g were given a priming dose of 
estradiol (5 ug in 0.2 ml sesame oil) subcutaneously on day 
1 and the test compounds in oil on day 5, before killing the 
animals 18 hr later. The uteri were dissected free of adher- 
ing fat, blotted, and weighed. The tissue was then cut into 
small pieces and homogenized in 5 ml of 0.1M sodium 
phosphate buffer, pH 7.0, in a Potter-Elvehjem hom- 
ogenizer with a Teflon pestle. The homogenate was diluted 
to 10 mi with buffer and centrifuged at 100,000 g (4°) for 
30 min. After washing with buffer, the sediment was rehom- 
ogenized in the appropriate amount of 1.2 M NaCl to give 
a 5% (wiv) homogenate. It was centrifuged again at 
100,000 g for 30 min, and portions of the supernatant frac- 
tion were used for the subsequent enzyme assays. 

Determination of peroxidase activity. The uterine extract 
(1 ml), derived from 25 mg wet wt of tissue, was incubated 
for 30 min or 1 hr at 38° with [4-"*C]estradiol (1.8 uM), 2,4- 
dichlorophenol (0.25mM), HO, (0.25 mM) and bovine 
serum albumin (10 mg) in 0.1 M sodium phosphate buffer, 
pH 7.4; total volume was 4ml. After incubation, the 
medium was extracted with ether (3 < 1 vol.) and the radio- 
activity in the aqueous fraction was determined by scintil- 
lation counting as described previously [11]. Peroxidase 
activity was also determined by a more direct method using 
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guaiacol as substrate [12]. The reaction mixture (3 ml) 
contained guaiacol (13 mM) and H,O, (0.33 mM) in 0.01 M 
sodium phosphate buffer (pH 7.0) and 1.0 ml of the fraction 
containing peroxidase. The linear increase in absorbance 
at 470 nm resulting from the oxidation of guaiacol was then 
followed at 25° in a Beckman model 25 recording 
spectrophotometer. 

Results and discussion. A good correlation was obtained 
between the estrogenic activity of a series of hexestrol 
analogues and their ability to induce peroxidase in imma- 
ture rat uteri (Table 1). This extends our previous studies 
with steroids related to estradiol [6]. The compounds to be 
tested were arranged in order of decreasing potency in 
bringing about vaginal cornification in ovariectomized rats 
[8-10]; their uterotrophic effect was also determined. Per- 
oxidase activity was measured by the conversion of [4- 
'4C]estradiol to water-soluble products and by the oxidation 
of guaiacol, two methods that have been shown previously 
[6] to give comparable results. 

With the exception of XII, the compounds chosen for 
testing had intact p-hydroxyl groups in the aromatic ring 
because their replacement by other groups is known to 
cause a marked decrease in estrogenic potency [9], as well 
as in binding affinity to receptors in the uterus [13]. Polar 
substituents in the side-chain abolished estrogenic activity 
(Table 2). Diethylstilbestrol epoxide, however, had been 
found previously to retain much of the activity of its parent 
compound [14, 15]. 

One of the objectives of these studies was to determine 
whether a natural estrogen such as 2-hydroxyestradiol-17£, 
which has been shown previously [7] to inhibit the action 
of estradiol, would show similar antagonism toward a syn- 
thetic estrogen and whether hexestrol analogues might act 
as anti-estrogens. For the latter purpose, 3,3’-difluorobu- 
testrol (VI), having weak estrogenic activity, appeared to 
be the best candidate by analogy with anti-estrogens such 
as nafoxidine (U-11,/100A) and CI-628 which, in high 
doses, are estrogenic and able to induce uterine peroxidase 
[16, 17]. Analogue VI, however, showed no anti-estrogenic 
activity at any of the doses tested, even though 2-hydroxy- 
estradiol-17f at a dose of 100 ug/rat decreased significantly 
the response of the animals to hexestrol (1 y:g/rat) (Table 
3). Neither compound affected uterine weight, but this 
dissociation of effects on weight increase and peroxidase 
induction in the uterus was also observed when 2- 
hydroxyestradiol was administered concurrently with estra- 
diol [7]. 

The increase in peroxidase activity in the immature rat 
uterus is a slightly less sensitive index of estrogenic potency 
than the increase in uterine weight, but nevertheless, it 
provides a useful alternative assay. It has the potential to 
yield additional information about the mechanism of estro- 
gen action, particularly in distinguishing between the early 
inductive phase and the later phase of true growth [18, 19]. 
It is possible that the lack of an inhibitory effect on the 
estradiol-induced uterine weight increase by 2-hydroxyes- 
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Table 1. Structure-activity relationship of hexestrol and its derivatives* 





Dose 


Compound (ug) 


Percent of 
added 
[4-'4C]estradiol 
Uterine converted to 
wt water-soluble 
(mg) products 


Rate of oxidation 
of guaiacol 
[AE 47 > min 
(g tissue) ~'] 





CH, C2H, 


| | 
EO 


C,H; C,H; 


| | 
” — CN OH 


41.4+1.2 11.9+2.1 
87.8 + 1.7 37.7 + 2.7 
95.5 + 4.6 47.4 


42.6 
47.3 
52.2 


83.6 + 3.3 
99.2 + 6.6 
95.4+ 9.5 


34.1 
43.2 
50.3 


82.0 + 2.6 
89.5 + 2.4 
90.3 + 3.0 


20.0 
38.6 
43.0 


82.9 + 8.9 
92.8 + 5.4 
94.0 + 4.1 


RI=Z=SS 


37.0+3:5 





* Estrogen-primed immature rats were given a single subcutaneous injection of the test compound in oil (0.2 ml) and 
killed 18 hr later. Uterine extracts from 25 mg of tissue were incubated with [4-'*C]estradiol or with guaiacol as described 
in the text. Values are the means of two experiments using uteri pooled from groups of five rats, except for the control 
and hexestrol groups (eighteen experiments) in which the S.E.M. for peroxidase activity is also given. 


tradiol, while peroxidase activity was decreased, was due 
to the catechol estrogen affecting only certain reactions in 
the first of these two phases, thus producing a dissociation 
of estrogenic effects. Under normal conditions, the relative 
increases in peroxidase content brought about by estrogen 
have been shown to parallel the relative increases in uterine 
weights [4, 20]. 

In summary, we have compared the ability of eleven 
analogues of hexestrol with that of the parent compound 
to produce an increase in uterine weight and to induce 
peroxidase in the estrogen-primed rat uterus. We have also 
tested a weak estrogenic analogue of hexestrol for anti- 
estrogenic activity and shown that 2-hydroxyestradiol-17B 
antagonized the uterine peroxidase-inducing action of hex- 
estrol without affecting the weight increase in this organ. 
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Table 2. Hexestrol derivatives without uterotrophic or peroxidase-inducing activity* 





Vill oy IX a oi ae Xx 
* ay oe CH, HsC ¢ 2H, 
| 
HO c—C OH HO c—Cc OH HO OH 
H H H H 
bu bu 
H,C H, 


XI HOOC COOH XI 
C2Hs C2Hs 


Bia 
toe 
ee 


* The compounds were tested for uterotrophic and peroxidase-inducing activities as in Table 1. 





Table 3. Effects of dihydroxyhexestrol, 3,3’-difluorobutestrol and 2-hydroxyestradiol on the induction 
of uterine peroxidase by hexestrol* 





Percent of added 
[4-'*C]estradiol Rate of oxidation 
Compound given Uterine . converted to of guaiacol 
in combination Dose wt water-soluble [AE 479 * min 


with hexestrol (ug) (mg) products (g tissue)~ 4 





St B27 


3,3'-Difluorobutestrol 5 : : 39.0 + 3.6 
(compound VI) 10 k : 31.9+ 4.7 
25 ’ : 39.9 
(38.5-41.2) (8. 8-10.8) 


2-Hydroxyestradiol-17B 100 yg ab 24.2 + 1.2+ 4.1 +0.3+ 





* Estrogen-primed immature rats were given 1 ug hexesirol (I) alone or in combination with 3,3’- 
diffuorobutestrol or 2-hydroxyestradiol in oil by subcutaneous injection. Values for peroxidase are the 
means + S.E.M., using uteri pooled from groups of five rats. The range is given for experiments with 
only two groups (ten rats). 

+ P<0.001 (t-test), compared with rats treated with hexestrol only. 
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Tetrodotoxin inhibition in vitro of protoveratrine A-activated glutamate 
decarboxylase in synaptosomes 


(Received 3 April 1980; accepted 29 May 1980) 


Since Gray and Whittaker [1] characterized the morphology 
of a crude mitochondrial fraction (P2) and found that it 
contained nerve-ending particles (synaptosomes), this sub- 
cellular fraction has been used to study many neurochemical 
phenomena, including: uptake of precursors and synthesis 
of neurotransmitter substances [2-6], potassium-stimulated 
release of dopamine [5] and norepinephrine [7], accumu- 
lation of “Ca following depolarization [8], calcium-depen- 
dent depolarization-stimulated release of monoamines [9] 
including gamma-aminobutyric acid (GABA) [10, 11], and 
high-affinity, stereospecific uptake of catecholamines [12]. 
This synaptosomal preparation (crude mitochondrial frac- 
tion, P,) provides an easily interpretable and reliable sys- 
tem for pharmacological manipulation of these variables 
and demonstration of effects in vitro of compounds known 
io act at the nerve terminal [13-16]. 

GABA release [17-19] and increased glutamic acid 
decarbox ylase(L-glutamic acid-1-carboxylyase; EC 
4.1.1.1.5; GAD) activity [20-21] have been demon- 
strated following depolarization of brain slices. Although 
both neurotransmitter release and increased activity of the 
rate-limiting step for neurotransmitter biosynthesis have 
been observed following depolarization, the trigger mech- 
anism for the increase in neurotransmitter synthesis has yet 
to be defined for the GABAergic systems. The synapto- 
somal preparation may prove to be a valuable tool for 
investigating the link between these electrophysiological 
and neurochemical changes. The activation of GAD in 
striatal slices [20, 21] by depolarizing stimuli has prompted 
us to investigate further the mechanism of this change using 
striatal synaptosomes. 

L-[1-'*C]Glutamate was purchased from the New Eng- 
land Nuclear Corp. (Boston, MA). Methyl benzethonium 
hydroxide (Hyamine), protoveratrine A (PVA), and tetro- 
dotoxin (TTX) were obtained from the Sigma Chemical 
Co. (St. Louis, MO). 

Male Sprague—Dawley-derived rats, 150-350 g (Charles 
River Breeding Laboratories, Wilmington, MA), were 
housed four to a cage, maintained on a 12-h diurnal cycle, 
and allowed free access to food and water. The rats were 
decapitated and the brains were removed and rinsed in ice- 
cold saline. Corpora striata were dissected free, pooled in 
ice-cold, oxygenated 0.32 M sucrose (1 pair of striata/ml 
of sucrose), and homogenized in Potter-Elvehjem vessels 
(Kontes). The nuclei and cellular debris were separated by 
centrifugation at 1000 g for 10 min at 0-4°. The supernatant 
fraction was decanted into fresh centrifuge tubes and spun 
at 17,000 g for 15 min at 04°. The resulting peilet (P,), 
containing nerve-ending particles, was resuspended in the 
original volume of normal Krebs—Ringer buffer (KRI) with 
the following composition: 122 mM NaCl, 1.3 mM CaCl, 
4.9mM KCl, 1.2mM MgSO,, 11.1mM dextrose, and 
i5.9mM imidazole-acetic acid buffer, pH 7.4. KRI con- 
taining protoveratrine A, 49 mM KCl, and TTX was sub- 
stituted when necessary. The P fraction was preincubated 
at 37° for 10 min and centrifuged at 17,000 g for 15 min; 
the supernatant fraction was decanted, and the pellet was 
resuspended in an equal volume of 0.32 M sucrose. 

The enzyme reaction was started by adding 0.1 ml of the 
pretreated synaptosome suspension to Corex tubes con- 
taining KRI and 300 uM L-{1-'*C]glutamate (sp. act. = 


6.67 mCi/mmole). This concentration was used to elim- 
inate glutamate transport as a rate-limiting factor, because 
half-maximal transport of glutamate by high-affinity sys- 
tems in rat CNS occurs below 20 uM [22]. The tubes were 
capped with serum stoppers, and “CO, was trapped on 
1 x 2cm filter paper strips that were saturated with 35 ul 
Hyamine and suspended from hooks in the stoppers. The 
reaction was terminated after 10 min by the injection of 
0.5 ml of 3 N H,SO,. Blank values were obtained by incu- 
bating the buffer containing the radiolabeled substrate in 
the absence of tissue. Protein concentrations were deter- 
mined by the method of Lowry et al. Statistical evaluation 
of the data was carried out by one-way analysis of variance 
followed by the Newman-Keuls multiple comparison test.. 

To establish continuity with existing data [20,21], syn- 
aptosomes prepared from corpus striatum were exposed 
to depolarizing stimuli during preincubation and then 
assayed for GAD activity. Exposure of synaptosomes to 
49 mM K* or 100 uM PVA increased GAD activity by 21 


’ and 28 per cent, respectively (Fig. 1). This finding is con- 


sistent with those earlier reports. 

A graded increase in GAD activity, directly related to 
the time of exposure of striatal slices to a depolarizing 
concentration of K*, has been observed [21]. In the present 
study, PVA (Fig. 2), a veratrum alkaloid that depolarizes 
by opening membrane Na” channels [24], and K” (Fig. 3) 
produced concentration-related increases in GAD activity 
when incubated with striatal synaptosomes. The increase 
in enzyme activity due to PVA was maximal at a concen- 
tration of 100 uM; this response was completely blocked 
by 5 uM TTX, a compound that blocks Na” channels [25]. 
Conversely, maximal stimulation was not observed with 
the concentrations of K* used nor was the increase due to 
K* blocked by TTX. 

In many neuronal systems, increased impulse flow or 
electrochemical stimulation has been correlated with 
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Fig. 1. Effect of depolarizing stimuli on GAD activity in 
striatal synaptosomes. Synaptosomes were preincubated in 
the presence of normal Krebs-Ringer buffer, elevated 
potassium (49 mM)-Krebs-Ringer buffer, or Krebs-Ringer 
buffer containing 100 uM protoveratrine A (PVA), for 
10 min at 37°. Enzyme activity was determined with incu- 
bation in normal Krebs-Ringer buffer. Data are the means 
of four incubations per group + S.E.M. An asterisk(*) 
denotes P < 0.05. 
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Fig. 2. Effect of PVA concentration on GAD activity in 
striatal synaptosomes in the presence and absence of TTX. 
Synaptosomes were preincubated in normal Krebs—Ringer 
buffer containing the indicated concentrations of PVA or 
TTX for 10 min at 37°. Enzyme activity was determined in 
the presence of normal Krebs-Ringer buffer. Data are the 
means of four incubations per group + S.E.M. An asterisk 
(*) denotes P <0.05. 


increased activity of the rate-limiting step for neurotrans- 
mitter biosynthesis [3, 4, 20, 21,26~-28]. It is widely accepted 
that tyrosine hydroxylase activity is modulated by feed back 
inhibition by norepinephrine and, therefore, its increased 
activity after neuronal depolarization may be coupled to 
release and depletion of critical intraneuronal stores of the 
neurotransmitter. The role of release phenomena in the 
regulation of GABA is unclear at this time. 

Release of GABA by K*-enriched media is a Ca’*- 
dependent phenomenon [11, 19, 29], but there are conflict- 
ing reports concerning Ca* dependency of release induced 
by congeners of veratridine [11]. Redburn et al. [11] have 
reported Ca**-dependent GABA release by veratridine. 
Neal [19], however, has seen a potentiation of veratridine 
release in the absence of extracellular Ca”*. 

Synaptosomal uptake of glutamate, the amino acid pre- 
cursor of GABA, is increased following K*-depolarization 
[30] but this increase is not dependent on calcium concen- 
tration, leading those authors to hypothesize that post- 
depolarization activation of glutamate uptake is not due 
to depletion of intraneuronal GABA stores. Interestingly, 
Blaustein [8] observed that TTX blocks veratridine- but 
not K*-induced accumulation of “*Ca by synaptosomes, 
suggesting a voltage-dependent mechanism for the increase 
in Ca”* permeability. 

Our data also suggest to us that a voltage-dependent 
increase in GAD activity follows the depolarization of 
striatal synaptosomes. This could be due to changes in 
intracellular Ca2* distribution, in enzyme distribution, to 
an interaction of the two [31, 32] or to some other intra- 
cellular second messenger. 

In summary, K* and PVA increased GAD activity in 
striatal synaptosomes. Activation by depolarizing stimuli 
was related to the magnitude of the stimulus. PVA acti- 
vation was sensitive to TTX but K* activation was not. 
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K* CONCN. (mM, Log Scale) 
Fig. 3. Effect of potassium concentration on GAD activity 
in striatal synaptosomes in the presence and absence of 
TTX. Synaptosomes were preincubated in Krebs-Ringer 
buffer containing the indicated concentrations of potassium 
or TTX for 10 min at 37°. Enzyme activity was determined 
in the presence of normal Krebs-Ringer buffer. Data are 

the means of eight incubations per group + S.E.M. 
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FORMATION OF FREE RADICAL INTERMEDIATES DURING NITROUS OXIDE METABOLISM 
BY HUMAN INTESTINAL CONTENTS 


Bernhard Bésterling, James R. Trudell*, Keelung Hong and Ellis N. Cohen 
Department of Anesthesia, Stanford University School of Medicine 
Stanford, CA 94305, U.S.A. 

(Received 10 March 1980; accepted 2 September 1980) 


We have demonstrated that nitrous oxide (Nj,0) is metabolized by bacteria present in 
the intestine of both humans and rats (1). A recent epidemiological study of dental 
professionals suggests an association between long-term occupational exposure to N50 and 
an increased incidence of congenital abnormalities and spontaneous abortion (2). WN,0 has 
been shown to be a potent teratogen in rats (3,4). A possible link between these studies 
is that metabolism of NoO may produce teratogenic or carcinogenic by-products. The end- 
product of reductive metabolism of N50 by intestinal bacteria, however, is inert nitrogen 
gas. Therefore, if metabolism is associated with toxicity, it would most likely be due to 
the production of transient reactive intermediates or their secondary reaction products 
that subsequently enter the blood. Free radicals have been shown to be intermediates in 
the metabolic reduction of other nitrogen compounds (5) capable of inducing both 
teratogenicity and carcinogenicity. Irradiation of an aqueous solution of N50 by X-rays 


followed by addition of this solution to Escherichia coli resulted in the killing of the 





bacteria. This killing was ascribed to production of long-lived free radicals derived 
from N50 radicals (6). We report here preliminary evidence for the existence of such free 


radicals during metabolism of N50 by human intestinal contents. 


To accumulate sufficient concentration of these free radicals for detection by 
electron paramagnetic resonance (E.P.R.), incubations of N50 with human intestinal 
contents were performed in the presence of a spin trap (7). Human intestinal contents 


(200 mg) were dispersed in 2 ml of 0.1 M potassium phosphate buffer, pH 7.5. This mixture 


was degassed with argon, saturated with N50, and incubated at 37° in the presence of a 


10 m™ concentration of the spin trap 5,5-dimethyl-l-pyrroline-N-oxide (DMPO). Control 
suspensions were incubated under argon. The trapped radicals were extracted and 
concentrated. Complex E.P.R.-spectra suggesting several trapped radicals were obtained 
after a 5 hr incubation in which anaerobiosis was produced by B-D-glucose, glucose oxidase, 
and catalase. Spectra obtained from incubations under N50 were of greater integrated 
intensity. However, when a less strictly anaerobic incubation was performed for 20 hr 
under an argon atmosphere, but without B-D-glucose, glucose oxidase, and catalase, a 
spectrum characteristic of hydroxyl ‘radical adducts was obtained (Fig. 1). The incubation 
with N50 produced from three to twenty times higher concentrations of trapped free 

radicals than the argon control in paired experiments using four different specimens. A 


similar result was obtained with an alternate spin trap, phenyl-N-tert~butylnitrone (PBN). 
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Figure l. E.P.R. spectrum of free radicals trapped by DMPO in human intestinal content 
incubations. The spin trap adduct was extracted in ethyl acetate and the spectrum 
measured under argon at 25° C with a Varian E-104A spectrometer. Amplification was the 
same for both spectra; the higher amplitude trace is from the N»0 incubation, the lower 
amplitude trace is from the argon control. 
To ‘differentiate between production of free radicals from N50 and inhibition of 

destruction of trapped radicals by N50, we prepared the hydroxyl radical-PBN adduct 
chemically and determined its stability under N50 or argon atmospheres in the described 


incubation mixture. N50 was shown to have no effect on reduction or destruction of 


hydroxyl radical-PBN adducts once they were formed. 


These results suggest that the spectra of the hydroxyl radical adduct observed after 
20 hr are the product of hydrolysis of less stable NjV radical adducts rather than due to 


an increased endogenous production of hydroxyl radicals stimulated by the presence of 


N50. The formation of N50 radicals in the body may be a basis for some of the observed 


toxic effects of this agent. 
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INHIBITION BY RIFAMPIN OF ELASTASE AND LYSOZYME SECRETION 
IN MOUSE PERITONEAL MACROPHAGES 
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The secretion of neutral proteinases by a tivated macrophages is biologically important 
in tissue injury and repair (1). Since the neutral proteinase content of macrophages in 
tissue culture is small, such secretion must depend on continuous protein synthesis (2). We 
therefore examined the effects of rifampin, a drug which can inhibit protein synthesis (3), 
on the secretion of one neutral proteinase, elastase. To assess cell viability, the releases 
of a lysosomal enzyme, 8-glucuronidase, and a cytosol enzyme, lactate dehydrogenase (LDH), 
were measured. The effects of rifampin on lysozyme secretion were also examined. This 
study demonstrates that rifampin, at subtoxic concentrations, diminishes elastase and lyso- 


zyme secretion. 


MATERIALS AND METHODS 
Rifampin was a gift from the late Dr. Hans Heymann of Ciba-Geigy Corp. (Summit, NJ). 
Lysozyme standard, Micrococcus lysodeikticus (lysozyme substrate) and thioglycollate broth 
were purchased from Difco Laboratories (Detroit, MI). Porcine pancreatic elastase, elastin, 
pyruvic acid, NADH and phenolphtalein glucuronic acid were purchased from Sigma Chemical Co. 


(St. Louis, MO). Tissue culture media, serum and balanced salt solution were obtained from 


Gibco Laboratories (Grand Island, NY). (t4c] Formaldehyde (10 mCi/nmole) and aquasol were 


obtained from New England Nuclear (Boston, MA). 

Mouse peritoneal macrophages were harvested 48 hr following the interperitoneal injec- 
tion of thioglycollate (2). The cells were washed once in Hanks' balanced salt solution and 
cultured for 24 hr in Medium 199 containing 10% acid-treated fetal calf serum. After 
allowing 24 hr for cell adherence, the medium was changed to serum-free Newman-Tytell medium 
(containing lactalbumin hydrolysate) for up to 7 days. On day 5, fresh Newman-Tytell medium 
was added, together with rifampin. Medium and cells were separately harvested after 48 hr. 
Cellular and medium lysozyme, LDH and §-glucuronidase were assayed on the same day without 
further processing, apart from sonication of the cell pellet. Culture medium was prepared 


for elastase assay by dialyzing the 4 ml aliquots against 10 mM Tris-HCl with 1 mM CaCl, (pH 
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7.8) for 24 hr. The material was subsequently lyophilized. 

Lysozyme (4), LDH (5) and 8-glucuronidase (6) were assayed by standard techniques. 
Protein was assessed by the Folin procedure. 

Elastase activity was measured by the method of Bielefeld et al.(7). Briefly, bovine 
ligamentum nuchae elastin was purchased from Worthington Co. (Freehold, NJ) and labeled with 


l 
(4c) formaldehyde (7). The specific activity of the product was approximately 200,000 


cpm/mg protein. For each assay we used approximately 0.1 mg of [M4] elastin suspended in 
’ 


200 ul of 0.2 M Tris-HCl (pH 7.8) and 0.05 M CaCl together with 100 ul of either cell 


2? 
lysate suspension or concentrated tissue culture medium or pancreatic elastase standards. 
Substrate and samples were incubated for 18-24 hr at 37°. After centrifugation at 16,000 g 
for 30 min, solubilized counts were measured in aquasol in a Beckman liquid scintillation 
spectrophotometer. Approximately 0.1 ug of pancreatic elastase could be detected with this 
method. 

No effects of rifampin (25-50 ug/ml) on the enzyme assays per sé were detected. The 
effect of rifampin on elastase activity in the culture medium was also examined in mixing 
experiments. Cell-free aliquots of the culture media from control and rifampin-treated 
macrophages were pooled. This pooled medium and separate cell-free aliquots of media from 
both control and rifampin-treated macrophages were incubated for 12 hr under tissue culture 
conditions. There were no differences between the elastase activities of the pooled medium 
and the sum of the elastase activities of separately incubated aliquots of medium from 
control and rifampin-treated cells. 

Data are presented as mean + one standard deviation; significance of difference was 


determined using Student's t-test for paired variables (control vs drug). 


RESULTS AND DISCUSSION 

The data in Table 1 demonstrate the following features. First, 100% of the elastase 
activity was present in the medium, while 86% and 23% of the total lysozyme and §-glucur- 
onidase activities were respectively released into the medium. Thus, all the elastase and 
the majority of the lysozyme were secreted while much smaller amounts of §-glucuronidase 
were released. Second, rifampin produced a concentration-dependent diminution (expressed as 
% of control) in both the total elastase and lysczyme activities but did not affect their 
distribution between cell and medium. Third, rifampin (25-50 pg/ml) had no effect on 8-glu- 
curonidase activities either in cell or medium. Fourth, while there was a slight increase 
in % LDH release at 50 ug/ml rifampin, there was little change in cell viability as judged 
by the release of this cytosol enzyme. 

In combination, the data indicate that these concentrations of rifampin inhibited the 


production of both elastase and lysozyme without affecting cell viability as judged by 





either LDH release or a lysosomal granule enzyme (f$-glucuronidase) release. Other obser- 
vations indicate: (a) rifampin (25-50 ug/ml) did not affect the total protein in the system; 
and (b) rifampin (> 62.5 ug/ml) produced falls in total protein and sharp increases in the % 


release of LDH so indicating cytotoxicity. 


Table 1. Effects of Rifampin* 





Control Rifampin 
25 ug/ml 50 ug/ml 
Total Percent Total Percent Total Percent 


Activity Activity Activity Activity Activity Activity 
(units) in medium (% control) in medium (% control) in medium 





Elastase LZ 
Lysozyme 97 + 
8-Glucuronidase 86.1 


LDH % Release + -2 2 + 2.9 





*Control data (8 experiments) for elastase, lysozyme and $-glucuronidase are total 
cell + medium enzyme activities expressed per mg cell protein in 48 hour cultures. 
The units are, respectively, 1 ug porcine pancreatic elastase equivalent, i ug egg 
white lysozyme equivalent, and A 0.D. units, where 1 unit activity releases 1 ug 
phenolphthalein/hr. Note: in order to compare directly the effects of rifampin 
on elastase, lysozyme and 8-glucuronidase with the appropriate control experiments, 
the rifampin data are expressed as the % of the matched control experiments. Data 
(mean + 1 S.D.) for rifampin at 25 and 50 ug/ml were respectively derived from 5 
and 6 separate experiments performed in triplicate. 


TP < 0.05, 


TTP < 0.01, 


While we have not specifically measured general protein synthesis. nor determined the 


mode of action of rifampin in this system, the simplest and most likely explanation of these 


observations is that rifampin predominantly inhibits the formation of the vigorously synthe- 
sized proteins, specifically lysozyme and elastase. This explanation is supported by the 
following arguments. First, the protein synthesis inhibitor cycloheximide (0.5-1.0 ug/ml) 
inhibits elastase production by such cultured macrophages (2). Second, there is no evidence 
in this cell system for the existence of inactive "pro-elastase;" thus, elastase activity in 
the medium must directly reflect elastase synthesis. Third, our interpretation is consis- 
tent with the effects of rifampin on protein synthesis by human liver and rat lymphocyte 
microsomes (3) and its effects on bacteria (8). Impaired synthesis necessarily limits the 
secretion of these enzymes. Additionally, the failure of rifampin at these concentrations 
to affect 8-glucuronidase release suggests that the drug does not affect the secretory 


process per se. 





The potential therapeutic significance of these observations requires further investi- 
gation. However, our experimental concentrations of rifampin can be compared with tissue 
concentrations of rifampin in normal experimental animals. Doses of 10 mg/kg body weight 
yield tissue concentrations in the range of 64 and 9 ug/ml in liver and lung, respectively 
(9,10). In man, conventional daily doses of rifampin are 600 mg (i.e. 7.5 mg/kg in 80 kg 
man). Thus, modest impairment of the tissue injuring proteinase, elastase, could conceivably 
occur at conventional doses of rifampin. Additionally, conventional therapeutic doses of 
rifampin do impair some immune mechanisms in man (11) but the site(s) of action is not 


known. 
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ERRATUM 


Biochemical Pharmacology 29, 1779-1789 (1980). 
SUNGMAN Cua. Tight-binding inhibitors—VII. Extended interpretation of the rate equation. Experimental 
designs and statistical methods. 


(1) Page 1779, line 3 from the beginning of the text should read 
“. . . binding inhibitors has been pointed out. A rate. . .” 


(2) Equation 7 should read 

= {- (F-E,+1)+ [(F, +E,+1Y-4E 1] i N(2E). 
(3) Equation 16a should read 

= {-(K. ~R4 D+ [K. + E,+1)°-4E, 1] NE). 


(4) Page 1781, left hand column, line 13: change the word upper to lower, so that it reads 
“.., and the value of y takes the lower limit . . .” 


(5) Page 1782, right hand column, line 4: delete one “important”. 
(6) Equation 52d should read 


=e (53), = — (vp — a)(1- y°)te™ x(1 — ye)? 
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COMMENTARY 


FUNCTIONAL AND PHARMACOLOGICAL SIGNIFICANCE OF 
BRAIN DOPAMINE AND NOREPINEPHRINE STORAGE POOLS 


BRIAN A. MCMILLEN,* DwiGut C. GERMAN? and PARKHURST A. SHORE 


Departments of Pharmacology, Physiology, and +Psychiatry, University of Texas Health Science 
Center, Dallas, TX 75235, U.S.A. 


The concept that multiple pools of stored catechol- 
amines exist in catecholamine-containing neurons 
has been the subject of research interest for a number 
of years. The initial observations suggesting the exist- 
ence of more than one pool came from studies util- 
izing various methods to determine catecholamine 
turnover. These methods included determination of 
decline rates of catecholamines after synthesis inhi- 
bition as well as administration of labeled catechol- 
amine or precursor and comparison of the specific 
activity of released transmitter with that remaining 
in the tissue. The results of many of these experi- 
ments indicated that a non-uniform release of cat- 
echolamines occurs and that the most recently stored 
amine is the first released. Although such experi- 
ments are valuable, they do not yield information 
on the functional roles of apparent multiple pools 
of catechoiamines. The purpose of this commentary 
is to examine the evidence for the operational sig- 
nificance of transmitter pools in norepinephrine 
(NE)- and dopamine (DA)-containing neurons of 
the CNS. The picture that emerges indicates that 
central DA-containing neurons operate with two 
distinct transmitter pools, whereas central NE-con- 
taining neurons appear to operate with a single func- 
tional pool. These considerations appear to dictate 
pharmacological responses to various dopaminergic 
and adrenergic drugs. 

Neff and Costa [1] showed that, after inhibition 
of catecholamine synthesis with the tyrosine 
hydroxylase inhibitor a-methyl-p-tyrosine (a-MT), 
DA and NE exhibit a log-linear decline for several 
hours. As expected, receptor antagonists or agonists 
could enhance or inhibit, respectively, the rates of 
decline. If the catecholamine stores were labeled by 
administering either radio-labeled precursor or 
exogenous amines (thus allowing accurate measure- 
ments over a short time frame), radio-labeled DA 
and NE disappeared rapidly for the first 20-30 min, 
after which disappearance curves similar to those of 
the endogenous transmitter substances were 
observed [2-4]. The specific activity of catechol- 
amines released shortly after labeling of the neurons 
was greater than that remaining in the tissue, but at 
later times the specific activity of NE or DA released 
into the medium was the same as that in the tissue 
[4-6]. Glowinski and co-workers showed that 
endogenous striatal DA concentrations exhibited a 
two-phase decline after tyrosine hydroxylase inhi- 
bition and that the apparent rapidly disappearing 

* Author to whom all correspondence should be 
addressed. 





pool represented about 20 per cent of total DA [7]. 
They obtained similar results with the noradrenergic 
system using radio-tracer methods [6]. By measuring 
radio-labeled DA and DA metabolites, Groppetti 
et al. [8] showed that newly synthesized DA was 
preferentially catabolized, as DA metabolites had 
a higher specific activity than DA in rat striatum. 
Recent studies with superfused striatal synaptosomes 
indicate that DA is taken up and released by two 
compartment kinetics [9, 10]. Thus, these data sug- 
gest that newly taken up or newly synthesized cat- 
echolamines are preferentially released over older 
amine. 

Other investigators [11, 12] questioned the validity 
of some of these experiments. The question arose 
as to whether a sufficient blockade of tyrosine 
hydroxylase with a-MT occurred in the earlier-men- 
tioned studies and whether the initial rapid rate of 
[7H]DA decline might be due to possible metabolites 
of a-MT such as p-hydroxyamphetamine. It was 
claimed, based on kinetic consideration of the 
decline rates of newly labeled and endogenous DA, 
that if two pools of DA exist, then the rapidly turning 
over pool must be less than 5 per cent of the total 
striatal DA content (i.e. smaller than experimental 
error). These reports leave open the significance of 
the difference in specific activity of released amines 
that is observed after labeling DA or NE pools. 


Functional significance 


After Glowinski presented biochemical data 
favoring multiple pools [5], Carlsson asked whether 
the phenomenon was an artifact of geometry. That 
is, amine newly taken up by the neuron would be 
most likely to enter those amine storage granules 
adjacent to the neuronal membrane and, conceiva- 
bly, tyrosine hydroxylase may be organized so as to 
supply newly synthesized amines to granules juxta- 
posed with the neurolemma. Thus, NE and DA 
might not be truly in separate pools, but newly 
acquired radio-labeled amine would exhibit an initial 
rapid rate of release because the label would pref- 
erentially enter those granules whose contents were 
most likely to be released first. The question then 
becomes, is the division of amine content in CNS 
neurons into apparent releasable and storage pools 
of any functional significance? 

One way to examine this question is to determine 
whether preferential depletion of readily releasable 
pools of DA or NE has any behavioral or physio- 
logical consequences. A fruitful approach is to exam- 
ine interactions between catecholamine synthesis 
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inhibitors and drugs acting on catecholamine recep- 
tors. Chronic administration of a-MT to psychiatric 
patients greatly potentiates the antipsychotic actions 
of neuroieptic drugs such as chlorpromazine or thior- 
idazine [13]. These studies demonstrated that long- 
term inhibition of DA synthesis allows a greater 
action of DA blocking drugs, but they do not allow 
interpretation of a prime role for newly synthesized 
transmitter, since presumably a marked depietion 
of total DA stores occurs during chronic a-MT 
administration. Costall and Naylor [14] reported 
that, in the rat, large doses of a-MT greatly poten- 
tiated the behavioral effects (i.e. catalepsy) of the 
DA receptor blockers. The a-MT was given how- 
ever, 4hr before the neuroleptics, a duration which 
would cause at least a 50 per cent decrease in striatal 
DA concentrations, thus making difficult any 
interpretation of the relative roles of storage versus 
readily releasable pools in DA neuronal function. 
Shore and Dorris [15] considered this problem by 
using a short pretreatment with a-MT and examining 
haloperidol-induced catalepsy. They found that, 
after only a short exposure to a-MT (30 min), halo- 
peridol-induced catalepsy was quickly and markedly 
potentiated, even though 80 per cent of the striatal 
DA content was intact; as small a dose as 10 mg/kg 
of d,l-«-MT (a dose blocking only a small portion 
of tyrosine hydroxylase activity) significantly 
increased the catalepsy scores produced by halo- 
peridol. These findings strongly suggested that it was 
the lack of newly formed DA that allowed the DA 
receptor blocker to have a greater effect on DA 
receptors. Biochemical experiments yielded findings 
in harmony with this idea: «-MT blocked haloperi- 
dol’s usual ability to raise DA metabolite concen- 
trations and, despite the presence of haloperidol, 
lowered metabolite levels below those seen in normal 
animals. Similar biochemical interactions were seen 
in mesolimbic DA terminal regions [16]. Also in 
harmony with these effects, systemic injection of 
a«-MT quickly reduces DA concentrations in the 
hypothalamic-pituitary portal circulation and blood 
levels of prolactin rise sharply [17]. Similarly, the 
effects of small doses of haloperidol on operant 
behavior (including self-stimulation of DA areas) 
are greatly potentiated by a-MT [18, 19]; behavior 
can be restored by the stimulant methylphenidate 
[19] which, unlike amphetamine, is known to release 
DA from the large reserpine-sensitive pools of DA 
(see below). These findings indicate that newly syn- 
thesized DA has a prime role in the functioning of 
the DA neuron and that DA probably exists in both 
a small readily releasable pool and a large storage 
pool. The rate of exchange between pools is sufficient 
to maintain normal function in the rat, as «-MT 
alone does not cause catalepsy until severe catechol- 
amine depletion occurs. The large storage pool, how- 
ever, cannot supply the needed DA for release 
tollowing a compensatory demand on the neuron 
such as that caused by low doses of haloperidol or 
by direct stimulation via implanted electrodes. 
Clearly, the presence of DA in separate storage and 
releasable pools is of important functional 
significance. 

An entirely different picture has emerged from 
analogous experiments on the noradrenergic system 
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of the rat brain. Pretreatment with «-MT reduces 
neither NE catabolism nor NE metabolite responses 
to a-antagonists until at least 40 per cent of brain 
NE content is depleted [20-22]. Only when NE levels 
fall below 60 per cent of control do NE metabolite 
concentrations begin to fall [20,22]. Franklin and 
Herberg [23] have reported a rat behavioral model 
that is in harmony with these biochemical observa- 
tions. They reported that blockade of NE synthesis 
by the dopamine-f-hydroxylase inhibitor FLA-63 
[bis(4 - methyl - | - homopiperazinylthiocarbony]) - 
disulphide] did not inhibit intracranial self- 
stimulation of noradrenergic areas, but that 
FLA-63 markedly depressed _ self-stimulation 
if given to rats pretreated with reserpine 3-5 
days before so as to deplete NE stores as well as to 
block synthesis. Thus, both the biochemical and 
behavioral evidence suggest that NE stores behave 
more as a functional unit and that if separate pools 
of brain NE exist then they must be in rapid 
equilibrium. 

The differences in the functional relationship 
between storage and releasable pools in the DA 
versus NE neuronal systems further underscore sev- 
eral fundamental differences in the control of amine 
synthesis and release. There is evidence that both 
the DA-containing neurons of the substantia nigra 
and the NE-containing neurons of the locus coeru- 
leus have autoreceptors on their soma/dendritic sur- 
faces that are inhibitory to impulse flow. For exam- 
ple, iontophoretic administration of DA _ onto 
substantia nigra-zona compacta DA neurons or of 
NE onto locus coeruleus NE neurons inhibits impulse 
flow of these neurons. These effects are blocked by 
neuroleptics or a-adrenergic antagonists (preferen- 
tial for the pre-synaptic o-receptor type) respec- 
tively [24, 25]. Stimulation of pre-synaptic DA recep- 
tors at DA nerve endings in the caudate nucleus is 
inhibitory to DA synthesis [26, 27] whereas stimu- 
lation of pre-synaptic NE receptors decreases the 
amount of preformed NE released per impulse 
|28, 29]. Inhibition of impulse flow in NE neurons 
has little effect on NE concentrations or tyrosine 
hydroxylase activity in noradrenergic innervated 
areas [27,30]. On the other hand, inhibition of 
impulse flow in DA nigrostriatal neurons by axotomy 
or y-hydroxybutyrolactone (GBL) causes a marked 
activation of tyrosine hydroxylase and increases DA 
concentrations in the corpus striatum, events seen 
to a lesser extent in other DA innervated areas 
[26, 27]. It is believed that inhibition of DA release 
into the synaptic cleft decreases the DA concentra- 
tion at pre-synaptic DA receptors that normally are 
under the influence of DA. The absence of DA at 
these autoreceptors leads to a disinhibition of tyro- 
sine hydroxylase which, in the face of decreased DA 
release and metabolism, leads to an elevation of DA 
neuronal concentrations. 

The duration of enzyme activation following ces- 
sation of DA impulse flow appears to be dependent 
upon a functional DA storage system [31]. For 
example, 3 days after DA depletion by a single 
injection of reserpine, in vivo tyrosine hydroxylase 
activity is about normal, but the marked enhance- 
ment of enzyme activity usually seen after cessation 
of impulse flow (by GBL) is greatly diminished. 





Brain dopamine and norepinephrine storage pools 


During the many days following DA depletion by 
a single injection of reserpine, there occurs a gradual 
and parallel recovery of basal DA concentration (an 
indication of the return of viable storage granule 
function) and the recovery of GBL-induced activa- 
tion of tyrosine hydroxylase. These findings indicate 
that, during DA autoreceptor modulated activation 
of tyrosine hydroxylase, the DA storage system 
serves to sequester DA from tyrosine hydroxylase 
until a storage saturation point is reached and DA 
end-product inhibition of the enzyme occurs. This 
evidence for a biochemical association of tyrosine 
hydroxylase with the storage granules is in harmony 
with the apparent localization of tyrosine hydroxyl- 
ase in proximity to synaptic vesicles in the caudate 
nucleus [32]. 

A further example of the differences between 
dopaminergic and noradrenergic systems is the 
response of tyrosine hydroxylase activity to amine 
depletion by a single dose of reserpine. A rapid 
increase of enzyme activity is seen in the corpus 
striatum, a DA neuronal terminal region, but the 
activity is not due to an enhanced amount of enzyme, 
as shown by immunotitration [33]. Enzyme activity 
in the striatum returns to normal 3 days after reser- 
pine. In NE areas, an entirely different picture is 
seen. After reserpine, a marked elevation of tyrosine 
hydroxylase is seen in the locus coeruleus, an area 
rich in NE neuronal cell bodies. This elevation is in 
the form of increased amounts of enzyme protein. 
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Fig. 1. Intraneuronal flux and control of dopamine (DA) 
synthesis, release and metabolism. Enzymes: tyrosine 
hydroxylase, /-aromatic aminoacid decarboxylase, mono- 
amine oxidase, aldehyde dehydrogenase, catechol-o- 
methyl transferase. Abbreviations: tyr, tyrosine; dopa, /- 
dihydroxyphenylalanine; MAO, monoamine oxidase; 
Dopac, dihydroxyphenylacetic acid; MOT, methoxytyra- 
mine; and HVA, homovanillic acid. Besides substrate and 
co-factor availability and impulse flow, two important regu- 
lators of tyrosine hydroxylase activity are occupancy of the 
inhibitory presynaptic receptor and free intraneuronal DA 
(i.e. end-product inhibition). The latter is contributed to 
by synthesis and reuptake and is diminished by catabolism 
and storage. If release of DA is by exocytosis, then pre- 
sumably the releasable pool is in synaptic vesicles, but it 
is not possible to assign the storage pool to a particular 
ultrastructural component of the DA axonal varicosity. 
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Enhancement of enzyme activity in NE nerve ter- 
minals is very slow and appears to be derived from 
enzyme reaching terminal areas by axoplasmic flow 
[33, 34]. As brain NE concentrations slowly return 
to normal after reserpine, tyrosine hydroxylase 
activity in the locus coeruleus also gradually declines 
to normal [33]. The much more rapid alteration in 
tyrosine hydroxylase activity in DA neurons is con- 
sistent with these neurons relying on minute-to-min- 
ute transmitter synthesis as a control for release. 
Tyrosine hydroxylase activity in the DA neuron is 
regulated by a complex set of controls including: 
substrate and co-factor availability, end product 
inhibition, impulse flow, and pre-synaptic receptors 
[35]. To this list we have added storage granule 
function. An attempt to summarize these influences 
is shown in Fig. 1, which presents a conceptualization 
of a DA neuronal terminal. The two major inhibitory 
influences on tyrosine hydroxylase in this model are 
the pre-synaptic autoreceptor and end-product 
inhibition by free intraneuronal DA. Occupancy of 
the pre-synaptic receptor will increase as DA release 
increases. Free intraneuronal DA concentrations are 
a function of the rates of synthesis, reuptake, and 
metabolism of DA, and the function of the storage 
granules. This figure implies that free intraneuronal 
DA inhibits both the rate of tyrosine hydroxylation 
and the rate of transfer of DA from storage to 
releasable sites (see below). Presumably, neurogenic 
release is by exocytosis [36] and the releasable pool 
is, therefore, associated with synaptic vesicles [37], 
but the ultrastructural components of the storage 
pool(s) are not clear. 


Pharmacological significance 


The difference in NE and DA storage mechanisms 
readily explains some of the different effects of drug 
treatments on these neurons. As already noted, a- 
MT inhibition of tyrosine hydroxylase causes a sharp 
drop of DA metabolite concentrations at times when 
NE catabolism is unaltered. The w-agonist clonidine, 
which decreases NE impulse flow and release, 
reduces NE metabolite levels by one-third at 2 hr 
after administration [38] and the maximal effect is 
reached at a dose of 0.025 mg/kg. This seems to be 
the maximal decrease obtainable with clonidine, as 
a longer time course with a very large dose 
(0.5 mg/kg) does not cause a further decrease [38]. 
As shown in Table 1, combining a-MT and clonidine 
does not produce a much greater decrease of NE 
metabolite concentrations than does clonidine alone, 
even though synthesis, as well as impulse flow, is 
inhibited during the course of the experiment. The 
effect of monoamine oxidase inhibition with par- 
gyline is shown for comparison and indicates the 
metabolite level expected if NE catabolism was com- 
pletely inhibited. The data also indicate that at least 
half of the NE metabolite concentration (clonidine 
alone minus pargyline) is unrelated to release of NE 
and subsequent metabolism, representing nonfunc- 
tional metabolism of NE. This inefficient utilization 
of stored NE may be a consequence of the rapid rate 
of exchange of NE between storage and releasable 
pools. On the other hand, DA metabolites drop 
sharply after a-MT administration, although not as 
fast as when pargyline is given [41, 42]. Thus, the 
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Table 1. Effect of clonidine, alone or in combination with 
a-MT, or pargyline-HCl, on rat whole brain norepine- 
phrine metabolism* 


MOPEG-SO,+ 
(ug/g) 





% A 





0.157 + 0.004+ (20) 
0.098 + 0.006 (8) 38 
0.071 + 0.009+ (8) 55 
0.026 + 0.008¢ (8) 83 


Control 

6 hr Clonidine 

6 hr Clonidine + a-MT 
6 hr Pargyline-HC 





* Rats received 0.2 mg/kg, i.p. clonidine at 0, 2 and 4 
hr and were killed 6 hr after the first injection. a-MT (100 
mg/kg, i.p.) was injected 5 min before clonidine and an 
additional 50 mg/kg injected 3 hr later. Additional animals 
received 75 mg/kg i.p., pargyline-HCl and were killed 6 
hr later. Whole brains were removed, frozen on dry ice, 
and assayec' within 24 hr for MOPEG-SO, [39, 40]. Num- 
bers in parentheses refer to the number of animals in each 
group; values are means + S. E. M. 

+ 3-Methoxy-H-hydroxyphenylglycol sulfate. 

t Significantly different from clonidine alone, P < 0.01 
(Dunnett’s t-test). 


DA neuron conserves its transmitter stores more 
efficiently.” This high level of nonfunctional NE 
metabolism may explain the apparent lesser ability 
of a-antagonists to increase NE metabolism com- 
pared to the ability of neuroleptic drugs to 
increase DA metabolism. For example, a 3- to 4-fold 
increase of striatal DA metabolite concentrations is 
commonly reported to occur after clinically relevant 
doses of antipsychotic drugs. In contrast, very large 
doses of a-antagonists will not even double NE 
metabolite concentrations [20, 21]. However, if con- 
trol values are reduced by 50 per cent to better 
reflect ‘functional’ metabolism, then the ability of 
adrenergic drugs to increase NE release and metab- 
olism is more comparable to the neuroleptic drug 
effects on the dopaminergic system. 

The importance of these differences becomes more 
apparent when the effects of stimulant drugs on DA 
and NE mechanisms are considered. It is known that 
behavioral stimulation by d-amphetamine is 
inhibited by pretreatment with a-MT, but not with 
reserpine [43-76]. Conversely, behavioral stimula- 
tion by drugs of the nonamphetamine class (e.g 
methylphenidate, amfonelic acid, cocaine, mazindol 
and nomifensine) is inhibited by reserpine pretreat- 
ment but not by tyrosine hydroxylase inhibition 
[45, 47, 48]. These pharmacological interactions are 
in harmony with the concept of multiple pools in the 
DA neuron. In single cell recordings from the DA- 
containing neurons of the substantia nigra (zona 
compacta), d-amphetamine potently inhibits impulse 
flow, an effect reversed by DA synthesis inhibition 
with w-MT or DA receptor blockade with haloperi- 
dol [49-51]. a-MT, however, does not inhibit the d- 
amphetamine-induced reduction of NE neuronal 
impulse flow in the locus coeruleus [52, 53]. Appar- 
ently, the rapid intraneuronal exchange of NE is 
able to adequately supply the site of amphetamine- 
induced NE release. That a-MT inhibits both the 
behavioural effects and the reduction of DA neu- 
ronal impulse flow induced by amphetamine, but not 
NE neuronal impulse flow, emphasizes the import- 
ance of an intact DA synthetic system for the stimu- 
lant effects of amphetamine. 
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Amfonelic acid (AFA) is a potent central stimulant 
in both rat and man and is of the nonamphetamine 
class (i.e. inhibited by reserpine). Unlike amphet- 
amine, which reduces both basal and neuroleptic- 
stimulated DA metabolism in rat striatum [54, 55], 
AFA alone causes a slight increase of DA metab- 
olism [55,56]. When combined with neuroleptics 
such as haloperidol [56] or spiperone [54], a marked 
synergism occurs, and striatal DA metabolite con- 
centrations increase 3-fold above those seen with 
neuroleptics alone (10-fold above control concen- 
trations). This effect is dependent upon impulse flow 
because inhibition of DA neuronal impulse flow with 
either apomorphine, a DA agonist, or with GBL 
eliminates the synergistic effects [56]. Furthermore, 
if small doses of haloperidol which do not prevent 
the AFA-induced hyperactivity and stereotypy are 
administered AFA will reduce, rather than enhance, 
the haloperidol-induced increase of DA metabolism 
[57], because insufficient haloperidol is present to 
maintain impulse flow. Thus, AFA seems to enhance 
the amount of DA released per impulse, and the 
source of the released DA is the main DA storage 
pool. Other neuroleptics can substitute for halo- 
peridol, providing that the dose used inhibits AFA- 
induced hyperactivity. Other nonamphetamine 
stimulants can substitute for AFA [58]. Among the 
nonamphetamines there is a striking correlation 
between central stimulant potency, potency for bio- 
chemical synergism with haloperidol, and the ability 
of these drugs to inhibit DA reuptake by rat striatal 
synaptosomes [58]. Although the nonamphetamine 
type drugs are equi-effective in the inhibition of DA 
uptake by rabbit caudate synaptosomes, these drugs 
cause little or no CNS stimulation in the rabbit and 
no synergism with haloperidol on DA metabolism 
in rabbit brain [59]. The lack of enhanced DA release 
in the rabbit appears to be due to a DA storage- 
releasable pool relationship that resembles the rat 
noradrenergic system described above. Thus, the 
relationship between storage and releasable pools 
of DA seen in the rat appears necessary for AFA- 
induced overflow of DA, and the CNS stimulation 
by nonamphetamines cannot be explained as the 
direct consequence of inhibition of DA reuptake. It 
appears more likely that, secondary to DA reuptake 
blockade, there occurs mobilization of the large DA 
storage pool to releasable sites, such that neurogenic 
release of DA is greatly enhanced [58]. 

The nonamphetamines also inhibit NE uptake by 
brain synaptosomes [60-63]. Like the preferential 
NE uptake inhibitor desipramine, AFA inhibits locus 
coeruleus impulse flow, an effect which can be 
reversed by administering an a-antagonist [64]. 
Neither AFA nor desipramine, however, exhibits a 
synergistic effect on NE turnover when combined 
with an a-antagonist [64, 65]; the enhancement of 
neurogenic transmitter release seen in DA-contain- 
ing neurons is not seen in NE-containing neurons. 
Apparently, the rapid exchange between pools of 
NE, if pools exist, obviates a similar effect of NE 
uptake inhibitors on NE mobilization. Thus, the 
differences in storage of transmitter between the 
dopaminergic and noradrenergic neurons are of con- 
siderable importance to the pharmacological seque- 
lae of monoamine reuptake inhibition. 
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Conclusions 


It is interesting that two neuronal systems, which 
superficially seem anatomically and biochemically 
similar, are so different in their control mechanisms 
for regulating transmitter synthesis and release. The 
apparent principal difference is the dependence of 
the DA neurons on newly synthesized amine to 
maintain functional release while the large storage 
pool remains relatively inert. Thus, DA-containing 
neurons may regulate release per impulse indirectly 
by regulating rate of synthesis, while the NE-con- 
taining neurons regulate release per impulse directly 
through pre-synaptic receptors governing release of 
preformed transmitter. Secondarily, the rate of 
exchange between storage and releasable pools of 
DA could be an important point of regulation. DA 
uptake inhibitors seem to indirectly increase this rate 
of exchange, allowing much greater release of DA, 
possibly due to a decrease of free intracellular (newly 
taken up) DA, with this loss of free DA triggering 
a rapid rate of exchange between storage pool and 
releasable sites [58]. Clearly, the intricacies of the 
DA storage system and local regulation of tyrosine 
hydroxylase activity represent an integral part of the 
mechanisms regulating DA release (Fig. 1). On the 
other hand, such a complex role for storage function 
is not evident in central noradrenergic neurons, with 
other mechanisms (e.g. pre-synaptic receptor and 
impulse flow) regulating the rate of NE release. 
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Abstract—Pretreatment of rabbit polymorphonuclear leukocytes (PMN’s) with sodium fluoride, followed 
by removal of extracellular fluoride and addition of calcium, results in strong exocytosis. This is shown 
by the selective release of granule-associated components such as lysozyme and f-glucuronidase. The 
degree of exocytosis is dependent on temperature and fluoride concentration during preincubation. 
This effect is characterized by a pH-dependent lag time. Removal of fluoride and addition of calcium 
to PMN’s preincubated for a period shorter than the lag time does not result in exocytosis. Fluoride- 
dependent exocytosis is a rapid process, being complete after 3 min incubation with calcium, and is 
dependent on the calcium concentration. The penetrating sulfhydryl reagents cytochalasin A and N- 
naphtyl maleimide, and the glycolysis inhibitors 2-deoxyglucose and iodoacetate, inhibit fluoride- 
dependent exocytosis. Fluoride-dependent exocytosis did not occur in human peripheral PMN’s in 
contrast to rabbit (peritoneal) PMN’s. Exocytosis may be due either to an interaction of fluoride with 
the inner side of the membrane or to a reaction with a specific membrane component. Apparently 
thereby calcium is enabled to cross the membrane and to act intracellularly. When calcium and fluoride 
are simultaneously present in the medium either exocytosis or cytolysis may occur. The hemolytic action 
of calcium and fluoride on erythrocytes suggests that here cytolysis is due to an interaction of calcium 


fluoride crystals with the cell. 


Apart from its inhibitory effect on glycolysis, fluoride 
stimulates hexose monophosphate shunt activity and 
induces an increased oxygen consumption in poly- 
morphonuclear leukocytes (PMN’s) [1,2]. Later 
studies have shown that in these cells fluoride is an 
effective stimulator of superoxide anion production 
and of chemiluminescence [3,—6]. In other cell types 
fluoride has been shown to release various cell con- 
stituents. In platelets, fluoride induces serotonin 
release, while lactate dehydrogenase (LDH) release 
is unaffected; in addition oxygen consumption was 
increased [7, 8]. Patkar et al. [9, 10] have found that 
in mast cells fluoride induces calcium-dependent his- 
tamine release. Other authors, however, reported 
the inhibition by fluoride of histamine release due 
to compound 48/80, a known secretogogue for mast 
cells [11]. 

With regard to PMN’s, Selvaraj and Sbarra have 
reported [2] an interesting observation, namely, that 
granules disappear in fluoride-treated cells. Harvath 
et al. [5] and Curnutte et al. [6], however, found no 
degranulation in PMN’s at 20 mM fluoride. 

In the present study the ability of fluoride (in 
combination with calcium) to induce exocytosis or 
cytolysis in PMN’s, depending on the experimental 
conditions, was considered. With regard to cytolysis, 
the action of fluoride and calcium on erythrocytes 
was also taken into account. For PMN’s the release 
of the cytoplasmic enzyme LDH was measured as 
a degree of cytolysis. The release of the granule- 
associated enzymes lysozyme and f-glucuronidase 


was considered as a measure of exocytosis if under 
these circumstances LDH release was negligible. 


MATERIALS AND METHODS 


PMN’s and erythrocytes. Rabbit polymorphonu- 
clear leukocytes were obtained from the peritoneal 
cavity after stimulation with glycogen, as described 
earlier [12]. Human PMN’s were isolated from per- 
ipheral blood and purified with a Ficoll-Hypaque 
gradient according to previously described methods 
[13]. Contaminating erythrocytes were lysed by 
exposure to 0.85% NH,Cl for 3 min. The medium 
used in preincubation as well as in incubation con- 
sisted of 140mM NaCl, 20mM Tris-HCl pH 7.2, 
5 mM KCl and 10 mM glucose. Human erythrocytes 
were obtained from fresh blood. The blood was 
centrifuged and the buffy coat cells discarded. The 
erythrocytes were washed three times with medium. 

Experimental procedure. In a number of experi- 
ments the PMN’s (3 x 10°) were added to the 
medium described above with additional reagents as 
required and then incubated in a shaking waterbath 
for 30 min at 37°. The total volume was 1 ml. After 
incubation the cells were centrifuged at 500g and 
the supernatant fraction was analysed. In those 
experiments where only exocytosis was studied the 
cells (3 x 10° PMN’s) in a total volume of 1 ml, were 
preincubated for 20 min at 37° in the presence of 
fluoride. Then 2 ml medium was added, and the 
mixture was centrifuged. The supernatant fraction 
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was discarded, and then medium and Ca** (1 mM) 
was added to a total volume of 1 ml. After mixing 
the mixture was incubated for 30 min at 37°. In the 
experiments with erythrocytes the cells were added 
to a mixture containing all reagents, in a total volume 
of 5 ml, with 5 x 10’ erythrocytes per ml. Incubation 
with erythrocytes was carried out for 2} hr at 37°. 
Then the cells were centrifuged and hemolysis was 
assayed by measuring the absorption of the super- 
natant fraction at 540 nm. 

Assays. Lysozyme was assayed by measuring the 
rate of lysis of Micrococcus lysodeikticus, at pH 6.2, 
according to the method of Shugar [14]. §-Glucu- 
ronidase was assayed by measuring the release of p- 
nitrophenol from p-nitrophenyl-6-p-glucuronide. 
Lactate dehydrogenase (LDH) was assayed by 
measuring the conversion of NADH into NAD* 
during the conversion of pyruvate into lactate. 
Enzyme release was expressed as a percentage of 
the maximum value, obtained by treating PMN’s 
with 0.2% Triton X-100. 


RESULTS 


Treatment of rabbit PMN’s with fluoride in the 
absence of calcium does not result in significant 
enzyme release. In the presence of calcium the results 
of the interaction of fluoride with PMN’s strongly 
depend on the experimental procedure. Three pro- 
cedures will be distinguished: 

(a) PMN’s are preincubated with sodium fluoride, 
after which the mixture is diluted with medium, and 
centrifuged. The supernatant fraction is discarded 
and Ca’*-containing medium is added, followed by 
incubation at 37°. This procedure appears to result 
in exocytosis. Modulation of exocytosis by varying 
the experimental conditions during preincubation 
with fluoride is treated in section A, while the effect 
of various conditions during incubation with calcium 
is treated in section B. 
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(b) Preincubation of PMN’s with sodium fluoride, 
followed by addition of calcium to the medium in 
which fluoride is still present, and incubation at 37°. 

(c) Incubation of PMN’s with fluoride and calcium 
added simultaneously, without preincubation. 

Procedures (b) and (c) may lead to cytolysis or 
exocytosis; the results of these experiments are 
treated in section D 
(A) Exocytosis: variations during preincubation with 
fluoride 

Exocytosis is induced by addition of a calcium- 
containing medium to rabbit PMN’s preincubated 
with sodium fluoride. The effect is dependent on the 
concentration of fluoride during the preincubation 
(Fig. 1). Low concentrations (below 5 mM) of fluor- 
ide do not result in exocytosis after addition of cal- 
cium. At about 10mM fluoride the resulting exo- 
cytosis is maximal. 

The temperature during preincubation has a strong 
influence on exocytosis afterwards. Preincubation 
with fluoride at 4° and 10°, followed by incubation 
with calcium at 37°, does not result in significant 
exocytosis. Maximal exocytosis occurs after prein- 
cubation with fluoride at 37°. At 45° exocytosis is 
completely blocked; we also observed this phenom- 
enon in the absence of fluoride, with other secret- 
ogogues. The influence of the length of preincubation 
time (with fluoride) on exocytosis is depicted in Fig. 
2. From this figure it appears that there is a lag time, 
after which exocytosis strongly increases. We have 
repeated this experiment — which was carried out 
at pH 7.2 — at other pH values and observed a 
strong dependence of the lag time on pH. The lag 
time is very short at a relative low pH and becomes 
longer as the pH increases (Figs. 2 and 3). 

(B) Exocytosis: variations during incubation with 
calcium 

Calcium-induced exocytosis in fluoride-treated 
PMN’s is a time-dependent but rapid process. After 
removal of fluoride and addition of calcium, lyso- 
zyme and glucuronidase release are maximal after 
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Fig. 1. Effect of fluoride concentration during preincubation on the subsequent exocytosis. Rabbit 

PMN’s were preincubated with various concentrations of sodium fluoride. After 20 min preincubation 

at 37°, 2 ml medium was added and the mixture was centrifuged. Then the volume was brought to 1 ml 

with medium, containing 1 mM Ca**. After 30 min incubation at 37° the cells were centrifuged and the 

supernatant fraction was analysed. —O— lysozyme; —D— f-glucuronidase; —A— LDH. Each point 
is the mean value of four determinations. 
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Fig. 2. Influence of the length of preincubation time with fluoride on the subsequent release of enzymes. 

Preincubation with 20 mM sodium fluoride was carried out for a variable time at 37°; incubation was 

carried out for 30 min at 37° (pH 7.2). Further experimental procedure was as described in the legend 

to Fig. 1. —O— lysozyme; —O— f-glucuronidase; —A— LDH. Each point is the mean value of four 
experiments. 


about 3 min (Fig. 4). The dependence on calcium 
concentration during incubation is represented in 
Fig. 5. Up to 0.1 mM calcium no exocytosis occurs. 
At 1 mM calcium exocytosis is maximal and at higher 
concentrations calcium exocytosis diminishes. At the 
highest calcium concentration used (5 mM), LDH 
release occurs. 
(C) Exocytosis: B-glucuronidase release, inhibition, 
rabbit vs human PMN’s 

A number of secretogogues induce the selective 
release of components of the specific granules, as is 
apparent from the release of lysozyme in the absence 
of the release of 6-glucuronidase. In fluoride-depen- 


dent exocytosis, however, as is apparent from Figs. 
1, 2 and 4-6, f-glucuronidase release equals lyso- 
zyme release. 

The metabolic inhibitors 2-deoxyglucose and 
iodoacetate and certain penetrating sulfhydryl 
reagents strongly inhibit fluoride-dependent exocy- 
tosis (Tables 1 and 2). Cytochalasin B has a small 
inhibiting effect, whereas colchicine is without effect 
on fluoride-dependent exocytosis. Because fluoride 
is known as an inhibitor of glycolysis and has been 
described as an inhibitor of several PMN functions, 
the effect on exocytosis of prolonged preincubation 
with fluoride was considered. When preincubation 





% lysozyme release 








15 20 
preincubation time (min) 


Fig. 3. Influence of the pH during preincubation with fluroide on the lag time of lysozyme refease upon 

exposure to calcium. The experiment was the same as described in Fig. 2, except for thé-pH during 

preincubation. —O— pH 6.3; —@— pH7.8. Composition of the buffer: 115 mM NaCl, 5mM KCl, 

40 mM Tris of given pH, 10 mM glucose. pH during incubation was 7.2. Each point is the mean value 
of four experiments. 
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Fig. 4. Effect of incubation time on fluoride-dependent exocytosis. Preincubation with 20 mM sodium 

fluoride was carried out for 20 min at 37°. After removal of fluoride and addition of calcium (1 mM)- 

containing medium incubation was carried out for the time indicated. —O— lysozyme; —O— f- 
glucuronidase. Each point is the mean value of four experiments. 


time exceeded 20min, exocytosis gradually 
decreased. Exocytosis was absent when the prein- 
cubation time was increased to 80 min (Fig. 6). 
Some investigators did not find degranulation 
with fluoride in their experiments [5,6]. We com- 
pared the action of fluoride on rabbit peritoneal 
PMN’s and on human peripheral PMN’s (Table 3). 
It appeared that the origin of the PMN’s determines 
the extent of the effect of fluoride. Whereas pre- 
treatment with fluoride results in extensive exocy- 
tosis after pretreatment with calcium in rabbit 
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PMN’s, no exocytosis occurs with the same treatment 
in human PMN’s. 
(D) Cytolysis vs. exocytosis 

If PMN’s were added to a mixture containing 
sodium fluoride and calcium, cytolysis (release of 
LDH) was predominant (Table 4). If calcium was 
added to a mixture of PMN’s and fluoride, exocytosis 
became prevalent (more lysozyme release as com- 
pared to LDH release). When fluoride was removed 
after preincubation of PMN’s with fluoride, while 
subsequently a medium containing calcium was 
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Fig. 5. Influence of calcium concentration during incubation. Preincubation with 20 mM sodium fluoride 

was carried out for 20 min at 37°. After removal of fluoride, and addition of medium containing a 

variable concentration of calcium, incubation was carried out for 30 min at 37°. —O— lysozyme; — 
OW— f-glucuronidase; —A— LDH. 
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Table 1. Effect of sulfhydry! inhibitors, cytochalasin B and 
colchicine on fluoride-dependent exocytosis 





Treatment Lysozyme release (%) 





221 
55+4 
3+1 
27+7 
16+5 
16+5 
48 +6 
38+5 
55+3 
61+5 


Control 

F/Ca* 

F/Ca, 5uM cytochalasin A 
F/Ca, 3uM N-naphtylmaleimide 
F/Ca, 25 uM N-ethylmaleimide 
F/Ca, 25 uM dithiodipyridine 
F/Ca, 250 uM DTNB+ 

F/Ca, cytochalasin B (5 ug/ml) 
F/Ca, 10~° M colchicine 

F/Ca, 107° M colchicine 





* F/Ca: rabbit PMN’s were preincubated for 20 min at 
37° with 20 mM sodium fluoride and the reagents indicated, 
in a total volume of 1 ml. Then 2 ml medium was added, 
the mixture was centrifuged, and the supernatant fraction 
discarded. Then the cells were suspended in medium again 
containing the reagents indicated and 1 mM Ca”*, ina total 
volume of 1 ml. This mixture was incubated at 37° for 
30 min. The values given are the mean value of four experi- 
ments + S.D. 

+ DTNB: 5,5’-dithiobis-(2-nitrobenzoic acid). 


Table 2. Effect of inhibitors of glycolysis on fluoride- 
dependent exocytosis* 





Treatment Lysozyme release (%) 





7+4 
66+4 
58 +6 
46+4 
12+4 
47 +3 
37+4 
32 +3 


Control 

F/Ca 

F/Ca, 2 mM 2-deoxyglucose 
F/Ca, 10 mM 2-deoxyglucose 
F/Ca, 20 mM 2-deoxyglucose 
F/Ca, 0.1 mM iodoacetate 
F/Ca, 0.5 mM iodoacetate 
F/Ca, 1.0 mM iodoacetate 





* The experimental procedure is the same as described 
in Table 1; in the medium used, however, glucose was 
omitted. 


% enzyme release 





3055 


added, only exocytosis occurs (Table 4, preceding 
sections). 

Fluoride and calcium-induced cytolysis in PMN’s 
is a complex phenomenon with a number of aspects 
which are difficult to interpret, e.g. the absence of 
lysozyme release during treatment of PMN’s with 
calcium and fluoride, and the presence of lysozyme 
release with calcium, magnesium and fluoride (in 
rabbit PMN’s). To obtain information about the 
combined effect of alkaline earth ions and fluoride 
on plasma membranes we performed some experi- 
ments with human erythrocytes (Table 5). It appears 
that Mg”*, though ineffective when used with fluor- 
ide alone, strongly potentiates hemolysis induced by 
calcium and fluoride. Increase of calcium concen- 
tration also strongly influences hemolysis. On the 
other hand, negatively charged compounds such as 
pyruvate and especially the polymer poly-p-glutamic 
acid, inhibit hemolysis. Polyvinylpyridine-N-oxide 
has no influence on the lytic process. 


DISCUSSION 


When rabbit PMN’s are pretreated with sodium 
fluoride, followed by removal of fluoride and addi- 
tion of calcium, then a strong and rapid exocytosis 
occurs. There is considerable release of lysozyme 
and #-glucuronidase, in the absence of significant 
LDH release. Contrary to the selective release of 
lysozyme, induced by some other secretogogues, e.g. 
phorbol myristate acetate [15], 6-glucuronidase and 
lysozyme are liberated in equal amounts. This sug- 
gests involvement of azurophilic as well as specific 
granules in fluoride-dependent exocytosis. 

The interaction of fluoride with the cell membrane 
may enable extracellular calcium to trigger the pro- 
cess of exocytosis. It is possible that fluoride facili- 
tates the passage of calcium across the membrane, 
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Fig. 6. Effect of prolonged preincubation with sodium fluoride on subsequent exocytosis. Preincubation 
with 20 mM fluoride was carried out during the time indicated, at 37°, followed by removal of fluoride 
and incubation with 1 mM calcium at 37° for 30 min. —O— lysozyme; —O— f-glucuronidase. 
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Table 3. Comparison between the effect of fluoride on human peripheral PMN’s and rabbit exudate PMN’s* 





Rabbit PMN’s Human PMN’s 





Treatment LDH Lysozyme Glucuronidase LDH Lysozyme Glucuronidase 





Control , 3 
Ca**, Mg”*, F-t 43 
F/Cat $ 


3 3 3 6 
2 39 59 20 
0 59 2 3 


5 
8 





* Concentrations used: F~, 20 mM; Ca**, 1 mM; Mg’*, 1 mM. The values given are the mean of four 
experiments + §.D. 

+ Ca**, Mg?* and F~ simultaneously present in the medium. 

¢ Preincubation with fluoride for 20 min at 37°, followed by removal of fluoride and addition of calcium, 
and incubation for 30 min at 37°. 


Table 4. Influence of the experimental procedure on the effect of fluoride on rabbit PMN’s* 





Procedure At Procedure Bt Procedure C§ 
Treatment LDH lys glucu LDH glucu LDH lys glucu 





+1 21 
4+2 4+2 
57+6 45+6 
15+3 15+3 
0+2 ix} 


221 
S23 
45+6 
4+3 
Fe | 


223 ye 6+2 
80+6 5944 3324 
3+t6 @t7 i724 
@2t4 Ox? BWtrs 
0+2 3+1 7=2 


F 

F, Ca 

F, Ca, Mg 
F,2 Ca 

F, 2’Mg 


NOnnN 
I+ I+ I+ I+ I+ 
mNe NN 
I+ I+ I+ I+ It 
NW COW W 
Dn Ww 
ADHAewN 
I+ I+ I+ I+ I+ 
NwWULN 





* Abbreviations used: LDH lactate dehydro enase; lys, lysozyme; glucu, Ppomengiten: F, 20mM 
sodium fluoride; Ca, 1 mM Ca**; Mg, 1 mM Mg**; 2 Ca, 2mM Ca?*; 2 Mg, 2mM Mg”* 

+ Procedure A: cells were preincubated with fluoride (20 min at 37°), then the fluoride- -containing medium 
was removed and calcium containing medium added, followed by incubation for 30 min at 37°. 

¢ Procedure B: after preincubation with fluoride for 20 min at 37°, calcium was added (no removal of 
fluoride), followed by incubation for 30 min at 37°. 

+ Procedure C: all chemicals were simultaneously present; incubation for 30 min at 37°. All values given 
are percentages of maximal enzyme release, and are the mean value of four experiments + S.D. 


Table 5. Cytolytic effect of fluoride and calcium on human erythrocytes 





Treatment Hemolysis (%) 





- 0+0 
1 mM Ca**, 20mM F~ 16+3 
1mM Ca?*, 30 mM F~ 20 + 3 
2mM Ca?*, 20 mM F™ 43+5 
2 mM Ca? ~~, 30mM F™ 51+4 
2mM Mg’, 30 mM F- 0+0 
1 mM Ca* *+ "1 mM Mg?* , 20mM F- 69+4 
1 mM Ca?* , 1mM Mg** , 30mM F> 79+ 6 
1 mM Ca?*, 1mM Mg’ ’ 20mM F , 5 mM pyruvate 35 +6 
1 mM Ca?*, 1mM Mg" 2+ 20mM F-, PGA (20 ug/ml) 26 + 16 
1 mM Ca?*, 1 mM Mg?*, 20mM F , PVPNO (0.2%) 68 + 16 





* Erythrocytes were treated as described in Materials and Methods, with all 
reagents indicated present during incubation. Pretreatment with fluoride followed 
by removal of fluoride and exposure to Ca** or Ca** and Mg?* did not give any 
lysis. The values given are the mean of six experiments, + $.D. PGA: poly-p- 
glutamic acid; PVPNO: polyvinylpyridine-N-oxide. 
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while calcium induces intracellularly the sequence 
of events leading to exocytosis. 

Fluoride-dependent exocytosis can be modulated 
in the same way as ionophore A23187-induced 
exocytosis in which calcium enters the cell. There 
is a strong inhibition by penetrating sulfhydryl 
reagents (cytochalasin A and N-naphtylmaleimide 
[16, 17]) and exocytosis is inhibited by the metabolic 
inhibitors 2-deoxyglucose and iodoacetate. These 
results are somewhat paradoxical because fluoride 
is itself an inhibitor of glycolysis. The situation 
resembles that noted in fluoride-induced superoxide 
production: this process is also inhibited by deoxy- 
glucose [18]. The decrease of exocytosis after pro- 
longed preincubation with fluoride could possibly 
result from its inhibitory effect on glycolysis. 

A remarkable aspect of fluoride-dependent exo- 
cytosis is the occurrence of a critical preincubation 
period with fluoride. A similar phenomenon was also 
observed in the interaction of fluoride with platelets 
[7] and mast cells [10]. The length of the lag-time 
strongly depends on the pH: it becomes longer as 
the pH increases. Some time is required for fluoride 
to associate with the cell in a pH-dependent manner. 
Calcium has no effect in PMN’s after a shorter prein- 
cubation period with fluoride than this critical lag- 
time. A possible method for fluoride to penetrate 
if for it to cross the membrane in non-ionized form 
— the K, of HF is 3.5 x 10~* [19] — and this process 
is favoured by a lowering of the pH. 

Changes in cell function due to inorganic fluoride 
appear to be pH-dependent; for instance fluoride 
inhibits the mobility of bull spermatozoa at pH 6.5 
three times as effectively as at pH 7.0. Since there 
is a rise in HF-concentration due to this pH-change 
the investigators suggested that fluoride enters mam- 
malian cells by weak-acid equilibration [20]. In HeLa 
cells an intracellular/extracellular F-distribution 
ratio of 0.27-0.37 was found after 60 min in a fluor- 
ide-containing medium at the physiological pH, and 
a similar ratio has been suggested for PMN’s [21, 22]. 
The required time-span for fluoride-incubation of 
PMN’s and the influence of the pH both indicate 
that fluoride accumulates inside the cells and thereby 
make the cells sensitive to subsequently added extra- 
cellular calcium. 

Low temperatures during fluoride preincubation 
prevent exocytosis. Restricted mobility of membrane 
components at low temperature may prevent the 
passage of fluoride across the membrane, and so this 
observation supports the penetration hypothesis. 
The alternative hypothesis, namely that fluoride 
interacts with specific membrane components in a 
pH- and temperature-dependent process, the result- 
ing compound being responsible for the change in 
permeability for Ca**, appears less likely. Exocytosis 
can be induced by phagocytosis, by calcium in com- 
bination with an ionophore, and by phorbol myris- 
tate acetate. It appears that the combination of fluor- 
ide and calcium may also effectively induce exocy- 
tosis, and the observed phenomena may provide 
some clues as to the mechanisms underlying 
exocytosis. 

In accordance with previously published results 
[5, 6], we found no exocytosis by fluoride and calcium 
in human peripheral PMN’s. Apparently there are 
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considerable differences between the structure 
and/or composition of rabbit peritoneal PMN’s and 
human peripheral PMN’s. A simultaneous presence 
of calcium and fluoride may cause either exocytosis 
or cytolysis in rabbit PMN’s, depending on the 
experimental conditions. Observations on the cyto- 
lytic effect of the combination of calcium and fluoride 
on erythrocytes suggest that calcium (or magnesium) 
potentiates cytolysis, whereas negatively charged 
compounds such as pyruvate and poly-p-glutamic 
acid strongly inhibit cytolysis. Polyvinyl pyrinine-N- 
oxide, a strong hydrogen acceptor, is without effect. 
Cytolysis induced by calcium and fluoride thus 
strongly resembles calcium oxalate crystal-induced 
cytolysis, which we have studied earlier [23]. Though 
we did not obtain visible precipitates of calcium 
fluoride (in the absence of cells) under the conditions 
of our cytolysis experiments, the concentrations used 
(1mM Ca?*, 20mM F°) are far in excess of the 
solubility product of CaF, (3.4 x 10~'') [19]. The 
results obtained may be explained tentatively on the 
assumption that the cells accelerate the formation 
of CaF, microcrystals, which cause membrane dam- 
age and lysis through ionic interactions with mem- 
brane components [23]. This damage may be caused 
either directly or after they have been phagocytized 
and taken up in phagolysosomes. 
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AND TOXICITY IN FRESHLY ISOLATED HEPATOCYTES 


TOMAS EksTROM and JOHAN HOGBERG 
Department of Forensic Medicine, Karolinska Institutet, S-104 01 Stockholm, Sweden 


(Received 2 April 1980; accepted 24 June 1980) 


Abstract—Chloroform hepatotoxicity was studied in hepatocytes isolated from phenobarbital-treated 
rats. A single dose of 6.2 umoles/ml chloroform decreased the intracellular level of GSH to about 15 
per cent of control vaiues within 60 min. Less than 5 per cent of the dose administered was recovered 
as water-soluble or protein-bound metabolites. The rate of metabolite formation after 60 min was low 
due to rapid evaporation of the chloroform. Hepatocytes exposed to a single dose of chloroferm did 
not replenish their GSH when maintained in a medium supplemented with amino acid precursors for 
GSH synthesis. Their GSH level remained below 15 per cent of control values and during the second 
hour of incubation malondialdehyde accumulated. The accumulation of malondialdehyde was associated 
with cellular lysis, whereas inhibition of lipid peroxidation prevented cell destruction. It is suggested 
that there are two phases of importance for chloroform toxicity: a first phase characterized by chloroform 
metabolism, GSH depletion and protein alkylation; and a second phase characterized by GSH deficiency, 


lipid peroxidation and cell destruction. 


Chloroform hepatotoxicity is potentiated by pheno- 
barbital pretreatment [1] and it has recently been 
shown that phosgene is produced during microsomal 
oxidation of this widely used halomethane [2-4]. 
Phosgene thus formed can be expected to bind irre- 
versibly to cellular glutathione (GSH) or tissue 
macromolecules [4]. The availability of GSH in the 
liver during chloroform metabolism seems to be of 
importance in preventing necrosis in vivo [1]. GSH 
may protect the liver cell in two ways: it can prevent 
the alkylation of vitally important cellular structures 
by activated chloroform metabolites [5]; and it may 
act as an antioxidant, as suggested by Brown et al. 
[1]. 
The LD.» for chloroform (for mice) is6 mmoles/kg, 
while water solubility is more than 70 mmoles per 
liter [6]. This relationship makes chloroform suitable 
for toxicity studies with isolated hepatocytes. We 
have previously used this model system for studies 
on GSH turnover under the influence of amino acids 
and GSH-depleting agents [7-9]. We report here 
that chloroform rapidly depletes GSH in hepatocytes 
isolated from phenobarbital-treated rats and suggest 
a sequential toxic mechanism which may involve 
both protein alkylation and lipid peroxidation. 


METHODS 


Male Sprague-Dawley rats (180-250 g) were used 
throughout these experiments. Phenobarbital was 
present in the drinking water (1 mg/ml) for one week 
before the animals were killed. Hepatocytes were 
prepared by collagenase perfusion using basically the 
procedure described by Hégberg et al. [7]. Incuba- 
tions were performed in rotating round-bottom flasks 
(50 ml) with continuous gassing (O2, 95% and CO), 
5%). Each flask contained 16 x 10-30 x 10° cells 
suspended in an amino acid free Krebs—Henseleit 
buffer, pH 7.4, at a final volume of 20 ml [7]. 

Chloroform was added directly to the medium 


with a microsyringe. Metabolism was studied using 
['*C]CHCI,; (New England Nuclear, 5.4 mCi/mmole; 
3.1 or 6.2 mM final concentration), which was added 
at zero time. Chloroform was extracted from 1 ml 
of the cell suspension with 2 x 2 ml ethylacetate 
(p.a.). In all, 95-96 per cent of the unmetabolized 
drug was extracted by this procedure. Binding to 
proteins was measured by precipitating the protein 
from i ml cell suspension with 10% trichloroacetic 
acid, filtration through a Whatman GF/C filter paper, 
washing the filtrant with methanol, and determining 
radioactivity on the filter in a Beckman LS 150 liquid 
scintillator. The rate of ['*C]CO, incorporation into 
proteins via arginine can be expected to be very low 
in our preparations, because arginine was absent 
from all solutions used (c.f. Ref. 10). Radiolabel 
associated with proteins is thus considered to be a 
good estimate of covalent binding of reactive metab- 
olites to proteins. 

Cell membrane permeability, measured as the 
latency of NADH oxidation, was routinely deter- 
mined [7]. Glutathione was measured either as small 
molecular weight thiols according to Saville [11] or 
specifically with the fluorometric method of Hissin 
and Hilf [12]. Amino acid uptake was measured 
using 1-ml aliquots of the cell suspension as pre- 
viously described by Hégberg and Kristoferson [13]. 
Lipid peroxidation was monitored as the formation 
of malondialdehyde according to Hégberg et al. [14]. 

Each experiment has been repeated at least three 
times with different batches of cells. 


RESULTS 


There was considerable evaporation of chloroform 
in our model system and relatively high concentra- 
tions had to be used to induce toxicity. The chlo- 
roform concentration fell rapidly during the first 
20 min of incubation when measured as ethylacetate 
extractable radiolabel (Fig. 1A). There was also a 
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Fig. 1. Metabolism of chloroform in phenobarbital-induced isolated hepatocytes. Panel A shows the 

amount of radiolabel extractable with ethylacetate from the complete incubation medium. [_}_], 

3.1 mM CHCl,; O—O, 6.2 mM CHCl. Panel B shows the amount of non-volatile radiolabel remaining 
in the water phase after ethylacetate extraction. [}+_], 6.2 mM CHCl. 


roughly parallel drop in the total radioactivity in the 
medium. Only a small fraction of the initial dose was 
recovered as non-volatile radiolabel in the ethyla- 
cetate-extracted water phase after incubation with 
hepatocytes isolated from phenobarbital-treated rats 
(Fig. 1B). 

When phenobarbital-induced hepatocytes were 
exposed to chloroform, ['C]-label could be 
recovered as protein bound material (Fig. 2) and 
there was a rapid loss of cellular GSH (Fig. 3). An 
approximately linear binding rate for 40 min was 
observed when the initial chloroform concentration 
was 6.2mM (Fig. 2). With the same chloroform 
concentration the intracellular GSH concentration 
fell from 35 to 5 nmoles/10° cells within an hour and 
almost complete depletion was eventually obtained 
(Fig. 3). There was no significant increase in the 
concentration of oxidized glutathione. With the 
lower concentration of chloroform (3.1 mM), a fur- 
ther loss of GSH was seen when more chloroform 


was added after 60 min. The extent of protein binding 
and GSH depletion was considerably lower in control 
hepatocytes (Figs. 2 and 3). 

Cell membrane permeability started to increase 
in phenobarbital-induced cells during the second 
hour (Fig. 4). This delay in toxicity was characteristic 
for concentrations below 30mM, whereas higher 
concentrations tended to induce an immediate lysis. 
Exposure of cells from untreated animals to chlo- 
roform did not affect their permeability. 

Cysteine and methionine were added to the cell 
suspensions to determine whether these amino acids 
could protect the cells from lysis by facilitating 
resynthesis of GSH (cf. Ref. 9). However, no no- 
ticeable effect on GSH levels was observed when the 
amino acids were added after 30 min of chloroform 
metabolism (as shown in Figs. 5A and B) or after 
60 min (not shown), at which time the metabolism 
of chloroform was much slower. This lack of effect 
of sulfur-containing amino acids on GSH levels could 
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Fig. 2. ['*C]-chloroform binding to proteins in phenobarbital-induced and control isolated hepatocytes. 
CHCl, concentration was 6.2 mM initially. Binding to protein was measured as described in Methods. 
[__], Control hepatocytes; Q—O, phenobarbital-induced hepatocytes. 
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Fig. 3. Effect of chloroform metabolism on GSH levels in phenobarbital-induced and control hepatocytes. 
GSH was measured as acid-soluble thiols. Dotted lines, control cells; continuous lines, phenobarbital- 
induced cells. [_], 3.1 mM CHCl;; O, 6.2 mM CHCl. 
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Fig. 4. Effect of chloroform metabolism on cell membrane permeability in phenobarbital-induced and 

control hepatocytes. The degree of permeability was measured as the latency of NADH oxidation in 

control cells (dotted lines) and phenobarbital-induced cells (continuous lines). (1, 3.1 mM CHCl; ©, 
6.2 mM CHCl. 
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Fig. 5. Effect of methionine and cysteine on GSH levels in chloroform-exposed isolated hepatocytes. 

Panel A shows the effect of methionine addition (0.5 mM). Panel B shows the effect of cysteine addition 

(0.5mM). Amino acids were added after 30min. [}{_], no addition; A—A, 6.2mM CHCI,; 
O—O, 50 uM iodoacetamide. 


also be demonstrated in phenobarbital-induced cells 
exposed to 3.2 mM or 1 mM chloroform (not shown). 
When the lower concentration (1 mM) was used, the 
experiments were performed in filled and sealed 
flasks without gas flow using 1-hr incubations. 
Comparative experiments with phenobarbital- 
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Fig. 6. Effect of chloroform metabolism on methionine and 

cysteine supported GSH accumulation in isolated control 

hepatocytes. Iodoacetamide (40 uM) with (continuous 

lines) or without (dotted lines) CHCl; was added at zero 

time. CHCl, concentration was 6.2 mM. Amino acids were 

added after 30 min. D, cysteine (0.5 mM); O, methionine 
(0.5 mM). 


induced cells showed that both amino acids stimu- 
lated GSH accumulation when the GSH level was 
decreased by iodoacetamide instead of chloroform 
(Figs. SA and B). In control hepatocytes; exposed 
to both iodoacetamide and chloroform, there was 
also an accumulation of GSH when methionine or 
cysteine was added after 30 min of incubation (Fig. 
6). Furthermore, it was noted that neither methion- 
ine nor cysteine had any effect on chloroform- 
induced cellular lysis in phenobarbital-treated cells, 
whereas both amino acids effectively prevented 
iodoacetamide-induced lysis in control as well as in 
phenobarbital-induced hepatocytes (not shown). 

The possibility that the transport of cysteine and 
methionine across the plasma membrane was 
inhibited by chloroform metabolism was then stud- 
ied. Table 1 shows that the uptake of cysteine at the 
end of the first hour in non-exposed cells is almost 
doubled, a phenomenon similar to that described by 
Kletzien et al. [15]. In chloroform-exposed cells the 
rate of cysteine uptake remained essentially 
unchanged for 1hr, as did the rate of methionine 
uptake. 

GSH deficient hepatocytes accumulate malondi- 
aldehyde [9]. Figure 7A shows the amount of malon- 
dialdehyde formed in chloroform-exposed cells. The 
accumulation of malondialdehyde started when the 
GSH concentration was low but before there was a 
significant increase in membrane permeability (Fig. 
7B). The response was related to the dose of chlo- 
roform and to the degree of cell permeability. As 
previously reported [9], paracetamol was a potent 
inhibitor of malondialdehyde accumulation. Figure 
8 shows that the inhibition is dose-dependent and 
that 5 mM paracetamol prevented malondialdehyde 
accumulation as well as delayed chloroform-induced 
cellular lysis (not shown). This was the case when 
paracetamol was added at zero time (as in Fig. 8) 
or after 30 min. GSH depletion induced by chloro- 
form, however, was not affected by paracetamol 
addition after 30 min incubation. 
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Fig. 7. Effect of chloroform metabolism on malondialdehyde levels (panel A) and cellular permeability 
(panel B) in phenobarbital-induced hepatocytes. 0—QO, no addition; O—O, 3.1mM CHCl; A—A, 
6.2 mM CHCl. 


Table 1. Uptake of cysteine and methionine in phenobarbital-induced isolated hepatocytes 





Cysteine uptake Methionine uptake 
(nmoles/10° cells/5 min) (nmoles/10° cells/5 min) 








Without CHC, Without CHCl; 
CHCl, (6.2 mM) CHCl, (6.2 mM) 





2.00 1.06 0.93 

_— — 1.01 
10 — 1.87 _ 1.05 
15 ; 2.02 1.28 0.91 
20 2.26 — 1.12 
30 : 2.13 1.30 0.96 
45 ; 2.14 1.12 0.89 
60 . 2.09 0.81 0.94 





Hepatocytes were incubated as described in Methods, with or without chloroform. Aliquots 
(1 ml) of the cell suspension were transferred to test tubes at times indicated, either radiolabeled 
cysteine or methionine was added, and the incubation was continued in an oscillating water 
bath (37°) for 5 min. The final amino acid concentration was 0.2 mM. 
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Fig. 8. Effect of paracetamol on lipid peroxidation in phenobarbital-induced and CHC1I;-exposed isolated 
hepatocytes. CHCl, concentration was 6.2mM. O—QO, no addition; @—®, 1mM _ paracetamol; 
O—O, 2.5 mM paracetamol; A—A, 5 mM paracetamol. 


DISCUSSION 


The experiments presented here clearly indicate 
a relationship between chloroform metabolism and 
toxicity in the isolated cell system. The delayed lysis 
of phenobarbital-induced cells and the lack of similar 
effects in control cells show that chloroform per se 
is not toxic at the concentrations used. The loss of 
GSH and the covalent binding of radiolabel to pro- 
teins further support the hypothesis [2-5] that a 
reactive intermediate is formed as a function of 
monooxygenase activity. 

Due to limitations in the model system used the 
period of maximal chloroform metabolism was short. 
The K,, value for chloroform oxidation in micro- 
somes (1.4mM; cf. Ref. 4) and the evaporation 
curve indicate that this period was less than 20 min 
when 6.2 mM was used. A similar conclusion can be 
drawn from Fig. 1B. The rate of covalent binding 
to proteins, on the other hand, continued essentially 
unchanged for almost 40 min, but this apparent lin- 
earity may be due to a greater proportion of the 
metabolites being bound to proteins at the end than 
at the beginning of the incubation. In any event, 
these results show that only a relatively short period 
of chloroform metabolism is required to induce per- 
sistent changes which may be of vital importance for 
the hepatocytes. Thus, chloroform-exposed hepa- 
tocytes rapidly lost the ability to replenish their GSH 
level and did not regain it when chloroform metab- 
olism declined. This finding distinguishes chloroform 
metabolism from that of several other xenobiotics. 
A general observation in previous studies from this 
laboratory was that GSH levels could be replenished 
in depleted cells as long as sulfur amino acids were 
transported across the plasma membrane [9, 16]. 


Lipid peroxidation was detectable at a later stage 
of incubation, when the chloroform concentration 
was low and its metabolism apparently had declined 
to a low rate. Lipid peroxidation can thus hardly 
explain the lost ability to replenish cellular GSH. 
Indicative is also that sulfur amino acids prevented 
lipid peroxidation and cellular lysis in the experi- 
ments with iodoacetamide (Fig. 5). The importance 
of lipid peroxidation seems to be its coupling with 
cellular lysis. Lipid peroxidation preceded cellular 
lysis and lysis was prevented when lipid peroxidation 
was inhibited. Paracetamol was chosen to inhibit the 
reaction for two reasons: it is a non-volatile substrate 
for cytochrome P-450, the enzyme which has been 
suggested to be essential for the propagation of lipid 
peroxidation in rat liver microsomes [17]. Further- 
more, paracetamol metabolites bind covalently to 
macromolecules [18-21] and when added in our 
model system the formation of reactive metabolites 
can be expected to have continued. 

The delayed accumulation of malondialdehyde 
indicates that GSH depletion was a necessary pre- 
requisite for lipid peroxidation to occur (cf. Ref. 9), 
but the critical control for this conclusion, i.e. pre- 
vention of lipid peroxidation by GSH resynthesis, 
is unfortunately lacking. Of further interest is that 
the delayed accumulation of malondialdehyde per- 
mits a separation of effects into two main phases, 
both of possibie importance for chloroform toxicity. 
During the first phase chloroform metabolism brings 
about persistent changes in GSH turnover and then 
apparently declines. During the second phase lipid 
peroxidation destroys the cells. The probable link 
between these two phases is a state of GSH 
deficiency. 
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It has recently been reported that chloroform is 
a very weak inducer of in vivo lipid peroxidation as 
compared to carbon tetrachloride; conjugated dienes 
could not be detected after 30 min exposure [22]. It 
appears from the results presented here that both 
the mechanism and the time scale for chloroform 
induced lipid peroxidation are different from that 
induced by carbon tetrachloride. Our results indicate 
that the longer exposure time used by Brown et al. 
[1] to demonstrate conjugated dienes was critical. 
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Abstract—The distribution of the MAO-forms A and B between intra- and extrasynaptosomal rat brain 
mitochondria was studied with the aid of their known substrate and inhibitor specificities. The activities 
with the selective substrates serotonin, PEA and benzylamine indicated that intrasynaptosomal mito- 
chondria have about a 3.4-fold higher MAO A:MAO B ratio than extrasynaptosomal mitochondria. 
However, PEA was found to be a selective substrate for MAO B only at low concentrations (such as 
5 x 10°°M), whereas at higher concentrations (such as 10~*M) it was a substrate for both forms of 
MAO. The different ratios of the two enzyme forms in the two mitochondrial populations were 
confirmed when the selective inhibitors clorgyline and deprenyl were used with dopamine or 
10-°M PEA. With these two amines, the ratios oop MAO A: MAOB activities were 3-4.5 times higher 
in intrasynaptosomal than in extrasynaptosomal mitochondria. In particular, when the activity with 
dopamine was measured in intact synaptosomes, deamination being preceded by a specific uptake into 
these particles, the inhibitor sensitivities clearly showed that MAO activity was almost exclusively 
attributable to the A-form of the enzyme. Thus, mitochondria in the terminals of dopaminergic neurones 
have an even more pronounced enrichment in MAO A than the mitochondria obtained by osmotic lysis 
of a total brain synaptosomal preparation. It was also found that clorgyline and deprenyl have an 
inhibitory effect on the uptake of dopamine into nerve endings with ICs values in the range of 10~° 
to 10-*M. These results are discussed in terms of possible physiological significancies of the properties 


and distribution of the two forms of MAO. 


In recent years, the classification of monoamine 
oxidase (MAO, EC1.4.3.4)* into the two forms A 
and B on the basis of their inhibitor [1, 2] and sub- 
strate [2-5] specificities has been widely investigated 
and reviewed [6,7]. The A-form deaminates sero- 
tonin and norepinephrine preferentially and is sen- 
sitive to low concentrations of the inhibitor clorgy- 
line, whereas the B-form deaminates PB 
phenylethylamine (PEA) and benzylamine and is 
inhibited by low concentrations of deprenyl. Dopa- 
mine and tyramine are common substrates for both 
forms of the enzyme. The usefulness of this classi- 
fication of MAO has been questioned by Fowler et 
al. [8] on the basis of differences in the inhibitor and 
substrate specificities between species or even 
between different organs of the same species. How- 
ever, the expression of the relative activities of the 
MAO-forms A and B is expected to depend to a 
large degree on the particular assay conditions which 
are used. Many of the functional differences between 
MAO A and B depend upon maintenance of the 
integrity of the enzyme in the mitochondrial outer 
membrane, since Houslay and Tipton [9] have 
pointed out that the two forms of MAO may reflect 
a different lipid environment of the enzyme in the 
membrane. Furthermore, the accessibility of the 
enzyme for a given substrate may be limited in vivo 





* Abbreviations used: MAO, monoamine oxidase 
(amine: oxygen oxidoreductase, deaminating. 
E.C.1.4.3.4.); PEA, #-phenyiethylamine. 


by compartmentation, which may or may not be 
preserved when MAO is measured under in vitro 
conditions. Therefore, a substrate which is, like 
dopamine, deaminated by both forms of MAO in 
vitro may well be metabolized by only one form in 
vivo. Student and Edwards [10] have reported that 
synaptosomal rat brain mitochondria have a higher 
MAO A:B ratio than ‘free’ extrasynaptosomal 
mitochondria. The present paper supports this find- 
ing with further evidence and investigates its import- 
ance for the metabolism of the neurotransmitter 
dopamine. Furthermore, because inhibition of 
norepinephrine uptake by deprenyl has been 
observed earlier [2,11], effects of clorgyline and 
deprenyl on the uptake of dopamine in synaptosomes 
were also studied. 


MATERIALS AND METHODS 


Preparation of mitochondria and synaptosomes. 
Cell fractionation was performed according to Gray 
and Whittaker [12}. All steps were carried out on 
ice or at 4°. A 10% homogenate in 0.32M sucrose, 
obtained from whole brains of male adult Sprague— 
Dawley rats, was centrifuged at 11,000 g x min, the 
pellet (P,) discarded and the supernatant fraction 
(S,) recentrifuged at 7.2 x 10°g x min. The super- 
natant fraction S, was discarded and the crude mito- 
chondrial pellet P, was resuspended in 0.32M 
sucrose to give a final volume of 3 ml suspension per 
2g of original brain weight. This material was layered 
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over a discontinuous density gradient consisting of 
equal volumes of 1.2 and 0.8M sucrose. The gradient 
was centrifuged at 6 x 10°g x min in a swingout 
rotor on a MSE 65 ultracentrifuge. The synaptosomal 
suspension (at the 0.8M/1.2M interface, fraction B 
according to the nomenclature of Gray and Whit- 
taker) was collected by aspiration, diluted and either 
used for uptake and MAO assays or further frac- 
tionated in order to obtain synaptosomal mitochon- 
dria (see below). The pellet (C, extrasynaptosomal 
or ‘free’ mitochondria) was resuspended and dialysed 
against 5mM phosphate buffer, pH 7.0, before use 
for MAO assays. 

In order to prepare the mitochondria of intrasy- 
naptosomal origin, fraction B of the density gradient 
was submitted to osmotic shock with distilled water 
according to Whittaker et al. [13]. The suspension 
obtained in this way was layered over 1.2M sucrose 
and centrifuged at 6 x 10°g x min in the swingout 
rotor of the MSE 65 centrifuge, thus separating syn- 
aptosomal mitochondria from membrane fragments, 
unlysed synaptosomes, vesicles and cytosol [13]. The 
mitochondrial pellet (1) was treated in the same way 
as fraction C of the non-synaptosomal mitochondria 
(see above). 

Measurement of accumulation of [*H]dopamine in 
synaptosomes. Incubations of synaptosomes with 
[*H]dopamine were carried out in a final volume of 
5 ml at 37° on a shaking water bath. Each reaction 
mixture consisted of 0.2 ml of synaptosomal suspen- 
sion (0.5—1 mg of protein, blank assays contained no 
synaptosomes) in a Krebs—Ringer phosphate buffer 
(pH7.4, 118mMNaCl, 32mM_ Na-phosphate, 
4.7 mM KCI, 1.8 mM CaCl), 1.2 mM MgSO,, 1.3 mM 
Na-EDTA, 5.6mM glucose and 1.7 mM ascorbic 
acid). After a 10-min preincubation (with or without 
inhibitors present), the reaction was started by 
addition of small volumes of a stock solution of 
[7H]dopamine (specific activity 400 Ci/mole), pre- 
pared in 0.1 N HCl, to give a final concentration of 
10°’ M. Equal amounts of 0.1 N HC! did not affect 
the pH of the assay. The incubation was terminated 
after 20 min by rapid filtration of the reaction mixture 
through cellulose nitrate membrane filters (Sartorius 
SM 11305, @25 mm) of pore size 0.6 um under mild 
vacuum. The filtrate was immediately saturated with 
NaCl and acidified with 0.1 ml of concentrated HCl, 
and the synaptosomes remaining on the filters were 
washed with 5 ml of a cold 0.9 per cent NaCl solution. 
The filters were then transferred to counting vials 
for determination of the radioactivity accumulated 
in the synaptosomes, while the filtrates were used 
for determination of deaminated metabolites (see 
below). 

Assay of MAO activity. Total deaminated metab- 
olites of [*H]-dopamine were estimated by organic 
solvent extraction: a 2-ml aliquot of the acidified and 
salt-saturated filtrate (see above) was extracted with 
6 ml of ethyl acetate for 20 min in screw-cap tubes. 
After centrifugation for separation of the two layers, 
aliquots of the organic and aqueous phases were 
removed for liquid scintillation counting. This 
method was originally described for norepinephrine 
metabolites [14], but in preliminary experiments we 
found that dopamine metabolites were also quanti- 
tatively extracted into the organic phase, while 
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essentially all of the amine remained in the aqueous 
phase. The same assay was used for the measurement 
of MAO activity with dopamine in mitochondria; 
control experiments showed that the activity was 
linear with the amount of protein in the assay and 
with time over the incubation period that was used 
(20 min). 

MAO activities with serotonin, /-phenylethyl- 
amine and benzylamine were measured at 25° with 
the coupled spectrophotometric assay described ear- 
lier in detail by Koechli and von Wartburg [15], using 
the peroxidase-catalysed oxidation of the colourless 
2'7'-dichlorofluorescin to the dye 2'7’-dichloroflu- 
orescein (monitored at 502nm) as an indicator 
reaction for H,O, formed by monoamine oxidase. 
The inhibitors clorgyline and deprenyl were prein- 
cubated with the mitochondria under assay condi- 
tions for 15 min before the reaction was started by 
addition of the substrate. 

Liquid scintillation counting. A 1-ml aliquot of the 
organic phase from the extraction procedure for 
determination of dopamine-deaminated metabolites 
was counted in 15 ml toluene scintillator containing 
4 g/l PPO and 0.05 g/l POPOP on a Packard Tri Carb 
3320 liquid scintillation counter. In order to measure 
radioactivity enclosed within synaptosomes (accu- 
mulation of dopamine), the membrane filters were 
dissolved overnight in 1 ml of Protoso!. In order to; 
prevent colour quenching, the yellow solutions were 
bleached by addition of 1 ml of a saturated solution 
of dibenzoyl peroxide in toluene. As soon as they 
were colourless, 15 ml of toluene scintillator were 
added for counting as described above. Liquid scin- 
tillation activities were corrected for quenching with 
the aid of the external standard method, and the 
dpm values were converted to absolute amounts of 
dopamine (in nmoles) with the aid of the known 
specific activity of the radiolabelled substrate. 

Protein determinations. Protein concentrations 
were measured by the method of Lowry et al. [16], 
using crystalline bovine serum albumin as a standard. 

Chemicals. All chemicals were of the highest purity 
commercially available and used without further 
purification. Dopamine—HCl for isotope dilution was 


Table 1. Activities of monoamine oxidase in free and syn- 
aptosomal mitochondria* 





Substrate C-Mitochondria I-Mitochondria C/I 





1.95 + 0.07 2.54 + 0.13 
(6) (6) 
3.37+0.11 1.80 + 0.11 
(6) (6) 
1.28 + 0.04 0.46 + 0.01 
(4) (3) 
Benzylamine 1.40 + 0.15 0.54 + 0.04 

(10-°M) (4) (3) 


Serotonin 





* Activities of MAO in free (C) and synaptosomal (I) 
mitochondria with 5-hydroxytryptamine (serotonin), 
phenylethylamine (PEA) and benzylamine were measured 
with a spectrophotometric assay as described in Materials 
and Methods. The results are expressed as nmoles of metab- 
olized amine per minute per mg of mitochondrial protein: 
means + S.E. from independent duplicate determinations. 
Numbers of determinations are given in parentheses. 
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from Fluka AG, Buchs, Switzerland; [*H]depamine 
(labelled in position 2 of the side chain) from New 
England Nuclear (NEN). Protosol and Liquifluor 
(concentrate of PPO/POPOP in toluene) were also 
from NEN. 2'7’-dichlorofluorescin diacetate was 
purchased from Eastman Kodak, Rochester, NY; 
horseradish peroxidase grade I from Boehringer 
Mannheim; serotonin (creatinin sulfate), benzylam- 
ine (free base) and #-phenylethylamine (free base) 
from Fluka AG, Buchs. Clorgyline was obtained 
from May & Baker, Dagenham, U.K. Deprenyl was 
a generous gift from Dr. Knoll, Budapest, Hungary. 


RESULTS 


The specific activities of monoamine oxidase 
(MAO) were compared in extrasynaptosomal mito- 
chondria (C) and mitochondria obtained from a syn- 
aptosomal preparation after osmotic shock (I) (Table 
1). Selective substrates for the two MAO forms A 
(serotonin) and B (phenylethylamine, benzylamine) 
were used. With 10~‘M serotonin, the specific 
activity was higher in synaptosomal mitochondria, 
whereas With PEA (5 x 10°°M) and benzylamine 
(10-*M) it was higher in extrasynaptosomal mito- 
chondria. Whereas the ratios of specific activities 
between C- and I- mitochondria with the MAOB 


% Inhibition 











-log [inhibitor] ,M 


Fig. 1. Inhibition of MAO activity with serotonin (10~*M) 
by clorgyline (circles) and deprenyl (triangles) in extrasy- 
naptosomal mitochondria (O, A, fraction C according to 
Materials and Methods) and mitochondria obtained by 
osmotic lysis of synaptosomes (I, @, A). MAO activity with 
serotonin was measured with a spectrophotometric assay 
as described in Materials and Methods. Activities with 
control samples (containing no drug) are given in Table 1. 
The data shown are mean values from at least two inde- 
pendent experiments, each run in duplicate, with the 
S.E.M. when it was not too small to be indicated. 
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substrates 5 x 10°°M PEA and 10™°M benzylamine 
were similar, an intermediate ratio between these 
and the ratio obtained with the MAO A substrate 
serotonin (10~*M) was found with a higher concen- 
tration of PEA (107°M), indicating that MAO A was 
also involved in the deamination of 10-°M PEA. 
The ratio oo MAO A: MAOB activities (as meas- 
ured with serotonin and benzylamine, respectively) 
was 3.4-fold higher in I-mitochondria (4.70) than in 
C-mitochondria (1.39). However, these results give 
only relative information on the distribution of the 
two enzyme forms, since specific enzyme activities 
depend on the given substrate and since it cannot 
be fully excluded that the activities measured with 
a ‘selective’ substrate are slightly contaminated by 
a contribution of the other enzyme form. We there- 
fore extended this study to the use of the selective 
inhibitors clorgyline (for MAO A) and depreny! (for 
MAO B). As is shown in Figs. 1 and 2, the activities 
with serotonin and benzylamine reported in Table 
1 were solely due to MAOA or MAOB, respec- 
tively, in both mitochondrial populations. In fact, 
the inhibition curves with clorgyline and deprenyl 
reached 100 per cent inhibition without showing the 
biphasic pattern which has to be expected when both 
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Fig. 2. Inhibition of MAO activity with benzylamine 
(10-3M) by clorgyline (circles) and deprenyl (triangles) in 
extrasynaptosomal mitochondria (O, A, fraction C) and 
mitochondria of synaptosomal origin (@, A,I). MAO 
activity with benzylamine was measured with a spectro- 
photometric assay as described in Materials and Methods. 
For reasons of solubility, the highest clorgyline concentra- 
tion tested was 10°*M. Activities with control samples 
(containing no drug) are given in Table 1. The data shown 
are mean values from at least two independent experiments, 
each run in duplicate, with the S.E.M. when it was not too 
small to be indicated. 
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enzyme forms contribute significantly to the deam- 
ination of a given substrate. With 5 x 10°°M PEA, 
the inhibition curves with the two inhibitors resem- 
bled those with benzylamine and showed a mono- 
phasic pattern in both mitochondrial preparations 
(data not shown), indicating that at this low con- 
centration, PEA is a true selective substrate for 
MAO B. However, at the higher PEA concentration 
tested (10°°M, Fig. 3), the inhibition curves with 
clorgyline were clearly double sigmoidal in both 
intra- and ‘extrasynaptosomal mitochondria. From 
this finding it can be concluded that MAO A con- 
tributes substantially to the deamination of PEA at 
this concentration, since the type of observed pla- 
teaus is known to occur when MAO A is completely 
inhibited while MAO B is still fully active. The levels 
of these plateaus indicate that the percentage of the 
activity due to MAOA was approximately 3-fold 
higher in I- (49 per cent) than in C-mitochondria 
(17 per cent), corresponding to a 4.5-fold higher A: B 
ratio in the former (49:51 vs 17:83). As confirma- 
tion, one would expect a corresponding, but reversed 
pattern (plateau for I—mitochondria at 51 per cent, 
for C—mitochondria at 83 per cent inhibition) for 
the MAOB specific inhibitor deprenyl. However, 
since Our measurements with serotonin (Fig. 1) 
showed an increasing inhibition of MAOA by 
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Fig. 3. Inhibition of MAO activity with PEA (107°M) by 
clorgyline (circles) and deprenyl (triangles) in extrasynap- 
tosomal mitochondria (O, A, fraction C) and mitochondria 
of synaptosomal origin (@, A, I). MAO activity with PEA 
was measured with a spectrophotometric assay as described 
in Materials and Methods. For reasons of solubility, the 
highest clorgyline concentration tested was 10~*M. Activi- 
ties with control samples (containing no drug) are given in 
Table 1. The data shown are mean values from at least 
two independent experiments, each run in duplicate, with 
the S.i5.M. when it was not too small to be indicated. 
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deprenyl in the critical concentration range, the 
expected picture appears to be blurred in the curves 
shown in Fig. 3: they have a vague double sigmoidal 
shape without exhibiting a clear plateau at the con- 
centrations of 10~° and 10-°M deprenyl. Correspond- 
ing inhibition curves were established with dopa- 
mine, which is known to be accepted as a substrate 
by both forms of rat brain MAO (Fig. 4). The plateau 
levels with clorgyline show that the MAO A:MAOB 
ratios of activity towards dopamine were about 3:1 
(75 per cent maximal inhibition in the low concen- 
tration range of clorgyline) in extrasynaptosomal and 
9:1 (only 10 per cent of the total activity not inhibited 
by the low concentrations of clorgyline) in synap- 
tosomal mitochondria. Again, the expected biphas- 
icity in the deprenyl inhibition curves could not be 
clearly demonstrated because of the above-men- 
tioned effect of deprenyl on MAO A at the critical 
concentrations. 

Since the synaptosomal mitochondria (I) used for 
these investigations were obtained after osmotic lysis 
of a total brain synaptosomal preparation, they were 
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Fig. 4. Inhibition of MAO activity with dopamine by clor- 
gyline (circles) and deprenyl (triangles) in C- (O, A) and 
I- (@, A) mitochondria and intact synaptosomes (fraction 
B). O: Inhibition with clorgyline in intact synaptosomes. 
Dopamine concentrations used were 10~*M with mito- 
chondria and 10~’M with synaptosomes. MAO activity was 
measured with a radioactive assay as described in Materials 
and Methods. Control activities in the assays containing no 
drugs were 1.92 + 0.05 and 1.97 + 0.07 nmoles per min per 
mg of mitochondrial protein in fractions C and I, respec- 
tively, and (9.01 + 0.7) x 10°? nmoles per min per mg of 
synaptosomal protein in fraction B. The results shown are 
mean values from at least two independent duplicate 
determinations with the S.E.M. when it was not too small 
to be indicated. The differences between fractions B and 
I at 10~° and 10°’M clorgyline were highly significant (P < 
0.001, Student’s #-test). 
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Fig. 5. Inhibition of accumulation of dopamine (10~’M) in 
synaptosomes by clorgyline (0) and deprenyl (@). The 
experimental procedure is described in materials and meth- 
ods. For reasons of solubility, the highest clorgyline con- 
centration used was 10™‘M. Accumulation in control 
samples containing no drug was (6.62 + 0.1) x 107? nmoles 
of dopamine per mg of synaptosomal protein. The results 
shown are the mean values from two independent experi- 
ments, each run in duplicate, with the S.E.M. where it was 
not too small to be indicated. 


derived from nerve endings of a variety of different 
types of neurones. It was of interest to know if the 
results with dopamine could be confirmed with 
mitochondria located in the terminals of dopami- 
nergic neurones. We incubated intact rat brain syn- 
aptosomes with low external concentrations of 
dopamine (approximately 1000-fold lower than the 
K,, of MAO for dopamine); under these conditions 
the amine can only be metabolized by MAO after 
it has been taken up into the nerve ending particles 
by a specific transport mechanism. Deamination of 
dopamine by free extrasynaptosomal mitochondria, 
possibly contaminating our synaptosomal prep- 
aration to a small extent, should be negligible. The 
true intrasynaptosomal location of MAO activity was 
further confirmed in control experiments showing 
that MAO was indirectly inhibited in the presence 
of the transport inhibitor cocaine in the synaptosomal 
fraction (B), whereas it had no direct effect on MAO 
in the free mitochondria of fraction C (data not 
shown). The lack of a plateau in the clorgyline 
inhibition curve with synaptosomes (Fig. 4), and the 
highly significant (P < 0.001) differences between 
the clorgyline curves with synaptosomes and I-mito- 
chondria indicate that dopamine was metabolized in 
synaptosomes almost exclusively by the A-form of 
MAO. The deprenyl inhibition curve with dopamine 
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in synaptosomes was virtually identical with the one 
shown for I-mitochondria in Fig. 4. 

Because under these conditions drugs might exert 
an indirect inhibitory effect on MAO in synapto- 
somes by blocking the uptake of its substrate into 
the nerve endings, we examined the effects of clor- 
gyline and deprenyl on the accumulation of dopa- 
mine in synaptosomes. As shown in Fig. 5, both 
compounds considerably affected the uptake of 
dopamine in synaptosomes. However, these effects 
occured in a higher concentration range (ICs) values 
10-*-10-*M) than the inhibition of MAO and there- 
fore had little if any effect, in the determination of 
the results with synaptosomes reported in Fig. 4. 


DISCUSSION 


Several attempts have been made in recent years 
to obtain information on the physiological signifi- 
cance of the two MAO forms A and B by investi- 
gating their subcellular localization. Owen et al. [17] 
reported a heterogeneity of MAO in different popu- 
lations of rat brain mitochondria. However, these 
authors used a high PEA concentration which, 
according to the results reported in this study, does 
not sufficiently discriminate between the two forms 
of MAO. Furthermore, some of their reported 
observations reflect differences in total MAO activity 
rather than in the A:B ratio. Student and Edwards 
[10] have found an enrichment in MAO A in syn- 
aptosomal compared to extrasynaptosomal mito- 
chondria, but they did not substantiate their results 
with selective substrates by the use of selective 
inhibitors with a bifunctional substrate. We therefore 
further investigated the distribution of MAO A and 
B between synaptosomal and extrasynaptosomal 
mitochondria and extended the study to the use of 
the physiologically active substrate dopamine. 

Our results in Table 1 clearly indicate that syn- 
aptosomal and extrasynaptosomal mitochondria are 
different with respect to their relative amounts of 
MAO A and B, since the specific activities were 
higher with serotonin (for MAO A solely), but lower 
with the strict B-substrates PEA (5 x 10-°M) and 
benzylamine in I than in C-mitochondria. With 
10°°M PEA, an intermediate ratio of activities with 
I- and C-mitochondria was found, suggesting that 
1mM PEA might be deaminated by both forms of 
MAO. Inhibition curves with clorgyline and depreny] 
(Fig. 3) confirmed that MAO A contributes to the 
deamination of 1 mM PEA by about 50 per cent in 
synaptosomal and 17 per cent in non-synaptosomal 
mitochondria. This indicates about a 4.5-fold higher 
MAO A: B ratio in I- than in C-mitochondria. This 
is in agreement with the ratios that can be calculated 
from the results in Table 1 and with the findings of 
Student and Edwards [10], who reported a 2.7-fold 
difference in the relative enzyme amounts in their 
preparations of synaptic and non-synaptic mito- 
chondria. From our measurements of marker 
enzymes (data not shown), it seems highly unlikely 
that cross-contamination of our fractions affected 
our results to a major extent. In any event, the 
presence of minor cross-contaminations would imply 
that the differences in MAO A:MAO B ratios 
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between C- and I-mitochondria would even be quan- 
titatively more pronounced, not affecting the qual- 
itative statement of a higher enrichment in MAO A 
in mitochondria of synaptosomal origin. 

The finding that PEA is not a selective substrate 
for MAO B at higher concentrations is in agreement 
with an earlier report [18] and is probably related 
to the fact that the K,, of MAO B for PEA is in the 
micromolar range [19, 20] and thus much lower than 
the K,, values of MAO for other substrates like 
serotonin, norepinephrine or benzylamine, which 
are usually assayed at concentrations near their 
respective K,, values and might also become non- 
selective at higher concentrations. 

It was of interest to investigate how the ability to 
deaminate the neurotransmitter dopamine is distri- 
buted between the two enzyme forms in our mito- 
chondrial preparations. As the inhibition curves with 
clorgyline in Fig. 4show, the higher MAO A: MAO B 
ratio in intra- (9:1) vs extrasynaptosomal (3:1) 
mitochondria was again confirmed with the use of 
dopamine as substrate. However, although dopa- 
mine is accepted as a substrate by both forms of 
MAO in vitro, under conditions which allow free 
access of the substrate to the enzyme, its deamination 
in the rat brain in vivo may well be restricted to only 
one form of MAO due to compartmentation. We 
therefore measured MAO activity with dopamine in 
intact synaptosomes, an approach which is closer to 
in vivo conditions than the use of mitochondrial 
preparations, as under appropriate conditions it 
allows a more selective assay of dopamine deami- 
nating activity in terminals of neurones which use 
this amine as a transmitter. The clorgyline inhibition 
curve with synaptosomes (Fig. 4) was significantly 
different from the one with I-mitochondna and 
showed no signs of a contribution of MAO B to the 
deamination of dopamine in synaptosomes. It can 
be seen in Fig. 4 that at low clorgyline concentrations 
(10-* and 10°’M), the inhibition of dopamine deam- 
inating activity is actually lower in intact synapto- 
somes than in isolated synaptosomal (I) mitochon- 
dria. However, it is very possible that at these low 
concentrations the repartition of the inhibitor 
between the synaptosomal compartment and the 
incubation medium was not complete and that the 
actual concentrations of inhibitor to which the 
enzyme was exposed were lower than indicated in 
the abscissa in Fig. 4. Both clorgyline and deprenyl 
inhibited the accumulation of dopamine in synap- 
tosomes (Fig. 5). However, this effect occured at 
much higher concentrations than MAO inhibition 
(ICs) values 10°°--10~*M). Therefore, indirect MAO 
inhibition in synaptosomes by inhibition of the 
uptake of dopamine into the nerve endings does not 
account for the results with synaptosomes shown in 
Fig. 4. 

Thus, the data of the present study suggest that 
the main sites of dopamine deamination in the rat 
brain in vivo, the terminals of dopaminergic neu- 
rones, contain almost only MAO A. With one excep- 
tion [21], earlier reports attributed dopamine metab- 
olism in the rat brain in vivo to MAO A only [11, 22]. 
While Glover et al. [23] found that dopamine is a 
MAOB substrate in man, Roth and Feor [24] 
reported that both forms of MAO contribute to the 
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deamination of dopamine in the human brain. How- 
ever, these studies were performed under in vitro 
conditions which did not consider the possible effects 
of compartmentation: MAO activities were meas- 
ured with extrasynaptosomal mitochondria or in syn- 
aptosomes using a high substrate concentration 
which allows passive diffusion and non-specific trans- 
port of dopamine and which thus does not distinguish 
between the nerve endings derived from dopami- 
nergic or non dopaminergic neurones. Furthermore, 
both groups of investigators [24,25] have pointed 
out the difficulties in collecting and sturing human 
post mortem brain samples. In fact, MAO A from 
human brain was found to be more susceptible to 
freezing and thawing than MAOB and the dimi- 
nution of dopamine deaminating activity upon stor- 
age of human brain mitochondria was equivalent to 
the loss of the clorgyline-sensitive MAO activity [24]. 

Therefore, whereas little doubt seems to exist with 
regard to the preferential deamination of dopamine 
by MAO A in the rat brain in vivo, the role of the 
two MAO forms in the metabolism of dopamine in 
the human brain may require reevaluation. It seems 
tempting to speculate that the two forms of MAO 
may represent different physiological functions in 
the brain. As indicated by its substrate specificities 
and subcellular distribution, MAO A seems to be 
especially adapted to the inactivation of neurotrans- 
mitter amines in nerve terminals. On the other hand, 
the substrate specificities of MAO B and the unu- 
sually high affinity of this enzyme for PEA indicate 
that this form of MAO might be directed to the 
elimination of trace amounts of other aromatic 
amines such as PEA, which can pass the blood-brain 
barrier and might act as neuromodulators or ‘false’ 
neurotransmitters (for reviews, see Refs. 26 and 27). 
Since PEA has been associated with various forms 
of mental illness [27-32], the role of MAO B in the 
inactivation of this amine may need further 
investigation. 
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Abstract—The effect of cimetidine on rat liver microsomal drug metabolism in vitro and in vivo was 
studied. Cimetidine inhibits aminopyrine N-demethylation and benzo[a]pyrene hydroxylation in a non- 
competitive manner with inhibition constants between 1 and 10 mM. Benzo[a]pyrene hydroxylation in 
liver microsomes from 3-methylcholanthrene-pretreated rats is not appreciably inhibited by cimetidine 
indicating some specificity in terms of different cytochrome P-450 forms. Cimetidine gives rise to a type 
II spectral change with a spectral dissociation constant of about 0.1 mM. The prolonged administration 
of cimetidine does not result in the induction of hepatic drug metabolism. Pretreatment of rats with 
cimetidine prolongs aminopyrine half-life and hexobarbital sleeping time. These results demonstrate 
that cimetidine is an in vitro inhibitor of microsomal drug metabolism in the rat and this inhibition leads 


to pharmacokinetic drug—drug interactions in vivo. 


Cimetidine, an antagonist of histamine H,-receptors, 
inhibits gastric acid secretion and is used in peptic 
ulcer disease [1]. Cimetidine is excreted largely 
unchanged in the urine, but a small part is metab- 
olized, the sulphoxide being the major metabolite 
in man, the dog and the rat [2]. Sulphoxidation is 
catalysed by the microsomal cytochrome P-450- 
linked monooxygenase system [3] and interactions 
with other microsomally metabolized drugs may the- 
_oretically be possible. Early studies reveaied no sig- 
nificant interactions [4], but recent findings are 
beginning to accumulate indications that it may 
interfere with the action of other compounds. The 
reports of Flind [5] and Silver and Bell [6] showed 
that cimetidine potentiates the hypoprothrombi- 
nemic effect of warfarin. Our own preliminary study 
in the rat [7] demonstrated that cimetidine inhibits 
the in vitro microsomal metabolism of aminopyrine 
and benzo[a]pyrene, prolongs aminopyrine half-life 
and potentiates hexobarbital sleeping time. Recently 
we have also shown that cimetidine prolongs sig- 
nificantly the half-life of antipyrine in human vol- 
unteers and inhibits the activities of microsomal 
drug-metabolizing enzymes in liver biopsy material 
[8]. Serlin et al. [9] demonstrated that cimetidine 
reduces the clearance of warfarin and antipyrine, 
and increases the prothrombin time and the plasma 
warfarin concentration in man. All these studies 
taken together suggest that cimetidine has significant 
interactions with other drugs and that the apparent 
mechanism is inhibition at the level of microsomal 
metabolism. After submitting the present paper for 
publication we became aware of the study of 
Rendié et al. [10], which demonstrated that cimeti- 
dine interacts in vitro with rat liver microsomes and 
inhibits the O-dealkylation of 7-ethoxycoumarin. 
The purpose of the present study was to investigate 
in more detail the interactions and effects of cime- 
tidine in relation to microsomal drug metabolism. 


MATERIALS AND METHODS 


Animals. Adult male rats of the Sprague-Dawley 
strain weighing between 200 and 250 grams were 
used. The animals were maintained under regularly 
alternating periods of light and dark and had free 
access to food (standard rat diet from Hankkija Oy, 
Turku, Finland) and water. All the animals were 
housed in polyester cages, 4-6 in each cage, at 20- 
23° and 40-60 per cent humidity. Pine wood shavings 
were used on the bottom of the cages. The animals 
were killed by decapitation. 

Preparation of tissue fractions. All subsequent pro- 
cedures were carried out in a cold room at +4°. The 
livers were rinsed in ice-cold buffer, blotted dry, 
weighed, cut into small pieces and homogenized with 
a Potter-Elvehjem glass-teflon homogenizer in 4 
volumes of 0.1M_ sodium/potassium phosphate 
buffer, pH 7.4. The homogenate was centrifuged at 
12,000 g and 100,000 g for 20 and 60 min respectively. 
The microsomes were re-suspended in phosphate 
buffer to give a final protein concentration of about 
15 mg/ml. 

Enzyme assay. Aminopyrine N-demethylase, 
benzo[a]pyrene hydroxylase, and 7-ethoxycoumarin 
O-deethylase were determined in a cofactor mixture 
with final concentrations of KCI] 50 umoles, MgCl, 
2.5 umoles, glucose-6-phosphate 3 umoles, glucose- 
6-phosphate dehydrogenase 10 units, NADP 
0.5 umoles, enzyme preparation (microsomal pro- 
tein about 0.5 mg for benzo[a]pyrene monooxygen- 
ase and 7-ethoxycoumarin O-deethylase and about 
1-2 mg for aminopyrine N-demethylase), substrate 
(aminopyrine 2.5 umoles in water; benzo[a]pyrene 
80 nmoles in acetone and /7-ethoxycoumarin 
500 nmoles in 50% _ ethanol) and S0mM 
sodium/potassium phosphate buffer, pH 7.4, added 
to a final volume of 1 ml. Cimetidine was added in 
10 ul of dimethylsulphoxide. Incubation was started 
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with enzyme preparation (aminopyrine N-demethyl- 
ase) or the substrate (benzo[a]pyrene hydroxylase 
and 7-ethoxycoumarin O-deethylase) after a 2-min 
preincubation period and took place in a metabolic 
shaker under atmospheric air at +37°. Incubation 
lasted 15min (benzo[a]pyrene and 7-ethoxycou- 
marin) or 20min (aminopyrine), linearity being 
maintained for this time. All determinations were 
carried out in duplicate. The formation of formal- 
dehyde from aminopyrine was measured by the 
method of Nash [11] as described by Cochin and 
Axelrod [12]. The formation of fluorescent phenolic 
benzo[a]pyrene metabolites was determined accord- 
ing to Nebert and Gelboin [13]. The fluorescence of 
7-hydroxycoumarin was measured according to 
Greenlee and Poland [14]. 

Cytochrome P-450 was determined according to 
Omura and Sato [15], and protein was measured by 
the Lowry method [16]. 

Spectral interactions. For the determination of 
spectral interactions, the microsomal suspension was 
diluted with phosphate buffer to yield a protein 
concentration of about 1.5—2 mg/ml. All spectra were 
measured at room temperature in 1cm cells in a 
Shimazu model MPS-SOL recording spectrophoto- 
meter. Baselines were traced. Difference spectra 
were obtained by the addition of microliter quantities 
of a solution of cimetidine in dimethylsulphoxide to 
one of the cuvettes, while an equal volume of the 
solvent was added to the reference cuvette. The 
spectra were traced within a couple of minutes of 
the addition of the compound. The extent of the 
spectral change was measured from the difference 


between the wavelengths of minimum and maximum 

absorption (about 393 and 430 mm respectively). 
Elimination of ['*C]aminopyrine. Male Sprague- 

Dawley rats were anaesthetized with urethane, 
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1.2 g/kg i.p., and the trachea and femoral artery 
cannulated. The rats were allowed to recover from 
the surgery for about 30 min before an intraperito- 
neal injection of 40 mg/kg of cimetidine (in saline) 
or saline alone (controls). ['*C]Aminopyrine 
(8.2 mCi/mmole) was injected into the tail vein 
30 min later and blood samples were drawn from the 
femoral artery after 15, 30, 60 and 120 min. Blood 
(0.5 ml) was diluted with 0.8 ml of heparine-saline 
(150 units/ml of 0.9% NaCl) and centrifuged for 
2min at 8000g. [C]Aminopyrine was extracted 
from | ml of the supernatant by the method of Brodie 
and Axelrod [17]. The recovery of ['*C]Aminopyrine 
was 78 per cent (m = 4, range 73-82%). 

Hexobarbital sleeping time. Hexobarbital sleeping 
time was studied in male Sprague-Dawley rats of 
weight 200-250 g. Hexobarbital sodium (100 mg/kg) 
was injected intraperitoneally 30 min after an intra- 
peritoneal injection of cimetidine (in saline) or saline 
(controls). 

Chronic treatment with cimetidine. Male Sprague— 
Dawley rats (initial weight 200-250 g) were used. 
Cimetidine (75 mg/kg) was injected subcutaneously 
three times daily for 6 days. The cimetidine solution 
(22.5 mg/ml) consisted of 1.35 g of cimetidine, 6.6 m! 
of 1 N HCl, 12 ml of 0.1 N NaOH and distilled water 
added to 60 ml. The control rats received an equal 
volume (0.33 ml/100g) of 100mM NaCl, pH 6.0, 
corresponding approximately to the pH and osmo- 
larity of the cimetidine solution. The animals were 
decapitated 24 hr after the last injection and micro- 
somes were prepared as described above. 


RESULTS 


Effect of cimetidine on microsomal monooxygen- 
ase activities. Figure 1 shows that cimetidine inhibits 
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Fig. 1. Inhibition by cimetidine of aminopyrine N-demethylation (A) and benzo[a]pyrene hydroxylation 

(B) catalysed by rat liver microsomes in vitro. Each inhibition curve is the mean of experiments with 

four different rat liver microsomal preparations. Standard deviations for different data points were 
between 1 and 8 per cent. 
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Fig. 2. Double-reciprocal plots of the inhibition of benzo[a]pyrene hydroxylation catalysed by rat liver 
microsomes from control and phenobarbital-pretreated animals. 


both aminopyrine N-demethylase and _ benzol{a] 
pyrene hydroxylase activities, although to different 
extents. The qualitative difference involves the rela- 
tive inability of cimetidine to inhibit benzo[a]pyrene 
monooxygenase in microsomes from MC-pretreated 
rats, whereas in microsomes from control and phen- 
obarbital-pretreated rats inhibition of benzo[a]- 
pyrene monooxygenase was attained at concentra- 
tions of about 1mM cimetidine. In the case of 
aminopyrine N-demethylase activity, cimetidine 
inhibited this activity in the microsomes to compar- 
able extents regardless of the pretreatment given. 
A 50 per cent inhibition of aminopyrine N-demethyl- 
ase was attained with a cimetidine concentration 
approaching 10 mM. 

Cimetidine also inhibits coumarin 7-hydroxylase 
and ethoxycoumarin O-deethylase activities (data 
not illustrated). 

Mode of inhibition of benzo|a|pyrene monooxy- 
genase by cimetidine. Figure 2 shows the double- 
reciprocal plots of benzo[a]pyrene monooxygenase 
activity in the presence of cimetidine. The mode of 
inhibition is interpreted as being non-competitive, 
since the K,, value for benzo[a]pyrene does not 
change as a function of cimetidine concentration. 
Similar results were obtained with respect to ami- 
nopyrine N-demethylation (data not illustrated). 

Interactions of cimetidine in vitro with cytochrome 
P-450 after various pretreatments. Addition of cime- 
tidine to the microsomes produced a characteristic 
spectrum with a trough at about 393 nm and a peak 
at about 430 nm (Fig. 3). This difference spectrum 
is usually referred to as the type II spectrum [18]. 
All microsomes, whether obtained from the control, 
phenobarbital-pretreated or MC-pretreated rats, 
gave qualitatively similar spectra with troughs and 
peaks at approximately similar wavelengths. Eadie— 
Hofstee analysis (Fig. 4) showed that the K, values 


do not differ very much and are all in the range 
between 110 and 130 uM. Only with MC-microsomes 
was there some indication of a two-phase plot with 
a higher K, value. Relating the magnitude of the 
difference spectrum to the cytochrome P-450 con- 
tent, the microsomes from the MC-pretreated rats 
gave higher spectral changes than those from either 
the control or phenobarbital-pretreated rats. 


| 
390 
Fig. 3. Spectral changes induced by cimetidine with liver 
microsomes from control(xxxxxx), phenobarbital-pre- 
treated ( ) and 3-methylcholanthrene-pretreated 
rats (@@@@@@). Cytochrome P-450 per ml of solution 
were 3.20, 1.76 and 0.92 nmoles for phenobarbital 3-MC 
and control microsomes respectively. 
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Fig. 4. Eadie—Hofstee analysis of the interactions of cime- 
tidine with liver microsomes from control, phenobarbital- 
pretreated and 3-methycholanthrene-pretreated rats. 
Amounts of cytochrome P-450 per ml of solution were 
2.95, 1.54 and 0.90 nmoles for phenobarbital 3-MC and 
control microsomes respectively. The concentration of 
cimetidine varied between 0.05 and 4mM. 


Effect of in vivo administration of cimetidine on 
monooxygenase activities. The effect of cimetidine 
administered three times a day at a dose level of 
75 mg/kg body weight for six days on monooxygenase 
activities in the rat is shown in Table 1. The weight 
gain was marginally retarded and there were no 
changes in cytochrome P-450 content, microsomal 
protein, 7-ethoxycoumrain O-deethylase or amino- 
pyrine N-demethylase activities. Benzo[a]pyrene 
hydroxylation was significantly higher in the control 
group. 

Effect of cimetidine on plasma elimination of 
aminopyrine. Figure 5 demonstrates the effect of 
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Fig. 5. Effect of cimetidine on the elimination of amino- 
pyrine from plasma. 10 uCi/kg of ['*C]aminopyrine was 
injected i.v. 30 min after the i.p. injection of cimetidine 


(40 mg/kg) (O——©) or saline (controls, @——®). 


cimetidine on the plasma elimination of aminopyr- 
ine. Cimetidine prolonged the plasma half-life from 
37 to 83 min, and also affected the volume of dis- 
tribution of ['*C]aminopyrine, the V, value for the 
controls being 1.34 + 0.25(S.D.) and that for the 
cimetidine-treated rats 0.82 + 0.16 (S.D.). The dif- 
ference is highly significant (P < 0.005). 

Effect of cimetidine on hexobarbital sleeping time. 
Treatment of rats with 40 and 80 mg/kg of cimetidine 
prolonged hexobarbital-induced sleeping time from 
10 to 27 and 67 min respectively (Fig. 6). Hexobar- 
bital concentrations on awakening were not 
determined. 


DISCUSSION 


A number of clinical studies have demonstrated 
interactions between cimetidine and oral anticoagu- 
lants [5, 6,9, 19]. Our preliminary studies in the rat 


Table 1. The effect of in vivo administration of cimetidine on body weight, liver weight and hepatic 
monooxygenase activities in the rat* 





Parameter 


Control 


Significance 


Cimetidine-pretreated of difference 





Body weight at the end 

of treatment (g) 98 
Liver weight (g) 0 
Microsomal protein (mg/g) a 
Cytochrome P-450 

(nmoles/mg microsomal protein) 
Benzo[a]pyrene hydroxylase 

(pmoles/mg protein/min) 
7-Ethoxycoumarin O-deethylase 

(pmoles/mg protein/min) 
Aminopyrine N-demethylase 

(nmoles/mg protein/min) 


0.77 + 0.15 
51.0 + 13.3 32 
Zia £2 


0.81 + 0.10 


13 
0.6 
ee 
0.81 + 0.10 
2+ 9.6 P<0.01 
206 + 16 


0.84 + 0.14 NS 





* A group of 7 rats was treated three times daily with s.c. injections of cimetidine (75 mg/kg 
body wt) for 7 days. Another group of 7 rats served as controls and were treated with 100 mM NaCl, 


pH 6. 
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Fig. 6. Effect of cimetidine on hexobarbital sleeping time. 
Hexobarbital sodium (100 mg/kg) was injected i.p. 30 min 
after the i.p. injection of cimetidine. Values are means 
standard errors of the mean from six animals ( «, P < 0.01; 


*« x, P<0.001). 


[7] and in man [8] and those of other groups in man 
[9,20] strongly imply that interactions observed in 
vivo are due to the inhibition of the metabolism of 
the compounds studied by cimetidine. The present 
results similarly show clearly that cimetidine inhibits 
the microsomal metabolism of aminopyrine and 
benzo[a]pyrene, interacts with cytochrome P-450 
giving rise to a characteristic difference spectrum, 
and prolongs both aminopyrine half-life and hexo- 
barbital sleeping time. On the other hand, prolonged 
administration of cimetidine does not induce micro- 
somal drug metabolism. 

Unlike some other imidazole compounds [21], 
cimetidine is not a potent inhibitor of microsomal 
drug metabolism. The inhibitor/substrate ratios for 
50 per cent inhibition for aminopyrine and 
benzo[a]pyrene are about 2 and 40 respectively, and 
the approximate K; values for cimetidine range from 
about 1 to 10 mM. Furthermore, it is of interest that 
cimetidine inhibits benzo[a]pyrene hydroxylase 
activity in microsomes from 3-methylcholanthrene- 
induced rats only very weakly. It has been demon- 
strated that benzo[a]pyrene hydroxylase activity in 
3-methylcholanthrene-pretreated animals is associ- 
ated with a different cytochrome P-450 from that in 
control or phenobarbital-pretreated animals [22]. 
Aminopyrine is not readily N-demethylated by this 
variant cytochrome [23]. It thus seems that the inhibi- 
tory action of cimetidine has some specificity in terms 
of cytochrome P-450. 

Usually substrates and inhibitors of microsomal 
monooxygenase give rise to typical difference spec- 
tra, and cimetidine is not an exception. It gives rise 
to the type II spectral change, with a characteristic 
trough at 390 nm and a peak at 430 nm. The spectral 
dissociation constants observed are much lower than 
the inhibition constants. K, values are in the range 
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of 0.1-0.2 mM, whereas the K; values range from 1 
to 10mM, a difference of one to two orders of 
magnitude. Furthermore, the spectral change cal- 
culated per unit of cytochrome P-450 is largest with 
microsomes from 3-methylcholanthrene-pretreated 
rats, whereas benzo[a]pyrene hydroxylation, which 
is catalysed most efficiently by these microsomes, is 
hardly inhibited by cimetidine. 

It seems that relationships between inhibitory 
properties and spectral interactions are not straight- 
forward and great care must be exercized in the 
interpretation of the results. Other investigators have 
discussed in great detail the complexity of micro- 
somal enzyme inhibition by compounds with type I 
and II interaction spectra [24, 25]. The alternative 
substrate concept of inhibition requires that the 
inhibition must be competitive and that the inhibition 
constant must not differ from the Michaelis constant 
for the metabolism of the inhibitor [24]. The inhibi- 
tory effect of cimetidine on benzo[a]pyrene hydrox- 
ylation and aminopyrine N-demethylation is clearly 
non-competitive, as shown here, but competitive, 
with respect to O-dealkylation of 7-ethoxycoumarin, 
as shown by Rendié¢ et al. [10]. Cimetidine is metab- 
olized to a small extent [2, 3], but no K,,, values have 
been reported. On the other hand, Sasame and Gil- 
lette [25] have demonstrated that the inhibitory 
effects of type II substances on the metabolism of 
type I substrates varies not only with the inhibitor, 
but also with the substrate and the animal species. 
As one possible reason for observing the apparent 
non-competitive inhibition they suggested an unu- 
sually high affinity of an inhibitor for the binding site 
of the enzyme, although this high-affinity binding 
may not be observable spectrally. However, a more 
likely explanation for the non-competitive inhibition 
suggested by Sasame and Gillette [25] was that type 
II substances inhibit the oxidation of type I substrates 
by slowing the reduction of the cytochrome P-450- 
substrate complex and by altering the affinity of the 
type I binding site for the substrate. With respect to 
cimetidine, the exact mechanism of its inhibitory 
effect remains undefined in the present study. 

The prolongation of the elimination half-life of 
aminopyrine found here in the rat is in accordance 
with studies in humans, where such prolongation has 
been shown with warfarin, antipyrine and diazepam 
[8, 9, 20]. Although there is a decrease in the appar- 
ent distribution volume of aminopyrine which cannot 
be explained at present, and which could have some 
effect on the apparent half-life [26], the most prob- 
ably explanation for the prolongation is the inhibition 
of aminopyrine metabolism by cimetidine in the 
liver. It remains to be shown whether the cimetidine 
concentrations required for this inhibition in vitro 
(between about 0.5 and 10 mM) are really attained 
locally in the hepatic endoplasmic reticulum. The 
effect of cimetidine in prolonging hexobarbital- 
induced sleeping time in the rat is also most probably 
due to the inhibition of hexobarbital metabolism in 
the liver. 

All these findings taken together indicate that 
cimetidine affects the pharmacokinetics of some sub- 
stances by interacting with cytochrome P-450 in the 
hepatic endoplasmic reticulum and thus inhibiting 
the metabolism of other compounds. This inhibitory 
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effect exhibits some specificity with respect to the 
species of cytochrome P-450. As to the exact mech- 
anism of inhibition, this study and the paper by 
Rendié et al. [10] cannot give a definite answer and 
further studies are needed to elucidate this problem. 


Acknowledgements—The authors wish to thank Ritva Saa- 
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and Leena Pyykk6 for able secretarial assistance. 
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Abstract—Growth of Saccharomyces cerevisiae is not affected by 9-6-D-arabinofuranosyladenine (/-ara- 
A) up to concentrations of 100 uM. Analytical studies revealed that B-ara-A is taken up by the yeast 
but is not intracellularly phosphorylated to the corresponding nucleotides; 27 per cent of the intracellular 
B-ara-A is deaminated to 9-B-p-arabinofuranosylhypoxanthine. However, incubation of the cells with 
ara-AMP results in a strong inhibition of cell proliferation with an EDsg concentration of 8.3 uM. The 
ara-AMP-caused inhibition of cell proliferation can be abolished by coincubation with deoxyadenosine. 
The latter observation together with results from incorporation studies indicates that ara-AMP affects 
cell growth via inhibition of DNA synthesis. Jn vitro experiments with partially purified adenosine 
kinase from yeast revealed that B-ara-A and eight further aranucleosides as well as three deaminase 
inhibitors (diazepin derivatives) are either not substrates or poor ones for this enzyme. 


Only a very limited number of base and nucleoside 
analogues of nucleic acid metabolism have been 


found to inhibit DNA or RNA synthesis in yeast 
|1]. This fact is primarily due to the impermeability 
of the cell walls of yeasts to some of the inhibitors 
found to be active in other eukaryotic cell systems 
[2]. To overcome the permeability barrier existing 
for some of the bases or nucleosides (e.g. Thy and 
dThd), the 5’-monophosphate derivatives, especially 
those of deoxyribonucleosides, have been success- 
fully applied, and they are taken up by this organism 
[3-5]. To our knowledge, up to now no nucleotide 
analogue has been described which was found to 
inhibit either DNA or RNA synthesis in yeast. 

In the present study the metabolism of 9-f-p- 
arabinofuranosyladenine (f-ara-A)|, a potent anti- 
tumor and antiviral antimetabolite [6, 7] in yeast cells 
is described. Besides f-ara-A a series of other ara- 
nucleosides and three adenosine deaminase inhibi- 
tors, coformycin [(R)-3-(D-erythro-pentofuranosyl)- 
3,6,7,8-tetrahydroimidazo (4,5-d) (1,3) diazepin-8- 
(R)-ol; Ref. 8], isocoformycin [3-6-p-ribofuranosyl- 





§ To whom correspondence should be addressed. 

|| Abbreviations used: f-ara-A, 9-$-D-arabinofuranosyl- 
adenine; ara-AMP, ara-ADP and ara-ATP, 9-f-D-arabi- 
nofuranosyladenosine-5’-mono-, di- and triphosphate; a- 
ara-A, 9-a-D-arabinofuranosyladenine; ara-6MP, 9-f-pD- 
arabinofuranosyl-6-mercaptopurine; f-ara-Hx, 9-f-D-ara- 
binofuranosylhypoxanthine NMP, nucleoside 5’- 
monophosphate. 

The purines, the nucleosides and the nucleotides were 
abbreviated according to the recommendations of the Com- 
mission on Biochemical Nomenclature (Eur. J. Biochem. 
15, 203 (1970)). 


3,6,7,8-tetrahydroimidazo (4,5-d) (1,3) diazepin-7- 
of; Ref. 9] and 2'-deoxycoformycin [(R)-3-(2-deoxy- 
f-p-erythropentofuranosyl) - 3,6,7,8-tetrahydroim- 
idazo (4,5-d) (1,3) diazepin-8-ol; Ref. 10] were stud- 
ied with regard to their substrate specificity for 
adenosine kinase. 


MATERIALS AND METHODS 


Organism. Saccharomyces cerevisiae (strain 43) 
was kindly supplied by Prof. F. Radler (Institut fiir 
Mikrobiologie und Weinforschung, University, 
Mainz). 

Culture conditions. In all experiments the yeast 
was grown in YEP-Medium (1% yeast extract, 2% 
peptone and 2% glucose) at 30° with forced aeration. 
The cell concentration was determined either tur- 
bidimetrically (at 578 nm) or optically (in a haemo- 
cytometer). The number of doublings was deter- 
mined as described previously [11]. 

Incorporation studies. To measure RNA synthesis, 
(*H]adenine was used as tracer. This base is first 
incorporated into the purine nucleotides and then 
into nucleic acids [12]. More than 95 per cent of the 
acid-insoluble radioactivity was found to be alkali 
soluble, which means that this incorporation method 
measures primarily RNA synthesis. The measure- 
ment of DNA synthesis was based on a modification 
of the method of Roodyn et al. [13]. Cells were 
labelled with [*H]uracil and extracted in 1 NKOH 
for 18hr at 37°. The residue was collected on 
50 mu HA-millipore filters. More than 90 per cent 
of this residue is in DNA [14]. The usual thymidine 
precursor for determination of DNA synthesis can- 
not be used with yeast because it is not taken up by 
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the cells. For the incorporation studies (assay vol- 
ume: 5ml) exponentially growing cells at 1 x 10’ 
cells/ml were supplemented with 0, 10 or 100 uM 
ara-AMP 30 min prior to the addition of the labelled 
precursors, 25 uCi[*H]adenine or 25 wCi [*H]Juracil. 
The incorporation with the precursors was continued 
for 60 min. Samples of 5 ml were analysed for acid- 
insoluble radioactivity. 

Intracellular fate of B-ara-A. Cultures (20-ml) con- 
taining 1 x 10’ logarithmically growing cells/ml were 
incubated (60 min; 30°) with 100 uwCi (= 0.23 uM) of 
[°H] f-ara-A. After incubation, the cells were har- 
vested and subsequently washed three times with 
0.9% NaCl solution by centrifugation (6000 g; 3 min; 
0°). The cellular pellet was extracted with 60% meth- 
anol. The methanol-soluble fraction was analysed 
first by ion-exchange column chromatography on 
QAE-25 Sephadex [15]. Over 95 per cent of the 
radioactivity applied to the column was recovered 
by elution with 0.1 M NH,HCO,. This fraction was 
subsequentiy evaporated, dissolved in distilled water 
and chromatographed in an ascending system on 
cellulose F plates (Merck) with the following system 
[16]: ethanol: ammonia (25%): chloroform 
(50:5:50); the different R; values are: B-ara-A, 0.51; 
fp-ara-Hx, 0.23; ara-AMP, 0. The radioactivity was 
spotted as described [17]. 

Enzymes. The adenosine kinase (EC 2.7.1.20) was 
isolated and purified from dried brewer's yeast [18]. 
The specific activity was determined to be 0.36 U/mg 
protein (16 mg/ml); one unit of enzyme activity cat- 
alyses the phosphorylation of one umole Ado/min 
[18]. 

Assay of adenosine kinase. This method was based 
on the decrease in absorbance at 340 mu in a. coupled 
multienzyme system [19]. The assay (volume, 2 ml) 
contained 200 mM Tris-HCl (pH 7.65), 50 mM KCl, 
0.5mM MgCl, 0.25mM_ phosphoenolpyruvate, 
0.2 mM NADH, 0.7mM ATP, 50 ug lactate dehy- 
drogenase, 100 ug pyruvate kinase, 50 ug myokinase 
and 10 ul of adenosine kinase. After a preincubation 


period (at 25°) for 5 min, 1-50 uM adenosine (or a 


nucleoside analogue which was added in concentra- 


tions up to | mM) was added and the reaction (at 
25°) was followed by the change in absorption at 
340 nm. The Michaelis constant (K,,,), the maximum 
reaction velocity (V,,,,), the inhibitor constant (K;), 
the apparent value of K,, (K,) and the apparent 
value of V,,,, (V,) in the presence of an inhibitor 
were determined according to Lineweaver et al. [20]. 

Miscellaneous. Protein was determined according 
to the method of Lowry et al. [21]. 

Chemicals. The following materials were obtained: 
ATP, Ado, phosphoenolpyruvate, NADH, lactate 
dehydrogenase (from rabbit muscle, sp. act. 
1.14 U/mg), myokinase (from rabbit muscle) and 
pyruvate kinase (from rabbit muscle) from Boehrin- 
ger, Mannheim (F.R.G.); [8-*H]adenine (sp. act., 
7.3 Ci/mmole), [2-"H]uracil (sp. act., 4.9 Ci/mmole) 
and [2,8-"H] f-ara-A (sp. act., 22.0 Ci/mmole) from 
The Radiochemical Centre, Amersham (U.K.). 

We are greatly indebted to Fa. H. Mack, Illertissen 
(F.R.G.) for the generous gifts of ara-U, ara-C, ara- 
T, ara-Hx, f-ara-A, a-ara-A, ara-6MP and ara- 
AMP. Ara-G was a gift of the Division of Cancer 
Treatment, National Cancer Institute, Bethesda, 
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MD, U.S.A. We thank Dr. A. J. Glazko (Parke, 
Davis & Co., Detroit, MI, U.S.A.) for the sample 
of deoxycoformycin. Coformycin and iso-coformycin 
were kindly supplied by Prof. H. Umezawa (Institute 
of Microbial Chemistry, Tokyo, Japan). 


RESULTS 
Inhibition of yeast cell growth 

Logarithmically growing yeast cells were incu- 
bated in the presence of f-ara-A and a-ara-A up to 
concentrations of 100 uM. Cell proliferation was fol- 
lowed during an incubation period of 20hr. The 
results revealed (Fig. 1) that these nucleosides had 
no effect on the proliferation rate. 

In a separate series of experiments the influence 
of ara-AMP on yeast cell growth was studied. It was 
found that this nucleotide reduces cell proliferation 
considerably (Fig. 1). At a concentration of 10 uM 
ara-AMP the growth was inhibited by 53 per cent 
and at 100 uM by 77 per cent. In dose-response 
experiments under identical conditions described in 
the legend to Fig. 1, an EDs) concentration (the 
concentration which induces a 50 per cent inhibition 
of cell growth) of 8.3 + 0.7 uM was determined. 

In incorporation studies with the precursors 
[’H]uracil and [*H]adenine, the influence of ara- 
AMP on macromolecular synthesis was analysed. As 
outlined in Materials and Methods the uracil label 














0,1 


Fig. 1. Dependence of the growth of S. cerevisiae cells on 
addition of ara-A and ara-AMP. The logarithmically grow- 
ing cultures were supplemented with either 100 uM a-ara- 
A (x——x), 100 uM f-ara-A (O--- ©), 10 uM ara- 

Oj) or 100 uM ara-AMP (®—--—i); controls 
(without ara-A) (@——®). The aranucleosides were added 
at time 0. Cell growth is measured at the absorbance of 
the culture at 578 nm (an As7g nm Value of 4.9 corresponds 
to 1 x 10° cells per ml). Each value comes from 10 parallel 

assays, and the S. D. is less than 10 per cent. 
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Table 1. Abolition of the ara-AMP-caused inhibition of cell growth by coincubation with deoxyadenosine* 





Cell concentration 


Ara-AMP __ Deoxyadenosine 
(uM) (uM) 


after incubation 
(cells x 10’/ml) 


Increase of the number 


Cell doublings of doubling steps 





0 5.36 
10 1.91 
100 0.12 
0 5.31 
10 4.62 
100 2.35 


1. 
4. 





* The experiments were performed for 12 hr with logarithmically growing cultures at a cell concen- 
tration of 5 x 10’ cells/ml. The degree of cell proliferation is expressed in doubling steps. 


can be used for determination of DNA synthesis 
after a pretreatment of the acid-insoluble material 
with alkali and adenine as tracer to measure RNA 
synthesis. In the absence of ara-AMP the incorpor- 
ation rate of [*H]uracil into DNA was found to be 
7500 + 620dpm per 10’ cells and the one of 
[’H]adenine into RNA 64,200 + 5100 dpm per 10’ 
cells. Under these cytostatic concentrations of 10 
and 100 uM of ara-AMP this incorporation rate of 
uracil into DNA is reduced by 35 or 58 per cent 
respectively, while the adenine incorporation into 
RNA is not influenced at all. 

Changes of incorporation of precursors into 
nucleic acids do not always reflect the absolute values 
for the extent of DNA or RNA synthesis (because 
possible alterations of the intracellular precursor 
pools in response to drug treatment could occur); 
therefore a second approach was used to determine 
the influence of ara~-AMP on DNA synthesis. The 
yeast cells were incubated in the presence of cyto- 
static concentrations of ara-AMP together with 
deoxyadenosine, the physiological DNA precursor, 
which is taken up by the yeast cells [5]. As sum- 
marized in Table 1, the ara-AMP-induced inhibition 

of cell proliferation could be abolished by coincu- 

bation with deoxyadenosine; the cell doublings 
increase from 5.3 (1.3) in the absence of deoxy- 
adenosine to 6.5 (5.6) in the absence of the natural 
nucleoside. Experiments coincubating adenosine 
with ara-AMP revealed: no measureable reduction 
in inhibitory potency of the ara-AMP (data not 
shown). 


Biochemical mode of action 


Intracellular phosphorylation of ara-A. From 
experiments with prokaryotic and eukaryotic bio- 
logical models [6, 7], it is known that ara-A inhibits 
nucleic acid-synthesizing enzyme systems only after 
it has been phosphorylated to ara-AMP, ara-ADP 
and ara-ATP. To clarify whether the resistance of 
yeasts to ara-A is due to an inability of their enzyme 
system to phosphorylate this nucleoside analogue, 
the metabolic fate of B-ara-A was studied. Yeast 
cells were incubated for 1 hr in the presence of [*H]- 
f-ara-A; subsequently the acid-soluble fraction was 
extracted. The amount of radioactivity was deter- 
mined to be 7.2 x 10* dpm (=1.5pmoles with 
respect to B-ara-A) per 10’ cells. This fraction was 
analysed first by ion-exchange chromatography (as 


described in Materials and Methods). Over 95 per 
cent of the radioactive material was recovered by ; 
elution with 0.1 M NH,HCO,, which indicates that 
(if at all) only minute amounts of B-ara-A could have 
been phosphorylated intracellularly. For further 
identification the chromatographed fraction was 
analysed on thin-layer plates (Fig. 2). The distri- 
bution of the radioactivity showed only two peaks, 
first a peak comigrating with B-ara-Hx (27.2%) and 
a second one with f-ara-A (63.6%). No pronounced 
peak of radioactivity was determined at the R; value 
of ara AMP (R;= 0.0). These results indicate that 
f-ara-A is taken up by yeast cells, but is not phos- 
phorylated; however, it was found that f-ara-A is 
intracellularly metabolized to f-ara-Hx. 

Specificity of isolated adenosine kinase. In this 
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Fig. 2. Characterization of the product formed in yeast 
cells after incubation with [*H]-f-ara-A. After harvesting 
the cells were extracted with methanol; the methanol solu- 
ble fraction was passed through a QAE-25 Sephadex col- 
umn; the fraction obtained by elution with 0.1 M NH,HCO; 
was collected (= 3.5 x 10° dpm) and evaporated to dryness 
in a rotary evaporator. The residue was dissolved in 200 ul 
distilled water; 20 ul aliquot was chromatographed on a 
thin layer plate. The radioactivity of 0.5 x 1.0 cm spots was 
determined. The bars mark the Ry values of authentic 
compounds. 
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Table 2. Substrate specificity of adenosine kinase from yeast 





Nucleoside 


K,, Ves 
(uM (nmoles NMP/min) 





Adenosine 
9-6-p-Arabinofuranosyladenine 
9-a-p-Arabinofuranosyladenine 
9-8-p-Arabinofuranosyl-6-mercaptopurine 
Coformycin 


27.48 + 
3800.0 
446.4 
187.7 
1921.0 





series of experiments the substrate specificity of 
adenosine kinase from yeast to eight aranucleosides 
and three adenosine deaminase inhibitors was deter- 
mined. Among these compounds ara-U, ara-C, ara- 
T, ara-Hx, ara-G, deoxycoformycin and iso-cofor- 
mycin were found not to serve as phosphate acceptor 
in the adenosine kinase reactions. As summarized 
in Table 2, only a-ara-A, B-ara-A, ara-6MP and 
coformycin were phosphorylated by the adenosine 
kinase. However, compared to the natural substrate 
adenosine, these four analogues were converted to 
the corresponding nucleotides with an extremely low 
reaction velocity. Furthermore, it has been deter- 
mined whether ara-A inhibits the phosphorylation 
of adenosine in vitro. In kinetic studies it was found 
that both a-ara-A and f-ara-A inhibit phosphoryl- 
ation of adenosine in an uncompetitive way. The 
kinetic constants were determined as follows: control 
reaction with adenosine in the absence of the ana- 
logues K,,=27.5+2.1 uM, Vmax = 84.9 nmoles 


NMP/min; adenosine in combination with a-ara-A 
K, = 15.9+2.0uM, V, = 45.5 nmoles NMP/min; 


adenosine in combination with B-ara-A K, = 11.4 + 

1.1 uM, V, = 32.3 nmoles NMP/min. The inhibition 
turned out to be fully uncompetitive because K,,, and 
V max decrease to the same extent; the ratio of K,,/Vinax 
in the control reaction was 0.324, K,/V, in the B-ara- 
A inhibited reaction was 0.353 and K,/V, in the a- 
ara-A inhibited reaction was 0.349. The degree of 
inhibition of the enzymatic adenosine phosphoryl- 
ation by f-ara-A and a-ara-A is low; the K; for p- 
ara-A was determined to be 155 uM and the one for 
a-ara-A 230 uM. 


DISCUSSION 


It has been reported that f-ara-A is a strong 
inhibitor of growth of mammalian cells, bacteria and 
some viruses [6, 7]. Therefore the results presented 
in this report which demonstrate that f-ara-A is 
inactive in the yeast system came unexpectedly, 
especially after finding that this nucleoside analogue 
is taken up by yeast cells. The underlying biochemical 
mechanism of the resistance of yeasts to B-ara-A has 
been elucidated. It was determined that this nucleo- 
side is not phosphorylated intracellularly to ara- AMP 
and consequently not to ara-ATP, which, as has 
been demonstrated, is the ultimate active metabolite 
both on the DNA polymerase [22, 17] and on the 
ribonucleotide reductase level [23] in mammalian 
systems. In animal cells f-ara-A is rapidly phos- 
phorylated to ara-ATP [16]. It is supposed that the 
phosphorylation of f-ara-A is effected by a distinct 
deoxyadenosine kinase because purified adenosine 
kinase isolated from either HEp-2 human tumor cells 


[24] or rabbit liver [19] does not carry out the con- 
version from f-ara-A to ara-AMP at significant rates. 
In the bacterial system (Escherichia coli) B-ara-A 
exerts a killing effect [25]. Although it was found 
that DNA synthesis is inhibited in E. coli after treat- 
ment with f-ara-A [25], it is not yet known whether 
the ultimate active metabolite is the nucleoside or 
the converted nucleotide. Published data report that 
ara-ATP does not inhibit E. coli DNA polymerase 
I [22] whereas this nucleotide strongly reduces the 
activity of adenyl cyclase, purified from E. coli K12 
[26]. In mammalian tumor cells, both a-ara-A and 
coformycin were found to be phosphorylated up to 
the triphosphate level [27, 28]. 

In the present studies with the isolated adenosine 
kinase from yeast it was proven that f-ara-A is a 
poor substrate for this enzyme; the Michaelis con- 
stant for B-ara-A is 140-fold higher and the maximum 
reaction velocity 11-fold lower compared to corre- 
sponding kinetic constants of adenosine. In addition, 
eight further aranucleosides and three deaminase 
inhibitors (tetrahydroimidazo-diazepin derivatives) 
that potentiate the f-ara-A inhibitory effect in mam- 
malian cells [29] have been tested and found to be 
poor substrates for the yeast adenosine kinase as 
well. This observation supports the assumption that 
the specificity of the yeast enzyme for nucleosides 
is rather limited [18]. To clarify whether ara-A acts 
as an inhibitor for this enzyme reaction, kinetic 
experiments with adenosine in the presence of the 
analogues were performed. Both f-ara-A and a-ara- 
A were found to inhibit enzymatic adenosine phos- 
phorylation in an uncompetitive way. However, 
because of the high inhibition constants (K; for f- 
ara-A: 155 uM and for a-ara-A: 230 uM), these two 
adenosine analogues must be considered as weak 
inhibitors. 

It is well known that some nucleotides are slowly 
transported across cell membranes of mammalian 
cells [30] and more rapidly across cell membranes 
of yeast [3,4]. With this knowledge in mind, ara- 
AMP was added to the Saccharomyces cultures; 
growth experiments revealed that this 5’-mono- 
phosphate is a potent inhibitor of yeast cell prolifer- 
ation as concluded from the low EDs, concentration 
of 8.3uM. Three indirect pieces of evidence are 
available to indicate that ara-AMP penetrates as an 
entire molecule through yeast cell membranes and 
is intracellularly phosphorylated to ara-ATP: first, 
the ara-AMP-caused inhibitory effect can be abol- 
ished by coincubation with deoxyadenosine; second, 
ara-AMP causes an inhibition of DNA synthesis in 
yeast cells which is analogous to the findings in other 
biological systems [6,7], probably due to an inhi- 
bition of the DNA polymerase by ara-ATP; and 
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third, the possible ara-AMP degradation compounds 
adenosine, adenine, a-arabinose and f-ara-A (all 
these compounds cross the cell membrane of yeasts; 
Refs. 31, 12, 32 and this paper) were found to cause 
no inhibition of cell growth. 
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Abstract—The present study was designed to investigate and compare the effects of chronic oral tobacco 
and nicotine consumption on hepatic microsomal drug metabolizing enzymes (DME) responsible for 
N-demethylation of amidopyrine, morphine and pethidine in rat. Chronic administration of tobacco for 
28 days resulted in a marked increase in the rate of N-demethylation of amidopyrine, morphine and 
pethidine. Such tobacco treatment stimulated amidopyrine and pethidine N-demethylations about 2.5- 
fold but that of morphine less than 2-fold. The N-demethylation of these drugs was not affected by 
tobacco treatment for 2 and 7 days. Attempts were made to evaluate the role of nicotine in stimulation 
of DME by oral tobacco intake. Tobacco was found to contain 4.3 + 0.18% nicotine on a dry weight 
basis. Although the magnitude of elevation in microsomal N-demethylations of these drugs by chronic 
oral intake of nicotine for 28 days was comparable to that obtained by tobacco treatment, there was 
marked difference in the substrate specificity in stimulation of amidopyrine and morphine N-demethyl- 
ations. Nicotine treatment for 2 and 7 days, like tobacco, was also devoid of any influence on the 
microsomal N-demethylations. Both tobacco and nicotine inhibited in vitro biotransformations of 
amidopyrine, morphine and pethidine to their demethylated metabolites and the degree of inhibition 
in the two cases did not differ much when compared for different substrates. Preincubation studies 
demonstrated that the inhibition of amidopyrine N-demethylation by tobacco increased with time but 
remained unaffected by nicotine. The nature of inhibition of amidopyrine N-demethylase by tobacco 
and nicotine was non-competitive and competitive respectively. The activities of hepatic microsomal 
N-demethylases were unaffected in rats killed after 1 hr of a single oral dose of tobacco or nicotine. 
Therefore, it may be interpreted that stimulation of DME is possibly due to de novo synthesis of DME. 


A number of investigations have focused attention 
on the chemical environment of man and its del- 
eterious effects. Despite the awareness of the serious 
health consequences, the abuse of tobacco for 
smoking, chewing or snuffing is indulged in by many 
millions of people throughout the world. In India 
and many East Asian countries, chewing of tobacco 
is quite popular. The air or sun-cured tobacco leaves, 
along with betel nut and slaked lime, are widely used 
for chewing [1]. In India, Pakistan, Bangla Desh and 
a couple of other countries, the percentage of 
tobacco chewing is greater than that of tobacco 
smokers since the former habit is popular in both 
sexes whereas the latter is mostly confined to males. 
It is well established that nicotine is the reinforcing 
constituent that gives tobacco its universal popularity 
[2]. 

Human beings are exposed to various xenobiotics 
which are mostly inactivated by hepatic microsomal 
mixed-function oxidase systems and are eliminated 
from the body [3,4]. Hence, these enzymes are 
potential sites of drug interactions with other drugs 
and xenobiotics. Induction of these enzymes by ciga- 
rette smoke has been observed in animals [5-7] and 
man [8-10]. Polycyclic aromatic hydrocarbons 
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(PAH) such as 3, 4-benzpyrene, 3, 4-benzofluorene, 
anthracene, fluoranthene, pyrene, chrysene, etc. 
have been implicated as the principal agents in 
tobacco smoke responsible for the induction of 
microsomal enzymes, because these agents when 
administered in pure forms induce microsomal drug 
metabolizing enzymes [5, 11, 12]. 

A number of studies dealing with the estimation 
of polycyclic aromatic hydrocarbons in tobacco 
leaves and their role in tumerogenic effects has 
revealed that the contents of these substances in 
tobacco ranged from 5-20 parts per billion (p.p.b.) 
and therefore their presence in traces does not con- 
tribute an appreciable amount to the aromatic 
hydrocarbons present in tobacco smoke [13]. Pyro- 
lysis of paraffin hydrocarbons and other substances 
of tobacco leaves at high temperature leads to the 
formation of tumerogenic aromatic hydrocarbons 
[14]. This was further evident from the relatively 
weak carcinogenic activity of tobacco leaves extract 
[13]. 
The role of other tobacco smoke constituents in 
enzyme induction is much less well documented. 
Administration of nicotine to mice in drinking water 
increased metabolism of meprobamate [15]. Sub- 
cutaneous injections of nicotine for two weeks 
resulted in only slight stimulation of nicotine metab- 
olism to cotinine [16]. A single intraperitoneal dose 
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of nicotine (40 mg/kg) enhanced the metabolism of 
2-acetylaminofluorene, 3,4-benzpyrene and 3- 
methylcholanthrene [12]. 

Studies dealing with the inhibition of the cigarette 
smoking habit by oral intake of nicotine tartrate 
(50 mg/24 hr divided into five doses) in man has 
provided substantial evidence that nicotine is respon- 
sible for the smoking habit [17]. However, the quan- 
titative and qualitative contribution of nicotine in 
tobacco smoke-induced changes in drug metaboliz- 
ing enzymes has not yet been critically evaluated. 
Moreover, there is also a gap in our knowledge about 
the role of other constituents of tobacco leaves [13] 
in the modification of pharmacokinetics of drugs and 
other xenobiotics. These observations prompted the 
present investigation, where the effect of chronic 
oral intake of sun-cured tobacco leaves on hepatic 
microsomal N-demethylation of amidopyrine, mor- 
phine and pethidine was evaluated in rats and com- 
pared with that obtained with an equivalent amount 
of pure nicotine base under identical experimental 
conditions. The effect of tobacco and nicotine intake 
on these enzymes was also studied after acute treat- 
ment and in vitro conditions. 


MATERIALS AND METHODS 


Glucose-6-phosphate and nicotinamide adenine 
dinucleotide phosphate (NADP) were obtained from 
Sigma Chemical Co., St. Louis, MO, U.S.A. Ami- 
dopyrine was supplied by Burgoyne Pharmaceutical, 
London, U.K. Pethidine hydrochloride and mor- 
phine sulphate were acquired from local manufac- 
turers. All other chemicals used were of analytical 
grade and obtained from commercial sources. 

Female albino rats (100-150 g) maintained on ad 
lib. diet were used throughout the study. Animals 
were treated with commercially available sun-cured 
tobacco leaves. This variety is grown in the South- 
West part of India and locally known as Gujrati 
Deshi Tobacco (Trade name—Ratna Chhap Zafrani 
Patti No. 64). A homogenate of tobacco leaves pre- 
pared in water was given orally with the help of a 
feeding cannula to rats twice a day (11 a.m. and 
4p.m.) at a dose of 250 mg/kg for 2, 7 and 28 days. 
The nicotine content of the tobacco leaves was 
estimated. A 10 mg/kg dose of pure nicotine base 
corresponding to a nicotine content of 250mg 
tobacco leaves was also administered to rats orally 
twice daily for 2, 7 and 28 days. All the experimental 
and control rats were run under similar experimental 
conditions. The rats, unless otherwise mentioned, 
were killed after 16-20 hr from the last dose of 
tobacco or nicotine. 

Determination of nicotine content in tobacco leaves. 
Nicotine was determined in the homogenate of sun- 
cured tobacco leaves by the spectrophotometric 
method reported earlier [18]. A suitable aliquot of 
homogenate was extracted with a heptane—isoamyl 
alcohol (98.5: 1.5) mixture in alkaline medium. The 
drug extracted in heptane phase was returned to an 
aqueous phase of 0.1 N HCl and read at 259 nm in 
a Hitachi-Perkin—Elmer Spectrophotometer. Blanks 
and standards using nicotine base were aiso run 
under similar experimental conditions. 

Assay of hepatic microsomal N-demethylases. Rats 
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were decapitated and the livers were immediately 
removed, blotted dry, weighed and homogenized 
individually in ice cold 1.15% KCI solution in the 
ratio of 1:4 (w/v) with the help of a Potter-Elvehjem 
homogenizer. All subsequent tissue manipulations 
were conducted at 0-4°. The homogenates were cen- 
trifuged at 9000 g for 15 min in a Remi K-24 Cen- 
trifuge (India) and the resulting supernatant fractions 
were used as the source of drug metabolizing 
enzymes. The activities of drug metabolizing 
enzymes responsible for N-demethylation of ami- 
dopyrine, morphine and pethidine were assayed by 
the method described earlier [19]. An estimation of 
formaldehyde formed during N-demethylation of 
amidopyrine, morphine and pethidine was taken as 
the index of enzyme activities. An assay of DME 
was performed in individual 9000 g supernatant frac- 
tions from control and treated animals. The incu- 
bation mixture of 3 ml consisted of phosphate buffer 
(0.1 M, pH 7.4), 10 umoles of glucose-6-phosphate, 
0.72 umoles of nicotinamide adenine dinucleotide 
phosphate (NADP), 15 umoles of MgCl, 20 umoles 
of nicotinamide, 10umoles of different substrates 
and 9000 g supernatant equivalent to 44 mg protein. 
After a preincubation of 10 min without substrate 
at 37° the reaction was started by addition of sub- 
strate and run for 20 min in an atmosphere of oxygen. 
In contrast to the reaction conditions reported earlier 
semicarbazide hydrochloride was not added to the 
reaction mixture, since it was found to inhibit drug 
metabolizing enzymes. The reaction was stopped by 
addition of 2 ml of Nash reagent (30% ammonium 
acetate containing 0.4ml of acetylacetone). The 
reaction mixture was heated in a boiling water bath 
for 10min. The precipitated proteins were centri- 
fuged out and the yellow colour was read at 415 nm 
in a Hitachi-Perkin-Elmer Spectrophotometer. 
Known amounts of formaldehyde carried through 
the incubation and assay procedures served as the 
standards. All reaction rates were determined when 
product formation was in the linear range with 
respect to protein concentration. Protein was deter- 
mined by the method of Lowry et al. [20]. 


RESULTS 


Determination of nicotine content in tobacco 
showed that it contained 4.3 + 0.18% nicotine on a 
dry weight basis. The LDsy of nicotine has been 
reported to be 25.5mg/kg and 40 mg/kg when 
administered intraperitoneally in saline and corn oil 
respectively [12, 21], but it was found to be 55 mg/kg 
when given orally to rats [22]. Hence, an oral dose 
of 250 mg/kg of tobacco equivalent to 10 mg/kg of 
nicotine base was selected to evaluate the effect of 
tobacco consumption on drug metabolizing enzymes. 

Chronic oral administration of tobacco (250 mg/kg) 
twice daily for 28 days caused significant stimulation 
of hepatic drug metabolizing enzymes (DME) 
responsible for N-demethylation of amidopyrine, 
morphine and pethidine in rat (Table 1). The 
increase in amidopyrine and pethidine N-demethyl- 
ations was 156.8 and 150.7 per cent respectively, 
whereas the rate of morphine N-demethylation was 
increased up to 68.6 per cent only. 

An oral dose of nicotine base (10 mg/kg) was given 
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Table 1. Stimulation of hepatic microsomal N-demethylations by chronic oral 
tobacco treatment in rat. 





Formaldehyde formed* 


(ng/mg protein/20 min) 


Substrate Control 


Per cent 


Experimental increase 





312.0 + 17.2 
Ti.22, 38 
107.5+ 4.0 


Amidopyrine 
Morphine 
Pethidine 


156.87 
68.67 
150.77 





* Assay conditions were as indicated in the text. Each experiment was done in 
duplicate and values are mean + S.E. of separate enzyme preparations obtained 


from 6-8 control or experimental rats. 
+P <0.01 


to rats twice daily for 28 days and N-demethylations 
of amidopyrine, morphine and pethidine were fol- 
lowed under identical experimental conditions 
(Table 2). In contrast to tobacco, chronic nicotine- 
treated rats exhibited the least stimulation of ami- 
dopyrine N-demethylation. The degree of stimula- 
tion of pethidine N-demethylation was not signifi- 
cantly altered, whereas the increase in morphine N- 
demethylation was greater than that observed after 
tobacco intake. 

The influence of acute tobacco and nicotine treat- 
ment for 2 and 7 days was investigated by deter- 
mining the N-demethylation of amidopyrine, mor- 
phine and pethidine under the experimental 


conditions described for chronic studies. As is evi- 
dent from Table 3 the activities of microsomal N- 
demethylases were not affected by acute treatment 


with either tobacco or nicotine. 

Liver microsomal preparation from rats given an 
oral dose of tobacco (500 mg/kg) or nicotine 
(20 mg/kg) and killed after 1 hr exhibited no change 
in the activities of N-demethylases. 

In vitro effects of tobacco and nicotine on DME 
are summarized in Table 4. Tobacco inhibited N- 
demethylations of all the three drugs when tested at 
a final concentration of 4.2 mg/ml of incubation mix- 
ture. The percentage inhibitions of biotransforma- 
tion of amidopyrine, morphine and pethidine were 
75.0 59.7 and 64.8 respectively. Nicotine also 
inhibited in vitro metabolism of drugs by hepatic 
microsomal N-demethylases. In these experiments 
nicotine was used at a final concentration of 1 mM, 
which on a weight basis was equivalent to 0.16 mg 
nicotine or 4.2 mg of tobacco per ml of incubation 
mixture. Inhibition of N-demethylases produced by 


nicotine was 66.5, 71.0 and 60.0 per cent with ami- 
dopyrine, morphine and pethidine respectively. 
However, like tobacco, nicotine also did not exhibit 
any remarkable specificity in inhibition of the metab- 
olism of different substrates. 

In order to determine the nature of inhibition of 
microsomal N-demethylases by tobacco and nico- 
tine, preincubation and kinetic studies were per- 
formed. No change in the inhibition of amidopyrine 
N-demethylation was noticed when nicotine was 
preincubated with the enzyme preparation for vary- 
ing periods before addition of the substrate to the 
reaction mixture, but the inhibition by tobacco 
increased with time (Table 5). Evaluation of the 
kinetics of molecular interaction of amidopyrine N- 
demethylase with tobacco and nicotine by the con- 
ventional reciprocal plot of Lineweaver—Burk [23] 
revealed the noncompetitive and competitive nature 
of enzyme inhibition respectively (Figs | and 2). The 
mean Michaelis constant (K,,,) of the N-demethylase 
for amidopyrine, as calculated, from four different 
experiments, was 2.35. The inhibitor constant (K;,) 
of amidopyrine N-demethylase for tobacco and 
nicotine was 9.0 and 0.05mg (or 1.0 x 10°*M) 
respectively. 


DISCUSSION 


This study was designed to formulate the quan- 
titative and qualitative relationship between oral 
intake of tobacco and one of its most important 
constituents, nicotine, with respect to their capacity 
to stimulate hepatic microsomal drug metabolizing 
enzymes catalysing N-demethylation of amidopyr- 
ine, a drug possessing anti-inflammatory, analgesic 


Tabie 2. Stimulation of hepatic microsomal N-demethylations by chronic oral nico- 
tine treatment in rat. 





Formaldehyde formed* 


(ng/mg protein/20 min) 


Substrate Control 


Per cent 


Experimental increase 





312.0 + 14.7 
3: 52 
118.3+ 6.0 


Amidopyrine 
Morphine 
Pethidine 


414.4 + 30.2 
166.6 + 10.4 
312.5 + 15.8 


32.8% 
100.07 
164.17 





* Mean values + S.E. of duplicate experiments, n = 6-8. 


+ P <0.01 
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Table 3. Effect of acute tobacco and nicotine treatment on 
microsomal N-demethylations 





Per cent change* 
Tobacco Nicotine 


Substrate 2 days 7 days 2 days 7 days 





Amidopyrine Nil Nil Nil Nil 
Morphine Nil Nil Nil Nil 
Pethidine Nil Nil | Nil 





* N = 6 done in duplicate. 


and antipyretic properties and two narcotic—anal- 
gesics, morphine and pethidine, in rat. Chronic oral 
administration of tobacco resulted in significant 
stimulation of biotransformation of amidopyrine, 
morphine and pethidine to their demethylated prod- 
ucts. Tobacco elicited an approximately two-and-a- 
half-fold increase in the metabolism of amidopyrine 
and pethidine, whereas N-demethylation of mor- 
phine was enhanced by less than two-fold. 

For many years investigators have been looking 
for biochemical changes in the enzyme-catalysed 

‘molecular biotransformation of drugs, other xeno- 
biotics and endogenous substrates that accompany 
exposure to tobacco smoke. It has been inferred 
from these studies that polycyclic aromatic hydro- 
carbons (PAH) such as 3,4-benzpyrene, pyrene, 
fluoranthene, anthracene etc. play the key role in 
tobacco smoke-induced enhancement of the metab- 
olism of drugs, carcinogens and other xenobiotics 
[5, 24]. These substances are also present in polluted 
city air [25], certain smoked and cooked foods 
[26, 27], tars, pitches and soots [28] and a number 
of other environmental pollutants. Induction of drug 

etabolizing enzymes has been shown to reduce the 
carcinogenic effects of polycyclic aromatic hydro- 
carbons [29, 30]. 

Since tobacco leaves contain only traces of poly- 
cyclic aromatic hydrocarbons and nicotine has been 
shown to be an inducer of drug metabolizing 
enzymes, it was thought of interest to evaluate the 
role of nicotine in the stimulation of amidopyrine, 
morphine and pethidine N-demethylations by 
tobacco intake in rats. Chronic oral administration 
of nicotine equivalent to that present in tobacco 
increased N-demethylations of all three substrates. 
Elevation of N-dealkylation of ethylmorphine and 


Table 4. Jn vitro effect of tobacco and nicotine on drug 
metabolizing enzymes 





Per cent inhibition* 


Substrate Tobacco Nicotine 





75.02 2.5t 
59.7 + 1.67 
64.8 + 1.9% 


66.5 + 0.87 
71.0 + 1.37 
60.0 + 1.87 


Amidopyrine 
Morphine 
Pethidine 





* The activities of drug metabolizing enzymes were fol- 
lowed by determining the rate of N-demethylation of the 
drugs. Nicotine and tobacco were used at final concentra- 
tions of 0.16 mg (i.e. 1 mM) and 4.2 mg/ml, respectively, 
of incubation mixture. Values represent mean + S.E. 

+ P <0.01. 
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Fig. 1. Lineweaver-Burk plot showing non-competitive 
inhibition of hepatic amidopyrine N-demethylase by 
tobacco. In this study //S represents reciprocal of the sub- 
strate concentration and //V represents the reciprocal of 
the ng of formaldehyde formed/mg protein/20 min under 
the experimental conditions described in the text. Key: 
Control (O—O) and 4.0 mg tobacco (A—A\). 








norcodeine has been reported in post-mitochondrial 
fractions from rat liver after intraperitoneal admin- 
istration of nicotine (4 mg/kg) 4 times a day for three 
days [31]. Nicotine oxidation to cotinine was 
increased to a lower extent. It is important to men- 
tion here that the magnitude of elevation in the 
metabolism of ethylmorphine, norcodeine and ani- 
line produced by chronic oral administration of 
nicotine (5.9 mg/kg/day) in drinking water for 7, 14 
and 21 days remained constant throughout the period 
and was comparable to that observed in rats after 
acute administration of nicotine in high doses (4 doses 
of 4 mg/kg) for 3 days. Recently, it was shown that 
only a 10-15 per cent increase in the metabolism of 
nicotine took place after continuous administration 
of nicotine for 10 days in rats [16]. However, the 
present study revealed that oral nicotine adminis- 
tration to rats (2 doses of 10 mg/kg/day) for 4 weeks 
enhanced N-demethylations of morphine and peth- 
idine up to about 2- and 2.5-fold, respectively, 
whereas that of amidopyrine was less than one-and- 
a-half-fold. Studies dealing with the effect of semi- 
chronic administration of nicotine (2.28 mg/kg/day) 
in drinking water on the metabolism of meprobamate 
indicated an approximately 4-fold increase in its dis- 
position [15]. The increase in disposition was com- 
pletely blocked by ethionine showing the induction 
of microsomal drug metabolizing enzymes as the 
biochemical basis of enhanced meprobamate metab- 
olism. Our results are contrary to those reported 
earlier [12] where a single high dose of nicotine 
(40 mg/kg) in corn oil given intraperitoneally caused 
90 and 130 per cent induction of rat liver microsomal 
hydroxylases of carcinogens, 2-acetylaminofluorene 
and 3,4-benzpyrene, respectively, in 24hr but 
depression if nicotine treatment was continued for 
another 2 or 3 days. Such increase in enzyme activi- 
ties was inhibited by prior treatment of animals with 
ethionine, a protein synthesis inhibitor. 

Induction kinetic studies showed that the animals 
treated with tobacco and nicotine for short periods, 
i.e. 2 and 7 days, did not cause any modification in 
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Fig. 2. Lineweaver—Burk plot of //S vs I/V showing competitive inhibition of amidopyrine N-demethylase 
by nicotine. Key: Control (O—O) and 0.3 mg nicotine (A—A). 


N-demethylase activities. This suggests that the 
stimulation of these enzymes by oral intake of 
tobacco and nicotine occurs after a prolonged period. 
Differences in the drug metabolism have also been 
reported between short-term and prolonged pre- 
treatment of subjects with other xenobiotics [32, 33]. 

The degree of N-demethylation of the drugs by 
chronic oral intake of tobacco and nicotine was 
variable. The degree of stimulation of pethidine N- 
demethylation was of the same order in rats pre- 
treated with nicotine and tobacco, whereas it was 
different for amidopyrine and morphine JN- 
demethylations. It appears that in addition to nico- 
tine, other constituents of tobacco also play an 
important role in the stimulation of amidopyrine N- 
demethylation. A number of investigations have 
indicated the existence of multiple N-demethylases 
in hepatic microsomes but their number and mol- 
ecular differentiation is at present not fully worked 
out. Sex [34, 35] and species [36] differences have 
been shown to exist in rates of demethylation of 
several amines. The induction of microsomal N- 
demethylases is also markedly dependent upon the 
substrate investigated [3, 37]. Attempts have been 
made to elucidate the molecular basis of the different 
substrate specificities of microsomal mixed function 
oxidases. It has been suggested that, depending on 
the substrate used, the NADPH-cytochrome P-450 
reductase component can play a marked role in 
determining the substrate specificity [38]. Recent 


Table 5. Effect of preincubation of tobacco and nicotine 
on amidopyrine N-demethylase activity 





Per cent inhibition* 
Tobacco Nicotine 


Preincubation 
time in min 





52.6 
47.6 
54.9 


0 40.4 
5 46.2 
20 65.1 





* Values of per cent inhibition represent the mean values 
calculated from two separate experiments done in 
duplicate. 


studies demonstrated the presence of at least four 
to six forms of cytochrome P-450 which exhibit more 
or less distinct substrate specificities and immuno- 
logical and spectral uniqueness [39, 40]. 

Animals killed after a single oral dose of tobacco 
or nicotine did not exhibit any modification in the 
activities of microsomal N-demethylases. /n vitro 
addition of tobacco or nicotine in high concentrations 
inhibited N-demethylations of the drugs tested. It 
may be noted with interest that the magnitudes of 
inhibition of N-demethylases produced by tobacco 
and nicotine were comparable and there did not exist 
any significant substrate specificity in either case. 
These results are in accordance with those reported 
earlier where only high concentrations of nicotine 
were found to inhibit in vitro N-dealkylation of ethyl- 
morphine and O-dealkylation of norcodeine [31]. 
Such in vitro inhibitory responses of various xeno- 
biotics have been explained on the basis of an alter- 
nate substrate mechanism possibly due to the non- 
specificity of the microsomal mixed function oxidase 
system [4]. 

It may be concluded from preincubation studies 
that the inactivation of N-demethylases by tobacco 
progresses slowly with time but remains unaffected 
by nicotine. Furthermore, kinetic studies demon- 
strated that tobacco and nicotine inhibited the N- 
demethylases by different biochemical mechanisms 
in that the nature of enzyme inhibition by the two 
xenobiotics was noncompetitive and competitive 
respectively. The mean Michaelis constant (K,,,) of 
N-demethylase for amidopyrine was 2.35. The 
microsomal N-demethylases were found to possess 
significantly higher affinity for nicotine when com- 
pared to tobacco. 

It may be concluded from the present study that 
oral administration of tobacco causes differential 
stimulation of hepatic microsomal N-demethylations 
of amidopyrine, morphine and pethidine. Since in 
vitro addition of either tobacco or nicotine inhibited 
the drug biotransformations and a single oral dose 
did not alter the DME activities, it may be inter- 
preted that stimulation of DME activities is possibly 
due to de novo synthesis of one or more components 
of the microsomal oxidase system and not as a result 
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- of direct activation of existing enzyme molecule. The 
magnitude of DME stimulatory effectiveness of 
tobacco, unlike tobacco smoke which induces the 
metabolism of xenobiotics several-fold due to the 
presence of PAH [8-11], is low and comparable to 
that observed after oral nicotine consumption. It 
appears from these observations that in addition to 
nicotine, which plays a major role, other constituents 
of tobacco may also be responsible for the enhanced 
metabolism of drugs. Further studies dealing with 
the comparative evaluation of the consequences of 
tobacco and nicotine intake on other DME might 
be helpful in the elucidation of the biochemical basis 
of possible tobacco interaction with drugs, carcino- 
gens, pesticides, insecticides and other environmen- 
tal pollutants. 
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Abstract—The effect of propranolol on prolyl hydroxylase activity in blood vessels of rats was investigated 
in vitro and in vivo. Propranolol at a concentration of 6.7 x 10-°M inhibited 50 per cent of the activity 
of prolyl hydroxylase in the aorta in vitro. The inhibition was recovered when excessive amounts of 
ferrous iron and ascorbate were added to the reaction mixture. Propranolol showed a competitive type 
of inhibition with respect to varying concentrations of substrate. Hypertensive rats were made by 
treatment with desoxycorticosterone acetate and 1% sodium chloride (DOCA-salt). When propranolol 
was given daily to hypertensive rats for 4 weeks simultaneously with DOCA-salt, no effect on blood 
pressure was detected, but the activity of prolyl hydroxylase in the aorta and mesenteric artery was 
significantly inhibited. Prolyl hydroxylase activity in the blood vessels in normotensive rats treated with 
propranolol was also inhibited. These results suggest that propranolol inhibits prolyl hydroxylase activity 
in vitro and in vivo at the site of action where an oxygen intermediate is formed from the interaction 


of ferrous iron and ascorbate. 


Prolyl hydroxylase (EC 1.14.11.2; proline, 2-oxo- 
glutarate dioxygenase) catalyses the synthesis of 
hydroxyproline in collagen by the hydroxylation of 
certain prolyl residues in peptide linkages [1]. The 
enzyme requires 2-oxoglutarate and molecular 
oxygen as cosubstrates, ferrous iron as a cofactor 
and ascorbate as a reducing agent [1, 2]. In previous 
reports it has been shown that hypertension 
accompanied an increase in prolyl hydroxylase 
‘activity in blood vessels [3,4] and the increased 
activity can be prevented by antihypertensive drugs, 
reserpine and guanethidine [5, 6]. The inhibition of 
prolyl hydroxylase activity leads to the synthesis of 
an unhydroxylased form of collagen which is more 
susceptible to tissue protease degradation [7]. There- 
fore, drugs which inhibit prolyl hydroxylase might 
have a clinical application in the treatment of fibrotic 
disease processes or hypertension. Recently, it has 
been reported that epinephrine [8] and catechin 
[9] inhibited prolyl hydroxylase activity. In this study, 
we have found that propranolol, which is used in the 
treatment of hypertension in man [10, 11], inhibits 
prolyl hydroxylase activity using the enzyme of the 
homogenate of blood vessels of rats in vitro and in 
vivo. 


MATERIALS AND METHODS 


In vitro experiments. Male Wistar rats (seven 
weeks old) were decapitated. The aorta was excised 
and homogenized in 30 vol. 0.25 M sucrose contain- 
ing 10mM Tris-HCl buffer (pH 7.4), 100mM 
dithiothreitol and 10 uM EDTA. The homogenate 
was centrifuged at 15,000g for 30min. Prolyl 
hydroxylase activity was measured in a supernatant 
by the tritium release assay of Hutton et al. [2]. The 
control assay mixture consisted of 0.1 ml of super- 
natant enzyme (0.1 mg protein), 5 x 10°?M Tris- 
HCI buffer (pH 7.4), 10~* M ferrous ammonium sul- 


fate, 10°? M sodium ascorbate, 10~* M 2-oxoglutar- 
ate, 2 mg bovine serum albumin, 0.4 mg catalase and 
10° dpm of [4-*H]proline-labeled collagen substrate 
in a final volume of 1 ml. The assay mixture was 
incubated for 30 min at 30°. The reaction was stopped 
by addition of trichloroacetic acid. The tritiated 
water of the reaction system was separated by vac- 
uum distillation of the reaction mixture. The radio- 
activity was measured by a Packard 3330 scintillation 
counter. A minimum volume for the prolyl hydroxy- 
lase assay was 5 ug of enzyme protein. All deter- 
minations were done in triplicate. Protein concen- 
tration was determined by the method of Lowry et 
al. [12], with bovine serum albumin as the standard. 
Propranolol hydrochloride was purchased from 
Sigma Chemical Co., St. Louis, MO, U.S.A. 

In vivo experiments. Male Wistar rats (seven weeks 
old) were subjected to uninephrectomy under anes- 
thesia. One week later, these rats were made hyper- 
tensive by s.c. twice-weekly injection of 5 mg per rat 
of desoxycorticosterone acetate (DOCA, Tokyo 
Kasei Kogyo Co., Tokyo, Japan) suspended in corn 
oil [13]. The sham-operated rats were used as con- 
trols. Rats were maintained on a standard diet and 
allowed unlimited drinking water containing 1% 
sodium chloride. Propranolol (50 mg/kg) was admin- 
istered i.p. once daily to some of the rats for 4 weeks 
simultaneously with or without DOCA-salt. The 
systolic blood presstite was measured by a.tail-cuff 
method without anesthesia once a week (Narco Bio- 
system Inc.). The body weight of rats was measured 
at the same time of the determination of the blood 
pressure. Rats were decapitated 4 weeks after the 
treatment. The aorta and mesenteric arteries were 
excised and prolyl hydroxylase activity was measured 
by the same method as in vitro experiments. 

The significance of the difference between values 
for the control and treated groups was determined 
with Student’s f-test. 
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Fig. 1. Inhibition of prolyl hydroxylase activity by varying concentrations of propranolol. 
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Fig. 2. Time—course of inhibition of prolyl hydroxylase by 


propranolol. The enzyme was incubated in the presence 
(O) or in the absence (@) of 6 x 10°°M propranolol. 


RESULTS 


In vitro experiments. As shown in Figure 1, the 
activity of prolyl hydroxylase was reduced in the 
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presence of propranolol in the concentration range 
of 3x 10°° to 10°*M. The enzyme activity was 
inhibited 50 per cent at a concentration of about 
6.7 x 10°°M of propranolol. Maximum inhibition 
of the enzyme activity was obtained at a propranolol 
concentration of 10-*M. The time-course of inhi- 
bition of the prolyl hydroxylase activity by propran- 
olol showed that the inhibition occurred immediately 
after the start of the incubation, and approx. 40 per 
cent inhibition of the enzyme activity was consist- 
ently observed throughout the incubation period 
(Fig. 2). In order to investigate the mechanism of 
the inhibitory action of propranolol, experiments 
were performed in which excessive ferrous iron and 
ascorbate were added to the reaction mixture prior 
to the addition of propranolol (Fig. 3). The addition 
of varying concentrations of ferrous iron recovered 
partially the inhibition of prolyl hydroxylase by pro- 
pranolol. A maximum of 76 per cent of the original 
activity was restored with 6 x 10~*M ferrous iron. 
Ascorbate at the concentrations of 10-fold excess of 
control assay mixture was unable to restore the orig- 
inal activity of the enzyme. However, excessive 
amounts of both ferrous iron and ascorbate resulted 
in the recovery of 88 per cent of the original activity 
as shown in Fig. 4. Double-reciprocal plots of the 
inhibition of prolyl hydroxylase are shown in Fig. 5. 
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Fig. 3. Effects of excessive concentrations of Fe** (a) or ascorbate (b) on the inhibition of prolyl 
hydroxylase by 6 x 10-°M propranolol. The percentage of the control activity was calculated with 
respect to the control assay mixtures, containing the same amount of cofactor and no inhibitor. 
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Fig. 4. Effects of both excessive concentrations of Fe?* and 
ascorbate on the inhibition of prolyl hydroxylase by 6 x 
10-°M propranolol. The percentage of the control activity 
was calculated with respect to the control assay mixtures, 


containing the same amounts of both cofactors and no 
inhibitor. 


Table 1. Final body weight and blood pressure* 





Body weight 
Group (g) 


Blood pressure 
(mg Hg) 





Control 228+ 8 119+7 
Control 

+ propranolol 
DOCA-salt 
DOCA-salt 


+ propranolol 


225 + 6 
210 +7 


115+8 
196 + 5+ 


208 + 6 190 + 7+ 





* Propranolol (50 mg/kg) was administered i.p. once 
daily for 4 weeks. Each value is the mean + S.E. of 5 rats 
per group. 

+ Statistically different from control, P < 0.01 (Student’s 
t-test). 
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Fig. 5. Competitive inhibition of propyl hydroxylase by 

propranolol. The prolyl hydroxylase activity was deter- 

mined under the control assay conditions in the presence 

of 3 x 10°°M (@), 6 x 10°°M (A), 107° M (0) propran- 
olol and in its absence (O). 


Propranolol showed a competitive type of inhibition 
with respect to varying concentrations of substrate. 

In vivo experiments. The blood pressure of the 
rats treated with DOCA-salt for 4 weeks was 
increased much more than the control. Propranolol 
lowered the blood pressure of the hypertensive or 
normotensive rats but the results were not statisti- 
cally significant. No significant difference in body 
weight was seen among 4 groups (Table 1). As shown 
in Table 2, prolyl hydroxylase activity in the aorta 
and mesenteric artery was decreased by the treat- 
ment with propranolol in normotensive and hyper- 
tensive rats. The inhibition of prolyl hydroxylase 
activity by propranolol in the aorta in DOCA-salt 
hypertensive rats was observed more significantly 
than that in normotensives, being 74 per cent activity 


Table 2. Effect of propranolol on prolyl hydroxylase activity in the aorta and 
mesenteric artery* 





Group = 
orta 


Prolyl hydroxylase activity 


(dpm/mg of protein) 
Mesenteric artery 





Control 
Control 

+ propranolol 
DOCA-salt 
DOCA-salt 

+ propranolol 


13,290 + 922 


10,554 + 730 
22,613 + 1422+ 


16,772 + 12117§ 


18,165 + 1311 


14,060 + 1025+ 
29,572 + 16514 


20,902 + 1018] 





* Propranolol (50 mg/kg) was administered i.p. once daily for 4 weeks. 
Each value is the mean + S.E. of 5 rats per group. 
+ Statistically different from control, P < 0.05 and +P < 0.01. 
§ Statistically different from DOCA-salt hypertension, P < 0.05 and ||P < 0.01 


(Student’s t-test). 
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of DOCA-salt hypertension. Almost the same 
results were also obtained from the mesenteric 
artery. 


DISCUSSION 


The present experiments demonstrated that pro- 
pranolol inhibited the activity of prolyl hydroxylase 
in the aorta of the rat in vitro. The inhibition was 
observed immediately after the addition of propran- 
olol. Futhermore, preincubation of enzyme and pro- 
pranolol prior to the addition of substrate did not 
increase the inhibition, which suggests that propran- 
olol is not a tight binding inhibitor of prolyl hydroxy- 
lase. Increases in ferrous iron partially reversed the 
inhibition of prolyl hydroxylase activity by propran- 
olol. On the other hand, the effect of epinephrine 
which has been reported to inhibit prolyl hydroxylase 
by an iron chelating mechanism was inverted com- 
pletely when a ferrous concentration was increased 
[8]. Ascorbate did not modify the decreasing activity 
of the enzyme. This finding indicates that propran- 
olol does not inhibit prolyl hydroxylase by preventing 
the oxidation of ascorbate. Bhatnagar and Liu [14] 
suggested that ferrous iron, ascorbate and oxygen 
interact at a reducing site in the enzyme. If an oxygen 
intermediate is involved in the hydroxylation pro- 
cess, propranolol might inhibit the reaction by 
removing it. Addition of excessive amounts of both 


ferrous iron and ascorbate caused the recovery of | 


88 per cent of the original activity of prolyl hydroxy- 
lase. Furthermore, propranolol showed a competi- 
tive type of inhibition with respect to substrate. 
Therefore, it seems likely that propranolol exerts its 
action at the site where an oxygen intermediate is 
formed from the interaction of ferrous iron and 
ascorbate, as described by Bhatnagar and Liu [14]. 
Similar results have been reported that nitro-blue 
tetrazolium [8,15] and catechin [9] caused a com- 
petitive type of inhibition of prolyl hydroxylase 
activity by the interaction of ferrous iron, ascorbate 
and molecular oxygen. 

The antihypertensive effect of propranolol on 
hypertension in man has been well documented 
[10, 11]. In experimental hypertension in rats, how- 
ever, the effects of propranolol on the blood pressure 
have shown conflicting results. There are reports of 
either a reduction [16, 17] or no effect [18, 19] on 
the blood pressure of DOCA-salt hypertensive rats. 
In this study, I used 5 rats in a group according to 
previous reports which described the effect of drugs 
on the blood pressure [4-6], although it seems that 
the number of observations was small. Thus, it was 
observed that high doses of propranolol did not 
significantly lower the blood pressure. Similar results 
were obtained by Dusting and Rand [16], who 
reported that low doses of propranolol decreased 
the blood pressure but high doses of propranolol 
failed to lower the blood pressure. Without affecting 
the blood pressure, propranolol decreased prolyl 
hydroxylase activity in blood vessels of rats in vivo. 
Increased prolyl hydroxylase activity in hypertensive 
rats was more susceptible to propranolol than that 
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in normotensives. Moreover, the inhibition which 
was observed to be more potent in mesenteric artery 
than in aorta may be due to the route of the admin- 
istration of propranolol. 

We have previously reported that the vascular 
prolyl hydroxylase activity is increased in hyperten- 
sive rats [3,4]. Increased activity is decreased by 
reserpine or guanethidine, concomitant with the 
decrease in the blood pressure [5, 6]. The effect of 
propranolol on prolyl hydroxylase activity, however, 
did not associate with the change in the blood pres- 
sure. Mylecharane and Raper [20] showed that 
propranolol had a typical but weak guanethidine- 
like effect in the isolated tissue. But reserpine or 
guanethidine did not inhibit prolyl hydroxylase 
activity in vitro [5,6]. From those, it is concluded 
that the mode of action of propranolol inhibiting 
prolyl hydroxylase activity is a different mechanism 
to that of reserpine or guanethidine which is related 
to the lowering of blood pressure but acts at the site 
of action where oxygen interacts with cofactors, as 
shown by in vitro experiments. 
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Abstract—Some commonly used drugs were tested for an effect on vitamin Bg function in Lister Hooded 
rats. An increase in urinary xanthurenic acid excretion after a tryptophan load was used as an indicator 
of impaired vitamin Bg function. DL-Penicillamine, hydrallazine and phenelzine produced increases in 
xanthurenic acid excretion, and these were reversed by concomitant treatment of the animals with 
pyridoxine hydrochloride. DL-Penicillamine was the only drug which lowered the liver pyridoxal-5’- 
phosphate (PLP) content of these rats. DL-Penicillamine did not inhibit kynurenine aminotransferase 
(KAT) in vitro, whilst hydrallazine and phenelzine both inhibited the enzyme non-competitively with 
respect to the substrate. Hydrallazine produced mixed inhibition of KAT with respect to PLP; inhibition 
by phenelzine increased as the PLP concentration increased, indicating that the hydrazone formed 
between phenelzine and PLP was a more potent inhibitor of KAT than phenelzine itself. Isonicotinic 
acid hydrazide and its metabolites did not increase the xanthurenic acid excretion of tryptophan-loaded 
rats, and they were weak inhibitors of tryptophan pyrrolase in vitro. It is suggested that drugs may 
impair the normal function of vitamin B, by reducing tissue PLP levels, either through chemical reaction 
between drug and PLP or by inhibition of PLP synthesis. Drugs may also inhibit PLP-dependent 
enzymes without affecting systemic PLP levels. 


Certain drugs interfere with the normal function of 
vitamin B, both in man and laboratory animals. For 
example, penicillamine [1-3], isonicotinic acid 
hydrazide (INH) [4], oral contraceptives [5, 6], 


hydrallazine [7] and cycloserine [8] have been 
reported to prevent the formation of pyridoxal-5’- 
phosphate (PLP) or to inhibit PLP-dependent 
enzymes, although the mechanisms underlying these 
actions have not been completely elucidated. Thus 
long-term therapy with such drugs may produce a 
vitamin B, deficiency, or may exacerbate an already 
existing, though unsuspected, vitamin B, deficiency. 


We have therefore examined some commonly used 
drugs for their ability to interfere with vitamin B, 
function. The drugs were chosen on the basis of two 
criteria; either (a) their chemical structure suggested 
that they would react with PLP, or (b) many patients 
receiving them had shown symptoms of peripheral 
neuropathy or paraesthesia [9], adverse reactions 
which are frequently associated with vitamin By, 
deficiency [10]. 

Tryptophan metabolism has been extensively used 
in the detection of abnormalities of vitamin B, func- 
tion, as it involves several PLP-dependent enzymes 


PLP 


5-Hydroxytryptophan ————————» 5-Hydroxytryptamine 


PLP Kynurenine 


Anthranilic Acid mm 


(4) 


5-Hydroxyindole 
Acetic Acid 


Kynurenic Acid 


3-Hydroxykynurenine 


PLP 
(1) 


3-Hydroxyanthranilic 
Acid 


| 


Nicotinic Acid 


Xanthurenic Acid 


Fig. 1. Principal pathways of tryptophan metabolism showing the steps which require pyridoxal-5’- 
phosphate (PLP) as coenzyme. (1) Cytoplasmic kynureninase; (2) cytoplasmic kynurenine aminotrans- 
ferase (KAT); (3) mitochondrial kynurenine aminotransferase; (4) aromatic L-amino acid decarboxylase. 
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(Fig. 1). In vitamin B, deficiency, for example, uri- 
nary xanthurenic acid excretion of man and labora- 
tory animals is increased after a loading dose of L- 
tryptophan [11,30]. At first sight this observation 
seems paradoxical as xanthurenic acid is formed from 
3-hydroxykynurenine by the enzyme kynurenine 
aminotransferase (KAT; L-kynurenine 2-oxoglutar- 
ate aminotransferase, EC 2.6.1.7) which is itself 
PLP-dependent (Fig. 1). Thus one would expect 
xanthurenic acid excretion to decrease rather than 
increase in vitamin B, deficiency. However, the other 
PLP-dependent enzymes involved in tryptophan 
metabolism (Fig. 1) occur in cytoplasm and are read- 
ily depleted of their coenzyme. The KAT, on the 
other hand, is located in mitochondria where it is 
protected from such depletion. The steps leading to 
kynurenic acid, anthranilic acid and 3-hydroxyan- 
thranilic acid (Fig. 1) are therefore inhibited. More 
3-hydroxykynurenine is thus available as substrate 
for the mitochondrial KAT, and this results in the 
increased formation and excretion of xanthurenic 
acid [12, 13]. 

The purpose of this study has been to examine the 
urine of drug-treated, tryptophan-loaded rats for an 
increase in xanthurenic acid content, and to ascertain 
whether such an increase could be reversed by con- 
comitant treatment of the rats with pyridoxine. In 
addition, the liver PLP content of the drug-treated 
rats has been measured to determine if this par- 
ameter varies in parallel with changes in xanthurenic 
acid excretion. Finally, in order further to elucidate 
the mechanism of action of these drugs on a typical 
PLP-dependent enzyme of tryptophan metabolism, 
their effect has been studied in vitro on a partially 
purified preparation of KAT. 


MATERIALS AND METHODS 


Materials. The sources of the drugs used were as 
follows: DL-penicillamine, D-cycloserine, indometh- 
acin, oxytetracycline and nalidixic acid (Sigma 
Chemical Co. Ltd.); nitrofurantoin (Biorex Labora- 
tories); metronidazole (May & Baker Ltd.); etham- 
butol (Lederle Laboratories); ethionamide (May & 
Baker, Ltd.); hydrallazine (Ciba Laboratories Ltd.); 
phenelzine (William R. Warner Ltd.); INH and 
monoacetylhydrazine (Koch-Light Laboratories); 
ampicillin (Beecham Research Laboratories); pro- 
cainamide (Roche Products Ltd.); phenytoin (Parke- 
Davis Ltd.). Acetylisonicotinic acid hydrazide was 
prepared by acetylation of isonicotinic acid hydrazide 
as described by Fox and Gibas [29] and converted 
to the hydrochloride, m.p. 220—222°. 

Xanthurenic acid, PLP, t-kynurenine, a-oxoglu- 
tarate and kynurenic acid were obtained from Sigma 
Chemical Co. Ltd., L-tyrosine from British Drug 
Houses Ltd., Dowex 50W-X4 resin, H* form (100- 
200 mesh) from BioRad Laboratories and NCS from 
-G.D. Searle Ltd. L-1-[C]tyrosine (sp. act. 
59 mCi/mmole was obtained from the Radiochemical 
Centre, Amersham. 

Tyrosine decarboxylase apoenzyme of Streptococ- 
cus faecalis was obtained from Sigma Chemical Co. 
Ltd. It was found necessary to remove residual PLP 
from the enzyme before use by dialysis overnight 
with several litres of 0.01 M semicarbazide in 0.01 M 
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acetate buffer, pH 6.5, at 0°. The semicarbazide was 
then eliminated by dialysis overnight against 0.01 M 
acetate buffer, pH 5.5. All other chemicals used were 
of Analar grade. 

Lister Hooded rats were obtained from OLAC 
Ltd., Bicester, Oxon, preliminary studies (unpub- 
lished) having confirmed an earlier report by Hope 
[31] that this strain is more susceptible than the 
Wistar strain to Vitamin B, deficiency. 

Screening of drugs for effect on tryptophan metab- 
olism. Groups of 4 male Lister Hooded rats (weight 
100 g) were orally dosed with 40 mg L-tryptophan 
(dissolved in 5 ml water). From each group a pooled 
24-hr urine sample was collected. The rats were then 
treated for 14 days by i.p. injection with the drug 
under test, a control group receiving the vehicle, 
either saline or arachis oil. They were then orally 
dosed as before with L-tryptophan, and a second 24- 
hr urine sample was collected from each group. 

Xanthurenic acid was separated from the urine by 
ion-exchange chromatography according to the 
method of Satoh and Price [14] as modified by Heely 
[15] for use with small volumes of urine. The xan- 
thurenic acid was then determined using an Aminco— 
Bowman spectrophotofluorimeter with slit arrange- 
ment 5, activation at 370nm and fluorescence at 
530nm. Urinary creatinine was measured using 
Jaffe’s reaction as described by Owens et al. [16]. 
Xanthurenic acid excretion was expressed as pg 
excreted/mg creatinine. 

Experiments in which increased xanthurenic acid 
excretion occurred were repeated, an additional 
group of rats being included which received the drug 
together with pyridoxine hydrochloride (1 mg/day by 
i.p. injection). 

Measurement of PLP in the livers of drug-treated 
rats. After the second 24-hr urine collection 
described above the rats were killed by cervical dis- 
location; their livers were then quickly removed and 
placed on ice. After extraction with metaphosphoric 
acid by the method of Bhagavan et al. [17], PLP was 
measured using the PLP-dependent enzymatic 
decarboxylation of L-1-['*C]tyrosine as described by 
Bhagavan et al. [18], the "CO, formed being then 
trapped and determined by the method of Mole and 
Shepherd [19]. 

Inhibition of KAT. KAT, partially purified from 
rat kidney by the method of Mason [20], was meas- 
ured as described by Kilgallon and Shepherd [21] 
using L-kynurenine as substrate. The concentration 
of a-oxoglutarate was kept constant at 0.15 M, whilst 
the concentrations of PLP and L-kynurenine were 
varied (Fig. 2). A single enzyme preparation was 
used for ali the assays. The velocity of the reaction 
was expressed as umoles kynurenic acid formed dur- 
ing a 30-min incubation. 

The data were plotted according to the method 
of Lineweaver and Burk [22], and the inhibitor con- 
stant K; for each drug was calculated using the 
formula: 


1 1 
intercept on ordinate = (1 + f). 


max 


Measurement of tryptophan pyrrolase activity. The 
method was that of Knox et al. [32] with methaemo- 
globiri as cofactor. A rat was pretreated with an i.p. 
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Table 1. Effects of drugs on vitamin B, function 





Drug 


No. of reports of 
side effects in man* 


Reaction 
with PLP 


Xanthurenic acid excretion in ratt 


Dose of drugt 


Untreated 


Drug-treated 





INH 

Acetyl-INH 
Monoacetylhydrazine 
1, 2-Diacetylhydrazine 
DL-Penicillamine 
Phenelzine 
Hydrallazine 
Indomethacin 
Ampicillin 
Procarbazine 
Metronidazole 
Nitrofurantoin 
Oxytetracycline 
Procainamide 
D-Cycloserine 
Ethambutol 
Ethionamide 
Phenytoin 

Nalidixic acid 


82 


14 
26 


bt+lt++i ti + 


iy e+ 1 


100 
130 
30 
45 
100 
15 
30 
10 
50 
200 
100 
50 
150 
200 
200 
100 
150 
100 
150 


137 
123 
97 
80 
77 
74 
111 
46 
94 
164 
182 
185 
63 
54 
40 
76 
51 
68 
107 


30 
13 
16 
47 





* Number of patients showing paraesthesia and neuropathy in period 1968-1978 [7]. 
+ ug Xanthurenic acid per mg urinary creatinine after oral load of 40 mg L-tryptophan. 
+ mg per kg given i.p. twice daily, 4 dose at 9 a.m., § dose at 5 p.m. 


injection of hydrocortisone acetate (25 mg/kg) to 
increase the pyrrolase content of the liver [32]. After 
Shr the rat was killed by cervical dislocation; the 
liver was quickly removed, washed, blotted and 
placed on ice. The liver was homogenized with 
0.14M KCl in 0.2 M phosphate buffer, pH 7.0. to 
give a 25% homogenate which was centrifuged for 
1 hr at 100,000 g in a Beckman ultracentrifuge. The 
supernatant fraction was used for the enzyme assay. 

The incubation mixture consisted of 0.2 ml super- 
natant; 0.7 ml 0.2 M phosphate buffer, pH 7.0;0.5 ml 
methaemoglobin (0.8 mg/ml water); 0.1 ml 0.3M 
ascorbic acid in water; 1.3 ml water; 0.2 ml 0.05 M 
L-tryptophan in water. The reaction was started by 
adding the substrate L-tryptophan. 

The reaction was followed for 45 min in a recording 
spectrophotometer at 25° and 360 nm (the absorption 
maximum for the kynurenine produced). The ref- 
erence solution consisted of the complete incubation 
mixture with the L-tryptophan solution replaced by 
water. When the effect of inhibitors was studied, 
1 ml water in the incubation medium was replaced 
by 1 ml of an aqueous solution of the inhibitor. The 


amount of product formed and hence the percentage 
inhibition of the enzyme reaction were calculated 
from the absorbance of a standard kynurenine 
solution. 

Chemical reactions between drugs and PLP. The 
ability of the drugs to react with PLP in vitro was 
assessed spectrophotometrically as described by 
Mole and Shepherd [19]. The results are recorded 
in Table 1. 


RESULTS 


Of the drugs screened by the tryptophan load test 
for effects on vitamin B, function, DL-penicillamine, 
hydrallazine and phenelzine caused increased xan- 
thurenic acid excretion in the rat (Table 1). These 
increases were reversed by concomitant treatment 
of the animals with pyridoxine (Table 2). Of these 
three drugs, only pL-penicillamine lowered the PLP 
level in rat liver (Table 3). 

DL-Penicillamine at concentrations up to 0.1 mM 
did not inhibit partially-purified KAT. Phenelzine 


Table 2. Reversal by pyridoxine. of the drug induced increase in xanthurenic acid excretion 
of tryptophan-loaded rats 





Xanthurenic acid excretiont 


* 


Drug 


No pyridoxine 


With pyridoxine 


Untreated 


Drug-treated 


Untreated 


Drug-treated 





Control 


63 


DL-Penicillamine 78 


Phenelzine 
Hydrallazine 


74 
74 


52 
339 
253 
256 


77 
106 
57 
81 


65 
124 
73 
105 





* Doses as stated in Table 1. 
+ ug Xanthurenic acid per mg urinary creatinine after oral load of 40 mg L-tryptophan. 
¢ Pyridoxine hydrochloride, 1 mg per rat per day, given i.p. 
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Table 3. Liver PLP content of drug-treated rats 





ug PLP per g liver (mean + SEM) 


Drug* No pyridoxine With pyridoxine 





3.73 + 0.63 
3.08 + 0.23 
4.03 + 0.43 
3.21 + 0.41 


3.95 + 0.29 
1.44 + 0.12¢ 
4.69 + 0.65 
3.93 + 0.47 


Control 
DL-Penicillamine 
Hydrallazine 
Phenelzine 





* Doses as stated in Table 1. 
+ 4 animals in each group. 
¢ 0.002 > P > 0.002. t = 7.56. 


and hydrallazine each inhibited the enzyme non- 
competitively with respect to substrate (Fig. 2a and 
2b), the K; values being 0.05 and 0.1 mM, respec- 
tively. When the PLP concentration was varied and 
the L-kynurenine concentration kept constant at 
0.01 mM, hydrallazine produced mixed inhibition 
(Fig. 2c); under these conditions phenelzine caused 
increased inhibition with increasing coenzyme con- 
centration (Fig. 2d). 

Monoacetylhydrazine was the most potent of INH 
and its metabolites as an inhibitor of tryptophan 
pyrrolase, but the inhibition was of a low order 
(Table 4). 


DISCUSSION 


Of the drugs listed in Table 1, DL-penicillamine, 
hydrallazine and phenelzine produced a biochemical 
deficiency of vitamin B, in rats, this being assessed 
by the increased urinary xanthurenic acid excretion 





OF 


1 
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on tryptophan loading. The effect of the three drugs 
was reversed by concomitant treatment of the ani- 
mals with pyridoxine (Table 2). No increase of xan- 
thurenic acid excretion occurred in any of the control 
animals receiving the injection vehicle, i.e. either 
saline or arachis oil. 

Penicillamine is already known to cause increased 
excretion of xanthurenic acid in tryptophan-loaded 
rats of other strains [25, 30]. The drug produced a 
highly significant reduction in the PLP content of the 
rat liver (Table 3). These effects are consistent with 
the depletion of PLP by penicillamine with which it 
reacts rapidly to form a thiazolidine derivative [30]. 

Hydrallazine caused an increase (Table 1), reversi- 
ble by pyridoxine, (Table 2), in the xanthurenic acid 
excretion of tryptophan-loaded rats, but it did not 
lower liver PLP levels (Table 3). In man hydrallazine 
causes peripheral neuropathy and_ produces 
increased xanthurenic acid excretion after trypto- 
phan loading; both of these effects are reversed by 
pyridoxine [28], and they have been assumed to be 
due to inactivation of PLP by its chemical reaction 
with hydrallazine to form the hydrazone. However, 
the failure of hydrallazine to lower PLP levels in the 
liver of rats suggests that other mechanisms may be 
involved. 

Phenelzine reacted with PLP to form the hydra- 
zone (Table 1), and it produced an increase, reversi- 
ble by pyridoxine (Table 2), in the xanthurenic acid 
excretion of tryptophan-loaded rats. However, it did 
not lower the PLP content of the liver (Table 3). 
There are very few reports of peripheral neuropathy 
produced by phenelzine in man (Table 1); presum- 
ably this is because the therapeutic dose of this drug 
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Fig. 2. Double reciprocal plots for the inhibition of rat kidney KAT by hydrallazine and phenelzine. 
(a) and (b) with L-kynurenine as substrate at a constant PLP concentration of 40 uM. (c) and (d) with 
varying PLP concentration at a constant L-kynurenine concentration of 1.0 mM. 

: No inhibitor. 

: 10 uM hydrallazine. 
: 100 uM hydrallazine. 
: 10 uM pheneizine. 

: 100 uM phenelzine. 
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Table 4. Per cent inhibition of tryptophan pyrrolase by isonicotinic acid hydrazide 
(INH) and derivatives in vitro* 





Inhibitor 


concentration (M) INH 


Acetyl-INH 


Inhibitor 
Monoacetylhydrazine 





107? 
1073 
10~* 
1075 
107° 


28 45 
22 29 
0 15 
0 17 
0 17 





* L-Tryptophan concentration 3 x 107° M. 


determinations. 


is relatively low compared with that of penicillamine 
or hydrallazine. Phenelzine has not previously been 
reported to cause increased excretion of xanthurenic 
acid in man or the rat. 

D-Cycloserine did not cause increased xanthurenic 
acid excretion in our rats; however, the L- and DL- 
forms have been reported as causing other symptoms 
of vitamin B, deficiency in man and the rat [8, 23], 
while D-cycloserine inhibits rat kidney KAT in vitro 
[24]. It is possible, therefore, that, as found with the 
stereoisomers of penicillamine [1, 25], the D-isomer 
of cycloserine is less potent than the L-isomer as an 
antagonist of vitamin B, function. 

Our procarbazine-treated rats did not show 
increased xanthurenic acid excretion on tryptophan 
loading. Nevertheless, it is known that procarbazine 
lowers the plasma level of PLP in mice, and its 
neurological toxic effects in the mouse and man are 
consistent with an impairment of PLP function [26]. 

The failure of INH to increase xanthurenic acid 
excretion in rats confirms an earlier report [27]. 
However, INH produces pyridoxine-responsive neu- 
ropathy accompanied by an increase in urinary xan- 
thurenic acid after a tryptophan load in man [4, 33]. 
INH is metabolized in man to monoacetylhydrazine 
and acetyl-INH [34], but in the rat INH is not ace- 
tylated and so does not form these metabolites [33]. 
Of the two metabolites monacetylhydrazine inacti- 
vates PLP by reacting with it in vitro to form the 
hydrazone (Table 1). However, monoacetylhydra- 
zine and acetyl-INH, like INH itself, did not increase 
the xanthurenic acid excretion of tryptophan-loaded 
rats (Table 1). The different effects of INH in man 
and the rat cannot therefore be attributed to the 
different routes of metabolism of this drug in these 
species. 

It is possible that INH or its metabolites could 
cause depletion of vitamin B, and, at the same time, 
inhibit tryptophan pyrrolase, the first enzymic step 
in the metabolic pathway from tryptophan to xan- 
thurenic acid (Fig. 1). This inhibition of the pyrrolase 
would then prevent the overloading of subsequent 
PLP-dependent steps which is the basis of the tryp- 
tophan load test, and it would consequently prevent 
the increase in xanthurenic acid excretion which 
would otherwise be observed. However, INH and 
its metabolites were insufficiently potent as inhibi- 
tors of rat liver tryptophan pyrrolase in vitro (Table 
4) to produce significant inhibition of the enzyme in 
vivo. 


All results are the mean of duplicate 


These results suggest that the different suscepti- 
bility of man and the rat to INH-induced B,-defi- 
ciency and increased xanthurenic acid excretion on 
tryptophan loading arises from differences in the 
metabolism of tryptophan or PLP in these species 
rather than from differences in their metabolism of 
the drug. Further evidence for this is that human 
subjects who are slow acetylators of INH are par- 
ticularly susceptible to pyridoxine-responsive peri- 
pheral neuropathy [10]. Dogs are also poor acety- 
lators of hydrazines [35], and when treated with INH 
they show increased urinary excretion of xanthurenic 
acid after tryptophan loading [36]. In these species, 
therefore, the increased excretion of xanthurenic 
acid is due to the INH itself and not to its metabolites. 

Hydrallazine (Fig. 2a) and phenelzine (Fig. 2b) 
each inhibited KAT non-competitively with respect 
to substrate. Hydrallazine produced mixed inhibition 
with respect to PLP (Fig. 2c), while the inhibition 
produced by phenelzine increased with increasing 
coenzyme concentration (Fig. 2d). Thus these inhibi- 
tors appear to influence the binding of PLP by the 
enzyme. In particular, the hydrazone formed 
between PLP and phenelzine is more potent than 
phenelzine itself as an inhibitor of KAT. 

The results of this study suggest that drugs may 
interfere with vitamin B, function in at least two 
ways: (a) by lowering the concentration of functional 
PLP owing to chemical inactivation, or to inhibition 
of PLP synthesis, by the drug; (b) through an inhi- 
bition of PLP-dependent enzymes which is not 
accompanied by changes in tissue PLP levels. Thus 
if PLP levels only were measured, some drug- 
induced effects on PLP-dependent pathways could 
be overlooked. Moreover, species differences may 
occur in tryptophan metabolism, and different 
metabolic pathways may have different sensitivities 
to PLP deficiency. 

While the tryptophan load test in rats is undoubt- 
edly a useful preliminary screen for drug-induced 
vitamin Bg, deficiency, it does not provide a reliable 
guide as to whether a particular drug will produce 
a similar deficiency in man. As far as possible, there- 
fore, the tryptophan load test in drug-treated rats 
should be repeated in patients receiving the same 
drug. 
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SHORT COMMUNICATIONS 


Effect of cadmium acetate on the uptake and degradation of formaldehyde-treated 
'25]-Jabelled human serum albumin in rat liver non-parenchymal cells in vitro 


(Received 19 November 1979; accepted 4 July 1980) 


Denatured '*I-labelled human serum albumin ('*°I-HSA) 
is widely used in the study of endocytosis in mammalian 
cells. Mego [1] demonstrated that in mouse liver '“I-HSA 
is endocytosed and then degraded by hepatic secondary 
lysosomes. 

In the rat liver, '“I-HSA is preferentially taken up and 
degraded by non-parenchymal cells (NPC), as demon- 
strated by Nilsson and Berg [2]. This work suggested a 
system for in vitro studies of the uptake and degradation 
of '*I-HSA in rat liver NPC. 

Earlier investigations indicated that the cadmium ion 
stabilizes lysosomal membranes [3]. Following the fate of 
'25}-HSA in mouse liver particles, Mego and Cain [4] pro- 
posed that the metal ion interferes with the formation of 
the primary lysosomes, and hence inhibits proteolysis. 

Using a minor modification of the method developed by 
Nilsson and Berg [2], one can assess for the total amount 
of 'I-HSA endocytosed but not degraded, as well as the 
total amount of '*I-HSA degraded by suspended rat liver 
NPC. This procedure is used here to study the effect of 
cadmium acetate (Cd’*) on the uptake and degradation of 
1251-HSA in vitro. 


Materials and methods 

Animals. Male Wistar rats, weighing about 200 g, were 
used. The animals were fed standard food pellets 
(Mgliesentralen I/S, Oslo, Norway) and water ad lib. 

Chemicals. Collagenase (type 1) and bovine serum albu- 
min (fraction V) were from Sigma Chemical Co. (St. Louis, 
MO, U.S.A.). '*I-labelled human serum albumin (sp. 
act. 0.4 mCi/ml) was prepared by the Instutt for Atome- 
nergi (Kjeller, Norway). The native 25} labelled human 
serum albumin was denaturated by treatment with 20% 
formaldehyde in the presence of 0.2 M carbonate buffer 
[5]. The denaturated '°I-HSA was dialysed against 
0.9% NaCl overnight before use. Phthalic acid-bis-3, 5, 5- 
trimethylhexylester (‘dinonyl’-phthalate) and phthalic acid- 
dibutylester (dibutyl-phthalate) were from Fluka (Switz- 
erland). Ail other reagents were analytical grade. 

Preparation of liver cells. Liver cells were prepared by 
collagenase-perfusion of the liver [6, 7]. The liver cells were 
suspended in an ice-cold HEPES-buffered incubation 
medium containing 2% (w/v) bovine serum albumin to 
prevent aggregation of the liver cells, as described else- 
where [2]. 

Purification of NPC. The hepatocytes were sedimented 
by slow speed centrifugation in a Sorvall centrifuge, accord- 
ing to the procedure of Nilsson and Berg [2]. 

*51-HSA_as a tracer for uptake and degradation. Non- 
degraded '*°I-HSA was precipitated in ice cold trichloro- 
acetic acid (TCA) at a final concentration of 5% (w/v). 

Radioactivity measurements were carried out on a Pack- 
ard auto gamma spectrometer (Packard Instruments Co., 
Downers Grove, IL, U.S.A.). 

Uptake and degradation of ‘*I-HSA in vitro. Suspensions 
containing, respectively, 2, 20, 200 and 2000 uM Cd?* and 
one control were incubated at 37° in a shaking incubator 
(Heto, Denmark). The concentration of NPC was adjusted 
to about 5 x 10° cells/ml of cell suspension. 

To all suspensions '~I-HSA (final concentration: 
1.9 ug/ml) was added 10 min after the addition of CF”. 


The concentration of '*I-HSA was determined by the 
method of Lowry et al. [8]. 

Samples of 500 ul were taken from the suspensions at 
chosen time intervals. The samples were placed on top of 
a mixture of ‘dinonyl’-phthalate and dibutyl-phthalate (1 : 3) 
in a 1.5 ml centrifugation tube, and centrifuged at 7000 rpm 
for 1 min in a Beckman microfuge B. As demonstrated 
‘arlier, the NPC sediment through this oil mixture, while 
the medium remains at the surface [2]. After centrifugation, 
the bottom of the centrifugation tube, containing the sedi- 
mented NPC, was cut off (P), and 250 ul of the medium 
above the oil mixture was carefully pipetted off (S). To 
both samples ice-cold TCA was added to a final concen- 
tration of 5% (w/v). This procedure yielded information 
on the following parameters: 

'251-HSA in the medium which is not degraded and not 
bound to the NPC (i.e. acid precipitable radioactivity in 
the sample above the oil mixture: S$ | ). 

!25-HSA which is bound to the NPC, but not degraded 
(i.e. acid precipitable radioactivity in the sample below the 
oil mixture: P | ). 

!251_HSA which is bound to the NPC, and degraded (i.e. 
acid soluble radioactivity in the sample below the oil mix- 
ture: Pf? ). 

'251-HSA which is degraded by the NPC and released 
into the medium (i.e. acid soluble radioactivity in the 
sample above the oil mixture: S f ). 

The following parameters were then calculated: 

Total amount of '**I-HSA degraded in vitro = St + Pf. 

Total amount of 'I-HSA taken up in vitro= 
St +Pft+Pl. 

The quantity of '251-HSA taken up and degraded in the 
suspensions containing Cd?*was expressed as per cent of 
the quantity of '~I-HSA taken up and degraded in the 
control. 

Effect of Cd?* on the degradation of ‘*1-HSA in vitro. 
A suspension of about 5 x 10° NPC/ml was preincubated 
for 30min with 3.8 ug 'I-HSA/ml of ceil suspension. 
Thereafter, the '~I-HSA was washed out at 0° by three 
centrifugations for 3 min at 5000 gin a Sorvall centrifuge. 
The NPC, now suspended in a medium without ‘1-HSA, 
were divided into two fractions. To the one 20 uM Cd** 
was added, the other served as control. The degradation 
pattern was followed by observing the increase in acid 
soluble radioactivity with time during incubation at 37°. 
The acid soluble radioactivity liberated was expressed as 
per cent of the acid precipitable radioactivity contained in 
the cell suspension at the start of incubation with Cd**. 


Results and discussion 

When the effect of Cd?* on the uptake and degradation 
of '*I-HSA in vitro was studied, the recovery of ‘~I-HSA 
in the samples from the cell suspension yielded an average 
slightly above 100 per cent (104+1.7S.D.). This is 
expected, because no correction was made for the volume 
occupied by the cells in the samples placed on top of the 
oil mixture (see Materials and methods). 

Cd?* (20 and 200 uM) inhibited the uptake of 'I-HSA. 
This inhibition increased with increasing concentrations of 
Cd?* (Fig. 1). However, a biphasic effect of Cd’* on the 
uptake was observed, and at an extremely high concentra- 
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tion (2000 uM), Cd?* no longer seemed to have an inhibi- 
tory effect (Fig. 1). 

At concentrations from 20 to 2000 uM, Cd?* inhibited 
the degradation at an increasing rate with increasing con- 
centrations of the metal ion (Fig. 2). 

Preincubation with '“I-HSA followed by addition of 
20 uM Cd?* to the cell suspension decreased the liberation 
of acid soluble radioactivity (Fig. 3). Thus, the depression 
in degradation following addition of Cd**, appears to be 
more than just a consequence of a reduced endocytosis of 
'1-HSA. 

When Cd?* added was dissolved in 0.02 ml rat serum/ml 
of cell suspension to give a final concentration of 20 uM, 
no significant alteration in the effects of Cd** was seen 
(results not shown). The formation of a complex between 
Cd?* and a-globulins observed in rat plasma [9] thus does 
not seem to protect against the toxic effects of the metal 
ion. 

No decrease in cell-bound acid-precipitable radioactivity 
was observed when the NPC were incubated in the presence 
of 20 uM Cd?* at 0° (results not shown), suggesting that 
the inhibition of the uptake was not due to an inhibited 
binding of '251-HSA to cell surface receptors. 

Endocytic activity seems to demand energy [10]. Prior 
investigations have shown that Cd** uncouples the oxida- 
tive phosphorylation in vivo [11] and in vitro [12]. The 
inhibition of the '*I-HSA uptake by Cd?* may thus be 
caused by an uncoupling of the oxidative phosphorylation. 

An eariier investigation [4] had demonstrated that Cd** 
inhibits the degradation of ““I-HSA in mouse liver in vivo. 
As '*I-HSA is preferentially endocytosed by the NPC [2], 
it seems likely that the cadmium-induced inhibition of the 
'51-HSA degradation observed by Mego and Cain [4] is 
due to an effect of Cd’* on NPC. 

Mego and Cain proposed that Cd’* inhibited the for- 
mation of primary lysosomes [4]. However, such an inhi- 
bition could not explain the depressed degradation of '**I- 
HSA reported here. As seen from Fig. 3, degradation is 
inhibited almost immediately after the addition of 20 uM 
Cd**. If Cd** only interfered with formation of primary 
lysosomes, a depressed degradation would be expected to 
occur after a time lag following the addition of Cd**. A 
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Cd2*-CONCENTRATION — (uM) 
Fig. 1. Effect of Cd?* on the uptake of 'I-HSA in vitro. 
T he quantity of '°I-HSA taken up in the suspensions with 
Cd*" added is calculated as per cent of the quantity taken 
up in the control. (A) 15min incubation, (O) 30min 
incubation, (CJ) 60 min incubation. The figure represents 
one typical of three identical experiments, and each value 
represents the average of three samples. The errors in these 
experiments did not exceed + 10% S.D. 
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Cd2*-CONCENTRATION (pM) 


Fig. 2. Effect of Cd?* on the degradation of '*I-HSA in 
vitro. The quantity of '*I-HSA degraded in suspensions 
with Cd?* added is calculated as per cent of the quantity 
degraded in the control. (A) 15 min incubation, (O) 30 min 
incubation, (C1) 60 min incubation. The figure represents 
one typical of three identical experiments, and each value 
represents the average of three samples. The errors in these 
experiments did not exceed + 10% S.D. 
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Fig. 3. Degradation of '“I-HSA in vitro. 30 min of prein- 
cubation with '~I-HSA was followed by addition of 20 uM 
Cd?*, and the liberation of acid-soluble radioactivity with 
time was measured. The acid-soluble radioactivity thus 
liberated is calculated as per cent of the acid precipitable 
radioactivity contained in the cell suspension at the start 
of incubation with 20 uM Cd?*. The uncertainty is pre- 
sented as one standard deviation, calculated from three 
samples. The experiment was carried out in duplicate. 
(C) Suspension with 20 uM Cd**, (©) control. 
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more likely explaination might be that Cd?* at concentra- 
tions of 20 and 200 uM stabilized the lysosomal membrane, 
inhibiting the fusion between lysosomes and phagosomes 
[13], and hence proteolysis. Indeed, a stabilizing effect of 
Cd** on lysosomal membranes has been reported [3]. 

Degradation by lysosomes requires energy either for an 
ATP-driven proton pump necessary for the maintainance 
of the intralysosomal acidity [14-16], and/or, for other 
processes involved in the catabolic pathways [17]. Hence, 
uncoupling of the oxidative phosphorylation by Cd?* 
[11, 12] may also explain the observed inhibitory effect of 
Cd** on the degradation of '~I-HSA. 

Cd?* might also inhibit lysosmal proteases, but probably 
only at extremely high concentrations [4]. : 

In conclusion, the immediate inhibition of ‘~I-HSA 
degradation by Cd’* is most likely caused by a combination 
of membrane stabilization and inhibition of the oxidative 
phosphorylation. 

Drugs usually classified as membrane stabilizing agents 
can also labilize membranes in vitro at extremely high 
concentrations [18-21]. Accordingly, the observed stabil- 
ization of lysosomal membranes by Cd** [3] could at 
extremely high concentrations (2000 uM) be replaced by 
labilization. 

The experimental system described here should be a 
useful tool in the study of the endocytic and degradative 
activity of NPC. The number of drugs that may be used 
is large, and the conditions for in vitro incubation are 
readily controlled. 
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Effects of salicylate-copper complex on the metabolic activation in phagocytizing 
granulocytes 


(Received 6 December 1979; accepted 1 July 1980) 


The uptake of particles by human polymorphonuclear leu- 
cocytes (PMN) is associated with a strong increase in oxygen 
consumption [1-3] and with a concomitant generation of 
toxic oxygen metabolites such as superoxide anion (O3) 
[4], hydrogen peroxide (HO) [5] and hydroxy] free radical 
(OH’) [6]. Under normal conditions these toxic metabolites 
appear to promote the killing of bacteria in PMN [7, 8]. 
Moreover, immune complexes and aggregated immuno- 
globulin G also induce PMN to elaborate O3; and H,O, 
[9]. The question arises as to whether this phenomenon 
causes a major part of PMN-mediated tissue injury that 
occurs with inflammatien. Accordingly, a number of com- 
pounds endowed with anti-inflammatory activity interfere 
with the altered oxygen metabolism that accompanies the 
phagocytic process [12]. Recently, Sorenson [13] reported 
that salicylate-copper complex (Cu(II)-Sal,) has stronger 


anti-inflammatory activity than salicylate alone, which sug- 
gests that chelate might be the active form of the drug. In 
view of this it is of interest to obtain information about the 
effects of Cu(II)-Sal, on oxygen-dependent PMN metab- 
olism as compared with those induced by salicylate alone. 
We have therefore investigated the effects of salicylate and 
Cu(ITI)-Sal, on phagocytosis-induced PMN metabolic acti- 
vation (measured by zymosan-stimulated oxygen con- 
sumption, NBT reduction and iodination) compared to the 
effects of these compounds on the extent of phagocytosis 
(measured by the ingestion rate of Klebsiella pneumonie). 


Materials and methods 


Chemicals. Zymosan A from Saccharomyces cerevisae, 
nitroblue tetrazolium (NBT) and superoxide dismutase 
were obtained from Sigma Chemical Co., St. Louis, MO, 
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U.S.A. The Dextran was from Pharmacia, Uppsala, 
Sweden. Soluene-350 was from Packard Inst. Co., Downers 
Grove, IL, U.S.A. 

Apparatus. Copper content of the complex was measured 
with a Perkin-Elmer atomic absorption spectrophotometer 
model 300. Oxygen tension was determined polarograph- 
ically using a Gilson oxygraph equipped with a Clark elec- 
trode, from Yellow Springs Inst. 

Preparation of the copper complex. The complex was 
prepared as described in Ref. 14 with minor modifications. 
CuSO, solution (CuSO,, 5SH,O 12.5 g/200 ml water) was 
added to a sodium salicylate solution (16 g/100 ml water). 
After cooling for a few minutes in an ice bath, blue-green 
crystals were precipitated. The precipitate was removed 
and dissolved again in 50 ml boiling water. Recooling 
resulted in renewed crystallization of the complex. 
Measurement of the copper content of the complex by 
atomic absorption according to a standard assay procedure 
[15] indicated that there was one copper cation for every 
two molecules salicylates. 

Isolation of leucocytes. Human PMN were isolated from 
heparinized venous blood by sedimentation of .the eryth- 
rocytes using Dextran as previously described [16]. The 
final pellet was resuspended in calcium-free Krebs—Ringer 
phosphate buffer (KRP) pH 7.40 containing 5.5 mM glu- 
cose and 10% AB serum. Isolated cells were adjusted to 
a concentration of 10’ PMN/ml. Aliquots of this suspension 
were used in each experiment. 

Patients. The CGD patients were three males ranging in 
age from 2 to 7. The diagnosis of the X-linked CGD was 
established by measuring oxygen consumption and quan- 
titative NBT reduction in zymosan-stimulated PMN in the 
patients’ mothers. There was about a 50 per cent decrease 
as expected for X-linked CGD. 

PMN function tests. (1) Ingestion rate of bacteria was 
measured by a modified Mandell’s technique [17] as follows: 
Heat-killed non-virulent “C-labelled bacteria (Klebsiella 
pneumoniae) after opsonization in AB serum were selected 
by differential centrifugation. Low weight bacteria which 
did not sediment at 350 g x 8 min (4°) were suspended in 
KRP at a concentration of 2 x 10° bacteria/ml 0.5 ml of 
suspended PMN (5 x 10° cells/ml) and 0.5 ml of suspended 
bacteria (5 x 10’ bacteria/ml) were mixed in plastic tubes. 
Before (O’) and after tumbing the tubes (20 rpm) for 
10 min, the ingestion process was stopped in ice-cold acid- 
citrate—dextrose. Separation of non-ingested bacteria from 
the PMN was performed by three centrifugations and wash- 
ing at 150g x 6min. The cell pellets were dissolved with 
soluene-350 and counted in an Intertechnique (ABAC SL 
40) scintillation counter. The specific radioactivity of 
labelled bacteria was determined in each experiment so 
that the selective radioactivity could be directly converted 
‘to number of bacteria ingested by the PMN. The results 
were expressed in terms of bacteria associated per PMN 
in 10 min at 37°. 

(2) Oxygen consumption of zymosan-stimulated PMN 
was measured polarographically according to Kvarstein 
[18]. Incubation medium was composed of KRP, 5.5mM 
glucose, 10% AB serum and 10° PMN/ml. The results are 
expressed in nmoles of oxygen consumed per min and per 
10° PMN at 37°. 

(3) Zymosan-stimulated NBT reduction was measured 
according to Baehner and Nathan [19] except that cyanide 
was omitted. The incubation time was 15 min at 37° and 
the results were expressed in nmoles NBT reduced per min 
and per 10° PMN. 

(4) The iodination test was performed at 37° according 
to Pincus and Klebanoff as modified by Hakim er al. [16]. 
The incubation medium contained 10% AB serum and 
20 uM iodide in KRP. Incubation times were 0, 19 and 
20 min. The results, expressed in nmoles iodide converted 
to_a trichloracetic precipitable form per min and per 
10’ PMN, were the means of the results for both incubation 
times. 
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Treatment of PMN with Cu(II)-Sal,. Cu(I1)-Sal, dis- 
solved in dimethylsulfoxide (DMSO) was diluted in distilled 
water (1/50, v/v). This solution, containing various con- 
centrations of Cu(II)-Sal,, was added (2/100, v/v) to KRP, 
containing about 10° PMN/ml. After incubation, the PMN 
were centrifuged, washed, resuspended in KRP and 
counted again. Control experiment PMN were identically 
treated, except that Cu(II)-Sal, was not present in DMSO. 


Results 


Effects of Cu(I1)-Sal, complex and salicylate on the PMN 
zymosan stimulated oxygen consumption at various prein- 
cubation times. In phagocytizing PMN, the increase in 
oxygen consumption reflects the activation of the oxidative 
system which catalyses the reduction of molecular oxygen 
to O} and H,O) in the presence of NAD(P)H. There is 
a considerable evidence that this system is located in plasma 
and/or granule membranes of the cells (for general review 
see Ref. 20). Small hydrophobic molecules such as the 
Cu(II)-Sal, compiex may successfully reach the active site 
of the membrane-bound system. However, the time 
required for the complex to arrive at the active site of the 
system must be carefully taken into consideration in the 
experiments. Accordingly, preliminary investigations indi- 
cate that the preincubation times of PMN in a medium 
containing Cu(II)-Sal, complex is determinant in the 
development of the complex’s effect on the PMN metabolic 
response associated with phagocytosis. Results reported in 
Fig. 1 indicate that the addition of 50 uM of complex just 
before the addition of zymosan does not affect stimulated 
oxygen uptake, whereas increasing preincubation time 
results in a strong inhibition of stimulated oxygen uptake. 
Under similar experimental conditions, salicylate does not 
affect oxygen uptake. 

Effects of varying concentrations of Cu(11)—Sal, complex 
and salicylate on the PMN zymosan-induced metabolic 
activation. Besides oxygen consumption, quantitative NBT 
reduction and iodination are other tests widely used to 
determine the extent of metabolic activation associated 
with phagocytosis in PMN. Preincubation of PMN in the 
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Percent of the Controls 


Oxygen Consumption 








Pre-incubation Time _ (Min.) 

Fig. 1. Effect of the preincubation time of Cu(II)-Sal, and 
salicylate with PMN on the zymosan-stimulated oxygen 
consumption. Time 0 indicates that either Cu(II)-Sal, or 
salicylate was added to the medium just before the addition 
of zymosan. A——A indicates Cu(II)-Sa!, addition and 
A——A salicylate addition. All results were the mean + 
S.D. of six different experiments. Value of the control 
(100%) was 14.82 + 1.86 nmoles/min/10° PMN of oxygen 

consumed. 
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presence of various concentrations of Cu(II)-Sal, results 
in a strong inhibition of oxygen uptake, NBT reduction 
and iodination. Under similar conditions salicylate exhibits 
no effect. Experimental data shown in Fig. 2 show that the 
extent of inhibition is linear with respect to the Cu(II)-Sal, 
log. concentration for oxygen uptake and iodination 
whereas results shown in Fig. 3 show that the log. of NBT 
reduction is linear with respect to the Cu(II)-Sal, log. 
concentration, which indicates the highly inhibitory activity 
of the complex. If 1Dso is the concentration of the complex 
which reduces the biochemical response associated with 
phagocytosis by 50 per cent, the average of IDs is 25 uM 
for the inhibition of oxygen uptake, 40 uM for the inhibition 
of iodination and 9 uM for the inhibition of NBT reduction. 

Effects of varied concentrations of Cu(II)—Sal, complex 
and salicylate on phagocytosis. It is generally agreed that 
in normal phagocytizing PMN, the extent of metabolic 
activation depends on the number of particles engulfed 
(21, 22]. Thus, the inhibitory effect of Cu(II)-Sal, on zym- 
osan-stimulated oxygen uptake could be due to an inhi- 
bition of the phagocytic process. In order to test this pos- 
sibility, we have determined the ingestion rate of bacteria 
by PMN in experimental situations similar to those used 
for measuring the metabolic activation of the cells. Results 
of these experiments have indicated that neither Cu(II)- 
Sal, nor salicylate interferes with phagocytosis to any extent 
since the number of bacteria associated with PMN was 
found to be 6.8 + 2.6 (number of bacteria + S.D. associ- 
ated per PMN) in the control experiments, 7.8 + 1.4 in 
PMN preincubated 15 min in the presence of 100 uM sal- 
icylate and 6.0 + 2.3 in PMN preincubated 15 min in the 
presence of 100 uM Cu(II)-Sal). , 

PMN function tests in cytotoxic capability deficient cells. 
Under certain experimental conditions, as well as in various 
diseases, PMN fail to promote the killing of some bacteria. 
Such is the case when superoxide dismutase (SOD) is added 
to the assay media of functional tests [7] or when PMN are 
isolated from patients with chronic granulomatous disease 
(CGD), a hereditary disorder characterized by acute sus- 
ceptibility to infection [23,24]. PMN from patients with 
CGD effectively ingest microorganisms but their metabolic 
activation is deficient [25]. This abnormality results in an 
inability to kill bacteria and fungi [26]. In both cases, PMN 
can be considered toxic capability deficient cells. From the 
point of view of the present report, it is of interest to 
determine the engulfment of bacteria and the metabolic 
response associated with phagocytosis of PMN from 
patients with CGD or in the presence of exogenous SOD. 
Results summarized in Table I indicate that treatment of 
normal PMN with Cu(II)-Sal, creates a model of CGD 
whereas addition of SOD slightly affects the functional 
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tests of PMN. However, a significant inhibition of NBT 
reduction and oxygen consumption in the presence of SOD 
should be pointed out. The extent of inhibition of NBT 
reduction is consistent with an artifact as previously 
reported [27] while the apparent inhibition of oxygen con- 
sumption remains unexplained. 


Discussion 


Polymorphonuclear leucocytes are the predominant cells 
in the loci of inflammation and the release of toxic oxygen 
metabolites by these cells is one of the postulated causes 
of tissue damage at inflammatory sites [9-11]. There is 
evidence of the release of toxic oxygen metabolites from 
PMN during phagocytosis [4-6] as well as from cells stimu- 
lated by immune complexes [9]. In both cases, the gen- 
eration of toxic oxygen species is the result of an increase 
of the oxidative metabolism of the cells. The extent of this 
metabolic activation may be quantified with accuracy by 
measuring various parameters such as oxygen uptake, NBT 
reduction and iodination. These tests are considered good 
windows into the cytotoxic potential of these cells. Accord- 
ingly, PMN from patients with chronic granulomatous dis- 
ease who have acutely impaired bactericidal activity fail to 
increase oxygen consumption, NBT reduction and iodi- 
nation during phagocytosis. Experimental data reported in 
this paper show that PMN treated with Cu(II)-Sal, behave 
in a way similar to PMN in patients with CGD, i.e. normal 
phagocytizing activity associated with a defect in metabolic 
activation. In this case, it is reasonable to think that Cu(II)- 
Sal, complex sharply decreases the toxic potential of PMN, 
and that this phenomenon is responsible for the anti-inflam- 
matory activity of the complex. It is interesting to note that 
in similar experimental situations, salicylate exhibits no 
inhibitory effect on PMN metabolic activation. If a rela- 
tionship exists between the ability of anti-inflammatory 
drugs to inhibit the metabolism of PMN and their phar- 
macological properties, these results suggest that the copper 
chelate is in fact an active form of salicylate. However, it 
remains to be determined whether salicylate copper com- 
plex is found in vivo. The mechanism by which the complex 
affects the oxidative metabolism of the PMN is not eluci- 
dated. However, it must be pointed out that Cu(IT)-Sal, 
exhibits a scavenging effect on O; by a SOD-like activity 
[14]. This means that the complex may react with free 
O; as well as with oxygen carried in a superoxide state 
as observed in the superoxo-ferriheme structure (peroxi- 
dase—FelII-Oj of peroxidase) [28]. Moreover, this redox 
property indicates that the complex may react with various 
components of the electron transport chain, especially with 
a compound such as cytochrome b which was recently 
suggested to be involved in the oxidative metabolism of 


Table 1. Comparative studies of the functional activities of normal PMN under control conditions, 
in the presence of SOD, preincubated with Cu(II)-Sal, and the functional activities of PMN from 
patients with X-linked CGD* 





Ingestion rate 
of Klebsiella 


Oxygen 
uptake 


NBT 


reduction Iodination 





Control subjects 6.8 + 2.6 
Control subjects 
+ SOD 

Control subjects 
+Cu(II)-Sal, 
Patients 

with CGD 


y Bee ae 
5.9 + 3.0 


(9.4 +3.1)t 


14.82 + 1.86 
(11.20 + 2.01)+ 
(0.00)+ 


(0.00)+ 


1.78 + 0.36 15.80 + 4.60 


(1.42 + 0.20)+ 15.98 + 4.10 
(0.00)+ (1.60 + 0.32)+ 


(0.00)+ (0.00)+ 





* Where indicated, SOD was added at a concentration of 320 nM and Cu(II)-Sal, at a concentration 
of 100 uM with a 30 min preincubation. Except for the CGD PMN study, all results were the means + 


S.D. of six different experiments. 


+ Statistically significant values which differed from the controls within a 5% significance limit. 
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PMN [29]. SOD itself has been found to be anti-inflam- 
matory [10]. This property has been related to a scavenging 
effect on O3 and a protective effect against the autoxidation 
of stimulated PMN [11]. Our findings regarding the effect 
of SOD on the functional activity of PMN show that PMN 
behave quite differently in the presence of SOD as com- 
pared to PMN treated with Cu(II)-Sal,. This could mean 
that SOD, due to its relatively high molecular weight, 
remains outside the cells and does not interfere with the 
oxidative system’ of the cells, whereas the complex’s small 
size favours its permeability across biological membranes. 
Consequently it reaches the active site of the oxidative 
system of PMN. Observations concerning the lag time 
necessary for the complex to inhibit the respiratory burst 
in PMN support this assumption. An exact determination 
of the enzymatic system, sensitive to the inhibitory effect 
of the complex as well as its intracellular localization, will 
help to understand oxidative metabolism in PMN. 

In summary, phagocytosis-induced metabolic activation 
in human polymorphonuclear leucocytes has been found 
to be strongly inhibited by salicylate-copper complex 
(Cu(II)-Sal,) whereas under similar experimental condi- 
tions salicylate exhibits no effect. These results are in 
agreement with the hypothesis suggesting that copper che- 
late is an active form of the drug. 
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An impurity, N'°-methylfolate, associated with methotrexate inhibits folate 
binding in milk and serum 


(Received 1 February 1980; accepted 1 July 1980) 


High-affinity folate binding proteins are known to be pres- 
ent in milk, serum, leukocytes and various tissues [1]. The 
biological function of these binders is not fully understood, 
_but they may serve as transport or storage proteins for 
folates [1]. Of particular interest is the theoretical possibility 
that at least some of the pharmacological actions elicited 
by the antileukemic drug methotrexate may be ascribed to 
interference with the specific protein binding of naturally 
occurring folate derivatives. However, previous studies 
concerned with the effect of methotrexate on high-affinity 
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folate binding gave somewhat conflicting results, probably 
due to differences in the choice of method and concentra- 
tion of methotrexate. Thus, inhibition of folate binding by 
methotrexate was reported in milk [2-4], serum [2, 5], 
leukocyte lysates [6], intestinal and renal brush border 
membranes [7, 8], whereas other studies showed no inhi- 
bition either in hog kidney [9] or in leukocyte lysates 
[10, 11]. In the latter study [11] methotrexate was purified 
as described by Gallelli and Yokoyama [12]. 

The present study deals with the effect of methotrexate, 
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Fig. 1. Effect of folate analogues on high-affinity folate binding in cow’s milk. Unpurified methotrexate 

(@), purified methotrexate (™@), peak IV (A). The [>H]folate concentration used was that (10° M) 

required for saturation of binding. Each point represents the results of a single dialysis experiment in 

0.17 M Tris buffer (pH 7.4, 37°) with high-affinity folate binding protein. For isolation of binder, cf. 
Refs. [15 and 16]. 


Folate binding 
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Folate analogue log (M) 


Fig. 2. Effect of folate analogues on high-affinity folate binding in serum (for details and symbols, cf. 
Fig. 1). The [*H]folate concentration used was that (2 x 10~'°M) required for saturation of binding. 
For isolation of high-affinity folate binding protein, cf. Ref. [14]. 


purified and unpurified, on high-affinity folate binding in 
milk and serum. Binding experiments were performed over 
a wide range of potential inhibitor concentrations under 
standardised equilibrium conditions [13, 14]. 

PH]Folic acid with a specific activity of 5.0 or 20-41 
Ci/mmole was supplied by the Radiochemical Centre, 
Amersham, U.K. Methotrexate and N'°-methylfolate, both 
supplied by Lederle, were purified on a DEAE-Sepharose 
CL-6B (Pharmacia, Uppsala, Sweden) column 
(2.cm? x 40 cm) eluted with a linear gradient (0.1-0.4 M) 
of NH, HCO; (pH 8.3). In accordance with Gallelli and 
Yokoyama [12], who originally described the chromato- 


graphic procedure for purification of methotrexate, we 
observed four peaks in the elution pattern. A major peak, 
III (93%)* represented methotrexate, while impurities 
(decomposition or hydrolysis products) appeared as the 
peaks I, II and IV [12]. Peak IV (2-3%) was previously 
identified as N'°-methylfolate by Gallelli and Yokoyama 
[12]. In accordance with their findings most (93%) of 





* Concentrations of methotrexate (peak III) and impur- 
ities (peaks I, II and IV) were estimated from the absorp- 
tivity of each peak at 257 nm. 
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Fig. 3. Scatchard plot showing the effect of folate analogues on high-affinity folate binding in cow’s 
milk. For details, cf. Fig. 1. Control experiments (O). Experiments in the presence of purified 
methotrexate, 100 nM (@) or peak IV, 2nM (A). 


the N'°-methylfolate was found to elute at the position of 
peak IV. 

Methods for the isolation of high-affinity folate binding 
proteins in milk and serum developed in our laboratory are 
described in detail elsewhere [14-16]. [7H]Folate binding 
was studied in equilibrium dialysis experiments at 37° in 
0.17 M Tris buffer of pH 7.4, as reported elsewhere [13- 
16]. 

Folate binding in milk was studied in the presence of 
methotrexate (purified and unpurified), the impurities 
associated with methotrexate (the peaks I, II and IV) and 
N’°.methylfolate (identical to peak IV). As shown in Figure 
1, unpurified methotrexate was a weak inhibitor of folate 
binding, the molar methotrexate : folate ratio being 100: 1 
at 50 per cent inhibition. Furthermore, inhibition was not 
due to methotrexate itself since this drug in its purified 
form had virtually no inhibitory potency (metho- 
trexate : folate ratio exceeded 10* at 50 per cent inhibition), 
but to the impurity peak IV (3%), the molar ratio peak 
IV: folate being 1:1 at 50 per cent inhibition. The effect 
of N'°-methylfolate was indistinguishable from that of peak 
IV. The other impurities (the peaks I and II) did not inhibit 
folate binding. Parallel experiments on high-affinity folate 
binding in serum gave similar results (Fig. 2). 

We have previously shown that positive cooperativity, 
a typical characteristic of folate binding in milk, disappears 
in the presence of unpurified methotrexate (100 nM) which 
seemed to act as a competitive inhibitor of folate binding 
[3, 4]. These experiments were now repeated with purified 
methotrexate, the impurity, peak IV, and N’°-methylfolate. 
A Scatchard analysis of some of the binding data is shown 
in Fig. 3. Obviously, purified methotrexate (100 nM) had 
no inhibitory effect on folate binding which displayed pos- 
itive cooperativity as indicated by a downward concavity 
of the Scatchard plot also in the presence of this drug. 
However, at an estimated concentration of 2nM the 
impurity, peak IV, inhibited folate binding (Fig. 3). Curves 
from control experiments and experiments in presence of 
the impurity (peak IV) seemed to converge towards a 
common intersection point on the abscissa (maximum folate 
binding). The unaffected binding maximum in the presence 
of the impurity (peak IV) indicates that folate binding has 
changed to a simple non-cooperative type. The effect of 
N"®.methylfolate could not be distinguished from that of 
the impurity. 


In conclusion, purified methotrexate had no inhibitory 
effect on folate binding in milk serum, whereas the impurity 
N’°.methylfolate associated with methotrexate acted as a 
potent competitive inhibitor. Obviously, this finding inval- 
idates conclusions drawn from previous work with un- 
purified methotrexate. Furthermore, it has some interesting 
structure—activity implications which may be of great value 
in future studies on the molecular mechanisms of high- 
affinity folate binding. 
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Restriction of hexobarbital metabolism by t-butyl hydroperoxide in perfused rat 
liver 
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Hepatic monooxygenation reactions, catalysed by cyto- 
chrome P-450, can be supported by organic hydroperoxides 
as was found with isolated microsomal fractions [1-4]. 
Further, redox effects of organic hydroperoxides on 
NADH, NADPH and cytochrome b; have been described 
with such fractions [5-9]. The physiological or toxicological 
relevance of these effects in more complex experimental 
systems has so far not been studied extensively. 

Experiments with isolated hepatocytes [8] and with iso- 
lated perfused liver [10] revealed no effect of added t-butyl 
hydroperoxide on the steady state level of the cytochrome 
P-450-CO or cytochrome P-450-substrate complexes. In 
view of the substantial oxidation of NADPH to NADP* 
during the reduction of organic hydroperoxides by intact 
liver [11] the question arises whether added organic hydro- 
peroxide might be capable of supporting cytochrome P- 
450—-dependent drug oxidations in intact cells or organs. 

In the present work, the effect of t-butyl hydroperoxide 
on the metabolism of hexobarbital was studied in perfused 
livers from phenobarbital-pretreated rats. 


Materials and methods 


Hemoglobin-free liver perfusion. Livers from male Wistar 
rats, 130-190 g body weight, fed on stock diet (Altromin) 
and pretreated for at least 7 days with sodium phenobarbital 
(1 mg per ml of drinking water) were perfused as described 
previously [12]. The perfusion medium consisted of 115 mM 
NaCl, 5.9mM KCl, 1.2mM MgCl, 1.2mM NaH>PO,, 
1.2mM Na 2SO,, 2.5mM CaCl, 25mM NaHCO, and 
1.2mM L-lactate and 0.3 mM pyruvate (as sodium salts), 
equilibrated with O,/CO,(19/1, v/v). The temperature was 
maintained at 33°. The perfusion was non-recirculating 
(open system). Additions were made from stock solutions 
by means of precision micropumps into the perfusate 
entering the portal vein. 

Assays. The concentration in influent and in effluent 
perfusate was determined for t-butyl hydroperoxide [13], 
oxygen [12, 13] and hexobarbital ([14]; slightly modified as 
described in [15]). 

Chemicals. t-Butyl hydroperoxide was a gift from Peroxid 
Chemie, H6llriegelskreuth, Miinchen, and sodium hexo- 
barbital was a gift from Bayer, Leverkusen. All other 
chemicals were from Merck, Darmstadt, or Boehringer, 
Mannheim. 


Results and discussion 


Previous experiments had shown that the half-maximal 
effect for extra O) uptake upon infusion of hexobarbital 
was 59 uM [16]. Therefore, in the present work hexobar- 
bital concentrations of approx. 0.2 mM were employed. As 
shown in Fig. 1, the uptake of hexobarbital under such 
condition is about 0.2 umoles/min per gram of liver; it was 


0.21 + 0.02 umoles/min per gram (mean + S.E.M.) in 10 
different perfusions. The extra O, uptake was 2.01 + 
0.18 umoles O2 per umole of hexobarbital taken up, as 
determined in 7 different perfusions, similar to our previous 
results [16}. Since the extra O, uptake occurs also in the 
presence of antimycin A and is suppressed upon addition 
of 0.12mM metyrapone [16], it is attributable to the 
enhanced flux through the monooxygenase system. Thus, 
it is calculated that 4 umoles extra NADPH is utilized by 
the monooxygenase system per umole of hexobarbital 
metabolized. 

The infusion of t-butyl hydroperoxide leads to a sub- 
stantial decrease of the rate of hexobarbital metabolized 
(Fig. 1), concomitant with a decrease of O2 uptake by the 
liver (not shown). The effect is reversible. The extent of 
the restriction of hexobarbital metabolism increases with 
the rate of infusion of the hydroperoxide (Fig. 2). Since 
the addition of t-butyl hydroperoxide in the absence of 
hexobarbital also leads to a slight decrease in O2 uptake 
[11], the inhibitory effect on O, uptake in the present 
experiments may be of composite nature and, therefore, 
was not analysed further for the present purposes. The 
addition of t-butanol, the product of t-butyl hydroperoxide 
reduction, had no effect on O, uptake or on the NAD- 
(P)H-dependent fluorescence even at a high concentration 
of 2mM [11]. 
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Fig. 1. Reversible inhibition of hexobarbital metabolism 

by ¢-butyl hydroperoxide in perfused liver. Influent con- 

centrations were: sodium hexobarbital, 0.19 mM; :-butyl 
hydroperoxide (t-BOOH), 0.56 mM. 
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The data shown in Figs. 1 and 2 clearly demonstrate that 
the hydroperoxide has an inhibitory effect on the cyto- 
chrome P-450-linked drug oxidation system in the intact 
organ. This is interpreted as being due to the substantial 
oxidation of NADPH to NADP” during hydroperoxide 
reduction, an effect of the coupled reactions of GSH per- 
oxidase and GSSG reductase [10, 11, 13]. Under these con- 
ditions, the liver is capable of completely reducing the 
hydroperoxide in a single-pass as shown by the absence of 
detectable hydroperoxide in the effluent perfusate [13]. 
Therefore, in a first approximation the rate of infusion of 
the hydroperoxide shown in Fig. 2 may be equated to the 
rate of NADPH oxidation by GSSG reductase. Conse- 
quently, it can be deduced from Fig. 2 that a 25 per cent 
inhibition of hexobarbital metabolism is observed at a rate 
of NADPH utilization by GSSG reductase 1.7-fold the 
rate elicited by the metabolism of hexobarbital, assuming 
that the extra O, uptake during hexobarbital metabolism 
is fully accounted for by NADPH utilization (see above). 
Similarly, the number for 50 per cent inhibition, observed 
at 3 umoles hydroperoxide/min per gram, corresponds to 
6.3-fold the rate for the monooxygenase reaction (Fig. 2). 

Thus, it can be concluded from these experiments that 
externally added organic hydroperoxide has only a negli- 
gible role in supporting drug oxidation at the endoplasmic 
reticulum in the intact cell and, rather, leads to a net 
inhibition. The reason is twofold: (i) The steady state 
concentration of hydroperoxide is kept extremely low by 
the active GSH peroxidases (Se and non-Se dependent) in 
the cytosol, and (ii) interference with NADPH supply and 
concomitant rise in NADP” by virtue of GSSG reductase 
activity. 

However, that organic hydroperoxide is capable of reach- 
ing the membranes of the endoplasmic reticulum to some 
extent can be deduced from the observation in intact per- 
fused liver and isolated hepatocytes of a substantial oxi- 
dation of cytochrome b; [8]. A possible role of diversion 
of electron flow from NADH appears unlikely as the cyto- 
solic free NADH/NAD* was even slightly increased upon 
hydroperoxide addition, indicated by an increased lac- 
tate/pyruvate ratio [11]. 

The present work was carried out with externally added 
hydroperoxide, so that little can be said about endogenously 
generated hydroperoxides, e.g. lipid hydroperoxides. How- 
ever, the possibility of a considerable share of endogenous 
organic hydroperoxides in maintaining drug oxidations in 
liver can probably be discounted for their extremely low 
steady state production [17]. In specialized tissues with high 
rates of lipid hydroperoxide production, cooxidation of 
xenobiotics can occur. An example is the peroxidatic 
oxidation of benzo[a]pyrene to a mixture of quinones in 
sheep seminal vesicles, utilizing prostaglandin G) as the 
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Fig. 2. Dependence of the inhibition of hexobarbital uptake 

on the rate of infusion of t-butyl hydroperoxide. Each point 

represents the steady state value obtained in a separate 
perfusion. 
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hydroperoxide substrate [18], a reaction independent of 
electron flow through the cytochrome P-450 system. 

In summary, in isolated hemoglobin-free perfused rat 
liver, the metabolism of hexobarbital was reversibly 
decreased upon infusion of t-butyl hydroperoxide. Thus, 
although hydroperoxide-supported drug metabolism can 
be observed with microsomal fractions in vitro, there is a 
restriction of cytochrome P-450-dependent drug oxidation 
by added hydroperoxide in the intact organ. The effect is 
attributed to the maintenance of extremely low intracellular 
hydroperoxide concentrations and to the marked oxidation 
of NADPH to NADP* associated with hydroperoxide 
reduction, catalysed by GSH peroxidases and GSSG reduc- 
tase, respectively. 
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The angiotensin I converting enzyme (EC 3.4.15.1), also referred to as kininase II, 
activates angiotensin I by removing the C-terminal dipeptide his-leu to form angiotensin II, 
and inactivates bradykinin, again by removal of a C-terminal dipeptide, phe-arg (1). Erdos 
et al. (2) have demonstrated that the angiotensin I converting enzyme (ACE) from human 
umbilical cell cultures can also remove a C-terminal dipeptide from methionine enkephalin 
(met-enk) or leucine enkephalin (leu-enk), thus functioning as an enkephalinase; these 
authors have hypothesized that the opioid peptides may function as ACE inhibitors, thus 
metabolically linking the opioid peptides with the angiotensins and kinins. Benuck and Marks 
reported that ACE isolated from rabbit brain removed dipeptides from both met-enk and leu-enk; 
the hydrolysis of met-enk was competitively inhibited by the ACE inhibitor $Q14225 (3). 
Cheung et al. have recently reported the isolation of two distinct metallopeptidases from 
rat brain; both cleave C-terminal dipeptides from met-enk, leu-enk, angiotensin I, and the 
synthetic ACE substrate hip-his-leu. However, on the basis of differential activation by 
chloride ions and differential inhibition by the peptide SQ20881, these authors theorize that 
the brain contains both the classical ACE and a distinct, although very similar, 
enkephalinase activity (4). 

Arregui and Iversen have demonstrated that the opioid precursor g-lipotropin (g-LPH), 

a 91 amino acid pituitary peptide containing the sequences of g-endorphin (8-LPH: 61-91) and 


met-enk (8-LPH: 61-65), can competitively inhibit an ACE purified from human brain, with a 


calculated K,; of 0.78 uM. These authors were unable to demonstrate significant inhibition 


2 


of this enzyme preparation by g-endorphin, met-enk, or D-ala“-met-enk at concentrations up 
to 40 uM (5). 

We report that g-endorphin, met-enk, and leu-enk competitively inhibit the ACE from 
canine lung. 


METHODS AND MATERIALS 


Enzyme preparation. A particulate ACE fraction was prepared from canine lungs using the 





general methodology of Sander and Huggins (6). Fresh lungs were perfused free of blood 





*Present Address: Department of Medicine, Tulane University School of Medicine, 1430 Tulane 
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with iced saline, dissected free of hilar structures, homogenized in 50 mM Tris-HCl buffer 
(pH 7.4), and centrifuged at 2300 g for 30 min. The resulting supernatant fraction was 
centrifuged at 50,000 g for 30 min, and the pellet washed twice with the Tris buffer. The 
final pellet was resuspended in the Tris-HCl buffer and used as the source of ACE. Substrate 
hydrolysis by this fraction was chloride ion dependent and completely inhibited by both 
bradykinin’ (33.3 uM) and EDTA (16.7 uM), indicating that the hip-his-leu hydrolysis was due 
solely to ACE activity. 

(14 


ACE assay. C)Hip-his-leu (sp. act. 2-4 mCi/mmole), obtained from the New England 


Nuclear Corp. (Boston, MA), was used as ACE substrate in all experiments; no unlabeled 


substrate was added. All reagents were made up in the assay buffer, which was 50 mM Tris-HCl 


(pH’7.5, 0.3 M NaCl). Each reaction mixture consisted of 10 yl of enzyme preparation (con- 
taining 48 ug protein), appropriate substrate and opioid concentrations, and buffer to a final 
volume of 300 pl. All components of the reaction mixture were preincubated at 37° for 30 min, 
and the reactions initiated by addition of substrate to the enzyme-inhibitor mixture. 
Reactions were run for 30 min at 37°, and then stopped by addition of 1.0 ml of 0.1 N HCl. 
One ml of ethyl acetate was added to each tube, and the tube was shaken on a vortex mixer for’ 
5 sec and then centrifuged at 1000 g for 10 min. Five hundred yl of the ethyl acetate (upper) 
layer, containing the (14c)hippuric acid, was then added directly to a vial containing 10 ml 
of scintillation fluid. Activity was expressed as nmoles (14c)nip released-min~!- (mg pro- 
tein)~!, g-Endorphin, met-enk, and leu-enk were purchased from Sigma Chemical Co. (St. 
Louis, MO). 
RESULTS AND DISCUSSION 

The ACE from canine lung is inhibited by 8-endorphin, met-enk, and leu-enk, as indicated 


in Table 1. g-Endorphin-induced inhibition is first evident at concentrations of 5 uM, and 


Table 1. Inhibition of angiotensin I converting enzyme by opioid peptides* 





Inhibitor I/S Ratio % Inhibition 





Met-enk 


Leu-enk 


8-Endorphin 


24 
48 





*All reaction mixtures contained (*"C)hip-his-leu in a final concentration of 94 uM. The I/S 
ratio represents the molar ratio of inhibitor to substrate in that particular reaction. The % 
inhibition is expressed relative to control reactions containing no inhibitor. Each data 
point represents the mean of two experiments, with each experiment performed in duplicate. 
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inhibition by met-enk and leu-enk at 33.3 uM. Im these experiments the substrate concen- 
tration was 94 uM. The kinetics of ACE inhibition by §$-endorphin and met-enk are illustrated 
in Fig. la; these experiments were performed with final hip-his-leu concentrations ranging 
from 5.8 to 29.2 nmoles per reaction mixture (19.3 uM to 97.3 uM). Fig. lb depicts a Line- 


weaver-Burk plot of ACE inhibition by two concentrations (33.3 uM and 66.7 uM) of leu-enk. 


/ 














(b) 


(a) Rate of release of (14c)hippuric acid by canine lung ACE as a function of the 
initial substrate (hip-his-leu) concentration, in the absence of inhibitor ( e ), 
with 66.7 uM met-enk ( o ), and with 24 uM B-endorphin (4A). S is expressed as 
total amajes of substrate present per reaction mixture and v as nmoles-min ~- (mg 
protein) ~. 

(b) Lineweaver-83urk plot of the hydrolysis of hip-his-leu by ACE in the absence ( e ) 
of leu-enk, and with 33.2 uM ( A ) and 66.7 uM ( o ) leu-enk. 


The inhibition pattern is indicative of competitive inhibition, with a calculated K; for 
leu-enk of 146 yM. The data shown represent the results from a typical experiment. Each 
experiment was performed a minimum of two times, with virtually identical results. Met-enk 
and g-endorphin also inhibit ACE competitively (Lineweaver-Burk plots not shown), with a 
calculated Ky of 118 uM for met-enk and of 32 uM for g-endorphin. 

The failure of Arregui and Iversen to demonstrate inhibition with these peptides may 
reflect the use of a much higher hip-his-leu concentration (1 mM) in the assay system which 
they utilized (7), as contrasted with the 94 uM concentration in our system. Thus, the 
inhibition is correspondingly more likely to be observed. Furthermore, the ACE which they 
used was isolated from human brain and may differ in activity and substrate specificity 
from the canine lung ACE. 


Thus, g-endorphin, met-enk, and leu-enk competitively inhibit the ACE from canine lung; 
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this pattern is consistent with the fact that the enkephalins can function as ACE substrates, 
thus competing for the active site on the enzyme. f§$-Endorphin displays the greatest affinity 
for ACE, followed by leu-enk and met-enk. We did not use 8-LPH in our experiments; however, 
based on the results of Arregui and Iversen, it presumably would display a higher affinity 
than 8-endorphin. Leu-enk would appear to be a slightly better substrate than met-enk; this 
may reflect a greater structural similarity of leu-enk to the natural substrate angiotensin I, 
since both peptides have the leucine residue at the C-terminal position. 

Although these opioids do competitively inhibit the ACE, they display considerably less 
affinity for the ACE than does the nonapeptide SQ20881, which has a reported Kj of 0.6 uM (8). 
Furthermore, the concentrations of these opicids used to inhibit the ACE are in excess of the 
concentrations of these peptides normally present in vivo (9,10). However, the hip-his-—leu 
concentration (94 uM) was also far in excess of the physiological concentrations of the 
natural substrates angiotensin I, 8.48 to 67.8 pM (11), and bradykinin, 2.02 to 4.19 mM (12), 
present in human plasma. §$-Endorphin has been shown to be released from the pituitary in 
parallel with ACTH following stress, with plasma levels rising as high as 2.5 nM in rats 


after adrenalectomy (13). Thus, concentrations of §-endorphin in the 2.5 nM range would 


provide I/S ratios in excess of the 0.52 I/S ratio which we have demonstrated to produce 57% 


inhibition of ACE activity. The intravenous administration of 8-endorphin and the enkephalins 
has been demonstrated to alter both blood pressure and heart rate (14,15). Hence the possi- 
bility must be considered that, at least in certain physiological situations characterized 

by high endogenous opioid levels, §-endorphin may influence the metabolism of angiotensin I 
and bradykinin by interacting with the lung ACE, and in this way participate in cardiovascular 


control. 
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Numerous papers over the past 15 years have demonstrated the existence of a membrane- 
bound form of the enzyme catechoi-O-methyltransferase (COMT) in a variety of animal 
tissues. The relative amount of this microsomally bound enzyme varies both with the animal 
species and the organ examined. In mouse liver, for example, this form of the transferase 
represents almost 70 percent of the total enzymatic activity whereas in rat brain and liver 
this molecular species accounts for less than 5 percent of the total COMT activity [1,2]. A 
recent abstract by Sladek and Weinshilboum [3] indicates that human lymphocytes contain 
approximately 50 percent of their total COMT activity as the membrane-bound enzyme. 

Several studies have reported that the molecular and kinetic properties of membrane- 
bound COMT when solubilized closely resemble those of the soluble transferase. Tong and 
D'lorio [4] and Borchardt and Cheng [2] reported that the Kn values for S-adenosy1-L- 
methionine and several acceptor substrates were similar for the two enzyme species and that 
the molecular weights of the two enzymes were almost identical. In addition, Borchardt 
and coworkers [2,5] have also demonstrated that antibocies to the soluble COMT cross- 
reacted, at least partially, with the purified membrane-bound transferase. Nevertheless, it 
remains unclear as to whether the two enzymes actually represent distinct protein species 
with differing intracellular sites or whether the membrane-bound enzyme simply results from 
non-specific binding of the soluble transferase to the microsomal membranes. In this regard, 
when bound to the microsomal membrane the properties of COMT are clearly distinguishable 
from the soluble enzyme. In general, the affinities of the catechol substrates for the 
membrane-bound enzyme are at least one order of magnitude greater than the affinities of the 
soluble transferase [4,6,7]. This suggests that the membrane components surrounding COMT 
in the microsomes play an important role in regulating its substrate specificity and 
enzymatic activity. 

Surprisingly, little is known about the properties of the membrane-bound COMT of human 
brain. White and Wu [8] have purified and characterized the soluble transferase cf human 
brain but no reference was made as to the presence of the membrane-bound species in this 
tissue. As described in this paper, we have found that over 50 percent of the COMT activity 
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in human brain resides in the microsomal fraction and that the specific activity of this 
enzyme is approximately ten times greater than the soluble transferase. 


METHODS 


Frontal lobes of human brain were obtained at autopsy usually within 12 hr after 
death. Brain tissue was homogenized in a Waring Blender for three 15-sec periods followed 
by homogenization in a Teflon-glass homogenizer. The homogenate was centrifuged twice at 
700 g, each for 10 min, to remove large unbroken cell fragments and nuclei. The resulting 
Supernatant solution was centrifuged at 10,000 g for 20 min and then at 100,000 g for 60 min 
to isolate the microsomal fraction. 

Catechol-O-methyltransferase activity was assayed by a modification of the method of 
Wrenn et al. [9]. In brief, 500 ul of a microsomal or soluble enzyme suspension in potassium 
phosphate buffer (pH 7.4) was incubated in the presence of 100 uM S-adenosyl-L-methionine, 
2.5 mM MgCl5, 1.0 mM pargyline, and various concentrations of 3H-1abeled norepinephrine (NE) 
or dopaniine (DA) for 30 min at 37°. The reactions were terminated by the addition of 1 ml 
of 0.5 M potassium borate (pH 10.0) solution and the radioactive 3-C-methylated derivative 
was extracted intc 5 ml of a toluene/isoamy] alcohol (3:2) mixture. A 1-ml aliquot of the 
organic phase was removed and assayed fcr radioactivity -y liquid scintillation spectrometry. 
All reactions were linear both with time arid enzyme concentrations. Protein concentrations 
were determined by the method of Lowry et al. [10]. 


RESULTS AND DISCUSSION 


The specific activities for O-methylation of NE and CA by COMT in microsomal and 


soluble fractions of human brain tissue are presented in Table 1. 


Table 1. Specific activities for O-methylation of norepinephrine and dopamine by human brain 
catechol-0-methy1 trans ferase* 





Product formed 
Concn 


Substrate (uM) Membrane bound Soluble 





Norepinephrine 2 68.9 + 2.9 7.8 
Dopamine 2 265 + 45 12 
Dopamine 10 505 + 157 27 








* Product formed is expressed as pmoles/mg protein for 30 min (mean + S.E.). 


The data indicate that with both NE and DA the specific activities are ten to twenty 
times greater in the membrane enzyme fractior than in the soluble component. The actual 
percentage of the COMT activity found in the microsomal fraction varies considerably between 
the different preparations of the brain homogenates, as the data in Table 2 demonstrate. The 
total activity in the microsomal fraction varies anywhere from 1 to 3.5 times greater 
than the activity in the soluble fraction. 

The results reported in Table 1 also indicate that differences in the rate of metabolisni 
of DA and NE exist when comparing the membrane-bound and soluble fractions of human brain 
COMT. At 2 uM, DA was O-methylated at approximately four times the rate of NE, whereas the 
difference in this rate with the soluble enzyme fractior was less than two. These data 





Preliminary Communications 


suggest that the affinities for DA and NE may be different in the microsomal and soluble 
tissue fractions. Accordingly, studies were performed to determine the K,, Values 


Table 2. Percentage of microsomal and soluble COMT in human brain* 





Expt. Microsomal/Soluble Ratio 





1 3.5 
2 1.1 
3 1.3 
4 2.8 








—- 


* Concentration cf dopamine was 2 uM. Total activity in the microsomal fraction 

varied from 0.3 to 1.3 nmoles product formed/30 min. 
for DA with soluble and membrane-bound COMT. The Lineweaver-Burk plot shown in Fig. 1A 
illustrates that only a single line results from O-methylation of DA when the microsomal 
fraction is used. The Kn value for membrane-bound COMT resulting from the average of 
three experiments was approximately 3 uM. In contrast, the data plotted in Fig. 1B indicate 
that the soluble fraction consistently produced a biphasic graph yielding two K, values 
of approximately 5 and 83 uM. 
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Fig. 1. Lineweaver-Burk plots for O-methylation of dopamine by membrane-bound (A) 
and soluble COMT (B) from human brain. 


The results cf this study demonstrate that a major portion of human brain COMT 
activity is localized in the microsomal fraction. Thus, human brain is similar to human 
lymphocytes in that the membrane-bcund species of COMT makes up a2 major portion of the 
total transferase activity [2]. The soluble fraction that was examined in this study 
contained two distinct forms of COMT. One of the two forms is likely a small scluble 
microsomal fragment containing the membrane-bound enzyme since this component had a Km value 
very similar to that of the microsomal COMT. The other molecular species resembles the 
soluble form of COMT as previously characterized by White and Wu [8]. Since the properties 
of detergent solubilized rat brain membrane-bound COMT closely resemble those of the 
cytosolic or soluble enzyme, the results obtained here with humar. brain demonstrate 
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for the first time that a soluble species of this enzyme, though not detergent solubilized, 
is also capable of resembling the membrane-bound enzyme. 

Several studies [4,6,7] have reported that the affinities of catechol substrates for 
rat membrane-bound COMT are considerably greater than those for the cytosolic enzyme. The 
results with human brain COMT are consistent with this finding in that the affinity cf DA 
for the microsomal enzyme is approximately 25 times greater than for the membrane-bound 
COMT. Since the activity of the membrane-bound enzyme represents a major portion of the 
total CONT activity, it is unlikely that this activity in the microsomal fraction is 
caused by an artifact of the soluble enzyme being bound nonspecifically to membranous 
material as suggested previously for the membrane-bound pig brain enzyme [11]. In support 
of this are preliminary studies which demonstrate that the specific activity cf human brain 
microsomal COMT remains constant even after repeated washings. Studies are presently 
underway in our laboratory to further characterize the niembrane-bound form of human brain 
COMT. 
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Abstract—The DOPA-decarboxylase (aromatic-L-amino acid decarboxylase) inhibitors benserazide, its 
active metabolite 2,3,4-trihydroxybenzylhydrazine and carbidopa are substrates of highly purified 
catechol-O-methyltransferase. The affinity and maximal velocity of both benserazide and trihydroxy- 
benzyl hydrazine are extremely favourable implying that these compounds may compete as substrates 
for catechol-O-methyltransferase with L-DOPA. These results are discussed in the light of the ability 
of benserazide to cause further elevation of nlasma L-DOPA than carbidopa and the use of these 


compounds in Parkinson’s disease. 


Parkinsonism, a disease predominantly of the elderly 
characterized by chronic motor dysfunction, is 
caused by a degeneration of dopaminergic neurons 
of the nigro-striatal pathway. The degree of dopa- 
minergic deficiency corresponds with the loss of 
melanin-containing cells of the pars compacta of the 
substantia nigra. 

Replacement therapy utilizes L-DOPA, the nor- 
mal precursor of dopamine, in doses of up to 8 g/day, 
which is transported across the blood-brain barrier 
and subsequently replenishes the depleted dopamine 
stores. L-DOPA is often combined with an inhibitor 
of peripheral DOPA-decarboxylase (aromatic-L- 
amino acid decarboxylase, EC 4.1.1.28) to maintain 
elevated plasma levels [1]. The two clinically avail- 
able inhibitors are benserazide [N'-(DL-seryl)-N?- 
(2,3,4-trihydroxybenzyl)hydrazine] (Preparation: 
MADOPAR 4:1 w/w L-DOPA: benserazide) and 
carbidopa (a-methyldopahydrazine) (Preparation: 
SINEMET 10:1 w/w L-DOPA: carbidopa). 

Since L-DOPA is effectively catabolized by 
catechol-O-methyltransferase (COMT, EC 2.1.1.6) 
[2], O-methylation becomes the exclusive route of 
peripheral DOPA metabolism if DOPA-decarboxyl- 
ase is inhibited. Inhibition of COMT potentiates the 
effect of -DOPA in man [3]; and Marx [4] suggested 
that COMT inhibitors could be used to overcome 
the decreasing response to chronic L-DOPA therapy 
and to combat side-effects, which may be due to 
high concentrations of O-methylated DOPA metab- 
olites [3]. 

Benserazide has been shown to be a potent com- 
petitive COMT inhibitor [5-7] and O-methylated 
metabolites have been detected in the urine of rat 
and man [8] which has led to the present study of 
benserazide and carbidopa as substrates for COMT. 
The active benserazide metabolite (2,3 ,4-trihydroxy- 
benzylhydrazine) and several other COMT sub- 
strates were compared to further our understanding 
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of the potential effects of these drugs on peripheral 
L-DOPA metabolism. 

COMT is an enzyme of wide specificity concen- 
trated mainly in the liver [9] from which source it 
can be purified to homogeneity by affinity chroma- 
tography [10]. This highly purified enzyme was used 
in our investigations. 


MATERIALS AND METHODS 


All reagents used were of analytical quality (BDH, 
Poole, U.K.) and dissolved in glass distilled water. 
All pH measurements are relative to 20°. 

Catechol-O-methyltransferase was purified from 
fresh pig liver by the method of Gulliver and Tipton 
[10]. Briefly, the COMT activity from the superna- 
tant was precipitated by ammonium sulphate, redis- 
solved, subjected to chromatography on Sephadex 
G75 (Pharmacia, Uppsala, Sweden) and affinity 
chromatography on  2,6-dimethoxyphenol-azo- 
phenyl-methylene-anilino-agarose. The purification 
scheme is given in Table 1. The magnesium chloride 
concentration in all buffers was raised to 2.6mM, 
as Originally used in the affinity chromatography step 
only. 

During purification, COMT activity was assayed 
by the direct extraction radiochemical method [11] 
using 3,4-dihydroxyphenylacetic acid as the methyl 
acceptor and methyl-tritiated S-adenosylmethionine 
as the methyl donor in 0.2 M pH 7.20 triethanola- 
mine hydrochloride buffer, pH 7.20. One unit (U) 
of activity represents the formation of one micromole 
of product in one minute. 

Adenosine deaminase was partially purified from 
Takadiastase (Koch-Light, Colnbrook, U.K.) using 
the method of Sharpless and Wolfenden [12] up to 
and including the dialysis stage. 

Kinetic determinations were carried out by the 
coupled assay method of Coward and Wu [13] as 
modified by Gulliver and Tipton [11]. The assay 
contained in a volume of 500 yl : 1.6 mM magnesium 
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Table 1. Purification of catechol-O-methyltransferase from pig liver (see Ref. 10)* 





Activity 
(mU/ml) 


Volume 


Stage (ml) (U) 


Total activity 


Overall 
purification 
(-fold) 


Overall 
yield 
(%) 


Protein 
(mg/ml) 


Specific activity 
(mU/mg) 





90.65 
130.21 


2200 
1080 


Homogenate 
Supernatant 
Redissolved 
55%-saturating 
ammonium sulphate 
precipitate 
Pooled Sephadex 
G75 fractions 
Pooled affinity 
column fraction 


669.55 


187.1 


766.36 


199.43 
140.63 


74.99 


79.52 


42.15 


197 
117 


0.46 
1.11 


100 1 
70.52 2.42 


209.2 3.20 37.60 6.96 


8.06 23.21 39.87 50.5 


0.628 1220.38 21.14 2653 





* Pig liver (1434) was homogenized in 1200 ml 0.01 M triethanolamine hydrochloride buffer pH 8.00 containing 
0.13M potassium chloride, 10mM mercaptoethanol, 3mM dithiothreitol, 2mM phenylmethanesulphonyl fluoride, 


2.6mM MgCl, and 1mM EDTA. 


The catechol-O-methyltransferase assay contained, in a volume of 500 ul : 1.6mM MgCl), 3.0 mM 3,4-dihydroxy- 
phenylacetic acid, 0.9 mM Ado-Met (0.374 Ci °*H per mole), 0.64 U adenosine deaminase, 0.20 M triethanolamine buffer 
pH 7.20 and 10-100 ul appropriate fraction. 15 minutes incubation at 37°. 


chloride, 0.64 U adenosine deaminase, 0.20 M tri- 
ethanolamine buffer pH 7.20, S-adenosylmethion- 
ine, a methyl acceptor and 10-50 ul purified catechol- 
O-methyltransferase. The pH and magnesium con- 
centration are both optimal [10,11]. Initial rates 
were measured at 37° in a Beckman Model 35 spec- 
trophotometer using a mean of at least eight replicate 
determinations. A wide range of concentrations of 
the different varied substrates was used. Apparent 
kinetic constants were determined by the direct lin- 
ear plot of Eisenthal and Cornish-Bowden [14]. 

Bardsley and Tipton (unpublished observations) 
observed that catecholamines can bind to adenosine 
deaminase in a radiochemical catecholamine assay. 
Therefore, control spectrophotometric assays were 
carried out with up to three times the usual adenosine 
deaminase concentration in the cuvette with low 
methyl acceptor concentrations (approximately half 
the observed Michaelis-Menten constant). This 
additional adenosine deaminase caused no apparent 
depression of the observed rates, as would be 
expected to arise from the binding of the catechols. 
In addition, radiochemical assays carried out, in the 
presence and absence of adenosine deaminase, at 
low concentrations of 3,4-dihydroxyphenylacetic 
acid again showed no difference in the initial rates 
observed but did confirm the necessity of adding 
adenosine deaminase to ensure linear time courses 
[11]. 

Protein concentrations above 1 mg/ml were deter- 
mined by the biuret method [15] and at lower con- 
centrations by the method of Mejbaum-Katzenel- 
lenbogen and Dobryszycka [16] using standard 
curves prepared to bovine serum albumin (Cohn 
Fraction V, Sigma, Poole, U.K.) 

i-DOPA, dopamine and DL-noradrenaline were 
obtained from Sigma. Isoprenaline was obtained 
from Ward, Blenkinson & Co, Widnes, U.K. 3,4- 
Dihydroxyphenylacetic acid was obtained from Cal- 
biochem, Bishops Stortford, U.K. 

The following gifts are gratefully acknowledged: 
benserazide hydrochloride (Roche Products Lim- 
ited, Welwyn Garden City, U.K.), carbidopa 


(Merck, Sharpe & Dohme, Hoddesdon, U.K.), tri- 
hydroxybenzylhydrazine acetate ethanolate (60%) 
(Hofman-LaRoche, Basle, Switzerland) and S-aden- 
osyl-L-methicnine suplhate p-toluenesulphonate 
(AdoMet) (Dr. G. Stramentinoli, BioResearch 
Milan, Italy). 


RESULTS AND DISCUSSION 


The calculated apparent kinetic constants are 
given in Table 2, which also shows the range of 
concentration of the varied substrates and the con- 
centration of fixed, saturating substrates. 

Several substrates caused reproducible deviations 
from apparent Michaelis-Menten kinetics [17] at 
high concentrations as indicated in Table 2. How- 
ever, linear double reciprocal plots were obtained 
throughout the major portion of the concentration 
range used [18]. The reason for these anomalous 
rate increases are unknown but they may represent 
a general response to a hydrophobic environment 
since the enzyme preparation is homogeneous [10]. 

The apparent K,, values for adenosylmethionine 
observed in the presence of saturating benserazide 
and 3,4-dihydroxyphenylacetic acid (0.91 and 
0.035mM, respectively) agree well with those 
observed previously [10] using a similar enzyme 
preparation and assay procedure. The apparent K,, 
for 3,4-dihydroxyphenylacetic acid is higher, how- 
ever, than that previously obtained (1.46 mM com- 
pared to 0.64 mM) [10] which may imply a variation 
in the form of pig liver COMT since the V,,,, is also 
higher (1320 mU/mg protein as opposed to 705.6 
mU/mg). The initial specific activity of the homo- 
genate from which the enzyme was prepared is also 
higher (0.46 mU/mg as opposed to 0.16 mU/mg). 

These discrepancies may be due to the inherent 
biological variation in agricultural animals or perhaps 
due to the purification of a different predominant 
isoenzyme [19]. 

The apparent Michaelis constants observed for 
benserazide and its metabolite, 2,3,4-trihydroxyben- 
zylhydrazine, are remarkably low, indicating a high 
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affinity for the enzyme. The K,, for trihydroxyben- 
zylhydrazine is as low as that observed for adeno- 
sylmethionine with benserazide as the methyl accep- 
tor and, since it was an impure sample of an unstable 
compound, the actual K,, may be much lower. The 
maximal velocities observed for these substrates are 
very high and both benserazide and 2,3 ,4-trihydroxy- 
benzylhydrazine are better substrates for COMT 
than carbidopa (K,, = 2.48 mM; Vinax = 220 mU/mg) 
or L-DOPA itself (K,, = 1.83 mM; Vx = 330 
mU/mg). 

The apparent kinetic constants for dopamine, nor- 
adrenaline and isoprenaline are included for com- 
parison since COMT is known to methylate these 
compounds in vivo and, in fact, represents the major 
route of isoprenaline metabolism [20]. Other work: 
ers have obtained conflicting kinetic data due to 
variations in the source of COMT, its degree of 
purification, the assay system used and especially the 
pH of the assay medium, since Flohé and Schwabe 
[21] reported that the K,, for adrenaline decreased 
sharply with increasing pH. The work of Fiebig and 
Trendelenburg [22] on the perfused rat heart and 
other tissue studies has yielded apparent Michaelis— 
Menten constants 20-25 times lower than those 
reported here, implying the enzyme may be more 
active in vivo. The Michaelis-Menten constants 
obtained here compare well with those of Ball et al. 
[23], Tong and D’Iorio [24] and White and Wu [25]. 
The maximal velocities cannot be compared because 
of differences in degree of purification. However, 
some workers (see e.g. [7]) may have been misled 
into reporting very low K,,s and maximal velocities 
because of inhibition by the product, S-adenosyl- 
homocysteine which was not removed by adenosine 
deaminase in these experiments. 

The general conclusion than can be drawn from 
this work is that benserazide will cause a profound 
inhibition of -DOPA metabolism by two mechan- 
isms: (a) competition for the major catabolic 
enzyme, COMT, and (b) causing a large demand on 
the restricted methyl donor pool [26]. This may be 
reflected in the ability of benserazide to cause higher 
plasma L-DOPA levels when administered in con- 
junction with L-DOPA than carbidopa [1] which is 
a poor COMT substrate. The decrease in the methyl 
donor pool would also decrease the production of 
toxic O-methyl derivatives. The methylated deriva- 
tives of benserazide produced by COMT may not 
inhibit DOPA-decarboxylase since, although ben- 
serazide causes higher plasma L-DOPA concentra- 
tions than carbidopa initially, its effect declines more 
rapidly. 


Concentration of 
fixed saturating 
substrate (mM) 


onine 
ionine 
ionine 
ionine 
ionine 

onine 


saturating 
substrate 
Adenosylmethionine 
phenylacetic acid 
Adenosylmethionine 
Adenosylmethionine 


3,4-dihydroxy 


Adenosy 
Adenosy 
Adenosy 
Adenosy 
Adenosy 
Adenosy 


OSOAAMNAMAMNAMNMNMEM nwt 


Number 
of 
determinations 


Apparent Vinax 
(mU/mg protein) 
+ St. Er. 
of mean 
1698.3 + 31.8 
1862.5 + 34.8 
1080.0 + 20.2 
220.0+ 4.1 
330.0+ 6.2 
105.1+ 2.0 
835.8 + 15.6 
1320.0 + 24.7 
1140.0 + 21.3 
1182.0 + 22.1 
574.9 + 10.8 


+ 0.015 


0.091 + 0.004 


0.090 + 0.004 
+ 0.07 


+ 0.06 
+ 0.03 
+ 0.06 


0.035 + 0.001 
+ 0.034 
+ 0.014 


Apparent K,,, 
(mM) 
+ St. 
Er. of mean 
+ 0.10 


0.38 
2.48 
1.83 
1.60 
0.75 
1.46 


Table 2. Apparent kinetic constants of pig liver COMT for various substrates* 
0.86 
0.36 


range of 
varied 
substrate (mM) 
0.03-0.12 
0.02-2.00 
0.75-3.00 
1.00-3.00 
0.50-8.00 
0.45-1.80 
0.30-3.00 
0.03-0.15 
0.18-1.20 
0.11-0.80 


Concentration 
0.09-1.20 
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* Determined by the assay of Coward and Wu [13] as modified by Gulliver and Tipton [11] in 1.6 mM magnesium chloride and 0.20 M triethanolamine 


hydrochloride buffer, pH 7.20. 
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Trihydroxybenzylhydrazine 
Adenosylmethionine 


Carbidopat 
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Benserazide 
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substrate 
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Abstract—The lobes of livers from rats fed hexachlorobenzene (HCB) develop porphyria at different 
rates. The caudate lobe reacts significantly slower than the median, although eventually all lobes become 
equally porphyric. Uroporphyrinogen decarboxylase and 5-aminolaevulinate synthetase activities are 
less depressed and less elevated respectively in the caudate lobe than the remainder of the liver. The 
variations in porphyrin levels do not appear to be due to differences in clearances of the porphyrins 
from the tissues. HCB levels in the lobes, although similar at the later stages of porphyria, are 
significantly different in the initial course of treatment. The slower reacting caudate lobe contains the 
highest concentrations of HCB as shown by both tissue analysis and [U-""C]HCB experiments. The 
differences in rate of porphyria development between median and caudate lobes cannot therefore be 
accounted for by differences in uptake of HCB but must reflect variations in metabolism of HCB and/or 


in the porphyrogenic response. Some of the possibilities have been investigated. 


Hexachlorobenzene (HCB) and some other poly- 
chlorinated aromatic compounds cause a chronic 
hepatic porphyria when fed to rats and other mam- 
mals [1]. Related conditions were reported in people 
in Turkey after accidental poisoning by HCB through 
the consumption of contaminated wheat [2]. Another 
similar human syndrome called porphyria cutanea 
tarda is sometimes seen in patients with liver damage 
caused by alcohol, and in some instances where 
oestrogens have been given therapeutically [3]. 
Experimentally, the livers of poisoned rats are seen 
to fluoresce brightly red under ultra-violet light 
owing to high amounts of accumulated porphyrins 
(mostly uroporphyrin). This accumulation is caused 
by the inhibition of uroporphyrinogen decarboxylase 
[EC 4.1.1.37] which occurs in this type of porphyria 
[4]. 

During previous studies of HCB-induced porphy- 
ria in rats we observed that the various lobes of rat 
liver seemed to respond at different rates [5]. For 
most biochemical, pharmacological and toxicological 
studies the liver is commonly regarded as a hom- 
ogenous organ. We therefore deemed it important 
to examine this phenomenon in more detail and 
found that the caudate lobe of rat liver develops 
porphyria and the characteristic depression of uro- 
porphyrinogen decarboxylase much more slowly 
than the median lobe. Evidence suggests that this 
difference is not due to differential accumulation of 
HCB in the liver lobes but may represent variations 
in the response. A slower reaction rate of the caudate 
lobe has also been observed with 2-allyl-2-isopro- 
pylacetamide, 3,5-diethoxycarbonyl-1 ,4-dihydrocol- 
lidine and cobaltous chloride. 


MATERIALS AND METHODS 


Materials. HCB (Organic Analytical Grade) was 
purchased from B.D.H. Chemicals Co. Ltd. Poole, 
Dorset, U.K. [2,3-“C]Succinic acid (68.1 mCi/ 


mmole) was obtained from New England Nuclear, 
Postfach 401240, 6072 Dreieich, F.R.G. and [U- 
“CJHCB (12 mCi/mmole) from California Bionu- 
clear Corp. Sun Valley, Ca, U.S.A. 

Animals and treatments. Female Agus rats (35-45 
days old) were fed diets of powdered 41B (Labsure 
Animal Foods, Poole, Dorset, U.K.) containing 2% 
arachis oil and 0.01 or 0.02% HCB. The rats given 
[U-“C]HCB were 70 days old (162-172 g) and over 
24 hr each was allowed to eat 10 g of diet containing 
4.25 uCi of labelled compound (0.0014% of the diet). 

Animals were killed by decapitation and the livers 
rinsed, blotted and weighed. They were usually hom- 
ogenized in either 0.25M sucrose or in 0.1M 
Na,;HPO,-NaH,PO, buffer (pH 6.8) containing 
0.1 mM EDTA (1:4 w/v) and analysed as described 
below. 

Porphyrins. These were determined by fluor- 
escence spectroscopy as described previously [5, 6] 
and calculated in terms of uroporphyrin. 

HCB. Portions of homogenates (0.2 ml) were 
mixed with water (5 ml), acetonitrile (5 ml) and hex- 
ane (5 ml) and extracted by shaking for 3 hr [7]. The 
HCB levels in the hexane phases were then deter- 
mined by electron capture (“Ni detector) gas 
chromatography using a 1.5 m 3% Dexsil column at 
185° with N, as the carrier gas (30 ml/min). Hom- 
ogenates of livers from rats fed [U-'*C]HCB were 
diluted with water and digested with NaOH (80 mM 
final concentration). After neutralization with 
0.5 M HCl, portions were mixed with Instagel (10 ml) 
(Packard Instrument Co. Inc.) and the radioactivity 
assayed in a Phillips P4510 liquid scintillation ana- 
lyser. Liver samples spiked with ['*C]HCB gave 100 
per cent recovery of radioactivity. 

Glutathione. The method was based on that of 
Beutler et al. [8, 9]. 

Cytochrome P-450. Measurements were made on 
the homogenate as described by McLean and Day 
[10] and related to protein concentration [11]. 


3127 





A. G. SmiTH, J. E. FRANCIS and F. DE MATTEIS 


Median 


Posterior or Caudate 


Fig. 1. Nomenclature used for lobes of rat liver. The liver 
is viewed from a ventral—posterior position. 


5-Aminolaevulinate synthetase. Activity was esti- 
mated essentially as described by Condie and Tephly 
[12], using [2,3-'*C]succinate at a final concentration 
of 0.37 mM. 

Haem oxygenase. Assayed on a post-mitochon- 
drial supernatant by the method of Schacter et al. 
[13] modified as reported previously [14]. 

Uroporphyrinogen decarboxylase. The enzyme 
levels in the homogenates were assayed by the 
method of Smith and Francis [15] using uroporphyrin 
(mainly isomer III) isolated from the livers of rats 
made porphyric with HCB. Activity is expressed as 
nmoles of coproporphyrinogen formed/hr/g wet 
tissue. 


RESULTS AND DISCUSSION 


The variation in porphyria between rat liver lobes 
was studied in a group of animals fed HCB (0.01% 
of the diet) for 98 days. The livers were divided into 
four main lobes, median, left, right and caudate (Fig. 
1). A significant difference in accumulated porphyr- 
ins between the median and caudate lobes was 
visually apparent by the red fluorescence when 
viewed under u.v. light. Quantitative analysis of the 


porphyrin levels confirmed the greater porphyria in 
the median lobes with concomitant decreases in 
uroporphyrinogen decarboxylase activities (Table 
1). However, no significant differences in the HCB 
content could be detected. In another experiment 
the liver lobes were analysed for porphyrins and 
decarboxylase activity during the course of the 
development of porphyria. Both accumulation of 
porphyrins (Fig. 2a) and inhibition of uroporphyri- 
nogen decarboxylase (Fig. 2b) appeared more rap- 
idly in the median lobe than in the caudate lobe, 
with the left and right lobes having intermediate 
responses. When porphyria was very advanced all 
of the lobes were equally affected. 

The partial block in haem biosynthesis due to loss 
of activity of uroporphyrinogen decarboxylase would 
be expected to result in depletion of the haem pool 
and in a secondary stimulation of 5-aminolaevulinate 
synthetase activity [EC 2.3.2.37]. The levels of this 
latter enzyme were therefore measured in rats fed 
HCB (0.02%) for 70 days and found to differ in the 
various lobes and to be more elevated in those 
exhibiting a marked porphyria. This was consistent 
for each liver but because of the wide variations 
between rats often seen in the earlier stages of por- 
phyria development, statistical tests could not be 
applied. Values seen for porphyrin concentrations 
in the median lobes of the livers from three different 
animals were as follows, with the values observed 
in the caudate lobes of the same liver in parentheses: 
5.8 (0.57); 179.8 (1.73); 15.1 (0.78) nmoles/g of 
tissue. Corresponding values estimated for 5-ami- 
nolaevulinate synthetase were 0.55 (0.39); 1.72 
(0.42); 0.78 (0.35) nmoles/min/g. The right and left 
lobes gave intermediate responses. Control animals 
showed no variations between lobes, i.e. porphyrins, 
median 0.41 + 0.04; caudate 0.33 + 0.3 nmoles/g 
(+ S.E.M. N = 4); 5-aminolaevulinate synthetase, 
median 0.34 + 0.01; caudate 0.34 + 0.01 
nmoles/min/g (+ S.E.M. N = 4). These results con- 
firmed that the haem biosynthetic pathway had been 
more severely affected in the median lobe and also 
showed that the different porphyrin accumulations 
could not be merely ascribed to varying rates of 
clearance from the various lobes. 


Table 1. Porphyrins, uroporphyrinogen decarboxylase activity and hexachlorobenzene 
in different lobes of rat liver* 





Uroporphyrinogen 


Porphyrins 


Liver lobe (nmoles/g) 


decarboxylase 
(nmoles/hr/g) 


Hexachlorobenzene 
(nmoles/g) 





Median 
Left 
Right 
Caudate 


900 + 110 
867 + 57 
578 + 142 
209 + 617 


4.0+ 0.7 
4.1+0.7 
4.2+0.6 
7.6 + 0.74 


270 + 15 
273 + 15 
280 + 11 
289 + 12 





* Female AGUS rats were fed a powdered diet containing HCB (0.01%) for 98 days. 
The livers were then analysed as described in Materials and Methods. Results given are 


means + S.E.M. (N = 4) per gram of tissue. 


+ Significantly different from median lobe P < 0.005. 


+ P<0.01 as assessed by Student’s /-test. 


Control animals (N = 4) showed no difference in either porphyrin levels (median, 
0.27 + 0.01; left 0.24 + 0.01; right 0.26 + 0.02; caudate 0.26 + 0.02 nmoles/g tissue) or 
in uroporphyrinogen decarboxylase activity (22.8 + 0.5; 23.9 + 0.5; 24.2 + 0.7; 22.8 + 
0.9 nmoles of coproporphyrinogen/hr/g, respectively). 
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Fig. 2. Comparison of porphyrins and uroporphyrinogen decarboxylase activity in the liver lobes of 

female rats during feeding of HCB (0.01%) in the 41B diet. Single animals were killed at intervals from 

48 days. M = median, L = left, R = right, C = caudate. (a) Porphyrins (estimated as uroporphyrin) per 

gram of wet tissue. (b) Uroporphyrinogen decarboxylase; coproporphyrinogen formed from uropor- 
phyrinogen III per hr per gram of wet tissue. 


Although no significant differences in HCB con- 
tent could be detected between the lobes in the 
experiment described in Table 1 and in previous 
work [5], consistent variations were observed in the 
livers of animals during early stages of porphyria. 
The caudate lobes appeared to contain more HCB 
per wet weight of tissue than those lobes that were 
affected more rapidly. When the lobes were com- 
pared during the first few weeks of diet it was indeed 
found that the caudate lobe accumulated more HCB 
than the median (Fig. 3). This was confirmed by 
using [U-'*C]HCB fed to rats overnight, in a similar 
manner to chronic feeding experiments. Estimations 
of the radioactivity in the four lobes showed that the 
median had the lowest radioactivity per gram of wet 


tissue (Table 2). Therefore 2 reduced HCB uptake 
is not likely to be the reason why the caudate lobe 
reacts more slowly. 

2-Allyl-2-isopropylacetamide (male rats injected 
s.c. with 300 mg/kg and left for 5hr) and 3,5-die- 
thoxycarbonyl-1,4-dihydrocollidine (males dosed 
orally with 100 mg/kg and left 7 hr) also appeared 
to cause a lower accumulation of porphyrins in the 
caudate lobe compared to the median (results not 
shown). Cobaltous chloride (female rats injected 
subcutaneously with 60 mg/kg, left 16 hr) stimulated 
haem oxygenase activity to a lesser extent in the 
caudate lobes (0.385 + 0.27 nmoles/min/mg protein 
+ S.E.M. N=4) than the remainder (0.481 + 
0.024; P< 0.05). No differences in total cytochrome 
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Fig. 3. Comparison of the HCB concentrations in the 

median arXi caudate lobes of livers of female rats during 

the earlier stages of feeding HCB (0.02%) in the diet. 

Values are means of three estimations + S.D. @——-® 
Median lobe; O——© caudate lobe. 


P-450 content between lobes of the livers of young 
female rats could be detected (median 0.14 + 0.02; 
- left 0.13 +0.02; right 0.12 + 0.01; caudate 0.13 + 
0.01 nmoles/mg protein + S.E.M. N = 4). 

As an uneven distribution of GSH in the hepa- 
tocytes of liver lobules has been suggested as partially 
explaining the greater susceptibility of centrilobular 
cells to electrophilic attack by toxic metabolites of 
inert xenobiotics [16], the GSH levels of the liver 
lobes were examined. No significant differences 
between lobes were observed in control animals 
(median 6.8 + 0.3; left 6.6+0.1; right 6.6 + 0.1; 
caudate 6.2 + 0.2 umoles/g wet tissue + S.E.M. N = 
4). Rats fed HCB (0.02% of the diet) for 58 days 
showed no significant increases as previously 
reported [17,18], but the caudate lobe contained 
slightly lower levels than the median (median 6.9 + 
0.2; left 6.6 + 0.3; right 6.2 + 0.4; caudate 6.0 + 
0.3* pwoles/g + S.E.M. N = 5: (* significantly differ- 
ent from the median P < 0.05). 

It would thus appear that the caudate lobes of rat 
liver respond less markedly to HCB and probably 
to other chemicals. There are several possible expla- 
nations for these findings. Firstly, the rate of uptake 
of the toxic agent may be different in the various 
parts of the liver because the lobes differ instrinsically 
in their ability to take up and retain certain chemical 
compounds from the blood. Incorporation of 
[*H]leucine into proteins has been found to be ident- 
ical in all lobes when the isotope was injected into 
the external jugular vein but differences were 
observed after administering the isotope via the 
spleen or lumen of the jejunum, probably due to 
streamlining of blood flow [19]. In addition, in per- 
fused rat liver variable synthesis of cholesterol and 
fatty acids by different parts of the liver has been 
reported [20] and differential removal and metab- 
olism of chylomicrons and chylomicron remnants 
[21]. No evidence was obtained in this present study 
for a preferential uptake of HCB by the fast reacting 
lobes; in fact the opposite was found to be the case 
during the first few weeks of treatment. 


Table 2. Incorporation of radioactivity from dietary hexa- 
chloro-[U-'*C]benzene into rat liver lobes* 





Incorporation of radioactivity 


Liver lobe (d.p.m./g tissue) (d.p.m./lobe) 





Median 
Left 
Right 
Caudate 


52,255 + 1881 
55,243 + 1678 
54,136 + 576 

61,464 + 721+ 


89,150 + 3207 
101,346 + 4616 
71,742 + 5378 
35,141 + 2845 





* Female rats were each fed 10 g of 41B diet containing 
4.24 uCi ['“C]HCB (14 p.p.m.) over 24 hr. The livers were 
then analysed for radioactivity as described in Materials 
and Methods. Values are averages + S.E.M. (N = 4). 

+ Significantly different from median lobe (P < 0.005) 
as assessed by Student’s f-test. 


Another possible explanation is a difference in 
drug metabolism between different lobes. If metab- 
olic activation of HCB is required for the subsequent 
inhibition of uroporphyrinogen decarboxylase as 
has been suggested [22-24], a faster rate of metab- 
olism in the median lobe (as compared with the 
caudate lobe) may explain the difference in response 
and similar differences in response to 2-allyl-2-iso- 
propylacetamide and 3,5-diethoxycarbonyl-1,4-dih- 
ydrocollidine. Although in vivo metabolites of HCB 
have been extensively studied [25,26], in vitro 
experiments have not been very successful [27] and 
further progress is probably required before any 
possible variations in metabolism of HCB can be 
explored. Carbon tetrachloride and dimethylnitro- 
samine have been shown to affect preferentially dif- 
ferent parts of the rat liver, in both cases those lobes 
with greater activating enzymes being more affected 
[28]. This explanation would be difficult to reconcile 
however, with differences observed with cobalt, as 
no activating enzymic step has been postulated in 
the mechanism of action of this metal. 

In conclusion, the present results illustrate that 
livers cannot always be regarded as homogenous 
organs for toxicological studies and that the caudate 
lobe of rat liver reacts less markedly to HCB and to 
other chemicals. However, we are unable to provide 
a Satisfactory explanation for the differences. 
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Abstract—A dimethylated chlorocyclodiene epoxide (DME)* is metabolized by adult male rat liver 
enzymes to produce two g.l.c. detectable metabolites M1 and M2. Liver enzymes from adult female 
rats metabolize DME producing only metabolite M1 in detectable quantities. This apparent qualitative 
sex difference in the metabolism of DME is first manifest between the ages of 35 and 45 days. Liver 
enzymes from rats of both sexes younger than 35 days metabolize DME in a qualitatively similar 
manner. The actions of the testes in the development of this apparent qualitative sex difference are 
exerted between the ages of 7 and 14 days. Castration of male rats at and before the age of 7 days 
results in the expression of a typically feminine pattern of metabolism of DME by liver enzymes in 
adult life. Castration of male rats after the age of 14 days does not prevent adult liver enzymes from 
exhibiting a basically masculine pattern of DME metabolism. At ages between 7 and 14 days castration 
has a graded effect on the metabolism of DME displayed by liver enzymes in adult life. These results 
suggest that testicular androgens do not play a direct role at puberty and in adulthood in the expression 
of the ability of liver enzymes to produce metabolite M2, but that the apparent qualitative sex dependent 
difference in DME metabolism is determined primarily by neonatal imprinting by testicular androgens. 


The oxidative metabolism of many steroids and 
xenobiotics by rat liver preparations is sex dependent 
[1-4]. Quantitative differences in the metabolism of 
substrates such as aminopyrine, ethylmorphine and 
hexobarbital are well documented [5-7], with the 
adult male rat metabolizing at a faster rate than the 
adult female rat. Qualitative sex differences in the 
metabolism of steroids by rat liver microsomes are 
common [4, 8-11]. For example, adult male rat liver 
microsomes hydroxylate testosterone in the 68, 16a 
and 7a positions but those from adult female rats 
only hydroxylate testosterone in the 6f and 7a pos- 
itions [11]. Equivalent qualitative sex differences in 
the metabolism of foreign compounds are rare. An 
apparent qualitative sex difference in the metabolism 
of DME (1,2,3,4,9,9-hexachloro-1,4,4a,5,6,7,8,8a- 
octahydro -6,7 - dimethyl -6,7 - epoxy - 1,4- methano- 
naphthalene), a dimethylated epoxide, has recently 
been demonstrated with adult male and female rat 
liver preparations [12]. The adult male makes two 
g.l.c. detectable metabolites, M1 and M2 (Fig. 1), 
whereas the adult female makes only metabolite M1 
in detectable quantities. Typical chromatograms are 
shown for adult rats (60 days of age) in Fig. 2. 

The physiological basis for observed sex differ- 
ences in drug metabolism has in the past been attri- 
buted to an anabolic action of circulating testicular 
androgens on the liver [1,6,13]. Sex differences first 
became apparent at puberty, pre-pubertal animals 
exhibiting no sex differences [5]. Castration of adult 





* Abbreviations used: DME, 1,2,3,4,9,9-hexachloro- 
1,4,4a,5,6,7,8,8a-octahydro-6,7-dimethyl-6,7-epoxy-1,4- 
methanonapthalene; M1, M2, two metabolites of DME. 


male rats reduces rates of metabolism of substrates 
exhibiting a sex difference to values seen in the 
normal adult female [14]. Furthermore, treatment 
of castrated adult male rats [14-16] and normal adult 
female rats [14] with testosterone, increases the rates 
of metabolism of substrates exhibiting a sex differ- 
ence. Data has accumulated, however, indicating 
that the role of the testes in the control of sex 
differences in drug metabolism is not confined to 
pubertal and to post-pubertal periods, but that neo- 
natal imprinting by testicular androgens is an impor- 
tant aspect of testicular control of sex dependent 
differences in drug metabolism. Sex differences in 
the apparent K,, of hepatic ethylmorphine N- 
demethylase [17] and the half life of cytochrome P- 
450 [11], have been shown to be determined by 
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Fig. 1. Formula of 1,2,3,4,9,9-hexachloro-1,4,4a,5,6, 

7,8,8a-octahydro-6,7 -dimethyl-6,7-epoxy-1,4-methano- 

naphthalene (DME), and the tentative structures of metab- 

olites M1 and M2 are based on mass spectrographic evi- 
dence (see reference 19). 
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testicular androgen during early post-natal life. Cas- 
tration of male rats when adult has been shown to 
be ineffective in abolishing these neonatally 
imprinted sex differences [11, 17]. In this communi- 
cation the role of the testes in the development of 
the apparent qualitative sex difference in the metab- 
olism of DME and quantitative sex differences in 
the metabolism of aminopyrine and ethylmorphine 
is presented. 


MATERIALS AND METHODS 


Animals and surgical procedures. Male and female 
Sprague-Dawley rats, CD strain, were used. Ani- 
mals were maintained on a pellet and water diet ad 
lib., and were kept in an atmosphere of constant 
temperature and humidity, under a 12 hr light cycle 
(7.00 a.m./7.00 p.m.). Rats were castrated under 
light ether anaesthesia at the ages indicated. Since 
some inter-litter variation in the effect of age of 
castration on the metabolism of DME was found to 
occur, littermates were used for animals within the 
same age group. 

Incubation procedures. Animals were killed by 
cervical dislocation at 60-80 days of age except where 
otherwise indicated. Hepatic 9000g x 20 min super- 
natant fractions were prepared using standard tech- 
niques as follows. The livers were perfused in situ 
with ice cold 1.15% (w/v) KCI in 0.01M. sodium 
phosphate buffer (pH 7.4), excised, blotted on tissue 
paper to remove excess blood and KCl, and weighed. 
All procedures thereafter were performed in the cold 
(04°C). The livers were homogenized in 2 vol. ice 
cold buffered KCl, using a rotary homogenizer (Sil- 
verson Ltd., Waterside, Bucks., U.K.). The hom- 
ogenates were diluted with ice cold buffered KCl, 
so that each milliliter contained 250 mg of liver wet 
weight, and then centrifuged at 9000 g for 20 min. 
The resulting 9000 g x 20 min supernatant fraction 
was used for all drug metabolism studies. 

Where DME was used as substrate, incubations 
were performed as reported elsewhere [12] with the 
following modifications. Reaction mixtures con- 
tained in a final volume of 3.0 cm*: 25 umoles MgCl; 
1.5 umoles NADP; 20 umoles glucose-6-phosphate; 
1.6 units of glucose-6-phosphate dehydrogenase (EC 
1.1.1.49); 1.0cm* of 9000 g x 20 min supernatant, 
equivalent to 0.10 g of liver wet weight; 100 umoles 
sodium phosphate buffer, pH 7.4. DME was added 
in the form of 10 ul of an ethanolic solution con- 
taining 3.0 ug/ul. Incubation mixtures containing all 


ingredients except substrate were preincubated at 


37° for 1 min. The reaction was initiated by addition 
of substrate and terminated after 10 min. by addition 
of 2.0 cm’ of acetone. 

Aniline hydroxylase activity was measured by the 
method of Kato and Gillette [16]. Ethylmorphine N- 
demethylase and aminopyrine N-demethylase activi- 
ties were determined by estimation of formaldehyde 
formed using the method of Nash [18]. Incubation 
mixtures for the determination of ethylmorphine and 
aminopyrine N-demethylases contained the follow- 
ing components in a final volume of 6.0 cm’: 
45 umoles_ semi-carbazide; 25 umoles MgCl; 
100 umoles sodium phosphate buffer, pH7.4; 
2.0 umoles NADP; 20 umoles glucose-6-phosphate; 
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Fig. 2. Gas chromatograms showing the effects of age and 
sex on the metabolism of DME by rat liver enzymes. The 
chromatograms are typical of those obtained in eight or 
more independent experiments. From the injection line 
(right hand side) the peaks represent residual DME, 
metabolite M1 and metabolite M2, with relative retention 
times of 100, 175 and 280 respectively. 
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1.6 units of glucose-6-phosphate dehydrogenase; 
liver supernatant equivalent to 250 mg liver wet 
weight. Substrates were employed at saturating con- 
centrations, namely 5mM aminopyrine, 1.25mM 
aniline, and 10 mM ethyimorphine. Reactions were 
performed in a metabolic shaker at 37° for periods 
which had previously been shown to ensure minimal 
deviation from linear reaction rates. 

Extraction and identification of metabolites of 
DME. Incubation mixtures were extracted with 
2 x 5cm? portions of redistilled hexane and final 
volumes adjusted to 10 cm’. Five-microliter portions 
of the extract were analysed using a Perkin-Elmer 
F33 g.l.c. fitted with a “Ni source electron capture 
detector. All glass columns, 1.75 m in length, con- 
taining SES2 were used with Chromosorb W as inert 
support. Oven and detector temperatures of 195° 
and 225°, respectively, were used. A more detailed 
account of the chemical analysis appears elsewhere 
[19]. Metabolites M1 and M2 (Fig. 1) were identified 
by their respective relative retention times. Peak 
areas for metabolites M1 and M2 were determined 
by triangulation and expressed as metabolite peak 
area ratio M2/M1. In those cases where metabolite 
M2 was not detectable the metabolite ratio M2/M1 
was taken to be zero. Limits of detection for DME 
and metabolites M1 and M2 (Fig. 2) were 10, 80 and 
120 pg respectively. Typical amounts of M1 formed 
were in the order of 6-10 ug per incubation. 
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RESULTS 


Influence of age and sex on the metabolism of 
DME. Hassall and Addala [12] reported that liver 
preparations from pre-pubertal rats of both sexes 
apparently produced no metabolite M2. Using g.l.c. 
columns of greater length it has now been shown 
that pre-pubertal animals of both sexes make small 
amounts of metabolite M2 (Fig. 2). The metabolite 
peak area ratio M2/M1 remains constant for both 
sexes up to the age of approximately 28 days (Fig. 
3). After this age, for the female the relatively small 
amounts of metabolite M2 produced diminish even 
further to levels non-detectable using the present 
assay system. After the age of 28 days the male 
makes metabolite M2 in increasing amounts up to 
the age of 45 days when a metabolite ratio of 1.5 is 
attained. This ratio remains constant for the male 
throughout adulthood. 

Effects of castration at various ages on the metab- 
olism of DME, aniline, aminopyrine and ethylmor- 
phine. Table 1 shows the effects of castration at 
various ages on the metabolism of DME by adult 
rat liver preparations. Castration of male rats at and 
before the age of seven days results in the appearance 
in adult life of a typically feminine pattern of metab- 
olism of DME, in that only metabolite M1 is pro- 
duced in detectable quantities. Castration at the ages 
of 10 and 12 days results in the adult male producing 
detectable quantities of metabolite M2 but with 
metabolite peak area ratios significantly (P < 0.001) 
lower than those seen in the adult male rat castrated 
when mature. Rats castrated at 15 and 25 days, and 
those castrated when mature, have similar metab- 


olite peak area ratios. It should be noted, however, 
that results are shown for littermates within each 
single age group. A small degree of inter-litter vari- 
ation in the effects of age of castration on the metab- 
olism of DME has been observed, in that for some 


Metabolite peak orea ratio M2/MI 





eT 
30 40 5O 60 70 
Age, days 





Fig. 3. Effects of age on the metabolism of DME by male 
and female rat liver 9000 g x 20 min supernatant fraction. 
Values represent the mean + S.E. of results from eight 
independent experiments except that the 60 day results 
were obtained from twenty independent experiments. 
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Table 1. Effects of castration at various ages on the metab- 
olism of DME by male rat liver 9000 g x 20 min supernatant 
fraction in adult life* 





Age of castration 
(days) 


1 
5 
7 
10 
12 
15 
25+ 
60 
Control female 
Adult female TP 
Control male 


Metabolite peak area ratio 





+0.09 





* Male rats were castrated at the ages indicated and 
killed at 10-12 weeks of age. Values represent the mean + 
S.E. of six to eight independent experiments except + 
which represents two independent experiments only. 

¢ Adult females were injected with 2.0 mg testosterone 
propionate in corn oil daily for 7 days and killed 24 hr 
thereafter. 

§ Statistically significant difference from males castrated 
at 60 days of age (P < 0.001). 

|| 0 metabolite peak area ratio denotes no detectable 
amount of metabolite M2 formed. 


litters, rats castrated at 7 days old produced detect- 
able amounts of metabolite M2. This is probably a 
reflection of differing degrees of development 
between litters on parturition. 

Table 2 shows the effects of age of castration on 
the hepatic microsomal metabolism of aniline, ami- 
nopyrine and ethylmorphine in adult life. Aniline 
metabolism was not significantly affected by castra- 
tion at any age, a result consistent with there being 
no sex difference in the metabolism of aniline [1]. 
With aminopyrine and ethylmorphine as substrates 
castration at all ages, as expected, reduced rates of 
metabolism markedly below values seen in the nor- 
mal intact male. The effects of castration on the N- 
demethylation of aminopyrine were independent of 
age of castration, no significant differences in rates 
of metabolism being evident as a result of castration 
at different ages. For ethylmorphine N-demethyla- 
tion however, rats castrated at the age of one day 
old had a significantly (P < 0.05) lower rate of metab- 
olism than rats castrated at 5 days and older. Rates 
of hepatic ethylmorphine N-demethylation in all 
groups of castrated males were significantly higher 
than those of control females, whereas for amino- 
pyrine N-demethylation, rates of metabolism for cas- 
trated males and control females were of comparable 
magnitude. 


DISCUSSION 


Chung [17,22] has demonstrated a role for the 
neonatal testes in the imprinting of sex differences 
in apparent K,, and in responsiveness to androgens 
of hepatic ethylmorphine N-demethylase, at 24 and 
12-14 days of age respectively. Sex differences in the 
half life of cytochrome P-450 have also been shown 
to be dependent entirely on neonatal imprinting by 
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Table 2. Effects of castration on the metabolism of aniline, aminopyrine and ethylmorphine 
by male rat liver 9000 g x 20 min supernatant fraction in adult life* 





Aniline 
(nmoles of PAP 
formed/min/g 
liver) 


Age of 
castration 
(days) 


Aminopyrine Ethylmorphine 
(nmoles of HCHO formed/min/g liver) 





3.8+0.6 
4.4+0.4 
4.4+0.6 
3.9+0.3 
3.9+0.3 
4.2+0.3 
4.0+0.8 
4.6+0.4 
3.9+0.2 


Control male 
Control female 


33 
S723 
59 +3 
61+3 
60 +3 
59+2 
62+4 
148 +2 
55+1 


59 + 23§ 
76 +3 
74+1 
79+3 
80 +2 
80+1 
81+1 
185 +6 
42+1 





* Male rats were castrated at the ages indicated and killed at 10-12 weeks of age. Values 
represent the mean + S.E. of results from six to eight independent experiments. 


+ Para amino phenol. 


t Significantly different from castrates 5-60 days (P < 0.05). 
§ Significantly different from female control (P < 0.01). 


testicular androgens [11]. Castration of adult male 
rats, or conversely, treatment of adult female rats 
with testosterone, has been shown to be ineffective 
in abolishing these neonatally imprinted sex differ- 
ences [11, 17]. Results presented in this communi- 
cation suggest that a similar neonatal imprinting is 
occurring with respect to the apparent qualitative 
sex difference in the metabolism of DME (Table 1). 
The ontogenesis of a masculine pattern of metab- 
olism of DME (i.e. the production of both metab- 
olites M1 and M2) has been shown to be independent 
of the presence of the testes at puberty. This obser- 
vation implies that testicular androgens do not play 
a direct primary role at puberty, and in adult life, 
in the expression of the ability of liver enzymes to 
produce metabolite M2. Furthermore, treatment of 
adult female rats with testosterone propionate does 
not result in a masculine pattern of hepatic metab- 
olism of DME (Table 1). 

The maintenance of a masculine pattern of metab- 
olism of DME also appears to be independent of the 
presence of the testes in adulthood since castration 
of the adult male rat does not prevent the formation 
of metabolite M2 (Table 1), although it does reduce 
the metabolite peak area ratio M2/M1. In adulthood 
the testes appear to have a ‘fine control’ role rather 
than an on/off role in the regulation of the hepatic 
microsomal metabolism of DME. The primary 
actions of the testes in the development of a mas- 
culine pattern of metabolism of DME appear to be 
exerted between the ages of 7 and 14 days. Castration 
at and before the age of 7 days entirely prevents the 
formation of metabolite M2, whereas castration after 
the age of 7 days does not. At ages between 7 and 
14 days, castration has a graded effect on the metab- 
olite peak area ratio M2/M1 (Table 1) suggesting 
that imprinting between these ages is not an ‘all or 
none’ effect but that it is, within limits, dependent 
on the period of exposure to neonatal androgens. 
Rates of aminopyrine and ethylmorphine N- 
demethylation in rats that had been castrated at 10, 
15 or 60 days were not significantly different from 
each other (Table 2). This suggests that the gradation 
of metabolite peak area ratio observed for rats cas- 


trated between the ages of 7 and 14 days is not a 
result of residual testosterone remaining after cas- 
tration. Since the testes of the male rat are known 
to be active during the first seven days of life [20], 
and androgenic imprinting of other sex dependent 
characteristics is known to occur during the first 
week of life [21,22], imprinting with respect to 
metabolite M2 production is probably determined 
by the receptivity of the site of imprinting to testicular 
androgens during the critical period between 7 and 
14 days of age. 

The studies using aniline, aminopyrine and ethyl- 
morphine as substrates support the observations of 
Chung [17]. Castration at any age had no significant 
effect on the metabolism of aniline (Table 2). No 
significant differences in the rates of aminopyrine N- 
demethylation were observed between groups of 
animals castrated at different ages. For ethylmor- 
phine N-demethylation, however, rats castrated at 
one day old had significantly lower rates of metab- 
olism than those of animals castrated at ages older 
than one day. It is of interest in this respect that, 
whereas castration of males reduced the activity of 
hepatic aminopyrine N-demethylase to levels seen 
in the normal female (Table 2), ethylmorphine N- 
demethylase activity in the castrated male was con- 
siderably higher than that seen in the female (P < 
0.001), indicating that the testes are not solely 
responsible for observed sex differences in hepatic 
ethylmorphine metabolism. 

It has been suggested that the qualitative sex dif- 
ference in the metabolism of DME is indicative of 
the existence of multiple forms of cytochrome P4s9 
[12]. Present work with DME suggests that some of 
these forms of P4s. are under hormonal control, and 
that the role of the testes in this control is exerted 
predominantly before puberty rather than at puberty 
and in adult life. Neonatal imprinting with respect 
to sex differences in cyclic gonadotrophin secretion, 
hepatic steroid metabolism and sexual behaviour are 
well known [8, 9, 21]. Evidence presented here, con- 
sidered together with other work [11, 17, 22], con- 
firms that neonatal imprinting is instrumental in 
determining sex differences in drug metabolism. 
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Abstract—The role of the pituitary in the control of the neonatally imprinted sex difference in the 
metabolism of a dimethylated chlorocyclodiene epoxide (DME)* was investigated. Hypophysectomy 
of adult female rats resulted in an effective masculinization of the hepatic metabolism of DME. 
Adrenalectomy, thyroidectomy, castration or hypophysectomy of adult male rats did not prevent liver 
enzymes from displaying a basically masculine pattern of DME metabolism. However, castration of 
male rats at one day old resulted in a basically feminine pattern of metabolism being displayed by liver 
enzymes in adult life. The effects of adult castration on the metabolism of DME and ethylmorphine 
by rat liver enzymes were completely reversed by testosterone propionate. The effects of combined 
hypophysectomy and castration on the hepatic metabolism of these substrates, however, were not 
reversed by testosterone treatment. These results suggest that sex dependent differences in the metab- 
olism of foreign compounds by adult rat liver enzymes are mediated directly by the pituitary gland. 


A role for testicular androgens in the control of sex 
differences in hepatic drug metabolism is well estab- 
lished [1-7]. Castration of adult male rats reduces 
the rates of metabolism of substrates that exhibit a 
sex difference [3,4] and, conversely, treatment of 
adult female rats and of castrated adult male rats 
with testosterone increases the rates of metabolism 
of substrates whose metabolism is sex dependent 
[5, 6]. Theories put forward to explain observed sex 
differences in hepatic drug metabolism, involve a 
primary anabolic role for testicular androgens [1, 7], 
acting directly upon the liver so as to induce the 
higher levels of drug metabolism often seen in the 
adult male rat. 

Recent work indicates, however, that the testes 
alone are not solely responsible for observed sex 
differences in drug metabolism. Castration of adult 
male rats has been shown to be ineffective in abol- 
ishing neonatally imprinted sex differences in the 
metabolism of DME [8], in the apparent K,, of 
ethylmorphine N-demethylase [9-11], and in the half 
life of cytochrome P-450 [12]. Furthermore, it has 
been shown that hepatic drug metabolizing enzymes 
of the rat respond to different extents to the stimu- 
latory effects of testosterone [2, 9, 10]. For example, 
injections of testosterone propionate (3.8 mg/rat), 
on alternate days for four weeks, enhances ethyl- 
morphine N-demethylase activity of adult male cas- 
trates five-fold, whereas the same treatment only 
doubles this enzyme activity in adult females [2]. 
This ‘responsiveness’ [9] of ethylmorphine N- 
demethylase has been shown to be dependent on the 





* Abbreviations used: DME, 1,2,3,4,9,9-hexachloro- 
1,4,4a,5,6,7,8,8a - octahydro - 6,7-dimethyl-6,7-epoxy-1,4- 
methanonaphthalene; M1, M2, two metabolites of DME. 


actions of neonatal testosterone [9, 10]. In addition, 
Kramer et al. [13] have reported that the stimulatory 
effects of testosterone on drug metabolizing enzymes 
are not seen in hypophysectomized rats. Further 
evidence implicating the pituitary in the control of 
sex differences in drug metabolism has been reported 
by Chung [10], who has postulated the existence of 
two novel (masculinizing and feminizing) hypophy- 
seal factors, responsible for the maintenance and the 
regulation of neonatally imprinted sex differences 
in drug metabolism. Additional support for the exist- 
ence of a pituitary ‘feminizing factor’ in the control 
of hepatic drug metabolism has been reported by 
Burke et al. [14], who have postulated that the con- 
trol of sex differences in hepatic drug metabolism 
is similar, in certain respects, to the control of sex 
differences in hepatic steroid metabolism [15-17]. 

The work presented here describes the role of the 
pituitary in the control of the neonatally imprinted 
sex difference in the metabolism of DME [8]. Efforts 
are made to correlate previous data on neonatal 
imprinting [9, 10] with a possible primary role for 
the pituitary gland in the control of sex differences 
in drug metabolism. 


MATERIALS AND METHODS 


Animals and surgical procedures. Adult male and 
female Sprague-Dawley rats, CD strain were used. 
Adrenalectomized, thyroidectomized, gonadectom- 
ized or hypophysectomized rats were purchased from 
Charles River Animal Suppliers, Margate, Kent, 
U.K. All surgical procedures were performed under 
diethyl ether anaesthesia. Control animals received 
equivalent amounts of diethyl ether. 

The effectiveness of hypophysectomy was moni- 
tored by direct visual examination of the pituitary 
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stalk under the median eminence at death. A sig- 
nificant decrease in both body weight and adrenal 
weight following surgery was noted in hypophysec- 
tomized rats. The effectiveness of adrenalectomy 
and thyroidectomy was monitored by direct visual 
post mortem examination. Animals were kept on a 
pellet and water diet ad lib. except for those hypo- 
physectomized or adrenalectomized who received 
‘ 5% (w/v) glucose or 0.9 (w/v) saline, respectively, 
in place of drinking water. Unless otherwise specified 
the time between surgical treatment and actual 
analysis of hepatic enzymes was four weeks. 
Incubation procedures. Animals were decapitated 
and crude liver microsomal fractions consisting of 
9000 g x 20min supernatants of the liver hom- 
ogenate were prepared as previously described [8]. 
All drug metabolism studies were carried out using 
this 9000 g x 20 min supernatant fraction. Incuba- 
tion conditions for the determination of ethylmor- 
phine N-demethylase and metabolism studies using 
DME were performed as previously described [8]. 
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RESULTS 


Table 1 shows the effects of adrenalectomy, thy- 
roidectomy, ovariectomy or hypophysectomy on the 
metabolism of DME by adult female rat liver prep- 
arations. Hepatic microsomal enzymes from adren- 
alectomized, thyroidectomized or ovariectomized 
adult female rats produced small but detectable 
amounts of metabolite M2 (Fig. 1) not seen in the 
control female, but similar to those seen in the pre- 
pubertal female rat [8].Hypophysectomy of adult 
female rats, however, had the most pronounced 
effect on the metabolism of DME, in that, after 
removal of the pituitary gland, liver enzymes from 
the female rat produced metabolite M2 in quantities 
comparable to those found in the hypophysectom- 
ized male (Table 2). Typical chromatograms are 
shown in Figs. 1 and 2. 

Adrenalectomy, adult castration, thyroidectomy 
or hypophysectomy of adult male rats (Table 2; Fig. 
2) did net prevent hepatic enzymes from the male 
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Fig. 1. Gas chromatograms typical of those obtained from four or more independent experiments 
showing the effect of: ovariectomy, Ovx; thyroidectomy, Tdx; adrenalectomy, Adx; or hypophysectomy, 
Hyx, on the metabolism of DME by adult female rat liver enzymes. 
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Fig. 2. Gas chromatograms showing the effect of: hypophysectomy, Hyx;-thyroidectomy, Tdx; adren- 

alectomy, Adx; and castration, Cx, of 60 day old and i day old male rats, on the metabolism of DME 

by adult male rat liver enzymes. Results are typical of those obtained from four or more independent 
experiments. 
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Table 1. Effects of surgical treatments on the metabolism 
of DME by adult female rat liver 9000 g x 20 min super- 
natant fraction* 
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Table 2. Effects of surgical treatment on the metabolism 
of DME by adult male rat liver 9000 g x 20 min supernatant 
fraction* 





DME 
Metabolite peak area ratio M2/M1 


DME 
Metabolite peak area ratio M2/M1 





0.03 + 0.01 
0.03 + 0.01 


Adrenalectomy 
Thyroidectomy 
Ovariectomy 0.04 + 0.01 
Hypophysectomyt 0.93 + 0.06 
Control female ; Ot 





*Values represent mean + S.E. for four independent 
experiments except for + which represents eight indepen- 
dent experiments and ¢ which represents more than twenty 
independent experiments. A metabolite peak area ratio of 
0 denotes no detectable metabolite M2 formed. Typical 
chromatograms are shown in Fig. 1. 


producing metabolite M2, although a decrease in 
metabolite peak area ratio M2/M1 was noted. Cas- 
tration of male rats at one day old, however, resulted 
in hepatic enzymes from the adult male rat exhibiting 
a basically feminine pattern of metabolism of DME 
(Fig. 2) in that only metabolite M1 was produced in 
detectable quantities. 

Table 3 shows the effects of combined castration 
and hypophysectomy on the metabolism of DME 
and ethylmorphine. Castration of adult male rats 
reduced rates of metabolism of ethylmorphine and 
decreased the metabolite peak ratio for DME. The 
effects of castration alone on both these parameters 
were fully reversed by treatment with testosterone 
propionate. Combined castration and hypophysec- 
tomy af adult males reduced the activity of hepatic 
ethylmorphine N-demethylase even more than did 
castration alone, and also further reduced the metab- 
olite peak area ratio for DME. However, the effects 
of combined castration and hypophysectomy, unlike 
those of castration alone, were not reversed by tes- 
tosterone treatment. 


DISCUSSION 


The data presented here support previous sugges- 
tions [10, 13, 14, 16] that the pituitary plays a major 


1.11 + 0.05 
1.25 + 0.05 


Adrenalectomy 
Thyroidectomy 
Castration (60 days) 1.04 + 0.03 
Hypophysectomy 0.95 + 0.06 
Castration (1 day) 0 

Control male 1.48 + 0.07 





*Values represent mean+S.E. for four independent 
experiments. A metabolite peak area ratio of 0 denotes no 
detectable metabolite M2 formed. Typical chromatograms 
are shown in Fig. 2. 


role in the control of sex differences in drug metab- 
olism by liver enzymes of the rat. Hypophysectomy 
of adult female rats results in an effective masculin- 
ization of hepatic metabolism of DME (Table 1), in 
that both metabolites M1 and M2 are produced after 
removal of the pituitary. It can be postulated that 
the ‘masculinization’ of DME metabolism following 
hypophysectomy is due to the removal of a pituitary 
factor(s), presumed to be present in the normal 
female, and which, when present, prevents the for- 
mation of metabolite M2. Adrenalectomy, thyro- 
idectomy or ovariectomy of female rats had a similar, 
but far less pronounced, effect on the metabolism 
of DME, but are known to have opposite effects to 
hypophysectomy on plasma concentrations of 
ACTH, TSH, FSH and LH [18]. This would appear 
to militate against mediator roles for ACTH, TSH, 
FSH and LH. 

The concept of the existence of a pituitary factor 
acting to feminize hepatic microsomal metabolism 
in the female rat is not new. The work of Gustaffson 
and co-workers [15, 16, 19-21] has indicated the 
presence of a novel pituitary factor ‘feminotropin’ 
that acts to ‘feminize’ the hepatic microsomal metab- 
olism of steroids in the rat. ‘Feminotropin’ has been 
shown to be distinctly different from GH, LH, FSH, 
TSH and from prolactin [16], and has been impli- 


Table 3. Effects of combined hypophysectomy and castration on the metabolism of 
DME and ethylmorphine by adult male rat liver 9000 g x 20 min supernatant fraction* 





Matabolite peak 
area ratio M2/M1 


DME Ethylmorphine 
(nmoles HCHO/ 


min/g liver 





Control male 

Castrated male 

Castrated male + TP? 

Castrated + hypophysectomized 
male 

Castrated + hypophysectomized 
male + TP+ 


186+ 6 


0.88 + 0.05 





* Values represent mean + S.E. of four independent experiments. 
+ Rats were injected with testosterone propionate (TP) 2 mg/day on alternate days 


for two weeks. 


$ Statistically significant difference from castrated male at P < 0.05. 
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cated in the control of drug metabolizing enzymes 
[14]. Evidence presented in Table 1 suggests that the 
apparent qualitative sex difference in the metabolism 
of DME is under the control of a similar if not 
identical pituitary factor to that which controls the 
metabolism of steroids by the female rat liver 
microsomes. 

Table 2 shows the effects of surgical treatments 
on the metabolism of DME by adult male rats. 
Hypophysectomy, adrenalectomy, thyroidectomy or 
adult castration was unable to prevent the formation 
of metabolite M2 by liver enzymes from the adult 
male rat, although a decrease in the metabolite peak 
area ratio M2/M1 was observed in each case. In 
agreement with previous observations [8], castration 
at one day old totally prevented the formation of 
metabolite M2 in adult life. This observation further 
supports previous suggestions [17, 20] that the pres- 
ence of a ‘feminizing factor’ in adult life is determined 
by the absence of androgens during the neonatal 
period. The presence of testicular androgens during 
this period can be said to masculinize a basically 
feminine pattern [17]; the absence of testicular 
androgens during the neonatal period resulting in 
the basically feminine pattern being retained in adult 
life. This scheme (a basically feminine pattern 
becoming masculine by the action of neonatal andro- 
gens) is in agreement with current theories on sexual 
differentiation [22-26] whereby bipotential organs 
deviate from a basically feminine pattern first by a 
regression of female characteristics and then by a 
development of masculine potentialities. These 
developmental changes can be divided into two 
aspects. Firstly, the appearance of new functions, 
and secondly, a process of facilitation whereby cer- 
tain parts of the body become (more) sensitive to 
testosterone in adult life [26]. 

The results shown in Table 3 agree with the find- 
ings of Kramer et al. [13]. Testosterone was found 
to have no effect on the hepatic metabolism of 
xenobiotics in hypophysectomized animals. One pos- 
sible explanation for this observation is that andro- 
genic effects on drug metabolism are mediated 
directly via the pituitary gland. Evidence has been 
presented for the existence of a masculinizing factor, 
secreted by the male pituitary, that controls the 
metabolism of steroids [16] and of foreign com- 
pounds [10]. In the present context a masculinizing 
factor could account for: 


(1) the absolute requirement of the pituitary 
gland for the expression of stimulatory androgenic 
effects on foreign compound metabolism; and 

(2) differing levels of responsiveness of drug 
metabolizing enzymes to the actions of androgens 
in adult life [2,9, 10], differences that arise as a 
result of neonatal exposure to testosterone [9, 10]. 


It can be postulated that in addition to preventing 
the secretion of a ‘feminizing factor’ in adult life, 
neonatal androgens also facilitate the ability to 
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secrete a counterpart masculinizing factor. A mas- 
culinizing pituitary factor can be envisaged as 
mediating androgenic effects on hepatic drug metab- 
olism by a positive feedback to the pituitary. The 
responsiveness of liver enzymes to androgens in adult 
life would therefore be dependent on the ability to 
secrete a masculinizing factor, which is in turn deter- 
mined by neonatal androgens. This need not pre- 
clude a quantitative rather than a qualitative rela- 
tionship between male and female rats, since the 
effects of neonatal androgens need not be all-or- 
none, but could include the possibility of a gradation 
of responsiveness, according to the level of exposure 
to androgens. 
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Abstract—The disposition of 1-[‘*C]clofibrate (0.4 mmole/kg) was studied in rats after acute (single 
dose) and chronic (b.i.d., for 14 days) administration. With a single dose (orally or by intraperitoneal 
injection) of clofibrate, most (~90 per cent) of the 'SC.dose appeared in the urine within 24 hr and the 
recovery of '*C from the urine and feces was nearly quantitative within 72 hr. Little fecal excretion of 
'4C (<5 per cent) occurred after a single or chronic clofibrate administration. Clofibrate was readily 
absorbed and eliminated, as evidenced by a rapid increase in plasma '*C level within 90 min and a 
calculated biological half-life of 4.1 hr. The pharmacokinetic profile of '8C-elimination in rats was 
unaffected by pretreatment with cholestyramine. Clofibric acid [2-(4-chlorophenoxy)-2-methylpropionic 
acid] was identified as the major metabolite in plasma (~97 per cent) whereas the glucuronide of 
clofibric acid was the main urinary and biliary metabolite (~96 per cent). Clofibric acid, as the free acid 
and glucuronide form, accounted for 99 per cent of the total '“C-dose in rats, and unchanged clofibrate 
was not detected in any of the biological samples. Two unidentified, minor urinary metabolites were 
also detected. In cannulated bile duct studies, it was found that ['*C]clofibrate, as clofibric acid, was 
rapidly and efficiently excreted in the bile. The biliary excretion rates of '“C and of the glucuronide of 
clofibric acid were also not altered by phenobarbital pretreatment. Chronic treatment with ['*C]clofibrate 
did not alter the qualitative or quantitative nature of biotransformation in vivo. An increased rate of 
urinary “C-elimination was observed following chronic 1-['*C]clofibrate treatment, with concomitant 
reductions in blood and heart 'C-content and an elevation in '*C-content of epididymal fat tissue. 
Subcellular fractionation of liver, from rats given ['*C]clofibrate chronically, indicated an increased 
distribution of '“C into mitochondria and peroxisomes. Tissue 'C-levels, achieved in these in vivo 
studies, were an order of magnitude lower than those required for the pharmacological activities of 


clofibrate and clofibric acid in vitro. 


Clofibrate, the ethyl ester of 2-(4-chlorophenoxy)-2- 
methylpropionic acid (hereafter designated as clo- 
fibric acid), is widely used as an antihyperlipidemic 
agent [1, 2]. Pharmacokinetic data for clofibrate have 
appeared in the literature [3-5], however, very little 
work has been done on the biotransformation and 
the tissue distribution of clofibrate [6, 7]. This is due, 
in part, to the initial report by Thorp [6] showing 
that clofibrate was rapidly hydrolyzed to clofibric 
acid by tissue esterases, glucuronidated, and quan- 
titatively excreted in the urine. Based upon these 
findings and those of Cayen et al. [7], clofibric acid 
was proposed to be the pharmacologically active 
form of clofibrate in man, rat and dog. 

To discern the mode of antilipidemic or toxicol- 
ogical actions of clofibrate, the effects of clofibrate 
and clofibric acid on selected tissues and enzyme 
systems have been evaluated in experimental studies 
[8-12]. These pharmacological studies involved 
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either a direct addition of clofibrate to the biological 
medium or measurement of various enzyme activities 
after pretreatment of animals with clofibrate for a 
predetermined period. It remains to be established 
whether this drug accumulates to an effective level 
at its proposed pharmacological site(s) of action. In 
the present study, we examined the biotransforma- 
tion, elimination, and tissue distribution of clofibrate 
in rats, using a dosage regimen of clofibrate that 
exhibited significant antilipidemic activity [13]. The 
serum-protein binding and tissue accumulation of 
clofibrate were also monitored after acute and chro- 
nic administration. While our studies were in pro- 
gress, Cayen et al. [7] reported on the disposition of 
clofibrate and clofibric acid in the rat and dog. 


MATERIALS AND METHODS 


Materials. Clofibrate was supplied by Ayerst Lab- 
oratories (New York NY). Radiolabeled 1- 
[*C]clofibrate (sp. act. 45.3 uCi/mmole) was syn- 
thesized in our laboratories according to the pro- 
cedure of Ferdinandi [14], using ['*C]-chloroform as 
the reactant (see Fig. 1). Radiochemical purity 
(> 98 per cent) was assessed by thin-layer chroma- 
tography (t.1.c.) in three solvent systems (see below). 
Glucose-6-phosphate dehydrogenase (grade II), p- 
glucuronidase (bovine liver, type B-1), and cyto- 
chrome c (horse heart, type III) were purchased 
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of 
7 “CO,R 
mos CH3 
"location of | -'C atom 


Clofibrate R = CH2CHs eo 


Clofibric Acid 


Clofibric Acid- 
Glucuronide 


Fig. 1. Structures of clofibrate, clofibric acid, and the glu- 
curonide of clofibric acid. The asterisk indicates the pres- 
ence of the 'C-atom of 1-['*C]clofibrate. 


from the Sigma Chemical Co. (St. Louis, MQ). 
Ethylmorphine (Dionin) and sodium phenobarbital 
were obtained from Merck & Co., Inc. (Rahway, 
NJ). Cholestyramine was received from Mead John- 
son & Co. (Evansville, IN). Soluene-100, Permafluor 
V, Carbo-Sorb, Combusto-Pads, and Combusto- 
Cones were purchased from the Packard Instrument 
Co., Inc. (Downers Grove, IL), while Thrift-Solve 
was obtained from Kew Scientific, Inc., (Columbus, 
OH). Anasil t.l.c. plates (silica gel G and GF, 
5 x 20cm, 250 um thickness) were purchased from 
Analabs, Inc. (North Haven, CT). All other 
materials were reagent grade materials, from com- 
mercial sources, and were used without further 
purification. 

Animals. Harlan male Sprague-Dawley rats 
(Cumberland, IN) weighing approximately 180 g at 
the beginning of the experiment were used through- 
out. Animals had free access to water and Purina 
lab chow. 

Measurment of radioactivity. Samples containing 
SC were counted in a Beckman model LS-355 liquid 
scintillation spectrometer (Fullerton, CA). The 
extent of quenching was corrected by external and 
internal standardization techniques. Plasma, urine, 
bile and ‘silica gel scrapings were counted in 10 ml 
of Thrift-Solve with an 86-94 per cent counting 
efficiency. Tissue, fecal and whole blood samples 
were combusted in a Packard sample oxidizer (model 
306, Downers Grove, IL), which automatically col- 
lected “CO, in a Permafluor—CarboSorb solution. 
The counting efficiency of '‘C in these samples 
ranged from 72 to 85 per cent. 

Thin-layer chromatography. Metabolites of clofi- 
brate were separated on silica gel by ascending t.I.c. 
chromatography using three solvent systems: I, ben- 
zene-glacial acetic acid—methanol (76:4:20), II, 2- 
propanol—ammonia (95:5), and III, hexane—formic 
acid (90 per cent)—ethanol (57:3:40). After allowing 
the plates to develop 15 cm, they were air dried and 
visualized in u.v. light (254nm); the radioactive 
peaks were isolated with a t.l.c. zonal scraper (model 
TLE-001, Analabs, Inc.). The R; values of clofibrate 
and clofibric acid in the solvent systems were I, 0.73 
and 0.57; II, 0.69 and 0.30 and III, 0.91 and 0.88 
respectively (N = 4). 

Radioactivity in whole blood. For the 6-hr study, 
three rats were anesthetized with urethane 


(1.2 g/kg,i.p.) followed by _ intubation’ of 
0.4mmole/kg of clofibrate (3.5 uwCi/mmole) sus- 
pended in 0.25 per cent methylcellulose. The right 
carotid artery was cannulated with PE-II tubing con- 
nected to a heparinized syringe. Samples of blood 
(0.2 ml) were drawn every 30min and dispensed 
onto Combusto-Pads and allowed to dry overnight. 
For the 14-day study, three rats were given 
0.4mmole/kg of clofibrate (3.5 uCi/mmole) every 
12 hr by intubation. The animals were lightly anesth- 
etized with ether, and blood was drawn (0.4 ml) from 
the orbital plexus with heparinized capillary tubes 
12 hr after the last dose on days 1, 7, and 14. 

Isolation of metabolites in plasma, urine and bile. 
Animals used in the 6-hr blood level study were 
exsanguinated upon termination of the experiment. 
‘SC in the plasma samples was extracted according 
to the procedure of Karmen and Haut [15]. Ether 
extracts were concentrated under nitrogen and then 
an aliquot was subjected to thin-layer chroma- 
tography using solvent systems I and II. | 

Aliquots of urine (2-3 ml) were acidified with 
2NHCI to pH2, and extracted twice with ethyl 
acetate (6 ml). Recovery of '*C into the organic phase 
exceeded 96 per cent. Aliquots of the organic phase 
were then placed in 25-ml Erlenmeyer flasks and 
evaporated. For enzymatic hydrolysis, 4 ml of 0.1 M 
sodium acetate buffer, pH 5, containing 100,000 
E.U. of #-glucuronidase was added to the Erlen- 
meyer flasks and incubated for 24 hr at 37°. After 
24 hr, 0.5 ml of 30 per cent HCIO, was added, and 
the pH was adjusted to 6.5 with 1M K;CO,. The 
solution was centrifuged for 10 min, and the super- 
natant portion was then acidified with 2 NHCI and 
extracted twice with ethyl acetate (6 ml). The organic 
phase was evaporated to near dryness and metab- 
olites were separated using solvent systems I and II. 
Chemical treatment of samples was also done with 
0.2 N HCI at 40° for 60 min and with 0.2 N NaOH at 
37° for 20 hr. Final incubation mixtures were treated 
as described for f-glucuronidase. 

Biliary metabolites were assayed at the fourth 
collection period when 'C-levels were most concen- 
trated. Aliquots were taken from the bile of both 
nontreated and _ phenobarbital-treated animals 
(40 mg/kg, b.i.d., for 4 days) and were treated in a 
fashion identical to that described for urine samples. 

Plasma binding of ‘*C. Plasma samples were col- 
lected from individual animals upon the termination 
of the 12 hr (acute) and 14-day (chronic) treatment 
studies. Duplicate plasma samples (1 ml) were placed 
in multicavity dialysis cells (Chemical Rubber Co., 
Cleveland, OH) and dialyzed with shaking against 
1 ml of 0.16 M phosphate buffer, pH 7.4, for 24 hr 
at 37°. Each half-cell contained a small glass bead 
to aid in mixing. At the end of 24 hr, 0.3-ml samples 
were removed from each half-cell, placed in scintil- 
lation counting vials containing 1.5 ml Soluene-100, 
and heated to 50° for 30 min. Samples were cooled 
and radioactivity was measured after addition of 
10 ml of Thrift-Solve. 

Urinary and fecal radioactivity. Urinary and fecal 
elimination rates were studied in animals receiving 
['*C]clofibrate (0.4 mmole/kg) either orally or i.p. 
Rates of elimination were also studied in a group of 
animals receiving 75mg cholestyramine per day 





Clofibrate metabolism in rat 


orally for 4 days prior to and continuing 3 days after 
an i.p. injection of ['*C]clofibrate. Urine and feces 
were collected from animals every 12 hr for the first 
day and every 24hr thereafter. The animals were 
housed in Delmar (Perkin-Elmer, Maywood, IL), 
all-glass metabolism cages, which permitted the sep- 
aration of urine and fecal material in a collection 
chamber packed in dry ice. Carbon dioxide was 
trapped by aspirating all expired air through a col- 
umn containing 100 ml of 2.5 N NaOH. Duplicate 
samples of urine (0.5 ml) were added directly to 
Thrift-Solve (15 ml) and counted. Fecal material was 
weighed, and an equal amount (g) of 1 per cent 
Tween 80 was added to the sample prior to hom- 
ogenization in a glass mortar. Triplicate samples 
were weighed in Combusto-Cones containing a small 
amount of cellulose powder to aid the combustion 
process, and the amount of '*CO, present was deter- 
mined as before. The possibility of “CO, being 
cleaved from clofibrate was monitored by taking 1.0- 
ml samples from the column (2.5 N NaOH) at var- 
ious times and dissolving them directly in 10 ml of 
Thrift-Solve. 

Liver microsomal metabolism of clofibrate. Liver 
microsomes were isolated from nontreated and 
phenobarbital-treated rats according to the pro- 
cedure described by Mellon et al. [16]. Treated rats 
received 80 mg/kg sodium phenobarbital, once daily, 
for 4 days while the control group received a requisite 
volume of saline. The extent of hepatic microsomal 
induction due to phenobarbital treatment was 
assessed by measurement of ethylmophine JN- 
demethylase activity as described previously [16]. 
Reaction mixtures for clofibrate consisted of 5 mg 
of microsomal protein, 30 umoles of 0.1 M HEPES* 
buffer, pH 7.4, and an NADPH-generating system 
(containing 15 uymoles MgCl., 1 mg NADP*, 5.4 mg 
glucose-6-phosphate, and 2 units of glucose-6-phos- 
phate dehydrogenase) in a final volume of 3.0 ml. 
Reactions were _ initiated with 10umoles 
['*C]clofibrate (6.22 uCi), delivered in 25 ul ethanol, 
and terminated after 10, 30 and 60 min by adjusting 
the pH to 2 with 2N HCl. “C was extracted twice 
using ethyl acetate (6 ml); the ethyl acetate extracts 
were concefitrated under nitrogen, and the “C- 
metabolites were separated on silica gel by t.l.c. 
using solvent systems I and II. 

Isolation and characterization of urinary and 
hepatic microsomal metabolites of clofibrate. The 
condensed ethyl acetate extracts of '“C from urine 
and hepatic microsomal preparations were streaked 
across 20 x 20 cm silica gel t.l.c. plates (Anasil, silica 
gel G, 250 um), air dried, and metabolites separated 
in solvent system I. The single radioactive band 
corresponding to the R, of clofibric acid was 
removed, and the silica gel scrapings were eluted 
successively with 10 ml of ether methanol. The eluant 
was concentrated to dryness under nitrogen, and the 
'$C-metabolite was crystallized in methanol and the 
precipitate isolated by centrifugation. A 90 MHz 
Bruker nuclear magnetic spectrometer (Bruker 
Instruments, F.R.G.) was used to characterize these 
metabolites. The n.m.r. spectrum of each isolated 

* HEPES =4-(2-hydroxyethyl)-1-piperazine-ethanesul- 
phonic acid. 
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metabolite was identical to that of clofibric acid in 
the aromatic and methyl! proton regions. Proton res- 
onances were observed as a typical AA’BB’ pattern 
in the range of 6.87-7.23 6 and a methyl proton 
resonance was observed at 1.58 6, which were con- 
sistent with the intact 1,4-disubstituted ring and iso- 
butyric acid side chain of clofibric acid respectively. 

Biliary excretion of clofibrate. Rats were anesth- 
etized with urethane, 1.2 g/kg, i.p., and bile ducts 
were cannulated with PE-10 tubing through an 
abdominal incision. Body temperatures were mon- 
itored with a rectal probe and maintained at 38° with 
a heating lamp. Clofibrate was _ injected 
(0.4 mmole/kg; 1.2 wCi) i.p., in propylene glycol and 
ethanol (9:1, v/v). The injection volume was 0.5 ml. 
Successive 15-min bile samples were taken for the 
first hour, at 30-min intervals for the second hour, 
and then at 45 min intervals until the last hour. 
Samples were collected directly in preweighed scin- 
tillation vials throughout the 6-hr time period and 
were dissolved in 10 ml of Thrift-Solve for measure- 
ment of radioactivity. 

Liver cell fractionation. Subcellular fractions of 
liver were obtained from the 12-hr and 14-day 
['*C]clofibrate-treated animals, using the differential 
centrifugation and discontinuous density gradient 
techniques outlined by Borowitz [17]. 

Livers were quickly excised, perfused with saline, 
blotted dry, and then homogenized in 4 vol. of ice- 
cold 0.32 M sucrose solution. Subcellular fractions 
of cell debris, mitochondria and microsomes were 
prepared by differential centrifugation of each liver 
homogenate (35 ml) at 480 g for 10 min, 10,000 g for 
30 min, and 105,000 g for 75 min respectively. Cyto- 
sol was recovered as the 105,000 g supernatant frac- 
tion. Aliquots (1 ml) of the resuspended mitochon- 
drial fraction (10ml) were layered onto a 
discontinuous sucrose gradient and centrifuged at 
120,000 g for 48 min. Fractions recovered were des- 
ignated as F, (3.5ml,0.32M_ sucrose), F, 
(2.5ml,1.25M _ sucrose), F; (2.5ml,1.50M 
sucrose), F, (2.5ml,1.75M_ sucrose), and F; 
(2.5 ml, 2.0M sucrose). Three gradient tubes were 
prepared for each liver such that combination of 
their respective fractions (F,-F;) yielded a total vol- 
ume of 10 ml. Each of these fractions (F;-F;) was 
analyzed for cytochrome c reductase and catalase 
activities by the methods of Borowitz [17] and Luck 
[18], respectively. The protein content of each frac- 
tion was determined by the method of Lowry et al. 
[19] using crystalline bovine albumin as a standard. 
From each fraction, 1.5-ml aliquots were added to 
Combusto-Cones, and the amount of “C present 
was determined after sample combustion. Prior to 
each fractionation step, 1.5-ml aliquots were also 
assayed for 'C to monitor recoveries. The total 
percent recovery of '*C from all fractionation steps 
except for the sucrose gradient was 106 + 9 (mean 
+ S.E.M.; N = 3). As an internal standard, 156 ug 
[*C]clofibric acid (7593 dpm) was added to livers 
from nontreated animals prior to homogenization. 
These homogenates were fractionated as before, and 
the '“C and protein contents were monitored in each 
fraction. 

Tissue radioactivity. All tissue samples except 
those from adrenals, small intestine, and epididymal 
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fat pads were homogenized in a 10-ml volume of 
distilled water with a Polytron model PT OD tissue 
homogenizer (Brinkmann Instruments, Westbury, 
NY). Intestinal tissue was homogenized in 20 ml of 
water after elimination of all fecal material by rinsing 
in water. Aliquots (1.5 ml) of the homogenates were 
placed in Combusto-Cones, allowed to dry, and sub- 
jected to combustion. Adrenal glands from each 
animal were combined, dried, and combusted 
directly, whereas epididymal fat pads were divided 
into 200-mg sections for combustion. 

Carcass radioactivity. After removal of the various 
tissues, the residual carcass for each rat was weighed 
and homogenized in a Waring blender containing 
300 ml of water. Six aliquots (1-2 ml) of the hom- 
ogenate were placed in Combusto-Cones, air dried, 
and combusted. 

Serum cholesterol and triglyceride assays. Serum 
cholesterol and triglyceride levels were measured by 
the method of Parekh and Jung [20] and Soloni [21] 
respectively. 

Statistical analysis. Student’s t-test was employed 
to make comparisons between means. 


RESULTS 


'4C-Absorption and plasma concentration. ‘*C was 
observed in the plasma within 30min after oral 
administration of clofibrate (0.4 mmole/kg) to rats 
(see insert in Fig. 2). The maximum plasma “C level 
was attained 90 min after administration, indicating 
that clofibrate was readily absorbed. At 6hr, the 
plasma level had declined from a peak level of 
40.9 ug/ml to 28.6 ug/ml. The half-life for the dis- 
appearance of '*C from plasma was estimated to be 
8.3 hr. In the group of rats treated with clofibrate 
(0.4 mmole/kg, b.i.d.) for 14 days (chronic), the 
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plasma levels of '*C declined significantly (P < 0.05) 
(by 27 per cent on day 7 and by 48 per cent on day 
14) after chronic clofibrate administration. 
4C.Metabolites and plasma protein binding, in 
vivo. Drug metabolites in plasma were separated by 
t.l.c. using solvent system I; authentic standards of 
clofibric acid and clofibrate migrated to R; = 0.62 
and R; = 0.74 respectively. In 6-hr plasma samples, 
two radioactive peaks appeared on t.l.c. plates after 
development. The major peak represented clofibric 
acid (96.7 per cent of the total “C); the remaining 
C (3.2 per cent) was located at R; = 0.31. The latter 
metabolite was determined to be the glucuronide 
conjugate of clofibric acid, for it had an R; identical 
to that of the glucuronide characterized in urine 


Table 1. Plasma protein binding of '*C following acute or 
chronic clofibrate administration in the rat 





Drug treatment* 





Variable Acute Chronic 





Microgram presentt 30.9+2.1 
(ug/ml) 

Microgram boundt 
(ug/ml) 


Percent 'C bound 


16.2 + 1.24 
19.2+ 1.1 11.4 + 0.6¢ 


62.1 + 0.6 70.4 + 3.4 





* Rats were given 0.4 mmole/kg 1-['*C]clofibrate as a 
single dose (acute treatment) or twice daily for 14 days 
(chronic treatment). Blood was drawn 12 hr after the last 
dose, and plasma drug binding was measured by equilib- 
rium dialysis as described in Materials and Methods. 

+ Data are expressed as yg of clofibric acid equivalents 
per ml of plasma. Each value is mean + S.E.; N = 3. 

¢ Value is significantly different - the P<0. 05 level) 
from acute drug treatment. 
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Fig. 2. Time course of mean plasma ‘*C-levels in rats (N = 3) given clofibrate (0.4 mmole/kg) acutely 

(single dose) or chronically (b.i.d., for 14 days). Data are expressed as yg clofibric acid equivalents per 

ml of plasma and values are means + S.D. An asterisk indicates a significant difference (P < 0.05) 

between mean plasma levels (7-day and 14-day vs initial 12-hr values). Insert: Plasma “C after oral 
administration of clofibrate (0.4 mmole/kg). 
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Fig. 3. Time course of C-elimination in rats (N = 3) given a single oral or i.p. dose of clofibrate 

(0.4 mmole/kg); effect of cholestyramine pretreatment. Values are the mean percent of total '*C 

remaining + S.D. Key: (@—®) oral administration; (O—O) i.p. administration; and (O—(D) i.p. 
administration to cholestyramine-treated rats. 


samples (see below). In no case did a t.l.c. radio- 
chromatogram of 6-hr extracts of plasma samples 
reveal any “C corresponding to the R; of clofibrate. 

Plasma samples were obtained from rats given 
['*C]clofibrate (0.4 mmole/kg orally) as a single oral 
dose (acute) or twice daily for 14 days (chronic). 
The study was designed to determine not only the 
amounts of free and bound drug but also any quan- 
titative difference that might occur during multiple 
dosing with clofibrate. As indicated in Table 1, total 
plasma drug concentrations and bound drug were 
significantly reduced by 52 per cent and 41 per cent 
in rats given a single dose or after chronic clofibrate 
treatment, respectively. The small difference 
between the two treatment groups, in the percentage 
of “C-drug bound to plasma proteins, is most likely 
related to the differences in the total plasma drug 
concentration. 

4C- Elimination of clofibrate. As presented in Fig. 


3, the disappearance rate of “C was monitored for 
72 hr in rats given a single dose of clofibrate (i.p. or 
orally) or in a group of rats pretreated with chole- 
styramine. It can be seen that the elimination rate 
of ['*C]clofibrate from the body was unaffected by 
the route of administration or by pretreatment with 
cholestyramine. The biological half-lives (mean + 
S.D.; N = 3) derived from the “C-elimination curves 
were 4.1 + 0.6 hr for the oral and i.p. routes and 
4.9 + 0.4 hr for the i.p. route treated with 
cholestyramine. 

As shown in Table 2, > 96 per cent of an admin- 
istered *C-dose was eliminated within 24 hr, and 90- 
96 per cent of the “C was excreted in the urine. 
Small amounts of the C-doses were excreted in the 
feces; the least amount of C excreted into feces 
was in the group receiving clofibrate orally (Table 
2). In addition, very little residual carcass “C (< 0.3 
per cent of the total dose) was found in the animals 


Table 2. Effects of the routes of administration of cholestyramine on the urinary and fecal 
excretion of 1-['*C]clofibrate in the rat 





Per cent of total '“C dose eliminated* 





24 hr 








Route of 
administration 





Oral 

Intraperitoneal 

Intraperitoneal 
cholestyraminet 





* Rats were given clofibrate (0.4 mmole/kg) as a single dose, and urine or fecal samples 
were assayed for '“C after 24 and 72hr. Data are the means + S.E. of N =3 in each 


treatment group. 
+ Rats were given cholestyramine (75 mg, orally) once daily for 10 days. Clofibrate was 


given as a single dose (0.4 mmole/kg) on day 7. 
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Fig. 4. Cumulative elimination of 'C in rats (N=3) during chronic clofibrate administration 
(0.4 mmole/kg, orally, b.i.d. for 14 days). Values are means + S.D. Data are represented as the per 
cent of total '*C eliminated into urine (O—O) or feces (@—®). 


72 hr after they had received single doses of ['*C]- 
clofibrate either orally, i.p., or i.p. in combination 
with cholestyramine, and no '*C was detected in the 
expired air of these animals within 72 hr. 

Urinary and fecal excretion of '*C were monitored 
every 24 hr in the group of animals treated chroni- 
cally with [C]clofibrate (twice daily for 14 days) 
(Fig. 4). The total '"C eliminated in the feces was 
small and relatively constant throughout the 14 days 
(3.7 + 0.4 per cent, mean + §.D., N = 3, at day 14). 
The major portion of '*C (~95 per cent) was excreted 
in the urine. The percentage of total '“C excreted in 
the urine within each 24-hr period increased only 
slightly throughout 14 days of clofibrate treatment 
(from a mean level of 80 per cent at day 1 to 95 per 
cent at day 14) (see Fig. 4). 

Urinary metabolites. Thin-layer chromatographic 
separation of '“C-metabolites extracted from urine 
(0-12 hr) produced two major radioactive peaks 
located at R, = 0.33 and R; = 0.62 (Table 3). None 
of the extracts of urine showed a radioactive peak 


Tabie 3. Metabolites of 1['*C]clofibrate in 0-12 hr urine* 





Metabolitest (% of totai ™"<) 





Treatment 0.33 0.42 0.62 0.74 





Control 88.5 0.5 
§-Glucuronidase 10.8 0.3 
Alkali (0.2NNaOH) 0.0 0.2 
Acid (0.2 N HCl) $7.7 0.5 


10.7 0.0 
88.5 0.0 
99.8 0.0 
13S. OG 





* Urine samples (0-12 hr) were collected from rats given 
a single oral dose of clofibrate (0.4 mmole/kg) and “C- 
metabolites were isolated and chromatographed as 
described in Materials and Methods. 

+ Aliquots of '*C-metabolites isolated from urine were 
subjected to treatment with f-glucuronidase (700 1.U. for 
30 min at 37°), alkali (incubated for 20 hr at 37°), or acid 
(incubated for 10 min at 25°). 

¢ Metabolites are: R-= 0.33, glucuronide of clofibric 
acid; Ry = 0.42 and 0.48, undefined metabolites; Ry = 0.62, 
clofibric acid; and Ry = 0.74, clofibrate. Data are given as 
a per cent of the '“C applied to the chromatogram. 


with an R; value of clofibrate (R; = 0.74). The sum 
of these two peaks represented 99 per cent of the 
radioactivity on the plate and the remaining 1| per 
cent or less was located in two other radioactive 
peaks of R; = 0.42 and R; = 0.48. Extracts of urine 
collected during 12 hr were subjected to various 
chemical treatments (Table 3). Treatment of the 
extracts with #-glucuronidase prior to t.l.c. separa- 
tion increased the '*C-peak which corresponded to 
clofibric acid (R; = 0.62). Treatment of the urine 
extracts with 0.2 NNaOH completely shifted the 
peak at R; = 0.33 to the R; of clofibric acid, whereas 
no change in t.1.c. behavior was noted after treatment 
with 0.2 N HCl. Moreover, a reduction in the smaller 
'C-peaks of R; 0.42 and 0.48 was noted only after 
alkali treatment. The n.m.r. spectrum of the metab- 
olite of R;= 0.62 isolated after treatment with f- 
glucuronidase or 0.2 N NaOH was identical to that 
of clofibric acid. 

The percentages of total '“C represented by clo- 
fibric acid (free acid and glucuronide) in urine 
samples are presented in Table 4. The data are also 


- representative of the urinary metabolites found in 


groups of rats given clofibrate alone (oral or i.p.) or 
in rats treated with cholestyramine. In rats receiving 
a single injection of clofibrate, there was no sig- 
nificant change in the profile of metabolites produced 
during the 24-48 hr period compared with that of 
the 0-12 hr period. Similarly, in rats receiving mul- 
tiple injections (chronic treatment) no significant 
differences were found between the profiles of uri- 
nary metabolites after the 14-day treatment period, 
and the amounts of metabolites were essentially 
identical to those found during the initial 0-12 hr 
period. Additionally, only minute quantities of the 
4C-metabolites (< 0.5 per cent) of R;= 0.42 and 
0.48 were detected in the urine samples from rats 
given acute or chronic clofibrate treatment. 
Hepatic microsomal metabolism of clofibrate.To 
examine the possibility that clofibrate was a substrate 
for Phase I metabolism, ['*C]clofibrate was incubated 
with hepatic microsomes prepared from control and 
phenobarbital-pretreated rats (Table’5). Microsomes 
prepared from phenobarbital-treated rats exhibited 
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Table 4. Urinary metabolites of ['*C]clofibrate after acute and chronic administration in 
rat* 





Per cent of total '*C present 





Acute 


Chronic 





Metabolite+ 0-12 hr 


24-48 hr 





0-12 hr 14 day 





Glucuronide of 
clofibric acid 
Clofibric acid 


75.7 + 4.5 
23.5 + 4.4 


Es 
= 





* Rats were given 0.4 mmole/kg 1-[‘*C]clofibrate as a single dose (acute) or twice daily 
for 14 days (chronic), and urine samples were collected at the times indicated. 

+ '4C-metabolites present in urine samples were extracted into ethyl acetate, chromato- 

gules on silica gel, and quantitated as described in Materials and Methods. Each value 


is the mean per cent of total ' 


‘a 2.7-fold increase in ethylmorphine N-demethylase 
activity when compared to control microsomes, 
whereas little difference was noted in the metabolism 
of clofibrate. Thin-layer chromatographic separation 
of the “C-metabolites of clofibrate in control and 
treated microsomes (1 hr) in solvent systems I and 
II yielded a single major '“C-peak with an R; value 
equal to that of clofibric acid. This metabolite was 
isolated and the n.m.r. spectrum of this metabolite 
was identical to that of clofibric acid. Most of the 
clofibrate was converted to clofibric within 15 min 
in both microsomal preparations, and less than 0.1 
per cent remained unmetabolized after 1 hr. 
Biliary metabolites and excretion. The excretion 
of [*C]clofibrate in bile was studied in phenobar- 
bital-treated and control rats (Fig. 5). The peak 
concentrations of “C in the bile of control and 
treated rats were reached 60 and 45 min, respec- 
tively, after [*C]clofibrate administration. As shown 
in the insert of Fig. 5, the rates of '*C-accumulation 
(expressed as cumulative percent dose excreted) in 
the control and phenobarbital-treated rats were 
indistinguishable. In both groups, about 48 per cent 
of the total '*C administered was recovered within 
the 6 hr period. When the data were then plotted as 
percent of '*C dose per ml bile collected, the specific 


‘C + S.D. of N=3. 


activity of '*C per ml bile was reduced by pheno- 
barbital pretreatment versus control animals (Fig. 
5). This observation can be related to the increased 
biliary flow rate observed in phenobarbital-treated 
rats. Initial flow rates for phenobarbital-treated and 
control animals were 1.36ml/hr and 0.76 ml/hr, 
respectively; the biliary flow after 6 hr decreased to 
90 per cent of the initial rate for the treated animals 
and to 80 per cent of the initial rate for the control 
animals. 

'*C-Metabolites in the bile of phenobarbital or 
control rats were chromatographed using solvent 
system I and only two radioactive peaks of R; = 0.33 
and R; = 0.62 were detected. These R; values were 
identical to the glucuronide conjugate and the free 
acid form of clofibric acid respectively. In the bile 
samples obtained from phenobarbital and control 
rats, approximately 96 and 4 per cent of the total '“C 
was associated with the glucuronide and free forms 
of clofibric acid respectively. These results demon- 
strate that pretreatment with phenobarbital did not 
modify the biliary excretion rate or metabolite profile 
and that the excretion of '*C-metabolites of clofibrate 
was independent of the biliary flow rate. 

Hypolipidemic activity of clofibrate and tissue dis- 
tribution of clofibrate in rats. After 14 days of clo- 


Table 5. Time course of the metabolism of ethylmorphine and 1-{'*C]clofibrate in 
rat hepatic microsomes: Effect of phenobarbital pretreatment* 





Substrate-product 


Micromoles present 








Control microsomes 
Clofibric acid 
1-['*C]Clofibrate 
Ethylmorphine (HCHO) 

Phenobarbital-treated 
microsomes 
Clofibric acid 
1[*C]Clofibrate 
Ethylmorphine (HCHO) 


9.92 
0.07 


9.86 
0.37 





* Rats were given phenobarbital (40 mg/kg) or saline, twice daily for 4 days. 
Microsomes were isolated 12 hr after the last dose. The amounts of clofibrate and 
ethylmorphine added were 10 umoles (6.22 uCi) and 5 umoles, respectively. 

+ Value is significantly different at the P<0.05 level from the control 


microsomes. 
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Fig. 5. Time course of biliary excretion of '*C in bile-duct cannulated rats (N = 3) given a single dose 
of clofibrate (0.4 mmole/kg, i.p.); effect of phenobarbital pretreatment. Values are means + S.E. Data 


are expressed as the per cent of total 'SC excreted/ml of bile or as the cumulative per cent of total “C 
dose excreted (figure insert) versus time in control (@—@) and phenobarbital-treated (O—©) rats. 
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Fig. 6. Tissue levels of '*C in rats (N = 3) given clofibrate (0.4 mmole/kg orally) acutely (single dose) 
or chronically (b.i.d. for 14 days). Rats were killed 12 hr after the last dose and the tissues were analyzed 
for radioactivity as described in Materials and Methods. Data are expressed as the mean mM clofibric 
acid equivalents per g of tissue + S.E. as indicated by the vertical bars. An asterisk (*) indicates a 
significant difference (P < 0.05) between data of acute versus chronic clofibrate administration. 
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Table 6. Antilipemic effect of pretreatment with clofibrate 
on serum triglyceride and cholesterol levels in rat* 





Concentration 
(mg/100 ml + S.D.) 





Variable measured+ Control Clofibrate 





Serum cholesterol 
Day 0 
Day 7 
Day 14 
Serum triglyceride 
Day 14 


82.2 + 11.8 
40.9 + 7.04,§ 
42.5 + 7.24,8 


72.6 + 4.8 
68.7 + 4.2 
71.8 + 3.0 


80.9 + 19 40.9 + 15.9]| 





* Animals (N = 3) received clofibrate (0.4 mmole/kg), 
or vehicle, b.i.d., orally for 14 days. 

+ Serum cholesterol and triglycerides were assayed at 
the times indicated by procedures outlined in Materials and 
Methods. 

+ P <0.05 (clofibrate group vs control group). 

§ P< 0.05 (treatment group vs day 0 values). 

|| P < 0.20 (clofibrate vs control). 


fibrate treatment (0.4 mmole/kg, b.i.d.), serum cho- 
lesterol and triglyceride levels were reduced to 58.4 
and 50.6 per cent of the control values, respectively 
(Table 6). Serum cholesterol was reduced signifi- 
cantly at both the 7 and 14-day treatment periods. 
Levels of '*C were determined in several organs 
and tissues 12 hr after the last dose in those animals 
receiving a single dose of clofibrate (acute) and those 
receiving clofibrate twice daily for 14 days (chronic) 
(Fig. 6). Molar clofibric acid equivalents in tissues 
of acute and chronically treated animals ranged from 
0.1 to 1.4 x 10°*M. With the exception of blood, 
heart and epididymal fat, the radioactivity in the 
various tissues of acute and chronic treated rats did 
not differ statistically (P > 0.05). However, most 
tissues accumulated less *C after chronic clofibrate 
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administration. The residual amounts in the car- 

casses of these animals also showed this relationship. 
After 14 days of treatment (28 doses) the C-levels 
in epididymal fat were 3.7-fold greater than those 
in rats given a single injection and 1.5-6.1-fold 

greater than in the remaining tissues, including 
lood. 

Liver subcellular fractions prepared from non- 
drug, acute, and chronically treated rats were ana- 
lyzed for “C (Table 7). Values of '*C-distribution 
in the subcellular fractions did not differ significantly 
(P <0.05) between nondrug and acute treatment 
groups. Significant differences in C-levels, how- 
ever, did exist between fractions isolated from 
acutely and chronically treated groups. The “C-con- 
tents of fractions F;, F, and F; were significantly 
higher in rats given chronic clofibrate treatment. 
Moreover, chronic clofibrate treatment also pro- 
duced changes in the protein content of the fractions 
indicated as F, and cytosol (compare acute versus 
chronic treatment). Only the specific activity (dpm 
bound/mg protein) of F; in the chronic group was 
increased when compared to that fraction in the 
acute or nondrug treatment groups. 

It was also found that 69 per cent of the succinate 
cytochrome c reductase activity was in fraction F;, 
with 6, 3, 21 and 1 per cent found in fractions F,, 
F,, F, and F;, respectively. Forty-nine per cent of 
the total catalase activity was in fraction F,, the 
remainder of the activity being distributed in frac- 
tions F, (6 per cent), F, (13 per cent), F; (15 per 
cent) and F; (17 per cent). 


DISCUSSION 


Our combined data on the assay of C in urine, 
plasma, bile and fecal samples indicate that orally 
or parenterally administered clofibrate is rapidly 
absorbed and almost completely eliminated within 


Table 7. Jn vivo subcellular '*C distribution and protein content in livers of acute and chronic 
clofibrate-treated rats* 





Percent of total liver “C+ 


Protein content (mg/g liver) 





Nondrugi Acute 


Chronic Acute Chronic 





26.4 + 3.0 
14.7+2.2 
42.4+3.1 
4.4+0.9 
4.0+0.7 
3.5+1.3 
2.6+0.8 
2.2 + 0.5 


25.6+5.9 
15.9+2.8 
43.4+2.8 
4.5+3.6 
4.0+1.4 
2.5+0.2 
3.0 + 1.0 
2.0+1.4 


Cell debris 
Microsomes 


74.8 + 6.9 
27.9+7.8 
65.3 + 8.88 
2:3 £22 
10.9 + 3.3 
25.8 + 7.3 
16.4 + 2.9§ 
L329 


79.3+6,2 
38.7 + 2.6 
85.3 +2.9 
5.1 +6.7 
11.3+0.9 
29.0+ 7.1 
7.3+2.8 
2.8+2.8 


22.9 + 17.4 
13.3 + 2.0 
30.1 + 8.4 





* Rats (N = 3) were given 1-['*C]clofibrate (0.4 mmole/kg, orally) as a single dose (acute) or twice 
daily for 14 days (chronic) and killed 12 hr after the last dose. Subcellular fractions were isolated 
as described in Materials and Methods. Data are expressed as the mean + S.D. of N = 3 in each 


treatment group. 
+ Mean 
and 2.88 nCi, respectively. 


‘C contents of livers from nondrug, acute, and chronic treatment groups were 2.75, 2.5 


¢ Liver homogenates (N = 3) of nondrug-treated rats were spiked with 1-['*C]clofibric acid and 
fractionated. No significant differences (P > 0.05) were noted between control and acute treatment 


groups. 


§ Significant difference (P < 0.05) between acute and chronic treatment groups. 
|| Specific activity of this fraction (dpm/mg protein) was significantly (P < 0.05) increased, com- 


pared to the acute and nondrug treatment groups. 
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24 hr (Figs. 2 and 3). Peak plasma and bile levels of 
C in rats were reached 1-2 hr after dosing which 
‘is slightly earlier than the range of 2-8 hr reported 
for clofibrate levels in human plasma [4, 22]. We also 
observed that clofibrate was eliminated primarily in 
the urine as clofibric acid (free acid and glucuronide); 
our estimated plasma biological half-life of '“C in the 
rat (8.3hr) is about one-third to one-half of that 
calculated for clofibrate in man (by Thorp [6] and 
others [4, 22, 23]) or in dog [7]. The higher elimin- 
ation rate in the rat versus man is probably due to 
the differences in serum protein binding, as was 
recently noted by Cayen et al. [7]. Values for the 
binding of clofibrate, as clofibric acid, to bovine 
albumin and human plasma have been reported to 
be 96 per cent [7,24] whereas in the present study 
only 62-70 per cent was bound to rat plasma proteins 
(Table 1) after acute or chronic administration. Since 
a greater fraction of the total plasma drug concen- 
tration in the rat is in the unbound form, relatively 
more drug is available for biotransformation and 
excretion, therefore giving a higher clearance rate 
in this species. 

Very little '“C (< 5 per cent of the dose) was found 
in the feces of rats given a single dose (acute) or 
after chronic clofibrate treatment (Fig. 4); thus, fecal 
excretion appears to play a minimal role in the elim- 
ination of clofibrate in this species. Whereas earlier 
investigations were unable to detect the presence of 
clofibrate or metabolites in bile [6, 25], Sedaghat and 
Ahrens [23] and Pertsemlidis et al. [26] recovered 
measurable quantities of the conjugated and free 
forms of clofibrate in human bile. In addition, the 
dog eliminates 25 per cent of a single oral clofibrate 
dose into the feces within 3 days [7]. In our bile 
cannulation studies, it was found that more than 48 
per cent of a single dose of ['*C]clofibrate was elim- 
inated into rat bile within 6 hr (Fig. 5), and the only 
biliary metabolites identified were the free and glu- 
curonide forms of clofibric acid. The high and low 
concentrations of the glucuronide of clofibric acid 
in bile and plasma, respectively, coupled with the 
low recovery of 'C in feces of rats suggest that in 
this species, as in man [23, 26], enterohepatic recir- 
culation of clofibric acid would appear to play a 
major role in the maintenance of plasma drug levels. 
Accordingly, we expected coadministration of cho- 
lestyramine (an anionic resin) with clofibrate to mod- 
ify the pharmacokinetics of this drug in rat, but no 
significant alterations in the biological half-life and 
fecal excretion rate of clofibrate metabolites were 
found (Fig. 3 and Table 2). Similarly, Sedaghat and 
Ahrens [23] also reported that the administration of 
cholestyramine to patients maintained on clofibrate 
therapy did not modify the pharmacokinetic profile. 

Studies were also initiated to examine the influ- 
ence of phenobarbital pretreatment on the biliary 
excretion of ['*C]clofibrate. Treatment of rats with 
phenobarbital did not increase the total output of 
biliary metabolites of clofibrate (Fig. 5) or change 
the glucuronide to clofibric acid ratio. This obser- 
vation was surprising since phenobarbital is a known 
hepatic inducer of hepatic microsomal UDPGA-glu- 
curonosyl transferase [27] and increases bile flow 
[28] in this species. The absence of an effect of 
phenobarbital is explicable if the rate-limiting step 
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is biliary transport of the glucuronide or hepatic 
uptake of the drug, or if the liver is not the major 
site of the glucuronidation of clofibric acid. In a 
personal communication to Sedaghat et al. [29], 
Thorp noted that, when clofibrate was incubated 
with rat liver and kidney slices, the glucuronide 
metabolite was produced only by the kidney prep- 
aration. If this is the case, phenobarbital treatment 
would most likely have little, or no, effect on the 
quantity or the nature of biliary or urinary metab- 
olites of clofibrate in rat in vivo. Inasmuch as large 
quantities of the 'C in rat bile (~96 per cent) was 
identified as glucuronide, and very little glucuronide 
metabolite was present in plasma (2.3 per cent), it 
would appear that significant quantities of clofibrate 
may, in fact, be formed by liver in this species. In 
this regard, an increase in the biliary elimination of 
the glucuronide of clofibric acid after chronic admin- 
istration could explain, in part, the gradual increase 
in the amounts of urinary metabolites (24-hr inter- 
vals) found during the first 10 days of chronic clo- 
fibrate treatment (Fig. 4). An increased biotrans- 
formation and/or elimination of clofibrate is also 
indirectly supported by the decreased plasma and 
tissue concentrations of “C found in animals after 
14 days of clofibrate treatment. 

In man, Houin et al. [4] reported the existence of 
other metabolites of clofibrate that were sensitive to 
acid treatment but not to treatment with #-glucu- 
ronidase. In dog, an alkali-labile, urinary metabolite 
of clofibrate has also been found. The chemical struc- 
ture of this metabolite is unknown [7]. We were also 
able to detect one or two minor (<1 per cent) 
urinary metabolites of clofibrate (Table 3). In an 
attempt to generate compounds that may correspond 
to these undefined urinary metabolites, the biotrans- 
formation of clofibrate was studied in hepatic micro- 
somes obtained from control and phenobarbital- 
pretreated rats. Our in_ vitro’ studies of 
[“C]clofibrate metabolism in hepatic microsomes 
indicate that clofibrate is converted to clofibric acid 
(Table 5) and does not undergo measurable con- 
version to other metabolites catalyzed by Phase I 
drug-metabolizing enzymes in liver microsomes. 
Therefore, the chemical nature of these minor uri- 
nary metabolites of clofibrate remains to be char- 
acterized. Identification of these metabolites is of 
interest due to the reported potential risk of malig- 
nant tumors in man [30] and in male rats [31] fol- 
lowing long-term clofibrate treatment. 

In our study, as reported by other investigators 
[7, 23,32], we were unable to detect any unmeta- 
bolized clofibrate in the various biological samples. 
We were able to detect clofibric acid and only small 
amounts of the glucuronide (2.3 per cent of total 
'§C) clofibric acid in rat plasma, an observation ver- 
ified in dog and rat by Cayen et al. [7]. This was 
expected, for clofibrate is known to be rapidly 
hydrolyzed by serum and tissue esterases both in 
vivo and in vitro [6]. Clofibric acid has a pK, of 4.46 
and is also an excellent substrate for glucuronidation. 
An efficient and rapid urinary and biliary clearance 
of the glucuronide of clofibric acid was seen after 
administration of this drug in rat. It is evident, there- 
fore, that the major metabolites of clofibrate in the 
rat are the free acid and glucuronide of clofibric acid, 
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as Originally suggested by Thorp [6] and verified by 
Cayen et al. [7]. 

Thorp [6] reported that the apparent volume of 
distribution of clofibric acid was equivalent to 10-15 
per cent of the body weight, which suggested that 
the distribution of clofibrate, as of clofibric acid, was 
limited to plasma and extracellular fluids. On the 
basis of their pharmacokinetic data in man [3, 23], 
other investigators have also concluded that clofi- 
brate does not enter or accumulate in most tissues 
the body. Cayen et al. [7] recently reported that 
clofibric acid was distributed to various tissues and 
was localized in the intracellular compartment of 
heart, kidney, fat and muscle in rat. By contrast, the 
accumulation of clofibric acid in the lungs and spleen 
was in the extracellular compartment [7]. Our whole 
tissue and subcellular distribution studies show that 
only a small amount of the total clofibrate dose 
enters the tissues studied and, in most cases, does 
not accumulate after several doses. The '“C-content 
decreased in blood and heart and increased in fat 
after chronic clofibrate treatment (Fig. 6). The 
accumulation of clofibrate in fat may be related to 
the known antilipidemic action of this drug. The 
reduction in serum lipids may be due to the antili- 
polytic effect of clofibrate on FFA mobilization and 
to the decreased hepatic utilization of FFA for lipo- 
protein synthesis [33]. It has been found that high 
concentrations (> 107? M) of clofibric acid signifi- 
cantly inhibit catecholamine- and ACTH-induced 
increases in cAMP and FFA mobilization in isolated 
rat adipocytes in vitro [13, 33, 34]. Chronic treatment 
with clofibrate would not be expected to obtund 
hormone-induced lipolysis, in vivo, since the tissue 
concentrations of “C (10~*M) were about 10-fold 
lower than those reported necessary for the inhibi- 
tion of lipolysis, in vitro. These findings do not rule 
out any indirect antilipolytic effect that might 
develop upon the accumulation of clofibrate in fat 
tissues during chronic administration. Greene et al. 
[35] reported a reduction in the activity of adenylate 
cyclase in adipose tissue after clofibrate administra- 
tion, which may be responsible for the possible in 
vivo actions of this agent. 

Investigators have attempted to correlate changes 
in hepatic mitochondrial [11,12] or peroxisomal 
[31, 36-38] function with the antilipemic and/or 
tumorigenic effects of clofibrate; however, no studies 
have appeared on subcellular organelle distribution. 
In the present study, the percentage of total '*C in 
the liver, after chronic clofibrate administration, was 
reduced in the nuclear and cytosolic fractions and 
was increased in the mitochondrial and peroxisomal 
fractions. In the latter fractions, only the “C specific 
activity of '*C that was bound to the hepatic mito- 
chondrial fraction was increased after chronic clo- 
fibrate administration (Table 7). At this time, the 
significance of '*C-sequestration by liver mitochon- 
dria remains unclear. However, the antilipidemic 
effects of clofibrate have been associated with 
changes in specific activity of the side chain oxidation 
of cholesterol [11] and in the modification of energy 
production or utilization in this subcellular organelle 
[39-41]. 

Svoboda and Azarnoff [31] recently proposed that 
the tumorigenic properties of clofibrate and related 
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hypolipidemic agents may be associated with the 
ability to produce peroxisomal proliferation. In con- 
trast, Lazarow [38] has reported that clofibrate and 
structurally diverse hypolipidemic drugs increased 
the peroxisomal system of palmitoyl-CoA oxidation, 
and suggested that liver peroxisomes may play a role 
in lowering serum lipid concentrations during clo- 
fibrate treatment. The elevation of '*C-levels in liver 
peroxisomes after chronic clofibrate treatment in rats 
(Table 7) is suggestive of a direct interaction of 
clofibrate or metabolites in this organelle. Irrespec- 
tive of the nature and role of '“C-binding of clofibrate 
in liver peroxisomes, however, it is of interest to 
note that the increased accumulation of '*C in per- 
oxisomes after chronic clofibrate administration par- 
alleled the changes in protein content of this fraction 
(Table 7). Clearly, additional studies are required 
to evaluate the importance of this finding and its 
potential relationship to malignant transformations 
[31] or antilipidemic properties [38]. 
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Abstract—Intact cells and homogenate preparations of several lines of cultured calf-aorta smooth muscle 
cells contained adenylate cyclase activity stimulated markedly (2- to 3-fold) by epinephrine, histamine 
and serotonin. Pharmacological studies indicated the separate and independent nature of these three 
receptor—adenylate cyclase systems. Only the epinephrine response could be blocked by propranolol 
or be desensitized by pretreating with epinephrine. The serotonin-stimulated adenylate cyclase appeared 
to differ from other serotonin receptor systems in that it was refractory to all of the classical serotonin 
antagonists tested, with the exception of methysergide. Characterization of the histamine receptor, with 
the use of various H; and Hz; histamine agonists and antagonists, demonstrated it to be exclusively of 
the H; type. In this system, impromidine, a reported potent H2 agonist, behaved as a mixed agonist- 
antagonist with a strong inhibitory effect on histamine stimulation. The high sensitivity of the histamine 
H, stimulated adenylate cyclase in the cultured smooth muscle cells makes this a useful system for 
studies of regulation of the histamine receptor in vitro as well as for screening putative H2 antagonists 


and agonists. 


In most past attempts to characterize peripheral his- 
tamine and serotonin receptors, isolated organ sys- 
tems were used and electrophysiological variables 
were examined. Using these methods, the effects of 
histamine and serotonin on muscle contraction have 
been investigated in a variety of species and organs, 
including the rat stomach fundus [1], rabbit aortic 
strips [1], guinea pig cardiac muscle [2], dog hepatic 
vascular beds [3], and dog saphenous vein strips [4]. 
The heterogeneous cellular composition of these sys- 
tems makes the assignment of a receptor to a par- 
ticular cell type and the definition of molecular events 
triggered by hormone or neurotransmitter stimula- 
tion much more difficult. A ‘second messenger’ role 
of cyclic nucleotides in mediating peripheral hor- 
mones and central neurotransmission has been pro- 
posed for a wide variety of systems. In this regard, 
it has-been reported that histamine stimulates gastric 
secretion by increasing adenosine 3’ ,5’-cyclic mono- 
phosphate (cAMP) levels in the gastric mucosa via 
its interaction with H,-type histamine receptors [5]. 
Similarly, histamine-induced alterations in cyclic 
nucleotide formation or levels appear to regulate 
cardiac [6] and tracheal [7] contractions. 

Although cultures of cells derived from the central 
nervous system have been examined extensively for 
various neurotransmitter receptors associated with 
adenylate or guanylate cyclases, only a few of these 
studies have concerned histamine and serotonin 
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receptors [8-10]. Very little work concerning these 
receptors has been carried out with cultures of cells 
other than those derived from the CNS [11]. The use 
of homogeneous cultured cell types with distinct 
numbers of specific receptors should simplify the 
study of receptors and their associated adenylate 
cyclase. Cultured calf-aorta smooth muscle cells have 
been compared to smooth muscle cells found in situ 
with respect to biochemical and morphological 
characteristics [12]. Although levels of certain 
enzymes as well as some morphological and physical 
characteristics are altered, these cultured cells never- 
theless retain some degree of differentiation and, 
thereby, provide a useful system for studies of 
arterial pathophysiology [13], of glycoprotein bio- 
synthesis [14], and of receptors for, and action of, 
epidermal growth factor (EGF) [15, 16]. In the pres- 
ent investigation, in a number of these cultured 
smooth muscle cell lines, we demonstrate the pres- 
ence of three independent hormone receptors for 
histamine, serotonin, and epinephrine, each associ- 
ated with an adenylate cyclase; we further report the 
partial characterization of the histamine and sero- 
tonin receptor systems. 


MATERIALS AND METHODS 


5-Hydroxytryptamine hydrochloride (serotonin), 


6-hydroxytryptamine, N-acetyl-S hydroxytrypt- 
amine, 5-methoxytryptamine hydrochloride, N- 
methyl tryptamine, tryptamine hydrochloride, his- 
tamine dihydrochloride, pyrilamine maleate, L-epi- 
nephrine bitartrate, DL-propranolol hydrochloride 
and 2-chloro-adenosine were purchased from the 
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Sigma Chemical Co. St. Louis, MO. 5-Hydroxy-N- 
methyl tryptamine oxalate and IBMX were pur- 
chased from the Aldrich Chemical Co. Inc., Mil- 
waukee, WI. Methysergide maleate was obtained 
from Sandoz Pharmaceuticals, East Hanover, NJ. 
Cinanserin hydrochloride was obtained from E. R. 
Squibb & Sons, Inc., Princeton, N.J. Cyprohepta- 
dine hydrochloride was obtained from Merck, Sharp 
& Dohme, Rahway, N.J. Metiamide, dimaprit 
dihydrochloride, impromidone trihydrochloride sol- 
ution, 2- and 4-methyl histamine diydrochloride, and 
cimetidine were provided by Smith, Kline & French 
Laboratories, Philadelphia, PA. 

The various lines of calf-aorta smooth muscle cells 
(XI, XII, XV, XVI and 41b) were originally derived 
from the medial layer of the thoracic aorta of young 
male calves. Explants from these medial layers were 
grown in BME (Basal Modified Eagle Medium, 
Gibco, Grand Island, NY) supplemented with 10 
per cent fetal calf serum (Flow Laboratories, Rock- 
ville, MD) and incubated at 37 ° in 95 per cent air- 
5 per cent CO,. Cells were serially propagated in 
stationary culture in this medium and were subcul- 
tured by trypsinization in Puck’s saline containing 
0.5 per cent trypsin-O.5mM EDTA, as described 
previously [13]. Cells could be subcultured continu- 
ously for sixty generations before ceasing to divide. 
To ensure an adequate source of a particular cell 
line, aliquots of cells of early generation (approxi- 
mately 2 x 10° cells per ml of BME with 10 per cent 
fetal calf serum and 7.5 per cent dimethylsulfoxide) 
were frozen in liquid nitrogen. Studies were carried 
out with 4lb and XV cell lines, and data were pooled, 
unless otherwise indicated. 

Studies of cAMP formation were done with intact 
cells as foilows. Falcon plastic Petri dishes (60 mm 
diameter) were inoculated with 2.68 x 10° cells. The 
culture was grown to confluency (about 6 days) with 
or without the addition of new medium on day 4 
(no difference in results). Experiments were per- 
formed on day 6 or 7 when confluent cultures con- 
tained approximately 2 x 10° cells and 0.2-0.5 mg 
protein. Before an experiment, the growth medium 
was removed by aspiration. The attached cells were 
gently washed two times with BME without serum 
and then incubated at 37° in 1.0ml BME without 
serum, containing 0.25 mM 3-isobutyl-l-methylxan- 
thine (IBMX), for 20 min. This was followed by 
incubation with drug and/or hormone. The term 
hormone is used loosely to describe all three biogenic 
amines, even though it is recognized that these amine 
effectors may not necessarily be hormones in the 
conventional sense. Jn situ, the thoracic-aorta 
smooth muscle may be affected by circulating amines 
as well as by amines released locally from nerve 
endings or mast cells. After the appropriate incu- 
bation period (5 min unless indicated), the medium 
was removed and 0.5 ml of 50 per cent acetic acid 
was added. The plates were cooled on ice and then 
scraped so that the suspension could be transferred 
to glass tubes (10 x 75 mm). An aliquot was removed 
for protein determination by the method of Lowry 
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et al. [17]. The suspension was then centrifuged at 
3000 g for 10 min to sediment cellular debris. Ali- 
quots were removed, dried, and then assessed for 
cAMP content by a competitive binding assay in 
which *H-labeled cAMP (New England Nuclear 
Corp., Boston, MA) and a rat brain fraction con- 
taining protein kinase were used. This. assay is a 
modification of the procedure of Gilman [18]. 

With homogenates, assays of adenylate cyclase 
activity were carried out as follows. Falcon T75 flasks 
were inoculated with 10° cells and grown to con- 
fluency in 6-7 days with replacement of medium 
every third day. Experiments were performed on 
confluent cultures containing approximately 8 x 10° 
cells and 2.4 mg protein. Before an experiment the 
growth medium was removed, and the attached cells 
were washed and then preincubated for 30 min at 
37° in BME without serum. After preincubation, 
medium was aspirated and cells were lysed in 2 mM 
Tris-maleate buffer (pH 7.4) containing 0.8mM 
EGTA.* Cells were scraped and transferred to a 
glass homogenizer in which they were processed by 
three or four strokes. Aliquots (25 ul) of the hom- 
ogenate were then added to tubes containing other 
assay ingredients in 75 ul of 100 mM Tris—maleate 
buffer (pH 7.8). The total volume per tube, including 
testing drug, was 110 ul with (final concentration) 
0.5 mM ATP, 0.05 mM GTP, 1.0 mM MgCl, 0.5 mM 
IBMX, and 0.3 mM EGTA. Basal cAMP levels were 
determined by subtracting cAMP values obtained in 
tubes containing no ATP from tubes containing ATP 
and no drug. Tubes were incubated for 5 min at 32° 
in a shaking water bath; the reaction was ended by 
placing the tubes in a boiling water bath for 3.5 min. 
The tubes were then centrifuged at 3000 g and ali- 
quots were assessed for cAMP content in the same 
way as in the intact cell assay. 

Inhibition constants (K;) for compounds that 
antagonized the histamine- or serotonin-stimulated 
increase in cAMP formation were determined in a 
set of experiments where the concentration of the 
hormone was held constant and the concentration 
of the antagonist was varied. The K; value was cal- 
culated from the relationship of Cheng and Prusoff 
[19]: K; = ICso/[1 + S/K,] where 1Csp = concentration 
of antagonist required for 50 per cent inhibition of 
the agonist-stimulated increase in cAMP formation, 
S = concentration of agonist, and K, = the equilib- 
rium dissociation constant for agonist. As an approx- 
imation of K,, the ECs, (the concentration for half- 
maximal stimulation of cAMP formation by the 
agonist) has been substituted; this substitution was 
made by others as well as by us in previous studies 
[20-22]. 


RESULTS 


Sensitivity of intact cells and homogenates to 
hormones 


Five different calf-aorta smooth muscle cell lines 
were assessed for stimulation of adenylate cyclase 
activity by histamine, serotonin and epinephrine. In 
every cell line tested, adenylate cyclase was stimu- 
lated to an appreciable extent by each of these hor- 
mones. In the three cell lines studied repeatedly 
(both with continuous subculturing and with reassay 





Elevation of cAMP in cultured aorta cells by histamine and serotonin 


Table 1. Hormone-stimulated adenylate cyclase activity of various calf-aorta cell lines* 





(A) Basal level! 
Cell line 


(pmoles cAMP/mg protein) 


Increment above basal level 

(pmoles cAMP/mg protein) 
Serotonin Histamine 
(10 uM) (10 uM) 





4lb 29 +3 
XV YE 
XVI 28 + 8 


71 + 13 (245%) 
75 + 29 (300%) 
332 + 27 (1185%) 


194 + 49 (669%) 
219 + 36 (876%) 
214 + 56 (764%) 





(B) Basal activity 
Cell line 


[pmoles cAMP - (mg protein)~!-5 min] 


Increment above basal activity 
[pmoles cAMP - (mg protein)~'-5 min] 
Serotonin Histamine 
(10 uM) (10 uM) 





4lb 36+ 10 
XV 10 48 +9 
XVI 4 40+8 


80 + 37 (222%) 
48 + 12 (100%) 
75 + 18 (188%) 


92 + 34 (255%) 
128 + 27 (267%) 
82 + 13 (205%) 





* Cyclic AMP levels of intact cells (A) and adenylate cyclase activity in cell homogenates (B) were determined as 
described in the text. N = number of separate experiments, each performed with triplicate incubations for each condition 
studied. The percent stimulation above basal activity is shown in parentheses. 


of cells stored for various times in liquid nitrogen), 
the pattern of hormonal responsiveness was main- 
tained. These patterns occurred at various cell den- 
sities and throughout the life span of the culture 
(Table 1). 

The changes in levels of cAMP following additions 
of various concentrations of histamine, serotonin 
and epinephrine to intact cells and homogenates are 
illustrated in Fig. 1. In both homogenates and intact 
cell preparations, significant stimulation of cAMP 
ievels could be induced with hormone concentrations 


above 0.1 uM; at 1.0 uM each of the three hormones 
stimulated cAMP production 100-300 per cent over 
basal levels. In contrast, no stimulation of the adeny- 
late cyclase occurred with dopamine, amphetamine, 
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Increase in pmoles cAMP/mg protein / 5 min 





Hormone concentration, M 


Fig. 1. Effects of various concentrations of histamine (A), 
serotonin (B), and epinephrine (C) on the level of cAMP 
in intact cells (@——@) and homogenates (O 

Values represent increments in cAMP above the basal 
levels that were 20 + 3 pmoles/mg protein for intact cells 
and 44 + 6 pmoles/mg protein for homogenates. Incuba- 
tions with hormone were for 5 min. Assays were carried 
out as described in the text. For intact cell studies, the 
values are the means of fourteen, twelve, and three separate 
experiments for histamine, serotonin, and epinephrine 
respectively. For homogenate studies the values represent 
means of eleven, nine, and four separate experiments. Bar 

. lines represent S.E.M. 


metamphetamine, or octopamine at 10 or 100 uM 
concentrations. Ahn and Makman [23] have pre- 
viously shown that metamphetamine and amphet- 
mine, as well as dopamine and serotonin, can stimu- 
late adenylate cyclase activity in homogenates of 
rhesus monkey anterior limbic cortex. 

Stimulation by histamine was maximal at 100uM 
(data not shown). Maximum stimulation by sero- 
tonin and epinephrine was observed at approxi- 
mately 10 uM. With intact cells, the concentration 
for half-maximal stimulation (ECs)) by histamine was 
1.0 uM; the corresponding values for serotonin and 
epinephrine were, respectively, about 0.04 and 
0.2 uM. Only with epinephrine was there a signifi- 
cantly larger stimulatory effect in homogenates than 
in intact cells. The reason for this phenomenon is 
unknown. 


Time course of cAMP accumulation 


The change with time of the cellular concentrations 
of cAMP in response to the addition of 10 uM his- 
tamine or serotonin is shown in Fig. 2. In each 
instance, the onset of increased cAMP generation 
occurred within 30 sec; the maximum generation 
occurred at 3 min with serotonin and at 20 min with 
histamine. The concentration of cAMP in control 
plates (no hormones added) did not change signifi- 
cantly during the 20-min incubation. 


Response of receptor-mediated cAMP formation after 
prolonged exposure to hormone 


Evidence that histamine and epinephrine recep- 
tors differ in their capacity to become desensitized 
is derived from hormone preincubation studies. 
After a 2-h preincubation with 0.1 mM epinephrine, 
intracellular cAMP levels returned to approximately 
the basal (control) level. However, when the cells 
were washed and treated once more with 0.1mM 
epinephrine, the increment in cAMP level, measured 
5 min later, was, on the average, 83 per cent less 
than the increment observed with 0.1 mM epineph- 
rine in cells not pretreated. In contrast, preincuba- 
tion with epinephrine caused a subsequent response 
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Fig. 2. Time course of stimulation of cyclic AMP formation 
by 10uM histamine (@——@®) and 10M serotonin 
CO) in intact cells. Each value is the mean of three 
separate experiments, each carried out in triplicate as 
described in the text. The basal level of cAMP (13 + 3 
pmoles /mg protein) did not vary during the 20-minute 
incubation period. Bar lines represent S.E.M. 


to histamine to be reduced by only 26 per cent. 
Similar studies involving preincubation with hista- 
mine indicated that the histamine receptor was 
resistant to desensitization. Thus, a 2-hr preincu- 
bation with 0.1 mM histamine led to only a 30 per 
cent reduction in a subsequent response to histamine, 
and to a negligible reduction in a subsequent 
response to 0.1 mM epinephrine. 


Characterization of receptors with selective agonists 
and antagonists 


Epinephrine receptor. Propranolol at 10 iM 
inhibited the response to 10 uM epinephrine by 95 + 
5 per cent without any inhibition of the response to 
10 uM histamine or serotonin. The selective antag- 
onism of the epinephrine stimulation of the adenylate 
cylcase by this B-adrenergic antagonist is supporting 
evidence for the presence of separate epinephrine 
receptor sites. 

Serotonin receptor. In characterization studies of 
the serotonin receptor present on cultured smooth 
muscle cells, it was found initially that most classical 
peripheral serotonin antagonists were not able to 
block the stimulation of adenylate cyclase induced 
by serotonin. In contrast to the serotonin receptors 
that mediate contraction of rabbit aorta strips [24], 
the receptors of the cultured calf aorta were not 
antagonized significantly by pizotifen or cyprohep- 
tadine (tested at 10-100 uM in homogenates with 
10 uM serotonin). Furthermore, the response to ser- 
otonin of intact-aorta cell cultures was not inhibited 
by cinanserin, molindone or lysergic acid diethylam- 
ide (LSD) (tested at 10-100 uM in the presence of 
10 uM serotonin). Methysergide proved to be an 
exception since this classical serotonin antagonist at 
10 uM produced a 40 per cent blockade of the ser- 
otonin response. Moreover, methysergide caused no 
inhibition of the epinephrine response (not shown) 
and appeared to be about 100-fold less potent as an 
inhibitor of histamine than of serotonin (Fig. 3). 

To understand better the properties of this smooth 
muscle cell serotonin receptor, the stimulatory 
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Fig. 3. Inhibition, by various concentrations of antagonists, 
of cAMP formation due to 10 uM histamine (——) or 10 uM 
serotonin ( ) in intact cells. Each point is the average 
of at least five incubations + S.E.M. Key: metiamide 
(A), methysergide (@), pyrilamine (©), and cimetidine 
(X). Per cent inhibitions due to antagonist were calculated 
from the following equation: per cent inhibition = 


[(cAMP above basal with agonist) — 
(cAMP above basal with agonist and antagonist)] ie 
(cAMP above basal with agonist) 
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K; was calculated from the relationship K;= 1Cs9/[1 + 
S/ECs9] where ICsp = concentration of antagonist required 
for 50 per cent inhibition of the agonist-stimulated increase 
in cAMP formation, and S = concentration of agonist, ECs9 
(concentration of agonist to give half-maximal stimulation 
in the absence of antagonist) has been substituted for K, 
(equilibrium dissociation constant) as described in 
Materials and Methods. 


effects of various serotonin analogues were com- 
pared in both intact cells and homogenates. In both 
preparations, 5-hydroxy-N-methyl tryptamine and 
5-methoxytryptamine were stimulatory (with one to 
two times the potency of serotonin at 10 and 100 uM), 
whereas tryptamine, N-methyl tryptamine, N-acetyl 
serotonin and 6 hydroxytryptamine gave no stimu- 
lation at 10 and 100 uM. These data demonstrate the 
relatively strict structural requirements for agonist 
activity. Thus, a hydroxyl or methoxy group on the 
5-position of the indole ring system cannot be sub- 
stituted, by such groups on the 6-position, and modi- 
fication of the amine nitrogen by acetylation is also 
incompatible with activity. 

The synergistic effects of adenosine and adenosine 
analogues such as 2-chloro-adenosine on some cen- 
tral monoamine response [20,25] led us to assess 
whether stimulation by serotonin of cAMP formation 
in the calf-aorta cells could be potentiated by 2- 
chloro-adenosine. We found no enhancement of the 
response to 1 or 10 uM serotonin in the presence of 
1mM 2-chloro-adenosine. To insure that IBMX, 
which is routinely added to the intact cell assay, was 
not blocking this possible synergism [26], we tested 
the same concentrations of compounds in the 
absence of IBMX but found no potentiation. 

Histamine receptor. The inhibition of the histamine 
sensitive adenylate cyclase was appraised using vari- 
ous receptor specific antagonists. Figure 3 illustrates 
the antagonism observed under experimental con- 
ditions where the concentration of histamine 
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Fig. 4. Effects of various concentrations of histamine alone 
(@—®) or in combination with 104M metiamide 
(O——©) on cyclic AMP formation in intact cells. Maxi- 
mum stimulation was considered to have been obtained at 
0.1 mM histamine and is represented as 100 per cent. The 
enzyme activity in the presence of both a given concentra- 
tion of histamine and of 10 uM metiamide is expressed as 
per cent maximum stimulation by histamine. The data for 
metiamide are mean values and ranges for at least four 
determinations. Metiamide at 10 uM alone did not appre- 
‘ciably alter basal cAMP levels. These data have been used 
to calculate K; from the relationship EC's9/ECso = 
= 1+[1]/K;, where EC’s9 and ECsp are concentrations of 
histamine required to give half-maximal activation of the 
enzyme in the presence or absence of metiamide, respec- 
tively, and [1] is the concentration of metiamide used. 


remained constant at 10 uM and the concentration 
of the antagonist was varied. At no concentration 
tested did any of the antagonists alter basal cAMP 
levels. Low concentrations of the H, antagonists 
metiamide and cimetidine, blocked the histamine- 
induced cyclase, with respective inhibition constants 
of 0.18 and 0.22 uM. In contrast, the H, antagonist 
pyrilamine or the classical serotonin antagonist 
methysergide had little inhibitory effect, with respec- 
tive inhibition constants of more than 20 and 40 uM. 
In another set of experiments, the concentration of 
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Fig. 5. Comparison of the stimulatory effects, on histamine 
stimulation, of various histamine agonists in intact cells. 
Maximum histamine stimulation was considered to have 
been obtained at 0.1 mM histamine and is represented as 
100 per cent. Each value is an average of three experiments 
performed in triplicate. Key: histamine (@——®); 
4-methyl histamine (O——O); 2-methyl histamine 
(X——X); dimaprit (A——A); and clonidine 
O——(). 
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metiamide was held constant and the concentration 
of histamine was varied. In the presence of 10 uM 
metiamide, the ECs» for histamine increased from 1.4 
to 38 uM (Fig. 4). The K; was calculated to be 0.38 uM 
according to the dose-ratio method of analysis of 
the equilibrium dissociation constants [27]. 

The ability of various H; and H, specific agonists 
to stimulate this histamine sensitive adenylate cyclase 
was examined. Data in Fig. 5 demonstrate the 
higher potency in this system of the H, agonists 
dimaprit [28] and 4-methyl histamine when com- 
pared to the H, agonists 2-methyl histamine or the 
putative H, agonist clonidine. Whereas the H, 
agonists were able to exert the same maximal stimu- 
lation observed with histamine, 2-methyl histamine 
and clonidine induced only 40 per cent of this max- 
imal response. 

It would be expected that if these agonists were 
to exert their stimulatory effects via the histamine 
receptor then they should be antagonized by the 
same compounds that block the histamine response. 
Metiamide at 100 uM completely antagonized the 
stimulation due to dimaprit, 4-methyl histamine, and 
clonidine (agonist tested at 10 and 100 uM). 

Impromidine, a recently described H, agonist, has 
been shown to be 900-4800 per cent more active 
than histamine at H, receptors of guinea pig atrium 
and rat uterus [29]. In the calf-aorta cell system, 
impromidine exerted its maximum stimulation at 
1 uM; this effect, however, was only 32 per cent of 
the maximal stimulation obtainable with histamine. 
This stimulation by impromidine could be attributed 
to interaction with the histamine receptor since it 
could be completely blocked with 10 uM cimetidine. 
To examine further the action of impromidine at this 
histamine receptor, impromidine was added to cell 
plates just prior to the addition of 10 uM histamine. 
Figure 6 demonstrates impromidine’s potent antag- 
onism of the histamine response. Even without tak- 
ing into account the slight stimulation by impromi- 
dine, the calculated K; value (0.48 uM) for 
impromidine is in the range determined for both 
metiamide and cimetidine and is indicative of the 
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Fig. 6. Effects of various concentrations of impromidine 
alone (G——() or in combination with 10 uM histamine 
(@—B) on cAMP formation in intact cells. Data are 
expressed as percentages of the maximal stimulation of 
cAMP formation produced by histamine (i.e. that obtained 
with 0.1mM histamine). Histamine alone at 10 uM pro- 
duced 85 per cent of maximal stimulation (see Fig. 4). Each 
value is an average of three experiments performed in 
triplicate. 
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strong blocking effect of impromidine at this hista- 
mine receptor. This is the first report of mixed 
agonist—antagonist properties of impromidine. 


DISCUSSION 


To our knowledge there have been only a few 
reports of serotonin receptors associated with an 
adenylate cyclase in cultured cells. Studies by Buon- 
assi and Venter [11] indicated that serotonin leads 
to an increase in both cAMP and cGMP in cultured 
rabbit vascular endothelial cells, but the investigators 
did not report pharmacological characterization of 
the receptor. A recent investigation described the 
presence of two types of serotonin receptors in NCB- 
20 neuroblastoma-brain hybrid cells [10]. One type 
of receptor was found to be associated with an adeny- 
late cyclase whereas the other appeared to mediate 
membrane depolarization and acetylcholine release. 
In homogenate preparations of the hybrid cell, ser- 
otonin, LSD and metergoline led to an elevation in 
cAMP levels. Both the serotonin and the LSD stimu- 
lation could be antagonized by mianserine and 
cyproheptadine, and LSD was found to be a mixed 
agonist—antagonist. The serotonin receptor present 
in the neuroblastoma-brain hybrid appears to resem- 
ble the serotonin receptors associated with adenylate 
cvclase found in mammalian brain. Brain studies 
have demonstrated the inhibitory effects of classical, 
serotonin antagonists on stimulation of adenylate 
cyclase by serotonin in monkey anterior limbic cortex 
[30], rat colliculus and rat striatum [31]. However, 
these antagonists in general are not totally selective, 
for they also inhibit stimulation of adenylate cyclase 
by dopamine. The atypical neuroleptic drug, mol- 
indone, recently has been shown to exhibit selectivity 
for the brain adenylate cyclase stimulated by sero- 
tonin, as opposed to the adenylate cyclase stimulated 
by dopamine [32,33]. The calf-aorta serotonin 
receptor appears to be quite different from the ser- 
otonin receptors associated with adenylate cyclase 
in brain or neuroblastoma-—brain hybrid cells, as 
indicated in particular by the insensitivity of the calf- 
aorta receptors to LSD and molindone. 

The serotonin receptors associated with adenylate 
cyclase of cultured calf-aorta cells and brain recep- 
tors may have in common some structural require- 
ments for activation. Thus, in rat brain homogenates 
[31] as well as in the studies reported here, 5-methoxy 
and N-methyl analogues of serotonin retained 
activity. In contrast, several drugs which effectively 
antagonized mammalian brain serotonin-stimulated 
adenylate cyclase did not block the serotonin stimu- 
lation in these cell cultures. Further comparative 
studies will be required to better understand the 
similarities and differences among these various ser- 
otonin receptors. 

Two types of histamine receptors have been 
defined on the basis of differences in response to 
antagonists [34]. Investigations carried out with tis- 
sues derived from the CNS as well as from other 
tissues or cell types have demonstrated coupling of 
both H, and H, histamine receptors to adenylate 
cyclase and in some instances to guanylate cyclase. 
Histamine has been shown to elevate cAMP in sev- 
eral regions of guinea pig brain via an H, receptor 
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[35] and in cultured human astrocytoma cell lines 
(receptor type not identified) [8], and to increase 
cGMP in cultured mouse neuroblastoma via an H, 
receptor [9]. Histamine has been implicated in mod- 
ulating immunological function of lymphocytes by 
activating H, receptors associated with adenylate 
cyclase [36]. Histamine has also been found to elev- 
ate cGMP levels in cultured rabbit endothelial cells, 
but the receptor type was not identified. In the 
present report, an exclusively H,-type receptor 
located on cultured calf-aorta smooth muscle cells 
and associated solely with an adenylate cyclase has 
been demonstrated. Identification of an H, histamine 
receptor has depended generally on the ability of 
classical H, antagonists and the inability of the H, 
antagonist to block the stimulation of adenylate 
cyclase by histamine and H, agonists. The average 
inhibition constant of this histamine sensitive adeny- 
late cyclase for metiamide based on the two methods 
of determination is 0.28 uM, which is similar to the 
K; value of 0.22 uM for cimetidine calculated from 
data in Fig. 3. These values suggest a somewhat 
greater affinity of metiamide for the H, receptor in 
these cultures than has been reported for the H, 
receptors in guinea pig brain (K;= 1.0 uM [21]), 
guinea pig ventricular muscle (K;= 1.4uM [22]), 
and rat uterus (K; = 0.75 uM [37]), and perhaps are 
indicative of differences in these receptors. 

The antagonism observed with impromidine sug- 
gests a re-examination of its stimulatory effects in 
other histamine adenylate cyclase systems and pos- 
sible reclassification of this drug as a mixed H, 
agonist—antagonist. Structure modification of this di- 
imidazole ring compound may lead to a powerful 
antagonist without agonist properties. In conclusion, 
the high sensitivity of the H,-histamine adenylate 
cyclase of the cultured calf-aorta smooth muscle cell 
and the relative ease of measuring cAMP levels make 
this system ideal for screening putative H, antag- 
onists and agonists. 
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Abstract—Five serotonin (5-HT) releasers, p-chlorophenylethylamine (p-Cl-PEA), p-methoxyphenyl- 
ethylamine (p-CH3;O0-PEA), 4-methyl-alpha-ethyl-meta-tyramine (H75/12), fenfluramine and p-chloro- 
amphetamine (p-CA) were compared as to their effects on mouse brain 5-HT metabolism. All 5-HT 
releasers had similar EDsg values (0.34-0.70 uM) for tritiated 5-HT (()H]S-HT) release from brain 
synaptosomes. With the exception of H75/12, they had similar potencies for the production of the 
‘serotonin syndrome,’ which probably reflect their in vivo 5-HT releasing actions. H75/12 was also the 
only 5-HT releaser that did not elevate brain tryptophan concentration. p-CH;O-PEA and H75/12 did 
not have any long-term effects on brain 5-HT, 5-hydroxyindoleacetic acid (S-HIAA), or tryptophan 
hydroxylase activity, in contrast to the reported neurotoxic effects of p-CA and fenfluramine. p-Cl- 
PEA and p-CH;0-PEA were the only 5-HT releasers that increased brain 5-HT and 5-HIAA levels. 
Despite the structural similarities of these five 5-HT releasers, we have found considerable differences 


in their actions on brain 5-HT metabolism. 


Five substituted phenylethylamines have been found 
to release serotonin (5-HT) from nerve terminals 
(Fig. 1). The two 5-HT releasers that have been 
studied most extensively are p-chloroamphetamine 
(p-CA) [1-4] and fenfluramine, the m-triflurome- 
thyl-N-ethyl derivative of amphetamine [2, 5-7]. 
Both p-CA and fenfluramine have been reported to 
produce long-term reductions in brain 5-HT and 5- 
hydroxyindoleacetic acid (5-HIAA) levels, in brain 
tryptophan hydroxylase activity, and in the high 
affinity uptake of 5-HT by cortical slices. These long- 
term effects of p-CA and fenfluramine on 5-HT 
neurons have been postulated to be due to a cytotoxic 
action [2-4, 7, 8]. Partial recovery of serotonergic 
function occurs by 2 months after fenfluramine, in 
contrast to minimal recovery several months after 
p-CA [1, 6, 8]. Another substituted phenyl- 
ethylamine,  4-methyl-alpha-ethyl-meta-tyramine 
(H75/12), also releases 5-HT both in vitro [9] and 
in vivo [10] and produces depletion of brain 5-HT 
and 5-HIAA as well as inhibition of tryptophan 
hydroxylase [11]. We recently reported that p-chlo- 
rophenylethylamine (p-Cl-PEA) and its analog p- 
methoxyphenylethylamine (p-CH,;O-PEA) §are 
potent 5-HT releasing agents with EDs) values very 
similar to those of H75/12, p-CA, and fenfiuramine 
[9, 12]. 

5-HT releasers and 5-HT agonists produce a char- 
acteristic set of behavioral changes known as the 
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‘serotonin syndrome’ [13, 14]. In this paper we com- 
pare the in vivo potencies of these 5-HT releasing 
agents by scoring their behavioral effects. In addi- 
tion, experiments were carried out to characterize 
the effects of releasing 5-HT on brain serotonergic 
metabolism. Because p-CA, fenfluramine, and 
H75/12 inhibit brain tryptophan hydroxylase in vivo 
and lower brain 5-HT and 5-HIAA, it seemed 
important to determine whether these biochemical 
changes would also occur with other 5-HT releasers 
(p-Cl-PEA and p-CH,;O-PEA). 


METHODS 


Male mice (25-30 g) of the Swiss Webster strain 
were used throughout the study. Animals were 
decapitated, and whole brain 5-HT and 5-HIAA 
were analyzed by the method of Curzon and Green 
[15]. 

Tryptophan hydroxylase activity was assayed in 


CH2-CH2-NH> p-CIPEA 
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Fig. 1. Structures of 5-HT releasing agents. 
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mouse midbrain by the method of Ichiyama et al. 
[16] modified to microscale by Fairman et al. [17]. 

The effects of at least five different concentrations 
of drug on accumulation and release of tritiated 5- 
HT ([°H]S-HT), 0.25 wCi, 2.5 x 10-? M, were stud- 
ied, using the method of Kuhar et al. [18]. 

In vitro competition of drugs with [°H]5-HT bind- 
ing to membranes from mice whole brain homogen- 
ates was measured by the method of Bennett and 
Snyder [19]. 

Stimulation of brain 5-HT receptors is known to 
produce a characteristic behavioral syndrome con- 
sisting of lateral head weaving, Straub tail, hindlimb 
abductidn, tremor, reciprocal forepaw treading, 
hyperactivity, salivation, and piloerection, which has 
been called the ‘serotonin syndrome’ [13, 14]. 


E. C. HWANG and M. H. VAN WOERT 


Behavioral changes were quantified by assigning one 
point for the presence of each sign. In addition, one 
point was given for a duration of behavioral changes 
of more than 15 min and one point for an early onset 
of less than 5 min after injection, for a total maximum 
score of 10. Normal behavior was given a zero score. 
Three or four mice housed in a plastic cage were 
rated for behavioral changes at one time. 

p-Cl-PEA, p-CH;O0-PEA, p-CA, p-chlorophenyl- 
alanine, and 5-6 dihydroxytryptamine were pur- 
chased from the Sigma Chemical Co. (St. Louis, 
MO). Other drugs were supplied by the following 
companies: fluoxetine, Eli Lilly & Co. (Indianapolis, 
IN); fenfluramine HCl, Robins Research Labora- 
tories (Richmond, VA) and H75/12, Astra (Soder- 
talje, Sweden). 


Table 1. Comparison of 5-HT releasers 





p-Cl-PEA 


p-CH,O-PEA 


H75/12 Fenfluramine 





EDso* (uM) 


(°H]5-HT release 0.70 

(?H]S-HT uptake 
Inhibition 

(PH]S-HT 
receptor 
binding 


0.72 


62.0 


0.35 


0.65 


16.0 


Behavioral scoret+ 


Serotonin 


syndrome 9.6+0.3 9.7+0.8 


2.0 + 0.6 


% of control 


Tryptophan 
1 hr 
2 hr 
24 hr 
Fluoxetine 
pretreatment 
1 hr 


150 + 14§ 
128 + 12§ 
104+4 


127 + 8§ 
122 + 28 
92+4 


214 + 14§ 154 + 16§ 
5-HT 
2 hr 
24 hr 


128 + 10§ 
96+4 


130 + 5§ 
125 


5-HIAA 
2 hr 
24 hr 


145 + 2§ 
69 + 4§ 


139 + 8§ 
79 + 28 


Tryptophan 
hydroxylase 
2 hr 
24 hr 


102 + 12 
100+ 4 


275 + 278 
369 + 328 
128 + 4§ 


152 + 6§ 
113 + 4§ 
101 +5 


249 + 17§ 145 + 14§ 


90 +9 64 + 9§ 





* These in vitro studies were carried out as described in Methods. The concentration producing a 50 
per cent effect (EDs9) was obtained from a log-dose vs percentage of effect curve constructed by the 
method of least squares, using the mean of triplicate determinations for each point, with five points for 


each curve. 


+ For behavioral studies 0.32 mmole/kg of each compound was injected i.p. and the serotonin syndrome 
was scored (total maximum score of 10) over the next 20 min as described in Methods. Each value is the 


mean + S.E. of five or six mice. 


¢ For in vivo biochemical studies, the following doses were used: p-Cl-PEA (0.32 mmole/kg), p-CH3;0- 


PEA (0.32 mmole/kg), H75/12 


(0.12 mmole/kg), 


p-CA (0.12 mmole/kg), and fenfluramine 


(0.11 mmole/kg). Absolute values of controls are: tryptophan 4.02 + 0.25 ug/g; 5-HT 0.60 + 0.04 ug/g; 
5-HIAA, 0.40 + 0.02 ug/g; and tryptophan hydroxylase activity, 0.165 + 0.016 nmole '*CO,-g-hr~'. Each 


value is the mean + S.E. of five or six mice. 
§ P< 0.05, compared to control. 





Effects of various 5-HT releasing agents in mice 


RESULTS AND DISCUSSION 


As can be seen in Table 1, the in vitro potencies 
of all five compounds (p-Cl-PEA, p-CH,O-PEA, 
H75/12, p-CA, and fenfluramine) in releasing pre- 
viously accumulated [*H]5-HT from mouse whole 
brain synaptosomes were remarkably similar to each 
other. The EDs9 for inhibition of [*H]5-HT uptake 
and the EDs» for release of [*H]5-HT were also very 
similar for each drug. This suggests that the pre- 
dominant action of each of these five compounds is 
release of [*H]5-HT from mouse brain synaptosomes 
rather than inhibition of uptake. All releasing agents 
necessarily cause an apparent inhibition of accu- 
mulation of [*H]amine during the uptake incubation 
periods, but it has been demonstrated that, to be an 
effective uptake inhibitor, the EDs) for uptake inhi- 
bition must be lower than that for release [20, 21]. 

p-Cl-PEA, p-CH;O-PEA, p-CA, and fenflura- 
mine, injected in equimolar doses (0.32 mmole/kg 
i.p.), each produced, between 5 and 20 min after 
injection, the ‘serotonin syndrome’ (Table 1) [13, 14]. 
This syndrome is due to increased activation of cen- 
tral 5-HT receptors and can be used as a behavioral 
assay of serotonergic stimulation in the brain. Since 
all of the 5S-HT releasers examined in this paper had 
relatively weak affinity for 5-HT receptors (Table 
1), it can be assumed that the ‘serotonin syndrome’ 
was produced by these compounds via 5-HT release 
from pre-synaptic nerve terminals and not by direct 
stimulation of post-synaptic serotonergic receptors. 
This assumption is supported by the observation that 
the behavioral changes produced by p-CA and fen- 
fluramine were attenuated or prevented by depleting 
brain 5-HT with the tryptophan hydroxylase 
inhibitor p-chlorophenylalanine, or by pretreatment 
with specific 5-HT uptake inhibitors [22,23]. We 
previously reported that pretreatment of mice with 
5-HT uptake inhibitors only partially inhibited p-Cl- 
PEA- and p-CH;0-PEA-induced serotonin syn- 
drome [9, 12]. Furthermore, pretreatment with the 
tryptophan hydroxylase inhibitor p-chlorophenyl- 
alanine did not markedly reduce the behavioral effect 
of p-Cl-PEA and p-CH;O-PEA [9, 12]. We therefore 
concluded that these two phenylethylamine deriva- 
tives induce the serotonin syndrome by a combina- 
tion of 5-HT release and direct stimulation of 5-HT 
receptors. Since p-chlorophenylalanine only partially 
depletes endogenous brain 5-HT, we examined the 
behavioral effects of p-Cl-PEA and p-CH,O-PEA 
after combined treatment with 5,6-dihydroxytryp- 
tamine, which produces degeneration of 5-HT neu- 
rons, and p-chlorophenylalanine. In mice injected 
intracisternally with 5 ,6-dihydroxytryptamine (50 yg, 
free base) during the first post-natal day and admin- 
istered p-chlorophenylalanine (300 mg/kg, i.p., daily 
for 3 days) at 5 weeks of age, p-Cl-PEA and p-CH;O- 
PEA produced very much lower serotonin syndrome 
scores compared with their controls (Table 2). Fluox- 
etine (50 mg/kg), at a dose five times greater than 
we previously used [9, 12], also greatly reduced the 
behavioral effects of p-Cl-PEA and p-CH,O-PEA 
(Table 2). These data demonstrate that the behav- 
ioral effects of p-Cl-PEA and p-CH;O-PEA, like 
those of p-CA and fenfluramine, are due to the 5- 
HT releasing properties of these drugs. Thus, it 
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Table 2. Effect of serotonin depletion and high dose fluox- 
etine pretreatment on p-Cl-PEA- and p-CH;0-PEA- 
induced serotonin syndrome* 





Behavioral score 
p-Cl-PEA p-CH;0-PEA 





9.7+0.3 
1.1+0.5+ 
1.5 +0.3+ 


9.6+0.3 
2.6 + 0.5 
2.0 + 0.47 


Control 
5,6-DHT + p-CPA 
Fluoxetine 





* For the serotonin depletion study, newborn mice were 
pretreated with desmethylimipramine (25 mg/kg, i.p.) and 
1 hr later were injected intracisternally with 5,6-dihydroxy- 
tryptamine (5,6-DHT) (50 ug, free base). At 5 weeks of 
age these mice were given p-chlorophenylalanine (p-CPA) 
(300 mg/kg, i.p., daily for 3 days). Another group of mice 
was pretreated with 50 mg/kg fluoxetine, i.p. Twenty-four 
hours after the last p-CPA injection and 1 hr after fluox- 
etine, either p-Cl-PEA (0.32 mmole/kg, i.p.) or p-CH3O- 
PEA (0.32 mmole/kg, i.p.) was injected and behavioral 
effects were scored over the next 20 min. Each value is the 
mean + S.E. of four to seven mice. 

+ P< 0.0001, compared to control. 


appears that the endogenous content of brain ser- 
otonin may have to be depleted to a greater degree 
to attenuate the serotonin syndrome produced by p- 
Cl-PEA and p-CH,O-PEA compared with the syn- 
drome produced by p-CA and fenfluramine. 

H75/12, in an equimolar dose, produced only min- 
imal behavioral changes compared to the other 5- 
HT releasing agents (Table 1). Even a further 
increase of H75/12 to 100 mg/kg (0.465 mmole/kg) 
produced a behavioral score of only 3.3. At 200 mg/kg 
of H75/12, mice developed a complete serotonin 
syndrome. This dose, however, was lethal to most 
of the animals. Since the intensity of the serotonin 
syndrome is presumably proportional to the in vivo 
release of brain 5-HT, H75/12 may be a less potent 
in vivo 5-HT releaser than the other compounds. 
There are some reports in the literature that indicate 
that a higher percentage of injected p-CA and fen- 
fluramine get into the brain compared to H75/12 
[24-26]. 

With the excepticn of H75/12, the 5-HT releasers 
increased brain tryptophan 1 and 2 hr after injection, 
as shown in Table 1. By 24 hr brain tryptophan had 
returned to normal, except after p-CA. Tryptophan 
is the immediate precursor of 5-HT, and agents that 
increase brain tryptophan levels have been shown 
to enhance brain 5-HT biosynthesis [27]. Trypto- 
phan-induced enhancement of 5-HT synthesis could 
explain the increase in brain 5-HT and 5-HIAA 
observed 2 hr after p-Cl-PEA and p-CH,;0-PEA 
administration (Table 1). At 30 min, however, p-Cl- 
PEA (0.32 mmole/kg) decreased brain 5-HT and 
concurrently increased 5-HIAA, which presumably 
is due to 5-HT release and correlates with the time 
of behavioral changes [12]. We have observed that 
brain tryptophan is significantly increased as early 
as 15min after p-Cl-PEA injection (unpublished 
observation). This elevation of brain tryptophan may 
cause an early enhancement of brain 5-HT turnover, 
which could explain why the serotonin syndrome 
produced by p-Cl-PEA is more resistant to pretreat- 
ment with p-chlorophenylalanine and fluoxetine. 
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Table 3. Effect of multiple injections of p-CH;0-PEA, H75/12, and fenfluramine on 
brain serotonin metabolism* 





Treatment 
(mmole/kg) 


Tryptophan 


5-HT 5-HIAA hydroxylase 





% of control 
91+6 
97+6 
80 + 67 


101+4 
103 + 3 
82 + 3+ 


105 + 4 
108 + 10 
96 + 12 


p-CH,0-PEA (0.32) 
H75/12 (0.12) 
Fenfluramine (0.07) 





* p-CH;0-PEA, H75/12, or fenfluramine was injected i.p. twice daily for 5 days 
and whole brain 5-HT and 5-HIAA and midbrain tryptophan hydroxylase activities 
were measured 1 week after the last injection. For absolute values of controls see 
Table 1. Each value is the mean + S.E. of five or six mice. 


+ Significantly different from control, P < 0.02. 


Interestingly, H75/12, which did not produce the 
serotonin syndrome, also did not change brain 
tryptophan levels. Perhaps elevation of brain tryp- 
tophan by the other releasers may have contributed 
to their effectiveness in producing the serotonin syn- 
drome. We also examined the effect of fluoxetine 
(10 mg/kg, i.p.), given 1 hr before the injection of 
the various 5-HT releasers, on the increase in brain 
tryptophan levels (Table 1). Fluoxetine, which is 
known to inhibit the uptake of these drugs and 
prevent 5-HT release, did not counteract the elev- 
ation of brain tryptophan. This finding indicates that 
the elevation of brain tryptophan is not related to 
5-HT release. Brain tryptophan levels of fluoxetine- 
treated animals were not significantly different from 
controls (4.29 + 0.14 vs 4.20 + 0.02 ug/g). 

Aside from the initial 5-HT release and related 
behavioral changes, these substituted phenylethyl- 
amines have delayed effects (2 and 24hr, Table 1) 
on 5-HT, 5-HIAA and tryptophan hydroxylase 
activity. p-CA and fenfluramine inhibited tryptophan 
hydroxylase activity, resulting in a decrease in brain 
5-HT and 5-HIAA. Since p-Cl-PEA and p-CH,O- 
PEA do not inhibit tryptophan hydroxylase, they 
produced an increase in brain 5-HT and 5-HIAA at 
2hr due to the elevated brain tryptophan levels. 
H75/12 (0.12 mmole/kg) had no effect on either brain 
tryptophan hydroxylase activity or tryptophan con- 
centration, which may explain why 5-HT levels did 
not change at 2 or 24 hr. The reason for the H75/12- 
induced decrease in brain 5-HIAA at 2hr is not 
clear, although the possibility that inhibition of 
monoamine oxidase is causing this effect should be 
investigated. At a higher dose of H75/12 
(0.32 mmole/kg) in rats, Fuller et al. [11] observed 
a decrease in brain 5-HT at 2 and 4 hr and a decrease 
in tryptophan hydroxylase activity and 5-HIAA at 
4hr after injection. Since these serotonin releasers 
also alter brain tryptophan concentration and trypto- 
phan hydroxylase activity, it is not possible to deter- 
mine the effect, if any, of only 5-HT release, alone, 
on the levels of brain 5-HT and 5-HIAA at 2 hr. 

Fenfluramine and p-CA have been reported to 
produce neurotoxic effects on brain serotonergic 
neurons [1, 5, 7]. Therefore, we compared the long- 
term effects of p-CH;O-PEA and H75/12 with fen- 
fluramine. Table 3 shows that p-CH,O-PEA 
(0.32 mmole/kg, i.p.) or H75/12 (0.12 mmole/kg, 


i.p.) administered twice daily for 5days had no 
effects on brain 5-HT, 5-HIAA, and tryptophan 
hydroxylase activity assayed 1 week after the last 
injection. The concentrations of brain 5-HT and 5- 
HIAA however, were reduced 1 week after the last 
injection of fenfluramine (0.07 mmole/kg, i.p. twice 
daily for 5 days); tryptophan hydroxylase activity 
had returned to normal by this time. These findings 
corroborate the recent paper by Steranaka and 
Sanders-Bush [24] in which they reported that 2 
weeks after a single injection of fenfluramine 
(80 mg/kg) brain levels of 5-HT and 5-HIAA were 
significantly reduced, while the activity of tryptophan 
hydroxylase had returned to control value. During 
these long-term studies we have observed that each 
of the ten injections of p-CH,O-PEA, in the same 
animal, produced the same intensity of the serotonin 
syndrome. It is of interest that tolerance develops 
to serotonin syndrome induction with repeated injec- 
tions of p-CA [28]. | 

In conclusion, all of the substituted phenylethyl- 
amines that we studied had similar EDs) values for 
in vitro synaptosomal release of 5-HT, but they had 
considerably different effects in vivo. Of the agents 
we studied, H75/12 was.the least potent in producing 
the serotonin syndrome and was the only one that 
did not elevate brain tryptophan levels. Only p-CA 
and fenfluramine were neurotoxic and inhibited 
tryptophan hydroxylase. p-Cl-PEA and p-CH,0- 
PEA are unique because they increase brain 5-HT 
and 5-HIAA, which may account for the absence of 
behavioral tolerance to these compounds. 
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Abstract—Inhibition of in vitro platelet aggregation by onion and garlic oils was accompanied by 
decreased formation of thromboxane B, (TXB) and 12-hydroxyheptadecatrienoic acid (HHT) from 
[1-'*C]arachidonic acid (AA). At intermediate concentrations (10-30 ug/ml), these oils also induced a 
redistribution of the products of the lipoxygenase pathway; at higher concentrations (30-60 ug/ml), they 
completely suppressed the formation of all oxygenase products. Measurements of oxygen consumption 
in antimycin-treated platelets indicated a direct correlation between inhibition of platelet fatty acid 
oxygenases and the anti-aggregating activity of these oils. Onion and garlic oils also inhibited fatty acid 
oxygenases from sheep vesicular gland preparations as shown both by decreased oxygen consumption 
and decreased formation of prostaglandin E, (PGE,) and PGD, from [1-“C]AA. Onion oil was 
approximately ten times more effective in inhibiting the platelet oxygenases than the oxygenases from 
the vesicular gland. In addition, these oils suppressed the soybean lipoxygenase-catalyzed oxygenation 
of AA. In all three enzyme systems, onion oil exhibited greater inhibitory activity than garlic oil. Many 
nonsteroidal anti-inflammatory and anti-thrombotic drugs act by inhibiting the cyclooxygenase com- 
ponent of the prostaglandin and thromboxane synthetases. Our findings thus suggest that onion and 


garlic contain compounds that may have serendipitous pharmacological effects. 


Arachidonic acid (AA) is metabolized in platelets 
by two fatty acid oxygenases—a cyclooxygenase that 
catalyzes the formation of prostaglandin endoper- 
oxides and a lipoxygenase that converts AA to 12- 
hydroperoxyeicosatetraenoic acid [1]. The prostag- 
landin (PG) endoperoxides are the precursors of 
thromboxane A, (TXA,), a powerful inducer of pla- 
telet aggregation [2]. Interference with the cyclo- 
oxygenase reduces the formation of the endoper- 
oxides and their subsequent metabolites. The 
inhibition of platelet aggregation by aspirin and 
indomethacin is presumably due to inhibition of 
TXA, biosynthesis, and these anti-aggregating 
agents have been shown to directly inhibit the 
cyclooxygenase enzyme [1]. Various workers have 
demonstrated that onion and garlic decrease platelet 
aggregation [3, 4]. We recently reported that non- 
polar chromatographic extracts of onion inhibited 
platelet aggregation and thromboxane synthesis [5]. 
The results reported here demonstrate that onion 
and garlic oils inhibit the fatty acid oxygenases from 
platelets as well as those from sheep seminal vesicles 
and soybeans. 


MATERIALS AND METHODS 


Garlic oil was a gift from J. Manheimer & Co., 
New York, NY, and onion oil was supplied by the 





* Author to whom all correspondence should be 
addressed: Dr. J. Y. Vanderhoek, Department of Bio- 
chemistry, George Washington University, School of Med- 
icine, 2300 Eye St., N.W., Washington, DC 20037, U.S.A. 


Polarome Corp., New York, NY. Sheep vesicular 
gland acetone powder was a gift from Dr. Don 
Wallach, The Upjohn Co., Kalamazoo, MI. Soybean 
lipoxygenase (165,000 units/mg) and antimycin A 
were obtained from the Sigma Chemical Co. (St. 
Louis, MO). Unlabeled AA was purchased from 
Nuchek Preps (Elysian, MN), and [1-“C]AA was 
obtained from the Amersham Co. (Arlington 
Heights, IL). PGD,, PGE,, PGF, and TXB, were 
supplied by Dr. John Pike, The Upjohn Co. Pre- 
coated silica gel G thin-layer chromatography (t.1.c.) 
plates (Analtech) were purchased from the Fisher 
Scientific Co. (Pittsburgh, PA). 

Blood, from healthy volunteers who had not 
received any medication known to affect platelet 
aggregation, was prevented from coagulating by 
3.8 % sodium citrate (9:1, v/v). Platelet-rich plasma 
(PRP) was isolated by centrifugation for 15 min at 
110 g at room temperature. Aggregation studies were 
carried out in a Sienco Dual Sample aggregometer 
(model DP-274E) attached to a double channel 
recorder. After preincubating PRP (0.3 ml) with var- 
ious concentrations of onion or garlic oil (in ethanol) 
for 1 min at 37°, ADP (8 uM final concentration) was 
added to induce aggregation and the aggregation 
response was followed for 4 min. Thromboxane syn- 
thesis studies were carried out as described pre- 
viously [5]. 

Oxygen consumption measurements were moni- 
tored using a Yellow Springs model 53 oxygen meter 
(Yellow Springs, OH) coupled to a Linear Instru- 
ments Corp. model 285 recorder (Irvine, CA). Pla- 
telet oxygenase determinations were carried out in 
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a reaction vessel containing 3-4 mg of washed pla- 
telet suspension protein and 1.8 uM antimycin A 
(to block basal respiration [6]) in 2 ml of medium 
containing 137 mM NaCl, 2.7 mM KCl, 11 mM dex- 
trose and 25 mM Tris-HCl (pH 7.6) at 30°. Various 
concentrations of onion or garlic oils in ethanol were 
added, and after 1 min, 36-43 uM AA (final concen- 
tration) was added to initiate the reaction. Initial 
velocities of oxygen consumption were determined 
and compared with controls in which ethanol was 
used instead of onion (or garlic) oils to calculate the 
inhibitory effectiveness of these oils. The effects of 
garlic and onion oils on sheep vesicular gland fatty 
acid oxygenase (2.5-3.5 mg) and soybean lipoxygen- 
ase (5 ug) activities were determined in 0.1 M Tris— 
HC! (pH8.5) (0.67mM phenol [7], although the 
phenol was deleted in the soybean measurements). 

Using [1-'“C]AA diluted with unlabeled AA as 
substrate, radioactive AA metabolites were isolated 
from sheep vesicular gland reaction mixtures as fol- 
lows. After a 10-min incubation, the reaction was 
stopped by the addition of 0.1 ml of 10% formic 
acid and was extracted with 10 ml chloroform—meth- 
anol (2:1). The mixture was vortexed and centri- 
fuged, and the chloroform layer was separated. 
Authentic PGD,, PGE, and PGF,, standards were 
added to the chloroform solution, and the solvent 
was evaporated under N,. The residues were redis- 
solved in a small amount of chloroform, applied to 
silica gel G t.l.c. plates, and developed in the organic 
phase of ethyl acetate-isooctane—acetic acid—water 
(11:5:2:10, by vol.) [8]. Radioactive zones were 
detected by autoradiography as described previously 
[9], identified by cochromatography with authentic 
standard, scraped off, and counted by a liquid scin- 
tillation counter. 
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Fig. 1. Inhibition of human platelet aggregation by garlic 
oil. Various concentrations of garlic oil were incubated 
with 0.3 ml of PRP for 1 min at 37°. ADP was then added 
and the subsequent aggregation was followed for 4 min. 
The control experiment contained ethanol (1 ul) only. 


RESULTS AND DISCUSSION 


Garlic and onion are both members of the plant 
genus Allium. Previous studies have shown that 
onion chromatographic extracts exhibit anti-aggre- 
gatory activity [5]. Garlic oil, obtained by steam 
distillation, similarly inhibited platelet aggregation 
in a dose-dependent manner (Fig. 1). In addition, 
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Fig. 2. Altered [1-'C]arachidonic acid metabolism in human platelets treated with onion and garlic 
oils. Autoradiographs were obtained from the experiment described in Table 1. 





Fatty acid oxygenase inhibition by onion and garlic 


Table 1. Altered [1-'*C]arachidonic acid metabolism in human platelets treated with onion and 
garlic oils* 





Radioactivity distribution (% of total dpm) 





Radioactive 


products Control 


(20 ug/ml) 


Garlic oil 
(40 ug/ml) 


Onion oil 
(40 ug/ml) 





12.9 
12.9 
56.0 
6.47 
10.6 


TXB, 
HHT 
HETE 
HEPA 
AA (unreacted) 


6.9 
8.9 
55.0 
10.6 
17.3 





* Washed and resuspended human platelets (1 ml) were preincubated with ethanol or ethan- 
olic solutions of onion or garlic oils for 2 min at 37° before the addition of [1-'*C]AA. The 
formation of radioactive metabolites was measured after 5 min as described previously [5]. The 
values are the percentage of total radioactivity recovered from a typical experiment. 

+ This value may be unusually high due to contamination with HETE, since the autoradio- 
graphs (Fig. 2) show no significant amounts of HEPA in control platelets. 


onion oil, also obtained by steam distillation, 
inhibited platelet aggregation (Is) per ml PRP = 64 
+ 5 ug), and the inhibitory potencies of garlic oil 
and onion oil were found to be the same when tested 
on the same platelet preparation. At levels of ADP 
(8 uM) that induce irreversible second phase aggre- 
gation, 55 ug of onion oil resulted in an aggregation 
profile similar to the monophasic reversible aggre- 
gation observed with 2.8 uM ADP. Increasing con- 
centrations of onion oil progressively decreased the 
monophasic reversible response, indicating that this 
material can block first phase aggregation, as do 
certain other cyclooxygenase inhibitors. One unit of 


anti-aggregatory activity is defined as the amount of 
onion extract required to obtain 50 per cent inhi- 
bition of ADP-induced platelet aggregation in 1 ml 
of PRP. A typical sample of onions was found to 
contain 36,000 units of activity per kilogram. Of this 
activity, 14,000 units was attributable to material 
present in the oily fraction and extractable by non- 
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Fig. 3. Inhibition of arachidonic acid oxygenation in human 
platelets by onion oil. A washed platelet suspension (4 mg) 
in 2 ml of Tris—physiological saline buffer (pH 7.6) con- 
taining antimycin A (1.8 uM) and dextrose (11 mM) was 
preincubated for 1 min with different concentrations of 
ethanolic solutions of onion oil. Arachidonic acid (43 uM 
final concentration) was added and oxygen consumption 
was measured as described under Materials and Methods. 
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polar organic solvents. (The remaining activity in 
the aqueous phase was due largely to adenosine and 
certain other water-soluble constituents.) Assuming 
complete absorption by blood (5000 ml), this would 
suggest that ingestion of about 360 g of onion could 
result in 50 per cent inhibition of platelet aggregation 
in plasma due to this oily fraction. 

Because onion chromatographic extracts inhibited 
the conversion of [1-“C]AA to TXB), the stable 
metabolite of TXA:, in platelets [5], the effect of 
onion and garlic oils on platelet AA metabolism was 
investigated. Figure 2 and Table 1 show that the 
course of platelet AA metabolism depends on the 
concentration of the onion (or garlic) oil used. At 
intermediate concentrations (10-30 ug), onion oil 
inhibited the formation of the cyclooxygenase path- 
way products TXB, and 12-hydroxyheptadecatri- 
enoic acid (HHT) by about 40-50 per cent and 
induced a redistribution of the lipoxygenase pathway 
products, including the accumulation of HEPA, an 
epoxy-hydroxy derivative of AA [10]. At higher 
concentrations (30-60 yg), onion oil further inhibited 
the production of TXB, and HHT and strongly 
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Fig. 4. Inhibition of arachidonic acid oxygenation in a sheep 
vesicular gland preparation by onion oil. The procedure 


followed was similar to that described in the legend of 
Table 2. 
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Table 2. Inhibition of prostaglandin synthetase from sheep vesicular gland by onion and garlic 
oils* 





Radioactivity distribution (% of total dpm) 





Radioactive Onion oil Garlic oil 
products Control (170 ug/ml) (510 ug/ml) (510 ug/ml) 





PGE, “ 13.3 4.3 20.3 
PGD, : 3.8 2.9 5:5 
AA (unreacted) k 69.7 83.0 59.1 





* Phenol activated sheep vesicular gland acetone powder (3 mg) in 3 ml of 0.1 M Tris (pH 8.5) 
buffer containing 0.67 mM phenol was preincubated with ethanol (10 wl, control) or ethanolic 
solutions of onion or garlic oils for 1 min at 30° before the addition of [1-"“C]AA diluted with 
unlabeled AA (44 uM, final concentration). After 10 min, the reactions were stopped, worked 
up, and the formation of radioactive metabolites was measured as described under Materials © 
and Methods. The values are the percentage of total radioactivity recovered from a typical 
experiment. 
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Fig. 5. Gas-liquid chromatographic profiles of onion oil and garlic oil. The glass column was packed 

with 10 % SP2340 on 100/120 mesh Supelcoport (Supelco, Inc., Bellefonte, PA). The helium flow rate 

was 75ml/min. The structural identification of the numbered, individual components is under 
investigation. 





Fatty acid oxygenase inhibition by onion and garlic 


Table 3. Inhibition of fatty acid oxygenases from various 
sources by onion and garlic oils* 


Iso (ug/ml) 
Onion oil Garlic oil 





Source 





22+8 bie = 
200 + 28 t 
105+ 4 156 + 22 


Human platelets 
Sheep seminal vesicles 
Soybean lipoxygenase 





* Oxygenase activity was determined using oxygen con- 
sumption measurements as described under Materials and 
Methods. The inhibitory activity (Iso) is defined as the 
weight of oil required to inhibit the rate of oxygen con- 
sumption by 50 per cent per ml of assay medium. Each 
value is the mean + S.E.M. of at least two determinations. 

+ The maximum attainable inhibition by garlic oil was 
only 40-50 per cent. 


inhibited the formation of 12-hydroxyeicosatetrae- 
noic acid (HETE) and HEPA. (We have observed 
that individual platelet samples differ considerably 
in their sensitivities to onion and garlic oils.) Table 
1 also indicates that, on a weight basis, onion oil is 
a more effective inhibitor than garlic oil. Both oils, 
however, are less inhibitory than indomethacin 
(results not shown). It appears that onion (or garlic) 
oil and indomethacin influence AA metabolism quite 
differently because indomethacin only inhibits the 
cyclooxygenase enzyme [1], whereas the onion oil 
also affects the lipoxygenase pathway, causing either 
a product redistribution or product inhibition 
depending on the concentration of the onion oil 
used. 

To determine which specific enzyme(s) of the AA 
cascade is inhibited by onion and garlic oils, we 
focused on the platelet fatty acid oxygenases since 
the cyclooxygenase and the lipoxygenase are the first 
enzymes involved in platelet AA metabolism [1]. 
Onion oil decreased both the rate and amount of 
oxygen consumed upon the addition of AA to a 
platelet suspension, as shown in Fig. 3. Similar results 
were obtained with garlic oil. These observations 
indicate that both onion and garlic oils directly 
inhibited the platelet fatty acid oxygenases and, thus, 
can account for the observed decrease in thrombox- 
ane synthesis that correlates with the anti-aggrega- 
tory activities of these oils. 

To assess whether these Allium oils could also 
inhibit fatty acid oxygenases from other sources, we 
tested their effects on sheep seminal vesicles, a rich 
enzymatic source of prostaglandins [11]. Increasing 
amounts of onion oil progressively inhibited oxygen 
consumption (both rate and extent) of a sheep sem- 
inal vesicle preparation upon the addition of AA 
(Fig. 4), and this inhibition of the fatty acid oxy- 
genase was further confirmed by decreased forma- 
tion of PGE, and PGD, from [1-"*C]AA in the pres- 
ence of onion oil (Table 2). We also observed that 
the sheep seminal vesicle preparation was much less 
sensitive to garlic oil; the maximum attainable inhi- 
bition of the oxygenase was only 40-50 per cent. 
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Because the above results were obtained with fatty 
acid oxygenases from animal sources, experiments 
were also carried out using a plant lipoxygenase. 
Both onion and garlic oils inhibited soybean lipoxy- 
genase catalyzed oxygenation of AA although garlic 
oil was less potent. The inhibitory activities of onion 
and garlic oils on the fatty acid oxygenases from 
human platelets, sheep seminal vesicles, and soybean 
are summarized in Table 3. It is noteworthy that 
onion oil was five to ten times more effective in 
inhibiting the platelet oxygenases than either the 
sheep vesicular gland oxygenases or the soybean 
lipoxygenase. The different activities of onion and 
garlic oils probably relate to their different compo- 
sitions [12] as determined by gas-liquid chroma- 
tography (Fig. 5). 

A currently accepted mechanism of action of many 
nonsteroidal anti-inflammatory drugs is their inter- 
ference with prostaglandin biosynthesis via their 
inhibition of the initial cyclooxygenase enzyme [13]. 
This mechanism can also explain the anti-aggrega- 
tory effects of certain antithrombotic drugs (e.g. 
aspirin, indomethacin) that decrease thromboxane 
formation [1]. The effectiveness of onion and garlic 
oils in blocking thromboxane and prostaglandin bio- 
synthesis through their inhibition of the fatty acid 
oxygenases strongly suggests that their observed anti- 
aggregatory activities in vitro and possibly also in 
vivo [14] are related to this property. 


Acknowledgement—The authors wish to thank Dr. C. E. 
Low for carrying out the gas chromatographic analyses. 
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Abstract—The effects of castration and testosterone administration on the activity of liver alcohol 
dehydrogenase and on the rate of ethanol elimination were determined in male Sprague-Dawley rats. 
Castration increased liver alcohol. dehydrogenase activity. The total liver activity in castrated animals 
was 2.37 + 0.229 (S.E.) mmoles/hr as compared with a value of 1.39 + 0.125 mmoles/hr in sham- 
operated controls (P < 0.01). Testosterone administration partially suppressed the enhanced activity 
of liver alcohol dehydrogenase produced by castration. By contrast, in control animals testosterone 
administration resulted in a small paradoxical increase in liver alcohol dehydrogenase. The increase in 
the enzyme activity in castrated animals was associated with a parallel increase in the rate of ethanol 
elimination. Castrated and control animals showed decreases in free cytosolic and mitochondrial 
NAD*/NADH ratios after ethanol administration. These observations suggest that testosterone (and 
probably other as yet unknown factors modified by castration) affects liver alcohol dehydrogenase 
activity, and that the total enzyme activity can be a principal limiting factor in ethanol elimination. 


Liver alcohol dehydrogenase is the principal enzyme 
responsible for ethanol oxidation. The activity of 
liver alcohol dehydrogenase and the rate of ethanol 
elimination were found to be elevated after stress 
induced by immobilization [1]. Various forms of 
stress in man [2, 3] and immobilization stress in rats 
[4] result in a fall in plasma testosterone levels. 
Recently, castration was found to prevent the normal 
decreases in liver alcohol dehydrogenase activity and 
rate of ethanol elimination that occur in sponta- 
neously hypertensive rats from 5 to 13 weeks of age. 
This effect of castration was reversed by concomitant 
administration of testosterone [5]. The purpose of 
the present study was to determine the effects of 
castration and the administration of testosterone on 
liver alcohol dehydrogenase and on the rate of 
ethanol elimination in Sprague-Dawley rats. 


MATERIALS AND METHODS 


Animals and treatments. Male Sprague-Dawley 
rats, initially weighing between 100 and 120g (4-5 
weeks of age), were kept in separate wire mesh cages 
in a room at a controlled temperature of 20° with 
light/dark cycles alternating every 12 hr, beginning 
at 7:00 a.m. They were provided water and Purina 
Chow ad lib. All the animals were killed between 
10:00 and 11:00 a.m. 





* This work was supported by Grant AA0626 from the 
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Twenty animals were castrated under ether anes- 
thesia, while another twenty animals had a sham 
surgical procedure consisting of dissection of the 
scrotum and manipulation of the testes with a for- 
ceps. Starting i0 days after surgery, one-half of the 
castrated animals and one-half of the sham-operated 
control animals were given subcutaneous injections 
of testosterone propionate (Sigma Chemical Co., St. 
Louis, MO) at a dose of 0.5 mg/100 g body weight 
twice a day, while the remainder of the castrated 
and sham-operated animals were given isovolumetric 
amounts of corn oil (the testosterone vehicle). The 
injections of testosterone or vehicle were given for 
6.5 days; the animals were killed 2 hr after the last 
injection. 

Rates of ethanol disappearance from the blood 
were determined in another eight castrated and eight 
sham-operated control animals. The redox state of 
the liver was determined after the administration of 
saline or ethanol in additional groups of sixteen 
castrated and sixteen sham-operated control ani- 
mals. All these determinations were done 10 days 
after surgery. 

Determination of alcohol dehydrogenase. The 
animals were decapitated, and blood was collected 
in heparinized tubes for the determination of tes- 
tosterone. The livers were removed, rinsed in 
1.15% KCl, weighed, and homogenized in a Potter— 
Elvehjem homogenizer with 4 vol. of 0.05 M HEPES 
(N-2-hydroxyethylpiperazine-N’ -2-ethanesulfonic 
acid), sodium salt, pH 8.4, containing 0.33mM 
dithiothreitol [6]. The homogenates were centrifuged 
at 106,000 g for 60 min at 4°. Alcohol dehydrogenase 
activity was determined in the resulting supernatant 
fraction at 37° by the method of Crow et al. [6]. The 
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volume of the reaction mixture was 3 ml and con- 
sisted of 0.5M Tris-HCl buffer (pH 7.2), 5mM 
ethanol, 2.8mM NAD‘, and 0.020 ml of the super- 
natant fraction of the liver homogenate. A blank 
reaction without ethanol was run in each case. The 
change in optical density at 340 nm was recorded for 
5 min after the start of reaction. The alcohol dehy- 
drogenase activities were then calculated from the 
molecular extinction coefficient of 6.22 cm?/umole 
for NADH. Alcohol dehydrogenase was also deter- 
mined in castrated and sham-operated animals in the 
reductive direction with 3.2mM acetaldehyde as a 
substrate [7]. Protein concentration was determined 
by the method of Lowry et al. [8] with bovine serum 
albumin used as a standard. 

Michaelis-Menten constants for ethanol and 
NAD* were calculated from Lineweaver—Burk plots 
obtained from determinations of alcohol dehydro- 
genase activity at nonsaturating ethanol and NAD* 
concentrations respectively. 

Isoenzymes of alcohol dehydrogenase. Liver 
samples were homogenized in 2 vol. of water and 
then were centrifuged at 9000g for 10min. The 
resulting precipitate was discarded and the super- 
natant fraction was centrifuged at 106,000g for 
60 min. Starch gel electrophoresis of the 106,000 g 
supernatant fraction was carried out at pH 7.7 and 
4° on horizontal 10.4% starch gel (Electrostarch Co., 
Madison, WI) for 20 hr as described by Smith et al. 
[9]. At the end of the electrophoresis the gels were 
stained for alcohol dehydrogenase activity by incu- 
bating them for 1 hr at 37° in 0.05 M Tris-HCl buffer 
(pH 8.6) containing (per 100ml): 80mg NAD‘, 
40 mg nitro blue tetrazolium, 8 mg phenazine metho- 
sulfate, and 1.2 ml of 100% ethanol. Control gels 
were incubated in the absence of ethanol. 

Rates of ethanol disappearance. Ethanol (2.0 g/kg 
of body weight) was injected intraperitoneally as a 
10% solution (w/v) in water. Blood was obtained 
from the retro-orbital plexus of each animal, with 
a heparinized capillary tube, starting at 1 hr after 
ethanol administration and at 30-min intervals there- 
after for 3hr. After centrifugation at 2000g for 
10 min, the separated plasma samples were analyzed 
for ethancl concentration by gas-liquid chroma- 
tography [10]. Methanol was used as an internal 
standard for each sample. Ethanol concentrations 
in the plasma, when plotted against time, followed 
a linear function. The rate of ethanol disappearance 
from the plasma was obtained from the slope of the 
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regression line calculated by the method of the least 
squares. The ethanol degradation rate, expressed in 
mmoles per kg of body weight per hr, was obtained 
by first calculating Widmark factor r, and then mul- 
tiplying it by ten times the rate of ethanol disap- 
pearance from the blood. 

Hepatic NAD*/NADH ratio. Ethanol (2.0 g/kg of 
body weight) as a 10% solution (w/v) or an isovol- 
umetric amount of saline was injected intraperito- 
neally into castrated and sham-operated animals. 
The animals were killed by a blow on the neck 2 hr 
after the injections. The livers were removed, freeze- 
clamped with aluminium plates as described by Wol- 
lenberger et al. [11], and dropped in liquid nitrogen. 
Less than 10sec elapsed between the blow on the 
neck and the freezing of the liver. Thereafter, the 
frozen liver was pulverized in a precooled mortar 
with the addition of liquid nitrogen, transferred to 
a pre-weighed vessel containing 6% (w/v) perchloric 
acid and homogenized, and the weight of the liver 
recorded. Further treatment of the tissue consisted 
of centrifugation to separate precipitated protein and 
adjustment of the supernatant fraction to pH 6.0 
with 2% KOH, followed by centrifugation to remove 
KCIO, and treatment with Florisil (Floridin Co., 
Hancock, WV) as described by Williamson et al. 
[12]. The supernatant fraction obtained after cen- 
trifugation to remove Florisil was used for the deter- 
mination of metabolites. Lactate was determined by 
the method of Hohorst [13] and pyruvate by the 
method of Biicher et al. [14]. B-Hydroxybutyrate was 
determined by the method of Mellanby and Wil- 
liamson [15], and acetoacetate by the method of 
Williamson ef al. [16]. The cytoplasmic free 
NAD*/NADH ratio was calculated from the lactate 
dehydrogenase reaction [17], while the mitochon- 
drial free NAD*/NADH ratio was calculated from 
the B-hydroxybutyrate dehydrogenase reaction. 

Radioimmunoassay of plasma testosterone. Blood 
was centrifuged at 2000 g for 10 min at 4°, and the 
separated plasma was stored frozen for the deter- 
mination of testosterone levels. Radioimmunoassay 
for testosterone was carried out using Florisil for the 
separation of bound and free hormone (S. M. Har- 
man, P. D. Tsitouras, M. A. Kowatch and A. 
Kowarski, manuscript submitted for publication). 
The antibody was supplied by Dr. A. Kowarski of 
the Johns Hopkins University School of Medicine. 
Assays were calibrated by use of pooled charcoal- 
extracted “blank” plasma to which known amounts 


Table 1. Effects of castration and testosterone administration on body weight, liver weight, and 
cytosolic protein concentration* 





Body weight 


Liver weight 





(g) (g) 


Cytosolic protein 


(2/100 g body wt) (mg/g) 





214.2 + 7.71 
196-7 + 4.71 


8.9 + 0.14 
8.0 + 0.25 


Control 
Castrated 
Control + 
testosterone 
Castrated + 
testosterone 


4.2 + 0.07 
4.1+0.07 


88.8 + 1.93 
90.8 + 2.64 


209.1 + 8.61 8.9 + 0.34 4.2 + 0.09 $7225.33 


191.3 + 2.59 7.9+ 0.16 4.1 + 0.08 86.7 + 1.82 





* All values are means + S.E.M. of ten animals in each group. 





Testosterone and liver alcohol dehydrogenase 


of testosterone had been added. Intra-assay variance 
was 0.08, and inter-assay variance, 0.06, at 400 ng/dl 
concentration. Minimal sensitivity of the assay was 
10 pg. 

The results are expressed as means + S.E.M. Stat- 
istical significance was determined by Student’s r- 
test. 


RESULTS 


Castration and the administration of testosterone 
had no effect on body weight, liver weight, and the 
concentration of protein in the cytosol (Table 1). 
The plasma testosterone level in the castrated ani- 
mals was 26.2 + 2.22 ng/dl which is only slightly 
above the minimal sensitivity of the assay, and con- 
trasts with a value of 340.3 + 30.08 ng/dl obtained 
in the sham-operated animals (P < 0.001). Castrated 
and sham-operated animals that had received tes- 
tosterone injections had plasma levels of testosterone 
of more than 2000 ng/dl at the time of killing. Cas- 
trated animals had the highest activity of liver alcohol 
dehydrogenase (Table 2); this activity was higher in 
the castrated than in the sham-operated control 
animals whether expressed per mg of protein, per 
g of wet liver weight, per kg of body weight, or total 
per rat. The increase in the enzyme activity was also 
demonstrated in the reductive direction with ace- 
taldehyde as a substrate; the mean activity in the 
castrated animals was 12.52 + 0.717 umoles-mg™' 
-hr~' compared with 7.25 + 0.581 umoles-mg™! 
-hr~' in the control animals (P < 0.001). 

Testosterone administration resulted in partial 

” suppression of the enhanced activity of liver alcohol 
dehydrogenase produced by castration. This effect 
was Statistically significant only when the enzyme 
activity was expressed per kg of body weight or as 
total per rat. By contrast, the administration of tes- 
tosterone to control animals resulted in a paradoxical 
increase in liver alcohol dehydrogenase. 

The K,, values of alcohol dehydrogenase for 
ethanol and for NAD* were not affected by castra- 
tion or testosterone administration (Table 3). 

Starch gel electrophoresis of the liver supernatant 
fraction revealed two bands of alcohol dehydrogen- 
ase activity migrating toward the cathode in castrated 
and sham-operated animals whether or not they had 
received testosterone. 

Castrated animals had faster rates of elimination 
of ethanol than sham-operated control animals 
(Table 4). 

The cytosolic and mitochondrial free 
NAD*/NADH ratios were similar in control and 
castrated animals 2hr after saline administration 
(Table 5). Two hr after ethanol administration the 
cytosolic and mitochondrial free NAD*/NADH 
ratios decreased in both the control and castrated 
animals. The decrease in the cytosolic free 
NAD*/NADH ratio was greater in the castrated 
than in the control animals (P < 0.02). whereas the 
decrease in the mitochondrial ratio was similar for 
both the castrated and control animals. 


1.39 + 0.125 

2.37 + 0.2294 
1.90 + 0.1908 
1.52 + 0.078|| 


[mmoles - rat™! - hr7"] 


6.47 + 0.485 
12.04 + 0.769+ 
8.82 + 0.704§ 
8.01 + 0.319] 


[mmoles - (kg body wt)~! - hr7! 
& y 


Alcohol dehydrogenase 


159.6 + 4.54 
274.6 + 9.894 
202.6 + 8.94§ 
197.8 + 9.25 


[umoles - (g liver)~' - hr~'] 


1.47 + 0.080 
2.60 + 0.132+ 
1.94 + 0.177§ 


Table 2. Effects of castration and testosterone administration on liver alcohol dehydrogenase activity* 
2.36 + 0.151 





[umoles - (mg protein)~! - hr~'] 


testosterone 


Castrated + 


testosterone 
* All values are means + S.E.M. of ten animals in each group. 


+ Significantly different from control, P < 0.001. 
¢ Significantly different from control, P < 0.01. 
§ Significantly different from control, P < 0.05. 
|| Significantly different from castrated, P < 0.05. 











Castrated 
Control + 


Control 


DISCUSSION 


This study demonstrates that castration in male 
rats results in a marked increase in liver alcohol 
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Table 3. Michaelis-Menten constants of alcohol dehydro- 
genase after castration and testosterone administration 





K,, (M) 
Ethanol NAD* 





7.2 x 107° 
6.2 x 107° 


4.6 x 107* 
6.3 x 1074 


Control 
Castrated 
Control + 
testosterone 
Castrated + 
testosterone 


49x107* 42x 1075 


5.6x107* 3.7x10~> 





dehydrogenase activity, which is associated with an 
increase in the rate of ethanol elimination. These 
findings agree with studies in spontaneously hyper- 
tensive rats in which castration also resulted in 
increases in liver alcohol dehydrogenase activity and 
rate of ethanol elimination [5]. In spontaneously 
hypertensive rats there is a decrease in liver alcohol 
dehydrogenase and rate of ethanol elimination 
between 5 and 17 weeks of age which is prevented 
by castration [5]. In other rat species liver alcohol 
dehydrogenase activity increases from birth and 
reaches adult levels at 3 weeks [18]. The adminis- 
tration of testosterone completely suppressed the 
enhancing effect of castration on liver alcohol dehy- 
drogenase in the spontaneously hypertensive rats. 
In this study testosterone administration was only 
partially effective in reversing the castration-induced 
increase in liver alcohol dehydrogenase. Further- 
more, in this study testosterone produced a small 
paradoxical increase in liver alcohol dehydrogenase 
activity in sham-operated animals. 

In previous studies we demonstrated increases in 
liver alcohol dehydrogenase during uremia produced 
by partial nephrectomy [19], after stress induced by 
immobilization [1], and after hypophysectomy [20]. 
Uremia in man [21], various forms of stress in man 
[2,3], and immobilization stress in rats [4] all result 
in a fall in plasma testosterone levels. The effect of 
testosterone in partially suppressing the enhancing 
effect of castration on liver alcohol dehydrogenase 
activity while increasing the enzyme activity in intact 
animals is similar to the previously observed diver- 
gent effect of growth hormone in suppressing this 
enzyme activity in hypophysectomized animals, 
while increasing it in intact animals [20]. These 
observations suggest first, that alcohol dehydrogen- 
ase activity is regulated by more than one hormone 
and second, that the effect of the administration of 
one hormone on the enzyme activity may depend on 
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its interaction with other hormones. Among the best 
known interactions are those between growth hor- 
mone and androgens. For example, the effect of 
growth hormone in decreasing ethylmorphine 
demethylation in normal male, but not female, rats 
appears to be due, in part, to an effect of growth 
hormone of antagonizing the stimulating action of 
testosterone on this microsomal enzyme [22]. Tes- 
tosterone, in turn, is known to enhance maximum 
growth hormone levels in man after various stimuli 
such as hypoglycemia [23]. Furthermore, pituitary 
growth hormone concentrations are higher in the’ 
male than in the female rat; castration in the male 
decreases growth hormone to the level in the female, 
whereas administration of testosterone to the female 
increases growth hormone [24]. 

The changes in hepatic alcohol dehydrogenase 
activity after castration and the administration of 
testosterone were not associated with alterations in 
the Michaelis-Menten constants for ethanol or 
NAD”, or with changes in isoenzyme pattern on 
starch gel electrophoresis. A similar lack of change 
in the Michaelis-Menten constants and electropho- 
retic mobility was found for the increased enzyme 
activity after experimental uremia [19], stress [1], 
and hypophysectomy [20]. The only difference is 
that two isoenzymes of liver alcohol dehydrogenase 
were demonstrated on starch gel electrophoresis in 
normal and experimental animals in this study as 
compared with one band in previous studies. This 
is due to an improvement in migration of the enzyme 
obtained by changing the type of starch used from 
that of Connaugh, Canada, to that of the Electro 
starch Co., Madison, WI, and decreasing its con- 
centration in the gel from 14 to 10.4%. These changes 
were suggested by Dr. T. K. Li from the Indiana 
University School of Medicine, Indianapolis, IN, 
who first demonstrated two isoenzymes of rat liver 
alcohol dehydrogenase using this method (personal 
communication). 

Factors that can determine the in vivo rate of 
ethanol oxidation by alcohol dehydrogenase are the 
total activity of liver alcohol dehydrogenase and the 
rate of reoxidation of NADH. The association 
between increases in liver alcohol dehydrogenase 
activity and increased rates of ethanol elimination 
after castration in this study, and after stress [1], and 
the parallel decrease in both after prolonged fasting 
[25] indicate that in these circumstances alcohol 
dehydrogenase activity is rate-limiting. The greater 
decrease in the cytosolic free NAD*/NADH ratio 
in castrated than in control animals suggests that the 
rate of reoxidation of NADH can, in turn, become 


Table 4. Effect of castration on rates of ethanol elimination in vivo* 





Rates of ethanol elimination 





[umoles - (ml plasma)~' - hr~'} 


[mmoles - (kg body wt)~! - hr~"] 


[mmoles - rat™' - hr~'] 





8.78 + 0.871 
12.97 + 0.913+ 


Control 
Castrated 


1.03 + 0.078 
1.54 + 0.129+ 


6.35 + 0.506 
9.57 + 0.746t 





* All values are means + S.E.M. of eight animals in each group. 
+ Significantly different from control, P < 0.01. 





Testosterone and liver alcohol dehydrogenase 
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Table 5. Effect of acute ethanol administration on the concentration of metabolites and the redox state in the freeze- 
clamped liver* 





Lactate 
(umoles/g) 


Pyruvate 


(umoles/g) cytosol 


NAD*/NADH 


Acetoacetate 
(umoles/g) 


f-Hydroxybutyrate NAD*/NADH 
(umoles/g) mitochondria 





Control 
Saline 0.093+0.0139 0.807 + 0.0913 
Ethanol 0.019 + 0.00317 0.762 + 0.0876 
Castrated 
Saline 0.127+0.0216 0.859 + 0.1128 
Ethanol 0.015 + 0.00277 1.095 + 0.1594 


1035.2 + 115.76 
255.8 + 47.394 


1308.5 + 107.44 
127.2 + 13.76+§ 0.022 + 0.0057 


0.025 + 0.0052 
0.025 + 0.0020 


0.146 + 0.0233 
0.280 + 0.0823 


4.34 + 0.508 

2.54 + 0.5664 
0.032 + 0.0043 = 0.164 + 0.0251 
0.218 + 0.0760 


4.32 + 0.538 
1.94 + 0.283]| 





* All values are means + S.E.M. of eight animals in each group. 

+ Significantly different from corresponding value after saline, P < 0.001. 
¢ Significantly different from control after saline, P < 0.05. 

§ Significantly different from control after ethanol, P < 0.02. 

|| Significantly different from castrated after saline, P < 0.01. 


limiting at high ethanol oxidation rates resulting from 
the increased liver alcohol dehydrogenase activity. 
Higher activities of liver alcohol dehydrogenase 
obtained in this study, compared with our prior 
studies [1, 20], are the result of a change in the assay 
of the enzyme from that described by Bonnichsen 
and Brink [26] to one described by Crow et al. [6]. 
The principal determinants that result in a higher 
activity are stabilization of the enzyme in the hom- 
ogenate by dithiothreitol, measurement of the 
activity at 37° instead of at 25-30°, the trapping of 
acetaldehyde by Tris buffer, and the activation of 
the enzyme by chloride ion [6]. 

In contrast to our present findings, there are many 
situations in which there is a lack of correlation 
between rate of ethanol elimination and the activity 
of liver alcohol dehydrogenase. These include an 
increased rate of ethanol elimination in association 
with a decreased enzyme activity after thyroxine 
administration [27], and normal rate of ethanol elim- 
ination in association with enhanced enzyme activity 
in experimental uremia [19]. Increases in the rate of 
ethanol elimination after ethanol administration 
have been associated with changes in liver alcohol 
dehydrogenase in only a few [28], and not most, 
studies [29, 30]. An increased reoxidation of NADH 
is a likely cause for increased ethanol elimination 
after thyroxine [27] and ethanol [31] administration. 
Stimuli to increased reoxidation of NADH, such as 
the administration of pyruvate [32] or fructose [33], 
enhance ethanol metabolism. Increases in the rate 
of ethanol elimination after thyroxine administration 
[27] and ethanol ingestion [31] were shown to occur 
in association with increased hepatic mitochondrial 
oxidative capacity in liver slices that was attributed 
to changes in phosphorylation potential resulting 
from increases in hepatic (Na‘*—K*)-stimulated 
ATPase. Increased oxygen consumption was also 
demonstrated in association with an increased rate 
of ethanol utilization by perfused livers after chronic 
ethanol feeding [34]. Other investigators, however, 
have failed to find increased mitochondrial oxidative 
capacity in association with increased rates of ethanol 
elimination in isolated hepatocytes after chronic 
ethanol administration [35, 36] or in liver slices after 
chronic stress [1]. Other possible mechanisms for 
increased reoxidation of NADH are increased trans- 


fer of NADH into mitochondria by either the malate- 
aspartate or a-glycerophosphate shuttle, or an 
increased reoxidation of NADH in the cytosol. 

An increase in the microsomal oxidation of 
ethanol, which was not determined in this study, was 
demonstrated in association with increased rates of 
ethanol elimination after thyroxine administration 
[37] and ethanol feeding [38]. However, a lack of 
parallelism, following withdrawal from ethanol 
ingestion, between the rates of ethanol elimination, 
which fell rapidly, and the enzyme activity, which 
remained elevated for a prolonged time [39], suggests 
that increased microsomal oxidation of ethanol is 
unlikely to play a significant role in enhanced rates 
of ethanol elimination. 
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Abstract—Hepatic cortisol sulfotransferase activity (HCSA) was elevated 126, 258 or 342 per cent 
(average values) in intact male rats given daily doses of 2.5, 6.0 or 12 mg progesterone (P) i.m. for 30- 
56 days. Examination of the effects of 12 mg doses given for intervals between 1 week and 4 months 
showed that HCSA nearly doubled in 7-9 days and that maximum HCSA elevations (averaging 340 per 
cent) occurred after 30-56 days of treatment. The elevation of P-mediated HCSA in males increased 
after either adrenalectomy or castration. In females, 12 mg P doses for 28-38 days did not affect HCSA. 
After 102-121 days of treatment, however, their HCSA decreased to 70-80 per cent of control values. 
Individual glucocorticoid sulfotransferase (STI, STII, and STIII) concentrations were similar in untreated 
and P-treated females. In males, 6.0 mg P doses elevated all three enzyme concentrations. STIII was 
the major enzyme present. STI and STII concentrations increased more modestly. P doses of 12 mg 
caused little additional STIII production, but increased the sum of STI and STII activities considerably. 
P elevated STI and STII higher in male castrates than in intact males. P-treated adrenalectomized and 
intact males, however, exhibited similar glucocorticoid sulfotransferase profiles. Thus, it appeared that 
P, or a closely related metabolite, mediated the observed HCSA elevation. Short-term effects of P and 
other hormones on STI, STII, and STIII production and possible roles for P in endocrine effects on 


the enzymes are discussed. 


We reported previously that much of the endocrine 
control of the production of rat liver sulfotransferases 
I, II, and III (STI, STII, and STIII)—the enzymes 
that sulfate glucocorticoids [1]— is localized in the 
gonads [2], the adrenals [3], and the pituitary [4]. 
Several facets of the control process however, were 
not clear on this basis. For example, although estro- 
gen treatment elevated the activities of the sulfo- 
transferases in intact and castrated males to levels 
found in females [2], ovariectomy had only a slight 
effect on the enzymes in females [1,2]. This sug- 
gested that another control factor exists. 

Other studies support potential roles for gluco- 
corticoid sulfation in hypertension [5, 6], ageing [7], 
corticosteroid metabloism [8, 9], and hepatic enzyme 
induction [10-12]. We chose, therefore, to examine 
more extensively the control of glucocorticoid sul- 
fotransferase production. Progesterone was used in 
this study because of its central role in steroid hor- 
mone biogenesis, its actions in vivo [13] and in vitro 
[14] as an antiglucocorticoid, and its role as a potent 
inhibitor of purified STI [15] and STIII [16]. 

This paper describes the short-term and long-term 
effects of pharmacological doses of progesterone on 
sulfotransferases in intact, castrated, and adrenalec- 
tomized male rats, and in intact females. The long- 
term studies indicated that gonadal and adrenal hor- 
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mones produced from administered progestin did 
not play a role in its effects and support a direct role 
for progesterone, or a closely related metabolite, in 
the control of sulfotransferase production. The short- 
term studies show that effects of progesterone and 
other hormonal steroids on the sulfotransferases 
occur much more rapidly than previously believed. 


MATERIALS AND METHODS 


Animals and chemicals. Male and female CDR 
Fisher rats weighing 101-150 g were purchased from 
Charles River Laboratories (Wilmington, MA). In 
most cases they were allowed to recuperate for 1-2 
days after arrival, before surgery was carried out or 
hormone injections were begun with intact animals. 
In some cases, however, studies were carried out 
with animals that weighed up to 260 g initially. These 
animals had been maintained in the laboratory until 
the desired weights were attained. Adrenalectomy 
and gonadectomy are described elsewhere [2, 3]. 
All rats that had not been adrenalectomized were 
given tap water to drink. Adrenalectomized animals 
were maintained on 1% saline. All rats were fed 
Purina chow. Food and water (or 1% saline) were 
given ad lib. For hormone studies, indicated doses 
of progesterone and other hormones were injected 
i.m. in 0.20ml of sesame oil, alternating between 
right and left hind legs. Controls were not injected, 
for we had previously shown [3] that the vehicle does 
not significantly affect hepatic cortisol sulfotransfer- 
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ase activity. The onset and duration of each injection 
series are given in the text. [1,2—*H]Cortisol (49 
Ci/mmole) was purchased from the New England 
Nuclear Corp. (Boston, MA). Nonradioactive ster- 
oids were from the Sigma Chemical Co. (St. Louis, 
MO). The purity of [°H] cortisol was tested period- 
ically, as already described [17]. All other chemicals 
and supplies came from standard suppliers. 

Cytosol preparation. Single rats were decapitated; 
the livers were rapidly removed, trimmed, chilled, 
and homogenized in 1 vol. of ice-cold 50 mM Tris— 
250 mM sucrose-3.0mM mercaptoethanol, pH 7.5 
(TSM) [1]. This and all other preparative steps were 
carried out between 0 and 4°. The homogenates were 
centrifuged for 30 min at 35,000 g (Sorval RC-2B) 
and the pellets were discarded. The supernatant 
fractions were recentrifuged at 105,000 g for 60 min 
_ (Beckman L5-65). The final supernatant fraction, 
cytosol, contained 80-90 per cent of the hepatic 
cortisol sulfotransferase activity. 

Enzyme assays and protein determinations. Suit- 
ably diluted enzyme samples were assayed at 37.5° 
in 1 ml reaction mixtures (pH 6.8) as described else- 
where [3]. Reaction mixtures were incubated for 0 
to 60 min. Then the reaction was terminated by a 2- 
min immersion in boiling water and addition of 1 ml 
of deionized water. Diluted reaction mixtures were 
extracted with CH,Cl, as described earlier [3]. The 
final aqueous residues, which continued the reaction 
product, cortisol-2l-sulfate [1], were then transferred 
to scintillation vials and counted (see Ref. 3). The 
cortisol sulfotransferase activity from radioactivity 
measurements is given as nmoles steroid sulfated per 
hour. Statistical significance was determined by Stu- 
dent’s t-test [18]. The protein content of cytosols was 
not determined for all test groups, because we had 
not observed significant variation among rats of dif- 
ferent sex, age, and endocrine status [3]. This deci- 
sion was supported by comparison of intact controls 
(N = 8); intact rats given 2.5 mg(N = 4),6.0 mg (N = 
4), or 12mg (N =8) of progesterone; uninjected 
castrates (N = 4); and castrates given 12 mg of pro- 


S. S. SINGER et al. 


gesterone (N= 4). These male rats yielded liver 
cytosols that contained 40.4 + 4.6, 39.0 + 1.3, 38.3 + 
1.7, 38.5+2.0, 40.3+ 2.2, and 40.3 + 3.1 mg pro- 
tein/ml, determined by the method of Bucher [19], 
which measures the turbidity of CCl.;COOH precip- 
itated proteins. 

Fractionation of cytoplasmic sulfotransferase 
activity. Aliquots (2.5 to 3.0 ml) of liver cytosol from 
control or experimental animals were chromato- 
graphed on 2 x 50cm columns of DEAE Sephadex 
A-50. Columns were eluted with linear gradients 
consisting of 300 ml each of TSM and TSM-300 mM 
KCl. The effluent fractions (3 ml) were collected and 
assayed for cortisol sulfotransferase activity as 
described above. The recoveries of applied enzyme 
activity were 78-91 per cent. Salt gradients were 
measured as described elsewhere [2]. The protein 
in each enzyme fraction was estimated from the 
absorbance at 280 nm. 


RESULTS 


Effects of progesterone on hepatic cortisol sulfo- 
transferase activity and glucocorticoid sulfotransfer- 
ases in male rats. Daily 2.5 mg doses of progesterone 
(Table 1) elevated the hepatic cortisol sulfotrans- 
ferase activity in male rats 110-150 per cent after 30- 
56 days of hormone administration. Increasing the 
daily dose of the progestin to 6.0 mg increased the 
enzyme activity 230-291 per cent, doubling the 
effect. Doubling this dose resulted in a much smaller 
additional increase of enzyme activity (to 305-370 
per cent). This suggested that the response of the 
enzyme activity to 12-mg daily doses of progesterone 
might have been the maximum effect possible. It 
was not possible, however, to test for an absolute 
maximum, because rats given 20-mg doses died 
within 6-9 days. 

All the effects of progesterone described above 
(Table 1) were similar whether the enzyme activity 
was expressed per g liver or 100g body weight. 


Table 1. Effect of progesterone dose on hepatic cortisol sulfotransferase (CS) activity in male rats* 





Hormone 
dose 
(mg) 


No. of Body wt 
experiments (g) 


Hepatic CS activity per: 





Liver wt g liver or 


(g) ml cytosol+ 100 g body wt 





299 + 55 
243 + 26 


None 14 
1.0 4 
a5 9 246 + 18 
6.0 13 270 + 45 


12 9 268 + 30 


10.4 + 1.2 
8.93 + .64 


31.8+ 12 
32.5+5.5 
(+ 3.00%) 
72.0 + 344 
(+ 126%) 
114 + 39¢ 
(+ 258%) 
141 + 28+ 
(+ 342%) 


110 + 39 
121 + 26 
(+ 10.0%) 
249 + 1104 
(+ 126%) 
401 + 1204 
(+ 264%) 
468 + 67+ 
(+ 325%) 


8.76 + .74 


9.18 + 1.1 


9.10 + 1.2 





* Rats were injected with progesterone daily, i.m., for 30-56 days or not treated. Initial body 
weights were 101-130 g or 220-260 g. After killing the animals, liver cytosols were prepared and 
cortisol sulfotransferase activity was assayed with three different amounts of cytosol (see Materials 
and Methods). Mean cortisol sulfotransferase activity + S.D. is given as nmoles cortisol sulfated/hr. 
The percentages in parentheses are the mean increases of CS activity observed compared to controls. 


+ Each g of liver yielded 1 ml of 50% cytosol. 


t Significantly different from control (P < 0.01). 
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Table 2. Time course of the response of the hepatic cortisol sulfotransferase (CS) activity in male 
rats to 12 mg daily doses of progesterone 





No. of Body wt 
experiments (g) 


Days 
injected 


Hepatic CS activity per: 





Liver wt g liver or 


(g) ml cytosol+ 100 g body wt 





231 + 19 
224 +24 


None 5 
7-9 5 


336 + 45 
276 + 31 


None 5 
14-16 b 


299 + 55 
268 + 30 


None 14 
30-56 9 


342 + 40 
343 + 11 


None 4 
101-120 4 


9.68 + 0.89 
9.45 + 0.66 


135 + 19 
245 + 144 
(+ 81.5%) 

151 + 38 
384 + 974 
(+ 154%) 

110 + 39 
468 + 67+ 
(+325%) 
73.0 + 29 
298 + 644 

(+ 308%) 


32.6+5.3 
59.5 + 7.5¢ 
(+ 82.5%) 
42.7+12 
107 + 28+ 
(+ 151%) 
31.8 + 12 
141 + 28% 
(+ 342%) 
24.3 + 10 
104 + 27+ 
(+ 330%) 


11.7+1.4 





* Rats weighing 180-230 g were divided into two groups. The first group was injected daily, i.m., 
with 12 mg progesterone for 7-9, 14-16, or 101-120 days. The second group was uninjected controls. 
The data for 30-56 day animals is from Table 1. At the times indicated, injected and control rats 
were killed and used to prepare liver cytosol; the hepatic CS activity was determined as described 
in Table 1. Conditions are described in Table 1. Mean cortisol sulfotransferase activity + S.D. is 
given as nmoles cortisol sulfated/hr. The percentages in parentheses are the mean increases of CS 


activity observed compared to controls. 


+ Each g of liver yielded 1 ml of 50% cytosol. 


t Significantly different from control (P < 0.01). 


Furthermore, the dose response was similar whether 
the initial weights of the rats used were 101-130 g 
or 220-260 g. In fact, Table 1 contains data from 
approximately equal numbers of males in the two 
weight ranges. 

Study of the effect of varying the injection period 
from 1 week to 101-120 days (Table 2) shows that 
the hepatic cortisol sulfotransferase activity nearly 
doubled after seven to eight daily 12-mg doses of 
progestin. The maximum increase of the enzyme 
activity (305-370 per cent) was observed with the 
30-56 day group. No significant additional increase 
of the enzyme activity was obtained by extending 
the injection period to 101-120 days. It was also 
found that, when cytosol samples from controls and 
the various progesterone-treated groups were mixed 
and assayed (not shown), simple additive results 
were obtained. This indicates that neither cytosol 
contained activators or inhibitors of the sulfotrans- 
ferase activity. 

DEAE Sephadex A-50 chromatography of cytosol 
from progesterone-treated males showed that much 
of the cortisol sulfotransferase activity was due to 
STIII. In fact, short-term (1-week) studies yielded 
cytosol in which most of the hepatic enzyme activity 
was due to STIII (not shown). Increased amounts 
of STi and STII, however, were produced in rats 
treated with the progestin for 2 weeks, 30-56 days, 
and 101-120 days. Comparison of data from a male 
rat given, 6.0 mg of progesterone daily for 35 days 
with that from an untreated control is made in Fig. 
1. In rats given 12-mg doses (as in Fig. 2A), the sum 
of the STI and the STII activities recovered was 
always greater (45.2 + 7.4 per cent, N = 5) than 
that (28.1 + 4.3 per cent, N = 7) in rats given 6.0- 
mg doses (as in Fig. 1B). Because the chromatograms 


did not resolve STI and STII well, the effects on the 
individual enzymes are not clear. The weights of the 
rats used (101-130 g or 220-260 g) for 30-56 or 101- 
120 day injection periods did not, apparently, affect 
the relative amounts of the sulfotransferases pro- 
duced in response to 12-mg daily doses of the 
hormone. 

Effect of progesterone on hepatic cortisol sulfo- 
transferase activity and glucocorticoid sulfotransfer- 
ases in female rats. Female rats were given daily 
doses of progesterone (12 mg) for 28-38 or 102-121 
days. No significant change in the heptatic cortisol 
sulfotransferase activity (Table 3A) or in the 
“female” glucocorticoid sulfotransferase profile 
(large, roughly equal amounts of STI, STII and 
STITT) [1] on DEAE Sephadex A-50 chromatograms 
(not shown) was observed in the 28-38 day experi- 
ments. In the 102-121 day experiments, a statistically 
significant 20-30 per cent decrease in the enzyme 
activity compared to controls (Table 3B) was 
observed. Fractionation of the enzyme activity (not 
shown) from this group on DEAE Sephadex A-50 
columns gave glucocorticoid sulfotransferase profiles 
similar to those of controls. The chromatograms, 
however, contained less of each enzyme than those 
from controls (three experiments). This suggests that 
prolonged exposure to progesterone decreased the 
tissue concentrations of all three sulfotransferases 
similarly. 

Effect of castration or adrenalectomy on progester- 
one-mediated elevation of hepatic cortisol sulfotrans- 
ferase activity and glucocorticoid sulfotransferases in 
male rats. The result of castration (Table 4A) was 
as we described earlier [2]. The effect of repeated 
daily 12-mg doses of progesterone on the enzyme 
activity in castrates was similar to that in intact males, 





S. S. SINGER et al. 





0.016M —-0.070M 
}0.033m | 


a -PROTEIN 
frre 








nmol CORTISOL SULFATED nh”! 
ABSORBANCE at 280 nm 














FRACTION NUMBER 


Fig. 1. Fractionation of glucocorticoid sulfotransferases of cytosol from untreated and progesterone- 
treated rats. Samples of (3 ml) cytosol from an untreated male (A) and a male injected daily, i.m. with 
6.0 mg of progesterone for 35 days (B) were loaded on 2 x 50cm columns of DEAE Sephadex A-50. 
Each column was eluted with a linear gradient consisting of 300 ml each of 50 mM Tris—250 mM sucrose- 
3.0mM mercaptoethanol, pH 7.5 (TSM), and TSM-300 mM KCI. Elution was carried out at.60 ml/hr; 
3-ml fractions were collected. Aliquots (0.50 ml) of indicated fractions were assayed for cortisol 
sulfotransferase activity (see Materials and Methods). Protein was estimated from 280 nm absorbance. 
The enzyme activity is given as nmoles cortisol sulfated per hr per ml enzyme fraction. Roman numerals 
represent STI, STII, and STIII [1]. Molar concentrations shown were the KCI concentrations [2] at 
whick enzyme-peak tubes eluted. Recovery of applied enzyme activity was 85 and 86 per cent respectively. 
Cytosols came from rats described in Table 1A. This was one of six similar experiments. 


but more profound. DEAE Sephadex A-50 chroma- appears possible that the difference between the 
tography of cytosols (Fig. 2) show that the sum of cortisol sulfotransferase activities of the two hor- 
the STI and STII activities (56+ 4.1 per cent of | mone-treated groups might be due to STI and STII 
recovered activity, N = 3) in progesterone-treated _ elevation. The data also suggest that testicular secre- 
castrates was greater than that (39+ 4.3 per cent, _ tions were not involved in the effect of progesterone 
N = 3) in similarly treated intact males. Thus, it on the sulfotransferases. 


Table 3. Effect of progesterone administration on hepatic cortisol sulfotransferase (CS) activity in 
female rats* 





Hepatic CS activity per: 





No. of Body wt Liver wt g liver or 
Treatment experiments (g) ml cytosol+ 100 g body wt 





(A) None 4 180 + 8.0 : , 438 + 119 1,550 + 390 
5 


195 + 10 9+1. 469 + 112 1,530 + 291 
(+ 7.0%) (— 1.6%) 

194 + 14 5+ 3! 445 + 23 1,244 + 78.5 

213 + 20 2+. 337 + 414 987 + 95.24 
(— 24%) (— 24%) 


Progesterone 


(B) None 


5 
Progesterone 5 





* Rats were injected daily, i.m., with 12 mg progesterone or were untreated. Their initial weights 
were 140-160 g. Progesterone treatment was continued for (A) 28-38 days or (B) 102-121 days. 
Animals were then killed and hepatic CS activity was determined. Methodologic details are described 
in Table 1. Mean cortisol sulfotransferase activity + $.D. is given as nmoles cortisol sulfated/hr. The 
percentages in parentheses are the mean changes of CS activity observed compared to controls. 

+ Each g of liver yielded 1 ml of 50% cytosol. 

¢ Significantly different from the control (P < 0.01). 
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Table 4. Effect of castration or adrenalectomy on elevation by progesterone of hepatic cortisol 
sulfotransferase (CS) activity in male rats* 





No. of Body wt 


Treatment experiments (g) 


Hepatic CS activity per: 





Liver wt g liver or 


(g) ml cytosol 100 g body wt 





(A) None 5 265 + 23 
Progesterone 
(12 mg) 5 246 + 25 


Castrated 255 + 20 
Castrated + 
progesterone 


(12 mg) 249 + 19 


(B) Adexed 193 + 15 
Adexed + 
progesterone 


(12 mg) 235 + 15 


9.57 + 1.8 26.2 + 6.2 93.1+ 14 


8.94 + 2.0 128 + 384 
(+ 378%) 
86.8 + 114 
(+ 230%) 


522 + 150¢ 
(+ 460%) 
291 + 45i 
(+ 212%) 


8.41 + 2.1 


8.50 + 19 159'+ 25% 


(+ 506%) 


580 + 914 
(+ 522%) 
44.7 + 23 


7.03 + 0.20 12.4+ 6.8 


9.15 + 0.61 121 + 12] 


(+ 876%) 


471 + 294 
(+ 975%) 





* In (A), intact males or males castrated at’ 130-150 g were used. All were from a group born on 
the same day. Daily i.m., injections of 12 mg progesterone began 7 days after surgery and continued 
for 32-44 days; controls were not injected. In (B), all rats were adrenalectomized (Adexed) at 126- 
145 g; controls were not injected. Injection (i.m.) of the experimental group (12 mg progesterone 
every other day) began 3 days after surgery and continued for 21-31 days. Other experimental details 
are the same as in Table 1. Mean cortisol sulfotransferase activity + S.D. is given as nmoles cortisol 
sulfated/hr. The percentages in parentheses are the mean increases of CS activity observed compared 


to controls. 
+ Each g of liver yielded 1 ml of 50% cytosol. 


+ Significantly different from control (P < 0.01). 


{ Statistically significant difference (P < 0.029) between Adexed groups. 


Similar examination of the effect of adrenal 
ablation on the response of the cortisol sulfotrans- 
ferase activity to progesterone was also carried out 
(Table 4B). Hormone-treated adrenalectomized rats 
were given 12-mg doses of progesterone every other 
day for 21-31 days. This was the largest permissible 
dose and most frequent injection regimen consistent 
with prolonged survival. As shown, the cortisol sul- 
fotransferase activity in livers from the progesterone- 
treated adrenalectomized rats increased 9- to 12-fold 
compared to untreated adrenalectomized animals. 
The results, as with all other groups of rats tested, 
were similar whether the enzyme activity was 
expressed per g liver or per 100 g body weight. The 
absolute cortisol sulfotransferase activities in pro- 
gesterone-treated adrenalectomized animals were 
very similar to those observed in intact rats given 
12 mg of the progestin daily (Tables 1 and 4A), 
despite the fact that they were injected less often 
than the intact groups. 

The very large difference in enzyme activity 
between progestin-treated and untreated adrenalec- 
tomized males was due partly to the decrease of the 
cortisol sulfotransferase activity after adrenalec- 
tomy, which we have already documented [3] in that 
sex [also compare untreated intact and adrenalec- 
tomized groups of Table 4 (A and B)]. Furthermore, 
fractionation of the cytoplasmic cortisol sulfotrans- 
ferase activity from livers of adrenalectomized pro- 
gesterone-treated males on DEAE Sephadex A-50 
columns (not shown) yielded glucocorticoid sulfo- 


transferase profiles similar to those obtained with 
intact rats given the same progestin dose. Therefore, 
it appears probable that adrenal secretions did not 
mediate the effect of progesterone on the enzymes. 

Brief examination of the comparative effects of 
short-term administration of progesterone, cortico- 
sterone, and estradiol-17B on hepatic cortisol sulfo- 
transferase activity in male rats. The effects of pro- 
gesterone in 1 week experiments (Table 2) led us to 
reconsider the rates at which steroid hormones affect 
the in vivo concentrations of rat liver glucocorticoid 
sulfotransferases. It appeared important to ascertain 
whether a month, or more, of daily administration 
of other hormones was required to elevate the 
enzymes significantly, as suggested by studies carried 
out in this and other laboratories [2, 3, 5, 20]. 
Examination of the effects of progesterone, corti- 
costerone, and estradiol-17f after daily administra- 
tion for a week (Table 5) showed similar statistically 
significant elevation of sulfotransferase activity, to 
concentrations between 30 and 40 per cent of the 
maximum long-term effects, that we had reported 
earlier [2, 3, 5]. This suggested that the response of 
glucocorticoid sulfotransferases to hormones might 
be much more rapid than originally considered. The 
high elevation of the hepatic cortisol sulfotransferase 
activity, that was observed in 1-week experiments 
with estradiol, was due to elevation of the concen- 
trations of all three glucocorticoid sulfotransferases 
compared to controls (compare panels A and B of 
Fig. 3). STIII was the most plentiful enzyme. STI 
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Fig. 2. Fractionation of glucocorticoid sulfotransterases of cytosol from progesterone-treated intact and 

castrated males. Samples (3 ml) of cytosol from (A), an intact male and (B),.a male castrate, each 

described in Table 3A, were chromatographed on DEAE Sephadex A-50 columns. All conditions and 

symbols are described in Fig. 1. Both rats were given 12 mg progesterone daily for 39 days. The 

recoveries of applied enzyme activity were 81 and 84 per cent respectively. This was one of four similar 
experiments. 


Table 5. Effect of short-term administration of corticosterone estradiol or progesterone on hepatic cortisol 
sulfotransferase (CS) activity in male rats* 





Hepatic CS activity per: 





No. of Body wt Liver wt g liver or 
Treatment experiments (g) (g) ml cytosol? 100 g body wt 





None 4 227 + 11 9.20 + 1.0 , ’ 131 + 25 
Corticosterone (3.0 mg) 4 210 + 7.9 8.61 + 0.56 ; 243 + 77t 
(+ 78%) (+ 86%) 
Estradiol-17f (0.20 mg) 4 190 + 19 7.92 + 0.85 204 + 21+ 852 + 128t 
(+ 528%) (+ 551%) 
Progesterone (12 mg) 3 216 + 23 9.13 + 0.92 66.1 + 174 284 + 724 
(+ 103%) (+ 117%) 





* Intact male rats, initially weighing 180-200 g, were either untreated controls or animals injected with 
indicated doses of corticosterone, estradiol-17f or progesterone. After 7-8 days of treatment the rats were 
killed, their livers were removed, and cytosol was prepared and assayed for CS activity. All conditions are 
as described in Table 1. Mean cortisol sulfotransferase activity + S$.D. is given as nmoles cortisol sulfated/hr. 
The percentages in parentheses are the mean increases of CS activity observed compared to control. 

+ Each g of liver yielded 1 ml of 50% cytosol. 

+ Significantly different from control (P < 0.01). 
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Fig. 3. Fractionation of cytosol glucocorticoid sulfotransferases from long-term and short-term estradiol- 

treated males. Cytosols from an untreated control (A) or from rats given 200 ug estradiol-17f daily for 

2 days (B) or for 59 days (C) were used. All conditions are described in Fig. 1. Recoveries of eluted 
enzyme activity were 83-88 per cent of that applied to columns. 


and STII were not elevated as high as in earlier [2] 
long-term experiments such as the 59-day experiment 
of Fig. 3C. This suggests a potentially significant 
change of the sulfotransferases in estrogen-treated 
rats with time that merits additional study. Ion 
exchange chromatography of cytosols from the short- 
term studies with corticosterone was not carried out. 


DISCUSSION 


Progesterone is centrally located in the schema for 
endocrine genesis of steroids, including gonadal hor- 
mones and corticosteroids. As pointed out by King 
and Mainwaring [20], it is well known that admin- 
istered progesterone rapidly disappears from the cir- 
culation in rats and other mammals, and that its 
widespread metabolism in target tissues often 
obscures the elucidation of the mechanism of pro- 
gestin action. Although it appeared possible at first 
that the effect of progesterone on STI, STII, and 
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STIII could have been due to such metabolism, the 
study described here suggests the action of the pro- 
gestin (or a very closely related metabolite) in the 
observed changes of hepatic glucocorticoid sulfo- 
transferase activity. It also may provide plausible 
explanations for several responses of the enzymes 
to endocrine manipulation that were not clearly 
explained by earlier studies. 

A role for estrogen in the process does not seem 
likely for several reasons. First, the effect of 12-mg 
doses of progesterone was much less profound than 
expected, even if 1-2 per cent of it had been con- 
verted to estrogen, because daily 200-ug doses of 
estradiol elevated the hepatic cortisol sulfotransfer- 
ase activity 10-fold in 1-2 months [2] and 5—fold in 
1 week Table 5). Furthermore, progesterone (Figs. 
1 and 2) elevated STIII greatly and increased STI 
and STII concentrations more modestly, whereas 
estrogen (Fig. 3C and Ref. 2) elevated STI and STII 
the most in intact males. It also appears unlikely that 
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progesterone masked or prevented estrogen effects 
on the sulfotransferases, since 12-mg doses admin- 
istered for 3.5 to 4 months (Table 3) affected the 
enzyme activity in female rats only slightly. 

Roles for corticosteroid and androgen production 
from progesterone were also ruled out despite the 
ability of these hormones to modify hepatic gluco- 
corticoid sulfotransferase activities in males [2, 3, 5]. 
Conversion of progesterone to_ testosterone 
appeared uninvolved in progestin-mediated sulfo- 
transferase activity elevation, because this effect was 
augmented by castration of male rats (Table 4A). 
The augmentation appeared most likely to be due 
to additional STI and STII elevation that could have 
resulted from removal of the suppressive effect of 
androgen [2] on their production. Furthermore, 
adrenalectomy (Table 4B) did not change the final 
activities of hepatic glucocorticoid sulfotransferases 
obtained after administration of 12-mg doses of pro- 
gesterone. Therefore, it also appeared that adrenal 
corticosteroid production from the progestin was not 
involved in the process. 

The apparent direct pharmacologic action of pro- 
gesterone on the sulfotransferases suggests a possible 
explanation for our hitherto puzzling observation 
that although estrogen elevated STI, STII, and STIII 
in castrated males to activities normally found in 
females, ovariectomy did not have a marked effect 
on the enzymes [2]. It appears possible, now, that 
physiological progesterone may facilitate the main- 
tenance of high STI and STII activities in ovariec- 
tomized rats and act synergistically with estrogen to 
induce ahd maintain female sulfotransferase profiles. 
Such estrogen—progestin synergism could also 
explain why STI elevation without the progestin was 
not possible in males that had not been treated with 
estrogen [2]. The proposed role for progesterone 
replaces our earlier supposition [3] that corticoste- 
roids are responsible. This explanation had never 
been comfortable, for it was not clear how the 
adrenal hormones could maintain STI and STII when 
their major effects [3] involved STIII. 

The effects of estrogen, progestin, and corticos- 
terone (Table 5) within 1 week suggest that steroid 
hormones affect the sulfotransferases much more 
rapidly than we [2, 3, 5] and others [21] had reported. 
This quite rapid response of the enzymes to endo- 
crine manipulation suggests that they may play a 
more positive role in hormone actions than pre- 
viously considered, a possibility that merits further 
investigation. It should also be noted that the 1-week 
induction of the enzymes reported here is the most 
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rapid sulfotransferase elevation that we have 
observed. Such an effect may account for the rapid 
accumulation of small amounts of deoxycholate sul- 
fate reported recently in liver-derived tumor tissue 
cultures 1 week after glucocorticoid administration 
[22]. 
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Abstract—The accumulation of 5-HT was studied in human platelets following graded desialylation 
with neuraminidase immobilized on macrobeads. Platelets were removed from the soluble sialylglyco- 
proteins of the plasma by gel filtration on Sepharose 2B; the uptake of 5-HT by gel filtered platelets 
over four hours was similar to that found using platelet rich plasma. Platelet aggregation induced by 
10°°M 5-HT and 10°°M ADP was decreased following gel filtration and the use of Sepharose 2B 
insolubilized apyrase did not ameliorate this effect. Removal of up to 30 per cent of the platelet sialic 
acid, which results in changes in the glycoprotein pattern as demonstrated by two dimensional gel 
electrophoresis, appears to accelerate the rate of uptake of 5-HT. This is followed by a significantly 
decreased rate once 50% desialylation has been achieved. Native platelets and those from which 30 per 
cent of the sialic acid had been removed were refractory to resialylation with exogenous rat liver 
sialyltransferase though this enzyme preparation catalyses the resialylation of soluble asialoglycoprotein 


acceptor. 


Sialic acids are ubiquitous components of animal cell 
surfaces [1,2] and in the case of the platelet have 
been implicated as playing an important role in 
platelet aggregation and survival [3-5]. Two avenues 
for elucidating the role of sialic acids at the platelet 
periphery have been explored, namely the removal 
of sialosyl residues with neuraminidase [3-5] and the 
opposite approach in which extra sialic acid residues 
have been attached to the native platelet surface by 
using an exogenous sialyltransferase [6,7]. Mester 
et al. [6] working with an impure enzyme system 
involving homogenized rat liver found that human 
platelet-rich plasma treated with this preparation 
and CMP-N-acetylneuraminic acid showed an 
increase in the amount of sialic acid bound to the 
platelet membrane. Platelets modified in this way 
[6] had a decreased aggregation response to ADP 
but an enhanced response to 5-hydroxytryptamine 
(5-HT).+ It was concluded that the effect of incor- 
porating sialic acid into platelets increased the num- 
ber of receptor sites with which 5-HT reacted to 
cause aggregation. A subsequent paper by Szabados 
et al. [7] extended their work on platelets enriched 
in sialic acid to show that such cells had an accel- 
erated uptake of 5-HT and led them to suggest that 
_N-acetylneuraminic acid may also be a component 
of the transport receptor for this amine. In an attempt 
to characterize the molecular species undergoing 
exogenous sialylation in the platelet membrane we 
have attempted to repeat the procedures described 
by Mester et al. [6] and Szabados et al. [7]. 





* To whom correspondence should be sent. 
+ Abbreviations used: ‘5-HT, 5-hydroxytryptamine; 
PIPES, piperazine-NN’-bis-(2-ethanesulphonic acid). 


This paper describes a novel neuraminidase treat- 
ment in which gel filtered platelets, freed of plasma 
sialoglycoproteins, are treated with the enzyme 
immobilized on Sepharose macrobeads. Such treated 
cells are found along with untreated cells to be 
refractory towards sialylation, using known quan- 
tities of characterized rat liver sialyltransferase. 
Interestingly, the effect on 5-HT uptake of platelets 
subjected to graded desialylation with immobilized 
neuraminidase appears to be biphasic, an initial 
acceleration being followed by a. significant 
decreased rate of uptake once 50 per cent of the 
platelet sialic acid has been removed. This is the first 
study in which neuraminidase insolubilized on 
macrobeads has been used as a means of studying 
the effects of graded desialylation on 5-HT uptake 
by the human platelet. Data on the number of 5-HT 
receptors on the platelet surface is provided and the 
chemical nature of the transport receptor discussed. 


MATERIALS AND METHODS 


5-hydroxy[*H]tryptamine creatine sulphate (two 
batches of 11 and 13.8 Ci/mmole used in this work), 
CMP-N-acetyl[4,5,6,7,8,9-"C]neuraminic acid, 
ammonium salt (4.2 mCi/mmole), p-[1-'*C]mannitol 
(60 mCi/mmole) and [U-"*C]sucrose were purchased 
from The Radiochemical Centre, Amersham, Eng- 
land. Purified neuraminidase (EC 3.2.1.18) from 
Vibrio cholerae filtrate was obtained from Behring- 
werke A-G., Marburg/Lahn, Germany as an 
aqueous solution containing either 500 or 4635 
units/ml, where 1 unit of activity is defined as the 
amount of enzyme that releases 1 ug of N-acetyl- 
neuraminic acid in 15 min at 37° from a acid gly- 
coprotein in an appropriate medium at pH 5.5. This 
preparation is stated by the manufacturer to be free 
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of phospholipase C and neither proteinases nor 
aldolase activity could be demonstrated. Methyser- 
gide hydrogen maleinate (Sandoz Ltd., Basle, 
Switzerland) and chlorimipramine hydrochloride 
(Geigy Pharmaceuticals, Horsham, England) were 
kindly provided by Dr. K. J. Watling and Dr. A. V. 
P. Mackay, MRC Neurochemical Pharmacology 
Unit, Cambridge. All chemicals were of analytical 
quality unless otherwise specified. 

Preparation of platelet rich plasma. Blood was 
drawn from healthy donors into one tenth volume 
of 3.8% w/v trisodium citrate and used within one 
hour of venopuncture. Following centrifugation at 
200 g,, for 20 min platelet-rich plasma was removed 
and centrifuged at 1500 g,, for Ssec to remove any 
contaminating red blood cells. 

Preparation of gel-filtered platelets. An enriched 
preparation of platelets was prepared by sedimenting 
platelet rich plasma on a cushion of 34% w/v albumin 
(Fraction V from bovine plasma—Armour Phar- 
maceutical Co. Ltd., Eastbourne, England), 
adjusted to pH 6.5 with solid NaHCO,, at 650 g.,, 
for 15 min following the procedure devised by Walsh 
[8]. The enriched suspension of platelets (5 ml) was 
separated from plasma by gel filtration on a column 
(8.5 x 2.6cm) of Sepharose 2B (Pharmacia Fine 
Chemicals, Uppsala, Sweden) following closely the 
method of Tangen et al. [9]. A column was con- 
structed from a plastic disposable syringe barrel 
equipped with an A26 adaptor (Pharmacia) fitted 
with a 40 um mesh nylon net (Wright Scientific Ltd.., 
Kenley, England). The eluting medium was 0.147 M 
NaCl containing 2.7 mM KCl, 2mM MgCl,, 5.6 mM 
glucose and 5mM PIPES buffer (pH 7.3 and for 
experiments involving neuraminidase pH 6.4) and 
the column was eluted at a flow rate of 2 ml/min. 
Routinely platelets emerged from the column after 
the first 10 ml of eluate and two aliquots (15 ml each) 
were collected with a cell count ranging from 6— 
12 x 10° platelets/ml. Samples required with higher 
cell counts were prepared by a further centrifugation 
on albumin [8]. Platelet counts were performed by 
standard haemocytometry. 

In addition to gel filtration on Sepharose 2B a 
number of samples were gel filtered on the same 
support enriched with purified apyrase immobilized 
cn cyanogen bromide treated Sepharose 2B (effec- 
tive concentration of apyrase 200 ug/ml; specific 
activity of enzyme 0.18 umole inorganic phospho- 
rus/min/mg). Apyrase is reported as containing 
platelet aggregating activity, caused by the presence 
of potato lectin which can be removed from the 
enzyme preparation by adsorption on insolubilized 
fetuin [10]. In this work all samples of apyrase 
(Sigma, Grade I) were purified by affinity chroma- 
tography on fetuin (Sigma, Type III) immobilized 
on Sepharose 4B (7.2 mg fetuin/ml of packed beads) 
following closely the procedure described by 
Wigham et al. [10]. 

Platelet aggregometry. The aggregation of platelets 
in platelet rich plasma or suspensions in buffered 
medium (pH 7.3) adjusted with platelet poor plasma 
to similar cell count (2.5-4.5 x 10° platelets/ml) was 
monitored in a Born—Michal Aggregometer (Mark 
IV) using the method described by Born [11]. 

Uptake of 5-hydroxytryptamine by platelets. 5- 
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hydroxy[*H]tryptamine creatine sulphate [400 
Ci/mole] was prepared by adjusting labelled material 
with cold compound (Sigma). Uptake was then 
measured (final concentrations of 0.25-4.0 uM were 
examined) over periods of 10 to 60sec using the 
centrifugation procedure of Drummond and Gordon 
[12]. 

For the study of the extended (up to 4 hr) uptake 
of 5-HT by platelets the procedure of Born and 
Gillson [13] was employed. Platelets were separated 
from the suspending plasma by centrifugation at 
10,000 g,, for 30sec through silicone oil (MS 200; 
MS 702 (Hopkin and Williams) 1:9 v/v), the platelet 
pellet being frozen in liquid nitrogen to enable the 
complete removal of plasma to be accomplished. ° 

Preparation of sialyltransferase (EC 2.4.99.1) 
enriched fraction. Wistar rats fasted for 20 hr were 
decapitated and the livers removed immediately onto 
ice and minced finely with scissors. Routinely, twc 
livers were used for each preparation. An aliquot 
(50 ml) of ice cold homogenisation medium consist- 
ing of 0.5M sucrose containing 1% w/v dextran 
(Sigma m.wt fraction 200,000—275 ,000), 5 mM MgCl, 
and made 37.5 mM with respect to Tris—maleate (pH 
6.5) was added to the liver and after occasional 
stirring for 10 min the fluid was decanted from the 
liver tissue and replaced with a fresh aliquot (25 ml) 
of ice cold homogenisation fluid. The liver was then 
homogenised for 60sec using a Polytron homogen- 
iser (Type PT10-35, Kinematica GmbH, Luzern, 
Switzerland) set at the lowest speed. Following pas- 
sage through a double layer of medical gauze the 
homogenate was centrifuged at 2000 g,, for 20 min 
at 4°. After removing the supernatant fluid the friable 
upper third of the pellet was resuspended by gentle 
shaking with fresh homogenisation medium (1 ml) 
and layered onto a barrier consisting of 1.25M 
sucrose containing 1% w/v dextran, 5mM MgCl, 
and made 37.5 mM with respect to Tris—maleate (pH 
6.5). Following centrifugation at 100,000g¢,, for 
40 min at 4° the material collecting at the sucrose 
interface, shown by electron microscopy to be 
enriched in dictyosomes and corresponding to the 
Golgi apparatus-enriched fraction of Morré et al. 
[14], was removed into ten vol. of ice cold homo- 
genisation medium with a wide bore Pasteur pipette 
and centrifuged at 2000g,, for 30min at 4°. The 
resultant pellet was resuspended in a small quantity 
(300 ul) of ice cold homogenisation medium and used 
within one hour of preparation. 

Sialyltransferase activity in crude liver hom- 
ogenates and dictyosome enriched fractions was 
assayed using both glycoprotein and glycolipid 
acceptors. Activity against asialofetuin, prepared 
as described previously [15], was measured using 
CMP-N-acetyl ['*C]neuraminic acid by the method 
of Schachter et al. [16], except that the radioactive 
product was precipitated in 1% w/v phosphotungstic 
acid in 0.5M HCI and processed as described by 
Bosmann [17]. Sialyltransferase activity towards gly- 
colipid acceptors was measured by the method 
of Kaufman and Basu [18] using N-stearoyl- 
dihydrolactocerebroside [1-O-(f-p-lactosyl)N-octa- 
decanoyl-pL-dihydrosphingosine] and N- 
palmitoyldihydrolacto-cerebroside [1-O-($-p-lacto- 
syl)N-hexadecanoyl-pi-dihydro-sphingosine] (Miles 
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Laboratories Ltd., Slough, England). Routinely the 
sialylated product was extracted from the reaction 
mixture into chloroform—methanol (2:1 v/v) and 
counted on glass paper squares [19]. Kaufman and 
Basu [18] have shown that it is possible to separate 
nucleotide-sugar and free sialic acid from the sialy- 
lated glycolipid by high voltage electrophoresis in 
0.05M borate buffer (pH 9.0). Using a Shandon 
model L24 water cooled apparatus operating at 
3700 V for 50 min we demonstrated that chloroform- 
methanol extraction quantitatively removes sialy- 
lated lipid uncontaminated with sugar nucleotide and 
free sialic acid. 

Treatment of platelets with exogenous sialyltrans- 
ferase. Platelet rich plasma was treated with rat liver 
sialyltransferase according to the procedure 
described by Mester et al. [6]. As a source of sia- 
lyltransferase these authors used rat liver hom- 
ogenate, of unspecified activity; the homogenate 
used here was prepared by the method of Schachter 
et al. [16] and when tested against asialofetuin as 
acceptor in the presence of detergent [16] had a 
specific activity of 12.1 nmoles N-acetylneuraminic 
acid transferred/hr/mg protein. 

Samples of gel filtered platelets (1.3 x 10°) before 
or after treatment with insolubilized neuraminidase 
(see below) were incubated at 37° for 90 min with 
CMP-N-acetyl-['*C]neuraminic acid (35.7 nmoles) 
and sonicated dictyosome enriched material (90- 
105 ug protein; specific activity 147-170 nmoles N- 
acetylneuraminic acid transferred/hr/mg protein) in 
a total vol. of 110 ul of buffered saline (147 mM NaCl 
containing 2.7 mM KCl, 2mM MgCl, 5.6mM glu- 
cose and made 5mM with respect to PIPES buffer 
(pH 6.4). A sample (55 ul) was taken and adjusted 
to 3.5 x 10° cells/ml for 5-HT uptake and another 
aliquot (35 ul) taken for radioactive determination. 

Preparation of immobilized neuraminidase (EC 
3.2.1.18). Cyanogen bromide activated Sepharose 
6MB beads (0.5 g; Pharmacia, Sweden) were mixed 
end over end with neuraminidase (two batches were 
used in this work, one of 500 units/ml and the other 
of 4635 units/ml) and bovine serum albumin (2 mg; 
Sigma crystallised essentially globulin-free contain- 
ing less than 0.005% fatty acids) dissolved in 0.5M 
NaCl containing 0.2 M NaHCO; (pH 8.3) for 18 hr 
at 4°. Following extensive washing on 0.5M NaCl 
containing 0.1 M NaHCO; (pH 8.3) the macrobeads 
were treated with 1 M ethanolamine (adjusted to pH 
9.0 with concentrated HCl) for 2hr at 4°. After 
‘washing in three cycles of 0.5M NaCl containing 
0.1M acetate buffer (pH 4.0); water; 0.5M NaCl 
containing 0.1 M NaHCO, (pH 8.3) the beads were 
suspended in 0.154M NaCl containing 0.009M 
CaCl, and made 0.05 M with respect to acetate buffer 
(pH 5.5). A sample of beads in which neuraminidase 
was excluded from the above coupling procedure 
was also prepared. 

The activity of the immobilized neuraminidase was 
measured by determining the release of free sialic 
acid when aliquots (0.1 ml packed beads) of the 
treated macrobeads were incubated for varying time 
periods at 37° with fetuin (1 mg; Sigma Type III 
containing 6.9% N-acetylneuraminic acid) in a total 
volume of 110 wl 0.154 M NaCl 0.009 M CaCl, made 
0.05 M with respect to acetate buffer (pH 5.5). 
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Treatment of platelets with immobilized neuramin- 
idase. Gel filtered platelets were prepared in 0.147 M 
NaCl containing 2.7 mM KCl, 2mM MgCl,, 5.6 mM 
glucose and made 5 mM with respect to PIPES buffer 
(pH 6.4) at a final concentration of 1.4 x 10° 
platelets/ml. Neuraminidase immobilized on macro- 
beads (0.2ml packed beads) was incubated with 
aliquots of platelet suspensions (0.7 ml) made 2 mM 
with respect to CaCl, and shaken regularly for 
periods of up to 1hr at 37°. At the end of the 
incubation period the beads were allowed to sedi- 
ment at 1g and samples of the bead-free platelet 
suspension examined for 5-HT uptake [12]; samples 
of cell free supernatant fluid were examined for the 
presence of free sialic acid [20]. Control experiments 
in which platelet suspensions were treated with neur- 
aminidase-free albumin, immobilized on macro- 
beads, were also examined under identical conditions 
to those used with insolubilized enzyme. 

Analytical procedures. Free sialic acids were deter- 
mined by the 2-thiobarbituric acid method of Warren 
[20] using N-acetylneuraminic acid (Sigma type IV) 
as a standard. To determine total sialic acids in gel 
filtered platelets known quantities of cells were 
hydrolyzed in 0.05 M H,SO, at 80° for 1 hr and the 
hydrolysates fractionated on Dowex 1-X8 resin (for- 
mate form) as described in detail elsewhere [21]. 
Protein was determined by the method of Lowry et 
al. [22], with bovine serum albumin prepared as a 
protein standard by Armour Pharmaceutical Co., 
Eastbourne, England. Apyrase (EC 3.6.1.5) and 
insolubilized apyrase were assayed against ADP, the 
trichloroacetic acid soluble inorganic phosphorous 
being measured by means of the method of Fiske 
and Subba Row [23]. To minimise the ADP blanks 
care was taken to develop the colour at 0° as 
described by Wallach and Kamat [24]. 

Thin !ayer chromatography was performed on thin 
layers (0.25 mm) of silica gel on 20cm x 20cm glass 
plates (Machery-Nagel, Diren, Germany). Ganglio- 
sides were extracted from gel-filtered platelets using 
the techniques described in detail for these cells by 
Marcus et al. [25] and the plates were developed 
twice with chloroform—methanol-2.5M NH,OH 
(60: 40:9 by vol) as described by these authors [25]. 
Two dimensional gel electrophoresis on reduced 
platelet material was performed using 12 x 7 x 0.3cm 
slab gels (Type GSC-8, Pharmacia Fine Chemical 
AB, Sweden) following the method of Clemetson 
et al. [26]. 


RESULTS 


Properties of gel filtered platelets. The aggregation 
responses of platelets which have been concentrated 
on an albumin cushion followed by gel filtration on 
Sepharose 2B or Sepharose 2B containing immobi- 
lized apyrase are compared with platelet rich plasma 
in Fig. 1; these traces are typical of samples from 
the same subject and similar results were obtained 
from other donors. In these experiments the con- 
centration of the gel filtered platelets was adjusted 
to 3.5 x 10* platelets/ml for direct comparison with 
platelet rich plasma. At a final concentration of 
10°°M ADP the aggregation responses of platelet 
rich plasma and gel filtered cells were identical, 
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Fig. 1. Comparison of aggregation of platelet rich plasma 
(PRP) and gel filtered platelets induced by 10°°M ADP 
(top) or 10°° M 5-HT (bottom). Platelets concentrated on 
albumin and then gel filtered on Sepharose 2B or Sepharose 
2B enriched with immobilized apyrase show a decreased 
extent of aggregation with ADP (trace GFP1) when sus- 
pended in platelet-poor plasma; further concentration on 
albumin produces no alteration to this trace. The effect of 
adding 200 ug/ml apyrase to PRP prior to albumin concen- 
tration and gel filtration is shown in trace GFP2. GFP refers 
to the trace obtained when platelets fractionated under 
conditions used in GFP1 and 2 above are aggregated with 
5-HT when suspended in platelet poor plasma. In all the 
samples the cells were examined at 3.5 x 10° platelets/ml. 


however at 10°°M ADP platelets which had been 
centrifuged onto albumin and then gel filtered were 
decreased in the extent of aggregation (see Fig. 1, 
top curve). This diminished response was retained 
even when filtration on immobilized apyrase was 
performed. The response was increased slightly in 
extent when the initial albumin cushion centrifuga- 
tion was performed in the presence of soluble apyrase 
(GFP2). With platelet aggregation induced by a final 
concentration of 10~*M 5-HT there was a decrease 
in the extent but not in the velocity of aggregation 
of the gel filtered platelets. 

Uptake of (?H]-5-hydroxytryptamine. In the cen- 
trifugation procedure the uptake by gel filtered 
platelets of 0.5 and 2.5 uM 5-HT was linear over the 
30 and 60 sec periods examined respectively. Linear 
regression analysis was used to obtain the parameter 
of the best-fitting straight line (see Fig. 2). Wilkinson 
analysis [27] of data obtained over the concentration 
range 0.5-4.0 uM 5-HT for the same donor gave K,,, = 
0.99+0.11uM and V,,,, =0.44+0.06 pmole/10* 
cells/sec; the K,, value is in excellent agreement with 
the value of 1.0uM obtained by Gordon and 
Olverman [28] but the V,,,, is low. Wide variation 
in observed rate of 5-HT accumulation has been 
reported (see also Table 1) and may be a result of 
differences in the number of uptake sites on the 
donor’s platelets rather than in their affinities for the 
amine. 

To control for labelled intercellular amine trapped 
in the platelet pellet at zero time the extracellular 
volume was measured. Born and Bricknell [29] 
obtained values for the extracellular volume of 
platelet pellets of 0.35 ul/10* cells with inulin and 
0.40 ul/10* cells using albumin, whereas Feinberg et 
al. [30] using human albumin reported a value of 
0.29 ul/10* cells. A sample of untreated platelets gave 
in our hands values of 0.38 and 0.45 ul/10* cells as 
measured with mannitol and sucrose respectively. 


Table 1. Effects of desialylation of gel filtered platelets on the accumulation and surface binding of (°H]-5-HT 





Extent of desialylation 

of platelets treated with 

immobilized neuraminidase 
(%) 


(°H]-5-HT* 


Untreated 


Rate of accumulation of 


(pmoles/10* cells/sec) 
Enzyme treated 


Binding of [°H]-5-HT 
at zero time* 
(1000 molecules/cell) 
Untreated Enzyme treated 





0.92 + 0.07 
0.65 + 0.05 
1.16 + 0.07 
1.24 + 0.06 
51.5 2.17 + 0.09 
61.1 1.85 + 0.06 
0 1.39 + 0.07 
2.12 + 0.11 
0.53 + 0.03 
0.30 + 0.04 
0.29 + 0.02 
Mean + S.E.M. 
1.15 + 0.21 


18.0 
26.1 
31.9 
40.8 


1.10 + 0.04 
0.79 + 0.07 
1.22+0.11 
1.08 + 0.08 
1.38 + 0.07 
1.36 + 0.07 


57 + 16 
102 + 12 
94+ 16 
56+ 14 
64 + 21 
98 + 15 
78 + 16 
73 + 25 
42+7 
39 +4 
48+4 
Mean +S.E.M. 
68.3 + 6.7 


18 + 10 
66 + 17 
62 + 26 
32 +19 
25 + 18 
49+17 





Treatment of platelets with neuraminidase immobilized on macrobeads; binding and accumulation of [*H]-5-HT is 


described in Materials and Methods. 


* Each determination was performed in quadruplicate and the errors given are standard errors on the gradient and 
intercept of the regression line for [*H]-5-HT over a 60 sec time course. 
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Fig. 2. The uptake of 2.5 uM 5-HT by gel filtered platelets and the effect of immobilized neuraminidase 

on the process. (A) @ = platelets from which 26% of the total available sialic acid has been removed, 

O= control. (B) @ = platelets from which 61% of the total available sialic acid has been removed, 

O = control. Aliquots (200 ul) of platelet suspension (4 x 10° cells/ml) were incubated with [°H]-5-HT 

(2.5 uM initial concentration) at 37° and uptake measured as described in Materials and Methods. Each 

point represents mean + S.E.M. of four determinations and the regression line is calculated by the 
method of least-squares. 


The same measurements performed on platelets 
from which 27 per cent of the total sialic acid had 
been removed produced no significant changes with 
values of 0.27 and 0.50 ul/10* cells. In experiments 
performed at 0° in which extracellular space and non- 
specific binding of [*H]-5-HT in the platelet pellet 
was measured (over range 0.001—10 uM [°H]-5-HT) 
by competing for specific binding with cold amine 
[31] it was found that the ‘S-HT space’ was greater 
than that measured with mannitol or sucrose and 
varied in magnitude depending on concentration of 
labelled amine used; this latter result is in agreement 


with Born and Bricknell [29]. There was close agree- 
ment between experiments performed on untreated 
platelets and platelets from which 40 per cent of the 
total sialic acid had been removed; at the initial 
concentration of 2.5 uM 5-HT at a value of 2.1 ul/10* 
platelets which corresponds to about 6000 mole- 
cules/cell, was obtained. 

The effect of gel filtration on the uptake of 5-HT 
was studied over a 4hr period by the method of 
Born and Gillson [13] and the results are displayed 
in Fig. 3. It can be seen that the gel filtered platelets 
and platelets concentrated on an albumin cushion 
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Fig. 3. Uptake of 5-HT over a 4-hr period by platelet-rich plasma and gel-filtered platelets. The 
concentration of 5-HT was maintained at 10 uM as described in Materials and Methods. PRP = platelet 
rich plasma, APRP = PRP which had been concentrated on an albumin cushion and GFP = APRP 
following gel filtration on Sepharose 2B. In all the experiments the cell count was adjusted to 3.5 x 10 
platelets/ml. Each point represents the mean of duplicate experiments + range. 
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Fig. 4. Scatchard analysis of [*H]-5-HT binding to gel filtered platelets at 0°. Aliquots (200 ul) of platelet 
suspension (4 x 10° cells/ml) were incubated at 0° and the amount of radiolabel measured as described 
in Materials and Methods. Specific binding of [*H]-5-HT was determined by subtracting the values 
obtained when the incubations were performed in the presence of 10~*M 5-HT (unlabelled); under 
which conditions binding of labelled 5-HT was proportional to the concentration of radiolabelled ligand. 
Site I: Apparent Kz = 4.6 uM, capacity 176,000 5-HT molecules/cell. Site IJ: Apparent Kz = 0.26 uM, 
capacity 15,000 5-HT molecules/cell. The possibility of a third high affinity site cannot be excluded. 
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Table 2. Substrate specificity of the sialyltransferase activity of the rat liver dictyosome-enriched fraction 





Specific activity* 


(nmoles sialyl residues 
transferred/hr/mg protein) 


Substrate 


Per cent sialylation of 


Activity ratiot substratet 





Asialofetuin 
N-Stearoyl-dihydrolactocerebroside 
N-Palmitoyl-dihydrolactocerebroside 


30 12.0 
19 0.8 
10 0.4 





* Sialyltransferase activity was assessed in the presence of detergent as described in Materials and Methods using 
dictyosome-enriched material (208 ug protein per assay). The assays were performed in triplicate and mean + S.E.M. 


is quoted. 


+ Refers to the ratio of the specific activity of the dictyosome-enriched fraction relative to the starting homogenate. 
¢ 239 and 100 nmoles N-acetylneuraminic acid represents 100% sialylation of the glycoprotein and glycolipid substrates 


respectively. 


have very similar long term uptake and storage 
properties to platelets present in platelet rich plasma. 

From the effects of chlorimipramine and meth- 
ysergide on the rate of accumulation of 2.5 uM 5- 
HT over 60sec the estimated I[C;, for chlorimipra- 
mine is 6 x 10-°M and for methysergide 10~*M. 
This latter value is in good agreement with the value 
of 125 uM obtained by Born et al. [32] for the K; of 
this drug though the ICs) with chlorimipramine is 
well below the value of 3.2 x 10-’M reported by 
Todrick and Tait [33] obtained using platelet-rich 
plasma; in the presence of plasma the effective con- 
centration is likely to be lowered, by binding to 
proteins. 

Surface binding of 5-hydroxytryptamine. Scatchard 
analysis of [*H]-5-HT binding to gel filtered platelets 


Rate of 3H-5HT accumulation (%control) 





iL 1 L 


of 0° is shown in Fig. 4 and indicates that there are 
at least two distinct binding sites, arbitrarily called 
sites I and II. The capacity and affinities of Site I 
are K,=4.6uM, capacity = 29.2 pmoles/10* cells. 
176,000 sites/cell and for site II are K,= 0.26 uM, 
capacity = 2.5 pmoles/10* cells, 15,000 sites/cell. The 
possibility of a third low capacity (1000 sites/cell; 
K, = 0.014 uM) site cannot be excluded. 

Platelet sialic acid content and neuraminidase treat- 
ment. The total sialic content of three samples of gel 
filtered platelets was 71 + 8 nmoles/10” cells a figure 
in excellent agreement with the figure of 76+7 
nmoles/10° cells calculated from the values quoted 
in the literature by four separate groups of workers 
[5, 34, 35, 36] for saline washed platelets, assuming 
1.8 mg protein/10° cells. 


% p<0.001 


at i 1 





10 20 30 


40 50 60 


Removal of sialic acid (%total cell content) 


Fig. 5. Effect of graded desialylation on the uptake of 5-HT by gel filtered platelets. Data were 

normalised such that the rate of accumulation of 5-HT by untreated platelets was 100%. The gradient 

of the uptake curve at each degree of desialylation is expressed relative to the control cells. @ = 

platelets treated with immobilized neuraminidase, O = control. The error bars represent 1 S.E.M. and 
* =P<0.001. 
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Two samples of neuraminidase (500 and 4635 
units/ml respectively) immobilized on macrobeads 
were used and had measured activities of 40 and 140 
units/ml packed beads, when assayed at pH 5.5. The 
bulk of the experiments were performed with the 
higher specific activity beads; under the conditions 
of treatment sialic acid was removed from gel filtered 
platelets at the rate of 0.6 nmole/min/10” cells. Over 
the four months period that these beads were used 
the enzyme activity was found experimentally to 
remain unchanged. No detectable sialic acid was 
released from platelets by incubating the cells with 
albumin immobilized on macrobeads. 

Characterization of sialyltransferase preparation. 


pl 


Apparent 
mol. wt 


x 10° 
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The sialyltransferase activity of the rat liver dictyo- 
some enriched fraction has a preferred specificity for 
the glycoprotein acceptor under the conditions 
assayed (Table 2); 14 per cent of this latter activity 
being recovered from the homogenate in the frac- 
tion. In the absence of detergent the relative specific 
activity of the dictyosome and homogenate fractions 
was decreased 95 and 98 per cent respectively. Son- 
ication in an ice bath for a total of 2 min at 10 um 
amplitude in bursts of Ssec at 55sec intervals 
increased the specific activity of the dictyosome 
enriched fraction and homogenate to levels com- 
parable to those measured in the presence of 
detergent. 








Fig. 6. Comparison of two-dimensional gel electrophoresis pattern of neuraminidase treated and 
untreated platelets. (A) Control sample. (B) Platelets from which 20% of the total sialic acid had been 
removed by treatment with immobilized neuraminidase. Equivalent amounts of platelets (8.4 x 10° 
cells) were processed in each case as described in Materials and Methods. The photographs are of gels 
stained with Coomassie brilliant blue. Platelets from which 20% of the available sialic acid had been 
removed possess an extra component of pI 4 and apparent molecular weight <100,000 (shown by 
horizontal arrow on B); this component also stains with periodic acid/Schiff reagent. In addition after 
the removal of 20% of the sialic acid Coomassie brilliant blue staining proteins of pI 7.0 in the range 
100,000-50,000 apparent molecular weight are now detectable (double arrows in B—note absence of 
this material in A). 
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Attempted exogenous sialylation of platelets. No 
sialylation of platelets could be demonstrated when 
platelet rich plasma was treated with rat liver sia- 
lyltransferase preparation by the method of Mester 
et al. [6]. 

Treatment of gel filtered platelets with sonicated 
preparations of sialyltransferase, and CMP-N-ace- 
tylneuraminic acid was also without effect (see Table 
3), even with cells from which 30 per cent of the 
total sialic acid had been removed. Under the con- 
ditions of the treatment transfer of sialosyl residues 
to soluble glycoprotein acceptor was demonstrated. 

Effect of graded desialylation on 5-hydroxytrypt- 
amine uptake. The results of six separate experiments 
in which gel filtered platelets were desialylated to 
different extents are summarised in Table 1 and Fig. 
5. In. three experiments where less than 35 per cent 
of the total cell sialic acid content was removed the 
gradient of the uptake curve was greater than for 
the control cells by up to 23 per cent, though stat- 
istical analysis (Student’s ¢ test) showed no significant 
stimulation. At 50-60% desialylation there was a 
significant (P < 0.001 for the 46 degrees of freedom) 
reduction in the rate of 5-HT uptake. Microscopic 
inspection of the treated platelets by the technique 
described by Motamed et al. [37] showed that there 
was no aggregation (we are grateful to Dr. F. Michal 
for examining some of our treated samples). 

As reported by Gielen and Vieh6fer [38] we also 
found individual differences in the rate of [*H]-5-HT 
accumulation (observed range 0.3-2.2 pmoles 
5HT/10* cells/sec for untreated cells), hence for com- 
parative purposes it was necessary to normalise the 
uptake rate so that control cells accumulated 5-HT 
at a rate of 100 per cent. 

The intercepts of the uptake curves for untreated 
cells also varied but over a much narrower range 
(6.5-17 pmoles/10* cells at 2.5 uM [*H]-5-HT) than 
for rate of uptake, the mean value of 11.4 = 1.1 (11) 
pmoles/10* cells corresponds to 68,500 + 6500 mol- 
ecules per cell. In all cases following neuraminidase 
treatment the binding of 5-HT was reduced (range 
34-68%), however, as they were relatively close to 
the origin, the standard errors expressed as a fraction 
were relatively large and only in the case of 61% 
desialylation was the difference in binding at zero 
time statistically significant (P < 0.05). 

In control experiments in which gel filtered 
platelets were incubated for 1lhr with albumin 
immobilized on macrobeads, the uptake rate was 
97.4 per cent and initial binding 97 per cent of 
untreated platelets. 

Chemical analysis of neuraminidase treated plate- 
lets. Lipid extracts of platelets from which 20 per 
cent of the total sialic acid had been removed pos- 
sessed an identical pattern of gangliosides when com- 
pared on thin layer chromatography with extracts 
obtained from untreated cells. Three gangliosides, 
haematoside, lacto-N-neotetraose and disialosyllac- 
tosyl ceramide known to be present in human 
platelets were identified by reference to known chro- 
matographic properties [25]; the haematoside spot 
gave the strongest staining reaction. Similar glyco- 
protein patterns were found on staining two-dimen- 
sional gel electrophorograms with periodic acid- 
Schiff reagent; an extra component of pI 4.0 and 
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| apparent molecular weight < 100,000 (arrowed in 


Fig. 6) was found in the treated sample. Additional 
differences were found on staining with Coomassie 
brilliant blue (Fig. 6); there appears to be a higher 
concentration of proteins of pI 4 which form a vertical 
streak in the enzyme treated sample ranging from 
120,000 to 15,000 apparent molecular weight. The 
treated platelets also possess an area of proteins of 
pl 7 and apparent moiecular weight range 100,000- 
50,000 which appear to have shifted from a pI of 6 
when compared to the control sample. 


DISCUSSION 


The function of sialosyl residues at the platelet 
surface has been examined by a number of labora- 
tories using two approaches namely exogenous sia- 
lylation and neuraminidase treatment. In this work 
care has been taken to remove the platelets from 
their suspending plasma using gel filtration. A num- 
ber of investigators have freed platelets of plasma 
by repeated centrifugation and resuspension in 
buffered saline, a process which is potentially dam- 
aging [9] as compared to combined albumin gradient 
and gel filtration procedures [39]. In our hands the 
total amount of sialic acid present in gel filtered 
platelets is in excellent agreement with the values 
obtained by others [5, 34-36] working with conven- 
tional washing procedures indicating that the method 
used by us has removed soluble sialoglycoproteins. 

Experiments using exogenous sialyltransferases 
and neuraminidase are likely to be complicated by 
the fact that plasma is a rich source of soluble 
sialoglycoproteins; for example, the effects of neur- 
aminidase treatment on platelet rich plasma are par- 
ticularly difficult to interpret as the enzyme will 
desialyse concommitantly both plasma glycoproteins 
and the platelet surface. Apart from making the 
quantitation of the extent of the surface desialylation 
impossible to determine asialoplasma proteins are 
known to have modified properties [40]. The removal 
of sialic acid from fibrinogen, for example, reduces 
its ability to support ADP-induced aggregation [41] 
and thus the effect of neuraminidase on platelet 
surface properties could well be masked if such 
experiments were performed in the presence of par- 
tially sialylated plasma proteins. 

Reports by Mester et al. [6] and Szabados et al. 
[7] that exogenous sialylation enhances aggregation 
in response to 5-HT [6] as well as accelerating the 
uptake of this agent [7] have caused much interest. 
Interest is heightened in this work because Davis et 
al. [4] found that neuraminidase treatment of 
platelet-rich plasma which is likely to remove sialic 
acid residues from the platelet surface caused an 
enhanced aggregation response to ADP and 5-HT. 
Unfortunately this latter study [4] presented no 
quantitative information on the degree of desialy- 
lation of the platelets. A study by Greenberg et al. 
[5], however, showed that removal of 15 to 66 per 
cent of total platelet sialic acid caused slightly 
enhanced responses of human and rabbit platelets 
to ADP; in the case of the rabbit platelet the removal 
of 65 per cent of the total sialic acid also slightly 
enhanced 5-HT-induced aggregation. It is difficult 
to reconcile these two conflicting bodies of infor- 
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mation and Greenberg et al. [5] have criticised the 
use by Mester et al. [6] of a crude enzyme to affect 
the increased sialylation which they point out may 
have altered platelet function. 

We have attempted without success to repeat the 
exogenous sialylation of platelets using either rat 
liver homogenate with platelet-rich plasma or a dic- 
tyosome enriched sialyltransferase preparation with 
gel filtered cells. It is difficult to reproduce exactly 
the conditions of Mester et al. [6] as the details of 
the rat liver homogenate are required as well as the 
activity of the preparation used in their sialylation 
experiments. In addition the conditions of Szabados 
et al. [7] are also difficult to reproduce; in this later 
paper the authors purified the homogenate by the 
method of Schachter et al. [16] but neither the degree 
of purification achieved nor the amount of transfer- 
ase activity actually present in their experiments is 
cited. Detergent is known to be required for optimal 
sialyltransferase activity with glycoprotein acceptors 
[42] so it is perhaps surprising that Mester et al. [6] 
were able to transfer between 13.3 and 27.9 nmoles 
sialic acid per 10° platelets, an increase of up to 37 
per cent of the sialic acid content reported for normal 
human platelets, in half an hour with a crude rat 
liver homogenate. In order to achieve comparable 
levels of sialyltransferase activity to those obtained 
in the presence of detergent we used sonicated dic- 
tyosome-enriched fractions. Whilst such fractions 
catalyse the sialylation of appropriate soluble gly- 
coprotein acceptors no transfer of sialic acid took 
place when native platelets were used as potential 
acceptors. Further, when platelets were examined 
from which 30 per cent of the total platelet sialic acid 
had been removed by immobilized neuraminidase, 
to generate a significant number of potential sia- 
loacceptor sites, no transfer of sialosyl residues was 
observed. These experiments which have been per- 
formed with known quantities of characterized sia- 
lyltransferase activity highlight the problems experi- 
enced in interpreting data obtained using crude 
enzyme systems [6] and must throw doubt on the 
extent to which N-acetylneuraminic acid may be 
regarded as a component of both the receptor sites 
with which 5-HT reacts to cause aggregation and the 
receptor responsible for initiating its active transport 
through the plasma membrane [6, 7]. 

In view of our inability to investigate by exogenous 
sialylation the role of N-acetylneuraminic acid in the 
active transport of 5-HT we have turned our atten- 
tion to the use of neuraminidase. Up to now work 
in this latter area has been executed with soluble 
enzyme whilst in these studies we have developed 
the use of a novel procedure in which the enzyme 
is immobilized on macro (200-300 um) beads of 
Sepharose 6B. Neuraminidase has been shown to 
penetrate cells [43] and by insolubilizing this gly- 
cosidase one can ensure that its actions are confined 
to the cell periphery. Additionally, macrobeads have 
the advantage over other bead supports in that they 
rapidly sediment at 1 g allowing the preparation of 
a bead-free cell suspension on which the effects of 
quantified, graded desialylation on various cellular 
processes may be measured readily. 

Human platelets treated with neuraminidase have 
a reduced electrophoretic mobility [44] indicating 
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that sialic acids make a significant contribution to 
the ionogenic properties of this cell. Interestingly 
only about 60 per cent of the total sialic acid of the 
intact platelet is available for release by this enzyme 
[34,44], a degree of desialylation which we have 
been able to achieve in our experiments with inso- 
lubilized neuraminidase. Desialylation of platelets 
does not result in any ultrastructural changes [3], 
neither does the process induce spontaneous aggre- 
gation in saline medium [3] nor the release of platelet 
granule contents [5]. In 1973 Glynn [45] demon- 
strated that neuraminidase treatment reduced the 
uptake by platelets of 5-HT by 45 per cent. The 
amount of sialic acid removed was not measured, 
nor were the effects of gra ‘sd desialylation inves- 
tigated. Gielen and Vieh6fer [38], however, reported 
that neuraminidase treatment stimulated the uptake 
of 5-HT over a 2-hr time course. Again the degree 
of desialylation was not measured and there was no 
indication as to whether the stimulation (up to about 
20%) was statistically significant. By extending the 
neuraminidase treatment time Gielen and Vieh6fer 
[38] stated that a decreased uptake of 5-HT was 
generally observed, though no quantitative data were 
presented. In our experiments, desialylation by up 
to 30 per cent of the total cellular sialic acid, using 
immobilized enzyme, may have slightly stimulated 
the rate of 5-HT uptake, though this was not stat- 
istically significant. Further removal of sialic acid 
residues produced a highly significant (P < 0.001) 
decrease of up to 40 per cent in the rate of accu- 
mulation at 50-60% desialylation. It would appear 
that the different effects observed by Glynn [46] and 
Gielen and Vieh6éfer [38] may be explained on the 
basis of a graded desialylation of the platelet surface. 

Gielen and Vieh6fer [38] make the point that it 
is not yet known whether the 5-HT receptor on the 
platelet surface is associated with sialoglycoproteins 
or with gangliosides deeper within the cell periphery. 
We find that within the limits of the sensitivity of 
the method the ganglioside pattern extractable from 
platelets lacking 20 per cent of their total sialic acid 
and untreated cells are identical. However at this 
stage of desialylation, when an increased rate of 
accumulation of 5-HT is measurable an extra 
periodic acid-Schiff positive component of pI 4 and 
apparent molecular weight <100,000 could be found 
by two dimensional gel electrophoresis in the treated 
sample. This staining procedure is not very sensitive 
and on staining the gel for protein other differences 
were found which would indicate that extensive 
modification of platelet membrane protein is taking 
place. The removal of charged sialosyl residues is 
known to cause changes in the orientation of surface 
components of cells [46] so it is possible that the 
modification of membrane glycoproteins in the initial 
stages of platelet desialylation (up to removal of 30% 
total sialic acid) may stimulate uptake of 5-HT as a 
result of surface reorientation phenomena. 

The fact that there is no significant reduction in 
the rate of uptake of 5-HT until 50 per cent of the 
total cell sialic acid has been removed suggests that 
the translocation receptor may be some distance 
from the cell periphery and may be initially protected 
from the action of the immobilized enzyme. It has 
been proposed that the translocation receptor for 5- 
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HT is a ganglioside and gangliosides I and III 
extracted from human platelets have been shown to 
bind this amine in vitro at 4° [25] and are susceptible 
to the action of neuraminidase. Marcus et al. [25] 
have shown that ganglioside I (haematoside), the 
major ganglioside of the human platelet, binds irrev- 
ersibly to 5-HT in the molar ratio of 218:1 at 4°. 
Using this information it can be calculated that the 
haematoside content of one platelet in vitro at 4° 
could bind 11,000 molecules of 5-HT, a figure which 
is close to the value of 15,000 sites per cell (Site II) 
which we obtained from Scatchard analysis of 
measurements made at the same temperature. At 
4°, platelets do not actively transport 5-HT and the 
binding properties of the translocation receptor at 
this temperature may differ from its properties at 
37°, thus the irreversible nature of 5-HT binding to 
the haematoside at 4° might not rule it out as a 
candidate for the translocation receptor. The mol- 
ecular basis for a binding ratio of 218:1, however, 
is entirely unclear and it is questionable as to whether 
a similar ratio would be observed in vivo. 

_ Woolley and Gommi [47] have demonstrated that 
the sensitivity of various tissues to 5-HT which is 
destroyed by neuramihidase may be partially 
restored by the addition of gangliosides [47]; how- 
ever, Carroll and Sereda [48] have argued that the 
assumption that a material which restores activity is 
necessarily the naturally occurring receptor must be 
questioned. These latter authors [48] working with 
uterine muscle membranes point out that the sialic 
acid in this organelle is chiefly in the form of gly- 
coproteins and that neuraminidase acts predomi- 
nantly on non lipid-soluble sialic acids. The sialic 
acids of the glycoprotein, as opposed to glycolipids, 
are considered to be more peripherally located in 
cells [49] and therefore the ability to achieve a con- 
trolled and graded desialylation of cells with neur- 
aminidase immobilized on macrobeads presents an 
additional technique for investigating this type of 
problem. 


Acknowledgements—The authors are grateful to Professor 
G. V. R. Born and Professor A. W. Cuthbert for their 
interest and helpful advice. V. M. was in receipt of a 
Scholarship for Training in Research Methods from the 
Medica! Research Council, and G. M. W. C. is a member 
of the External Scientific Staff, Medical Research Council. 


REFERENCES 


. G. M. W. Cook and R. W. Stoddart, Surface Carbo- 
hydrates of the Eukaryotic Cell, pp. 56-97. Academic 
Press, London (1973). 

. R. W. Jeanloz and J. F. Codington, in Biological Roles 
of Sialic Acid (Eds. A. Rosenberg and C-L. Schen- 
grund), pp. 201-238. Plenum Press, New York (1976). 

. T. Hovig, Thrombos, Diathes. Haemorrh. 13, 84 
(1965). 

. J. W. Davis, K.T. N. Yue and P. E. Phillips, Thrombos. 
Diathes. Haemorrh. 28, 221 (1972). 

. J. Greenberg, M. A. Packham, J-P. Cazenave, H-J. 
Reimers and J. F. Mustard, Lab. Invest. 32, 476 (1975). 

. L. Mester, L. Szabados, G. V. R. Born and F. Michal, 
Nature, New Biol. 236, 213 (1972). 

. L. Szabados, L. Mester, F. Michal and G. V. R. Born, 
Biochem. J. 148, 335 (1975). 

. P. N. Walsh, Br. J. Haematol. 22, 205 (1972). 


. O. Tangen, H. J. Berman, and P. Marfey, Thromb, 


Diath. Haemorrh. 25, 268 (1971). 


. K. A. E. Wigham, A. H. Drummond, W. Edgar and 


C. R. M. Prentice, Thrombos. Haemostas. 36, 652 
(1976). 


. G. V. R. Born, Nature, Lond. 194, 927 (1962). 
. A. H. Drummond and J. L. Gordon, Br. J. Pharmac. 


56, 417 (1976). 


. G. V. R. Born and R. E. Gillson, J. Physiol. 146, 472 


(1959). 


. D. J. Morré, R. L. Hamilton, H. H. Mollenhauer, R. 


W. Mahley, W. P. Cunningham, R. D. Cheetham and 
V. S. Lequire, J. Cell Biol. 44, 484 (1970). 


. A. Warley and G. M. W. Cook, Biochem. J. 156, 245 


(1976). 


. H. Schachter, I. Jabbal, R. L. Hudgin, L. Pinteric, E. 


J. McGuire and S.’ Roseman, J. biol. Chem. 245, 1090 
(1970). 


.H. B. Bosmann, Biochim. biophys. Acta 279, 456 


(1972). 


. B. Kaufman and S. Basu, in Methods of Enzymology 


(Eds. E. F. Neufeld and V. Ginsburg) Vol. VIII, pp. 
365-368. Academic Press, New York (1966). 


. R. W. Stoddart and D. H. Northcote, Biochem. J. 105, 


61 (1967). 


. L. Warren, J. biol. Chem. 234, 1971 (1959). 
.R. G. Spiro, in Methods in Enzymology (Eds. E. F. 


Neufeld and V. Ginsburg) Vol. VIII, p. 14. Academic 
Press, New York (1966). 


. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 


J. Randall, J. biol. Chem. 193, 265 (1951). 


. C. H. Fiske and Y. Subba Row, J. biol. Chem. 66, 375 


(1925). 


. D. F. H. Wallach and V. B. Kamat, in Methods in 


Enzymology (Eds. E. F. Neufeld and V. Ginsburg) 
Vol. VIII, p. 165. Academic Press, New York (1966). 


. A. J. Marcus, H. L. Ullman and L. B. Safier, J. clin. 


Invest. 51, 2602 (1972). 


. K. J. Clemetson, A. Capitanio and E. F. Lischer, 


Biochim. biophys. Acta 553, 11 (1979). 


. G. N. Wilkinson, Biochem. J. 80, 324 (1961). 
. J. L. Gordon and H. J. Olverman, Br. J. Pharmac. 58, 


300P (1976). 


. G. V. R. Born and J. Bricknell, J. Physiol. 147, 153 


(1959). 


. H. Feinberg, H. Michal and G. V. R. Born, J. Lab. 


clin. Med. 84, 926 (1974). 


. A. H. Drummond and J. L. Gordon, Biochem. J. 150, 


129 (1975). 


. G. V. R. Born, K. Juengjaroen and F. Michal, Br. J. 


Pharmac. 44, 117 (1972). 


. A. Todrick and A. C. Tait, J. Pharm. Pharmac. 21, 


751 (1969). 


. M. A. Madoff, S. Ebbe and M. Baldini, J. clin. Invest. 


43, 870 (1964). 


.H. D. Kaulen and R. Gross, Thromb. Diath. Hae- 


morrh., 30, 199 (1973). 


. T. Kuroyanagi and M. Saito, Tohoku, J. exp. Med. 14, 


339 (1974). 


. M. Motamed, F. Michal and G. V. R. Born, Biochem. 


J. 158, 655 (1976). 


. V. Gielen and B. Viehéfer, Experientia 30, 1177 (1974). 
. R. A. Hutton, M. A. Howard, D. Deykin and R. M. 


Hardisty, Thrombos. Diathes. Haemorrh. 31, 119 
(1974). 


. G. Ashwell and A. G. Morell, in Glycoproteins of 


Blood Cells and Plasma (Eds. G. A. Jamieson and T. 
J. Greenwalt), pp. 173-189. J. B. Lippincott, Phila- 
delphia (1971). 


. N. O. Solum and H. Stormorken, Scand. J. clin. Lab. 


Invest. 17 (Suppl. 84), 170 (1965). 


. H. Schachter, in The Glycoconjugates (Eds. M. I. 


Horowitz and W. Pigman), p. 125. Academic Press, 
New York (1978). 





Platelets and 5-hydroxytryptamine uptake 3201 


43. S. Nordling and E. Mayhew, Exp. Cell Res. 44,552 47. D. W. Woolley and B. W. Gommi, Nature, Lond. 202, 
(1966). 1074 (1964). 

44. G. V. F. Seaman and P. S. Vassar, Archs. Biochem. 48. P. M. Carroll and D. D. Sereda, Nature, Lond. 217, 
Biophys. 117, 10 (1966). 667 (1968). 

45. M. F. X. Glynn, Am. J. clin. Path. 60, 636 (1973). 49. C. G. Gahmberg and S-I. Hakomori, J. biol. Chem. 

46. D. F. H. Wallach and M. V. deP Esandi, Biochim. 248, 4311 (1973). 
biophys. Acta 83, 363 (1964). 








Biochemical Pharmacology, Vol. 29, pp. 3203-3204. 0006-2952/80/1201-3203 $02.00/0 


© Pergamon Press Ltd. 1980. Printed in Great Britain. 


SHORT COMMUNICATIONS 


Stimulatory effect of ATP on the activity of adenylate cyclase 


(Received 20 May 1980; accepted 4 July 1980) 


Various reports have suggested the possible stimulatory 
effects of ATP, through the guanine nucleotide regulatory 
protein [1-3]. More recent data, however, seem to indicate 
that the stimulatory effect of ATP could be due to con- 
taminant GTP [4]. It is known from the literature [5] and 
we have confirmed (unpublished observation) that preac- 
tivation of the adenylate cyclase system by Gpp (NH)p is 
inhibited by GTP. It follows that if preactivation by Gpp 
(NH)p were stimulated by ATP, this phenomenon would 
represent a mechanism distinct from that of GTP. In the 
subsequent work we followed this idea. 

ATP, creatine phosphate, creatine phosphokinase, Gpp 
(NH)p and sodium fluoride were purchased from Sigma 
(St. Louis, MO, U.S.A.). [a-*P]ATP (23 Ci/mmole) was 
obtained from the Radiochemical Centre (Amersham 
U.K.). [8"“C]GTP (60 mCi/mmole) was from New Eng- 
land Nuclear, Boston, MA, U.S.A. Neutral aluminiumoxid 
was bought from Merck, Darmstadt, F.R.G. 2-deoxy- 
adenosine was a gift from Boehringer Mannheim, F.R.G. 

Liver plasma membranes were prepared from female 
PVG/c rats (6-8 weeks old) according to the method of 
Neville [6]. In the experiments, the assay mixture for the 
measurement of adenylate cyclase activity contained 
0.5 mM [a P]ATP (25 uCi/umole), 4 mM MgCl, 1 mM 
cyclic AMP, 15mM creatine phosphate, 30 ug creatine 
phosphokinase, 30 mM Tris-HCl pH 7.5 and 50 ug protein 
of preincubated liver plasma membrane in a final volume 
of 70 ul. Incubations were performed at 33° for various 
lengths of time and were terminated according to the 
method of White [7]. Cyclic AMP was separated by column 
chromatography on neutral alumina [7] using 3 ml of 10 mM 
imidazole buffer pH 7.5 for elution. 

Protein was determined according to the method of 
Lowry et al. [8] using bovine serum albumin as standard. 

In preliminary experiments we established that 15 min 
preincubation of plasma membrane at 33° with 10°*M 
Gpp(NH)p or 10 mM fluoride was required for maximum 
stimulation of adenylate cyclase activity by these activators 
alone. 

The presence of Mg** significantly increased the preac- 
tivatory effects of both flouride and Gpp(NH)p (Fig. 1 A, 
B) which is in agreement with data in the literature [9]. In 
the absence of Mg”*, ATP at 2 mM concentration strongly 
inhibited the activatory effect of fluoride. The inhibitory 





A 


“- a 
m 5 

Fe % 
T T 

4 0 1 
Time of incubation[min) 


a t- 


pmol cAMP/mg protein 


x 
o—* 
t 


Oo 1 2 











x— 
T 





T 


4 


%— 
t— 
ot 
om T 
2 3 


x 
—*? 
T 

3 


Fig. 1. Effect of preincubation of plasma membrane with 
2mM ATP on the activation of adenylate cyclase by fluor- 
ide and Gpp (NH)p. Plasma membrane proteins (1050 ug) 
were preincubated for 12 min at 33° in 1 ml volume con- 
taining 25 mM Tris-HCl and, if present, 10mM sodium 
fluoride, 6.1 mM Gpp(NH)p, 2 mM ATP and 4 mM MgCh. 
After centrifugation for 3 min at 17,000 g and two washings 
with 20 mM Tris buffer, the final pellet was resuspended 
in Tris buffer and used immediately. Each point represents 
the mean value of triplicate determinations in one experi- 
ment. Similar results were obtained with two other plasma 
membrane preparations (A) Preincubation was performed 
with fluoride without further addition (x-x), with ATP 
(4-¢), with MgCl, (@-™) and with ATP + MgCl, (A- 
A). (B) Preincubation was performed with Gpp (NH)p 
without further additions (x-x), with ATP (@-@), with 
MgCl, (@-M) and with ATP + MgCl, (A-A). 


effect of uncomplexed ATP on fluoride activation has been 
previously observed on the cyclase activities of brain [10] 
and fat cell [11]. 

In the presence of Mg**, ATP further enhanced the 
preactivatory effects of both flouride and Gpp(NH)p (Fig. 


Table 1. Effect of preincubation of plasma membjdafies with 0.5 mM ATP on the activation 
by fluoride and Gpp(NH)p* 





pmoles Cyclic AMP/mg protein/5 min 


Additions for 
preincubation 


Gpp(NH)p 


Activator 
P Fluoride 





None 

ATP 0.5 mM 

MgCl, 4mM 

ATP 0.5 mM + MgCl, 4mM 


143 + 16 
168 + 12 
254 + 18 
325+ 8 


221 + 10 
203 + 19 
460 + 22 
556 + 24 


n.s. 
<0.01 
<0.01 


n.s. 
<0.01 
<0.01 





* Conditions for the preincubation experiments were the same as described in the Legend 
to Fig. 1. except that the time of preincubation was 5 min and 0.5 mM ATP was used. Activators 
were added only for preincubation. Basal activity with preincubated membrane was 34 pmoles 
cyclic AMP/mg protein/5 min. Results are the mean + S.E.M. of four independent experiments 
each performed in quadruplicate with the same plasma membrane preparation. 
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1 A, B). Activatory effects of ATP of the same magnitude 
were obtained when plasma membranes were preincubated 
for5 min in the presence of activators, Mg**, and only 
0.5mM ATP (Table 1). 

Creatine phosphate, 15 mM in the absence of Mg’, 
inhibited the activation of adenylate cyclase by either 
activator. In the presence of 4mM MgCh, we did not 
observe any inhibitory effect of creatine phosphate. In the 
next preincubation experiments we used regenerating sys- 
tem..and established that as low as 0.1 mM concentration 
of ATP caused 20 per cent increase of the fluoride or 
Gpp(NH)p preactivation in the presence of 4mM Mg?’*, 
(preincubation time 5 min). 


The effect of ATP + Mg** was not diminished by 2- . 


deoxyadenosine, a potent inhibitor of the phosphorylation 
of liver plasma membrane proteins (unpublished data). 
Therefore, this ATP effect is unlikely to be linked to 
phosphorylation. 

Due to the action of nucleotide pyrophosphatase and 5’ 
AMP nucleotidase of plasma membrane, a significant 
amount of adenosine is formed from ATP during incubation 
[12]. Adenosine, tested up to 0.5 mM, did not mimic the 
stimulatory effect of ATP. 

The effect of ATP, in principle, could be due to con- 
taminant GTP [4]. GTP, (10 uM) however, reduced the 
Gpp(NH)p activation by 30 per cent. The possible reason 
for this inhibition is that GTP is hydrolysed to GDP and 
the latter also binds to the guanine nucleotide binding 
protein keeping the cyclase system in the low activity state 
[13-15]. GTP did not significantly modify the preactivatory 
effect of fluoride. 

In summary, present data indicate that the Mg’*-com- 
plexed ATP, besides its substrate role, has a secondary 
stimulatory effect on the adenylate cyclase activity. This 
effect is observed at concentrations which are generally 
used for adenylate cyclase assay. The following mechanisms 
and artefacts, which could explain this effect of ATP, were 
ruled out: (1) suspension of the inhibitory effect of creatine 
phosphate by ATP; (2) stimulation by adenosine or GTP 
instead of ATP; and (3) the role of phosphorylation. The 
site of the ATP effect may be the regularory protein or the 
complex of the catalytic unit and regulatory protein. Since 
guanine nucleotides and fluoride act through a common 
regulatory protein [16-18], it is not surprising that Mg**- 
complexed ATP influences their effects similarly. The regu- 
latory protein also participates in the hormone stimulation 
of the cyclase system [19]. Therefore, it is likely that the 
observed ATP effect is a general phenomenon. Further 
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work on the clarification of this latter point and on the 
exact mechanism of ATP effect is in progress in our 
laboratory. 
Institute of Biochemistry, ZOLTAN Kiss 
Biological Research Center 
of the Hungarian Academy of 

Sciences 
6701 Szeged, 
P.O. Box 521, 
Hungary 


REFERENCES 


. L. Birnbaumer, S. L. Pohl, M. Rodbell, and F. Sundby 
J. biol. Chem. 247, 2038 (1972). 

. M. Rodbell, M. C. Lin and Y. Salomon J. biol. Chem. 
249, 59 (1974). 

. G. Krishna and J. P. Harwood J. biol. Chem. 247, 2253 
(1972). 

. N. Kimura, K. Nakane and N. Nagata Biochem. bio- 
phys. Res. Commun. 70, 1250 (1976). 

. Y. Salomon, M. C. Lin, C. Londos, M. Rendell and 
M. Rodbell J. biol. Chem 250, 4239 (1975). 

. D. M. Neville Biochim. biophys. Acta 154, 540 (1968). 

. A. A. White Meth. Enzym. 38, 41 (1974). 

. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. 
J. Randall J. biol. Chem. 193, 265 (1951). 

. M. Hebdon, H. Le Vince III, N. Sahyoun, C. J. 
Schmitges and P. Cuatrecasas Proc. natn. Acad. Sci 
75, 3693 (1978). 

. J. B. Perkins, in Advances in Cyclic Nucleotide Research 
(Eds. P. Greengard and G. A. Robison) Vol. 3, pp. 
1-64 (1973). 

. L. Birnbaumer, S. L. Pohl and M. Rodbeli J. biol. 
Chem. 244, 3468 (1969). 

. Z. Kiss Fedn. Eur. biochem. Soc. 92, 29 (1978). 

. N. Kimura and N. Nagata J. biol. Chem. 254, 3451 
(1979). 

. R. Iyengar and L. Birnbaumer Proc. natn. Acad. Sci: 
U.S.A. 76, 3189 (1979). 

. S. Swillens M. Juvent and J. E. Dumont Fedn. Eur. 
biochem. Soc. 108, 365 (1979). 

. T. Pfeuffer, J. biol. Chem. 252, 7224 (1977). 

. T. Pfeuffer, Fedn. Eur. biochem. Soc. 101, 85 (1979). 

. E. M. Ross, A. C. Howlett, K. M. Ferguson and A. 
G. Gilman J. biol. Chem 253, 6401 (1978). 

. M. Rodbell Nature, Lond. 284, 17 (1980). 





Biochemical Pharmacology, Vol. 29, pp. 3204-3207. 
© Pergamon Press Ltd. 1980. Printed in Great Britain. 


0006-2952/80/1201-3204 $02.00/0 


Abolition of the apparent deficiency of 2-aminophenol glucuronidation in perfused 
Gunn rat liver by pentan-3-one 


(Received 8 April 1980; accepted 4 July 1980) 


A wide variety of endogenous and exogeneous compounds 
including drugs, xenobiotics and carcinogens are conju- 
gated with glucuronic acid by microsomal UDP-glucuron- 
osyltransferase (EC 2.4.1.17) prior to excretion and elim- 
ination from mammals [1]. Our current knowledge of the 
regulation of UDP-glucuronyltransferase activity in vivo 
is limited and study of the genetic deficiency of this enzyme 
provides a good opportunity to examine this problem. 

In 1938, Gunn described a mutant strain of Wistar rat 
which exhibits hereditary hyperbilirubinaemia [2]. UDP- 
glucuronosyltransferase activity has been shown to be 
defective in Gunn rat liver, and it has been shown that 


biochemical lesion in Gunn rat liver results in the complete 
inability to glucuronidate bilirubin in vivo or in vitro [3, 4]. 
This transferase deficiency is also recognised by a very poor 
ability to glucuronidate 2-aminophenol in vitro [5, 6]; how- 
ever, addition of diethylnitrosamine [7] or alkyl ketones 
[8, 9] to Gunn rat liver homogenates in vitro surprisingly 
raised the deficient UDP-glucuronosyltransferase activity 
towards 2-aminophenol up to the activity levels in similarly- 
treated Wistar rat liver homogenates, suck: that this defi- 
ciency of UDP-glucuronosyltransferase activity was no 
longer apparent. 

It is important to compare the regulation of UDP-glu- 
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curonyltransferase activity measured in vitro with regu- 
lation of glucuronidation in vivo, in order that artifacts 
arising during isolation of the transferase are eliminated. 
Is the glucuronidation of 2-aminophenol by Gunn rat liver 
deficient in vivo? If so, can the deficiency of 2-aminophenol 
observed in Gunn rat liver in vivo be abolished by alkyl 
ketones? 

The only evidence obtained so far has involved the use 
of liver slice assays. Winsnes and Dutton [10] compared 
the rate of glucuronidation of 2-aminophenol in slices and 
homogenates of Gunn and Wistar rat liver. Their results 
showed that UDP-glucuronosyltransferase activity towards 
2-aminophenol in native Gunn rat liver homogenate was 
only approximately 10 per cent of the activity in unactivated 
Wistar liver homogenate, whereas glucuronidation of 2- 
aminophenol by Gunn rat liver slices was approximately 
40 per cent of the equivalent measurement with Wistar rat 
liver. These results suggest that UDP-glucuronosyltrans- 
ferase activity in Gunn rat liver towards 2-aminophenol 
may be unstable during isolation and that normal levels of 
activity may be operative in vivo. Indeed, inactivation of 
the transferase from Gunn rat liver does occur during its 
isolation and purification [11]. The apparent homogeneous 
preparations of the enzyme are completely inactive towards 
2-aminophenol, although this activity is restored by the 
addition of diethylnitrosamine [11] or ketones [8]. 

Unfortunately the metabolism of 2-aminophenol cannot 
be easily studied in vivo, since it is a very toxic compound, 
due to formation of ferrihaemoglobin in the presence of 
oxygen [12]. Thus in this paper we have tried to reproduce 
the situation in vivo as far as possible by studying glucu- 
ronidation of 2-aminophenol in perfused rat liver. The 
results show that glucuronidation of 2-aminophenol is 
deficient in perfused Gunn rat liver and that the defect can 
be abolished by inclusion of pentan-3-one in the perfusion 
medium. 

Homozygous Gunn rats were from the colony maintained 
in the Medical Sciences Institute Animal Unit, University 
of Dundee. This colony was started in 1977 from stock 
purchased from Prof. B. H. Billing, Royal Free Hospital, 
University of London. Wistar rats were obtained from the 
Animal Unit, Institute of Pharmacology and Toxicology, 
University of Gottingen. 

Male Gunn and Wistar rats (350-400 g) were fed ad lib. 
a standard diet containing 20 per cent protein (Altromin, 
Lage-Lippe, F.R.G.). Liver:body weight ratio of about 
4 per cent was not significantly different in both rat strains. 

Pentan-3-one (99% pure) and 2-aminophenol (twice 
resublimed before use) were obtained from B.D.H. Chem- 
ical Ltd., Poole, U.K. 2-Aminophenyl glucuronide was 
from Koch Light Labs., Colnbrook, U.K. D-Saccharic acid 
1,4-lactone, 4-nitrophenylglucuronide, 4-nitrophenylsul- 
phate, UDP-glucuronic acid triammonium salt, were from 
Sigma (London) Chemical Co., Kingston-upon-Thames, 
U.K. Arylsulphatase from Helix pomatia was purchased 
from Boehringer, Mannheim, F.R.G. All other reagents 
were the purest grade available. 

B-Glucuronidase was partially purified up to an 
ammonium sulphate extract from rat preputial glands by 
the method of Levvy et al. [13]. The specific activity of 
these preparations was >0.7 umoles 2-aminophenylglu- 
curonide hydrolysed/min/mg protein. 6-Glucuronidase was 
completely and specifically inhibited by 12 mM p-glucaro 
1-4-lactone. The enzyme preparation did not exhibit any 
arylsulphatase activity towards 4-nitrophenylsulphate as 
substrate. 

UDP-glucuronosyltransferase activity towards 2-amino- 
phenol was measured as previously described [14], and 
microsomal protein was determined by the method of Brad- 
ford [15]. 

Gunn and Wistar rat livers were perfused with 70 ml of 
Eagle’s minimum essential medium containing 2% (w/v) 
bovine serum albumin and 0.1% (w/v) heparin, pH 7.4, as 
described [16, 17], except that erythrocytes were omitted 
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from the perfusion medium. 2-Aminophenol (35 umoles) 
and 10-fold molar excess of ascorbic acid (added to prevent 
auto-oxidation in the perfusion medium) were dissolved in 
the perfusion medium. Addition of 2-aminophenol, ascor- 
bic acid and pentan-3-one did not alter the pH of the 
medium. Recirculating perfusion system was used at 35° 
(to reduce anoxia) and 2ml samples were removed for 
analysis after various time intervals up to 60 min. After 
perfusion the average Gunn liver wet weight was 14.4 + 
1.4 g (N = 15) and the average Wistar liver wet weight was 
13.3 + 1.8 g (N = 10) and thus liver weights from the two 
rat strains were not significantly different. 

The bile duct was not cannulated during perfusion 
experiments and conjugate excreted in bile was captured 
in the perfusate. 

Aliquots of perfusion medium were assayed for the for- 
mation of 2-aminophenylglucuronide by the method of 
Levwvy and Storey [18]. All of the detectable conjugate was 
completely hydrolysed by incubation with 70 ug rat pre- 
putial #-glucuronidase at pH 4.5 and 37° for 30 min. 
Addition of 12mM glucaro 1-4-lactone together with f- 
glucuronidase completely abolished conjugate hydrolysis. 
Treatment of this conjugate with 250 ug arylsulphatase at 
37° for 60 min did not hydrolyse any of the conjugate, 
indeed 2-aminophenol sulphate formation cannot be 
detected by the diazotation technique since the sulphate 
compounds do not interfere under these stringent 
conditions. 

The presumed 2-aminophenylglucuronide in the perfus- 
ates was further characterized by thin layer chroma- 
tography. Two millilitres of 60 min perfusate was mixed 
with 1 ml of 0.5 M glycine-HCl buffer pH 1.9. Then the 
2-aminophenol conjugates were extracted with 5 ml of n- 
butanol by shaking for 30 min. The separated butanol phase 
was removed and stored. The aqueous phase was extracted 
with a further 5 ml of butanol. The butanol extracts were 
pooled and concentrated to 0.5 ml under reduced pressure. 
These samples were analysed by t.l.c. on silica gel with 
ethanol—-water—acetic acid (76: 19:5). 

Visualisation of 2-aminophenol and the major conjugate 
spots by a spray reagent [19] revealed the presence of two 
staining spots with mobilities identical to 2-aminophenol 
glucuronide R; = 0.59 and 2-aminophenol R; = 0.74. 

Pairs of Gunn and Wistar rat livers were perfused sim- 
ultaneously with 2-aminophenol using two identical sets of 
apparatus in one incubation chamber. The rate of glucu- 
ronidation of 2-aminophenol by perfused Gunn rat liver 
(0.16 umoles/g wet wt liver/hr) is only 33 per cent of the 
rate of formation of 2-aminophenylglucuronide by perfused 
Wistar rat livers (0.48 umoles/g wet wt liver/hr) (Fig. 1). 
This result agrees with values (40%) obtained by the liver 
slice experiments of Winsnes and Dutton [10], but is much 
higher than the 8 per cent recorded, using slice assays, by 
Arias [6]. Thus glucuronidation of 2-aminophenol does 
appear to be deficient in the isolated Gunn rat liver, 
although not to the same extent as when assayed in UDP- 
glucuronic acid-supplemented liver homogenates in vitro 
[7, 8]; under these conditions it is virtually absent. 

The discrepancy between the extent of the deficiency 
measured by liver slice assays and UDP-glucuronic acid 
fortified homogenates [10] might be due to the presence 
of the ‘physiological activator’ UDP-N-acetylglucosamine 
[20]. Indeed, if the rate of glucuronide formation by UDP- 
N-acetylglucosamine-stimulated Gunn rat liver microsomes 
(Table 1) is calculated, using 36 mg microsomal protein/g 
wet wt liver [21], a value of 0.14 umoles/g wet wt/hr is 
obtained, which is very similar to the rate, 0.16 umoles/g 
wet wt/hr, observed in perfused Gunn rat liver. 

The apparent deficiency of UDP-glucuronyltransferase 
towards 2-aminophenol can be abolished in vitro by treat- 
ment of liver homogenates with diethylnitrosamine [7] or 
alkyl ketones [8]. To see if this specific activation effect 
could be reproduced ‘in vivo’, pentan-3-one (700 umoles) 
was added to the recirculating perfusion medium containing 
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2-aminophenol at 0; 20 and 40 min of the liver perfusion 
experiments. A three-fold increase in the rate of glucu- 
ronidation cf 2-aminophenol by perfused Gunn rat liver 
up to the rate of 2-aminophenol glucuronidation by per- 
fused Wistar rat liver was observed (Fig. 1). Pentan-3-one 
did not enhance 2-aminophenol glucuronide formation by 
perfused Wistar rat liver. It is possible that pentan-3-one 
is rapidly metabolized by both Wistar and Gunn rat liver 
cytosolic reductase [22] and does not reach concentrations 
sufficient to exert its non-specific membrane perturbation 
which is evident in vitro[8]; indeed, daunorubicin is reduced 
at a rate of 100 umoles/20 min/rat liver [23] by a ketone 
reductase. Thus, the specific activator pentan-3-one indeed 
abolishes the apparent deficiency of 2-aminophenol glu- 
curonidation in Gunn rat liver even in the intact organ. 

Levels of transferase activity in Gunn and Wistar rat 
liver microsomal fractions were also compared after various 
treatments in vitro, to obtain further information about the 
nature of the enzyme deficiency. Table 1 shows that Gunn 
and Wistar rat liver microsomal UDP-glucuronosyltrans- 
ferase activity towards 2-aminophenol are activated to the 
same extent by UDP-N-acetylglucosamine (approx. 4-fold) 
and by Brij 58 (3- to 5-fold), but only upon addition of 
pentan-3-one is the apparent transferase deficiency abol- 
ished in vitro. Treatment of Wistar rat liver microsomes 
with optimal concentrations of pentan-3-one (or diethyl- 
nitrosamine) plus detergent (Lubrol 12A9 or Brij 58) should 
produce fully activated forms of UDP-glucuronosyltrans- 
ferase [17]. After such treatment similar UDP-glucuron- 
osyltransferase activity was observed in Gunn and Wistar 
rat liver microsomes (Table 1). This similarity of what we 
may here term ‘maximum expression’ of transferase activity 
towards 2-aminophenol in treated microsomes again 
emphasises the existence in both Wistar and Gunn rat of 
similar transferase protein with potential activity towards 
2-aminophenol. 

UDP-glucuronosyltransferase can be purified to apparent 
homogeneity from Gunn rat liver as a functionally defective 
protein [11], which will exhibit a normal function when 
pentan-3-one is added to it [8]. Our perfusion experiments 
indicate that even in intact liver this functional deficiency 
of Gunn rat liver is abolished by pentan-3-one. All these 
findings suggest the existence in Gunn rat liver of UDP- 
glucuronosyltransferase for 2-aminophenol similar to that 
in Wistar rat liver but in a functionally defective native 
form. 

It is highly instructive to compare these results with those 
obtained earlier with 1-naphthol as substrate. Glucuroni- 
dation of 1-naphthol is similar in perfused liver and in 
‘native’ (unactivated) liver homogenates obtained from 
both Gunn and Wistar rats, suggesting that 1-naphthol 
glucuronide formation is not deficient in the Gunn rat [17]. 
This result is surprising since the UDP-glucuronosyltrans- 
ferase purified to apparent homogeneity from Wistar rat 
liver accepts both 1-naphthol and 2-aminophenol as sub- 
strates [24,25] and, thus, UDP-glucuronosyltransferase 
from Gunn rat liver should also have a defective ability to 
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Fig. 1. Appearance of 2-aminophenylglucuronide in the 
perfusate from Gunn and Wistar rat livers. The mean of 
four liver perfusions + S.D. are shown. @——® Gunn rat 
liver; A——A Gunn rat liver + pentan-3-one; D——O) 
Wistar rat liver + pentan-3-one. 700 umoles of pentan-3- 
one (P30) dissolved in perfusion medium was added at the 
time points indicated by the arrows, immediately after 
sampling of the medium had taken place. 


glucuronidate 1-naphthol. However, when this transferase 
is assayed in detergent-treated homogenates or micro- 
somes, the relative deficiency of activity towards 2-amino- 
phenol is exaggerated (Table 1) and a defective transferase 
activity towards 1-naphthol is then revealed [11, 17]. This 
enzyme isolated from Gunn rat liver was also observed to 
be functionally defective towards both substrates through- 
out purification [11]; but whereas activity towards 2-ami- 
nophenol could be restored to normal levels by treating 
the purified protein and microsomal fractions with diethyl- 
nitrosamine [11] or pentan-3-one [8], that to 1-naphthol 
could not [17]. 

Although the nature of the defect of Gunn rat liver UDP- 
glucuronosyltransferase towards 2-aminophenol remains to 
be elucidated, the present results demonstrate that pentan- 
3-one is able to abolish this deficiency in the intact liver. 
Hence the deficiency observed earlier with microsomes or 


Table 1. Effect of membrane perturbants and UDP-N-acetylglucosamine on 2-aminophenol 
UDP-glucuronosyltransferase activity of male Gunn and Wistar rat liver microsomes* 





Additions to the 
assay in vitro 


UDP-glucuronosyltransferase activity 
Gunn Wistar 


(nmoles glucuronide formed/min/mg protein) 





0.02 + 0.007 
0.07 + 0.02 
0.27 + 0.07 
0.06 + 0.01 
1.31 + 0.42 


0.11 + 0.02 
0.49 + 0.21 
0.27 + 0.07 
0.53 + 0.15 
1.44 + 0.25 


None 

UDP-N-acetylglucosamine (3 mM) 
Pentan-3-one (10 mM) 

Brij 58 (0.05% w/v) 

Brij 58 + Pentan-3-one 





* Membrane perturbants were added to enzyme assays at concentrations giving optimal enzyme 
activation in both rat strains. The mean values + S.D. of 5 experiments are shown. 
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UDP-glucuronosyltransferase purified to apparent homo- 
geneity is not merely an artifact due to the isolation pro- 
cedure but reflects the enzyme defect in vivo. 
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Inhibition of hepatic lipid biosynthesis by 1-(3-chlorophenyl)-1-methyl-2-phenyl-2- 
(2-pyridine) ethanol, a hypocholesterolemic agent 


(Received 21 January 1980; accepted 17 June 1980) 


A large number of derivatives of generic structure I [2-(2- 
pyridine)-1,2-diarylalkanols] were prepared by Burckhalter 
et al. [1] as potential hypocholesterolemic agents having 
minimal estrogenicity. 


Several of the compounds exhibited significant serum cho- 
lesterol-lowering activity in rats with only slight estrogenic 
effect. Compound 1 (R; = CH3, R2 = H, and R; = 
m-Cl) [1-(3-chloropheny])-I-methyl-2-phenyl-2-(2-pyri- 
dine) ethanol] was selected from a series of the 133 deriva- 
tives for study of its hypocholesterolemic effect in humans. 
Although the compound was non-toxic and was found to 
lower serum cholesterol levels in rats, it had no hypocho- 


lesterolemic effect in humans or in monkeys [1]. To under- 
stand why compound 1 was active in rats, the present 
investigation was initiated. The results suggest that this 
compound, or a metabolite(s), lowers serum cholesterol 
levels by inhibiting hepatic lipid biosynthesis. 

Male Sprague-Dawley rats weighing 150-180 g were used 
for all experiments. Rats were housed two per cage, with 
Purina Rat Chow and water available ad lib. Compound 
1 was suspended in 0.5% (w/v) sodium carboxy methyl 
cellulose (CMC) by mixing in a glass mortar. The suspen- 
sion was administered to experimental animals (four or five 
rats) at 25 mg-kg~!-day~! by gastric intubation once a day 
in the morning for 4 days. Control animals (four or five 
rats) received equivalent volumes of 0.5% CMC. Animals 
were weighed daily. On the morning of day 5, [2-'“C]acetate 
(10 wCi/100 g body wt in 0.5 ml saline) was injected intra- 
peritioneally into both control and experimental animals. 
Exactly 1 hr after the injection of radioactive precursor, 
blood was collected by cardiac puncture into a test tube 
containing heparin sodium (100 units). Animals were under 
light ether anesthesia. The livers were then removed, 
washed twice with ice-cold saline, and homogenized in 
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2vol. of isotonic KCl with a Super Dispax Tissumizer 
(Tekmar, Cincinnati, OH). 

Total plasma cholesterol levels were determined using 
the method of Franey and Amador [2]. Lipids of both liver 
and blood plasma were extracted with CHCl;,-MeOH (2:1, 
v/v), followed by a washing procedure with saline according 
to the method of Folch et al. [3]. The crude lipid extract 
was then fractionated into each lipid class by thin-layer 
chromatography using silica gel G or H plates (Prekotes, 
Applied Science Laboratories, State College, PA). Plates 
were developed with a system of either hexane—diethyl 
ether-acetic acid (90: 10:1, by vol.) [4] or isopropyl ether- 
acetic acid (96:4, v/v), followed by light petroleum—ethyl 
ether—acetic acid (90: 10:1, by vol.) [5]. Lipid bands on the 
plate were detected by iodine vapor and scraped from the 
plate after brown colors had faded. Silica gel was extracted 
three times with either CHCl,MeOH, 2:1 (for neutral 
lipids) or CHCl;,-MeOH-acetic acid—water, 50:39:1:10 
(for phospholipids). After evaporation of the solvents, free 
and esterified cholesterol (Ch and ChE), triglyceride (TG), 
free fatty acids (FFA) and phospholipid (PL) were deter- 
mined with slight modifications using the methods of Franey 
and Amador [2], Hanahan and Olley [6], Duncombe [7] 
and Rouser et al. [8] respectively. Radioactivity was deter- 
mined in a Beckman model LS 200 liquid scintillation 
spectrometer using 15 ml of toluene-EtOH, 7:3 (v/v) with 
0.4% (w/v) PPO and 0.01% (w/v) POPOP for lipid soluble 
materials:* Recovery of label from thin-layer plates ranged 
from 84 to 92 per cent. To determine the radioactivity in 
whole liver homogenates or blood plasma, 0.1 ml of each 
was solubilized in 10 ml Protosol (New England Nuclear, 
Boston, MA) by standing at ambient temperature overnight 
and then counting in the toluene-EtOH scintillation fluid 
described above. Counting efficiency in all studies was 
determined by the external standard method. Statistical 
significance of results was estimated by Student’s (-test. 

Animals treated with 25 mg-kg~'-day~' of compound 1 
for 4 days showed the expected [1, 9] decrease in plasma 
total cholesterol concentrations. In these experiments, 
levels declined to 74 per cent of control values (Table 1). 
The animals also. showed a very slight decline in body 
weight gain (Table 1). 

The incorporation of ['*C]acetate into plasma and liver 
also was measured in these experiments. Labeled acetate 
was injected intraperitoneally 1 hr before the animals were 
killed and 24hr after the final dose of compound 1. As 
shown in Table 1, there was no significant difference 
between the two groups of animals in carbon-14 labeling 





* PPO = 2,5-diphenyloxazole; POPOP = 1,4-bis-[2-(4- 
methyl-S-phenyloxazolyl)]benzene. 
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of either liver homogenate or blood plasma. These results 
indicate that neither uptake by liver nor distribution of 
injected ['*C]acetate was affected by the pretreatment of 
rats with compound 1. 

In contrast, the radioactivity detected in the total lipid 
extract of the plasma and liver specimens was much lower 
in the compound 1-treated group than in the control group 
of rats (Table 2). In plasma, radioactivity in the total lipid 
extract represented 3.6 + 0.8 per cent of the radioactivity 
in unfractionated plasma from control animals, but was 
reduced to 2.5 + 0.7 per cent in treated animals (P < 0.05). 
Similarly, the fraction of ['*C]acetate incorporated into the 
lipid fraction of liver from control animals was 19.0 + 1.6 
per cent of total incorporation compared to 13.7 + 1.6 per 
cent for treated animals (P < 0.001). Thus, the adminis- 
tration of compound | to rats inhibited acetate incorpor- 
ation into lipids in both plasma and liver by almost the 
same extent (approximately 70 per cent of control) as it 
caused the depression of plasma cholesterol (Table 1). 

Table 2 also shows the distribution of radioactivity among 
individual lipid classes in both liver and blood plasma. The 
incorporation of ['*C]acetate into not only cholesterol and 
cholesterol ester but also into all other lipid classes, such 
as phospholipid, free fatty acid + diglyceride and triglycer- 
ide, was depressed by compound 1 administration. These 
results suggest that compound 1 or its metabolite(s) could 
not be an inhibitor of a single lipid biosynthetic pathway. 

To elucidate the site of inhibitory action of compound 
1 on ['*C]acetate incorporation into glycerolipids (Table 
2), both phospholipid and triglyceride fractions from the 
liver specimens were hydrolyzed to glycerol plus free fatty 
acids. Radioactivity in each fraction was determined. In 
phospholipids, the amount of label incorporated into the 
fatty acid moieties was 92.3 + 3.8 per cent for the samples 
from the five control rats compared to 79.9 + 7.9 per cent 
for samples from the five treated rats. Combining these 
data with the corresponding total dpm incorporated into 
phospholipids (Table 2), it was calculated that there was 
a 40 per cent inhibition of ['*Cjacetate incorporation into 
the fatty acid moieties in the compound 1-treated animals. 
In contrast, the incorporation of ['*C]acetate into the gly- 
cerol-3-phosphate moiety increased by 80 per cent in the 
compound 1-treated animals. Likewise in triglycerides, 
69.3 + 4.2 per cent of the label was found in the fatty acid 
moieties from control animals compared to 60.5 + 5.1 per 
cent from treated animals. These figures represent a 21 per 
cent reduction in the [“C]acetate labeling of the fatty acids 
and a 16 per cent increase in the labeling of the glycerol 
moiety. Apparently, the inhibition of fatty acid synthesis 
(Table 2 and above) by compound 1 caused an increased 
availability of ['*C]acetyl CoA for the tricarboxylic acid 


Table 1. Compound 1 pretreatment of rats* 





Plasma 
Animal cholesterol 


group 


Liver 
wt Liver 
(g) (dpm/mg) 


[2-'*C]Acetate incorporation into 





Plasma 
({dpm/mi] x 10~*) 





Control 181 + 3+ 
Treated 172 + 4t 
% Controll| 95 


8.0 + 0.5 


12:26 
68 + 15 


181 + 18 
189 + 30 


94 104 94 





* Groups of five rats each received vehicle alone or 25 mg-kg~'-day~ 


' of compound 1 for 4 


consecutive days. Twenty-five hours after the last dose and 1 hr after the administration of [2- 
C]acetate (100 uCi/kg), blood was collected by cardiac puncture, and livers were excised. Variables 


were measured as described in the text. 


+ Means from five replicate observations or assays expressed + S.D. 
¢ Value from testing the identity of data from control and treated animals by Student’s t-test, P < 


0.01. 
§ P< 0.005. 
|| Treated value as per cent of control value. 
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Table 2. Effect of compound 1 on the incorporation of ['*C]acetate into lipids from plasma and liver* 





Plasma lipid fraction (dpm/ml plasma) 





Free fatty acids 


Total lipid 
extract 


Animal 


group Phospholipids 


diglycerides 


Esterified 
cholestero! 


Free 


Triglycerides cholesterol 





286 + 60 
205 + 59+ 


2610 + 650 
1780 + 860 


Control 
Treated 


102 + 29 
THz 
% Control 68 72 76 


1354 + 470 367 + 113 195 + 60 
949 + 700 202 + 667 130 + 60+ 
70 67 


Liver lipid fraction (dpm/mg liver) 





3445 
26 + 44 


14.2+2.4 
9.9 + 1.8§ 


Control 
Treated 
% Control 


0.49 + 0.24 
0.27 + 0.03 
76 70 55 


0.44 + 0.24 
0.29 + 0.09 


7.9 + 0.78 
7.1 + 0.85 


90 66 





* Plasma and liver specimens from control and treated rats described in Table 1 were extracted and 
separated into the selected lipid fractions. Separation techniques and measurement of incorporated label 
were performed as described in the text. Data are presented as detailed in the legend to Table 1. 


+P<0.05. 
+P<0.01. 
§ P< 0.005. 


Table 3. Effect of compound 1 on lipid composition of plasma and liver* 





Liver lipid fraction (mg/g liver) 





Total 
lipids 


Animal 


group Phospholipids 


Free fatty 
acids 


Esterified 
cholesterol 


Free 


Triglycerides cholesterol 





30.6 + 1.4 
33.4 + 1.88 


38.6 + 2.0 
42.2 + 2.0 


Control 
Treated 


0.16 + 0.06 
0.15 + 0.02 
% Control 109 109 93 


5.14 + 0.60 1.76 + 0.29 0.94 + 0.12 
5.82 + 1.10 1.76 + 0.29 1.12 + 0.11]| 
113 100 120 


Plasma lipid fraction (mg/ml plasma) 





Control 1.54 + 0.13 
Treated** 1.34 + 0.08]| 
% Control 87 


0.38 + 0.06 
0.35 + 0.10 


0.70 + 0.10 0.72 + 0.054 
0.66 + 0.15 0.53 + 0.078,§ 
94 74 





* Plasma and liver specimens from control and treated rats described in Table 1 were extracted, separated into the 
selected lipid fractions, and assayed as described in the text. Data are presented as detailed in the legend to Table 1. 


+ Sum of the next five columns. 

+ P<0.01. 

§ P< 0.005. 

|| P<0.05. 

{| Assay for free plus esterified cholesterol. 
** Specimens available from only four rats. 


cycle and other pathways leading to an increased labeling 
of the glycerol moiety of these glycerolipids. In a similar 
vein, an increase in the biosynthesis of CoA has been 
observed in the liver of rats treated with the hypolipidemic 
drug clofibrate [10]. 

In comparison to the inhibition of ['*C]acetate incor- 
poration into fatty acids and cholesterol, the lipid content 
of the liver increased slightly in compound 1-treated rats 
owing to an increase in phospholipids. There also was a 
small but statistically significant increase in cholesterol 
esters (Table 3). In contrast, plasma specimens from treated 
animals had lower levels of both total cholesterol and 
phospholipids. The fact that both phospholipids and cho- 





* Present address: Medical Research Institute, Tokyo 
Medical and Dental University, No. 3-10, 2-Chome, Kan- 
dasurugadai, Chiyoda-Ku, Tokyo 101, Japan. 

+ To whom correspondence should be addressed at The 
University of Michigan. 


lesterol esters accumulated slightly in liver suggests that 
compound 1 also has a minor inhibitory action on lipopro- 
tein formation in liver or its release into plasma. 

From these studies, we have concluded that the serum 
cholesterol-lowering activity of compound | in rats was a 
result of inhibition of hepatic fatty acid and cholesterol 
biosynthesis. The inhibitory activities occurred at a step 
subsequent to the formation of acetyl CoA. 
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The effect of ethanol on glycyl-prolyl dipeptidyl-aminopeptidase activity in the rat 
pancreas and liver 


(Received 24 March 1980; accepted 4 July 1980) 


It is well documented that chronic pancreatitis is frequently 
associated with ethanol abuse. However, the pathogenetic 
mechanism whereby excessive intake of ethanol results in 
the injury of pancreas, eventually leading to pancreatic 
fibrosis, remains yet to be elucidated [1]. 

Attention has recently been given to the role of X-prolyl 
dipeptidyl-aminopeptidase, particularly of glycyl-prolyl 
dipeptidyl-aminopeptidase which is mainly localized in the 
microsomal fraction of the cell [2], in a series of patho- 
physiological states concerning collagen metabolism [3, 4]. 
The present experiment was designed to investigate the 
change of glycyl-prolyl dipeptidyl-aminopeptidase activity 
in the rat pancreas and liver under the condition of chronic 
ethanol feeding with a nutritionally adequate liquid diet. 

A total of 17 male Wistar rats, with an average body 
weight of 214g at the beginning of the experiment, were 
divided into two groups. All animals received the liquid 
diet (Oriental Kobo Co., Tokyo, Japan) according to 
DeCarli and Lieber [5] for 4 weeks. The diet supplies 18 
per cent of the total calories as protein, 35 per cent as lipid, 
11 per cent as carbohydrate and 36 per cent either as 
additional carbohydrate (Control group) or as isocaloric 
ethanol (Ethanol group). 

At the end of the experiment, two pairs of animals were 
killed by exsanguination from the abdominal aorta after 
an overnight fast. The pancreas and liver were immediately 
removed, homogenized in 10 vol. 0.25 M sucrose and cen- 
trifuged at 15,000 g for 15min. the supernatant of the 
homogenate and the serum were taken for enzyme assay. 
Glycyl-prolyl dipeptidyl-aminopeptidase activity was 
determined by the method of Nagatsu et al. [4], using 
glycylproline p-nitroanilide (Protein Research Foundation, 
Osaka, Japan) as substrate. Amylase activity was measured 
with Phadebas amylase test (Pharmacia, Sweden). Both 
enzymatic activities have been known not to be inhibited 
in sucrose solution [2, 6]. 

As expressed in Table 1, amylase activities both in serum 
and pancreas homogenate were significantly lower in the 
ethanol group than in the control group. Sardesai and 
Orten [7] have demonstrated a decrease in protein synthesis 
by the pancreas after chronic ethanol consumption in rats, 
although under the short-term administration of ethanol 
the incorporation of labelled amino acid into various sub- 
cellular fractions of the pancreas remained unchanged [8]. 
The present study revealed that amylase activities in pan- 
creas and serum were significantly decreased after 4 weeks 


of ethanol feeding, indicating a disturbed synthesis of pan- 
creatic enzyme. 

The pancreatic content of glycyl-prolyl dipeptidyl-ami- 
nopeptidase, on the other hand, was markedly elevated 
after ethanol treatment, whereas activity of the enzyme in 
either serum or liver tissue remained unaffected (Table 1). 
Figure 1 shows the relationship between amylase and 
glycyl-prolyl dipeptidyl-aminopeptidase activities in the 
pancreas. There was a significant (P < 0.01) inverse cor- 
relation. The rise of pancreatic glycyl-prolyl dipeptidyl- 
aminopeptidase activity, therefore, seemed to reflect the 
process linked closely with acinar impairment. 

Glycyl-prolyl dipeptidyl-aminopeptidase is regarded as 
a kind of collagen-peptidase, presumably participating in 
collagen degradation, since it preferentially liberates dipep- 
tide-fragment glycylproline which is contained abundantly 
in collagen molecule [4]. A rise of its activity, in fact, has 
been reported in the experimental granuloma, where col- 
lagen turns over rapidly [3]. The findings obtained here, 


Glycyl-proly] dipeptidyl-aminopeptidase activity (mU/g) 





i i 4 
100 200 300 * 
Amylase activity (U/g) 





Fig. 1. Relationship between glycyl-prolyl dipeptidyl-ami- 
nopeptidase and amylase activities in pancreas. O: Control; 
@: ethanol. r = —0.73. P < 0.01. y = —0.92 x + 447. 
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Table 1. Activities of amylase and glycyl-prolyl dipeptidyl-aminopeptidase in serum and homogenates of pancreas and 
liver in rats 





Enzymatic activities 


Control group 


Ethanol group Significance* 





Amylase 
Serum (U/l) 
Pancreas (U/g tissue) 
Glycyl-prolyl dipeptidyl-aminopeptidase 
Serum (mU/ml) 
Pancreas (mU/g tissue) 
Liver (mU/g tissue) 


7443 + 1195+ (10)+ 
244 + 77 (7) 


68.4 + 12.9 (8) 
179 + 65 (7) 
1602 + 174 (4) 


P<0.001 
P< 0.05 


4474 + 1295 (6) 
116 + 103 (7) 


65.3 + 19.2 (6) NS 
410 + 96 (6) P <0,001 
1418 + 397 (4) NS 





* Significance was measured by Student’s t-test. NS = not significant. 


+ Values are expressed as means + S.D. 
+ Figures in parentheses refer to number of animals. 


therefore, may afford some evidence of raised collagen 
metabolism in the pancreas, but not in the liver, suggesting 
an initiation of pancreatic fibrosis. The result may also 
explain the clinical fact that ethanol consumption gives rise 
to chronic pancreatic lesion within several years, whereas 
it takes over 10 years for the development of liver cirrhosis 
[1]. 

In summary, ethanol administration to rats for 4 weeks 
caused no change of glycyl-prolyl dipeptidyl-aminopepti- 
dase activity in the liver, but a significant increase in the 
pancreas, where a concomitant decrease in amylase activity 
occurred. 
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Lipid substitution of mitochondrial monoamine oxidase can lead to the abolition 
of clorgyline selective inhibition without alteration in the A/B ratio assessed by 
substrate utilisation 


(Received 25 June 1980; accepted 21 August 1980) 


The mitochondrial monoamine oxidase activity of rat liver 
can be divided into two categories, MAO A and MAO B, 
based upon their substrate specificity and the effect of 
reversible and irreversible inhibitors [2-4]. The model 
accounting for the rat liver system [2] does not appear to 
be universally applicable as tissues can vary in the substrate 
specificity exhibited and their sensitivity to selective inhibi- 
tors [3,4]. Recently MAO A and B have been shown to 
be different protein species [5-7] with their active sites 
exposed asymmetrically at the mitochondrial outer mem- 
brane [8] and with sialic acid residues playing an important 
role in the functioning of MAO A[9]. Accepting that MAO 
A and MAO B may be different protein species there 
would appear to be a significant heterogeneity within this 
classification (see [3, 4, 10]). This may result from the bind- 
ing of membraneous material to the enzymes, a view ori- 
giginally proposed by Gorkin and collaborators [11] and 
for which there is considerable experimental support [3, 12]. 


Houslay [13] suggested that the selective effects of the 
irreversible inhibitor clorgyline® (N-methyl-N-propargyl-3- 
[2,4-dichlorophenoxy] propylamine) may not be directly 
related to the substrate specificity of the enzyme species 
but merely resulting from differences in the nature of the 
environment of the inhibitor binding site. It was proposed 
[13] that differences in the membrane environment of the 
propargylamine inhibitor site on MAO A and MAO B 
accounted for the selective effects of clorgyline®. To test 
such an hypothesis the, endogeneous lipids of rat liver 
mitochondrial outer membranes have been replaced by a 
defined synthetic lipid, dimyristoyl phosphatidyl choline. 
Such a technique has been successfully used to evaluate 
the role of the lipid environment in the functioning of other 
membrane bound enzymes [14, 15]. 

Rat liver mitochondrial membranes from 200-300 g male 
Sprague-Dawley rats were purified as described previously 
[16] with the modification as in [9]. A radiochemical assay 
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Table 1. Ratio of MAO A to MAO B in native and lipid-substituted mitochondrial 
outer membranes as assessed by 5-hydroxytryptamine and 2-phenylethylamine 
oxidation 





MAO _ 5-hydroxytryptamine oxidation 
MAO B __ 2-phenylethylamine oxidation 





Native 


Dimyristoyl phosphatidyl choline 
substituted 





0.56 

0.52 

0.58 
0.55 + 0.03 


Expt. I 

Expt. II 
Expt. Ill 
Average 


0.58 

0.46 

0.57 
0.54 + 0.07 





The average is given as + §.D. Assays of membrane preparations were carried out 
in triplicate and the averages of such values were taken to calculate these ratios. 


[17] was used routinely with 1-[{'*C]-2-phenylethylamine 
(from NEN, W. Germany) at a final concentration of 
0.5 mM or 1 mM and [°H]-5-hydroxytryptamine and [*H]- 
tyramine (both from Amersham, U.K.) both at final con- 
centrations of 1 mM although in some instances a coupled 
spectrophotometric assay was used [12]. Incubations were 
carried out at 30° and rates were taken from linear time- 
courses. Treatment with clorgyline was as described pre- 
viously [2]. Lipid substitution was carried out using estab- 
lished methods [14, 15]. Briefly this entailed rapidly mixing 
at 4°, 1 ml of 10 mM potassium phosphate (KP;) buffer pH 
7.2 containing mitochondrial outer membranes (3.8 mg 
protein) with 1 ml of a mixture of dimyristoyl phosphatidyl 
choline (50 mg) and K cholate (25 mg) and incubating on 
ice for 30-60 min. The K cholate was purified as described 
previously [14]. The detergent-lipid dispersion was pre- 
pared [14, 15] by dissolving the lipid (50 mg) in 1 ml CHCL;: 
MeOH (2:1) in a 10 ml glass scintillation vial, evaporating 
off solvent with a stream of N, and removing residual 
solvent by leaving 3-4hr under vacuum prior to resus- 
pending this film in 1 ml of a cocktail containing K cholate 
(25 mg), 0.25 M sucrose, 1.0 M KCI and 0.05 M KP; buffer 


%o 


Monoamine oxidase activity, 








final pH 8.0. After incubation this mixture was loaded onto 
a discontinuous sucrose density gradient of 0.3 m! 80% 
sucrose and 1.3 ml 30% sucrose both containing 10 mM 
KP; pH 7.2. Centrifugation was carried out on an MSE 65 
using a 6 X 4.2 ml rotor at 160,000 g,, for 20 hr at 4°. The 
substituted mitochondrial outer membranes collected at 
the 80-30 per cent sucrose interface. The isolated pellet 
was then either washed by centrifugation [9] or treated as 
before [14, 15] to remove any residual detergent prior to 
study. Lipid and cholate determinations were all as 
described previously [14]. 

Native mitochondrial outer membranes have a 
lipid/protein ratio of 0.6 and the amount of exogenous lipid 
added should effect a 96 per cent substitution if equilib- 
riation occurred. Indeed the membranes obtained had 
lipid-protein ratios between 0.5—0.6 and contained approx. 
95 per cent synthetic dimyristoyl phosphatidyl choline, 
indicating that substitution had indeed occurred. The 
recovery of MAO A and MAO B as assessed by 5-hydroxy- 
tryptamine and f-phenylethylamine oxidation was in the 
region of 60-70 per cent and all of this activity was mem- 
brane bound as it was sedimented by centrifugation at 








-log. [clorgyline] 


Fig. 1. The sensitivity of the monoamine oxidase activity of native and lipid substituted mitochondrial 

outer membranes to inhibition by clorgyline. (a) Tyramine oxidation. Tyramine is a substrate for both 

MAO A and MAO B [1-3]. Native membranes (A) and lipid substituted membranes (@). (b) 5- 

hydroxytryptamine (SHT) and 2-phenylethylamine (PEA) oxidation. Under the assay conditions used 

in native membranes both SHT (A) and 6-PEA (2) behaved as pure MAO A and MAO B substrates 

respectively as we have described in detail previously [2]. SHT (A) and B-PEA (@) in substituted 
membranes. 
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100,000 g for 1 hr. As Table 1 demonstrates, the ratio of 
MAO A:MAO B as assessed by these two substrates was 
hardly affected by the lipid substitution procedure. How- 
ever, the ratio ofp MAO A:MAO B as assessed by the 
sensitivity of tyramine, a substrate for both enzymes, to 
clorgyline inhibition indicated the loss of MAO A activity 
(Fig. 1a). In fact, as Fig. 1b demonstrates, the MAO A 
activity in the substituted membranes as monitored by 5- 
hydroxytryptamine oxidation, exhibited a MAO B type 
sensitivity to clorgyline. Thus whilst the substrate specificity 
had apparently remained unaltered the enzymes placed in 
the defined lipid environment exhibited identical sensitiv- 
ities to clorgyline. 

Unlike detergent solubilisation [3, 12, 18] or organic sol- 
vent extraction [19] which effect changes in both the relative 
rates of substrate utilisation and sensitivity to clorgyline, 
presumably by denaturing the enzyme species, this pro- 
cedure discriminates between these two processes. Thus 
substitution of outer membranes with dimyristoyl phos- 
phatidylcholine to 95 per cent yields 2 membrane prep- 
aration, which contains two enzyme proteins [5-7], express- 
ing the substrate specificity of the native membrane, yet 
exhibiting the clorgyline sensitivity of MAO B only. Sub- 
strate specificity and sensitivity to inhibition by clorgyline 
can thus be separated and so it would appear that the type 
of membrane lipid environment can determine the sensi- 
tivity to inhibition by clorgyline. On this basis one might 
well find that tissues which express activity to both MAO 
A and MAO B substrates but show identical sensitivities 
to clorgyline still contain two enzyme species. This study 
does not, however, rule out the possibility that specific 
endogeneous lipids may modulate enzyme function as the 
molar concentration of MAO in this tissue is small and 
such species may be able to segregate out sufficient of these 
lipids for function. 
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PRELIMINARY COMMUNICATIONS 


NUTRIENT IMBALANCE CAUSES THE LOSS OF CYTOCHROME P—450 IN LIVER CELL CULTURE: 
FORMULATION OF CULTURE MEDIA WHICH MAINTAIN CYTOCHROME P-450 AT IN VIVO CONCENTRATIONS 


Alan J. Paine and Lesley J. Hockin 


M-R.C. Toxicology Unit, 

Medical Research Council Laboratories, 
Woodmansterne Road, 

Carshalton, Surrey, SM5 4EF, England. 

The primary culture of hepatic parenchymal cells represents an ideal system to 
study mechanisms of hepatotoxicity and chemical carcinogenesis under defined condi- 
tions i-e- uninfluenced by blood flow, nutritional and hormonal status. However 
the toxicity and carcinogenicity of many natural and synthetic chemicals are frequently 
determined by the activity of the hepatic microsomal cytochrome P=450 system which 
spontaneously falls to low levels during the first twenty four hours of hepatocyte 
culture (1,2). In the course of other studies, we found that the culture of hepato- 
cytes in a simple balanced salt solution prevents the loss of cytochrome P-450. 

This finding suggests that a component(s) of the standard culture medium is respon- 
sible for the loss of the cytochrome. The present work shows that these components 
are cystine and cysteine. Accordingly hepatocytes cultured in a complete medium 
without cystine and cysteine contain high concentrations of cytochrome P-450. 
Supplementing these media with 5—amino laevulinic acid, a precursor of the haem 
prosthetic group of cytochrome P-450, results in a concentration of cytochrome P-450 
in hepatocytes cultured for 24 h that is not significantly different from that 
found in intact liver. 

MATERIALS AND METHODS 


Isolation and culture of hepatocytes 





3 6 : , 
Hepatocytes were isolated and 20 x 10 cells were cultured in 150mm diameter 


petri dishes in 20ml of the respective medium as previously described (3). L-15, 
Waymouth's MB752/1 and William's medium E were purchased from Flow Labs. Irvine, 
Scotland, U.K. RPMI 1640 medium was purchased from Gibco-Biocult Ltd., Paisley, 
Scotland. The special media with different amino acid compositions are based on 
Earle's balanced salt solution (Gibco Biocult Ltd) containing 1ml "BME vitamin 
solution x 100 strength" (Flow Labs) per 100ml medium. Amino acids were added to 
this medium as concentrates supplied in an "RPMI Selectamine Kit" (Gibco 

Biocult Ltd). Their final concentrations are given in the legends to Table 1 

and 2. All media were serum free and contained 107° insulin, 107 4m 
hydrocortisone-21-sodium succinate (both from Sigma Chemical Co-, Poole, Dorset, U-K.) 
and 5mg gentamicin (Flow Labs-)/100ml medium. 5-Amino laevulinic acid was purchased 
from The Sigma Chemical Co-, Poole, Dorset, U-K. 


Cytochrome P-450 and protein were determined as previously described (4). 





RESULTS AND DISCUSSION 
Table 1 shows that hepatocytes cultured for 24 h in any one of a number of 
commercially available culture media lose 60-70% of their cytochrome P-450 concen- 
tration. In contrast hepatocytes cultured for 24 h in a simple balanced salt 
solution (BSS) contain a concentration of cytochrome P-450 that is not significantly 
different (p > 0.05) from that found in freshly isolated cells. Since the serum 
free, bicarbonate buffered, balanced salt solution contains glucose, vitamins, phenol 
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Table 1 Effect of different culture media on the loss of cytochrome P-450 in hepato- 





cytes cultured for 24 h. 





Medium Cytochrome P-450 (% initial) 
L-15 32 + 10 


Waymouth's MB752/1 26 2 13 
William's medium E 39 4 
RPMI. 1640 36 5 


all RPMI amino acids 

neutral amino acids 

aromatic amino acids 

dicarboxylic acids and their amides 
imino amino acids 

basic amino acids 


sulphur amino acids 


BSS+ O.2mM cystine 
BSS+ O.1mM methionine 


BSS+ 1.OmM cysteine 


BSS+ all RPMI amino acids except cystine 72 = 

* denotes significantly different (p < 0.05) by Student's t-test from BSS (Earle's 
Balanced Salt solution + "BME vitamins": see Materials and Methods section) and 
not significantly different (p > 0-05) from complete RPMI 1640 medium. The results 
are means + S.D. for individual values found in preparationsderived from three 
separate rat livers (i-e. n=3). The initial cytochrome P=450 concentration of 
hepatocytes was 180 + 20 (n=3) pmoles/mg of protein. All media were used serum 
free and contained 107°M insulin, 107" hydrocortisone-21l-sodium succinate, and 
5mg gentamicin/100ml. RPMI medium comprises the following amino acids (mM con- 
centrations in parenthesis) := 

Neutral = Gly (0.13) Ile (0.38) Leu (0.38) Ser (0.28) Thr (0.17) Val (0.17) 
Aromatic = Phe (0-09) Trp (0.025) Tyr (0.11) 

Dicarboxylic acids and their amides = Asp (0-15) Asn (0.33) Glu (0.14) Gln (2.0) 
Imino = Pro (0-17) Hyp (0-15) 

Basic = Arg (1-15) His (0-10) Lys (0.27) 

Sulphur Cys Cys (0-20) Met (0.10) 


red, gentamicin, insulin and hydrocortisone these components are not responsible 

for the loss of cytochrome P-=450 in hepatocyte culture. A major difference between 
the balanced salt solution and the complete media is the prescence of amino acids. 
Addition of the twenty amino acids present in "RPMI 1640 medium" to the balanced salt 
solution caused the loss of cytochrome P=450 (Table 1). When these amino acids, 
subdivided into groups based on their chemical structure, were added to the balanced 
salt solution only the addition of the sulphur containing amino acids, cystine and 
methionine, caused the loss of cytochrome P=450 (Table 1). Table 1 shows that this 


is due to cystine and not methionine. Thus the balanced salt solution containing 
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all the amino acids present in RPMI 1640 medium except cystine prevents the loss of 
cytochrome P-450. This suggests that cystine is responsible for the loss of cyto- 
chrome P-=450 in cultured hepatocytes. 

However L-15 medium does not contain cystine but contains 1mM cysteine. 
Hepatocytes cultured in L-15 medium lose their cytochrome P-450 suggesting that 
cysteine can also cause the loss of the cytochrome in ¢ultured hepatocytes. Table 1 
shows that the culture of hepatocytes in the balanced salt solution to which cysteine 
has been added also results in the loss of cytochrome P-450. We therefore conclude 
that the presence of cystine and/or cysteine in media results in the loss of cyto- 
chrome P-450 in hepatocytes cultured for 24 h. 

The loss of cytochrome P-450 in hepatocyte culture is due to its impaired 
synthesis and enhanced degradation (5). We have found that the culture of hepato- 
cytes in media which do not contain either cystine or cysteine prevents the loss of 
the cytochrome by inhibiting its enhanced degradation rather than by affecting its 
synthesis. Since the culture of hepatocytes for 24 h in a media containing all the 
RPMI amino acids except cystine results in the maintenance of only 70% of the initial 
concentration of cytochrome P=450 we attempted to increase its concentration to the 
same level as found in the initial cell preparation by stimulating its synthesis. 
Guzelian and Bissell (6) have shown that the incubation of cells with 5-amino 
laevulinic acid increases both the synthesis of haem and the concentration of cyto- 
chrome P-450. Accordingly we examined the effect of incorporating 5-—amino 
laevulinic acid into media with and without cystine on the concentration of cytochrome 
P-450 in hepatocytes cultured for 24 h. Table 2 shows that cytochrome P-450 can be 
maintained in hepatocytes cultured for 24 h at a concentration that is not signifi- 
cantly different (p > 0-05) from the initial cell preparation if the cells are 
cultured in media comprising all the RPMI amino acids except cystine and which 
contains 100M 5—amino laevulinic acid. Neither the absence of cystine or presence 
of 5-<amino laevulinic acid alone maintains such high levels of cytochrome P-450 


(Table 2). 


In conclusion we have found that the loss of cytochrome P=450 observed in liver 


cell culture can be prevented by the culture of hepatocytes in either a simple 
balanced salt solution or a complete medium supplemented with 5-amino laevulinic 
acid but which does not contain cystine and/or cysteine. Hepatocytes cultured in 
these media should therefore be useful for the study of cytochrome P-450 mediated 


mechanisms of hepatotoxicity and hepatocarcinogenesis. 
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Table 2. Effect of 5-amino laevulinic acid on the concentration of cytochrome P-450 





in hepatocytes cultured for 24 h in media + cystine. 





Medium supplemented with: Cytochrome P-450 
(% initial) 
200uM Cystine 100uM aminolaevulinic acid: 


+ * 48 4 
+ + 71 
i “ 72 
» + 90 6* 


* denotes not significantly different (p > 0.05) by Student's t-test from initial 
cell preparation. The results are means + S.D. for individual values found in 
preparations derived from three separate rat livers (i-e- n=3). The initial cyto- 
chrome P-450 concentration of hepatocytes was 155 + 20 (n=3) pmoles/mg protein. 
The media to which cystine and 5-aminolaevulinic acid were added comprised 
Earle's balanced salt solution containing 1iml "BME vitamins x 100 strength" 


(see Materials and Methods) per 100ml medium, O.5 mg phenolred/100m1, 5 mg 


a -6. . . -4 : , ‘ 
gentamicin/100ml1, 10 M insulin, 10 M hydrocortisone-—21—sodium succinate. The 


millimolar concentrations of amino acids in the media were: 1.15 Arg, 0-15 Asp, 
0.33 Asn, 0.14 Glu, 2.0 Gln, 0.13 Gly, 0.1 His, 0.15 Hyp, 0.38 Ile, 0.38 Leu, 
0.27 Lys, O-1 Met, 0.09 Phe, 0.17 Pro, 0.28 Ser, 0.17 Thr, 0.025 Trp, O.11 Tyr, 
0.17 Val. 
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Abstract—In order to elucidate the role of (Na* + K*)-ATPase and of the ouabain binding sites in the 
pharmacological effects of ouabain in the digitalis insensitive species rat, specific [*HJouabain binding 
and (Na™ + K”)-ATPase activity were measured simultaneously in a rat heart cell membrane preparation. 
Specific [*H]ouabain binding, “-Rb*-uptake and force of contraction were also measured simultaneously 
in electrically stimulated contracting ventricular strips of rat heart. The following results were obtained: 
(1) Rat heart cell membranes exhibit two classes of [*H]ouabain binding sites with apparent dissociation 
constants (Kp) of the [*H]ouabain-receptor complex 1-2.3 x 10 ™M and 2.8x10°°M. (2) 
(Na* + K*)-ATPase activity of rat heart cell membranes is half-maximally inhibited by ouabain at a 
concentration of 4 x 10°°M when assayed at the same conditions as [*H]ouabain binding. (3) Specific 
[’HJouabain binding to electrically stimulated (1 Hz) contracting ventricular strips of rat heart exhibited 
only one class of receptors (Kp = 3 x 10°’ M). Force of contraction increased half-maximally at 3 x 
10°’ M Quabain when measured simultaneously and “Rb*-uptake was inhibited half-maximally at 
3 x 10°° M ouabain. Thus, there is a serious discrepancy between the effect of ouabain on (Na~ + 
K*)-ATPase activity and Rb -uptake on one hand and on force of contraction on the other hand, 
whereas there is a good correlation between [*H]ouabain-receptor binding and increase in force of 
contraction. These results indicate that inhibition by ouabain of active cation transport is not a mandatory 


prerequisite of its positive inotropic effect, at least in the rat heart. 


The rat heart is known to be rather insensitive to 
cardiac glycosides [7, 14]. Repke et al. [51] found 
that species variations in susceptibility to cardiac 
glycosides correspond to variations in the suscepti- 
bility of the cardiac (Na* + K*)-ATPase to these 
drugs. Rat heart (Na* + K*)-ATPase activity is half- 
maximally inhibited by ouabain in a concentration 
of 5.9x 10°°M [15] whereas this value for the 
enzyme from human heart is 2.5 x 10~° M [22]. The 
findings of Repke et al. [51] have been confirmed 
and extensified by Allen and Schwartz [4], who fur- 
thermore determined [*H]ouabain binding to a rat 
heart (Na* + K*)-ATPase preparation and found an 
unstable [*H]ouabain-enzyme complex as well as a 
large amount of [*H]ouabain binding sites unrelated 
to the enzyme. Akera et al. [1] confirmed these 
findings in rat hearts and concluded that “an attempt 
to estimate the maximal amount of ATP-dependent 
(H]Jouabain binding was unsuccessful”. Recently, 
however, Sharma and Banerjee [56] succeeded in 
measuring specific [*H]ouabain binding to a rat heart 
cell membrane preparation. Thus, apparently there 
are specific ouabain binding sites in the rat heart, 
too. 

Experiments quantitating the number of 
[’H]ouabain binding sites, the affinity of the recep- 
tors for [*HJouabain, and their relation to 





* Supported by the Deutsche Forschungsgemeinschaft 
(Er 65/2 and Scho 15/8). 


(Na* + K*)-ATPase activity have been successful in 
cell membranes [18, 23, 32, 41, 63]. Experiments in 
ox brain and human cardiac cell membranes revealed 
that [*HJouabain binding to its receptor causes an 
inhibition of (Na* + K*)-ATPase of the same extent 
(i.e. 50% of total receptors occupied by [*H]ouabain 
means 50% of total (Na* + K*)-ATPase activity 
inhibited) [19, 23]. Thus, if the (Na* + K*)-ATPase 
were the receptor enzyme for cardiac glycosides 
[29, 50, 55] and the insensitivity of the rat heart to 
cardiac glycosides is reflected on that level, rat heart 
cell membranes should either contain (a) only a few 
binding sites or (b) binding sites with low affinity for 
the drug, or (c) receptors unrelated to (Na* + K*)- 
ATPase activity, or (d) a dissociation between car- 
diac glycoside binding and cardiac glycoside effects 
should be measured. 

In this study we intended to quantitatively char- 
acterize the membrane-bound [*H]ouabain receptors 
of rat heart, to correlate them to the (Na* + K*)- 
ATPase activity and *Rb*-uptake of contracting car- 
diac muscle and to measure the ouabain-caused pos- 
itive inotropy at the very same glycoside concentra- 
tions and incubation conditions in order to answer 
the question: does [*H]ouabain binding to the cell 
membrane receptor inhibit (Na* + K*)-ATPase 
activity and cause positive inotropy at the same con- 
centrations? A dissociation between these par- 
ameters would cast serious doubts on a possible 
causal relationship between (Na* + K*)-ATPase 
inhibition and positive inotropy. 
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MATERIALS AND METHODS 


Materials. (*H|Ouabain (=*H-g-strophanthin) 
with a specific activity of 12 Ci/mmole, lot No. 747 
186, was purchased from New England Nuclear, 
Dreieich, Germany. All other chemicals used were 
of analytical grade and obtained either from Boeh- 
ringer-Mannheim, Mannheim, Germany or from E. 
Merck, Darmstadt, Germany. 

Preparation of (Na* + K*)-ATPase-containing 
cardiac cell membranes. The hearts of 20 young 
female Sprague-Dawley rats weighing 150-250 g 
were quickly excised (after short narcotization with 
ethylether) for each membrane preparation. The 
hearts were freed from connecting tissue and atria 
and were homogenized for 2min in a precooled 
blender (Fa. Braun-Melsungen, Germany) at top 
speed in 0.25 M sucrose with 1mM EDTA neutral- 
ized with imidazole to pH 7.0. Then the homogenate 


was filled up to 200 ml with 0.25 M sucrose and 1 mM. 


EDTA neutralized with imidazole to pH 7.0. Then, 
after 15 ml 5% (w/v) sodium desoxycholate were 
added and the homogenate was stirred for 30 min 
at 0°, it was centrifuged for 30min at 10,500 rpm 
(Sorvall RC-5, rotor SS 34). The supernatant was 
spun down 30 min at 44,000 rpm (Beckmann L-5 50, 
rotor 60 Ti). The sediment was homogenized in 40 ml 
-1mM EDTA neutralized with imidazole to pH 7.0 
and frozen at —40° overnight. 

The next day it was shaken at 37° until thawed, 
then 60 ml 1 mM EDTA, neutralized with imidazole 
to pH 7.0, 0.75 ml 0.1 M MgCl, and 15 ml 6M NaJ 
were added and it was stirred for 5 min at 0°. There- 


after 120ml 1mM EDTA pH 7.0 were added and 
the homogenate was centrifuged for 30min at 
44,000 rpm (Beckman L-S5 50, rotor 60 Ti). The sedi- 
ment was then homogenized and washed three times 
in 200 ml 1mM EDTA pH 7.0 each time. The final 
sediment homogenized in 1mM EDTA pH 7.0 


(40ml) was used for the experiments. Its 
(Na* + K*)-ATPase activity was determined usually 
between 0.25-1.0 umole ATP hydrolysed per min 
per mg protein at 37°. More than 90 per cent (usually 
95-98%) of total ATPase activity was inhibited by 
10° M ouabain. 

(Na* + K*)-ATPase activity was measured with 
the coupled optical assay [53]. The reaction was 
continuously recorded and corrected for Mg**-acti- 
vated ATPase by inhibition of (Na* + K*)-ATPase 
with 10-*M [*H]ouabain. One enzyme unit (U) is 
defined as the amount of enzyme hydrolyzing 
1 umole ATP per min at 37°. Protein was measured 
by the procedure of Lowry et al. [42]. 

[’H]Ouabain binding experiments. These have 
been described in great detail elsewhere [18, 19]. 
Bound glycosides were quantitated using a rapid 
filtration technique (Whatman GF/C glass fiber fil- 
ters) to separate free glycosides from the membrane- 
bound glycosides. This method with the rapid filtra- 
tion technique gave the same values as the rapid 
centrifugation technique, which was used to separate 
bound from free [*H]ouabain [18]. 

Unspecific glycoside binding (i.e. [*H]ouabain 
bound to heat denatured membranes or in the pres- 
ence of 10°°M unlabeled [*H]ouabain) was usually 
less than five per cent of total radioactivity bound 


to the membranes. Experiments were performed in 
duplicate or triplicate assays and at least twice. 
Unless otherwise stated, the incubation media were 
50 mM imidazole/HC! buffer pH 6.5, 3mM MgCh, 
3 mM imidazole/PO,, 3-6 nM [*H]ouabain, total vol- 
ume 2 ml. 

Experiments on electrically stimulated right ven- 
tricular strips. Female Sprague-Dawley rats weighing 
150-250 g were narcotized shortly with ethylether, 
the hearts were quickly removed and the ventricles 
were dissected at room temperature in bathing sol- 
ution containing (in mM): Na* 149.1, K* 5.4, Ca?* 
1.8, Mg** 1.05, Cl” 144.1, HCO; 11.9, H,PO, 
0.42, glucose 10, pH 7.4, continuously gassed with 
95% O, and 5% CQO). Precautions were taken to 
dissect ventricular strips with fibres running in par- 
allel. The strips were less than 1 mm wide, less than 
0.5mm thick, length usually 10mm, weight about 
20 mg. After dissection the preparations were 
attached to platinum stimulating electrodes and 
mounted individually in glass tissue chambers as 
described previously [66]. Developed tension was 
measured isometrically at the apex of the preload 
active tension curve of each preparation (preload 
0.4-0.5g) with an inductive force displacement 
transducer (W. Fleck, Mainz) attached to a Hellige 
Helco Scriptor recorder. The preparations were 
allowed to equilibrate for 60 min in bathing solution 
of the previously described composition at 35°. This 
solution was exchanged about every 20 min. After 
equilibration of contraction was attained, the incu- 
bation medium (50 ml) was quickly exchanged for 
that containing the desired [*H]ouabain concentra- 
tions. Electrical stimulation during equilibration and 
experimental periods was carried out by means of 
rectangular pulses (Grass SD 9 stimulator, frequency 
1Hz, duration S5msec, intensity 10-20% above 
threshold). One ventricular strip was used only for 
one [*H]ouabain concentration. 

Determination of ouabain-sensitive **Rb* -uptake. 
This was performed as described by Yamamoto et 
al. [65] with some modifications: the electrically 
stimulated right ventricular strips were treated 
exactly as described above for the measurement of 
force of contraction under the same conditions. After 
equilibration of the positive inotropic effect at the 
respective ouabain concentrations, tracer amounts 
of *RbCI (1.5 uCi) were added to the incubation 
medium (50 ml). After incubation for 10 min in the 
presence of **Rb*, the ventricular strips were rinsed 
for 15 sec with aqua dest. (4°) and blotted for 3 min 
on filter paper. After weighing the tissue, the amount 
of radioactivity in the tissue was assayed after dis- 
solving the cardiac muscle in 1 m] Soluene-350 (Pack- 
ard Instrument Company, Downers Grove, IIl., 
USA) at 60° for 60 min and addition of 10 ml scin- 
tillation fluid (Unisolve, Packard Instrument Com- 
pany) in a scintillation counter (Packard Tricarb 
2660). **"Rb*-uptake was linear for 60 min at least 
under these conditions. ““Rb* was used as a tracer 
to calculate the amount of (*Rb* + K*)-uptake 
quantitatively. The amount of (*Rb* + K*)-uptake 
without ouabain calculated by this method was 
1160 + 73 nmoles/g wet weight per min (x + SD). 
This value is in good agreement with that of Yama- 
moto et al. [65]. 





Activity and force of contraction in rat heart 


RESULTS 


Ouabain binding to isolated myocardial cell 


membranes 


The experiments were carried out with 
[*H]ouabain and ouabain because of its good solu- 
bility in water. Binding of [*H]ouabain (4 x 10~° M) 
to rat heart cell membranes is shown in Fig. 1. 
[°H]Ouabain bound in the presence of 10~* M unla- 
beled ouabain is referred to as “‘unspecific binding” 
(i.e. radioactivity bound to the glass fiber filters, 
trapped between membrane particles, dissolved in 
the remaining water, etc.). It coincides with the 
radioactivity “bound” to heat denatured membranes 
(i.e. membranes heated for 60min at 60°) and it 
stays constant for the time observed. It is interesting 
to note that [*H]ouabain binding to the isolated cell 
membranes after an initial peak (at about 6 min) 
declines again. The nature of this apparent dissocia- 
tion of [*H]ouabain-receptor complex is not quite 
clear. 

A conformational change of the cell membrane 
protein caused by the incubation and leading to a 
dissociation of the [*H]ouabain from the binding sites 
cannot be ruled out [24]. 

The association rate constant as determined from 
the initial rate of [*H]Jouabain binding [18, 24] (Fig. 
2) was calculated as 4.3 x 10*M™' sec™'. 

In order to measure the rate of the dissociation, 
the membranes were allowed to bind [*H]ouabain 
for 5min, then the [*H]ouabain-membranes were 
isolated by rapid centrifugation at 80,000 g for 30 min 
at 0°. The supernatant containing non-bound 
[*H]ouabain was decanted. Thereafter, the hom- 
ogenized [*H]ouabain-membrane complex was incu- 
bated again in the incubation medium containing 
50 mM imidazole/HCl pH 6.5, 3mM MgCl, 3mM 
imidazole/PO, and this time 10~*M unlabeled oua- 
bain (instead of [*H]ouabain) at 37°. The dissociation 
of the [*H]ouabain-receptor complex thus deter- 
mined in this “chase experiment” (Fig. 2) does not 


Cpm 
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follow first order kinetics as one should expect if: 
OR—>O+R 


where OR is the ouabain-receptor complex, O = 
ouabain, R = receptor (=binding protein) and 
k_, = the dissociation rate constant. 

Instead, two different dissociation rate constants 
were determined by a computerized model based on 
a graphical approximation of the theoretical curve 
for two independent receptors and two independent 
dissociation rate constants [62]: kK_; = 10~* sec™' and 
k'_,=6x 10°-*sec”'. We think that one of the two 
components of dissociation—probably the slow 
one—is caused by the same factor as the dissociation 
in Fig. 1, probably an alteration of the membranes 
during the preparation procedure. In order to 
exclude, however, negative cooperative effects in 
ouabain binding to rat heart membranes, which 
would be another possible explanation, the disso- 
ciation reaction was measured under the condition 
of dilution (“dilution experiment”). The membranes 
were allowed again to bind [*H]ouabain (4 x 10~° M) 
as in the first experiment for 5 min, then the reaction 
mixture was diluted 1:100 by rapid addition of the 
same incubation medium but without any ouabain. 
As also shown in Fig. 2 the two experimental curves 
coincide thus demonstrating identical dissociation 
rates under the two totally different experimental 
conditions. 

The dissociation constant (Kp) calculated from the 
fast dissociation rate constant and the association 
rate constant (k_,/k,, = Kp) is 2.3 x 107’ M. 

In order to measure [*H]ouabain binding to the 
membranes at several concentrations and thereby 
possibly reveal high affinity and low affinity binding 
sites, a concentration-dependent binding experiment 
was performed (Fig. 3). Unspecific [*H]ouabain 
binding was subtracted, time of incubation was 
5min, as this was the time of maximal binding 
capacity. The amount of ouabain bound to the mem- 
branes increases considerably as the concentration 
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Fig. 1. [’H]Ouabain binding to rat heart cell membranes. Cardiac cell membranes (0.72 mg protein, 
(Na* + K*)-ATPase activity 0.14 U/mg protein) were incubated at 37° in 50 mM imidazole/HCl pH 
6.5, 3mM MgCl,, 3 mM imidazole/PO, and 4 x 10°’ M [*H]ouabain. Total vol. 2.0 ml. Radioactivity 
on the glass fiber filters was determined after rapid filtration (see Materials and Methods). @ @ 


no further additions = total ouabain binding to the membranes; O 


O in the presence of 10°* M 


unlabeled ouabain = unspecific ouabain binding to the membranes. Note that the rapid initial 
[’H]ouabain binding to the membranes is followed by a dissociation phase (for explanation see text). 
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Fig. 2. [*H]Ouabain binding to rat heart cell membranes. Determination of association and dissociation 
rates. (A) Association rate: Cardiac cell membranes (0.72 mg protein, (Na* + K~)-ATPase activity 0.14 
U/mg protein) were incubated as in Fig. 1, the binding reaction was interrupted by rapid filtration and 
the radioactivity on the filters was determined (see Materials and Methods). As it can be expected that 
the association reaction follows second order kinetics, if the concentration of ouabain (a) is similar but 
not the same as the receptor concentration (b) [18, 20], the initial amount of ouabain bound (x) may 
be used to determine the association rate constant (k,,). It was calculated as 4.3 x 10* M7! sec™!. 
(B) Dissociation rate: Cardiac cell membranes (as in A) were allowed to bind [° H]ouabain for 5 min, 

then the [*H]ouabain-membranes were isolated by rapid centrifugation at 80, 000 g for 30 min at 0°. The 
supernatant containing non-bound [° H]ouabain was decanted. Thereafter the homogenized [° H]ouabain- 
membrane complex was incubated again in the incubation medium (as in A) but with 10°> M unlabeled 
ouabain (instead of [*HJouabain) at 37°. The unlabeled ouabain displaces the membrane-bound 
[*H]ouabain rapidly (“chase experiment”): O——O. 

In a second experiment (@——®@) the cardiac membranes were allowed to bind [*Hjouabain at 37° 
again as in A. After 5 min the reaction mixture was diluted 1:100 by rapid addition of the same 
incubation medium but in this case without any ouabain (“dilution experiment’ °). Still the PH]ouabain- 
receptor complex dissociates as rapidly as in the “chase experiment” with identical kinetics. Two 
dissociation rate constants are rege by a graphical paper noe} of this experimental curve 

[62], kK, = 10°* sec’ and kK. , = 6 x 10° 
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Fig. 3. [’H]Ouabain binding to isolated rat heart cell membranes. Effect of increasing [*H]ouabain 
concentrations. Cardiac cell membranes (0.3 mg protein, (Na” + K*)-ATPase activity 0.25 U/mg 
protein) were incubated at 37° for 5 min in 50 mM imidazole/HCl, pH 6.5, 3 mM MgCl,, 3 mM 
imidazole/PO,, 4 nM [*H]ouabain and increasing ouabain. concentrations (10°-°-10~* M, as indicated). 
Unspecific ["HJouabain binding (in the presence of 10° M ouabain) was substracted. After rapid 
filtration (Whatman GF/C glass fiber filters) the radioactivity on the filters was determined. (A) This 
plot shows that ouabain binding to the membranes increases steadily up to very high free ouabain 
concentrations. (B) The Scatchard analysis demonstrates at least two components of ouabain binding 
sites. A high affinity/low capacity receptor (Kp. = 1.05 x 10°’ M/10% of binding sites) and a low 
affinity/high capacity receptor (Kp’ = 2.8 x 10°° M/90% of binding sites). The mathematical analysis 
was performed according to Weidemann et al. (62]. 
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Fig. 4. Inhibition of rat heart (Na~ + K*)-ATPase activity 
by ouabain. ®©——@ Cell membranes (0.3 mg protein, 
(Na* + K*)-ATPase activity 0.25 U/mg protein) were 
incubated at 37° in the coupled optical assay mixture [53] 
with the indicated ouabain concentrations. In each experi- 
ment activity was continuously recorded for 20 min. After 
5-8 min there was no further inhibition of ATPase activity, 
this “apparent equilibrium value” was used for calculation. 
O——O Cell membranes (0.64 mg protein, (Na* + K*)- 
ATPase activity 0.25 U/mg protein) were incubated for 8 
min (maximum of [*H]ouabain binding, as determined 
before) at 37° in 50 mM imidazole/HCI pH 6.5, 3 mM 
MgCl,, 3 mM imidazole/PO, and the indicated ouabain 
concentrations. Then 0.5 ml of this incubation medium 
were placed into the coupled optical assay mixture [53] 
containing identical ouabain concentrations. Again ATPase 
activity was recorded continuously for 20 min. It stayed 
constant throughout this time. 
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of the glycoside is raised. An analysis of this drug— 
receptor binding according to Scatchard [52] shows 
ahigh affinity binding site (dissociation constant Kp = 
1.05 x 10-’ M) and a low affinity binding site (Kp’ = 
2.8 x 10°°M). These data were again calculated 
from the plot (Fig. 3) according to the mathematical 
method described by Weidemann et al. [62] based 
on a graphical approximation of the theoretical curve 
for two independent binding sites. The binding 
capacity of the high affinity receptors was calculated 
as about 10 per cent of the total number of receptors. 

According to these [’H]ouabain binding experi- 
ments showing specific and reversible ouabain bind- 
ing following saturation kinetics and one type of 
ouabain receptor with high affinity in the rat heart 
as well as one type of ouabain receptor with low 
affinity, the (Na* + K*)-ATPase inhibition and the 
pharmacological effects of the cardiac glycoside had 
to be measured at different drug concentrations, 
preferably at those concentrations where 
[HJjouabain binding had occurred to the 
membranes. 


Ouabain-caused inhibition of myocardial (Na* + 
K*)-ATPase activity 


The inhibition of (Na* + K*)-ATPase activity 
caused by ouabain is shown in Fig. 4. The experi- 
ments were performed by two different methods: at 
first the membranes were assayed for ATPase activity 
in the coupled optical assay [53], then ouabain was 
added and the enzyme activity was determined con- 
tinuously. Usually after S—8 min the ouabain-caused 
inhibition was greatest. This was thought to reflect 
equilibrium conditions and was therefore taken into 
account. This method gave a 50 per cent inhibition 
of the enzyme activity at 4 x 10°°M. In order to 
eliminate possible artifacts caused by the ATPase— 
assay mixture (containing NH,Cl etc.), we followed 
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Fig. 5. [*H]Ouabain binding to rat heart cell membranes and inhibition of (Na* + K*)-ATPase. Cardiac 
cell membranes (1.25 mg protein, (Na~ + K*)-ATPase activity 0.1 U/mg protein) were incubated at 37° 
in 50 mM imidazole/HCl pH 6.5, 3 mM MgCl, 3 mM imidazole/PO,, 4 x 10°’ M [*H]ouabain and 
eallouske amounts of ouabain (10°? M-10°* M), total volume 2.0 ml. After 5 min (time of peak 

H]ouabain binding to these membranes) 0.5 ml of the incubation mixture were used for determination 
+ ["H]ouabain binding to the membranes (rapid filtration method) and 0.6 ml were used for deter- 
mination of (Na* + K*)-ATPase activity (cou upled optical assay). Unspecific [*H]ouabain binding (in 


the presence of 10° 


M ouabain) was subtracted. 
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Fig. 6. High affinity [*HJouabain binding to rat heart cell membranes and inhibition of (Na* + K*)- 
ATPase. The experiment was performed as in Fig. 5. This time, however, only the high affinity 
[’H]ouabain binding is plotted versus the inhibition of (Na* + K*)-ATPase. 


another experimental procedure: the enzyme was 
incubated in the same medium and at the very same 
conditions as those used for the ouabain binding 
experiments (Figs. 1-3). After 8min some of this 
medium including enzyme protein was quickly ana- 
lyzed for ATPase activity with the coupled optical 
assay containing the same ouabain concentration as 
the incubation mixture. Again ouabain-caused 50 
per cent inhibition of enzyme activity was measured 
at 4 x 10°° M as both experimental results coincided 
in spite of the different experimental conditions. 

In order to compare binding and inhibition directly 
under identical conditions, we incubated the enzyme 
in another experiment with radioactively labeled 
ouabain (concentration range 4 x 10-°-10~*M) in 
50 mM imidazole/HCI pH 6.5, 3mM MgCl, 3mM 
imidazole/PO, at 37° for 5 min, total vol. 2 ml. 0.5 ml 
of this medium then was used to measure *H activity 
and 0.5 ml was used to determined the (Na* + K*)- 
ATPase activity in the coupled optical assay. Thus, 
there were truly identical conditions for ouabain 
binding and inhibition of (Na* + K*)-ATPase 
activity of the membranes. Again, however, we 
found a distinct dissociation between both par- 
ameters (Fig. 5). Apparently ouabain being bound 
to the membranes does not inhibit (Na* + K*)- 
ATPase activity to the same extent. If only the high 
affinity binding of ouabain is plotted (Fig. 6) instead 
of total concentration-dependent ouabain binding, 
the two curves dissociate even further. 


Effect of ouabain on force of contraction of electri- 
cally stimulated rat heart ventricular strips 


The time courses of the positive inotropic effect 
of ouabain are shown in Fig. 7. 

In the absence of ouabain, force of contraction 
decreased by about 20 per cent within 60 min. Oua- 
bain increased the force of contraction in a concen- 
tration-dependent manner. Threshold and maxi- 
mally effective concentrations were 10°’ and 3 x 
10° M, respectively. Higher concentration of oua- 
bain led to arrhythmias and/or contractures as a sign 


of toxicity. It is also apparent from Fig. 7 that the 
positive inotropic effect of ouabain developed the 
faster the higher the concentration of the drug. After 
peaking, the positive inotropic effect declined 
slightly in all cases. 

The concentration—response curve for the positive 
inotropic effect of ouabain is shown in Fig. 8. The 
half-maximal increase in force of contraction under 
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Fig. 7. Timecourse of ouabain effect on force of contraction 
in electrically stimulated rat ventricular strips. Ventricular 
strips incubated for 60 min with the indicated ouabain 
concentrations were electrically stimulated at 1 Hz. Force 
of contraction was continuously recorded. Each time- 
response curve is the mean + S.E.M. of 5-8 experiments. 
Muscles showing arrhythmias or contractures were dis- 
carded. Predrug values before addition of ouabain: 23.3 
+ 1.8 g/g wet weight (n = 52). 
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Fig. 8. Concentration—-response curve for the positive 
inotropic effect of ouabain in rat heart ventricular strips. 
Maximal inotropic effects at each ouabain concentration 
(same experiments as in Fig. 7) are plotted versus the 
ouabain conentrations used. The increase in force of con- 
traction after 3 min at 3 x 10~° M ouabain is arbitrarily set 
as 100 per cent, because further increases in ouabain con- 
centration invariably led to arrhythmia and contracture. 
Half-maximal positive inotropic effect occurred at 3 x 
107’ M ouabain. 


the conditions tested occurred at an ouabain con- 
centration of 3 x 10°-’M. Thus, this concentration 
agrees well with that of half-maximal binding 
(1.05 x 10-’M or 2.3 x 10°’M), if one takes the 
high affinity binding site (Fig. 3). It does not, how- 
ever, agree with 50% (Na* + K*)-ATPase inhibition 
(4 x 10-°M). 


[°H]Ouabain binding to electrically-stimulated ven- 
tricular strips 


Although previous experiments [24] have shown 
that ouabain binding to isolated cell membranes 
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follows the same kinetics as ouabain binding to intact 
contracting skeletal muscle (musculus soleus) of the 
rat [9, 10], there always remains some doubt about 
the validity of results obtained from a cell membrane 
preparation. Therefore, we measured [*H]ouabain 
binding to the intact ventricular strips during the 
above-described measurements of the positive ino- 
tropic effects of ouabain (Fig. 9). The incubation 
period was interrupted when maximal force of con- 
traction at the different [*H]ouabain concentrations 
was reached as can be seen from Fig. 7. The amount 
of [*H]ouabain bound to the myocardial tissue was 
then measured. When the data are plotted as in Fig. 
3, it becomes obvious that ouabain binding follows 
saturation kinetics (Fig. 9). The Scatchard plot analy- 
sis shows that there is only one type of specific 
ouabain binding receptor with a dissociation constant 
of 3 x 10°’M. This result and that of Fig. 8 clearly 
demonstrates that half-maximal ouabain binding and 
half-maximal positive inotropic effect occur at an 
identical ouabain concentration. From this plot the 
number of ouabain receptors apparently coupled to 
the positive inotropic effect can easily be determined 
as 0.66 x 10'*/g wet wt or as about 660 receptors/um? 
cell surface, if the cell surface is assumed as 
1000 cm’/g wet wt [64]. From these data we may 
assume that the low affinity/high capacity binding 
sites for ouabain as determined in the cell membrane 
experiments (Fig. 3, Kp = 2.8 x 10°°M) probably 
are artifacts or binding sites unrelated to the meas- 
ured positive inotropic effect. They do not appear 
to exist in the contracting intact muscle strips. 


Influence of ouabain on the *Rb* -uptake of the elec- 
trically stimulated, contracting ventricular strips 


Figure 10 shows that ouabain does inhibit the 
**Rb*-uptake in contracting cardiac tissue in a con- 
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Fig. 9. [*H]Ouabain binding to contracting rat heart ventricular strips. Ventricular strips (approximately 
20 mg wet weight, details see Materials and Methods) were incubated at 37° in Tyrode solution containing 
["HJouabain (4 x 10°? M, 2.5 x 10°° M, 1 x 10°’ M, 2.5 x 10°7M, 5 X 10°7M, 1 x 10°° M, 2.5 x 
10° M, 1.5 x 10°* M = unspecific binding value) and electrically stimulated (1 Hz). Incubation volume 
50 ml. Incubation time was interrupted at the time of peak inotropic effect (10-20 min; see Fig. 7), and 
the ventricular stri;s were blotted and assayed for radioactivity. Each experimental point is the mean 
of 4 experiments. Radioactivity was calculated per mg of wet tissue weight in 50 ml. (A) The amount 
of [*HJouabain bound to the muscles is plotted versus [*H]ouabain free (in the incubation medium). 
(B) The same data as in A plotted according to Scatchard [52] clearly demonstrate only one type of 
binding sites for ouabain with saturation. Dissociation constant (Kp) of the [*H]ouabain-receptor 
complex is 3 x 10°’ M. The number of specific receptors per g wet weight was estimated as 
0.66 x 10”. 
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Fig. 10. Effect of ouabain on (*Rb* + K*)-uptake of 
electrically stimulated contracting rat heart ventricular 
strips. Ventricular strips were incubated under identical 
conditions as in Fig. 7 and Fig. 9. Force of contraction was 
continuously recorded after addition of the indicated con- 
centrations of ouabain. At the time of peak inotropic effect 
(10°’-10°* M) or after 5 min (10°*-10"? M ouabain) 1.5 
uCi “RbCl (about 3 x 10° cpm) were added to the incu- 
bation medium. After 10 min of incubation in the presence 
- of “Rb*, incubation was interrupted and the strips were 
blotted, weighed and assayed for radioactivity. 
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centration-dependent manner with a half-maximal 
effect at about 3 x 10°°M. This value is in good 
correlation with the half-maximal inhibition of 
(Na* + K*)-ATPase activity of rat heart cell mem- 
branes (4 x 10-°M) (Fig. 4). 


DISCUSSION 


The present investigation was designed to possibly 
answer the following questions: 

(1) Are the cell membrane-bound ouabain receptors 
(high and/or low affinity receptors) coupled to 
the positive inotropic effects of the drug? 

(2) Does inhibition of (Na* + K*)-ATPase coincide 
with ouabain binding and is it necessary for the 
positive inotropic effect of ouabain? 

(3) What are the possible reasons for the insensitivity 
of rat heart to cardiac glycosides? 

We thought that a quantitative and qualitative evalu- 

ation of [*H]ouabain binding to isolated cardiac cell 

membranes and to intact contracting myocardial tis- 
sue as well as that of ouabain-caused inhibition of 

(Na* + K*)-ATPase activity, of “Rb*-uptake and 

of ouabain-induced positive inotropic effect in heart 

muscle might reveal some of the answers. 


Are the cell membrane-bound ouabain receptors cou- 
pled to the positive inotropic effects of the drug? 


Measuring the exact amount of [*H]ouabain bind- 
ing sites in rat heart (isolated heart, isolated mem- 
brane preparations) has been described as extremely 
difficult, mainly because of a large amount of unspe- 
cific binding [1, 4, 25]. Quantitative data have, how- 
ever, been obtained on ouabain binding sites in other 
species [2, 18,61]. Most authors found a close cor- 
relation between [*H]ouabain binding and positive 


inotropic effects (for review see [33, 44, 54]). Our 
present experimental data also agree well with these 
findings. 

Ouabain binding to the cell membrane preparation 
from rat heart shows, in contrast to human heart or 
calf heart, two different types of binding sites, a high 
affinity/low capacity binding site with an apparent 
dissociation constant (Kp)=1.0510°’M and 
about 10 per cent of total [*H]ouabain binding, and 
furthermore a low affinity/high capacity binding 
site Kp'’=2.8x10°M, 90 per cent of total 
[’H]ouabain binding. From these data it cannot be 
decided whether the low affinity binding site is an 
artifact [24], a second receptor [58] or an expression 
of negatively cooperating receptors [13, 37, 39, 40]. 
Several other possibilities being discussed recently 
(mobile receptors, conformational changes of the 
membranes, aggregation—disaggregation of protein) 
[5, 6, 35, 38, 49] may, we think, be excluded, as 
specific [‘H]ouabain binding to intact contracting 
ventricular tissue exhibits only one type of receptors, 
Kp =3 x 10°’M. Half-maximal positive inotropic 
effect of ouabain was found under identical condi- 
tions at the same ouabain concentration (3 x 107’ 
M). Thus, we would like to answer the first question 
by stating that the high affinity/low capacity ouabain 
binding site in the cell membrane preparation is the 
same as that one in the contracting intact myocardial 
tissue. Within experimental error their Kp-values 
(a reciprocal measure of the receptor affinity for the 
drug) agree. The rather slight difference (1.05 x 
10-’M versus 3 x 10-’M) can be explained by the 
different incubation media (e.g. without and with 
potassium!). Kp as determined from the initial 
association and dissociation rate constants in the cell 
membrane preparation was 2.3 x 10°’M and thus 
agrees very well with half-maximal positive inotropic 
effect. In accordance with these results, Sharma and 
Banerjee [56] have reported a Kp-value of 3.2 x 
10~’ M for the [*H]ouabain-receptor complex of rat 
cardiac cell membranes. 

Recently, it has been reported that brain 
(Na* + K*)-ATPase (but not that of other organs) 
exists in two different molecular forms exhibiting 
non-linear ouabain binding kinetics. In cardiac cell 
membranes, however, only one type of this enzyme 
was found [57]. However, it might have been possible 
that, due to the experimental procedure, a low 
affinity ouabain binding site was not detected in the 
contracting intact cardiac tissue. Thus, it cannot be 
completely ruled out that a low affinity ouabain 
binding site exists in rat heart. It is, however, not 
related to positive inotropy. 

(*H]Ouabain binding to its receptor causes an 
increase in contractile force of the same extent when 
measured at identical conditions. We did not find an 
“unspecific binding site” or so called negatively 
cooperative effects in the contracting ventricular 
strips. The similarity between the dissociation reac- 
tion of the [*H]ouabain-receptor complex in the 
“dilution experiment” and in the “chase experiment” 
(Fig. 2) also excludes negative cooperativity [40]. 
Therefore, we would like to suggest that the meas- 
ured low affinity/high capacity binding site (Kp’ = 
2.8 x 10°°M) in the membrane preparation is an 
artifact, or sites unrelated to positive inotropy [24]. 





Activity and force of contraction in rat heart 


Critically, however, we would like to note that the 
concentration-dependent [*H]ouabain binding 
experiments (Fig. 3, Fig. 9) ought to be equilibrium 
binding experiments. It is impossible, however, to 
determine equilibrium, as Fig. 1 demonstrates 
clearly. Therefore, we have always taken “maximal” 
[*H]Jouabain binding or “maximal” ouabain effects 
and the time thereof as “apparent equilibrium”. The 
similar initial peak in the increase of contractile force 
followed by a distinct decrease has been also found 
by Fricke et al. [25]. They did not give an explanation 
for this phenomenon; we do not want to speculate 
either. 


Does inhibition of (Na* + K*)-ATPase activity 
coincide with ouabain binding and is it necessary 
for the positive inotropic effect of ouabain? 


This question has been considered for some time, 
and we would therefore like to consider some con- 
troversial points. If investigators find a close corre- 
lation between (Na* + K*)-ATPase inhibition and 
positive inotropic effect, it does not necessarily mean 
that (Na* + K*)-ATPase inhibition in fact causes 
increased contractile force. Even one example of a 
true dissociation between both parameters would 
make this hypothesis [29, 33, 44,54] very dubious. 
It is, however, certainly not enough to apply cardiac 
glycosides, measure increased contractile force, then 
isolate the (Na* + K*)-ATPase-containing cell 
membranes and assay enzyme activity—because dur- 
ing the usually long course of (Na* + K*)-ATPase 
preparation (homogenization, centrifugation pro- 
cedure, extraction of cations, etc.) the formerly 
bound cardiac glycosides may have dissociated 
totally or partly. Even in crude homogenates of 
cardiac muscle formerly exposed to cardiac glyco- 
sides, the exact assessment of specific [*H]ouabain 
binding is almost impossible. After homogenizing 
the tissue, the ouabain receptor may have different 
properties, be exposed to a different environment 
(pH, cation concentration, etc.) and may thus change 
its affinity or binding capacity for the cardiac gly- 
coside. Recently, Huang et al. [33] have nevertheless 
analyzed the inhibition of (Na* + K*)-ATPase in the 
dog and rabbit drug-exposed heart. They have seen 
a “sustained positive inotropic effect of ouabain 

. . under conditions in which no inhibition of the 
enzyme is detectable”. Although very sensitive new 
methods for assaying (Na* + K*)-ATPase had been 
developed, the homogenization of cardiac tissue in 
the presence of 1M KCI, Tris/HCl and Tris/EDTA 
may have caused a dissociation of the ouabain— 
enzyme complex. We therefore have assayed 
ATPase activity in those membranes that had bound 
[H]Jouabain. Although we did measure the 
[*H]ouabain-enzyme complex at a [*H]ouabain con- 
centration of 10°’M for instance, there was no 
detectable (Na* + K*)-ATPase inhibition (Fig. 5). 
At higher glycoside concentrations there was always 
a greater extent of [*H]ouabain bound than enzyme 
activity inhibited. This was probably not due to an 
artifact or an experimental error, since in previous 
experiments with isolated cell membranes from 
human cardiac tissue and ox brain, as well as from 
ox heart, we did find [*H]ouabain binding and 
(Na* + K*)-ATPase inhibition coinciding at the 
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same concentrations when analyzed under identical 
conditions [19,23]. Recent investigations (unpub- 
lished) show that in frog heart cell membrane prep- 
arations (rana esculenta) a dissociation between 
[*H]ouabain binding and (Na* + K*)-ATPase inhi- 
bition is found as well. Half-maximal [*H]ouabain 
binding was measured at 3.5 x 10~° M and half-max- 
imal inhibition of the enzyme activity at 5 x 10°°M 
(both assayed under identical conditions). 

The ICs-values agree with those of other inves- 
tigators [7,51] as well as the [*H]ouabain binding 
data [56] although assayed in a different manner. 
Thus, we must conclude that ouabain binding to the 
membranes at least in rat heart does not necessarily 
cause (Na* + K*)-ATPase inhibition and apparently 
inhibition of that enzyme is also not a mandatory 
prerequisite for the positive inotropic effect of oua- 
bain. In order to further substantiate these conclu- 
sions we determined (Na* + K*)-ATPase activity in 
intact cardiac tissue by assaying “*Rb*-uptake in con- 
tracting ventricular strips. In these experiments the 
ICs) for ouabain was measured as 3 x 107° M. This 
value does not agree with the half-maximally effec- 
tive ouabain concentration for positive inotropy 
(3x 10°’M) but rather with the ICs for the 
(Na* + K*)-ATPase (4 x 10°°M). Thus, it seems 
quite unlikely that the discrepancy between the 
effective ouabain concentration for enzyme inhibi- 
tion and positive inotropy is confined to the broken 
cell membrane preparation. 

There are several groups reporting a dissociation 
between (Na* + K*)-ATPase inhibition and positive 
inotropic effects [45-48,59]. These investigators 
{except Peters et al. [48]), however, have found 
ATPase still inhibited while there was no longer any 
positive inotropic effect (after a wash-out procedure 
of cardiac glycosides). Our results rather point into 
the opposite direction: positive inotropy but no 
ATPase inhibition. Recently, there has been some, 
mainly electrophysiological, evidence that active 
cation transport of the cell membrane is activated 
by low doses of cardiac glycosides rather than 
inhibited [11]. Similar biochemical evidence showing 
a distinct stimulation of (Na* + K*)-ATPase has 
been reported [27, 28, 30, 48] (for review see [54]). 
We did not, however, find an activation of 
(Na* + K*)-ATPase, either in our membrane prep- 
aration or in the *“Rb*-uptake (Fig. 4). Most other 
investigators were unable to demonstrate an acti- 
vation of (Na* + K*)-ATPase activity by low con- 
centrations of cardiac glycosides either (for review 
see [61]). The electrophysiological evidence for such 
an activation of active cation transport in the pres- 
ence of low concentrations of cardiac glycosides has 
been derived from conducting tissue preparations 
and their interpretation is complex. Other experi- 
ments of this kind in cardiac working muscle have 
rather rendered evidence for an inhibition of active 
cation transport by concentrations of cardiac gly- 
cosides having positive inotropic effects [12]. 

The half-maximal inhibition of (Na‘ + K*)- 
ATPase activity by ouabain was measured at an 
ouabain concentration of 4x 10°°M. This value 
agrees with that found by Dransfeld er al. [15] 
(5 x 10°5M) and by Repke et al. [51] (5.9 x 10° 
M), whereas Inturrisi and Papaconstantinou [34] 





3228 


measured the ICs) as 6.8 x 10°*M. As our experi- 
mental data concerning the ouabain-caused inhibi- 
tion of this enzyme agree very well with that of other 
investigators, we must conclude that there is a serious 
discrepancy between half-maximal ouabain binding 
to the receptor for cardiac glycosides (3 x 10°’M), 
between half-maximal positive inotropic effect 
(3 x 10°’M) and half-maximal (Na* + K*)-ATPase 
inhibition (4 x 107° M) and half-maximal inhibition 
of *Rb*-uptake (3 x 10~° M) in rat heart. In a recent 
paper, Sharma and Banerjee [56] report in close 
agreement with our data a dissociation constant (Kp) 
for specific [*H]ouabain binding to a rat heart micro- 
somal preparation of 3.2 x 10°’M and an even 
higher IC.) for (Na* + K*)-ATPase inhibition of 1.2- 
1.4x10*M. Thus, the discrepancy between 
[*H]ouabain binding and (Na* + K*)-ATPase inhi- 
bition in rat heart cell membranes appears to be a 
fact. 

We therefore think that our data rather rule out 
a causal relationship between (Na* + K*)-ATPase 
inhibition and increase of force of contraction in rat 
heart, as this enzyme is not inhibited at low concen- 
trations of ouabain producing positive inotropy. 


What are the possible reasons for the insensitivity of 
rat heart to cardiac glycosides? 

In man, distinct positive inotropic effects are meas- 
ured in nanomolar serum concentrations of ouabain 
[31], and half-maximal ouabain receptor binding 
occurs at 2.5 x 10°’M [20]. These values show that 
the rat heart is about 100 times less sensitive to 
ouabain than hearts from, for example, humans, 
dogs and cats [14]. However, cardiac glycosides 
apparently have a higher affinity to nervous tissue 
in the rat [14]. 

(Na* + K*)-ATPase preparations from rat brain 
are inhibited at lower glycoside concentrations 
"(5 x 10°’M, [1]) than that from rat heart (4 x 10° 
M). In as yet unpublished ouabain binding experi- 
ments we have also found that rat brain membranes 
contain a cardiac glycoside receptor which is different 
from that found in rat heart (Kp of the ouabain- 
receptor complex, 10~° M). 

In human heart the cardiac glycoside receptor 
density was determined as about 1000 receptors/um? 
[16] versus about 660/um? in rat heart. These values 
agree very well with those determined by McCall 
[43] for cultured rat heart cells: 720/um?* and 760/um? 
in cat ventricle [44]. As these numbers of cardiac 
glycoside receptors are really quite similar, the 
slightly smaller amount in the rat heart is probably 
not a reason for the low sensitivity to cardiac 
glycosides. 

Tobin et al. [60] and Akera et al. (2) have suggested 
that the known species differences in cardiac gly- 
coside sensitivity may be caused by a rapid dissocia- 
tion of the drug from its receptor. In fact, the dis- 
sociation rate constants at 37° are quite different: 
human k_,=3%x10-*sec™! [22], rat k.,=10-? 
sec’', while the association rate constants measured 
under identical conditions are rather similar: human 
k,, = 1.2 x 10° M™ sec”! [22], rat k,, = 4.3 x 10¢ 
m™' sec™'. The dissociation rate constants of other 
species fall in between [2, 17, 18, 60]. This does not 
give a comprehensive explanation, though, because 
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a faster dissociation rate in the presence of an 
unchanged association rate naturally results in a 
raised dissociation constant (Kp) or decreased affin- 
ity of the receptor for the drug (Kp = k-_,/k,,). 

Our results, in accordance with previous work on 
other species [8, 26, 36, 44], clearly show that specific 
ouabain binding to contracting ventricular strips 
agrees with the ouabain effect on force of contraction 
measured under identical experimental conditions. 
The affinity of the receptor for cardiac glycosides in 
the rat heart is, however, very low—this apparently 
explains the low sensitivity of the rat heart to cardiac 
glycosides. This explanation agrees with recent 
experiments by Akera et al. [3] based on (Na* + K*)- 
ATPase determinations and measurements of force 
of contraction in the presence of several drugs 
besides ouabain. 
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Abstract—The structural features which determine the ability of ellipticine (5,11-dimethyl-6-H-pyrido[4- 
3b]carbazole) and its derivatives to interact with cytochrome P-450 and to inhibit rat liver microsomal 
benzo(a)pyrene hydroxylase as well as to inhibit the mutagenicity of 3-methylcholanthrene have been 
studied. Spectral interactions studies were carried out with either Aroclor 1254-, 3-methylcholanthrene- 
or phenobarbital-induced microsomes. Inhibitory activities towards benzo(a)pyrene hydroxylase and 
3-methylcholanthrene mutagenicity (Ames test), were determined using Aroclor 1254-induced micro- 
somes. It appears that every ellipticine derivative having significant inhibitory effects on hydroxylation 
of benzo(a)pyrene or mutagenicity of 3-methylcholanthrene also exhibits a very good affinity for 
microsomal cytochromes P-450. The accessibility of the pyridinic nitrogen of ellipticine derivatives 
appears as the most important factor for their binding to cytochromes P-450 and the presence of methyl 
groups in 5 and 11 positions of ellipticine derivatives is an essential condition for the expression of the 
inhibitory power. Various substitutions in the A ring of ellipticine appear to be of secondary importance. 
On the other hand the location of the pyridinic ring and consequently the arrangement of the molecule 
within the hydrophobic pocket of cytochrome P-450 seems also to play an important role in the inhibitory 
power since isoellipticines are devoid of such properties. These results should help in the design of 


particularly efficient inhibitors of drug and carcinogen metabolism. 


The ellipticines form a class of very powerful inhibi- 
tors of the microsomal cytochrome P-450 mono- 
oxygenase catalyzed oxidative metabolism of a wide 
variety of drugs and carcinogens [1]. Ellipticine and 
its 9-hydroxy and 9-fluoro derivatives have been 
shown to exert a large or even complete decrease 
of the mutagenicity of a great number of compounds 
in Salmonella [2]. In vivo, 9-hydroxyellipticine is a 
remarkably active inhibitor of skin carcinogenesis 
induced by 7,12-dimethylbenz(a)antracene in mice 
[3]. The very interesting properties of these com- 
pounds appear to be closely linked to their high 
affinity for microsomal cytochromes P-450. They 
bind, by their pyridinic nitrogen atom, to the oxi- 
dized or reduced iron of cytochrome P-450 producing 
type II difference spectra, the apparent spectral dis- 
sociation constants, K,, lying around 10~° and 10~° 
M, respectively [4]. This paper is concerned with the 
identification of the structural features which deter- 
mine the ability of ellipticine derivatives to interact 
with cytochrome P-450 and to inhibit the microsomal 
benzo(a)pyrene hydroxylase activity as well as to 
inhibit the mutagenicity of 3-methylcholanthrene. 





{ Abbreviations—E, ellipticine; 9-FE, 9-fluoroeliipti- 
cine; 9-OHE, 9-hydroxyellipticine; 7-OHE, 7-hydroxyel- 
lipticine; 7,9-(Ci,)E, 7,9-dichloroellipticine; t.l.c., thin 
layer chromatography; n.m.r. spectroscopy, nuclear mag- 
netic resonance spectroscopy; TMS, buffer pH 7.5 con- 
taining 50 mM Tris-HCl, 3 mM MgCl, and 200 mM sucrose; 
DMF, dimethylformamide; 3-MC, 3-methylcholanthrene; 
PB, phenobarbital; BP, benzo(a)pyrene. 


We have studied the relative importance of (a) sub- 
stitution in A ring, (b) the presence of methyl or 
other groups within C and D rings and (c) the location 
of the pyridinic ring in ellipticine and isomers. 


MATERIALS AND METHODS 


Chemicals. The ellipticines studied in this work 
are shown in Table 1. E{ (I) was prepared according 
to the method of Dalton [5]. This method was used 
to synthesize 9-FE (III) from 5 fluoro-indole. 9-OHE 
(II) was a gift of Sanofi, Sisteron, France. 7-OHE 
(IV) was prepared in our laboratory from methoxy- 
indole, according to a method previously described 
[6]. The same method was used to synthesize 7,9- 
(C1).E (V) from dichloroaniline. 9-OH-2-CH; ellip- 
ticinium acetate (VI) was a generous gift of Dr. N. 
Dat Xuong. Azaellipticines (X and XI) were a gift 
of Dr. E. Bisagni. Isoellipticines (XII-XV) were 
prepared in the laboratory of Prof. B. P. Roques 
from methoxy-indole carboxylic acid according to a 
method previously described [7]. 9-OH olivacine 
(IX) was kindly supplied by Dr. H. P. Husson. 11- 
desmethyl-9-OHE (VII) was a generous gift of Dr. 
C. Gansser and 5,11-desmethyl E (VIII) was kindly 
supplied by Dr. J. B. Le Pecq. The purity of these 
compounds was checked by t.l.c and n.m.r. spec- 
troscopy and found to be better than 95 per cent. 
pK, values were determined from the changes of 
light absorption spectra using acetate and cacodylate 
buffers of various pH values: these data have been 
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Table 1. Structure of ellipticine and derivatives 





GENERAL STRUCTURES: 


Ellipticines 


Compounds 


Azaellipticines 


Isoellipticines 


R; 3 Rs Ry 





Ellipticines 
i £ 
If 9-hydroxy E 
III 9-fluoro E 
IV 7-hydroxy E 
VV 7,9-dichloro E 
VI 2-methyl-9- 
hydroxy- 
ellipticinium 
VII 11-desmethyl- 
9-hydroxy E 
VIII 5,11-desmethyl 
E 
IX 9-hydroxy 
olivacine 
Azaellipticines 
a H 
XI b 
Isoellipticines 
XII a =N, 
XIII b = 
XIVc = 


H. CH; 
OH CH; 
r ac. 
HCH; 
Cl 


NH-(CH;)3-N(C)Hs), 








kindly provided by J. B. Le Pecq. Aroclor 1254 was 
generously supplied by Monsanto Co. St. Louis, 
MO. 3-Hydroxybenzo(a)pyrene was obtained from 
the National Cancer Institute Chemical Repository, 
National Institutes of Health (Bethesda, MD) 
through Dr. D. G. Longfellow, Program Manager; 
all other chemicals were’purchased from commercial 
sources. 

Preparation of microsomes. Male Sprague—Daw- 
ley rats weighing about 150 g were used. When the 
animals were treated they received i.p. either 
80 mg/kg phenobarbital (one dose/day for 3 days) or 
20 mg/kg 3-methylcholanthrene dissolved in olive oil 
(one dose/day for 2 days), or 500 mg/kg Aroclor 1254 
(one dose, the animal being killed 5 days after treat- 
ment). Livers were removed and the microsomes 
prepared according to a previously described pro- 
cedure [8]. The microsomal cytochrome P-450 con- 
tent was determined according to Omura and Sato 
[9]. Protein was measured by the method of Lowry 
[10] using bovine serum albumin as a standard. 

Benzo(a)pyrene hydroxylase. The hydroxylation 
of benzo(a)pyrene (BP) was measured according to 
the method of Nebert and Gelboin [11]. The incu- 
bation mixture contained in 1 ml 50mM Tris-HCl, 
3 mM MgCl, 200 mM sucrose (TMS), pH 7.5, 1 mg 
NADPH, 0.025 mg BP (dissolved in 5 yl acetone) 
and liver microsomes (0.5 mg protein/ml) from 
Aroclor 1254-pretreated rats. Ellipticine and deriva- 


tives were added in DMF solution (10 ul). The same 
amount of DMF was added to controls. The mixture 
was incubated for 10min at 37° and the reaction 
stopped by addition of 4 ml of 25% acetone in hex- 
ane. The subsequent operations were carried out as 
described [11]. 

Binding studies. Difference spectra were recorded 
as previously described [4] on a Beckman Acta C- 
III spectrophotometer using 10mm cuvettes con- 
taining 3ml of a microsomal suspension in TMS 
buffer. Suspensions of rat liver microsomes contain- 
ing 0.5—1 mg protein/ml (1.2-2.2 nmoles cytochrome 
P-450/ml) were employed. Ellipticine and derivatives 
were added (1 mM in DMF solution) in volumes of 
1-40 ul. Spectral dissociation constants (K,) which 
measure the strength of the binding of the ellipticines 
to the cytochromes of liver microsomes were deter- 
mined from the abscissa intercepts of double recipro- 
cal plots of A O.D. 428-490 nm (oxidized P-450) or 
A O.D. 445-490 nm (reduced P-450) vs ellipticine 
concentration [4]. 

Mutagenesis assays. Mutagenicity was measured 
essentially as described by Ames [12] on Salmonella 
strain TA 100. The concentration of 3-MC was 10 ug 
per plate. Controls were run as described previously 
[2] and care has been taken to ensure that toxic 
concentrations of ellipticine or its derivatives, as 
witnessed by the absence of thinning of the back- 
ground lawn of auxotrophic bacteria, were not used. 
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Table 2. Effect of substitution within “A” ring of ellipticine on the binding properties with cytochromes P-450 and the 
inhibition of benzo(a)pyrene hydroxylase and 3-methylcholanthrene-induced mutagenesis 





Apparent spectral 
dissociation 
constant* K,(uM) Inhibition of 
Inhibition of 3-MC (10yg/plate) 
Microsomes BP hydroxylase mutagenesis 
Compounds Cyt P-450 Aroclor 3-MC IDsp (uM)+ IDso (ug/plate)+ 








Oxidized 


N~ Reduced 
H 
Ellipticine 
HO 
cy Oxidized 
N~ Reduced 
H 


9-OH Ellipticine 
F 


Oxidized 
/ 


— Reduced 
H edauce 


9-F Ellipticine 


Or Oxidized 
a 
OH : Reduced 


7-OH Ellipticine 


Cl 
or Oxidized 
N~ Reduced 
Cl H 


7,9-(Cl)> Ellipticine 


Oxidized 


Reduced 


9-Azaellipticine(a) 





All values are the average of three independent experiments (< 10% variation). 

. * The conditions were as described in Materials and Methods. When the values are lacking with reduced microsomes 
the reason is due to either the absence or the hard interpretation of the spectra. 

T Iso (ellipticine concentration giving 50 per cent inhibition of BP hydroxylation) was determined from inhibition curves 
obtained with six inhibitor concentrations ranging from 5 x 10~’M to 10° *M. Ellipticines were added in DMF solution 
(10 ul). Addition of equivalent amount of pure DMF to control does not modify the BP hydroxylation. The results are 
independent of order of addition of the compounds. The absolute value of benzo(a)pyrene hydroxylase activity (100%) 
with Aroclor 1254-induced microsomes (1.8 nmoles cytochrome P-450 per mg protein) was 1.9 + 0.2 nmoles 3-OH 
benzo(a)pyrene/min/mg of protein. 

¢ Concentration (ug per plate) giving 50 per cent inhibition of number of revertants per plate. Is9 values were 
determined from inhibition curves obtained with 3-7 inhibitor concentrations. The absolute value of 3-MC mutagenicity 
(100%) with Aroclor 1254-induced microsomes was 2000 + 200 revertants (TA 100 strain) per plate. 
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Table 3. Effects of suppression of methyl group in “C” ring and substitution in “D” ring on the binding properties with 
cytochrome P-450 and the inhibition of benzo(a)pyrene hydroxylase and 3-methylcholanthrene-induced mutagenesis 





Apparent spectral dissociation Inhibition of 3-MC 
constant* K, (uM) (10 ug/plate) 
Inhibition of BP mutagenesis 
Microsomes hydroxylase Iso (ug/plate)+ 
Compounds Cyt P-450 Aroclor 3-MC Iso (uM)* or % 








HO 
Oxidized 0.50 


Reduced 1.00 
CH, 
9-Hydroxyellipticine 


Oxidized ; S, 27% at 10 ug/plate 


Reduced 


Oxidized 5 , no inhibition 
at 10 ug/plate 
Reduced 


no spectral inter- no inhibition 
Oxidized action at 13 uM : at 5 ug/plate 


9-Hydroxy olivacine 


GR; 
NH—(CH;),—N 
C3H; 


no spectral inter- no inhibition 
Oxidized action at 13 uM at 500 uM 


no spectral inter- no inhibition no inhibition 
. Oxidized action at 13 uM at 500 uM at 3 ug/plate 


CH, 
2-Methyl-9-OH ellipticinium 
(acetate) 





All values are the average of three independent experiments (< 10% variation). 

* The conditions were as described in Materials and Methods and in Table 2. 

+ Iso (ellipticine concentration giving 50 per cent inhibition of BP hydroxylase) was determined from inhibition curves 
obtained with six inhibitor concentrations ranging from 5 x 107 ’M to 5 x 10°-*M. Others conditions were as described 
in Table 2. 

¢ Concentration (ug per plate) giving 50 per cent inhibition of number of revertants per plate. Is97 values were 


determined from inhibition curves obtained with 3—7 inhibitor concentrations. Other conditions were as described in 
Table 2. 
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Table 4. Importance of the location of the pyridinic ring in the binding properties with cytochrome P-450 and the 
inhibition of benzo(a)pyrene hydroxylase and 3-methylcholanthrene-induced mutagenesis 





Apparent spectral Inhibition of 3-MC 
dissociation constant (10 ug/plate) 
with oxidized Inhibition of BP mutagenesis 
microsomes* K, (uM) hydroxylase Iso (ug/plate)+ 
Compounds PB 3-MC Iso (UM)t or % 





Ellipticine 


nN \ 


none 
.-} y no interaction (activation) 
N 
H 


Isoellipticine a 


N 
a: 
no inhibition 
] \ ; at 5 ug/plate 
N 
H 


Isoellipticine b 


N 
LY \ 
35% inhibition 
/ \ : ! at 5 ug/plate 
N 
H 


Isoellipticine c 


YX 
N 
7% inhibition 
] \ no interaction at 5 ug/plate 
N 
H 


Isoellipticine d 





All values are the average of three independent experiments (< 10% variation). 

* The conditions were as described in Materials and Methods and in Table 2. 

+ Iso (ellipticine concentration giving 50 per cent inhibition of BP hydroxylase) was determined from inhibition curves 
obtained with six inhibitor concentrations ranging from 5 x 10~’M to 5 x 10~*M. Others conditions were as described 
in Table 2. 

¢ Concentration (ug per plate) giving 50 per cent inhibition of number of revertants per plate. Is9 values were 
determined from inhibition curves obtained with 3-7 inhibitor concentrations. Other conditions were as described in 
Table 2. 

RESULTS lished for the 15 ellipticine derivatives described in 
Table 1. The results are summarized in the three 

A comparison between the binding properties to _ following tables. 
cytochromes P-450 and the inhibitory effects on Table 2 summarizes the effects of substitution 
benzo(a)pyrene hydroxylase as well as the inhibition within the A ring. The introduction of an hydroxy 
of mutagenesis induced by 3-MC has been estab- (II) or fluoro (III) group in position 9 of ellipticine 


BP 29:12 3 
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(I) does not significantly modify the apparent spectral 
dissociation constant, K,, for the various micro- 
somes. These three compounds all strongly inhibit 
BP hydroxylase and mutagenesis to the same extent. 
On the other hand when a substituent (hydroxy (IV) 
or chloro group (V) ) is introduced in position 7 one 
observes an important decrease (about 10-fold) of 
the affinity of the ellipticine derivative for the heme 
iron as well as in the inhibitory effects. Finally 
although the presence of a nitrogen atom in place 
of carbon in position 9 does not change the inter- 
action with the heme iron, this azaellipticine (X) 
inhibits BP-hydroxylase activity and mutagenesis less 
than ellipticine itself. 

Table 3 illustrates the large modifications brought 
about either by the suppression of the methyl groups 
in the C ring or the introduction of a substituent in 
position 1 or 2 of the D ring. With regards to 9-OHE 
(II), the absence of the methyl group in position 11 
leads to a decrease in the cytochrome binding and 
a loss of inhibition of BP hydroxylase activity and 
mutagenesis. This last effect was also observed for 
’ the 5,11-desmethylellipticine (VIII), which however 
maintains a good affinity for the microsomes. The 
pK, of these molecules was not significantly modified 
(Table 1). 

When a substituent is present in position 1, near 
the pyridinic nitrogen as for 9-hydroxyolivacine (IX) 
or 9-azaellipticine b (XI) no spectral interaction 
occurs and the BP hydroxylase inhibition and sup- 
pression of mutagenesis are practically absent. The 
quaternization of ellipticine (ellipticinium salt) (VI) 
also leads to a complete loss of binding affinity and 
inhibitory effect. 

The location of pyridinic ring (ring D) and con- 
sequently the arrangement of the molecule within 
the hydrophobic pocket of cytochrome P-450 seems 
to-play an important role in the inhibitory power as 
suggested by the results shown in Table 4. Indeed 
rione of the four isoellipticines (XII-XV) exhibits 
important inhibitory properties even when it inter- 
acts strongly with the heme iron of cytochrome P- 
450 from PB or 3-MC induced microsomes (isoellip- 
ticine b and c) (XIII and XIV). 


DISCUSSION 


From the data presented in this study, it appears 
that every ellipticine derivative which significantly 
inhibits hydroxylation of benzo(a)pyrene or muta- 
genicity of 3-methylcholanthrene also exhibits a very 
good affinity for microsomal cytochromes P-450. The 
accessibility of the pyridinic nitrogen of ellipticine 
derivatives appears to be the most important factor 
for their binding to cytochromes P-450. When this 
nitrogen becomes charged after alkylation, as in the 
ellipticinium salts, or when a bulky substituent exists 
in ortho position, as in 9-hydroxyolivacine (IX) or 
in azaellipticine b (XI) cytochrome P-450 binding, 
as well as inhibitory power are collapsed. For the 
same reasons, isoellipticine a (XII) and d (XV), 
which have the pyridinic nitrogen buried in the a 
position of the C ring, are practically devoid of 
cytochromes P-450 binding and inhibitory power. A 
similar situation has been also described with some 
imidazole derivatives, for which the addition of 
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an aliphatic or aryl substituent in the @ position of 
nitrogen led to a decreased interaction with the 
microsomal cytochrome P-450 as well as a loss of the 
inhibitory effect on aldrin epoxidation [13}. 

The strong binding of ellipticine derivatives to 
cytochrome P-450 thus appears to be a necessary 
condition for the inhibition of BP hydroxylase 
activity and loss of 3-MC mutagenesis by liver 
microsomes. However, this condition is not sufficient 
to obtain good inhibitory properties. For instance, 
isoellipticines (b and c) (XIII and XIV), and 11- and 
5,11-desmethylellipticines (VII and VIII) display 
good affinities for cytochromes P-450 from 3-MC 
induced microsomes but rather poorly inhibit 
benzo(a)pyrene hydroxylation or 3-MC muta- 
genesis. 

The presence of methyl groups in 5 and 11 pos- 
itions of eilipticine derivatives is therefore an essen- 
tial condition for the expression of inhibitory power. 
Although we have presently no satisfactory expla- 
nation for the role of these methyl groups one can 
observe that they are also necessary for the mani- 
festation of cytotoxic effect on mice leukemic L1210 
cells, another pharmacological property of ellipticine 
derivatives (unpublished results). 

Various substitutions on the A ring of ellipticine 
appear as of secondary importance for the expression 
of the inhibitory properties. The addition of an 
hydroxyl (II) or a fluoro group (III) in position nine 
does not significantly modify the binding properties 
nor the inhibitory capacities. The presence of a fluoro 
group in position nine brings some advantages such 
as a clean decrease in the mutagenicity [2] and tox- 
icity [14] of the molecule, probably due to the 
reduced ability of the A ring to be oxidized. On the 
contrary, the introduction of an hydroxyl (IV) or a 
chloro group (V) in position seven leads to a decrease 
of the affinity for cytochromes P-450 and at the same 
time of the inhibitory properties. It is unlikely that 
these variations (about 10-fold) can be explained by 
modifications in the basicity or polar character of 
these compounds. On the other hand it is possible 
that this region of the molecule if engaged in a 
binding with the hydrophobic protein site of cyto- 
chrome P-450 as we have observed in a detailed 
study of inhibitory properties of ellipticines on micro- 
somal oxidation of various substrates [1]. So slight 





Fig. 1. Schematic representation of the binding of ellipticine 
to cytochrome P-450. 
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structural modifications in that part of the ellipticine 
molecule might lead to changes in the affinities for 
the protein and thereby indirectly alter binding to 
the heme iron of cytochrome P-450. From the whole 
set of data presented in this paper a schematic rep- 
resentation of the binding of ellipticine to cyto- 
chrome P-450 might be proposed (Fig. 1). This model 
may help to understand that slight modifications in 
the structure of ellipticine (substituents, steric fac- 
tors) might be of importance for the inhibitory 
capacity of these compounds. 

In conclusion, it appears that among the studied 
compounds, only ellipticine itself and its 9-substi- 
tuted derivatives are actually good inhibitors of 
microsomal monooxygenases and mutagenesis. 
These results should help in the design of compounds 
particularly efficient in the inhibition of drug and 
carcinogen metabolism. These very potent inhibitors 
could be very useful in case of accidental exposure 
to chemical carcinogens and are presently being stud- 
ied for the experimental prevention of carcinogenesis 
in animals [3]. 
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Abstract—Separate groups of male rats received low doses (5 units) or high doses (15 units) of bleomycin 
i.p. twice weekly for 1.5, 3 or 6 weeks. The susceptibility of tissue lipid to peroxidation and the activities 
of mixed function oxidations were examined in microsomal fractions prepared from lung and liver. 
ADP-Fe (III)-initiated lipid peroxidation was stimulated in lung microsomal fractions only in animals 
treated with high-dose bleomycin for 1.5 weeks, whereas a 2- to 4-fold enhancement was observed in 
liver preparations from all bleomycin-treated animals. Microsomal ADP-Fe (III)-initiated lipid per- 
oxidation was inhibited, however, by the in vitro addition of bleomycin in both lung and liver prep- 
arations, but this inhibition was an artifact resulting from the chelation of Fe (III) by bleomycin. 
Soybean lipoxygenase I-initiated microsomal lipid peroxidation, which does not require added iron, 
was unaffected by bleomycin in jung preparations but was inhibited in liver. Following in vivo treatment, 
lung microsomat hydrogen peroxide generation was inhibited by 1.5 weeks of high-dose bleomycin 
treatments, whereas benzphetamine N-demethylation was unchanged. These cytochrome P-450-depen- 
dent reactions were both suppressed, however, in liver microsomal fractions. Jn vitro, both reactions 
were also inhibited by bleomycin in liver but not in lung microsomal fractions. The lack of effect of in 
vitro bleomycin treatments on superoxide generation in lung or liver preparations suggests that the 
NADPH cytochrome P-450 reductase component of the mixed function oxidase system was not affected. 
Minimal alterations in lipid peroxidizability and mixed function oxidase activities in lung microsomal 
fractions of bleomycin-treated animals suggest that the insensitivity could be due to: (1) the site of 
toxicity not being at the level of the endoplasmic reticulum; or (2) the target of bleomycin toxicity being 
limited to a small population of pulmonary cell types. Even though the liver is not susceptible to 
bleomycin toxicity, the hepatic microsomal mixed function oxidase system is highly sensitive to this 
chemical. 


Bleomycin is a glycopeptide antibiotic that is isolated oxidizing agents [11], free-radical generating systems 


as a copper (II)-chelate from the culture broth of 
Streptomyces verticillus [1]. The copper-free prep- 
aration of bleomycin is used in combination with 
other antineoplastic agents and radiotherapy in can- 
cer chemotherapy [2, 3]. Unfortunately, the frequent 
occurrence of severe pulmonary toxicity has 
restricted the clinical use of this drug [4, 5]. 
Several studies have suggested that bleomycin 
exerts its antitumor activity by binding to DNA [6- 
8] and causing strand scission [9, 10]. This disruptive 
process is stimulated in the presence of reducing or 
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[12] or catalytic amounts of Fe (II) and oxygen 
[13, 14]. It remains unclear how the Fe (II)-bleo- 
mycin complex is involved in DNA degradation, 
although it has been proposed that oxidation of the 
Fe (II)—bleomycin complex generates reactive oxy- 
gen species such as superoxide and hydroxy] radicals 
[15-17]. 

Activated oxygen species are known to initiate 
chain reactions which result in peroxidation of mem- 
brane lipids [18, 19], leading to loss of membrane 
structure and membrane-bound enzyme activities 
[20, 21]. Inactivation of microsomal drug-metaboliz- 
ing enzyme systems and destruction of cytochrome 
P-450 have been observed concurrently with lipid 
peroxidation [22, 23]. Moreover, alteration in pul- 
monary microsomal mixed function oxidase activities 
following acute doses of oxidants may indicate tox- 
icity [24]. 

We have previously established an experimental 
model of pulmonary toxicity in rats by repeated 
administration of bleomycin (5 units, twice weekly) 
for up to 6 weeks [25,26]. This communication 
reports in vivo and in vitro effects of bleomycin on 
lipid peroxidizability, benzphetamine N-demethyl- 
ation, and hydrogen peroxide generation in lung 
microsomal fractions. Liver microsomal fractions 
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were also examined to establish if observed changes 
were specific to the lung or were generalized effects. 


MATERIALS AND METHODS 


Chemicals. Bleomycin (mol. wt ~1400) was sup- 
plied by Bristol Laboratories, Syracuse, NY, as the 
copper-free sulfate salt, 15 biological units per 
ampule (1.2 to 1.7 units/mg weight), containing 55— 
70% bleomycin A; and 25-32% bleomycin B,. Benz- 
phetamine hydrochloride was provided by The 
Upjohn Co., Kalamazoo, MI (Lot No. 352-FS). Soy- 
bean lipoxygenase I, Torula yeast glucose-6-phos- 
phate dehydrogenase and bovine liver catalase were 
purchased from the Sigma Chemical Co., St. Louis, 
MO. 2-Thiobarbituric acid (TBA) was from Eastman 
Organic Chemicals, Rochester, NY. Other chemicals 
were reagent grade. 

Treatment of animals. Male, CD strain Sprague— 
Dawley rats (180-200 g) were obtained from the 
Charles River Breeding Laboratories, Wilmington, 
MA. Low doses (5 units) or high doses (15 units) of 
bleomycin (in 0.5 ml of 0.9% sodium chloride) were 
administered i.p. twice weekly to separate groups 
for 1.5, 3 or 6 weeks. Controls received an equal 
volume of 0.9% saline. The mortality was 10 per 
cent for the 6-week low-dose group [26]. Due to the 
high mortality (>80 per cent) after 6 weeks of the 
high dose, this treatment group was not available for 
investigation. 

Preparation of microsomal fractions. Twenty hours 
after the final injection, animals were killed by cerv- 
ical fracture and exsanguinated. The lung or liver 
was removed, minced, and washed three times with 
ice-cold 0.15 M KCl containing 0.02 M Tris buffer, 
pH 7.4 (Tris-KCl buffer). The washed mince was 
homogenized for 15 sec twice in 3 vol. of ice-cold 
Tris-—KCl buffer with a Super Dispax Tissumizer 
model SDT-182N (Tekmar, Cincinnati, OH) at 
12,000 rpm. .The resulting homogenate was centri- 
fuged at 9,000 g for 15 min at 5°. The supernatant 
fraction was centrifuged at 165,000 g for 45 min at 
5°. The pellet was suspended in Tris-KC1 buffer and 
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resedimented at 165,000 g for an additional 45 min 
at 5°. The protein concentration of the microsomal 
pellet was measured by the method of Sutherland 
et al. [27] with bovine serum albumin as standard. 

Estimation of lipid peroxidizability. Fe (I1I)-ADP 
dependent peroxidation was initiated by adding 
0.1 ml of microsomal protein (10 mg/ml) to 0.9 ml 
of a reaction mixture containing 0.5 mM NADPH, 
4mM ADP, and 12 uM FeCl, in Tris-KC! buffer, 
pH 7.4, and incubating it at 37° for 20 min; one ml 
of 10% (w/v) trichloroacetic acid was added to ter- 
minate the reaction. The lipid peroxidation products 
were measured by the thiobarbituric acid reaction 
as described by Ernster and Nordenbrand [28]. For 
soybean lipoxygenase I-initiated lipid peroxidation, 
0.1 ml of microsomal protein (10 mg/ml) was incu- 
bated with 0.9ml of Tris-KCl buffer containing 
0.1 mg soybean lipoxygenase I (EC 1.13.11.12) (sp. 
act. 57.6 umoles of linoleic acid peroxidized per mg 
of enzyme per min at 20°, pH 9.0) at 37° for 20 min. 

Determination of benzphetamine N-demethylation. 
Benzphetamine hydrochioride (2mM) was incu- 
bated at 37° for 20 min with an NADPH-generating 
system and 1 mg of microsomal protein in 1 ml of 
Tris-KCl buffer, pH 7.4. Microsomal benzpheta- 
mine N-demethylase activity was determined by the 
colorimetric assay of formaldehyde production with 
Nash’s reagent [29]. 

Estimation of hydrogen peroxide. The microsomal 
generation of hydrogen peroxide was determined by 
the conversion of methanol to formaldehyde [30]. 

Estimation of superoxide anion. The microsomal 
generation of the superoxide anion radical was fol- 
lowed by the oxidation of epinephrine to adrenoch- 
rome [31] at 20°. The standard reaction mixture 
contained epinephrine (0.3 mM), NADPH (1 mM), 
and 3 mg of microsomal protein in 3 ml of Tris-KCl 
buffer, pH 7.4. 

Statistical analysis. Treated and control groups 
were compared with the unpaired Student’s (-test 
(two-tailed); P <0.05 was selected as significant. 
Kinetic constants were determined by Wilkinson’s 
regression [32]. 
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Fig. 1. Effect of in vivo bleomycin on lipid peroxidation in lung and liver microsomal fractions. Separate 

groups of rats (N = 5-6) were injected i.p. twice weekly with bleomycin, [5 units (L) or 15 units (H)] 

for 1.5 weeks (spotted bars), 3 weeks (solid bars) or 6 weeks (hatched bars). Controls received an equal 

volume of saline. Data are expressed as per cent of control rate of generation of thiobarbituric acid- 

reactive products. Control values were 1.34 + 0.08 and 4.35 + 0.57 nmoles per mg microsomal protein 

per hr for lung and liver fractions respectively. Key: (*) P < 0.05, and (**) P < 0.01. Data are 
x+S.E 
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RESULTS 


The ADP-Fe (III)-dependent generation of TBA 
reactive products is used commonly as an indication 
of peroxidizability of tissue lipids [21]. As seen in 
Fig. 1, there were no significant differences in the 
rate of ADP-Fe (III)-initiated peroxidation of lung 
microsomal lipids in the 1.5-, 3- or 6-week low-dose 
groups. In the high-dose groups, lipid peroxidation 
was increased to 196 per cent of control (P < 0.05) 
at 1.5 weeks and returned to normal in 3 weeks. In 
contrast to the lung, liver microsomal lipid peroxi- 
dation was enhanced 2- to 4-fold in all bleomycin- 
treated animals. 

The interaction of in vitro addition of bleomycin 
with the ADP-Fe (III)-dependent lipid peroxidation 
system was examined in both lung and liver micro- 
somal fractions. Bleomycin inhibited the production 
of thiobarbituric acid reactive products in lung and 
liver microsomal lipids in the standard incubation 
mixture which contained 12 uM Fe (III) (Fig. 2). 
Since lipid peroxidation is dependent upon the pres- 
ence of the ADP-Fe (III)-compiex in the incubation 
medium, the in vitro inhibition of lipid peroxidation 
may have resulted from chelation of the Fe (Ii). 
Indeed, higher concentrations of exogenous Fe (III) 
reversed the inhibition of lipid peroxidation in both 
lung and liver microsomal fractions (Fig. 2). 

To circumvent the requirement for metal cofac- 
tors, soybean lipoxygenase I was used to initiate lipid 
peroxidation. Bleomycin had no effect on lipoxy- 
genase-initiated formation of TBA-reactive products 
in lung microsomal fractions. In contrast, bleomycin 
caused a concentration-dependent inhibition in liver 
preparations (Fig. 3). 

The in vitro generation of hydrogen peroxide by 
lung microsomal fractions from rats pretreated 1.5 
or 3 weeks with low-dose bleomycin was decreased, 
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Fig. 2. Jn vitro interaction of bleomycin with ADP-Fe (III)- 
dependent microsomal lipid peroxidation. Lung or liver 
microsomal fractions (1 mg protein) were incubated with 
0.5 mM NADPH, 4mM ADP and various concentrations 
of FeCl (12 uM, hatched bars; 60 uM, solid bars; 120 uM, 
spotted bars; or 600 uM, double-hatched bars) in 0.02 M 
Tris-0.05 M KCI buffer, pH 7.4, at 37° for 20 min. Lipid 
peroxidation was estimated as thiobarbituric acid-reactive 
products. Data are per cent of control rate of thiobarbituric 
acid-reactive product formation at a specified Fe (III) 
concentration. 
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Fig. 3. Effect of bleomycin on in vitro microsomal lipid 
peroxidation initiated by soybean lipoxygenase I. Micro- 
somal fractions (1 mg protein) were incubated with 0.1 mg 
of soybean lipoxygenase I in 0.02 M Tris-0.15 M KCl, pH 
7.4, at 37° for 20 min. Lipid peroxidation was measured by 
the thiobarbituric acid method. Microsomal fractions were 
prepared from a pool of four to six rat lungs or livers. Data 
are x + S.D. 


but in preparations dosed 6 weeks it was the same 
as controls (Fig. 4). High-dose bleomycin treatment 
suppressed lung microsomal hydrogen peroxide gen- 
eration to 48 per cent of control (P < 0.01) at 1.5 
weeks. By 3 weeks, the rate of hydrogen peroxide 
generation had returned to control. In contrast, the 
rate of hydrogen peroxide generation in liver micro- 
somal fractions was unchanged at 1.5 weeks, but was 
progressively inhibited at 3 and 6 weeks in the low- 
dose groups and was inhibited at 3 weeks in the high- 
dose group. 

The in vitro effect of bleomycin on hydrogen per- 
oxide generation was also examined (Fig. 5). In lung 
preparations, a stimulation of hydrogen peroxide 
generation by 0.1 to 3.0mM bleomycin was 
observed. In liver fractions, however, bleomycin 
markedly inhibited the production of hydrogen per- 
oxide in a concentration-dependent manner, with an 
ICso value of 2.2 mM. No effect on superoxide gen- 
eration was observed in either lung or liver fractions 
with 0.05 to 0.5 mM bleomycin (Table 1). 
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Fig. 4. Effect of in vivo bleomycin on generation of hydro- 
gen peroxide in lung and liver microsomal fractions. Data 
are expressed as per cent of control. Details are in Fig. 1. 
Control rates were 200 + 5 and 925 + 53 nmoles formal- 
dehyde per mg microsomal protein per hr for the lung and 
liver microsomal fractions respectively. Key: (*) P < 0.05, 
(**) P< 0.01, N = 46. 
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Fig. 5. Effect of bleomycin in vitro on hydrogen peroxide 
generation in lung and liver microsomal fractions. Micro- 
somal fractions (2 mg protein) were incubated with 0.25 M 
methanol and 1800 units catalase in 0.02 M Tris-5 mM 
MgCl,-0.15 M KCl buffer, pH 7.4, at 37° for 20 min in the 
presence of an NADPH-generating system. Formaldehyde 
formation was determined by the method of Nash [29]. 
Microsomal fractions were prepared from a pool of four 
to six rat lungs or livers. Data are x + S.D. 


Bleomycin treatments in vivo had no effect on the 
cytochrome P-450-dependent N-demethylation of 
benzphetamine in lung microsomal fractions in vitro 
(Fig. 6). In contrast, the activity in liver fractions 
was extremely responsive to bleomycin treatments. 
The enzyme activity was suppressed 40 per cent as 
early as 1.5 weeks after treatment in both low- and 
high-dose groups. The _ inhibition _ persisted 
unchanged through the 6 weeks of low-dose treat- 
ment and became more severe at 3 weeks of high- 
dose treatments. 

In vitro, bleomycin produced a slight stimulation 
(P < 0.05) of benzphetamine N-demethylase activity 
in lung fractions (Fig. 7). In liver preparations, an 
inhibition of this enzyme activity was observed at 
0.5mM bleomycin. Kinetic analysis indicated that 
bleomycin inhibits hepatic benzphetamine N- 





demethylase activity in a noncompetitive manner 
with a K; of 1mM. The N-demethylation of ethyl- 
morphine, another type I substrate of the hepatic 
mixed function oxidase system, was also inhibited 
in liver microsomal fractions following in vivo or in 
vitro bleomycin (data not shown). 


DISCUSSION 


Lipid peroxidation is widely regarded to be a fun- 
damental process in the development of some forms 
of tissue damage. In addition to the oxidative 
destruction of membrane lipids, structural damage 
to membrane-bound enzymes may also result from 
this process. Recently, evidence has been presented 
that both superoxide and hydroxyl radicals may 
initiate lipid peroxidation [18, 19]. Bleomycin may 
generate superoxide anion radicals from molecular 
oxygen in the presence of Fe (II) [15]. Simultaneous 
formation of the highly reactive hydroxyl radical has 
been demonstrated indirectly by spin trapping tech- 
niques [16, 17]. Thus, an enhancement of ADP-Fe 
(III)-initiated lipid peroxidation by bleomycin in 
microsomal fractions of lung, the target organ for 
toxicity, was anticipated. However, the sensitivity 
of lung microsomal lipids to peroxidation after low 
doses of bleomycin was not increased. The observed 
2-fold stimulation following 1.5 weeks of high-dose 
treatment indicates that very high doses of bleomycin 
are necessary to augment ADP-Fe (III)-initiated 
lipid peroxidation. It is surprising that the liver, 
which has a high level of bleomycin inactivating 
enzyme and does not demonstrate toxicity from bleo- 
mycin, exhibited markedly increased susceptibility 
to lipid peroxidation, whereas the lung, which is 
deficient in the inactivating enzyme [33], was com- 
paratively unaffected. It is possible that only a smail 
population of lung cells or only a few cell types are 
susceptible to damage by bleomycin. A significant 
change in lipid peroxidation susceptibility in these 
damaged cells would be difficult to detect. The stimu- 
lation of lipid peroxidation observed in the 1.5-week 
high-dose bleomycin group may indicate damage to 


Table 1. Effect of bleomycin on superoxide generation from lung and 
liver microsomal fractions* 





Increése in optical density units 
per min at 480 nm absorbance 





Lung 
Control 
+Bleomycin (5 uM) 
+Bleomycin (50 uM) 
+Bleomycin (500 uM) 


Liver 
Control 
+Bleomycin (5 uM) 
+Bleomycin (50 uM) 
+Bleomycin (500 uM) 


0.0037 
0.0038 
0.0036 
0.0038 


0.0016 
0.0014 
0.0015 
0.0014 





* The standard reaction mixture contained epinephrine (0.3 mM) 
NADPH (1 mM) and 3 mg of microsomal protein in 3 ml of 0.02M 
Tris-0.15 M KCI buffer, pH 7.4, with the presence of various concen- 
trations of bleomycin. The rate of epinephrine oxidation to adrenoch- 
rome was monitored by the increase in absorbancy at 480nm as 
described by Misra and Fridovich [31]. 
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Fig. 6. Effect of in vivo bleomycin on benzphetamine N- 
demethylase activity in lung and liver microsomal fractions. 
Data are expressed as per cent of control rates of metab- 
olism (42 + 2 and 311 + 18 nmoles of formaldehyde formed 
per mg microsomal protein per hr for lung and liver respec- 
tively). Key: (**) P < 0.01, N = 4-6. Data are x + S.E. 
L = low doses of bleomycin (5 units) and H = high doses 
(15 units) for 1.5 weeks (spotted bars), 3 weeks (solid bars) 
or 6 weeks (hatched bars). 


many cell types. On the other hand, in the liver, 
which is primarily composed of parenchymal cells, 
increased ADP-Fe (III)-initiated lipid peroxidation 
was prominent in microsomal fractions from all bleo- 
mycin-treated animals. 

Biochemical quantification of lipid peroxidation 
is complicated by the difficulty in identifying reaction 
products. Fong et al. [34] have proposed that lipid 
peroxidation may be initiated by hydroxyl radicals 
generated from superoxide in the presence of a che- 
lated ADP-Fe (III) complex. However, in both lung 
and liver microsomal fractions, bleomycin inhibited 
ADP-Fe (III)-dependent lipid peroxidation and had 
no stimulative effect on superoxide production. 
Reversal of the bleomycin inhibition by addition of 
Fe (III) suggests that the inhibition was an artifact 
resulting from chelation of Fe (III) by bleomycin. 
Yamanaka et al. [35], however, observed an inhi- 
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Fig. 7. Effect of bleomycin in vitro on benzphetamine N- 
demethylase activity in lung and liver microsomal fractions. 
Microsomal fractions (1 mg protein) were incubated with 
2mM benzphetamine hydrochloride in 0.02 M Tris-5 mM 
MgCl,-0.15 M KCl buffer, pH 7.4, at 37° for 20 min in the 
presence of an NADPH-generating system. Formaldehyde 
formation was measured by the method of Nash [29]. 
Microsomal fractions were prepared from a pool of four 
to six rat lungs or livers. Data are x + S.D. 
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bition of liver microsomal lipid peroxidation by bleo- 
mycin in the absence of catalytic ADP-Fe (III). This 
agrees with our observation of bleomycin inhibition 
of liver microsomal lipid peroxidation when perox- 
idation was initiated by soybean lipoxygenase I. The 
ineffectiveness of bleomycin in stimulating lipoxy- 
genase-initiated lipid peroxidation in lung micro- 
somal fractions further confirms the insensitivity of 
the bleomycin-treated lung to lipid peroxidation. 
These results suggest that bleomycin pulmonary tox- 
icity is not directly related to lipid peroxidation and 
activated oxygen damage. 

Generation of hydroxy] radicals and singlet oxygen 
requires hydrogen peroxide, superoxide, and a metal 
catalyst (36, 37]. In microsomal fractions, hydrogen 
peroxide is generated from the dissociation of oxy- 
cytochrome P-450, peroxycytochrome P-450, and 
autooxidation of reduced flavoproteins [38]. The 
concentration-dependent inhibition of hydrogen per- 
oxide generation by bleomycin in liver microsomal 
fraction suggests that the mixed function oxidase 
system may be affected. Inhibition of the cytochrome 
P-450-dependent N-demethylations of benzpheta- 
mine and ethylmorphine further suggests that bleo- 
mycin disrupts hepatic mixed function oxidation. 
The noncompetitive kinetics of the bleomycin inhi- 
bition indicates that bleomycin is not an alternate 
substrate. Since bleomycin is a potent chelating agent 
for metals [39], inhibition of this hemoprotein 
enzyme system could be due to chelation. Several 
chelating agents, such as 2,2’-bipyridine and 1,10- 
phenanthroline, inhibit the hepatic mixed function 
oxidase system [40,41]. Loss of drug-metabilizing 
activity due to cytochrome destruction as a result of 
lipid peroxidation has been well documented [23, 24]. 
Our observation of suppression of hepatic cyto- 
chrome P-450-dependent enzyme activities, hydro- 
gen peroxide generation, and stimulation of lipid 
peroxidation in bleomycin-treated animals suggests 
that disruption of the endopiasmic reticulum and/or 
the cytochrome P-450 itself may be involved. 

The site of microsomal superoxide generation is 
the flavoprotein NADPH-cytochrome P-450 reduc- 
tase [42]. The lack of bleomycin effect on superoxide 
generation further implies that cytochrome P-450 
may be the component of the mixed function oxidase 
system which is affected. Although hepatic toxicity 
of bleomycin is not commonly observed, our studies 
clearly suggest that repeated i.p. bleomycin treat- 
ments may impair xenobiotic metabolism. Such 
impairment may be related to the high bleomycin 
level attained in hepatic tissues after i.p. adminis- 
tration [43]. The same enzymatic systems in the lung 
are resistant to effects of bleomycin. 
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Abstract—Conflicting reports exist regarding the “selective” induction of rat hepatic microsomal epoxide 
_ hydratase (EH) by trans-stilbene oxide (t-SO). We reasoned that rats of differing age and sex used in 
previous studies could be the source of the apparent discrepancy. To clarify the effect of t-SO on the 
microsomal enzymes, immature male, adult male and adult female rats were used. The rats were treated 
with t-SO, phenobarbital, or /-a-acetylmethadol (LAAM), all inducers of EH, and the effects of age 
and sex on the responses of selected microsomal enzymes were determined. t-SO was found to increase 
benzo[a]pyrene hydroxylase (AHH) activity in the adult females and immature males. However, it did 
not increase AHH activity in the adult male. t-SO increased aminopyrene N-demethylase activity in 
adult malés and adult females, and it elevated EH activity in all rats studied. The effects of t-SO were 
similar to those of phenobarbital. LAAM was found to increase EH in adult male and adult female 
rats; it increased AHH in the females, but not in the males. In castrated male rats, t-SO and phenobarbital 
affected AHH in a fashion equivalent to that observed in normal adult males. In adult males, each of 
the agents studied raised EH activity without a simultaneous increase in AHH activity. This “selectivity”, 


however, did not hold for other cytochrome P-450-dependent monooxygenases. 


An abundance of evidence indicates that reactive 
metabolites are responsible for certain toxicities pro- 
duced by numerous chemicals, including therapeutic 
agents, insecticides, and carcinogens [1,2]. Labile 
epoxide intermediates have been implicated in the 
causation of polycyclic aromatic hydrocarbon, afla- 
toxin B,, and trichloroethylene carcinogenicity [3- 
5], of bromobenzene and furosemide hepatotoxicity 
[6,7], and of diphenylhydantoin teratogenicity [8]. 
Epoxides are generated by cytochrome P-450-depen- 
dent oxygenation of olefinic or aromatic moieties in 
the parent molecule [9]. The enzyme epoxide hydra- 
tase (EH) catalyzes the addition of water to a struc- 
turally diverse range of epoxides, yielding chemically 
nonreactive dihydroxylated products (dihydrodiols) 
[10]. Consequently, the steady-state level of epoxides 
and, thus, the degree of toxicity will depend, in part, 
on the rates of formation and further biotransfor- 
mation of these intermediates. Compounds that 
could selectively increase EH activity without a con- 
comitant increase in cytochrome P-450-dependent 
mixed function oxygenase activities (MFO) would 
be useful tools for studying the role of EH in the 
disposition and toxicity of these compounds. 
Trans-stilbene oxide (t-SO) treatment has been 
found to increase rat hepatic microsomal EH activity, 
but conflicting reports exist regarding its effects on 
MFO. Schmassmann and Oesch [11] demonstrated 
an increased EH activity without a simultaneous 
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augmentation of cytochrome P-450, benzo[a]pyrene 
hydroxylase (AHH), or aminopyrine N-demethylase 
activities and, therefore, suggested that t-SO was a 
“selective” inducer of EH. In a subsequent report, 
Bucker et al. [12] again demonstrated that AHH was 
unaffected by t-SO. Mukhtar ef al. [13], however, 
found that EH activity and cytochrome P-450, ami- 
nopyrine N-demethylase, and AHH activities were 
all increased; they concluded that t-SO was an indu- 
cer of both EH and MFO. 

It is well known that the basal activities of various 
rat hepatic cytochrome P-450-dependent enzymes 
are greater in adult males than in adult females or 
immature males [14, 15]. Further, the inducibility of 
these enzymes is influenced by both the age and sex 
of the rats employed [14]. We have reported pre- 
viously that methadone treatment increased hepatic 
microsomal EH activity without altering AHH 
activity in adult male rats. In adult female rats, 
however, AHH activity was increased by methadone 
[16]. Therefore, we hypothesized that the apparent 
discrepancy in the ¢-SO studies could have been the 
result of using different groups of rats. Schmassmann 
and Oesch employed adult male rats, whereas 
Mukhtar and coworkers carried out their experi- 
ments in immature males and females. 

In the present study, we reinvestigated the effects 
of t-SO in immature male, adult male, and adult 
female rats. We also compared the effects of t-SO 
with those of two other inducers of rat hepatic EH: 
l-a-acetylmethadol (LAAM), a longer acting con- 
gener of methadone [17], and phenobarbital [18]. 
We found that all these compounds increased hepatic 
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microsomal EH activity, as well as that of selected 
cytochrome P-450-dependent monooxygenases. In 
addition, we demonstrated that these compounds 
exert varying effects on AHH activity depending on 
the age and sex of the animals. : 


MATERIALS AND METHODS 


Animals and treatments. Wistar rats were obtained 
from Canadian Breeding Farms Ltd., La Prairie, 
Quebec. They were raised under controlled condi- 
tions (22°, lights on 6:00 a.m. to 8:00 p.m.) on 
corncob bedding (Lobund grade, Paxton Processing 
Ltd., Paxton, IL). Purina lab chow and water were 
available ad lib. Animals were allowed to equilibrate 
for at least 1 week before use. The adult male, adult 
female, and immature male rats at the time of killing 
weighed 200-300, 200-250 and 80-100 g respectively. 
t-SO in corn oil was administered i.p. once daily for 
3 consecutive days at 100, 200 or 400 mg/kg. Phen- 
obarbital was administered at 80 mg-kg™'-day~'i.p. 
in saline for 4 consecutive days. 3-Methylcholan- 
threne in corn oil was administered i.p. once daily 
at 20 mg/kg for 2 days. Control animals received the 
appropriate vehicle. All animals were killed 24 hr 
after the last injection. LAAM was administered in 
the drinking water for 2 weeks. The average daily 
dose of LAAM ranged from 0.3 to 25 mg-kg™! 
-day"'. The animals were maintained on LAAM 
until the time of killing. The castrated rats were 
gonadectomized at 3-4 weeks of age. 

Chemicals. l-a-Acetylmethadol-HCl (Mallinck- 
rodt, Pointe Claire, P.Q.) was obtained through the 
Canadian Department of Health and Welfare. 3- 
Methylcholanthrene was supplied by the Eastman 
Organic Chemical Co. (Rochester, NY). 
Benzo[a]pyrene, NADP, NADPH, NADH, glucose 
6-phosphate, and glucose 6-phosphate dehydrogen- 
ase were obtained from the Sigma Chemical Co. (St. 
Louis, MO). trans-Stilbene oxide was purchased 
from the Aldrich Chemical Co., Inc. (Milwaukee, 
WI). Phenobarbitone sodium was obtained from the 
British Drug House (Toronto, Ont.). All other 
reagents and chemicals employed were the best com- 
mercial grades available. 

Preparation of microsomes. Animals were stunned 
by a blow on the head, decapitated and bled. The 
livers were perfused with 1.15% KCl, excised, and 
placed in ice-cold 1.15% KCl. All procedures were 
subsequently carried out at 4°. The livers were blot- 
ted, minced, and homogenized 1:4 (w/v) in 
1.15% KCl. The homogenates were centrifuged for 
10min at 10,000g, and the resulting supernatant 
fluid was centrifuged at 100,000 g for 1 hr. The pellets 
were washed and resuspended in the appropriate 
buffer. 

Enzyme assays. AHH activity was determined 
according to the fluorometric assay of Nebert and 
Gelboin [19]. The microsomal pellets were resus- 
pended in 50 mM Tris buffer, 3 mM MgCl., pH 7.5. 
The incubation was carried out in a final volume of 
1 ml.containing: 80 nmoles benzo[a]pyrene added in 
40 ul acetone, 0.31 ml H,O, 0.5 ml 50mM Tris buffer, 
(pH 7.5), 0.37 umole NADH, 0.38 umole NADPH, 
0.6 mg bovine serum albumin, 3.45 umoles MgCl, 
and 0.15 ml microsomal suspension (about 0.05 mg 
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protein). The incubation was carried out at 37° for 
5 min. EH activity was determined by the method 
of Oesch et al. [18]. The microsomal pellets were 
resuspended in 0.5 M Tris buffer, 0.1% Tween 80, 
pH 9.0. The incubation was carried out in a total 
volume of 0.4 ml containing: 0.81 umole [*H]styrene 
oxide (1000 becquerel) in 20 ul acetonitrile; 0.10 ml 
0.5M Tris buffer, 0.1% Tween 80, pH 9.0; 0.08 ml 
H,O; and 0.2ml enzyme suspension (about 2 mg 
protein). The incubation was carried out at 37° for 
10min. Aminopyrine N-demethylase activity was 
estimated by formaldehyde formation according to 
the methods of El Defrawy El Masry et al. [15] and 
Nash [20]. The microsomal pellets were resuspended 
in 0.1M phosphate buffer, pH 7.2. The incubation 
was carried out in a final volume of 1.5 ml containing: 
20 umoles aminopyrine in 100ul H,O, 600 ul of 
64.5 mM Tris buffer (pH 7.5), 100 ul H,O, 6.3 
umoles MgCl,, 11.2 umoles semicarbazide, 5 units 
glucose-6-phosphate dehydrogenase, 10 umoles glu- 
cose-6-phosphate, 1 umole NADP, 0.5ml 50mM 
Tris buffer (pH 7.5), and 0.2 ml enzyme suspension 
(about 2mg protein). The incubation was carried 
out at 37° for 10 min. The formation of product was 
linear with incubation time and protein content for 
all enzyme assays employed. In addition, the sub- 
strate and cofactor concentrations that were used 
yielded optimal enzyme activity. Proteins were esti- 
mated by the method of Sutherland et al. [21] as 
modified by Robson et al. [22]. Student’s t-test was 
employed for all statistical analyses. Significant dif- 
ferences were assumed when P < 0.05 (unpaired 
sample means, two-tailed). 


RESULTS 


t-SO treatment. t-SO increased EH activity in the 
immature male, adult female, and adult male rats. 
AHH activity, however, was increased only in the 
adult females and immature males. These results are 
shown in Fig. 1. At 200 mg-kg™'-day~' for 3 days, 
AHH activity was increased in adult female rats by 
110 per cent over control. At 400 mg-kg~'- day! for 
3 days, AHH activity was increased in immature 
male rats by 85 per cent. In contrast, AHH activity 
was decreased to 65 and 50 per cent of control in 
adult males following t-SO at 200 and 400 mg: 
kg"'-day"' respectively. These doses of t-SO 
increased EH activity by 3- to 4-fold over control in 
all animals studied. The weight gain in the adult 
male rats receiving 400 mg t-SO-kg™'-day~' for 3 
days was significantly less than control. Control and 
drug-treated groups were matched for weight. The 
adult male rats treated with 400 mg t-SO-kg™!: 
day~' averaged 25 g less than controls at the time 
of killing. In addition, three out of twenty-four adult 
male rats that received this dose had obvious liver 
pathology (the enzyme activities in these livers were 
many-fold lower than the mean and were not 
included in the results). These livers were indurated 
and exhibited patchy white areas. Weight gain was 
normal and no overt signs of liver damage were 
observed in all other rats treated with t-SO. Ami- 
nopyrine N-demethylase activities were also deter- 
mined in adult male and adult female rats (Table 1). 
At 200 mg t-SO-kg™'-day~' for 3 days, a dose which 
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Fig. 1. Effects of trans-stilbene oxide (t-SO) treatment (3 
consecutive days, i.p.) on hepatic microsomal 
benzo[a]pyrene hydroxylase (AHH) and epoxide hydratase 
(EH) activities in the rat. Adult female rats received 200 
mg t-SO-kg™'-day~' (panel a). Immature male rats 
received 400 mg t-SO-kg'-day~' (panel b). AHH activity 
is expressed as pmoles 3-hydroxybenzo[a]pyrene 
formed-min™'-(mg protein)~' + S.E.M. (N), and EH 
activity as nmoles styrene glycol formed: min“ '-(mg pro- 
tein)" + S.E.M. (N), except in panel c where enzyme 
activities are expressed as per cent of control. The asterisk 
indicates significant difference from control, P < 0.05. 


decreased AHH by 35 per cent in the adult males, 
aminopyrine N-demethylase activity was increased 
by 45 per cent. In the adult female, t-SO at 200 
mg:kg '-day~' elevated aminopyrine N-demethyl- 
ase activity by 110 per cent. 

Phenobarbital treatment. The effects of pheno- 
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Table 1. Effects of trans-stilbene oxide (t-SO) treatment 

(3 consecutive days, i.p.) on hepatic microsomal amino- 

pyrine N-demethylase activity in adult male and adult 
female rats 





Treatment 


Aminopyrine N-demethylase 
Sex (mg-kg~!-day~') 


activity * 





Male Control 
t-SO (200) 
Control 
t-SO (400) 
Control 
t-SO (200) 


2.47+0.16 (8) 
3.52 + 0.107 (8) 
Male 


Female 


1.30 + 0.03+ (8) 





* Aminopyrine N-demethylase activities are expressed 
as nmoles formaldehyde formed: min~'-(mg protein)~! + 
S.E.M. (N). 

+ Indicates significant difference from control, P < 0.05. 


barbital (80 mg-kg™'-day~' for 4 days, i.p.) on 
AHH, aminopyrine N-demethylase, and EH activi- 
ties in adult female, immature male, and mature 
male rats are given in Fig. 2. AHH activity was 
increased by 340 per cent in the adult female and by 
135 per cent in the immature male. In the adult male 
rat, however, AHH activity was unaffected. In con- 
trast, aminopyrine N-demethylase activity was 
increased in the adult male rat, as well as in the adult 
female and immature male. EH activity was 
increased by 2- to 3-fold in all the animals studied. 

LAAM treatment. The effects of LAAM in the 
drinking water for 2 weeks on AHH and EH activities 
in adult male and adult female rats are illustrated 
in Fig. 3. LAAM was found to increase EH activity 
in both male and female rats. In the adult female, 
AHH activity was raised to about 300 per cent of 
control. The response of AHH in the adult male was 
variable. LAAM either had no effect or produced 
a slight but significant decrease in AHH activity. 

3-Methylcholanthrene treatment. Pretreatments of 
adult male rats with 3-methylcholanthrene 
(20 mg:kg™'-day~' for 2 days, i.p.) produced a 2- 
fold increase in AHH activity, but failed to alter EH 
or aminopyrine N-demethylase activities (Table 2). 
Increases in AHH activity of 950 and 1250 per cent 
were seen in immature male and adult female rats 
respectively. It should be noted that the absolute 
increases in AHH activity among the three groups 
of animals were approximately the same (5000-7000 
pmoles 3-hydroxybenzo[a]pyrene formed min™' 
-(mg protein) ~'. 

Castrated animals. Rats were castrated at 34 
weeks of age and used when they weighed 200-250 g 
(Table 3). The basal level of AHH in these rats was 
about 40 per cent of that observed in the normal 
adult male. In these rats 80 mg phenobarbital: 
kg~'-day' for 4 days had no effect on AHH activity. 
In the normal adult male, the same dose also had 
no effect on AHH activity. In addition, 400 mg ¢- 
SO-kg™!-day™' for 3 days was found to decrease the 
AHH activity in the castrated males by 35 per cent. 
At the same dose, t-SO was found to decrease AHH 
activity in the normal male rat by 50 per cent. 
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Fig. 2. Effects of phenobarbital (Pb) treatment (80 mg: 
kg '-day' for 4 days, i.p.) on hepatic microsomal 
benzo[a]pyrene hydroxylase (AHH), aminopyrine N- 
demethylase (APY N-DEMETH) and epoxide hydratase 
(EH) activities in adult female (a), immature male (b) 
and adult male (c) rats. AHH activity is expressed as 
pmoles 3-hydroxybenzo[a]pyrene formed: min™' - (mg 
protein)’' + S.E.M. (N), APY N-DEMETH activity as 
nmoles formaldehyde formed-min™'-(mg protein)’ + 
S.E.M. (N), and EH activity as nmoles styrene glycol 
formed: min '. (mg protein) + S.E.M. (N). The asterisk 
indicates significant difference from control, P < 0.05. 
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Fig. 3. Effects of /-a-acetylmethadol (LAAM) treatment 
(in the drinking water for 2 weeks) on hepatic microsomal 
benzo[a]pyrene hydroxylase (AHH) and epoxide hydratase 
(EH) activities in adult male and adult female rats. The 
dose of LAAM represents the average daily intake per 
animal over 2 weeks. AHH and EH activities were 
expressed as per cent of control. The control levels of AHH 
and EH were represented as pmoles _ 3- 
hydroxybenzo[a]pyrene formed: min™'- (mg protein)" + 
S.E.M. (N) and nmoles styrene glycol formed: min *- (mg 


protein) ' + S.E.M. (N). The asterisk indicates significant 


difference from control, P < 0.05. 
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Table 2. Effects of 3-methylcholanthrene (3-MC) treatment (20 mg-kg~'- day”! for 2 consecutive 
days, i.p.) on benzo[a]pyrene hydroxylase (AHH), aminopyrine N-demethylase (APY N- 
DEMETH) and epoxide hydratase (EH) activities in the rat 





EH 
activityt 


AHH 
activity* 


APY N-DEMETH 


Sex and age Treatment activityt 





Adult 
Male 

Adult 
Female 

Immature 
Male 


4723 + 269 (9) 
9407 + 6068 (9) 
581+26 (8) 
7764 + 104§ (4) 
677 + 34.8 (12) 
7194 + 555§ (8) 


6.76 + 0.7 (8) 
8.05 + 0.4 (8) 
ND]| 


Corn oil 
3-MC 
Corn oil 
3-MC 
Corn oil 
3-MC 


ND 





* AHH activity is expressed as pmoles 3-hydroxybenzo[a]pyrene formed: min™'-(mg_pro- 
tein)”' + S.E.M. (N). 

+ EH activity is expressed as nmoles styrene glycol formed: min™'-(mg protein)”' + S.E.M. 
(N). 
+ APY N-DEMETH activity is expressed as nmoles formaldehyde formed: min™'-(mg pro- 


tein)’ + S.E.M. (N). 


§ Significantly different from its own control, P < 0.05. 


|| Not determined. 


Table 3. Effects of trans-stilbene oxide (t-SO) and phenobarbital treatment on 
hepatic microsomal benzo[a]pyrene hydroxylase (AHH) activity in castrated 
male rats* 





Treatment 


AHH activity+ 





Corn oil control 


t-SO (400 mg-kg~'-day~' for 3 days, i.p.) 


Saline control 


Phenobarbital (80 mg-kg~'-day~' for 4 days, i.p.) 


1544 + 244 (8) 
988 + 127 (8)t 

1657 + 318 (8) 

1844 + 242 (8) 





* Male rats were castrated between 21 and 24 days of age. They were treated 
and killed when they weighed 200-250 g. 


+ AHH activity is expressed 


pmoles 3-hydroxybenzo[a]pyrene 


formed: min™!-(mg protein)! + S.E.M. (N). 
+t Indicates significant difference from control, P < 0.05. 


DISCUSSION 


The results presented in this paper confirm that 
t-SO is an inducer of the cytochrome P-450-depen- 
dent monooxygenases, as well as of EH. We have 
also demonstrated that the response of AHH to t- 
SO, phenobarbital and LAAM, as to methadone 
[16] is dependent on the age and sex of the rats used. 
t-SO, like phenobarbital, LAAM and methadone 
[16] (other inducers of EH), increased AHH activity 
in the adult female rat. t-SO and phenobarbital were 
also found to increase AHH activity in the immature 
male. In the adult male rat, however, these four 
agents increased EH activity without producing a 
simultaneous increase in AHH activity. When ami- 
nopyrine N-demethylase was determined, its activity 
was found to be increased by treatment with t-SO 
or phenobarbital in both adult males and adult 
females. The finding that t-SO increased amino- 
pyrine N-demethylase activity in the adult male does 
not support the results of Schmassmann and Oesch 
[11] who reported that this activity was unaltered. 


They also reported that cytochrome P-450 levels 
were unaltered in these rats. Recently, Seidegard et 
al. [23] showed that cytochrome P-450 levels in the 
adult male were elevated more than 2-fold following 
t-SO. The effects of t-SO on AHH and aminopyrine 
N-demethylase activities in the adult female and 
immature male (Fig. 1 and Table 1) are in accord 
with the previous work of Mukhtar ef al. [13]. In 
contrast with the findings of both the present study 
and that previously stated [13], Oesch and Schmass- 
mann [24] found that AHH activity in the female 
rat was not altered by ¢-SO. 

Inducers of the microsomal drug-metabolizing 
enzymes have been classically divided into two 
groups: phenobarbital (P-450)-type or 3-methyl- 
cholanthrene (P-448)-type inducers [25]. In the pres- 
ent experiments, the following responses were 
observed with the prototypes. As expected, 3- 
methylcholanthrene did not increase EH or ami- 
nopyrine N-demethylase activities [14, 26]. In addi- 
tion, 3-methylcholanthrene increased AHH activity 
in the immature male, adult female, and adult male 
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rat. In contrast, phenobarbital produced markedly 


smaller increases in AHH activity in the adult female. 


and immature male, and failed to increase AHH 
activity in the adult male. Phenobarbital was found, 
however, to increase EH activity, as well as ami- 
nopyrine N-demethylase activity, in all rats studied. 
t-SO is a phenobarbital (P-450)-type inducer of 
microsomal enzymes in that, like phenobarbital, t- 
SO does not increase AHH activity in the adult male; 
it increases AHH activity in the adult female and 
immature male, and it increases EH and aminopyrine 
N-demethylase activities in adult males and adult 
females. In support of this suggestion, Seidegard et 
al. [23] have shown that ¢-SO increases cytochrome 
P-450 and does not cause the formation of the spec- 
trally distinct cytochrome P-448, a major character- 
istic of 3-methylcholanthrene (P-488)-type inducers 
[25]. 

In the adult male, t-SO actually produced a 
decrease in AHH activity. The dose of t-SO 
employed was quite high, so direct inhibition of the 
enzyme by ¢t-SO present in the microsomes could be 
a factor. Also, we noted a decreased weight gain in 
these animals, as well as signs of liver injury (three 
out of twenty-four with gross liver necrosis). There- 
fore, hepatic toxicity could be an important factor 
in the decreased AHH levels. Furthermore, the 
increases in the other enzyme activities as well as 
the increases in AHH seen in immature males and 
adult females could have been affected by these 
factors. Indeed, enzyme inhibition or toxicity could 
have masked what may actually be greater increases 
by t-SO. 

There is no sex difference in AHH activity in the 
immature rat [27]. Upon maturity, however, the 
levels of AHH activity increase dramatically in 
males. This effect is attributed to the increased pro- 
duction of testosterone, an endogenous inducer. 
Testosterone administration to immature females or 
castrated males results in the AHH levels observed 
in adult males [28]. Castration at 3-4 weeks of age, 
however, does not decrease AHH activity from the 
adult male to the adult female level [28]. We have 
observed this previously [29, 30], and again in the 
present study. Such a castrated male is not a “female” 
or “immature male” with regard to AHH activity. 
First, the basal level of AHH in the castrated male 
is many-fold higher than in the adult female. Also, 
phenobarbital and ¢-SO treatments affect AHH in 
the castrated male in the same manner as in the 
normal adult male. Whether this is due to the cas- 
tration failing to reduce testosterone levels to that 
of the adult female or to testosterone influencing 
this enzyme irreversibly with respect to its induci- 
bility by the time castration occurred is not known 
at present. Once AHH activity has increased to its 
normal level in the adult male, however, this enzyme 
has not been shown to be increased further by phen- 
obarbital (P-450)-type inducers. 3-Methylcholan- 
threne (P-448)-type inducers increase AHH to the 
same extent in all rats. This induction appears not 
io be influenced by age or sex. The induction of 
aminopyrine N-demethylase by phenobarbital is also 
independent of age and sex. 

As a result of the non-inducibility of AHH by 
phenobarbital (P-450)-type inducers in the adult 
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male rat, compounds of this type which increase EH 
activity could be used as selective inducers of this 
enzyme without producing an_ effect on 
benzo[a]pyrene monooxygenation. Such com- 
pounds, however, are not selective inducers of EH 
with respect to other cytochrome P-450-dependent 
monooxygenases [31, 32], nor are they selective 
inducers in adult female or immature male rats. 
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Abstract—A number of acetylenic compounds have been examined for their ability to cause the 
destruction of cytochrome P-450 in a liver microsomal test system in vitro. Certain water-soluble drugs 
were inactive in this system although water solubility alone was not sufficient to account for the absence 
of metabolic activation. Lipophilic compounds where the ethynyl substituent was sterically hindered 
in a non-terminal position in the molecule, e.g. tremorine or 5-decyne, were also inactive in this test 
system. In contrast, 1-heptyne, 1-decyne and 1-tridecyne readily caused the destruction of cytochrome 
P-450 in the presence of NADPH. However, both shorter chain length (1-pentyne) and longer (1- 
octadecyne) caused little or no loss of this cytochrome. Destruction of cytochrome P-450 in the liver 
in vivo occurred following the administration of naturally occurring products extracted from the avocado 
fruit. Attempts to isolate the active principles involved have not yet been successful. 


Ethynyl substituted (—C==CH) compounds, includ- 
ing some contraceptive steroids, undergo metabolic 
activation in the liver by a NADPH-dependent 
enzyme system having many of the characteristics 
of the mixed function oxidases, to give derivatives 
which cause the destruction of the haem moiety of 
cytochrome P-450 [1,2]. Covalent binding of the 
active metabolite of ethynyl-substituent to the por- 
phyrin ring of haem results in the formation of 
abnormal green pigments [3]. Metabolic cleavage of 
the ethynyl group occurs in monkeys [4] while in 
rodents, oxidation to the corresponding carboxylic 
acid takes place [5,6]. It is not known if interme- 
diates from either of these reactions are involved in 
the destruction of hepatic haem. This paper reports 
on a study of the substrate specificity of the enzyme 
system responsible for the metabolic activation of 
the ethynyl-substituent and describes some model 
compounds where the metabolism of this group can 
be studied. Evidence is presented which suggests 
that some naturally occurring acetylenes such as 
those found in extracts of avocado fruit may undergo 
metabolic activation in the liver in a similar manner 
to synthetically produced ones. 


MATERIALS AND METHODS 


1-Alkynes (>98% purity) were from Fluka A.G., 
Buchs, Switzerland; 2,3 and 5-decyne were from ICN 
Pharmaceuticals, N.Y., U.S.A. Male Fischer F.344 
rats (150-180 g) were given 0.1% (w/v) phenobar- 
bitone sodium in the drinking water for 7 days before 
use. Washed liver microsomal fractions were pre- 
pared as described previously [2]. Incubation mix- 
tures of 3ml volume contained the ethynyl-substi- 
tuted substrate nominal concn 2 mM added in 30 ul 
propylene glycol together with MgCl, SmM: 
EDTA, 2mM; NADP, 0.65mM,; glucose-6-phos- 
phate, 8mM; glucose-6-phosphate dehydrogenase, 


0.67 U/ml and sodium phosphate buffer pH 7.5, 
100 mM. Reactions were started with the addition 
of 0.2 ml rat liver microsomes containing 50 nmoles 
cytochrome P-450/ml. Incubations were for 10 min 
at 37° in air in 25 ml conical flasks. Where alkynes 
were used, flasks were sealed with teflon septa. At 
the end of the incubation, flasks were placed on a 
salt-ice mixture and cytochrome P-450 was deter- 
mined from the CO-reduced versus reduced differ- 
ence spectrum [8]. Results were expressed relative 
to controls incubated for the same length of times 
in the absence of substrate. In controls, substrate 
was added immediately before the determination of 
cytochrome P-450. Avocado fruit were divided into 
mesocarp and stone fractions (approx. 200 g) and 
were extracted <3 with 300 ml diethylether in a 
Waring blender. The ether extracts were dried 
(anhyd. Na,SO,), passed through a 25 x 2.5 cm 
column of neutral alumina to remove chlorophylls 
and then rotary evaporated to give a pale yellow oil. 
Phenobarbitone pretreated rats were given 20 ml/kg, 
i.p. (mesocarp extract) or 1 ml/kg, i.p. (stone 
extract). Controls received a similar volume of trioc- 
tanoin. At various times after dosing, animals were 
killed and the concentrations of the liver microsomal 
cytochrome P-450 estimated as described previously 
[2]. 


RESULTS AND DISCUSSION 


The results shown in Table 1, group A indicate 
that a number of ethynyl-substituted water soluble 
drugs were without effect on hepatic microsomal 
cytochrome P-450 in a test system in vitro. These 
drugs included the monoamine oxidase inhibitor par- 
gylene (N-methyl-N-2-propynylbenzylamine) (Fig. 
1, I) and the sedative ethinamate (1-ethynylcyclo- 
hexanol carbamate) (Fig. 1, II). Similar negative 
effects were obtained when these compounds were 
administered to rats (1 mmole/kg, i.p.) in vitro (I. 


3253 





3254 


White, unpublished results). All the drugs in group 
A are water-soluble and this may reduce their ability 
to enter the hydrophobic environment of the micro- 
soma! mixed function oxidase activating system [1]. 
However, water solubility alone does not preclude 
metabolic activation; other factors must also be 
involved. For example while ethinamate was inactive 
in this system, the closely related highly water-solu- 
ble 1-ethynyl cyclohexanol is able to cause the 
destruction of cytochrome P-450 [3]. 

Table 1 group B shows results obtained with 
compounds where the ethynyl substituent was not 
in a terminal position in the molecule. Metabolic 
activation in these examples appeared to be relatively 
easily prevented by steric hindrance of the ethynyl 
substituent, e.g. by a chloromethyl group in the 
herbicide barban (4-chloro-but-2-ynyl-3-chlorocar- 
banilate) (Fig. 1, III) or a relatively long hydrocarbon 
chain as in 5-decyne (Fig. 1, [V). Similarly, 3-decyne 
was only poorly metabolically activated. In contrast, 
both 2-decyne and 1-decyne were much more effec- 
tive in causing the loss of cytochrome P-450. Some- 
what unexpectedly, 2-decyne was rather more effec- 
tive than was 1-decyne in this respect (Table 1, group 
C). In this complex microsomal system, the forma- 
tion of active metabolites can not be directly deter- 
mined but only indirectly estimated by the destruc- 
tion of cytochrome P-450. Even if metabolic 
activation of the ethynyl-substituent occurs, other 
factors including the structure of the remainder of 
the molecule may affect the extent of cytochrome 
P-450 destruction. The nature of the active metab- 
olites involved are not yet known. 

The alkynes appear to be a good model for the 
study factors affecting metabolic activation. The 
effect of chain length on metabolic activation of 
some terminally substituted alkynes is shown in Fig. 
2. 1-Decyne was one of the most effective in causing 
the destruction of cytochrome P-450; both shorter 
and longer chain lengths were less effective. Acety- 
lene gas can also cause loss of cytochrome P-450 in 
vivo and in vitro [2]. 


Table 1. Effect on liver microsomal cytochrome P-450 of 
various ethynyl-substituted compounds in vitro 





Cytochrome P-450 
remaining 
(per cent)* 





Group A. Water-soluble drugs 
Pargfiene 
4-Amino hex-5-ynoic acid 
Ethinamate 


99.4+1.3 
104.3 + 2.3 
102.4 + 2.7 


Group B. Compounds with a _ non-terminal ethynyl 
substituent 
Barban 
Tremorine 
5-Decyne 
3-Decyne 
2-Decyne 
Group C. Terminally-substituted ethynyl compounds 
1-Decyne 56.9 + 1.3 
Norethindrone 74.8 + 2.6 





* Data represent the mean +S.E. of 4 experiments. 
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Fig. 1. Chemical structures of some ethynyl-substituted 
compounds. 
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Fig. 2. Effects of various 1-alkynes of different chain lengths 

on microsomal cytochrome P-450 in vitro. Results represent 

the mean +S.E. of 4 experiments. C; = 1-pentyne; C; = 

l-heptyne; Cy) = 1-decyne; (C,3=tridecyne; Cj, = 1- 
octadecyne. 


Acetylenic substituted compounds are found in 
some plant species (reviewed in ref. 9). The fruit of 
the avocado (Persia sp.) contains a number of lipo- 
philic compounds with terminal acetylenic substi- 
tuents [7]. Extracts of avocado stone or mesocarp 
when given in large doses to rats caused a time 
dependent loss of hepatic cytochrome P-450. There 
was no significant effect on cytochrome b; (Fig. 3). 
A similar selective’ action on cytochrome P-450 has 
been reported with other ethynyl-substituted com- 
pounds [1, 2]. Rats given avocado stone extracts and 
killed at times 2 hr after dosing had dark congested 
livers and clear ascites in the peritoneal cavity. Such 
toxic effects may have contributed to the more pro- 
longed depression of hepatic cytochrome P-450 in 
these animals. Rats given mesocarp extract were not 
affected in this way. When extracts from the livers 
of rats killed 4hr after dosing with avocado stone 
(but not mesocarp) preparations were separated on 
silica gel thin layers plates [2], characteristic green 
pigments which fluoresced red under u.v. light were 
observed. Attempts to isolate the active principles 
involved in these effects have not yet been successful. 





Destruction of cytochrome P-450 compounds in rats 
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(n mol/g wet wt. of liver) 


Concn. of cytochrome bs or P- 450 
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Fig. 3. Effects on liver cytochromes P-450 and bs; concen- 

trations of extracts of avocado fruit. At various times after 

dosing with avocado extracts, animals were killed and the 

concentrations of the liver microsomal cytochrome P-450 

(open symbols) or bs (closed symbols) estimated. 0, @ 

mesocarp extract, O, @ stone extract. Results represent 
the mean +S.E. of 4 experiments. 


Whether the loss of cytochrome P-450 is due to 
acetylenic-substituted compounds, or to other com- 
ponents in the crude extract such as allylic or thiono- 
compounds known to exert similar effects [10] is not 
yet clear. The formation of green pigments in the 
liver, however, suggests that a specific effect is 
involved rather than a general suppression of the 
concentration of these cytochromes. At present, only 
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ethynyl, vinyl or allylic substituted compounds are 
known to be activated to derivatives which can cause 
the formation of green pigments from haem in the 
liver [10]. These results also suggest that destruction 
of cytochrome P-450 in the liver may occur following 
the ingestion of such compounds in the diet. 
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Abstract—To evaluate the role of cytochrome P-450 in anesthetic toxicity, we investigated the effects 
of hepatic microsomal cytochrome P-450 inducers [phenobarbital (PB), 3-methylcholanthrene (3-MC) 
and pregnenolone-16a-carbonitrile (PCN)] and inhibitors [SKF 525-A, metyrapone, and 2-allyl-2- 
isopropylacetamide (AIA)] on the potentiation of lethal effects to rats of i.p. administered 2,2,2- 
trifluoroethyl vinyl ether (TFVE), ethyl 2,2,2-trifluoroethyl ether (TFEE), allyl 2,2,2-trifluoroethyl 
ether (TFAE) and 2,3-epoxypropyl 2,2,2-trifluoroethyl ether (EPTFE). The time courses of tail-vein 
blood anesthetic concentrations and quantities of exhaled anesthetics together with the in vitro metab- 
olism of the anesthetics and their binding to microsomal cytochromes P-450 were also determined. The 
results indicate that (1) the majority of the administered anesthetics make a single pass through the 
liver prior to exhalation and apparently are metabolized to toxic products, (2) the epoxide (EPTFE) 
exerts its lethal effects independently of cytochrome P-450 catalyzed metabolism and does not lie on 
the major path of TFAE metabolism, (3) all the anesthetics yield 2,2,2-trifluoroethanol (TFE) on 
metabolism in vitro but lethality does not always correlate with the rates of TFE formation, (4) PB 
induced cytochromes P-450 potentiate lethal effects of TFVE and TFEE but not of TFAE, and inhibitors 
differentiate mechanisms of TFVE and TFEE lethality, (5) PCN induced cytochromes P-450 potentiate 
the toxicity of TFVE, TFAE, and TFEE in a similar manner, and (6) 3-MC induction potentiates TFEE 


and TFAE lethality apparently independently of cytochrome P-450 catalyzed metabolism. 


Nonlethal doses of the anesthetic fluroxene (2,2,2- 
trifluoroethyl vinyl ether) become lethal when 
administered to rats subsequent to the administration 
of certain hepatic cytochrome P-450 inducing agents. 
Those inducing agents that have been demonstrated 
to potentiate the toxic effects of fluroxene are phen- 
obarbital (PB) [1], mephobarbital [2], pregnenolone- 
16a-carbonitrile (PCN) [2], and polychlorinated 
biphenyl mixtures [3]. Other known inducers of 
cytochromes P-450, including 3-methylcholanthrene 
(3-MC) and other polycyclic aromatics, mirex, 
kepone, 8-hydromirex, spironolactone, barbital, 
hexobarbital and pentobarbital, did not potentiate 
lethal effects of fluroxene in rats [2]. Based on these 
results, it was concluded that only certain forms of 
cytochrome P-450 are capable of catalyzing the 
metabolism of fluroxene to toxic metabolites, while 
for other forms fluroxene is either a poor substrate 
Or not a substrate or non-toxic metabolites are 

rmed [2]. Furthermore, since the non-fluorinated 
analog of fluroxene, ethyl vinyl ether, did not pro- 
duce lethal effects at doses and conditions of induc- 
tion similar to those that potentiate lethal effects 
with fluroxene, it was concluded that the trifluori- 
nated moiety of fluroxene was associated with the 
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toxic metabolite [4]. Trifluoroethanol (TFE), which 
has been demonstrated to be toxic [5], is the most 
likely toxic metabolite. 

Fluroxene is metabolized by hepatic microsomal 
cytochrome P-450 to TFE and CO, in mice [5], dogs 
[6], and monkeys [7]. In man, the major urinary 
metabolite is 2,2,2-trifluoroacetic acid which, 
because it is less toxic than TFE, could account for 
the apparent lesser susceptibility of man to fluroxene 
toxicity [8]. 

Cytochrome P-450, the terminal oxidase of the 
hepatic microsomal mixed function oxidase system, 
has as its principal function the detoxification of 
xenobiotics by conversion of hydrophobic to more 
hydrophilic and, thus, excretable compounds. Com- 
pounds other than fluroxene, however, exhibit 
enhanced toxicity as a consequence of cytochrome 
P-450 catalyzed metabolism. For example, cyto- 
chrome P-450 plays a toxifying role in the mutagen- 
icity and, presumably, carcinogenicity of polycyclic 
aromatic compounds [9] and in the hepatotoxicity 
of chloroform [10]. 

In the present study we have continued our inves- 
tigations into the role of cytochrome P-450 in poten- 
tiating the toxicity of fluroxene by examining the 
effects of cytochrome P-450 inducers and inhibitors 
on the lethality of fluroxene and analogous com- 
pounds. The relationship of toxic effects to the extent 
of binding of the fluroxene analogs to differently 
induced forms of rat hepatic microsomal cytochrome 
P-450 and the in vitro metabolism of the compounds 
catalyzed by cytochrome P-450 have been studied. 
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The time courses of blood anesthetic concentrations 
and the quantities of exhaled anesthetic following 
single i.p. administrations of the anesthetics were 
also determined to aid interpretation of lethal effects. 


MATERIALS AND METHODS 


Reagents. Fluroxene (TFVE) was obtained from 
Ohio Medical Products, Madison, WI. Ethyl 2,2,2- 
trifluoroethyl ether (TFEE) was prepared from flu- 
roxene by catalytic hydrogenation [11]. Allyl 2,2,2- 
trifluoroethyl ether (TFAE) was prepared by the 
condensation of 2,2,2-trifluoroethanol with allyl 
chloride [12], and 2,3-epoxypropyl 2,2,2-trifluoro- 
ethyl ether (EPTFE) was prepared by condensation 
of 2,2,2-trifluoroethanol with epicholorohydrin [13]. 
PB, 3-MC, and NADPH were purchased from the 
Mallinckrodt Chemical Works (St. Louis, MO), 
Pfaltz & Bauer (Stamford, CT), and the Sigma 
Chemical Co. (St. Louis, MO) respectively. PCN, 
2-allyl-2-isopropylacetamide (AIA), SKF 525-A, 
and metyrapone were gifts of The Upjohn Co. 
(Kalamazoo, MI), Hoffmann-LaRoche (Nutley, 
NJ), Smith, Kline & French (Philadelphia, PA) and 
Ciba-Geigy (Summit, NJ) respectively. TFE was 
purchased from the Aldrich Chemical Co. (Milwau- 
kee, WI). All other chemicals were of the highest 
grades commercially available. Water was deionized 
and glass distilled. 

Animals and tissue preparation. Male Wistar rats 
(250 + 30g) from a colony maintained by this Divi- 
sion were used throughout this study. The rats were 
housed at 22° with a 12-hr light cycle. They were 
allowed free access to food (Wayne Laboratory 
Animal Diet) and water. However, 24hr before 
treatment with an anesthetic or before killing, the 
rats were allowed water only. 

Rats were injected i.p. with PB (100 mg 
PB-kg"'-day~'in 0.9% saline) for 2 days and treated 
experimentally on day 4. They were given 25 mg 
3-MC-kg™' -day~' or 100 mg PCN-kg™'-day~' for 
3 days i.p. in corn oil, and treated experimentally 
on day 5. Control animals were injected with saline 
or corn oil using the experimental regimen. Those 
animals treated with the cytochrome P-450 inhibitors 
were injected as follows: AIA, 200 mg/kg in 0.9% 
saline, s.c. (neck), 8 hr before anesthesia or killing; 
SKF 525-A, 50 mg/kg, in saline, i.p., 60 min before 
anesthesia or killing, simultaneously with anesthesia, 
or 60 min after anesthesia; and metyrapone, 60 mg/kg 
in saline, i.p., 60 min before anesthesia or killing. 

Rats were killed by cervical dislocation; the liver 
was immediately removed, washed in ice-cold 0.15 M 
KCI-0.02 M Tris-HCI (pH 7.4) and finely minced. 
Microsomes were prepared from individual animal 
livers, as described previously [14], by a modification 
of the gel filtration method of Tangen et al. [15]. 
Microsomal protein concentrations were determined 
by the method of Schacterle and Pollack [16]. Cyto- 
chrome P-450 concentrations were determined by 
the difference spectral method of Omura and Sato 
{17}. 

Methods. Blood concentrations of the anesthetics 
were determined by gas chromatographic analysis 
of a carbon tetrachloride extract of rat tail-vein 
blood. A rat, after being given the anesthetic i.p., 
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was placed in a restraining cage. The tail was 
immersed in water maintained at 50° for approxi- 
mately 30 sec, after which it was withdrawn and 
dried off; a sample of blood was taken from a tail 
vein using a 1-ml syringe fitted with a 20-gauge 
needle. Twenty ul of this blood was immediately 
transferred to a 300-ul Reacti-Vial (Pierce Chemical 
Co., Rockford, IL) containing 200 ul of CCl,. After 
thorough vortexing, the mixture was allowed to sep- 
arate. One ul of the CCl, layer was injected onto a 
10 ft 5% OV-101 on 100-120 mesh Chromosorb 
WHP column for analysis. The column, injection 
port, and flame ionization detector temperatures 
were 100°, 100°, and 120° respectively. The anes- 
thetics were quantitated by integration of the areas 
under their chromatographic peaks and comparison 
with the corresponding areas of standard solutions 
of the anesthetics in carbon tetrachloride. 

The rate of anesthetic exhalation by a rat was 
determined by gas chromatographic analysis of the 
expired air trapped in CCl,. We have previously 
described the method for trapping exhaled anesthetic 
gases [3]. Analysis of the CCl, extract of anesthetic 
was performed as described above. Recovery of 
anesthetics added to the trapping system was 100 per 
cent. 

Partitioning of the anesthetics between water and 
the microsomal suspensions was determined by gas 
chromatographic analysis of the aqueous phase of 
a microsomal suspension in the presence of anes- 
thetic. Ultracentrifuge tubes were completely filled 
with a known volume of microsomal suspension (2 mg 
protein/ml). A known quantity of anesthetic was 
added and the tubes were immediately sealed. After 
the tubes were shaken vigorously they equilibrated 
at 30° for 1 hr, after which they were centrifuged at 
105,000 g for 1hr at 30°. The aqueous phase was 
analyzed on a 6 ft 10% XE-60 on 80-100 mesh Chro- 
mosorb WHP column. The column, injection port, 
and flame ionization detector temperatures were 80°, 
200°, and 200°, respectively, except during EPTFE 
analysis when temperatures were 150°, 200°, and 
200° respectively. The concentration of the anes- 
thetic in the aqueous phase was determined by com- 
parison of integrated peak areas with corresponding 
areas of standard anesthetic solutions. By using the 
relation 0.4 ul phospholipid/mg protein [18], the con- 
centration of the anesthetic in the lipid phase and, 
hence, the partition coefficient of the anesthetics 
between lipid and water (PC,,,) were calculated. 

The in vitro rates of production of TFE by micro- 
somal metabolism of the anesthetics were deter- 
mined by gas chromatographic analysis of the 
aqueous phase of a microsomal incubation. Metab- 
olic incubations were performed in a 2 ml vial with 
the following components: 500 ul microsomes 
(8 mg/ml) and 400 ul buffer [25 mM N-tris (hydroxy- 
methyl)methyl-2-aminoethane sulfonic acid (TES) 
buffer, pH 7.4, 0.5 mM Na, EDTA and 12.5 mM 
MgCl,]. The vial was closed with a serum cap and 
anesthetic (3.0 wl) was introduced by injection 
through the cap. After equilibration at 30° for 5 min 
with vigorous shaking, 1.5% NADPH solution (100 
ul) was added to initiate the reaction. The reaction 
was terminated after 10 min by plunging the vial into 
a boiling water bath to denature the enzymes. When 
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Table 1. Effects of cytochrome P-450 inducers and inhibitors on the per cent mortality of rats 
following administration of fluorinated anesthetic agents* 





Inducer Inhibitor 


Per cent mortality? 


TFEE TFAE EPTFE 





None 

AIA 

SKF 525-A 
Metyrapone 


None (control) 


None 
AIA 
SKF 525-A 
Metyrapone 


Phenobarbital 


None 
AIA 
SKF 525-A 
Metyrapone 


Pregnenolone- 
16a-carbonitrile 


None 
AIA 
SKF 525-A 
Metyrapone 


3-Methylcholanthrene 


0 100 





* Abbreviations: TFVE, fluroxene; TFEE, ethyl 2,2,2-trifluoroethyl ether; TFAE, allyl 2,2,2- 
trifluoroethyl ether; EPTFE, 2,3-epoxypropyl 2,2,2-trifluoroethyl ether; and AIA, 2-allyl-2- 
isopropyl acetamide. Doses of anesthetics administered i.p. were: TFVE, 3.0 g/kg; TFEE, 4.0 


g/kg; TFAE, 3.0 g/kg; and EPTFE, 1.5 g/kg. 


+ Death occurring between 2 and 168 hr post-anesthetic administration. The number of 


animals in each group was seventeen to twenty. 


the inhibitors SKF 525-A (2 mM) and metyrapone 
(2 mM) were included, they were added in the same 
buffer prior to addition of substrate. AIA (2 mM) 


was added with the NADPH and incubated for 10 
min; then the substrate and more NADPH were 
added. The tubes were then centrifuged at 2000 g 
for 10 min. The supernatant layer was analyzed on 
an XE-60 column in a manner similar to that for the 
PC,, determinations described above. 

EPTFE in the microsomal incubations of TFAE 
was assayed by gas chromatography; the gas chro- 
matographic system is described above. Microsomal 
suspensions were injected directly into the injection 
port. Standard curves of EPTFE concentrations in 
aqueous solutions and microsomal suspensions were 
constructed. 

The interaction of the anesthetics with microsomal 
cytochromes P-450 was investigated using the dif- 
ference spectral method [19] with an Aminco DW- 
2 spectrophotometer. Microsomes were diluted to 
2 mg protein/ml with 0.02 M Tris-HCI-0.15M KC! 
buffer (pH 7.4). Equal volumes of the diluted micro- 
somes were placed in two cuvettes which were then 
sealed with rubber serum caps and equilibrated at 
25°. A spectral baseline was determined. Various 
concentrations of the anesthetic were introduced 
through the serum cap of the sample cuvette, the 
cuvette was shaken for 1 min, and the spectrum was 
recorded between 340 and 490 nm. The absorbance 
difference between the peak and trough was deter- 
mined and plotted against the corresponding anes- 
thetic concentration, using Eadie—Hofstee plots. The 
binding constants, K,, were determined from these 
plots. 

The mortality data were compared using simplified 
pairwise comparisons [20] and the Bonferroni tech- 


nique of multiple comparisons [21]. The limit of 
significance when mentioned in the text was P < 
0.05. 


RESULTS 


In vivo toxicity. The effects of the cytochrome P- 
450 inducers PB, 3-MC, and PCN and the inhibitors 
AIA, SKF 525-A, and metyrapone on the lethal 
effects of the fluorinated ether anesthetics are shown 
in Table 1. Only those deaths that were judged to 
be a consequence of anesthetic metabolism, i.e. 
which occurred between 2 and 168 hr after anesthetic 
administration, were taken into consideration. 
Animals that were alive 168hr after anesthetic 
administration were considered to be survivors; 
those dying between 0 and 2 hr post-anesthesia were 


Table 2. LD<o values for fluorinated anesthetics in rats 
administered single doses i.p.* 





LDso (g/kg) 


Anesthetic Control rats Phenobarbital induced rats 





TFVE a 4 
TFEE 6.2 3 
TFAE 7 9 
EPTFE 0.9 l 





* Abbreviations: TFVE, fluroxene; TFEE, ethyl 2,2,2- 
trifluorethyl ether; TFAE, allyl 2,2,2-trifluoethyl ether; and 
ETPFE, 2,3-epoxypropyl 2,2,2-trifluoroethyl ether. Only 
deaths occurring between 2 and 168hr post-anesthetic 
administration were considered, i.e. metabolic death. 

+ A large number of deaths before 2 hr precluded deter- 
mination of an LDsg for anesthetic metabolite related 
toxicity. 
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Fig. 1. Tail vein blood sunneninatane of the anesthetic agents as a function of time after administration 


of a single, i.p. dose. Key: © aa 
ether (4.0 g/kg), (A) allyl 2 


2-trifluoroethyl vinyl ether (2.5 g/kg), (@) ethyl 2,2,2-trifluoroethyl 
2,2- -trifluoroethyl ether (3.0 g/kg), and (A) 2,3-epoxypropyl 2,2,2-triflu- 


orethyl ether (1.5 g/kg). 


considered to have succumbed to the effects of the 
anesthesia rather than to anesthetic metabolites. 
Although the exact cause of death has not been 
determined, the clinical symptoms—lacrimation, 


tremors, labored respiration, and erythema about 
the face—were similar for all treated groups (except 
with EPTFE) and resembled those reported for TFE 
[5]. The doses of anesthetics are provided in Table 
1 and were based on the LD« values for single i.p. 


administrations of the anesthetics (Table 2). Doses 
of anesthetics, except in the case of EPTFE, were 
chosen to produce no deaths in control animals and 
significant numbers of deaths after induction with at 
least one inducing agent. 

At doses of EPTFE where few or no deaths 
occurred in control animals, induction by any of the 
agents used in this study did not potentiate a lethal 
effect. A dose of EPTFE was accordingly chosen 
which produced large numbers of deaths of both 
control and all induced rats, to determine whether 
the inhibitors would diminish the lethal effects. Only 
metyrapone produced any significant decrease in 
EPTFE related deaths, and only with PCN induced 
rats (Table 1). 

PB induction very markedly enhanced the lethal 
effects of TFVE and TFEE but not of TFAE. AIA 
significantly overcame the PB potentiated toxicities 
of both anesthetics, whereas SKF 525-A and metyr- 
apone were only effective in significantly diminishing 
the toxicity of TFVE but not of TFEE. When SKF 
525-A was administered 60 min after the TFVE to 
PB induced rats, the protective effect of the SKF 
525-A was markedly diminished, and 66 per cent of 
the rats died vs 0 per cent when SKF 525-A was 
administered 60 min before the TFVE. PCN induc- 
tion significantly enhanced the toxicities of TFVE, 
TFEE and TFAE, and all three inhibitors signifi- 
cantly diminished the toxic effecis except in the case 
of SKF 525-A with TFEE, where the effect was not 
significant. 3-MC induction potentiated the toxicity 
of TFEE and TFAE but not of TFVE. AIA but not 
SKF 525-A or metyrapone significantly overcame 
the toxic effects (Table 1). 


The PC,,, values were determined from studies with 
aqueous microsomal suspensions. The values 
obtained were in order of increasing lipophilicity: 
EPTFE, 7.2 + 0.8 x 10?; TFVE, 14.1 + 4.7 x 107; 
TFAE, 19.4 + 2.0 x 107; and TFEE, 21.0 + 6.7 
x 10°. The epoxide EPTFE was significantly less 
lipophilic than TFVE, which was significantly less 
lipophilic than TFEE and TFAE, which were not 
significantly different at P < 0.01 using Student’s. t- 
test. 

In Fig. 1, the blood concentrations of the anes- 
thetic agents are shown as a function of the time 
after i.p. administration to rats. For TFVE, TFEE 
and TFAE, blood concentrations increased slowly 
with time to achieve maximal concentrations at 40— 
60 min, followed by a slow decline over the following 
4hr. For EPTFE, blood concentrations increased 
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Fig. 2. Rates of exhalation of anesthetics following admin- 

istration of a single, i.p. dose. Key: (O) 2,2,2-trifluoroethyl 

vinyl ether (2.0 g/kg), (@) ethyl 2,2,2-trifluoroethyl ether 

(4.0 g/kg), (A) allyl 2,2,2-trifluoroethyl ether (2.0 g/kg), 

and (A) 2,3-epoxypropyl 2,2,2-trifluoroethy! ether 
(1.5 g/kg). 
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Fig. 3. Rates of formation of trifluorethanol (TFE) from 2,2,2-trifluoroethyl vinyl ether (TFVE), ethyl 

2,2,2-trifluorethyl ether (TFEE), ally! 2,2,2-trifluoroethyl ether (TFAE) and 2,3-epoxypropyl 2,2,2- 

trifluoroethyl ether (EPTFE) catalyzed by microsomes from control and PB induced rats. Microsomal 

concentrations were 4 mg protein/ml; anesthetic concentrations were: TFVE, 26.8 mM; TFEE, 25.6 mM; 

TFAE, 23.3 mM; and EPTFE, 24.3 mM. The inhibitory effects of AIA (2 mM), SKF 525-A (2 mM), 

and metyrapone (2 mM) are shown. Incubation temperature was 30°; incubation time was 10 min. 
Results are the means of six to eight experiments. 


much more rapidly with time after administration, 
reaching a maximum concentration, which was more 
than 3-fold greater than those of the other anesthetic 
agents, at approximately 10 min. The blood concen- 
trations of EPTFE also declined at a much greater 
rate than was the case for the other anesthetic agents. 
At 24hr post-administration, all of the anesthetic 
concentrations were below the detectible level in rat 
tail vein blood. 

The rates of exhalation of single doses of anes- 
thetics administered i.p. to rats are presented in 
Fig. 2. The order of the initial rates of exhalation 
of the anesthetics correlates with their volatilities 
(evidenced by the boiling points: TFVE, 43.5°; 
TFEE, 50-52°; TFAE, 74-76°; and EPTFE, 139- 
141°). Major portions of the administered doses of 
TFVE, TFEE and TFAE were exhaled within 1-2 hr 
post-administration; the proportion of the adminis- 
tered dose exhaled was inversely proportional to the 
partition coefficients for these anesthetics. In the 
case of EPTFE, markedly lower proportions of the 
administered doses were exhaled, which could be a 
consequence of its low volatility or chemical reac- 
tivity. The relatively low lipophilicity of EPTFE 
would tend to preclude the possibility of its depo- 
sition into body fat based on affinity for the fat. 

Since EPTFE caused destruction of ferricyto- 
chrome P-450 (L. S. Kaminsky and M. J. Murphy, 
unpublished results), no spectral binding studies 
could be performed. TFVE, TFEE and TFAE all 
gave type I binding spectra with control rat liver 
microsomes, indicating that they were interacting at 
the substrate binding site. Eadie—Hofstee plots of 
the extent of absorbance change versus anesthetic 
concentration were linear for the three anesthetics 
and yielded the following binding constants, K;: 
TFVE, 2.54mM; TFEE, 2.68mM; and TFAE, 
1.73 mM. With PB induced microsomes the K, values 
were decreased to similar extents with TFVE, 
0.51 mM; TFEE, 0.87 mM; and TFAE, 0.38 mM. 

When the four anesthetic agents were incubated 
with microsomes from control or PB induced rats 


and NADPH, a single metabolite was detected in 
all cases (not necessarily the only metabolite) which 
was shown by gas chromatography—mass spectro- 
metry to be TFE. In Fig. 3 the rates of formation 
of TFE from the four anesthetics and the effect of 
the cytochrome P-450 inhibitors on these rates of 
formation are shown. PB induction significantly (P 
< 0.05) enhanced the rates of metabolism of all four 
anesthetics, with TFAE metabolism being enhanced 
the least. In all cases, the inhibitors AIA, SKF 525- 
A, and metyrapone significantly inhibited the metab- 
olism, except in the case of AIA with TFAE metab- 
olism, catalyzed by microsomes from control and PB 
induced rats, where there was no effect. 

We were unable to detect EPTFE as an inter- 
mediate metabolite of TFAE. 


DISCUSSION 


Although our previous investigations [1-3] have 
implicated the metabolism of fluroxene, catalyzed 
by specific forms of cytochrome P-450, in the lethal 
effects of the anesthetic, many details of the mech- 
anism of toxicity are still unclear. An outstanding 
question concerns the role of an intermediate epox- 
ide metabolite in the toxicity. All our attempts to 
synthesize 2,3-epoxyethyl 2,2,2-trifluoroethyl ether 
(the epoxide derived from fluroxene) for use in 
mechanistic studies have failed, however, possibly 
because of the inherent instability of the molecule. 
We have thus used compounds similar to fluroxene, 
TFAE and its epoxide EPTFE in these studies to 
aid in resolving the mechanism of toxicity of fluor- 
inated ether anesthetics. 

The selection of anesthetic doses, which is based 
on the requirement for lethal effects in induced rats 
and no lethal effects with control rats, results in the 
use of relatively high doses of anesthetics. The major 
portion of these doses, however, was exhaled within 
approximately 2 hr except in the case of the epoxide, 
EPTFE (Fig. 2). The failure of EPTFE to be exhaled 
is consistent with the initially relative high blood 
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concentrations of the EPTFE observed (Fig. 1). If 
the lethal effects of TFVE, TFEE and TFAE arise 
from hepatic metabolism, this metabolism must 
occur within approximately 2 hr of administration of 
the anesthetic because after this time the blood con- 
centrations are too low to yield toxic concentrations 
of the metabolites. This is supported by the results 
which indicate that inhibition of PB induced cyto- 
chrome P-450 prior to administration of anesthetic 
prevents lethal effects, whereas inhibition of cyto- 
chrome P-450, at times exceeding 50 min post-anes- 
thesia, is very much less effective in preventing mor- 
tality. It is thus apparent that, at least for TFVE, 
metabolism of the high concentrations of TFVE on 
the first passage through the liver after being 
absorbed in the peritoneium is ultimately responsible 
for the lethal effects. 

The various inducers and inhibitors of cytochrome 
P-450 were used in this study to determine the role 
of cytochrome P-450 in potentiating anesthetic tox- 
icity. The inducing agents were selected for ability 
to induce different forms of cytochrome P-450. We 
have demonstrated, by using the drug warfarin as 
an in vitro metabolic probe, that the livers of PB 
induced rats contain primarily the cytochrome P-450 
forms PB-B and PB-C, those from 3-MC induced 
rats contain primarily form MC-B [22], whereas liv- 
ers from PCN induced rats contain a different form 
of cytochrome P-450, as defined by the warfarin 
metabolite patterns, which has not yet been identi- 
fied [23]. There have been numerous other reports 
on the ability of these agents to induce different 
forms of cytochrome P-450 (e.g. Refs. 24 and 25). 
We have previously reported the hepatic microsomal 
cytochrome P-450 concentrations following induc- 
tion by the various agents [2]. 

Metyrapone and SKF 525-A have been demon- 
strated to inhibit cytochrome P-450 in vitro and in 
vivo and, depending on the substrates used, to act 
as competitive inhibitors [26,27]. Control, PB or 3- 
MC induced forms of cytochrome P-450 are inhibited 
by both inhibitors [28]. AIA is not an inhibitor of 
cytochrome P-450 but effectively acts to diminish 
cytochrome P-450 catalyzed rates of metabolism by 
destroying cytochrome P-450 in vivo and in vitro as 
a consequence of its own metabolism [29, 30]. AIA 
is, however, most effective in its destruction of PB 
induced forms of cytochrome P-450 and is virtually 
ineffective in destroying 3-MC induced cytochromes 
P-450 [31, 32]. 

An analysis of the effects of cytochrome P-450 
inhibitors and inducers on anesthetic-induced mor- 
talities (Table 1) indicates that the role of cytochrome 
P-450 is probably more complex than simply pro- 
viding toxic concentrations of TFE as was previously 
presumed [33, 34]. Thus, the epoxide EPTFE, which 
is possibly an intermediate of the metabolism of 
TFAE, by analogy with proposed mechanisms of 
fluroxene metabolism [34], exhibits lethal effects that 
are predominantly independent of its cytochrome P- 
450 catalyzed metabolism to TFE. This follows from 
the failure of the cytochrome P-450 inducing agents 
to potentiate EPTFE toxicity or, in the majority of 
cases, of cytochrome P-450 inhibitors to overcome 
EP7FE toxicity. Thus, if EPTFE were a metabolite 
on the major pathway of TFAE metabolism, then 
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the toxicity of TFAE could be a consequence of the 
formation of EPTFE and not TFE. In fact, the rate 
of metabolism of EPTFE to TFE is significantly 
slower than the rate of metabolism of TFAE to TFE 
(Fig. 3), which implies that the epoxide is not on the 
major pathway of TFAE metabolism. Mechanistic 
aspects will be discussed later. 

We have previously demonstrated that PB induc- 
tion potentiates lethal effects of TFVE and TFEE 
[1]. The enhanced rates of formation of TFE from 
both of these compounds in vitro, and their enhanced 
affinity for cytochrome P-450 as a consequence of 
PB induction, are consistent with proposals that the 
potentiation of toxicity by PB induction is a conse- 
quence of increased concentrations of TFE arising 
from increased rates of formation. The present 
results, however, indicate that the mechanisms of 
formation of toxic metabolites from TFVE and 
TFEE differ since SKF 525-A and metyrapone 
inhibition overcomes the ability of PB to potentiate 
TFVE-but not TFEE-related mortalities. These 
inhibitors do, however, inhibit the cytochrome P- 
450 catalyzed formation of TFE from TFEE as 
effectively as from TFVE in vitro, which implies that 
factors apart from TFE concentrations may play a 
role in TFEE-related mortalities. 

Although PB induction of hepatic microsomal 
cytochrome P-450 enhances rates of formation of 
TFE from TFAE and the affinity of cytochromes P- 
450 for TFAE in vitro, there is no significant increase 
in mortalities following TFAE administration to PB 
induced rats. Since blood levels of TFAE were sim- 
ilar to those of TFVE and TFEE, and with other 
inducing agents lethal effects of TFAE were poten- 
tiated, it appears probable that the TFAE must have 
been available for metabolism in vivo. Thus, other 
unknown factors must differentiate the mechanisms 
of toxicity of TFAE from that of TFVE under con- 
ditions of PB induction. 

PCN induction of rats potentiates the lethal effects 
of TFVE, TFEE and TFAE that are overcome by 
administration of all three inhibitors of cytochrome 
P-450. These results indicate that, for the PCN 
induced cytochrome P-450 system, a common mech- 
anism for metabolizing the three anesthetics to toxic 
metabolities is operative. With 3-MC induced rats, 
TFVE is clearly differentiated from TFEE and 
TFAE with respect to its toxicity. Although the 
absence of any potentiation of TFVE toxicity is 
consistent with our previous results which indicate 
that fluroxene is not a substrate for 3-MC induced 
cytochrome P-450 [35], 3-MC potentiation of the 
toxicity of TFEE and TFAE is difficult to explain. 
In particular, the effect of AIA, which does not 
eliminate hepatic 3-MC induced cytochrome P-450, 
in overcoming these lethal effects, SKF 525-A and 
metyrapone, which are known to inhibit this enzyme, 
are without effect, is indicative of the complexity of 
the role of cytochrome P-450. These results indicate 
that cytochrome P-450 does not function in 3-MC 
induced rats to potentiate the toxic effects and that 
other unknown factors are involved. 

Scheme 1 shows pathways postulated for mixed 
function oxidase catalyzed metabolism of TFAE; 
they incorporate possible intermediates based on 
known cytochrome P-450 function. TFE has been 
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demonstrated to be a metabolite of both TEAE and 
EPTFE, which supports EPTFE as an intermediate 
of TFAE metabolism. However, as previously dis- 
cussed, the relative rates of formation of TFE from 
TFAE and EPTFE preclude the epoxide from being 
on the major pathway of TFAE metabolism. In no 
case was EPTFE detected as an intermediate in 
TFAE metabolism, indicating that either the rate of 
TFAE— EPTFE was slower than the rate of 
EPTFE— TFE, thus preventing any build-up of 
ETPFE intermediate, or EPTFE is not an inter- 
mediate in TFAE metabolism. We are currently 
developing an assay for acrolein in an effort to 
determine whether the alternative pathway of 
metabolism from TFAE is possible. 

We have thus demonstrated that fluroxene and 
analogous fluorinated ethers become toxic through 
relatively rapid metabolism catalyzed by a variety 
of cytochromes P-450. The mechanisms of metab- 
olism are varied and complex, and epoxidation across 
a vinyl group is apparently not a major factor in the 
potentiation of the toxicity in the unsaturated 
compounds. 
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Abstract—Timegadine (N-cyclohexyl-N’’-4-[2-methylquinolyl]-N’-2-thiazolylguanidine), a new antiin- 
flammatory agent, was found to be a potent, competitive inhibitor of prostaglandin synthetase derived 
from a variety of tissues, including bovine seminal vesicles, rabbit renal papillae, rabbit lung, rabbit 
platelets and rat brain. The concentration of timegadine required to obtain 50% inhibition (ICs») varied 
from 5 x 10-°M (washed rabbit platelets) to 2 x 10~°M (rat brain). Timegadine was also found to be 
an inhibitor of lipoxygenase activity in the cytosol fraction of horse platelet homogenates, and in washed 
rabbit platelets. ICs) was 1 x 10°"M in both cases. These effects are discussed in the view of recent 
evidence, suggesting that dual inhibitors of arachidonate cyclo-oxygenase and lipoxygenase may have 


an improved profile of antiinflammatory activity. 


Compounds which prevent both cyclo-oxygenase and 
lipoxygenase pathways of arachidonic acid metab- 
olism may have advantages over selective cyclo- 
oxygenase inhibitors such as aspirin-like compounds 
in the treatment of inflammatory conditions. The 
final product of lipoxygenase pathway in platelets 
[1,2] and possibly in other cells [3], 12-L-hydroxy- 
eicosatetraenoic acid (12-HETE) is a potent chemo- 
tactic agent for PMN’s [4,5] and macrophages [6] 
and it may be involved in the cellular component of 
the inflammatory response as suggested by recent 
(albeit indirect) evidence [7,8]. In addition, the 
labile precursor of 12-HETE, 12-L-hydroperoxy- 
eicosatetraenoic acid (12-HPETE) may have impor- 
tant biological functions. For example, the release 
of anaphylactic mediators from guinea pig lungs is 
enhanced by hydroperoxy fatty acids [9,10], and 
from rat isolated peritoneal cells by indomethacin 
[11]. Aspirin-like drugs have been found to give rise 
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Fig. 1. Timegadine (N-cyclohexyl-N’’-4-[2-methylquino- 
lyl]-N’-2-thiazolylguanidine; SR 1368). 





* Generic name assigned to the compound previously 
known as SR 1368. 


to increased levels of 12-HPETE in human platelet 
cytosol as a result of their ability to inhibit the 
enzymatic conversion of 12-HPETE to 12-HETE 
[12]. 

We have recently described the potent antiinflam- 
matory activity of timegadine (Fig. 1) [13]. Some 
aspects of the pharmacology of this compound [14] 
suggested an investigation of its effects on cyclo- 
oxygenase pathway of arachidonic acid metabolism 
in different tissues, on lipoxygenase pathway in horse 
platelet cytosol and on both pathways in intact 
washed rabbit platelets. 


MATERIALS AND METHODS 


Materials. act. 


[1-'*C]Arachidonic 
56.4mCi/mmole (2.09GBq/mmole) (The Radio- 
chemical Centre, Amersham, U.K.), arachidonic 
acid (grade 1) and L-epinephrine bitartrate (Sigma 
Chemical Co., St. Louis, MO., U.S.A.), reduced 


acid, sp. 


glutathione (Boehringer Mannheim GmbH, 
F.R.G.), prostaglandin E, and prostaglandin F,, 
(Unilever Research, Viaardingen, The Nether- 
lands), silica-coated aluminum sheets (0.2 mm DC- 
Alufolien Kieselgel 60 F,;,, E. Merck, Darmstadt, 
F.R.G), SR 1368 (Chemical Research Department, 
Leo Pharmaceutical Products), Naproxene (Astra- 
Syntex, Sddertalje, Sweden), Nictindole (L 8027) 
(S.A. Labaz, Bordeaux-Cédex, France), Flufenamic 
acid (Parke-Davis, Glostrup, Denmark), Indometh- 
acin (Dumex A/S, Copenhagen, Denmark) and 
Chloroquine (Mecobenzon A/S, Copenhagen, Den- 
mark). Dimilume® scintillation cocktail, Packard 
Instrument Co., ILL., U.S.A. 

Assay of prostaglandin synthetase (PGS) activity 
in bovine seminal vesicle microsomes. A modification 
[15] of the method by Yanagi et al. [16] was used. 
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This method depends on the selective extraction of 
unmetabolized ['*C]arachidonic acid from the incu- 
bates after reaction for 5min at 37°, followed by 
liquid scintillation counting of arachidonic acid 
metabolites which remain in the aqueous layer. The 
concentration of arachidonic acid was 4.1 x 10~°M, 
0.125 wCi/ml, reduced glutathione and L-epinephrine 
both 0.4 mg/ml, and BSVM 0.95 mg protein/ml (pro- 
tein was assayed by the method of Lowry et al. [17]), 
unless otherwise indicated. 

Drugs were dissolved in dimethylsulphoxide 
(DMSO), and the final concentration of DMSO in 
the reaction mixture was 1%, which was shown not 
to interfere with PGS activity. Drugs were prein- 
cubated (unless otherwise indicated) for 5 min with 
enzyme prior to addition of radioactive substrate. 

Assay of PGS-activity in tissues other than BSV. 
Mircosomes were prepared by homogenizing the 
tissue in the double vol. of 0.1. M Tris-HCl, pH 8.0 
(Tris), filtering the homogenate through glass-wool, 
centrifuging the filtrate at 10,000 g for 10 min, fol- 
lowed by centrifugation of the supernatant for 1 hour 
at 100,000 g. The microsomal pellet was lyophilized 
and suspended at 5 mg of lyophilized powder/ml of 
Tris. 0.15 ml was incubated with 0.05 ml ['*C] arach- 
idonic acid, 1.64 x 10-*M, 0.50 uCi/ml, at 37° for 
either 10 min (lung, renal papilla) or 60 min (brain). 
The reaction mixture was then adjusted to pH 3.5 with 
1M glycin pH 3, containing 1M NaCl, and extracted 
twice with 10 vol. ethyl acetate containing, as car- 
riers, 10 ug PGE, and PGF,,. The extract was sub- 
jected to thin-layer chromatography on silica-coated 
aluminum foil in 2 different solvent systems: (1) 
chloroform methanol acetic acid water 
(90:9:1:0.65) and (2) The organic layer of ethyl acet- 
até: iso-octane: acetic acid: water (55:25:10:50), and 
the products of arachidonic acid metabolism were 
identified and quantified as previously described [18]. 

Assay of soluble lipoxygenase activity. The cytosol 
fraction of horse platelets were prepared as pre- 
viously described [1]. The high speed supernatant 
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was diluted 10 x with Tris, and 100 ul was mixed 
with 2 ul drug solution (usually in DMSO) and prein- 
cubated for 5 min at 37°. Then 0.9 nmole (10° cpm) 
[1-'*C]arachidonate in 100 ul Tris was added, and 
the mixture was incubated for 30min at 37°. The 
reaction was stopped by extraction with 2 ml ethyl 
acetate containing 1 ug/ml unlabelled arachidonic 
acid. More than 85 per cent of the radioactivity was 
extracted in one step. The extract was chromato- 
graphed in solvent mixture 1 (see above) on silica- 
coated aluminum-foil. Radioactive spots were local- 
ized by autoradiography, cut out and eluted with 
methanol before mixing with Dimilume® and count- 
ing in a liquid scintillation spectrometer. The identity 
of HETE was established as previously described 
[19]. 

Arachidonic acid-metabolism in rabbit platelets. 
18 ml blood was obtained by heart-puncture of New 
Zealand White Rabbits, and was mixed immediately 
with 2 ml 3.8% Na-citrate. Plastic tubes were used 
throughout. Platelet-rich plasma was obtained by 
centrifugation at 200g for 10min at 20°, and the 
platelets were then pelleted at 2,000g for 10min 
(20°). The cells were washed by repeated resuspen- 
sions and centrifugations in 0.9% NaCl, 10°7M 
EDTA, pH 7.4, and were finally resuspended in 5 ml 
of this buffer at 20°. 150 ul platelet suspension was 
preincubated with 2 ul drug solution for 5 min at 30° 
in DMSO, or DMSO as control, before addition 
of 50ul [“C]arachidonic acid, 1.65 x 10-*M, 
0.5 wCi/mi. After incubation with occasional shaking 
at 30° for 30 min, the tubes were cooled to < 4° on 
ice, and the cells were pelleted at 2,000 g, 10 min 4°. 
The radioactivity in an aliquot of the supernatant 
was determined by LSC. The rest was extracted 
twice with 2 ml ethyl acetate containing 2 ug/ml PGE, 
and PGF,, and the extract, containing more than 80 
per cent of the radioactivity not associated with the 
cells, was analyzed by t.l.c. as described above. The 
platelets were dissolved in 1 ml 1 N NaOH, ambient 
temperature, 4hr, and 100 ul of the solution was 


Table 1. Inhibition of prostaglandin synthetase from various tissues by timegadine, some nonsteroidal antiinflammatory 
drugs (NSAID’s), and chloroquine 





Tissue Inhibitor 


PGE; 


Inhibition of the formation of 


Inhibition of all 
arachidonate 
metabolism 


PGD; TXB,  6-keto-PGF,, 





Rabbit 
renal 
papilla 
Rat Timegadine 
brain Indomethacin 
Rabbit Timegadine 
lung Indomethacin 
Nictindole 
Naproxene 
Timegadine 
Indomethacin 
Nictindole 
Flufenamic 
Naproxene 
Chloroquine 


Timegadine ae 6.1 
Indomethacin 


Bovine 
seminal 
vesicle 
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* All values are ICs9’s (uM). 


Only arachidonate metabolites which were identified are included in the table. 
Due to the special assay for PGS in BSV (see Methods) only the overall arachidonate metabolism was determined 


in this tissue (main product is PGE,). 
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Fig. 2. Effect of timegadine (W), indomethacin (A), nic- 

tindole (@), flufenamic acid (0), naproxene (O) and chlor- 

oquine (@) on prostaglandin synthetase activity in bovine 
seminal vesicle microsomes. 


mixed with 10 ml Dimilume® scintillation cocktail 
and counted to determine the radioactivity in the 
cells. 


RESULTS 


Effect on prostaglandin synthetase. The effect of 
timegadine, some NSAIDs, and chloroquine on 
BSVM-PGS is shown in Fig. 2. All compounds 
except chloroquine showed significant inhibition at 
concentrations below 107-4‘M, and the order of 
potency was indomethacin > nictindole = timega- 
dine > flufenamic acid > naproxene. ICs» values are 
listed in Table 1. 

In order to classify the mechanism of PGS-inhi- 
bition by timegadine, the effect of arachidonic acid 
concentration on inhibition by timegadine was inves- 
tigated. A Lineweaver—Burk graph was plotted for 
the uninhibited reaction and the reaction inhibited 
by timegadine (3.0 uM) and indomethacin (0.5 uM) 
(Fig. 3). Maximum velocity, V,,,, of the reaction was 
0.46 nmoles PGE formed/min, and K,,, was 5.36 x 
10-°M. The action of both inhibitors was markedly 


1/V (nmol PGE/min yl 


Ts, 


-20 -10 0 10 20 
1/S (mm)! 
Fig. 3. Bovine seminal vesicle microsomal prostaglandin 
synthetase: Lineweaver—Burk plot of uninhibited reaction 


(x), and reaction inhibited by timegadine, 3.0 x 10°°M 
(¥) and indomethacin, 0.5 x 107°M (A). 








PGS - inhibition (*/e) 
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Fig. 4. Effect of preincubation on inhibition of BSVM- 
prostaglandin synthetase by timegadine, 3.0 x 10°°M (¥) 
and indomethacin, 0.5 x 10°°M (A). 


suppressed by increasing the concentration of arach- 
idonic acid, and the presence of a common intercept 
on the 1/V-axis for the enzyme reaction in the pres- 
ence and absence of drugs indicated competitive 
inhibition with both timegadine and indomethacin. 
The inhibitor constants, K;, were 5.79 x 10°°M and 
0.91 x 10-°M, respectively. 

The amount of inhibition obtained with indo- 
methacin was clearly time-dependent, but inhibition 
with timegadine was constant with respect to time 
(Fig. 4). 

Comparative studies of the effect of timegadine 
and other antiinflammatory agents on PGS’s derived 
from different animal tissues were performed (Table 
1). With rabbit renal papillary microsomes arachi- 
donic acid was metabolized mainly into PGF,,, PGE, 
PGD,, TXB, [15]. Both timegadine and indometh- 
acin inhibited the formation of all metabolites with 
ICso-values of the same order of magnitude for all 
metabolites. Timegadine was 1.3-1.9 times more 
potent than indomethacin in this system. Microsomes 
derived from rat brain cortex produced PGF,, from 
arachidonic acid at an extremely slow rate, and it 
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Fig. 5. Effect of compounds on horse platelet cytosol lipoxy- 


genase activity. For explanation of symbols, see legend of 
Fig. 2. 
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Fig. 6. Arachidonic acid metabolism in washed rabbit pla- 
telets (for explanation of symbols, see legend of Fig. 2). 
(a) Effect on cyclooxygenase activity, measured as the 
formation of 12-hydroxy-heptadecatrienoic acid (HHT) 
and TXB). (b) Effect on 12-hydroxyeicosatetraenoic acid 
(12-HETE) formation. (c) Effect on total metabolism of 
arachidonic acid. (d) Effect on cell-associated radioactivity 
after 30min of incubation in presence of exogenous 
['*C]arachidonic acid. Control tubes contained DMSO at 
the same concentration (1%) as tubes containing drugs. 


was necessary to incubate for 1 hour to achieve 
measurable quantities of PGF,,. No other metab- 
olites were formed. In this system indomethacin was 
10 times more potent than timegadine, which was 
weaker as brain PGS-inhibitor than observed with 
other enzymes. 

Rabbit lung microsome produced PGF,,, PGE), 
TXB, and 6K-PGF,, [18]. Again, all compounds 
inhibited the formation of all metabolites, the order 
of potency being indomethacin > timegadine> nic- 
tindole> naproxene. 

Effect on soluble lipoxygenase. The effect of 
timegadine, indomethacin, flufenamic acid, naprox- 
ene, nictindole and chloroquine on soluble lipoxy- 
genase activity from horse platelets was also inves- 
tigated (Fig. 5). Significant inhibition occurred only 
with timegadine (ICs) 1.07 x 10-*M). All other com- 
pounds were inactive at concentrations up to 10-°*M. 

Effect on arachidonic acid metabolism in washed 
rabbit platelets. Three major radioactive metabolites 
of [“C]-AA, [“C]-TXB,, [“C]-HHT and ['C]- 
HETE, and some minor metabolites (unidentified) 
were formed by washed rabbit platelets in the pres- 
ence of exogenous AA. Under the experimental 
conditions described under Materials and Methods, 
in the absence of drugs, 40-60 per cent of the radio- 
activity added to the cell suspension was associated 
with the cellular pellet after incubation. Of the five 
drugs tested only timegadine changed significantly 
the ratio of cell-associated radioactivity vs. soluble 
radioactivity (Fig. 6d). Thus, at 10-*M timegadine 
more than 80 per cent of the radioactivity was present 
in the cells, possibly as arachidonic acid incorporated 
into the phospholipid membrane. 


Indomethacin, timegadine and nictindole were 
potent inhibitors of platelet cyclo-oxygenase, 
naproxene was less potent (ICs) >10-*M; due to 
interference with extraction and t.l.c. it was not 
possible to use higher concentrations of naproxene 
than 10-*M), and chloroquine had no effect on cyclo- 
oxygenase (Fig. 6a). The inhibition of intact platelet- 
lipoxygenase by timegadine (Fig. 6b) was of the same 
order of magnitude as observed with soluble horse 
platelet lipoxygenase (Fig. 5). None of the other 
compounds significantly changed the activity of this 
enzyme. 


DISCUSSION 


These results suggest that the profile of activity of 
timegadine on arachidonic acid metabolism is clearly 
different from that of other NSAIDs. 

The effects of timegadine on cycloxygenase path- 
ways in different tissues are not qualitatively differ- 
ent from those of other NSAIDs used in comparative 
assays. In most of these assays its potency is com- 
parable to that of indomethacin. The distinct lipoxy- 
genase pathway [1, 2] 'eading to the formation of 12- 
HETE, not affected by NSAIDs, is concentration- 
dependently inhibited by timegadine both in intact 
washed rabbit platelets (ICs) = 1.58 x 10-*M) and 
in horse platelet cytosol (ICs) = 1.07 x 10~*M). In 
the latter assay Higgs et al. [7] have found that the 
structural analogue of phenidone BW 755 C, an 
inhibitor of leukocyte migration in sponge exudate, 
has an ICs) = 1.70 ug/ml (7.5 x 10°°M). The amount 
of 12-HETE determined in our assays is likely to be 
the sum of 12-HPETE and 12-HETE,, as in the 
chromatographic system we used the two products 
co-chromatograph [20] and in assay mixtures 12- 
HPETE is unstable [1]. In view of this it seems likely 
that timegadine inhibits the early steps of the lipoxy- 
genase pathway. Whether an inhibition of the per- 
oxidase activity which catalyzes the transformation 
of 12-HPETE to 12-HETE [20] also takes place 
cannot be assessed on the basis of present investi- 
gations. This has been reported to occur in intact or 
lysed human platelets with NSAIDs and it has been 
found to be accompanied by a remarkable increase 
of 12-HPETE levels [12, 20]. However, an enhance- 
ment of this step by timegadine is also a theoretical 
possibility, due to the weak reducing properties of 
the thiazole-ring. Lipoxygenase inhibition by time- 
gadine occurred not only in lysed, isolated prep- 
arations of lipoxygenase essentially free of cyclo-oxy- 
genase, but also to a similar extent in intact rabbit 
platelets. In this assay system the inhibition of cyclo- 
oxygenase by timegadine was at least two orders of 
magnitude greater than that observed in microsomal 
preparation of bovine seminal vesicles. As a result 
the total rate of conversion of the exogenous arach- 
idonic acid in intact platelets is decreased. 

The mechanism of the inhibitory effect of time- 
gadine on the turnover-rate of arachidonic acid 
therefore appears to differ from that of the antiin- 
flammatory steroid dexamethasone which does not 
inhibit cyclo-oxygenase of lipoxygenase in vitro [7] 
but probably prevents the production of arachidonic 
acid metabolites through inhibition of phospholipase 
A, activity [21]. The effect of timegadine on the 
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synthesis of other lipoxygenase products with pro- 
inflammatory properties, such as 5-HPETE and leu-* 
kotrienes, remains to be investigated. 
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Abstract—In this investigation, we attempted to determine if reactive metabolites other than phosgene 
(COCI,) are involved in the metabolic activation of chloroform (CHCl) in rat liver microsomes. This 
problem was approached by determining whether the formation of COCI, can account for the metabolism 
of CHCl; to covalently bound product, carbon dioxide (CO >), and chloride ion (Cl). It was found that 
the levels of covalent binding of ['*C]CHCI, and ['“C]CO, formation decreased proportionately when 
['*C]COCI, was trapped as 2-oxothiazolidine-4-carboxylic acid by the addition of cysteine to the 
incubation mixture. The amount of this product corresponded closely to the sum of the decreases in 
covalent binding and CO, formation. [**Cl]Chloride was formed from [*°CI]CHCI, under the same 
conditions that produced COCI, from CHCl. In addition, when “C-, *H-, or *“Cl-labelled CHCI, was 
incubated with liver microsomes under a variety of conditions, only the '“C-label was appreciably bound 
irreversibly to microsomal protein. These results support the view that COC], is the major, if not the 


only, reactive metabolite formed from CHCl, in rat liver microsomes. 


In 1847, chloroform (CHCI;) was introduced clini- 
cally as a general anesthetic [1]. Its potential hepatic, 
renal, and cardio-toxic properties, however, led to 
a decline in its use in human medicine; in 1912, the 
Committee on Anesthesia of the American Medical 
Association condemned its use for major surgery. 

Chloroform is still used widely as an industrial 
solvent and chemical intermediate. Until recently 
it was also employed as a preservative and flavor 
enhancer in pharmaceutical products such as cough 
medicines, mouth washes, and dentifrices. In 1976, 
these uses of CHCl, were banned by the Food and 
Drug Administration following the finding of the 
National Cancer Institute that CHCI, induced liver 
cancer in mice and renal tumours in male rats [2]. 
The potential carcinogenic activity of CHCl; [2, 3] 
has led to further concern since CHCl, has been 
found as a contaminant in drinking water purified 
by chlorination [4]. 

The results of several investigations suggest that 
a reactive metabolite of CHCl, is responsible for its 
hepatotoxicity and possibly its carcinogenicity and 
renal toxicity [5]. For example, when mice are 
treated with [‘*C]CHCl,, the extent of hepatic necro- 
sis parallels the amount of “C-label bound irrever- 
sibly to liver protein [6]. In addition, both hepatic 
necrosis and binding are potentiated by pretreatment 
of animals with phenobarbital, a known inducer of 
liver microsomal metabolism, and are inhibited by 
pretreatment with the inhibitor piperonyl butoxide 
[6]. The finding that CHCl, administration signifi- 
cantly decreases the level of liver glutathione in rats 
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pretreated with phenobarbital further suggests that 
a reactive metabolite is produced [7, 8]. Perhaps the 
clearest evidence that a metabolite of CHCl, is 
responsible for its hepatotoxicity is the observation 
that deuterium-labelled chloroform (CDCI;) is two 
to three times less hepatotoxic than CHCl, [9, 10]. 

Recently, phosgene (COCI,) was identified as a 
metabolite when CHCl, was incubated with rat liver 
microsomes [11-13] and when it was administered 
to living rats [14]. The formation of COC), like the 
covalent binding of ['*C]CHCI, to liver microsomes, 
is oxygen dependent and appears to be catalyzed by 
a phenobarbital inducible form of cytochrome P-450 
[6, 9, 10, 12, 15, 16]. Moreover, deuterium-labelled 
chloroform (CDCI) is metabolized to COCI, by liver 
microsomes [9] and in living rats [14] at approxi- 
mately half the rate of CHCI,. Thus, it seems likely 
that COCI, is responsible, at least in part, for the 
hepatotoxicity produced by CHCl). 

In this investigation, we have attempted to deter- 
mine if reactive metabolites other than COCI, are 
involved in the metabolic activation of CHCl, in rat 
liver microsomes. This problem has been approached 
by determining whether the formation of COCI, can 
account for the metabolism of CHCl, to covalently 
bound product, carbon dioxide (CO ), and chloride 
ion (Cl°). 


MATERIALS AND METHODS 


Materials 


H]Water (1.81 mCi/mmole), ['*C]chloroform 
(4.55mCi/mmole) and [*Cl]chloroform (0.290 
mCi/mmole) were purchased from the New England 
Nuclear Corp., Boston, MA. [*°Cl]Sodium chloride 
solution (1.06 uwCi/ml) and ["C]sodium carbonate 
solution (60 mCi/mmole, 5.0 mCi/ml) were obtained 
from the Amersham/Searle Co., Arlington Heights, 


3271 





3272 


IL. NADP, NADH, and glucose-6-phosphate were 
purchased from Sigma Chemical Cd., St. Louis, MO. 
Glucose-6-phosphate dehydrogenase was obtained 
from CalBiochem-Behring, La Jolla, CA. Silver 
nitrate was purchased from J. T. Baker, Phillipsburg, 
NJ. A scintillation mixture, consisting of 0.4% 
BBOT _ [2,5-bis-(5-tert-butyl-benzoxazoyl) _ thio- 


phene], 0.8% naphthalene, and 40% 2-methoxy- 
ethanol in toluene was purchased from Yorktown 
Research, Hackensack, NJ. 


Methods 


Preparation of (*H|CHCI,. Chloroform (1 ml), 
10 N sodium hydroxide (40 wl) and [*H]H,O (1 ml, 
100 mCi, 1.81 mCi/mmole) were placed in a sealed 
3-ml reaction vial and mixed at room temperature 
in the dark under an atmosphere of nitrogen. After 
23 hr, the reaction mixture was acidified with con- 
centrated hydrochloric acid (40 wl). The upper acidic 
aqueous layer was separated from the lower CHCl, 
layer, which was then washed with a solution of 
saturated sodium chloride (2ml, ten times) to 
remove residual [*H]H,O. The washed CHCl, was 
dried over sodium sulphate and then distilled in a 
micro-distillation apparatus to yield [H]CHCI, 
0.35 ml, 0.76 mCi/mmole. 

Preparation of microsomes. Male Sprague—Daw- 

ley rats (180-200 g) were obtained from Hormone 
Assay Laboratories, Chicago IL. The animals were 
allowed free access to water and food (Purina Lab 
Rat Chow) and were pretreated with phenobarbital 
(80 mg/kg, in saline, i.p.) 72, 48, and 24hr before 
the experiment. At least three rats were employed 
in each experiment. The animals were decapitated 
and their livers were homogenized in 3 vol. of 0.02 M 
Tris—1.15% KCl buffer (pH 7.4). The homogenate 
was centrifuged at 10,000 g for 20 min and the 
supernatant fraction was recentrifuged for 60 min at 
100,000 g. The resultant microsomal pellet was 
resuspended in 0.02 M Tris-KCI buffer and recen- 
trifuged at 100,000 g for 60 min. The washed micro- 
somal pellet was resuspended in 0.02 M Tris-KCl 
buffer to a concentration of microsomal protein of 
1.1 mg/ml. Protein concentration was determined by 
the method of Lowry et al. [17]. 

Incubation mixtures. Microsomal incubation mix- 
tures in a total volume of 1 ml contained 1 mg micro- 
somal protein, 0.10 mM NADH, 0.20mM NADP, 
2.00 mM glucose-6-phosphate, 2.0 mM magnesium 
chloride, 1 unit glucose-6-phosphate dehydrogenase, 
20 mM Tris buffer (pH 7.4), 153 mM KCl, 1.0mM 
or 3.34mM radiolabeled CHCI, (added in 10 ul of 
dimethylformamide), and in some cases other 
reagents as specified below. The incubations were 
conducted in a sealed vial (rubber septum) at 37° for 
10 min under an atmosphere of air unless otherwise 
indicated. Prior to each experiment, the radiolabeled 
CHCl, derivatives were purified by preparative gas 
chromatography employing a Perkin-Elmer 900 gas 
chromatograph that was equipped with a glass col- 
umn (6 ft x 4mm i.d.), packed with Porapak Q, 
100/120 mesh. The injector, column, and detector 
temperatures were 200, 140, and 240° respectively. 
Nitrogen was the carrier gas (approximately 
20 ml/min) and, under these conditions, CHCI, had 
a retention time of 10 min. 
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Measurements of [\*C|CO,, covalent binding of 
[“C]CHCl, to microsomal protein, and trapped 
COCI, as 2-oxothiazolidine-4-carboxylic acid. {"C] 
CHCl, (1.0mM, 1mCi/mmole) was _ incubated 
with microsomes and cofactors (as described above) 
in the presence or absence of cysteine (0.5 mM). 
Each reaction flask also contained a CO, trap con- 
sisting of a removable plastic well that contained 
sodium hydroxide (10 ul of an 8% solution absorbed 
onto filter paper, 1cm square). After 10 min of 
incubation the reactions were stopped by the addi- 
tion of 1 N hydrochloric acid (300 ul) through the 
rubber septum. The acidic reaction mixtures were 
allowed to stand at room temperature for 3 hr to 
insure complete absorption of ['*C]CO, into the 
sodium hydroxide traps. The rubber septa were 
then removed and the amounts of ['*C]CO,, cova- 
lently bound product to protein, and trapped COCI, 
were measured as follows. 

(a) [“C]CO,. The CO, traps were transferred to 
centrifuge tubes, and 1 ml of water was added. The 
resulting alkaline aqueous solutions were extracted 
with ethyl ether (2 ml, five times), and the trapped 
CO, was then determined by counting an aliquot 
(0.5 ml) of the washed alkaline solutions. The speci- 
ficity of the assay for CO, was tested by counting 
another aliquot of washed alkaline solution after it 
was made acidic with 3 N hydrochloric acid. More 
than 90 per cent of the initial radioactivity was lost 
after acidification, confirming that most of the radio- 
activity in the traps was in the form of ['*C]sodium 
carbonate. The efficiency of recovery of [*C]CO, 
from the incubations was determined to be at least 
73 per cent by conducting incubations with 
['*C]sodium carbonate (7.0 x 10‘dpm) in place of 
[“C]CHCI. 

(b) 2-Oxothiazolidine-4-carboxylic acid. After 
removal of the CO, traps from the reaction vessels, 
methanol (4 ml) was added to precipitate microsomal 
protein. After centrifugation, the methanolic 
aqueous solutions were evaporated to dryness by 
removing the methanol under nitrogen and the water 
by lyophilization. The residue was dissolved in water 
(200 ul), followed by the addition of saturated 
sodium bicarbonate (10 wl). An aliquot (100 ul) of 
the resulting solution was then analyzed for 
[“*C]COCI, as ['*C]-2-oxothiazolidine-4-carboxylic 
acid as described previously [9]. 

(c) Covalent binding of ‘“*C-label to microsomal 
protein. The microsomal protein pellets recovered 
after centrifugation of the methanolic reaction mix- 
ture were washed with methanol-ether (3:1, 5 ml, 
five times). After aspiration of the final wash, which 
contained virtually no radioactivity, the protein was 
dissolved in 1 N sodium hydroxide (1 ml). The cov- 
alently bound radioactivity was determined by count- 
ing an aliquot (0.5 ml) of the alkaline solution [18]. 
at inl was determined by the method of Lowry et 
al. {17}. 

Control reactions were performed with heat- 
denatured microsomes. The amounts of ['C]CO,, 
['4C]CHCI, covalent binding to protein, and ['“C]-2- 
oxothiazolidine-4-carboxylic acid formed in these 
reactions were subtracted from the results to obtain 
corrected values. 

[°Cl|Chloride ion determination. [*°Cl|Chloro- 
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form (3.45mM, 0.290 mCi/mmole) was incubated 
for 10 min with microsomes and cofactors as 
described above. The reactions were stopped by the 
addition of 10% trichloroacetic acid (1 ml). Precip- 
itated protein was removed by centrifugation and 
the supernatant fractions were transferred to new 
tubes. The microsomal pellets were resuspended 
with 5% trichloroacetic acid (1 ml) and centrifuged; 
the supernatant fractions were combined with the 
10% trichloroacetic acid extracts. Silver nitrate sol- 
ution (3M, 1 ml) was added to the combined tri- 
chloroacetic acid extracts and a precipitate of silver 
chloride was formed immediatley. The precipitate 
was washed with methanol (5 ml, three times) to 
remove residual *Cl-labeled organic material. The 
third methanol wash contained virtually no radio- 
activity. The washed silver chloride was mixed with 
concentrated ammonium hydroxide (2ml), and a 
0.5-ml aliquot was then counted. Control reactions 
were performed with heat-denatured microsomes; 
the amount of Cl released from these reactions was 
subtracted from the Cl results to obtain corrected 
values. The efficiency of Cl recovery from the incu- 
bations was determined to be at least 95 per cent by 
conducting incubations with [*°Cl]sodium chloride 
(2.35 x 10* dpm per incubation) in place of 
P°Cl]CHCI,. 

Covalent binding of {'*C]-, [H]- and [*°Cl]CHC1, 
to microsomal protein determination. {'*C]-, [°H]- or 
[°Cl|Chloroform (3.45mM, diluted with nonra- 
dioactive CHCI, to 0.290 mCi/mmole) was incubated 
for 10 min with cofactors as described above. The 
reactions were stopped by the addition of 10% tri- 
chloroacetic acid (1 ml). The reaction mixtures were 
centrifuged and the resulting pellets (precipitated 
protein) were washed with 5% trichloroacetic acid 
(1 ml, one time) and methanol-ether (3: 1, 5 ml, five 
times). After aspiration of the final wash, which 
contained virtually no radioactivity, the amount of 
covalently bound radiolabel was determined as 
described above. 


RESULTS 


Effect of trapping COCI, on irreversible binding to 
microsomal protein and CO, formation from 
{“C]CHCI, 

['*C]Chloroform was converted to nearly equal 
amounts of covalently bound product and [C]CO, 
when incubated with liver microsomes from pheno- 
barbital-pretreated rats (Fig. 1). The levels of both 
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Fig. 1. Effect of trapping COCI, as 2-oxothiazolidine-4- 

carboxylic acid on the metabolism of ['*C]CHCI; to cova- 

lently bound product (microsomal protein) and CO; in liver 
microsomes from phenobarbital-pretreated rats. 


covalent binding and CO, formation decreased pro- 
portionately when 0.5 mM cysteine was included in 
the incubation mixture. The total amount of these 
decreases corresponded quite closely to the amount 
of [“*C]COCI, trapped as ['*C]-2-oxothiazolidine-4- 
carboxylic acid. 


Effect of incubation conditions on release of Cl’ from 
[°°C}CHC1, 

Larger amounts of *Cl-labelled Cl~ were released 
from [*°CI]CHCI, when the incubations were con- 
ducted in air rather than in nitrogen (Table 1). The 
amount of *Cl-labeled Cl” formed was signficantly 
decreased when the incubations were performed in 
the absence of NADPH or in the presence of CO: O, 
or SKF 525-A (Table 1). 


Effect of incubation conditions on binding of “*C- 
H- and *Cl-labelled CHC1; to microsomal protein 

When “C-labelled CHCl, was incubated in an 
atmosphere of air with liver microsomes from pheno- 
barbital-pretreated rats, maximum amounts of cov- 


Table 1. Effects of various incubation conditions on formation of [*°C1]CI- 
from [*CI]CHCI, in liver microsomes of phenobarbital-pretreated rats* 





Incubation conditions 


[°CI]Cl- formed’ 
[nmoles- (mg protein) ~'- 10 min™'] 





Complete system in air 
+CO:0O, (8:2) 
—NADPH 
+SKF 525-A (1 mM) 


43.9+2.8 
11.0+ 0.2 
3.3+0.4 
3.2+0.6 
3.5+0.3 





* Chloride ion was measured as outlined in Materials and Methods with 
alterations of atmospheres, or deletions and additions, as noted. 
+ Each result is the mean + S.E. of three incubations. 
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alent binding of the '‘C-label to microsomal protein 
were observed (Table 2). The amount of bound “C- 
label was significantly decreased when the reactions 
were conducted in an atmosphere of N, or CO:O, 
or in the absence of NADPH or the presence of SKF 
525-A. In contrast to these results, negligible 
amounts of the radiolabels of [*H]- or [**CI]CHCI, 
were bound covalently to microsomal protein under 
any of the incubation conditions. 


DISCUSSION 


It was proposed previously [9-14] that CHCl, is 
metabolically activated through an _ oxidative 
dechlorination mechanism by cytochrome P-450 in 
liver microsomes (Fig. 2). This mechanism explains 
(1) how CHCl, is metabolized to chloride ion and 
carbon dioxide in liver in vitro [19-23] and in vivo 
[22, 24-26], (2) how ['*C]CHCI, binds covalently to 
liver protein in vitro [6,7,15,16] and in vivo 
[6, 16, 27], (3) how CHCl, can deplete liver gluta- 
thione [7, 8, 28], and (4) possibly how it is bioacti- 
vated into a hepatotoxic metabolite. 

The following facts support the mechanism out- 
lined in Fig. 2. First, the hydroxylation of aliphatic 
C-H bonds has been observed with other compounds 
[29]. If this reaction occured with CHCl, the prod- 
uct, trichloromethanol (Cl,;C-OH), would sponta- 
neously dehydrochlorinate to COC],. This prediction 
is based upon the fact that trifluoromethanol (F;C- 
OH), the only trihalomethanol derivative that has 
been synthesized, spontaneously dehydrofluorinates 
to carbonyl fluoride (COF,) at temperatures above 
—20° [30, 31]. Second, phosgene has been identified 
as a metabolite of CHCl, in microsomes in vitro [11- 
13] and in vivo [14]. Third, phosgene reacts with 
various nucleophiles. For example, it reacts with 
water to produce carbon dioxide and chloride ion 
[32], with protein in vitro [33] and in vivo [34], and 
with glutathione*. Fourth, most importantly, sev- 
eral correlations exist between the formation of 
COCI, and other metabolic processes, as would be 
expected from the pathways outlined in Fig. 2. For 
instance, when COC, is trapped with cysteine as 2- 





* L. R. Pohl, unpublished results. 
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oxothiazolidine-4-carboxylic acid in liver micro- 
somes, proportionate decreases occur in both cov- 
alent binding of the metabolite to protein and the 
formation of CO, [Fig. 1]. In addition, the metab- 
olism of CHC; to COCI, [12], Cl” (Table 1), and 
covalently bound product in liver microsomes 
[6,15,16; Table 2] are all oxygen-dependent 
processes. 

Cytochrome P-450 apparently mediates all of these 
reactions since the formation of COCI, [9] and Cl- 
(Table 1) and the covalent binding of ['*C]CHCI, to 
microsomal protein [6, 15, 16; Table 2] in vitro are 
inhibited by SKF 525-A and an atmosphere of CO: O, 
but require NADPH and O, [35]. It also appears 
that a phenobarbital inducible form of cytochrome 
P-450 is involved in the formation of COCI, in vitro 
[10], in the depletion of liver glutathione in vivo [8], 
and in the hepatotoxicity produced by CHCl, [10]. 
Moreover, the rate-determining step for the for- 
mulation of COCI, in vitro [9] and in vivo [14], for 
the depletion of liver glutathione in vivo [8], and for 
the hepatotoxicity produced by CHCl, [9, 10] is 
cleavage of the C-H bond of CHC1;. 

There are at least three additional mechanisms 
that can be proposed for the metabolic activation of 
CHCl, by liver microsomes. The process outlined in 
Fig. 2 involves a direct insertion of activated oxygen 
across the C-H bond of CHCl,. This proposal is 
supported by a number of observations with other 
compounds in which the hydroxylation of aliphatic 
C-H bonds occurs with retention of configuration 
[29]. The results of a recent paper, however, show 
that a significant amount of epimerization occurs 
during the hydroxylation of a C-H bond of norbor- 
nane in vitro [36]. This finding suggests that cyto- 
chrome P-450 catalyzes this reaction by an initial 
hydrogen abstraction to give a carbon radical inter- 
mediate. If this process occurred with CHCI,, then 
the initial step in the hydroxylation would involve 
the formation of trichloromethyl radical (Cl,C-), 
which is believed to be the major reactive metabolite 
of CCl, [34, 37,38]. This intermediate appears to 
bind irreversibly to protein and lipid [34, 37, 38], to 
abstract hydrogen atoms from lipids and other 
potential sources of hydrogen atoms such as thiols 


——ae—e §=DEPLETION 
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Fig. 2. Metabolic pathways that may explain the metabolism and hepatotoxicity of CHCl. 
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Table 2. Effects of various incubation conditions on covalent binding of “C-, “H-, or *Cl- 
labelled CHCl, to protein from liver microsomes of phenobarbital-pretreated rats* 





Incubation conditions 


[nmoles- (mg protein) ~'- 10 min~'] 
[SH|CHCI, 


(<C]CHCI, 


Covalent binding ; 


[°°C]CHCI, 





5.5+0.6 

1.9+0.5 

0.3+0.1 
<0.1 
<0.1 


Complete system in air 
+N> 
+CO: QO, (8:2) 
—NADPH 
+SKF 525-A (1 mM) 


<0.1 
<0.1 
<0.1 
<0.1 
<0.1 


<0.1 
<0.1 
<0.1 
<0.1 
<0.1 





* Covalent binding of 'C-, *H-, or *Cl-labeled CHCl, to microsomal protein was measured 
as outlined in Materials and Methods with alterations of atmospheres, or deletions and additions, 


as noted. 


+ Each result is the mean + S.E. of three incubations. 


to form CHCI, [22, 23, 37], or to react with oxygen 
to form phosgene [39]. 

Another alternative pathway for the bioactivation 
of CHCl; involves an abstraction of a hydrogen ion 
from CHCl, to produce trichloromethyl carbanion 
(Cl,C:~) as an initial intermediate. This interme- 
diate could be hydroxylated to produce COCl), 
abstract a hydrogen ion to form CHCl,, or eliminate 
chloride ion to form the reactive electrophile dich- 
loromethyl carbene (CI,C:) which is known to add 
to double bonds or insert between C—H bonds [40]. 
The reductive dechlorination activation of CHCl, to 
dichloromethyl radical (Cl,HC-) is a third potential 
pathway for the metabolic activation of CHCl. This 
radical intermediate would be expected to undergo 
reactions similar to CCl;- and therefore bind irrev- 
ersibly to tissue molecules or abstract hydrogen 
atoms from lipids and other potential sources of 
hydrogen atoms to form dichloromethane (CH,Cl,). 

The negligible amounts of binding of either the 
*C]-label or the *H-label of CHCl; under various 
incubation conditions (Table 2), however, indicates 
that CCl,-, Cl,C:, or Cl,HC-: is not a major reactive 
intermediate of CHCI;. This conclusion is supported 
by the previous inability to detect CH,Cl, as a 
metabolite of CHCI, in vitro [23] and in vivo [26, 27] 
and by the observation that the deuterium of CDCI, 
did not exchange to form CHCl, when CDCI, was 
administered to mice [41]. 

The results of the present investigation, therefore, 
indicate that COCI, is the major if not the only 
reactive metabolite of CHCl, in rat liver microsomes. 
This compound appears to be formed by an initial 
direct insertion of activated oxygen. Once produced, 
COCI, can lead to the formation of CO, and Cl. 
In addition, it may react covalently with various 
tissue molecules such as protein and glutathione [42]. 
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Abstract—It has been shown that 5-S-cysteinyldopa is an intermediate in the pathway from L-dopa to 
phaeomelanins and also has antitumour activity. Urinary excretion, tissue distribution and metabolism 
of the tritium-labelled amino acid, injected intraperitoneally, were studied with normal and B-16 
melanoma-bearing mice, and the results were compared with those using L-dopa. Nearly 80 per cent 
of the radioactivity of 5-S- cysteinyldopa injected was excreted within 24 hr in both groups. No tissues 
selectively incorporated the amino acid and the radioactivity ratio of melanoma: serum was 1.0. Urinary 
metabolites of 5-S-cysteinyldopa were separated by chromatography on Dowex 50W. In contrast to L- 
dopa, this catechol was not rapidly metabolised; normal mice excreted as such 41 per cent of the total 
activity applied and B-16 melanoma-bearing mice, 74 per cent. These results are consistent with the 
facts that 5-S-cysteinyldopa is essentially non-toxic to mice and that it is a good biochemical marker of 


melanoma. 


In addition to L-3,4-dihydroxyphenylalanine (L- 
dopa), another catechol amino acid 5-S-cysteinyl- 
dopa (cys-dopa) has been detected in human and 
animal melanomas [1-3]. This unique amino acid 
arises in melanocytes by the addition of cysteine or 
glutathione to dopaquinone which is produced by 
the oxidation of L-dopa with tyrosinase [4, 5]. It has 
been demonstrated that detection of increased 
amounts of this catechol in urine may be an indication 
of melanoma metastasis [6]. 

Recently, Wick et al. have shown that L-dopa is 
selectively toxic to melanoma cells in vitro [7] and 
that its analogues possess antitumour activity against 
several experimental tumour systems [8-10]. We 
have then demonstrated that cys-dopa is approx. 10 
times more toxic to a variety of cultured human 
tumour cells than is L-dopa and also exhibits anti- 
tumour activity against murine L1210 leukaemia and 
B-16 melanoma with no untoward effects on the host 
[11]. 

Because of its therapeutic use in the treatment of 
Parkinson’s disease, the metabolism of L-dopa has 
been extensively studied [12]. However, information 
on the metabolic fate of cys-dopa has been limited 
except for a report on the isolation of O-methylated 
5-S-cysteinyldopa from the urine of melanoma 
patients [13]. We therefore studied tissue distribution 
and metabolism of *H-labelled cys-dopa in normal 
and B-16 melanoma-bearing mice. The results were 
compared with those using *H-labelled L-dopa. 


MATERIALS AND METHODS 


Chemicals. L-Dopa and mushroom tyrosinase 
(grade III) were obtained from Sigma Chemical Co., 
St. Louis, Mo. Ro4-4602 (Benserazide hydrochlo- 
ride), an inhibitor of dopa decarboxylase [14, 15], 
was a gift from Hoffman LaRoche Co., Tokyo 
Branch, Tokyo, Japan. t-[G-*H]-Dopa (sp. act., 13.4 


Ci/mmole) and pt-[2-C]-dopa (sp. act., 46.8 
mCi/mmole) were obtained from New England 
Nuclear Co., Boston, Mass. *H-Labelled 5-S-cysiei- 
nyldopa ({*H]-cys-dopa) was synthesised by the 
method of Ito and Prota [16] using mushroom tyro- 
sinase. The reaction mixture contained: | mCi of L- 
(H]-dopa, 9.9mg (50 umoles) of carrier L-dopa, 
12.1mg (100 umoles) of L-cysteine in 5.0ml of 
0.05 M sodium phosphate buffer, pH 6.8, and 1000 
units of tyrosinase. While the specific activity of L- 
dopa used was 20 mCi/mmole, that of the product 
was 12.7 mCi/mmole. Thus, approx. one-third of the 
radioactivity was lost during the evaporation of the 
2M HCI eluate because of acid-catalysed exchange. 
The radioactive compounds were dissolved in 
physiological salines containing carrier amino acid. 

Urinary excretion and tissue distribution of radio- 
activity. Male CS57BL/6 x DBA/2 F, (BDF;) mice of 
4 weeks of age were purchased and bred for 1 week 
before implantation of melanoma cells. B-16 Mela- 
noma was maintained by serial subcutaneous implan- 
tation of tumour cells following standard National 
Cancer Institute protocols [17]. When tumours had 
grown to approx. | cm in diameter, radioactive com- 
pound (either [*H]-cys-dopa or L-[*H]-dopa) was 
injected intraperitoneally at a dose of 5 mg/kg with 
5 uCi per mouse. In the experiments with L-dopa, 
Ro4-4602 in saline was injected i.p. at a dose of 
500 mg/kg per mouse | hr prior to L-dopa. In experi- 
ments of urinary excretion of radioactivity, mice 
were immediately housed separately in metabolic 
cages and bred for 7 days after injection. Urine 
specimens were collected in beakers containing 0.5 ml 
of 0.1M HCl and 10mg of sodium metabisulphate 
at predetermined times. Mice for studies of tissue 
distribution of radioactivity were killed 24hr after 
the administration of radioactive compound by 
exposure to ether and blood letting. Selected tissues 
were taken and weighed, and approx. 100 mg of the 
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samples except adrenal (several mg) were transferred 
to scintillation vials containing 1.0 ml of Soluene-350 
(Packard Instrument Co., Downers Grove, Ill.). The 
samples were heated at 37° for 24 hr, and then 15 ml 
of scintillation fluid (Scintisol 500, Wako Chemical 
Co., Osaka, Japan), 1.5 ml of 0.5 M HCl and 0.1 ml 
of 30% H,O, were added. These samples were kept 
overnight at 4° in order to decrease chemiluminesc- 
ence and were counted on a Packard 2650 scintil- 
lation counter. 

Chromatography of 24-hr urine on Dowex SOW. 
Urine specimens collected during the 24hr period 
after injection were combined and evaporated in a 
rotary evaporator, dissolved in 2M HCI and centri- 
fuged to remove insoluble materials. An aliquot of 
the supernatant containing either approx. 1 wCi (for 
cys-dopa) or 2 uCi (for L-dopa) together with carrier, 
5 mg of either cys-dopa or L-dopa, was placed on a 
column (1.2 X 20cm) of Dowex 50W-X2 (200—400 
mesh H*form). The column was eluted with 2M 
HCl, and fractions of 10 ml were collected. Each 
fraction was counted on a liquid scintillation counter 
and analysed spectrophotometrically between 240 
and 340 nm. 


RESULTS 


Tritium-labelled cys-dopa was synthesised from L- 
[°H]-dopa and L-cysteine by oxidation with mush- 
room tyrosinase. This labelled compound was 
injected to normal and B-16 melanoma-bearing 
mice. Of the total radioactivity injected, 75-80 per 
cent was recovered in the urine within 24hr after 
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Fig. 1. Accumulative recovery of radioactivity in urine after 
the injection of either (a) [°H]-cys-dopa or (b) L-[>H]-dopa. 
Values represent mean + S.E. for 4 mice per group. 
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injection and additionally a few per cent during the 
1-7 day period (Fig. 1a). There was little difference 
in the total recovery of radioactivity between normal 
and melanoma-bearing mice. Similar patterns of 
excretion of radioactivity were obtained after the 
injection of L-[*H]-dopa, with somewhat lower recov- 
eries (Fig. 1b). 

Tissue distribution of radioactivity after the injec- 
tion of radioactive compound was examined at 24 hr, 
since it has been reported that in B-16 melanoma- 
bearing mice, melanoma:serum radioactivity ratio 
after the injection of pt-[2-'*C]-dopa reached a max- 
imum at 24 hr [18]. Fig. 2a shows the concentration 
of *H in various tissues in normal and melanoma- 
bearing mice after the injection of [*H]-cys-dopa. No. 
tissues selectively incorporated the amino acid in 
both groups. Melanoma tissue did not concentrate 
the radioactivity; the melanoma: serum radioactivity 
ratio was 1.0. The highest radioactivity concentration 
was found in kidney. This is presumably due to renal 
excretion of cys-dopa and its metabolites. Fig. 2b 
shows the tissue distribution of *H after the injection 
of L-[*H]-dopa to mice pretreated with Ro4-4602. 
The specific radioactivity was maximal again in the 
kidney. No concentration of *H radioactivity was 
observed in the melanoma; the melanoma: serum 
ratio was 0.85. As the possibility remained that the 
low ratio was due to *H loss during the metabolism 
to melanins, an experiment with pL-[2-'*C]-dopa was 
carried out. The tumour:serum ratio rose only 
slightly to 1.4 (data not shown). 

Metabolic fate of [*H]-cys-dopa was studied on 24- 
hr urine specimens by chromatography on Dowex 
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Fig. 2. Tissue distribution of radioactivity 24 hr after the 
injection of either (a) [*H]-cys-dopa or (b) L-[*H]-dopa. 
Values represent mean + S.E. for 5 mice per group. 
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Fig. 3. Elution patterns of urinary metabolites of [*H]-cys-dopa on Dowex 50W, (a) in normal mice and 
(b) in B-16 melanoma-bearing mice. Carrier cys-dopa (5 mg) was co-chromatographed for identification. 
The column was eluted with 2M HCI until fraction 60 and then with 6 M HCI (indicated by the arrow). 


50W. Elution patterns of radioactivity are depicted 
in Fig. 3. In chromatography of the urine of normal 
mice (Fig. 3a), a peak at fractions 34-48 corre- 
sponded to unchanged cys-dopa which accounted for 
41 per cent of the total activity applied. A number 
of metabolites that are more acidic than cys-dopa 
were eluted prior to cys-dopa. Basic metabolites 
appearing in fractions 62-67 accounted for 11 per 
cent. 5-S-Cysteinyldopamine and O-methyl-5-S-cys- 
teinyldopa [13] may appear in these fractions. The 
urine of melanoma-bearing mice exhibited a chro- 
matographic pattern significantly different from that 
of normal mice (Fig. 3b); the recovery of cys-dopa 
was much higher, being 74 per cent of the total 
activity applied, and the amount of basic metabolites 
was negligible (2.5 %). 

Chromatographic analyses of the urines of mice 
injected with L-[°H]-dopa gave the following results: 
(1) Elution patterns were significantly different 


between normal and B-16 melanoma-bearing mice. 
(2) Cys-dopa, a possible metabolite of L-dopa, was 
not found in both groups. (3) A basic metabolite was 
found only in the urine of normal mice that accounted 
for 8.5 per cent of the total activity and was tenta- 
tively identified as 3-methoxytyramine (3-O-meth- 
yldopamine) by comparison of the elution position 
with an authentic sample. 


DISCUSSION 


Several metabolic pathways are possible for cys- 
dopa. In pigment-producing cells 5-S-cysteinyldopa 
(cys-dopa) and its isomer, 2-S-cysteinyldopa, are 
metabolised to phaeomelanins by oxidation, cyclis- 
ation and polymerisation [4]. The pigments have 
been isolated from feathers, hair and melanomas 
[4, 19]. Trichochromes, the simplest phaeomelanins 
with dimeric structure, have also been found in the 
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urirre of patients with melanoma metastases [20]. In 
addition to this oxidative metabolism, cys-dopa may 
undergo metabolism known for L-dopa [12], such as 
O-methylation, decarboxylation and deamination. 
Agrup etal. isolated O-methylated 5-S-cysteinyldopa 
from the urine of melanoma patients [5]. 

Nearly 80 per cent of radioactivity of [*H]-cys- 
dopa was excreted within 24 hr, and its incorporation 
into tissues was negligible, indicating that the oxi- 
dative metabolism was not significant in the tissues 
examined. This may partially account for the low 
toxicity of cys-dopa in mice [11]. 

The finding that the melanoma failed to concen- 
trate the radioactivity of not only [*H]-cys-dopa but 
also L-[*H]-dopa was at first surprising. There have 
been several reports on the tissue distribution of 
radioactivity and its incorporation into melanoma 
following the administration of labelled dopa 
[15,18,21,22]. As stated by Meier et al. [18], it 
seems that more than pigmentation is necessary for 
incorporation of radioactivity into the melanoma. It 
may be possible that in B-16 melamona the exogen- 
ous L-dopa administered behaves differently from 
the endogeneous L-dopa formed in situ. 

In contrast to L-dopa, cys-dopa is not rapidly 
metabolised; a major radioactive compound in the 
urine was the unchanged cys-dopa. This indicates 
that cys-dopa is a poor substrate for catechol-O- 
methyltransferase, dopa decarboxylase and other 
catecholamine-metabolising enzymes. It is likely that 
this metabolic inertness of cys-dopa makes it a good 
biochemical indicator of melanoma [6]. It is inter- 
esting that normal mice metabolise cys-dopa to a 
much greater extent than B-16 melanoma-bearing 
mice. However, biochemical mechanisms that cause 
this difference remain for further studies. 
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Abstract—The radiation sensitizer misonidazole is metabolized to its amino derivative [1-(2-aminoim- 
idazol-1-yl)-3-methoxypropan-2-o01] in pure or mixed cultures of the intestinal microflora. This metabolite 
appears in the excreta of conventional rats but is not detectable in the excreta of germfree rats. Thus, 
its formation appears to be due to the activity of the intestinal flora in vivo as well as in vitro. CO; is 
liberated from 1-(2-aminoimidazol-1-yl)-3-methoxypropan-2-o1 by pure and mixed cultures of the flora. 
In cultures of Clostridium perfringens that lack urease, the release of CO, depends on added urease, 
suggesting that urea is an intermediate in this pathway. 


The 2-nitroimidazole misonidazole is an effective 
radiosensitizer of hypoxic cells [1] that is now being 
tested as an adjunct to radiation therapy in the 
treatment of human cancer [2]. Misonidazole has 
many properties in common with the 5-nitroimida- 
zole metronidazole. Both are radiation sensitizers 
whose clinical doses are limited by peripheral neu- 
rotoxicity [3, 4] and both are mutagenic for the Ames 
mutants of Salmonella typhimurium [5]. 

The flora have been shown to be obligatory for 
the reduction of metronidazole in the rat [6]. Thus 
the present study was undertaken to determine 
whether the flora play a similar role in the metab- 
olism of misonidazole. Our results indicate that the 
flora are obligatory for the formation of the amino 
metabolite of misonidazole [1-(2-aminoimidazol-1- 
yl)-3-methoxypropan-2-o01] that has been found pre- 
viously in the urine of both patients and laboratory 
animals [7]. In addition, the flora can liberate '* CO, 
from [2-'*C]misonidazole, and it appears that 1- 
(2-aminoimidazol-1-yl)-3-methoxypropan-2-01 and 
urea are intermediates in this metabolic pathway. 


MATERIAL AND METHODS 


Misonidazole _[1-(2-nitroimidazol-1-yl)-3-meth- 
oxypropan-2-01], [2-"C]misonidazole (29 mCi/ 
mmole), and desmethylmisonidazole were gifts from 
Hoffman-LaRoche, Inc. (Nutley, NJ). All other 
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chemicals were purchased from the Fisher Scientific 
Co. (Boston, MA) unless otherwise specified. 

Radioactive 1-(2-aminoimidazol-1-yl)-3-methoxy- 
propan-2-o1 (1.58 wCi/mmole, [2-'*C]AIM) was syn- 
thesized by reducing 100 mg misonidazole in meth- 
anol with 10mg platinum (IV) oxide in an 
atmosphere of hydrogen (20 psi) with shaking on a 
hydrogenation apparatus (Parr Instrument Co., 
Moline, IL) until the uptake of hydrogen ceased 
(45 min) [8]. The colorless reaction mixture was fil- 
tered, and the solvent was removed by rotary evap- 
oration. The resultant yellow gum was washed with 
ether and stored under a layer of dry ether until 
purified by high pressure liquid chromatography 
(h.p.l.c.) as described below. The trifluoroacetyl 
derivative of the material was formed by adding 1 mg 
to 0.2 ml of trifluoroacetic anhydride (Pierce Chem- 
ical Co. Rockford, IL) in a stoppered test tube. 
Excess derivatizing reagent was evaporated under 
a jet of nitrogen and the sample was dissolved in 
0.2 ml of methanol. AIM of higher specific activity 
(29mCi/mmole) was synthesized in like manner. 
Analysis of the non-radioactive derivative by gas 
chromatography—mass spectroscopy indicated a sin- 
gle product with molecular weight corresponding to 
that of the amine (m/e = 363). The spectrum was 
recorded on a Perkin Elmer 990 gas chromatograph 
with a 3% OV 105 column coupled to a Hitachi 
RMU-6 mass spectrometer. 

Germfree and conventional male Sprague—Dawley 
rats weighing between 200 and 250 g were purchased 
from the Charles River Breeding Laboratories (Wil- 
mington, MA). Clostridium perfringens used in these 
experiments was isolated from human feces [9]. 

Metabolism. Procedures for metabolic studies in 
conventional and germfree rats and for incubating 
cecal contents and cultures of C. perfringens have 
been described [10]. 

Separation of misonidazole and two of its metab- 
olites from biological materials. A 2-ml aliquot of 
urine was added to an AG 50W-X4 column 
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(20 x 1.0cm, H+ form, Bio-Rad Laboratories, 
Richmond, CA). The column was eluted successively 
with 30 ml of water, 50 ml of 1 N ammonium hydrox- 
ide, and 40 ml of 4N ammonium hydroxide; 2-ml 
fractions were collected. Misonidazole was found in 
fractions 21 to 26, whereas fraction 16 to 20 and 30 
to 34 contained desmethylmisonidazole and AIM, 
respectively. Additional radiolabeled metabolities, 
which have not been identified, were found in frac- 
tions 6 to 9 and 50 to 55. The groups of fractions as 
indicated above were pooled, concentrated by rotary 
evaporation, and analyzed by h.p.|.c. 

To prepare fecal extracts, the daily collection of 
feces was weighed and placed in a screw-capped 
culture tube that contained glass beads. For each 
gram of feces, 3 ml of water was added and the feces 
were dispersed by agitation of the culture tube with 
a Vortex Genie Mixer (Fisher Scientific Co.). A 10- 
ml aliquot of the suspension was then stirred for 1 hr 
at 4°. The supernatant liquid obtained after centrifu- 
gation for 20 min at 2000 g was decanted and cen- 
trifuged again for 20min at 2000g. The solution 
obtained after filtration (0.45 um Millex Filter, Mil- 
lipore Corp., Bedford, MA) was treated as if urine. 

Analysis of samples by h.p.l.c. High pressure liquid 
chromatography was performed with a Waters 
Associates (Milford, MA) Liquid Chromatograph, 
model ALC/GFC 204, on a uBondapak C;, column 
that was eluted with 20% methanol in 5mM phos- 
phate buffer at pH 4.0 or with 20% methanol in 
5 mM phosphate buffer at pH 6.8; the flow rate was 
2 ml/min. The eluate was monitored by a u.v. absorb- 
ance detector, model 440, operated at 254nm. 
Misonidazoie and desmethylmisonidazole, with 
retention times of 4.0 and 2.2 min, respectively, in 
the pH 4.0 solvent system, were quantified in relation 
to the response to authentic standards by the area 
under the curve as determined by triangulation. 
AIM, with a retention time of 3.4 min in the pH 6.8 
system, was quantified similarly. The higher pH 
mobile phase was used to quantify AIM because of 
interfering substances at its retention time of 1.7 min 
when the pH of the mobil phase was 4.0. 

Measurements of '*CO, released from either (2- 
'C|misonidazole or {2-'"C|AIM in incubations with 
either total cecal contents or C. perfringens. Radio- 
labeled carbon dioxide was determined by a modi- 
fication of the procedure of Wu [11]. Three ml of 
a suspension of rat cecal contents (diluted 1:10 in 
sterile anaerobically prepared 0.1 M potassium phos- 
phate buffer, pH 7.4) [10] or 3 ml of a culture of C. 
perfringens was placed in a 25-ml thick-walled Erlen- 
meyer flask; the flask was sealed with a rubber double 
seal septum fitted with a disposable polypropylene 
center well (Kontes, Vineland, NJ). This procedure 
was carried out in an atmosphere free of oxygen 
[10], provided by a V.P.I. anaerobic culture system 
(Bellco Glass, Inc., Vineland, NJ). The reaction was 
initiated by injecting either 1.5nmoles of [2- 
“C]|misonidazole or 1.7nmoles of AIM into the 
reaction vessel. The incubation was continued at 37° 
for 24hr in a metabolic shaker until terminated by 
the addition of 0.3 ml of 6N H,SO,. As indicated, 
urease (10 units/flask, Type C-3; Sigma Chemical 
Co., St. Louis, MO) was added to some incubation 
vessels 1 hr before the reaction was terminated. The 
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CO, released by the addition of acid was trapped in 
hyamine base (0.2 ml of a 1 M solution in methanol, 
Sigma Chemical Co.) that was injected into the sus- 
pended center well. The reaction vessels were incu- 
bated for 90 min at 37° after addition of the acid to 
ensure the complete evolution and entrapment of 
4CO,. The center well was wiped to remove con- 
densed water and placed in a liquid scintillation vial. 
Glacial acetic acid (0.2 ml) was added to neutralize 
the base; the sample was assayed by liquid scintil- 
lation photometry (65-75 per cent efficiency) after 
the addition of 10 ml Aquasol (New England Nuclear 
Corp., Boston, MA). 

Other methods. Radioactivity was assayed in 
samples (0.1 to 0.2 ml) dissolved in 4 ml of Aquasol 
(New England Nuclear Corp.) by means of a Packard 
Liquid Scintillation Photometer, model 3003, with 
[{*C]toluene (Packard Instrument Co., Downers 
Grove, IL) as an internal standard. Bacterial urease 
activity was determined using a test kit sold by Ana- 
lytical Products, Inc. (Plainview, NY). 


RESULTS 


Reduction of misonidazole by rat cecal contents. 
To determine whether misonidazole, like metroni- 
dazole, is reduced by rat cecal contents, the experi- 
ment described in Fig. 1 was conducted. It was found 
that misonidazole disappeared at a rate determined 
by the concentration of cecal contents (Fig. 1). The 
disappearance of misonidazole was accompanied by 
the appearance, as determined by h.p.|.c., of a new 
compound. This new compound had the same reten- 
tion time as AIM when eluted with 20% meth- 
anol/5 mM phosphate buffer, pH 4.0, and the tri- 
fluoroacetyl (TFA) derivative had the same retention 
time, molecular ion, and fragmentation pattern on 
gas chromatography-mass spectroscopy as the TFA 
derivative of AIM. 

Comparison of the metabolism of misonidazole in 
the conventional and germfree rat. [2°C] 
Misonidazole (0.87 uCi/mmole) was  adminis- 
tered to four conventional and three germfree rats 
at a dose of 200 mg/kg. Of the radioactivity collected 
in the urine and feces of conventional rats, all but 
1 per cent was collected within 24 and 72 hr respec- 
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Fig. 1. Disappearance of misonidazole during incubation 
with cecal contents. Dilutions of cecal contents in ana- 
erobically prepared buffer are indicated in parentheses. 





Role of intestinal fiora in misonidazole metabolism 


Tabie 1. Characterization of radioactive materials in the urine and feces of conventional and germfree 
rats* 





Recovery of radioactivity 
(% of dose) 


Recovery of metabolites 
(% of dose) 





Conventional 


Feces 
(0-72 hr) 
36.2 
31.0 
40.0 
36.3 


Urine 
(0-24 hr) 
36.2 
46.2 
35.1 
42.7 


Urine (0-24 hr) 
D 


wn & wo 2 


Germfree 


Feces 
(0-72 hr) 
33.3 
25.6 
14.7 


Urine 
(0-72 hr) 
1 47.7 
2 31.1 
3 31.7 


Urine (0-72 hr) 
M D 
16.1 12.0 
7.6 7.0 
6.3 8.2 


Feces (0-72 hr) 





* Rats received [2-'C]misonidazole (0.87 uCi/umole, 200 mg/kg) by gavage. Metabolites were 
assayed as described in Materials and Methods. Abbreviations: M = misonidazole; D = desme- 
thylmisonidazole; and AIM = 1-(2-aminoimidazol-1-yl)-3-methoxypropan-2-o1. 


tively. In germfree rats, the elimination of radio- 
activity was slower and so urine as well as feces was 
collected for 72 hr to assure maximal recovery of the 
radioactive material. 

The recoveries of radioactivity derived from 
misonidazole in the urine and feces of conventional 
and germfree rats (Table 1) were similar to those 
found previously for metronidazole [6, 12]. There 
appears to be a trend towards somewhat lower 
recoveries in the feces of germfree rats. Although 
there was no difference in the urinary recovery of 
misonidazole (M) and desmethylmisonidazole (D) 
in germfree and conventional rats, M and D were 
recovered in the feces only of germfree rats. This 
further confirms that bacteria of the gut are capable 
of further metabolism of M and D. 

It is of particular interest that AIM was not found 
in either the urine or feces of germfree rats. In the 
convention rat, AIM, whose authenticity was estab- 
lished as described previously, was found exclusively 
in the urine and accounted for between 2.8 and 4.5 
per cent of the administered misonidazole. 

Recovery of “CO, derived from [2-"C]miso- 
nidazole when incubated with total cecal con- 
tents or with C. perfringens. When misonidazole was 
incubated with cecal contents (1:10 dilution in 
buffer), 0.3 per cent of the radiolabel was liberated 
as “CO,. “CO, was not liberated when the incu- 
bation was conducted with C. perfringens, a strain 


of bacteria that lacks urease activity. When exogen- 
ous urease was added to the incubation mixture of 
[2-“C]misonidazole and C. perfringens, '*CO, was 
liberated (Table 2). As indicated in Table 2, the 
urease-dependent release of ‘CO, was of greater 
magnitude from AIM than from misonidazole. 


DISCUSSION 


. 


AIM forms when misonidazole is incubated ana- 
erobically with cecal contents and appears in the 
urine of conventional rats that receive misonidazole. 
AIM was not detected in either the urine or feces 
of germfree rats. Thus, AIM appears to be a metab- 
olite that can be attributed exclusively to the reduc- 
tion of misonidazole by the intestinal flora. 

AIM is further metabolized by mixed cecal con- 
tents to release CO,. Presumably the release of CO, 
from AIM proceeds through the formation of urea 
since in the absence of bacterial urease the release 
of CO, occured only after addition of urease from 
an external source. As the release of CO, was more 
extensive with AIM than with misonidazole in either 
mixed cecal cultures or the urease-supplemented 
culture of C. perfringens, AIM appears to be an 
intermediate in the release of CO, from 
misonidazole. 

Cleavage of AIM to release urea is compatible 
with hydrolysis between positions 1 and 2 and 


Table 2. “CO, released from [2-'*C]misonidazole and [2-'*C]AIM* 





Cecal 


Substate contents 


C. perfringens 
with urease added 


C. perfringens 
without urease 





0.37 
2.6 


[1-'*C]Misonidazole 
[2-“C]AIM 


0.4 
2.8 


0.0 
0.0 





* [2-'*C]Misonidazole (1.5 nmoles) or [2-'*C]AIM (1.7 nmoles) was added per incubation 


flask. 


+ Expressed as percentage of radioactivity in added substrate that was recovered as CO). 
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Fig. 2. Scheme for the metabolism of misonidazole by the 

intestinal flora to yield 1-(2-aminoimidazol-1-yl)-3-meth- 

oxypropan-2-o01 and CO). The compounds shown in brack- 

ets are presumed intermediates in nitro group reduction. 
Urea is a probable intermediate. 


between positions 3 and 4 of the imidazole ring. A 
cleavage of this kind also occurs during reduction of 
the 5-nitroimidazole metronidazole, but in this case 
the cleavage is believed to occur on an intermediate 
in which the nitro group may be only partially 
reduced [12, 13]. 

The scheme in Fig. 2 includes some, but not ail, 
intermediates postulated in the reduction of nitro 
compounds [14], and summarizes our findings on the 
reduction of misonidazole to form AIM and CQ). 
Urea is included as an intermediate on the basis of 
the evidence showing that urease is obligatory for 
the release of CO). It should be recognized, however, 


that hydroxyurea is also a substrate for urease that 
would yield CO, [15]. The formation of either urea 
or hydroxyurea during cleavage of AIM would be 
compatible with our findings and those of Flockhart 
et al. [7], which indicate that small amounts of '*CO, 
(0.1 per cent of the dose) are present in the expired 
air of conventional mice given [2-'*C]misonidazole. 
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Abstract—The reductive metabolism of 4-(5-nitro-2-furyl)thiazole (NFT), a rat mammary gland and 
forestomach carcinogen, was examined in vitro using rat liver tissues. NFT was reduced by rat liver 
cytosol or microsomes on anaerobic incubation with NADPH. The stoichiometry of microsomal 
reduction revealed that about 3 moles of NADPH were used per mole of NFT. Gas chromatographic 
analysis of the reaction mixture showed a major peak with a retention time of about 4.0 min in contrast 
to NFT with a retention time of about 6.5 min. Catalytic hydrogenation of NFT with palladium and 
activated carbon yielded a product with a retention time of 4.0 min. The component corresponding 
with the above metabolite was isolated from chemically reduced NFT and identified as 1-(4-thiazolyl)- 
3-cyano-1-propanone. The metabolite derived from enzymatic reduction had chromatographic and 
spectral properties and a mass spectral fragmentation pattern similar to those obtained chemically. 
These data establish that the enzymatically derived product is identical to that obtained by chemical 


reduction and that it corresponds to 1-(4-thiazolyl)-3-cyano-1-propanone. 


The 5-nitrofurans have been widely used as human 
and veterinary medicinals, and as food preservatives 
and feed additives [1]. A large number of these 
compounds were shown to be carcinogenic [2] and 
mutagenic [3]. Certain typical members of this class 
whose carcinogenic activity has been well-docu- 
mented include N-[4-(5-nitro-2-furyl)-2-thiazolyl]- 
formamide (FANFT) [4-6], 2-amino-4-(5-nitro-2- 
furyl)thiazole (ANFT) [7,8], N-[4-(5-nitro-2-furyl)- 
2-thiazolyl]jacetamide (NFTA) [6, 9], formic acid 2- 
[4-(5-nitro-2-furyl)-2-thiazolyl]hydrazide (FNT) 
[10], 2-hydrazino-4-(5-nitro-2-furyl)thiazole (HNT) 
[7, 11], and 4-(5-nitro-2-furyl)thiazole (NFT) [2, 12]. 
Structure—activity oncogenesis relationship studies 
using a number of 5-nitrofuryl-2-thiazole analogs 
demonstrated that the substituent at the 2-position 
of the thiazole ring influenced the site of tumori- 
genesis [2, 13], since even minor structural modifi- 
cation at that locus drastically altered tissue speci- 
ficity. Furthermore, the 5-nitro group was found 
essential for biological activity, since deletion of this 
group resulted in loss of bactericidal, mutagenic and 
carcinogenic activities [11, 13]. The 5-nitro group per 
se may not be the biologically active functional 
group. All biological effects seem to require the 
reduction of the 5-nitro group to a metabolically 
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reactive intermediate [2,3]. Earlier in vitro metab- 
olic studies of FANFT [14], ANFT [15, 16], NFTA 
[17], and 2-methyl-4-(5-nitro-2-furyl)thiazole [18] 
demonstrated that the 5-nitro group of these com- 
pounds was easily reduced by rat and mouse liver 
homogenates, microsomes, and cytosols. The chem- 
ical identities of the reduction products, however, 
have not been conclusively established. Utilizing 
NFT, structurally the least complex of these analogs, 
and rat liver subcellular fractions, the reductive 
metabolism of NFT was examined in vitro. This 
report presents evidence that the reduced metabolite 
of NFT is 1-(4-thiazolyl)-3-cyano-1-propanone. 


MATERIALS AND METHODS 


Sources of materials. NFT, purchased from Saber 
Laboratories Inc., Morton Grove, IL, was recrys- 
tallized in ethanol; the crystalline preparations were 
> 99 per cent pure as evaluated by chromatographic 
methods. Palladium (5%) on activated carbon, deu- 
tero chloroform, tetramethyl silane (TMS), and 
methanol were obtained from the Aldrich Chemical 
Co., Inc., Milwaukee, WI. NADPH and Tris were 
purchased from the Sigma Chemical Co., St. Louis, 
MO. Dichloromethane and isopropanol for high 
pressure liquid chromatography were obtained from 
Burdick and Jackson Laboratories Inc., Muskegon, 
MI. Male Sprague—Dawley rats were purchased from 
Sprague-Dawley, Madison, WI. 

Preparation of rat liver subcellular fractions. Rats, 
weighing 150-200 g, were decapitated. The livers 
were immediately removed, perfused and rinsed with 
ice-cold 0.25M sucrose, and then homogenized in 
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a Potter-Elvehjem homogenizer with a teflon pestle 
using 5 ml of 0.25 M sucrose/g wet weight of liver. 
The homogenate was centrifuged at 10,000 g for 15 
min in a Beckman model J-21 centrifuge. To obtain 
microsomes and cytosol, the 10,000g supernatant 
fraction was further spun at 105,000 g for 90 min in 
a Beckman model L-2 ultracentrifuge. The cytosol 
was decanted, and the microsomal pellet was rinsed 
a few times with small volumes of 0.25 M sucrose 
and then resuspended in 2.5 volumes of sucrose/g 
wet weight of liver. 

Assay for NFT reduction. NFT was dissolved in 
polyethylene glycol USP 400, and then it was sub- 
sequently diluted with an equal volume of water to 
give a final concentration of 1.0 mM. The incubation 
mixture contained 1 umole NFT, 3 umoles NADPH, 
1.0 ml of 0.1M Tris buffer, pH 7.4, and 1.0 ml of 
rat liver subcellular fraction. The reaction, con- 
ducted in a Thunberg tube at 37° under nitrogen 
unless otherwise specified, was terminated by the 
addition of 1 ml of cold 40% trichloroacetic acid 
(TCA) in instances where the reduction was moni- 
tored spectrophotometrically. The spectrophoto- 
metric measurements were made in a Beckman 25 
spectrophotometer after centrifugation of the TCA 
precipitate and dilution of the supernatant fraction 
with 2 volumes of water. Appropriately treated 
blanks were used in the reference beam to correct 
for absorbance from extraneous components. 

In experiments involving isolation and character- 
ization of the reduction product, the reaction was 
terminated by immersion in a boiling water bath for 
10 min. The reaction mixture was then extracted five 
times with an equal volume of chloroform—ether 
(1:1, v/v). The extracts were pooled, evaporated to 
dryness, and used for chromatographic analyses. 

Chemical reduction of NFT. NFT (2 mmoles) was 
dissolved in 300 ml of methanol to which 1 g of 5% 
palladium on activated carbon was carefully added. 
Catalytic hydrogenation was performed in a Parr 
pressure reaction apparatus (Parr Instrument Co., 
Inc., Moline, IL) for 1hr at a pressure of about 
60 lb/in*. At the end of the reaction, the catalyst was 
removed by filtration under vacuum, and the filtrate 
was evaporated to dryness, dispersed in water, and 
filtered. The aqueous portion was extracted three 
times with chloroform. The organic phase was sep- 
arated, pooled, evaporated to dryness, and chro- 
matographed on a column of silica gel, using ethy- 
lacetate and ethylacetate—methanol (95:5, v/v) as 
eluting solvents in a stepwise gradient. The early 
eluting fractions with ethylacetate were pooled, 
evaporated to dryness, and subjected to spectro- 
scopic analysis. 

Chromatography and spectroscopy. Gas-liquid 
chromatography was performed in a Hewlett Pack- 
ard model 5710A chromatograph equipped with an 
electron capture detector. Samples were injected 
onto a 2mm i.d., 6ft long glass column containing 
10% OV-1 on 80/100 chromosorb W. Argon-—meth- 
ane (95:5, v/v) mixture was used as the carrier gas 
at a flow rate of about 30cc/min. Isothermal runs 
were made at 200°. 

A high pressure liquid chromatograph (h.p.l.c.), 
Micromeritics 7000 B, equipped with model 730- 
universal injection valve and a fixed wavelength 
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(254nm) detector, was used under constant flow 
mode. The instrument was fitted with a 25 cm, partisil 
10 column. A concave gradient, programmed for 0- 
100% strong solvent in 30 min, was run using dich- 
loromethane as weak solvent and isopropanol as 
strong solvent. The chromatograph was operated at 
a flow rate of 2.0ml/min at ambient temperature. 
Preparative runs were made using Whatman-Mag- 
num 9 columns and similar solvents. 

Infrared (i.r.) spectra were taken in a Beckman 
Accu Lab 4 double beam IR-spectrometer using 
0.107 cm wide sodium chloride cells. Samples were 
dissolved in purified chloroform, and spectra were 
taken against chloroform blanks. 

The proton nuclear magnetic resonance (n.m.r.) 
spectra were measured with a Bruker H x 90E, 
Fourier transform NMR spectrometer. Samples of 
about 5 mg were taken in 0.25 ml of deuterochlo- 
roform containing about 0.1% TMS, as internal stan- 
dard. Data from 100 sweeps were used for Fourier 
transform. 

Using a Varian XL-100/15 spectrometer with Var- 
ian Fourier transform accessories, '°C-n.m.r. spectra 
were obtained. Samples of about 10-mg were dis- 
solved in 0.50 ml deuterochloroform containing a 
trace amount of TMS. Chromium (III) acetylace- 
tonate was added to the sample to saturation (ca. 
0.07 M); the spectrum was taken in 5mm tubes. 
Data from 37,536 transients were computed for the 
Fourier transform. 

Gas chromatography/mass spectrometry (g.c./ 
m.s.) was carried out in a DuPont 21-491B mass 
spectrometer, interfaced with a Varian 2740 GC, at 
an ionizing voltage of 70 eV. The gas chromatograph 
was fitted with a coiled glass column 180 x 0.2cm, 
containing 3% OV-101 on 100/120 mesh Aeropak 
30. Chromatograms were run isothermally at 150°, 
with helium as carrier gas, at a flow rate of 30 ml/min. 
Samples not requiring g.c.-interfacing were analyzed 
by direct injection of the sample into the ion source, 
at an initial inlet temperature of 150°, in an AEI- 
MS-9 mass spectrometer. 


RESULTS 


Enzymatic reduction of 5-nitro-2-furylthiazole. 
The in vitro biotransformation of NFT was moni- 
tored spectrophotometrically, after TCA precipita- 
tion and centrifugation. Absorption spectra obtained 
after incubation of NFT with rat liver 10,000 g 
supernatant fraction for 1 h at 37° revealed a hypoch- 
romic effect and a hypsochromic shift, with the dis- 
appearance of the absorption peak at 368 nm and 
the appearance of a new absorption peak at 268 nm. 
Under the above experimental conditions, NFT was 
completely reduced. On deletion of NADPH, how- 
ever, the reaction proceeded slowly, suggesting the 
requirement of NADPH for reduction. The observed 
partial reduction in the absence of NADPH could 
be due to endogenous cofactor(s) present in the 
homogenate. The reaction proceeded slowly under 
aerobic conditions indicating the inhibitory effect of 
oxygen on the enzyme system. 

Table 1 shows the subcellular localization of the 
enzyme activity in rat liver tissues. These data were 
obtained both with and without NADPH in the 
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Table 1. Subcellular localization of enzyme activity in rat liver tissues 





(umoles NFT reduced (mean + S.E.)-g™'-hr~') 


Enzyme source 


Minus NADPH* 


Plus NADPH?* 





Whole homogenate 

Boiled homogenate 

10,000 g Supernatant fraction 
Microsomal fraction 

105,000 g Supernatant fraction 


Microsomal plus 105,000 g 
supernatant fraction 


<0.1 (<0.1)4 


28.37 + 0.24 
1.64 + 1.2 
19.58 + 0.67 
10.02 + 1.70 
8.11 + 0.11 


4.40 + 0.07 
0.74 + 0.04 
2.59 + 0.11 


2.52 + 0.24 


(7.1 + 1.06) 


1.01 + 0.12 21.24 + 0.26 





* The components and the conditions of the reaction were the same as those described 
in Fig. 1. The data are the results of duplicate assays. 

+ Preparations equivalent to 100 mg of tissue were incubated for 15 min at 37° under 
nitrogen. Other components were used in the same quantities as those described in Fig. 1. 

+ Results obtained with 3 umoles NADH in the incubation mixture. 


reaction mixture. In both instances, boiling abolished 
the enzyme activity. Most of the activity present in 
the homogenate was recovered in the 10,0002 
supernatant fraction. However, in the absence of 
NADPH, very little of the activity was detected in 
the microsomal preparations. On inclusion of 
NADPH in the incubation mixture, the activity was 
substantially enhanced; under these conditions a 
major portion of the total activity was recovered in 
the microsomal preparations. These data suggest 
that the microsomal reductive enzyme utilizes 
NADPH as a cofactor. Substitution of NADH, in 
place of NADPH, did not enhance the microsomal 
enzyme activity, but it did enhance the enzyme 
activity in the cytosol preparations, as evidenced by 
the value given in parentheses. These results show 
that both the microsomal and cytosolic fractions 
contained enzyme systems capable of reducing NFT, 
but that the microsomal reductive enzyme was 
NADPH-specific whereas the cytosol enzyme was 
nonspecific and could use either NADH or NADPH 
as a cofactor. 

Stoichiometry of reduction. Quantitative infor- 
mation on the extent of NADPH consumed per mole 
of substrate utilized could provide some clue to the 
mechanism of reduction; therefore, the stoichio- 
metric relationship between NADPH consumption 
and NFT reduction was examined. The spectropho- 
tometric procedures used in the present assay for the 


determination of unreduced NFT preclude the direct 
quantitation of NADPH utilization by conventional 
methods of measurement of absorbance at 340 nm. 
Hence, the reduction was carried out under limiting, 
known, amounts of NADPH with an excess of 
enzyme source. The reaction was allowed to proceed 
for about 3h, so that the reaction might proceed to 
completion and all of the added NADPH might be 
utilized. Absorbance at 368 nm was measured in the 
supernatant fraction, and the disappearance of NFT 
was determined based on the extinction coefficient 
of NFT as 10.9mM~'cm“". Results of these experi- 
ments are presented in Table 2. They demonstrate 
that the extent of reduction of NFT was directly 
dependent upon the availability of NADPH. The 
ratio of added NADPH to the reduced NFT was 
about 3 in all cases, suggesting that about 3 moles 
of NADPH were utilized per mole of NFT reduced. 
This conforms with the possibility that the reduction 
of the 5-nitrofuran may proceed to the aminofuran 
through nitrosofuran and N-hydroxylaminofuran 
intermediates, with each step requiring a mole of 
NADPH. 

Chemical characterization of enzymatic reduction 
product. Chemical characterization of the reduction 
product was carried out after enzymatic reduction 
and extraction with chloroform-ether. The extract 
was evaporated to dryness, the sample was dissolved 
in a small volume of methanol, and an aliquot was 


Table 2. Stoichiometric relationship between NADPH availability and reduction of NFT* 





NADPH added (umoles) NFT reduced (umoles) NADPH added/NFT reduced 





3.58 + 0.06 
3.48 + 0.06 
3.18 + 0.03 
3.32 + 0.04 
2.90 + 0.01 
3.04 + 0.02 


1.0 0.28 
13 0.43 
2.0 0.63 
23 0.75 
2.75 0.95 
3.0 0.99 





* Microsomal preparations equivalent to 400 mg of liver tissue were incubated at 37° for 
3hr, under nitrogen, in the presence of 1 umole NFT and 100 umoles Tris (pH 7.4) with 
various limiting amounts of NADPH in a 3-ml volume of reaction mixture. The assays were 
run in duplicate; the data are means + S.E. 
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Fig. 1. Gas chromatographic elution profiles of the products of NFT formed by rat liver subcellular 
fractions and by chemical reduction. NFT was incubated for 1 hr with 200 mg wet weight of liver tissue 
at 37° under anaerobic conditions. The reaction mixture contained 1 umole NFT, 3 umoles NADPH, 
and 100 umoles Tris (pH 7.4) in a total volume of 3 ml. At the end of incubation, the mixture was 
extracted with chloroform—ether, and the organic phase was evaporated to dryness. The dried material 
was dissolved in 2 ml methanol, and about 1 wl was injected into g.c., after 1 x 10 dilution, at an 
attenuation of 256. The procedure for chemical reduction and other g.c. parameters are described in 
Materials and Methods. 


injected into the gas chromatograph under the con- 
ditions described in Materials and Methods. The g.c 
profiles of NFT and those of the metabolite extracted 
after incubation with different subcellular fractions 
are presented in Fig. 1. The retention time of NFT 
was about 6.5 min, whereas that of the reduced 
product was 4 min. Furthermore, the reduction prod- 
uct appeared to be the same whether derived from 
the 10,000 g supernatant fraction, cytosol, or micro- 
somal preparations. 

Analysis by h.p.l.c. of the enzymatically reduced 
material showed a major peak at about 14 min. The 
elution time for the reduced product was the same 
irrespective of the type of subcellular fraction used 
as enzyme source. Since the establishment of the 
chemical identity of the reduced product required 
sufficiently large quantities, and the amounts of 
products that could be obtained by enzymatic reduc- 
tion were limited, the feasibility of obtaining the 
necessary large amounts by chemical reduction was 
examined, using chemical reduction by catalytic 
hydrogenation of NFT with palladium on activated 
carbon. 


Chemical reduction of NFT and characterization 
of the product. Chemical reduction of NFT was car- 
ried out under pressure by catalytic hydrogenation, 


using 5% palladium on activated carbon for 1 hr as 
described in Materials and Methods. The samples, 
before and after reduction, were subjected to g.c. 
under the same conditions used for the analysis of 
enzymatic reduction product. The g.c. profiles 
obtained are presented in Fig. 1. The chemically 
reduced material yielded two peaks with retention 
times of about 3.5 and 4min, the latter being the 
same as that obtained by enzymatic reduction. The 
product was purified on silica gel column chroma- 
tography and then subjected to preparative h.p.l.c. 
Catalytically reduced NFT eluted by h.p.l.c. at the 
same time of 14 min as that of the sample obtained 
from enzymatic reduction. The purified material was 
beige in color, melted at 116-118°, and had no 
extinction coefficient of 7.24mM~'cm™', at 249 nm 
in methanol. The compound was quite stable at room 
temperature and could be stored for months in a 
freezer. The structural identity of the metabolite was 
based upon further spectroscopic analysis of chem- 
ically derived material. 

Spectroscopic analysis of the product obtained by 
catalytic hydrogenation. The i.r. spectra of the start- 
ing material, NFT, and of the purified reduced prod- 
uct are presented in Fig. 2. The spectrum of chem- 
ically reduced NFT showed an absence of the bands 
at 1520cm~' and 1360cm™', characteristic of the 
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Fig. 2. Infrared spectra of NFT and of the purified product obtained from chemical reduction. 
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Fig. 3. Panel A: Proton-n.m.r. spectrum of NFT. Panel B: Proton-n.m.r. spectrum of the product 
obtained from chemical reduction. 
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Fig. 4. Low resolution mass spectra of chemical and enzymatic reduction products. The mass spectra 

of the chemically reduced material were obtained by direct injection of the sample into the ion source 

in an AEI-MS9 mass spectrometer. The enzymatic reduction product spectrum was obtained from a 
DuPont 21-491B mass spectrometer, interfaced with a Varian 2740 GC. 


nitro group, which were observable with NFT. Fur- 
thermore, new bands appeared at 1700cm™' and 
2250 cm™', which were absent in the starting 
material, the former being very characteristic of a 
carbonyl group, and the latter of a nitrile group. 

The proton n.m.r. spectra of NFT and of the 
reduction product are shown in Fig. 3 (A and B). 
There are four protons in the NFT molecule, two 
in the thiazole ring, and two in the furan ring. The 
spectral assignments are shown in the structure pre- 
sented at the top of Fig. 3A. The observed chemical 
shifts at 8.9 and 7.9 ppm correspond to the thiazole 
proton, and those at 7.4 and 7.0 ppm correspond to 
the furan ring. In the chemically reduced material, 
the peaks associated with the thiazole protons were 
still present (Fig. 3B), as evidenced by the peaks at 
6 = 8.9 and 8.3 ppm, whereas the peaks in the region 
of the furan protons had disappeared, suggesting 
that upon reduction there is some modification in 
the furan ring. Further, in the reduced sample, four 
additional protons could be observed at 6 = 3.5 and 
2.7 ppm. In much cleaner samples, these appeared 
as two sets of triplets, suggesting the presence of two 
methylene protons adjacent to one another. 

The mass spectra of the chemically reduced and 
of the enzymatically reduced material are presented 
in Fig. 4. The molecular ion appeared at m/e 166 in 
both cases, and the fragmentation patterns were 
quite similar, with characteristic fragments at m/e 
139, 112, 84 and 57. On the basis of the mass spectral 


data alone, the structure of the product could not 
be unambiguously ascertained, since the following 
possible reduction products—S-amino-2-furylthia- 
zole (I), 1-(4-thiazolyl)-3-cyano-1-propanone (II), 5- 
(4-thiazolyl)-1,5-dehydro-2-pyrrolidinone (III) and 
4-(5-oxo-2-pyrrolin-2-yl)thiazole (IV)—are isomeric 
with a molecular weight of 166. The i.r. and proton 
n.m.r. data, however, suggesting the presence of a 
carbonyl group and the absence of furan ring pro- 
tons, are not in conformity with structure I. The 
proton n.m.r. spectrum suggested that two methyl- 
ene protons were adjacent to one another, which is 
compatible with structures II and III, but not with 
I and IV. Furthermore, i.r. data showed a weak 
nitrile band, favoring structure II, but the intensity 
of the peak was very weak. 

To differentiate between II and III, 'C-n.m.r. was 
performed and the spectrum showed seven different 
chemical shifts in conformity with the total number 
of carbon atoms in the molecule. The presence of 
a carbonyl carbon was strongly suggested by the 
presence of a peak at 6 = 190.30 + 0.05 ppm for, in 
the literature, the aliphatic carbonyl ketones have 
been reported to absorb the farthest downfield, 
around 190 ppm [19]. Similarly, a band was observed 
at 6= 118.59 + 0.05 ppm, which is very character- 
istic of the nitrile carbon. The spectral assignments 
for the rest of the carbons are tentatively assigned 
based on the values reported in the literature for 
related model compounds [20]; the observed chem- 
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ical shifts were at 6 = 35.8, 11.2 (methylene carbons 
2 and 3), 153.2, 153.9 and 125.8 (carbons 2, 4 and 
5 of the thiazole ring respectively). Thus, the “C- 
n.m.r. spectrum and other spectral data (Figs. 2-4) 
establish the structural identity of the chemically 
reduced metabolite to be 1-(4-thiazolyl)-3-cyano-1- 
propanone (II). Since the enzymatically obtained 
metabolite had chromatographic properties and mass 
spectra identical to those of the chemically obtained 
product, structurally they must be identical. 


DISCUSSION 


The spectral changes associated with the trans- 
formation of NFT show that the reactions proceed 
favorably under anaerobic conditions and in the pres- 
ence of NADPH, suggesting the reductive nature of 
the metabolic transformation. The functional group 
subject to reduction appeared to be the 5-nitro 
group, as evidenced by i.r. spectra (Fig. 2). The 
starting material was found to have characteristic 
bands at frequencies corresponding to that of the 5- 
nitro group, whereas with the reduced material these 
characteristic bands disappeared. Furthermore, on 
reduction there was a gradual loss of absorption 
bands at wavelengths around 370 nm, a region associ- 
ated with the main chromophore, the 5-nitro group. 
Correspondingly, there was a concomitant appear- 
ance of new bands at lower wavelengths. Similar 
hypsochromic shifts in the absorption spectra have 
been reported to accompany nitro reduction in the 
case of a number of other 5-nitrofurans, such as 5- 
nitro-2-furaldehyde semicarbazone derivatives 
[21,22], 1-[{(5-nitrofurfurylidene)amino]hydantoin 
(nitrofurantoin) [22], and 2-(2-furyl)-3-(5-nitro-2- 
furyl)acrylamide (AF-2) [23]. 

Examination of rat subcellular fractions (Table 1) 
showed that the nitroreductase activity was localized 
in both the cytosolic and the microsomal fractions. 
There were apparently two enzyme systems differing 
in their cofactor requirements and exhibiting variable 
inhibiton in the presence of oxygen. The microsomal 
fraction was NADPH-specific, whereas the cytosol 
preparation was NADPH-nonspecific and could util- 
ize either NADH or NADPH as cofactor. A number 
of carcinogenic 5-nitrofurylthiazole derivatives were 
shown earlier to be reduced by rat liver homogenates 
as well as by xanthine oxidase (EC 1.2.3.2), aldehyde 
oxidase (EC 1.2.3.1), and NADPH-cytochrome c 
reductase (EC 1.6.99.1), with enzyme activities being 
localized in cytosolic and microsomal fractions 
[14, 23-28], as observed for NFT in the present stud- 
ies. The rat cytosol reductase was reported to be 
dependent on NADH and inhibited by allopurinol; 
hence it was attributed to xanthine oxidase [25, 26]. 
In contrast, the microsomal reductase was shown to 
be dependent on NADPH, and attributed to 
NADPH-cytochrome c reductase [26]. In view of the 
broad substrate specificity of these nitroreductases 
and the close structural similarity between the sub- 
strates used, it is quite likely that the same enzymes 
are involved in the reduction of NFT as well. 

Examination of the stoichiometric relationship 
between NADPH availability and that of NFT 
reduction by microsomes indicated that about 3 
moles of NADPH were consumed per mole of NFT 
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Fig. 5. Postulated metabolic pathway for NFT reduction. 


reduced (Table 2). Similarly, in the reduction of 
nitrofurazone and AF-2 by xanthine oxidase with 
xanthine as proton donor, uric acid was formed at 
the rate of about 2.8moles/mole of 5-nitrofuran 
reduced [23]. The above stoichiometric observations 
indicate that reduction may proceed to the amino- 
furan via the corresponding nitroso and N-hydrox- 
ylamino intermediates, with each step requiring a 
mole of NADPH for reduction. 

The results of the spectroscopic and chromato- 
graphic analyses of chemically and enzymatically 
reduced NFT clearly demonstrate the structural 
identity of the reduction product to be 1-(4-thiazo- 
lyl)-3-cyano-1-propanone. Although earlier in vitro 
metabolic studies on the carcinogenic 5-nitrofuryl- 
thiazoles suggested the involvement of a 5-nitro 
group in reduction, this is the first time a product 
of reduction has been isolated and its structural 
identity established. The postulated metabolic path- 
way for the reduction of NFT is presented in Fig. 
5, wherein the 5-nitro group has been suggested as 
the primary site of reduction, with reduction pro- 
ceeding to the amino analog through the nitroso and 
N-hydroxylamino intermediates. Since the amino- 
furans are generally unstable, they might undergo 
furan ring fission to yield the open chain nitrile 
derivative. 

Formation of open chain nitrile derivatives from 
5-nitrofurans was first proposed by Beckett and 
Robinson [21,22], based on their studies of the 
ultraviolet absorption spectra and polarography of 
bacterial reduction products of certain 5-nitrofurans, 
such as nitrofurazone and nitrofurantoin. Subse- 
quently, Gavin et al. [29] reported that Escherichia 
coli metabolized 1-[(5-nitrofurfurylidene )amino]-2- 
imidazolidinone to a product whose melting point 
and i.r. spectrum resembled that of chemically 
derived 3-(4-cyano-2-oxobutylideneamino)-2-imi- 
dazolidinone. Chatfield [30] reported that after oral 
administration of 2-(5-nitro-2-furyl)-4-(thiomor- 
pholino-iminomethyl)thiazole-1',1'-dioxide, a uri- 
nary metabolite was isolated whose i.r. and m.s. 
characteristics were compatible with the correspond- 
ing open chain nitrile derivative. Recently, Aufrere 
ec al. [31] demonstrated that nitrofurantoin was 
metabolized by a number of rat tissues to give a 
major metabolite that was isolated and characterized 
by spectroscopic methods as 1-{[(3-cyano-1-oxo- 
propyl) methylene] amino}-2 ,4-imidazolidinedione. 
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Recently, Tatsumi et al. [23] observed that milk and 
rat liver xanthine oxidase and microsomes reduced 
nitrofurazone and AF-2. The nitrile compound 
appeared to be the main product of reduction in the 
case of nitrofurazone while, in contrast to the nitrile, 
2-(2-furyl)-3-(5-oxo-2-pyrroline-2-yl)acrylamide was 
tentatively identified as the product of AF-2. 

Although there is definitive evidence for the for- 
mation of open chain nitrile derivatives, the exact 
sequence and the mechanism of nitroreduction are 
not established. The fission of the furan ring to yield 
the nitrile derivative could occur at the stage of the 
aminofurans, as has been proposed by Beckett and 
Robinson [21,22], or at the stage of the N-hydrox- 
ylaminofuran through a trans-oxime derivative as 
proposed by Gavin ef al. [29]. For bactericidal, 
mutagenic, and carcinogenic activities (2,3, 11, 13, 
32], however, as well as for macromolecular binding 
[15,16], the 5-nitro group is vital, since analogs 
lacking the 5-nitro group weré devoid of these activi- 
ties. In this, the 5-nitro group per se does not appear 
to be the active functional group, but requires reduc- 
tion to chemically reactive intermediates. In view of 
the reactivity of the intermediates of nitroreduc- 
tion—namely, the nitroso and N-hydroxylamino 
intermediates—it is quite likely that they represent 
the biologically active forms involved in bactericidal, 
mutagenic, or carcinogenic activity. 
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Abstract—During studies with L1210 cells and a variety of folate analogs, large discrepancies were 
revealed between data on membrane transport, on inhibition of dihydrofolate reductase in cell-free 
extracts, and on inhibition of growth in culture for 10-oxa-, 10-benzyl- and 10-phenethyl-aminopterin, 
and for 3-deaza, 10-methyl-aminopterin. While aminopterin, 10-methyl (methotrexate)-, 10-ethyl- and 
10-propyl-aminopterin were tight binding inhibitors (K;: 2-3 x 10~'? M) of dihydrofolate reductase in 
cell-free extracts from L1210 cells, the other four analogs were only weak competitive inhibitors (K; = 
3-300 x 10°°M). Similar differences among analogs were observed for inhibition of dihydrofolate 
reductase in cell-free extracts from Sarcoma 180 and Ehrlich cells, but not for this enzyme in microbial 
cell-free extracts. There were only small differences in the transport of all of the analogs by L1210 cells. 
Inhibition of L1210 cell growth in culture by 10-oxa-, 10-benzyl- and 10-phenethyl-aminopterin and by 
3-deaza, 10-methyl-aminopterin, in contrast to the other analogs, was several orders of magnitude 
greater than that predicted from the data on dihydrofolate reductase inhibition. The extent of binding 
of 10-oxa-, 10-benzyl- and 10-phenethyl-aminopterin, and of 3-deaza and 10-methyl-aminopterin to 
dihydrofolate reductase in intact L1210 cells, in contradistinction to that seen for the cell-free enzyme 
preparations, approached that observed for methotrexate; these estimates of drug—enzyme interaction 
in situ were more predictive of the extent of inhibition by these analogs of L1210 cell growth in culture. 


Since the identification of dihydrofolate reductase 
as the primary target of 2,4-diamino-folate analogs 
[1-5], the characteristics of the inhibition of this 
enzyme by these analogs have been the subject of 
intense investigation in a number of laboratories 
[reviewed in Refs. 6 and 7]. It has been generally 
assumed in these studies that the extent of inhibition 
of this enzyme demonstrated for different analogs 
in cell-free systems is representative of a similar 
degree of drug-enzyme interaction in situ. Although 
this may appear to be a reasonably valid assumption 
for most derivatives, recent studies from our own 
laboratory have provided evidence which strongly 
suggests that this assumption may not apply in the 
case of all analogs. These studies were carried out 
with L1210 murine leukemia cells. In the case of 
four compounds, there were large discrepancies 
(three to five orders of magnitude) between the data 
on the inhibition of growth in culture and the data 
on the inhibition of dihydrofolate reductase from 
cell-free extract. Our results, which include detailed 
rate measurements of cellular membrane transport 
and estimates of intracellular binding to dihydrofol- 
ate reductase, show that these discrepancies can be 
attributed to the fact that the data obtained with 
some analogs in a standardized cell-free enzyme 
system provided a poor indication of the degree of 
inhibition of intracellular dihydrofolate reductase. 





+ Author to whom all correspondence should be 
addressed: Laboratory for Molecular Therapeutics, Me- 
morial Sloan-Kettering Cancer Center, 1275 York Ave., 
New York, NY 10021. 


EXPERIMENTAL 


L1210 leukemia, Sarcoma 180, and Ehrlich cells 
were obtained as intraperitoneal ascites suspensions 
from BD2F, mice [8] or in culture [9] and were 
processed in a manner described previously for di- 
hydrofolate reductase isou.:ion [8] and transport 
experiments [8]. The L1210 cell-line in culture 
employed during these experiments was derived 
from the parental L1210V line carried in mice. 
Antifolate-resistant variants of the L1210V line [10] 
and Diplococcus pneumoniae [11], which overpro- 
duce dihydrofolate reductase, were also employed 
as sources of this enzyme for some of the inhibition 
experiments to be described that measure the effect 
of drug on the reduction of dihydrofolate [3]. Meth- 
ods for isolation and growth of L1210 cells in culture 
have been given earlier [9]. The medium employed 
was RPMI and 1640 (Grand Island Biologicals, 
Grand Island, NY) supplemented with 10% fetal 
calf serum (Microbiological Associates, Bethesda, 
MD). The suspending medium during transport 
experiments, and the conditions employed during 
measurements of influx and efflux of methotrexate, 
have been given [8, 12]. During these transport 
experiments, measurements of intracellular drug that 
was not radioactively labeled were carried out by 
titration inhibition of D. pneumoniae dihydrofolate 
reductase [8, 13]. Measurement of intracellular 
[°H] methotrexate was done by scintillation counting. 
Methods for extracting drug have been described 
[8, 12, 13]. [3’, 5’, 9’-"H]Methotrexate (Morvek Bio- 
chemicals, City of Industry, CA) was purified by 
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paper chromatography [14] to a final purity of > 98 
per cent. Samples of unlabeled methotrexate were 
provided by the Drug Procurement and Synthesis 
Branch, Division of Cancer Treatment, National 
Cancer Institute, Bethesda, MD, and were deter- 
mined spectrophotometrically [15] to be > 96 per 
cent pure. Syntheses of 3-deaza-methotrexate [16], 
10-oxa-aminopterin [17, 18], 10-benzyl-aminopterin 
[18, 19], and 10-phenethyl-aminopterin [18] have 
been described. The preparation of 10-propyl-ami- 
nepterin was carried out in a manner similar to that 
reported for the other analogs [18] and will be 
reported in a future paper. The samples of each of 
these analogs employed were > 98 per cent pure. 
Individual experimental details are provided in the 
legend of each figure and table. 


RESULTS AND DISCUSSION 


For the general category of 2,4-diamino folate 
analogs, the extent of inhibition of cell growth in 
culture by any particular analog can usually be pre- 
dicted [8, 20, 21] from data on membrane transport 
and inhibition of the target enzyme, dihydrofolate 
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reductase. During some recent studies in our lab- 
oratory of a large number of these analogs, major 
discrepancies in these relationships were revealed. 
This is illustrated in Table 1, where data are com- 
pared for a number of analogs modified at the 10 
position and for a related analog, 3-deaza-metho- 
trexate. The values of the influx V,,,, and of the 
efflux rate constants derived for these analogs are 
virtually the same, and the values of the influx K,,, 
are distributed over a relatively narrow range. In the 
case of aminopterin itself, 10-deaza-aminopterin, 
and the 10-methyl, 10-ethyl and 10-propyl deriva- 
tives, the K; values derived for dihydrofolate reduc- 
tase inhibition were essentially identical. For these 
analogs, the differences in the corresponding values 
for ICsy appear to reflect the small differences in the 
values for influx K,,. For the other four analogs 
shown, i.e. the 10-oxa, 10-benzyl, and 10-phenethyl 
derivatives of aniinopterin and the 3-deaza derivative 
of methotrexate, the values for ICs) were much 
smaller than would be expected based on the 
extremely large values derived for the K; of dihy- 
drofolate reductase inhibition. Values of K;for these 
analogs were 10* to 10°-fold higher than those derived 


Table 1. Folate analogs and membrane transport, growth, and dihydrofolate reductase inhibition in L1210 cells 





Growth 
inhibitiont 
ICs 


Dihydrofolate 
reductase Influx 
inhibition* V on 
K, K,, {nmoles: min“! - K 
(nM) (uM) (g dry wt)~'] (min“') 


Membrane transport+ 
Efflux 


(nM) 





2.90 
3.24 
2.84 
3.13 
3.01 
3.15 
3.18 
3.04 
2.95 


0.24 
0.21 
0.24 
0.23 
0.25 
0.22 
0.21 
0.22 
0.23 


Aminopterin 
10-Deaza-aminopterin 
10-Oxa-aminopterin 
10-CH,-aminopterin 
10-C,H;-aminopterin 
10-C,H,-aminopterin 
10-Benzyl-aminopterin 
10-Phenethyl-aminopterin 
3-Deaza-methotrexate 
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* Method of enzyme extraction and the determination of inhibition by various folate analogs are described in the 
legend of Fig. 1. Values for K; were derived by the method of Henderson [22] for titration inhibition or, otherwise, by 
the method of Haynes [23]. Average of three to five separate determinations (S.D. = < 13 per cent). 

+ Cells, removed as ascites suspensions from the peritoneal cavity of BD2F, mice, were washed once in cold (0°) 
0.14 M NaCl plus 0.01 M potassium phosphate (pH 7.4) and resuspended in a solution of buffered salts [8] with 2mM 
glucose but not serum. Initial influx measurements were made with various external concentrations of [*H]methotrexate; 
the incubation time was adjusted at each concentration so that the intracellular accumulation did not exceed the 
dihydrofolate reductase drug-binding capacity. A double reciprocal plot of the data (v/[drug]) was constructed to obtain 
values for maximum velocity (V,,,,) and the apparent Michaelis constant (K,,). After influx measurements, incubation 
was terminated by a 10-fold dilution of cells in cold (0°), buffered, isotonic saline solution and washing three times with 
the same cold solution. No loss of drug occurs at this temperature [8]. Since drug accumulation is nonexchangeable 
because of binding to dihydrofolate reductase, no loss would be expected to occur. [*H]Methotrexate uptake was 
determined by scintillation counting of radioactivity. Intracellular accumulation was determined after correction for cell 
surface absorption [8]. Average of three to five separate determinations (S.D. = < 15 per cent). 

§ Logarithmic phase L1219 cells (10° cells/ml) in RPMI 1640 medium (formulated with 2.2 uM folic acid), 10% with 
respect to fetal bovine serum, were dispensed into 16 x 125 mm culture tubes (final volume 5.0 ml) containing various 
concentrations of each folate analog. Cell growth in tubes with and without folate analogs was monitored every 24 hr 
to verify that the growth pattern was normal. After 72 hr, the cell density in all experimental groups was determined 
with a model ZBI Coulter Counter. Cell counts were averaged; the means were plotted on full logarithmic paper against 
the concentration of reduced folate to determine the amount necessary to produce a 50 per cent reversal of inhibition. 
Cell counts from triplicate culture tubes within the same experimental group agreed within 10 per cent. Average of three 
to five separate determinations (S.D. = < 18 per cent). 
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Fig. 1. Inhibition of L1210 cell dihydrofolate reductase by 
folate analogs. Enzyme preparations were made from 
L1210 cell suspensions (Agop = 30; 2.43 x 10° cell/ml) in 
0.05 M Tris-HCI! (pH 7.4) with 0.001 M EDTA by soni- 
cation (Heat Systems-Ultrasonics, Inc; Plainview, NY) at 
0° for 30 sec. Cellular debris was removed by centrifugation, 
and supernatant fluid stored at —70° until used. In a modi- 
fication [8] of a previously published [3] method, various 
amounts of drug were added to tubes containing 100 nmoles 
NADPH/ml and 1 mg/ml of mercaptoethanol in 0.05M 
potassium phosphate buffer (pH 7.3). Enough enzyme 
preparation was added to give a change in absorbance 
(A349) of 0.3 in control tubes after the addition of 
100 nmoles/ml of dihydrofolate and incubation of 10 min 
at 37°. The total volume of the reaction mixture was 2.5 ml. 
Methotrexate (100 ug) was added at the end of the incu- 
bation period to stop the reaction prior to the absorption 
measurement. Average of four experiments (S.D. = < 12 
per cent). 


for aminopterin and the other N"° analogs; values for 
ICso, however were only 2- to 50-fold greater than 
aminopterin. 

Details relating to the kinetics of inhibition of 
dihydrofolate reductase in cell-free extract by meth- 
otrexate, 3-deaza-methotrexate, and the 10-oxa, 10- 
benzyl and 10-phenethyl derivatives of aminopterin 
are presented in Fig. 1 through 3. The ineffective 
inhibition of the L1210 cell enzyme (Fig. 1) observed 
with these four analogs is in sharp contrast to the 
partially stoichiometric inhibition by methotrexate 
and the other N° analogs (data not shown). A similar 
result was obtained (data not shown) in the same 
assay employing dihydrofolate reductase in cell-free 
extracts of Sarcoma 180 and Ehrlich cells. When the 
source of dihydrofolate reductase employed in the 
assay was microbial (D. pneumoniae), rather than 
mammalian, however, inhibition by all of the analogs 
exhibited the same (partially stoichiometric) kinet- 
ics. Data for some of these analogs are shown in Fig. 
2. 

Evidence that the ineffective inhibition of L1210 
cell dihydrofolate reductase by 3-deaza-methotrex- 
ate, or by 10-oxa-, 10-benzyl- or 10-phenethyl-ami- 
nopterin was actually related to the enzyme—drug 
interaction itself, and not to other factors, was 
derived in the following manner. First, titration 
inhibition of L1210 cell dihydrofolate reductase by 
methotrexate in the range of 0-10 pmoles, as in Fig. 
1, could be demonstrated in the presence of larger 
amounts of 3-deaza-methotrexate (10 pmoles), 10- 


mix 
3-deaza-mtx 
10 -oxa-am 
10-benzyl-am 

@ 10- phenethyi-am 


D. pneumoniae 
dihydrofolate 
reductase 


residual activity (%) 


Y 
\ 





\ | 
1 1 ‘ 4 ~j—_4 
5 10 15 a ‘SS 
total drug (pmol) 





Fig. 2. Inhibition of D. pneumoniae dihydrofolate reductase 
by folate analogs. Enzyme preparations were made [8, 11] 
by distrupting suspensions of D. pneumoniae in 0.05M 
Tris-HCI (pH 7.3) with 0.001 M EDTA. The conditions 
employed during the enzyme assay and for measurements 
of inhibition by folate analogs are described in the legend 
of Fig. 1. Average of three experiments ($.D. = <9 per 
cent). 


oxa-aminopterin (100 pmoles) or 10-benzyl-aminop- 
terin (200 pmoles). These results tend to eliminate 
the possibility that some impurity in the samples of 
these three analogs was responsible for the relatively 
ineffective inhibition of this enzyme. Second, results 
identical to those shown in Fig. 1 were obtained with 
each analog when cell-free extract was derived from 
an L1210 cell variant that overproduces dihydrofol- 
ate reductase 12-fold. Third, when each analog was 
incubated with L1210 cell extract under the same 
conditions used in the enzyme assay and, then, this 
mixture was used to titrate the D. pneumoniae 
enzyme, results identical to those seen in Fig. 2 were 
obtained. The results of these two control experi- 
ments appear to eliminate the possibility that factors 
in the L1210 cell-free extract other than the enzyme, 
itself, were responsible for the results observed. 
Finally, it can be seen from a comparison of the data 
in Fig. 3 that, despite the fact that the 10-oxa and 
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Fig. 3. Effect of pH on the inhibition of L1210 cell di- 

hydrofolate reductase by folate analogs. Methods of 

enzyme isolation and details of the enzyme inhibition assay 

are given in the legend of Fig. 1. Average of three experi- 
ments (S.D. = < 15 per cent). 
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10-benzyl analogs were poor inhibitors of L1210 cell 
dihydrofolate reductase, a pH dependence could be 
demonstrated for this inhibition that is characteristic 
of the pH dependence (reviewed in Refs. 6 and 7) 
reported for other 4-amino-folate analogs. Similar 
data (not shown) were derived for 3-deaza-metho- 
trexate and 10-phenethyl-aminopterin. 

In the remaining experiments to be described, we 
sought information on the basis for the discrepancies 
observed between the data on growth and that on 
enzyme inhibition, with 3-deaza-methotrexate, 10- 
oxa-aminopterin, and 10-benzyl-aminopterin. In 
these experiments, we attempted to determine the 
relative extent to which each of these analogs was 
actually bound to dihydrofolate reductase within the 
cell, by delineating the nonexchangeable fraction of 
accumulated drug. The parental L1210 cell-line 
(L1210V) was incubated at 37° in the presence of a 
5uM concentration of each analog for a period of 20 
min to allow for the accumulation of drug to intra- 
cellular levels in excess of the dihydrofolate reduc- 
tase binding capacity. The cells were then washed 
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Fig. 4. Nonexchangeable levels of intracellular drug in 
L1210 cells following accumulation and efflux of various 
folate analogs. L1210V or L1210V/C, cells were washed 
once in cold (0°) 0.14 M NaCl plus 0.01 M potassium phos- 
phate (pH 7.4) and resuspended in cold transport medium 
[8] containing 107mM NaCl, 5.3mM KCI, 26.2mM 
NaHCO,, 1.9mM CaCl,, 1 mM MgCl, -6H;0, 10 mM glu- 
cose, and 10 mM Tris-HCl (pH 7.4). No serum was added. 
Five uM concentrations in 50 ul of each analog were added 
to 10 ml aliquots and incubated for 20 min at 37°. The cells 
were then washed once in cold (0°) transport medium and 
resuspended in | ml of cold transport medium without drug 
and reincubated at 37°. Aliquots were removed at the times 
indicated, cooled to 0° and diluted 10-fold in cold (0°) 
0.14M NaCl plus 0.01 M potassium phosphate (pH 7.4). 
After washing twice at 0° in the same buffer, drug was 
extracted [8, 12, 13] and the concentration in each extract 
was determined by titration of D. pneumoniae dihydro- 
folate reductase [8, 13]. The level of intracellular dihydro- 
folate reductase was determined by a titration-inhibition 
assay of enzyme activity [5, 8] in a supernatant fraction 
prepared from a sonicated suspension of L1210 cells. 
Average of three experiments (S.D. = < 16 per cent). 
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once at 0° and resuspended in cold (0°) drug-free 
transport medium. The washed suspensions were 
then incubated at 37° to allow drug to efflux from 
the cell. The time-course for efflux is shown in Fig. 
4. It can be seen that all four analogs effluxed at the 
same rate. Most importantly, loss of each analog 
ceased at a level approximately equivalent to the 
tight binding fraction of the intracellular dihydro- 
folate reductase. Moreover, when this experiment 
was repeated with L1210 cells (L1210V/C,) that had 
a 2- to 3-fold higher level of dihydrofolate reductase, 
the result (Fig. 4) was essentially identical except 
that efflux of each analog ceased at the higher level, 
i.e. approximately equivalent to the tight binding 
fraction of dihydrofolate reductase characteristic of 
these cells. 

In another experiment, L1210 cells were incubated 
for 20 min with 2.5 uM [*H]methotrexate alone and 
in the presence of 2.5 uM unlabeled methotrexate 
or one of the other analogs. The cells were then 
washed twice at 0° and resuspended in cold (0°) drug- 
free medium. These washed suspensions were then 
incubated at 37° for 20 min to allow for efflux of all 
exchangeable (non-enzyme bound) drug. Since all 
four analogs would be expected to accumulate at the 
same rate (K,, and V,,,, values for influx are essen- 
tially the same; see Table 1), any differences in the 
values for the nonexchangeable fraction of 
{*H]methotrexate obtained in the presence of the 
unlabeled analog should reflect differences in the 
extent of competition at the level of the intracellular 
dihydrofolate reductase. From these results, shown 
in Fig 5, it can be seen that 10-oxa-aminopterin was 
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Fig. 5. Nonexchangeable levels of intracellular 
(*H] methotrexate following efflux after accumulation in the 
presence of methotrexate and various analogs. Washed 
L1210V/C, cells were incubated for 10 min with 2.5 uM 
(*H]methotrexate in the presence or absence of a 2.5 uM 
concentration of one of the following: methotrexate 
(MTX), 10-oxa-aminopterin (10-oxa-AM), 10-benzyl-ami- 
nopterin (10-benzyl-AM) or 3-deaza-methotrexate (3- 
deaza-MTX) for 20 min at 37° in transport medium. After 
washing at 0°, the cells were resuspended in cold (0°) 
transport medium and reincubated at 37° for 20 min. 
(?H]Methotrexate was extracted [8] from the cells and the 
radioactivity was determined by scintillation counting. 
Additional experimental details are provided in the text 
and the legends of Figs. 4 and 5. Average of three experi- 
ments (S.D. = < 12 per cent). 
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less effective than methotrexate, as a competitive 
inhibitor of enzyme binding of [*H]methotrexate; 
10-benzyl-aminopterin and 3-deaza-methotrexate 
were even less effective. 

Further evidence for reduced intracellular binding 
of 3-deaza-methotrexate, 10-oxa-aminopterin, and 
10-benzyl-aminopterin to L1210 cell dihydrofolate 
reductase in comparison to methotrexate was also 
derived in the following experiment. L1210 cells 
were loaded with unlabeled methotrexate or one of 
the other three analogs (20-min incubation at 27° in 
5 uM drug). Then the cells were washed twice with 
cold (0°) medium, resuspended in cold (0°) medium, 
and reincubated at 37° for 20 min to allow efflux of 
drug to enzyme level. [*H]Methotrexate (2.5 uM) 
was then added to each aliquot of cells exposed to 
drug as well as to control cells that had been incu- 
bated without unlabeled drug; incubation was con- 
tinued for another 20 min. These cells were then 
washed and allowed to efflux; and the level of 
nonexchangeable [*H]methotrexate was determined. 
The data shown in Fig. 6 give evidence of complete 
exchange on the enzyme by [*H]methotrexate in the 
case of cells preloaded with 3-deaza-methotrexate, 
10-oxa-aminopterin, or 10-benzyl-aminopterin, but 
only partial exchange in the case of methotrexate. 
A similar extent of exchange between 


[°H]methotrexate bound to intracellular dihydrofol- 
ate reductase and nonradioactive methotrexate was 
reported in an earlier study [24]. 

From the results of these experiments, we con- 
clude that binding of 3-deaza-methotrexate, 10- 
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Fig. 6. Exchange of dihydrofolate reductase bound fraction 
of various folate analogs by ["H]methotrexate. Washed 
L1210V/C, cells were incubated for 10 min in a 2.5uM 
concentration of one of the following analogs: methotrex- 
ate, 3-deaza-methotrexate, 10-oxa-aminopterin or 10-ben- 
zyl-aminopterin, washed (0°), and resuspended in cold (0°) 
transport medium and then incubated at 37° for 20 min to 
allow effiux of drug. The cells were washed and resuspended 
in cold (0°) medium again and reincubated at 37° for another 
10 min in the presence of 2.5 uM [*H]methotrexate. Each 
aliquot of cells plus control cells that were only incubated 
with [*H]methotrexate were reincubated at 37° for another 
20 min to allow efflux of drug. Cells were then cooled (0°), 
diluted 10-fold, and washed (0°) prior to extraction for 
determination of radioactivity. Further details are given in 
the text and in the legends of Figs. 4 and 5. Average of 
three experiments (S.D. = < 14 per cent). 
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oxa-, 10-benzyl- and probably 10-phenethyl-aminop- 
terin to dihydrofolate reductase is appreciably 
greater in situ than was indicated by the results of 
the cell-free enzyme inhibition assay. Although bind- 
ing of these three analogs to this enzyme does not 
appear to be quite as strong as that of methotrexate, 
the extent of enzyme binding of these analogs dem- 
onstrated in situ more closely reflected the net effect 
of each on cell growth. These findings also prompt 
a note of caution when interpreting the results of 
experiments measuring the inhibition of dihydrofol- 
ate reductase in cell-free extracts. Determinations 
of the relative inhibitory potency of specific analogs 
should probably be accompanied by data on mem- 
brane transport and growth inhibition for the same 
cell-line from which the target enzyme was isolated. 
Even so, we have no explanation at the molecular 
level for these aberrancies in mammalian cell dihy- 
drofolate reductase inhibition by these four analogs 
in this cell-free system. It is possible that localized 
changes in tertiary structure, which would affect 
binding, could occur during the extraction of this 
enzyme and that these changes might manifest them- 
selves in an analog specific manner. In this connec- 
tion, it is of interest that the methyl, ethyl and propyl 
substituents at the 10 position, but not the larger 
aromatic substituents, were as effective as aminop- 
terin in binding to cell-free dihydrofolate reductase. 
There are other possible explanations, however, 
which have not been eliminated by the results. Fur- 
ther, the aberrancies observed with the mammalian 
cell enzymes were not observed with the microbial 
enzyme. Finally, although our observations relate 
only to modification of the N* and N° positions of 
the folate molecule, it is possible that modification 
elsewhere may result in a similar effect on binding 
by this mammalian enzyme in conventional cell-free 
extracts. 
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Abstract—Nordihydroguaiaretic acid (NDGA) is a natural product of the lignan family that has been 
shown to possess antimicrobial and antineoplastic properties in a variety of test systems. NDGA was 
observed by u.v.-visible spectroscopy to be unstable in an aqueous environment; however, by these 
same techniques NDGA was shown to be stable in the presence of mercaptoethanol. It is suggested 
that an activated NDGA is an intermediate in the O,-mediated oxidation of NDGA and that the 
activated NDGA forms a stable complex when reacted with duplex DNA. This DNA-activated NDGA 
complex was detected and studied by both fluorescence spectroscop: and CsCl density gradient tech- 
niques. The addition of DNA quenched the fluorescence of activa NDGA in a concentration- 
dependent fashion. Furthermore, the exposure of activated NDGA lowered the buoyant density of 
DNA, also, in a concentration-dependent manner. Since mononucleotides did not quench the fluor- 
escence of activated NDGA, and heat-denatured DNA was less effective than fully duplex DNA in its 
ability to interact with activated NDGA, the duplex structure of DNA was determined to be important 
in the complex formation. Whereas activated NDGA bound to both poly dG - poly dC and poly (dA - dT), 
there appeared, by one method of analysis, to be a preference for poly dG- poly dC. Activated NDGA- 
DNA complex was stable to dialysis, but dissociated in the presence of Sarkosyl. No changes in the 
viscosity or melting temperature of DNA was induced by the addition of activated NDGA. These data 
suggest a mechanism in which the activated NDGA was bound to the more apolar regions of duplex 
DNA that are located in either the major and/or minor grooves. 


Nordihydroguaiaretic acid (NDGA), a natural 
product of the lignan family [1], was used for years 


liminary studies, in vitro, showed that an Q),- 
mediated product of NDGA (activated NDGA) 


as an antioxidant to inhibit the development of ran- 
cidity in the fats of food products [2] and as a stabil- 
izer of pharmaceutical preparations, perfumery oils, 
rubber and other industrial products [3]. Because of 
its potential toxicity to animal systems, it is no longer 
used in this fashion. 

NDGA has been reported to have antimicrobial 
effects on a variety of organisms [4-8], and antineo- 
plastic potential, in vitro, has been observed in Ehr- 
lich ascites, K-2 ascites, and leukemia L-1210 cell 
lines [9]. Preliminary studies, in vivo, have shown 
NDGA to have therapeutic activity against two sep- 
arate cancers [10, 11]. 

With the knowledge that NDGA is a potent 
antioxidant in biological systems [2] and that this 
compound is active in a number of in vitro oxidation— 
reduction enzyme catalyzed reactions [12-14], it is 
reasonable to suggest that any biological action of 
NDGA treatment could result from either NDGA 
itself or from one of its oxidation products. Pre- 
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formed a stable complex with DNA. Since many 
antimicrobial and antineoplastic agents are known 
to function by interacting with DNA and subse- 
quently affecting nucleic acid metabolism [15-18], 
it became important to further investigate the inter- 
action of activated NDGA and DNA. This report 
documents that activated NDGA is formed by an 
O,-dependent oxidation of NDGA and that this 
intermediate forms a stable complex with DNA. 


MATERIALS AND METHODS 


Impure NDGA was obtained from the W. J. 
Strange Co. (Chicago, IL) and from Columbia 
Organic Chemicals, Inc. (Columbia, SC). 
[H]NDGA and Sarkosyl NL 97 were from ICN 
Pharmaceuticals, Inc. (Plainview, NY). Highly 
polymerized calf thymus DNA, 2’-dAMP, 2’-TMP, 
2'-4GMP and 2’-dCMP were purchased from the 
Sigma Chemical Co. (St. Louis, MO). 3,5-Diami- 
nobenzoic acid (DABA) was a product of the Aldrich 
Chemical Co. Inc. (Milwaukee, WI). Optical grade 
cesium chloride was obtained from the Harshaw 
Chemical Co. (Solon, OH). Polydeoxyguanylate- 
polydeoxycytidylate [poly (dG)-poly (dC)] and 
polydeoxyadenylate-thymidylate [poly (dA-dT)] 
were obtained from Miles Laboratories, Inc. (Elk- 
hart, IN). A stock of T-7 phage was supplied by Dr. 
R. E. Harrington, University of Nevada, Reno. The 
Union Carbide Corp. (New York, NY) was the 
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Fig. 1. Spectral characteristics of NDGA and activated NDGA. (A) Time-dependent changes in the 
u.v. absorbance spectrum of NDGA. NDGA was dissolved in SSC at a concentration of 30 uM. Spectra 
were obtained for A in less than 5 min; B, at 1 hr; and C, at 2 hr. (B) Ultraviolet and visible spectral 
characteristics of NDGA products after 72 hr. NDGA was dissolved in SSC at a concentration of 50 uM. 
(C) Fluorescence characteristics of NDGA with time. NDGA was dissolved in SSC at a concentration 
of 30 uM. Visible and u.v. spectra were obtained at various times as NDGA underwent chemical 
changes. For fluorescence in the region of 325 nm, activation wavelength was 280 nm, and for fluorescence 
in the region of 530 nm, activation wavelength was 460 nm. Times for samples measurement were A, 
lhr; B, 24hr; C, 48 hr; D, 96 hr; and E, 144 hr. 


source of polyethylene glycol 6000, and ethidium 
bromide was from the Boots Pure Drug Co. (UK). 
All other chemicals were reagent grade. 
Purification of NDGA. Impure NDGA was sus- 
pended in 20% aqueous acetic acid at a concentration 
of 30 mg/ml. Upon heating, the NDGA dissolved 
and, to the brownish solution, decolorizing charcoal 
was added. The decolorized solution was recovered 
by pressure filtration and allowed to cool slowly to 
room temperature. Ivory white crystalline NDGA 
obtained from this procedure melted at 184-185°. 


(HJNDGA was purified by preparative silica gel 
chromatography. The compound was chromato- 
graphed utilizing the system developed by Gisvold 
and Thacker [19], which consists of benzene-isopro- 
pyl alcohol-acetic acid—water (25:5:2:10, by vol). 
NDGA was detected with an ultraviolet lamp, 
scraped from the plates, and extracted with 95% 
ethanol. 

Nucleic acid preparations. Highly polymerized calf 
thymus DNA was phenol extracted and dialyzed 
against 0.15 M sodium chloride, 0.015 M sodium cit- 
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rate (standard saline-citrate, SSC) [20]. Using this 
procedure, protein content was not detectable by 
the method of Lowry et al. [21] and orcinol tests [22] 
indicated that the RNA content was less than 0.01 
per cent. 

DNA concentrations were determined by measur- 
ing optical density at 260 nm, followed by calculation 
of the concentration using an extinction coefficient 
of 0.02 cm’/ug duplex DNA [20]. A molar extinction 
coefficient of 6600 liters/mole of duplex DNA- 
nucleotide is obtained if the average sodium mono- 
nucleotide molecular weight was taken to be 
330 g/mole. 

T-7 DNA was isolated from bacteriophage grown 
in infected Escherichia coli B cells. After cell lysis 
and centrifugation at 5000 g at 4° to remove debris, 
the phage was concentrated by the method of 
Yamamoto et al. [23] using polyethylene glycol 6000. 
The precipitated phage were then collected by cen- 
trifugation at 5000 g and the concentrate was layered 
on a CsCl gradient of range 1.25 to 1.70 g/ml. This 
procedure separated the polyethylene glycol from 
the virus. After centrifugation at 0° for 24 hr (22,000 
rpm) in a Spinco 25.1 rotor, a sharp band of T-7 
virus was removed from the gradients. 

DNA was isolated from the purified T-7 virus by 
double phenol extraction followed by dialysis in SSC 
buffer, pH 7.5 to 8.5 [20]. DNA banded in CsCl at 
1.704 g/mi and had a molecular weight of 25 million 
daltons, as determined by viscosity measurements. 
Both the buoyant density [24] and molecular weight 
[25] agreed with reported values. 

Addition of NDGA to DNA solutions. NDGA has 
a maximum water solubility of 330 uM [26]. There- 
fore, more concentrated solutions of NDGA were 
prepared in 95% ethanol and aliquots of these sol- 
utions were added to aqueous preparations. Samples 
prepared in this fashion were clear and colorless. 
The final alcohol concentration in all experiments. 
ranged from 0.7 to 1.0%. 

Fluorescence measurements. Relative fluorescence 
intensities were determined with an Aminco—Bow- 
man spectrophotofluorometer at ambient tempera- 
ture in SSC buffer. The absorbance of excitation 
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Fig. 2. Fluorescence of activated NDGA. NDGA was 
dissolved at a concentration of 20 uM in SSC buffer (pH 
8.3) containing DNA (@), increasing concentrations of an 
equimolar mixture of the four deoxymononucleotides 
(O), or heat-denatured calf thymus DNA (™). Samples 
stood for 72 hr before readings were obtained. 
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light by DNA at 280 nm with fluorescence at 325 nm 
was corrected by multiplying the fluorescence inten- 
sity by the antilog of one-half the sample optical 
density [27]. 

Sedimentation equilibrium studies. Cesium chlor- 
ide density gradients were prepared according to the 
method of Grossman et al. [28]. The length of the 
runs was from 40 to 50 hr at 36,000 rpm and 25°, in 
a Spinco SW 50.1 rotor using nitrocellulose tubes 
(3.0 ml). Densities were determined by refracto- 
metry at 25% and the u.v. absorbance of all fractions 
was obtained spectrophotometrically. 

3,5-DABA was purified as described by Hine- 
gardner [29] and used to determine the presence of 
DNA in density gradient experiments. An aliquot 
of each fraction from the gradients was added to an 
equal volume of 2M DABA and incubated for 30 min 
in a water bath at 60°. To the samples was then 
added 1.8 m! of 1.5 N HCl, and fluorescence intens- 
ities were determined (activation wavelength 415 nm, 
fluorescence wavelength 505 nm). It was found that 
the presence of CsCl did not alter the fluorescence 
intensities of the samples studied. 

Viscosity measurements. A Gill and Thompson low 
shear rotating cartesian-diver viscometer was used 
for viscosity measurements of T-7 DNA solutions 
[30]. Measurements were carried out in SSC buffer 
at 25°. The total volume of the DNA solutions was 
less than 1.0 ml. 

Melting profiles. Thermal denaturation studies 
were carried out with a Zeiss PMQ II spectropho- 
tometer equipped with a programmed heating and 
cooling water bath. The heating rate was 0.5°/min. 
A teflon probe was immersed in the sample cuvette 
for accurate temperature measurements, and the 
DNA samples were measured in 0.1X SSC buffer 
[31]. 


RESULTS 


Instability of NDGA in aqueous solutions. As evi- 
dence that NDGA in SSC buffer undergoes a time- 
dependent chemical alteration, the u.v.-visible spec- 
trum of the solution was monitored at various times. 
After standing for 2 hr the u.v. absorption of samples 
increased in intensity at its absorption maximum and 
shifted from a maximum of 280 to 285 nm as shown 
in Fig. 1. After 72hr the newly formed reddish- 
brown color was of sufficient intensity to be detected 
spectrophotometrically, and a visible absorbance 
maximum was apparent at 460 nm. This is in addition 
to the 285 nm absorbance maximum. 

The absorbance maxima at 280nm for fresh 
NDGA solution and 460 nm for 48 hr or older sol- 
utions were found to be excitation maxima for flu- 
orescence at 325 and 530 nm respectively. As shown 
in Fig. 1, the u.v. fluorescence intensity of NDGA 
at 325 nm decreased to roughly one-third its initial 
value after 24hr. After 48hr the trend continued 
and the spectrum shifted slightly to the red; the u.v. 
fluorescence, however, did not change further after 
48 hr. At 96hr, fluorescence developed at 530 nm, 
and this peak was increased in intensity at 144 hr. 
That compound which fluoresced at 530nm was 
defined as activated NDGA. 

Interaction between DNA and activated NDGA. 
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Perturbation in the fluorescence spectrum of NDGA 
was employed as a measure of interaction between 
DNA and NDGA and/or activated NDGA. To 
determine possible interactions of DNA and NDGA, 
fresh samples of NDGA at a concentration of 100 uM 
were prepared, and to those solutions was added 
calf thymus DNA over a concentration range of 0- 
216 ug/ml. After 1 hr there was no alteration of the 
NDGA mediated fluorescence at 325nm. This 
observation indicates either a lack of interaction 
between DNA and NDGA or an inability of the 
technique to detect such an interaction. 

On the cther hand, when calf thymus DNA was 
added to NDGA solutions and those solutions were 
allowed to stand for 72 hr (a time sufficient to convert 
NDGA to activated NDGA), quenching of the flu- 
orescence of activated NDGA at 530 nm was detect- 
able. The results of a typical experiment (DNA 
ranging in concentration from 0 to 125 ug/ml and 
NDGA at 209 uM) are illustrated in Fig. 2. These 
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results suggest that an interaction between the DNA 
and activated NDGA had occurred. 

The interaction of activated NDGA and DNA 
could take place by one of two routes. Activated 
NDGA might be either a transient intermediate with 
the ability to interact with DNA, or it might accu- 
mulate in the 72-hr reaction. To determine which of 
these two possiblities took place, NDGA was 
allowed to stand for 72 hr after which calf thymus 
DNA was added to the samples. Both the calf thymus 
DNA concentration range and the initial NDGA 
concentration were comparable to those of Fig. 2. 
DNA treated in this fashion did not alter the flu- 
orescence of activated NDGA. Therefore, it is con- 
cluded that it was necessary for NDGA to be acti- 
vated in the presence of DNA and that this activated 
NDGA was trapped by DNA. Furthermore, it was 
concluded that the 72-hr product of NDGA was 
inactive. In all further experiments where activated 
NDGA will be described, both NDGA and nucleic 
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Fig. 3. CsCl sedimentation of activated NDGA-DNA complex. NDGA was added to 0.7 umole 

nucleotide equivalents of calf thymus DNA. The NDGA/DNA nucleotide molar concentration ratios 

were: (A) 0, (B) 0.14, (C) 1.22, and (D) 2.1. In panel C, (PHJINDGA was added to 0.7 umole nucleotide 

equivalents of calf thymus DNA to give a final [7HJNDGA/DNA nucleotide molar concentration ratio 

of 1.22. PHJNDGA, cpm —O—; DNA, ug/fraction as assayed by the DABA method [29], —@—; 
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acid were present during the activation time preiods. 

Binding studies. A second technique used to detect 
the interaction between activated NDGA and DNA 
was CsCl buoyant density centrifugation. When 
radioactive NDGA was added to calf thymus DNA 
in a CsCl solution and centrifuged to equilibrium, 
part or all of the DNA that normally banded in the 
region of native DNA was shifted to areas of lower 
buoyant density. As indicated in Fig. 3C, both acti- 
vated [SH]NDGA and DNA sedimented at densities 
of 1.575 g/ml and 1.535 g/ml. Native DNA was 
detected in the gradients at a buoyant density of 
1.700 g/ml; no radioactive NDGA, however, was 
detected in this position. 

The patterns of the low density bands were com- 
monly of variable shapes and buoyant densities. For 
thirty-four runs, with initial molar concentration 
ratios (NDGA/DNA nucleotide) in the range 0.14 
to 2.1, the following observations were made. First, 
at an initial NDGA/DNA nucleotide molar concen- 
tration ratio of 0.14, a negligible amount of DNA- 
activated NDGA complex was detected at lower 
densities. An example of this is shown in Fig. 3B. 
Second, as the initial NDGA/DNA nucleotide molar 
concentration ratio was increased, greater amounts 
of the complex were seen at lower density and a 
simultaneous decrease of native DNA was seen at 
its position in the gradients; a representative gradient 
of this type is shown in Fig. 3C. The low density 
banding pattern was rather broad in this gradient 
with a maximum at 1.575 g/ml and a strong shoulder 
at 1.535 g/ml, thus indicating density heterogeneity. 
Third, upon further increasing the initial NDGA 
concentration relative to constant DNA to give 
NDGA/DNA nucleotide molar concentration ratios 
of 2.1 and greater, no optical density was detected 
in the gradients at the position of native DNA. Figure 
3D illustrates a gradient with an initial NDGA/DNA 
nucleotide molar concentration ratio of 2.1. This 
illustration shows a peak at 1.522 g/ml, a shoulder 
at 1.539 g/ml, and a second peak at 1.488 g/ml. 

For this series of thirty-four experiments. the pre- 
cise character of the low density bands obtained 
when DNA was centrigued in the presence of NDGA 
was not reproducible. The breadth, number, ampli- 
tude, and buoyant densities of these DNA-activated 
NDGA complexes were not identical from run to 
run; however, the variable patterns of complexes fell 
in the density range of 1.510 to 1.600 g/ml. The 
predictable aspect of these experiments was that 
addition of NDGA perturbed the bouyant density 
of DNA and that there was an inverse relationship 
between the initial NDGA/DNA nucleotide molar 
concentration ratio and the amount of DNA remain- 
ing at the buoyant density of native calf thymus 
DNA. 

Effects of mercaptoethanol. As evidence that mer- 
captoethanol retards the chemical alteration of 
NDGA in aqueous solutions, 1.0mM mercapto- 
ethanol caused the complete inhibition of the red- 
dish-brown color formation that normally occurred 
when 100uM NDGA was in solution for 72 hr. 
Likewise, when these samples were scanned spec- 
trophotometrically from 760 to 300 nm, no absorb- 
ance was detectabie in this range, and the original 
u.v. spectrum of fresh NDGA was maintained 
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throughout the 72-hr period. Thus, mercaptoethanol 
maintained the integrity of NDGA and prevented 
the formation of activated NDGA. 

As described earlier, the fluorescence of fresh 
solutions of NDGA at 320nm was not altered by 
DNA. It was desirable to test by a second method 
whether or not NDGA itself would interact with 
DNA. In these studies, mercaptoethanol was added 
to the experimental samples to maintain the NDGA 
concentration. This treatment of DNA with NDGA 
(protected from alterations by mercaptoethanol) did 
not alter the buoyant density of the DNA in CsCl 
gradients. Therefore, NDGA itself does not appear 
to interact with DNA in a fashion similar to that 
observed for activated NDGA. 

Effects of the 72-hr NDGA products. To test the 
influence of the final products formed during a 72- 
hr time period, two centrifuge tubes were filled with 
CsCl solution and NDGA. To one of the centrifuge 
tubes was added sufficient calf thymus DNA to pro- 
duce an initial NDGA/DNA nucleotide molar con- 
centration ratio of 1.22, and to the other there was 
no addition of DNA. The samples stood for 72 hr 
after which calf thymus DNA was added to the 
second centrifuge tube. The samples were then cen- 
trifuged to equilibrium in CsCl and a characteristic 
peak of activated NDGA-DNA complex was 
obtained where DNA and NDGA were both present 
during the 72-hr preincubation period. However, 
there was no shift of the native DNA in the sample 
in which DNA was added to the NDGA product 
after 72 hr. Thus, the concept of activated NDGA 
as a transient species with an affinity for DNA is 
strengthened by these studies. 

DNA structure and activated NDGA binding. To 
determine if the four deoxymononucleotides that 
comprise the building blocks of polymeric DNA 
possessed the capacity to interact with activated 
NDGA, an equal molar mixture of the four com- 
pounds was tested for their abilities to quench the 
fluorescence of activated NDGA. When NDGA was 
exposed to the nucleotides for 72 hr over a concen- 
tration range of 0-125 ug/ml, no significant alteration 
of the fluorescence intensity of activated NDGA was 
observed (Fig. 2). 

The importance of the duplex structure of DNA 
in the binding reaction was tested by adding activated 
NDGA to samples of calf thymus DNA which had 
been heat denatured. Heat denaturation followed 
by rapid cooling converts duplex DNA to a structure 
consisting of both single and double stranded 
regions. As indicated in Fig. 2, the fluorescence of 
activated NDGA was altered to a lesser extent by 
heat-denatured DNA than by duplex DNA. There- 
fore, it appears that the double-standard structure 
of DNA is important for an optimal interaction. 

Template binding specificity. Solutions of activated 
NDGA and poly (dG) - poly (dC) and poly (dA - dT) 
were analyzed by CsCl density gradient centrifuga- 
tion techniques to determine whether complex for- 
mation exhibited a base sequence specificity. Figure 
4 illustrates that activated NDGA alters the buoyant 
density of both poly (dG)-poly (dC) and poly 
(dA-dT) and did not show a preference for either 
base sequence. When template specificity was meas- 
ured by spectral methods (Fig. 5), however, poly 
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Fig. 4. Complex formation between activated NDGA and 
synthetic polynucleotides. (A) NDGA was added to 
0.12 umole nucleotide equivalents of poly (dG)- poly (C) 
to give a final NDGA/poly (dG)- poly (dC) molar concen- 
tration ratio of 2.6. CsCl was added to give an initial density 
of 1.614 g/ml, and the sample was then centrifuged to 
equilibrium. (B) NDGA was added to 0.12 umole nucleo- 
tide equivalents of poly(dA - dT) to give a final NDGA/poly 
(dA-dT) molar concentration ratio of 2.5. CsCl was added 
to give an initial density of 1.571 g/ml, and the sample was 
then centrifuged to equilibrium. 


(dG)-poly (dC) displayed a greater effect on the 
fluorescence of activated NDGA than did poly 
(dA-dT). 

Noncovalent binding of activated NDGA. Two 
appraoches were taken to study whether the binding 
of activated NDGA to DNA was reversible or irre- 
versible. In one method, fractions from a density 
gradient that contained DNA-activated NDGA com- 
plex (fractions representing complex between dens- 
ities 1.637 g/ml and 1.560 g/ml) were pooled and 
dialyzed versus SSC buffer. The dialysis period lasted 
for 48 hr with frequent changes of the dialysis buffer. 
When the contents were recentrifuged in CsCl, only 
a small amount of DNA banded at 1.680 g/ml (native 
DNA), while the vast majority of the complex 
remained at the original low density region of 
1.583 g/ml. Thus, it is evident that the complex was 
stable to dialysis. 

In a second method the anionic detergent Sarkosyl 
was used to dissociate the complex. In this experi- 
ment, regions of DNA-activated NDGA complex 
(densities 1.543 g/ml through 1.553 g/ml) were iso- 
lated from a CsCl density gradient, pooled and 
divided into two equal parts. To one part was added 
Sarkosyl to a final concentration of 2.5%. To the 
other part no additions were made. These samples, 
as well as a sample of pure DNA containing 2.5% 


Sarkosyl, were centrifuged to equilibrium. After cen- 
trifugation the buoyant density of the pure DNA 
sample (1.688 g/ml) was not appreciably altered by 
the Sarkosyl, but the detergent caused the dissocia- 
tion of the DNA-activated NDGA complex, result- 
ing in the subsequent sedimentation of DNA to the 
region of native DNA (1.686 g/ml). When a separate 
sample of activated NDGA-DNA complex was 
recentrifuged in the absence of Sarkosyl, no disso- 
ciation was observed and the DNA complex sedi- 
mented at its characteristic low density site. That 
Sarkosyl dissociated the complex was confirmed by 
u.v. spectral analysis of the various fractions of sedi- 
mented DNA resulting from treated and untreated 
samples. 

Thus, Sarkosyl is capable of liberating DNA from 
the activated NDGA-DNA complex and the liber- 
ated DNA has a buoyant density similar to that of 
a native DNA. Therefore, the complex appears to 
be the result of a reversible, non-covalent interaction 
between activated NDGA and DNA. 

Viscosity measurements. Viscosity measurements 
at low shear rates (0.01 to 1.0 per sec) were carried 
out to determine the effects of activated NDGA on 
the reduced specific viscosity of DNA solutions. An 
increase in the viscosity would be expected if an 
intercalation-dependent lengthening or stiffening of 
the DNA occurred. A decrease in viscosity may 
indicate collapse of the DNA structure—for exam- 
ple, degradation of the strands. It was found that 
activated NDGA at NDGA/DNA nucleotide ratios 
up to 1.7 was ineffective in either increasing or 
decreasing the reduced specific viscosity of T-7 DNA. 

Thermal denaturation studies. Thermal denatura- 
tion studies were carried out as another means to 
categorize the interaction of activated NDGA with 
DNA. An increased T,, would be indicative of 
increased stabilization of the DNA by activated 
NDGA, and a decreased T,, would be consistent 
with destabilization of the helical structure. 

Calf thymus DNA at a concentration of 60 uM in 
nucleotides was added to NDGA at 90 uM in 0.1 SSC 
buffer and allowed to stand for 72hr. The above 
concentrations produced an activated NDGA/DNA 
nucleotide molar concentration ratio of 1.5. Under 
these conditions no change in the T,, was observed. 
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Fig. 5. Effects of synthetic DNA polymers on activated 

NDGA fluorescence. NDGA was dissolved at a concen- 

tration of 20 uM in SSC buffer, pH 8.0, containing poly 

) or poly (dG)-poly (dC) ( ). 

Samples stood for 72 hr before readings were obtained. 
Activation wavelength was 460 nm. 
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DISCUSSION 


An activated intermediate resulting from the 
chemical alteration of NDGA in aqueous media has 
been found to interact with DNA; NDGA itself, 
however, does not form a complex with DNA. This 
lack of interaction is evidenced by the inability of 
DNA to alter the fluorescence of NDGA in SSC 
buffer, as well as the inability of NDGA in the 
presence of mercaptoethanol to alter the buoyant 
density of DNA. 

The sequence of events that leads to an interaction 
of activated NDGA (NDGA*) with DNA seems to 
follow the scheme shown below: 


NDGA + O, ~ NDGA* 

NDGA* + DNA — DNA — NDGA* 
NDGA* + O, — inactive 

NDGA* + NDGA* — inactive 


According to the above scheme, only when DNA 
was present during the sequential chemical change 
of NDGA to its 72-hr products was there an inter- 
action between the two molecules. Thus, the acti- 
vated NDGA produced during the 72-hr period is 
a transient species that subsequently loses its affinity 
for DNA. 

That active intermediates arise from the oxidation 
of NDGA is supported by studies of Hathway and 
Seakins [32]. They showed that color formation that 
occurs in aqueous solutions of catechol, catechin, 
and flavins (molecules with structural characteristics 
similar to NDGA) is due to oxidative processes. 
Further, increased color formation is consistent with 
an increased amount of oxidative product. Since the 
u.v. and visible spectra of NDGA products resemble 
the spectra determined by Hathway and Seakins for 
the oxidative polymers of catechol, catechin, and 
flavins produced by slow aqueous oxidation at neu- 
tral pH, it might be expected that NDGA undergoes 
similar oxidative changes. This impression is 
strengthened by the fact that the antioxidant mer- 
captoethanol inhibits the 72-hr color formation in 
solutions of NDGA. Furthermore, experiments con- 
ducted under anaerobic conditions also resulted in 
a lack of color production in NDGA solutions after 
72 hr. From these data, molecular oxygen, with its 
high electron affintiy and thus its ability to abstract 
hydrogen atoms from NDGA, could be considered 
responsible for initiating oxidative changes in NDGA 
solutions. 

Studies with catechin in aqueous solution by 
Brown and Whiteoak [33] have indicated that, in its 
oxidation at neutral pH, the loss of hydrogen atoms 
from the catechol R group produces an intermediate 
quinone or radical that subsequently couples in a 
head-to-tail fashion with other catechin molecules 
and other radicals forming a polymeric colored prod- 
uct. It has been determined by electron paramagnetic 
resonance studies* that in the presence of 0, NDGA 
undergoes formation of a relatively long lived radical 
intermediate. 

The data in this report suggest a model for the 





* J. H. Nelson, personal communication. 
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binding of activated NDGA to duplex DNA. Fluo- 
rometric evidence does not support the concept that 
mononucleotides interact with activated NDGA and 
heat-denatured DNA is less effective than fully 
duplexed DNA in the formation of complex. With 
respect to base specificity, the results show that a G- 
C base preference exists; however, both G-C and A- 
T base pairs react with activated NDGA. The acti- 
vated NDGA-DNA complex is not the result of 
covalent bond formation; rather it appears to be due 
to a hydrophobic interaction that is stable to dialysis 
and to dissociation by high concentrations of CsCl 
but is dissociated by the anionic detergent Sarkosyl. 
Since the hydrophobic region of DNA is located in 
the inner core of the duplex, this suggests that the 
binding of activated NDGA occurs in the major 
and/or minor grooves of the duplex structure. This 
concept is supported by the observation that complex 
formation is favored by the duplex structure of DNA. 
In support of this model are the studies by Liquori 
et al. [34] as well as by Boyland and Green [35], 
which indicated that DNA solubilizes polycyclic 
hydrocarbons. The solubilization was attributed to 
hydrophobic exclusion of the hydrocarbons from the 
aqueous environment within the structure of DNA. 
In this study dilution did not dissociate the complex 
but detergent did; thus, it might be expected that 
there was a competition between a hydrophobic 
binding site in DNA and the detergent for the acti- 
vated NDGA ligand. Thus, sequestration of an 
activated NDGA intermediate in the hydrophobic 
core of duplex DNA is a possibility to explain how 
the two molecules interact. 

A shift to higher density in the CsCl sedimentation 
studies would be expected for a mechanism prod- 
ucting denaturation [36]. Since the direction of the 
shift of DNA buoyant density was not toward higher 
density, this suggests that activated NDGA did not 
denature the DNA. That DNA was not denatured 
was also the conclusion of thermal transition studies, 
which showed the inability of activated NDGA to 
alter the melting characteristics of DNA. Also, since 
there was no change in viscosity of activated NDGA- 
DNA complex, this further supports the concept that 
denaturation did not occur. 

That activated NDGA may complex with DNA 
by intercalation is unlikely. Two methods that indi- 
cate whether or not a molecule is capable of inter- 
calating the base pairs of DNA were used to test this 
possibility. The first of these methods was thermal 
transition (T,,,). The elevation in the 7,, of DNA has 
been found for many intercalative compounds by 
Lerman [37], but activated NDGA did not increase 
the T,,, of calf thymus DNA. The second method is 
that of low shear viscosity. This property is quite 
sensitive to the hydrodynamic characteristics of 
DNA. Intercalation of a molecule between base pairs 
is expected to lengthen and stiffen the DNA duplex, 
thus increasing the viscosity of the DNA [37]. Acti- 
vated NDGA did not increase the reduced specific 
viscosity of T-7 DNA samples, and thus appeared 
incapable of the lengthening and stiffening of DNA. 


Acknowledgement—Contribution of the Nevada Agricul- 
tural Experiment Station, Journal Series No. 460. 
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Abstract—Rate constants were determined for the reactions of hydroxyl radicals with amygdalin in 
aqueous solutions by means of the pulse radiolysis technique. The overall rate constant (phenyl group 
addition and H-atom abstraction) was 4.1 x 107M~'sec™! at 22°. The addition rate constant was 
3.7 x 10°M_'sec’'. The abstraction rate constant was in the order of 4 x 10°M ‘sec '. This high 
reactivity is pertinent to models for protection, by amygdalin, against alloxan-induced diabetes. 


It has been suggested [1-7] that the active agent in 
alloxan-induced diabetes is the hydroxyl radical, 
OH, a powerful oxidizing species [8,9] which can 
be generated from alloxan as part of a redox cycie 
[10-12]. This suggestion was based on the observa- 
tion that alloxan-induced diabetes in mice was pre- 
vented by treatment with a number of compounds, 
including amygdalin [1, 2], all of which are effective 
scavengers of OH. 

Amygdalin in aqueous solution would be expected 
to react with hydroxyl radicals, because it contains 
a phenyl group to which OH may add, and a sugar 
structure from which OH may abstract hydrogen. 
It may be expected [8, 9] by analogy with a variety 
of aromatic compounds that the addition reaction 
would have a rate constant on the order of 5 x 
10° M~'sec™! at 22°, and the abstraction reaction a 
somewhat lower rate constant. 

In the foregoing context it was of interest to 
determine the value of the rate constants by means 
of the pulse radiolysis technique [13, 14]. We report 
these experimental results here. 


EXPERIMENTAL 


The apparatus in use with a Varian V-7715A elec- 
tron linear accelerator has been described previously 
[15]. Four MeV electrons with a pulse duration of 
500-1000 nsec were used for this work. The dose per 
pulse was about 1 x 10'’ eV/g, giving an initial OH 
concentration of about 10uM. The 2cm quartz 
irradiation cell was constructed so it could be filled 
in the absence of air, and a syringe technique, 
described elsewhere [16, 17], was employed for filling 
the cell. A double pass of the analyzing light beam 
was utilized. All experiments were performed at 22°. 

Ferrocyanide ion solutions were used as the ref- 
erence standard for the competition kinetics. The 
optical absorption of the ferricyanide ion formed 
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upon irradiation has an absorption maximum at 
410nm. Accordingly, the optical density produced 
upon pulse irradiation was determined for 170 uM 
K,[Fe(CN),] solutions at 410 nm. The optical den- 
sities of nine irradiated solutions containing both 
ferrocyanide and amygdalin were also measured at 
410 nm. These solutions, all of which were 170 uM 
K,[Fe(CN),], ranged from 160 to 870 uM amygdalin. 

For the determination of the rate constant for the 
reaction of the OH radical with amygdalin to form 
the hydroxycyclohexadienyl product, seven solutions 
of amygdalin, having almost a 6-fold concentration 
range, were prepared. A fresh solution was used for 
each irradiation, and a minimum of nine determi- 
nations was done for each solution. 

All solutions, prepared with triply distilled water, 
were bubbled with N,O, to deaerate the solution 
while saturating it with N,O, which scavenges the 
hydrated electron converting it to OH [13]. The 
amygdalin, obtained from the Sigma Chemical Co. 
(St. Louis, MO) was 99 per cent pure, and the 
K,[Fe(CN),] was a Baker Analyzed reagent. 


RESULTS AND DISCUSSION 
The reaction of the OH radical with amygdalin 
involves two separate processes: 
(a) An addition reaction to form the hydroxycy- 
clohexadienyl radical product, 
OH + HOCH,-M—C.H; > 
HOCH,;—M—C,H;OH _ (1) 
(b) a reaction resulting in hydrogen abstraction of 
any accessible hydrogen, 


OH + HOCH,-M—C.H; > 


HOCH—M—C,H, + H,O = (2) 


The overall reaction, with k, = k, + kp, is: 


(3) 


OH + amygdalin he products 
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By competition experiments, employing a refer- 
ence standard such as ferrocyanide ion, the k, value 
may be readily determined. The ferrocyanide ion 
competes with the amygdalin for the OH radical as 
shown: 


OH + [Fe(CN),J*- > OH~ + [Fe(CN),]>- 


(4) 


The ferricyanide ion product has a characteristic 
absorption spectrum with a maximum at 410nm, 
whereas the products of OH reaction with amygdalin 
do not absorb significantly at this wavelength. k;for 
reaction 4 has been reported [9, 18] as 0.93 x 10'° 
M™'sec™'. Since the bimolecular rate constant for 
OH recombination, 2k = 1.2 x 10'°M™'sec™', this 
reaction has negligible influence on the kinetics of 
OH removal at the doses and ferrocyanide ion con- 
centration employed. 

Considering the reactions of equations 3 and 4, 
the relative probability that the OH radical will react 
with the ferrocyanide ion in solutions containing 
both ferrocyanide ion and amygdalin is given by: 


k {Fe(CN).]* 
k,{Fe(CN),]* + k,[amygdalin] 





Probability = (5) 


The optical densities of irradiated ferrocyanide sol- 

utions without, Do, and with, D, amygdalin present 

were measured at 410 nm and are related as shown: 
pe 
pD*° <4 


k,{amygdalin] 


k[Fe(CN),]* (6) 


According to equation 6, D,/D plotted as a function 
of relative solute concentration should give a straight 
line with a slope equal to k,/k, and an intercept of 
unity. This plot is shown in Fig. 1. Using kp= 
0.93 x 10'"M“'sec™', [18], k, was found to be (4.1 + 
0.3) x 107M “'sec™'. 

This ultraviolet absorption band formed in irradi- 
ated amygdalin solutions is shown in Fig. 2. The 
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Fig. 1. Competition of ferrocyanide ion and amygdalin for 
the hydroxy] radical. Data plotted according to equation6. 


W. K. MECKSTROTH et al. 


Relative optical density 





ee. tee 


3300 350.0 





3100 
Wavelenath, 
Fig. 2. Ultraviolet absorption band of the amygdalin 


hydroxycyclohexadienyl radical in aqueous solution con- 
taining nitrous oxide. 


nm 


maximum of this band, which is undoubtedly due to 
the amygdalin hydroxycyclohexadienyl radical, 
resulting from OH addition to the phenyl group on 
amygdalin, is seen to be 310 + 3 nm. This is in accord 
with absorption spectra of various hydroxycyclo- 
hexadieny]l radicals formed from other organic com- 
pounds [8]. There is a small contribution to this 
absorption spectrum by the cyclohexadieny! radical 
formed by H-atom addition [19] to the phenyl group 
in amygdalin. This constitutes a very minor contri- 
bution, since the yield of H-atom is very small com- 
pared with that of OH in N,O solution (yield of H- 
atom is 0.5 molecule/100 eV; yield of OH is 5.5 mol- 
ecules/100 eV and the molar extinction coefficients 
of the adduct radicals are comparable). No correc- 
tion has been made in the spectrum of Fig. 2. 

From the rate curve for the formation of the 
hydroxycyclohexadienyl radical, the value of k, for 
reaction 1 was determined independently. The for- 
mation of this radical in the amygdalin solutions was 
monitored between 300 and 320nm. Plots of log 
(D..— D,), where D is the optical density, versus 
time gave a straight line showing first-order growth. 
The pseudo first-order rate constants,k, , for reaction 
1 were obtained from the slopes of these lines (the 
concentration of amygdalin being very much larger 
than the concentration of OH radical). A plot of 
these values of k, versus the concentration of amyg- 
dalin has a slope equal to k,. These data are shown 
in Fig. 3. The slope of the line, k,, is equal to (3.7 + 
0.3) x 10?M~'sec™'. In determining this value for 
the addition rate constant, k,, no correction was 
made for the reaction of H-atom with amygdalin to 
yield the cyclohexadienyl radical. This approxima- 
tion is permissible, since the yield of H-atom (as has 
been indicated) is only 9 per cent of the yield of OH 
in N,O-saturated solution, and the effect on the rate 
constant, k,, is less than 9 per cent. 

Since k, = k, — k,, k, for reaction 2 is found to 
be in the order of 4 x 10°M™'sec™'. The uncertain- 
ity in the value of k, is unavoidably large since it is 
obtained as a difference of two larger numbers, but 
the magnitude, 4 x 10°M™'sec™', is consistent with 
previous values [8] for H-abstraction by the hydroxyl 
radical. 





Reactivity of the hydroxyl radical with amygdalin 3309 





| | 
200 400 
[Amyqdalin] .M 





Fig. 3. Pseudo first-order rate constants, k,, for the for- 
mation of the amygdalin hydroxycyclohexadienyl radical 
as a function of amygdalin concentration. 
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Abstract—Perturbation of biological membranes by a series of purified polychlorinated biphenyls (PCBs) 
was studied, with the objective of distinguishing nonspecific physical toxicities from specific chemical 
interactions. The molar volume parameter 36,000 V,— Ez, used in the past to estimate physical toxicities 
and partition coefficients, was calculated for a series of PCBs. The cytotoxicity of various PCBs and 
other lipophilic compounds to mouse spleen lymphocytes in vitro was investigated, and LDsy values 
were determined, using a *'Cr-release assay to measure cell viability. All PCBs tested showed similar 
toxicities with LDsp values in the range of 2.33 x 10~° to 3.55 x 10°°M. PCBs were also capable of 
inhibiting the lymphocyte plasma membrane enzyme 5’-nucleotidase in vitro, with K; values falling 
between 3.45 and 6.40 x 10-° M. When both log LDsp and log K; values were plotted against molar 
volume for the various compounds tested, the curves obtained followed the form predicted for a pure 
physical toxicity effect, with an initial linear region of slope 1 and a plateau region for compounds of 
large molar volume. Molar volume correlations were used to estimate the volume of lipid biophase in 
the systems studied and the toxic concentration of chemical in the membrane. Inhibition of plasma 
membrane enzymes such as 5’-nucleotidase and ATPase by PCBs is thus a nonspecific physical toxicity 
effect based on their lipid solubility, and there appears to be no specific chemical interaction between 


these molecules and membrane components. 


Halogenated hydrocarbon pollutants such as poly- 
chlorinated and polybrominated biphenyls have 
become increasingly widespread in the environment 
in recent years, causing concern over their possible 
adverse effects on living organisms. These molecules 
have much in common with other persistent pollu- 
tants in that they are large hydrophobic molecules 
with very low water solubilities and correspondingly 
high octanol—-water partition coefficients [1]. They 
thus tend to concentrate in the lipid biophase of 
living cells and can persist for long periods of time 
without being metabolized to any great extent. 
Although PCBst do have specific biochemical 
effects, e.g. induction of drug-metabolizing enzyme 
systems [2] and stimulation of cytochromes P-448 
and P-450 [3], we would expect their physical proper- 
ties as lipophilic molecules to play a significant role 
in their overall toxicity. 

It has been recognized for some time that the 
toxicities of many compounds depend on their phys- 
ical properties rather than on their chemical natures 
[4, 5]. Many chemicals are equitoxic when present 
in the same concentration in the lipid biophase of 
a living organism [6], and this toxicity has been 
related to the molar volume [7] and partition coef- 
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tAbbreviations: PCB, polychlorinated biphenyl; HBSS, 
Hanks’ balanced salt solution; DMSO, dimethylsulfoxide; 
and HEPES, N-2-hydroxyethylpiperazine-N’ -2-ethanesul- 
phonic acid. 


ficient [8] of the compound. It is now recognized 
that physical toxicity—toxicity caused primarily by 
the physical properties of the chemical such as size 
and hydrophobicity—occurs when the toxic sub- 
stance reaches a certain concentration or volume 
fraction in the lipid biophase. For example, a mem- 
brane-soluble drug produces anesthesia (a physical 
toxicity effect) when the volume occupied by the 
drug in the membrane biophase reaches approxi- 
mately 0.03 to 0.06 molal [9]. Additional contribu- 
tions to overall toxicity may be the result of specific 
chemical interactions between the compound and 
biological molecules contained in the biophase, that 
is, chemical toxicity. 

Most studies on PCBs and related chemicals have 
concentrated on the metabolic and biochemical per- 
turbations they induce, and there has been little 
attempt to separate out the physical toxicity com- 
ponent of their overall action. Cell membranes are 
a “first target” for lipophilic compounds and we 
would expect PCBs to affect both overall membrane 
integrity and the functioning of membrane-bound 
enzymes. Recent reports show that PCBs [10] and 
other polyhalogenated hydrocarbons [11] can inhibit 
plasma membrane ATPases, but no attempt was 
made to distinguish chemical from purely physical 
effects. We have made use of molar volume corre- 
lations to distinguish nonspecific physical effects 
from specific chemical toxicity and, while this study 
deals with the physical toxicity of PCBs, similar 
results can be expected for other large hydrophobic 
molecules. 
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MATERIALS AND METHODS 


Adenosine-5'-monophosphate (Type II) and p- 
nitrophenyl phosphate were purchased from the 
Sigma Chemical Co., St. Louis, MO. Medium RPMI 
1640 buffered with 25 mM HEPES and heat-inac- 
tivated fetal bovine serum were obtained from Gibco 
Canada, Burlington, Ontario. Chlorooctane and 
chlorodecane were purchased from the Aldrich 
Chemical Co., Milwaukee, WI; 1-hexanol, 1- 
octanol, 1-nonanol, 1 decanol and trans-retinol were 
purchased from the Sigma Chemical Co.; and 1- 
dodecanol and 1-tetradecanol were purchased from 
Applied Science Inc., State College, PA. 

Polychlorinated biphenyls. All polychlorinated 
biphenyls were obtained from Dr. S. H. Safe, 
Department of Chemistry, University of Guelph, 
and were of high purity as determined by gas chro- 
matographic analysis. 

Radioactive compounds. Sodium [*'Cr|chromate 
(sp. act. 200 mCi/mg Cr) and [2-*H]adenosine-S’- 
monophosphate (sp. act. 15.8 Ci/mmole) were 
obtained from the Amersham/Searle Corp., Oak- 
ville, Ontario. 

Lymphocyte separation. Individual spleens from 
6 to 8-week-old male Swiss—Webster white mice were 
gently homogenized by hand, using a Teflon-glass 
homogenizer, in 10 ml of cold HBSS. Cell debris 
was allowed to settle for 5 min and then the super- 
natant fraction containing the cells was removed. 
The pellet was washed with a further 10 ml of HBSS 
and the combined supernatant fractions were cen- 
trifuged at 280 g for 10 min at 4°. The cell pellet was 
cleared of intact erythrocytes according to the 
method of Boyle [12]. The resulting pellet was resus- 
pended in 10 ml of cold HBSS and passed through 
a short, prewashed column of non-absorbent cotton 
to remove red blood cells and debris. The column 
was then washed with a further 4 ml of HBSS and 
the combined effluent was centrifuged at 280g for 
10 min at 4°. The cells were resuspended in medium 
RPMI 1640 buffered with 25 mM HEPES and 
counted in a hemocytometer. Cell viability was 
estimated by trypan blue exclusion and was always 
over 90 per cent. All lymphocyte suspensions were 
used within a few hours of preparation. 

Determination of LDsy by *'Cr-release assay. Cell 
viability after PCB treatment was measured quan- 
titatively by adapting a *'Cr-release assay designed 
for measuring target cell death in cytotoxicity assays 
[13]. 

Lymphocytes (2.5 x 10°) were suspended in 15 ml 
medium RPMI 1640-25 mM HEPES that was sup- 
plemented with 5% heat-inactivated fetal bovine 
serum. The cell suspension was incubated with 250 
uCi of sterile sodium [°'Cr]chromate for 1 hr at 37°. 
The suspension was centrifuged at 280g for 10 min 
at 0°, and the cells were washed twice with 10 ml 
RPMI 1640-25 mM HEPES-5% fetal bovine serum 
and once with 10 ml RPMI 1640-25 mM HEPES to 
remove excess chromate. The cells were resuspended 
in RPMI 1640-25 mM HEPES at a concentration of 
5 x 10°/ml. 

Aliquots (1.0 ml) of the labeled cell suspension 
in 1.5 ml microcentrifuge tubes were incubated with 
a series of concentrations of PCBs or other test 


compounds for 1 hr at 37°. PCBs and test compounds 
were added as 10 yl aliquots in DMSO; appropriate 
controls were treated with DMSO only. The incu- 
bation was terminated by centrifugation on a micro- 
centrifuge for 30 sec, and 200 ul of the supernatant 
fraction was removed for counting of the released 
radiochromium in a Nuclear Chicago 4233 Auto 
Gamma counter. Total chromium release was meas- 
ured in control tubes by freezing and thawing three 
times; spontaneous release was usually about 15 per 
cent of total release. Per cent viability of the lym- 
phocytes was calculated and LDs» values were defined 
as the concentration of a compound which reduced 
lymphocyte viability by 50 per cent. 

Assay for 5'-nucleotidase. Spleen lymphocytes 
from individual mice were suspended in medium 
RPMI 1640-25 mM HEPES at a concentration of 
5.71 x 10’/ml. Aliquots (175 ul) of this suspension 
(10’ cells) in 600 ul microcentrifuge tubes were 
incubated with a series of concentrations of test 
compound for 30 min at 37°. All test compounds 
were added as 5 ul aliquots in DMSO. Control tubes 
were treated with DMSO only. 

After the 30-min incubation, 20 ul of radiolabeled 
substrate solution was added. Finai substrate con- 
centrations in a total volume of 200 ul were 1 mM 
5'-AMP (0.2 wCi [2-*H]-5’-AMP per tube), 5 mM 
Mg’* and 5 mM p-nitrophenylphosphate. p-Nitro- 
phenylphosphate is added to minimize the effects of 
nonspecific phosphatases present on the cell surface 
[14]. The cells were incubated for a further 30 min 
at 37° after which the reaction was stopped by 
addition of 150 ul of 0.15 M ZnSO,. Ba(OH), (150 
ul; 0.15 M) was added to precipitate protein and 
unreacted 5’-AMP, while [*H]adenosine released 
remained in the supernatant fraction. The tubes were 
then centrifuged in a microcentrifuge at 8500 g for 
1 min. Aliquots (300 ul) of supernatant fraction were 
removed, added to 5 ml of Anderson’s Scintillator 
[15], and counted in a Beckman LS 7000 Liquid 
Scintillation counter. 

Controls for 100 per cent enzyme activity were 
treated with DMSO only. Controls for 0 per cent 
enzyme activity were cells to which ZnSO, solution 
was added at the same time as radiolabeled substrate, 
followed by a 30-min incubation at 37° and addition 
of Ba(OH), solution. Enzyme activity was expressed 
as per cent control and the concentration of a com- 
pound which produced half-maximal inhibition was 
defined as the K; for that compound. 

Under the conditions described above, the 
hydrolysis of 5’-AMP by intact lymphocytes was 
linear with cell concentration in the range of 0.3 to 
1.6 x 10’ cells per assay tube. 

Calculation of the molar volume parameter. Cal- 
culation of 36,000 V,—E; for a typical PCB is shown 
below, using the data given in Table 1. 


2,2’ ,4,5'-tetrachlorobiphenyl C,.H,Cl, (23 bonds) 


The characteristic volume V, is found as follows: 


12 C atoms with atomic characteristic 
volume 1.635 x 107° each = 1.962 x 107* 


6 H atoms with atomic characteristic } 
volume 8.71 x 107° each = 5.226 x 10° 
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4 Cl atoms with atomic characteristic 
volume 2.095 x 10~° each = 8.38 x 10° 


Total = 3.323 x 1074 
Substract 23 bonds with characteristic 
volume 6.56 x 10~° each = —1.509 x 107% 


Characteristic volume of PCB, 
V,(m’, mole~') = 1.814 x 10 
36,000 V, = 6.53 


The interaction term Ez is found as follows: 


4 Cl groups of E,—0.35 each = — 1.40 
The molar volume parameter 


36,000 V,—E, = 7.93 


RESULTS AND DISCUSSION 


In this study we have looked at membrane per- 
turbation by PCBs and other lipophilic molecules at 
two different levels. First of all, we have looked at 
the cytotoxic effects of these chemicals on intact cells 
under conditions where cell death is apparently due 
to disruption of the integrity of the plasma mem- 
brane. Second, inhibition of the plasma membrane 
enzyme S5’-nucleotidase by these compounds has 
been studied. In this case, enzyme inhibition may 
be due to perturbation of the form and fluidity of 
the lipid bilayer matrix, or perhaps to direct inter- 
action between the toxicant and the enzyme protein. 
Purified PCB isomers and other highly hydrophobic 
molecules were chosen to cover a wide range of 
molecular size. All experiments were designed to 
look at short-term effects, of the order of 1 hr, so 
that metabolism of PCBs should play no significant 
role in the results obtained. The basic question we 
wanted to answer was whether the toxic effects of 
PCBs can be predicted from their physical proper- 
ties, or if there is evidence of specific interactions 
between PCBs and membrane components. 

Mola; volume relationships. McGowan [7] first 
realized the importance of molar volume as a physical 
property which correlated very well with the anes- 
thetic potency and toxicity of many chemicals. For 
interaction of a toxic compound with a system con- 
taining both an aqueous and a nonaqueous phase 
(the lipid biophase) we can describe the relationship 
between toxicity and molar volume as follows: 


Cc, = A + B x 19 ~ (36,000 Vx— Ep) (1) 


3313 


where C, is the toxic concentration required in the 
aqueous phase to produce a certain manifestation 
of toxicity (defined by the experimenter), 36,000 V, 
— Ez is the molar volume parameter, and A and B 
are constants for the system. B gives the toxic con- 
centration of the chemical in the lipid biophase, and 
the value of A/B equals the ratio of nonaqueous 
phase volume to aqueous phase volume for the sys- 
tem. (For further details on the derivation and use 
of equation 1, see Refs. 16 and 17.) A plot of —log 
C, vs 36,000 V, — Ex, should give a curve consisting 
of two parts: (a) a straight line portion of slope 1 at 
low molar volume; the intercept of this line when 
36,000 V, — Ex is zero equals —log B, and (b) a 
horizontal plateau at high molar volumes, where the 
value of —log C, equals —log A. 

The molar volume parameter, 36,000 V, — Ez, is 
composed of two parts. V,, the characteristic volume, 
is an estimate of the molar volume of the chemical 
at absolute zero and is calculated by summing indi- 
vidual contributions for each atom in the molecule 
and subtracting a contribution for each bond (see 
Table 1). Egis a term describing the interaction 
between the compound and the nonaqueous phase 
and is a constant for a given functional group. In 
physical toxicity it has been found that E, for com- 
pounds with a carbonyl ester, aliphatic hydroxyl, or 
aliphatic ether is 1.2 [18] and for a halogen Ez is 
—0.35 [19]. (Reference 16 should be consulted for 
more information on the calculation of molar volume 
parameters). 

Cytotoxic effects of PCBs on spleen lymphocytes. 
When intact mouse spleen lymphocytes are incu- 
bated with sodium [*'Cr]chromate, some of the 
radioactivity is taken up by the cell. If the cell is 
treated with toxic agents the plasma membrane is 
disrupted and radiolabel is released into the sur- 
rounding medium. The extent of *'Cr-release pro- 
vides a good quantitative indication of cell viability. 
The concentration of chemical required to produce 
50 per cent cell death (LDs)) was determined for a 
series of PCB isomers and other lipophilic com- 
pounds (see Table 2). A plot of —log LDs» vs 36,000 
Vy — Ex, as shown in Fig. 1, follows the form pre- 
dicted by equation 1 for a physical toxicity effect. 
The initial part of the curve is a straight line of slope 
1, with a plateau region being reached for all com- 
pounds with molar volume larger than that of dode- 
canol. All the PCB isomers are of relatively large 
molar volume and thus should fall in the plateau 
region if they have purely physical toxicity. Figure 
1 shows that this is indeed the case, with all PCBs 
from monochloro- to octachloro-isomers falling on 


Table 1. Calculation of the molar volume parameter 





36,000 V, — Ex, 
Atomic characteristic volume V, 


m? mole! 


Functional group Ep 





Carbon 
Hydrogen 
Oxygen 
Chlorine 


Bond between atoms 
(single, double or triple) 


1.635 x 10° 
8.71 x 107° 
1.243 x 107° 
2.095 x 107° 


—Halogen 
—OH 1.2 


—6.56 x 107° 
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Table 2. Molar volumes and biological activities* 





Compound 


(36,000 V, 


- Ex) —log LDso 





(1) Butanol 

(2) Hexanol 

(3) Octanol 

(4) Nonanol 

(5) Decanol 

(6) Dodecanol 

(7) Tetradecanol 

(8) trans-Retinol 

(9) Chlorooctane 
(10) Chlorodecane 
(11) 4-PCB 
(12) 2,2’-PCB 
(13) 2,4,5-PCB 
(14) 2,2’,4,5’-PCB 
(15) 2,2’,3,4,5’-PCB 
(16) 2,2’ ,3,4,4’ ,5-PCB 
(17) 2,2',4,4’,5,6’-PCB 
(18) 2,2’ ,3,4,4'5,6’-PCB 
(19) 2,2’ ,3,4,4'5,6,6’-PCB 


1.08 
2.25 
3.19 
3.55 
4.08 
4.72 
4.79 
4.99 
4.49 
4.75 
4.45 
4.83 
4.91 
5.20 
5.14 
5.36 
5.63 
4.98 
4.56 


4.19 
4.38 
4.41 
4.46 
4.30 
4.34 
4.23 
4.20 
4.26 





* Values for 36,000 V, — Eg were calculated as described in the text, using the information 


given in lable 1. 


or near the predicted plateau line. Although several 
PCBs, notably the tetra-, penta- and hexachloro- 
isomers, appear to be more toxic than expected on 
a physical basis, these variations are not dramatic 
enough to be classified as chemical toxicity. Specific 
chemical toxicity would be expected to produce 
points significantly above the plateau region. 


The curve shown in Fig. 1 corresponds to a form 
of equation 1 where A = 1.62 x 10° and B = 2.24, 


i.e. LDsg = 1.62 X 1075 + 2.24 x 10-6600 % ~ Es) 


The toxic concentration of chemical in the lipid 
biophase is thus 2.24 M, and the ratio of nonaqueous 
to aqueous phase volume A/B is 7.2 x 107°. Thus 


1 liter of cell suspension (5 x 10°/ml) contains 7.2 
ul of lipid biophase. This is close to estimates of the 
plasma membrane volume of spleen lymphocytes 
based on a diameter of 7 um and a membrane thick- 
ness of 8 nm. 

Inhibition of 5'-nucleotidase by PCBs. To look at 
membrane perturbation in more detail, we studied 
the ability of PCBs and other compounds to interfere 
with the functioning of a plasma membrane enzyme. 
Previous work has shown that chlorinated hydro- 
carbons, dichloro/diphenyl/trichloroethane (DDT), 
and mixtures of PCBs can inhibit both Mg** and 
Na*, K*-ATPases in vivo [20-22]. La Rocca and 
Carlson [10] have demonstrated ATPase inhibition 
in vitro using a variety of purified PCB isomers and 
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Fig. 1. Molar volume and cytotoxicity for PCBs and other lipophilic compounds. Numbers refer to 
specific compounds as listed in Table 2. The line drawn follows the form described by equation 1 in the 


text. 
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Fig. 2. Inhibition of lymphocyte 5’-nucleotidase by PCBs and other lipophilic compounds. Control 5’- 

nucleotidase activity varies considerably between individual spleens, with a measured specific activity 

of 28.8 + 13.0 nmoles 5’-AMP hydrolyzed: hr~'- 10’ cells"' (mean + S.D. for seventeen determinations). 

Each inhibition curve was measured using a single spleen, and points represent the mean + range for 
duplicate tubes. 


found a negative correlation between enzyme inhi- 
bition and PCB water solubility, that is a decrease 
in the water solubility of the PCBs caused an increase 
in ATPase inhibition. 

5’-Nucleotidase (EC 3.1.3.5) catalyzes the 
hydrolysis of 5'-AMP to adenosine and phosphate. 
It is present in almost all mammalian plasma mem- 
branes and has been widely used as an enzyme 
marker during membrane purification. 5’-Nucleoti- 
dase is present exclusively on the plasma membrane 
in mouse spleen lymphocytes and is an ectoenzyme, 
that is, the active site faces the outside of the cell 
[14]. The enzyme is a glycoprotein and binds the 
mitogenic lectin concanavalin A [23]. It has been 


shown recently that adenosine (one of the products 
of 5’-nucleotidase action) is involved in adenylate 
cyclase regulation [24], thus suggesting a link 
between the two enzymes which may be important 
in lymphocyte transformation. 

Figure 2 shows typical curves for the inhibition of 
5’-nucleotidase by PCBs and other lipophilic chem- 
icals. For some compounds, particularly the n-alkan- 
ols, there was a slight enzyme activation (up to 15 
per cent over control) at low concentrations followed 
by a rapid decrease in activity in higher concentra- 
tions. Inhibition obtainable was generally in the 90- 
94 per cent range and did not decrease further at 
higher PCB concentrations. This is similar to the 
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Fig. 3. Molar volume and inhibition of lymphocyte 5’-nucleotidase activity for PCBs and other lipophilic 
compounds. Numbers refer to specific compounds as listed in Table 2. The line drawn follows the form 
described by equation 1 in the text. 
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inhibition level of 90 per cent seen using con A as 
the inhibitor [23]. The K; values for the various PCBs 
show much less variation than is seen for their cor- 
responding LDs) values, and there seems to be very 
little correlation between the two, i.e. the more toxic 
isomers do not show a greater ability to inhibit 5’- 
nucleotidase. 

Figure 3 shows a plot of —log K; vs 36,000 Vy — 
E, for PCBs and other lipophilic chemicals. Again 
we obtain a typical physical toxicity curve (equation 
1) with an initial linear portion of slope 1, and a 
plateau region for all compounds of larger molar 
volume than decanol. The parameters obtained from 
this curve are A = 6.92 x 10°, B=1.78, and A/B 
= 3.89x 10°. Thus, the toxic concentration of 
chemical in the biophase is 1.78 M and 1 liter of cell 
suspension contains 38.9 ul of lipid biophase. This 
value for the volume of nonaqueous phase is larger 
than that obtained from the cytotoxicity curve, 
reflecting the higher cell concentration used in the 
enzyme assay. All the PCBs tested fall on or slightly 
above the plateau line with no evidence of chemical 
toxicity. Inhibition of 5’-nucleotidase by PCBs is 
thus a simple physical toxicity effect based on their 
lipid solubility, and there appears to be no specific 
chemical interaction between these molecules and 
the enzyme protein. 

All membrane-bound enzymes will be inhibited 
by lipophilic chemicals (although their individual 
susceptibilities may vary somewhat), and a similar 
physical toxicity curve could be constructed for any 
one of them. In light of the results described above, 
the PCBs would be expected to produce nonspecific 
inhibition of all such enzymes at concentrations of 
~ 10~* to 10°° M. La Rocca and Carlson [10] used 
PCB concentrations of 10°° M to obtain ATPase 
inhibition in the range 36-95 per cent, depending on 
the isomer under study. The inhibition of ATPase 
at these PCB concentrations ts almost certainly due 
to physical toxicity effects and is unlikely to represent 
a specific mechanism for PCB toxicity since many 
other membrane enzymes will also be inhibited under 
these conditions. 

The values of the constant B (from equation 1) 
for Fig. 1 and 3 and 2.24 and 1.78 respectively. Since 
B represents the toxic concentration in the lipid 
biophase, it therefore requires a 2.24 M concentra- 
tion of the chemical in the cell membrane to cause 
cell death and a 1.78 M concentration to inhibit 5’- 
nucleotidase. Assuming for the sake of simplicity 
that the cell membrane is a simple bilayer composed 
only of phospholipid, this would translate into 
phospholipid—solute ratios of approximately 0.48 and 
0.60 respectively. Thus, the cell membrane must be 
very highly perturbed, to the point where the number 
of lipophilic solute molecules greatly exceeds the 
number of phospholipid molecules, before 5’- 
nucleotidase is inhibited. This is in sharp contrast to 
the molal drug concentrations required to produce 
anesthesia, which are in the range 0.03 to 0.06, that 
is, a phospholipid: drug ratio of 22-44. 

Mechanism of 5'-nucleotidase inhibition by PCBs. 
Anesthetics and other lipid-soluble compounds such 
as benzyl alcohol are lipid bilayer “fluidizers” causing 
membrane expansion. Some compounds, particu- 
larly steroids such as androstane, have the opposite 
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effect, producing a more rigid and ordered mem- 
brane [25, 26]. Some lipophilic compounds seem to 
partition only into the bulk lipid bilayer [26, 27], 
while others also partition into the tightly bound 
layer of boundary lipid surrounding each membrane 
protein molecule [28]. Some drugs may aggregate 
preferentially around membrane protein at the 
hydrophobic lipid-protein interface [29], displacing 
boundary lipids important in maintaining enzyme 
conformation, and perhaps altering protein structure 
directly. Such binding of a lipophilic compound to 
a membrane protein need not imply chemical speci- 
ficity. Some membrane enzymes require a very nar- 
row range of fluidity in which to operate and may 
be perturbed indirectly via a change in bulk bilayer 
fluidity. Others are more sensitive to perturbations 
occurring at the lipid-protein interface and can thus 
be inhibited directly by a lipophilic compound. 

Based on the results reported in this study it is 
not possible to differentiate between the possible 
mechanisms by which PCBs inhibit membrane- 
bound enzymes. 
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Abstract—The effect of phenobarbitone administration on hepatic drug metabolising activity and urinary 
6f-hydroxycortisol excretion was investigated in the marmoset monkey (Callithrix jacchus). Phenobar- 
bitone produced a significant increase in hepatic microsomal cytochrome P-450 content, aminopyrine 
N-demethylase activity, 7-ethoxycoumarin O-deethylase activity but no change in ethoxyresorufin O- 
deethylase activity. A significant increase in the urinary excretion of 6f-hydroxycortisol was observed 


after two days treatment with phenobarbitone. 


6$-Hydroxycortisol is a polar metabolite of cortisol 
in man formed primarily in the endoplasmic reticu- 
lum of hepatocytes by mixed-function oxidases [1, 2] 
and is excreted in urine [3]. Many agents that induce 
microsomal drug metabolism also stimulate the 
hydroxylation of steroids in both man and animals 
[4]. It was therefore suggested that measurement of 
the urinary excretion of 6f-hydroxycortisol in rela- 
tion to total urinary 17-hydroxycorticosteroids may 
provide and index of enzyme induction of the hepatic 
microsomal mixed-function oxidases in man [4]. Sub- 
sequent studies have shown that urinary 6f-hydroxy- 
cortisol is a useful in vivo parameter for the assess- 
ment of the enzyme inducing capacity of drugs such 
as phenobarbitone, rifampicin, antipyrine and 
phenytoin [5-7]. However, the qualitative changes 
in the microsomal enzymes associated with increased 
urinary 6f-hydroxycortisol excretion have not been 
determined. We are therefore seeking a suitable 
animal model with which to investigate the biochemi- 
cal changes associated with enhanced cortisol 6f- 
hydroxylation. 

In this paper we report the effects of phenobar- 
bitone administration on the relationship between 
hepatic microsomal mixed-function oxidase activity 
and urinary 6f-hydroxycortisol excretion in the mar- 
moset monkey (Callithrix jacchus). 


MATERIALS AND METHODS 


Chemicals. Tritiated 6f-hydroxycortisol (S.A. 
52 Ci/mmole) was a gift from the Radiochemical 
Centre, Amersham. Standard radioimmunoassay 
reagents were prepared as described previously [8]. 
6f8-Hydroxycortisol was synthesised according to the 
method of Dusza et al. [9]. p-Hydrazinobenzene- 
sulphonic acid was obtained from Eastman Ltd. and 
purified by recrystallisation [10]. Ketodase (A-glu- 
curonidase) was purchased from Warner Lambert 


(U.K.) Ltd. 7-Ethoxycoumarin and umbeliferone 
were obtained from Sigma Ltd. and ethoxyresorufin 
from Pierce & Wariner Ltd. All other general 
reagents were obtained from B.D.H. All solvents 
were redistilled before use. For high pressure liquid 
chromatography purposes, solvents were filtered 
using Millipore filters (Whatman). Scintillant (NE 
260) was obtained from Nuclear Enterprises. 

Experimental animals. Eight male marmoset mon- 
keys (bred at I.C.I. Pharmaceutical Alderley Park) 
weighing between 260 and 420g were housed in 
individual metabolism cages. On day zero, control 
24 hr urine samples were collected for each animal. 
On days 1, 2 and 3, four animals were injected 
intraperitoneally with sodium phenobarbitone 
(20 mg/kg) in 0.9% saline (2ml/kg) and four animals 
were injected i.p. with saline alone. Complete 24-hr 
urine collections were made on days 1, 2 and 3. 
After the final urine collection, the animals were 
killed with carbon dioxide. 

Preparation of liver microsomes. The livers were 
removed from the animals immediately after death 
and a 25% w/v homogenate in 10mM phosphate 
buffer pH 7.4 containing 0.15M potassium chloride 
was prepared using a glass Potter-Elvehjem hom- 
ogeniser with a Teflon pestle. The homogenates were 
centrifuged at 18,000g for ten min, and the micro- 
somal fraction isolated by centrifugation of the 
supernatant at 250,000 g for 30 min. The microsomal 
pellet was resuspended in phosphate buffered potas- 
sium chloride and recentrifuged. The microsomes 
were stored frozen in liquid nitrogen as a suspension 
in Tris-HCl buffer pH 7.5 (50 mM) containing 0.25 M 
sucrose and EDTA (1 mM). 

Determination of 6B-hydroxycortisol. Urinary 6f- 
hydroxycortisol was measured in marmoset urine 
diluted (1:1,000-1:20,000) in phosphate buffered 
saline with thiomersal (PBSM), by radioimmuno- 
assay as described previously [8]. The specificity of 
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this assay for 66-hydroxycortisol in marmoset urine 
was investigated by assay of urine samples with and 
without prior separation of 6f-hydroxycortisol by 
high performance liquid chromatography (h.p.I.c.) 

Extraction of urine samples prior to h.p.l.c. Sodium 
sulphate (20%, w/v) was dissolved in a 1 ml aliquot 
of urine. Approximately 15,000 c.p.m [°H]-6¢- 
hydroxycortisol in 20 ul methanol was added and 
allowed to equilibrate for 30min. The sample was 
then extracted with 4 vol. of freshly redistilled ethyl 
acetate and the extract was then evaporated to dry- 
ness under a stream of nitrogen. The dried extract 
was redissolved in 50ul ethanol. A 10ul aliquot was 
used for chromatography and the radioactivity in 
duplicate 10ul aliquots was measured by liquid scin- 
tillation spectrometry. 

High performance liquid chromatography. A Var- 
ian 8500 high performance liquid chromatography 
isochratic pump was used in conjunction with a Pye 
Unicam LC3 ultraviolet detector and a M.S.E. 
Fisons vitatron pen recorder. A Whatman partisil 
column (P x§ 10/25) with a pre-column (7cm; packed 
with HC Pellosil) were used. The eluent consisted 
of methylene chloride (410 ml), n-hexane (470 ml), 
ethanol (112ml) and water (10ml) prepared as 
described by Roots et al. [6]. The flow rate was 
90 ml/hr and the ultraviolet absorbance was meas- 
ured at 240 nm. After each determination the pump 
was switched to ‘fast pump’ mode until a volume of 
20m! of eluent had passed through the column. 
Samples were injected with a 10 ul, Hamilton syr- 
inge. The fraction containing 6f-hydroxycortisol was 
collected over a period of 5 min. A suitable aliquot 
was taken in duplicate for radioimmunoassay [8]. A 
aliquot of the 6f-hydroxycortisol fraction was evap- 
orated to dryness under a stream of nitrogen and the 
radioactive content determined. The recovery of 
[°H]-68-hydroxycortisol was used to determine the 
recovery of the endogenous 6f-hydroxycortisol 
which was measured by radioimmunoassay. 

Determination of ethyl acetate-extractable 17- 
hydroxycorticosteroids in marmoset urine. 17- 
Hydroxycorticosteroids were determined by the 
method of Sanghvi [10] with some modifications. An 
aliquot (0.25 ml) of urine was diluted to 4ml with 
2M acetate buffer (pH 5.0) and incubated overnight 
(16hr) at 42° with #-glucuronidase (8,000 Fishman 
units). Sodium sulphate (20%, w/v) was dissolved 
in the incubation mixture prior to extraction with 
25 ml of freshly redistilled ethyl acetate. The ethyl 
acetate extract was separated into two 10 ml aliquots 
which were evaporated to dryness under a stream 
of nitrogen. Complete reagent was added to one of 
the tubes and blank reagent to the other. The tubes 
were covered and heated at 100° for 60 min. Optical 
density was measured for each tube against its own 
blank at 325, 355 and 375 nm using a Pye Unicam 
SP8-100 ultraviolet spectrophotometer. All calcu- 
lations were made using the Allen correction [11]. 
Cortisol was used as standard. 

Metabolism of model substrates. Microsomal ami- 
nopyrine N-demethylase activity was measured as 
described by Mazel [12]. Aminopyrine (15 mM) was 
incubated with microsomal protein (1mg) and 
NADPH (0.5 mM) in 0.1M phosphate buffer pH 7.4 
(5 ml) for 7 min at 37°. Ethoxyresorufin O-deethylase 
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activity was determined by the method of Burke and 
Meyer [13]. The incubation mixture contained 
ethoxyresorufin (250 nM), microsomal protein (1 mg) 
and NADPH (0.25 mM) in 0.1M phosphate buffer 
pH7.8 (2ml). The reaction was monitored in a 
cuvette for 3min at 30°. NADPH-cytochrome c 
reductase activity was determined by the method of 
Mazel [12]. The incubation mixture contained micro- 
somal protein (0.025 mg), NADPH (0.15 mM), and 
0.45mM KCN in 0.1M phosphate buffer pH 7.6 
(1 ml). 7-Ethoxycoumarin O-deethylation was meas- 
ured by a modification of the method of Pohl et al. 
[14]. The reaction was monitored in a cuvette for 
three minutes at 30° by measuring the emission at 
456nm using an excitation wavelength of 394nm 
using a Perkin Elmer 3000 spectrofluorimeter. The 
reaction mixture contained 1 mg microsomal protein 
and 0.25mM NADPH in 0.1M phosphate buffer 
pH7.4 (2ml). The reaction was started by the 
addition of 7-ethoxycoumarin (40 mM) in dimethyl- 
formamide (10 yl) to give a final substrate concen- 
tration of 0.2 mM. Cytochrome P-450 concentrations 
were estimated using a Pye Unicam SP8-200 spec- 
trophotometer by the method of Omura and Sato 
[15] using a microsomal protein concentration of 
2 mg/ml. 

Gel electrophoresis. SDS polyacrylamide gel elec- 
trophoresis of microsomal protein was carried out 
as described by Dent et al. [16]. A 1.5mm Slab gel 
was used with a 2cm 3% w/v acrylamide upper 
stacking gel and a 10cm 10% w/v separating gel. 
15 ug microsomal protein was applied per sample. 
A constant current power supply was used at 15 mA 
while the samples were in the stacking gel, increasing 
to 30mA for the separating gel. Proteins were vis- 
ualised using Coomassie blue stain before 
photography. 

Characterisation of 6B-hydroxycortisol. Ultraviolet 
spectra were recorded on a Pye Unicam SP8-100 
spectrophotometer and mass spectra were deter- 
mined on a LKB 9000 mass spectrometer. 


RESULTS 


Characterisation of 6f-hydroxycortisol in mar- 
moset urine. The mass spectrum of 6f-hydroxycor- 
tisol isolated from marmoset urine by h.p.l.c. was 
identical to the spectrum obtained from a synthetic 
sample [9]. In addition to the molecular ion (M* = 
378) the spectrum contains peaks at 360 (M*-H,O), 
348 (M*-CH,O) and 318 (M*-C,H,O,) consistent 
with the presence of the dihydroxyacetone side-chain 
and the 6f-hydroxyl group [17]. The u.v. spectrum 
of the biological material was also identical to that 
of authentic synthetic material and contained A max 
240 nm for the enone system in the A-ring. The 
specificity of the radioimmunoassay [8] was found 
to be satisfactory for direct measurement of 6/- 
hydroxycortisol in marmoset urine. The correlation 
coefficient of samples measured by radioimmuno- 
assay with and without purification was r = 0.99 (n = 
11; P< 0.001; slope 1.04). 

Excretion of steroids in marmoset urine. There was 
a wide variation in normal urinary excretion of 6f- 
hydroxycortisol (33.5 — 360 yg/24 hr) but when it was 
expressed as a percentage of ethyl acetate-extract- 
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Fig. 1. The 24-hr urinary excretion of 6f-hydroxycortisol (68-OHC), 17-hydroxycorticosteroids (17- 

OHCS) and the calculated ratio 66-hydroxycortisol: 17-hydroxycorticosteroids (68-OHCS/17-OHCS) 

in marmoset monkeys before (day 0) and during (days 1, 2, 3) treatment with phenobarbitone 20 mg/kg. 

Results are means (n = 4) + S.E. Statistical significance from control day using Student’s t-test *P < 
0.05 and **P < 0.01. 


able 17-hydroxycorticosteroids the variation was 
much less (17-46%). There was a good correlation 
(r=0.95; P<0.001) between 6f-hydroxycortisol 
and 17-hydroxycorticosteroids supporting the use of 
the ratio [7] for investigating cortisol metabolism. 
The effect of phenobarbitone treatment on urinary 


6f-hydroxycortisol, ethyl acetate-extractable 17- 
hydroxycorticosteroids and the calculated ratio 6f- 
hydroxycortisol/17-hydroxycortisteroids is shown in 
Fig. 1 and the corresponding data for saline control 
animals is given in Fig. 2. Phenobarbitone treatment 
produced significant changes in all three parameters 


Table 1. The effect of phenobarbitone on liver weight, microsomal enzyme activity and microsomal 
cytochrome P-450 content in male marmosets 





Saline Phenobarbitone 





Body weight (g) 

Liver weight (g/100g body wt.) 

Cytochrome P-450 (nmoles/mg protein) 
Cytochrome c reductase (nmoles/min/mg protein) 


Aminopyrine N-demethylase (nmoles/min/mg protein) 
7-Ethoxycoumarin O-deethylase (nmoles/min/mg protein) 
Ethoxyresorufin O-deethylase (nmoles/min/mg protein) 


320 + 33 
4.33 + 0.79 
0.59 + 0.01 

287 + 27 
6.57 + 0.58 
0.76 + 0.17 

0.0572 + 0.0127 


308 + 34 
4.44 + 0.93 
1.39 + 0.09* 
334 + 8.6 
22.66 + 0.80* 
4.58 + 0.49* 
0.073 + 0.004 





Values are given as mean (n = 4) + S.E. 


Statistical significance from saline-treated animals using Student’s f-test. 


*P<0.001. 
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Fig. 2. The 24-hr urinary excretion of 6f-hydroxycortisol (6f-OHC), 17-hydroxycorticosteroids (17- 

OHCS) and the calculated ratio 66-hydroxycortisol: 17-hydroxycorticosteroids (68-OHC/17-OHCS) in 

marmoset monkeys before (day 0) and during (days 1, 2, 3) treatment with saline. Results are means 
(n=4)+S.E. 


on days two and three. No statistically significant 
changes were observed for the control group. 

Measurement of hepatic microsomal enzyme 
activity. The effect of administration of phenobar- 
bitone on hepatic microsomal aminopyrine , N- 
demethylation activity, 7-ethoxycoumarin deethy- 
lation activity, ethoxyresorufin deethylation activity, 
cytochrome P-450 content and cytochrome c reduc- 
tase activity is shown in Table 1. There was a sig- 
nificant 2.4-fold increase in the concentration of 
cytochrome P-450 but only a small (20%), statisti- 
cally insignificant increase in cytochrome c reductase. 
There were significant increases in aminopyrine N- 
demethylase (3.6-fold) and ethoxycoumarin O- 
deethylase (6-fold) activities but not in ethoxyreso- 
rufin O-deethylase activity. 

SDS polyacrylamide gel electrophoresis (Fig. 3) 
showed induction of microsomal proteins in the 
45 ,000-55,000 molecular weight range following 
phenobarbitone treatment. Three protein staining 
bands of mol. wt 49,000, 52,000 and 54,000, which 
were just visible in control microsomal protein, were 
markediy induced in microsomal protein from phen- 
obarbitone-treated animals. This pattern differs from 
that seen in phenobarbitone-induced rat liver micro- 
somes where one major band of mol. wt 53,000 is 
increased. 


DISCUSSION 


The marmoset monkey (Callithrix jacchus) was 
chosen for this study because it is a small animal 


used in long term toxicity studies [18, 19] which has 
high plasma corticosteroid concentrations [20], the 
major corticoid being cortisol. In contrast to a pre- 
vious report [21], we have found that 6f-hydroxy- 
cortisol is a major urinary metabolite of cortisol in 
the marmoset monkey. The excreted steroid was 
characterised by radioimmunoassay, mass spectro- 
metry and ultraviolet spectroscopy after purification 
by high pressure liquid chromatography. The speci- 
ficity of the radioimmunoassay was satisfactory for 
direct measurement of 6f-hydroxycortisol in diluted 
urine. 

The mean daily urinary excretion of 6f-hydroxy- 
cortisol was approximately 600 ug/kg which is con- 
siderably greater than found for man (4 ug/kg [8]) 
or the monkey Cebus albifrons (40 ug/kg [22]). There 
was a large inter-animal variation in the absolute 
excretion of 66-hydroxycortisol but the proportion 
of cortisol that is 6f$-hydroxylated remains fairly 
constant as indicated by the ratio 6f-hydroxycorti- 
sol:17-hydroxycorticosteroids (Figs. 1 and 2). The 
calculated ratio is thought to be a better index than 
absolute levels of 6f-hydroxycortisol in studies deal- 
ing with cortisol metabolism [7] and accordingly we 
found a good correlation between 6f-hydroxycortisol 
and 17-hydroxycorticosteroids in marmoset urine. 
Ethyl acetate, rather than chloroform, was necessary 
for extraction of 17-hydroxycorticosteroids from 
hydrolysed marmoset urine which suggests they are 
more polar than human 17-hydroxycorticosteroids. 

Administration of phenobarbitone to marmosets 
produced significant increases in the urinary excre- 
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Fig. 3. Electrophoretogram of liver microsomes from animals treated with inducing agents. The induced 

protein bands are labelled with arrows. Abbreviations: Cal: calibration proteins (a) bovine serum 

albumin, mol. wt 68000 (b) catalase, mol. wt 60000 (c) hen egg Ib, mol. wt 45000 (d) aldolase, mol. 

wt 39500; RS: rat saline control; RPB: rat phenobarbitone, band 1—mol. wt 53000; RMC: rat 3- 

methyalbumincholanthrene, band 2—mol. wt 58000, band 3—mol. wt 56000; MS: marmoset saline 

control; MPB: marmoset phenobarbitone, band 4—mol. wt 54000, band 5—mol. wt 52000, band 6— 
mol. wt 49000. 


tion of 66-hydroxycortisol and in the calculated ratio 
6B-hydroxycortisol:17-hydroxycorticosteroids indi- 
cating that the proportion of cortisol that had been 
6f-hydroxylated was increased. There may also be 
an increase in the overall rate of cortisol metabolism 
as there was a significant increase in urinary 17- 
hydroxycorticosteroids on days 2 and 3. However, 
part of this increase may be due to stress as three 
of the four control animals showed an increase in 
17-hydroxycorticosteroids, but only on day 3 (there 
was no effect on the calculated ratio). 

The 20 mg/kg dose of phenobarbitone used for 
enzyme induction purposes was found to be the 
maximum dose tolerated by the marmoset. Never- 
theless, enzyme induction is clearly evident from the 
significant increase in cytochrome P-450 content and 
in the microsomal activities of aminopyrine N- 
demethylase and ethoxycoumarin O-deethylase both 


of which are mediated by P-450 enzyme systems. 
There was no significant increase in ethoxyresofurin 
O-deethylase activity but this is thought to be a P- 
448 dependent process. There was only a slight 
increase in cytochrome c reductase activity but this 
does not always increase in proportion to cytochrome 
P-450 [23, 24]. It is interesting to note that pheno- 
barbitone induction was not accompanied by an 
increase in liver mass as has been observed in other 
species (rat, guinea pig, monkey) [23, 24, 25], pos- 
sibly indicating that liver hypertrophy and enzyme 
induction are distinct processes [26]. There was how- 
ever a clear increase in three distinct microsomal 
proteins in the 45,000—55,000 mol. wt range as shown 
by SDS—polyacrylamide gel electrophoresis (Fig. 3). 
Three protein staining bands of mol. wt 49,000, 
52,000 and 54,000 were markedly increased. It is not 
known whether all these proteins are cytochrome P- 
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450 haemoproteins. However they do migrate in the 
same molecular weight region as the major protein 
induced by phenobarbitone in rat liver microsomes 
which is a haemoprotein. 

The present work shows that the marmoset (Cal- 
lithrix jacchus) is a useful animal model for inves- 
tigating the relationship between hepatic microsomal 
enzyme induction and excretion of 6f-hydroxycor- 
tisol. Phenobarbitone produced _ significantly 
increased microsomal P-450-dependent drug meta- 
bolising activity at the same time as increasing uri- 
nary 6f$-hydroxycortisol excretion, as has been 
observed in man [5]. However, phenobarbitone is 
thought to be a relatively non-specific inducing agent 
and in the present work has been shown to induce 
several microsomal proteins (Fig. 3). Further work 
is necessary to determine which of these proteins are 
involved in cortisol 66-hydroxylation. 
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SHORT COMMUNICATIONS 


Modulation of serotonergic receptors by exogenous cholesterol in the dog 
synaptosomal plasma membrane 


(Received 19 June 1980; accepted 28 July 1980) 


It has been reported previously that cholesterol from 
aqueous solutions is incorporated in the structure of bio- 
logical membranes, producing deep functional changes of 
membrane-associated enzymes [1]. Changes in the activities 
of the enzymes (Na*-K*)-ATPase and NADase affected 
by cholesterol afford such examples at the synaptosomal 
plasma membrane level. Recently it has been shown that 
cholesterol modulates the activity of Ca’*-dependent 
ATPase of the sarcoplasmic reticulum [2]. It has also been 
demonstrated that in the intact cells of the Purkinje heart 
fibers from young dogs, cholesterol, when included in the 
irrigati ing Tyrode solutions at a concentration of approx. 
5 x 10M (saturation level), increased markedly in the 
presence, but not in the absence, of Ca”* the amplitude 
and the frequency of the spontaneously generated action 
potentials in those cells [3]. 

These data indicate that loading in vitro of biological 
membranes with cholesterol, beyond the indigenous mem- 
brane cholesterol levels, results in deviations from the 
normal physiological function of these membranes in a 
number of processes. In this communication we extend our 
study on the sensitivity of biological membranes to cho- 
lesterol and report on the effect of cholesterol on the 
activity of serotonergic receptors in the synaptosomal 
plasma membrane. 

Synaptosomal membranes (SPM) from dog brain were 
prepared from ficoll-purified [4] and subsequently osmot- 
ically soaked synaptosomes by ascending fractionation 
through discontinuous sucrose density gradient [5]. The 
quality and the degree of purification of the isolated mem- 
branes (fraction at the interphase between 32% and 28.5% 
(w/w) sucrose) was assessed by electron microscopy (results 
not shown) and by following, through the steps of purifi- 
cation, the activities of succinic acid dehydrogenase (SDH, 
a mitochondrial marker [6]) and lactic acid dehydrogenase 
(LDH, a cytoplasmic marker). Only those fractions of SPM 
which showed a reduction by over 95 per cent of the activity 
of SDH of the mitochondrial fraction and of the activity 
of LDH of the fraction of synaptosomes were used in this 
study. 

At incubation of synaptosomal membranes with satu- 
rated, aqueous ['*C]cholesterol which was buffered with 
0.004 M Tris-HCl, pH 7.4, over a period of 3 hr at 35° with 
constant stirring, the steroid was incorporated in the mem- 
brane in amounts not exceeding 10 nmoles cholesterol per 
mg of protein. The separation of bound from non bound 
cholesterol was achieved by centrifuging the incubated 
membranes through a cushion of 20% sucrose, buffered 
with the same medium, for 60 min at 95,000 g (Beckman 
SW 27 rotor). This allowed us to study the kinetics of 
cholesterol binding by SPM, by way of obtaining incor- 
poration curves with minimal background levels and with 
a statistical value for the correlation coefficients r° > 0.98. 

Uptake of 5-hydroxytryptamine (5-HT, serotonin) by 
SPM was measured as follows: Membrane suspensions, 
containing 0.3 to 0.4 mg of protein per ml of Krebs—Ringer 
buffer (KRB, consisting of 20 mM Tris-HCI, 132 mM NaCl, 
4.8mM KCl, 2.4mM MgSO, and 1.8% (w/v) glucose, 
adjusted to pH 7.4), were pre-incubated with 5 x 10°*M 
harmine (an MAO inhibitor) for 15 min at 35°. Thereafter, 


withdrawn aliquots containing 0.15 mg of protein were 
incubated, to a total volume of 1 ml, with varying concen- 
trations of [G-*H]-5-HT (10-20 Ci/mmole, Radiochemical 
Centre, Amersham) in the presence or absence of 10 uM 
5,6-dihydroxytryptamine (5,6-DHT). The incubation was 
run for 30 min at 35° and stopped by rapid filtration under 
suction through HAWP millipore filters (0.45 u pore diam- 
eter) using a Millipore 3025 sampling manifold. Filters were 
washed twice with 5 ml ice-cold KRB and transferred into 
counting vials. They were then shaken in 0.8 ml of SDS, 
dissolved in 1 ml of 2-methoxyethanol and counted in diox- 
ane-based scintillant. 

Adenylate cyclase was assayed in the synaptosomal mem- 
branes by incubating for 20min at 37° 0.3mg of SPM 
protein in medium containing, to a total volume of 1 ml, 
50 mM Tris-HCl, pH 7.5, 0.5mM ATP, 5mM MgSO,, 
1mM EDTA, 5mM theophylline, 5.6 mM _ phosphoenol- 
pyruvate (PEP) and 2.3 units of pyruvate kinase. The 
incubation reaction was stopped by boiling the mixtures for 
3 min and the amount of cyclic AMP produced was assayed 
thereafter in aliquots of supernatants from the incubation 
mixtures (15 min, 1,500 g) by using a modification of the 
competitive protein binding technique [7], as described 
elsewhere [8]. 

At concentrations of free cholesterol and of cholesterol- 
accepting sites on the membrane of the same order of 
magnitude, the incorporation of cholesterol in SPM fol- 
lowed second order kinetics, as deduced from equations 
fitting the experimental data. The number of cholesterol- 
accepting sites on the synaptosomal membrane was esti- 
mated to be 128 + 20 nmoles per mg of protein. This value 
was assessed from estimates of the indigenous cholesterol 
(C) [9] and phospholipid (P) [10j ievels in SPM, which gave 
the figures 552+40 nmoles/mg prot. and 690+ 60 
nmoles/mg prot., respectively (C/P = 0.82) and assuming 
that the maximum allowable amount of cholesterol that 
can be incorporated in the membrane satisfies the condition 
C/P = 1 [11]. Under the conditions of incubation used and 
due to the limitations inherent in the insolubility of cho- 
lesterol in aqueous media and in the prolonged time of 
incubation, saturation of the incorporation could not be 
achieved. In fact, only a small percentage (<5%) of the 
limited number of cholesterol-accepting sites, that defines 
the condition C/P = 1, participated in the incorporation. 

The capacity of such cholesterol-treated membranes to 
take up 5-HT onto the putative 5-HT receptors was exam- 
ined within the range of neurotransmitter concentrations 
from 5 to 1,000 nM. Estimates of uptake of 5-HT in non- 
treated membranes (Fig. 1) under these conditions (linear 
uptake range) reflect a high degree of true receptor binding. 
This is suggested also by the observation (Fig. 1) that 5,6- 
DHT, a well known potent 5-HT antagonist [12-15], at a 
concentration of 104M reduced 5-HT uptake by SPM 
significantly. In membranes pre-treated with cholesterol 
the uptake of 5-HT was reduced by nearly 40 per cent (Fig. 
2), compared to non-treated membranes. These data sug- 
gest that external cholesterol, entering the structure of the 
synaptosomal membrane, has, to a certain extent, an effect 
on membrane serotonergic receptor activity. This sugges- 
tion is supported by evidence (Fig. 3) that the activity of 
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Fig. 1. Uptake of [*H]-5-HT by untreated synaptosomal membranes from dog brain. The drawn curves 

represent a typical experiment which has been repeated three times and are linear regressions through 

points which are mean values of duplicate estimates (r > 0.98). Background levels at each of the 

experimental points, corresponding to zero-time incubation, were calculated from a “blank” regression 

line and were subtracted accordingly. Intercepts calculated from the individual lines have also been 
subtracted. 


SPM-associated adenylate cyclase, a member of the enzy- 
matic complex involved in the physiological propagation 
of neurotransmitter message in the nervous synapse [16, 17], 
is also reduced considerably in membranes pre-treated with 
cholesterol. In this figure, the sensitivity of the synapto- 
somal membrane, as reflected in the activity of adenylate 
cyclase, to a minor loading with cholesterol, beyond the 
indigenous membrane cholesterol level, is evident. This 
result is in accordance with previously reported information 
that cholesterol from cholesterol-containing liposomes 
inhibits the activity of adenylate cyclase in cultured mam- 
malian fibroblasts [18]. It has been postulated that choles- 
terol may have a role in regulating adenylate cyclase activity 


[19, 20]. Preliminary results (not shown in this communi- 
cation) indicate that cholesterol also affects dopaminergic 
and noradrenergic activities in the isolated synaptosomal 
membranes from dog brain. 

The known asymmetry of structural lipid framework in 
most biological membranes [21, 22] dictates the thermo- 
dynamics of membrane geometry changes and temperature 
dependence in the steroid-membrane interactions [23]. 
This may provide, conceivably through an asymmetric dis- 
tribution of lateral pressure increases, the physical-chem- 
ical basis for the observed high degree of sensitivity of the 
tested membranes to cholesterol entering the lipid bilayer 
phase. An explanation of the accentuation of these effects, 
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Fig. 2. Uptake of [*H]-5-HT by cholesterol-treated synaptosomal membranes from dog brain. Points 

in the drawn curves are mean values of duplicate determinations from a typical experiment which has 

been repeated three times. In all experiments the inhibition of 5-HT uptake by cholesterol was over 
35% of the control uptake. 
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Fig. 3. The activity of SPM-associated adenylate cyclase 
as a function of cholesterol uptake by the membrane. 
Membranes were pre-incubated with varying concentra- 
tions below saturation of aqueous, buffered cholesterol 
solutions, as described in the text. In parallel experiments 
the use of ['*C]cholesterol allowed to estimate cholesterol 
uptake by SPM under similar conditions. The individual 
variations in estimates of cAMP levels between duplicates 
in the same experiment were within + 5% from the mean 
values. In this figure, average estimates of cAMP from 
three separate experiments have been related to mean 
values of estimates of incorporated labeled cholesterol, 
obtained from two separate experiments each in duplicate 
determinations. 


as required for a high degree of membrane sensitivity to 
cholesterol, may be based on the recent evidence from this 
laboratory that there may exist an allosteric cooperativity 
in cholesterol incorporation in SPM [24]. This is, however, 
not clearly established at present (imperfect Hill plots of 
binding) due to the limitations mentioned (inaccessibility 
of the saturation levels) in this type of experimentation. 
Nevertheless, the high sensitivity observed in vitro of the 
synaptosomal membrane to cholesterol, as expressed in 
neurotransmitter activity changes reported in this com- 
munication, merits close consideration. It may be a caus- 
ative factor in vivo for deviations from normal neuronal 
function, which are associated with senescence. Work is 
now in progress in this laboratory in the direction of inves- 
tigating effects of cholesterol on the activity of cyclic AMP- 
dependent membrane-associated protein kinase. 

In summary, minor amounts of exogenous cholesterol, 
incorporated in the structure of the synaptosomal plasma 
membrane of dog, reduced appreciably the uptake of 5- 
HT by membrane-associated 5-HT acceptors. The data on 
the effect of the antagonist 5,6-DHT suggest that in the 
range of used neurotransmitter concentrations cholesterol 
alters, to a certain extent, true 5-HT receptor activity. As 
neurotransmitter receptors are functionally connected with 
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SPM-associated adenylate cyclase, the observed changes 
induced by cholesterol on the activity of this enzyme also 
suggest that exogenous cholesterol may affect, more gen- 
erally, the mechanism associated with neurotransmitter 
message propagation in the neuronal synaptic junction. 
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Effect of 2-(p-chlorophenyl)cyclopropylamine on 5-hydroxyindole concentration 
and monoamine oxidase activity in rat brain 


(Received 3 March 1980; accepted 21 July 1980) 


p-Chloroamphetamine (PCA) causes a rapid and long-last- 
ing depletion of serotonin in rat brain [1]. PCA is thought 
to affect serotonin neurons acutely by (a) inhibition of 
tryptophan hydroxylation, (b) release of vesicular bound 
serotonin, (c) inhibition of serotonin reuptake from the 
synaptic cleft, and (d) inhibition of serotonin oxidation by 
monoamine oxidase, and to produce neurotoxic degener- 
ation of some serotonin neurons resulting in a chronic 
decrease in tryptophan hydroxylase activity, serotonin and 
5-hydroxyindoleacetic acid (S-HIAA) concentration, and 
serotonin uptake capacity (variables associated specifically 
with serotonin neurons). 

Among the analogs of PCA that have been studied [1], 
N-cyclopropyl-PCA is characterized by being a potent 
irreversible inhibitor of monoamine oxidase [2]. Its rela- 
tively greater inhibition of monoamine oxidase than that 
by PCA results in serotonin concentration not being 
decreased initially (during the first 24hr), whereas at 1 
week, when the monoamine oxidase-inhibiting effects have 
diminished, serotonin concentration is decreased [2]. 5- 
HIAA concentration decreases rapidly and remains 
decreased at 1 week after N-cyclopropyl-PCA injection 
[2]. Thus, N-cyclopropyl-PCA (a) inhibits monoamine 
oxidase and (b) has PCA-like serotonin-depleting activity. 
These two actions have been dissociated first by giving 
harmaline, which protects against the irreversible inacti- 
vation of type A monoamine oxidase by N-cyclopropyl- 
PCA and exposes its ability to deplete serotonin earlier 
[3], and second by giving fluoxetine, which inhibits N- 
cyclopropyl-PCA uptake into serotonin neurons and thus 
prevents its depletion of serotonin but permits monoamine 
oxidase inhibition to occur [4]. 

We are describing here studies on a PCA analog similar 
in structure to N-cyclopropyl-PCA but with the cyclopropyl 
group interposed between the p-chlorophenyl group and 
the amino group. The structure of this compound, 2-(p- 
chlorophenyl) cyclopropylamine (PCCA), is shown in Fig. 
1 compared to PCA and N-cyclopropyl-PCA. 

In these experiments, 130-200 g male Wistar rats from 
Harlan Industries, Cumberland, IN, were used. The rats 
were housed in hanging wire cages in a light-controlled 
room (12 hr light/12 hr dark) and had free access to food 
and water. PCCA hydrochloride was synthesized at the 
Smith Kline & French Laboratories. Chromatographic and 
spectral data indicated that it consists of 77.6% trans and 
22.4% cis isomers. Harmaline hydrochloride was purchased 
from the Sigma Chemical Co., St. Louis, MO. PCCA was 
injected at a dose of 0.05 mmole/kg, the same as that used 
previously for N-cyclopropyl-PCA [2]. Both drugs were 
injected i.p. in aqueous solutions. Rats were decapitated 
after treatment, and brains were rapidly excised, split lon- 
gitudinally along with the midline, and frozen on dry ice. 
Tissue samples were stored at —15° prior to analysis. Ser- 
otonin and 5-hydroxyindoleacetic acid concentrations were 
determined spectrofluorometrically after extraction and 
reaction with o-phthalaldehyde by the method of Miller et 
al. [5]. Monoamine oxidase activity was assayed with 100 uM 
['*C]serotonin or 80 uM ['*C]phenylethylamine (from New 
England Nuclear, Boston, MA) as substrate [6]. 

The effects of PCCA on 5-hydroxyindole concentrations 
in rat brain at various times are shown in Table 1. Within 
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Fig. 1. Chemical structures. 


6 hr there was a large increase in serotonin concentration 
and a marked fall in S-HIAA concentration. At 24 hr the 
serotonin concentration was still significantly increased and 
the 5-HIAA concentration was still decreased. By 1 week, 
the concentration of both 5-hydroxyindoles had returned 
to normal. These results contrast with those obtained earlier 
with N-cyclopropyl-PCA [2] in two ways. First, the initial 
increase in serotonin concentration was greater with PCCA 
than with N-cyclopropyl-PCA. Second, PCCA had no 
effect at i week, whereas N-cyclopropyl-PCA had produced 
depletion both of serotonin and of 5-HIAA at 1 week. 

Monoamine oxidase activity is also shown in Table 1. 
Virtually complete inhibition of monoamine oxidase was 
observed at 6hr and at 24hr. At 1 week, significant inhi- 
bition remained. At this time point, some selectivity was 
apparent in that serotonin oxidation was inhibited to a 
significantly lesser extent than was phenylethylamine oxi- 
dation. The 35 per cent reduction in serotonin-oxidizing 
capacity was not associated with any change in serotonin 
or 5-HIAA concentration at 1 week. These results indicate 
that PCCA produces a much greater inhibition of mono- 
amine oxidase compared to an equimolar dose of N-cyclo- 
propyl-PCA [2]. 

The small amount of monoamine oxidase inhibition 
remaining at 1 week might have masked a decline in ser- 
otonin concentration if PCCA had long-term serotonin- 
depleting effects. This possibility is unlikely, since the 5- 
HIAA concentration had returned to normal at 1 week, 
whereas if monoamine oxidase inhibition had been suffic- 
ient to prevent a decline in serotonin concentration it should 
have resulted in a continued decrease in the S-HIAA con- 
centration. Nonetheless, in a separate experiment with the 
same 10.2 mg/kg dose of PCCA, 5-hydroxyindole concen- 
trations were measured at 2 weeks or 3 weeks to ensure 
that a long-term decline in serotonin concentration was not 
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Table 1. Effect of 2-(p-chlorophenyl)cyclopropylamine on 5-hydroxyindole concentration and mono- 
amine oxidase activity in rat brain* 





1. gl) 
Phenylethylamine 


Brain 5-hydroxyindoles (ug/g) 
Serotonin 5-HIAA 


MAO activity (nmoles - min™ 
Serotonin 


Time after 
injection 





0 0.66 + 0.02 
6 hr 1.14 + 0.047 
1 day 1.34 + 0.067 
1 week 0.70 + 0.02 


0.60 + 0.02 
0.17 + 0.017 
0.40 + 0.01+ 
0.55 + 0.02 


107.8 + 0.9 
0.8 + 0.17 
3.3 + 0.4+ 

69.9 + 0.67 


86.9 + 0.8 
0.8 + 0.17 
1.9 + 0.17 

37.4 + 0.34 





* 2-(p-Chlorophenyl)cyclopropylamine hydrochloride was injected i.p. at a dose of 10.2 mg/kg 
(0.05 mmole/kg). Mean values + standard errors for five rats per group are shown. 
+ Significantly different from control group (P < 0.01). 


missed. In this experiment, serotonin concentration was 
0.67 + 0.02 yg/g in control rats, 0.67 + 0.03 ug/g 2 weeks 
after PCCA, and 0.65 + 0.01 ug/g 3 weeks after PCCA. 
The concentration of 5-HIAA was 0.55 + 0.01 ug/g in con- 
trol rats, 0.55 + 0.01 ug/g 2 weeks after PCCA, and 0.56 
+ 0.01 ug/g 3 weeks after PCCA. None of these differences 
was statistically significant. 

In a separate study (Table 2), PCCA and harmaline were 
co-administered, as reported earlier with N-cyclopropyl 
PCA [3]. Monoamine oxidase measured at 24 hr revealed, 
again, essentially complete inhibition by PCCA, and the 
co-administration of harmaline had no effect on the inhi- 
bition of either serotonin or phenylethylamine oxidation. 
These results also contrast with those obtained earlier with 
N-cyclopropyl-PCA, in which case harmaline co-adminis- 
tration had protected against the inactivation of monoamine 
oxidase and had antagonized the inactivation of serotonin 
oxidation to a greater extent than the inactivation of phenyl- 
ethylamine oxidation [3]. 5-Hydroxyindole measurements 
in these rats (Table 2) indicated that the increase in ser- 
otonin and the decrease in 5-HIAA produced by PCCA 
were unchanged by harmaline co-administration. 

The inability of harmaline to antagonize the inhibition 
of monoamine oxidase by PCCA in this experiment, in 
contrast to the antagonism that had been seen with N- 
cyclopropyl-PCA at an equimolar dose [3], seemed prob- 
ably due to the greater degree of monoamine oxidase 
inhibition by PCCA than by N-cyclopropyl-PCA. To test 
that possibility, we injected two lower doses of PCCA 
along with harmaline. A dose of 5 mg/kg of PCCA produced 
nearly complete (> 95 per cent) inhibition of serotonin and 
phenylethylamine oxidation, and co-treatment with har- 
maline had little effect. A 1 mg/kg dose of PCCA produced 
82 + 1 per cent inhibition of serotonin oxidation in control 
rats but only 39 + 2 per cent inhibition of serotonin oxi- 


dation in harmaline-treated rats. This difference was stat- 
istically significant (P < 0.001). Phenylethylamine oxida- 
tion was inhibited by 90 + 1 per cent in control rats and 
82 + 0.4 per cent in harmaline-treated rats; this difference 
was also statistically significant (P < 0.001) but was slight 
compared to the difference when serotonin was substrate. 
Thus, harmaline can antagonize the inhibition of mono- 
amine oxidase by PCCA just as it does the inhibition by 
N-cyclopropyl-PCA (more antagonism with serotonin as 
substrate than with phenylethylamine as substrate), but 
harmaline can competitively antagonize inhibition by 
PCCA only at a low dose (1 mg/kg) approximately equal 
in effectiveness to the 8 mg/kg dose of N-cyclopropyl-PCA 
[3]. Serotonin concentration (0.64 + 0.02 ug/g) in rats 
treated with the 1 mg/kg dose of PCCA in combination 
with harmaline was not significantly different from control 
(0.60 + 0.02 ug/g). Thus, for harmaline to be able to antag- 
onize the monoamine oxidase inhibiting action of PCCA, 
the dose of PCCA has to be lowered below that required 
for serotonin depletion even by the most potent depletors 
in the chloroamphetamine series, leaving no possibility of 
unmasking a latent serotonin-depleting potential in PCCA 
by antagonism of its monoamine oxidase inhibition. 

These studies indicate that PCCA manifests none of the 
serotonin-depleting activity of PCA. In contrast to PCA, 
PCCA causes pronounced and long-lasting (hence presum- 
ably irreversible) inhibition of monoamine oxidase, the 
inhibition being even greater than that produced by N- 
cyclopropyl-PCA at an equimolar dose. PCCA is thus a 
PCA analog for which only monoamine oxidase inhibition 
is apparent in its in vivo actions on serotonin neurons. 
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Table 2. Effect of 2-(p-chlorophenyl)cyclopropylamine (PCCA) on 5-hydroxyindole concentration and monoamine 
oxidase activity in brains of control and harmaline-treated rats* 





MAO activity with 





['*C]Serotonin 
as substrate 


Dose of PCCA 
(mg/kg) 


Rats (nmoles - min™! - g~') 


['*C]Phenylethylamine 


(nmoles - min™ 


5-HIAA 
concn 


(ug/g) 


Serotonin 
concn 


(ug/g) 


as substrate 
1-1 
i 





Nw 
eat eh gill a 


Control 0 
10.2 

Harmaline 0 
treated 10.2 


DAwoIUdD 
I+ I+ I+ I+ 
SNrS 
Anrrna 
as —- 


87.7 + 1.3 
2.6 + 0.5+ 
82.6 + 1.8 
1.8 + 0.34 


0.64 + 0.02 
1.16 + 0.067 
0.59 + 0.02 
1.36 + 0.04+ 


0.53 + 0.01 
0.38 + 0.01+ 
0.49 + 0.02 
0.37 + 0.02+ 





* 2-(p-Chlorophenyl)cyclopropylamine hydrochloride and harmaline hydrochloride (20 mg/kg) were injected i.p. 24 hr 
before rats were killed. Mean values + standard errors for five rats per group are shown. 


+ Significant effect of PCCA (P < 0.01). 
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Alpha,-adrenergic activation of phosphatidylinositol labeling in isolated brown fat 
cells* 


(Received 14 May 1980; accepted 7 July 1980) 


In the early 1960’s, Smith and Hock [1] suggested that the 
primary physiological function of brown adipose tissue 
is that of heat production. It is now considered that brown 
adipose tissue is the primary thermogenic effector organ 
in arousing hibernators, most cold-exposed newborns and 
cold-exposed adults of many non-hibernating species [2]. 
Brown adipose tissue is richly innervated, and catechol- 
amines seem to play a major physiological role in modu- 
lating its activity. 

Electrophysiological studies have demonstrated depo- 
larization of brown adipocytes in response to endogenous 
(nerve stimulation) or exogenous catecholamines [3-5]. 
Recently, Fink and Williams [6] have shown that both 
alpha and beta adrenoceptors mediate depolarization in 
brown adipocytes. 

Alpha adrenoceptors have been subdivided in two sub- 
types—alpha, and alphap [7, 8]. Fain and Garcid-Sainz [9] 
have suggested that the subdivision of the alpha adreno- 
ceptors is both strucural (affinity for agonists and antag- 
onists) and functional (underlying mechanism of action). 
Activation of alpha; adrenoceptors mediates those effects 
of catecholamines that involve phosphatidylinositol turn- 
over and the entry or mobilization of calcium, whereas 
activation of alpha adrenoceptors mediates those effects 
of adrenergic amines resulting from inhibition of adenylate 
cyclase [9]. The present experiments were designed to 
determine whether an alpha-adrenergic stimulation of 
phosphatidylinositol turnover can be seen in brown fat 
cells. 

Epinephrine, isoproterenol, and propranolol were 
obtained from the Sigma Chemical Co. (St. Louis, MO) 
yohimbine from ICN Nutritional Biochemicals (Cleveland, 
OH) crude collagenase (Clostridium histolyticum) from the 
Worthington Biochemical Corp. (Freehold, NJ) (Lot No. 
CLS 48A281), bovine serum albumin (Fraction V) from 
the Armour Pharmaceutical Co. (Kankakee, IL) (Lot No. 
S$ 11709) and [*P]P, as orthophosphoric acid (carrier-free) 
from the New England Nuclear Corp. (Boston, MA). Pra- 
zosin and phentolamine were provided by Pfizer Inc. (Gro- 
ton, CT) and the CIBA Pharmaceutical Co. (Summit, NJ) 
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respectively. 

Brown fat cells were isolated from the dorsal intersca- 
pular brown adipose tissue of Sprague-Dawley rats 
(Charles River CD strain) according to the method of Fain 
et al. [10] with minor modifications. In brief, brown adipose 
tissue from ten to fifteen rats was removed and carefully 
trimmed of adhering skeletal muscle or white adipose tis- 
sue; the tissue was digested in buffer containing 0.75 mg 
collagenase/ml. After 20 min, the non-digested tissue was 
filtered onto a layer of nylon chiffon, and the remaining 
pieces of brown adipose tissue were cut into small pieces 
and incubated for 40 min in buffer containing 1.5 mg col- 
lagenase/ml. This procedure is similar to that of Pettersson 
and Vallin [11] and allowed us to get at least 80% multil- 
ocular fat cells. 

The incorporation of [**P]P; into phospholipids was stud- 
ied as described previously for white fat cells [12] with 
some modifications. In brief, brown fat cells (about 10° 
cells) were incubated in 1 ml of buffer containing 6% 
albumin and 10 yCi/ml of [**P]P; for 60 min in a water bath 
shaker at 37°. Lipids were extracted with chloroform—meth- 
anol (2:1), and phospholipids separated by one-dimen- 
sional thin-layer chromatography as described previously 
[12]. The phosphorus content of each phospholipid was 
determined by the microprocedure of Bartlett [13]. Krebs- 
Ringer Tris buffer of the following composition was used 
in all the experiments: 120mM NaCl, 1.4mM CaCh, 
5.2mM KCl, 1.4mM MgSO, and 5 mM Tris. The buffer 
was prepared daily and adjusted to pH 7.4 at 37° with 
NaOH after addition of the albumin powder. 

Cyclic AMP accumulation was measured at 10 min in the 
presence of adenosine deaminase (0.5 ug/ml) and theo- 
phylline (100 uM) by a modification of the method of Gil- 
man [14]. 

Incubation of brown cells in buffer containing radioactive 
phosphate resulted in significant incorporation of label into 
phospholipids. The specific activity of major phospholipids 
was as follows: cardiolipin + phosphatidylglycerol 135 + 
45 cpm/ug phosphate; phosphatidylethanolamine, 150 + 
i5cpm/ug phosphate; phosphatidylcholine, 865 + 
150cpm/ug phosphate; phosphatidylinositol, 1195 + 
305 cpm/ug phosphate; and _ phosphatidic acid + 
phosphatidylserine, 819+ 150cpm/ug phosphate. The 
values are the means + S.E.M. of seven experiments. 
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Table 1. Effect of propranolol, epinephrine, and isoproterenol on the labeling of brown fat cell 
phospholipids* 





Per cent of control specific activities 





Addition CL + PG PE PI 





150 + 20 
85+ 10 


175 + 20 
205 + 25 


125 + 10 
85+5 


(+)-Propranolol (30 uM) 
(—)-Epinephrine (10 uM) 
(—)-Epinephrine (10 uM)+ 
(+)-propranolol (30 uM) 
(—)-Isoproterenol (10 uM) 


150 + 15 
70 + 10 


535 + 110 
65 + 10 


125 + 15 


92 + 10 85 + 10 





* Values are the means + S.E.M. of seven experiments performed on different days. The control 
specific activity of each phospholipid is given in the text. Abbreviations: CL, cardiolipin; PG, 
phosphatidylglycerol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PI, phosphatidyl- 


inositol; PA, phosphatidic acid; and PS, phosphatidylserine. 


Addition of epinephrine to brown fat cells resulted in a 
dose-dependent increase in the incorporation of radioactive 
phosphate into phosphatidylinositol and its precursor phos- 
phatidic acid concomitant with a decrease in the specific 
activities of the other phospholipids (Fig. 1). Propranolol 
also slightly increased phosphatidylinositol specific radio- 
activity without affecting the labeling of other phospho- 
lipids (Table 1). This effect of propranolol has been 
observed in other systems [12, 15-17] and seems to be due 
to its local anesthetic properties. These drugs exert their 
effect on phospholipid metabolism by redirection of syn- 
thesis toward phosphatidylinositol, probably by inhibiting 
phosphatidate phosphohydrolase [15-17]. 

The action of epinephrine on the labeling of phospha- 


tidylinositol and phosphatidic acid plus phosphatidylserine 
was magnified by propranolol (Table 1). The pure beta- 
adrenergic agent isoproterenol decreased the incorporation 
of phosphate into phospholipids, especially phosphatidy- 
linositol (Table 1). The decrease in phospholipid labeling 
observed with beta-adrenergic agonists seems to be related 
to intracellular accumulation of free fatty acids [12]. A role 
of other factors, such as cyclic AMP, however, cannot be 
ruled out. 

Alpha-adrenergic antagonists inhibited the effect of epi- 
nephrine on phosphatidylinositol labeling (Fig. 2). The 
potency order was: prazosin > phentolamine 
>> yohimbine, indicating that the alpha receptor involved 
in this action was alpha. 
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Fig. 1. Effect of epinephrine on the incorporation of [°P]P; into brown fat cell phospholipids. The 

values plotted are the means of seven experiments performed on different days. The standard errors 

of the data are about 15 per cent of the values. The control specific activity of each phospholipid is 

given in the text. Abbreviations: PI, phosphatidylinositol (4’™—); PA, phosphatidic acid (™--®); 

PE, phosphatidylethanolamine (@—@); CL, cardiolipin (M@—®); and PC, phosphatidylcholine 
(@--®). 
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Fig. 2. Effect of alpha-adrenergic antagonists on the labeling of phosphatidylinositol in known fat cells 

produced by epinephrine. Brown fat celis were incubated with 10 uM epinephrine alone [@] and with 

various concentrations of prazosin (A—A), phentolamine (M--®), and yohimbine (@—@®). Other 
indications as in Fig. 1. 


Cyclic AMP accumulation in response to 10 uM epi- 
nephrine was not significantly affected by alpha-adrenergic 
antagonists (data not shown). Cyclic AMP accumulation 
induced by 10 uM isoproterenol was also unaffected by the 
alphaz-adrenergic agonist clonidine (0.1 to 10 uM) (data 
not shown). 

An enhanced incorporation of radioactive phosphate into 
phosphatidylinositol and its precursor phosphatidic acid 
has been observed in response to hormones that increase 
the concentration of ionic calcium in the cytoplasm [18, 19]. 
Recently, Salmon and Honeyman [20] and Putney et al. 
[21] have suggested that phosphatidic acid is a calcium 
ionophore. At present, however, there is no clear-cut 
information about the link between receptor activation, 
increased turnover of phosphatidic acid plus phosphati- 
dylinositol, and calcium mobilization. 

We have postulated that activation of phosphatidylinos- 
itol metabolism and calcium mobilization by adrenergic 
amines is due to stimulation of alpha, adrenoceptors [9]. 
This has been shown in the pineal gland [22], rat and 
hamster white adipocytes [12, 23], rat hepatocytes [24], and 
now in brown adipocytes. Stimulation of alpha, adreno- 
ceptors in hepatocytes produces an activation of glycogen- 
olysis and glyconeogenesis [24-27]. In adipocytes, alpha;— 
adrenergic stimulation results in an inactivation of glycogen 
synthase [28]. The physiological role of alpha, adrenocep- 
tors in brown fat cells is unknown at present. The decrease 
in membrane potential produced by alpha-adrenergic 
stimulation in brown adipocytes is accompanied by an 
increase in membrane conductance [29]. Putney [30] sug- 
gested, as a general scheme for receptor control of perme- 
ability, that (a) occupation of receptors triggers a break- 
down of phosphatidylinositol, which activates membrane 
calcium channels; (b) calcium moves into the cell passively 
down its electrochemical gradient, which activates Na” and 
K* channels; and (c) the passive fluxes of K* and Na* down 
their respective electrochemical gradient leads to a decrease 
in intracellular K* and in increase in Na’, which activates 
the Na*, K* pump. Consistent with this scheme, Girardier 
and Seydoux [31] found an influx of Na® and an efflux of 
K* after the addition of catecholamines to brown adipo- 
cytes. Horwitz [32] has suggested that the active transport 
of sodium ard potassium contributes significantly to cat- 


echolamine-mediated brown fat cell thermogenesis. It has 
been suggested, however, that the decrease in catechol- 
amine-activated respiration seen when the active transport 
of sodium and potassium is blocked by ouabain is secondary 
to a decrease in intracellular K*, which is required for 
activation of thermogenesis [33, 34]. The activation of res- 
piration is due to an uncoupling of mitochondrial oxidative 
phosphorylation by fatty acids released during lipolysis 
(33, 34]. 

Mohell et al. [35] have attempted to differentiate between 
alpha- and beta-adrenergic respiratory responses in hamster 
brown fat cells. They concluded that alpha-adrenergic con- 
tribution to thermogenesis could, at most, be responsible 
for no more than 10-20 per cent of norepinephrine action 
based on the ability of phentolamine to inhibit norepine- 
phrine- or epinephrine-activated respiration [35]. Phento- 
lamine, hewever, also inhibited the increase in respiration 
due to isoproterenol. What is needed are studies with 
prazosin, which is a selective alpha;-adrenergic antagonist 
effective at very low concentrations. 

Alpha-adrenergic agents decrease cyclic AMP accumu- 
lation in human [36] and hamster adipocytes [23, 37]. We 
have shown that this effect is mediated through activation 
of alpha, adrenoceptors and suggested that it is due to 
inhibition of adenylate cyclase [9,23]. No evidence of 
alpha,-adrenergic modulation of cyclic AMP accumulation 
was obtained in the rat white adipocytes [23]. Itaya [38] 
recently reported that phentolamine can further stimulate 
lipolysis enhanced by adrenaline or noradrenaline and pos- 
tulated the existence of alpha adrenoceptors with inhibitory 
action on lipolysis in rat brown fat cells. We have been 
unable to show any clear cut action of alpha-adrenergic 
agents on the accumulation of cyclic AMP in brown fat 
cells. Phentolamine at high concentrations has many non- 
specific actions and interference with epinephrine action 
does not necessarily result from a specific effect on alpha 
adrenoceptors [39, 40]. Our results do not rule out the 
presence of alpha2 adrenoceptors in rat brown fat cells but 
suggest that, if present, they play a minor role in the 
regulation of cyclic AMP levels, compared with those in 
human or hamster adipocytes. 

Alpha adrenoceptors have been demonstrated in intact 
brown adipocytes and crude homogenates of brown fat 
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from hamsters by Svartengren et al. [41] using 
[*H]dihydroergocryptine. This ligand binds with equal 
affinity to both alpha, and alpha, adrenocepiors [8}. Char- 
acterization of alpha-adrenoceptor subtypes has not yet 
been performed in brown fat, and species differences have 
to be considered. 

In summary, the present results suggest the presence in 
brown adipocytes of alpha, adrenoceptors whose activation 
is responsible for the increase in the incorporation of [**P]P; 
into phosphatidylinositol and phosphatidic acid. The alpha, 
adrenergic effect is probably related to the depolarization 
observed by Fink and Williams [6] in brown fat. 
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Sulphydryl dependence of the inhibition of mitogen-induced human lymphocyte 
proliferation by sodium aurothiomalate 


(Received 6 November 1979; accepted 21 August 1980) 


Gold mercaptides have been used effectively in the treat- 
ment of rheumatoid arthritis for several decades [1]. 
Although the nature of their anti-inflammatory activity in 
vivo is not known, gold compounds have been shown to 


inhibit lysosomal enzymes [2,3], prostaglandin synthesis 
[4], y-globulin aggregation [5], macrophage phagocytosis 
[6] and lymphocyte blastogenesis [7-9] among other bio- 
logical processes in vitro. The activity of such compounds, 
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Fig. 1. Effect of aurothiomalate (ATM) on [*H]thymidine incorporation by PHA-stimulated peripheral 

blood lymphocyte (PBL) cultures in the presence and absence of dithiothreitol (DTT). PHA, ATM 

and/or DTT were added to culture at zero hour; [*H]thymidine was added 20 hr prior to harvest at 
72 hr. (Results from three representative donors shown). 


may reside in a single biochemical property of the drug. 
Although sulphydryl reactivity has been shown to play a 
role in several of the observed activities of gold salts 
[2, 5, 10, 11], the importance of this chemical property has 
not been generally accepted. This study was undertaken 
to assess the role of the sulphydryl reactivity of ATM in 
inhibiting PHA-induced blast transformation of human 
peripheral b!ood lymphocytes (PBL) [12, 13]. 

Materials and Methods. Human peripheral blood was 
obtained by venepuncture from healthy donors and was 
anti-coagulated with 10 Units/ml of preservative-free Hep- 
arin B.P. (Weddel Pharmaceuticals Ltd). The mononuclear 
cell population was separated on Ficoll-sodium diatrizoate 
density gradients by a modified Boyum technique [14, 15]. 
The separated mononuclear cells were washed three times 
in phosphate-buffered saline supplemented with 5% foetal 
calf serum (FCS; Gibco) and then resuspended at a final 
cell density of 10°/ml in Dulbecco’s modified Eagle’s MEM 
(Flow Laboratories) supplemented with 10% FCS, 2mm 
L-glutamine, 20mM HEPES, 100 U/ml penicillin G and 
100 ug/ml streptomycin sulphate. The normal recovery of 
lymphocytes was 80-85 per cent while the final lymphocyte 
preparations were 90-95 per cent pure. 

Lymphocytes were cultured for 72 hr at 37° in round- 
bottomed microplates (Cooke Microtitre) using 0.2 ml of 
cell suspension per well, in a humidified incubator with 5% 
CO) in air as the gas phase. At the initiation of culture, 
thiol reagents were added to the appropriate wells in 5 ul 
volumes and incubated for 30 min prior to the addition of 
disodium aurothiomalate (ATM; Aldrich Chemical Co, 
Milwaukee, Wisconsin, U.S.A.) and 5 ug/ml phytohae- 
magglutinin (PHA; HA16, Wellcome Reagents Ltd, Eng- 
land) each in 5 ul volumes. Cultures were performed in 
triplicate or quadruplicate. 


In preincubation experiments, larger volumes (1-3 ml) 
of the cell suspension were treated with the thiol reagents 
in glass culture tubes for 30 min at 37°, then centrifuged 
and resuspended in fresh medium. These treated cells were 
also cultured in 0.2 ml aliquots with PHA and ATM. Con- 
trol cultures were treated similarly, except that thiol 
reagents were omitted. 

Twenty hours before harvesting 1uCi of methyl- 
(H]thymidine in 54 (sp. act. 18-21 Ci/mmole: Amer- 
sham) was added to each culture. Cultures were harvested 
at 72 hr onto glass fibre filters using a semi-automated cell 
harvester (Dynatech, Micro Mash AM77) with a distilled 
water wash of 40 volumes. The filters were dried and the 
radioactivity (cpm of [*H]thymidine incorporated) deter- 
mined by liquid scintillation counting in toluene-POPOP- 
PPO. 

The gold compounds and sulphydryl reagents were pre- 
pared fresh by dissolving in half the final desired volume 
of medium, adjusted to pH 7.00, made up to the final 
volume with medium, sterile filtered and the appropriate 
dilutions prepared. 

The values expressed are the mean cpm = standard 
deviation of triplicate or quadruplicate cultures. Owing to 
large variations in the response of individual donors’ lym- 
phocytes to ATM and the thiol reagents, each histogram 
represents the results of experiments from.only one donor. 

Results. When the thiol reducing agent, dithiothreitol, 
was present throughout the culture period it enhanced the 
blastogenic response of the lymphocytes to PHA and pro- 
tected the cells in a dose-related manner, against the inhibi- 
tory activity of aurothiomalate (Fig. 1). When cultures 
were merely preincubated with dithiothreitol for 30 min, 
the PHA response was still elevated above control levels. 
However, such brief exposure to dithiothreitol did not 
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prevent the inhibition of blastogenesis by ATM (Fig. 2). 

The other thiol reducing agents tested (L-cysteine, 2- 
mercaptoethanol, cysteamine, N-acetyl-L-cysteine) had lit- 
tle effect except for L-cysteine which reduced the inhibitory 
effects of aurothiomalate. 

In contrast to the thiol reducing agents, thiol binding 
(blocking) reagents mimicked the action of ATM in inhibit- 
ing PHA-induced blast transformation. Iodoacetamide, N- 
ethylmaleimide, and mersalyl all reduced the level of DNA 
synthetic activity to below that of the unstimulated control 
cultures (not illustrated). Total inhibition was seen even 
when the cultures were exposed to the thiol binding agents 
for the initial 30 min of culture only. 

Co-incubation of the thiol binding reagents with ATM 
resulted in greater inhibition than that observed with either 
compound alone. 

The importance of the gold moiety to the inhibitory 
activity of the intact aurothiomalate molecule, was assessed 
by comparing the activity of ATM with that of the thiol 
ligand, thiomalic acid, as well as two inorganic gold com- 
pounds, sodium tetrachloroaurate (III) and gold trichlor- 
ide. The same weight equivalent of gold atom or equimolar 
thiomalate levels were used. Thiomalate produced a dose- 
related inhibition of lymphocyte activation similar to that 
observed with ATM (Fig. 3). The addition of thiomalate 
to cultures incubated with ATM resulted in additive inhi- 
bition. Gold trichloride and sodium tetrachloroaurate (III) 
were found to have a far greater inhibitory activity than 
either ATM, or thiomalate. However, unlike ATM or 
thiomalate, the two inorganic gold compounds reduced the 
cell viability, determined by trypan blue dye exclusion, to 
30-50 per cent at the higher dose levels. 

Discussion. Various investigators have demonstrated 
that the sulphydryl reactivity of gold compounds appears 
to be important in several of the effects gold compounds 
have been demonstrated to have in vitro [2,5, 11]. Sub- 
normal levels of serum sulphydryl groups have been 
observed in rheumatoid arthritis [16,17]. This has been 
attributed to an accelerated formation of disulphide bonds, 
which could result in protein denaturation and globulin 
aggregation. ATM administration, both in vitro and in vivo 
has been shown to inhibit the sulphydryl—-disulphide inter- 
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Fig. 2. Effect of preincubation with dithiothreitol (DTT) 
compared with continuous presence of DTT on subsequent 
ATM inhibition of [*H]thymidine incorporation by PHA- 
stimulated PBL cultures. (A) Continuous presence of ATM 
and DTT in culture. (B) 30 min exposure to DTT, then 
washed and cultured for 72 hr with PHA and ATM. 
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Fig. 3. Comparison of the effect of ATM with those of 

sodium tetrachloroaurate (III), gold trichloride and thiom- 

alate on [*H]thymidine incorporation by 72 hr PHA-stimu- 
lated PBL cultures. 


change reaction between rat serum sulphydryl groups and 
dithiobisnitrobenzoic acid [18]. Furthermore, the sulphy- 
dryl-dependent aggregation of human y-globulin, which is 
a stimulus to the formation of rheumatoid factors, has been 
shown to be inhibited by both ATM and other sulphydrvyl 
binding reagents [5]. 

Our findings confirm the similar inhibitory properties of 
ATM and sulphydryl binding agents on an in vitro model 
of lymphocyte activation. The thiol binding compounds 
were approximately 10-fold more effective than ATM and 
enhanced the inhibition observed with ATM. 

In constrast, the thiol reducing agents enhanced the PHA 
response when added alone and partially protected the cells 
from the inhibitory action of ATM. 

It would seem that the sulphydryl reactivity of ATM 
plays an integral role in inhibiting PHA-induced blast trans- 
formation of human lymphocytes but it is still uncertain 
whether the biological activity of aurothiomalate can be 
entirely attributed to either the thiol ligand or the gold 
moiety. In contrast to the results of others [19, 20], thiom- 
alate under the present experimental conditions was found 
to cause a dose-related inhibition of PHA responsiveness 
in much the same manner as ATM. When added in con- 
junction with ATM an additive effect was demonstrated. 
Although the two inorganic gold compounds exhibited far 
greater inhibitory activity than either ATM or thiomalate 
this was accompanied by a cytotoxic effect. 

The observation that the thiol reagents affected the PHA 
response, after only a brief initial exposure, suggested that 
an interaction of the thiol compounds with sulphydryl 
groups present in the medium was not a determining factor, 
as has been suggested [21]. 

Inhibition of lymphocyte activation might be dependent 
upon inhibition of lysosomal enzymes since lyosomal 
enzyme accumulation and release appear to be involved 
in “derepression” of the genome and a prerequisite for 
lymphocyte mitosis and cell division (23, 24]. 

A direct action of ATM on macrophages cannot be 
discounted, as gold salts accumulate in macrophage lyso- 
somes [22] and may inhibit functions associated with the 
induction of transformation [20]. Thiol compounds have 
been shown to substitute for this macrophage function, 
possibly by preserving lymphocyte viability. 

Summary. The thiol reducing agent dithiothreitol 
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enhanced the PHA response and opposed or reversed the 
inhibitory activity of aurothiomalate on PHA-induced blas- 
togenesis of human peripheral blood lymphocytes. In con- 
trast, the thiol binding reagents iodoacetamide, N-ethyl- 
maleimide and mersalyl were found to be inhibitory. 
Thiomalate produced a dose-related inhibition of blasto- 
genesis similar to that observed with aurothiomalate. Two 
inorganic gold salts were more inhibitory than either thio- 
malate or aurothiomalate, but were also cytotoxic. These 
observations suggest that the sulphydryl reactivity of auro- 
thiomalate could be the active principle in its activity in 
vitro. 
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PRELIMINARY COMMUNICATIONS 


ABSENCE OF EFFECT OF HEPARIN ON THE BINDING OF 
PRAZOSIN AND PHENYTOIN TO PLASMA PROTEINS 


Kathleen M. Giacomini, John C. Giacomini and Terrence F. Blaschke 
Department of Medicine, Stanford University Medical Center, Stanford, CA 94305, U.S.A. 
(Received 2 September 1980; accepted 3 October 1980) 

The effect of heparin on the binding of drugs to plasma proteins has been the subject 
of many studies in the recent literature (1-9). Administration of heparin has been reported 
to decrease (1,3-9) or occasionally increase (2) the binding of both acidic and basic drugs 
to plasma proteins. It has been proposed that the mechanism by which heparin alters the 
binding of drugs to plasma proteins is related to its effect on lipase activity in plasma. 
Presumably, lipases which are released and activated after the in vivo administration of 
heparin hydrolyze plasma triglycerides and produce an increase in the plasma concentrations 
of non-esterified fatty acids (NEFAs). The NEFAs, in turn, displace drugs from their binding 
sites to plasma proteins. 

Recently, we have provided evidence that much of the reported increases inNEFA concen- 
trations after administration of heparin are due to continued in vitro hydrolysis of plasma 
triglycerides (10). The true in vivo increases in concentrations of NEFAs following heparin 
administration were small (less than 20 percent) and not statistically significant from pre- 
heparin values. These results suggested that the reported effect of heparin on the binding 
of drugs might also be an in vitro phenomenon; therefore, the present study was designed to 
re-examine the question of whether administration of heparin alters the binding of drugs to 
plasma proteins invivo. An inhibitor of lipase activity was used to separate in vivo from 


in vitro effects, and the binding of two model compounds (phenytoin, a weak acid, and pra- 


zosin, a weak base) was studied. 
METHODS 


The subjects for the study were five patients undergoing diagnostic cardiac catheteri- 
zation, who routinely receive heparin during the procedure. All subjects received diazepam, 
10 mg orally, just prior tu catheterization. Two 20 ml blood samples were obtained from 
each subject. One sample was collected at the time of venipuncture, before the subject had 
received heparin. The second sample was collected 5 min after the intravenous administration 
of heparin (The Upjohn Co., Kalamazoo, MI), 46 units/kg. This is the time after which a 
bolus of heparin purportedly exerts a maximum effect on NEFAs and drug binding to plasma 
proteins (5,10). Both the pre- and post-heparin samples were collected before radiographic 
contrast agents were given. Each sample was divided into two tubes containing disodium EDTA 
(1.5 mg/ml blood) as an anticoagulant. One tube contained 3 wl of paraoxon (diethy1-p- 
nitropheny] phosphate, Sigma Chemical Co., St. Louis, MO), a potent inhibitor of lipase 
activity, whereas the other did not (11). Blood was centrifuged at room temperature within 
5 min after collection and the plasma stored at -20°. 

The binding of (146 }-phenytoin (sp. act. 0.185 mCi/mg, New England Nuclear Corp., 
Boston, MA) and (14¢)-prazosin (sp. act. 0.168 mCi/ma, Pfizer Inc., New York, NY) was 
determined separately in each plasma sample by equilibrium dialysis. Radiochemical purity 
of both phenytoin and prazosin was established by thin-layer chromatography (12). One ml of 
each plasma sample (with and without paraoxon) was dialyzed in duplicate at 37° against 1 ml 
of isotonic Krebs-Ringer bicarbonate buffer (pH 7.4). The buffer contained either 6.76 nCi 
t !*c) phenytoin and 15 wg of unlabeled phenytoin or 5 nCi (14¢] -prazosin (30 ng). Dialysis 
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was carried out for 4 hr in teflon cells (Dianorm, Spectrum, Los Angeles, CA) with a cello- 
phane membrane (Spectrapor 2, Spectrum) separating the plasma from the buffer. In pre- 
liminary experiments, the 4 hr dialysis time had been determined as the time necessary to 
attain equilibrium. After dialysis, aliquots of plasma and buffer were determined by 
liquid scintillation counting and the dpm/ml of buffer or plasma calculated using external 
standardization. The unbound fraction (a) was calculated by the equation, a = 
Caom(b)/dpm(p) ? where Capm(b) and Capm(p) represent the concentration of radioactivity in 


the buffer and plasma respectively. 

After equilibrium dialysis was complete, the concentration of NEFAs was determined in 
each plasma sample using the method of Laurell and Tibbling (13). Statistical analysis was 
carried out by Student's paired t-test. 


RESULTS 


The unbound fractions of both drugs in plasma obtained before and after heparin 
administration are shown in Table 1 (phenytoin) and Table 2 (prazosin). In four of the 
five subjects, the unbound fractions of both prazosin and phenytoin increased after heparin 
administration in plasma that did not contain the inhibitor (paraoxon). In the fifth sub- 
ject, the unbound fraction of both drugs did not change after administration of heparin, 


even when the inhibitor was not present. 


TABLE 1. Unbound fraction of phenytoin in plasma 


\ 


* 
obtained from five subjects before and after administration of heparin 





Unbound fraction (a ) 
Pre-heparin Post-heparin 
Subject Control Paraoxon Control Paraoxon 





1 0.13" 16 24 .13 
(0.80)4 -79) 1) -80) 


wae mp Is 19 be 
57) 45) .98) 42) 


14 .16 .23 .15 
.49) .51) .0) 


12 .14 19 
59) .60) 


me 14 
. 34) . 32) 


Mean + S.D. 0.13 + 0.0084 14+ 0.0172 0. 
‘ + 


(0.56 + 0.17) 0.18) (0.99 





+ 
Subjects received 46 units/kg intravenously. 
* Each value is the mean of duplicate determinations. 
t Values in parentheses are concentrations of NEFAs, m-equiv./l,after equilibrium 
dialysis. 
: Value is significantly different from pre-heparin control (P < 0.05). 


| Value is significantly different from pre-heparin control, pre-heparin paraoxon, and 
post-heparin paraoxon values (P < 0.02). 


q . . 222 . : 
Value is significantly different from pre-heparin control, pre-heparin paraoxon, and 
post-heparin paraoxon values (P < 0.001). 
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As is seen in Table 1, paraoxon alone produced a small but statistically significant 
increase in the unbound fraction of phenytoin in the plasma. The plasma which contained 
paraoxon turned a brighter yellow by the end of dialysis and the corresponding buffer 
solutions were tinged yellow. In the samples collected after heparin administration, there 
was no significant change in the unbound fraction of either prazosin or phenytoin compared 
with pre-heparin values if continued lipase activity was inhibited. In contrast, if 
continued jin vitro hydrolysis was not inhibited, the unbound fraction of both drugs increased 
in four of the five patients. The average increase in the unbound fraction of phenytoin in 
these four patients was 62 percent when comparing pre- and post-heparin plasma without 
inhibitor (P < 0.005). For prazosin, the corresponding increase was 128 percent in plasma 
without paraoxon. 

Corresponding concentrations of NEFAs in the dialyzed plasma samples are shown in 
parentheses in Tables 1 and 2. Paraoxon did not interfere with the analytical procedure for 
NEFAs as evidenced by comparing the concentrations of NEFAs in the pre-heparin control and 
the pre-heparin paraoxon-containing plasma samples. There was no significant rise in NEFA 
concentrations in the post-heparin samples when continued in vitro hydrolysis was inhibited. 
However, concentrations of NEFAs rose by an average of 99 percent in the post-heparin 
samples which did not contain paraoxon, and in which continued hydrolysis occurred (P < 0.01). 


TABLE 2. Unbound fraction of prazosin in plasma obtained from 
* 
five subjects before and after the administration of heparin 





Unbound fraction ( @ ) 
Pre-heparin Post-heparin 
Subject Control Paraoxon Control Paraoxon 





1 086" 25 .084 
.66)+ 6) .64) 


. 060 .074 14 .081 
66) 60) «83 85) 


.090 . 089 18 083 
-49) 52) , 54) 


051 .055 . .050 
59) . 58) : 66) 


085 -091 : 
. 34) . 34) : 42) 


0.018 0.077 + 0.017 
0.14) (0.51 + 0.12) 





* 
Subjects received 46 units/kg heparin intravenously. 


. Each value is the mean of duplicate determinations except for those values obtained 
in Subject 1. 


t Values in parentheses are the concentrations of NEFAs, m-equiv./1, after equilibrium 
dialysis. 

§ Sample lost. 

|| Value is significantly different from pre-heparin control (P < 0.01). 
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DISCUSSION 

In contrast to a number of reports in the literature (1-9), the results of this study 
suggest that administration of heparin does not produce significant changes in the binding 
of drugs to plasma proteins in vivo. When continued hydrolysis of plasma triglycerides was 
inhibited, there was no change in the unbound fraction of either phenytoin, a weak acid, 
or prazosin, a weak base, after administration of heparin. If, however, no precautions 
were taken to stop the in vitro formation of NEFAs, the unbound fraction of both compounds 
increased concomitantly with the concentration of NEFAs. Because none of the prior inves- 
tigators of heparin effects on the binding of drugs has employed an inhibitor of in vitro 
lipase activity (1-9), the results of these studies have been misinterpreted, and an in 
vitro phenomenon has been mistaken for an in vivo event. 

This study and a previous study from this laboratory (10) confirm that the reported 
effect of heparin on the concentration of NEFAs is largely a result of in vitro hydrolysis. 
In vivo, NEFAs that are formed are rapidly removed from the plasma by tissues, whereas in 
vitro there is no rapid removal process. This study confirms the hypothesis that NEFAs can 
be responsible for the displacement of drugs from binding sites on plasma proteins. When 
continued in vitro lipase activity after heparin administration was inhibited, there were 
no significant changes over pre-heparin values in either the binding of drugs to plasma 
proteins or the concentration of NEFAs. Without inhibitor, both concentrations of NEFAs 
and unbound fractions increased. In view of the known effects of NEFAs alone on the protein 
binding of drugs (14,15), these findings further support a cause and effect relationship 
between increases in concentrations of NEFAs and decreases in the fraction of drug bound to 
plasma proteins. 

In conclusion, this study demonstrates that, even after a substantial (46 units/ke, i.v.) 
dose of heparin, the binding of both prazosin and phenytoin to plasma proteins in vivo was 
not altered 5 min after heparin administration, the time at which heparin reportedly acts 
maximally on NEFAs and drug binding (5,10). Furthermore, the published studies which report 
that administration of heparin decreases the binding of many drugs to plasma proteins are 
probably incorrect due to substantial in vitro effects which have been interpreted as having 
occurred in vivo. Finally, if heparin has been administered, precautions must be taken 


when unbound concentrations of drugs are measured to avoid possible in vitro artifacts (10). 
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SOLUBILIZATION OF SEROTONIN RECEPTORS FROM RAT FRONTAL CORTEX 


Brigitte Ilien, Hugo Gorissen and Pierre Laduron 


Department of Biochemical Pharmacology, Janssen Pharmaceutica, B-2340 Beerse, Belgium 


Brain serotonin receptors have been identified in vitro by measuring the binding of different 
radiolabelled ligands like LSD (1-3) and 5-HT (1,2,4). [3H]-spiperone was also reported to label 
serotonergic receptors in tne frontal cortex under in vitro as well aS in vivo conditions (3) 
although it binds to dopamine receptors in the striatum (3,5). Further characterization of such 
binding sites needs solubilization (6). Previously, dopamine (7) and muscarinic receptors (8-10) 
were obtained in soluble form using digitonin whereas GABA receptors were extracted from rat brain 
with lysolecithin (11). We now report the solubilization by lysolecithin of [3H]-spiperone binding 
from rat frontal cortex which retain the high affinity characteristics of the membrane serotonin 
receptor. This was made possible by using R 5573 in order to prevent the very high non-specific 
binding of [3H]-spiperone to the spirodecanone (cfr. Fig. 1) sites (12,13). 


MATERIALS AND METHODS 


Wistar rats (+ 150 g) were decapitated and the brains immediately removed. After dissection, 
frontal cortex, striatum or cerebellum were homogenized in 10 vol. ice-cold 0.25 M sucrose using a 
Duall homogenizer. The total homogenate was fractionated by differential centrifugation as described 
previously (14), except that for the frontal cortex and cerebellum, the M + L fraction was pelleted 
at 17,380 x g (10 min) instead of 30,890 x g for the striatum. The microsomal fraction (P) was sus- 
pended in 2 vol. ice-cold water and kept at -16°C before solubilization. 


Solubilization procedures. a) Frontal cortex. The P fraction was treated with 0.25 % ice-cold 
lysolecithin (L-a-lysophosphatidyl choline from Egg Yolk-Type 1-No. L-4129-Sigma) suspended in 
4 vol. 0.25 M sucrose containing 10 mM sodium phosphate buffer (pH 7.2), 1 mM EDTA and 0.01 % NaN. 
The mixture was incubated for 15 min at 0°C and then centrifuged at 182,000 x g (roy) for 60 min. 
The supernatant was carefully separated from the pellet and kept at O°C before the binding assay. 
b) Striatum. Dopamine receptors from rat striatum were solubilized with 1 % digitonin (Serva) as 
already described for dog striatum (7). The buffer was supplemented with 1 mM EDTA and EGTA, 0.1 mM 
phenyl methyl sulfonylfluoride and 0.02 % NaN. The following operations were the same as those 
used for the frontal cortex. 








Binding assays. a) Frontal cortex. Soluble extract (0.4 ml) was incubated at O°C for 18 h with 
1079 M (2H]-spiperone (spec. act. 53.4 Ci mmo1~+), 107° M R 5573, unless stated otherwise, and various 
concentrations of unlabelled drugs in 0.5 ml total vol. The radiochemical purity (95-98 %) of [3H]- 
spiperone (23.6 and 53.4 Ci mno17!, NEN, Boston) was verified by thin-layer chromatography on silica- 
gel plates developed with benzene-ethanol-NH,OH (90:10:0.5, v/v). Specific [3H]-spiperone binding was 
defined as the difference between the total binding and the binding in the presence of 1076 pipam- 
perone (see ref. 3). After incubation, 0.5 ml ice-cold saturated ammonium sulphate was added to the 
incubation mixture and then immediately filtered under vacuum through Whatman GF/B glass fiber fil- 
ters which were washed twice with 5 ml ice-cold 50 % saturated ammonium sulphate. Then, the filters 
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were placed in vials with 10 ml of Insta-Gel II (Packard) and counted for radioactivity in a liquid 
scintillation spectrometer. b) Striatum. For the digitonin extract, the incubation conditions were 
similar except that 1079 M R 5260 replaced R 5573 and that 1076 (+)-butaclamol was used for deter- 
mining the non-specific binding. The ligand-receptor complex was separated from the free ligand by 
means of a charcoal procedure (11). 50 ul of an activated charcoal mixture (10 % charcoal and 2 % 
BSA in water) were added to 0.4 ml of the incubation medium and then centrifuged 3 min in a microfuge. 
The free (3H1-spiperone was adsorbed and an aliquot of the supernatant counted for radioactivity. 
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Fig. 1: Comparison of the chemical structure of spiperone (spiroperidol), R 5260 and R 5573. 
RESULTS AND DISCUSSION 


The major difficulty encountered throughout this work, was the occurrence of a very high non-speci- 
fic binding. Indeed, in a preliminary experiment, the specific bound (3H]-spiperone in a frontal 
cortex extract solubilized by lysolecithin represented about 10 % of the total binding (Fig. 2A). 


BOUND (3H -SPIPERONE (cpm/0.4mi) 


SPECIFIC BINDING 











0+ T T r 
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Fig.. 2A: Competition of R 5573 for the binding of 2 mM (3H]-spiperone (spec. act. 23.6 Ci mmo1~!) in 
lysolecithin extracts from rat frontal cortex. Non-specific binding sites (o——0) were 
obtained after displacement with 10-6 M pipamperone whereas specific binding sites (e——e) 
were taken as the difference between the total and the non-specific binding. 


: Inhibition curves of pipamperone on the binding of 1 nM [3H]-spiperone (spec. act. 53.4 Ci 
mmol-1) in a similar extract. The incubations were performed in the presence @+—@™) or 
absence (Q——D) of 10-5 M R 5573 or in the presence of 10-5 M R 5573 and of 10-7 M dompe- 
ridone (o——0). 

In these conditions, thus using 2 nM [3H]-spiperone (spec. act. 23.6 Ci mmo1~+), reproducible 
results were quite difficult to obtain (the specific binding values taken from different experiments 
varied from 8 to 33 % of the total binding). This problem was solved by making two main improvements. 
First, non-specific binding was considerably reduced by adding to the incubation mixture, R 5573 
(compound 23 of ref. 15), which has the same spirodecanone moiety as spiperone but does not compete 
for the serotonin receptor. Fig. 2A shows that R 5573 considerably reduces the non-specific binding 
without affecting the specific binding, even at 1079 M. For the digitonin extract from rat striatum, 
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R 5260 was preferred to R 5573 (16). Secondly, the use of a lower concentration of (3H]-spiperone 

(1 nM) but with a higher specific activity (53.4 Ci mno1~), also greatly increased the proportion of 
specific binding. Fig. 2B shows the displacement of [3H]-spiperone with increasing concentrations of 
pipamperone, a serotonin antagonist (3). In the absence of R 5573, the specific binding represented 
nearly 40 % of the total binding. When 107° M R 5573 was present, the proportion of specific binding 
was reproducibly about 60 % (six independent experiments gave a mean value of 62 + 2.8 % (S.E.M.) 
for the proportion of specific binding). The IC, )-values for pipamperone were quite similar in both 
conditions (2 and 1.4 1078 M respectively). Note that the specific binding was not affected by 
domperidone, a potent and selective dopamine antagonist (17). In order to assess the nature of (3H]- 
spiperone binding sites, a comparison of the inhibitory effects of pipamperone and (+)-butaclamol 

was performed in digitonin extracts from rat striatum and cerebellum and in lysolecithin extracts 
from rat frontal cortex and cerebellum. 
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Fig. 3: Inhibition of (7H]-spiperone binding by pipamperone (e——@e) and (+)-butaclamol (Q—~—Q) in 
preparations solubilized by lysolecithin (frontal cortex and cerebellum) or digitonin 
(striatum and cerebellum) 


Fig. 3 shows that when using optimal conditions for both preparations, pipamperone was about 100 times 
more potent in displacing [7H]-spiperone binding in the frontal cortex than in the striatum whereas 
(+)-butaclamol, a selective dopamine antagonist (3), was 32 times less active in the frontal cortex 
than in the striatum. Interestingly, both drugs were without effects on both cerebellum preparations 
(18). The high potency of pipamperone and the low one of (+)-butaclamol or domperidone (Fig. 2B) in 
the frontal cortex already suggest a serotonergic nature for the solubilized (3H ]-spiperone binding 
sites. To confirm this, various compounds (agonists and antagonists), belonging to different chemi- 
cal classes, were tested in both solubilized extracts, and then, their IC, )-values were compared to 
those obtained in membrane preparations. 


Table 1. Inhibition of [3H]-spiperone binding in solubilized and membrane preparations from rat 
frontal cortex and striatum 


Frontal cortex (A) Striatum (B) Ratio (B/ A) 
ICs5q (nM) IC gq (nM) 


- Soluble Membrane* 


Soluble Membrane*™ Soluble Membrane 





5-HT (serotonin) 3,160 3,160 178, 79,400 25 
LSD 56.2 25.1 1, ° 2.2 
Dopamine 251, 000 251, 000 28, 6, 310 


a(n weainropytamine- | 456,000 79,400 
Pipampe rone Bf. 16. 
Mianserine 39. 
Spipe rone be 3. 
(+)-butaclamol 100 
(-)-butaclamol > 10, 000 

















\ ICog-values were taken from 
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Table 1 shows that the IC, )-values were similar in both membrane and soluble preparations. How- 
ever, there was a marked difference in activity for most of these drugs between the frontal cortex 
and the striatum. For instance, the serotonin agonists (5-HT and LSD) and the serotonin antagonists 
(pipamperone, mianserine) were much more active in the frontal cortex than in the striatum. In con- 
trast to this, 2-(N,N-dipropyl) amino-5,6-dihydroxytetralin, the most potent dopamine agonist (19), 
dopamine and (+)-butaclamol were weak inhibitors in the frontal cortex but much more active in the 
striatum. Spiperone revealed a high affinity in both systems. As a rule, the difference between 
both brain areas is slightly more pronounced in the soluble material than in the membrane prepara- 
tions. Finally, other drugs, having different pharmacological activities (antimuscarinic, a and # 
adrerergic blocker, antihistaminic, minor tranquilizer and serotonin uptake blocker) were inactive at 
a concentration of 107° M. Table 1 shows also that the (3H]-spiperone binding in the solubilized 
preparation from rat frontal cortex revealed a pronounced stereospecific effect: (+)-butaclamol com- 


peted at a concentration 130 times lower than (-)-butaclamol, the inactive enantiomer. The foregoing 


data provide evidence that the spiperone binding solubilized by lysolecithin from rat frontal cortex 
was of serotonergic nature. Such binding sites were found to be saturable (app. Kp 1.4 nM) and 


reversible. The low K,, quite similar to that obtained for membrane preparations (20), indicates 


D’ 
that, after solubilization, serotonin receptors retain their high affinity characteristics. Finally, 


most of the solubilization criteria were fulfilled: not sedimentable at 182,000 x g (r for 60 min, 


) 
av 
much lower Svedberg Coefficient in comparison with that of membranes (in preparation) and lack of 


retention on GF/B filters before the ammonium sulphate precipitation. 


In summary: the above results provide evidence that serotonin receptors from the rat frontal 
cortex can be solubilized by a lysolecithin treatment. The macromolecular complex obtained and 
labelled with (7H]-spiperone retained the high affinity characteristics of the serotonin receptor 
in the original membranes; this receptor was not detectable in the cerebellar extract and differed 
markedly from the dopamine receptors solubilized by digitonin from rat striatum. 

Acknowledgements: The skillful technical assistance of G. Aerts is greatly appreciated. We thank 
D. Ashton for his help in preparing this manuscript. 


Part of this work was supported by a grant of I.W.O.N.L. and a fellowship (B.I.) of the “Fondation 
de 1'Industrie Pharmaceutique pour la Recherche" (Paris). 





REFERENCES 


. J.P. Bennett and S.H. Snyder, Mol. Pharmacol. 12, 373 (1976). 

. G.M.B. Fillion, J.C. Rousselle, M.P. Fillion, D.M. Beaudoin, M.R. Goiny, J.M. Deniau and J.J. 
Jacob, Mol. Pharmacol. 14, 50 (1978). 

. J.E. Leysen, C.J.E. Niemegeers, J.P. Tollenaere and P. Laduron, Nature 272, 16u (1978). 

. D.L. Nelson, A. Herbert, S. Bourgoin, J. Glowinski and M. Hamon, MoT. Pharmacol. 14, 983 (1978). 

. J.E. Leysen, W. Gommeren and P. Laduron, Biochem. Pharmacol. 27, 307 (1978). 

. A.H. Maddy and M.J. Dunn, In: Biochemical Analysis of Membranes (Maddy, A.H., ed.), pp. 177-196, 
Chapman and Hall, London, John Wiley and Sons, New York (1976). 

Gorissen and P. Laduron, Nature 279, 72 (1979). 

Hurko, Arch. Biochem. Biophys. 190, 434 (1978). 

.S. Aronstam, D.C. SchuessTer and M.E. Eldefrawi, Life Sci. 23, 1377 (1978). 

Gorissen, G. Aerts and P. Laduron, FEBS Lett. 96, 64 (1978). 

Gavish, R.S.L. Chang and S.H. Snyder, Life Sci. 25, 783 (1979). 

.E. Leysen and W. Gommeren, Life Sci. 23, 447 (1978). 

.R. Howlett, H. Morris and S.R. Nahorski, Mol. Pharmacol. 15, 506 (1979). 

Laduron, Int. Rev. Neurobiol. 30, 251 (1977). 

Leysen, J.P. TolTenaere, M.H.J. Koch and P. Laduron, Eur. J. Pharmacol. 43, 253 (1977). 

Gorissen, B. Ilien, G. Aerts and P. Laduron, FEBS Lett. in press. wii 

Laduron and J.E. Leysen, Biochem. Pharmacol. 28, 2161 (1979). 

Laduron, P.F.M. Janssen and J.E. Leysen, Biochem. Pharmacol. 27, 317 (1978). 

.G. Cannon, B. Costall, P. Laduron, J.E. Leysen and R.J. NayTor, Biochem. Pharmacol. 27, 1417 

1978). om 

-E. Leysen, W. Gommeren and P. Laduron, Arch. Int. Physiol. Biochim. 86, 874 (1978). 
































eT ee eo eee 








Biochemical Pharmacology, Vol. 29, pp. 3345 
Pergamon Press Ltd. 1980. Printed in Great Britain. 


ANNOUNCEMENTS 


NEW TRENDS IN CEREBROVASCULAR DISEASES: SURGICAL AND MEDICAL 
ASPECTS 


An International Symposium on New Trends in Cerebrovascular Diseases: Surgical and Medical Aspects 
will be held in Gardone Riviera (Garda Lake, Italy) on 2-4 July 1981. Members of the International 
Advisory Board are: A. Bes (France), C. L. Bolis (Switzerland), P. Conforti (Italy), C. G. Drake (Canada), 
W. Feindel (Canada), C. Fieschi (Italy), M. Goldstein (U.S.A.), U. Gottstein (F.R.G.), B. Guidetti 
(Italy), N. A. Lassen (Denmark), P. E. Maspes (Italy), C. H. Millikan (U.S.A.), S. Moncada (U.K.), R. 
Paoletti (Italy}, S. J. Peerless (Canada), F. Plum (U.S.A.), R. Rondanelli (Italy), B. K. Siesj6 (Sweden), 
M. D. Walker (U.S.A.), G. Weber (Italy), Y. Yamori (Japan). 


The following topics will be discussed: Pathological Anatomy and Biochemistry, Diagnosis, Physiopath- 
ology and Therapeutic Approaches, Cerebral Ischemia, Brain Aneurism, Round Tables. 
Information from the organizers: 


Fondazione Giovanni Lorenzini—Via Monte Napoleone, 23-20121 Milan (Italy)—Phone: (02) 702.267 or 
783.868—Cable: LORENZFOUND. 





PREMIER CONGRES EUROPEEN DE BIOPHARMACIE ET 
PHARMACOCINETIQUE 


The first European Congress of Biopharmaceutics and Pharmacokinetics will be held on 1-3 April 1981 
‘at the University of Clermont-Ferrand, France. Information from: Faculté de Pharmacie, B.P. 38, 28 Place 
Henri Dunant, 63001 Clermont-Ferrand, Cedex F, France. 





